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Preface 

It is my great pleasure to present the fifth volume from our popular Book Series ‘Advances 
in Sensors: Reviews’ started by the IFSA Publishing in 2012. Similar to the Vol.4, the 
Vol. 5 of this Book Series is also published as an Open Access Book in order to 
significantly increase the reach and impact of this volume, which also published in two 
formats: electronic (pdf) with full-color illustrations and print (paperback). 

According to Allied Market Research (AMR), the global market of sensors and 
transducers is poised to grow with a compound annual growth rate (CAGR) of 11.3 % 
until 2022 when the market would reach US $241 billion. In the forecasted period, 
nanoelectromechanical systems (NEMS) are expected to be the fastest growers. It is 
expected also the main drivers to the overall sensor market will be IoT (smart homes, 
smart cities and intelligent vehicles), smartphones, automation (Industry 4.0), automotive 
and wearable. All these stimulate sensor research and development for appropriate vertical 
industries and applications. The publication of two volumes 5 and 6 of Book Series 
‘Advances in Sensors: Reviews’ in 2018 was an answer from the global sensor community 
to these challenges. 

The Vol. 5 of this Book Series contains 22 chapters written by 79 contributors-experts 
from universities, research centres and industry from 15 countries: Australia, Canada, 
China, France, Germany, Italy, Malaysia, Mexico, Poland, Portugal, Russia, Slovenia, 
Spain, Ukraine and USA, who did also publish their research results in sensors related, 
established journals including ‘Sensors & Transducers’ journal published by IFSA. This 
volume contains information at the cutting edge of sensor research and related topics from 
the following three areas: Physical Sensors, Sensor Networks and Remote Sensing. 
Coverage includes current developments in various sensors, sensor instrumentation and 
applications.  

In order to offer a fast and easy reading of each topic, every chapter in this volume is 
independent and self-contained. All chapters have the same structure: first, an introduction 
to specific topic under study; second, particular field description including sensing or/and 
measuring applications. Each of chapter is ending by well selected list of references with 
books, journals, conference proceedings and web sites. 

With the unique combination of information in this volume, the ‘Advances in Sensors: 
Reviews’ Book Series will be of value for scientists and engineers in industry and at 
universities, to sensors developers, distributors, and end users. 

I hope that readers enjoy this new book volume and that can be a valuable tool for those 
who involved in research and development of various sensors and its applications. 
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I shall gratefully receive any advices, comments, suggestions and notes from readers to 
make the next volumes of ‘Advances in Sensors: Reviews’ Book Series very interesting 
and useful. 

 
 
Dr. Sergey Y. Yurish   
 
Editor 
IFSA Publishing Barcelona, Spain 
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Chapter 1 
Surface Plasmon Resonance Sensors: 
Fundamental Concepts, Selected Techniques, 
Materials and Applications 

Suresh C. Sharma1 

1.1. Introduction 

Since the realization of the plasmon excitations (PEs) in the 1950s, the subject matter 
continues to be of significant interest [1-4]. Pines and Bohm had suggested in the 1950s 
that energetic electrons, while passing through metallic foils, experience characteristic 
energy loss due to the excitation of “plasmons” in the sea of the conduction electrons  
[1-3]. The free electron approximation model of metals, in which the high density 

 23 310 cm  free electrons are treated as a liquid, supports plasma (“volume”) 

oscillations propagating through the metal. The frequency of such plasmons is given by 
24

p
e

ne
m

    
 

, where n  is the density of the free electrons, e is the magnitude of the 

electronic charge, and 
em  is the mass of the electron. The plasmon frequency is related to 

the frequency dependent dielectric function of the material through  
2

2
1 p

 


 
   
 

. In 

the case of the free electron metals, the energies of the volume plasmons range from 
approximately 8 eV for Li to about 16 eV for Al [5]. The subject matter of this review, 
however, is concerned with the surface plasmon excitations (SPEs), which are usually 
excited either as surface plasmon polaritons (SPPs) propagating along metal/dielectric 
interface or as localized surface plasmons (LSPs) around metal nanoparticles (NPs) 
embedded in a dielectric [6-26]. The use of the surface plasmon resonance (SPR) for a 
variety of applications in physics, chemistry, biotechnology, electronics, environment, 
photonics, and the like has fueled tremendous interest in the development of SPR sensors 
[16, 27-34]. The surface plasmon polaritons represent electromagnetic waves travelling 
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along an appropriate metal/dielectric interface and having evanescent electromagnetic 
fields that decay exponentially normal to the interface [7]. The localized surface plasmons, 
on the other hand, are confined to metallic NPs. In this case, the electromagnetic field of 
the incident light can penetrate the metal and polarize the conduction electrons, creating 
non-propagating excitations distributed over the nanoparticle [35]. This review is 
organized as follows: (1) the first section presents a tutorial on the applications of the 
Maxwell’s equations to SPR, (2) it is followed by a discussion of selected sensor 
materials, (3) the next section presents computer simulations, (4) this is followed by a 
discussion of the measurement techniques, (5) the next section presents a discussion of 
selected sensor platforms, and (6) the review concludes with an outlook for the continued 
developments of much improved SPR sensors. 

1.2. Maxwell’s Equations at Metal/Dielectric Interface: A Tutorial 

The excitation of SPPs along an interface between a metal and a dielectric can be 
understood by applying Maxwell’s equations to a set of two semi-infinite layers separated 
by a planar interface at z = 0. Even though the physics behind the subject matter has been 
presented in textbooks and reviews, it is still useful to discuss the fundamental physics 
and technology of SPR sensors prior to the discussion of the relative merits and limitations 
of different types of sensors [7-9, 13, 14]. It is useful to start with the Maxwell’s equations 
in a medium, which can be written as [7, 36, 37], 
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where E is the electric field intensity in V/m, B is the magnetic induction in Tesla (T), 

t f b     is the total charge density in C/m with contributions from the free charge 

density 
f  and the bound charge density 

b P    . Here P  is the electric polarization 

in C/m2. m f

P
J J M

t


  


 is the current density due to the flow of charges in matter 

in 
2

A
m

, 
fJ  is the current density of free charges and P

t


  is the polarization current 

density, M  is the equivalent current density in magnetized matter, 
0 0

1
c

 
  is the 

speed of light in vacuum, 
0  is the permittivity of free space  128.85 10 /F m   and 
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0  is the permeability of free space  74 10 /h m   . For a system consisting of two 

semi-infinite metal-dielectric media in the absence of external sources, which is of interest 
in the case of the propagating surface plasmons (sketched in Fig. 1.1 [38]), these equations 
can be written as: 

   0i iE  


, (1.5) 

 0iH  


, (1.6) 
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i i
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Fig. 1.1. SPPs at metal/dielectric interface excited by p-polarized laser beam at incident angles 
greater than the critical angle for total reflection. 

In these equations, the index i specifies the media, i. e., i = m identifies the metal and  
i = d identifies the dielectric. For obvious reasons, only the p-polarized solutions are 
permitted for surface plasmons propagating along the surface. In this case, the electric 
field of the SPPs points normal to the interface, thereby penetrating into both metal  
(z < 0) and dielectric (z > 0). The magnetic field of the SPPs will then be pointing parallel 
to the interface at z = 0. The p-polarized waves in the two media are represented by: 
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 . (1.9) 

The application of continuous boundary conditions for the field components along the 
propagation direction (x-axis) and the wave vectors at the metal-dielectric interface  
(z = 0) yields: 
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 , , ,z d y d d x dk H E  , (1.10) 

 , , ,x d y d d z dk H E   , (1.11) 

 , , ,z m y m m x mk H E  , (1.12) 

 , , ,x m y m m z mk H E   , (1.13) 

 , ,z m d z d mk k   . (1.14) 

The exponential decay of the electric field from the interface (z = 0) and along the normal 
to the interface (known as the evanescent field) is given by 

  exp .i iE zk   (1.15) 

Such an evanescent field is sketched in Fig. 1.2 [38].  

 

Fig. 1.2. Schematic of propagating SP modes exponentially decaying normal to the interface. 

The above formalism yields the following dispersion relation for the surface plasmon 
polaritons on a metal-dielectric interface 

    
2

2 2 2
2

d m d m
SPP x

d m d m

k k k
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, (1.16) 

where k
c


  is the wave vector of the incident light of frequency   propagating in 

vacuum. The real and imaginary parts of the dispersion relation can be expressed 
explicitly by 
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, (1.17) 

where the metal dielectric has been expressed in terms of its real  m   and imaginary  m   

contributions. The imaginary part of the dielectric function leads to damping of the surface 
plasmons propagating along the interface. The dispersion relations, sketched in Fig. 1.3, 
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include the parabolic volume dispersion  2 2 2 2 ,P xc k    ck   line for light 

propagation in vacuum, and dispersion for the surface plasmons 
 d m

x
d m

ck
 


 


 , 

which is the same as equation (1.16). The horizontal line represents the case of an ideal 

electron gas, for which 
2
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Fig. 1.3. Dispersion relations for the volume and surface plasmons. 

In the special case of high frequencies, when 
m d   , the wave vector 

xk    and the 

permittivity 1d  . Under these conditions, the asymptotic value of the frequency is 

given by, 

 
2
P

SP

  . (1.19) 

In the opposite case of low frequencies, when 
d   , equation (1.16) yields, 
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The main features of the dispersion relation for the SPPs can, therefore, be summarized 
as: (1) for low wave vectors, the dispersion approaches but always remains lower than the 
light line for the propagation of light in vacuum and (2) at high wave vectors, the 

dispersion approaches the asymptotic frequency 
2
P

SP

  . The main point here is that the 

surface plasmon polariton dispersion is always to the right of the light line for the 
propagation of light in vacuum. In order to excite SPPs of a certain frequency up to the 

limiting value of the asymptotic frequency
2
P , the wave vector of the plasmons has to 

be higher than the wave vector corresponding to the light line (the so-called momentum 
mismatch). It is for this reason that the SPPs cannot be excited directly by an incident 
wave without making up for the extra (mismatch) momentum. It is useful to add that two 
different “length scales” describe SPP’s decay normal to and along the interface (the decay 

length is the length at which the field decays to  1
th

e of its magnitude at the interface). 

The decay length for the propagating SPPs along the interface is given by, 
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where 
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In addition to the decay length for SPPs along the interface, there are two other decay 
lengths characterizing the evanescent fields; one for the fields penetrating into the 
dielectric and another penetrating into the vacuum through the metal, both being normal 
to the interface. They can be obtained from equations (1.17-1.18) and are, 
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and 
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As seen later in Fig. 1.17, MATLAB simulations provide decay lengths for the evanescent 
fields that are on the order of 200-300 nm for sensors fabricated by using Au or Ag thin 
films deposited over dielectrics, like silicon nitride (Si3N4) or hafnium dioxide (HfO2)  
[39, 40]. 

1.3. Sensor Development 

The SPPs sensor responds to changes in the refractive index of the medium (analytes) 
placed in contact with the sensor surface. Any perturbation that results in a change in the 
refractive index of an analyte can potentially be studied by using SPR sensors. Noteworthy 
examples of processes (or perturbations), which can change the refractive index of an 
analyte, include: (1) certain light-matter interactions, (2) adsorbates, (3) defects,  
(4) biological processes, etc. The response of the sensor can be studied by monitoring 
either (1) a shift in the angle at which almost complete loss occurs in the relative intensity 
of the totally reflected light due to SPPs excitation, or (2) a change in the decay length of 
the evanescent fields associated with the surface plasmon polaritons. 

Selection of Sensor Material 

The selection of the metal and the underlying dielectric is very important from the view 
point of the performance characteristics of the sensor. The sensor performance is 
characterized by: (1) the sensitivity of the sensor to changes in the refractive index of an 

analyte placed in direct contact with the sensor surface is defined by SPR
nS n

 
, where 

S P R  is the angle at which resonance occurs, (2) a figure-of-merit nS
FOM

FWHM
 , 

where FWHM  is the full-width at half-maximum of the resonance curve, and (3) 
resolution, which scales with FOM such that higher value of FOM  corresponds to 
higher resolution. One of the simplest and cost-effective sensor platforms utilizes a single 
noble metal thin film deposited over dielectric. The performance characteristics of the 
sensor (also referred to by “quality” of the sensor) are determined primarily by the 
frequency dependent refractive indices of the metal and the dielectric, thickness and 
structural quality of the metal film and long-term stability of the sensor, especially when 
the sensor is used in contact with reactive analytes. In some applications, it has been found 
advantageous to use bimetal or multilayer structures (these are discussed later in the 
review). Given the large number of variables, it is highly recommended to utilize readily-
available simulation computer programs to critically examine how each one of the 
important parameters could affect the quality of the sensor for a given application. In the 
following section, we present a basic simulation technique and representative examples 
from the simulations carried out in our research group [38-40]. 
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1.4. Simulations 

1.4.1. Fresnel’s Equations and MATLAB 

The pursuit of sensor development for specific applications can often be expedited by 
simulations of sensor performance by using readily available computer software. The 
Transfer matrix method (TMM) is such a software, which is widely used for the analysis 
of wave propagation through one-dimensional structures. The TMM allows calculations 
of the reflection, transmission, and guided modes in multilayered structures [41, 42]. For 
a simple sensor consisting of a thin film of one of the noble metals over a dielectric  
(Fig. 1.4), the electric and magnetic fields at the vacuum/metal and metal/dielectric 
boundaries are represented by [38, 39] 

 1

1

sincos

sin cos

a b

a b

iE E

H Hi

 
  

             

, (1.26) 

where the vacuum/metal and metal/dielectric boundaries are identified by subscripts (a 
and b), 

1  is the optical admittance of the metal film, which is related to its refractive 

index 
1n  through 1

1
0

n 
 . The optical admittance of the vacuum is given by 

1
0

1
 

377
   . This formalism can be easily extended to double-metal thin film and 

multilayer structures. For a sensor consisting of a double metal thin film structure over a 
dielectric, the fields are given by 
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where 
su b  is the optical admittance of the dielectric substrate. For a sensor consisting of 

N layers with thicknesses 
1 2 3, , ,d d d        with refractive indices 

1 2 3, , ,n n n        , the fields are given by 
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The MATLAB software can be used to optimize in a cost-effective manner the 
performance characteristics of a sensor as functions of the material (for example, Ag or 
Au), details of the metal over layer (single metal, bimetal, or multilayer thin film), 
thickness of each metal thin film in the over layer, type of the dielectric, and the incident 
radiation (wavelength of the incident laser), etc. Selected examples presented in the 



Chapter 1. Surface Plasmon Resonance Sensors: Fundamental Concepts, Selected Techniques, Materials 
and Applications 

33 

following paragraphs illustrate the usefulness of the computer simulations for SPR 
sensors. 

 

Fig. 1.4. Schematic of electromagnetic wave propagating through a single thin film coated  
on a glass substrate. 

1.4.2. The Noble Metal Thin Film Sensor 

The noble metal thin films are perhaps the most utilized thin films for SPR sensors because 
of the nature of their frequency-dependent refractive indices, ease with which high quality 
thin films can be deposited over dielectrics, and the high sensitivity of the noble 
metal/dielectric SPR sensors to changes in the refractive index of the analytes. It is not 
surprising, therefore, that an examination of the noble metal SPR sensors is often the 
starting point in the development of specific SPR sensors for variety of applications. In 
our own work, we have studied the performance characteristics of the noble 
metal/dielectric sensors by carrying out MATLAB simulations followed by ATR 
measurements [38-40, 43-46]. In these simulations, the first metallic film is assumed to 
be coated at the base of a prism, N-SF11 (used in our experiments and available from 
Edmund Optics) with refractive index of 1.7847 at 632.8 nm wavelength from a 10 mW 
He-Ne laser. At this particular wavelength, the dielectric constants of the metals vary from 
−10.8 + i1.47 to −12.8 + i1.36 for gold and from −17.6 + i0.67 to −19.2 + i0.89 for silver 
[7]. We chose to use -10.8 + i1.47 for gold and -17.6 + i0.67 for silver. The surface 
plasmon polariton resonance (SPR) curves simulated for gold and silver thin films of 
different thicknesses are shown in Figs. 1.5. It is assumed that the films are defect free 
and perfectly smooth. The lattice defects in the film can change the refractive index of the 
film and variations from smoothness of the surface can give rise to additional effects, both 
of which are further discussed later in the review. Both can significantly influence the 
performance of the sensor [7, 47-49]. The thickness of the metal over layer is varied from 
40 nm to 70 nm. The angle of incidence at which minimum reflection occurs is identified 
by the surface plasmon polariton resonance angle (θSPR). 

Fig. 1.6 presents an overall comparison between the performance characteristics of the Au 
and Ag sensors. The simulations show that: (a) the percentage loss in the reflectivity due 
to the excitation of the SPPs is the highest (almost 100 % loss) for either 47 nm thick gold 
or 50 nm thick silver, (b) the FWHM of the SPR curve for Ag sensor is 5 to 7 times 
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narrower than that of the Au sensor for metal thickness ranging from 40 nm to 70 nm, and 
(c) for optimum sensor performance, the thickness of the metal film should be in the range 
of 42-52 nm for Au and 45-55 nm for Ag. It is noteworthy that: (1) the SPR curve for the 
Ag sensor is much narrower (higher resolution) and (2) the gold sensor displays larger 
shift in 

S P R  due to changes in the refractive index of analytes (higher sensitivity). These 
relative merits and the chemical stability of the sensor surface (for example, Ag is much 
more susceptible to oxidation) should be considered in choosing between the Ag or Au 
sensors [38-40]. 

 

Fig. 1.5. Surface plasmon resonance curves for; i) Au film and ii) Ag film based  
single metal SPR sensor. 

 

Fig. 1.6. The loss in reflected intensity due to SPPs and FWHM of the resonance curve  
as a function of thickness of Au and Ag over prism. 
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1.4.3. Bimetallic (Ag/Au) Sensors 

In order to enhance the sensitivity of SPR sensors using angular interrogation method 
(prism coupling), it is desirable to narrow down the line-width (FWHM) of the reflectivity 
curve so that extremely small shifts in θSPR could be easily discerned. For the most 
efficient/tight coupling of SP modes with the incident photon component along the metal 
film interface, it is essential that the total thickness of the metallic film be confined within 
the window of 30 nm to 70 nm. Also, the effect of Ag to Au ratio is found to be 
incomparably superior in terms of evanescent field enhancements, than that observed for 
a simple Au/Ag approach [50-52]. Figs. 1.7-1.8 show a schematic of a bimetallic Ag/Au 
structure and computed SPR curves for bimetallic Ag/Au sensor having different 
thickness ratios of silver to gold [38, 39]. Specifically, Fig. 1.8(a) shows computed SPR 
curves for bimetallic sensors having gold film thickness fixed at 28 nm and the silver film 
thickness varying from 0 to 40 nm. On the contrary, Fig. 1.8(b) shows SPR curves for 
bimetallic sensors having a silver film thickness fixed at 35 nm and the gold film thickness 
varying from 0 to 40 nm. 

 

Fig. 1.7. Schematic of electromagnetic wave propagating through a double film layered structure. 

 

Fig. 1.8. Reflectance vs incident angle curves for bimetallic (Ag/Au) film SPR sensors  
with different thickness ratios; i) Fixed Au film and variable Ag film thicknesses,  

ii) Fixed Ag film and variable Au film thicknesses. 
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Since the change in the SPR resonance angle (θSPR) with respect to film thickness is small 
in comparison to much larger changes in reflectivity and FWHM, a simplified comparison 
between the two sets of data are presented in Fig. 1.9. As observed in the case of single 
metallic film based sensors, a bimetallic sensor having a greater ratio of silver to gold 
produces sharper resonance curves. Such bimetallic structures benefit from combined 
advantages of both silver and gold layers. Even-though the SPR characteristics of these 
bimetallic structures are convincing enough for their candidacy for sensing applications, 
their usage is limited due to the broad resonance curve produced by the structure and 
overall instability of the response caused by the reactions at the bimetallic interface. 
Optical properties (e. g., refractive index) of the interface in such structures are known to 
undergo significant aging, which could adversely affect sensor performance. We have 
monitored the SPR characteristics of such bimetallic sensors over extended periods of 
weeks to months in order to investigate possible aging effects on SPR curves. Our 
preliminary results show that both the resonance angle (θSPR) and FWHM of the SPR 
curves increase with time; over a period of nine months, the resonance angle shifts to 
higher angle values and the curves become broader. The degradation of the Ag sensor 
because of aging effects is supported by Chen et. al., who have experimentally shown that 
the growth of the silver oxide layer at the gold/silver interface is responsible for aging 
effect on the performance degradation of such bimetallic structures [53]. 

 

Fig. 1.9. Loss in reflectance and FWHM as functions of metallic film thickness  
for bimetallic SPR sensors. 

1.4.4. Waveguide-Coupled Ag/Si3N4/Au Structures: 

The single metal (Ag and Au) sensors have long been studied in details and extensive 
computational and experimental results are available in the literature [7, 54, 55]. The 
usefulness of a dielectric between metal coatings was recognized almost twenty five years 
ago. Following proposals, by Sarid [56] and later by Kou and Tamir [57], Matsubara et. 
al. [58] studied the use of a dielectric inserted in between metal coatings over high-index 



Chapter 1. Surface Plasmon Resonance Sensors: Fundamental Concepts, Selected Techniques, Materials 
and Applications 

37 

prism. The main finding of this work was that the use of an intermediate dielectric in the 
sensor architecture improves sensor resolution. Similar studies have been carried out by 
others and varying degrees of both corroboration and disagreement have been noted. 
Noteworthy examples in this context include the use of a bimetallic layer [51], guided-
wave sensor configuration [28, 59, 60], and simulations of bimetallic waveguide-coupled 
SPR (Bi-WCSPR) sensors [61, 62].The instability of a bimetallic sensor structure due to 
aging effects at the interface of the two metals, can be easily overcome by inclusion of a 
slab of dielectric material in between the two metals. The silicon nitride (Si3N4) dielectric 
offers several exceptional properties; i. e., optical transparency from ultraviolet to infrared 
(250-900 nm), relatively large refractive index n = 1.91 @  = 632.8 nm, thermal stability, 
hardness, chemical inertness and good insulating properties. Widespread use of the Si3N4 
dielectric in very large scale integration (VLSI) electronic fabrication and processing 
industry justifies its use. The multilayer structure used for waveguide-coupled sensors is 
sketched in Fig. 1.10.  

 

Fig. 1.10. Schematic of EM waves propagating through a multilayered generalized structure.  

Again, the transfer matrix method was employed to simulate the reflectance as a function 
of incident angle for the Ag/Si3N4/Au multilayered structure [38, 39]. The thickness ratio 
of silver to gold was fixed at 35/28 nm, as optimized from the case of bimetallic sensor 
structure, whereas the dielectric slab Si3N4 thickness was varied from 0 to 200 nm in steps 
of 10 nm. Here the dielectric slab not only prevents the interaction of silver with gold but 
also acts as a waveguide media supporting the propagation of waveguide modes within, 
which shall be discussed later on. As sown in Fig. 1.10, the SPR curve shows dramatic 
changes as the Si3N4 waveguide thickness varies from 10 to 190 nm. The inset within  
Fig. 1.11 shows optical micrographs of four of our samples, which were used for optical 
measurements. For these samples, the waveguide thicknesses varies from 0 to 150 nm in 
steps of 50 nm. The graded color index reflects the influence of the silicon nitride film 
thickness on overall reflectance from the sample. Unlike the case of a single metal and 
bimetallic sensor structures, SPR angle (θSPR) changes drastically from θSPR ≈ 34o to 42o 
at the prism base, with the change in waveguide thickness. Therefore we consider both, a 
shift in SPR angle and loss in reflectivity to be important indicators of the quality of the 
sensor. The overall dependence of the sensor performance on dielectric thickness is 
summarized in Fig. 1.12 [38]; the SPR angle (θSPR) increases gradually with increase in 
the waveguide thickness up till 130 nm, thereafter it sharply falls to the lowest possible 
angle and then staying almost constant.  
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Fig. 1.11. Reflectance vs incident angle for multilayered Ag/Si3N4/Au structures simulated  
by using MATLAB. 

 

Fig. 1.12. Resonance angle and loss in reflectance as a function of waveguide thickness  
for multilayered structure. 

Whereas, the loss in reflectivity very much observes the same nature as θSPR but stays 
almost constant within the range of 115-160 nm of waveguide thickness, for which the 
loss in reflectivity is maximum (~90-95 %). For a high performance sensor, it is not only 
important to demonstrate maximum losses in reflection corresponding to excitation of 
plasmons, but also to show that the loss in reflection occurs at the smallest possible 
incident angle so that a relatively wider range of angles will be available for SPR 
measurements. Taking this into account, it is clear from Fig. 1.12 that multilayered 
structures having a fixed ratio of Ag to Au (35/28 nm) but Si3N4 waveguide thickness in 
a range of 140 to 170 nm will make a far better SPR sensor compared to that relying upon 
a single metal or a bimetallic structure. Recently, hafnium dioxide HfO2 has been used for 
the waveguide dielectric material [40]. This dielectric material offers several advantages 
over the Si3N4 dielectric: (1) much higher (4 to 6 times) dielectric constant, (2) optical 
transparency over wider range of wavelengths (250-2000 nm), (3) 3-times higher density 
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in the solid phase, and (4) very high melting point (2758 C). The high dielectric constant 
and good optical transparency over a wide range of wavelengths are particularly important 
for its use in waveguide-coupled multilayer SPR sensors. A comparison between the 
performance of two waveguide-coupled multilayer SPR sensors using Si3N4  
and HfO2 dielectrics is illustrated in Fig. 1.13. These simulations represent SPR  
curves for air and water in contact with the two sensors. The simulations predict  

a slightly narrower SPR for the hafnia sensor  0
20.23  for the HfO  sensorFWHM   vs 

 0
3 40.28  for the Si  sensorFWHM N . They also predict refractive index sensitivity of 

42.82 degrees/RIU and evanescent field decay lengths of 314 nm for air and 232 nm for 
water. 

 

Fig. 1.13. MATLAB simulations of SPR curves for air and water in contact with surface  
of Ag/Si3N4/Au and Ag/HfO2/Au sensors. 

1.4.5. Electric Field Simulations 

The sensing ability of an SPR sensor is based on the perturbation of the evanescent fields 
arising from the sensor surface and propagating into the surrounding medium. Apart from 
the resonance curve characteristics, loss in reflectivity at resonance angle, FWHM, θSPR 
and stability, the other prominent feature of the sensor is the magnitude of the evanescent 
fields at surface and its penetration depth into a medium under investigation. It should be 
noticed that the values of the electric fields at the sensor surface have been normalized to 
unity. 

1.4.5.1. Evanescent Fields for Single-Metal Sensors 

Fig. 1.14(i) shows simulations for the electric fields excited at the surface of a gold and a 
silver thin film SPR sensor [38]. The solid (peach colored) layer drawn for thickness  
≤ 0 nm represents metal thin film. The metal (Ag = 50 nm or Au = 47 nm) is identified in 
the figure inset. These simulated results show how the electric field excited at the surface 
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of single metal based SPR sensor propagates into two different media (air or water) in 
contact with the sensor surface. As is well known, the evanescent fields decay 
exponentially into the medium. 

The skin or penetration depth of the fields is defined as the depth at which the intensity of 
the electric field falls to (1/e)th of its original value at the surface. As seen in the Fig. 1.14, 
the penetration depths in air and water for Au sensor are 205 nm and 142 nm, respectively. 
In the case of the Ag sensor, the penetration depths are 308 nm for air and 198 nm for 
water. Figs. 1.14 (ii) and (iii) show a colored contour map of the electric field distributions 
on the surface of Au and Ag sensors. The color bar represents the field strength which is 
the highest at the metal surface and decays exponentially as the fields propagate away 
from the metal surface. 

 

 

Fig. 1.14. i) Electric field penetration curves for gold (47 nm) and silver (50 nm) film sensors, 
simulated for air and water as analytes. The color contour map of electric field distributions,  
as it propagates away from the metal film surface into air, are shown in figure ii) and iii) 
respectively. 

1.4.5.2. Evanescent Fields for Bimetallic Sensors 

In the case of a bimetallic (Ag/Au) sensor, simulated fields are shown in Fig. 1.15 [39]. 
Here the penetration depth of the electric field is longer than penetration depth for the 
single metal Ag or Au based sensor. But as discussed earlier, the bimetal sensor suffers 
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significant aging effects at the interface of the two metallic films leading to a highly 
unstable sensor; we have observed significant degradation in sensor performance over 
periods, from days to nine months and it limits the usefulness of this sensor. For example, 
over a period of a month, the FWHM of the SPR curve of the bimetallic sensor increases 
from 0.590 to 0.650 and the loss in reflectivity decreases from about 56 % to 53 %. The 
FWHM and loss in reflectivity of the same sensor, when measured nine months later, were 
found to be 0.860 and 50 %, thus confirming significant degradation in its performance 
characteristics. 

 

Fig. 1.15. Electric field penetration into air and water. 

1.4.5.3. Evanescent Fields for Waveguide Coupled Sensors 

Fig. 1.16 shows simulations of the evanescent electric fields for a waveguide-coupled 
Ag/Si3N4/Au sensor having air or water in contact with the sensor surface [38, 39]. It is 
remarkable that the evanescent field extend for approximately 305 nm in air and 241 nm 
in water in contact with the sensor surface. Given such long penetration depths, it becomes 
possible to design experiments to study the influence of evanescent fields on materials’ 
properties in the immediate vicinity of the surface and at depths within which the 
evanescent fields are strong enough to significantly modify the material. An example of 
such experiments will be the one in which the evanescent fields can be used to modify, 
for example surface anchoring of LC materials, and study orientational order. 

The colored contour map in Fig. 1.16 (ii) and 1.16 (iii) shows the nature of the electric 
fields for the same waveguide coupled structure as these fields propagate into air or water. 
Thus the structure with 150-nm thick Si3N4 waveguide dielectric exhibits the best sensor 
characteristics; narrowest resonance curve (highest resolution) and extended range of 
evanescent fields into the material at the interface, ranging from about 241 nm for water 
to about 305 nm for air. 
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Fig. 1.16. Electric field penetration into air and water from the bimetallic waveguide coupled 
(Ag/Si3N4/Au) SPR sensor. 

1.4.5.4. Comparison of Evanescent Electric Fields for Single Metal, Bimetal,  
and Waveguide-Coupled Multilayer Structure Sensors 

Fig. 1.17 presents a comparison of simulated electric field strengths and field penetration 
depths into air/vacuum for simple metal, bimetallic and waveguide coupled sensors  
[39, 40]. In case of single metal Au or Ag sensor, the field strengths at the surface of the 
sensor are almost the same in magnitude but they decay differently into the medium. The 
penetration depth for the Au sensor is 205 nm and for Ag sensor it is 308 nm. In the case 
of a bimetallic Ag/Au SPR sensor having metal film thicknesses of 35 nm Ag and 28 nm, 
the field at the surface of the sensor is weaker (half the magnitude) compared to the field 
at the surface of the single metal sensor with longer penetration, δSP = 387 nm. For a  
100 nm thick Si3N4, the field at the surface of the sensor is three times larger in magnitude 
than the field at the surface of single silver film sensor. The electric field for 150 nm thick 
Si3N4 decays into the medium in a manner that is almost the same as with 50 nm thick Ag 
sensor. In the case of the waveguide-coupled sensor, there is a trade-off between the 
surface field strength and penetration depth into the sensing medium. It is interesting that 
a desired combination of surface field strength and penetration depth can be obtained by 
adjusting the dielectric thickness. As seen in the solid (peach colored) slab for the region 
below 0 nm thickness in Fig. 1.19, an optimum thickness of Si3N4 waveguide layer only 
supports the excitation of strong waveguide modes, whereas the surface plasmon modes 
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are excited at the outermost layer of the sensor surface (after 0 nm). The stronger 
waveguide modes are responsible for the surface field enhancements/sensitivity, but the 
strong plasmon modes are responsible for increased/measurable penetration depth into the 
perturbed media. Thus, a trade-off between the surface field enhancements and the 
penetration depth of the plasmon mediated electric fields is clearly observed, depending 
upon the thickness of waveguide layer employed. The waveguide modes coupled/in 
unison with the plasmon modes improves the overall performance of such a waveguide 
coupled bimetallic sensor structure. Different thickness of waveguide layer can be 
optimized as per the requirement of the sensor application i.e., higher surface sensitivity 
or greater penetration depth. For example, the liquid crystal (LC) assisted tunable 
plasmonic device reported by our group in a recent publication could sense the electric 
field induced changes in the LC (dielectric) environment at the sensor surface with almost 
28 times higher sensitivity than the previously reported similar sensor. The shift in the 
SPR angle (  θSPR = 1.4o) was limited due to a strong surface anchoring forces of the 
liquid crystal molecules on the sensor (gold) surface. With a 150 nm-Si3N4 waveguide 
coupled bimetallic sensor employed for similar measurements, the deeper penetration of 
the electric fields (δSP = 305 nm) into the bulk of the liquid crystal cell could sense stronger 
electric field mediated changes in the LC dielectric constant, resulting into a greater shift 
in the SPR angle (θSPR) [45]. 

 

Fig. 1.17. Schematic of electric fields from different sensor structures propagating  
into vacuum/air. 

1.5. Experimental 

1.5.1. Sensor Structures 

The selection of the thin-film material (Ag vs Au), film microstructure (surface 
smoothness and defects), and refractive index of the prism are the most important 
parameters, which determine the overall performance of a sensor. In addition to the single 
metal (Au or Ag) sensors, bimetallic and waveguide-coupled multilayer structures offer 
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distinct advantages. Four different sensor structures have already been discussed, which 
were synthesized by using: i) quartz/35-nm-Ag/28-nm-Au bimetallic structure (identified 
as sample-3), ii) quartz/35-nm-Ag/50-nm-Si3N4/28-nm-Au (sample-4), iii) quartz/35-nm-
Ag/100-nm-Si3N4/28-nm-Au (sample-5), and iv) quartz/35-nm-Ag/150-nm-Si3N4/ 
28-nm-Au (sample-6). Three different types of sensors are used to illustrate their 
performances through simulations and ATR measurements by using Kretschmann 
configuration optical system [43-45]. 

1.5.2. Measurement Techniques 

1.5.2.1. The Kretschmann-Otto (, 2 ) Goniometer Optical System with Prism 
Coupling 

As discussed above, the SPPs dispersion (non-radiative) is always to the right of the light-
line for the propagation of light in vacuum. In other words, the SPPs wave vector is higher 
than the wave vector of light propagating in vacuum and therefore the SPPs cannot be 
excited by light without making up for the extra (mismatch) momentum. This can be 
accomplished by first passing the light through a high-index medium (prism) and then 
coupling the component of the modified wave vector along the metal-dielectric interface 
with the wave vector of the surface plasmon polaritons along the same direction. This 
resonance coupling condition is represented by 

  sin m d
prism prism

m dc c

   
 




, (1.29) 

where prism  is the refractive index of the prism and prism  is the angle of incidence for the 

incoming light at the base of the prism. The  ,2  goniometer based Kretschmann 

configuration optical system is most commonly used to carry out surface plasmon 
resonance experiments [63]. In the Kretschmann configuration, the base of a high-index 
prism is coated with a thin film of the noble metal (≤ 50 nm thick). The sample under 
investigation can be coupled to the metal film by spin-coating a film of a dispersion of the 
sample material over the metal film. Sometimes, it may be convenient to spin-coat a 
dispersion of the sample material onto Au coated quartz slide, which can then be coupled 
to the prism by using a refractive index matched fluid. Depending upon which one of these 
methods is used to couple the sample to the metal film, and assuming that in each case the 
refractive index of the prism is higher than the refractive index of the sample to be 
examined, ATR will be observed at the prism/sample and quartz-slide/sample interfaces. 
In the Otto configuration, on the other hand, there usually is a gap between the noble metal 
film and the sample. An air gap less than a few radiation wavelengths thick, for example, 
a gap of less than about 2 m  for the visible radiation, provides an evanescent tunnel 
barrier across which the radiation couples, from the totally reflecting scenario, to excite 
surface plasmons at the air-metal interface. At sufficiently large separation between the 
two interfaces (gap width), the evanescent wave is only weakly coupled to the metal. The 
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nature of the reflected intensity vs angle of incidence at the prism base varies strongly 
with gap width. Whereas for small gap widths the resonance is broadened and shifted due 
to radiation damping, the resonance disappears for large gap widths for which SPPs can 
no longer be excited [64]. Following total internal reflection, SPPs are detected through 
the observation of the loss in reflected intensity at some angle 

SP R c  , where 
c is the 

critical angle for which the angle of refraction = 900. The fraction of the incident light 
missing from the totally reflected beam is viewed as converted into surface plasmon 
excitations propagating along the interface. By varying the angle of incidence of totally 
reflected light inside and at the base of the prism, the resonance condition for exciting 
SPPs can be satisfied. Such an optical system is shown in Fig. 1.18 [43-45].  

 

Fig. 1.18. The Kretschmann configuration optical system. 

It uses a high-index prism (Edmund Optics, N-SF11, refractive index = 1.7847), 632.8 nm 
He-Ne laser and a high-resolution spectrometer. The incident laser is passed through a 
polarizer to obtain p-polarized incident beam. The p-polarized beam is passed through a 
beam splitter; one of the split beams is used as the reference beam and its intensity is 
monitored by silicon detector-1. The second beam is used for carrying out ATR 
measurements. The sensor and silicon detectors are mounted on a ( , 2 )   goniometer, 
which facilitates measurements of the relative intensity of the reflected beam as a function 
of the incident angle at the base of the prism. At incident angles prism c  , the incident 

laser is transmitted through the back of the prism and is detected by silicon detector-3. For 

prism c  , the incident beam undergoes total internal reflection and its intensity is then 

measured by detector-2. The output from each silicon detector is connected to an 
amplifier. The amplified signals are routed to a data acquisition and analysis LabVIEW 
software. The reflected beam is also routed to JY-Horiba spectrometer for spectral 
analysis. The signature of the surface plasmon resonance is the loss of the totally-reflected 
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light within a range of incidence angles; due to the excitation of the surface plasmon 
polaritons at prism SPR  . The Kretschmann configuration system is the most-commonly 

used optical system for SPR measurements. However, the requirement of a goniometer 
imposes serious practical difficulties in carrying out ATR measurements for applications 
for which the sensor should be mounted under controlled vacuum and/or temperature 
conditions. This problem has recently been solved by the development of a fixed detector 
Kretschmann configuration optical system discussed below [45]. 

1.5.2.2. The Kretschmann Optical System without Goniometer (A Fixed Detector 
System [45]) 

It has recently been recognized that in certain cases problems are encountered while using 
the Kretschmann system such as: (1) the area of the sample being probed changes with 
the incidence angle at the prism base. With increasing incident angle, the incident laser 
spot at the back face of the prism, where the gold film and the sample reside, not only 
moves from its initial central position towards the edge of the prism, it also changes in 
shape, from an initial circular spot to an elliptical spot. This essentially increases the 
sample area under examination (amounting to an elongated beam). Unless the sample is 
relatively large and uniform within the entire range of angles needed for ATR 
measurements, the accuracy of the measurements may be questioned and (2) in the case 
of an elongated beam, light reflected from different parts of the sample hits the detector 
at different points along the radius of the detector. Unless the efficiency of the detector is 
uniform over its entire face, the measurements must be corrected for spatial variations in 
the efficiency of the detector across its surface. The recently developed fixed detector 
optical system (Fig. 1.19), eliminates these problems [45]. In this system, neither the prism 
nor the detector is rotated. The incident angles are scanned simply by steering the incident 
beam. Only in special cases, when it is desired to examine a surface larger than the beam 
diameter, the surface can be scanned by prism translation along two orthogonal directions 
in the x-y plane. The optical system consists of three sub-systems: (1) one of the sub-
systems produces both s- and p-polarized beams, (2) the second sub-system generates 
SPPs and enables ATR measurements without the need for ( , 2 )   goniometer, and (3) 
the third sub-system incorporates the final detection system. As the authors discuss, the 
angle of incidence at the base of the prism is obtained from 

 
 0

0 1
sin 2 30

60 sin
prismn


 

  
   

    
, (1.30) 

where   is the angle between the incident beam and the normal to mirror M6 in Fig. 1.19. 
When the angle of incidence at the base of the prism is larger than the critical angle for 
total internal reflection, the reflected beam emerges from the prism and hits mirror M7. 
The beam passing through the beam splitter BS4 strikes the entrance slit of the 
spectrometer after going through optical components, which match the f-value of the 
external optics to the f-value of the spectrometer. The system is versatile in the sense that 
it can be used for simultaneous measurements of not only the surface plasmons, but also 
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of, for example, the coupling between SPR and photoemission by quantum dot emitters 
[65, 66]. 

 

Fig. 1.19. A fixed detector optical system for the simultaneous measurements of SPR  
and Photoluminescence. 

1.5.2.3. Grating Coupling 

In addition to the most commonly used prism coupling, a periodic structure of SPR 
supporting metals (grating) coupling can also increase the wave vector of incident laser 
and facilitate excitation of SPPs. If the incident light strikes a grating of periodicity   at 
an angle  , the x-component of the wave vectors can have values given by 

  sinxk mg
c

   , (1.31) 

where m is the integer and 
2

g





. As discussed later in this review, the deviations from 

smoothness of a thin metal film can be represented by a superposition of corrugated 
gratings with series of discrete pitches and they can led to the excitation of the surface 
plasmon polaritons. 

1.6. Comparison between Simulations and Measurements 

The sensitivity of a sensor that uses a single-layer of 30 nm Au over high-index prism 
(refractive index 1.7847 @ 632 nm) is illustrated by the data shown for air, water, and a 
liquid crystal in Fig. 1.20 [44].  
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Fig. 1.20. SPR data for air, water, and a LC measured by using Au/quartz sensor. 

As the inset shows, the resonance angle 
S P R  increases linearly with the refractive index 

of the analyte and corresponds to a sensitivity given by 

  deg77 3  SPR
n

reesS RIUn


  


 Fig. 1.21 shows experimental SPR data for two 

sensors: sensor-1: 29 nm Au over quartz and sensor-2: 40 nm Ag over quartz. In this 
figure, the continuous curves represent simulations and the data points represent 
measurements made by using the Kretschmann configuration optical system [39]. There 
is excellent agreement between the measurements and the simulations, particularly in the 
case of the silver film sensor. In the case of the gold film sensor, however, the agreement 
between the simulations and the experimental data is not as good, but it improves greatly 
when the complex dielectric constant of gold is changed in the simulations from  
(-10.8 + i1.47) to (-12.2 + i1.47). Fig. 1.22 compares SPR measurements (data points) and 
simulations (continuous curves) for three different waveguide-coupled Ag/Si3N4/Au 
multilayer structure sensors. Again, there is excellent agreement between the 
measurements and simulations. Additionally, Figs. 1.23-1.24 compare the performance of 
Bi-WCSPR sensor against the performances of single-metal and bi-metal sensors [39]. 
The SPR curve for the conventional single layer Au film sensor is the broadest and hence 
shows the poorest resolution. The curves of the single layer Ag sensor and the bi-metallic 
sensor are much sharper. The overall performance of the Bi-WCSPR sensor, in terms of 
sharpness and magnitude of the resonance dip, is remarkably superior to the performance 
of the other five sensors. For example: (1) the resonance angle 

S P R  shifts from about 
36.50 for the conventional single-layer Au sensor to about 34.70 for Bi-WCSPR. This 
amounts to having access to much wider dynamic angular range for sensing applications, 

when the Bi-WCSPR sensor is used, (2) the slope of the resonance curve 𝜕𝑅
𝜕𝜃   3.9  

is about 7-times higher than the slope of the resonance curve for single metal sensor, and 
(3) being the sharpest (FWHM = 0.290), the SPR curve of the quartz/35-nm-Ag/150 nm 
Si3N4/28 nm Au sensor corresponds to a resolution, which is 13 times higher than the 
resolution obtained for the single-layer Au film sensor. 
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Fig. 1.21. Experimental SPR data for 

quartz/29 nm Au, and quartz/40 nm Ag 
sensors. The smooth curves represent 

MATLAB simulations. 
 

 
Fig. 1.22. SPR curves for air measured by 
using waveguide-coupled silicon-nitride 
sensors. The continuous curves represent 

MATLAB simulations. 

 
Fig. 1.23. Experimental SPR data for single 

metal, bimetal, and multilayer sensors.  
Smooth curves represent MATLAB 

simulations. 

 
Fig. 1.24. Experimental SPR data for air and 

water using single metal Au  
and multilayered sensors. 

 

Tiwari et al observe sensitivities 52  and deg42 ree
RIU

 [61]. Fig. 1.25 presents a 

comparison between the refractive index sensitivities of two waveguide-coupled sensors, 
one using Si3N4 and the other using HfO2 for the dielectric material [40]. The experimental 
data show that the sensitivity and the figure-of-merit of the hafnia sensor are somewhat 
inferior to those of the silicon-nitride sensor. However, the computer simulations predict 
that the hafnia sensor performance can be improved by optimizing the thickness of the 
dielectric material. As evidenced by a recent study, the microstructure of the HfO2 
dielectric can be improved significantly, which should allow fabrication of waveguide-
coupled hafnia sensor structures with much higher resolution and sensitivity [67]. 
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Fig. 1.25. SPR data measured for air, water, ethyl alcohol, and isopropyl alcohol  
by using single-metal (Au), Ag/Si3N4/Au, and Ag/HfO2/Au sensors. 

1.7. Selected SPR Sensor Platforms 

In the following section, we present selected examples of representative SPR sensors for 
variety of applications in physics, nanotechnology, chemistry, and biotechnology. 

1.7.1. Sensor for Liquid-Crystal Alignment and Periodic Structure on Surfaces 

The liquid crystalline (LC) materials play an important role in the world-wide billion-
dollar display industry. The electro-optical applications of the liquid-crystalline devices 
make use of the fact that the refractive index of the material can be changed by an external 
parameter, such as an externally applied electric field or temperature, which changes the 
orientation of the LC molecules along a particular direction (the so-called director). We 
limit our discussion to LC materials, which exhibit nematic phase around room 
temperature. Numerous LC devices employ polymer-dispersed liquid crystal (PDLC) and 
holographic polymer-dispersed liquid crystal (HPDLC) structures [68-79]. In a PDLC 
structure, the LC is confined within sub-micron to micron diameter droplets, whose size 
and distribution in the polymer matrix greatly influence the electro-optical properties of 
the device [73, 74, 80]. Addition of a holographic material to the PDLC allows the 
formation of gratings with technologically important properties [75-78, 81]. In this 
context, it is interesting to note the recent work by Petefish et al, in which these authors 
have used metal-coated diffraction gratings with multiple simultaneous pitch values for 
surface enhanced infrared absorption (SEIRA) spectroscopy [82, 83]. The electric fields 
associated with SPPs have been used to enhance vibrational signals for infrared 
measurements. The grating structures provide efficient couplers for tunable platform for 
SEIRA spectroscopy and may lead to highly sensitive SPR sensors for infrared 
measurements. It has been recognized that the optical properties of SPR supporting 
materials in the infrared region, which produce long plasmon decay lengths, can be 
utilized to develop SPR sensors for living cells with high sensitivity [84-87]. The authors 
have demonstrated that SPR and infrared spectroscopy can be combined synergistically 
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to enhance vibrational signals from thin film adsorbates by coupling thin films to the 
electric fields of the surface plasmon polaritons. In another example, Plum et al have 
presented an interesting application of SPR sensors to probe dynamics near solid surfaces. 
This technique, termed as resonance enhanced light scattering (REDLS), combines the 
temporal resolution of the conventional dynamic light scattering (DLS) with the spatial 
resolution of the SPR to study dynamic behavior of polymers or particle near a glass 
surface [88-91]. A sensor can be designed with a resolution on the order of 10-5 refractive 
index unit change and used for monitoring changes in the particle concentration or 
temperature fluctuations. Irrespective of the incorporation of the grating structures into 
sensor platforms, the usefulness of both LSPS and SPPs has been recognized for SPR 
sensor development. It is well known that the addition of relatively small concentrations 
of Au NPs to PDLCs can significantly enhance device performance through lower 
switching voltage, increased optical transmission, and better frequency response of the 
device [43, 92-94]. As the data of Fig. 1.26 show, the reflectivity exhibits ATR at certain 
angle 

SPR  , which changes with the relative concentration of the Au NPs in the sample, 
and is observed only when the incident light is p-polarized [44].  

 

Fig. 1.26. Relative reflectivity vs angle of incidence at the sensor surface in Kretschmann 
geometry for LC,  35 % Au NP dispersion, LC wt  ,  50 % Au NP dispersion, LC wt  , 

and NPs dispersion only   . 

These studies have suggested that the surface plasmon excitations (both LSPs and SPPs) 
can be used to develop surface plasmon based sensors for electro-optical materials. 
Following is an example of a SPR sensor, which has been used to study intermolecular 
interactions in LC materials. A very simple sensor was fabricated by sandwiching 

40 m  thick film of a liquid crystal (E44) between 30 nm  thick gold coating over the 
base of a high-index prism and an Indium-Tin-Oxide (ITO) coated glass slide. The 
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smoothness of the Au coating was characterized by a root-mean-square deviation of 
5 nm  from smoothness. The E44 liquid crystal exhibits nematic phase for temperatures 

ranging from -10 0C to 100 0C with refractive indices of 0 1.52395n   for ordinary and 

0 1.77526n   for extraordinary waves @ = 632.8 nm . Insulating spherical SiO2 beads 
of  40  m  diameter were used to insulate the gold film from the conducting surface of 
the ITO-coated glass. Applications of ac (1 kHz) electric fields across the sensor aligns 
LC and changes its refractive i   index [95]. Simultaneous measurements of the 
transmission of the light and the SPR-induced ATR were performed as functions of the 
electric field applied across the sensor. As seen in Figs. 1.27-1.28, the nature of the ATR 
data (relative intensity, FWHM, and shape-symmetry) changes dramatically as a function 
of the applied fields: (1) the reflectivity suffers dramatic loss at certain field dependent 
value of the resonance angle  SPR , (2) 

S P R  decreases with increasing electric field, (3) 
the loss in reflectivity decreases at higher fields, and (4) the resonance curve becomes 
narrower at higher fields. The magnitude of the loss in reflectivity changes from about  
36 % at zero field to about 10 % at 2.5×105 V/m and 

S P R  shifts nonlinearly from about 
75.20 at zero fields to 73.80 at 2.5×105 V/m. 

 

Fig. 1.27. The reflectivity vs incident angle at several values of externally applied electric fields 
(1 kHz). The electric field applied in each case is indicated next to the data set in units of V/m. 

The sensor exhibits very high sensitivity [96]. Because of narrowing of the resonance 
curve at higher fields, the resolution of the sensor improves with increasing field. 
Furthermore, the sensor sensitivity depends on the chemical composition of the LC and 
the surface anchoring forces. It is well known that the surface anchoring forces acting on 
LC molecules can limit the orientation of the LC molecules, particularly adjacent to the 
electrodes and thereby influence sensor performance [76, 95-97]. Such a high sensitivity 
should be useful for designing sensor switches, which can respond to dynamic processes 
occurring near solid surfaces [44].  



Chapter 1. Surface Plasmon Resonance Sensors: Fundamental Concepts, Selected Techniques, Materials 
and Applications 

53 

 

Fig. 1.28. SPPs resonance angle and loss in reflectivity in Kretschmann geometry  
as a function of electric field. 

Interactions of liquid-crystalline molecules with metal surfaces are important from the 
viewpoint of basic surface science, as well as sensor technology. In order to better 
understand surface-mediated alignment of LC molecules at relatively smooth gold surface 
(  5 nm  root-mean-square deviation from smoothness), Tiwari et al have investigated 
whether the formation of periodic LC structures, aided by resonant excitation of surface 
plasmon polaritons at the metal/E44 interface, can be utilized as diffraction gratings [44]. 
The method adopted for LC grating formulation in this work is extremely simple and 
different from the traditional methods used to form grating structures, for example in 
holographic polymer-dispersed liquid crystals (HPDLCs) [76, 78, 95, 98]. In the latter 
case, the fabrication of the grating involves precisely controlled protocol using several 
interrelated steps. For example, (i) a polymer like polyimide or polyvinyl alcohol (PVA) 
is spin coated and baked over ITO-coated glass substrate, (ii) the baked surface is rubbed 
unidirectionally with velvet to produce grooves, (iii) certain holographic polymer-
dispersed liquid crystal (HPDLC) mixture, consisting of nematic LC, reactive mesogenic 
monomer and photo-initiator/co-initiators, is spin coated, and (iv) eventual set-up of 
periodic spatial variation in the refractive index within the material due to light-induced 
phase separation into polymer-rich and LC-rich channels. The LC droplets in the LC-rich 
regions are nematically ordered and as a result of the initial surface preparation most of 
the LC droplet directors are aligned along grooves on the surface. The final result is the 
holographic recording of a diffraction grating under illumination by coherent laser beams 
[75-78]. In contrast, and as evidenced by the AFM scans shown in Fig. 1.29, the surface 
topography of the gold film used by Tiwari et al already contains periodic array of 
grooves. 
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Fig. 1.29. AFM scan showing surface topography of the gold film. AFM scan was made along 
the horizontal line shown. 

The as-grown periodic array of micro-fluidic channels on gold surface facilitates 
preferential alignment of LC within these channels. This greatly simplifies grating 
formation. Under this scheme, a three-layer structure is formed (Au/LC/ITO), wherein the 
alignment of the LC directors in direct contact with gold and ITO surfaces is controlled 
by the topography of each one of these surfaces due to relatively strong anchoring of LC 
molecules with the underlying surface. The LC molecules, which are sufficiently far from 
the gold and ITO surfaces and inside microfluidic grooves, are aligned preferentially along 
the axes of the grooves. This creates a well-aligned LC structure, which was found to be 
resilient to damage under normal operating conditions. Fig. 1.30 shows typical structure 
with an average periodicity of approximately 10 m; the dark regions are rich in nematic 
LC droplets and the bright regions are void spaces in between LC channels.  

The diffraction patterns formed by the grating structure by using s- and p-polarized  
632 nm He-Ne laser were studied by exciting surface plasmon polaritons in the 
Kretschmann configuration SPR optical system. As discussed above, the grating coupling 
facilitates excitation of the SPPs by compensating for the wave vector mismatch through

 sinx SPRk k mg
c

    , where m is an integer, 
2

g





 and   is the grating period. 

In the high-index prism/30 nm-Au/LC/ITO structure, the incident laser beam interacts 
with three different interfaces; prism/Au, Au/LC and LC/ITO interfaces. Since the 
thickness of Au film (30 nm) is an order of magnitude smaller than the wavelength of the 
incident laser ( 633 ,  355 )air prismnm nm   , and the refractive indices of the LC and 
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ITO-coated glass are almost the same, the total internal reflection of the laser beam occurs 
only at the prism/gold interface. Therefore, any diffraction pattern will reflect the periodic 
LC alignment on the gold surface only. A representative diffraction patterns observed with 
only p-polarized incident beam and for incident angles only within a narrow range around 

S P R  (Fig. 1.31) shows the characteristic 0th, 1st, and 2nd order interference fringes. As the 
authors argue, the polarization dependence of the diffraction fringes and their occurrence 
only within a narrow range of angles around 

S P R  assure that the observed diffraction 

phenomenon with a periodicity of  5 m   occurs because of SPPs-mediated 

interactions. The diffraction pattern disappears when an ac electric field 
is applied across the sensor. Upon removal of the electric field, the diffraction pattern 
reappears in a reversible manner. These data confirm strong correlation between the SPPs 
and the periodic structure of surfaces and suggest design of SPR sensors for investigating 
intermolecular interactions between fluids and surfaces. 

 

Fig. 1.30. High resolution optical image of typical periodic structure of the gold surface  
with periodicity in the range of 10 m . 

 

Fig. 1.31. Diffraction image recorded at fixed angle SP R  in the Kretschmann configuration 

showing different orders (i. e., zeroth, 1st, and 2nd order) diffraction peaks. 

52.5x10 V / m
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1.7.2. Sensor for Surface Defects 

Zayats et al have presented detailed review of the near-field studies of SPPs on randomly 
rough and nanostructured surfaces [14]. In his excellent review, Raether also discusses 
the influence of the surface roughness on surface plasmons [7]. The key point, in the 
context of an SPR sensors for surface defects, is the fact that the scattering of the SPPs 
from surface defects depends on the size, geometrical shape, and the dielectric constant 
of the surface features [99-107]. The identification and characterization of surface and 
bulk defects in materials are technologically important problems because of the fact that 
they can modify very significantly the physical, electrical, and chemical properties of the 
material. The scattering of the SPPs by the surface or near-surface defects can 
significantly modify the field strengths, as well as the decay lengths of the evanescent 
fields [99, 101-106, 108-134]. 

An excellent work by Smolyaninov et al has discussed the usefulness of the surface 
plasmon scattering for investigating surface defects of varying sizes and shapes. [105]. 
They observe micrometer wide surface plasmon beams (plasmon flashlights) emitted by 
certain surface defects. This remarkable effect is shown in Fig. 1.32, where such plasmon 
flashlights are generated by two neighboring (few m  apart) surface defects. It is 
remarkable that two plasmon flashlight structures (defects) can be positioned within a few 

m  on a flat surface giving rise to distinctly separate plasmon beams. As the authors 
discuss this interesting feature can lead to the design of very sensitive SPR sensors for 
investigating surface chemistry on a local scale.  

 

Fig. 1.32. Plasmon flashlights emitted by neighboring (few m  apart) surface defects 

(Reproduced with permission from Igor I. Smolyaninov et al, Phys. Rev., B, 56, 1997, p. 1601, 
published by The American Physical Society, USA) 
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As another example of the use of the SPR sensor technology to monitor defects is a study 
of the filling defects in nanoimprint lithography (NIL) [101]. This technology enables 
rapid replication of nanoscale patterns for variety of applications [135]. However, the 
incomplete mold filling and air bubbles are common filling defects in NIL and they can 
seriously degrade the quality of the imprinted pattern. Hsu et al have utilized the SPPs to 
monitor the filling defects in NIL. Their SPPs detection scheme, NIL mold, and 
representative data are shown in Fig. 1.33.  

The mold consists of high refractive index glass (SF-11), 32.5 nm thick gold film, and low 
refractive index SiO2 dielectric pattern. A 6.5 nm titanium adhesion layer is used between 
gold and SiO2. The sensor works on the basis that the presence of the filling defects in the 
imprinted material changes the equivalent refractive index of the interface between the 
mold pattern and the imprinted material, which in turn changes the angle  SPR  at which 
the SPPs resonance occurs. Both simulations and ATR measurements show high 
sensitivity of the SPR sensor to details of the filling defects; the surface plasmon 
resonance angle  SPR  increases almost quadratically from approximately 58 to 61 as 
the filling height of the resin increases from 0 to 168 nm. The authors estimate that the 
filling defects as low as 1.4 % of the volume of the mold cavity can be detected if such 
defects are uniformly distributed in the mold cavity. 

   

 

Fig. 1.33. Proposed mold feature and monitoring method (top left), schematic of the mold (top 
right), simulated reflectivity spectra (bottom, left), and SPR resonance angle vs filling height  
of resin (Reproduced with permission from Hsu et al, Applied Surface Science, 275, 2013, p. 94, 
published by Elsevier Publishing). 
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1.7.3. Sensor for Coupling between SPPs and Quantum Dot Emitters 

The SPR sensors offer exciting opportunities to study light-matter interactions. An 
example is the case in which the light emission characteristics of semiconductor quantum 
dots can be modified significantly by neighboring SPR fields. Obviously, the extent of the 
modifications depends on the strength of the coupling between the emitter and the SPR 
fields [136-143]. In qualitative terms, it is analogous to the classic case of energy 
exchange between two coupled harmonic oscillators. Bellessa et al presented data from 
reflectometry experiments on an organic semiconductor, cyanide dye J aggregates, 
deposited on a silver film in the Kretschmann geometry [144]. The reflectivity data 

recorded at different incident angles  0 049 63  show two angle dependent dips with 

minimum separation of 300 meV for 055  . Fig. 1.34 shows the energies of the dips as 

a function of the in-plane wave vector,  2
sinpk n

 


   
 

, where  is the wavelength of 

the incident light in vacuum, pn  is the refractive index of the prism, and   is the incident 

angle at the base of the prism in the Kretschmann geometry.  

 

Fig. 1.34. Reflectometry dips energy    as a function of the wave vector. The dashed line is  
the dispersion of an uncoupled surface plasmon. The dotted line is the TDBC excitation energy. In 
full lines are drawn the calculated polariton energies. (Reproduced with permission from Bellessa 
et al, Phys. Rev. Letts, 93, 2004, p. 036404, published by The American Physical Society, USA. 

The anticrossing seen between the two branches of the dispersion data is a direct evidence 
for strong coupling between the SPPs and the organic semiconductor emitter. As the 
authors discuss, the strong coupling occurs when the Rabi splitting is larger than the width 
of the organic semiconductor absorption line and the one of the uncoupled plasmon line. 
This condition implies that the Rabi oscillation period is shorter than the damping time 
for the plasmon and for organic exciton. By now, a strong exciton-photon coupling 
between the surface plasmons and emitters is well established [136, 144-153]. 
Additionally, there is evidence for plasma-assisted resonance energy transfer between 
molecules near a metal nanostructure [142, 154-157]. These examples reinforce the view 
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that the surface plasmons can be used as sensors for intermolecular interactions. Some 
recent data from a pump-probe experiment probing the photoluminescence (PL) by 
CdSe/ZnS semiconductor quantum dot emitters placed in close proximity to an SPR 
sensor (position of the QDs from the surface along which SPPs are excited ≤ SPR 
evanescent decay length), illustrate the usefulness of SPR sensors for such applications 
[65]. The CdSe/ZnS core/shell type nanostructures exhibit high quantum yields for size-
tunable photoluminescence and are potential candidates for semiconductor diode lasers 
and light-emitting diodes. The absorption band of the quantum dots includes wavelength 
region around the 514 nm green line of Argon-ion laser. Their room temperature PL 
emission is strong and centered around 620 nm. From the view point of SPR sensor 
development, CdSe/ZnS semiconductor QDs offer a good platform. In the above-
mentioned recent pump-probe experiment, the QDs are spin-coated over 35 nm gold film 
deposited on the base of a high-index prism used in the fixed detector Kretschmann 
configuration optical system. As shown in Fig. 1.35, the quantum dots are illuminated by 
 = 514 nm radiation from an Argon-ion laser. Simultaneous to the pumping of the QDs 
by 514 nm radiation, the p-polarized beam from He-Ne laser generates SPPs. The PL and 
SPR data are collected simultaneously as functions of the angle of the incidence for the  
p-polarized beam in the fixed detector Kretschmann configuration optical system. 
Representative data are shown in Fig. 1.36. 

 

Fig. 1.35. A modified fixed detector Kretschmann optical system for simultaneous measurements 
of SPR and photoluminescence. 

The peak wavelength of the PL band  peak  increases almost linearly with increasing 

angle by significant amount (red-shifted). Additionally the PL intensity decreases almost 
exponentially as the angle of incidence increases beyond 

ATR . It is over the same range 
of incident angles that the reflectivity for the 514 nm incident light decreases because of 
the excitation of the surface plasmon polaritons. It is, therefore, reasonable to state that 
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PL emission by CdSe/ZnS quantum dots is quenched and red-shifted by the electric fields 
associated with the surface plasmon polaritons. Similar results have been obtained by 
others and they are reasonably well understood [158-161]. For example, in the case of a 
single CdSe/ZnS nanocrystal on a rough gold surface, it has been argued that the PL 
emission depends on the excitation wavelength, linear polarization angle through the 
localized plasmon excitation, and size of the nanocrystal. Whether the PL intensity is 
enhanced or quenched is determined by the balance between the resonant energy transfer 
from the nanocrystal to the Au surface and the field enhancement [162]. In the case of the 
so-called type-I systems, which include CdSe/ZnS quantum dots, the quantum-confined 
Stark effect causes a quadratic redshift in the PL band [163]. On the other hand, in type-
II systems, which include CdSe and PbS quantum dots, the electric field causes blue shift 
in the PL band [164, 165]. It is obvious, without dwelling into details of the underlying 
physical processes, that there is strong coupling between the evanescent electric field 
associated with the SPPs fields and the QDs emitters and consequently the SPR sensors 
can be used to study light-matter interactions. 

 

Fig. 1.36. The SPR resonance data (black squares) and the wavelength of the photoemission  
by the CdSe/ZnS quantum dots (red spheres) measured simultaneously as functions of the angle 

of incidence in the Kretschmann geometry. 

1.7.4. SPR Sensors for Biotechnology Applications 

Because of the high sensitivity to changes in the refractive index of analytes and the 
capabilities for label-free detection of biomolecular interactions in real-time, SPR sensors 
have attracted worldwide attention for applications in biotechnology and medicine  
[166-182]. Numerous sensor platforms utilizing single metal thin films, flow channel 
devices, and fiber optics etc. have been developed for bio applications. The following 
selected examples illustrate the usefulness of the SPR sensors for medical applications. 
Miyazaki et al have developed a mediator type enzymatic SPR biosensor capable of 

detecting relatively low concentrations  3.4 and 0.27 mol
l

  of glucose and urea, 

respectively [167]. The basic structure of their sensor is sketched in Fig. 1.37.  
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Fig. 1.37. Experimental setup of mediator type-enzymatic biosensor (Reproduced with 
permission from Miyazaki et al, Nanotechnology, 28, 2017, p. 145501,  

published by Institute of Physics (IOP) Publishing). 

It uses a high-index prism  1.514prismn   coated with 2 nm thick Chromium adhesion 

layer  2.9512 2.9584Chrn i  , 50 nm thick Au film  0.1995 3.6525Aun i  , 2 nm 

thick thiol layer  1.442 ,thioln   and a flow-channel configuration. The SPR 

measurements were made by using 670 nm   in the Kretschmann configuration optical 
system. The Sensograms and the shift in the SPR resonance angle  SPR  are shown in 

Fig. 1.38 as functions of the concentration of glucose and uric acid. The Sensograms show 
the time-dependence of the changes in the SPR resonance angle  SPR  for different 

concentrations of glucose and uric acid. These data provide linear relationships between 

SPR  and concentrations of glucose and uric acid and they correspond to the detection 

limits of 3.4 mol
l

  for glucose and 0.27 mol
l

  for uric acid. 

Recently Lirtsman et al have developed a plug-in for conventional Fourier Transform 
Infrared (FTIR) spectrometer, which can be used for label-free and real-time SPR sensing 
of dynamic processes in bacterial and live cell layers [183]. Their SPR sensor is shown in 
Fig. 1.39. It consists of 12-18 nm Au film deposited over ZnS or sapphire prism and a 
flow chamber filled with a buffer medium with variable flow rate. The live cells or bacteria 
were grown directly on the prism or injected into the flow chamber. Their results on the 
dynamic changes in the SPR resonance angle 

S P R  in the bacterial E-coli layer are shown 
in Fig. 1.39. For: (a) sedimentation of E-coli onto the Au-coated ZnS prism and its 
response to osmotic shock associated with glucose and (b) a well-grown E-coli layer and 
its response to osmotic shock associated with glucose. The authors interpret their 
remarkable results as follows: (1) the initial redshift from 3735 to 3727 1cm  corresponds 
to increasing refractive index during bacteria sedimentation, (2) after about 50 min, the 
SPR resonance frequency 

SPR  becomes stationary indicating the formation of a 
continuous bacterial film, (3) at t = 200 min, the flow cell was quickly drained and filled 
with different buffer of high glucose concentration. The drop in the frequency down to 
3715 1cm  reflects a rise in the value of the refractive index of the buffer solution, (4) the 
continuous drop in 

S P R  beyond t = 220 min reflects the fact that bacteria lose water under 
osmotic shock, and (5) upon introduction of the original normal buffer at t = 300 min, 
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SPR  recovers due to relaxation of the bacterial layer back to its previous state. The right-
hand panel of Fig. 1.39 shows results for a similar experiment, in which the authors used 
a well-developed bacterial layer, which was grown during several days in the incubator. 
The reaction to osmotic shock even in the well-grown bacterial layer is very similar. These 
experiments, the authors claim, permit measurements of the kinetics of the bacterial 
reaction to shock in real time and in a label-free manner. Lu et al have used three 
sequences of Ag/Au layers as a biosensor element in the Kretschmann configuration 
system for real-time detection of low protein concentrations [168]. Their protein 
identification procedure and immobilization process for RNase-B and Con-A are sketched 
in Fig. 1.40. 

 

Fig. 1.38. Sensograms for glucose (a) and uric acid (c) at different concentrations. Linear 
dependence of SPR  on concentration of glucose is shown in (b) and that of uric acid in (d) 
(Reproduced with permission from Miyazaki et al, Nanotechnology, 28, 2017, p. 145501, 
published by Institute of Physics (IOP) Publishing). 

These authors observed that the three sequence Ag/Au biosensor had high sensitivity to 
changes in the refractive index, 1847-3309 nm/RIU and could detect strong response 

between RNase-B and Con-A for Con-A solution concentrations as low as 1 g
l

  

Another interesting example of the use of SPR as a sensitive biosensor is the recent work 
by Prabowo et al. [173]. These authors report on label-free and rapid detection of human 
enterovirus 71 (EV71) by using a portable SPR system. The primary infection with EV71 
virus, the authors mention, leads to a viral replication in the mucosa tissue around the 
respiratory or gastrointestinal tract and subsequently from the periphery to the central 
nervous system. The conventional methods used in the detection of the virus are time 
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consuming (several hours), sometimes lack reproducibility and real-time detection 
capability. Fig. 1.41 shows changes in the SPR signal (  SPR  as a function of the 

number of the virus particle  1
mL  for two sensors; one using Au monolayer and another 

bimetallic Ag/Au layer over a dielectric. The sensors exhibited very high detection limits 
of 131 and 67 vp/mL for the Au and Ag/Au sensors, respectively [173].  

 

Fig. 1.39. Biosensor consisting of live cell or bacteria flow chamber and Au film/prism 
Kretschmann configuration (Reproduced with permission from Lirtsman et al, Rev. Scientific 

Instruments, 88, 2017, p. 103105, published by the American Institute of Physics, USA). 

 

Fig. 1.40. Dynamic changes in the position of SPR on the bacterial E-coli layer.  
(a) Sedimentation of E-coli onto sensor and sensor response to osmotic shock associated with 
glucose, (b) a well-grown E-coli layer and its response to osmotic shock associated with glucose 
(Reproduced with permission from Lirtsman et al, Rev. Scientific Instruments, 88, 2017, p. 103105, 
published by the American Institute of Physics, USA). 
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Fig. 1.41. Curve fitting of the measured series concentrations of the EV71 virus particle samples 
following the variable slope dose–response model. The inset shows a comparison of the resonance 
dip positions of the different sensing structures: the Au monolayer and the Au/Ag bimetallic layer 
(Reproduced with permission from Prabowo et al, Biosensors and Bioelectronics, 92, 2017, 186, 
published by Elsevier Publishing). 

In an interesting study, Chen et al have used a wavelength interrogation SPR scheme for 
real-time monitoring of binding interactions between goat antirabbit IgG and rabbit IgG 
at different concentrations [177, 184]. Their SPR imaging biosensor is shown in Fig. 1.42.  

 

Fig. 1.42. The SPR imaging biosensor in the Kretschmann configuration (Reproduced with 
permission from Chen et al, J. Biomedical Optics, 21, 2016, p. 127003,  

published by SPIE Publications). 
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It is a wavelength interrogation-based sensor, which uses a broadband light source and 
provides the SPR spectral profile by scanning the incident wavelength. Some of the results 
of this study are shown in Fig. 1.43, which include: (a) the white-light images of the SPR 
sensor chip, (b-d) real-time wavelength response of antigen-antibody binding interaction, 
(e-g) SPR shift images of a 3×5 array obtained after interaction with goat antirabbit IgG 

solutions of 5, 10, and 15 g
ml

 , respectively [173]. In these images, the left column of 

sensor sites shows no change because goat antirabbit IgG does not bind to BSA. In images 
of other sensor sites, the SPR dips shift continuously due to the binding interactions such 
that the wavelength shift is approximately proportional to the change in concentration of 
the protein solution. 

 

Fig. 1.43. Measurements of goat antirabbit IgG and rabbit IgG antigen-antibody interaction.  
(a) white light image of the SPR sensor chip, (b-d) real-time wavelength response of antigen-
antibody binding, (e-g) SPR shift images after interaction with goat antirabbit IgG solutions  
of 5, 10, and 15 1 g m l  , respectively (Reproduced with permission from Chen et al,  
J. Biomedical Optics, 21, 2016, p. 127003, published by SPIE Publications).  
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We close this review with brief discussion of a recent attempt to increase the sensitivity 
and resolution of the SPR biosensor by utilizing a configuration shown in Fig. 1.44, which 
uses graphene, WS2 nanomaterials, and Au-Ag bimetallic-layer [185]. It is known that the 
sensor resolution can be improved by optimizing the thicknesses of the constituent metals 
in a bimetallic Au-Ag sensor [39]. In the sensor design sketched in Fig. 1.44, Wang et al 
have presented theoretical justification for the idea that the use of graphene and WS2 
nanomaterials improve the light absorption by the sensor and this further improves the 
sensitivity of the sensor. When monolayer graphene and monolayer WS2 are deposited 
over Au-Ag hybrid nanostructure, the authors predict that the sensitivity of the biosensor 

can reach up to deg182.5 ree
RUI  with a FWHM of the SPR data of about 05.4 . In this 

configuration, the optimized thickness of the metals, Wang et al suggest 26-32 nm Ag and 
11-16 nm Au making the bimetallic structure. The authors also recognize that graphene 
has many advantages for biosensing applications, especially it can selectively detect 
aromatic compounds thereby improving the sensitivity of the sensor. 

 

Fig. 1.44. Prism/Ag/Au/WS2/Graphene sensor configuration for improved performance 
(Reproduced from Wang et al, RSC Adv., 7, 2017, p. 47177, The Royal Society  

of Chemistry, UK). 

1.8. Conclusions 

Because of their high sensitivity to changes in the refractive index of analytes, SPR 
sensors have found applications in physics, chemistry, surface science, biotechnology, 
environmental sciences, materials science and engineering, etc. This review has presented 
some of the basic concepts behind surface plasmon excitations, sensor materials, 
experimental techniques, and presented selected results from applications in several 
different disciplines. The SPR sensors are already highly sensitive to variety of analytes. 
It is expected that their sensitivity will increase further by improvements in the 
microstructure of the constituent materials and detection technologies. 
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Chapter 2 
Diamond Detectors with Graphite Contacts 

P. Oliva, S. Salvatori, G. Conte, A. P. Bolshakov, V. G. Ralchenko1 

2.1. Introduction 

Diamond and graphite are materials with opposite properties although the chemical 
composition is the same: pure carbon. The main difference being the bond among carbon 
atoms. While natural diamond is widespread in jewelry, graphite has demonstrated to be 
suitable in many fields of the electrical technology from brushes in rotant bodies of 
dynamos to sliding contacts in rotary potentiometers, as electrode in metallurgical arc-
furnaces and solid-state batteries. Such applications are due to the excellent mechanical 
and electrical features deriving on its particular morphology and structure. Indeed, carbon 
shows very different morphology and physical properties: the crystalline instable form, 
the diamond, uses sp3 orbitals to develop the very tight lattice and the highest mechanical 
hardness (10 on Mohs scale, 70000 on the Knoop ones), the most resilient material, 
suitable for cutting tools fabrication whereas, graphite, the termodinamically stable form, 
shows sp2 ibridization. While for diamond a high energy is necessary to displace a single 
atom from the tight lattice (1.76×1023 at/cm3), graphite has ordered carbon planes able to 
slide one respect the other and leading to excellent lubricant properties. Other important 
properties arising from the carbon bond organization are the density of diamond  
(3.54 g/cm3) while graphite is 2.3 g/cm3; diamond has a wide band gap energy (5.47 eV 
at 300 K) [1] with transparency in a wide radiation range, insulating electrical properties 
(σ < 10-15 S/cm) and a low dielectric constant (5.7), graphite appears black with evident 
anisotropic metal-like conductivity (~1.3×103 S/cm). Moreover, the very high thermal 
conductivity of single crystal diamond (22 W/cm K), concurrently with the mechanical 
and electronic features, ensure power dissipation, temperature stability and radiation 
hardness while graphite with its absorption properties gives the possibility to work in 
daylight. All such characteristics are fundamental for the fabrication of detectors operating 
at inclement environments, in daylight, in which other semiconductor devices cannot 
properly work as under intense excimer lasers sources [2], synchrotron radiation beam 
lines and flux of nuclear particles produced in high-energy physics experiment. On the 
other hand, one of the most important issues of diamond detectors fabrication is the 
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availability of stable and injecting electric contacts, hard to produce by simple metals 
deposition due to the diamond null or negative electron affinity. Many studies have 
focused to develop complex multilayer recipes, most of them based on the thermal 
transformation of interfacial carbon in conductive metal carbides [3-5]. Such layers adher 
very well to underneat diamond and behave like Ohmic or Schottky contacts depending 
on the processing temperature, doping level and diamond surface termination [6, 7]. 
Nowadays, well established recipes are known to produce the own contact using metal 
deposition, patterning and annealing. It is important to evidence that the presence of 
metals on the path of a high-energy particle or intense laser beam can induce absorption, 
phase transformation, energy shifts and detrimental effects on the electric contact before 
than on diamond. We report the use of graphite for the fabrication of stable ohmic contacts 
suitable for all-carbon particle and photons detection, monitoring and positioning as well 
as for transmission mode applications in beam-lines. Although most part of the reviewed 
papers does not reports measurements with ionizing radiation, the proposed working 
conditions appear promising for the real implementation of ionizing radiation detectors. 

We reviewed three different methods appearing todays well tested and of practical 
application: thermal modification of diamond surface in vacuum; ion-beam direct writing 
and laser induced surface and bulk graphitization for two- three-dimensional architectures 
fabrication. For each of these methods, initially, it is reported the evolution of the 
technology with reference to the most relevant results and, when available, the application 
to detectors. 

2.2. Localized Phase Transformation of Diamond 

2.2.1. Thermal Modification 

It is only in the last few decades that the pressure-temperature phase diagram of carbon 
was experimentally well established. Today we know relatively well what happens for 
temperatures up to 104 K and for pressures up to 102 GPa (see Fig. 2.1); nevertheless, 
further regions remain poorly studied and understood. The transformation of diamond to 
graphite, a thermodynamically favorable decay process which occurs naturally  
(δH = −2 kJ/mol), happens at an extremely slow rate but can be much enhanced when a 
sufficient number of sp3 bonds are broken with the result of drastic changes in physical 
and chemical properties. Despite many attempts no one was able up to date to transform 
diamond to graphite by simply increasing pressure, nor to establish an exact pressure limit 
for diamond; disordered graphite, nonetheless, was obtained by simply pressing a sharp 
diamond point onto a surface [8].  

Let us then focus on thermal modifications: for temperatures lower than the growth one, 
structural changes are unlikely to occur in single crystal CVD synthetic diamond. In 
general, moreover, graphitization by thermic exposure of diamond is affected by many 
different factors such as the crystal facet kind, the chemical and physical conditions of 
gases in annealing chamber, the surface geometry and so on. Still today, the processes’ 
involving the physics of diamond surface burning are not yet fully understood. When the 
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accidental graphitization mechanism is unwanted, it is still unclear which kind of surface 
protection works better although, as a thumb rule, it is recommended to treat the surfaces 
in hydrogen plasma or work in a deep vacuum, as deep as one can afford [9]. On the 
contrary, at relatively high temperatures, high-pressure conditions allow to obtain a 
smoother diamond surfaces (i.e. the diamond (111) plane, after being annealed at 1200 °C 
in vacuum presents a surface roughness whose linear magnitude is at least ten times more 
than the same annealing process carried at High Pressure High Temperature (HPHT) at 
5 GPa [10]). A question arise: what happens when the diamond surface warmed up? The 
understanding of such process is getting more and more important since the need for 
special electric contacts in diamond detectors is increasing due to the growing requests of 
radiation hardness, low dark current and also the possibility to create hybrid detectors 
spanning more decades from UV to x-rays and at the same time being able to detect  and 
 particles. V. N. Amosov et al [11] have developed natural diamond detectors for the 
spectrometry of fast charge-exchange atoms on the JET Tokamak. Depositing graphite 
after cleaning in potassium dichromate and a thermal treatment in vacuum at 1600 °C, 
they claim to have obtained an electric contact ensuring the minimum energy losses during 
passage of a particle in the detector’s front (input) contact. Unfortunately, the thermal 
processes used so far did not allow to produce deeply buried graphite layers, limiting this 
technique to the production of a surface pyrographite contact about 100 nm thick or, more 
recently, to very few graphene layers production [12] suitable for others applications.  

 

Fig. 2.1. Pressure-Temperature phase diagram of Carbon, based on [13, 14]. The two major grey 
circles indicate the triple points laying both between 4300-4700 K. 

In vacuum, a temperature as high as 1900-2000 °C will lead to a complete conversion of 
diamond samples, both single crystals of the order of magnitude of millimeters and 
diamond sand with grains of the order of magnitude of micrometer, into graphite in a time 
range of few minutes – ten minutes [15]. The formation of graphitization figures on the 
diamond surface was reported for the first time by V. R. Howes [16] showing crystallites 
of triangular geometry and pyramidal shapes. Y. G. Gogotsi et al, on the other hand, 
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reported and discussed the process of spontaneous surface graphitization [17]. When 
diamond starts to graphitize, the crystallites (with a typical dimension of 10 nm) show a 
certain orientation preference, following the diamond substrate orientation. Getting at 
higher temperatures allows also to obtain longer and longer crystallites (up to typically 
100 nm) and obviously more of them. Thus, during the growth of such crystallites, the 
diamond surface underlying determines the orientations of the growth. At lower 
temperature, graphitization of diamond surface occurs mainly because of its interaction 
with oxigen, but if diamond is forced to burn in air, the temperature must be anyways 
greater than 600 °C in order to start an oxidation. One must be aware that for lower 
temperatures, as low as 600-650 °C a thin layer of carbon film will be produced over the 
surface because of oxidation processes (if present) and this black layer should not be 
mistaken with graphitization. This is why the very first attention must be put in avoiding 
any oxiding agent when interested in studying the diamond to graphite thermal 
conversion. In fact, if no oxigen is present, the temperatures at which the process develops 
are very much higher, mainly due to the diamond-graphite energy gap: about 3.5 eV per 
atom [18]. One of the most important use in diamond graphitization is of course the 
creation of electric connections to allow the use of diamond as a circuit element. Today 
there are two main methods to produce local phase transitions to have graphite contacts 
for such a scope: the high-energy ion implantation followed by a treatment of thermal 
annealing [19] and the laser irradiation techniques [20]. The transformation of the tight 
diamond into graphite using thermal traditional techniques, thus, is indeed a collection of 
surface phenomena. The intrinsic expansion required for this transition creates a stress 
inside the crystal inhibiting the sp3 to sp2 bond transition. Using specific techniques, 
whose peculiarities are reported in the next paragraphs, it is possible to overcome such 
limitations and create graphitized regions inside the bulk diamond.  

2.2.2. Ion-Beam Processing 

As stated before, due to the metastability, diamond tends to transform to graphite if the 
lattice damage density exceeds a critical value. Using 40 keV Ar ions with fluences  
6×1013 – 2.4×1015 cm-2, V.S. Vavilov et al [21] reported in 1974 on structural 
modifications and sheet-conductivity increase of ion-implanted natural diamond at room 
temperature. Their observations evidenced that the new carbon phase, initially formed 
inside displacement spikes, acts as nucleus for the subsequent graphite formation. The 
conversion of carbon bonds from sp3 hybridization to sp2 was reported by R. Kalish [22] 
during implantation studies devoted to dope diamond. The tendency of carbon atoms to 
form the more stable graphite sp2 bonds has been a very problematic issue during doping 
experiments by ion implantation. While heavy ions show strong interactions with nuclei 
producing many defects along the path, light ions produce fewer defects in nuclear 
collisions being the interaction mainly influenced by electrons, so the critical fluence to 
them for graphitization is substantially higher, and concentrations of implanted atoms 
close to the concentrations of introduced defects. During the process, the diamond 
undergoes to a volume expansion with vacancy and interstitial atoms formation. While 
interstitials are immediately recovered by annealing, vacancies appear to be strongly 
involved in graphite formation. Using C and Ar ions, R. Kalish et al [23] demonstrated 
the possibility to control the diamond damage and the graphite formation as a function of 
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the temperature and ion dose through the onset of the Variable Range Hopping (VRH) 
conduction mechanism in diamonds that they had implanted. Over a critical implantation 
dose the defects induced by the ion beam cannot be recovered by thermal annealing and 
the damaged material reversed definitively to graphite. The evidence of this 
transformation was accompanied by the disappearing of the single Raman peak at  
1332 cm-1 and the presence of two broad peaks at 1580 cm-1 (G peak) and 1350 cm-1 
(labelled the D peak). The transport properties of the graphitized layers produced with 
doses over the graphitization limit was accomplished by A. Reznick et al [24-25] showing 
as the involved mechanism was mainly via VRH among electronic states associated to 
induced defects. A.A. Gippius et al [26] used interference transmittance changes in natural 
diamond after irradiation with 350 keV He ions and after 1400 °C annealing. 
Cathodoluminescence analysis and resistance measurements of the buried layer in 
dependence on the fluence was used to demonstrate the formation of a buried Ohmic layer. 
The layer, underneath the surface, at approximately 700 nm, was about 70-100 nm thick. 
In a successive paper, A. A. Gippius et al [27] used light ions, i.e. H, D and He, and 
evidenced as the graphitization process was more complex than that proposed initially. 
Two different graphitization regimes were evidenced: the first, at “low temperature” 
(~800 °C), mainly involving vacancies; the second, at “high temperature”, where 
graphitization in the range 1460-1700 °C was due to the combination of the process 
stimulated by the already low temperature formed graphite phase and the spontaneous 
process dominating at higher temperatures. Y. G. Chen et al [28] used 40 keV Ar ion 
implantation for the graphitic electrodes fabrication with a dose of 1×1016 cm-2 at room 
temperature. The specific contact resistances were characterized by applying the linear 
transmission line model (TLM) and circular TLM extrapolation methods, and were 
determined to be 5.2×103 and 1.18 ꞏcm2, for S and B doped diamond respectively. The 
current-voltage characteristics were tested in vacuum at 300 K in the range 0.02-1630 V 
with an Ohmic response. Among methods proposed to produce graphite contacts on 
diamond, Deep Ion Beam Lithography (DIBL) is a direct writing process and has been 
used by J. Forneris et al [29] to fabricate buried contacts on single crystal CVD diamond. 
With 1.8 MeV He beam focused down to a micrometer spot size, they were able to induce 
a damage localized a few micrometers below the surface, mainly at the end of range. The 
process produced highly conductive graphitic channels (1 mꞏcm); the length only 
limited by the range of the micro-ion beam scanning system whereas the minimum width 
was given by the beam spot size and their formation depth defined by the nuclear stopping 
range of the ions in diamond. The performance of such buried graphite electrodes was 
tested by using Ion Beam Induced Current (IBIC) analysis under different polarizing bias 
conditions. The results evidenced that the induced charge signal was formed mainly at the 
anodes, whatever the bias polarization conditions and/or location of the sensing electrode. 
Moreover, the graphitization of defective layers formed by 50 keV H2 ions implantation 
at high fluence = 1-13×1016 cm-2 was tested by V. P. Popov et al [30] to fabricate buried 
conductive layers in synthetic high pressure high temperature (HPHT) diamond single-
crystals of the type Ib, IIb and IIa. High temperature (500-1600C) and vacuum or high 
pressure (3×10-3-4×109 Pa) thermal annealing were chosen to provide the regimes where 
the graphitic carbon was the most stable phase, avoiding material blistering. Using 
electrical and Raman characterization, the authors demonstrated the formation of 10 to 
300 nm conductive layers having low sheet resistance of 1.0 k/sq, being VRH the 
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dominant conductivity mechanism for temperature range 4-525 K. V. P. Popov and 
colleagues [31] were also able to fabricate freestanding graphite-diamond-graphite 
membranes with nanometric thickness free of structural defects. The buried carbon layer 
formed by H2

+ implantation, 30–40 nm thick, consisted predominantly of graphite 
microcrystals whose graphene planes were epitaxial to the diamond lattice and parallel to 
the surface (see Fig. 2.2). The electrical characterization of conductive micro-channels 
fabricated in single crystal diamond with direct micro-beam writing has been 
accomplished by F. Picollo et al [32].  

 

Fig. 2.2. TEM/SAED micro-images of (110) and (112) cross-sectional cuts, respectively,  
(a) and (b) of a (111)-oriented diamond plate after HPHT (1200 °C, 4 GPa). Reprinted  

with permission from [31]. Copyright 2015 Inderscience Publisher. 

High-energy (~MeV) focused He ions were employed together with a particular variable 
thickness mask (Fig. 2.3). They were able to control the depth of writing bringing the 
buried graphite channel in electrical contact with the sample surface electrodes. The 
realized structures were characterized with I-V measurements, allowing the elucidation of 
VRH conduction mechanism in implanted samples [33]. A pixelated contact architecture 
was fabricated by G. García et al [34] on (100) sc-CVD diamond plates with heavy ions 
including Au and Br, using energies in the range 10-40 MeV and fluences in the range 
from 5×1013 cm−2 to 5×1014 cm−2. The resulting patterns were studied by means of 2D 
profilometer scans demonstrating the method a very useful tool for customized patterning 
of the diamond surface. 

The presented literature results have demonstrated that the implantation technique is a 
versatile tool in the definition of buried microelectrodes in diamond in a full-carbon 
environment, with very promising applications in 2D and 3D ionizing radiation 
detections. 
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Fig. 2.3. TEM cross-sectional image of a sample after implantation across the sloping edge  
of a variable-thickness mask; the formation of the buried amorphized layer and its progressive 

emergence towards the right-hand side of the image are clearly visible. Reprinted with permission 
from [33]. Copyright 2012 IOP Publishing. 

2.2.3. Laser Induced Surface and Bulk Transformation 

Laser treatment is considered a powerful technique for natural and for both synthetic 
HPHT and CVD diamond. For the former, laser treatment is mainly used to remove small 
dark inclusions improving gem apparent clarity [35, 36]. Conversely, when synthetic 
diamond is concerned, post-growth treatments are required if diamond film has to be used 
as optical window and as active material for electronic device realization. In these cases, 
laser processes are mainly focused on reducing surface roughness of diamond, since optics 
and photolithography, in electronic technology, require really smooth surfaces. In 
addition, direct laser writing of diamond, able to define efficient graphite-diamond 
interfaces, avoiding the necessity to deposit carbide forming metals and the following 
photolithography and annealing processing, received an increasing attention in the last 
years. Since '80s, different research works focused on laser treatment of CVD diamond, 
spanning from an alternative to ion etching [37] to cutting, drilling, patterning and 
polishing of diamond films [38-43]. Laser treatments are usually employed for graphite 
micro-pillars fabrication in "black" diamond cathodes for innovative photon-enhanced 
thermionic emission solar cells [44]. Local heating by focused laser beam has been 
investigated as annealing technique of deep ion-implanted diamond [45], tentatively used 
for selective doping of the material but also for the fabrication of periodic structures acting 
as metal-dielectric photonic crystals [46]. 

Different phenomena take place during diamond laser irradiation, as found for any 
semiconductor and insulator [47]. Absorptions of photons having an energy above the 
diamond band-gap, as that emitted by ArF laser (193 nm), is mainly dominated by 
electron-hole creation. Excited electrons transfer their energy both to other electrons and 
to phonons. The high intensity of the focused laser beam results in a localized heating of 
the material. Depending on the laser light intensity, two different transformations can be 
induced in the substrate: a conversion of diamond into graphite and/or a sublimation of 
carbon atoms. It is worth to observe that short wavelength laser source can achieve a 
treatment resolution in the submicron region, allowing the realization of highly resolved 
structures. Sub-gap photons, as those emitted by KrF excimer lasers (248 nm), but also by 
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Nd:YAG lasers, either at 532 nm or 1064 nm, and Ti-Sapphire, generating picosecond 
pulses at 800 nm, interact with diamond via allowed states in the diamond band-gap due 
to the presence of impurities. The realization of nano-graphite and, more in general, 
amorphous carbon surface layers (as a mixed phase of sp2 and sp3 bonds), pillars or micro-
channels inside the bulk of diamond has been already investigated using the different 
graphitization approaches illustrated in previous paragraphs. In this section, laser-induced 
modification of diamond for detectors realization is presented. Allowing local 
graphitization both at the surface and within the bulk at any depth and along arbitrary 3D 
trajectory, laser writing of diamond with ultra-short ns or ps pulses has been deeply 
studied and several experiments have been performed to clarify the relationship between 
the modified material and laser parameters. The unique differences in optical and 
electrical properties of graphite compared to the unmodified diamond make promising the 
design of novel all-carbon 3D sensors able to work in harsh environment, but also for 
optical and photonic applications. One of the most important aim in such research field is 
the fabrication of radiation-tolerant detectors in high-energy physics and tailored all-
carbon tissue-equivalent dosimeters for radiotherapy. Nevertheless, power density 
control, graphitization rate and pillars aspect ratio are very critical items to avoid 
mechanical cracks along the graphite/diamond interface where electronic active defects 
could be generated. The laser treatment will be reviewed pointing out the results gained 
for sensors having a graphite contacts structure.  

2.2.3.1. Two-Dimensional Detectors with Laser Induced Graphite Electrodes 

Laser-induced graphite contacts fabrication on diamond surface has received much 
interest in the last decades [48, 52]. In such a filed, devices exhibit a high thermal stability 
of contacts and the laser treatment give the possibility of defining electrode geometries 
both on single- and on poly-crystalline substrates without involving any carbide forming 
metal deposition, diamond-like carbon layer interposition and thermal annealing to 
achieve Ohmic behavior and lithographic process to define the desired geometry. Even if 
the converted layer may show a resistivity of the order of 10-4 Ωꞏcm [48], i.e. comparable 
to that of graphite, amorphous phases usually show a resistivity value in the 0.01-10 Ωꞏcm 
range. Laser treatments able to graphitize diamond surface usually employ UV excimer 
lasers. E. Alemanno et al [53] published preliminary results on undoped detector grade 
CVD diamond. Using ArF excimer laser, focused on a 3 mm2 square with a fluence of 
5 J/cm2 at the sample surface, they produced graphite electrodes of about 33 mm2 in area 
on both the two 0.55 cm2 surfaces. Graphitization, in air and at room temperature, has 
been carried out using automatic scan of the treated area with a constant velocity of 
0.3 mm/s.  

The resistivity of the contacts was estimated of about 10-3 Ωꞏcm. The detector response to 
60Co γ-rays and to 120 GeV protons evidenced the suitability to work as a radiation 
detector in counting mode. M. Pacilli et al [54, 55] studied the feasibility of detectors for 
nuclear particle monitoring, carrying out a detailed analysis on CVD diamond based pixel 
array sensor realized by UV excimer laser treatment of polycrystals' surface. Fig. 2.4 
shows the image of a 1 mm2 squared graphite pixel obtained irradiating the diamond 
surface with KrF (248 nm) having a pulse duration of 20 ns and a maximum repetition 
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rate of 100 Hz. Similar results are obtained when an above-gap irradiation, by ArF 
excimer laser, is used [56].  

 

Fig. 2.4. Optical micrograph of a 1 mm2 graphitized area on a polycrystalline CVD diamond 
sample by KrF excimer laser (see text for details on process parameters). 

In such a case, as pointed out further on, compared to KrF irradiation, treatment results on 
a more superficial modification of diamond. In both the two UV laser light, an optical 
condenser has been used to uniformly illuminate a 44 mm2 hole of a metal mask. A 
focusing optics was than used to obtain a squared beam on the diamond surface with a 
dimension around 0.20.2 mm2. The laser fluence on the sample was around 10 J/cm2 and 
6 J/cm2 for KrF and ArF, respectively, both well above the 2-3 J/cm2 graphitization 
threshold for polycrystalline diamond [57, 58]. Raman spectroscopy reveals useful for a 
rough estimation of the modified material quality, e.g. evaluating the ratio between  
D-band and G-band intensities, associated to disordered carbon and graphite, and diamond 
peak amplitude [59], as a function of the laser process parameters. Fig. 2.5 reports Raman 
spectra, acquired using a 488 nm excitation wavelength for polycrystalline treated 
samples. In particular, the spectrum for the untreated area of the diamond slab reveals 
only a single peak at 1332 cm-1. Conversely, Raman spectra taken on treated regions 
clearly revel D-band, centered at 1360 cm-1 and a band close to the G-band centered at 
1580 cm-1. When sub-gap KrF laser irradiation is concerned, no diamond line can be 
detected whereas, using ArF, Raman spectra show the disordered carbon contribution 
superimposed to that of crystalline diamond. The presence of a line at 1332 cm-1 in the 
spectrum can be attributed to the depth of the performed laser treatment respect to the 
sensitivity depth of the probe light (i.e. exc=488 nm). In such a case, above-gap laser is 
concerned and treatment modifies a layer depth thinner than that obtained by using sub-
gap laser irradiation. Raman shift measurement will then be affected by the contribution 
of underneath untreated bulk diamond and, in comparison to what observed after below-
gap treatment, on a greater extent. It is worth to observe that the graphitization efficiency 
depends on grain orientation (higher for (110) and (211), lower for (100)). Then, graphite 
depth and resistivity of a polycrystal will result as an average value of the treated-grain 
within the area of each pixel. Therefore, care has to be taken if the pixel size is reduced to 
be comparable to the grain dimensions. Fig. 2.6, referred to KrF treatment, reveals that 
the laser irradiation modified about a 5 μm thick diamond layer.  
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Fig. 2.5. Raman spectra acquired on an untreated diamond region and on polycrystalline samples 
irradiated by KrF and ArF excimer laser.  

 

Fig. 2.6. Optical profilometry of a crater formed after graphite removal by thermal oxidation.  
KrF laser on single-crystalline CVD-diamond (see text for details). A pit depth  

of about 5 μm is revealed. 

Above-gap irradiation, by ArF laser, resulted in a thinner treated area. Indeed, the same 
profilometry measurements on a pixel used for test depicted a depth of only 120-150 nm.  
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To evaluate the influence of the KrF and ArF graphitized electric contact thickness, their 
relative density and charge collection efficiency, two pixelated devices were fabricated. 
Using KrF laser, a matrix of 36 pixels was designed for the former, each with an area of 
11 mm2 and with a pitch of 1.2 mm. For the latter, using ArF a 2121 2D array was 
fabricated, each of area equal to the focused laser spot (~0.20.2 mm2), with a pitch of 
300 μm. For both devices a rear contact, for sensor biasing, was realized by laser-induced 
graphitization of all the area of back side of the diamond slab. The resistance measured 
between two adjacent pixels was in the 50-100 TΩ range for an applied voltage difference 
of 100 V. Conversely, I-V measurements of each pixel referred to the rear graphite contact 
used for sensor biasing, highlighted a slight sub-linear behavior at low electric field values 
(<0.1 V/μm), whereas Ohmic characteristics was observed at an electric field higher than 
0.2 V/μm and up to the maximum applied strength of 1 V/μm. Dark conductivity of 
2ꞏ10-14 S/cm addresses the good quality of the polycrystalline substrate. The sub-linear 
behavior at low voltages may be representative of the blocking nature of realized contacts, 
although such an effect has been tentatively attributed to the rear connection for which 
silver paste was used for sensor gluing on the board where front-end electronics was 
mounted. Sensor characterization was performed by means of high energy electrons 
emitted by 90Sr,Y source. 16 hybrid Charge Sensitive Amplifiers (CSA) mounted close to 
the detector on the same board were used for AC-coupling of pixels implementing the 
front-end conditioning electronics. The system allowed the acquisition of signals coming 
from up to 44 adjacent pixels.  

The charge collection efficiency (CCE) was evaluated in a coincidence acquisition mode 
by means of additional external polycrystalline diamonds used as triggers. Fig. 2.7 shows 
the scheme of the characterization setup.  

 

Fig. 2.7. Scheme of the set-up adopted for diamond sensors characterization under β-particle 
irradiation. The front and back 1 cm2 large polycrystalline samples act as triggers in coincidence 

mode selecting the signal from high energy electrons able to arrive on the back trigger. 

90Sr decays by β- emission to 90Y with an end-point energy of 0.53 MeV. A new decay to 
90Zr is then observed with an end-point kinetic energy of 2.28 MeV. For the setup 
illustrated, electrons having a kinetic energy lower than 0.5 MeV are completely absorbed 



  Physical Sensors, Sensor Networks and Remote Sensing 

 90

by the first 500 μm thick diamond front trigger, so that no signal can be generated in 
coincidence by the two sensors used as triggers and signal will not be recorded. On the 
contrary, electrons with a kinetic energy greater than 1.2 MeV, behaving as minimum 
ionizing particles, can pass through both the pixelated detector and the sensors used to 
generate the trigger signals. Consequently, sensor signal will be acquired for which a mean 
of 36 μm-1 e-h pair generation has to be taken into account [60]. Experimental results 
depict and increase of the Most Probable Value (MPV) and the mean collected charges 
with the applied voltage. 

An example of the measured pulse height distribution of generated charge carriers by 
impinging β-particles for the 1 mm2 and 0.04 mm2 squared pixel sensors is reported in 
Fig. 2.8 for the bias amplitude at which saturation effect has been clearly observed. A 
MPV equal to 1.45 fC (slightly higher than 9000 electrons) and a mean value of collected 
carriers, <Qcoll> = 1.71 fC (~ 10700 electrons) are estimated for the sensor having a pixel 
area of 1 mm2. For the 21×21 pixel matrix detector, with pixel area of 0.04 mm2 each, 
MPV ~ 1.15 fC and <Qcoll> = 1.64 fC (~ 10250 electrons) has been estimated. Being 
500 μm the thickness for both the two diamond specimens, the number Qgen of electrons 
by high energy β-particles impinging are estimated as 36 e-h/μm 500 μm = 18000. The 
CCE = <Qcoll> / Qgen, is then 59.4 % and 56.9 % for the 1 mm2 and 0.04 mm2 squared 
pixel sensors, respectively. Such values correspond to a Charge Collection Distance 
slightly lower than 300 μm, stating the good quality of the samples used during the tests 
and demonstrating that laser treatments did not produce significantly bulk and interface 
defects able to limit the electronic transport of generated carriers or to reduce their 
collection. It is worth to note that, despite to the reduction of the active volume by a factor 
of 25, also the sensor having the higher pixel density gives CCE and CCD comparable to 
that found in the 1 mm2 pixel area sensor, demonstrating the feasibility of polycrystalline 
CVD diamond to be useful for particle detection and tracking.  

 

Fig. 2.8. Pulse Height Distribution versus the collected number of electrons at one of the adjacent 
44 pixels matrix biased via the back graphitized contact. Measurements done in coincidence  

and at signal saturation.  
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2.2.3.2. Three-Dimensional Detectors with Laser Induced Bulk-Graphite Pillars 

Three-dimensional architectures for solid state radiation detectors have been proposed for 
Si and GaAs by S.I. Parker et al [61] on 1997. The 3D architecture is based on electric 
contacts, into the substrate volume, running orthogonal to the wafer surface: generated 
charge carriers will drift by the electric field developed between vertical electrodes, 
whereas the generation volume remains the same found in planar sensors being 
established again by the device thickness. A key advantage of 3D sensors lies in realizing 
a structure with an interelectrode distance as low as few tens of microns, drastically 
reducing the charge carriers' trapping probability and then increasing both the collection 
efficiency and the radiation tolerance, also reducing both response time and depletion 
voltage. Silicon based 3D detector fabrication requires either Deep Reactive Ion Etching 
process, typical of MEMS technology, or laser drilling of vias in the substrate. Vias can 
be filled by chemical vapor deposited doped silicon for p-n junction based device or by 
metal for Schottky contacts realization. Due to the intrinsic radiation resistance and a 
lower noise level, 3D sensors are considered good candidates for replacing pixel detectors 
in Inner Tracking Systems [62] but they also can find application for x-ray imaging in 
industrial and medical fields [63,64]. With the same architecture, diamond based 3D 
devices would show superior performance both due to its exceptional radiation hardness 
and extremely high resistivity able to guarantee a relatively lower noise level and making 
unnecessary the cooling system sometimes required with silicon sensors. As stated in 
previous sections, in the last decades, it was a growing interest on the processing of 
diamond by pulsed laser irradiation. Nowadays very few groups are involved in the 
fabrication of diamond based 3D sensors whose main results will be illustrated in the 
following. Three-dimensional pulsed laser micro-fabrication technique is mainly based on 
the local transformation of the bulk material into graphite. The resulting structure is an 
all-carbon devices in which buried contacts can be realized along columnar paths 
orthogonal to the surface where laser impinged during treatment [65-68]. Graphitization 
of diamond by laser irradiation has been extensively investigated since '90s. One of the 
first example of laser treatment used for buried graphite contact realization can be 
attributed to R. Walker et al [69]. Indeed, the authors used a laser irradiation process to 
create vertical electrical contacts useful to connect the previously ion-implanted buried 
layer in the diamond bulk. A Nd:YAG pulsed laser, frequency-doubled, Q-switched 
(532 nm) was focused by means of an optical microscope. In this way, a beam spot size 
of about 10 μm in diameter was produced. Laser light was efficiently absorbed by the 
buried implanted region so that local temperature during irradiation was enough to melt 
the diamond [45]. The resulting graphitic column, with a diameter around 20 μm, 
exhibited a 10-3 Ωꞏcm resistivity value. Astonishingly, laser-treatment of diamond bulk 
also allows to define graphite complex three-dimensional structures. Indeed, high quality 
graphitic wires, with micrometer and sub-micrometer dimensions, following any three-
dimensional path within the diamond bulk, have been demonstrated [70]. Recently, the 
interest on diamond based 3D structures has received a rapid increase. Alexander Oh et al 
[71] proposed a novel diamond detector with buried graphitic vertical contacts on single 
crystal for ionizing radiation monitoring. Vertical conductive graphitic micro-pillars were 
fabricated by means of Nitrogen laser (337 nm), with pulse duration and repetition rate of 
3 ns and 30 Hz, respectively. The focused laser beam had a fluence of about 6 J/cm2 and 
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a spot diameter around 10 µm. To create the graphitic columns, the sample was moved at 
a speed of 20 µm/s. Graphitic elements showed a resistivity of about 0.1 Ωꞏcm. Finally, 
Al deposition was used to define a superficial interdigitated structure having buried 
graphitic contacts along each row. Preliminary tests, with synchrotron microbeam and 
under ionizing radiation to evaluate the spatial response, demonstrated the feasibility of 
such a 3D diamond detector. Then, a following investigation [72] was dedicated to the 
realization of a larger 3D prototype to be tested as position sensitive detector and particle 
tracker. Characterization was performed under 120 GeV proton beam irradiation. Array 
of squared cells was realized in a single-crystal electronic-grade CVD diamond sample. 
Each 150  150 µm2 cell was composed by four buried graphite contacts, used for biasing 
and located at the four corners of the cell and a buried graphite electrode, in the middle of 
the cell, to be used for signal acquisition via a charge sensitive amplifier. The detector 
active area was covered by a 9 rows  11 columns cells matrix. Buried electrodes were 
now produced by Ti-Sapphire (800 nm) laser pulses (100 fs) with 1 kHz of repetition rate. 
The focused spot size of about 4 µm, with 2.0 J/cm2 energy, moved at 20 µm/s, allowed 
to define columnar electrodes with a diameter around 6±1 µm and a resistivity estimated 
to be about 0.3 Ωꞏcm. Optical and electrical inspection revealed a good process yield 
(fraction of continuous buried contacts) between 91.7 % and 92.3 %. Cr-Au deposition 
and photolithographic process were implemented to define a sensor structure. The authors 
performed a detailed analysis of sensor performance demonstrating a good collection 
efficiency even they argued the presence of defected bias columns which induced a 
significant reduction of electric field. Nevertheless, the sensor performed similarly to a 
planar strip sensor defined on the diamond sample, but at much lower applied voltage, 
demonstrating the advantages of a 3D diamond detector and opening new perspectives 
towards radiation tolerant diamond devices. To overcome the necessity of metalization 
and photolithography processes, S. Lagomarsino et al [73] and T.V. Kononenko et al [74] 
published, in the same time, experimental results on all-carbon detectors. To study how 
device performance were affected by laser-assisted phase change of diamond, the former 
fabricated two different sensors on a single- and a poly-crystalline detector grade diamond 
slabs. On each sample, two devices were realized in which buried contacts were induced 
either by Q-switched, 8 ns Nd:YAG laser, or 30 fs Ti-Sapphire source. In addition, also a 
planar device was fabricated and used for comparison. The diameter of each buried 
column was 5 µm and 10 µm for ns- and fs-laser pulse, respectively, and 500 µm the 
column height. They clearly observed that poly-crystalline diamond exhibited a collection 
efficiency 3 to 4 times lower than that observed for single-crystal, as usually expected 
[75,76]. Moreover, sensors realized by ns-pulsed laser show a lower response when 
compared with the fs-mode structure counterpart fabricated on the same diamond 
specimen. As evidenced by micro-Raman analysis, columns fabricated by ns-laser-
assisted process appeared completely surrounded by a highly defective layer as revealed 
by the presence of 1090 cm-1 peak contribution assigned to nanostructuered sp3 carbon 
[77], whose states act as traps for charge carriers close to the buried contact. T.V. 
Kononenko et al, on the other hand, used a 400 fs IR laser (1030 nm) at a pulse repetition 
rate of 1 MHz, properly focused to produce 300 µm long, 30-50 µm in diameter, graphite 
pillars in the bulk of a single-crystalline CVD diamond slab. Parallel graphite strips, for 
connections of pillars along parallel paths, were drawn on the diamond surface by means 
of the same laser source. The realized structure was equivalent to a planar interdigitated 
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arrangement of contacts having buried columns typical of a 3D architecture. Both the two 
mentioned groups demonstrated a high charge collection efficiency under β-particles 
irradiation from 90Sr,Y source. As an example, in Fig. 2.9 the PHD of data taken for single-
crystal diamond is reported. As previously mentioned, β-particles produce 36d e-h pairs, 
being d the detector thickness. For data here reported in figure, d = 400 μm, so that  
14400 (~2.30 fC) equivalent electrons charge is expected. MPV = 14060 electrons 
(~2.25 fC), indicating a CCE value around 97.6 %.  

 

Fig. 2.9. Example of Pulse Height Distribution for collected charge of the 3D sensor described  
in [74] under β-particles irradiation orthogonally to the front sensor surface. The MPV  

and FWHM of the distribution is 14.060 and 10.000 electrons, respectively. 

Very high CCE values were also reported byS. Lagomarsino et al, even at exceptionally 
low electric field strengths. In both the two cases, experimental results demonstrate that 
graphite pillars buried in the bulk of single-crystalline diamond are suitable for particle 
detection. Recently, G. Conte et al [78] reported data on an all-carbon 3D sensor tested 
under β-particles irradiation. Buried contacts, 20 μm in diameter and aspect ratio around 
19, into single crystalline diamond have been processed following the method described 
elsewhere [74] and depicted above. Sensors geometry, as illustrated by the picture of  
Fig. 2.10, includes 8 graphite strips, each emboding 11 buried pillars, surrounded by  
26 pillars, connected by a rectangular graphite contour. The latter used for biasing, the 
former for charge signal collection and conditioning performed by 8 charge sensitive 
amplifiers whose outputs were acquired by a CAEN V1724 8-channels, 14 bit, 100 MS/s 
digitizer. Pillars resistivity was evaluated as 0.1 Ωꞏcm. 90Sr,Y source was mounted on a 
holder and collimator having an aperture of 0.4 mm in diameter. The holder allowed to 
locate the source at different distance and different incidence angles.  

Fig. 2.11 reports data related to the sensor response, in terms of integrated counts, when 
the source was located, orthogonally to the sample surface, 1 cm apart the sensor active 
area. As expected, the response shows a maximum between channels 4 and 5. In addition, 
sensor exhibited a good sensitivity on the angle of incidence of the impinging particles, 
observing a 40 % decrease of the signal maximum for 10° of incidence tilt.  
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Fig. 2.10. 8-channels single crystal 3D diamond detector with buried graphite pillars.  

 

Fig. 2.11. Integral number of counts measured at the 8-channels when the β-source is aligned  
to the central position of the sensor active area. As expected, maximum of the signal is acquired 

by the strips #4 and #5, located in line to the source. 

The results highlight the feasibility of a sensor useful for angle-resolved measurements. 
Authors also investigated the sensor response in the case of incidence perpendicular to the 
pillar rows. In such a case, the diamond volume interposed between the source and the 
first pillars acts as an energy filter so that low-energy electrons are completely stopped. 
Moreover, the configuration allowed to perform coincidence measurements: signal 
acquired by pillars at the two strips located at the extreme of the sensor active area were 
used to trigger, within a 10 ns window, the acquisition from the other six channels.  
Fig. 2.12 reports an example of signal acquired in such a coincidence mode. It is clearly 
shown that a step around 1 μs is visible on each channel. It is worth to note that the step 
amplitude is around 0.7 mV for all the channel, indicating a good uniformity of the strips 
response. Such an amplitude is equivalent to a charge collection of 1.7 fC, corresponding 



Chapter 2. Diamond Detectors with Graphite Contacts 

95 

to one event around the MPV of the PHD they also reported, demonstrating that the 
proposed structure can be effectively implemented for high energy electrons beam 
monitoring. 

 

Fig. 2.12. Signals of interior traces recorded using the two at extreme as triggers for acquisition. 
All the signals manifest an amplitude change of about 700 μV, corresponding to an event around 

the MPV (~1.7 fC) of PHD (see [74] for details).  

Using a Ti-Sapphire femtosecond laser operating at 800 nm in TEM00 mode with 100 fs 
pulse duration, G. T. Forcolin et al [79] reported a study on how the laser fluence affects 
on the pillars diameter. Their results showed as the column diameter depends linearly on 
the beam fluence in the 2-5 Jꞏcm2 range. For the first time they have also made tests with 
photon and proton microbeams using IBIC and Time Resolved IBIC (TRIBIC) analysis. 
While the results evidenced as the laser processing parameters control the column 
diameter and stress induced in the bulk diamond, only a minor effect was observed on the 
column resistivity. The results with particle microbeam were consistent with full charge 
collection within the explored active regions of the detector. Moreover, very recently,  
M. J. Booth et al [80] reported on the same topic with a more complete analysis using 
IBIC and TRIBIC measurements with protons microbeams at Ruder Bošković Institute in 
Zagreb. Analyzing different geometries of 3D pillars, they were able to evidence a full 
charge collection in any structure, whereas small differences in charge sharing among 
neighboring cells was also evidenced depending on the geometry. This point is very 
relevant for high-energy physics application like particles tracking to improve the detector 
position resolution. 

2.3. Concluding Remarks 

Laser-induced phase local transformation of diamond into graphite opens new 
perspectives on the realization of 2D and 3D sensors suitable for high-energy physics 
experiments. Other useful detector applications of the graphitic structures include fast 
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diamond bolometer, which sensing signal is caused by a resistance change of the buried 
graphitic layer absorbing light radiation [81], and laser ablation technique to electrically 
connect a buried graphitic layer to the top surface [82]. The graphitic pillared electrodes 
can be fabricated not only in single crystal diamond, but also in polycrystalline CVD 
diamond [73, 83]. This promises to overcome the intrinsic lower detection grade 
polycrystalline diamond by a proper design of buried channels' geometry and density. 
However, laser processing of diamond to build 3D graphite structures into the bulk needs 
to be improved. The material modified by laser-treatment is usually referred to a mixed 
phase of sp2 and sp3 carbon bonds; its nature strongly dependent on process parameters as 
wavelength of light, pulse duration and repetition rate, size of the focused laser spot, 
fluence and velocity of the focal plane through the diamond, and just few of them can be 
properly controlled (as fluence, velocity and pulse repetition rate). Few theoretical models 
have been proposed to understand how the modified material properties are related to the 
treatment parameters [84-86]. A deep understanding of the physics involved in pillars 
creation, expected in the next future, is essential to control laser parameters in order to 
produce devices with proper characteristics. Recently [87], the laser-induced graphitic 
pillars were analyzed in more detail, and its structure appeared to be much more complex 
than it was assumed earlier. In particular, the graphitic channel looks as kind of a tree of 
thin brunches spreading not only along the laser beam, but also fanning out from the 
central root. This observation can explain the observed enhanced electrical resistance of 
the pillars. Moreover, laser-induced cracks can be formed around the graphitic pillars [68] 
and may kill the transport of charge carriers, therefore a careful choice of laser irradiation 
parameters is needed to avoid this detrimental effect. Therefore, point defects, such as 
carbon interstitials (3H defect) appear at graphite-diamond interface, which may migrate 
at a distance of tens of micrometers away from the pillars [88]. The impact of these point 
defects on performance of the 3D detector was not still studied. Nevertheless, as deeply 
investigated for silicon, diamond based 3D sensors will gain all the benefits the design 
assures and the material itself guarantees. In this perspective, also polycrystalline diamond 
will find application overcoming its intrinsic low detection grade by proper design of 
buried channels' geometry and density. For example, further improvements on resolution 
and radiation resistance are gained increasing micro-channels' density. However, the 
larger the buried electrodes density, the greater the capacitance per unit surface and, then, 
the higher the noise level of the detector. In addition, an increase of the buried contacts 
density will cause a decrease of the detection volume and then the amplitude of the output 
signal. So that, from a design point of view, both laser-treatment parameters and devices 
compromises has to be taken into account to get the best performances for diamond 
sample having their own quality and morphology.  
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Chapter 3 
Interferometric Photonic Crystal Fiber-Optic 
Gyroscope 

Xiaobin Xu, Xiaoyang Wang, Zhihao Zhang, Fuyu Gao, Wei Cai 
and Ningfang Song1 

3.1. Introduction 

Photonic crystal is a kind of optical media with periodic modulation of the refractive index 
in one (1-D), two (2-D) or three-dimensional (3-D) space [1]. There exist many photonic 
crystals in the nature, such as wings of butterfly, peacock feather and so on. Photonic 
bandgap (PBG) is the essential characteristic of photonic crystal, as well as a completely 
new mechanism of controlling light wave [2]. 

Fiber is a typical application for photonic crystal, and it is generally based on 1-D and  
2-D structure. We mainly focus on the 2-D photonic crystal fiber (PCF) that is generally 
used in an interferometric fiber optical gyroscope (FOG). The first solid-core photonic 
crystal fiber (SC-PCF) was fabricated in 1996, but it has a similar guiding mechanism as 
total internal reflection in conventional fiber [3]. The single-mode fiber really based on 
PBG was born in 1999, and the PBG confines and makes the light propagate in an air core, 
so it is generally called hollow-core photonic crystal fiber (HC-PCF) or photonic bandgap 
fiber (PBF) [3, 4]. The emergence of PCF is very significant and has made great 
contribution to the development of fiber optics, because it opens up a brand new research 
area, and achieves something that cannot be done by conventional fiber. 

PCFs have numerous advantages owing to a few factors: (1) Optical properties are 
primarily determined by geometry structure, which is easy to be designed according to 
requirements but hardly changes within severe environment; (2) It is made of only pure 
silica, which is not as sensitive to radiation as conventional Ge-dopped silica; (3) Light 
travels in an air core for HC-PCF, which has extremely low nonlinearity and also better 
environment adaptability. Therefore, for SC-PCF, it has endless single mode, much more 
stable polarization properties over temperature, smaller sensitivity to radiation, and so on 
[5]; for HC-PCF, it has significantly lower nonlinear coefficients and especially improved 
                                                      

Xiaobin Xu 
Beihang University, Beijing, China 



  Physical Sensors, Sensor Networks and Remote Sensing 

 104

adaptability to temperature, magnetic field and radiation in comparison with the 
corresponding properties of silica fibers [6-8].  

Interferometric fiber optic gyroscope is one of the most prospective application areas for 
PCFs. Conventional FOG has almost reached ultimate precision (~10-5°/h) [9], but in 
severe environment, the performance of conventional FOG deteriorates owing to Shupe 
effect, Faraday effect and so on. The traditional methods for solving these problems 
usually include compensation in software, controlling of temperature, application of 
magnetic shield and so on. Those passive measures may improve the environment 
adaptability to some certain degree, but cause other problems, e.g. increase of volume, 
weight, power consumption, complexity and cost. Therefore, environment adaptability is 
an insurmountable obstacle for conventional FOG. Fortunately, the advent of PCFs offers 
a radically new method to solve these problems conveniently. 

3.1.1. Solid-Core Photonic Crystal Fiber Optical Gyroscope (SC-PCFOG) 

In 2006, J. Tawney et al. [10] built and tested a SC-PCFOG, which had an ARW of  
0.01º/√h and a bias stability of 0.02º/h. This is the first demonstration of an optical 
gyroscope employing a sense coil wound with PCF, and they explored the potential for 
this technology in future IFOGs. 

In 2011, Draper laboratory [11] pointed out that PCF had the potential to be one of the 
enabling technologies for the next generation of FOG, and listed several key advantages 
of PCFs for FOG applications: (1) tight mode confinement results in lower bend loss;  
(2) tighter fiber packing results in smaller coils; (3) dispersion compensation can be 
incorporated into the PCFs resulting in less spectral distortion. 

In 2015, N. F. Song et al. [12] reported a mini PCF coil having an inner and outer diameter 
of ~26 mm and ~39 mm, respectively, and the fiber length is ~300 m. The bias stability 
of the FOG made of this mini PCF coil is ~1.03 º/h at room temperature and ~1.4º/h over 
temperature (-10 C ~ 50 C). 

In 2016, C. X. Zhang et al. [13] designed and fabricated a high-precision SC-PCFOG 
having a bias stability of 0.0023º/h, an ARW of 0.0003º/√h and a scale factor nonlinearity 
of 0.3 ppm. 

In 2017, a SC-PCFOG having a bias stability of ~ 0.002°/h was developed by Beihang 
University, and had a flight test in “TianZhou-1” cargo ship that was launched in April 
2017. To the best of our knowledge, this is the first application in space for  
SC-PCFOG, and the experiment has verified the feasibility and advantage of the  
SC-PCFOG’s application in space. 

3.1.2. Hollow-Core Photonic Crystal Fiber Optical Gyroscope (HC-PCFOG) 

Hollow-core photonic crystal fiber optic gyroscope (HC-PCFOG) was first proposed by a 
group in Stanford University [14], which was made with a 235-m HC-PCF  
(HC-1550-02). The HC-PCFOG becomes a relatively new member in the family of 
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interferometric fiber-optic gyroscopes. The group has verified that the HC-PCFOG has 
dramatic reductions in the errors caused by the Kerr effect (>170), Shupe effect (~6.5), 
and Faraday effect (>20), when compared with the corresponding error values in a 
conventional FOG, because the light propagates in the air in the HC-PCF and air is much 
more stable than conventional silica [15]. 

In 2015, Beihang University also reported a HC-PCFOG, as illustrated in Fig. 3.1 [16]. It 
was based on the typical minimum nonreciprocal architecture and closed-loop signal 
processing method. It is worth mentioning that only coil is made of HC-PCF, and all of 
the other fiber is still conventional fiber. The bias stability can be dramatically improved 
to ~0.4°/h through suppressing some nonreciprocal errors, such as backward secondary-
wave coherence error. 

 

Fig. 3.1. Diagram of the hollow-core PCFOG developed in Beihang University [16]. 

Consequently, photonic crystal fiber and photonic crystal fiber-optic gyroscope has made 
a significant progress since it was born, and it has a good prospect owing to those 
advantages. In the next section we will introduce some key technologies for this novel 
kind of FOG, including the photonic crystal fiber and components for FOG application, 
nonreciprocity errors and noise, and some of PCFOG prototypes. 

3.2. Photonic Crystal Fiber and Components 

3.2.1. Photonic Crystal Fiber for FOG Application 

Photonic crystal fiber is the most important component for PCFOG, and it is also the major 
difference from conventional FOG. Many kinds of PCF having different structures have 
been developed at present, and many companies and institutes can fabricate PCFs, such 
as NKT company, OFS company in America, Southampton University and Bath 
University in Britain, Photonics Bretagne in France, Beihang University, Yanshan 
University, and Fiberhome company in China. However, not all of those PCFs are suitable 
for FOG application. Low loss (including low bending loss), ideal polarization-
maintaining or non-polarization-maintaining, and single mode are necessary for the PCFs 
applied in a FOG. As a result, only a few kinds of PCFs have been successfully applied in 
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a FOG at present, such as the non-polarization-maintaining SC-PCF, polarization-
maintaining SC-PCF and seven-cell HC-PCF [10, 14, 17].  

For SC-PCF, its performance is now close to that of conventional fiber, including 
attenuation and birefringence, and it has been really applied in a FOG. We have fabricated 
a small-diameter polarization-maintaining PCF for mini coil. The coating and cladding 
diameter of the fiber is ~135 μm and ~100 μm, respectively. To ensure the strength and 
reduce the complexity of fabrication process, a four-ring air holes structure is adopted, as 
shown in Fig. 3.2(a). The attenuation of the fiber is ~1.7 dB/km@1550 nm (Fig. 3.2(b)) 
and birefringence is ~6×10-4. In fact, a novel PCF prototype having a loss of ~1.5 dB/km 
has been realized recently through optimization of fabricating process. The coating 
diameter is much smaller than that of conventional fiber, which can reduce the fiber coil 
volume to a large degree, as illustrated in Fig. 3.2(c). Smaller fiber coil cannot only reduce 
the FOG volume, but also reduce the heat balance time and improve FOG performance 
over temperature. 

 

Fig. 3.2. (a) Cross section of the small-diameter polarization-maintaining SC-PCF,  
and (b) the corresponding attenuation spectrum. (c) Comparison between fiber coils made  

of conventional fiber and the small-diameter polarization-maintaining SC-PCF. 
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For HC-PCF, its overall performance is far lower than that of conventional fiber. Three-
cell HC-PCF has a too large loss, 19-cell and 37-cell HC-PCF has too many modes 
although they have very low loss [18], so only 7-cell HC-PCF is relatively suitable for the 
FOG application at present, which has a relatively low loss (<30 dB/km [17]) and fewer 
modes. The minimum attenuation of such 7-cell HC-PCF is ~9.5 dB/km till now, which 
was achieved in 2008 [19]. This minimum attenuation is still large for the FOG application, 
especially for the high-precision FOG. Although number of researchers are dedicated to 
reducing the attenuation, but this minimum value has not yet been broken through in 
recent ten years. Attenuation of the HC-PCF is ultimately determined by surface 
roughness due to frozen-in capillary wave [20]. Polarization cross-coupling is also an 
important problem, the experiment and simulation results show that the orientation of the 
birefringent axes induced by residual core ellipticity fluctuates with an average period of 
~2.5 cm and random angles uniformly distributed over approximately [-7.5º, 7.5] [21]. 
Furthermore, HC-PCF is always fabricated through popular “stack-and-draw” method 
[18], and hundreds of capillaries have to be stacked together and drawn, which is very 
complex and induces a significantly higher cost than conventional fiber. Therefore,  
HC-PCF is a little far from practical application in a FOG at present, and the issues of 
attenuation, polarization cross-coupling, cost and so on have to be addressed first from 
perspectives of the structure design and fabrication process. 

3.2.2. Photonic Crystal Fiber Coupler 

Although PCFs have made great progress, there still exist problems for some passive PCF 
based components, because it is not easy to maintain integrity and uniformity of air holes 
during the processing of PCFs. Fiber coupler is an important passive component for 
PCFOG. Conventional fiber coupler can be fabricated with fused biconical technique, but 
it is not feasible for PCF coupler because those air holes in the cladding may collapse 
during tapering and a large loss (>10 dB) is always caused [22-23]. Aiming at the SC-
PCF structure characteristics, Kim et al. [24] developed a PCF coupler based on side 
polishing method, and the prototype had an insertion loss of 3-6 dB. The side polishing 
method can to a large degree avoid collapse of air holes and maintain the integrity and 
continuity of PCF, but its complicated fabrication process causes a high cost and difficulty 
for mass production. Recently, we have developed a SC-PCF coupler based on micro 
optics, which principle is shown in Fig. 3.3 [25]. The most difficult and crucial part is the 
polishing of SC-PCF endface to a tilt angle of ~8º in order to suppress backreflection. 
Backreflection from anywhere in optical circuit of a FOG is harmful to the FOG 
performance, so polishing the SC-PCF endface to an angle of ~8º is necessary. However, 
the air holes may be blocked during polishing if the polishing material and size is not 
proper, as illustrated in Fig. 3.4(a). Through optimization of the polishing material and 
size, as illustrated in Fig. 3.4(b), only a few air holes are blocked after polishing. Then, 
the SC-PCF should be immerged into the absolute ethanol and washed with ultrasound 
for tens of minutes. Liquid can go into the SC-PCF air holes owing to capillary effect 
during washing process, so the absolute ethanol is used instead of deionized water which 
is not easy to evaporate and may cause extra loss. The cross section of final SC-PCF after 
washing and drying for more than one day is shown in Fig. 3.4(c), indicating that almost 
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none of those air holes is blocked. The SC-PCF coupler prototype is shown in Fig. 3.5, 
which has a size of Ф3×25 mm and an additional loss of ~2 dB. 

 

Fig. 3.3. Schematic diagram of PCF coupler based on micro optics. 

 

Fig. 3.4. Cross sections of the SC-PCF (a) before and (b) after optimization of the polishing 
material and size; (c) The cross section of the final SC-PCF after washing and drying for more 

than one day. 

 

Fig. 3.5. Prototype of the SC-PCF coupler based on micro optics. 

3.3. Nonreciprocity Error and Noise in PCFOG 

PCFOG is a kind of interferometric FOG in which all of the pigtails and coil should be 
PCFs (SC-PCF or HC-PCF), as illustrated in Fig. 3.6. It consists of a broad-spectrum PCF 
source, a PCF coupler, an integrated optic chip (IOC), and a PCF coil [26]. However, PCF 
components are not as mature as the PCF itself, moreover, the low-loss and reliable 
connection (coupling and fusion splicing) between PCFs and chip, as well as between 
PCF and PCF, has not been realized at present, so generally only the coil uses PCFs for 
the state-of-the-art PCFOG (see Fig. 3.1), which is also the studying object in the 

(a) (b) (c) 
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following section. In this kind of PCFOG, the connection between PCF coil and traditional 
pigtail fiber of the IOC should be fusion splicing to ensure reliability, which is especially 
important for the PCFOG used in space. 

 

Fig. 3.6. Schematic diagram of the all-PCF FOG. 

Most of nonreciprocity errors and noises in PCFOG are similar as those existing in 
conventional FOG, e.g. shot noise, backscattering noise, electronic noise investigated by 
refs [27, 28], the polarization nonreciprocity error investigated by [29]. However, as a 
new kind of FOG, it definitely exhibits some different errors and noises from those which 
are normally observed in a traditional FOG owing to the use of the PCF. In this chapter, 
we will discuss a few nonreciprocity errors, including backward secondary-wave 
coherence error, reflection-induced noise at fusion splicing point, some of which have 
been published in our previous papers [13, 16, 21, 29]. These errors and noises are 
different from those in conventional FOG, but important for the PCFOG performance. 

3.3.1. Backward Secondary-Wave Coherence (BSC) Error [16] 

3.3.1.1. BSC Error Principle 

In the PCFOG, the pigtails of the IOC are conventional fibers that have a Ge-doped SiO2 
core, but the coil comprises a PCF. The refractive index of the conventional fiber core is 
~1.4527, while it is ~1.445 for the SC-PCF and ~1 for the HC-PCF. Furthermore, the  
SC-PCF has an elliptical mode field that is totally different from the circular mode field 
of the conventional fiber. As a result, the reflection inevitably occurs at the two fusion 
splicing points between the PCF coil and the IOC pigtails, as shown in Fig. 3.7. 

In PCFOG, we found that the backreflection-induced secondary waves at one fusion 
splicing point inevitably interfere with the backscatter-induced secondary waves within 
the other pigtail, thereby causing backward secondary-wave coherence (BSC) error. BSC 
error is a phase-type error that does not exist in conventional FOG, and it seriously affects 
the PCFOG performance. Fig. 3.7 shows that the reflection at fusion splicing point 
between SC-PCF and conventional fiber is much smaller than that between HC-PCF and 
conventional fiber, so BSC error has a stronger influence in HC-PCFOG. In fact, BSC 
error can be ignored in SC-PCFOG having low and medium precision, and may be 
necessary to be considered for high-precision SC-PCFOG. 
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Fig. 3.7. Backreflection at fusion splicing points between (a) solid-core PCF and conventional 
fiber, and (b) hollow-core PCF and conventional fiber. 

As illustrated in Fig. 3.8, before the primary-wave (black arrows) output from the IOC 
enters the PCF coil, secondary waves (WA and WB) are generated owing to the back-
reflection at fusion splicing points A and B. It is well known that the backscattering is 
randomly distributed along the fiber, each backscattering point causes a secondary wave, 
but not all of those backscattering-induced secondary waves are able to interfere with WA, 
because it is the broad-spectrum light and the interference intensity is maximum when the 
optical path difference (OPD) is 0, but decreases dramatically and rapidly as the OPD 
increases. Therefore, if a secondary wave WA1 induced by the backscattering at point A1 
has an optical path equaling that of WA, then the interference occurs between WA and WA1 
and the intensity is maximum that is given by the first term in 

    1/2 1/2

1 1 1 22 cos( ) 2 cos( ),BSC in in splicing A A m in in B B mI I R R I R R           (3.1) 

which describes the summed intensity (as detected by the detector) of all the interference 
phenomena involved (that is, IBSC). Here nair is the refractive index of the PCF. In  
Eq. (3.1), Iin denotes the light intensity output from the IOC. Further, αin, αsplicing, and αcoil 
represent the losses at the input channel (from the IOC pigtail to detector), fusion splicing 
at points A and B, and PCF coil, respectively. Parameters RA and RB represent the back-
reflection coefficients at points A and B, respectively. Similarly, RA1 and RB1 represent the 
backscattering coefficients at points A1 and B1, respectively. Parameters φ1 and φ2 denote 
the random phases between the two secondary waves involved in the interference. Фm is 
the modulation phase, which includes two parts: the square-wave-induced phase (Фm_SQ) 
and the sawtooth-wave-induced phase (Фm_SA). Interference between WB and WB1 can 
similarly be examined, and the resulting interference intensity is given by the second term 
in Eq. (3.1). In fact, there are other interference situations for the BSC error, but they are 
very small and neglectable. 

According to the theory of coherence detection, the demodulation value of IBSC cannot be 
separated from the angle velocity of the FOG which is the demodulation result of the 
primary waves’ interference, thus leading to a bias error (namely, the BSC error). On the 
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other hand, Фm_SA leads to BSC error’s variation with the sawtooth wave, and there are 
two complete periods when the sawtooth wave changes from 0 (rad) to π (rad). Under 
extreme conditions, the maximum BSC error is given by, 

    2
max 1 1BSC Error 2 / ,splicing A A B B splicing coilR R R R LD c        (3.2) 

where D and L represent the diameter and fiber length of the coil, respectively, λ is the 
wavelength, and c is the velocity of light. 

 

Fig. 3.8. Secondary waves induced by back-reflection and backscatter of primary waves. 

3.3.1.2. Measurement of BSC Error 

To verify the existence of the BSC error and measure its magnitude in a practical FOG, 
the corresponding experimental setup is given in Fig. 3.9, where the light launched from 
an amplified spontaneous emission (ASE) source enters the IOC through a single-mode 
fiber coupler, and it travels backward to the detector owing to the back-reflection and 
backscattering. Based on the analysis of BSC error principle and the consideration of half-
wave voltage of the IOC, the demodulation result of IBSC should have two sinusoidal 
periods when the sawtooth wave changes from 0 V (0 rad) to 10 V ( π rad), and its peak-
to-peak value can be easily resolved, which directly reflects amplitude of the BSC error. 
Measurement of the BSC error in a HC-PCFOG will be implemented and introduced as 
an example in the succeeding section, because the effect is much stronger in HC-PCFOG. 

 

Fig. 3.9. Experimental setup for measuring the BSC error in PCFOG. 
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It is difficult to separate BSC error in a complete FOG, so only a length of HC-PCF is 
respectively connected to the IOC pigtail at point A and B through fusion splicing. The 
backreflection-induced secondary waves WA and WB are generated and interfere with WA1 
and WB1, respectively. The lock-in amplifier’s output after demodulation of the 
interference intensity IBSC is described by Fig. 3.10 (a). The peak-to-peak value of the 
output is ~450 μV, and consequently, the total maximum BSC error is ~4.7°/h according 
to Eq. (3.2). When this BSC error exists, the performance of a closed-loop HC-PCFOG is 
shown in Fig. 3.10 (b). It is obvious that the bias fluctuates strongly owing to the  
BSC error. 

 

Fig. 3.10. Test results of (a) the BSC error, and (b) bias stability in the HC-PCFOG when the 
HC-PCFs are connected to the IOC pigtails through normal fusion splicing. 

3.3.1.3. Suppression of BSC Error 

Although backscatter within the fiber cannot be eliminated, back-reflection can be 
reduced through an angled fiber endface in fiber termination in order to suppress the BSC 
error. In the experimental HC-PCFOG, both the pigtails of the IOC and HC-PCF coil are 
cleaved at a tilted angle of ~8° to guarantee both the suppression of back-reflection at the 
interface and the proper fusion splicing loss [30, 31]. After fusion splicing, the 
backreflection is reduced from larger than -20 dB to ~-54 dB, so the intensity of both WA 
and WB decreases to be neglectable compared to the primary waves when the precision of 
the FOG is considered. Under this condition, the BSC error is also neglectable according 
to the experimental result, as illustrated in Fig. 3.11 that gives the test result of the  
BSC error. 

3.3.2. Reflection-Induced Noise 

Backreflection exists at fusion splicing points, and the backreflection-induced secondary 
waves does not only interfere with the backscattering-induced secondary waves, but also 
produce an offset at the detector and add intensity-type noise. In a FOG, the optical noises 
that mainly limit the signal-to-noise-ratio include shot noise, relative intensity noise and 
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thermal noise [26]. When the offset caused by the backreflection is considered, the noise 
at detector increases as a result, and then the random walk coefficient (RWC) is given by 
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where SF is the scale factor, k is the Boltzmann constant, T is the temperature, e is the 
elementary charge, PDC is the power offset caused by the backreflection, RD and RL is the 
conversion efficiency and transimpedance of detector, respectively, P0 is the signal power, 
Фm is the modulation phase, Δν is the spectral width of the light source. In Eq. (3.3), the 
first term represents the thermal noise, the second term shot noise, the third term relative 
intensity noise and the last term backreflection-induced noise [26]. 

 

Fig. 3.11. Test result of the BSC error when the HC-PCF coil is connected to the IOC pigtails 
through ~8° fusion splicing. 

For a coil made of HC-PCF having a loss of 20 dB/km, supposing the diameter of the coil 
is 10 cm, RD is 6×105  Ω and Фm is π/2, the RWC’s dependence on the fiber length is shown 
in Fig. 3.12(a). The RWC decreases as the HC-PCF length increases, but the FOG 
performance seriously deteriorates when the backreflection-induced noise exists. 
Moreover, the RWC varies as the modulation phase changes, as illustrated in Fig. 3.12(b), 
so optimization of the modulation phase is also a method to reduce the backreflection’s 
influence, in addition to a tilted angle of ~8° for fusion splicing. 

3.4. Prototypes of PCFOG 

FOG is one of the most important application areas for PCF. For SC-PCF, it has already 
had practical application because the performance of SC-PCF is close to that of 
conventional fiber, but for HC-PCF, it is far from practical application because the  
HC-PCF is not mature yet. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 114

 

Fig. 3.12. The HC-PCFOG RWC’s dependence on (a) fiber length and (b) modulation phase. 

A high-precision SC-PCFOG engineering prototype (Fig. 3.13(a)) is developed based on 
the technologies mentioned above, and the static performance is given in Fig. 3.13(b), 
which shows a bias stability of ~0.002°/h. What is more, the SC-PCFOG has stood the 
rigorous tests performed according to aerospace standard, including thermal cycles, 
vibration, shock, irradiation and so on. Finally, this SC-PCFOG has a flight test in 
“Tianzhou-1” Cargo Spaceship that was launched in April 2017 and it has been working 
normally with stable precision. To the best of our knowledge, this is the first time that  
SC-PCFOG is really applied in space. This experiment has verified the feasibility and 
advantage of the PCFOG’s application in space. 

 

Fig. 3.13. (a) High-precision SC-PCFOG prototype, and (b) static performance. 

The 135-μm SC-PCF has smaller bending loss and minimum bending diameter, so it is 
more suitable for miniaturized FOG. A three-axis SC-PCFOG is developed, which uses a 
single light source. This three-axis unit has a volume of less than 240 cm3 and weight of 
~200 g, and its PCF coil is shown in Fig. 3.14(a). The bias stability over temperature is 
shown in Fig. 3.14(b), indicating that it hardly deteriorates and maintains ~0.3º/h over 
temperature ranging from -30 C to 50 C. 
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Fig. 3.14. (a) SC-PCF coil for miniaturized PCFOG, and (b) Bias stability of miniaturized 
PCFOG over temperature. 

HC-PCF is the final choice of FOG due to its excellent performance, but the immaturity 
of HC-PCF constrains the development of HC-PCFOG. We have developed a  
HC-PCFOG principle prototype using seven-cell HC-PCF based on the key technologies 
mentioned above, as illustrated in Fig. 3.15(a), in which only coil is made of HC-PCF. 
The static performance is shown in Fig. 3.15(b), indicating a bias stability of ~0.4º/h [16]. 
In fact, the performance is still a little worse than conventional FOG under the same 
condition owing to immaturity of HC-PCF, so there will be a long way before the  
HC-PCFOG is really applied. 

 

Fig. 3.15. (a) Principle prototype of HC-PCFOG and (b) static performance. 

3.5. Conclusions 

The first photonic crystal fiber (PCF) was born at the end of the last century and then it 
opened up a new era for fiber optic gyroscope owing to its excellent optical characteristics, 
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especially perfect environment adaptability. PCFOG is the developing trend of FOG. 
However, photonic crystal fiber and components are not yet as mature as conventional 
fiber and components, especially HC-PCF is a little far from practical application in a 
FOG. Moreover, some nonreciprocity errors and noises in PCFOG are similar as those 
existing in conventional FOG, but other errors and noises such as backward secondary-
wave coherence (BSC) error, reflection-induced noise, and so on only exist in PCFOG 
and they are caused by the use of PCF. Therefore, PCFs have to be further improved and 
those special errors and noises have to be eliminated first before the PCFOG has practical 
application. 

The present situation of PCF and PCFOG is introduced in this chapter, and BSC error and 
reflection-induced noise are proposed, as well as the suppression measures. Finally, a 
high-precision FOG engineering prototype based on solid-core PM-PCF coil has been 
developed, exhibiting a bias stability of ~0.002°/h. The PCFOG has a flight test in 
“Tianzhou-1” Cargo Spaceship that was launched in April 2017, and the experiment has 
verified the feasibility and advantage of the PCFOG’s application in space. A miniaturized 
solid-core PCFOG and a hollow-core PCFOG have also been developed to verify the 
feasibility of PCF and validity of error suppression. 

Acknowledgements 

This work was supported by National Natural Science Foundation of China (NSFC) under 
Grants 61575012 and 61575013. 

References 

[1]. A. Sukhoivanov, I. V. Guryev, Physics and Practical Modeling, Springer, 2009. 
[2]. J. D. Joannopoulos, S. G. Johnson, J. N. Winn, R. D. Meade, Photonic Crystals: Molding the 

Flow of Light, Princeton University Press, 2008. 
[3]. J. C. Knight, T. A. Birks, P. St. J. Russell, D. M. Atkin, All- silica single- mode optical fiber 

with photonic crystal cladding, Opt. Lett., Vol. 21, Issue 19, 1996, pp. 1547-1549. 
[4]. R. F. Cregan, B. J. Mangan, J. C. Knight, T. A. Birks, P. St. J. Russell, P. J. Roberts,  

D. C. Allan, Single-mode photonic band gap guidance of light in air, Science, Vol. 285, 1998,  
pp. 1537-1539. 

[5]. P. Ma, N. Song, J. Jin, J. Song, X. Xu, Birefringence sensitivity to temperature of polarization 
maintaining photonic crystal fiber, Opt. Laser Technol., Vol. 44, Issue 6, 2012,  
pp. 1829-1833. 

[6]. Dangui, H. K. Kim, M. J. F. Digonner, G. S. Kino, Phase sensitivity to temperature of the 
fundamental mode in air-guiding photonic-bandgap fibers, Optics Express, Vol. 13, Issue 18, 
2005, pp. 6669-6684. 

[7]. H. Wen, M. A. Terrel, H. K. Kim, M. J. F. Digonner, S. H. Fan, Measurements of the 
birefringence and Verdet constant in an air-core fiber, J. Lightwave Technol., Vol. 27,  
Issue 15, 2009, pp. 3194-3201. 

[8]. H. Henschel, J. Kuhnhenn, U. Weinand, High radiation hardness of a hollow core photonic 
bandgap fiber, in Proceedings of the European Conference on Radiation and its Effects on 
Components and Systems (RADECS’05), 2005, pp. LN4 (1-4). 



Chapter 3. Interferometric Photonic Crystal Fiber-Optic Gyroscope 

117 

[9]. H. C. Lefèvre, The fiber-optic gyroscope, a century after Sagnac’s experiment: The ultimate 
rotation-sensing technology?, C. R. Physique, Vol. 15, 2014, pp. 851-858. 

[10]. J. Tawney, F. Hakimi, R. L. Willig, Photonic crystal fiber IFOGs, in Proceedings of the 18th 
Optical Fiber Sensors Conference (OFS'18), 2006, ME8. 

[11]. N. M. Barbour, Inertial Navigation Sensors, RTO-EN-SET-116, 2-1-2-28, NATO, Cambridge, 
MA, USA, 2011. 

[12]. N. Song, W. Cai, J. Jin, C. Wu, Structure optimization of small-diameter polarization-
maintaing photonic crystal fiber for mini coil of spaceborne miniatrure fiber-optic gyroscope, 
Applied Optics, Vol. 54, Issue 33, 2015, pp. 9831-9838. 

[13]. C. X. Zhang, Z. H. Zhang, N. F. Song, and X. B. Xu, Key Points of High Precision Solid-core 
Photonic Crystal Fiber FOGs, in Proceedings of the China International Conference on 
Inertial Technology and Navigation, Beijing, China, 2016, pp. 43-50. 

[14]. H. K. Kim, M. J. F. Digonner, G. S. Kino, Air-core photonic-bandgap fiber-optic gyroscope, 
J. Lightwave Technol., Vol. 24, Issue 8, 2006, pp. 3169-3174. 

[15]. M. Digonnet, S. Blin, H. K. Kim, V. Dangui, G. Kino, Sensitivity and stability of an air-core 
fibre-optic gyroscope, Meas. Sci. Technol., Vol. 18, 2007, pp. 3089-3097. 

[16]. X. B. Xu, N. F. Song, Z. C. Zhang, J. Jin, Backward secondary-wave coherence errors in 
photonic bandgap fiber optic gyroscopes, Sensors, Vol. 16, 2016, pp. 1-7. 

[17]. NKT Photonics, www.nktphotonics.com 
[18]. F. Poletti, M. N. Petrovich, D. J. Richardson, Hollow-core photonic bandgap fibers: 

Technology and applications, Nanoph., Vol. 2, 2013, pp. 315-340. 
[19]. R. A. Correa, F. Gérôme, S. L. Saval, N. G. R. Broderick, T. A. Birks, J. C. Knight, Control 

of surface modes in low loss hollow-core photonic bandgap fibers, in Proceedings of the 
Lasers and Electro-optics, and Conference on Quantum Electronics and Laser Science 
(CLEO/QELS’08), 2008, pp. 1142-1149. 

[20]. P. J. Roberts, F. Couny, H. Sabert, B. J. Mangan, D. P. Williams, L. Farr, M. W. Mason,  
A. Tomlinson, Ultimate low loss of hollow-core photonic crystal fibres, Optics Express,  
Vol. 13, Issue 1, 2005, pp. 236-244. 

[21]. X. B. Xu, N. F. Song, Z. H. Zhang, Z. C. Zhang, J. Jin, C. X. Zhang, An investigation of 
polarization cross-coupling in air-core photonic bandgap fibers, Opt. Commun., Vol. 366, 
2016, pp. 260-265. 

[22]. H. Yokota, Y. Ito, H. Kawashiri, Y. Imai, Y. Sasaki, Fabrication of polarization-maintaining 
photonic crystal fiber couplers using CO2 laser irradiation technique, in Proceedings of the 
21st International Conference on Optical Fibre Sensors (OFS’11), 2011, 77533X. 

[23]. P. Marć, K. Stasiewicz, L. R. Jaroszewicz, T. Nasilowski, M. Szymański, Photonic crystal 
fiber couplers based on large mode area fibers, Proceedings of SPIE, Vol. 7753, 2011,  
pp. 125-130. 

[24]. H. Kim, J. Kim, U. C. Paek, B. H. Lee, Tunable photonic crystal fiber coupler based on a 
side-polishing technique, Opt. Lett., Vol. 29, 2004, pp. 1194-1196. 

[25]. J. Y. Cao, Development of micro-optic directional coupler, J. Communs. Vol. 2, 1983,  
pp. 43-50. 

[26]. H. C. Lefèvre, The Fiber-Optic Gyroscope, 2nd Ed., Artech House, Boston, MA, USA, 2014. 
[27]. H. K. Kim, M. J. F. Digonnet, G. S. Kino, Air-core photonic-bandgap fiber-optic gyroscope, 

J. Lightwave Technol., Vol. 24, 2006, pp. 3169-3174. 
[28]. M. Digonnet, S. W. Lloyd, S. Fan, Improving Fiber Gyroscope Performance Using Air-Core 

Fiber, SPIE Newsroom, 2010. 
[29]. X. B. Xu, Z. C. Zhang, Z. H. Zhang, J. Jin, N. F. Song, Investigation of residual core ellipticity 

induced nonreciprocity in air-core photonic bandgap fiber optical gyroscope, Opt. Express, 
Vol. 22, Issue 22, 2014, pp. 27228-27235. 

[30]. A. D. Yablon, Optical Fiber Fusion Splicing, Springer, 2005. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 118

[31]. F. Couny, F. Benabid, P. S. Light, Measurement of Fresnel back-reflection at splice interface 
between hollow core PCF and single-mode fiber, IEEE Photonic. Tech. L., Vol. 19, 2007,  
pp. 1020-1022. 

 



Chapter 4. Designs of Capacitance Sensor for Holdup Measurement in Two-phase Flow: A Finite Element 
Analysis 

119 

Chapter 4 
Designs of Capacitance Sensor for Holdup 
Measurement in Two-phase Flow: A Finite 
Element Analysis 

Lam Ghai Lim and Tong Boon Tang1 

4.1. Introduction 

Generally, two-phase flow occurs in the pipelines or process equipment at chemical and 
energy industries [1]. In two-phase flow, the respective distribution of the phases in flow 
channel is an important aspect of their description [2]. The flows within each phase are 
highly correlated and depended on the geometry of the pipe, gravity, physical properties 
of the phases and volumetric flow rates of each phase. As a result, different types of flow 
patterns can be observed in the pipeline, e.g., stratified, bubbly, intermittent, and annular 
flows [3, 4].  

In two-phase flow, holdup value is one of the important parameters to be measured. The 
holdup value of one of the element in two-phase flow can be defined as the volume 
occupied by that element over the total volume of the pipe section [5]. Several 
nonintrusive techniques have been developed and applied to measure the holdup in two-
phase flow, e.g., ultrasonic, optical, gamma ray, and capacitive method [6, 7]. The 
capacitive method shows great benefits due to its low cost and robust design. Typically, 
the electrodes are attached on the outer surface of the nonconductive section of the pipe. 
Then, a transducer circuit is connected between the terminals of electrodes to measure the 
equivalent capacitance. In addition, relatively high sensitivity could be obtained due to 
the huge difference of the permittivity values of two-phase components, e.g., air and water 
[5, 8-11].  

In early studies, a few configurations of capacitance sensors have been proposed to 
measure the liquid holdup in two-phase flow [12, 13]. Xie et al. [14] used two-dimensional 
(2D) finite element models to optimize the sensitivity distribution of concave electrode 
for holdup measurement. Tollefsen and Hammer [15] used three-dimensional (3D) finite 
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element model to demonstrate that 180° and 360° twisted angles of helical shape electrode 
was robust against the variation of flow pattern, specifically in stratified flow. Elkow and 
Rezkallah [16] addressed the nonlinearity in the helical sensor and improved the 
performance of sensor using concave plate for holdup measurement in vertical flow. 

On the other hand, Zhai et al. [17] reported that the sensitivity of helical capacitance sensor 
was much lower due to the electrical losses resulting from the contact of conductive water 
and pipe. To eliminate this conductive effect, Demori et al. [11] and Strazza et al. [5] 
employed a proper length of guard electrodes with the concave electrode. Jaworek and 
Krupa [18] minimized the effect of liquid conductance using a high frequency resonant 
circuit at 80 MHz. Not only concave electrode, guard electrodes also had been added to 
the design of helical electrode for the optimization of the capacitance sensitivity 
distribution field [9, 10, 16].  

An et al. [19] selected 50° as the optimal opening angle of concave electrode. However, 
Ahmed [20] suggested that ring electrode was more sensitive to void fraction 
measurement, as compared to concave electrode of similar spatial resolution. Dos Reis 
and da Silva Cunha [21] reported ring electrode as the best configuration due to the least 
dependency of air-water distribution. Yet, some levels of nonlinear response were 
observed in all the tested designs. As explained in [14, 15], the nonlinear response was 
due to the inherently nonlinear behaviour of the electrostatic field. Therefore, De Kerpel 
et al. [22] proposed a flow pattern based calibration to measure void fraction using the 
concave electrode.  

Recently, Salehi et al. [23] compared concave and double ring electrode for gas-oil two-
phase flow measurement. They reported that ring shape was preferred for measurement 
of void fraction and concave shape was suitable for detection of flow pattern. In the 
extension of their works, they included helical electrode and introduced a new electrode 
shape to compare and evaluate the performance [24]. On the other hand, Lim et al. [25] 
focused on optimization of helical electrode to reduce the error of holdup measurement in 
two-phase stratified flow. Meanwhile, Chen et al. [26] obtained an empirical relationship 
between the measured capacitance and liquid holdup using concave electrode in cryogenic 
two-phase flow. 

In this chapter, we provide numerical analysis on the characteristic of three main 
configurations of capacitance sensors: concave, helical and ring electrodes for holdup 
measurement in horizontal two-phase flow. We use finite element method (FEM) to 
design and analyse the static response of the capacitance sensors in two-phase flow. In 
this study, stratified pattern consists of air-water is selected as the analysis platform. We 
also analyse and discuss the sensitivity, linearity of response and dependent level of phase 
distribution for each design. 

4.2. Designs of the Capacitance Sensor 

We designed, analysed, and optimized the structure of capacitance sensor in 3D finite 
element model. Each configuration consists of source and detection electrodes. The 
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potential of the measurement region can be calculated by solving Poisson’s equation when 
the permittivity distribution, electrodes configurations, and boundary conditions are 
provided. Assuming no free charge in the measurement region 𝜌 0 , the potential 
distribution in 3-D electrostatic field is governed by the Laplace equation as: 

 ∇ ∙ ε 𝑥, 𝑦, 𝑧 ∇σ 𝑥, 𝑦, 𝑧 0 , (4.1) 

where ∇ ∙ is the divergence operator, ∇ is the gradient operator, ε 𝑥, 𝑦, 𝑧  and σ 𝑥, 𝑦, 𝑧  
represent the permittivity distribution function and potential distribution function, 
respectively, in 3D spatial field [17, 27, 28]. Thus, the capacitance value between the 
electrodes can be acquired. This indicates that any change of permittivity in the subdomain 
of measurement region can be observed through the change of capacitance value.  

In the simulation, we applied 1 V on the source electrode and 0 V on the detection 
electrode. The surface areas of both electrodes were equal. The relative permittivity of 
pipe wall, air, and water are represented as “ε ”, “ε ”, and “ε ”, respectively. 
The inner radius and outer radius of the pipe are denoted as “𝑅 ” and “𝑅 ”. Hence, the 
thickness of the pipe wall is equivalent to 𝑅 𝑅 . The reference of the design 
specifications were obtained from [21]. 

4.2.1. Concave Configuration 

Fig. 4.1 illustrates the structure of concave capacitance sensor in cross-sectional view and 
side view. Parameters “𝜏” and “𝐿 ” are the opening angle of concave electrode and 
the total length of the pipe covered by concave electrode.  

 

Fig. 4.1. The structure of concave capacitance sensor. 

4.2.2. Helical Configuration 

Fig. 4.2 displays the structure of helical capacitance sensor in cross-sectional view and 
side view, where “𝜃” and “𝐿 ” represent the opening angle of helical electrode and 
the total length of the pipe covered by helical electrode. The twisted angle of helical 
electrode refers to the end position of electrode with respect to the start position of 
electrode [15]. In other words, the twisted angle is correlated with the pitch of helix. The 
pitch of helix, denoted as “𝑃”, is defined as the length of one complete turn, measured 
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parallel to the axis of helix. For examples, 180° twisted helical electrode means half of a 
complete turn and 360° twisted stands for a complete turn.  

 

Fig. 4.2. The structure of helical capacitance sensor. 

4.2.3. Ring Configuration 

Fig. 4.3 presents the structure of ring capacitance sensor in side view. “𝐿 ” refers to 
the total length of pipe covered with ring electrodes. Note that, there is a gap between the 
source and detection electrodes. 

 

Fig. 4.3. The structure of ring capacitance sensor. 

4.3. Methods 

4.3.1. Modelling of Two-Phase Flow 

We obtained the modelling of two-phase flow from our previous work published in [25]. 
Fig. 4.4 presents the cross-sectional view of water holdup in stratified pattern with 
different levels of water content, labelled as “ℎ”. “𝐻 ” is used to represent the water 
holdup, where 𝐻 0 means the pipe is empty and 𝐻 1 means the pipe is full 
of water. We simulated the static response of the 3D capacitance models to obtain the 
capacitance value of water holdup in stratified pattern. By measuring the level of water 
content, the water holdup can be calculated as [27]: 
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⎧ , ℎ 𝑅

 0.5, ℎ 𝑅

1 , ℎ 𝑅

 . (4.2) 

 

Fig. 4.4. Cross-sectional view of different water holdup in stratified pattern [25]. 

In general, the capacitance value of the sensor would include the capacitance of pipe wall, 
𝐶  in series with the capacitance of the two-phase components, 𝐶  and 𝐶 . 
However, note that, 𝐶  is a constant parameter which depends on the material and 
thickness of the pipe. The normalized capacitance, 𝐶 , , calculated from the values 
acquired from FEM, can be defined as [21, 22]: 

 𝐶 ,   , (4.3) 

where 𝐶  is the effective total capacitance comprised of air and water, and 𝐶  and 
𝐶  are the minimum and maximum values of 𝐶  when 𝐻 0 and 𝐻 1, 
respectively.  

4.3.2. Evaluation Criteria of the Capacitance Sensor 

Three criteria were evaluated and analysed, i.e., sensitivity, linearity of response, and 
dependent level of phase distribution. 

4.3.2.1. Sensitivity 

The sensitivity of the capacitance sensor refers to how large the range of the sensor from 
one phase (e.g. air) to another phase (e.g. water). The larger the value of the measurement 
span, the sensitive the sensor towards the changes in the ratio of the two-phase 
components. Hence, the sensitivity, ∆𝐶  of the sensor can be calculated as [24]: 

 ∆𝐶 𝐶 𝐶  . (4.4) 
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4.3.2.2. Linearity of Response 

The capacitance sensor is going to measure the water holdup in two-phase flow. Hence, a 
good capacitance sensor should display a linear relationship with the holdup values. The 
relationship between normalized capacitance, 𝐶 ,  and water holdup, 𝐻  are 
analysed and studied. 

4.3.2.3. Dependent Level of Phase Distribution 

The dependent level of phase distribution can be measured and investigated by rotating 
the electrode and concurrently, keeping the air-water distribution unchanged. Fig. 4.5. 
demonstrates the rotating position of the electrodes, where “𝛽” refers to the rotation angle. 
Thus, the dependent level of phase distribution can be calculated as [21]: 

 ∆𝐶
 

100 % , (4.5) 

where ∆𝐶  is the percentage difference of the capacitance values at 𝛽. 𝐶  and 𝐶  
are the minimum and maximum values of the capacitance at 𝛽. 𝐶  is the average value 
of 𝐶  and 𝐶 . The larger the value of ∆𝐶 , the higher the dependent level of phase 
distribution. Hence, a good sensor should have small ∆𝐶  for holdup measurement. 

 

Fig. 4.5. The rotating position of the electrodes. 

4.3.3. Setup Parameters of Two-Phase Flow 

Table 4.1 displays the geometries of the pipe and the properties of two-phase components 
that were used in the simulation.  

Table 4.1. Geometries of pipe and properties of two-phase components. 

Parameters Values 
𝑅 15 mm 
𝑅 18 mm 

𝜀  3.4 
𝜀  1 

𝜀  80 



Chapter 4. Designs of Capacitance Sensor for Holdup Measurement in Two-phase Flow: A Finite Element 
Analysis 

125 

4.4. Results and Discussion 

4.4.1. Analysis of Concave Configuration 

The value of 𝐿  was set at 100 mm. Table 4.2 presents the sensitivity of concave 
capacitance sensor at different 𝜏. As 𝜏 is related with the surface area of electrode, thus 
bigger 𝜏  would yield higher capacitance value due to larger surface area. Moreover, 
increasing 𝜏 also signifies that the distance between the source and detection electrodes is 
shortened, especially at the edge of electrode. As a result, high sensitivity was achieved 
at larger 𝜏. Thus, Jaworek and Krupa [29] used 140°, De Kerpel et al. [22] selected 160°, 
and Dos Reis and da Silva Cunha [21] chose 156.8° as the opening angle of concave 
electrode. 

Table 4.2. Sensitivity of the concave capacitance sensor at different 𝝉. 

𝝉 (°) 𝑪𝒎𝒊𝒏 (pF) 𝑪𝒎𝒂𝒙 (pF) ∆𝑪𝒔 (pF) 

50 2.021 7.583 5.562 

70 2.402 9.899 7.497 

90 2.807 12.230 9.423 

110 3.317 14.460 11.143 

130 3.987 16.880 12.893 

150 4.979 19.430 14.451 

170 7.268 22.550 15.282 

 

Fig. 4.6 shows the results of 𝐶 ,  vs. 𝐻  at different 𝛽 for several opening angles 
of concave capacitance sensor. The value of 𝛽 was considered until 90° instead of 180° 
as the capacitance values would be repetitive. The data points appeared to be highly 
scattered at 𝐻  larger than 0.6 for smaller 𝜏. As 𝜏 increased, the data points tend to be 
evenly scattered between 0.3 to 0.7 of 𝐻 . For 𝜏 greater than 150°, the data points 
were found to be the most scattered at 𝐻  less than 0.4. The maximum values of ∆𝐶  
were calculated and tabulated in Table 4.3, where the values exceeded 50 % for all the 
opening angles of concave electrode. Hence, concave electrode was highly dependent on 
phase distribution and our findings obtained similar conclusion as reported in [19, 21].  

In addition, we can observe that the response was more linear around 𝛽 = 63°, regardless 
of 𝜏. Considering the linearity is one of the important criteria for holdup measurement, 
concave electrode can be applied, but only at certain 𝛽 and calibration is needed. Due to 
the inherently nonlinear response of the concave electrode and significantly higher 
capacitance value obtained at the areas near the edges of electrodes, some researchers  
[26, 30-33] employed concave electrode for flow pattern detection, instead of holdup 
measurement.  
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(a)                                                                   (b) 

  
(c)                                                                   (d) 

  
(e)                                                                   (f) 

 
(g) 

Fig. 4.6. 𝑪𝑵,𝒇𝒆𝒎 vs. 𝑯𝒘𝒂𝒕𝒆𝒓 at different 𝜷 for concave capacitance sensor: (a) 𝝉 = 50°;  
(b) 𝝉 = 70°; (c) 𝝉 = 90°; (d) 𝝉 = 110°; (e) 𝝉 = 130°; (f) 𝝉 = 150°; (g) 𝝉 = 170°. 
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Table 4.3. Maximum value of ∆𝑪𝜷 at different 𝝉 for concave capacitance sensor. 

𝝉 𝑯𝒘𝒂𝒕𝒆𝒓 𝑪𝜷𝒎𝒊𝒏 (pF) 𝑪𝜷𝒎𝒂𝒙 (pF) ∆𝑪𝜷 (%) 

50° 0.667 3.68 6.86 60.3 
70° 0.585 4.18 7.75 59.8 
90° 0.500 4.54 8.42 59.8 

110° 0.415 4.84 9.01 60.2 
130° 0.333 5.09 9.66 61.9 
150° 0.333 6.08 11.44 61.2 
170° 0.333 8.34 14.16 51.7 

 

4.4.2. Analysis of Helical Configuration 

The value of 𝐿  was set at 100 mm. As 𝐿  was kept constant, thus 𝑃 can be 
determined to obtain the desired twisted angle of helical electrode. Four twisted angles of 
helical electrode were selected based on the study in [15], i.e., 90°, 180°, 270°, and 360°. 
In this case, the surface area of helical electrode was fixed at 4843 mm2 for all twisted 
angles of helical electrode. Table 4.4 displays the sensitivity of the helical capacitance 
sensor at different twisted angle. Note that, not much changes have been observed in the 
sensitivity as the surface areas of the electrode were equal. 

Table 4.4. Sensitivity of the helical capacitance sensor at different twisted angle. 

Twisted angle (°) 𝑪𝒎𝒊𝒏 (pF) 𝑪𝒎𝒂𝒙 (pF) ∆𝑪𝒔 (pF) 
90 5.072 19.35 14.278 

180 5.447 19.62 14.173 
270 5.976 19.89 13.914 
360 6.650 20.29 13.640 

 

Fig. 4.7 presents the graphs of 𝐶 ,  vs. 𝐻  at different 𝛽 for comparison of the 
selected twisted angles of helical electrode. We can see that the data points were more 
scattered on 90° and 270° twisted helical electrodes, where the maximum values of ∆𝐶  
were 40.5 % and 11.8 % (see Table 4.5), respectively. This indicated that these twisted 
angles of helical electrode were still highly dependence on phase distribution and the 
responses were nonlinear.  

On the other hand, 180° and 360° twisted helical electrodes demonstrated a substantial 
improvement as the data points were very close themselves among different 𝛽 . The 
maximum values of ∆𝐶  were around 5 – 6 % (see Table 4.5). Similar findings had been 
reported in [15, 21]. Although the data points were concentrated at a point, some level of 
nonlinear response had been observed, where it looked like a “S” shaped curve, as 
described by dos Reis and da Silva Cunha [21].  
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(a)                                                                   (b) 

  
(c)                                                                   (d) 

Fig. 4.7. 𝑪𝑵,𝒇𝒆𝒎 vs. 𝑯𝒘𝒂𝒕𝒆𝒓 at different 𝜷 for helical capacitance sensor: (a) 90° twisted;  
(b) 180° twisted; (c) 270° twisted; (d) 360° twisted. 

Table 4.5. Maximum value of ∆𝑪𝜷 at different twisted angles of helical capacitance sensor. 

Twisted angle 𝑯𝒘𝒂𝒕𝒆𝒓 𝑪𝜷𝒎𝒊𝒏 (pF) 𝑪𝜷𝒎𝒂𝒙 (pF) ∆𝑪𝜷 (%) 

90° 0.252 6.61 9.96 40.5 
180° 0.252 8.77 9.24 5.2 
270° 0.177 8.42 9.48 11.8 
360° 0.177 9.76 10.37 6.1 

 

4.4.3. Analysis of Ring Configuration 

Due to the circular structure of ring electrode and the symmetry of air-water distribution 
in stratified flow, the capacitance values of the ring electrode would be constant regardless 
of the rotation angle. Thus, ring electrode can be said to be immune to the phase 
distribution, as reported in [21, 23, 24]. 
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To evaluate the sensitivity and linearity of the ring electrode, the value of the gap was 
maintained and the surface area of ring electrode was varied by changing the value of 
width. In this case, the value of the gap was 6 mm. Fig. 4.8 displays the response of 𝐶 ,  
vs. 𝐻  of ring capacitance sensor and Table 4.6 tabulates the sensitivity of ring 
electrode, at different surface areas. As shown in Fig. 4.8, each of the output presents 
nonlinear response and more inclined to “S” shaped curve [21]. The values of 𝐶  have 
been observed to be almost constant due to small value of 𝜀 . Thus, increasing the 
surface area of ring electrode would not increase much the value of 𝐶  as the electric 
field mainly localized on the gap between the electrodes. However, the slightly increment 
observed in the values of 𝐶  was mainly due to the significant large of 𝜀 . Hence, 
the sensitivity of the ring electrode also improved as the surface area increased. 

 

Fig. 4.8. 𝑪𝑵,𝒇𝒆𝒎 vs. 𝑯𝒘𝒂𝒕𝒆𝒓 of ring capacitance sensor at different surface areas.  

Table 4.6. Sensitivity of ring capacitance sensor at different surface areas. 

Surface area 
(mm2) 

𝑪𝒎𝒊𝒏 (pF) 𝑪𝒎𝒂𝒙 (pF) ∆𝑪𝒔 (pF) 

1627 2.037 6.673 4.636 
2092 2.041 7.671 5.630 
2557 2.050 8.530 6.480 
3022 2.052 9.105 7.053 
3487 2.045 9.600 7.555 
3952 2.061 9.908 7.847 
4417 2.046 10.174 8.128 
4882 2.058 10.321 8.263 

 

On the other hand, the gap between the electrodes was manipulated while the surface area 
of ring electrode was fixed. In this case, the surface area was maintained at 4843 mm2. 
Fig. 4.9 illustrates the response of 𝐶 ,  vs. 𝐻  at different values of gap. The data 
points were concentrated at a location regardless of the gap between the electrodes. 
However, the response still behaves nonlinear and more alike “S” shape curve [21]. As 
displayed in Table 4.7, the values of 𝐶  and 𝐶  decreased as the gap between the 
electrodes increased. As a result, the sensitivity of the ring capacitance sensor reduced. 
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Fig. 4.9. 𝑪𝑵,𝒇𝒆𝒎 vs. 𝑯𝒘𝒂𝒕𝒆𝒓 of ring capacitance sensor at different values of gap. 

Table 4.7. Sensitivity of ring capacitance sensor at different values of gap. 

Gap 
(mm) 

𝑪𝒎𝒊𝒏 (pF) 𝑪𝒎𝒂𝒙 (pF) ∆𝑪𝒔 (pF) 

3 2.745 11.257 8.512 
6 2.059 10.370 8.311 
9 1.654 9.719 8.065 

12 1.394 9.179 7.785 
15 1.210 8.720 7.510 
18 1.068 8.256 7.188 

4.4.4. Comparison between the Configurations 

For reasonable comparison, the surface area of all configurations of capacitance sensors 
and the total length of the pipe covered by the electrode must be identical. 360° twisted 
helical electrode was selected as it showed the most promising results among other twisted 
angles, which was employed in [9, 10]. Table 4.8 presents the comparison between the 
three configurations: concave, helical, and ring. As observed, the values of ∆𝐶  are 14.45, 
13.64, and 7.51 pF for concave, helical and ring capacitance sensors, respectively. The 
concave electrode presented the highest sensitivity and the ring electrode showed the 
lowest one. Similar agreements were achieved in [21, 24]. Due to the main localization of 
the electric field in the gap separating the rings, substantially low sensitivity was observed 
in ring electrode [18].  

However, when referring to ∆𝐶  among all values of 𝛽, the concave electrode was found 
to be the most dependence on phase distribution and this caused the response to be highly 
nonlinear for holdup measurement. Tenfold reduction of ∆𝐶  was achieved in helical 
electrode, whereas ring electrode was immune to the phase distribution. More linear 
response was observed in helical and ring electrode, where a look alike “S” shaped curve 
was observed. This “S” shaped curve was also noticed in [15, 21, 22, 30], where different 
designs of capacitance sensor were used for holdup measurement in two-phase stratified 
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flow. In our recent publish paper [25], we exploited this “S” shaped curve as a sinusoidal 
response characteristic to measure the liquid holdup in two-phase stratified flow. Note 
that, this “S” shaped curve only obviously observed in stratified pattern when there was 
large permittivity difference between the two-phase components (e.g. air-water). For the 
case of gas-oil analysis in [15, 23, 24], the “S” shaped curve could not be observed due to 
the small permittivity difference between gas and oil components. 

Table 4.8. Comparison between the design of concave, helical and ring electrodes. 

Design 
Surface 

area 
(mm2) 

Total length 
of the pipe 

covered with 
electrode 

(mm) 

∆𝑪𝒔 (pF) 
Maximum 

value of ∆𝑪𝜷 
(%) 

Linearity 

Concave 
(𝜏 = 150°) 

4843 100 14.45 61.2 
More linear 
at certain β 

only 
Helical 

(360° twisted) 
4843 100 13.64 6.1 

“S” shaped 
curve 

Ring 4843 100 7.51 0 
“S” shaped 

curve 
 

In addition, our findings reached same conclusions with other published papers. Tollefsen 
and Hammer [15] employed 180° or 360° twisted helical electrodes as a solution to solve 
the dependency of phase distribution in concave configuration. Salehi et al. [23] found 
that ring configuration was less affected by phase distribution in comparison with concave 
shape. In another paper of Salehi et al. [24], they concluded that concave shape was 
strongly dependent on flow pattern while helical and ring demonstrated less dependency. 
They also reported that concave had the most overall sensitivity. On the other hand, other 
researchers exploited the concave configuration for detection and characterization of flow 
patterns due to its high dependency of phase distribution [26, 30-33]. 

4.5. Conclusion 

In this chapter, we have provided the finite element analysis on the characteristic of three 
main configurations of capacitance sensors: concave, helical and ring electrodes. Concave 
configuration had the highest sensitivity and ring shape had the lowest one. However, 
concave configuration was highly dependent on the phase distribution or in another 
meaning, strongly affected by the flow pattern. Meanwhile, helical configuration managed 
to reduce substantially on the dependency of phase distribution and obtain high sensitivity 
as well. Although ring configuration was immune to the phase distribution, but the highly 
insensitive of the design made it less suitable for the application. In summary, if the main 
objective is holdup measurement, then helical shape is favoured and on the other hand, 
concave type is preferred if identification of flow pattern is the target. 
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Chapter 5 
An Overview of Sensors for Low-Milliliter 
Hydrodynamic Applications  
such as Hydrocephalus 

David J. Apigo, Philip Bartholomew, Tom Russell,  
Alokik Kanwal, Reginald C. Farrow and Gordon A. Thomas1 

5.1. Objective 

The purpose of this review is to survey devices capable of monitoring extremely low 
pressures (in the range of 0-36 mmHg) and flow rates of fluids (in the range of  
0-100 mL/hr). An important application of these devices is to assist physicians by 
improving the treatment of hydrocephalic patients. However, the applications of these 
sensors are far-reaching as they can be used to study any fluid that operates at low flow 
rates and has low pressures associated with it. We shall focus on one device which could 
be implanted in-line with current shunts, and could provide a tool for monitoring the 
pressure and flow of cerebrospinal fluid (CSF) non-invasively. This device can be read 
externally and wirelessly and requires no internal source of power, making it capable of a 
multi-year lifetime. In addition to its application in treating patients, the sensors will give 
researchers greater insight about the flow of CSF from the brain to the drainage cavity. 
Both pressure and flow rate can be monitored utilizing microelectromechanical systems 
(MEMS) sensors that are packaged for implementation. This device is not intended to 
replace current shunts, but to be added to them. By giving physicians the ability to monitor 
the pressure and flow rate of CSF, this device will help reduce the number of annual shunt 
revisions by limiting the uncertainty in proper diagnosis of shunt viability and, in turn, 
help prevent brain injury and improve the quality of life of patients affected by 
hydrocephalus. 

                                                      

David J. Apigo 
Department of Physics, New Jersey Institute of Technology, Newark, NJ, USA 
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5.2. A Brief History of Shunts 

In the 1950s, Spitz and Holter invented a shunt and valve system that successfully treated 
hydrocephalus [1-3]. A schematic of the first valve conceived by Spitz with the assistance 
of the Johnson Foundation can be seen in Fig. 5.1. The valve consists of a spring-ball 
mechanism that assists in the unidirectional flow of CSF [4]. In the 1970s, Hakim 
significantly improved the shunt with the invention of a variable pressure valve which is 
set externally via a magnet to open and permit unidirectional flow under certain pressures 
[2]. Subsequent work [5] has produced useful improvements in the valves; however, the 
lack of non-invasive methods for monitoring CSF remains a problem.  

 

Fig. 5.1. Schematic of early Spitz pressure valve complete with ball and spring mechanism  
for preventing backflow of CSF [4]. 

Traditionally in patients who receive shunts, it is not common to monitor the flow rate or 
pressure of the CSF flowing through the device. However, as shunt revisions are a primary 
concern with physicians regarding hydrocephalic patients, the ability to monitor both 
parameters would greatly improve treatment [6]. Not only would such a device aid in 
treating hydrocephalus, it would, for the first time, provide comprehensive information 
about pressure and flow rate to the standard diagnostic and treatment protocol. 

Since the 1950s, standard shunts have allowed for a substantial increase in the likelihood 
of survival in patients with excess pressure in their brain compared to no treatment  
[3, 7, 8]. Commercial shunt valves assist in the treatment of hydrocephalus by setting the 
pressure, below which the valve will close and prevent back flow via an external device 
that fixes the pressure, commonly in the range of 1.5 to 14.7 mmHg [8]. The unidirectional 
flow of CSF is an extremely important aspect of shunts as it helps to prevent infection due 
to backflow. 

Current technology allows physicians to monitor the ICP via transducers implanted with 
surgical incisions and boring out a portion of the patient’s skull [9]. These methods of 
monitoring ICP are not done in routine checkups for individuals equipped with a shunt 
due to their highly invasive nature. ICP monitoring gives physicians an idea about the 
pressure build up (and in turn, the flow) of the CSF in the brain. Ideally, one device would 
monitor both the ICP and flow rate of CSF wirelessly with high precision. 

5.3. Introduction to Sensitive Sensors 

While useful, ICP alone is not enough to fully understand the CSF dynamics and shunt 
functionality. Researchers have proposed various flow sensors intended for monitoring 
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the extremely slow flow rate of CSF. Madsen, et al. report that determination of shunt 
functionality is also performed by observing static images of the brain or invasive methods 
to monitor flow [10]. While these significantly improve the diagnosis of shunt 
functionality, they are still not optimal. A non-invasive method for monitoring CSF flow 
through shunt systems is ideal and research is being conducted on achieving this type of 
device. Typically, these types of sensors can be broken down into three main categories: 
thermal, fiber optic, and MEMS sensors, but ultrasonic transit-time flow sensors have also 
been designed and tested. 

Thermal sensors contain a cylindrical tube that houses a small heater capable of warming 
the fluid. As the warmed fluid flows downstream, it cools and a pyroelectric detector 
monitors the change in temperature. Based on the temperature change and time interval, 
the flow rate is determined [11, 12]. An example of such a device is shown in Fig. 5.2. A 
commercial example of such a sensor is ShuntCheck [10, 13] which operates by 
determining if flow is present or not after the patient has topologically applied ice to their 
skin. The fluid flows through the shunt and ShuntCheck determines if the fluid is flowing 
unobstructed by observing the temperature change. In their findings, Madsen, et al. 
determined that ShuntCheck is well-suited for determining if flow is present or not in a 
shunt system [10]. This is a significant finding and suggests that it is possible to monitor 
CSF flow, aiding physicians in improved diagnosis of shunt functionality, and that devices 
capable of doing this are currently available. While successful in determining if flow 
exists in a shunt or not, this type of sensor is not without drawbacks. Thermal sensors 
work exceptionally well for low flow rates; however, at higher flow rates, the pyroelectric 
detector tends to have difficulty monitoring the change in temperature since the fluid flows 
past it too rapidly. Therefore, they may only be suited for monitoring whether or not flow 
exists, and may not be capable of providing quantifiable measurements of ICP and CSF 
flow rate. 

 

Fig. 5.2. Drawing of a proposed thermal sensor [11]. 

In fiber optic flow sensors, light attenuation from a fiber optic cable is measured by a 
photodetector [14, 15]. An example of one is shown in Fig. 5.3. Under a no-flow condition 
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in the tubing, the two fiber optic cables are aligned and the transmitted light is at its highest 
intensity. When flow is present, the fiber-holding mechanism experiences an applied 
force, causing it to bend. Depending on the force exerted, the signal corresponds to a 
particular flow rate. In these types of sensors, the cross-sectional area of the obstruction 
to the fluid flow effects sensitivity. Without the obstruction, the only deterrent to fluid 
flow is the fiber-holding mechanism. Installing an obstruction increases the cross-
sectional area and the sensitivity of the device [15]. One of the main drawbacks in fiber 
optic sensors is that they tend to have temperature sensitivity issues [16]. 

 

Fig. 5.3. Drawing of a proposed fiber optic flow sensor [15]. 

Transit-time flow sensors utilize transducers to send and record an ultrasonic wave along 
a fluid’s flow path [17, 18]. The signal is primarily determined by the phase difference 
between the sent and recorded waves [18]. An ultrasonic wave sensor has been adapted 
into a non-invasive flow sensor for CSF by Drost, et al. [19]. This is similar to Doppler 
ultrasound utilized to monitor the flow rate of blood. However, Doppler ultrasound 
depends on the backscatter of the waves on components of the blood, which do not exist 
in CSF [19], making in a nonviable option for CSF. One of the primary drawbacks for this 
type of device is the difficulty in coupling to the device inductively; however, this source 
of error is controllable if done in a calibrated manner [18]. Also, these sensors are solely 
concerned with flow rate and seem to lack the ability to monitor pressure. 

MEMS sensors are designed such that under pressure, a mechanical deformation occurs 
that can be converted into an electrical signal. The two competing MEMS-type sensors 
that exist are piezoresistive or capacitive. An example of a piezoresistive sensor is shown 
in Fig. 5.4. These sensors work by monitoring a change in the electrical resistance of the 
material which occurs after a mechanical deformation [20, 21]. The resistance of the 
material depends on the sensor’s length, thickness, resistivity, and the width of contact 
between the material and the signal. These types of sensors have piezoresistors mounted 
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to a flexible diaphragm capable of deflecting [16]. One drawback of piezoresistive sensors 
is their temperature sensitivity. 

 

Fig. 5.4. Example of a piezoresistive pressure sensor [21]. 

In capacitive MEMS sensors, membranes are separated by a distance that is capable of 
varying under pressure [16, 18, 22-31]. Such devices are incorporated into resonant LC 
circuits, and the shift in resonant frequency is measured. The LC circuit is also utilized to 
induce power telemetrically, and thus no internal battery is required for these sensors. 
Since the spacing and geometries of these sensors can be extremely small, they are highly 
sensitive. In order to detect the flow rate of the fluid, variations of these pressure sensors 
may be utilized [29, 32]. An example of a capacitance-style MEMS pressure/flow sensor 
can be seen in Fig. 5.5. 

 

Fig. 5.5. Drawing of an example of a capacitance-style MEMS pressure/flow sensor [18]. 

Throughout a system in which fluid is flowing, a measurable pressure differential, ∆𝑃 (in 
Pa), exists. A variable MEMS capacitor can measure this ∆𝑃 utilizing flexible membranes 
in-line with the fluid flow of known flow resistance, 𝑅 (in Paꞏs/m3). The flow rate, 𝑉 (in 
m3/s), can be determined by using the Hagen-Poiseuille equation [33-35] (Eq. (5.1)). Two 
types of sensors have been fabricated and tested: one with one flexible membrane (single-
membrane sensor) and one with two flexible membranes (double-membrane sensor). 

 ∆𝑃 𝑉𝑅. (5.1) 
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Flow resistance can be calculated via the equation [36, 37]: 

 𝑅
4

8 L

r




 , (5.2) 

where 𝐿  is the length of the tubing (in m), 𝑟  is the inner radius of the tubing  
(0.381×10-3 m), and 𝜂 is the viscosity of the liquid (in Paꞏs). Deionized (DI) water was 
used during in vitro testing; at 20 ºC, 𝜂 is 1.0×10-3 Paꞏs [37]. The length of the tubing can 
be changed to achieve different flow resistances; for the reported experiments, 0.25 m 
tubing was used. The value of flow resistance is improved by a factor of 250 compared to 
that previously reported [18, 38] by modifying 𝐿 from 1 mm [18] to 25 cm. 

5.4. Capacitive Sensors 

A simulation of the in vitro flow path utilizing a finite element approach is shown in  
Fig. 5.6. Red designates higher pressure and blue, lower. All units measured in kPa. At 
the point where the membranes are closest to the input, the pressure is higher. Here, the 
fluid exerts pressure on one of the flexible membranes of both a single and double-
membrane sensor. Downstream, the fluid touches the second flexible membrane of a 
double-membrane sensor, where the fluid exerts a different, and lower, pressure. The 
membranes flex at their centers and change the spacing between them, varying the 
capacitance of the device. 

 

Fig. 5.6. Finite element analysis simulation of pressure in an in vitro setup. Units are in kPa. 

Before discussing how capacitance varies in the reported variable MEMS capacitor, first 
consider a parallel-plate capacitor. In a parallel-plate capacitor, capacitance can be 
calculated via Eq. (5.3) [26, 39, 40]. As shown, capacitance depends on the dielectric 
permittivity, 𝜀, of the material between the two plates, the area, 𝐴, of the plates, and the 
spacing, 𝑑, between them. Therefore, changing any of these parameters affects the value 
of capacitance [26]. If d decreases, C increases. 

 𝐶 0 A

d


 . (5.3) 
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In the reported sensors, air is the dielectric material; therefore, 𝜀 1.00054 [39, 40]. 𝜀  
is the permittivity of free space (8.854×10-12 F/m). For monitoring extremely low flow 
rates and pressures of fluids, rigid plates are difficult to use. Such plates are less sensitive 
in regards to minute parameters; therefore, flexible membranes are substituted for the rigid 
plates. 

Prior to the reported sensor, one equipped with a pair of square capacitor pressure sensors 
that had one fixed plate and one flexible membrane was fabricated [18, 38]. In this case, 
the membranes remain in contact with the fluid so that as pressure is applied, the spacing 
between the membrane and the plate changes, resulting in a change in capacitance, 𝐶, via 
Eq. (5.4) [41, 42],  

 , (5.4) 

where w0 is the membrane center deflection, a is the half-width of the membrane, 𝑥 is the 
distance in the x-axis away from the center, 𝑦 is the distance in the y-axis away from the 
center, and 𝑑 is the undeflected membrane spacing. Fig. 5.7 demonstrates what happens 
to a single flexible membrane as a pressure is applied to it (minus a second membrane or 
plate). Pan, et al. effectively demonstrated an analytical model of this system, indicating 
that this change in capacitance is directly related to the load pressure [41]. 

 

Fig. 5.7. Deflection of a fixed membrane as pressure, 𝑃, is applied [41]. 

In the previous design, two sensors, placed 1 mm apart were utilized to measure the 
change in pressure throughout the system and monitor the flow rate [18, 38]. While this 
design remains effective in detecting flow rates and pressures in certain orientations, if 
rotated, gravity plays a larger role than anticipated and the fluid flows past both 
membranes quickly, making it difficult to measure ∆𝑃. In the reported design, the effect 
of gravity on the sensor has been minimized by having the fluid on both sides of the 
flexible membranes separated by 1 µm. A schematic cross-section that demonstrates the 
sensors’ structure and operation can be seen in Fig. 5.8. The load pressure causes the 
membranes to flex, changing the spacing between them (Fig. 5.8c). This deflection 
produces a measurable shift in resonant frequency and can be used to calculate the flow 
rate and pressure of the fluid in the system.  
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Fig. 5.8. Schematic cross-section through the center of the hole in the silicon substrate surrounding 
the capacitor plates of (a) a double-membrane sensor and (b) a single-membrane sensor 
approximately to scale. Under no pressure, the Air Gap distance is ≤ 1 µm. (c) Not-to-scale 
representation of when load pressures (P1 and P2) are exerted on the flexible membranes. The 
dotted line represents the undeflected membrane spacing. The air gap spacing varies due to a 
change in the membrane center deflection resulting in a change in capacitance, and a shift in the 
resonant frequency [43]. 

Eq. (5.4) holds true if the capacitor is square and consists of one flexible membrane and a 
rigid plate. The present design utilizes a circular single-membrane sensor that behaves 
similarly, but is more sensitive towards pressure. Since only one membrane can flex, a 
second pressure cannot be monitored throughout the system. Eq. (5.1) shows that a 
pressure differential is required to monitor flow rate. In the previous design, 𝑉  was 
measured by utilizing two pressure sensors to monitor ∆𝑃. In order to measure the change 
in pressure using one capacitor, a differential capacitor was designed using two flexible 
membranes. This adds a second deflection term to the capacitance equation, which is 
shown in Equation 5. Due to its differential nature, the double-membrane sensor is more 
sensitive towards flow rate, but is sensitive towards both pressure and flow. 

In these improved sensors, circular flexible membranes are utilized. In the double-
membrane sensor, the capacitance must be derived from Eq. (5.4) by substituting the 
deflection term for a circular membrane, resulting in the equation [29], 

 𝐶
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 , (5.5) 

where 𝑟  is the radius of the circular membrane, 𝑅  is the radius of curvature of the 
deflected membrane, and 𝑤 is the center deflection of a membrane. The subscripts of  
1 and 2 indicate to which membrane the terms belong. In order to increase the sensitivity 
of the device, the membrane spacing is made such that 𝑑 1 𝜇𝑚. 
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Eq. (5.5) can be further modified to calculate the capacitance for a single-membrane 
sensor by removing the second deflection term and results in the equation [16, 29], 
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 . (5.6) 

When fluid flow is present, a pressure is applied to the membranes which changes the 
center deflection. In turn, the capacitance varies. These devices can be incorporated in a 
resonant circuit and operated telemetrically to induce power and acquire data, thus 
requiring no internal battery. An external coil, with an inductance, 𝐿, is used to read the 
frequency, 𝑓. Capacitance can then be calculated via the equation [30, 44], 

 1

2
f

LC
 . (5.7) 

Once the capacitance is known, the membrane center deflection can be calculated. This 
then allows the calculation of pressure by using the center deflection, 𝑤, via the equation 
[18, 31, 45-48], 
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where (for a circular membrane with fixed supports), 𝐶 5.33 [47], 𝐶 4, 𝐶 2.67 
[41], 𝜎  is the membrane’s initial stress, 𝑡 is the membrane thickness, 𝐸 is the Young’s 
modulus, 𝑟 is the radius of the membrane, and 𝑣 is Poisson’s ratio [18]. For the reported 
sensor, 𝜎 1.695 10  Pa, 𝑡 1 10  m, 𝐸 600 10  Pa, 𝑟 250 10  m, 
and 𝜈 0.25. Having calculated the pressure relationship relative to plate spacing, it is 
possible to use the change in pressure to determine flow rate and relate flow rate (denoted 
by 𝛿𝑉 ) to capacitance. A graphical representation of the relationship can be seen in  
Fig. 5.9. 

 

Fig. 5.9. Relationship between capacitance and flow rate. 
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5.5. Capacitor Details and Assembly 

The shunt system sensor reported addresses the challenges of monitoring CSF using 
conventional principles of hydrodynamics and utilizes state-of-the-art MEMS technology. 
The main feature of a single chip is a circular flexible membrane with a diameter,  
𝑑 500 𝜇𝑚 (see Fig. 5.10).  

 

Fig. 5.10. Images of the components of a double-membrane sensor. (a) Image of a complete sensor 
consisting of two chips sandwiched together to construct a capacitor with Side A of both chips 
touching each other. Side B is exposed and makes contact with the fluid. (b) Microscope image of 
Side A displays 500 µm circular membrane (which would face inside the capacitor), lead to  
2 mm × 2 mm gold contact pad (left), and 100 µm wide channel (on right) to act as a vent for air 
when chips are sandwiched together. (c) Side B of chip where interference due to slight thickness 
differences in the insulating coating are visible. Fluid presses on this side of the flexible membrane. 
(d) Image of Side A of a chip. 

This membrane is used to form a capacitor with a nominal spacing of <1 µm with either 
a second chip equipped with a flexible membrane or a second chip that has a fixed plate. 
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This new geometry minimizes stress on the edges of the membrane while maximizing the 
sensitivity of the device [26]. A comparison of the previous square and circular geometries 
is presented in Table 5.1. The thickness, 𝑡, of each circular membrane is 1 µm. Individual 
chips are fabricated, carefully aligned, and sandwiched together using a carefully 
machined jig to construct the variable MEMS capacitor. Two configurations of chips are 
possible. In the case that both chips have flexible membranes, a device that is more 
sensitive to flow is designed and will be referred to as a double-membrane sensor. If the 
sensor is composed of one chip with a flexible membrane and one without, a device that 
is more sensitive towards pressure is made and henceforth will be referred to as a single-
membrane sensor. 

Table 5.1. Complete Dimensions of Sensor Chips. 

Parameter 
Flexible 

Membrane Chip 
Non-flexible 

Membrane Chip 
Length×Width 5 mm × 6 mm 5 mm × 6 mm 
Thickness 528 µm 528 µm 
Vent width 100 µm N/A 
Membrane diameter 500 µm N/A 
Membrane thickness 1 µm N/A 
Gold pad dimensions 2 mm × 2 mm 2 mm × 2 mm 

 

Fig. 5.10b shows a microscope image of half of a sensor focusing on its main feature, a 
500 µm diameter circular flexible membrane. A 100 µm channel acts as a vent to allow 
the air that is trapped between the membranes to escape into a ballast within the package. 
Fig. 5.10c shows a microscope image of the back of half of a sensor (labeled Side B for 
demonstration of construction of chips). In both Figs. 5.10c, interference due to slight 
thickness differences in the insulating coating are visible within the well of the chip where 
fluid touches the membrane; it is the pattern that resembles a target. For a single-
membrane sensor, no flexible membrane is on Side A of the chip; as a result, the back is 
solid. Figs. 5.10a shows an image of a fully-assembled 5 mm × 6 mm sensor. Two chips 
are sandwiched together with Side A of each chip touching. Side B is exposed to the fluid. 
The 2 mm × 2 mm square gold pad allows electrical connection to be made to an inductor 
to form a resonant LC circuit. Table 5.1 demonstrates all the dimensions of both the 
flexible membrane and non-flexible membrane chips. 

The sensors are assembled by sandwiching two individual chips together utilizing a 
precision alignment jig. Perfect alignment is not critical as long as the membranes are 
aligned enough to function. If misaligned, the sensor may still function, but with reduced 
sensitivity. The geometry of the membranes assist in this step since membrane alignment 
is not as critical as the previous square-membrane design. Once assembled, a 0.2 µH 
inductor is attached with silver conductive epoxy to one gold pad at a time. The sensors 
are placed in a custom package for in vitro studies. 

Fluid flows through 0.8 mm diameter channels and tubing throughout the entirety of the 
package with flow being eased at the location where the fluid comes into contact with the 
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membranes. In order to prevent leaking, O-rings are utilized to seal Side B of the sensors 
and the flow channels. Contact between the fluid and the membrane is made via a channel 
that allows the fluid to touch the sensor. The fluid enters the system from one end of the 
shunt and comes into contact with the flexible membranes of both sensors simultaneously 
through the holes on Side B of the sensors. The fluid then flows out of the package through 
more tubing and is rerouted by a U-turn piece back towards the main housing fixture. The 
fluid flows past the backside of the single-membrane sensor and into another U-turn 
before continuing back into the package where it touches the second flexible membrane 
of the double-membrane sensor. The turning of the tubing allows an increase in length for 
the flow path and a 250 times improved flow resistance compared to previous designs. An 
image of the device, including U-turn pieces, can be seen in Fig. 5.11. 

 

Fig. 5.11. Picture of custom packaging that allows the fluid to pass all membranes  
that it touches in the same direction [43]. 

Each sensor forms part of a resonant circuit in which an increase in the fluid pressure next 
to the flexible membrane decreases the distance between the membranes. This increases 
the capacitance in the circuit which also contains an inductor. An external reader couples 
inductively through the skin to the implanted circuit and measures its resonant frequency. 
In order to accomplish this, the inductive coils of the implanted resonant circuit are 
positioned on top of the package, as can be seen in Fig. 5.11. The high repeatability of the 
frequency measurement allows a determination of small changes in the distance between 
the membranes. In careful studies carried out on wireless capacitive pressure sensors by 
Chen, et al. [28], emphasis was put on the electronic loss in the environment of human 
tissue. By design this sensor is intended to be sealed in a package that allows fluid flow 
and then encapsulated in polyurethane with the standard packaging used for variable 
pressure shunt control valves. No statistically significant shift between an in vitro 
simulation under artificial skin and a control measurement in air was observed. Just as in 
the case of transit-time flow sensors, the coupling coils are a main source of error in the 
reported experiments. Alignment is critical for this type of data transmission and can be 
minimized if done in a calibrated manner. 

5.6. Experimental Apparatus and Its Variations 

The flow of CSF is driven by the pressure gradient that exists between the ventricular 
cavity and the blood brain barrier as fluid crosses during the production of CSF [49]. In a 
patient, the fluid flows from the high pressure ventricular cavity through the shunt tubing 
and into the lower pressure peritoneal cavity. The basic experimental apparatus that 
simulates this flow path can be seen in the schematic shown in Fig. 5.12. The fluid flows 
from the ventricular cavity which is simulated by a computer controlled syringe pump that 
drives a 10 mL glass syringe into standard sized shunt tubing (0.8 mm internal diameter).  



Chapter 5. An Overview of Sensors for Low-Milliliter Hydrodynamic Applications such as Hydrocephalus 

147 

 

Fig. 5.12. Cartoon schematic of the artificial CSF flow path. The pressure difference  
in the system is driven by the volumetric flow rate in the tubing and the flow resistance.  

The circuit’s resonant frequency can be read telemetrically by the LC meter [43]. 

Wells within the packaging provide a location for fluid to flow into and contact the 
variable MEMS capacitors, but positions them out of the way of the flow. Rather than 
obstructing the flow, the wells ease it by slightly increasing the diameter of the flow 
passage at that point. The pressure differences at points along a calibrated length of the 
shunt tube allow a calculation of the flow if pressure remains constant. The fluid flows 
out of the system into the peritoneal cavity which is simulated by a Petri dish atop a digital 
scale. The draining end is kept at atmospheric pressure to simulate the peritoneal cavity 
[50]. Fig. 5.13a shows an image of the setup minus the syringe pump and collection dish. 
Fig. 5.13b demonstrates the intended method for using the device when implanted in a 
simulated infant. In order to reduce the risk of damage to the sensor and the effects  
any growth of fatty tissue may have on the ability to detect the sensor, it would most likely 
be implanted somewhere near the clavicle of the patient as demonstrated in the  
simulated infant. 

The basic setup can be modified to accommodate the different types of testing: pressure, 
temperature, or occlusions. Whenever pressure is being measured, rather than use the 
computer controlled syringe pump, a reservoir of fluid is held at measured heights and the 
draining end of the system is pinched off with a hemostat. This allows a static pressure to 
exist throughout the system governed by the equation 𝑃 𝜌𝑔ℎ. For temperature testing, 
the basic setup is used; however, most of the tubing and the sensors are kept in an 
insulating Styrofoam cooler. The top is covered and a heat lamp is utilized to vary the 
temperature within the cooler. To monitor the temperature, a thermocouple is used. 
Occlusion tests are simulated by using the basic setup and adding calipers for pinching 
the tubing. 

Before beginning data collection, prime the tubing of the system by starting the syringe 
pump at the first value of the desired flow rate. Typically, the system should be primed 
for 10-15 minutes to ensure that any debris or air bubbles are flushed out of the system. If 
any debris or air bubbles remain, the results may appear random because both factors limit 
the laminar flow of the fluid. Once the system is primed, the LC meter must be calibrated 
using a custom LabVIEW calibration software to ensure that any stray signal from nearby 
objects will not be taken into consideration throughout the duration of the experiment. 
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Fig. 5.13. Image of the basic in vitro experimental setup: (a) Experimental apparatus of simulated 
CSF flow path. The syringe pump (not shown) simulates the ventricles of the brain and standard 
shunt tubing is used as it flows into the smart shunt. Fluid drains into the artificial peritoneal cavity 
simulated by a Petri dish (not shown); (b) Demonstration of device usage implanted in a simulated 
infant. 

All commands to the reader (LC meter) are done via custom LabVIEW software. The 
reader is hooked up to the computer via USB and produces an RF signal through a pick-
up coil which it sends into the sensor. The sent signal activates the circuit, and a resonant 
frequency is measured and read. The LC meter is capable of generating an RF signal from 
140-500 MHz, but is limited to the 140-350 MHz range by a filter. The optimal frequency 
is around 200 MHz, and there is a slight decrease in signal as one nears the 350 MHz 
mark. If a higher range is desired, a different filter can be substituted allowing the signal 
to span up to 500 MHz.  

Upon completion of all the desired trials, data is processed utilizing a custom Python code 
that allows for high speed calculations by importing and averaging all the data for a 
specific set. It then converts the absorption signal (given in dB) to power ratio via the 
equation [51]: 
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Once converted to power ratio, a derivative is performed on the resultant resonant curve 
in order to find the minimum point of the peak. The calculation is run over the data that 
spans the entire experiment and a plot is generated that displays the resultant trend. 

5.7. Double-Membrane Sensors 

Experiments were performed in vitro over a range of flow rates as low as 1 mL/hr and as 
high as 42 mL/hr. Data in Fig. 5.14 correspond to flow rates from 30 mL/hr to 42 mL/hr 
in 2 mL/hr increments. The 10 mL volume of the glass syringe limits the producible flow 
rates in the experimental setup. Therefore, data spanning a larger range is difficult to 
acquire because most of the fluid is used up in priming the system. Typically, a range of 
approximately 10 mL/hr is feasible. First, a control experiment was run where flow rate 
was maintained at a constant value of 𝑉 34 mL/hr ± 1 mL/hr (red, circular data points). 
As can be seen in Fig. 5.14, a nearly linear relationship with zero slope exists for the 
control data and there is no statistically significant drift over a 42-minute time interval. 
The 3-times standard deviation, 3𝜎, (displayed by the error bars) for frequency shift was  
5 kHz. The 3𝜎  fluctuation in the data in the earlier time periods for the control can 
potentially be explained by a temperature variation. Normal physiological parameters for 
body temperature range between 36 ºC and 37 ºC [52, 53]. Within these conditions, small 
fluctuations are possible in the measured resonant frequencies, but should be minimal (see 
Section 5.4). Another possible explanation for the variation seen in the control is debris 
or air bubbles within the flow path of the fluid. If either is present, despite priming for  
15 minutes, laminar flow is obstructed and such variations are possible. As can be seen, 
after approximately the 15-minute mark, the control leveled out and behaved as expected. 

 

Fig. 5.14. Double-membrane sensor evaluation tests. Control is performed at constant 34 mL/hr 
and indicated in red. Variable flow is indicated in black and changes over time. Data shows the 

resonant frequency shift in a clinically relevant range for flow rate [43].  
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These results indicate that the double-membrane sensor is functioning as expected and 
can be utilized to monitored fluid dynamics with high sensitivity. It is important to note 
that the range of frequencies that are swept across are in the MHz range. Therefore, the 
kHz precision is satisfactory. 

Utilizing the data in Fig. 5.14 it is possible to calculate the pressure and flow rate 
sensitivity of a double-membrane sensor to be 1 Pa and 0.02 mL/hr, respectively. A high-
speed averaging technique is utilized to minimize error in signal-to-noise throughout the 
experiment. The sensitivity for pressure is acquired from the standard deviation, 𝜎, of the 
frequency shift. Using ∆𝑓, it is possible to calculate ∆𝐶, and the change in membrane 
center deflection, ∆𝑤. This value of ∆𝑤 can be substituted into Eq. (5.6) to calculate the 
∆𝑃  sensitivity, which can be used with the known flow resistance to calculate the 𝑉 
sensitivity. The double-membrane sensor is sensitive towards both pressure and flow since 
the two parameters are intrinsically joined together, but is more sensitive towards flow 
rate due to its differential nature. This high sensitivity permits the sensor to be utilized in 
any situation where extremely small pressures and flow rates exist.  

Fig. 5.15 demonstrates data showing that, when tested between clinically relevant flow 
rates of 4 mL/hr and 30 mL/hr, the sensor functions in a similar manner. Once again, the 
control demonstrates a linear relationship with a near-zero slope. The variable data 
behaves via the equation ∆𝑓 5.5409𝑉. Three-times standard deviations, 3𝜎, for control 
and variable flow are represented by the error bars and are 5 kHz and 11 kHz, respectively. 
The data presented in Fig. 5.15 shows experimentally acquired flow rate. This was done 
by counting the number of drops over time and measuring the mass of the collected fluid. 
The uncertainty in the flow rate is determined by the x-error bars which is 1.3 mL/hr. 

 

Fig. 5.15. Double-membrane sensor evaluation tests in clinically relevant range  
of 4 mL/hr to 30 mL/hr. 

In Fig. 5.15, the y-axis is a relative frequency shift. The control was run at 20 mL/hr, and 
with respect to that flow rate, demonstrated an approximately 0 kHz shift. The variable 
data demonstrates the same idea of a relative shift in frequency.  
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Once the sensor was determined to be functioning properly within clinical ranges and 
above, tests were run at extremely low flow rates in order to observe how the sensor 
behaved in the condition that proper flow of CSF was obstructed (much less than  
20 mL/hr). The previous figures show the relationship between time and flow rate with 
respect to absolute frequency shift and relative frequency shift. However, the capacitance 
is the experimental value of interested and is what is actually being measured. Knowing 
the capacitance, one can calculate the pressure and flow rate experienced by the sensor 
utilizing Eqs. (5.1) and (5.8). The data in the two previous figures represents an average 
of 30 trials per flow rate. Fig. 5.16 demonstrates the relationship between the time and 
flow rate to the capacitance of the sensor at flow rates spanning 1 mL/hr to 10 mL/hr and 
an average of 7 trials per flow rate. The fewer trials were performed in order to speed up 
the time it took to collect data and observe if 30 trials were necessary to achieve optimal 
precision. The healthy CSF flow rate is approximately 20 mL/hr; thus, these flow rates 
are in the extreme case when fluid is not flowing properly (i.e., an occlusion may be 
present). Fig. 5.16 demonstrates that at a control with constant flow rate at 1 mL/hr, a 
nearly linear relationship with zero slope exists. This demonstrates that over 10 minutes, 
the capacitance remains roughly constant with a standard deviation of, 𝜎 0.09 fF. Once 
variable tests were performed, it is clear that both capacitance and flow rate increase 
together as expected. The behavior of the experimental data is governed by the linear 
equation, 𝐶 8.81 10 𝑉 1.79, where 1.79 is the capacitance when no pressure 
is exerted on the membranes. The standard deviation for the experimental data is,  
𝜎 0.18 fF. 

 

Fig. 5.16. Measuring capacitance of a double-membrane sensor between 1 and 10 mL/hr. 

5.8. Single-Membrane Sensors 

In Fig. 5.17, the red, circular data points (control data) show the linear relationship with 
zero slope between time and a constant pressure of 1225 Pa, and corresponds only to the 
x-axis. As in the case of the double-membrane sensor, this demonstrates that virtually no 
drift in resonant frequency exists over extended periods of time. The uncertainty in the 
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measurement is demonstrated by the standard deviation in the form of error bars of 4 kHz. 
In a comparable time-interval, an experiment was run with a variable pressure range of 
122 Pa to 2000 Pa that demonstrated shifts in the resonant frequency measurable in the 
kHz range. This data corresponds to both x-axes. A linear relationship exists between the 
applied pressure and the frequency shift (black, square data points) resulting in a linear 
relationship governed by the equation, ∆𝑓 123.29𝑃, where ∆𝑓 is the frequency shift 
and 𝑃 is the applied pressure. The standard deviation in the frequency shift for variable 
data is 11 kHz, and is demonstrated by the error bars. These values of pressure fall within 
the clinically relevant range of ICP for healthy individuals. Extrapolating, it is possible to 
see this sensor can also monitor the ICP of hydrocephalic patients as long as the saturation 
point is not attained for the membrane. That is to say that, at some point, the membrane 
will no longer be capable of flexing. However, the data presented in Fig. 5.17 
demonstrates nm shifts in membrane center deflection and the saturation point is  
not reached. 

 

Fig. 5.17. Single-membrane sensor evaluation test. Control kept at constant 1225 Pa. Variable 
pressure changes over time. Data showing the resonant frequency shift in a clinically relevant 

range for pressure. Both control and variable pressure data correspond to the lower x-axis,  
but the upper x-axis corresponds solely to the variable pressure data [43]. 

The data in Fig. 5.17 suggests that the single-membrane sensor has a sensitivity towards 
pressure of 0.65 Pa. This makes the single-membrane sensor almost twice as sensitive 
towards pressure as the double-membrane sensor. This can be explained by the 
elimination of the second flexible membrane. In order to calculate the precision in our 
device for the double-membrane sensor, the assumption that both membranes flex 
approximately the same amount was made. This, of course, is not realistic; however, in 
order to simplify the integral for the double-membrane sensor to acquire an analytical 
solution, the assumption had to be made. In the single-membrane sensor, no such 
assumption is necessary since it is simpler to solve. 
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Unlike the double-membrane sensor, the single-membrane sensor is not sensitive towards 
flow rate. In order to measure flow rate, recall, ∆𝑃 𝑉𝑅. This means that if no pressure 
differential exists, a flow rate cannot be calculated. The ability to measure the change in 
pressure results in the double-membrane sensor being considered a differential capacitor, 
while the single-membrane sensor is not. Its lack of a second membrane prohibits it from 
providing any information regarding flow rate. 

5.9. Angstrom-Sensitivity of the Sensors 

The cerebrospinal fluid in the brain has dynamics associated with the blood brain barrier 
with slow, typical flow rates of 0.35 mL/min, or about 21 mL/hr [49, 54]. Multiple reports 
of ICP have been given spanning ranges of 2 to 16 mmHg [55] and 5 to 15 mmHg [56]. 
In one report, it spans as high as 18 mmHg [57]. In order to detect the hydrodynamics of 
the fluid, devices with significant sensitivity are needed. In designing the capacitive 
sensors, it was estimated that a sensitivity of approximately 20 Å in the motion of the 
membrane would be needed to indicate that there was blockage or not. Assuming that  
5 mmHg is normal for a patient (below 10 mmHg is considered clearly normal [58]), then 
the sensor will detect the pressure drop from this to 0 mmHg when the shunt is proximally 
occluded. This is a more stringent case due to the steeper decline in signal. If one 
arbitrarily sets a 10 % decline as the requirement for early detection, then the sensor must 
be able to detect a change of 0.5 mmHg. Further, the variation in the signal should be such 
that the 95 % confidence limit separates the measurements of ∆𝑃 of 0.5 mmHg. That is, 

1.96𝜎 0.5 ∙ 𝛥𝑃 or 0.25 mmHg. This gives a required 𝜎
.

.
0.13 mmHg or 17 Pa. 

In order to test the sensitivity of the membrane deflection, a fluid flow rate of 20 ± 1 mL/hr 
was produced in the simulated ventricle in order to mimic that of a healthy individual  
[49, 54]. Fig. 5.18a shows results acquired with a double-membrane sensor for both a 
control experiment with constant ventricular hydrodynamics for 42 minutes, and 
decreasing the ventricular flow rate (which also decreases the pressure) from 30 mL/hr to 
near zero in a comparable time interval. The controlled hydrodynamics show no 
significant drift in the center deflection of the double membrane sensor. A constant flow 
rate of 20 mL/hr was used and the deflection remains nearly constant as a function of time 
(bottom x-axis only) relative to 20 mL/hr flow. As the flow is reduced from 30 mL/hr to 
near zero by a controlled decrease in flow rate from the ventricular cavity with no 
occlusions, the center deflection of the membrane, 𝑤, shifts up to 27 Å. With varying flow 
from 0 to 30 mL/hr, the membrane deflection is statistically consistent with a linear 

relationship (with slope = 9.06 10
Å∙

) relative to the shift at zero flow. 

In Fig. 5.18a the upper curve demonstrates a linear shift in membrane center deflection 
over the decreasing flow rate range and is associated with both x-axes. The lower curve, 
only associated with the time axis, demonstrates controlled hydrodynamics consistent 
with a linear behavior with zero slope. The sensor is shown to be sensitive to flow and 
pressure in a way that is consistent with successful functioning indicating that CSF 
properties can be monitored in a shunt. The variation of the data from the fit in membrane 
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center deflection, ∆𝑤 , is 0.97 Å (see Fig. 5.17c), which corresponds to a change in 
capacitance, ∆𝐶, of 0.13 fF. This ∆𝐶 corresponds to a change in resonant frequency, ∆𝑓, 
of 10 kHz. Knowing all these values, it is possible to calculate  ∆𝑃, which changes with 
C [18, 43], to 1 Pa and change in flow rate, ∆𝑉 , to 0.02 mL/hr. There are linear 
relationships at the presented flow rates between  ∆𝑤, ∆𝑃, and ∆𝑉, but ∆𝑤 is limited by 
the spacing between the capacitor plates [18].  

The uncertainties indicated are measured as the standard deviations of 0.97 Å and 0.41 Å, 
indicating the sensitivity for very small shifts in membrane center deflection. The 
histograms from which these values were acquired can be seen in Figs. 5.18b and 5.18c. 
The precision in the flow rate is acquired from repeated, independent physical 
measurements.  

 

 

Fig. 5.18. Angstrom displacement of flexible membranes. (a) Control and experimental 
measurements of membrane deflection in Å. As a control, with a constant flow rate of 20 mL/hr, 
the deflection is constant as a function of time (bottom scale) relative to 20 mL/hr flow. The time 
interval is equivalent to that of the experimental data. With varying flow from 0 to 30 mL/hr (upper 
scale), the membrane deflection is statistically consistent with a linear relationship  

(with slope = 9.06 10
Å∙

) relative to the shift at zero flow. The uncertainties indicated are 

measured as the standard deviation of a series of measurements. Histograms compare  
the variation in the data from the best fit with a Gaussian form for (b) control with standard 
deviation, 𝜎 0.41 Å and (c) the experiment with 𝜎 0.97 Å. 
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As reported earlier, the single-membrane sensor is more sensitive than a double-
membrane sensor. Most likely, this is explained by the elimination of the second flexible 
membrane. Only one membrane has to flex, so the uncertainty should be reduced. In order 
to test this hypothesis, the syringe pump was swapped out for a reservoir that was filled 
with fluid. The system was primed and a hemostat was used to pinch off the draining end 
of the tubing so static pressure could be studied. Fig. 5.19 demonstrates the shift in 
membrane spacing as a function of pressure. As with the double-membrane sensor, a 
linear relationship exists between the shift in membrane spacing and the pressure. The 
standard deviation in the shift in membrane spacing over a range of pressures is  
𝜎 = 0.6 Å and was acquired from repeated, independent physical measurements. The data 
suggests that the single-membrane sensor is nearly twice as sensitive as the double-
membrane sensor. In both cases, the sensor is over 20 times more sensitive than estimates 
required. Such high sensitivity makes this device optimal for monitoring the flow 
throughout shunt systems. 

As described earlier, the sensor detects pressure and derives flow from a pressure 
difference through a path that imparts a resistance to the flow. Before an occlusion 
upstream from the sensor, the maximum pressure will be the intracranial pressure. When 
the path is fully occluded, the minimum pressure will be that of the peritoneum, which 
was experimentally set to the atmospheric pressure.  

 

Fig. 5.19. Sensitivity of a single-membrane sensor. 

5.10. Temperature Dependence 

In order to understand how the sensor works under varying temperature conditions, the 
sensor was studied over a range of 10 ºC. The average internal temperature of a human 
being is between 36.0 ºC and 37.8 ºC [52, 53]. Therefore, in order to simulate extreme 
hypothermia and an extreme fever, a double-membrane sensor was subject to a 
temperature range of 30 ºC to 40 ºC [52, 53, 59-61]. The device was placed within an 
insulating Styrofoam container and exposed to these temperatures via a hand-controlled 
heat lamp. The user hand maintained the temperature as indicated by a thermocouple. The 
sensor was designed such that the air that creates the dielectric layer of the variable MEMS 



  Physical Sensors, Sensor Networks and Remote Sensing 

 156

capacitor would get excited and a vent would allow the expanding air to escape into a 
ballast. The results are presented in Fig. 5.20.  

 

Fig. 5.20. Temperature vs. frequency over a wide range of temperatures. 

As the temperature increased, the measured resonant frequency increased via the equation, 
𝑓 0.121𝑇 249.96. The standard deviation in resonant frequency, demonstrated by 
the error bars, is 𝜎 = 50 kHz. One possible explanation for this unexpected behavior is 
that the vent did not drain the air out into the existing ballast. This results in the trapped 
gas behaving via the ideal gas law. It is possible that the ballast was blocked by the 
package and was inaccessible to the vent, but it is difficult to say with certainty. If the 
ballast was blocked and the air had nowhere to escape to, the trend demonstrated in  
Fig. 5.20 is expected. As the air molecules get excited, they expand and exert an opposite 
pressure on the flexible membranes. Therefore, the sensor ends up behaving as though the 
spacing between the plates is increasing. With either constant or no flow present, this case 
holds true. As the spacing between the membranes increases, the capacitance decreases 
and resonant frequency increases. A comparison of the membrane deflection via FEA can 
be seen in Fig. 5.21 assuming that this excitation of air between the membranes is 
occurring. In Fig. 5.21 the effect of the excited air molecules on only one membrane is 
presented; however, the same concept applies to the second. In the figure, 𝑃  demonstrates 
the pressure exerted by a fluid flowing at a constant flow rate. On the right of the figure, 
𝑃  signifies the pressure exerted on the membrane by the excited air molecules. It is clear 
that the small pressure exerted by the air molecules on the membrane causes it to deflect 
less than if it were free to escape into some ballast (right). 

 

Fig. 5.21. Comparison of membrane deflection as expected vs. with air excitation  
due to temperature. All units are in µm. 
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5.11. Conclusions 

CSF is a difficult fluid to measure; it has a low flow rate and produces minute pressures 
in the brain. The inhibition of the proper flow of this fluid leads to serious consequences 
and could result in death. In 1955, the first breakthrough to assist in treating patients with 
hydrocephalus was made with the invention of the Spitz-Holter shunt. This alleviated the 
pressure build up in the brain and helped CSF to flow unidirectionally. For approximately 
20 years, this technology improved the quality of life of patients with hydrocephalus. In 
the 1970s, Hakim invented a variable pressure valve that helped to maintain ICP in the 
patient. From that time until now, most research has focused on improvements to the valve 
itself. However, monitoring the flow rate of the CSF and the ICP of the individual remain 
highly invasive procedures. The findings presented here suggest that an ultra-sensitive 
variable MEMS capacitive sensor can be utilized in monitoring these parameters. 

The double-membrane sensor has been shown to operate as low as 1 mL/hr and as high 
as 100 mL/hr. In addition, the single-membrane sensor is shown to operate in ranges of 
0.92 mmHg to 15 mmHg. This covers most of the reported physiological measurements 
for CSF; however, the data suggests that this sensor can operate even further beyond said 
ranges. Both sensors operate with no internal battery, making chronic implantation easy. 
In addition, the LC meter that powers the sensor consumes little power minimizing 
temperature sensitivity of the patient’s skin. 

Both sensors demonstrate Angstrom sensitivity making them, to our knowledge, the most 
sensitive variable capacitive MEMS devices to date. The double-membrane sensor allows 
for 0.02 mL/hr flow rate sensitivity and 1 Pa pressure sensitivity, while the single-
membrane sensor demonstrates 0.65 Pa pressure sensitivity. These levels of sensitivity 
allow for both sensors to be utilized in-line with current shunts to non-invasively monitor 
the physiological parameters of CSF in patients with hydrocephalus. 

It was shown that there appears to be a temperature dependence in these sensors over a  
10 ºC range (30-40 ºC); however, over the normal internal body temperature range  
(~36-37 ºC), a minimal temperature dependence exists. One way to further reduce this 
dependence is to design a package which will allow for the proper ventilation of the 
trapped air that makes up the dielectric layer of the capacitor. The wide range of 
temperatures used in testing will not likely apply to the implanted sensor, since the body 
maintains homeostasis where fever and hypothermia are outlying situations. 

It is possible these sensors are the most significant breakthrough in managing the 
treatment of hydrocephalus since the invention of the variable pressure valve by Hakim 
in the 1970s. A device capable of non-invasively monitoring the physiological parameters 
of CSF and shunt functionality has been sought after since the time of the inception of the 
shunt. Both of these sensors will assist physicians in better treating hydrocephalic patients 
and greatly improve the quality of life of those affected by the condition. 
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Chapter 6 
Silicon Micro Piezoresistive Pressure Sensors 

Ha-Duong Ngo, Piotr Mackowiak, Oswin Ehrmann  
and Klaus-Dieter Lang1 

6.1. Summary 

Of all micro sensors the silicon pressure sensors have the largest market potential. It will 
remain a stable growth market over the next years. The value of the MEMS pressure 
sensor market is big. The market will grow from $1.9 billion in 2012 to $ 3 billion in 2018 
[1]. Many companies offer them for a large number of applications, such as automotive, 
industrial, consumer, medical and high-end. The sensors differ in their specifications, their 
type of packaging and signal processing, and also their price. The manufacturers often 
offer a large variety of products ranging from sensor chips over OEM products to 
complete sensors (transmitters) with media separation, signal processing, and temperature 
compensation.  

In this chapter firstly the physical principle, which is suitable for pressure sensing is 
presented, followed by state of the art of silicon piezoresistive pressure sensors is 
described.  

6.2. State of the Art Silicon Pressure Sensors 

6.2.1. Piezoresistive Effect 

The term “piezoresistance effect” was first applied by Cookson [2] in the year 1935 to the 
change in conductivity with stress, as distinct from the total fractional change of 
resistance, which includes both geometric and material property dependent changes. In 
1950, Bardeen and Shockley first predicted relatively large conductivity changes with 
deformation in single crystal semiconductors [3]. 
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Consider a homogenous resistor with the shape as shown in figure below (Fig. 6.1). The 
resistance of this resistor can be calculated by using the formulation: 
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where ρ is the specific resistance, a and b are cross section. 

 

Fig. 6.1. Homogenous resistor with a mechanical load in x-direction.  

The relative resistance change due to stress in the semiconductor resistor is dependent on 
both – geometric and electrical properties dependent (electrical resistivity) changes as 
shown below. 
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where ε is the strain, ν is the Poissons’ ratio and 
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- change of the specific resistivity 

of the material. The first term is indicating the geometric effect and the second term the 
real piezoresistive effect. Geometric effects alone provide a gauge factor of approximately  
1.4-2.0 depending on the Poisson’s ratio. Metals experience a small resistivity change 
with strain, which typically increases the gauge factor by an additional 0.3 or so. However, 
for silicon and other semiconductors, Δρ/ρ can be 50-100 times larger than the geometric 
term. 

6.2.2. Selected Manufacturing Technologies Silicon Pressure Sensors 

6.2.2.1. Silicon Doping 

Silicon Doping is a key technology in Silicon Electrionics and Silicon technology. The 
three most common techniques for doping silicon to form piezoresistive sensors are ion 
implantation, epitaxy and diffusion (also commonly known as predeposition). Ion 
implantation is the most common technique for fabricating piezoresistors. The advantages 
of ion implantation over doping by thermal diffusion are: 
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 The process takes place at room temperature; 
 A wide range of doping concentrations is possible; 
 Accurate doping control; 
 A wide variety of layers can be used as doping barrier (implantation mask); 
 There is no side diffusion during the implantation process; 
 The best cross-wafer uniformity.  

The dopant atoms are ionized and isolated, accelerated, focused, and scanned over the 
wafer. The ions enter the wafer and come to rest below the surface (Fig. 6.2). 

 

Fig. 6.2. Definition of projected range RP and ion straggle in the vertical (ΔRP)  
and transverse (ΔRL) directions. 

The dose N* of the implanted ions is given by 
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(I measured current, t implantation time, A implant area, q electron charge). 

The implantation profile can be described by a Gaussian distribution: 
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Fig. 6.3 below shows simulated profiles of boron implanted into silicon at a range of 
energies. 

Simulated profiles of boron, phosphorus, and arsenic implanted into silicon at 100 keV 
are presented in Fig. 6.4. 
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Fig. 6.3. Simulated boron profiles at different implantation energies. 

 

Fig. 6.4. Simulated profiles of arsenic, phosphorus, and boron at an energy of 100 keV. 

Channeling 

The crystalline structure of the wafer presents a problem during the ion implantation 
process. When the major axis of the crystal wafer is presented to the ion beam. Ion can 
travel down the channel, reaching a depth as much as 10 times the calculated depth. 

Channeling effect can be reduced by: blocking layer, misorientation of the wafer, creating 
a damage layer in the wafer surface. Fig. 6.5 demonstrates the effect of channelling.  

Annealing 

The wafers must be annealed after ion implantation for two reasons: 

1. Restoration of the crystal damage (Fig. 6.6). 

2. Electrical activation of the implanted dopants. 
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Fig. 6.5. Schematic illustration of channelling (ψc critical angle, to avoid channelling ψ should be 
greater than ψc). 

 

Fig. 6.6. Schematic illustration of crystal damage caused by ion implantation. 

In conventional annealing, the wafers are heated in a furnace (800 – 1000 °C) for 15  –  
30 min. RTA (rapid thermal annealing) is also used for post-implant annealing (Fig. 6.7). 

 

Fig. 6.7. Schematic of an RTA system. 

6.2.2.2. MEMS Micromaching  

Micromachining technologies like surface and bulk micromachining enables the 
fabrication of micro sized components like gears and geartrains cantilever probes, needles, 
Accelerometers, microsides rods and membranes. Bulk micromaching of silicon is a key 
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technology for MEMS production. It enables to build mechanical elements by selectively 
removing or etching into a substrate. Bulk micromachining enables the fabrication high 
aspect ratios features with height to width ratios of up to 100:1.  

The structuring can be divided into two main groups, wet and dry processes.  

6.2.2.2.1. Anisotropic Etching 

Anisotropic wet etching takes advantage of the crystalline structure of the substrate. Here 
the etch rate of the substrate differs with the crystallographic direction of the material.  

Anisotropic etching solution for silicon are all alkaline, in particular potassium hydroxide 
(KOH), sodium hydroxide (NaOH), lithium hydroxide (LiOH), cesium hydroxide (CsOH) 
and ammonium hydroxide (NH4OH), as well as certain organic solutions based on 
ethylenediamine and hydrazine. Beside KOH a mixture ethylenediamine and water with 
additions of pyrocatechol and pyrazine (ethylenediamine pyrocatechol, EDP) and 
tetramethylammonium hydroxide (TMAH) is the most common etching solution. 
Technological aspect like the change of the etching properties of EDP when exposed to 
atmospheric oxygen and the handling, health hazards and environmental safety. 

Fig. 6.8 shows a typical etching vessel with an double wall oil tempered quartz glass with 
a precise temperature control ensuring a constant etch rate.  

 

Fig. 6.8. Potassium hydroxide etch basin. 

The vapors of the alkali solution rising due to the heating of the etching bath are condensed 
out in a reflux condenser, the hydrogen produced during the etching process can escape, 
so that the composition of the etching solution remains almost constant. 
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Anisotropic etching solutions show a strong dependency of the etch rate to 
crystallographic orientation of the substrate. The etch rates of {110}- and {100}- surfaces 
are two magnitudes higher compared to the {111}-surface. An aqueos KOH solutions with 
33 % wt KOH at 80°C has a etch rate dependency of the main planes of: 

 r_〈110〉 ∶ r_〈100〉 ∶ r_〈111〉 → 400∶200∶1. 

Decisive for this is the different number of free silicon bonds of the different crystal 
orientations. For example, the {111} plane has only one free bond and is densest packed, 
and the {110} plane has two free bonds (Fig. 6.9). 

 

Fig. 6.9. Arrangement of the Si atoms of the outermost atomic layer on a (111) -oriented  
or on a (100) -oriented silicon surface. 

In a {111} surface more energy is needed to release a silicon atom compared to a {110} 
or {100} surface. Thus, three-dimensional structures can be generated, bounded laterally 
by {111} planes. The angle between a {100} plane and {111} plane is 54.74°. In contrast, 
with {110} silicon wafers, vertical {111} boundaries can also be created to the etch 
bottom, which in turn are delimited by {111} planes. However, the latter {111} planes 
have an angle of 35.26° to the etch bottom (Fig. 6.10).  

 

Fig. 6.10. Producible etching pits by anisotropic KOH etching in a (100) wafer and a (110) wafer. 
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6.2.2.2.2. Dry Etching  

Besides wet-chemical etching deep reactive-ion etching (DRIE) can be applied to produce 
three-dimensional silicon structures. With the Bosch process, through the use of 
alternating etch and passivation steps, high-aspect-ratio, vertical side-wall structures can 
be fabricated (Fig. 6.11). 

 

Fig. 6.11. BOSCH-process. 

(a) Silicon wafer with etch mask; 

(b) 1st etch step (isotropic); 

(c) Passivation step; 

(d) 2nd etch step (isotropic). 

Figures below (Figs. 6.12 and 6.13) present photographs of three-dimensional silicon 
structures produced using the BOSCH process. 

 

Fig. 6.12. High aspect ratio silicon structures produced using the BOSCH process. 
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Fig. 6.13. Side-wall roughness (scallops) due to alternative etch and passivation steps. 

6.2.3. Piezoresistive Silicon Pressure Sensors - State of the Art 

Piezoresistive silicon pressure sensors utilize the piezoresistive effect to transform the 
pressure to be measured into an electrical signal. The applied pressure causes a pressure 
dependent, two-axial stress or strain field in the membrane of the pressure sensor that is 
measured by integrated piezoresistors (described in Sections 6.2.1 and 6.2.2). To obtain a 
high output signal the piezoresistors are placed in areas of maximum stress or strain. For 
single crystalline silicon piezoresistors the sensitivity (gauge factor) depends on the 
conductivity type, the doping concentration, and the crystallographic orientation of the 
resistors on the wafer. Depending on the relative direction of the current density, the 
electrical field, and the mechanical stress, longitudinal, transverse, and shear effects are 
taken into account as well when single crystalline silicon is used. 

Various forms of silicon pressure sensors exist: monolithic integrated types, in SOI 
(Silicon on Insulator) and SOS (Silicon on Sapphire) technology as well as thin film types 
based on metal and silicon membranes with polysilicon piezoresistors. 

The piezoresistors on the membrane are usually connected to a bridge circuit, so that 
exposure to pressure results in a mostly linear output signal (voltage) when the bridge is 
operated in the constant voltage or constant current mode. The measuring range and 
sensitivity of the sensors are determined by the size and thickness of the membrane. 

6.2.3.1. Most Common Types of Piezoresistive Silicon Pressure Sensors 

6.2.3.1.1. Silicon Pressure Sensors with Integrated Piezoresistors 

The central functional element of this type of pressure sensors is a silicon membrane 
fabricated by either isotropic or anisotropic etching. Four piezoresistors are monolithically 
integrated into the membrane either by diffusion or by ion implantation (Fig. 6.14). 



  Physical Sensors, Sensor Networks and Remote Sensing 

 170

 

Fig. 6.14. Cross-sectional view of a piezoresistive silicon pressure sensor. 

The piezoresistors are connected to a Wheatstone bridge. Positive and negative changes 
R(p) in the resistance with the same absolute value of R(p) are obtained by utilizing 
the longitudinal and transverse piezoresistive effects (Figs. 6.15 and 6.16). 

 

Fig. 6.15. Common designs of silicon pressure sensors. Both designs utilize the longitudinal  
and the transverse effects. 

  

Fig. 6.16. Top and cross-sectional views of a piezoresistive pressure sensor with four integrated 
piezoresistors in (100)-silicon. 
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(100)membrane

Si

{111}

(100)membrane

Si
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Silicon pressure sensors with monolithically integrated piezoresistors are usually based 
on square or (less common) circular membranes. Sensors for low pressures (nominal 
pressure <100 hPa) often have a center boss to reduce the membrane deflection upon 
pressure and therefore to reduce the linearity error. 

Fig. 6.16 shows the top and the cross-sectional views of a piezoresistive Si pressure sensor 
made from (100)-silicon. The side length of the square membrane is 1.2 mm. The cross-
sectional SEM (Scanning Electron Microscope) picture reveals the {111} crystal planes 
that develop during anisotropic etching. The angle between the (100) and the (111) planes 
is 54.7°. Bosch process or DRIE technology can be used to fabricate the sensor membrane 
too. In this case the side wall is vertical. The sensors fabricated by using this method ware 
smaller. Sub-mm-pressure sensors from MAT (Technical University Berlin) have been 
fabricated (Fig. 6.17). 

 

Fig. 6.17. Sub-mm pressure sensor fabricated using Bosch process – Chip size 1×1 mm2. 

Piezoresistive silicon pressure sensor chips are fabricated by a large number of companies 
worldwide (e.g., Bosch, Denso, Druck, Endevco, Infineon, FST AG, Fujikura, GEFRAN 
sensori, Hitachi, Honeywell, IC-Sensors, Kulite, Lucas NovaSensor, Matsushita, 
Motorola, NEC, NeXtSensor, Sensym, SensoNor, Siemens, SMI, Texas Instruments). 

A new fabrication technique based on joining two silicon wafers by silicon wafer bonding 
is schematically shown in Fig. 6.18. The fabrication process starts with etching a cavity 
into the carrier wafer. Then this wafer is joined with a second wafer by silicon fusion 
bonding. The pressure membrane is made by thinning this wafer down to the desired 
membrane thickness using grinding, polishing or etching processes. Then the 
piezoresistors are fabricated by standard methods. 

The advantage of this process compared to that for conventional silicon pressure sensors 
is that the membrane and the carrier are made of Si. Therefore stress due to different 
thermal expansion coefficients can be avoided. A further advantage is that no anisotropic 
etching of the wafer backside is necessary to fabricate the membrane. This allows the chip 
size to be significantly reduced. Such a pressure sensor was made commercially available 
by Lucas Novasensor. 
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Fig. 6.18. Piezoresistive pressure sensor based on two silicon wafers joined by silicon  
fusion bonding.  

Another group of commercial piezoresistive pressure sensors are sensors that utilize one 
instead of four piezoresistive elements. An integrated Hall-element-type structure with 
four terminals ("four terminal gauge") is located on the membrane of these pressure 
sensors (Fig. 6.19). The structure was fabricated by ion implantation. The pressure sensor 
has a square membrane that was made by anisotropic etching. These sensors, known as 
X-ducer-pressure-sensors were produced only by Motorola. 

 

Fig. 6.19. Silicon pressure sensor with a "four terminal gauge"  
(Vb: operating voltage, Va: output voltage) [4].  

6.2.3.1.2. SOI and pSOI Piezoresistive Pressure Sensors 

Certain measurements (e.g. for automobile applications, polymer processing, deep-well 
drilling experiments, and pressure measurements in combustion engines) require pressure 
sensors with an operating temperature range higher than 250 °C. Because of the  
pn-junction insulation of the piezoresistors of the previously discussed sensors (including 
the "four terminal gauge") those sensors are not useful for such 'high' operating 
temperatures. Their maximum operating temperature is approximately 120 °C. Therefore 
piezoresistive SOI based pressure sensors have been developed. In this case the 
piezoresistors are electrically insulated from the substrate by a thin SiO2 layer (Fig. 6.20). 

The piezoresistors are made from single crystalline or polycrystalline silicon. In the first 
case SOI (Silicon-On-Insulator) wafers are used as a starting material. The wafers are 
fabricated by the SIMOX (Separation by IMplanted OXygen), the BESOI (Bond and 
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Etchback SOI) or the Smart-Cut processes. The polycrystalline silicon layers of PSOI 
pressure sensors are deposited in an LPCVD (Low Pressure Chemical Vapor Deposition) 
process on thermally oxidized silicon wafers (PSOI  Polysilicon-On-Insulator). 
Polysilicon piezoresistors result in sensitivities that are two to three times smaller than 
those obtained with single crystalline Si. 

Passivation      Piezoresistors Metallisation

SiO2

Si-Substrate
 

Fig. 6.20. Silicon pressure sensor with dielectrically insulated piezoresistors  
for high temperature applications. 

The technological fabrication process differs from that of conventional piezoresistive 
pressure sensors only in the way the piezoresistors are made. Fig. 6.21 shows a portion of 
a piezoresistor fabricated in SOI technology. The piezoresistor is a mesa structure. It is 
electrically insulated from the substrate by a thin silicon dioxide layer and not a  
pn-junction. SOI pressure sensors are offered by Endevco, Gefran, Kistler, and Kulite. 

 

Fig. 6.21. Piezoresistor of an SOI based pressure sensor [5]. 

Fig. 6.22 shows a pressure sensor chip fabricated using PSOI technology where the 
polysilicon piezoresistors are connected to a bridge circuit. Two resistors are located at 
the membrane edge and two in the center of the membrane to make use of the longitudinal 
effect. The film for the resistors is deposited by LPCVD on thermally oxidized Si wafers. 
Then the film is doped by ion implantation, annealed, and patterned followed by a 
metallization step. 

This type of pressure sensors are fabricated by Ashcroft, ASM, Baumer Electric, E&H, 
and vibro-meter. 
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Fig. 6.22. Pressure sensor chip in PSOI technology with glass as carrier material [5]. 

6.2.3.1.3. SOS Pressure Sensors 

The SOS technology (Silicon on Sapphire) also offers the possibility to produce 
piezoresistive pressure sensors (Fig. 6.23), especially for high temperature applications 
(up to 400 °C). To fabricate the piezoresistors a thin epitaxial Si film is grown on a 
sapphire substrate. SOS substrates with a thin Si film are commercially available with 
diameters up to 150 mm. The fabrication of the mesa-type piezoresistors is done in the 
same way as in the case with SOI substrates. 

 

Fig. 6.23. Schematic of an SOS pressure sensor element. Left and right: 1 – SOS sensing 
element; 2 – cup-shaped metal resilient diaphragm; 3 – collector; 4 – second (input) metal 

diaphragm; 5 – rod connecting two diaphragms [6]. 

Sapphire is chemically very resistant which makes patterning by chemical etching very 
difficult. Therefore three-dimensional patterning of sapphire is done by ultrasonic erosion. 

Pressure sensors in SOS technology are offered by Bourns, IG Mida, Patriot, and 
Sensotron. 
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6.2.3.2. Signal Conditioning for Silicon Piezoresistive Pressure Sensors 

The bridge circuit used for piezoresistive pressure sensors can be operated in the constant 
current or the constant voltage mode. The output signal is a voltage proportional to the 
applied pressure but changes with temperature (Fig. 6.24). 

 

Fig. 6.24. Output signal of a piezoresistive pressure sensor. 

The output signal can be amplified to the desired value with an amplifier or be converted 
into an electrical current (Fig. 6.25). Typical output signals of pressure sensors with an 
amplifier are 0-5 V, 0-10 V, 0-20 mA, and 4-20 mA. 
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Fig. 6.25. Pressure sensor with an amplifier and a subsequent voltage-current (V-I)-converter. 

In most cases piezoresistive Si pressure sensors need to be equipped with temperature 
compensation. 

Fig. 6.26 shows an example of a circuit that makes zero point trimming and a temperature 
compensation of the offset voltage and output voltage possible. 
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P

Vb (Supply voltage)

Sensorchip + Temperature sensor

Va (Output)

 

Fig. 6.26. Signal processing circuit with temperature compensation of the offset voltage  
and the output voltage (Rv: compensation resistor, R1, R2: zero point compensation resistors,  

and RL: linearizing resistor). 

Motorola offers a piezoresistive Si pressure sensor where these functions are integrated 
on the chip (Fig. 6.27). Therefore two implanted resistors for temperature measurements 
and a number of thin film resistors are arranged on the chip. The trimming of the resistors 
is done by laser trimming. 

If the output signal of a silicon pressure sensor needs to be temperature independent 
amplified to a certain value, the signal processing circuit has to fulfil the following 
functions: 

(a) Trimming of the offset voltage; 

(b) Temperature compensation of the offset voltage; 

(c) Temperature compensation of the output signal; 

(d) Amplification and trimming of the output signal. 

Such a circuit is shown in Fig. 6.28. This kind of circuit is usually placed together with 
the pressure sensor element in the same package. The circuits are fabricated in SMD 
technology or in form of thick film hybrid circuits. The sensors with the electronics are 
often called transmitters. 

Silicon pressure sensors with signal processing electronics, or transmitters, are offered in 
Europe by a large number of pressure sensor manufacturers and their distributors (e.g. 
Althen, Baumer Electric, Bosch, FST AG, GEFRAN sensori, Juchheim, Keller, Kistler, 
Motorola, Pewatron, Sensortechnics, SEL Alcatel, Siebe Automotive Dt. Ranco, STS, and 
WIKA). 

Currently also ASICS are offered on the market that allow two-chip or three-chip 
solutions. They require less space for the signal processing electronics (e.g. MCA 
Technologies). 
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 (a)  

(b)  

Fig. 6.27. Pressure sensor (X-ducer) of the MPX 2000 series offered by Motorola with on-chip 
trimming and temperature compensation, (a) chip layout; (b) diagram of the on-chip electronics. 

Single-chip solutions go even one step further. There the pressure sensor and the signal 
processing circuits are integrated on the same chip. These sensors are offered by Bosch, 
Fujikura, and Motorola. Fig. 6.18 shows such smart silicon piezoresistive pressure sensor 
with CMOS (0.15 µm CMOS). 

Fig. 6.29 and Fig. 6.30 show the single-chip pressure sensors from the MPX 5000 series 
and Technical University Berlin. The circuit of the MPX 5000 sensor is shown in  
Fig. 6.31. Next to electronic components, thin film resistors that have been trimmed to the 
desired value by laser trimming, are located on the sensor chip. 
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Fig. 6.28. Amplifying signal processing circuit with temperature compensation and trimming. 

 

Fig. 6.29. Single-chip pressure sensor offered by the Motorola Company.  

6.2.4. Packaging for Silicon Piezoresistive Pressure Sensors 

With pressure sensors the packaging technology plays an important role since the sensor 
chip is mechanically stressed due to the applied pressure. For the reproducibility of the 
measuring signal and the stability of the sensor properties a mechanically reliable 
assembly is necessary. In practice there are only few cases where the pressure 
measurement can be performed with a non-protected sensor element. In most cases an 
application specific housing is required. 
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Fig. 6.30. Smart Silicon Pressure Sensor with on-chip Signal Conditioning  
(TU Berlin, Germany).  

 

Fig. 6.31. Signal processing circuit of the single-chip pressure sensor from the MPX 5000 series 
offered by Motorola. 

The following requirements often have to be met: 

(a) Suitability for gaseous and liquid media; 

(b) High chemical resistance of the parts that touch the pressured media; 

(c) Large range of operating temperatures; 

(d) Compact design; 
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(e) Robust construction; 

(f) No sensitivity towards shocks and vibration; 

(g) Simple installation; 

(h) Low costs. 

The housing has to be matched to the type of pressure to be measured, e.g., absolute, 
relative, differential, or backward gauge pressure (Fig. 6.32). 

 

Fig. 6.32. Schematic design of pressure sensors for the measurements of absolute, relative,  
and differential pressures.  

With silicon pressure sensors the system wafer usually needs to be bonded to a carrier 
wafer. Common bonding techniques are fusion bonding, anodic bonding, eutectic 
bonding, and glass sealing. In practice anodic bonding is most commonly used since it 
offers low temperature hysteresis and low pressure hysteresis, little long term drift, and 
hermetic sealing. 

Many manufacturers also prefer the anodic bonding process because of the advantages it 
offers with the subsequent mounting of the sensor elements to the metal base plate of the 
housing. In this case the pressure sensor chip is electrically insulated from the housing by 
the glass carrier. 

With pressure sensors for low and intermediate pressure ranges epoxy or silicone is often 
used to attach the measuring cell (sensor chip and carrier) to the housing ("soft 
mounting"). For pressure sensors for industrial applications "hard mounting" is preferred. 
Usually Au/Sn-soft soldering at temperatures around 330 °C is performed. For reasons of 
matching the thermal expansion coefficients of silicon and the mounting carrier, Kovar 
(54 % Fe, 29 % Ni, 17 % Co) is often used for the latter (Fig. 6.33). 



Chapter 6. Silicon Micro Piezoresistive Pressure Sensors 

181 

 

Fig. 6.33. Hard and soft mounting of chips. 

By mounting the chip on a tube (Figs. 6.34, 6.35), using a carrier chip made of silicon, 
and introducing a circular groove in the carrier chip hard mounting becomes possible 
without having undesired effects on the membrane due to a mismatch of the thermal 
expansion coefficients of the metal tube and the silicon chip. 

 

Fig. 6.34. Silicon pressure sensor mounted on a metal tube ("platform assembly"). 

There exists a large number of housings that range from plastic housings to stainless steel 
housings with media separation. In Fig. 6.36 examples of plastic housings used by the 
Honeywell are shown. The sensors can only be used in dry and non-aggressive 
environments. They are fabricated without (Fig. 6.36a) and with (Fig. 6.36b) signal 
processing electronics. Next to transistor type housing, SMT housings and DIP housings 
are offered (Fig. 6.37). 
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Fig. 6.35. Piezoresistive silicon pressure sensors in TO8 housings. 

 (a)         (b)  

Fig. 6.36. Silicon pressure sensors in plastic housings used by the Honeywell company: 
(a) Without signal processing electronics; (b) With signal processing electronics. 

 

Fig. 6.37. Piezoresistive silicon pressure sensors in SMT housings and DIP from SMI. 

Unprotected pressure sensor chips are only useful for applications in dry and non-
aggressive environments. If the measurements are to be performed in humid air, liquid or 
aggressive media the sensors can be protected by the following measures: 
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 Measurements in humid air can be performed by applying the pressure from the 
backside of the membrane. 

 In the case of a humid but non-aggressive environment covering of the front side of 
the chip by a protective silicon-gel layer is mostly sufficient (Fig. 6.38). 

 The best protection is offered by an elastic metal membrane that separates the sensor 
from the liquid and/or the aggressive media. For pressure transfer an inert liquid such 
as silicone oil is used (Fig. 6.39). 

Measuring cells with media separation, as shown schematically in Fig. 6.39, are offered 
by a number of companies as so-called OEM products (Fig. 6.40). Suppliers of OEM 
pressure sensors are e. g. Juchheim, Keller, Lucas Novasensor, and Siemens. 
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GlueMetal backplate

Leads
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Fig. 6.38. Covering of a sensor with silicone-gel. 

 

Fig. 6.39. Schematic cross-section of a silicon 
pressure sensor with a separating metal 

membrane and oil filling. 

Fig. 6.40. OEM measuring cell with Si 
pressure sensor element and stainless steel 

housing. 
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7.1. Introduction 

The heart rate (HR) derived from an electrocardiogram (ECG) measurement is widely 
used and accepted as one of the key vital signs [1]. Certainly, much important 
physiological information can be deduced from both heart rates and morphological 
changes in the ECG waveforms. In dry conditions, the benefits of ECG recordings for 
assessing cardiovascular and physiological health have been well documented. We 
speculate that similar invaluable information can be garnered when a subject is fully 
immersed in water, but the evidence is scant since ECG electrodes that can operate when 
water-submersed at hyperbaric depths for prolonged periods have not yet been brought to 
market. 

The significant hyperbaric pressure and cold temperatures associated with increasing 
water depth are known to cause severe challenges to the human physiological control 
systems [2]. When the control systems break down due to prolonged hyperbaric 
exposures, humans are more susceptible to detrimental conditions such as hypothermia, 
hypoxia, and neurological and cardiovascular decompression sickness (DCS) can occur 
when surfaced without proper decompression stops [3-6]. Early detection is crucial for 
taking prompt corrective actions for these conditions. Besides the HR, information derived 
from morphological changes in the ECG waveform can be used to diagnose cardiac 
ischemia, injury, and malignant arrhythmias [7, 8]. Recently, our research group has 
shown that early detection of DCS can be made from heart rate variability (HRV) analysis 
[3]. Specifically, it was found that for neurological DCS, which is the most severe form 
of DCS, there was significant depression of the sympathetic and parasympathetic tones as 
determined by HRV analysis [3]. For cardiopulmonary DCS, we found elevated 
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parasympathetic but reduced sympathetic tone [9]. Hence, an underwater monitor that can 
measure ECG signals so that HRV analysis can be performed is needed. If it were 
available, early detection of DCS could be made and counter measures could be developed 
to prevent injuries due to prolonged exposure to a hyperbaric environment. 

A fully functional and reliable underwater ECG monitoring system, capable of recording 
ECG waveforms even with water infiltration, does not currently exist to support either 
shallow or deep diving medical research. Recently, a device that has the potential for long-
term ECG monitoring has been tried, but it relies on using silver/silver chloride (Ag/AgCl) 
electrodes that are held in place with water-resistant tape [10, 11]. Good adhesion to skin 
after adequate skin preparation makes the standard Ag/AgCl electrodes with hydrogel 
(“wet” electrodes) the universal option for clinical and research applications in dry 
environments [12]. However, some limitations of the wet Ag/AgCl electrodes include skin 
irritation, bacterial growth especially for long-term recordings, hydrogel dehydration over 
time, and signal degradation with sweat [13]. In addition, unopened Ag/AgCl electrode 
packages have expiration dates that complicate inventory management. Both their 
obsolescence and disposability increase costs. For these and other reasons, it is difficult 
to incorporate Ag/AgCl electrodes into a neoprene protective wetsuit, especially because 
the electrodes’ function falters in underwater condition. The only alternative that 
researchers have had is to use copious amounts of waterproof tape over the electrodes to 
prevent water penetration [14]. However, the consequence is severe skin irritation due to 
the tape, and it can tear the skin when it is removed. Donning a dry suit is an option to 
prevent water penetration but it is expensive compared to a wetsuit and it is limited to cold 
water applications. 

Dry electrodes have been considered as an alternative to conventional wet Ag/AgCl 
electrodes for long-term ECG recordings, particularly because they do not require an 
electrolyte layer [15-17]. Recently, use of carbon nanotube-Polydimethylsiloxane 
(PDMS) based dry electrodes was proposed for ECG and electroencephalographic (EEG) 
recordings [13, 18]. In particular, ECG carbon nanotube/PDMS dry electrodes exhibited 
superior performance to other dry electrodes and were found to be robust even when 
subjects perspired [13]. However, the fabrication process is expensive and complicated. 
In addition, no studies were conducted to analyze the performance of these carbon 
nanotube-based electrodes during full water immersion. 

Given the lack of electrodes that are fully functional during water immersion without the 
use of waterproof adhesive tape, in this chapter we will illustrate the development of a 
novel carbon black powder/PDMS (CB/PDMS) composite electrode for underwater ECG 
monitoring. In this chapter, we describe 1) the fabrication process of the electrodes,  
2) determination of the optimal size of the electrodes, 3) the relationship between 
impedance values and the fixation pressure on the skin, 4) mechanical tests, 5) cytotoxicity 
tests, and 6) evaluation of CB/PDMS electrodes for ECG data collection during both dry 
and full water immersion conditions. Experiments and data analyses to determine ECG 
signal fidelity comparing the CB/PDMS electrodes to the Ag/AgCl electrodes are 
provided. 
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In addition, we present a reevaluated design of the CB/PDMS electrodes to enhance better 
electrical conductivity over the entire surface of the electrode. Improvements were made 
by embedding a fine copper wire mesh into the CB/PDMS electrode, posterior to the 
electrode contact surface. Finally, we present the performance comparison of 
commercially-available dry electrodes (Polar® textile, silver-coated textile, and carbon 
rubber electrode) to CB/PDMS electrodes with and without copper mesh in 
fresh/unfiltered, chlorinated and salt water. 

7.2. Materials and Methods 

7.2.1. Fabrication of Copper Mesh CB/PDMS Electrodes 

CB/PDMS electrodes were redesigned and fabricated to incorporate an embedded copper 
mesh. Dimensions of the copper mesh CB/PDMS electrodes were controlled via 
rectangular ABS plastic molds with a contact surface area of 8 cm × 2 cm, similar to those 
of dry commercial electrodes. An illustration of the fabricated copper mesh CB/PDMS 
electrode is shown in Fig. 7.1. A scanning electron microscope (SEM) was employed to 
observe the microstructure of CB/PDMS electrodes in high vacuum at different 
magnifications after using the freeze-fracture technique. SEM micrographs revealed a 
uniform distribution of carbon black particles inside the elastomeric PDMS matrix, as 
shown in Fig. 7.2.  

 

Fig. 7.1. Carbon black/PDMS mesh electrode fabrication cavity mold. 

7.2.2. Characterizing the CB/PDMS Electrodes 

CB/PDMS were subjected to three different types of analysis for their characterization: 
impedance analysis, mechanical analysis and cytotoxicity analysis.  
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Fig. 7.2. High-vacuum SEM image of carbon black/PDMS electrodes. Scale bar = 1000 nm. 

7.2.2.1. Electrode-Skin Contact Impedance Measurements 

We compared CB/PDMS (without copper mesh) and copper mesh CB/PDMS to 
commercially-available dry ECG electrodes, including the Polar® textile (Polar® 
System), silver-coated textile (Nuga Medical), and carbon rubber (Wahoo Fitness) 
electrodes. An impedance analyzer (IM3570, Hioki E.E. Corporation) was employed to 
produce a frequency sweep from 4 Hz to 100 kHz using 25 logarithmically equally-spaced 
frequency points, and an average of 20 measurements was taken at each point. Each pair 
of all electrodes to be compared was placed 2 cm apart, perpendicular to the midline on 
the anterior forearm skin. Selection of the measurement frequency range and the location 
of the electrodes were chosen to compare results with those from previous electrode-skin 
impedance studies [13, 16]. Electrodes were fixed to the skin using an elastic compression 
band. Skin area preparation consisted of cleaning with 70 % isopropyl alcohol. Impedance 
measurements were started 30 seconds after fixation to allow all electrodes an equal time 
to stabilize on the skin surface. All measurements were performed on the same day to 
keep skin properties as constant as possible [13].  

7.2.2.2. Mechanical Properties of CB/PDMS Electrodes 

Characterization of the mechanical properties of the CB/PDMS electrodes included the 
analysis of temporal changes in their mechanical properties in different liquid 
environments, as well as uniaxial tensile testing to determine their ultimate tensile strength 
(UTS), strain at failure, and elastic modulus (E).  
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7.2.2.2.1. Aging in Aqueous Environments 

CB/PDMS electrodes were rapidly aged by incubating them in a glass beaker for 5 to  
14 days at 37 °C in one of three liquid environments: 

 Fresh water environment, tap water with pH = 7.7;  

 Chlorinated water environment;  

 Salt water environment simulated with aquarium salt (Instant Ocean, United Pet 
Group, Blacksburg, VA, USA) in deionized (DI) water at a specific gravity of  
1.022 (measured using a FLUVAL SEA hydrometer).  

ASTM D412-06a (Standard test method for vulcanized rubber and thermoplastic 
elastomers – tension) standards were followed and dog bone shaped CB/PDMS electrodes 
were prepared by casting the mixture into custom-made ABS molds. After the aging 
period, CB/PDMS electrodes samples were removed from the liquid environments and air 
dried for 24-48 hours before tensile testing. Control (non-aged samples) were also 
prepared and tested within 24 hours of fabrication. 

7.2.2.2.2. Uniaxial Tensile Testing  

Dry samples were loaded onto an Instron 5544 uniaxial testing machine (Instron Inc.) with 
a 2 kN load cell and screw action grips. Samples with a gauge length of 33 mm were 
strained until failure at a constant rate of 500 mm/min according to ASTM D412-06a. The 
ultimate tensile strength (UTS) was defined as the peak stress value on the stress-strain 
curve for each sample and the corresponding strain value was recorded as the strain at 
failure. The elastic modulus, E, was calculated as the slope of a best fit line (R2 > 0.95) 
for strains from 0 to 40 % (or from 0 % to failure for samples that failed at strains  
< 40 %). Samples that broke in the grip region were excluded from further analysis. 

Statistical comparisons of different sample groups at each time point were performed 
using a one-way ANOVA with Holm-Sidak post hoc analysis. A significant difference 
between groups was indicated by p < 0.05. Comparisons between two time points within 
a particular sample group were made using a Student’s t-test. A significant difference 
between groups was indicated by p < 0.05. SigmaPlot (SyStat Software Inc., San Jose, 
CA, USA) was used to perform statistical analysis. 

7.2.2.3. Cytotoxicity Test of Copper Mesh CB/PDMS Electrodes 

7.2.2.3.1. Preparation of Material Extracts and Cell Culture  

To investigate whether the meshed CB/PDMS electrode materials leach cytotoxic residues 
into the local tissue environment, we analyzed the in vitro cytotoxicity of extract liquids 
obtained from electrode samples. Material extracts were prepared according to ASTM 
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F619-03 (Standard Practice for Extraction of Medical Plastics). Samples, each containing 
five carbon black PDMS electrodes with copper mesh (20 mm diameter × 2 mm 
thickness), were weighed and placed in clean 125 mL glass bottles. An equivalent weight 
( ± 0.5 g) of positive control latex disks (3/4 in diam. × 1/16 in; McMaster-Carr, Princeton, 
NJ) and negative control high density polyethylene disks (HDPE; ¾ in dia. × 3/32 in; 
McMaster-Carr, Princeton, NJ) were also prepared in 125 mL glass bottles. The average 
total weights of the electrodes, HDPE and latex samples were 3.510 ± 0.093 g,  
3.492 ± 0.281 g and 3.377 ± 0.136 g respectively. The bottles and material samples were 
sterilized by autoclaving. An appropriate extraction medium (for L929 cells, high glucose 
DMEM; for NHEKs, KBM-Gold) was added to each bottle at 5 mL medium/g sample 
weight. An additional extract medium control (no material samples) was prepared by 
adding 17 mL appropriate extract medium to an autoclaved 125 mL bottle. All material 
extract samples and extract medium controls were incubated at 37°C for 5 days on an 
orbital shaker. After 5 days of extraction, extract medium was removed from material 
samples and stored in sterile glass bottles for up to 24 hours before use in the Extract 
Cytotoxicity Assay. 

For cell culture studies, extract medium cytotoxicity assays were performed on confluent 
monolayers of L929 mouse connective tissue fibroblasts (CCL-1; ATCC, Manassas, VA, 
USA) or pooled neonatal normal human epidermal keratinocytes (NHEK; Lonza, 
Walkersville, MD, USA). L929 cells were cultured in high glucose Dulbecco’s Modified 
Eagle Medium (DMEM; Life Technologies, Carlsbad, CA) supplemented with 10 % fetal 
bovine serum (FBS; Hyclone, Logan, UT) and 100 U-mL/100 mg-mL/2 mM 
penicillin/streptomycin/L-glutamine (Life Technologies, Carlsbad, CA). L929 cultures 
were maintained at 37 °C, 5 % CO2 and passaged at 80-90 % confluence according to 
ATCC recommendations. For extract cytotoxicity experiments, L929 cells were seeded at 
a density of 27,000 cells/cm2 in a 24-well plate and grown to confluence. NHEK cells 
were cultured in KBM-Gold medium (Lonza, Walkersville, MD) at 37 °C, 5 % CO2 and 
were subcultured at 80-90 % confluence according to Lonza recommendations. For 
extract cytotoxicity experiments, NHEK cells were seeded at a density of  
20,000 cells/cm2 in a 24-well plate and grown to confluence. 

7.2.2.3.2. Extract Cytotoxicity Assay 

To assess the cytotoxicity of medium extracted from the electrodes, extract cytotoxicity 
cell culture evaluation was performed according to ASTM F619-03. Cell culture medium 
was removed from confluent cell layers and replaced with the extracted electrode medium. 
Immediately prior to replacement, the L929 extract medium was supplemented with 10 % 
FBS and 1 % penicillin/streptomycin/L-glutamine. Samples were incubated with the 
extracted medium for 24 hours, and the morphology of cells was assessed by phase 
contrast microscopy. Wells with no cells and no added extract medium (fresh medium 
was added instead) served as background controls. 

Cell viability was assessed using an MTT reduction assay to measure cell metabolic 
activity. Extract media were removed from wells and cultures were incubated in media 
supplemented with 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
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bromide (MTT; Sigma, St. Louis, MO) at 37 °C, 5 % CO2 for 2 hours. Unreacted MTT 
solution was aspirated. The formazan product was solubilized with 500 µL dimethyl 
sulfoxide (DMSO; Sigma) per well and the supernatant was diluted 1:4 with DMSO. The 
optical density of the sample (OD sample) was measured in triplicate in a microplate  
(100 µL/well) at 540 nm using a SpectraMax 250 plate reader. Data for each sample was 
normalized between experiments using the following equation: 

 % 𝐶𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦   

 
 100, (7.1) 

where ODno cells is the average OD reading of empty wells containing no cells incubated 
with MTT and ODextracted medium is the average OD reading of MTT incubated in wells 
containing cells, but incubated with extracted medium only (no material) during the 
extract cytotoxicity assay. 

7.2.2.3.3. Statistical Analysis 

Extract cytotoxicity experiments were conducted on 9 samples of five electrodes each and 
9 samples each of HDPE and Latex controls of equivalent weight for each cell type. Each 
sample was added to confluent cell layers in triplicate, resulting in n = 27 samples for the 
MTT assay. Statistical differences for cytotoxicity studies were evaluated using 
SigmaPlot version 12.5 (Systat Software, Inc.). A Kruskal-Wallis one-way Analysis of 
Variance (ANOVA) on ranks with Student-Newman-Keuls post-hoc analysis was 
performed. A significant difference between groups was indicated by a p value < 0.05. 

7.2.3. Performance Evaluation of ECG Measurements Underwater  

Both variants of hydrophobic CB/PDMS electrodes were tested during ECG recording 
under-water. The meshed CB/PDMS electrodes were compared to the solid CB/PDMS 
and dry commercial electrodes in three different water environments: 1) fresh/unfiltered, 
2) chlorinated, and 3) salt water to test the extent of amplitude reduction as well as the 
more realistic water chemistries found in practice.  

7.2.3.1. Signal Processing 

Signal preprocessing of the ECG recordings included digital filtering, alignment of 
simultaneous recordings, and automatic R-peak detection. Filtering stages consisted of 
zero-phase filtering with a 4th order Butterworth bandpass filter between 0.05 and 40 Hz, 
as well as a non-local mean filtering to minimize the white Gaussian noise noted in the 
collected data [19, 20].  

Alignment of the signals simultaneously recorded with the different electrodes was 
performed via the cross-correlation function between 20 seconds of clean segments 
extracted from each recording.  
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After alignment, a segment of at least 2 consecutive minutes was manually extracted from 
the simultaneous Holter recordings. The data inclusion criterion was that ECG signals 
from the three Holter recorders all had to contain relatively noise-free measurements. We 
required a data duration of at least 2 minutes so that spectral dynamics associated with the 
heart rate variability (HRV) analysis could be obtained [8].  

An automatic R-wave peak detection algorithm was employed on all selected ECG 
segments [21], [22], followed by manual correction of the detected peaks when necessary. 
ECG templates were computed for each selected ECG segment by sample averaging the 
ensemble of ECG cycles aligned with respect to their R peaks. To obtain HR, the RR time 
series were computed at a 4 Hz sampling frequency via cubic spline interpolation, and the 
power spectral densities of the RR time series were computed via the Welch’s modified 
periodogram method with 50 % overlapping Hamming windows, and NFFT = 1024. 
Temporal and spectral parameters were extracted from the RR intervals as defined in the 
literature [8].  

7.2.3.1.1. Heart Rate Variability 

Together with the amplitude reduction and morphology analysis of ECG templates, HRV 
indices were used to quantify the performance of the CB/PDMS electrodes. Four temporal 
and four spectral HRV indices were computed as listed in Table 7.1.  

Table 7.1. Heart rate variability indices employed to quantify the performance of CB/PDMS 
electrodes underwater. 

Temporal indices Definition Units 
Mean RR interval Average of all RR intervals ms 

SDNN Standard deviation of all RR intervals ms 

RMSSD 
Square root of the mean of the sum of the squares 
of differences between adjacent RR intervals 

ms 

NN50 
Number of pairs of adjacent RR intervals differing 
by more than 50 ms in the entire recording 

unitless 

Spectral HRV indices   
LF Power in low frequency band from 0.04-0.15 Hz ms2 
HF Power in high frequency band from 0.15-0.4 Hz ms2 

Total power Power in the frequency band from 0.04-0.15 Hz ms2 

LF/HF ratio 
Ratio between low frequency band and high 
frequency band 

unitless 

 

7.2.3.1.2. Morphology and Amplitude Analysis 

The ECG templates were used to quantify the amplitude reduction during immersed and 
wet conditions with respect to the dry condition, by measuring their peak-to-peak 
amplitude. To quantify possible distortions in the collected ECG, the cross-correlation 
coefficient between ECG templates from CB/PDMS electrodes and reference Ag/AgCl 
electrodes was computed as follows: 



Chapter 7. Carbon Black/Polydimethylsiloxane Electrodes for Underwater Cardiac Electrical Activity 
Collection 

193 

 𝜌  
∑ / ∙ /  

∑ /  ∙∑ /  

, (7.2) 

where 𝐸𝐶𝐺  represents the corresponding ECG template obtained with the specified 
electrodes, and N is the number of samples in the ECG templates.  

Statistical analysis between CB/PDMS electrodes and reference wet Ag/AgCl electrodes 
was performed for each abovementioned performance index using the paired t-test, 
considering p < 0.05 as significant.  

7.2.3.2. Copper mesh CB/PDMS vs. Other Dry Electrodes in Fresh, Chlorinated, 
and Salt Water 

7.2.3.2.1. Subjects 

Ten (N = 10) healthy male volunteers of ages ranging from 21 to 40 years (mean  
 ± standard deviation 28.40 ± 5.91), weight 72.79 ± 11.45 kg, height 175.0 ± 4.66 cm, and 
body mass index (BMI) 23.82 ± 3.89 were enrolled in this study. The group consisted of 
students and staff members from Worcester Polytechnic Institute (WPI), MA, USA. The 
study protocol was approved by the Institutional Review Board of WPI and all volunteers 
consented to be subjects for the experiment. 

7.2.3.2.2. Protocol  

ECG data from each type of tested electrode were recorded via a 1-channel ECG 
monitoring device for lead I measurements via two electrodes with virtual right-leg driven 
circuit (see Fig. 7.3F). The device was designed and fabricated by our research group. 
Bluetooth® wireless communication protocol (Bluetooth SIG, Inc., WA, USA) was 
employed to transmit the collected ECG to a personal computer running a LabVIEWTM 
(National Instruments, TX, USA) user interface that controlled the data acquisition, 
provided a real-time display, and managed the data storage (Fig. 7.3F). For each type of 
electrode, an elastic chest strap fitted with the electrode in a 2-lead configuration was used 
for the water immersion test.  

Five different types of dry electrodes (Fig. 7.3) were tested in the study, as follows:  

 Polar® textile electrode (Silver-coated thread + normal thread, Polar® System), which 
is fabricated by sewing both silver-coated and normal threads in a lattice pattern, with 
an active rectangular area of 8×2 cm; 

 Silver-coated textile electrode (Silver-coated fabric, Nuga Medical), which is made by 
coating silver particles on normal fabric, with an active rectangular area of 7×3 cm;  

 Carbon rubber electrode (Carbon + Rubber, Wahoo Fitness), which is made by mixing 
carbon powder and a rubber component, with an active rectangular area of 8×2 cm;  
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 CB/PDMS electrode (carbon black powder + PDMS polymer, self-production) with 
an active rectangular area of 8×2 cm;  

 Modified copper mesh CB/PDMS electrode (CB/PDMS with an embedded copper 
mesh, self-production), with an active rectangular area of 8×2 cm.  

 

Fig. 7.3. Electrodes tested in this study: (A) Polar® textile; (B) Silver-coated textile; (C) Carbon 
rubber; (D) CB/PDMS; (E) Copper meshed CB/PDMS, and (F) a prototype chest-strap water 

immersible ECG monitoring device. 

The commercially-available textile-based electrodes (Polar® textile and silver-coated 
textile) were already fabricated into a chest strap. On the other hand, the carbon-based 
electrodes (carbon rubber, CB/PDMS, and copper mesh CB/PDMS) were placed between 
the skin and a chest strap and were directly connected to an ECG monitoring device via 
insulated copper electrical wires. Paraffin glue was employed to waterproof the wire 
connections from the electrodes to the recording device. Wet Ag/AgCl electrodes were 
not compared in the study, as their performance greatly deteriorates after water penetration 
between the electrode and skin, even in fresh water [23]. To ensure good conductance, 
textile-based electrodes were wetted during dry conditions, while all carbon-based 
electrodes were kept dry. 
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7.2.3.2.3. Water Environments and Conditions Tested 

The performance of the five different types of dry electrodes was tested in three different 
water environments: 1) Fresh/unfiltered; 2) Chlorinated, and 3) Salt water. Each 
experiment lasted six minutes and was divided into dry, immersed and wet conditions, 
each of two-minute duration.  

Recordings were performed sequentially as each subject wore one type of electrode at a 
time. All experiments were conducted on the same day for each subject. The fresh and 
chlorine water tests were conducted in a bathtub and swimming pool, respectively, while 
the salt water test was conducted in an inflatable pool. The water temperature was 
maintained at approximately 25°C for all types of water.  

7.2.3.2.4. Morphology and Amplitude Analysis 

For each type of water, experimental condition, and type of electrode, a 30-second, noise-
free, ECG segment was selected. The R-wave and S-wave peaks of the ECG signals were 
automatically detected [24], and used to compute the amplitude reduction of the collected 
signals, as the amplitude difference of two adjacent waves at each cardiac cycle. The mean 
ECG amplitude value was also obtained for each subject, type of water, experimental 
condition, and type of electrode.  

Data from each experimental condition were normalized with respect to the mean 
amplitude during dry conditions, to see significant amplitude reduction or significant 
amplitude gain during the immersed and wet conditions, for a specific electrode type, via 
the two related samples Wilcoxon signed rank test with p < 0.05 considered as significant. 
The performance of the copper mesh CB/PDMS electrodes as defined by amplitude 
reduction during water immersion versus that from every other electrode type for the 
immersed and wet conditions was also tested. Performance analysis was performed 
separately for each water condition in IBM SPSS Statistics software (IBM Corporation, 
Armonk, NY, USA). 

7.2.3.3. Performance in Long Term Underwater ECG Recordings 

The prior experiments performed, described above, yielded short-term ECG recordings, 
lasting less than five minutes underwater. We also needed to test the ability of the 
CB/PDMS electrodes to record ECG signals underwater for prolonged periods. To this 
end, ECG signals were collected from Navy SCUBA divers immersed for 6 hours at the 
bottom of a 4.5 meter deep pool filled with chlorine water at 30°C, while alternating 
between 30 minutes of relaxing (sitting upright in a chair) and 30 minutes of biking, and 
with a 10 minute lunch break on the surface after 3 hours of immersion as detailed in [25]. 
A total of 11 recordings were collected from 4 different divers for this portion of the study, 
using only the CB/PDMS electrodes. Each diver wore a tight compression shirt over the 
chest strap containing the CB/PDMS electrodes. ECG templates were computed as 
explained in the next section for each quiescent segment of each recording and their 
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amplitudes were used to test if amplitude reduction occurred at the end of the experiment 
with respect to the start of data collection. 

7.3. Results 

7.3.1. Electrode-Skin Impedance Measurements. CB/PDMS vs. Other Dry 
Electrodes 

Fig. 7.4 shows the impedance values of the electrode-skin interface, as a function of 
frequency, for the different dry electrodes tested. All electrode types had varying 
impedance performance over a wide range of frequencies in all conditions. The impedance 
characteristics of our CB/PDMS (both meshed and non-meshed) electrodes did not change 
over the sweeping frequency ranges in any of the conditions, whereas other electrode 
types had much lower impedances in both immersed and wet conditions when compared 
to the dry condition. The silver-coated textile electrode had even lower impedance in the 
immersed condition than did the Polar® textile electrode. The impedance of both textile 
electrodes flattened out considerably as a function of increasing frequency, especially 
when they were exposed to water, but all carbon-based electrodes have linearly decreasing 
impedance with increasing frequencies in log scale.  

7.3.2. Mechanical Properties after Aging in Aqueous Environments 

Results presented in Fig. 7.5 suggest that CB/PDMS materials deform elastically until 
failure as the tensile stress vs. strain curves for each sample show a linear region followed 
by a rapid drop in stress. Analyses of UTS, E, and strain at failure (%) data for the 
CB/PDMS samples indicate that there were no statistical differences between any of the 
aged and non-aged sample conditions. These findings suggest that aging of CB/PDMS 
electrodes in aqueous environments does not affect their tensile strengths. A summary of 
the uniaxial tensile tests performed on CB/PDMS samples after aging in the liquid 
environments and in ambient conditions, is presented in Table 7.2.  

7.3.3. Cytotoxicity Test 

This section presents the results obtained for Copper Mesh CB/PDMS electrodes from the 
cytotoxicity test.  

7.3.3.1. Copper Mesh CB/PDMS Electrodes 

The cytotoxicity of extracts derived from the redesigned CB/PDMS electrodes was 
evaluated by incubating the extracts with connective tissue cells (L929 cells) and primary 
human epidermal keratinocytes (NHEK). Microscopic analyses showed minimal cell 
death in monolayer cell cultures in contact with medium extracted from redesigned 
CB/PDMS electrodes (Fig. 7.6).  
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Fig. 7.4. Contact impedance (ohm) against frequency for five electrode types in fresh water:  
(A) Polar® textile; (B) Silver-coated textile; (C) Carbon rubber; (D) CB/PDMS,  

and (E) Meshed CB/PDMS. 
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Fig. 7.5. Characteristic plots of stress vs. strain for CB/PDMS after aging in various 
environments. Note that “d” refers to aging days. 

Table 7.2. Summary of mechanical properties of CB/PDMS aged in different environments. 

Sample group n
UTS 

(MPa) 

Strain at 
Failure 

(%) 
E (MPa) 

Load at 
failure (N) 

Cross 
sectional 

area (mm2) 

CB/PDMS non-aged 6 1.38 ± 0.37 24.4 ± 5.05 5.22 ± 0.54 31.1 ± 8.75 22.51 ± 0.78 

CB/PDMS ambient (5d) 8 1.48 ± 0.32 28.5 ± 9.02 5.81 ± 0.55 32.1 ± 7.01 21.7 ± 0.94 

CB/PDMS-ambient (14d) 3 1.41 ± 0.42 24.3 ± 3.76 5.29 ± 0.80 30.5 ± 7.32 21.9 ± 1.16 

CB/PDMS fresh (5d) 7 1.35 ± 0.23 24.7 ± 5.32 4.81 ± 0.67 28.4 ± 4.84 21.1 ± 0.37 

CB/PDMS fresh (14d) 4 1.32 ± 0.39 22.8 ± 6.29 5.41 ± 1.05 29.5 ± 8.30 22.4 ± 1.04 

CB/PDMS chlorine (5d) 7 1.63 ± 0.40 31.8 ± 10.7 5.10 ± 0.79 34.8 ± 7.89 21.5 ± 1.25 

CB/PDMS chlorine (14d) 4 1.32 ± 0.31 24.7 ± 6.98 5.03 ± 0.44 29.3 ± 7.51 22.0 ± 1.09 

CB/PDMS salt (5d) 7 1.38 ± 0.22 22.4 ± 4.82 5.57 ± 0.92 28.8 ± 4.72 20.9 ± 0.59 

CB/PDMS salt (14d) 4 1.00 ± 0.54 16.1 ± 9.91 5.77 ± 0.51 20.8 ± 11.6 20.7 ± 0.83 

 

7.3.3.2. Cytotoxic Effect of Electrodes on L929 Cells  

L929 cells cultured with medium extracted from the redesigned CB/PDMS electrodes 
(Fig. 7.6A) remained adhered to the tissue culture plate and were morphologically 
consistent with cells cultured in the presence of extracts from the negative control 
material, HDPE (Fig. 7.6C), extracted medium only (no material) (Fig. 7.6D), and the 
fresh medium control (Fig. 7.6E). In contrast, L929 monolayers cultured with medium 
extracted from the latex positive controls were completely disrupted (Fig. 7.6B). The  
L929 cells that remained had a rounded shape and were not well attached to the tissue 
culture plate. Statistically, there was no difference between the % cellular activity of L929 
cells cultured with medium extracted from the redesigned CB/PDMS electrodes and those 
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incubated with the negative control (HDPE) extract (Fig. 7.6F). The % cellular activity of 
L929 cells cultured with medium extracted from the electrodes and cells cultured with 
medium extracted from the HDPE (negative control) were significantly greater than  
the % cellular activity of L929 cells cultured with medium extracted from the latex 
(positive control).  

 

Fig. 7.6. Cytotoxic effect of electrodes on L929 cells. Phase contrast images of L929 cells after 24 
hour incubation with medium extracted from (A) CB/PDMS electrodes, (B) latex, (C) HDPE, (D) 
extracted medium only (no material), (E) fresh medium control. Scale bars = 250 µm.  
(F) Cellular activity as determined by MTT assay (normalized to the extracted medium control) is 
presented as mean + standard deviation. * indicates statistical difference from all other materials 
(p < 0.05). 

7.3.3.3. Cytotoxic Effect of Electrodes on NHEK Cells  

NHEK cells cultured with medium extracted from CB/PDMS electrodes remained 
adhered to the tissue culture plate. Additionally, the NHEK monolayers cultured in the 
presence of the extracts from the electrodes were morphologically consistent with NHEK 
monolayers cultured in the presence of extracts from the negative control material, HDPE, 
extracted medium only (no material), and the fresh medium control. By contrast, NHEK 
monolayers cultured with medium extracted from the latex positive controls were 
completely disrupted. The NHEK cells that remained had a rounded shape and lacked the 
cell-cell contact typical of this cell type, indicating cell death. Statistically, there was an 
increase in % cellular activity of NHEK cells cultured with medium extracted from the 
CB/PDMS electrodes compared to those incubated with the negative control (HDPE) 
extract. The % cellular activity of NHEK cells cultured with medium extracted from the 
electrodes and cells cultured with medium extracted from the HDPE (negative control) 
were significantly greater than the % cellular activity of NHEK cells cultured with 
medium extracted from the latex (positive control). 
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7.3.4. Performance of CB/PDMS Electrodes Underwater 

7.3.4.1. Copper Mesh CB/PDMS vs. Other Dry Electrodes in Fresh, Chlorinated, 
and Salt Water 

Salt water represents the most challenging aqueous environment of the three studied. 
Accordingly, representative ECG signals collected from one subject with each electrode 
type during the three experimental conditions of the salt water immersion experiment are 
shown in Fig. 7.7. Overall, the copper mesh CB/PDMS electrodes performed well in all 
conditions as there was no apparent R-peak amplitude reduction; in fact, for this subject, 
there was amplitude amplification when both immersed and wet. Note the significant  
R-peak amplitude reduction with both Polar® and silver-coated textile electrodes during 
salt water immersion. In general, ECG amplitudes were similar between the dry and wet 
conditions for all types of electrodes but for this subject, the ECG amplitude from silver-
coated textile electrodes did not recover fully to the dry condition. A summary of the 
average across all subjects of the mean ECG amplitude reduction/gain for each electrode 
type between dry and immersed conditions, and between dry and wet conditions, are 
presented in Table 7.3 and Table 7.4, respectively, for all water mixtures. The copper 
mesh CB/PDMS electrodes stand out in this table for uniquely demonstrating amplitude 
amplification in immersed and wet conditions for all water environments. 

 

Fig. 7.7. Examples of ECG signals collected from one of the subjects in salt water for each type 
of electrode and tested condition. Red and black circles indicate the R-peak and S-peak locations, 

respectively, as determined by the automatic peak-detection algorithm. 
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Table 7.3. Mean of amplitude reduction (%) between dry and immersed conditions  
(N = 10 subjects). 

Electrodes Fresh water Chlorine water Salt water 
Polar® Textile -66.69 -93.81 -99.38 
Silver-coated Textile -79.94 -98.33 -100.00 
Carbon Rubber -10.20 -35.07 -46.45 
CB/PDMS +1.85 -5.36 -32.22 
Meshed CB/PDMS +24.84 +15.19 +1.97 

 

Table 7.4. Mean of amplitude reduction (%) between dry and wet conditions (N = 10 subjects). 

Electrodes Fresh water Chlorine water Salt water 
Polar® Textile +27.20 -16.13 -37.91 
Silver-coated Textile +13.41 -16.04 -51.98 
Carbon Rubber +8.10 -2.67 -22.99 
CB/PDMS +12.87 -2.46 -14.17 
Meshed CB/PDMS +31.77 +0.48 +3.60 

 

Fig. 7.8 depicts the mean ECG amplitude values normalized to dry condition for each 
electrode type in fresh, chlorine, and salt water, for all three conditions (dry, immersed, 
wet). As can be seen by considering the comparison of amplitudes between immersed and 
dry conditions, the amplitude reductions of textile-based electrodes (Polar® and silver-
coated) are significantly greater than those of carbon-based electrodes (rubber, CB/PDMS 
and copper mesh CB/PDMS). The copper mesh CB/PDMS electrode was the most 
successful in preserving the ECG signal amplitude in all types of water. Overall, for all 
types of electrodes, salt water yielded the greatest reduction values in ECG signal 
amplitude while the reduction values in fresh water were lowest. When immersed in fresh 
water, there were significant amplitude reductions for textile-based electrodes (p < 0.003) 
and significant amplitude gain for the copper mesh CB/PDMS electrode (p < 0.015), as 
shown in Fig. 7.8A. Immersed in chlorine water, all types of electrodes except for 
CB/PDMS based-electrodes exhibited significant amplitude reductions (p < 0.003 for 
textile-based, and p < 0.015 for carbon rubber), as shown in Fig. 7.8C. Immersed in salt 
water, there were significant amplitude reductions for all types of electrodes except copper 
mesh CB/PDMS electrodes (p < 0.001 for silver-coated, p < 0.002 for Polar®, p < 0.007 
for carbon rubber, and p < 0.015 for CB/PDMS) as shown in Fig. 7.8E. In the comparison 
between wet and dry conditions, among carbon-based electrodes, the copper mesh 
CB/PDMS electrodes had better performance than the others as there was no amplitude 
reduction after immersion in any type of water, while textile-based electrodes exhibited 
significant amplitude reductions in the wet condition after immersion in either chlorinated 
or salt water. After fresh water immersion, there were significant amplitude gains in 
carbon rubber (p < 0.03), CB/PDMS (p < 0.003) and copper mesh CB/PDMS (p < 0.003) 
electrodes in the wet condition, as shown in Fig. 7.8A. After chlorine water immersion, 
there were significant amplitude reductions in textile-based electrodes (p < 0.05 for silver- 
coated, and p < 0.015 for Polar®) in the wet condition, as shown in Fig. 7.8C. After salt 
water immersion, there were significant amplitude reductions for all types of electrodes 
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except copper mesh CB/PDMS electrodes in the wet condition (p < 0.003 for textile-
based, p < 0.004 for carbon-rubber, and p < 0.03 for CB/PDMS), as shown in Fig. 7.8E.  

 

Fig. 7.8. (A-D). Comparison of normalized ECG amplitude for each type of water. (A) In fresh 
water: Statistical comparison among different conditions for each electrode. Asymptotic significant 
values displayed. First two rows indicate statistically-significant amplitude reduction or gain 
(italic) compared to initial dry condition. Third row indicates statistically-significant amplitude 
recovery from immersed to wet condition. (B) In fresh water: Statistical comparison of meshed 
CB/PDMS electrodes versus other electrode types in both immersed and wet conditions. 
Asymptotic significant values displayed. (C) In chlorinated water: Statistical comparison among 
different conditions for each electrode. Asymptotic significant values displayed. First two rows 
indicate statistically-significant amplitude reduction or gain compared to initial dry condition. 
Third row indicates statistical-significant amplitude recovery or decrement from immersed to wet 
condition. (D) In chlorinated water: Statistical comparison of meshed CB/PDMS electrodes versus 
other electrode types in both immersed and wet conditions. Asymptotic significant values 
displayed.  

Finally, ECG templates computed during all experimental conditions with the copper 
mesh CB/PDMS electrode in fresh, chlorinated, and salt water are presented in Fig. 7.9. 
All ECG morphologies are well delineated including the QRS complex, P and T waves in 
all experimental conditions and water types. Cross-correlation test results are shown in 
Table 7.5 for all the tested dry electrodes. Only the CB/PDMS-based electrodes (both 
copper mesh and non-meshed) showed high correlations for both immersed and wet 
conditions for all water types, whereas textile-based electrodes showed no indication of 
any ECG waveform resemblance to the dry condition in all water conditions. The carbon 
rubber electrodes showed high correlation in chlorinated water, but had a marked decrease 
when exposed to salt water. 
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 E  F 

Fig. 7.8 (E-F) (E) In salt water: Statistical comparison among different conditions for each electrode. 
Asymptotic significant values displayed. First two rows indicate statistically-significant amplitude reduction 
compared to initial dry condition. Third row indicates statistically-significant amplitude recovery from 
immersed to wet condition. (F) In salt water: Statistical comparison of meshed CB/PDMS electrodes versus 
other electrode types in both immersed and wet conditions. Asymptotic significant values displayed. 
Regarding the amplitude recovery from immersed condition to wet condition, the normalized ECG amplitudes 
were significantly lower in the immersed condition than in the wet condition (fresh water:  
p < 0.003 and p < 0.02; chlorine and salt water: p < 0.003 and p < 0.025, for textile-based and the carbon 
rubber electrode, respectively), as shown in Fig. 7.8A. Because there was not significant amplitude reduction 
while immersed in fresh water, no statistically-significant recovery was found for both CB/PDMS based-
electrodes. In chlorine water, normalized ECG amplitudes of all electrodes except CB/PDMS-based electrodes 
were significantly lower in the immersed condition than in the wet condition (p < 0.003 for textile-based 
electrodes, p < 0.025 for carbon rubber electrodes), whereas those of copper mesh CB/PDMS electrodes were 
significantly higher (p < 0.05), as shown in Fig. 7.8C. In salt water, the normalized ECG amplitudes of all 
types of electrodes except copper mesh CB/PDMS electrodes were significantly lower in immersed than in 
the wet condition (p < 0.003 for textile-based electrodes, p < 0.025 for carbon rubber electrodes, and p < 0.009 
for CB/PDMS electrodes), as shown in Fig. 7.8E.  

 

Fig. 7.9. Example of ECG templates from a subject recorded with copper-meshed CB/PDMS 
electrodes during different conditions and types of water. 
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Table 7.5. Mean and standard deviation of cross correlation indices of templates  
between the dry and water exposed conditions. (N = 10 subjects). 

Electrode 
Fresh water Chlorine water Salt water 

Immersed Wet Immersed Wet Immersed Wet 

Polar® Textile 0.94 ± 0.02 0.96 ± 0.04 NA ± NA 0.99 ± 0.02 NA ± NA 0.93 ± 0.17 

Silver-coated Textile 0.94 ± 0.04 0.97 ± 0.02 NA ± NA 0.98 ± 0.02 NA ± NA 0.84 ± 0.34 

Carbon Rubber 0.98 ± 0.02 0.99 ± 0.01 0.97 ± 0.02 0.99 ± 0.01 0.86 ± 0.34 0.91 ± 0.26 

CB/PDMS 0.98 ± 0.01 0.98 ± 0.02 0.96 ± 0.03 0.96 ± 0.06 0.92 ± 0.17 0.96 ± 0.05 

Meshed CB/PDMS 0.99 ± 0.01 0.99 ± 0.01 0.98 ± 0.01 0.99 ± 0.01 0.98 ± 0.03 0.98 ± 0.02 

 

7.3.4.2. Performance of CB/PDMS Electrodes in Long Term Underwater ECG 
Recordings 

A representative long-term ECG recording (6 hours) is presented in Fig. 7.10A. From top 
to bottom panels, Fig. 7.10A shows the ECG recording, the heart rate time series, and the 
corresponding ECG templates during each 30-minutes resting and exercising period.  
Fig. 7.10B shows the boxplot of the amplitude of ECG templates taken at the first and last 
resting periods of each of the 11 dives in the study. No significant ECG template 
amplitude reduction was found (p = 0.2345) between the beginning and end portions of 
the experiment as measured with a paired t-test. Results suggest that CB/PDMS electrodes 
maintained good signal quality from beginning to end of the experiment, even after more 
than 5 hours of exposure to chlorinated water. 

7.4. Discussion 

The benefits of electrocardiogram recordings are well known. ECG signals are undisputed 
in dry conditions, where they provide a wealth of physiological information. Such 
information could be equally important in underwater environments, where prolonged 
hyperbaric exposure, a common occurrence in recreational and technical diving, has been 
shown to lead to many neurological [3, 5, 6, 26] and cardiovascular [5, 6, 9, 27, 28] 
decompression sickness (DCS) [3, 5, 29] and performance degradation [30]. For example, 
Navy divers may need to perform repeated dives even during a time span not 
recommended by the U.S. Navy Decompression Dive Table, and rescue procedures in a 
disabled submarine (DISSUB) scenario may not accommodate staged decompression. It 
is important to detect as early as possible any potential onset of DCS so that recompression 
can be performed. In a recent work with swine models, we demonstrated that early 
detection as well as differentiation between cardiopulmonary (non-neurological) and 
neurological DCS can be made [3, 9, 31] from an ECG signal. We also found more than 
50 % reduction in both sympathetic and parasympathetic dynamics for neurological DCS 
[3, 9], whereas with cardiopulmonary (CP) DCS significantly elevated parasympathetic 
and reduced sympathetic tones were observed [9]. For CP DCS, we also found a 
significant increase in the T-wave amplitude of the ECG waveform and elongation of the 
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QT interval when compared to the non-CP DCS condition [9]. Therefore, monitoring of 
the changes in the dynamics of the autonomic nervous system as well as morphologies of 
the ECG signal in hyperbaric and full water immersion conditions can play an important 
role in identifying dangerous conditions and allow for a prompt response while any 
symptoms are in their early stages. 

 
(A) 

 
(B) 

Fig. 7.10. (A) Example of long-term ECG recording underwater. Top: 6-hour ECG recording. 
Green portions correspond to relaxation segments and blue to exercise segments. The grey segment 
in the middle indicates the period when the subject was eating refreshments on the surface. Middle: 
Heart rate time series. Bottom: ECG templates for the corresponding relaxation and exercise 
segments. (B) Boxplot of ECG templates’ amplitudes for the first and last relaxation segments of 
long-term ECG recordings collected during 11 water immersion experiments. 
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Electrodes play a key role in measurement and performance of vital sign monitoring 
devices. The most common ECG electrodes are hydrogel silver/silver chloride (Ag/AgCl) 
electrodes. Although the usefulness and effectiveness of Ag/AgCl electrodes in clinical 
environments has been unparalleled, their usability is compromised in wet conditions. 
Furthermore, factors like skin irritation, limited shelf stability, disposability, and signal 
degradation over time [23], limit the use of Ag/AgCl hydrogel electrodes in environments 
outside of the clinical setting. Hydrophobic electrodes should capture all ECG 
morphological waveforms not only in dry conditions, but most importantly in different 
water compositions where fresh/unfiltered, chlorinated, and salt water are the most 
relevant types. Each water type has a different conductance due to varying ionic 
composition, where salt water poses the most challenging environment for ECG recording 
as the resistance can be as low as 10 ohms. When exposed to highly ionic environments, 
the impedance between the electrode and skin surface is significantly reduced. Therefore, 
it is critical for an electrode designed for underwater ECG monitoring to be sufficiently 
isolated from the ionic components of the surrounding environment to function properly. 

To connect the CB/PDMS electrodes to conventional ECG and Holter monitors we used 
a snap connector attached to the electrodes during the fabrication process without 
compromising the structural integrity of the electrodes. The fabrication procedures can be 
easily modified and optimized for large-scale production, where the low cost of the carbon 
composite components will result in the CB/PDMS electrodes being fabricated 
economically. Certainly, the cost associated with the production of the CB/PDMS should 
be cheaper than Ag/AgCl since the cost of silver has risen significantly in the past few 
years. More importantly, while the Ag/AgCl electrodes are designed for a single use, our 
CB/PDMS electrodes may be reused, thus resulting in significant cost savings. 
Furthermore, unlike Ag/AgCl electrodes, our CB/PDMS electrodes do not have a finite 
shelf life. It is well known that even when Ag/AgCl electrodes are contained in a sealed 
package, if they are not used within a certain time limit (usually 1 year), the hydrogels dry 
out resulting in low-fidelity ECG signals.  

While there have been other carbon-based ECG electrodes developed [13], we are not 
aware of their capacity to function in full water immersion. The use of PDMS polymers 
is popular due to their simple and inexpensive fabrication process, but the most attractive 
features are the superior elasticity and flexibility, non-toxicity to cells, high permeability 
to oxygen, and impermeability to water [32-34]. Obtaining conductive materials with low 
resistivity by introducing carbon black in a polymer matrix has been previously performed 
[35]. However, in contrast to carbon nanotubes where the homogenous dispersal in thick 
PDMS is challenging, carbon black particles have been found to mix easily with PDMS 
gel and they distribute uniformly [36]. The conductivity of CB/PDMS composites has 
been found to increase rapidly beyond a threshold concentration (circa 10 wt %) [37]. 
While these studies have characterized basic properties of combining PDMS and carbon 
powder, fabrication of electrodes for application to ECG recordings had not been  
done yet. 

To evaluate the performance of the newly-designed CB/PDMS with mesh electrodes, we 
compared them to some of the existing so-called dry (without hydrogel) commercial 
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electrodes: Polar® textile, silver-coated textile, and carbon rubber, as well as CB/PDMS 
without copper mesh. We performed the comparison during dry, water immersion and wet 
(post-immersion) scenarios, where the immersion experiments were performed in fresh, 
chlorinated and salt water. We found that ECG amplitudes were significantly reduced 
during immersion for all electrode types except for the copper mesh CB/PDMS, with salt 
water causing the largest reduction. While the CB/PDMS electrode without the copper 
mesh performed better than other non-CB/PDMS electrodes, the signal degradation was 
significant for both chlorinated and salt water as the mean ECG signal amplitudes 
decreased by 5.36 ± 30.85 % and 32.22 ± 34.50 %, respectively, with respect to the dry 
condition. For the modified copper mesh CB/PDMS electrodes, not only did the 
amplitudes not decrease for all types of water, but they actually increased by  
24.84 ± 33.91 %, 15.19 ± 27.28 %, and 1.97 ± 32.13 % (mean ± standard deviation) in 
fresh, chlorine, and salt water, respectively. How do we explain this amplification of  
R-peak amplitudes for the meshed CB/PDMS electrodes? Skin impedance in water 
immersion is lower than in dry conditions for all types of electrodes. However, non-
hydrophobic (especially textile-based) electrodes experience significant bio-potential 
leakage to the surrounding water. Because the CB/PDMS electrodes are nearly 
hydrophobic, the bio-potentials measured at the electrode surface do not dissipate very 
much to the surrounding area. Hence, given the lower impedance of the skin with water 
immersion, this can lead to higher ECG amplitudes provided that the electrodes are 
sufficiently waterproof. Certainly, given that the copper mesh CB/PDMS electrodes 
provided amplification of the ECG signal in some subjects and no deterioration of the 
signal in others, it can be concluded that the hydrophobicity of these electrodes has led to 
their better performance than other electrodes compared in the study. The meshed 
CB/PDMS electrodes provide better performance than non-meshed CB/PDMS electrodes 
because the latter is designed to collect biopotentials from the entire surface of the 
electrode rather than only the nipple contact surface with the non-meshed CB/PDMS 
electrodes.  

To obtain ECG morphological waveforms from the human body, the impedance of an 
electrode needs to vary as a function of frequency. The magnitude of the ECG amplitude 
depends on the impedance or biopotential difference between the electrode-skin interface. 
As shown in Fig. 7.4, only the CB/PDMS-based electrodes maintain their impedance-
frequency relationship when exposed to water. Due to the nearly complete hydrophobicity 
of the CB/PDMS electrodes, they were able to maintain their impedance characteristics 
even when exposed to water, thereby resulting in negligible reduction in the ECG signal 
amplitude and no discernible changes in the waveform morphologies. The hydrophobicity 
characteristics were not maintained for the textile electrodes, with constant impedance for 
the silver-textile electrodes which yielded the worst results in terms of amplitude 
reduction and destruction of ECG waveform morphologies. The polar textile electrodes 
fared slightly better than silver-textile electrodes for ECG signal morphologies, but they 
also had similar significant reductions in ECG amplitude. Because the water penetrates 
the two electrodes, the biopotential of the skin-electrode interface in the electrode is very 
small, which results in nearly zero ECG amplitudes.  
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It is well known that salt and chlorinated water have higher conductance than fresh water, 
because they include many more ions such as sodium and chlorine compared to fresh 
water. Hence, it is not surprising that the observed decrease in ECG amplitudes with all 
electrodes except for the copper mesh CB/PDMS electrodes became more apparent with 
salt and chlorinated water. Even for meshed CB/PDMS electrodes, there was less 
amplification of ECG amplitudes when immersed in salt and chlorinated water. Because 
of the higher conductance of salt and chlorinated water when compared to fresh water, 
there was slightly more bio-potential leakage with the copper mesh CB/PDMS electrodes 
to the surrounding water than they experienced in fresh water. However, again, due to the 
hydrophobicity of the copper mesh CB/PDMS, the bio-potential leakage was not 
significant compared to the other electrodes, which is why the other electrodes had 
significant amplitude reduction with salt and chlorinated water.  

When the electrodes were wet, meaning immediately out of full water immersion, there 
was significant amplification of the ECG amplitude with meshed and non-meshed 
CB/PDMS only for fresh water. This amplification effect was not seen for both salt and 
chlorinated water for copper mesh CB/PDMS electrodes, but their amplitudes remained 
at the level of the dry condition. For both textile electrodes and all water types, due to the 
fact that the fabrics were soaked, there was enough bio-potential leakage that the 
amplitudes were significantly lower than the amplitude values found in the dry condition. 
For both non-meshed CB/PDMS and carbon electrodes, their amplitude values recovered 
to the dry condition level only for fresh water immersion. Hence, the newly designed 
copper mesh CB/PDMS electrodes again showed superior performance over all other 
electrodes tested due to their hydrophobicity. 

We found no cytotoxicity of meshed or non-meshed CB/PDMS electrodes [23, 38]. In a 
subsequent study, we examined skin irritation as well as degradation of the electrodes 
based on repeated and long-term usage. Our in vitro analyses of cellular responses to 
leachable constituents from the CB/PDMS materials showed that medium extracts from 
the samples were not cytotoxic to connective tissue (L929) or keratinocyte (NHEK) cells. 
Further, no subject complained of skin irritation based on continuous wearing of 
CB/PDMS electrodes for 6 hours and there was no degradation of the ECG signal after 
nearly 6 hours of continuous recordings under water even with repeated use. These 
electrodes were re-used within a 1-month time span but we did not find any notable 
deterioration. We used only the non-meshed CB/PDMS electrodes for long-term ECG 
monitoring as we performed these experiments before copper mesh electrodes were 
developed. However, since the main difference between the non-meshed and meshed 
CB/PDMS electrodes is the embedding of meshed copper wires, we expect at least a 
similar performance with meshed electrodes. These findings are consistent with the results 
of our electrode aging studies that showed that the mechanical strengths of the CB/PDMS 
electrode materials did not decrease when they were subjected to various aqueous 
conditions for as long as 14 days.  

While our electrodes are flexible, continuous use and severe bending of these electrodes 
will eventually lead to deterioration that can compromise signal quality. Certainly, a full 
claim of reusability of the proposed electrodes would require repeated use testing and 
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sanitizing of the electrodes repeatedly with alcohol wipes and provide a definite time 
durability of the electrodes under various water-exposed conditions.  

7.5. Conclusions 

The CB/PDMS electrodes were fabricated, then tested in both dry and water immersion 
conditions. We have refined the CB/PDMS electrodes by adding a copper-meshed layer 
to enhance their conductivity. Copper mesh CB/PDMS electrodes have been found to have 
superior performance in all water immersion conditions to any other dry or wet electrode 
types tested. These electrodes either maintained or in some cases amplified the ECG signal 
during water immersion when compared to the level of the dry condition. No other tested 
electrodes have had this superior performance. We are not aware of any ECG electrodes 
that work in full water immersion without the use of waterproof tape over the electrodes 
and the skin. Other advantages of our electrodes are that they are reusable and should not 
cause skin irritation since adhesives are not used. Given that these CB/PDMS electrodes 
work in both dry and water immersion conditions, they are versatile and can potentially 
be used in many sports applications such as monitoring of athletes’ vital signs like heart 
rates or other performance measures. They will work when sweaty but also do not require 
being wetted with water for good conduction. Moreover, for dry and even immersed or 
exceedingly moist environment use, these electrodes could be very useful for long-term 
recording of ECG for detecting arrhythmias such as paroxysmal atrial fibrillation which 
is known to be one of the most common heart problems today in America. 

The use of CB/PDMS electrodes together with advanced waterproof diving instruments 
may open up new research areas including hyperbaric physiology and may lead to wide 
use as vital sign monitoring devices for SCUBA divers. Early detection of conditions that 
could lead to decompression sickness is another area where an ECG dive monitor could 
have a positive impact on recreational and military SCUBA divers. Other applications of 
CB/PDMS electrodes may include EEG and electromyogram (EMG) studies. In 
particular, underwater EMG recording is widely used for research, exercise training, and 
rehabilitation treatments using swimming pools [39, 40]. 
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8.1. Introduction 

The XX century was characterized by the rapid technology advances, namely in the 
electronics, informatics, and communications industries. The progress is even more 
notorious in the XXI century. The development of products such computers, mobile 
phones, tablets, and other portable electronics as well as electrical vehicles lead to an 
increasing need for batteries with enhanced autonomy and performance. Over the last 
decades, Li-ion batteries have been the power source of choice for this kind of 
applications, as they ensure optimized conditions in the perspective of energy, power and 
self-discharge parameters [1-3]. Recently, they have also been considered as possible 
power sources for renewable energies facilities and nuclear power plants where the 
requirements in terms of security and reliability are very tight. However, the level of 
monitoring and control within a battery pack is still very low and needs further 
improvement for this kind of applications [3-5]. Typically, the monitoring is done 
externally, by measuring current, voltage, temperature, and resistance. The current battery 
management systems are set to ensure that these parameters remain within safety limits. 
However, there are numerous other parameters that could be monitored to guarantee 
favorable operating conditions and to allow a stable electrolyte interface [6-10]. 

The first and utmost challenge in designing a Li-ion battery system is to ensure its inherent 
safety under both normal and abusive operating conditions. One of the main concerns with 
the thermal behavior of lithium batteries is the possible significant temperature increase 
during high power input and/or output [11]. For example, the batteries for electrical 
vehicles generate excessive heat during charge and discharge at high current, which can 
exceed the allowable limits. Under abusive conditions, such as over charge/discharge and 
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in short-circuit situations, the formation of hot-spots may occur, which can lead to the 
battery explosion and combustion due to the increase of internal temperature and pressure 
[12, 13]. Therefore, in order to avoid such hazard situations, quantitative measurements 
of the heat generation rate inside a single battery during normal and abusive conditions 
are required to design and develop a suitable thermal management system of these 
batteries [14].  

Most of the previous works were focused on monitoring temperature using thermocouples 
(TC) attached to the surface of batteries, in strategic locations. The TCs have the 
advantages of small dimensions, being self-powered, and ease of handling [15, 16]. On 
the other hand, recent works have proposed the use of optical fiber sensors as an 
alternative method to monitor temperature in batteries, due to their intrinsic 
characteristics, such as small dimensions, capability of multiplexing, chemical inertness, 
and the possibility of optimized integration inside the batteries [17]. 

Optical fiber Bragg grating (FBG) sensors have been widely used to measure local 
temperature [3], pressure [10], strain [10], and bending [18]. They have been used in many 
different applications, from to structural health monitoring [18], to aerospace technology, 
geotechnical engineering or even electric power industry [19], among others. Besides, the 
internal real-time monitoring of fuel-cells using such sensing devices has been reported 
[20, 21].  

The integration of optical fiber sensors within Li-ion batteries has been a subject of study 
by the scientific community over the last years [10, 22]. These sensors seem to be the best 
option to be embedded between the separators, where the chemical environment is harsh 
and extremely complex. This is due to their composition, characteristics, and fast response 
time [23-26]. Another great advantage of optical fiber sensors is the possibility to monitor 
different parameters within the same fiber and to be able to discriminate them [27]. 

In this chapter, the use of FBG sensors in lithium batteries for real-time, in-operando, 
monitoring of temperature variations is described. Their performance has been evaluated 
in the laboratory environment for both normal and abusive operating conditions. The two 
commercial batteries tested, a smartphone battery and a coin cell, are monitored through 
FBGs that are placed externally, in well-defined positions. On the other hand, the 
embedding of FBGs in pouch cells is addressed, and a comparison between the external 
and internal temperature variations is performed. 

8.2. Theoretical Considerations 

Typically, a fiber Bragg grating (FBG) sensor can be seen as a selective photo-induced 
modulation of the optical fiber core refractive index. The FBG resonant wavelength is 
related to the effective refractive index of the core mode (neff) and to the grating period 
(Λ). When the grating is illuminated with a broadband optical source, the reflected 
spectrum presents a sharp peak (with a full width at half maximum of a few nanometers), 
which is caused by interference of light with the planes of the grating and can be described 
through Eq. (8.1) [28]: 
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 ,2  effB n   (8.1) 

where λB is so-called Bragg wavelength. When the fiber is exposed to external variations 
of a given measurand (such as strain, temperature, stress or pressure among others), both 
neff and Λ can be altered, causing a shift in the Bragg wavelength, as exemplified in Fig. 
8.1 for the case of two different temperatures (T1 and T2). 
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Fig. 8.1. Representation of a FBG sensor and shift in the Bragg wavelength for two different 
values of temperatures (T1 and T2). 

The FBG sensitivity towards a given parameter is obtained simply by exposing the sensor 
to pre-determined and controlled variations of such parameter and measuring the Bragg 
wavelength for each step. In the case of a linear response, the sensitivity is given by the 
slope of the linear fit obtained from the experimental data. The effects of temperature are 
accounted in the Bragg wavelength shift by differentiating Eq. (8.1): 
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where  and  are the thermal expansion and thermo-optic coefficient of the optical fiber 
material, respectively. For the case of a single mode optical fiber (SMF), these parameters 
have the values of ~0.55×10-6 °C and ~8.3×10-6 °C, respectively [28]. According to  
Eq. (8.2), considering a Bragg wavelength of 1550 nm, a linear sensitivity of  
kT ≈ 10 pm/°C is expected when the sensor is not embedded in any material. In the case 
of embedded sensors, the sensitivity to temperature increases due to the arising of an 
apparent thermal strain induced by the thermal expansion of the host material [29]. Thus, 
the calibration to temperature must be done after integration in the material to be analyzed. 

8.3. Sensors Fabrication  

The FBG sensors used in the works reviewed in this Chapter were written into a 125 µm 
cladding diameter photosensitive SMF using the interferometric configuration shown in 
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Fig. 8.2. The laser used to write the FBGs was an excimers laser, emitting at 248 nm, with 
an energy of 5 mJ/pulse, 20 ns pulse duration and 500 Hz repetition rate. Light from the 
excimers laser is focused by the converging lens and passes through the phase mask, 
which acts as a beam splitter. The split light is then recombined at the core of the optical 
fiber, where a modulation of the effective refractive index occurs, originating the FBG. 

UV 
Laser

Mirrors

Slit

Converging 
Lens

    Phase mask

Optical Fiber  

Fig. 8.2. Scheme setup of the FBG inscription. 

The estimated length of the grating was of ~3 mm, derived from the laser spot length and 
the slit aperture. The FBGs data for calibration and in-situ measurements were collected 
with the sm125 interrogation unit (Micron Optics Inc., USA) with a specified wavelength 
resolution of 1 pm at 2 Hz sampling rate [30].  

8.4. Li-Ion Polymer Battery Monitoring 

In order to ensure optimized and safe conditions of operation, it is necessary to predict 
and monitor through an analysis and modeling of the thermal behavior of Li-ion batteries. 
In a recent study, Nascimento et al. compared the rise time and response rate of FBG 
sensors and thermocouples (TCs) through the monitorization of temperature on the surface 
of a rechargeable cell phone Li-ion battery under constant current charge and different 
discharge rates [17]. 

A commercial rechargeable Li-ion Polymer Battery with maximum voltage of 4.3 V and 
a nominal capacity of 1440 mAh was used. The temperature variations were monitored 
with three K-type commercial TCs and three FBGs, all glued to the surface of the battery 
in three different positions (top, middle, and bottom), as illustrated in Fig. 8.3. The TCs 
had a conductor dimension of 1.0/0.2 mm. The three FBGs, spaced by 4.0 cm, were 
written in a single optical fiber. 
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Fig. 8.3. Schematic setup with the location of TCs and FBGs (adapted from [17]). 

The TCs signals acquisition was performed using a NI compactDAQ with a temperature 
module. The battery voltage was monitored using a 12 bit resolution data acquisition 
system (DAQ), controlled by a LabVIEW® customized application, allowing the real-
time monitoring of the acquired data. On the other hand, the Bragg wavelength was 
monitored using the interrogation unit described in the previous section.  

During all experiments the battery was kept away from external heat sources. 

The battery cycling tests were performed at discharge rate of 2.67 C, where 1 C is the rate 
of the ideal capacity charge/discharge in 1 h, in order to monitor the battery performance 
and behavior under abnormal operating conditions. The charge was performed at 0.70 C, 
using a commercial battery charger with output voltage of 5.0 V. During the experiments, 
the battery was discharged until a voltage of 0.5 V. Between the charge/discharge steps, a 
resting time between 10-15 min was selected in order to stabilize the battery temperature. 

The sensors output signals during the cycling tests at discharge rate of 2.67 C, and the 
corresponding battery voltage are shown in Fig. 8.4. During the charging step, an increase 
of 1.0 ºC was registered until the battery achieved 4.0 V. Regarding the discharge step, a 
significant rise of ΔT was observed. As the voltage decreased until it reached 3.2 V  
(cut-off voltage), the temperature increase was lower than 3.0 ºC. After this value, the 
battery was working under abnormal conditions and the voltage dropped significantly. 
Below the cut-off voltage, there was a substantial temperature increase, of around 12.0 ºC, 
achieving the 15.0 ºC on the top position (value detected by the FBG sensors).  

The ΔT showed a direct correlation with the applied current gradient, with the highest 
peaks being detected always at the end of discharge. This is coherent with the fact that, 
over discharge, Li ions migrate inside the battery to establish a concentration gradient, 
which generates heat as a function of the applied current. 

Through Fig. 8.4, and comparing the signal of both sensors, it is evident that the FBGs 
detect higher temperature variations than TCs, in all battery locations. The response rate 
of the sensors was determined by considering the time required by the sensors to reach  
63 % (t63) of the maximum temperature, after a sudden temperature increase. The 
response rate was estimated to be 4.88 ºC/min and 4.10 ºC/min, for the FBGs and TCs, 
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respectively. This indicates that the FBGs presented a response rate ~1.2 times higher than 
the TCs. Besides, taking into account the time interval for the temperature range between 
(10 %-90 %) ΔT, a lower rise time of 28.2 % was obtained for the FBGs in comparison to 
the TCs. This result is an important evidence of the fast response and higher sensitivity of 
the FBGs compared with the TCs, making them a better choice for the real-time 
monitoring of the batteries surface temperature under normal and abuse operating 
conditions and a useful tool for failure detection in batteries [17]. 

 

Fig. 8.4. Temperature variations during the cycling tests and correspondent battery voltage 
signal. Three different positions are considered: top (a), middle (b), bottom (c); Steps: C - charge, 

R - rest, D - discharge (adapted from [17]). 

8.5. Coin Cell Monitoring 

Yang et al. reported a study regarding the temperature monitoring of a coin cell under 
different charge/discharge conditions, using FBG sensors [3]. The coin cell used was a 
commercially available CR2032, with a theoretical capacity of 40 mAh. The cathode and 
anode materials were LiCoO2 and carbon, respectively. The charge/discharge tests were 
carried out using a Land CT2001A. The FBGs reflection signal was acquired using the 
same interrogation unit as in the previous experiments. 

The scheme of the experimental setup used to monitor the coin cells is shown in Fig. 8.5. 
A single coin cell was monitored using three FBGs: FBG1 was located in the chamber, 
and used to monitor environmental changes, FBG2 and FBG3 were placed on the surface 
of the negative and positive electrodes, respectively. The battery was placed on a 
thermally protected box, to minimize the effects of environmental temperature 
fluctuations. 
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Fig. 8.5. Scheme of the experimental setup. FBG1, FBG2 and FBG3: FBG sensors. The coin cell 
was placed inside a thermally protected box (adapted from [3]). 

The first experiment consisted on the monitoring of temperature variations when the coin 
cell was under a constant current of 30 mA [3]. The Bragg wavelength response with time 
for each sensor is shown in Fig. 8.6. The start and end positions are relative to the 
beginning and end of the discharge. A variation of 1.5 °C was detected during this process. 
Besides, no significant differences were observed regarding the temperature detected by 
the sensors located on the anode and on the cathode.  
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Fig. 8.6. Temperature changes of the coin cell detected by the FBGs, (a) environment 
temperature, (b) on positive electrode, and (c) on negative electrode. The discharge period,  

from start to end, is also shown. 
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On the second experiment, three different currents were used for discharging the coin cell: 
10 mA, 20 mA, and 30 mA. The results for the sensor located on the anode are shown in 
Fig. 8.7. Notice that the lower the current, the lower the Bragg wavelength shift, 
translating into lower temperature variations, as expected. 
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Fig. 8.7. Coin cell temperature change on the negative electrode detected by the FBG2,  
for discharging currents. 

The third experiment consisted on overcharging the coin cell, by applying a current of 
40 mA (Fig. 8.8). Under the normal state-of-charge, identified by the arrows Start and 
40 mA charge on Fig. 8.8, the temperature shift is similar to the one obtained in the 
previous experiments. It follows a linear trend and change of 1.0 °C is determined. 
However, as the cell starts overcharging, the temperature increases substantially, with a 
nonlinear behavior. In fact, when the overcharge occurs at around 30 minutes, an increase 
of 10.0 °C is detected. Once again, the results are quite similar for the anode  
and the cathode. 

The authors also presented a study of the electrochemical reactions and thermal behavior 
of the batteries using different cathode materials [3]. Fig. 8.9 shows the temperature 
variations as a function of time under external short-circuit and the results for four self-
made cathode materials (a) LiCoO2, (b) Li2MnO3.LiNi1/3Co1/3Mn1/3O2,  
(c) LiNi1/3Co1/3Mn1/3O2 and (d) Li3 V2 (PO4)3. The mass load of cathode material was  
14 mg which corresponds to the capacity from 2 to 4 mAh. The Li-ion battery loaded with 
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LiCoO2 presented the highest Bragg wavelength shift. The cathode of LiNi1/3Co1/3Mn1/3O2 
with the similar layered structure with LiCoO2 presented a temperature change of 1.9 °C, 
and the cathode of Li3V2 (PO4)3 with Nasicon-structure showed the best thermal stability.  
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Fig. 8.8. Coin cell temperature change on the negative and positive electrodes detected  
by the FBGs. 
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Fig. 8.9. Temperature variation as a function of time under external short-circuit, for four 
different cathode materials (a) LiCoO2; (b) Li2MnO3.LiNi1/3Co1/3Mn1/3O2;  

(c) LiNi1/3CO1/3Mn1/3O2, and (d) Li3V2(PO4)3 (adapted from [3]). 
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8.6. Li-Ion Pouch Cells Monitoring with Integrated FBG Sensors 

The integration of sensors in Li-ion pouch cells  can be a very interesting solution to better 
understand the temperature variations within the cell and for a more accurate monitoring. 

However, considering the chemically active environment inside a battery, the insertion of 
an optical fiber in such medium requires a previous analysis of its chemical inertness. The 
silica fibers chemical stability was tested by immersing 2-3 cm long fiber samples in a 
solution of LiPF6 in 50:50 wt. % EC: DMC. The LiPF6 salt contained in the electrolyte is 
known to react with water impurities and form hydrofluoric acid (HF), which has both a 
detrimental effect on the battery performance and poses a hazard risk [30]. Given the 
reactivity of HF towards silicon oxide, which the optical fibers are constituted of, small 
amounts of water (100, 500, and 1000 ppm) were added to probe the sensors chemical 
reactivity and their degree of dissolution into the cell environment. After two weeks of 
storage, the amount of dissolved silica was determined by means of ICP-OES. Only small 
amounts of Si were detected, as can be seen from Fig. 8.10a). Assuming uniform fiber 
dissolution, this only corresponds to the removal of a few atomic layers from the fiber 
surface. The optical fibers were also inspected under the microscope and no changes were 
observed (Fig. 8.10b). Consequently, it can be concluded that the battery chemical 
constitution should not affect a FBG sensor sensitivity and response, since the FBG itself 
is recorded at the fiber core, and there is an average distance of 58.5 µm between the FBG 
and the optical fiber outer diameter, hence, confirming their suitability to be used in a  
Li-ion pouch cell environment. 
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Fig. 8.10. Amount of Si dissolved from the fiber into the electrolyte after two weeks. 

As reported in [30], the Li-ion pouch cells were assembled using a commercial lithium 
iron phosphate (LFP) and were composed by a cathode (91:4:5 LFP: Super C65: JSR,  
12 mg.cm-2 active mass loading) and a graphite anode (92:3:5 SBG-1: Super C65: CMC, 
supplied by SGL Carbon, 5.6 mg.cm-2 active mass loading) with an active area of 16 cm2 
[31]. Aluminum and nickel tabs were used as cathode and anode current collectors, 
respectively, and all cell assembly operations were carried out inside a dry room (Relative 
Humidity < 0.1 % at 20 °C), where all materials were stored prior to usage (Fig. 8.11).  
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Electrodes Electrolyte Separators Pouch foil

Pouch cells assembly Pouch cell with 
micro-sensors  

Fig. 8.11. Experimental procedure for the pouch cells assembly with integrated FBGs  
(adapted from [30]). 

Two sheets of a single layer polyolefin membrane drenched in a 1 M solution of LP30 
were used as separator, and the FBG sensors were placed between the two separators 
layers, at the center of the electrochemically active area and near the tab-electrode 
connection. The pouch cells were then heat-sealed under vacuum. The external FBG 
sensors were located down in direct contact with the surface of the pouch cell, parallel to 
the above mentioned internal ones and named EC (External Center) and ET (External Tab 
electrode), as depicted in Fig. 8.12.  
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Fig. 8.12. Schematic diagram of the position of the internal and external optical fiber sensors 
(adapted from [30]).  
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A thermal paste was used externally to glue them to the pouch cell and to increase both 
the contact area and the thermal conductivity. It is important to refer that, as the cells 
thickness is very small (~1 mm) any possible strain variations were considered null, with 
temperature variations being the only source of the Bragg wavelength shift. The tests were 
repeated on two different cells and similar results were obtained. Table 8.1 presents the 
cells characteristics. 

Table 8.1. Chemistry, voltage range, dimensions and capacity at 1C of the cells. 

Chemistry 
Cathode 
Anode 

Electrolyte 

Lithium iron phosphate 
Graphite 

LP30 without additives 

Voltage Range (V) 
Minimum 
Maximum 

2.0 
3.8 

Dimensions (cm) 
Length 
Width 

15.0 
12.0 

Capacity at 1C (mAh) 20 
 

Prior to the experimental tests, the FBG sensors used in the cells were calibrated towards 
temperature, by using a thermal chamber (Model 340, Challenge Angelantoni Industry). 
The temperature induced ranged from 10.0 °C and 35.0 °C, and it was varied in 5.0 °C 
steps. The sensitivities obtained for external and internal FBG sensors are shown in  
Table 8.2. 

Table 8.2. Sensitivities obtained for external and internal FBGs. 

Sensors 
position 

(kT ± ΔkT) 
pm/°C 

Correlation 
factor 

Designation 

External 
8.55 ± 0.12 0.999 ET 
8.25 ± 0.12 0.994 EC 

Internal 
10.24 ± 0.10 0.992 IT 
10.27 ± 0.10 0.983 IC 

 

In the course of the reported work, a series of galvanostatic cycling tests were performed. 
For these tests, a potentiostast/galvanostat was used at different C-rates (1C, 2C, 5C, and 
8C). A Peltier plate connected to a temperature controller was also used to reduce the 
influence of the room temperature variations, thus maintaining the battery at the selected 
temperature (20.0 ± 0.5) °C. Fig. 8.13 illustrates the corresponding experimental setup 
used for temperature monitoring. 

To study the FBG sensors response under different electrochemical inputs, the assembled 
cells were subjected to a cycling protocol involving a series of different 
galvanostatic/potentiostatic and open circuit voltage steps, as presented in Table 8.3. 
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Fig. 8.13. Experimental setup diagram and pictures for the temperature monitoring  
(adapted from [30]). 

Table 8.3. Electrochemical test protocol. 

(1) Constant Current Constant Voltage (CCCV) charge 

(2) 
Two cycles each composed of Constant Current (CC) discharge 
followed by CCCV charge 

(3) Open Circuit Voltage (OCV) 
(4) CC discharge 

 

Fig. 8.14 shows the results obtained for the cell under study, using the following protocol: 
5 CCCV cycles at 1C, 2C, 5C, 8C, and 1C. The cell voltage and current variation are 
presented on Fig. 8.14(a). The temperatures detected, both externally and internally, near 
the tab and in the center of the cell are shown in Figs. 8.14(b) and (c), respectively. 
Comparing the FBG signals, no time delay related to the temperature variations is 
observed for all sensors, indicating that the sensors response is nearly instantaneous, 
regardless of their position. The highest temperature variations are, as expected, detected 
by the internal sensors (IT and IC), larger than their external counterparts (ET and EC) by 
a factor of 2 to 4. Also, the temperature inside the cell becomes higher as the C-rates 
increases, as it was expected. 

The response of FBG sensors during constant current (CC) discharge and constant current 
constant voltage (CCCV) charge half-cycles is shown in Fig. 8.15. Probably due to the 
different staging levels of graphite during intercalation, the presence of at least two 
shoulders in the peak related to the CC discharge is observed. It is also worth noting that 
the temperature rises steadily during CC charge as well as CC discharge. 
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Fig. 8.14. Temperatures detected by all FBG sensors during the galvanostatic cycling tests. 
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Fig. 8.15. Temperature changes observed with all four sensors before, during and after a CC 
discharge or CCCV charge half cycle followed by an OCV step (adapted from [30]). 
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Regarding the fluctuations found during the experiments, it is assumed to be correlated 
with external temperature variations (imperfect temperature conditioning due to the 
Peltier element only). 

It is clear that there is a strong difference of the ΔT values detected by internal vs. external 
sensors (Fig. 8.15, left-hand side vs. right-hand side). It is assumed that the internal 
sensors directly measure the heat generated inside the battery. The external sensors 
response showed a slight delay compared to the response of the internal sensors, however, 
as expected, it was observed that the temperature variations are significantly lower outside 
the pouch bag due to the heat dissipation to the outside. 

In Fig. 8.16 it is presented a zoom-in of the cycles carried out at 8 C. During the first cycle 
at this C-rate, the maximum temperature variation of ~3.6 °C was detected internally in 
the center of the cell (IC), while the external sensor detected a maximum temperature 
variation of 1.1 °C (EC). In the tab/electrode connection area, the IT sensor detected a 
maximum temperature variation of ~3.1 °C in the first cycle at 8 C, while the ET sensor 
recorded a maximum temperature variation of around 0.9 °C.  
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Fig. 8.16. Temperature variations registered by the internal and external FBG sensors during  

the galvanostatic cycling at 8 C (adapted from [30]). 

8.7. Final Remarks 

In this chapter, a review of the use of optical fiber Bragg grating (FBG) sensors for real-
time monitoring of Li-ion batteries was performed. The surface temperature variations of 
two different types of commercial Li-ion batteries was studied, under different 
charge/discharge conditions. The first study showed a comparison between the response 
of conventional thermocouples and FBGs. It was observed that, in the case of those 
sensors in particular, the FBGs exhibited a faster response. Besides, they detected slightly 
higher temperature variations than the thermocouples. 

The second work focused on the monitoring of coin cells, by placing FBG sensors in 
different locations. It was observed that a current increase leads to higher temperature 
variations. Besides, coin cells with different cathode materials were tested and their 
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temperature variations were also analyzed. The cell with the cathode of Li3V2(PO4)3 with 
Nasicon-structure showed the best thermal stability. 

A different approach was addressed by integrating optical fiber sensors Li-ion pouch cells. 
The comparison between internal and external temperature variations was made. Both 
internal and external FBG sensors could respond in real time, following the galvanostatic 
cycling at different C-rates, and, as expected, the internal sensors detected higher 
temperature shifts than the external ones. The changes in temperature showed a direct 
correlation with the applied current gradient, with the highest peaks being detected always 
at the end of charge and discharge.  

It is important to refer that optimized cell packaging (both casing materials and cell 
arrangement in full battery packs) and active thermal management (especially for large 
batteries such as those in automotive applications) are crucial to avoid dangerous 
temperatures inside Li-ion batteries. In addition, permanent and immediate control of the 
internal temperature, as is feasible with the FBG sensor technology presented, instead of 
the other existing technologies, offers the possibility of safe operation of Li-ion batteries 
by early detection of heat generation.  

Other important point is that cells used commercially, especially for mobile device 
applications, are rarely under the OCV condition, but are often subjected to continuous 
cycling. A better understanding of the temperature and pressure variations in Li-ion cells 
under heavy-duty cycling is key for the improvement of cell components as well as battery 
management systems. This is a matter for further studies. 

The monitoring of internal pressure is also an important issue regarding the batteries safe 
operation. Efforts are currently being made to accurately discriminate temperature and 
pressure with optical fiber sensors, using more advanced configurations. It should also be 
mentioned that the standard dimensions of optical fibers for this application can reveal to 
be intrusive, namely when considering smaller and thinner pouch cells. It is possible to 
reduce their diameter substantially, either by chemical etching [29] or mechanical tapering 
[32]. In both cases, the final diameter of the region where the sensor is located can be 
lower than 20 µm. This is also an approach that will be taken into account in a near future. 
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Chapter 9 

Optoelectronic Design of a 2045 m Coil, 
Closed Loop-Based, Depolarized IFOG  
with Square-Wave Bias and Sawtooth-Wave 
Feedback Optical Phase Modulations: 
Parametric Modeling, Simulation and 
Performance Test 

Ramón José Pérez Menéndez1 

9.1. Introduction 

The non-reciprocal phase shift between two waves in counter-propagation (CW and 
CCW) induced by the rotation (Sagnac effect) when both propagate across the sensing 
coil of optical-fiber is given by Eq. (9.1): 

 
2

S

LD

c

p
f

l
  ,  (9.1) 

where L is the total length m of the sensing coil; D - its diameter m; and λ and c are the 
wavelength m and the speed of light m/s in the free space, respectively, of the radiation 
emitted by the source laser. In Eq. (9.1), Ω is the rotation-ratio expressed in rad/s and 

Sf  
is the phase shift difference expressed in rad. The factor of proportionality that precedes 
the rotation-ratio is known as the scale-factor of the gyroscope (SF, Scale-Factor) and is 
a constructive constant that depends on geometric and optical parameters of the same. 
Taking up the following values for the design where L = 2045 m, D = 0.10 m and  
λ = 1310 nm, a value of 3.2695 sec was obtained for the SF. Detailed analysis of the 
depolarization mechanism of the optical counter-propagated waves within the fiber-
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optical sensing coil have been studied in [2-4]. The depolarization technique provides the 
model with the following emphasized advantage as this approach allowed the use of a 
standard single-mode optical-fiber for manufacturing sensing coils with the consequent 
economic savings on cost per unit for the entire price of the gyroscope. 

9.2. Electro-Optical System Configuration 

In Fig. 9.1, all the components of the electro-optical system of this gyroscope are depicted. 
The light source was an SLD (Superluminescent-Laser-Diode) working at a wavelength 
of 1310 nm with a low-ripple Gaussian spectral profile. For this unit, the SLD1024S 
Thorlabs commercial reference was used. This unit provided an adjustable optical power 
up to 22 mW maximum level, although only 1 mW maximum level was needed for the 
present prototype. This unit comes with a temperature integrated control system where the 
stabilized temperature of the unit could never reach above 65 °C. The directional optical 
coupler was four ports (2 2 configuration), with a 50/50 output ratio, realized with fiber-
optic side-polished technique and 0.60 dB insertion loss. The linear polarizer placed to 
the output of the directional input-output coupler was featured in polarization-maintaining 
optical fiber PMF (Polarization-Maintaining-Fiber) with a 0.50 m length with 0.1 dB 
insertion loss and PER value >50 dB (Polarization-Extinction-Ratio). The integrated 
optical circuit IOC (Integrated-Optic-Chip) performs two functions: (1) it is an optical 
directional coupler at the input of fiber sensing coil (Y-Junction); and (2) an electro-optic 
phase modulator PM (Phase-Modulator). In a more advanced design, the linear fiber-optic 
polarizer can be replaced by an integrated approach so that the former remains are joined 
at the input of the IOC wave-guide [5]. In this way, the bulk optics polarizer is avoided 
and an advantage on the total used volume appears, providing an important reduction to 
the entire gyroscope system dimensions. 

The phase modulator (PM) is an integrated electro-optical phase-modulator. The PM zone 
(Phase-Modulator) of the IOC includes two pairs of electrodes placed symmetrically with 
regard to the central axis of the integrated block. The output ports of the IOC remain 
connected to the heads of the two Lyot depolarizers (both made on PM-fiber), 
respectively, with lengths L1 and L2. These Lyot depolarizers are realized in the 
polarization-maintaining optical-fiber (PMF, Polarization-Maintaining-Fiber), which 
connects two segments of the former with appropriate lengths so that the axes of 
birefringence of both form angles of 45°. The sensing coil consisted of 2045 m of optical 
standard single-mode optical fiber (SMF-28 commercial type) and was made by a 
quadrupolar winding technique on a mandrel-spool with a 10 cm average-diameter. The 
optical parameters of the SMF-28 optical-fiber used were: core diameter = 8.2 μm; 
cladding diameter = 125 ± 0.7 μm; ncore = 1.467; ncladding = 1.460; NA = 0.143; maximum 
attenuation 0.35 dB/km at 1310 nm; h-parameter: h = 1 10-5 m-1; dispersion coefficient 
18.0 ps /(nm   km) at 1550 nm; polarization dispersion coefficient 0.2 ps/km½; and 
birefringence B = 7.8 10-3.  
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1 - Optical Subsystem; 2 - Phase-Sensitive-Demodulator; 3 - Sawtooth-Wave-Generator;  

4 - Sawtooth-Wave-to-Pulse-Converter; 5 - Digital-Frequency-Meter; 6 - Inverter-Operational-Amplifier;  
7 - Square-Wave-Generator 

Fig. 9.1. Electro-optical configuration of the designed DFOG prototype  
(analog serrodyne phase-modulation). 

9.3. Electronic Subsystem Configuration 

In the absence of rotation ( ), the transit time of the two counter-propagated 
waves across the sensing coil is the same, being its value: 

 
 /

core

core

n LL

c n c
   .  (9.2) 

Then, with the parameter values adopted previously for the model design, the resultant 
value for the transit time τ is 10 μs. On the other hand, the transit time value also 
determines the value of the bias-modulation frequency fm that must apply to the PM, whose 
value is given by the expression: 

 
1

2mf 
 ,  (9.3) 

providing consequently for the present design, a calculated value of 50 kHz. Eq. (9.3) 
comes from the condition of maximum amplitude of the bias difference phase-modulation, 

0 rad /sec 
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that is to say: . Such a condition comes from formulating the bias phase-
difference for a sine-wave phase-modulation:  
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f
t f t

p t t
f f p

              
.  (9.4) 

However, this design uses a symmetrical square-wave for bias phase-modulation. The 
frequency of this square-wave was given a matching value as the calculated natural 
frequency of an optical system. This value was the same as for sine-wave phase-
modulation. Thus, a 50 kHz value was chosen for the square-wave frequency for the 
present model. A block-diagram of the phase modulation-demodulation electronic circuits 
is represented in Fig. 9.2. A closed-loop configuration was adopted with an analog phase-
demodulation and analog electronic feedback, using square-wave bias phase-modulation 
and serrodyne-wave for feedback phase-modulation [6, 7]. Using analog serrodyne-wave 
(linear ramp sawtooth waveform) for the feedback phase-modulation several important 
goals were reached: (a) it was possible to generate the serrodyne-wave easily by means of 
analog circuitry with relatively simple and low-cost electronic components, and (b) the 
feedback phase-modulation for the phase cancellation closed-loop operation becomes 
more effective than when using sine-wave phase-modulation. In this case, only a simpler 
PSD (Phase-Sensitive-Demodulation system) was required for the phase-demodulation 
process [8, 9]. 

 

Fig. 9.2. Block-diagram for an analog closed-loop configuration with serrodyne-wave feedback 
phase-modulation. 

In accordance with the interference principle, the light signal intensity at the optical input 
of the photodetector presents the following form: 

  0( ) 1 cosI t I   ,  (9.5) 

where   represents the effective phase-difference of the two counter-propagating optical 
waves and I0 represents the half amplitude of the source light. This value is the result of 

2 mfp t p
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the combined action of the phase-modulation process ( ) and the Sagnac 
phase-shift induced by the rotation-rate ( ). The output signal of photodetector is an 
electrical photocurrent proportional to the intensity of the optical-power signal at the input 
of the same one. This photocurrent signal is converted to voltage signal by a 
transimpedance amplifier unit that is placed at the input of the demodulation circuit. The 
low-pass-filter and the demodulation circuit process is the voltage signal beginning to 
extract the information of the Sagnac rotation-induced phase shift ( ). The 
corresponding voltage signal generated at its output (Vdemod) varies from –1.00 V 
(corresponding to f = 70 kHz and maximum negative CCW rotation-rate) to +1.00 V 
(corresponding to f = 130 kHz and maximum positive CW rotation-rate), as depicted in 
Fig. 9.3. The internal closed-loop located between the output of the demodulation-circuit 
and the input of the analog voltage converter ensures that the Vdemod voltage signal to be 
copied at this latter point in a very short operation time with system stability. It included 
one PI controller and one low-pass-filter. The analog voltage converter takes the Ve 
voltage signal and converts it into a Vcontrol voltage signal (with adapted and adjusted scale) 
to control the frequency of the serrodyne-wave signal generated by the ramp-generator. 
The generated sawtooth-wave has an eight V constant amplitude and its frequency varies 
proportionally with respect to Vdemod, as seen in Fig. 9.3. An analog voltage converter was 
required due to the non-linear response of the ramp-generator circuit. The direct chain of 
the closed-loop configuration delivered the Vramp output voltage signal, whose frequency 
was proportional to the rotation-rate of the system (Ω). Thus, one sawtooth-wave to pulse 
converter circuit was needed. Finally, a digital frequency-meter measured the pulse 
frequency f as the image of the rotation-rate Ω of the system. In contrast, the feedback of 
the main loop consists of two blocks: the former is a block that performs the τ time-delay 
applied by the phase-modulator to the two counter-propagating optical waves; and the 
latter is a block that represents the amplitude of the phase-modulator gain (known as 
electro-optical coefficient KPM). The closed-loop action means that the phase-cancellation 
is realized. In fact, when the loop reaches the balanced stationary-state, the following 
equation is accomplished: f Sf f . On the other hand, the loop operation ensures at any 
time that the following relation accomplishes: S bias f      . Thus, the negative 
feedback closed-loop operation tends to null the ε error signal at any time.  

The Matlab-Simulink computer simulation used for the step-response signal yielded an 
initialization time of 10.3 ms for this system as seen by the transient step-response curve 
in Fig. 9.4. As seen in Fig. 9.1, a square-wave generator was needed to act as a voltage 
signal supplier for the bias phase-modulation process which must provide a 50 kHz 
frequency voltage signal as seen above. An appropriate amplitude value for this wave was 
applied to the phase-modulator electrodes by to produce a  phase 

shift, in accordance with the electro-optical coefficient value. Fig. 9.5 presents the circuit 
scheme of square-wave generator based on IC555D as an oscillator and the generated 
wave-form is depicted in bottom right-corner. 

Fig. 9.6 shows the sawtooth-wave generator circuit as well as the generated waveform 
with a central frequency value of 100 kHz (when rotation-rate is zero) in the bottom right 
corner. The circuit generator consisted of an oscillator based on IC555D triggered by 

m bias ff f f 

Sf

Sf

2 2VVp  2 [rad]p
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voltage capacitor C6, whose charge was supplied by a constant current source. The 
constant current source was performed by a BJT-based mirrored-current source (Q5 and 
Q6 transistors). To adjust the sawtooth-wave oscillator frequency, a cascade of five JFET 
(J2N3819 type) transistors was provided so that the same Vcontrol voltage signal was applied 
(as VGS voltage) to all five transistors. All transistors acted as a linear resistive-load 
working at their linear V-I zone. In this way, the Vdemod voltage signal varied from  
–1.00 V to +1.00 V and transformed the Vcontrol voltage signal with an analog converter 
circuit, linearly controlled the frequency of the generated sawtooth-wave Vramp voltage 
signal. Later, the Vramp voltage signal was inverted and applied to the phase modulator 
electrodes of the IOC as a feedback phase-modulation signal.  

 

Fig. 9.3. Graphical correspondence: Vdemod - , following the equation 

. 

 

Fig. 9.4. Transient time step-response curve of closed-loop system  
(initialization time is 10.3 ms). 

The demodulation circuit is shown in Fig. 9.7, and the analog voltage converter for 
realizing the Vdemod - Vcontrol conversion is shown in Fig. 9.8. Fig. 9.9 presents the sawtooth 
circuit generator, frequency pulse generator, and phase modulator voltage generator. 

rampf

30000 100000dp emodram Vf  
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Fig. 9.5. Square-wave generator circuit for providing BIAS phase-modulation signal to PM 
(amplitude is ). 

9.4. Calculations and Estimations 

For this model, the following performance parameters were analyzed: threshold 
sensitivity [10], dynamic range and scale factor [11]. The values calculated and estimated 
for such parameters are shown in Table 9.1.  

Table 9.1. Performance parameters of DFOG prototype (analog serrodyne-wave closed- 
loop configuration). 

Parameter Calculation formula (*) 
Calculated value 

(1) 
Estimated value 

(2) 
Unit 

Threshold 
sensitivity 

 
0.01363  0.01363 (3)  

 

Dynamic 
range  

±33.033 ±33.033 
 

Scale 
factor  

3.269  3.269  
 

(*) parameters of the formulae: 

=  open-loop scale factor;  

R = responsivity (InGaAs photodetector) (~ 0,50 ÷ 1 [μA/μW]);  
e = electronic charge = 1.60 10-19 [C]; 
t = averaging time [sec];  
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h = h-parameter of optical-fiber (~10-4 [ m-1]);  
 = Planck constant; 

Pd = power at the detector [μW]; 
L = total length of fiber-optic sensing coil [m];  
D = average-diameter of fiber-optic coil [m]; 
Lb = length of beat of the optical fiber [m], being; 
B = optical fiber birefringence; 
λ = wavelength of the light [m]; 
c = speed of the light in vacuum (~3  108 [m/s]). 

(1) parameters of the D-FOG reference-model: L = 2045 [m], D = 100 [mm], N = 6509.44,  
λ = 1310 [nm],  
Pd = 20 [ μW], h = 10-5 [m-1], B = 7.8 10-3, R = 0.68678 [μA/μW]; 

(2) derived values from optical and electronic simulation results;  
(3) estimated value from SRN measurement at the photodetector. 

 

Fig. 9.6. Sawtooth-wave oscillator (based on IC555D) triggered by the voltage capacitor being 
loaded by the constant current source (mirrored-current source); (bottom-right) the generated 

serrodyne-wave. 

346.627 10 [J s]h   



 

 

 
1 - Transimpedance Amplifier , 2 - Analog Peak-Comparator # 1 (positive peak) , 3 - Analog Peak-Comparator # 2 (negative peak) , 4 - Differential Peak-to-Peak 

Comparator , 5 - Selection-Circuit Switching Transistors, 6 - Flip-Flop Switching Circuits, 7 - DC Power Supply 

Fig. 9.7. Demodulation circuit which collates seven electronic functions: transimpedance amplifier, analogical peak comparators #1 and #2, 
differential peak-to-peak comparator, selection-circuit switching, flip-flop switching circuits and DC power supply. 
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Fig. 9.8. Analog voltage converter circuit (for Vdemod - Vcontrol conversion). 
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1 - Analog Isolators, 2 - Sawtooth generator, 3 - Vphase-modulator voltage generator,  

4 - VpulseDIGITALfrequencyMETER voltage generator, 5 - DC Power Supply 

Fig. 9.9. Sawtooth-wave voltage generator, digital frequency pulse generator,  
and phase-modulator voltage circuits. 

9.5. Simulation Results 

Fig. 9.10 shows the optical circuit scheme used for computer simulation and Fig. 9.11 
presents the square-wave bias phase-modulation applied to the connected PZT-Phase-
Modulator as shown in Fig. 9.1. Fig. 9.12 shows the serrodyne-wave electrical voltage 
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applied to the IOC-Phase-Modulator. Fig. 9.13 presents the optical-power spectrum 
obtained at the photodetector optical input (central frequency = 228,844 THz). Fig. 9.14 
charts the same signal by applying a rectangular filter. Both signals were obtained by 
optical circuit computer simulations.  

By using 500 μW as the optical-power value average and 228.849 THz as the peak 
frequency provided by the light source and applying the appropriate values of phase 
modulation signals, (like those that appear in Figs. 9.11 and 9.12), an optical-power value 
of 21.033 μW was obtained at the optical photodetector input. This value was –13.76 dBm 
for the optical-power loss applied to the photodetector optical input. 

The measured value of the Signal-to-Noise-Ratio (SNR) at the photodetector optical input 
was 193.489 dB and represents the 5.1962 10-11 fraction part of the output optical-power 
source. In other words, the noise equivalent power signal coming from light source and 
applied to photodetector optical input was 5.196 10-8 μW. Figs. 9.15 and 9.16 show the 
photocurrent interferometric signal obtained at the electrical output of photodetector when 
Ω = 11 °/s or 30 °/s, respectively, and the rotation-rate was applied to system. Fig. 9.17 
shows the Vsawtooth voltage (see circuit in Fig. 9.12) for the feedback Phase-Modulator 
electrical polarization. Fig. 9.18 presents the VpulseDIGITALfrequencyMETER voltage for frequency 
counting. 

 

Fig. 9.10. Optical circuit scheme of DFOG designed gyroscope for computer simulation. 
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Fig. 9.11. Square-wave electrical voltage-signal at the electrical-input  
of the PZT-Phase-Modulator. 

 

Fig. 9.12. Serrodyne-wave electrical voltage-signal at the electrical-input  
of the IOC-Phase-Modulator. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 244

 

 

Fig. 9.13. The optical-power spectrum obtained at the photodetector optical-input. 

 

Fig. 9.14. The optical-power spectrum obtained at the photodetector optical-input  
(obtained by rectangular filtering).  
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Fig. 9.15. The interferometric photocurrent signal obtained at the electrical output of an APD 
equivalent photodetector (when the Ω = 11 °/s rotation-rate was applied to the system). 

 

Fig. 9.16. The interferometric photocurrent signal obtained at the electrical output of an APD 
equivalent photodetector (when the Ω = 30 °/s rotation-rate was applied to the system). 

 

Fig. 9.17. Vsawtooth voltage for feedback phase modulation (the inverted signal applied  
to the Phase-Modulator). 
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Fig. 9.18. VpulseDIGITALfrequencyMETER voltage for frequency counting (see circuit in Fig. 9.12). 

9.6. Conclusions 

The results obtained for the performance parameters of the DFOG model designed 
(threshold sensitivity = 0.01363 °/hour and dynamic range = ±33.033 °/sec are satisfactory 
for industrial-grade current gyroscopic applications, such as stabilization and positioning 
platforms, line-of-sight stabilization for artificial vision systems, or inertial-navigation for 
terrestrial robotics and automobiles. Since these values are very close to the limits of IFOG 
navigation-grade, it is possible to expect future and possible applications for this model. 
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Chapter 10 
Development and Performance Analysis 
of a New Magnetorheological Damper 
with Displacement Differential Self-Induced 
Capability 

Guoliang Hu, Fengshuo Liu, Wei Zhou, Yi Ru and Ruqi Ding1 

10.1. Introduction 

Over the past decades smart material magnetorheological (MR) fluid has undergone 
significant development due to its unique rheological properties under magnetic fields [1]. 
As a consequence, the applications of MR fluid have also grown rapidly in industries such 
as civil engineering, safety engineering, transportation, and life science, with the 
development of MR fluid based devices, especially MR dampers, due to their long range 
controllable damping force, fast adjustable response, and low energy consumption [3-5]. 

A conventional MR damper consists mainly of a piston rod, a piston head, a sliding piston, 
two end covers, and an outer cover. Two chambers in the cylinder are separated by a 
sliding piston; the section with the piston head is filled with MR fluid and an accumulator 
that compensates for the changes in volume induced by movement of the piston rod which 
filled with pressurized nitrogen gas. As the damper piston rod moves, the MR fluid flows 
to the other side of the piston head through the fluid annular gap; a magnetic field is then 
applied via a copper coil wound around the piston head, while the lead to the coil passes 
through the hollow piston rod.  

Recently, some studies in literature focused on the structural design, modelling and 
control strategy of MR dampers to improve the achievable damping force [6, 7], dynamic 
range [8, 9], and response time [10-12]. In order to improve the performance of these 
dampers, structural factors such as the number of excitation coils, the direction of the 
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magnetic flux lines at the resistance gap, the geometry and specifications of the flow 
channels, the materials used in the magnetic circuits, and the effective surface area of the 
magnetic field should be considered [13-16].  

As well as improving their damping performance, the design of MR dampers with a 
multifunctional integration system has made significant progress in recent years. It is 
common knowledge that MR dampers are widely used in vibration control systems such 
as seismic protection and cable-stayed bridge systems in civil engineering, shock 
absorption and vibration isolation systems in mechanical engineering, and advanced 
prosthetics in biomechanical engineering. A vibration control system based on MR 
dampers has some functions that are very important or preferred from a practical 
perspective, such as force and displacement sensors for control, self-power for energy 
saving, stiffness elements to soften or mitigate vibrations, and fail-safe functions to protect 
its usage in case of power failure [5]. Therefore, the design of MR dampers that considered 
some of these particular fundamental elements has attracted the attention of many 
researchers.  

In recent years the integration of a self-power generation function with an MR damper has 
focused on electromagnetic power generation. Different designs of electromagnetic power 
generators have been examined by Choi and Wereley [17], Chen and Liao [18-19], 
Sapiński [20-24], and Jung and Jang [25-28]. Choi and Wereley studied the feasibility and 
effectiveness of a self-powered MR damper using a spring-mass electromagnetic 
induction device [17]. Chen and Liao designed and fabricated a self-powered and self-
sensing MR damper which integrated dynamic sensing, energy harvesting, and MR 
damping functions within the same device, and it was expected that these multifunctional 
MR dampers would be applied to vehicles and buildings [18-19]. Sapiński proposed an 
energy harvesting linear MR (EH-LMR) damper which integrated energy harvesting, and 
a dynamic sensor and MR damping technologies in a single device where an 
electromagnetic transduction mechanism was used to extract energy from vibrations. The 
simulation and experimental results indicated that the EH-LMR Damper could recover 
energy from vibrations and also display self-powered and self-sensing capabilities [20-
24]. Jung and Jang [25-28] investigated experimentally the sensing capability of an 
electromagnetic induction (EMI) device incorporated into an MR damper based vibration 
control system, and demonstrated that the device can act like a relative velocity sensor. 
Wang et al. presented a self-powered and sensing semi-active vibration control system 
based on an MR damper with energy regeneration. This system consisted of a rack and 
pinion mechanism, a linear permanent magnet DC generator, a current adjustment MR 
damper, and a control circuit. The DC motor harvested the vibration energy of the 
structure as electricity and powered the MR damper by managing the control circuit. A 
numerical study conducted as this system was applied to an elevated highway bridge 
revealed that the system is feasible and performed quite well [29]. 

Integrating a force sensing function with the MR damper was investigated by Ni and his 
co-workers [30-32]. Or and Ni fabricated and integrated a pre-stress type of piezoelectric 
force sensor with an actuation-only MR damper to form a smart MR damper that 
possessed the attractive functionality of force sensing, while damping with a high degree 
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of sensor damper collocation [30, 31]. Lam and Ni developed an MR damper with a dual 
sensing capability by integrating a piezoelectric force sensor and a displacement 
transducer with a conventional MR damper. The experimental results showed that an MR 
damper with an embedded force and displacement sensors could fulfil closed-loop 
feedback control applications in real time to mitigate structural vibrations in a reliable and 
simple manner [32]. 

Several methods were recently used to integrate the displacement/velocity sensing 
function with MR dampers in order to obtain the dynamic information between the two 
ends of the MR dampers. These methods can be classified as magnetostrictive 
displacement sensing, electromagnetic induction, and an indirect velocity extraction. Nehl 
et al. did some pioneering work in developing an integrated relative velocity sensor 
(IRVS) that could integrate into a liquid damper. The IRVS was working under a static 
magnetic field and can output self-induced voltages that depend on the velocity of the 
piston rod [33, 34]. Later on, Wang and his co-workers proposed an integrated relative 
displacement self-sensing MR damper to realise integrated relative displacement sensing 
and controllable damping [35, 36]. Based on an extension of this idea, a prototype of an 
MR damper was designed, fabricated, and tested by Wang and Bai [37]. The principle of 
this device was based on frequency division multiplexing of the exciting coil and function 
multiplexing of the pickup coil and induction coil. 

Our group also developed a self-sensing MR damper based on electromagnetic induction, 
whose performance was evaluated with simulation analysis [38], but since only one self-
sensing coil was wound onto the winding cylinder, the accuracy of the self-sensing ability 
must be increased. Later on, our group developed and fabricated a novel displacement 
differential self-induced MR damper [39-41] where two differential self-induced coils 
were wound onto a winding cylinder in order to obtain a more accurate output of self-
induced voltage that would be proportional to the damper’s relative displacement. 
Furthermore, some investigative work was also carried out to influence the flux leakage, 
the winding cylinder with different but basic structural parameters and materials to 
optimise the self-induced performance of the MR damper. However, there were some 
shortcomings with the self-induced ability during the preliminary static and dynamic 
experimental tests, they include: (a) the amplitude of the self-induced voltage was too 
small in the static and dynamic experimental tests, it is difficult to apply in industrial 
applications due to external interference; (b) the repeatability of the self-induced output 
voltage under different DC inputs was poor due to a bias under the zero damper 
displacement; and (c) the dynamic range was not good enough because the piston head of 
the proposed MR damper was complicated. In response to the problems outlined above, a 
new MR damper with displacement differential self-induced capability was designed and 
fabricated. In this study the structural design and analysis of the self-induced performance 
of the proposed MR damper is presented. A series of simulation analysis and experimental 
tests were carried out to investigate the static and dynamic self-induced performance with 
good linearity and repeatability; the damping performance was also evaluated 
experimentally. 
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10.2. Design Consideration and Self-Induced Performance Analysis 

10.2.1. Structure Design and Principle Description 

Fig. 10.1 shows the principle diagram of the proposed MR damper with displacement 
differential self-induced ability, and Fig. 10.2 is the prototype of the proposed MR 
damper. This MR damper consists primarily of a piston head with wound excitation coils, 
a winding cylinder around which differential self-induced coils are wound, a piston rod, 
two end covers, and an outer cover. The coils wound onto the piston head act like an 
excitation coil and provide magnetic fields to both LVDS and MR fluids by applying a 
simultaneous alternating current (AC) and a direct current (DC) excitation signal, while 
the differential self-induced coils wound on to the winding cylinder generate self-induced 
output voltages. The magnetic field generated by the alternating current enables the 
differential self-induced coils to produce self-induced voltages, while the magnetic field 
generated by the direct current magnetises the MR fluid in the annular fluid flow channel, 
so the DC input value of the piston head can be changed to obtain different damping 
forces.  

 

Fig. 10.1. Principle diagram of the proposed MR damper. 

In this design, non-magnetic stainless steel was used for the piston rod, the winding 
cylinder, and the end cover to stop a magnetic circuit from passing through, while a 
magnetic metal (10# steel) was used for the piston head and outer cover to generate a 
working closed-loop magnetic circuit. The input current enters through a hole on the 
piston rod, while the self-induced output voltage enters through a hole in the outer cover. 

As Fig. 10.1 shows, the primary flux of the self-induced magnetic path is shown in red 
and the leakage flux of the self-induced magnetic path is shown as purple. The magnetic 
circuit for the LVDS is the same as the magnetic circuit of the MR damping force. To 
build up the MR damper integrated with LVDS technique, the self-induced magnetic 
circuit must not disturb the damping force magnetic circuit, and the leakage flux should 
be as small as possible. 



Chapter 10. Development and Performance Analysis of a New Magnetorheological Damper with 
Displacement Differential Self-Induced Capability 

253 

The specifications of the proposed MR damper are given in Table 10.1, as are the 
parameters from our previous work [39-40]. Here, some key parameters were optimised 
to obtain better damping forces and a larger self-induced voltage in our present work [41]. 
Photos of the proposed MR damper prototype are shown in Fig. 10.2. 

Table 10.1. Specifications of the proposed MR damper. 

Parameter Values in [41] Values in [39-40] 
Piston rod diameter 16 mm 20 mm 
Piston head diameter 42 mm 46 mm 
Effective damping length 16 mm 20 mm 
Gap thickness 1 mm 1 mm 
Winding cylinder inner diameter 44 mm 48 mm 
Winding cylinder region 45mm 40mm 
Outer cover outside diameter 64 mm 70 mm 
Piston effective displacement 40 mm 40 mm 
Winding cylinder thickness 2 mm 2 mm 
Outer cover thickness 8 mm 10 mm 
Excitation coil turns (N) 920 950 
Self-induced coil turns (N1) 290 160 

Self-induced coil turns (N2) 290 160 

   
(a) Components of the prototype                              (b) Assembled prototype 

Fig. 10.2. Photos of the proposed MR damper prototype. 

10.2.2. Analysis of the Self-Induced Performance 

The key technology for the self-induced ability of the proposed MR damper is an 
integrated linear variable differential sensor (LVDS) method based on electromagnetic 
induction and the differential principle. To save space for installation and maintain its 
multi-function capability, the structure of the new proposed MR damper reused the 
excitation coil wound onto the piston head as the exciting coil for the LVDS, the 
differential self-induced coils were wound onto the winding cylinder, and the alternating 
current (AC) was input to the excitation coil to generate an alternating magnetic field for 
LVDS. 
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The principle of the proposed MR damper with displacement differential self-induced 
ability is shown in Fig. 10.3. As can be seen from the Fig. 10.3 (a), two differential self-
induced coils were wound around the winding cylinder, and the amplitude of the signal is 
the difference between the amplitudes of two self-induced coils according to the 
differential principle. The self-induced coils of the winding cylinder induce a signal with 
amplitude that is proportional to the number of coils in the magnetic field, while its 
frequency is the same as the excitation signal. 

 
(a) Schematic of electronic system 

1R

2R

3R


 1U

U

 
(b) Principle of displacement differential self-induced performance 

Fig. 10.3. Principle of the proposed MR damper with displacement differential  
self-induced ability. 

It is known that the rheological property of MR fluid in the MR damper can be changed 
within milliseconds under the applied magnetic fields, while the frequency of the AC 
signal that applied on the damper piston head is 1 kHz, which is the same as the 
instantaneous magnetic field induced by the AC signal is. So, the integration of the n 
cycles of the instantaneous magnetic fields is carried out within the response time of the 
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MR fluid, and the average value of the instantaneous magnetic fields equals zero. Thus, 
the induced AC magnetic field does not have an impact on the MR fluid flow in the MR 
damper basically. That is to say, the magnetic field generated by the AC input does not 
affect the damping force. 

In Fig. 10.3 (b),U is the AC excitation input voltage, 
1U  is the output differential self-

inducted voltage, L1isthe self-inductance of the excitation coil, and L2 and L3 are the self-
inductance of the self-inducted coils connected in a differential way, respectively. N is the 
number of excitation coils, N1and N2 are the turns of two differential self-induced coils, 
respectively. R1 is the resistance of the excitation coil, and R2 and R3are the resistance of 
the self-induced coils, respectively. 

The alternating current in the excitation coil is given by 

 
1 1

U U
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   (10.1) 

The magnetic flux in the differential self-induced coils is 
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The reluctance of the magnetic circuit is 
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where li is the length of the conductor of each section in the magnetic circuit, μi is the 
permeability of each section, Si is the cross-sectional area of each section, μ0 is the 
permeability of vacuum, h is the thickness of the air gap, and S is the cross-sectional area 
of the air. 

The reluctance of the magnetic circuit R in Eq. (10.3) consists of two parts, where the first 
term is the sum of the reluctance of the piston head and the reluctance of the outer cover 
in the primary magnetic circuit, and the second term is the reluctance of the air gap 
between the piston head and outer cover. Since the value of μi was much larger than μ0, 
the reluctance of the air gap is a major part of the reluctance of the magnetic circuit.  

By ignoring the change of magnetic resistance due to the motion of the piston, and 
assuming that the resistance of the magnetic circuit is constant, it can be seen that the 
magnetic flux is proportional to the excitation voltage from Eq. (10.1) and Eq. (10.2). 

Setting the sine excitation in the excitation coil is  

 ( ) sin(2 )mu t U ft , (10.4) 

where f is the frequency of sine excitation, and the magnetic flux in the self-induced coils 
is 



  Physical Sensors, Sensor Networks and Remote Sensing 

 256

 1 2( ) ( ) ( ) sin(2 )mt t t ft       , (10.5) 

ϕm is the peak value of the primary magnetic flux in the magnetic circuit, and it is given 
by 

 m mkU  , (10.6) 

where k is a constant coefficient. 

The flux linkage of the two self-induced coils in the primary magnetic circuit is defined 
as 

 1 1 1 1( ) ( ) ( ) sin(2 ) ( )mt t N t kU ft N t    , (10.7) 

 2 2 2 2( ) ( ) ( ) sin(2 ) ( )mt t N t kU ft N t    , (10.8) 

where N1(t) and N2(t) are the turns of the self-induced coils in the main magnetic circuit, 
respectively. They are given by 

 1 1 1( ) ( )N t k x t , (10.9) 

 2 2 2( ) ( )N t k x t , (10.10) 

where k1 and k2 are denoted as the turn of two self-induced coils per distance along the 
winding cylinder, and the two constants of k1=k2. The position in the middle of the two 
self-induced coils was set to zero, the piston moving upwards was positive, and the 
displacement of the piston relative to the self-induced coils was denoted as x1(t) and x2(t) 
respectively, and they are given by 

 1 2( ) ( ) ( )x t x t x t    . (10.11) 

The instantaneous value of the self-induced voltage in the self-induced coils is 

 1
2 1

( ) ( )
( ) 2 ( )cos(2 ) sin(2 )m

d t d x t
e t kk U f x t ft ft

dt dt

         
, (10.12) 

 2
3 2

( ) ( )
( ) 2 ( )cos(2 ) sin(2 )m

d t d x t
e t kk U f x t ft ft

dt dt

          
 (10.13) 

According to the differential self-induced principle, the instantaneous value of self-
induced voltage can be deduced as 

 1 2 3 1

( )
( ) ( ) ( ) 2 2 ( )cos(2 ) sin(2 )m

d x t
e t e t e t kk U f x t ft ft

dt
         

 (10.14) 
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Due to the low speed damper movement and high frequency of the excitation signal, it 
can be considered as 

 
( )

2 ( )cos(2 ) sin(2 )
d x t

f x t ft ft
dt

  
   (10.15) 

So the instantaneous value of the self-induced voltage in Eq.(10.14) can be deduced as 

 1 1( ) 4 ( )cos(2 )me t fkk U x t ft    (10.16) 

Finally, the effective value of the self-induced voltage can be considered as 

 1 14 ( )mU fkk U x t   (10.17) 

Since k, k1, f and Um are constants, the self-induced voltage U1 is proportional to the 
relative displacement of the damper piston, that is, the principle of the integrated LVDS 
with the conventional MR damper is ensured. 

10.3. Simulation Analysis of the Proposed MR Damper 

In this section, the static and harmonic magnetic field simulations of the proposed MR 
damper were carried out by using ANSYS software. There are three aspects as follows: 
Firstly, the effects of the excitation coil on the magnetic flux density of the resistance gaps 
at different currents were analyzed. Then, the effects of relative position of the piston head 
on the average magnetic flux density under the same applied current were investigated. 
Finally, the self-induced characteristics were also simulated by harmonic magnetic field. 

10.3.1. Magnetic Properties of MR Fluid and Steel Used in the Proposed MR 
Damper 

The MR fluid with the type MRF-J01T provided by the Chongqing Instrument Material 
Research Institute in China was used in the following simulations and experiments. Its 
field dependent properties are shown in Fig. 10.4. By observing Fig. 10.4(a), the dynamic 
yield stress of the MR fluid in the resistance gaps can be approximated by 

 3 2
3 2 1 0y a B a B a B a        , (10.18) 

where α0, α1, α2 and α3 are polynomial coefficients that determined by the least-squares 
fitting of the dynamic yield stress data as a function of magnetic flux density, here  
α0 = 0.0182 kPa,α1 = -48.4644 kPa/T, α2 = 865.3901 kPa/T2 and α3 = -984.2742 kPa/T3. 

Fig. 10.5 shows the relationship between the magnetic flux density and the magnetic field 
intensity of the 10# steel material used in the outer cover, the winding holder and the shade 
board of the composite piston head, respectively. 
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Fig. 10.4.Specification of the MR fluid with the type MRF-01J. 
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Fig. 10.5. B-H curve of 10# steel material. 

10.3.2. Static Magnetic Field Simulations 

The static magnetic field is used to control the damping force, therefore, the intensity and 
distribution of the static magnetic field are the key factors to determine the dynamic 
characteristics of the damper. In the simulation, the DDSMRD model was simplified to 
2D plane due to its axisymmetric structure. Table 10.2 listed the material properties used 
in the DDSMRD, here, the relative permeability of the non-magnetic materials are 
denoted 1, while the material attributes of the magnetic material 10# steel and MR fluid 
were defined by the input of the B-H parameter. 

Fig. 10.6 shows the 2D axisymmetric model of MR damper in ANSYS software. Different 
materials are distinguished according to their colors. After the definitions of material 
properties, a smart method for mesh generation is used to apply a parallel boundary of 
magnetic flux lines around the MR damper. Also, current density loads are applied to the 
winding area of piston head. 
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 JS
NI

S
 , (10.19) 

where N is the turns number of excitation coils, I is the input current, and S is the winding 
area of piston head. 

Table 10.2. Material properties of MR damper structure. 

Structure Material Permeability 
Piston rod Stainless steel Non-magnetic 
Outer cover 10# steel Magnetic 
Piston head 10# steel Magnetic 
Winding cylinder  Stainless steel Non-magnetic 
Tight nut Stainless steel Non-magnetic 
MRF MR fluid Magnetic 
Sliding piston Stainless steel Non-magnetic 
End cover Stainless steel Non-magnetic 

 

The magnetic flux distribution is shown in Fig. 10.7, where an applied current of 0.25A 
is applied on the excitation coil. It is seen that the whole magnetic circuit contains not 
only the main magnetic circuit calculated by theories, but also the leakage flux from the 
upper and lower edges of piston head towards around. 

  

Fig. 10.6. 2D axisymmetric model. Fig. 10.7. Magnetic flux distribution. 
 

Fig. 10.8 shows the magnetic flux density distribution of the proposed MR damper under 
the applied current of 0.25A. The red area indicates that the largest magnetic flux density 
is located in the middle of the piston head. It is preferentially saturated in the magnetic 
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circuit of MR damper. Therefore, the thickness of the magnetic core is one of the 
important parameters in the structural design. The magnetic resistances of the middle 
winding cylinder and the MR resistance gaps are the largest of the whole magnetic circuit. 
As a consequence, their magnetic flux densities are the smallest. In the design of damper 
structure, the values of these magnetic resistances should be reduced such that the MR 
damper is able to obtain a larger magnetic flux density. However, the magnetic circuit 
should be consistent with the main magnetic circuit designed by the theory according to 
the distribution of the magnetic flux density. Larger magnetic flux densities are always 
located in the main magnetic circuit. The magnetic flux densities distributed in the piston 
rod, end cap and MR fluids out of the main magnetic circuit, all approaches zero. It 
contributes to taking full advantage of the magnetic field and the excitation currents. 

 

Fig. 10.8. Distribution of magnetic flux density. 

Among the whole magnetic circuit, the effective magnetic fields of MR fluids are mainly 
concentrated on the two ends of the piston head. The magnetic flux density is analyzed by 
intercepting the effective length of the upper and the lower resistance gaps. Fig. 10.9 (a) 
shows the distribution of the magnetic flux density for the upper resistance gap. Fig. 10.9 
(b) is the distribution of the magnetic flux density for the lower resistance gap. Due to the 
symmetrical structure of the piston head, the magnetic flux density of the upper and lower 
resistance gaps is consistent. The magnetic flux density at both ends of the piston head is 
larger than that in the middle, and the closer to the middle of the piston, the smaller the 
magnetic field is. 

The average magnetic flux density is solved by the division between integral of this path 
and the sum of distances. Fig. 10.10 show the distributions of the magnetic flux density 
of MR damper pertaining to different currents. It can be seen that with the increase of the 
current, the magnetic flux density gradually increases with the deepening of color.  
Table 10.3 is the average magnetic flux density of the MR damper pertaining to different 
currents. The simulation results show that the magnetic flux density becomes greater with 
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the increase of excitation current. Therefore, the average magnetic flux density can be 
changed by altering the excitation currents. 

 

(a) Upper resistance gap                             (b) Lower resistance gap 

Fig. 10.9. Magnetic flux density distribution of effective damping length. 

    

(a) I = 0.25 A                (b) I = 0.5 A                 (c) I=0.75 A               (d) I = 1A 

    

(e) I = 1.25 A              (f) I = 1.5 A                  (g) I = 1.75 A                 (h) I = 2 A 

Fig. 10.10. Magnetic flux density map under different applied current. 
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Fig. 10.11 exhibits the variation of magnetic flux density with respect to the applied 
currents in the damping resistance gaps. It shows that when the excitation current ranges 
from 0 A to 0.75 A, the magnetic flux density is linearly proportional to the input current 
value. When the current value ranges from 0.75 A to 1.75 A, the magnetic flux density 
gradually increased with the increase of input current, and the variation tendency is slow. 
When the current is larger than 1.75 A, the magnetic flux density has few changes. It 
gradually approaches to 0.3 T and then reaches saturation. 

Table 10.3. Average magnetic flux density of resistance gaps under different currents. 

I/A 0.25 0.5 0.75 1 1.25 1.5 1.75 2 
B/T 0.071 0.139 0.199 0.241 0.263 0.278 0.291 0.299 
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Fig. 10.11. Magnetic flux density of damping resistance gap. 

The distribution of the magnetic flux density of damping resistance gap directly affects 
the performance of the damper, so it is necessary to study the influence of the relative 
position of the piston head on the magnetic flux density, By adjusting the position of the 
damper piston head, the zero position is set in the middle of the two self-induced coils. 
The piston head is moved up positively and negatively. Fig. 10.12 shows the distribution 
of magnetic flux density of piston head under different damper positions. When the piston 
head is loaded with current of 0.25A to simulate the MR damper, the magnetic flux 
densities are obtained for different positions and effective lengths of the upper piston 
damper. 

With the same input current, the magnetic flux density distributions are consistent for 
different piston head positions (The piston head position is changed from -15 mm to  
+15 mm, and the interval is 5 mm). In the middle of damping resistance gap, the magnetic 
flux density is larger than that of both sides, and the largest magnetic flux density is 
located in the cross position between middle and the two sides. The distribution of 
magnetic flux density in upper damping resistance gap of the piston head is not affected 
by the piston head position. It is still larger on both sides and smaller in the middle part, 
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which varies parabolically. In terms of the simulation results, Table 10.4 listed the 
effective magnetic flux density of the upper damping resistance gap, the average magnetic 
flux densities of damping resistance gap under different positions are all close to 0.071 T, 
and the values changed little. 

  

(a) Δx = +5 mm                                         (b) Δx = +10 mm 

 

(c) Δx = +15 mm                                                 (d) Äx = -5 mm 

 

(e) Äx = -10 mm                                                  (f) Äx = -15 mm 

Fig. 10.12. Magnetic flux density map under different damper piston positions. 

Table 10.4. Average magnetic flux density of damping resistance gap at different positions. 

Äx/mm -15 -10 -5 +5 +10 +15 
B/T 0.0711 0.0716 0.0707 0.0714 0.0707 0.0712 

 

Taking the zero position as a reference, the deviation ratio of average magnetic flux 
density for different damping resistance gap positions is analyzed. As can be seen from 
Fig. 10.13, the deviation ratio can achieve less than 2 %. The variation of magnetic flux 
density is very small such that it can be ignored. Therefore, when the DC excitation current 
is constant, the magnetic flux density in the static magnetic field remains unchanged 
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although the piston head position changes. Then, the conclusion that the magnetic 
resistance of the magnetic circuit remains unchanged in the calculation is correct. The 
magnetic flux density in the piston head will not change when the winding cylinder is 
added between the piston head and the outer sleeve. 
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Fig. 10.13. Deviation rate of average magnetic flux density at different positions. 

10.3.3. Simulation of Harmonic Magnetic Field 

Generally, AC excitation signals with certain amplitudes are applied to the piston head 
and the coil of the winding cylinder will generate AC signals with the same frequency. By 
this way, the self-induced performance of the proposed MR damper can be analyzed. 
Based on this theory, the ANSYS/Emag module is used to analyze the harmonic magnetic 
field of the proposed MR damper, which is shown in Fig. 10.14. 

 

Fig. 10.14. FEM model of harmonic magnetic field. 
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The attributes for each plane are defined after the definition of the plane model of the 
damper. A voltage source V1 is created to simulate the way of voltage excitation after an 
intelligent mesh generation. The applied signal is sinusoidal with amplitude of 2V. Coil 
N1, N2 and N3 simulate the excitation coil, the self-induced coil 1 and self-induced  
coil 2, respectively. Accordingly, node K in the CIRCU124 conductor unit is coupled with 
and the corresponding node in the coil plane of PLANE53. The resistances of R1 and R2 
are set to 1×1010 to simulate the off state of the self-induced coil circuits. 

By means of electric circuit to simulate the self-induced coils, some constant real 
parameters of the coils should be defined, of which the filling coefficient of the coil plane 
is give as 

 
AR

LN
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 , (10.20) 

where N is the turns number of the self-induced coils, ρ is the conductor resistivity, Lh is 
the coil equivalent length, A is the element area of the coil region, and R is the coil 
resistance. 

After the definition of parameters, the degree freedoms of the coil region CURR and EMF 
are coupled to make the current constant and the winding current distributed evenly. The 
parallel condition of magnetic lines is applied to the external boundary of the damper, and 
the VOLT degree freedom of each circuit is restrained to 0. At last, harmonic way is 
selected to solve with a simulated frequency 1 kHz. Fig. 10.15 shows the magnetic flux 
lines for real and imaginary solutions, it can be seen that the real solution is consistent 
with the imaginary solution, and a closed magnetic circuit is formed between the piston 
head and the outer cover. There exists leakage flux at both ends of the piston head. 

With the variation of the piston head positions, the overlap location between the center of 
the piston head and the coils of winding cylinder is calibrated as zero position. The 
direction which piston head is moved upwards to winding cylinder is defined as the 
positive direction and conversely as the negative direction. The magnetic field is simulated 
pertaining to different positions of the piston head, and the self-induced voltage 
amplitudes of the two self-induced coils on the winding cylinder are obtained.  
Fig. 10.16 (a) shows the changes of self-induced voltage amplitude of coil 1 pertaining to 
different damper position. With the displacement ranging from -15 mm to +15 mm, the 
real solutions of the self-induced voltage amplitude increase gradually and the imaginary 
solutions have seldom change. Besides, the values of imaginary solutions are smaller than 
those of the real solutions. Fig. 10.16 (b) shows the changes of self-induced voltage 
amplitude of coil 2 pertaining to different damper position. With increases of the piston 
head displacement, the real solutions of the self-induced voltage amplitude decrease and 
the imaginary solutions are small too. 

Since the imaginary solution are smaller than those of the real solutions in the self-induced 
voltage amplitude of coil 1 and the coil 2, so it can be ignored. According to  
Eq. (10.14), the displacement differential self-induced voltage amplitude can be 
calculated. Fig. 10.17 shows the amplitude variations of self-induced voltage pertaining 



  Physical Sensors, Sensor Networks and Remote Sensing 

 266

to the different damper positions. The amplitude of self-induced voltage is symmetrical 
with the damper displacement with respect to the original point. When the damper 
displacement is less than zero, the self-induced voltage amplitude becomes negative. 
While when the displacement is greater than zero, the amplitude of the self-induced 
voltage is positive. What’s more, the amplitude of the self-induced voltage is linearly 
proportional to the damper displacement. These analysis result is consistent with 
Eq.(10.17) given by the differential principle theory in Section 10.2.2. 

               
(a) Real solution         (b) Imaginary solution 

Fig. 10.15. Magnetic flux lines of real and imaginary solutions. 
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(a) Self-induced coil 1                            (b) Self-induced coil 2 

Fig. 10.16. Amplitude of self-induced voltages at different positions. 
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Fig. 10.17. Amplitude of differential inducted voltages. 

By changing the excitation signal amplitude, the amplitude variations of self-induced 
voltages can be obtained with the excitation signal amplitudes of 4 V, 6 V, 8 V, 
respectively, as shown in Fig. 10.18. The amplitude of self-induced voltages generated by 
the two self-induced coils has the same variation tendency with the excitation signal 
amplitudes of 2 V. The imaginary solutions are also small enough to be ignored. The real 
solutions of coil 1 increase and those of coil 2 decrease with the increase of damper 
displacement. 

According to the differential principle, the amplitude difference of self-induced voltages 
between the coil 1 and coil 2 is solved. Fig. 10.19 depicts the amplitude of self-induced 
voltages versus the damper displacement pertaining to differential amplitudes of 
excitation signals. Since the amplitude of the displacement differential self-induced 
voltages refers to the difference between the amplitudes of coil 1 and coil 2, the phase of 
the self-induced voltages is changed by 180. The amplitude sign in this figure indicates 
its phase deviation. By changing the amplitude of the excitation signal, the amplitude of 
the self-induced voltages is still linear proportional to the damper displacement. 
Therefore, it can be concluded that this linear relation is not affected by the variation of 
the excitation signal amplitude.  

Taking the amplitude of the excitation signal as the abscissa and the amplitude of self-
induced voltages as the ordinate, the amplitude of differential self-induced voltages versus 
the amplitude of the excitation signal is shown in Fig. 10.20. Both the amplitudes of the 
differential self-induced voltages and excitation signals are straight line across the origin 
points. The former amplitude is linear proportional to the latter one. The positive and 
negative curves for the same displacement are symmetrical with Δx = 0 mm. 

When the damper displacements for upwards and downwards motions are the same, the 
amplitude deviation ratio of the self-induced electromotive force with the same relative 
displacement is shown in Fig. 10.21. With the increase of the relative displacement, the 
deviation ratio has an increased trend, but it is controlled within 3.5 %. The small deviation 
rate makes that the proposed damper meets the design requirements. With different 
amplitudes of excitation signals, all deviation ratio curves appear to overlap. It indicates 
that the amplitude variation of the excitation signal has no influence on the deviation ratio. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 268

-20 -10 0 10 20

0.0

0.4

0.8

1.2

U
2m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

 

-20 -10 0 10 20

0.0

0.4

0.8

1.2

U
3m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

 
 

(a) Um = 4 V, coil 1 
 

(b) Um = 4 V, coil 2 
 

-20 -10 0 10 20

0.0

0.4

0.8

1.2

1.6

2.0

U
2m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

 -20 -10 0 10 20

0.0

0.4

0.8

1.2

1.6

2.0

U
3m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

 
 

(c) Um = 6 V, coil 1 
 

(d) Um = 6 V, coil 2 
 

-20 -10 0 10 20

0.0

0.5

1.0

1.5

2.0

2.5

U
2m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

-20 -10 0 10 20

0.0

0.5

1.0

1.5

2.0

2.5

U
3m

(V
)

�△ x(mm)

 Real solutions
 Imaginary solutions

 
 

(e) Um = 8V, coil 1 
 

(f) Um = 8V, coil 2 

Fig. 10.18. Amplitude change of self-induced voltages under different  
excitation signal amplitude. 
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Fig. 10.19. Curve of differential inducted voltage amplitude and displacement. 
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10.4. Static Experimental Analysis of Self-Induced Performance 

As Eq. (10.17) shows, the self-induced voltage produced by the self-induced coils wound 
around the winding cylinder was proportional to the relative displacement of the damper 
piston, although the amplitude of the self-induced voltage would change if the damper 
piston was moved. In order to acquire the static self-induced signal of the proposed MR 
damper, a static signal acquisition system shown in Fig. 10.22 was built. The system 
consists mainly of a function signal generator, the proposed MR damper, a signal 
acquisition card, and a LabVIEW interface of signal acquisition. The function of the signal 
generator was used to provide a sine excitation signal to the excitation coils wound around 
the piston head. The signal acquisition card was applied to acquire a self-induced voltage 
signal. The LabVIEW interface of signal acquisition was programmed to display and 
analyse the relative displacement signal. 

 

Fig. 10.22. Static self-induced signal acquisition system. 

In the static experiments, the signal generator function was set as a sine wave with 
amplitude of 2 V and a frequency of 1 kHz. The analog input channel was set to AI0, the 
input mode was set to differential input, the sampling frequency was 20 kHz, and the 
sampling number of the single channel was 100 in the signal acquisition system. The filter 
type was a band pass with two orders. The damper piston was in the middle of the two 
self-induced coils, which were set to the zero position; the upwards motion of the damper 
piston was defined as a positive value, while the downwards motion was defined as a 
negative value. The positions of the damper piston at 0 mm, ±5 mm, ±10 mm and  
±15 mm were calibrated, respectively. 

A 2 V sinusoidal excitation signal was loaded onto the excitation coil wound around the 
piston head, and then a static self-induced voltage of the same frequency as the original 
sine wave signal was obtained. By taking two cycles of the self-induced voltages to 
analyse the samples, the changes of the static self-induced voltage under the damper 
movement from 0 mm to 15 mm, and 0 mm to -15 mm were obtained, respectively, and 
they are shown in Fig. 10.23. Here the static self-induced voltage increased as the 
displacement of the damper piston increased, from Fig. 10.23 (a), and the amplitude of 
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the self-induced voltage was proportional to the relative piston displacement; a similar 
trend occurred in Fig. 10.23 (b). Moreover, the amplitude was basically equal when the 
damper piston moved with the same displacement, for example with displacement 
positions of +5 mm and -5 mm. It was noted that the amplitude of static self-induced 
voltage in the zero position was 0.001 V, which is not strictly zero. However, the 
amplitude is small enough to ignore. 
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(a) Movement from 0 mm to +15 mm                (b) Movement from 0 mm to -15 mm 

Fig. 10.23. Static self-induced voltage under different damper piston displacement. 

Accordingly, amplitudes of 4 V, 6 V, and 8 V, and a 1 kHz frequency of sinusoidal 
excitation signal were loaded to the excitation coil, respectively, to investigate the changes 
of the static self-induced voltage. Table 10.5 gives the amplitudes of the static self-induced 
voltage under different damper piston displacements and different excitation signals, 
while Fig. 10.6 shows the changes of the static self-induced voltages. Table 10.5 and Fig. 
10.24 indicate that the amplitude of the self-induced voltage increased as the displacement 
of the damper piston increased when excitation signals of the same amplitude were loaded, 
and the amplitude of the self-induced voltage also increased as the amplitude of excitation 
signal increased under the same damper piston displacement; this can be certified by Eq. 
(10.17). Furthermore, linearity was well below the 6V excitation signal, although there 
was a deviation when the excitation signal had amplitude of 8V.  

Table 10.5. Amplitude of static self-induced voltage (Unit: V). 

Displacement 
(mm) 

Excitation 
signal (V) 

-15 -10 -5 0 5 10 15 

2 0.441 0.293 0.145 0.001 0.143 0.291 0.436 

4 0.852 0.602 0.313 0.002 0.317 0.604 0.855 

6 1.263 0.954 0.506 0.003 0.502 0.952 1.257 

8 1.771 1.331 0.677 0.005 0.732 1.376 1.788 
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Fig. 10.24. Amplitude of static self-induced voltage under different damper piston displacements 
and different excitation signals. 

Fig. 10.25 shows the deviations of the static self-induced voltage under the same damper 
displacements when the damper piston moved up and down. The figure shows that the 
deviations were below 1.4 % when the amplitude of the excitation signal was increased 
from 0 V to 6 V, and the deviations reached 3.3 % when the amplitude of the excitation 
signal was 8 V. To some extent, the displacement different self-induced ability had a good 
linearity and repeatability in the static test situation. 

 

Fig. 10.25. Deviations of static self-induced voltage under the same damper  
piston displacements. 

10.5. Dynamic Experimental Analysis of Self-Induced Performance 

10.5.1. Test Rig of Dynamic Self-Induced Performance 

To ensure that the proposed MR damper has damping characteristics and a self-induced 
performance, an alternating current (AC) and a direct current (DC) excitation signal 

0 2 4 6 8

0

1

2

3

4

5


 (

%
)

um (V)

 0mm  5mm  10mm  15mm



Chapter 10. Development and Performance Analysis of a New Magnetorheological Damper with 
Displacement Differential Self-Induced Capability 

273 

should be applied simultaneously to the excitation coil wound around the head of the 
damper piston. Fig. 10.26 shows the excitation signal’s generating circuit for the proposed 
MR damper, where DC power and AC power supply the excitation signals to the 
excitation coil of the piston head, respectively. Here, capacitor C was used to shield any 
DC disturbance on the AC signal, while resistor R and diode D were used to weaken the 
power attenuation of the AC signal along with the DC power supply circuit.  

 

Fig. 10.26.The excitation signal generating circuit of the MR damper piston head. 

Fig. 10.27 shows the dynamic experimental test rig for the proposed MR damper. Direct 
current input was supported by the DC power supply and the alternating current input was 
supported by the function signal generator. A signal acquisition card was used to collect 
the displacement self-induced voltage signal, and then the self-induced voltage signal was 
acquired by the LabVIEW interface. An INSTRON 8801 test machine was used to control 
the movement of the MR damper and monitor the change of force and displacement in 
real-time, while the relationship between the damping force and displacement was 
obtained by the test machine controller. 

 

Fig. 10.27. Test rig of dynamic self-induced performance. 
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10.5.2. Self-Induced Performance under Different Direct Current Inputs 

During the dynamic experiments, the AC voltage was 6.0 V and the frequency was  
1 kHz. The INSTRON 8801 test machine was set at sinusoidal loading with displacement 
amplitude of 5 mm and a frequency of 0.5 Hz. Three typical DC inputs,  
0 A, 0.5 A, and 1.0 A were loaded onto the excitation coil to investigate the changes of 
the self-induced voltage, respectively.  

Fig. 10.28 (a) shows the self-induced voltage under 0A DC input for the excitation coil; 
here the black one is the change of self-induced voltage, while the red one is the amplitude 
trend curve of the self-induced voltage. Note that the change of the self-induced voltage 
was similar to a sinusoidal wave, which was consistent with the loading of piston head 
displacement by the test machine. The amplitude of the self-induced voltage was equal at 
the same positive and negative positions as the damper piston moved up and down. 
However, there was a phase change when the piston head moved through the zero 
position, although it did not affect the change in amplitude of the self-induced voltage. 
Fig. 10.28 (a) shows that the change of the self-induced voltage in the positive direction 
and in the negative position had the same trend, and two identical waveforms formed a 
cycle. It was noted that the time in the X axis was converted from the sampling period, 
and although there was a deviation due to the sampling interval of the acquisition card, it 
did not affect the analysis of the self-induced voltage.  

Figs. 10.28 (b) and 10.28 (c) also show the change of the self-induced voltage under the 
0.5 A and 1.0 A DC input, respectively. The changes of both figures had the same trend 
as shown in Fig. 10.28 (a).  

The maximum self-induced voltage remained basically unchanged though the DC inputs 
as the excitation coil increased from 0 A to 1.0 A, while the maximum self-induced 
voltages were 0.094 V, 0.091 V and 0.093 V when the DC inputs were 0 A, 0.50 A and 
1.0 A, respectively. It was therefore concluded that the DC input had almost no influence 
on the output of the self-induced voltage. 

It is noted that the maximum self-induced voltages in the dynamic experiments are less 
than those in the static experiments. The reason is that the AC signal was applied to the 
damper piston head directly through the function signal generator in the static 
experiments, so, a sine wave with an amplitude of 2 V and a frequency of 1 kHz was 
enough to generate the output self-induced voltage. While in the dynamic experiments, a 
carrier superposition circuit was used to superpose the AC signal and DC signal together, 
which is shown in Fig. 10.26. In the excitation signal generating circuit, the power input 
in the damper piston head was weaken because of the resistor R in the DC closed loop and 
the capacitor C in the AC closed loop. In this case, a sine wave with an amplitude of 6 V 
and a frequency of 1 kHz was adopted to generate the needed self-induced voltage. 
However, the actual amplitude of the AC signal applied on the damper piston head is less 
than 2 V because of the carrier superposition, which leading to the self-induced voltages 
in the dynamic tests are less than those in the static experiments. 
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Fig. 10.28. Self-induced voltage under different DC inputs. 

10.5.3. Self-Induced Performance under Different Damper Displacements 

Fig. 10.29 shows the self-induced voltage under different damper displacements when the 
DC input for the excitation coil was set at 0.5 A, and where the AC voltage was 6.0 V and 
the frequency was 1 kHz. The testing frequency was 1 Hz and the amplitude was set at 4 
mm, 6 mm, 8 mm, and 10 mm, respectively. Here the self-induced voltage changed 
cyclically as the damper displaced, which was similar to the positive half cycle of the sine 
wave and identifies with the movement of the damper piston. As expected, the maximum 
self-induced voltage increased as the damper displacement increased.  

Fig. 10.30 shows the relationship between the amplitude of self-induced voltage and 
damper displacement under 0 A, 0.5 A and 1.0 A DC inputs, respectively. The straight 
red line is the ideal case between the amplitude of self-induced voltage and damper 
displacement; it indicates that the experimental dots in the same damper displacement 
under different DC inputs were scattered close to the trend line, which means the 
amplitude of self-induced voltage was proportional to the damper displacement and has a 
good repeatability. While in our previous works [39-40], the repeatability of the self-
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induced voltage under different DC inputs was not good due to a bias at the zero damper 
piston displacement, the bias is 0.016 V at 0.25 A and 0.047 V at 0.5 A, respectively.  
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Fig. 10.29. Self-induced voltage under 

different damper displacements. 

 
Fig. 10.30. Amplitude of self-induced voltage 

under different damper displacements. 
 

10.5.4. Analysis of Dynamic Damping Performances 

In order to investigate the change of damping force under different DC inputs, the 
damping force of the proposed MR damper was measured using the INSTRON 8801 test 
machine. Fig. 10.31 shows the relationship between the damping force and piston 
displacement under different DC inputs when the amplitude of the test machine was set at 
15mm and the testing frequency was 0.5 Hz, and where the damping force of the proposed 
MR damper increased from 80 N of 0 A to 320 N of 1.0 A as the DC input increased. 
Moreover, the size of the damping force was not strictly equal when head of the damper 
piston moved up and down in the same position due to its inherent gravity. In this 
experiment the minimum damping forces was only 80 N because there was no DC input 
and the uncontrollable force played a dominant role in this case. The maximum damping 
force reached 320 N when a DC input of 1.0 A was applied to the excitation coil, while 
the controllable force played a dominant role in this case. The dynamic range equals 4, 
which means the proposed MR damper had a good damping performance. 

Fig. 10.32 shows the relationship between the damping force and piston displacement 
under a test machine with different amplitude. The DC input was 0.5 A, the testing 
frequency was 1.0 Hz, and the amplitude of the test machine was set to 4 mm, 6 mm,  
8 mm and 10 mm, respectively. The velocity of the MR damper was changed due to the 
change of the amplitude of the test machine, which means the uncontrollable force that 
according to the piston velocity was changed so the damping force of the MR damper was 
also changed. Fig. 10.14 shows that the bigger the amplitude, the larger the damping force.  
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Fig. 10.31. Diagram of experiment force-displacement under different DC inputs. 
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Fig. 10.32. Diagram of experiment force-displacement under different amplitude loadings. 

10.6. Conclusion 

This chapter outlines the development of an MR damper with displacement differential 
self-induced ability based on the LVDS technology. The most important aspect of this 
MR damper was the excitation coil wound around the piston and two self-induced coils 
wound around the winding cylinder, respectively. In this MR damper, the excitation coil 
was multiplexed by the input of a direct current that magnetises the MR fluid in the 
resistance gap and the 1 kHz frequency carrier of alternating current for the LVDS.  

The static magnetic field simulation was carried out to investigate the magnetic flux 
density in the resistance gap, and the harmonic magnetic field simulation was also 
analyzed to obtain the self-induced performance under different damper displacements. 
The simulation results showed that the proposed MR damper can produce the 
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corresponding displacement amplitude signal with the change of the damper displacement 
to meet the self-induced characteristics. 

The self-induced performance of this MR damper was evaluated via static and dynamic 
experiments. In the static experiments, the self-induced voltage increased as the damper 
displacement increased, while the maximum self-induced voltage was proportional to the 
damper displacement. In the dynamic experiments, the maximum amplitude of self-
induced voltage increased with the damper displacement, and the change of amplitude 
coincided with the basic movement of the damper piston. The static and dynamic 
experiments showed that the proposed MR damper had a good linearity and repeatability 
about the self-induced ability. In addition, this MR damper had a damping performance 
that was similar to a conventional MR damper. 

This proposed MR damper can not only produce a self-induced voltage proportional to 
damper displacement, it also has the same damping performance as a conventional MR 
damper; this can lead to potential applications of this MR damper in industries such as 
vehicle manufacture, bridge building, and so on. Because of the structure of this proposed 
MR damper structure, external displacement sensors will probably not be needed. 
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Chapter 11 
Measurements of Vacuum in Microsystems 

Anna Górecka-Drzazga and Tomasz Grzebyk1 

11.1. Vacuum MEMS 

Vacuum is a key factor in operation of many MEMS (Micro-Electro-Mechanical System) 
and MOEMS (Micro-Opto-Electro-Mechanical System). For proper operation, devices 
like MEMS gyroscopes, resonators, infrared arrays and microswitches (for wireless 
circuits) require pressure in the range of 10−3 hPa (10−1 Pa) – 1 ha (100 Pa). Pressure 
influences the movement of resonating structures such as micro beams, membranes and 
suspended seismic masses [1]. In very small cavities pressure influences the heat transfer 
between a moving microparts and the package [2]. 

The vacuum MEMS are encapsulated either on the package level or on the wafer level. 
The first process involves continuous connection to a standard pumping system or vacuum 
sealing of the package inside a high vacuum chamber (Fig. 11.1). The second one is much 
more demanding, because it requires the development of compatible processes for 
fabrication and sealing of MEMS during a consistent manufacturing process (Fig. 11.2). 
In this case, some elements of the MEMS structure play simultaneously the role of the 
housing. This approach uses various techniques for the connection of silicon-silicon or 
silicon-glass structures, such as glass frit, eutectic soldering, anodic bonding and also 
integrated sealing technique with the use of a sacrificial layer [3].  

Although the wafer level encapsulation has many benefits, however it has also a major 
drawback. It is commonly known that vacuum generated during the sealing process 
deteriorates gradually, which may result in degradation of device properties. This 
phenomenon is related to the following mechanisms:  

 Residual gas remaining after vacuum sealing; 
 Degassing from bonded interfaces; 
 Degassing from inner surface (because of a large surface to volume ratio); 
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 Degassing by micro-leakages; 
 Permeation of light gases (hydrogen, helium) from external atmosphere. 

   
                                               (a)                                                           (b) 

Fig. 11.1. Vacuum sealing on a package level: (a) Using active pumping by standard pumping 
system; (b) Sealing of the housing inside a high vacuum chamber. 

 

                                   (a)                                                          (b) 

Fig. 11.2. Vacuum sealing on a wafer level: (a) Scheme, (b) Example of vacuum MEMS 
fabricated using the integrated sealing technique [3]. 

To resolve this difficulty, special MEMS getters have been produced to improve and 
stabilize vacuum (SAES Getters, Italy; Integrated Sensing Systems, Inc., USA). These no-
evaporable getters (NEG) are made of metallic alloys, mostly of titanium, zirconium, 
aluminum and barium and are activated at higher temperature (450 °C). NEGs allow 
creating a stable vacuum at about 10−3 hPa, inside volume smaller than 1 cm3, up to  
5 years. 

The most common process used for tight connection of silicon and glass MEMS structures 
is the anodic (electrostatic) bonding. In 2009 we carried out an analysis of the residual 
gases inside the MEMS structures, vacuum bonded with and without getter [4]. First, we 
examined an inner atmosphere inside a silicon-glass chip (5×5×0.03 mm3 Si membrane 
and 1 mm thick borosilicate glass; V = 8 mm3), which had been vacuum sealed by anodic 
bonding process at 10‒3 hPa, without getter. The results showed that the total pressure was 
about 1.3 hPa (Fig. 11.3a). Hydrogen (9.2×10–1 hPa), oxygen (3.9×10–5 hPa), carbon 
dioxide (1.5×10–1 hPa) and water (2.2×10–3 hPa) resulted from the anodic bonding 
process; carbon oxide (1.9×10–1 hPa), nitrogen (2.6×10–2 hPa) and methane (3.3×10–2 hPa) 
from degassing; argon (4.2×10‒5 hPa) from atmospheric gases, and helium (8.6×10–4 hPa) 
from permeation process through a thin silicon membrane.  
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(a) (b) 

Fig. 11.3. Analysis of residual gases inside a silicon-glass MEMS structure anodically bonded  
at 10−3 hPa: (a) without MEMS getter, (b) with MEMS getter [4]. 

Next, we examined the atmosphere inside a silicon-glass chip, which had been vacuum 
sealed with a special MEMS SAES getter (Fig. 11.3b). The total pressure was about 
1.1×10‒3 hPa, and the only gas components detected were helium (1.06×10‒3 hPa, 96.7 %) 
and argon (3.6×10‒5 hPa, 3.3 %), which had not been absorbed by a getter. The MEMS 
getter resulted to be very efficient in removing active species (hydrogen, nitrogen, oxygen, 
carbon oxides, and water). However, using vacuum anodic bonding and getter we did not 
manage to obtain high vacuum. 

It can be concluded that vacuum deteriorates gradually to 1 hPa for MEMS sealed without 
getter, and to 10‒3 hPa for MEMS sealed with getter. It is a low and medium vacuum, 
respectively.  

Comparing vacuum sealing on package level with vacuum sealing on wafer level it can 
be observed that the package level sealing is still used more often in practice and it allows 
obtaining vacuum at 10‒5 hPa. However, this process is technically incompatible, which 
creates a risk of damage during packaging, and devices have to be larger. The wafer level 
sealing has many advantages: it gives a full miniaturization capability, a technological 
compatibility and it allows a mass production. The main disadvantage is the problem with 
vacuum, which should be set at certain level, maintained for many years and preferably 
controlled over time.  

These difficulties in the generation and stabilization of low and medium vacuum at  
10‒3 hPa in MEMS/MOEMS have been technically solved. There are many of 
low/medium vacuum MEMS/MOEMS in use, but their exploitation time is usually limited 
to 5 years by a capacity of absorption of the MEMS getters. Furthermore, up to now the 
control of pressure inside the sealed devices is not a common practice, and changes of 
inner atmosphere may alter their functioning.  
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11.2. Vacuum Nanoelectronics Devices 

Except the typical low and medium vacuum MEMS there is another group of devices 
which need high vacuum for proper operation. These are so-called vacuum 
nanoelectronics devices such as microspectrometers, miniature X-ray tubes, electron 
microscopes and free electron lasers, which require vacuum better than 10−5 hPa. 

Vacuum Nanoelectronics was born as a new scientific field in 1961, when Shoulders [5] 
proposed the first construction of a vacuum microlamp, and replaced a thermal cathode, 
used in electron lamps, by a field-emission sharp tip cathode. The microlamp, like a 
traditional electron lamp, works on the basis of ballistic movement of electrons emitted 
from cathode in high vacuum. The radius of the sharp tip of cathode is in the nanometer 
range, cathode-anode distance stays in the micrometer range, and the size of the whole 
device is in the range of millimeters. Further development of the microengineering 
techniques enabled manufacturing of many field emission cathodes such as sharp tip 
arrays from metal, silicon, diamond, silicon carbon, carbon nanotubes etc. In 1991 the 
fabrication of a Spindt-type metal array cathode with 107 tips per cm2 was reported [6]. 

Currently, the most promising “products” of vacuum nanoelectronics are the miniature  
X-ray tubes. They may find applications in industry and medicine for XRD diffraction, 
material analysis detecting diseases, radiography and radiotherapy [7]. The first challenge 
for the commercialization of the X-ray tubes was to lower the power consumption of 
electron source. It has been achieved by the use of the cold sharp tip cathode. A good 
example of such solution is the X-ray tube with field-emission carbon nanotube cathode 
[8] which can be compared with battery supply MAGNUM X-ray source with thermal 
cathode [9] (Fig. 11.4). CNT cathode reduces power consumption approximately 20 times. 

   

(a)                                              (b)                                               (c) 

Fig. 11.4. Miniature x-ray tubes: (a) Metal-ceramic 50 kV MAGNUM X-ray source (2.4 cm 
diameter, 12.4 cm length) − Tungsten filament (0.1 mA, 4 W) [9]; (b) Ceramic-Kovar X-ray tube 
(6 mm dia., 38 mm length) − CNT on Kovar rod cathode (0.08 mA, 0.2 W) [8], (c) Metal-glass  
x-ray tube – 90507 (diameter 30 mm, length 86 mm) [10]. 

The second obstacle for the commercialization – generation of a stable high vacuum inside 
a very small device – is currently overcome by using standard pumping systems, and 
package level sealing. Generally, high vacuum is produced inside the device housing, 
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which is made of glass or ceramics connected with metal (Fig. 11.4c). The miniature  
X-ray sources packaged in metal-glass housing are vacuum annealed (400 °C, 5 hours), 
and then glass is melted at higher temperature (about 600 °C) [10]. In the case of metal 
(Kovar)-ceramic housing, after vacuum annealing process (500 °C, 10 hours) the vacuum 
brazing process is performed (680 °C, 30 min) [11].  

These are not MEMS technologies, but standard processes that are used in vacuum 
electronics, because the wafer level sealing cannot be applied for this type of devices. 
Since high vacuum is not achievable inside the small-volume MEMS devices, these 
products are commercialized slowly.  

In summary, pressure affects the work of vacuum MEMS/MOEMS and nanoelectronics 
devices, and there are significant difficulties to generate, stabilize and measure high 
vacuum (p < 10‒3 hPa) inside a very small instrument. Commercialization of the high 
vacuum MEMS is limited because they are produced and vacuum sealed using 
conventional techniques.  

11.3. A New Concept of a Miniature High Vacuum Instrument 

Therefore, it seems that to improve the properties of a typical vacuum MEMS/MEOMS 
and to fabricate small vacuum nanoelectronics and high vacuum MEMS a completely new 
approach ought to be used. According to our research, a fully controlled high vacuum 
instrument should consist of a MEMS micropump and a vacuum MEMS sensor  
(Fig. 11.5).  

 

Fig. 11.5. Concept of a fully integrated high vacuum instrument. 

Thus, our works have been focused on the development of the high vacuum miniature 
instruments, which would realize this concept and be materially and technologically 
compatible. The first results have confirmed that MEMS technology enables a production 
of integrated vacuum devices consisting of a vacuum MEMS micropump, a vacuum 
MEMS sensor and a MEMS field emission electron source [12, 13].  

11.4. MEMS Vacuum Pumps 

The use of conventional pumping systems to generate vacuum in MEMS devices is either 
impossible (due to the impedance of gas flow and scale factor) or counterproductive (all 
the benefits of miniaturization would be lost).  
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Different types of miniature pumps (membrane, rotary, vapor-jet and thermo-conductive) 
have been presented in [14]. It can be stated, that recent years have brought a breakthrough 
in in this field. Currently, the micropumps can cover different pressure ranges. In low 
vacuum the membrane, the vapor-jet and Knudsen pumps are the most applicable  
(Fig. 11.6). In medium and high vacuum the turbomolecular and the sorption pumps 
exhibit the best performance. 

   
(a)                                             (b)                                                  (c) 

   
(d)                                          (e)                                           (f) 

Fig. 11.6. Miniature vacuum pumps: (a) Membrane pump by Zhou et al. [15]; (b) 48-stage 
Knudsen pump [16]; (c) Vapor-jet pump [17]; (d) Turbomolecular pump offered by Honeywell 

Co. [18]; (e) Titanium sputter ion pump [19]; f) miniature ion-sorption pump [20]. 

However, most of the MEMS pumps produce only low and medium vacuum, thus they 
will not replace the wafer sealing processes. Recently we have invented two types of ion-
sorption MEMS high vacuum pumps [21, 22]. The ion-sorption micropump of the first 
type has a field-emission electron source (Fig. 11.7a). The effective emission properties 
of the carbon nanotubes cathode ensure a satisfactory efficiency of residual gas ionization, 
showing the possibility of active pumping of circa 0.05 cm3 volume down to 10−5 hPa. 
The only disadvantage of this construction is a short life of the CNT cathode due to a 
bombardment by ionized gas particles. The second type of the MEMS pump works on the 
basis of gas ionization by spontaneously emitted electrons. This construction is based on 
the Penning trap. It is a multilayer silicon-glass structure (Fig. 11.7b) that is vacuum sealed 
by anodic bonding process performed at 10−3 hPa. After polarization of the electrodes, 
inside the vacuum sealed micropump a glow discharge is ignited. With time the glow 
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extinguishes and discharge current drops. In about half an hour pressure reduces up to the 
level of 10‒7 hPa. These micropumps are the first that enable providing high vacuum 
conditions in the MEMS structures. 

 

                
(a)                                                             (b) 

Fig. 11.7. Ion-sorption MEMS micropumps: (a) Construction with CNT field emission cathode,  
(b) Construction utilizing glow-discharge. 

11.5. MEMS Vacuum Sensors  

Pressure sensors currently used for measuring vacuum in the commercial vacuum systems 
work on the basis of the following phenomena: 

 Deflection of a thin membrane due to a differential pressure; 
 Dependence of thermal conductivity of surrounding gases on pressure;  
 Dependence of frequency and quality factor of vibrating elements on pressure; 
 Dependence of ion current on pressure. 

With the development of microelectronics and microengineering techniques, the pressure 
sensors have been miniaturized and equipped with modern electronics. Their parameters 
are often better than those of their counterparts from the macro scale. Some of them have 
already found applications in the commercial vacuum systems [23]. 

Various designs of vacuum sensors [24, 25] are presented in the literature. Some of them 
are fabricated using MEMS technology. These include diaphragm, thermo-conductivity 
and viscosity sensors. The diaphragm sensors require a relatively large area and an 
accurate measurement of membrane deflection. The thermal conductivity sensors (e.g. 
Pirani) must be made of a microheater maximally isolated from the rest of the structure. 
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The viscosity sensors require vibration elements whose resonance frequency or quality 
factor (Q) will vary with pressure. The currently developed vacuum gauges, although 
miniature, are often used in conventional vacuum systems and only in some cases they 
are integrated with other MEMS. 

11.5.1. Membrane Vacuum Sensors 

The most common microsystems used for the measuring of differential pressure are 
silicon pressure sensors with a thin membrane (Fig. 11.8). Different methods can be 
applied to detect the deflection of the membrane: optical, piezo-resistive, capacitive and 
basing on field-emission current measurements [26, 27]. Due to the working principle and 
the accuracy of the detection methods, these sensors are used only to measure low vacuum 
from 1000 hPa to 1 Pa [28, 29]. 

  
         (a)                                                             (b) 

Fig. 11.8. Diaphragm silicon sensor: (a) Dimpled, thin diaphragm, denoting a vacuum glass frit 
seal of silicon-glass MEMS package [30], (b) Maximal deflection vs pressure [31]. 

11.5.2. Thermal-Conductive Vacuum Sensors 

The thermal-conductive Pirani vacuum sensors detect changes in temperature (at constant 
power) or electrical power (at constant temperature) supplied to a micro-heater [32]. They 
usually operate at medium vacuum from 10‒3 to 10 hPa. At low vacuum, the mean free 
path of gas particles is smaller than the distance between the heating element and the 
housing, and the thermal conductivity of the gas does not depend on pressure. On the 
contrary, at high vacuum the heat transfer through the surrounding gas becomes lower 
than the heat transfer through the substrate and the radiation, which limits the 
measurement range. The operating range of the Pirani sensors can be extended by 
reducing the thermal conductivity of the electrical leads [33], or by the use of larger, 
thinner and perforated membranes, onto which a micro heater is deposited [34, 35]. 
Special constructions allow measurements from 10‒4 hPa up to atmospheric pressure  
(Fig. 11.9) [36, 37].  
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  (a)                                                        (b) 

Fig. 11.9. Pirani MEMS sensors: (a) chip size 2×2 mm2, SiO2/Si3N4 membrane and compensation 
resistor (Al, Au, Pt) [36], (b) Ni resistor 200 nm thick is carried by four 300 nm thin Si3N4 

beams, two compensation resistors are located on the bulk silicon rim [38]. 

Miniaturization of the Pirani vacuum sensors using the MEMS technology has become an 
industrial standard due to their reliability, fast response time, low cost, ease of use and 
ultra-low power consumption. Currently, the MEMS sensors are packaged in traditional, 
metal (e.g. TO-5 package) or ceramic (e.g. LCC-20) housings [39, 40] (Fig. 11.10).  

   

           (a)                                              (b)                                     (c) 

Fig. 11.10. Commercial Pirani vacuum MEMS sensors packaged in metal and ceramic housing: 
(a) Xensor Integration Company [39], (b) POSIFA Microsystems, Inc. [40], (c) 925 Micro-Pirani 

vacuum sensor offered by MKS Inst. Inc. [41]. 

MKS Instruments Inc. have recently introduced to the market the MKS 925C MicroPirani 
sensor with the measuring range from 6.5×10−2 to 6.5 hPa (Fig. 11.3c) [41]. It exhibits a 
significantly faster response time and a filament temperature is only 35 °C above ambient, 
compared to 100‒150 °C for conventional gauges.  

However, the use of the Pirani MEMS sensor together with another miniature device leads 
also to some problems. The fabrication and assembly process of the integrated device is 
very complicated. In our works we have connected a Pirani gauge consisting of a meander 
heater made of Cr/Au bilayer, deposited onto thin silicon nitride bridge, with our high 
vacuum micropump [12]. The vacuum measurements have proven that the ion-sorption 
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micropump efficiently pumps down the microcavity and can prevent vacuum deterioration 
in the presence of small leakages. However, in the case of the Pirani sensor, outgassing 
effects were noticeable, and the problems associated with a heat transfer between the 
micropump and the microsensor and their housing occurred. Thus, measuring a vacuum 
in a very small volume is still a technical problem. 

11.5.3. Resonant Vacuum Sensors 

The miniature resonant vacuum sensors utilize the effect of the pressure influence on the 
vibration of movable microstructures, like for example microbeams and comb-drive 
micromechanical structures [42-45] (Fig. 11.11).  

   

(a)                                                                 (b) 

Fig. 11.11. Resonant vacuum sensor: (a) the sensor consists of a 250 µm × 150 µm, 
electrothermally excited cantilever beam. The vibrations are detected using n-doped poly-Si 
resistors, integrated in the suspended cantilever, (b) Q-factor of the sensor vs pressure [36]. 

Recently, a resonant vacuum sensor has been used to measure the pressure inside a 
vacuum package sealed by silicon-glass anodic bonding process with titanium getter layer 
[46]. The pressure range from 2.6 hPa to 6.6×10−2 hPa inside the package device was 
estimated by measuring the quality factor (Q) of laterally-driven resonator. Similar 
experiments were performed to evaluate the hermeticity of the glass frit seal and the 
absorption properties of the getter (Fig. 11.12a) [30]. First, the sensor was calibrated in 
the reference vacuum chamber (Fig. 11.12b), and then the MEMS structure was sealed. It 
was observed that for the microchamber with getter, only a slight increase in Q occurred 
at pressures below 10–3 hPa. Without the getter, a Q of 40 and a cavity pressure of 1.8 hPa 
were obtained. 

In conclusion, the resonant sensors can be used in the range of 1 hPa ‒ 10−3 hPa, because 
the dependence between Q-factor of the microresonators and pressure is linear usually 
only between these levels. The can be also successfully applied in MEMS to evaluate 
internal pressure, since they do not affect its value. 
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(a)                                                                      (b) 

Fig. 11.12. Cross-sectional illustration of the glass frit sealed vacuum packaging approach using  
a getter (a) and Q versus pressure plot using a vacuum chamber [30]. 

11.5.4. Ionization Vacuum Sensors 

The ionization sensors are commonly used in the macroscale to measure high vacuum. 
Pressure is given according to an ion current generated by an electron beam (gauge with 
a hot cathode, e.g. Bayard-Alpert gauge) or in an electric discharge (gauge with a cold 
cathode e.g. Penning gauge). During the ionization events, pairs of electron-ion are 
produced. The positive ions accelerate towards the cathode while the free electrons 
accelerate towards the anode. The total number of ions reaching the cathode is 
proportional to the number of collisions, and thus – also to pressure. Ionization gauges 
with hot cathodes, fabricated by the classical techniques, have already been partially 
miniaturized (Fig. 11.13).  

   

           (a)                                   (b)                                    (c) 

Fig. 11.13. Miniature vacuum gauges offered by MKS Inst. Inc.: (a) Miniature Bayard-Alpert 
ionization gauge with hot thoriated iridium filament; MKS 959 „MIG”, 48 mm high,  

(b) 355 Micro-Ion vacuum sensor [48], (c) 999 Quattro multi-sensor vacuum transducer [47]. 

According to MKS Instruments Inc., the Micro-ion Gauge Series 355-358 is the world’s 
smallest ionization gauge (Fig. 11.13b) [48]. It consists of a dual ion collector and dual 
filaments running simultaneously at lower current, which extended its lifetime. It is 
capable of measuring pressure in the range of 10–8–7 Pa.  
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The IGM401 Hornet™ Hot Cathode Bayard-Alpert miniature-ionization vacuum gauge 
operates in the range from 1.3×10–7 to 6.7 Pa [49]. The same company also offers also the 
miniature CCM501 Hornet™ Cold Cathode miniature-ionization gauge with a similar 
measurement range from 1.3×10–7 to 1.3 Pa. The Double-inverted magnetron design 
places two opposing magnetic fields over the anode (sensor) to enhance the generation of 
ions. This method nearly doubles the electron currents, maximizing the generation of ions 
and improving sensitivity and signal-to-noise ratio.  

Recently, Pfeiffer Vacuum Company launched into the market a miniature compact 
vacuum gauges covering very wide pressure range: Pirani/cold cathode gauge (5×10−7 – 
105 Pa), and Pirani/Bayard-Alpert gauge (5×10−8 – 105 Pa) [50]. MKS Instruments Inc. 
offers also 999 Quattro multi-sensor vacuum transducer with a MEMS Pirani sensor  
(Fig. 11.13c). The whole dimensions of these miniature gauges are in the range of several 
centimeters. 

All of the above-mentioned ionization gauges, although partially miniaturized, are not the 
MEMS type sensors. Research on the miniaturization of the ionization sensors via 
replacement of the thermal cathode by a field-emission cathode is ongoing [51-56]. 
However, because of a low resistance of the microemitter array cathode to the ion 
bombardment, these sensors cannot operate at a pressure higher than 10−3 Pa. Until now, 
there has not been any commercial MEMS vacuum sensor corresponding to the classical 
gauges with cold cathodes.  

11.6. New MEMS Ionization Vacuum Sensor 

In this chapter we demonstrate the first MEMS type ionization high vacuum sensor. It is 
based on the construction of the ion-sorption micropump. If we use an “open” sensor we 
can measure the pressure in large vacuum devices, and if we use a sensor integrated with 
other MEMS or nanoelectronics device on one chip (almost “closed” version) we can 
measure the pressure in a very small volume. The construction of the MEMS ionization 
sensor – the vacuum sealed or opened sensor – gives a possibility of determining: 

 Low vacuum, which is necessary to ignite an electrical discharge (about 1 hPa). For 
this purpose cathodes of the vacuum sealed sensor are formed as thin silicon 
membranes, which bend according to pressure difference between interior and exterior 
of the sensor.  

 Middle and high vacuum thanks to the proportional dependence of an ion current of 
sensor versus pressure (closed and opened sensor). Calibration curve measured in a 
reference vacuum chamber (for an “open” device) is used for estimating value of 
pressure (10–2–10–7 hPa). 

 Composition of the residual gases in low and medium vacuum (allows identifying 
gases present in vacuum environment) through the miniature fiber spectrometer 
integrated with MEMS ionization sensor (“closed” and “open” sensor) [57].  
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11.6.1. Technology and Working Principle 

The MEMS type ionization vacuum sensor is formed of three (100) oriented silicon 
substrates (3-inch, 0.001 Ω∙cm resistivity; ITME Poland) and two glass substrates  
(1.1 mm thick; Borofloat 3.3, Schott Germany). The bottom and the top silicon substrates 
play a role of cathodes (with or without membrane), and the middle silicon substrate with 
a centrally located square hole is used as an anode (Fig. 11.14).  

 

Fig. 11.14. Schematic drawing of the vacuum and residual gas composition  
ionization MEMS sensor. 

The square hole (4×4 mm2) is formed in a double-side anisotropic etching process (10 M 
KOH, 80 °C). All the electrodes are isolated by the borosilicate glass spacers, and form a 
sandwich-like structure. Holes (6×6 mm2) and microchannels (6×6×1.1 mm3) in the glass 
spacers, which enable an easy penetration of external gases, are etched in 40 % HF 
solution using a polymer mask. The microchannel is manufactured only in the “open” 
structures and serves to connect the sensor to the surrounding gas environment. The glass 
spacers are connected to the silicon electrodes by a step-by-step anodic bonding process 
(400 °C, 1200 V, 15 min) (Fig. 11.15). 

 

Fig. 11.15. Flow-chart of the fabrication process of the ionization vacuum sensor. 

When the complete silicon-glass structure is fabricated, two small permanent magnets 
(Nd2Fe14B) are placed on both sides of the sensor (3 mm thick, 7 mm diameter,  
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B = 0.4 T). Additionally, an optical fiber leading to a miniature spectrometer (Ocean 
Optics, 90×60×30 mm3) is connected to the side wall of the glass spacer. The overall 
dimensions of the sensor (including magnets) are 20×12×10 mm3, it weighs 3 g, and the 
volume of the microchamber is about 0.08 cm3.  

To turn on the sensor, two cathodes are biased with a ground potential and an anode with 
a high positive potential (e.g. +500 V; Fig. 11.16). The distribution of the electric field 
inside the sensor microchamber is characteristic for the Penning trap architecture  
(Fig. 11.17). In the crossed electric and magnetic fields a gas discharge can be ignited 
even in high vacuum.  

 

Fig. 11.16. Measurement system for testing the properties of the “open” sensor. 

 

Fig. 11.17. Distribution of the equipotential lines of electric field inside the sensor 
microchamber; SIMION 6.0 software. 

Secondary electrons generated on the cathodes, when moving in the radial direction 
towards the anode, are turned back by the Lorenz force to the center of the microchamber 
and oscillate in vertical direction. In this way their path is elongated and collisions with 
gas particles are more likely to appear. The pressure can be evaluated on the basis of the 
ion current value flowing between the anode and the cathodes, and the residual gases 
composition can be determined by observing the spectra of glowing gases. Type the text 
of the chapter in one column. 

11.6.2. Low Vacuum Measurements 

Ionization of gases inside the sensor is possible only in medium and high vacuum. 
However, if the cathodes are formed as thin membranes, and the sensor is vacuum sealed 
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(“closed” structure), low pressure can be also estimated on the basis of membrane 
deflection [31].  

To verify this method a series of test structures with 5×5 mm2 membranes with thickness 
from 65 to 100 μm was wet anisotropically etched in (100) silicon wafer [58]. The cathode 
with the membrane was connected with a glass substrate (Borofloat 3.3, Schott) using 
anodic bonding in air or in vacuum (450 °C, 1500 V, 10−3 hPa). Some of the structures 
were bonded with MEMS getter (2 mm2 metal strip). Based on the previous research on 
an identical silicon-glass structure, it could be assumed that the pressure inside the vacuum 
sealed microchamber without MEMS getter was about 1 hPa [4]. The deflection of the 
membranes was measured by the interference method. According to this technique a glass 
substrate was placed on the top of a bent diaphragm (Fig. 11.18a). The structure was 
illuminated with white light. The light falling on the top of the test structure reflected from 
the surface of the membrane and interfered with the light passing through the glass 
surface, resulting in the formation of colored fringes (Fig. 11.18b).  

   
    (a)                                                (b) 

  

(c)                                                        (d) 

Fig. 11.18. The silicon-glass test structures after vacuum anodic bonding: (a) Photo  
of the structure with a bent membrane; (b) Interference fringes observed after anodic bonding  

in air; (c) Membrane deflection versus number of interference strips; (d) 85 µm thick membrane 
deflection versus estimated pressure [59]. 

Because the exact wavelength was unknown, the measurement system was calibrated. The 
number of interference strips was calculated and the deflection of the diaphragm was 
measured by a mechanical profilometer (Taylor Hobson) (Fig. 11.19). 
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(a)  

(b)  

(c)  

Fig. 11.19. Profiles of 85 µm thick membranes after anodic bonding with glass: (a) Process 
carried out in air; (b) Process carried out without getter at 10−3 hPa; (c) Process carried out  

with MEMS getter [60] at 10−3 hPa.  

The relation between the number of strips and the deflection measured by the profilometer 
was proportional, thus in further experiments the second more complex method was not 
necessary. Furthermore, assuming that dependence between deflection and pressure is 
linear (this assumption is true when membrane thickness is much higher that the 
deflection, for example for 85 µm thick membrane) we could convert the number of strips 
straight to the differential pressure (difference between internal and atmospheric pressure) 
(Fig. 11.18d). It has also been assumed that the maximum deflection of the membrane 
occurs at 1 hPa, according to RGA measurements made by SAES Getter [4]. 
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In conclusion, the applied interferometric method allows estimating the low vacuum from 
about 1000 to 1 hPa. At this level ion current can be ignited and measurements can be 
continued using another method. Moreover, the deflection of the membrane indicates if 
the bonding process was made properly and there is no leakage in a “closed” structure.  

11.6.3. Medium and High Vacuum Measurements 

The ionization sensor has been characterized in 2 stages. First, the “open” gauge was 
placed in a reference vacuum chamber with a precisely controlled (by PID regulator) 
pressure from 100 to 3×10−4 Pa, and characterized in a wide air pressure range. Basic 
properties, like operating range, influence of an applied voltage and pressure on the 
discharge current and light spectra have been determined. Next, similar measurements 
were done for different gases introduced into the vacuum chamber. Calibration curves 
(relation between discharge current and pressure) and characteristic spectral lines for 
individual gases were recorded.  

For the “closed” device low vacuum was first estimated with using silicon thin membrane 
that is located in one cathode. Next changes of vacuum and composition of residual gases 
have been measured in medium and high vacuum. 

11.6.3.1. Calibration of the Sensor 

To obtain a discharge of atmospheric gases, the required anode-cathode voltage had to be 
higher than 500 V. In low vacuum (~10 Pa) this voltage corresponds to a discharge current 
equal to about 1 mA (Fig. 11.20a). With decreasing pressure the discharge current 
decreased, about 1 order of magnitude for 1 order of magnitude of pressure, to vanish 
completely afterwards (e.g. 0.9 Pa for 500 V). To maintain the discharge in high vacuum, 
voltage had to be increased. The increase of voltage caused also the increase of the 
discharge current; therefore the measurements were more reliable (Fig. 11.20b).  

On the other hand, in low vacuum one cannot apply a too high voltage value, because it 
would lead to dissipation of a very high power causing heating and shortening of the 
sensor lifetime. Electric breakdowns would also be possible. For these reasons, the anode-
cathode voltage needs to be adjusted to different pressure ranges. However, the adjustment 
can be accomplished with a proper electronic control system. The widest pressure range 
(about 4-5 orders of magnitude) can be covered with voltage set to 1000-1200 V. The 
exact low pressure limit for the sensor is still unknown, because the minimal values 
reported during the reference tests (p = 4.5×10−4 Pa, I ~100 nA) are attributed to the limit 
of the utilized vacuum set-up, and not to the sensor itself. 

The main advantages of the sensor are its short response time (about 1 s) and very stable 
values of measured discharge current (pressure) (Fig. 11.21). The life-time of the 
miniature sensor is shorter than in the case of the large-scale instruments, but it depends 
strongly on pressure under which it operates. In low vacuum (1 Pa) it does not exceed 
1000 h of continuous work, in high vacuum (1×10−4 Pa) it can be 1000 times longer.  
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(a) 

 
(b) 

Fig. 11.20. Discharge current as a function of: (a) Air pressure for anode-cathode voltage  
from 500 to 1800 V, (b) Anode-cathode voltage for air pressure from 1 to 4.5×10−4 Pa. 

The discharge current is the most important parameter for determining the pressure value, 
but a lot of information can be also derived from the observation of the glow visible during 
the ionization process. Each ionized and excited gas molecule that recombines emits 
characteristic light waves. The composition of the residual gases was determined on the 
basis of the spectra, recorded by a miniature fiber spectrometer. An optical fiber leading 
a light to the spectrometer was connected to the side glass wall of the discharge cell of the 
sensor. This method is useful in pressure range of 10−1−1000 Pa. Below 10−1 Pa the 
discharge becomes dark and fiber spectrometer is not sensitive enough to record it; above 
1000 Pa the distance between the electrodes is too long to maintain the discharge. 
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Fig. 11.21. Discharge current as a function of time (p = 1×10−1 Pa, UAC = 1000 V,  
3 off-on cycles), slight increase of discharge current is caused by the pressure change in the 

vacuum chamber (instability of PID regulator). 

Fig. 11.22 shows a spectrum obtained for air at pressure of 100 Pa, for UAC = 500 V. The 
most intensive lines (peaks) were observed for: 357, 375, 391, 427, 471 and 770 nm 
wavelengths. The first two lines are associated with unionized nitrogen, the next three – 
with ionized nitrogen, and the last one – with ionized oxygen [61]. Lines associated with 
other atmospheric gases were not visible (background). The intensity of a certain spectral 
line can also be a measure of a partial pressure – the changes were very similar to those 
recorded during the discharge current measurements (Fig. 11.23). The intensity of lines 
391, 427 and 471 nm rose more than 10 times when pressure was changed from 0.015 to 
0.3 Pa. For each tested sensor (depending on the alignment of the optical fiber) relative 
values can be replaced with the absolute ones. Moreover, the relations between the 
intensity of chosen lines indicate which fraction of gas mixture is ionized and which 
fraction is only excited (e.g. ratio between line 357 nm and 391 nm for nitrogen). 

 

Fig. 11.22. Spectrum of a glow discharge obtained for air at pressure 100 Pa, UAC = 500 V. 
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(a) 

 
(b) 

Fig. 11.23. Relative intensity of a glow discharge for air – peaks for ionized nitrogen:  
(a) as a function of wavelength for different pressure value; (b) as a function of pressure  

for the chosen wavelengths; UAC = 1000 V. 

11.6.3.2. Vacuum Sensor Properties with Different Dosed Gases 

In the second experimental stage the calibration curves (discharge current vs pressure) 
have been determined for different gases introduced into the reference vacuum chamber: 
nitrogen, oxygen, helium, argon, neon, CO2 and hydrogen. First, the reference chamber 
was evacuated to 10−3 Pa, and then the chosen gas was dosed to an appropriate, stably 
maintained pressure level. Since the dosed gases differ in molecule sizes and effective 
cross-section, the measured discharge currents varied according to different samples  
(Fig. 11.24). The largest current was obtained for carbon dioxide, quite similar, but 
slightly lower values were measured for air, nitrogen, oxygen and argon, and the lowest 
currents corresponded to hydrogen and helium.  
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Fig. 11.24. Discharge current as a function of the pressure for different gases, UAC = 1000 V, 
base pressure 1×10−3 Pa. 

During the measurements, the light spectra were also recorded to obtain a reference for 
the gas mixtures analysis and to make sure, that the gas introduced into the vacuum 
chamber had filled the microcavity of the sensor (Fig. 11.25). It was found that in all the 
measurements the peaks characteristic for atmospheric gases were almost unnoticeable 
compared to the “typical” peaks from dosed gases. The changes were visible not only on 
the spectra recorded by a spectrometer but also to the human eye (Fig. 11.26).  

The estimation of pressure value only on the basis of the ion current cannot be accurate. 
This is especially true for light gases as hydrogen and helium. Nevertheless, the 
observations of their glow can improve the accuracy. Like in the case of the macro scale 
vacuum gauges, the MEMS ionization sensor must be calibrated for each gas. Only both 
results, concerning the dominant gas species and the discharge current, allow to determine 
exactly the actual pressure, in other case values may differ more than one order of 
magnitude.  

11.6.3.3. Measurements of Vacuum Sealed Device 

In the final experimental stage, the miniature cavity of the vacuum sensor connected with 
specially prepared MEMS microchamber was hermetically encapsulated (Fig. 11.27). The 
last anodic bonding process (400 ⁰C, 1200 V) was carried out in a vacuum chamber at  
1 Pa with a presence of mixture of air, neon and argon (partial pressure ratio 1: 1: 1).  

Before application of voltage to the sensor it was confirmed that the structure had been 
vacuum sealed. Observation of the deflection of the cathode membranes proved that 
pressure was lower than 100 Pa and did not change in time. When 700 V was applied 
between the cathodes and the anode, a discharge ignited inside the microchamber. The ion 
current began to decrease and light spectra to change in time (Fig. 11.28). First, lines 
coming from all the gases were observed inside the microchamber (Fig. 11.28a). Later 
mostly the noble gases were left (Fig. 11.28b), and finally even these gases were absorbed 
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– glow discharge vanished almost completely (Fig. 11.28c). It proves that the sensor 
working as a micropump allows monitoring vacuum inside a very small cavity.  

 

(a)                                                                       (b) 

 

(c)                                                                       (d) 

 

(e)                                                                       (f) 

Fig. 11.25. Characteristic spectra recorded for glow discharge of: (a) Nitrogen; (b) Oxygen;  
(c) Hydrogen; (d) Helium; (e) Argon; (f) Argon/neon dosed into the reference chamber;  

p = 1 Pa, UAC = 1000 V.  
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   (a)                                             (b)                                            (c) 

Fig. 11.26. Photos of the glow discharge inside the ionization vacuum sensor obtained  
in the presence of nitrogen (a); helium (b), and neon (c); P = 1 Pa, UAC = 1000 V. 

 

Fig. 11.27. Measurement system for testing the properties of the “closed” sensors. 

 

 (a) (b) 

 
(c) 

Fig. 11.28. Spectra of the glow discharge show possibility of spectral gases monitoring during 
pumping experiment (mixture of air, neon, argon): (a) after 2 s; (b) after 50 s, (c) after 100 s. 
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11.7. Conclusions 

The construction and the technology of the miniature MEMS type ionization vacuum 
sensor have been presented in the chapter. The described sensor can operate in two ways: 
as an “open” structure for vacuum measurement in large chambers, and as a “closed” 
structure for vacuum monitoring in very small chambers – high vacuum MEMS and 
vacuum nanoelectronics devices. The calibration curves obtained for different supply and 
pressure conditions as well as for different gases have been shown. The biggest advantage 
of the new ionization vacuum MEMS sensor is that it works in a wide range from 10 to at 
least 4.5×10−4 Pa. Additionally, it is possible to specify gas composition in low and middle 
vacuum (1000-10−1 Pa). Moreover, if integrated with another MEMS (volume less than  
1 cm3), the sensor can be used to generate and to monitor vacuum at the same time. In this 
case the thin silicon membrane placed inside the sensor allows controlling low pressure 
using interferential bands method, and measurement of the discharge current allows 
estimating medium and high vacuum. 

The presented device is the first MEMS ionization sensor that can be used in compact 
vacuum gauges. Thanks to its size and weight, which are significantly smaller than those 
of conventional instruments, it can be used for example in space applications. 
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Chapter 12 
Gaussian Function Generator  
for a Perceptron ANN with FGMOS 
Transistors in an Integrated Circuit 

José Luis González Vidal, Mario Alfredo Reyes-Barranca  
and Edgar Norman Vázquez-Acosta1 

12.1. Introduction 

Floating gate transistors are a variant of conventional CMOS technology transistors 
(NMOS and PMOS), but FGMOS transistors have a polysilicon plate (isolated by layers 
of silicon oxide) between the channel area and the typical control gate (Fig. 12.1). Because 
the floating gate contains a charge, it influences the threshold voltage of the device. The 
relation between the threshold voltage and the floating gate parameters is explained in  
Eq. (12.1). Floating gate voltage Vfg can be found by superposition, considering each of 
the voltages (Vcg and Vi) applied to the structure, which is denoted in Eq. (12.1). 

 V ∑ K V K V , (12.1) 

 K ,  (12.2) 

 K ,  (12.3) 

where CCGi is the capacitance due to each of the i control gates, Vcgi is the voltage applied 
to each control gate, Ctot is the total equivalent capacitance, VD is the drain voltage, VS is 
the source voltage, VB is the bulk voltage, CGD is the parasitic capacitance between the 
drain and the floating gate, CGS is the parasitic capacitance between the source and the 
floating gate, QFG is any residual charge that may be present on the floating gate, and cg 
is defined as the coupling coefficient for each control gate. Therefore, it is clear that the 
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drain current, Ids, of the FGMOS will be a function of the floating gate voltage, which in 
turn, is a function of the injected charge present at the floating gate [1-4]. 

 

Fig. 12.1. FGMOS n-type. 

This adaptability can be translated to electronic circuits and many algorithms were 
successfully implemented within electronic integrated circuits (IC) that attempt to emulate 
the neural biology behavior, based on assumptions derived from previous input values or 
new input values for training purposes of the ANN. Here, the element that can provide for 
the adaptability is the FGMOS, since it can deliver a variable resistance that can be 
adapted as is usual for typical weights used in several ANNs architectures. 

As is well known, information processing occurs in neurons; each neuron is a small single 
processor whose response is non-linear. Individual neurons are able to perform very 
simple tasks which are further transferred to other neurons by connection links. These 
connection links have an associated weight and this weight multiplies as the signal is 
transmitted between different neurons [1, 5, 6]. 

Besides, the architecture of an ANN is a pattern of connections between the neurons; 
training or learning methods determine the connections’ weights, and their activation 
function, which is a function of the input values it has received. Usually, a neuron sends 
an activation function as a signal to many other neurons. Although it can send only one 
signal at a time, that signal is broadcasted to several neurons. Some of the activation 
functions of ANNs are: identity, binary or unit step, piecewise linear, sigmoid, Gaussian 
and sinusoidal, among others. One, two, or more layers can constitute an ANN. Also, it 
has input (Xi) and output connections (Y). Inputs can be analog or digital signals. Synaptic 
weights (Wj) (also called gain or strength) are values associated with a connection path 
between two processing elements in an ANN and activation function f(x) is a function 
(mathematical equation) that transforms the net input neuron into its activation (Fig. 12.2), 
also known as a transfer function or output. 

Output propagations can be backward or forward [7-13]. 

Inverters, designed and interconnected in the proposed circuit, generate at its output a 
Gaussian-type wave form. To improve the function, an alternative circuit was proposed 
with an inverter and an operational amplifier, which improves its Gaussian-type output 
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function. With the purpose to verify the correct operation of n-type and p-type FGMOS 
transistors, it is important to first make measurements, so current-voltage characteristics 
(I-V), and transconductance behaviors of real FGMOS transistors were performed and 
compared to previous simulation made with OrCAD. At the end, inverter measurements 
indicated there was an appropriate operation.  

 

Fig. 12.2. ANN diagram. 

12.2. Development 

12.2.1. USB 6009 Data Acquisition Device by NI 

An electronic circuit using op-amps was designed for signal conditioning; a non-inverting 
voltage follower op-amp was used, because it has high input impedance and supplies 
adequate current values to a data acquisition system. Also an electronic system was 
developed for data acquisition. This system used a USB 6009 data acquisition device by 
NI. This data acquisition device can read output voltage of the prototype without 
producing electrical interference in the prototype performance, thus a huge electrical 
charge can avoid tiny dimensions’ inverters. 

The first measurements had problems because of inherent electronic noise in the board. 
Fig. 12.3 shows a plot of the noise delivered by the electronic board; a filter was 

implemented to reduce this noise, and the signal after filtering is shown in Fig. 12.4  
[14, 15]. 

A Gaussian function was desired for a perceptron ANN architecture, therefore, a circuit 
was designed by using both n-type and p-type FGMOS transistors. The designed 
electronic schematic circuit is shown in Fig. 12.5. 

As it can be seen here, each transistor has its own floating gate, so adjustment of charge 
is made separately for each transistor. This gives the opportunity to reliably achieve the 
target function. The designed coupling coefficient value for either the n-type or the p-type 
FGMOS transistors was Kcg = 0.28. An equivalent circuit has tree inverters INV1, INV2 
and INV3, an input signal VG1 and an output signal VOUT. VG1 is joined to both INV1 
and INV2 inputs; INV1 and INV3 are joined in cascade, and INV3 output is joined to P4 
gate; INV2 output is joined to N4 gate (Fig. 12.6) [7, 9, 13]. 
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Fig. 12.3. Reading noise. 

 

Fig. 12.4. Reduced noise measurement. 

 

Fig. 12.5. An electronic schematic circuit for a Gaussian function (ANN). 
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Fig. 12.6. An equivalent electronic circuit for a Gaussian function (ANN). 

After several simulations made regarding the mentioned inverters, the capacitance that 
can best fit with the trade-off purposes of inverter’s performance and design area was  
0.1 pF. FGMOS transistors were designed by using 0.5 AMIS technology. Hence, the 
defined dimensions for the capacitance control gate that resulted from simulations and 
design rules for this technology were 37λ × 37λ, where λ = 0.3 μm. Starting from the 
technological data, a 103 fF capacitance was obtained, while the transistors dimensions 
were as follows: Wn = Wp = 6λ, Ln = 4λ, Lp = 2λ. 

The circuit shown in Fig. 12.6 has some voltage variations due to a double inverting effect. 
So, alternatively, another circuit was proposed that has better performance characteristics. 
Furthermore, this alternative circuit eliminates undesired issues that are present in the 
former circuit, at the expense of introducing an operational amplifier and its corresponding 
external resistances. The proposed alternative circuit is shown in Fig. 12.7 and the 
Equivalent alternative circuit in Fig. 12.8 (op-amp). 

 

Fig. 12.7. Alternative circuit (op-amp). 

In order to verify the correct operation of all modules and circuits, this ASIC circuit was 
tested through the data acquisition board mentioned above, with which it is possible to 
computationally interact with the circuit, giving the possibility to know the behavior of 
the proposed model and validate it. The test consists in applying an input ramp voltage to 
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the gate of a FGMOS transistor. A series resistor is used to limit the current flowing 
through the transistor, and also to determine the current that flows through the transistor, 
making possible to obtain transconductance curves that define the transistors. 

 

Fig. 12.8. Equivalent alternative circuit (op-amp). 

Figs. 12.9 and 12.10 show plots of both, the input voltage and the output voltage as a 
function of time, with different magnitudes of charge present over the floating gate of the 
FGMOS, with VDD = 5 V. In Fig. 12.9 It should be noted that the circuit output plot is 
similar to a narrow Gaussian shaped function. The output function can be expanded or 
inverted as desired thanks to the FGMOS. Moreover, a negative function can be generated 
also as is shown in Fig. 12.10. This may be useful if one remembers that neurons can be 
excited with positive or negative inputs. 

 

Fig. 12.9. Narrow pseudo Gaussian function 
of the circuit shown in Fig. 12.8, with an input 

ramp voltage. 

Fig. 12.10. Inverted output due to the 
modification of voltage values that represent the 

charge of FGMOS transistors. 

12.3. Tests Performed to the FGMOS Transistors of the Prototype 

The tests performed to the FGMOS transistors allow knowing whether there is a charge 
in the floating gate or not, making possible to set the transistor to a neutral or any defined 
charge in order to characterize its operation. 
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This is very useful since it allows to establish the programming procedure, for injection 
of charge into the floating gate of the FGMOS transistors, which leads to the consecution 
of the pseudo Gaussian function. Fig. 12.11 shows the output I-V curve of an n-type 
FGMOS presenting a charge in the floating gate which goes against the transistor’s 
polarization. That is noticeable because Ids is near 0 A when Vgs < 1.5 V. Therefore, the 
voltage Vgs must be higher than 1.5 V to form the transistor’s channel. It is worth noting 
that the threshold voltage for these transistors and for this technology is Vth = 0.67 V. 

 

Fig. 12.11. N-type FGMOS characteristic plot (AMIS 0.5 technology). 

It is commonly known that transconductance is a figure of merit for every MOSFET. In 
this case, an n-type FGMOS transconductance plot is shown in Fig. 12.12. Besides, for 
the designed coupling coefficient, the apparent threshold voltage, Vth*, must be 
approximately 2.45 V when there is not residual charge over the floating gate. Vth* is the 
threshold voltage of a FGMOS when Ids is plotted as a function of the control gate, Vgs, 
not the floating gate, Vfg (Vth(N-MOS) = 0.82 V). Hence, any deviation from this value is 
indication of the presence of charge upon the floating gate. If the transconductance plot is 
shifted to the right, there is extra negative charge on the floating gate and when shifted to 
the left, positive charge is present. Regarding Fig. 12.12, it can be seen that there is no 
charge present on the floating gate since the apparent threshold voltage for this FGMOS 
is approximately 2.45 V. 

On the other hand, Fig. 12.13 shows the output curve of a p-type FGMOS. In this case it 
can be seen that even when Vgs = 0 V, a current already flows across the FGMOS due to 
the presence of a negative charge; the typical threshold voltage for FGMOS is  
Vth = -0.86 V and the apparent threshold voltage, for this p-type FGMOS should be 
approximately Vth* = -2.4 V (Vth(P-MOS) = -0.92 V). 

Next, Fig. 12.14 shows a p-type FGMOS transconductance curve, so it can be appreciated 
that a current is already present even for positive voltages, which means that the floating 
gate has a charge that promotes by itself the channel formation of the p-type FGMOS 
transistor even with when Vgs = +0.5 VV 0.5. 
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Fig. 12.12. N-type FGMOS transconductance plot. 

 

Fig. 12.13. P-type FGMOS characteristic plot (AMIS 0.5 technology). 

 

Fig. 12.14. P-type FGMOS transconductance plot. 
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Besides, the validation of the FGMOS transistor model is necessary in order to determine 
whether simulations fit closely to experimental data. For this reason, a comparison was 
made between the plots relating the experimental results of the prototype transistors and 
the simulations carried out using OrCAD® simulation software. Every simulation was 
carried out under the same polarization characteristics, this is, same voltage and same 
probe inputs. In the case of the n-type FGMOS transistor, it should be mentioned that a 
negative charge polarity inhibits the inversion channel to be present at control gate voltage 
values above the typical threshold voltage. The same will occur when positive charge is 
present on the floating gate of p-type FGMOS transistors. 

Other comparisons between developed models used in a simulation program and the 
experimental measurements of the prototype transistors were made. In most cases, 
behaviors have very similar performances. This can be seen in Figs. 12.15 and 12.16 for 
the output and transconductance I-V characteristics, respectively of a n-type FGMOS. 
Also this comparison is made in Figs. 12.17 and 12.18 for the output and transconductance 
I-V characteristic, respectively of a p-type FGMOS. It can be seen that in all cases there 
is a good approximation between simulated curves compared with experimental data. 

 

Fig. 12.15. Characteristic plot of both 
simulation and prototype n-type FGMOS 

transistors, for 𝑉  3 𝑉. 

Fig. 12.16. Transconductance plots of both 
simulation and prototype of n-type FGMOS 

transistors, for 𝑉   3 𝑉. 
 

12.3.1. Charge Inside Floating Gate 

It should be mentioned that depending the magnitude or the polarity, the charge can 
promote or inhibit the formation of the channel in the transistor, even for positive or 
negative voltages applied to the control gate. For instance, Fig. 12.18 shows the 
transconductance characteristic curve of a p-type FGMOS transistor with voltage  
Vds = -1 V. 
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Fig. 12.17. Characteristic plot of both 
simulation and prototype n-type FGMOS 

transistors, for V  3 V. 

Fig. 12.18. Simulation and prototype 
transconductance plots of a p-type FGMOS 

transistor, Vds = -1 V applied. 

 

Furthermore, it shows that the results of the simulated model and the experimental 
measurement are very approximate. The apparent measured threshold voltage for this p-
type FGMOS is approximately Vth* = -0.3 V. Since the expected apparent threshold 
voltage in a neutral FGMOS is Vth* = -2.4 V, this right-shifted curve indicates the presence 
of negative charge that enhances the presence of a conductive channel between drain and 
source, even with negative voltages lower than this last voltage, applied to the control 
gate. Then, this is a demonstration that if charge can be injected or extracted to or from 
the floating gate, this can be used to modulate the electrical performance of the FGMOS, 
such that it can be used as a variable input weight within a learning algorithm in a 
supervised ANN. Injection/extraction of charge can be made by means of Fowler-
Nordheim tunneling, and this is the method used in this work to program off-line both 
types of FGMOS transistors, in order to achieve the desired pseudo-Gaussian function to 
accomplish the correlation of gas species with a readable electric signal, as is proposed in 
this work. 

Some experiments on this issue were tried and the results are shown next. 

12.3.2. Final Tests  

Several tests were carried out to transistors that are part of the ASIC prototype. Tests have 
demonstrated the possible modification of the behavior of an inverter formed by floating 
gate transistors. The results are shown in Figs. 12.19 to 12.22. The initial test of the 
inverter is shown in Fig. 12.19, where the output of the ANN shown in Fig. 12.8 was 
measured when a signal was applied to the input of the ANN, with these characteristics: 
first, a growing ramp with a slew rate of 3 V/1.33 s, next, a fixed value of 3 V during  
0.66 s, and finally, a decreasing ramp with a negative slew rate of 3 V/1.33 s. Here it can 
be seen that the expected inversion is present but does the normal rail to rail output voltage 
(0 to 5 V) is not obtained; after that, a pulse of 15 V was applied at 1 ms. 
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Fig. 12.19. Initial test of an inverter. 

 

Fig. 12.20. Inverter response for 1 ms pulse 
of 15 V applied to n-type FGMOS transistor. 

 
Fig. 12.21. Inverter response for three 1 ms 
pulses of 15 V applied to n-type FGMOS 

transistor. 

Fig. 12.22. Inverter’s behavior after applying 
a pulse of 1 ms and -14 V applied to the 

floating gate of the p-type FGMOS transistor. 

 

Fig. 12.20 shows the behavior of the inverter after programming the floating gate of n-
type transistor. It is observed that the inversion is now more limited in terms of voltage 
values; because of this unwanted result, such charge in the n-type transistor gets 
deprogrammed. 

The results of applying the test input after a series of pulses of -15 V for 1 ms are shown 
in Fig. 12.21. In this case, behavior variations are not appreciated. It is presumed that 
bigger voltages are required when it is wanted to decrease the charge in the floating gate. 
It is assumed that this behavior is due to charge extraction process that is carried out in 
the bottom side of the silicon oxide layer between polysilicon 1 and polysilicon 2, while 
charge injection process is carried out in the top layer of the oxide. It can be presumed 
that the surface is different in both sides. Due to its defects, the electrons traverse the 
superior surface easier than the inferior surface. That results in a substantial increase of 
charge extraction voltage. In order not to damage the n-type transistor with voltages higher 
than 15 V, the process was suspended. P-type FGMOS transistor was programmed by 
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applying -14 V for 1 ms to the floating gate. The results are shown in Fig. 12.22. Now, 
the inverter has a behavior similar to a voltage follower because charges were injected in 
n-type and p-type gates of the transistors. 

Two mechanisms are normally used to inject (extract) charge to (from) the floating gate: 
(a) hot electron injection and (b) carrier tunneling. Both of them are based on the electric 
field established between proper terminals of the devices. 

12.4. Layout 

The layout design for the development of an integrated circuit defines the elements that 
are going to be part of the Application Specific Integrated Circuit (ASIC), as well as the 
connections between them and the different structures and techniques, that allow 
eliminating the external noise and also defining the connections towards the package pins. 
Fig. 12.23 shows the whole design of an IC for AMIS 0.5 technology. 

 

Fig. 12.23. Layout of the integrated circuit. 

The circuit proposed to generate the Gaussian function is shown in Fig. 12.24. It is formed 
by four inverters, which, working together, allow generating the Gaussian function by 
modifying the charges in the FGMOS floating gate. The alternative circuit layout and the 
op-amp are shown in Fig. 12.25. The design also includes guard rings that prevent and 
avoid noise from the environment and another undesirable effects. On the other hand, 
structures that prevent charges in the floating gates during fabrication their fabrication, 
were added. 
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Fig. 12.24. Layout of the circuit proposed to obtain the Gaussian function. 

 

Fig. 12.25. Layout of the alternative circuit for Gaussian function (op-amp). 

12.5. Conclusions  

The dimensions of the lengths (L) and widths (W) of the channels are Wn = Wp = 6λ,  
Ln = 4λ, Lp = 2λ. The transistors’ simulation was performed with Orcad®. After that, 
inverters for the circuit of ANN Perceptron were implemented. Several tests on current 
and voltage (IV) and on transconductance were carried out, which are essential to 
guarantee proper operation. An alternative circuit was designed with an inverter and an 
op-amp using n-type and p-type FGMOS transistors. Such circuit provides a Gaussian-
type signal of positive and negative values. An electronic data acquisition card was 
developed to characterize the designed circuits, and an interface based on Simulink in 
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Matlab® was used to read data provided by the integrated circuit. During test procedure, 
different voltage levels were applied to floating gates of FGMOS transistors to verify the 
exchange of charges inside the gates. The transistors’ gates are charged since their 
fabrication, therefore the threshold voltage was modified and signal’s inversion was not 
performed. It was noticed a change in the FGMOS transistor’s response when a positive 
voltage pulse of 15 V was applied to n-type FGMOS transistor. This means that both 
negative charges and the threshold voltage were increased. After that, -15 V were applied 
to the same floating gate of n-type FGMOS transistor. Although there was no reversion 
process, it is assumed that the negative voltage that is necessary to decrease the charge is 
higher than the applied voltage when such charge was increased. After that, -14 V were 
applied to the floating gate of p-type FGMOS transistor, making the circuit to behave as 
a follower. 

At the end, an integrated circuit was designed and produced using the 0.5 μm AMIS 
technology. The integrated circuit contains the proposed and alternative circuits for a 
perceptron ANN. This integrated circuit will serve as a basis for its future integration to a 
gas sensing system. 
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Chapter 13 
High-Resolution Thermal Imaging Based  
on the Fluorescence of Erbium/Ytterbium 
Co-Doped Ceramic 

Ivan Sedmak, Iztok Urbančič, Janez Štrancar, Michel Mortier 
and Iztok Golobič1 

13.1. Introduction 

Understanding heat-transfer phenomena on the nano and submicron scales is crucial for 
the development of novel devices in the semiconductor industry [1, 2] and biomedical 
sciences [3-6]. Although steady-state temperature measurements are well established for 
the thermal characterization of microstructures, the demand for transient temperature 
measurements of active micro- and nano-devices has stimulated the development of 
alternative, non-invasive measurement techniques. Consequently, non-invasive and 
transient temperature measurements offer the ability to directly visualize both spatial and 
temporal variations in the device in order to define the local thermal characteristics. 
Previous experiments have demonstrated that there are only a few techniques suitable for 
transient and non-invasive thermal imaging, but each has its own unique advantages as 
well as limitations [7-9]. 

Non-invasive techniques such as thermoreflectance [10-12], fluorescent thermometry  
[13-17], Raman thermometry [18-20], optical interferometry [2] and transmission electron 
microscopy [21] can achieve a submicron spatial resolution. However, most have very 
specific requirements that make them effective only under limited conditions [7, 22, 23]. 
Among these techniques, thermoreflectance and fluorescence thermometry are arguably 
the most versatile, both offering high-temperature and temporal resolution imaging. 
Surface temperature measurements based on thermoreflectance use the change of the 
temperature-dependent reflection coefficient and possess a superior thermal and temporal 
resolution. However, the drawback of this technique is that it is hard to obtain an accurate 
value for the reflection coefficient, thus making measurements unreliable. Additionally, 
it can only be used for two-dimensional temperature mapping. Fluorescence thermometry, 
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as an alternative technique, can simultaneously satisfy multiple requirements, such as a 
high spatial and temperature resolution, as well as being applicable for transient 
temperature measurements. Moreover, it provides full-field measurements of the 
temperature gradient over nanometer length scales and even in three spatial dimensions 
[24]. Fluorescent thermometry is also suitable for applications in environments where 
there is a high probability of interference with biological and chemical agents and 
exposure to strong electromagnetic fields [25-27]. 

There are several different approaches to deducing the temperature from a fluorescent 
material [28]. The steady-state fluorescence techniques exploit the temperature 
dependence of the intensity or the spectral shape. In contrast, the lifetime techniques 
measure the exponentially decaying emission of the fluorescent entity, the lifetime of 
which depends on the local temperature. However, one major drawback of the decay-time 
technique is its slow acquisition time, when considering transient temperature 
measurements. 

Here, we demonstrate a far-field fluorescence method that allows both non-invasive and 
transient thermal imaging. Our method relies on steady-state fluorescence intensity 
measurements. Unlike several scanning methods where the thermal probe is scanned 
across the investigated sample [8, 29, 30], our approach acquires the fluorescence signal 
from a temperature-sensitive base material that is simultaneously illuminated throughout 
the field-of-view. This approach is suitable for the analysis of multidimensional, transient, 
heat-transfer problems on a submicron scale. Therefore, we used an erbium/ytterbium co-
doped transparent glass-ceramic sample to perform both the heat-conduction experiments 
and the transient temperature measurements. This inorganic material was selected because 
of its excellent photo-thermal stability in contrast to rhodamin B (RhB) and other organic 
dyes that are commonly used for fluorescence thermometry [31]. The temperature-
dependent emission characteristic was nearly linear in a broad temperature range over 
~100 K. In our experiments, the electrically heated tip was used on top of the sample in 
order to induce highly localized hot spots and thus a steep temperature gradient. By 
observing the hot spots emerging on a glass surface, the temperature images of the 
transient, micron-sized, temperature fields were obtained. 

13.2. Materials and Methods 

13.2.1. The Fluorescent Material 

We have investigated the temperature dependence of an inorganic erbium/ytterbium co-
doped transparent glass-ceramic sample (Er:GPF 1Yb 0.5Er). The selected glass-ceramic 
was synthesized via the thermally induced crystallization of rare-earth-doped PbF2 
nanocrystallites inside a germanate glassy matrix and had the following chemical 
composition in mol %: 50 %GeO2–40 %PbO–10 %PbF2–0.5 %ErF3–1 %YbF3 [32]. This 
type of material can be excited either by visible light as a single-photon excitation process, 
as in our case, or by a two-photon excitation process in the near-infrared. 
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13.2.2. Confocal Fluorescence Microscopy System 

The experiments were carried out with a fluorescence microspectroscopy (FMS) system, 
depicted schematically in Fig. 13.1. The system was built on an inverted microscope 
Nikon Eclipse TE 2000-E platform with a combination of a fluorescence unit CARV II 
spinning disk confocal module (BD Biosciences, Franklin Lakes, NJ, USA) that housed 
the excitation, dichroic and emission filters (BrightLine filters from Semrock, Rochester, 
NY, USA) as well as a multiple-hole spinning disk for the confocal imaging [33]. 
Objective lenses with 10× and 40× magnification were used in these experiments to 
provide the high magnification and the desired high spatial resolution. A motorized and 
computer-controlled stage Prior ProScan II (Cambridge, UK) was used in order to achieve 
the precise planar movement of the sample. A high-power xenon arc lamp Lambda LS 
(Sutter, Novato, CA, USA) was used as the excitation source. The fluorescence light was 
passed through a narrowband, liquid-crystal, tunable filter (LCTF) Varispec VIS-10-20 
(CRi, Woburn, MA, USA), placed in front of the FMS camera iXon3 897 (Andor, Belfast, 
UK). The LCTF was tunable in the range from 400 to 720 nm, with a bandwidth of around 
10 nm. The uncertainty in setting the wavelength value of the LCTF was < 1 nm. The 
microspectroscopic images were taken successively at different wavelengths, i.e., as a  
λ-stack, from which the fluorescence spectra in every voxel of the image were acquired. 
To compare the measured spectra with the results obtained using other spectroscopic 
methods, two corrections were made to the raw pixel values. Firstly, the offset signal of 
the camera was subtracted. Secondly, the spectra were corrected for the measured, 
non-uniform, LCTF transmittance and CCD sensitivity. 

 

Fig. 13.1. Scheme of the fluorescence microspectroscopy system. 

Temperature measurements based on an integrated-intensity method were performed in 
the conventional (confocal) fluorescence microscopy imaging mode. For this purpose, the 
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light from the sample was passed directly to the highly sensitive QImaging Rolera MGI 
back-illuminated EMCCD (Electron Multiplying Charge-Coupled Device) (Surey, BC, 
Canada) camera by inserting the movable mirrors. A computer program developed in the 
MathWorks MatLab environment was used for the acquisition and processing of the 
fluorescent images. 

13.2.3. Experimental Procedure 

In order to evaluate the thermal properties and spectroscopic behavior of the Er-doped 
fluoride bulk glass, the florescence emission spectra were measured using a custom-made, 
temperature-controlled (TC) sample holder mounted on the motorized microscope stage. 
The TC sample holder featured a sputtered-platinum thin-film resistive heater applied on 
top of the glass-ceramic with a RTD sensor for the temperature feedback, as shown in  
Fig. 13.2. The temperature sensitivity of the sample was determined by analyzing the 
intensity ratio of the fluorescence during the heating and cooling cycles. Steady-state 
conditions were generally achieved after 15 to 20 minutes, depending on the temperature 
level, while the temperature step between the measurements was 10–15 K. For the 
following identification, the sample was excited by light in the spectral range from 430 to 
490 nm. Microspectroscopic images were acquired with the FMS configuration and the 
objective lens with a 10× (air) magnification. 

 

Fig. 13.2. The TC sample holder consists of three main parts: stainless-steel mount, ceramic 
insulation plate and co-doped glass-ceramic. Heat-resistant adhesive is used for bonding  
the individual parts. The platinum thin-film resistive heater is sputtered directly onto the glass-
ceramic sample where the spring-loaded Pt100 temperature sensor DM-314 (Labfacility, UK) is 
forced into good thermal contact with the heating surface, enabling accurate temperature 
measurements. The temperature signal is recorded using a data-acquisition unit Agilent 34972A 
(Loveland, CO, USA). Nickel-plated electrical contacts are fabricated on the bottom side of the TC 
sample holder. A DC power supply SORENSEN DCS 20-150 (San Diego, CA, USA) is used to 
apply power to the thin-film heater. 

Transient temperature measurements based on the integrated-intensity method were 
performed in the conventional fluorescence microscopy imaging mode. This method was 
used for the high temporal and spatial characterization of micron-sized transient 
temperature fields due to the larger fluorescence signal response. The light from the 
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CARV unit was passed directly to the FM camera, shown in Fig. 13.1. The entire sample 
was re-heated using the TC sample holder, while its area was locally illuminated through 
the objective lens with the 40× (air) magnification to obtain quantitative measurements 
with a submicron spatial resolution. The fluorescence intensity of the illuminated area was 
recorded during several heating and cooling cycles with a sampling frequency of 7 Hz to 
ensure a reasonable signal-to-noise ratio. The integral fluorescence between 506 and  
594 nm was recorded through a broadband emission filter. The brightness of each 
individual pixel in the image represents the intensity of the fluorescence, and therefore the 
value of each pixel indicates the temperature of the corresponding location on the sample 
surface. Fine focus adjustments were needed during the heating and cooling cycles due to 
the thermal expansion of the sample at different temperature levels. 

Having determined the temperature-intensity calibration curve, the transient temperature 
measurements of highly localized transient temperature fields were obtained. A sharp 
electrically heated tip was applied to the sample surface to induce a steep temperature 
gradient around the contact area. Transient thermal images over the field of view of  
512×512 pixels (204.8×204.8 μm2) were recorded from the moment the heater was 
switched on and lasted from 3 to 15 s. During the measurements, the heated tip was in 
constant contact with the sample surface using an applied force of 0.4 N. 

13.2.4. Experimental Procedure 

The photoluminescence spectra of our glass-ceramic exhibited two major peaks at  
525 and 546 nm, corresponding to electron transitions from the levels 2H11/2 and 4S3/2, 
respectively, to the ground state 4I15/2 (see Figs. 13.3a and b), like the other 
compositionally similar materials [34, 35]. The relative intensities of the two associated 
emission peaks directly depend on the occupancies of the two excited electron energy 
levels in thermal equilibrium, following the Boltzmann relation: 

 525

546 B

I E
exp

I k T

 
  

 
, (13.1) 

where I525 and I546 are the integrated intensities of the peaks, E is the energy difference 
between the two levels, kB is the Boltzmann constant and T is the absolute temperature. 
The two emission peaks of the glass-ceramic doped with 0.5 % ErF3 and 1 % YbF3 exhibit 
the opposite temperature dependences in their intensities. This behavior demonstrates the 
Boltzmann redistribution of electrons from the 4S3/2 level to the neighboring level 2H11/2 
due to the temperature rise, resulting in an increase in the intensity of the emission peak 
at 525 nm and a decrease of the intensity of the emission peak at 546 nm. Indeed, applying 
Eq. (13.1) to the measured spectral data (see the dashed line in Fig. 13.3c), the energy gap 
between the two excited levels (2H11/2 and 4S3/2) ΔE was determined to be 120 meV. This 
correlates well with the measured 20–25 nm spectral separation of the two peaks  
(Fig. 13.3b). From the observed characteristics in Fig. 13.3c we estimated a temperature 
resolution of 3 K in the range from 25 °C to 100 °C for the ratiometric intensity 
measurements. 
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       (a)                                                                         (b) 

 
(c) 

Fig. 13.3. (a) Simplified energy-level diagram for the relevant states of the Er3+ ions; (b) Evolution 
of the emission spectra versus temperature during the heating cycle. The emission spectrum of the 
sample is convoluted with the transmission function of the LCTF; (c) The temperature dependence 
of the measured peak-intensity ratio during the heating and cooling cycle and the thermal fit 
according to Eq. (13.1). 

The calibration based on the integrated-intensity method was performed in the 
conventional fluorescence microscopy imaging mode in order to satisfy the transient 
imaging requirements. The calibration curve shown in Fig. 13.4 was obtained by 
averaging the intensity value of the entire image at corresponding temperatures. Using a 
linear, least-mean-square fit over the temperature range from 60 °C to 150 °C, the 
sensitivity of the fluorescence intensity change was determined to be -0.6 %/K with 
respect to the intensity measured at 60 °C. 
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Fig. 13.4. Calibration curve for the temperature dependence of the GPF 1Yb 0.5Er bulk sample. 

During calibration measurements the sample did not show any evidence of being damaged 
or changed by repeated heating and cooling cycles over a period of 4 h. We also found no 
indications of hysteresis effects. The erbium/ytterbium co-doped glass-ceramic tends to 
be robust, insensitive to photo-degradation, and thus very suitable for measuring absolute 
temperatures up to the vitreous transition temperature at around 300 °C. 

13.3. Results and Discussion 

Transient temperature measurements were performed using highly localized heating, as 
schematically shown in Fig. 13.5a. The electrically heated tip was applied on the upper 
side of the sample, creating an inhomogeneous contact area with a diameter of 200 μm. 
As a result, several pronounced, micron-sized, hot spots occurred within this contact, as 
indicated in Fig. 13.5b. These hot spots were eventually selected for analyzing the 
temperature-dependent fluorescence in both the spatial and temporal domains. 

 

Fig. 13.5. (a) Scheme of the setup with local heating; (b) Inhomogeneous contacted area induced 
by electrically heated tip. The white dashed circle indicates the location of the tip, whereas the 
white-bordered square indicates the coincidental formation of the most pronounced micron-sized 
hot-spot temperature field. 
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Fig. 13.6b shows the temperature image of the transient temperature field for the 
maximum temperature rise. The analyzed area of 76×76 pixels (30.4×30.4 μm2) was 
selected for the evaluation of the thermal imaging capabilities of the utilized method. The 
size of an individual pixel was 400 nm at the corresponding magnification. This 
temperature field was obtained by using relative changes in the integrated fluorescence 
intensity and the calibration-curve data. To express the temperature difference before and 
after the initiated heating, the following expression was used: 

 ∆𝑇 𝑥, 𝑦 𝑇  𝑥, 𝑦  𝑇  𝑥, 𝑦 , (13.2) 

where 𝑇  𝑥, 𝑦  and 𝑇  𝑥, 𝑦  are the temperatures measured before and after the 
initiated heating, respectively. 

As seen in Fig. 13.6, the extremely steep temperature gradient occurs at the point of 
contact between the tip and the sample, reaching 20 K/µm. In contrast, the measured 
temperatures around the hot spot indicated a temperature near ambient conditions. The 
reasons for such a steep temperature gradient, which results in a high-contrast temperature 
image, is the low thermal conductivity of the glass-ceramic as well as the small contact 
area of the heated tip. 

 

Fig. 13.6. (a) The temperature image before the heating cycle; (b) The temperature image  
of the transient micron-sized temperature field and the vertical temperature profile across  

the center of the temperature field. 

In order to gain an insight into the transient-analysis capability of the system, time-domain 
measurements were performed. As depicted in Fig. 13.7, the time-dependent temperature 
rise was reconstructed from the experimental data of the entire heating cycle, which lasted 
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until about 10 s. All the transient image sequences were obtained at intervals of 140 ms to 
gain a reasonable signal-to-noise ratio. The transient thermal response of our co-doped 
glass-ceramic was evaluated as the heated tip was turned on for a short period of time. 

 

Fig. 13.7. Temperature distribution and rate of change of the temperature with time  
for the analyzed hot-spot temperature field during the heating cycle. The time derivative (dT/dt) 

was calculated from the polynomial fit to ΔT(t). 

Meanwhile, when plotting the temperature profile across the center of the temperature 
field, considerable noise is observed, which reduces the accuracy of the measurement 
system down to ± 10 K. We can assume that the accuracy is more affected at elevated 
temperatures, since higher temperatures imply a lower fluorescence signal and, as a result, 
a lower signal-to-noise ratio. Therefore, a segment of several consecutive pixels across 
the center of the hot spot (as indicated in the inset of Fig. 13.7) was selected in order to 
obtain the mean temperature and to reduce fluctuations due to the noisy temperature 
signal. The temperature stabilization was achieved 7 seconds after the initiated heating at 
t = 0 with the heated tip, reaching a maximum temperature difference of about 90 K. The 
sample temperature eventually stabilizes at a level that corresponds to the thermal mass 
of the heated tip. According to Fig. 13.7, the time rate change of the temperature (dT/dt) 
reached its maximum value after an elapsed time of around 2.2 s, which corresponds to 
the point where the heated tip was actually turned off. 

According to the time series of the 2D plot of the transient temperature field, a large local 
temperature increase becomes noticeable in the center of the analyzed area, as shown in 
Fig. 13.8. As can be seen in Fig. 13.9, the thermal images with the shorter time scales also 
reveal a large temperature increase, pronounced in the early stages of the heating cycle, 
where the peak rate of the change in temperature was detected to be about 25 K/s. 
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Fig. 13.8. Long time-scale response of the analyzed contact area. (a) 2D plot of the transient 
temperature field. (b) Time evolution of the temperature profile across the temperature field 

during heating. 
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Fig. 13.9. Short time-scale response of the analyzed contact area. (a) 2D plot of the transient 
temperature field. (b) Time evolution of the temperature profile across the temperature field 

during heating. 
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These promising results show the feasibility of our approach, which can be 
advantageously used in the fields of semiconductor nanotechnology and biophysics, with 
a specific emphasis on understanding the behavior of localized, transient temperature 
fields on the submicron or nano scales. 

13.4. Conclusions 

In this experiment we have demonstrated the use of erbium/ytterbium, co-doped glass-
ceramics for non-invasive and transient thermal imaging with a submicron spatial 
resolution. The advantage of our particular measuring technique is that it can be adapted 
in a straightforward manner to certain problems related to multidimensional transient heat 
conduction on the submicron or nano scales. 

By applying the electrically heated tip on top of the sample surface we deliberately 
induced a highly localized heat input, which was used for the purposes of spatial and 
temporal thermal characterization. A steady-state thermal characterization was carried out 
using the fluorescence ratiometric method. In contrast, transient thermal characterization 
of the sample was carried out using only an integrated-intensity-based method, due to the 
greater fluorescence signal response and despite an awareness of the lower temperature 
resolution and signal-to-noise ratio. The transient plot of the micron-sized temperature 
field shows a large temperature gradient occurring in the vicinity of the hot spot, reaching 
20 K/µm. We identified the spatial resolution of our system to be 400 nm at an imaging 
frequency of 7 Hz, whereas the temperature accuracy is estimated to be within ± 10 K. 
However, the temperature resolution could be significantly improved by eliminating the 
intensity of the first emission peak at 520 nm, which is inversely proportional to the 
temperature. This could be easily achieved by using a narrower, band-pass emission filter 
that would cover the wavelength range between 535 and 560 nm. The number of 
temperature measurements due to the noisy temperature signal can also be substantially 
reduced by averaging or filtering the pixel values and thus sacrificing the spatial 
resolution. 

A transparent glass-ceramic is one of the most suitable candidates for the transient thermal 
imaging of hot spots and thermal gradients, due to its excellent properties related to 
mechanical robustness and photo-thermal stability. Our future investigations will focus 
on the development and implementation of this measurement technique for the analysis 
of various fundamental heat-transfer phenomena at submicron scales, such as transient 
heat conduction, nucleate pool boiling and flow boiling in microchannels. 
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Chapter 14 
Stopping of Transport Vehicles Using 
Electromagnetic Weapons 

Jan Valouch1 

14.1. Introduction 

The development of automobile technology is associated with the increase of application 
of electronic elements. An effective way to stop a vehicle is to disrupt the operation of 
electronic systems using high power electromagnetic pulses, which can be generated using 
electromagnetic weapons. This chapter describes electromagnetic systems for stopping 
vehicles and electromagnetic compatibility requirements of automotive technology. 
Automobiles contain a large number of electronic systems. Electromagnetic pulse (EMP) 
coupled into the electronic circuits of the vehicles can interfere with the operation of the 
electronic control unit [1]. Disruption of the function of the control unit may result in the 
engine stalling. This effect allows: 

 Stopping the engine stationary or slow moving vehicles (e.g., vehicles used for bank 
robberies, drug-handovers, within the needs of detention persons or identification of 
criminals, or when the driver breached the traffic rules); 

 Stopping speeding vehicles; 

 Protection of convoys (reduce the risk of attack from other vehicles – collision, 
shooting); 

 Stopping vehicles at checkpoints, at the entrances to the object and in front of sensitive 
infrastructure.  

Only a few companies produce electromagnetic devices for stopping vehicles. These 
devices are used for the needs of police, army, special operations units or protecting of 
important events [2]. Contemporary electromagnetic systems for stopping vehicles are 
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described in Section 14.2. Legislative and technical requirements for electromagnetic 
compatibility of automotive technology are described in Section 14.3. 

14.1.1. Direct Energy Weapons 

Electromagnetic weapons are referred to as Directed Energy Weapons (DEW). These 
weapons use highly focused energy to damage targets. The energy could be delivered via 
electromagnetic radiation, sound, or subatomic particles. The DEW, which operate in the 
frequency range of 100 kHz – 1 GHz (Directed Energy Weapons – Radio Frequency 
DEWRF) and in the range from 1 to 300 GHz (microwave, DEWM) are devices designed 
to disrupt, degrade, or destroy electronic and electrical systems [3]. Electromagnetic 
weapons that operate in radio wave and microwave (DEWRF and DEWM) ranges use 
electromagnetic impulses. These weapons use two types of the generators:  

 Narrowband generator (HPM- High Power Microwave); 

 Wideband generator (UWB- Ultra Wide Band).  

UWB weapons emit radiation in a wide frequency range, but with a low energy density. 
These devices are suitable where it is not possible to accurately identify the characteristics 
of the target- especially its working frequencies. HPM weapons emit pulses at the 
individual frequencies with very high power. The impact on the target is very effective, 
because the impulse resonates with the known frequency of the attacked device [3]. 

High-Power Microwave (HPM) electromagnetic energy can be produced as a near-
instantaneous pulse created through special electrical equipment that transforms battery 
power, or powerful chemical reaction or explosion, into intense microwaves that are very 
damaging to electronics [1]. For the HPM systems some types of generators can be used 
like: MILO- Magnetically Line Isolated Oscillator, RKA-Relativistic Klystron Amplifier, 
TWT-Traveling Wave Tube, BWO-Back Wave Oscillator [4], MWCG- Cherenenkov 
generator, Vircator-Virtual Cathode Oscillator, reltron, magnetron, gyrotron [2], etc. 
UWB Generator use as power component: special spark gaps, laser-activated 
semiconductor switches, quick switches for disconnecting circuits with inductance [2].  

14.2. Electromagnetic Systems for Stopping Vehicles 

Vulnerability of automobiles to the intentional effect of electromagnetic pulses related to 
intensity of pulses which are applied to the electronic components and systems. The first 
electronic components was began to install into the vehicles in the 60s of the last century 
and presently have modern vehicles up to 100 microprocessors which control most of their 
functions. About the technology which uses the power electromagnetic pulses for the 
stopping of vehicles is a great interest especially from the police security forces corps 
(stop the speeding of vehicles) and army (support the activities of checkpoints, protecting 
convoys and defense infrastructure). At present the EMP technology to the stopping of 
vehicles are manufactured and deployed in practice. The significant manufacturers include 
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companies e.g. Diehl, Eureka Aerospace or e2v, where a number of military research 
organizations are involved in the development of these devices [5]. Contemporary 
electromagnetic systems for stopping vehicles are described in this subchapter.  

14.2.1. HPEMcarStop 

Fig. 14.1 shows the system HPEMcarStop, which is produced by a company Diehl BGT 
Defence GmbH & Co., Roethenbach/Pegnitz, Germany [6]. The company produces 
HPEM (High Power Electro Magnetics) effectors in the form of systems with product 
names: HPEMcarStop and HPEMcheckPoint. System HPEMcarStop can be used, e.g., 
for activities by the police, army, special operations units or protection of important events 
(e.g., the Olympic Games). The system is designed so that EMP operates on the target 
vehicle from its front side; it means that the EMP generator is installed on a platform in 
the rear part of the vehicle. HPEMcarStop was successfully tested with more than  
60 different types of vehicles and allows stopping the target vehicle at a distance of 3 to  
15 m with more than 75 % success rate. Maximum peak radiated power is 4 GW, repetition 
frequency 60 Hz, centre frequency- 350 MHz, 3 dB bandwidth- 50 MHz, maximum burst 
length is 180 s. 

 

Fig. 14.1. The System HPEMcarStop [6]. 

14.2.2. HPEMcheckPoint 

System HPEMcheckPoint (Fig. 14.2) from the same manufacturer is designed the 
stopping of vehicles at checkpoints and important objects (e.g. the critical infrastructure). 
It combines a system HPEMcarStop with another source HPEM which is located on the 
trailer. Fig. 14.3 shows a possible scenario of system deployment when the target vehicle 
is exposed to the EMP in position 2 (HPEM in the trailer) and other HPEM device in the 
vehicle is designed as a backup. 
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Fig. 14.2. The System HPEMcheckPoint [6]. 

 

Fig. 14.3. The scenario applications HPEMcheckPoint [6]. 

14.2.3. RF System Safe Stop  

The British company e2v, as part of its production program (microwave devices for 
military and civilian purposes) produces RF system Safe Stop. This system is capable of 
bringing moving targets across land, sea and air to a controlled stop at a safe distance 
without collateral damage. The technology has been successfully trialed on Unmanned 
Aerial Vehicles, boats, cars, motorbikes and commercial vehicles [7]. Key features of the 
system: 

 Stopping distance of up to 50 m (LAND and SEA version); 

 Stopping distance of up to 400 m (AIR version); 

 Narrow-band stopping capabilities across S and L bands (1 to 4 GHz). 

The system is intended to stopping the vehicles within the control points, the protection 
of convoys and other relevant actions. This system can use the marine police for the 
protection entrances to harbors or stopping the motor vessels. The device has a weight of 
350 kg and a working distance up to 50 m. In practice it is installed e.g. on vehicles Nissan 
Nevara or Toyota Land Cruisers. The device is capable of operating in a total time of  
12 minutes on one charge; however, the effect of EMP with length of 3 s is sufficient for 
stop the vehicle [3]. Fig. 14.4 shows installing the system RF Safe Stop on the vehicle. 
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Fig. 14.4. Installing the system RF Safe Stop [7]. 

Application of the system RF Safe Stop in stationary installation on the control point is 
shown in the Fig. 14.5. The motors of vehicles are capable of re-operation after a forced 
stopping, but in some cases is required disconnect the battery. The device does not have a 
negative effect on people's health. 

 

Fig. 14.5. Application of the system RF Safe Stop [7]. 

14.2.4. HPEMS 

Another manufacturer of similar equipment is Eureka Aerospace (Pasadena, California, 
USA, HPEMS). This company is engaged the use of microwave and RF technology. The 
system with the designation HPEMS (High-Power Electromagnetic System) is intended 
to stopping the vehicles, ships and elimination of the electronic triggers of improvised 
explosive devices. This system ensures protection of important objects (representative 
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offices, embassies and consulates, military buildings, drilling platforms, harbors etc.). 
Basis equipment consists of 16 degree of Marx generator whose working distance is given 
up to 200 m, the frequency of 350 MHz – 1.35 GHz, energy of EM fields 20 kV/50 m [8]. 
The HPEMS was developed in cooperation with the armed forces, in this case the USMC 
(United States Marine Corps). The application of this system in the helicopter is shown in 
the Fig. 14.6. 

 

Fig. 14.6. Example applications of the system HPEMS [8]. 

14.2.5. EMWS Engine Stopper 

The company Fiore Industries Inc. (USA) has developed a device for stopping vehicles 
under the name EMWS Engine Stopper. The EMWS consists of multiple pulse amplifiers 
routed individually to their respective antenna elements. The system is capable of 
generating 2.4 kW, 30 µsec pulse width and 8 kHz Pulse Repetition Frequency. The fields 
are launched via an antenna composed of 24 elements with a total gain of 23 dB. The 
system is remote controlled and is powered from two deep-cycle lead acid batteries [9]. 
The system has been developed as part of a program supported by the NIJ (National 
Institute of Justice/ US Department of Justice). Fig. 14.7 shows scenario testing EMWS 
system.  

 

Fig. 14.7. System for stopping vehicles EMWS [9]. 
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14.2.6. Multi – Frequency Vehicle Stopper 

Fig. 14.8 shows Multi- Frequency Vehicle Stopper. A number of components of the armed 
forces are also involved on the development of equipment that uses the EMP as a weapon 
instrument. Significant role in the US Armed Forces constitutes Joint Non-Lethal 
Weapons Directorate, which controls, supports and coordinates research and development 
in the field of non-lethal weapons. Within the framework of its activities is also involved 
in the development of means to stopping of vehicles and ships (in cooperation with the  
L-3 Electron Devices, USA), which include: Multi – Frequency Vehicle Stopper  
(Fig. 14.8), Radio frequency Vessel Stopper or Non-Lethal Unmanned Aerial Vehicle 
High Power Microwave Payload [10]. The system Vehicle Stopper is designed primarily 
for the protection of the army and it is expected deployment on the access points, 
checkpoints, at roadblocks or for mobile patrols. The system will be designed as a portable 
simultaneously are developed systems for stopping the motor vessels that will be installed 
on a ship or on air pilotless devices [3]. 

 

Fig. 14.8. Multi-Frequency Vehicle Stopper [10]. 

14.2.7. SAVELEC 

In 2012, European Commission set up a research project SAVELEC. Savelec (Safe 
control of non cooperative vehicles through electromagnetic means) aims to provide a 
solution for the external, safe control of a non cooperative vehicle without any 
consequences on the persons inside the vehicle or other persons and objects nearby. The 
proposed solution is based on the use of electromagnetic means, electromagnetic pulses 
(EMP) and high power microwaves (HPM), in order to disrupt the proper behaviour of 
the electronic components inside the vehicle, which will lead it to slow down and stop 
[11]. The project has 9 partners from European institutes and organizations, including 
universities, research and technology organizations, industrial and small – medium 
enterprise partners (Institute of Mobile and Satellite communication Technology, 
Technological Educational Institute of Piraeus, MBDA France SA, Recherche Assistance 
Intervention Dissuasion Hellenic Aerospace Industry, The Armed Forces Academy of 
General Milan Rastislav Štefánik, etc.). Testing the Savelec system is shown in Fig. 14.9. 
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Fig. 14.9. Testing the Savelec system [12]. 

14.2.8. Electrical Vehicle Stopper 

In the past the Army Research Laboratory (ARL is the U.S. Army's corporate research 
laboratory) also dealt of similar problems, but with a different approach to the penetration 
of the EMP. They developed system EVS (Electrical Vehicle Stopper) (Fig. 14.10) in 
collaboration with the National Institute of Justice. This system used generators (180 kV) 
instead of using the directional antennas. These generators are connected to spring 
electrodes which have been installed in the plates on the roadway. When passing the 
vehicle via the air hoses the voltage is connected to the electrodes and after the contact or 
approximation to the frame and motor of the vehicle is disturbed operation of motor [13]. 

 

Fig. 14.10. Electrical Vehicle Stopper [13]. 

Table 14.1 shows an overview of the above described electromagnetic systems for 
stopping vehicles. 
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Table 14.1. Electromagnetic Systems for Stopping Vehicles. 

 

Development 
/ production 

Type Basic description 

DIEHL 
GmbH, 

Germany 

HPEMcar 
Stop 

The HPEMcarStop can be used, e.g., for activities by the police, army, 
special operations units or protection of important events (e.g., the 
Olympic Games). Maximum peak radiated power is 4 GW, repetition 
frequency 60 Hz, centre frequency- 350 MHz, 3 dB bandwidth -  
50 MHz, maximum burst length is 180 s. 

DIEHL 
GmbH, 

Germany 

HPEMcheck 
Point 

 

A combination of the HPEMcarstop with a very powerful HPEM 
source on a trailer to stop vehicles in static scenarios such as in 
checkpoints, camp entries and in front of sensitive infrastructure. This 
combination provides all possibilities in the critical scenario of a 
checkpoint. 

e2v, UK 
RF system 
Safe Stop 

The system is intended to stopping the vehicles within the control 
points, the protection of convoys and other relevant actions. This 
system can use the marine police for the protection entrances to harbors 
or stopping the motor vessels. Stopping distance of up to 50 m (LAND 
and SEA version), up to 400 m (AIR version). 
Narrow-band stopping capabilities across S and L bands.  

USMC 
/Eureka 

Aerospace, 
USA 

HPEMS 

The High-Power Electromagnetic System is intended to stopping the 
vehicles, ships and elimination of the electronic triggers of improvised 
explosive devices. Basis equipment consists of 16 degree of Marx 
generator whose working distance is given up to 200 m, the frequency 
of 350 MHz – 1.35 GHz, energy EM fields 20 kV/50 m. 

NIJ/ Fiore 
Industries Inc. 

(USA 

EMWS 
Engine 
Stopper 

The EMWS consists of multiple pulse amplifiers routed individually to 
their respective antenna elements. The system is capable of generating 
2.4 kW, 30 µsec pulse width and 8 kHz Pulse Repetition Frequency. 
The fields are launched via an antenna composed of 24 elements with a 
total gain of 23 dB. 

JNLWP/ L-3 
Electron 

Devices, USA 

Multi-
Frequency 

Vehicle 
Stopper 

The system Vehicle Stopper is designed primarily for the protection of 
the army and it is expected deployment on the access points, 
checkpoints, at roadblocks or for mobile patrols. The system will be 
designed as a portable simultaneously are developed systems for 
stopping the motor vessels that will be installed on a ship or on air 
pilotless devices. 

EU project 
SAVELEC 

Savelec 

Savelec (Safe control of non cooperative vehicles through 
electromagnetic means) aims to provide a solution for the external, safe 
control of a non cooperative vehicle without any consequences on the 
persons inside the vehicle or other persons and objects nearby. The 
proposed solution is based on the use of electromagnetic means, 
electromagnetic pulses and high power microwaves, in order to disrupt 
the proper behavior of the electronic components inside the vehicle, 
which will lead it to slow down and stop. 

Army 
Research 

Laboratory, 
USA 

Electrical 
Vehicle 
Stopper 

This system used generators (180 kV) instead of using the directional 
antennas. These generators are connected to spring electrodes which 
have been installed in the plates on the roadway. When passing the 
vehicle via the air hoses the voltage is connected to the electrodes and 
after the contact or approximation to the frame and motor of the vehicle 
is disturbed operation of motor. 
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14.3. Electromagnetic Compatibility of Automotive Technology 

Current cars contain a large amount of electrical and electronic components and 
subsystems. These subsystems provide the function of power, control and management, 
security, communications, navigation, multimedia and more. This situation is a 
prerequisite for mutual and external electromagnetic interference to these systems. The 
aim of the subchapter is to present an analysis of current legislative and technical 
requirements for electromagnetic compatibility of vehicles. 

During the research on vehicle stopping issues, it is necessary to analyze the requirements 
of the standards for electromagnetic immunity of automotive technology. Verification of 
Electromagnetic Compatibility (EMC) requirements is performed for automobiles, e.g., 
in compliance with UNECE Regulation 10 and with standards ISO 11451, 11452, 7637, 
CISPR 12, CISPR 25, SAE J1133, etc. 

Vehicle manufacturers also use their own standards (e.g., BMW- GS 95002, Jaguar, Land 
Rover- CS2010JLR, Renault- 36.00.808, etc.). These standards are stricter than 
international standards. These standards contain information about the requirements of 
testing electromagnetic immunity (type tests, signal levels, etc.) for automotive 
components [3]. 

14.3.1. Legislative Requirements  

The first European directive 70/156/EEC laying down motor vehicle requirements was 
issued already in 1970 (Council Directive 70/156/EEC of 6 February 1970 on the 
approximation of the laws of the Member States relating to the type-approval of motor 
vehicles and their trailers). This directive so far did not include the area of EMC. The first 
European directive on electromagnetic compatibility of vehicles was issued in 1972 
(Council Directive 72/245/EEC of 20 June 1972 on the approximation of the laws of the 
Member States relating to the suppression of radio interference produced by spark-ignition 
engines fitted to motor vehicles).  

Next European directive 95/54/EC already lay down requirements for most electronic / 
electrical subassemblies of vehicles and requirements for vehicles as a whole 
(Commission Directive 95/54/EC of 31 October 1995 adapting to technical progress 
Council Directive 72/245/EEC on the approximation of the laws of the Member States 
relating to the suppression of radio interference produced by spark-ignition engines fitted 
to motor vehicles and amending Directive 70/156/EEC on the approximation of the laws 
of the Member States relating to the type-approval of motor vehicles and their trailers). 
The latest European directive was adopted in 2004 (Commission Directive 2004/104/EC 
of 14 October 2004 adapting to technical progress Council Directive 72/245/EEC relating 
to the radio interference (electromagnetic compatibility) of vehicles and amending 
Directive 70/156/EEC on the approximation of the laws of the Member States relating to 
the type-approval of motor vehicles and their travers). This Directive has been amended 
several times (e.g., 2005/49/EC, 2005/83/EC and 2006/28/EC) [14].  
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Prior to enactment of The Automotive Electromagnetic Compatibility Directive 
2004/104/EC (AEMCD), electrical equipment intended for use in motor vehicles was 
covered by the EMC Directive. However, the application of the EMC Directive to vehicles 
is complicated by a number of other pre-existing directives and so an anomalous situation 
where components were CE marked but the complete vehicle was not was common. The 
Electromagnetic Compatibility Directive (2014/30/EU and previous Directive 
2004/108/EC) is not primarily concerned with safety. The automotive industry was 
concerned that neither the standards nor the attestation procedures under the EMC 
Directive were adequate to ensure safe operation in vehicles. On the basis of these 
concerns, the industry successfully lobbied the Commission to introduce new measures 
which removed components and sub-systems for road vehicle applications from the scope 
of the EMC directive and introduce a new single market regime which allows for different 
standards and a stricter attestation procedure [15]. 

Automotive electromagnetic compatibility is no longer regulated by European directives 
and instead is now legislated for by UNECE Regulation 10 (UNCEE – United Nations 
Economic Commission for Europe). Regulation 10 replaced The Automotive 
Electromagnetic Compatibility Directive 2004/104/EC (AEMCD) in November 2014.  

14.3.2. Regulation No. 10 of the Economic Commission for Europe  
of the United Nations 

Regulation No. 10 (Uniform provisions concerning the approval of vehicles with regard 
to electromagnetic compatibility) requires manufacturers to gain type approval for all 
vehicles, electronic sub assemblies, components and separate technical units [15]. 
Products that have direct control of the vehicles must not emit EMC emissions above the 
limits and must be immune to interference levels stated in the Regulation. Products 
without direct control only have to meet the emission requirements. The Regulation 
contains 3 groups of tests: 

 Narrow band emissions;  

 Broad band emissions; 

 Immunity tests [16]. 

This Regulation applies to vehicles of categories L, M, N and O1 with regard to 
electromagnetic compatibility and to components and separate technical units intended to 
be fitted in these vehicles (L- Motor vehicles with less than four wheels, M- Vehicles 
having at least four wheels and used for the carriage of passengers, N- Power-driven 
vehicles having at least four wheels and used for the carriage of goods, O- Trailers). The 
Regulation includes requirements: 

 Requirements regarding the immunity to radiated and conducted disturbances for 
functions related to direct control of the vehicle, related to driver, passenger and other 
road users' protection, related to disturbances, which would cause confusion to the 
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driver or other road users, related to vehicle data bus functionality, related to 
disturbances, which would affect vehicle statutory data, 

 Requirements regarding the control of unwanted radiated and conducted emissions to 
protect the intended use of electrical or electronic equipment at own or adjacent 
vehicles or nearby, and the control of disturbances from accessories that may be 
retrofitted to the vehicle, 

 Additional requirements for vehicles and electronic/ electrical sub-assemblies 
providing coupling systems for charging the REESS (rechargeable energy storage 
system that provides electric energy for electric propulsion of the vehicle) regarding 
the control of emissions and immunity from this connection between vehicle and 
power grid [16]. 

Regulation defines Immunity related functions: 

 Functions related to the direct control of the vehicle (e.g., degradation or change in 
engine, gear, brake, suspension, active steering, speed limitation devices, etc.); 

 Functions related to driver, passenger and other road user protection (e.g. airbag and 
safety restraint systems); 

 Functions which, when disturbed, cause confusion to the driver or other road users 
(optical disturbances, acoustical disturbances); 

 Functions related to vehicle data bus functionality (blocking data transmission on 
vehicle data bus-systems); 

 Functions which when disturbed affect vehicle statutory data (e.g., tachograph, 
odometer); 

 Function related to charging mode when coupled to the power grid. 

Electronic/ electrical subassemblies (ESA) with no immunity related functions need not 
be tested for immunity to radiated disturbances. 

14.3.2.1. Electromagnetic Immunity 

The regulation describes three areas of electromagnetic resistance testing: 

 The immunity of vehicles to electromagnetic radiation; 

 The immunity of ESAs to electromagnetic radiation; 

 The immunity of ESAs to transient disturbances conducted along 12/24 V supply lines. 

The immunity to electromagnetic radiation of the vehicle representative of its type 
shall be tested by the method in accordance with standard ISO 11451-2 (Road vehicles – 



Chapter 14. Stopping of Transport Vehicles Using Electromagnetic Weapons 

351 

Vehicle test methods for electrical disturbances from narrowband radiated 
electromagnetic energy – Part 2: Off-vehicle radiation sources). The field strength shall 
be 30 volts/m rms (root mean squared) in over 90 per cent of the 20 to 2,000 MHz 
frequency band and a minimum of 25 volts/m rms over the whole 20 to 2,000 MHz 
frequency band. The vehicle shall be considered as complying with immunity 
requirements if, during the tests, there shall be no degradation of performance of 
"immunity related functions". 

The immunity to electromagnetic radiation of the ESA shall be tested by the methods 
in accordance with standard ISO 11452 (Road vehicles – Component test methods for 
electrical disturbances from narrowband radiated electromagnetic energy). Table 14.2 
shows the immunity test levels of ESA (in over 90 per cent of the 20 to 2 000 MHz 
frequency band). 

Table 14.2. The ESA immunity test levels [16].  

Type of test 
Immunity test levels 
(root-mean-square) 

The 150 mm stripline testing method 60 V/m 
The 800 mm stripline testing method 15 V/m 
Transverse Electromagnetic Mode (TEM) cell testing method 75 V/m 
The bulk current injection (BCI) testing method 60 mA 
The free field testing method 30 V/m 

 

The immunity of ESAs to transient disturbances conducted along 12/24 V supply lines 
shall be tested by the methods according to ISO 7637-2 (Road vehicles – Electrical 
disturbances from conduction and coupling – Part 2: Electrical transient conduction along 
supply lines only). This test method shall ensure the immunity of ESAs to conducted 
transients on the vehicle power supply and limit conducted transients from ESAs to the 
vehicle power supply [16]. 

14.3.3. Technical Standards for Electromagnetic Compatibility of Vehicles 

The number of different Automotive EMC standards is large. Standards are issued by 
various standardization organizations:  

 IEC – International Electrotechnical Commission;  

 CISPR – International Special Committee on Radio Interference, organizational unit 
of IEC; 

 ISO – International Standard Organization; 

 SAE International (Society of Automotive Engineers); 

 CENELEC – European Committee for Electrotechnical Standardization. 
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The standards set EMC requirements separately for whole vehicles (whole vehicles -WV) 
and for electrical / electronic sub-assembly (ESA). Table 14.3 shows an overview of 
automotive EMC standards in accordance with UNECE Regulation No. 10. 

Table 14.3. Automotive EMC Standards.  

Type of test Application EMC Standard 
Broadband electromagnetic radiation WV CISPR 12 
Narrowband electromagnetic radiation WV CISPR 12, CISPR 25 

Immunity to electromagnetic radiation WV 
ISO 11451-1, 
ISO 11451-2, 
ISO 11451-4 

Broadband electromagnetic radiation ESA 
CISPR 12, CISPR 25, 
CISPR 16-1-4 

Narrowband electromagnetic radiation ESA 
CISPR 12, CISPR 25, 
CISPR 16-1-4 

Immunity to electromagnetic radiation ESA 

ISO 11452-1,  
ISO 11452-2, 
ISO 11452-3,  
ISO 11452-4, 
ISO 11452-5 

Emission of transient conducted disturbances 
generated by ESAs on 12/24 V supply lines 

ESA ISO 7637-2 

Immunity of ESAs to transient disturbances 
conducted along 12/24 V supply lines 

ESA ISO 7637-2 

Electrostatic discharge WV/ESA 
not specified 
(In other cases  
ISO 10605) 

Emission of harmonics generated on AC 
power lines 

WV/ESA 
REESS 

IEC 61000-3-2,  
IEC 61000-3-12 

Emission of voltage changes, voltage 
fluctuations and flicker on AC power lines 

WV/ESA 
REESS 

IEC 61000-3-3,  
IEC 61000-3-11 

Emission of radiofrequency conducted 
disturbances on AC or DC power lines 

WV/ESA 
REESS 

CISPR 16-2-1 

Emission of radiofrequency conducted 
disturbances on network and 
telecommunication access 

WV/ESA 
REESS 

CISPR 22,  
(CISPR 32) 

Immunity to electrical fast transient/burst 
disturbances conducted along AC and DC 
power lines 

WV/ESA 
REESS 

IEC 61000-4-4 

Immunity to surges conducted along AC and 
DC power lines 

WV/ESA 
REESS 

IEC 61000-4-5 

 

The professional association and standards organization SAE International is a recognized 
authority in the field of testing and standards for the automotive industry in the US and 
throughout the North American region. Table 14.4 shows a basic overview of EMC 
automotive standards issued by the SAE [14]. 
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Table 14.4. SAE Automotive EMC Standards.  

Type of test/ 
Application 

Whole vehicles 
Electrical / electronic sub-

assembly 
Radiated Immunity SAE J551-12,16 SAE J1113-4, 21, 22, 23, 24, etc. 

Conducted Immunity SAE J551-13,17 SAE J1113-3, 11,12 

Electrostatic discharge SAE J551-15 SAE J1113-13 

Radiated emissions SAE J551-2, 4 SAE J1113-41 

Conducted emissions SAE J551-1 SAE J1113-41, SAE J1113-42 

 

14.3.4. Technical Specifications of Vehicle Manufacturers 

Vehicle manufacturers also use their own standards: 

 VM (Vehicle Manufacturers); 

 OEM (Original Equipment Manufacturers). 

These standards are stricter than international standards. These standards contain 
information about the requirements of testing and measurement of electromagnetic 
compatibility (type tests, signal levels, limits, etc.) of vehicles and automotive 
components. Table 14.5 shows a basic overview of vehicle manufacturer’s standards.  

14.4. Conclusions 

Critical electronic components especially the control unit in vehicles is very good 
protected against the EM interference (shielding, filtration). Due to the physical and 
economic constraints, these measures correspond to the levels of EM environment which 
may exist in the surroundings of vehicles. For vehicles which have been deliberately 
exposed to the electromagnetic field it can cause disruption of engine functions (a 
temporary failure, self-renewable failure, failure which require user intervention or repair 
service provided or failure which causes physical damage and damage to sensitive 
electronic components). Stopping the motor may be caused by faulty actions of the control 
unit (disruption of the internal microprocessor), when usually occurs that the motor 
immediately stops. Another case is when the control unit operates correctly, but due to 
incorrect signals from the sensors engine performance may be reduced, may be formed 
failures in the operation and subsequent motor blockage. In terms of EMS the testing of 
vehicle components is carried using the electromagnetic field with test level of 30 V/m. 
Some of car manufacturers use test level up to 200 V/m. The electromagnetic directed 
energy weapons are able to generate EM field with intensity up to 300 kV/m.  
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Table 14.5. Vehicle Manufacturers Standards – examples. 

Manufacturer Standard Title, description 

Ford FMC1278  
General Specification Electrical/Electronic- 
Electromagnetic Compatibility Specification for 
Electrical/Electronic Components and Subsystems 

BMW GS 95002 
Electromagnetic Compatibility (EMC), Requirements and 
test 

Volkswagen 
VW TL 
81000  

EMC, interference immunity, interference emission, 
immunity, ESD, electrostatic discharge, pulse,(TL 965, TL 
82066, TL 82166, TL 82366, TL 82466,  
TL 82566) 

Jaguar, Land 
Rover 

EMC-CS-
2010JLR  

Electromagnetic Compatibility Specification for 
Electrical/Electronic Components and Subsystems 

Fiat 9.90111/01 

Electrical and Electromagnetic Compatibility (EMC) 
requirements for electronic components and subassemblies 
which contain electrical or electronic components for 
Chrysler/Fiat vehicles 

Mercedes 
MBN 

10284-2 

MBN 10284-2 EMC performance requirements for 
electrical and electronic components and systems for 
application in passenger cars and vans for Daimler AG, 
Mercedes-Benz (2011) 

PSA 
B21 

7110/D 

Requirements for electric resistance and the 
electromagnetic compatibility (EMC) for electrical and 
electronic equipment, for Peugeot – Citroën (PSA) 
vehicles. 

Renault 
36-00-
808/M 

These product specifications define the requirements for 
electrical behavior and Electromagnetic Compatibility 
(EMC) of on-board electrical, electronic and pyrotechnic 
equipment for Renault vehicles.  

Mazda  
MES PW 
67602A 

Electromagnetic Compatibility (EMC) of electronic and 
electric components used for Mazda vehicles. 

Mitsubishi 
ES- 

X82010 
General specification of environment tests on automotive 
electronic equipment for Mitsubishi vehicles 

Hyundai, Kia 
ES- 

96200-00 
Electromagnetic compatibility specification for Hyundai 
and Kia vehicles 

Chrysler CS-11979 
Electrical and Electromagnetic Compatibility (EMC) 
requirements for electronic components and subassemblies 
for Chrysler Group vehicles 

Generals Motors 
GMW 
3097 

General Specification for Electrical/Electronic 
Components and Subsystems, Electromagnetic 
Compatibility 

Volvo  31850329 
EMC System and Component Requirements – 
Electromagnetic Compatibility Specification 
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Chapter 15 
A Multifunctional Tri-Colour Light Emitting 
Diode Based Spectrometric Detector  
for Virtual Instruments 

Nataša Gros1 

15.1. Introduction 

Miniaturization changed the attitude of analytical chemists towards analytical 
instrumentation. It was recognized that many analytical instruments are oversized and 
over-engineered. Commercial instruments are not always suitable and can hinder a 
development of new analytical solutions. Adaptations might be very time-consuming and 
demanding especially if performed as an isolated task leading to a non-transferable 
arrangement.  

Virtual instruments (VIs) look like real instruments but appear on a computer screen, 
through which they are designed, manipulated and adapted or upgraded using e.g. a 
LabVIEW software as a graphical programming environment. Instrument drivers usually 
written by producers of equipment enable a fast and efficient integration of different 
instruments or instrumental components into a coherently operating system. A data 
acquisition, data treatment and ability to save data in an appropriate format are other 
important features. VIs have several advantages over ordinary instruments. 

Time and cost benefits of VIs were early recognized for automatic testing of electronic 
products to comply with the specifications [1], and in designing complex intelligent 
instruments [2].  

With not much delay VIs emerged in analytical chemistry in the field of electroanalytical 
methods. A cyclic voltammetry in a batch electrochemical cell and amperometric 
detection in a flow injection analysis (FIA) were performed with the Vis in association 
with a home-made potentiostat and later the same group of authors reported on a 
development of a small low-cost battery driven instrument for square wave voltammetry 
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being controlled and data acquired with a LabVIEW VI [3, 4]. Several diverse chemical 
applications of the VIs followed each claiming some particular advantages over physical 
instruments.  

A VI for evaluating a performance of a potentiometric array of sensors with a sequential 
injection analysis (SIA) gives a more detailed insight into acquired data and rapidity and 
reproducibility of the procedures are benefits due to an automated preparation of 
calibration solutions [5]. A modular VI that acquires data from a temperature and pressure 
sensors can perform several physical chemistry experiments, treats, presents and stores 
data, and is therefore user-friendly and in addition to this flexible and adaptable to the 
requirements of particular users [6]. A VI for evaluations of emissions of diesel/biodiesel 
internal combustion engines based on a combination of O2, CO, CO2, NO and SO2 sensors 
associated with a signal conditioning system is a cheaper and more flexible alternative to 
a commercial system [7]. A reliable judgment on risk conditions that cannot be achieved 
by individual sensors was ensured by a VI that wirelessly acquires and evaluates data from 
a humidity, temperature, light radiation, smoke and CO2 sensors and so remotely collects 
data and controls conditions without a humane presence in a hazardous industrial area [8]. 
A VI for a laser-induced fluorescence spectroscopy acquires real-time data and by 
synchronously controlling a Nd:YAG laser, a dye laser, a digital delay generator, 
oscilloscope and a PMT prevents errors which may occur in a manual operation and opens 
up possibilities for other arrangements since that these are commonly used instrumental 
components in many laboratories [9].  

A disadvantage of VIs may be that a community of people using them is not as wide as 
that utilizing classical instruments and consequently anyone designing or using a VIs is 
more on his or her own when it comes to reporting results together with a measurement 
uncertainty. However a methodology for evaluating the uncertainty of direct or indirect 
measurements performed with VIs was already established and as main contributions 
recognizes uncertainty of a transducer, signal conditioning system, A/D conversion and 
digital data processing [10]. 

Due to their many advantages, VIs have a potential to become more widely used in 
research and development in future but if they are associated with detectors, which are too 
big in size and difficult to accommodate the flexibility and adaptability of the whole 
system fades. For this reason, compact and preferably multifunctional detectors are 
needed to accompany VIs and light emitting diodes (LEDs) as light sources allow for such 
detectors.  

Dupuis and Krames in their concise history of bright visible LEDs [11] write that already 
in 1907 Henry Joseph Round observed the emission of light of different colors while he 
was studying “catʼs whisker rectifiers” based on a carborundum. He published his remarks 
that did not catch much attention. Electroluminescence was rediscovered in the twenties 
and during the next years intensive examinations followed but a technical exploitation 
was not yet possible due to a lack of understanding. A quantum theory of solids had to 
develop to the level that a scientifically sound explanation of a phenomenon was enabled 
and this was around 1940. At that time Russel Ohl discovered a Si p-n junction diode [11]. 
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In 1962 GaAsP based red LEDs of low luminous intensity were developed. It the early 
seventies incorporation of N isoelectronic impurities into GaAsP alloys enabled a 
development of for that time relatively bright LEDs which emitted light in amber, yellow 
or yellow-green range. Much brighter AlGaAs alloys based red LEDs followed and a 
liquid-phase epitaxy replaced a vapor-phase epitaxy technology. InAlGaN quaternary 
alloys enabled UV-, blue- and green-light emitters of high brightness and InAlGaP alloys 
further improved a performance of LEDs in red, orange and yellow spectral range. LEDs 
became widely available. Even though already in 1975 blue light emission of GaN was 
reported a technology to grow the material of adequate properties had to be developed 
before a massive production of the blue LEDs started in the early nineties. At about that 
time a metalorganic chemical vapor deposition had become a predominantly used 
technology for a mass production of high-brightness yellow and red InAlGaP alloy LEDs 
and blue and green InAlGaN alloy LEDs [11]. 

Already in the seventies, Flaschka et al suggested a low-cost flow-through spectrometric 
detector with a LED as a light source and a phototransistor as a transducer [12]. Similar 
optical components were used in a detector for which it was proved that determinations 
of metal ions at a ppb level are possible with an unsegmented continuous-flow method 
with a high analytical efficiency [13]. A first concise overview of LED-based flow-
through absorption spectrometric detectors was published in 1993 by Dasgupta et al [14]. 
A decade later an extensive overview of LEDs use in analytical chemistry followed and a 
planar flow-through LED detector for a simultaneous multi-wavelength absorbance 
measurement, fluorescence measurement, and spectroelectrochemical applications was 
suggested [15].  

Some spectrometric detectors use LEDs not only as light sources but also as sensors, 
which is possible if they operate in a reversed mode. Current is small, however, it was 
proved LEDs are sensitive enough if a discharge time is measured to indicate a light 
intensity [16]. A review of LED-based absorbance sensors and sensing devices 
comprising LED-LED detectors was published in 2008 [17]. A comparison of LEDs with 
photodiodes confirmed that responses similar in magnitude can be achieved with both but 
photodiodes are faster and the results more precise [18]. 

Tri-colour LEDs accommodate in the same body emitters of three different types which 
provide red, green and blue light, respectively. Another term is RGB-LEDs or full-color 
LEDs. They are available in a common 5-millimeter format and in other geometries. 
Initially, they started to be used in panels for advertising or providing information in cities 
or at motorways. A development of RGB-LEDs based flat liquid crystal displays for 
television screens is becoming increasingly important since 2004 when a first such 
television was produced. 

Tri-colour LEDs, which are particularly suitable for detectors to be flexible and compact 
in size, are not used much in spectrometric applications. Hauser et al suggested a tri-colour 
LED based detector with a classical cuvette and a photodiode [19]. We introduced an 
RGB-LED based spectrometer with a microreaction chamber and a vertical optical 
geometry and used a photoresistor as a sensor [20]. An important feature is that a light 
intensity of each of the three emitters – of red, green and blue light – can be regulated 
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independently what makes the detector more adaptable to the needs of a particular user or 
application. We later upgraded this detector into three separate instruments, a low-cost 
hardware operated spectrometric microtitrator [21], a microdiffusion based spectrometric 
setup for determination of volatile species in a complex matrix [22] and a low-cost 
hardware driven flow-injection analysis system with a spectrometric detector with an 
ascending glass-coil flow-through cell [23]. 

The objective of this chapter is to demonstrate how the devices, which we previously 
designed as separate units, can be combined into a single multifunctional spectrometric 
detector, which is due to its compact size and flexibility very suitable to be used with VIs 
and to demonstrate its usability for discrete and flow-based analytical methods. 

15.2. Detector Design  

A core of the detector consists of an RGB-LED and a photo-resistor incorporated into an 
adaptable frame that can accommodate modules of different types by which detector’s 
multifunctional abilities are achieved as presented in Fig. 15.1. Modules for batch (1), 
microdiffusion-based (2) and flow-based analytical applications (3) follow from left to 
right. In the first, polymeric supports called blisters and used in a pharmaceutical industry 
for packaging pastilles function as disposable microreaction chambers (b) for discrete 
analytical applications. A blister inserted between an RGB-LED (a) and a photoresistor 
(c), when filled with liquid efficiently focusses the passing light and acts as a convex lens 
due to its shape. A blister can accept up to 440 L of a solution. Within a series of 
measurements, a volume should be constant to ensure a comparable light path length. 
More details can be found in the literature [20].  

 

Fig. 15.1. The optical part of a multifunctional tri-colour LED-based spectrometric detector  
with modules for batch (1), microdiffusion-based (2) and flow-bases analyses (3), a – LED,  
b – microreaction chamber, c – photoresistor, d – Conway microdiffusion cell, e – vertical-coil-
type flow-through cell.  

In the second setup (Figs. 15.1, 15.2) the detector accommodates a Conway 
microdiffusion cell – a circular ceramic dish with two concentric compartments and a 
glass lid [24]. A lid has a rough lower and a smooth upper surface to allow for a tight seal 
when the external edge of the cell is lubricated. The Irish biochemist J. E. Conway 
designed a dish for determination of volatile species in samples with a complex matrix 
[24]. The external compartment is dedicated to a sample and the internal to a receptor 
solution. In a tightened cell volatile species which can react with substances in a receptor 
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solution diffuse from the external to the internal compartment. Conway analyzed a 
receptor solution after a fixed period of time. We enabled a continuous spectrometric data 
acquisition by drilling a hole through the bottom of a Conway cell, introducing a blister 
into the internal compartment and inserting the cell between a LED and a photoresistor 
(Fig. 15.1d). Originally we used a UV-LED and demonstrated that a determination of low 
levels of ethanol in fruit juice is possible and that the results are comparable with a 
standard distillation – titration method [22]. 

 

Fig. 15.2. The electronics of the detector. 

In the third setup, a vertical glass-coil flow-through cell is positioned between the light 
source and the sensor (Fig. 15.1e). The central part is blinded so that a light passes only 
through the coil. We suggested this detector in a combination with a low-cost FIA system, 
based on in-house made syringe pumps and low-cost stepper motor drivers, impulse 
counter and a precision time interval switch. Polymeric tubes were used as liquid lines 
and their elasticity allowed paper clamps to act as manually operated valves. We 
demonstrated that a time or volume-based injection was possible. A digital multimeter 
served as a low-cost data acquisition device and a computer interface. Glass-coil flow-
through cells of different internal volumes were tested and the coil with the internal 
volume 27 L proved to be the best compromise between the internal volume and a 
performance. Suitability of the detector for real-life FIA applications in all three spectral 
ranges, blue, green and red was demonstrated on the examples of spectrometric 
determinations of chloride, calcium and hydrogen phosphate, respectively. More details 
were described previously [23].  

The detector´s electronics consists of a LED-regulating part and a signal conditioning part 
(Fig. 15.2, left/right). The LED regulating part enables that the emitters of blue, green and 
red light are switched on and of separately and that their light intensity is regulated what 
makes it possible that the detector´s performance is tailored in accordance with the 
requirements of each particular application. As we will explain and demonstrate in a 
continuation the highest light intensity is not necessarily the best solution for all 
applications. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 362

The analog output of the signal conditioning circuit indicated in Fig. 15.2 with a symbol 
mV is acquired with a VI. A resistivity of a photoresistor changes with a light intensity 
and a 2.2 k potentiometer allows a transmittance adjustment to 100.0 %, corresponding 
to 100.0 mV when a blank is in the optical path of a detector. 

15.3. Virtual Instruments 

We used NI LabVIEW 2015 software. The external hardware components were connected 
to a host computer through NI cRIO-9066 controller equipped with NI 9205 32-Channel, 
±200 mV to ±10 V, 16-Bit Analog Input, NI USB-9472 8-Channel, 24 V Logic, Sourcing 
Digital Output Device and NI 9870 4-Port, RS232 Serial Module. 

The instrumentation consisted of Harvard Apparatus Pumps 11 Elite, 3-Way Valve w/ 
Integral Luer Lock – CSAT030 (Neptune Research, Inc. West Caldwell, USA), an in-
house made syringe pump for a titration setup and a 12 V relay for inducing mixing of a 
solution during titrations. Polymeric supports, called blisters and intended for packaging 
pastilles in pharmaceutical industry were used as reaction vessels for discrete analytical 
applications. We assembled FIA system by using TTF130-25M tubing ID 0.03”/0.75 mm, 
OD 1/16” and flangeless fittings with CTFE ferrules 1/16” CFL-1A (VICI AG 
INTERNATIONAL, Schenkon, Switzerland). Ocean Optics modular spectrometer was 
used for comparison. 

We developed two VIs associated with a multifunctional tri-colour LED-based detector. 
The first is dedicated to a flow-analysis system and commercial instrumental equipment, 
the second operates a microtitration setup based on an in-house produced syringe pump. 

15.3.1. A Flow-Analysis VI 

For the flow-analysis VI a conventional approach was used, we acquired the drivers to 
operate the pumps. Steps of a method are defined on the front panel by specifying duration 
in time, position of a selector valve (not used here), mode of operation of each pump and 
its flow-rate and position of each of 3-way solenoid valves with either a normally open 
connector open and a normally closed connector closed or vice versa if voltage is applied.  

A user can choose between the pumpʼs modes of operation withdraw, infuse, pulsed 
operation or gradient. During an execution of a method, one can follow up to three analog 
signals in a strip-chart, in the cases described here only millivolts corresponding to a 
transmittance expressed in percent were recorded. By clicking on a chart one can open 
another screen to check the acquired data in a table format comprising relative times, 
transmittance and absorbance; and additionally also in a graph. Transmittance, absorbance 
or both in dependence of time can be presented and data saved to a file.  

This VI was used in two experiments demonstrating a multifunctional performance of the 
detector and described in Sections 15.5.2 and 15.5.3. With microdiffusion based 
spectrometric reactor for volatile species only the data acquisition part of the VI was 
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functional. A spectrometric detector with an ascending glass-coil cell for flow or 
sequential injection analysis exploited a VI more fully; a method was defined as 
summarised in Table 15.1. 

On every occasion when the pump’s operation is supposed to change during an execution 
of a method, the computer communicates the request to the pump’s microprocessor that 
updates and applies the settings with a small delay. The time steps in a method not much 
below one second are on a limit an only the settings which are admitted in the pump’s 
software are possible. This approach does not allow for very small volume increments, 
which are essential for a microtitration in which the whole titration curve can extend over 
only a few microliters. For this reason, we had to use a different approach for the 
microtitrator VI and decided not to use a commercial syringe pump. Instead, we opted for 
our in-house designed pump that consists of a Hamilton syringe (50 L), a syringe holder 
and a unipolar stepper motor [21]. 

A control unit of a stepper motor is usually a computer or programmable interface 
controller, with software directly generating the outputs needed to control the switches. 
From our previous research, we had a confirmation that unlike a 12-V Premotec unipolar 
stepper-motor for which a dedicated controller is unavoidable [23] a step by step 
propagation of a 5-V motor can be achieved with an alternative simplified approach. A 
10-channel Conrad Electronics module for light effects provided adequate pulses to spin 
the motor and regulate its speed [21]. When a pulse is submitted to a particular connector 
of the motor an associated LED lights. This gave us a very good insight into a protocol 
which is adequate to propagate a motor and was a starting point from which we designed 
a VI. 

15.3.2. A Microtitrator VI 

As in the previous VI an analog input is used for data acquisition. Unlike a common 
approach and instead of using a motor driver we based the operation of other hardware 
components on five digital outputs. Four of them are dedicated to spin the motor; the fifth 
is used to induce pulses in an electrical relay.  

The relay is positioned by the side of a blister and in association with a ferromagnetic 
bead in a blister ensures mixing of a solution. An electric pulse induces a magnetic field 
in the relay which attracts and keeps a bead to the side of a blister. After a pulse fades a 
bead rolls to the lowest point of a blister and towards the other side. It starts swinging 
from one side to another with declining amplitude until it finally stops at the bottom of a 
blister or resumes movement if another pulse is induced. We described this approach of 
mixing and gave evidence on its efficiency elsewhere [21].  

Another role of a magnet is to make a transmittance measurement possible by keeping a 
bead out of the optical path. In this case duration of a pulse can be regulated in accordance 
with the requirements. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 364

The front panel of the VI has three sections. The left side is dedicated to a titration method, 
the central part is mainly occupied by two strip-charts which give insight into a progress 
of a titration and also comprises five controls enabling necessary interventions, and on the 
right side numeric data are presented (Fig. 15.3). 

 

Fig. 15.3. The front panel of the microtitrator VI. 

A titration method consists of three optional modules, an initial titrant addition step, a 
definition of repetitive titration steps, and an extended mixing associated with each titrant 
addition step from the previous section. Any combination of the modules is enabled. 
Conditions are defined in terms of a number of pulses or steps of a motor and time 
duration. One step of a motor, induced by a single pulse is 7.5 degrees; hence a full rotation 
consists of 48 steps, which correspond to one millimeter lateral movement of a syringe 
plunger. 

An initial titrant addition module is used when one wants to shorten the duration of a 
titration if the introductory part of a titration curve is not important for a determination of 
an equivalence point. In the initial addition module, a user can define a volume of a titrant, 
a speed with which a titrant is added and the intensity of mixing during the addition, and 
alternatively also a duration and intensity of an extended mixing period, following the 
addition. The intensities of the two mixing stages are independent. 

The second module is the core module dedicated to a monotonic equivalence point 
titration. A difference between a monotonic and dynamic titration is in a protocol for a 
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titrant solution addition. In the later one starts a titration with the highest volume additions 
and reduces a volume while approaching an equivalence point, close to it the volumes are 
set to the lowest possible and after that, they start to rise. The reason for such an approach 
is that for a correct recognition of an equivalence point a curve in this region should be 
defined as precisely as possible. In monotonic titrations, on the contrary, the shape of a 
curve in the vicinity of the equivalence point has no role in its determination, since it is 
derived from the intersection of the two extrapolated lines following the curve before the 
equivalence point and after it, respectively and outside the region where the curve 
changes. For this reason, during the titration a titrant is added in equal volume increments. 

As in the previous module volume of an addition is defined by a number of steps of a 
motor, speed of a motor defined by a number of steps per time unit and speed of mixing 
of a solution related to a mother speed. The options are the equal speed, one half of it or 
one quarter, since mixing and propagation of a motor are carried out simultaneously. One 
can also define a total number of steps a titration should not exceed. 

Other settings within this module are associated with data acquisition defining how 
individual points of a titration curve are obtained. One can choose between three options, 
firstly an operator-controlled way of transferring measurements to a titration curve, 
secondly a time-delayed data transfer or thirdly a signal drift-dependent data transfer. The 
last two require that a criterion is set. 

In the final module mixing time and mixing speed are defined. This step if approved is 
accomplished after each addition of a titrant during a monotonic titration. 

15.3.3. Execution of the Microtitrator VI 

By running the VI an operator gains access to the modules of a titration method. After 
checking the boxes of the desired modules one can define titration parameters.  

A titration starts after a user activates a leftmost control below the chart dedicated to 
acquiring the initial transmittance. A VI first requests a path and a name for a file into 
which the titration data will be stored when a titration is finished. After that, a data 
acquisition starts, the relay is powered to remove a ferromagnetic bead from the optical 
path. Measurements are followed on the strip chart at the lower half of a screen. If a time-
delayed or signal drift-dependent data transfer was selected this step ends when a pre-set 
criterion is met and a data point is presented on the strip chart at the upper half of the 
screen and a number of steps of the motor, absorbance and raw data in mV are transferred 
to the table on the right. If an operator-controlled data transfer was selected, the VI is 
recording the measurements on the lower chart until one hits a control below the table 
with a title “Prenesi” meaning Transfer. 

When this initial step is accomplished an execution of the first module of a method starts. 
After each step of a titrant addition is executed a data transfer follows as described 
previously. A titration is finished if a criterion on the maximal number of steps of a motor 
is reached or if an operator intervenes. 
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Different interventions are possible, depending on the stage in which a titration currently 
was. The four controls below the strip charts allow for this, with an exception of the first 
control on the left the role of which was already explained. The second to the right “Stop 
Dodajanje” stops a titration during an addition of a titrant. The following to the right is 
Stop Mixing. In contrast to the previous two the next control “Ustavi titracijo” not only 
stops but ends a titration entirely. Not to lose any data if a titration is currently in progress, 
this step should end first, the VI will transfer a measurement or request that an operator 
does so and only then a titration can be stopped. After a titration is finished one can exit 
from a method by hitting the final control at the right. By doing so an execution of a VI 
stops and the parameters of the method and the titration curve data are saved into the file, 
which can be open in MS Excel. 

15.4. Spectrometric Characteristics of the Detector for Discrete and Flow-
Based Analytical Methods 

RGB-LEDs with different technical characteristics are commercially available. A 
majority has a common cathode but a variant with a common anode can also be found. A 
body is either water clear or diffused. The peak maximum wavelengths and data on 
luminous intensity differ. Materials reported in data sheets comprise AlGaInP for red 
LEDs, InGaN or GaInN/GaN for green LEDs and InGaN, InGa1N or GaN for blue LEDs. 
Luminous intensities vary between producers and depend also on the body material; with 
a diffused body it can be four to eight times lower than with a water clear body. In the 
technical documentation available to us the highest luminous intensities stated for red, 
green and blue emitters were 4000, 6000 and 4000 mcd, respectively. The lowest reported 
luminous intensities were 90, 70 and 25 mcd for red, green and blue light, respectively, 
but other producers might report other values, and the same applies to emission maxima. 
The wavelengths were between 623 and 660 nm for a red light, between 515 and 565 for 
a green light and between 430 and 472 nm for blue light. During a long-term operation, a 
light intensity of green and blue LEDs degrades to a higher extent than that of red LEDs. 

We acquired emission spectra of the LEDs in our possession with Ocean Optics modular 
optic fiber spectrometer. Tri-colour LEDs of different generations, distinguished in  
Fig. 15.4 by the numbers from 1 to 3, differ in light emission characteristics. A body of 
LEDs was either clear or opalescent; the later proves advantageous for a spectrometric 
detector of this type. The wavelength of the maximal light intensity of red and green light 
emitters changed only slightly between the earlier and more recent LEDs, in the range of 
red light from 625 to 633 nm and in green from 562 to 570 nm.  

In spite of a fact that already in 1975 GaN LED with a very weak blue light intensity was 
produced, an intensive development of blue LEDs only started after 1990. Their luminous 
efficacy in the early nineties was comparable to one that red, orange, yellow and green 
LEDs already had in the mid-seventies but after that their performance started improving 
very rapidly [11]. 

The wavelength of the emission maximum we observed was for our earlier varieties of 
LEDs 477 nm (1) and in the more recent shifted to 430 nm (2 and 3). The more up to date 
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LEDs (3) much more intensively emit light in the blue range than previous versions and 
that is consistent with the literature.  

 

Fig. 15.4. Spectral characteristics of tri-colour LEDs. 

A higher light intensity is not necessarily an advantage for spectrometric measurements. 
On the right side of Fig. 15.4 the emission spectra of the LEDs of the earlier generations 
are compared with a spectrum of a brighter more recent LED with its blue light intensity 
electronically regulated and reduced.  

Sometimes it is considered that absorbance is independent of a light intensity. What might 
be true in a limited light intensity range and with some spectrometers is not necessarily 
true in general. The Ocean Optics spectrometer, for example, does not operate and the 
software reports a light saturation if the light intensity is too high and some LEDs based 
applications might show poor performance for the same reason. The light only needs to 
be intensive enough to allow for a 100 % transmittance settings; therefore, the ability of 
the detector that the light intensity in all three spectral ranges can be regulated separately 
and accordingly is very essential.  

To examine this we prepared three solutions with different concentrations of a food dye 
erioglaucine and transferred them into blisters with a micropipette by measuring either 
240, 340 or 440 L. We measured the absorbance of the solutions against purified water 
by employing an R-LED. Fig. 15.5 demonstrates how the volume of a solution in a blister 
affects results. What distinguishes the graphs in Fig. 15.5 is light intensity of R-LED, for 
the graph on the left, it was maximal, and for the graph on the right it was electronically 
regulated so that a setting of a 100 % transmittance was still yet possible. A comparison 
confirms that reduced light intensity enhances absorbance significantly under otherwise 
comparable experimental conditions.  

In continuation, we evaluated the responses of the detector in a discrete and flow mode of 
operation and compared the results with the absorbance measurements with the Ocean 
Optics spectrometer. The measurements with the later were performed in a 1 cm cuvette. 
They were corrected to a light path length 4 mm to be comparable to a blister filled with 
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400 L of a solution. Tests were performed with the solutions of erioglaucine or tartrazine 
with a red or blue LED, respectively (Fig. 15.6, left/right).  

 

Fig. 15.5. Influence of an R-LED light intensity on absorbance (A) measured with the detector  
in a discrete mode of operation at three different concentrations and volumes of the erioglaucine 

dye solutions in a blister (maximal light intensity, left; minimal intensity, right). 

 

Fig. 15.6. Spectrometric response of the detector obtained by using an R- or B-LED for solutions 
with different concentrations of erioglaucine or tartrazine (left or right) in a discrete or flow mode 

of operation (SpektraA Flo 11) and compared to the Ocean Optics absorbance measurements  
in a 1 cm optical cell (OO 1 cm) and corrected to a 0.4 cm light path length. 

Lines in magenta colour correspond to results obtained with the Ocean Optics 
spectrometer and a halogen lamp light source. A violet line on the left, which nearly 
overlaps, with a magenta line, was obtained when a halogen lamp was replaced with a red 
LED. A light source does not affect the results of the Ocean Optics spectrometer but a 
light intensity should not exceed a light saturation limit.  
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The calibration lines obtained with the detector with a blister are in a dark blue; those 
associated with a flow-through cell are in a pale blue. All slopes are lower than those 
obtained with the Ocean Optics spectrometer. This does not come as a surprise. 
Absorbance strongly depends on the extent to which the absorption spectrum of an 
examined solution overlaps with the emission spectrum of the LED. It needs to be 
mentioned that spectral lines half- width of emission spectra of tri-colour LEDs extend 
over a wider range of wavelengths than with single colour LEDs and this leads to lower 
slopes of calibration lines and might be a disadvantage for some applications. 

Empty dark blue dots on the left graph correspond to a maximal light intensity. The 
influence of the light intensity on the measurements with the detector is demonstrated for 
a red LED but not for a blue one due to a fact that an RGB-LED of an early generation 
with a weak emission in the blue range was used.  

15.5. Multifunctional Performance 

A multifunctional performance of the detector associated with VIs is demonstrated in 
continuation and comprises spectrometric microtitration of zinc ions with a standard 
solution of a disodium salt of EDTA in the presence of xylenol orange indicator, 
microdiffusion of ammoniac into a receptor solution of boric acid and a phenol red 
indicator and a reaction of iron ions and ferrozine in a flow system. 

15.5.1. A Spectrometric Microtitrator 

The detector in its discrete mode of operation (Fig. 15.1, 1) can be upgraded into a 
microtitrator. Elsewhere we described a low-cost hardware operated version and 
demonstrated its performance on the examples of an iodometric titration followed with a 
blue LED, a neutralization titration of CO2 with a phenolphthalein indicator and a green 
LED and an EDTA titration of copper ions with no indicator and a red LED [21]. 
Technical details on a core of a titrator, an in-house made syringe pump based on a stepper 
motor and equipped with a 50 L Hamilton syringe, which acts as a burette, and a relay 
positioned to the side of a blister, which induces mixing of a solution by periodically 
attracting a ferromagnetic bead were given there.  

We replaced a low-cost hardware-based approach for defining titration protocols  
with a VI. An advantage of the VI in combination with the in-house made syringe over 
the commercial pumps is that it is pulse-driven and hence responds very quickly and 
allows for very small volume additions. Here we present an EDTA titration of zinc ions 
to demonstrate the performance of a multifunctional spectrometric detector in association 
with a microtitrator VI. The solution of a disodium salt of EDTA had a concentration  
10 mmol/L. For a titration, we transferred 200 L of a model solution of zinc ions to a 
blister an added 50 L of a xylenol orange tetrasodium salt indicator in an acetate buffer. 
Which we prepared by adding 400 L of a 0.1 % xylenol orange tetrasodium salt water 
solution to 5 mL of the 0.5 mol/L acetate buffer, pH 5.7. A green LED was used. 
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In Fig. 15.7 raw data acquired with a VI are presented at the top and examples of titration 
curves for three solutions with different concentrations of zinc ions at the bottom. A 
titration method consisted of all three optional modules. A titration started with a 
preliminary addition of a titration solution that shortened a titration process, a monotonic 
titration followed, and after each addition of a titrant, an extended mixing period was 
induced to enable a completion of a reaction before the transmittance is acquired. The data 
acquisition process was an operator-controlled. The minimal titrant volume increments 
used in a titration of zinc ions ranged from 52 nL to 174 nL. 

 

Fig. 15.7. Data acquired by LabVIEW (at the top) and titration curves for determination of zinc 
ions in 20, 15 and 10 L of a model solution (at the bottom). 

As this example demonstrated even though only a few microliters of a titrant are 
consumed it is possible to obtain titration curves which are detailed enough and clearly 
expressed and prove that the set-up for spectrometric titrations in association with a VI is 
useful for real-life applications. 

The titration of zinc ions with EDTA in terms of a shape of a titration curve supplements 
other examples of titrations with which we previously demonstrated a performance of a 
spectrometric microtitrator with a hardware-regulated titration protocols [21] and which 
are of course also possible with the setup described here. In an EDTA titration of copper 
ions with no indicator, the absorbance was increasing from the first addition of a titration 
solution onwards due to a formation of a blue copper-EDTA complex, and a titration curve 
reached a plateau when all the copper ions were consumed. An intersection of the 
extrapolated lines following these two parts of the curve defined an equivalence point.  
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With a titration of carbon dioxide in water with a standard hydroxide solution and a 
phenolphthalein indicator, the absorbance remained very low until all the analyte was 
consumed and after that, it started to rise due to an increase in pH which caused a 
transformation of a phenolphthalein indicator form from a colourless to a pink. An 
equivalence point is determined in a similar way as with the previous example. In a 
titration of iodine with a standard sodium thiosulphate a coloration of a solution is due to 
iodine and starts to fade with iodine consumption during titration and after iodine is 
entirely consumed a titration curve reaches its flat lowest part. Here again, a titration curve 
consists of the two parts.  

With a titration of zinc ions, a situation is different. We decided to follow a complex of 
zinc ions with the xylenol orange indicator since a change in absorbance during a titration 
was bigger than with a free form of the indicator. Due to this fact, the initial part of a 
titration curve is flat with the highest absorbance. After all the zinc ions which were free 
in a solution are titrated with EDTA, EDTA starts reacting with zinc ions bound into a 
complex with the indicator, consequently the free indicator which is of a different colour 
starts appearing in a solution and original colour starts to fade until it entirely disappears 
since there is no complex between zinc ions and the indicator anymore and consequently 
the curve reaches the second flat part with the lowest absorbance.  

Due to a fact that an equivalence point is determined from these last two sections of a 
titration curve a preliminary addition step is particularly useful in such a type of a titration 
to reduce duration. This approach can also be used in every titration for which the initial 
section of a titration curve is not used in a determination of an equivalence point or even 
in titrations where the initial part of a curve is extrapolated if a shorter section closer to a 
part of the curve where the shape changes can define the extrapolation line well enough. 
Among the previously mentioned examples, a titration of copper ions with EDTA and no 
indicator with higher titrant volumes is such a case. 

15.5.2. A Microdiffusion Based Spectrometric Reactor for Volatile Species 

We previously described a microdiffusion based setup which used a UV-LED, 365 nm 
and confirmed its suitability for determination of low levels of ethanol in a fruit juice [22]. 
An acidic solution of dichromate was used as a receptor solution, and a decrease in its 
concentration due to a reaction with ethanol and transformation into chromium(III) ions 
with time was followed spectrometrically. The first derivative of a kinetic curve was 
linearly related to the ethanol concentration. An analysis was accomplished in 15 minutes 
at 35 °C. Results for ethanol determination in blackcurrant, apple and orange juices 
obtained with a microdifussion-based method and requiring only one millilitre of a sample 
solution extended from 0.94 to 3.99 mmol/L and proved comparable to the results 
obtained with the SIST:ISO 2448:1998 distillation, titration standard method, which is 
time consuming, labour intensive and requires more than 500 mL of a sample. 

Here we demonstrate that a microdiffusion setup can be used also with visible light in 
association with a VI. The early RGB-LEDs did not allow for such a setup since a light 
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intensity was not high enough to pass through an opalescent glass lid of a Conway cell 
and reach the sensor.  

We selected a microdiffusion of ammoniac into an acidic indicator solution as a case 
study. Edward J. Conway suggested two microdiffusion-based methods for a 
determination of ammonia and ammonia generating substances. In the first, he used a 
solution of hydrochloric acid as an acceptor solution. For a titrimetric determination of 
the hydrochloric acid which remained after microdiffusion was finished he used barium 
hydroxide in the presence of a methyl red, methylene blue mixed indicator. He founded 
the second procedure on a boric acid receptor solution. A direct titration with a strong acid 
followed and a mixture of bromocresol green and methylene blue was used as an indicator 
[24]. In a flow-injection method with a membraneless gas-diffusion unit authors used 
bromothymol blue for a spectrometric detection of ammonia [25]. 

We tested this indicator but came to a conclusion that phenol red is better suited for a 
spectrometric detection than a bromothymol blue if one follows its red deprotonated form 
during a microdiffusion process by employing a green LED.  

We prepared a receptor solution by combining 5 mL of a 5 mmoL/L aqueous solution of 
H3BO3 with 40 L of a 0.1 % phenol red indicator solution in 50 % ethanol. We transferred 
210 L of the receptor solution to a blister and inserted the blister into the internal 
compartment of a Conway microdiffusion cell. The concentrations of the NH3 model 
solutions were 5, 2.5 and 1.67 mmol/L. The microdiffusion experiments were carried out 
with 1 mL of a model solution in the external compartment. Measurements were acquired 
in LabVIEW.  

As Fig. 15.8 demonstrates different time-dependent absorption curves were obtained for 
different concentrations of ammoniac, confirming that it would be possible to develop an 
analytical method for determination of ammoniac or other volatile species with the 
multifunctional detector and an RGB-LED. In contrast to ethanol determination, a kinetic 
curve is rising and not falling since a change in absorption directly reflects the amount of 
component which is transferred from a donor to acceptor solution. In ethanol 
determination, the microdiffusion process was followed indirectly through a consumption 
of a dichromate that can be considered a disadvantage.  

In microdiffusion experiments, several influential factors that affect results have to be 
taken into account and controlled. At the beginning of each run different parts of the 
microdiffusion setup should be reassembled and initial measuring conditions re-
established. Even though the positions are mostly visually controlled as our previous 
research confirmed these cannot be considered significant contributions to the uncertainty. 
A water transfer from a donor to an acceptor solution can also be observed, but due to a 
vertical optical geometry of the detector, its influence on a transmittance is negligible [22].  

Ensuring that a Conway dish is tightly sealed and that thermal conditions are properly 
chosen and stable during time is the most essential. Until now we only confirmed that a 
multifunctional detector with an RGB-LED is adequate for following a microdiffusion 
process. However, a procedure for a determination of ammoniac yet has to be optimised 
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and adequate experimental conditions ensured. A parameter which would possibly be 
linearly related to concentration has to be recognized. 

 

Fig. 15.8. Data acquired by LabVIEW (left) and microdiffusion curves for three model solutions 
with different ammoniac concentrations (right). 

15.5.3. A Spectrometric Detector with an Ascending Glass-Coil Cell for Flow  
or Sequential Injection Analysis 

Full details on the designing, geometry, and testing of the flow-through cells were given 
in a paper describing a low-cost FIA and tri-colour LED-based spectrometric detector. We 
summarise the essentials here. Glass capillaries with an OD = 1.35 mm and an  
ID = 0.95 mm, which were purchased from Euroglass d.o.o. (Ljubljana, Slovenia) were 
used and shaped into the form of a coil in a propane-butane flame to design glass coil-
type flow-through cells. A glass tube inlet section of the cell is in the horizontal plane. 
Where the tube reaches the hollow of the measuring seat it goes vertically to the bottom, 
where the coil with up to four ascending turns begins. The coil ends with the outlet tube 
section, which lies in the same plane as the inlet tube section but reaches to the other  
side [23]. 

All the produced coils were approximately eight millimeters high, to fit into the same 
measuring seat, at the bottom of which lies a photoresistor. They differ in outer diameters 
and consequently internal volumes. The cells were assigned the labels 10a, 11a and 12. 
Coil’s outer diameters are 4, 5 and 6.5 mm, respectively. Their internal volumes are 20, 
27 and 41 μL. A black filling inside the coil prevents the light emitted by the LED not to 
pass through the coil. A blinding shield on the top of the coil and a black sleeve has the 
same role [23]. 

An absorption spectrum of a manganate(VII) solution overlaps efficiently with the 
emission spectrum of the green light emitter. Tests performed with the solutions of 
different concentrations confirmed that the proposed spectrometric detector with a new 
coil-type flow-through cell exhibits good linearity in the range extending at least as far as 
the absorbance value 0.4. The cells with the lowest and highest internal volumes, i.e.,  
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10a and 12 demonstrated the highest sensitivity and the cell 11a performed moderately 
well at the lowest light intensity [23]. 

A combination of food dies, E102, E110, and E131 proved to be a suitable combination 
for the detector’s performance test in the range of the blue and red light. An absorption 
spectrum with two wide, well-separated absorption peaks of similar height with 
absorption maxima at 418 and 662 nm, respectively, is observed. The absorbencies in the 
range of the blue and red light are linearly related to the concentration up to the absorbance 
value of 0.45. The highest sensitivity was achieved with flow-through cell 12, and it was 
very similar to both the blue and red light. However, it should be pointed out that with this 
cell the spectrometric detector was at the limit of its ability in the range of the blue light 
and only the maximum light intensity with the highest amplification setting of the 
operational amplifier produced 100 % transmittance. Consequently, an experiment in the 
blue-light range was not possible at all with cell 10a. Even in the range of the red light, 
there was only just enough light [23]. 

In order to test a suitability of the multifunctional detector in a flow mode of operation 
and in association with an FIA/SIA VI we selected a reaction between ferrozine and iron. 
A method tested here involved two syringe pumps and a T-valve. Pump 1 equipped with 
a 5-mL syringe containing a model solution of iron ions had a liquid line connected to a 
permanently open connector of a T-valve, a liquid line of a pump 2 equipped with a 2-mL 
syringe containing a ferrozine reagent was connected to a permanently closed connector. 
Time steps of a method are summarised in Table 15.1. 

Table 15.1. An FIA method for determination of iron ions (Pump 1) with a ferrozine  
reagent (Pump 2). 

Step 
Time 

(s) 

PUMP 1 PUMP 2 T-valve 

status 
flow rate 
(mL/min) 

status 
flow rate 
(mL/min) 

status 

1 10 INFUSE 0.5 STOP 0 0 

2 1 STOP 0 INFUSE 0.25 1 

3 20 INFUSE 2.5 STOP 0 0 

 

We present an example of a FIAgram acquired in LabVIEW in Fig. 15.9 together with the 
curves obtained for different concentrations of iron ions. The results demonstrate that the 
detection of iron with a multifunctional detector with an ascending glass-coil flow-through 
cell and red LED was possible.  

Three other applications with which we previously confirmed that vertical coil-type flow-
through spectrometric cell is adequate for real-life applications would be also possible 
with this setup. They comprised determinations of chloride, calcium and hydrogen 
phosphate ions.  

For a determination of chloride ions, a colour-forming reagent consisted of Fe(NO3)3, 
Hg(SCN)2 and HNO3. With a time-based injection of 29 μL of a standard calibration 
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solution of chloride ions were introduced into the main liquid line filled with the reagent 
and after that transferred to the flow-cell with a flow-rate 1.25 mL/min. Chloride ions 
combine with mercury ions, therefore thiocyanate ions are released and react with iron 
ions into a brownish- red complex that absorbs the most intensively in the range of a blue 
light. Results proved that spectrometric detector gives useful results and is sensitive 
enough for real life applications in concentration range extending from 5 to 70 mg/L [23]. 

 

Fig. 15.9. Data acquired by LabVIEW (left) and peaks obtained for model solutions of iron ions 
with flow-injection analysis (right). 

An o-cresolphtalein complexon reagent was used for a determination of calcium ions. A 
volume-based sample injection with a 32-microlitre injection loop was used; a length of a 
mixing coil was 15.4 cm and a reagent flow rate 1.5 mL/min. The highest absorbance is 
obtained with a green LED. A linear relation between the peak height and calcium-ion 
concentration up to 40 mg/L was confirmed [23]. 

A red LED was used for a determination of hydrogen phosphate. A colour forming reagent 
comprised ammonium heptamolybdate and malachite green. A calibration range extended 
from 0.1 to1.3 mg/L. Optimal experimental conditions for the maximised slope versus 
intercept quotient were recognized with the randomized Box-Behnken – response surface 
design: the 1.0 mL/min mainstream flow rate, the mixing coil with 11 turns and the 
injection volume of the colour-forming reagent 25 L [23]. 

15.6. Conclusions 

The detector is compact in size, adaptable, multifunctional and can accommodate LEDs 
with different spectral characteristics and light intensities, which can be tailored to 
particular requirements of discreet or flow-based analytical applications by light intensity 
regulation. At this stage, measurements were acquired with the LabVIEW software and a 
multifunctional performance of the detector was confirmed, in continuation, we would 
fully integrate the detector into LabVIEW environment.  
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A harmonization of the two VIs remains another challenge for a further research and 
development. A 5-V stepper-motor was adequate for a microtitrator, and in a low-cost 
hardware-based approach worked well with a module for light effects but not with a  
12-V stepper-motor that was necessary for FIA, and required drivers based on an 
SN74LS194 bidirectional universal shift register. A module for light effects was a starting 
point for a microtitrator VI. We did not exploit yet in-house designed syringe pumps with 
12-V stepper-motors which we previously used with the hardware-operated FIA. In the 
FIA VI they might replace commercial ones, which are bigger and much more difficult to 
arrange where space is limited; and respond with some delay in contrast to a microtitrator 
for which the VI exploits digital outputs to propagate a motor. 
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Chapter 16 
GPS-Enabled Hybrid Sensor Network 
System for Emergency Monitoring  
of Environmental Radiation 

Fei Ding, Aiguo Song, Guangming Song, Jianqing Li  
and Dengyin Zhang1 

16.1. Introduction 

Nuclear energy represents a new clean energy that can be used for industrial applications 
and can replace fossil fuels on a large scale; nuclear energy has attracted increased 
attention and it has been applied increasingly worldwide [1]. Since the Soviet Union built 
the first nuclear power plant in the world, mankind has officially entered the era of 
peaceful use of nuclear energy [2-3]. The development of the world’s nuclear power can 
be divided into five stages: experimental demonstration stage, high-speed development 
stage, slow development stage, beginning recovery stage, and safe development stage. 
According to the data released by the International Atomic Energy Agency (IAEA), as of 
May 2015, there are 439 nuclear power plants operating in the world that are distributed 
in 30 countries; the total electricity generation accounted for 18 % of the total global 
power generation [4]. By 2030, the total number of nuclear power plants in the world will 
reach 1000 and nuclear power will comprise 1/3 of the total power generation. Nuclear 
power stations are the central operational units of nuclear power and nuclear technology 
and they require environmental radiation monitoring. 

At the same time, nuclear radiation has been widely used globally in civil applications 
(such as measurements, disinfection, breeding, etc.) [5]. The use of radiation sources 
includes industrial production enterprises, universities, research institutes, medical and 
health systems, and agricultural systems in academic institutions. Radiation sources are 
not only widely used but they are also numerous. For example, in China's Jiangsu 
Province, the total amount of radiation sources is more than 8000 and the annual rate of 
increase ranges from 5 % to 10 % [6]. On the other hand, radiation is colorless and 
tasteless and the radiation source is stored in metal or lead cans; therefore, it can be easily 
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misused as an ordinary waste product without knowing the facts [5-6]. For these reasons, 
the potential harm is great. In past radiation accidents, the main source of the radiation 
accident is lost. In addition, increased amounts of radioactive wastes require disposal and 
pose a threat to the environmental safety and public health. 

The widespread application and rapid development of nuclear energy and nuclear 
technology industry serve society and help the economy but also greatly increase the 
probability of the occurrence of radiation emergencies, thereby causing radiation hazards 
and social panic [7-8]. Therefore, countries with nuclear power capabilities are very 
concerned about environmental radiation monitoring and emergency responses, including 
the associated infrastructure and technology development. 

16.2. Related Works 

16.2.1. Environmental Radiation Monitoring System 

Since the nuclear accident occurred in Chernobyl, the European Union (EU) has 
strengthened the development of a nuclear radiation monitoring data exchange platform 
and sharing system. The EU has integrated the radiation monitoring network of European 
countries and developed the European Community Urgent Radiological Information 
Exchange (ECURIE) system and the European Union Radiological Data Exchange 
Platform (EURDEP)1. This system and platform allow for gathering and disseminating 
environmental radiation monitoring network data for European countries (including EU 
and non-EU members) and enable rapid, real-time dissemination of environmental 
radiation information across Europe; this plays an important role in nuclear accident 
emergencies. 

The United States has established the RadNet network for measuring environmental 
radiation levels. The network is based on the environmental radiation ambient monitoring 
system (ERAMS), which is operated by the National Air and Radiation Environment 
Laboratory (NAREL) affiliated with the Environmental Protection Agency (EPA)2. The 
purposes of the RadNet network are routine environmental radiation monitoring of the air, 
the gathering of raw environmental radiation data and trend analysis, the provision of data 
for emergency response assessment, and providing information to the public regarding 
environmental radioactivity during nuclear or radiological emergencies. 

China has established a national radiation environmental data evaluation system 
(NREDES) that is headed by the Ministry of Environmental Protection and is the 
responsibility of the national nuclear safety agency3. Provincial environmental radiation 
monitoring institutions also exist to achieve a centralized radiation monitoring network 
with institutions in the respective jurisdictions. The NREDES system provides radiation 

                                                      

1 https://remap.jrc.ec.europa.eu 
2 https://www.epa.gov/radnet 
3 http://data.rmtc.org.cn:8080/gis/PubIndex.html# 
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monitoring in the prefecture-level cities, major rivers and lakes, major international rivers, 
and offshore areas. Environmental protection departments are gradually increasing the 
monitoring of environmental radiation and emergency handling is also an important aspect 
of system upgrades. 

16.2.2. Environmental Radiation Emergency Monitoring 

A. Wireless sensor network-based monitoring scheme 

Environmental monitoring represents a class of wireless sensor networks applications 
with enormous potential benefits for scientific communities and society [9]. The hybrid 
wireless sensor network project at Remote Measuring and Control Key Lab is 
investigating the use of network detection for various applications, including monitoring 
of radioactive materials. The threat scenarios are that radioactive material may be illegally 
utilized by law-breakers to make terrorist attacks in some vital infrastructures or public 
areas [10]. Comparing with traditional wire monitoring system, the wireless sensor 
networks monitoring scheme has the features of easy installation, convenient maintenance 
and low cost for update, flexibility for information inspection. It is quite suitable for the 
monitoring areas that are difficult for cabling, accessing for persons, or some temporary 
monitoring [11-13]. For example, before an important activity or meeting, a pre-alarming 
system for non-manned nuclear radiation monitoring should be present to guard against 
terror organization or the attack of the terrorists effectively. 

In the last decade, various wireless sensor networks based solutions used for detecting 
illicit trafficking of nuclear materials have been studied. An initial approach was presented 
in [14-15] where the authors discuss statistical techniques for localizing and tracking 
single and multiple radioactive sources, and also describe a method of two-lane coherent 
addition so as to offer greater discretion and easier deployment with little or no loss of 
accuracy. Authors in [16] report a multi-functional pocket radiation monitoring system 
with the structure of star-based network. The design described in [17] presents a 
networked plan which includes multi-cluster of sensor modules transmitting to a localized 
transponder that has bidirectional communication capability with the master controller. 
Nodes within each cluster also adopted a star topology. A disadvantage of this topology 
is that there is no alternative route if the radio link fails between the controller and the 
target device. In addition, Authors in [18] mainly deals with the cases under which the 
nodes installation positions are fixed. In the event of radiation alarms, it is difficult to 
address the alarms, especially in some temporary situations. 

Likewise, nuclear radiation detection with wireless communication system has also been 
reported in US patents [19-20]. Authors in [19] introduce a compact and OSL-based 
device for long-term, unattended radiation detection and spectroscopy. The invention [20] 
describes a nuclear radiation detector including inside mobile personal communication 
devices (e.g. cellular or satellite phone, pager, PDA). It can not only detect radiation, but 
also track possible radiation sources by virtue of the ubiquitous nature of such personal 
communication devices.  
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The designs proposed in [9-18] and [19-20] are promising but have the following 
limitations: (i) The system has a central controller, which is linked to all other nodes in 
the network. All messages travel via the central controller. A disadvantage of this topology 
is that there is no alternative route if the RF (radio frequency) link fails between the 
controller and the target device. (ii) The physical environment of a wired link usually 
plays little or no part in determining the state of the link. However, for a radio link, the 
situation is different, and the designs do not account for the on-site communication test so 
as to provide some guidelines for pre-planning an installation. (iii) Nuclear radiation 
monitoring networks which sometimes run in bad or even dangerous long-range 
environment can hope for long-term stable work, and it is not easy to carry out the energy 
supply or replace the batteries. The designs mentioned above lack solutions to reduce 
energy consumption. These design limitations in the literature are addressed in the 
monitoring and detection design we have implemented. 

B. Mobile robots-based emergency scheme 

With the rapid development of the nuclear power industry and the increasing demand for 
radiation safety, it is necessary to achieve online monitoring and emergency protocols in 
case of environmental radiation. Robots for inspection and emergency situations can enter 
the radiation environment to perform emergency tasks instead of humans. This type of 
emergency protocol has been widely considered by many research institutions. 

The United States, France, and Japan have successfully developed mobile robots that can 
be used in the nuclear industry. The Argonne National Laboratory developed a steerable 
radiation manipulator (named M1) that can collect the shape fixed samples in areas of 
nuclear pollution. Based on M1, Odetics Incorporated has developed a six-legged walking 
robot system (ODEX) [21]. The Savannah River Lab and Odetics Incorporated jointly 
performed technological upgrades for ODEX and developed a cylindrical nuclear power 
plant robot (BOBIN) [22]. Remotec Technology Co., Ltd. developed the Surbot robot for 
nuclear power plant maintenance and inspection. In addition, the Jet Propulsion 
Laboratory (JPL) developed a mobile robot (HAZBOT) for fire departments that can be 
used for emergency tasks in dangerous accidents, such as the identification and location 
of leaked substances; this lowers the firefighters’ risk of radiation exposure [23-24]. 

The China and European Institute of Technology (CEIT) and the Spanish Iberdrola and 
Nucienor companies jointly developed a micro wall-climbing robot (Robicen) that can 
enter and travel in the large-diameter pipes of a steam generator; the robot is designed for 
environmental monitoring of nuclear power plants and other station equipment [25]. The 
University of Portsmouth, Portech Company, the University of Kaiserslautern, and other 
partners have designed a teleoperation robot (ROBUG) for emergency monitoring in 
nuclear-polluted environments [26-27]. 

Since the Aichi-ken (Aichi Prefecture) had a serious nuclear accident, The Japan Atomic 
Energy Agency (JAEA) started to develop a variety of robots. One example is a dual-arm 
robot that can automatically open and close a valve remotely at the scene of the nuclear 
radiation accident [28]. After the Fukushima incident, the iRobot Company produced 
robots such as Packbot and Warrior [29-31]. The Chiba Institute of Technology developed 
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a robot named Quincce, which was delivered to the Tokyo Electric Power Company 
(TEPCO) and has entered the interior of the nuclear reactor plant and obtained video 
footage and radiation measures [32]. The Japanese government launched a disaster-related 
unmanned system research and development project and research on nuclear disaster 
rescue robots is one of the main research components. The project has developed two 
robots for the Fukushima disaster scene; one is a small mobile telerobot (Sakura II) and 
the other is a protective suit acting as human armor. In addition, the Toshiba Company 
developed a quadruped robot ("Fukushima Explorer"); similar projects are under 
development. 

In summary, the above-mentioned robots are mostly used independently for monitoring; 
the monitoring data cannot be shared with other mobile robot nodes or other sensor 
networks. Thus comprehensive regional network coverage and monitoring cannot be 
achieved. Therefore, it is necessary to evaluate hybrid network systems that integrate 
wireless network monitoring and teleoperation robots for emergency situations. 

In this chapter, we propose a global positioning system (GPS)-enabled hybrid sensor 
network with some lightweight nuclear radiation detection nodes and mobile robots for 
monitoring radioactive materials. The proposed scheme (as shown in Fig. 16.1) is 
composed of three node types. One is base station (BS) which is also the coordinator (ZC) 
of the ZigBee network, another is router node (ZR), and the other is end node (ZE). The 
ZR node can mounted on mobile robots, which integrates the advantages of mobile robots 
as node for handling emergencies, so as to avoid people having to enter dangerous and 
harsh radiation environments. All the nodes in monitoring area build up a multi-hop mesh 
network structure enabling the ZE nodes to use ZR nodes as routing nodes [33-34]. The 
ZE nodes cannot relay messages and cannot allow other nodes to connect to the network 
through them. The functions of graphic user interface (GUI) include data acquisition and 
manage, graph display, person-machine dialogue, real-time and history database storage. 
Additionally, it combines with the GPS navigating map, the GPS position information 
returned from monitoring area can be easily found out the corresponding node position 
marked with icon on the map. In case of the position change of the nuclear radiation 
detection node, it will perform automatic update on the digital map. 

The remainder of this chapter is organized as follows. Section 16.3 describes the hardware 
design of the wireless nuclear radiation detection node. Section 16.4 illustrates the 
methods used to build-up a ZigBee network and save energy so as to prolong the life cycle 
of the whole system. Section 16.5 illustrates the testbed setup and results and finally, some 
conclusions are presented. 

16.3. Wireless Nuclear Radiation Detection Node Design 

The nuclear radiation detection node does the key role in our proposed system. The node 
keeps minimum size while ensuring all functions of communication, sensing and 
calculation. The prototype of the wireless nuclear radiation detection node is shown in 
Fig. 16.2. The nuclear radiation detector adopts a Geiger tube which is designed according 
to ionization properties of rays to gas. The Geiger tube has the main advantages that the 
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sensitivity is high and the pulse amplitude is big. Under normal conditions, gas in the tube 
does not discharge electricity, however, when high speed particles are injected into the 
tube, the energy of particles enables the gas in the tube to ionize and conduct electricity, 
rapid gas discharge phenomena is produced between a filament and the tube wall, thereby 
outputting a pulse current signal.  

 

Fig. 16.1. A ZigBee-based hybrid sensor network scheme for environmental radiation  
emergency monitoring. 

 

Fig. 16.2. Prototype of the wireless nuclear radiation detection node. Dimension (mm): 
145(L)×50(W)×100(H). 
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A layered hardware structure with following characteristics: portability, modularization, 
network, is proposed in Fig. 16.3. It mainly includes two-layer structure, the inferior layer 
is mainly to realize nuclear radiation detection and process, and the superior layer is to 
implement the function of ZigBee network communication. The nuclear radiation 
detection node takes a 32-bit MCU as core which takes the duty to process the data 
transferred from communication interfaces. Otherwise, via a ZigBee mote, the nuclear 
radiation detection node can realize wireless network communication. Through a GPS 
module, nuclear radiation detection node can acquire its position in the monitoring area. 
The lithium battery mounted in the inferior board powers itself in addition to implements 
voltage transfer for satisfying the requirement of high voltage power supply of the Geiger 
pipe. 

 

Fig. 16.3. Principle of the proposed ZigBee-based wireless nuclear radiation detection node. 

The nuclear radiation detection node is configured with an indicator to monitor its power 
supply voltage level. It alarms when the voltage is too low, then it enters sleep mode 
automatically. Considering the anti-interference capacity of the nuclear radiation 
detection nodes and ensuring reliable operation of the MCU, input signal adopts 
photoelectric coupling between on-site signal and the MCU. The nuclear radiation 
detection node is packaged in a sealed iron box with water-proof treatment at the open 
door of the iron box; it can be conveniently installed indoors or outdoors. On the other 
hand, the nuclear radiation detection node can also be integrated with mobile equipment 
(such as nuclear detecting car etc.). Via feedback cable connection, the 2.4 GHz antenna 
and GPS antenna are set out of car or in car towards the place with better external space. 
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16.4. Methods 

16.4.1. Interactive Protocol Design 

A. Protocol definition 

Communication protocol refers to certain rules set by both sides of communications. It is 
to ensure that the two sides can have reliable data transmission in multi-noisy wireless 
channel environment. Through setting up data frames, the protocol actualizes reliable 
communications for the two sides. At the end of sending, the protocol splits main data 
into certain formatted data, and adds some extra information; at the end of receiving, the 
protocol eliminates the extra information, to reserve the original information. There are 
two types of data package between the both communication sides. One is the control 
command (As shown in Table 16.1), the other is returned data frame (As shown in  
Table 16.2), both of them are composed of three parts, namely, frame header, payload, 
and frame end. 

Table 16.1. Frame format of the control command in the system. 

 
 

Table 16.2. Frame format of the returned data in the system. 

 
 

For the sake of identifying effective data and noise which appears as random bytes and no 
obvious combination, the parameter header within the both frames is configured with a 
length of 4 bytes (DstAddr and SrcAddr) which acts as the address of the ZigBee radio. 
The address is added before the download packet, and the effective frame of the upload 
packet is the data which is 4 bytes behind this. As can be seen from the tables, the message 
length parameter is defined as the length of the packet behind itself. The command mode 
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parameter equals 3 (1→START, 2→STOP) is mainly carried out of the on-line tamper 
indication being triggered on any connected node, and notifies the monitoring center. All 
wireless nuclear radiation detection nodes are designed with two working modes, 
continuous operation and timing operation. The command type parameter equal to 1 
means the system mainly works at continuous measurement mode. In this case, the two 
following items are not valid. However, the system also sets up the timing measurement 
mode. In this case, the two following items represent the measuring number, time interval, 
respectively. The two modes can be switched at any specified time to save energy 
consumption. The GPS packet with thirteen bytes is divided into four bytes latitude, one 
byte N/S indication, four bytes longitude, one byte E/W indication, and three bytes time 
information (H/M/S). In addition, our defined packets reserve some bytes which can adapt 
to the requirement of further extension. At the same time, both the downstream and 
upstream packets were carried out of CRC (Cyclic redundancy check) to ensure the 
reliable communication. 

B. Interaction mechanism 

In the system, ZE node is likely to spend part of its time working on sleep mode. In this 
case, responsibility should be given to the ZC to query data when the ZE or ZR node is 
able to transmit. Therefore, the ZC polls the ZE or ZR node for data, which then checks 
whether the data is available and, if so, transmits a data frame. The data transfer method 
from the ZC to another is shown in Fig. 16.4. This procedure consists of the multi-step 
functions which are described as 1 to 4 in Fig. 16.4. On the other hand, When transferring 
data from a node to the ZC, it is usual to send a data frame directly (i.e. alarm signals). 

 

Fig. 16.4. Data transfer method between ZC and another nodes. 

Through the ZigBee network, the ZR or ZE nodes receive the control command from the 
ZC, read data from the on-board detector and transmit this data, via the radio, to the 
network BS. In the system, different nodes have different demands for energy, the ZC is 
adopted as continuous power supply, and each of the ZR or ZE nodes is set up energy 
threshold to avoid using a particular path frequently or a certain number of points, the 
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nodes whose energy is lower than the threshold turn into dormancy automatically unless 
they gain new energy. If a ZE node has no data request or control tasks, and does not need 
to transmit data, turns off the wireless transceiver, power, and data acquisition module, so 
as to let the ZE node go into sleep mode as soon as possible for energy saving. Fig. 16.5 
shows the operating procedures for ZE nodes. The Timer0 is configured to cause the ZE 
node to go to ‘soft sleep phase’, and automatically wake-up into working state every T1 
time and checks a command from the BS so as to minimize the power consumption. 

 

Fig. 16.5. Operation procedures of the ZigBee end nodes. 

16.4.2. ZigBee Networking Scheme 

A. Networking method selection 

The wireless sensor network based on ZigBee technology has the advantageous 
characteristics of having low rate (10-250 KB/s), low cost, low power consumption, large 
capacity of network (accommodating over 60 thousand nodes), and short time delay 
(typical search delay is 30 ms, sleep activation delay is 15 ms, and active device channel 
access delay is 15 ms). Not only that, but it also is an automatic network that has automatic 
network repair, multi-hop routing, dynamic topology, data security (providing data 
integrity check and authentication function, using AES-128 encryption algorithm), 
flexible work frequency (2.4 GHz, 868 MHz, 915 MHz frequencies, are unlicensed 
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frequency bands), features reliable communication, along with a multitude of other 
benefits. 

At present, many companies have developed IEEE 802.15.4/ZigBee compatible wireless 
transceiver chips, including Freescale provided by the MC131 chip, Chipcon provided by 
CC2430 and CC2431, Ember provided by EM250 and EM260, as well as Jennic launched 
by JN5121 and JN5139. The features of these ZigBee compatible modules are compared, 
as shown in Table 16.3. 

Table 16.3. Performance comparison of several mainstream ZigBee WPAN platforms. 

Features MC131xx EM250 CC2430 JN513x 

MCU 8 bit MCU 16 bit MCU 8051 MCU 32 bit RISC 

Storage 
4K RAM 
60K Flash 

5K RAM 
128K Flash 

8K RAM 
128K Flash 

96K RAM 
192K ROM 

Sleep working 
current/μA 

40 1.5 1 2 

RX/TX working 
current/mA 

39/43 29/33 25/27 
40/40（00，01）; 

45/120（02，04） 

Peripheral 
resources 

ADC, 
UART, SPI, 
I2C, Timer, 
Comparator 

ADC, UART, 

SPI，I2C, 
Timer 

ADC, 
UART, 
Timer 

ADC, DAC, 
UART, SPI, I2C, 

Timer, Comparator 

 

According to the performance comparison of different chips, we use JN5139 as a wireless 
sensor network communication module ZigBee. It is mainly based on the following 
aspects: (1) under the same power consumption, JN513X wireless coverage accesses more 
than three other ZigBee WPAN platforms; (2) JN513X provides a rich set of analog and 
digital peripheral to the interface of the device; (3) JN513X MCU, in addition to the 
management of wireless communication, is also open to the user, where the user can 
execute high performance MCU, and all hardware peripherals have the API function and 
improve the quality for rapid application development. The highly integrated design of 
the JN513X ZigBee module simplifies the total system cost. 

Considering the diverse requirements for different monitoring objectives, the topology of 
wireless networks may be star, tree, or mesh structures. In order to facilitate the regional 
radiation monitoring application, each radiation sensor node mentioned in this chapter are 
designed into functional nodes (FFD, Router), can support any kind of topological 
structure, can both be sensor nodes, while also functioning as a network router (data 
forwarding), thus forming a mesh topology network. Therefore, the robustness of the 
system is improved. 

B. Networking process 

In general, the ZigBee network building process includes the following five steps: 
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(1) Establishing the network. The formation of a ZigBee network is initiated by the 
network joint point, and only the ZigBee coordinator without a network can establish the 
network. This process is initiated by the NLME-NETWORK-FORMA-TION.request 
primitive. Each network must have one and only one PAN (personal area network) node. 
The PAN node acts as the gateway node of the ZigBee network. Within the ZigBee 
network, the gateway node uses a scanning function provided by the MAC sub layer to 
set the appropriate channel, PAN ID, and network address. Once these are set, the system 
then begins to send beacon frames, waiting for other devices to request to join the network. 

(2) Selection of the PAN ID and short address of the node. Once the PAN node is 
initialized, it must select a PAN ID for its network as the identifier. It should be noted that 
the PAN ID can be artificially predefined. PAN ID can pick up a non-conflicting ID by 
listening to the ID of other networks. PAN nodes can scan multiple frequency channels 
and, of course, specify the device priority scan to identify the channel to determine the 
PAN ID that does not conflict with other networks. Each PAN node device already has a 
unique, fixed 64 bit IEEE MAC address (extended address). But as a sign of the network, 
the ZigBee node must also assign himself a 16 bit network address (short address). Using 
short addresses to communicate can make network communication more concise and 
efficient. 

(3) Selection of RF frequency. The frequency band of the ZigBee network is 2.4 GHz, 
and there are 16 channels to choose from. The PAN node must select a radio frequency 
channel with relatively few interferences to ensure reliable communication. Through a 
scanning signal strength detection, the PAN node tests signal strength of each channel – 
high strength marks the wireless signal of that particular channel is active, otherwise, the 
interference signal is less, or relatively far in distance. According to this, PAN nodes can 
choose an available channel to build their own ZigBee based wireless network. 

(4) Starting the network. The start of a wireless network begins with the initial 
configuration of the PAN node, launching the mode of the node. The PAN node will then 
open up the response to request joining the network. 

(5) Joining the network. Once the available PAN nodes appear in the ZigBee network, 
other network devices can join the network. If a device needs to join the network, it must 
first complete its own initialization process, followed by locating the PAN node. In order 
to find the PAN node, the device needs channel scanning. By sending a beacon request in 
a specific frequency channel, the PAN node can detect the beacon request and respond to 
the corresponding beacon to identify the device itself. The network device can also 
passively listen to the beacon from the PAN node, and then find the PAN node and send 
out a request to join the network. The PAN node first checks whether there are enough 
resources to accept the new device, and then decides whether to accept or deny the device 
to join the network. If the PAN node receives the device, it sends a 16 bit short address to 
the device as a device identifier in the network. The establishment process of ZigBee 
network is shown in Fig. 16.6. 
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Fig. 16.6. Establishment process of ZigBee network. 

C. ZigBee-based mesh networking scheme 

A ZigBee network can adopt one of the three topologies, such as star, tree or mesh. In this 
system, the network topology of multi-hop mesh is adopted to enhance the communication 
reliability and network toughness. A Mesh topology consists of a PAN (personal area 
network) ZC, and a set of ZR nodes and ZE nodes. The network structure is the same as 
for the Tree topology. However, the communication rules are more flexible in that Router 
nodes within range of each other can communicate directly. In this case, all the ZR or ZE 
nodes in monitoring area build up a mesh network structure enabling the two nodes to use 
other nodes as routing nodes. This gives rise to more efficient message propagation and 
means that alternative routes can be found if a link fails or there is congestion. Message 
routing is normally performed automatically by the ZigBee stack, without any 
intervention from the applications running on the ZR or ZC. The ZigBee stack network 
layer supports a “route discovery” facility in which the network can be requested to find 
the best available route to the destination, when sending a message. Route discovery is 
initiated when requested by a data transmission request.  

Wireless communication protocol refers to the rules by setting a fixed packet format 
between both sides to ensure the reliable data transmission in the noisy environment. The 
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communication protocol defines a 4 bytes ID for each node in the network, and takes it as 
a rule to add the ID bytes in front of the data frames while sending protocol, and to reckon 
the data frames with the beginning of ID bytes as effective data frames while receiving 
protocol. According to the supervisor phase shown in Fig. 16.7, the customers’ commands 
call the nuclear radiation detection nodes in the network via base station. Firstly, the nodes 
in the network decide whether the information is sent to the machine or not according to 
the address in the command. If it is sent to the machine, the response signal will be 
returned to the user; if it is not, the command will be abandoned, and it still remains in the 
receiving state. After shaking hands with all nodes, the nodes in the network start to wait 
to receive the control command from user, to return sensor data and state information to 
user. 

  

Fig. 16.7. Data transfer method between the ZC and other nodes.  

As shown in Fig. 16.7, system software which adopts a hierarchical architecture mainly 
consists of a ZC layer, ZR / ZE layer and I/O layer. The network function is the ZigBee 
networking procedures, and the supervisor level is the user control flow. When the node 
is powered up, the program begins with function AppColdStart. This is where the system 
is initialized. ZigBee network parameters, such as the radio channel, PAN ID, depth and 
network address allocation etc., also should be configured here. In addition, the user 
applications also need to call JZA_vInit function so as to initialize user variables or system 
peripherals such as a timer or a UART. Then, the BOS is initialized and started. The call 
to start the BOS does not return. Instead, the BOS takes control of the system. The 
JZA_vStackEvent function mainly deals with some network events (e.g. new node joins 
or leaves the ZigBee network, a layer data transmission is acknowledged or data packet is 
transmitted). 
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16.4.3. Working Mode 

A. Working mode considerations 

Different monitoring objectives have distinctive requirements on the working mode of the 
radiation monitoring node. According to the analysis of the possible tasks, three operation 
modes were selected for the wireless radiation detection nodes: 

(1) Continuous monitoring methods. When monitoring the target area of important foreign 
affairs activities, when protected objects appear, or in the early stages of a nuclear 
accident, continuous monitoring may need uninterrupted access to the target area to 
discern abnormal levels of radiation. Knowing if abnormal levels of radiation are present 
will assist in emergency disposal, controlling developments, diminishing the impact 
range, and reducing loss. At this time, the system operates at full power. 

(2) Timing monitoring method. When monitoring the target area within a period of time 
without personnel, the protection of objects and later periods of nuclear accidents are not 
of focus because there is no need for continuous monitoring of the implementation of the 
target area. Accordingly, it can take on a monitoring method similar to that of an interval 
type; regular measurements of several sets of data can help distinguish the long-term trend 
of radioactivity monitoring regional assessments. Thus, the system is more energy saving. 

(3) Standby mode. When the monitoring task is not needed, the node enters the standby 
state and operates at low power: the measuring module of the radiation detection node 
stops working, the wireless communication module is in a standby state, and the operation 
mode is changed according to the received control instruction. 

Each method of work is determined in the operations of the control and data processing 
management center, through wireless network remote transmission instructions, where the 
user can control each node and set different work modes. 

B. Working mechanism 

In mobile ad-hoc and cellular communication networks, the battery of the node in the 
network can be replaced by user. However, battery replacement in wireless sensor 
network is not convenient because of the danger, terrain and space limitations, such as 
burning building or hazardous chemical spills. Under these conditions, energy efficiency 
is an important functional index, and it will directly influence the life cycle of the system. 
The system we proposed supports both continuous and timing monitoring modes, and can 
shift between the two modes at any time, to satisfy the different demands of all monitoring 

levels in different monitoring conditions. Timing measuring adopts n （ ≥ 1） times 

continuous measuring, with an additional delay. The measuring times and delay time can 
be set randomly. Nodes can save energy by using intermittence operation so as to reduce 
the system cost and prolong the life cycle of the system. 

On the other hand, the best way for the ZE nodes to save energy is setting sleep 
mechanism. If the ZE nodes have no data request and do not need to route data, turn off 
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the high-voltage and low-voltage power supply, stop the data acquisition module, and let 
the nodes come into the sleep mode as soon as possible so as to save energy. Authors in 
[35] apply a sleep mechanism to the ZE nodes to minimize power consumption by using 
multiple timers. The Timer0 is configured to cause the ZE node going to ‘soft sleep phase’, 
and automatically wake-up into working state every T1 time and checks a command from 
the user. As shown in Fig. 16.8, it is obvious that power consumption of the ZE nodes 
using the sleep management method can be reduced effectively, which will improve the 
lifetime of the whole network ultimately.  
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Fig. 16.8. Battery life capacity with power management for the ZE nodes. Node a adopts  
the continuous working mode, node b sets the sleep mechanism (5-minute break after 5-minute 

continuous work). 

16.4.4. Emergency Monitoring 

In the emergency detection of radioactive accidents, the target scene is usually unknown; 
the personnel can not physically approach it or is highly dangerous, the conventional 
monitoring schemes are not usable. At this time, the robot can be replaced by the control 
personnel to enter the accident scene to avoid emergency personnel from being directly 
exposed to the potentially hazardous environment or radiation. The environmental 
parameters are measured by the sensors carried by the robot, and the field video and 
various measurement results are transmitted to the remote monitoring center through 
wireless communication, enhancing the emergency response capability of the target scene. 

The overall technical scheme of the remote control nuclear reconnaissance robot is shown 
in Fig. 16.9. The robot system consists of two parts, the front robot body and the remote 
teleoperation controller. The emergency monitoring robot has installed into it a radiation 
detector, gyroscope, accelerometer, compass, left/right wheel odometer, equipment to 
collect audio and video data, folding manipulator, instrument equipped with kit, wireless 
transceiver equipment, and power supply. The teleoperation controller has a 14 inch 
monitor computer as the control center and an external analog command on the input 
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control panel. Data transmission is realized by wireless communication technology 
between the robot and remote teleoperation controller. 

The situations of radiation accidents are often unknown since the staff can not enter. 
Through a remote control robot, the operator can implement emergency detections of 
high-risk areas. Video can be taken of the scene with the accident vehicle on location. 
Moreover, detection results and environmental parameter information collected by the on-
board computer is processed through the wireless data transmission network to the remote 
storage of the teleoperation controller computer. It can display real-time remote 
teleoperation controller in the computer running state, along with the vehicle information 
detection and control. Depending on the situation and on the spot of simple processing or 
on-site sampling, all of these factors assist in providing a decision-making basis for the 
pilot and commander. 

 

Fig. 16.9. Overall technical scheme of remote control emergency robot. 

16.4.5. System Control Software Design 

The functions are endless for the user. For example, the user can implement control and 
data processing of nuclear monitoring wireless network in the monitoring center, mark 
radiation detection node positions in the monitoring target or area on a topographic map, 
set the control node to working mode, make historical data queries, and generate an Excel 
data report or dose rate curve for expert evaluation. 

A. GIS support 

It is necessary to have the support of geographic information system (GIS) technology to 
graphically display the monitoring target (or region) and the situation of wireless radiation 
detection nodes. With the development of GIS technology, the application is also very 
extensive, especially since its application is very mature, allowing for a variety of 
geographic information application systems. 
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B. Node control and query 

The control command of the wireless radiation detection node is sent through the 
monitoring center, and the gateway and the wireless network are finally sent to the 
designated sensor nodes to implement control. Software configuration interface in the 
monitoring center, set up a special control panel to configure the RS232 port parameters, 
control commands and parameters. With GIS as a support, a graphical map of the 
monitoring situation can be set up in the shortcut menu with status information available 
for each query node, which is convenient for the user to control. In addition, in order to 
facilitate users to see the real-time monitoring situation, the monitoring of dose rate of 
each node value and time display data is placed in a prominent position. If there are more 
sampled data than the alarm threshold, warning information will appear in the center of 
the screen display; the alarm node location will scroll to the center of the screen with the 
node status simultaneously updating. 

C. Dose rate curve monitoring 

If a user wants to monitor the target (or region) of the radioactive level for the development 
of summary report for data presentation, monitoring data will be provided to the expert 
assessment of nuclear radiation; directly copying the database file is not suggested to 
generate a data report form. It is instead recommended to generate an Excel data table file 
by monitoring data. 

For users who have some experience in nuclear monitoring, they can make a preliminary, 
simple, and direct assessment by looking at the monitoring data. In order to show the 
change of radioactivity levels of a wireless radiation detection node, it may take a period 
of time until the dose rate values normalize; following, a dose rate versus time curve can 
then be made in a two-dimensional coordinate system. 

D. Background monitoring GUI 

As the main control unit of the whole system, background monitoring GUI (Graphical 
user interface) stores the nuclear radiation nodes data collected, to database for query 
search; provides convenient control interface with direct and clear operation to assist users 
to observe and control the whole monitoring system; and offers database service interface 
for user query operation. Therefore, it is mainly divided into the following three parts: 
system communications setting (including communications port setting, network setting 
and work mode option), map display interface, ad database creation. The structural frame 
of the system monitoring center GUI’s integral design is illustrated in Fig. 16.10. The 
wireless nuclear detection nodes collect local information, transmit to the ZC node and 
send them to monitoring center through PC’s external interfaces finally. Adopting 
background monitoring GUI to achieve real-time monitoring, thus wireless distributed 
monitoring of the monitoring area can be realized. 
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Fig. 16.10. Structural frame of the background monitoring graphical user interface.  

16.5. System Implementation 

In order to verify ZigBee network performances of the proposed GPS-enabled wireless 
sensor network, we implement it by using the technical methods which are described in 
the above sub-sections[36]. A conducted testbed for demonstration of the prototype 
system is shown in Fig. 16.11. The BS node supports both serial interface and USB 
interface for connecting between the on-site wireless sensor network and the monitoring 
center. Wireless communication and real test specifications of the system are listed in 
Table 16.4.  

 

Fig. 16.11. A testbed for demonstration of the proposed monitoring system. 
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Table 16.4. Communication and real test specifications. 

Parameters Values Description 

RF band 2.4 GHz 
Channel number is 18 

(Worldwide) 
Antenna 3/5 dB BS (5 dB), ZR/ZE (3 dB) 

TX power 18 dBm 3.3 V (19 dBm: TX power at 3.6 V) 

Coverage 
range 

300～310 m Outdoor (Open spaces) 

100 m Indoor (Traversing 1 walls) 

40～50 m Indoor (Traversing 2 walls) 

>8 m Indoor (Traversing 4 walls) 
 

Through the ZigBee wireless sensor network, there is no cable to act as a secure and 
reliable signal path. The RF communications links vary over time due to their strong 
correlation to the physical environment, for example, when a node is moved, 
communication hop is added, or there are simply many people moving about, RF links 
may fail because the environment is changing. Fig. 16.12 shows the experiment result of 
continual voltage monitoring under indoor environment. The node’s voltages, 
automatically generated from the GUI, are overlayed. It shows that there exists obvious 
packet dropping phenomena caused by personnel circulation at node a and c, and we adopt 
the method of setting repeat transfer mechanism on the application layer in the software 
to improve the success rate of the data transfer. In special environment, we use special 
types of antenna (directional antenna) and antenna interfaces (external antenna), and we’d 
better install antenna in a higher place or extend them out. Besides, the adopted multi-hop 
mesh networking structure will enable the two nodes to use other nodes as routing nodes, 
and becomes the maximum allowable space between individual nodes. 

 

Fig. 16.12. Node’s voltage collection communication test for checking the packet loss  
in the network.  
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In addition to the above testing results, the proposed system has been successfully applied 
to the circumstances that have great denseness in population for monitoring. Fig. 16.13 
shows the pictures of the system implemented the monitoring tasks at the Nanjing Railway 
Station. If monitoring center wants to startup a specific monitoring point (or several 
points), it can use the GUI running on the master control PC or a PDA-type device, select 
the ‘RS232’ and ‘Command’ menu to achieve control strategies configuration (i.e., alarm 
threshold, positioning mode, etc.), then pushes ‘send’ button so as to send control 
command to the BS. The command code is implemented via the BS’s ZigBee mote, and 
transmitted to the target node through ZigBee network. The target node makes and 
transmits corresponding data accord with the control code received via the ZigBee 
network. Finally, the real-time collected data get through packed, serial communicated, 
data unpacked and display in the monitoring GUI, as shown in Table 16.5. Synchronously, 
the node locates on the digital map of the monitoring platform automatically.  

   

(a)                                            (b) 

Fig. 16.13. Pictures of the system implemented monitoring tasks at the railway station:  
(a) Displays image of the node deploying in the station waiting room; (b) Shows the monitoring 

scene running in the station control room. 

Table 16.5. Real-time results of the proposed system working at continuous measurement mode. 

Sensor node Time Voltage Count value Counting rate Dose rate 
F1 120 s 4807 mV 92 0.77 0.115 uGy/h 
F2 120 s 4741 mV 96 0.8 0.121 uGy/h 
F3 120 s 4756 mV 98 0.82 0.124 uGy/h 
F4 120 s 4743 mV 100 0.83 0.127 uGy/h 
F5 120 s 4751 mV 88 0.73 0.110 uGy/h 
F6 120 s 4805 mV 86 0.72 0.107 uGy/h 
F7 120 s 4782 mV 93 0.78 0.117 uGy/h 

 

The system supports both automatic and manual positioning mode. The GPS antenna is 
placed on an outdoor place which is directed to the external space better through a feeder 
of 2 to 3 meters. Manual positioning mode mainly aims at the situations when indoor and 
GPS signals are being blocked in blind spot areas, and users can set node’s coordinates 
manually. The main window of the GUI is the digital map of the monitoring area in  
Fig. 16.14. We have carried out coordinates marking for the map, the geographical 
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position information returning from nodes can fix monitoring points’ positions on the 
map. Under acquiescent conditions, all monitoring points should send acquisition data 
once to background monitoring center at same preset intervals. According to different 
requirements, the time intervals can be set and modified optionally via the monitoring 
center. The right area of the main interface is used to display the real-time radiation dose. 
The lower area of the GUI is the control menu for the nuclear radiation detection nodes, 
including port setup combo-box, measuring mode, node’s energy threshold and real-time 
status, etc. 

 

Fig. 16.14. Digital map navigation GUI for monitoring platform.  

Because of the radio link, there is no cable that serves as a secure and reliable signal path. 
In order to describe the system networking performances better, we performed an on-site 
test. The test consisted of determining the communication coverage area and transmission 
success between the nodes. Fig. 16.15 shows the on-site test setup between two deployed 
nodes in the seating area of a stadium. The test results are shown in Table 16.6. The packet 
loss rate refers to the probability of a failed data transmission. The data indicate that the 
communication distance is influenced markedly by the vertical distance between the upper 
and lower staircases in the auditorium. 

In case of an accident, a semi-autonomous mobile robot can collect radiation sample data 
and transmit video data to the monitoring center; this is convenient for emergency 
treatment and rescue operations, minimizes harm to people, and reduces accidents that 
cause economic losses. A wireless radiation detection node is installed on the mobile robot 
and achieves active monitoring at the accident scene, as shown in Fig. 16.16; this avoids 
people having to enter dangerous and harsh radiation environments. 
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Fig. 16.15. On-site mul-hop communication test results in the auditorium of the stadium. 

Table 16.6. On-site wireless communication test effects. 

Test points 
Description 

Distance Multi-hop capability Packet loss rate 

A1→A2 300 m One-hop <0.5 % 

A1→A3 600 m Two-hop 2 % 

A1→A4 900 m Three-hop 3.2 % 

A4→A5 300 m One-hop 4 % 

 

  

   (a)                                                                  (b) 

  
   (c)                                                                  (d) 

Fig. 16.16. Environmental radiation emergency monitoring based on a mobile robot. 
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Fig. 16.16(a) is the installation diagram of the wireless radiation detection nodes.  
Fig. 16.16(b) shows the proposed mobile robot equipped with a wireless radiation 
detection node, a controllable mechanical gripper, and a video camera; Fig. 16.16(c) 
depicts the operation console of the proposed mobile robot and Fig. 16.16(d) shows the 
operation and monitoring GUI for the mobile robots to perform radiation monitoring and 
localization. 

The main menus for the monitoring GUI are video surveillance, map tracking, and motion 
control interfaces; on the left, the translucent blue area shows information on the state of 
the remote video transmission (such as packet loss rate, signal-to-noise Ratio, etc.); on the 
left side of the function bar, there are controls for video switching, video recording, 
focusing, etc. 

The camera installed in the robot can send back and display real-time video data for 
improved control of the robot. Using the multi-degree-of-freedom (DOF) manipulator 
installed in the mobile robot, all kinds of samples within a 1-m distance can be picked up. 
Pollutants at the target site can be sampled and retrieved to dispose of dangerous materials 
at the target site. 

A real-time acquisition curve with 200 continuous measurements is shown in Fig. 16.17. 
Due to the high voltage power supply in the nuclear radiation detection nodes, the moment 
of on and off of the high voltage power supply brings certain interference to the system 
measuring. Therefore, limit even filtering is adopted in the data process module to 
improve measurement accuracy and reliability. The collected data of every sampling via 
limit treatment firstly. Then, send it into the queue for recursive even filtering treatment 
so as to eliminate the sampling discrepancy and improve system operation stability. 
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Fig. 16.17. Continuous measurement of dose rate using the proposed wireless nuclear  
radiation detection node. 
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16.6. Conclusions 

In this chapter, a lightweight, long-range and non-contact detection of radioactive 
materials combining wireless sensor networks with GPS technology is proposed. 
Comparing with the traditional nuclear radiation detection methods, this system has the 
advantages as follows: 

1. The proposed system is comprised of a map navigation GUI that automatically tracks 
the unusual or abnormal radioactive materials. 

2. The one-hop distance can reach 300 m when the system is used outdoors or 100 m 
when used indoors. Between the nodes, the communication is realized via ZigBee 
multi-hop mesh protocol, and it gives rise to more efficient message propagation and 
means that alternative routes can be found if a link fails or there is congestion.  

3. The intermittent data acquisition method and sleep mechanism are taken to minimize 
power consumption of the system for different application scenarios. Node contains 
a lithium battery providing up to 20 hours of continuous use when fully charged.  

In future work, we will explore the impact of limited monitoring points. At the same time, 
the data sharing between the emergency monitoring system and the government 
environmental radiation monitoring system is also urgent to implement. Furthermore, 
coupling alarm processing and fault diagnosis expert system will be an important topic. 
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Chapter 17 
Power Control-Based Routing in Wireless 
Sensor Networks: An Overview 

Xuxun Liu1 

17.1. Introduction 

17.1.1. An Overview of Wireless Sensor Networks 

Currently we are entering the new era of Internet of Things (IoT) which is characterized 
by the interconnection among a mass of physical objects. This paradigm shift has 
contributed to the development of wireless sensor networks (WSNs), which are the basic 
components of the IoT due to the fact that WSNs contribute to establishing the bridge 
between human beings and the environments [1, 2]. During the past few years, 
applications of WSNs have been witnessed in a wide spectrum of applications in both 
civilian and military scenarios, including environmental monitoring, security surveillance, 
health care, intelligent building control, traffic control, object tracking, smart homes, etc. 
[3, 4]. WSNs have been gaining more and more attention among the industry, academia, 
and government. 

Typically a WSN is composed of a large number of small sensing self-powered sensor 
nodes which are equipped with small battery, low memory and have limited processing 
capability, as shown in Fig. 17.1. These tiny and cheap sensor nodes perform the task of 
gathering information and communicating in a wireless fashion, with the final goal of 
handing the processed data to a destination, named the sink or base station, which is a 
node that has more storage capacity, computation power, and a better power supply. 
Sensing, processing and communication are three key elements which is formed into a 
combination in one tiny device. The work mechanisms of WSNs have motivated intensive 
research addressing the potential of collaboration among such sensor nodes. A natural 
architecture for such collaborative distributed sensor nodes is a network with wireless 
links that can be organized in an ad hoc manner. 
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Fig. 17.1. The basic components of WSNs. 

WSNs belong to a new form of wireless ad hoc networks. A lot of protocols and methods 
have been designed for applications of traditional ad hoc networks, but they are unsuitable 
for that of WSNs, because there are many differences between WSNs and traditional ad 
hoc networks. For example, global identification is not suitable in WSNs due to too much 
overhead, but it is required in traditional ad hoc networks. For another example, the 
reliability of each node is required in traditional ad hoc networks, but the requirement of 
quality-of-service (QoS) in WSNs is different, because WSNs must focus on energy 
efficiency on account of the limited battery capacity of sensor nodes. 

Due to many differences between WSNs and traditional ad hoc networks, WSNs cannot 
adopt the current mechanisms and protocols of traditional ad hoc networks. During the 
past decades, a lot of research has been carried out all over the world to solve key issues 
of WSNs and significant advancements have been made. In the future, WSNs will further 
change our interaction with the world and provide us more convenience in our daily life. 

17.1.2. The Architecture of Wireless Sensor Networks 

WSNs consist of a large number of sensor nodes which are varying in size. Sensor nodes 
are specially designed in such a typical way that they are composed of the following four 
modules [5], as shown in Fig. 17.2.  

Sensing Module Processing Module Communication Module 

Power Provision Module (Battery Supply) 
 

Fig. 17.2. The architecture of wireless sensor networks. 
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1) Sensing module: The sensing module includes signal sampling, signal conversion, i.e. 
A/D (Analogue to Digital), and signal modulation. The energy consumption of this 
module depends on the sense operation of the node, such as work period, sleep/wake 
status, etc. 

2) Processing module: The main tasks of this module are sensor control, protocol 
communication and data processing. Generally this module supports three operation states, 
including sleep, idle, and run.  

3) Communications module: This module control the data delivery, which consists of two 
parts: transmitting and receiving. The energy consumption of data communication 
depends on many factors, including the specific hardware implementation, the power 
consumption of the power amplifier, data traffic, transmission range, etc. 

4) Power provision module: This module is provided by batteries of sensor nodes. Energy 
provision by battery supply is regarded as the most viable solution for WSNs, due to the 
low power requirement and its compatibility with the compact sized typical AA battery 
[6]. 

17.1.3. Design Challenges of Wireless Sensor Networks 

The distinct characteristics of WSNs make this kind of networks face a few design 
challenges, which are summarized as follows: 

1) Limited battery capacity: Sensor nodes are generally battery powered and have very 
limited battery capacity. This feature has presented many new challenges in the hard ware 
advancement. To deal with the problem of limited energy capacity of sensor nodes, energy 
saving must be significantly taken into account in protocol design. 

2) Hostile environment: In some cases, WSNs are applied in the harsh and dynamic 
environment, where apart of sensor nodes may cause failure, due to early energy 
expenditure or external destruction. Therefore, Fault tolerance and connectivity 
restoration should be emphasized while designing protocols for such networks. 

3) Unreliable transmission: Wireless communications are affected by the interference 
signals, so data transmission in WSNs is not reliable. Furthermore, the interference signals 
appear at any time. Therefore, how to detect and diminish the effect of the external 
interference is a large challenge.  

4) Security issues: In most cases, sensor nodes may be exposure to external danger, and 
some key data of the network may be lost, captured or tampered. Malicious attacks may 
appear at any time and any layer of the protocol stack. With the expansion of application 
range of WSNs, certain essential security requirements arise. How to provide enough 
security guarantee for specific applications is a challenge in WSNs. 

5) Requirement difference: There are various applications of WSNs which require 
different protocols. For example, for routing protocols, transmission delay is a key 
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consideration in fire detection applications, while energy efficiency is a significant factor 
in climate monitoring applications. Hence, how to design application difference-based 
protocols is a challenge. 

17.1.4. Applications of Wireless Sensor Networks 

WSNs can be applied to many type of environment, including forest, desert, oceans, outer 
space, bodies, etc. The following is the different applications of WSNs in various 
environments. 

1) Military Applications: WSNs can be an key component of a military command system, 
in which WSNs can perform many tasks, including monitoring of equipment and 
ammunition, surveillance of enemy distribution, reconnaissance of battlefield terrain, 
battle damage assessment, and etc. Every vehicle, weaponry, and ammunition can be 
attached with sensor nodes which send the status to the command center. 

2) Environment Monitoring: WSNs can be deployed in a specific area to monitor 
environment index, such as temperature, air, and humidity. On the one hand, WSNs can 
provide indoor monitoring, in which sensor nodes are deployed in buildings and sense air 
quality, humidity, light, temperature, fire, and etc. On the other hand, WSNs can perform 
outdoor surveillance task, including weather surveillance, volcano detection, earthquake 
detection, animal habitat supervision, traffic monitoring, and etc.  

3) Health Care: WSNs can be used to monitor patients in the hospital or at home. Due to 
the portable nature of wireless sensing systems, they can be used to report the health status 
of responders for trauma patients or wounded soldiers at the disaster site. WSNs can also 
be deployed in living places and gather medical information of patients in real time. These 
important information can be delivered to telemedicine systems and contributes to 
convenient and fast medical diagnosis.  

4) Industrial Detection: WSNs play a significant role in detecting anomaly for machines, 
motors, bridges, buildings, and etc. A physical structure of objects has normal vibration 
modes. Variations in these objects are results of wear, fatigue, or other mechanical 
problems. Sensor nodes process local information at each object and transport the data 
continuously to control center. 

Sensor nodes can monitor control networks to establish what is active when a sample is 
taken or even to determine when to sample. 

5) Traffic Control: WSNs can be applied to traffic flow management by which traffic 
congestion can be relieved. In large cities, traffic manage center collects and reports on 
real-time traffic event and incident data which come from sensor nodes. Then, the traffic 
manage center processes and releases the information through multiple types of channels, 
including video, aircraft, mobile units, and etc. After that, vehicles and pedestrians will 
benefit from this information. 
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17.2. Introduction of Routing Protocols in Wireless Sensor Networks 

17.2.1. Some Terms Related to Routing Evaluation 

There are a few key issues in WSNs, including node deployment or coverage and 
connectivity, node localization, time synchronization, topology control, data aggregation, 
routing design, security defending, and etc. As one of the key techniques of WSNs, routing 
has aroused great concern in the field of WSNs. 

As Mentioned earlier, WSNs are resource constrained networks and have low processing 
speed, low storage capacity and limited communication bandwidth. Moreover, WSNs 
must work for long periods of time, so the energy resources restrict their overall operation. 
Most of the device components, including the radio, should be economically used most of 
the time for energy dissipation minimization. Furthermore, changes in the physical 
environment make sensor nodes experience large variations in connectivity.  

The primary design goal of WSNs is not only to successfully send data to a destination, 
but also to increase the network lifetime as much as possible. This goal can be achieved 
by employing energy-efficient and energy-balanced routing protocols, which determine 
the performance of WSNs. 

The potential task of the protocols is not only to find the lowest energy path from a source 
to a destination, but also to find the most efficient way to extend the network’s lifetime. 
The following is some terms that are used to evaluate the performance of the routing 
protocols [7]. 

1) Energy per Packet. This term represents the amount of the energy that is spent while 
sending a packet from a source to a destination. 

2) Energy and Reliability. It refers to the tradeoff between total energy depletion and 
network reliability. In some cases, extra energy consumption cost is needful to increase 
the redundancy of the transmission by using multiple transmission paths. 

3) Network Lifetime. There are several definitions of the network lifetime. In many cases 
the term network lifetime refers to the time when the first node of the network exhausts 
its energy, or when a certain part of nodes of the network are dead, or even when all nodes 
of the network die. 

4) Average Energy Dissipated. This metric represents the average consumed energy per 
node during the whole lifetime in the network as it performs various tasks, such as 
information sensing, data transmission, data reception, and data aggregation. 

5) Total Number of Nodes Alive. This metric reflects the performance of the network 
lifetime. It represents the total number of residual nodes of the network exception the dead 
nodes. 
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6) Average Packet Delay. This metric is defined as the average one-way latency that is 
observed from the data source to the destination, i.e. the base station. This metric reflects 
the transmission accuracy, transmission hops, congestion degree, etc. 

7) Packet Delivery Ratio. This metric is defined as the ratio of the number of packets 
received at the base station to that sent from source nodes. This metric is used to show the 
reliability of data transmission of the network. 

8) Load Balance Level. This metric represents the load difference among different nodes 
in different areas. Here the load is usually defined as the some indexes related to energy 
dissipation, such as data amount of a node. 

17.2.2. Traffic Patterns in Wireless Sensor Networks 

WSNs exhibit unique asymmetric traffic patterns, which are different from traditional 
networks [5]. This is mainly due to the fact that sensor nodes persistently deliver their data 
to the base station, while the base station only occasionally broadcasts control information 
to sensor nodes. Moreover, multiple applications can cause different traffic patterns. Data 
can be delivered via single hop scheme or multi-hop scheme, and data must be fused some 
times. In sum, there are the following traffic patterns in WSNs [5]. 

1) Local Communication. Local communication is used when the sensed information or 
node status data are broadcasted to neighbor nodes. This traffic pattern generally adopts 
direct communication scheme. 

2) Point-to-Point Routing. In this traffic pattern, data is transmitted from an arbitrary node 
to another one. There are one or multiple hops during this transmission process. It is 
generally used in wireless local area networks. 

3) Convergence. The data packets from multiple sensor nodes must be delivered to a single 
base node. Convergence exists commonly in data gathering for applications of WSNs. 

4) Aggregation. Considering the similarity of information from a local area, data packets 
can be processed in the relaying nodes and the aggregate value is routed to the base node 
rather than the raw data. 

5) Divergence. It is used to send a command from the base node to other sensor nodes.  

17.2.3. Classification of Routing Protocols in Wireless Sensor Networks 

In general routing protocols of WSNs can be divided into different types, as shown in  
Fig. 17.3. The details of this classification are described as follows. 

1) Proactive, reactive, and hybrid routing 

According to proactivity of the routing pattern, routing protocols of WSNs can be 
categorized into proactive, reactive, and hybrid routing. In proactive routing, routing is 
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maintained up-to-date all along, irrespective of whether the base station needs data 
transmission or not. Reactive routing is an on-demand routing, in which transmission 
paths are created only when required. Hybrid routing used both proactive routing and 
reactive routing.  

 

Fig. 17.3. Classification of Routing Protocols in WSNs. 

2) Flat and hierarchical routing 

According to network operation pattern, routing protocols of WSNs can be classified into 
flat routing and hierarchical routing. In flat routing, all nodes of the whole network are 
regarded as that located on the same hierarchical level. The goal of flat routing is to find 
a route between any arbitrary pair of nodes. In hierarchical routing, the network is divided 
into multiple regions called zones or clusters [8-10]. Data in a cluster is delivered to a 
region principal named cluster head (CH). CHs fuse the received data and send it to other 
CHs or the base station. The goal of hierarchical routing is to create appropriate clusters 
and find suitable transmission paths for all clusters. 

3) Single-hop and multiple-hop routing 

Routing protocols of WSNs can be classified into single-hop and multiple-hop routing 
according to the number of hops during the transmission process. In single-hop routing, 
data is delivered directly to the base station, in spite of long-distance direct 
communications. In multiple-hop routing, data is delivered between neighbor nodes and 
the destination is the base station. 
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4) Centralized and distributed routing 

In centralized scheme, routing is created and maintained by a single node which is 
commonly the base station. In the distributed scheme, each node discoveries and builds 
its own routing. The distributed routing is more robust to cope with network variations 
and is accordingly more suitable for dynamic environments. The centralized scheme relies 
entirely on the base station, which needs to obtain all routing information of the network. 
Due to much load burden, the base station may be unable to follow timely the changes of 
the network.  

5) Single-path and multiple-path routing 

Single-path routing can discover one or multiple transmission paths, but always selects 
the best one to send data to the destination. On the other hand, multiple-path routing 
discovers, maintains, and selects multiple paths to deliver the sensed data to the 
destination. Multiple-path routing is used to achieve load balance among different paths 
and accordingly extend the network lifetime. 

6) Conventional and intelligent routing 

In conventional routing, the transmission distances of different locations are achieved by 
specific calculation. However, in intelligent routing, heuristic algorithms are usually 
adopted to search appropriate transmission distances for disparate locations, such as ant 
colony optimization (ACO) [11] in which complex collective behavior emerges from the 
behavior of ants. ACO has succeeded in many fields of the design of WSNs, including 
activity scheduling [12-14], node deployment [15-18], etc. 

17.2.4. Challenges of Routing Design in Wireless Sensor Networks 

As mentioned earlier, there exist some characteristics of WSNs that distinguish them from 
traditional ad hoc networks. For example, sensor nodes are equipped with little memory, 
limited battery, and small bandwidth links. Therefore, energy saving must be significantly 
taken into account in the protocol design. For another example, most applications of 
WSNs require the deployment of large number of sensor nodes. Hence, the protocol 
design should focuses on the scalability problem of the network. Therefore, we should 
take into account these specific characteristics of WSNs and face up the following 
challenges of routing design in WSNs. 

1) Self-organization ability 

During the period of network operation, new nodes might be added to the network 
according to the new requirement, while other nodes may suffer from damage or attack. 
A routing protocol must be aware of new nodes, cope with the unpredictable changes, and 
achieve connectivity restoration. Hence, the routing must have the self-organization 
ability and embody the network as an autonomic system [19]. 
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2) Energy consumption minimization 

Sensor nodes are powered by small non-rechargeable batteries and usually must work for 
a long period of time. Therefore, how to efficiently use the batteries of sensor nodes is a 
critical concern to satisfy the long lifetime of the individual nodes. An ideal routing 
protocol must minimize the total number of data packets delivered and select appropriate 
paths to reduce energy depletion during the period of data transmission. 

3) Scalability 

In some applications of WSNs, sensor nodes need to be deployed in large numbers, such 
as forest climate monitoring and battle field surveillance. These applications require dense 
distribution of nodes and geographical extension. Moreover, many times there exist high 
failure rates. Therefore, the routing protocol must be able to deal with the topology 
challenges as well as unpredictable failures.  

4) Energy consumption balance 

Generally sensor nodes closest to the base station tend to consume their energy more 
rapidly than others, because such nodes need to deliver more data than other nodes in the 
many-to-one transmission pattern of WSNs. This is easy to cause the problem of energy 
hole around the base station. Suffering from the energy hole problem, more data cannot 
be delivered to the base station, and consequently the system lifetime is greatly shortened. 
Therefore, how to balance the energy consumption is a big challenge. 

17.3. Introduction of Power Control-Based Routing in Wireless  
Sensor Networks 

17.3.1. Overview of Power Control in Wireless Sensor Networks 

It is well accepted that one of the key challenges is conserving energy so as to extend the 
active lifetime in WSNs. In terms of energy consumption, the wireless exchange of data 
between nodes strongly dominates other node functions such as sensing and processing. 
Moreover, radios consume energy when data sending, data receiving, and listening. 
Therefore, how to control the radios determines the performance of WSNs. 

In a real sensor network, data is generated internally. In many applications of WSNs, data 
is gathered by multiple sensors at different locations and transmitted to a single base 
station where data can be stored and analyzed. If the relay nodes are close to the base 
station, there is more traffic to be forwarded than that of the relay nodes far from the base 
station. Therefore, nodes near to the base station can use short range transmission, while 
nodes far from the base station should use a longer radio range. Transmission power 
control is to determine an exact transmission distance for all nodes in different locations 
of the network. 
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There are some power control-based routing protocols in WSNs. The basic idea is to 
compute the energy consumption of different locations according to the traffic distribution 
of the network. The transmission distances in different locations are finally achieved 
according to energy consumption balance among different nodes.  

17.3.2. Representative Power Control-Based Routing Protocols in Wireless Sensor 
Networks 

Here we focus on power control and introduce some representative power control-based 
routing protocols in WSNs. 

17.3.2.1. ASTRL 

Liu and Song [20] proposed the ant-based heuristic algorithm (ASTRL), which aims to 
address the transmission range assignment problem and ultimately maximize the lifetime 
of WSNs.  

It is assumed that sensor nodes are deployed in a circle area which is partitioned into m  
concentric sectors, denoted as 

1C ,
2C ,...,

mC , centered at the sink. The radii of different 

sectors satisfy 
1 2 mr r r      . Each sensor has a maximum transmission range, which is 

divided into k levels, as shown in Fig. 17.4. Each sector 
iC  selects a node as a corona 

head 
iH  to determine the transmission range of all nodes of this sector. Ant colony 

optimization (ACO) is used to search transmission distances. 

 

Fig. 17.4. Illustration of adjustable transmission ranges. 

The ASTRL is performed by two types of ants: forward ants and backward ants. Each 
forward ant moves from the source to the sink according to a specific probability. This 
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probability is related to ij  and ij , which are respectively the pheromone trail and 

heuristic information of the path (i, j). The ant moves to the path in which the total energy 
consumed is minimum. When the forward ant reaches the sink, it generates a backward 
ant, and the memory of the forward ant is transferred to the backward ant. The backward 
moves in the same path as that of its corresponding forward ant, but in the opposite 
direction. When the backward ant arrived another node, the pheromone of the path will 
be updated. Each corona generates data and forward the data generated by outer coronas 
to the sink. The nodes of corona Ci can receive data generated from Ci + 1, Ci + 2,..., Cm and 
store the per node traffic load generated from these coronas, denoted as Li,i + 1, Li,i + 2,..., 
Li,m. When the backward ant arrive at a node from a neighbor node, the pheromone of the 
path is updated, the routing table is changed, and the transition probabilities are varied. 
The amount of the variation of the probabilities depends on the goodness associated with 
the energy consumption experienced by the forward ants. 

17.3.2.2. UMM 

The author in [21] presents an ACO-based routing method to realize the unity of the 
maximum possible energy efficiency (MPEE) and the maximum possible energy 
balancing (MPEB), and ultimately to maximize the lifetime of WSNs. This routing 
method is performed by ACO, but it is quite different from general ACO algorithms in 
two aspects: 1) only one step is needed for a complete trip of the ant; and 2) no heuristic 
information exist in the transition probability of the ACO. 

Sensor nodes are evenly distributed on a corona-shaped area. All nodes have the same 
maximal transmission range, which is divided into K0 levels, and the unit transmission 
range is the corona thickness ω. Nodes in different coronas have different selectable 
maximal transmission range, but nodes in the same corona have the same one.  

This transmission scheme is realized by ACO, in which the ant moves from Sector Ci to 
Cj according to a specific probability, and creates a corresponding path Ф(i, j). Such 
probability can guide the ant to select an efficient path with both MPEE and MPEB. After 
the trips of the ants, a series of path Ф(i, j), i = 1,2,…,M, have been constructed. This is a 
complete transmission range sequence for all sectors. In each iteration, by assessing the 
new solution, the best solution is updated and reserved.  

For energy depletion equilibrium, the author designed a preliminary energy balancing 
(PEB) mechanism, which makes a difference in the selectable maximal transmission range 
of different sectors. Specifically, the selectable maximal transmission level of the sector 
rises with the increase of the distance to the sink. For instance, in the network which is 
divided into 8 coronas, if the minimum value of transmission level is λ = 2 and the 
maximum transmission level is K0 = 6, the traditional case is that all coronas adopt the 
same selectable maximal transmission range, i.e. K1 = K2 = ... = K8 = 6, as shown in  
Fig. 17.5. However, in the PEB mechanism, the selectable maximal transmission level 
from Sector C1 to C8 is respectively 3, 3, 4, 4, 5, 5, 6, and 6, as shown in Fig. 17.4. 
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Fig. 17.5. An example of the selectable maximal transmission level. 

The author also provided an accurate energy balancing (AEB) mechanism, which adopts 
ACO to select appropriate transmission distance for each coronas. Unlike that in 
conventional ACO algorithms, the heuristic information is removed in the transition 
probability. This form of transition probability can greatly reduce the computation 
complexity of the algorithm. The AEB mechanism is achieved by the pheromone updating 
rule according to which the energy balancing degree is accurately calculated and assessed. 
This pheromone updating rule makes the ant select routes with MPEE and MPEB. In sum, 
the AEB mechanism is the precision of PEB, as well as the guarantee of the unity of MPEE 
and MPEB. 

17.3.2.3. ODTS 

An optimal-distance based transmission strategy (ODTS) [22] is put forward to achieve 
the goal of maximizing the lifetime of WSNs. The novelty of ODTS consists of two 
aspects. First, the author introduced two notions, most energy-efficient distance (MEED) 
and most energy-balanced distance (MEBD), by which a local optimal transmission-
distance acquirement mechanism for both high energy efficiency and good energy 
balancing is designed. Second, a global optimal transmission distance acquirement 
scheme is in order to achieve energy depletion minimization for nodes with maximal 
energy consumption throughout the network.  

It is assumed that nodes are evenly deployed on a disk with radius R centered at the sink. 
This disk is divided into M disjoint concentric coronas with thickness ω = R/M. There is 
a stationary sink, with sufficient power supply, which has knowledge of the topology of 
the whole network. All nodes have the same initial energy and the same maximal 
transmission range. The maximal transmission range is divided into K levels, and the unit 
transmission range is the corona thickness ω. Nodes in different corona may use different 
transmission distances, but nodes in the same corona have the same one.  

The MEED is obtained by minimizing the total energy consumption of data transmission 
from a specific starting point to a specific end point. By optimizing the number of hops 
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associated with the transmission distance per hop, the value of MEED is achieved. The 
MEBD is gained by making the energy depletion of different corona equaling that of the 
most outer corona. It is easy to compute the energy dissipation of the most outer corona, 
because it doesn't need receiving data from other coronas. The most outer corona selects 
an appropriate transmission level according to its multiple candidates of transmission 
destination, and determines the equal energy consumption of each corona, as shown in 
Fig. 17.6. This facilitates to the acquisition of the MEBD. The definition of the heuristic 
value in ODTS guides the ant to select such path that is close to the MEED and the MEBD. 
In other words, the degree of high energy efficiency and good energy balancing are 
reflected by the heuristic value, which contributes to network lifespan prolonging. In ACO 
of ODTS, the heuristic factor is a local value of a path, so this approach is named local 
optimal transmission-distance acquirement mechanism. 

 

Fig. 17.6. The candidate relay areas of the most outer corona. 

In ODTS, the network lifespan is decided by the corona with the maximal value of the 
energy consumption of nodes, associated with which a network lifetime evaluation 
function is presented to judge whether the path created by the ant is good or not. In ACO 
of ODTS, the added pheromone on the path that has been traveled by the ant is defined as 
a function of the network lifetime evaluation function. This mechanism can guide ants to 
select an efficient path with minimal value of the maximal energy depletion of different 
sectors, and accordingly extend the network lifespan. In ACO of ODTS, the pheromone 
updating is a global process, thus this approach is named global optimal transmission-
distance acquirement scheme.  

17.3.2.4. MMBEC 

The author of [23] proposed a transmission range adjustment strategy, named multilevel 
minimization and balancing for energy consumption (MMBEC). The goal of this 
transmission strategy is to take full consideration of energy consumption minimization 
(ECM) and energy consumption balancing (ECB) and accordingly prolong the network 
lifespan. The goal is achieved by two aspects. One is the proposed concept of reference 
transmission distance (RTD) which helps to realize local ECM and ECB. The other is the 
proposed concept of energy per node (EPN) which is used to achieve global ECM  
and ECB.  

It is assumed that sensor nodes are randomly and uniformly deployed on a disk of radius 
R centered at the sink. This disk is divided into M disjoint concentric coronas with 
thickness ω = R/M. Consider an arbitrary wedge subtended by an angle of φ. This wedge 
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is partitioned into M sectors, denoted as C1, C2,..., CM, by its intersection with M concentric 
coronas, centered at the sink. Sensor nodes can adjust their transmission ranges and all 
sensor nodes in the same corona have the same transmission range. Each sensor has K 
levels of transmission range to choose and the unit transmission range is the corona 
thickness ω. The goal of this transmission strategy is to search an optimal transmission 
range sequence for all sectors. The searching is performed by ACO. 

It is proved that The MEED makes the total energy consumed achieve the minimal value. 
However, for energy depletion equilibrium throughout the network, the sensors close to 
the sink should send data by relatively smaller distance than that far from the sink. For 
this reason, the advisable transmission manner should follow the rule that all sensors send 
data based on MEED, while more closer to the sink, smaller the transmission distance is. 
On contrast, more far from the sink, longer the transmission distance is. According to the 
above rule, the author designed a reference transmission distance (RTD) drefer, which is a 
linear function of the distance to the sink, dtoSink, as shown in Fig. 17.7. It is revealed from 
this figure that the definition of RTD that this concept involves the idea of both ECM and 
ECB. 

dtoSink0

drefer

MEED

 

Fig. 17.7. The relationship between the reference distance and the actual distance. 

In ACO of MMBEC, the heuristic value of the path selection is defined to make the 
transmission distance be near the RTD, which consists of the potential ability of both 
ECM and ECB. The heuristic value of ACO need only local information, so it is called 
local design of ECM and ECB. 

After all the ants finishes their trips, the pheromone intensity on every path will be updated. 
The added pheromone on the path that has been traveled by the ant is given by a function 
which is associated with two aspects, the sum of the EPN of all sectors and the maximum 
difference of the EPN among different sectors. In the pheromone updating function, the 
smaller the sum of the EPN is, the stronger the ECM effect. Similarly, the smaller the 
maximum difference of the EPN is, the more highlighted the feature of ECB. Due to a 
global process of pheromone updating, the pheromone updating rule of ACO is called 
global design of ECM and ECB. Additionally, the function of the added pheromone is 
used to judge whether the solution created by the ant is good or not. 
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17.3.2.5. RTHS 

The authors in [24] studied the cocentric rings-based network and the problem of ring 
thickness and hop size of transmission to achieve balanced energy usage distribution 
among all nodes. They proposed a transmission scheme and determine the optimal ring 
thickness and hop size by formulating network lifetime as an optimization problem. We 
call this transmission strategy Ring Thickness and Hop Size (RTHS). Two other variations 
of this policy are also presented by redefining the optimization problem considering:  
1) concomitant hop size variation by sensors over lifetime along with optimal duty cycles, 
and 2) a distinct set of hop sizes for sensors in each ring. Both variations bring increasingly 
uniform energy usage with lower critical energy and further improves lifetime. 

The whole network is divided into a set of cocentric circular ring areas having ring 
thickness. The authors decomposed the transmission distance of traditional multihop 
communication into ring thickness and hop size, as shown in Fig. 17.8. The hop size is 
the maximum number of rings a node forwards its data in a single transmission toward 
the sink. The transmission distance of a sensor in ring is an integral multiple of ring 
thickness and will be determined by its ring index and hop size.  

 

Fig. 17.8. The network model of RTHS. 

In sum, with the aim to maximize network lifetime and achieve better energy usage 
distribution among sensors, the authors made the following contributions. First, assuming 
cocentric rings around the sink, they expressed transmission distance in terms of ring 
thickness and hop size (number of rings a sensor forward its traffic toward the sink during 
each transmission) and obtain their optimal values to maximize network lifetime. Second, 
detailed mathematical analysis of traffic distribution over the rings is presented as a 
function of ring thickness and hop size. Third, energy usage distribution and how the 
critical energy changes with hop size variation are analyzed. Finally, as shown in  
Fig. 17.8, they proposed three transmission policies, namely, fixed hop size (FHS), 
synchronous variable hop size (SVHS), and asynchronous variable hop size (AVHS) 
transmissions. These transmission policies differ in terms of their degree of flexibility in 
using variable transmission ranges and their associated duty cycles among sensor nodes.  
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Moreover, the authors presented distributed heuristics for SVHS and AVHS transmissions, 
namely, heuristic-SVHS (H-SVHS) and heuristic-AVHS (H-AVHS), respectively, by 
exploiting the inherent energy usage distribution pattern among sensors for varying hop 
sizes. Performance analysis shows substantial improvement of network lifetime over the 
existing SH, MH, and their hybrid transmission policies irrespective of network 
parameters. Energy usage is more uniformly distributed over the rings and critical energy 
per data cycle is reduced significantly in these policies. 

17.3.2.6. ETP 

The authors in [25] investigated the energy-balanced data collection problem in slice-
based WSNs. The authors applied a slice-based energy model and presented a probability-
based strategy named inter-slice mixed transmission (IMT) protocol and an intra-slice 
forwarding technique to realize their goal. By combining the inter-slice mixed 
transmission strategy and the intra-slice forwarding technique, the authors designed an 
Energy-balanced Transmission Protocol (ETP) to achieve total energy balancing during 
data collection and hence prolong network lifetime. They also combined both techniques 
to achieve total energy balance. In addition, they studied the shift between inter-slice 
transmission and intra-slice transmission, and the limitation of hops in an intra-slice 
transmission. 

As shown in Fig. 17.9, the network is divided into several slices with same width. Sensors 
in slice Si + 1 can transmit data to sensors in slice Si. In IMT, sensor nodes lying close to 
the sink can conserve their energy by propagating their packets using a lower power level 
(i.e., with a smaller hop, 1-hop for example), while sensor nodes lying farther away from 
the sink tend to consume more energy by sending their packets using a higher power level 
(i.e., with a larger hop, m-hop for example), and hence balanced energy consumption is 
achieved among different slices. 

 

Fig. 17.9. The slice-based network model.  

In IMT, the authors designed a probability-based strategy for inter-slice transmission. 
When a node in a slice need s to send packet, its relay slice is not fixed. The next-hop slice 
is decided according to a probability distribution, on the basis of which each node in the 
network determines its relay slice to deliver its data packets towards the sink. Although 
the probabilistic decision determines the next-hop slice, it doesn’t conclude which node 
in the selected slice to deliver packets to. For energy balancing, the authors proposed to 
choose the node with the maximum residual energy as the relay node. The information of 
battery remained in its neighbor nodes can be easily marked and maintained by using 
control messages. The overhead of these control packets is small compared to data packets, 
so it is usually ignored. When a packet is listened by nodes in the same slice, only the 
node with the maximum remaining energy prepares to receive the packet.  
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The intra-slice energy balancing problem is to make all nodes in the same slice drain their 
energy at the same rate and die simultaneously. It is necessary to design a routing 
algorithm for transmission between two nodes in the same slice to solve the intra-slice 
energy balancing problem. To solve this problem, the authors presented an Intra-slice 
Forwarding technique to decide when intra-slice transmission is needed and which node 
should be selected as the relay node. When a node with insufficient energy receives a 
packet from another slice, it can forward it to another node with more remaining energy 
in the same slice, as shown in Fig. 17.10. In reality, each node needs to keep the battery 
power level of its neighbors in the same slice. Each node maintains the information about 
the remained battery of its one-hop neighbors. There exist two main factors affecting the 
design of our intra-slice forwarding algorithm. The first factor is that in what condition 
the sending node should choose intra-slice transmission other than inter-slice transmission. 
The condition is related with both how much battery the node has and how much battery 
remained in other neighbors. The second factor relates to the upper bound of hops in intra-
slice transmission. This point is important because intra-slice forwarding actually 
consumes energy for inter-slice transmission. On one hand, intra-slice forwarding is 
employed for balancing intra-slice energy and prolonging network lifetime eventually. On 
the other hand, too much transmission within a slice will impact the balance between two 
slices and may decrease network lifetime. 

 

Fig. 17.10. Intra-slice and Inter-slice transmission. 

17.3.2.7. ETP/DTP 

The authors in [26] presented two algorithms for dynamically adjusting transmission 
power level on a per-node basis. The first one is Equal Transmission Power (ETP), and 
the second one is Diverse Transmission Power (DTP). In the two algorithms, network 
lifetime, convergence speed as well as resulting network connectivity are used as figures 
of merit for these two algorithms. The problem to be solved is to assign transmission 
power values to independently acting nodes in a wireless sensor network such that the 
network is connected. These power values correspond to the distance across which 
communication can take place and hence determine the number of nodes with which a 
particular node can directly communicate.  
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The ETP algorithm assigns a uniform power to all nodes, but chooses the minimal value 
that ensures a fully connected network for this particular scenario. To find the minimum 
transmission power, the following steps are used: 

Step 1: Among the node pairs that are not yet connected, choose the one with the smallest 
distance. 

Step 2: Set transmission power of all nodes to a value sufficient to connect these two nodes. 

Step 3: Check connectivity of the resulting network and when the network is connected, 
the minimum power level is found; otherwise start from Step 1. 

This power value represents the smallest value for a fully connected sensor network with 
fixed transmission range and it also results in symmetric communication links. This 
algorithm uses global information and it is not evident how to implement a corresponding 
local algorithm that achieves the same results. 

The DTP algorithm creates a connected network but does not set all transmission ranges 
to the same value. Instead it tries to find a minimum power level for every node 
individually. The algorithm works in the following steps: 

Step 1: Among the node pairs that are not yet connected, choose the one with the smallest 
distance. 

Step 2: Set transmission power of these two nodes to a value sufficient to connect them. 

Step 3: Check connectivity of the resulting network and when the network is not 
connected start from Step 1. 

This algorithm minimizes the overall transmission power consumption for the entire 
network, but it may result in asymmetric communication links, e.g., one node can receive 
data from a far neighbor which uses a higher transmission power, but cannot answer 
directly due to its smaller transmission power. 

Even though it is possible to construct networks where this algorithm does not find 
minimum power levels for all nodes (it would be necessary to restrict the search for not 
connected neighbors to nodes in other connected components), DTP vastly outperforms 
any other global algorithm that we have considered. Therefore, we use DTP as a 
comparison case. Similarly to the ETP algorithm, this algorithm also uses global 
knowledge, and equivalent local implementations are not obvious. 

17.3.2.8. RORRT 

The authors in [27] studied a simple linear network and deduce the relationship between 
optimal radio range and traffic, which we called RORRT. It is founded that half of the 
power can be saved if the radio range is adjusted appropriately compared with the best 
case where equal radio ranges are used. 
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In RORRT the network is divided into a number of virtual grids of size R×R, as shown in 
Fig. 17.11. The value of R is chosen such that all nodes in a grid are equivalent from a 
routing perspective. This means that any two nodes in adjacent grids should be able to 
communicate with each other. Since all nodes in a grid are equivalent from a routing 
perspective, the redundancy can be used to increase the network lifetime. RORRT only 
keeps one node awake in each grid, while the other nodes put their radio in the sleep mode. 
To balance out the energy consumption, the burden of traffic forwarding is rotated 
between nodes. Under conditions of light traffic the optimal range increases sharply as the 
loaded traffic decreases. When the data transferred in the sensor network is low, the idle 
state dominates the energy consumption and hence the radio range can be relatively large. 

 

Fig. 17.11. The virtual grid structure.  

The authors deduced the relationship between the traffic A and the optimal radio range, 
as shown in Fig. 17.12, in which the optimal radio range is decreasing as the loaded traffic 
increases. The main idea of RORRT is that, for more energy efficient transmission nodes 
near the base station can use short range transmission according to the relationship 
between optimal range and loaded traffic, and nodes far from the base station have less 
data to forward and have longer idle times therefore they should use a longer radio range. 
The authors consider a linear network where the density of nodes is uniform. The network 
contains a single sink on one edge at x = 0. 

 

Fig. 17.12. The relationship between the range and the traffic. 
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The authors considered two heuristic algorithms based on the relationship between the 
optimal radio range and the network traffic. In the first algorithm, the grid sizes for grid 
section-specific traffic levels are calculated. Table 17.1 is a case that provides the optimal 
grid sizes. To save a little more power the authors choose the optimal radio range instead 
of optimal grid size as the authors have done. The grid sizes and radio ranges can then be 
calculated. Table 17.2 is another case that provides the optimal grid sizes. 

Table 17.1. Optimal sizes. Case 1. 

i Ri (m) 
1 20.8 
2 21.2 
3 21.6 
4 22.0 
5 22.5 
6 23.1 
7 23.7 
8 24.4 
9 25.1 

10 26.0 
11 27.0 
12 28.2 
13 29.6 
14 31.4 
15 33.7 
16 37.0 
17 42.1 
18 53.7 
19 86.7 

 

Table 17.2. Optimal sizes. Case 2. 

i Ri (m) 
1 21.2 
2 21.2 
3 22.0 
4 22.1 
5 23.1 
6 23.2 
7 24.3 
8 24.6 
9 25.9 

10 26.4 
11 28.0 
12 28.8 
13 31.1 
14 32.7 
15 36.5 
16 40.6 
17 52.2 
18 116 

 

 

17.3.3. Comparison of Power Control-Based Routing Protocols in Wireless Sensor 
Networks 

We compare the different power control-based routing algorithms of WSNs on the basis 
of a few important metrics as shown in Table 17.3.  

It can be shown in this table that, three routing algorithms, ASTRL, UMM, ODTS, and 
MMBEC have high algorithm complexity. This is due to the fact that, these algorithms 
adopts ant colony algorithm, which needs iterations. And accordingly theses algorithms 
have low scalability.  

Furthermore, the total energy consumed has been taken into account, but the energy 
consumption among different locations is not concerned in ASTRL, so this algorithm 
expresses low load balancing ability. 



Chapter 17. Power Control-Based Routing in Wireless Sensor Networks: An Overview 

427 

Finally, ETP/DTP use uses global information to control transmission power, so it has 
low scalability and practicability. 

Table 17.3. Comparison of Different power control-based routing algorithms in WSNs. 

Ptotocol 
Energy 

efficiency
Scalability

Load 
balancing

Algorithm 
complexity

Practicability 

ASTRL low low low high moderate 

UMM moderate low good high moderate 

ODTS high low good high moderate 

MMBEC high low good high moderate 

RTHS moderate moderate good moderate moderate 

ETP moderate moderate good moderate good 

ETP/DTP moderate low good moderate moderate 

RORRT high moderate very good moderate good 
 

17.4. Future Directions 

To conclude, we want to sketch some future directions for the research field of power 
control-based routing in WSNs.  

Firstly, further research would be needed to address specific QoS problem of the routing, 
which mainly exists in real-time applications, such as battle-target tracking, emergent-
event monitoring, and etc. Recently there is very little research focuses on handling QoS 
requirements in the resource-constrained WSN environment.  

Moreover, further studies are necessary to settle the problem of multiple types of 
applications. For example, how do solve the transmission problem of strip-shaped WSNs 
in the railway, the long-distance river? For another example, how to control the 
transmission power in the area with constant link failure? 

In addition, with the increase of the network scale in WSNs, more redundant information 
is created and a certain degree of redundancy may be desirable for increasing reliability 
of the network. Thus, a trade-off between redundancy reduction and redundancy 
utilization is still an open question. 

Finally, most power control-based routing protocols are tested by simulations rather than 
real environments. However, there are difference between simulations and real 
environments. With the trend of WSNs from academic research to practical applications, 
routing should be evaluated in real environments.  
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Chapter 18 
Study of the FGM Application Peculiarities 
on Mobile Carriers 

Fedir Dudkin and Valery Korepanov1 

18.1. Introduction 

Flux-gate magnetometers (FGMs) are mainly used in a stationary position to measure the 
Earth's magnetic field or the magnetic field in other applied tasks. The use of the FGM 
onboard mobile carriers faces a number of difficulties that limit their implementation in 
the practice of geophysical research, such as magnetic mapping, search for buried 
magnetic bodies and current sources. This is due to the fact that the measurements are 
executed in the presence of strong Earth’s magnetic field B0 (the absolute value |B0| can 
reach 67 000 nT), which creates great interference unavoidably arising when the FGM 
rotates during its movement. The interference signal 𝑑𝐵 at the output of the FGM sensor 
is proportional to the derivative of the field vector projection onto the sensor axis with 
respect to the angle ζ between B0 and the sensor axis: 

 𝑑𝐵 |𝐁 | sin ζ 𝑑ζ. (18.1) 

As follows from formula (18.1) for a sensor being at given moment orthogonal to the 
vector B0, the change in the rotation angle 𝑑ζ only by one thousandth of degree can lead 
to the appearance of an additional signal up to 1.2 nT. Therefore, the application of 
magnetometers for operation on mobile carriers is limited by the recording of variations 
of B0 absolute value, which is characteristic for scalar magnetometers. The latter, 
however, are inferior to the FGMs by such important parameters as weight, size, and price. 

To obtain additional information about the orientation of the FGM axes during its motion, 
a promising way is the use of an additional magnetometer installed on the ground at the 
site of work and properly oriented. (The data from the FGM of the nearest geomagnetic 
observatories are not considered here because they do not contain magnetic disturbances 
of a local origin). The axes direction of the moving FGM relatively to the axes of the 
stationary FGM, which is denoted here as the reference magnetometer (RM), may be then 
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calculated by comparing the projections of the magnetic field vector in both 
magnetometers at every time moment. Let us analyze the possibility to use FGMs for 
magnetic field components measurements in flight with enough high resolution for 
practical needs. 

18.2. Reduction of the Moving Magnetometer Axes Direction  
to the Reference Magnetometer Axes 

Here, the axes of the reference magnetometer are the RM axes and axes of moving 
magnetometer are the FGM axes. The axes of the RM and FGM and their unit vectors are 
denoted by 𝑥  and 𝐞 , where the index m = 1, 2, 3 refers to the x, y, z axes, 
respectively, and the index n = 1, 2 relates to the RM and the FGM, respectively  
(Fig. 18.1). 

 

Fig. 18.1. Moving FGM axes angles positions relatively to the RM axes. 

Then the vector B of the measured magnetic field can be written in the form: 

 𝐁 B 𝐞 B 𝐞 B 𝐞 B 𝐞 B 𝐞 B 𝐞 ∑ B 𝐞 , (18.2) 

At scalar multiplication of equality B 𝐞 B 𝐞 B 𝐞 B 𝐞 B 𝐞
B 𝐞  sequentially by the unit vectors 𝐞 , taking into account their mutual 
orthogonality, from (18.2) we can get that: 

 B 𝛼 B , (18.3) 

where p = 1, 2, 3; B  and B  are the column matrix of the vector B in the coordinate 

system of RM and onboard FGM respectively, 𝛼  is the direction cosines matrix, 
which is equal to 
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 𝛼
cos 𝛼 cos 𝛼 cos 𝛼
cos 𝛼 cos 𝛼 cos 𝛼
cos 𝛼 cos 𝛼 cos 𝛼

, (18.3a) 

where 𝛼  is the angle of the 𝑥  axis with respect to the 𝑥  axis. The description of the 
FGM rotations with the help of the direction cosines has redundancy, since it requires 9 
parameters and, correspondingly, additional computing powers, while for the description 
of rotation only 3 parameters are needed. 

When calculating the rotations of the coordinate system, the Euler angles α, β, γ 
(respectively the precession angle, the nutation angle and the angle of proper rotation) are 
most often used [1]. They are formed by three consecutive rotations of the initial 
coordinate system to the angles α, β, γ around the axes 𝑥 , 𝑥 , 𝑥 , respectively, where 
𝑥  is the axis formed by the 𝑥  axis, when the FGM rotates through an angle α; 𝑥  is 
the axis formed by the 𝑥  axis with a sequential rotation of the FGM by the angles α and 
β (Fig. 18.2). 

 

Fig. 18.2. Description of the FGM rotation in the Euler angles system. 

The line along which the planes 𝑥 𝑥  and 𝑥 𝑥  intersect is called the node line. The 
precession angle is the angle between the 𝑥   axis and the node line, the nutation angle is 
the angle between 𝑥  and 𝑥  axes, the angle of proper rotation is the angle between the 
𝑥  axis, and the node line. The result of these rotations can be described by a rotation 
matrix [R] keeping the length of the vector: 

 𝐑
cos 𝛼 cos 𝛾 sin 𝛼 cos 𝛽 sin 𝛾 cos 𝛼 sin 𝛾 sin 𝛼 cos 𝛽 cos 𝛾 sin 𝛼 sin 𝛽
sin 𝛼 cos 𝛾 cos 𝛼 cos 𝛽 sin 𝛾 sin 𝛼 sin 𝛾 cos 𝛼 cos 𝛽 cos 𝛾 cos 𝛼 sin 𝛽

sin 𝛽 sin 𝛾 sin 𝛽 cos 𝛾 cos 𝛽
.  (18.4) 

Euler angles are convenient for physical interpretation of rotations, since they are 
intuitively understandable, and also when describing time-constant rotations. However, 
the description of continuous rotations with the help of Euler angles has a number of 
significant drawbacks: 
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 Rotations are not commutative; 

 Interpolation of rotations presents a significant difficulty; 

 There is a problem of singularity (the so-called gimbal lock). 

Therefore, for our case we use Euler rotation theorem, which says that any rotation (or 
rotation sequence) can be described by an equivalent rotation around an axis in space by 
an angle θ. This axis is called the Eulerian and is described by the unit vector u. Therefore, 
the description of the rotation of the FGM in space can be carried out with the help of a 
combination of the vector u and the scalar θ. This makes it possible to use the quaternion 
formalism describing rotations with hypercomplex numbers in 4-dimensional Euclidean 
space [1, 2]. 

In quaternion formalism, any rotation can be described using a 4-dimensional vector 
(quaternion) with a basis (1, i, j, k): 

𝝠 𝜆 , 𝜆 , 𝜆 , 𝜆  𝜆 𝜆 𝐢 𝜆 𝐣 𝜆 𝐤 exp 0.5θ 𝑢 𝐢 𝑢 𝐣 𝑢 𝐤 , (18.5) 

where i, j, k are hypercomplex numbers, 𝑢 , 𝑢 , 𝑢  are the components of the unit vector 
u= 𝑢 , 𝑢 , 𝑢  ), that define the Euler axis, θ is the angle of FGM rotation around this axis. 
The elements of the basis obey the following rules of multiplication 

 𝐢 𝐣 𝐤 𝐢𝐣𝐤 1; 

 𝐢𝐣 𝐤, 𝐣𝐤 𝐢, 𝐤𝐢 𝐣; (18.6) 

 𝐣𝐢 𝐤, 𝐤𝐣 𝐢, 𝐢𝐤 𝐣. 

In this case, the operation of multiplication for quaternions is not commutative, but the 
laws of associativity and distributivity still hold. 

It follows from (18.5) that the elements of the 4-dimensional vector are equal to 

 𝜆 cos 0.5θ , 𝜆 𝑢 sin 0.5θ ,  𝜆 𝑢 sin 0.5θ , 𝜆 𝑢 sin 0.5θ . (18.7) 

Therefore, for any vector p, its rotation about the axis u by the angle θ can be written in 
the form: 

 𝐩 𝝠𝐩𝝠 , (18.8) 

using the Hamilton product, where 𝐩 is the resulting vector, 𝝠  is the inverse quaternion, 
which equals to 

 𝝠 𝝠∗/‖𝝠‖ , (18.9) 

𝝠∗ is the conjugate quaternion equal to 

 𝝠∗ 𝜆 𝜆 𝐢 𝜆 𝐣 𝜆 𝐤, (18.10) 



Chapter 18. Study of the FGM Application Peculiarities on Mobile Carriers 

435 

‖𝝠‖ is the quaternion norm equal to 

 ‖𝝠‖ 𝝠𝝠∗ . 𝝠∗𝝠 . 𝜆 𝜆 𝜆 𝜆 . . (18.11) 

In this case 𝝠𝝠 𝝠 𝝠 1 , and the Hamilton product of two quaternions 
(𝜆 , 𝜆 , 𝜆 , 𝜆 ) and (𝜂 , 𝜂 , 𝜂 , 𝜂 ) is equal to 

 (𝜆 , 𝜆 , 𝜆 , 𝜆 𝜂 , 𝜂 , 𝜂 , 𝜂  

 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 , 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂  

 𝜆 𝜂 , 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 , 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 𝜆 𝜂 . (18.12) 

For quaternion 𝝠 𝜆 , 𝜆 , 𝜆 , 𝜆  the rotation matrix is [2] 

 𝐐
1 2𝜆 2𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆

2𝜆 𝜆 2𝜆 𝜆 1 2𝜆 2𝜆 2𝜆 𝜆 2𝜆 𝜆
2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 1 2𝜆 2𝜆

. (18.13) 

Then the result of the rotation of the FGM with respect to the RM can be written in the 
form: 

 B 𝐐 B . (18.14) 

To calculate in the RM coordinate system the components of the vector B, measured by 
the FGM, the following transformation should be carried out: 

 B 𝐐 B , (18.15) 

where 

 𝐐
1 2𝜆 2𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆

2𝜆 𝜆 2𝜆 𝜆 1 2𝜆 2𝜆 2𝜆 𝜆 2𝜆 𝜆
2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 2𝜆 𝜆 1 2𝜆 2𝜆

, (18.16) 

is the transposed matrix (18.13). 

Elements of the quaternion Λ can be calculated on the basis of the vector and scalar 
products of the vector B in the coordinate systems of the FGM and RM: 

 𝐁 𝐁
𝐞 𝐞 𝐞
B B B
B B B

B B B B 𝐞  

 B B B B 𝐞 B B B B 𝐞 𝐮|𝐁 ||𝐁 | sin θ, (18.17) 

 𝐁 ∙ 𝐁 ∑ B B cos θ |𝐁 ||𝐁 | cos θ, (18.18) 
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where B1, B2 are the magnetic field vector in the coordinate systems of RM and FGM 
respectively,  

 𝐮 u 𝐞 u 𝐞 u 𝐞 , (18.19) 

 u B B B B /|𝐁 |,  

 u B B B B /|𝐁 |, 

 u B B B B /|𝐁 |, (18.20) 

 |𝐁 | B B B B B B B B B B B B . , (18.21) 

 |𝐁 | B B B
.

, |𝐁 | B B B
.

, (18.22) 

from what it follows that 

 λ cos 0.5arcsin 
|𝐁 |

|𝐁 ||𝐁 |
 

 cos 0.5arccos ∑ B B / |𝐁 ||𝐁 | , (18.23) 

 λ u sin 0.5arcsin |𝐁 |/ |𝐁 ||𝐁 |   

 u sin 0.5arccos ∑ B B / |𝐁 ||𝐁 | , p=1, 2, 3. (18.24) 

The direction of the Euler axis can be specified by two angles: 

 the azimuth angle φ (relative to the direction of the magnetic meridian); 

 the ascent angle ψ (relative to the horizontal plane). 

It follows from relations (18.19)-(18.22) that 

 φ arctg B B B B / B B B B , (18.25) 

 ψ arcsin B B B B /
B B B B B B B B

B B B B

.

. 

   (18.26) 

From these calculations it follows that having simultaneous measurement data from both 
RM and FGM it is possible to calculate true FGM axes direction for every time moment 
(without taking into account the components of the anomalous magnetic field). Further 
development of such a property will allow us to use the vector magnetometer (FGM in 
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our case) for components of magnetic field measurements in movement what will open 
new possibilities for geophysics and applied tasks (e.g., finding of the engineering 
constructions or UXO). Next sections describe the first attempt of the FGM using onboard 
a drone and necessary conditions to complete successful solution for these tasks. 

18.3. Flux-Gate Magnetometer Design for Mobile Carrier 

As it was stated above, FGM is the most suitable for vectorial magnetic field 
measurements with drones and its use for small magnetic targets detection was proposed. 
Let us examine the possibility to develop FGM specially as a basic magnetometer for 
moving carrier applications. The most important parameter characterizing magnetometer 
quality is magnetic noise, which arises due to fluctuations determined by periodic 
magnetization of the FGM sensor core. For decrease the noise level, the primary attention 
has to be paid to the selection of the best material for the sensor core, its annealing and 
excitation modes. Also, the proper selection of sensor housing material has to be made. It 
is assumed that the quality of electronic components used for FGM manufacturing allows 
neglecting their influence at the final FGM parameters. Taking into account very limited 
energetic capability of the drone, it is necessary also to decrease as much as possible the 
FGM power consumption with retention of low noise level, which regularly increases with 
lowering of consumed power. Finally, because of drone movement, the broadening of a 
frequency range should be done because usually the regular FGMs are designed for 
measurement in a stationary position of very slow fluctuations of magnetic field  
(~DC-1 Hz). 

The detailed analysis of the ways to fulfil necessary requirements to low power FGMs 
was presented in [3]. The use of recommendations given there allowed the development 
of the customized FGM LEMI-026 which has several advantages relatively to the best 
found in the publications drone-oriented FGM – MagDrone Two [4]. The comparison of 
technical parameters of these two FGMs is given in Table 18.1. 

From this table it is evident that the developed magnetometer has strong advantages as to 
the most important parameters – sensitivity threshold and especially power consumption. 
Also from the published parameters one may conclude that MagDrone Two contains an 
FGM only, whereas LEMI-026 is a complete instrument with internal data registration 
which may be used fully autonomously suspended to drone. 

The external view of LEMI-026 FGM for the drone use is given in Fig. 18.3 – both with 
weather-proof housing and without. 

The successful design of this magnetometer allowed us to carry out the field tests, the 
results of which were extremely important to substantiate the possibility of high resolution 
measurement of the anomalous magnetic field components in movement. The field tests 
results processing and their discussion are given below. 
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Table 18.1. Comparison of LEMI-026 and MagDrone Two Main Technical Parameters. 

Parameter LEMI-026 MagDrone Two 
Measured range of the magnetic field ±70000 nT ±75000 nT 
Frequency range DC…100 Hz No data 
Sample rate 250 Hz 200 Hz 
Noise level at 1 Hz 10 pT/Hz 25 pT/Hz 
ADC (6 channels) 32 bits 24 bits 
Tilt measurement range ±30° No data 
Tiltmeter resolution 0.01° No data 
Operating temperature range -20… +60° C -20 to +50° C 
Power supply voltage 5  0.25 V 12 V 
Maximal power consumption < 1.2 W 6 W 
Recording time with 1900 mAh internal battery 5 h No data 
GPS Receiver 
time stamps error 
maximal data rate 

<100 ns 
10 Hz 

No data 

Digital interface USB Serial to USB 
Volume of SD memory card 8 GB No data 
Internal memory – 512 MB 
Weight < 1.25 kg 0.91 kg 

Dimensions: 

Electronic unit 
with sensor and 
battery 
Ø 96×270 mm 

Electronic unit 
230×128×73 mm 
Sensor  
149×26×26 mm 

 

 

Fig. 18.3. LEMI-026 magnetometer. 

18.4. Drone-Mounted FGM Flight Experiment 

18.4.1. LEMI-026 Magnetometer Dynamic Parameters Analysis in Flight 

Two LEMI-026 magnetometers were used in our flight experiment. First one – reference 
magnetometer or RM was installed and leveled horizontally in the area of experiment and 
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its x-axis was oriented to magnetic north. The second one, FGM was fixed with the help 
of a gimbal (Cardan) suspension to an experimental drone. The analysis of data obtained 
during this experiment along a selected trajectory was carried out at use of the drone flight 
sections, which are shown in Fig. 18.4a, above. At the bottom of Fig. 18.4a the difference 
of the magnetic vector absolute values of the FGM and RM with normalization to zero 
value at position of the FGM on ground near RM, is shown. The ends of every section are 
numbered from 1 to 10. Each trajectory section may be indicated by two digits (the first 
one is the beginning; the second one is the end of the section). At Fig. 18.4b the map of 
drone flight is given for reference. 

 

Fig. 18.4 (a). The sections of the LEMI-026 FGM trajectory (above) and the corresponding 
differences between the magnetic vector absolute values of FGM and RM (below). 

 

Fig. 18.4 (b). The flight map. 
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The raw data of both magnetometers, shown in Figs. 18.5, 18.6 below, were analyzed. On 
their basis, the dynamic parameters associated with the rotation of the onboard 
magnetometer relatively to the reference magnetometer were calculated, namely: φ is the 
azimuth of the axis of rotation, ψ is the angle of ascent of the rotation axis, θ is the angle 
of the onboard FGM rotation relatively to the rotation axis. In this case, the errors in 
determining the values of the dynamic parameters do not exceed 2 percent even in the 
presence of magnetic anomalies with a value up to 1000 nT. This representation is quite 
obvious and has no disadvantages inherent to parameterization of rotation with the help 
of Euler angles (gimbal lock). The examples of the calculation results for sections 1-2,  
2-3, 8-9, 9-10 of the trajectory are shown in Figs. 18.7-18.10 (a-c). 

 

Fig. 18.5. Components and absolute values of the measured magnetic field. 

 

Fig. 18.6. Components and absolute values of the magnetic field measured by RM  
in the same scale. 
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(a) 

 

(b) 

 

(c) 

Fig. 18.7. The values of φ, ψ, θ at sections 1-2. 



  Physical Sensors, Sensor Networks and Remote Sensing 

 442

 

(a) 

 

(b) 

 

(c) 

Fig. 18.8. The values of φ, ψ, θ at sections 2-3. 
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(a) 

 

(b) 

 

(c) 

Fig. 18.9. The values of φ, ψ, θ at sections 8-9. 
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(a) 

 

(b) 

 

(c) 

Fig. 18.10. The values of φ, ψ, θ at sections 9-10. 
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From the results of calculation of the FGM rotation parameters, it is seen that the average 
value of the azimuth angle φ0 was within -20... -50 deg. with maximum deviations Δφmax 
in the range of +50... -60 deg. At a number of sections, the oscillations of the azimuth 
angle, without taking into account the edge parts, were insignificant (Δφ ≤ ± 3 degrees). 
The average value of the ascent angle of the rotation axis ψ0 was within 17-23 degrees 
with fluctuations Δψmax within the limits of 12... 24 deg. In the 1-2, 2-3, 8-9 sections, the 
Δψ fluctuations, without taking into account the edge parts, were less than ±2 deg. The 
average value of the rotation angle θ0 of the on-board magnetometer relatively to the RM 
was 30... 35 deg. at sections 1-2, 2-3 (fluctuations Δθmax within 28... 40 deg) and  
16... 19 degrees at sections 8-9, 9-10 (fluctuations Δθmax in the range of 11... 36 deg). The 
change in the mean value of θ0 has occurred unevenly from the time 11:50:30, when the 
average values of the magnetic field components measured by the on-board magnetometer 
have changed significantly (see Fig. 18.5). At all the sections, the oscillations of Δθ, 
without taking into account the sections edges, were no more than ±2 deg. From the results 
of calculating FGM rotation parameters it also follows that, as a rule, the maximum 
change in the angles φ, ψ, θ occurred at the initial and final parts of the profile, which is 
quite obvious (maneuvering!). It should also be noted that for all angles regular 
oscillations with a period of about 3.6 s are observed, what corresponds to the natural 
oscillations of a physical pendulum with a length of 3.2 m, i.e. with the length of the FGM 
suspension (see also Fig. 18.11, where the increments of magnetic field during the motion 
of the FGM along sections 8-9, 9-10, caused, most likely, by changing the distance to the 
Earth's surface due to the pendulum effect, are shown). 

 

Fig. 18.11. Increments of the magnetic field absolute value at the drone movement  
along sections 8-9, 9-10. 

Further conclusions are based on the assumption that the reference magnetometer was not 
in a high-gradient field (i.e., near the hidden ferromagnetic masses) and its z axis is only 
slightly inclined from the vertical direction (no more than 1 deg.). The deviation of the 
mean value of the ascent angle of the rotation axis ψ0 from zero value indicates that there 
was a noticeable permanent deviation of the FGM suspension from the vertical position. 
In turn, the deviation of the mean value of the angle of the FGM rotation φ0 from zero 
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indicates that the real rotation of the FGM relatively to the axis of rotation occurred with 
respect to the position determined by the mean values of the angles φ, ψ, θ and did not 
exceed ±12 degrees (without taking into account the sections edges Δθ ≤ ±2 degrees). 
Such a deviation of the mean values of the indicated angles from zero corresponds to the 
situation when the axes of the Cardan suspensions were not in the horizontal plane (i.e., 
there was a noticeable deviation of the drone from the horizontal position), and the FGM 
was set so that its x, y axes were not parallel to the axes of Cardan suspension. 

Hence it follows the conclusion: for a more predictable spatial position of the moving 
FGM axes it is recommended to replace the double Cardan suspension (with horizontal 
axes) by, for example, a ball or any flexible suspension. 

18.4.2. Example of Localization of a Small Ferromagnetic Anomaly 

At the sections 1-2, 2-3, 3-4, and 4-5, a small ferromagnetic anomaly with a field 
increment of about 20 nT was observed (see Fig. 18.12). Localization of the increment 
maxima for Δ|B| at the indicated sections is shown in Fig. 18.13. 

 

Fig. 18.12. The increments of the absolute value of the magnetic field Δ|B| along the sections 1-2, 
2-3, 3-4, 4-5. 

It follows that the observed anomaly is compact in nature and was located between the 
points lying at the sections 2-3, 3-4, (the distance between them is about 3 m).  

Let us estimate the field of such an anomaly in the ferromagnetic sphere approximation. 
In this case, the vector of the magnetic field can be written in the form: 

 Bm=aDMm, (18.27) 
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where m = x, y, z; a  = μ0/(4πr5); r = (x2+y2+z2)0.5; D = [dij] – coordinate matrix;  
d11 = 2x2-y2-z2, d12 = d21 = 3xy, d13 = d31 = 3xz, d22 = 2y2-x2-z2, d23 = d32 = 3yz,  
d33 = 2z2-x2-y2; Mm – matrix of the Cartesian coordinates of a steel sphere with a magnetic 
moment [5], 

 Mm = 4πR3(μs – μ0)B0,m/(μ0(μs + 2μ0)), (18.28) 

B0,m is the matrix of the Cartesian coordinates of Earth’s magnetic field components;  
μ0 = 4π×10-7 H/m is the absolute permeability of free space; μs = 300μ0 is the absolute 
permeability of the sphere (approximately corresponds to the magnetic permeability of an 
ordinary steel). 

If we assume that the on-board magnetometer was 0.5 m above the ground, then it follows 
from relations (18.27), (18.28) that the observed anomaly may be approximated by a steel 
sphere with a radius R = 9 cm. 

 

Fig. 18.13. Localization of anomalous increments of the magnetic field absolute value  
at the sections 1-2, 2-3, 3-4, 4-5. 

18.5. Evaluation of the Possibility of Obtaining Data about the Anomalous 
Magnetic Field Components Using an Inclinometer 

Let us consider the possibility arising when using a biaxial inclinometer in conjunction 
with the FGM, when both are located on a mobile carrier. Let us select the SCA100T-D01 
inclinometer as a precision device which provides a resolution of up to 0.0025 deg in the 
angle range of ±30 deg. Its upper limiting frequency is 18 Hz, the impact resistance is up 
to 2000 g. We denote the axes of the inclinometer 𝑥 , where m = 1, 2, 3 refers to the x, 
y, z axes, respectively, and in the normal position, when the inclination angles are zero, 
the 𝑥  and 𝑥  axes of the inclinometer coincide in direction with the axes 𝑥  and 𝑥  
of the FGM, and axis 𝑥 , which is virtual, coincides in direction with the 𝑥  axis. Then 
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the equation of the 𝑥 𝑂𝑥  plane of the FGM in the coordinate system of the 
inclinometer can be written in the form 

 𝐴 𝑥 𝐵 𝑥 𝐶 𝑥   0, (18.29) 

where 𝐴 , 𝐵 , 𝐶  are unknown coefficients. 

The tilt angles 𝛼  and 𝛼  of this plane are known (are measured by inclinometer) and are 
shown in Fig. 18.14. They are the inclination angles of its traces on vertical planes 
relatively axes 𝑥  and 𝑥  respectively. So they are formed by the intersection of the 
vertical planes 𝐴 𝑥   0 and 𝐵 𝑥   0 with the plane 𝑥 𝑂𝑥  respectively (or the 
planes 𝑥   0 and 𝑥   0 with the plane 𝐴 𝑥 𝐵 𝑥 𝐶 𝑥   0). 

 

Fig. 18.14. R of the FGM axes in the vertical plane. 

Then from the equations of these traces 𝑥   𝑘 𝑥  and 𝑥   𝑘 𝑥  it follows that 
𝐴 𝑥 𝐶 𝑥   0 and 

 𝑘   𝐴 /𝐶   tan 𝛼 , (18.30) 

as well as 𝐵 𝑥 𝐶 𝑥   0 and 

 𝑘   𝐵 /𝐶   tan 𝛼 . (18.31) 

In this case 

 𝐴   𝑘 𝐶 , 𝐵   𝑘 𝐶 . (18.32) 

After substitution of Eqs. (18.30) in Eq. (18.29) we get 

 𝑘 𝐶 𝑥 𝑘 𝐶 𝑥 𝐶 𝑥   0, 

or 
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 𝑘 𝑥 𝑘 𝑥 𝑥   0 . (18.33) 

It is seen that Eqs. (18.30), (18.31) are the equations with known coefficients for FGM 
plane 𝑥 𝑂𝑥  in the inclinometer coordinate system. So the ort to the plane (18.29) has 
the coordinates n  𝑘  , 𝑘  , 1  or n  𝑘  , 𝑘  , 1 , i. e. 

 𝑛   𝑘 , 𝑛   𝑘 , 𝑛   1 or 𝑛   𝑘 , 𝑛   𝑘 , 𝑛   1, (18.34) 

and tilt angle 𝛼 , which can be found from the following relation: 

 tan 𝛼   𝑛 /𝑛   𝑛 , (18.35) 

where 

 𝑛   𝑛 𝑛 . . (18.36) 

Hence it follows that the horizontal and vertical components of magnetic field B2 
measured in RM coordinate system are equal to 

 B   B sin α B cos α   B 𝑛 B /n, (18.37) 

 B   B cos α B sin α   B B 𝑛 /n, (18.38) 

where 

 B   B B
.

, (18.39) 

 n  𝑘 𝑘 1
.

. (18.40) 

At that, the anomalous magnetic field components are equal 

 B   B B , (18.41) 

 B   B B , (18.42) 

where 

 B   B B
.

. (18.43) 

So, the expressions (18.41) and (18.42) confirm that in such a way both horizontal and 
vertical components of the anomalous magnetic field may be obtained in motion. 

18.6. Conclusion 

The theoretical study and field tests results given above confirm that it is possible to 
reliably calculate the horizontal and vertical components of the anomalous magnetic field 
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measured in movement by a vector magnetometer mounted onboard of a small carrier 
such as drone. For this a system has to be prepared containing RM and a drone equipped 
with suspended FGM and two-component inclinometer with the axes of the latter strictly 
aligned according to FGM horizontal axes. To execute field measurements, it is 
recommended to proceed with following stages: 

1. To place RM horizontally (with the leveling instrument) in a studied area selecting the 
place without significant magnetic field gradients and then to align it along the magnetic 
meridian. 

2. To place FGM in the nearest proximity to RM and to check the drone influence on FGM 
(to compare the magnetic field absolute values). 

3. To carry out the necessary field measurements and obtain the magnetic field  
B -components, i = 1, 2, 3., and n = 1,2. 

4. To find from Eqs. (18.30), (18.31), (18.34)-(18.40) the required horizontal B  and 
vertical B  components of measured magnetic field. 

5. To calculate the horizontal and vertical components B , B  of anomalous magnetic 
field by relations (18.41)-(18.43). 

This research is further continued to estimate the possible errors of such measurements 
with a corresponding instrumentation set. 

References 

[1]. L. A. Pars, A Treatise on Analytical Dynamics, Ox Bow Press, 1981. 
[2]. J. P. Morais, S. Georgiev, W. Sprößig, Real Quaternionic Calculus Handbook, Birkhäuser 

Basel, 2014. 
[3]. V. Korepanov, A. Marusenkov, Flux-gate magnetometers design peculiarities, Surveys of 

Geophysics, Vol. 33, 2012, pp. 1059-1079. 
[4]. SENSYS GmbH, http://www.sensysmagnetometer.com/en/magdrone-two.html 
[5]. R. Fitzpatrick, Classical Electromagnetism, Create Space Independent Publishing Platform, 

2016.  
 



Chapter 19. Review of Environmental Detection Based on Microwave Technologies of Resonators, 
Transmission Lines, Radiometers and Radars Sensors 

451 

Chapter 19 
Review of Environmental Detection  
Based on Microwave Technologies of 
Resonators, Transmission Lines, Radiometers 
and Radars Sensors 

Majid Ndoye, Issam Kerroum, Dominic Deslandes  
and Frédéric Domingue1 

19.1. Introduction 

Today, with technological advances in different fields and the desire for automated and 
robotized companies, the need for sensors has increased in many areas, especially 
aeronautics, automotive, domestic, industrial, etc. Presently, one of the most targeted 
applications is environmental detection devices, such as sensors for temperature, 
humidity, pressure, toxic gas and air quality control. 

Several types of sensor technologies are currently available on the market, such as 
catalytic, chemical, optical, piezoelectric, thermal and MOS sensors. However, most of 
these technologies have a complex operating principle, leading to higher costs for 
environmental sensors on the market. 

Recently, research has focused on the design and realization of environmental sensors 
using microwave technology. Indeed, microwave technology has the advantage of being 
harnessed wirelessly, passively and at a lower cost. Among the various types of existing 
microwave sensors, four technologies will be presented and detailed in the present 
chapter: transmission sensors, resonator sensors, radiometer sensors and radar sensors. 

This work briefly reviews these four different categories of microwave sensors developed 
regularly for humidity, temperature, pressure and gas sensing applications. For each type 
of technology, a description as well as the operating principle and the sensing application 
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are presented. Finally, future perspectives and challenges associated with these 
technologies will be summarized. 

19.2. Classification of Each Type of Microwave Sensor and Operating 
Principle 

19.2.1. Transmission Sensors 

19.2.1.1. Description 

A transmission line is a structure used for confining and controlling the propagation of the 
electromagnetic signal or wave within a propagation channel in a physical medium devoid 
of an electric charge (dielectric) and favoring the transmission of the electromagnetic 
signal from a point 𝑥  to a point 𝑥 . Fig. 19.1 shows the propagation of an EM signal in a 
dielectric structure. 

 

Fig. 19.1. Propagating EM signal in a dielectric material. 

19.2.1.2. Operating Principle 

The oldest and most commonly used microwave component in sensing application is the 
transmission line. Its success lies in the simplicity of its operating principle. The 
functioning of such a device is well mastered today and simple enough to grasp the 
electromagnetic waves which propagate in a propagation channel arranged between the 
two elements of an electromagnetic wave: the emission and reception of the 
electromagnetic signal. The microwaves can be measured, and the attenuation or phase 
shift caused by the presence of the layer was determined. 

The theory is particularly based on the phase shift formula below [1]: 

Before transmission:  

    1 0 exp ' exp ''s sE E jk x k x   , (19.1) 

where k  is the propagation factor which is defined by: 
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and E  is the amplitude (peak value) of wave.  

After transmission:  

     2 0 0exp ' exp ''s d d s dE E j k x k x x k x       , (19.3) 

where k0 is the propagation factor in the vacuum, from which me obtain the phase shift 
∆φ and attenuation ∆a 
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Thus, a sample sensitive to a physical parameter to be detected may be included in the 
propagation channel. 

Thus, given that the signal passes through a sensitive material, a change of state of the 
sensitive material results in a disturbance of the signal received at the receiving terminal. 
The delay accumulated during the transmission of the microwave signal due to the 
presence of a disturbing factor constitute the criterion for detecting such devices. 

19.2.1.3. Environmental Sensing Application 

Depending on the nature of the sample placed within the transmission channel and the 
physical parameter to be detected, we can identify several types of environmental sensors. 
For example, the humidity sensors presented in [5] or the temperature sensor in [10]. 
Those sensors are realized entirely under microstrip line technology. Often, many 
microwave-type environmental sensors employ acoustic technology for the 
implementation of the delay line, as demonstrated in [8] for a humidity sensor, in [9] for 
a temperature sensor or in [14] for gas sensor. The semiconductor technologies are often 
the most present and solicited in the sensor market, due to the maturity of these 
manufacturing techniques, permitting a substantial reduction in the cost of these devices 
for mass production.  

Other types of transmission line microwave sensors exist with less common methods, such 
as optical [12-13], for humidity and temperature detection, respectively, or a deformable 
structure [3], as a flexible and stretchable tactile pressure sensor, but these methods are 
often not well mastered and present low sensitivity performances. 

Table 19.1 presents a review of the state-of-the-art sensors of transmission sensors in 
environmental detection by type of structure, manufacturing technique, and environment 
parameter detected. While transmission line is a very popular technology in the field of 
microwaves, several limitations can be outline, such as the dependence on the thickness, 
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the density or the physical dimension of the sample, the electrical properties of the layer, 
the humidity, temperature or other surrounding environmental parameters. In uncontrolled 
conditions, these parameters can lead to inaccurate measurements. Few solutions were 
developed in aim to compensate these inconvenient. However, the defects related to the 
limitations of the layers can only be minimized by using complex structures. Those 
modifications lead an increasing of the price of the sensors that would lose the advantage 
of low cost promoted by this microwave technology.  

Table 19.1. Review of the state-of-the-art sensors of transmission sensors in environmental 
detection by type of structure, manufacturing technique, and environment parameter detected. 

Ref. Year Author Structure 
Manufacturing 

process 
Environmental 

parameter 

[2] 2015 
N. Meyne Née 
Haase, et al 

CPW 
transmission line 

Microsystems 
technology process 

Humidity/ 
Liquid 

[3] 2016 
M. D’Asaro,  
et al 

Deformable dielectric 
transmission line 

Printed molding 
techniques 

Pressure 

[5] 2012 R. Nair, et al 
Microstrip 
transmission line 

Printed Circuit 
Board (PCB) 

Humidity 

[6] 2014 
S. Balashov,  
et al 

SAW 
Delay-Line 

Microsystems 
technology process 

Humidity 

[7] 2014 Y.J. Lee, et al 
microstrip 
transmission line 

Printed Circuit 
Board (PCB) 

Gas 

[8] 2009 
R. Rimeika,  
et al 

SAW 
delay line 

Microsystems 
technology process 

Humidity 

[9] 2014 
K. Stroganov,  
et al 

SAW 
delay line 

Microsystems 
technology process 

Temperature 

[10] 2016 J. Yao, et al 
Microstrip 
transmission line 

Printed Circuit 
Board (PCB) 

Temperature 

[11] 2016 
S. Manatrinon, 
et al 

Coaxial 
Transmission line 

Microsystems 
technology process 

Humidity 

[12] 2016 
S. Sikarwar,  
et al 

Optic 
Laser transmission 

Microsystems 
technology process 

Humidity 

[13] 2017 H. Sun, et al 
Optical 
fiber 

Microsystems 
technology process 

Temperature 

[14] 2007 
M. Dragoman, 
et al 

Micromachined 
coplanar waveguide 

Microsystems 
technology process 

Gas 

[15] 2011 G. Barochi, et al 
Microwave 
transduction 

Printed Circuit 
Board (PCB) 

Gas 

[16] 2015 
F. J. Herraiz-
Martínez, et al 

MIW 
Delay-Line 

Printed Circuit 
Board (PCB) 

Temperature 

[17] 2016 
S. Subbaraj,  
et al 

EBG Planar 
transmission line 

Printed Circuit 
Board (PCB) 

Humidity 

 

19.2.2. Resonator Sensors 

19.2.2.1. Description 

A resonator is any structure allowing EM signals or waves to be trapped in a circular, 
rectangular, and often metallic cavity, giving rise to the reflections of these EM signals or 
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waves within the enclosure. These multiple random reflections of the EM waves 
eventually create a statistically isotropic and homogeneous electromagnetic field in the 
resonant cavity, giving the creation of resonance modes at certain frequencies, dependent 
on the size of the structure. As shown in Fig. 19.2. 

𝐿 

 𝑊
 

 

Fig. 19.2. Top view of a resonating EM signal in a resonant cavity structure. 

19.2.2.2. Operating Principle 

The resonators are structures used for different applications such as characterizing 
materials, making high-performance filters, etc. A microwave resonator is constituted by 
a transmission line with open (can be short too) impedance discontinuities. The 
transmission line can be manufactured with different kinds of structures supporting 
electromagnetic waves, such as hollow waveguides, coaxial lines, microstrips, striplines, 
dielectric slot lines, etc. The discontinuities of the impedance lead a reflection of the 
propagating waves. The waves are bouncing back and forth between two reflectors or 
reflecting discontinuities in the transmission line. Thus, this phenomenon spurs a resonant 
frequency through combining of propagation waves. This resonant frequency depends on 
the size of the device and the dielectric constant of the substrate. The generally known 
formula for the resonant frequency of a rectangular and a circular waveguide resonator 
are as follows [87]:  
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where W, L and h are the width, the length and the height of the rectangular cavity 
resonator respectively, c is the speed of light, ɛr is the dielectric constant of the substrate, 
and m, n and p are the indices modes. 
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where a is the radius, d is the length of the cavity, and the values of 𝜌  are zeros of the 
first derivative of the mth-order of the Bessel function of the first kind for a circular 
resonator. 

A resonator sensor can be easily constructed by introducing a sample material made of 
the same electromagnetic properties as the dielectric that filled the cavity of the resonator. 
So, with the presence of the physical parameter which will be detected, the 
electromagnetic properties of the cavity as the permittivity or permeability are affect and 
thus leads a variation of the resonant frequency of the resonator. The shift of the resonant 
frequency constitutes the sensor detection principle. 

19.2.2.3. Environmental Sensing Application 

Different types of material can be introduced within the resonator for the detection of 
different environmental parameters. We can quote for example [27] where the dielectric 
tin oxide (SnO2) is used in order to detect hydrogen. Or the introducing of ZnO at the 
bottom of the micro through-holes of a Film Bulk Acoustic Resonator (FBAR) used for 
moisture detection [29].  

Through micromachined technology, a resonator temperature was also achieved in [30] 
with a surface acoustic wave resonator on piezoelectric material for measuring the 
temperature of high-voltage switchgear.  

Recently, a different concept of resonator sensor was achieved through the creation of 
devices without the introduction of sensitive material, as in [26] for the creation of a 
humidity sensor or in [28] for the creation of a humidity and temperature multisensor 
structure in SIW technology.  

Table 19.2 presents a review of the state-of-the-art sensors of resonators sensors in 
environmental detection by type of structure, manufacturing technique, and environment 
parameter detected. 

In general, the microwave resonator is one of the most used technologies, due primarily 
to the sensitivity in the variations of the physical parameters of its structure. 

The remarkable advantage of microwave resonators is the versatility of their measurement 
principle. Thus, resonator sensors can be used in several types of applications, not only 
for detection but also for those for which they were not originally intended as for 
characterisation [34]. These structures are used for their high accuracy. In many situations, 
the resonator technology is found to be the most accurate and is the best device for the 
measurement of small, thin objects. The main limitation that is criticized and comes up 
regularly is the need for a sample with low dielectric loss and an optimal position in 
relation to the field presence zone E-field. 
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Table 19.2. Review of the state-of-the-art of resonators sensors of the last decade  
in environmental detection by type of structure, manufacturing technique, and environment 

parameter detected.  

Ref. Year Author Structure 
Manufacturing 

process 
Environment
al parameter 

[18] 2015 Z. Shaterian, et al Split ring resonator (SRR) 
Printed Circuit 
Board (PCB) 

Gas 

[19] 2014 B. Kim, et al 
Double splitring resonator 
(DSRR) 

Printed Circuit 
Board (PCB) 

Gas 

[20] 2017 F. Y. Kuo, et al 
Comb-finger structure 
based on MEMS 
architecture 

Microsystem 
technology 
process 

Temperature / 
pressure 

[21] 2015 
C. Arenas-Buendia  
et al 

Resonator gap waveguide 
LTCC 
technique 

Humidity 

[22] 2015 
M. H. Zarifi  
and M. Daneshmand 

Microstrip Microwave 
Resonator 

Printed Circuit 
Board (PCB) 

Humidity 

[23] 2014 H. Cheng, et al 
Microwave evanescent-
mode cavity resonator 

Microsystem 
technology 
process 

Pressure 

[24] 2016 J. M. Boccard, et al 
Metallization-free 
monolithic microwave 
dielectric resonator 

Printed Circuit 
Board (PCB) 

Temperature 

[25] 2016 
M. Abdolrazzaghi 
and M. Daneshmand 

Double uncoupled split-
ring resonators 

Printed Circuit 
Board (PCB) 

Humidity 

[26] 2015 
H. El Matbouly,  
et al 

Substrate Integrated 
cavity resonator 

Printed Circuit 
Board (PCB) 

Humidity 

[27] 2016 M. Ndoye, et al 
Substrate Integrated 
cavity resonator 

Printed Circuit 
Board (PCB) 

Gas 

[28] 2016 M. Ndoye, et al 
Monolithic multisensor in 
Substrate Integrated 
cavity resonator 

Printed Circuit 
Board (PCB) 

Humidity / 
Temperature 

[29] 2015 M. Zhang, et al 
Film Bulk Acoustic 
Resonator (FBAR) 

Microsystem 
technology 
process 

Humidity 

[30] 2015 B. Zhang, et al 
Surface Acoustic Wave 
Resonator 

Microsystem 
technology 
process 

Temperature 

[31] 2012 X. Ren, et al 
Cylindrical cavity 
resonator 

Printed Circuit 
Board (PCB) 

Temperature 

[32] 2008 
M. M. Jatlaoui,  
et al 

Coplanar Millimeterwave 
Resonator 

Microsystem 
technology 
process 

Pressure 

[33] 2009 F. Picaud 
Multiwalled Carbon 
nanotube Resonator 

Microsystem 
technology 
process 

Pressure 

19.2.3. Radiometer Sensors 

19.2.3.1. Description 

All matter is subject to the implacable law of interaction with the EM waves surrounding 
us. Thus, every physical body both radiates and absorbs EM radiation. A microwave 
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radiometer is any system or structure that is sensitive enough to detect EM waves from a 
physical body. Radiometers are thus structures exploiting the radiative property of matter 
as show in Fig. 19.3. 

�⃗�1 
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�⃗�3 

 

Fig. 19.3. Principle of receiving EM signal by a radiometer sensor. 

19.2.3.2. Operating Principle 

Microwave radiometers have several potential applications. Unfortunately, however, 
microwave radiometers cannot compete against other conventional microwave structures 
in many applications, due to the complex functional principle and mostly to their high 
cost. 

The techniques and principles of measurement vary, as some devices can measure the 
radiant flux of electromagnetic radiation with a rotor made with vanes (dark on one side 
and light on the other) in a partial vacuum and which spins away when exposed to light. 
The momentum of the absorbed light on the black faces constitutes the operating principle 
of radiometer sensors. 

Therefore, the operating principle of radiometers is based on the measurement of the 
intensity of radiation emitted by matter.  

The structure can measure the radiant flux of electromagnetic radiation with a device 
sensitive to the radiation strength coming from the surface of the object. This radiation 
force depends on many parameters of the exposed object, such as the temperature, 
permittivity and permeability. 

As a noise radiated by charges in thermal motion, radiation can be defined by combining 
equations from quantum physics, Boltzmann statistics, and Planck’s law for the brightness 
(Ӽ) of the surface of the object [88]: 

 Ӽ
3

2

2

1
p

hf

hf
c exp
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, (19.7) 

where Tp is the physical temperature, h is the Planck’s constant (h = 6.626.10-34 J.s), k is 
the Boltzmann constant (k = 1.38.10-23 J/K), c is the speed of light (c = 3.108 m/s) and f 
is the frequency. 



Chapter 19. Review of Environmental Detection Based on Microwave Technologies of Resonators, 
Transmission Lines, Radiometers and Radars Sensors 

459 

Then, in order to realize a microwave radiometer sensor, the radiometer device must be 
placed in front of the sample which is sensitive to the physical parameter to be detected. 
The radiometer receives a constant signal whose variation of the radiation emitted by the 
sample in a microwave frequency band can be detected. This variation will represent the 
principle of detection of the system. With (19.8), we can see that the physical properties 
allowing the detection of a variation are essentially based on the sample’s permittivity, 
temperature and permeability and on the properties related to the deformation or physical 
appearance of the sample’s K, h and f. 

19.2.3.3. Environmental Sensing Application 

Most environmental radiometer sensors are designed to detect temperature, as in the 
microwave range, where the radiation’s intensity is directly proportional to the physical 
temperature of the object and the emissivity. Often, therefore, several radiometer sensors 
are created for temperature detection, as in [35, 43-44]. Radiometers are most often used 
as environmental sensors integrated into a network where the sensitivity is used to detect 
environmental parameters, such as humidity [40-41] or gas [42], or multi-environmental 
sensors [37-39]. Table 19.3 presents a review of the state-of-the-art sensors of radiometers 
sensors in environmental detection by type of structure, manufacturing technique, and 
environment parameter detected. 

Table 19.3. Review of the state-of-the-art of radiometers sensors of the last decade  
in environmental detection by type of structure and environment parameter detected.  

Ref. Year Author Structure 
Environmental 

parameter 

[35] 2007 K. D. Stephan, et al Microstrip antenna array Temperature 

[36] 2014 P. R. Stauffer, et al Radiometer electronics Temperature 

[37] 2016 R. Ware, et al 
Multichannel Radiometric 
Profiler 

Temperature, humidity 
and cloud liquid 

[38] 2007 T. J. Hewison 
1-D variational (1DVAR) 
retrieval technique 

Temperature  
and Humidity 

[39] 2010 D. Cimini, et al 
1-D variational (1DVAR) 
retrieval technique 

Temperature  
and Humidity 

[40] 2011 S. Sahoo, et al 
Network of Compact 
Microwave Radiometers 

Humidity 

[41] 2006 S. Paloscia, et al AMSR-E System Moisture 

[42] 2008 
Nachappa 
Gopalsami, et al 

Dicke-switched multispectral 
radiometer 

Gas 

[43] 2016 Xiaoran Lv, et al AMSR-E System Temperature 

[44] 2016 Menglei Han, et al AMSR-E System Temperature 

 

The main advantage of radiometers is that they are mainly passive, due to their listening 
characteristics and sensitivities to electromagnetic waves. Radiometers can also be used 
in places where temperature and humidity are pushed to extreme values. They can be 
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subjected to imprecise measurements resulting from the extreme conditions. The main 
negative factor of radiometer sensors is their complex operating principles which often 
have high et complex design [77-86] and implementation costs. 

19.2.4. Radar Sensors 

19.2.4.1. Description 

Radar is any structure or system exploiting the reflective properties of electromagnetic 
waves in contact with a physical body. Radars transmit an EM signal and are able to 
evaluate the reflected return data of this transmitted signal within a predetermined delay 
and distance. Any electromagnetic wave in contact with a physical body is subjected to 
the phenomena of absorption of part of its energy and reflection of the other part of it. As 
shown in Fig. 19.4. 

𝑙 

∆𝑡 

 

Fig. 19.4. Operating principle of a radar sensor. 

19.2.4.2. Operating Principle 

Radar sensors are electronic devices based on the reflection of microwave signals coming 
from non-absorbing objects. The exploitation of the reflecting data enables the radar 
system to use radio waves to give information about the direction, distance, and/or speed 
of objects and outline them. Generally, radar sensors are used for distance, movement, 
position or speed measurement. However, the use of the reflection properties of 
electromagnetic waves in the context of radar can also be used for the determination of 
information, such as the shape, size and εr of the reflecting object. Thus, radars are systems 
using electromagnetic waves and are composed of an emitter responsible for sending the 
microwaves and a receiver at the same position as the emitter for receiving the return 
signals, called Echo-radar. The distance of the emitter from the objects is obtained by the 
round-trip travel time of the wave and the direction due to the angular position of the 
antenna of the receiver and the speed with the frequency shift of the return signal 
generated by the Doppler-Effect [88]. 

 
2l

t
c

  , (19.8) 

where l is the distance and c is the speed of light. 
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A radar used as a sensor has a simple principle for measuring material properties. This 
principle uses the measurement of the magnitude and the phase of the reflection 
coefficient, of the returning signal reflected on the surface of the sample. Radar 
technology can be used as a sensor by exploiting two properties of the radar system: 

The magnitude and the phase of the reflection coefficient of the returning signal is a 
function of the sample that changes with respect to a physical parameter to be detected. 

19.2.4.3. Environmental Sensing Application 

Radar sensors are known to be high-performance in their applications, due to the fact that 
these technologies are classified as active devices. Therefore, depending on the RF power, 
the distance between the sensor and the sample object can be increased, or the accuracy 
can be improved.  

Thus, a humidity radar was developed in [4] by using silicon nanowires that are very 
sensitive to environmental humidity variation, and in turn change the radar cross section 
(RCS) of the group of transmission lines or in [47] by using planar printed circuit board 
technology exploring harmonic radar to create a temperature sensor. For the detection of 
gas, the concept of sensors using a dielectric resonator operating with whispering-gallery-
modes was realized on micromachining technology. A particular concept is also 
developed in [51] for pressure and gas detection, and a contactless sensor concept is tested 
in a bi-static mmWave FMCW radar system.  

Table 19.4 presents a review of the state-of-the-art of radars sensors of the last decade by 
type of structure, manufacturing process and environment parameter detected. 

One of the greatest advantages of radar sensors is their versatilities. Radar sensors can be 
used in continuous wave or pulse signal. Thus, the frequency can be fixed for the working 
period or sweep in a frequency band. One of the other advantages of radar sensors is their 
ability to work in the time domain. However, the limitations of radar sensors lie in the 
need to have a transmitter and a receiver in the system. Also, this technology is not 
classified as passive sensors. 

19.3. Future Directions and Challenges 

In order to optimize microwave sensor performances, their robustness and their life-time, 
the scientific community turned towards the development and exploitation of new 
emerging technologies to fabricate new sensors. In the last few years, after the emergence 
of the generation of sensor-antenna which are structure integrating an antenna in their 
structure [53-55] one of the most explored sensing technologies has been based on flexible 
substrates. Devices based on this technology are usually fabricated by printing, which 
makes them low cost. This type of technology also presents numerous advantages, 
especially short response time, a good compatibility with different modern electronic 
packaging, as well as a small size and bendability, allowing them to be used for several 
applications, such as sensing in chemistry and biology [56-60], acousto-fluidic devices 
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for compact electronics packaging [61], pressure sensors [3], temperature sensors [62], 
humidity sensors [63-65] and piezoelectric flexibility for wearable applications [66]. 

Another technology that has been widely explored due to its multiple advantages is the 
Substrate Integrated Waveguides (SIWs). Their fabrication process based on PCB 
translates into a low fabrication cost. Their quality factor, their small size and their sensing 
mechanism based on permittivity variation make them excellent for gas detection  
[27, 34, 67] as well as for humidity detection [26]. Also, the possibility of integrating an 
antenna to the substrate integrated waveguide gives a tag that could be used for 
environmental detection as part of the sensor network [68]. The size of SIW sensors can 
even be reduced using slow wave technology by maintaining a good sensitivity [62-72]. 

Finally, their operating principle allows for the exploitation of different materials, 
especially biodegradable materials [73-76], which make them environmentally friendly. 

Table 19.4. Review of the state-of-the-art of radars sensors of the last decade in environmental 
detection by type of structure, manufacturing technique, and environment parameter detected. 

Ref. Year Author Structure 
Manufacturing 

process 
Environmental 

parameter 

[4] 2013 R. S. Nair, et al 
Group of 
transmission-line 
sections 

Printed Circuit 
Board (PCB) 

Humidity 

[43] 2015 B. Kubina, et al 
Patch antenna  
with dielectric 
resonator 

Printed Circuit 
Board (PCB) 

Temperature 

[44] 2011 
E. M. Amin,  
et al 

Multiresonator spirals 
on microstrip line 

Printed Circuit 
Board (PCB) 

Temperature 

[45] 2014 B. Kubina, et al 
2 Patch antenna  
with diodes 
components 

Printed Circuit 
Board (PCB) 

Temperature 

[46] 2016 A. Vena, et al 
Silicon Nanowires 
printed on resonator 

Printed electronics 
technology 

Humidity 

[47] 2014 B. Kubina, et al 
Patch antenna  
with diodes 
components 

Printed electronics 
technology 

Temperature 

[48] 2012 S. Bouaziz, et al Planar gap capacitor 
Micro-machining 
process 

Temperature 

[49] 2016 D. Henry, et al Patch array antenna 
Printed Circuit 
Board (PCB) 

Temperature 

[50] 2010 H. Hallil, et al 
dielectric resonator  
with radar module 

Micro-machining 
process 

Gas 

[51] 2014 C. Baer, et al Assembly test bench 
Mechanical 
assembly 

Gas/Pressure 

[52] 2016 D. Hotte, et al 
Slotted Waveguide 
Antenna Array 
(SWAA) 

Printed Circuit 
Board (PCB) 

Pressure 

[53] 2010 F. Chebila, et al 
Planar millimeter-
wave resonator 

Printed Circuit 
Board (PCB) 

Pressure 
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19.4. Conclusion 

This chapter presents a brief description of the various microwave technologies generated 
in the last decade. These devices have been grouped together in this chapter into four 
categories: transmission line sensors, resonator sensors, radiometer sensors and radar 
sensors. For each category, a brief description of the technology is provided, followed by 
a presentation of the theoretical operating principle, detailing how it can be used as an 
environmental sensor, and the environmental sensing applications are given. As other 
concepts of microwave environmental sensing are being developed, a short discussion 
about future works and challenges is also presented in this review. 
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Chapter 20 
Developments in Compact HF-Radar Ocean 
Wave Measurement 

Belinda Lipa, Maeve Daugharty, Maria Fernandes,  
Donald Barrick, Andres Alonso-Martirena, Hugh Roarty,  
Jaden Dicopoulos and Chad Whelan1 

20.1. Introduction 

The potential of high frequency (HF) radar devices for the remote measurement of sea-
surface parameters has been recognized since Crombie [1] observed and identified the 
distinctive features of sea-echo Doppler spectra. Barrick [2] modeled the first-order Bragg 
scatter from waves of half the radar wavelength moving toward and away from the 
transmitter to obtain data on surface currents. Analysis [3] of the second order spectral 
echoes that surround these Bragg peaks showed that they contain detailed information on 
the ocean-wave spectrum, which can be used to monitor sea state. Coastal HF radars that 
observed sea echo first followed conventional radar practice of forming and scanning a 
relatively narrow beam in bearing. This involved phased-array receive antennas hundreds 
of meters long, many dating back 50 years, that were also considered for beyond-the-
horizon military target detection. By phasing signals from these antenna elements, a beam 
was scanned in software. A separate broad-beam transmit antenna usually illuminated the 
sector seen by the receive array antenna (±45°). For example, the British Pisces [4] was 
demonstrated for sea- surface monitoring. 

In many locations it was difficult to obtain permits for the use of large conventional phased 
arrays, which led to the development of smaller broad-beam systems for use in current 
velocity mapping [5]. Sea-state extraction from the weaker second-order echo has had a 
more protracted evolution as this is a more difficult challenge. Numerous research papers 
document this 40-year history. We here describe two approaches to sea-state extraction 
and provide our assessment of present operational readiness. 

SeaSonde radars are used primarily for surface-current measurement, based on analysis 
of the first-order radar spectral echo. Wave parameters are derived from the portion of the 
                                                      

Belinda Lipa 
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weaker second-order radar Doppler echo that lies above the noise floor, meaning that 
analysis for wave information is restricted to closer ranges than for currents. If a pair of 
radars were required to map wave information, as is the case for total current vectors, 
there would be a difficult tradeoff in the spacing of the radars. The smaller, common 
coverage area for waves demands a smaller spacing that is far from optimal for currents. 
Thus a radar pair spaced for waves would reduce the effective current-mapping area by a 
large factor, because of geometrical dilution of precision: measured radial current vectors 
at a point on the map cannot be too close to parallel, as then robust total vectors cannot be 
produced. For this reason, the wave extraction methods for the SeaSonde apply to a single 
radar site, so pair-spacing does not come into consideration.  

For compact, crossed-loop antennas, methods were developed over a decade ago to apply 
where shallow water does not affect wave dispersion and second-order scatter. Only a 
single radar is needed to give local wave information, allowing operation from an offshore 
platform or small island. At present, wave information is derived from radar echo from 
each range cell, assuming ocean wave spectral homogeneity over the area covered. When 
wave fields are not perfectly homogeneous around more distant semi-circular range cells, 
the methods produce an average of the output parameters. These could be weighted toward 
angle sectors where the signal-to-noise ratio is stronger. In practice, checks are done to 
find the limiting range where the output wave parameters begin to change. This range 
limit needs to be set using our present method in order to maintain homogeneity. 
Similarly, the radar spectra at the inner ranges are checked for changes due to shallow 
water, and the affected range cells are not used for wave analysis. There will be always a 
need to analyze each station individually before clearing it for operational waves 
measurement use. 

Having derived exact expressions relating the second-order Doppler spectrum to wave 
spectra 45 years ago [2], it was anticipated that detailed directional sea-state information 
could be derived at many points on a radar coverage map. Years of mathematical attempts 
have shown this is not the case: robustness of wave information was consistently lacking. 
Lipa and Barrick [6] developed simulations to give the wave-height directional spectrum 
at each grid point by looking with two overlapping radars, just as with current mapping. 
In practice detailed wave spectral information was not consistently produced; this was 
found also in [7] for narrower-beam phased arrays. One reason, as we explain in the 
following section, appears to be current smearing inherent in the second-order echo that 
is needed for wave extraction. This has led us to seek a simpler model-fit method that 
seeks considerably less information from the radar echo.  

Lipa and Nyden [8] reported on two extraction methods applied to measured broad-beam 
radar cross spectra, assuming ideal antenna patterns. The first involved deriving a non-
directional wave energy spectrum by inversion. This was tried in several locations and 
radar frequencies. However this was not found to be sufficiently robust in practice, and is 
not applied in operational use. The second method has proven robust; this involves the 
fitting of a Pierson-Moskowitz (P/M) wave energy model to the radar echo Doppler 
spectrum. Wind direction is derived from the first-order Doppler spectrum. Analysis of 
the weaker second-order spectrum produces estimates of significant waveheight, centroid 
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period and wave direction. This method has been in operational use for over a decade at 
several radar sites. Using this method, Long et al. [9] provide favorable comparisons over 
several years of results from five compact HF radar systems with four buoys. In one sense, 
this is surprising because the P/M model describes a unimodal energy spectrum derived 
for fully developed seas, which would seem to be the case a fraction of the time on the 
ocean. Perhaps it is the simplicity of this model and the small number of parameters 
involved that has contributed to its success. 

New techniques reported here use measured antenna patterns, rather than assuming that 
the antenna patterns are ideal, when in fact they are always distorted to some degree. Wave 
parameters are optimized by defining the wave directions for both onshore and offshore 
wave directions. However, recent testing using this simple model at different sites has 
uncovered situations where it is inadequate, resulting in significant overestimation of the 
waveheight. Examination of the second-order Doppler spectral region and energy spectra 
from wave buoys revealed the reason: the frequency spectrum can be bimodal or 
multimodal, meaning that it displays two or more distinct peaks, e.g. from swell and wind 
waves. We are in the process of extending the analysis methods to begin to handle these 
more complex bimodal scenarios and here present initial results from a radar located at 
Espichel, Portugal.  

Section 20.2 of this chapter describes the theory of HF radar spectra in terms of the P/M 
ocean wave spectrum and the antenna patterns, first for narrow-beam radars and then for 
compact broad-beam radars. Methods that involve the use of measured antenna patterns 
are described in Section 20.3. Section 20.4 describes the analysis methods used to derive 
ocean wave parameters from the radar spectra and discusses the effects of varying ocean 
surface currents on the results. Section 20.5 shows results from application of the methods 
to five radar sites, including comparison with results from neighboring buoys.  
Section 20.6 describes the extension of analysis methods to use bimodal ocean wave 
spectral models. 

20.2. Radar Spectral Theory 

We assume that the waves producing the second-order scatter do not interact with the 
ocean floor. This requires the following approximate condition for water depth over most 
of the radar range ring [10]: 

 
2

0.8
d

L


 , (20.1) 

where d is the water depth and L is the dominant ocean wavelength. 

Broad-beam radars provide robust measurements of ocean surface currents, which are 
obtained from the dominant first-order peaks in the radar echo spectrum. The derivation 
of wave information from the second-order radar spectrum is more fragile, partly because 
the lower-energy second-order spectrum is closer to the additive noise floor. Another 
source of contamination is the near-surface sub-grid-scale current variability, because this 
is convolved with the second-order Doppler echo energy. In addition, for the high wave 
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conditions of greatest interest, the radar spectrum saturates when the waveheight exceeds 
a limit defined by the radar transmit frequency. Beyond this limit, two problems set in: (i) 
the first- and second-order regions of the radar echo spectrum can merge together; (ii) the 
analysis methods described below cease to apply. At present, such saturated radar spectra 
are not amenable to analysis. When normal interpretation methods are applied to saturated 
spectra, waveheight can be underestimated, as noted by Lipa and Barrick [6]. The 
perturbation-theory saturation limit on the significant waveheight is defined 
approximately by the relation:  
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where 𝑘  is the radar wavenumber. For a standard-range transmit frequency of 13 MHz, 
the value of ℎ  is 7.4 m; this value increases to 20 m for the long-range transmit 
frequency of 5 MHz. Hence, the quantitative measurement of extremely high waves 
requires the use of lower-frequency, long-range systems 

20.2.1. Narrow-Beam Radar Cross Section 

Barrick [2] showed that the narrow-beam first-order radar cross section 𝜎 𝜔, 𝜙  at 
frequency  and azimuthal direction 𝜙 is defined in terms of the ocean wave spectrum at 
the Bragg wavenumber by the relation: 
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where S(k, 𝜙) is the directional ocean wave spectrum for wavenumber k and direction, 
𝑣 𝜙  is the radial current velocity at bearing angle 𝜙 and 𝜔  is the Bragg frequency 
given by 2𝑔𝑘 , where g is the gravitational constant. 

Barrick [3] gives the narrow-beam second-order radar cross-section as 
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where  is the radar coupling coefficient, which is the incoherent sum of hydrodynamic 
and electromagnetic terms and k, k’ are the wavenumbers of the two scattering ocean 
waves [3]. The values of m and m’ in (20.4) define the four possible combinations of 
direction of the two scattering waves and also the four sidebands that surround the first-
order peaks, see Lipa and Barrick, [6]. Using tildes to indicate vector quantities, the two 
ocean wave vectors obey the constraint: 
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When the waveheight exceeds the saturation limit, the perturbation expansions on which 
Barrick’s equation (20.4) is based fail to converge. 

In this chapter, and in all previous work on the derivation of wave parameters from HF 
radar sea-echo, the effect of surface current velocities is ignored. It is included in (20.3) 
and (20.4) for purposes of discussion. 

20.2.2. Broad-Beam Radar Cross Spectra 

In this chapter we focus the analysis on SeaSonde broad beam systems [11], for which 
data is available from a diverse set of sites. The basic SeaSonde data set consists of 
complex frequency cross spectra measured by two crossed loop antennas and a monopole 
antenna, all coaxially collocated. The radar echo spectrum from circular range cells over 
the coverage area consists of dominant peaks produced by first-order Bragg scatter from 
waves with one half the radar wavelength, surrounded by lower-energy sidebands 
produced by second-order scatter, as shown in Fig. 20.1. The first-order peaks at 
positive/negative Doppler frequencies come from advancing/receding Bragg waves, as 
seen within a circular range cell. 

 

Fig. 20.1. An example of broad beam cross spectra obtained from a SeaSonde system, with signal 
strength (dB) plotted vs. Doppler frequency (Hz) for the Loop 1 antenna (A1, red), the Loop 2 
antenna (A2, green) and the monopole (A3, blue). The curves are offset by 20 dB for better 
visibility. The magenta color tic marks indicate the Bragg frequencies 𝜔  and vertical magenta 
lines mark the first-order spectral boundaries. 

20.2.3. The Effects of Varying Ocean Surface Currents 

As shown in (20.3) and (20.4), currents transporting the ocean waves induce an added 
Doppler shift to the radian frequency of the echoes.  
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Because the broad-beam radar under consideration by its nature integrates vs. bearing 
angle over the ocean sector, this implies a convolution in the integral (20.4) defining the 
second-order echo spectrum. Hence a current that varies with bearing angle destroys 
spectral resolution and inherent information about waves in the inversion process. There 
are two current effects that contribute to this process: 

a. One might argue that the current can be determined (it is the primary product of HF 
coastal radars), therefore it should be removable. In practice such "deconvolution" is 
difficult to execute with noisy data. Indeed, all sea echo (both first and second order) 
originates from zero-mean Gaussian random processes. The frequency-range of 
current smearing is as wide as the first-order echo peak itself, covering many Doppler 
cells. 

b. Drifter comparisons with radar current measurements have revealed another random 
process: subgrid-scale current variability within the radar cell [12, 13]. This near-
surface turbulence is site dependent, varying from 6 to 16 cm/s, thereby 
contaminating many Doppler spectral bins of the second-order radar echo. 

At this point, we have found robust operational extraction of wave parameters to be 
possible only with the fitting of simple models to the smeared second-order echo available 
from coastal HF radars. 

20.3. Using Measured Antenna Patterns in Wave Extraction 

Wave parameters from a broad beam radar can be calculated using either ideal or 
measured antenna patterns. For this chapter, we use measured antenna patterns to reduce 
bias in the results. To measure the patterns, a transponder can be placed on a boat that 
traverses an arc at constant range transmitting signals that are picked up by the radar 
receiver, passing through the three antennas and their respective channels [14]. The 
received signals are then processed to give the complex antenna voltage patterns to be 
used in the signal analysis. The pattern can also be measured from ship echoes correlated 
with ship position information sent via the Automatic Identification System [15] or a 
signal source carried by an aerial drone [16]. 

Complex voltage cross spectra from the three antennas 〈𝑉 𝑉∗〉 (where i, j =1,2,3) can be 
expressed as follows in terms of the antenna patterns and the radar cross section: 
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where 𝑍 (𝜙 , 𝑍 (𝜙  are the complex antenna pattern values for Loops 1 and 2, normalized 
by the Antenna 3 values; 𝜙 is the bearing angle measured from the loop 1 axis; 𝜎 𝜙  is 
the narrow-beam radar cross section; 𝜙  and 𝜙  are the radar cutoff angles imposed by 
the coastline, which can be a function of range. Equations (20.3) and (20.4) for the radar 
cross section are inserted into these equations and the complex voltages are interpreted to 
give parameters of the ocean wave spectrum. 

For ideal patterns, as have been used in the past for wave extraction [8], 𝑍 (𝜙 , 𝑍 (𝜙  are 
simple sine and cosine functions of bearing angle, 𝜙, and the ideal monopole pattern used 
for normalization was taken to be unity, i.e. an omni-directional pattern. We define the 
antenna pattern as the ratio of the loop signal amplitudes defined in (20.6), (20.7) to the 
monopole signal amplitude defined in (20.8). Fig. 20.2 shows measured antenna patterns 
for a SeaSonde located at Bodega Bay CA and the corresponding ideal patterns, indicating 
a significant departure of measured patterns from ideal. 

  

Fig. 20.2. Antenna patterns for the Bodega Bay radar. Left: measured. Right: ideal. 
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20.4. Interpretation of the Radar Doppler Spectrum Using the 
Pierson/Moskowitz Ocean Wave Model 

20.4.1. Definition of the Ocean Wave Spectral Model 

The ocean wave spectral model used in radar wave analysis is defined in terms of the 
wavenumber k and wave direction 𝜙.  We use as a model for the ocean wind-wave 
spectrum 𝑆 𝑘, 𝜙 the product of a nondirectional spectrum based on the P/M model and a 
cardioid directional distribution around the dominant direction 𝜙 , see [8]: 
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with parameters , 𝜙  and a multiplicative constant 𝐴  . 

20.4.2. Steps in the Analysis Procedure 

In this analysis, the effects of radial current velocity in (20.2) and (20.3) are ignored: 
𝑣 𝜙  is set to zero. We assume that the ocean wave spectrum is homogeneous over the 
radar range cell used for the analysis. Because of this assumption, the smaller closse-in 
radar range cells are used for wave analysis. In this chapter, we consider only deep-water 
conditions and ignore wave refraction. In practice, this generally excludes only the closest 
range cell. Shallow-water effects are discussed in [10]. 

There are four steps in the interpretation of the radar spectrum to give wave information: 

Step 1: The first- and second-order regions are separated and then the first-order region is 
analyzed to give the ocean-wave spectrum at the Bragg wavenumber, using the spectral 
model defined by (20.12). Wind direction is taken to define the peak of the spectrum.  

Step 2: The second-order radar spectrum is analyzed using the model (20.12), which is 
assumed to apply throughout the whole radar spectrum. The radar cross spectra are 
analyzed to indicate if onshore or offshore waves dominate. For onshore waves, the 
coastline restricts the angle of approach and limits to onshore wave bearings are set by the 
user; if the second-order echo indicates that waves are moving offshore, they are assumed 
to follow the wind direction, which is determined in Step 1 from the first-order radar 
spectrum.  

Step 3: The optimum values of the model parameters are determined based on the best fit 
of the theoretically modeled Doppler spectra to the observed radar Doppler spectrum. In 
this step, the second-order spectrum is effectively normalized by the first-order, which 
eliminates unknown multiplicative factors produced by antenna gains, path losses etc. 

Step 4: A running mean over 7 consecutive time periods is performed for wave parameters 
derived from the Steps 1-3.  

kc
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20.5. Results 

The analysis described in the previous section produces estimates of waveheight, centroid-
period, wave- and wind-direction for each range cell for which the second-order echo 
exceeds the noise floor times a preset threshold factor. If there is consistency over range, 
which typically occurs during onshore winds/wave, these results can be averaged to 
improve stability. When winds are offshore, results are not consistent with range; e.g. 
waveheight increases with distance from the shore (i.e., with fetch), and results from 
different range cells must be viewed separately. 

We now give examples of this interpretation process, using data sets with different 
wave/wind conditions from California and New Jersey. Derived results are compared with 
buoy measurements when available. Differences can arise in the comparisons, as radar 
data represent spatial averages, while buoy data represent results from a single point. 
Because of possible inhomogeneity at large ranges, we here restrict wave analysis to the 
first 10 range cells. 

All times quoted are UTC. 

20.5.1. Bodega Marine Lab., California  

Our first example is based on a data set from Bodega Marine Lab., California, April  
20-28, 2015. Fig. 20.3 shows the location of the radar (transmit frequency 12.91 MHz) 
and the offshore bathymetry. The closest NDBC buoy (Station 46013), used for 
comparisons with the radar results, is located at 38°14'17" N 123°18'27" W.  

Fig. 20.4 shows examples of measured and best-fit model second-order spectra. 

Winds and waves in this location are almost always onshore and shallow-water effects are 
minimal. Hence derived results are consistent vs. range. Examples of radar wave 
parameters for radar range-cells 2 and 10 are shown in Fig. 20.5, along with results from 
the buoy NDBC 46013. 

The mean deviation between radar and buoy waveheights over this time period is -0.18 m 
(Range cell 2) and 0.02 m (Range cell 10); the corresponding RMS deviation is 0.34 m 
(Range cell 2) and 0.36 m (Range cell 10). 

20.5.2. New Jersey, USA 

Several radars operate from the New Jersey coast; see Fig. 20.6 for the locations of four 
of these radar sites and neighboring buoys. 
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Fig. 20.3. The coastline and bathymetry with contour depths in meters around Bodega Marine Lab., 
California, showing the position of the radar and wave buoy 46013 (yellow dot).  
The antenna patterns are shown, the curves represent the loop signal amplitudes normalized  
by the monopole signal amplitude: Loop 1 (red), Loop 2. (blue). The red arrow at the radar site 
indicates the Loop 1 axis; the blue line indicates the Loop 2 axis, at right angles to the Loop 1 axis. 

 

Fig. 20.4. Second-order radar self-spectra, voltage-squared, arbitrary units, (the outer sideband  
of positive Bragg peak for the second range cell), 2-4 km from shore, April 21, 3:10 am, 2015 
plotted vs. Doppler frequency. Solid line: measured data, x: best-fit model. (a) Monopole;  
(b) Loop1; (c) Loop 2. 
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(A) 

 

(B) 

Fig. 20.5. Measured wave parameters from Bodega Marine Lab. Start time: April 20. 00:00 2015. 
(A) Range cell 2; (B) Range cell 10. (a) Waveheight: Radar (blue). Buoy (black); (b) Wave period: 
Radar centroid period (blue). Average buoy period (black); (c) Radar wave direction °T (blue). No 
buoy wave direction measurements are available for this period. (d) Wind direction measurements: 
Radar (blue), Buoy (black). 
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Fig. 20.6. The location of four New Jersey radar sites at Sea Bright (SEAB), Seaside Park 
(SPRK), Brant Beach (BRNT), North Wildwood (WOOD) and neighboring NDBC buoys.  

Ten 3-km range cells are plotted in red. Depth contours are marked in meters. 

Both onshore and offshore winds and waves are common in this location. Because the 
New Jersey coast is aligned at approximately 30° clockwise from true North, onshore 
winds/waves have directions clockwise from 30°T to 210°T, and offshore winds/waves 
have directions clockwise from 210°T to 30°T. When winds are onshore, there is no 
significant range-dependence. Offshore winds produce wind waves that are barely 
developed nearest the coast. As the wave develops further from shore, wave height 
increases, which is the well-known effect of fetch.  

In this Subsection, 20.5.2.1 gives a specific example of the effect on waveheight at SPRK 
of changing wind direction; 20.5.2.2 shows the effect on waveheight at the 4 radars of the 
passage of a front across the coastline; 20.5.2.3 gives examples of wave results taken over 
a 9-day period, with comparison to neighboring buoys. 

20.5.2.1. Effects of Wind Turning Offshore  

Wind waves in various stages of development leading up to and during an offshore wind 
event were observed by the SPRK radar on March 22 and 23, 2017. Waveheights from 
three radar range cells and NDBC 44091 are shown in Fig. 20.7.  
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Fig. 20.7. Waveheight, wind and wave direction measured by the SPRK radar and NDBC 44091 
plotted vs. time from March 22 00:00 to March 24 00:00. Radar Range cells: 10 (blue), 5 (cyan), 

3 (green) and NDBC 44091 (yellow). 

Wind and wave directions turn from onshore to offshore at approximately March 22 
12:00, after which the waveheight increases with range from the radar, reflecting the ocean 
surface response to wind forcing for increasing fetch. 

20.5.2.2. Wave-height and Wind-Direction Observations that Reflect the Passage  
of a Front 

Radar observations from the 4 radars traced the northward trajectory of a front on March 
14, 2017, see Fig. 20.8.  
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Fig. 20.8. Ocean waveheights for March 14, 2017 plotted vs. time for four New Jersey radar sites 
(Range cell 10) and NDBC 44065, 44091. The vertical lines indicate times at which the wind-
direction changes from onshore to offshore: WOOD (14:00), BRNT (17:00), NDBC 44065 (17:30), 
SPRK (18:00), SEAB (19:00). NDBC 44091 does not provide wind direction measurements. 

It can be seen that the first transition from onshore to offshore winds and waves occurs 
first at the south-most site (WOOD) and progresses northward. The trajectory is consistent 
with the northward tracking of the low pressure center as seen in NOAA National Weather 
Service, Daily Weather Map [17] shown in Fig. 20.9.  

20.5.2.3. Examples of Measured Wave Results  

Examples of radar wave parameters from the four New Jersey radars are shown in  
Fig. 20.10, together with buoy measurements for January 16-29, 2017. No significant 
effects due to shallow water were observed. As shown in Section 20.5.2.1, offshore winds 
lead to range dependence. Fig. 20.10 displays wave parameters from Range cell  
10 (27-30 km from the radar), for which this effect is less than for close-in ranges. 

The second-order radar echo is typically much lower than the first order echo (e.g. see 
Fig. 20.1). When the second-order echo dips below ambient radio noise levels in the 
Doppler spectrum, wave parameters cannot be determined. This can occur during low 
wave conditions, increased ambient radio noise or some combination of the two and leads 
to gaps in the wave parameter time series as shown in Fig. 20.10. These gaps do not occur 
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in the derived wind direction, which is derived from the stronger first-order Bragg peaks. 
Seaside Park (SPRK) typically has the lowest radio noise conditions and highest signal to 
noise ratio of the four sites and, therefore, has fewer gaps.  

 

Fig. 20.9. Daily Weather Maps. Left: March 14 07:00 am EST, showing a low-pressure center 
just south of New Jersey. Right: March 17 07:00 am EST, showing that the low-pressure center 

has migrated northward. 

The mean deviations between radar and buoy waveheights over this time period are  
0.07 m (SEAB and NDBC 44065) and 0.02 m (SEAB and NDBC 44065); the 
corresponding RMS deviations are 0.65 m and 0.73 m. NDBC 44091 is the closest buoy 
to BRNT and WOOD. However, it is not within either radar coverage area for waves, see 
Figs. 20.6 and 20.8. NDBC 44091 data are included on Figs. 20.10(C), (D) for comparison 
purposes. 

The mean deviations between radar and buoy waveheights over this time period are  
0.07 m (SEAB and NDBC 44065) and 0.02 m (SPRK and NDBC 44065); the 
corresponding RMS deviations are 0.65 m and 0.73 m. 

Waves turn from onshore to offshore at approximately 175 hours (WOOD), 200 hours 
(BRNT), 210 hours (SPRK), 212 hours (SEAB), indicating a front moving Northward, 
which is similar to that shown in Fig. 20.8. The waveheight decreases when the wind turns 
from onshore to offshore, which is similar to the event shown in Fig. 20.8. The maximum 
waveheghts increase from WOOD to BRNT and from SEAB to SPRK, which is similar 
to those shown in Fig. 20.8. 
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(A) 

 

(B) 

Fig. 20.10 (A-B). Wave measurements from the New Jersey radars and neighboring buoys; (A) 
Sea Bright, NDBC 44065 (B) Seaside Park, NDBC 44091. Start time: January 16 00:00 2017. (a) 
Waveheight: Radar (blue), Buoy (black). (b) Wave period: Radar centroid period (blue). Average 
buoy period (black). (c) Wave direction °T: Radar (blue), Buoy (black) (d) Wind direction 
measurements °T: Radar (blue), Buoy (black). NDBC 44091 does not provide wind directions. 



Chapter 20. Developments in Compact HF-Radar Ocean Wave Measurement 

485 

 
(C) 

 
(D) 

Fig. 20.10 (C-D). Wave measurements from the New Jersey radars and neighboring buoys; (C) 
Brant Beach, NDBC 44091 (D) Wildwood, NDBC 44091. Start time: January 16 00:00 2017. (a) 
Waveheight: Radar (blue), Buoy (black). (b) Wave period: Radar centroid period (blue). Average 
buoy period (black). (c) Wave direction °T: Radar (blue), Buoy (black) (d) Wind direction 
measurements °T: Radar (blue), Buoy (black). NDBC 44091 does not provide wind directions. 
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20.6. Interpretation of the Radar Doppler Spectrum Using a Bimodal Ocean 
Wave Model 

We illustrate the interpretation procedure using a data set from Espichel, Portugal, located 
at 38°24.928'N, 9°13.001'W when bimodal waves often dominate. Fig. 20.11 shows the 
location of the radar (transmit frequency 12.91 MHz) and the offshore bathymetry. The 
closest wave buoy (the Lisbon buoy), owned by the Portuguese Hydrographic Institute, is 
located at 38° 32' 16"N, 9° 18' 32”W, approximately 15 km from the radar. All times 
quoted are UTC. 

 

Fig. 20.11. The coastline and bathymetry (contours in meters) around Espichel, Portugal, showing 
the position of the radar and the Portuguese Hydrographic wave buoy. The antenna patterns are 
shown, the curves represent the loop signal amplitudes normalized by the monopole signal 
amplitude: Loop 1 (red), Loop 2. (blue). The red arrow at the radar site indicates the Loop 1 axis; 
the blue line indicates the Loop 2 axis, at right angles to the Loop 1 axis. The spherical boundaries 
of the second radar range cell used in the analysis are drawn in yellow. 

Examination of second-order Doppler spectra reveals that contributions from two distinct 
ocean wave spectra can be identified, arising typically from swell and wind-waves. Wind-
waves produce a broad second-order echo in the radar Doppler spectrum; see for example 
Fig. 20.1. Ocean swell can produce narrow spectral peaks in the second-order echo 
Doppler spectrum close to the Bragg frequency; see for example Fig. 20.12.  
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Fig. 20.12. An example of SeaSonde cross spectra for April 19, 2015, 9:50 am; Loop 1 (red), Loop 
2 (green), Monopole (blue). The spectra exhibit narrow spectral peaks close to the first-order Bragg 
region produced by swell in addition to the broader echo from wind-waves further from the first-
order Bragg region. The color bars at the top indicate the regions in the second-order spectrum 
dominated by swell (black) and wind-waves (blue). 

Swell is commonly understood to be long-period waves arriving from a distant storm area. 
Wind waves are developed by local winds/storms in the observed area, and are more 
distributed in their frequencies and directions. In this section, we describe a method to 
interpret the radar Doppler spectrum in terms of two ocean wave spectra models (which 
we term bimodal): the P/M model (20.12) and a triangular swell model. 

When the radar spectrum exhibits narrow swell peaks, these are interpreted using a simple 
triangular model for the ocean wave swell spectrum at wave frequency f: 

       ,  ,    Δsw sw sw swS f A f f f        

 0   Δswf f   , (20.13) 

where f is defined in terms of the ocean wavenumber, k, by: 

 
2

2
gkf  ,  (20.14) 

and 𝛥 defines the width of the swell peak centered at wave frequency, 𝑓 ; 𝜑  is the 
swell direction; 𝐴  is an isosceles triangular function, with base width 𝛥, that peaks at 
the swell period and decays to zero at the boundary 
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To interpret the spectrum, the following steps are carried out: 

Step 1: A value for the outer boundary frequency defining the swell region is defined, as 
illustrated in Fig. 20.13.  

 

Fig. 20.13. Antenna 3 (monopole) self-spectrum for April 21, 7:20 am, 2015 plotted vs. Doppler 
frequency (Hz). Boundaries defining the first-order Bragg region are marked in red. The second-
order swell peak is clearly visible for the outer, positive Doppler region, within the approximate 
outer boundary marked in blue. 

Take the case when the initial value is set at 0.48 Hz. Using this value, when the Doppler 
frequency is above 0.48 Hz, the second-order spectrum is assumed to come from wind-
waves only; when Doppler frequency less than 0.48 Hz, the second-order spectrum is 
assumed to be produced by echo from both swell and wind-waves, see for example  
Fig. 20.14, which illustrates the procedure for the monopole antenna. 

Step 2: The radar spectra with Doppler frequency >0.48 Hz are analyzed using the P/M 
wind-wave model defined by (20.12); measured values are shown in Fig. 20.14 (b) 
together with best-fit model values for the whole frequency range. 

Step 3: The P/M model values in the region containing swell echo with Doppler frequency 
<0.48 Hz are subtracted from the measured spectral values. The resulting differences 
define the contribution from swell alone, which is interpreted using the swell model 
defined by (20.13). The difference values and best-fit model values are plotted in  
Fig. 20.14 (c). 
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Fig. 20.14. Illustration of the procedure for April 21, 7:20 am, 2015 when both swell and wind-
waves are present and the boundary frequency is set to 0.48 Hz. Spectra plotted are voltage-
squared, arbitrary units. (a) Monopole radar spectral points plotted vs. Doppler frequency.  
For frequency > 0.48 Hz: wind-waves only; for frequency < 0.48 Hz: swell and wind-waves:  
The frequency-gap indicates the break selected between the two regions. (b) Wind-wave spectral 
values: Measured (blue), Best-fit model (red). (c) Swell spectral values: Measured spectra minus 
best-fit wind-wave model (blue dashed), best-fit swell model (red). 

Step 4: The optimum value for the boundary frequency is set minimizing the least-squares 
sum. In this case it was determined to be 0.47 Hz. 

The output ocean wave parameters derived are defined by the derived swell and wind-
wave spectra: 

 Wind-waves: significant height 𝐻 , centroid period, dominant wave direction. 

 Swell-waves (when present): significant height 𝐻 , period, direction. 

 The total waveheight 𝐻, which is given by: 

 2 2
    ww swH H H  .  (20.15) 

In the Appendix, models defined by (20.12) (P/M) and (20.13) (triangular swell) are least-
squares fit to measured ocean wave spectra from the Lisbon buoy. It is shown that when 
the measured buoy peak-period is greater than about 12 s, the RMS deviations of the 
model-fit to the measured buoy data are significantly lower using the triangular swell 
model (20.13) at lower frequencies, indicating that the use of a bimodal model is required. 

Fig. 20.15 shows the derived ocean wave parameters obtained over the entire period April 
15-21, 2015. Radar waveheight is compared with that measured by the closest buoy. The 
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buoy gives two measures of wave period over the previous 10 minutes which are plotted 
in Fig. 20.15(c): the mean period 𝑇  and the period defining the wave spectral maximum 
value 𝑇 . No buoy wind direction measurements are available for this period. 

 

 

 

Fig. 20.15. Measured wave parameters obtained every 10-minutes from Espichel, Portugal. Start 
time: April 15, 12:30 am 2015. (a) Total waveheight: Radar (blue), Buoy (black) (b) Radar bimodal 
waveheight: Wind-wave (cyan), Swell (red) (c) Wave period: Radar bimodal centroid period: 
Wind-wave (cyan), Swell (red). Buoy wave periods (black): continuous line: Buoy 𝑇 , dotted 
line: Average period 𝑇 . (d) Radar bimodal wave direction: Wind-wave (cyan), Swell (red), Buoy 
(black) (e) Radar wind direction. 
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It follows from Fig. 20.15 (c) that the radar wind-wave period agrees well with the buoy 
mean wave period, while the radar swell period is somewhat less than the buoy maximum 
period, except for extremely long period waves. The time-gaps in the radar data, as shown 
in Fig. 20.15, usually occur for calmer wave conditions when the second-order echo dips 
below the higher noise/interference levels. This does not happen with the wind direction, 
which comes from the stronger first-order Bragg peaks, in contrast to the weaker second-
order.  

Use of the unimodal P/M model (20.12) rather than the bimodal model results in 
significant overestimation of the waveheight when swell is present, as shown in  
Fig. 20.16.  

 

Fig. 20.16. Total waveheight obtained every 10-minutes. Start time: April 15. 12:30 am 2015. 
Radar results based on the bimodal model (blue), Radar results based on the unimodal model 

(magenta), Buoy (black). 

20.7. Conclusion 

There are approximately 650 SeaSondes worldwide, operating in the broad-beam, 
direction finding mode. They constitute approximately 85 % of the radars in operation; all 
others are different brands of phased arrays that form narrower beams and scan them in 
bearing. A large portion of SeaSondes in operation have track records of over a decade of 
continuous current measurements. Approximately 30 of these SeaSondes have been used 
for real time wave measurements, and hence can benefit from the methods described in 
this chapter.  

We have described how measured antenna patterns can be included in the analysis for 
wave parameters from a broad-beam system; previously the analysis assumed ideal 
patterns. Measured patterns allow for more accurate current extraction, based on reducing 
bearing-angle errors for the scattering radar cell. They can also be used with the analysis 
methods presented here for improved wave estimates, in particular when there are large 
differences between measured and ideal patterns. 

Existing SeaSonde wave software was developed to be applied to radars on the West Coast 
of the United States, where dominant waves are usually onshore; waves were programmed 
either to be onshore or to follow the wind. This assumption was found to be inadequate 
on the East Coast, where winds routinely turn from onshore to offshore as storms pass 



  Physical Sensors, Sensor Networks and Remote Sensing 

 492

through. In the software described here, the radar cross spectra are analyzed to indicate if 
onshore or offshore waves are dominant; offshore waves are programmed to follow the 
wind direction, which is determined from the first-order radar spectrum. Onshore wave 
directions are constrained by angles set by the user e.g. the coastline angles, which are 
now defined as a function of range, allowing use of the software in regions with 
complicated coastlines. 

Recent operations with the Pierson/Moskowitz model for the ocean wave spectrum at 
different sites have uncovered situations where it is inadequate, resulting in significant 
overestimation of the waveheight. This appears to be due to peaks due to swell in the 
second-order radar spectra, as well as broader spectral components due to wind-waves. 
We are in the process of extending the analysis methods to handle these more complex 
bimodal scenarios and here give initial results from a radar located at Espichel, Portugal. 
The algorithm under development involves least-squares fitting of calculated echoes 
based on ocean wave spectral models to measured radar data and automatically selects the 
optimum model and its parameters. When the sea spectrum is bimodal, the algorithm 
provides heights, directions and periods for each ocean wave spectral component from 
analysis of the second-order Doppler spectrum, as well as wind direction extracted from 
the first-order echo. 

Future research may allow the inclusion of some degree of variation over space for the 
directional wave spectrum as well as the inclusion of shallow water effects. 
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Appendix 

Comparisons of Wave Spectral Models and Measured Frequency Spectra  
from the Lisbon Buoy 

The Lisbon Directional Waverider buoy1 is located offshore from Costa da Caparica 
village at 38º 32.683' N, 9º 18.547' W, ~5.4 km from the coast and in water of depth  
110 m. It has three accelerometers (in the X, Y and Z planes) located on a horizontally 
stabilized platform. The time series that are acquired consist of displacements in the 
North-South and East-West and vertical directions. From this data wave parameters 
including height, period and direction are derived and transmitted every 10 minutes and 
wave spectra every 30 minutes. 

Fig. 20.17 shows the nondirectional wave spectrum measured by the buoy at the same 
time as the radar spectrum shown in Fig. 20.12. 

It can be seen that the second-order radar spectrum (Fig. 20.12) and the buoy wave energy 
spectrum (Fig. 20.17) both clearly display bimodal behavior: For the buoy, the swell peak 

                                                      

1  The Lisbon Directional Waverider buoy is manufactured by Datawell and owned by the Portuguese 
Hydrographic Institute 
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occurs at about 0.05 Hz, in agreement with the radar swell peaks that are displaced about 
0.05 Hz from the first-order echo. The broader wind-wave spectrum is at higher 
frequencies (buoy) and further displaced from the first-order spectrum (radar).  

 

Fig. 20.17. The nondirectional spectrum measured by the Lisbon buoy at the same time  
as the radar spectrum shown in Fig. 20.3 (April 19, 2015, 9:50 am UTC). 

The model ocean nondirectional spectra were least-squares fitted to buoy spectra 
measured from April 15 to 22 to give optimum model parameters using two procedures: 

i. The P/M model defined in (20.12) was assumed to apply at all frequencies.  

ii. The P/M model defined in (20.12) was assumed to apply at higher frequencies and 
the nondirectional triangular model defined in (20.14) was assumed to apply at lower 
frequencies, with the frequency boundary determined by the fitting procedure.  

It was found that when the second-order spectrum is broad, using the P/M model for all 
frequencies provides an adequate fit, but when there are narrow, long-period peaks, it does 
not. An example of this effect is given in Fig. 20.18. 

The RMS differences between measured buoy spectra and the best-fit model were 
calculated for the procedures (i) and (ii) over the 160-hour period; results are given in  
Fig. 20.19.  

It can be seen from Fig. 20.19 that when the buoy peak period exceeds about 12 s 
indicating the presence of long-period swell, the RMS deviations for the bimodal model 
are significantly lower than those for the unimodal model, indicating that the bimodal 
model provides a better fit. 
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Fig. 20.18. An example of least-squares fitting of the measured buoy spectrum for April 12, 2015, 
7:20 am. (a) Buoy (black), P/M model fit for all frequencies (blue line). The plot indicates a poor 
fit. (b) Buoy (black), P/M model fit for frequencies >0.1 Hz (blue crosses) and triangular swell 
model fit for frequencies <0.1 Hz (red crosses). Using the bimodal with two spectral peaks shows 
a much better overall fit to measured wave spectrum. 

 

Fig. 20.19. (a) RMS differences between measured buoy and model-fit spectra, plotted vs. time. 
Start time April 15, 2015, 0:30 am Blue: Method i: P/M model for all frequencies (blue); Red: 
Method ii: Triangular swell model for lower frequencies and P/M wind-wave model for higher 

frequencies. (b) Measured buoy peak period plotted vs. time. 

 



 

 

 



Chapter 21. Physical Deterministic Sea Surface Temperature Retrieval Suite for Satellite Infrared 
Measurement 

497 

Chapter 21 
Physical Deterministic Sea Surface 
Temperature Retrieval Suite for Satellite 
Infrared Measurement 

Prabhat K. Koner1 

21.1. Introduction 

One of the key variables of the climate system is sea surface temperature (SST). This is 
widely used to define the physical environment, and impacts the variability of marine 
ecosystems [1-2], and is designated an Essential Climate Variable. Water masses defined 
by marine thermal fronts are often denoted by using SST gradient fields as a proxy, thus 
identifying regions of optimal conditions for growth of marine phytoplankton (nutrients, 
light, mixing, and upwelling) and, in many cases, enhanced trophic levels of productivity 
[3-7]. The spatial and temporal patterns in SST fields are a key characteristic of fisheries 
ecosystems, and have implications for sustainable management [8-9]. In terms of 
meteorology and climate, SST has a major impact on gas exchange between the ocean and 
atmosphere, as well as on energy exchanges such as longwave radiation, and latent and 
sensible heat flux [e.g. 1, 10-11]. It is also a fundamental quantity in numerical models of 
ocean, climate, and marine weather [2, 10]. Satellite-derived SSTs are used for a wide 
variety of oceanographic and atmospheric applications, e.g. ocean circulation modeling, 
numerical weather prediction, boundary currents, air–sea interactions, upwelling regions, 
studies of planetary boundary layer divergence, ocean biology, including algae blooms, 
and coral reefs [e.g. 12-19]. The long-term record of SST began with bucket temperatures 
obtained from sailing vessels, while more modern SST observations are made by moored 
and drifting buoys, ship intake, CTD casts, in situ radiometers carried on research vessels, 
and, increasingly, satellites [20]. The advantage of satellite-derived SST is vast coverage 
at high resolution as compared to any other form of collected SST data from relatively 
few sources.  

                                                      

Prabhat K. Koner 
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Determination of satellite-based SST dates back to the 1970s, and it was derived using 
measured brightness temperature (BT) only [21-23]. The original algorithm, constructed 
by McMillin [23], is known as the split-window method, where SST is calculated as:  

 𝑇   𝑇 𝛾 𝑇 𝑇 , (21.1) 

where T11 and T12 are the measured BTs for 11 and 12 µm channels, respectively. Tsst is 
the retrieved sea surface temperature and γ is the presumably constant with respect to 
implementation. The proposed split-window method evolved into the multi-channel SST 
[24] and the non-linear SST (NLSST) [25] methods. The actual underlying assumption of 
the split-window derivation is that the atmospheric effect in a window channel (e.g.  
Tsst – T11) is proportional to the BT difference of two window channels, and that this 
relationship is valid for all atmospheric conditions. Since this assumption does not hold 
true in practice, an initial guess SST (Tig) is included in NLSST to improve the result, and 
the final form is given by [25]:  

 𝑇   𝛼 𝛼 𝑇 𝛼 𝑇 𝑇  

 𝛼 𝑇 𝑇 𝑇  𝛼 𝑇 𝑇 cos 𝜃 1 , (21.2) 

where θ is the satellite zenith angle and α_(0, 1…) are the coefficients derived using direct 
regression of satellite-observed BT (that have passed cloud screening) against in-situ 
measurements of SST (Tb, usually from drifting buoys ).  

The triple-window algorithm (TWA) [26] combines the shortwave (~3.7 µm) with the  
11 and 12 µm (longwave) channels. Since water vapor absorption is significantly lower, 
the Planck function is steeper and the signal-to-noise ratio (SNR) is higher at 3.7/3.9 µm 
than at 11 or 12 µm, a TWA is more efficient than split-window algorithms. Another 
algorithm using shortwave for MODIS (MODerate resolution Imaging Spectro-
radiometers) is SST4, which is based on regression using two channels of 3.9 and 4.0 μm. 
Although TWA and SST4 are better options for SST retrieval, generation of linear 
coefficients for shortwave channels during daylight hours is extremely challenging due to 
the highly nonlinear contribution of solar reflection and scattering [27-28] at these 
wavelengths. Thus, most daytime SST retrievals use only 11 and 12 µm channels, and 
same two-channel NLSST is still applied for both day and night to provide a consistent 
record.  

Modern sensors offer great potential, since they provide information-rich multiband 
measurements with high signal-to-noise ratios. Therefore, prospects are good for 
improving both the quality and coverage of SST data. However, much of this potential 
remains unrealized, primarily because most satellite-derived SST products from modern 
sensors still employ regress of only two or three channels, [e.g. 2, 29-31]. In previous 
decades, when computational resources were limited, such approaches were justifiable in 
the interest of obtaining a reasonable processing time. However, such approaches are 
evidently inadequate when trying to characterize global geophysical conditions 
(atmospheric and oceanic states) for SST retrievals using only a small number of 
regression coefficients. In addition, assigning error to individual retrievals, which is 
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highly desirable, is difficult for regression-based SST retrievals. Also, one of the main 
sources of retrieved SST errors from satellite imager measurements is atmospheric aerosol 
[e.g. 20, 32] and it is very difficult to mitigate this problem using the regression based 
operational retrieval method. The above-mentioned reasons, together with the availability 
of improved computational capability and the wealth of channels in modern instruments, 
urge the development of forward model-based multi-channel SST retrievals. 

Forward model based SST retrievals are also known in scientific literature (e.g., [33]), 
where they are aimed at deriving target parameters (e.g. SST and TCWV, total column 
water vapor) using a stochastic inversion method from satellite measurements.  

 𝒙   𝒙 𝑲 𝑺 𝑲 𝑺 𝑲 𝑺 𝒚𝜹 𝑓 𝒙 , (21.3) 

where Se is the instrument error covariance matrix, 𝒙  is the ‘a priori’ vector, Sa is the ‘a 
priori’ error covariance matrix, 𝒚𝜹 is the measurement vector and 𝑓 𝒙  is the forward 
model output at ‘a priori’. 

Aside from SST retrieval, most operational forward model based methods in satellite 
retrieval are either based on Bayesian probability theory or the related one-dimensional 
variational principle. Such stochastic techniques differ from each other both in the 
procedure for solving a set of spectrally-independent radiative transfer (RT) equations 
(e.g., matrix inversion, numerical iteration) and in the choice of ancillary data. These 
ancillary data are used to constrain the solution (e.g., atmospheric covariance statistics 
and a priori estimate of the retrieved parameters) and enforce the results. However, such 
inversion techniques, scientifically, may pose more questions than they provide solutions. 
To compensate for inconsistent outcomes, it is common practice to include bias 
corrections based on “model minus observation” [33-35], which risks affecting functional 
physics and increasing the Jacobian error (e.g., [36]) as well as information loss from the 
deterministic point of view [37]. The ‘model minus observation’ method is used to adjust 
the input total column water vapor (TCWV), which is a variable in the retrieval model. 
The same ‘model minus observation’ is used to correct forward model biases and correct 
atmospheric corrections, while later the same residual is used for retrieval [33-34]. No 
scientific literature is yet available in which one measurement can produce more than one 
piece of information from the deterministic point of view.  

This implies that such approaches may undermine the true potential of expensive satellite 
missions by using potentially ambiguous bias removals from the measurements before 
inversion. When these results are not accurate, then the validation data are highly screened 
[35] for sake of the reference error (e.g., the ensemble drifter error is not close to zero 
mean) to get the desired results. For example, the Centre de Météorologie Spatiale 
maintains a rolling blacklist of drifters returning suspicious data, and all observations from 
blacklisted drifters are excluded [35] during their blacklisted period. Additionally, drifter 
observations are greater than 5 K different from a climatological mean SST for the time 
of year and location, or are greater than 3 K different from the operational sea surface 
temperature and sea ice analysis SST, those particular observations are excluded [35] for 
validation purposes. Such practices risk discarding potentially important oceanographic 
observations (e.g., strong upwelling events, etc.). From a philosophical point of view, 
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these stochastic-based methodologies are scientifically unsatisfying– much “interesting” 
science is hidden in retrieval coefficients derived by regression or in bias removal and 
cannot be accessed. An alternative pathway is to embrace the deterministic inverse 
method, where retrieval is made by a mathematical inversion on single pixel 
measurements using localized conditions as a starting point [37].  

21.2. Physical Deterministic Retrieval Method 

Unlike stochastic retrievals, where the coefficients or error covariances have been derived 
for “average” conditions from a (usually wide) set of measurement instances, a physical 
deterministic (PD) retrieval scheme obtains a mathematical inversion on single pixel 
measurements. The main advantage of the deterministic method is that the confidence of 
error estimation at the individual pixel is high, and error is not treated as definite 
information. Some of the advantages of PDSST algorithm over prevalent methodologies 
are: 

1. Substantially reduces SST error by adapting to “local” atmospheric information 
through NWP (Numerical Weather Prediction) data. 

2. Ensures the balance between information content of SST retrieval and retrieval noise 
and sensitivity is close to 1 when the initial guess (IG) is “far” from truth.  

3. Aerosols can be explicitly included in the forward modeling calculations as well as 
in the retrieval vector, to compensate for the significant source of regional error. 

4. Straightforward option to include both multiple channels and multi-parameter to 
reduce uncertainty/error in SST. 

5. Provides meaningful pixel-level estimates of error and information content analysis. 

6. Automatically adapts to improvements in RT modelling, instrument calibration, 
improvements in cloud detection, etc., due to case-by-case dynamic estimates of 
noise in the “measurement minus forward model”. 

Like any physical retrieval method, the quality of PDSST retrieval is susceptible to errors 
in the fast-radiative transfer modeling (FRTM) and NWP data (except retrieved 
parameters), but these errors should be continuously reduced due to improvement of both 
FRTM capability and NWP data quality. Moreover, using increased numbers of both 
measurements (channels) and retrieved parameters in simultaneous PDSST retrieval 
scheme is an alternative means of reducing the SST retrieval error. The most basic form 
of deterministic algorithm is least squares (LS) – the following sections will discuss the 
derivation of the PD algorithm, beginning from the LS formulation.  

21.2.1. Least Squares (LS) Method 

The basic form of the inverse method conventionally stated for a nonlinear problem using 
the residual (𝚫𝐲𝛅) between observation and model is: 
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 𝚫𝐲𝛅   𝐊𝚫𝐱, (21.4) 

where 𝚫𝐲𝛅   𝐲𝛅 𝑓 𝐱𝒊𝒈 , is the model minus observation (a.k.a. residual), x is a 
retrieval model state vector (i.e. parameters of interest, primarily SST, water vapor, etc. – 
variables that can significantly affect the observed brightness temperatures),; 𝒙  is the 
initial guess of the state vector, 𝚫𝐱 is the difference between the IG for the retrieval model 
state and the “true” state, 𝐲𝛅   𝐲 𝛅𝐲  is a vector of instrument channel BTs 
assuming 𝛅𝐲 is the measurement error, 𝑓 𝐱𝒊𝒈  is the calculated BTs from RT modeling 
using the IG of forward model state (usually atmospheric profiles of water vapor and 
temperature, and a surface temperature, etc.) as an input and K is the Jacobian (partial 
derivatives of channel simulated BTs with respect to retrieved parameters). The 
deterministic form of the least-squares (LS) solution of the linearized physical model 
obtained from Eq. (21.1) is 

 𝐱   𝐱 𝐊 𝐊 𝐊 𝚫𝐲𝛅. (21.5) 

21.2.2. Modified Total Least Squares (MTLS) 

The solution of Eq. (21.5) is potentially vulnerable to noise amplification from the 
measurement space to the state space, since the inverted matrix 𝐊 𝐊 is generally ill-
conditioned for most real-life applications, especially for RT problems [e.g. 38-39]. One 
approach is to solve the problem using the Total Least Squares (TLS) method. TLS is an 
optimization procedure, where two error sequences have been considered for the 
derivation of the method [40] as follows: 

 min
‖ 𝐊‖,‖ 𝐲‖,𝐱

‖𝛿𝑲‖ ‖𝛿𝒚‖  𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑲 𝛿𝑲 ∆𝑥  ∆𝒚 𝛿𝒚. (21.6) 

The Lagrangian function of Eq. (21.6) can be written as: 

 𝐿 𝜹𝑲, 𝜹𝒚, 𝛌   ‖𝜹𝑲‖ ‖𝜹𝒚‖ 𝜆 ‖ 𝑲 𝜹𝑲 𝒙‖ ‖ 𝒚 𝜹𝒚 ‖ , (21.7) 

where 𝐿 is the Lagrangian function and 𝜆 is the Lagrange multiplier. Applying Karush-
Kuhn-Tucker (KKT) conditions [40-41] to Eq. (21.7), it can be formulated as 

 2‖𝜹𝑲‖  𝜆 ‖𝒙‖   𝟎 𝛁‖𝜹𝑲‖𝐿  0 , (21.8) 

 2‖𝜹𝒚‖  𝜆  𝟎 𝛁‖𝜹𝒚‖𝐿  0 , (21.9) 

 ‖ 𝑲 𝜹𝑲 𝒙‖   ‖𝒚 𝜹𝒚‖ 𝛁 𝐿  0 , (21.10) 

where 𝛁 is the partial derivative of the Lagrangian function. Combining Eqs. (21.8) and 
(21.9), the relation of 𝜹𝑲 and 𝜹𝒚 can be derived as: 

 ‖𝜹𝑲‖   ‖𝜹𝒚‖ ‖𝒙‖. (21.11) 

Similarly, combining Eqs. (21.9) and (21.10), 𝜹𝒚 can be separated out as: 
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 ‖𝜹𝒚‖   
‖𝒚 𝑲𝒙‖

‖𝒙‖𝟐 , (21.12) 

‖𝜹𝑲‖  can be determined by substituting the expression of ‖𝜹𝒚‖ in Eq. (21.11) into  
Eq. (21.12): 

 ‖𝜹𝑲‖    
‖ 𝒚 𝑲𝒙 ‖ ‖𝒙‖

‖𝒙‖𝟐 . (21.13) 

Replacing ‖𝜹𝒚‖ (Eq. (21.11)) and ‖𝜹𝑲‖ (Eq. (21.12)) into Eq. (21.6), minimization of 
three parameters problem reduces to a one parameter as: 

 min
‖𝛅𝐊‖,‖𝛅𝐲‖,𝐱

‖𝜹𝑲‖ ‖𝜹𝒚‖    
‖ 𝒚 𝑲𝒙  ‖‖𝒙‖

‖𝒙‖𝟐

‖𝒚 𝑲𝒙‖

‖𝒙‖𝟐   

   min
𝒙

‖𝒚 𝑲𝒙‖

‖𝒙‖𝟐 . (21.14) 

The well-known first-order necessary condition [42] for an optimum solution of  
Eq. (21.14) can be formulated as: 

 𝒙  𝑲 𝑲 𝑔 𝑥 𝑰 𝑲 𝒚 , (21.15) 

where 𝑔 𝑥   
‖𝒚 𝑲𝒙‖

‖𝒙‖𝟐  and 𝑰 is the identity matrix. Using a first order Taylor series 

approximation at the kth iteration 𝑓 𝑥   𝑓 𝑥 𝑲 𝑥 𝑺𝒌 and the residual vector 
𝚫𝒚   𝒚 𝑓 𝑥 , Eq. (21.15) can be rewritten as: 

 𝑺𝒌   𝑲 𝑲 𝑔 𝑥 𝑰 𝑲 𝚫𝒚 , (21.16) 

where Sk is the update of an iterative inverse method. The constant g(x) is dependent on 
the state space parameters and cannot be uniquely determined using any analytical 
solution without knowing the true state vector. Thus, this problem is solved by eigenvalue 
analysis and considering the error in variables [43]. This demonstrates that the adoption 
of the lowest singular value of matrix [K y] is the appropriate value of g(x) for both a 
single iteration and an iterative solution, which allows the problem to be rewritten as: 

 𝒖 𝛔 𝒗   𝑆𝑉𝐷 𝑲 𝚫𝒚 , (21.17) 

where SVD represents the singular vector decomposition and σ represents the singular 
values. The lowest value of σ is the appropriate regularization strength for an iterative 
solution [43]. Eq. (21.17) can be written in its final form as: 

 𝒙𝒕𝒍𝒔   𝒙𝒊𝒈 𝑲 𝑲 𝛔𝒆𝒏𝒅
𝟐  𝑰 𝑲 𝚫𝒚 , (21.18) 

where xig is the initial guess information for the parameter space for a single iteration 
solution. This method yields a good retrieval when the condition number of the Jacobian 
may be considered low for a given problem. Since the RT problem is inherently ill-
conditioned, the regularized TLS (RTLS) or truncated TLS (TTLS) are most commonly 
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used [e.g. 39, 43-44]. The number of useable channels of imager measurement like GOES-
13 is limited by three and a retrieval model cannot be designed with more than two state 
space parameters. A first derivative operator for two-state problem is not possible, which 
restrict to implement the RTLS method. The TTLS formulation for the imager with more 
number of channels will be discussed in next section. The MTLS is designed for the 
imagers with only three useable channels, with a retrieved vector of two state space 
parameters as SST (s) and TCWV (w): x = [s w]. 

The error realization into the state space parameters for any ill-conditioned linear 
inversion is proportional to the condition number of the Jacobian and all errors associated 
with this inversion [39], which can be written as: 

 ‖𝒆‖   𝛋 ∑‖𝛅𝐄𝐢‖, (21.19) 

where e is the realization of error in the retrieved parameters, κ is the condition number 
of the Jacobian and Ei represents errors associated with the inversion, including errors in 
Jacobian, forward model, measurements and ancillary data. Since TLS formulation does 
not include error propagation due to ill-conditioned matrices, additional regularization is 
empirically implemented extracting information from the problem itself (not using any 
additional external parameter/s) [37] as  

 𝒙   𝒙 𝑲 𝑲 2  𝛔𝒆𝒏𝒅
𝟐 𝑰 𝑲 Δ𝒚 , (21.20) 

where 𝜅 is the condition number of the Jacobian and 𝛾  is an adjustable (but still data 
driven) regularization scaling [see 37]. The main advantage is that the noise mitigation 
factor (regularization strength) is data-driven, determined on a case-by-case basis by 
extracting the noise component from the residual. This method yields a good retrieval 
when the condition number of the Jacobian is low for a given problem. Another advantage 
of this deterministic method is that the error estimation can be performed in individual 
pixels as: 

 ‖𝑒‖   𝑲 𝑲 2  𝛔𝒆𝒏𝒅
𝟐 𝑰 𝑲 〈 Δ𝒚 𝑲 𝒙 𝒙 〉  

  𝑴𝒓𝒎 𝑰 𝒙 𝒙 , (21.21) 

where 𝑴𝒓𝒎, which is equal to 𝑲 𝑲 2 𝛔𝒆𝒏𝒅
𝟐  𝑰 𝑲 𝑲, is the model resolution 

matrix. 𝒙  is the assumed true parameter, is substituted by the value of xmtls for the 
approximated analytical error (AEmtls) calculation. 

The quality indexing (QImtls) of retrievals is calculated using the value of total analytical 
error (Eq. (21.21)) from MTLS [37]. The binning is based on the fixed value of analytical 
error (0.1 < ||e|| < 1) into 9 bins and bins are evenly spaced in a logarithmic scale. If a bin 
does not get at least 10 % of the cloud-free data, then it is combined with the subsequent 
bin. For each bin, the percentage of total matches is based on the cumulative analytical 
errors. Furthermore, if the value of TCWV is drastically different from IG, it is impossible 
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to find a reliable solution using only a single iteration due to nonlinearity. Additionally, 
“bad” retrievals due to caused by cloud-leakage or other errors in ancillary information, 
including WV profile shape error are placed in the last bin (“cloud” bin). The pixels are 
placed in the “cloud” bin using appropriate threshold conditions when the MTLS retrieval 
of ‘s’ and ‘w’ are highly negative. Pixels where the calculated value of analytical error is 
≥1 are placed in the 10th (second to last) bin. It should be noted that the total error 
calculation is unable to account for certain aspects of the statistics obtained with respect 
to in situ matches, such as surface effects, buoy error and representation (point-to-area) 
error. 

Note that an earlier version of MTLS with two retrieved parameters, namely SST and the 
logarithmic value of TCWV, has been successfully applied operationally to retrieve SST 
from GOES (13-15) sensors in conjunction with a Bayesian cloud detection (BCD) 
scheme. (The error in SST due to the sub-optimal BCD will be discussed later.) Near-real-
time (NRT) retrieved SST data has been distributed to the community through the 
PO.DAAC (NASA) and NCEI (NOAA) websites since August 2013. The implementation 
of the earlier version of MTLS at NOAA confirms that the NRT SST processing using a 
PD algorithm is achievable using a modest level of computing capability. An offline 
validation of results and comparison with other methods for GOES-13 nighttime retrievals 
[37] are shown in Fig. 21.1. 

 

Fig. 21.1. Plots of RMSE for MTLS, REGB, LS, OSPO and OEM, excepting the cloud bin,  
for a 42-month time series (2010-2014). 

Additional methods considered in this comparison study are the optimal estimation 
method (OEM, Eq. (21.3)), least squares (LS, Eq. (21.5)), 3 channel (3.9, 11 and 13.4 µm) 
regression (REGB) and 2 channel (3.9 and 11 µm) operational regression (OSPO) until 
July 2013. OSPO (“office of satellite and product operation”) product is the NOAA 
official satellite data product. Fig. 21.1 shows the variation in root mean square error 
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(RMSE) for various retrieval methods. Two deterministic retrieval methods, MTLS and 
LS, resulted the lowest error in SST retrieval for GOES-13. Aside from theoretical 
discussions, it has been demonstrated by implementing NRT operation [37] that a 
significant quality improvement is possible using MTLS method as compared to the 
operational product quality generated before August 2013 by the 2 channel regression 
method (OSPO). Fig. 21.1 shows that more than 50 % of error reduction in NRT-retrieved 
SST is achievable through migration from the stochastic to the deterministic method. The 
wide variation of RMSE using MTLS across different months is due to the cloud leakage 
problem of BCD, which will be discussed later. 

21.2.3. Truncated Total Least Squares (TTLS) 

Most modern operational sensors (e.g. GOES-16, Himawari-8, etc.) are now designed for 
multiple channels due to advancement measurement technology. One exception is 
MODIS, which was designed for experimental study with 16 channels in the thermal IR 
two decade ago and MODIS has been considered as a test bed for TTLS algorithm. Since 
many of the channels in modern sensor are suitable for SST retrieval, the TTLS method 
can be used by increasing the number of channels for SST retrieval as well as increasing 
the number of retrieved parameters. As discussed earlier, MTLS was designedfor GOES-
13 with a two-state retrieval model (SST, TCWV), since the number of channels was 
limited to three. Simultaneous retrieval of TCWV is the most critical additional parameter, 
because it significantly influences observed BTs for SST-sensitive channels. The next 
most important parameter that must be accounted for is the effect of aerosol. Unaccounted 
aerosol effects can significantly impact the thermal infrared regime. Aerosol effects are 
also present in the areas surrounding removed clouds, termed as ‘halos’ [45]. The new 
state-space parameter is a logarithmic value of the total column density of all aerosols 
(TCA; ‘a’) combined with TCWV and SST and the state space parameter vector of x = [s 
w a]. There may be some concern that the additional parameterization of this inverse 
model is best suited to implementation of an iterative scheme to obtain optimum quality 
of retrieval of the additional parameters. However, a non-iterative approach will still 
certainly help to improve the quality of retrieved SST due to the fact that the information 
content for SST in this retrieval scheme is high and the problem is fairly linear with respect 
to SST.  

TTLS [e.g. 46] is a well-known deterministic inverse method used in numerous 
applications. It should be noted that TTLS is better than the truncated singular vector 
decomposition (TSVD) based inverse, because TSVD discards some information from the 
solution, whereas TTLS regularized the ill-condition matrix inversion without discarding 
the singular values of the original Jacobian. An empirical optimization is required to 
determine how many lowest singular values should be truncated in regularization, which 
is dependent on the degree to which the problem is ill-posed, in order to get a good result 
for such multi-parameter inverse problems. However, the following retrieval is modelled 
using only three state space parameters and is solved by a single iteration. Therefore, this 
implementation is very simple and only the lowest singular value is truncated. As 
previously stated [37], the lowest singular value of the augmented matrix 𝑲 Δ𝒚  is 
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typically used as the regularization strength of the TLS solution. Here we use the second 
lowest singular value for implementing the TTLS solution. 

 𝒙   𝒙 𝑲 𝑲 σ  𝑰 𝑲 Δ𝒚 , (21.22) 

where σ  is the second lowest singular value of 𝑲 Δ𝒚 . As mentioned earlier [37], 
the TTLS for the GOES-13 SST (2 state space parameters) retrieval was tested, and TTLS 
was found to be overly regularized as compared to MTLS. As this problem is still 
constrained by the number of state space parameters (only 3), the regularization strength 
of TTLS is still high when the signal (Tig-Tb >> 1) is high due to the nonlinearity of the 
aerosol functional component. To mitigate this problem, a reduction of the regularization 
strength is empirically applied when the signal is high. This is done inherently (not using 
any additional input) using the residual and a fixed empirical threshold, giving a modified 
equation: 

 𝒙   𝒙 𝑲 𝑲 λ 𝑰 𝑲 Δ𝒚 , (21.23) 

where λ is the regularization parameter. This is defined as: 𝜆  𝜎  when 𝑟 𝑡 and 

𝜆  𝜎
log 𝑟  when 𝑟 𝑡, where r is the norm of the residual divided by the 

square root of the number of measurements, and 𝑡  is the threshold, which has to be 
determined empirically due to the nature of the problem (which varies with different 
instruments and channel combinations) and the number of measurements.  

The analytical error calculation is derived similarly to MTLS [37]: 

 ‖𝑒‖   ‖ 𝑲 𝑲 λ 𝑰 𝑲 ‖〈 Δ𝒚 𝑲 𝒙 𝒙 〉 

 𝑴𝒓𝒎 𝑰 𝒙 𝒙 , (21.24) 

where 𝑴𝒓𝒎, equal to 𝑲 𝑲 λ 𝑰 𝑲 𝑲, is the model resolution matrix. As mentioned 
above, xtrue is substituted by the value of xttls for the approximated analytical error (AEttls) 
calculation. Also, the additional cloud contamination can be discarded using the 
simultaneous retrieved parameters, as discussed above. The quality indexing (QIttls) of 
retrievals is similar to MTLS procedure. 

The expected information content for such retrieval can be quantified in terms of degree 
of freedom in retrieval (DFR) as: 

 𝐷𝐹𝑅   𝑡𝑟𝑎𝑐𝑒 𝑀 . (21.25) 

21.3. Data and Methods 

For the demonstration of the outcomes of the TTLS retrievals, the MODIS-AQUA sensor 
is used as a test bed. Data was collected from the following sources: MODIS-AQUA 



Chapter 21. Physical Deterministic Sea Surface Temperature Retrieval Suite for Satellite Infrared 
Measurement 

507 

(MODIS-A) radiances (L1b) were obtained from ftp://ladsweb.nascom.nasa.gov/ 
allData/6/MYD021KM/; geo-location information from ftp://ladsweb.nascom.nasa.gov/ 
allData/6/MYD03/; global forecast simulation (GFS) from ftp://nomads.ncdc.noaa.gov/ 
GFS/Grid4/ and buoy data from http://www.star.nesdis.noaa.gov/sod/sst/iquam/. The 
community radiative transfer model (CRTM) is used for the fast forward model run, and 
software and data were fetched from http://ftp.emc.ncep.noaa.gov/jcsda/CRTM/REL-
2.1/. For validation of the new retrievals algorithm, operational SSTs for MODIS-A were 
downloaded from ftp://ftp.nodc.noaa.gov/pub/data.nodc/ghrsst/L2P/MODIS_A /JPL/. 
The latter are available in the Group for High Resolution SST (GHRSST) level-2 
preprocessed (L2P) data format.  

GHRSST MODIS-A SST, buoy SST (Tb), GFS, MODIS-A L1b BT and MODIS-A 
geolocation data are collocated at the in-situ measurement location (point matches). The 
match-up window of this monthly matchup database (MMDB) was set to ±30 minutes for 
buoys coincident within satellite pixels. After collocation, MMDB provided BTs from the 
MODIS-A and National Centers for Environmental Prediction (NCEP) surface and upper-
air forecast fields. Quality controlled data from NOAA iQuam [47] were used as the in 
situ source, mainly buoy. Drifters, tropical moorings, and coastal moorings were also 
used. The latter are often considered problematic, but furnish the more extreme departures 
from first-guess SST since they are in high-gradient regions, and are thus invaluable tests 
of physical retrieval methods. The surface temperature from NCEP was used as the initial 
guess (IG) SST (Tig). CRTM was chosen for forward modeling that, in the future, may 
also be used in operational environments to minimize computational cost. Simulated BTs 
were calculated by employing CRTM v2.1 with NCEP data as input to provide the 
necessary inputs for physically-based retrieval methods. Fifteen different species aerosol 
profiles from the NOAA environmental modeling system GFS Aerosol Component 
(NGAC), a global in-line aerosol forecast system, are also used. To gain confidence in the 
algorithm in terms of its NRT operational compatibility, forecast data were used instead 
of reanalysis data. CRTM-derived partial derivatives (Jacobians) of the channel BTs with 
respect to SST (δyλ/δs) and the logarithm of TCWV (δyλ/ δw, where w = ln(TCWV)) were 
used. At the time of writing, the shortwave component of CRTM did not adequately 
mature the 4 μm region and the validation was performed using nighttime data only. A 
constant offset of -0.17 K to account for skin bulk SST differences of buoy data was used 
as a first-order approximation for nighttime data [48]. 

Two operational GHRSST SST products (OPR4 and OPR11) were compared with two 
newly developed deterministic inverse methods of SST retrieval. The OPR4 is defined as 
a linear combination of regression of two channels of shortwave formulation, and is 
described in http://oceancolor.gsfc.nasa.gov/DOCS/modis_sst/ as: 

 OPR4  𝑎 𝑎 𝑇 . 𝑎 𝑇 . 𝑇 𝑎 sec 𝜃 1 , (21.26) 

where 𝑎 , 𝑎 , 𝑎  and 𝑎  are the regression coefficients. The operational SST data (OPR4 
and OPR11) are directly used for comparison without additional offline calculation. The 
OPR11 is based on the longwave(lw) regression, which is a modification of Eq. (21.2):  
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 𝑠   𝑎 𝑎 𝑇 𝑎 T 𝑇 T  

 𝑎 T 𝑇 sec 𝜃 1 , (21.27a) 

 𝑠   𝑎 𝑎 𝑇 𝑎 T 𝑇 T  

 𝑎 T 𝑇 sec 𝜃 1 , (21.27b) 

 OPR11  𝑠  if T 𝑇  0.5, (21.27c) 

 OPR11  𝑠  if T 𝑇  0.9, (21.27d) 

 OPR11  𝑠  
.

.
𝑠 𝑠 if 0.5 T 𝑇  0.9 (21.27e) 

The two sets of coefficients (e.g. a00 and a10) represent two different latitude band. Note 
that the website (http://oceancolor.gsfc.nasa.gov/DOCS/modis_sst/) is no longer 
available. It is replaced by https://oceancolor.gsfc.nasa.gov/atbd/sst/ with more generic 
algorithm. The product of SST using new algorithm is not used this study. 

21.4. Channels Selection Using EXF 

Satellite-retrieved SST error can be divided into two components: a) cloud detection error 
and b) retrieval algorithm error. To design better retrieval algorithms using various 
channel combinations of sensors, the error from cloud detection should be kept as low as 
possible. To facilitate this, an experimental filter (EXF) is designed [49, 50], based on two 
assumptions: a) the buoy temperature is ‘true’ (after discarding bad buoys using iQuam) 
and b) the 3.9 μm measurement is not significantly affected by residual variability of water 
vapor. The residual (model minus observation) of the 3.9 μm channel BTs are divided by 
the partial derivative with respect to SST values ( 𝐾 . ) to transform BTs from 
measurement space to state space (rtv3.9) and allow a direct comparison with “Tb minus 
Tig”. Provided the pixels are cloud-free, the retrieved and true SST are expected to closely 
follow a 1:1 ratio. This implies that 𝑇 𝑇 𝑟𝑡𝑣 .   0  for cloud free at ideal 
condition. To make this as more realistic, a value of threshold is used due to errors in the 
state-space, in the RTM and measurement as: 𝑎𝑏𝑠 𝑇 𝑇 𝑟𝑡𝑣 . 𝜏. Earlier study 
[49] assumed institutively the value of threshold is 1K for GOES-13 imager measurement. 
A comparative study is made for MODIS measurement based on more rigorous studies 
and in-depth understanding of RT (e.g. a high value of SST Jacobian means that TCWV 
is smaller, and vice versa). A new threshold value of (0.75/ 𝐾 . ) is found as an optimal.  

From a deterministic point of view, it is always better to use more measurements for any 
physical deterministic retrieval in order to reduce the effect of measurement noise and 
missing or incorrect parameters, if an adequate forward model is available. The fast 
forward model (e.g. CRTM v2.1) injects two types of noise into the inverse problem: a) 
approximated RT error; and b) error due to erroneous or missing ancillary data. To 
understand and verify the useable channels of MODIS for SST retrieval under the 
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constraints of fast forward model error, a comparative retrieval has been conducted using 
different channel combinations as shown in Fig. 21.2. The center wavelength of the 
sixteen bands of MODIS are 3.7, 3.95, 3.95, 4, 4.45, 4.5, 6.7, 7.3, 8.55, 9.7, 11, 12, 13.4, 
13.65, 13.9, and 14.2 μms. Note that the two channel numbers for 3.95 μm are for two 
different spatial resolutions. The channel numbers used in Fig. 21.2 are according to this 
sequence. Most of the prevalent MODIS SST retrievals are made using 3.95, 4.0, 11 and 
12 μm channels (3, 4, 11 and 12), the default combination for this study. The other 
channels (except channel 7, water vapor) are added one at a time to the default 
combination, for a series of experiments investigating the CRTM errors for SST retrievals 
from MMDB of July 2015 using TTLS, as shown in Fig. 21.2. 

 

Fig. 21.2. Retrieval results of TTLS under TTLS QI for different combinations of channel 
selection. Solid lines represent RMSE and dashed lines represent SD. 

Results are compared primarily based on RMSE, but standard deviation (SD) is also 
shown, since it is the random error component. There is a systematic error when the value 
of RMSE is higher than SD according to the definition and the separation between the SD 
and RMSE curves will be observed. The systematic error is governed by either single or 
combined modeling errors (forward, inverse and instrument models). RMSE for all 
figures is plotted on top of the SD curve. If the latter is not visible, the systematic error is 
negligible, implying that all models are working reasonably well. When the SD curves are 
visible, there are some systematic errors and it may be necessary to revisit model 
components in future work. Fig. 21.2 shows that RMSE increased due to adding of any of 
channels 8, 9, or 10 as compared to the reference combination of channels 3, 4, 11 and 12 
(black line). This implies that the fast forward model error using CRTM was higher than 
the information added for channels 8, 9 and 10. Thus, these three channels were discarded 
from the channel selection scheme for use with the presently available fast forward model. 
Adding the 3.7 um channel notably reduced RMSE with no change in SD, and when the 
13.4 μm channel was added, the difference between RMSE and SD was negligible without 
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altering SD. Thus, these two channels are the focus of the nighttime channel selection. 
Even though the difference between SD and RMSE was very low, a large number of pixels 
placed into the last bin when channel 5 was added. Thus, channel 5 was also discarded 
from the channel selection scheme.  

A second experiment was then conducted using combinations of channels 1, 3, 4, 6, 11, 
12, 13 and 15 (Fig. 21.3). Interestingly, Fig. 21.3 shows that the significant retrieval error 
reduces when the 12 μm channel is replaced by the 13.4 μm channel (red) of the default 
combination (black line in Fig. 21.3). RMSE (except of the last bin) was 0.36 K for the 
default pair, while the RMSE for the combination of 3.95, 4.0, 11 and 13.4 μms is 0.28 K. 
As per the literature, no prevalent methods have used 13.4 μm channel for SST retrieval, 
except for our previous work on GOES-13 [37]. However, MODIS SST retrieval 
generally uses the regression-based method, and the 12 μm channel is useful for 
determining atmospheric effects by differential absorption according to the literature [e.g. 
23, 25]. This implies that channel selection for a PD method is not identical to that of a 
regression-based method. One of the retrieved parameters is TCWV in PD method and 
water vapor information from the measurement is required. The near surface water vapor 
information is higher in 13.4 μm measurement as compared to 12 μm measurement and 
the results show that the SST error reduces using 13.4 μm measurement when TCWV 
retrieval improves. As Fig. 21.3 shows, three different combinations of channels yielded 
more or less the same performance; the combination of [1 3 4 6 11 13] channels for night 
was chosen for the study. The measured BTs for the selected channels are the elements of 
the y vector in Eq. (21.20) and Eq. (21.23). The fast forward model error due to seasonal 
varying GFS profile error is a major hurdle in physical SST retrieval when using all the 
available MODIS channels. Thus, the retrieval error using channels [1 3 4 6 11 12 13 15] 
is significantly higher than that of the best combination, which contains only 6 channels. 

 

Fig. 21.3. Retrieval results of TTLS under TTLS QI for different combinations of channel 
selection. Solid lines represent RMSE and dashed lines represent SD. 



Chapter 21. Physical Deterministic Sea Surface Temperature Retrieval Suite for Satellite Infrared 
Measurement 

511 

21.5. Sensitivity of MTLS and TTLS 

The presence of atmospheric aerosol is one of the major hurdles for improving the quality 
of SST [51-52]. There is no direct way to mitigate this issue in regression-based SST 
retrieval schemes, except discarding pixels from the datasets using additional tests, which 
reduces the data coverage, or simple post-hoc bias correction. There are two choices in 
the physical based retrieval method to mitigate this issue. Either the aerosol forecast data 
can be simply treated as “truth” in the forward model, or these data can be used as an 
initial guess and an aerosol term can be added to the retrieved parameters. Fig. 21.4 
compares results for three different scenarios: a) without ancillary aerosol information,  
b) aerosol is included in forward model, but not as a retrieval parameter, and c) including 
aerosol in forward model as well as a retrieval parameter of total aerosol column density 
(TACD). In the latter two cases, NGAC provided additional input to the CRTM. Note that 
the different months of MMDB were considered in various experiments to examine the 
versatile characteristics of retrievals, which cannot be viewed from time series analysis 
based only on RMSE. 

 

Fig. 21.4. Plots of MTLS and TTLS retrievals under both MTLS and TTLS QI for three 
scenarios: no aerosol with two retrieved parameters, aerosol with two retrieved parameters  

and aerosol with three retrieved parameters. 

Fig. 21.4 shows that the two-parameter retrieval performance of SST was slightly worse 
than without including aerosol in forward model simulation for both methods of MTLS 
and TTLS, but data coverage increased for both cases. This implies that aerosol content 
from NGAC should not be regarded as a true at the pixel level. Comparing MTLS and 
TTLS using two retrieved parameters (SST, TCWV) for the whole dataset (except the last 
bin), RMSEs of TTLS (0.42 & 0.46 K) were higher than those of MTLS (~0.28 K), and 
data coverage were also reduced for cases both with and without aerosols. 
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As discussed earlier, two-parameter TTLS retrieval is highly constrained inverse problem 
and retrieval error is increased due to relatively high regularization error. This forced to 
design a new regularized TLS method, MTLS, for cases when the available number of 
measurements is low. However, the RMSE of TTLS was improved using QI of TTLS for 
a subset of the whole dataset, e.g., the RMSE of TTLS and MTLS with aerosol were 0.22 
K and 0.24 K for the best 8 % of matches respectively (i.e. about 44 % of the cloud-free 
data). Interestingly, the RMSE of both MTLS and TTLS increased due to inclusion of 
NGAC aerosol in the forward model. On the hand, the SST retrieval using TTLS was 
significantly improved when the NGAC aerosol profile was considered as an IG for a 
retrieved parameter of TACD, and data coverage was also slightly improved as compared 
to other two scenarios. The RMSE of MTLS with three parameters was 1.2 K when 
excluding the last bin, but ~0.24 K when excluding the last two bins. As already 
mentioned, MTLS was originally designed as a two-parameter retrieval scheme where the 
number of measurements is limited and constrained by the condition number of the 
Jacobian. The condition number of the Jacobian is inherently increased due to increasing 
the number of retrieved parameters, and the population of the second to last bin increased 
due to high SST error from the resulting high regularization error. Thus a two parameter 
MTLS with aerosols in the forward model only can increase data coverage by 1.5 % (i.e. 
about ~9 % of the cloud-free data) at the cost of increased RMSE of ~0.02 K. This is 
expected to be a better choice for MTLS implementation and is considered in the next 
experiment. This study found that the three parameter TTLS retrieval method produced 
the best results, with an RMSE of ~0.24 K and a data coverage of 16.5 %.  

Fig. 21.5 compares the three-parameter TTLS with aerosol and two-parameter MTLS 
retrievals without aerosol using the MMDB of January 2015. This study aims to 
understand the information content of various retrievals. Fig. 21.5 has been plotted with 
the cumulative percentage of total matches according to the DFR metric for TTLS and 
MTLS. Although DFR according to Eq. (21.25) is the ‘trace’ of 𝑀 , which is the total 
information content, the first diagonal component of 𝑀  is considered in this study as 
DFR of SST only. Fig. 21.5 shows that the three-parameter TTLS retrieval is better in 
terms of low error in retrieval and high DFR value. Though it is not essential to have high 
information when a priori error is low, the information content in terms of DFR is rather 
low (<0.45) for the MTLS two-parameter retrieval. In contrast, the TTLS three-parameters 
retrieval is a better choice given a sufficiently high number of measurements. Fig. 21.4 
also compares the MTLS and TTLS retrievals for two different proposed thresholds of 
EXF, the old [49] 1 K intitutively assumed threshold and the new empirically threshold 
(0.75/ K3.9). The range of RMSE of TTLS under new threshold of EXF (blue line in Fig. 
21.5) is 0.24 to 0.20 K, which is close to the inherent ‘buoy’ error reported in earlier work 
[20]. This also implies that the improved empirical threshold for EXF is justifiable, since 
it gets very close to complete cloud-free condition. 

21.6. Cloud Detection for IR SST 

Cloud detection is a key aspect of any parameter estimation using satellite IR 
measurements. Deriving accurate cloud-masks from geostationary and polar orbiting 
satellite data has been a topic of research since the launch of the television infrared 
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observation (TIROS)-1 weather satellite in 1960. Consequently, many cloud detection 
algorithms have been developed, based on cloud spectral properties (deterministic) and 
statistical (stochastic) theories. For example, a popular cloud detection technique, known 
as AVHRR processing scheme over clouds, land and ocean (APOLLO), was developed 
for NOAA AVHRR data [53-54]. This method performs several threshold tests on data 
from visible and IR AVHRR channels to determine if pixels are cloudy or cloud-free. 
Subsequently, the CLouds from Advanced Very high resolution Radiometer (CLAVR)-1 
algorithm, also based on spectral differences, was developed to classify pixels in 4-km 
resolution images into clear, mixed and cloudy categories [55-56]. Quasi-deterministic 
spectral difference methods are popular, because there are some shortcomings in statistical 
methods that limit their performance and prevent them from being used globally (c.f. 
[57]). For example, the neural network approach requires training sets which are region-
based and Bayesian methods require information on data distribution, which is typically 
assumed to be a normal distribution though the actual distribution may vary regionally 
[58]. In contrast, the quasi-deterministic threshold methods are not affected by location or 
data distribution, which makes them suitable for global use.  

Standard cloud screening methods exploit, by and large, five basic properties of passive 
satellite imagery [59]: a) clouds appear bright (have high Top of Atmosphere (TOA) 
reflectance) in VIS and NIR channels as opposed to ice-free water surfaces and 
vegetation-covered Earth surfaces; b) clouds consisting of liquid cloud particles (not ice 
crystals) reflect strongly in SWIR and MWIR channels while Earth surfaces (including 
snow and ice) appear dark; c) clouds are generally colder than Earth surfaces; d) thin cirrus 
clouds have higher transmissivity in IR channel 11 μm than in channel 12 μm, which 
enables cirrus detection when using the split-window IR brightness temperature 
difference; and e) broken clouds give rise to a scattered pattern or texture in images over 
otherwise homogeneous surfaces (especially ice-free ocean). Some of the tests are derived 
to exploit the above-mentioned understandings of reflectance-based properties. These are 
not applicable at night and often fail at large satellite zenith angles and in the glint area. 
This is one reason that many cloud detection technique do not perform well in operation. 
Extensive use of reflectance-based tests degrades day/night consistency and spatial 
uniformity of clear-sky masking results [60].  

An alternative to spectral differences is the Bayesian approach [61-64]. One form of BCD 
[62] is an operational cloud detection scheme for GOES-13, at OSPO, NOAA. This is a 
RTM-based algorithm [62], where the NWP information is used to construct the ‘a 
posteriori’ probability of the pixel being clear-sky (pClr) as a function of observed BTs 
and a local texture parameter. This algorithm reduces to a single test in which the above 
probability is calculated and compared against a predefined threshold. This reduction in 
the number of cloud tests is achieved at the expense of using a large amount of a priori 
information, including a Gaussian multivariate statistical distribution of NWP variables 
and a probability density function (PDF) of BTs over cloudy areas [60]. Moreover, 
Bayesian methods always require knowledge about the probability distribution of the data 
and a Gaussian distribution is often assumed to simplify the numerical calculation. 
Satellite data, however, are generally not Gaussian distributed [57]. Finally, the errors are 
treated as definite information in Bayesian method, which is a fundamental flaw. 
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To perform the cloud screening, most methods (either quasi-deterministic or stochastic) 
define thresholds in the analyzed spectral channels, channel combinations or probability 
distribution [60]. Deterministic thresholds may be static (empirically or climatologically 
derived) but most methods pre-calculate them stochastically using RTM with calculations 
initialized with various ancillary data (e.g., satellite viewing, solar geometry information, 
prescribed surface temperatures and atmospheric profile data from numerical weather 
prediction models). The stochastic method highly depends on the a priori data. Both 
methods are constrained by their own assumptions to capture the real time dynamic states 
of the atmosphere and surfaces. This could potentially separate obvious clouds, but the 
difficult task is to separate out fractional clouds and the overlapping of two classes (cloud 
free and cloudy), due to limitation in the number of channels of any imager as compared 
to the variability of the number of states. 

The operational MODIS cloud detection scheme, which will be compared with the 
performance of the new cloud detection scheme, primarily uses observed spectral 
differences. Accurate cloud-masks using such differences alone is extremely challenging, 
and so spatial coherence tests are also employed. However, cloud contamination remains 
one of the significant error contributions in the operational MODIS SST product, as 
reported in several studies [e.g. 2, 20, 30].  

21.7. Limitations of Operational Cloud Algorithm 

The most challenging task is quantitative performance analysis of a cloud detection 
algorithm in an operational environment. Conventionally, all comparisons of the 
performance of cloud detection algorithm are relative, with the assumption that one of the 
cloud information sources is more accurate. However, many validations are based on less 
accurate, visually estimated cloud amounts, reported by observers [65]. Thus, we 
developed a test protocol for a quantitative validation procedure to judge the quality of 
cloud detection schemes, based on the deterministic single channel SST collocated with 
buoy data. The number and global distribution of good buoy measurements at present are 
sufficient to reasonably assess any cloud detection algorithm, at least one designed for the 
purposes of SST retrieval.  

As mentioned earlier, EXF assists in algorithm design and performance studies of cloud-
free retrieval models and the verification of cloud detection schemes. The performances 
of two operational cloud detection algorithms (BCD for GOES-13 and fixed threshold for 
MODIS) for nighttime are shown in Fig. 21.6. The values of rtv3.9 are plotted against “Tb 
minus Tig” in Fig. 21.6a, for pixels with probability of clear sky (pClr) greater than 0.98, 
which is the operational threshold used for BCD. For the month of July 2012,  
3,710 pixels were flagged as cloud-free according to BCD. EXF classified ~10 % of these 
pixels to be cloudy. Fig. 21.6b plots the same parameters as in Fig. 21.6a but for pixels 
where pClr ≤ 0.98 (considered as cloudy by BCD) and which are classified as good by 
EXF. Fig. 21.6b shows that large number of pixels (more than 210 % of cloud-free 
numbers) discarded as cloudy by the BCD were good measurements (i.e., closely follow 
the 1:1 line), assuming the forward model calculation is sufficiently accurate. 
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Fig. 21.6. Plot of rtv3.9 against the differences of Tb and Tig for two subsets of pixels: Panels  
(a) and (c) represent subsets of pixels flagged as a cloud-free by operational algorithms of BCD 
and MC respectively; Panels (b) and (d) represent subsets of pixels flagged as cloudy by the same 
operational algorithms but cloud-free according to EXF. Npix stands for number of pixels. 

The database of operational L2P MODIS SST contains two products for nighttime, with 
ancillary information and quality levels (QL) from 1 to 5 for bad to good retrievals. The 
subset of pixels with QL = 5 is assumed to be representative of MODIS cloud (MC) 
thresholds for cloud-free sets for this study. Similar conclusions as mentioned for BCD 
can be drawn; i.e., MC is also suboptimal because there are significant cloud leakages  
(~7 % according to EXF), and substantial false alarms as shown in Figs. 21.6(c, d). For 
example, in May 2015, the operational MC scheme flagged 120 % pixels as cloudy of 
cloud-free numbers, which are good measurements. 

21.8. Cloud and Error Mask (CEM) Algorithm 

To improve operational cloud detection, a novel quasi-deterministic cloud and error 
masking (CEM) algorithm has been developed [49-50]. CEM is designed using various 
RT forward model based classification tests on top of a relaxed functional spectral 
differences approach, including relaxed spatial coherence tests. To perform cloud 
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screening, most traditional methods define thresholds in the measured spectral channels 
or channel combinations. For example, there is a mean difference of 30 K between the 6.7 
and 11 μm BTs for a standard cloud free atmosphere over the tropical ocean, according to 
the MODIS cloud clustering classification [58]. This difference varies with the TCWV 
amount, and case studies have been made in this regard using radiosonde WV data  [e.g., 
66]. To demonstrate this for the GOES-13 imager, Fig. 21.7 shows the BT differences 
between 6.7 and 11 μm (green) plotted against TCWV for all data points (night) for a 
month of matchups (green), on top of the density plot of the same (for cloud-free pixels 
only, according to EXF). Fig. 21.7 shows that “an obvious cloud” can be detected using a 
functional threshold of TCWV (below magenta line). However, most operational cloud 
detection algorithms are based on fixed lookup thresholds [e.g. 53-55]. To the best of our 
knowledge, no published operational spectral difference cloud detection scheme so far has 
included TCWV as a functional parameter. CEM includes TCWV (using easily available 
operational GFS data) as a parameter to determine the threshold conditions for various 
spectral difference spaces. 

 

Fig. 21.7. Plot of measured BT differences of 6.7 & 11 μm (green) with respect to TCWV, the 
density plot for pixels determined as cloud-free using EXF is superimposed and tentative 

threshold (below magenta line) for discarding cloudy pixels. 

CEM is designed by relaxed threshold conditions such that most confirmed cloudy pixels 
would be discarded. For example, there would only be 91 false alarms (FA) if a functional 
threshold is selected below the Fig. 21.7 magenta line. Another advantage of CEM is that 
the coefficients are calculated for normalized spectral differences (divided by average BT 
value of two selected channels). This allows for a “unitless" functional threshold value 
that can be used for the cloud detection of different instruments. Interestingly, the 
calculated coefficients using GOES-13 for TCWV-dependent spectral differences 
between 3.9, 11, and 13.4 m channels work reasonably well for MODIS [50]. The 
relations for these various functional spectral differences tests of CEM are:  
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 F 11, 6.7   .

.
0.1 max TCWV 20,0 600, (21.28) 

 F 11, 13.4   .

.
0.05 max TCWV 10,0 2000, (21.29) 

 F 11, 3.9   .

.
 0.006 

 max TCWV 30,0 3000 &  0.004
 ,

. (21.30) 

For demonstration purposes, the sequential test results using a month of matchups 
(September 2014) from MODIS are discussed below, where the coefficients of Eqs. 
(21.28-21.30) are calculated using GOES-13 matchup data [49]. Fig. 21.8 demonstrates 
that the first cloud test eliminates 11,756 pixels, at the cost of 63 good measurements. The 
main object of the CEM philosophy is to use flexible threshold to discard only pixels that 
have a high expectation of cloudiness, and the results show exactly this. 18,364 cloudy 
pixels remain in the ‘Selected’ class underneath the density plot of cloud-free pixels 
(determined according to EXF). The pixels considered in the second test are those that 
remain in the ‘Selected’ class after the first test. Similarly, Fig. 21.9 shows that 2,932 
pixels are discarded, including only 11 good measurements, after applying the second test, 
i.e. 15,443 cloudy pixels till remain in the ‘Selected’ class. A further 5,661 pixels, 
including 66 good measurements, are discarded, leaving 9,848 cloudy pixels in the 
‘Selected’ class after applying Eq. (21.30), as shown in Fig. 21.10. 

 

Fig. 21.8. Normalized measured spectral differences (magenta) between 6.7 and 11 μms  
with respect to TCWV; the density plot for pixels determined as cloud-free using EXF is 
superimposed. Points below the green threshold line(s) are “removed” by this test. The number of 
pixels as FA = False Alarm, CL = Cloud Leakage and DIS = Discarded. 
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Fig. 21.9. Normalized measured spectral differences (magenta) between 13.4 and 11 μms  
for pixels assigned to the “Selected” class after the first test with respect to TCWV; the density plot 
for pixels determined as cloud-free using EXF is superimposed. Green line represents threshold 
condition. 

 

Fig. 21.10. Normalized measured spectral differences (magenta) between 3.9 and 11 μms  
for pixels assigned to the “Selected” class after the second test with respect to TCWV; the density 
plot for pixels determined as cloud-free using EXF is superimposed. Points outside the green 
threshold line(s) are “Discarded”. 
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The spectral differences alone cannot completely remove all cloudy pixels, and an 
additional RT-based double-difference (measurement minus observation) 3.9 minus  
11 μm test was implemented [49] for GOES-13. Applying this test to MODIS data 
removes a significant number of good measurements when the absolute value of Tb-Tig is 
close to zero, as shown in Fig. 21.11a. As more channels are available in MODIS, alternate 
tests to improve the performance of CEM are investigated. Empirically, an alternative 
functional double-differences test is derived to preserve most of these earlier discarded 
pixels. The test is the double-differences between the channels of 3.9 and 4.0 μm (dd3_4), 
which was not possible to implement previously due to absence of the 4.0 μm channel in 
GOES-13. 

 𝑎𝑏𝑠 𝑑𝑑3_4  0.8 ∗  0.1 . , . ,
 . (21.31) 

 

Fig. 21.11. Functional double difference of model and measurement plot for selected matchups 
(green dot) with respect to Tb-Tig, again with the density plot for pixels determined cloud-free using 
EXF superimposed. The magenta line is the threshold for discarding cloudy pixels:  
(a) F(dd[3.9,11]) is the for 3.9 and 11 μm channels; (b) F(dd[3.9, 4], rtv39) for 3.9 and 4.0 μm 
channels divided by functional single channel SST retrieval using the 3.9 μm channel,  
as described in r.h.s. of Eq. (21.31). 

Figs. 21.11a, b shows that 111 good measurements can be saved and additional  
2,619 cloudy pixels can be discarded by using the new double difference test instead of 
the previous one. It is worth mentioning that the functional double difference test is a new 
and innovative test in cloud detection literature. The double difference method is well 
known for minimizing the influence of the forward model error.  

Another RT-based water vapor threshold filter (WVTF) is designed for GOES-13 cloud 
detection scheme [49]. This is based on a single channel retrieval of TCWV from the  
11 μm measurement (𝑟𝑡𝑣 ), using a linear assumption, and rtv3.9 as described earlier 
[49]. 
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 𝑟𝑡𝑣   . . (21.32) 

The WVTF eliminates 1201 cloudy pixels at the cost of 575 good measurements, when it 
applied for MODIS dataset, as shown in Fig. 21.12. The threshold is modified for the 
cloud detection of MODIS and restricted to a particular region where the value of rtv3.9 is 
less than -2 K (bearing in mind that retrievals are deltas from the initial guess SST) and 
pixels are discarded if the absolute value of 𝑟𝑡𝑣  is greater than 0.2 (~10 % variability 
of TCWV). This reduces the false alarms (rFA) from 575 to 140. This test will be replaced 
by another test after in-depth study of the physics in future. 

 

Fig. 21.12. Plot of TCWV retrieval (Eq. (21.32)) with respect to rtv3.9 (magenta) for selected 
pixels and a density plot of the same for pixels determined as cloud-free using EXF 

superimposed. The green line is the threshold for discarding cloudy pixels. 

A three-by-three spatial homogeneity filter [49] is retained to remove pixels affected by 
cold fractional clouds. The BT values of the eight pixels surrounding the target pixel are 
compared. There are two different threshold conditions for the adjacent nine 
measurements: a) the “maximum minus minimum” of these measurements should be less 
than 5 K (which is a substantially relaxed filter cf. other methods); b) the value of the 
target pixel must be within 0.7 K of the maximum value.  

21.9. Validation 

As mentioned earlier, to compare PDSST retrieval with available operational MODIS 
SSTs, data were downloaded from the GHRSST website. The database contains two 
operational MODIS SST products (short-wave and long-wave) with QL from 1 to 5 for 
bad to good retrievals and ancillary information. QL applied to whole set of data and no 
specific information is provided regarding the number of pixels are discarded using cloud 
detection algorithm. Conventionally, cloudy pixels would be discarded using a cloud 
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detection algorithm, and then the SST quality level should be assigned for the subset of 
cloud-free pixels according to the performance of the retrieval algorithm in operation. In 
such a case, it is not unreasonable to expect quality levels of 3 and above  
from the operational database to be representative of the total cloud-free pixels obtained 
from the MODIS cloud (MC) algorithm for the comparison with CEM. However, it turns 
out that two subsets of pixels (QL ≥ 3) for the long-wave and short-wave SST products 
are significantly different. The reason for this difference in QL ≥ 3 data is not  
immediately obvious, because the tests are essentially the same (see 
http://oceancolor.gsfc.nasa.gov/cms/atbd/sst/doc/html/flag.html). However, one 
possibility is that the spatial uniformity test degrades all longwave MODIS SST data by 
one quality level (see footnote 2 of “Minimum Quality Level” table in above link) but this 
does not appear to be applied to the shortwave MODIS SST product. Thus, longwave 
MODIS SST data, which were originally GHRSST QL = 3, may have been degraded to 
QL = 2. The subset of pixels (QL > = 3) from the short-wave database contains substantial 
cloud leakage, while the subset of pixels (QL > = 3) from the longwave database is 
actually representative of MODIS clouds (MC).  

A detailed discussion of results for the month of May 2015 is provided to understand in 
depth the characteristics of different retrievals, while time series results will be presented 
in Section 21.10. The retrieval errors for the two different deterministic methods (TTLS 
with 3 parameters and MTLS with two parameters) and two operational products (OPR4 
and OPR11) under two different cloud detection schemes (CEM and MC) are shown Fig. 
21.13. The errors in SST retrievals are shown using two different metrics: RMSE and SD. 
As mentioned earlier, RMSEs are plotted on top of SDs – when the lines merge (i.e. the 
dashed SD line is not visible) the systematic error component of RMSE is negligible.  

 

Fig. 21.13. Comparative retrieval results for TTLS, MTLS, OPR11 and OPR4 under two 
different cloud detection schemes (MC and CEM). MQL stands for MODIS cloud with MODIS 

QL and MC stands for MODIS cloud with TTLS QI. 
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The new cloud detection scheme, CEM, classifies ~1.8 times more pixels as cloud-free 
(i.e. able to obtain a good SST estimate) compared to the QL = 5 for longwave and  
~2.1 times more than QL = 5 for shortwave. Note, however, that the standard MODIS 
cloud-free or highest quality level pixels are not simply a subset of CEM. Fig. 21.13 shows 
that the RMSE of OPR11 and OPR4 for a QL of 5 are ~0.79 K and ~0.72 K and only 
comprise ~10 % and ~9 % of the total number of matchups, respectively. On the other 
hand, CEM classifies ~18.9 % of all pixels in the matchup dataset as cloud free (excepting 
the last bin), with RMSE of TTLS of ~0.4 K. This represents a gain of more than three 
times the information in terms of low error and high data coverage using the combination 
of CEM and TTLS. It is worth mentioning that the highest quality of TTLS retrieval of 5 
% with respect to total matchups (i.e. ~25 % of the cloud-free observations) is 0.25 K, 
which is again comparable with buoy error. The data coverage of operational MODIS 
SSTs can be increased by up to ~20 % by reducing the quality level to 3 (longwave), but 
with a concomitant increase of RMSE to ~1.25 K. The information gain for CEM+MTLS 
remains at more than three times, even setting the cloud threshold at QL ≥ 3 (longwave). 
It is also observed from this figure that the IG error for the whole cloud-free dataset in 
CEM is comparable with the same under the group of MODIS cloud-free (QL ≥ 3, 
longwave) pixels, which eliminates the possibility that CEM is only selecting the pixels 
with SSTs close to the IG. 

Although MTLS and TTLS are in the same family of deterministic TLS methods, the 
results are dissimilar since the data-driven regularization is determined using different 
procedures. TTLS is always superior to MTLS under CEM, but there was an intersect for 
the MC regime due to the fact is that MTLS (excluding the last bin) increases data 
coverage by 1 % at the cost of an increased RMSE of 0.05 K. However, the overall 
performance of TTLS was better than MTLS, as intended. Even though the improvement 
of TTLS over MTLS was fairly modest (0.05~0.1 K), both MTLS and TTLS performed 
far better than both operational shortwave and longwave products. On the other hand, the 
data coverage (except last bin) of MTLS and TTLS were more or less equal (20.54 % and 
20.68 %) under CEM. Both MTLS and TTLS excellently remove the additional cloudy 
pixels at the time of solution, which can be observed from the RMSE curves of MTLS 
and TTLS under MC. The RMSE of TTLS and MTLS was reduced from 2.2 K and 2.1 K 
to 0.72 K and 0.77 K, for data eliminations of 2.8 % and 1.5 %, respectively. This confirms 
that the additional cloud removal using TTLS and MTLS solution (last bin) is a useful 
tool. It should be noted that the reduction of IG error was marginal for both cloud schemes, 
which implies that the high signal SST retrievals were not consigned to the last bin. Thus, 
as mentioned earlier, that this version of the algorithm has improved the “last bin” 
assignment. 

While the systematic errors are negligible for both operational products at QL = 5, they 
became significant at lower quality levels, which is one of the inherent drawbacks of 
regression methods [37]. To remove the systematic error in an operational setting requires 
a dynamic coefficient evaluation procedure, which may increase the total error. Some 
noteworthy comparison results (Fig. 21.13) between deterministic and regression based 
retrievals under MC using the TTLS QI were: a) RMSE values for both MTLS and TTLS 
were very high (2.1 and 2.2 K) for quality level 3 (longwave) but, after “last bin” cloud 
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removal, the RMSE of MTLS and TTLS were 0.72 and 0.77 K, which were lower than 
OPR11 (0.79 K) at QL = 5; b) the data coverage for MTLS and TTLS increased from 10 
% to ~18.5 % (85 % increasing data coverage with respect to operational) and from 10 % 
to ~18 % (80 % improvement) respectively for the equivalent RMSE value of OPR11 at 
QL = 5 (0.79 K), when extending the sample of operational SST retrieval pixels to include 
QL> = 3; c) the RMSE values of MTLS and TTLS were ~0.45 K and ~0.33 K respectively 
for 10 % data coverage (at MQL of OPR11, vertical comparison), while the RMSE of 
OPR11 was 0.79 K; d) the RMSE of OPR4 (0.72 K) was slightly better than for OPR11 
at MQL = 5, but the RMSE of TTLS for the same data coverage was ~0.32 K; e) all other 
comparison between OPR4 and deterministic retrievals (MTLS and TTLS) were similar 
to those for the OPR11 and deterministic retrievals. 

To illustrate the geographical error distribution, the absolute difference between the 
retrieved SSTs from the corresponding buoy measurements at the finer grid of 
0.05×0.05 lat/lon was obtained, and the RMSE of the differences was considered if any 
grid had more than one match-up, all using MMDB for May 2015. This study aimed to 
compare both the accuracy and data coverage of different retrieval and cloud detection 
schemes using finer grids. It is challenging to discern the exact error distribution by the 
human eye when errors are mapped at the fine-grid level, thus, the spread of errors (Serr) 
in terms of a geographical view was calculated for the comparison of different products. 
This was calculated by keeping minimum value unaltered while maximum value was 
determined by sorting the lowest 95 % of data. Fig. 21.14 maps the errors of four different 
products. No specific trend of the error distribution was found for any products with 
respect to a particular geographical location, but the reduced data coverage of the two 
operational products is easily discerned. The red spots in all maps are areas of probable 
cloud contamination. It is not sensible to calculate systematic error when the number of 
points is less than 10, and more than 95 % pixels were below this level. Surprisingly, the 
value of Serr for both operational products were the same (1.13 K), though the reason for 
this is not clear. The values of Serr for MTLS and TTLS were 0.79 and 0.76 K, respectively. 
Fig. 21.14a and Fig. 21.14b also demonstrate that CEM can improve data coverage at high 
latitudes, which is highly desirable for many geoscience problems.  

21.10. Time Series Analysis  

To increase confidence in the deterministic TTLS method for MODIS SST retrievals, 
more than a million match-ups over a period of more than a year were analyzed. These 
results are shown in Fig. 21.15. The superiority of the TTLS method over the regression-
based MODIS SST that was drawn on the basis of the one month analysis also holds for 
this longer time series, implying that the gains from the TTLS methodology are temporally 
robust. The average values of RMSE and data coverage for TTLS+CEM were 0.35 K and 
19 % (where the fraction of cloud free (FCF) pixels is 0.19), for OPR4 (MQL = 5) were 
0.52 K and 8.8 %, and for OPR11 (MQL = 5) were 0.57 and 9.7 %. The reduced data 
coverage of OPR4 compared to OPR11 is mainly caused by data availability. This 
calculation was based on the total match-ups for night; OPR4 data were not available if 
the granule is mixed day and night, but OPR11 data were available. The average 
information gain using TTLS+CEM was also more than three over OPR4 and/or OPR11. 
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Fig. 21.14 (a, b). Maps of the buoy pixel point RMSE for the retrieval  
of: (a) TTLS+CEM; (b) MTLS+CEM. 

A large RMSE variation from 0.72 K to 0.34 K (>100 %) over the ten-month period is 
observed for the OPR4 product, whereas the values of RMSE for TTLS+CEM were fairly 
consistent from 0.43 K to 0.33 K. The RMSE of OPR4 was surprisingly low (0.34 K) for 
the month of July 2015, so some overhauling of the algorithm may have been performed, 
although the improvement seems to have been only temporary. Even though the RMSE 
of OPR4 is lower than TTLS for the month of July 2015, the data coverage for 
TTLS+CEM of this month was almost double that of OPR4 at QL = 5. It is difficult to 
conclude from these results that the regression-based operational product error are highly 
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seasonal dependent – further investigation will likely require a longer time series. The 
RMSEs of OPR4 (except for November 2014) were lower than those of OPR11, and thus 
it can be concluded that OPR4 is a better product than OPR11. Even though the 
improvement of TTLS over MTLS was not large, the information content of TTLS was 
always significantly higher than MTLS, as discussed earlier.  

 

 

 

Fig. 21.14 (c, d). Maps of the buoy pixel point RMSE for the retrieval  
of: (c) OPR4 (MQL = 5); and (d) OPR11 (MQL = 5). 
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Fig. 21.15. Comparative monthly RMSE statistics for TTLS, MTLS, OPR4 and OPR11 and data 
coverage for CEM, OPR4 at MQL = 5 and OPR11 at MQL = 5. 

21.11. Conclusions 

This study shows that the deterministic inverse method of TTLS performs better than 
MTLS when more measurements are available. The number of retrieved parameters is 
constrained by the number of measurements for any inverse modeling, and increased 
parameter retrieval is possible when more measurements are available. TTLS solutions, 
which exploit more channels than conventionally used in SST retrieval, are always better 
than the prevalent regression methods under consideration. Use of more channels helps to 
improve the cloud detection scheme, and also cope well with various operational 
constraints. The additional cloud detection and quality flagging using the analytic error 
calculation at the solution time of TTLS is fully objective, and results display compliance 
with in situ validation and additional cloud masking. The operational SST products 
available from the GHRSST website do not appear to be optimum in terms of quality and 
data coverage. The TTLS algorithm, in conjunction with the CEM, as well as quality 
indexing at the individual pixel level, should improve the situation. MODIS-derived SSTs 
have many applications in atmospheric and oceanic studies, and with more than one and 
a half decades of continuous data availability, they form a tremendously important part of 
the geophysical record. Three times the information can be gained compared to the 
operational available MODIS SSTs, which was demonstrated using a month of match-ups 
and confirmed through time series analysis. This finding should open up a new frontier in 
a variety of geophysical applications. 
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ASAR and ALOS PALSAR in Otway, 
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Xin Wang and Linlin Ge 1 

22.1. Introduction 

The first objective of this research is to observe the variability of X-, C-, and L-band SAR 
signals corresponding to grass growth and grazing activities in the whole study area, with 
the assistance of M.I and MODIS NDVI and NDWI. The second objective is to investigate 
the potential of using SAR to estimate paddock-by-paddock variations of pasture biomass 
and plant water content on certain dates, with the correlation of Landsat TM vegetation 
indices NDVI, NDWI, and EVI. The Landsat TM images are generally sparser due to low 
revisit frequency (16 days per cycle) and clouds and, thus, cannot be used for time series 
analysis. However, its higher spatial resolution of 30 m makes it capable of doing spatial 
analysis at the paddock scale on limited imaging dates.  

The combination of SAR images at three different wavelengths and the large amounts of 
SAR images are an added value of this study of pasture monitoring. In fact, we have 
collected 77 SAR images on different dates in total. For pasture monitoring at the paddock 
scale, the Landsat TM dataset is far better than MODIS’ due to the higher spatial 
resolution. On the other hand, considering the long revisit interval of the Landsat satellite, 
using frequent MODIS imagery for temporal analysis is essential. Additionally, annual 
grass growth pattern of a large region can be obtained from MODIS and used as a 
reference to benchmark the individual paddocks. Therefore, classification with MODIS 
images is required to extract grass zones from the whole study area, before further 
correlation analysis. The following paragraph describes the three main steps of data 
analysis.  

                                                      

Xin Wang 
Remote Sensing Lead Scientist, FluroSat Pty Ltd., Eveleigh, Australia 
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As presented in Fig. 22.1, classification was first carried out using decision tree method 
over two MODIS NDVI images to extract the grass-only area from the study site. Then, 
over the grass area defined with the shape file of the classification result, the time series 
of MODIS NDVI and NDWI, together with M.I, were correlated with SAR HH 
backscattering coefficient (dB) to explore the potential of SAR in assessing temporal 
changes of grass biomass, water content, and soil moisture. Finally, Landsat TM NDVI 
and NDWI of 29 paddocks were related to SAR HH backscatter to evaluate SAR’s 
potential for paddock-by-paddock variation of grass properties. This was conducted on 
two SAR imaging dates only, due to limited availability of corresponding Landsat TM 
images. Before the data analysis, pre-processing of optical and SAR data is necessary (see 
Fig. 22.1). 

 

Fig. 22.1. Flowchart of methodology in this study. 
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22.1.1. Study Site and Data 

Fig. 22.2 below shows the study area (around 5 km × 5 km) in the Otway region, 
Southwest Victoria, Australia. Otway is one of the wettest parts in Victoria State. Grazing 
and dairy farming is an important signature of agriculture activity in this region. The 
annual dryland pasture zones in Otway are characterized by a distinct growing season, 
with a well-defined beginning and end. The season begins between April and June, 
depending upon the timing of the first significant rains, and ends in October or November. 
There was excessively plentiful rainfall in the dry season from the end of 2010 to the 
beginning of 2011, and consequently grass in the study area is presumed to stay green 
during that period.  

 

Fig. 22.2. The study area (around 5 km × 5 km) (delineated by black rectangle) in Otway, 
Australia. The Landsat 5 TM true colour image on 19 October 2011, was used as the  

background of the image. 

MODIS eight-day composite NDVI images with 250 m resolution, during 13 years, from 
2000 to 2012, were provided by the Department of United States Agriculture. These 
MODIS datasets are offering us the opportunity to derive the grass annual growth pattern. 
There are two Landsat images in the USGS archive that can be used to synchronize with 
SAR images to further analyze individual paddock’s biomass with a resolution of 30 m. 
The first Landsat 5 TM image was acquired on 19 October 2011, and matched up with 
ENVISAT ASAR image on 18 October 2011. The second Landsat 5 TM image was 
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collected on 30 August 2007, corresponding to ALOS PALSAR image dated on 27 
August 2007. Furthermore, the historical rainfall and evaporation data were obtained from 
the meteorological station Port Campbell Post Office (Station number: 90067, Lat: 
38.62°S, Lon: 142.99°E). 

For SAR data, twenty-four X-band COSMO-SkyMed HH Stripmap images were acquired 
in 2012 with high temporal resolution (around eight days), and twenty-one of them were 
in growing season. The incidence angle was 30.5° on average in study area. The images 
were projected after pre-processing with pixel size of 15 m × 15 m. Following this, tenC-
band ASAR Image Single Look Complex (IMS) HH images were obtained with incidence 
angle 33°, nine scenes with incidence angle 17°, ten scenes with incidence angle of 21°, 
and one image with an incidence angle of 24.5°. Finally, twenty-three scenes of L-band 
ALOS PALSAR Fine Mode Single Polarisation (FBS) images at HH polarisation, during 
2007-2010, were acquired, and 10 of them were in growing season. The incidence angle 
was 34.3°. The pixel size of C- and L-band SAR images was 30 m × 30 m after image 
pre-processing. Table 22.1 is the list of all SAR images in details. 

Table 22.1. Basic information of SAR images acquired over study area of pasture. 

Sensor Band 
Product 

Type 
Pixel 
Size 

Polarisation 
Year  

of data 
collection 

The 
Number 

of 
Images 

The 
Number  

of Images 
in 

Growing 
Season 

Incidence 
Angle 

COSMO-
SkyMed 

X 
Stripmap 
Himage 

3 m HH 2012 24 21 30.5° 

ENVISA
T ASAR 

C IMS 30 m HH 2011-2012 30 
8 33° 
7 17°, 21° 
1 24.5° 

ALOS 
PALSAR 

L FBS 10 m HH 2006-2010 23 10 34.3° 

 

22.1.2. SAR Image Pre-Processing to Get Backscattering Coefficient (dB)  

The SAR backscattering coefficient (sigma nought, dB) intensity image was obtained 
from single look complex (SLC) data through three steps of image processing, including 
radiometric calibration, spectral filtering and terrain correction. The NEST software, free 
software developed by the European Space Agency (ESA) for research, was used for this 
study. 

22.1.3. Calculation of NDVI, NDWI 

It is necessary to remove atmosphere effect using the FLAASH (Fast Line-of-sight 
Atmospheric Analysis of Hypercubes) tool in ENVI software after calibrating these 
Landsat TM images.  
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The calculation of NDVI is as follows [2]: 

 NDVI = (NIR-RED) / (NIR+RED),  (22.1) 

where RED and NIR stand for the spectral reflectance of red and near-infrared bands, 
respectively.  

NDVI is substantially sensitive to vegetation cover but the Normalized Difference Water 
Index (NDWI) [9] is sensitive to water content. The computation of NDWI is as follows:  

 NDWI = (NIR-SWIR) / (NIR+SWIR),  (22.2) 

where NIR and SWIR are spectral reflectance of near-infrared and short wave infrared 
bands. 

22.1.4. Soil Moisture Index (M.I) Estimated from Climate Data 

Soil moisture index (M.I) was computed based on water balance process (Eq. (22.3)). M.I 
scales the soil water availability between wilting point and field capacity to an index 
between 0 and 1.0 [3]. The dairy farmland in Otway is predominantly sandy loam and, 
therefore, defined which coefficient to use. The equation for moisture index is as follows: 

 M.I = 1 – e−7.5 × (available water storage)/100, (22.3) 

where available water storage was calculated based on daily rainfall and evaporation data 
which were collected from the meteorological station in Peterborough (The Lodge) 
(Number: 90191, Lat: 38.58°S, Lon: 142.87°E) close to the study area.  

22.1.5. Classification of Study Area Using Decision Tree Method 

Classification is essential to extract the grass zone since the study area is composed of 
multiple land use types: grass, houses, and batches of trees. MODIS NDVI data will be 
employed to describe the temporal changes of pasture biomass, hence classification was 
carried out using MODIS NDVI images. Nonetheless, there are mixed pixels on MODIS 
images since the coarser spatial resolution of 250 m makes it difficult to differentiate grass 
from the other land covers. On this basis, using one MODIS NDVI image for classification 
will easily lose some mixed pixels, which are dominantly covered by grass. In order to 
maximize the extraction of grass pixels, MODIS NDVI images on two dates (28 January 
and 19 October, 2011) were used for classification, in dry and growing seasons 
accordingly, and then the two results were combined. The decision tree method was used 
for classification of each MODIS NDVI image, and the main feature for classification was 
NDVI mean value of each class. According to the combined classification results of two 
dates, a shapefile was extracted and used as area of interest for subsequent statistical 
analysis. A total of 29 paddocks were selected over the grass area for spatial analysis at 
the paddock scale (Fig. 22.9). 
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22.1.6. Statistical Analysis 

As mentioned in Fig. 22.1, temporal analysis was conducted by correlating the mean value 
of SAR backscattering over the whole grass area with corresponding M.I, MODIS NDVI, 
and NDWI. Paddock-by-paddock spatial correlation was based on the mean values of 
SAR backscattering of each paddock and TM vegetation indices (NDVI, NDWI) 
accordingly. These relationships between SAR backscatter and optical vegetation index 
or soil moisture index are described by the following linear regression model:  

 dB = a0 + a1D,  (22.4) 

where a0 and a1 are coefficients of the regression modeling. D is a vegetation index 
(NDVI, NDWI) or soil moisture index (M.I). R-squared (R2), the coefficient of 
determination in regression analysis, describes how much of the backscatter variation was 
explained by the model in each case. The p value describes the significance of the 
relationship. 

22.2. Results  

22.2.1. Classification 

In the study area, there are totally 19×20 pixels on MODIS NDVI image (pixel size:  
250 m). After classification using decision tree, 227 grass pixels were obtained on  
28 January and 150 grass pixels on 19 October 2011 (Figs. 22.3(b, c)). From the result 
figures we can see, trees, and houses were removed, but some grass dominated pixels were 
also removed by mistake. This problem was even worse on 19 October 2011, since in the 
peak season, grass was not easily differentiated from trees and houses with greening. 
Therefore, the results of two dates were combined and a total of 257 grass pixels were 
obtained. A shape file was generated from the results and all subsequent correlation 
analysis was based on the grass area represented by the shapefile (Fig. 22.3). 

22.2.2. COSMO-SkyMed Results 

In 2012, grass started growing at the end of March and biomass reached peak level at the 
beginning of July. Peak season sustained until the end of October when soil and grass 
began drying up. This growth trend of grassland was largely related to the amount of 
rainfall and the subsequent soil moisture (Fig. 22.4). A total of 24 CSK images were 
acquired in 2012 and as many as 21 of them were in growing season, which made it 
possible to conduct a detailed study of temporal changes of pasture in growing season.  
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Fig. 22.3. (a) is the study area (the black rectangle); (b) is the decision tree classification result (red 
colour area) based on MODIS NDVI image on 28 January 2011; (c) is the decision tree 
classification result (red colour area) based on MODIS NDVI image on 19 October 2011;  
(d) is the final classification result (red colour area) after combining the classification results  
on 28 January and 19 October 2011. The background image is Landsat 5 TM on 19 October 2011. 
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Fig. 22.4. (a) Rainfall (mm) in 2012 in study area; (b) M.I, MODIS NDVI, and NDWI in 2012. 

The time series of CSK HH backscattering coefficient on 24 dates over grass area, together 
with MODIS NDVI, NDWI, and soil moisture index, were presented in Fig. 22.5.  

 

Fig. 22.5. COSMO-SkyMed HH backscattering coefficient (dB) on 24 dates in 2012,  
and the corresponding MODIS NDVI, NDWI, and M.I time series. There are four dates in peak 

season without rainfall (four points with blue colour). 

These CSK images were divided into three groups: dry season (three dates in total, from 
25 February to 20 March 2012), early growing season (10 dates total, from 28 March to 
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24 June 2012) and peak season (11 dates altogether, from 2 July to 20 September 2012) 
(see Fig. 22.5). It was observed that the variation of CSK HH dB was great, especially in 
dry season and early growing season. For the three dates in dry season, CSK HH 
backscattering coefficient changed positively with rainfall and soil moisture. The 
backscattering coefficient increased dramatically from −11.40 dB on 25 February to the 
peak value of −8.54 dB on 20 March. Meanwhile, the soil moisture index increased from 
0 to 0.12 accordingly, and there was rainfall on 20 March when the peak SAR value was 
observed. In the subsequent three dates in early growing season, CSK backscatter kept 
decreasing with soil moisture. 

Based on these observations, it was clear that the change of soil moisture in dry season 
and at the beginning of growing season is detectable by using CSK backscatter at HH 
polarisation. This indicates that dry grass and newly grown young grass had limited effects 
upon SAR scattering, whereas soil moisture imposed substantial influence. When it comes 
to the whole period of early growing season, CSK HH backscattering appeared to rise 
with grass growth until before peak season. This trend in early growing season can be 
further explored by means of linear regression, together with peak season. For peak season 
with saturated soil moisture, NDVI, and NDWI stood at a high level without obvious 
changes, but CSK backscattering coefficient fluctuated dramatically (Fig. 22.5). This 
clearly demonstrates that CSK signal has potential to detect grass of high biomass while 
NDVI and NDWI cannot work well due to saturation problems.  

Linear regression was conducted between time series of CSK HH backscattering 
coefficient and MODIS NDVI, NDWI, as well as M.I, for both early growing season and 
peak season. The coefficient of determination (R2) and p value of linear regression were 
given in Table 22.2 and Fig. 22.6. It was found that, in early growing season, CSK HH 
dB was positively related to NDVI (R2 = 0.71), NDWI (R2 = 0.73), and soil moisture index 
(M.I) (R2 = 0.75). In contrast, in peak season when biomass reached a high level, CSK 
backscattering changed intensively, and the correlation of CSK backscatter against NDVI, 
NDWI, or M.I was very weak (R2 = 0.01~ 0.05). This is probably related to the fact that 
CSK signal has more capability than optical indices to estimate properties of grass of high 
biomass. Meanwhile, fluctuation of CSK signal was also largely attributed to rainfall, 
which actually happened in six out of the 10 dates of peak season. Water on leaves after 
rainfall can cause substantial change of CSK backscattering coefficient [22]. For the other 
four dates, without rainfall, in peak season (see blue colored points in Fig. 22.5), the CSK 
backscatter increased while NDVI decreased due to grazing or cutting activities.  

To sum up, CSK HH backscattering coefficient can be used to estimate the temporal 
changes (e.g., biomass, plant water content) from the beginning of growing season until 
before peak season, despite its concurrent sensitivity to soil moisture. During peak season, 
CSK backscattering is able to detect grazing or mowing activities on non-rainy dates, but 
this ability weakens when rainfall happens. Positive relationship between SAR signal and 
biomass in early stage of growing season is due to the lower biomass of sparse grass, 
which made surface scattering dominant in scattering mechanism. In comparison, in peak 
season, SAR backscattering changes negatively with biomass because volume scattering 
dominates when biomass becomes higher.  
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Table 22.2. Linear correlation of time series of COSMO-SkyMed HH backscattering coefficient 
(dB) (θ = 30.5°) against MODIS NDVI, NDWI, and M.I. 

 

CSK HH dB, NDVI CSK HH dB, NDWI CSK HH dB, M.I 
Early 

Growing 
Season 

Peak 
Season 

Early 
Growing 
Season 

Peak 
Season 

Early 
Growing 
Season 

Peak 
Season 

R2 0.71 0.02 0.73 0.05 0.75 0.01 
p value < 0.001 0.69 < 0.001 0.56 < 0.001 0.76 

Standard error 0.42 0.24 0.41 0.23 0.39 0.24 
 

  

  

  
Fig. 22.6. (a) Time series correlation between CSK HH dB and MODIS NDVI in early growing 
season; (b) correlation of CSK HH dB and MODIS NDVI in peak season; (c) correlation of CSK 

HH dB and NDWI in early growing season; (d) correlation of CSK HH dB and NDWI in peak 
season; (e) correlation of CSK HH dB and M.I in early growing season; (f) correlation of CSK 
HH dB and M.I in peak season. The number of samples/images is 11 for early growing season 

and 10 for peak season. The incidence angle of CSK is 30.5° on average. 
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22.2.3. ENVISAT ASAR Results 

22.2.3.1. Temporal Analysis of ENVISAT ASAR HH Backscattering Coefficient 
against MODIS NDVI, NDWI and Soil Moisture Index (M.I) 

The study area of grassland in Otway was influenced by the particularly abundant rainfall 
in 2011. The monthly rainfall from January to June, in 2011, was much higher than the 
average of years 2000-2012, thus the NDWI (plant water content) in the corresponding 
period of 2011 was much higher than the average of years 2000-2012, so was the NDVI 
(2011: 0.68~0.81; 2000-2012: 0.11~0.77) (Fig. 22.7). In 2011, grass started growing 
(NDVI = 0.685) as early as in March due to extraordinarily plenty rainfall, and then 
reached peak biomass level (NDVI = 0.8~0.9) at the beginning of June. Peak season 
sustained until the end of October when soil and grass began drying up. The time series 
of ENVISAT ASAR HH backscattering coefficient (dB) of 29 dates for the study area, 
are presented in Fig. 22.8, together with MODIS NDVI, NDWI, and M.I.  

 

 

Fig. 22.7. (a) Shows the monthly rainfall in 2011 and average monthly rainfall in 2000-2012;  
(b) illustrates the annual curve of M.I, MODIS NDVI and NDWI in 2011, and their 13-year 

(2000-2012) average over study area of grassland.  
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Fig. 22.8. (a) Gives the time series of ENVISAT ASAR HH backscattering coefficient (dB)  
with incidence angle of 33° and MODIS NDVI, NDWI, and M.I; (b) shows the time series  

of ENVISAT ASAR HH dB with incidence angles of 17° and 21°, and corresponding MODIS 
NDVI, NDWI and M.I. 

The time series of ASAR backscattering coefficient with incidence angle of 33° is 
presented in Fig. 22.8(a), and ASAR backscattering with incidence angle of 17° and 21° 
is shown in Fig. 22.8(b). For the incidence angle of 33°, it was observed that from dry 
season to early growing season, ASAR HH backscattering coefficient changes positively 
with soil moisture. For example, the peak value (−12.78 dB) on 13 January, 2011 (the first 
point in Fig. 22.8(a)), was related to the high soil moisture (M.I = 0.98) on that date. When 
soil moisture index (M.I) dropped to 0.58 on 24 January, 2011, ASAR backscatter 
decreased sharply to −15.07 dB. For the whole growing season, soil moisture maintained 
nearly saturated, whereas ASAR HH backscatter fluctuated significantly. Biomass and 
water content, represented by NDVI and NDWI, might be the factors causing the 
fluctuation and should be given some attention in subsequent linear regression. For 
incidence angles of 17° and 21°, the backscattering coefficient in growing season  
(−12.91 ~ −10.18 dB) is bigger overall than in drying season (−14.97 ~ −12.35 dB).  
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Aside from seasonal trends, fluctuations were also observed both in growing and dry 
season. For example, the bigger backscattering (−12.35 dB) on 15 March, 2012, in drying 
season (the last point in Fig. 22.8(a)) is possibly attributed to the rainfall (2.6 mm) on that 
day. Grazing and regrowth events also play an important role in these fluctuations. Further 
investigation of these correlations can be performed by means of a linear regression 
model. In addition, from Figs. 22.8(a, b) we can see that, in peak season, ASAR signal 
exhibited a change curve with a well-defined peak, while NDVI and NDWI maintained at 
a high level due to saturation. This may prove that ASAR HH backscattering coefficient 
has an advantage over optical in detecting high biomass of grass. 

All ASAR images were divided into four groups based on different incidence angles: 33°, 
17°, 21°, and 24.5°. The four groups had 10, 9, 10, and 1 scene of images, respectively. 
For the first three groups, linear regression model was carried out between time series of 
ASAR HH dB and MODIS NDVI, NDWI, together with M.I, for the whole study area. 
Additionally, for the incidence angle of 33°, eight out of 10 images were in growing 
season, and for incidence angles of 17° and 21°, a total of seven images were in growing 
season. Then, for these two growing season groups, a linear regression model was also 
conducted. The modeling results for the whole year and growing season were presented 
in Table 22.3. 

Table 22.3. Linear regression of ENVISAT ASAR HH backscattering coefficient (dB) against 
MODIS NDVI, NDWI and M.I. 

 
 

10 Samples 9 Samples 10 Samples 

HH dB (ө = 33°) HH dB (ө = 17°) HH dB (ө = 21°) 

Whole 
time 
series 

NDVI NDWI M.I NDVI NDWI M.I NDVI NDWI M.I 

R2 0.56 0.03 0.30 0.48 0.36 0.43 0.42 0.12 0.59 

p value <0.01 0.62 0.10 <0.05 0.09 0.06 <0.05 0.33 <0.01 

 

Standard 
error 

0.58 0.86 0.73 0.73 0.81 0.77 1.33 1.64 1.12 

 
8 Samples 7 Samples  

HH dB (ө = 33°) HH dB (ө = 17° and 21°) 

Growing 
season 

NDVI NDWI M.I NDVI NDWI M.I 

 
R2 0.48 0.10 0.35 0.06 0.01 0.06 

p value 0.05 0.44 0.12 0.55 0.78 0.56 

Standard 
error 

0.54 0.72 0.61 0.86 0.88 0.86 

 

The whole time series of ASAR HH backscatter with incidence angle of 33° was 
moderately correlated with NDVI (R2 = 0.56, p < 0.01), but not with NDWI and M.I. On 
the other hand, with smaller incidence angle of 17° and 21°, the relationship between 
ASAR signal and NDVI (biomass) became weaker while it was the opposite for soil 
moisture. When we focused on growing season, ASAR HH backscattering with an 
incidence angle of 33° maintained the moderate sensitivity for temporal variation of 
biomass (R2 = 0.48, p = 0.05), while with incidence angles of 17° and 21° it did not show 
any capability for biomass or soil moisture. In growing season, with small incidence 
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angles of 17° and 21°, the scattering process becomes quasi-specular, where small facets 
of grass leaves align normally to the incidence waves. This helps explain why the 
sensitivity of data to the scene is very low. To conclude, ASAR HH backscattering 
coefficient with an incidence angle of 33° was able to detect temporal variation of grass 
biomass. ASAR HH dB with incidence angles 17° and 21°, however, were able to detect 
big seasonal changes of soil moisture only. Results from earlier studies [16] largely 
support these observations. 

22.2.3.2. Spatial Analysis of ENVISAT ASAR HH dB against Landsat 5 TM NDVI 
and NDWI  

Fig. 22.9 shows the 29 paddocks selected over grass covered area. For spatial analysis 
over these 29 paddocks, the ASAR HH image with incidence angle of 24.5° was acquired 
on 18 October 2011, and one Landsat 5 TM image was collected on 19 October, 2011. 
The linear regression models between ASAR HH dB and TM NDVI and NDWI are 
presented in Fig. 22.10(a-b), respectively. This was the end of peak season, with nearly 
saturated soil (M.I = 0.997) and high biomass (NDVI mean = 0.79).  

 

Fig. 22.9. The 29 paddocks selected. 

The dynamic range in the ASAR backscatter is quite small (less than 2 dB, from  
−14.6 ~ −12.7 dB), thus the accuracy of the backscattering coefficient should be 
guaranteed by accurate calibration, which was already addressed in image preprocessing. 
The large range of NDVI (0.61-0.92) indicates significant variation of biomass at the 
paddock scale and the lower NDVI values such as 0.61 are probably related to grazing or 
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mowing events. It is noticed that the paddocks with lower NDVI values tend to have 
higher SAR dB values (Fig. 22.10(a)), and this is probably due to grazing activities, which 
weakened volume scattering and strengthened the soil-grass interaction by reducing 
leaves. The linear relationship gave moderate R2 value of 0.63 between ASAR dB and 
NDWI, followed by NDVI (R2 = 0.60). To sum up, at the end of peak season, paddock 
scale variation of water content and biomass, caused by growth condition or grazing 
events, can be detected by ASAR HH backscatter. The backscatter changes negatively 
with biomass and water content. All the results were based on incidence angle of 24.5° 
and saturated soil moisture.  

  

Fig. 22.10. (a) Linear model between ENVISAT ASAR HH dB on 18 October 2011 and Landsat 
5 TM NDVI on 19 October 2011; (b) model between ASAR HH dB and TM NDWI. 

22.2.4. ALOS PALSAR Results 

22.2.4.1. Temporal Analysis of ALOS PALSAR HH dB against MODIS NDVI, 
NDWI, and Soil Moisture Index (M.I) 

The time series of ALOS PALSAR HH backscattering coefficient (dB) on 23 dates over 
the whole study area of grass, together with corresponding MODIS NDVI, NDWI, and 
soil moisture index, are presented in Fig. 22.11. PALSAR HH backscattering appeared 
higher in growing season, and lower in dry season. Linear relationship was investigated 
between SAR signal and multiple indices (M.I, MODIS NDVI, and NDWI), and the 
coefficient of determination (R2) and p value were given in Table 22.4. The whole time 
series of PALSAR HH dB was strongly related to NDVI (R2 = 0.79), and weakly 
correlated to NDWI (R2 = 0.46) and M.I (R2 = 0.38). For time series in the growing season, 
weaker relationships were achieved between PALSAR HH dB and NDVI (R2 = 0.49) and 
M.I (R2 = 0.45), followed by NDWI (R2 = 0.38). Biomass and soil moisture are therefore 
two important factors involving in SAR scattering, and they should be considered when 
using PALSAR at HH polarisation for grassland seasonal changes.  
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Fig. 22.11. Time series of ALOS PALSAR HH backscattering coefficient, MODIS NDVI, 
NDWI, and M.I. 

Table 22.4. Linear correlation of time series of ALOS PALSAR HH backscattering coefficient 
(incidence angle θ = 34.3°) against MODIS NDVI, NDWI, and soil moisture index (M.I). 

  ALOS PALSAR HH dB   
NDVI NDWI M.I 

23 images 
in total  

R2 0.79 0.46 0.38 
p value <0.001 <0.001 <0.01 
Standard error 0.49 0.79 0.85 

Growing 
season 
10 images  

R2 0.49 0.38 0.45 
p value <0.05 0.057 <0.05 
Standard error 0.32 0.35 0.33 

 

22.2.4.2. Spatial Analysis of ALOS PALSAR HH dB against Landsat 5 TM NDVI 
and NDWI 

Spatial analysis over 29 paddocks was carried out based on ALOS PALSAR HH image 
on 27 August 2007 and Landsat 5 TM image on 30 August 2007. SAR backscattering was 
related to TM NDVI and NDWI by means of linear regression analysis (Fig. 22.12(a, b)). 
NDVI ranges from 0.64 to 0.92 and PALSAR HH dB is from −11.98 to −7.59 dB, which 
indicates a large range of paddock-by-paddock variation of biomass and SAR 
backscattering coefficient (Fig. 22.12(a)). Lower NDVI value, which illustrates worse 
growth conditions or grazing activities, corresponds to higher PALSAR HH dB value. 
Therefore, paddocks with poor grass growth and paddocks after grazing can be located by 
bigger PALSAR backscatter. This pair of dates was in peak growing season with saturated 
soil moisture (M.I = 0.99) and high biomass, and the relationships were significant  
(p < 0.05) but very weak (R2 = 0.15~0.19). This further proved that PALSAR HH 
backscattering has limited potential for grass biomass since soil moisture is important in 
scattering of PALSAR HH.  
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Fig. 22.12. (a) Linear model between ALOS PALSAR HH dB on 27 August 2007 and Landsat  
5 TM NDVI on 30 August 2007; (b) Model between ALOS PALSAR HH dB and TM NDWI. 

22.3. Discussions 

The statistical results over grass area have shown that HH polarisation of COSMO-
SkyMed (X-band), ENVISAT ASAR (C-band) and ALOS PALSAR (L-band) is able to 
measure temporal and spatial variation of pasture biomass, plant water content, and soil 
moisture at paddock and whole-farm scale. This capability of SAR depends on several 
factors including growth stage, soil moisture, incidence angle, and wavelength.  

High revisit frequency of remote sensing images is very important for pasture monitoring. 
A total of 24 CSK, 30 ENVISAT ASAR, and 23 ALOS PALSAR images were collected 
in this study. It needs to be pointed out that, among 24 scenes of CSK images, as many as 
21 of them were in growing season for the year of 2012. In contrast, only eight (or seven) 
scenes of ENVISAT ASAR and 10 scenes of ALOS PALSAR images were in growing 
season, and scattered in two and five years respectively. In a word, the large number and 
high temporal resolution (eight days) of CSK HH images made it possible to study its 
temporal variation in two different growth stages: early growing season and peak growing 
season. CSK HH backscatter with an incidence angle of 30.5° has shown strong reliability 
to detect temporal changes of pasture biomass in early growing season. However, in peak 
season, the accuracy of CSK HH on detecting biomass variation or grazing was 
undermined by rainfall events. The effect of rainfall on CSK HH signal can also be 
observed in the dry season. Supporting this, a previous study over shrub and grassland 
areas found that VV polarisation of CSK increased significantly due to rainfall (Ali et al., 
2012). Therefore, non-rainfall dates are preferred when using CSK backscattering for 
pasture monitoring.  

When it comes to ENVISAT ASAR, HH backscatter with an incidence angle 33° has 
moderate reliability for pasture biomass in growing season, while ASAR with incidence 
angles of 17° and 21° are not suitable for this purpose. This is in line with the result of a 
study that, when steeper incidence angles such as 23° are used in ERS and ENVISAT, the 
direct returning signal from the ground is strong and shows a clear dependence on soil 
moisture [15]. Therefore, larger incidence angle should be selected when using ASAR 
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HH polarisation for measuring pasture biomass. As far as L-band is concerned, ALOS 
PALSAR data at HH polarisation appears to be weak for sensing both temporal and spatial 
changes of biomass. This can be related to the fact that L-band radar has strongest 
penetration ability, thus the soil condition involves in scattering signal strongly. 

SAR backscattering signal differs at various bands. The longest wavelength SAR has the 
strongest penetration ability, while the short one is reversed. For soil covered with grass 
in case of low frequency (C and L-band), the total backscattering is a combination of 
contributions from soil and vegetation layer, while in case of high frequency (X-band), 
the total backscattering is the contribution of vegetation layer only. This helps explain 
why CSK (X-band) backscattering in this study was largely affected by rainfall and 
consequently the water standing on the leaves, both in dry season and peak growing 
season. Therefore, we could interpret that, for temporal changes of plant water content,  
X-band shows its strong sensitivity to plant water content while C- and L-band cannot. 
The influence of rainfall upon X-band was observed for both dry and growing season, 
while the impact on C-band was for dry season only. It seems that the shorter the 
wavelength is, the more the water after rainfall will bring to SAR signal. A reasonable 
explanation is that SAR backscatter with shorter wavelength reflects more information 
about grass canopy, moreover, in dry season, it will focus on water existing on leaves 
rather than plant water content which is low in dry season. Therefore, when X- and  
C-band are used for dry grass monitoring in dry season, the dates without rainfall should 
be selected for experiment. In addition, in peak growing season, non-rainfall days should 
be selected if X-band data is used for grass biomass monitoring.  

Furthermore, the interaction of SAR with vegetation strongly depends on the kind of 
vegetation. The interaction of radar signal with short vegetation (such as grass) mainly 
results in diffuse scattering (Ali et al., 2012). This helps explain the phenomenon that, in 
peak season when biomass is high, HH backscattering coefficient at X-, C-, and L-band 
decreased with biomass and plant water content. It needs to be pointed out that, both  
X- and C-band backscattering coefficient showed strength in measuring high biomass of 
grass in peak season when optical indices saturate. We did not see similar phenomenon 
from L-band data because of temporally sparse images, but we may get observations when 
dense images are available in future. 

Apart from the potential of SAR for pasture biomass and plant water content, its capability 
to detect soil moisture is also of practical importance for pasture management. Incidence 
angle and wavelength are important factors affecting this ability. With an incidence angle 
of 30.5°, CSK (X-band) was able to detect soil moisture in dry season and early growing 
season, due to the limited influence of dry or sparsely short green grass upon CSK signal. 
However, in peak growing season, green grass became dense and high and then CSK 
signal focused upon grass properties rather than soil moisture due to its weak penetration 
ability. ENVISAT ASAR (C-band) appeared to be moderately sensitive to seasonal 
changes of soil moisture when the incidence angle was small (e.g., 17°-21°), and the 
sensitivity became very weak when the incidence angle was bigger (e.g., 33°). ALOS 
PALSAR (L-band) maintained moderate ability to temporal variation of soil moisture 
even if the incidence angle was bigger (34.3°), which indicated that L-band has advantage 
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in detection of soil moisture. These are comparable to the results of a previous study using 
radar scatterometer that, for HH polarisation at the L-band and C-band over grass-covered 
fields in Oklahoma in the US, the coherent scattering from soil surface is very important 
at angles near nadir, while the vegetation volume scattering is dominant at larger incidence 
angles (>30°) [4]. 

22.4. Conclusions 

As pasture is one dominant land type used in Australia, how to better manage it is of great 
importance for profitability and sustainability. Optical remote sensing shows promise in 
providing information for pasture management, but its ability is hampered by cloud cover 
and low spatial resolution. Due to the all-weather work ability, higher spatial resolution, 
and the ability to detect moisture content of pasture, SAR is considered a perfect 
complement to optical for efficient pasture monitoring at the paddock scale. This study 
aims to investigate the feasibility of using multi-temporal COSMO-SkyMed (X-band), 
ENVISAT ASAR (C-band), and ALOS PALSAR (L-band) images at HH polarisation for 
monitoring pasture in Otway, Australia. To achieve this, SAR backscatter coefficients 
were correlated to spectral vegetation indices (NDVI and NDWI) as well as soil moisture 
index (M.I). Spectral vegetation indices and M.I were used to assist our understanding of 
the ability of SAR data at X-, C-, and L-band to measure pasture biomass, plant water 
content and soil moisture. This method is an efficient and cost-effective way to study the 
potential of SAR for pasture monitoring.  

This study was the first attempt to analyze, at both the temporal and spatial domains, the 
pasture properties in Otway, Australia, using SAR data acquired with three different 
bands. Although spatial analysis need to be further investigated with field survey data, our 
results clearly demonstrated the feasibility of using multiple SAR data for pasture 
monitoring. For all three bands, dramatically higher SAR backscatter on one specific 
paddock illustrates grazing or mowing activities, and lower backscatter implies higher 
biomass of grass. X-band is supposed to have the advantage in terms of short wavelength 
suitable for grass detection, but X-band signal fluctuates dramatically with water on leaves 
after rainfall, while C- and L-band appeared more stable. SAR, particularly at X- and  
C-band, showed advantage over NDVI in detecting high biomass in peak season, which 
provides a solution to the problem of saturation of optical index. The quantitative 
relationship between SAR signal and high biomass can be investigated in further studies 
if ground survey is acquired. The medium penetration ability of C-band can be used to 
compensate X-band for estimating biomass on rainy dates while high penetration L-band 
can focus on soil moisture. All the results are of practical significance for local pasture 
management and also provide useful information for similar ecosystems in other places. 

The results of using X-band (COSMO-SkyMed) HH backscatter to monitor pasture cross 
validates two observations. One of them is that X-band signal is able to detect the growth 
of grass in early stage of growing season. For peak season, we need field survey data to 
explore the ability of SAR to measure high biomass, as NDVI cannot stand for high 
biomass accurately. A second finding is that, apart from the advantage, the short 
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wavelength of X-band also has downside: vulnerability to influences of multiple factors, 
such as rainfall. We should pay some attention to this when using HH polarisation of  
X-band for pasture applications. 

The observations of using C-band (ENVISAT ASAR) and L-band (ALOS PALSAR) to 
monitor pasture proved that, with larger incidence angle, ASAR backscattering coefficient 
at HH polarisation is more sensitive to canopy rather than soil moisture, and vice versa. 
L-band shows stronger penetration ability and delivers more information on soil moisture. 
In peak season, ASAR backscattering coefficient at HH polarisation decreases with 
biomass and plant water content, because of volume scattering. It is interesting to find that 
PALSAR (L-band) HH backscattering decreases with biomass in Otway, whereas it rises 
with biomass in Gippsland. This is possibly attributed to the characteristics of grass (e.g. 
height) in Otway, which makes volume scattering dominant in scattering. We clearly need 
in situ measurements of grass parameters to find out the actual reason for this difference. 

In future study, high resolution SPOT 5 optical images or field survey data can be acquired 
on or close to SAR imaging dates, in order to achieve more comprehensive results. Apart 
from HH polarisation investigated in this study, other polarisations can be used and 
compared in further research. It is well known that frequent observations are important 
for pasture monitoring, and SAR images at various bands can be combined with optical 
images to achieve near real-time observation eventually. When it comes to pasture 
properties over large area, it is worthwhile trying to evaluate the results with Integral 
Equation methods and use inversion algorithms for estimating vegetation and soil 
parameters. Additionally, field measurements of dry biomass are essential for 
investigation of the potential of X- and C-band to measure dry grass. 
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tri-colour LED based spectrometric 

detector, 360 
virtual instrument, 362, 374 

fluorescence 
emission spectra, 328 
microspectroscopy, 327 
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