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Abstract: Possibilities of quality evaluation of measuring instruments for Cyber-Physical Systems are studied 
basing on their objective functional properties. It was proposed to apply the Shannon–Hartley theorem for noisy 
channel and Hartley logarithmic measure in the selecting, transmission, transforming the measuring signals and 
defining the amount of measurement data. To ensure the particular level of measuring instruments quality at the 
design stage due to auto adjustment of errors, the required conditions are researched. The terms of automatic 
calibration and metrology verification of measuring instruments in situ are considered. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: Cyber-physical system, Metrological assurance, Standard, Quality, Measuring instrument, Errors 
correction and verification. 
 
 
 
1. Introduction 

 

Built-in measuring instruments (hereinafter MIs) 
are the integral part of Cyber-Physical Systems 
(CPS). Since such MIs contain ADC and DAC and 
they have to work with predetermined metrological 
performance during the whole operating period;  
there is a task of their periodic metrological  
checking, verification and/or calibration. Their input 
signals can be heterogeneous electrical and 
nonelectrical quantities. 

Realizations of metrological verifications is 
linked with chain of technical and technological 
problems because these built-in units are dispersed 
and their output signals can be used to verify the state 
of CPS (Fig. 1) [1-2]. Objective information about 
technological processes running is obtained by the 

way of measuring that is considered as entire process 
from the perception and transforming of the object 
measurement information to its processing, saving, 
transmission and usage with the aim to elaborate 
retroaction at controlled objects. Therefore it is 
reasonable to study possibilities of smart MI 
realization to fulfill the function of operational 
control of CPS measuring channels in working 
conditions of the operation. 

 
 

2. Shortcomings 
 

Nowadays the number of built-in measurement 
instruments is sufficiently large with tendency to 
considerable increase in the future [1-2].  

http://www.sensorsportal.com/HTML/DIGEST/P_2654.htm
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Fig. 1. Functional scheme of modern measuring instruments 
 

 
Given this and taking into account their 

dispersion the issue of metrological assurance 
optimization becomes an urgent task. Taking into 
consideration tendencies of CPS designing as distant 
dispersed applied infrastructure it is practically 
impossible to use traditional procedures of the 
metrological verification [3-8]. Requirements for 
measurement precision can significantly differ for 
every concrete measurement task but all these tasks 
must be performed with ensuring of tracing [9-14]. 
Given the large number of types and mass of used MI 
and labor-intensity of metrological procedures in 
modern measurement systems, tracing of physical 
quantities measurement is not always ensured as 
normative documents required [12-14]. Another 
important aspect of CPS metrological providing  
is an achievement of necessary precision and 
metrological reliability of measurements performed 
in the working conditions of the operation at all 
stages of producing (for instance, microelectronic 
production) [7-8, 15-16].  

Significant quantities of cheap MIs are proposed 
in the market that substantially complicates the 
problem of the CPS designing [1-2, 17-18]. 
Simultaneously one of the central problems is quality 
estimation of measurements performed by means of 
MIs. It predicts the ascertainment of MIs capabilities, 
correct choice of the indexes list and determination 
of ponderability coefficient values during the 
measurement quality estimation. Therefore the 
problem of the performed measurements  
quality estimation is not solved in theory and in 
practice [11-14, 15-16].  

Furthermore at the stage of MI design there are 
no theoretical and practical recommendations 
regarding providing of necessary level of MI quality 
in conditions of the operation. Today international 
metrological organizations recommend using the 
conception of the uncertainty of received results as 
the main standard of performed measurements 
quality [19-21]. By this way it was attempted to 
eliminate the basic practical defect of measurement 
errors approach as difference between measured and 
true value of measurand.  

However during designing it is sufficiently 
difficult (or impossible in general) to use the 
uncertainty approach because the measurement 

results are still absent. But in this case the 
measurement error approach can be successfully 
applied taking as true the nominal value of MI 
transformation coefficient (function). Logically to 
suppose that it is the value which the designed MI 
measurement result has to tend to. 

 
 

3. Aim of Research 
 

The aim of the article is to determine at the stage 
of designing of theoretical basis and practical 
recommendations regarding providing the necessary 
quality level of MI in operation conditions. 
 
 
4. Theoretical and Applied Researches 
 

Traceability, accuracy, precision, systematic bias, 
evaluation of measurement uncertainty are critical 
parts of a quality management system. Basic 
provisions concerning metrological support of the 
development, production, testing and operation of MI 
used during goods producing, science researches 
conducting and other kinds of activity are regulated 
by the number of international standards. These 
standards establish general requirements for 
measurement processes and equipment, the order of 
its usage and competence of testing and calibrating 
laboratories [12-14]. The technical basis of 
metrological assurance involves the systems of 
national and working standards of physical units, 
standards, comparators for transferring dimensions of 
physical units, certified reference materials and 
substances standards component pattern and 
characteristics of substances, and working MIs.  
 
 
4.1. CPS MIs Metrological Assurance  
 

In many countries metrological verification and 
calibration of MIs are performed on the ground of 
special testing schemes which documentarily 
establish the tools, techniques and exactness of 
transmission of unit dimension of particular value 
from national to working standards. 
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For MI metrological verification it is used the 
methods of direct comparison of tested MI with the 
standard mean of the same type, and also direct 
verification by the tested MI of output signal of 
multi-valued measure and determination of the 
uncertainty as difference of measurement results. 
Furthermore sufficiently precise portable multivalued 
code-operated measures can be used too and it 
provides the possibility to perform  
operative metrological control of MIs in the 
operation conditions.  

In the accordance with normative documents the 
MIs verification is performed in the laboratory where 
there are special (normal) conditions including the 
absence of hazardous radiation, interferences, impact 
loads, vibrations which can affect MI parameters. 

Metrological verification fulfillment demands the 
dismantling of instruments from technological 
objects and transportation them to laboratories. In 
addition to only technical, organizational 
inconveniences and financial expenditures the MI 
verification in such “hothouse” conditions doesn’t 
meet a lot of metrological aspects of their operation. 
Besides, other units of measuring circuit of 
technological MI are not verified (Fig. 1). The 
verification of the whole measuring systems in 
laboratory environment is meaningless because it 
demands the dismantling of this system. 

It is reasonable to revise traditional verification 
methods and techniques for virtual systems of 
gathering and processing of measurement data in the 
direction of automation. Economically expedient 
seems to conduct verification in place. To 
accomplish it portable code-operated measures of 
physical values and development of proper software 
are required. This enables to enhance significantly 
labor productivity [22-23].  
 
 
4.2. Continuous Control of Measuring 

 
One of the main important MI parameters is their 

metrological reliability. For its providing on proper 
level there is a need to control measurement 
processes continuously [12]. Reliable measurement 
information of necessary exactness can be received 
only by the way of technically well-grounded choice 
of MI that includes next data [22-23]. Firstly this is 
the list of measurement parameters of the object with 
permissible measurement errors. Considering the 
stochasticity of the analyzed processes it is necessary 
to know acceptable probability of false and 
unidentified failures for every controlled parameter, 
values of confidence probabilities, distributing laws 
of the measured parameters and their measurement 
errors. MI operation conditions affect significantly 
their metrological properties or properties of their 
elements. These are mechanical loading, climatic 
effect (temperature, humidity, pressure etc.), and 
presence/absence of the environment (corrosive 
gases and liquids, high temperatures or voltage, 

fungi, mold, electromagnetic fields, radioactive and 
other emissions). 

Then after determining restrictive characteristics 
precision characteristics (permissible limits of basic 
and additional errors) of MI are estimated. Reliability 
of the measuring parameter indicates at probability 
that measurement error value will not exceed 
permitted values with given probability

( ) ,allow confP ÐΣΔ ≤ Δ ≥  where P is the actual value of 

the probability, ΣΔ is the total error of result 

obtained by selected MU, allowΔ  is the boundary 

value of measurement allowable error, Pconf is the set 
value confidence probability. Reliability is ensured if 
the probability of false and unidentified failures on 
results of monitoring parameters by selected MIs 
does not exceed a specified level:

uialuifalf РРРP ≤≤ ; , where Рf, Рfal, Рui, Рuial are the 

probabilities’ actual and allowable values of false and 
unidentified failures respectively. 

Probabilities value of false and unidentified 
failures by the measured parameter, measurement 
error and tolerance for the controlled parameters are 
theoretically examined in [22-23] and described by 
complicated expressions.  

The method of simplified calculations leads to 
overstated demands regarding precision of chosen 
MI. For practical realization of mentioned method 
there is a need of quite significant amount of a priori 
information about stochastic properties of measured 
parameters Хі, and also about MI transformation 
functions. Mainly such information is absent. To 
receive this information it is necessary to conduct 
plenty of studies. Moreover under drastic changes of 
any measurement conditions (for example, 
emergency conditions work and electromagnetic 
induction) crude errors appear that decreases 
measurement reliability significantly. Incremental 
degradation changes of MI components and units in 
some time lead to appearance of noticeable 
uncertainty or even to MI metrological failure within 
intercalibration interval. Today there is no theory of 
the determination of this interval duration which 
mainly is determined on the experience basis of 
similar MI operation and on “engineering intuition”. 
For this reason the standard ISO 10012:2003 
recommends to implement methods of the control of 
measurement processes based on regular verification 
and gradual analysis of measurement results. The 
mentioned approach should be applied at all 
measurement stages: from standards calibration by 
state metrological laboratory to own regular 
verifications [12]. In practice the measurement 
process control is applied with the aim to enhance the 
safety of technological process (f.i., of energy plants) 
or providing of guaranteed quality of final  
product. The metrological management system  
ISO 10012:2003 has to guarantee that measurements 
(performed with usage of measurement equipment 
within intercalibration interval) is quiet precise for 
given problem. But MIs are checked metrologically 
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for ultimate consumer of single models or small 
samplings of their general totality. 

The distribution law of the measured parameter 
for totality of MIs, which are given on periodic 
verification, differs considerably from the 
distribution law of the same parameter at the moment 
of MI release from producing and practically it 
cannot be studied [22-23]. 

 
 
5. Measuring Instruments Quality 

Estimation Methods Improvement  
 

MI operating conditions complications and 
different nomenclature of their parameters 
complicate the quality analysis. Its ultimate aim is 
close to optimal (in coordinates "functionalities - 
cost") choice of MI which is necessary for current 
measurement task from all variety of  
modern devices.  

To ensure required quality level of goods, pro-
duction and services produced with MI application 
the normative documents recommend to perform 
control of measurement processes as separate long 
procedure [12-14]. Traditionally to estimate any 
production quality of the same kind differential, 
complex and mixed-mode methods are applied. The 
differential method includes such shortcomings as 
some subjectivity and insufficient precision of 
quality coefficient determination [16]. While using of 
complex method it is necessary to choose natural 
generalized quality index for this kind of production 
and to determine its functional dependence from 
main single indexes that partly affects the quality. 
During estimation of such complex technical 
production as MI mainly mixed method is applied. 
This method is based on the exarticulation of the 
number of separate groups which include MI 
significant properties. For this MI generalized  
quality complex indexes are determined with 
following their comparison with the help of the 
differential method concerning appropriate indexes 
of basic MI [16]. 

General peculiarity of such product as MI is that 
technical and economic indexes can be differently 
characterized depending on the type of measured 
value and these indexes can be changed at all stages 
along life cycle that includes designing, producing 
and operation. Now operation expenditures that 
mainly connected with expenses on periodic 
verifications of MIs, their maintenance and 
calibration [11, 20-24], determine MIs operating 
time. MIs cost continuously decreases, even for 
devices of high precision (0.01...0.05 %)  
because of wider involvement of integrated 
electronics [1, 17-18]. 

With regarding to spectra of MI opportunities it is 
proposed to consider the informational energy 
efficiency hЗ as functional dependence which 
connects their major metrological parameters and 
reveals interaction with the object of measurement 

[24]. But definition of MI mentioned efficiency is 
partly subjective. Really the main function of any MI 
is receiving measurement information. It is naturally 
to consider the object of the measurement as source, 
and MI as a receiver of measurement information. 
This analog information is transmitted by the 
communication channel in which reduced to the 
input MI noises operate.  

It is known that equivalent dispersion of the 
random input signals is determined as sum of 
different sources dispersions. During its definition it 
is necessary to take into account the sources of 
thermal and flicker noise. So we propose to 
determine the amount of MI received information 
МUx during voltage measurement of direct current on 
the basis of C.-E. Shannon theorem [25]: 

 
2

2 2log 1 log 1x x
x x x x

n nU

S U
M Ct t B t B

N D

   
= = + = +   

   
, (1) 

 
where tx is the duration of measurement, B=fH-fL is 
the bandwidth of the measuring channel, 

( )2
x x in mxS U R t=  is the useful signal energy, 

( ) ( )2
n n in mx n in mxN U R t D R t= =  is the energy of 

equivalent input noise, Ux is the measured voltage, 
Rin is the MI input resistance, Un and 

BkTRDRDD xIinxUnU 41 ++=  are the voltage and 

equivalent input noise variance respectively, Dn1U, 
DIin are the variances of the voltage and the current 
equivalent noise respectively, k is the Boltzmann 
constant, T is the temperature of internal resistance of 
measured voltage source. 

During electric current measurement Іх (with 
appropriate voltage drop on the Rsh) dispersion DnІ of 
equivalent noise is determined by the expression

BkTRDRDD shIinshUnI 41 ++= , where Rsh is the 

shunt resistance. Analysis of the dispersions DnU and 
DnІ of equivalent input noise at the measuring voltage 
or current reveals that they are formal similar and 
additive regarding active measurement values.  

In the case of measurement of the electrical 
passive value resistance the expression 

( )kTBDDRDD IcsIinxUnR 41 +++=  for equivalent 

noise dispersion contains multiplicative component 
besides additive one.  

On the other hand, the main goal of the 
measurement process performing is receiving of 
measurement information numerical value of which 
is usually determined by the entropy (Shannon 
measure) or logarithmic measure of the uncertainty 
(Hartley measure). It is naturally to accept that output 
uncertainty is equal to width Х2-Х1 of MI 
measurement range, and uncertainty after 
measurement performing will be determined by the 
resolution error Δр of individual measurement results. 
Then on conditions of equiprobable dispersion laws 
of measured values and of their resolution error Δr.e., 
the amount of received information after 
measurement will be estimated by the relation [26]: 
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( ) 2 1
2 1 . .

. .

log log logmx r e
r e

X X
H X X

−= − − Δ =
Δ

, (2) 

 

where Х2-Х1 is the measurement bandwidth, . .r eΔ  is 
the resolution error of separate measurement results 
for given MI. 

Quality factor Kx or efficiency of MI can be 
represented as the product of the two quantities of 
received measurement information:  

 
2

2 1

. .

log 1 logx x mx x
n r e

X X X
K M H t B

D

  −= = +  Δ 
, (3) 

 
where X=Ux; IxRsh; IscRx are the input electrical 
signals while measuring voltage, current and 
resistance respectively. 

From the analysis (3) we conclude that under all 
another similar conditions the amount of received 
measurement information with the help of MI is 
determined by the errors of measurement circuit 
which are caused by characteristics of the MI and 
object, measurement conditions, operator’s 
qualification, duration etc. [11]. In practice under 
applying of polynomial model the expression for the 
resolution error can be submitted by the quadratic 
function [22-23]. At this moment necessary 
information on laws of probability distribution of 
elementary errors for finding the based on their 
composition the distribution resultant error is needed. 
By this distribution the confidence coefficient k(P), 
can be determined correctly. Its value depends on 
confidence probability P. As result the resolution 
error estimation is difficult to assess. Besides with 
time t as a result of MI aging and wear its error alters 
(degrades). To ensure metrological reliability MI is 
produced with some technological reserve factor of 
which is equal to kмн=0.4...0.8 concerning the 
acceptable error value [11, 21-24]. In most practical 
cases, the expression for the MI error 

. . ( , , , , , )r e nõ Ð Q k tξ
→ →

Δ  in operation condition at 

moment t can be submitted as: 
 

. .

0 . .

2

( , , , , , ) ( , , , , )

( , , , ) ( , , , , , ) ( , , , , )

( , , , , ) ( , , , , ) ,

r e n n

n r e n

s n n

x Ð Q k t x Q k t

k Ð Q t x Ð Q k t P Q k t

P Q k t õ P Q k t õ

ξ ξ

ξ σ ξ ξ

δ ξ ε ξ

→ → − → →

→ → → → → →

→ → → →

Δ = Δ ±

± = Δ +

+ ⋅ + ⋅

 (4) 

 

where 00 0( , , , , ) ( , , , ) ( , , , )n nP Q k t Q k t k P Q tξ ξ ξ σ
→ → − → → → →

Δ = Δ ±   
is the error additive component (EAC), 

( , , , , )s nP Q k tδ ξ
→ →

= ( , , , ) ( , , , )s nQ k t k P Q t δδ ξ ξ σ
− → → → →

±   

is the multiplicative error component, 

( , , , , ) ( , , , ) ( , , , , )n n nP Q k t Q k t k P Q k t εε ξ ε ξ ξ σ
→ → − → → → →

= ±   

is the quadratic error component, 
→
Q  is MI parameter 

vector, 
→
ξ  is the vector of elementary errors,  

нk is MI nominal transfer factor, Р is the  

confidence probability. 
Random component of EAC is determined by MI 

noise components. Simultaneously it is necessary to 
take into account thermal noise and 1/f noise. With 
1/f noise spectrum divergence in low-frequency limit 
a question about its stationary raises. However if MI 
low limit of frequency range is accepted the 
frequency fkl of its calibration (determination of 
“zero” indexes) and upper limit is transmission 
frequency fhf, then its 1/f noise will be limited by 
frequency, and is stationary in first approximation 
which amplitudes (in the broad sense) are normally 
distributed [22-23]. 

Noise signal dispersions DnU and DnI reduced to 
MI input in the frequency range from ωkl=2πfkl to 
ωhf=2πfhf can be determined by means of Wiener-
Khinchin theorem as [22-23, 27-28]: 

 

0
0

lim ( ) ( ) ln ,hf
n n å hf kl fe fe

kl

f
D D A f f A f

fτ
τ

→
= = − +  (5) 

 

where eA0 , Аfe, ωfe are the spectral densities of 

thermal noise, 1/f noise and circular frequency 
conjugation of noise equivalent densities 
respectively; Dn=DnU; DnI. 

So in general case equivalent noise signal 
dispersions DnU and DnI reduced to MI input have 
additive and multiplicative components: 

 

0 ( ) ln ,hf
nR nU x å hf kl fe fe

kl

f
D D R C f f C f

f

 
= + − + 

 
 (6) 

 

where С0е, Сfe, f1fe are the spectral densities of current 
thermal noise equivalent density, 1/f noise and 
circular frequency conjugation of these noise 
respectively. 

Except parameters A0е, С0е, Аfe, Сfe and ffe, f1fe 
which describe respectively thermal and 1/f noise, 
dispersion also depends on MI parameters (its upper 
frequency fhf of passband) and applied measurement 
algorithm including the considering the frequency fkl 
of its calibration (zero indexes determination).  
At commensurate values A0e and Afe and dimension 
of ffe at vicinity of hundreds hertz [17-18, 27-28], 
equivalent noise signal dispersion DnU reduced  
to MI input increases with upper frequency fhf of 
passband, and it hyperbolically decreases with 
increase of the frequency fkl of the determination of 
MI zero indexes. 

Excluding additive component under the same 
conditions the dispersion DnR power of the equivalent 
noise signal reduced to MI input multiplicatively 
depends on measured resistance Rx value.  

Correlation of (5) and (6) underline that system 
component of the error leads to shifted estimation of 
the measurement result uncertainty zone; moreover it 
also depends on change of ambient conditions and 
MI parameters. Among the variety of methods of 
errors automatic correction the preference should be 
given to the method of input channel inversion. Such 
MI contains compulsory polarity switch. Then 
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measurement result Nx is determined as algebraic 
sum of results N1, N2 obtained at the opposite 
polarities of input signal. It enables to correct not 
only EAC, but also pair powers in the case of 
polynomial approximation of the MI transformation 
function [22-23]. The high degree of correction and 
simplicity of technical realization facilitates the 
implementation of input signal inversion in ΔΣ ADC 
microcircuits which inherent in quite satisfactory 
performance. F.i., the offset error specification of the 
ADC is ± 0.5 μV typical and the drift of these ADC’s 
is specified as ±5 nV/°C typically, and in fact, it is 
practically immeasurable [22-23, 29]. 

 
 

6. Conclusions 
 

1. Quality of measuring instruments is reasonable 
to evaluate by the product of two values: quantity of 
information received as a result of signals physical 
transformation throughout the measuring circuit, and 
quantity of information due to decrease in continuous 
quantity entropy after measurement. The proposed 
functional dependence connects to each other the 
energy and the information properties of elements of 
measuring circuit. In this case, the latter is regarded 
as the transmission channel of analog information 
from sources of active or passive electrical signals to 
the measuring tools through connection line with its 
own equivalent source of additive and multiplicative 
noise signals. 

2. Amount of measurement data obtained from 
the measurement object through the analog 
transmission noisy-channel is proposed to estimate 
basing on Shannon–Hartley theorem. During the 
measurement of active electrical signals the 
equivalent noise reduced to input of measuring 
instrument, additively affects the gauging result. 
While measuring passive electrical signals the impact 
of equivalent noise is inherent in additive-
multiplicative nature. Moreover, the bandwidth of the 
transmission channel of measurement data depends 
on the difference between the maximum frequency of 
this bandwidth and the frequency of adjusting 
transactions of bias voltage. 

3. Taking into account both thermal noise and 1/f 
noise, the expressions for the variance of equivalent 
noise during the measurement of active and passive 
electrical quantities are specified. Here the 
multiplicative component, caused by the influence of 
noise sources of whole measuring circuit, is taken 
into account. 

4. To determine in these terms the quality of 
measuring instruments, it is suggested to apply an 
information factor as logarithmic measure of 
uncertainty, which value is practically  
determined only by measurement error. Auto 
adjustment of error additive component significantly 
enhances an information efficiency of  
measuring instruments. 
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1. Introduction 

 

NIST has expertise in a number of CPS domains 
and is uniquely positioned to achieve breakthroughs 
by adapting measurement science solutions across 
domains and, where possible, developing domain 
independent solutions. This initiative focuses on 
three key problems. The first of them is associated 
with model-based diagnostics and prognostics [1]. 

Ultra-modern, flexible manufacturing processes 
can only be implemented with powerful measuring 
equipment. Product developers and production 
planners are searching for essentially the same thing: 
flexible systems featuring easy integration of new 
technologies without users having to retrain each 
time. The challenge is to respond to market demands 
using available methods and tools. The two great 

pillars of support in this area are simulation and 
product design [2]. 

Temperature precise measurement in the hostile 
environment can be considered as one of such tasks. 
Nowadays this measurement is very urgent due to 
intensive development of new directions especially in 
chemical, pharmaceutical and food industries. It’s 
known that some stages of the technological process, 
which are in above mentioned branches, to provide 
corresponding characteristics of final product have to 
go under the certain temperature taking into account 
supporting of optimal conditions of chemical 
reactions running as well as technogenic safety. 
Since demands for temperature measuring 
instruments in such processes are very strict because 
they finally provide the product quality and techno 
safety of operation process of long term producing.  

http://www.sensorsportal.com/HTML/DIGEST/P_2653.htm

http://www.sensorsportal.com
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Under such processes realization thermometric 
major instruments are mainly the resistance thermo-
transducers of, and, as it is known, the hostile 
environment impacts negatively on the sensitive 
element’s (SE) substance of thermotransducer. 
Moreover it is necessary to take into account the fact 
that under realization of continuous technological 
processes there is no possibility to change the 
thermotransducer whenever. Such temperature 
measuring instruments working in aggressive 
environment can be validated only under planned 
metrological verification, and in the period between 
scheduled metrological checks it emerges a 
possibility of worsening its metrological 
characteristics with corresponding outcomes.  
 
 
2. Aim of Research 
 

Goal of the work is the development of model of 
the thermotransducers life cycle increasing for the 
hostile environment thanks to the development of the 
simulating method of its corrosive changes study for 
different sensors materials under the influence of 
residual mechanical strains, and also comparison of 
received results with experimental results regarding 
resistance and prediction of thermotransducers 
behavior, including determination of metrological 
failure lifetime. 

 
 

3. Research for Measurement Sensors 
and Predicting their Performance 

 
Theoretically determined data points and 

components must still be tested with real prototypes 
of resistance thermotransducers under conditions 
closely simulating series production. The studied 
objects are subjected to mechanical stress and 
physical loading in all cases and a life cycle is 
simulated as close to real condition as possible. 
These are wire sensitive elements of resistance 
thermotransducers. They can be efficiently modeled 
in MatLab environment. 
 
 
3.1. Thermotransducer Sensitive  

Element Model  
 

In the Fig. 1 there is the model of thermo-
transducer sensitive element (SE). The SE cross-
section consists of NxM clusters. In this model 
(CorrSim 2014 program) the wire’s state is described 
by 4 matrixes and the order of every matrix 
corresponds to the amount of clusters NxM: 

1) Mat is the matrix that includes relative current 
area of clusters. It means that every element of Mat 
matrix contains figure from 0 to 1 that characterizes 
the relative area of the cluster at this moment of time 
with regard to its initial area a·b. At the first moment, 
all elements which correspond to SE cross-section 

are given the value 1. And elements surrounding SE 
are assigned the value 0 that corresponds to the 
hostile environment. During modeling of the 
corrosion process the values of Mat matrix elements 
decrease from 1 to 0. Elements which have obtained 
the value 0 are considered to be absolutely corroded 
and their area is filled with the hostile environment. 
Consequently corroded cluster begins to impact on 
neighbor nonzero elements.  

2) K is the matrix corrosion velocity, or rate. 
Every matrix element contains information about 
linear velocity of the current cluster corrosion given 
in mm per hour.  

3) Matrixes SizeA and SizeB contain current 
cross-section areas of every cluster. 

So with the help of above mentioned four 
matrixes the state of every cluster of SE cross-section 
can be described at any moment of time.  

 
 

 
 
Fig. 1. Model of the sensitive element of thermotransducer: 
A, B is SE linear size; N is the amount of clusters along the 
side A; M is the amount of clusters along the side B; Rх,у  
is current cluster resistance; L is SE length; a, b is linear 
cluster size. 

 
 

This model enables to set parameters  
separately to every cluster that provides the row of 
following advantages: 
• Allows modeling the heterogeneous resistance 
of certain clusters against corrosion that enables to 
model corrosive processes of SEs with different 
admixtures and heterogeneities.  
• Enables to model anticorrosive coatings of SEs 
of given reduced values of corrosion velocity for 
clusters around the perimeter wire.  
• Enables to specify various shapes of the 
thermotransducer SE cross-section, for instance, 
circular or rectangular shape. 
 
 
3.2. Thermotransducer Sensitive Element 

Resistance Calculation Algorithm  
 

Essence of the algorithm consists in the 
following. For every nonzero element of Mat matrix 
it is performed checking of 4 neighbor (above, 
below, left and right located) clusters concerning 
presence of zero value for these elements. As 
mentioned above elements with zero value are 
considered the hostile environment and effect on 
neighbor nonzero elements (clusters). For instance, if 

B a b
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near nonzero element C1of the Mat matrix there is 
zero element C2 located near the side b (cluster 
width) then nonzero element C1 area decreases on 
the value of the corrosion velocity multiplied on the 
cluster width by which this cluster borders on the 
element C2 (hostile environment). And current 
cluster length C1 decreases under this on the 
corrosion velocity and it will be preserved in 
corresponding element of SizeA matrix. So current 
area of every cluster at certain moment of time is 
calculated as product of corresponding elements of 
the matrixes SizeA and SizeB which contain proper 
clusters a and b sizes.  

Cluster Rх,y resistance at every moment of time is 
determined by the next equation:  

 
Rх,y = ρ·L/(a·b· Mat(x,y)), (1) 

 
where ρ is the resistivity of the thermotransducer SE 
materials; a·b is the area of cluster cross-section at 
the initial moment of time; Mat(x, y) is the cluster 
relative area at the current moment of time. 
Thermotransducer SE resistance at every moment of 
time is determined: 
 

=
N M

yxRR
,

 
(2) 

 
Having taken into account (1) we received: 

 


= =

⋅⋅
⋅= N

x

M

y

yxMatba

L
R

1 1

),(
ρ

 

(3) 

 

The algorithm diagram is shown on the Fig. 2. 
 
 

3.3. Thermotransducer Sensitive Element 
Corrosion Models  

 
With the help of the CorrSim2014 program it has 

been conducted researches of two major types of the 
thermotransducer SE corrosion: they are the pitting 
and uniform types. CorrSim2014 program enables to 
visualize in the shape of thermal map the process of 
corrosion as dynamic variable of the SE cross-
section. Thermal maps are graphical data 
representation in which matrix individual values are 
presented in the form of colors. Moreover 
CorrSim2014 allows to visualize SE resistance alters 
in time under the corrosion impact. In the Figs. 3, 4 it 
is shown the process of the corrosion of rectangular 
and circular thermotransducer SE for uniform and 
pitting corrosion respectively. Sensitive elements are 
immersed in the hostile environment. Parameters of 
modeling: L = 0.08 m; ρ = 150·10-8 Ohm·m. The 
column nearby the thermal map contains the range of 
numbers from 0 to 1, to which particular colors 
correspond. For instance, in the Fig. 3(a), where 
uniform corrosion for SE with rectangular cross-
section is modeled, 1 meets the saturated  
yellow color. 

y=1

х=1

Mat (х,y)>0

Mat (х-1,y)=0 

SizeA (х,y)=SizeA(x,y)-K(x,y)

+-

+ 
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+ 

+ 

-
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-
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-
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Fig. 2. SE resistance calculating algorithm: S0 is the SE 
cross-section area in the start of the experiment,  

S – current area. 
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Fig. 3. Modeling of the sensitive element corrosion with 
rectangular cross-section area: a) uniform corrosion; b) 
pitting corrosion. Modeling parameters: A = 0.25 mm;  
B = 0.2 mm; N = 40; M = 30; corrosive  
velocity v=33·10-5 mm/h. 
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Fig. 4. Modeling of the sensitive element corrosion with 
circular cross-section area: a) uniform corrosion;  
b) pitting corrosion. Modeling parameters: A = 0.5mm;  
B = 0.2 mm; N = 41; M = N; corrosive  
velocity v=32·10-5 mm/h. 

 
 

It implies that SE cluster hasn’t corroded yet. 
Number 0, which is given dark green color, 
corresponds to the hostile environment or the cluster 
that has corroded entirely. Next the resistance alter in 
time is shown for this SE as result of the hostile 
environment affect. 

Correctness of results obtained by the means of 
CorrSim2014 program is confirmed by the model 
earlier developed in [3].  

Simplifications adopted in the model: 
1. Velocity and type of the corrosion are taken 

uniform within cluster; 
2. During cluster diminishing by the hostile 

environment the last one fills cluster’s volume 
completely and continues to affect upon the  
next clusters; 

3. Only one SE cross-section area is analyzed, 
and the state of any other cross-sections of the SE is 
considered to be changed in the same way. For 
instance, if one of the clusters has entirely corroded 
then all clusters along the wire afore of this cluster 
have been corroded.  

 
 

3.4. Thermotransducer Sensitive Element 
Model under Mechanical Strain Effect  

 
In this paragraph the effect of mechanical strain 

on the SE resistance change velocity is examined due 
to influence of these strains on corrosive velocity 
(Fig. 5). It is considered one of the frequent cases 
when SE wire of R radius is wound uniformly on the 
core as shown in the Fig. 6. Here the mechanical 
strains distributes in the cross-section area under 

such wire wounding. Herewith the stresses are the 
same over the entire length.  
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Fig. 5. SE resistance alters under the effect of corrosion:  
A = 0.5 mm; B = 0.1 mm; N = 30; M = 20;  

v=22.7·10-5 mm/h. 
 
 

 
 

Fig. 6. Element of SE wire uniformly wound  
on the core and stress distribution in its cross-section. 

 
 

In the Fig. 7 it is shown the stress gradient on x 
coordinate of wire longitudinal section which, in the 
case of elasticity, is described as: 
 

σ(х)= σmin+klin··(x-R), (4) 
 
where σ(х) is the stress at the certain point; σmin is the 
minimal stress in the point х=0. klin is the linear 
approximation factor.  
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Fig. 7. Determination of the corrosion rate gradient  
of the sensitive element cross-section area. 
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Corrosion velocity in accordance with [4], and 
depending on the mechanical stress, changes 
exponentially. When calculating in this paper is 
accepted that compressive stress doesn’t influence on 
the corrosion. In general case the summarized below 
program enables to model any dependence of the 
corrosive velocity on stresses. Taking into account (4) 
that in the case of elastic deformation, stress 
dependences are linear on the coordinate x of SE 
cross-section and the corrosive velocity depends 
exponentially on tensile stresses (see Fig. 7), the 
dependence of the mentioned velocity on x can be 
approximated as:  

 
v(x)=v0 

 (at 0≤x<R) 
v(x)=v0+vA·ek(x-R)  (at R≤x≤2R), 

(5) 

 
where k, vA are the coefficients of the corrosive 
velocity approximation on the coordinate of SE 
cross-section that take into account klin, σmin and other 
parameters included in equation [4]; v0 is the 
corrosive velocity at the absence of stress impact. 

For instance, at Fig. 7 the х1 is the coordinate of 
wire longitudinal section. It corresponds to the stress 
σ1, at which the corrosion rate is equal to v1.  

As shown in [3] the problem of k, vA coefficient 
determination lies in approximation (5) and seems to 
be extremely difficult, dependent on many factors 
(for instance, C is the metallic ions concentration in 
electrolyte; φ is the metal electrode potential, φ0 is 
the standard electrode potential...). Therefore it is 
assumed that approximation coefficients are given as 
input data of proposed model.  

It has conducted the modeling of time 
dependences of SE resistance under corrosion effect 
at the hostile environment for different stress 
gradients in the wire cross-section area.  

In results of modeling shown below the corrosion 
rate gradient in the wire cross-section is 
approximated accordingly with (5). For convenience 
of results presenting it is necessary to normalize the 
corrosion rate increment along the wire cross-section 
on this rate at the point x=0. Otherwise v0 
corresponds to 1, or 100 % value, and the corrosion 
rate in the wire opposite end; here corrosion velocity 
is maximal (vA·ek2R/v0, or in per cent 100·vA·ek2R/v0) 
and is caused by the stress maximum.  

Let’s introduce the index K (Relative Corrosion 
Speed Difference) that indicates on the ratio of 
maximal corrosion velocity vmax (at x=2R) to 
minimal corrosion velocity v0 (at x=0). Taking into 
account approximation (5), K is determined by the 
next formula:  

 
К = vA·ek2R / v0, (6) 

 

or in per cent: 
 

К = ((vmax-v0)/v0)·100 % (7) 
 

Next results of modeling are received at fixed 
approximation coefficient k=12 000, and factor vA is 

determined basing on given K. In the Fig. 8 it is 
shown the corrosion rate change gradient under the 
stress effect. In this case corrosion has increased on 
50 % (K=50 %). The column nearby the thermal map 
contains the gradient of colors to which K values 
(numbers from 1 to 1.5) correspond. At K=1 the 
corrosion rate is minimal, and when K=1.5 the 
corrosion rate is maximal.  
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caused by mechanical stress 
Gradient of the relative corrosion speed 

 
 

Fig. 8. Corrosion rate change gradient  
under the stress effect.  

 
 

The results of SE corrosion modeling with 
circular cross-section with stress and time varying 
are demonstrated in Fig. 9. 
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Fig. 9. SE corrosion model for circular shape of the cross-
section area under the stress effect. SE cross-section (left) 
and temporal alters of SE resistance (right). Model 
parameters: diameter d=0.5 mm; N = 40; v=22.7·10-5 
mm/h. 

 
 

Sensitive element resistance temporal dependence 
under the hostile environment impact for different K 
values of the corrosion rate gradient caused by stress 
is shown in Fig. 10. Here are shown the curves at  
K= 0 %, 20 %, 50 % that have been considered 
above) and at 100 %.  

We defined the SE resistance alters ∆R due to the 
stress impact as the difference between resistance R 
at К = 0 %, 20 %, 50 %, 100 % and resistance R0 at 
К=0 %. The temporal dependences or drift of the SE 
resistance alters ∆R at the particular values of 
corrosion rate caused by appropriate stress is given  
in Fig. 11. 
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Fig. 10. Resistance drift under the hostile environment 
impact at different values of the corrosion rate gradient 

caused by stresses. 
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Fig. 11. Drift of SE resistance ∆R caused by stresses  
at the certain corrosion rate gradients. 

 
 

Similarly in Fig. 12 are shown the SE temperature 
alters ∆T due to the stress impact at the different 
corrosion rates.  
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Fig. 12. Drift of SE temperature readout ∆T at the certain 
corrosion rate gradients due to the stresses impact. 

The gained drift dependences permit to determine 
the maximum operation time of thermotransducer 
within which it ensures the specified metrological 
characteristics (resource of work for a given 
acceptable drift). Thus the curves in Fig. 12 are 
obtained from the dependences ΔR of Fig. 11 by the 
following formula: 

 

∆ Т=∆R/( R0·α), (8) 
 

where α is the temperature factor of electrical 
resistance of SE substance, R0 is the resistance at 
К=0 %. For instance, the permitted drift of 
temperature is 5 К. Then from Fig. 12 we can define 
and predict that SE of thermotransducer at К = 20 % 
would be metrological reliable up to 200 hours of 
operation, at К=50 % the same can be argued for 
100 hours of operation, and at К = 100 % only for 
50 hours. 
 
 

4. Conclusions 
 

1. The model-based diagnostics and prognostics 
are especially important for cyber-physical systems 
with their powerful measuring equipment. Particular 
attention has to be paid the manufacturing systems 
with inwardly controlled hostile medium for instance 
with resistance thermotransducers of the limited 
operating time. 

2. Within MatLab environment it was developed 
the CorrSim2014 program and a model on its basis of 
sensors performance drift at the certain mechanical 
stresses for estimation of different types of corrosion. 
It becomes possible to visualize as thermal map a 
dynamic change of cross-section area of sensitive 
element and to define the exponential peculiarity of 
resistance drift increase in the process of corrosion 
under impact of the particular mechanical stresses of 
sensitive substance.  

3. Taking into account the value of admissible 
change of the sensitive element electric resistance in 
operating conditions that is 5 K, and it is  
achieved 3 K in 120 hours in the case if mechanical 
stress 20 % (modeling data), it is possible to predict 
the metrological operation life of the resistance 
thermometer in hostile environment on the level  
210 hours. 
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Abstract: An experimental investigation of metrological characteristics of designed Universal Sensors and 
Transducers Interface (USTI-MOB) integrated circuit is described in the article. The USTI-MOB is based on the 
four novel patented methods for frequency (period), its ratio, phase shift and duty-cycle measurements, and has 
a non-redundant conversion time. Experiments have confirmed the high metrological performance at low power 
consumption (0.35 mA current consumption at Vcc = 1.8 V). So, the relative error of frequency and period 
measurements is constant in the whole specified measuring range of frequencies (from 0.25 Hz to 1.95 MHz) 
and with 95 % confidence does not exceed ±0.00089 % in the worst case. Metrological characteristics of 
measurements of other frequency-time parameters of signals make the USTI-MOB very suitable for various 
sensor systems design for mobile devices, IoT, etc. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 
 

The Universal Sensors and Transducers Interface 
(USTI-MOB) Series of integrated circuits is the next 
generation of popular Series of ICs UFDC-1,  
UFDC-1M-16, USTI and USTI-EXT designed for 
accurate measurements of frequency-time parameters 
of signals [1-6]. Taking into account low power 
consumption (< 0.35 mA) and a wide functionality, 
the USTI-MOB is suitable for applications in various 
sensor systems in mobile devices (smartphones and 
tablets) and Internet-of-Things devices (IoT) [7]. 

In order to be accepted by the modern marker, 
manufacturers of any measuring devices must 
experimentally confirm its metrological 
performances. Today, there are a lot of smartphones 
and tablets with embedded sensors and metering 
applications. Unfortunately, a lot of such sensor 
systems have very poor metrological characteristics. 

Many metering applications can be considered only 
as "toys", especially applications, based on GPS. For 
example, barometric and altimeters applications from 
various manufactures give results of measurements, 
which are differ in 1.5 times. 

Metrological characteristics of any sensor systems 
are mainly dependent on errors of sensors and ADC 
converters. In order to minimize it at reasonable 
costs, frequency output sensors and appropriate 
frequency-to-digital converters must be used. Such 
solution also gives a lot of advantages [7], including 
significantly increased numbers of accurate 
embedded sensors in the future mobile devices due to 
an increased system integration level [7]. For these 
reasons, a current study and experimental 
investigation aimed at development a novel approach 
for sensor systems design using the USTI-MOB and 
frequency (period)- and (PWM) output sensors were 
carry out and described in this article. 

http://www.sensorsportal.com/HTML/DIGEST/P_2655.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 188, Issue 5, May 2015, pp. 15-25 

 16

The article is organized as follow. In Section I the 
experimental set-up and measurement technique are 
described. The experimental results for frequency, 
period, pulse width, pulse space and rotational speed 
measurements are provided and discussed in Section 
II. The article is concluded in Section III. 

 
 

2. Measurement Technique  
and Experimental Set-Up 
 

The aim of this research was to determine limited 
metrological characteristics of designed USTI-MOB 
such as measuring ranges, measuring time and 
relative errors of measurements for various 
frequency-time parameters of signals such as 
frequency, period, frequency/period ratio/difference 
pulse width and pulse space. 

The diagram of experimental measurement set-up 
for the USTI-MOB is shown in Fig. 1, and circuit 
diagram of USTI-MOB connection - in Fig. 2. The 
last circuit diagram is similar to the USTI circuit 
diagram of connection [1, 5]. The difference is only 
in the voltage of power supply Vcc: 1.8 V for  
USTI-MOB and 5 V for USTI. 

Two square waveform pulse signals whose 
frequency-time parameters must be measured, were 
fed from two channels of Waveform Generator 
Agilent 33500B to inputs FX1, ST1 and FX2, ST2 
(the 1st and 2nd channel of IC respectively) of the 
USTI-MOB running on a 4 MHz clock. 

The supply voltage of the evaluation board was 
+14 V dc, provided by the Promax FA-851 power 
supply. The frequency-time parameters of signals 
generated by the waveform generator were measured 

by both: the USTI-MOB and Universal Frequency 
Counter/Timer Agilent 53220A with the ultra high 
oven stability internal time base. The two-channel 
digital oscilloscope Promax OD-591 monitored the 
signals waveforms. Before measurements, the  
USTI-MOB was calibrated in the working 
temperature range: +22.7…+ 25.3 oC at 34-38 % RH. 
The measurands were sent to a PC via an RS232 
interface implemented with the ST202D IC. The user 
interface was realized with the help of terminal 
software Terminal V1.9b running under Windows XP 
or Windows 7 operation systems. As usually, every 
measurement were consisted of 100 values (sample 
size). The measurement errors were evaluated from 
appropriate statistics with the help of NUMERI [8] 
and STATISTICA V.12 software. The number of 
intervals grouping of experimental data for 
histograms was selected according to the following 
equation [9]: 

 

 0.4
min 0.55m n=  and 0.4

max 1.25m n= , (1) 

 
where n is the sample size. For n=100, the numbers 
of intervals grouping of experimental data m are the 
following: mmin = 4 and mmax = 8. 

The Waveform Generator Agilent 33500B has the 
high-stability OCXO timebase (frequency reference 
±0.1 ppm of setting ±15 pHz) [10]. The Universal 
Frequency Counter/Timer Agilent 53220A-010 has 
the ultra high-stability OCXO timebase (±50 ppb) 
[11]. The photo of experimental set-up is shown in 
Fig. 3. 

 

 
 

Fig. 1. Diagram of experimental measurement set-up. 
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Fig. 2. Circuit diagram of USTI-MOB connection. 
 
 

 
 

Fig. 3. Experimental measurement set-up. 
 
 

3. Experimental Results 
 

3.1. Frequency (fx) and Period (Tx) 
Measurements 

 

Frequency fx and period Tx=1/fx measuring modes 
are most important modes of USTI-MOB. Both are 
based on the patented advanced modified method of 
the dependent count, which guarantees the constant, 
selectable (programmable) relative quantization error 
in the specified measuring range of frequencies from 
infralow frequency to high frequency; non-redundant 
conversion time, which can be changed adaptively 
according to the programmable relative error, and 
scalable resolution. 

The measuring range of USTI-MOB, which has 
been determinated experimentally is from 0.25 Hz to 
1.95 MHz without prescaling and 31.2 MHz with 
prescaling (a digital binary divider to 16). 

During the experimental investigation, 
measurements have been made for the following 
frequencies (100 times for each value): 0.25 Hz,  
1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz,  
1 MHz and 1.95 MHz. The conventional true values 
for these frequencies have been measured by the 
Universal Frequency Counter/Timer Agilent 53220A. 

The minimum possible relative error of  
USTI-MOB has been selected (programmed) for all 
of measurements (command "a0A" for the RS232 
communication interface [5]). Before the each series 

USTI-MOB 
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of measurements, the USTI-MOB has been calibrated 
in order to compensate timebase's errors due to the 
quartz crystal's non-perfect technology of 
manufacturing, aging and temperature changes 
during the experimental investigation. 

Experimental results for 10 Hz, 100 kHz and  
1.95 MHz frequencies measurements are shown in 
Fig. 4-6 respectively. The χ2 test for goodness of fit 
test was applied to investigate the significance of the 
differences between observed data in the histograms 
and the theoretical frequency distribution for data 
from a normal, uniform or exponential population. If  
S < χ2

max, where S is the sum of deviations between 
the dataset and the assumed distribution, and χ2

max is 
the maximum possible allowable deviation in the χ2 
distribution, the hypothesis of appropriate 

distribution can be accepted [8]. The χ2 test has been 
used at 95 % confidence and the number of intervals 
grouping of experimental data for histograms  
m=6 or 7, see equation (1). 

The statistical characteristics are adduced in  
Table 1. As it is visible from the table, the maximal 
relative error with 95 % confidence does not exceed 
the relative error δx < ±0.00089 % in the whole 
specified range of frequencies including low and 
infralow frequencies. As usually, modern 
frequency/period output sensors and transducers have 
relative errors in 2-3 order more in comparison with 
the USTI-MOB relative error [1, 12]. Hence, the 
USTI-MOB error can be neglected at such sensor 
systems design in accordance with the rule of neglect 
small components of the error [9]. 
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Fig. 4. Input signal oscillogram (a), conventional true value (b), results of measurements (c), relative errors (d),  
distribution density (e), and distribution function (f) for 10 Hz measurements. 



 

 

 
Table 1. Statistical characteristics of frequency measurement results. 

 
           Frequency, fx 
Parameter 

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 1.95 MHz 

Minimal fx (min), Hz 10 99.9993 999.9895 9999.9424 99999.4222 999985.415 1949991.47 

Maximal fx (max), Hz 10.0001 100.0023 1000.0238 10000.2418 100006.919 1000020.4 1950022.22 

Sampling Range, 
fx (max) - fx (min), Hz 

0.0002 0.0029 0.0343 0.2994 7.4974 34.9914 30.742 

Median 0 0 0 0 0 0 0 

Arithmetic Mean, Hz 10.0001 100.0008 1000.0075 10000.0906 100001.719 1000004.01 1950009.98 

Variance, Hz 9.3E-0010 3.7E-0007 4.2E-0005 0.004 2.6661 68.6926 73.2391 

Standard Deviation, Hz 3.1E-0005 0.0006 0.0065 0.0636 1.6328 8.2881 8.558 

Coefficient of Variation 327347.961 164865.824 154713.577 157184.679 61245.2203 120655.427 227858.612 

Number of intervals 
grouping of 
experimental data, m 

7 7 7 7 7 6 6 

Confidence Interval at 
probability P=95 % 

fx∈ [10.0001 ÷  
÷ 10.00019] 

fx∈ [100.0007 ÷  
÷ 100.001] 

fx∈ [1000.0062 ÷  
÷ 1000.0088] 

fx∈ [10000.0781 ÷ 
÷ 10000.103] 

fx∈ [100001.397 ÷  
÷ 100002.04] 

fx∈ [1000002.38 ÷  
÷ 1000005.63] 

fx∈ [1950008.3 ÷  
÷ 1950011.66] 

Maximal Relative 
Error, δx % 

≤ ±0.00089 ≤ ±0.00019 ≤ ±0.00013 ≤ ±0.00012 ≤ ±0.00032 ≤ ±0.00016 ≤ ±0.000086 

Distribution low: S < > χ2  

- uniform S=85.64  > χ2=12 
(rejected) 

S=37.76  > χ2=12 
(rejected) 

S=73.46 > χ2=12 
(rejected) 

S=63.24 > χ2=12 
(rejected) 

S=117.72 > χ2=12 
(rejected) 

S=87.8 > χ2=11 
(rejected) 

S=46.76 > χ2=11 
(rejected) 

- normal S=14.48  > χ2 =9.4 
(rejected) 

S=12.24 > χ2 =9.4 
(rejected) 

S=44.83 > χ2 =9.4 
(rejected) 

S=7.32 < χ2 =9.4 
(accepted) 

S=78.46 > χ2 =9.4 
(rejected) 

S=68.18 > χ2 =7.8 
(rejected) 

S=32.23 > χ2 =7.8 
(rejected) 

- exponential 
S= 33589668.9 > 
> χ2 =11 
(rejected) 

S= 12421098.7 >  
> χ2 =11 
(rejected) 

S= 13652305.3 >  
> χ2 =11 
(rejected) 

S= 14763268.9 >  
> χ2 =11 
(rejected) 

S= 7026686.45 >  
> χ2 =11 
(rejected) 

S= 14570357.5 >  
> χ2 =9.4 
(rejected) 

S= 25046260.8 >  
> χ2 =9.4 
(rejected) 
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Fig. 5. Input signal oscillogram (a), conventional true value (b), results of measurements (c), relative errors (d),  
distribution density (e) and distribution function (f) for 100 kHz measurements. 

 
 

3.2. Frequency Ratio (fx1/fx2) and Period 
Ratio (Tx1/Tx2) Measurements 

 
There are two ways for frequency/period ratio 

measurements in the USTI-MOB. In both cases 
unknown frequencies fx1, fx2 or periods Tx1, Tx2 must 
be fed on two inputs FX1, ST1 and FX2, ST2 
respectively of the IC. According to the first method, 
the frequency/ period ratio is measured with the help 
of a special measuring mode (commands "m08" or 
"m09" for the RS232 communication interface) [6]. 
According to the second method, both 
frequencies/periods are measured with the help of 
frequency/period mode in each of channel 
(commands "m00" and "m0E" respectively [6]), then 
the ratios fx1/fx2 or Tx1/Tx2 must be calculated with the 

help of an external microcontroller (in the case of 
digital sensors and sensor systems) or by PC (in the 
case of DAQ systems). The second measuring 
method is a little bit more accurate in comparison 
with the first one, but needs in twice longer 
conversion time. It is suitable for measurement 
conditions, when a dynamic error is quite low. 

During the experimental investigation, the 
unknown frequencies/periods were generated by the 
2-channel Waveform Generator Agilent 33500B  
(see oscillograms of appropriate signals in Fig. 7). In 
parallel to the USTI-MOB, the measurements were 
made by the Universal Frequency Counter/Timer 
Agilent 53220A in order to get the conventional true 
value of ratio for measurement errors calculation 
(Fig. 8). 
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Fig. 6. Results of measurements (a), relative errors (b), distribution density (c), and distribution function (d)  
for 1.95 MHz measurements. 

 

 
 

Fig. 7. Oscillograms of input signals at frequency ratio 
measurements: 1 - fx1=2 kHz, 2 - fx2= 1 kHz 

 
 

 
 

Fig. 8. Conventional true value for frequency  
ratio measurement. 

The experimental results of frequency ratio 
measurement for fx1 = 2 kHz and fx2 = 1 kHz are 
shown in Figs. 9 and 10 respectively. The statistical 
characteristics are adduced in Table 2. As it is visible 
from the table, the maximal relative errors with 95 % 
confidence do not exceed the error δx < ±0.0025 % 
for the first and the second measuring methods. 
 
 
3.3. Pulse Width tp and Pulse Space ts 

Measurements 
 

Alongside with the period of signal Tx, the pulse 
width tp and pulse space ts are two important time 
parameters, which are necessary for duty-cycle 
(D.C.=tp/Tx), duty-off factor (1/D.C.) and PWM (tp/ts) 
indirect measurement and calculation. Such time 
parameters of signals are widely used as output 
informative parameters for different sensors [12]. 
According to the IFSA Study 2013, such sensors 
have 16 % of share among all quasi-digital sensors on 
the modern market. 

The pulse width tp and pulse space ts 
measurements in the USTI-MOD are performed 
according to the classical method with the maximum 
possible accuracy for a current measurand and in the 
range from 7 μs to 1000 s. The pulse width tp and 
pulse space ts can be measured in both USTI-MOB's 
channels: the mode '0B0' and '0C', and mode '17' and 
'18' accordingly [5].  
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Fig. 9. Results of measurements (a) and relative errors (b) for frequency ratio measurements 
by the 1st measuring method. 
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Fig. 10. Results of measurements (a) and relative errors (b) for frequency ratio measurements 
by the 2nd measuring method.

 

 
 

Table 2. Statistical characteristics of frequency ratio fx1/fx2 measurement results. 
 

                       Method of Measurement 
Parameter 1st 2nd 

Minimal fx1/fx2 (min) 2 2 
Maximal fx1/fx2 (max) 2.0001 2.0001 
Sampling Range, fx1/fx2 (max) - (min) 0.0001 0.0001 
Median fx1/fx2 0 0 
Arithmetic Mean fx1/fx2 2.00005 2.00005 
Variance fx1/fx2 4.3E-0010 3.6E-0010 
Standard Deviation fx1/fx2 2.1E-0005 1.9E-0005 
Coefficient of Variation fx1/fx2 96219.6783 105727.359 
Number of intervals grouping of experimental 
data, m 7 7 

Confidence Interval at probability P=95 % fx1/fx2 ∈ [2 ÷ 2.0001]  fx1/fx2 ∈ [2 ÷ 2.00005] 
Maximal Relative Error, δx % ≤ ±0.0025 ≤ ±0.0025 
Distribution low: S < > χ2  

- uniform S=69.96 > χ2=12 (rejected) S=51.34 > χ2=12 (rejected) 
- normal S=15.93 > χ2 =9.4 (rejected) S= 6.97 < χ2 =9.4  (accepted) 

- exponential S=8513325.69 > χ2 = 11 
(rejected) 

S= 9099178.78 > χ2 = 11 
(rejected) 
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In this method, the relative error (in %) can be 
calculated according to the following equation: 

 

 

6

1
100

4 10tx
pt

δ = ×
× ×

  (2) 

 

Before measurements, the USTI-MOB was 
calibrated in the working temperature range:  
+23.2 oC at 37-38 % RH. Oscillograms of input 
signal and the conventional true value of pulse width 
for measurement errors calculation are shown in  
Fig. 11 and Fig. 12 respectively for the tp=100 μs 
measurements at 1 kHz input frequency. The lead and 
trail edges of input pulse signal were from 8.4 to 9 ns. 

 
 

 
 

Fig. 11. Oscillograms of input signals at pulse width 
measurements (tp=100 μs). 

 
 

 
 

Fig. 12. Conventional true value for pulse width 
measurement (tp=100 μs). 

 
 

The experimental results of pulse width 
measurements are shown in Fig. 13, and statistical 
characteristics - in Table 3. As it is visible from the 
Table 3 the relative error does not exceed ±0.69 % at 
probability 95 %. Based on the χ2 test, the hypothesis 
about uniform, normal and exponential distributions 
were rejected because of S > χ2 [8]. 

The similar metrological characteristics are 
predictable for measurements of the same values of 
pulse space ts and time interval T between START- 
and STOP-pulses. 
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Fig. 13. Results of measurements (a) and relative errors (b) 
for pulse width measurements (tp=100 μs). 

 
 

Table 3. Statistical characteristics of pulse width tp 
measurement results. 

 
Parameter Value 

Minimal tp, (min), μs 99.2495 
Maximal tp, (max), μs 100.7495 
Sampling Range,  
tp, (max) - (min), μs 

1.5 

Median tp μs 0 
Arithmetic Mean tp, μs 100.0645 
Variance tp, μs 0.1031 
Standard Deviation tp, μs 0.321 
Coefficient of Variation tp, μs 311.7069 
Confidence Interval  
at probability P=95 % 

tp ∈ [99.2495335 ÷ 
÷ 100.749526] 

Maximal Relative Error, δx % ≤ ±0.69 
 
 

3.5. Other Frequency-time Parameters' 
Measurements 

 

In addition to discussed frequency-time 
parameters of signals, the USTI-MOB can measure 
rotational speed, frequency/period difference, relative 
and absolute frequency deviation, and can to count 
the pulse number. 

The high precision, accurate rotational speed 
measuring mode makes the USTI-MOB very suitable 
for the applications in hand-held tachometers, digital 
rotational speed sensors, appropriate sensor systems 
in mobile devices, etc. In this measuring mode, the 
USTI-MOB has the same metrological 
characteristics, as in the frequency measuring mode. 
The rotational speed is calculated by the USTI-MOB 
according to the following equation: 
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Z
fn xx

60⋅= , (3) 

 

where Z is the number of gradations ("teeth") of 
modulating rotor. The USTI-MOB returns a result of 
measurement in the rpm unit. 

The modes for frequency/period difference, 
relative and absolute frequency deviation are very 
suitable for various chemical sensors and biosensors 
[1]. The pulse count mode can be used in sensor 
systems based on the pulse count output sensors, for 
example, pressure sensors series D8M-D1/D2 and 
D8M-D82 from Omron; pulse density output 
accelerometers from Silicon Designs, etc. [12].  

As it was described in [7], the USTI-MOB can 
work also with any analog output sensors with the 
help of intermediate voltage-to-frequency converters. 
In such case many sensors can be embedded into 
mobile devices without any complex sensor fusion 
algorithms. 

 
 

4. Measurement Time 
 

Similar to the USTI integrated circuit the USTI-
MOB's measurement time also has three components: 
conversion rate, calculations time and 
communication time [1, 4]. Nevertheless the 
conversion rate is non-redundant and dependent only 
on the required relative error of measurement, it is in 
5 times more in comparison with the USTI's 
conversion rate due to the reduced clock frequency  
(4 MHz for USTI-MOB in comparison with  
20 MHz for USTI). The calculation time is also 
reduced in the same number.  

The serial clock frequency for the I2C interface is 
20 kHz; and 28 kHz for the SPI interface. But the 
maximal possible baud rate for the RS232 interface 
has been increased from 1/38400 for USTI to 
1/76800 bps for the USTI-MOB. 

 
 

5. Conclusions 
 

The experimental investigation of the designed 
USTI-MOB integrated circuit confirms its high 
metrological characteristics at low power 
consumption (0.35 mA current consumption at  
Vcc = 1.8 V). So, the relative error of frequency and 
period measurements is constant in the whole 
specified measuring range of frequencies (from  
0.25 Hz to 1.95 MHz) and with 95 % confidence 
does not exceed ±0.00089 % in the worst case. 

Metrological characteristics of measurements of 
other frequency-time parameters of signal such as 
pulse width and pulse space, time interval, 
frequency/period difference and ratio, pulse number) 
demonstrate a possibility to use the USTI-MOB in 

different sensor systems (including smart sensor 
systems) based on appropriate quasi-digital sensors 
with mentioned informative parameters on its 
outputs. 

The optimal trade-off between accuracy, power 
consumption and communication speed has achieved. 
It makes the USTI-MOB suitable not only for mobile 
devices but also for other low power consumption 
applications such as IoT sensing devices, digital 
sensors, measuring instruments, etc.  

The future investigation and testing will include 
an experimental metrological characteristics 
determination for duty-cycle (duty-off factor), phase 
shift, capacitance, resistance and resistive bridge 
measurements.  

The USTI-MOB IC will be introduced on the 
modern market in the current year by Technology 
Assistance BCNA 2010, S .L. (Excelera), Barcelona, 
Spain (http://www.excelera.io). 
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Abstract: The paper presents synthesis, characterization and humidity sensing properties of polyaniline-zinc 
oxide composites. Polyaniline is prepared by oxidative polymerization of aniline under acidic condition and is 
mixed with different proportions of ZnO. These mixtures were pressed into pellets of organic-inorganic 
composite and then subjected to varying humidity. The pellets show change in their electrical resistance with 
change in relative humidity of the ambience. Critical dopant concentration leads to higher sensitivity to humidity 
and lower response and recovery times as compared to that for polyaniline reported earlier by the authors. The 
resistance falls from MΩ to KΩ as relative humidity increases from 20 to 90 RH %. The structural, 
morphological, FTIR and transmission studies of the composites have also been done. The XRD pattern of the 
composites at low metal composition is similar to polyaniline. Peaks corresponding to ZnO appear as the 
percentage doping increases. The FTIR spectra recorded in the range 4000-400 cm-1 show characteristic 
polyaniline bands between 750 –1800 cm-1. SEM shows rods and pebble-like aggregates which are evenly 
distributed on the surface of the samples. The increased surface area is useful for adsorption of gases and 
vapours for their detection. Copyright © 2015 IFSA Publishing, S. L. 

 
Keywords: Polyaniline, Humidity sensors, ZnO and organic-inorganic composites. 

 
 
 
1. Introduction 

 

The possibility of reliable, reasonably accurate, 
relatively inexpensive and commercially viable 
humidity sensors is under investigation using 
organic-inorganic composites. Humidity sensors are 
useful for the detection of relative humidity in 
various environments [1-3]. Humidity, the 
concentration of water molecules in air, affects 
various materials used in daily life and industrial 
processing of drugs, beverages, food, electronic 
goods etc. High and low humidity affects human 
beings adversely. Excessive high humidity causes 

corrosion in metallic components and failure of 
electronic as well as optical devices [4, 5]. Therefore, 
humidity is an important parameter to be controlled. 
Recently, there have been increased demands for 
humidity sensing elements for use in automatic 
humidity control systems. Polymer, polymer 
composites and modified polymers with hydrophilic 
properties [6] show excellent humidity sensing 
properties. Conductivity of polyaniline can be varied 
over a broad range and hence, it can find wide use in 
making sensors [7-12]. Capacitive humidity sensors 
utilize conductive plates formed on a dielectric film. 
This forms a capacitor that is sensitive to the amount 
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of water vapours in the air. The active portion of the 
sensor changes its dielectric constant as it absorbs 
atmospheric humidity, which varies the sensor’s 
capacitance in proportion to variation in relative 
humidity. Another mode of humidity sensors is 
resistive sensors which uses a moisture-sensitive 
material between two metal plates or on an inter-
digitated electrode substrate [13, 14]. The device’s 
resistance varies with variations in relative humidity. 
The main advantage of resistive technology for 
humidity sensors is that it suits to varying, difficult 
and condensing environments. It can be synthesized 
easily and has long stability. In the present work ion 
conducting metal doped polyaniline pellets have been 
used as sensing material which is based on variation 
of the electrical conductivity with variation in 
humidity. 
 
 
2. Experimental 

 
Polyaniline, in general, is synthesized using two 

major polymerization approaches: electro-
polymerization and chemical polymerization. In the 
present work polyaniline is synthesized by chemical 
polymerization method in which aniline 
hydrochloride is used as monomer unit. The synthesis 
is done by oxidative polymerization with ammonium 
peroxysulphate. Undoped PAni sample, named P1, is 
taken as reference sample. Polyaniline-zinc oxide 
composite is obtained by adding ZnO (S D Fine 
Chem Ltd., 99 % pure) powder in 0.2M aniline 
hydrochloride during the polymerization stage in  
6 different proportions i.e. 4, 6, 8, 10, 30 and 50 % by 
weight and oxidation is facilitated by 0.25 M 
ammonium peroxysulphate solution. After 24 hrs of 
polymerization, the precipitate of polyaniline-zinc 
oxide is collected and washed thrice, alternately, by 
100 ml portions of 0.2 M HCl and acetone solutions. 
The precipitate is dried in air first at room 
temperature and then at 60 °C. As a result a green 
colored zinc oxide doped emeraldine salt form of 
polyaniline is formed. The precipitates were then 
pressed using hydraulic press machine and six pellets 

were prepared for study. These samples named as 
PZ1, PZ2, PZ3, PZ4, PZ5 and PZ6 have 4, 6, 8, 10, 
30 and 50 % ZnO, by weight, respectively. The 
thickness and weight of each pellet was 0.62 mm and 
0.127 gm respectively. Structural, morphological, 
FTIR, optical transmission and humidity sensing 
characteristics of each sample are studied. 

 
 

3. Results and Discussion 
 
3.1. FTIR Transmission Spectra 

 
The FTIR transmission spectra were recorded in 

KBr medium using a Perkin Elmer 
spectrophotometer in the range 450-4000 cm-1. The 
FTIR spectra of polyaniline generally show strong 
absorption bands in the region 500-2400 cm-1 [15]. 
The FTIR of sample pellet PZ4 (polyaniline-10 % 
ZnO), Fig. 1a, shows peaks at frequency  
3851.65 cm-1 and 3748.34 cm-1 for N-H stretching of 
aromatic amine, 3438.41 cm-1 and 2357.61 cm-1 for 
N-H primary carbon stretching and ν(N-H)+ 
unsaturated amine respectively. Peaks at  
1646.65 cm-1, 1555.33 cm-1, 1539.45 cm-1,  
1503.72 cm-1, 1456.07 cm-1 and 666 cm-1 are, NH2 
bending vibration, C-C Stretching, C=N stretching 
mode of vibration for the quinonoid of polyamide, 
C=C ring stretching vibration, C-H deformation in 
CH2 group and C-H deformation respectively. 

The FTIR spectrum of PZ6 i.e. polyaniline-50% 
ZnO, Fig. 1b shows shift in the absorption peaks 
because of metal oxide doping. The absorption peak 
around 3430.46 cm–1 is attributed to N-H stretching. 
Other peaks are at frequency 2357.61 cm–1,  
1555.33 cm–1, 1503.72 cm–1, 1301.24 cm–1,  
1134.49 cm–1 and 666.00 cm–1 for ν(N-H)+ 
unsaturated amine, C-C stretching, C=C ring 
stretching vibration, C-N Stretching, C-H in plane on 
1-4 ring aromatic amines and C-H out of plane 
bending respectively [16]. It is seen that the peaks at 
2357.61 as well as 1555.33 cm-1 do not depend on the 
concentration of the metal content. 

 
 

 
 

Fig. 1. (a) FTIR of sample PZ4 i.e. PAni-10 % ZnO. 
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Fig. 1. (b) FTIR of sample PZ6 i.e. PAni -50 % ZnO. 
 

 
3.2. X-ray Diffraction (XRD) 

 
The XRD spectra of PAni, sample P1, is shown in 

Fig. 2 whereas Figs. 3a to 3e show the XRD spectra 
of polyaniline-zinc oxide composite samples. Broad 
reflection at 2θ equal to 25.70°, 25.36°, 25.69° in 
case of PZ1, PZ2, PZ3 respectively [17] and 2θ equal 
to 16.40°, 21.30°, 25.50° in case of PZ4 is obtained. 
Comparing these with the reflection peaks 15.77°, 
20.32° and 25.20°, Fig. 2, occurring for polyaniline it 
is seen that the composites behave as a single phase 
system up to 10 % ZnO. As the concentration of ZnO 
increases to 30 and then 50 % in composites PZ5 and 
PZ6 respectively, ZnO explicitly shows itself. In 
XRD spectra of PZ6, Fig. 3e, peaks at 2θ =16.50°, 
21.35°, 26.35° due to polyaniline, although slightly 
shifted, and peaks at 2θ value of 31.80°, 36.30°, 
47.65°, 56.65°, 63.00°, 68.00° corresponding to 
(100), (101),(102), (110), (103) and (112) set of 
diffraction planes, due to zinc oxide [18] are 
observed. It is also noted that a shift to larger 
reflection angles occur due to incorporation of zinc 
oxide in polyaniline. The peaks along with a hump in 
the XRD spectra indicate that composite is of semi-
crystalline nature. Crystallinity in PAni is intrinsic 
due to the presence of polarons or charge  
defects [19]. 

 
 

 
Fig. 2. XRD pattern of sample P1 i.e. PAni pellet  

of thickness 0.62 mm. 

 
(a) 

 

 
(b) 

 

  
(c)  

 
Fig. 3 (a-c). XRD pattern of samples (a) PZ1 i.e. PAni - 

4%ZnO, (b) PZ2 i.e. PAni -6%ZnO,  
(c) PZ3 i.e. PAni -8%ZnO, 
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(d) 

 

 
(e) 

 
Fig. 3 (d-e). Continued. XRD pattern of samples (d) PZ4 
i.e. PAni -10%ZnO, (e) PZ6 i.e. PAni -50%ZnO. All the 

pellet samples are of thickness 0.62 mm. 
 
 
3.3. Scanning Electron Microscopy (SEM) 

 
The SEM of sample PZ1, Fig. 4a shows rods and 

pebble-like aggregates which are evenly distributed. 
SEM of sample PZ2, Fig. 4b shows spongy surface. 
For sample PZ3 the SEM Fig. 4c shows small and big 
pebble-like smooth aggregates on the surface. SEM 
of PZ4, Fig 4d, also shows homogeneously 
distributed small pebbles, thereby increasing the 
surface area of the pellet. However, few cracks are 
also seen. The increased surface area may be useful 
for adsorption of gases and vapours for their 
detection. Fig. 4e, SEM of PZ5 shows very thin 
rectangular structures standing on one of their edges 
giving an appearance of needle-like structure 
distributed everywhere on the surface. Fig. 4f i.e. 
SEM image of PZ6 sample shows more porosity. 

XRD and SEM studies thus suggest that due to 
doping of PAni with zinc oxide, PAni undergoes 
interfacial interactions with metal crystallites and 
looses its own spongy morphology [20]. 

 
 

3.4. Optical Characterization 
 
The UV-Vis transmission spectra of PAni-ZnO 

composites were recorded at room temperature using 
Systronics Spectrophotometer. The composite was 

dispersed in NMP. Before putting the sample in the 
cuvette, the base line correction was done to get the 
100 % transmittance. The transmission spectra of all 
the samples have been recorded in the wavelength 
range from 300 to 850 nm. Sample P1 i.e. polyaniline 
shows a maximum transmission of 60 % at 850 nm 
(curve a, Fig. 5). Samples PZ1 (PAni: 4%ZnO), PZ4 
(PAni: 10%ZnO) and PZ5 (PAni: 30%ZnO) exhibit a 
maximum transmission of 78, 64, and 84 % 
respectively at 850 nm as shown by curves b, c, and d 
of Fig. 5. 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 4 (a-c). SEM of sample pellets (a) PZ1  

i.e. PAni -4%ZnO, (b) PZ2 i.e. PAni -6%ZnO,  
(c) PZ3 i.e. PAni -8%ZnO, 
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(d) 

 

 
(e) 

 

 
(f) 
 

Fig. 4 (d-f). Continued. SEM of sample pellets  
(d) PZ4 i.e. PAni -10%ZnO, (e) PZ5 i.e. PAni -30%ZnO,  
(f) PZ6 i.e. PAni -50%ZnO. All the pellet samples are of 

thickness 0.62 mm. 
 

 
 

Fig. 5. Variation in percentage transmission with variation 
in wavelength. Curves a, b, c, and d correspond to samples 

PZ1 (PAni: 4%ZnO), PZ4 (PAni: 10%ZnO) and PZ5 
(PAni: 30%ZnO) respectively. 

Two strong absorption peaks are exhibited by 
polyaniline. PAni sample shows two strong peaks at 
316 nm for exciton transition of π-π* and at 580 nm 
for transition between benzenoid and quinoid ring. 
The location of these peaks depends on the degree of 
oxidation and change of polymerisation respectively 
[21]. For the PAni-ZnO composites, the first peak 
shifts to 308 nm whereas the second peak lies 
between 572 and 595 nm. 

 
 

3.5. Humidity Sensing 
 
The change in the resistance of these PAni-ZnO 

composites with change in RH from 20 to 90 % was 
monitored using a laboratory set-up. Relative 
humidity is measured using a hygrometer and the 
resistance is measured using Keithley electrometer. 
All the observations have been taken at room 
temperature i.e. at 24 °C. 

The humidity is first lowered to 20 RH% by 
keeping CaCl2 in the chamber. Water vapour at room 
temperature is then introduced steadily, with the help 
of air compressor which is attached to a flask 
containing water, in order to increase humidity inside 
the chamber from 20 to 90 RH%. 

Fig. 6 shows the variation of resistance with 
change in relative humidity for samples PZ1, PZ2, 
PZ3, PZ4, PZ5 and PZ6. It may be recalled that the 
suffix 1, 2, 3, 4, 5 and 6 refer to addition of 4, 6, 8, 
10, 30 and 50 % of ZnO, by weight, respectively. At 
20RH% PZ1, PZ2, PZ3, PZ4, PZ5, PZ6 show 
67.802, 65.812, 60.974, 79.999, 59.972 and  
6.485 MΩ resistance respectively whereas 70.86, 
608.6, 4.98, 4.97, 43.5 and 319.7 kΩ resistance at  
90 % RH respectively. The resistance Rd decreases 
monotonously with increase in ZnO concentration in 
the composite samples. Resistance of sample PZ4, 
however is not in-line with those of other samples. 
The resistance of the reference sample i.e. PAni alone 
falls from 5.471 GΩ to 593.5 MΩ as RH increases 
from 20 to 70 RH% and then further falls to 13.9 MΩ 
as humidity approaches 90 RH%. 

 

 
 

Fig. 6. Variation in resistance with change in relative 
humidity for samples PZ1, PZ2, PZ3, PZ4, PZ5 and PZ6. 
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The ratio of resistance in dry condition Rd, the 
value taken at 20 % RH to Rh, the resistance at a 
particular RH value i.e. Rd/Rh gives the sensitivity S 
[14] of the sample towards humidity. 

Although the sensitivity for PAni-ZnO composite 
in the lower humidity range i.e. 20-50 RH% is almost 
equal to that exhibited by the reference PAni sample 
[20] but the actual value of resistance drops by three 
orders of magnitude. In the higher humidity range i.e. 
55 to 90 RH%, sample PZ4 shows maximum 
sensitivity. At 90 RH% it is nearly forty times of that 
shown by sample P1. Thus optimum concentration of 
ZnO is around 10 wt%. For composite samples as the 
resistance value lies between kΩ to few MΩ it can be 
measured by multimeter instead of Keithley 
electrometer. 

The response and recovery times of the samples 
P1, PZ4 and PZ6 have been determined. For 
observing the response time, sample pellets are kept 
in the atmosphere of Ca(NO3)2.4H2O (51 RH%) and 
the resistance is monitored allowing the reading to 
stabilize after which the sample pellets are 
immediately transferred to the humidity cabinet 
which has fixed humidity value of 80 RH%. The 
resistance falls and stabilizes after sometime. Next, 
for observing the recovery time, the sample pellets 
are transferred back to Ca(NO3)2.4H2O (51 % RH) 
and increase of resistance with time is noted and 
graph is plotted. Here the response and recovery 
times are defined as the time taken by the sensor to 
reach 75 % of the total resistance change. 

The response and recovery time of the sample P1 
is found to be 1 minute for a humidity change of  
30 RH% i.e. 51 to 80 RH%. Sample PZ4, Fig 7(a), 
shows minimum response and recovery times which 
are 36 and 48 seconds respectively. Sample PZ6,  
Fig 7(b) shows higher response (48s) and recovery  
(1 min) times as compared to sample PZ4. 

Combination of zinc with polyaniline increases 
the charge transfer capacity of polyaniline. The 
decrease in the resistance or increase in the 
conductivity with increasing humidity can be 
attributed to the mobility of the metal ion which is 
loosely attached to the polymer chain by weak Van 
der Waals forces of attraction [22]. At low humidity, 
the mobility of the metal ion is restricted because 
under dry conditions, the polymer chains would tend 
to curl up into compact coil form. On the contrary, at 
high humidity, the polymer absorbs water molecules, 
and the expansion of polymer chains take place, 
followed by the uncurling of the compact coil into 
straight chains that are aligned with respect to each 
other [22]. This geometry of the polymer is 
favourable for enhanced mobility of the metal ion or 
the charge transfer across the polymer chains and 
hence the conductivity. 

 
 

4. Conclusion 
 

Metal dopant influences the physical and 
chemical properties of conducting polyaniline. The 

resistance of polyaniline decreases with increase in 
ZnO dopant concentration and lies between kΩ to 
few MΩ which facilitates measurement by 
multimeter instead of Keithley electrometer. 
Combination of zinc with polyaniline increases the 
charge transfer capacity of polyaniline. Thus the 
polyaniline-ZnO composites give distinct response to 
a specific analyte i. e. water vapour. For all the 
samples the resistance decreases with increase in 
relative humidity because of adsorption of water 
molecules by the pellet surface. It is concluded that 
polyaniline-zinc oxide composite pellets may lead to 
efficient humidity sensors. For critical concentration 
of 10 wt% of ZnO in PAni the sensitivity to humidity 
is highest and also the best response and recovery 
times of 36 and 48 seconds respectively are obtained. 
The morphological changes, as revealed by SEM, 
result in an increase in the surface area of the sensors 
which also contribute towards enhanced sensitivity. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 7. Response and recovery time curves for sample  
(a) PZ4, (b) PZ6. 
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Abstract: Based on poly sodium 4-styrenesulfonate (PSS) functionalized reduced graphene oxide (RGO) 
and polyamidoamine (PAMAM) dendrimer protected gold nanoparticles (AuNPs), a novel electrochemical 
sensing platform for sensitive detection of 4-nitrophenol and hydrazine was fabricated via electrostatic layer-by-
layer (LBL) self-assembly on a gold electrode modified with a first layer of poly (diallyldimethylammonium 
chloride) (PDDA). The resulting nanocomposites were characterized by Raman and UV-Vis spectroscopes. 
Besides, electrochemical measurements were employed to investigate the electrocatalytic and sensing properties 
of the as-prepared modified electrode. The results indicate that the LBL assembled PSS-RGO/PAMAM-AuNPs 
multilayer films possess excellent electrocatalytic activities towards the reduction of 4-nitrophenol (4-NP) and 
the oxidation of hydrazine and also show good analytical performance for the amperometric detection of the 
potential poisonous substances. In addition, the combination of the reduced graphene oxide and gold 
nanoparticles in the LBL assembly films and their synergistic effect may account for the increased 
electrochemical activities. Copyright © 2015 IFSA Publishing, S. L. 

 
Keywords: Reduced graphene oxide, Layer-by-layer, Gold nanoparticle, Hydrazine, 4-Nitrophenol. 

 
 
 
1. Introduction 

 
Graphene, a two-dimensional carbon material 

with a single layer of carbon atoms packed densely in 
a honeycomb crystal lattice, has been considered as 
an excellent transducer material since its discovery in 
2004 [1]. Due to its unique electrochemical and 
physical properties, graphene and graphene-based 
nanomaterials have shown great promise in a variety 
of applications, such as in light emitting diodes, 
touch screens, field-effect transistors, solar cells, 
supercapacitors, batteries, and sensors [2]. Several 

methods have been established to synthesize 
graphene, including mechanical/chemical exfoliation 
of graphite, opening/unzipping of carbon nanotubes 
(CNTs), chemical vapor deposition (CVD), epitaxial 
growth on electrically insulating surface, reduction of 
graphene oxide (GO) and many other synthetic 
methods. Oxidative exfoliation of pristine graphite is 
the most used method in the synthesis of graphene 
utilized in electrochemistry to get the aqueous 
dispersion of graphene oxide, followed by the 
chemical reduction to eliminate most oxygen 
functional groups [3]. Nevertheless, the chemical 
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reduced graphene oxide nanosheets tend to form 
irreversible agglomerates or restack via van der 
Waals interaction in the process of reduction and 
could not be re-dispersed in water by ultrasonication. 
As a result of that, the most common approaches to 
obtain stable graphene dispersions in water focus on 
the preparation of graphene materials either by 
covalent or noncovalent modifications to improve 
their properties or functions [4]. 

Polyamidoamine (PAMAM) dendrimers are 
monodispersed well-defined highly branched 
molecular (nano) architectures with tertiary amines in 
core, primary amines on the surface and an amide 
backbone [5]. They have attracted considerable 
attention in a variety of scientific fields, especially in 
chemical sensors and biosensors owing to their 
unique properties. Dendrimers with high generation 
numbers (G ≥ 4) usually possess a nearly spherical 
shape and can encapsulate metal complexes, 
nanoparticles and other guest molecules. Different 
noble metal nanoparticles have been successfully 
synthesized at the surface of the dendrimers or 
encapsulated inside the dendrimers to form stable 
aqueous colloidal dispersions, such as Ag, Au, Pd 
and Pt nanoparticles [6]. Among these dendrimer-
stabilized metal nanoparticles, gold nanoparticles 
(AuNPs) have been the most extensively studied 
metal material in the fabrication of electrochemical 
sensors due to their unique electrochemical 
properties, excellent biological components, ease of 
further modification and other related properties.  

Self-assembly, especially layer-by-layer self-
assembly (LBL) is a fundamental issue in the fields 
of nanotechnologies and nanomaterials, based on the 
rational assembly of a wide range of different 
building blocks raging from the atomic to the 
macroscopic levels [7]. The interactions between the 
building blocks may include hydrogen bonding, 
electrostatic attraction, π-π staking, donor-acceptors, 
van der Waals, hydrophilic or hydrophobic 
interactions, and a number of others [8]. At the 
present, it is still an effective way for the fabrication 
of electrochemical sensors for its accurate control of 
film thickness, structures and building blocks.  

4-Nitrophenol (4-NP), an aromatic phenolic 
compound widely used in the manufacturing of the 
most popular analgesics, pesticides, dyes, and in 
processing of leather, can be inevitably released to 
the environment [9]. Moreover, acute inhalation or 
ingestion of 4-NP in a short time can cause 
headaches, drowsiness, nausea, cyanosis and it was 
even reported as a potential carcinogen, teratogen and 
mutagen. US Environmental Protection Agency 
(EPA) has considered it as a hazardous waste and 
high-priority toxic pollutant [10]. Therefore simple 
and reliable method for the determination of  
4-nitrophenol is of prime importance. 

Hydrazine, a colorless liquid compound, has 
received increased attention recently due to its 
various applications in many fields. However, 
hydrazine and its derivatives are commonly known as 
neurotoxin and have been reported to have adverse 

health effects to human organs, such as lungs, livers, 
kidneys, respiratory tracts, and central nervous 
systems [11]. Various methods including colorimetric 
method, chemiluminescence method, flow injection 
and so on have been used to detect hydrazine. 
Recently, electrochemical detection of hydrazine has 
been emerged due to its high sensitivity and low cost.  

Herein, poly sodium 4-styrenesulfonate (PSS) 
functionalized reduced graphene oxide and 
dendrimer-encapsulated gold nanoparticles were used 
as the building blocks to fabricate a multilayer film 
on the gold electrode via electrostatic LBL self-
assemble technique. The prepared nanocomposites 
were characterized by Raman spectroscopy and 
ultraviolet visible (UV-Vis) absorption spectroscopy. 
In addition, the electrocatalytic activities towards 4-
nitrophenol and hydrazine and the potential sensing 
performance are evaluated. 
 
 
2. Experimental 

 
2.1. Reagents and Chemicals 
 

Graphite powder (Alfa Aesar., 99.9995 %), Poly 
(sodium 4-styrenesulfonate) (Sigma-Aldrich), amino-
terminated PAMAM dendrimer (Sigma-Aldrich, 
generation 4, 10 wt % in methanol) were used as 
received. Poly (diallyldimethylammonium chloride) 
was purchased from Nittobo Co. as an aqueous 
solution. 4-nitrophenol, chloroauric acid, and 
hydrazine solution (85 wt %) were all purchased 
from Shanghai Chemical Reagent Co. Ltd. Other 
chemicals used were of analytical grade. All aqueous 
solutions were prepared using ultrapure water. The 
phosphate buffer solution (PBS) was prepared by 
mixing the 0.1 M Na2HPO4-NaH2PO4. 

 
 

2.2. Synthesis of PSS-functionalized Reduced 
Graphene Oxide 

 
The exfoliated GO was synthesized from graphite 

powder by a modified Hummers method [12]. The 
obtained homogeneous GO dispersion (60 mg) was 
mixed with 600 mg PSS by ultrasonication for  
30 min, and then stirred at 50 °C for 24 h. After 
cooling, 4 mL ammonia solution and 4 mL hydrazine 
solution were added, the mixture was kept at 95 to 
100 °C for 24 h. The dispersion was then centrifuged 
and redispersed in water by ultrasonication to obtain 
PSS-functionalized reduced graphene oxide  
(PSS-RGO).  

 
 

2.3. Preparation of PAMAM Protected 
AuNPs 

 
PAMAM protected AuNPs were prepared as 

follows: 4.8 mL HAuCl4 solution (1.4 mM) was 
incrementally added (with at least 30 min between 
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additions) to 1.0 mL PAMAM (0.1 mM) and  
10.5 mL water with stirring in darkness for 24 h. 
Then, 7.0 mL formic acid (0.1 mM) was gradually 
added and the mixed solution was stirred vigorously 
for another 24 h to ensure the completion of the 
reaction and aggregation process.  

 
 

2.4. Fabrication of [PSS-RGO/PAMAM-
AuNPs]n Multilayer Films 

 
A freshly cleaned gold electrode was dipped in 

positively charged PDDA solution (1.0 wt %) for  
30 min to form a monolayer of PDDA. Then the 
modified electrode was rinsed with water to clean the 

weakly absorbed molecules. The fabrication process 
of Layer-by-layer self-assembly of PSS-
functionalized reduced graphene oxide and PAMAM 
protected AuNPs composite is illustrated in Fig. 1. 
The fabrication involved three stages: (A) The 
modified gold electrode with positive surface charges 
was immersed in a negatively charged solution of 
RGO for 20 min. (B) Then rinsing thoroughly with 
water before the electrode was treated with the 
positively charged solution of AuNPs for 20 min. (C) 
Further rinsing was performed to remove unabsorbed 
materials. The resulting film was defined as one 
bilayer. By repeating the assembly procedures (A), 
(B) and (C), the desired number of multi-layers was 
achieved. 

 
 

 
 

Fig. 1. Schematic illustration for the LBL self-assembly of [PSS-RGO/PAMAM- Au NPs]n multilayer films. 
 
 

2.5. Instruments 
 

The electrochemical measurements were 
obtained by using a CHI 760C Potentiostat (Shanghai 
Chenhua Co., China). A three-electrode system 
consisting of a gold electrode as working electrode, a 
platinum wire and a saturated calomel electrode 
(SCE) as the counter electrode and reference 
electrode respectively was employed for all the 
potential values reported. High-purity nitrogen was 
used for the deaeration of the solutions. During the 
measurements, a gentle nitrogen flow was kept above 
the electrolyte surface. All electrochemical 
experiments were performed at 25 ± 1 oC.  

UV–Vis absorption spectra were obtained using 
a Perkin-Elmer Lambda 18 spectrophotometer over 

the spectral range 200-800 nm. Raman spectra were 
measured on an HR800 Horiba Jobin Yvon Raman 
Microprobe with a laser wavelength of 632.8 nm. 
 
 
3. Results and Discussion 

 
3.1. Characterization of PSS-functionalized 

Reduced Graphene Oxide and PAMAM 
Protected Gold Nanoparticles 

 
The Raman spectra of graphene oxide, graphene 

nanosheets and PSS-RGO are shown in Fig. 2. The 
Raman spectrum of the graphene oxide (curve a) 
displays two characteristic peaks: the well-recognized 
D band at 1328 cm-1 and the G band at 1592 cm-1. 



Sensors & Transducers, Vol. 188, Issue 5, May 2015, pp. 33-39 

 36 

When GO was chemically reduced, the D band and G 
band shifted to 1329 cm−1 and 1587 cm−1 (curve b), 
respectively, with an increase in the intensity ratio of 
ID/IG (1.52) compared to that of GO (1.36). These 
observations further confirm the graphitization in 
reduced graphene nanoparticles [13]. In addition, 
after GO was functionalized with PSS and reduced 
by hydrazine hydrate, no obvious shifts were 
observed (curve c), indicating that the structure of the 
graphene nanosheets did not change after the 
fabrication of PSS on the surface of RGO.     

 
 

 
 
Fig. 2. Raman spectra of (a) graphene oxide; (b) graphene 

nanosheets and (c) PSS-RGO excited  
at 632.8 nm wavelength. 

 
 

UV-Vis spectroscopy was employed to 
investigate the formation of the Au nanoparticles 
protected by PAMAM (Fig. 3).  

 
 

 
 

Fig. 3. UV-Vis spectra of PAMAM dendrimer-HAuCl4 
aqueous solution before (a) and after (b) reduction  

with formic acid. 
 
After the reduction with formic acid, the change 

of solution color (from light yellow to mauve) 
suggests the reduction of  Au3+ to Au0. In addition, 
obvious surface plasmon resonance absorption was 
observed at 523 nm after the reduction, revealing the 
successful formation of colloidal gold nanoparticles 
protected by PAMAM dendrimer [14]. 

3.2. Electrochemical Characterization  
of Layer-by-layer Assembled Multilayer 
Films 

 
The cyclic voltammograms of 5 mM K3[Fe(CN)6] 

in 0.1 M KCl was performed at the modified 
electrode at different scan rates range from 10 to  
100 mV/s (Fig. 4). With the increase of the scan rates, 
the anodic peak potential shifts positively and the 
cathodic peak potential shifts negatively, indicating 
that redox reaction becomes irreversible. Moreover, 
the anodic peak current was proportional to the 
square root of the scan rate (inset in Fig. 4), and the 
equation was I (μA) = 2.602 ν1/2 + 1.328 (r = 0.998). 
These results demonstrated that the redox process of 
K3[Fe(CN)6] on the modified electrode was a typical 
diffusion controlled electrochemical process. 

 
 

 
 

Fig. 4.  CVs of the [PSS-RGO/PAMAM-AuNPs]20/AuE  
in 5 mM K3[Fe(CN)6] in 0.1 M KCl solution at scan rates 
of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV/s (from a 
to j). Insert: linear relationship between the anodic peak 

current and the square root of the scan rate. 
 
 

3.3. Electrochemical Behavior of  
4-Nitrophenol at the Modified Electrode 

 
To improve the sensitivity of the 4-NP 

determination, the prepared sensor was accumulated 
in the solution for an accumulation time of 180 s at 
an accumulation potential of 0.0 V before each 
experiment. Fig. 5 shows the typical CVs of the 
modified electrode in 0.1 M phosphate buffer 
solution (PBS) (pH 6.0) with the different 
concentrations of 4-NP. A well-defined cathodic peak 
corresponding to the electrochemical reduction of  
4-NP was observed at ﹣0.668 V. Moreover, the 
reduction current increased with the increase in 4-NP 
concentration, implying that the PSS-RGO/PAMAM-
AuNPs multilayer films can effectively catalyze the 
electrochemical reduction of 4-NP. 

The effect of solution pH on the voltammetry 
was examined by CVs in the pH range of 5.0-9.0  
(Fig. 6A). As shown in Fig. 6B, the cathodic 
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reduction peak potential shifted linearly to the 
negative direction with the increasing pH values. The 
maximum peak current was obtained at pH 6.0  
(Fig. 6C). Thus PBS (pH 6.0) was chosen in the 
following analytical experiments.  

 
 

 
 

Fig. 5.  CVs of [PSS-RGO/PAMAM-AuNPs]20/AuE  
in 0.1 M phosphate buffer solution (pH 6.0) at scan rate  

of 100 mV/s in the presence of (a) 0, (b) 0.2, (c) 0.4,  
and (d) 0.6 μM 4-nitrophenol. 

 
 

To evaluate the application of the modified electrode 
for the detection of 4-NP, amperometric response 
was monitored by successively injection of 4-NP into 
the PBS under optimized conditions (pH 6.0) at an 
applied potential of 0.65 V (shown in Fig. 7). The 
electrocatalytic current was linearly dependent on the 
concentration of 4-nitrophenol within the range from 
5 to 515 μmol L−1 with a detection limit of 1.8 μmol 
L−1 based on the signal-to noise ratio of 3 (insert in 
Fig. 7). The comparison between previously reported 
modified electrodes for 4-NP detection is listed in 
Table 1. It can be seen that [PSS-RGO/PAMAM-
AuNPs]20/AuE exhibited a relatively wide linear 
range. 
 

 
 

Fig. 6. (A) CVs of [PSS-RGO/PAMAM-AuNPs]20/AuE  
at a scan rate of 100 mV/s in PBS with different pH values 

(a) 5.0, (b) 6.0, (c) 7.0. (d) 8.0, (e) 9.0 of 0.4 μM  
4-nitrophenol; (B) Effects of the pH value on the cathodic 

reduction peak potentials; (C) Effects of the pH value  
on the peak current. 

 
 

 
 

Fig. 7.  Typical amperometric response of the  
[PSS-RGO/PAMAM-AuNPs]20/AuE at ﹣0.65 V on 

successive injection of 4-nitrophenol into 2 mL of stirring 
0.1 mol/L PBS (pH 6.0). Insert: linear relationship between 

reduction current on the concentration. 

 
Table 1. Comparison of different modified electrodes for the determination of 4-NP. 

 
Electrode materials Detection limit(μM) Linear range(μM) References 

GO/GCE 0.02 0.1-120 [15] 
BDD-MEA 0.22 1.8-9.2 [16] 
AgSA-PE 1.0 1-100 [10] 
AaP/AuNPs 0.2 10-30 [17] 
PB modified electrodes 8.23 30-90 [18] 
[PSS-RGO/PAMAM-AuNPs]20 1.8 5-515 This work 

 
 

3.4. Electrochemical Behavior of Hydrazine 
at the Modified Electrode 

 
Fig. 8 illustrates the typical CVs of a bare gold 

electrode (curve a, c) and [PSS-RGO/PAMAM-

AuNPs]20/AuE (curve b, d) in an N2-saturated PBS 
solution (pH 7.4) at a scan rate of 100 mV/s in the 
presence of 0 (curve a, b) and 0.4 mM hydrazine 
(curve c, d). It demonstrates clearly that both bare 
gold electrode and [PSS-RGO/PAMAM-
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AuNPs]20/AuE exhibits no electrochemical response 
in the absence of hydrazine. However, a well-defined 
oxidation peak was observed at bare gold electrode at 
0.465 V in response to the anodic oxidation of 
hydrazine. In addition, there exhibited an enhanced 
increase of the electrocatalytic current with the 
oxidation peak located at 0.357 V in the presence of 
hydrazine at the [PSS-RGO/PAMAM-
AuNPs]20/AuE. These results indicated that the 
nanocomposites could significant promote the 
electrocatalytic activity toward the oxidation of 
hydrazine. 

 
 

 
 

Fig. 8. CVs of the bare gold (a, c) and [PSS-
RGO/PAMAM-AuNPs]20/AuE (b, d) in a buffer solution 
(pH 7.4) at a scan rate of 100 mV/s in the presence of 0 (a, 
b), 0.4 mM hydrazine (c, d). 

 
 

Fig. 9 shows the amperometric response of the 
[PSS-RGO/PAMAM-AuNPs]20/AuE modified 
electrode in 2.0 mL of stirring 0.1 mol/L buffer 
solution (pH 7.4) on continuous step change of 
hydrazine concentration at an optimized potential at 

0.35 V. As illustrated, upon each addition of 
hydrazine, the sensor showed fast response and 
accomplished a steady-state current with the average 
response time of 2 s. The catalytic current increased 
linearly with the increasing concentration of 
hydrazine ranging from 5 μM to 900 μM with the 
linear regression equation as I (μA) =  
= 0.01256C (μM) + 0.4136 (r = 0.998). The detection 
limit is estimated to be 0.24 μM  
(S/N = 3). To evaluate the sensing performance of 
[PSS-RGO/PAMAM-AuNPs]20/AuE, the comparison 
was shown in Table 2 with those reported previously 
in the literatures. As can be seen, the detection limit 
of this work is lower in comparison with other 
modified electrodes with a relatively wide range of 
hydrazine. 

 
 

 
 
Fig. 9. Typical amperometric response of the  
[PSS-RGO/PAMAM-AuNPs]20/AuE at 0.35 V on 
successive injection of hydrazine into 2.0 mL of stirring 0.1 
mol/L buffer solution (pH 7.4). Insert: linear relationship 
between the current and concentration. 

 
 

Table 2. Comparison of different modified electrodes for the determination of hydrazine. 
 

Electrode materials Detection limit(μM) Linear range(μM) References 
Graphene 1.0 3.0-300 [19] 

Co-salen/SWNHs 0.96 1-96 [20] 
AuNP-GPE 3.07 25-1000 [21] 

Pd/MWNT-Nafion modified electrode 1.0 2.5-700 [22] 
Nano-Au/Porous-TiO2 0.5 2.5-500 [23] 

CuS/rGO 0.3 1-1000 [24] 
[PSS-RGO/PAMAM-AuNPs]20 0.24 5-900 This work 

 
 

4. Conclusions  
 

In this work, an electrochemical sensor based on 
layer-by-layer self-assembly of PAMAM dendrimer 
protected gold nanoparticles and PSS functionalized 
reduced graphene oxide by using the electrostatic 
layer-by-layer self-assembly technique was 
fabricated. The combination and synergistic effect of 
gold nanoparticles and reduced graphene oxide hold 

the promise for the enhanced electrocatalytic 
performance towards the reduction of 4-nitrophenol 
and the oxidation of hydrazine. Moreover, the 
electrochemical sensor was applied for the detections 
of trace 4-nitrophenol and hydrazine, and exhibited 
favorable sensing performance. Therefore, these 
novel nanocomposites have great potential and could 
be used to fabricate sensitive sensors in environment, 
medicine and biotechnology. 
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Abstract: This paper describes a new photoacoustic spectrometer for the investigation of hydrocarbons based 
on a continuous wave optical-parametric oscillator (OPO). Two modulation methods for the generation of the 
photoacoustic signal are compared. In addition to the traditional modulation by a mechanical chopper a Mach-
Zehnder modulator was set up for this wavelength range and used to shape the OPO beam. Spectra of three 
hydrocarbon test gases (methane, ethane and propane in nitrogen) were measured between 3200 nm and 
3500 nm. The differences between the two modulation methods are explained and the advantages of the newly 
introduced Mach-Zehnder modulator are elaborated. In particular the frequency fluctuation and complexity of 
both methods are set in contrast with each other. The measured methane spectrum is compared against data from 
the HITRAN database. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Chopper, Mach-Zehnder interferometer, Optical-parametric oscillator, Hydrocarbons, Methane, 
Ethane, Propane, Photoacoustic spectroscopy. 
 
 
 
1. Introduction 

 
Developing a gas detector based on the 

photoacoustic effect is a different approach than 
realizing a gas spectrometer. Usually, a gas detector is 
designed to detect a unique sort of gas molecules. In 
this case it is often sufficient to pick a strong and 
distinct absorption line of the selected molecule. 
Choosing a light source with exactly the center-
frequency of this absorption line would make tuning 
of the emission wavelength expendable. In case of a 
laser diode with that frequency available, no 
additional frequency or wavelength measurement is 
necessary if constant operational conditions can be 
maintained. Additionally, the laser diode can be 
electronically modulated with a repetition rate that 
matches the resonance frequency of the used 

photoacoustic cell. The measured photoacoustic signal 
of such a detector is linearly proportional to the 
selected molecule's gas concentration, provided that 
the absorption is not saturated. At best, the optical 
emission power does not change over time. Then, 
optical power measurement and a corrective 
calculation resulting from power changes are 
unneeded. If, on the other hand, a gas spectrometer 
shall be realized, the light source should be tunable 
over a broad wavelength range. The spectral tuning 
should cover as many absorption lines as possible. 
Therefore, the light source's spectral emission 
linewidth must be narrow enough to allow a clear 
discrimination of spectrally close absorption lines. An 
optical-parametric oscillator (OPO) can be such a 
light source. However, the OPO's optical output 
power differs with changes of the operation 
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parameters. Therefore, a permanent power 
measurement is unavoidable, because the power 
affects the optoacoustic signal strength. Also, the 
emission wavelength must be observed while 
spectrally tuning the OPO. However, if the light wave 
is modulated with frequencies above the wavelength 
meter's measurement frequency, problems will arise. 
Therefore, it is best to supply the wavelength meter 
with continuous wave (cw) radiation. Consequently, a 
cw OPO is needed to satisfy the requirements of the 
wavelength meter. On the other hand, no 
photoacoustic signal is generated if the light intensity 
is not modulated. Thus, a light intensity modulator is 
necessary. In this study, two different modulators are 
compared in the experimental setup: the chopper 
wheel modulator, representing a mechanical solution 
and the electro-optical Mach-Zehnder modulator, a 
purely electronic solution. 

 
 

2. Experimental Setup 
 

The spectrometer can be divided in the building 
blocks: OPO, sample cell, wavemeter, power meter, 
signal path and modulator. A block diagram is 
presented in Fig. 1. 

 
 

 
 

Fig. 1. Experimental setup block diagram. 
 
 

2.1. Optical-Parametric Oscillator 
 

An OPO is a source of coherent radiation based on 
nonlinear optical effects. The energy of a pump 
photon is split into two photons with lower energies, 
of which the one with the higher wavelength is called 
idler and the other one signal. The relationship 
between the wavelengths follows the law of optical 
parametric generation (OPG) 

 =	 + 	, (1) 

 
where λp, λi and λs are the wavelengths of pump, idler 
and signal radiation [1]. A commercially available 
OPO (Type Argos Model 2400-BB-5 Module C from 
Lockheed Martin Aculight in Bothell, WA) is used. 
Its configuration is illustrated in Fig. 2. The complete 
OPO system comprises of a pump laser with its 
controller, the OPO cavity with its control unit and a 
positioning unit for the lithium niobate (LiNbO3) 
crystal located inside the OPO cavity. 

The pump laser for the OPO is a high power 
diode-pumped ytterbium fiber laser, model YLR-10-

1064-LLP-SF from IPG Photonics in Oxford, MA. 
The laser is mounted together with all control 
elements in a 19-inch rack mount enclosure. It is a cw 
laser with linear wave polarization. The measured 
maximum optical output power is 10.5 W with a 
measured instability of 1.2 % over eight hours. The 
measured central wavelength is 1063.9 nm. This laser 
was chosen for three main requirements: the output 
power and wavelength needed for the OPO as well as 
the narrow output linewidth of the laser beam. 
According to the specified optical characteristics, the 
output linewidth expressed in the frequency domain, 
lies between 70 kHz and 100 kHz full width at half 
maximum (FWHM). The pump laser’s optical output 
IP is connected with the OPO cavity via a fiber cable 
of 1.0 m length and a collimator. Due to the very high 
sensitivity to back reflections, the laser is equipped 
with an in-line isolator, type ISO1060-05LP-M-20W. 
This component provides 25 dB isolation introducing 
a power reduction of approximately 8 %. The pump 
laser can be remotely controlled via General Purpose 
Interface Bus (GPIB) or Electronic Industries 
Association Radio Sector - 232 (EIA RS-232) 
interfaces. The EIA RS-232 interface is used in this 
application. The EIA RS-232 interface is transformed 
to the Universal Serial Bus 2.0 (USB2.0) interface 
with a USB2.0 to Serial Adapter from LogiLink in 
Schalksmühle. The USB2.0 interface side of the 
adapter is connected via a USB Hub to the 
experiment's control computer. 

Spectral fine tuning of the OPO is realized by 
adjusting the etalon angle. This results in a variation 
of resonance frequencies and, therefore, the 
wavelength of maximum gain. Fine tuning in steps of 
0.5 nm or better is possible. The Argos OPO allows 
etalon angles between -2° and 2°. Changing the etalon 
angle allows tuning over a total range of 
approximately 16 nm for the idler wave (4 nm/°). If 
the nonlinear crystal of an OPO is fan-poled or 
different periodicities are applied, changing its 
position causes a change of phase matching 
conditions, which results in a shift of wavelength of 
maximum gain. The crystal of the Argos OPO can be 
moved manually only. With a spectral shift of 
22.6 nm per screw turn the idler wave can be tuned 
approximately from 3200 nm to 3900 nm achieving a 
total range of ca. 700 nm. 

Changing the temperature of the nonlinear crystal 
causes a variation of its index of refraction. 
Consequently, the phase matching condition and 
wavelength of maximum gain change accordingly. 
With increasing temperature idler wavelength 
decreases while signal wavelength increases. The 
Argos OPO can be operated in the temperature range 
from 45°C to 65°C. This results in a total spectral 
range of approximately 40 nm for the idler wave. 
With the etalon installed the continuous tuning of 
2 nm/°C cannot be observed. The wavelength changes 
in leaps of approximately 13 nm. 

The OPO controller unit allows manual setting of 
the etalon angle and the crystal temperature as well as 
remote control. Also the block temperature of the 
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OPO's cavity is controlled and settable. The EIA  
RS-232 interface of the OPO controller is transformed 
to USB2.0 and connected to the control computer. 

As described before, the PPLN crystal translation 
tuning of the OPO can be achieved manually only. 
For the sake of complete automation and 
reproducibility of measurements it was decided to 
automatize the crystal translation. Therefore, a 
positioning unit was designed and manufactured. The 
PPLN crystal translation inside the OPO cavity is 
realized by a spindle drive. A translation of 11.4 mm 
is the crystal's maximum positioning range, 
corresponding to 31 spindle turns. Instead of manually 
turning the spindle with a screw driver through a hole 
in the OPO's enclosure, the screw driver is replaced 
by an automatized tool, consisting of a stepper motor 
driven chuck in which a screwdriver blade is inserted. 
To allow reproducible positioning and spindle axis 
calibration, a bar with two mechanical limit stops is 
added to the tool. By turning the spindle, the bar can 
translate linearly between the limit stops, permitting 
over-winding, and thus, excluding mechanical damage 
to the OPO's crystal positioning mechanism. The tool 
is fixed with a frame on top of the OPO's enclosure. A 
stepper motor type QSH-4218-51-10-094 from 
Trinamic Motion Control in Hamburg was used as 
driver. The stepper motor provides a resolution of 
12800 steps per single axis turn. Therefore, translation 
of 31 turns takes 396800 motor steps, corresponding 
to a total crystal movement of 11.4 mm. A single 
motor step thus, equates to a mechanical crystal 
translation of approximately 28.73 nm.  

 
 

 
 

Fig. 2. Optical parametric oscillator schematic. 
 
 

The crystal positioning unit's stepper motor is 
driven by a controller of the type TMCM-110-42 from 
Trinamic. The controller provides an EIA  
RS-232 interface, which is transformed to the 
Universal Serial Bus 2.0 and connected to the control 
computer. Axis calibration of the crystal positioning 
unit is achieved by using overcurrent sensing of the 
stepper motor controller. If the bar mentioned before 
reaches one of the stop limits, no further axis turning 
in the same direction is possible. This causes an 
increase of the motor current. This effect is detected 
and interpreted by the stepper motor controller. It 
immediately stops the motor and generates a message 
that can be requested via its interface. For axis 

calibration, the stepper motor is turned slowly in a 
specified direction until a mechanical stop is detected 
and reported. The reached axis position is then 
initialized by setting the controller's step counter  
to zero. 

First results, using this OPO for the detection of 
methane, ethane and propane, were presented in the 
year 2011 [2]. 
 
 

2.2. Sample Cell 
 

A resonant H-type sample cell with one resonator 
and a buffer volume [3] was used in this study. The H 
structure is milled into an aluminum cylinder with a 
diameter of 59 mm and a length of 134 mm. The 
cylinder surfaces are hermetically closed with calcium 
fluoride (CaF2) windows. The sample cell is equipped 
with fittings for gas inlet and outlet and a fitting to 
hold the electret condenser microphone in the center 
of the H structure. The cell’s first longitudinal 
resonance frequency is approximately 2700 Hz at 
room temperature, if filled with nitrogen. Details of 
the sample cell can be found elsewhere [4].  

 
 

2.3. Wavemeter 
 

The OPO's idler wavelength is continuously 
measured with a model 721A-IR laser spectrum 
analyzer from Bristol Instruments in Victor, NY. The 
wavemeter can also be used in spectrum analyzer 
mode to characterize the laser spectrum. The 
measurement method is based on the Michelson 
interferometer. It is applicable in the wavelength 
range of 1300 nm to 5000 nm. The measurement 
accuracy for absolute laser wavelength is specified 
with ±0.2 ppm. Thus, the measurement error will be 
±0.0006 nm, if the laser wavelength is 3000 nm. The 
instrument communicates via a USB2.0 interface and 
a proprietary protocol, requiring vendor-specific 
interface driver software on the experiment's control 
computer. The used version is equipped with a free-
beam laser input. The maximum safe input is 10 mW 
of optical power. The absolute maximum rate is 
20 mW. Therefore, an aperture is placed in the laser 
beams path, decoupled for wavelength measurement, 
to allow a power reduction. To facilitate alignment, 
the wavemeter is equipped with an internal reference 
laser emitting a visible tracer beam. To achieve 
maximum measurement accuracy, the laser under test 
and the internal laser must be collinear within 0.5 mm 
over a path length of 1 m. 

 
 

2.4. Power Meter 
 

The idler wave's intensity is continuously 
measured behind the sample cell. Measurement is 
performed by a thermal head model 3A-FS-SH from 
Ophir Optronics in Jerusalem. It is a broadband 
absorber for a wavelength range of 190 nm to 
20000 nm. The power accuracy is specified with 
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± 3 %, the linearity with power with ± 3 % and the 
thermal drift with 2 µW to 10 µW at typical room 
airflow and temperature variations. The total response 
time is 2.5 s. The maximum measured power loss due 
to sample gas absorption in the sample cell is 1.6 % 
(95.5 ppm ethane in nitrogen compared with pure 
nitrogen at a wavelength of 3376.527 nm). This is 
clearly below the power meter accuracy. Therefore, it 
is acceptable to use the measured emission after the 
cell for power normalization. The header is connected 
to a laser power / energy monitor type Nova II from 
the same manufacturer. The monitor allows local 
readout and also access via an EIA RS-232 
compatible interface. For the current application it is 
transformed to the Universal Serial Bus 2.0 (USB2.0) 
interface with a USB2.0 to Serial Adapter. 

 
 

2.5. Signal Path 
 

The sample cell is equipped with an electret 
condenser microphone of the type EM158 from Primo 
in Tokyo. It has a sensitivity of -32 dB ± 3 dB at 
1 kHz (0 dB = 1 V/Pa), a diameter of 5.8 mm and a 
thickness of 2 mm. A microphone preamplifier type 
PAS PMV 201 from PAS-Tech in Zarrentin is used in 
combination with the microphone. The instrument 
provides the operating voltage needed for condenser 
microphones and two independent amplifiers for two 
microphones. The input of channel 2 is connected the 
condenser microphone and the output is connected to 
the signal attenuator. 

Even if the microphone preamplifier will be 
operated in the range of lowest amplification, its 
output signal increases the maximum allowed input 
value of the lock-in amplifier under certain 
conditions. Therefore, a custom-made attenuator is 
inserted between the microphone preamplifiers output 
and the lock-in amplifiers input. The attenuator is 
built of two resistors, mounted in a metal case and 
accessible via 50 Ω Bayonet Neill-Concelman (BNC) 
jacks. The two 27 Ω resistors are connected as a 
voltage divider, reducing the signal amplitude to 
50 %.  

For signal filtering, a dual phase digital signal 
processing (DSP) lock-in amplifier model 7265 from 
Signal Recovery in Oak Ridge, TN is used. The 
instrument has different operating modes, as it can be 
seen in the instruction manual [5]. For all 
measurements reported in this project, the following 
conditions are not changed:  

The input selector is set to A, which means that 
the lock-in amplifier measures the voltage between 
the center and the shell of the A input BNC connector. 
The shell of the BNC connector is set to float mode to 
reduce the problems of ground loops. This means, that 
the shell is connected to chassis ground via a 1 kΩ 
resistor. The bipolar input amplifier is used instead of 
the field-effect transistor (FET) device, because the 
source impedance is less than 100 Ω and there is no 
input voltage offset. So the bipolar input amplifier 
produces less than 50 % of the voltage noise of the 

FET device. The input is set to alternating current 
(AC) coupling, as recommended for input signals 
above a few Hz. The line frequency rejection filter is 
set to 50 Hz. The external reference mode of the 
instrument is used. In case of all measurements with 
the chopper modulator, a rectangular reference signal 
is provided. If the Mach-Zehnder modulator is used, 
the sinusoid signal of the AG1022 signal generator is 
used. In both cases, the positive-going crossing of the 
mean input value is detected as the reference phase. 
 
 
2.6. Chopper Modulator 
 

A mechanical chopper wheel modulator is a 
popular low-cost choice. Usually, it consists of a 
motor-driven disc with windows providing a square-
wave amplitude modulation at a 50 % duty cycle, if 
the windows have the same size than the partitions 
between the openings. In this case, half of the laser’s 
irradiated energy is wasted by absorption and 
reflection on the chopper wheel. Besides the 
mechanical parts the chopper consists of an electronic 
motor speed controller with a photo sensor for the 
measurement of the actual speed value. The 
modulation Sq(ωt) at angular frequency ω=2πf is 
approximately equivalent to the sum of a series of the 
odd harmonic terms: 

 ≈ sin 2 − 12 − 1 = 

 = sin + 13 sin 3 + 15 sin 5 +⋯ 

(2) 

 

Thus, demodulation at each odd harmonic adds to 
the yielded photoacoustic signal [6] Using a lock-in 
amplifier with its reference frequency set to ωt, only 
the basic component sin(ωt) of the photoacoustic 
signal will be demodulated. In this experimental setup 
a model 300CD variable frequency optical chopper 
from Scitec Instruments in Redruth is used. Equipped 
with a 30 slot blade, a frequency range of 75 Hz to 
3000 Hz is achievable. The frequency can be set 
manually via a potentiometer or externally via a 0 to 
10 V control voltage. The phase jitter is specified with 
± 3°. The long term frequency stability is ± 0.1 % of 
maximum frequency. 
 
 
2.7. Mach-Zehnder Modulator 

 
Mach-Zehnder amplitude modulators based on 

lithium niobate (LiNbO3) are commercially available 
for wavelengths of 532 nm to 1550 nm and optical 
input powers of 10 mW to 300 mW (e.g. type  
AM 532 or AM 1550 from Jenoptik, Jena). They are 
produced as integrated optical components for the use 
in fiber-coupled systems. Due to the requirements in 
this application, for example wavelengths around 
3000 nm and optical input powers of up to 1.5 W, it 
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was decided to develop a Mach-Zehnder modulator 
out of discrete components. Fig. 3 illustrates the 
structure in principle. The Mach-Zehnder modulator is 
based on the Mach-Zehnder interferometer [7-8] 
which implements an electro-optical element in one 
arm. For the compensation of the electro-optical 
element's transmission loss, a calcium fluoride (CaF2) 
plate is inserted as a 93:7 beam splitter in the other 
arm of the interferometer, so that a marginal part of 
7 % of the beam's intensity is reflected. The reflected 
part IW is used for the wavelength measurement.  

 
 

 
 

Fig. 3. Mach-Zehnder modulator schematic. 
 
 

The electro-optical element (type EO-DC3T-IR 
from Qubig in Übersee) is mainly a DC-coupled 
electro-optic phase modulator, consisting of a lithium 
tantalate (LiTaO3) crystal with two electrodes. The 
crystal is coated with a 2.4 µm to 4 µm broadband 
anti-reflection coating that reduces reflections to less 
than 2 %. No external temperature controlling for the 
crystal is performed, because the slow temperature 
dependent phase shift has a negligible influence to the 
fast amplitude modulation. Calcium fluoride plates 
with 2 µm to 8 µm dielectric coating are used as beam 
splitters (type BSW510 from Thorlabs in Dachau). 
They are optimized for 50:50 splitting at a beam 
incidence of 45°. Silver coated, mirrors with an 
average reflectance of more than 96 % in the 
wavelength region of 2 µm to 20 µm are used for the 
beam deflections (Type PF10-03-P01 from Thorlabs). 
The LiTaO3 crystal serves as an electro-optical 
medium. The refraction index function n(E) of an 
electro-optical medium can be expressed as a Taylor 
series of the special form 
 = − 12 − 12 +⋯ (3) 

 

Equation 3 describes an electro-optic effect. If an 
electric field is applied, the material's refractive index 
n changes as a function of the electric field strength E. 
The refractive index also depends on the light 
wavelength λ but this effect is disregarded here. 
Terms of higher than the third order are negligible [9]. 
The coefficients p and k are the electro-optical 
Pockels coefficient and the electro-optical Kerr 
coefficient, respectively, and E represents a static or 
slowly alternating electrical field strength. Depending 

on the material either the p or the k coefficient is 
negligible (Note: The Kerr coefficient k is not 
identical with the Kerr constant K. The relation is 
k = λK). If k is negligible, the refraction index 
function of the electric field is linear (Pockels 
medium). If p is negligible, the function is quadratic 
(Kerr medium). The LiTaO3 crystal is a Pockels 
medium with a linear dependency. If the crystal is 
used as phase modulator the phase shift φ(t) is 
approximately 

 ≈ − , (4) 

 

with φ0=2πnL/λ0, whereas L is the length of the 
Pockels medium and λ0 is the vacuum wavelength of 
the light beam. V(t) is the voltage applied to the 
crystal's electrodes and 
 =  (5) 

 

Vπ is the so-called half-wave voltage at which the 
phase shift changes by the factor of π. It depends on 
the ratio of the diameter d and length L of the Pockels 
cell, the Pockels coefficient p, the refraction index n 
and the vacuum wavelength of the light λ0. 
Considering the fact that the beam combiner of the 
interferometer is also a beam splitter, two different 
output beams with a spatial angle difference of 90° 
and a phase difference of π are generated to fulfill the 
condition of energy saving [9]. The Mach-Zehnder 
modulator's transmittances T as a function  
of the electrode modulation voltage V(t) can be 
calculated to 
 = 2 − 2  (6) 

 

in one direction, or 
 

′ = 2 − 2  (7) 

 

in the other direction of the output beams of the 
interferometer. The output beam intensities IA and I’A 
as functions of the transmittances are the products of 
the modulator's input intensity II with the respective 
transmittances TV and T’V [9]. 

Due to the fact that two output beams are 
available, a photoacoustic spectrometer with two 
photoacoustic cells can easily be realized. This may 
be important, if the spectrometer shall be used for 
certain applications such as breath analysis. In the 
current application however, only one output beam is 
used while the second beam is blocked by a beam 
trap. 

For the used Pockels medium, the half-wave 
voltage Vπ is approximately 2 kV. Therefore, a 3 kV 
voltage booster was built that can be used in 
connection with a conventional signal source to 
provide the modulation signal V(t). A dual-channel 
arbitrary waveform generator (type AG1022 from 
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Fujian Lilliput Optoelectronics Technology 
Corporation in Xiamen) is used as modulation signal 
source. The generator provides a sine wave frequency 
range of 1 µHz to 25 MHz at a programming 
resolution of 1 µHz. At the used frequency of 
approximately 2.7 kHz, the output amplitude can be 
set from 1 mV to 20 V with a resolution of 1 mV. The 
generator can be controlled manually or via a USB2.0 
or EIA RS-232 interface. 

In conjunction with the Mach-Zehnder modulator, 
a high voltage amplifier was designed in order to 
provide a modulation voltage of approximately 2 kV. 
The high voltage needed is gained from the secondary 
winding of a cathode ray tube's flyback transformer. 
The transformer's primary inductivity together with a 
set of condensers compose a resonator, tuned to the 
desired frequency of approximately 2.7 kHz. The 
resonator is stimulated by a class B amplifier, 
consisting of a half-bridge transistor stage, driven by a 
preamplifier. 
 
 

3. Experimental Method 
 

For a general functional test, the system was used 
to measure spectra of three different hydrocarbons 
under laboratory environmental conditions (294 K, 
1015 hPa). Therefore, the sample cell was filled 
consecutively with the following test gases (purity 6.0 

each): 99.1 ppm methane in nitrogen, 95.5 ppm ethane 
in nitrogen and 99.3 ppm propane in nitrogen. The 
desired beam modulation frequency was set to 
2700 Hz. The OPO was tuned over a wavelength 
range from approximately 3276 nm to 3527 nm. For 
each wavelength position, 10 data sets were taken 
with a time difference of approximately 3 seconds. 
Each data set consists of etalon angle, step counter 
value, wavelength, optical power, photoacoustic 
signal, modulation frequency, a set of control 
parameters and a time stamp. After measuring, the 
average values over the respective 10 values of 
wavelength, optical power, PAS signal and 
modulation frequency were calculated. Due to the fact 
that the optical power changes with each new OPO 
setting the PAS signal was normalized according to 
the optical power for each data set. The result is 
defined here as signal intensity (V/W). In the first 
three experiment sets, the laser beam was modulated 
with the chopper modulator. In the second set the 
measurement procedures were repeated, using the 
Mach-Zehnder modulator instead of the chopper.  
 
 

4. Results 
 

Fig. 4 provides an overview of the hydrocarbon 
spectra from 3300 nm to 3500 nm measured with 
Mach-Zehnder modulation.  

 
 

 
 

Fig. 4. Photoacoustic spectra of methane, ethane and propane from 3276 nm to 3527 nm. 
 

 

In Fig. 5 the spectral region between  
3378 nm and 3395 nm is zoomed. To achieve a 
comparison, an absorption spectrum derived from the 
HITRAN database is displayed as well [10].  
The maximum value in the 3276 nm to 3527 nm 
wavelength region was normalized to 1.  
The same normalizations were performed using the 
intensity values of the measured methane spectra  
for both modulation methods. Both measured  
spectra retrace almost perfectly the calculated 
absorption spectrum. 

An evaluation of the noise levels for both 
modulation methods was performed in a wavelength 
region with very low absorption. Due to the coherent 
sound generated by the chopper its disturbing signals 
is 7.4 times larger than that of the Mach-Zehnder 

modulation (17.44 dB). The quantitative results are 
shown in Table 1. 

 

 
 

Fig. 5. Photoacoustic methane spectrum around 3385 nm. 
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Table 1. Comparison of noise level. 
 

Modulator 
Average 
(V/W) 

Standard deviation 
(V/W) 

Chopper 0.0168 3.8⋅10-3 
Mach-Zehnder 0.0022 1.5⋅10-3 

 
 

The fluctuation of the modulation frequencies 
during the measurement process of approximately  
12 hours was recorded. Fig. 6 shows the results. For 
the mechanical solution with a motor driven chopper 
wheel, the average modulation frequency is 
calculated to 2701.1 Hz with a standard deviation of 
4.5 Hz. The electro-optical solution with a Mach-
Zehnder modulator yields an average modulation 
frequency of 2699.9705 Hz with a standard deviation 
of 0.0080 Hz. Table 2 summarizes the results. 

 
 

 
 

Fig. 6. Comparison of modulation frequency stabilities. 
 
 

Table 2. Comparison of frequency stabilities. 
 

Modulator 
Average frequency 

(Hz) 
Standard 

deviation (Hz)
Chopper 2701.1 4.5 
Mach-Zehnder 
modulator 

2699.9705 0.0080 

 
 

5. Discussion 
 

The measured photoacoustic hydrocarbon spectra 
presented in Fig. 4 show very good conformity with 
calculated absorption spectra and results that can be 
found in literature [11].  

As indicated in Table 1 the Mach-Zehnder 
modulator allows measurements with a considerably 
improved signal-to-noise ratio. Furthermore, it can be 
built as an integrated optic component which makes 
it more resistant against mechanical agitation than a 
chopper wheel modulator. The Mach-Zehnder 
modulator's frequency stability depends mainly on 
the stability of the used signal generator. The 
excellent modulation frequency stability enables fast 

and precise setpoint tracing. This is beneficial, if, for 
example, the sample cell resonance frequency 
changes due to temperature drift. Therefore, from the 
viewpoints of precision and robustness a Mach-
Zehnder modulator should be the better solution. As 
already mentioned, for some applications two 
modulated light beams are beneficial. Analyzing 
breath samples is a good example. Since it has to be 
performed with respect to environmental air, usually 
two samples have to be analyzed simultaneously: 
The breath sample and a sample of the environmental 
air. In a photoacoustic spectroscope, the sample cell 
and the detection part are usually the less expensive 
components. Therefore, if a Mach-Zehnder 
interferometer is used as modulator, with little 
additional complexity the system can be equipped 
with two sample cells. In this way, both gas samples 
can be analyzed simultaneously under equal 
conditions. Furthermore, in difference to mechanical 
beam chopping, no optical output power will be 
wasted.  
 
 
6. Conclusions and Outlook 
 

The spectra of methane, ethane and propane were 
measured in the spectral region between 3276 nm 
and 3527 nm with the method of photoacoustic 
spectroscopy. A Mach-Zehnder modulated cw OPO 
was used as light source. The Mach-Zehnder 
modulator was compared with a mechanical chopper 
modulator. For both modulation methods, the 
measured spectra of hydrocarbon were compared 
with data from the HITRAN database. A good match 
between the three data sets could be observed. With a 
standard deviation of 0.0080 Hz the Mach-Zehnder 
modulator is superior in frequency stability compared 
to a standard deviation of 4.5 Hz for the chopper 
modulator. Concerning the noise level the Mach-
Zehnder modulator is better suited as well. A 
chopper generates a disturbing signal 7.4 times 
larger. The derived results motivate to optimization 
efforts aimed on the refinement of the OPO tuning 
capabilities in combination with Mach-Zehnder 
modulation. 
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Abstract: In this paper Micro-electromechanical System (MEMS) diaphragm based pressure sensor for 
environmental applications is discussed. The main focus of this paper is to design, simulate and analyze the 
sensitivity of MEMS based diaphragm using different structures to measure the low and high pressure values. 
The simulation is done through the finite element tool and specifications related the maximum convinced stress; 
deflection and sensitivity of the diaphragms have been analyzed using the software INTELLISUITE 8.7v. The 
change in pressure is to bending of the diaphragm that modifies the measured displacement between the 
substrate and the diaphragm. This change in displacement gives the measure of the pressure in that environment. 
The design of these studies can be used to improve the sensitivity of these devices. Here the diaphragm based 
pressure sensor produced better displacement, sensitivity and stress output responses are obtained from the 
square diaphragm. The pressure range from 0.6 MPa to 25 MPa and its maximum displacement is accordingly 
59 μm over a pressure range of 0 to 2 MPa. Its sensitivity is therefore 2.35 [10E-12/Pa]. Copyright © 2015 IFSA 
Publishing, S. L. 
 
Keywords: MEMS, Diaphragm, Pressure, Displacement, Stress and sensitivity. 
 
 
 
1. Introduction 

 

The diaphragm based MEMS pressure sensors are 
mainly used to measure and monitor pressure value 
in different environments. A wide variety of absolute 
pressure, gauge, and differential micro pressure 
sensors based on various transductions fundamental 
have been developed using Microsystems 
technology. The MEMS pressure sensors have work 
on the basis of mechanical bending of thin silicon 
diaphragm by the contact medium related gases, 
fluids, etc. Over the last decade, silicon micro 
machined pressure sensors have undergone 
considerable research and growth. Vidhya Balaji,  
et. al. [1] has been analyzed the various diaphragm 
such as square, rectangular and circular shapes for 

comparing the stress distribution across these three 
types of diaphragms and arrived at their relative 
merits in conditions of the maximum operating 
pressure conducted by the burst pressure and linearity 
considerations. Suja K. J., et. al. [2] has been 
analyzed a conventional square shaped single 
diaphragm silicon pressure sensor to measure and 
compare the different work parameters like 
deflection, stress and voltage sensitivities. Ashish,  
et. al. [4] have measured and improved the sensitivity 
of MEMS pressure sensor, and also achieved good 
results from membrane to either thin or large to 
achieved good results. Mohamed Gad-el-Hak,  
et al. [5] have been focused on silicon micro 
fabrication technology appeared simultaneously with 
more suitable improvement in the field of Si-based 
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solid state machine and integrated-circuit (IC) 
technologies that have changed present day life. 
Ezzat G. Bakhoum et al. [6] the capacitive pressure 
sensor has more sensitivity that is substantially higher 
than any of the other capacitive pressure sensors 
known at the present time. The pressure range that 
the sensor can handle can be increased by simply 
using a stiffer diaphragm. B. Qi, et al. [7] have 
analyzed a high temperature MEMS pressure sensors 
are essential in coal, gas turbine engines, boilers, 
furnaces and system for oil/gas analysis. W.H. Ko, et 
al. [8] have developed square, rectangular and 
circular diaphragms which are the main sensing 
element, but square or rectangular any ones are 
generally used since they involved in lesser area and 
implement simpler lithography discussed. Oliver Paul 
Jan G., et al. [9] A MEMS pressure sensors can be 
fabricated either by surface micromachining/bulk 
micromachining or a combination of both.  
W. P. Eaton, et al. [10] have been designed and 
analyzed a pressure sensor using 3D builder module 
with finite element analysis of Intellisuite. 

In this paper are analyzing various structures: 
square, rectangular and circular diaphragm based 
MEMS pressure sensor are designed and analyzed 
using Intellisuite. The diaphragm covered by 
consideration is one with conventional silicon 
diaphragm. Here, compared and analyzed  
various parameters such as Mises stress, 
displacement, sensitivity and also compared both 
analytical and simulation values of mechanical and 
electrical quantities. 

 
 

2. Modelling and Design  
of Pressure Sensor 

 

The MEMS pressure sensor was one of the 
earliest testing of micron technology. This system is 
commercially very successful because of several 
important features, including high sensitivity and 
equality. The surface micromachining process is also 
appropriate with integrated circuits. 

In this paper the diaphragm has the result of 
geometry and a material as a silicon substrate to 
improve the sensitivity of low and high pressure 
values has been studied. The main differential 
equation as conclusive the deflection w(x,y) of a 
diaphragm with a predictable thickness, and also 
absolutely clamped edges manipulated to an enforced 
pressure P can be derived from the miniature scale 
deflection method which is given as [3]; 
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where D is the flexural rigidity. It can be expressed 
as, 
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where E, v and h are the Young modulus, Poisson 
ratio and thickness of the diaphragm. 

When an identical pressure P(x,y) as described in 
Fig. 1 acts on a diaphragm standard to its surface, the 
diaphragm undertakes a strain giving increase to 
 Normal stress σx and σy which in curve give 

an increment to bending moments Mx and My. 
 Shear stress τxy which in turn gives an 

increment to the twisting moment Mxy. 
 

 

 
 

Fig. 1. Schematic diagram of bending of rectangular plate. 
 
 

The results of Eqn. (1) give the maximal 
deflection (w0) at the midpoint of the diaphragm in 
the Z axis direction. Having estimate w(x,y) the 
bending moments Mx, My and twisting moments 
Mxy per unit length of the diaphragm are designate 
as [3]. 

 

Bending Moment as, 
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Bending Stresses can be expressed as, 
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Fig. 2 shows the dimensions preferred for the 
different geometries of diaphragms that the 
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diaphragm sizes are chosen in such a method that 
area is similar for all the three diaphragms. 

 
 

 
 

Fig. 2. Schematic representations of (a) square, 
(b) rectangular, and (c) circular diaphragms. 

 
 

2.1. Square Diaphragm 
 

The square diaphragm has the maximum induced 
stress for a given pressure. The bending of square 
plates with all edges is fixed. Thus the square 
diaphragm square sensor is approved geometry for 
pressure sensors because of, the large stresses 
produced by enforced pressure packing result in great 
sensitivity. Further, it is simple to dice the diaphragm 
from typical wafers [3].  

Maximum stress calculated by centre of each 
edge is 
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The maximum deflection at the center for a given 
pressure is 
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The stress at the centre of the plate can be derived as, 
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And strain at the centre is, 
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2.2. Rectangular Diaphragm

  
In case of a rectangular diaphragm the deflection 

in the diaphragm can be simplified as in Eqn. (13) 

[3]. The length of rectangular diaphragm is 2a and a 
width is 0.5πa as shown in Fig. 2(b). 

A simplified solution for the maximum stress and 
deflection of the rectangular diaphragms with all 
edges fixed is as follows: 
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Table 1 gives the coefficients of maximum stress 

and deflection in a rectangular diaphragm. 
 
 

Table 1. Coefficients of maximum stress and deflection  
in a rectangular. 

 

a/b 1 1.2 1.4 1.6 1.8 2 ∞ 

α 0.013 0.0188 0.0226 0.0251 0.0267 0.0277 0.0284 

β 0.3078 0.3834 0.4356 0.4680 0.4872 0.4974 0.5000 

 
 

2.3.Circular Diaphragm 
 

The circular diaphragm has the minimum stress 
on its edges when implementing the equivalent 
pressure on a square diaphragm, other than the 
leading centre deflection is able to see in circular 
diaphragm. Therefore the applications in which 
maximal deflection of performance as the major role 
of the circular diaphragm is recommended [3]. 

 
 

  
Fig. 3. A Circular plate subjected to uniform pressure 

loading. 
 
 

Maximum Radial stress we calculated by, 
 

( ) 2max

3

4
rr

W

h
σ

π
=  (15) 

 
And also at edge Tangential stress calculated by, 
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Both these stress at the centre of the plate become, 
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The maximal deflection occurs at the centre of the 
diaphragm, 
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Table 2 gives the properties of materials and 
dimensions of square, rectangular and circular 
diaphragm. 

 
 
Table 2. Dimension & Material Property of Square, 

Rectangular and Circular diaphragm. 
 

Diaphragm 

Material Property 
Young 

Modulus 
(GPa) 

Poisson 
Ratio 

Density 
(gm/cc) 

Silicon 170 0.26 2.32 
Dimension (µm) 

 Length Width Height 
Square 400 400 10 
Rectangular 400 314 10 
Circular D=200 10 

 
 

Figs. 4, 5 and 6 are show that the central 
deflection of the square, rectangular and circular 
Silicon diaphragm simulated through Intellisuite 
software. The result shows that the maximum central 
deflection is given in Table 3 under the same 
condition. As can be seen from the results, theoretical 
results show good agreement with finite element 
analysis tool. Figs. 7, 8 and 9 are show the Mises 
stress value of the square, rectangular and circular 
Silicon diaphragm. 

 

 
 

Fig. 4. Simulation of square diaphragm deformation  
on the Z axis with pressure of 25 MPa. 

 

 
 

Fig. 5. Simulation of rectangular diaphragm deformation 
on the Z axis with pressure of 25 MPa. 

 
 

Fig. 6. Simulation of circular diaphragm deformation  
on the Z axis with pressure of 25 MPa. 

 
 

Table 3. Comparison of deflection results for various 
Diaphragm geometries with pressure. 

 

Shape 
of Diaphragm

Deflection (µm)  
at 1 MPa 

Deflection (µm) 
at 5 MPa 

Analyti-
cal 

Intelli-
suite 

Analyti-
cal 

Intelli-
suite 

Square 2.1 μm 2.4 μm 10.4 μm 11.8 μm

Rectangular 1.6 μm 1.3 μm 7.9 μm 6.7 μm

Circular 1.7 μm 1.8 μm 8.3 μm 11.5 μm
 
 

 
 

Fig. 7. Mises Stress analysis of the Square diaphragm  
with Pressure of 25 MPa. 

 
 

 
 

Fig. 8. Mises Stress analysis of the Rectangular diaphragm 
with Pressure of 20 MPa. 

 
 

 
 

Fig. 9. Mises Stress analysis of the Circular diaphragm 
with Pressure of 25 MPa. 
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3. Finite Element Analysis 
 

The diaphragm based pressure sensor is using the 
module of the finite element analysis tool Intellisuite. 
The pressure sensing of square diaphragm side length 
400 µm and thickness 10 µm, rectangular diaphragm 
of dimensions is being 400 µm × 312 µm and a 
circular diaphragm radius 200 µm with thickness of 
10 µm have been constructed by using 3D builder. 
The diaphragm of square, rectangular and circularis 
designed as silicon substrate and the properties of 
material used for simulation are given in Table 2. The 
highest stress induced and the maximum deflection 
produced in the diaphragm are determined. Then the 
analytical and simulation results are compared with 
the pressure range from 2 MPa to 25 MPa.  

The results are obtained from the finite element 
analysis is being done. It can able to see that the 
maximum deflection produced at the centre of the 
diaphragm and the highest stress induced at the edge 
of the diaphragm, and it is to understand with the 
analytical explanation was given by the Eqns. (9-18). 

Table 3 gives a comparison of the theoretical 
results with the FEM results obtained from 
Intellisuite. Here, it is observed that he circular 
diaphragm deflects more when compared to other 
diaphragms. 
 
 

4. Results and Discussion 
 

Fig. 10 shows that the determined and simulated 
outputs of a square diaphragm deflection vs. pressure. 
As can be seen from Fig. 10, the central deflection is 
increased when the applied pressure is increased and 
also both analytical and simulation results are 
arbitrarily equal. Fig. 11 and Fig. 12 show the 
calculated and simulated results of rectangular and 
circular diaphragms as same deflection vs. pressure.  

 
 

 
 

Fig. 10. A comparison of the displacement both analytical 
and simulation results for square diaphragm. 

 
 

In Fig. 13 shows the simulated deflection vs. 
pressure of square, rectangular and circular 

diaphragms with a pressure from 0.2 MPa to 2 MPa 
and also the thickness of the diaphragm is 10 μm. 
The Fig. 14 show the simulated deflection vs. 
pressure of square, rectangular and circular 
diaphragms with a pressure from 0.6 MPa to 25 MPa 
and also the thickness of the diaphragm is same. 

 

 
 

Fig. 11. A comparison of the displacement both analytical 
and simulation results for rectangular diaphragm. 

 

 
 

Fig. 12. A comparison of the displacement both analytical 
and simulation results for circular diaphragm. 

 

 
 

Fig. 13. The displacement of three different structure: 
Square, Rectangular and Circularat various loads applied  

(≤ 2 MPa). 
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Fig. 14. The displacement of three different structure:  
Square, Rectangular and Circularat various loads  applied 

(≤ 25 MPa). 
 
 

In Fig. 15 shows the simulated Mises stress vs. 
pressure of square, rectangular and circular 
diaphragms with a pressure from 0.2 MPa to 2 MPa 
and also the thickness of the diaphragm is 10 μm. 

In Fig. 16 shows the simulated Mises stress vs. 
pressure of square, rectangular and circular 
diaphragms with a pressure from 0.6 MPa to 25 MPa 
and also the thickness of the diaphragm is same. 

In Fig. 17 shows the sensitivity of square, 
rectangular and circular diaphragms with a pressure 
range from 0.2 MPa to2 MPa and also the thickness 
of the diaphragm is 10 μm. 

 
 

 
 

Fig. 15. The Mises stress of three different structures: 
Square, Rectangular and Circularat various loads applied  

(≤ 2 MPa). 
 
 

5. Conclusions 
 

Design an analysis of diaphragm based pressure 
sensor using various structures such as square, 
rectangular and circular diaphragms are presented. 
The central deflection and stress values under the 
influence of a uniform external pressure  
are calculated. 

 
 

Fig. 16. The Mises stress of three different structures: 
Square, Rectangular and Circularat various loads applied  

(≤ 25 MPa). 

 
 

 
 

Fig. 17. The analysis to sensitivity of three different 
structures: Square, Rectangular and Circular  

at various loads applied (≤ 25 MPa). 

 
 

Furthermore, the theoretical results are compared 
with the simulated results through the Finite Element 
Analysis tool. The relations between the particular 
dimensions of a square, rectangular and circular 
diaphragm have been evaluated using the Intellisuite 
8.7v tool for a pressure range from 0.2 MPa to 
25 MPa. Analytical results yields a displacement of 
square diaphragm is 1.24 μm and FEA result yield a 
displacement of 1.4 μm to input pressure of 0.6 MPa. 
Thus, the square shaped diaphragm is suitable for 
environmental application. Because of the optimized 
that it has more deflection and sensitivity of both 
analytical and simulation in square diaphragm.  

Then we can measure both low and high pressure 
value on the environment by using the silicon square 
diaphragm. Finally, the equations that relate the 
applied pressure to the measured displacement the 
device are moderately simple, and measurement has 
shown a good agreement between theory  
and simulation. 
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Abstract: This paper aims at the problem of multi sensor station distribution, based on multi-sensor systems of 
different types as the research object, in the analysis of various types of sensors with different application 
background, different indicators of demand, based on the different constraints, for all kinds of multi sensor 
station is studied, the application of genetic algorithms as a tool for the objective function of the models 
optimization, then the optimal various types of multi sensor station distribution plan, improve the performance 
of the system, and achieved good military effect. In the field of application of sensor radar, track measuring 
instrument, the satellite, passive positioning equipment of various types, specific problem, use care indicators 
and station arrangement between the mathematical model of geometry, using genetic algorithm to get the 
optimization results station distribution, to solve a variety of practical problems provides useful help, but also 
reflects the improved genetic algorithm in electronic weapon system based on multi sensor station distribution 
on the applicability and effectiveness of the optimization; finally the genetic algorithm for integrated 
optimization of multi sensor station distribution using the good to the training exercise tasks based on actual in, 
and have achieved good military effect. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Sensor placement, Genetic Algorithm, Multi-sensor, Damage detection. 
 
 
 
1. Introduction 

 

Multi sensor is an important part of weapon 
system, play an important role in the modern war 
with information as the leading factor of [1]. On the 
digitized battlefield and environmental monitoring, 
very much in need of distributed real-time sensor, 
sensor station or distribution is of primary concern. 
The number of sensors, type, location and layout 
density determines the layout scheme of a multi 
sensor, especially in the number of sensors, limited 
by the geographical position and other factors, the 
overall performance of the system is often associated 

with each sensor station layout were closely related, 
study and optimization of multi sensor station layout 
will contribute to the electronic weapon system to 
achieve the desired performance optimization [2-3]. 

With the progress of science and technology, the 
development of modern industry and human needs in 
the future, modern space structure is toward large, 
complex direction [4]. Some large aircraft and 
spacecraft, nuclear engineering and bridge, and the 
modern high-rise buildings and other structures are 
possible in the use of the process will have a local 
damage, these local damage although does not lead to 
the destruction of the whole structure immediately, 

http://www.sensorsportal.com/HTML/DIGEST/P_2661.htm

http://www.sensorsportal.com
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but it to the safety of whole structure constitutes a 
potential hazard [5]. Influence of stress 
concentration, fatigue and other factors can cause 
local damage continues to expand and increase, 
resulting in a decline in bearing capacity of whole 
structure, even cause the destruction of the whole 
structure [6].  

The result is that not only shorten the service life 
of the structure, but also a threat to the security of life 
and property [7]. Therefore, in order to ensure the 
safety of structure, need to establish a method for 
detecting structural damage, which can quickly detect 
the damage appear and the damage position. 
Accurate detection of structural damage location and 
extent can help people to timely repair or change the 
structure of the operation of structure using the 
method in order to reduce the accumulation of 
structural damage degree, reduce the occurrence of 
sudden destruction. 

The electronic equipment test training, from the 
performance testing, equipment to improve the test 
data accuracy, to tactical training, confrontation 
training daily, are the need for sensor station 
distribution research. Further study of multiple sensor 
station distribution and optimization scheme of 
electronic weapon system test, not only can 
effectively use and save test resources, speed up the 
completion of the test time and improve test quality 
and efficiency, and to improve the comprehensive 
ability of army scientific research test, to provide 
decision support to have the extremely vital 
significance [8]. 

This paper aims at the problem of multi sensor 
station arrangement, with different types of sensors 
as the object of study, in the analysis of various types 
of sensors with different application background, 
different indicators of demand, based on the different 
constraints, for all kinds of multi sensor station of 
mathematical modeling; through the algorithm 
research and improvement, with genetic algorithm as 
a tool of objective function on the model of 
optimization, then the optimal station distribution 
plan, reflect the good effect of military application. 
Station cloth overall optimization of multi sensor 
based on GA. Based on a practical training exercise 
tasks as the background, based on the actual training 
requirements and sensor distribution principle, based 
on considering all constraints, studies and discusses 
the comprehensive optimization of radar station 
cloth, ground battlefield sensor, has provided the 
powerful support for the efficient task completion 
and achieved good economic and military benefit. 

 
 

2. Related Theory Sensor Optimization 
 
2.1. Classification of Multi Sensor 

 
According to the technical approach to 

classification, sensors can be classified as radar, 
signals intelligence sensors, radiometer, photoelectric 

sensors, remote sensors, sensor, ground battlefield 
sensor acoustic detection [9]. These sensors can be 
deployed in the ground, coastal, surface and 
underwater or mounted on a single soldier, ships, 
submarines, balloons, aircraft, satellite motion 
platform. As shown in Fig. 1: 

 
 

 
 

Fig. 1. Sensors deployed in the ground, coastal,  
surface and underwater. 

 
 

2.2. Research Status of Optimization 
Technology of Sensor Station 
Distribution 

 
Optimization of technology directly originated 

from the military practice of sensor stations cloth 
branching linear programming, search theory, 
network and data processing statistics. Among them, 
the linear programming is Dr. Dantzig served as the 
U.S. air force audit mathematics consultant in 
complete United States Air Force proposed 'optimal 
planning of scientific computing' project started in 
1947; search theory originated in the Second World 
War the American scientist Koopman [10] and his 
colleagues in antisubmarine operations team work; 
network originated in 1956 the United States DuPont 
Co trial "critical path method" and in 1958 the United 
States Navy Special Planning Bureau in the program 
evaluation and review technique Polaris missile 
development for the first time in the data processing 
statistics; directly originated from the two  
tactical warfare evaluation and improvement of 
military application. 

The U.S. military in multi sensor station layout 
and Optimization Research of methods have been 
developed by theoretical study and experimental 
phase gradually transition to the practical application 
stage, and by optimizing the sensor station 
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distribution improves the overall efficiency of the 
sensor network in actual combat. About the 
construction of American sensor equipment material 
is more, but because the secret reason about U.S. in 
layout and optimization method of multi sensor 
system research results and detailed information is 
currently unable to obtain. Other foreign multi sensor 
station distribution of test and training data 
optimization technology is also very limited. 
Although not refer to these specific data, but the 
current situation shows that the theory and method of 
American use of optimization techniques for multi-
sensor cloth on joint operations, digitized force, 
information operations, such as C4ISR research 
station of theory and practice, in the military field is 
still in the leading position, and play a very  
important effect. 

 
 

3. Genetic Algorithm and its 
Improvement 

 
3.1. The Principle of Genetic Algorithms 
 

1) Determine the composition and length of 
individual; 

2) The initial evolution algebra t-> 0, setting the 
need to implement the maximum evolution algebra T, 
random (or initialization) to generate m individuals, 
the formation of the initial population of M(0), each 
individual is a potential solution to the problem; 

3) On individual evaluation, get each individual 
population M(t) the fitness value of U(m), and all 
were evaluated; 

4) The implementation of genetic operation, 
through the process of individual C(t) produce 
offspring, were evaluated the operation continues 
offspring parent and offspring, choose show 
individual components of new group M(t+1); 

5) Termination conditions, the algorithm 
converges, find a solution. T< t, returned 1, continue 
with step (3) and (4); if the maximum generation set 
is t>T, is that in the calculation of the maximum 
fitness value of individual is the optimal solution. 

 
 

0t ←
( )M t

( )M t

( )M t
( )C t

( 1)M t + ( )M t ( )C t

1t t← +

 

3.2. An Improved Adaptive Genetic 
Algorithm 

 

Use the following formula to describe the 
coordination coefficient is introduced: 

 

0

max 0

2
( )

1
f f

f f m

F f

e
−
− +

=
+  

(1) 

 

The coefficient will be around the average  
fitness values of the reference adaptive coordination 
of the operator, when the value of individual fitness 
and average fitness values are consistent, keep 
invariant operator. 

Among them, f, fa, fmax represents the value of 
individual fitness and population average fitness 
value of maximum and group fitness value; m is the 
positive real number is relatively small, to avoid the 
model the denominator hours operation error. For 
each individual, the crossover probability and 
mutation probability into the actual crossover and 
mutation probability given values were multiplied by 
the coordination coefficient: 

 

( ),    ( )c c m mp p F f p p F f′ ′= ⋅ = ⋅
 

(2) 

 

Several commonly used test functions are 
selected with single peak or multi peak. The test 
functions are selected as follows: 
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In the test, the basic genetic algorithm SGA, the 
conventional adaptive genetic algorithm AGA, the 
improved adaptive genetic algorithm IAGA 
parameter was set 30: population size, crossover 
probability Pc =0.65, mutation probability Pm =0.01. 
All the algorithms were run 30 times, the calculation 
results shown in Table 1. 

 
 

Table 1. Average evolution generation  
of variety genetic algorithm. 

 
Optimization value of function SGA AGA IAGA 

99.0 4.1 2.7 1.5 
99.5 7.3 4.6 2.2 
99.9 26.2 8.1 2.8 
99.95 57.6 11.6 5.6 
99.99 135.8 37.1 9.3 

99.995 165.7 46.2 15.1 
99.999 / 51.1 18.2 
99.9995 / 53.8 22.3 
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3.3. Positioning Netting Optimization 
Mathematical Model 

 

The number of track measuring instrument in the 
test set is 3 sets, coordinate O - XYZ cartesian 
coordinate system (Fig. 2). 

 
 

X

Y

Z

O

( , , z)M x y

1 1 1 1( , , z )O x y
2 2 2 2( , , z )O x y

1R 2R

3R

3 3 3 3( , , z )O x y

1A
2A

3A

M ′

1E
2E

 
 

Fig. 2. The coordinate O-XYZ cartesian  
coordinate system. 

 
 

Position three coordinate measuring instrument, 
the measured dynamic target coordinate location for 
M(x, y, Z) for plane shadow M formed in three 
stations (1, 2, 3) three measurement target 

measurement instrument M the azimuth angle (pitch 
for the goal of measuring the obtained angle  
E(1, 2, 3) for measuring instrument to the distance 
measured target M. Track measuring slant range, 
azimuth and elevation data of Ei can use the position 
parameter X, Y, Z in rectangular coordinates are 
expressed as: 
 

1
22 2 2[( ) ( ) ( ) ]i i i iR X X Y Y Z Z= − + − + −  (6) 

 
0 arcsin[( ) / ]     0

180 arcsin[( ) / ]  0
i i i

i

i i i

Z Z L X X
A

Z Z L X X

 + − − ≥
=  − − − ≥




 

arctan[( ) / ]i i iE Y Y L= −
 

(7) 

 
In the formula, Xi, Yi and Zi represent the i track 

the Cartesian coordinate measuring instrument. The 
nonlinear equations into linear equations after Taylor 
launched, position parameters are calculated using 
the least squares estimation of target trajectory. 

 

L A X ξΔ = Δ +  (8) 
 

A measurement data track measuring instrument 
on the target trajectory parameters X, Y, Z of the 
partial derivative matrix Jacobi,  

 

That is: 
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=  
 
  

 
(9) 

 
 
4. The Experimental Analysis 
 
4.1. The Optimization of Multi Station 

Sensors with Different Application 
Background Based on GA 

 
When the optimization calculation to the 

evolution of maximum algebra T, or to find the 
optimal termination the fitness of the individual and 
convergence algorithm. 

The algorithm flow chart shown in Fig. 3. 
 
 

4.2. Algorithm Simulation and Results 
 
To track measuring instrument (A, B, C) of cloth 

stood on the flat area, the range of 30 km × 20 km, 
the movement of the target trajectory is idealized as a 
straight line, the height of the target is 6000 m, the 
trajectory is parallel to the XOZ plane, the target 
trajectory equation: 

200 200

6000    [1,100]

25000

x t

y t

z

= −
 = ∈
 =

 (10) 

 

Set three track measuring instrument are working 
under the ideal condition, can satisfy the complete 
tracking measurement trajectory towards the target, 
the angle measuring accuracy and same as 23", at the 
same time, dividing the target trajectory spacing is 
200 points, no error, calculate the trajectory 
measuring instrument for each point should be 
measured range and the pitch value of A, E, and 
Gauss white noise in A, E (variance of size 23") to 
measure the actual condition of the value simulation. 

Experience the cloth before optimization and 
after optimization station form shown in Fig. 4, Fig. 
5 (linear motion trajectories for the target to be 
measured in the XOZ plane projection), the Fig. 6 is 
cloth station positioning accuracy, through the 
contrast before and after optimization, optimize 
embattle later on target positioning accuracy overall 
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have bigger promotion for the test, to obtain the high 
accuracy data of great significance. 

 
 

(0)P

 
 

Fig. 3. The algorithm flow chart shown in. 
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Fig. 4. Experience the cloth before optimization  
and after optimization station. 
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Fig. 5. Linear motion trajectories for the target to be 
measured in the XOZ plane projection. 
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Fig. 6. The cloth station positioning accuracy. 
 
 

4.3. Optimization of Cloth Minimum Passive 
Location Sensor Station 

 
In this paper, another angle to lower Carmelo 

precision positioning error was the object of study. 
We using TDOA/AOA (time difference of arrival / 
angle of arrival) passive location sensor system mode 
of the station layout optimization. By making the 
CRLB to the target location accuracy error, we find 
the location sensor optimal station distribution mode. 

Fig. 7 shows the evolutionary computation after 
10000 generations, optimal station distribution 
position of passive location sensor, wherein the green 
star mark corresponding to the main passive locating 
the position of the sensor. Fig. 8 shows the situation 
for the station layout optimization process CRLB 
changes with the evolution algebra. 
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Fig. 7. The evolutionary computation  
after 10000 generations. 

 
 
The number of passive positioning sensor 

invariant, station distribution range unchanged, the 
operation parameters of genetic algorithm are set the 
same, different is, the location of the target from the 
space of a point target into a three-dimensional space 
of the region, namely: 
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2 :{ [50,100], [50,100],z [10,20]}Z x y∈ ∈ ∈ (11) 

 
Fig. 8 shows the evolution of 10000 generations, 

passive location sensor station distribution of optimal 
location, blue star standard corresponding is the main 
passive locating the position of the sensor. Fig. 8 
shows the situation during the process of 
optimization CRLB change with the evolving algebra 
for cloth station. 
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Fig. 8. The situation for the station layout optimization 
process CRLB. 

 
 

Optimize embattle results show that the routine 
use of position and test task of the sensor in the "ten" 
word or diamond such as cloth station geometry is 
different, showing the irregular form of station 
distribution, in this case, the average CRLB 
positioning error of the system is minimal, precision 
helps test to maximize access data location, reduce 
the error. 
 
 

5. Conclusions 
 
The overall performance of electronic weapon 

system composed of multiple sensors are often 
associated with each sensor station layout were 
closely related, study and optimization of multi 
sensor station layout, will contribute to the electronic 
weapon system to achieve the expected performance 
of the optimal. From the performance test, the test 
equipment to improve the accuracy of the data, to the 
tactical training, confrontation training daily, are the 
need for sensor station distribution research. Further 
study of multiple sensor station layout and 
optimization scheme of weapon system test, not only 
can effectively use and save test resources, speed up 
the completion of the test time and improve test 

quality and efficiency, but also has extremely 
important significance to improve the comprehensive 
ability of army scientific research test. 
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Abstract: The benefits of closed-loop irrigation control have been demonstrated in grower trials which show the 
potential for improved crop yields and resource usage. Managing water use by controlling irrigation in response 
to soil moisture changes to meet crop water demands is a popular approach but requires knowledge of closed-
loop control practice. In theory, to obtain precise closed-loop control of a system it is necessary to characterise 
every component in the control loop to derive the appropriate controller parameters, i.e. proportional, integral & 
derivative (PID) parameters in a classic PID controller. In practice this is often difficult to achieve. Empirical 
methods are employed to estimate the PID parameters by observing how the system performs under open-loop 
conditions. In this paper we present a modified PID controller, with a constrained integral function, that delivers 
excellent regulation of soil moisture by supplying the appropriate amount of water to meet the needs of the plant 
during the diurnal cycle. Furthermore, the modified PID controller responds quickly to changes in 
environmental conditions, including rainfall events which can result in: controller windup, under-watering and 
plant stress conditions. The experimental work successfully demonstrates the functionality of a constrained 
integral PID controller that delivers robust and precise irrigation control. Coir substrate strawberry growing trial 
data is also presented illustrating soil moisture control and the ability to match water deliver to solar radiation. 
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Control theory, Precision irrigation, Soil moisture, Closed-loop PID control, Data logging. 
 
 
 
1. Introduction 

 

The benefits of closed-loop irrigation control 
have been demonstrated in grower trials which show 
the potential for improved crop yields and resource 
usage. Managing water use by controlling irrigation 
in response to soil moisture changes to meet crop 
water demands is a popular approach but requires 
knowledge of closed-loop control practice. In theory, 
to obtain precise closed-loop control of a system it is 
necessary to characterise every component in the 
control loop to derive the appropriate controller 
parameters, i.e. proportional, integral & derivative 

(PID) parameters in a classic PID controller. In 
practice this is often difficult to achieve. Empirical 
methods are employed to estimate the PID 
parameters by observing how the system performs 
under open-loop conditions. The classic PID 
controller has been applied in many applications and 
is used in commercial controller products where the 
control of a parameter, such as temperature or fluid 
flow, is precisely maintained at a user defined level 
or set-point. The classic PID controller 
(Schwarzenbach and Gill, 1984) consists of a signal 
comparator that compares a measured feedback 
signal to a (user defined) set-point, the difference 
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between these is the Error signal. This Error signal is 
then processed using weighted proportional, integral 
and derivative functions and the output from each 
function is summed to create a control signal that is 
used to drive an actuator. In this work the actuator is 
a water pump or a solenoid valve that is timed to 
operate once every 2 hours. The PID controller is 
used here to estimate the duration the water pump or 
solenoid valve has to be switched-on in order to 
supply sufficient water to the plant to maintain 
constant soil moisture. 

Where the classic PID control system has been 
applied to maintain greenhouse environmental 
conditions, problems have arisen as a result of the 
number of interdependent parameters that need to be 
maintained and controlled at the same time 
(Ferentinos, et al., 2006). As a result the classic PID 
controller is often replaced with more sophisticated 
controllers employing fuzzy logic or model 
predictive control methods which can process 
multiple measurement types. 

One reason for the underperformance of the 
classic PID controller is due to the way certain 
external disturbances are processed, this can affect 
the level of control performance achieved following 
a disturbance. In its simplest form the sensor, classic 
PID controller and actuator feedback loop essentially 
work together to regulate the flow of energy or 
material from a reservoir to a load and it is assumed 
that this is the only significant flow of energy or 
material available to the load. This is often described 
as a first order SISO (Single Input Single Output) 
process controller. In practice this is not always the 
case. For example, in plant irrigation control systems 
a classic PID controller (Fig. 1) can be designed and 
set-up to manage the flow of water to the plant but 
this design will not take account of other significant 
sources of water, such as rainfall which will bypass 
the controller. In the literature it has been shown that 
in the case of a significant rainfall event there is a 
risk the PID controller can go into a windup 
condition (Romero, 2011 and Romero, et al., 2012), 
this may result in a loss of control and a significant 
delay before control is resumed. 

 
 

 
 

Fig. 1. A schematic of the PID controller showing the 
closed-loop irrigation systems consisting of: a User 
Moisture set-point input, Error signal processing, water 
supply actuator valve and soil moisture sensor providing 
the feedback signal. 

A further limitation in applying PID control to 
irrigation applications is the possibility of excessive 
dead time resulting from the length of time it takes 
for the applied water to reach the sensor. In this case 
long oscillations in soil moisture level may occur. 
However, the effect of dead times can be addressed 
by applying predictive functions to the PID controller 
(Smith, 1959). This technique has been successfully 
applied in a commercial controller product (Veronesi, 
2003). In this work we will be applying a simpler 
enhancement to the PID controller which aims to 
manage non-SISO conditions i.e. rainfall, as well as 
the reducing dead times due to controller windup that 
are associated with such events. 

A major benefit of the PID controller - resulting 
in its widespread adoption in many industries where 
precision control is required - is the PID controller’s 
ability to respond quickly to changes in user  
set-point and loading demand (Schwarzenbach and 
Gill, 1984). 

This capability makes it an attractive proposition 
for maintaining soil moisture in an environment 
where the water demands are driven by the diurnal 
cycle and water needs of a plant. However, as 
mentioned previously, the classic PID control risks 
going into a windup condition after a rainfall event. 
In a system that is under control, i.e. the parameter 
under control is at the user’s set-point and in steady-
state, one would expect the PID signal processing of 
the error signal to deliver proportional and derivate 
function outputs close to zero. However, the control 
signal that drives the actuator at a certain level to 
maintain steady state control is largely derived from 
the output of the integral function, a level that has 
been determined over an extended period of time. 
External events which cause the proportional and 
derivative functions to provide rapidly changing 
outputs may only result in small changes to the 
output of the integral function. In the case of a 
rainfall event resulting in the soil moisture being 
above a desired set-point over an extended period of 
time, this will initially cause the integral function to 
reduce the steady state control level. If left 
unconstrained the integral function could reach a 
level that is equivalent to negative water application 
volume and will continue to increase, or windup, 
over time. In this situation, once the plant’s water 
demand has increased to a point that the soil moisture 
reaches a level below the desired set-point, the 
integral function is still in a windup condition. This 
could offset the output from the proportional and 
derivative functions, causing under watering events 
until the integral function recovers from the windup 
condition, this assuming the soil moisture level 
remains below the set-point. 

In this work a variation of an anti-windup 
algorithm (Abe and Yamanaka, 2003) has been 
applied which constrains the integral function to 
values equivalent to positive water application 
volumes (within the range of 0 to maximum of half 
the daily water requirement), whilst allowing the 
proportional and derivative functions to operate as 
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they would in a classic PID controller. With this 
approach the integral function performs in the normal 
way (as a SISO process) in response to a varying 
water demand but should a significant rainfall event 
occur the integral function is constrained so that it 
maintains a value that is equivalent to a zero water 
application volume. Furthermore, when the soil 
moisture returns to a level below the set-point the 
integral function starts from a repeatable known level 
rather than from a time and soil moisture point 
dependent on the windup level. In this way a PID 
controller with a constrained integral function can 
more reliably resume control of soil moisture after a 
rainfall event without incurring a significant dead 
time delay. It is the primary aim of this work to 
demonstrate the use of a constrained integral function 
that can enable the benefits of PID control (as 
outlined above) to be applied to precision irrigation 
applications and plant science studies. 

 
 

2. Material and Methods 
 
The experimental method consists of two 

experimental arrangements:  
1) An on-the-bench system to assess the 

functionality of a constrained integral PID irrigation 
controller using a potted Poinsettia plant to provide a 
diurnal water load;  

2) To assess the performance of the constrained 
integral PID irrigation controller for a small scale 
trail consisting of 32 strawberry plants in coir over a 
growing period employing a similar arrangement to 
commercially grown strawberries in the UK. 
 
 

2.1. Method 1 
 

A closed-loop irrigation controller system was 
created for the automatic watering of a potted 
poinsettia plant via drip-irrigation. The control 
system consists of: a GP2 data logger and controller 
(Delta-T Devices Ltd.), a water bottle with an electric 
water pump, 3 SM300 soil moisture probes (Delta-T 
Devices Ltd.) using the generic mineral calibration 
and a millilitre flow meter to measure the delivered 
water. The PID control algorithm was implemented 
in the GP2 using the script editor which also 
managed the frequency and duration of the water 
pump. The soil moisture feedback signal was 
obtained from the average of 3 SM300 soil-moisture 
readings and calculated within the GP2 data logger. 
A Kipp & Zonen SP Lite Pyranometer was also 
connected to the GP2 data logger in order to record 
solar energy. The experimental set-up is shown 
schematically in Fig. 2, including a pot containing 
4.5lts of an in-house mixed John Innes type soil 
where the SM300 soil moisture sensors where 
partially buried measuring the soil moisture at a 
depth of 3 to 8 cm.  

The GP2 data logger was programmed with a PID 
controller employing the constrained integral 

function and with a water pump control function that 
delivered an irrigation event every 2 hours. Sensor 
data was collected every 5 minutes. The irrigation 
duration (in seconds to the nearest second) was made 
proportional to the sum of the PID functions and was 
limited to a maximum time (equivalent to delivering 
approximately half the daily water requirement). The 
water pump delivery rate was measured at 12 ml/s 
and therefore with the PID range of 0 to 20 the 
irrigation water volume delivered would be between 
0 and 240 mL at every irrigation event. In order to 
review the performance of the PID controller the PID 
functions were also displayed graphically, together 
with the soil moisture, solar energy, air temperature 
and flow meter data. Other data that was calculated 
and logged for display within the GP2 included the 
daily totals for irrigation water delivered and the 
daily solar energy integral, thereby allowing the 
potential for the relationship between solar radiation 
and water use to be investigated. 

 
 

 
 

Fig. 2. Equipment set-up with data logging  
and irrigation control. 

 
 

Before the GP2 based PID controller was used to 
control the irrigation of a potted poinsettia plant the 
programming and control functions were evaluated 
using the GP2’s DeltaLINK simulator, where the PID 
weighting parameters (kp, ki, & kd) could be tested 
and selected for stable operation whilst responding to 
diurnal and rainfall events. 

A soil moisture set-point of 31 % was used for 
the PID irrigation control of the poinsettia plant. This 
was determined from a previous irrigation controller 
arrangement employing a low-volume high-
frequency (LVHF) algorithm using a soil moisture 
sensor similar to that described by R. Muñoz-
Carpena, et al., 2006. Using the LVHF algorithm the 
soil moisture level was adjusted so that irrigation 
events did not result in water draining from the 
bottom of the plant pot, the aim being to avoid 
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significant plant stress whilst delivering sufficient 
water for the plant’s photosynthetic needs and 
allowing for soil surface evaporation. The data 
collected from the flow meter and pyranometer was 
used to observe the relationship between total daily 
water delivery and daily solar radiation. 

The water balance (at 31 % soil moisture) was 
maintained by the PID controller to deliver sufficient 
water for crop evapotranspiration and soil surface 
evaporation only, as there was no drainage water loss 
from the plant pot. 

 
 

2.2. Method 2 
 

It is recognized that Method 1 tests the 
functionality of the PID algorithm under 
environmental conditions that are not representative 
of many situations. To address this we tested the 
functionality of the constrained integral PID control 
algorithm in a second scenario controlling the 
irrigation of strawberries plants grown in a coir 
substrate under a polytunnel over a 7 week growing 
period from planting to harvest and for a further 46 
day period post-harvest. A detailed analysis of the 
growth cycle for the strawberries is beyond the scope 
of this work but for reference: planting took place at 
the beginning of March and the harvest period was 
from 29th May to 14th June. The experimental 
arrangement consisted of drip irrigation of 4 coir 
bags (Botanicoir) with 8 plants and 4 drippers per 
bag. The soil moisture was measured in each bag 
using an SM300 soil moisture sensor (Delta-T 
Devices Ltd.), using the generic Organic calibration, 
the average soil moisture was used for the PID 
controller. Solar radiation data was recorded with a 
BF5 (Delta-T Devices Ltd.) along with irrigation 
water volume (in litres) with a flow meter. The 
irrigation period remained at 2 hours whilst the soil 
moisture and solar radiation measurements sensor 
were taken at 10 minute intervals. Although the 
constrained integral functionality remained the same 
the output from the sum of the PID functions was 
processed with a scaling factor, kv, in order to 
estimate the amount of water to be delivered at each 
irrigation event. The GP2-based irrigation process 
consisted of an irrigation event ever 2 hours where 
the PID controller estimated the amount of water to 
be delivered and the irrigation continued until the 
flow meter had returned (litre) pulses to match the 
required delivery volume. A soil moisture set-point 
of 55 % was applied for the duration of the substrate 
trial to provide a well-watered environment (Else 
2013). The scaling factor, kv, was determined in the 
following way: 

 
kv = (Max. Daily Water Requirement) / ((Number of 
Irrigations per Day) x (PID value) 
 
where: 

Max. Daily Water Requirement: is the maximum 
water for the life cycle of the plant. 

PID value: is the average daily output of the sum 
of the PID functions that will deliver the Max. Daily 
Water Requirement.  
 
For this coir substrate growing trial we used: 

Max. Daily Water Requirement = 50 litres 
PID value = -10 
Number of Irrigations per Day = 12 
Kv = -0.4 litres. 

 
 
3. Results 
 
3.1. Method 1 
 

Fig. 3 shows the behaviour outputs from the PID 
functions over 3 days of irrigating the poinsettia plant 
where the constrained integral has been employed. 
The effects of irrigation events can be seen most 
clearly on the outputs from the proportional and 
derivative functions, whilst responding to the diurnal 
cycle is most clearly seen on the output from the 
constrained integral function (red broken line). A 
calculated line has been included in Fig. 3 that 
indicates how the integral function would have 
performed without the constraint (red dash-dot line), 
as in a classic PID controller.  

 
 

 
 

Fig. 3. Showing the behaviour outputs from the PID 
functions over 3 days of irrigation of the poinsettia plant 
where the constrained integral has been employed and how 
the integral function would have performed without the 
constraint, demonstrating a windup event. 

 
 

By inspection of the two integral responses it can 
be estimated that it would take nearly 4 hours for the 
integral function to return to 0 and so it is possible 
that at least one of the first two irrigation  
events would have been missed without constraining 
the integral. 

In Fig. 4 soil moisture data is shown with solar 
radiation data (from the SP Lite) clearly indicating 
the diurnal cycle (for the same period as that in 
Fig. 3). The location of the poinsettia is such that 
there is only a relatively short period when the plant 
was in direct sunlight, as shown by the peaks in the 
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solar radiation responses. It can also be seen that the 
PID controller managed to maintain the soil moisture 
at 31 % to within ±2.5 % in response to the diurnal 
cycle and variations in peak solar radiation levels 
where: kp = 1, ki = 0.05 and kd = 0. 
 
 

 
 

Fig. 4. Showing soil moisture data with solar radiation data 
where: kp = 1, ki = 0.05 and kd = 0. 

 
 

The irrigation events and water volumes 
delivered are shown in Fig. 5 and indicate that the 
irrigation events are well aligned with solar radiation 
measurements and the diurnal cycle. Furthermore, 
the daily total amount of water delivered also appears 
to follow the level of solar radiation. 

 
 

 
 

Fig. 5. Showing irrigation water volume data on a 2 hour 
period and solar radiation. 

 
 

In Fig. 6 soil moisture data is shown with solar 
radiation data for a second period where: kp = 2.0,  
ki = 0.05 and kd = 0. In this case the PID controller 
manages to maintain the soil moisture at 31 % 
<±1.5 %. Whilst the PID weighting parameters could 
have been further adjusted, the level of soil moisture 
regulation was considered sufficient to assess the 
PID controller’s response to significant external 
disturbances of a rainfall event and a disruption in 
the water supply. 

 
 

Fig. 6. Showing soil moisture data with solar radiation data 
where: kp = 2.0, ki = 0.05 and kd = 0. 

 
 

The ‘rainfall event’ was achieved by manually 
adding approximately half the daily water 
requirement in one application, whilst the water 
supply disruption was achieved by removing the 
water supply for 3 days and logging how the 
controller responded once the water supply was re-
connected. The disruption in water supply can also 
be considered as a control engineer’s step-change test 
that is often employed to test the response and 
stability of closed-loop control systems. 

In Fig. 7 and Fig. 8 we show the PID controller’s 
performance in response to a ‘rainfall event’ where 
200 ml of water was added manually at 9 am on 25th 
September. This resulted in the soil moisture rising to 
nearly 38 %. This data shows that following the 
‘rainfall event’ the PID controller does not deliver 
any further irrigations for the rest of the day and soil 
moisture regulation recovers without undershoot, 
there are no signs of controller windup (Romero 
2011 and Romero, et al., 2012), and the PID 
controller returns to maintaining the soil moisture  
at 31 % <±1.5 %. 

 
 

 
 

Fig. 7. Showing soil moisture data with a ‘rainfall event’ 
with solar radiation data. 

 
 

The disruption in water supply event is shown in 
Fig. 9 and Fig. 10 where the soil moisture dropped to 
17.3 % after 3 days without water. 
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Fig. 8. Showing irrigation water volume data with a 
‘rainfall event’ with solar radiation data. 

 
 

 
 

Fig. 9. Showing soil moisture and solar radiation data with 
a water supply disruption event. 

 
 

 
 

Fig. 10. Showing irrigation water volume data with a water 
supply disruption event. 

 
 

The diurnal cycle can also been seen in the soil 
moisture response during this un-irrigated period. 
When the water supply was re-connected it can be 
seen that the resulting irrigations caused the soil 
moisture to reach 36.5 %. The first 3 of these 
irrigations were at the maximum water volume 
permitted by the constrained integral function. 
Following these irrigations the PID controller 
returned to maintaining the soil moisture at  

31 % ±1.5 %. From a control engineering perspective 
this test was similar to a step-change test which is 
often employed to assess damping characteristics, 
essentially aiming to assess the PID parameters that 
maximize the speed of response and minimize the 
overshoot level. Inspection of the data shown in 
Fig. 9 indicates some overshoot in the response 
where the PID parameters used are delivering a 
slightly under-damped response, requiring further 
adjustment to achieve the ideal critically-damped 
scenario. However, it should also be noted that, 
whilst the PID control is responding to the step-
change, the water demand of the poinsettia is also 
reducing due to falling solar radiation, which may 
also contribute to the level of overshoot observed. On 
balance, the PID controller delivered an acceptable 
level of operation following a major interruption in 
water supply. 

During the period that the PID controller 
managed the irrigation of the poinsettia plant 
(including the ‘rainfall’ and water supply disruption 
events) the daily total water delivery and daily solar 
radiation (with a 5 minute measurement interval) 
were calculated and recorded using the GP2 data 
logger. The photosynthetic action of the poinsettia 
can be seen in Fig. 11 where the relationship between 
the total daily water delivered and daily solar 
radiation is shown for a 15 day period of regulated 
soil moisture, maintained at 31 % by the PID 
controller. The linear regression shown in Fig. 11 is 
for the data up to the water supply disruption event 
(as plant stress may have resulted) and shows an 
intercept value of 236.6 ml at Rs=0. In order to 
maintain water balance this offset suggests there 
could be significant amount of water loss as a result 
of soil surface evaporation. For the 230 mm diameter 
pot the daily surface evaporation is equivalent to 
approximately 5.7 mm.d-1. 

 
 

 
 

Fig. 11. Showing the relationship between total daily water 
delivery and daily solar integral. 

 
 

3.2. Method 2 
 

The performance of the PID controller used to 
regulate soil moisture in the coir substrate is shown 
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in Fig. 12 over 94 days where the kp values of 1 & 2 
have been tested. As with the previous poinsettia 
data, setting ks = 2 provides improved performance, 
achieving soil moisture control of 55 % ±4 %.  

 
 

 
 

Fig. 12. Showing the performance of the PID controller to 
regulate soil moisture in the coir substrate growing trial. 

 
 

The integral weighting was reduced in order to 
look for signs of offset error, this effect is not 
apparent for the data shown in Fig. 12 as the range of 
soil moistures readings appear well centred on our 
set-point of 55 %. Total daily water delivery and 
daily solar radiation over the period are shown in 
Fig. 13 where it can be seen that the controller is 
maintaining soil moisture control over a wide range 
of solar radiation levels. In Fig. 13 it can be seen that 
whilst the daily irrigation volume is increasing over 
the growing period of the strawberries the peaks and 
troughs in water use are very well aligned with the 
peaks and troughs in solar radiation, irrespective of 
the growth stage of the strawberries. 

 
 

 
 

Fig. 13. Total daily water delivery and daily solar radiation 
over the period shown in Fig. 12. 

 
 

4. Discussion 
 
Whilst the data and results presented for a single 

plant in a pot where the water balance conditions 
have been arranged to avoid drainage illustrated the 
robustness of a constrained integral PID controller, 

the use of a precision controller to maintain  
soil moisture conditions has enabled water  
use under relatively low-photosynthetic conditions to 
be presented.  

Data collected over a 94 day period from 
strawberries grown in coir under a polytunnel 
illustrates the ability of a constrained integral PID 
irrigation controller to maintain soil moisture over a 
growing period and under varying solar radiation 
levels. The level of soil moisture regulation (±4 %) 
falls short of the ±1.5 % achieved whilst irrigating 
the potted poinsettia plant is considered to be mostly 
due to the 1 litre resolution of the flow meter used in 
the evaluation that determines the resolution of 
irrigation water delivery. 

The coir substrate trail has demonstrated the 
potential of the constrained integral PID controller to 
regulate soil moisture and match water deliver to 
solar radiation in a growing environment and under a 
much wider range of solar radiation levels. An 
outline of how to implement a constrained integral 
PID controller is also presented. Following on from 
the closed-loop control evaluations presented in this 
paper it should be possible to apply this method in 
larger scale irrigation control experiments. The PI 
controller employed in this work could be further 
enhanced to include the use of the Smith Predictor 
algorithm where there is a possibility of a significant 
time delay, due to the time taken for water-flow (in 
soil) to reach the soil moisture sensor providing the 
feedback signal. However, in situations where the 
water demand is significantly higher than 
experienced in this work, it may be advantageous to 
re-instate the derivative function in order to allow the 
controller to remain stable whilst responding to more 
rapid falls in soil moisture. 

In order to set up a PID based controller in larger 
scale irrigation systems than described above, the 
integral constraint can be defined as having:  

i) Minimum value of 0;  
ii) A maximum value that is derived from the 

time taken to deliver half the daily water 
requirement.  

A simple method of calculating a scaling factor 
has been proposed that enables the PID controller to 
estimate the appropriate amount of water to be 
delivered at each irrigation event. The weighting 
coefficients used in the coir substrate growing trial 
of: kp = 2.0, ki = 0.025 and kd = 0 (with a 2 hour 
irrigation period and 10 minute soil moisture 
measurement period) would make a useful starting 
point, further optimisation may be required 
depending on the environment and the type  
of substrate.  

In this work we have successfully demonstrated a 
PID irrigation controller that overcomes the primary 
difficulty with the classic PID controller of wind-up 
conditions by constraining the integral function. PID 
weighting coefficients were used that delivered good 
regulation of soil moisture. However, we did not 
determine the optimum weighting coefficients for 
each method presented. To achieve this there are 
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essentially two methods that allow control engineers 
to optimise the PID weighting coefficients. Firstly, 
the theoretical approach where each component in 
the closed-loop is represented mathematically as a 
transfer function, usually in Laplace format, in order 
to assess the loop’s response and stability 
performance (Schwarzenbach and Gill, 1984). 
However, obtaining the Laplace transfer functions 
for soil and plants is likely to be a non-trivial 
activity. Secondly, empirical methods such as 
Zielger-Nichols, 1942, can be employed where 
weighting coefficients are adjusted and judgements 
are made from observing the resulting closed-loop 
control response, this is an iterative process which 
we also adopted in this work. Whilst this approach 
may also be considered challenging in an irrigation 
application it has been overcome in other control 
applications. For example, in precision temperature 
control where commercial products are available that 
includes auto tuning capabilities (OMEGA 
Engineering, INC., www.omega.com). By 
overcoming the potential for wind-up conditions in 
the classic PID controller it should now be possible 
to further evaluate the benefits PID control may offer 
to applications requiring precision irrigation. 

 
 

5. Conclusions 
 

In this paper we present the successful 
implementation of a PID (PI) controller using a 
simple modification to the integral function to 
control soil moisture of a potted poinsettia plant and 
for 32 strawberry plants grown in coir over a 94 day 
period. In the potted poinsettia plant the constrained 
integral PI controller has been shown to respond to 
the diurnal cycle whilst maintaining soil moisture to 
better than ±1.5 % with a 2 hour irrigation period. 
The integral function is constrained to only output 
values equivalent to positive water delivery volumes 
and is limited to a maximum of half the daily water 
requirement, irrespective of the input error. With 
these constraints in place the PI controller 
successfully recovered irrigation control following 
‘rainfall’ and water supply disruption events. 
Furthermore, these events did not provoke any signs 
of controller windup as presented in the literature. 

The modified PID controller presented here has been 
shown to respond quickly to changes in 
environmental conditions and the diurnal cycle whilst 
delivering robust and precise irrigation control over a 
wide range of solar radiation levels. The coir 
substrate strawberry growing trial illustrates that the 
constrained integral PID controller has the ability to 
match water deliver to the needs of the plant from 
planting to harvest whilst responding to varying solar 
radiation levels. 
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Abstract: Passive radar is a topic anti stealth technology with simple structure, and low cost. Radiation source 
model, signal transmission model, and target detection are the key points of passive radar technology research. 
The paper analyzes the characteristics of EBPSK signal modulation and target detection method aspect of 
spaceborne radiant source. By comparison with other satellite navigation and positioning system, the 
characteristics of EBPSK satellite passive radar system are analyzed. It is proved that the maximum detection 
range of EBPSK satellite signal can satisfy the needs of the proposed model. In the passive radar model, sparse 
representation is used to achieve high resolution DOA detection. The comparison with the real target track by 
simulation demonstrates that effective detection of airborne target using EBPSK satellite passive radar system 
based on sparse representation is efficient. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Satellite passive radar; Sea-target two reflections. 
 
 
 
1. Introduction 

 

Passive radar doesn’t emit radiation energy, so it 
keeps passive radar from electromagnetic 
countermeasure (ECM). Passive radar system with 
multiple receiver units could provide extra detection 
information. Multiple receivers signal processing 
method for passive radar system is used to detect the 
position, velocity and radar cross section (RCS) of 
aircraft target. 

Radiation source method is one of the key points 
in passive radar system. In recent years passive radar 
experiments based on satellite navigation signal have 
been widely carried out. The literature [1-2] through 
the posterior Cramer-Row bound calculation shows 
that in the bi-static system, the selection of geometry 

structure and signal waveform will affect the final 
target estimation accuracy. Matched filtering [3] is 
used to monitor nearby air target in passive radar 
system. The monitoring model and the numerical 
results are given. Algorithm for passive radar 
receiver station with mechanical rotating radar is 
proposed [4]. It also discussed the signal-to-noise 
ratio (SNR) of detection parameters under different 
objective Doppler condition. Literature [5] presented 
in MIMO radar multiple targets detection and data 
association problem. In the EBPSK passive radar 
signal detection process, the carrier frequency 
information is used, via sparse representation the 
proposed method can acquire the estimations of 
target position, velocity, and RCS. The paper focuses 
mainly on detection methods. The literature [6] used 

http://www.sensorsportal.com/HTML/DIGEST/P_2663.htm
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GSM signal as passive radar source, the receiver 
devices are on the coast, objects such as the sea 
vessels and aircraft were detected, experimental 
results show that the GSM signal coverage and target 
detection range is similar to the coverage daily used 
on land. EBPSK [7-8] passive radar detection range 
is analyzed. The literature [9] used matched filter, 
Music algorithm and sparse representation method 
for passive radar signal detection. The results show 
that the Music algorithm and sparse representation is 
more complicated than the matched filter, but they 
can improve the resolution, with stable low side lobe. 
The position estimation and signal transmission 
model in the literature are different from the 
proposed paper. Passive radar signal sparse 
representation method of EBPSK navigation satellite 
signal could also provide the RCS estimation  
of the target. 

This paper proposes aircraft target detection 
method by EBPSK satellite passive signal double 
reflection mechanism. The detection system includes 
an antenna array and target detection processing 
section. Detection system received the satellite 
EBPSK signal after reflection from the sea. Signal is 
then reflected by the spacecraft. Frequency 
difference comparison is done between the target 
reflected EBPSK signals and satellite signal in order 
to obtain the parameters of spacecraft objects. And 
through the multiple signals processing method, two-
dimensional arrival direction of aircraft is obtained. 

In the detection of aircraft targets, the distance 
between the air targets and multiple receiver centers 
is directly obtained. Satellite signals are used as the 
source of passive radar. The fusion signal of  
different satellites can improve the precision of  
target detection. 

The second part of the paper introduces the 
characteristics of the radiation source and the reasons 
of the signal selection. Various satellite systems 
signal coverage are analyzed. The corresponding 
reference values of other radiation source are also 
referred. In the third part, passive radar target 
detection model based on the EBPSK satellite signal 
is given. The relationship between the satellite signal 
elevation angle and Doppler is analyzed. The fourth 
part presents the radar detection method based on 
sparse representation. The simulation of aircraft 
target detection procession is given.  

 
 

2. Sea Surface-target Double Reflection 
in Passive Radar System 
 

2.1. Radiation Source Selection 
 
The radiation source determines its signal 

coverage. The waveform characteristics of radiation 
source determine the detection resolution and 
ambiguity. The passive radar sources could be the 
signals come from radio, mobile phone base stations, 
television, satellite, radar, and wireless network. The 

signal from satellite source is stable and reliable 
since its receiver antenna elevation is high. 
Geostationary satellites are selected as the EBPSK 
space borne radiant source. 

GPS and GLONASS are used as illuminators. 
However, there are four problems in the system:  

1) Satellite signal parameters are time-varying;  
2) Transmitter the high-speed relative motion 

caused by Doppler frequency shift; 
3) The radiation time of a fixed area is short for 

each satellite; 
4) The availability could not be guaranteed. 
So the feasibility of the research is based on the 

proven Beidou satellite positioning system. EBPSK 
satellite is similar to Beidou system, in some aspects 
such as geostationary satellite. Area of continuous 
coverage could be achieved on the sea around China. 
At the same time, due to the small relative motion of 
synchronous satellite, Doppler shift is fixed. The 
high speed GPS satellites produce time-variant 
Doppler frequency shift which may conflict with the 
Doppler of goal reference to Beidou system, by 
enhancing the radiation power, the signal coverage is 
farther than GPS.  

EBPSK modulated signal could be demodulated 
by narrow band-pass filter with the transition zone, 
but on the condition of multi target passive radar 
double reflection, the frequency band of the EBPSK 
signal parasitic amplitude modulation information is 
unique. There will be many signals with spectrum 
distribution close to each other. The reflections are 
similarly in time and frequency domain. Signal 
received out of the carrier frequency energy is weak. 
According to the EBPSK signal spectrum analysis, 
the paper uses EBPSK sequence information of 
received array reflection to get goal Doppler, 
position, and velocity of the target. 

 
 

2.2. Maximum Range 
 
Maximum range is an important detection 

performance index in the passive radar system. 
Literature [12] gives a formula on the maximum 
range of bi-static radar, as shown in (1). 
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where 0ρ  

is the Omni-directional antenna input 

signal-to-noise ratio (SNR), A is the effective area of 
the receiving antenna, σ  is the RCS of the air target, 

FΔ is the receiver bandwidth, kτ  is the 

accumulation time of narrowband coherent Doppler 

filter, λ  is the ranging signal wavelength. rρ  is the 

SNR. Thus, the maximum distance of passive radar 

system depends mainly on the kτ , rρ  and 0ρ . 
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In literature [12] the maximum range of passive 
radar system based on GPS and Beidou signals for 
the same target (σ =10 m) are compared. The unit of 
received power of GPS signal in the receiver on the 
ground is -160 dB, the signal of Beidou is -144.5 dB, 
maximum GPS signal range is 149.7 km, Maximum 
detection range of Beidou passive radar information 
source is 149.35 km, the EBPSK modulation passive 
radar detection distance may refer to the maximum 
range of Beidou system. The feasibility of the paper 
is validated by the reference. 

 
 

2.3. The Target Two Reflections Model 
 
EBPSK modulation satellite passive radar 

receivers are arranged in array form, and unlike 
traditional satellite position system where the signal 
is corrected by local crystal oscillator. Based on array 
signal reception spacecraft target is represented by 
DOA sparse array elements. Multiple satellites are 
used to calculate the DOA in two dimensions. At the 
same time for each satellite: there are more than one 
EBPSK carrier. The detection error can be reduced 
by multi channel information fusion. 

In literature [10-11] satellite signals are used for 
air target altimetry estimation. It collected GPS data 
by two antennas during flight test. The flight path 
passed through the woods. The terrain below the 
flight path is hilly, and the highest flight height is 
about 3 km. The reflected signal from the woods is 
much weaker than the direct signal. In the literature, 
the antenna height refers to the distance between 
downward antenna and the ground reflection point. 
The experiment in the literature indicates the 
feasibility of our proposed model. The reflection 
performance of sea surface is compared with  
that of forest. 

Target reflected signal is received by passive 
EBPSK array, and the position and velocity of air 
targets are estimated. The characteristic of the 
proposed system lies in sea surface reflection and 
spacecraft target two reflections. After two 
reflections the intensity and frequency of the satellite 
signal will be shifted. Through the received signal 
angle of arrival, Doppler frequency shift and other 
parameters of the target can be obtained. 

Doppler shift of the reflected signal could be 
obtained by array of antennae; the target direction of 
arrival is resolved. In order to obtain the  
spacecraft target position, the spacecraft relative 
target array 2-D direction of arrival is represented by 
the pitch angle and the heading angle. 

Sea surface reflection area can be regarded as a 
signal transmitting station. Receiver array system is 
regarded as the receiver in bi-static station. In this 
system, the transmitting station position shift is 
changing with the target. The received signal strength 
is related to the distance between the target and 
receiver array, and distance between transmitting 
station and the target doesn’t matter. 

The following part is the analysis of geometric 

position and movement between the bi-static 
Doppler. As depicted in Fig. 1, the target velocity is 
represented by v. The viewing angle is δ . The 

bisector of bi-static angle is β . 

 
 

 
 

Fig. 1. The illustration of EBPSK passive satellite  
radar system. 

 
 

When transmitter and receivers are stationary, the 
target Doppler frequency shift in the system could be 
represented as following: 

 
(2 / ) cos cos( / 2)bf v λ δ β=  (2) 

 
The angle should be at a certain angle, greater 

than zero and less than 180 degrees. 
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The EBPSK modulated satellite signal direction 

vector is ( )cos cos , cos sin , sinφ λ φ λ φ , reflection 

vector is ( )cos cos , cos sin , sinφ λ φ λ φ− − , and 

distance between air targets and receiver array is 
about 100 km. 

The incident vectors Secinj  locate at the second 

reflection point: 
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Reflection vector Secflec  could be represented 

in the second reflection point: 
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The incidence angle of satellite signal, ( )11,λϕ  is 

receiver array angle, ( )22 , λϕ  is angle bisector 

vector at the second reflection point. 
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Passive radar signal strength will decrease with 
distance increasing. EBPSK satellite antenna array 
receive both direct wave and the sea surface–target 
double reflection at the same time. The passive radar 
signal reflection at sea surface would be almost total 
reflection. The literature [11] provides some 
reference proof. We conclude that when the signal 
reflected from the surface, the strength of EBPSK 
modulated signal from satellite received by target 
does not decrease with increasing altitude. 
 
 

3. Passive Radar 2-D DOA Estimation 
Based on Sparse Representation 

 

In the passive radar system using EBPSK 
modulated signal from satellite, sea surface-target 
double reflection is set to detect direction and 
location of spacecraft vehicle. The aircraft instant 
reflection is isolated point source in space, and the 
space angle matching peak indicated the direction of 
arrival. The compressed sensing algorithm is 
proposed for the air target detection, even with little 
data its resolution is still good. 

 
 

3.1. The Signal Processing Model Based  
on Multiple Receiver 

 

Multiple signal sources are considered in the 
model. Each passive signal source is regarded as 
plane wave; signal of the ith array unit is  

represented as. 
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The distance between two array elements is D, if 

the wavefront signal received by array antenna of the 

Kth element is )(tSk  which a* is the contribution 

made by Kth signal source signal to the receiver. 
Time delay corresponds to phase delay. ω is non 
directional signal center frequency. c is the speed of 
light. )(tn  is measurement noise, and I represents 

the ith receiver. The subscript k represents the Kth 
signal source. It is assumed that the noise of each 
array element is zero mean white noise, the variance 
is J, and the signal is uncorrelated. The vector could 
be written in the form: 

 
)()()( tNtAStX += , (13) 
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where S(t) is a vector of D dimension, A is a matrix 
of M*D. It represents some observed characteristics 
of the antenna array in the observation plane, and R  
is the array correlation matrix of each receiver 
element in the output signal: 

 
IAPAR H 2σ+= , (16) 

 
{ })()( TXtXER H=  

(17) 

 
The correlation matrix P  of the array element 

output signal could be written in the form: 
 

{ })()( tStSEP H=  (18) 

 
The reflection of different angle by the same 

satellite passive radar EBPSK signal source is typical 
correlated signal. If the direction of each signal 
source is correlated, P is a non diagonal matrix and 
non singular matrix. And if the distance of each pair 
signal source is completely correlated, P is the non 
diagonal but singular matrix. Array elements are less 

than half a wavelength λ . That is 
2

λ≤d , 

0
0

2 cπλ
ω

= . A will exist in the following form 
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3.2. Two-dimensional DOA Detection 
Algorithm Based on Sparse 
Representation 

 
The sparse representation algorithm can estimate 

DOA of multi reflection signal sources. In array 
signal sparse representation method, the number of 
sources is unknown. It also can estimate the number 
of signal sources.  

The accuracy and resolution of passive radar 
DOA estimation based on the sparse representation 
method is high. The instantaneous signal can be 
applied to temporary resident signal, such as 
frequency hopping signal. 

DOA is based on the sparse representation of 
space angle. Constructed space angle contains the 
heading angle and pitching angle. The redundancy 
dictionary of combined heading angle and pitching 
angle will cover all possible DOA angles. Initial 
estimation by pre beam forming reduces the 
complexity of solution and the length of dictionary. 
The traditional high resolution algorithm works badly 
on the condition of low SNR and small number  
of snapshots. 

Two angle parameters (azimuth and elevation) 
are key elements to describe the relative position of 
air target. 

 
 

3.3. Air Target Detection Based on Sparse 
Representation  

 
Suppose reflection signal of air target P is 

received by receiver L with (2M-1) elements, the sub 
array A is located in the X axis. The sub array B is 
located in the Y axis. The two sub arrays are uniform 
linear array, and the number of array element is M. 

The incident direction of the jth signal is j j(  ,  )φ λ  

which jφ  is the azimuth angle and jλ  is the pitching 

angle of the incident signal, signal received by A and 
B in subarray at one time were recorded as a and b.  
a and b can be received by match filter result of raw 
EBPSK received signal. 
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where sou  is the current amplitude of the source 
signal. 

),(1 λϕANG , ),(2 λϕANG  are put as following: 
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In order to solve the problem of sparse 

representation, construction of an overcomplete 
dictionary is the following step. Usually the array 
manifold matrix is expanded to form dictionary Dic, 
which contains all possible combinations of azimuth 
angle and pitch angle: 
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where N and M are respectively the number of 
candidate azimuth angle and pitching angle to be 
searched, the dictionary size is N × M constructed by 
Formula (26). 

The computation workload of sparse 
representation is heavy. Classic sparse representation 
method for 2D heading and pitch angle estimation is 
too complex. In order to shorten the redundant 
dictionary length, pre beam forming and pre-
processing are required in the 2D DOA estimation. 

Redundant dictionary is constructed based on 
candidate space angle. Pre-beam forming is used. 
According to the preliminary results of beam 
forming, the redundant dictionary is constructed, a 
formula of redundant dictionary will be denser in the 
neighborhood of beam form centers, N *M >>1. The 
DOA solution is converted into a sparse 
representation problem, 

 

x Dic u n= +  (27) 

 
The non-zero u elements are corresponding to 

azimuth and pitching angle value, non zero element 
represents the passive radar signal strength in the 
sampling duration. The 2D DOA estimation of 
redundant dictionary length will be reduced based on 
sparse representation. U is an undetermined problem. 
The existence, uniqueness and stability of solutions 
can’t be guaranteed. Because space angle of the 
reflection signal source is sparse, the sole solution of 
fully sparse can be found. The sparse representation 
of signal is equal to solving the following problems: 

 

0
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. .

h

s t x Dicu n= + ,
 

(28) 

 

where 
1

u is the number of nonzero entries in the u  
sequence. Searching the sparse extended signal from 
a random redundant dictionary is a NP hard problem, 
and it is converted to the following problems: 
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(29) 

 

When the model contains noise, the above 
problem is transformed into the problem of 
minimizing the objective function: 

 

1
min x -Dicu uλ+

 
 

 

The first term of the objective function represents 
difference between calculated result and real signal. 
The second term represents sparse requirement. 
Because u is complex, its norm is 

 

1
Re( )u u=

 
(31) 

 

The matching problem of the heading and pitch 
angle can be effectively solved. The specific steps of 
the algorithm are listed as follows: 

1) The redundant dictionary is constructed. 
According to Equation (28), introduction of spatial 
angle, the spacing of redundant dictionary Dic  
is needed; 

2) According to the result of pre beam forming 
step, the redundant dictionary Dic is selected; 

3) The signal is received by the array and is 
sparse decomposed, where sparse decomposition 
coefficient is U. Non-zero element is the azimuth 
angle and pitching angle. According to Equation (22) 
and (25) the azimuth angle and pitching angle can  
be obtained. 

 
 

4. Simulation of DOA Estimation 
Experiment on Reflection Signal  
of Three Targets in 3D 
 
Reflection signals of 3 targets in far-field are 

received by L type receiver array of 30 elements. The 
strength of reflection signal is set to be 4, 5, 4. The 
receiving array element spacing is less than half a 
wavelength, and the incident angles of the 3 signal 
source are respectively (85°, 15°), (15°, 65°) and  
(-75°, -25°). The aircraft targets move with constant 
angular velocity in the pitch and heading angle at the 
same time. The movement could be divided into 
50 motion sequences further, the SNR is 15 dB. 
Fig. 2 depicted an instant DOA sparse representation 
coefficients calculated by the algorithm.  
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Fig. 2. Instant DOA estimation based on sparse 
representation of the EBPSK satellite passive radar. 

 
 

As can be seen from Fig. 2, the 3 signal 
estimations of the heading angle and pitching angle 
are calculated by proposed method with high 
accuracy. Angle estimations of 3 aircraft targets are 
(85°, 15°), (15°, 65°) and (-75°, -25°). The estimation 
is compared to the actual values. The proposed 
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method does not need the eigenvalue decomposition. 
Two different signals of very close in angle can be 
distinguished. Due to the preliminary beam forming 
step, 10*10 grids in the neighborhood (pitch * roll 
angle) are selected to be the candidate possible 

directions of arrival. Step size is 
500

π . Forty-fifth 

candidate angle of each sequence is the real angle  
of arrival. 

In the Fig. 2, an instant target reflection signal 
receiver array estimation of the angle is shown. In the 
circumstance of the SNR=15 dB, 2D DOA angle 
estimation based on sparse representation of the 
EBPSK passive radar array signal is accurate. The 
estimated amplitude (3.7, 5, 3.7) reflects the true 
signal amplitude. 

During the movement of the first target, the 
reflection signal sparse representation of direction of 
arrival angle (azimuth and elevation) are shown in 
Fig. 3 and Fig. 4, the blue curve shows the results of 
DOA estimation, and red is the true motion caused 
by the change of angle. As can be seen from the 
graph, when SNR=15 dB, there are small bias in 
angle estimation. The overall estimation curve can fit 
the aircraft target. 
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Fig. 3. Reflection signal DOA estimation sequence of first 
aircraft target: azimuth estimation sequence. 

 
 

The second goal during exercise, the reflected 
signal sparse representation of direction of arrival 
angle (azimuth and elevation) are shown in Fig. 5 
and Fig. 6, the blue curve shows the results of DOA 
estimation, and red is the true motion caused by the 
change of angle. As can be seen from the graph, 
when SNR=15 dB and the aircraft target is moving, 
the overall estimation can fit its trajectory. 

The third goal during exercise, the reflected 
signal sparse representation of arrival angle (azimuth 
and elevation) are shown in Fig. 7 and Fig. 8, the 
blue curve shows the results of DOA, and red is the 
true motion caused by the change of angle. As can be 
seen from the graph, when SNR=15 dB, the overall 
angle estimation curve can fit the aircraft target. 
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Fig. 4. Reflection signal DOA estimation sequence of first 
aircraft target: elevation estimation sequence. 
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Fig. 5. Reflection signal DOA estimation sequence  
of second aircraft target: azimuth estimation sequence. 
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Fig. 6. Reflection signal DOA estimation sequence  
of second aircraft target: elevation estimation sequence. 

 
 

Seen from these figures: the proposed method can 
distinguish two signals close in DOA with high 
resolution. Methods used in this paper can also detect 
the number of signal sources. While the DOA 
detection performances of other algorithm go bad, 
the number of sources is uncertainty. The method can 
also accurately estimate the amplitude, which is 
difficult for other methods. 
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Fig. 7. Reflection signal DOA estimation sequence of third 
aircraft target: azimuth estimation sequence. 
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Fig. 8. Reflection signal DOA estimation sequence of third 
aircraft target: elevation estimation sequence. 

 
 

5. Conclusions 
 

The proposed method based on sparse 
representation provides 2D DOA estimation 
information of air target in EBPSK satellite passive 
radar system. Simulation results show that estimation 
accuracy of direction and amplitude is high in the 
satellite passive radar system using EBPSK scheme. 
With redundant dictionary and space angle based on 
the pre beam forming step, the target search field is 
greatly cut. Amplitude information received in 
passive radar array can be sparse represented to 
provide the location information. Result figures show 
performance of the method in accuracy and 
efficiency. When SNR=15 dB, the overall angle 
estimation curve can fit the aircraft target, and the 
target strength estimation accuracy is about 90 %. 
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Abstract: The consequent analysis of the prenatal development of the human eye covers three components of 
the hardware of the visual organ: the imaging optics, the cellular gratings on the optical surfaces (in particular 
the retina's three nuclear layers), as well as the visual pathway from the eye to the brain. A radical new 
interpretation of the nuclear layers of the 'inverted' retina as optical phase gratings and space gratings and the 
interaction of all hardware components results in a new understanding of the decisive optical pre-processing 
functionalities of the individual eye: the grating-optical spatial frequency filtering, the three-dimensional image 
processing based on the Fresnel near-field interferences dependent on the focal position of images, the 
(log)polar invariant information processing in object classification and identification, as well as the diffractive-
optical RGB trichromatics in the cellular space lattice (ONL grating of the retina). With the multi-layered 
processing, the inverted retina becomes the decisive missing link between optical imaging and multilayer 
information processing in the cortical visual centers CGL and V1. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: optical sensor, human eye, imaging optics, inverted retina, 3D-image processing 
 
 
 
1. Introduction 
 

The eye is more than and at the same time 
different to a camera. Just like it, it does have an 
optical imaging system of the visible, but in addition, 
it has at its disposal cellular optical gratings covering 
the curved surfaces of the optics; in particular three 
cellular layers in the retina located lightwards before 
the photoreceptors. And also the visual pathway to 
the brain centers CGL and V1 is part of the eye 
system. Together, these three constitute the hardware 
of vision. A new micro-optical interpretation of the 
cellular hardware appears to make it possible that 
even in a monocular way, the eye may be able to 
perceive the visible world three-dimensionally and 
that it may be able to guarantee the tri-chromatic 

RGB color vision diffractive-optically. Its 
contribution to recognition is just as significant; 
WHAT is represented by the visible in each case 
either generically or specifically: a house or a bird, 
one’s own house or a robin? In the three cellular 
retinal layers, the diffractive-optical image pre-
processing would represent the antecedent for the 
multilayer information processing, which is set in the 
cortical visual centers (CGL and V1). The ‘piece of 
brain’, with which we are concerned in the retina 
covers an area of approx. 1012 mm²; on the 
assumption of an average thickness of the retina of 
0.2 mm, it would correspond to a fifth of a cubic 
centimeter. In the first part the development of the 
hardware of the eye is discussed, while part two is 
concerned with its performance in vision. 

http://www.sensorsportal.com/HTML/DIGEST/P_2664.htm
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2. The Development of the Hardware  
of the Eye and the Cortical Visual 
Pathway 

 
Unlike any other part of the brain, the retina of 
the eye offers the possibility to understand a 
piece of the brain … 

The retina of the eye is a layer of the brain which 
was delegated to the eye. At the beginning, it 
represents a simple cellular pavement epithelium 
consisting of brain tissue. Fig. 1, on the left, shows a 
surface grating in the anterior part of the eye; on the 
right, the model of a most densely packed hexagonal 
cellular grating is shown. The pavement epithelium 
consists of a singular layer of brain cells with cell 
nuclei and cytoplasm. At the top of the two eye stalks 
which were developed by the brain, it is being pushed 
forward on either side of the head as far as the point 
of contact with the embryonal body surface. In this 
way, the locations at which the two eyes will be 
developed are determined. During pre-natal 
development of the inside of the eye, the pavement 
epithelium is differentiated in multiple ways. After 
birth, it has to prove its efficiency regarding the 
visual information processing; and it has to develop 
into a mediator between the exterior world and the 
brain. 

 
 

 
 

Fig. 1. (left) Polygonal pavement epithelium in the cornea 
of the eye (cell distance or grating constant at 3 – 8 µm [6]; 
(right) model of a hexagonal cellular grating in the third 
nuclear layer of the retina (Grating constant 2 – 10 µm). 

 
 

With the invagination of the retina into the cavity 
of the eye and the directly related development of the 
lens in the anterior space of the interior of the eye, 
the retina covers a little more than half of an ellipsoid 
shell surface in the posterior space of the interior eye 
(Fig. 2) [13]. 

 
 

Fig. 2. Invagination of the retina into the cavity of the eye 
and concurrent development of the lens in the anterior 
section of the eye cup (7.5 mm length of embryo)  
[13, Fig. 23, p. 26]. 

 
 

Later, this dome-shaped space will constitute the 
image space of the optical imaging system. In it the 
objects visible on the exterior will be imaged upside 
down; until – just before birth – light-sensitive 
photoreceptors grow out of the retina; seven to eight 
months go by, during which the retina continues to 
differentiate from just the one cellular layer of the 
pavement epithelium, and step-by-step organizes its 
connection to the brain, to the visual cortex V1. 

 
A single cell-layer, out of which the 
photoreceptors could have grown, was not to 
have been enough ... 
 

Three layers, the so-called nuclear layers of the 
retina develop from one pavement layer (Fig. 3) [2]. 

 
 

 
 

Fig. 3. The three nuclear layers at the fovea of the retina  
of a Rhesus monkey (hematoxylin and eosin staining)  
(V = 250x) [2, fig.654, p.709] (INL = inner nuclear layer, 
MNL = middle nuclear layer, ONL = outer nuclear layer. 
REC = photoreceptors, PE = pigment epithelium). 
 
 

In nearly all areas of the brain, layers of cell 
bodies in three to six layers are part of the usual 
developments. Between the layers of cell bodies, the 
associative fiber layers are located, in which the 
dendrites and the axons of the nerves build and 
continue to develop the electric circuits with their 
horizontal and vertical neuronal networks. In the 
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retina, they receive their in-coming signals from the 
later photoreceptors. Since Ramon y Cajal to this 
day, only these neuronal nets have stimulated the big 
interest of neuro-scientists. Hardly anyone was really 
interested in the importance of the cellular layers. 
The three layers of cell bodies in the retina owe their 
development to the fact, that the first layer of 
ganglion cell nuclei (INL) develops smaller cells for 
the mounting of the second layer (MNL) and this 
second layer in turn produces smaller cells for the 
third layer (ONL), out of which the photoreceptors 
will later grow (Fig. 4), [13, source 1]. 

 
 

 

 
 

Fig. 4. In the 7th pre-natal month, photoreceptors grow out 
of the cell bodies of the ONL-layer through the outer 
limiting membrane of the retina into the gap area to the 
pigment epithelium. Left: para-central retina area with 
thick cones and thin rods in the gap areas between the 
cones. [13, Fig. 84, p.103 source 1]. (Right) In the eighth 
month, the development of the cones in the - rodless – 
fovea has far progressed [13, Fig. 83, p. 102; source 1]. 

At first, this triple layering takes place evenly in 
the complete area of the retina. It is only with the 
centripetal redistribution of all the retina building 
components that something new actually happens. 

 
The retina structures itself to relate on a center… 

 

The development of a center is made possible for 
the retina by means of an artery making its way via a 
temporarily opened gap at the eye cup into the 
interior of the eye in order to sustain it and at the 
same time support the lens from behind. After the 
renewed closure of the gap, the place of entry is the 
later papilla, the ‘blind spot’ in the eye through which 
the optic nerves grow out towards the brain. It is 
located in the zenith of the interior of the eye and 
forms the first pole of the retina at the posterior end 
of the mechanical eye axis (Fig. 5). In a concentric 
manner to this, the axons of the ganglion cell nuclei 
of the INL layer making up the optical nerve proceed 
radially to the central source of nutrition, the papilla. 
Concurrently the compression of all retina building 
bricks towards a central location takes place. During 
this process, the number of cells in the cellular layers 
increases centrally; they are packed more densely and 
correspondingly less densely in the peripheral retina 
zones. 

 
 

 
 
Fig. 5. The intra-ocular embryonic vascular system of the 
eye. The arteria hyaloidea (c) takes up a central position in 
the interior of the eye. Its place of entry into the papilla is 
located in the zenith of the retina (25 mm length of embryo, 
7th week of development) [13, Fig. 32, p. 36]. 
 
 

A ‚blind’ pole in the center of the retina cannot 
be tolerated: the development towards a 
bipolar and biaxial structure of the eye… 
 

During the development of the human face, in 
which both eyes are moved from the side of the head 
to its anterior side, in each eye on the side of the 
temples (temporally) a space develops for an 
extension of the central retina. The so-called insertion 
of the macula region with the fovea, the location of 
the most acute daylight vision as the second pole of 
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the retina, takes place. Again, in it there are three 
cellular layers and the INL layer of the ganglion cells 
achieves for its axons in the papillo-macular bundle 
an individual path for the exit of the optic nerve 
through the papilla (Fig. 6). At the same time, in the 
fovea, the partition into quadrants in the central field 
of vision is set up. At the fovea, the retina is fixated 
for the first time at the pigment epithelium located 
behind it. In daylight vision, it forms the polar 
location in the zenith of the optical axis, which 
connects the fovea with the fixation point on the 
viewed object. As a result the funnel development, in 
which the cell nuclei and fibers of the ONL and MNL 
layers are shifted apart, is histologically striking. In 
the same way as the retina was first structured 
concentrically to the primary axis for twilight vision, 
it is now structured to this secondary axis for daylight 
vision. No serious optician would have chosen such a 
biaxially and bipolarly centered solution for an 
optical instrument. 

 
 

 
 

Fig. 6. Diagram showing the course of progress of the optic 
nerves in the central area of the retina. (6, Fig. 10-8,  
p. 536). The papillo-macular bundle of optic nerves is 
elaborately integrated into the original radial figure of the 
course of the optic nerve. (OD = papilla (optic disc),  
F = fovea, P = papillo-macular bundle, R = Raphe-dividing 
line). 
 
 

The central perspective basic structure of the 
retina and the partition into quadrants in the 
optical nerve… 
 

With this hardware development, the 
morphological differentiation of the bipolar/biaxial 
retina has nearly been completed. It forms the basis 
for the later central- perspectival vision in daylight 
and in twilight vision. With the emergence of the 
ganglion cell axons, which are bundled to make up 
the optic nerve, from the papilla, however, another 
cortical requirement to the visual organ is met, one 
which is rarely localized in the retina itself, but 
mostly in the brain. It involves the partition into 
quadrants in the optical nerve, with which the eye 
relates every fixated object to the body’s own 
coordinate system. The horizontal x-axis and the 
vertical y-axis are located in the retina, the visual axis 

constitutes the third coordinate axis. Thus the cortical 
visual pathway follows a symmetry operation, in 
which in each case the left and the right visual field 
hemispheres of the two eyes are superimposed in the 
CGL as a result of the optic chiasm. In this situation, 
the symmetry axis is the cortical axis of the head 
(Fig. 7). 

 
 

 
 

(a)  
 

 
 

(b) 
 

Fig. 7. (a) Symmetry operations in the central visual 
pathway. The cortical z-axis connects the fovea in V1 to 
the fixation point at the binocularly targeted object and it 
complements the monocular xyz axis-system to become the 
binocular axis-system. (b) The visual processing of a one-
dimensional object (arrow) in both eyes and in the central 
visual pathway according to Ramon y Cajal [14, 15]. FIX = 
fixation point on the object, F = the fovea in the eye and the 
cortical fovea in V1. The optic chiasm (Chiasma opticum) 
is followed by the intermediary position of the CGL 
(Corpus Geniculatum Laterale) and the cortical visual 
center V1 (Rv). (The central cortical symmetry-axis was 
added by the author as a broken line). 
 

 

The partition into quadrants has been proven by 
failures in the case of injuries between CGL and V1. 
In this way, all visual objects, which are fixated with 
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just one look in monocular and binocular vision, are 
related to the body’s own coordinate system.  

The central-perspective composition of the retina 
and its microscopic hardware has thus been described 
sufficiently. Up to this point in development of the 
visual organ, which is reached in approx. the 7th 
prenatal month, there are no photoreceptors, neither 
cones nor rods. With the increasing differentiation of 
neuronal circuits in the associative layers of the 
retina, the software for the visual information 
processing is first of all prepared for the tasks facing 
it later. 
 

It is only after completion of the hardware of 
the retina and the cortical visual pathway that 
the photoreceptors grow out of the cells of the 
ONL layer of the retina. 
 

In the 7th – 8th prenatal month the cones in the 
fovea grow out of the retina into the gap-space which 
has remained open until then between the retina and 
the pigment epithelium. The fovea possesses only 
cones, which is the reason why it becomes the central 
pole of daylight vision and in twilight vision it 
represents a ‚blind spot’ in the eye. After that, the 
pattern according to which the cones and the rods are 
distributed in the central and peripheral retina 
develops very quickly. How this pattern is achieved, 
in which the 6 million cones take up the best places 
in the concentric ring zones towards the visual axis, 
so that the 110 million rods are always pushed aside 
into the gap spaces between them, is just as uncertain 
as the answer to the question of whether there is a 
strict geometric ordering pattern in this or not. It 
appears to be unavoidable to make an oscillatory 
influence of the retina responsible for the distribution 
pattern of the cones, by means of which the 
advantageous places for the nutrition and thus the 
growth of the cones are determined. It would be 
obvious to assume a standing wave field with local 
peaks and dips built up by oscillations at the ora and 
the fovea. In the dips the receptors could find 
nutritional advantages due to their greater proximity 
to the choroid coat of the eye in order to develop into 
cones. Both types of photoreceptors develop nano-
structured antennas in their outer segments, which are 
oriented towards the incident light. In their light-
sensitive outer segments the sequence of optical 
signals ends and the electrical processing of signals 
starts. 
 

The optical sequence of information processing 
in the eye results in an image processing in 
layers... … 
 

The optical imaging of the visible is the work of 
the cornea, the lens, the pupil and the liquid media in 
the eye. These principles have been processed in the 
photographic laws of optics for over 100 years with 
the goal to provide everything visible on to a film or 
CCD surface with mega-pixel arrays. The eye also 
uses these geometric-optical laws, which also 
dominate spectacle optics, intensively. However, 

instead of film or CCD surface, the eye works with a 
cellular three-layer hardware in image space. The 
result of its optical pre-processing is then made 
available to the receptor outer segments. In the CGL 
the layered delivery of differentiated information 
from the retina is impressively documented (Fig. 8). 
 
 

 
 

Fig. 8. Superposition of the two bilateral hemispheres of 
the binocular fields of vision in the Corpus Geniculatum 
Laterale. The layers 1, 4 and 6 have their origin in the 
contralateral eye; the layers 2, 3 and 5 have their origin in 
the ipsilateral eye [17, p. 282]. 

 
 

In the hemisphere superposition there, the three 
layers are made into six. Also in V1, the principle of 
layered processing from all 4 quadrants of the 
binocular fields of vision is retained. Therefore the 
decisive question is: which optical processing steps 
could be guaranteed in each individual eye by means 
of a hardware which is marked as an ‘inverted retina’ 
due to its three cell layers and which is located 
lightwards before the receptors? 

 
 
3. The Grating-optical Functionalities  

of the Three Retinal Cell Layers  
in the Image Space of the Eye 

 
While the lens-pupil-optical, i.e. the geometric-

optical imaging of the visible as an symmetry 
operation is well known, it is often overlooked here, 
that every visual object is transformed into its image 
in an object-specific ‘global optical column’ as a 
coherent whole. The individual object boundaries 
determine the form of the column through which it is 
optically held together in all its parts. This ‘optical 
column’ is illustrated in Fig. 9 for a triangular object. 
The existence of this column is completely waived in 
the calculations of geometrical optics. 
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Fig. 9. The optical 1:1 transformation of a triangle from 
object space into image space taking place in an object-
specific ‘global optical column’. Two versions illustrate the 
underlying symmetry operation. 

 
 

Moreover, so far the diffractive grating-optical 
image processing in human vision has in no respect 
been taken into account. Cellular gratings with 
different contributions to functional optical 
performances are present on the curved optical 
surfaces in the cornea, the lens and the retina. They 
range from completely irregular polygonal grating-
forming cell distributions in the anterior part of the 

eye to the strict most densely packed space gratings 
in the ONL layer of the retina. Since the grating 
forming cell bodies are completely transparent to 
visible light and since only refractive index 
differences take place in their core-shell structures, 
they optically represent pure phase gratings [9, 19]. 
The transition from gratings with a large, mainly 
polygonal mesh, which scatter light diffusely, to 
gratings with a small, mainly hexagonal mesh, which 
diffract light purposefully (with grating constants of 
two to twenty times the wavelength), have to date not 
been systematically examined in optics. Based on 
hexagonal gratings, the most important grating-
optical features in the retina can be described. 

The spatial frequency filtering: The INL 
grating, therefore being the first grating in image 
space, is developed by the cell nuclei of the ganglion 
cells. Their distribution frequency in the retina zones 
agrees well with the visual acuity data in daylight 
vision as well as in twilight vision. Accordingly, in 
the fovea the smallest grating meshes are to be found 
and in the peripheral zone the largest grating meshes, 
with which the visible can be captured (Fig. 10). 

 

 
 

 

 
 

Fig. 10. (top) the small net-meshes in the fovea region of the retina allow high-resolution and high-frequency object 
detection; the larger net-meshes further towards the periphery only allow a rough, more or less low-frequency object 

detection (bottom). The detailed structure of a leaf can only be perceived with high frequency filtering –  
in the leaf on the left. 

 
 

A bird which at first appears in a peripheral retina 
zone, can only be perceived as ‘any bird’ with its 
rough contour – thus in low frequency. It is only 
when it is targeted more specifically, it can be 
recognized in the central retina areas as a particular 
bird – as a robin or a sparrow, - namely with high 
frequency in detail. This is generally true for all 
visual objects. It’s like going fishing: if you want to 
catch large fish, it suffices to use a net with large 

meshes; if you want to catch small fish – details in 
vision -, you must throw a net with small meshes. 
The basis for the local ability of resolution is a 
grating-optical function of the retina. Each grating 
cell or net mesh represents the entrance to a ‘local 
optical column’, within which further grating optical 
processing steps take place. The fact that later the 
size of the ‘receptive fields’ of the ganglion cells, 
namely their neuronal catchment areas, roughly 



Sensors & Transducers, Vol. 188, Issue 5, May 2015, pp. 77-90 

 83

follow the same distribution,  can be seen as a logical 
consequence resulting from the optical pre-
structuring and processing.  

The monocular 3D-depth map. If one eye is 
closed in binocular vision, the three-dimensional 
world does not contract to become a flat surface. This 
is thanks to the geometric-optical image equation and 
– first of all – to the cooperation between the INL and 
MNL grating in the grating-optical processing of the 
3rd dimension of the visible. The optical image 
equation (Fig. 11) first of all determines that the 
acute image of a faraway object is located more 
closely behind the lens and that of a close object is 
located further away behind the lens. 

 
 

 
 
Fig. 11. Optical imaging of an object at the distance g into 

its image at the image distance b of a lens with focal 
distances f and f‘. 

 
 

The distances between 10 km and 25 cm in object 
space are downsized to approx. 2 mm in image space; 
the 3rd dimension is thus already miniaturized by 
means of the imaging optics. However – and this is of 
decisive importance – it is not lost. The eye decides 
in each case at which object distance it focuses, 
namely accommodates. This already applies for each 
single eye but even more so for both eyes. This is in 
contrast to photographic optics, which is calculated 
for the reduction of the visible to a flat film or CCD-
plane. It processes the 3rd dimension only by 
changing the focal distance f of the lens; however, in 
this way it waives in principle any three-
dimensionality in image space. 

The grating-optical subsequent processing of the 
depth map, which is approx. 2 mm deep, takes place 
by means of the so-called Talbot-/Lau-/Fresnel-
diffraction. In it, the grating constants g and the 
wavelength λ of the incident light initially determine 
the z-periodicity of the levels, in which interference 
maxima occur. With z = g²/λ the fractional Talbot 
levels result in coherent light, with z = 2g²/λ the Lau-
levels of the interference result in incoherent light. 
Fig. 12 (top) illustrates the so-called Lau carpet of 
light on an individual line grating with a grating 

constant of 50 µm for a wavelength of 0.625 µm. In 
the sequence of the (fractional) Lau levels the T/1 
level is located at z = 8000 µm, the T/2 level is at  
z = g²/λ = 4000 µm, the T/3-level is at z = 2g²/3λ =  
= 2666 µm and the T/4-level is at z = g²/2λ =  
= 2000 µm. The location and periodicity of all levels 
initially depend on the wavelength of the light, the 
geometry of the grating and the size of the grating 
constant. Furthermore – and this is of particular 
importance, but has hardly been considered so far - 
the Fresnel-interference levels depend on the focus 
position of the visual objects, which are imaged in 
image space [8]. 

Corresponding to the focus positions of the 
objects at different distances, the INL and the MNL 
gratings gradually transform the optical 2 mm 3D 
depth map into so-called Fresnel near-field or 
Talbot/Lau interference levels, into standing light 
waves in the near-field behind the gratings. The 
Talbot/Lau levels closest to the gratings display the 
greatest richness of interference contrast. By means 
of this Talbot/Lau cascade the 2 mm depth map is 
gradually reduced. If you divide the grating constant 
g into half in the Fresnel equations (z = g²/λ or  
z = 2g²/λ), then the z-distance decreases to ¼ in each 
case. Here again, it applies that the levels of the 
Talbot interference maxima for distant objects are 
located closer to the grating, and for closer objects, 
they are located further away from the grating. 
Therefore, in the local ’optical column’, a multitude 
of neighboring interference maxima result in the near 
field behind the MNL grating. The periodicity of the 
maxima in the example in Fig. 12 (top), in T/1 
amounts to the same as that of the minima in  
T/2 = 50 µm, the one in T/4 is at 25 µm (g/2) and in 
T/3 at 16.6 µm (g/3). In the T/4 level the lateral 
distance of the interference maxima corresponds to 
the half grating constant of the diffraction grating. 
Simultaneously, the Fresnel optics changes the 
images into so-called near-field diffraction images, 
which – as opposed to the better known far-field 
Fraunhofer diffraction images – contain the complete 
light-dark information about the attributes of the local 
object.  

Due to the preservation of the 3D-depth map in 
the image space of the eye, the visual object which is 
fixated and centrally acutely imaged, is not only 
transmitted as a whole in its object-specific ‘global 
optical column’ and further processed in ‘local 
optical columns’, but simultaneously it is dissociated 
in the depth map from objects at other distances. The 
fixation of an object and the accommodation to its 
distance suffice to separate it in image space as a 
coherent whole. This also applies to the neighboring 
visual objects at other distances. For an object–
background separation or an object–object separation 
in image space a search for a neuronal ‘binding’-
process is not required if the object is optically 
bonded into a separate unit in the depth map. 
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Fig. 12. (top) Talbot/Lau-carpet of a line grating in monochromatic light in the case of vertical incidence of light [22]. 
(Bottom) schematic sketch: INL- and MNL-grating (g = 16 and 8 µm respectively, λ = 0.51 µm with z = g²/λ) gradually 
reduce the optical 2 mm depth map to a 500 µm and 125 µm depth map in the Fresnel near field of the gratings. The 
interference levels dependent on the focus position of the visual objects are sketched for a distant and for a close object. 
 

 
3.1. The Invariant Object Classification and 

Identification in Image Processing 
 

The eye immediately recognizes WHAT 
something visible represents generically or 
specifically. While the generic object classification 
already succeeds with rough meshes in the spatial 
frequency filter, small meshes are required for 
specific object identification; thus the eye has to look 
at the object more closely and image it more centrally 
on the retina. A tree remains a ‘tree’, a bird remains a 
‘bird’, no matter how far away they are, at what angle 
they are or how their image is displaced on the retina. 
The visual objects are processed invariant of size, 
position or displacement. This is achieved by means 
of the (log-) polar extraction of the object-specific 
‘optical melody’ of the visual objects. Since the 
retina has been designed as a hexagonal net for 
central-perspectival vision, it becomes possible in 
any image space covered by an object – therefore at 
the image-side end of the ‘global optical columns’ -, 
to recognize the object-specific rough and fine 
structure by (log-) polar analysis of the invariant 
relations. The eye – in comparison to the ear – 

becomes the tympanum for images. In a simplified 
way, one can imagine it, as if the image of an object 
falls on to the surface of a calm lake. In doing so, 
each net cell, which is agitated by a structural detail 
on the object (oriented lines or edges), triggers a 
resonator flow of information oriented towards a 
central reference location. If the eye fixates the 
object, then the fovea in image space is the central 
reference point. 

This way of image processing by means of object-
specific, coherently oscillating signal analysis was 
proven in the brain of animals [3, 4, 16, 18] and 
interpreted to be a spatial frequency-specific (log-) 
polar Fourier transformation. On a grating-optical 
level, it was described as an achievement of cortical 
filter nets, as a harmonic Pythagoras analysis [5]. 
Now, however, it becomes clear that this image pre-
processing by means of an extraction of the local 
‘optical melody’, can already be initiated in the 
image space of the retina of the eye. Figs. 13 and 14 
illustrate the process using the example of two 
unequal quadrangles. The structure of the 
quadrangles is striking – in this case both 
quadrangles have common meshes in the hexagonal 
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grating, which are covered by the polar centered 
system of circles. In each case, the polar vectors are 
indicated in their length for the larger quadrangle; 
their angles are identical for both quadrangles.  
Fig. 14 shows the complete system of circles. 

The complete (log-) polar transformation of the 
quadrangles results in the invariant 'optical melody' 
shown in Fig. 15. It basically remains the same 
despite the geometric inequality of the two 
quadrangles. 
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°60;36°90;27°120;36

°150;48
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°240;36 °270;27 °300;36

°330;108

°360;81

 
 

Fig. 13. Two unequal quadrangles in the hexagonal net with a common centering (grating constants 1; 3x yg g= = ). Both 

quadrangles are recorded by means of 12 common polar vectors (whose length r for the larger quadrangle is indicated at the 
edge of the image) and 6 circles (only three have been drawn for the sake of clarity). 
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Fig. 14. A hexagonal grating net with a concentric circle system around any central hexagon possesses a logarithmic meter. 

The radii of the polar vectors correspond to the radical functions of whole numbers. 
 

 
 

Fig. 15. Log-polar transformed quadrangles. The 22 polar vectors of the large quadrangle and the 20 polar vectors  
of the small one in a polar r,θ-illustration. 12 polar vectors are common to both quadrangles. 5 circles describe the small 
quadrangle, 9 circles describe the large one. (The blue arrows indicate the position of the corners in the large quadrangle;  

the red arrows indicate them in the small one). 
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For the invariant object classification and 
identification, it would therefore suffice that the 
hardware structure in the image space of the 
particular object displayed in Fig. 16 (with just one 
grating layer) would be projected on this particular 
one. The object – in this case a triangle – is viewed 
through this as if through an optical reticule. 

 
 

 
 

Fig. 16. The eye views an object (in this case: a single 
triangle) through the hexagonal net of the retina. A fixated 
object is assigned to the 3D-coordinate system of the eye 
and centered in the fovea’s polar circular system of the 
high spatial frequency filter.  

 
 
Initially, this results in the fact that the first two 

cellular gratings of the inverted retina of the eye 
would together be able to guarantee the spatial 
frequency filtering, the depth map and the (log-) 

polar object classification and identification in 
monocular as well as in binocular vision. From this 
close functional linking it is conceivable, that these 
three features are linked in a binocular fashion in the 
layers 3-6 of the CGL and are further processed being 
superimposed upon each other. Their information 
content, however, is still uncertain and requires 
further clarification. 

Up to this point, there is no processing of color. 
For this purpose, a third cellular grating layer, the 
ONL- space lattice, was required. And by means of 
its cells the development of the photoreceptors and 
the distribution pattern of the cones and rods behind 
the retina result. It is also conceivable that the ONL 
grating could be seen in connection with the layers  
1 und 2 of the CGL.  

 
 

3.2. The RGB-spectral Frequency Analysis 
 

The ONL grating being the third grating in the 
sequence of layers in the retina is a cellular space 
grating with a hexagonal densest packing of the cell 
bodies of the photoreceptors. On the one hand, as is 
shown in the model calculation in Fig. 17 (with the 
gradual halving of the grating constants g and the 
reduction of z to ¼ in each case) as the Talbot/Lau 
cascade, it guarantees the further reduction of the 
depth map to the length of the photoreceptor outer 
segments.  

 
 

 
 
Fig. 17. The three cellular grating layers (model calculation with a gradual halving of the grating constants) reduce the 
optical 2 mm deep depth map in three steps to ¼ in each case, and thus to a 31 µm distance in the z-direction behind the 
ONL grating (right), which would correspond to the length of the photoreceptor outer segments. The distant objects are 
always imaged closer to the grating than the near objects. 

 
 

However, the ONL space grating optically 
guarantees in particular the RGB color vision in 
daylight vision and the RG vision in twilight vision. 
Its performance is calculated according to the rules of 
diffractive-optical crystal optics and space grating 

optics. The so-called von-Laue equation [10, 20, 21], 
in its classical form, is based on the ascertainment of 
the wavelengths transmitted in the space grating; the 
so-called ‘reciprocal von Laue-equation’ derived 
from the Fresnel-optics describes the RGB 
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chromatics even better as a spectral frequency 
analysis in the visible spectrum. Both equations lead 
to Fresnel near-field interference maxima, in which a 
harmonic RGB triple results, corresponding to the 
peaks of the spectral sensitivity curves of the cones in 
the relationship 559 nmR : 537 nmG : 447 nmB =  
= 25 : 24 : 20. The relatively large spectral half 
bandwidth of the RGB bell-shaped curves is 
accounted for by the low number of grating levels in 
the space grating. The color sequence on the ring-
zones of the Fresnel-diffraction image from Red via 
Blue to Green is unusual. An overlapping of the RGB 
color channels does not exist (Fig. 18 left). 

Furthermore, both equations explain the fusion of 
the two R and G diffraction orders at a specific 
wavelength in the spectrum. On this color channel 
fusion the Purkinje phenomenon is based at transition 
from daylight to twilight vision (Fig. 18, right). For 
this reason, during twilight and adaptation to low 
light intensities, all visual objects become colorless. 
For the classical von-Laue equation, this spectral 
point of RG-fusion results at 521 nm, for the 
reciprocal von-Laue equation at 512 nm.  
 
 

   
 
Fig. 18. RGB-Triple of the Fresnel diffraction orders of the 
hexagonal ONL-space grating in the case of perpendicular 
light incidence. In daylight vision (left), the six maxima for 
R (559 nm) are located on the smallest circle; those for B 
(447 nm) are on the middle circle and those for G (537 nm) 
are on the outer circle. In twilight vision (right), the R and 
G diffraction orders provide identical maxima at 512 nm 
and B provides a negligible contribution at 415 nm.  
 
 

In this connection, an answer accrues to the 
question about color constancy in daylight vision, 
thus for the fact that the colors of objects under a 
changing illumination appear to be consistent again 
after a short adaptation time. In order to guarantee 
this, the retina depends on the cooperation of the light 
scattering gratings in the anterior part of the eye (the 
aperture space). Because these at any location in the 
aperture have at their disposal an information 
consisting of the sum of the radiations coming from 
all light sources and objects contributing to the 
optical imaging in the complete visual field, it is 

sufficient to scatter this ''holistic-global' information 
in an optically diffuse manner into image space and 
in this way feed it to the space grating optical RGB 
transformation. An equally plausible and simple 
interpretation would be that by looking from the 
image area of an object at the photoreceptor level 
through the layered retinal reticule and through the 
aperture of the optical system onto an object, local 
information becomes related to global information. In 
this way, it would be explicable, that in color vision, 
the eye has ultimately not only the color of the 
individual object at its disposal, but simultaneously 
also the color of the whole, the actual RGB ‘white 
norm’ indispensible for adjusting color space.  

Fresnel diffraction at a single grating leads to 
interference maxima in the near-field behind the 
grating. The wavelengths of the visible spectrum are 
all lined up in z-direction with their specific 
intensities, the maxima of the longer wavelengths 
being close to the grating and the short wavelengths 
further away from the grating (Fig. 19 left). In the 
near-field behind a space grating instead, three RGB-
maxima result, corresponding to three non-
overlapping diffraction orders. Their RGB-centered 
bell shapes are in each case lined up with their 
spectral half-value width on their specific z-distances 
along the cone outer segments (Fig. 19 right). While 
the depth map is always realized locally via the R 
wavelength, the RGB value results from the 
particular local sum of R+G+B.  

With that, the complete hardware of the eye has 
been described and is illustrated again (not to scale) 
in Fig. 20. The dot-shaped objects 1 and 2 result in 
the perception of colorless gray-white in the case of 
equal RGB values and the perception of colors in the 
case of unequal RGB values behind the three gratings 
in the Fresnel or reciprocal grating space, in which 
the cones are arranged in daylight vision. If the light-
scattering gratings in the anterior part of the eye are 
included in the consideration, then the structure of the 
grating-optical correlator results, in which local RGB 
information in image space is related to global 
information in aperture space. 

 
 

4. Conclusion 
 

The hardware of the human eye turns out to be - 
aside from the construction elements of the lens-pupil 
imaging optics - a structure completely transparent 
for light consisting of several cellular optical 
gratings, through which the eye views the objects 
(Fig. 21); in particular, the grating-optical three 
layered information processing may be considered to 
be the 'missing link' for the cortical multi-layered 
processing in CGL and V1. The optical processing 
takes place temporally prior to the neuronal 
processing, which starts in the associative layers of 
the retina. The optical pre-processing and neuronal 
post processing are arranged in such a way that they 
complement each other. 
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Fig. 19. (left) In the case of Fresnel interferences on a simple grating (g= 5µm) the maxima of the individual wavelengths of 
incident light are located along a single z-depth line 33µm in length (z = g²/λ) [7, 11, 12, 22]. The RGB wavelengths are 
equivalent to other wavelengths and do not have a peak position or a half-value width. (right, sketch of principle) The three 
diffraction orders of the space grating with their RGB-peaks (corresponding to the peaks of the spectral sensitivity curves of 
cones) and their half-value widths (indicated by circles) are located on separate z-depth lines at different z-depths. 

 
 

 
 

Fig. 20.  The complete optical hardware of the eye represents a diffractive-optical correlator with space gratings in aperture 
space and in image space (schematized representation). This sketch does not include the division of the quadrants, which 
guarantees the linking of vision to the body's own 3D coordinate system via the optic nerve. Furthermore the circle system 
for the (log-) polar object classification and identification is not included. 
 
 

The model interpretation of microscopic data of 
the hardware and their optic functionalities, which of 
necessity must be fragmentary, is just as suitable in 
the search for a retina implant of the next generation 
as for further experimental work with the multi-
layered grating optics relating to the Fresnel near-
field interferences. Many aspects of the microscopic 
hardware structure presented here have so far been 
insufficiently examined. The functional performance 
assigned to them and described tentatively in an 
exemplary way requires further clarification, in 
particular the connection between the retinal and the 
cortical layers. The attempt to understand a piece of 
brain with a volume of 1/5 cm³ will probably remain 
a scientific adventure for some time to come. 

The eye offers a lot of preconditions to be 
understood as a triple frequency analyzer: as a spatial 

frequency filter, as a spectral RGB-frequency 
analyzer and as a harmonic Pythagoras analyzer of 
the invariant optical melodies of the visual objects. It 
is these optical invariants, which are later - in the 
individual development of language - named with the 
different, more or less general object notions. The 
optical melody of a 'Hund' is than not completely 
congruent with that of a 'dog' or a 'chien'. 

The intelligence of the visual organ is based on 
the macro, micro and nano structures. The eye is 
more than and yet different to a camera. At least two 
paths to a better understanding are instantly clearer to 
any lay person. If you close one eye, the visible 
world does not become only half as bright. When 
light intensities are not added up in optics, 
interference optics is involved. It turns out to be the 
Fresnel near-field interference optics, and not - as has 
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sometimes been assumed - the Fraunhofer far-field 
interference optics or even holography. Diffractive 
optics goes far beyond these expert sectors. It also 
becomes understandable immediately that upon 
closing one eye, the visible world does not shrink 
into a planar surface.  

For more information regarding these topics 
please refer to the author's book (2014) titled: “The 

Human Eye: an intelligent optical sensor (The 
inverted human retina: a diffractive-optical 
correlator)“ on the link:  

 
http://www.sensorsportal.com/HTML/BOOKSTORE

/Human_Eye.htm 
 

 
 

 
 

Fig. 21. The in itself invisible reticule hardware comprising several cellular grating layers,  
through which the eye views the visible world. 
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Abstract: Data acquisition processes the sampling and conditioning the signals that measure real world physical 
conditions such as temperature, pressure, flow etc. and convert the signal into in appropriate format for 
displaying and transmission to remote end. Now a days RFID i.e. Radio Frequency Identification plays a vital 
role in Data acquisition system. The present article proposes a smart DAS scheme containing RFID reader and 
Active tag. The data acquisition system is interfaced with tag through I2C bus. The reader communicates with 
tag following RFID communication protocol requesting to send the logged data which are refreshed and stored 
into tag memory periodically. The communication is simulated using MATLAB software successfully. 
Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

A typical data acquisition system consists of 
individual sensors with the necessary signal 
conditioning, data conversion, data processing, 
multiplexing, data handling and associated 
transmission, storage and display systems makes it 
compatible for the computer for processing. As the 
wired data acquisition system (DAQ) is not feasible 
in man critical cases such as in hazardous place (e.g. 
under mines, submarines) due to obvious reasons of 
electrical safety and complexity of wiring from field 
points to remote places (e.g. control room etc.), Thus 
there is need of wireless DAQ using emerging state 
of art technology of RF communication (e.g. ZigBee, 
Blue tooth and Wi-Fi etc.). The above mentioned 
technology requires extensive knowledge of standard 

of communication protocol laid by IEEE 
communication society. Also the RF module which is 
necessary to interface the DAQ is to be designed 
with embedded MODEM and firmwire using 
communication protocol stack. An alternative 
solution is to use RFID system which involves reader 
and tag and simplest firmwire for implementation 
RFID communication protocol laid by international 
RFID system society (e.g. www.rfid.com). Keeping 
in view the above requirement, it is necessary to 
illustrate communication protocol in the present 
work. The objective of the present work is to 
simulate communication protocol of low cost RFID 
system (reader & tag) for real time DAS involving 
smart sensor.  

In RFID system, it is intended much to 
understand the communication protocol between 

http://www.sensorsportal.com/HTML/DIGEST/P_2665.htm

http://www.sensorsportal.com
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reader and tag, which is much different as in the case 
of layered communication protocol for wireless 
sensor system. With this foregoing objective, major 
emphasis has been given to illustrate RFID 
communication protocol using different decoding 
and encoding rule under MATLAB platform. 

 
 

2. RFID Technology 
 
RFID technology consists of Reader and Tag  

[1, 3]. A reader transmits information to a tag by 
modulating an RF signal in the 860 MHZ – 960 MHz 
frequency range. The tag receives this RF signal. A 
reader receives information from a tag by 
transmitting a continuous wave RF signal to the tag. 
It deals with air interface communication format and 
data exchange protocols. It mainly addresses the tag 
reader communication, which includes physical 
characteristics of the radio communication, structure 
of commands and responses and an anti-collision 
algorithm in multi tag environment [7]. 

Each RFID tag contains a unique identifier (id). 
Once a tag is affixed to a physical object, the id 
becomes a representation of that object [6]. 

Types of RFID tags: There are three general types 
of RFID tags, active, semi-active, and passive  
RFID tags. 

1) Active tags: This type of RFID tag contains an 
internal battery which is used to let the tag perform 
more complex operations, such as monitor 
temperature, as well as boost the communication 
with an RFID reader. The communication range of 
an active tag can be over 100 meters. It has longer 
read range (300 feet). An active tag is the most 
powerful type of RFID tag, and is also the  
most expensive. 

2) Semi-active tags: This type of tag also 
contains an internal battery, but unlike an active tag, 
the battery is only used for the tag’s internal 
operations, and not for communication. A semi-
active RFID tag relies on RFID reader to supply the 
necessary power for communication. It has longer 
read range (300 feet). Note that semi-active tags are 
sometimes known as semi-passive tags. 

3) Passive tags: This type of RFID tag have the 
lowest cost (pennies per tag), and unsurprisingly, are 
the most prevalent type of RFID tags. A passive tag 
has no internal batteries, and relies on the RFID 
reader to supply the power needed to perform all tag 
operations and communication. It has shorter read 
ranges (4 inches to 15 feet). In the rest of this 
chapter, our focus is on this type of tags. 

4) Communication range: The conventional 
range of the tag can range from several centimeters, 
for RFID tags operating in the 13.56 Hz, to over a 
dozen meters for RFID tags operating in the  
902-928 MHz. Due to the physical characteristics of 
the reader and tag, the signal being passed from the 
reader to the tag is stronger than that from the tag to 
the reader. This means that for certain operations  
like eavesdropping, it will be easier to hear the  

RFID reader’s commands than it is for the  
tag’s response. 

5) RFID advantages over barcodes: No line of 
sight required for reading, multiple items can be read 
with a single scan, each tag can carry a lot of data 
(read/write).With the help of RFID individual items 
identified and not just the category. Passive tags have 
a virtually unlimited lifetime, active tags can be read 
from great distances. It can be combined with 
barcode technology. 

 
 

3. Communication Protocol  
for RFID System 

 
In RFID technology it follows mainly two 

standards i.e. EPC global generation 1 class 0 and 
EPC global generation 1 class 1. Reader sends 
information to one or more tags by modulating RF 
carrier using double sideband Amplitude Shift 
Keying or single side band shift keying or PR-ASK 
by encoding PIE format [2]. Tag receives their power 
from same modulated RF carrier. In RFID protocol 
binary data from reader to tag is encoded as Pulse 
Interval Encoding (PIE). In this encoding Tari is the 
reference time interval for reader to tag signalling. 
For data 0 in one Tari on-time fifty percent of the 
total time i.e. fifty percent on-time and fifty percent 
off- time. For data 1 Tari value is 1.5 times to 2 times 
of Tari value of data zero. In this case on time will  
be ¾ of one Tari and off time will be ¼ of one Tari. 
Reader communicates with tag using Tari value in 
the range of 6.25 µs to 25 µs [2]. Waveform of PIE is 
shown in Fig. 1 Reader sends this encoding data after 
modulation i.e. Amplitude Shift Keying (ASK) or 
Phase Reversal Amplitude Shift Keying (PR-ASK) 
modulation [1] is shown in Fig. 2 and Fig. 3 RF 
envelop parameter is shown in Table 1. 

 
 

 
 

Fig. 1. Class 1 forward link PIE encoding [2]. 
 
 

In RFID protocol data from tag to reader is 
encoded as FM0 or Miller encoding format. In FM0 
data 0 and data 1 the time period of one cycle will be 
same but for data 1 on-time or off- time will be 
100 % for data 0 on time 50 % and off-time will be 
50 % of total time period i.e. In FM0 encoding, a 
transition has to occur at the end of each bit period, 
but for a zero bit an additional in the middle is 
required. Tag selects either FM0 or Miller Encoding. 
The waveform of FM0 is shown in Fig. 4. 
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Fig. 2. Reader to tag RF envelop of ASK  
modulation [2]. 

 
Fig. 3. Reader to tag RF envelop of PR-ASK  

modulation [2] 
 

 
Table 1. RF envelope parameter [2]. 

 
Tari Parameter Symbol Minimum Nominal Maximum Units 

6.25 µs to 
25 µs 

Modulation Depth (A--B)/A 80 90 100 % 

RF Envelope Ripple Mh=MI 0  0.05(A--B) 
V/m or 

A/m 
RF Envelope Rise 

Time 
Tr, 10-90 % 0  0.33 Tari µs 

RF Envelope Fall 
Time 

Tf, 10-90 % 0  0.33 Tari µs 

RF Pulse width PW 
MAX (0.265 

Tari, 2) 
 0.525 Tari µs 

 
 

 
 

Fig. 4. FM0 symbols and Sequence [2]. 
 
 
In Miller Encoding total time period for data 1 

and data 0 is same but for data 1 one transition is 
occurred in the middle of time period but for data 0 
no transition is occurred until the received next data. 
There are different types of Miller Encoding like M2, 
M4, M8 etc. In M2 for zero or one there are two 
cycles per unit time. Similarly for M4 there are four 
cycles and for M8 there are eight cycles. The 
waveform of Miller Encoding is shown in Fig. 5. 

EPC global standard uses PIE encoding to 
transmit data in the DL. The reason why this 
encoding method is used is that it implicitly includes 
the clock to detect the bit (or symbol) boundaries 
easily at the tag with a small hardware. The clock is 
used to make the interaction between the analog part 
(analog front end (AFE) and modulator etc.)  
of the tag and the digital part (i.e., EPROM and 
control part) [8]. 

 
 

Fig. 5. Miller End of Signaling. 
 
 

4. Proposed Model of RFID Based Data 
Acquisition System 

 

We want to make simple system where tag will 
collect the data from the real world and send the 
collected data to the Reader. The acquired data after 
encoding and modulating is sent to the reader. We 
have used here a temperature sensor. After 
conditioning the output it is digitized by analog to 
digital converter and this digitized output is sent 
through the tag to reader after tag reader 
communication is established. The basic block 
diagram of proposed model is shown in Fig. 6. In this 
block diagram there is a Sensor Array by which 
physical parameter like temperature is sensed then it 
is modified by signal conditioning unit and after 
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processing the data using microcontroller it is sent to 
tag using SPI (Serial Peripheral Interface) or I²C 
(Inter-Integrated Circuit) protocol. Both protocols are 
well-suited for communications between integrated 
circuits. The programmable tag contains memory to 
store the data and program. Then tag data is sent to 
the reader after authentication and communication is 
established. The collected data is stored in the server 
or hard drive. The proposed system will show the 
real time temperature for interval of one second. 

 
 

 
 

Fig. 6. Schematic diagram of proposed RFID  
based data Acquisition. 

 
 

A single channel data acquisition system consists 
of a signal conditioner followed by an analog to 
digital converter, performing repetitive conversions 
at a free running, internally determined rate. The 
outputs are in digital code words including over 
range indication, polarity information and a status 
output to indicate when the output digits are valid. In 
the proposed system reader is connected to the 
computer and also with LCD for displaying  
the result. 

 
 

5. Result and Analysis 
 

The RFID, tag to reader and vice versa 
communication protocol has been simulated in 
MATLAB (version R2013a) program environment. 
The flow chart of RFID reader and tag 
communication is shown in Fig. 7.  

The sequence proceeds as the reader first sends a 
message data after doing the Pulse Interval Encoding 
(PIE) and this PIE data is modulated means 
Amplitude Shift Keying (ASK) with the carrier 
signal as shown in Fig. 8. It generates the text file of 
every operation like PIE signal, carrier modulated 
PIE signal etc. Tag demodulated the ASK signal and 
converted into binary signal. It compares with the 
own unique number. The comparison is shown in 
Fig. 9. If match found it shows ‘Authenticate Tag’ 
otherwise ‘Invalid Tag’. For authenticate tag it send 
another acknowledgement signal to the reader in the 
form of FM0 signal and modulated with carrier 
signal is shown in Fig. 10.  

After receiving the Acknowledgement signal 
from tag, reader sends another signal in the same 
way to the tag that it is ready for receiving data is 
shown in Fig. 11. Now tag sends the message data 
which is generated from the temperature sensor. This 
signal is converted into binary format. Then this 
binary data is sent by the tag to the reader doing 
FM0 encoding and modulated with the carrier signal 

as shown in Fig. 12. Reader demodulated the data 
and converted into binary data and stored in  
the memory.  

 
 

 
 

Fig. 7. Flow chart of RFID reader and tag communication 
and system flow diagram. 
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Fig. 8. Reader sending modulated PIE encoding data to tag. 
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Fig. 9. Tag demodulates the reader code and compare with 
unique tag code. 
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Fig. 10. Tag sending modulated FM0  
acknowledgement signal. 
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Fig. 11. Reader sending modulated PIE  
acknowledgement Signal. 

 
 

6. Discussion & Conclusion 
 

In the present work, has been followed the  
EPC radio frequency identity protocol class-1  
generation-2 UHF RFID. Using MATLAB software 
we have successfully simulated the communication 
protocol of RFID. In MATALB generated the text 
file of every operation and stored in the hard drive 
for analysis the result. In the proposed system real 
time value is displayed with interval of one second. 
This time depends on the frequency of the RFID 
reader, sampling rate of analog to digital converter as 
well as the baud rate of computer etc. The simulation 
task can be extended to single reads to multiple tag 
and multiple readers to single tag and multiple 
readers and tags system. In the above case the  
data collision problem can be avoided using  
CSMA/CD rule. 
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Fig. 12. Tag sending acquired Sensor output signal. 
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Abstract: Robotics is a rapidly growing field in the area of science and technology. With the growth of 
industrialization and automation one requires a better precision of work with improved productivity and less 
expenditure. It has reduced additional effort of production line though; it reduces man power and provides faster 
response as well as better precision of working. It has become the vital sector for all automobile industries 
specializing in the works considered to be difficult such as welding and assembly. In this work, we have been 
implemented a mobile robotic manipulator for welding using programmable logic controller (PLC). A 
manipulator with two links is designed to move in horizontal and vertical directions. The end effector is 
provided with ac supplied welding torch. The manipulator is made movable with the help of microcontroller 
based line follower. This paper gives the idea how efficiently welding can be done by synchronizing PLC and 
microcontroller. PLC is an added advantage to this work as almost all the industries are automated which 
thereby prevents the installation of new PLC for the proposed system. This manipulator along with sensors can 
be used to detect the cracks or damages in underground pipelines. It can also be used to weld the corroded 
furnace or bins in steel or cement plants. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Robot manipulator, Kinematics, Programmable Logic Controller, Relays and Microcontroller, Line 
follower. 
 
 
 
1. Introduction 

 
A robot is a multitasking programmable device 

which is used to move or replace objects or materials 
from one place to another. The flexibility of the robot 
can be increased by increasing degree of freedom 
which is equivalent to number of joints in the 
manipulator. A robot manipulator consists of links 
and joints. A joint may be revolute which provide 
rotational motion between links or it may be 

prismatic which provide linear motion between the 
links. With the increased number of links, 
complexities in controlling of manipulator also 
increase [1]. 

In this paper, we have implemented a two link 
mobile robotic manipulator for welding using 
programmable logic controller (PLC). The base of 
the manipulator provides for relative revolution and 
the second joint of the manipulator is for up and 
down motion. Both the joints are driven by dc gear 

http://www.sensorsportal.com/HTML/DIGEST/P_RP_0201.htm

http://www.sensorsportal.com
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motors. The end effector of the second link is directly 
connected to welding torch provided with ac supply 
of 220 V. A PLC has been used to control and 
manipulate the joints and end effectors, with the 
combinations of non-retentive timers which provide 
delay for welding as well as for relative motion 
between joints [2]. The feature of mobility is 
provided to the designed manipulator using 
microcontroller based path tracking technique. Two 
Light Detecting Resistor (LDRs) are placed beside 
Light Emitting Diodes (LEDs) and provides the 
necessary inputs to the ATMEL microcontroller, 
which compares the intensities of two signals from 
the LDR sensors and there by controls the direction 
of wheels connected to shaft of the dc motors [3]. 
The feature of independent mobility helps to reduce 
the complexity of transporting heavy welding 
equipment and at the same time helps in minimizing 
the risk of electrical shocks to welders or operators. 
Hence, this method helps in improving the efficiency 
and productivity of the plant. 

 
 

2. Methodology 
 

The block diagram of the mobile robotic 
manipulator for welding using PLC has been shown 
in Fig. 1. The block diagram will help out pointing 
the interfacings and process sequence. In the block 
diagram states that the PLCs have been used for 
driving the base rotation motor and arm movement. 
SMPS have been used for regulated power supply. 
The motors have been connected to the PLCs through 
relays for which provides switching of the contacts. 
The 12 V power supply has been provided to the path 
follower over which the welding robot manipulator 
has been mounted. The welding torch has provided 
with direct 230 V ac supply. 

 
 

 
 

Fig. 1. Block diagram of PLC based welding process. 
 
 

The sequential operation of robotic arm is 
controlled using timers of the PLC. The flow chart 
has been shown in Fig. 2. 

 
 

Fig. 2. Flow chart of PLC timer operation. 
 
 

2.1.D-H Convention 
 

In order to find the relationship between different 
joints of a manipulator forward kinematics is used. It 
is also used to find position and orientation of end-
effector. Denavit Hartenberg (D-H) is the 
conventional method used to find the position  
and orientation of the end- effector. Fig. 3  
shows the initial assignment of coordinates for  
the D-H analysis. 

 
 

 
 

Fig. 3. Assignment of coordinates to manipulator links. 
 
 

i i iii z i z di x ai x iA Rot Trans Trans Rotθ α= , (1) 
 

where Ai is the transformation matrix, 
iz iRot θ  is the 

rotation matrix of z-axis corresponding to joint angle 
θi, 

iz diTrans  is the transformation matrix of z - axis 
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corresponding to link offset di, 
ix aiTrans  is the 

transformation matrix of z - axis corresponding to 
link twist ai, 

ix iRot α  is the rotation matrix of z - axis 

corresponding to link length αi.  
 

0

0 0 0 1

i i i i i i i

i i i i i i i
i

i i i

C S C S S a C

S C C C S a S
A

S C d

θ θ α θ α θ

θ θ α θ α θ

α α

− 
 − =
 
 
 

 (2) 

 

Link parameters for two link robot manipulator 
are given in Table 1 based on configuration shown in 
Fig. 3. These parameters for the corresponding links 
are substituted in Equation (2), in order to get the 
matrix representation of A1 and A2. 

 
 

Table 1. Link parameters  
 

Link 
Joint 
Angle 
θi 

Link 
Offset 

di 

Link 
Length 

αi 

Link 
Twist 

ai 

1. θ1 0 90o 0 

2. θ2 0 0 a2 

 
 

The homogeneous transformation matrix Ai for 
first link is given as 

 

1 1

1 1
1

0 0

0 0

0 1 0 0

0 0 0 1

C S

S C
A

θ θ

θ θ

 
 − =
 
 
 

 (3) 

 

Now, the homogeneous transformation matrix Ai 
for second link is given as 

 

2 2 2 2

2 2 2 2
2

0

0

0 0 1 0

0 0 0 1

C S a C

S C a S
A

θ θ θ

θ θ θ
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 (4) 

 

The final transformation matrix is given as 
 

0
2 1 2T A A= ×  (5) 

 

1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 20
2

2 2 2 20

0 0 0 1
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 − =
 
 
 

 (6) 

 

Therefore, from the resultant matrix we can 
determine that the rotating parameters i.e. elements 
in the first three rows of last column give the 
coordinates of the current frame corresponding to the 
base frame.  

The forward kinematics is there by useful in 
determining the linear and angular velocity of the end 
effector. The Jacobian matrix gives the analysis of 
movement of the links.  

Therefore, Jacobian Matrix is given by 
 

0
2

vi

wi

J
J

J

 
=  
 

, (7) 

 
where 
 

1 1

1

( )i n i
vi

i
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J
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− −

−

× − − 
=  − 

 (8) 

 
Equation (8) gives the linear velocity of the  

end effector. 
 

1

0
i

wi

Z for revolute
J

for linear
− − 

=  − 
 (9) 

 
Equation (9) gives the angular velocity of the 

end-effector. 
Since this paper deals with two link manipulator, 

therefore by substituting n=2 and i=1, 2 in Equation 
(8) and (9), then the Equation (7) becomes 
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The parameters O0, O1 and O2 are the positions of 

end-effector and Z0, Z1 are axis of rotation. 

So, the final Jacobian matrix, 0

2
J  is given by  
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Thus, with the help of forward kinematics and 
velocity kinematics we can determine the structural 
orientation and position along with the angular and 
linear velocities of the manipulator’s end-effector 
which will help to analyze and control the robotic 
manipulator’s motion.  
 
 

3. Design Requirements 
 

3.1. PLC  
 

The use of PLCs is very simple, one just need to 
interface the input and output modules to the I/O 
ports of PLCs. Pressure transmitters, sensors, motors, 
switches, pushbuttons and so on can be connected to 
the ports. Usage of PLCs has reduced the wiring 
complexities and with the usage of Ethernet protocol 
one can found fast data transmission. PLC thereby 
reduces the human efforts and automates the plant 
operations which are often tiring and repeating, and 
thereby improve the production capacity of the 
industries. Fig. 4 shows a typical PLC schematic 
blocks with its input and output ports. 

 
 

 
 

Fig. 4. A PLC and its I/O ports. 
 
 

Various instructions are provided in PLC’s which 
make programming easier as PLC accepts ladder 
logic diagram which doesn’t require any prior 
knowledge about programming. 

 
 

3.2. RELAYS 
 

A relay is often regarded as a set of control 
switches which is preferred for wide varieties of 
industrial purposes due to their durability, reliability 
and reduced complexity in switching purpose. In 
general, the relay works on the principle; that the 
amount of current through one circuit controls the 
actuation or closing of the other circuit. A relay is 
considered as a switching amplifier to toggle 
between the forward and reverse rotation of motors 
on application of appropriate control pulse from the 
PLC. A typical relay consist of two basic units: 
sensing unit and an electrical coil actuated by ac or 
dc current. The operation can be defined in such a 
way that when the current value exceeds a particular 
threshold point, the coil gets excited and leads to 
closing of normally open (NO) contacts or the 
opening of normally closed (NC) contacts. The 
switching mechanism of each relay is subject to the 

magnetic force generated due to the applied  
power supply. 

The relay is driven using ULN2003 which is 
classified as a high voltage, high current Darlington 
transistors. One prime benefit of using this IC is that 
it is compatible with most of the logic types and also 
can provide an output voltage of nearly 50 V. In this 
paper, we have used a four channel relay board able 
to drive two motors M1 and M2 in the forward as 
well as reverse direction by appropriate switching 
sequence i.e. energizing and de-energizing of NC and 
NO contacts respectively. The board is supplied with 
an external supply of 12 V and the control signals are 
fed through the PLC [4-5]. 

 
 

3.3. Line Follower 
 

Line following robots has become a trend setter 
in all technological sectors. The proposed robotic 
manipulator is mounted on a line following robot to 
provide consequent motion along a predefined path. 
It thus helps the manipulator to become mobile and 
thereby reach out to any target spot specified. The 
general methodology consists of a microcontroller 
based motion control to provide efficient mobility for 
the manipulator at the workplace [6-7]. 

Fig. 5 depicts the block diagram of the line 
follower used in the proposed design. The 
microcontroller AT89S52 has been programmed 
using embedded C language to provide control 
actions for movement along a black track. The power 
supply for the controller can be AC or DC as the 
power circuit consists of a bridge rectifier circuit 
along with a filter capacitor which can convert the 
alternating current to a steadier dc form. The motors 
for the wheel rotation are driven using a motor driver 
L239D which is used as a switching amplifier and 
provides necessary excitation for the motor rotation.  

 
 

 
 

Fig. 5. Block diagram of line follower. 
 
 

The microcontroller accepts input parameters 
from the two LDRs as binary 0 and 1. The binary 
value 1 represents black, while the binary value 0 
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represents white area along the pathway. The 
controller compares the two input from the sensors 
(I1, I2) and thereby takes the control action of the 
two motors as shown in Table 2. 

 
 

Table 2. Control sequence of motor. 
 

Input 
Logic 

LMF LMR RMF RMR 

I1=1 
I2=1 

0 0 0 0 

I1=1 
12=0 

0 1 1 0 

I1=0 
I2=1 

1 0 0 1 

I1=0 
I2=0 

1 0 1 0 

 
LMF - Left Motor Forward 
LMR - Left Motor Reverse 
RMF - Right Motor Forward 
RMR - Right Motor Reverse 

 
 
The output from the controller is fed to transistor 

array ULN2003 and then fed to motor driver. This 
helps to limit the current ratings to a safe range.  

 
 

4. Result 
 

The prototype has been developed to implement 
the two link robot manipulator for welding using 
PLC. Timers are used to provide the desired delay for 
the process. Fig. 6 shows the Siemens S7-1200 PLC 
interfacing with the relay circuit. 

The output channel of the relay logic is used to 
drive the motors M1 and M2 in the forward and 
reverse direction as per the control signal from the 
PLC. The coding is designed by the SIEMENS TIA 
software and is executed on the hardware. 

 
 

 
 

Fig. 6. PLC SIEMENS- 1200 and relay circuit. 
 
 

The two link manipulator is mounted on the line 
following robot to provide efficient mobility from 

one place to another. This setup is represented  
in Fig. 7 (a) and Fig. 7 (b). 

 
 

 
 

Fig. 7 (a). Proposed mobile robotic manipulator. 
 
 

 
 

Fig. 7 (b). Proposed mobile robotic manipulator. 
 
 

5. Conclusions 
 

The proposed method provides an alternative 
method of industrial welding using a two link robotic 
manipulator. The control of the arm is supervised 
with the help of a PLC. A welding torch is fixed onto 
the end effector. Based on the control signal the 
motors M1 and M2 are activated and the necessary 
rotation of the base as well as the vertical movement 
of the end effector takes place. 

This method has additional merits as compared to 
the traditional manual welding:  

1) Accurate welding; 
2) Protects the workers from direct contact with 

welding radiations; 
3) Reduced wastage of welding electrode; 
4) Highly reliable and easy control operation 

using PLC; 
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5) Wide range of objects can be welded by simple 
tuning of timer values.  

The future scope of the proposed technique can 
be use to implement a wide variety of industrial 
applications by changing the end effector according 
to the applications. The mobility can be improved by 
using IR sensors interfaced as inputs to the PLC, so 
as to provide a timer based sequential operation and 
thereby improve in-line production rate. 
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Abstract: The energy consumption restricts the design of image compression algorithms in Wireless Sensor 
Network (WSN). The tradeoff between the decompressed image quality and energy consumption should be 
considered in the design. The field of image processing introduced many image compression algorithms for 
WSN. Joint Photographic Experts Group 2000 (JPEG2000) and Absolute Moment Block Truncation Coding 
(AMBTC) are examples of these algorithms. This tradeoff is considered in the design of the proposed algorithm 
to get Lossless image compression algorithm with a high compression rate. LE-LICA is compared with the 
traditional algorithms using popular metrics such as: Peak Signal to Noise Ratio (PSNR), Correlation 
Coefficient (CC), and energy consumption. The proposed algorithm enhances both the image quality and the 
energy consumption. A great challenge to reconstruct an image at the sink without lossless (the best quality) and 
low energy consumption at the sensor node. The results show the preference of the proposed algorithm to the 
others. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Haar Wavelet, JPEG2000, AMBTC, PSNR, CC, Energy Consumption. 
 
 
 
1. Introduction 
 

The image processing is one of the most 
interesting fields in Wireless Multimedia Sensor 
Network (WMSN). Image transmission without 
compression consumes higher energy than the 
compressed energy at the transmission. So, the image 
compression before transmission should be 
considered in WMSN because of the dependence on 
the battery as an energy source [1]. The overall 
energy consumption is affected by the energy 
consumption of both processing circuit and the 
transmission circuit to send an image from the sensor 

node to the sink. So, it has thought to reduce the 
energy consumption at the transmission circuit by 
compressing the image at the processing circuit to 
reduce the overall energy consumption. The image 
compression field has introduced many algorithms 
used to compress the image such as: Joint 
Photographic Experts Group 2000 (JPEG2000) [2] 
and Absolute Moment Block Truncation Coding 
(AMBTC) [3].   

JPEG2000 is the enhancement of JPEG [4]. The 
use of Haar Discrete Wavelet Transform (Haar 
DWT) is one of the enhancement techniques in 
JPEG2000. It does not provide compression, but it 
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enhances the compression rate at the Huffman 
encoding stage. It has been used to partition the 
image into two parts, approximation and details parts 
[5]. The approximation part is the average between 
the pixels values while the details part is the 
difference between them divided by 2. It is noted 
that, the applying of Haar DWT twice reduces the 
size of the approximation part to the half while the 
size of the details part is doubled and no change in 
the image size. The exceeding in the details part 
enhances the compression ratio at the Huffman 
encoding stage. So, it has thought to increase the size 
of the details part to enhance the compression ratio 
and the approach has introduced by a proposed 
technique namely by Haar Wavelet Image 
Compression Algorithm (HW-JPEG2000) [6]. HW-
JPEG2000 removes the quantization stage completely 
which reduces the quality of the reconstructed image 
at the sink. Although the reduction in the details part 
enhances the quality of the reconstructed image as in 
HW-JPEG2000, it reduces the quality of the 
reconstructed image as in JPEG2000 enhancements 
which depend on multiple stages of Haar DWT 
because of the dependence on the quantization stage 
after Haar DWT multiple stages.  

AMBTC is the enhancement of Block Truncation 
Coding (BTC) [3]. It partitions the image into blocks 
of size 4x4 each. It depends on the mean value of 
each block to compress the image rather than BTC 
which depends on the variance of each block beside 
the mean value. AMBTC technique enhances both 
the image quality and the energy consumption.   

The paper introduces a proposed algorithm 
namely by Low Energy Lossless Image Compression 
Algorithm for Wireless Sensor Network (LE-LICA). 
This proposed algorithm, LE-LICA, depends only on 
the different between the pixels values. This 
approach reduces the energy consumption spent by 
multiple stages of Haar DWT without losses in the 
image quality to get low energy lossless image 
compression algorithm. LE-LICA is compared with 
the other image compression algorithms using 
popular metrics used in this field. The comparison is 
not limited to JPEG2000, AMBTC, and HW-
JPEG2000, it also involves Fast Zonal Discrete 
Cosine Transform (Fast Zonal DCT) [7], 2D DWT-
Zonal algorithms [8], and some enhancement in BTC 
using Clifford Algebra.   

The paper is organized as follows: Section 2 
introduces the related works, LE-LICA is illustrated 
in  Section 3, the results are shown in Section 4, and 
section V shows the conclusions.  

 
 
2. Related Works 
 
2.1.  JPEG2000 
 

It is composed from three stages: Discrete 
Wavelet Transform (DWT), Quantization, and 

Huffman encoding [2]. Haar has introduced a simple 
approach in the design the filters of DWT involving 
transforming of the image into two parts; an 
approximation part and a details part. The 
approximation part is the average of every two 
adjacent pixels in the image by multiplying the two 
adjacent pixels as in Fig. 1. The details part is the 
difference between every two adjacent pixels divided 
by 2. Haar Wavelet does not provide compression, 
but it enhances the compression rate at the Huffman 
encoding stage. JPEG2000 has applied DWT twice to 
increase the details part which enhances the 
compression ratio at the Huffman encoding [4]. 
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½ 
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Fig. 1. Haar DWT. 

 
 
2.2. Fast Zonal Discrete Cosine Transform 

(Fast Zonal DCT) 
 

Fast Zonal DCT introduces an enhancement in 
JPEG [7]. The encoder of Fast Zonal DCT limits the 
range of DCT from 0 to 3 and the decoder replaces 
the other values by zeros. Fast Zonal DCT increases 
the compression ratio at Huffman encoding stage 
with reduction in energy consumption, but it reduces 
the quality of the reconstructed image to acceptable 
level.  
 
 
2.3. Hybrid DWT with Fast Zonal DCT  

in JPEG2000 (2D DWT-Zonal) 
 

The Fast zonal DCT provides a compression in 
DCT stage. So, it has thought to use Fast zonal DCT 
stage in JPEG2000 to enhance the compression ratio 
[8]. Fast zonal DCT stage has been used between 
DWT stage and quantization stage in JPEG2000. It is 
applied only on the approximation part to enhance 
the compression ratio and to reduce the energy 
consumption at the Huffman encoding. 
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2.4. Haar Wavelet Image Compression 
Algorithm (HW-JPEG2000) 

 
The quantization is the stage which reduces the pixel 
value from high to low using a quantization step, ∆ 
[5]. It causes losses in the decompression process and 
reduces the image quality to low level. The same 
purpose of the quantization stage can be gotten by 
exceeding in the size of the details part at the expense 
of approximation part without losses. So, Haar DWT 
is applied on each row in the image until getting one 
pixel in the approximation part and the other pixels 
represents the details part for each row in the image. 
Fig. 2 shows the approach of HW-JPEG2000 using 
numerical examples [6]. 
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De-compressed 
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Fig. 2. HW-JPEG2000 approach. 
 
 

2.5. Absolute Moment Block Truncation 
Coding (AMBTC) 

 
AMBTC is the enhancement of BTC [3]. It has a 

different approach in comparison with JPEG2000 [2]. 
It partitions the image into blocks of size 4×4 each, 
and each block has its threshold. This threshold is the 
mean value, xm, of the pixels values in each block. 
AMBTC uses another two mean values, xH and xL. 
They are the mean values of the upper and lower 
values with respect to xm in each block.  

AMBTC replaces the upper and lower values of 
each block by 1 or 0. The decompressed image can 
be reconstructed from the compressed by replacing  

1 and 0 by xH and xL respectively. AMBTC does not 
use the quantization and Huffman encoding stages. 
So, no need to extra processing time and energy 
consumption for image compression processing.   
 
 
3. LE-LICA 
 

Instead of taking the difference between two 
adjacent pixels divided by 2 as in HW-JPEG2000, we 
will take the difference between each pixel and its 
neighbor without dividing by 2 for each row as 
shown in Fig. 3. The last pixel will be taken as its 
without change. So, the contents of each row will 
represent the difference values except the last pixel. 
So, the contents of resulted image represent the 
difference values except the last column. We can 
apply the same approach on the last column. The 
contents of the final resulted image represent the 
difference values of the original image except the 
pixel of the last row and the last column. This pixel is 
the same as the original image. Finally, the Huffman 
encoding is applied on the final resulted image before 
the transmission.   
 
 

A       B        C        D       E         F        G        H

A-B B-C   C-D   D-E    E-F    F-G    G-H    H  
 

Fig. 3. LE-LICA approach. 

 
 

The reconstruction of the decompressed image 
from the compressed one is as follows:  

Step 1: Apply Huffman decoding on the received 
image. 

Step 2: Reconstruction of the last column is done 
as follows: 

• Apply the summation operation on the pixels 
values of this last column to reconstruct the first pixel 
in this column where: [(A-B)+(B-C)+(C-D)+(D-
E)+(E-F)+(F-G)+(G-H)+H]=A. 

• Subtract the resulting value, A, from the first 
pixel value, A-B, to reconstruct the second pixel 
value, B. 

• Subtract the second resulting value, B, from 
the second pixel value, B-C, to reconstruct the third 
pixel value, C. 

• Subtract the third resulting value, C, from the 
third pixel value, C-D, to reconstruct the forth pixel 
value, D.  

• Repeat the same operation until obtaining G. 
Step 3: after the reconstruction of the last column, 
repeat step 2 on each row to reconstruct the pixels 
values of each row. 
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4. Results and Discussions 
 

The compression algorithms are applied on an 
image of size 512×512 as shown in Fig. 4. The 
reason of use this image is no flat in the image, so no  
0-values is gotten approximately. The comparison of 
LE-LICA with the other algorithms is based on 
different metrics: Peak Signal to Noise ratio (PSNR) 
[1], energy consumption [9], Compression Ratio 
(CR) [1], Bit Rate (BR) [1], Correlation Coefficient 
(CC) [10], and Spatial Frequency (SF) [11].  
 
 
4.1. Peak Signal to Noise Ratio (PSNR) 
 

PSNR is the most commonly used as a measure of 
the quality of the reconstructed image, K, in 
comparison with the original image, X [1]. It is a 
qualitative measure based on the mean-square-error 
of the reconstructed image as shown in (1). Fig. 5 
shows PSNR comparison between the image 
compression algorithms. PSNR comparison shows 
that LE-LICA is lossless image compression 
algorithm while the others are lossy image 
compression algorithms. 
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Fig. 4. Original image. 
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Fig. 5. PSNR comparison. 

4.2. Energy Consumption 
 

Compression algorithms are not applied 
practically, but they are programmed by MATLAB. 
So, the estimations of the energy consumption for 
addition (EAdd), multiplications (EMUL), division 
(Ediv), comparison (Ecomp), and round (Er) are based 
on standards [9].  

Each node in WSN requires transmission energy 
to transmit the data to the Cluster Head (CH). The 
distance, d, between the sensor node and CH 
specifies the energy required to transmit the data to 
the sink, ETX, as shown in (2) [9] where: εfs is the free 
space energy model while εmp is the multipath energy 
model, Bi is the bits of the transmitted compressed 
image (compressed image with the attachment like 
Huffman dictionary and the averages values of 

AMBTC), and 
mp

fsd
ε
ε

=0 .    
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The attached bits (Huffman dictionary codes or 

the values of xL and xH) are considered with the 
compressed image in the estimations of the energy 
consumption, and the distance d is considered as the 
same as do. The results show that: LE-LICA 
consumes the least energy to compress the image in 
comparison with other image compression algorithms 
as shown in Fig. 6. The use of lossless image 
compression algorithm with the least energy 
consumption is a great addition to WSN data 
processing which prolong the lifetime of both sensor 
nodes and CH.  
 
 
4.3. Compression Ratio (CR) and Bit  

Rate (BR) 
 

CR is the ratio of the size of original image, MN, 
to the size of the compressed image, MCNC, [1]. BR 
is the ratio of the number of bits per pixel in the 
image to CR [1]. The size of the compressed image is 
measured at the transmitter. All image compression 
algorithms which depend on Huffman encoding 
require to send the dictionary of each image with the 
compressed image while AMBTC and its 
enhancement require to send the values xL and xH of 
each block with the compressed image. The 
attachments in the estimations of CR and BR will be 
considered. Table 1 shows the comparison between 
the compression algorithms with respect to CR and 
BR. LE-LICA has a higher CR value than the others 
except the Fast Zonal-DCT. Although LE-LICA has 
high CR after Fast Zonal-DCT, it scores the least 
energy consumption. So, this result does not change 
his preference to the others.  
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4.4. Correlation Coefficient (CC) and Spatial 
Frequency (SF) 

 
CC is a parameter used to measure the matching 

degree between the reconstructed and original images 
[10] while the metric SF is used to measure the 
overall activity level of the image [11]. The 
calculated values of CC and SF ensure that LE-LICA 
is a lossless image compression algorithm which is 
matched with the original image as shown in Table 2.  
 

 
Table 1. CR and BR comparison. 

 
 CR BR 

Fast Zonal DCT 9.0903 0.8801 
LE-LICA 7.8413 1.0202 
AMBTC 4 2 

2D DWT Zonal 3.0435 2.6286 
JPEG2000 1.9050 4.1994 

HW-JPEG2000 1.7204 4.6502 
 
 

Table 2. CC and SF comparison. 
 

 CC SF 
Original Image 1 53.5091 

LE-LICA 1 53.5091 
Fast Zonal DCT 0.8901 32.7753 

AMBTC 0.9629 49.3303 
2D DWT Zonal 0.9353 55.5288 

JPEG2000 0.9941 60.1078 
HW-JPEG2000 0.9991 54.0237 

 
 
5. Conclusions 
 

The reduction in the image size before the 
transmission prolong the sensor lifetime. Some image 
compression algorithms are discussed and compared 
with a proposed image compression algorithm using 
popular metrics. The estimation of the energy 
consumption is based on standards. 2D DWT-Zonal 
is one of these algorithms has suggested to add Fast 
Zonal-DCT stage in JPEG2000 to reduce the energy 
consumption. And also, HW-JPEG2000 has 
suggested to enhance the multi stages of Haar 
wavelet. All these discussed algorithms are lossy 
algorithms. The trade off between the energy 
consumption and the quality of their reconstructed 
image restricts their design. This paper challenges 
this trade off or this rules and introduces low energy 
lossless image compression algorithm or namely by 
LE-LICA. LE-LICA omits the quantization stage 
which causes losses in the reconstruction image 
process. LE-LICA depends only the difference 
between the pixels values in addition to Huffman 

encoding stage. The results of the comparison 
between these image compression algorithms show 
the preference of LE-LICA to compress the images to 
the others.  
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