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Abstract: It is widely known since 1928 that each resistor at temperature T shows a voltage noise of spectral
density 4kTR V*/Hz, where k is the Boltzmann constant. However, the way in which this voltage arises from the
exchanges of energy of this device with its thermal bath remains still unclear. Leaving aside strange features
ascribed to its resistance R in order to justify how this random voltage is generated, we have considered for this
purpose the electrical capacitance C of each resistor of volume Vo sandwiched between its two equipotential
terminals (plates). Using a new, Fluctuation-based noise model that excels the Dissipation-based model in use
today, we have shown that Johnson noise is the measurable effect caused by truly impulsive charge noise that
takes place in this reactive element with a mean square value of 4kT/R Coulombs?/second. Hence, capacitance is
the transducer that converts thermal fluctuations of electric field within V¢ into this random voltage called Johnson
noise. The C%/s units that emerge from this advanced noise model for the familiar value of the Nyquist density
4kT/R A%*Hz and its partition into 2kT/R ultra wideband and 2kT/R band-limited noises, are two new results of
this advanced model.

Keywords: Charge noise and fluctuations, Conduction current and dissipation, Displacement currents and shot
noise, Noise out of thermal equilibrium, Two-terminal devices and complex immitances.

1. Introduction

Even though the voltage noise between terminals
of any resistor (i. e. its Johnson noise) and its thermal
origin are well-known since the pioneering works of J.
B. Johnson [1] and H. Nyquist [2], the noise model
developed from their results that is currently in use
should be improved. We refer to the dissipation-based
model (DBM) where capacitors and inductors do not
generate noise. Concerning resistors this model has led
to some myths like “Ohmic” resistances taken as noisy
whereas dynamical ones are taken as noiseless without
any proof. This strange situation in regard to the
uniqueness of the magnitude resistance is well

http://www.sensorsportal.com/HTML/DIGEST/P_3274.htm

summarized by the voltage noise given by the circuit
simulator PSPICE for a Schottky diode in thermal
equilibrium (TE) at room temperature for example.
People wishing measurements to compare with the
simulations could consider that the measurement of
the voltage noise of a broad area Schottky diode (e. g.
a power diode to have a low dynamical resistance rq in
the MQ range for the diode in TE) is at the reach of
today’s instrumentation. This rather low rg~1 MQ for
the diode in TE at room T facilitates the measurement
of its voltage noise by a typical Low Noise Amplifier
(LNA) of much higher input resistance. If R, > 20 MQ
the noise contribution of Ri, becomes much lower than
that of this diode under open circuit conditions. This is
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so because the noise density Spneas=(4kT/Rint
4kT/rq) A’/Hz at the input of the LNA is very close to
that of the diode without Rin (Sizioae=4kT/r4 see below).

For Ri»=20 MQ and in the low frequency region,
the flat density of voltage noise we would measure is:
Syimeas=4KTX(Rinxrq)/(Rintrq) V?/Hz that is 5 % lower
than the Syuiose We are looking for. This departure that
comes from the power divider created by Ri, and rq
connected in parallel (Rin||1q), is unavoidable but easy
to consider. More important is the fact that the noise
power measured would have one part coming from the
resistor of Ri, ohms (devicel) and twenty parts coming
from the diode (device2) given the null correlation of
these two noises that are generated in devices whose
volumes are in different regions of space. Hence, the
voltage noise we would measure is that of the diode
“slightly contaminated by noise of Ri,”.

Concerning the voltage noise given by PSPICE for
these two devices, we should simulate the voltage
noise between terminals of our diode shunted by Ri,
and shunted also by a dc current source Iq4.. This source
driving the diode allows the presence of the fluctuating
voltage that we want to simulate between terminals.
Using a low bias current like [4,=10% A is a way to
benefit from the above feature at the cost of adding
S]Sho;:2qldcz3 X104 A2/Hz to Stdioa=4KT/te=
1,7x102° A%/Hz, thus an irrelevant effect. Note that g
is the electronic charge. Strictly speaking this I4.#0
puts the diode “slightly out of TE”, but the voltage
offset it produces between its terminals that is:
AV ge~*(I4cXrg) volts, where the sign depends on the
forward/reverse sense of I4., becomes irrelevant. Since
this offset only is: AV4=+10"° volts, we can assume
that, for practical purposes, we are simulating the
voltage noise of these two devices “both in TE” at
room T.

Running PSPICE we could check all the above, but
we would see that the density of voltage noise Sysimui it
would give would not be Syieqs, but twenty-one times
lower: Symeas=4KT*(Rin|[ra)/21. This low value given
by PSPICE appears because PSPICE takes Ri, as
“Ohmic” and ascribes a density 4kT/Ri, A%/Hz to it,
but concerning rq (that PSPICE calculates perfectly,
see below) it is taken as noiseless. Due to this, the
noise that PSPICE wuses is: Skimu=(4KkT/Rint0)
=Simeas/21 and this explains why it is unable to give the
voltage noise of the diode in TE. The right value of the
rq that PSPICE obtains is observed in the cut-off
frequency of the low-pass filtering action that it shows
perfectly for the small noise Sysimu=Symeas/21 V*/Hz
that it gives. This filtering is due to the junction
capacitance C;j of the diode that shunts the resistance
(Rialra).

Despite this filtering action suggesting that ryq is
“actual resistance” (i. e. the ratio between sinusoidal
voltage and current amplitudes found in phase in the
circuit at each frequency) PSPICE considers rq as if it
was a “different” noiseless resistance. Due to this myth
that flaws PSPICE, the noise it gives is not enough “to
keep thermal equipartition in C;”, which is a notion of
TE that should prevail (see below) over myths like
“different resistances depending on the technology of

the resistors where they come from”. The magnitude
“resistance”, defined uniquely by the first sentence in
italics of this paragraph, does not give room for two
types of resistances. Hence, the striking “notch in TE”
that Sysimu shows around AV 4~0 when the sign and the
magnitude of Iq. is varied to sweep between £100 mV
the dc voltage of the diode, is the “signature” of the
aforementioned myth flawing the DBM undergoing
this widely used circuit simulator.

For readers wishing to check PSPICE concerning
voltage noise in diodes we shall give some numerical
data after saying that PSPICE works splendidly for
reverse voltages below four thermal voltages Vr. This
means that diode voltages are: AV4=V<-100 mV at
room T (V1=25.9 mV at T=300 K). And moreover: as
the reverse bias of the diode is higher, the accuracy
increases. Though accordingly to the DBM, capacitors
do not give noise, we shall consider C;=100 pF as the
depletion capacitance of this diode in TE at room T
and whose I-V characteristic will be this one:

=1, % [exp (mLVT) - 1], )

Taking a realistic ideality factor m=1.05 to show
what its effect is and I;,=2.7%10"® A at room T to have
r¢=1 MQ in TE, the dynamical resistance would be:

=4 = e (D) o

- mVr mvVr

Eq. (1) with these values of m and I for the diode
plus the capacitance C;=100 pF in parallel, would form
the model we need for simulations. Since the voltage
of the diode in TE is /=0, we obtain:

mVr _ 1.05x0.0259
Isat 2.7x1078

rd(O) =Tqg = = 1MQ, (3)

In this way we could simulate the voltage noise of
our diode to compare it with measured values (e.g. in
a commercial power Schottky diode to get a low r4) or
with values that we can justify theoretically from well-
known basis. In any case, this disappointing “state of
affairs” concerning the futility of the DBM for noise
in junction diodes led us to develop a new noise model
from a different basis. We mean a fluctuation-based
model (FBM) that we developed to overcome the
limitations of the DBM (that strictly speaking is valid
only in TE) and to remove misconceptions and myths
on this subject that still remain in regard to the voltage
noise that we measure in two-terminal devices (2 TDs)
like resistors, capacitors or L-C resonators.

Thus, the notion of a 2 TD is essential and in regard
to measurements, the magnitude we can measure is a
random voltage of spectral density in V*/Hz, thus not
random current that is never measured directly but
inferred from a voltage caused by such current. The
unawareness of this fact shows that voltage noise is not
well-known today, despite the Fluctuation-Dissipation
(F-D) framework that H. B. Callen and T. A. Welton
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proposed from a quantum physics approach for noisy
processes in 1951 [3].

From a circuit point of view, the F-D framework
means that conductance or resistance for dissipation of
electrical energy, as well as reactance or susceptance
to hold this energy that fluctuates, are both required to
model a noisy device. When this need of a complex
immitance to study electrical noise is accepted, the
kT/C noise of capacitors and the Johnson noise of
resistors become the same type of voltage noise that
can be studied by a common fluctuation-based model
(FBM) for voltage noise. It is worth noting that
kT/C V? is the integral in frequency f of the Johnson
noise of the resistor that any capacitor becomes
as >0 [4].

Resistors and capacitors are 2TDs that differ from
inductors, whose two terminals vanish when they are
shorted to hold magnetic energy liable to fluctuate
within them. By contrast, the energy that fluctuates
and is dissipated in a 2TD is electrical energy U(?)
defined by its voltage v(?) at each instant of time and
its capacitance C between terminals. Using Q(?) for the
time-varying charge in one of the plates of C, this
fluctuating energy is:

U@ =12 =22,

Hence, Johnson noise v(?) reflects the energy U(?)
that exists at any instant of time in the capacitance
C=(Cszs+Cmat) between terminals of a resistor. This is
why C includes any stray value due to wiring (Cs) and
the inherent term Cua due to the non-null dielectric
permittivity of its material between terminals [5]. The
FBM for electrical noise that we refer to can be found
in [6] and to show its starting point we shall consider
the possible shot noise of our Schottky diode in TE.

2. Using Shot Noise to Remove a Myth

Eq. (1) states that our Schottky diode in TE is a
2TD where two currents, each of mean value I, run
with opposed senses. Hence, they cancel one another
on average, but not at each instant of time because they
come from different regions of the device. This means
that they are uncorrelated and their associated effects
like their shot noises will add in power. Let us do this
sum manually because to calculate shot noise in a 2TD
PSPICE uses its net current, thus being useless for our
diode whose net current in TE is null: Ije=(Isat-Isat)=0.

Then, the total shot noise density of our diode in
TE will be: Sisnor=2qlsat2qlsa=4qls A%/Hz. Since the
magnitude we measure is not a current noise density
like this but its effect as voltage between terminals, we
must obtain the spectral density Syuiose 0f Voltage noise
(in V*/Hz) due to Sigier. Multiplying Sisier by (14)* we
obtain this spectral density of voltage noise:

Svaiode = 4qlsar X (rd)z = makTr, Q)

Since m=1.05 we have: Syziose~4kTrq V?/Hz, that is
the noise density that PSPICE is unable to give due to
the myth about electrical noise giving rise to two types
of resistances. Hence, removing from PSPICE
(i. e. from the DBM) this harmful myth, our
knowledge about electrical noise will improve. Added
to the above, we observe that working with shot noise
linked with the displacement currents of single
electrons in a capacitive device can be a good way to
obtain cogent results in regard to electrical noise.

Considering that shot noise comes from electrons
that are displaced between the terminals of a 2TD, we
envisaged years ago that displacement currents (like
those I due to electrons crossing the depleted region
of our Schottky diode) could give rise to the voltage
noise of 2TDs like resistors and capacitors. It is worth
noting that our Schottky diode in TE is both a resistor
and a capacitor. From the cut-off frequency of its r4-C;
parallel circuit: £;=1/(2nrqC;)=1.6 kHz, we can say that
for /<160 Hz, our diode is a quite good resistor of
1 MQ and for f>16 kHz it is a quite good capacitor of
100 pF.

The above paragraph shows the way we envisaged
the FBM published in [6] that we had used previously
to explain electronic noises out of TE like the flicker
noise of vacuum devices [4] and the 1/f resistance
noise of solid-state devices [5]. Concerning the density
Syaiod=4kTrq V/Hz we have given as the true voltage
noise of the diode, we will say that this value is its flat
amplitude below f;. This is so because the truly flat
density of shot noise Si=4qls A%/Hz is low-pass
filtered by the r4-C; parallel circuit of the diode to give
this Lorentzian spectrum of voltage noise:

4kTTd

o

Svdiode (f) =

Since Eq. (6) means that “we are keeping thermal
equipartition in C;” because its integral from /20 to
/oo gives the mean square voltage noise kT/C; V2 [6],
we have said confidently that the Syginu of PSPICE for
our Schottky diode in TE was untrue.

The reason why PSPICE works splendidly when
our diode has reverse voltages below V =-100 mV is
because in this case, the net current of the diode tends
to be: lge=-Iw. From Eq. (1), the condition I4e=-0,991y
is found for V=-125 mV. This means that PSPICE will
take 0.991 as the net current it uses to obtain the shot
noise density of the diode as Sisn=2q %0,9915, A*/Hz.
Since 14c=-0.99 Lu=Lsx(0.01-1), the two displacement
currents giving shot noise in this case are: the reverse
saturation current -Isat and a fraction of the forward
current Ig, that has been weakened down to 0,011, by
the reverse voltage (V=-125 mV) of the diode biased
by I14c=-0,991s. The relative error for the amount of
shot noise is only: (1.01-0.99)/1.01=2 %.

More striking, however, is the exponential change
of the resistance of the diode rq(V) with the voltage V
set by its bias current I¢.. We mean Eq. (2) that works
perfectly in PSPICE showing that the ry(V=0)~1 MQ
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of the diode in TE, now is: r4(V=-125 mV)=4.6 MQ.
Since Cj=100 pF does not vary, the cut off frequency
of the diode with I4=-0.991 (thus with V=-125 mV)
is 4.6 times lower fc=350 Hz. All in all, PSPICE would
be showing us that the mean square voltage noise of
our diode out of TE is half its value in TE. This is so
because this noise comes from a Lorentzian spectrum
with 4.6 lower bandwidth and only 2.3 times higher
amplitude than these two values of the Lorentzian
noise spectrum of the diode in TE (V=0 V).

Previous paragraph not only shows the basis of the
noise “tunability” we used in [5] to show the synthesis
of the 1/f spectrum of resistance noise in solid-state
devices, but also the suitability of shot noise to handle
the voltage noise of 2TDs that are out of TE. Besides,
it reinforces the idea of shot noise as a good starting
point for a new noise like our FBM. The key role of
the capacitance C; that we have shown in this Section
and 4kT/R C?/s of mean square charge noise given in
the Abstract, should pave the way for the new noise
model that we discuss in the next Section.

3. A Fluctuation-Dissipation Noise M odel

Fig. 1-a sketches a resistor made from a rod of
conductive material with two tinned iron caps where
its two access wires are soldered. Fig. 1-b is a first
order circuit between its two terminals. For the notions
to come, stray inductance for its wires is not needed.
Taking the impedance Z(jw) to study the noise voltage
of this 2TD leads to the circuit of Fig. 1-c, where two
circuit elements give rise to two orthogonal voltages
from the single current they share. The sum of these
voltages done by their series connection gives v(?), the
voltage of Johnson noise at each frequency f~w/(2n),
but the annoying frequency-dependent resistance R(w)
and capacitance C*(w) of this circuit, are not easy to
link with physical phenomena. Hence, a clever choice
for its noise v(z) is the admittance Y(jow) =1/Z(jw).

Terminal A A

a
)=
IL
"

Terminal B B
1-a 1-b
Fig. 1. a) Longitudinal cross section of a cylindrical

resistor; b) A simple circuit to study its voltage noise;
¢) The series circuit of its complex impedance Z(jw).

Admittance is a parallel notion where two mutually
orthogonal currents add to give rise to a voltage shared
by its conductance G and its susceptance B=wC. The
shared voltage v(?) is the Johnson noise and these two
currents (the displacement and conduction ones linked

to C and G) are mutually orthogonal due to the time
derivative 0v()/0t of currents in C. From these ideas,
we proposed that random passages of single electrons
between terminals of a resistor, would give rise to its
Johnson noise [6]. The random series of tiny voltage
steps of amplitude AV=%q/C caused by such passages
mean fluctuations of energy accumulated in C that are
subsequently dissipated by R as v(?) (the voltage in C)
decays with time-constant Tyelax=R*C.

This Fluctuation-Dissipation dynamics for voltage
noise agrees with the F-D framework of [3]. The full
agreement found if each electron passed with a null
transit time (7=0), led us to look for a cogent proof
about such instantaneous translocations. This proof is
the key result of [7] that has completed our FBM of
[6]. To prove that this null t; is possible due to the
capacitance C of any 2TD, we will study in the next
Section how we measure electrical current. This result
converts our advanced FBM into a powerful tool to
study electrical and electronic noises.

4. Displacement Currentsand Shot Noise

The direct measurement of small voltages is a well-
known task in noise studies. Those people believing
that small currents are measured directly and not from
voltages they produce, could find useful this Section
with regard to the design of i-v converters to measure
small currents in noise experiments [8]. The reason of
this usefulness is that the main task of this Section is
to review the measurement of low-level currents in
2TDs like resistors and capacitors.

“Thermal agitation of electric charge” entitling [2]
suggests what causes Johnson noise. Hence, finding
how electric charge agitates in the volume Vg
of a 2 TD will likely show us how Johnson noise is
generated in resistors. Since electrical measurements
are the tool to monitor this agitation, we will consider
them briefly. Whereas a voltmeter gives directly a
voltage value, the value of any current is always
inferred from a voltage one. Using a sensing resistor,
a Hall probe or a current clamp (transformer) current
is converted into voltage that we measure to infer the
value of the current that has caused this voltage.
Hence, electrical current is known after measuring the
effect it produces: a voltage between two terminals.
This leads to consider the way we measure very low
currents (e. g. femtoAmps).

Let us think of a current involving a few electrons
per second on average. “Average” comes from the idea
of current as a flow of discrete, corpuscular electrons.
Focusing in our task, let us consider again the resistor
made from a rod of conductive material of dielectric
relaxation time 1=¢/c, cladded by its two metal caps at
a distance d (terminals) that is sketched in Fig. 1-a. To
better follow the notions to come, let us use Fig. 2 for
a resistor made from a rectangular rod of material
instead of the cylindrical one of Fig. 1-a.

Used to charge-matter interactions that take place
by discrete packets of charge of g=-1,6x10"" C each
that we call electrons, let us show how electrons that
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“jump” between terminals of the 2 TD of Fig. 2 can
agree with measurements. By the verb “to jump” we
mean that if an electron travels from one terminal to
the other, it will travel as a whole because to the best
of our knowledge, pieces of electron are not found in
low energy experiments like noise measurements.
This leads to consider the possible behavior of the
quantum of charge in a 2 TD and the fluctuations of
energy that it can produce in it. Bluntly speaking, let
us use quantum electronics for our task.

Each time we say “the current i(2)”, we are actually
considering two simultaneous currents at each instant
of time. One enters the 2TD at position x in space by
terminal A, while the other leaves the 2TD at position
(x+d) by terminal B. Simultaneous measurements at
two points separated by a distance d in space requires
using Especial Relativity (just basic skills). Consider
two observers at plates A and B of Fig. 2, whose clocks
were synchronized by an electromagnetic (EM) signal
going from the observer at point x (plate A) to the
observer at point (x+d) (plate B). Needless to say, an
EM signal going from observer in plate B to that in
plate A would synchronize equally well their clocks
following Einstein’s lections.

Terminal A I h
i [~ 51 |

0 L d |
B r'(i) Terminal B

Fig. 2. Physical structure of a two-terminal device of
volume Vq=w xh xd called resistor or capacitor, depending
on frequency. Note its instantaneous “voltage” between its
terminals and its two equal currents at each instant of time.

Although the notion of a corpuscle-like electron
that leaves one plate at instant to and arrives in the
other at instant (to+t.), after a transit time >0 seems
possible, we will discard it for two reasons. The first
one is because it makes impossible a cogent
measurement of i(¢). With this corpuscular approach
our two observers would never find the two
simultaneous currents i(?) of equal magnitude at
positions x and x+d that we need. If a current i(?) starts
to bring some charge +0Q in plate A, another current
of equal magnitude i(?) also will start to extract charge
+0Q out of plate B.

Corpuscular electrons passing with transit time
1#0 would puzzle our observers. If the observer at
plate A said: “a quantum of charge is entering the 2TD
at t=t,”, the observer at plate B should say: “Really?
Nothing occurs here at instant =f#.” Then, if an
electron passes between terminals, its electrical transit
time will be null. This is better understood by taking
Fig. 2 as a current sensing resistor of resistance R;

whose voltage v(z) will allow us to infer its current by
Ohm’s Law i(?)=v(¢)/Rs. The voltmeter giving the
difference of electrical potential in plates A and B at
each instant of time that is: v(?), is what synchronizes
as described our two imaginary observers. The right
operation of myriads of ammeters that work in this
way suggests that if the observer at plate A said: “a
quantum of charge is entering this 2TD at =t,”, the
observer at plate B should have reasons to say: “a
quantum of charge is exiting this 2TD at r=ty”.

The above situation is possible if an electron
arrival in plate A created a simultaneous disturbance
in plate B of Fig. 2 to warn its observer and vice versa.
For an observer within Vo and next to plate A, an
electron arriving there through terminal A would
create an electric field AE pointing inwards plate A
that would reach plate B as an electric field pointing
outwards plate B. The inward pointing field in plate A
would tell observer A that an electron has just arrived
there whereas this same field pointing outwards in
plate B, would tell observer B that an electron has just
left the 2TD through terminal B. Since this field that
is born in a plate (no matter if inwards or outwards)
reaches the other plate at the speed of the EM wave in
Vg, the arrival of an electron in one plate and its
departure from the other become two simultaneous
events. The quantum of charge translocated in this way
is what equates the two currents of the 2TD.

Reviewing the measurement of weak currents in a
2TD we find that its capacitance could help electrons
to jump suddenly between its terminals. To show the
easiness of an electron to pass between terminals of
resistors as a displacement current of null dwell-time
(z=0), we will say that the amount of energy needed
for this passage is truly small (AU<<KkT). Making Q=¢
in Eq. (4) we get AU=1.6x10"7 eV for Cyyqy=0.5 pF.
For kT=26 meV at room T we obtain
AU=0.000006kT, or less if we add the unavoidable
Cmac>0 [5] to Csiray. Hence, the mean rate A of electrons
jumping between terminals due to thermal activity
should be a huge number. Note that after an electron
translocated in this way the voltage of C will shift by
AV=+g/C volts depending on the sense of AE=(q/C)/d,
the step of electric field that is equivalent to, or that
accounts for this monoelectronic translocation.

Since each of these jumps is the type of
fluctuations of energy that we proposed as the origin
of Johnson noise in resistors [6], it is not difficult to
show the way this voltage noise is generated by these
fluctuations occurring randomly in time and sign, with
average rate L. Thinking of a very cold resistor, Fig. 3
shows how its Johnson noise is built in time by these
fluctuations that have been represented in the
horizontal axis as Dirac’s delta functions.

To give a number for A let us use Eq. (4) for a
single electron. This gives AU=¢%(2C) Joules or
q/(2C) eV that we will take as the “mean energy per
fluctuation that enters the resistor”. The energy
remaining in C after each fluctuation will continue its
dissipation driven by the noise voltage v(?) resulting
after the +¢/C volts increment due to such fluctuation
and v(#) will continue decaying with time-constant
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1=RC. The null mean of the Johnson noise means that
its causes (i. e. thermal fluctuations of electric field
AFE) will be 50 % positive (AE along x) and 50 %
negative (AE along -x) on average. This balanced
distribution agrees with the randomness of a thermal
bath driving these sudden translocations of electrons
between terminals.

Dividing by R the mean square voltage noise of C
in TE that is kKT/C V2 due to thermal equipartition, we
obtain P4=kT/(RC) watts as the mean power dissipated
in the resistor in TE. Equating P4 to A times the mean
energy per fluctuation AU=¢?/(2C) that enters the 2TD
(that would be the mean power entering the resistor)
the mean rate of fluctuations that results is [6]:

2kT
A= 7R (7)

In a resistor of R=50 Q at room T we have A<6x10"3
fluctuations/second. Hence, the Johnson noise of 50 €
resistors or that of transmission lines of Zy=50 € looks
like a continuous voltage. But thinking of a very cold
resistor at T->0, its Johnson noise would be something
like the spiky voltage shown in Fig. 3.

s | Irreversibility: (Cause->Effect) dynamics |

(measurable)

Dissipations:
Energy relaxarions by
Conduction Currents

Risetime:
=0

Noise voltage coming from

A fluctuations/second (avg)

Fluctuations:
Current: | | Pisplacement currents
Cause of weight ff

Fig. 3. 2-D model for Johnson noise generated from a
random series of fluctuations in the volume Vq of a resistor
that are converted into voltage noise by its capacitance C.

Let us use the FBM for a 50 Q resistor put in the
test fixture of Cgyry=0.5 pF of a noise analyzer to
measure its Johnson noise at room T. Taking the
material used for the resistor as a conductive one with
a dielectric relaxation time of t=¢/o=1 ps, the
capacitance due to this is: Cne=1/R=0.02 pF. Taking
C=CitraytCmar=0.5 pF for simplicity, the mean square
voltage noise between terminals of this C at room T
will be: KkT/C=8.3x10° V? due to thermal
equipartition. This voltage noise driving R=50 Q
means Ps=166 pW as the mean power dissipated in this
resistor at room T. Following [3, 6] if you observe
voltage noise there must be dissipation in the noisy
device.

With regard the mean energy per fluctuation that
enters this resistor AU=¢%(2C)=0.16ueV, it is truly
low, only is six parts per million the thermal energy
kT=26 meV at room T. The frequency of a photon of
this energy only is: AU/A=39 MHz. From Eq. (7), the
capacitance shunting this resistor would sense its 50 Q

resistance as a “dense rain” of A=6.5x10'* fluctuations
per second. If this was a 50 MQ resistor its shunting
capacitance only would undergo 6.5x10° fluctuations
per second, thus 10° times lower as it would be the
mean power dissipated in this case that would drop
from 166 pW to Ps=166x10"'® W. This picture about
how a capacitance “is sensing” its shunting resistance
is very useful to envisage the effect of its voltage noise
in the output signal of oscillators that use as resonator
an L-C tank. We will show this later after a closer look
at the way thermal energy pervading the volume V¢ of
a 2TD is collected by its capacitance acting as an
antenna for this purpose.

5. Charge Noisein C and Thermal Photons

From Maxwell equations, an electrical field is
equivalent to positive and negative charge separated in
space. The thermal bath that pervades the volume Vg
of a 2TD is electromagnetic energy (EME) traveling
under the form of EM fields oscillating with different
frequencies. When the EME travels in vacuum or
through solid matter, it behaves as the continuous EM
wave that was predicted by J. C. Maxwell. But when
this EME interacts with charges existing in matter, it
is absorbed or emitted in the form of packets of energy
proportional to its frequency that are called “photons”.
The notion of EME as a set of individual photons that
travel in space or through matter would be doubtful
because its discrete nature is observed when it stops its
travel and disappears as soon as it interacts with matter
(to create an electron-hole pair for example).

Previous paragraph warns the reader about the
doubtful meaning of sentences like “If a photon of
energy U arrives in, or is absorbed by an electron...”.
Using the Plank constant 4, it would be better to write:
“If EME of frequency U/A arrives in, or is absorbed by
an electron...”. Once this warning has been given, we
shall continue by saying that those oscillating fields of
the thermal bath in the volume Vg of a resistor can
interact with some electrons of its inner material. This
occurs with those conducting electrons of the material,
often called “electrons in its conduction band (CB) or
just free electrons”, to mean that they can take part in
conduction processes, a feature that electrons trapped
in donor atoms embedded in this material, would not
have. Neutral impurity atoms in n-doped silicon that
are ionized by thermal energy produce free electrons
in the CB of this material. This is the method we use
to have free electrons occupying energy levels of its
CB near its bottom level.

Free electrons that are already in the CB, in low
energy states close to its bottom, can absorb thermal
energy in order to occupy new states of higher energy
within the CB and they continue being free electrons.
In dual form, electrons in high energy states of the CB
can emit EME to occupy states of lower energy in the
CB. Concerning the inner material of our resistor with
free electrons in energy levels near the bottom of its
CB, the presence of its capacitance C sets a new degree
of freedom for these free electrons that are able to gain
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or to lose energy to jump between energy levels within
the CB. Given the tiny amount of energy AU=¢%/(2C)
shown in Section 4, the presence of the capacitance C
means that there are new energy levels very close to
the bottom of the CB, available to free electrons able
to exchange EME with the thermal bath in the volume
V. This leads to consider the energy requirements of
these exchanges and their effect.

If EME of frequency AU/A and with the proper
polarization arrived in the Vq of a resistor when its
voltage in C is null, an electron of the CB could absorb
it “to set a voltage of g/C V in C”. If we prefer: “to
occupy one of the new energy states that the existence
of C creates near the bottom of the CB”. In this way
the energy AU of the photon thus absorbed would enter
this resistor and would appear as a sudden step of
electric field in its C with amplitude AE=(¢/C)/d V/m
and null rise time. Hence, the absorption of this photon
of the thermal bath gives rise to a voltage step between
terminals of AV=¢/C volts amplitude and null rise time
that would set v(¢)=+¢q/C volts in this resistor.

By contrast, if v(z) already was v;(2)=+¢g/C V when
this EME arrived in Vg it could not be absorbed to rise
vi(?) up to vi(t)=vi(t)+q/C volts because the energy (and
thus the frequency of the EME) required for it now is:
(29)*/(2C)-¢*/(2C)=3AU. However, the capacitance
with a voltage vi(t)=+q/C V would have in its cathode
an electron with an energy AU that could emit on its
own by a spontaneous photon, or by a photon that was
stimulated by EME of frequency AU/A that could exist
in the thermal bath. In these two cases, an amount AU
of EME would pass from the resistor to its thermal
bath. And if v(?) already was v;(2)=+¢/C volts and an
EME of frequency 3AU/k arrived in Vo with the
proper polarization, a free electron with energy close
to the bottom of the CB could absorb a photon of this
EME to set in C a voltage v(2)=+24¢/C volts. In this
case, an energy of 3AU coming from the absorbed
photon would enter this resistor. It would appear as a
sudden step of electric field of amplitude AE=(g/C)/d
V/minits C.

Given the broad energy band for the photons of a
thermal bath at room T and their statistical arrival in
the 2TD, the noise voltage in C could depart markedly
from v(#)=0 from time to time. We refer to much larger
departures than the AV=¢/C=0.3 pV that results in this
case where C=0.5pF. Given the huge value of A, a fast
burst of fluctuations of the same sign that could vary
v(t) by 30 uV, for example, does not seem unlike. All
the above and Fig. 3 show the way the Johnson noise
of a resistor appears in time as this 2TD exchanges
energy with its thermal bath due to its capacitance C
between terminals. The sense of the flow of energy
(inwards/outwards) at instant 7y where a fluctuation
takes place, will depend on the relative signs of the
previous voltage v(z) existing in C at #;” and that of the
step AV=tg/C Volts generated by the fluctuation.

The energy that enters a resistor by its fluctuations
and its unceasing dissipation due to the presence of v(?)
driving its resistance R, sustain in time a charge noise
in its capacitance C whose measurable effect is the
Johnson noise v(?) at temperature T (see Fig. 3). It is

worth noting that the charge noise due to fluctuations
comes from the individual behavior of each electron,
whereas the incessant dissipation of energy coming
from the current i.(2)=v(?)/R results from the collective
behavior of electrons as they vary in the plates of the
capacitance C. This last behavior is transferred to the
charge noise of the displacement current iy(?)=-i.(?)
that also exists in Vg as it is shown in Fig. 4.

In the dielectric relaxation taking place in the 2TD
of Fig. 2 when its voltage v(#) decays as exp(-#/RC),
the conduction current 1.(2)=v(?)/R is counterbalanced
at each instant of time by the displacement current due
to the electric field that decays in C. This must be so
to keep null the current i(¢) that enters or leaves the
2TD through its terminals A or B because in TE, it is
under open circuit conditions. Hence, the current
associated to R (i. e. i.(t)=v(t)/R) and the displacement
current in C (i. e. iy(t)=C x(0v(t)/0t) are both non-null
but they cancel one another at each instant of time.
From such exact cancellation it could be said that the
voltage noise generated by these two currents giving
rise to zero current at each instant of time should be
null, at first sight. “At first sight” means that as we will
show below, the mean square charge noise due solely
to fluctuations is: 2kT/R coulombs/second, thus half
the shot noise in the resistor.

This exact cancellation that discards any magnetic
effect after each fluctuation, is considered in Fig. 4. It
was found looking for magnetic effects that could
produce the type of fluctuations we had proposed in
our FBM for electrical noise [8]. Added to this, and
from our attempts in the past century to measure the
voltage noise of the shot noise assigned to a dc current
Lie=1 pA ina 1 MQ resistor, we knew that “conduction
current in resistors is noiseless” (see below). Hence,
we realized that the null current of previous paragraph
was 50 % noisy -iy(t)- and 50% noiseless: -i.(2)- (see
Fig. 4). And since the mean square charge noise due
solely to i4(2) is 2kT/R coulombs/second, we conclude
that the total mean charge noise of the resistor was:
4KT/R C¥s (or A%/Hz) as it is written in the title of [7],
where this 50 %-50 % partition of the Nyquist noise
was proposed for the first time (to the best of our
knowledge).
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Fig. 4. Displacement and conduction currents triggered
by a fluctuation causing a sudden voltage step of AV=¢/C
V in the 2TD of Fig. 2.
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Considering that i.(?) and ig(?) are currents that are
distributed in Vo and go in opposed senses between
plates of Fig. 2, we may use Fig. 4 to understand them
better in a resistor with v(¢#)=0 between terminals up to
the instant ¢y, where the sudden jump of an electron
from plate A to plate B takes place. This event would
set v(t;*)="+¢/C volts in C. As soon as v(#;) was set, a
conduction current of [¢/C]/R amps would start in R.
It would be: i.(1)=+[q/(RC)]xexp[-(t-ty))/RC] (see
Fig. 4-b). Integrating i.(?) from =0 to > oo the charge
that we obtain suggests that the charge passing from
plate A to plate B “through R” is +¢ coulombs. This
leads to the idea of a thermal action that displaces a
charge +¢ C from plate B to plate A and the subsequent
device reaction by the conduction current i.(?) to
restore the 2TD to its initial state just before the
fluctuation, thus to its state at the instant /=t,. Note
how the current ig#) goes unnoticed in this
action/reaction notion.

From the currents shown in Fig. 4 however, we see
that the charge displaced in one sense by a fluctuation
and that displaced back by its subsequent
displacement current i4(¢) would cancel one another in
time, though at different instants. Given this
cancellation, no other displacement of charge would
be needed if the internal dipole due to the fluctuation
in this 2TD disappears in this way. Then this intriguing
question arises: what is the actual charge displaced by
the current i.(¢) that we use to consider as “the passage
of electrical charges through R”? Since the presence
of'iq(?) is undeniable, we would say that the conduction
current i.(z) “should not displace charge at all”. This
sounds heretic because i.(?) suggested that the charge
“passing from plate A to plate B through R” is +¢
coulombs.

On the other hand, we knew long time ago that the
voltage noise of a 1 MQ resistor in TE and its voltage
noise measured while a dc current I4=1 pA was set in
it, were equal within experimental error. Years ago, we
used to do this experiment as a calibrating routine of a
home-made noise measuring setup. The 1 pW power
dissipated by I4 is low enough so as to not heat
noticeably the big resistor of 1 MQ/1 W that
we used as a source of flat noise density
Syiom=1.7x10""* V2/Hz. Viewing that the voltage noise
density we measured for I4=1pA and for 14=0, was
always Sym, we have been considering that
displacement currents are noisy, but conduction
currents are noiseless for an unknown reason. Hence,
currents like the two I, of a diode that occur in a space
charge region (i. e. in a capacitive 2TD) should
produce shot noise giving rise to voltage noise in the
2TD under study.

Regarding to this experiment, we shall say that if
the current I¢.=1 pA was the flow of discrete electrons
passing from the negative terminal to the positive one
of this resistor, the number of electrons crossing it
would be: 6.2x10'? electrons per second, whose shot
noise converted into voltage noise by R=1 MQ should
give a density of voltage noise Sycon=2¢la.R? V*/Hz.
This Syeond=3.2%10713 V/Hz is much higher than Sy
If T4 was generating this noise, the experiment would

reveal it unambiguously. Hence, conduction currents
do not generate voltage noise.

From the null charge that should displace i.(?)
when we consider that this task is done by i.(?) (see
Fig. 4) and from the role of resistance “representing a
series of dissipations of capacitive energy that are
triggered by fluctuations” we could give a possible
reason why conduction current is noiseless. If it would
not involve the passage of discrete charges between
two terminals, it would not produce voltage noise.
Mimicking i.(?), conduction current should involve the
occurrence of a series of dissipations of capacitive
energy in the 2TD. If this was so, “dissipation current”
would be a better name than conduction current for
this type of current Iy different from displacement
ones. A requirement that I;. should accomplish is to
put the resistor out of TE, but “leaving unaltered the
displacement currents that generate shot noise in the
resistor in TE”.

Searching for a model for conduction current from
the above ideas we tried to keep the role of resistance
in TE: “representing a series of discrete dissipations of
capacitive energy that are triggered by fluctuations”
but using an amount of energy for each dissipation that
was proportional to (Vc)?, the square of the dc voltage
between terminals Vg=RxI4.. With this starting point
and inspired by switched capacitor circuits emulating
resistors, we envisaged a model for conduction current
in resistors that would keep unaltered the displacement
currents (fluctuations) that give rise to their Johnson
noise [8]. However, this is a subject still under study
that falls out of the scope of this work.

The action-reaction dynamics of Figures. 3 and 4
is an old notion we used concerning charge noise in a
2TD before reading [3]. From the noise viewpoint,
there are A sudden actions per unit time and A slower
reactions in opposed sense associated to dissipations
as shown in Fig. 4 (a). Fig. 4 (¢) is the lumped circuit
that results if we separate the interpenetrating currents
ic(t) and iq(?) that are distributed in the volume V.
Regarding the sense of i.(?) going from plate A to plate
B, it is clear because the positive charge is in plate A.
This makes the voltages Va>Vg and applying Ohm’s
Law, i.(t) will go downwards “through R”, as shown
in Fig. 4.

Concerning the sense of i4(t), we must consider the
electric field £ set in C by the fluctuation and its time
derivative. Since E points downwards (from plate A to
plate B), but decreases as the voltage v(z) decays in
time, its time derivative is negative. Hence, is(?) will
go upwards, as shown. Since the external currents #(?)
of the 2TD of Fig. 2 are both null while v(?) relaxes,
we also obtain iy(?)=-i.(¢). This is the reason for the
negative displacement current in Fig. 4 (a) starting at
t=ty", just when the fluctuation is already gone.

The notion of a mean square voltage is familiar for
voltage signals. For charge signals, however, we must
consider the charge in one plate of a capacitor and its
mean square, since the net charge entering a 2TD like
this one is null, as it should be known. From a charge
noise point of view, the two opposed displacement
currents of Fig. 4 (a) have a null overlap in time due to
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their cause-effect link [6, 9]. This means that they are
uncorrelated and their effects will add quadratically or
“in power”. Once stated this, we shall go to Fig. 4 (a)
to consider the charge noise associated with each
fluctuation. To do this, we must integrate current in
time.

Since the charge brought to C (we mean: to its plate
A for example) by the fluctuation of null dwell time
(Dirac’s delta) is +¢ C, its square will be: ¢g*> C2. With
regard to the charge brought to the same plate A of C
by the slow current iy(z) coming after, it is -¢ C and its
square will be: ¢> C2. In this way, the mean square
charge noise caused by each fluctuation in a 2TD like
a resistor, a capacitor or an L-C tank circuit will be:
(*+q»)=2¢*> C%. Mimicking quadratic voltages taken
as “power over a resistance of 1Q2” in signal theory, let
us call “charge noise power” Pq to quadratic values of
charge noise in a capacitor. Using this notion, we can
say that given the huge rates A for fluctuations giving
Johnson noise and its random sign, they should give
rise to a quite constant charge noise power in C.

Working with charge noise power we shall
consider first the power due solely to fluctuations.
Because of their null dwell-time, these impulsive
currents of mean square charge ¢*> C? each, do not
overlap in time and their effects will add in power. The
mean charge noise power of fluctuations taking place
at the rate of Eq. (7) will be A times ¢> C%s (i. e.
coulombs?/second). Multiplying Eq. (7) by ¢% we
obtain Por=2kT/R C%/s, a numerical result that is only
half the Nyquist density S=4kT/R A*/Hz.

Since Po=2kT/R C?/s or S;=2kT/R A%/Hz are both
magnitudes having to do with displacement currents
causing shot noise, the lacking 50 % of S; should be
the shot noise due to displacement currents different
from the fast fluctuations of null dwell-time. This
leads to consider the noise of those decaying
displacement currents iz(?) of opposed sign to their
preceding fluctuation that were explained in regard to
Fig. 4-a. This slow charge noise power is also
Pos=2kT/R C?/s. Thus, the total charge noise power Pq
that produces voltage noise in the resistor in TE at
temperature T is:

4kT

To read properly Eq. (8), we must say that despite
the equal charge noise power 2kT/R C%/s of Pqr and
Pqs, they have very different spectra. Whereas Pqr
comes from the individual behavior of the quantum of
charge, Pq; reflects the collective behavior of electric
charges in the 2TD. The null dwell time of the
fluctuations converts their displacement currents into
an impulsive current noise whose spectral density is
flat in frequency from the electrical viewpoint. This
means that any electrical measurement in the 2TD
should find voltage steps with null risetime reflecting
the impulsive nature of these displacement currents
producing shot noise of flat density S=2kT/R A%*/Hz.
By contrast, the slower displacement currents tracking
exponential decays of v(?) will produce shot noise with

Lorentzian spectrum of amplitude S=2kT/R A%*Hz
and cut-off frequency f=1/(2nRC) due to the time
constant ==RC of those exponential decays.

All in all, the Johnson noise of resistors will have
two components. Its faster component a) will be a
Lorentzian term of amplitude 2kTR V?/Hz and cut-off
frequency f=1/(2nRC) coming from the flat density of
Por (S=2kT/R A*/Hz) being filtered by the circuit of
Fig. 4 ©. Its second term, component b), will come
from the Lorentzian shot noise of amplitude S/=2kT/R
A?/Hz and f:=1/(2nRC) being filtered by the circuit of
Fig. 4 (c) whose time constant is 7=RC. This means
that the -3 dB cut-off frequency f;s of this slower term
will be somewhat lower than f;, and that its roll-off at
high frequencies will be -40 dB/dec, two times faster
than the -20 dB/dec of the component a). The sum in
power of these two spectra of uncorrelated noises will
show the well-known density Sy=4kTR V?*Hz of
Johnson noise at low frequencies, but its -3 dB
bandwidth will be somewhat lower than f;.

Concerning a value for frequencies close to fc
where the otherwise flat Sy will be decaying, we will
consider again the noise measuring setup of Cgpeq=
0.5 pF for the Johnson noise of a resistor of R=50 Q
whose small but non null Cy is included in Cyyqy. The
time constant ==RC=25 ps leads to f;=6.4 GHz. Hence,
the Johnson noise of this resistor up to 2 GHz and even
in the S band (2-4 GHz) would show the density
Sy=4kTR V?/Hz that everybody knows.

By contrast, this Sy density in the K band (8 GHz
to 26 GHz) would be a neatly decreasing spectrum that
would acquire a final roll-off approaching -20 dB/dec.
Since measurements at these frequencies are not easy
and most people use to work at “low f” (e. g. tens of
MHz to avoid the filtering due to t=RC) the limit f; is
barely reached and those measuring a flat S;=4kTR
V?/Hz at f<<f., consider that the density S=4k7/R
A%/Hz that they infer from Sy is flat up to the limit
given in [2] from quantum reasons.

6. Two Charge Noises: Empirical
Evidence

The two different components of the phase noise
of electronic oscillators (their carrier line of non-null
width and a broad pedestal of much lower amplitude)
is a striking feature that we are going to consider here.
In frequency domain, the phase noise of an oscillator
means that the spectral content of its output signal is
not the line of null width 3(f-fy) of a pure sinusoid of
frequency fj (the expected “carrier” by design). Phase
noise leads to find spectral content different from the
above Dirac’s delta.

The first noise term we refer to is “phase noise
close to the carrier” because it is observed as a
broadening of the otherwise monochromatic line at
f=fo. To keep this Section short, we will say that this
part of the output spectrum is a Lorentzian line
centered at fy that recalls the output spectrum of optical
oscillators like lasers. In lasers, the broadening of their
output line is already known as an effect of
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spontaneous emissions of photons that disturb the
coherent optical energy that is stored in their resonant
cavity, usually a Fabry-Perot resonator.

In dual form, the L-C tank of an electronic
oscillator (i. e. its resonator) should sustain in time a
coherent or pure sinusoidal voltage signal, and the
electronic loop of the oscillator is designed to do this
task in the best way possible. Since the L-C tank has a
capacitance C that is connected in parallel with an
inductance L, it is evident that any sinusoidal voltage
sustained in time by the feedback electronics of the
oscillator will be disturbed by the spontaneous
translocations of single electrons between the plates of
C (i. e. fluctuations) that are the origin of voltage noise
in 2TD.

Due to the null risetime of each voltage step of
AV=tg/C volts that is added randomly (both in time
and sign) to the otherwise sinusoidal oscillation of
voltage in the capacitance of an L-C tank (see Fig. 5),
the electronics of the oscillator loop (its Automatic
Amplitude Control AAC), can do nothing to avoid the
appearance of these steps. We mean nothing to remove
the impulsive current generating them in C, hence in
the output signal. To react against one of these voltage
departures of the output signal from a perfect sinusoid,
the AAC must wait for the voltage AV in C (effect)
that indicates the occurrence of a fluctuation “that is
already gone”. From this picture about how Johnson
noise or KT/C noise enters into the resonator, we can
envisage the presence of a kind of “roughness” in the
output signal (phase noise) that is unavoidable.

From Eq. (7) for A and AV=+¢/C, it is quite easy to
obtain the phase noise due solely to these voltage steps
of null risetime. Fig. 5 taken from [10] shows the way
each fluctuation disturbs the sinusoidal voltage (output
signal) that would exist in the capacitance of the L-C
resonator used by these oscillators.

V({) AM QAN
q/C
N~
oL SN\ (Integration)
s t
PM: ¢y(e)
a)
v(t ) - ¢/C pro o
t
o=Ty/4
b)

Fig. 5. Effects of a fluctuation taking place in the
capacitance of an L-C oscillator when the damping of this
change of energy is small during one period (see [10]).

Evaluating the phase noise due to disturbances like
those shown in Fig. 5, taking place randomly both in
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time and sign with the average rate 4 of Eq. (7), this
phase noise spectrum is found [10]:

2D

Ho =00 = a7 + D2

€

Eq. (9) is the Lorentzian line or “phase noise close
to the carrier” that we commented at the beginning of
this Section. This line agrees perfectly with a classical
paper in the field published by D. B Leeson [11]. Thus,
the Lorentzian line of the output spectra of electronic
oscillators comes from the truly impulsive current that
gives rise to Pqr. This would explain the deep analogy
between spontaneous emissions of photons in lasers
and spontaneous translocations of single electrons in
L-C resonators due to thermal activity and why only
half the Nyquist noise (Po=2FkT/R) gives phase noise
close to the carrier. To include the total losses of the
L-C resonator “loaded by its surrounding electronics”
we have used its unloaded resistance R divided by the
noise figure F of the electronics around the L-C tank
(see below). The single-sided spectrum of Fig. 6 taken
from [10] shows the narrow line around f; (the carrier
frequency) coming from Po=2FkT/R C%/s and the flat
pedestal of Poi=2FkTR V?/Hz divided by (V©)?*/2, the
mean square of the sinusoidal voltage of amplitude Vo
(thus Po=(V0)*2R) sustained in C by the loop.

)
=
B (np
J 10log ,}‘T]
~ — ‘_I N o
“ /(Aw)’
“ log(Aw)

Fig. 6. Lorentzian Line of Phase Noise (e. g. “carrier” line)
due to fluctuations in C, together with the Phase Noise
Pedestal generated by the AAC (see [10]).

Concerning the slow 50 % of Nyquist noise we
have called Pos we may say that gives rise to the
pedestal of phase noise far from the carrier. This band-
limited noise, being slower than Pgy, is liable to be
affected by the electronics of the loop and when this
occurs, the band around f; of the aforementioned
pedestal (i. e. its width) increases. The amplitude of
this pedestal suggesting that only half the Nyquist
noise Pos=2kT/R C?s is involved in its generation, is
another clue about the partition of the familiar density
S=4kT/R A?/Hz of Nyquist noise into the fast and the
slow shot noises that we have shown in [7]. Including
the noise of the electronics by its noise figure F, the
pedestal of phase noise results proportional to
Pos=2FkT/R C?%s and the same occurs with the
magnitude D (phase diffusivity) of Eq. (9) that
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becomes proportional not to Poe=2kT/R C?%/s, but to
Por=2FKT/R C?%/s, as it must be from the meaning of
noise figure F in the FBM [6, 10].

It is worth noting that the best fitting to the phase
noise of electronic oscillators has been achieved by
using instantaneous translocations of charge between
nodes of the oscillator circuit [12]. Nevertheless, the
packets of charge that these authors have used involve
thousands of electrons (e. g. packets of fC, 10> C or
more) and the physical meaning of those sets of many
electrons jumping synchronously between two nodes
of the circuit is unclear. Nevertheless, the merit of this
work using “sudden voltage changes” is undeniable
and really useful if the user of the program is not very
concerned for the physical meaning of this proposal
that “works well in simulations”.

7. Conclusions

The model currently used for electrical noise in
resistors is a dissipation-based model that needs to be
improved to explain the noise of other two-terminal
devices (2TD). With this notion in mind, we proposed
a fluctuation-based model for electrical noise in 2TDs
that fits in the Fluctuation-Dissipation framework that
was proposed by Callen and Welton. It is a fluctuation-
based model where the electrical capacitance between
terminals of a 2TD is the reactive element that allows
its thermal interaction. The voltage that appears in this
capacitor whilst energy is being exchanged with its
thermal bath, is Johnson noise in resistors, kKT/C noise
in capacitors and the voltage noise of 2TDs in general.
Hence, the capacitance of each resistor between its
terminals is the transducer that generates its density of
Johnson noise Sy=4kTR V*/Hz that we can measure.

Concerning the density S/=4kT/R A%/Hz that we
can infer from Sy, this fluctuation-based model shows
that S; is formed by two different noises. The first term
is impulsive shot noise of flat density S;=2kT/R A*/Hz
until the quantum limit fo=kT/A (fp~6 THz at room T).
The instantaneous translocations of electrons between
the terminals of the device (i. e. fluctuations) give this
ultrawideband noise. By contrast, the second term is a
Lorentzian shot noise of amplitude S;=2k7/R A*/Hz
whose cut-off frequency is equal to that of the 2TD
(where the voltage noise is being measured). The
phase noise of oscillators that use L-C resonators

agrees with the impulsive origin of Sj and with this
50 %-50 % partition: S/= S+ S=4kT/R C*/s or A*/Hz.
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Abstract: In this paper, mechanical modelling and stress-strain prediction of the ionic type of electroactive polymer (EAP)
based capacitive strain sensor under multiaxial loading has been performed using uniaxial tensile data. A highly stretchable
sensor with > 400 % strain was fabricated using Styrene-ethylene-butylene-styrene (SEBS) rubber and Dodecyl benzene
sulphonic acid (DBSA) doped polyaniline (PANI) composite material as a dielectric film, and carbon grease as top and bottom
electrodes. From uniaxial tensile measurements, a three-dimensional constitutive model of the EAP strain sensor was validated.
Experimental data obtained from the uniaxial tensile measurement was fitted according to the Ogden-based constitutive
mathematical model. For predicting the stress-strain behaviour of the sensor under the multiaxial loads, 2" term of the Ogden
model was demonstrated to fit well with uniaxial tensile data. Such modelling can play a significant role in designing any type
of EAP-based sensor for various operations under variable loading conditions.

Keywords: Ionic type of electroactive polymers, Strain sensors, Multiaxial loading, Constitutive modelling, Curve fitting,

Uniaxial tensile testing.

1. Introduction

Electromechanical devices like actuators, sensors
and generators have been widely used in robotics,
healthcare, augmented reality and wearable devices
[1- 5]. The last decade has witnessed a shift in the
research trends from hard and brittle to soft, flexible
and lightweight wearable devices. Highly elastic
strain sensors that can detect large strains are highly
in demand for deformable systems such as soft
robotics and wearable devices. When mechanical
stimuli are applied to the strain sensors then changes
in capacitive and resistive values have been noticed,
which makes the basis of this type of sensor
technology [6-11].

Capacitive sensing has several advantages over
resistive sensing like high linearity, reproducibility,
and low hysteresis so currently researchers are,
focusing the capacitive-based EAP sensors.
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The total capacitance of EAP based capacitive
sensor (Crorq; ) 18 the sum of two capacitances, one is
capacitance due to a change in its own dimension
(C;) and another is capacitance due to contact or
electronic circuit, as given below:

&6 A
Crotar = G4 (T) + Cparasitic'

where ¢, is the dielectric constant; g is the permittivity
of free space; A is the active polymer area; t is the
thickness of the dielectric film and Cparsiic i the
capacitance caused by contact. However parasitic
capacitance is very small and can be neglected.
During all types of practical applications, these EAP-
based sensors undergo continuous loading and
unloading conditions and multiaxial deformations.
For choosing a suitable mechanical sensor, it is
very important to analyze stress-strain behaviour

http://www.sensorsportal.com/HTML/DIGEST/P_3275.htm
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under various conditions, while for elastomer-based
soft sensors, it is very difficult and time-consuming to
analyze the stress-strain behaviour of sensors in
multiaxial loading conditions [13-14].

For designing a strain sensor for different types of
loading comprehensive analytical modelling is
needed, which could verify the sensor’s performance
experimentally. Existing papers do not provide
complete modelling and neglect many crucial
parameters which might affect the sensor’s
performance at large strain levels in the long run.

In this paper, the sensor was fabricated using
Styrene-ethylene-butylene-styrene (SEBS) rubber and
Dodecyl benzene sulphonic acid (DBSA) doped
polyaniline (PANI) composite film (casting from the
toluene solutions having 5 % concentration)
sandwiched between upper and lower part with carbon
grease-based  electrodes. Tensile tests were
performed, for analyzing the sensor’s performance by
using constitute equations, after post-treatment of
experimental data global fitting parameters were
evaluated.

These global parameters can predict sensor
performance even at a large value of deformation in
different types of loading. It was found that the stress-
strain curve was well fit with the second order of the
Ogden constitutive equation. By using fitting
parameters in the Ogden model-based constitutive
equation, stress can be predicted at any value of strain
under multiaxial loads. This complete procedure is
applicable to any type of elastomer-based capacitive
strain sensor at different types of loadings.

2. Experimental

2.1. Materials

A conducting and stretchable freestanding film
consisting of SEBS rubber (supplied from the Sigma-
Aldrich co.) and DBSA doped polyaniline
(synthesized in our laboratory at Kyutech, Japan)
composite film sandwiched between carbon grease
electrodes (purchased from MG chemicals) was used
for fabricating lonic type of EAP sensors. Carbon
conductive tape for making the electrical connection
was purchased from Nissin  Co. Ltd. Our
uniaxial tensile system developed at Kyushu institute
of technology, Japan consisting a computer-controlled
X-Y stage controller (Mark-102, Sigma Koki, Japan),
load cell (LU-10 K, Kyowa), and digital Oscilloscope
(TDS 2001C, Techtronic, USA).

2.2. Uniaxial Tensile Machine for Mechanical
Characterization

Uniaxial tensile testing is most commonly used for
characterizing the mechanical behavior of isotropic
and elastic materials. Tensile measurement for the
sensor used in this work was conducted using the
uniaxial tensile testing system as shown in Fig. 1. It

can be seen from this figure that our tensile
measurement system has a 100 N load cell, mobile
stage, X-Y stage controller, and an Oscilloscope.
Multiple stretching and relaxation cycles under
variable strains using a stage controller and mobile
X-Y stages were controlled by a computer-controlled
Lab-View program. Changes in the stress under
variable strain.

Fig. 1. Tensile measurement set-up.

2.3. Sensor Fabrication and Sample
Preparation for Tensile Testing

The basic structure of the device has been shown
in Fig. 2. This sensor is three layer device where
DBSA doped Polyaniline SEBS rubber was used as a
dielectric film and carbon grease was used as an
electrode. The composite film was sandwiched
between the upper and lower layer of carbon grease-
based electrodes, as shown in the device structure in
Fig. 2.

Carborn grease as an
electrode

OBSA doped Polyaniline SEBS rubber-based

composite dielectric film

Carbonrn grease as an
electrode

Fig. 2. Basic structure of stretchable carbon electrode-
based ionic EAP strain sensor.

The detailed fabrication process has been

described below [15]:

e Mix Polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene-graft-maleic
anhydride (SEBS-g-MA) and toluene and stirred
solution at 1500 rpm for 90 °C and 30 minutes at
room temperature;

e After that mix DBSA-doped Polyaniline (5 %) in
SEBS rubber solution;

e Then again stirred solution at 1500 rpm for 90 °C
and 30 minutes at room temperature;

e Pour the solution into the desired shape of patriarch
glass and heat at 90 °C for 120 minutes;

e Take dielectric film and apply carbon grease on
both sides and fix carbon conducting tape on both
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sides of electrodes for making the connection for
measuring capacitance etc. Fig 3 shows SEBS
rubber and DBSA doped polyaniline-based

stretchable composite film works as a dielectric
medium for ionic EAP-based sensors.

Fig. 3. DBSA doped dielectric film.

For conducting the tensile testing rectangular type
of specimen having an active length of 2.8 cm, width
of 1.5 mm, and thickness of 0.05 mm have been used
as shown in Fig. 4. All tests were conducted at 1
mm/sec speed and fitting parameters were obtained at
100 % of strain value. Five samples were used for
post-treatment of data (Among five samples, three
samples were showing almost similar characteristics
so one sample was chosen out of those three samples
for post-treatment of data).

2.8cm

1.5cm

Fig. 4. Uniaxial tensile testing specimen.

Fig. 5. Sensor fixed between two jaws of tensile machine.

Carbon grease was applied on both the upper and
lower sides of the composite film and the non-
conductive tape was used on both ends of the sensor
for fixing the sensor between both jaws of the tensile
machine. Fig .5 shows sensor is ready for uniaxial
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tensile testing for analyzing the mechanical behaviour
of the sensor.

3. Results and Discussion
3.1. Basic Principle of Operation

When a deformable electroactive polymer film is
sandwiched between highly deformable conducting
electrodes on both sides of the EAP film then the
whole system works like a variable parallel plate film
capacitor and its capacitance changes on applying
mechanical stress, which forms the basis of such type
of capacitive sensing technology [15].

The capacitance of the EAP-based strain sensor
under a relaxed state (Cjeiaxea) can be written as:

&-&9lqL,
Cretaxea = . L , (1
3

where, ¢, &, are dielectric constant, the permittivity of
free space, respectively and Lq, L,, L3 are the length,
width and thickness of the sensor at relaxed state.
While capacitance of EAP strain sensor in the
stretched state can be written as:

Cstrechea = TT ’ 2

where A4,4,,45 are stretch ratio in X, Y and Z
direction respectively, while /;, [, and /; are lengths,
width and thickness at stretched state, consequently:

L _ L L3

A = 'A3=L3

Here we assume EAP strain sensor shows
incompressible and isotropic behavior, consequently

2.1/122.3 = 1 (3)
Ls
= 4
Cdeformed = Cretaxed( /1122)2 Q)

In case of uniaxial deformation, 4; = 4, 4, = \/% =
A5 consequently, we can write

Cstrechea = Crelaxed * 4 (6)

AC = Creraxea * € (7

where €is the strain, while, A is the extension
coefficient and AC is the change in capacitance,
respectively.

In Fig. 6 we can see the schematic diagram of basic
principle of operation of electroactive polymer-based
strain sensors (made from the elastomeric film as a
dielectric medium).
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Elastic Electrodes
- v,
-

-y .

-~
-~ -

-
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Dielectric Film

At rest Stretched (uniaxially)

Fig. 6. Basic principle of operation of EAP -based
strain sensors.

3.2. Mechanical Modelling of EAP Based
Strain Sensors

The mechanical behavior of the EAP strain sensor
does not follow Hook's law and nonlinear finite strain
theory is used to explain EAP strain sensor behaviour
as shown in Fig. 7.

Here we assumed that EAP strain sensor shows
incompressible and isotropic behavior, consequently
true stress 7, and strain energy potential (W)

and stretch ratio 4; can be linked by given equation
[16-17].

Sy

z

Fig. 7. Nonlinear finite strain theory for explaining EAP
based strain sensor’s behavior in 3D space.

ow
T; =/1ia—/1i—p (8)

In above equation p is hydrostatic pressure.

Normal stress (perpendicular to a surface) can be
written by equation given below:

w1

=55 " 3P ©)

The nine components of o; can be given by the
equation given as below.

Ox Oxy Oxz
Oij = Oyx Oy Oyg (10)
Ozx Ozy Oz

Above matrix can be written as below, where off
diagonal elements represent shear terms.
Ox Txy Txz
Oij = Tyx Oy Tyz (11)
Tzx Tzy Oz

In the absence of normal shear stress 1,
(perpendicular to a surface), these three stresses
perpendicular to these principal planes are called
principal stresses. Fig. 8 shows the principal stresses
and principal directions in 3D space.

g 0 O
oj={0 oy 0 (12)
0 0 o

According to the Cauchy’s theorem:
Ti = O'ijni (13)

where T; is the true stress vector at a point on a plane
with normal vector n;, A is corresponded to the
magnitude of normal stress vector (o).

Ti=li’li= O'jini (14)

Principal coordinate
system in 3D space

General coordinate
system in 3D space

Ty

|

"

Fig. 8. Principal stresses and directions explanation using
schematic diagrams.

(o = DNy + TyyNy + Tyyny = 0
Tyt + (ay - ﬂ)nz +7,,n; =0
Ty, + Ty Ny + (0, — Ang =0
(ox =2 Txy Txz n,
S| Tay (o= 2) Tyz [nzl
(o, — D]

Txz Tyz

(O-x - /1) Txy Txz
Ty (ay - /1) Tyz =0
Tyz Tyz (o, — M) (16)
= _/13 + 11/12 - 121 + 13
=0
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This is for a homogeneous system of three linear
equations, where n; are the unknowns. Therefore, /;,
I, and I, called the first, second, and third stress
invariants, respectively, can be given by following
equations

L = Tr|oy| = 23 + 23 + 3 (17)
1 2 )
12 = E[TT(O-’-]) — TT(O',:]' )] (18)
= 323 + 1323 + 1342
I = det(o;;) = 1 (19)

Different type of constitutive model for defining
mechanical behavior of elastomers can be explained in
terms of strain energy density (W), Invariants and
coefficients as given below [18-21]:

WMooney—Rivlin = C10(11 -3)+ C01(12 -3) (20)

N
Wyeon = ) Cio (1 = 3)' @1

i=1

U
Wyeo-Hookean = E (11 -3) (22)
N
Wogden = ) L™+ 4% + 1% =3),  (23)
i

i=1
where A (extension coefficient) =1+¢ (strain)

Table 1. Matrix representation of strain vectors and
formulas for calculating invariants in various types of

loading.
Loading Uniaxial Pure Biaxial
type shear
A 0 0
0 1 0 A 0 0 A 0 0
san ([0 5 of[fo ol lo 4o
1 0 0 —= 00 —
lO 0 — J 2 12
VA
I
2 L =1 1
L=2"+~ PP o2y L
Invariants = 11+ A =2)% + T
I & ) ]2=2)L+/1_2 +A_2 I, i
= A4 + /?

Table 1 shows the matrix representation of strain
vectors for different kind of loads and equations for
calculating invariants at different kind of loading
conditions. With the help of Table 1 we can easily
calculate the strain energy density for different kind of
constitutive equations, as explained above (from
equation 20 to 24) and further we can also establish
relationship between stress and strain for any kind of
constitutive equation by using equation 9.
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3.3. Mechanical Characterization of EAP
Strain Sensor

Force displacement characteristics as shown in
Fig. 9, we can conclude that sensor shows purely
elastic behavior as cycles are repetitive, following
same trend and stress is almost constant in each cycle.

10
z ®
S 61
e 4
2 L) 1) L)

0 50 100 150
Displacement (mm)

Fig. 9. Force displacement characteristics of lonic EAP
based strain sensor.

From Fig. 10 we can see that sensor is highly
stretchable and can be elongated more than 400 % of
strain value.

For elongation at break test sample’s length, width,
thickness was 2 cm, 1ecm, 0.2mm respectively.

P
w (8,
1

Stress (MPa)
t

o LI T T T T
0 100 200 300 400 500
Strain ( %)

Fig. 10. Elongation at break test of EAP strain sensor.

3.4. Predicting Stress Strain behavior of EAP
Strain Sensor under Multiaxial Loads

First stretching cycle up to 100 % applied strain
was used for the mechanical modelling using Ogden
based constitutive model and it can be seen from the
Fig. 11 that there was good agreement between the
experimental data and fitting of the data using the
Ogden 2™ terms constitutive equation (in stress versus
strain form). Fitting parameters (less than 10 %
deviation for 5 samples) are summarized in the Table
2. For curve fitting cftool (in Matlab), hyperfit or
abaqus can be used. Here curve fitting was done using
Hyperfit software http://www.hyperfit.wz.cz(Ansys-
compatible original form).
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Fig. 11. Fitting of experimental data with Ogden Modelling
for ionic type of EAP strain sensor.

Table 2. Ogden fitting parameters.

Fitting parameters Ogden 2" order
u (MPa) 6.51,-0.02
o (MPa) 2.02,3.18

With the help of fitting parameters, we can predict
the stress-strain behavior (uniaxial loading) of the
sensor at any value of strain by using equation 23,
Table 1 and section 3.2 (as shown in figure Fig. 11 and
Table 2). Similarly, we can also use these fitting
parameters in predicting stress in biaxial and planar
loading as well.

4. Conclusions

Sensor was highly stretchable and can be stretched
up to 400 % of strain value. From uniaxial tensile
experiments, a three-dimensional constitutive model
of the EAP strain sensor was validated. Sensor was
showing good agreement with Ogden’s 2™ terms and
these fitting parameters obtained from uniaxial tensile
data can also be used for predicting sensor’s behavior
under multiaxial loading. This type of analytical
modelling can be useful in designing elastomer-based
strain sensor for various loading conditions.
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Abstract: Fibre optic based sensors are becoming very successful tool for accurate and perturbation insensitive
sensing of many non-electric and electric values. Favorite fibre sensoric structure capable of point and semi-
distributed sensing of all effects influencing physical dimensions or refractive index of a fibre waveguide is the
Fibre Bragg Grating. An interrogation of the grating reflectance spectrum is the important part of the fibre grating
based sensorial system that can significantly affect the facilities of the measuring system and influence the
applicability of the technology. The article analyses the spectrum scanning type of the grating sensor interrogation.
We expose two main impacts that influence the accuracy of the measurement of the fibre grating spectral
wavelength shift that bears the measured value. Both of them are connected with the quantity of the Grating
Quality factor that we have defined for this purpose. The first impact refers to the way of scanning the wavelength
spectrum of the sensorial grating and shows that the optimal measuring results are obtained when using the
scanning filter wavelength spectrum width equal to the wavelength spectrum width of the sensorial fibre Bragg
grating. The second impact lies in finding the grating design assuring the minimal size of the noise grating
linewidth, also defined in this work. The work shows how the application of the specific apodization schemes to
the fibre Bragg grating design can improve the noise grating linewidtg. Analysis of two suitable apodization
profiles shows that the specific apodization of gratings can significantly improve the measuring accuracy of the
scanning spectral interrogation of the grating based optical sensors.

Keywords: Fibre Bragg grating, Spectrum scanning, Spectrum linewidth, Apodization profile.

1. Introduction 2AG = s.Ap/Met ; (1)

Fibre Bragg Gratings (FBG) are the fibre where s is the integer, Braggs order; Ag is the Braggs
longitudinal dispersive structures mostly formed asthe ~ period of the refractive index; nesr is the effective
periodical or quasi-periodical changes of the refractive ~ refractive index of the waveguide with the grating.
index in the core of the singlemode optical fibre Due to this reflection, the transmitted light lacks
(SMF). The structure acts as the selective optical filter ~ the part of the spectrum reflected from the grating. The
that reflects light in a narrow band of the wavelengths ~ reflected spectrum has the potential to be influenced
around the central wavelength A given by by all the physical agents that can change either the
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period Ag or the effective refractive index ner of the
grating. The values that we speak of are namely
temperature of the fibre, strains, bends, twists of the
fibre, see Fig. 1. The induced spectrum changes can
mostly be represented by the shift of the maximum of
the reflexivity (minimum of the transmissivity)
spectrum of the affected grating that is usually in a
very accurately established relation to the measured
agent.

Input signal

Fiber core

Bragg grating 1‘/U\ >.1
ansmitted
/ signal

Reflected
signal A

Temperature
5 Longitudinal /transverzal

Fiber cladding
*A
strain
Bending, twist etc.

=2n

Agrage

A

Bragg eff

Fig. 1. Fibre Bragg Grating principle.

There is a number of methods for the evaluation of
the grating spectral shift that can solve, in a
compromising way, the tasks of the individual
applications. One of the methods with the potential of
a high resolution and a broad measuring range at the
same time is the spectrum scanning.

In this way of interrogation, the source of a
tuneable light is connected to the fibre isolator and
then to the 50:50 symetrical coupler that sends half of
the incident light power to the arm with the
interrogated series of gratings and the other half of the
power is sent to the arm with the reference detector.
The light reflected from the FBGs is then forwarded
back to the 50:50 symetrical coupler and through it to
the measuring detector whose signal is then
normalized using the reference detector received
value. The maximum of the received power time
funstion is then located and the time instant of the
reception of the maximum is recalculated to the
wavelength value. The structure of this interogation
system is shown in the Fig. 2. In the application
practice, two kinds of spectrum scanning are mostly
used. The first one is based on the wavelength tuning
of the narrow band optical source, often distributed
feedback based laser diode (DFB), with its typical
value of -20 dB drop spectral bandwidth and
linewidth, Dfs59 < 100 MHz and Dls.20= 0.8 pm. The
limitation of this approach is usually the tuning range
and speed of the laser diode tuning. Standart telecom
grade cost saving DFBs can give the modest tuning
range of 10 nm in the O or C band. The second option
is to scan the FBG spectrum with the light of the
broadband source like superluniniscent light emiting

20

diode (SLED) that is filtered by the tunable
narrowband Fabry-Perot (FP) filter. That allows for
increasing the scanning frequency to the kilohertz
range and tuning range up to 100 nm, which then
allows using more then 20 FBGs connected to the
scanning interrogator in series. The tunable Fabry-
Perot filters, however, give the one up to two orders of
magnitude wider spectrum line, with the linewidth in
half maximum AAspwnm around: AAspwnm = 60 pm,
i.e. Als20= Alspwum /0.603 = 99.5 pm. See Fig. 2.

Fig. 2. Scaning interrogation scheme.

2. Spectrum Scanning and Noise

Scanning of the FBG spectrum produces the time
domain photoelectric signal at the detector
corresponding to the reflection spectrum of FBG.
However, the time signal is not the fully linear copy of
the FBG spectrum. The main peak of the time signal

Im(t)a

max

Lu(t)= [ Rg(W). Is(h — AAs(D)). dA, ©)

where AA((t)= ka.t is the wavelength shift of the
scaning spectrum; Ry(A) is the spectral light
reflectance of FBG; I4(A) is the scanning light spectral
intensity; received at the measuring detector, has its
full width half maximum value different than the
original FBG spectrum. It is altered by the scanning,
depending on the linewidth of the scaning spectrum.
The results of the scanning with the scanning
spectrum FWHM equal to and wider than the FWHM
linewidth of the original grating are shown in Fig. 3.
The original grating design parameters of the grating
represented in the Fig. 3 is L=11 mm, Rmax= 85.6 %,
Alcrwnm = 82.46 pm. Refractive index profile of this
grating is the uniform sinusoid with the peak-to-peak
amplitude of the modulation An = 1.25x10* and
period of 450 nm superimposed to the constant level
of the core refractive index of 1.468, mesured at the
wavelength of 1310 nm. The graphs show that the
wavelength position of the reflectance maximum stays
untouched (because of the symetricity of both the
grating and the scanning source spectra), but we see
the change of the scanned spectra FWHM linewidths
and also the change of the sharpness of the spectral
maxima. That can be important for the noise influence
in detecting the spectral maximum of the grating
reflectance.
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Fig. 3. Original and scanned spectrum of the uniform
sinusoidal grating scanned with 82.5 pm (upper plot)
and 120 pm (lower plot) scanning window.

The accuracy of the detection of the wavelength
position of maximum grating reflexivity comes from
the resolution of the wavelength measurement. The
resolution of the wavelength measurement dAg in this
method is determined by the scanning period Tsc,
period Tsa of sampling the time signal In(t) and the
scanning wavelength range Agmax-Asmin. It can be very
small in case of fast sampling:

OAG=(Asmax-Asmin). Tsa/ Tsc < 0.01 pm 3)

The time function In(t) is influenced by the two
fundamental factors. The first one is the signal to noise
ratio seen at the measuring detector circuit, the second
one is the linewidth of the central maximum of the
reflectance spectrum of the grating. The noise that is
superimposed on the time signal of the scanned grating
influences the correct determination of the position of
scanned grating reflexivity spectrum. There are few
sources of noise in the scanning system, detector dark
current noise Ip, thermal noise of the detector load
circuit Ity and the detector shot noise Isy. The brief
analysis shows that the dominating factor here is a
relatively high level of received optical signal

comparing to the usual levels seen in the fiber
datacommunication systems. The practical example
with the typical values of the receiver bandwidth
BW = 1 MHz, the transimpedance load rezistor
Rc = 50 kQ, detector dark current Ip = 1 nA, detector
photoelectric current for the 100 % grating reflectance
Ip = 50 pA (corresponding to the received powers in
order of 50 uW) shows the RMS values of noise
currents:

Ip =V(2e.Ip.BW) = 30 pA; Ity =\(4k. T.BW/R¢) =
0.57 nA; Isy =V(2e.1o.BW) = 4 nA.
C))

Therefore In = Isy = 4 nA. Signal to noise ratio
then depends on the input optical power, represented
by the detector photoelectric current Iy, on grating
reflectance Rmax and on receiver bandwidth BW:

Is/In= (Io. Rmax)/\/( 2e.Jo.Rmax. BW) = (5)
= K VRpax = 10*

From the point of view of the grating design, we
see that the important factor to minimize noise is the
square root of the grating reflectance VRumax. Further,
our application example shows that the noise root
mean square Iy is in the order of 10 of the signal
current at the spectral top of the grating reflexivity.
The superimposed noise on the detected optical power
reflexed from the scanned grating gives the origin of
the rising errors in determining the time and

wavelength position of the reflexing spectral
maximum, see Fig. 4.
IR _*LN
0" max 1
— 0,9999.10=1, ;001 Rusax

> t=/k,

Fig. 4. Effect of superimposed noise to the location
of reflectance maximum.

We can say, that the detected maximum in the
current signal, composed of the light reflected from
the scanned grating and superimposed noise current
with the root mean square value In=101, will be most
probably found in the time interval AAg-o0.0001/kx or in
interval will be called the grating noise linewidth. It
can be shown that the root mean square deviation ¢ of
the location of detected maximum from its central
position, in other words the mean error of the
measurement is:

c=Ak_ 1(2N6) (6)

—0.0001
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The grating noise linewidth value AAg-o0001 is
bound to the value of grating full width half maximum
(FWHM) spectral linewidth AAgrwnm. In the low
reflectance uniform gratings we can work with the
estimation AAg-0.0001= 0.022.AAgrwnm Which loses the
fidelity for the cases of higher than 50 % reflectances
and lower than 3 mm of lengths. Nevertheless, the next
important factor in the grating design affecting the
errors in the measurement of the position of maximum
reflectance is the grating spectral linewidth in the half
maximum AAGrwru. These two parameters, VR may and
AXcrwim are not independent in the grating design. As
for that we define the grating quality factor Qg:

Qo= VRma/A__ 5 [-3%,nm] (7)

that depicts the suitability of the grating design for the
accurate scanning interrogation, se Fig. 5. The plot
here shows, that the best results in the accurate
scanning interrogation of uniform gratings can be
obtained for the grating lengths longer than 10 mm and
the reflectance in spectral maximum around 60 %.

VRIAN

90 4
R 100 L

Fig. 5. Graph of the grating quality factor
Qc= VRumax/AAGrwhm on the grating reflectance R[%]
and the grating length L[mm].

3. Grating Features

As we already stated, the maximum reflectance of
the grating Rmax and the reflectance spectral linewidth
in the half maximum AAgrwnwm of the grating are values
mutually bonded. In the uniform gratings, the values
of these two parameters relate to the physical length of
the grating in the fibre. The graphs of Fig. 6 depict the
relation of the grating half maximum linewidth
Algrwum and the grating noise linewidth Alg-0.0001to
the typical lengths L of the gratings and to the
reflectances Rmax. We can see there that the value of
FWHM linewidth of the uniform grating
monotonically drops with increase of the grating
length and with decrease of the maximal reflectance.
To the contrary, the grating noise linewidth of the
same uniform grating design shows the different

22

behaviour. Whille the noise linewidth drops
monotonically with the grating length, similarly like it
is with FWHM linewidth, the shape of the dependence
of the grating noise linewidth on the grating maximal
reflectance shows the minimum close to the
reflectivity of the 60%. Further, it can be seen, that the
grating noise linewidth rises strongly for the grating
lengths shorter than 5 mm and reflectances higher
than 80 %.

'\'\a -0.0001

Fig. 6. Grating linewidth AAGrwum [pm] and grating
noise linewidth AAg.oooo1 [pm] depending on the
grating length L[mm] and the grating reflectance
R[%].

When scanning the grating spectrum to locate the
wavelength position of the reflectance maximum with
use of an extra narowband tunable light source (DFB),
Alsrwnm < 1 pm, the time signal In(t), eq. (2), is not
distorted and linearly copies the spectral grating
reflectance:

Im(t) = Iso.Ra(ka.t), (®)

where Iso is the photoelectric response to the light
intensity of the light source; Rg(ka.t) = Rg(A) is the
spectral reflectance of the sensorial grating.

The optimal values of the maximal grating
reflectance to get the minimal noise linewidth derived
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from Fig. 5 gives for the grating length L=11 mm,
Rmax= 60.5 %. Then, for this way optimized uniform
grating we get the FWHM grating linewidth
AhGrwnm= 63.8 pm, grating noise linewidth
AX-00001= 1.3 pm and the mean error of establishing
the wavelength of the maximum reflectance will be,
according to the eq. (6), ¢ = 0.265 pm.

In the case of grating spectrum scanned by the
tunable FP filter with the scanning spectrum FWHM
linewidth similar to the spectrum linewidth of the
grating itself, in spite of the shape of spectral intensity
of the scanning light Is(A) is similar to Rg(A), the
linewidth and the shape of the signal Ii,(A) is different
from Rg(A). Analyzing this effect we find that the
minimal value of the noise linewidth can be obtained
when using the grating and the scanning filter with the
equal value of AArwim:

AXSFWHM = AXGFWHM (9)

For the signal to noise ratio 10* we see the situation
at the graph in Fig. 7, where the selected suboptimal
sensual grating with L=11 mm, Rn= 85.6 % and
AlGgrwnm = 82.46 pm gives the minimal value of
scanned noise linewidth Adgs.0.0001= 0.99 pm and the
RMS error 6 = 0.20 pm.

Grating noise linewidth

T . Y

Fig. 7. Scanned noise linewidth AAGs-0.0001 [pm]
of the grating AAcrwnm=82.5 pm scanned by the scanning
spectrum FWHM linewidth AAs [pm].

Interesting remark can be made here, the obtained
scanned noise linewidth of 0.99 pm is nearly half of
the original grating noise linewidth AAg.o0001 =
=1.82 pm. If the grating is scanned with the ultra
narrowband tuneable source it gives the scanned noise
linewidth AKGS-O,OOOIZ AKG-O,OOOIZ 1.82 pm and RMS
error 6 = 0.37 pm. Another feature of the scanning
shows that the scanned noise linewidth rises abruptly
when the sensual grating is scanned with the scanning
spectrum FWHM linewidth higher that approx.
1.2 times the grating spectrum FWGM linewidth.
Generalizing these findings, there are thre intervals for
scanning source linewidth important from the point of
the accuracy in the scanning interogation of the FBG
based sensors:

Alsrwam « Ahcrwim: AAGs-0,0001= AAG-0.0001
Asrwim = AhGrwam; AXGs-0.0001= 0.5. AXG-0.0001
Alsrwam > AAGrwin; AAGs-0,0001 » AAG-0.0001

(10)

Progress in the grating production technology
shows some other ways to further improve the
accuracy of the measurement. The way lies in the
modification of the grating structure by the
apodization process. Simulation and the practical
experiments have shown that we can decrease, by this
way, the noise linewidth of the gratings noticeably
below the limits achievable by the uniform gratings.

4. Apodized Gratings

Apodized grating is the grating structure where the
amplitude of the periodic change of the refractive
index along the fiber axis is modulated by the specific
function. Well known are the apodized gratings with
cos(x), cos*(x), sinc(x), Gaussian and other apodizing
functions. Conventional use of the apodization is to
suppress the side lobes of the grating spectrum and to
increase the gradient of the sides of the main lobe of
the reflectance spectrum.

Our goal with the apodization was narrowing the
main peak of the grating reflectance spectrum with
tolerance to the possible increase of the spectrum side
lobes. We have investigated number of possible
apodization schemes, but finally, we have limited the
choice to the variation of cos(kx), sin(kx) and
cos?(kx), sin’(kx) index amplitude apodization as
these profiles showed up to be most suitable from the
grating production point of view. FBG manufacturing
process used for this work is based on the fibre side
illumination through the grating phase mask, as seen
in the Fig. 8(a). Fig. 8(b) shows the grating exposition
workplace where the powerful excimer pulse UV KrF
laser is used as the coherent light source, providing
enough coherence length, that the two diffracted
beams of +1 and -1 order generated at the phase mask
can interfere and create the periodic interference
pattern that spreads up to 0.5 mm below the phase
mask periodically corrugated surface. This UV
interference pattern is then projected to the stripped
and hydrogenated fibre. Being absorbed in the fiber,
the UV interference pattern maxima increase the
refractive index in the core where the fiber contains
small quantity of GeO, and H> as the photosensitive
agents. This way the periodic refractive index
variations along the fiber axis is formed. The refractive
index modulation amplitude corresponds to the total
UV exposition energy.

There are two principal ways to change the
refractive index variations along the fiber axis and to
provide the apodization for the created grating. The
first one is based on the use of the intensity filter in the
path of the UV beam irradiating the phase mask, as
shown in the Fig. 8 a). The peak-to-peak refractive
index variation induced in the fibre core exposed to the
UV interference pattern under the phase mask is
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proportional to the local intensity of the UV field
above the phase mask and therefore proportional to the
local transparency of the intensity filter. The example
of the resulting index variation obtained by this
method is called an impure apodization, see Fig. 8 c).
It gives the index variation profile that keeps the
amplitude of the variation according to the UV
transparency of the filter but the mean value of the

Incident UV Excimer

Phase Mask Laser Beam
Photosensitive
Core  Gladding ¥ |
\\_ et
Fiber
Diffracted Diffracted
order -1 order 1
Interference
Pattern
Finished FBG

[ BARRRRRRFR |

Periodic Modulation of Core Refractive Index

@

index variation and the effective refractive index nefr
of'the fibre waveguide is not constant along the grating
and changes also according to the filter transparency.
That facility of the impure apodization leads to the
effect of grating sections detuning and the grating
partially behaves like the chirped grating. That method
proved to give unsatisfactory results for our goal.

(b)

Fig. 8. a) Fibre side illumination through the grating phase mask; b) Grating exposition workplace; ¢) An example of index
variation in the impure apodization.

The second option is to get the apodization profile
by use of multiple exposition of the same interference
pattern to the stretched and shifted fibre. The
exposition setup is schematically shown in the Fig. 9.
Here, after the first exposition of the grating
component, the exposed fibre is stretched and axially
shifted from its original position and subjected to the
second exposition. That second step creates so called
Moare effect in the overlapping of two periodic
grating with slightly different grating period. This way
the third and further steps can be made. Repeatability
of the production limits that approach to the maximum
of three consequent exposition steps. This method
allows to achieve the apodization profiles based on the
index amplitude functions cos(kx), sin(kx) and
cos?(kx), sin’(kx). An important fact here is that the
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obtained apodization profiles can be made in the form
of pure apodization. That means, the index variations
always oscilate symmetrically around the constant
mean value, as shown in the examples on Fig. 10, Fig.
11 and Fig. 12. With this design, the individual grating
sections along the grating are not detuned from the
central wavelength and the grating reflectance
spectrum of the resulting structure is not widened.

Most promising apodization function from the
scope of achieving the narrowest main spectral
reflectance peak and the noise linewidth proved to be
the index variation:

An(x) =

n. + Anpp(1 +(sin?(A.x/L)+B).sin(21tx/Ag)) (an
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UV beam
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Phase mask
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Fig. 9. Multiple exposition apodization scheme.

x 10 Grating refractive index plot

x [mm]

Grating spectrum scanned 48 pm

| ¥ Original spactrum
\ Scanning window 48 pm
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wavelength [am]

Fig. 10. Type 1 pure apodization grating design
2250-14.

The pure apodization index function from Eq. 11
can be formed by the three steps exposition process. In
a complex proces of optimizing the shape coefficients
Anpy, A and B, we found interesting and promissing
results that have the potential for further refining.
Partial results of the apodized grating design are
shown in the Fig. 10 and Fig. 11. Here, both the
presented gratings have the active length of 10 mm.
The Fig. 10 represents the apodization grating design
2250-14 that achieved the narrowest noise linewidth
0f 0.912 pm, having though quite high side lobes that
complicates the correct and errorless scanning
process. The side lobes supression in this design is
only 1.93 dB. After scanning with the optimized
scanning spectrum Alspwim = AAGrwnm = 46 pm, the
scanned noise linewidth is 0.495 pm and the scanned
spectrum side lobe suppression 4 dB. The Fig. 11

«10? Grating refractive index plot

an [

# [rmm]
Grating spectrum scanned 52,3 pm
= i E

Original spactrum
Scanning window 52,3 pm

£ 3 11
[ |
13212 13214 : .13216 lé:l 2 ; 13’:.”. 13222 13.5:4 13228 13::25
Wavelength [nm]
Fig. 11. Type 1 pure apodization grating design
2250-13.
represents the apodization grating design 2250-13

with side lobes supression (SLS) of 3.11 dB and
8.59 dB in the spectrum after the optimized scanning.
That side lobe supression seems to be sufficient for
reliable scannig proces. The noise linewidth achieved
in this grating design is 1.05 pm which is slightly
higher than in the previous design 2250-14. The
scanned noise linewidth is still very good, 0.570 pm,
about the half of the value for the uniform grating of
the same length and reflectance.

Our second approach in using the apodization led
us to the structures with the steep drop in the center of
the reflectance spectrum main lobe. The apodization
function that allows this feature is:

An(x) = (12)
=1 + Anpn(1 +sin(A.wx/L).sin(2x/Ac))
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The representative of this design is shown at the
picture in Fig. 12. The apodization profile shown there
can be made by two subsequent partial expozitions
with the same energy. The (K.Ag/L) stretch and Ag/2
shift has to be applied to the fibre for the second
exposition. This way, two uniform gratings with equal
index amplitudes, slightly different periods and the
half period shift of one to the other are overlaping and
creating resulting moare grating. Fig 12 shows the
7 - phase step in the center of the grating that is created
by the superposition of the two original gratings.
Analysing the reflectance spectrum of such the
structure, we can observe the steep drop in the central
reflectance maximum as can be seen in the Fig. 13.

x10* sin{kx) apodized grating refractive index
- T T T T T T T

Fig. 12. Moare grating with central 7t -phase step.

This local reflectance minimum is very narrow and
reaches the zero reflectance in the centre of the
spectrum main lobe. Locating this central reflectance
minimum can be therefore very accurate and the
relevant noise linewidth very low. It is clearly seen
that any scanning make the scanned spectrum noise
linewidth only worse than the grating noise linewidth
of this spectral minimum. Fig. 13 shows the original
grating spectrum and scanned spectra for 50, 10 and
1 pm wide scanning spectrum. It demonstrates that the
most suitable way of scanning interrogation in this
case is using the ultranarrow tunable source. The
scanned noise linewidth when scanned with 1 pm wide
spectrum is 0,023 pm and corresponding RMS error 6
= 0,005 pm, which is well below of the practically
achievable scanning wavelength resolution. The
results of the scanning with wider spectra are also in
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Table 1. Here we can see that the scanning with the
spectrum linewidth wider than 10 pm rapidly
deteriorates the scanned noise linewidth and
measuring results. The Table 1 compares the sensorial
grating features of the type 1 and type 2 apodized
gratings with the uniform grating 10-60 of the same
length.

sin(kx) apodized grating scanned 50 prn
100~ T T T

&0 Original spectrum 4
| | Scanning window 50 pm

£ gl .
o | |
“0r 1
0+ | ]
20 ]
10+ { | A 1
o i | - . TR e S e _
13212 13214 13218 13218 1322 13222 13224 13228 13228
Wavelength [nm]
(@
sin(kx} apodized grating central drop scannad 10 pm
40+ 4
36+ -
30/ Original spectrum
Seanning windew 10 pm
25}
o
20+ 4
16
10}
5!
1321.805 1321.81 1321.815 1321.82 1321828 112182 1321.835

Wavelength [nm]

(b)

sinikx) apodized grating central drop scanned 1 pm
1

Original spectrum
Scanning window 1 pm

] 1 i
1321.518 1321.62 1321.522 1321524 1321.526 1321.528
Wavelength [nm]

(©)

Fig. 13. Reflectance spectrum of the Moare grating and
scanned spectra for a) 50 pm FWHM scanning linewidth,
b) 10 pm FWHM scanning linewidth, ¢) 1 pm FWHM
scanning linewidth.
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Table 1. Comparison of uniform grating, type 1 pure apodized sin*(kx) grating
and type 2 pure apodized sin(kx) gratings.

AAGs0.0001
A B A R "
Nph max | AAGFwHM | AAG-0.0001 (Ahsewiim) c
- - x10* | % pm pm pm
1.125
10-60 0 1 0.8 60.5 63.8 1.3 (64 pm) 0.23
2250-13 0.28 0.1 5 54 52.35 1.05 0.570 0.116
(54 pm)
2250-14 0.35 0 3.5 43 46.0 0912 0.495 0.101
(46 pm)
230-01 0.6 0 2.5 959 0.023 0.023 0.005
(1pm)
0.23
230-01 0.6 0 2.5 95.9 0.023 0.046
(10 pm)
230-01 0.6 0 2.5 959 0.023 3.10 0.632
(50 pm)

5. Conclusions

In this work, we have investigated the factors
influencing the accuracy of the interrogation of the
sensorial FBGs by scanning their spectra. The
potentiality of the spectrum scanning interrogation
method is the facility to achieve very fast reading of
the grating reflectance spectrum maximum and so to
follow even very fast changes of the measured values.
Another potentiality of the method is a possible very
low resolution of the measured values. To utilize that
resolution, it was necessary to analyse the influence of
the noise in the measurement. The analysis has showed
the importance of some sensorial grating features to
the measurement accuracy and errors. We have
focussed the work to the evaluation of the grating
spectral width and its impact to the measurement
accuracy. We have found that the spectrum scanning
gives the best results when the scanning spectrum
width (FWHM) is equal to the spectral linewidth of the
interrogated  gratings. The scanning spectrum
narrower than the grating spectrum linewidth gives
still relatively good results with the RMS errors less
than doubled with respect to the optimal scanning
case. The increase of the scanning spectrum linewidth
above the optimal value (equal to the grating
linewidth) causes the rapid growth of the scanning
noise linewidth and so the measuring errors.

The significance of the grating spectrum linewidth
to the measuring errors minimization has led us to
investigate the apodization of gratings, where we have
found prospective ways to further increase the
accuracy of the GBG interrogation without the need to
increase the grating's active length. We have found the
apodization profiles sin*(tx/L) and sin(nx/L) viable
for grating fabrication and giving the encouraging
results in decreasing the grating noise linewidth. Our
results in this field (Figs. 10., 11., 12. and Table 1.)
show that the proper design of the grating and the
optimal scanning can noticeably increase the
measuring accuracy and minimize the influence of the
scanning process noise to the measurement. We

therefore believe that the apodization of gratings has
brought a novel look in the field of FBG sensing and
more potential to further improvements of FBG sensor
system design.
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Abstract: For improved detection of changes in body conditions, herein, we propose a two-dimensional system,
wherein sensors are placed parallel and perpendicular to the direction of walking, based on an already proposed
system that employs pressure sensors. The sensors placed parallel to the direction of walking identify the foot that
steps on the sensors, and two others pairs of sensors are placed at positions corresponding to the inner and outer
sides of the left and right feet, respectively, to accurately detect the foot that steps on the sensors during walking.
This improved two-dimensional health monitoring system is applied to a hemodialysis patient known to have a
wobble problem before and after treatment. This is performed to obtain effective values as features for machine
learning. Using data obtained from the additional sensors, we develop an index that can evaluate a patient's sense
of balance. The results indicate that classification is possible based on the walking speed obtained from the
pressure sensors installed orthogonally to the direction of travel and the devised balance index. Using these values,
the K-means method, which does not use supervised data, can be used to classify the subjects into three regions,
and it is demonstrated that changes in gait before and after hemodialysis can be detected, although at an
early stage.

Keywords: Health monitoring system, Hemodialysis, Gait balance, Pressure sensors, Machine learning,
and K-means method.

1. Introduction

The increase in elderly population is turning into a
global concern, particularly in Asia. In particular,
Japan is rapidly converting into a super-aging society.
According to the 2020 population statistics [1], the
percentage of the total population aged 65 years and
older (the aging rate) was as high as 28.8 %, which is

http://www .sensorsportal.com/HTML/DIGEST/P_3277.htm

higher than the proportion of population aged 75 years
and older, which is in turn higher than the proportion
of population aged between 65 and 74 years. As the
elderly population continues to grow, aging of
hemodialysis patients is also emerging as a major
concern. The number of hemodialysis patients is
increasing annually. As of 2020, the average age for
dialysis induction was 70.88 years, and the average
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age was 69.40 years [2]. Furthermore, the post-
treatment fatigue experienced by aging hemodialysis
patients has become a significant problem, as
staggering and falls often result in bone fractures,
leading to inhibition of the daily living activities of
bedridden patients [3-5]. In addition, this is often
accompanied by a risk of falls in partially or totally
blind patients with retinopathy, owing to diabetic
nephropathy. Patients with physical conditions that
change before and after hemodialysis require
additional monitoring compared to patients with
comparatively constant disabilities, such as motor
paralysis and sensory disturbances. Several recent
reports have revealed that the maintenance of lower-
limb muscle strength is an effective preventive
measure against the aforementioned conditions, and
renal rehabilitation is often performed in accordance
with the physical condition of patients [6]. In addition,
several studies have reported on the use of dialysis and
amino acid supplementation to minimize amino acid
loss [7].

A major cause of unsteadiness among
hemodialysis patients is decreased blood pressure
owing to inappropriate dehydration rates. The
relationship between blood pressure and cerebral
blood flow is known to correlate with a decrease in
mean arterial pressure and cerebral blood flow below
a certain mean arterial pressure [8]. Thus, attempts
have been made to prevent reductions in the blood
pressure by monitoring decreased cerebral blood flow
based on the leg blood flow. However, such attempts
are limited to the prevention of falls by maintaining a
patient's muscle strength and detecting a drop in blood
pressure during dialysis [9]. Therefore, these attempts
have not yet accomplished gait support or fall
prevention after dialysis treatment.

The increase in the number of elderly people living
alone is likely to become another major problem with
the increase in the number of patients requiring
medical treatment in today’s hyperaged society. The
World Health Organization has reported on the
problem of falls among the elderly since 2014 [10]. In
particular, falls affect one in three adults aged 65 years
and older and 50% of adults aged 80 years and older
each year. Compared to the citizens of other countries,
the citizens of Japan have relatively poor social
interactions with their neighbours and are surrounded
by fewer older adults who are willing to assist them.
Although the government is implementing concerted
programs to prevent the elderly from becoming
isolated, the current efforts are still inadequate.

Hence, several studies have investigated fall
detection [11- 16]. A typical example of a monitoring
facility involves the use of a surveillance camera and
a microphone connected to a network. However,
current surveillance camera systems are expensive and
require an external power supply. Nevertheless,
because these systems are equipped with cameras and
microphones, they can respond to unusual movements
or sounds or to situations when motion is undetected
for a certain period. However, there exists a trade off
between accuracy and personal privacy when dealing
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with imaging and sound technologies. For images,
complex processing such as using avatars is possible
and is acceptable in terms of monitoring. Although the
amount of information may be inadequate, a system
that detects changes in physical conditions by
detecting movement in a room or other locations as a
quantity has been reported previously.

Recently, a method for analyzing gait trajectories
indoors using a capacitive proximity-sensing device,
called Smart Floor, was reported [17- 18]. The Smart
Floor is capable of capturing trajectories over 24 h.
This system is capable of accurately recognizing
multiple activities within the same indoor area using a
lightweight algorithm. This is effective as capturing
the walking trajectory of an elderly person living alone
can be helpful in detecting falls or immobility, which
may result from changes in physical conditions.
However, it is often difficult to identify individuals
when multiple people walk in the same space; hence,
new algorithms should be developed explicitly for
elderly households.

So far, several studies on fall detection have used
accelerometers or smartphones to detect changes in
physical conditions by detecting body tilts and foot
movements while walking. These sensors are
connected to a network, and a server or other device
employs deep-learning technology to detect
differences from the norm. However, power supply
problems are likely to arise when operating such
systems for an extended period. Because these
services are often event driven, they can provide rapid
responses if used at institutions. If an incident occurs
at home or in a remote area, the benefit of reporting
the incident is clearly significant; however, this system
lacks when an immediate response is required. Thus,
current systems in Japan are lacking in terms of the
foregoing.

We have proposed a simple monitoring system
employing a flexible pressure sensor to enable long-
term measurements. Further, we report the differences
in data using machine learning analysis methods, such
as support vector machines (SVM) and decision trees.
Although this study involved activities that included
rising from a bed and walking a few steps, it
demonstrated the existence of a movement pseudo-
limitation and the possibility of distinguishing
between two people [19- 21]. In this study, we
examined whether the proposed system could detect
differences in the balance and walking speeds of
patients undergoing dialysis treatments by obtaining
these variables before and after dialysis treatments,
which is assumed to be a time when changes in
physical condition are more likely to occur [22].

2. Experiment

2.1. Subjects

The study subjects were six maintenance dialysis
patients undergoing dialysis therapy at the Katori
Omigawa Medical Center. Described next are certain
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patient characteristics: age range of 64-91 years,
average dialysis history of 102.5 + 725.5 months, and
the primary diseases were diabetic nephritis in five
patients; however, one patient had nephrosclerosis. In
addition, two of the subjects had visual impairment in
both eyes owing to diabetic retinopathy and optical
valves, and two patients were suspected to have lower
extremity peripheral artery diseases based on the ankle
brachial pressure index. Furthermore, a male subject
in his 60s, who had not received hemodialysis
treatment, was evaluated at a university laboratory as
a reference.

The study design and protocol were reviewed and
approved by the Ethics Committee for Human
Subjects Research of Teikyo University of Science
and the Ethics Committee of Katori Omigawa Medical
Center. A written informed consent for participation in
the study and publication of the study results was
obtained from all study participants.

2.2. Overview of the New System

The improved 2D health monitoring system, as
depicted in Fig. 1, had two pairs of position-detection
sensors, one for each foot, which were placed parallel
to the direction of walking; this arrangement is in
contrast to the conventional perpendicular
arrangement of sensors, represented by P. For
example, eight sensors were placed to detect whether
a weight was placed on the inner or outer side of the
left foot, with even and odd numbers as subscripts,
such as Q0 and Q1. These sensors were placed 1.5 cm
apart so that the inner and outer sides of the foot could
be detected. As the length of the sensors was only 62
cm, two sets of sensors were placed in series so that a
length of approximately 120 cm could be analyzed.
Considering a particular subject’s physique, the
distance between the left and right feet was assumed
to be approximately 15 cm. For sensors placed
perpendicular to the direction of travel, only the
distance between PO and P1 was assumed to be 10 cm
at the starting point, and the distance thereafter was 15
cm. The sensors were affixed using a tape on a plastic
sheet to highlight their positions, and the surface was
protected using another plastic sheet. Figure 2
presents an image of the proposed system.

The configuration of the proposed system is
presented in Fig. 3. A pressure sensor similar to a
previously reported one was used in this study, and the
resistance values varied from 100 Q to 1 MQ,
depending on the pressure. A 1 kQ resistor was
connected in series with the sensor, and the voltage
change of the resistor was employed as the input
signal. Each sensor measured the voltage at a
frequency of 1 kHz. The signals from 16 sensors were
examined in pairs using a program created in
Processing3 by connecting a personal computer (PC)
and an Arduino Mega2560 R3. Considering the
communication and write times, 50 pairs of data were
acquired per second. The output signals obtained from
each pressure sensor were imported to the PC as text

data and processed using Microsoft Excel and Python.
The definitions of the output pulses used in the
analysis are depicted in the figure.
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Fig. 1. Improved 2D health monitoring system.

Fig. 2. Photograph of the system.
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Fig. 3. Detection of output signals.

2.3. Measurement Method

The measurement interval between the two pairs of
foot sensors had to be adjusted to match the motion
interval between the subject's left and right feet;
however, in this case, the measurement was not
optimized for each individual patient as multiple
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participants were considered. Therefore, the
waveforms of the inner and outer feet of the left and
right feet differed from subject to subject. Because
focusing too much on the pressure sensor during
walking could result in significant differences from the
natural gait, we verbally instructed the subjects to walk
only in the direction of the sensor parallel to the
direction of gait.

3. Results

Fig. 4 presents the gait data of the reference subject
obtained from a preliminary experiment. The upper
figure depicts the positional relationship between the
sensors and the feet, the middle figure presents the
output signal obtained from the sensor positioned
parallel to the direction of gait, and the lower figure
presents the signal obtained from the sensor positioned
perpendicular to the direction of gait.
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Fig. 4. Output waveforms of sensors Q and P corresponding
to the sensor and foot positions, respectively; the upper
figure shows the sensor and foot position, the middle figure
shows the waveform of Q, and the lower figure shows the
wave form of P.

The two sensors, labeled Q2 and Q3, detected the
pressure applied to the outside and inside of the right
foot, respectively. The waveforms illustrated in the
middle panel of Fig. 4 represent signals that are
produced in response to the motions of the outer and
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inner sides of the left and right feet, respectively.
Differences in the shape of the rise in waveforms were
also observed. The P-sensor signal corresponding to
the walking direction, depicted in the lower part of
Figure 4, presents the waveforms corresponding to the
left and right feet; however, the amount of data is
inadequate. Notably, machine learning, through the
accumulation of data, can facilitate the identification
of individuals.

An example of the data obtained from a subject
undergoing hemodialysis is shown in Fig. 5.
Compared to the subjects not undergoing
hemodialysis, several cases with no signals after
hemodialysis were obtained from the sensor
represented by Q and the imbalance; however, a
simple comparison is difficult owing to the ages of
patients and differences in measurement locations.
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Fig. 5. An example of data from a subject undergoing
hemodialysis.
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Fig. 6. The waveforms showing the difference in output
between the inner and outer foot.

The waveforms highlighting the differences
between the medial and lateral outputs obtained from
the waveforms depicted in Fig. 5 are shown in Fig. 6.
The amplitude of the outer signal was greater than that
of the inner signal for both the left and right feet.
Similarly, the waveforms corresponding to the first
and second steps of the left foot had different
amplitudes; however, the shapes were similar. In
addition, the waveforms corresponding to the first and
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second steps of the right foot had different amplitudes
and similar shapes. These results indicate that it may
be possible to distinguish between the right and left
feet by identifying the signal difference between the
inner and outer feet. However, the classification is
difficult using the output difference waveform. We
noticed that the left and right feet alternately stepped
on the sensor, and a spike-like output was observed as
the weight shifted from the left foot to the right foot
and the left foot left the sensor. In addition, we
discovered that the classification based on the output
difference waveform was difficult.

Note that the balance of a subject is deemed to be
good if the difference between the total time that the
right foot is on the sensor and the total time that the
left foot is on the sensor is equal, and total time is zero.
From this figure, we attempted to evaluate the
difference in the duration for which the right and left
feet stepped on the line; however, we could not
classify the subjects accordingly.

To classify the data presented in Fig. 6, the sum of
the differences between each left and right feet was
defined as follows. The sum of the medial and lateral
differences of the left foot, Q1—Q0 and Q5-Q4, was
expressed as LD, and the sum of Q3-Q2 and Q7-Q6
was expressed as RD. We attempted to plot the
absolute values of LD and RD in two dimensions using
the obtained values. The corresponding results are
depicted in Fig. 7. If the difference between the times
at which the right foot and left feet stepped on the
sensor was similar, the balance of the subject was
deemed to be good. Therefore, we attempted to
evaluate the subjects based on this difference in times;
however, we could not classify the subjects
accordingly.

P
3

Absolute value of output difterence

|arb. wmt]|

Fig. 7. Aggregate results of the absolute value of the left
and right time difference.

Fig. 8 presents the results obtained by analyzing
the data using a linear classification of SVMs, with LD
and RD as the feature values; this was done because
the waveforms corresponding to the movements
of the left and right feet were repeated nearly in a
similar manner. The support vector analysis classified
nearly two areas; however, where LD was small

and RD was large, an overlap was noted in certain
areas circled by ovals.
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Fig. 8 SVM classification using LR and RD.

Fig. 9 The product of signal intensity and time dt from each
of the left and right inner and outer feet.
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Fig. 10. Identification of the left and right feet that stepped
on the sensors.

Next, the product of the signal strength and time dt
measured from the inside and outside of each of the
left and right feet, respectively, was obtained as an
area and was plotted in two dimensions, as shown in
Fig. 9. Eight points were clustered near the origin, and
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the other three points were far apart and could be
treated as features. However, detailed examination of
the subjects at each point could not provide any
evidence regarding the symptoms.

Position

Balance
g

Time [s]

Fig. 11. Example of unbalanced measurement.

Fig. 10 presents the output signals obtained using
the proposed system. The gait speed was obtained
from the data collected from the P-sensor signals. The
foot (left or right) that stepped on the sensor was
identified by searching for the Q sensor that responded
simultaneously to the signal depicted in Fig. 10, which
corresponds to position P. The left and right feet
alternated; however, some points could not be
identified.

In the example presented in Fig. 11, the output
signal progresses at almost constant intervals with
respect to the direction of travel. In contrast, the Q
signal, which indicates poor balance, can only be
partially observed, indicating that it is moving to the
left with respect to the direction of travel. This was
confirmed based on the observations reported by the
person who performed the measurement on that day,
which indicates that the sensor was not stepped on
properly.

Table 1 summarizes the measurement results
depicted in Fig. 10, including the differences in the rise
time and pulse width of the output signal obtained
from the sensor and the results on the identification of
the foot that stepped on the sensor. The results indicate
that the right and left feet alternately stepped on the P
sensor corresponding to the position. Because a
variation was noted in the pulse width of the signal, we
calculated the walking speed based on the rise time.
The data collected from nearly all subjects indicated
that the elapsed time and distance corresponding to
each sensor position were nearly proportional to
each other.

We observed that the gait speed before and after
hemodialysis differed significantly among the subjects.
Thus, using the walking speed as a new feature may
be effective. We concluded that the reaction time of
the sensor and the product of the time when the subject
stepped on the sensor and the output voltage could not
be used for effective classification of the left-right
balance, and hence, is essential to consider another
index.

Table 1. List of position sensor rise time and data
on which foot is stepping on Pn, left or right.

Senor Leading tr[s] | Tarling tf[s] |[Middle tm[s]|Width twl[s] LorR
PO 1.94 2.52 2.23 0.58 R
P1 2.29 2.61 2.45 0.32 L
P2 NA NA NA NA
P3 2.94 3.45 3.2 0.51 R
P4 3.26 3.71 3.49 0.45 L
P5 3.65 4.24 3.95 0.59 R
P6 4.05 4.67 4.36 0.62 L
P7 4.21 5.17 4.7 0.96 R

Based on these results, the numbers of steps nL for
the left foot (L) and nR for the right foot (R) were
obtained. The balance index is defined as follows:

|An|//n=nL-nR}/(nL+nR). (1)

The walking speed, number of times that the left

foot stepped on the sensor, number of times that the
right foot stepped on the sensor, and wobble
coefficient defined in this study for all subjects are
shown in Table 2.
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Based on the relationship between the gait speed
and balance index |An|/n, the data could be classified
into two areas using an SVM method as shown in
Fig. 12. However, the data with greater values of gait
speed were separated from each other and could not be
sufficiently classified; hence, further analysis is
essential. We hypothesized that this could be
attributed to the fact that the classification results
obtained by the measurer could have been problematic
and considered applying the K-means method, which
does not provide supervised data.
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Table 2. Wobble coefficient defined in this study
for all subject.

Sample No | v (km/h) nL nR Anl/n
1 1.44 3 4 0.143
2 1.245 3 0 1
3 3.112 1 2 0.333
4 1.859 5 2 0.429
5 1.286 3 2 0.333
6 0.873 6 0 1
7 1.507 3 4 0.143
8 2.878 2 1 0.333
9 1.34 3 5 0.286
10 0.487 1 7 0.857
11 1.294 4 0 1
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Fig. 12. Classified by the SVM methods.

As shown in Fig. 13, the pre- and post-
hemodialysis balance indexes and gait speed data were
classified into three clusters using the K-means
method, reflecting the pre- and post-hemodialysis
states of the subject. Here, triangular symbols
represent the center of gravity for each cluster.
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Fig. 13. Classified by the K-means methods.

4. Discussions

A flexible pressure sensor was used in the
measurement considered in this study and enabled an
objective evaluation of the severity of the changes in
physical conditions by analyzing the measurement
results of foot contact pressure during walking and the
balance between the inner and outer contact pressures
on the left and right sides, respectively. Further, we
examined the possibility of clinical application of this
system by examining several cases of individual
subjects and selected subjects who were elderly (D),
visually impaired (B, C), or had excessive water
removal (C, F). The corresponding details are
presented separately in this paper. We measured the
blood flow in the lower limbs before and after dialysis
as an indicator of post-dialysis staggering and related
the results of the pressure sensor analysis to the effects
of water removal and blood pressure decrease during
dialysis. The pressure sensor results revealed that in all
the subjects, a decrease in the walking speed and
walking balance was noted immediately after dialysis.
In addition, all subjects presented a decrease in lower-
limb blood flow, indicating a relationship between the
decrease in lower-limb blood flow and staggering to
certain extent. These results suggest that the analysis
data obtained using this system can detect changes in
physical conditions based on the background and
dialysis conditions of a patient and provide appropriate
feedback to medical staff and family members on care
appropriate to the condition of the patient.

5. Conclusions

Herein, we conducted an analysis based on an
improved pressure sensor system on subjects
undergoing hemodialysis treatment and adopted
machine learning using the K-means method; further,
we obtained the gait speed and balance index.
Consequently, we proposed a system that could
possibly detect changes in the physical conditions of
patients after dialysis.
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Abstract: Schizophrenia is a serious mental disorder in which people interpret reality abnormally, often requiring
lifelong treatment. In recent years new treatment methods have been tested, which include serious gaming, in
particular, with virtual reality technologies. This project aims to develop a virtual reality tool capable of assisting
in the therapy of schizophrenia patients. As a starting point, a systematic review was conducted in March 2021
using IEEE Xplore, Science Direct and dl.acm databases, from which 53 results were obtained, and 17 were
filtered, revealing both, common aspects, as well as the differences, between healthy individuals and patients with
schizophrenia when exposed to the technology and to different scenarios in virtual reality. Continued exposure to
virtual reality exercises revealed improvements in the patient’s quality of life, in some studies. This demonstrates
that virtual reality can be used as a diagnosis and therapy tool for patients with schizophrenia. This project hopes
to develop one such tool, and have it tested with schizophrenia patients while supervised by a medical team, to
determine whether it is a viable alternative to traditional therapy, since it is easy and convenient to use.

Keywords: Virtual reality, Schizophrenia, Serious Games, Therapy, Unity.

1. Introduction

Schizophrenia is a serious mental disorder in
which  people interpret reality abnormally.
Schizophrenia may result in some combination of
hallucinations, delusions, and extremely disordered
thinking and behavior that impairs daily functioning,
and can be disabling, often requiring lifelong
treatment.

Serious games are games designed to fulfil a
serious goal. These games are already used in several
ways, such as learning aid for children (e.g.,
mathematical games), or the practice of physical
exercise (e.g., football).

Virtual reality (VR) technology is a type of
technology that puts the user in a virtual world, with
the use of VR glasses and controllers that detect the

http://www.sensorsportal.com/HTML/DIGEST/P_3278.htm

movements of the hands and head. Using VR grants
the user as a feeling of immersion and presence on a”
new level”. VR has been evolving rapidly, being
already used in several video games (e.g., Beat Saber,
Minecraft, among others), as well as, in some cases,
used for simulation of specific situations and
environments for training (e.g., aircraft navigation
simulation). However, the use of VR as a means of
therapy is still a little studied topic, partly because the
technology has a much faster evolution than the testing
and approval period of the scientific community.
Studies comparing the use of VR in patients with
schizophrenia and volunteers without any psychiatric
disorder in various social, memory and spatial
navigation exercises, demonstrated tendency-negative
performance in patients with schizophrenia due to lack
of motivation, when compared to volunteers without
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psychiatric disorders [1]. On some studies, continued
exposure to these exercises also revealed positive
improvements in test performance and quality of life
on patients with schizophrenia [2]. This demonstrates
that it is possible to use VR as a diagnosis and therapy
tool for schizophrenia. VR can provide -easily
accessible realistic exercises and environments for
therapy and testing, as well as supervising and
recording data about the patient, which can save a lot
of resources when compared to creating and finetuning
exercises to each patient in real life.

This paper is organized in six sections. Section 2
defines the research methods used for this paper;
Section 3 analyses various studies made on the use of
VR on patients with schizophrenia; Section 4
describes the project development; Section 5 explores
the problems and changes during the development
process and finally, Section 6 enunciates the current
and future stages of the project.

2. Methods

For this research, the terms “Virtual Reality”, and
“Schizophrenia” or “Schizophrenic” were researched
as keywords to be included on the abstract of all
articles, or on all contents of the article for sources
with few (-10) results. Sources included IEEE Xplore
(yielding 13 results), Science Direct (yielding 31
results) and dl.acm (yielding 9 results), from which 53
papers in total were obtained.

Inclusion criteria were then applied as follows:

e The paper is written in English or Portuguese;

e The paper is clear and accessible;

e The paper mentions practical use of VR;

e The paper mentions solutions for therapy

and/or diagnosing schizophrenia.

After inclusion criteria was applied, 38 paper
remained and 15 were rejected.

Furthermore, papers were further selected if they
could answer:

e How can VR help patients with Schizophrenia?

e How were VR solutions tested with

schizophrenic patients?

What were the test’s results?

Did the tests results favor or not the use of VR
as a therapy/diagnostic tool for schizophrenia?

From these questions, 17 final papers were
selected, and 21 more were rejected. Lastly, they were
sorted into categories relevant to the kind of research
performed, including spatial navigation, task
simulation, facial expression recognition, social
exercises, and memory exercises.

3. Literature Review

3.1. VR Task Simulation

This consists of challenging patients with common
day-today tasks in a virtual world and analyze their
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performance. This exercise is particularly easy to
translate into their daily tasks. Some studies use a
virtual store, a virtual city, or even a virtual house
where tasks are performed such as shopping with an
item list, exploring and navigating an area, among
others. It is remarkable that the use of VR for treatment
and/or diagnosis of schizophrenia was a method
generally accepted by patients on some studies, with
them having noted that the virtual world was pleasant,
learned to use the technology without difficulties, and
kept focused on the world and the tasks requested,
revealing even enthusiasm for them (Fig. 1) [3].

Fig. 1. Patient using the HMD (I-glasses) [3].

In several studies, the performance of patients with
schizophrenia is compared to the performance of
healthy volunteers in a virtual store. In each challenge,
a shopping list is given, and after some time, it is
withdrawn, and the challenge begins. The goal is to
find all the items in the list, and “pay” for these items
at the end. The results showed significant performance
differences between volunteers and patients, possibly
even finding different severities of schizophrenia
depending on performance (Number of correct items,
time spent...). In a similar study with the same task of
purchasing multiple items in a store, performance in a
virtual environment was compared to performance in
reality, on patients with schizophrenia. The results
were similar in terms of correct items collected, and
very similar in terms of efficiency (distance traveled),
this given that the task in the real world included a
more intense social variable compared to the virtual
task (existence of other customers, it was permitted to
request help from the shop workers) [4].

3.2. VR Spatial Navigation

This consists of virtual world navigation, and
performance analysis. This translates into the spatial
cognition capacity of the patient. One of the studies
carried out consists of the appropriation of the “Virtual
Morris water maze” test (traditionally used for the
testing of spatial cognition in animals), using VR
(which has the advantage of easily creating and using
environments difficult to experience in the real world).
This test consists of patients repeatedly finding an
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invisible point in an arena using landmarks, changing
their starting position in each iteration. A second test
was performed, the only difference being the arena,
which rotated slowly. The time spent on the task and
the wused route are analyzed. Patients with
schizophrenia showed worse results when compared
to a control group (time spent, distance traveled,
among others), which demonstrates spatial cognition
deficits. This was especially accentuated in the
rotating arena [5, 6].

Another study consists of navigating a virtual
housing area and maze. Patients received a 3D map of
their virtual environment with a marked goal, and after
a period of study, they navigated the virtual
environment starting on a random initial position. The
time used and the success or failure of the tasks are
analyzed here. The results reveal that schizophrenia
and schizoaffective patients have a lower performance
in general when compared to a healthy group. There
was also a noticeable difference in the performance of
schizoaffective and schizophrenic patients, the latter
having a worse performance overall [7].

In a study using an eight-arm radial maze
(consisting of a center and eight possible “arms”
Fig. 2) in VR, one group of patients with schizophrenia
and another group of healthy volunteers were
observed. Four of the eight arms contain rewards, and
in each iteration the rewards are placed on the same
arms. These tests working memory and operational
memory, with re-entering an arm already visited
correlating to working memory errors, and entering an
arm that has never had a reward correlating to
operational memory errors. The results reveal a
significant difference between the two groups, being
the schizophrenia patients group the one with the most
errors of both types. Interestingly, after some iterations
of the test, the number of errors in the operating
memory on the schizophrenia patients group
decreases, while the number of errors of working
memory remained [8].

Fig. 2. View of the eight-arm radial maze [8].

Another study compared two navigation tests, one
in a virtual park and the other in a virtual maze, the
virtual park being rich in references, and the maze void
of any references, with the goal of finding a pot of

gold. The objective of this test is to observe the
difference in the processing capacity of object-to-
object navigation (virtual park with references) and
individual-to-object navigation (virtual maze without
references). Two groups participated in the tests, a
control group with healthy individuals and a group of
patients with schizophrenia. The results revealed
significant differences in performance in the park test,
with patients with schizophrenia having significantly
lower performance than the control group. However,
the virtual maze test revealed no significant
performance differences between the two groups [9].

A similar study evaluates navigation in a virtual
labyrinth without references, with the objective of
comparing the processing capacity of the individual-
to-object navigation in patients with schizophrenia to
healthy volunteers. This test had several iterations. In
general, in the first and second iteration there was not
much difference between the groups, then from the
third iteration the performance of the group with
schizophrenia was significantly worse. Magnetic
resonance imaging of the brain in each iteration
revealed that the area dedicated to individual-to-object
navigation was significantly decreasing over iterations
in the healthy group, and the area dedicated to object-
to-object navigation was increasing significantly. In
patients with schizophrenia, the object-to-object
navigation area remained inactive, and the individual-
to-object navigation area kept similar levels of activity
at each iteration. This may be because, in each
iteration, the healthy group was building a mental map
of the maze, effectively transitioning to object-to-
object navigation, while the group with schizophrenia
used only individual-to-object navigation, since
schizophrenia particularly affects object-to-object
navigation [10].

One study compared the performance of patients
with schizophrenia with a group of healthy volunteers
in a series of tasks in a virtual city, including a
planning phase where you can analyze the city map
and the tasks to be performed. This test analyzes the
navigation phase in particular and provides the map
and to-do list during the test to avoid overloading
working memory, thus considering only the efficiency
of the route (distance traveled when compared to a
pathing algorithm A*), the amount of errors and
successes achieved, and their association with
demotivation in schizophrenia. The study showed
that only patients with schizophrenia had
strong  associations in  demotivation  and
navigation efficiency, revealing a deficiency in goal-
oriented motivation. This can be caused by the
inability to execute a plan efficiently, which causes
demotivation [1].

3.3. VR Facial Expression Recognition
Exercises

In one study, software was developed that

contained human models capable of producing various
expressions linked to certain emotions (angry, fear,
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sad, contented, satisfied, neutral), delivering context
linked to this emotion in a story format told by the
avatars (with lip movement). The reactions of a group
of patients with schizophrenia were compared to a
group of healthy volunteers. It was observed that the
group of patients with schizophrenia had an abnormal
fixation at sites like the avatar’s forehead, or
completely off the face area. This was quite different
from the control group, which settled mostly on the
eyes and mouth of the avatar (Fig. 3). These results
have not changed even without the context told by the
avatars (facial expressions only) [11].

A similar study challenged a group of patients with
schizophrenia and a group of healthy volunteers to
detect emotions on different pictures containing faces,
including real and virtual faces, as soon as possible.
The objective of this test is to understand if there is a
difference between the sense of virtual and real faces
in individuals with schizophrenia and/or healthy
individuals.

The group of patients with schizophrenia
performed generally worse in the correct identification
of emotions, and there were no significant differences
between the identification of emotions of real and
virtual faces, except for revulsion, which was
significantly more mistaken with other emotions by
both groups on the virtual faces. This can be explained
by the low number of polygons on the virtual face,
which caused wrinkles in the nasal area to

not be so pronounced (which is a major feature of
revulsion) [12].

. ]
10
Io

Fig. 3. Masked maps overlaid on at the side of heat map
visualizations. Top figure shows the SZ group gaze while the
lower figure depicts the control group gaze aggregated
across subjects and trials [11].

3.4.VR Memory Exer cises

In one study, it was observed the performance of a
group of patients with schizophrenia and another
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group of healthy volunteers in an exercise that
consisted of picking up objects in various locations in
a virtual dwelling, and then returning them to the same
place, in a given order and after a certain time, with a
number of variable objects. This test revealed that the
group of patients with schizophrenia generally
performed worse, in terms of errors and time spent in
the challenge [13].

Another study analyzed the associations of
memory between objects, places, and people. The test
consisted of traveling through a virtual city, to a
specific place where a person (virtual avatar) and an
object were waiting. After some time, users traveled to
another place, with another person and object, and
repeated this process several times (Fig. 4). In the end,
the user tried to remember which parameter was
associated to which another parameter (person, object
and place).

PERSON

Fig. 4. (A) Aerial view showing the layout of the virtual city,
with green dashes indicating the path taken; (B) Encounter
with a character paired with an object at a location; (C) An
example of a recognition trial from the “Person” condition
[14].

Two groups, one with patients with schizophrenia,
and the other with healthy volunteers performed the
test. The brain activity of the participants was
analyzed, which revealed that the group of patients
with schizophrenia generally had less activity around
object-oriented memory, but still managed to
complete the tasks, which can be explained by the
main processing area of object-oriented memory not
being very affected, but being the related peripheral
areas affected, which make the processing faster and
more efficient [14].

3.5. VR Social Exercises

In one study, a virtual boutique was created, where
patients with schizophrenia performed various levels
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of shop worker training (organize inventory, deal with
sales). The store includes a virtual manager, as well as
virtual customers who interact with each other, and
with the patient, in the case of the manager. Before and
after these tests, the cognitive abilities of the patient
were analyzed, and compared with that of patients who
performed a similar exercise in a real store with a
therapist as a manager. The performance study
revealed that the VR group generally had better
performance and more confidence in its capabilities,
which can be explained by the VR environment being
a safe medium when compared to real life, while
allowing for an immersive experience and presence in
the requested challenge [15].

In one study, the behavior of a group of patients
and a group of healthy volunteers was compared in an
exercise that consisted of asking all avatars in a virtual
office if they could help using a new software, and
later asking for money to buy a gift for the head of that
office. Avatars could respond negatively or neutrally,
and the dialogue was triggered manually by an
examiner. The purpose of this test was to observe
whether a virtual environment can create stress in
patients with schizophrenia. After the tests it was
remarkable that a number of patients with
schizophrenia gave up on the tests due to the VR
system, the task, or private issues. However, the
sample of patients is not sufficient to ascertain whether
the side effects of VR use caused this situation. The
group of patients with schizophrenia reported, in
general, having suffered more stress than the healthy
group. This reveals that virtual worlds can simulate

difficult situations
schizophrenia [16].

One study used realistic virtual avatars to simulate
VR conversations with patients with schizophrenia.
This was part of several therapy sessions,
accompanied by a therapist. After the sessions, social
tests revealed changes and improvement in social
performance, with fewer negative symptoms and less
social anxiety [2].

Another study challenged patients with
schizophrenia to join a social context presented in the
virtual world, considering the situation presented (e.g.
joining a table in a canteen Fig. 5). This exercise
increased in difficulty, between easy, medium and
difficult. After the tests there were observed decreases
in the negative symptoms of patients with
schizophrenia, as well as patients reporting their
satisfaction with the technology used, and the
intention to continue with the tests [17].

to challenge patients with

3.6. Analysis of the Literature Review

The tests analyzed between SP and HI reveal a
significant difference in performance [1, 5-7, 9-15],
which demonstrates the feasibility of using VR as a
diagnosis tool, since the difference in performance
allows the identification of SP when compared to HI.
On some studies, it was also possible to observe
improvements in the quality of life of SP when
continually exposed to exercises in VR [2, 15, 17],
which demonstrates this could be used as a means of
therapy for schizophrenia.

Fig. 5. Sample scenes from the virtual tool [17].

Schizophrenia is usually treated with an
individually tailored combination of therapy and
medicine. Personalizing therapy exercises for each SP
is resource and time consuming, whereas VR therapy
benefits of being easily customizable, as well as offers
a safe and pleasant virtual environment for SP to try
exercises they wouldn't otherwise be comfortable
with, in a more exciting and engaging way [3, 15, 17].
It's notable that in some studies the VR environment

was so realistic as to induce stress in virtual
social environments, as it would in the real world [16],
as well as produced similar results to non-VR
methods [4].

Therefore, a VR therapy tool could be a valuable
asset for the treatment of schizophrenia, providing
safe, yet realistic environments, while being accessible
and convenient to use.
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The use of a VR tool in schizophrenia therapy is a
novelty project, even more so considering the lack of
practical tests performed in the area. Even among the
few researched tests, some couldn't provide reliability
to draw accurate conclusions [4, 12, 16, 18].

4. Project Development

This project aims to develop a VR tool, in the form
of a serious game, capable of assisting medical
professionals on the therapy sessions of patients with
schizophrenia, in a convenient and interactive way.

The development of this project will receive
guidance from a medical team, which will later
validate the game’s capability as a therapy tool with
schizophrenia patients. The specific requirements that
will specify the game are currently being evaluated.
Patient interaction will be recorded to allow the game
a continuous development and patient engagement.

The game will make use of the Oculus Quest 2
device, since it is wireless and easy to use, as well as
it supports hand tracking. The game will consist of two
main environments: A home environment and a city
environment, where the player will be tasked with
performing day-to-day tasks, of customizable and
adaptive difficulty, and have its performance
evaluated [18].

4.1. VR Hardware

Firstly, a choice had to be made regarding which
VR system would be chosen to play the game on.

Initially it was intended for the game to be able to
be played on as many VR systems as possible,
however, this was later abandoned since there wasn’t
a universal software that would work for all platforms.
Each VR brand has their own software, and with the
VR systems being a relatively new technology, no
universal software had yet been fully developed. This
then led to focusing on the most important aspect the
game required: It was relevant that the game be as
immersive as possible, so the Oculus 2 Quest was
chosen, which is wireless and supports handtracking,
as well as being among the most accessible VR
systems.

4.2. VR Software

For the development of the game, the Unity
platform was chosen, since it supports development
for the Oculus Quest 2, as well as it has ready to use
frameworks with practical examples available.
Three frameworks were explored during the
development process: XR Toolkit (XR), OVR toolkit
(OVR) and Mixed reality toolkit (MRTK). Initially,
XR and OVR were both being used, with XR being the
one most generally used, since XR allows integration
with many VR systems, while OVR was specifically
used on situations where handtracking was required,
since XR does not support it. Later, XR was
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abandoned since it wasn’t compatible with HTTC
Vive (another VR system by steam), and replaced with
MRTK, which had very similar capabilities, while
being compatible with that system. It should be noted
that at this point, the game was being developed to be
played with either controllers or handtracking, so it
was important to be compatible with many systems.
This was later abandoned to focus solely on the Oculus
Quest 2 system and handtracking only.

4.3. Game Specifications

The game will consist of going through a normal
day and performing all kinds of daily tasks throughout.
For this reason, the game will take place in a home
environment (including a bedroom, bathroom,
kitchen, living area and garden) as well as a city
environment (including a marketplace).
The tasks are to be done reflecting a day-to-day order,
which means some areas or tasks may be repeated (for
example, having lunch in the living area, and later
returning for dinner). They are also divided into
different time frames, such as morning, afternoon, and
night, and they must be performed in a specific order
in their specific area (teeth must be brushed in the
bathroom) to be completed.

When all tasks are completed in an area in the
current timeframe, the player may move on to the next
area and/or timeframe.

The garden area has no tasks associated with it,
being instead a general area where the player first
starts the game, and calibrates the game as needed. It
also serves as a general relaxing area that the player
may visit to take any necessary breaks.

When all tasks in all areas and timeframes are
completed, the day is completed, and the game ends.

The medical team will have access to an
application in a separate computer where they can
supervise and manipulate the game in real time (in the
form of task difficulty). The game will also provide
information about itself and the player to this
application in real time (such has current progress,
performance, among others.).

5. Discussion

Some changes had to be made as the development
process evolved.

As stated before, initially it was intended for the
game to be playable on as many VR systems as
possible, which was not doable due to the lack of a
common development software, so one specific VR
system had to be chosen.

There were, however, other problems and details
which had to be changed within the game plan itself.

Some assets within the environment had to be
changed or removed, since it could be dangerous for
schizophrenia patients to interact with these elements
while forgetting they are in a virtual environment (for
example, attempting to sit in a chair that exists in the
game, but not in reality).
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A calibration process had to be created to keep the
player within the play area in the real world. During
the game, the player can move in real space to move
in game as part of the normal gameplay. However,
when the area changes, the place the player is standing
in, although it could be recorded for the next area,
could be intersecting, or fully immersed in that area’s
assets (for example, appearing inside a table). To
combat this, the player starts a new area in a specific
position, in the centre of the area. However, this now
means that there is a disparity between where the
player is standing in real life (where they were before
the area changed), and in game (the centre of the area).
For this reason, a calibration process is required every
time there is an area change, asking the player to return
to the middle of the play area in real life,
synchronizing the positions in real life and in game.

Some tasks also had to be entirely removed due to
system limitations. Handtracking is still a fairly recent
technology, which means it doesn’t properly work in
all situations. In particular, the Oculus Quest 2 heavily
struggles to detect the hands when they are close to the
cameras, which are in the headset, and they must be
always visible in front of the cameras in order to be
tracked. This meant that tasks that required the hands
to be close to the head had to be discarded (for
example, brushing teeth).

6. Project Current Stageand FutureWork

The game is currently undergoing in its final
development stages and will later be sent to a medical
team for validation.

The medical team will test the game with
schizophrenia patients, and later share the results.

Results are expected to include patient acceptance
towards the game, any improvements to daily life
provided by continued exposure to the game,
comparison to traditional therapy results, among
others.
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Abstract: Blood purification therapy that removes pathogenic substances and unnecessary blood components in
blood is performed by extracorporeal circulation therapy that draws blood out of the body. In extracorporeal
circulation therapy, blood is filled in the circuit and circulated outside the body by a pump, but the blood
coagulates due to a foreign body reaction in the circuit. Anticoagulants such as heparin are used as blood
coagulation measures, but they are not absolute. There is a need for a measurement method that can be predicted
before blood coagulation. Photoacoustic imaging was used for predictive maintenance measurements. In
photoacoustic imaging used for extracorporeal circulation therapy, the amount of data used must be reduced
because it is constantly measured. Accordingly, in this study, we identified areas where photoacoustic imaging
changes significantly over time due to blood coagulation, and reduced the volume of data by limiting the area to
be measured to 233 pixels where 218240 pixels are normally required for measurement. In addition, because we
were able to identify the measurement site, based on that, we develop a predictive maintenance system based on
changes in blood coagulation over time in an extracorporeal blood circulation circuit that simulates the
environment of extracorporeal blood circulation therapy.

Keywords: Blood coagulation, Photoacoustic imaging, LED, Extracorporeal circulation therapy, Predictive
maintenance.

1. Introduction components that cause diseases accumulated in the
blood. Hemodialysis is a typical example, and it

Blood purification therapy is a treatment method covers a wide range of areas such as apheresis and
that removes toxic substances and unnecessary blood ~ blood cell adsorption therapy [1-3]. The blood
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purification therapy introduced here is a treatment
method that utilizes extracorporeal circulation. Blood
purification therapy uses a pump to pump blood out of
the body to provide treatment tailored to each
symptom. Blood drawn out of the body for treatment
causes blood coagulation when it comes into contact
with an artificial foreign substance in the circuit. When
blood coagulation occurs, it causes blood clots, so it is
customary to stop blood purification therapy when
signs appear and then replace it with a new
extracorporeal circulation circuit. Since the signs of
blood coagulation cannot be detected in advance with
a margin, the medical staff involved in the treatment is
forced to take immediate action, which puts a heavy
load on them. In addition, when replacing the
extracorporeal circulation circuit, there is a problem
that the patient's blood must be discarded together with
the circuit. As a measure against blood coagulation
that causes these problems, an anticoagulant typified
by heparin is generally used [4-7]. However,
anticoagulants are not absolute and it is difficult to
completely prevent blood coagulation during
extracorporeal circulation therapy. As a safety
measure, blood coagulation is detected using a
pressure sensor in the extracorporeal circulation
circuit. The pressure sensor reacts ex post facto only
after the circuit is clogged by blood coagulation or
when the viscosity of the blood becomes extremely
high and the pressure rises. Therefore, a highly
sensitive measurement ~ method (predictive
maintenance) that can observe changes in the state of
blood coagulation in extracorporeal circulation
therapy in advance is required. Therefore, we
proposed photoacoustic imaging as a new
measurement method that continuously captures the
progress of blood coagulation in the circuit and leads
to predictive maintenance. The principle of
photoacoustic imaging is as follows. The object to be
measured irradiated with light energy causes volume
expansion due to heat and generates elastic waves
(photoacoustic waves). Photoacoustic waves are
received and imaged by an ultrasonic probe.
Photoacoustic imaging is a promising imaging
technology for a wide range of biomedical
applications with the potential for high contrast and
high spatial resolution. By applying diagnostic
imaging to photoacoustic imaging, blood coagulation
in the extracorporeal circulation circuit we thought
that predictive and conservative measurement was
possible. In addition, since it is assumed that the
measurement will be performed by photoacoustic
imaging in the hospital, an LED light source was used
as the light source instead of the laser light source used
for conventional photoacoustic imaging. In the
previous paper, we reported the basic experimental
results showing the possibility of blood coagulation
measurement by small photoacoustic imaging of
measuring  instruments  [8-13].  When  the
photoacoustic imaging image is analyzed using the
capacity as it is from the image obtained by the above
measurement, the amount of data is large and the
processing is burdensome. Therefore, instead of
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measuring the entire extracorporeal circulation circuit,
we thought that we could try to reduce the volume of
data within the range that does not affect predictive
maintenance by identifying the sites where changes
are significant before and after blood coagulation. In
addition, the selection of the measurement target site
will lead to the miniaturization of the light source and
acoustic probe in the future. In selecting the
measurement target site, the threshold value of the
change in brightness over time, which is a feature
amount for the photoacoustic imaging measurement
data, was analyzed and examined using MATLAB.

In addition, using MATLAB (Diagnostic Feature
Designer), we explore the possibility of developing a
predictive maintenance system based on changes in
blood coagulation over time in an extracorporeal blood
circulation circuit that simulates the environment of
extracorporeal blood circulation therapy.

2. Method

2.1. Photoacustic Imaging of the Air Trap
Chamber (Bmode)

For the photoacoustic imaging device, AcousticX
(CYBERDYNE, INC.), which uses an LED as a light
source, was used. As a preliminary experiment, as a
result of measuring the extracorporeal circulation
circuit by photoacoustic imaging, the reaction of the
air trap chamber was the strongest, and almost no
reaction was seen in other parts. Therefore, the
measurement site was further narrowed down using
the air trap chamber as the measurement target. At the
time of measurement, an extracorporeal circulatory
device and circuit actually used in the medical field
were used to flow blood. Fig. 1 shows a schematic
diagram of the experimental equipment used in this
study.

In addition, a transparent gel spacer
(CYBERDYNE, INC.) With an acoustic impedance
equivalent to that in water was directly sandwiched
between the LED light source and the ultrasonic probe
for measurement. The transparent gel spacer does not
affect the application of light energy.

As shown in Fig. 1, two high-intensity high-speed
pulse-driven LED light source arrays were attached to
both sides of the ultrasonic probe using a jig. The angle
was about 40°. The distance between the ultrasonic
probe and the air trap chamber via the transparent gel
spacer was about 1 cm. The LED array used a
wavelength of 850 nm, and the light energy was about
200 pJ / pulse, the pulse width was 70 ns, and the
repetition frequency was 4 kHz. An ultrasonic probe
with a center frequency of 7 MHz was used. The
addition average was performed 64 times.

When conducting blood purification therapy for
extracorporeal circulation, a large amount of blood is
used. It costs money to use a large amount of blood,
and it takes time and money to dispose of it after the
experiment. In the early stages of research, it is
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difficult to use large amounts of blood within the
budget, so we decided to use cheap, commercially
available blood (sheep blood) that does not affect the
reproducibility of blood coagulation in the circuit. The
details of the sheep blood used are as follows. It is
shown in Table 1.

PC & Monitor

Roller
pump

Ultrasonic probe

Fig. 1. Configuration diagram of the experiment.

Table 1. Blood used.

Aseptic storage blood of sheep [100m |/container
KOHJN BI0 No0.12070210
Anticoagulant Alsever liquid

The commercially available blood used is
anticoagulated with the anticoagulant ALSEVER'S
SOLUTION for transport. Of course, blood does not
coagulate as it is, so calcium, which is a coagulation
factor, is required to promote blood coagulation. This
time, we used calcium gluconate as a coagulation
promoter. The upper limit solubility of calcium
gluconate is 3.3 g per 100 ml. 1.1 g of calcium
gluconate dissolved in 33 ml of saline was injected
into 50 ml of blood to promote blood coagulation.

2.2. Selection of M easurement Points

Imagel, a free software, was used to analyze the
luminance of the B-mode image (grayscale image)
obtained in Section 2.1, and MATLAB was used to
extract the feature amount, and the change in
luminance due to blood coagulation was analyzed.

For the input image, 4 x 4 pixels were set as one
cell, and 1 x 10 cells were set as one block. Each time
the analysis sites using ImageJ, an image processing
software, were analyzed so as to overlap each other,
the luminance distribution was investigated by shifting
them one block at a time in the vertical direction. In
the horizontal direction, 4 x 4 pixels were set as one
cell. The analysis was performed in the range of

1 x 10 cells as one block. Fig. 2 shows the relative
positional relationship between the allocated block
numbers and the air trap chamber.

The brightness 126 - 173 used in the measurement
was measured in the vertical and horizontal directions
of the air trap chamber based on the experimental
results reported previously. Vertical and horizontal
measurements are described later in Tables 2 and 3,
respectively. Based on these results, sites where the
photoacoustic wave changes significantly before and
after blood coagulation in the extracorporeal blood
circulation circuit were identified. In order to show the
relative positional relationship between the air trap
chamber and the measurement site, the measurement
results in Tables 3 and 4 were superimposed on the
diagram of the air trap chamber to form Fig. 2.

Results in Table3
Number of blocks from
the left

1415 | 1630 | 3144

Number of blocks from the top

Results in Table2

Measurement site

Fig. 2. Relative view of measurement results and
air trap chamber.

2.3. Prototype of Predictive M aintenance
Program for Changesin Blood
Coagulation Over Timein the
Extracorporeal Blood Circulation
Circuit

Measurements were performed 11 times each at
(a) 0 minutes after calcium gluconate injection,
(b) 2 minutes, (¢) 5 minutes, and (d) 10 minutes. The
measurement results had to be biaxial for the
convenience of analysis in MATLAB. Therefore, the
luminance range was divided into two, 126 - 149 and
150 - 173. The number of cells showing brightness
levels of 126 - 149 and 150 - 173 at the measurement
site was counted. Furthermore, the time to blood
coagulation was expressed as (a) Long, (b) Medium
(c) Short, and the state of blood coagulation. In
addition, 10 minutes after calcium gluconate injection,
blood coagulation is completed, so it was defined as
(d) Urgent. The measurement results are shown in
Table 2.
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Table 2. Measurement result by photoacoustic imaging to
the selected luminance range and measurement site.

Luminance condi
126~149 ~150~173 | tion
. 1 288 32 Long
min. 2 306 43 Long
3 397 2 Long
4 424 0 Long
5 437 0 Long
0 6 423 0 Long
7 432 0 Long
8 431 0 Long
9 459 0 Long
10 482 0 Long
11 512 0 Long
1 170 84 M edium
2 174 81 M edium
3 205 87 M edium
4 237 78 M edium
5 241 95 M edium
2 6 283 96 M edium
7 283 105 M edium
8 328 81 M edium
9 318 89 M edium
10 330 80 M edium
11 330 85 M edium
1 260 81 Short
2 215 102 Short
3 208 101 Short
4 175 115 Short
5 161 1 Short
5 6 131 86 Short
7 135 84 Short
8 137 84 Short
9 134 94 Short
10 165 114 Short
11 198 106 Short
1 311 56 Urgent
2 304 60 Urgent
3 308 62 Urgent
4 288 69 Urgent
5 288 63 Urgent
10 6 292 59 Urgent
7 260 77 Urgent
8 238 71 Urgent
9 223 65 Urgent
10 227 57 Urgent
11 212 67 Urgent

Since the number of measurements was small, we
explored the temporal changes in blood coagulation in
the extracorporeal blood circulation circuit by
classification learning in order to explore the
possibility of regression (supervised learning).
Analysis results by MATLAB are shown in Fig. 3. The
vertical axis represents the number of cells showing
luminance levels 126-149 within the measurement
range, and the horizontal axis represents the number of
cells showing luminance levels 150-173. The blood
coagulation states shown in Table 2 are expressed as
(a) Long: blue, (b) Medium: red, (¢) Short: yellow, and
(d) Urgent: purple. In addition, O: Correct and x:
False are O: Correct if they match the prediction
model created from the existing data in Table 2, and x:
False if they do not match. Since the number of
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measurements was small, cross-validation
(5 divisions) was performed to prevent overfitting.

B Lo
- Medium
Short

- Urgent

Luminance 126~149

Luminance 150~173

Fig. 3. Results of classification learning with MATLAB.

Long at O minutes after injecting calcium
gluconate is concentrated in the lower right of the
graph, and Medium, Short, and Urgent are gathered in
the upper left. It can be seen that the distribution
moves counterclockwise from Long as it becomes
Urgent.

A suitable algorithm was examined for the data
obtained in Tables 2. Fine KNN and fine Gaussian
SVM had the highest accuracy at 90.96 %.

As an example, we confirmed the occurrence of
prediction correctness for the true value of fine KNN.
The confusion matrix obtained from fine KNN is
shown in Fig. 4. The vertical line represents the actual
class, and the horizontal line represents the predicted
class. A mixture matrix is a classification table that
expresses the number of measurements and the ratio
of correctly predicted Urgent data to those whose
actual data is Urgent when evaluating the performance
after creating a learning system. It is possible to extract
the feature amount of correctness judgment of
prediction.

The positive predictive value (PPV) was 100 % for
Long and Urgent, 88.9 % for Medium and 76.9 % for
Short. The precision of fine KNN is also high, and the
bias of prediction from the positive predictive value
(PPV) is not high. We believe that a prototype for
predictive maintenance could be made under the
conditions in this section.

3. Results

3.1. Photoacoustic Imaging (B mode) Results
of Air Trap Chamber

Fig. 5 shows the changes over time in blood
coagulation that occurred in the air trap chamber using
photoacoustic imaging (B mode). The circled area
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indicates the wall surface of the air trap chamber, the
left side of the wall surface is the transparent gel
spacer, and the right side is the blood in the circuit.
White streaks like ripples of blood in the circuit are
photoacoustic waves due to blood coagulation.

Long 00.0

Medium

23.1%

Short 11.1% 6.9%

Urgent 00.0%

True class

PPV 100.0%

FDR 11.1% 23.1%

Long Medium Short Urgent

Predicted class

Fig. 4. Confusion matrix obtained from fine KNN.

Transparent gel spacer

(a) immediately

(b) 10 minutes late

Blood

Fig. 5. B mode image by photoacoustic imaging.

3.2. Results of Selection of M easur ement
Points

The figure (grayscale image) obtained by
photoacoustic imaging before and after blood
coagulation was subjected to luminance analysis with

ImagelJ, and the feature quantity was extracted with
Rank Features of MATLAB Diagnostic Feature
Explorer. Before and after blood coagulation in the
extracorporeal circulation circuit, we identified a site
where changes in photoacoustic waves were
remarkable. Feature extraction was performed by
T-test in consideration of increasing the number of
measurements in the future. Table 3 shows the
measurement results in the vertical direction, and
Table 4 shows the measurement results in the
horizontal direction.

Table 3. Feature extraction of changes in brightness over
time in grayscale images (Vertical direction).

Blocks from the top T-test Blocks from the T-test
1 0.5706 17 0.7727
2 0.6335 18 0.8397
3 0.5937 19 0.7737
4 0.597 20 0.6836
5 0.6816 21 0.6737
6 0.7041 22 0.7307
1 0.7527 23 0.6914
8 0.7233 24 0.7023
9 0.6575 25 0.6722
10 0.7435 26 0.7083
1 0.6734 21 0.7075
12 0.7509 28 0.7581
13 0.6977 29 0.6901
14 0.7829 30 0.6655
15 0.7692 31 0.6762
16 0.8103

Table 4. Feature extraction of changes in brightness over
time in grayscale images (Horizontal direction).

Blocks from the T-test Blocks from the T-test

left left

1 0.2867 23 1.4659
2 0.2881 24 1.6364
3 0.2807 25 1.6005
4 0.3019 26 1.5406
5 0.3172 27 1.4555
6 0.3211 28 1.2525
7 0.3567 29 1.2027
8 0.4333 30 1.0604
9 0.4822 31 0.8732
10 0.4895 32 0.8315
11 0.5309 33 0.6781
12 0.6778 34 0.6012
13 0.8276 35 0.6029
14 0.7841 36 0.6345
15 0.7822 37 0.6445
16 0.798 38 0.5969
17 0.5462 39 0.6622
18 0.7156 40 0.6299
19 1.0942 41 0.6708
20 1.5675 42 0.7122
21 1.3059 43 0.6332
22 1.2722 44 0.6036
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Table 5 shows a part of the two-dimensional
mapping of each component of Table 3 and Table 4.
The grayscale image obtained by the measurement
was divided into 44 in the horizontal direction and 31
in the vertical direction. The parts showing remarkable
changes (0.9 or more) are shown in gray. The shaded
areas in the rows and columns are the areas where the
T-test changed significantly before and after blood
coagulation in the horizontal and vertical directions,
respectively. All blocks 19-29 in Table 4 and blocks
13-31 in Table 3 correspond to the mesh filter in the
air trap chamber.

From Table 5, it was found that it is possible to
measure  significant changes over time in
photoacoustic waves before and after blood
coagulation near and directly above the mesh filter
inside the air trap chamber. Blood coagulation appears
prominently near the mesh filter because it is a filter
that receives blood flow from the front, so it is
presumed that the foreign body reaction is stronger
than in other parts. It is also possible that blood
coagulation (blood clot) generated in other parts of the
circuit has peeled off and is caught in the mesh filter.
Furthermore, due to the blood flow directly above the
mesh filter, blood clots and the like stay and the
reaction is thought to be high.

4. Conclusions

In order to realize predictive and conservative
measurement of blood coagulation that occurs in the
extracorporeal circulation circuit used in the treatment
method using extracorporeal circulation represented
by blood purification therapy, the previously proposed
photoacoustic imaging raises the following problems.
(1) The amount of obtained image data is large, and
(2) the light source and ultrasonic probe for
measurement are large. In order to solve these
problems, in this paper, we measured the changes over
time in blood coagulation in the extracorporeal
circulation circuit, identified the sites where
photoacoustic waves were prominent, and selected the
measurement sites. From Table 5, by setting the
threshold value of 0.9, which is the product of the
results of the horizontal and vertical photoacoustic
waves, it was possible to select the measurement site
where the change is remarkable before and after blood
coagulation (gray part). As a result, the measurement
range is reduced, and the possibility of reducing the
size of the photoacoustic imaging measurement unit
(light source, ultrasonic probe) is shown. In addition,
when measuring the entire air trap chamber,
218240 pixels are required, but the measurement
target site is narrowed down to 233 pixexel to reduce
the dose of data by about 1/1000, and the
extracorporeal blood circulation circuit using
photoacoustic imaging. We were able to reduce the
data handled for predictive maintenance of blood
coagulation in the body. Therefore, it is considered
that the problem of photoacoustic imaging operation
for predictive maintenance measurement of blood
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coagulation occurring in the extracorporeal circulation
circuit has been solved.

Machine learning was performed using MATLAB
from grayscale images obtained from photoacoustic
imaging of the time course of blood coagulation in the
extracorporeal blood circulate learning, we made a
prototype with supervised learning classification, and
found that fine KNN and fine Gaussian SVM were the
most accurate prediction models with an accuracy of
90.9 %. From the positive predictive value (PPV) of
the mixed matrix, the prediction of Long and Urgent
before and after clear blood coagulation was 100 %,
with on circuit. In machine the data -easily
distinguishable, while Medium was 88.9 % and Short
was 76.9 %.

Therefore, a predictive maintenance system based
on the temporal change of blood coagulation in an
extracorporeal circulation circuit simulating the
environment of extracorporeal circulation therapy was
investigated.
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Abstract: Quality control isan important step during the manufacturing of products and of crucial interest in the
field of pharmaceuticals. These products need to be clean, in a stable condition and efficient. Pharmaceutical
capsules should not contain any foreign items, be precisaly filled and in an immaculate state. Unfortunately, the
weight of the capsule shells alone can vary due to production variations. Given that mainly thefilled capsules are
weighed to check the correct filling, the amount of filling itself may vary and lead to unwanted side effects or
decreasing effectiveness. Dual energy X-ray transmission may be a powerful tool in non-destructive testing and
can be used for weighing materials. In this approach, five types of dietary supplements in pharmaceutical gelatin
capsules with varying weight were examined and weighed to determine the limitation and advantages of this
method. The samples were investigated in movement both in their blister packaging and without.

Keywords: Dual energy, X-ray transmission, Basis material decomposition, Drugs, Drug quality, Drug weighing, Capsule.

1. Introduction

Gelatin hard capsules are widely used in the field
of pharmaceuticals. They may be filled with different
kinds of powder or granulate and carry highly diverse
contents, such as dietary supplements or active
pharmaceutical ingredients. Depending on the filling,
dight variances in the amount of pharmaceutical
ingredients may have a tremendous impact on the
drug’s efficacy and its adverse effects for the patient.

In the production process of gelatin capsulesiit is
possible to measure the weight of filled capsules on a
conveyor belt or in the packaging machine [1] for
example by measuring the capacitance profile of the
capsule [2]. Unfortunately, the weight of the filling
alone cannot be determined. This would be of great
interest as the mass of the capsule shells are varying
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due to production variations or differences between
the various manufacturers.

X-ray transmission (XRT) may offer a solution for
the above described problem. With this technique, the
attenuation, which is proportional to the mass of the
transmitted object, can be obtained. Unfortunately,
thisincludes not only the filling but also the shell and
(if existing) the packaging. If those two vary, errorsin
the estimation of the mass of the filling or the filled
capsule occur.

In contrast to standard XRT, the dua energy
approach (DE-XRT) may offer amore robust solution.
The method is well known since 1976 [3] and proved
to be a powerful tool in non-destructive testing. The
most prominent usage are luggage scanners at airports,
but DE-XRT aso shows promising results in the
sectors of recycling [4], mining [5], food security [6]
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and sorting applications [7]. The method in
combination with an anaysis algorithm provides
information about the material of the examined
objects. The results are images showing the areal
density of two chosen materials [8]. With this
approach it may be possible to separate the signals of
filling and shell. Thus to weigh the filling inside the
capsule or to weigh filled capsules inside a package.

As X-rays have no effect on the quality of the
product, DE-XRT is save to use in pharmaceutical
environments [9].

Two approaches were used to test the idea of
weighing objectsby DE-XRT. Thefirst isto determine
the weight of capsules (shell and filling) in their blister
packaging, the second is to obtain the weight of the
filling alone for capsules outside of the package. The
principleis the same from atechnical point of view.

This paper gives an overview over the examined
samples and provides an introduction to DE-XRT and
the weighing of objects by this method. Results for
capsules with five different fillings of dietary
supplements are presented for measurements with and
without blister packaging. The benefitsand limitations
of the method are illustrated.

2. Experimental

2.1. Sample Materials

After conducting a proof-of-principle study with
one capsule type [10], five different types of filled
pharmaceutical gelatin capsules were examined for
this study. All samples are over the counter dietary
supplements and were bought in adrugstore. Thereis
no relation between the authors of this paper and the
drugstore or the manufacturer. The samples were
randomly chosen, not based on a prior estimation of
their X-ray properties. Two of the samples contain
granulated material while the other three are filled
with powder. The gelatin capsules themselves were
transparent or dyed and could be opened by hand
without being destroyed. The studied samples and
their ingredients can be seen in Table 1 and Table 2,
respectively.

The capsules were opened and loaded with
different amounts of filling to cover a wide range of
weights and to prove that the weight is proportional to
the areal density (see Table 3). For every sample type,
five empty capsule shells were measured as well as
three to seven capsules with their original amount of
filling. In total, ten to twenty-five filled capsules of
each type were examined (for more details see
Table 1).

All samples were weighed previously with an
analytical balance (Kern ACJ 220-4M, weighing
range (max) = 220 g, minimum load (min) = 10 mg,
verification value (e) =1 mg, readability
(d)=0.1mg) before performing the DE-XRT
measurements. The weighing was conducted three
timesfor the capsuleswith filling, aswell asthefilling

and the capsule shell alone. The maximum difference
that occurred between the three measurements was in
the region of the last digit in agreement to the
verification value of 1 mg.

Table 1. Studied samples.

Vitamin B
complex
depot
25 samples
(7 originally
filled)

Zinc +
vitamin C
depot
20 samples
(5 originaly
filled)

Devil’s claw

10 samples

(3 originaly
filled)

Immune
complex
10 samples
(5 originaly
filled)

L-carnitin

10 samples

(4 originaly
filled)

The weights of the filled capsules, as well as of
shells and fillings alone are given in Table3. The
weight of the original filling of the vitamin B capsules
was determined to (455 + 5) mg. Fig. 1 shows a plot
of the weight of the shells of these capsules. Their
mean weight is 96.6 mg with a standard deviation of
2.2 mg and 10 mg difference between the lightest and
the heaviest shell. These two values amount to
approximately 0.5% and 2% of the weight of the
origina filling. If only the total mass of the filled
capsules would be measured during quality control,
these uncertainties in the capsule shell would
propagate to the uncertainty of the mass of the filling.
Thus, separate weighing of capsule shell and filling
makes sense.

53



Sensors & Transducers, Vol. 259, Issue 5, October 2022, pp. 52-60

Table 2. Ingredients of the five studied samples.

Sample Ingredients

Sugar, gelatin, nicotinamide (niacin),
maltodextrin,  starch, cacium D-
pantothenate (pantothenic acid), coating
agent: shellac, pyridoxine hydrochloride
(vitamin B6), riboflavin (vitamin B2),
thiamine mononitrate (vitamin B1), anti-
caking agents: silicon dioxide and talc,
glucose syrup, vegetable fat (coconut),
pteroylmonoglutamic acid (folic acid),
sodium chloride, colorant: iron oxide, D-
biotin, cyanocobalamin (vitamin B12).
L-ascorbic acid (vitamin C), sugar, gelatin,
coating agent: shellac, cornstarch, zinc
sulfate, glucose syrup, vegetable oil
(coconut), release agent: talc.

Devil's claw root powder (43 %,
Harpagophytum Procumbens), maltodex-
Devil’s trin, gelatin (bovine), L-ascorbic acid
claw (vitamin C), anti-caking agent: magnesium
salts of fatty acids, cholecalciferol (vitamin
D)

L-ascorbic acid (vitamin C), gelatin,
bulking agent: calcium phosphate, ferrous
sulfate, anti-caking agents: magnesium
salts of fatty acids and silicon dioxide, zinc
oxide, copper sulfate, pyridoxine
hydrochloride (vitamin B6), retinyl acetate
(vitamin A), Pteroyl monoglutamic acid
(folic acid), sodium selenate,
cholecalciferol (vitamin D3),
cyanocobalamin (vitamin B12)

Vitamin B
complex

Zinc+C

Immune
complex

L-carnitine L-tartrate, magnesium oxide,
gelatin  (bovine), anti-caking agent:
magnesium salts of fatty acids, pyridoxine
hydrochloride (vitamin B6),

L-carnitin

cyanocobalamin (vitamin B12)

Table 3. Minimum, maximum, mean and standard
deviation (SD) of the weight of the capsule shell alone, the
filling and the refilled samplesin mg. The weight of the
originally filled capsulesis the mean value over the number
of capsules with original filling givenin Table 1.
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Fig. 1. Distribution of weight of vitamin B capsule
shells measured by an analytical balance.

2.2. Dual Energy X-ray Transmission
M easur ements

The DE-XRT measurements were carried out with
a Comet MXR-225HP/11 X-ray source in
combination with a Hamamatsu C11800-08U
detector. This dual energy line detector has a pixel
pitch of 0.4 mm. It contains two detection layers. The
first records the low energy (LE) photons. Thereby it
acts as afilter for the second layer, which collects the
high energy (HE) photons. Thus, two images are
recorded at the same time. The measurements were
performed with a tube voltage of 70 kV and a tube
current of 6.8 mA. The samples were placed in a
drawer system (Fig. 2) and moved between source and
detector with a velocity of approx. 170 mm/s, which
corresponds to an exposure time per recorded line of

2.67 ms.
n X-ray source

sample movement
~—___samp

—sample in drawer

—line detector

Fig. 2. Schematic of the used DE-XRT drawer system
(from [11], licensed under CC BY 4.0).

2.3. Basis Material Decompaosition

For analyzing the two images obtained by the dual
energy detector, a method caled basis material
decomposition (BMD) was used. This method
providesanew set of images showing the areal density
(mass per area) of two chosen basis materialsfor every
pixel (Fig. 3) [11, 12].
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Fig. 3. Scheme of the workflow showing a sample, DE-
XRT images and result obtained after data processing.

The foundation of BMD is the dependence of the
intensity of X-rays | transmitted through an object on
this objects mass attenuation coefficient p' and its
areal density p, aswell as on the X-ray energy E. This
dependence is described by Lambert-Beer's law:

I(E) = Io(E)exp(—'(E)p). D

lo is the unattenuated intensity to which the object is
exposed. In case of laboratory X-ray sources, Io(E) is
a polychromatic spectrum. It can be found by
simulations or measurements [13].

For X-rays passing through more than one
material, equation (1) transformsinto

I(E) = Io(E)exp(=X; 1':(E)py), )

wherei counts the materials.

The mass attenuation coefficients are published in
tables for chemical elements [14]. For complex
materials, they can be calculated from the weight
fractions w of their chemical elementsusing [14]

po=Xiwi;. ©)

The intensity detected behind an object can be
calculated by integrating over the energy in equation
(2). When the samples examined by DE-XRT contain
two materidls with known mass attenuation
coefficients, equation (2) contains two unknowns: the
areal densities of the two materials. Thus, when two
measurements are executed with different X-ray
energies, a set of two equations with two unknownsis
created. Solving this set of equations results in the
areal densities of the two basis materias for every
pixel (for more details see [5]). Thus, two basis
material images are created. Each of them shows the
areal density of only one of the basic materials as
illustrated schematically in Fig. 3. If athird materia is
present in the examined object, it appears as a
superposition of the two chosen basis materials.

In the application presented in this paper, the
blister packaging, the capsule shells and the filling
were not pure elements but chemically complex
objects. Even though the ingredients are known from
the folding box (Table?2), their relative amount is
unknown. Thus, the mass attenuation coefficients
cannot be calculated using equation (3). A suitable
description had to be determined experimentally. To
thisend, DE-XRT images of blister packaging, empty
capsules and fillings were recorded. For each of these
components, the effective atomic numbers Zg: of
suitable basis materials were varied in the subsequent
BMD anaysis, until the currently considered
component was visible in only one of the basis
material images. Here, non-integer values of Zgs
indicate that the mass attenuation coefficient is a
weighted average of the coefficients of the
neighboring chemica elements. For instance,
Zet = 7.4 means that the X-ray attenuation is between
that of N (Z =7) and O (Z = 8), the values of Z; found
inthisway are givenin Table 4.

Table 4. Effective atomic numbers of the package, the
capsules and itsfilling used for the BMD analysis. The
zinc + C depot filling has two components.

Zeit Package | Capsule | Filling
Vitamin B complex 11.0 6.4 7.4
. 7.2
Zinc+C 11.0 6.4 20.0
Devil’'s claw 11.0 7.2 7.4
Immune complex 11.0 7.0 10.5
L-carnitin 11.0 75 8.3

In case of the blister packaging, this value comes
about as a superposition with the tape used to fix it to
the drawer during measurements.

2.4. Weighing by DE-XRT

The areal density obtained by BMD for every pixel
is proportional to the weight. Therefore, to obtain an
estimate of the mass of a particular capsule, the areal
densities of all pixels belonging to it have to be
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summed up. Multiplication by the area covered by a
pixel givesthe mass.

The correlation between capsules and their related
pixels was obtained using a binary image. The first
step to this end was only done for measurements of
capsules in the blister packaging. Here, an X-ray
projection of an empty package was subtracted from
the projection of thefilled pack to increase the contrast
between capsule and environment. The X-ray
projections were then binarized by thresholding.
Morphological operations were used to remove single
bright and dark pixels. The resulting binary images
showed only the filled capsules. Then, connected
pixels were assigned to one object, that is, to one
capsule. The binary image was then used asamask for
the basis material image.

3. Results and Discussion

For this publication, two approaches were tested.
At first, the filled capsules were weighed by DE-XRT
inside of their blister packaging (Fig. 4, left). In a
second experiment, the samples were measured
outside of the packaging (Fig. 4, right).

consequence, the capsule shell (Zet = 6.4) isvisiblein
the basis material image of the filling, too. However,
its signal in this image is slightly too high, as the
chosen basis materials do not match the shell's
effective atomic number.

URERL i
LREE 1
iR ik
00

Fig. 5. Left: Low energy XRT image of the vitamin B
complex capsules. Right: High energy XRT image of the
vitamin B complex capsules.

ey

Fig. 4. Left: Photograph of vitamin B complex capsulesin
their blister package. Right: Photograph of loose vitamin B
complex capsules.

3.1. Packaging vs. Filled Capsule

Fig. 4 shows a photograph of vitamin B complex
capsules in their packaging. The DE-XRT images
(Fig.5) show capsules with different amounts of
filling intheir blister package. Although the gray value
is proportional to the amount of filling (a darker gray
value means more attenuation due to more mass or
higher 1", it is aso influenced by the local thickness
of the package.

Fig. 6 showsthe basis material images obtained by
BMD. While one of them shows only the blister
packaging, the other showsthe capsules. The effective
atomic numbers used to create these images were
Zgt = 11.0 (packaging) and Z«: = 7.4 (filling). As a
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Fig. 6. Left: BMD image of material 1 (packaging) with
Zes = 11.0. Right: BMD image of material 2 (vitamin B
complex capsule and filling) with Zett = 7.4.

The weight of the capsules obtained from the basis
material imagesis proportional to the values obtained
with the analytical balance (Fig. 7). A line of the form

y=mx+n 4

was fitted to the data points. The slope m is dightly
higher than expected, mostly dueto inaccuraciesin the
determination of Zg:. This systematic error would not
cause problems in an application as it is possible to
calibrate the weight determined by DE-XRT with an
analytical balance. The y-intercept n is close to zero,
as expected. The scattering of the data points around
the fit is caused by random errors in the weight
determined by DE-XRT. These are mainly due to the
limited signal to noise ratio (SNR) of the X-ray
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projection. The noise is not only propagated to the
basis material images, but aso limits the accuracy of
the binarization (section 2.4). Possibilities to increase
the SNR are discussed in section 4.

800
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GO0
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400

300 e
2200 /
7]

100 /
0
0 200 400 600 800
Weight Balance [mg]

T [m

y=1.076x + 0.0861
R*=0.9875

ght DE-XT

Wi

Fig. 7. Weight estimated by BMD versus weight of capsule
shell and filling determined by an analytical balancefor each
vitamin B complex sample. The black lineindicatestheideal
fit for the weight determined by DE-XRT and the analytical
balance.

The parametersfor the linefits of the five different
kinds of capsulesare given in Table 5. In all cases, the
first basis material was chosen to represent the
packaging, the second to represent the filling (for the
respective values of Zg, see Table 4).

Table 5. Parameters for linear fits of weight determined
by DE-XRT versus weight measured with an analytical
balance for filled capsulesin their blister package.

Sample Slopem n [mg] R?
Vitamin B 1.08 0.09 0.9875
complex
Zinc+C 0.99 859 0.9902
Devil’s 1.07 -27.55 0.9781
claw
Immune 0.93 273.37 0.4898
complex
L-carnitin 1.04 22.87 0.9881
Ideal fit 1 0 1

For Devil's claw, the weight found by DE-XRT
agrees well with that measured by the analytical
balance.

The zinc+C depot filling consist of two
components with different X-ray attenuation
(Fig. 8(a)). Only the component with the lower
effective atomic number, which constitutes the higher
fraction of thefilling, is used for the weight estimation
by BMD. The other component is visible in the basis
material image of the blister packaging. Still, the
parameters of the line fit are closer to the ideal case
than for any of the other samples. The scattering is
low, showing that the presence of two components
does not deteriorate the result. Even if this was the

case, as long as the ratio between both componentsis
constant, a calibration with an anaytica balance
would be possible.

Fig. 8. (8) LE projection of zinc + C depot capsules showing
two components with different attenuation, (b) basis
material images of packaging (left) and capsule (right) for
immune complex, (c) LE projection of immune complex.

The case of the immune complex samples was
challenging due to the low contrast of only 0.5
between Zg of capsule shells and filling. This low
contrast leads to a low SNR in the basis material
images (Fig. 8(b)). Consequently, there is a large
random error in the estimated weight, leading to low
values of R%. The low contrast in Zg further leads to
stronger effects of small errorsin Zg:. Thus, the weight
estimated by BMD is approximately 240 mg higher
than expected, which leads to a large value of the y-
intercept of 273 mg.

The X-ray projections of immune complex aso
reveal an inclusion of higher attenuation in one of the
capsules (Fig. 8(c)). Whether it is some kind of
contamination or due to an uneven mixture of the
ingredients, is unknown. In any case, this example
shows that X-ray imaging can revea such
imperfections, too.

The estimation of Zg for L-carnitin was also
challenging. It was not possible to find a Zg that
completely removed the filling from the basis material
image of the blister package (Fig. 9(a)). The filling
taken from the capsules, directly after opening them
for the first time, was no fine powder but contained
agglomerations. These may be the reason for areas of
varying X-ray attenuation visible in the X-ray
projections (Fig. 9(b)). In addition, in measurements
with a detector (Teledyne Dalsa Shad-o-Scan 8K)
enabling a better spatial resolution (but no DE-XRT
measurements), unevenly distributed components of
higher X-ray attenuation are visible (Fig. 9(c)). These
components and agglomerations might impede the
finding of a suitable Zy. Nevertheless, even though
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the weight determined by DE-XRT is about 50 mg
higher than the expected values, the scattering is low.

\
-
b

@ (©)

Fig. 9. (a) Basis material images of blister packaging (left)
and capsules (right) for L-carnitin showing imperfect
material separation, (b) LE projection of L-carnitin showing
areas of varying attenuation, (c) high resolution projection
of aL-carnitin capsule with pixel size of 27 pum.

3.2. Capsulevs. Filling

The separation of two materialsinto different basis
material images requires some contrast in these
materials effective atomic numbers. Table4 shows
that the highest contrast between capsule shell and
filling exists for L-carnitin and immune complex. As
explained in the previous section, the estimation of Zt
for L-carnitin was problematic due to the presence of
agglomerations in the filling. Thus immune complex
was chosen for attempting to estimate the weight of
thefilling by DE-XRT.

Fig. 10 shows the basis material images for these
capsules.

Fig. 10. Areal density image of capsule shells (left) and
filling (right) for immune complex capsules without
package. Five empty capsule shells are visible on the left
image.

The image of the capsule shells contains some
traces of the filling. These are not visible in the empty
shells towards the bottom of the image. This indicates
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an inaccurate estimation of Zg values. Indeed, aswith
L-carnitin (Fig. 9), it was not possible to determine an
effective atomic number that perfectly separates
capsule shell and filling into the two basis material
images. Thus, the slope and R? are higher and lower
respectively, than expected for the ideal case (see
Table 6).

Table 6. Parameters for linear fits of weight determined
by DE-XRT versus weight measured with an analytical
balance for filled capsulesin their blister package.

Sample Slopem n [mg] R?
Vitamin B 112 111.03 0.9898
complex
Immune 1.08 417 0.9663
complex
Ideal fit 1 0 1

As a second example, Fig. 11 shows the basis
material images for vitamin B. The difference in the
effective atomic numbers between capsule shell and
filling is only AZ« =1. Thus the weight is about
150 mg higher than the expected value, which is more
than in the example of the same capsules in their
package (Fig. 6 and Fig. 7). Accordingly, the value of
n deviates considerably from zero (Table 6).

Fig. 11. Areal density image of capsule shells (left) and
filling (right) for vitamin B without package.

3.3. Influence of Spatial Resolution
on Estimated Weight

The accuracy of the separation between filling and
capsule shell isinfluenced by the spatial resolution of
the measurement system. Due to the two consecutive
detection layers in the dual energy detector, the HE
image has a slightly higher magnification than the LE
image. This is compensated by image registration,
which requires interpolation between the pixels in at
least one of the images. Abrupt changes of the object
thickness, like at the transition between filling and
shell or between shell and air, rarely coincide with
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borders between pixels. Thus, edge pixelsaretypicaly
incompletely covered by the object. In particular, the
coverage will be different for pixelsin the LE and the
HE detection layers. For these edge pixels, the
interpolation required by image registration creates
inconsistencies in the gray values of LE and HE
projections. These would be further increased by an
imperfect registration. The result of the BMD analysis
isinaccurate for edge pixels as a consequence and may
show artifacts.

The capsules have an approximately cylindrical
shape. X-ray imaging projects the attenuation
properties of this three dimensional form into two
dimensions. Consequently, a considerable portion of
the mass of the capsule shell can be found around the
edge pixels (Fig. 9(c)). The wall thickness of capsule
shells is typically around 100 um, which is less than
the pixel size of 400 pm used for DE-XRT imaging.
Thus, the edge pixels of the generated basis material
images, which are subject to artifacts, include not only
a pat of the capsule shell which contains a
considerable portion of the weight, but a part of the
filling, too.

As a result, the low resolution prevents the
determination of the weight of the capsule shells. This
would require pixels smaller than the wall thickness.
For the filling, the influence is smaller because most
of the mass is close to the center and thus not
influenced by the artifacts. Still, the smaller the pixels,
the smaller is the ratio of edge pixels to non-edge
pixels. A better spatial resolution would thus improve
the accuracy of the weight determination.

As an example, in Fig. 11 a capsule contains
(1350 + 60) pixel. Roughly 10 % of these pixels
(136 £ 4) are considered edge pixels. When creating
an image with one half of the pixel size by
interpolation, the total number of pixels of a capsule
increases by a factor of four to (5410 + 240) pixels.
The number of edge pixels only increases by a factor
of approximately two to (324+7) pixels.
Unfortunately, a high resolution detector capable of
dual energy was not available for this study.

4. Conclusion and Outlook

The presented examples show the potential of DE-
XRT: the determination of weight is possible for filled
capsules in blister packaging and for the filling of
capsules outside of the package. Weighing capsules
with different, known amounts of filling as presented
in this paper can be used as a calibration. Then, the
weight of other capsules or their filling can be
determined from the calibration curve. This can be
done in real-time, so that DE-XRT can be integrated
into a production line.

Although the bought samples were randomly
chosen, they cover different properties. They contain
powder or granulated material, the fillings consists of
one or more detectable components and also
agglomerations were visible. The variability of the
effective atomic numbers Z«: found for capsule shells

and fillings lead to pairs of low and of high Z«s
contrast. This spectrum of propertiesallowsto seealso
the limits of the method.

One general limitation to the accuracy of the
method is given by the difference in the effective
atomic numbers of blister package, capsule and filling,
the smaller these are, the lower isthe SNR of the basis
material images and the higher is the random error of
the weight determined by DE-XRT. A small contrast
in the effective atomic numbers aso increases the
effect of inaccuracies in the values of Z« on the
estimated weight and increases the systematic error.

Another restriction of the presented method is the
limitation to two material differentiation. A separation
of blister packaging, shell und filling into three basis
material images is not possible by this method. This
limitation also causes a requirement for the uniformity
of thefilling. For instance, a separation of the shell of
the capsule and two components of the filling into
three basis material images cannot be done. This may
lead to restrictions for the kinds of capsulesthat can be
investigated. However, as shown in the exampl e of the
zinc + ¢ depot, as long as the mixing ratio is constant
and suitable values of Z«; can be found for one filling
component, a calibration with an analytical balanceis
possible.

Even for the presented examples that fulfill above
requirements, the scattering in plots like Fig. 7 has to
be reduced to achieve an accuracy acceptable for
industrial application. This requires a higher SNR of
the projection data. However, the power of X-ray
sources is limited and longer exposure times are
contradicted by the need for speed in industria
production. Another option are detectors using time
delayed integration (TDI). These increase SNR by
averaging the detected signal over severa detector
lines. This technique also allows to use smaller pixels
that would otherwise decrease the SNR, because a
smaller area collects less photons. Smaller pixels
would also improve the spatial resolution and thus
increase the accuracy of the weight determination.

Apart from weighing filled capsules or the filling
alone, DE-XRT may also detect quality issues like
agglomerations and contaminations. Of cause, it also
includes the possihilities provided by standard XRT,
like detecting deformations or capsules missing in a
blister package.

Acknowledgements

The authors would like to thank Hamamatsu
Photonics Deutschland GmbH for providing the
measurement setup.

References

[1]. F. Bessler, W. Bauer, X-Ray Net Weight Control of
Pharmaceutical Products, in Proceedings of the 7t"
World Conference on Nondestructive Testing,
Shanghai, China, 25-28 October 2008.

59



[2].

3.

[4].

(5].

[6].

(8].

60

Sensors & Transducers, Vol. 259, Issue 5, October 2022, pp. 52-60

M. Bssrmen, F. Pernus and B. Likar, High speed
precision weighing of pharmaceutical capsules, in
Proceedings of the |EEE International Conference on
Industrial Technology (ICIT), Churchill, Victoria,
Australia, 10-13 February 2009, pp. 1-6.

R. E. Alvarez, A. Macovsk, Energy-selective
reconstructions in X-ray computerized tomography,
Physics in Medicine and Biology, Vol. 21, Issue 5,
1976, pp. 733-744.

M. Firsching, M. Ottenweller, S. Ruger, J. Leisner,
Comparison of X-ray and RGB-based Component
Detection on Waste PCBs for Recycling, in
Proceedings of the 8" International Conference on
Sensors and Electronics Instrumentation Advances
(SEIA'2022), Corfu, Greece, 21-23 September 2022,
pp. 133-134.

C. Bauer, R. Wagner, B. Orberger, M. Firsching,
A. Ennen, C. GarciaPina, C. Wagner, M. Honarmand,
G. Nabatian, |. Monsef. Potential of Dual and Mullti
Energy XRT and CT Analyses on Iron Formations,
MDPI Sensors, Vol. 21, Issue 7, 2021, pp. 2455.

C. Bauer, R. Wagner, J. Leisner, Foreign body
detection in frozen food by dual energy x-ray
transmission, Sensors & Transducers, Vol. 253, Issue
6, 2021, pp. 23-30.

J. Leisner, C. Bauer, R. Wagner, Circular Economy:
Materia Sorting in Waste Streams Using Dual Energy
X-ray Transmission, in Proceedings of the 8"
International Conference on Sensors and Electronics
Instrumentation  Advances (SEIA'2022), Corfu,
Greece, 21-23 September 2022, pp. 93-96.

M. Firsching, J. MUhlbauer, A. Méaurer, F. Nachtrab,
N. Uhlmann, Quantitative sorting using dua energy
X-ray transmission imaging, in Proceedings of the

9.

[10].

[11].

[12].

[13].

[14].

Optical Characterization of Materials Conference
(OCM'13), Karlsruhe, Germany, 6-7 March 2013,
pp. 259-264.

K. Uehara, T. Tagami, |. Miyazaki, N. Murata,
Y. Takahashi, H. Ohkubo, T. Ozeki, Effect of X-ray
exposure on the pharmaceutical quality of drug tablets
using X-ray inspection equipment, Drug Devel opment
and Industrial Pharmacy, Vol. 41, Issue 6, 2015,
pp. 953-958.

C. Bauer, R. Wagner, J. Leisner, Determination of the
Weight of Pharmaceutical Capsules with Dual Energy
X-ray Transmission, in Proceedings of the 8"
International Conference on Sensors and Electronics
Instrumentation Advances (SEIA'2022), Corfu,
Greece, 21-23 September 2022, pp. 97-99.

R. Wagner, C. Bauer, M. Firsching, J. Leisner, From
Food to Mining: Dual Energy XRT Applications,
Advances in Sensors. Reviews, Vol. 8, 2022,
pp. 153-171.

M. Firsching, F. Nachtrab, N. Uhimann, R. Hanke,
Multi-Energy X-ray Imaging as a Quantitative Method
for Materials Characterization, Advanced Materials,
Vol. 23, Issue 22-23, 2011, pp. 2655-2656.

E. Y. Sidky, L. Yu, X. Pan, Y. Zou, M. Vannier,
A robust method of X-ray source spectrum estimation
from transmission measurements. Demonstrated in
computer simulated, scatter-free transmission data,
Journal of Applied Physics, Vol. 97, Issue 12, 2005,
pp. 124701.

Tables of x-ray mass attenuation coefficients and mass
energy-absorption coefficients from 1 kev to 20 mev
for elements z = 1 to 92 and 48 additional substances
of dosimetric interest (https://www.nist.gov/pml/x-
ray-mass-attenuati on-coefficients).

(http://www.sensorsportal.com).

New Issue
of the IFSA Newslé

is online!

£

Published by International Frequency Sensor Association (IFSA) Publishing, S. L., 2022

ISSN 1726-5479

All About Sensors

e dissonnstdntumitdcmt it T —
= oy " AL s i e

L By, s
0 5 ety § 5 s
oot i

https://www.sensorsportal.com/HTML/News.html



https://www.sensorsportal.com/

Sensors & Transducers, Vol. 259, Issue 5, October 2022, pp. 61-68

T
"

www.sensorsportal.com

Sensors & Transducers

Published by IFSA Publishing, S. L., 2022
http://www.sensorsportal.com

Detection of Motion Restriction with Smart I nsoles

1" Tomoko Funayama, Y asutaka Uchida and 3Y oshiaki K ogure
! Faculty of Medical Sciences, Teikyo University of Science,
Uenohara-shi, Y manashi, 409-0193, Japan
2 Faculty of Life & Environmental Sciences, Teikyo University of Science,
Adachi-ku, Tokyo, 120-0045, Japan
3 Professor Emeritus, Teikyo university of Science, Adachi-ku, 120-0045, Japan
1Tel.: + 81554634411, fax: + 81554636944
E-mail: funayama@ntu.ac.jp

Received: 9 September 2022 /Accepted: 11 October 2022 /Published: 31 October 2022

Abstract: In this study, a wireless smart insole was used to measure walking with joint motion restriction. This
smart insole outputs data for four parts—toe, heel, inside, and outside—and the color of these parts changes
according to the degree of weighting. Motion restrictions involving the ankle joint were performed to assess
changes in the physical condition. Normal walking without motion restriction was also assessed. Raw data from
the smart insole were graphed and visually predicted. Subsequently, we used support vector machines and K-
means methods to detect the classifications. Analysis of the data with and without ankle joint restrictions showed
atrend toward higher classification accuracy for those with restrictions. The peak value of each waveform during
the gait cycle, rate of decrease in the value after each peak, and data inside the insole were identified as potential
detection possibilities. The use of smart insoles may facilitate the determination of changesin physical conditions.
Thiswill lead to an assessment of the physical condition based on objective data.

Keywords: Smart insole, Physical condition assessment, Wearable devices, Walking monitoring, Wireless data.

1. Introduction

Assessing hedth conditions in daily life is
beneficial for older people and those with health
problems, and wearable devices are becoming
increasingly popular as aform of healthcare. The feet
areone of the most sensory-sensitive parts of the body,
and as they are the only body part in contact with the
floor when standing, they are responsible for
correcting posture. Owing to their distance from the
heart, blood circulation tends to be impaired during
sitting and standing positions. The soleisthe body part
through which health conditions are likely to be
indicated.

The indications of insoles for orthopedic diseases,
including osteoarthritis, diabetes, and other ailments

http://www.sensorsportal.com/HTML/DIGEST/P_3281.htm

related to old age, are being investigated in the
rehabilitation and health promotion fields [1-5]. The
world is becoming an ageing society. As the
population ages, the number of people facing health
challenges will increase [6]. Therefore, having a
healthy body and being active is important as long as
possible. For this purpose, the assessment of activities
will be useful. Research and development of smart
insoles that can acquire digital data to assess the
effects of aging and disease and for purposes such as
fall prevention has also progressed in recent years [7—
15]. The sensors used in these devices include
acceleration, temperature, and pressure sensors [16—
[24]. Considerable amount of data can be acquired
from various sensors. Therefore, focusing on which
dataare valid and how they are needed isimportant to
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determine the health conditions of an individual [25].
We have previously conducted a study using smart
insoles with occupational and physical therapists [26].
Occupational and physica therapists reviewed the
response to smart insoles and studied their motor
conditions, making observational judgmentsregarding
the sensor responses of smart insoles during simulated
motion restrictions. The response of the pressure
sensor on the smart insole serves as objective and
important datafor rehabilitation. Herein, we examined
the pressure sensor response of awireless smart insole
when walking with restricted ankle joints by
simulating restricted motion of the upper and lower
limbs to assess the changes in physical condition. The
subjects’ ankle joint range of motion was measured
beforehand [27]. This study was approved by the
Ethics Committee on Research of the Tekyo
University of Science, with humans as participants.

2. Experimental Method

2.1. Device and M easurement System

The smart insoles used were a wireless type
(FEELSOLEP®) that measures four parts per foot and
eight partsin total on both sides. Beforetheinsolescan
be used, they must be calibrated. Calibration was
performed four times: no pressure with no feet in the
shoes, standing on both feet, and standing on one foot
on each side. A 10-s operation was possible. The
colors of the four parts (toe, hedl, inside, and outside)
changed according to the weight applied. Therefore,
the user can visually determine the differences in the
application of weights to the four parts. The datawere
saved on an iPad Air (Apple) and could be viewed on
the screen. They weretransferred from the tablet to the
PC via email and made available for analysis. The
sampling frequency was 50 Hz, and the data were
output in the CSV format.

Fig. 1. Exterior of FEELSOLE and tablet screen.

2.2. M easurement M ethod

In this study, to assess changes in physica
condition, simulated walking with restricted upper and
lower limb motion was performed, and the pressure
sensor response of the smart insoles was examined
with and without restricted anklejoint motion focused.
Ankle joint motion was simulated using a supporter.
The responses of the sensorsto the four regions of one
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leg and eight regions of both feet were examined. The
ankle joint range of motion was measured in advance.
The range of motion (ROM) of the ankle joint is
shownin Table 1, where R signifiestheright side, and
L represents the left side. There were two subjects: a
femae in her 50s (Case A) and a mae in his 70s
(Case B).

Table 1. Anklejoint range of motion.

Case A CaseB
. R 50 45
Plantar flexion ] 55 50
. . R 20 20
Dorsi flexion 1 0 5

2.3. AnalysisMethod

The characteristics were visually predicted by
graphing the raw data from the smart insoles.
Subsequently, with respect to the features, we studied
how they could be classified as teaching data for
machine learning, support vector machines (SVM),
and we used the k-means method to check the degree
of classification. SVM was performed with the Python
library scikit-learn.

3. Reaults

3.1. Insole Data in Normal Condition

Figs. 2 and 3 show the data at the four insole
regions when walking normally without restrictionsin
Case A. Thefour regionswere the hedl, tog, and inside
and outside of the insole The horizontal axis
represents the data-measurement period. With respect
to time, the number 500 on the graph represents 10 s.
This corresponds to everything after Fig. 2. Figs. 2
and 3 show the right and left insoles, respectively.

The data val ues corresponding to the inside region
have aleft—right difference, with theright inside being
larger than the left inside.
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measurement period

heel toe inside outside

Fig. 2. Right insole with normal walking in Case A.
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Fig. 3. Left insole with normal walking in Case A.

Figs. 4 and 5 show the data at the four insole
regions when walking normally without restrictionsin
Case B. Figs. 4 and 5 show the right and left insoles,
respectively.
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Fig. 4. Right insole with normal walking in Case B.
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Fig. 5. Left insole with normal walking in Case B.

There were left—right differencesin the datafor all
four regions, with particularly large left—right
differencesin the heel and outside region.

Even without the simulated motion restriction,
there were differences from left to right and from
condition to condition, even in the same case. For
example, Case B showed larger heel data and a left—
right difference, whereasin Case A, the heel data was
small. The range of motion of the anklejointsislisted

in Table 1. Case B has a larger left—right difference
than Case A.

3.2. Insole Data in Ankle Joint Restriction

Figs. 6 and 7 show data from the right insole when
the right ankle joint was restricted. Fig. 6 shows Case
A, and Fig. 7 shows Case B.
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Fig. 6. Right insole with right ankle restrictionin Case A.
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Fig. 7. Right insole with right ankle restriction in Case B.

Both cases changed from normal walking when the
ankle joint was restricted. The differences with and
without restrictions were greater at the heel in Case B
and at theinsidein Case A. Evenfor theinsidein Case
B, differences with and without restrictions were
showed. In Case B, the waveform peak values for the
outside and toe are lower and those for the heel and
inside are higher, with and without restrictions.
Decrease in value after waveform peak differed
depending on ankle joint restrictions and insole
regions.

3.3. Peak Value and Rate of Decrease
The peak value and rate of decrease of After the
peak value in each waveform were analyzed. The rate

of decrease was calculated using the least-squares
method (LSM). The mean was calculated for each
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region of the right insole with respect to the percentage
decrease after the waveform peak with and without
right ankle joint restriction, as calculated using LSM.
Therate of decrease corresponds to the gradient of the
waveform. The absolute values of the mean for each
region in Cases A and B are shown in Figs. 8 and 9,
respectively. The vertica axis of the graph is the
average of the Smart Insole data for each region.
Walking without joint restrictions was considered
normal.

1000
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0
Outside

heel toe Inside

mnormal ankle restricted

Fig. 8. Mean rate of decrease after waveform peak in
Case A with and without restrictions.
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Fig. 9. Mean rate of decrease after waveform peak in
Case B with and without restrictions

The data corresponding to the inside region were
higher when there were restrictions in both cases,
namely Cases A and B.

3.4. SVM Analysis Using Peak Values
and Decreasing Rates

The possibility of classification by SVM was
examined with respect to the peak and decrease rates
of the right insole data with and without right ankle
joint restrictions. Since this study was in its initial
stages, we primarily focused on how the measured
data can be classified. We will add new tests to
confirm the accuracy of the classification in the future,
however, in this study, we confirmed the possibility
that SVM can be used to classify the data as supervised
data. We conducted comparisons using LSM and
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Subtraction of two weighted average (SWA) in SVM.
The rate of decrease in the waveform with SWA was
calculated using a subtraction of the values before and
after successive weighted averages to eliminate and
smooth out abrupt changes. Among the subtracted
values, the value with the largest decrease in value
before and after, i.e, the rate of decrease, was
extracted. The weighted average was obtained using
five values (target value, two each before and after)
calculated as follows. Owing to the large influence of
the central region, the percentages were calculated by
assigning 50% to the target value of the waveform,
20% to the values before and after one peak, and 10 %
to the values before and after two peaks. SWA was
calculated using the peak value and rate of decrease
for each waveform. Since one dataset was used per
wave, there were 6—7 data sets for each in the SVM.
The SVM parameters were C = 10.0, the kernel was
rbf, and gamma was 1 x 107%. This vadue was
selected to the extent that it does not result in
overtraining, although not fully optimized. All the
subsequent SVMss used the same parameters.

A. Detection using inside and outside data

SVM analysis was performed using the peak value
and rate of decrease data for each waveform as
learning data and four types of teaching data: with and
without right ankle joint restrictions, inside and
outside of the right insole, and combinations of them.
The results of SVM in Case A are shown in Figs. 10
and 11. Figs. 10 and 11 show LSM and SWA,
respectively. The dots in the figure are black on the
inside and red on the outside of the insole when the
insole is normal without ankle joint restrictions and
blue on the inside and white on the outside when the
insole has ankle joint restrictions.
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Fig. 10. SVM using LSM: inside and outside in Case A
with and without restrictions.

In Case A, 60.7 % accuracy was obtained for LSM,
asshownin Fig. 10, and 63.0 % for SWA, asshownin
Fig. 11. Case B was also implemented using the same
method as the SVM for Case A. Figs. 12 and 13 show
LSM and SWA in Case B.
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Fig. 11. SVM using SWA: inside and outside in Case A
with and without restrictions.
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Fig. 12. SVM using LSM: inside and outside in Case B
with and without restrictions.
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Fig. 13. SVM using SWA: inside and outside in Case B
with and without restrictions.

In Case B, 65.4 % accuracy was obtained for LSM,
asshowninFig. 12, and 80.8 % for SWA, asshownin
Fig. 13.

The accuracy was 60.7 % for LSM and 63.0 % for
SWA in Case A and 65.4 % for LSM and 80.8 % for
SWA in Case B. The resultstended to be dlightly more
accurate for SWA than for LSM. The color of the dots
indicates that more differences appear inside than
outside when the ankle joint is restricted. This is
shown in both Cases A and B.

B. Detection using heel and toe data

The heel and toe, which are considered points of
attention in gait analysis, were analyzed. The peak
value and decrease rate of the waveform were set as
learning data, and SV M was performed with four types
of data for teaching: distinction between the heel and
toe of the right insole and the presence or absence of
right ankle joint restrictions. Figs. 14 and 15 present
Cases A and B. Results for the heel and toe are shown
only for waveform peaks and the rate of decrease as
calculated by SWA. Thedotsin thefigureare black on
the heel and red on the toe of theinsolewhen theinsole
is normal without ankle joint restrictions and blue on
the heel and white on the toe when the insole has ankle
joint restrictions.
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0 2000 4000 6000 8000 10000 12000 14000
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Fig. 14. SYM using SWA: heel and toein Case A
with and without restrictions.
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Fig. 15. SVM using SWA: heel and toein Case B
with and without restrictions.

Accuracy was 57.7 % in Case A and 65.4 % in
CaseB. Theseresultswere obtained using pairs of heel
and toedata. While, regarding inside and outside pairs,
they were 63.0% and 80.8%, respectively. Accuracy
was higher for the inside and outside pairs than for the
heel and toe pairs. Furthermore, the color of the dots
in the figure indicates that athough there is a
difference between the heel and toe, detecting a
difference owing to the presence or absence of
restrictionsis difficult.
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C. Left and right insole data without
restrictions

SVM analysis was performed on four types of
insoles: left and right and inside and outside, when
walking normally without joint restrictions. The
waveform peaks and decrease rates calculated using
the SWA are shown below. The results for Cases A
and B are presented in Figs. 16 and 17, respectively.
Thedotsin thefigure are black for theright inside, red
for theright outside, blue for the left inside, and white
for the left outside.
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Fig. 16. SVM using SWA: inside and outside in Case A
without restriction.
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Fig. 17. SVM using SWA: inside and outside in Case B
without restriction.

The accuracies were 67.9% for Case A and 79.2%
for Case B. The colors of the dots in the figure also
indicate that both Cases A and B tend to be classified
into four categories.

SVM anaysis was performed on four types of
insoles—Ieft and right, heel, and toe—when walking
normally without joint restrictions. The waveform
peaks and decrease rates cal culated using the SWA are
shown below. The results for Cases A and B are
presented in Figs. 18 and 19, respectively. The dotsin
the figure are black, red, blue, and white for the right
heel, right toe, left heel, and left toe, respectively.
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Fig. 18. SVM using SWA: heel and toe in Case A
without restriction.
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Fig. 19. SVM using SWA: heel and toe in Case B
without restriction.

The accuracies were 57.7 % for Case A and
79.2 % for Case B. According to the colored dots in
the figure, the trend is different between Cases A and
B. Case A has higher values for the toes and Case B
has higher valuesfor the heels. Accuracy for theinside
and outside of the insole was 67.9 % and 79.2 % for
Cases A and B, respectively, whichisequal to or better
than that for the heel and toe.

3.5. Detection using K-means Clustering
Method

The K-means clustering method was performed by
inputting data for four patterns of combinations of
inside and outsideinsoles, with and without anklejoint
restrictions. The data were parsed using weighted
calculated peaks and percentage reductions. This is
unsupervised learning, which does not useinformation
data on the insole parts and restrictions. Cases A and
B were classified into four categories. However, for
Case B, the centers of gravity of the two clusters are
close. Figs. 20 and 21 show the results of the K-means
method using SWA data for Cases A and B.
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Boundaries of clusters

Fig. 20. K-means using SWA: inside and outside in Case A
with and without restrictions

Boundaries of clusters

@
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Fig. 21. K-means using SWA: inside and outside in Case B
with and without restrictions

4. Discussion

The response to the smart insoles varied from left
to right and condition to condition, even in the same
case. However, the SVM classification, which
simulates ankle joint restrictions, was more detectable
for the inside and outside insole pairs than for the heel
and toe pairs. This tendency was similar when
discriminating between the left and right sides during
normal walking, without restrictions. In addition, Case
B, wherein the left—right difference in ankle joint
range of motion was greater than that in Case A, had a
higher accuracy by SVM analysis. With and without
simulated ankle joint restriction, the rate of decrease
inside the insole was higher for those with restriction
from the colored pointsin thefigure, that is, theinside
of the unrestricted foot tended to change more slowly.
However, whether these results apply to normal
walking without restrictions remains to be
investigated. The possibility that supporters or other
factors may influence responses to smart insoles
should also be considered.

According to studies aready performed by
occupational and physical therapists using the same
smart insoles, they agree that the toes are considered
important in terms of predicting motion restrictions
and useful sensor parts. However, other aspects
differed depending on the therapist. Smart insoles can
be objectively applied and can complement therapists

assessments. In this study, we investigated the peak of
each waveform in the insole data and the rate of
decrease after the peak. The SVM analysis figure
shows that the difference is particularly noticeable
inside the insole. The inside and outside of the insoles
are considered to be more difficult to assess by
therapist observation than the heel and toes. In
particular, the soles of the feet can be used not only to
detect the subject's gait pattern but also to assess
fatigue and other health conditions. Falls among older
adults can also cause serious injuries such as broken
bones and head trauma and may result in the need for
nursing care. The use of smart insoles potentially
makes the assessment of changes in physica
conditions easier than ever before.

Therefore, we suggest that when assessing walking
with smart insoles, three points should be considered
in addition to examining the peak value and the rate of
decrease after the peak: (1) the differences from the
norm based on the characteristics of each individual
case, (2) the response of the pressure sensor of the
smart insole to common physical characteristics such
as ankle joint range of motion and gait, and (3) the
relation between the sensor and the sole of the foot.

5. Conclusions

In this study, we investigated two subjects with a
walking time of 10 susing asmall amount of data. We
did not use machine-learning test data for the SVM.
Therefore, the results of this study cannot be
generalized. However, we did find the possibility that
the data of the inside waveform peak and the rate of
decrease can be useful. We plan to increase the
number of subjects and extend the measurement time
of theinsoles.
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Abstract: Global Navigation Satellite System (GNSS) Precise point positioning (GNSS PPP) is widely applied
in high precision international time transfer. With the development of GNSS precision orbit and clock products,
GNSS time transfer technology has also attracted the attention of researchers. Traditional PPP has a long
convergence time. In this paper, the improved algorithm based on the RTS method is used to calculate the time
transfer results of different navigation systems to evaluate the improvement of this method on the time transfer
results of different systems. The results show that the time transfer link based on Global Positioning System (GPS)
and BeiDou Navigation Satellite System (BDS) can both achieve sub-nanosecond precision. The frequency
stability of the time transfer results can reach 2E-14 with the average time of 1E6 seconds. The improved method

can effectively reduce the influence of the convergence of the forward filter on the time transfer results.

Keywords: GNSS PPP, Kalman filter, Time transfer, Frequency and time, Time stability.

1. Introduction

With the development of GNSS, satellite
navigation technology has been widely used in many
fields of our life. In recent decades, many high-
precision time transfer technologies have aso been
achieved through satellites. GNSS PPP time
comparison technology is one of important technology
for BIPM to conduct international time transfer [1].
GNSS PPP time transfer technology has been widely
applied for low cost, high precision, and easy
maintenance [2]. Though the traditional static PPP has
high accuracy, it’s convergence timeis long [3, 4]. It
takes approximately 20 min required for 95 % of
solutions to reach a horizontal accuracy of 20 cm or
better for static PPP [5, 6]. PPP time transfer has the

http://www.sensorsportal.com/HTML/DIGEST/P_3282.htm

same result. For different satellite navigation systems,
the number of satellites, satellite elevation angles, and
signal quality observed by the user at the same time
are different. These factors can also cause PPP to have
different convergence times.

Traditional static PPP only uses forward filer. The
first series of positioning and time transfer data will
have poor accuracy. For post-processing calculation,
the fixed interval smoother can improve the accuracy.
The fixed interval smoother combines forward and
backward filter result by the noise matrix. This method
can reduce the influence of the one-way filter
convergence problem on the calculation of the initial
part of the data. But introducing the inverse filtering
result directly introduces additional noise, especially
inthe last part of theresult. In order to solve the above
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problems, based on previous work a post-processing
RTS method isinvestigated in this paper [7].

2. Method

The traditional static PPP model has multiple
model corrections, and it can be written as:
RS =pS+c-(dt, —dt, ) +T5 +17° +
+(d,;—dP)+g;+e%(RY)
L, =p°+c-(dt, —dt, )+T5 —1° +
+ATWS + NS ) +g +E5 (1)

@

where P° and L, are the code and carrier phase

observations, p° is the geometric distance, c is the
speed of light in vacuum, dt, and dt;; are the
receiver and satellite clock offset, TS is the
tropospheric delay, Ifj is the ionospheric delay,
(d,;,—d?) is the hardware latency, 4> is the
wavelength of carry phase, (W, +N?°) is the
ambiguity parameter, ¢; is the correction not listed,
S S S S . .
g (R’ and &7, (L7 ;) arethe observation noise.
GNSS PPP uses a Kalman filter for parameter
estimation. The estimation parametersinclude antenna
coordinates, receiver clock, tropospheric parameters

and ambiguity. The Kalman filter model is shown in
Equation 2:

K=Q*H*(H*Q*H+R)™
Xp=X+K*I 2
Qp=(1-K*H)*Q

where K istheKamangain, X and Xp arethestate
vector, Q and Qp arethe covariance matrix of states,

| isthe innovation (measurement - model), R isthe
covariance matrix of measurement error, H is the
transpose of the design matrix, | isanidentity matrix.

For forward filtering, the state parameters and the
covariance matrix of the current epoch are calculated
from the state parameters and the covariance matrix of
the previous epoch. For post processed calculations,
the fixed interval smoothed filter is used to combine
the result of forward and backward filtering. For a
calculation process with a total of N epoch, for epoch
k, the state parameters and covariance matrix of epoch
k can be calculated from epoch 1 to epoch k by
forward filtering, and from epoch n to epoch k by
backward filtering. The fixed interval smoothed filter
combines the forward and backward results in a
smoother, then get the final result. In this way, the
results of the unconverged part of the forward filter are
improved. However, this calculation introduces
additional noise at the end of the data. Thus, a new
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method based on Rauch-Tung-Striebel
algorithm is applied in this paper.

First, for atotal of N epoch, a series of data from
the epoch 1 is calculated by backward filtering. For
post processed calculation, sufficient data are used to
calculate the covariance matrix and state parameters
for epoch 1 with high precision. The station geodetic
coordinates, clock offsets, troposphere, ambiguity and
corresponding covariance and noise matrices are used
as initial information for forward filtering [8]. The
result of this forward filtering from epoch 1 to epoch
N is the final result. In this way, the influence of
convergence at the beginning and the end of the
calculation results can be reduced.

(RTS)

3. Calculation and Analysis

The PPP time comparison data UTC(TP)-
UTC(ORB) of ORB and TP stations from MJD 59580
t0 59587 are shown in follow section. The precise orbit
and clock files are from GeoForschungsZentrum
(GFZ). The caculation results of GPS and BDS are
shown in following part. The time comparison results
between the two stations published by the
International Bureau of Weights and Measures
(BIPM) are used as reference.

3.1. Time Transfer Results

Time transfer results using the above seven-day
data processing are presented. The three methods
mentioned above are all used for the calculation, and
the time transfer results between the two stations
through different two satellite navigation systems are
different.

As can be seen from the Fig. 1, benefit from the
high accuracy of the calculation results of the
traditional static PPP, the results calculated by the
above three methods are very close. Only the results
of the forward filtering have an obvioudly difference
from the reference value at the beginning of each day.

UTC(TP)-UTC(ORB) (GPS)

—BIPM GPS PPP

—The fixed interval smoother
Forward filtering

—The RTS method

&
o

o
<

Time offset (ns)

50 . | . . . .
5580 59581 50582 50583 59584 59585 59586 59587
MJD (day)

Fig. 1. The GPS PPP time transfer result of UTC(TP)-
UTC(ORB) calculated by the above three methods and the
results published by the BIPM. The observation data are
from TP and ORB laboratories during MJD59580 to
MJD59587.
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From Fig. 2, it can be seen that the calculation
results of Beidou are similar to GPS. The results
calculated by the RTS method and the fixed interval
smoother are very close to the reference values, and
the results calculated by the forward filtering are
dightly fluctuating.

In order to perform a detailed comparison of the
impact of various methods on the results of different
systems, the calculation results are shown as the
difference between the clock offset between the two
stations cal culated by the above three methods and the
reference.

UTC(TP)-UTC({ORB) (Beidou)

—BIPM GPS PPP

| |—The fixed interval smoother

Forward filtering
—The RTS method

r
[

W
(=]
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[
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=]

Time offset (ns)

A
&)
T

-50 - : - - - -
50580 50581 59582 59583 59584 59585 59586 59587
MJD (day)

Fig. 2. The BDS PPP time transfer result of UTC(TP)-
UTC(ORB) calculated by the above three methods and the
results published by the BIPM. The observation data are
from TP and ORB laboratories during MJD59580 to
MJD59587.

3.2. Analysis of Time Transfer Results

The differences of the results of the different
methods are shown below. The difference between the
forward filtering method and the RTS method are
shown in Fig. 3 and Fig. 4.

EJTC(TP)—UTCIZ(ORB) (GF’SI)

— Forward filtering-BIPM
—The RTS method-BIPM

1.5

=y

05F

-1.5
0

Time offset (ns)
(=)

P 12 18 24
Time (hour)

Fig. 3. Difference between time comparison results

calculated by RTS algorithm and Forward filter GPS PPP.

The observation data are from ORB and TP station, during
MJD 59580.

As can be seen from Fig. 3, the difference between
the GPS PPP results calculated by the two methods
and the reference valueis on the order of nanoseconds.
When compared with the RTS method, the result with

forward filter has an obvious convergence process. In
the first 6 hours of each day's data, the result of
forward filter has large fluctuations. The root mean
square (RMS) of the calculated results for the seven
days data are used to quantitatively compare the two
methods. The RMS of the results using the forward
filtering for seven consecutive daysis 319 ps, and the
RMS of the first 6 hours of each day is 427 ps. The
RMS of the results using the RTS method for seven
consecutive daysis 115 ps, and the RMS of thefirst 6
hours of each day is 88 ps, much better than the
forward filter.

15 UTC(TP)-UTC(ORB) (BDS)

— Forward filtering-BIPM
[ |=—The RTS method-BIPM

E WM

051

-

Time offset (ns)
c

-1.5
0

5 12 18 24
Time (hour)

Fig. 4. Difference between time comparison results

calculated by RTS algorithm and Forward filter BDS PPP.

The observation data are from ORB and TP station, during
MJD 59582.

The BDS data shows the same characteristics to
GPSdata. Inthefirst 12 hours, thereis a difference of
several hundred picoseconds between the forward
filter and the RTS method. But in the last 12 hours the
two are very close. The RMS of the results using the
forward filtering for seven consecutive daysis 351 ps,
and the RMS of thefirst 6 hours of each day is471 ps.
The RMS of the results using the RTS method for
seven consecutive daysis 125 ps, and the RMS of the
first 6 hours of each day is 98 ps.

It can be seen that the RTS method improves the
calculation results of the forward filtering of BDS and
GPS, and it ismore significant in theinitial part of the
calculation, which reduces the offset between the
calculation results and the standard value. At the same
time, it issimilar to the result of forward filtering after
convergence, and the characteristics of forward
filtering are maintained. In contrast, GPS converges
faster than BDS. After theforward filter has converged,
and when using the RTS method, the time transfer
accuracy of the two is comparable.

The difference between the fixed interval smoother
method and the RTS method are shown in Fig. 5 and
Fig. 6.

Fig. 5 shows that the results calculated with these
two methods by GPS PPP are similar, the difference
from reference value is within 0.5 ns. The results
calculated by the two methods are obvioudly different
inthelast half series data. The calculation result of the
RTS method is closer to the result calculated by the
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forward filtering. The RMS of the results with the
fixed interval smoother for seven consecutive daysis
134 ps, and the RM S of the last 6 hours of each day is
151 ps. The RMS of the results using the RTS method
for of thelast 6 hours of each day is 138 ps. The result
with RTS method has higher accuracy in the last
6 hours of daily data.

It can be seen from Fig. 6 that the difference
between the time transfer results of the two stations
through BDS PPP and the reference vaue is
maintained within 0.5 nanoseconds. The calculation
result of the RTS method is closer to the result
calculated by the forward filtering. The RMS of the
results with the fixed interval smoother for seven
consecutive daysis 122 ps, and the RM S of the last 6
hours of each day is 130 ps. The RMS of the results
using the RTS method for of the last 6 hours of each
day is 127 ps. The result with RTS method has higher
accuracy in the last 6 hours of daily data.

_UTC(TP)}UTC(ORB) (GPS)

— The fixed interval smoother-BIPM
| |==The RTS method-BIPM

Mﬁww

o
3

Time offset (ns)
(=]
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[}

0 6 12 18 24
Time (hour)

Fig. 5. Difference between time comparison results

caculated by RTS agorithm and Fixed interval smoother

GPS PPP. The observation data are from ORB and TP
station, during MJD 59580.

_UTC(TP)-UTC(ORE) (BDS)

— The fixed interval smoother-BIPM
— The RTS method-BIPM
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Fig. 6. Difference between time comparison results

caculated by RTS agorithm and Fixed interval smoother

BDS PPP. The observation data are from ORB and TP
station, during MJD 59582.

The time transfer results calculated by the two
navigation systems using these two methods are
considerable precise, and the offset between the result
and the reference value is within 0.5 nanoseconds.
During the last 6 hours of data, the time-transfer
results cal culated using the RTS algorithm are slightly
closer to the reference values.
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3.3. Frequency Stability Analysis

The stability analysis is shown in following parts.
Overlapping Allen deviation is used to evaluate the
frequency stability of the alignment results[9].

Fig. 7 and Fig. 8 show the overlapping Allan
variance of UTC(TP)-UTC(ORB) caculated by the three
methods via GPS and BDS PPP and published by
BIPM. It can be seen, for both GPS and BDS, the
results of the RTS method and the fixed interval
smoother have little difference compared to the value
published by BIPM. However, the frequency stability
of the results of the forward filtering is an order of
magnitude lower than the others at an average time of
1000 seconds. As the average time increases to
100,000 seconds, the frequency stability of the results
of the forward filtering raised to the same level asthe
others. It can be seen that both methods improve the
short-term stability and reduce the impact of non-
convergence compared with forward filtering for
different navigation systems.

ey Overlaplping Allan Deviatiop (GPS)

>¢Forward filtering
-+¢<The RTS method
The fixed interval smoother|
10717 E -<-BIPM GPS PPP
10-13 L
10714 . .
100 1000 10000 100000

Average time (s)
Fig. 7. Overlapping Allan deviation of UTC(TP)-

UTC(ORB) calculated by different methods from MJD
58590 to MJD 59587.

Overlapping Allan Deviation (BDS)

10—11

-*%Forward filtering
+<The RTS method
The fixed interval smoother
10.12 L ->-BIPM GPS PPP
10-13 L
107 ' :
100 1000 10000 100000

Average time (s)

Fig. 8. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from MJD
58590 to MJD 59587.

Fig. 9 and Fig. 10 depicts the overlapping Allan
variance calculated from 0:00 to 12:00 on MJD 59580
using the three methods by GPS and BDS PPP. The
frequency stability of the results calculated with
forward filtering is obviously worse than the other two
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methods. It can be seen that in the previous part of the
calculated data, both methods effectively improve the
end effect with forward filtering.

101 Overlapping Allanl Deviation (GPS)

- Forward filtering
--The RTS method
The fixed interval smoother|
10712F
10713E
-14 1
10 100 1000 10000

Average time (s)

Fig. 9. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 0:00
to 12:00 on MJD 59580.
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- Forward filtering
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Fig. 10. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 0:00
to 12:00 on MJD 59580.

The overlapping Allan deviation from 12:00 to
24:00 on MJD 59580 calculated by the three methods
differslittle from each other. Therefore, this part of the
resultsis presented in Table 1.

Table 1 depicts the overlapping Allan variance
calculated from 12:00 to 24:00 on MJD 59580 using the
three methods. In the last half part of the calculated
data, the results of the three methods have the same
order of magnitude of frequency stability. The result
calculated by the fixed interval smoother shows
slightly worse frequency stability when the average
time reach 10000 seconds. Thisis caused by the direct
introduction of backward filtering results.

4. Conclusion

The results show that the PPP time transfer results
based on GPS and BDS have high precision. TheRMS
of the offset between the reference values and PPP
time transfer results using forward filtering, the fixed
interval smoother and RTS methods are within 0.5 ns.
Long-term frequency stability of time transfer results
can reach 2E-14 with the average time of 1E6 seconds.

Table 1. Overlapping Allan deviation of UTC(TP)-
UTC(ORB) calculated by different methods from 12:00

to 24:00 on MJD 59580.
Overlapping Allan deviation

?i\r/ne;a(lg;e F_or war d TheRTS -I;Etee:'\)/(;d
filtering method smoother

GPS PPP
3.00E+02 | 4.01E-13 4.03E-13 4.04E-13
6.00E+02 | 2.97E-13 2.98E-13 2.99E-13
1.20E+03 | 2.03E-13 2.02E-13 2.00E-13
240E+03 | 1.48E-13 1.47E-13 1.46E-13
4.80E+03 | 1.03E-13 9.87E-14 9.76E-14
9.59E+03 | 3.07E-14 2.99E-14 3.26E-14

BDS PPP
3.00E+02 | 4.19E-13 4.17E-13 4.35E-13
6.00E+02 | 2.70E-13 2.70E-13 2.73E-13
1.20E+03 | 1.46E-13 1.47E-13 1.46E-13
2.40E+03 | 9.68E-14 9.82E-14 1.00E-13
4.80E+03 | 7.28E-14 7.35E-14 7.34E-14
9.59E+03 | 3.73E-14 3.17E-14 3.28E-14

For different navigation systems, the calculation
results of the convergence time are different. Both the
fixed interval smoother and the RTS methods can
considerably improve the influence of the forward
filter non-convergence on the accuracy of timetransfer
results. In the first few hours of the calculation, the
error is reduced by a factor of several, and the
frequency stability is improved by about an order of
magnitude. But in the last hours of the results, the
frequency stability of results calculated by the RTS
method and the forward filter method are both dlightly
better than the fixed interval smoother.

In conclusion, the improved RTS method can
effectively reduce the influence of the convergence of
theforward filter on the timetransfer resultsfor GNSS
PPP, and do not introduce large noise. This method
can achieve sub-nanosecond PPP time transfer.
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Abstract: In power converter or inverter applications, MOSFETs are used as switches to control the value of
output current or voltage. The MOSFET turn on/off are controlled by the PWM control IC or MCU with gate
driver to achieve high frequency switching. In general, the absolute maximum negative voltage rating of the
driving pin at the control IC or gate driver is not sufficient and the driving pin could be damaged by negative
voltage which could be induced by the high frequency switching during the MOSFET turn on/off. The main
purpose of this paper is to derive and adopt the negative voltage analysis model to evaluate and find out the
MOSFET parameter relation which leads to the control IC damaged by negative voltage. The experimental results
are demonstrated on the LLC converter with 400 V input voltage and 12 V output voltage. The negative voltage
waveforms are measured from the LLC half bridge and synchronous rectifier circuits. Several experimental results

are presented to validate this analysis model.

Keywords: Parameters of MOSFET, PWM control IC, Gate driver, Negative voltage, LLC converter.

1. Introduction

In many of switching power supply applications,
the gate drive pin of the control IC could be damaged
by the negative voltage over the maximum rating. The
driving of the power MOSFET is related to the
switching speed of the turn-on/off in the switching
power supply design [1-3]. The characteristic of the
MOSFET and the capability of the gate driver need to
be checked at the same time [4- 8]. Due to the parasitic
inductance of the MOSFET lead and PCB circuit trace,
the driving circuit loop could generated the negative
voltage by high current deviation at the reverse
recovery time of the MOSFET body diode [9-11]. This
paper introduces negative voltage analysis model for
gate driving. The next section presents operation

http://www.sensorsportal.com/HTML/DIGEST/P 3283.htm

principle of gate driving and derivation of analysis
model. Experimental results are presented in Section 3
and the conclusion is given in Section 4.

2. Implementation of Circuit

Among circuitry topologies for the switching
power supply, LLC converter is chosen for negative
voltage measurement and its main DC/DC and
synchronous rectifier circuits are shown as Fig. 1. The
S, and S, are the high voltage MOSFETs of half
bridge and configured to output the square wave
voltage. The low voltage MOSFETs S3 and S, are the
power switches of the secondary side synchronous
rectifier to minimize power loss.
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Fig. 1. The LLC converter for application.

2.1. Gate Resistor

The switching speed of the turn-on/off is related
the parasitic capacitance of the MOSFET and gate
driving circuit [12-14]. The basic driving circuit is
shown as Fig. 2. The resistor Ry is to make the gate-
source voltage down to zero volts while the gate-
source voltage is open. Therefore, we recommend
placing 10 kO~100 kQ resistor for reducing
malfunction of the switch. The gate resistors Ry oy
and R, and the capacitance C;; would affect the
switching speed and the switching loss. For gate
resistor selection to reduce switching loss, the
following equation is recommended for the setting of
gate to source voltage rise/fall time by 5 time
constants:

Lrise/fal = 5X (Rg,ext + Rg) X Ciss » (D

where Cjg; is the input capacitance. Ry is the internal
gate resistor. Ry 4 is the external resistor to change
the switching speed for efficiency, thermal or EMI
optimization in the gate drive circuit [15, 16]. From
Potens’ experience, we choose:

tperiod > 50 , (2)

trise/fall

where tperioq is the period (cycle duration). The
relation of the period and the switching frequency f;
is:

1
tperiod = ]T (3)
S
From equation (1) to (3), Ry ¢x: can be expressed as
below:

1
R <———R
9-eXt = 550%feXCiss g

; “

We can use equation (4) to determine the suitable
external resistor for the gate drive circuit.
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2.2. Negative Voltage Analysis Model

The gate drive circuit loop with parasitic
inductance Lp,, the gate drive voltage Vs, the gate
drive resistor Ry, the gate drive resistor voltage Vg, the
gate drive current I, and gate to source voltage V; are
shown in Fig. 3.

D
Ciss:ng+Cgs
::ng
Ry e R x L
VWL WY |"|—_} T Cas
C,
Ves =&
N & T
0

S

Fig. 2. The basic gate drive circuit.

Vs Viri & Lp,

ol

Fig. 3. The gate drive circuit with parasitic inductance.

In reverse recovery related period, I , is defined
as the current of body diode. Fig. 4 is the relation
between the reverse current of body diode and the
voltage of parasitic inductance. The Iy is the
maximum reverse current of body diode, ¢, p is the
period of the positive induced voltage and t,, y is the
period of the negative induced voltage. Therefore, the
magnitude of the negative voltage can be derived as

_ dlg r _
Vipr = Lpy X . Lpy X

E

)

O-IrRM _ _ L IrRM
= P1
trr N trry

The relation of the reverse recovery charge, the
reverse recovery time and the maximum reverse
current is shown as

1
er = EIRM X trr 5 (6)
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The duration of the negative voltage means the energy
stress on the gate drive pin of the control IC. The more
duration the negative voltage sustains; the more
control IC will be damaged. Therefore, we can drive
the negative voltage energy as

A= 1|Vipi| X try (7

Substitute equation (5) and (6) into (7), we can derive
the area of the negative voltage energy as

A=2><LP1><% (®)

rr

The equation (8) means that the energy might damage
the IC is related to the ratio of the reverse recovery
charge and the reverse recovery time.

t rr_P 1, rr_N,

-1, dr

by

Iru

Vipi

Fig. 4. Relation between Id current and negative voltage.

From the above relation, we can established the
negative voltage analysis model considers the
influence on the gate drive circuit and MOSFET
equivalent circuit. The MOSFET parameters are the
inputs of model and the parasitic parameter is
measured from circuit loop inductance. By this
analysis model, we can obtain the negative voltage as
the output and estimate the influence of the negative
voltage on the gate drive pin of the control IC from
this model. Fig. 5 is the negative voltage analysis
model. In gate drive circuit, the gate drive voltage can
be derived as

VGS = VLPl + VR + Vqs
dly, ©)
= Lp; X7+%S+Ig XRg
When the gate drive resistor is increased, the
magnitude of the negative voltage is decreased shown
as the following relationship:

Ry T= [Vgs| L (10)

From above relation, the smaller the negative
voltage is, the smaller the energy is. Therefore, the
possibility of IC damaged is being low by increasing
the gate drive resistor.

Parameter Input
@asured: Lpy \
Calculated: Vjp; = Lp; X d(Ii‘it-T
= Lpy x RM
trIr_N
= —Lpy x RM

TN

Defined:

N

A= |Vipi| Xty

Calculated Negative Voltage and
Defined Negative Voltage Area
w.r.t. time

Fig. 5. Negative voltage analysis model.

3. Verification Based
on Experimental Result

To demonstrate the effectiveness of the proposed
analysis model, a 300 W LLC converter platform is
chosen for demonstration. The negative voltage is
measured and verified through this LLC converter
platform with primary side half bridge and secondary
side synchronous rectifier. Fig. 6 is the LLC circuit
evaluation board and its main component selection and
circuit parameters are given in Table 1.

Potens-semi
LLC coaverter
DK1-22

VISNDIN

W

Fig. 6. The LLC circuit evaluation board.

Table 1. Parameters of main circuit.

Parameter Value Description

G 220 uF 450V elegtrolytlc
capacitor

650V Super Junction
S1, $2 <600 mQ MOSFET
e Ln=600 pH, CC33, Np:Nsi: N2 =
L=100 pH 34:2:2

Cr 68 nF 1 kV film capacitor

83, S4 <20 mQ 65 V MOSFET

c 1500 uF x 4 16V elec.trolytlc
capacitor
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To compare more example, we take four different
Super Junction MOSFETs for negative voltage
analysis of S;/S; pair [17 - 20]. Fig. 7 - 10 are the
reverse current waveforms of PJF20N65N,
PJF14N65N, PJF11N65N and PJFO8N65N, which are
measured by the reverse recovery tester. Then the
measured data (the maximum reverse current of body
diode, the period of the negative induced voltage, the
reverse recovery charge, the reverse recovery time)
and the calculation data (the negative voltage, the
negative energy and the ratio of the reverse recovery
charge and the reverse recovery time) are shown in
Table 2 and the parasitic inductance is measured and
it is about 5 nH. Table 2 shows that the negative
voltage energy is proportional to the ratio of the
reverse recovery charge and the reverse recovery time.
It means the negative voltage energy in MOSFET
application can be judged by the ratio of the reverse
recovery charge and the reverse recovery time directly
while choosing a new MOSFET. Fig. 11- 14 are the
negative voltage of V5 waveforms of PJF20N65N,
PJF14N65N, PJF1IN65N and PJFOSNG65N. These
figures show that the period of the negative induced
voltage and the negative voltage are close to the
calculated data in Table 2. The comparison of
calculated and measured negative voltage is shown in
Table 3. There is above 85 % accuracy for the
calculated data from the negative voltage analysis model.

tyy y = 60.2ns

t,, =256ns

12.5A/div
—

100ns/div

Fig. 7. The reverse current of PIJF20N65N.

tyr y =52.2ns
ty =240ns ——

12.5A/div

—

100ns/div

Fig. 8. The reverse current of PJF14N65N.
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tr v =43.205

t, =227n5

Topr = 33/4A

12 5A/div
—

100ns/div

Fig. 9. The reverse current of PJF11N65N.

tyr N =29.2ns
tyy =218ns «~—

B
12.5A/div
100ns/div
Fig. 10. The reverse current of PJFOSN65N.
Table 2. MOSFET parameters and calculated
negative voltage.
PartNo. | br | @rr |Irm [trrn (Vipr | A Qrr
@) |O) | (A) | @S) | V) |(Vn9)[t,.,
PJF20N65N| 256 | 5233 | 38.1 | 60.2 | -3.2 | 193 (204
PJF14N65N| 240 | 4576 | 35.5 | 522 | -3.4 | 177 |19.1
PJF1ING65N| 227 | 4025 | 33.4 | 43.2 |-3.85| 168 [17.7
PJFOSNOSN| 218 | 3888 | 29.2 | 42.7 | -3.4 | 145 [15.5
Vbs Ves

5V/div

I 80V/div

—

100ns/div

Fig. 11. The negative voltage of PIF20N65N.
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Vps Vs

A

SV/div

80V/div

—

100ns/div

Fig. 12. The negative voltage of PIF14N65N.

Vbs Vas

S

I 5V/div

El v I3,7V

—

41ns

\

80V/div

—

100ns/div

Fig. 13. The negative voltage of PIF11N65N.

v

5V/div

80V/div

—

100ns/div

Fig. 14. The negative voltage of PIFOSN65N.

Table 3. Calculated and measured negative voltage.

Calculated Measured
data data
Vip1 A Vip1 A Vip1 A
M [(V:ns)| (V) [(Vons)| (%) | (Y0)
PJF20N65N| -3.2 193 2.9 183 [10.3% | 5.5%
PJF14N65N| -3.4 177 3.1 155 | 9.7% |14.2%
PJF1IN65N| -3.85 | 168 3.7 152 | 5.4% |10.5%
PJFOSNG65N| -3.4 145 33 129 | 3.0% |12.4%

Error

Part No.

For synchronous rectifier, we also take four
different low voltage MOSFETs for negative voltage

and R, impact analysis of S»/S, pair [21 - 24]. Fig. 15
shows the turn on waveforms of the PDEC69F0BX-5
which Ry is 26 Q, and Fig. 16 shows the turn on
waveforms of the PDC6974X-5 which R is 1.8 Q.
Fig. 17 shows the turn on waveforms of the
PDC6986BX-5 which R is 0.9 Q. Fig. 18 shows the
turn on waveforms of the PDC6988X-5 which R, is
0.3 Q. These results shows that a larger R will have a
smaller negative voltage. From above analysis, we
could also conclude that the large ratio of the reverse
recovery charge and the reverse recovery time is the
highest possibility to damage the gate drive pin of the
control IC.

J 5V/div

\
“ } 5V/div

—

100ns/div

Fig. 15. The negative voltage of PDEC69F0BX-5.

I 5V/div

5V/div

{
|

—

100ns/div

Fig. 16. The negative voltage of PDC6974X-5.

5V/div

—

100ns/div

Fig. 17. The negative voltage of PDC6986BX-5.
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SV/div

5V/div

—

100ns/div

Fig. 18. The negative voltage of PDC6988X-5.

4. Conclusions

This paper shows an analysis method to evaluate
the influence of the negative voltage caused by the
parasitic inductance of the MOSFET lead and PCB
circuit trace and an impact on the drive pin of the
control IC. The reverse recovery time is also the
highest possibility to damage the gate drive pin of the
control IC. The more duration the negative voltage
sustains, the more possibility that the control IC will
be damaged. However, we could reduce the negative
voltage drop at the gate drive pin by increasing the
gate drive resistor to avoid IC damaged.
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Abstract: Optical devices and circuits are now key elements in a variety of applications, including biotechnology,
automotive, food quality control, chemistry, etc. It is highly desired to find low-cost solutions to the photonics
integrated circuits (PICs). In this paper, a comprehensive review of silica-titania (SiO,:TiO,) materials obtained
by a sol-gel method come together with a dip-coating technique, and the numerical analysis of different optical
devices based on the SiO,:TiO, optical platform are discussed. The sol-gel method is highly effective and does
not require the use of expensive high-tech equipment. We discuss recent progress in our consortium on a cost-
effective Si0,:TiO; optical platform for integrated photonics applications, with a concentration on materials,
devices, and optical sensing principles investigated via numerical simulations.

Keywords: Integrated photonics, Photonic integrated chip, Photonic sensor, Ring resonator, Grating, Photonic
crystal, Silica titania, Sol-gel dip-coating method.

1. Introduction

Optical devices and circuits are now essential
components in various applications, including
biotechnology, automotive, food quality control, and
chemistry, to mention a few. The attraction in optical
sensing is supported by the exceptional benefits made
possible by photonic technologies, such as high
sensitivity, low cost, compactness, integration with
electronic devices, and metal-free operation. Since
technology has advanced so quickly in the last decade,
silicon (Si) photonics has become one of the most
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efficient technology platforms for producing a wide
range of functional optical components [1-5].

On the other hand, silica (Si0Oy), titania (TiO2), and
silica-titania (Si0,:TiO,) materials obtained by the
sol-gel technique have received much attention due to
their potential optical applications [6-9]. The
substantial performance of integrated photonic sensors
is supported by technological characteristics and
advances, among  which ring  resonators,
subwavelength gratings (SWG), and one-dimensional
photonic crystals (PhC) have fascinated the attention
of scientists in recent years [6, 10-12]. In the following

http://www.sensorsportal.com/HTML/DIGEST/P_3284.htm
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sections, we discuss the recent developments on a low-
cost silica-titania optical platform for integrated
photonics applications, with special consideration to
materials, devices, and optical sensing principles
based on the numerical analysis performed in our
group. Building planar (1D) and ridge (2D)
waveguides for photonic integrated circuits (PICs)
with acceptable optical characteristics and low optical
transmission losses has been processed using SiO»,
TiO,, and Si0,:TiO, compounds obtained by the sol-
gel method [13-15]. The sol-gel method and dip-
coating technique are simple and inexpensive [16].
They allow the coating of large surfaces and do not
require extremely high-temperature processing.
Fabrication of high-quality thin films with exceptional
thermal and mechanical stability using them is
possible [17, 18]. A sufficient refractive index (R.I)
contrast (An) between the substrate and the guiding
layer is required for a functional WG [19].

The refractive indices and thickness of sol-gel
films can be modified by fine-tuning the set-off
precursors and solvents, in addition to the compound
molar ratio and reaction temperature. Rare-earth
elements [20, 21], laser dyes [22], and other organic
compounds [23] can be doped into these WGs,
permitting SiO, and TiO, sol-gel materials to be
utilized in optical amplifiers, laser-active media, and
sensing applications [24, 25]. The sol-gel process is
highly effective and does not necessitate using pricey
high-tech equipment. The sol-gel technique can adjust
the R.I of the waveguide films. The optical losses
sustained by these waveguides are equivalent to
waveguides obtained using the chemical vapor
deposition (CVD)/low-pressure chemical vapor
deposition (LPCVD) method [26, 27]. Several
research groups have developed optical waveguides
based on a silica-titanium platform for different
applications in recent years [28-30].

A recent study [9] demonstrated a desirable
waveguide platform based on SiO,:TiO; that is simple
to develop and inexpensive. The material is an
excellent choice for the visible and near-IR
wavelength range due to its broad transparency range.
Another study [10] discussed developing an optical
waveguide system utilizing the sol-gel method and
dip-coating technique. The optical characterization of
the waveguide system is investigated at a visible
wavelength. However, the system can operate from
visible to near-IR wavelength ranges.

The same approach involving the sol-gel method
[11] is used to develop high-quality SiO,:TiO, thin
films on a glass substrate. The coating process
produces thin films with reduced surface roughness
and losses, making them an excellent choice for the
waveguiding purpose. A recent work [6] proposes
numerical modeling of extremely attractive SWG
waveguides for filtering and sensing applications
using the finite element method for modelling and
nano-imprint lithography (NIL) process to develop
low-cost  integrated photonic  devices. The
experimental analyses of these sensor designs are yet
to be performed. However, the development of the

silica-titania platform and its characterization has been
performed at the Silesian University of Technology,
Poland.

2. Materials and Fabrication Process

The coating process involves depositing a thin
layer of materials onto a substrate in either the solid or
liquid phase (solution). According to production needs
for coated layer thickness, coated surface roughness,
rate, and coating product size—which can be
determined by coating velocity, coated film width, and
designing capabilities—coating strategies may be
used. Silica titania (SiO: TiO;) has been widely
researched because of its potential optical properties
and applications [31]. It is a material that constitutes
the new low-cost technological platform for PICs via
the aforementioned combination of the sol-gel method
and dip-coating technique [32]. SiO:TiO; itself is a
very attractive material regarding integrated photonics
because its R.I may vary between 1.6-2.2 and its
spectral range stands from visible to NIR [12].
Moreover, the material combined with this fabrication
technique gives the possibility to create optical
interconnects with minimal transmission losses
[33-36].

First of all, the fabrication process of a single
Si0,:TiO, waveguide film will be discussed. This
process is relatively simple [25, 37] as depicted
in Fig. 1.

I I «Deposition l | I « Solvent

and drainage evaporation

! ! I

a— o—
/. u -

sol precursor

I Dipping

substrate

Fig. 1. Sol-gel dip-coating fabrication method.

To carry out the fabrication process the following

components are required:

1. Substrate — which is the material on which
Si0,:TiO, will be deposited will be fully
covered by it, creating a full SiO,:TiOs
waveguide film, e.g., soda-lime glass or BK7
glass. BK7 glass is preferred due to its lower
thermal expansion coefficient and lower
surface roughness.

2. Sol precursor — a previously prepared colloidal
solution that contains the covering material,
e.g., Si02:TiOs.

The preparation of the sol precursor for SiO»:TiO,

consists of adding SiO, and TiO, precursors
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respectively being tetraethyl ortosilicate (TEOS) and
tetracthyl ortotitanate (TET) with a homogenizing
factor which in this case was ethyl alcohol (C;HsOH).
Further to carry out the reaction of hydrolysis and
condensation, hydrochloric acid (HCIl) needs to be
used [13].

After having the BK7 glass covered by SiO,:TiO>
to harden the material it is necessary to carry out heat
treatment. Numerous factors, such as pH and solution
concentration, might have a significant impact on the
efficacy of the dip-coating process by altering, for
instance, its viscosity. Nevertheless, because coating
techniques used in modern studies have been well-
documented in earlier works, pH and solution
viscosity are rarely discussed by writers. Using more
viscous solutions causes more clumping and thicker
coating layers, so fewer dip-coating cycles are
necessary to achieve a specific thickness or amount of
deposited mass. The resulting coating, meanwhile,
may shatter and agglomerate particles in unfavorable
locations. To get around these problems, the dip-
coating technique might offer a more homogeneous
coating by combining a less viscous solution with
numerous repetitions.

As for the dependence of R.I on the variables of the
process, it should be noted that it depends on the
stoichiometric ratio between precursor components as
shown in Fig. 2.

The withdrawal speed of the substrate from the sol
affects predominately the thickness of the deposited
film as presented in Fig. 3.

2,00 —r——— 1

jqol— 0 0w .
0 0.1 02 0.3 0.4 05 08 07

Til(Ti+Si)

Fig. 2. Sol-gel dip-coating fabrication method [10].
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Fig. 3. Sol-gel dip-coating fabrication method [10].
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The main benefit of using this method over other
conventional methods of thin film deposition as
plasma-enhanced  chemical vapor  deposition
(PECVD), low-pressure chemical vapor deposition
(LPCVD), or physical vapor deposition (PVD) is that
it is much easier to conduct, extremely cheaper and
does not require foundries or advanced equipment and
laboratories [38].

Once the platform is prepared, the next step is the
fabrication of waveguide interconnects and other
waveguide structures. There are several methods of
fabrication of such structures. Some approaches are
shown in Fig. 4. All the following three methods are
currently being explored in our consortium.

Fabrication methods

v N

Nano-imprint

ICRRIE litography

Wet chemical
etching

Fig. 4. WG structure fabrication processes.

An exemplary rib WG fabrication process via
reactive ion etching (RIE) [39] is shown in Fig. 5.

mask deposition

substrate — substrate
reactive ion etching /
mask removal
CoosioTies . E . B . .
substrate — substrate — substrate

Fig. 5. Si02:TiO2 ridge WG fabrication on a glass
substrate.

The main design variables of a basic WG are its
width w and its height 4. Nevertheless, the crucial
parameters for a WG to operate properly are the
refractive indices of the WG, substrate, and ambient
medium. In Fig. 4 the refractive indices are n,,=1.7,
nsub=1.5, and namb=1.

Another interesting WG fabrication process [40] is
shown in Fig. 6 which involves the wet-chemical
etching of substrate and later on depositing a thin-film
of Si0,:TiO, material via the dip-coating method. This
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WG structure can provide a low-cost solution
to the PICs.

Both WGs shown in Fig. 5 and Fig. 6 are layouts
that can be fabricated on Si0,:TiO» with the use of the
previously mentioned fabrication method.

wet chemical etching
mask

substrate

mask
substrate

mask removal

sol-gel dip-coating

substrate - substrate

Fig. 6. Inverted rib waveguide fabrication
on a glass substrate.

The most convenient method of fabricating
waveguide interconnects and structures consist of
lithography and etching. The mainstream technologies
are electron beam lithography (EBL) or conventional
UV lithography combined with RIE or inductively
coupled plasma (ICP) RIE.

Those technologies are well-researched and
applied for a long time which gives them the
advantage of being reliable. However, those are
technologies that require advanced and expensive
laboratory equipment making them inaccessible
and not cost-effective. To fabricate an integrated
photonic chip, it is necessary to use the services of
foundries.

The approach of using different methods that are
not as expensive and do not require sophisticated
equipment could be a game changer regarding
integrated photonics. One of the technologies that
could open a lot of new fabrication possibilities for
integrated  photonics could be nano-imprint
lithography (NIL). The simplicity and cost-
effectiveness of NIL are its biggest advantages over
the previously mentioned conventional methods [11].
Nevertheless, this technology is not as well developed
and well researched concerning other methods so it
needs more time and attention to match other more
well-known technologies.

The simplicity of NIL lies in the fact that it is easily
reproducible and the fabrication of waveguide
structures is etch-less. However, there are several
variables such as force applied during imprinting,
amount of sol-gel, and post-annealing temperature that
should be properly optimized to avoid cracks and
guarantee reproducibility. It is shown in Fig. 7. If some
automatization would be added to the process, then it
could revolutionize the whole integrated photonics
industry.

attern mold l F
h | 2 2 2 » 3 23|
ST, FrTrTTTTs EE NN NN
substrate — —

Fig. 7. NIL process.

3. Devices and Applications

The main and most interesting applications for PIC
platforms based on SiO,:TiO, materials would be
sensing and biosensing. Of course, it can find many
other functions same as other conventional materials
used for integrated photonics [26, 41].

Three investigated structures for sensing
involving: ring resonators, subwavelength gratings
(SWQ), and 1-D photonic crystals (1-D PhC) are
discussed below.

3.1. Ring Resonators

The SiO,:TiO, optical waveguide's R.I sensing
capabilities were investigated using the ring resonator
device [10]. Sensitivity (S), a figure of merit (FOM),
and the Q-factor are three crucial factors that should
be wisely considered while creating sensing devices.
The following expression is used to determine the
sensitivity of the ring resonator.

Alres
S=—= 1
T M

where 44, is the change in resonance wavelength and
An represents the shift in ambient R.1.

The fraction of the sensitivity and full width at half
maximum (FWHM) of the resonance dip is known as

a FOM. FOM is calculated by using the following
expression:

S
FWHM

FOM =

)

For a variety of functions, integrated resonators
with superior Q-factors are mostly needed. The
Q-factor is calculated as follows:

res
— Ares 3
Q — Factor v 3)

The ring resonators are particularly sensitive to
changes in the ambient medium, resulting in the
redshift of the resonance wavelength. The value of
shift in the resonance wavelength depends on the
device's geometric variables [10]. A schematic
diagram of a ring resonator based on a SiO,:TiO,
optical waveguide is shown in Fig. 8.

The radius of the ring (R) was selected to be 15 pm.
The distance of coupling between the bus waveguide
and ring is symbolized as g. The surrounding medium
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was filled with a dielectric material with an R.I of 1.33.
The height of the device was set at 200 nm [10].

substrate

Fig. 8. A schematic view of a ring resonator based
on Si02:TiOz optical waveguide [10].

3.1.1. Geometric Variables of the Ring
Structure

Fig. 9a shows the ring resonator's transmission
spectrum. It is worth mentioning that six resonance
dips (Agip) with an FSR of ~6.4 nm and the FWHM of
Adgip ~0.44 nm were achieved, as illustrated in Fig. 9b.
The coupling efficiency (CE) was calculated for each
Adip, as illustrated in Fig. 9c. CE was calculated by
estimating the ER of the bus waveguide and obtaining
the ER for g in the 50-350 nm range. The max. value
ER of ~2.5-2.6 dB was achieved for g = 250 nm to
300 nm [10].

3.1.2. Sensing Analysis and Device
Performance

The R.I of the ambient medium was varied from
1.33 to 1.365 with 0.005 step size to test the sensing
abilities of the sensor [10].

As the R.I of the ambient medium increased, the
Adip executed a redshift, as shown in Fig. 10a. For this
analysis, Wius = Wiing = 800 nm was used, which
resulted in substantial light confinement in the ring
structure and a low evanescent field. As a result, light-
matter interaction is low, with S = ~90 nm/RIU, FOM
= ~204.5 RIU1, and Q-factor = 2239. Fig. 10b and
Fig. 10c shows normalized electric field distributions
at A = 985.3 nm and = 987 nm, which correspond to
the on-resonance and off-resonance states,
respectively [10].

As we know, boosting the evanescent field ratio
(EFR) can improve sensitivity. It is possible to get
higher EFR by shrinking the width of the ring
waveguide (W.ing). Reducing W,i,e = 500 nm improved
the S, FOM, and Q-factor of the device, as shown in
Fig. 11.
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Fig. 9. Spectral properties of the ring resonator
configuration: (a) transmission spectrum, (b) FSR vs ER,
(c) optimization of g [10].
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Fig. 10. (a) Transmission spectrum of the ring resonator with
various ambient refractive indices. Distribution of norm. The
electric field in the ring resonator structure in the (b) on-
resonance state and (c) off-resonance state [10].
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Fig. 11. Analysis of S and FOM depending on Wring. The
other geometric variables for instance Wpus, R , and g were
set at 800 nm, 15 pm, and 225 nm, respectively [10].

3.1.3. Summary of the Performance
of the Device at Different Values
Of Wring

The device performance at various Wring values is
summarized in Table 1. We can observe that by
lowering Wring from 800 nm to 500 nm, the
sensitivity (S), a Figure of Merit, and Q-factor of the
device were improved to 230 nm/RIU, 418.2 RIU-1,
and 2247.5, respectively.

Table 1. Ring resonator performance for different values

of Wring [10]

Wring (nm) S (nm/RIU) FOM (RIU™) Q-Factor
500 ~230 ~418.2 2247.5
600 ~165 ~375 2240
700 ~120 ~272.7 2227.5
800 ~90 ~204.5 2239

The findings in this study are incredibly attractive
and competitive with those of Si photonics and optical
fiber-based sensors. A semiconductor waveguide R.I
sensor with S = 235 nm/RIU was tested for a bio-
sensing application [42]. According to Carlborg et al.,
who achieved an experimental sensitivity of 246
nm/RIU with a far more complicated ring resonator
layout structure [43], the resulting sensitivity value is
similar to silicon nitride slot waveguide ring resonator’s
Sensors.

3.2. Subwavelength Grating Waveguide
(SWG Waveguide)

Another investigated structure is an SWG
waveguide. It is a structure that may be used to
implement a waveguide NIR filter [12, 44-45] or a
waveguide Fabry—Pérot (FP)-sensor [12] as shown in
Fig. 12 (top) and Fig. 12 (bottom), respectively.

SWG filter substrate

L
l"/'ﬂ"
W

SWG FP-sensor

SI0CTIO
substrate

biocheracal ‘_
&g
] i
/ -- uw)-

Fig. 12. SWG NIR-filter and FP-sensor structures
design [12].

As shown in the schematic representation, an SWG
is a structure that relies on many different variables,
which if changed affect the response of the whole
structure. The main variables of an SWG are
W —width of the waveguide, H — the height of the WG,
A — period of the grating being the sum of L — length
of a WG segment, and d — the distance between the
segments, N — number of periods. There is also a

parameter named duty cycle which is the ratio of %

3.2.1. NIR-filter

A NIR-filter is one of the SWG applications. It
works based on cutting a certain wavelength window.
Light after passing through an SWG in the
transmission spectrum is observed as the input
spectrum minus a specific range of wavelengths [44].
As a result, SWG WGs can work as bandstop filters.
In Fig. 13 the response of the SWG depending on the
duty cycle is shown. The change in the duty cycle
affects the range of the wavelengths that are blocked
by the SWG. The lower the duty cycle, the wider the
stopband gets, and the wavelength range shifts
towards slightly longer wavelengths.

204

—— Duiy cycle=80 %
—— Duty cycle=76.2 %
Duty cycle=72.7 %
—— Duty cycle=69.6 %
Duty cycle=66.7 %

304

Transmission (dB)

40+

W=800 nm, L=400 nm, N=10

T T T T T T T
600 650 700 750 8§00 850 900 950 1000

Wavelength (nm)

Fig. 13. Transmission spectrum of an SWG NIR filter
depending on duty cycle [12].
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In Fig. 14 the distribution of the electric field for
two different wavelengths is shown, which depicts the
operation of an SWG in a very understandable way.
For the wavelength in the stopband, the electric field
stops propagating through the SWG because of the
Bragg reflection [46], and for a wavelength not
included in the stopband, the electric field mapping is
ordinary.

Duty cycle=80%,
N=20

Duty cycle=8

2=750 nm

Fig. 14. Electric field mapping in the stopband region (left)
and above the stopband region (right) [12].

3.2.2. FP-sensor

A slightly more interesting and more complex
photonic structure containing an SWG is an FP-sensor
[47]. The sensor is shown in Fig. 12. It is very similar
to a regular SWG but instead of being uniform, it has
a cavity of 2L size from the waveguide material in the
middle of the structure. This results in the formation
of a cavity sandwiched between two DBRs. Thus, it
creates an FP-sensor. The response of an FP-sensor is
shown in Fig. 15.

Y W( | J\ M@jj\&%\k
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—N=12
-30+ N=l4 W=800 nm, Duty cycle=80 %
650 7EIII ?.:vﬂ 8IIN] 3.;0 950 950

Wavelength (nm)

Fig. 15. Transmission spectrum of an SWG FP-sensor [12].

As can be observed, the response also contains a
filtered band of light, but it has a specific wavelength
within the stopband that is transmitted. It can be called
the FP-wavelength. The FP-wavelength changes with
the change of the duty cycle as shown in Fig. 16.

It is also affected by the change in the width of the
waveguide W. The transmission characteristic
depending on the change of width is shown in Fig. 17.
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Fig. 16. FP-wavelength on duty cycle dependence [12].
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Fig. 17. FP-sensor operation dependance on the width
of the waveguide [12].

A shift of the FP-wavelength is observed in the
transmitted spectrum. Reading and comparing the
shift of the FP-wavelength is the basic principle of
operation of an SWG FP-sensor.

By changing the nams it is also possible to observe
the shift of the FP-wavelength. Therefore, by
disposing of a biochemical sample on the SWG, the
sample can be characterized [48-50].

3.3. 1-D Photonic Crystals

A sensing structure that is somehow similar to an
SWG is a 1-D photonic crystal (1-D PhC). The
fundamental design structure of a 1-D PhC [51] is
shown in Fig. 18. It is a simple waveguide that has a
set of identical air holes evenly distributed along the
waveguide.

The structure looks similar to an SWG and also has
some basic variables that define it, being a — lattice
constant, » — radius of air holes, W — width of the
waveguide, and N — total number of air holes.

This basic 1-D PhC structure performs as a
waveguide filter and by changing its variables, for
example, the n., 7, or a, slight changes in the
transmission spectrum are achievable which enables
the use of this type of filter for different specific
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applications [52]. Some transmission spectra for
different variables are shown in Fig. 19. The most
important visible effect of the manipulation of 7., 7,
or a is the shift of the stopband region. For lower 7.,

and a the stopband appears for shorter wavelengths.
However, for lower » the stopbands shifts towards
longer wavelengths.

substrate

air holes

SiOzTiO:

Fig. 18. Schematic 1-D PhC design with basic
variables [11].
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Fig. 19. 1-D PhC filter operation for different variables (a-f) [11].

Another approach to the application of a 1-D PhC
would be to design an FP-sensor by adding a cavity in
the middle of the periodic structure of the 1-D PhC.
The presence of the cavity adds to the transmission
spectrum a certain wavelength within the stopband
region.

Fig. 20 shows the operation of a 1-D PhC. In a) the
schematic diagram of the structure can be observed,
showing the cavity and the air holes, b) the

transmission spectrum with the visible peak
wavelength in the stopband region and ¢) the Electric
field pattern for the resonance peak.

The principle of operation of a 1-D PhC lies in the
fact of changing the 7,5 just as in the SWG FP-sensor.
After changing ambient R.1, a shift in the transmission
spectrum is visible, therefore the structure can operate

as a sensor [53]. An exemplary response is shown in
Fig. 21.
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Fig. 20. a) Schematic FP-filter design, b) transmission
spectrum, c¢) Electric field pattern in the resonance
peak [11].
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Fig. 21. Sensor operation of a 1-D PhC depending
on the change of nams [11].

The sensitivity of the device can be easily
calculated by the formula (1) previously mentioned.

The sensitivity of the device is also affected by the
width of the waveguide as in Table 2. The device
becomes more sensitive if narrower waveguides
are used.

Table 2. Sensitivity dependence of the structure on
waveguide width [11].

W (nm) N a (nm) r 8§ (nm/RIU)
1000 20 425 0.3a 75

800 20 425 0.3a 100-108
600 20 425 0.3a 175

4. Conclusions

The numerical analyses and performances of
different devices such as ring resonators,
subwavelength grating, and photonic crystal
waveguides show promising results and the Si0,:TiO»
platform can be utilized in several applications due to
its exceptional physical, chemical, and optical
properties. This platform has great potential when
paired with nano-imprint lithography for the
fabrication of integrated photonic devices in a single
step. We believe that the studies presented in this mini-
review will be useful for the researchers working on
the topic of silica-titania sol-gel deposited via the dip-
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coating method and the realization of photonic devices
based on this interesting platform.
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Abstract: Asamodel of adeveloped circuit with different types of conductivity, the principles of operation
of bipolar transistors are considered n-p-n and p-n-p. It is shown that an abrupt increase in the input voltage upon
the appearance of a collector voltage is associated with disturbances in the energy balance, when the electron
energy spent on the metal-emitter barrier transition cannot be compensated for in the base-metal transition. The
balance is disturbed due to the different energy spectra of electrons in base and collector.

Fundamental difference in the mechanisms of increasing (in modulus) the base-emitter input voltage with the
appearance of a collector potential for transistors of various types are revealed. In is shown that this effect is
associated with the sorting of electrons having different average energiesin the n-p-n transistor and the mixing of
electrons in the emitter of the p-n-p transistor. The concept adopted by us can be useful in the creation of semi-
conductor devices. It includes not only the properties of semiconductors, but also the properties of metals, with
the help of which it is connected to the circuit.

Based on the formulated conditions for electrical circuits with compensated contact potential differences[11],
an analysis of the phenomenain a bipolar transistor was carried out.

The contact differences of potentialsin abranched chain can be neglected.

1) A relatively small current value at which the Peltier and Zeeman effects can be neglected (intense temper-
ature exchange with the environment).

2) Constant current in all elements of loop current.

3) The conservation of the value of the average energy of charge carriers. As an example, detailed anaysis of
contact phenomenain a bipolar transistor is carried out. The fundamental difference between the modes of oper-
ation of the base-emitter junction in the n-p-n transistor is shown: at zero and non-zero values of the collector
voltage.

Keywords: Branched chain, Contact phenomena, Bipolar transistor, Semiconductor.

1. Introduction given much attention [1-10]. In real conditions, con-
tact potential differences are inevitably present in a
closed circuit, but they completely compensate each
other, alowing the physical laws, discovered and for-
mulated several centuries ago, to be used quite reason-
ably for their calculation. On the other hand, the Peltier

A real electrical circuit usualy contains compo-
nents made from different materials. In classical elec-
trical engineering, this circumstance is usually not
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and Zeeman effects (associated with contact phenom-
ena) successfully work intechnology, allowing both to
measure the temperature and change its value in the
required direction. The physical nature of the contact
potential difference providesan opportunity to both in-
crease the energy of carriersfalling into the zone of its
action, and to lower it. Naturally, specific changesin
energy depend on the polarity of the potential differ-
ence, the direction of the carrier velocity, and the po-
larity of the carriersthemselves. These phenomenaare
of particular importance in semiconductor technol ogy,
which has penetrated everywhere and has changed
practical life, in which they occupy a large and im-
portant place. However, contact phenomenaare not al-
ways correctly explained, since the laws that deter-
mine their influence are still not clearly defined.

The purpose of thiswork isto analyze contact phe-
nomena in classical circuits with different types of
conductivity — bipolar transistors of type n-p-n and p-
n-p. At the same time, the mechanisms of formation of
input characteristics, fundamentally different for tran-
sistors of different types, are analyzed. The in-depth
understanding, we offer the physical processesin tran-
sistors can enter the textbook and reference books on
electronics and electrical engineering. It may be nec-
essary and useful material for future engineers and re-
searchers.

2. An Example of a Branched Circuit
with Contact Potential Differences—
Bipolar Transistor n-p-n

A classic example of where the contact difference
manifests itself in a paradoxical way is the bipolar
transistor, about which everything from school text-
books to serious fundamental books on electronics
seems to be written [1]. The first thing we learn from
these sourcesisthat atransistor isadevicewhosemain
function is to amplify or convert aweak signal from a
measuring sensor into a voltage or current supplied to
the device.

The most common way to turn on a transistor is
with a common emitter circuit for maximum power
gain. In this case, both the input current and the input
voltage increase at the output of the circuit. For prac-
tical calculations, equivalent circuits of real transistors
are used, in which there are models of the input base
circuit and the output-collector circuit. The main ele-
ment of thiscircuit isthe current sourcein the collector
circuit, and the magnitude of thiscurrent islinearly re-
lated to the magnitude of the current in thiscircuit, and
the coefficient determining this relationship is much
greater than unity. However, some unexpected phe-
nomenon occurs in the circuit — with the help of the
collector current in bipolar transistors of the n-p-n
type, it is necessary to increase the voltage supplied to
the base. Moreover, this phenomenon, noticeable on
real input (basic) characteristics, is of an abrupt nature
—it manifestsitself immediately after a slight increase
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in the collector voltage (current). In classical equiva
lent circuits, this effect is described by the feedback
coefficient between the collector voltage and the base
voltage.

Fig. 1 shows the equivalent transistor circuitry for
small signals. In the input circuit is placed a source of
voltage proportional to the voltage of the output
circuit.

Fig. 1. Equivalent transistor circuitry.

The historically equivalent circuitry of atransistor
(a linear model of a nonlinear device) emerged at a
time when computer simulations had not yet gained
momentum. Physical models developed on the basis
of solid-state physics were used to describe the opera-
tion of a transistor. The band theory contributed to a
deep understanding of the processesthat determine the
mechanisms of the transistor.

However, the linear model of the transistor substi-
tution scheme, created for practical purposes, turned
out to be imperfect and did not take into account the
peculiarities of the movement of electrons in chains
with different types of conductivity.

Theinterpretation of the increase in the input volt-
age of transistors as a consequence of the influence of
the collector voltage is an obvious logical fallacy. In-
deed, both the base and collector voltages are voltages
of the same sign. An increase in the base voltage
causes an increase in current, the part of the collector
voltage appears can only increase the amount of cur-
rent. Infact, in order to achievethe same current value,
it is necessary to increase the supplied base voltage.

The purpose of thisarticle is a physical interpreta-
tion of this phenomenon, showing the obvious fallacy
of the accepted interpretation. The longevity of this
misconception is probably due to the fact that the ef-
fect itself manifests itself in the "inoperative" region
of the transistor, when the required current gain (the
main concern of the transistor designer) isfar fromthe
maximum value. LTSpice, an excellent electronic
component simulator created to advertise products
from the famous Analog Device, fails when trying to
describe the operation of atransistor in this area.

Let's analysis of contact phenomena in a bipolar
transistor n-p-n.

A fruitful approach to the analysis of abipolar tran-
sistor is the n-p (p-n) junction model in form of a
charged capacitor with movable plates, the distance
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between which can be controlled by changing the volt-
age applied to the junction. When areverse voltage is
applied, the distance between the plates increases —
thisishow avaristor works (acapacitor with avariable
electric capacitance value). When a direct voltage is
applied, the distance between the charged layers de-
creases so much that a current begins to flow between
them and the actually controlled capacitor turn into a
controlled resistor (which avariable resistance value).

Unlike a capacitor, where charge carriers are con-
centrated within the rigid boundaries of metal linings,
the charge layers of the semiconductor junction can
change their thickness. In particular, the thickness of
the charge layer increases with temperature, which ex-
plains the dependence of the voltage transition charac-
teristics on temperature.

Now consider in detail what happensin ared tran-
sistor switching circuit. In practice, a device whose
basic principles of operation are determined by semi-
conductors is inevitably connected to the measuring
circuit using metal contacts. Naturally, in each such
connection, acontact potentia difference arises. Inthe
diagram shown in Fig. 2, they are represented by volt-
age sources in the form of circles with a polarity des-
ignation — the method adopted in the LTSpice
program.

V5
metal-colletor o
metal-base //"3\ +
U V2 Ie  Uce

NP

Ube *

=0 |

metal-emitter T

il

Fig. 2. Connection diagram with a common emitter of an-
p-n bipolar transistor. V1 — contact potential difference
metal-emitter; V2 — np transition emitter-base; V3 — contact
potential difference metal-base; V4 — p-n base-collector
junction; V5 — potential difference collector metal.

Blocking and anti-blocking layers may appear at
the metal-semiconductor contact. Then such acontact,
when an electric current passesthrough it, will be non-
linear, sinceits properties change depending on the ap-
plied voltage. The existence of a barrier layer at the
metal-semiconductor interface and the possibility of
controlling its thickness with the help of an external
voltage determines the rectifying properties of the
contact.

This property, as is well known, is used for point
diodes, used, for example, in integrated circuits. The

input characteristics of the transistor necessarily in-
clude the original curve of the dependence of the cur-
rent on theinput voltage in the absence of the collector
voltage, and, consequently, the collector current. At
zero collector current, the contact differences of the
metal connections of the transistor fully compensate
each other, without exerting any influence on the for-
mation of the input voltage, which is completely de-
pendent on the junction voltage np. Naturaly, this
characteristic is not linear and corresponds to the cur-
rent voltage characteristic of a semiconductor diode.
At first glance, the appearance of the collector current
does not change the situation in any way: the contact
differences remain the same, and the weak base cur-
rent, being part of the total emitter current flowing to
the base, should not be influenced by the contact dif-
ferences on the transistor electrodes. In this case, in
both cases, the contact potentia difference V1, which
arises during the metal-semiconductor connection due
to the different electron concentration in the metal and
semiconductor, isthe first barrier for electrons.

Asaresult, e ectrons penetrate into the emitter, the
average energy of which is less than the average en-
ergy of electronsin the metal contact. Let us consider
in more detail what happens in the transitions of the
bipolar transistor itself in Fig. 3.

Electrons entering the base layer through the emit-
ter movein crossed eectric fields. The relatively weak
base voltage (Eb) forces them to move along the thin
base layer, while the high collector voltage can drag
them into the collector junction zone.

U
Collector ¢
B b b ) 5 o
ase Ub

Emitter T
1

*—\@\ca.h@@\@@@\m/@—’
Wo/ooeofeeo/o\o

Fig. 3. Scheme of a bipolar transistor n-p-n
(circuit with acommon emitter).

For the most part, electrons with arelatively large
kinetic energy get there. Such electrons have a high
mobility and are likely are captured by the collector,
avoiding the possibility of getting into the base con-
tact. As aresult, out of the total number of electrons
that passed into the collector through the metal -emitter
contact junction, most of them have a higher energy
than the electrons entering the base. As a result, the
energy spectrum of electrons going to the base differs
from the energy spectrum of electrons reaching the
collector. The average energy of these electronsisless
than the average energy of the electrons entering the
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emitter. The contact difference V3, which increases
their energy, is nevertheless not able to restore its
value to the value that they had in the metal in contact
with the emitter. Thus, the base-collector branching
circuit isadevice that sorts electrons by the amount of
their energy. The base current does not change, it co-
incides with the fraction of the current flowing from
the metal to the emitter, but the energy spectrum of
electrons changes. Thus, when the collector current
appears in the base circuit, irreplaceable energy losses
occur. The kinetic energy of electrons that have lost
energy during the transition of the metal-emitter con-
tact cannot be restored to their origina value when
passing through the base-metal contact. Thus, an ab-
rupt change in the input voltage with the appearance
of even asmall collector voltage, or rather the collec-
tor current, turns out to be associated with the contact
potential difference of the contact base. Based on the
above, it is possible to formulate the conditions under
which the contact potential differences do not affect
the current in the branched circuit:

1) A relatively small current value at which the
Peltier and Zeeman effects can be neglected.

2) Equal current valuein al circuit elements.

3) The invariability of the mean value of energy
spectrum of carriers.

In the base circuit of the transistor, to make up for
energy losses when a collector current appears and a
concomitant change in the energy spectrum of elec-
trons, it is necessary to increase the input voltage of
the transistor.

Fig. 4 shows the dependence of theratio of the av-
erage energy Em of electrons in a metal to the mini-
mum energy of free electrons EO, depending on the
value of the minimum energy of the conduction band,
expressed in meV, calculated at normal temperature.

As follows from the graph, the presence of a contact
potential difference that decreases the average energy
of electronsis equivalent to an increase in their mini-
mum energy and, consequently, a greater inhomoge-
neity of the energy spectrum of electrons.

A small increase in temperature will not signifi-
cantly affect the nature of this dependence, although
the conductivity of semiconductors increases.

006+ | \ |
0,055 \
i --‘-'-_“-.__________

0.045- 1 i T

0.04+ ! — . | -+ :
20 40 60 80 100 120 140 160 180 200 220 240 260

Eo (meV)

Fig. 4. Dependence of the ratio of the average energy
of electronsin ametal to the minimum energy
on the minimum energy at normal temperature.

A feature of the type of input characteristics of the
n-p-n transistor is the high constancy of the amplitude
of the input voltage jump. Fig. 5 shows a sample of a
typical input characteristic (n-p-n) of an Analog De-
vice MAT-02 transistor.

T T T T
0.50v 0.55V 0.60V 0.65V 0.70v

T I T I T
0.75V 0.80V 0.85V 0.90v 0.95v
Vbe

Fig. 5. Input characteristics of transistor MAT-02.

It is easy to see that the same value of the input
current is achieved by increasing the input voltage by
an almost constant increase in the input voltage by an
amount equal to 0.2 volts. The constancy of thisvalue
is an additiona argument in the erroneous interpreta-
tion of the input voltage jump from the appearance of
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the collector voltage. Of course, the accepted interpre-
tation of the effect creates additiona difficulties for
calculations and design of transistors, since apart from
the properties of the transistor itself, the properties of
the metal used for contact with the terminals of the
transistor must be taken into account. Studying the
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characteristics of p-n-p transistors, one can notice
manifestations of the opposite effect — when the col-
lector current appears, the absolute value of the input
voltage decreases. Let's move on to the analysis of the
principle of operation of p-n-p transistors, which differ
in a different mechanism, causing an increase (in ab-
solute value) of the input voltage when the collector
current appears.

3. The Mechanism of Formation of I nput
Characteristics of the p-n-p Transistor

The given characteristics of p-n-p transistors are
similar (up to sign) with the characteristics of n-p-n
transistors. The input characteristics of this type tran-
sistorsexhibit the effect of increasing theinput voltage
(modulo) as collector voltageincreases. This phenom-
enon cannot be interpreted within the collector and
base circuit feedback model.

Consider in detail the p-n-p transistor circuit

(Fig. 6).

collector
BAREREARIE
®OPO PO ®O® ®| Eb
base <—Ve
‘ro o] rCl li/‘ o /D “O o rCJ ) —Ube
SRR Ro Yo Yonc R RS L
emitter

Fig. 6. Scheme of a bipolar transistor p-n-p (circuit
with acommon emitter).

Similar to the n-p-n type transistor, this transistor
is a device where crossed electric fields are present.
When a sufficient negative voltage is applied, the lay-
ers of electrons in the base and holes in the emitter
converge so much that the electrons of the base begin
to pass into the emitter. Note that the energy of elec-
trons coming from the base has arelatively high value,
but in the absence of collector voltage, they come to
the plus contact of the base voltage source and all con-
tact potential differences compensate for each other.

When acollector voltage appears, in addition to the
base el ectrons, electronstorn out of the collector begin
to flow into the emitter with arelatively small energy
characteristic of the process of moving holes in the
collector. The energy of the base electrons is higher
than the energy of the collector electrons because only
the potentia difference between the base and the emit-
ter leads to the appearance of current in the transistor,
and the voltage on the collector is not enough for it to
occur. Then, both streams of electronsare mixed in the
emitter and through the common ground wire moveto
the positive contacts of voltage sources. Dueto the sig-
nificant predominance of the number of electronsfrom
the collector over the number of electrons from the

base, the average energy of the electronsis lower than
the energy of the electrons of the base.

As aresult, the energy balance in the closed base
circuit is disturbed and to achieve the same value of
the current in the base, it is necessary to increase the
voltage of the base source.

The considered mechanisms for increasing the
base voltage are radically different in bipolar transis-
torsof different types: in the n-p-n transistor, the cause
of the phenomenon is the sorting of eectrons of dif-
ferent energies between the base and the collector, in
the p-n-p transistor the cause is the mixing of electrons
with different average energies coming from the base
and collector.

4. Analyze a Schema with a Common Base

A common emitter transistor switching circuit was
chosen for analysis because the input characteristics of
the common-base circuit do not contain a base current
measurement.

The input characteristics of a common base tran-
sistor n-p-n circuit show adecrease in voltage between
the emitter and the base when a collector voltageis ap-
plied. At first glance, this circumstance contradicts the
provisions of the proposed model.

However, in this case, only the emitter current is
measured, which includes the sum of the base and col-
lector currents. With a high current gain, the base cur-
rent is significantly less than the collector current.
Therefore, to obtain the same value of the emitter cur-
rent, it issufficient to apply asmaller value of the volt-
age between the emitter and the base. Naturally, the
input characteristics of a p-n-p transistor look similar.

The general emitter circuit provides base current
measurements that reflect the physical processes oc-
curring in circuits with different types of conductivity.
In the future, we plan to develop a complete model
based on experimental data on the study of transistors
of different types and inclusion schemes.

This article mainly contains qualitative descrip-
tions of the processes in bipolar transistors. Its results
were reported at the MICDAT 2022 conference [11].
Inthefuture, it is planned to devel op amodel with cor-
rect proof of the relationship between changes in the
input voltage and contact differences in metal-semi-
conductor potentials that occur when connecting a
transistor.

5. Conclusions

1. Conditions have been formulated under which
contact potential differencesin branched electrical cir-
cuits can be neglected.

2. Theerror of the classical interpretation of thein-
put voltage jump when the collector current appearsis
shown.

3. A physical interpretation of the effect of a step
changein theinput voltage of bipolar transistorsis car-
ried out.
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4. The mechanisms of the input voltage jump are
explained: in n-p-n — sorting of electrons, in p-n-p —
mixing of electron flows with different average en-
ergy.

5. Theways of analyzing the operating mode of bi-
polar transistors are discussed, which make it possible
to eliminate the shortcomings of the existing calcula-
tion models.

6. Taking into account the influence of contact
phenomena in the transistor connection circuits can
lead to an improvement in the operating parameters of
the transistors.

7. ldeas about physical processes in transistors,
which are included as an important section in text-
books and reference books on electronics and electri-
cal engineering, will serve as a useful materia for fu-
ture engineers and researchers.
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Abstract: Nanometer size p-n heterojunction has been created from CuO and ZnO anisotropic nanoparticles
prepared by a one-pot organometallic approach. The method is based on the hydrolysis or oxidation of an adequate
metal-organic precursors in pure octylamine. The CuO and ZnO nanostructures were dispersed in ethanol and
then, mixed at different mass ratios, i.e. CuO(75%)/Zn0(25%), CuO(50%)/Zn0(50%) and CuO(25%)/ZnO(75%).
Finally, the CuO and ZnO suspensions and their mixtures were deposited on miniaturized gas sensors substrates
by an ink-jet printing method and heated up gradually to 550 °C in ambient air. Then, the as-prepared sensors have
been exposed to CO (100 ppm), C3Hs (100 ppm) and NH3 (5 ppm) at different working temperatures (from 75 °C
to 400 °C) and under 50 % of relative humidity (RH). Among all prepared sensors the one based on the mixture
of CuO (75 %) and ZnO (25 %) presents a very sensitive and selective response to CO. Indeed, at the operating
temperature of 165 °C, a high sensitivity towards CO was obtained (Sco=624 %). In these conditions, the sensor
exhibited low sensitivity to other tested gases (Kco/csns= 14.5 and Kconms= 26) but its response time was quite
long (top=2.3 min) and the recovery was very sluggish (tio> 20 min). Therefore, it was better to increase the
working temperature up to 300 °C. Although the sensitivity and selectivity towards CO worsened (Sco=177%,
Kcoicsus= 4.7 and Kconmz= 9.8) the response/recovery time decreased to 50 s/4.5 min. The gas sensing
performances of the CuO(75%)/Zn0O(25%) composite was attributed to both high surface to volume ratio of the
prepared nanostructures and the p-n heterojunction established between the CuO and ZnO nanoparticles.

Keywords: Organometallic approach, CuO/ZnO nanocomposite, Heterojunction, MOS gas sensors.

1. Introduction safety, medical diagnostics and agriculture [1]. Metal
oxide semiconductor gas sensors (MOS) are the most

The use of miniaturized gas sensors is of increasing ~ popular choice for these applications due to their
interest in areas such as environmental monitoring, numerous advantages, i.e. long lifetime, low cost,
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small size and short response time. However, these
devices have their limitations as well. They exhibit
baseline drift, sensor poisoning, poor selectivity and
low manufacturing reproducibility [2, 3]. Although
much has been done in order to deal with these
problems, the improvement of MOS sensors continues
to attract researchers’ attention.

The performance of MOS sensors is influenced by
various parameters including: design of the sensing
platform (e.g. geometry of electrodes and heating
element), device operating temperature and physical
and chemical properties of the sensing materials (e.g.
grain size, defects density and presence of oxygen
vacancies). The improvement of gas sensing
properties of metal oxide semiconductors can be
accomplished by designing them at the nanoscale [4].
Therefore, the synthesis of nanoparticles has attracted
considerable interest. In comparison with high
temperature vapor phase deposition method, solution-
based chemistry protocols can be conducted at mild
temperature and offer additional advantages such as
straightforward processing, low cost, and eases of
scale up. Among them, the organometallic approach,
developed at the Laboratoire de Chimie de
Coordination (LCC-CNRS), leads to well-controlled
nanostructures in terms of size dispersion, chemical
composition, surface chemistry properties, shape or
organization [5]. Indeed, hydrolysis or oxidation of
metal-organic precursors in the presence of
alkylamine ligands produced several well-defined
nanostructures of metal oxides by a one-step
procedure [6-9]. Among them, the ZnO, CuO and
SnO, nanoparticles were used for gas sensing
applications [7-9]. For example, Ryzhikov et al., [7]
investigated the ZnO morphology influence on the
sensor response towards CO, C3;Hs and NH;3 gases.
More in details ZnO anisotropic nanoparticles,
isotropic nanoparticles and cloudy-like aggregates
were investigated as gas sensing layers. Sensors
prepared with the anisotropic nanoparticles showed
the highest response to both CO and C;Hs, whereas
sensors based on cloudy-like structures show the
weakest response to CsHs. No effect of the ZnO
morphology has been evidenced for NH3 gas. It was
concluded that the differences in sensors performance
must be correlated to the exposed crystalline faces and
their reactivity to the target molecules.

The dimensionality of the nanostructure can also
have a significant impact on sensor response. For
example, Jonca et al. [9] formed SnO, nanoparticles
(0D structure) and hierarchical structures resembling a
regular octahedron (3D structure) made of assembly of
these nanoparticles. When exposed to low
concentrations of CO (i.e. 0.25 to 20 ppm),
hierarchical structures showed greater sensitivity than
SnO, nanoparticles, but exhibited a lower upper limit
of detection (i.e. 100 ppm vs. 500 ppm).

Gas sensing properties of metal oxide
nanoparticles can be further improved by their
decoration with noble metals or by doping them with
2D materials (e.g. graphene, g-CsN4, MoS,, black
phosphorus, etc.) [10]. Another approach is to
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combine two metal oxides in order to create a
heterojunction [11]. Heterojunction refers to the area
at the interface between two semiconductors with
different band gap values. Due to the different
chemical and physical parameters of both materials
(i.e. band structure, dielectric constant, lattice
constant, electron affinity), the phenomenon of
mismatch at the interface gives the heterojunction new
properties, which can find application, among others,
in the construction of gas sensors.

MOS can be divided into two types, i.e. p-type
(electron-hole  concentration > free electron
concentration, €.g. CuO, NiO, Fe,03) and n-type (free
electron concentration > electron-hole concentration,
e.g. ZnO, WOs;, Sn0O,). Therefore, three kinds of
heterojunction can be distinguished: n-n, p-p and p-n.
The gas sensing properties of the p-n heterojunction,
including the CuO/ZnO one, have been explored by
many research groups. Indeed, several CuO/ZnO-
based gas sensors were prepared for the detection of
HCHO, C3H60, CszOH, NOz, COz, st, NH}, etc.
[12-18]. These sensors exhibited higher sensitivity,
better selectivity and shorter response/recovery times
than the devices based on single oxides. At the same
time, it was found that the mass ratio of oxides used
for the sensitive layer preparation plays a crucial role
on the sensor performance. Moreover, mentioned
above ZnO/CuO based sensors were operated at
relatively low temperatures (some of them at room
temperature) and thus, are suitable candidates to fulfill
the market demand for near-zero power consumption
devices.

This work explores gas sensing properties of the p-
n heterojunction based on CuO and ZnO anisotropic
nanoparticles prepared by the organometallic
approach [6, 7]. The CuO and ZnO nanoparticle
suspensions and their mixtures were evaluated as gas
sensitive layers. These sensors have been exposed to
different gaseous mixtures, i.e. 100 ppm CO, 100 ppm
CsHg and 5 ppm NHs; at different working
temperatures (from 75 °C up to 400 °C) under 50 % of
relative humidity (RH). The optimal gas sensing
performances were achieved for the
CuO(75%)/Zn0O(25%) configuration. Remarkably, in
the case of CO detection, Sco= 177%, Kco/csus= 4.7
and Kconms= 9.8 and a response/recovery time of 4.5
min is obtained at 300 °C. The enhanced gas sensing
properties of the CuO(75%)/Zn0O(25%) sensors was
attributed to the p-n heterojunction between the CuO
and ZnO grains. The gas sensing mechanism of the
mentioned heterojunction is also proposed herein.

2. Materials and Methods
2.1. Nanoparticles Synthesis

CuO nanoparticles (CuO Nps) were obtained from
a mixture of (N,N'-diisopropylacetamidinato) Copper
(D (Cu(iPr-Me-amd)],) (0.125 mmol, 51 mg) and
octylamine (0.625 mmol, 80.5 mg). Reagents were
mixed in a small glass vial and then exposed to
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ambient atmosphere. After 16 h, the obtained black
product was washed 3 times with 5 mL of acetone
using centrifuge (5000 rpm, 25 °C, 5 min).

ZnO nanoparticles (ZnO NPs) were obtained from
a mixture of (Zn(c-CsHi1)2 (0.25 mmol, 57.9 mg) and
octylamine (0.5 mmol, 65 mg). The reagents were also
prepared in a small glass vial, but then placed in a flat-
bottomed reactor at room temperature and under argon
atmosphere. The hydrolysis was performed by
addition of degassed water to the reactor (18 pL).
After 4 days, the obtained white product was washed
one time with 5 mL THF and 3 times with 5 mL
of acetone and centrifuge at 5000 rpm, 25 °C
during 5 min.

2.2. Characterization

A JEOL JSM 1011 Transmission Electron
Microscope (TEM) operating at 100 kV was used
forimaging. TEM specimens were prepared by drop
deposition of the washed and dispersed in ethanol
nanomaterials on a carbon-supported copper or nickel
grids. Analysis of the images were performed using
Digital Micrograph program with at least
100 nanoparticles. The powder-diffraction patterns
were obtained using SEIFERT XRD 3000TT X-Ray
Diffractometer with Cu-Ko radiation, fitted with a
diffracted-beam graphite monochromator. The data
were collected in the 20 configuration between 20
and 80°.

2.3. Gas Sensor Preparation

Freshly prepared and washed ZnO and CuO
nanostructures were dispersed in ethanol. The
concentration of the nanostructures in the solution was
5 mg.mL"'!. From these two solutions, mixtures of
ZnO/CuO were prepared at different mass ratios:
CuO(75%)/Zn0(25%), Cu0O(50%)/Zn0O(50%),
Cu0O(25%)/Zn0O (75%). Finally, the CuO and ZnO
suspensions and their mixtures were deposited on
miniaturized gas sensors substrates by an ink-jet
printing method (Microdrop AG) [19, 20].

The silicon platform of this study has been
developed by the Laboratoire d’Analyse et
d’Architecture des Systémes, LAAS-CNRS. The die
size is 2x2 mm?, and it integrates a 1.4 pm thick
dielectric membrane (SiO,/SiNx/) designed for an
optimized mechanical behavior and thermal insulation
of the heated areca. A spiral shaped platinum heater is
buried between the bottom dielectric membrane and
the passivation top layer (silicon dioxide). This heater
structure can stand temperatures up to 700 °C and the
power consumption does not exceed 55 mW at the
operating temperature of 500 °C. The interdigitated
platinum electrodes for the measure of the sensitive
layer are deposited as a final step on the top of the SiO,
passivation layer and present a rounded shape. A
distance of 10 um between each electrode pole
provides a reliable contact even for high resistive
sensing layers [20].

2.4. Gas Test set-up

Gas tests have been performed using a setup
composed of different gas bottles connected to mass
flow controllers (QualiFlow) commanded by an
Agilent Data Acquisition/Switch Unit 34970A.
Sensors are placed in a measurement cell equipped
with humidity and temperature sensors. The integrated
heaters are driven by a HP6642A voltage controller. A
National Instruments 6035E electronic card
establishes the connection between a computing unit
and the measurement cell. Freshly prepared sensitive
layers were initially conditioned by a sequential in situ
heating of the sensitive layer from ambient
temperature up to 550 °C in air. Afterwards, the
sensitive layer resistance is stabilized on the device by
annealing at 500 °C in synthetic air (relative humidity,
RH 50 %) at a total gas flow rate of 1L.min"'. Finally,
the sensors were exposed to controlled levels of CO,
CsHg and NHs. The tests reported herein have been
performed at different operating temperatures from
75 °C up to 400 °C, at 50 % RH. Resistance is
measured before (Rair) and after (Rgas) sensor exposure
to reducing gas mixture, and the normalized responses
to given gas, S (%), is calculated using equation (1):

| (Rair - Rgas) |

S. =
' Rair

=100 %, (D

The selectivity coefficient, Kj, is expressed as the
ratio between the sensor normalized responses
towards investigated gases (S, Sj):

S.
Kijj =< ()

5

The response time is the time required for the
sensor to reach a stable resistance value when it has
been exposed to the target gas. The response time is
given here as the time required to reach 90 % of the
maximum signal value (to) obtained after exposure to
a target gas. The recovery time, in turn, is the time
necessary for the resistance to return to the value that
the sensor had prior to an exposure to the target gas
and is given here as the time required to achieve a
resistance that is about 10% higher than the starting
resistance (tjo). Results reported here have been
performed by using at least 3 sensors prepared as
described above.

3. Results and Discussion
3.1. Morphology and Chemical Composition

Detailed characterization of the CuO and ZnO NPs
has been reported earlier [7, 8]. Therefore, only a brief
description of the morphology and chemical
composition of the mentioned materials will be
provided in this manuscript.
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The X-ray diffraction analyses of as-prepared and
washed ZnO nanostructures are presented in Fig. la
[7]. The hydrolysis of the zinc precursor in the
presence of octylamine and under argon atmosphere
led to the formation of the hexagonal zincite structure
(JCPDS 26-1451). The sharp and high intensity
diffraction peak at 26 = 34.6° corresponds to the (002)
plane and is characteristic of the growth along the c-
axis of the zincite crystals. The average crystallite size
values, calculated by the Debye-Sherrer formula, are
around 5 nm for the transversal axis and around 26 nm
for the longitudinal one [7]. These results are in
accordance with the TEM images analyses which
depicted presence of anisotropic nanoparticles with
the diameter of 5.3 + 0.8 nm and length of 21.5 +
5.6 nm [7] (Fig. 2a).
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Fig. 1. X-rays diffractograms of ZnO (a) and CuO (b)
nanoparticles [7, 8].

As revealed by the X-ray diffraction analyses
(Fig. 1b), the oxidation of copper precursor under
ambient atmosphere led to the formation of the CuO
tenorite  structure (ICDD: 96-410-5683) [8].
Determination of the crystallite size using Debye-
Scherrer equation gives values of ca. 4-5 nm whereas
the TEM images show the formation of rather
anisotropic nanoparticles with uneven distribution of
their size and shape (Fig. 2b). Analysis of these images
through a 2D-plot representation revealed that three
CuO populations of different size can be distinguished
[21]. The first one, accounting for 50 % of the
population, have an average width of 4.6+1.5 nm and
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length of 6.8 = 2.7 nm. The second population
possesses an average width of 5.8 + 2.3 nm and length
of 8.9 = 3.5 nm and accounts for 43%. Finally, the
third population, accounting for 6%, presents an
average width of 6.5 + 4.4 nm and length of
15.1+10.0 nm [8]. The uneven distribution of the size
and shape of the CuO NPs is probably associated with
their growth conditions. Indeed, their synthesis is
performed in ambient air and therefore the reaction
parameters are not as well controlled as in the case of
ZnO NPs.
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Fig. 2. TEM images of freshly prepared and washed ZnO
(a), and CuO (b) nanoparticles [7, 8].

3.2. Gas Sensing Properties

Our previous studies showed that from all ZnO
nanostructures prepared through the organometallic
approach, the anisotropic nanoparticles exhibited the
highest sensitivity towards investigated gases at high
temperatures [7], whereas CuO NPs gave high
selectivity and sensitivity towards CO at low
temperatures [8]. In order, to further improve the
performance of our sensors, we investigate in the
present work the behavior of sensitive layers
composed of a mixture of both nanostructures.

The CuO, ZnO NPs and their mixtures have been
deposited by an ink-jet printing method as gas
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sensitive layers on silicon gas sensing devices. After
deposition, the layers have been in situ annealed by
operating the integrated Pt heater up to 550°C. This
step allows the slow removal of solvent and ligand
traces from the washed nanoparticles. The SEM
images of these layers are presented Fig. 3. Good
quality metal oxide semiconductor layers without
large cracks or delamination were obtained. The
morphology of the nanoparticles is preserved even
after this treatment.

©

Fig. 3. SEM images of the ZnO (a), CuO (b) and
Cu0O(50%)/ZnO(50%) (c) layers of the gas sensor devices.

In air, the CuO sensors exhibit a resistance of few
kOhms. This value increases with the content of added
Zn0O, to reach MOhms for pure ZnO sensitive layers

(Table 1). This is due to the differences in the band gap
energies between these two materials, i.e. 1.2 eV and
3.7 eV for CuO and ZnO, respectively [22, 23]. In the
presence of reducing gases, the resistance of CuO and
CuO-ZnO based sensors increases which is
characteristic for sensors based on p-type
semiconductors. On the other hand, the resistance of
ZnO based sensors decreases which is characteristic
for n-type semi-conductors.

Normalized responses of all investigated sensors
towards 100 ppm CO, 100 ppm C3;Hs and 5 ppm NHj3
(RH=50 %) at different operating temperatures are
presented in Fig. 4. The sensitivity of the ZnO sensor
towards all investigated gases increases with the
temperature, reaching the highest values at 400 °C.
The highest sensitivity for the CuO sensor was
achieved at 165 °C, but only towards 100 ppm CO and
100 ppm C3Hs. The CuO sensor was not sensitive to 5
ppm NH3 at all. This is in accordance with the results
achieved earlier [7, 8]. Concerning the CuO-ZnO
sensors, the highest sensitivity was also noticed at
165 °C for all tested gases and regardless the
investigated metal oxide mixture. Overall, the
sensitivity increases also with the CuO mass content
in the sensing layer. However, for the
CuO(75%)/ZnO(25%) sensor, the sensitivity is
significantly higher, especially towards 100 ppm CO.
This is due to the p-n heterojunction established
between the CuO and ZnO NPs (Section 3.3).

From all investigated metal oxide mixtures, the
CuO(25%)/Zn0O(75%) sensor exhibited the lowest
sensitivity. Interestingly, in the 340 °C — 400 °C
temperature range, a switch from the p-type to n-type
sensing behavior was observed (see Section 3.3).

Overall, the CuO(75%)/Zn0O(25%) sensor is a
suitable candidate for sensitive and selective CO
detection. Indeed, the highest sensitivity towards 100
ppm of CO was achieved with sensitive layers
composed of CuO (75 %) and ZnO (25 %) when
operated at 165 °C, i.e. Sco = 624 % (Table 2).

Moreover, the sensor showed relatively low
response to 100 ppm Cs;Hg and 5 ppm NHj, which
indicates its high selectivity towards CO in these
conditions (KCO/C3H8: 14.5 and KCO/NH3:26) .
Therefore, the sensitivity and Kco,csug coefficient were
improved as compared to ZnO (Rco=39 % and
Kco/Kc3H3:1.2 at 400 OC) and CuO (Sco=227 %,
Kcoicsus=11.2 at 165 °C) sensors at their optimal
operating temperatures (Table 2).

Table 1. The resistance (kOhm) of the ZnO, CuO and
ZnO/CuO gas sensors at different operating temperatures.

T°C| CuO | (iansoey | rsoarsvn| (seuastiy| 21
400 | 1.20 3.55 845 1094 3603
340 | 1.29 3.96 982 1921 4438
300 | 1.42 4.68 1326 2945 4626
165 | 2.44 17.8 4712 10366 | 9742
75 | 133 230 19547 22389 |87341
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Fig. 4. Normalized response of the CuO, ZnO, and
CuO/ZnO based gas sensors towards 100 ppm CO (a),
100 ppm C3Hs (b) and 5 ppm NHs (c) at different operating
temperatures (50 % RH). The gas responses at 75°C present
a very slow response time and the normalized response is
measured before the complete resistance variation is
reached, this value is therefore a transitory one and is under-
evaluated. Please note, that the scale at (a) is different from
the scale at (b) and (c).
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Table 2. The normalized response (Sco), selectivity
coefficients (Kcoicsus and Kcomns), response (too) and
recovery time (tio)) for the ZnO, CuO and
CuO(75%)/ZnO(25%) gas sensor towards 100 ppm CO at
different operating temperatures.

T, °C ‘ Sco, % ‘KCO/CSHS‘ Kconwns ‘ too ‘ tio
CuO MOS sensor
75% 111.4 7.9 |selective|> 20 min|> 20 min
165 226.7 11.2  |selective| 6.2 min | 20 min
300 23.4 2.9 |selective| 20s 2 min
340 9.9 1.9 |selective| 30s 30s
400 2.5 0.8 [selective| 59s 30s

CuO(75%)/Zn0O(25%) MOS sensor
75% 252.7 18.0 19.9
165 624.3 14.5 21.9

> 20 min|> 20 min

2,3 min |> 20 min

300 176.7 4.6 83 50s | 4.5 min
340 56.9 2.6 34 30s | 1.8 min
400 15.8 1.2 2.5 18's 20s
ZnO MOS sensor

75 - - - - -
165 - - - - -
300 14.3 0.7 1.1 1.2 min | 1.8 min
340 22.8 0.8 1.5 50s | 1.8 min
400 38.6 1.2 1.8 20s | 1.2 min

(-) No response towards investigated gaseous mixture.

* The gas responses at 75°C present a very slow response
time and the normalized response is measured before the
complete resistance variation is reached, this value is
therefore a transitory one and is under-evaluated.

The Kconms coefficient was also improved as
compared to the ZnO sensor (Kconus=1.8 at 400°C).
Since, the CuO sensor is not sensitive to NHj3 at all, the
Kconns for this sensor is higher than for the
CuO(75%)/Zn0O(25%) one.

The response time of the CuO(75%)/Zn0O(25%)
sensor to 100 ppm CO at 165 °C is quite long
(teo=2.3 min) but shorter than for the CuO one
(too=6.2 min at 165 °C) (Table 2). Unfortunately, at
this temperature the recovery is very slow, i.e.
tio > 20 minutes (Fig. 5a). Therefore, to shorten the
analysis time it is better to operate at 300°C. Even fif,
for these conditions, the sensor exhibits lower
sensitivity (Sco = 177%) and selectivity (Kco/csus =
4.7 and Kcomnms = 9,8), the response/recovery time is
significantly shortened (too = 50 s, tio = 4.5 min)
(Fig. 5b). It is noteworthy, however, that at 300 °C, the
CuO(75%)/Zn0O(25%) sensor still presents better
sensitivity and selectivity than the devices based on
pure CuO (SCO:2 3%, Kco/c3Hg =2.9at300 OC) or ZnO
(Sco:14 %, KCO/C3H8 =0.67 and KCO/NH3:1 .1at300 OC)
sensitive layers.

Sensitivity and response/recovery time are closely
related to the sensor operating temperature. At low
temperature the adsorption is favored, with the
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formation of strong chemical bonds between the
analyzed gas and the surface of the sensitive metal
oxide semiconudctor layer. This enhanced interaction
increases the change in sensor resistance and thus its
sensitivity. However, at such low temperature, the
process of gas diffusion in the material and its
desorption process are less efficient, negatively

affecting other sensor  parameters (e.q.
recovery/regeneration time). Of course, as the
temperature  increases, the increased thermal

movement of the gaseous molecules can be observed,
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leading to an increase in the desorption rate, which, in
turn, may reduce the sensitivity of the sensor [24].

Data described above are in agreement with results
published earlier. Indeed, several CuO-ZnO based
sensors have been described for selective and sensitive
detection of HCHO, C3;H¢O, C,HsOH, NO,, CO,, H,S
or NH; [12-18]. These results showed that the
ZnO/CuO heterojunction sensors exhibits higher
sensitivity,  better  selectivity = and  shorter
response/recovery time than the devices based on
single oxides (Table 3).

b} 18

16 /._\r‘—"“’_"“"

14
12

10

Resistance, kOhms

tg5=50s t;6=4,5 min

505 510 515 520 525 530 535

Time, min

Fig. 5. Response of the CuO(75%)/Zn0O(25%) MOS sensor at 165°C (a) and 300°C (b) towards 100 ppm of CO

Table 3. Examples of ZnO / CuO based gas sensors

Sensing material Top Target gas | Gasconc. | S(%)* | teo/tag Comments Ref
CuO nanoparticles’ ZnQ| 225°C H:S 1 ppm 800% 30/100s Stronger and faster response as compared | [12]
nanoparticles to CuO and ZnO nanoparticle sensors
ZnO nanorods/ CuO RT NH: 1 ppm 159% 2,32,1s Better sensitivity and selectivity as [13]
nanoparticles compared to ZnO and CuO sensors
Zn0O / CuO nanorods RT CO; 1000 ppm | 9,7% |4.2/3,5min| Sensor is not sensitive to environmental | [14]
gases such as CO, NO; and H;S.
ZnO nanowires/ CuO | 150°C NO: 100 ppm | 175% | 14/197s Low sensitivity (below 20%) towards [15]
nanoparticles CH:OH, 50, CO, H:5, CL
CuO@Zn0 microcubes| 240°C C:H:0OH 50 ppm 360% 5/18s CuO@Zn0O cubes offer 2.6 times higher | [16]
response as compare to CuO sensor.
Zn0 hexagonal prisms/| RT HCHO 1ppm 188% | 1,78/2,9s | The ratio of CuO and ZnO in the sensitive | [17]
CuO nanoparticles layer influences greatly its performance
ZnO branched p- 250°C GH:0 50 ppm 85% . The nanocomposite exhibits 6 times higher | [18]
CuxO@n-ZnO response as compare to CuO nanowires.
nanowires
ZnO / CuO anisotropic| 165°C co 100 ppm | 624% | 3s/20min | The ratio of CuO and ZnO in the sensitive | This
nanoparticles layer influences greatly its performance |work

* In this work the sensitivity is expressed as S=(R;-R;a)/Ra*100. However, the sensitivity can be calculated in different

ways. i.e. S=Ru/Rpu. S=R.u/Ru. S=(Ru-R.s)/Ra. ete. Therefore. in some cases presented in the table we estimated the

normalized response using response curves or data provided within the cited papers. This allows a better comparison of
sensitivity parameter between different studies.

3.3. Gas Sensing Behavior

The response of the CuO and CuO/ZnO MOS
sensors to reducing gas mixtures shows p-type sensing
behavior. For p-type MOS sensors, the widely

accepted gas sensing mechanism is based on the
change of conductivity due to the interactions between
the surface adsorbed oxygen species and the analyzed
gas [25]. When CuO sensing layer is exposed to the air
atmosphere, oxygen molecules will adsorb on its
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surface to form oxygen species, and then captured free
electrons of CuO to form a hole accumulation layer
(HAL). When exposed to the CO, the gas molecules
react with pre-adsorbed oxygen species on the CuO
surface and return the captured electrons back to the
conduction band (CB) of CuO. Meanwhile, the
thickness of the HAL becomes thinner, and the
resistance of the CuO increases.

According to previous reports [26, 27], the
improvement of the gas sensing properties of p-type
semiconductors combined with n-type semiconductors
can be described as follows. When the CuO contacts
in air with the ZnO, an internal self-built electrical
field at the interface will be formed via charge carries
diffusion due to their different work functions,
electron affinities and band gaps. In the electrical field,
the electrons transfer from ZnO to CuO, and holes
move in the opposite direction until the systems
achieve equalization at the Fermi level (Ef), as
displayed on the Fig. 6a. The process will lead to
development of the potential barrier at the
heterojunctions as the band bending and a wide
depletion layer appears at the interface.

® electron (e)

layer
O hole (h) -
O O CQZ/CO
Ecs
Ee &
Ee

depletion

® clection (¢) i

O hole (h)

Fig. 6. The band diagram of the ZnO/CuO heterojunction
(a) in the air (RH 50 %); (b) in the CO.

When the reducing gas is injected in, its molecules
react with pre-adsorbed oxygen species and the
electrons return back to the interfaces of the CuO and
ZnO. The electrons return to the CB of the CuO and
combine with the holes in the valence band (VB),
which reduces the hole concentration in the CuO HAL
and increases the resistance of CuO. On the other side,
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the electrons that have returned to the ZnO increase
the electron concentration in the ZnO layer. The
electrons transfer from ZnO to CuO until a new
equilibrium is obtained (Fig. 6b). As a result, the hole
quantity in the VB of the CuO is further reduced,
which greatly increases the resistance of the CuQO. This
results in a significant improvement in the response of
the CuO/ZnO gas sensor.

Taking into account the results obtained in this
work, it is obvious that the CuO(75%)/Zn0O(25%)
sensor exhibits the highest number of heterojunctions.
With increasing amount of the ZnO nanoparticles
within the sensitive layer the amount of
heterojunctions decreases and thus, the sensitivity
decreases as well reaching the lowest values for the
CuO(25%)/Zn0O(75%) sensor. Moreover, at 340 °C the
sensor does not respond (or the response is very week).
The signal generated by the n-type ZnO is balanced by
the response produced by the p-type CuO and
CuO/ZnO heterojunction. A change from a p-type to
n-type sensing behavior is thus observed (Fig. 4). Such
transition has been observed before [28-31]. For
example, temperature driven p- to n- type switching
was described by Sinha et al. for sensitive layers made
of CNT/ZnO composite [28]. Indeed, the CNT/ZnO
composite is able to operate as a dual mode sensor, in
which CNT dominates in mild temperature region
(£ 150 °C) and ZnO at high temperature region
(>150 °C) with sensitivity of 72.6 % and 23.2 %,
respectively.

4. Conclusions

The ZnO and CuO anisotropic nanoparticles and
their mixtures were deposited on miniaturized gas
sensors substrates as gas sensitive layers and exposed
to different reducing gases (CO, C3Hs, NH3). Several
conclusions can be drawn from these investigations:

- The ratio of ZnO and CuO nanoparticles within
the sensitive layer play a crucial role on MOS sensor
performances;

- The CuO(75%)/ZnO(25%) sensor exhibits the
highest sensitivity and selectivity towards CO from all
investigated sensors;

- Although the CuO(75%)/Zn0O(25%) sensor can
operate at relatively low temperature (165 °C), its
recovery is very slow;

- The analysis time can be shorten by increasing
the temperature up to 300 °C, but this will decrease the
sensitivity and selectivity of the
CuO(75%)/Zn0O(25%) sensor;

- The enhanced gas sensing properties of
CuO(75%)/Zn0O(25%) sensor is attributed to the
formation of the p-n heterojunction and its gas sensing
mechanism is described;

- The CuO(25%)/ZnO(75%) sensor exhibits the
lowest gas sensing performance towards tested gases,

- A shift from p-type to n-type sensing behavior is
observed for the CuO(25%)/Zn0O(75%) at 340 °C /
400 °C.
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These results highlight the influence of the
ZnO/CuO heterojunction on gas sensor sensitivity and
selectivity, as well as on its response and recovery
times. The CuO(75%)/Zn0O(25%) sensor is a suitable
candidate for an efficient CO sensing in the presence
of C3Hg and NH3.
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