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1. Introduction 
 

Capacitance measurement is one of the most 
important parameters in industrial applications. From 
measurement point of view, change in dielectric, 
area, distance between plates of capacitor is used as a 
factor to measure various material properties.  
Capacitive sensors are constructed in such a way that 
the parameter to be measure causes a change in the 
capacitance of capacitive sensors. The demand for 
capacitive sensors in industrial applications is on the 
rise. Interfacing capacitive sensors is demanding and 
useful concept for real time applications. Interfacing 
is required for implementing the circuit with real time 
world. The raw data from the sensor is converted to 
the corresponding electrical signal and then 
interfacing is done for further processing of data. 
Various interfacing techniques have also been 
reported to measure very small capacitance change 
from the sensor and process it to the computer or 
microcontroller. Accurate measurement of very small 
capacitance change has always been a problem. A 
very small change in capacitance can easily alter the 
output. This very small change has to be considered 
for industrial and real time applications. The high 
degree of linearity and accuracy is always desired. 
High resolution measurement always requires a very 
precise circuit design and careful layout of the entire 
system. To achieve high degree of resolution, several 
methods such as double differential principle [1, 2], 
RC phase delay [3], charging and discharging [4], 
switched oscillator [5], capacitance to phase 
conversion [6] have been reported. These techniques 
used have few limitations but can work and provide 
excellent results in their respective ranges. These 
techniques used to measure various parameters like 
mass measuring system, sugar level content, angular 
speed sensing, liquid level sensing, pressure sensing 
and position sensing are just a few of these. For these 
applications capacitive sensors have become more 
popular. The principle adopted by various 

measurement techniques has been discussed. The 
papers reviewed are discussed one by one on various 
parameters like measurement range, sensitivity, 
percentage error and applications. A tabular column 
comparing the various parameters is provided to 
present a brief idea about the various designs and 
their limitations. Several other articles were also 
published in the domain of capacitive interfacing and 
sensing applications [7, 8]. Sergey Y. Yurish [8] in 
his article has elaborated the capacitance-to-digital 
converters and its state-of-the-art review along with 
direct capacitive sensors interfacing. 
 
 
2. Methodology 
 

2.1. Measuring Capacitance using Double 
Differential Principle 

 
D. M. G. Preethichandra et al., in his article [1] 

presents a technique which is used to measure very 
small capacitance change in capacitive sensors. This 
technique uses a 24 bit ADC to provide a high 
resolution. With the help of double differential 
technique, the capacitance measured is independent 
of the initial capacitance of the sensor. The technique 
also has an advantage of automatic cancellation of 
sensor-connecting parallel plate capacitances. 

Fig. 1 shows a schematic diagram of the circuit. 
The excitation signal is given to sensor’s capacitance 
and a reference capacitance. The reference capacitor 
is realized using a gyrator circuit. An active rectifier 
and low pass filter is used for each arm to minimize 
the error. The DC output voltage from this is fed to 
24bit Sigma-delta ADC. It converts the time varying 
output to an average DC value of the signal. The 
output of ADC is then stored in computer’s memory. 
With the help of this ADC output, the change in 
capacitance is measured and is independent of the 
initial capacitance. 

 
 

 
 

Fig. 1. Schematic Diagram for measuring capacitance using double differential principle. 
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For capacitive sensors of the range of Pico Farad, 
a high resolution change of output (∆C) of order of 
10-18 Farads is observed. The output observed is 
independent of the initial capacitance and is very 
precise and accurate. This circuit has a very simple 
design, low cost and can be used for various 
capacitive sensors. This type of interfacing circuit is 
very useful where the initial capacitance is unknown. 
It can be used for various real time industrial 
applications like position sensing, angular speed 
sensing, liquid level sensing and pressure 
measurement. 
 
 
2.2. Capacitance Measurement with High 

Resolution and High Linearity 
 

M. R. Haider+ et al., [2] has proposed a low 
power capacitance circuit for measuring small 
capacitance with high resolution and high degree of 
linearity. This capacitive measurement technique 
could be used for bio medical applications. The 
differential structure of the circuit helps in 
eliminating even order distortions.  The circuit uses 

two current sense amplifiers, two PMOS-diode 
rectifiers and an instrumentation amplifier. 

Fig. 2 shows a schematic diagram of the circuit. 
The circuit has a reference capacitor and a sensing 
capacitor. The excitation signal is applied such that 
one of their plates becomes the common terminal for 
both the capacitors. The other plates are connected to 
current sense amplifiers. The output of current sense 
amplifier is fed to PMOS diode rectifier to convert it 
into DC signal. PMOS diode is used instead of 
NMOS diode because of its lower flickering noise. 
The DC signal is then fed to an instrumentation 
amplifier with adjustable gain. With the help of 
variable gain, the sensitivity can also be increased or 
decreased correspondingly. The prototype of the 
circuit was developed by fabrication using TSMC 
0.35 μm bulk CMOS process. It has been designed 
and simulated using Cadence Spectre simulator. The 
technique usually uses a reference capacitor of pF 
range. The circuit is capable of producing a change of 
1.32 mV for a change of 1 fF. The circuit can be 
useful for measurement of very small capacitances in 
the range of fF (10-15 Farads). Due to its high 
Common Mode Rejection Ratio (CMRR) it is very 
much suited for bio medical sensor applications. 

 
 
 

 
 

Fig. 2. Schematic Diagram for Sensor Read-out Circuit. 
 
 

2.3. Measuring Capacitance Based on RC 
Phase Delay 

 
Robert N. Dean et al., has presented a technique 

[3] using RC phase delay to measure capacitance 
change. Based on the phase delay through the RC 
network, there will be a change in state of input 
square wave to produce a pulse width modulated 
signal. Fig. 3 shows a schematic diagram of the 

circuit. When the input is low, the output remains low 
till the input goes high. When the input is high, the 
output goes high and remains high, i.e., duty cycle is 
proportional to unknown capacitance. The technique 
uses a MOSFET switch to avoid the problem of 
nonlinearity by discharging the unknown capacitor 
during each measurement cycle. The prototype circuit 
was implemented on a surface mounted printed 
circuit board using CMOS hex inverter IC and n-
channel MOSFET. It uses a variable capacitor of 0.7-
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20 pF.  The output obtained from this circuit is a 
pulse width modulated signal where the duty cycle is 
proportional to the change in capacitance. The 
prototype circuit provides a sensitivity of 246 mV/pF. 
The output PWM signal was low pass filtered, level 
shifted and amplified. The circuit is very useful for 
measurement of capacitance of the range of tens of 
pF or smaller. The output obtained is a linear 
response with high sensitivity. The circuit uses 
CMOS electronics which can be easily implemented 
as an ASIC in chip.  The measurement technique 
requires only a small number of components and is 
relatively simple. 
 
 

 
 

Fig. 3. Schematic Diagram for Capacitance Measurement 
based on RC phase Delay. 

 
 

2.4. Micro Controller Interface for Low 
Value Capacitance Sensors  

 
F. Reverter et al., has proposed a very simple and 

low cost microcontroller interface circuit [4] for low 
value capacitive sensors. The basic principle driving 
the measurement is that the microcontroller measures 
the time needed to discharge an unknown capacitance 
through a known resistance ‘R’, and this measured 
time ‘t’ is utilized for determining the unknown 
capacitance. Fig. 4 shows a schematic diagram of the 
circuit. The technique used in the article to 
implement the same is that first a digital port pin of 

the microcontroller is set as output to provide a high 
logic, and hence charging the unknown capacitance 
‘C’ between the port and ground to a voltage Voh 
(output high voltage) through the internal pull up 
resistance ‘Rp’ of the microcontroller. Secondly the 
same port pin is set to high impedance input mode, 
and the embedded timer starts timing the process as 
the capacitance discharges through ‘R’ (a resistance 
R>>Rp, included in parallel with ‘C’). As soon as the 
voltage drops to the threshold voltage Vth of the 
embedded Schmitt trigger buffer, the timer stops. Vth, 
Voh, R are considered constant and hence the 
measured discharge time ‘t’ is utilized to calculate 
the value of the sensor’s unknown capacitance. 

In order to minimize the effect of stray 
capacitance, a method of three signal calibration has 
been adopted. This technique requires the 
measurement of (a) offset measurement (b) sensor 
measurement and (c) reference measurement. The 
absolute error obtained by applying this interface 
circuit is below 4 % FSR for 1 pF < Cs (sensor 
capacitance) < 10 pF, when Cr =10 pF (reference 
capacitance), and below 1.5 % for 10 pF < Cs 

< 100 pF, when Cr=100 pF. 
 
 

2.5. Measuring Capacitance using Oscillator  
 

Frank M. L. van der Goes et al., describes a new 
capacitive sensor interface based on a novel type of 
oscillator [5], whose frequency is insensitive to low 
and high frequency interfering signals by the 
application of a third order high pass filter. The fully 
integrated 0.7 μm CMOS circuit shows an inaccuracy 
of less than 100 aF (Attofarad) with respect to a 2 pF 
reference capacitor over a -30 ºC to 70 ºC 
temperature range. 

 
 

 
 

Fig. 4. Schematic of Measuring Capacitance with Microcontroller based Interfacing. 
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Fig. 5 shows a schematic diagram of the circuit. 
The basic system is a first order system with a third 
order filter to suppress low frequency interference. It 
has low sensitivity to noise and the locking effects to 
the microcontroller have been reduced by application 
of dithertechniques. The two port measurement 
system consists of a network of sensor capacitance 
cursed with two parasitic capacitors. The only way to 
eliminate the effects of the two parasitic capacitors is 
to maintain a specific potential difference across the 
two terminals of the system and to transmit a specific 

current at the input. A microcontroller is used to 
measure the oscillator period. The entire system is 
continuously auto-calibrated for additive and 
multiplicative errors using a reference capacitor in 
place of sensor’s capacitance. The microcontroller is 
used to measure three time periods namely reference 
time, offset time and measured time for the specific 
sensor’s capacitance. These periods are measured by 
the microcontroller, yielding the digital numbers 
which in turn are used to calculate the final 
capacitance value. 

 
 

 
 

Fig. 5. Schematic Diagram for Measuring Capacitance using Oscillator. 
 
 

The output is independent of the gain and offset 
time as the calibration is done continuously and also 
slow variations in gain and offset time do not affect 
the output. The measurement range is 0 to 2 pF and 
the sampling time obtained is 330 ns. The result has 
negligible influence of parasitic capacitance of up to 
300 pF. The system shows very low sensitivity to 1/f 
noise, thus enabling the use of low cost CMOS 
process. 

 
 
2.6. Measuring Capacitance based  

on Phase Angle 
 

Ashkan Ashrafi et al., provides a technique of 
capacitance-to-phase angle conversion for measuring 
very small capacitance change [6] (Fig.6). There is a 
linear relationship between the output phase and 
initial capacitance change. The main features of this 
technique are extremely high stray immunity and 
very high resolution. 

A sinusoidal wave is generated using an oscillator 
and then this wave is used for generating two 
balanced signals with 180º phase difference. Phase of 
one of the signals is shifted using R and C. To 
overcome the nonlinear problem a conventional 
quadrature phase sensitive detector (PSD) is used. 
PSD provides the cotangent of the output phase. By 
using the switching multipliers, DC output is 
obtained which is then fed into ADC. The output 
from ADC is given to the microcomputer. The 
reference voltage for ADC is provided by passing it 
through DAC so that the variation of temperature 
changes on reference voltage is very small. For 
maximum highest possible resolution the resolution 
of ADC is adjusted. The prototype was developed to 
test the circuit. Testing results show that it can 
measure minimum displacement of 7.710-12 m. The 
nonlinearity is less than 0.5 %. A linear and high 
resolution output is obtained by this scheme. This 
scheme can be used to measure very small 
displacement in various applications.

 
 
 

 
 

Fig. 6. Schematic Diagram based on Capacitance to Phase Angle Converter for Measuring Capacitance. 
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2.7. Capacitance to Frequency Converter 
Suitable for Sensor Applications Using 
Telemetry 

 
S. Chatzandroulis et al., describes a capacitance 

to frequency converter, which is suitable for 
capacitance type sensor interface [9]. The circuit can 
be used with passive telemetry systems as its output 
frequency is independent of the power supply (range 
of 3.7 to 5.5 V). The capacitance-to-frequency 
converter circuit has been designed taking into 
consideration the fluctuations in the system (Fig.7). 

The proposed circuit consists of two modules; one 
is the band-gap reference voltage generator (produces 
a band-gap reference voltage and a regulated internal 
power supply) and an oscillator. The oscillator is 
designed around a current mode comparator that 
results in an output frequency independent of power 
supply variations and temperature drift to an extent. 
The oscillator circuit also includes two current 
sources and a capacitor which periodically charges 
and discharges the sensor capacitance. The switching 
period is initially calculated using the various 
parameters and is in-turn used to find the output 
frequency. Various relations to find the frequency are 
mentioned in the article. The frequency drift remains 
better than 800 ppm/C at temperature of 37 C.  

 
 

.

 
 

Fig. 7. Schematic Diagram for Capacitance to 
Frequency Converter Suitable for Sensor Applications 

Using Telemetry. 
 
 

2.8. Universal Capacitive Sensors and 
Transducers Interface (USTI) 

 
Sergey Y. Yurish has presented a simple, cost-

effective universal capacitance-to-digital converter 
based on the Universal Sensors and Transducers 
Interface (USTI) circuit [10]. The designed integrated 
circuit principle is based on three-signal 
measurement technique. The measurand, reference 
and offset will be converted into three time intervals. 
There are only a few components required to be 
connected externally, including a reference 
capacitance. A relationship between the 
aforementioned three parameters determines the 
unknown capacitance. The relationship is as follows 
[10]: 

 

ref
offref

offx
x C

NN

NN
C 




 , (1) 

 
where: 

NX is the  number of reference frequency pulses 
counted during the measurand;  
Noff  is the number of reference frequency pulses 
counted during the offset cancellation; 
Nref  is the number of reference frequency pulses 
counted during the reference, 
Cref  is the precision reference capacitor. 
The Fig. 8 shows the USTI in 32 pad Micro Lead 

Frame (MLF) packaging with dimensions  
of 5 mm × 5 mm × 1 mm, and block diagram in 
Fig.9. The converter has three popular serial 
interfaces - RS232, Serial Peripheral Interface Bus 
(SPI) and Inter-Integrated Circuit (I2C) for 
communication to Personal Computer (PC) or master 
microcontroller. The circuit has an average relative 
error of ±0.036 % [10] in a wide capacitance range 
from 50 pF to 100 µF. This is a significant reduction 
in the error when compared to some commonly used 
capacitive to digital converting techniques. The 
relative error for further frequency-to-digital 
conversion is constant in the whole frequency range 
and does not exceed ±0.0005 %. 

 
 

 
 

Fig. 8. Universal Sensors and Transducers Interfacing 
circuit (USTI) in miniaturized 32-pad MLF 5 mm × 5 mm 

× 1 mm package. [10]. 
 
 

 
 

Fig. 9. Block Diagram of Capacitive Sensors 
Measurement based on the USTI. 
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2.9. An Integrated Interface Circuit with a 
Capacitance-to-voltage Converter as 
Front-end for Grounded Capacitive 
Sensors 

 
Ali Heidary et al., presented a design for an 

integrated interface for grounded capacitive sensors 
[11].  This principle is based on a feed-forward 
technique to reduce the effects of parasitic cable 
capacitances and also provides immunity with a 
combination of a front-end amplifier. The standard 
0.7 μm CMOS technology circuit has been designed 
and implemented using as an integrated circuit. 
Theoretical verification and simulation has been 

performed and analyzed with experimental data for 
parasitic capacitance introduced by the connection 
cable. 

Fig. 10 shows a block diagram of the designed 
circuit. The circuit consists of a multiplexer, a new 
capacitance-to-voltage converter, a voltage-to-period 
converter and a control unit. This circuit uses a three-
signal calibration technique. The multiplexer is used 
to switch capacitance for input to capacitance-to-
voltage converter. It is used such that the effect of 
parasitic capacitance can be eliminated without 
having the instability problem. The voltage-to-period 
converter is the next stage. The end user can optimize 
it independently of the sensor capacitance range.

 
 
 

 
 

Fig. 10. Block Diagram of Capacitance-to-Voltage Converter for Grounded Capacitive Sensors. 
 
 

The major non-idealities like the amplifier offset, 
the switched charge injection and the CMOS switch 
ON resistance of the circuit has been discussed and 
analyzed. The voltage-to-period converter has been 
designed such that it is only sensitive to peak-to-peak 
voltage and hence independent to amplifier offset. 
The switch charge injection error can be removed by 
applying three-signal auto-calibration. The residual 
error can be reduced by adjusting the reference 
capacitors accordingly. The switch ON resistance 
error can be reduced using the called fast/slow mode. 

Results show that for capacitance of 10 pF with 
connection cable of 30 m can be measured with error 
of less than 0.3 pF. The measured nonlinearity for 
capacitance ranging from 10 pF to 330 pF with cable 
length of 30 m is less than 3 × 10-4. The circuit can be 
used for measurement of small capacitance in 
capacitance transducer applications. 
 
 
2.10. A 16-channel Capacitance-to-period 

Converter for Capacitive Sensor 
Applications 

 
Ioannis Ramfos et al., proposed an ASIC 

implementation of a capacitance-to-period 
conversion system using a relaxation oscillator [12] 
which has linear characteristics and can read arrays 
of up to 16 different capacitive type sensors. The 
system multiplexes sixteen different channels to 
provide a ratio metric result. The ASIC is developed 
using 0.35 µm CMOS technology and mounted on 

PCB along with a supervising microcontroller which 
produces ratio metric measurements and minimizes 
the parasitic effects. The variation in the capacitance 
of the connected sensor is translated linearly into 
equivalent output period variation on a pulse 
waveform, which is measured using the supervising 
microcontroller. As it is shown in the Fig. 11, the 
ASIC consists of three main components namely a 
multiplexer, a band-gapreference and a relaxation 
oscillator. The microcontroller unit coordinates the 
function of each block and provides with ratio metric 
measurements. 
 
 

 
 

Fig. 11. System Block Diagram. 
 
 

The multiplexor unit connects the capacitive 
sensors one at a time to the relaxation oscillator so 
that there are no crosstalk errors. A band-gap 
reference voltage is provided to the oscillator unit so 
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as to provide a stable reference voltage which is 
insensitive to temperature and power supply 
variations. The final unit, the relaxation oscillator, 
consists of two parts: (a) a comparator operating in 
current mode and (b) a set of current sources that 
charge and discharge the sensor’s capacitance. This 
unit provides output period variations in form of a 
pulse waveform which is linearly related to the 
sensor capacitance. 

To minimize various errors such as 
interconnection parasitic, low frequency voltage 
variations, and circuit temperature fluctuations, ratio 
metric measurements using reference capacitance is 
performed by the supervising microcontroller unit, 
followed by a process of averaging via controlling 
software to further minimize the errors. To determine 
the unknown capacitance values, two sets of parasitic 
capacitances in parallel to the unknown capacitance 
were used, 343.2 pF and 15.8 pF and the sensitivity 
obtained were 0.89 µs/pF and 0.69 µs/pF 
respectively.  
 
 
2.11. A CMOS Integrated Capacitance-to-

Frequency Converter with Digital 
Compensation Circuit Designed  
for Sensor Interface Applications 

 
Cheng-Ta Chiang et al., has presented a low cost 
CMOS integrated capacitance-to-frequency convertor 
with digital compensation circuit for sensor 
interfacing applications [13]. The unique 
characteristic of the circuit proposed is that it 
produces a digitized output signal without realizing 
an analog to digital convertor, thereby reducing the 

hardware cost along with increasing the time 
response. A notable feature of the circuit is that, due 
to pulse stream output the data can be transmitted 
over wide range of transmission media like radio, 
optical, Personal Satellite Network (PSN), Infra Red 
(IR), ultrasonic etc., hence making the circuit suitable 
for remote sensing applications as well. The circuit 
works on the principle of switched-capacitor 
technique that was developed for integration of 
digital and analog signals on a single silicon chip. 

The circuit incorporates three stages to implement 
capacitance to frequency convertor namely 
capacitance-to-voltage converter (CVC), followed by 
a voltage-to-frequency converter (VFC), and the 
digital compensation circuit as shown in Fig. 12. The 
stage -I consists of a feedback capacitance ‘CF’ and 
reference capacitance ‘CR’ which are utilized to 
derive the voltage at the end of the 1st stage. The 
output voltage of stage-I (Capacitance to voltage 
converter) acts as the input to stage - II (the voltage 
to frequency convertor which consists of the switched 
-capacitor integrator, a comparator, and a D flip-
flop). After application of the switched capacitance 
technique the circuit applies charge redistribution 
method. Finally the circuit uses a unique and firstly 
proposed digital compensation circuit which 
eliminates the quantization error and provides a 
dynamic output frequency range. The digital 
compensation circuit includes a detector, control, and 
frequency circuits.  

The output frequency range achieved by the 
circuit is from 0.5 to 500 kHz under the variable 
capacitance of the detected sensor ranges from 4 to  
24 pF. The area of this chip is 940 × 1080 μm2 and 
the power consumption is 6.4 mW.

 
 
 

 
 

Fig. 12. The Schematic of the Capacitance-to-Frequency Converter. 
 
 
3. Summary 

 
In this paper, we have discussed various 

techniques for measuring very small change in 
capacitance. The various techniques used aims at 
providing a high resolution and linear output. The 
circuits been discussed are based on the principle to 
measure change in capacitance. The principles used 
are double differential principle, RC phase delay, 

charging and discharging, oscillator and capacitance 
to phase angle conversion. Following is a brief 
description of various papers that involves use of 
discrete electronic devices rather than fabrication of 
micro-chips. A simple interfacing circuit using 
double differential principle is that this can measure a 
change of 10-18 F. The main feature of the design is 
that the change in capacitance is independent of the 
initial sensor’s capacitance. A low power capacitance 
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circuit is to measure capacitance change using 
differential structure. It uses TSMC 0.35 μm bulk 
CMOS process for fabrication. It has very high 
resolution and high degree of linearity. It is useful for 
biomedical sensor applications and used a RC phase 
delay concept to measure capacitance change. It uses 
MOSFET switch to avoid nonlinearity. The output of 
this is stable and linear with very high resolution. The 
design is simple and requires a small number of 
components. Interfacing with a microcontroller 
measures charging and discharging time of unknown 
capacitor through known capacitance. It’s simple and 
low cost technique. It is mainly used for interfacing 
circuits. Used novel oscillator concept to measure 
capacitor change, it gives very high resolution, high 

accuracy and high stability. It has very less sensitivity 
to noise. The output has high stability and high 
accuracy. It has negligible influence of parasitic 
capacitance and a capacitance to phase angle 
conversion for measurement. It has a high resolution 
and linear output. The system has an extremely high 
stray immunity. It is used to measure very small 
displacement. 

Table 1 shows comparing the various parameters 
of the design for capacitance measurement is 
provided. It provides the details regarding 
methodology, measurement range, sensitivity, error 
and application of the design. The application of 
these Capacitance Measurement techniques could be 
extended to the MEMS based sensors as well [14].  

 
 
 

Table 1. Comparison summary of various design techniques and their applications 
 

Methodology 
Minimum 

measurement 
value 

Sensitivity Error Applications 

Double Differential Principle aF 2.5 ppm 
0.92 pF for 1 µF 

capacitor 

Measure very small 
capacitance change 
where initial can be 
unknown mainly in 
industries and 
interfacing circuits. 

Differential Principle fF 1.32 mV/fF - 
Bio-medical sensor 
application 

RC Phase Delay pF 246 mV/fF 2.6 % Micro sensors 
Charging and Discharging using 
microcontroller 

pF - 
Below 4 % FSR 
for 1 pF to 10 pF 

Interfacing circuits 

Oscillator pF - 
100 aF for 2 pF 

capacitor 
Interfacing circuits 

Capacitance to phase angle 
conversion 

pF 32 ppm Less than 0.5% 
Very small displacement 
measurements. 

A CMOS Integrated Capacitance-
to-Frequency Converter with 
Digital Compensation Circuit 
Designed for Sensor Interface 
Applications 

4-24 pF NA NA Sensor interface 

A 16-channel capacitance-to-
period converter for capacitive 
sensor applications 

NA NA NA Sensor interface 

Capacitance to Frequency 
Converter Suitable for Sensor 
Applications Using Telemetry 

NA NA NA 
Suitable design for 
passive telemetry 
systems 

Universal Capacitive Sensors and 
Transducers Interface (USTI) 

50 pF to  
100 µF 

NA ±0.036 % 
Varied applications. 
Suitable for wide range 
C/F converters 
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Abstract: This review paper described a trend of MEMS switch development towards better performance in 
actuation voltage, insertion loss, isolation, return loss, switch lifetime, switching speed, and temperature 
sensitivity for radio frequency applications. Important switch design parameters are discussed briefly as they 
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1. Introduction 

 
In recent years, development in MEMS (micro 

electro mechanical system) have achieved remarkable 
advancement for radio frequency (RF) applications, 
which include switches, voltage tunable capacitors, 
high quality integrated inductors, film bulk acoustic 
resonators (FBAR), MEMS mechanical resonators 
and filters. Researchers have also developed various 
other devices like microsensors, transducers, 
cantilevers based on MEMS technology [1-3]. 
Among these devices MEMS switches are the 
fundamental component, which can be used to 
develop other RF MEMS devices. RF MEMS devices 
provide the tremendous performance in terms of low 
power consumption, higher isolation and low 
insertion losses to their solid state counterparts (P-I-N 
diodes and FET’s) [4]. 

RF MEMS switches are the important device in 
the area of RF and microwave. These RF MEMS 
switches achieve an open or short circuit on a 
transmission line by mechanical movement of the 
switch beam in vertical or lateral directions. These 
switches are the ideal component for electrical signal 
switching which can be used in various RF and 
microwave devices for different communication 
applications. These switches have been designed to 
present nearly 50 Ω impedance across a broad range 
of frequency when it is closed and nearly an open 
circuit when there is no connection. This property 
makes RF MEMS switch an attractive choice for 
microwave application [5-8]. 

The forces required for the mechanical movement 
of the switch beam to achieve make and break 
contacts between the transmission line and RF 
MEMS switch can be obtained using actuation 
mechanism. 

http://www.sensorsportal.com
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The actuation mechanism in RF MEMS switch 
can be electrostatic or electromagnetic. Electrostatic 
actuation mechanism is the most prevalent technique 
in use today due to its very low power consumption, 
small electrode size, relatively short switching time, 
while electromagnetic actuation mechanism requires 
higher current requirement and shows more 
switching time as compared to electrostatic actuation 
mechanism [9-11]. 

The important switch design parameters used to 
evaluate the performance of the RF MEMS switches 
are: 

(a) RF power handling; RF power handling is a 
measure of how efficiently a switch passes the RF 
signal at the time of signal transmission. This can be 
defined as the output power level follows the input 
power level with linear ratio. 

(b) Insertion loss; The insertion loss of RF 
MEMS switch refers to the RF signal power 
dissipated in the switch at the time of signal 
transmission. Insertion loss occurs at low microwave 
frequencies as well as at high microwave frequencies. 
This occurs at low frequencies due to the resistive 
loss between the finite resistances of transmission 
line and switch beam contact area. At higher 
frequencies insertion loss occurs because of skin 
depth effect. For design aspect the insertion loss 
should be very less for efficient signal transmission. 

(c) Isolation; The isolation of RF MEMS switch 
can be defined as the RF signal power isolation 
between the input and output terminals of the switch 
in its signal blocking state. A large value (in decibels) 
of isolation indicates very small coupling between 
input and output terminals. In RF MEMS switches 
isolation occurs due to capacitive coupling between 
the moving switch beam and the stationary 
transmission line as a result of leakage currents. One 
of the design objectives of communication system is 
to achieve a very high isolation at low and high 
microwave frequencies. 

(d) Return loss; The return loss of the RF MEMS 
switch refers to the RF signal power reflected back 
by the device, at the input terminal of the switch in its 
signal transmission state. Return loss occurs due to 
the mismatching of the total characteristic impedance 
between the switch and transmission line. 

(e) Actuation voltage; Actuation voltage can be 
defined as the minimum voltage required to pull 
down the switch beam of the RF MEMS switch. One 
of the design objectives of state-of-the-art 
microelectromechanical switching systems is to 
achieve the low actuation voltage, depending on the 
switch design and application. 

(f) Resonant frequency; The resonant frequency 
of the switch can be defined in terms of the effective 
spring constants and resonating mass of the 
mechanical switch model. At this particular 
frequency, the stored potential energy and the kinetic 
energy of the switch tend to resonate. The natural 
frequency of a simple mechanical system consisting 
of a weight suspended by a spring can be formulated 
as 

1

2

k

m , 

 
where k is the spring constant of the spring and m is 
the resonating mass of mechanical system.  

The resonant frequency can also be defined for an 
electrical system. In electrical system the resonant 
frequency can be achieved by using a resonant 
circuit, which consists of an inductor (L) and 
a capacitor (C) in series configuration. This LC 
circuit stores an oscillating electrical energy at the 
circuit's resonant frequency due to the collapsing 
magnetic field created by the inductor and capacitor. 
The fundamental resonant frequency of the electrical 
circuit can be formulated as 

 

1 1

2 LC , 

 
where L is the inductance and C is the capacitance of 
the LC electrical circuit. 

(g) Switching speed; The switching speed can be 
defined as the time for toggling from one state of the 
switch to another. Switching speed can also be called 
as switching rate. RF MEMS switches possess low 
switching speed as compared to the semiconductor 
switching devices. 

(h) Quality factor; The quality factor (Q-factor) 
is one of the most important parameter of RF MEMS 
switch and can be explained as the ratio of the energy 
stored to the energy dissipated per cycle at the 
resonant frequency. Higher Q-factor indicates a lower 
rate of energy loss relative to the stored energy of the 
resonant circuit. 

The RF MEMS switch performs RF signal 
switching by physically blocking or opening the 
transmission path in a microwave devices to achieve 
transmit/receive operation. So these RF MEMS 
switches have a broad range of application in RF and 
microwave based modern communication systems. 
Brown E. R. [5] categorized the RF and microwave 
devices based on the location of RF MEMS 
component in the system design.  

(i) RF extrinsic: In this the RF MEMS 
component is situated outside the RF circuit and 
actuates or controls other component in the RF 
circuit. 

(ii) RF intrinsic: In this the RF MEMS 
component is situated inside the RF circuit having 
actuation and RF circuit function. 

(iii) RF reactive: In this the MEMS component is 
located inside the RF circuit where it performs an RF 
function. 

By implementing these RF MEMS switches with 
antenna system design, it is possible to achieve the 
electronic switchable antenna. These antennas can be 
monolithically fabricated with other electrical and 
mechanical component to develop a reconfigurable 
antenna by changing the physical structure of the 
antenna with RF MEMS switches. Anagnorto D. et.al 
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[12] developed multiple frequency fractal 
reconfigurable antennas for high frequency 
application to achieve the additional degree of 
resonance frequencies. The resonance behavior of the 
developed fractal reconfigurable antenna segment can 
be changed by controlling the current on each 
conductive part of the antenna by using RF MEMS 
switches. 

The objective of this paper is to review the 
development of RF MEMS switches in the past two 
decades. The organization of this paper is as follows: 
Section 2 describes about the classification of the RF 
MEMS switches. Section 3 includes the 
characteristics and performances of RF MEMS 
switches and finally Section 4 describes the 
conclusion of this review paper. 
 
 
2. Classification of RF MEMS Switches 
 

The RF MEMS switches are classified on the 
basis of contact and on the basis of circuit 
configuration. Based on contact type there are two 
types of switches: metal to metal contact and 
capacitive contact switches. On the basis of circuit 
configuration, these switches are classified as series 
and shunt RF MEMS switches. RF MEMS switches 
are often used in series circuit configuration for low 
frequency application and in shunt circuit 
configuration for high frequency application. 
 
 
2.1. Metal to Metal Contact RF MEMS 

Switches 
 

The schematic view of metal to metal contact 
switch is shown in Fig. 1. In this switch metal to 
metal direct contact is used to achieve an ohmic 
contact between the switch membrane and the lower 
electrode. These switches are capable to maintain 
excellent electrical isolation in off state and minimal 
insertion loss in on state. Metal to metal contact 

switches shows excellent electrical contact while 
maintaining the minimum contact resistance and low 
parasitic capacitive coupling to provide a large 
dynamic range of on-off state impedances. Therefore 
these switches are suitable for low frequency RF 
application from DC to 60 GHz radio frequency 
range [13, 14]. However the main disadvantage of 
these switches is the contact lifetime which affects 
the switch performance in terms of insertion loss and 
isolation. Metal to Metal contact switch in series 
configuration performs a make and break operation in 
transmission line typically with metal–metal contacts.  
Larson L. E. et. al. [15] demonstrated a cantilever 
based metal to metal contact RF MEMS switch, 
which is connected in series configuration with the 
transmission line. Santos H. J. D. L. et. al. [16] 
discussed cantilever based RF MEMS switches is 
series configuration with transmission line. 
 
 
2.2. Capacitive Coupling RF MEMS Switches 
 

The schematic view of capacitive coupled RF 
MEMS switch is illustrated in Fig. 2. A capacitive 
coupled RF MEMS switch uses a metal membrane 
which exhibits high impedance due to an air gap 
between the membrane and bottom plate in 
unactuated state. When a DC voltage is applied 
between the membrane and bottom plates, the top 
membrane gets capacitive coupled with the bottom 
plate which causes the low impedance and high 
capacitance between the switch contacts. This low 
impedance path allows the RF signal to the ground 
and it stops the signal transmission through the 
MEMS switch. The capacitance ratio between down 
state to the up state capacitance is the key parameter 
and a high value of the capacitance ratio is always 
desirable for high frequency application. Capacitive 
coupled RF MEMS switch uses a thin dielectric layer 
on the bottom plates to avoid the stiction problem 
between switch membrane and bottom plates of the 
switch [17, 18]. 

 
 

Thin dielectric layer Pulldown Electrode

Substrate 

Cantilever beam

Metal 
Contacts 

Anchor 

 
 

Fig. 1. Sketch of a typical Metal to Metal contact RF MEMS switch. 
 
 

L
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Fig. 2. Sketch of a typical RF-MEMS capacitive coupled switch. 
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These capacitive coupled RF MEMS switches 
have been integrated in shunt circuit configuration 
with a coplanar-waveguide (CPW) transmission line. 
In a CPW configuration, the anchors of the MEMS 
switch are connected to the CPW ground planes. 
When a voltage is applied between a switch beam 
and the pull-down electrode, an electrostatic force is 
induced on the beam. The switch operates as a 
digitally tunable capacitor with on and off states of 
the switch. The beam over the electrode acts as a 
parallel plate capacitor. When the switch beam is in 
up-state, transmission line experiences a small 
capacitance and when it is in down state the switch 
membrane get touched with the transmission line 
therefore transmission line experiences a high 
capacitance with low impedance path to the ground.  

Goldsmith C. et.al [17-19] developed a capacitive 
coupled RF MEMS switch and this switch was used 
in shunt circuit configuration with coplanar 
waveguide (CPW) transmission line for 35 GHz 
frequency RF application. Tan G. L. et.al [20] also 
demonstrated a fixed-fixed metal to metal contact RF 
MEMS switch in shunt configuration with 
transmission line by using two pull down electrodes 
and a central dc-contact area. 
 
 
3. Characteristics and Performances  

of RF MEMS Switches 
 

A large number of RF MEMS switch design 
parameters has been discussed in the section 1. 
These design parameters exists with conflicting 
requirements and trade off’s in various switch design 
structures. This section shows the research efforts  

that have done in past two decades to mature this 
technology. These research efforts have been done to 
improve the performance of the RF MEMS switch in 
terms of actuation voltage, insertion loss, isolation, 
switch lifetime, RF signal power handling, 
temperature sensitivity and switching speed. 

 
 
3.1. Actuation Voltage 

 
The first MEMS switch was developed by the 

Petersen K. E. [21] in 1979 where cantilever based 
switch design was used on the silicon substrate to 
achieve the switching of electrical signals at actuation 
voltage of ~70 V. Since then a large number of 
papers have been published in various journals and 
conferences with various structural designs of RF 
MEMS switch to reduce the actuation voltage. Yao  
J. J. et. al. [13] developed a surface micromachined 
miniature RF MEMS switch using a cantilever beam 

structure of 2SiO  and achieved an actuation voltage 

of 28 V. Pacheco S. et. al. [22] reported two different 
designs of RF MEMS capacitive switches by using 
serpentine and cantilever spring structure with low 
spring constant to achieve a low actuation voltage of 
14 V to 16 V for DC to 40 GHz frequency range 
application.  

Pacheco S. P. et. al. [23] proposed a modified 
design of low loss RF MEMS switch design 
incorporating serpentine folded spring structure as 
illustrated in Fig. 3, to achieve a low actuation 
voltage of 9 V and a minimum off state isolation. 
This proposed switch was designed with a folded 
suspension varying from 1 to 5 mender suspension 
attached with a electroplate nickel membrane.  
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Fig. 3. A schematic view of RF MEMS switch with serpentine folded suspensions containing four meanders.  
Pacheco S. P. et. al [23]. 

 
 

The structure was attached with the actuation 
plates situated at center conductor of the finite 
ground coplanar wave guide (FGCPW), the switch 

membrane clamps down thereby a high capacitance 
at center conductor provide a short path to the RF 
signal. The proposed switch design concluded that by 
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increasing the number of mender structure a reduced 
actuation voltage can be achieved. Actuation voltage 
and spring constant for various hinge structures has 
been tabulated in Table 1. 

Balaraman D. et.al [24] also proposed a design of 
RF MEMS switch with various hinge (spring) 
structures with high resistive silicon substrate to 
achieve a low actuation voltage. This switch was 
developed by using sputtered copper based switch 
membrane with four various hinge geometries. Lee 
S.-D. et.al [25] developed a RF MEMS switch with a 
freely moving contact structure to achieve low 

actuation voltage. The schematic view of this switch 
is illustrated in Fig. 4. This proposed switch design 
used a freely moving structure which opens and 
closes the switch through electrostatic actuation. This 
switch design was capable to reduce the sufficient 
amount of actuation voltage because actuation energy 
was not used in elastic deformation of a suspension 
beam.  

Actuation voltages and spring constant for various 
hinge structures of capacitive shunt switch RF 
MEMS switches are listed in Table 1. 

 
 

Table 1. Actuation voltages and spring constant for various hinge structures  
of capacitive shunt switch RF MEMS switches. 

 

Hinge structures 
Actuation Voltage 

(V) 
Spring constant 

(N/m) 
References 

Cantilever 
 
Serpentine spring  
(Each suspension contains 2 menders) 
 
4 suspensions bridge  
(Each suspension contains 5 menders) 
 
4 suspension bridge 
(Each suspension contains 1 mender) 
 
2 suspension bridge 
(Each suspension contains 1 mender) 
 
Solid cantilever bridge 
 
2 Mender cantilever bridge                        

5.97 
 
 

4.95 
 
 

9 
 
 

16.7 
 
 

5.7 
 

17.8 
 

11.5 

0.654 
 
 
0.478  
 
 
---- 
 
 
14.8 
 
 
1.75 
 
16.7 
 
7.4 

[22] 
 
 

[22] 
 
 

[23] 
 
 

[24] 
 
 

[24] 
 

[24] 
 

[24] 
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Fig. 4. A schematic view of RF MEMS switch with movable contact pad.  Lee S.-D. et. al [25]. 
 
 

To further achieve a lower actuation voltage, 
Polcawich R.G. et. al. [26] presented a RF MEMS 
series switch design using piezoelectric actuation 
mechanism. This actuation mechanism retains large 
restoring force and excellent RF performance. In this 
RF MEMS switch design a piezoelectric actuation 
mechanism was proposed as compared to the 
electrostatic actuation mechanism because 

piezoelectric actuation mechanism required 
extremely low currents and voltages for operation 
along with the ability to close the large vertical gaps.  
Lee H.-C. et. al [27] also developed a shunt type 
ohmic RF MEMS switch by using piezoelectric 
actuation mechanism and reported that these switches 
can be operated at a low operating voltage of 5 V 
with very low power consumption. This proposed 



Sensors & Transducers, Vol. 148, Issue 1, January 2013, pp. 11-21 

 16 

switch was developed with single and four 
cantilevers based piezoelectric actuators. Kim J. et. 
al. [28] proposed a DC contact type RF MEMs 
switch design to achieve a low actuation voltage. 
This proposed switch was developed by using a thick 
and stiff silicon membrane with a seesaw mode 
operation design to mitigate the effect of the bending 
of the membrane due to an internal stress gradient. 
This switch was designed with uniform small gap 
between the electrode and the switch membrane. 
Actuation voltages for various actuation mechanisms 
are listed in Table 2. 

Kundu A. et. al. [29] presented a new design of 
RF MEMS which required a very low actuation 
voltage with improved switching time. The actuation 
voltage was reduced by a sufficient amount by using 
a concept of moving transmission line of coplanar 
waveguide (CPW). This proposed switch used two 
movable plates where the first moving plate was 
switch membrane and the second moving plate was 
CPW transmission line. This CPW transmission line 
acted as a movable bottom electrode to initiate the 
actuation process. This proposed switch was able to 
reduce the actuation voltage and switching time 
around 20 % for optimized design parameter for the 
two movable plates switch. 
 

Table 2. Actuation voltages for different actuation 
mechanism. 

 
Actuation 
Mechanism 

Actuation 
voltage (V) 

References 

Electrostatic  9 to 70 [13-33] 
Piezoelectric  2 to12  [26, 56] 
Electromagnetic 2 [57] 
Electro-thermal 2.5-3.5 [58] 

 
 
3.2. RF Characterization (Isolation, Insertion 

Loss and Return Loss) 
 

The RF performance at low frequencies should be 
characterized by the ‘on’ resistance in signal passing 
state and ‘off’ resistance in signal blocking state. At 
high frequencies RF performance can be described by 
its insertion and return loss in signal passing state and 
isolation in signal blocking state. Till now various 
papers have been published to achieve a high RF 
performance at low as well as at high frequencies. 
Here we will describe the research efforts that have 
been done to achieve high RF performance in RF 
MEMS switches. 

Goldsmith C. et.al [17, 18] developed a low-cost, 
low loss RF MEMS capacitive shunt switch using 
electrostatic actuation mechanism. This proposed 
switch design reported that insertion loss can be 
minimized by reducing the length of the transmission 
lines. Because the narrow input/output interconnects 
between the transmission line and switch contact area 
produces more insertion loss during signal passing 
state. High isolation can be achieved by removing the 

imperfection in the deposited switch membrane 
because these imperfections provide the improper 
contact between the bottom electrodes and switch 
membrane. Goldsmith C. et. al. [19] modified the RF 
MEMS capacitive shunt for microwave and 
millimeter wave frequencies with significant 
improvement in terms of low insertion loss, high 
isolation. This proposed switch design used an 
aluminum based coplanar waveguide (CPW) and 
switch membrane in order to achieve low insertion 
loss and high isolation. Muldavin J. B. et. al. [30] 
demonstrated a tuned cross switch incorporating four 
membrane shunt MEMS switches. The proposed 
tuned cross switch proved the advantage of the tuning 
approach to achieve high isolation in down-state and 
excellent return loss in up-state in comparison with 
individual RF MEMS switch. This proposed tuned 
cross switch design was suitable for low-loss high-
isolation communication application at 28 GHz 
frequency. Rizk J. B. et. al. [31] reported a significant 
improvement in isolation and insertion loss of  
X-Band RF MEMS switches by using a π-circuit 
network with two MEMS shunt switches. 

Muldavin J. B. et. al. [32] developed a RF MEMS 
shunt switches to achieve a very high isolation for  
X-band frequency range from 7 GHz to 12 GHz. This 
proposed switch design achieved a very high 
isolation by increasing the series inductance of the 
switch. This series inductance was maximized by 
adding a short section of transmission line between 
the MEMS bridge and ground plane thereby the 
resonant frequency was pushed down to the X band 
frequency range. The proposed switch design resulted 
in a lower insertion loss and much higher isolation of 
better than 30 dB at X-band frequencies. It was 
proposed that the insertion loss and isolation may be 
improved by using thicker metal underlying between 
the metal membrane and transmission line. 

Tan G.-L. et. al. [33] reported the effect of bias 
lines on the insertion loss. This proposed switch 
design used a resistive bias line which was attached 
to each of the two pull down electrode. This 
schematic view of this developed switch design is 
illustrated in Fig. 5. The proposed switch design 
reported that resistive bias line with low value can 
result with improved insertion loss in dc contact 
MEMS shunt switches.  

Rizk J.B. et. al. [34] reported a significant 
improvement in isolation and insertion loss of W-
Band RF MEMS switches by using T-match and  
π-circuit network with two MEMS shunt switches. 
Ghodsian B. et. al. [35] developed a DC-contact 
MEMS series switch by using cantilever beam with 
fork tip design. This cantilever beam with fork tip 
design reduced the upstate capacitance by 
minimizing the electrode overlap area between the tip 
of cantilever beam and the underlying signal line. 
Thereby this proposed metal to metal contact RF 
MEMS switch has shown the high isolation at high 
frequencies because of up-state capacitance. 
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Silicon Substrate (h=400 μm) 

Electroplated Anchor (2 μm) 
Bias electrode 
      (SiCr) Dimple (40μm×20μm) 

 (7200 Å) 

Ground Plane 

h = 1.7 μm 

 
 

Fig. 5. A schematic view of RF MEMS DC-contact shunt switch. Tan G.-L. et. al. [33]. 
 
 

Jang Y.-H. et. al. [36] proposed a RF MEMS 
contact switch design to achieve the high isolation 
using two directional movements, namely vertical 
and lateral movement of the contact part by using 
comb and parallel plate actuators. Yamane D. et. al. 
[37] demonstrated a bidirectional electrostatic 
actuation mechanism for a dual SPDT (single-pole 
double-through) switch. This proposed switch was 
designed with silicon on insulator (SOI) wafer to 
minimize the dielectric loss because suspension beam 
over the coplanar or micro strip line exhibited the 
electric field of travelling wave which prevents the 
condensed matter of substrate and increases the 
dielectric loss. The insertion loss increases due to the 
dielectric loss. In order to reduce the insertion loss 
this switch was designed by adapting the layer-
separation technique. Pacheco S. P. et. al. [23] 
suggested that this isolation can also be reduced by 
decreasing the thickness of the dielectric between the 
switch and the conductor in such a way that dielectric 
break down should not happen. 
 
 
3.3. Switch Lifetime 
 

Another important parameter of RF MEMS 
switch is the switch lifetime. The lifetime of the 
switch can be measured by inspecting the degradation 
of the mechanical structure (switch membrane) of the 
switch. Switch lifetime of capacitive coupled and 
metal to metal contact switches has been intensively 
studied in the last few years. In metal to metal contact 
switches, the mechanism that limits lifetime is the 
degradation of the metal contacts with repeated 
actuations. In capacitive membrane switches, the 
limiting mechanism is the dielectric charging within 
the switch dielectric layer. This switch lifetime can 
be divided into cold switching and hot switching life 
time. Cold switching lifetime defined as zero signals 
passes through the switch contact area and hot 
switching lifetime refers to that of a switch when a 
specific signals level passes through the switch 
contact area [38, 39]. Switch lifetime of RF MEMS 
switches have been intensively studied in the last few 
years. 

Goldsmith C. et. al. [40] demonstrated a 
capacitive RF MEMS switch and characterized the 
switch’s lifetime as a function of actuation voltage. It 
was reported that the applied electric field in RF 

MEMS switch is responsible for dielectric charging 
which results in sticking (failure) of the switch 
membrane. The relation between electric field and 
actuation voltage is given as follows [40]. 

 
2 / φ /Ba V T q K TJ V e   , (1) 

 
where J is the current density, V is the applied 
voltage, T is the temperature in Kelvin, K is the 

Boltzman’s constant, φB is the barrier height and a is 

a constant composed of electron charge, insulator 
dynamic permittivity, and film thickness. Equation 1 
represented that switch lifetime (electric field) has 
exponential relationship with the applied actuation 
voltage. Czarnecki P. et. al. [41] reported that the 
charging of the substrate can also affect the lifetime 
of capacitive shunt RF MEMS switch. They had used 
two substrates (silicon and glass) for switch design 
and concluded that the substrate can also trap charges 
which degrade the switch lifetime. Wong W. S. H.  
et. al. [42] proposed a novel actuation voltage 
technique to achieve the sufficient reduction in 
dielectric charging in RF MEMS capacitive switches, 
leading to a longer switch lifetime. In this work 
actuation voltage technique is used to analyze the 
dielectric charging generated by different actuation-
voltage. It was concluded that a suitable actuation 
voltage can reduce the charge buildup and thereafter 
extends the lifetime of the switch. Rottenberg X.  
et. al. [43] proposed an analytical model of RF 
MEMS capacitive switch with distributed dielectric 
charging.  Which was demonstrated with a 
nonuniform air-gap distribution and a nonuniform 
volume distribution of charges in the dielectric layer. 
This switch design provided a deep insight into the 
irreversible stiction problem in electrostatic actuation 
mechanism. 
 
 
3.4. RF Signal Power Handling 
 

RF power handling refers the power at which the 
MEMS device fails to operate properly. RF signal 
power can be applied to the switch at a broad range 
of frequencies with different power levels to achieve 
high performance for microwave frequencies. RF 
signal power handling capability of RF MEMS 
switches are mainly limited by the two factors [44]. 

 (7200 Å) 
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(i)- RF latching: - RF latching can be defined as 
the applied RF power provides the enough force on 
the membrane to hold the switch down when DC bias 
is removed.  

(ii)-RF self-actuation:- RF self-actuation is 
referred as a situation in which the high RF power 
actually creates enough potential to pull the 
membrane down in unactuated state without using a 
DC bias voltage across the switch. 

Lot of work has been done in past towards the RF 
signal power handling capabilities of RF MEMS 
switches. To enhance the power handling capability 
of metal to metal contact type RF MEMS switch, 
Jensen B. D. et.al [45] reported an electro-thermal 
model, to predict the current density in the metal to 
metal contact area of the switch using 
electromagnetic modeling. With the help of this 
model the accurate power handling capability can be 
calculated without sacrificing the switch 
performance. For high power application, Peroulis D. 
et.al [46] proposed a new RF MEMS switch design 
by using DC and RF pads with a top electrode as 
shown in Fig. 6, which considerably increases the RF 
power range with improved power handling 
capability. This design also investigated the self 
actuation and stiction problem of switch membrane in 
high RF power handling situation. Grenier K. et. al. 
[47] proposed a specific RF MEMS switch with two 
bridge level topology to encounter the failure 
mechanism related to the self actuation and 
electromigration for high RF power handling. This 
topology was developed with a mobile bridge 
structure. Which was attached with two non movable 
top and bottom electrodes to achieve the capacitive 
contact between the switch membrane and 
transmission line. High RF power self actuation and 
electromigration phenomenon were encountered by 
using pull up electrodes and large bridge dimensions 
respectively. Various RF MEMS switch designs and 
studies has been investigated in order to improve the 
power handling capability up to 6 W of RF power 
[48- 50]. 

 
3.5. Temperature Sensitivity 
 

Past few years has seen an increase in the 
development of temperature sensitive RF MEMS 
switch designs to attain a reliable performance in fast 
temperature changing environment. Palego C. et. al. 
[51] proposed RF MEMS capacitive shunt switches 
with molybdenum membrane because molybdenum 
switch membrane exhibited a significantly reduced 
sensitivity to ambient temperature as compared to 
aluminum switch membrane. Mahameed R. et. al. 
[52] presented a RF MEMS switch which utilizes the 
lateral thermal buckle-beam actuator design in order 
to reduce the switch sensitivity to thermal stress. This 
switch demonstrated very low temperature sensitivity 
of ~ -50 mV/C at 25 C to 125 C. Mahameed R.  
et. al. [53] proposed a design by using separate and 
interdigitated RF and actuation electrodes which 
prevents dielectric charging under high actuation 

voltages. This design has shown the low temperature 
sensitivity with actuation voltage.  Various switch 
design with different switch membrane structures has 
been developed in order to develop temperature 
sensitive RF MEMS switch for wider temperature 
range applications [54, 55].  
 
 
3.6. Switching Speed 
 
Switching speed is an important performance 
parameter of RF MEMS switches for transmit/ 
receive switching application. Even though RF 
MEMS switches exhibit excellent RF characteristics 
such as low insertion losses and high isolation but 
these switches have a very slow switching speed. 
This switching speed depends on mass of the switch 
membrane and switch construction. This switching 
speed can be increased by using a switch membrane 
with lower mass. Generally an RF MEMS switch 
operates at a speed of 2 to 50 ms for several million 
switching operations. The low mass of membrane 
based MEMS capacitive shunt switches make it 
suitable for relatively fast switching operation in 
comparison with cantilever-style MEMS switches 
[11]. Yao J. J. et. al. [13] demonstrated a RF MEMS 
switch on semi-insulating GaAs substrate and 
achieved a low switching speed. Goldsmith C. et. al. 
[18] developed a switch whose switching speed is 
comparatively low with respect to semiconductor 
switches, however these switches are most suitable 
for beam steering application in phased array 
antennas. Goldsmith C. et. al. [19] modified the RF 
MEMS capacitive shunt switch design and achieved 
increased switching speed by using thin aluminum 
switch membrane. A comparison table of 
characteristics and performances for various 
developed RF MEMS switches are listed in Table 3.  
 
 

4. Conclusion 
 
The recent progress in RF MEMS switch was 
reviewed in this paper. This review paper has 
discussed the different type of MEMS switch such as 
metal to metal contact and capacitive coupled MEMS 
switches for series and shunt circuit configuration 
with coplanar waveguide (CPW) transmission line. 
Important switch parameters like actuation voltage, 
switch lifetime, temperature sensitivity and switching 
speed were highlighted, as they make significant 
contribution to the performance of the switch. RF 
performance parameters like insertion loss, isolation, 
RF power handling and return loss have observed for 
different switch designs. The main intention of this 
review paper is to provide a good knowledge to the 
newcomers in this field and empower an overall 
device picture, current status, and vision of their 
ultimate performance capabilities. This RF MEMS 
switch field has really been shaped within the past 
two decades. The future of this miniature MEMS 
device should be bright and unlimited. 
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Table 3. Characteristics and performances of different RF MEMS switches. 
 

Switch 
Design 

Contact 
Type 

Substrate 
used 

Actuatio
n voltage 

(V) 

Insertion loss 
(dB) 

Isolation 
(dB) 

Switching 
speed 

Frequency 
range 

References 

Cantilever 
based series 
switch  

Metal to 
metal  

GaAs ~28 
0.1 at  
4 GHz -50 at 4 GHz 30 μs 

DC to RF 
frequency 

[13] 

Cantilever 
based series 
switch  

Metal to 
metal  

Silicon 2 
1  up to  
40 GHz 

20  up to  
60 GHz 

40-60 ms --- [26] 

Fixed-fixed 
beam shunt 
switch 

Capacitive  Silicon 30-50 
<0.25 at  
35 GHz 35 at 35 GHz <5 μs 

Up to  
40 GHz 

[19] 

Fixed-fixed 
beam shunt 
switch 

Capacitive -- 14-16 
<0.2 at  
20 GHz -30 at 40 GHz -- -- [22] 

Fixed-fixed 
beam shunt 
switch 

Capacitive Silicon 15-20 
0.6 at  
22-38 GHz 50 -- 

DC to  
40 GHz 

[30] 

Fixed-fixed 
beam shunt 
switch 

Capacitive Silicon -- <0.2  35 at 10 GHz -- 7-12 GHz [32] 

Fixed-fixed 
beam shunt 
switch 

Metal to 
metal  

Silicon 65 
-0.1 to         -
0.15 up to 30 
GHz 

-34 at 0.1 to 
2 GHz 

-20 at 18 GHz 
-- 

0.1 to  
20 GHz 

[33] 

Fixed-fixed 
beam shunt 
switch 

Capacitive Quartz -- 
-0.2 to -0.5 at 
W band 

≤ -30 at W 
band 

-- 
75 to  
110 GHz 

[34] 

Fixed-fixed 
beam shunt 
switch 

Capacitive Silicon 25 
0.29 at 
 24 GHz 

30.1 at  
24 GHz 

8 ms 24 GHz [59] 
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Abstract: Thermocouples are widely used for surface temperature measurement in scientific researches and 
engineering applications due to their low cost and simple configuration, especially under formidable working 
conditions. In this paper we investigate the performances of the thermocouples with different junctions for 
measuring transient surface temperature. Experiments were carried out on an iron plate that was heated 
continuously first and cooled naturally afterward. Here we find that the isothermal junction has the least 
measurement errors and degree of deviation, whereas the dynamic property of the separate junction is the best. In 
the temperature rise period, the measurement errors and the degree of deviation of the same type thermocouples 
decrease with the thermoelement’s diameter, but these parameters of the thermocouples with identical 
thermoelement diameter increase with the heating power. In the period of temperature drop, the junction form has 
minor influence on the measurement errors and the degree of deviation of the thermocouples with identical 
thermoelement diameter. This study is of significance to improve the performance of the thermocouples for 
measuring transient surface temperature. Copyright © 2013 IFSA.  
 
Keywords: Surface temperature, Transient measurement, Conductive solid, Thermocouple, Junction form, 
Degree of deviation. 
 
 
 
1. Introduction 
 

The measurement of surface temperature of solid 
objects is one of the most commonly encountered 
tasks in heat transfer investigations, and also it is of 
direct interest in industry to improve process control 
and to guarantee product quality [1]. Various sensors 
and techniques are available in surface temperature 
measurement, among which non-contacting 
thermometers such as the total radiation pyrometer 

become popular recently. However, the 
thermocouples are still widely accepted in most of 
practical applications because of their low cost and 
simple configuration, especially in formidable 
working conditions [2–6]. A considerable amount of 
surface temperature is transient essentially, varying 
with time and surroundings. So improvement of 
transient surface temperature measurement with 
thermocouples is significant to both academic and 
engineering communities. 
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A number of researches have been carried out to 
realize accurate measurement of surface temperature. 
Malone found most sensor installations would 
introduce errors into surface temperature 
measurement [7]. A convenient method was put 
forward by Weickhardt et al for measuring metal 
surface temperature, but its accuracy depended on the 
calibration [8]. Snyder et al established models 
providing a range of classification-based emissivity 
values for the global surface temperature 
measurement [9]. Altet et al reviewed the techniques 
oriented towards measuring the temperature dynamics 
of the circuit surface, and discussed both the merits 
and drawbacks of each technique with regard to the 
accuracy, reliability and efficiency of the 
measurements [10]. In fusion devices, Loarer et al 
proposed a pulsed photothermal method by infrared 
cameras which allowed surface temperature 
measurements independently of both reflected and 
parasitic fluxes [11]. Hanseen et al developed a new 
facility employing a high-temperature integrating 
sphere reflectometer to improve the measurement 
accuracy of the surface temperature [12]. 

Calibration and compensation of the dynamic 
errors of a thermocouple can improve its performance 
for transient temperature measurement; however, it 
depends on the understanding of the thermal inertia 
and dynamic properties of the sensor. Schreck et al 
calibrated the dynamic characteristics of some micro 
thermocouples used for surface temperature 
measurements with a specially fabricated electric 
heating element [13]. Chohan and Natour measured 
the time constant of a thermocouple through shifting it 
from room temperature air into hot current by a 
pneumatic cylinder [14, 15]. Tashiro conducted the 
dynamic calibration of thermocouples using 
oscillating temperatures in a tube full of gas with 
periodic change pressure [16]. 

This paper aims to study the performances of the 
thermocouples with different junctions for measuring 
transient surface temperature. Experiments were 
carried out on an iron plate heated continuously first 
and cooled naturally afterward. We discussed and 
compared the measurement errors, the degree of 
deviation, and the time lag of the four thermocouple 
junctions tested. 
 
 
2. Proposed Thermocouple Junctions 
 

The thermoelements A and B, made of dissimilar 
metals or semiconductors, are the key components of a 
thermocouple. Contacted with the test object, the 
thermoelements convert the temperature difference 
between the reference and the measuring ends to an 
electric potential based on the Seebeck effect. The 
temperature can be obtained through the conversion of 
the electric potential measured. When a thermocouple 
is used to measure the surface temperature of a 
conductive solid, there are typically four contact 
forms of the junctions with the surface, i.e., point, 
sheet, isothermal, and separate junctions, as shown in 

Fig. 1. The measuring end of a point junction is 
contacted with the test surface directly, whereas the 
measuring end of a sheet junction is welded with a 
sheet of good conductor. In an isothermal junction, the 
thermoelements are extended from the measuring end 
to a certain distance along the isothermal line, and are 
isolated from the test surface by an insulator in case of 
short circuit. Each thermoelement in a separate 
junction is contacted with the test surface, forming a 
loop through the test surface. 
 
 

 
 

Fig. 1. Different junctions between a thermocouple and a 
conductive solid: (a) Point junction; (b) Sheet junction;  

(c) Isothermal junction, and  (d) Separate junction. 
 
 
3. Experiments 
 

The experimental system for the transient surface 
temperature measurement is shown in Fig. 2. The 
surface temperature of the iron plate heated by an 
electric furnace was detected with the reference and 
the test thermocouples simultaneously, and the 
measured values were collected and saved by a data 
recorder. The heating power of the universal vertical 
electric furnace was 0–2000 W. To provide the true 
temperature of the iron surface, a type K surface 
thermocouple was used as the reference thermometer, 
with thermal response time of 0.5 s and measurement 
accuracy of 0.5 ˚C within 0–600 ˚C. The adopted 
thermoelectric materials included type E with 0.5 mm 
diameter (E-0.5), type K with 0.3mm diameter (K-0.3), 
and type K with 1.0 mm diameter (K-1.0), and these 
thermoelements were all made into the point, sheet, 
isothermal, and separate junctions. The 12-channel 
color paperless data recorder had an accuracy of 0.2 % 
full scale, with automatic temperature compensation 
function for the reference end of the thermocouple. 

During the experiments, the iron plate was heated 
uniformly from 35 to 300 ˚C at the heating powers 
1000 W, 1500 W, and 2000 W, respectively, and reset 
to 35 ˚C by natural cooling. In the processes of 
temperature rise and drop, different types and forms of 
thermocouple junctions were applied to obtain the 
temperature of the iron plate surface at sampling 
frequency 1 Hz. In view of the continuous variation of 
the iron plate’s surface temperature during the 
measurement, the actual temperatures acquired by the 
thermocouples are transient. As an example,  
Fig. 3 presents the surface temperature measured by 
the thermocouple E-0.5 with different junctions at 
heating power 1000 W. At the beginning of the 
heating process, the temperature differences between 
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different junctions were small; however, the 
differences increased gradually with the temperature 
rise. 
 
 

 
 

Fig. 2. Experimental system for surface temperature 
measurement. 
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Fig. 3. Measured surface temperatures during the 
temperature rise period (E-0.5, 1000 W). 

 
 
4. Results and Discussion 
 
4.1. Measurement Performance 
 

To quantitatively characterize the measurement 
performances of the thermocouples during the heating 
and cooling processes, we define the absolute error Δ 
and the degree of deviation δ as follows: 
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where xi and x0 are the measured values of the test and 
the reference thermocouples. 

Table 1 gives the average absolute error, the 
maximum absolute error, and the degree of deviation 
of the thermocouple E-0.5 with different junctions in 
the periods of temperature rise and drop. Table 2 and 
Table 3 present the same cases of the thermocouples 
K-0.3 and K-1.0. From these tables, we can see the 
average absolute error and the degree of deviation of 
different junctions basically satisfied: isothermal < 
separate < point < sheet, regardless of the heating 
powers. The measuring ends of the thermocouples 
were welded on the iron plate in the experiments to 
reduce the influence of the contact heat resistance. 
Compared with the point junction, the sheet junction 
was hard to be welded entirely with the iron plate, so 
additional errors arose due to its relative large contact 
heat resistance. 

Through analysis of the heat conduction process, it 
reveals that the measuring error of the separate 
junction was smaller than that of the point or the sheet 
junction. The value obtained by the isothermal 
junction is the true temperature of the iron plate under 
ideal conditions, without regard for the variation of the 
emissivity and heat transfer coefficient of the surface 
caused by the thermocouple. The isothermal junction 
merely influenced the temperature distribution of the 
extension wire instead of the point for measuring 
temperature. Therefore, the measurement error of the 
isothermal junction was the minimum. 

 
Table 1. Performance parameters of thermocouple E-0.5. 

 
Temperature rise period Temperature drop period 

Junction 
form 

Heating 
power 

/W 
Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

1000 –6.0 –8.7 –3.27 –1.9 –8.7 –3.27 
1500 –6.7 –11.2 –4.17 –1.6 –10.8 –4.02 Point 
2000 –6.2 –7.8 –4.33 –1.5 –11.3 –4.22 
1000 –12.5 –18.9 –7.11 –3.8 –18.6 –7.00 
1500 –16.5 –25.8 –9.60 –3.8 –24.6 –9.15 Sheet 
2000 –16.3 –27.2 –10.15 –3.6 –25.9 –9.66 
1000 3.7 8.6 3.24 0.0 8.5 3.20 
1500 2.4 9.5 3.53 0.4 10.1 3.76 Isothermal 
2000 1.6 9.0 3.36 0.2 23.2 8.66 
1000 –1.4 –2.8 –1.05 –1.3 –3.5 –1.32 
1500 –1.0 –2.2 –0.82 –0.9 –3.8 –1.41 Separate 
2000 –0.6 –1.9 –0.71 –0.9 –3.9 –1.46 
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Table 2. Performance parameters of thermocouple K-0.3. 
 

Temperature rise period Temperature drop period 
Junction 

form 

Heating 
power 

/W 
Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

1000 –4.1 –7.8 –2.93 –1.5 –8.5 –3.19 
1500 –2.4 –8.3 –3.09 –1.8 –10.5 –3.91 Point 
2000 –2.7 –9.0 –3.35 –1.9 –11.7 –4.36 
1000 –6.5 –11.2 –4.21 –2.6 –11.8 –4.43 
1500 –5.2 –12.8 –4.76 –3.5 –15.4 –5.73 Sheet 
2000 –6.1 –14.0 –5.22 –3.2 –17.1 –6.37 
1000 –0.6 –1.6 –0.60 0.1 1.1 0.41 
1500 –1.9 –3.5 –1.30 –0.3 –1.4 –0.52 Isothermal 
2000 –2.4 –3.8 –1.42 –0.2 –1.1 –0.41 
1000 –3.0 –6.6 –2.48 –2.0 –8.0 –3.01 
1500 –0.8 –6.6 –2.46 –2.4 –10.5 –3.91 Separate 
2000 –0.7 –5.7 –2.12 –4.2 –10.5 –3.91 

 
 

Table 3. Performance parameters of thermocouple K-1.0. 
 

Temperature rise period Temperature drop period 
Junction 

form 

Heating 
power 

/W 
Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

Δavg 
/℃ 

Δmax 
/℃ 

δ 
/% 

1000 –9.9 –13.4 –5.03 –2.4 –13 –4.89 
1500 –11.0 –20.1 –7.43 –4.3 –20.2 –7.47 Point 
2000 –11.3 –21.8 –8.03 –2.9 –22.7 –8.36 
1000 –14.8 –20.1 –7.55 –4.3 –19.9 –7.48 
1500 –19.3 –33.8 –12.49 –7.6 –33.3 –12.31 Sheet 
2000 –17.4 –28.5 –10.50 –4.6 –29.8 –10.97 
1000 –2.3 –3.4 –1.28 –0.1 –1.2 –0.45 
1500 –2.1 –3.0 –1.11 –0.6 –2.0 –0.74 Isothermal 
2000 –2.4 –3.6 –1.33 –0.3 –2.8 –1.03 
1000 –4.7 –6.9 –2.59 –1.9 –7.8 –2.93 
1500 –3.5 –7.7 –2.84 –2.0 –9.2 –3.40 Separate 
2000 –2.7 –8.2 –3.02 –2.0 –11.3 –4.16 

 
 

For the thermocouples with the same type, the 
measurement error and the degree of deviation 
decreased with the diameter of the thermoelement. 
The dissipated heat from the small diameter 
thermoelement was low, which introduced less 
damage to the temperature field, so the measured 
value was close to the true temperature. For the 
thermocouples with identical diameter, the 
measurement error and the degree of deviation 
increased with the heating power. The dynamic errors 
of the thermocouple caused by the thermal inertia 
augmented due to the rapid temperature change of the 
iron plate at high heating powers. 

For the thermocouples with identical diameter, the 
average absolute error, the maximum absolute error, 
and the degree of deviation differed markedly from 
each other in the heating process, whereas these values 
were of little differences during the cooling process. 
However, large differences between the 
thermocouples with different diameters still existed, 
which was caused by the discrepant errors of various 
junctions at the initial cooling temperature 300˚C. 
During the cooling process from 300 to 180˚C, the 
absolute errors of the point, sheet, and separate 
junctions varied considerably because of the large 
temperature difference between the iron plate and the 

surroundings. When the surface temperature of the 
iron plate was below 180 ˚C, the temperature drop 
slowed down, and the absolute errors varied gradually 
from 180 to 35 ˚C. 
 
 
4.2. Dynamic Property 
 

According to the basic principle of the contacting 
measurement, accurate temperature values are 
achieved only at the thermal equilibrium between the 
thermocouple and the iron plate surface; otherwise, 
significant additional errors appear. The time for a 
thermocouple to arrive at the thermal equilibrium is 
relevant to its dynamic properties. Therefore, we 
measured the time lags of different junctions to attain 
the maximum temperature 300 ˚C to characterize the 
dynamic properties of the thermocouples with 
different types and diameters. The iron plate surface 
was supposed to arrive at the maximum temperature 
simultaneously due to the uniform heating, so the 
times for the thermocouples to reach the maximum 
temperature can indicate the dynamic property of 
different junctions. Table 4 shows the time lags of the 
test thermocouples with different junctions. The time 
lag is calculated by 



Sensors & Transducers, Vol. 148, Issue 1, January 2013, pp. 22-27 

 26 

 0ilag ttt  , (5) 
 
where ti and t0 are the times for the test and the 
reference thermocouples to reach 300 ˚C. If the time 
lag is negative, it means that the test thermocouple 
reached 300 ˚C prior to the reference thermocouple. 
 

From Table 4, we find the dynamic properties of 
different junctions basically satisfied: separate > point 
> sheet > isothermal, based on a junction’s average 

time lag. The dynamic errors of the thermocouple is 
proportional to the time constant 
 
 

A

CV


  , (6) 

 
where ρ and C are the density and the heat capacity of 
a thermoelement, α is the heat transfer coefficient, and 
V/A is the characteristic dimension of the contact point 
between a thermocouple and the iron plate. 

 
 

Table 4. Time lags of the test thermocouple junctions. 
 

Time lag /s 
Junction 

form 
Time lag /s Junction 

form 

Heating 
power 

/W E-0.5 K-0.3 K-1.0  

Heating 
power 

/W E-0.5 K-0.3 K-1.0 
1000 3 –1 –1 Isothermal 1000 1 3 –2 
1500 0 –3 3 1500 3 1 2 Point 
2000 3 –2 –3 

 
2000 5 2 0 

1000 2 –1 –1 Separate 1000 0 –2 –5 
1500 2 –3 7 1500 0 –4 –2 Sheet 
2000 6 –2 0 

 
2000 0 –4 –3 

 
 

The characteristic dimensions differed in different 
junction forms. The characteristic dimension of the 
separate junction is less than those of spherical 
measuring ends; for instance, it is only half of the 
point junction. So the dynamic property of the 
separate junction is superior to that of the point or the 
sheet junction under the same conditions. The 
dynamic property of the sheet junction is better than 
that of the point junction, because its measuring end is 
the conductor sheet whose area A is much larger. The 
insulator used in the isothermal junction increased the 
heat transfer resistance, delayed the time for reaching 
the thermal equilibrium, and led to the worst dynamic 
property in all the junctions tested. 
 
 
5. Conclusions 
 

In this paper we investigate the performances of 
thermocouples with different junctions for measuring 
the transient surface temperature of an iron plate that 
was heated continuously first and cooled naturally 
afterward. Performance parameters including the 
measurement error, the degree of deviation, and the 
time lag are discussed and compared based on the 
experimental results. We find that the isothermal 
junction has the least measurement error and degree of 
deviation, and the dynamic property of the separate 
junction is the best. In the temperature rise period, the 
measurement error and the degree of deviation of the 
thermocouples with the same type decrease with the 
thermoelement diameter, whereas these parameters of 
the thermocouples with identical thermoelement 
diameter increase with the heating power. In the 
temperature drop period, the junction form has minor 
influence on the measurement error and the degree of 

deviation of the thermocouples with identical 
thermoelement diameter. 
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Abstract: In this paper, the force sensor developed for the twisted string actuation system of the DEXMART 
Hand is described. The proposed solution makes use of optoelectronic components for measuring the 
deformation of the properly designed motor module structure caused by the force applied to the tendon 
transmission system. The paper reports the working principle, the calibration and the characterization of the 
sensor in terms of sensitivity, repeatability, full-scale and Signal-to-Noise ratio. Copyright © 2013 IFSA. 
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1. Introduction 
 

Tendon-based transmission systems represent the 
most promising solution toward the implementation 
of dexterous anthropomorphic robotic hands [1-4]. 
To solve some of the problems that characterize 
tendon-based transmissions, the so-called ‘twisted 
string actuation’ has been developed within the 
DEXMART Project [5]. In [6] and [7] the authors 
present the mechatronic details of this actuation 
systems together with its modeling and performance 
within a force feedback control loop. With respect to 
conventional solutions, the main advantages of this 
actuation system consist in the direct connection 
between the motor and the tendon without 
intermediate mechanisms (like gearboxes, pulleys or 
ball screws), in the direct transformation from 
rotative to linear motion, in the extremely reduced 
friction (only an axial bearing is needed), in the very 

high reduction ratio, in its intrinsic compliance and in 
the possibility of using very small high-speed motors, 
allowing to obtain a very compact and lightweight 
actuation module.  

In the last years, the interest in lightweight and 
compliant robotic systems has significantly grown. 
This new class of robots has not been explicitly 
conceived for industrial applications, but to extend 
the robotic tasks scenario also to common human-like 
operations and manipulation activities, such as home 
and entertainment applications, as well as assistance 
to elder and impaired people. The development 
robotic hands and lightweight robots makes possible 
a new level of interaction with the humans and the 
environment, in fact such complex systems are 
specifically designed to allow the robot to interact 
with completely unstructured environments: a safe 
interaction in a so generic and critical scenario can be 
ensured only by introducing in the mechanism a 
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smooth and compliant behavior. In robotic hands, 
such a compliant behavior is usually provided by 
torque and or force control, hence force and torque 
sensors appear mandatory [8, 9].  

Different solutions for the measurement of the 
forces transmitted by tendon-based actuation systems 
have been proposed in literature. In [10] a tension 
differential-type torque sensor is presented. It is 
based on the idea that the torque around a drive 
pulley is proportional to the tension difference, and as 
a consequence it can be directly measured without 
sensing tendon tensions. In [1] the authors present a 
force sensor based on the use of one strain gauge 
with a compact mechanical structure. A solution 
based on the Fiber Bragg Grating, directly bonded to 
the tendon, has been adopted in [11], with the aim to 
guarantee, for the proposed sensor, the immunity to 
electromagnetic disturbances, by exploiting the 
properties of optical fibers. In [12], the authors 
present, for the first time, a force sensor based on the 
use of discrete optoelectronic components, limited to 
the measurements of the tendon force at actuator side. 
The solution proposed takes advantage of mechanical 
properties of a compliant metallic frame specially 
designed and integrated into the actuator. In [13] and 
[14] a sensor for the tendon force measurement, that 
can be positioning at any point along the tendon, is 
presented. To control the twisted string actuation 
system with its intrinsic compliance, the 
measurement of the actuation force is fundamental as 
described in [7]. Solutions based on strain-gauges has 
been investigated, but, from the mechanical point of 
view, these solutions, with the corresponding 
conditioning electronics, were very cumbersome with 
respect to the twisted string actuation system, and the 
conditioning electronics were quite complex due to 
the low voltage levels typical of the strain-gauges, 
which need of filtering and amplifying stages. But the 
major drawback of the strain gauge based solutions 
was the high sensitivity to electromagnetic 
disturbances that make it unusable near the motors 
and in the industrial environments. For these reasons, 
a suitable force sensor for the actuation module of the 
DEXMART Hand has been developed, as reported in 
this paper.  

The technology selected for the sensory system of 
the DEXMART Hand is principally based on the 
optoelectronics, in order to avoid any problem related 
to electromagnetic disturbances and to obtain very 
compact, lightweight and low power consumption 
sensor solutions. All other optoelectronic based 
sensors developed for the DEXMART Hand can be 
found in [12-16]. The proposed innovative force 
sensor exploits the angle-varying radiation pattern of 
common Light Emitting Diodes (LEDs) and 
responsivity pattern of Photo Detectors (PDs) in 
order to measure the deformation of the motor 
module structure caused by the tendon force. 
Optoelectronic components with a very narrow angle 
of view have been chosen (manufacturing codes 
SEP8736 for the LED and SDP8436 for the PD), 
both from Honeywell, with the aim of obtaining a 

large sensitivity for the sensor (please refer to the 
components datasheets for details on the radiation 
and responsivity patterns). The advantages of this 
type of implementation consist in the very high 
sensitivity and the simplicity of the conditioning 
electronics used in this work with respect to strain 
gauge based load cells, together with the high 
immunity to electromagnetic disturbances, low 
weight and low power consumption. 

 
 

2. Sensor Description 
 
Fig. 1 reports a detailed view of the motor module 

that drives the twisted string actuation system. This 
module, manufactured in ABS plastic by rapid 
prototyping, is characterized by an integrated force 
sensor composed by a LED and a PD, by a mounting 
rail for a rapid mechanical connection with the 
forearm structure that ease the assembly and the 
repairing of the system, by the integrated motor 
power electronics, by a flexible connection (realized 
by a silicon tube) between the motor shaft and the 
transmission shaft for solving problems of 
misalignment of their rotational axes and by an 
integrated combined bearing. This structure has been 
implemented in such a way that the transmission 
force is entirely supported by the output shaft, the 
combined bearing and the flexible beams (which are 
necessary for force measure as detailed in the 
following), while the motor is only used to transmit 
to the output shaft the necessary torque for driving 
the twisted string actuation. 
 
 

 
 

Fig. 1. Detail of the motor module. 
 
 

The structure of the motor module is schematized 
in Fig. 2. This structure is composed by a couple of 
compliant beams, that support the motor, and produce 
a translation Δx of the upper part of the structure 
under the effect of the transmission force F. The 
behavior of the beam with constraints at both its 
ends, highlighted by the red dashed rectangle in  
Fig. 2, is a well know topic in the field of compliant 
structures and as a consequence the relation between 
the force and the deformation is known in closed 
form. For the realized structure, within the linear 
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deformation domain, the relation between the 
transmission force F and the displacement Δx can be 
represented by the sum of the contribution of the two 
flexible beams as 
 

 3 3

2 12 24b b

F L FL
x

EI EI

 
   

 
, (1) 

 
where Ib is the moment of inertia of the beam 
sectional area, L is the beam length and E is the 
Young’s modulus of the material. The displacement 
Δx causes a variation of both the view angle and the 
distance between the LED and the PD, allowing an 
indirect measurement of the force F through the 
change in the PD photocurrent caused by the 
deformation of the structure.  
 
 

 
 

Fig. 2. Force sensors based on optoelectronic components. 
 
 

Fig. 3 reports a scheme of the interaction between 
the LED and the PD. The two optoelectronic 
components are mounted facing each other, with an 
alignment offset x and a distance between the 
component bases equal to L. Subtracting from L the 
component sizes, is obtained L0. Recalling the theory 
on LED radiation patterns reported in [16], it is 
possible to model the system in order to select the 
positioning of the optoelectronic components. In 
particular, if the distance  

 
 2 2

0 0d L x  , (2) 

 
between the component tips, is large enough to 
render the far-field approximation valid, the LED and 
the PD can be regarded as a point source and a point 
receiver, respectively. With this hypothesis, when the 
structure is in the rest position (no force applied), the 
photocurrent P0, measured by the PD, is proportional 
to the product between the radiant intensity pattern of 
the LED, evaluated in  

 
 1

0 0tan ( / )x L  , (3) 
 

(denoted as I(β0)), and the responsivity pattern of the 
PD, evaluated in β0 (denoted as R(β0)), and inversely 
proportional to the square distance d0, i.e., 
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where K is a dimensional multiplicative constant and 
the symmetrical positioning of the components has 
been exploited. Note that the dependence on the 
spherical coordinate φ of the radiation and 
responsivity patterns is here omitted since the devices 
only move within a plane at constant φ. When a force 
F is applied to the structure, the relative position of 
the optoelectronic components experiences a 
variation equal to the compliant frame deformation 
Δx with respect to its initial value, according to (1). 
The variation Δx of the alignment offset between the 
components produces the variations of the distance 
and the angle β. As a consequence, a different 
amount of light will be sensed by the PD and 
converted into a different photocurrent P(Δx), that for 
a generic deformation Δx (proportional to a generic 
force F) can be written as 
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This happens because both the radiation pattern of 

the LED, the responsivity pattern of the PD and the 
distance d between the two components vary with the 
relative position. In particular, the LED emits 
different values of light intensity for different values 
of the angle β and at the same time the PD detects the 
intensity of incident light with different weights 
depending on the angle β. The combination of these 
two effects leads to the observed variations of the 
photocurrent.  
 
 

 
 

Fig. 3. Working principle of the proposed force sensor. 
 
 

This model explains that the sensor 
characteristics, in terms of sensitivity, full-scale and 
SNR, depend on how the responsivity and radiation 
patterns of the optoelectronic components are 
sensitive with respect to β variations. A proper design 
of compliant structure that supports the motor allows 
to achieve a quasi-linear response of the sensor, as 
reported in the next section. 
 
 
2. Sensor Characterization 
 

The conditioning electronics used to complete the 
sensor implementation is very simple and the scheme 
is reported in Fig. 4. There are only two resistors in 
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addition to the optoelectronic components, a first one 
used to drive the LED by fixing the forward current 
and a second one used to transduce the photocurrent 
measured by the PD into the sensor output voltage. 
Since the variations of the output voltage are 
characterized by an high Signal-to-Noise ratio, any 
additional filtering and/or amplification stages are not 
needed and the sensor, together its conditioning 
electronics, are completely integrable in the motor 
module. The characterization of the sensor has been 
carried out by using a strain-gauge load cell as 
reference sensor and by applying a continuous 
varying load up to the maximum desired value (80 N) 
to the motor module, reported in Fig. 1, by means of 
a commercial linear motor (manufacturing code 
LinMot-37×160). The resulting calibration curve is 
reported in Fig. 5, where the relationship 'Output 
Voltage' vs. 'Force' shows the high linearity obtained 
for the presented sensor. The maximum linearity 
error is below 1.5 % and the resulting calibration 
constant is 15mV/N. Different experiments have been 
compared in order to test the measurement 
repeatability.  
 
 

 
 

Fig. 4. Measuring circuit for the sensor based  
on optoelectronic components. 

 
 

 
 

Fig. 5. Calibration curve of the force sensor based on 
optoelectronic components: experimental data and linear 

interpolation. 
 

The results for three experiments are reported in 
Fig. 6, where the sensor shows a very high 
repeatability. Finally, Fig. 7 shows a typical voltage 
signal of the proposed sensor (top) and the Power 
Spectral Density (PSD) of the same signal (bottom). 

The figure demonstrates that the noise level is below 
the signal level for more than 50 dB, since the signal 
bandwidth is limited to a few Hz. 

 
 

 
 

Fig. 6. Experimental data to test the sensor measurement 
repeatability. 

 
 

 
 

Fig. 7. Typical voltage signal for the proposed sensor (top) 
and PSD of the same signal (bottom). 

 
 

6. Conclusions 
 

The very compact force sensor integrated into the 
DEXMART Hand actuation system is described in 
this paper. The basic working principle and 
experimental results are reported, showing that the 
proposed solution based on optoelectronic 
components allows the adoption of a very simple 
conditioning electronics, obtaining a very compact 
and easy to integrate solution. The resulting sensor 
presents a full scale of 80N, a sensitivity of 15 mV/N, 
a maximum linearity error of 1.5 % and an high 
repeatability. 
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Abstract: This research was carried out to measure two-phase liquid – gas flow regime by using a dual 
functionality ultrasonic transducer. Comparing to the common separated transmitter–receiver ultrasonic pairs 
transducer, the dual functionality ultrasonic transceiver is capable to produce the same measurable results hence 
further improvises and contributes to the hardware design improvement and system accuracy. Due to the 
disadvantages and the limitations of the separated ultrasonic transmitter–receiver pair, this paper presents a non-
invasive ultrasonic tomography system using ultrasonic transceivers as an alternative approach. Implementation 
of ultrasonic transceivers, electronic measurement circuits, data acquisition system and suitable image 
reconstruction algorithms, the measurement of a liquid/gas flow was realized. Copyright © 2013 IFSA. 
 
Keywords: Tomography, Ultrasonic, Two phase flow, Flow measurement, Transceiver. 
 
 
 
1. Introduction 
 

This research aims to develop a non-invasive 
ultrasonic tomography system and to develop 
application to reconstruct images of a two-phase 
liquid – gas flow system. Similar research in non-

invasive method of ultrasonic tomogram fabrication 
technique was introduced [1]. The development on 
ultrasonic tomography has shifted to focusing on 
two-phase liquid–gas flow. This system implemented 
invasive method which is not appropriate practically 
in most industries [2]. This system requires high 
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excitation voltage (200 V) to transmit ultrasonic 
signals via a transmitter. Such high voltage has many 
restrictions in terms of safety and cost.  

A common ultrasonic tomography system uses a 
separated type of ultrasonic transmitter and ultrasonic 
receiver with a specified frequency range. Such 
system raises some difficulties and disadvantages 
such as; i) More space required to mount more 
sensors, ii) More sensors will cost higher expenses 
and iii) Accuracy of the system will decrease. 

To overcome the above mentioned problems, this 
research implemented the use of ultrasonic 
transceiver replacing the use of separated ultrasonic 
transmitter–receiver pair. Hence, such system can 
improve the accuracy of measurement and uses less 
space compare to the separated transmitter–receiver 
pair. 

 
 

2. Ultrasonic Sensor and Hardware 
Configuration 
 
Ultrasonic waves are high (ultra) frequency sound 

(sonic) wave which vibrate at a frequency above  
20 000 vibrations per second or 20 kHz. The 
behavior of ultrasonic is similar to audible sounds but 
has a much shorter wavelength. Most ultrasonic 
waves can be described in terms of harmonic 
(sinusoidal) waves. The ultrasonic waves can only 
propagate through the medium of solid, liquid or gas 
but not in vacuum.  

There are several types of ultrasonic transducer 
available in the market with different range of 
frequencies. A good tomography sensor should 
possess some important features such as non-invasive 
and non-intrusive. It should not necessitate rupture of 
the walls of a pipeline and does not disturb the nature 
of the process being examined [3]. For this reason, 
ultrasonic transceivers as shown in Fig. 1 were 
employed in this research. 
 
 

 
 

Fig. 1. Ultrasonic transceiver sensors. 
 
 

The ultrasonic transceiver (as in Fig. 1) is a type 
of transducer that converts electrical energy into high 
frequency sound waves and also converting sound 
waves back to electrical energy. It contains 

piezoelectric crystal materials that have the ability to 
transform mechanical energy into electrical energy 
and vice versa [4]. This sensor is suitable for non-
invasive measurements and it is low cost. Its flat 
main surface makes it easy to be mounted on an 
acrylic pipe.  

In most non-destructive testing or medical 
applications, an object or field of interest is irradiated 
from a single viewpoint, usually with a narrow beam 
of ultrasonic acoustic energy [5]. The ultrasonic 
transceiver implemented in this research utilizes an 
angle of 1200 degree wide beam. Fig. 2 illustrates the 
comparison between wide beam and narrow beam 
ultrasonic projections. 

 
 

 
 

(a) 

 
 

(b) 
 

Fig. 2. (a) Wide beam, and (b) narrow beam projections. 
 
 
Ultrasonic transceivers are dual functional 

sensors. It can function as a transmitter (TX) or 
receiver (RX) at one time, which makes it preferable 
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to use for less number of these sensors can be used to 
produce the same or even better results comparing to 
the use of common separated transmitter–receiver 
transducer.   

The sensor configuration of a transceiver and 
common transducer surrounding a pipe surface was 
compared and illustrated as in Fig. 3. Separated 
transmitter-receiver pair needs to be sequentially 
arranged. Each transmitter will require a receiver 
mounted next to it while using ultrasonic transceivers 
only requires a switching method to switch select the 
transceivers. 

 
 

 
 

(a) 

 
 

(b) 

 
Fig. 3. Sensor configuration comparison; (a) Separated 

transmitter–receiver setup, (b) Transceiver setup. 
 
 

All 8 transceivers are firmly mounted on the 
acrylic pipe surface. This was done by using a sensor 
jig to hold firm all the sensors [7] surrounding the 
acrylic pipe as in Fig. 4. All sensors are evenly 

placed to ensure the better receiving signals are 
captured. Correct and precise positioning of the 
sensors is crucial to obtain accurate results. 

 
 

 
 

Fig. 4. Sensor jig design. 
 
 
In order to fabricate a precise hardware system, 

the whole hardware system was designed in 3D using 
Solidwork software as in Fig. 5 (a) while Fig. 5 (b) is 
the actual hardware system used in this research. 

 
 

 
 

(a)            (b) 
 

Fig. 5. Acrylic pipeline for tomography system, (a) 3D 
drawing, (b) fabricated experimental setup. 

 
 
3. Software System 
 

In this research, signal data from hardware system 
was synchronized with a software system developed 
to process the incoming ultrasound signal. For an 
ultrasonic receiver to receive ultrasound signals, the 
ultrasonic transmitter will require pulse tone to 
transmit ultrasound signals. This can be done by 
generating 40 kHz pulse wave via a microcontroller 
[8]. By using a Peripheral Interface Circuit (PIC) 
microcontroller, an external wave signal generator 
will not be necessary. Hence, it could highly decrease 
the cost and the hardware size of this system. 

Pulse waves are sent to all 8 channels via Port B 
of the microcontroller which has 8 input-output (I/O) 
pins for 8 channels. The transmitted 40 kHz pulse 
wave signal was captured using an oscilloscope as 
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shown in Fig. 6 below. These pulses will vibrate the 
sensor surface and produce sound wave at 40 kHz to 
a located receiver. 

 
 

 
 

Fig. 6. 40 kHz Pulse Signal. 
 
 

The transmitted ultrasound wave signal can be 
captured by the transceivers which are switched to 
receiving mode (RX). The captured acoustic wave 
response is shown in below Fig. 7. 
 
 

 
 

Fig. 7. Response signal at receiver. 

The received signal will then be amplified via a 
signal conditioning circuit before reconstructing 
images. The ultrasonic signal conditioning circuit is 
shown in Fig. 8. The ultrasonic signal conditioning 
circuit consists of two major components where the 
first component is the amplifier and the second 
component is the signal processing circuit. The first 
part was built using the audio operational amplifier, 
LM833. This op-amp is a high speed op-amp with 
excellent phase margin and stability. The amplifier 
was designed in two stages with inverting amplifier 
connection. The first stage is the pre-amplifier with 
gain AA = -150 and the second stage is to amplify 
with gain AB = -150. A single gain is not sufficient 
enough to analyse the obtained signals. 

Therefore, the received signals are amplified 
twice. The processed signal will then be used to 
reconstruct images representing the two phase liquid–
gas flow. 

 
 

3.1. Data Acquisition 
 

In this research, the NI-USB 6218 data 
acquisition device (DAQ) from National Instruments 
were used. This device is connected via Universal 
Serial Bus (USB) to a computer. To work along with 
this device, Laboratory Virtual Instrumentation 
Engineering Workbench (LabVIEW) from National 
Instruments was used. The NI-USB 6218 will acquire 
all signals via its analogue input pins and store it in a 
binary text file for the image reconstruction process. 

The DAQ program will only take place if the 
assigned external trigger pin (PFI0) from the device 
is triggered. This process was carried out by using the 
same microcontroller used to control the transceivers 
switching sequence to trigger NI-USB. Fig. 9 shows 
the data acquisition block diagram using LabVIEW 
software while Fig. 10 illustrates the flow chart of the 
data acquisition process. 

 
 

 
 

Fig. 8. Ultrasonic signal conditioning. 
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Fig. 9. NI-USB block diagram program in LabVIEW. 
 
 

 
 

Fig. 10. The data acquisition flow chart. 
 

 
4. Image Reconstruction 

 
The final part of the system is to evaluate the 

obtained measurement data from the signal 
conditioning circuit. By using Linear Back Projection 
(LBP) algorithm, the flow regime image can be 
reconstructed. This method is computationally 
straight forward to implement besides low 
computation cost and is a widely preferable method 
for image reconstruction. 

The measurements obtained at each projected data 
are the attenuated sensor values due to object space in 
the image plane. These sensor values are then 
projected back by multiplying with the corresponding 
normalized sensitivity maps using the below 
equation: 


 


8

1

,

8

1

, ),(),(
Tx

RxTx

Rx

RxTxLBP yxMSyxV , (1) 

 
where VLBP(x,y) is the voltage distribution obtained 
using LBPA, STx,Rx is the sensor loss voltage of the 
transmitter (Tx) and receiver (Rx) and MTx,Rx(x,y) is 
the normalized sensitivity maps. The flow chart to 
apply the LBPA program can be illustrated as  
in Fig. 11. 

 
 

 
 

Fig. 11. Linear back projection algorithm application  
flow chart. 

 
 

The forward problem will determine the 
theoretical output of each sensor when the sensing 
zone area is considered two dimensions. This can be 
solved by using the analytical solution of sensitivity 
maps which produce the sensitivity matrices [9]. The 
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tomogram images are then reconstructed on the 
mapped sensitivity map to visualize the two phase 
liquid-gas flow. 

Firstly, the cross section of the pipe must be 
mapped onto a 32  32 rectangular arrangement sum 
of 1024 pixels as shown in Fig. 12. This setting is 
suitable of producing a frame per second imaging 
[10]. 

 

 
 

Fig. 12. Image plane model for 3232 pixels transceiver 
tomogram. 

 
 

The mapping configuration for the transceivers 
will differ from the common separated transmitter–
receiver pair type of the ultrasonic transducer where 
the total of 16 sensors will be involved to be mapped 
(8 unit transmitters and 8 unit receivers). Fig. 13 
below shows the image plane model for the 16 
ultrasonic common type transducers where each 
transmitter and receiver is located side by side in 
sequence. 

 
 

 
 

Fig. 13. Image plane model for common ultrasonic 
transducer. 

 
 

The mapping process and sensor arrangement (as 
in Fig. 12 and Fig. 13) shows that the use of 

ultrasonic transceiver arrangement has more space 
available for the extra number of sensors to be 
mounted while the use of common separated 
transmitter-receiver sensor are very limited due to 
space constrain on the pipe surface. 

 
 

4. Result and Discussion 
 

The liquid–gas flow regimes are identified by 
placing the acrylic pipeline horizontally such that the 
gas phase (air) flows in the upper section of the pipe 
and the liquid (tap water) in the lower section. A 
horizontal pipe with a static liquid model and empty 
air are used to carry out measurements on two phase 
liquid–gas flow. Four types of measurement were 
carried out; i) full flow, ii) three quarter flow, iii) two 
quarter flow and iv) one quarter flow. 

The final reconstructed tomogram results are 
shown in below Fig. 14. 

The reconstructed images using the Linear Back 
Projection (LBP) technique results in blurring the 
object image. The blurring is due to the projection 
along straight lines and the smearing effect. The 
distribution of the intensity is centre symmetrical and 
dependent on the projection angle where the blurring 
function is the inverse of the corresponding pipe 
radius.  

One of the methods to reduce the blurring is by 
using the Hybrid Binary Reconstruction Algorithm 
(HBRA). This algorithm has the advantage of 
correcting and improving the stability and 
repeatability of the reconstructed images [11]. This 
procedure is only appropriate for two-phase flow 
imaging in cases where the phases are well separated 
such as liquid-gas flow [12]. Since the use of 
transceivers has more spaces for more sensors to be 
installed, increasing the amount of sensors will 
contribute for better image resolution and better 
results. 

 
 

5. Conclusion 
 

This research shows that this system is able to 
detect the presence of two phase liquid–gas flow in 
pipelines. From the image result which has been 
successfully generated, the use of only 8 transceivers 
can produce the same result as 16 pairs of separated 
transmitters–receivers. The separated ultrasonic 
transmitter-receiver transducer which is commonly 
used in ultrasonic tomography measurement requires 
larger space to mount it on the surface of the pipeline. 
This is due to the needs of having extra pairs of 
transmitter–receiver where each of these 
transmitters–receiver pairs has only a single function, 
either to transmit or receive only. Comparing to the 
use of the transceivers, 8 units of ultrasonic 
transceivers could perform measurements as the 
performance of 16 pairs separated transmitter–
receiver. 
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(a) Full flow image 
 

 
 

(b) Three quarter image 
 

 
 

(c) Two quarter image 
 

 
 

(d) One quarter image 
 

Fig. 14. Tomogram images for four flow measurement 
conditions. 
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Abstract: The recently emerging Web Services technology has provided a new and excellent solution to 
Industrial Automation in online control and remote monitoring. In this paper, a Web Service Based Remote 
Monitoring & Controlling of Radar Transmitters for safety management (WMCT) developed for MST Radar is 
described. It achieved the MST radar transmitters’ remote supervisory, data logging and controlling activities. 
The system is developed using an ARM Cortex M3 processor to monitor and control the 32 triode-based 
transmitters of the 53-MHz Radar. The system controls transmitters via the internet using an Ethernet client 
server and store health status in the Database for radar performance analysis. The system enables scientists to 
operate and control the radar transmitters from a remote client machine Webpage. Copyright © 2013 IFSA. 

 
Keywords: ARM cortex-M3 Processor, MST radar, ASP, Net C#. 
 
 
 
1. Introduction 

 
MST Radar located near Gadanki (13.5°N, 

79.2°E) India is a prime instrument for atmospheric 
science research, the fig. 1 is the bird’s eye view of 
the radar antenna array and transmitter control rooms. 
Scientific research is being performed with Indian 
MST Radar for the past two decades, by constantly 

upgrading the Radar with state of the art 
technological features. It is a very powerful remote 
sensing tool for studying the Earth’s atmosphere from 
3.6 km up to ionized F layer regions. During two 
decades of its operations from 1991, more than 300 
publications of international repute were published 
and it is being extensively operated round the clock 
for scientific research in the Ionosphere, Mesosphere, 
lower Stratosphere and Troposphere regions.  

http://www.sensorsportal.com
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Fig. 1. Photograph of MST radar antenna array, 
transmitters rooms bird’s eye view. 

 
 

The MST Radar consists of 32 transmitters 
powering 1024-element phased antenna array. Each 
transmitter provides an RF gain of 81 dB with four 
stages of amplifiers; solid-state amplifier followed by 
triode based amplifiers namely pre-driver, driver, and 
high power amplifiers. Remote supervisory control 
and comprehensive safety interlock is built-in the 
system to protect expensive devices. The remote 
system senses TX critical parameters like anode 
voltages, heater currents, temperature and airflow etc 
for all 32 transmitters. This system receives input 
from the sensors placed in the amplifier cavities and 
monitors a total of 12 safety parameters. This unit 
logic circuit process sensor data for abnormal 
voltage, temperature and current deviations, and 
switches-off the Transmitter subsystems incase of 
any mall functions, with the help of Control unit. The 
Fig. 2 is the hardware interface of radar transmitters 
and interlock control.  

 
 

 
 

Fig. 2. Photograph of hardware interface and radar 
transmitters. 

 
 

This interlock control unit ensures the protection 
of the expensive devices from any failure in the 
system. The transmitters can be operated in auto 
mode (remotely) as well as in the manual mode (by 
using front panel switches). In the auto mode, each 
transmitter is made to operate in a predefined mode. 

The original TTL ICs based 15 board system was 
replaced by low-cost Xilinx XC9572C10pc84 CPLD 
and later is upgraded with ARM Cortex-M3 

LM3S9B96 microcontroller to control the radar 
transmitters through remote Embedded Web based 
Real Time Application. The microcontroller, Ethernet 
MAC, and PHY are incorporated on a single chip, 
thereby eliminating more external components. This 
enables the MAC and PHY to be matched and 
reduces the overall pin count and chip footprint. It 
can also lower power consumption, especially if 
power-down modes are implemented. Real-time 
performance of radar is improved with this activity 
utilizing industrial Ethernet technology and fast 10 
bit ADC. 
 
 
2. Experimental Setup 

 
Fig. 3 presents total Setup of transmitter’s remote 

monitoring and control ported into ARM Cortex-M3 
processor with Ethernet connectivity to remote 
computer. The conventional hardware functioning 
logic is incorporated in the Texas Instruments device 
LM3S9B96. This ARM Cortex-M3 processor is 
programmed to interface with the remote console 
computer WEB page, to monitor the health condition 
of the transmitters, and to produce control actions to 
ensure transmitter safety. The user selection buttons 
and TX sensor parameters have been interfaced to the 
ARM Cortex-M3 processor through digital I/O lines 
to control the transmitter parameters. The analog to 
digital converters (ADC) read the sensors outputs in 
the transmitters; the digital data are framed in packets 
and sent to a web server. The remote webpage 
communicates to a client transmitter in the network 
with IP to monitor, log data and control through 
internet. 

 
  

 

RADAR 

Transmit

ter 

 
ARM 

Cortex-M3 

MC 

 

 
 

Fig. 3. WMCT system setup. 
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Keil-4 (IDE) software targeted onto ARM Cortex-
M3 based LM3S9B96 device programs the 
monitoring and controlling functionalities. This 
system connects the Triode based transmitters 
through internet to control and monitor the health of 
four RF amplifier stages. Thus ‘Design and 
Development of a web-based Real-Time Radar 
Transmitter remote control system for safety 
management’ allow scientists to operate and control 
the transmitters from remote client with the help of 
web servers using a web page. 

 
 

3. Hardware Description 
 
The Hardware included radar transmitter is 

microcontroller LM3S9B96 pin diagram is shown in 
Fig. 4, ADC, DAC, RTC, 5 V and 3.3 V power 
supply, RJ45, relays circuit to control the transmitter. 
The microcontroller is the brain of the web based 
remote supervisory and control system. J1 connector 

is a JTAG port in Fig. 5 is used to dump program and 
helps in debugging the software functionality. 

The GPIO module is composed of nine physical 
GPIO blocks, each corresponding to an individual 
GPIO port (Port A, Port B, Port C, Port D, Port E, 
Port F, Port G, Port H, Port J). The GPIO module 
supports up to 65 programmable input/output pins; 
we are using 8 GPIOs to control the transmitter 
relays. The Fig. 6 is the hardware connectivity of 
relays with GPIOs. The IC ULN 2803 is used to relay 
controlling with sufficient current drive. Two 10-bit 
Analog-to-Digital Converters (ADC) with 16 analog 
input channels and sample rate of one million 
samples/second are used to digitize 14 sensor 
parameters for reading the sensor outputs (transmitter 
parameters). In the Fig. 7 Max-232 is a serial line 
driver to establish the communication between 
microcontroller and PC. In Fig. 8 the SST’s 25 series 
Serial Flash family is a four-wire, SPI-compatible 
interface that allows for a low pin-count package 
which occupies less board space and ultimately 
lowers total system costs. 
 

 

 
 

Fig. 4. LM3S9B96 MCU schematic diagram. 
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Fig. 5. Jtag interface schematic diagram. 
 
 

 
 

Fig. 6. Relay driver schematic diagram. 
 
 

 
 

Fig. 7. Max-232 Line driver schematic diagram. 
 
 



Sensors & Transducers, Vol. 148, Issue 1, January 2013, pp. 40-46 

 44 

 
 

Fig. 8. Memory interface schematic diagram. 
 
 

The Stellaris® Ethernet Controller consists of a 
fully integrated media access controller (MAC) and 
network physical (PHY) interface. The Ethernet 
Controller conforms to IEEE 802.3 specifications and 
fully supports 10BASE-T and 100BASE-TX 
standards. In Fig. 9 the schematic of RJ45 Ethernet 
connectivity is shown. This Ethernet feature is used 
to communicate computer through the network. 

 
 

 
 

Fig. 9. Ethernet schematic diagram. 

4. Software Implementation 
 

To provide the flexibility and to reduce 
complexity, modularization programming method has 
been implemented. Modularizing the whole software 
resulted in flexibility of designing, testing, debugging 
and maintenance. The following two points are 
considered in program, first one is to distribute 
system resources by functionality i.e. ROM, RAM, 
interrupt sources and so on, second point is 
enhancing its universality and anti-jamming ability. 
Keil cross compiler and embedded C language 
combination are used for application program 
writing. It has a real-time multitasked kernel and 
offers TCP/IP programming of SOCKET grade and 
support various kinds of network protocols (such as 
HTTP, FTP, SMTP, PPP). With the development of 
network technology TCP/IP protocol has been 
written into the embedded system. As a result, 
embedded system became an embedded web system. 
The controller of embedded system turns into a 
miniature network server. By this, the seamless link 
of bottom equipment with internet becomes true and 
the remote monitoring is indeed realized. Installation 
of TCP/IP protocol in LM3S9B96 controller realizes 
Internet connectivity to the equipment. 

The web server software has been developed by 
Microsoft ASP.NET and C# tools. The Web page 
GUI (Graphical User Interface) which runs on a web 
server is implemented in hypertext markup language 
(HTML). The background controls and sockets have 
been implemented using C# programming in 
ASP.NET framework. This server software allows 
communicating remote clients from any web 
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browsing compatible operating system to interact 
with our experimental test-bed. The transmitters’ 
sensor values for every 10 minutes are logged in a 
database designed using SQL Server2008. The web 
server stores the transmitter health status in database 
continuously. This recorded data can be viewed in the 
grid view format for analysis. 

 
 

5. Results and Discussions 
 

The design and implementation of ARM Cortex-
M3 processor based Interlock and fault monitoring 
plug–in is thus carried out due to its advantages over 
high density code size, cost and power requirements. 
The combination of complexity and speed is finding 
ready applications for ARM Cortex-M3 systems in 
digital processing and particularly in those 
application areas requiring sophisticated high speed 
digital processing. The following are the 
measurements of parameters in radar Transmitter. 

Check the Transmitter radiation to measure TX 
power output by giving RF input. 

Transmitter output power at  
60 dB coupler = V (pk-pk) = 3 V 
Power=Vrms

2/R 
Power=(V(pk-pk)

2/8R)=[ V(pk-pk)
2/800]106 = 

= 22.5 kWatt 
Power=10log(power)/10-3 =73.5 dBm 

In Fig. 10 the web page contains an RF ON/OFF 
button used for switching on the RF power circuitry 
on the transmitter. The health status of each 
parameter and voltage levels are mentioned in Tables 
1, 2 and 3. Health status is good or bad is indicated as 
a colorful bubble. The RED is indicated as fault/bad 
condition of the corresponding parameter and 
GREEN indicates good condition. When click on the 

RF ON/OFF and control ON/OFF button the 
respective command/data is sent by the client 
browser to the server through the protocol layer of 
the TCP/IP stack. Then the server logically handles 
the data and sends to the microcontroller. The web 
server load transmitter current status automatically in 
few seconds refresh rate of a web page. ARM 
Cortex-M3 microcontroller will take the appropriate 
actions.  

 
 

Table 1. Fan sense signals. 
 

Amplifier OFF ON 
PDR 4.67 0 
DR 4.82 0 
HPA 4.82 0 

 
 

Table 2. Heater current Sense Voltages. 
 

Amplifier OFF 

HALF 
HEATER 
POWER  
(1st 3min) 

FULL 
HEATER 
POWER 

(after 3min) 
PDR 0 2.4 3.4 
DR 0.3 2.5 3.6 

HPA 0 2.6 3.13 
 
 

Table 3. Anode supply sense Monitor Voltages. 
 

Amplifier 
Anode supply 

OFF 
Anode 

supply ON 
PDR 2.7 3.1 
DR 1.5 2.4 
HPA 1.7 3.06 
 

 
 

 
 

Fig. 10. Screen shot of webpage Transmitter parameters health status and controls. 
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6. Conclusion 
 

A WMCT is proposed in this paper. It is intended 
to support the capabilities of the remote supervisory 
and controlling system based on web services 
technology for embedded devices is designed and 
implemented. The system adopts Browser/Server 
mode and realizes the interconnection of the 
embedded devices like ARM Cortex-M3 Processor 
target board. Therefore, remote users can access, 
control and manage the embedded devices [ARM 
Cortex-M3 processor through the MST radar 
transmitter] using a standard web browser over the 
internet. It has advantages of small size, data logger, 
system maintenance, longer work time and stable 
performance. It is applicable to a variety of fields 
like industrial control, industrial automation, 
medical, instrument etc. 
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Abstract: A portable water analyzer based on spectrophotometer has been designed and developed. The system 
embedded a module of 6 LEDs as long-life light source and a photodiode sensor transforms the light signal to 
electric signal, a microcontroller acts as the core of the analyzer to control the LEDs on/off, data acquisition, 
LCD and signal processing. For water quality analysis, a series of peak wavelength are selected including  
420 nm, 455 nm, 515 nm, 560 nm, 605 nm and 630 nm, which can cover multiparameter like ammonia nitrogen, 
nitrite nitrogen, hexavalent chromium and arsenite up to 45 types. In order to test the performance, optical 
absorbance is measured back and fro, the results show it is with virtue of high repeatability and linearity. The 
system is suitable for rapid test in laboratory and in-situ river water samples test. Copyright © 2013 IFSA. 
 
Keyword: Water quality, Spectrophotometer, LED, Absorbance, In-situ measurement. 
 
 
 
1. Introduction 
 

The environmental problem is one of the mayor 
concerns worldwide. Especially in developing 
countries, such as China, there are areas located 
mainly in cities, where the quality of environment 
accomplishes the international standards. But in 
suburban and rural locations the environment quality 
decreases as there are many industrial factories 
polluting the environment, as well as the abuse using 
of agricultural fertilizer [1-2]. The water pollution 
and gas contamination are the most concerned as they 
affect not only health of the local residents [3], but 
also produce social and economic problems. 

In order to determine the water quality, physical, 
chemical and biological parameters are measured. 
Usually physical parameters are detected by human 
sense and cannot be quantitative determined on spot, 

such as the taste and smell [4]. The number of 
chemical parameters should be taken to detect are 
more than other kinds of parameters. Besides, many 
chemical parameters can be detected through one 
method [5]. Take DPD spectrophotometry as an 
example, it can detect residual chlorine in drinking 
water, by calculating different content of reagents, the 
concentration of monochloramine and dichloramine 
also can be obtained [5]. The sensor is designed 
multiparameter. With different reagents, it can take 
quantitative assay on many parameters. For example, 
nitrite nitrogen, ammonia nitrogen have already been 
measured. Hexavalent chromium, sulfate, iron ion 
and other parameters are considered to conduct 
experiments. 

Various methods for the chemical parameters 
analysis have been established, such as 
chromatography of ions, gas chromatography, high 
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performance liquid chromatography (HPLC), atomic 
absorption spectrometry (AAS), laser-induced 
fluorescence (LIF) and turbidimetric method [6-9]. 
These methods are time consuming, needs complex 
sample preparation, also, different parameters need 
different reagents. On certainly, these methods are 
accurate and normally taken as standard method, but 
they are also expensive, needs skilled person for the 
analysis and cannot be carried to the field for the 
analysis [10]. Reports have been also made to use ion 
selective electrode method and spectrophotometer for 
the field analysis [11]. These methods are relatively 
simple and portable for field and rapid analysis. 

A sensor that analyzes water quality based on 
both spectrophotometry and ion selective electrode 
has been developed. Spectrophotometry is widely 
used as low cost and easy to operate [12]. With 
continuous wavelength from UV to IR or several 
isolated wavelength, spectrophotometer can analyze a 
mass of chemical parameters. But it is confined to the 
reagents as different parameters need different 
chemical method, even the same parameter with 
different concentration range may need different 
reagents [5]. Ion selective electrode is easier to 
operated and needless various reagents [13]. Besides, 
ion selective electrode is easily to integrate. But the 
kinds of the ion selective electrode are little and 
usually cost a lot. Here we combined the 
spectrophotometry for multiple parameters with ion 
selective electrode for parameters which already have 
perfect developed sensors.  

The sensor was able to differentiate laboratory 
made water contaminated with nitrite nitrogen and 
ammonia nitrogen. Also, the water samples taken 
from lakes have been detected. The developed sensor 
is cost effective, portable, and gives rapid response, 
compared with national standard, it is relatively 
accurate, and also can be interfaced to PC, therefore , 
it is most potential to the field test and for rapid 
investigation. 
 
 

2. Sensor Fabrication 
 
2.1. Determination of Spectral Behavior  

of Nitrite Nitrogen 
 

The measurement of the concentration of nitrite 
nitrogen is based on colorimetry principle. According 
to this principle, a colorimeter measures the intensity 
of light shining through a colored solution compared 
to the density of light passing into the solution. A 
detector measures the transmittance (T) (% of light 
passing through) of the solution and it is 
mathematically converted to absorbance. The 
absorbance is directly proportional to the 
concentration (Beer-Lambert Law). 
 

T-logA 10 , (1) 
 
where A is the absorbance, T is the transmittance of 
light. 

The developed sensor is based on this principle.  
Fig. 1 is the absorbance spectra of nitrite nitrogen 
standard solution measured by Shimadzu UV-Vis 
Spectrophotometer UV2550 through Diazo coupling 
spectrophotometry. It could be learned that the nitrite 
nitrogen has a wide absorbance spectra. The peak 
absorption is at 540 nm, but the wavelength between 
510 and 570 nm also have a relative high absorption. 
It determines the wavelength of the LEDs. So the 
dominant wavelength of chosen LED is from 515 to 
530 nm. 
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Fig. 1. Spectra of Diazo Coupling Spectrophotometry 
Measure Nitrite Nitrogen. 

 
 

2.2. Sensor Design  
 

The developed sensor incorporated with violet  
(420 nm), blue (455 nm), jade green (515 nm), green 
(560 nm), orange (605 nm) and red (630 nm) LEDs 
as the source for measuring concentration of different 
chemical parameters. Besides, yellow (595 nm) and 
IR (860 nm) LEDs or UV-LEDs are optional to detect 
other chemical parameters [14-15]. The light from the 
LEDs are gathered by the plastic optical fiber (POF) 
and a lens to make the divergent light to parallel 
light. The photo detection assembly is well insulated 
from outer light. It has a sample holder cuvette to 
hold solutions like blank, standard and sample test 
tubes. The sample holder is designed for three 
different kinds of cuvette. With an adapter it can 
apply for 1 cm (10 ml) square cell and 13 mm /  
16 mm round cell. It is not only a sample holder but 
also an optical module. A cost-optimized, highly 
integrated light-to-voltage optical sensor TSL12S is 
used to detect the amount of light falling on the 
sample. The output signals are fed to the internal 
ADC of C8051F410, which is the microprocessor of 
the optical part. The optical part is the kernel part of 
the developed sensor.  

The detection system of the sensor and the 
extended structure is shown in Fig. 2. Building 
blocks could be divided to two parts: the master 
control part and the optical part. The master control 
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part including the main microcontroller, power 
management, the flash memory, the serial port, the 
LCD and the keyboard. The optical part includes a 
microcontroller, which controls the 16-channel 
constant current LED driver IC and photoelectric 
sensor. The flow cell is just between the LEDs and 
the photoelectric sensor, which is the core part of the 
whole instrument. 
 
 

 
 

Fig. 2. The block diagram of the instrument. 
 
 

The developed sensor has the following 
characteristics: different wavelength of LEDs, 16-
channel constant current LED drive, only one 
photoelectric sensor. These characteristics could help 
to minimize the size of the sensor. Using the serial 
port of the microcontroller, the system could 
communicate with the host computer. Interactive 
software is in developing to extend the system, which 
is designed to print standard curve and make 
statistical analysis. According to the return and 
processing of functional operations and data, the 
system is able to achieve a large number of test 
results storage and complexity of data analysis. 
 
 
3. Experimental 
 

During the experiments, developed sensor and 
Shimadzu UV-Vis Spectrophotometer UV2550 are 
used. For different parameters, national standards are 
selected to ensure the maximum absorption almost at 
the same wavelength. Three methods are used in the 
experiments. For national standards, analytical 
reagents are used, based on the Diazo coupling 
spectrophotometry. Another method is based on the 
reagents purchased from Guangdong Huankai 
Microbial technology Co.Ltd. (Guangzhou, China). 
The third method is the reagents obtained from 
Institute of Hygiene and Environmental Medicine, 

Academy of Military Medical Science (Tianjin, 
China). 

 
 
3.1. Determination of Standard Curve 

 
Take nitrite nitrogen as an example, to create a 

standard curve, a blank and different concentration of 
prepared standards are needed. The prepared 
standards are made from the standard solutions of the 
nitrite nitrogen. The standard solutions of nitrite 
nitrogen were from National Research Center for 
Certified Reference Material (NRCCRM). Standard 
substances were prepared for 4 μg/ml stock solutions, 
respectively. Moreover, reagent solution of 0.01, 
0.03, 0.05, 0.1, 0.2, 0.5 μg/ml were made by stock 
solutions and deionized water. Deionized water was 
used as 0 ug/ml, by the way. 

First of all, based on national standard 
(GB5750.5-2006), Diazo coupling spectrophotometry 
is used to test the performance of the sensor in 
detecting nitrite nitrogen. The results of the 
experiments were compared with data obtained at  
540 nm from the Shimadzu UV-Vis 
Spectrophotometer UV2550. Fig. 3 is the plot of 
absorbance versus concentration of nitrite nitrogen 
based on the data obtained from Shimadzu UV-Vis 
Spectrophotometer UV2550. 
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       f(x) = 2.494*x + 0.004392 
       R-square: 0.9987

 
 

Fig. 3. Absorbance vs. Concentration of nitrite nitrogen 
measured by Shimadzu UV2550. 

 
 

Fig. 4 is the plot of absorbance versus 
concentration of nitrite nitrogen based on the data 
obtained from the developed sensor. 

The developed sensor was also used to test other 
two kinds of reagent kits. The fitting curve based on 
the data obtained by the reagent from Huankai 
Microbial Co. Ltd. was expressed as equation below:  
 

04719.0C147.2Abs  , (2) 
 
where Abs stands for absorbance of nitrite nitrogen 
solution, C stands for concentration of nitrite 
nitrogen. R2 is above 0.9995. 
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Linear model

Linear model:
       f(x) = 1.824*x - 0.000226 
       R-square: 0.999

 
 

Fig. 4. Absorbance vs. concentration of nitrite nitrogen 
measured by developed sensor. 

 
 

The fitting curve based on the data obtained by 
the reagent from Institute of Hygiene and 
Environmental Medicine was expressed as equation 
below: 
 

06358.0C*296.2Abs   (3) 
 
R2 is above 0.999. 
 

From equations above, the developed sensor can 
perform a good linearity with different reagents. By 
correct the standard curve, it could be applied to 
different branded reagents. 
 
 
3.2. Repeatability of Sensor 
 

The system is calibrated for different standard 
concentrations of nitrite nitrogen. To test the 
repeatability of sensor, solution of different 
concentration is prepared by mixing unknown 
amount of stock solution with distilled water. Three 
concentration of nitrite nitrogen are prepared, two 
kinds of reagents are used for the test. 

The experiment carried for 5 times, each time 
prepared 5 parallel samples. The Table 1 represents 
the statistical reports for the two reagents.  

 
Table 1. Statistics on repeatability. 

 
Huankai Co.LTD. Institute of Hygiene and Environmental Medicine 

Concentration 
Mean  
Value 

SD RSD Concentration 
Mean 
Value 

SD RSD 

Low level 0.0878  0.0034  3.82 % Low level 0.0953  0.0021  2.24 % 
Mid level 0.2500  0.0026  1.02 % Mid level 0.2580  0.0035  1.37 % 
High level 1.1668  0.0080  0.68 % High level 1.1489  0.0198  1.72 % 

 
 

Both of the two methods have RSD less than 5 %. 
It is obvious that the sensor is of high repeatability. 
Besides, it confirms that both of the two reagents can 
apply to the sensor.  
 
 
3.3. In-situ lake Water Measurements 
 

The in-situ analysis was performed in the lakes in 
Tianjin. Water samples were collected from the lakes. 
These lakes carry residual water from school and 
sanitary wastewater. After filtering the lake water, 
clear water samples were collected. The developed 
sensor was used to test these water samples. Besides, 

the Shimadzu UV-Vis Spectrophotometer UV2550 
was used to compared with the results obtained from 
the sensor. In this experiment, Diazo coupling 
spectrophotometry was used to get the colored 
solution. The steps are in strict accordance with the 
provisions of the national standard, and absorbance 
was measured after the full reaction. The measured 
data are shown in Table 2.  

Compared with the data obtained by the 
Shimadzu UV-Vis Spectrophotometer UV2550, the 
data obtained by the developed sensor is of high 
repeatability. Also, the relative error was less than  
15 %.  

 
 
 

Table 2. Statistics on in-situ w after sample. 
 

 UV-Vis spectrophotometer Developed sensor 

Sample 
Mean 
of Abs 

Concentration SD RSD 
Mean 
of Abs 

Concentration SD RSD 
Relative 

Error 
1 0.0877 0.0336 0.0012 1.32 % 0.378 0.0299 0 0.00 % -10.92 % 
2 0.1563 0.061 0.0012 0.74 % 0.0655 0.0645 0.0004 0.64 % 5.68 % 
3 0.1725 0.0675 0.0049 2.87 % 0.0714 0.0718 0.0006 0.79 % 6.37 % 
4 0.3395 0.1344 0.0007 0.21 % 0.1354 0.1518 0.002 1.46 % 12.91 % 
5 0.501 0.1991 0.0028 0.56 % 0.1894 0.2191 0.0006 0.30 % 10.05 % 
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4. Conclusion 
 

An inexpensive spectrometer sensor has been 
fabricated by using microcontroller C8051F410 to 
measure the chemical parameters of water. The 
developed system is a user friendly one, as no special 
training is required to use it. Normal 
spectrophotometers have optical lenses and filter 
which makes the system clumsy and difficult to use, 
as incandescent lamps are used as light sources, it 
generates lots of heat and consumes more power. All 
these problems are rectified in this system. Since the 
implemented instrument is based on colorimetry 
principle, any of the branded reagents which are 
available can be used. The designed instrument can 
be used to measure the nitrite nitrogen concentration, 
also can be used in other parameters like ammonia 
nitrogen, hexavalent chromium ad so on by changing 
the measure LED.  
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Abstract: This paper presents the design and development of MATLAB graphical user interface (GUI) based 
fuzzy logic controller (FLC) and integrated fuzzy logic controller (IFLC) for liquid level control system. The 
main objective of this work is to design and develop a MATLAB based GUI for liquid level control system. In 
this application, the inflow of water to the tank is controlled. The necessary algorithm is developed in 
MATLAB. The liquid level in a cylindrical tank is measured by using differential-pressure sensor (SX05DN). 
The sensor converts change in water level into change in resistance which is further converted into voltage and 
applied to an instrumentation amplifier. The computer acquires voltage through Analog to Digital–Digital to 
Analog Converter (AD-DA) board designed indigenously for this application. The Digital Input/ Output and 
Timer (DIOT) card is used to interface AD-DA board with PC. To control liquid level, MATLAB/GUI based 
PIDC, FLC, and IFLC is developed. The performance of these controllers is tested for a step input of 15 cm. The 
results show that IFLC exhibits the best response in terms of less rise time and settling time, negligible 
overshoot and undershoot. The proposed MATLAB/GUI provides various graphical user interfaces for easy 
access, tuning, and visual display of performance of controllers implemented. Copyright © 2013 IFSA. 
 
Keywords: Fuzzy logic controller, GUI, Level, MATLAB, Water tank. 
 

 
 
1. Introduction  
 

In the industrial production process, there arise 
many situations where liquid level needs to be 
monitored and it is made sure that liquid level be 
maintained accurately at a desired value. Water level 
control system is very complex system. Conventional 
control approaches are not convenient to solve the 
complexities. Fuzzy logic, and neural networks based 
control have emerged over the years and became one 
of the most active and fruitful areas of research in the 
intelligent control applications. Fuzzy logic controller 

has rapidly become one of the most successful of 
today’s technologies for developing the sophisticated 
control system and thus widely used and successfully 
utilized in numerous industrial applications and 
consumer products. Fuzzy logic controllers are more 
robust than the PID controllers because they can 
cover much wider range of operating conditions than 
PID, and are immune to noise and disturbance of 
different nature [1]. MATLAB provides one such 
platform to implement and study the aforesaid control 
algorithms. 
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A GUI program is a graphical based approach to 
execute the program in a more user friendly way. It 
contains GUI components such as push buttons, text 
buttons, radio buttons etc., which help the user to 
easily understand how to execute a program or how 
to run a GUI. MATLAB provides a tool called 
GUIDE for developing GUI programs. This tool 
enables programmers to write graphical based 
interactive programs in much easier and handy way 
[2]. An attempt is made here to design a GUI for 
liquid level control system. The liquid level control 
system is often operated under unstable conditions 
and these conditions normally contribute to damage 
of devices and equipment of process plant. However, 
this problem can be solved by introducing feedback 
controller for stimulating liquid level control system. 
Mohd Fuaad et al [3] designed GUI in Microsoft 
Visual 6.0 software and made a comparison on 
responses of P, PID, and FLC for liquid level control. 
In this work, required hardware is interfaced to PC 
and responses are observed on virtual 
instrumentation. C. C. Ko et al [4] reported the real 
time, coupled-tank level control provided through 
web for remote control application and laboratory 
experimentation. This system is multi-input and 
multi-output (MIMO) system. The remote control 
method has the capability to implement strategies for 
manual, PID, general state-space, and fuzzy logic 
control. The laboratory also provides a platform for 
research staff to test various control algorithms. Also, 
various studies are conducted by the researchers to 
control liquid level in a tank. Several other 
researchers have also investigated the problem of 
controlling the liquid level of a tank. Zefer 
Aydogmes [5] reported the SCADA control via PLC 
for liquid level control. The SCADA and simulation 
results are compared. He observed a negligible 
difference in both cases. Maziyah W. et al [6] 
reported the simulation of water tank level control 
using PID controller. Berk P. et al [7] focused on 
evaluating of two types fuzzy and classical PID 
liquid level controller and examined whether they are 
better able to handle modeling uncertainties. Most of 
the work reported is on three-tank system and non 
linear spherical tank. Maruthai Suresh et al [8] 
applied fuzzy logic controller for three-tank system. 
Nithya S. et al [9] chosen a spherical tank liquid level 
system and studied the modeling of process plant in 
MATLAB/SIMULINK. The conventional PI 
controller and internal model control (IMC) based on 
Skogestad’s [9] settings are compared. Results show 
that the IMC outperforms with no overshoot, faster 
setting time, and better set-point tracking. 

After the detailed literature survey, it is found that 
not much work has been reported on design of GUI 
and implementation of FLC for liquid level control.  
This has greatly motivated the author to undertake 
the proposed work. In this work the design of 
MATLAB/GUI for the liquid level control is 
proposed. The GUI is designed for FLC with 
conventional PID and advanced IFLC. The designed 
controllers are applied to a level process. The GUI 

provides better user friendly interface to select, run, 
and to tune controllers. It also provides a facility to 
plot and analyze the graphs. 

 
 

2. Instrumentation 
 

The block diagram of MATLAB/GUI based 
fuzzy logic controller for liquid level control system 
is shown in Fig. 1. A linear tank of 100 cm height is 
considered for liquid level control. Level of water in 
tank is measured in terms of pressure developed in 
the capillary attached to the tank at the bottom. As 
the water level increases in the tank, the pressure also 
increases. Hence, the pressure, directly proportional 
to the water level, is sensed and converted in to 
equivalent voltage by the pressure sensor placed on 
the top of the tank whose input is connected to 
another end of the capillary. The experimental setup 
consists of the following hardware: 

 Differential Pressure Transducer; 
 Excitation Source; 
 Instrumentation Amplifier; 
 AD-DA board; 
 DIOT card. 

 
 

2.1. Differential Pressure Transducer 
 

In the present system, a differential pressure 
transducer (DPT) is used as level sensor. The level is 
measured in terms of pressure exerted by the liquid. 
The DPT, SX05DN, of SenSym [10] make is used. It 
is basically an integrated circuit differential pressure 
transducer consists of four strain gauges connected in 
Wheatstone bridge and pasted on a diaphragm. The 
bridge is excited with a stable +5 V DC voltage 
supply. The input change in pressure, exerted on the 
diaphragm, is converted into corresponding change in 
resistance of strain gauges which is further converted 
to change in voltage. The specifications of the sensor 
are presented in Table 1. 

 
 

Table 1. Specifications of level sensor. 
 

Parameter Unit 

Type 
Integrated Circuit 
Pressure Sensor 

Operating pressure 
range 

0-5 psid 

Input 
Absolute and 
differential (Gage) 

Supply Voltage +12 V DC 
Sensitivity 3 mV/V/psid 
Full scale span 75 mV 
Package Plastic DIP 
Typical weight 4-5 gms 
Make Sensym 
Part No. SX05DN 

 



Sensors & Transducers, Vol. 148, Issue 1, January 2013, pp. 52-59 

 54 

 

 
 

Fig. 1. Block diagram of MATLAB/GUI based FLC for liquid level control system. 
 
 

2.2. Excitation Source  
 
In order to convert the change in resistance of the 

sensor to the corresponding change in voltage, a 
constant excitation voltage of +5 V is generated using 
LM329, LM308, and 2N2222. The LM329, a 
precision voltage source, produces 6.9 V which is 
dropped down to +5 V and connected to non-
inverting input of op-amp (LM308). An op-amp with 
a transistor (2N2222) at the output provides the 
enough current to the bridge. With a +5 V excitation 
voltage the sensor will produce an output of  
1.5 mV/cm. A zero adjust circuit is provided to 
balance the bridge output under initial condition.  

 
 

2.3. Instrumentation Amplifier 
 
Sensor produces a small differential output 

voltage of 1.5 mV/cm of liquid height. So a low 
noise, high gain instrumentation amplifier, AD620 
from Analog Devices [11] is used to amplify the 
analog voltage. This analog voltage is acquired by the 
PC through AD-DA board and DIOT card.  
 
 
2.4. AD-DA Board 

 
The data acquisition board is designed by using a 

12-bit A/D converter AD1674, a complete monolithic 
IC from Analog Devices and a low-cost 12-bit four 
quadrant multiplying D/A converter DAC7541A 

from Burr-Brown. The AD-DA board is indigenously 
designed by the authors [12] for the present study. 

 
 

2.5. DIOT Card 
 
A PCI digital input/output and timer (DIOT) card 

from Advantech [13] is used to interface AD-DA 
board to PC. The card provides three ports with 24 
programmable digital I/O lines and three 16-bit 
timers. 
 
 
3. Design of MATLAB based FLC 
 

Fuzzy logic controllers are easier to understand 
and develop because they involve human operations 
strategy. Generally, this controller accepts two inputs 
i.e., error and change-in error. The error is obtained 
by subtracting the plant output from the desired 
value. The change in error is obtained by subtracting 
the previous error from current error. By forming rule 
base and choosing membership functions the control 
action is produced. This control action is applied to 
the plant. The fuzzy logic controller consists of three 
design stages; fuzzification, decision-making logic, 
and defuzzification. The fuzzification stage converts 
real numbers into fuzzy values/linguistic terms. The 
decision-making logic stage processes the input data 
and computes the control output. These outputs 
which are fuzzy values are converted into real 
numbers by the defuzzification stage [14]. This fuzzy 
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logic controller can be designed by using MATLAB 
software. 

The MATLAB provides the fuzzy tool kit to 
design a FLC. Typing ‘fuzzy’ on command window 
the following GUI will be opened to create fuzzy 
logic controller. Sugeno [15] type FLC is selected 
and 7-member triangular function is chosen to form a 
controller. The GUIs of error and change-in-error, 

control action, and rule-base editor for FLC are 
shown in Figs. 2, 3, and 4 respectively. The designed 
fuzzy inference system (fis) in MATLAB is saved as 
‘fis’ file and is called by GUI. To evaluate the 
designed ‘fis’ the following command is used: 

fis= readfis (‘level_8.fis’); 
control_action=evalfis([en-en_1], fis). 

 
 
 

 
 

Fig. 2. 7-Member triangular function for error and Change-in-error. 
 
 

 
 

Fig. 3. 7-Member triangular function for control action. 



Sensors & Transducers, Vol. 148, Issue 1, January 2013, pp. 52-59 

 56 

 
 

Fig. 4. Rule-base editor for fuzzy logic controller. 
 
 

4. Graphical User Interface  
 

The graphical user interface is designed in 
MATLAB by using GUIDE toolbox. This toolbox 
provides various graphical user interface components 
to design required GUI. Fig. 5 and Fig. 6 show the 
level control & Tune controller GUIs for liquid level 
control system respectively. Fig. 5 level control GUI 
contains three major user tabs (pushbuttons); Level 
Control, Tune Controller, and Plot. The level control 
GUI is selected by clicking on Level Control button. 
This GUI is a main GUI which displays set point, 
current level and controller currently working with. 
The tune controller GUI is selected by clicking on the 
respective button. This GUI allows user to select a 
controller and tune the corresponding controller 
parameters. Similarly, the plot GUI is selected by 
clicking on Plot button. It will display the response of 
selected controller for step input. 

Initially, the GUI initializes the DIOT card and 
prompts the user for entering set point. After 
accepting set-point, clicking on Level Control button 
will initiate control process. Before control process 
starts the PID controller is set as default controller. 
The Fig. 5 shows screen-shot of level control main 
GUI. In this GUI, provision is made for the user to 
set the desired level with current level being 
displayed. It also displays the current controller 
selected by the user in the tune controller GUI.  

Fig. 6 shows the tune controller GUI to select and 
tune controllers such as PIDC and FLC. The plot 
button will display the final response of the 
controller. Also, clicking on help button, a GUI will 
pop up which briefly describes the working and 
operation of main GUI and sub GUIs. The callback 
function of level control pushbutton is programmed 
to acquire analog voltage, convert it into actual level 
in cm (by a 5th degree polynomial of the curve fitted 
between level and voltage), calculate error, compute 

control action and finally apply to the valve through 
DIOT card, and AD-DA board.  
The callback function of tune controller GUI is 
programmed to check whether user has selected the 
required controller. If not, the PIDC is set as default 
controller. In this GUI two checkboxes are provided 
to select either or both PIDC & FLC. By clicking on 
FLC GUI pushbutton in tune controller GUI invokes 
fuzzy GUIs to tune membership functions and set the 
scaling factor; and save button saves the parameters 
turned for the controller designed. The plot 
pushbutton helps to plot the response of controller 
and save on to the disk. Fig. 7 illustrates the detailed 
flowchart of MATLAB GUI based liquid level 
control system.  
 
 
5. Experimental Results  
 

The PIDC and FLC are applied to control liquid 
level in a tank for a step of 15 cm. Also, PID and 
FLC are cascaded to form the integrated fuzzy logic 
controller and applied to liquid level control system. 
The controllers are tuned manually to obtain 
optimum control. The comparative response of all the 
three controllers is shown in Fig. 8. The important 
time response parameters, observed from the plots, 
are presented in the Table 2. The PIDC takes  
156.8 sec to attain desired 15 cm with a steady state 
error of 0.4 cm. The FLC takes 102 sec to attain 
desired 15 cm with a steady state error of 0.2 cm. 
Whereas, IFLC takes the least settling time of  
61.8 sec to attain 15 cm with no steady state error. It 
is observed that settling time is considerably 
improved with reduced steady state error by FLC. 
Further, integrating PID and FLC achieves the best 
response both in rise time and settling time with zero 
steady state error. 
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Fig. 5. Screen-shot of main-GUI of level control. 
 
 

 

 
 

Fig. 6. Screen-shot of sub-GUI for tuning PIDC and FLC. 
 
 

Table 2. Comparative study of PIDC, FLC, and IFLC. 
 

Controller → 
Parameter ↓ 

PIDC FLC IFLC 

Rise time 76.4 sec 51.3 sec 50.6 sec 
Settling time 156.8 sec 102.0 sec 61.8 sec 
Overshoot 0.2 cm 0.1 cm 0.0 
Undershoot 0.2 cm 0.1 cm 0.0 
Steady state 
error 

0.4 cm 0.2 cm 0.0 

 
 

6. Conclusions 
 
The graphical user interface is designed in 

MATLAB for liquid level control. Various control 
algorithms such as PID, FLC, and IFLC are 

developed in MATLAB/GUI and are tested for a step 
input. The main-GUI designed for present application 
has various sub-GUIs which allow user to select and 
tune a controller. Results show that the integrated 
fuzzy logic controller is the best among conventional 
PIDC, and FLC. MATLAB/GUI allows user to 
design and control the parameter in more user 
friendly way. 
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Start 

Initialization of DIOT card 

Invoke level control GUI and prompt the 
user to enter desired set point and select 

the controller  
(Turn-ON the valve & pump) 

Acquire voltage corresponding to current 
level through AD-DA broad 

Compute actual level in cm to obtain  
(error = set point – measure level) 
(change-in-error = current error –  

previous error) 

Display current liquid level on GUI 

Solve selected controller algorithm 
(PID/FLC/IFLC) 

Apply control action to valve 

Update controller variables 

Plot the response on axes component on 
the GUI 

 
Is stipulated  
time over ? No 

Yes 

Store level data to the file 
(Turn-OFF the pump) 

Stop 
 

 
Fig. 7. Flow-chart of liquid level control system. 

 
 

 
 

 
 

Fig. 8. Comparison of PIDC, FLC and IFLC for step input 
of 15 cm. 
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Abstract: The method and device for multimedia data encoding in wireless sensor networks were developed. It 
provides the increase of the total communication channel bandwidth, data flow adaptive distribution, depending 
on the channel characteristics, it increases the reliability of the transmission through the usage of corrective 
properties of the residue number system. Conversion of pixels in the developed device is carried out once per 
cycle using parallel-serial multi-bit adders and incomplete encoders based on the direct addition method. Selected 
co-prime modules provide conversion of 24-bit images. The resulting balances are transferred in parallel channels 
with multipath routing. Copyright © 2013 IFSA. 
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1. Introduction 
 

Interest in the wireless sensor network (WSN) 
technologies has been rapidly growing in recent years, 
both from the researchers’ side, a vivid proof of which 
is a significant number of publications, and from the 
huge corporations’ side, that invests a considerable 
amount of money in the research and development of 
these technologies [1]. 

Environmental monitoring systems, security 
systems, monitoring of mechanical products and 
living organisms that carry out the measurement of 
different physical parameters, such as temperature, 
pressure, humidity, light intensity, location and other 
facilities are built on the basis of WSNs [2, 3]. 

An integration of low-power wireless network 
technologies with an inexpensive hardware such as 
CMOS cameras and microphones currently 
contributes to the development of wireless multimedia 
sensor networks (Wireless Multimedia Sensor 
Network - WMSN). It allows a transfer of video and 
audio streams, stationary object images and scalar 
sensor data [4]. Multimedia data are characterized by a 
significant size of information and sensitivity to the 
transfer delay. 

Taking into consideration functional limitations of 
the wireless sensors (transmission speed, computing 
power, self-power, etc.), an urgent task of multimedia 
data transfer is set to reduce the load upon the 
nodes-repeaters and time of the message delivery. 
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Video surveillance systems are widely used in: 
technical Security, traffic control, machine vision and 
other. 

Among the factors that significantly limit the 
application of the existing video surveillance systems 
can be identified: 

– using wire communication channels; 
– the need for continuous power supply; 
– fixed architecture. 
Wireless Multimedia Sensor Networks (WMSN) 

can transmit video and audio streams, still images, and 
sensor data. 

Integration of video surveillance systems WMSN 
will provide the system with the following benefits: 
mobility, reduction of installation time, the ability to 
set on objects of historical and cultural heritage, as 
well as objects of high complexity. 

WMSN consist of miniature video cameras (VC) 
with battery-powered, low-power wireless ZigBee 
modules that are able to process, transmit and receive 
data. In existing systems, image sensor is directly 
connected to a wireless module. 

For an effective usage of the whole bandwidth of 
communication channels the authors offer such type 
of WMSNs, which splits multimedia data into parts 
and transfers them by different routes (Fig. 1). 

One of the most effective approaches to improve 
the reliability of data transmission in WMSNs is the 
usage of multipath routing. In multipath routing 
algorithms several paths are calculated for each 
destination. This allows an optimal usage of 
communication channels and an increase in the overall 
bandwidth. 

In the usage of threshold secret sharing scheme for 
coding messages was proposed. The threshold secret 
sharing scheme ),( NT  (where N  is the number of 

shared secret parts, T  is the number of parts required 
for the secret’s recovery) divides the message into the 
optimal number of parts. An advantage of the 
threshold schemes is that the message can be 
recovered only if T  or more pieces are present, 
otherwise the message can’t be recovered. A 
disadvantage of using of threshold secret sharing 
schemes is a significant increase of the message. 

 
 

 
 

Fig. 1. Transmitting the message using multipath routing: 1 ÷ 30 wireless nodes of multimedia sensor network. 
 
 

2. Image Coding Method 
 

It is proposed by the author to use the Chinese 
remainder theorem as an algorithm for splitting the 
images. The splitting of the message is carried out 
using the following formula: 

 
(mod )i ib A p , (1) 

 

where A  is the image for splitting, ip  is the 

co-prime modules. 
Co-prime modules are chosen from the condition 

1i ip p  . 

Image recovering (decryption) is carried out using 
the formula: 

 

1

mod
n

i i
i

A b B


    
 
 , (2) 

where 
1

n

i
i

p


 , iB  is the orthogonal basis, n is 

the  number of modules, 
 

 1 modi i i
i

B p
p


   , 1,i n  (3) 

 
where 1 1i ip    is the weight of the orthogonal 

elements. 
Internal parallelism of the residue number system 

provides a set of advantages for data encoding and 
transmission in wireless sensor networks. One of them 
is the independence of digits’ positions. It creates an 
opportunity for the parallel information processing 
that will increase the overall performance of a 
computing system. Also, a small number of digits’ 
positions in residuals of the residue number system 
causes the reduction of computation resources in the 
whole computing system. Another advantage is the 
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possibility to detect and correct errors during the 
arithmetic operations and data transmission. 

The converter module that splits image into parts 
(Fig. 2) is placed between the video sensor and the 
wireless microcontroller. 

 
 

Video Sensor 
Converter 
Module 

Wireless 
Microcontroll

 

 
 

Fig. 2. The block diagram of a node for wireless multimedia 
sensor network. 

 
 

Let’s take, for example, the image coding (Fig. 3). 
The value of modules is chosen according to the rule, 
which predicts that the modules should be bigger than 
the maximum pixel value. Most video sensors use 
24-bit binary code to represent a single pixel of the 
image. In the 24-bit representation, the maximum 
decimal value is 224. Therefore to convert one pixel 
into the residue number system were selected the 
following modules p1=7, p2=23, p3=29, p4=59, p5=61, 
whose product is 16803731 . Using provided 

modules, the n is the bit number, where 
5log ( )12n pi  , can be presented. 

It is obvious that the image splitting (15-30 frames 
per second) in the real-time environment requires 
significant computational resources of wireless 
microcontroller (see Fig. 3). Therefore, to reduce the 
load of the wireless microcontroller, author proposed 
to implement a hardware conversion of 24-bit binary 
code into a residue number system code using the 
method of direct addition. 
 
 

 
 

Fig. 3. Decomposition of the image by modules:  
7, 23, 29, 59, 61. 

 
 

Conversion of a 24-bit binary code into the residue 
number system was implemented using the method of 
direct addition: 

0 0

2 (mod ) mod
k k

j
j i i ij i

j j

A a b p a p
 

 
     

 
  , 

 
where k  is the number of binary digits, 

 2 modj
ij j ia a p  , 

 0 modij ia p , when 0ja  , (4) 

2 (mod )j
ij ia p , when 1ja  . 

 
 
3. Co-processor Implementation 
 

Splitting the image into parts by modules p1=7, 
p2=23, p3=29, p4=59, p5=61 is implemented as a 
separate co-processor (Fig. 4). Image binary code  
(24 bit) is entered to the input register RG. The 
information that was read from the registry is entered 
to the encoder inputs (EC1 - EC5). When “1” is 
present in the register place n then a binary code that 
corresponds to the coefficients according to Table 1 is 
formed at the encoder output. The binary code enters 
from the encoder outputs to the adders by base pi  
inputs (AD). 

 
 

 
 

Fig. 4. Block diagram of the co-processor for binary code 
conversion into the residue number system 

 
 
The encoder work for module p1=7 is described by 

the following logical equations (Fig. 5): 
 

00_1p a0E]0[f  ;  

)aa(0E]0..1[f 011_1p  ;  

)aaa(0E]0..2[f 0122_1p  ; (5) 

… 
)aaa(0E]0..2[f 01223_1p  ,  

… 
for module 61p5  : 

00_5p a0E]0[f  ; 

)aa(0E]0..1[f 011_5p  ; (6) 

… 
)aaaa(0E]0..3[f 012323_5p  ; 
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where 
3210 ,,, aaaa  are the bits coefficients; E0 is the 

enabling input, when E0=1 a code is formed in the 
encoder output according to Table 1. 

A multi-digit parallel-serial adder was developed 
by modules  pi (i = 1,   ,5) to reduce the conversion 
time of 24-bit binary numbers into the residue number 
system code (Fig. 6). 

The complexity of logic equations writing has 
considerably increased along with the increase of the 
module number of bits, therefore the work of adders 
by modules  p1=7, p2=23, p3=29, p4=59, p5=61 can be 
described using VHDL (Fig. 7).  

 

Table 1. Coefficients generated by an encoder, when a 
single information bit is entered on input. 

 
)(mod2 i

j p  
mod

232 222 212 202 192  72 62 52 42 32 22 12 02
mod7 4 2 1 4 2 … 2 1 4 2 1 4 2 1 

mod23 2 1 12 6 3 … 13 18 9 16 8 4 2 1 
mod29 10 5 17 23 26 … 12 6 3 16 8 4 2 1 
mod59 47 53 56 28 14 … 10 5 32 16 8 4 2 1 
mod61 10 5 33 47 54 … 6 3 32 16 8 4 2 1 

 
An adder for 24-bit binary numbers processing is 

implemented in a CAD Max + Plus II (see Fig.8). 
 

 
 

 
 

Fig. 5. Coefficients generation encoder circuit for module p1=7. 
 

 
 

Fig. 6. Block diagram of multi-digit adder by module  

ip :  
230 aa   - coefficients of expression 

i
j

ij pa mod2  (see Table 1.) 
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Fig. 7. The adder by module 61. 
 
 

 
 

Fig. 8. Multi-digit adder by module 7. 
 
 

A verification of the co-processor developed at 
Quartus II software of Altera Corporation confirmed 
its correct work. 

The developed co-processor for image coding 
using the residue number system provides high 
performance while using incomplete encoders and 
parallel-sequential multi-digit adder by the relevant 
modules. Co-processor is implemented by CPLD 
series MAX-II of ALTERA Corporation, chip 
EPM240T100C5, conversion time of 24-bit binary 
code (one pixel) is 16.7 ns, respectively the 
transformation of one image frame (640480) equals 
approximately to 5 ms. 

The obtained images (residual) bi are transmitted 
by different routes basing on multipath routing 
protocol. 

Multimedia data is sensible to packet loss. Such 
loss leads to either discarding all the image or rapid 
decreasing of the image quality. Therefore multimedia 
content requires plenty of packets that should not be 

lost, so the requirement for high-quality image has 
been confirmed. That's why network protocol should 
assure packet transmission reliability that will 
conform to the multimedia characteristics. 

Besides the total amount of memory there is 
another limiting factor: the bandwidth channels with 
wireless sensor networks. The bandwidth evaluates 
with the equation. 

 

128

V n
C


  Mbit / s 

 
where V is the image volume in KB; n is the number 
of fps. 

Corresponding calculations for the bandwidth 
sufficient for transmission of streaming video (rate 25 
and 15 fps) that depends on image volume is 
represented on Fig. 9, where Full_25, Full_15 – 
uncompressed image at 25fps and 15 fps, High – 
image with high compression ratio (1:20), Low – 
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image with a compression ratio of 1:10, respectively 
for 25 fps and 15 fps. 

Since the transmission rate according to the 
standard ZigBee modules IEEE802.15.4 is 250 kbit/s, 
the sensor network can transmit images up to 100 KB 
(Fig. 9), which follows the format QCIF (resolution 
176144) with a compression ratio (1:20 ). 

The use of video surveillance systems based on 
WMSN will significantly expand the scope of their 
application, such as: vision systems, telemedicine 
systems, care for the elderly, an environmental and 
engineering control. 

 

 
 

 
 

Fig. 9. Required broadband that depends on image size for 25 and 15 frames per second transmission 
 
 

4. Conclusions 
 

The image splitting into parts in residue number 
system and usage of multipath routing in the wireless 
sensor networks allow reducing the load on the 
nodes-repeaters and reduce the time of the message 
delivering up to 2-3 times, depending on the number 
of independent routes. In case that the message is 
splitting into the parts of different capacity (in 
illustrated example 3 ÷ 6 bits), its transferring can be 
done with route bandwidth and reliability allowance. 
The developed co-processor transforms one pixel of 
the image per one cycle, while the transformation of 
one image frame (640*480) need approximately 5 ms. 
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Abstract: Emissivity is an important consideration for temperature measurement through infrared imaging. 
The theoretical background depicting the role of emissivity and other significant parameters for temperature 
measurement with the help of an infrared camera is discussed. Experiment is carried out for estimating the 
emissivity of oxide coated steel surface and rusted iron surface with the help of a long wave infrared camera and 
using a reference surface of known higher emissivity. The measured emissivity values are subjected to statistical 
analysis and the final estimated value is compared with the published value. The effect of the difference between 
estimated value and published value of emissivity on the measured temperature is also discussed.  
Copyright © 2013 IFSA. 
  
Keywords: Thermal imaging, Emissivity, Temperature measurement. 
 
 
 
1. Introduction  
 

Temperature measurements in industry is mostly 
carried out with the help of three commonly available 
sensing techniques viz sensors based on 
thermocouple sensors based on portable / hand held 
IR (Infrared) thermometer and sensors based on IR 
imaging. The thermocouple based sensors are 
obviously contact type sensors used in core industries 
such as power, coal etc, and also in process industries 
such as fertilizer, petrochemical etc. The infrared 
thermometers are useful for non contact measurement 
of spot temperature and are widely used for off hand 
measurement of surface temperature of metallic or 
nonmetallic surfaces. For temperature scanning of 
large area of a surface IR camera is an invaluable 
tool. For an IR camera with image resolution of  
640  480 means using 307200 infrared 

thermometers at the same time. During World War II, 
infrared sensitive photographic emulsions are used to 
study the distribution of objects under enemy 
camouflage [1]. The range of temperature that can be 
recorded is approximately from 250 oC to 500 oC. On 
the contrary, the modern day IR camera can record 
temperature approximately from -40 oC to 2000 oC. 
The infrared radiation detection technology passed 
long way starting from pyroelectric vidicon to 
modern day focal plane array (FPA). In pyroelectric 
vidicon technology [2] infrared sensitive target 
materials like triglycine sulphate was used and the 
system did not provided sufficient stability for 
temperature measurement but was used only for 
observation purpose such as in fire fighting since it 
was compact and inexpensive. 

Development of scanning IR camera with a single 
detection was the next stage of development where 
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the main disadvantage was the moving optical parts. 
The development of FPA based camera was a great 
step jump in device technology where no mechanical 
deflection units are needed and the camera is thus 
mechanically simpler and compact. For infrared 
detection, the development of resistive 
microbolometer FPA has a distinct advantage of 
uncooled operation where the detection array does 
not require any cooling arrangement. A 
microbolometer FPA [3] consists of thin film 
photoresistors micromachined on a silicon substrate. 
The FPA is fabricated as an array of microbridges 
with a thermoresistive element in each microbridge. 
As each pixel (microbridge) absorbs IR radiation, the 
mocrobridge temperature changes accordingly and 
the elemental resistance changes. The readout circuit 
which multiplexes the IR signal is fabricated on the 
monolithic structure of the array. Infrared cameras 
operate in three distinct wavelength bands viz short 
wave (SWIR, 0.8 -3 m) medium wave (MWIR, 3 – 
5 m) and long wave (LWIR, 8 – 12 m) range. The 
near IR (0.7 -1.0 m) and SWIR detectors are used 
mainly in spectroscopic applications where high 
quantum efficiency, low dark current and low read 
noise are essential. The primary spectral bands for 
temperature measurement through infrared imaging 
are MWIR and LWIR region. In MWIR range higher 
contract, higher transmittivity in high humidity are 
obtained. In LWIR range much reduced background 
clutter such as the effect of fires and flares, better 
performance in fog, dust, winter haze, carbon 
dioxide, hydrocarbons etc. and higher immunity to 
atmospheric turbulence are obtained. The LWIR 
range is thus suitable for measurements in open and 
across great distance such as in an industrial setup. In 
some measurement situation, where the detection of 
an object is based on the difference in emissivity such 
as the detection of slag in a pouring stream of liquid 
steel and slag [4], LWIR range offers maximum 
difference between liquid steel and slag.  

Emissivity plays an important role in temperature 
measurement both in industrial setup [5] and in 
common household setup [6]. Various factors those 
influence the emissivity of the target are material and 
surface structure, geometry, viewing angle of the 
camera, wavelength band of the measuring IR camera 
(whether SWIR or MWIR or LWIR range) and the 
temperature of the target (as large variation in 
temperature sometimes influences the emissivity 
which is unusual and its influence is relatively small 
in most of the cases). Further, different detector type 
for the same wavelength band (such as 
SWIR/MWIR/LWIR region) would also have slightly 
different response and hence different values of 
emissivity are obtained. A table of common 
emissivity values published by the operating manual 
of the IR camera manufacturer and by other books 
should be considered only as a rough guide in 
estimating the emissivity values to use with any 
particular material. If actual temperature values are 
required it is best to perform experiments to properly 
characterize the emissivity for the material. The most 

convenient technique for emissivity measurement is 
to use a reference surface of known higher emissivity 
such as electrical tape on the surface of the target [7]. 
This technique is suitable for using with IR camera 
where image of the large surface area of the target 
and reference surface can be stored and be retrieved 
later for emissivity estimation at pixel level. Other 
techniques such as the use of infrared thermometer 
with adjustable emissivity setting and contact probe 
such as thermocouple sensor are time consuming for 
estimating the emissivity at different points of the 
target. In the present article, the emissivity values of 
oxide coated steel surface and rusted iron surface are 
estimated by applying a PVC electrical tape on the 
surface of the target and imaging with an IR camera. 
The values obtained are analyzed by the statistical 
methods and compared with the published values. 
The effect of the error in the emissivity estimation on 
the value of the measured temperature is also 
discussed.  
 
 
2. Theoretical Background 
 

The basis of thermographic measurements is the 
blackbody radiation where a blackbody is an object 
which absorbs all radiation that falls on it at any 
wavelength. Kirchhoff’s law states that a body 
capable of absorbing all radiation at any wavelength 
is equally capable of emission of radiation. In other 
words a good emitter is a good absorber. Plank’s 
formula describes the spectral distribution of the 
radiation (radiant emittance) from a blackbody given 
by [8, 9]. 
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where h is the Plank’s constant (in Joule/K), k is the 
Boltzmann’s Constant (in Joule/K), c is the velocity 
of light (in m/s), T is the absolute temperature (in 
degree K) of a blackbody and   is the wavelength in 
m. 

A blackbody is an ideal radiator and in practice it 
is constructed in an isothermal cavity with a suitable 
heating arrangement known as cavity radiator. Such 
cavity radiators are commonly used for calibrating 
thermographic instruments. By differentiating 
Plank’s formula (Eq. 1) with respect to the , we get 
the Wien’s formula (known as Wien’s displacement 
law) that relates the wavelength of peak radiation 
with temperature. By integrating Plank’s formula 
from  =0 to  =  we obtain the total radiant 
emittance of a blackbody as 
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This is known as the Stefan-Boltzmann formula 

which states that the total emissive power of a 
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blackbody is proportional to the fourth power of its 
absolute temperature. The   is known as the 
Stefan–Boltzmann constant. In reality, objects almost 
never comply with the laws of blackbody radiation, 
since the process of spectral absorptance, reflectance 
and transmittance are involved and as a result Eq. (2) 
can not be directly applied in temperature 
measurement. An important factor called spectral 
emissivity is used to differentiate the real body and 
blackbody radiation. The spectral emissivity is the 
ratio of spectral radiant power from an object to that 
from a blackbody at the same temperature and 
wavelength given by [8]. 
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Thus from Eq. (1), (2) and (3), the total radiant 

emittance from the real body in given by  
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Thus we see that emissivity describes the fraction 

of the radiant emittance of a blackbody produced by 
an object at a specific temperature.  

Considering Kirchhoff’s law where spectral 
emissivity is equal to spectral absorptivity, the 
effective spectral emissivity of a non-metallic semi 
transparent body can be written as [8]: 
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where  ,   are the spectral reflectance and 

transmittance respectively. 
For blackbody radiation the emissivity is 

considered unity for all wavelengths and in all 
direction and we get Stefan-Boltzmann formula 
shown by Eq. (2) from Eq. (4). For purpose of 
analysis (or may be the data of emissivity variation of 
an object with wavelength is not readily available to 
the engineer since temperature measurement of a 
large number of different types of objects are carried 
out in thermographic measurements), the real body is 
frequently approximated by a gray body having 
constant emissivity equal to the average of the total 
emissivity of the real surface at the emission 
wavelength of interest / detection [9]. Thus from Eq. 
(2) and (4) we get the radiant emittance of a gray 
body given by  
 

    4TTWTW br 
 

(6) 
 
 
3. Measurement with a Thermal Camera 
 

Considering the general case of radiation received 
by a thermal camera from a source with 

temperature objT , the expression for total radiation 

received can be written as  
 

    atmreflbtot WWWW   11  (7) 

 
The first quantity on the right hand side of Eq. (7) 

is the radiation from a blackbody being at the same 
temperature as the object temperature i.e. Tobj and 
 is the transmittivity of the intervening medium 
which is air in most of the cases. From Eq. (6) we see 

that  TWb  gives the radiation from a real body 

(or graybody). 
The second quantity of Eq. (7) denotes the 

radiation from surrounding sources at blackbody 
temperature Trefl that get reflected by the object and 
enter the camera. For simplicity, it is assumed that 

the temperature reflT is same for all the emitting 

sources with in the half sphere seen from the point of 
the object surface. We know that for an object at any 
wavelength the following condition given by  
 

1  p  (8) 
 
is always met where   is the absorptivity, p is the 
reflectivity and   is the transmitivity. Considering 
opaque object for the wavelength range of interest 
(i.e. 0 ) and considering Kirchhoff’s law that a 
good emitter is a good absorber, we find  
 

1 p  (9) 

 
Thus the quantity (1-  ) in the Eq. (7) describes 

the reflectivity of the object. The third quantity of 
Eq.(7) is the radiation from the intervening 
atmosphere at blackbody temperature Tatm and (1- ) 
denotes the emissivity of the atmosphere obtained 
from Eq.(8) by considering p=0 and   for 
atmosphere. In Eq. (7), the emissivity   is 
considered to be that of a gray body (i.e. same for the 
entire wavelength range) and the transmittance of the 
intervening medium between object and the thermal 
camera is considered to be wavelength independent.  

As seen from Eq. (7), some compensation 
techniques are required to be applied to find the 
temperature of a real body. Thus the parameters such 
as  , Tatm, Trelf,  , object distance, relative humidity 
etc. are to be supplied to the camera for accurate 
measurement of Tobj. In most of the cases, it is very 
difficult for the operator to find the actual value of 
 , Trelf, Tatm. Thus ambient temperature is generally 
used for setting Trelf and Tatm provided the 
surrounding do not contain large and intense 
radiation sources. The intervening medium is also 
considered as air in most of the cases and the 
optimum value for transmittance such as 0.88 is 
considered. The object distance in actual should be 
supplied to the camera (in camera setting menu) for 
measurement accuracy.  
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4. Estimation of Emissivity 
 

The experiment is carried out with the help of an 
A40M FLIR infrared camera connected to an 
industrial PC through NI PCI-1411 color image 
acquisition board. For controlling the camera 
parameters such as focusing, level and span selection, 
isothermal range selection, emissivity selection etc. 
the camera is connected to the computer through RS-
232 port. Software is developed for acquiring the 
thermal images in LabView 8.1.  

Fig. 1 shows the graphical display of the thermal 
images acquired from the camera. The lower part of 
the image window of Fig. 1 shows the set values of 
the camera parameters which can be changed during 

acquisition. The temperature at any point of the target 
image can be measured by adding spot at that point. 
Fig. 1 shows three spots with temperature values. 

Fig. 2 shows the program developed in LabView 
8.1 for image acquisition from the infrared camera. 
For emissivity estimation the mapping of temperature 
of the target surface is carried out with the help of an 
isotherm. Isotherm replaces colors (pseudo color) in 
the scale with contrasting colour to show an interval 
of equal radiation intensity and hence temperature. 
Isotherm helps to determine both the temperature and 
how evenly the sample is heated. Frame 1-4 of Fig. 3, 
shows the infrared images when an oxide coated steel 
surface is heated from back with the help of a 
matchstick. 

 
 

 
 

Fig. 1. Graphical display of the acquired image  
from an IR camera. 

 
 

 
 

Fig. 2. Lab View program for image acquisition and display. 
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Fig. 3. Effect of isotherm on the detection of hot spot. 
 
 

Frame –1 shows no hot spot. Frame -2 shows the 
formation of hot spot as the flame in contact with 
metal surface starts heating up the spot.  

Frame 3-4 shows hot spots in bigger size and in 
upward direction as the matchstick flame in contact 
with the metal surface rises upward. For emissivity 
estimation, PVC electrical tape is placed on the target 
surface and the target is heated above ambient 
(ambient at 20oC) temperature. 

Fig. 4 shows the image of the tape onto the target 
surface (oxide coated steel). The video image is 
stored and retrieved frame by frame for processing. 
As shown in Fig. 4, isotherm is used to observe how 
evenly the target is heated. The spot temperatures 
recorded are shown in Table 1. The emissivity of 
spot–2 is considered as 0.95 and the local emissivity 
values of spot-1 and 3 are changed so that the 
temperature of spot 1, 2 and 3 become same. 
Similarly the local emissivity values of spot 4 and 6 
are changed so that the temperature value of spot 4, 5 
and 6 become same. In the same way the local 
emissivity values of spot 7 & 9 are changed such that 
the temperature of spot 7, 8 and 9 become same. The 
emissivity values thus obtained are shown in Table 1. 
The arithmetic mean emissivity value for spots 1, 3, 
4, 6, 7, 9 and for all the frames are obtained as 0.76 
with standard deviation 0.01 and average of the 
absolute value of the deviation from mean as 0.01 
[9]. The average value of temperature on the tape for 
spots 2, 5, 8 and for all the frames is obtained as  
35.6 oC. Considering this as the temperature of the 
target if the local emissivity values of points 1, 3, 4, 

6, 7, 9 are changed then the mean emissivity value 
for all the frames is also obtained as approximately 
0.76. Fig. 5 and Table 2 show the emissivity 
estimation of the rusted iron surface. The mean 
emissivity, standard deviation and the average of the 
absolute value of deviation are obtained as 0.92, 
0.005 and 0.005 respectively. 
 
 

 
 

Fig. 4. Spot temperature on the oxide coated steel surface 
(SPO 1, 3, 4, 6, 7, 9) and PVC electrical tape (SPO 2, 5, 8). 
 
 

 
 

Fig. 5. Spot temperature on rusted iron surface (SPO 1, 3) 
and PVC electrical tape (SPO2). 

 
 

The published value of emissivity of iron and 
steel with shiny oxide layer is shown as 0.82 at 
temperature 20 oC and with strongly oxidized layer as 
0.88 at temperature 50oC [8]. The effect on the 
temperature for the difference in emissivity can be 

obtained by the relation 44
eepp TT  , where p , 

e  are published and estimated emissivities and pT  

and eT are published and estimated temperatures.  

 
 

Table 1. Emissivity determination of oxide coated steel. 
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Table 2. Emissivity determination of rusted iron plate. 
 

Emissivity 
Frame 
 No. 

Spot 1 
Temp. 

oC 

Spot 2 
Temp. 

oC 

Spot 3 
Temp. 

oC 
Spot 

1 
Spot 

3 

1 52.0 53.3 51.8 0.92 0.91 

10 52.0 53.3 51.8 0.92 0.91 

20 52.0 53.3 51.9 0.92 0.91 

30 52.0 53.3 51.8 0.92 0.91 

40 52.0 53.3 51.9 0.92 0.91 

50 52.1 53.2 51.9 0.92 0.92 

60 52.1 53.2 51.9 0.92 0.92 

70 52.0 53.2 51.9 0.92 0.92 

80 52.0 53.3 51.9 0.92 0.91 

90 52.0 53.3 51.9 0.92 0.91 
 
 
5. Conclusion  
 
It is instructive to point out at this stage that 
measurement uncertainty in emissivity is more 
pronounced in low emissivity surfaces [9]. As also 

we find here that T / pT  is 25% of pT  for e  = 

0.76 and T / pT  is 8% of pT  for e  = 0.92. 

Further it is worth mentioning that the estimated 
emissivity values obtained in controlled laboratory 
condition may change while working in industrial 
environment because of factors mentioned in the 
introduction.  
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1. Introduction 
 

Multichannel and multisensor systems are 
recently becoming increasingly popular in a variety 
of scientific and industrial applications [1]. Among 
other fields, this trend is particularly prominent in 
analytical chemistry [2, 3]. Integrating multiple data 
acquisition channels into a unified system with 
centralized control provides numerous benefits: 
simultaneous sensing of different physical quantities 
allows to improve measurement accuracy and extract 
otherwise hidden information by eliminating 
influencing factors, aggregating multiple 
measurement results, and employing multivariate 
statistical analysis in post-processing of obtained data 
[4–7]. Data management and processing is also 
greatly simplified with the use of centralized 
database. 

Traditional structure of multisensor system 
usually includes single data converter that connects to 
multiple transducers via analog multiplexer from one 
side, and to the data collecting host through a single 

communication port on the other side (Fig. 1). This 
monolithic design has several drawbacks: lack of 
modularity, impossibility of true synchronous data 
acquisition because of multiplexer delays, 
impossibility to build a spatially distributed sensor 
network without introduction of additional signal 
repeaters and/or data converters, undesired 
redundancy in case when a fewer number of channels 
is required by application compared to that imposed 
by original design. 

Alternative solution is represented by a modular 
system, where every sensor (or a set of small number 
of sensors) is equipped by its own data converter 
(correspondingly, a set of simultaneously operating 
data converters) and its own means of 
communication, allowing to connect together as 
many devices as dictated by application. Since all 
data in such network is transmitted in digital form, 
spatial distribution of nodes can be arranged in much 
more flexible manner as compared to the above 
mentioned monolithic approach; thus either 
distributed, lumped, or mixed data acquisition 

http://www.sensorsportal.com
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facilities can be formed as needed. This flexibility 
comes in exchange for the increased cost of every 
single device, because each network node must 
include separate data converter, controller and 
communication hardware. This overhead, however, 
becomes negligible for devices produced in large 

quantities. Another case when added cost is 
outweighed by flexibility is a class of applications 
where single data acquisition channel is initially 
sufficient, but the need for additional expansion may 
occur in the future. 

 
 
 

 
 

Fig. 1. Traditional multichannel data acquisition system architecture. 
 
 
Selection of appropriate communication interface 

is an important part of sensory system design, since it 
affects, directly or indirectly, many aspects of system 
performance. These include maximum allowed 
number of channels, total bandwidth and bandwidth 
distribution, possible area coverage in case of 
distributed acquisition, data transmission reliability 
etc. On the other hand, design choices are governed 
by technical limitations and administrative 
restrictions, such as availability of certain 
infrastructure, long term availability of third-party 
provided components, possibility and complexity of 
future extensions and alterations of the designed 
system. Taking all this into account, we can formulate 
the list of desired properties for the sensor network 
communication layer: 

- it must be a communication technology that is 
widespread, well specified and well supported 
by industry; 

- it must provide possibility to build networks 
with sufficient number of nodes (dictated by 
application needs, primarily by required number 
of sensor channels), ideally with arbitrary 
number of nodes with reasonable performance 
degradation curve; 

- it must provide sufficient bandwidth for selected 
application (dictated by required number of data 
acquisition channels, data sampling rate and 
associated protocol overheads); 

- availability of ready-made third-party solutions 
for necessary hardware and software 
components; 

- low cost of implementation and maintenance. 
For wired networks, Ethernet is an obvious and 

primary candidate meeting most of these 
requirements in many situations. However, in order 
for multisensor system implemented over the 
underlying Ethernet local area network (LAN) to be 
cost-effective, certain prerequisites have to be met. 
Every device has to be connected to a separate 

Ethernet port, which makes it necessary to setup 
dedicated switching router, at least when number of 
devices in the network becomes sufficiently large. It 
might appear unfeasible to create all the required 
infrastructure for a small-scale sensor network only.  

In other words, Ethernet is a good connectivity 
solution for a stationary sensor network, covering 
relatively large area, and seamlessly integrated into 
the existing on-site LAN infrastructure. Such 
seamless integration demands that the data server 
implemented in each device complies to a set of 
standard internet protocols, which leads to increased 
hardware and firmware complexity and 
correspondingly increased device cost. 

For smaller scale applications, where only a few 
sensors have to be connected to a single host, and 
there are no demands for large area coverage and/or 
fast data sampling, more simplistic solutions can 
become applicable. Particularly, this covers the kind 
of applications where sensor network is used in place 
of traditional multichannel approach for the sake of 
flexibility and modularity. Such network usually 
connects small number (an order of 10) of sensors 
situated within the same laboratory, or in several 
adjacent rooms. In many scientific and industrial 
control applications performed measurements are 
quasi-static, in the sense that the measured quantity is 
not expected to change by amount exceeding system 
resolution between two subsequent measurements, 
that is, only stationary signal values are of interest 
and transitional parts of the signal are less important. 
These applications are thus not bandwidth-
demanding and corresponding multi-sensor system 
can be implemented over a relatively low speed data 
transmission medium. 

Below we will show how such network can be 
implemented with a very simple three-wire serial 
connection. Particularly, RS232 [8] is a viable 
alternative to other, more complex serial interfaces in 
this regard. 
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Despite its venerable age (50 years at the time of 
this writing), RS232 serial interface is still in the 
widespread use. Virtually all contemporary 
measurement and control instrumentation still comes 
equipped with RS232 compliant communication 
ports. Although nowadays the interface is rarely 
supported out-of-the-box by home and office use 
oriented equipment, adaptors for connecting RS232 
capable devices to the modern extension interfaces, 
such as USB, PCI and PCI Express, are readily 
available [9–13]. 

The RS232 standard limits interface cable 
capacitance, which in its turn determines maximum 
network segment length. With the commonly 
available shielded cables network area coverage of 
about 100 m2 can be expected [14, Chapter 3], and if 
longer network segments are necessary either special 
low-capacitance cables or active signal repeaters can 
be used, whichever appears more suitable and less 
expensive. The original standard covered 
transmission speeds up to 20 kbit/s, but modern 
implementations offer significantly faster 
communication capabilities. Most of the 
commercially available PCI and PCI Express RS232 
adaptors are rated up to 115.2 kbit/s speeds, while 
industrial solutions provide transmission speeds up to 
900 kbit/s [10, 13], and the rates as high as 3 Mbit/s 
are technically possible [15], albeit with lower 
signaling voltage levels and shorter link distances. 
The latter already comes close to 10 Mbit/s Ethernet, 
especially considering the associated protocol 
overheads. 

Wide acceptance by industry and long life of 
RS232 are, of course, not accidental. The interface 
features sturdy mechanical attachment with D-
subminiature connectors, small number of wires 
(three wires in minimal configuration), asynchronous 
transmission, high electromagnetic interference 
tolerance due to relatively high signaling voltage 
levels and dual polarity thereof, and very simple 
signaling logic. RS232 transceiver hardware is simple 
and easy to implement with either discrete 
components or with available integrated circuit 
solutions. Probably the most important factor for 
long-withstanding popularity is the ease of software 
control of RS232 attached devices, as the core 
software support for the interface is built-in into all 
popular operating system kernels. 

At the first glance, it seems that multiple 
communication ports on the host side would be 
necessary to connect multiple devices. This may 
appear inconvenient, or even prohibitive to the 
system design, due to the connector bulkiness and 
limited number of both available ports and expansion 
bus slots for additional adaptors installation. 
However, it is in fact possible to connect virtually 
unlimited (in practice, of course, it will be restricted 
by available bandwidth and physical segment length 
limitations) number of data acquisition points to the 
host via one communication port, overcoming 
multiple port requirement by the use of ring network 
topology and duplex transmission peculiarities. 

In this work we describe the means of organizing 
the small-scale local area wired sensor network 
controlled by a single host, utilizing only a single 
communication port for data transmission. Although 
presented architecture employs RS232 as physical 
layer, proposed general principles can be applied to 
any serial interface that allows direct peer-to-peer 
unidirectional communication. 

 
 
2. Network Topology 
 

The simple unidirectional ring network with 
straightforward routing allows to connect 
theoretically unlimited number of data sourcing 
devices to the host equipped with only two – one 
incoming and one outgoing – data terminals. This 
network topology is shown schematically in Fig. 2. 
 
 

 
 
 

Fig. 2. Serial link ring network topology. 
 
 

The RS232 physical connection layer ideally suits 
this logical structure, as data transmission is 
asynchronous and it is possible to physically 
(spatially) separate the transmission and reception 
lines. Thus the only non-standard hardware needed to 
implement this ring network with RS232 is a set of 
specific cables (Fig. 3). All cables use standard DE-9 
type connectors [16]. Corresponding internal 
structure of a network node is shown in Fig. 4, and 
schematic of the physical device attachment is shown 
in Fig. 5. 

Notice that the loopback from TxD pin at the 
device output port to the TxD pin at the input port 
allows to use conventional 3-wire RS232 cable for 
device attachment when only a single device needs to 
be connected to the host. Of course, the special split 
cable (Fig. 3, top) can be used for this purpose as 
well. Also note that only one pair of connectors in the 
split cable connects the common (ground) wire. This 
is done to avoid formation of ground loops, since the 
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ground pins of input and output ports of each device 
are already internally connected (see Fig. 4). 

Devices designed in accordance with Fig. 4 
schematic along with interconnections depicted in 
Fig. 5 form the physical layer of the multipoint serial 
bus. Note that in this paper we use terms “bus” and 
“network” interchangeably, that is “bus” is 
interpreted in general sense as a combination of 
physical and logical means of digital data 
transmission between the endpoints (nodes) and the 
host, and not as a specific case of network topology. 

Since only three wires are used for physical 
connection, no hardware handshake as defined by 
standard [8] is utilized. The data flow is controlled 
through bus timeouts, status codes issued by 
connected devices in return to the host requests, and 
cyclic redundancy check (CRC) codes for data 
integrity verification. 

During the normal bus operation, data packets 
originated at the host travel sequentially through each 
connected device. The devices act as active buffers 
electrically, and perform modifications to the data 
packet contents in accordance to the host requests on 
logical level. The packet containing modified or new 
data finally arrives to the host data reception 
terminal, where it is being interpreted and processed 
by the data registration and management software 
running on the host. Next section describes the means 
of logical data flow control in the proposed 
architecture in detail. 
 
 
3. Protocol Outline 
 

Variety of communication protocols can be 
applied on top of the described above physical 
topology to form the logical network layer. The 
protocol variant presented below is simple yet 
sufficient for the basic bus arbitration and payload 
transmission needs. 

The logical bus structure is hierarchical, with the 
host acting as master client and all devices connected 
to the bus acting as slave servers with equal priority. 
All bus transactions are originated at the host. The 
host prepares and issues the data/control packet 
formatted in accordance with Fig. 6. Particular format 
of the packet fields is implementation dependent. It is 
convenient from the software standpoint to use fixed 
length packets for all transactions, but this is not 
mandatory. 

Two types of transactions are possible on the bus: 
peer targeted and broadcast. Peer targeted transaction 
carries the request addressed to the particular device, 
like the data acquisition request. Broadcast 
transactions are used to deliver identical information 
or request to all devices connected to the bus, like the 
firmware or hardware reconfiguration requests, 
transmission mode change requests etc. Broadcast 
transactions are distinguished by specific value in the 
device address field of the data/control packet, which 
cannot be assigned as the actual valid device address. 

It is particularly convenient to use address zero for 
this purpose. 
 
 

 
 

Fig. 3. Device attachment cables. 
 
 

 
 

Fig. 4. Internal structure of the network node. 
 
 

 
 

Fig. 5. Physical network layout. DE-9P designate pin 
connectors, DE-9S designate socket connectors; ground 

wires are not shown. 
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Fig. 6. Data packet structure. 

 
 

Initially, after the host power-up and the bus 
control software startup, the number of devices 
connected to the bus, as well as their respective 
addresses, is undetermined. To set up the bus 
configuration, the device enumeration transaction is 
broadcasted by the host. The payload field for this 
transaction initially contains zero. In response to 
enumeration request, each device reads the payload 
value from the received packet, increases this number 
by one and stores the result as its own address, then 
writes it to the payload field and sends the amended 
packet down to the next device on the ring. 

Since the packet is being processed by all devices 
connected to the bus in sequence, when it finally 
arrives to the host the payload field contains the 
number of devices connected, and each device has its 
unique address assigned (assuming there were no 
transmission errors). After this procedure is complete, 
the host can exchange data with each device 
individually by targeting it with its specific address. 

When the packet arrives to the server peer whose 
address is indicated in the corresponding packet field, 
the peer interprets the payload field in accordance to 
the code specified in the command/request field, 
modifies the payload field with new data if necessary, 
accordingly amends the control code field and 
transmits the modified packet down to the next 
device on bus. If an unrecoverable error condition 
arises during the packet reception or processing (this 
includes transmission errors detected by CRC), the 
device that encounters error condition puts 
corresponding error code to the status field and its 
own address to the address field. This way, all 
subsequent devices are effectively excluded from 
transaction and the host receives point of failure 
(POF) address along with the error code. 

Particular set of command codes, status codes and 
control code computation method depend on the 
application requirements and constraints imposed by 
implementation specifics. The few general rules 
described above allow to implement arbitrarily 
complex schemes of interaction between the host and 
the peers. It has to be taken in consideration though, 
that due to the sequential structure of the bus the 
packet delivery time may depend on the targeted 
device address – generally, the further is the peer 
position on the ring relative to host, the longer it 
might take for a request packet to arrive to it, and the 
overall time required for a packet to return to the host 
may depend on the number of devices connected to 
the bus. These issues can become important in 
applications that demand strict timing and 
synchronization of data exchange. This will be 
discussed further in section 5. 

4. Resilience Considerations 
 

Network resilience is determined by its automatic 
reconfiguration ability and node fault tolerance. The 
resilient network must be able to automatically (that 
is, as a part of normal workflow) or semi-
automatically (with a scheduled human operator 
intervention) reconfigure itself when the network 
composition changes due to external, as related to the 
host, circumstances. Such changes may include 
attachment of the new nodes, detachment or 
replacement of existing nodes, and malfunction of 
one or more of the existing nodes preventing them 
from communication with the host. 

The well-known drawback of the simplistic ring 
topology is that a single node failure resulting in 
inability of the said node to receive or transmit data 
leads to the global failure of the network, as every 
node connectivity depends on every others, and there 
are no alternative routing paths. This is an 
architectural flaw and it cannot be worked around 
without modifying the topology itself. However, if 
the device detachment and reattachment is performed 
in a timely manner, the host can recognize the 
resulting temporary failure as a standard workflow 
situation and perform the network reconfiguration 
attempt as needed. By the same means, the non-
scheduled accidental failures can be recognized as 
such, and the POF detection can be performed with a 
minor extension of the bus arbitration protocol 
described above. 

 
 

4.1. Hot-swap and Hot-plug Capabilities 
 

Since the bus does not contain power supply lines 
(devices are powered either individually or from 
dedicated common power supply source), physical 
detachment and attachment of devices can be trivially 
performed during the normal bus operation – 
virtually the only precaution to be taken is the 
properly implemented static discharge protection in 
transceivers. The resulting temporary interruptions in 
traffic flow can be detected by the host and acted 
upon accordingly, as described below. 

If one of the nodes has to be excluded from the 
network, either the corresponding two segments must 
be merged into a singe one by cable replacement, or 
the corresponding device has to be replaced with a 
signal repeater. The first scenario may appear more 
time consuming as it might require physical 
re-arrangement of devices, depending on the original 
network layout and length of the segments being 
merged. The second method is more suitable for in-
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place reconfiguration, considering that the passive 
repeater can be formed by simply connecting together 
the socket and pin connectors of the input and output 
cables formerly used to attach the device being 
removed (type 2 cables shown in Fig. 3). Care should 
be taken though not to exceed the maximum allowed 
segment length dictated by the cable capacitance. In 
the latter case, an active repeater should be used 
instead of the simple passive segments connection. 

The network failures are detected by bus 
timeouts. When the host transmits data packet to the 
first device on bus, it expects to receive it back from 
the last device on bus during the predefined time 
interval. The exact amount of time to wait is 
determined by application needs and implementation 
specifics. At the very least, timeout interval should 
depend on transmission speed, number of devices on 
bus, and expected maximum delay caused by 
necessary packet processing within each device. 

When the host detects bus timeout, it waits for the 
predefined period of time (retry interval) and then 
performs transaction retry. If the retry also results in 
bus timeout, the cycle can be repeated. Timeout 
interval Tbus_timeout, retry interval Tretry and number of 
retries Nretry can be considered the network 
configuration parameters and should be individually 
optimized for every particular use case. If the 
transaction retry finally succeeds, the host is thus 
notified of reconfiguration necessity and issues 
device re-enumeration sequence, then performs other 
device-specific reconfiguration routines as needed. If 
maximum amount of retries is reached and no 
successful transactions could be performed, the host 
declares bus disruption and issues corresponding 
notification message to operator. Thus the scheduled 
temporary device detachment must not last longer 
than the sum of retry and timeout intervals multiplied 
by maximum allowed number of retries. 

In the networks with low traffic, the temporary 
device detachment situation can “slip-through” 
between the regular transactions and pass unnoticed 
by the host. In this case, one or more of the three 
possible misconfiguration problems can occur: 1) at 
least one non-enumerated device is connected to the 
network in addition to the previously attached 
devices; 2) at least one of the previously attached 
devices is replaced by the new, non-enumerated 
device; 3) at least one of the devices was 
disconnected (detached and replaced with a repeater). 
All these situations can be automatically detected and 
resolved on the logical protocol level. 
 
 
4.1.1. Resolving the Extra Device Attachment 
 

Since an extra device does not have its address 
configured, it will only respond to broadcast 
transactions, and re-transmit all other data packets 
unaltered. As the rest of the devices connected to the 
bus still have their appropriate addresses assigned 
during initial enumeration, there is no way for the 
host to notice the appearance of additional peer 

unless it is explicitly queried with the specific 
broadcast transaction. Thus one possible way to 
resolve this misconfiguration problem is to program 
the host to perform broadcast re-enumeration or ping 
transactions periodically in accordance with 
predefined schedule. Note that this method can also 
be used to resolve any of the other mentioned 
misconfigurations. The drawback is that a certain, 
although likely relatively small, percent of bandwidth 
must be reserved for said periodic transactions. 

Another, more economical bandwidth-wise, 
method can be implemented by extending the above 
described communication protocol with the addition 
of special beacon transactions initiated by devices, as 
opposed to usual data transfer and control 
transactions initiated by the host. If a device 
connected to the bus does not receive any packets 
with its target address, or only receives broadcast 
packets, for a predetermined period of time, it starts 
to periodically emit beacon packets to notify the host 
about its presence on the bus. The beacon packet 
payload field contains the originator address (it may 
also contain additional application-specific data, like 
e.g. the device type, serial number etc). If the beacon 
packet was issued by the non-enumerated device, the 
payload field contains zero, and the host thus 
becomes aware of misconfiguration, issues 
notification message to operator and initiates the 
re-enumeration routine. 

The same beacon packet mechanism can be used 
for POF detection, as will be shown in the next 
subsection. 
 
 
4.1.2. Resolving the Device Replacement 
 

Replacement of one of the devices connected to 
the bus with a new non-enumerated one causes 
disappearance of one of the previously configured 
addresses from the node address list and appearance 
of the non-configured node responding only to the 
broadcast transactions in its place. This situation can 
be resolved as follows: when issuing the data packet 
targeted to specific peer, the host fills the status field 
with the special code indicating that the packed went 
unprocessed. When the packet is received and 
properly processed by the target peer, the latter 
replaces this code with the code indicating successful 
request completion (or respective error condition, if 
any arises). If the peer is not present on the bus, the 
packet returns to the host with the status field 
unaltered. The host thus becomes aware that the peer 
is no longer accessible by that address, notifies 
operator and initiates re-enumeration routine. 
 
 
4.1.3. Resolving the Device Removal 
 

From the host point of view this situation is 
identical to the device replacement situation 
discussed above, as the removed node simply stops 
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processing the packets targeted to its previously 
configured address. 

Alternatively to the automated misconfiguration 
detection methods described in this subsection, the 
network activity can be suspended by operator 
through the control software running on the host 
before the network reconfiguration procedures take 
place and resumed afterwards. In this case the host is 
notified of reconfiguration necessity directly by 
operator actions, and performs necessary 
reconfiguration routines as needed. 

On a final note, it has to be kept in mind when 
implementing the host software, that after 
re-enumeration of the devices on bus, the host must 
keep track of the previous address assignments to 
maintain the logical link between the virtual device 
position in the network, which is related to its 
physical location, and its current network address, so 
that the data source channel numeration stays correct 
during the entire data acquisition session regardless 
of the possible network reconfigurations. 
 
 
4.2. Failure Diagnostics 
 

As has been mentioned above, for the considered 
network topology any node failure that results in 
inability of said node to receive or transmit data is 
fatal, as the entire network becomes inoperable. On 
the other hand, any sort of failure which keeps the 
nodes reception and transmission capabilities intact is 
non-critical in the sense that it does not affect the 
operation of other nodes. Besides, the situation when 
the packet reception/transmission unit within the 

device is still working while the packet processing 
unit has failed is very unlikely to happen, unless said 
units are implemented with two physically separate 
controllers. If, however, such situation emerges, both 
the fact of failure and its source point can be detected 
by the host either by persisting CRC code mismatch 
(the POF position in this case is deduced from the 
data packet address field as described in section 4), or 
by disappearance of the targeted peer from the bus 
(as described in subsection 4.1). 

While it is impossible to achieve critical failure 
tolerance in a simple ring network without 
introduction of the additional physical connections 
between nodes, it is however possible to provide the 
automated means for POF detection by utilizing the 
same beacon transaction mechanism as described in 
previous subsection. 

Like the bus timeout interval and retry interval, 
beacon timeout Tbeacon_timeout and beacon repetition 
period Tbeacon are the network configuration 
parameters that have to be optimized for every 
particular application. However, in order for 
proposed failure detection mechanisms to operate 
properly, certain relations must hold between the 
Tbus_timeout, Tretry, Tbeacon_timeout and Tbeacon. One possible 
way to ensure the proper failure detection is to 
arrange the timeout and repetition intervals as 
follows: 
 
Tbus_timeout < Tbeacon_timeout < (Tbus_timeout + Tretry), 

Tbeacon = Tretry. 
(1) 

 
This arrangement is illustrated in Fig. 7. 

 
 

 
 

Fig. 7. Relation between the bus timing parameters. 
 
 
 

It also has to be ensured that the Tbeacon = Tretry is 
greater than the maximum possible transaction time, 
that is, the time needed to cycle a single packet from 
the host serial port output to the host serial port input. 

During the normal bus operation, all devices are 
periodically queried by the host for data collection. 
When the node receives a packet targeted to its 
address, it resets its internal beacon timeout timer. 
Thus normally beacon transactions are only initiated 
occasionally, if ever. 

If one of the network segments ceases to transmit, 
either because of the node (device) failure or the link 
(cable) failure, all devices situated further on the ring 
stop receiving packets. Their beacon timeout timers 
thus never reset, and eventually all of the nodes 
following the POF detect beacon timeout condition 
and start to transmit beacon packets. 

The host meanwhile detects bus timeout since the 
ring is broken, and initiates the transaction retry 
cycle. Unless the failure was temporary and the 
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network structure was restored before the passage of 
Tbeacon_timeout, the host should receive a burst of beacon 
packets from the devices connected to the bus below 
the POF location. By analyzing the origin addresses 
of the received beacon packets, the host is able to 
determine the POF location. It then continues to 
perform transaction retries until one of the retries 
succeed or until the predetermined number of 
unsuccessful retries Nretry is reached. If the transaction 
retry succeeds, the host initiates the device re-
enumeration and associated re-configuration routines. 
If the maximum allowed number of retries is reached, 
the host reports failure condition along with the 
obtained POF location to operator. If neither 
successful transaction retry could be performed, nor 
any beacon packets were received by the host during 
the retry cycle, the host declares bus disruption and 
issues corresponding notification message to 
operator. The bus disruption condition thus can be 
caused either by unrecoverable failure at the last 
network segment (in the last device on bus, or in the 
link between the last device and the host), or by 
simultaneous failure of all network segments (e.g. 
due to the common power source failure). 

Once the POF location has been determined, the 
exact nature of failure can be found out by on-site 
examination and corresponding recovery actions can 
be performed. 
 
 
5. Bandwidth and Timing Considerations 
 

The described protocol allows connection of 
virtually unlimited number of devices (limited only 
by the length of address field in the data packet). In 
practice the main limiting factor for the network size 
buildup is the increasing transaction delay, or in other 
words, the bus latency. The latter depends on a 
variety of factors: the physical layer data 
transmission rate, the packet processing time within 
each device, and the packet reception and 
transmission order – overlapped or non-overlapped. 

Although data flow within the network ring is 
unidirectional, the communication must not 
necessarily be half-duplex; that is, the host does not 
have to wait for reception of a complete data packet 
before sending out the next one, if it has such 
capability. Likewise, any device connected to the 
network is allowed to simultaneously transmit and 
receive data. 

The network therefore can operate in either of the 
two general packet transmission modes, hereby 
designated as pedantic mode and streaming mode. In 
pedantic mode, each node retransmits the data packet 
only after its reception is complete and control code 
verified, even if the packet is targeted towards a 
different peer. In streaming mode, the node only 
processes packets that are targeted to its address (or 
broadcast), and retransmits all other packets instantly 
without intermediate buffering. Note that the latter is 
possible because the address field is received before 
the rest of the packet data. 

Pedantic mode provides maximum reliability and 
data integrity, while streaming mode provides higher 
data exchange rate at the cost of increased probability 
of data corruption. The time T required to transmit a 
single packet through the bus (that is, the bus latency) 
in pedantic mode depends, beside the other factors, 
on the number of connected devices, while in 
streaming mode it is determined primarily by the 
transmission baudrate. If we assume that the delay 
caused by packet processing within each device is 
negligibly small relatively to the data transmission 
speed, we can write the following expressions for 
transaction times: 
 

B

P
NTp )1(   (2) 

 
for pedantic mode and 
 

B

P
Ts 2  (3) 

 
for streaming mode, where N is the number of 
connected devices, P is the packet size in bits 
(including framing bits) and B is the data 
transmission baudrate. 

The maximum allowed bus query rate (that is, the 
maximum frequency at which the host can retrieve 
the data from all connected devices) depends also on 
the packet scheduling algorithm implemented in the 
host software. This algorithm, similarly to the bus 
operation mode, can also be pedantic or streaming. If 
transmission and reception procedures are sequential 
and the packets are not queued, the minimum query 
period is determined by the number of devices on 
bus: 
 

Qp = N·T. (4) 
 
If the transmission and reception procedures can run 
in parallel and the packets are queued in the FIFO 
buffers, the host can transmit the next packet without 
waiting for the reception of the previously issued one. 
In this case query period can be diminished to 
 

T
B

P
NQs  )1( . (5) 

 
Thus in the slowest operation mode the minimum bus 
query period is 
 

B

P
NNQp )1(   (6) 

 
and in the fastest mode it can be decreased by factor 
of N: 
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P
NQs )1(  . (7) 
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Values (6) and (7) along with the internal 
buffering capabilities of connected devices determine 
the maximum possible data sampling rate. 

In multisensor applications synchronous 
measurement (simultaneous reading from multiple 
channels) is often required. In the proposed 
architecture true direct synchronous sampling is not 
possible due to sequential nature of queries. The 
synchronous sampling still can be implemented if 
timing information is included in the payload along 
with the sampled data. The easiest way is for each 
device to perform sampling continuously with 
predetermined frequency, buffer the sampled data and 
then transfer the delay Tsampling_delay between the actual 
moment of sampling and the moment of sampled data 
deployment along with the data when acquisition 
query arrives. By knowing this delay, the device 
location on the bus, and associated transmission 
delays, the host can estimate the actual time of 
sampling. The pseudo-synchronous sampling then 
can be performed by extrapolating or interpolating 
the data values at the required time point. 

If more precise synchronization is required, it can 
be achieved by equipping each device with an 
independent real time clock of desired resolution. The 
host then can schedule synchronous acquisition by 
setting the absolute moment of sampling with a 
broadcast transaction, and retrieving the stored 
sampled data from each device after the preset 
sampling moment passes. 

Practical possibility of optimal bandwidth 
utilization closely depends on the data transmission 
modes available in physical network layer. The 
network can be built with half-duplex connections 
only, but this is not a requirement. A mixture of half-
duplex and full-duplex connections can be used in 
different network segments – this can potentially 
degrade performance, but the network will remain 
functional, and no specific changes to the protocol 
are needed to reckon with such situation. 

The same holds for data transmission rates – the 
baudrate must not necessarily be equal in all network 
segments, so the reception and transmission rates of a 
given node can be different. However, such 
heterogeneous network, while still functional, poses 
potential reliability problems, namely: the half-
duplex segments can cause data loss, since the node 
can not receive data while transmitting, and in simple 
two-wire interconnection configuration there is no 
feedback route to indicate that the node is not ready 
to receive; different transmission rates on different 
segments can lead to bus congestion and, 
consequently, data loss if the node receives data at 
the higher rate that it can transmit, and there is not 
enough buffering space available within the receiving 
device. Particularly, the beacon transaction 
mechanism is likely to fail in the network containing 
half-duplex segments if several nodes start beacon 
packet transmission simultaneously. 

To overcome these difficulties, certain 
precautions must be taken and corresponding 
restrictions applied to the data exchange protocol. 

First of all, the host has to determine if the bus is 
heterogeneous by querying each device of its 
capabilities – whether it is capable of full-duplex 
transmission, what are the maximum allowed 
reception and transmission rates and whether these 
rates can be configured or they are fixed. The 
enumeration and query transactions themselves must 
be performed in pedantic mode at the lowest 
predetermined rate with sufficiently long pauses 
between the packet transmissions. Obviously, each of 
the connected devices must accept incoming 
transmissions at a certain preconfigured minimum 
baudrate. If no a priori information is available on 
the capabilities of the attached devices, the host must 
negotiate appropriate transmission rate by means of 
trial and error. 

Once the capabilities of each node are 
determined, the host can select appropriate data 
exchange mode. If the network appears to contain 
half-duplex segments, the pedantic mode should be 
used for all transactions. To ensure reliability of 
beacon transactions, the host then must configure the 
beacon transaction timing parameters Tbeacon_timeout 
and Tbeacon individually for each device, and the 
parameter values should be set so that no overlapping 
of beacon packets is ensured. 

For maximum data exchange reliability and 
optimal bandwidth utilization, it is recommended to 
implement homogenous networks with full-duplex 
transmission at the equal baudrate in all segments 
whenever possible. In this case the possibility of data 
loss due to bus congestion is virtually excluded as 
long as each device has internal buffer capable to 
hold at least one incoming packet. 
 
 
6. Application Example 
 

The described network architecture was used in 
our implementation of the multichannel enzymatic 
biosensor system [17, 18], as a modular alternative to 
the previously designed monolithic version [19, 20]. 

General view of the working prototype is shown 
in Fig. 8. Each node consists of the two-channel 
single crystal ion-sensitive field-effect transistor, with 
one or both channels modified with the bioselective 
enzymatic membrane, connected to the secondary 
transducer containing the sensor signal measurement 
circuitry, analog to digital converters, integrated 
controller and RS232 transceivers. The network in 
current implementation operates at the baudrate of 
19200 bits per second in half-duplex mode. 

Devices provide effective data sampling rate of 
five samples per second (with internal oversampling 
and digital filtering). This is sufficient for the 
application purposes as the measurements are 
essentially static. Data exchange protocol uses 
packets of fixed size with the 8-bit address, request 
code, status code and control code fields and 64-bit 
payload field. Together with framing bits this 
amounts to the raw packet size of 120 bits, thus up to 
five devices can be connected to the bus without 
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synchronization loss, and with an addition of the full-
duplex streaming mode of operation this limit can be 
increased to 31 without changing the baudrate. 

Although the current implementation does not 
incorporate advanced data flow control features 
described in section 4, they can be added in case of 
necessity since the secondary transducer controllers 
are in-system programmable. 

The developed multichannel system was 
successfully used for sensors characterization. 

 
 

7. Conclusion 
 

Despite the relative simplicity of structure and 
implementation, described architecture is suitable as 
a replacement for both traditional multichannel 
systems and for sensor networks that utilize more 

complex data exchange protocols and data 
transmission media layers, and can be used to build 
multi-sensor setups of small to medium complexity. 
If no spatial separation of data acquisition points is 
required, the proposed architecture can also be used 
to form the local interconnection bus in a stacked 
board design. As has been shown in this work, it is 
possible to partially overcome the lack of robustness 
inherent to simplistic ring network topology by 
means of the appropriate protocol conventions. This 
way, the system can be made scalable and, while not 
totally failure-tolerant, capable of semi-automated 
failure detection and diagnostics. The general 
principles expounded in this paper can be as well 
applied to the sensor networks built upon different 
physical data link layers but having similar logical 
topology. 

 
 

 
 

Fig. 8. Working prototype of the pH-sensor network with three physical points and six data acquisition channels, connected 
through a USB-to-RS232 adaptor to the PC-compatible laptop acting as a host. 
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Abstract: The thermoelectric characterization of a micro-scale thermoelectric device using finite element 
method technique is presented in this paper. Thermoelectric device works on the principle of Seebeck Effect 
which converts temperature difference across the junction of two different materials into potential difference and 
hence energy. This work presents the optimization technique for a thermoelectric device by analyzing a single 
cell structure and proving the concept. A unit cell modeled in our work developed an average output voltage of  
5 mV from human-body temperature. The output voltage increases further with increase in temperature 
difference at a rate of 4 mV/10˚C. The change observed in behavior of thermocouple due to variation in 
dimensional parameters is evaluated and examined. The simulation results for characterization of thermocouple 
agreed with the theoretical concepts of operation. A high potential difference for larger lengths of thermocouple 
and smaller thickness of materials is observed. However, high flow of current was observed in small leg-lengths 
of larger thickness. The paper presents the characterization techniques and the influencing parameters of 
thermocouple operation which are important to design a thermoelectric device. Copyright © 2013 IFSA. 
 
Keywords: Thermoelectric, Seebeck effect, Thermocouple, ANSYS 12.0. 
 
 
 
1. Introduction 
 

Micro-scale thermoelectric (TE) modules have 
potential applications as energy supplying and 
thermal managing components in a lot of small low-
power devices such as electric torches, hearing aids 
or wristwatches. The diversity and complexity of 
thermoelectric applications requires a full three-
dimensional (3-D) numerical analysis for analyzing 

the complete operation. The thermoelectric devices 
use concept of Seebeck Effect to harvest electrical 
energy from available heat sources which directly 
converts the temperature difference across the 
junctions of two materials ( here n- and p-type) into 
potential difference (V). 

The thermoelectric material with least thermal 
conductivity and high electrical conductivity 
maintains a low thermal gradient (rate of temperature 
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change with distance) along the thermocouple length 
to retain heat at the junction so that Seebeck effect 
can be maximized in order to produce the required 
voltage. This paper explores the thermoelectric 
behavior of thermocouple legs using numerical 
method based on finite element discretization. The 
Finite Element Method utility lies in its ability to 
model arbitrary shaped structures, work with 
complex materials, and apply various types of 
loading and boundary conditions [1].  
 
 
1.1. Couple-field Physics 
 

The ANSYS finite element program provides a 
large library of elements that support structural, 
thermal, fluid, acoustic, and electromagnetic 
analyses, as well as coupled-field elements that 
simulate the interaction between the above fields. 
The simulations of thermoelectric model in ANSYS 
are carried under a thermal-electrical coupled multi-
physics field. Thermal and electrical problems are 
coupled by choosing combination of thermal-electric 
preferences provided as an option in the tool.  
 
 
2. Steady-State Analysis  

of a Thermoelectric Module 
 

The analysis is carried out to determine the 
existence of an ideal thermocouple legs-length, and 
to accurately simulate the effect of the material 
thickness, number of thermocouples and range of 
temperature difference on desired output voltage.  

A steady-state analysis is performed by giving 
thermal loads as input and obtaining current flow, 
potential difference, thermal flux and many other 
interesting parameters as output. These parameters 
are helpful in investigating and characterizing 
thermocouple behavior under varying input load 
conditions. Thermal loads (Q) can be in the form of 
imposed temperature, point heat flow rate, surface 
heat flux, convection, or radiation, as well as body 
heat generation rate for causes other than electric 
power dissipation. In this work thermal loads are 
given in form of imposed temperature. The 
developed potential difference (ΔV) is directly 
proportional to the temperature difference and 
Seebeck coefficient as given in Eq. (1) [2-3]:  
 

ΔV = N α (couple) ΔT, (1) 
 
where N is the number of thermocouple cells 
connected serially, αcouple is the Seebeck Coefficient 
of P-N thermocouple, and ΔT is the Temperature 
Difference of P-N thermocouple. 

Generated solution is non-linear because of the 
Joule effect and the fact that thermal conductivity and 
electrical resistivity depends on temperature. It 
requires at least two iterations to converge. The aim 
of work is to achieve the pattern of output variation 

with varying input conditions irrespective of time. 
The module design includes an air gap between 
thermo-legs and a cavity below the thermoelectric 
materials to maintain thermal isolation between hot 
and cold junctions [4]. Thermocouple consists of n 
and p-type legs. Phosphine diffused poly-silicon form 
n-type leg and aluminum forms p-type leg. 
Aluminum also makes connection with n-poly-
Silicon at junctions. 
 
 
2.1. Simulation Techniques 
 

The finite element method (FEM) divides the 
target structure into small elements to obtain 
unknown field quantities for each element. The size 
of these small elements defines the meshing size. 
Small elements are desirable to study detailed 
geometric properties and smaller the element size, 
greater is the accuracy level. So finer the meshing, 
more accurate is the result. The element type used is 
SOLID226 which divides the structure into 3-D  
20-node hexahedron brick shape as shown in Fig 1. 
[5]. 
 
 

 
 

Fig. 1. Finite elements for a thermoelectric analysis. 
 
 

Unit for temperature is fixed in Celsius. The 
materials properties are defined in material model 
section. Our work is employing 2 kinds of material, 
thus 2 material models are defined by specifying 
values of electrical resistivity(RSVX), thermal 
conductivity(KXX) and Seebeck coefficient(SBKX) 
for each model. Input electrical resistivity and 
Seebeck coefficient are considered constant and 
thermal conductivity value is taken isotropic. 
Notations for defining material properties are 
described in Table 1. 
 

Table 1. Properties defined for thermoelectric materials. 
 

 Material 
KXX 

(W/(K·m ) λ 
RSVX 

( Ω.m)ρ 
SBKX 

(α) 

1. 
n- Poly 
silicon 

1.4 4.4exp-6 -195exp-6 

2. Aluminum 1.2 2.97exp-8 230exp-6 
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Once the material models are defined the 
geometry is constructed using block module by 
specifying values of X, Y and Z coordinates to define 
desired size and shape of a thermocouple cell. The 
material properties are ascribed to specified volume 
of created geometry by using mesh attributes section 
by which specified material model is assigned to 
picked volumes. All the volume sections must be 
glued using “Boolean operator” option to provide 
continuity in geometry. For implementing finite 
element method technique meshing is done in next 
step. As we have chosen solid 226 element type so 
meshing will divide the geometry into smaller 
tetrahedron shapes. Fine meshing criteria is selected 
to get the more accurate results. The meshing process 
is followed by defining input conditions. As thermal 
loads are the input quantities thus the initial 
conditions are set at room temperature (25˚C in this 
work). Using “Plotctrls” numbering of each area can 
be obtained making the load assigning process easy 
and precise. The thermal loads can be easily specified 
on the target areas using numbering system. 

Finally we proceed for solving the defined areas 
by choosing the option “current Ls” provided under 
the given section “Solve”. The results are obtained 
for various parameters by clicking “result viewer” 
option. 
 
 

3. Observed Parameters  
 
The parameters evaluated for studying 

characteristics of thermocouple are mainly voltage, 
current flow, thermal flux and temperature 
distribution. The listed parameters are observed by 
varying input conditions namely length of 
thermocouples, thickness of thermocouples, and 
temperature difference in respective junctions of 
thermocouple and finally, the number of 
thermocouples. 
 
 
3.1. Temperature Distribution 

 
The thermal loads are given in terms of directly 

applied temperature in Celsius units at both junctions 
of a thermocouple. Hot junction is defined by giving 
high value of temperature at one end (on the area 
number defined by “plotctrls” option).Similarly cold 
junction is defined by giving a low temperature at 
other end of thermocouple (according to area number 
defined by “plotctrls” option). Though temperature 
difference is maintained between both junctions but 
due to conduction heat flow temperature varies along 
length of thermocouple. This distribution of 
temperature is depicted in Fig. 2. The deep red colour 
illustrates hot junction of thermocouple for thermal 
load of 100 ˚C and dark blue colour represents cold 
junction at given thermal load of 50 ˚C. The 
intermediate colour represents temperature 
distribution along the length of thermocouple legs. 

 
 

Fig. 2. ANSYS image of temperature distribution. 
 
 

3.2. Influence of Temperature Difference 
(ΔT) 

 
Influence of temperature difference on output 

potential difference and current is investigated. The 
calculated value of potential difference for varying 
range of temperature difference is compared to 
simulated value of potential difference for the same 
range of temperature differences. Calculation is 
performed using Seebeck governing equation (1). 
The results obtained by simulation differ very little 
from the calculated one. This is can be the effect of 
losses. Table 2 provides the observed values in 
output voltage and current on varying thermal loads 
at input. 
 
 

Table 2. Influence of ΔT on output parameters. 
 

Potential Difference 
(mV) S. 

No ΔT 
(˚C) 

ANSYS 
Simulation 

Calculated 

Current 
(µA) 

ANSYS 

1. 12 5 5.1 1.74 
2. 20 8.47 8.5 3.63 
3. 30 12.73 12.75 5.44 
4. 40 16.95 17 7.25 
5. 50 21.19 21.25 9.07 

 
 

The value of potential difference and current flow 
is found to be increasing with increasing temperature 
difference between the hot and cold junctions for 
constant Seebeck Coefficient. The results obtained 
from above analysis verifies the equation (1) for the 
parameter ΔT. Also the rise in output value of 
voltage is found to be 4mV/10˚C. Fig. 3 displays the 
obtained results for varying thermal loads in form of 
a graph. 
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Fig. 3. Variation of Current and Voltage with rising 
Temperature Difference. 

 
 

3.3. Influence of Number of Thermocouple 
Cells 

 
The direct influence of number of thermocouple 

cells on the output potential difference and current 
flow as given in equation (1) is evaluated. Four 
thermocouple cells are electrically connected in 
series and thermally connected in parallel. For a  
200 µm long thermocouple cell of 1 µm thickness 
obtained potential difference is ~5 mV, but the output 
voltage obtained by four thermocouple cells of same 
length and thickness is found to be ~21 mV. 
  

Vout α N (number of thermocouples) 
 

Fig. 4 displays the ANSYS image of variation in 
potential difference across a single cell and then 
across four units’ cell. It shows that how potential 
difference varies across terminals of thermocouple 
when cells are serially connected. The current flow in 
a single unit cell and a four unit’s cell is presented in 
ANSYS image in Fig. 5. The flow of current is same 
through the cell whether a single unit exits or a 
combination of four. 
 
 
3.4. Influence of Leg-Length  

of Thermocouple 
 

The length of thermocouple unit cell is varied 
from 100 µm to 400 µm to investigate the influence 
of leg-length on current flow and potential difference 
across thermocouple. The explanation of observed 
behaviors of thermocouple for varying length is 
explained by Fourier's Law for heat conduction 
which gives the absolute thermal resistance (across 
the length of the material) (K/W) as [6]: 
 

Rθ = x / (A× k), (2) 
 
where RӨ is the absolute thermal resistance (across 
the length of the material) (K/W), x is the length of 
the material (measured on a path parallel to the heat 
flow) (m), k is the thermal conductivity of the 
material {W/ (K·m)} and A is the cross-sectional area 
(perpendicular to the path of heat flow) (m2). 

 

 
 

(a) (b)  
 

Fig. 4. Potential Difference across terminal  
of (a) a single unit cell and (b) four unit’s cell. 

 
 

 
 

(a) (b)  
 

Fig. 5. Y-direction Current Flow across terminal  
of (a) a single unit cell and (b) 4 unit’s cell. 

 
 

The equation clarifies that for constant thermal 
conductivity (k) and constant perpendicular cross 
section area (A) the lengths of thermocouple (x) 
directly influence the thermal resistance (RӨ) which 
ultimately affects thermal gradient along the 
thermocouple length. Higher the thermal resistance 
lower is the flow rate of heat along thermocouple 
length. This low thermal gradient maintains higher 
temperature difference (ΔT) between the junctions 
giving large output voltage. Thus thermocouple 
output voltage increases with increase in 
thermocouple leg-length as depicted in Fig 6 (a). 

The variation of current flow with varying length 
of thermocouple can be explained by considering role 
of electrical resistance factor which increases with 
increase in material length at constant resistivity and 
cross section area as given in equation 3: 

(b) 
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R = ρ (l / A) , (3) 
 
where ρ is the electrical resistivity of conducting 
material in Ω	m, l is the length and A is the cross 
section area of thermocouple. The increasing length 
of thermocouple increases the electrical resistance 
which lowers the current flow along the length of 
thermocouple as depicted in Fig 6 (b). Table 3 gives 
the obtained values of voltage and current for the 
varying length of thermo-leg which are used for 
plotting graph in Fig 6. 
 
 

 
 

(a) 

 
 

 
 

(b) 
 

Fig. 6. Increase in thermo-leg length (a) increases potential 
difference and (b) reduce current flow. 

 
 
3.5. Influence of Material Thickness 

 
To investigate influence of material thickness we 
varied the value of thermocouple legs thickness from 
0.5 µm to 1.9 µm. Though the range kept is very  

small but a variation was observed in such a small 
range. Material thickness contributes to cross section 
area of thermocouple. The influence of material 
thickness on the current flow and output voltage can 
be explained theoretically using the same equations 
(2) and (3) which were used for explaining influence 
of thermo-leg length on the output parameters.  
 
 

Table 3. Variation of Voltage (V) and Current (I) with 
varying Leg– length of thermocouple. 

 

S. No 
Leg-Length 

(µm) 
Voltage 

(V) 

Current 
(I) 

(Amps) 
1. 100 0.005089 0.704e-7 
2. 150 0.00509 0.456e-7 
3. 200 0.00509 0.349e-7 
4. 230 0.005095 0.281e-7 
5. 250 0.005096 0.280e-7 
6. 300 0.005097 0.235e-7 
7. 350 0.005097 0.201e-7 
8. 400 0.005098 0.158e-7 

 
 
Using equation 2 for constant length and thermal 
conductivity, the thermal resistance is found to be 
inversely proportional to cross section area. Thus 
increasing cross section area lowers the thermal 
resistance which ultimately enhances heat flow along 
the thermocouple length and reducing temperature 
difference between junctions. The low temperature 
difference between thermocouple leads to low output 
voltage as depicted in Fig 7 (a). Equation 3 defines 
the relation of electrical resistance with cross section 
area when length and resistivity is kept constant. The 
increasing thickness increases the cross section area 
which lowers the electrical resistance value. And low 
electrical resistance value enhances the current flow 
as depicted in Fig 7 (b). 

Table 4 gives the obtained values of voltage and 
current for the varying thickness of thermo-leg which 
are used for plotting graph in Fig 7. 
 
 

Table 4. Variation of Voltage (V) and Current  
with varying Leg -thickness of Thermocouple. 

 

S.No 
Leg- 

Thickness 
(µm) 

Voltage 
(V) 

 

Current 
(I) 

(Amps) 

1 0.5 0.00509 0.349e-7 

2 0.7 0.00509 0.622e-7 

3 0.9 0.00508 0.196e-6 
4 1.0 0.00508 0.199e-6 
5 1.5 0.00508 0.286e-6 
6 1.7 0.0050684 0.297e-6 
7 1.9 0.005065 0.363e-6 
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(a) 
 

 
 

(b) 
 

Fig. 7. Increase in thermo-leg material thickness leads to 
(a) reduces output voltage and (b) an increase current flow. 

 
 

4. Assessment 
 

The characterization of thermocouple for various 
input parameters and resulting output variations is 
helpful in optimizing the design of thermocouple and 
its operating conditions at desired temperature. The 
observed results found to be matched with its physics 
concepts. The observed variation in output voltage 
for different leg-length and material thickness was 
very slow as compare to variation observed in current 
flow. Though increasing length increased the 
temperature difference between the hot and cold 
junctions which resulted in high output voltage but it 
also reduced current flow which affected the increase 
in output voltage.  

Thus the increase in output voltage with 
increasing leg-length was not as steep as increase in 
current flow. 

The increasing thickness on one hand lowers 
electrical resistance due to increasing cross section 
area leading to a large current flow but on other side 
it reduces temperature difference between junctions 
due to low thermal resistance and large conduction 

heat flow. So the decrease in output voltage gets 
influenced by both factors i.e. low temperature 
difference and high electrical current. 

However the results clearly showed that the factor 
of temperature difference dominates most on the 
variation in output voltage than any other factor. 
 
 
5. Conclusion 

 
The paper analyzed and presented the influence of 

dimensional parameters, number of cells and range of 
temperature difference on the operation of a 
thermocouple. For a 12 ˚C temperature difference  
5 mV is generated with a current flow of 0.01 µA to 
3 µA depending on dimensional parameters. A trade-
off has to be done between desired output voltage 
and current flow as larger thickness gives high 
current but low voltage and larger length gives high 
voltage with low current.  
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Abstract: A portable colloidal golden strip sensor for detecting clenbuterol and ractopamine has been developed 
using image processing technology, as well as a novel strip reader has achieved innovatively with this imaging 
sensor. Colloidal gold strips for clenbuterol and ractopamine is used as first sensor with given biomedical 
immunication reaction. After three minutes the target sample dropped on, the color showing in the T line is 
relative to the content of objects as clenbuterol, this reader can finish many functions like automatic acquit ion of 
colored strip image, quantatively analysis of the color lines including the control line and test line, and data storage 
and transfer to computer. The system is integrated image collection, pattern recognition and real-time colloidal 
gold quantitative measurement. In experiment, clenbuterol and ractopamine standard substance with 
concentration from 0 ppb to 10 ppb is prepared and tested, the result reveals that standard solutions of clenbuterol 
and ractopamine have a good secondary fitting character with color degree (R2 is up to 0.99 and 0.98). Besides, 
through standard sample addition to the object negative substance, good recovery results are obtained up to 98 %. 
Above all, an optical sensor for colloidal strip measure is capable of determining the content of clenbuterol and 
ractopamine, it is likely to apply to quantatively identifying of similar reaction of colloidal golden strips.  
Copyright © 2013 IFSA. 
 
Keywords: Biosensor, Portable strip reader, Image processing, Clenbuterol, Ractopamine. 
 
 
 
1. Introduction 
 

With the development of the modern 
Immunochromatography technology, more and more 
strips were manufactured in various materials and 
applied in field of food safety, clinical measurement 
and precision agriculture. Since it is in virtue of rapid, 
convenient and no need for chemical reagents, it is 

suitable to detect in the field specially. A lot of 
professional research achievements are spring up in 
these decades. Wang S. developed colloidal gold 
immunoassays for the detection of the insecticide 
carbaryl [1]. Li K. reported using 
immunochromatographic assay to test 
chloramphenicol residues in aquaculture tissues [2]. 
Combined with GPS technology, Zhao F. J. pointed 
out the distribution of concentrations of lead in British 
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wheat and barley grain [3]. The strips for detection of 
deoxynivalenol and zearalenone in wheat and maize 
would avoid cross interference of two materials [4]. 
So immune reactions of two substances happened in a 
dropped process, respectively. 

In the measurement using strips independently, 
only qualitative results are obtained. Moreover, 
people will have different understand about the color 
information of the stained results. It is a significant 
shortcoming of strips test. Gold 
immunochromatography was deduced from ELISA. 
Worthy of learning is that micro plate reader will give 
quantitative results in ELISA test [5, 6]. The reader 
will quantize color information by spectroscopy [7, 8]. 
To read the color information, many works have been 
done in instrumentation field. Du M. designed a 
machine by the sensor of optical fiber [9]. The light 
was transmitted by its source and reflected by the 
testing strip. Optical fiber received the reflected light 
and microprocessor transformed it into quantitative 
number. But In which a structure of mechanical 
scanning was inevitable, the reader is not compact. 
Liu L. reported one-dimensional CCD-based detection 
system for immunity-chromatography test strip [10]. 
Fixed light source and detector simplified the 
equipment structure. But one-dimensional CCD only 
obtained the color information in a line. Signal to 
Noise Ratio will be decreased and the precision of 
instrument will be reduced too. A CMOS based 
bio-test strips reader with image processing 
technology was reported by Lin C. S. [11]. Algorithm 
of the equipment is a method of comparative threshold 
to gain a positive or negative result, furthermore, 
algorithm of FCM and ANN were applied into 
extracting the color information from strip image [12, 
13]. However those algorithms were not suitable for 
programming into embedded system. Therefore, an 
inexpensive, simple and accurate strip reader 
embedded microcontroller C8051F340 has been 
designed and developed to measure T line color of the 
strip [14-16], in experimental, it is verified that this 
reader is capable of rapid quantative identifying the 
colored lines. 
 
 
2. Systems 
 
2.1. Fabrication of Sensor 
 

Sensor is made up of a CMOS camera, darkroom, 
reflector, reflector fixing socket, and strip casket as 
shown in Fig. 1. The whole optical system is set up in 
the darkroom. In this way, stray light is resisted. 
What’s more, confined-space isolates the dust. In the 
darkroom, cuboids opening space was designed, 
where strip casket is able to insert into it. So different 
type of strips will be fixed in the same position and T 
line will appear at the same pixels in the pictures. 
 
 

strip casket reflector darkroom

fixing device fix reflector fix casket

fix CMOS 
camera  

 
Fig. 1. Modules of the sensor. 

 
 

The reflector was set up into darkroom, which can 
be put together in a 45 angles with the strip casket. 
This design could cut a half optical imaging path, 
which can reduce the imaging box size to half so that 
the reader is compact, flexible and portable. 

By taking a photo, a picture of the test strip will be 
captured as Fig. 2. This image is including a negative 
sample, only the control line appears and the test line 
is invisible. At the end of the sensor, there is a position 
switch to trigger the photo shutter, only if the target 
strip is in the right area of the image the start pulse will 
be snapped and microcontroller will send the 
command to capture the image, all the operation is 
finished automatically. 

 
 

 
 

Fig. 2. A picture of strip in the sensor. 

 
 
2.2. Instrumentation 
 

A picture of the completely assembled instrument 
showed in the Fig. 3 (dimension is 2009050 mm). 
Two different strip modes are allowed: manual mode 
and automatic mode, the former is for the stained strip 
without waiting for the bioreaction, the latter is for a 
blank strip to be fixed in the sensor box and drop the 
target sample, and the reader will start to timer of 
fifteen minutes up to the bioreaction finished, then 
takes the photo of the object strip. Additional 
instrument technical specifications, not mentioned in 
the text, are reported in Table1.  
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Table 1. Additional technical specifications of the strip reader. 
 

Display LCD, 4 rows × 16 columns 
Keyboard Digital, six-keys equipped 
Reading time  7 s 
Data/Timer Date/time associated with the running analysis 
Interface Serial gate RS232 with conversion to USB 
Memory space 16 MB 
Power supply Power adapter(5V—1A) or four batteries (#7-1.5 V) 

 
 

 
 

Fig. 3. Photo of the whole instrument. 
 
 

2.3. Algorithm of the Image Processing 
 

After taking photograph, a picture of 240320 
pixels is obtained, showed as Fig. 4. The image pass 
the step of smooth and denoising, edge extraction and 
localizing T line. So as to find the positions of T line 
and C line, which is in a rectangle area. As the Fig. 4 
shown, area of T line which contain TuTv pixels is 
divided into n blocks (n=MN). To wipe out the 
influence of fuzzy color of the T line edge, each block 
will be counted in grayscale. Complementally there 
are xy ( x=Tu/N, y=Tv/M) pixels in every block. Add 
up all pixels in a block, Gi_div will be got. In the 
equation (1), Gxy is the grayscale value of each pixel. 
Finally, Gi of n blocks is summed up together and 
shown as equation (3). And GT will be calculated. In 
the same method, GC and GB will be gained too. 
 
 , (1) 

   
 

, (2) 

   
 , (3) 
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T
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Fig. 4. Diagram of the division of color area. 
 
 
3. Materials and Methods 
 
3.1. Measurement Principle 
 

The strip for detection of clenbuterol and 
ractopamine was designed by competitive method. 
The more high concentration of the objective 
substance, the less immune response happens. So T 
line doesn’t fully color. Content of determinand is 
determined by variation of the color. It infers that the 
quantitative determination follow the Lambert-Beer's 
law. In law, optical density is equal to the ratio of the 
log of the intensity of the incident and emergent light. 
To avoid complex light route design, white LED and 
CMOS camera are arranged as light source and 
receiver respectively. 
 
 , (4) 

 
In the formula (4), GT GC GB stands for the gray 

scale of the T line, C line and background of the strip. 
The concentration of determinand is determined by 
the value of TOD. Refer to Fig. 5. 
 
 
3.2. Experimental Methods 
 

The strip for detection of clenbuterol and 
ractopamine were purchased from Shenzhen 
Lvshiyuan Biotechnology Co. Ltd (Shenzhen, 
China). Standard substance of clenbuterol was 
purchased from J&K Scientific Ltd. (Beijing, China) 
and standard substance of ractopamine was 
purchased from Sigma-Aldrich Co. LLC. (Beijing, 
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China). In experiment, phosphate buffer (4 mmol/l 
PH6.8) was obtained from institute of hygiene and 
environmental medicine, academy of military 
medical science (Tianjin, China), which acted as 
dissolvent. Two standard substances were prepared 
for 50 ng/ml stock solutions, respectively. Moreover, 
reagent solution of 1, 2, 3, 4, 5 and 8 ng/ml were made 
by stock solutions and phosphate buffer. Phosphate 
buffer was used as 0 ng /ml, by the way. 
 
 

4. Results and Discussion 
 

4.1. Instrumental Performance 
 

Fig. 6 shows the color strip of clenbuterol. The 
magenta line at below is the control line. And the test 

line is above. In the picture, the edge of C line is clear 
and easily differentiated from the background area. 
However, the more saturated color of T line, the less 
concentration of the reagent solution. When the 
content greater than 3ng/ml, T line almost appear no 
color. At that time, the reagent solution is surely 
determined as positive sample. Strips, ractopamine 
strips color similarly the same as the clenbuterol. 

To test instrumental repeatability, colored strip 
was inserted into machine and obtained 5 results on a 
strip. As shown in Fig. 7, blue boxes mean COD values 
of C line. And pink boxes mean TOD values of T line. 
In figure, the mark ‘+’ stands for measurement results 
at one time. The height of the bar is determined by the 
average five values. 
 

 

 
 

Fig. 5. Schematic diagram of light reflex of strip microstructure. 
 

 

 
 

Fig. 6. (a)-(h) Strip images of 0 1 2 3 4 5 8 10 ng/ml standard clenbuterol solutions. 
 
 

 
 

Fig. 7. Repeatability of the instrument. 

 
The concrete data was listed in Table 2. In statistics 
analysis, every standard deviation belongs to the 
results of concentrations from 0 to 4 ng/ml is less than 
1.5 %. Coefficient of variation is 2.72 % at most. In 

addition, LOD, which is equal to triple the standard 
deviation of responses of many blank experiments, 
stands for the content of minimum component which 
is able to be tested. The instrumental limit of detection 
is 0.045 ng/ml. 

The sensor measured the concentration from 1 to 8 
ng/ml both clenbuterol and ractopamine. The various 
contents were dropped onto the strip, and the final 
results plotted in the Fig. 8. Two curves have the 
similar trend. In the inset, five points (1 2 3 4 and 5 
ng/ml) draw two second order fitting curves using 
MATLAB. The curve of clenbuterol obtained a fitting 
equation: f(x) = 0.03643x2 - 0.3436x + 
1.026(R2=0.99); the curve of ractopamine got a fitting 
equation: f(x) = 0.02x2 - 0.204x +1(R2= 0.98). Both of 
them have a good fitting character. 
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Table 2. Precision of the measurement. 
 

Clenbuterol 
Concentration (ng/ml) 

COD 

Mean±S.D. 
C.V. (%) 

TOD 
Mean±S.D. 

C.V.(%) 

0 0.816±0.011 1.40 0.724±0.015 2.09 
1 0.794±0.009 1.13 0.488±0.013 2.67 
2 0.810±0.010 1.23 0.298±0.004 1.50 
3 0.796±0.009 1.12 0.260±0.007 2.72 
4 0.806±0.009 1.11 0.208±0.004 2.15 

 
 
4.2. The Influence of Dropping Volume of the 

Reagent Solution 
 
The values of OD are depended on how much 
objective antigen combine with colloidal gold. So the 
volume of reagent solution contained objective 
antigen play a significant role in strip color. In 
experiment, the ractopamine solutions (4 ng/ml) of  
20 40 60 80 100 ul were dropped into strips. When 
the volume is less than 40 ul, the liquid is not enough 
to wet the colloidal gold pad. So chromatography 
reaction could not happen. When the volume is higher 
than 60ul, the more capacity of the solution dropped, 
the less results of TOD gained and COD nearly 
unchanged, shown as Table 3. The phenomenon can 

be explained that increased volume would bring more 
clenbuterol antigen conjugated with antibody at T 
line, and less competitive antigen which is combined 
with nanogold particles do that. So less nanogold 
particles fix on the T line. It is more light-colored. 
 
 

Table 3. The results of different dropping volume. 

 
Volume (ul) TOD COD 

60 0.81 0.70 
80 0.79 0.45 

100 0.81 0.31 
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Fig. 8. The instrument response curve for clenbuterol and ractopamine Inset: The diagram of second order fitting curve. 
 
 

5. Conclusion 
 
There is an increasing demand worldwide for low 
cost, fast and reliable methods for food safety 
monitoring. The sensor offers all these advantages 
since it can be easily used both in laboratory and field 
applications. The object of this work was to build a 
sensor which can be easily adopted for clenbuterol 
and ractopamine analysis. The miniaturized system 
realized is innovative, being designed to be flexible, 
modular and small, with rapid measurement system 
and automatic timing system. The most significant 
innovation brought about is capable of high precision 
in measurement of different species’ strips 
simultaneously. Experimental measurements with 

clenbuterol and ractopamine have been successfully 
conducted and reported. The sensor proposed for 
legislation in China and is suitable for use as rapid 
simultaneous screening tests for clenbuterol and 
ractopamine. 
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Abstract: The results of experimental investigations fostering the performance of efficient measurement of 
liquid characteristics are proposed in the article. The experiments made within the vast range of electromagnetic 
frequencies have proved the dependences of imitance parameters on substance concentrations in 
multicomponent liquid which enables us to determine and control the standardized characteristics, according to 
those parameters. Copyright © 2013 IFSA. 
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1. Introduction 
 

Diagnostic laboratories in the area of 
environmental protection, food industry and 
occupational health are interested in the new 
improved methods of composition identification and 
controlled substances’ detection in the environmental 
objects and products. Therefore the evolvement of 
new methods and models of transducers is of 
significance nowadays. It is supported by the 
research paradigm covered in the latest scientific 
papers. Electrochemical methods are efficient while 
employing them in diagnostic laboratories, and tend 
to encourage objective and rapid determination of the 
controlled parameters during production. For 
example: the improved electrochemical method of 
ascorbic acid identification is proposed in [1]; the 
research of carbon electrodes in the voltamperometry 
and spectroscopy of electrochemical impedance is 
covered in [2]; the results of investigating the 
electrochemical sensor made from modified carbon 
electrodes for substance identification in liquids are 
published on the subject in [3]. 

As a matter of course, much higher requirements 
are expected to be posed to both processes of 
composition identifying and threshold concentration 
monitoring of multicomponent liquids (MCL).  

The implementation of standard analytical 
definitions aimed at the automated express-
monitoring of composition of liquid industrial objects 
(food production, technical liquids and wastewaters) 
or environmental objects (water sources) is 
complicated by long-term analysis or nonselectivity.  

The standard conductometric method is meant for 
the express-research of substance concentrations in 
two-component liquids. This method allows to 
identify the concentration of the certain controlled 
substance in multicomponent liquid due to the 
measured value of the specific electrical conductivity 
at the certain standard frequency of an 
electromagnetic field, defined for all liquids. The 
research of electric properties of water solutions as 
liquid dielectrics, and analysis of the components of 
complex electric conductivity parameters at the 
different frequencies of an electromagnetic signal 
deepen the theoretical insight into the study of 

http://www.sensorsportal.com
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dependencies of liquid electric properties on liquid 
compositions. The results of investigations with the 
usage of RLC-meters open possibilities of 
ascertaining the dependencies of liquid electric 
parameters on the chemical nature and liquid 
substance-components’ concentration within the wide 
ranges of electromagnetic field frequencies. The 
employment of the determined electric parameters, 
correspondent to the standardized component 
concentrations, improves the informational content of 
MCL conductometric investigations by enlarging the 
enumeration of controlled substances with different 
electric properties, and increasing the selectivity, 
precision and analysis efficiency. 

The performed research enables us: 
- to determine the substance concentration in 

multicomponent liquid due to the measured 
admittance values; 

- to monitor efficiently the threshold 
concentration of the controlled substance in the 
multicomponent mixture due to the determined sign 
of the reactive conductivity component value at the 
experimentally measured frequency of an 
electromagnetic field.  
 
 
2. Conditions of Experimental Research 
 

The working solutions of known characteristics – 
model liquids (ML) – have been studied in detail. 
The models have been prepared, according to the 
standard methods. In the proposed research, the range 
of controlled substance concentrations has made 
0.0020 … 4.000 h/l for inorganic electrolytes, and 0.5 
… 70.0 % for volume concentrations of 
nonelectrolytes – organic substances. To analyze 
impartially the influence of model components, 
“synthetic matrices” – solvents of the controlled 
substance whose compositions have changed 
gradually from binary liquids with distilled water to 
the solutions of organic and inorganic substances – 
are used. 

The alteration of active G and reactive B 
conductivity (admittance) components depending on 
the substance compositions and concentrations has 
been evaluated within the frequency range to 100kHz 
by means of capacitance sensors. Primary 
capacitance sensors are employed into standard 
analytical laboratory research. Such kind of a sensor 
is much better studied in the case of liquids with 
permanent matrix composition which promotes the 
experiments’ grounding and planning; results’ 
theoretical predicting with further logical analysis. 

The following original dependencies of electric 
parameters are gained consequently of the mentioned 
ML research: the dependence of the admittance on 
chemical nature, component concentration, solvent 
composition, amount of researched substance 
between cell plates, liquid volume (working plate’ 
area), electrode form and size. Thus, it is ascertained 
that the application of such dependences improves 

the informational content of MCL electrical 
investigation. 

To increase the precision of measurements, it is 
recommended to change the volume of the researched 
substance, placed between electrodes, thus keeping 
sizes of the latter and distance between. It facilitates 
the application of a transducer in the research of ML 
different compositions and concentration 
components. 

 
 
3. Results of Experiment 
 

Consequently of experimental imitance research 
of ML with electrolytes, it is ascertained that for the 
certain concentration value of the controlled 
substance in a solvent there are some electromagnetic 
field frequencies and volume values of liquid in a 
transducer when the reactive component value is 
equal to 0 Sm. In the case of larger concentration, at 
the mentioned measurement parameters, the value of 
the reactive component takes the negative sign; and 
on contrary in the case of less concentration, we deal 
with the positive sign (Fig. 1). 

It enables us to control concentrations (larger, 
equal or less than threshold concentration) due to the 
defined sign of the reactive imitance component at 
the electromagnetic field frequency (EFF), 
determined experimentally in laboratory conditions. 
The identification of the precise value of this 
frequency is complicated by the nonlinearity of the 
dependence (Fig. 1). Therefore EFF is chosen 
according to the discreteness of a device with the 
known passport errors of measurement; and the 
needed liquid volume is both identified and 
described.  

At the stable concentration of the researched 
substance (threshold concentration), and at certain 
EFF, chosen from experimental results (Fig. 1), some 
liquid volume is contained into the cell so that the 
ML reactive conductivity component between the 
plates is equal to 0 Sm (Fig. 2). In the given case, at 
C = 1.4736 g/l of KCl and EFF making 100 kHz, for 
the approximated dependence 

47 104+V109=B   , the volume 

is ml444,4=V . The target liquid volume value is 
calculated from the equation 

47 104+V109=0   .  
At EFF equal to 100 kHz for the model liquid of 

KCl: C = 1.4736 g/l and 444.4=V ml, the 
experimental value of the reactive conductivity 
component makes 0,000134  Sm. 

With the help of dependence of the reactive 
conductivity component on concentration, gained 
experimentally and approximated by the polynomial 

0,0012+C0,0012C0,0002=B 2  , we could find 
that С = 1.4730 g/l (Fig. 3). For the certain substance 
under the given conditions of an experiment, the 
absolute error of concentration determination makes 
0.0006 g/l, and the relative error is 0.04 %. 
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The dependence of admittance on the 
concentration of the dissolved substances for both 
simple two-component liquids and ML with the 
variable component concentrations is determined 
experimentally.  

 
 

 
 

Fig. 1. Frequency dependence of the reactive conductivity 
component of the NaCl solution. 
 

 

 
 

Fig. 2. Approximation of dependence of the reactive 
conductivity component of the KCl solution on liquid 
volume in a transducer. 

 
 

 
 

Fig. 3. Approximation of dependence of the reactive 
conductivity component on the concentration of the KCl 
solution at the frequency of an electromagnetic field equal 
to 100 Hz, when the volume of liquid in a transducer is 
equal to 444.4ml. 

 
 

The characteristic points where the reactive 
conductivity component for the peculiar 
concentration limits acquires the same value are 
determined on the basis of the gained experimental 

dependencies of the reactive conductivity component 
of liquids with different substance concentrations at 
EFF reaching 100 kHz. Those points are named 
“qualitative points” being used for the selective 
identifying of the controlled substance in a matrix of 
substance compositions of variable concentration. 

 
 

 
 

Fig. 4. Research of the NaCl solution imitance in the 
distilled water of different concentrations. 

 
 

 
 

Fig. 5. Dependence of reactive conductivity component of 
the CuSO4 solution on frequency at the concentration rising 
from C1 to C7 (2.5 g/l tо 5,0g/l). 

 
 

4. Practical Implementation 
 
The method appealing to the dependences of 
admittance components on ML volume in a 
transducer, controlled substance concentrations, EFF 
frequencies, matrix component concentrations and 
temperature - t),сF,c,f(V,=BG, м - is suggested on 

the basis of the gained results. The electric 
parameters for efficient concentration control of the 
real MCL are determined in an empirical way. To 
control the electrolyte compositions, we should 
experimentally determine V – the volume of the 
controlled multicomponent liquid in a transducer; F – 
the fixed frequency of EFF generator adjusting.  
 
The possibility of nonelectrolyte identification and 
quantitative composition determination due to the 
experimentally determined values of active and 
reactive components and EFF is ascertained for the 
liquids with the content of substances of another 
electrical nature — nonelectrolytes [4]. 
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The practices of efficient concentration control of the 
studied substances of different electric nature in 
multicomponent liquid are developed on the basis of 
this method. They include the research of a reference 
model and the approbation actions themselves.  
 
 
5. Metrological Supply for Precise 

Concentration Determining  
 
The methods of determining the concentration of the 
controlled substance in MCL requires the 
specification of MCL volume. To determine the 
influence made on the error of measuring the volume 
and component concentration, the mathematical 
model of the measuring cell is developed. The 
methods are based on the dependence of the 
controlled substance concentration on the researched 
multicomponent liquid volume under the influence of 
the determined electromagnetic field frequency. In an 
electrolyte cell, l is a distance between electrodes, a 
and b — height and width, respectively, i.e., 
geometric electrode sizes, 1a  — the height of a 

condenser liquid part. The condenser capacitance of 
the electrolytic cell consisting of the air x1C  and 

liquid x2C  parts could be determined as:  

 
 

,1
0

1
0 l

ba
εε+

l

baa
εε=C+C=C pпx2x1x



 

(1) 

   
where пε , pε  are the air and solution dielectric 

penetrations; 0ε - vacuum dielectric penetration.  

 
In the general case, the mathematical dependence of 
transformation function of the digital imitance-meter 
reactive component could be represented by the 
dependence:  
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where 

bGN  is the index of a device at the i-th 

frequency ii 2ππ=ω ;
1xc ,

2xc is the concentrations 

of the first and second binary systems, respectively; 

1m , 2m  are the coefficients of transformation of the 

first and second substances into a capacitance 
component, respectively; aΔ  is the additive 

component of the admittance-meter brought to its 
output value; Ak  is the transformation coefficient of 

an analog-digital transducer. 
 
For the purpose of correcting the additive component 
of a reactive component–meter error, one 
measurement should be made under the condition of 
researched substance absence between the electrodes:  
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In future we should correct the index of a device 

iGN  for the value of the additive component 
oGN , 

consequently of which the code GN  will be gained: 
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Considering the nonlinear dependence between the 
index of a device and concentrations of the 
researched substances, we could perform the 
calibration of any admittance-meter nearby the 
frequency of reactive component polarity alteration. 
For this purpose, in proximity of the frequency 0ω  

of the alteration in reactive component polarity, 
admittance measurement is made in the case of n 
reference concentrations of the researched 
substances; and the frequency values oпω  when a 

device displays zero for the reactive component are 
fixed: 
 
   0=cm+cm

l

ba
εωk=N 2nzn21nzn1

1
оопAizn , (5) 

 
where опω  is the frequency values, at which the 

reactive component imitance-meter gives null 
indices; 1nс , 2nc  are the n-th reference 

concentrations of the first and second substances of a 
binary system, respectively; zn1m , zn2m  are the 

coefficients of concentration transformation of the 
first and second substances into the impedance 
through the concentrations 1nc , 2nc . 

 
From the formula (5), we could derive the ratio: 
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Then in proximity of frequency values опω , we 

could represent the function of transforming the 
device reactive component:  
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Analyzing (7), we could infer that the accuracy of 
identifying the researched substance concentration in 
MCL could be determined by the errors of reference 
concentrations’ preparing, capacitance sensor 
geometric dimension ascertaining, frequency 
measurement and the error of the imitance reactive 
component-meter. For modern measurement means, 
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an error value could be less than the values ranged 
from several tenths to units of per cent, depending on 
the concentration and frequency values inherent in 
the experiment.  
 
 
6. Conclusions 
 
The suggested electric method and derived practices 
possess some novelty and fulfill the evolvement of 
the improved methods for the efficient automated 
composition-monitoring of technical liquid (in order 
to save the material resources and to prevent the 
harmful issues) and treated wastewaters, according to 
the industrial and ecological standards [5] - [8]. The 
minimal determinable concentration supported by the 
proposed method is 0,01-0,001 mg/l. Measurements 
are performed in real time (without probative 
selection and concentrating process). The accuracy of 
the analysis 1-10% is sufficient for research of 
numerous production types, including 
multicomponent liquids. It allows ascertaining the 
concentration of substance in multicomponent liquid 
due to measured admittance value. The main 
advantage of the method consists in efficiency: 
measuring and processing time could reach the 
several seconds. The construction simplicity and 
universality allow for the rapid performance of 
numerous analyses of vast enumeration of controlled 
substances. 
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