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ABSTRACT 
Now a days, capacitive touch sensors are widely used in consumer products like MP3 players, mobile phones 

and other portable devices. More and more, this technology is utilized in further application fields such as 

household appliances as well as automotive and industrial applications. The robustness, usability and cost 

efficiency are driving forces for the rapid development of capacitive touch sensors. In this paper, a simulation 

environment is created for fabricating capacitive sensors with different materials and then a performance 

analysis is carried out. \ 
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I. INTRODUCTION 
Capacitive pressure sensors [6][7] work by 

detecting the change in capacitance between a fixed 

plate and the flexible plate [1][8]. The major difficulty 

to the designer is the dimensions and properties used 

in the simulation of the Micro-Electro-Mechanical-

Systems (MEMS) devices cannot be exactly followed 

during fabrication. In order to overcome this problem, 

we must test the device in simulation for bound of 

parameters involved in it. This will be done by using 

Intellisuite software   modules like Intellifab, 

Thermoelectromechanical analysis module, Synple 

etc. 

II. CAPACITIVE SENSING 
Capacitance describes how the space 

between two conductors affects an electric field 

between them. If two metal plates are placed with a 

gap between them and a voltage is applied to one of 

the plates, an electric field will exist between the 

plates. This electric field is the result of the difference 

between electric charges that are stored on the 

surfaces of the plates [5]. E-Fields are generated from 

the greatest potential to the least potential. Figure 1 

shows E-Field lines from the capacitive sensor to 

ground. The measurement of the capacitance at this 

point gives the parasitic capacitance.  

     The conductive object allows an increased number 

of E-Field lines to travel between the sensor and 

ground. The greater concentration of E-Field lines 

results in a greater capacitance measured at the sensor 

as shown in Figure 2. In human interface devices, the 

 

 

conductive object is typically a human finger, hand, 

foot, etc. 

 
Figure 1: E-fields and parasitic capacitance 

 
Figure 2: E-fields with a finger present 

 

     MEMS based pressure sensors and microphones 

use an elastic plate as a membrane or a diaphragm as 

the active mechanical element. As the plate deflects 

due to the applied pressure, the middle surface 

remains unstressed. The pressure introduces bi-axial 
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stresses in the plate. Stresses at points are proportional 

to the distance from the middle surface and the 

maximum stresses occur at the outer surfaces of the 

plate. The simplest form of a capacitor consists of two 

conductors [3], e.g. two metal plates, separated by an 

insulator. The following formula shows the 

parameters which influence capacitance: 

 

      C= (Area×Dielectric)/Gap                …….(1) 

      

In ordinary capacitive sensing the size of the 

sensor, and the dielectric material (air) remain 

constant. The only variable is the gap size. Based on 

this assumption, driver electronics assume that all 

changes in capacitance are a result of a change in gap 

size. The electronics are calibrated to output specific 

voltage changes for corresponding changes in 

capacitance. These voltages are scaled to represent 

specific changes in gap size. The amount of voltage 

change for a given amount of gap change is called the 

sensitivity [3][4].  

In this paper, all the designing or fabrication and 

different types of analysis or simulation is performed 

at virtual level using Intellisuite Tools. 

 

III.   INTELLIMASK 
It is a Mask layout design tool for MEMS 

devices. IntelliMask is specially used for constructing 

and editing MEMS device level masks. 

     In this work, we have created three circular masks 

of different radius which are 45 micron, 50 micron 

and last mask is of 55 micron. The last mask has a 

different shape where four rectangles are create on the 

outer surface of circle at equal distances to allow the 

electric field lines path on the upper section of the 

sensor as shown in Figure 3. These masks are used at 

the time of virtual fabrication of the device. 

 

 
Figure 3: Mask 3 layout in Intellimask 

 

IV. INTELLIFAB 
Intellifab allows us to construct 3D models 

directly from the process steps and then export them 

to the analysis modules. Here, we analyze the 

methods for determining material properties from 

fabrication and operating parameters. So it is a 

fabrication based computer aided designing using 

virtual fabrication techniques.   

     By this tool, we create or fabricate capacitor sensor 

device using the two methods and different materials 

is used for both the devices. First capacitor sensor 

diaphragm is made by polysilicon material and silicon 

substrate is doped through the P ions whereas second 

capacitor sensor diaphragm is made by silicon. 

 

Table 1: Fabrication Process Steps 
S.NO. DEVICE 1 DEVICE 2 

1 Definition Si czocharlski 

100 

Definition Si czocharlski 

100 

2 Deposition SiO2 thermal 

wet 

Deposition SiO2 thermal 

wet 

3 Definition X-Ray 

standard 

Definition UV contact 

4 Etch SiO2 RIE Etch SiO2 wet BOE 

5 Deposition P implant     

P-ion 

Deposition B implant     

B-ion 

6 Etch SiO2 RIE Etch SiO2 wet BOE 

7 Deposition PSG LPCVD 

generic 

Deposition PSG LPCVD 

generic 

8 Definition UV contact Definition UV contact 

9 Etch PSG wet sacrifice Etch PSG wet sacrifice 

10 Deposition Polysilicon 

LPCVD SiH4  

Deposition Si3N4 

LPCVD SiH4  

11 Definition X-Ray 

standard 

Definition UV contact 

12 Etch Polysilicon dry SF6 

plasma 

Etch Si3N4 RIE 

13 Etch PSG wet sacrifice Etch PSG wet sacrifice 

14 Etch Si wet KOH Etch Si wet sacrifice 

 

Nitride and substrate is doped with the B ions. The 

process steps used in the fabrication of our devices are 

shown in Table 1. 

 

V. ELECTROMECHANICAL ANALYSIS 

It is a fully coupled thermal, electrostatic, 

mechanical, packing, contact & post-contact analysis 

and system model extraction tool. Here, the device 

level simulation performed can be categorized into 

frequency analysis, static analysis, dynamic analysis 

and system model extraction.     

     For analysis, the fabricated device is initially 

imported from intellifab to thermoelectromechanical 

tool and the sensor looks like as shown in Figure 4. 

      

Figure 4:  Capacitor sensor in TEM tool 
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5.1   Boundary Conditions 

In all mechanical analysis, each separate part 

of the structure (entity) must be assigned at least one 

fixed boundary to make the problem solvable. Hence, 

we can set the boundary conditions by selecting the 

appropriate degree of freedom of a particular entity 

and clicking on the appropriate boundaries. 

 

5.2   Natural Frequency Analysis 

The natural frequencies of a structure are 

those frequencies at which the structure naturally 

tends to vibrate if it is subjected to a disturbance. The 

deformed shape of the structure at a specific natural 

frequency of vibration is termed as its normal mode of 

vibration. Hence this simulation computes the natural 

frequencies and associated mode shapes of a structure 

including any natural frequency shift due to external 

forces and/or in-plane stresses [2]. Natural 

frequencies and mode shapes are functions of the 

structural properties and boundary conditions. If the 

structural properties change, the natural frequencies 

change but the mode shapes may not necessarily 

change. For example, if the elastic modulus of the 

cantilever beam is changed then the natural 

frequencies change but mode shapes remain the same. 

If the boundary conditions change then the natural 

frequencies and mode shapes both change. Table 2 

depicts the natural frequencies of both devices. 
 

Table 2: Natural Frequencies of Devices at Respected 

Mode 

Mode No. Natural Frequency (MHz) 

 Device 1 Device 2 

Mode 1 2.45373 2.86888 

Mode 2 5.18315 6.05978 

Mode 3 5.31804 6.21969 

Mode 4 8.62529 10.08640 

Mode 5 8.83642 10.32930 

Mode 6 10.11390 11.82680 

 

 

5.3   Pressure versus Capacitance Analysis 

For pressure versus the capacitance, 

thermoelectro mechanical relaxation is the method 

used in Intellisuite to solve coupled Mechanical 

Electrostatic analysis. The method implemented uses 

a boundary element solver to calculate capacitance 

and charge information and a finite element solver to 

determine mechanical deformations. Each domain 

solver is called iteratively, updating the values of its 

associated variables. This sequence is repeated until 

convergence is achieved. 

     By this analysis, we get capacitance in femto farad 

between the diaphragm and bottom doped substrate 

also we get the distance between these two due to 

applied different pressure values as shown in the 

Figures 5 and Figure 6. 

     As on examining, Figure 5 and Figure 6 we 

fobsereved that capacitance of device 2 is less as 

compared to device 1 which has polysicion 

diaphragm also the deflection in silicon nitride 

diaphragm of device 2 is less because stress and 

stiffness of silicon nitride diaphragm is larger than 

polysilicon diaphragm.  

 

 
Figure 5:  Pressure vs Capacitance 

 

Figure 6:  Pressure vs Displacement 
      

 

5.4   Voltage versus Capacitance 

In this analysis, we check the behavior of 

capacitance as we increase voltage at lower levels on 

regular intervals. After getting the results as shown in 

Figure 7, we found that there is no change in the 

capacitance of device when we increase the voltage to 

device. 
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Figure 7:  Voltage vs Capacitance 

 

5.5   Pull-in Analysis 

In this analysis, we apply the high Voltage to 

the device and check the behavioral displacement of 

diaphragm to substrate. When we apply the voltage of 

about 0 V and increase it step by step of 100 V to 

1000 V then the diaphragm starts falling into 

downward direction and after reaching its maximum 

limit of stressing the diaphragm going to damage 

itself when we increase the voltage level after this 

threshold point. As shown in the Figure 8 and     

Figure 9, the threshold voltage point of polysilicon 

diaphragm is less in comparison to the silicon nitride 

diaphragm. 

 

 
Figure 8: Device 1 Z-displacement Vs Voltage during 

pull-in analysis 
 

 
    Fig. 9 Device 2 Z-displacement Vs Voltage during pull-in 

analysis 

 

VI. CONCLUSION 
This capacitor shall be easy to construct as 

well as sensitive to human touch, so it acts as an 

alternative to mechanical buttons and switches. 
     The various issues in fabrication, designing and 

system modeling of integrated pressure sensor 

devices are analyzed and it has been observed  that 

the device made of silicon nitride diaphragm has 

more stiffness and able to tolerate the higher voltage 

shock upto 600 V rather than 500 V in comparison to 

the polysilicon diaphragm device. But the polysilicon 

diaphragm device is more sensitive to pressure 

because this gives more capacitance in comparison to 

the silicon nitrite diaphragm device. This capacitance 

is easy  to calibrate by using driver electronics. 

Where all changes in corresponding capacitance will 

calibrate to output specific voltage changes. These 

voltages are scaled to represent specific changes in 

gap size due to pressure. 
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ABSTRACT 

One of the well – known Peak to Average Power Ratio (PAPR) mitigation technique for orthogonal frequency 

division multiplexing (OFDM) is Selected Mapping (SLM). Up till now, many different low complexity SLM 

schemes have been proposed, but most of them reduce the computational intricacy at the cost of Bit Error Rate 

(BER) or Peak to Average Power Ratio (PAPR) mitigation performance degradation. Main aspect among the 

SLM schemes is the transmission of side information. In this paper performance of different SLM schemes is 

correlated to analyze the effect on PAPR, BER, computational intricacy and throughput. 

Keywords – Complementary Cumulative Distribution Function (CCDF), OFDM, PAPR, Side Information (SI), 

SLM

 

 

I  INTRODUCTION 
OFDM is an enticing technique for wireless 

communication as it sustains sturdy reliability and 

high throughput in the frequency selective fading 

environments. It is a parallel transmission scheme 

where a high rate serial data stream is split into a set 

of low rate sub streams, each of which is modulated 

on a separate sub carrier. It bids elevated spectral 

efficiency, low complex receivers and simple digital 

realization by using the FFT operation. In spite of 

these rewards, one of the dominant drawbacks in 

OFDM is high Peak to Average Power Ratio (PAPR). 

High peak values are imported due to the addition of 

subcarrier components via an IFFT operation. The 

high PAPR brings the OFDM signal distortion in the 

non – linear region of high power amplifier and 

further leads to degradation of the performance of the 

system [1]. It enhances complication of converters 

and shrinks the effectiveness of radio frequency 

amplifier.  

     Multifarious methods are introduced to overcome 

the high PAPR [1]. Clipping technique [2] is used to 

reduce the peak power by clipping the signals to the 

threshold level. Partial Transmit Sequence (PTS) 

technique [3] generates alternative signal sequences 

representing the same OFDM signal and selects the 

one with minimum PAPR. Companding technique [4] 

[5] rates the signals non – linearly such that signals  

 

 

 

 

with large amplitude are suppressed and the signals 

with small amplitude are expanded. Many more  

 

 

PAPR reduction techniques are there in [1].   Among 

all the PAPR mitigation techniques, SLM scheme can 

effectively minimize the PAPR without signal 

distortion by using signal scrambling techniques. 

Main consideration of this technique is computational 

complexity and transmission of side information.  

     The organization of this paper is as follows. 

Selected Mapping is presented in section 2. CCDF 

and Performance analysis is discussed in 3. 

Conclusion is presented in section 4. 

 

II  SELECTED MAPPING 
Using this method, parting all symbols to 

subsets containing the same information data and 

allow the sample with minimum PAPR to go down 

the line [1]. PAPR reduction is carried out by 

compounding autonomous phase sequences to the 

original samples and determining the PAPR of each 

phase sequence and sample combination. The 

combination with least PAPR is transmitted. SLM 

requires much system intricacy and computational 
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strain because of many IFFT stages. We also need to 

calculate the PAPR for every autonomous sample. 

 
         Fig 1: Block diagram of SLM technique [1] 

      

As in the block diagram shown in Fig 1, each data 

block is compounded by U different phase sequences 

of length N, B
(u)

 = [bu,0, bu,1, …….., bu,N-1]
T
. This 

results in U different data blocks. Modified data block 

for u
th

 phase sequence is denoted as X
(u)

 = [X0bu,0, 

X1bu,1, ……, XN-1bu, N-1]
T
. 

     After passing the data blocks through the IDFT’s 

the multicarrier signal becomes, 

                                                                         (1) 

 

After this operation the one with lowest 

PAPR is selected to go down the line. The 

information about phase sequences is transmitted as 

side information at the receiver. By using this side 

information, reverse operation is performed to recover 

the original data block. The amount of PAPR 

reduction for SLM depends greatly on the number of 

and design of phase sequences. The concentration of 

this paper is especially upon the selected mapping 

technique. 

     Sending the extra side information (SI) index along 

with the transmitted signal is one of the disadvantages 

of the SLM technique. Here the two important 

analysis of this technique has been done. Out of them 

one is how to avoid the transmission of extra 

information along with the OFDM signal, means 

avoiding the SI index Transmission. Another one 

important analysis of this technique is how to reduce 
the computational complexity. Much work has been 

done on the SLM scheme [6] [7] [8]. Two different 

SLM schemes are described below: 

 

2.1 Novel Semi – Blind SLM Technique 

In an efficient semi – blind SLM technique 

proposed in [8] SI index is embedded in the 

transmitted symbols. This enclosure is accomplished 

by associating each SI index with a particular set of 

extended locations inside the data block. A 

suboptimal receiver is employed at the receiver side to 

recover the SI index.  

     But in a novel semi blind SLM technique [6], 

different set of extended locations associated with SI 

indices is there inside the data block. Hence no 

explicit SI index is sent along with the transmitted 

data which further increases the overall throughput. 

At the receiver side novel suboptimal receiver is 

driven based on maximum – likelihood (ML) 

detection algorithm. Further details of this proposed 

technique is in [6]. 

 

2.2 Modified SLM Scheme 

To avoid the transmission of side 

information and reduce the computational intricacy, 

the conversion matrices are proposed in [9] to 

simplify the inverse Fast Fourier transform (IFFT) 

computations. By using only 2 CM’s the 

computational complexity reduces to half that of the 

conventional SLM scheme. More CM’s can be used 

to replace more IFFT’s to further reduce the intricacy. 

     One disadvantage of using CM’s is that it leads to 

degraded BER performance [7] as the elements of 

phase rotation vectors interrelated to CM’s have 

variable magnitudes which further boost up the 

frequency selective fading. 

     A new modified SLM scheme [7] is proposed to 

avoid the SI transmission and reduce the intricacy. A 

peculiar set of CM’s with large number of elements is 

designed to bring about the candidate signals. More 

detail about this scheme is given in [7]. This proposed 

technique can be directly pertinent to many practical 

OFDM systems. 

 

III CCDF AND PERFORMANCE ANALYSIS 
Cumulative distribution function (CDF) is 

one of the most regularly used criterions to measure 

the performance of PAPR technique. In [1] the CDF 

of the amplitude of a signal is given by 

 

                  )exp(1)( zzF                     (2) 
 

The complementary CDF (CCDF) is used instead of 

CDF, which helps us to examine the probability that 

the PAPR of a certain data block exceeds the given 

threshold 
NzzPAPRPzPAPRP ))exp(1(1)(1)(   

                                                                     (3) 
Performance Analysis 

Fig 2 shows the performance of different SLM 

schemes on PAPR and BER. 

     In Fig 2, the proposed semi-blind scheme have 

lower PAPR than the SLM scheme in [6] because 

phases of the phase shift vectors are periodic while 

phases are random in proposed scheme. The proposed 

SLM scheme shows the same performance as 

classical SLM.  
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     In Fig 3, both the schemes P – MSLM and MSLM 

[7] shows the almost same PAPR reduction 

performance. Since SI index is not needed in P-

MSLM and more CM’s can be used for PAPR 

reduction without loss in the useful data rate.   

     In Fig 4 the proposed SLM receiver [6] has 

improved BER performance for N = 64 and 128 and it 

becomes it comes closer to the perfect SI performance 

which is considered as lower bound. 

      In Fig 5 the BER performance of P – MSLM [7] 

remains same as M increases from 57 to 114. 

However there is small performance gap between P – 

MSLM and the original OFDM signal because the 

length of the equivalent channel is little larger than 

real channel which leads to little larger frequency 

selectivity for P – MSLM. There is minor 

performance gap between P – MSLM and MSLM 

with perfect SI because of the enhanced frequency 

selectivity due to proposed phase rotation vectors. 

 
Fig 2: CCDF of the PAPR obtained with the proposed 

SLM technique, classical SLM and the SLM 

introduced in [6] 

 
Fig 3: comparison of PAPR reduction performance 

between P – MSLM and MSLM [7] 

 
Fig 4: Comparison between BER performance of the 

proposed SLM and SLM technique introduced in [6] 

 
Fig 5: Comparison of BER performance between 

original OFDM signal, P – MSLM and MSLM in [7] 

 

IV  CONCLUSION 
Using different SLM schemes, main 

consideration is on the transmission of SI information 

and computational intricacy along with the PAPR 

reduction and BER performance. The SLM scheme 

[6] increases the overall data rate by removing the SI 

index, while maintain the same PAPR performance to 

classical SLM. The SLM scheme in [7] leads to even 

lower computational complexity and proves to be a 

promising property for practical OFDM systems. 

Hence in further work more improvement can be done 

in these techniques for better results.  
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ABSTRACT 
Diagnostic ultrasound is a useful and noninvasive method in clinical medicine. Although due to its qualitative, 

subjective and experience-based nature, ultrasound image interpretation can be influenced by image conditions 

such as scanning frequency and machine settings. In this paper, a method is proposed to extract the cirrhosis and 

normal liver features using the entropy of texture edge co-occurrence matrix based on ultrasound images, which 

is not sensitive to changes in emission frequency and gain. Then, support vector machine are employed to test a 

group of 30 in-vivo liver cirrhosis images from 18 patients, as well as other 30 liver images from 18 normal 

human volunteers. The results showed that the support vector machine is 94.4% in sensitivity for liver cirrhosis 

(LC) while neural network provided 92.31 %  and the system is considered to be helpful for clinical and 

educational use. 

Key words: Cirrhosis liver, Texture, Co-occurrences matrix, Support vector machine. 

 

I. INTRODUCTION 
Cirrhosis is a complication of many liver 

diseases that is characterized by abnormal structure 

and function of the liver. The diseases that lead to 

cirrhosis do so because they injure and kill liver cells 

and the inflammation and repair that is associated 

with the dying liver cells causes scar tissue to form. 

The liver cells that do not die multiply in an attempt 

to replace the cells that have died. This results in 

clusters of newly-formed liver cells (regenerative 

nodules) within the scar tissue. Cirrhosis is 

considered to be the end stage of chronic 

hepatopathies which often leads to hepatocellular 

carcinoma. The diagnosis of the disease is best 

achieved by looking at the granular structure of the 

liver parenchyma and the aspects of the liver surface 

such as its unevenness and its contour as shown in 

Fig. 1.  

 

 
Fig. 1: Granular structure of liver 

 

 

 

The discrimination of cirrhosis from its preceding 

stages of fibrosis is based on visual aspect of the 

degree of nodularity present in the heterogeneous 

echo texture, which is often difficult to access 

visually [1]. Liver biopsy suffers from several 

important drawbacks like morbidity, observer 

variability and sampling variation [2]. So, there is a 

need for developing a noninvasive cirrhosis detection 

system [4]. In literature, there are a number of papers 

that propose the texture analysis methods applied on 

B-mode ultrasound images [3].  

For quantitative image analysis many feature 

parameters have been proposed and used in 

developing automatic diagnosis system [5][6][7]. The 

several quantitative features are being used in 

diagnosis by ultrasonography.  A classification 

method based on artificial neural network to diagnose 

diffuse liver diseases is developed [8] [10].  In [9] 

[10][11][12], authors presented the classifier for 

diagnosis of normal liver (NL), chronic active 

hepatitis (CAH) and cirrhosis (CRH) more 

accurately. Quantitative tissue characterization 

technique (QTCT) is gaining more acceptance and 

appreciation from the ultrasound diagnosis 

community. It has the potential to significantly assist 

radiologists to use this system for second opinion. 

The grey scale ultrasound images provide significant 
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contribution to the diagnosis of liver diseases, 

however at the resolution it is difficult to diagnose 

active hepatitis and cirrhosis from normal liver 

[13][14]. A pattern recognition system can be 

considered in two stages, the first stage is feature 

extraction and the second is classification [15] 

[16][17].  

In this paper, a method is proposed to extract the liver 

features using the entropies of texture edge    co-

occurrence matrix based on ultrasound images, which 

are not sensitive to changes in emission frequency 

and gain. Then, support vector machine is applied to 

a set of cirrhosis images from patients and liver 

images from normal human volunteers. 

 

II. METHODOLOGY ADOPTED 
There are a group of 30 in-vivo liver 

cirrhosis images from 18 patients, as well as other 30 

liver images from 18 normal human volunteers. By 

using these images, five parameters have been 

detected and those images are classified through 

SVM using MATLAB as shown in Fig. 2. 

 

 
 

 Fig.2: Block Diagram 

 

Parameters are: 

 
A. ENERGY 

 

 

 

This parameter is also called Angular Second 

moment [18] and Uniformity in [17] [19] [20]. 

Energy measures textural uniformity, i.e., pixel pairs 

repetitions; when the image patch under 

consideration is homogeneous (only similar gray 

level pixels are present) or when it is texturally 

uniform (the vector displacement always falls on the 

same (2, j) gray level pair), a few (possibly only one) 

elements of gray level co-occurrence matrix (GLCM) 

will be greater than 0 and close to 1, while many 

elements will be close to 0. In this case energy 

reaches values close to its maximum, equal to 1. 

Thus, high energy values occur when the gray level 

distribution over the window has either a constant or 

a periodic form [20]. This result means that energy is 

strongly uncorrelated to first order statistical 

variables such as contrast and variance. Indeed, 

energy may reach its maximum either with maximum 

or no variance and contrast values. 

 

B. ENTROPY 
 

 

 

This parameter measures the disorder of an image. 

When the image is not texturally uniform, many 

GLCM elements have a very small value, which 

implies that entropy is very large. As an example, 

consider a window with completely random values of 

gray level pixel values (white noise). The histogram 

for such a window is a constant function, i.e., all         

g ( i , j ) are the same, and the entropy parameter 

reaches its maximum [20]. From a conceptual point 

of view, entropy is strongly, but inversely, correlated 

to GLCM energy. Theoretically, similar results are 

expected for energy and entropy clustering. An 

advantage in using energy rather than entropy lies in 

the fact that the former has a normalized range. 
 

C. CONTRAST 
 

 

Where 

 
 

Spatial frequency is the difference between the 

highest and the lowest values of a contiguous set of 

pixels. This definition holds for the GLCM contrast 

expression as well, in particular when the module of 

the displacement vector is equal to one. This implies 

that a low contrast image is not necessarily 

characterized by a narrow gray level distribution, i.e., 

it does not necessarily present a low variance value, 

but the low contrast image certainly features low 

spatial frequencies. The conclusion is that the GLCM 

contrast tends to be highly correlated with spatial 

frequencies while the module of the displacement 

vector tends to one. With regard to the GLCM 

variance and contrast pair, the only condition that 

relates these two parameters to each other is the 

following: a sufficient, but not necessary, condition 

to keep contrast low is to maintain variance low 

(while the vice versa is not true). A low contrast 

image presents a GLCM concentration term around 
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the principal diagonal and, consequently, a low value 

of the GLCM contrast. This result means that high 

contrast values imply high contrast texture, i.e., first-

order statistics contrast and GLCM contrast are 

strongly related. GLCM contrast and variance were 

also found to be highly correlated with the first order 

statistic standard deviation [21], but this condition, 

according to the theoretical discussion presented 

above, must be considered as a particular case for the 

contrast parameter. 

  

D. VARIANCE 
 

 

Where 

 

 

GLCM variance is a measure of heterogeneity and is 

strongly correlated to first order statistical variables 

such as standard deviation [21]. In particular, when a 

square image area is under textural investigation, the 

first order statistical variance is equal to the GLCM 

variance if the GLCM vector displacement is equal to 

1 and if its investigation angle is equal to 0" or 90". 

Variance increases when the gray level values differ 

from their mean. Variance is not dependent on the 

GLCM parameter contrast, in particular when the 

module of the displacement vector tends to one, since 

a region may have low spatial frequencies and a low 

contrast value while its variance may have either a 

high or a low value (see the theoretical description of 

the GLCM contrast). Besides, variance requires more 

computation time than contrast.  

 

E. CORRELATION 
 

 

Where 

 

 

 

GLCM correlation is expressed by the correlation 

coefficient between two random variables i and j , 

where i represents the possible outcomes in gray tone 

measurement for the first element of the displacement 

vector, while similarly j is associated with gray tones 

of the second element of the displacement vector. 

Correlation is a measure of gray tone linear-

dependencies in the image [22], in particular, the 

direction under investigation is the same as vector 

displacement. High correlation values (close to 1) 

imply a linear relationship between the gray levels of 

pixel pairs. 

Thus, GLCM correlation is uncorrelated with GLCM 

energy and entropy, i.e., to pixel pairs repetitions. 

Correlation reaches it maximum regardless of pixel 

pair occurrence, as high correlation can be measured 

either in low or in high energy situations. GLCM 

correlation is also uncorrelated to GLCM contrast, as 

high predictability of the gray level of one pixel from 

the second one in a pixel pair is completely 

independent from contrast. As a limiting case of 

linear-dependency a completely homogeneous area 

may be considered, for which correlation is equal to 

1. 

 
 

III. SUPPORT VECTOR MACHINE 
Pattern recognition by support vector 

machine (SVM) may be stated as follows: Given a 

training set (xi, yi) (where xi comprises the input 

features, yi {±1} is the classification output, i=1, 

2,… N, and N is the number of samples). Optimal 

margin classification of linearly separable patterns is 

achieved by finding a hyper plane to separate the two 

classes {+1, −1} on either side of the hyper plane. 

The decision surface (the hyper plane) is as follows: 

 

 

where, the coefficients αi and b can be determined by 

solving the large-scale quadratic programming 

problem: 

 

 

 

which is subject to the constraints 

 

 

 

The parameter C corresponds to assigning a penalty 

to tune the tradeoff between minimizing empirical 

risk (e.g. training errors) and the complexity of the 

machine. Upon training, only a fraction of the αi 

terms are nonzero. For αi that are nonzero, the 

corresponding training examples must be nearest to 

the margins of the decision boundary. These 

examples are called support vectors. 

In most problems, the data are not linearly separable. 

In order to apply nonlinear transforms to the original 

data, multiplying all the terms in the feature vector 

with each other can create a higher dimensional 

vector. The basic idea is to map the data into another 
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feature space F where the patterns are linearly 

separable with a high probability via a nonlinear map 

Φ: →F and implement the above linear algorithm 

in F. So, the solution has the form:  

 

 

 

 

 

Accordingly, F usually must have very high 

dimensionality in order to be linearly separable. This 

can be resolved based on two observations: First, 

although some mappings have very high 

dimensionalities, their inner products can be easily 

computed and second, all the Φ mappings used in the 

SVM occur in the form of an inner product. So, all 

the occurrences of inner product resulting from two 

mappings can be replaced with the kernel function K 

defined as: 

 

 

K(x, y)= Φ(x)·Φ(y) 

 

 

Then, without considering the mapping Φ explicitly, 

a nonlinear SVM can be constructed by selecting the 

proper kernel, and the decision function becomes: 

 

 

 

 

 

Polynomial kernel function as one of the three 

common type kernel functions of SVM is used as: 

 

 

 

         

         In this study, γ=1, c=1, and d=3. 

 

 

IV. RESULTS AND DISCUSSION 
The performance of the proposed system is 

evaluated with various test images, where each of 

them is labeled by radiologist that is liver cirrhosis. 

The patient database with 40 test samples is separated 

into two parts: the training database and the test 

database. These ultrasound images with 430x380 

pixels and 256 grays were obtained from B-mode 

ultrasound imaging system with different tissue 

harmonic 5.0 and 16 fps. 

Fig 3: Graph between contrast and correlation of 

cirrhosis & normal liver 

 

 
Fig 4: Graph between homogeneity and energy of 

cirrhosis & normal liver 

 

Fig.3, Fig. 4 & Fig. 5 shows the analysis of the 

texture parameters of cirrhosis and normal liver that 

are classified with support vector machine, in which 

0 represents normal liver and 1 corresponds to 

cirrhosis liver. Fig.6 shows an example to detect 

Regions Of Interest (ROI) from a query image. The 

detected ROI is much similar with the template in 

terms of feature difference. 

For a fair comparison, we test the performance for 

both methods under the same condition the ROI is 

selected manually to answer a query image. 
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Fig. 5: Graph between homogeneity and entropy of 

cirrhosis & normal liver 

 

 

       
 

Fig. 6: ROI from an image 

 

Table 1: Classification Accuracy 

 

Classifier Classification Accuracy 

Neural Network 

Classifier 

92.31% 

SVM Classifier 94.4% 

 

Table 1 shows the classification accuracy for both 

methods including neural network and support vector 

machine for cirrhosis liver detection. In practice, we 

fix the ROI to the central area of the input query 

image for classification. 

Experimental results show that the proposed method 

outperforms neural network based approach while 

diagnosing normal and cirrhosis liver in a system 

based on ultrasound images. 

 

V. CONCLUSION 
In this paper, an image classification method 

with texture features based on SVM is proposed. The 

results showed that the support vector machine is 

94.4% in sensitivity for liver cirrhosis (LC) while 

neural network provided 92.31 % in LC. From the 

experiments results on high- resolution arial images, 

it has been shown that this method can achieve better 

results than traditional pixel-based classification 

method with spectral information used only. The 

experiment results show that this method is feasible 

and it can exert the virtues of both spectral and 

texture features. 

.  
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ABSTRACT 
The objective of this paper is to study the Raman gain of discrete Raman amplifier in the counter propagating 

pumping configuration. The performance is analyzed in terms of different parameters such as pump power, fiber 

length, figure of merit and optical signal-to-noise ratio.  

Keywords- Discrete Raman Amplifier, Optical Signal-to-Noise Ratio, Stimulated Raman Scattering and Raman 

Gain. 

 
I. INTRODUCTION 

 Fiber optic communication system is also 

called light wave systems because they employ 

optical fibers to transmit information. In order to 

transmit signals over long distances, it is necessary to 

compensate the attenuation losses within the fiber. 

Initially, this was accomplished with an 

optoelectronic module consisting of an optical 

receiver, regeneration and equalization system and an 

optical transmitter to send the data. Although 

functional but this arrangement is limited by the 

optical to electrical and electrical to optical 

conversions. Several types of optical amplifiers have 

since been demonstrated to replace the OE- electronic 

regeneration systems [1]. These systems eliminate the 

need for E-O and O-E conversions. 

Raman amplifier is based on the phenomena of 

Stimulated Raman Scattering (SRS) is a nonlinear 

optical process in which a photon, called the pump 

photon is absorbed by a material while 

simultaneously a photon of a different energy is 

emitted. The difference in photon energy is 

compensated by a change of the vibrational state of 

the material [2]. In stoke’s scattering a pump photon 

of energy hvp is absorbed, and a stoke’s photon of 

energy hvs < hvp is emitted while the material 

undergoes a transition to a higher vibrational state. 

On the other hand, anti stoke’s scattering can occur 

when the material already is in an excited vibrational 

state. Then, a pump photon of  energy hvp is 

absorbed, and a quantum of vibrational energy is 

added to that energy to yield an anti stoke’s photon of 

higher energy hvas > hvp as shown in Fig. 1. 

 
 

Figure 1:  Illustration of spontaneous Stokes and anti-

Stokes Raman scattering 

 
II. DISCRETE RAMAN CONFIGURATION 

In Lumped fiber Raman Amplifier (LRA), 

highly nonlinear fiber with a small core is utilized to 

increase the interaction between signals and pump 

wavelengths and thereby reduces the length of fiber 

required. Because of small scattering cross section 

Raman amplification may better fit in a Distributed 

Raman Amplifier (DRA) rather than a discrete one. 

Therefore, in designing LRAs, several challenges 

such as increasing efficiency and solving 

fundamental trade offs are required. The important 

parameters representing LRAs are: the wavelength 

and input power level of signal, the wavelength and 

input power level of pump and the type and length of 

the gain fiber. The length of the fiber in LRA is 

between 5 km to 40 km. In order to design the 

amplifier in detail, the attenuation coefficient, the 

Raman gain coefficient for the given pump 

wavelengths, the Rayleigh backscattering coefficient 

and the nonlinear coefficient are required in signal 

and pump wavelengths bands. 

The targeted optical characteristics of a LRA are 

usually gain, noise figure, output signal power level, 

optical signal to noise ratio, double Rayleigh 
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mailto:gupta_vivek1@yahoo.com


International Journal of Engineering Research and Applications (IJERA) ISSN: 2248-9622         

National Conference on Advances in Engineering and Technology 

 (AET- 29th March 2014) 

 Maharishi Markandeshwar University                                                                      17 | P a g e  

backscattering noise power, nonlinear phase shift, 

and pump to signal power conversion efficiency.  

In this paper, the work is done on the gain of the 

Raman amplifier. However, discrete Raman 

amplifiers have many attractive aspects over rare-

earth-doped fiber amplifiers such as an Erbium-

Doped Fiber Amplifier (EDFA) including arbitrary 

gain band, better adjustability of gain shape, and 

better linearity. The principal advantage of Raman 

amplification is its ability to provide distributed 

amplification within the transmission fiber, thereby 

increasing the length of spans between amplifier and 

regeneration sites. 

Fig. 2 shows the basic configuration of discrete 

Raman amplifier. It generally comprises a gain fiber, 

a directional coupler for combining the pump and the 

signal wavelength, and isolators at the input and 

output ends. 

 
Figure 2: Discrete Raman amplifier in counter 

propagation configuration 

 
The orientation of the pump can be either 

forward or backward with respect to the signal 

propagation, whereas the counter propagating one is 

called counter pumping; the co-propagating pumping 

scheme is called co-pumping. There is also an option 

of bidirectional pumping, in which the gain fiber is 

pumped in both directions [3]. 

 
III. PERFORMANCE METRICS 

The saturated gain of the amplifier is given 

by: 

              

where r0 is related to the signal to pump power ratio 

at the fiber input as: 

 
and GA is unsaturated gain or we can say that GA is 

the total amplifier gain or on-off Raman gain. Once 

the gain fiber and pump power are given, the net gain 

G(z) can be written explicitly as a function of the 

fiber length z. 

           G(z) = exp (gRP0Leff - αsz)              

 

The first term indicates the on off Raman gain and 

other is the fiber attenuation. Now, the final proposed 

model is as follows: 

        
Where,  

ws = angular frequency of signal 

Pp = pump power 

wp = angular frequency of pump 

Ps = signal power 

 

Negative sign in the above equation shows that 

counter-propagating direction is being used. Better 

noise performance can be achieved with the 

implementation of Raman gain and noise figure. 

According to the equations given above, the better 

results of noise and gain can be obtained. 

The figure of merit (FOM) is the ratio of Raman gain 

coefficient to the pump attenuation coefficient. By 

knowing figure of merit, the efficiency of the fiber 

for LRAs can be estimated and compared. 

Mathematically, 

                  
For optical signal-to-noise ratio (OSNR): 

         
where      

Pout = signal’s output power 

PASE = Power spectral density of ASE  

PASE is also expressed as SASE *b, where b is optical 

bandwidth further  

 

SASE = hυ*nsp[G-1] 

where    

hυ = electron density 

nsp= spontaneous scattering factor 

G= gain of the amplifier 

 

So, from all the above relations we conclude the 

OSNR as below: 

          
 

IV. RESULTS AND DISCUSSIONS 

The aim is to compare the Raman gain 

characteristics performance with the help of different 

parameters. The parameters analyzed are pump 

power, fiber length, figure of merit and optical 

signal-to-noise ratio. In this common setup, some 

standard values are also taken [4]. The common 

setups of these simulation cases are summarized in 



International Journal of Engineering Research and Applications (IJERA) ISSN: 2248-9622         

National Conference on Advances in Engineering and Technology 

 (AET- 29th March 2014) 

 Maharishi Markandeshwar University                                                                      18 | P a g e  

the Table1. 

 
Table 1: Common Setup for Simulaton Cases 

Optical frequency/ angular 

frequency of pump 

980 nm 

Optical frequency/ angular 

frequency of signal 

1350 nm 

Saturated gain 19 dB 

Pump power 0-1000 mW 

Signal power 20- 500 mW 

Signal attenuation constant 0-1 dB/km 

Pump attenuation constant 0-1 dB/km 

Raman gain coefficient 0.38-6.08 

(kmW)
-1 

 

Case 1: Raman gain taken as a function of pump 

power: 

It can be seen that to reach the Raman gain 

as optimum value, the pump power required is 1000 

mW. As for the improvement in Raman gain, the 

signal power is varied and gain is  observed as 44.5 

dB. The value of signal power is taken as 450 mW. 

Raman gain is directly proportional to the pump 

power so it increases with increase in pump power as 

shown in    Fig. 3.  

 

        
 

Figure 3: Raman gain with Pump power 

 
Case 2: Raman gain taken as a function of fiber 

length: 

Raman gain is dominant for shorter length 

and the Raman gain increases with increase in fiber 

length. The fiber attenuation plays a major role for 

this increase. The observed highest value of Raman 

gain in this case is 37.2 dB at 15.5 km as shown in 

Fig. 4.  

 

     
 

Fig 4: Raman gain with fiber length 

 

Case 3: Raman gain taken as a function of figure 

of merit: 

In FOM, it totally depends on pump 

attenuation constant. Less the αp,  more will be the 

FOM and so is Raman gain. The Raman gain 

attained is 39.8 dB when the signal power is 33 mW 

and the value of figure of merit is 81 (1/W) as shown 

in Fig.5.  

 

      
 

Fig 5: Raman gain with figure of merit 

 

Case 4: Raman gain taken as a function of optical 

signal-to-noise ratio: 

With the increase in signal bandwidth, the 

value of OSNR starts decreasing. If the signal 

propagates along the fiber with no loss and no 

amplification, its OSNR would be equal to its input 

value and the noise figure to one. To get a better 

Raman gain of 40.2 dB the value of OSNR is 6 dB. 

With decrease in value of OSNR, the value of 

Raman gain increases and vice -versa. The counter-

propagation pumping is used and in this OSNR is 

less from the co-pumping because the spontaneous 
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noise generated near the input and experiences losses 

over the full length of the fiber in forward pumping 

as shown in Fig.6. 

 

         
 

Fig 6: Raman gain with optical signal-to-noise ratio 

 

V. CONCLUSION 
The backward or counter pumping 

evolutions along the fiber for pumps, including the 

effects due to Rayleigh backscattering, stokes and 

anti stokes spontaneous emission are discussed. The 

simulations are carried out to analyze the proposed 

modeling on FRAs. Raman gain is improved in our 

simulation model. The Raman gain obtained in the 

results is 44.5 dB at 1000 mW, 37.2 dB at 15.5 km, 

39.8 dB at 82 (1/W) and 40.2 dB at 6 when taken as a 

variable function of pump power, fiber length, figure 

of merit and optical signal-to-noise ratio respectively.  

 

REFERENCES 
[1] Govind P.agarwal, “Fiber optic 

communication systems”, John Wiley & sons, 

Inc. Publication,2003 

[2] R. H. Stolen, “Raman Amplifiers for 

Telecommunications 1,” Physical Principles, 

Chapter Fundamentals of Raman 

Amplification in Fibers, (Springer-Verlag, 

2004), 35-59. 

[3] J.D. Ania-Castanon, A.A. Pustovkikh, S.M. 

Kobtsev and S.K. Turtisyn, “Simple design 

method for gain flattened three pump Raman 

amplifiers”, Opt quant electron, 39(3), 

2007,213-220. 

[4] Clifford Headley, Govind P. Aggarwal, 

“Raman Amplification in fibre optical 

communication systems,” 1
st
 edition, Elsevier 

Academic Press, 2005. 



International Journal of Engineering Research and Applications (IJERA) ISSN: 2248-9622         

National Conference on Advances in Engineering and Technology 

 (AET- 29th March 2014) 

 Maharishi Markandeshwar University                                                                            20 | P a g e  

 

 
Design and Analysis of Energy Recovery Logic for Low Power 

Circuit Design 
 

Munish Mittal*, Anil Khatak** 
*(Department of Electronics & communication Engineering, SBIET Fatehpur Pundri, Haryana, India 

Email: munishmtl024@gmail.com) 

** (Department of Electronics & communication Engineering, GJUS&T HIssar, Haryana, India  

Email: aneel_khatak@yahoo.co.in)

  

ABSTRACT 

In the past major concern of the VLSI designer were area, performance, cost and reliability. In recent years, 

however this has begin to change and increasingly power is being given comparable weight to area and speed 

considerations. There are numerous methods that can be used to reduce the power consumption of VLSI circuits. 

These can range from low level measure such as using a lower supply voltage or using high threshold voltage to 

high level measures such as clock-gating or power down modes. The one that motivated this investigation was 

energy recovery logic. In this paper, Efficient Charge Recovery Logic (ECRL), Modified Energy Recovery 

Logic (MERL), Positive-Feedback Adiabatic Logic (PFAL) and Advance Energy Recovery Logic (AERL) are 

studied in consideration to their power consumption. This logic is more power efficient as compared to 

traditional CMOS logic. Also an enhancement is proposed for existing energy recovery logic to provide more 

power efficient circuit. 

Keywords – CMOS, ECRL, MERL, PFAL, AERL 
 

I. INTRODUCTION 
The power consumption of electronic device 

is increasing rapidly with the rise in operating 

frequency and performance of the devices. In recent 

years, there are an ever-increasing number of portable 

applications requiring low power and high throughput 

than ever before. Moreover, in case of the portable 

devices high performance, light weight, and long 

operation time are the major design consideration, 

which are again conflicting objectives. Designing 

low-power digital systems especially the fundamental 

blocks like adder, multipliers and oscillators etc are 

becoming equally important to designing a high 

performance system. 

     The energy recovery logics circuits offer 

considerable improvement in power consumption 

over static CMOS at low frequencies [1]. Energy 

recovering logic reuses charge and therefore 

consumes less power than non-energy recovery 

logics. An energy recovering logic charges the load 

capacitance during logic high to drive the gates rather 

than draining charge to ground [2][3][4]. In non 

energy recovering logic, the charge applied to the load 

capacitance during logic level high is drained to 

ground during logic level low.  

     Basic principal of energy recovery process is 

shown in figure 1. Charges are fed from the power 

supply, guided through PMOS transistor and then 

dumped into the ground terminal.  

 
Figure 1: Conventional CMOS inverter and clocks 

The amount of energy dissipated when charging 

capacitance ‘C’ from 0 to Vdd  in time T with a linear 

power supply voltage is given as:   

 (1)                                                                          

Considering T >> RC energy dissipated is given as: 

                    (2) 
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When T << RC as in normal CMOS RC energy 

dissipated is given as: 

         (3)                                                                                                                      

 

Clocked CMOS circuits with steadily rising and 

falling power-clock are expected to obtain a 

significant energy saving [5]. However, the 

operational constraint is that the output signal should 

track the power clock’s gradually rising and falling 

behavior to accomplish the charging and discharging 

process increases difficulty in the circuit design. 

There are different architecture number of adiabatic 

logic architectures proposed such as efficient energy 

recovery logic (ECRL) 2N-2N2P logic and positive 

feedback adiabatic logic (PFAL) [6][7][8]. Each logic 

family has some advantage and disadvantage as well. 

Energy dissipation can be divided in two types of 

losses: one is adiabatic loss and other is non adiabatic 

loss. Adiabatic loss is generated due to switching 

resistance of the transistor when current flows through 

it. This type of loss is less because the switching 

resistance offered by the charging path is low as the 

functional block is in parallel with the charging MOS 

transistor. 

The non adiabatic losses occur due to the threshold 

voltage of the transistor used in charging path. During 

the recovery phase, the energy is only partially 

recovered from the output load CL. When the output 

voltage goes below the threshold voltage then the 

PMOS transistor goes in off condition and logic 

blocks further recovers the energy. During the 

evaluation phase, this uncovered charge gets 

dissipated as loss when the new input gets applicable. 

This paper studies the different energy recovery logic 

families for power efficient circuit design. For this 

purpose three energy recovery logic families namely 

efficient charge recovery logic, modified efficient 

charge recovery logic and positive feedback adiabatic 

logic are taken for the present study. Also an advance 

energy recovery logic circuit is proposed with 

reduction in circuit complexity which further reduces 

power consumption. 

 

II. ENERGY RECOVERY LOGIC 

CIRCUITS 
2.1 Efficient Charge Recovery Logic 

(ECRL) 

The schematic of the ECRL inverter [2] is shown in 

figure 2. An AC power supply Φ is used to recover 

and reuse the supplied energy. In ECRL logic 

precharge and evaluation are performed 

simultaneously. Full output swing is obtained because 

of cross coupled PMOS transistors both in the 

precharged and recovery phase. This circuit suffers 

from non adiabatic loss. This logic has the similar 

circuit arrangement as cascade voltage switch logic 

(CVSL) with differential signaling [3]. It is assumed 

that signal ‘In’ is at high and signal ‘Inbar’ is at low 

level. At the beginning of a cycle, when the supply 

clock Φ rises from zero to Vdd, signal ‘Out’ remains at 

a ground level, because ‘In’ signal turns ON the 

transistor MN2 and ‘Outbar’ follows Φ through MP1. 

When Φ reaches Vdd the outputs hold valid logic 

levels. These values are maintained during the hold 

phase and are used as inputs for evaluation of the next 

stage. After the hold phase, Φ falls down to a ground 

level and ‘Outbar’ node returns its energy to Φ so that 

the delivered charge is recovered. Thus, the clock Φ 

acts as both a clock and power supply. Wait phase is 

inserted for clock symmetry. In this phase, valid 

inputs are being prepared in the previous stage. 

 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 2: (a) ECRL inverter (b) Supply clock 

 
Figure 3: ECRL inverter output waveform 

Figure 3 shows the simulated results for ECRL 

inverter with SPICE in 0.5μm CMOS technology. In 

ECRL the peak value of the supply clocks are all set 

to 3V, the load capacitances are set to 20fF and the 

frequency of the power clock are set to 5MHz. 

 

2.2. Modified Energy Recovery Logic (MERL) 

The schematic of the modified energy recovery logic 

circuit (MERL) inverter and the supply clocks are 
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shown in Figure 4(a) and (b) respectively. The biggest 

difference between ECRL and MERL is that the 

energy can be completely recovered in the recovery 

phase in the MERL circuit. Figure 5 shows the 

simulated results of modified ECRL with SPICE in 

0.5μm CMOS technology.  

 
 

Figure 4: (a) Schematic of the MERL inverter 

 (b) Supply clocks 

 

 
 

Figure 5: MERL output waveform 

 

2. 3 Positive-Feedback Adiabatic Logic (PFAL) 

The structure of PFAL logic is shown in Figure 6.  It 

uses a cross coupled latch of two PMOS transistor and 

two NMOS transistors instead of two PMOS 

transistors as in case of ECRL. Two n-trees realize the 

logic functions. This logic family also generates both 

positive and negative outputs. The two major 

differences with respect to ECRL are that the latch is 

made by two pMOSFETs and two nMOSFETs, rather 

than by only two pMOSFETs as in ECRL, and that 

the functional blocks are in parallel with the 

transmission pMOSFETs. Thus the equivalent 

resistance is smaller when the capacitance needs to be 

charged. During the recovery phase, the loaded 

capacitance gives back energy to the power supply 

and the supplied energy decreases. This logic is more 

power efficient as compared to earlier logics. Figure 7 

shows the simulated results of PFAL inverter in 

SPICE in 0.5μm CMOS technology. 

 

 
Figure 6: (a) PFAL inverter (b) supply clock 

 

 Figure 7: PFAL inverter output waveform 

 

II. PROPOSED ADVANCE ENERGY 

RECOVERY LOGIC Circuit 

(AERL) 
The structure of AERL is shown in figure 8. 

Various Energy Recovery Circuit (ERCs) towards 

adiabatic circuitry for ultra low implementation 

require two conducting paths for charging and 

discharging of load capacitor. But only one path is 

conducting at any instant of time. So design of the 

circuit is more complex and it also increases the delay 

and energy consumption. In proposed energy recovery 

logic circuit, there exist same path for charging and 

discharging of load capacitor and as a result, the 
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circuit complexity is reduced. The schematic of the 

proposed energy recovery logic inverter is shown in 

figure 8 (a). The clock used for this design  is shown 

in figure 8 (b)   
.

 
(a) 

 
 

Figure 8: (a) Proposed Advance ERL Inverter  

(b) Supply Clock 

 

Let us assume IN is at high i.e. logic “1” and 

capacitor is initially uncharged. When IN is high N1 

transistor is on and gate terminal of transistor P1 is 

connected to source as shown in Figure 9. So M1 

transistor is equivalent to diode. Any change in CLK 

value does not impact the OUT node which is still at 

low voltage because diode is in reverse mode and any 

charge does not accumulate at capacitor C as shown 

in Figure 9. Hence it behaves like open circuit. So 

OUT is low i.e. logic “0”. 

 
Figure 9: Equivalent Circuit of Proposed ERL 

Inverter when value of IN is high 

Now let us assume IN is at low i.e. logic “0”. When 

IN is at low then N1 transistor is off and P1 transistor 

is on as shown in figure 10. OUT node follows the CL 

and thus, the CLK acts as both a clock and power 

supply. The output of ERL inverter is shown in figure 

11. 

 
Figure 10: Equivalent Circuit of Proposed ERL 

Inverter when value of IN is low 

 

 
Figure 11: Clock, Inputs and Output waveform of 

Proposed ERL Inverter 

 
3.1 Proposed ERL Combinational Gate 

In this section, we explain how we can construct the 

proposed energy recovery logic combinational gate. A 

general structure for ERL-based combinational gates 

is shown in Figure 12 for n inputs. 

 

Figure 12: Proposed ERL Combinational Gate
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1) First step, find the complement of Boolean 

function F i.e.  . 

2) Then it (complement of Boolean function F) is 

implemented by nMOS transistors, also called n-

tree.  

By these two steps we can implement all basic ERL 

combinational logic gate and logic circuit. 

 

III. CONCLUSION 
Adiabatic logics are highly helpful for 

implementation of power efficient designs. These 

logics are alternative technique for circuit design as 

compared to pipelining and other techniques that 

requires high circuit complexity. Energy recovery 

logics has successfully used for fundamental VLSI 

blocks such as adder, subtractor and other 

arithmetic circuits.  Further from simulation results, 

it may be observed that proposed ERL circuits 

offers improved performance in power dissipation 

with reduction in circuit complexity. 

Hence, it is concluded that the proposed design 

circuit will provide a platform for designing high 

performance and low power digital circuits such as 

digital signal processors, adders and multiplexers. 

One of the disadvantages of energy logic circuits is 

that the speed of operation is reduced with 

reduction in power dissipation. 
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ABSTRACT 
This study presents hydrogen storage system to store solar energy in order to supply a highly reliable utility 

power.  The system uses fuel cells to offer high power quality of low voltage as well as high current due to the 

electrochemical reaction and moreover it is also being investigated as an alternate power source for various 

applications like transportation and emergency power supplies. The paper explains the configuration and 

operation of fuel cell system with circuit model for a PEM fuel cell that can be used to design and analyze fuel-

cell power system. Cost analysis of the storage system has been done which includes the major capital and 

operating expenses in storing hydrogen. 

Keywords: fuel cell system, PEMFC, cost, barriers 

 

I  INTRODUCTION 
Solar photovoltaic is a versatile electricity 

technology that can be used for any application from 

the very small to large. It is a modular technology 

that enables the electric generating systems to be 

built incrementally to match the growing demands. It 

gives domestic reserves of energy that can never 

deplete. Renewable are expected to play a significant 

role in delivering energy access to 1.6 billion people 

who lack access to modern energy services, because 

they may be more sustainable and less expensive than 

grid extensions. But in present solar systems there are 

many factors that are acting as barriers in wide 

spreading its development as: 

 

 Intermittence nature of solar energy 

 Inefficiency of the system (Less generated 

power, poor storage facility) 

 Dependency on fossil fuels like petroleum 

etc for transportation is leading to the 

depletion of the fossil fuels  

 Large initial cost 

 Wastage of energy 

 

To meet all these requirements, a new business–

oriented approach needs to be developed in progress 

of implementation of solar energy to increase its 

feasibility in market. The solution to the problems 

defined above, can be solved by using an energy 

storage device in connection with solar power plant 

for following reasons [4] [5] [6]. 

 

 Energy storage could be valuable for 

balancing solar power generation with 

demand and for reducing generation 

uncertainty. 

 Hydrogen as a storage medium for solar 

energy could provide “zero emission” clean 

fuel for transportation and help in preventing 

the depletion of fossil fuels. 

 Appropriate use of storage during online 

operation of the plant can help in reducing 

the total costs, and therefore increasing the 

scope of trading solar power in the power 

markets. 

 

Presently batteries are being used as an 

energy storage option, but as compared to fuel cells 

they have low down time (3.2 to 32 seconds per year 

against 9 hours for battery), low energy density with 

finite charging capacity. Moreover Fuel cells are now 

on the verge of being introduced commercially, 

revolutionizing the way we presently produce power. 

Its advent for the generation of electricity for 

portable, small and large-scale stationary and 

automotive purposes portends radical changes in 

electricity supply over coming decades. Fuel cells 

can use hydrogen as a fuel, offering the prospect of 

supplying the world with clean, sustainable electrical 

power. They offer the best criteria for meeting 

requirements of generation of power and zero 

emission vehicles (ZEV) and thus are expected to be 

the prime user of hydrogen in the near future. Also, 

the fuel cell power plants are twice as efficient as 

conventional power plants with high efficiency, 
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excellent part load performance, low emission of 

regulated pollutants and wide size range. This paper 

discusses the new approach (solar hydrogen storage 

system) opted to envision the solar photovoltaic [4] 

[5] [6] [7]. 

 

II  HYDROGEN STORAGE SYSTEM 
In the system represented in Figure 1 

electricity from photovoltaic panels is used to power 

an electrolyzer, a device which splits water (H2O) 

into its elemental parts, hydrogen (H2) and oxygen 

(O2). The oxygen is then released into the air and the 

hydrogen is pumped into storage tanks, where it can 

be kept on site or transported to regions that need 

energy.  

 

 
 

Fig 1: Hydrogen Storage System 

 

At night or in bad weather, when solar 

energy is not available, the hydrogen is recombined 

with oxygen from the air in fuel cell, which directly 

converts the chemical energy in hydrogen into 

electricity. The only byproduct of this process is pure 

water. Then electricity produced from fuel cells is 

supplied to grid and to the local areas. Solar 

hydrogen allows us to use the power from the sun 

twenty-four hours a day, and provides us with an 

abundant, clean, efficient, locally produced source of 

energy.  

 
In this system, fuel cells play the dominant role but 

they are a family of technologies which are generally 

categorized by the type of electrolyte. The most 

promising fuel cell types till today are Proton 

exchange membrane fuel cells (PEMFC), direct 

methanol fuel cell, Phosphoric acid fuel cells, molten 

carbonate fuel cells, Solid oxide fuel cells, Alkali fuel 

cell. These five types have similar structure and 

similar net chemical reactions but they are very 

different with respect to their operating 

characteristics, materials of construction, and 

potential application. In this system, PEMFC has 

been selected from all the specified types of fuel cell 

due its low working temperature, compactness, and 

easy and safe operational modes. Moreover the fuel 

cell systems based on PEMFC technology promise to 

provide a more efficient, cleaner technology for the 

automotive industry as the PEMFC meets the 

demands of rapid startup, acceleration, high power 

density. 

 

III  FUEL CELL SYSTEMS 
A fuel cell system is composed of six basic 

subsystems: the fuel cell stack, the fuel processor, air 

management, water management, thermal 

management, and power conditioning subsystems. Its 

basic features are illustrated in Fig 2. 

 

 
Fig 2: Schematic Diagram of Fuel Cell System 

 
3.1 Fuel Cell Stack 

It composes of number of fuel cells and in these all 

fuel cells are connected in series because a single fuel 

cell produces less than 1.6 V, so to increase the 

voltage that is required according to the system the 

fuel cells are interconnected [2] [3] [4] [5]. 

 
3.2 Fuel Processor  

It is the device that converts the source fuel to a 

hydrogen rich fuel stream. Its complexity depends on 

the type of fuel cell system and the composition of 

the source fuel. For low temperature fuel cells the 

fuel processor is complex and also includes a 

desulfurizer, a steam reformer, shift converters, and a 

gas clean-up system to remove carbon monoxide 

from the anode gas stream. And for high temperature 

fuel cells, fuel processing simply consists of 

desulfurizing and preheating the fuel stream before 

introducing it into the internally reforming anode 

compartment of the fuel cell stack. More complex 

fuels may require additional steps of clean-up and 

reforming before they can be used even by the high 

temperature cells. For all types of fuels, the higher 

operating temperatures systems provide better 

thermal integration of the fuel cell with the fuel 

processor. 
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3.3 Air Management  

Air Management is very important in fuel 

cell system because the fuel cell requires an oxidant, 

which is typically air. This air is provided to the fuel 

cell cathode at low pressure by a blower or at high 

pressure by an air compressor. The choice of whether 

to use low or high pressure air is a complicated one. 

When the pressure of the air is increased it improves 

the kinetics of the electrochemical reactions and leads 

to higher power density and higher stack efficiency 

and also it reduces the capacity of the air for holding 

water and consequently reduces the humidification 

requirements. But on the other hand, it reduces the 

net available power from the fuel cell system as more 

power is required to compress the air to a high 

pressure. Some of this energy can be recovered by 

expanding the cathode exhaust through a turbine 

before exhausting it to the atmosphere. Nevertheless, 

the air compressor typically uses more power than 

any other auxiliary device in the system. 

Furthermore, while the fuel cell stack performance 

actually improves at low power, the performance of 

the air compressor is usually poor at very low loads. 

Currently, most fuel cell stack designs call for 

operating pressures in the range of 1–8 atm. To 

achieve high power densities and to improve water 

management, most automotive fuel cell systems 

based on PEMFC technologies are operated at 

pressures of 2–3 atm. 

 
3.2 Water Management 

Water is required for a variety of purposes in 

the fuel cell system. In PEMFC systems, the reactant 

gases must be humidified in order to avoid drying out 

the fuel cell membrane. Water is available from the 

fuel cell reaction, but it must be removed from the 

exhaust gas, stored, and pumped to a pressure 

suitable for the various operations. In automotive 

applications, it is critical that the system operate in 

such a way that water condensed from the exhaust 

stream is sufficient for reforming and reactant 

humidification. Otherwise, the vehicle must 

periodically be recharged with water as well as fuel. 

 
3.3 Thermal Management 

A fuel cell stack releases thermal energy at a 

rate that is roughly equivalent to the electrical power 

that it produces. This thermal energy can be used for 

a variety of purposes within the fuel cell system, 

transferred externally to meet the thermal needs of a 

particular application, or rejected to the surroundings. 

Low temperature fuel cell systems are cooled by 

either air or a circulating liquid and for high 

temperature systems fuel cell stack operates at such a 

high temperature that all of the thermal energy from 

the cell reaction can be transferred to the reactant 

gases without heating the exhaust beyond the 

operating temperature limit of the stack. With these 

systems, thermal energy is available at a high enough 

temperature to drive the reforming reaction either 

internal or external to the stack. Thermal energy from 

the stack exhaust can also be used to preheat the 

incoming air stream. Proper integration of the fuel 

cell system is essential to insure that thermal energy 

available from the stack is used for the most 

appropriate application [14]. 

 
3.4 Power Management 

It is the final component of the fuel cell 

system and it converts the electricity available from 

the fuel cell to a current and voltage that is suitable 

for a particular application and supplies power to the 

other auxiliary systems. Fuel cell stacks produce 

direct current at a voltage that varies with load. A 

switching power converter is used to match the 

voltage produced by the fuel cell to the needs of the 

application and to protect the fuel cell from over 

current or under voltage conditions. If the application 

requires alternating current, the electricity is 

processed through an inverter, which constructs 

single or three-phase waveforms as required by the 

application. If the application involves 

interconnection with the utility grid, then the power 

management system must also be able to synchronize 

the frequency of the fuel cell system power with the 

utility power and provide safety features to prevent 

the fuel cell system from feeding power back into the 

utility grid if the grid is off-line. 

 

IV  OPERATION OF FUEL CELL 

SYSTEMS 
The operation of a fuel cell system is mainly 

determined by the manager and energy demand. An 

energy user can run the fuel cell system or buy 

energy from a service provider, who runs the plant. A 

service provider can group some customer and 

smooth fluctuate energy demand. If a utility operates 

fuel cell systems, it can sell energy to the customer 

and produce system services, like reactive power, and 

is able to optimize load flow. A fuel cell system has 

two main operating modes as [1] [4] [12] [14]. 

 
4.1   Irregular Power Injection 

Distributed generators feed base load, if they 

are not controlled by local distribution company or 

power injection is not correlated to load of user. An 

irregular power injection makes load forecast more 

difficult for local distribution company, because 

change of load is superimposed by fluctuating power 

injections. As a result local distribution company has 

to provide more controlling power range. Heavy 

power flow occurs, if power injection is not 
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correlated to load of the user and hence losses 

increase. 

 

4.2 Power Production According to Typical Load 

Characteristic 

The load characteristic of a distribution 

network can be divided into several typical load 

characteristics. The typical load characteristic of 

residential buildings can be scaled to a single house 

by means of known electric work per year. A fuel cell 

supplying a residential building can follow the typical 

load characteristic in a vast range. Feeding according 

to a typical load characteristic do not supply peak 

load, but on low load demand energy is fed into 

network. The power system can also be used as 

energy storage.  

 

In this the excessive power is fed into system 

and peak load is provided by the power system. The 

feeding of power according to load characteristic 

offers advantages to the local distribution company. 

The local distribution company incorporates power 

injection in load forecast, balance and accounting. 

With this easy net metering is possible and annual 

residual electric work can also be charged or paid. 

Moreover it also enables all customers with fuel cells 

access to the network. Voltage-rise because of 

distributed generation is also reduced by load. Infeed 

from medium-voltage network to urban network is 

diminished and hence distribution transformer and 

medium-voltage network are relieved. 

 
4.3 The “Virtual Utility” With Fuel Cells 

The disadvantage of running a fuel cell 

along a typical load characteristic is that load demand 

may differ from that typical load characteristic. The 

local distribution company takes the risk if peak load 

and maximum power in feed of distributed generators 

are not at the same time. This allows the local 

distribution company to control many distributed 

generators as a large power station (“virtual utility”). 

Hence fuel cell systems can supply peak load and 

reactive power to distribution network if required. 

This control scheme has to take users heat demand 

into account because cogeneration of heat and power 

only exists if produced heat is utilized. As a 

consequence heat storage is required. Remote control 

is only feasible if the local distribution company 

owns the fuel cell system in order to have 

unrestricted access. The local distribution company 

can optimize load flow in low-voltage network and 

control system voltage. Disadvantages of network 

control with fuel cells as a “virtual utility” are more 

expenditure of measurement, data transfer, data 

processing and network management. 

 

V POWER SYSTEM INTERCONNECTION 

OF FUEL CELLS 
5.1 Power Conversion of Fuel Cells 

In this cell the voltage level is adjusted 

according to the required voltage and then the power 

is converted from dc to ac. As the single cell of a fuel 

cell has a non-linear current-voltage characteristic 

with a non-load voltage of 1.2 V. The cells are 

stacked to get an appropriate voltage level. [2] [3] [4] 

[5] [11].  

 
Fig 3: General Power Conversion of Fuel Cells 

 

A step-up converter adjusts the voltage level of the 

fuel cell stack in order to feed an inverter as shown in 

Fig 3. The inverter itself feeds a three phase or one-

phase alternating current into power system or load. 

Infeed of single-phase alternating current into power 

system is limited to a generating capacity of 4.6 kVA.  

 

5.2 Voltage Variation 

Voltage variation always takes place in a 

system as additional power injection to power system 

leads to a voltage rise. And voltage rise compared to 

voltage without dispersed generation depends on 

short circuit power at point of common coupling and 

power injection. Voltage rise of a single unit can be 

calculated with equation as following: 

 
Δ u = SFC .e 

j(ψ
sc ,pcc

 +ψ
FC

) 

 

Where, Δ u = voltage rise, SFC = complex power of 

fuel cell, Ψsc, pcc = short-circuit angle at point of 

common coupling, ΨFC = power-factor angle of fuel 

cell, and Ssc,pcc = short-circuit power at point of 

common coupling 

 

Voltage variation due to functional switching at low 

voltage network is limited to 3% of nominal voltage 

according to the present standards. And if a fuel cell 

system feeds only active power, voltage rise can be 

computed with the following equation, which is also 

shown in the figure 4. 

 
Δ u =[ 1 + 2 . PFC . Cos (Ψsc, pcc) + P

2
 FC – 1]

1/2 

             Ssc,pcc                             S
2
sc,pcc 
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Fig 4: Effect of Voltage Rise on Active to Short 

Circuit Power 

 
It concludes that with a short-circuit power of 1.0 

MVA and a short-circuit angle of 45” at point of 

common coupling an active power infeed of 50 kW 

leads to a voltage rise of 3.6%. Hence-power 

injection is to distribute to several independent 

smaller units. 

 

5.3 Short-Circuit Performance 

5.3.1 Short-Circuit Performance of A Single 

Fuel Cell System 

Fuel cell systems are connected via a tie 

circuit-breaker to power system. The protection 

scheme of a fuel cell system consists of an under 

voltage and over voltage relay. In case of short-

circuit fault the inverter contributes short-circuit 

currents until under voltage protection relay trips tie 

circuit-breaker. Pick-up values are 1.1 p.u. of 

nominal voltage for over voltage relay and 0.8 p.u. of 

nominal voltage for under voltage. Current injection 

of inverter during short-circuit fault on network 

depends on control of inverter. Since inner control 

loop of a self-commutated inverter controls current, 

the fuel cell inverter acts as a current source and 

feeds operating current to network.  

 
5.3.2 Short-circuit faults on higher-level 

networks 

Short-circuit faults on high-voltage and 

medium-voltage networks lead to a voltage dip on 

low-voltage network until faulted branch is 

disconnected or fault is cleared and network is 

restored. If a fault causes a disconnection of medium-

voltage feeder, voltages on connected low-voltage 

networks fall down to zero. Fuel cell systems must 

shutdown in order to avoid feeding to short-circuit 

and to ensure safety for repair service. After 

restoration of network and voltage recovery, fuel cell 

systems may synchronize automatically to system 

voltage and connect to network. Voltage dip on low-

voltage networks connected to a faultless medium-

voltage feeder occurs only a few hundred's 

milliseconds until faulted feeder is disconnected [11]. 

 

Voltage level depends on network topology and 

distance of fault to feeding high/medium-voltage 

transformer. Since fuel cell systems at low-voltage 

network feed only their rated current, their impact on 

short-circuits current on medium-voltage network is 

negligible. It is not necessary to disconnect and 

shutdown fuel cells on faultless feeders. If the 

distribution transformer is equipped with a reverse-

current relay, the pick-up value should set to rated 

current to avoid spurious tripping due to feeding of 

distributed generation to medium-voltage network. 

The same annotations are valid for faults on high-

voltage network with fuel cells on low-voltage 

networks. If the high-voltage network is meshed, then 

short-circuit on the high voltage network results in a 

voltage dip on low-voltage networks for some 

hundred's milliseconds. Hence instantaneous 

disconnection of fuel cell systems on low-voltage 

network is not necessary. 

 

VI  GRID CONNECTION OF FUEL CELLS 
Fuel cells are connected to grid through 

Power conditioning unit (PCU) which converts the 

produced DC power into AC power and adjusts the 

voltage and frequency levels to suit the local grid 

conditions. By applying the Pulse width Modulation 

(PWM) technique to the converter, it allows the Fuel 

Cell to represent with a voltage at fundamental 

frequency using the following equation for the 

injected voltage magnitude:  

 
Vac = m. V FC.δ 

IFC = m. Iac. cos(φ ) 

VFC = E0 − RFC IFC 

 
Where, m is the amplitude modulation index of the 

converter and δ is the firing angle of the converter 

with respect to the phase angle of the bus voltage. 

The voltage magnitude V and the firing angle (φ) are 

controllable in the range of   

Vmin < V < Vmax 

And   0 < δ < 360 

 

6.1   Control Loops of PCU 

 Power control: It is done by adjusting the 

firing angle of the inverter for fast transient 

variations and fuel flow input control for 

slow variations. 

 Voltage control: It is done by adjusting the 

modulation index of the converter, which 
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affects the   magnitude of the converter 

output voltage. 

 
Also by using the fast response of the power 

conditioning unit, the maximum power can be used to 

alleviate transients when fault occurs. 

 

6.2 Limitations of PCU 

 Overused fuel: u > 90% (fuel starvation and 

permanent damages to cells) 

 Underused fuel: u<70%, (The cell voltage 

would rise rapidly). 

 Under voltage: stack voltage < certain 

point, (Loss of synchronism with the 

network).  

 
VII  COST ANALYSIS FOR STORAGE 

SYSTEM  
Hydrogen storage is a key enabling 

technology for advancement of hydrogen and fuel 

cell power technologies but this is also a main 

technological problem of a viable hydrogen 

economy. The primary difficulty with using hydrogen 

for grid energy storage is that converting power to 

hydrogen and back is not cheap. An analysis is 

performed to estimate the storage costs based on the 

major operating and capital expenses.  

 

7.1 Compressed Gas Storage Methodology 

For compressed gas, the storage requirements are 

calculated from the production rate (assumed 

450kg/hr) and storage time. In tables 1 and 2 some 

assumptions are made for both capital and operating 

cost as: 

 
Table 1: Capital Cost Assumptions 

Components  Base 

size 

Base 

cost 

Base  

pressu

re 

Size 

exponen

t 

Pressure 

factor 

Compressor 4000 kW $1000
/kW 

20MPa 0.80 0.18 

Compressed 

gas vessel 

227 kg $1323

/kg 

20MPa 0.75 0.44 

 

Table 2: Operating Cost Assumptions 

Components SI units 

Compressor power (.1 to 20 

MPa) 

2.2kWh/kg 

Compressor cooling (.1 to 20 

MPa) 

50L/kg 

Electricity cost  $.05/kWh 

Cooling water cost  $0.02/100 L 

Operating Days 350/yr 

Depreciation  22 yr 

 Annual production = flow * Operating days 

 Energy (kW) 

(P / .1 * 10
6
Pa)] / [ln (20* 10

6
Pa / .1 * 10

6
Pa)]  

 Cooling water = flow * compressor cool *[ln (P 

/ 0.1 * 10
6
Pa)] / [ln (20* 10

6
Pa / 0.1 * 10

6
Pa)] 

 Compressor capital cost = (Comp cost * Comp 

Size) * (energy / comp size) 
comp exp

 *   (P / comp 

press) 
CP Exp 

 Tank capital cost 

[storage * (Tank press/ P)] 
Tank exp 

* (P/Tank 

press) 
TP Exp

     

 Total capital cost = Tank Capital cost + Comp 

capital cost 

 Depreciation cost = Total capital cost / life 

 Energy cost = energy * electricity cost  

 Annual energy cost = Energy cost * operating 

days  

 Cooling cost = cooling * cool water cost  

 Annual cooling cost = cooling cost * operating 

days  

 Total annual cost = Depreciation cost + Annual 

energy cosz+ Annual cooling cost  

 Energy (life) = energy cost / flow  

 Depreciation (life) = Depreciation cost / 

production  

 Cooling (life) = cooling cost / flow = .05 

 Total cost (life) = Depreciation (life) + Energy 

(life) + Cooling (life)  

 Compressor capital cost (life) = Compressor 

capital cost / (production * life 

 Total capital cost (life) = Tank capital cost (life) 

+ Compressor capital cost (life)  

 Tank capital cost (life) = Tank capital cost / 

(production * life)  

 Total cost (life) = Total operating cost (life) 

+Total capital cost (life) 

 

On the basis of above and through programming in C 

it has been concluded that the total storage cost for 

this methodology is $1678945.192, where this 

storage cost includes both capital ($ 1586147.575) 

and operating ($ 92797.617) cost. This high cost is 

mainly involved due to the energy required to 

compress the hydrogen. Further this storage cost 

depends upon various factors as storage time, 

pressure, hydrogen flow etc. which have been 

represented in Fig 5, Fig 6 and Fig 7. 
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Fig 5: Effect of Storage Time on Different Cost 

 

Effect of pressure on storage cost (450 kg/hr, 1 day of 

storage)
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Fig 6: Effect of Pressure on Different Cost  

 

Effect of pressure on tank capital cost for different 

production rates
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Fig 7: Effect of Pressure on Tank Cost 

 

These all results conclude that by changing any of the 

above factors there is a change in cost and moreover, 

at the end of 22 years the whole money that has been 

invested in the system is returnable with profits and 

the total cost is only $1.074 that has to be paid. By 

applying above mentioned algorithm, the cost can be 

calculated for hydrogen storage system of any 

capacity [14]. 

 

XIII  LIMITATIONS 

The fuel cell is the versatile technology and 

the 21
st
 century will be the century of fuel cell. But, 

in spite of all this fuel cell has some limitations 

(supply of platinum, carbon monoxide poisoning) 

that are acting as barriers in wide spreading its 

development [1]. 

 

8.1 Carbon Monoxide (CO) Poisoning  

The major contaminant of the PEMFC 

system is carbon monoxide. The platinum-alloy 

catalyst used in proton-exchange membrane (PEM) 

fuel cell anodes is highly susceptible to carbon 

monoxide (CO) poisoning. CO reduces the catalyst 

activity by blocking active catalyst sites normally 

available for hydrogen chemisorptions and 

dissociation. The reaction kinetics at the anode 

catalyst surface can be used to estimate the decrease 

in cell voltage due to various levels of CO 

contamination in the inlet fuel stream.  

When the hydrogen fuel is obtained from renewable 

source then in fuel cell no CO poisoning takes place 

but when the hydrogen fuel is obtained from 

reformed fuel, such as Steam-reformed methanol then 

the CO contamination takes place. When the 

uncontaminated hydrogen anode gas enters the fuel 

cell stack, it electro oxidizes on the anode platinum 

catalyst in two steps. The first step is the rate-limiting 

step when hydrogen dissociates requiring two free 

adjacent platinum sites. The second step involves the 

production of hydrogen into two free platinum sites, 

two hydrogen ions and two electrons: 

H2 + 2(Pt) ↔ 2(Pt – H) 

2(Pt – H) ↔ 2(Pt) + 2H
+
 + 2e

- 

 
For CO contaminated hydrogen gas stream: 

CO + Pt → (Pt = CO) 

2CO+2(Pt – H) → 2(Pt = CO) +H2 

 
In above equation CO can adsorb onto either 

a bare platinum site or a platinum-hydrogen site. 

These adsorbed CO blocks active platinum sites at 

the anode, as shown in the representation in Figure 8, 

which further leads to the inhibition of reactions for 

uncontaminated gas stream and causes performance 

losses. Over time, these losses can decrease 

performance significantly with increasing adsorption 

of CO. This appears to be a slow process, requiring 

considerable time to reach steady-state conditions 

with CO in the inlet anode fuel stream. 
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Fig 8: Schematic of the CO Adsorption on the 

Platinum Catalyst 

 

It has been noted that steady-state current-

voltage curves with CO contamination only occurred 

after about 120-210 minutes and that all open circuit 

voltages were not affected by the presence of CO. To 

avoid this contamination PtRu alloy catalyst is used 

for improving the CO tolerance of the anode in PEM 

fuel cells. The ratio between Pt and Ru can be varied 

according to requirement. The fuel cell cathode is 

pure Pt and the anode catalysts are pure Pt, Pt.7Ru.3 

and Pt.5 Ru.5. The electrode catalyst loadings for both 

the anode and cathode are 1 mg/cm
2
. When the anode 

gas is feeded it is normally humidified and the 

presence of water vapor appears to be a key to the 

improvement of CO-tolerance. Water adsorbs on the 

anode catalyst as: [1] 

 
Pt + H2 O → Pt -OH + H+ + e

-
 

Ru + H2 O → Ru-OH + H+ + e
- 

 
And then it undergoes as 

 
Pt – CO + Ru – OH→ Pt + Ru +CO2 + H

+
 + e

- 

 

In the Pt and Pt.5 Ru.5 anode catalysts the CO 

poisoning effects are reversible. There are no 

performance differences between them. Only 

difference is that the number of surface Pt atoms in 

the Pt.5Ru .5 anode catalysts is about 50% lower than 

the pure Pt catalyst indicating that hydrogen 

oxidation is not affected by the presence of Ru at 

these loadings. Secondly the voltage drop is 

considerably less with the Pt-Ru catalyst when 

exposed to CO. 

 

8.2 Platinum Supply 

At the lowest level of consumption by the 

American public, the current prices for any type of 

alternative fuels vehicle can range higher in cost 

compared to an equivalent internal combustion 

automobile. Even though in the long run the vehicle 

would more than make up the cost in fuel mileage the 

initial sticker shock will drive many consumers away. 

Some of the largest costs will be driven down with 

mass production but the cost of certain materials will 

remain a sore point. The most controversial 

component of the PEMFC, and ironically the most 

important, is the platinum catalysts. Platinum has 

long been held as the best material to induce the 

oxidation of a reactant, it is also considered to be a 

‘precious metal’ resulting in high costs and lower 

availability. Another unfortunate result of this 

material is that the U.S. does not mine enough 

platinum to satisfy the current domestic demand. 

Currently 68% comes from South Africa and 24% 

from Russia [4]. Neither country has had a stable 

economy for the past decade. It has been asked 

whether we would be substituting one foreign 

dependence (oil) for another. The answer is a meek 

yes and no. Yes we will be dependent on foreign 

countries for a critical material but the platinum has a 

onetime use and does not need to be replenished once 

the fuel cell has been assembled whereas gasoline has 

to constantly be replenished in order to continue 

operating. So yes, we will be replacing one foreign 

dependence for another but the amount of 

dependence is clearly lopsided in the comparison.  

 

IX  CONCLUSION 
It has been shown, for the solar photovoltaic 

industry to make a significant entrance into the 

market, new business–oriented approach needs to be 

developed in progress of implementation of solar 

energy to increase its feasibility in market. This 

progress can be made by applying fuel cell 

technology and by focusing on the overcoming 

current barriers.  
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ABSTRACT 

Wireless Sensor Networks (WSN) consists of small and low-cost sensor nodes deployed in a monitoring region 

to sense an event of interest. Reliability is one of the most important aspects in wireless sensor networks because 

of limited resources and harsh operational environments. This paper presents the mechanisms to control the 

sensing reliability by differentiating between the event of interest and error caused by environment.  

Keywords – Base Station, Zone, Clustering, Data Aggregation, Node, WSNs.

I. INTRODUCTION 
WSNs became popular among the research 

community for information collection [1] [2]. Data 

collection is the main task in all applications of WSN 

including environmental monitoring, automatic 

controlling, and target tracking. It is the responsibility 

of sensor node consisting of multifunctional sensors, 

a micro-processor and a radio transceiver to collect 

the required data. In data collection, reliability and 

fault tolerance becomes one of the most important 

parameters in WSN as sensor nodes are usually 

deployed in harsh and unattended environments. In 

this work, sensing reliability is elaborated and 

discussed in detail. 

Sensing faults may be because of various reasons 

like hardware or software failure; noisy 

communication channel etc. which may cause 

malfunctioning of the system such as sensing of 

missing or mistaken signals resulting unusual 

readings and hence data delivery at the sink may be 

severely affected.  

In most WSN applications, sensor nodes only send 

detection decisions or reports to a sink or a fusion 

center for energy conservation. Authors in [1] [3] [4] 

[5] [6] proposed the techniques for enhancing the 

sensing reliability of sensor nodes. In an Event-

Driven WSN, a sensor node may be in one of the four 

possible scenarios: (i) may be missing an event of 

interest; (ii) may be generating a false alarm; (iii) may 

be reporting an error free event of interest; (iv) may 

be reporting a corrupted version of the event of 

interest [4]. The sensing capability of WSNs can be 

increased in different ways to enhance the sensing 

reliability, e.g., increasing sensing capability may  

 

 

reduce the missing information while increasing error 

resistance capability can avoid the false alarm. 

II. RELATED WORK 
Several techniques have been suggested to 

reinforce the reliability of WSNs. Most of these 

techniques are on the basis of the collaborative work 

of sensor nodes as in most of the cases WSNs are 

deployed densely [1] [7]. Authors in [8], proposed a 

routing protocol for reliable data transportation to 

establish a routing forwarding backbone by using a 

subset of sensor nodes. In [9], authors proposed a 

dependable geographical routing to dodge the faulty 

region. For event driven networks, a management 

scheme for the identification of faulty nodes is 

discussed [10]. In [11], a tracing scheme in 

continuous sensor networks to monitor the crashed 

sensor nodes is proposed. Several decentralized 

protocols are developed [12], that schedule the duty 

cycle of sensor nodes to prolong the network lifetime 

while the sensing field is sufficiently covered. An 

adaptive scheduling approach, named PEAS, to 

ensure the coverage requirement of target area is 

fulfilled is proposed in [13]. 

For the reliable computation and detection, 

proposed a fault tolerance based mechanism by using 

neighbor’s result and exploiting redundant 

information to discern local data dependability for 

improving reliability is developed [13]. In [4], authors 

proposed a scheme to generalize the decision of an 

individual sensor node to correct its own decision to 

detect the event region for increasing fault tolerant 

capability. 

RESEARCH ARTICLE                    OPEN ACCESS 
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III. PROBLEM FORMULATION 
Event of interest (E) and error (Er) both 

occur due to environmental parameters and both lead 

to detection (D). Since error (Er) is also caused by 

environmental parameters, these environmental 

parameters may be responsible for making sensor 

nodes malfunctioned. 

In mutually exclusive sensing model, E and Er are 

generated by the different environmental parameters 

which are mutually exclusive in nature as shown in 

Fig 1. 

 
Fig 1: Event (E) and Error (Er) are Generated by the 

Mutually Exclusive Environmental Parameters 

 
In non-mutually exclusive sensing model, common 

environmental parameters are responsible for 

affecting the event and error as shown in Fig 2. 

 

 
Fig 2: Event (E) and Error (Er) are Affected by Non 

Exclusive Environmental Parameters 

IV. SYSTEM MODEL 
The proposed model is an event classifier. 

An event generated from environment is classified it 

into one of the classes depending upon which of the 

stored event it must resembles. If input event does not 

match to any stored event, a new class (called error 

class) is created by storing this as an error. Once a 

stored event is found that matches the input event 

within a specified tolerance, it is adjusted to make it 

still closer to the input event. 

The Proposed 3-tier architecture as shown in Fig 3 

involves three layers: an input later, intermediate 

layer and classification layer. Input layer is used to 

present the input event sensed at the network and will 

remain at this layer until it is classified. Intermediate 

layer is connected to classification layer with upward 

weights ijb  and classification layer is connected to 

interface layer through downward weights jit . 

Classification layer is a competitive layer. The 

cluster unit with largest net input is selected to learn 

the input event whereas activation of all other units is 

set to zero. The intermediate layer, now combine the 

information from input and cluster units for similarity 

check. 

In the proposed model, when an event is observed 

at any sensor, first it is classified in one of the 

existing class in case it is an event, discarded 

otherwise as we don’t want to detect error for onward 

transmission to the next forwarder. 

This model is best suited in the application areas 

where event set to be observed is predefined. In this 

model, each sensor is made intelligent enough to 

differentiate between event set and error set. If the 

features of an observed event match with the features 

of one of the existing class up to required vigilance 

value, then sensor node is allowed to forward the 

sensed event to next forwarder. 

 
Fig 3: 3-Tier architecture for reliable detection in WSN 

4.1 BASIC OPERATION 
Units in intermediate layer and classification 

layer follow 2/3 rule and are activated when 2 of the 3 

inputs are non zero. Four subsystems C1, C2, 

Inhibitor and D (Detector) are used to control the 

functionality of this network. 

;1),(1 YSC  if S≠0 and Y=0  intermediate layer 

open to receive event S≠0. 
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         =0 otherwise  intermediate layer open for

jit . 

;1)(2 SC  if S≠0  signals the start of new 

classification for a new input event. 

      =0; otherwise 

Otherwise

S

St

n

i

i

n

i

iji

;1

.

| |S| |

| |X| |
if 0;=X) (S,Inhibitor 

1

1

  

Where : vigilance parameter for similarity check 

with value 0 <  < 1 

Inhibitor= 0; resonance occurs, update jib ,  and ijt , . 

=1; similarity test fails, inhibit j from further 

operations 

D=1; when any of the cluster unit fires 

   =0; otherwise -> Error is sensed 

When D=1; Input layer is activated for downward 

communication and sensed event is allowed for 

onward transmission to next forwarder. 

4.2 WORKING ALGORITHM: 

Initialize each ;2,
1

1
)0(,1)0( ,, L

n
bt jiij  where n 

is the size of the sensed event. 

 

While the network has not stabilized, do 

1. Let Y contain all nodes; 

2. For a randomly chosen input event is  

Compute Yjeachforsby i

i

iji  

3. Repeat 

a. Let j* be a node in Y with largest iy  

b. Compute ),.......,( **
1

*
nxxX  

Where iiji stx *
,

*
*  

c. then

S

St

n

i

i

n

i

iji

;

.

| |S| |

| |X| |
if

1

1  

YsetfromJremove *  

Else 

 Include S as a member in J
*
 and 

update weights of winning 

neuron J
*
 as 

*
,*,

)(
| || |1

)(* iij
i

ji
Xnewtand

XL

LX
newb

 Until Y is empty or S is 

member with some node; 

4. If Y is empty, create new class “Error class” with 

weight vector S; 

End while. 

V. CONCLUSION AND FUTURE SCOPE 
WSNs have limited resources and are often 

deployed in harsh environments, which make them 

erroneous. The collected data might be flawed 

especially under the unfavorable conditions. The 

reinforcement of the reliability must be of the serious 

concern during the deployment and operation of the 

network. In this work, we presented how to ensure the 

reliable detection in the proposed detection models by 

differentiating the event and error signal sensed by a 

sensor node.  The future work of this research 

includes to device a mechanism to filter out the 

effects of mutually non exclusive environmental 

parameters participating in the generation of event as 

well as error for minimizing the probability of fault 

and maximizing reliability of sensing the event of 

interest. 
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ABSTRACT 
This paper is concerned with cascade design of CIC filter to improve the pass band droop for decimation filter. 

Decimation filter has wide applications in both analog and digital systems for data rate conversion as well as 

filtering. CIC filters satisfy linear phase filter requirements, which are required for time sensitive features like 

video and speech. All the filter coefficients are unity in case of CIC filters, resulting in reduced hardware 

requirement. In order to improve the frequency response of CIC filters, cascading of two or more CIC filters can 

be done with a CIC compensator filter. Hence in this paper, performance of different cascade designs of CIC 

filter is compared in terms of amount of passband ripple present in magnitude response and hardware requirement 

for WiMAX applications . The results show that passband ripple present in the magnitude response of CIC filter 

can be reduced using cascade design but in that case implementation cost of filter increases by a great extent. 

Key Words- CIC, Compensation Technique, Decimation, Multirate filtering, WiMax 

 

I. INTRODUCTION 
Fast sampling rates offer several benefits, 

including their ability to digitize wideband signals, 

reduced complexity of anti-alias filters, and lower 

noise power spectral density. The result is improved 

SNR in the system. Digital filtering is a computational 

process used for transforming a discrete sequence of 

numbers (the input) into another discrete sequence of 

numbers (the output) having a modified frequency 

domain spectrum. Digital filtering algorithms are 

most commonly implemented using general purpose 

digital signal processing chips for higher sampling 

rates. The decimation filter (decimator) is one of the 

basic building block of a sampling rate conversion 

system as shown in Figure 1. The decimation filter 

performs two operations: low-pass filtering as well as 

down-sampling. It has been widely used in 

applications such as speech processing, radar systems, 

antenna systems and communication systems. 

Considerable attention has been focused in the last 

few years on the design of high efficiency decimation 

filters.  

In [1], author invented a new class of economical 

digital filters for decimation and interpolation 

(converting the sampling rate from low to high) called 

a cascaded integrator comb (CIC) filter. This filter 

was composed of an integrator part and a comb part. 

No multipliers were required and the storage  

                                                                                                                                             

requirement was reduced when compared with other 

implementations of decimation filters. The CIC filter 

can also be implemented very efficiently in hardware 

due to its symmetric structure.  

 
Figure 1: Conceptual View of a Decimation 

Filter 

 

This filter is a combination of digital integrator and 

digital differentiator stages, which can perform the 

operation of digital low pass filtering and decimation 

at the same time.                                                                                                                      

A programmable decimation and interpolation digital 

filter based on the CIC structure is designed [2]. The 

circuit was configurable as either a decimation filter or 

an interpolation filter and the conversion ratio was 

programmable to any integer value from 10 to 256. 

The filter was designed with MOSIS 1.2 micron 

CMOSN standard cell libraries and data input rate 

could be as high as 50MHz. 

In [3] a simple interpolated second-order polynomial 

filter (ISOP) cascaded with a CIC decimation filter to 

effectively reduce the pass band distortion caused by 

CIC filtering with little degradation in aliasing 

attenuation is used. 

In [4], authors decomposed the decimation ratio R into 

two factors, namely, R1*R2 (R1 and R2 are integers) 
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to implement a CIC decimation filter. Instead of using 

one CIC filter to decimate the high speed digital 

signal, two CIC decimation filters: one CIC filter with 

a decimation ratio of R1, and one with a decimation 

ratio of R2 are used. The implementation of the first 

decimator is based on a poly phase decomposition. 

Another way of implementation the CIC decimation 

filter is presented [5], in which the decimation factor 

N was constrained to an M-th power-of-two. The 

transfer function can be rewritten as the product of M 

identical low-order FIR filters. The sampling rate in 

this implementation decreased at every stage by a 

factor of two.  In [6], author proposed a simple 

multiplier free Sin based compensator with only two 

adders. The proposed method is computational 

efficient and less complex.                        

A multiplierless CIC compensation filter based on the 

2M order filter and the sharpening technique is 

designed [7] [8]. This technique attempts to improve 

the pass band and the stop band of a symmetric non 

recursive filter using multiple copies of the same filter. 

An efficient modification in the CIC cosine decimation 

filter is carried out [9]. The second order compensator 

filter is introduced at low rate in order to improve the 

pass band filter.  

A performance evaluation of multirate filters for 

digital down converters is carried out [10]. The 

proposed filter structures have wide applications in the 

designing of sample rate converters, analog to digital 

converter, decimators and interpolators. A kind of 

comb filter with low power consumption is proposed 

[11]. This comb filter can be applied to the first stage 

of digital decimation filter for delta-sigma AID 

converter, and realize the 32 multiples frequency 

reducing.                                       
A cascade design of sharpened CIC filter and 

polyphase structure of FIR for efficient compensation 

in decimation is proposed [12], which has better 

passband and stopband performance.                                                                     

In this paper, we analyze the performance of CIC 

decimation filter with decimation factor 8 by 

cascading it to a compensation filter in two different 

ways to achieve a CIC decimation filter structure with 

an improved frequency response. 

 
II. CASCADED INTEGRATOR COMB 

(CIC) FILTER 
Cascaded integrator-comb (CIC), or 

Hogenauer filters, are multirate filters used for 

realizing large sample rate changes in digital systems. 

CIC filters are multiplierless structures, consisting of 

only adders and delay elements which is a great 

advantage when aiming at low power consumption. 

They are typically employed in applications that have 

a large excess sample rate i.e. the system sample rate is 

much larger than the bandwidth occupied by the 

signal. CIC filters are frequently used in digital down-

converters (DDCs) and digital up-converters. The CIC 

filter is a class of hardware-efficient linear phase finite 

impulse response (FIR) digital filters, it consists of an 

equal number of stages of ideal integrator filters and 

comb filters. Its frequency response may be tuned by 

selecting the appropriate number of cascaded 

integrator and comb filter pairs. The highly symmetric 

structure of a CIC filter allows efficient 

implementation in hardware. However, the 

disadvantage of a CIC filter is that its pass band is not 

flat, which is undesirable in many applications. 

Fortunately, this problem can be alleviated by a 

compensation filter. CIC filters achieve sampling rate 

decrease (decimation) and sampling rate increase 

(interpolation) without using multipliers. The CIC 

filter first performs the averaging operation then 

follows it with the decimation. The transfer function of 

the CIC filter in z-domain is given in equation (1). 

 

 
In equation (1), K is the oversampling ratio and p is the 

order of the filter. The numerator (1–z–K) ^ p 

represents the transfer function of a differentiator and 

the denominator 1/(1– z –1)^ p indicates the transfer 

function of an integrator. A simple block diagram of a 

first order CIC filter is shown in Figure 2. In a CIC 

filter, the integrators operate at high sampling 

frequency ( fs), and the comb filters operate at low 

frequency (fs/K) The clock divider circuit divides the 

oversampling clock signal by the oversampling ratio, 

K after the integrator stage.  

 
Figure 2: Block Diagram of First Order CIC Filter 

 

By operating the differentiator at lower frequencies, a 

reduction in the power consumption is achieved. To 

ensure high system clock frequencies, the CIC 

decimator is actually implemented using the pipelined 

architecture. The pipeline registers shorten the critical 

path through the differentiator cascade of the basic 

architecture. 
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III. DECIMATION TECHNIQUES 
3.1 Using FIR Filters 

The FIR Decimation block resamples the 

discrete-time input at a rate K times slower than the 

input sample rate. The block down samples the filtered 

data to a lower rate by discarding (K-1) consecutive 

samples following every sample retained. The design 

of FIR filter is based on the often added requirement 

that the phase response be linear. FIR filter is not 

based on any feedback path and can easily be designed 

to be linear phase by making the coefficient sequence 

symmetric i.e. equal delay at all frequencies. This 

property is sometimes desired for phase-sensitive 

applications. The structure of a FIR filter is given in 

Figure 3. 

 
 Figure 3: Structure of FIR Filter 

 

The main disadvantage of FIR filters is that, 

considerably more computation power in a general 

purpose processor is required as compared to an 

Infinite impulse response (IIR) filters with similar 

sharpness or selectivity, especially when low 

frequency (relative to the sample rate) cutoffs are 

needed. However, many digital signal processors 

provide specialized hardware features to make FIR 

filters approximately as efficient as IIR for many 

applications. 

 

3.2 Using IIR Filters 

In multirate applications, the computational 

requirements for FIR filters can be reduced by the 

sampling rate conversion factor. However, such a 

degree of computation savings cannot be achieved in 

multirate implementations of IIR filters. This is due to 

the fact that every sample value computed in the 

recursive loop is needed for evaluating an output 

sample. Based on the polyphase decomposition, 

several techniques have been developed which 

improve the efficiency of IIR decimators and 

interpolators. IIR filters are used in applications where 

the computational efficiency is the highest priority. It 

is well known that an IIR filter transfer function is of a 

considerably lower order than the transfer function of 

an FIR equivalent. The drawbacks of an IIR filter are 

the nonlinear phase characteristic and sensitivity to 

quantization errors. 

 

3.3 Using CIC Filters 

These filters require no multipliers and use limited 

storage thereby leading to more economical hardware 

implementations. They are designated Cascaded 

Integrator-Comb (CIC) filters because their structure 

consists of an integrator section operating at the high 

sampling rate and a comb section operating at the low 

sampling rate. Using CIC filters, the amount of 

passband   aliasing or imaging error can be brought 

within  prescribed bounds by increasing the number of 

stages in the filter. However, the width of the passband 

and the frequency characteristics outside the passband 

are severely limited. 

 

IV. COMPENSATION TECHNIQUE 
When the number of stages is large, the CIC 

filter frequency response does not have a wide, flat 

pass band. To overcome the magnitude drop, a FIR 

filter with magnitude response that is the inverse of the 

CIC filter can be applied to achieve frequency 

response correction. Such filters are called 

“compensation filters.” 

In this paper, cascading of CIC filter with CIC 

Compensator in two different manners is carried out. 

The motivation behind the compensation methods is to 

appropriately modify the original CIC characteristic in 

the pass band such that the compensator filter has as 

low passband ripples as possible. 

 

V. ANALYSIS AND MAGNITUDE 

RESPONSE 
In the presented paper, magnitude responses 

of CIC filters are plotted using three different schemes. 

In the first scheme, decimation by a factor of 8 is 

achieved by using a single CIC Filter. Figure 4 shows 

the frequency response of a single stage CIC filter for 

decimation factor of 8. Second method makes use of 

cascade design of CIC Filters. A CIC filter is cascaded 

with a CIC Compensator. Decimation factors for the 

two filters are 4 and 2 respectively. Figure 5 shows the 

individual response of CIC filter and Compensator 

respectively. Figure 6 shows the overall magnitude 

response of the cascade design for the compensated 

two stage CIC filter.                                  Another 

method carries out the decimation process in three 

stages. The decimator design consists of cascading of 

two CIC Filters with a CIC Compensator. The value of 

decimation factor is 2 and is same for all the three 

stages. Overall response of compensated three stage 

CIC filter is shown in Figure. 7. Amount of pass band 

ripples present in the magnitude response and cost of 

implementation of the filter for each method is 

compared. All the specifications used for the 

decimation process are of that of WiMAX system. 

Decimation filter specifications for WiMAX system 

are also shown in Table 1 and performance 

comparison is depicted in Table 2. 
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TABLE 1: Decimation Filter Design Parameters 

for  WiMAX System 

 
Input Sampling Frequency 91.392 MHz 

Output Sampling Frequency 11.424 MHz 

Passband Edge 4.75 MHz 

Decimation Factor 8 

Stopband Attenuation 90dB 
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Figure 4: Magnitude response of CIC decimation 

filter for decimation factor 8 
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Figure 5:  Magnitude response of Cascade design 

of CIC decimation filter and CIC Compensator 

for decimation factor 8 
 

 

TABLE 2: Performance and Implementation Cost 

Comparison 
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Figure 6: Overall magnitude response of 

compensated two stage CIC Decimation filter. 
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Figure 7: Overall magnitude response of 

compensated three stages CIC Filter 

 

 

 

 

 

Parameter Single 

Stage 

CIC 

Filter 

Compensate

d Two Stage 

CIC Filter 

Compensated 

Three Stage 

CIC Filter 

Decimation 

Factor 

8 4*2=8 2*2*2=8 

Pass band 

Ripple(dB) 

44.02 4.95 1.62 

No. of 

Multipliers 

0 120 433 

No. of Adders 34 135 456 

Multiplication 

per Input Sample 

0 15 54.125 

Addition per 

Input Sample 

19.125 24.875 70.5 
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VI. CONCLUSION 

CIC filters are very economic, 

computationally efficient and simple to implement in 

comparison with FIR or IIR for large rate change due 

to lack of multipliers. Decimation of a signal at high 

frequency using FIR or IIR structures is very complex 

since it needs a lot of multiplications and hence system 

cost is increased.  This paper analyzed the 

performance of CIC decimation filter for efficient 

compensation by using CIC filter as a first stage in 

decimation when the overall decimation factor is 

factorized. For overall decimation factor of 8, a 

sampling rate conversion system is analyzed by 

cascading different stages of CIC and CIC 

Compensator filters and found that the cascade design 

provide the desired passband transition characteristics. 

It is shown that  the cascade designs of CIC filters can 

help to minimize the  amount of passband ripples 

present in the amplitude response but at the same time 

implementation cost of the decimation filter is 

increased which results in more hardware requirement. 
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ABSTRACT 
Radar is an object detection system which uses radio waves to determine the range, altitude, direction, or speed 

of objects. The radar dish or antenna transmits pulses of radio waves or microwaves which bounce off any 

object in their path. The object returns a tiny part of the wave's energy to a dish or antenna which is usually 

located at the same site as the transmitter. The purpose of this paper is to estimate the minimum power required 

to detect the target using various radar bands. The power for each band will be determined using RADAR Range 

equation in terms of various parameters such as aperture, wavelength, and noise factor. The result output from 

this work is used for the detection of minimum observable target power for the target detection under higher 

level of accuracy in a short period of time.  
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I. INTRODUCTION 
The basic concept of radar is relatively 

simple even though in many instances its practical 

implementation is not. Radar operates by radiating 

electromagnetic energy and detecting the echo 

returned from reflecting objects (targets). The nature 

of the echo signal provides information about the 

target [1] [2]. The received echo signal is varying 

inversely with square of the distance between source 

and receiver. So, there must be the threshold power 

below which the target will not be able to detect and 

this threshold power is called as minimum power to 

detect the signal, as atmospheric interference is there 

in the line of sight which also obstructs the signal to 

reach the receiver. Thus again there is reduction in 

echo signal. So to detect the target the power should 

be more than threshold power [5] [7]. The purpose of 

this paper is to estimate the minimum power which is 

required to detect the target using various radar bands 

(L, S, C, X, Ku, K, Ka) by using MATLAB algorithm 

and to calculate which band is more suitable for the 

particular target detection. 

 

II. PRINCIPLES OF RADAR 
The word RADAR is an acronym for Radio 

Detection and Ranging. Radar is an electromagnetic 

system for the detection and location of objects. 

It operates by transmitting a particular type of 

waveform and detects the nature of echo signal. Radar 

can operate in situation like darkness, fog, rain, or 

when the object is located far away. In such situation 

human eye is almost useless [3] [4]. However, 

perhaps the most important attribute of radar is that in 

can also measure the distance or range of object. 

Radar consists of three main parts: (1) A transmitting 

antenna, (2) A receiving antenna, (3) An energy 

(signal) detecting device. 

The transmitting antenna emits electromagnetic 

radiation; a portion of which is reflected by the target 

as shown in Fig 1. The receiving antenna receives this 

reflected energy and delivers it to the receivers. The 

receivers processes this energy to detect the presence 

of the target and to extracts its location and other 

information. This energy emitted by the radar is 

usually in the form of a train of narrow, rectangular 

shaped pulses called RADAR waveform. 

 

 
Fig 1: Block Diagram of RADAR  

 

III. Radar Equations 
The radar equation relates the range of radar 

to the characteristics of the transmitter, receiver, 

antenna, and target [6] [8]. The radar equation is 

useful 

 In determining the distance of the target from 

the radar. 
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 As a tool for understanding radar operation  

 In serving as a basis for radar design. 

 

The equation of radar is 

Pmin =                 (1) 

 

Pmin = Minimum detectable power 

Pt    = Transmitted power (in watt) 

Gt     = Gain of transmitted antenna 

Gr     = Gain of receiving antenna 

λ     = Wavelength of a signal 

Rmax= Maximum range of radar up to which target   

 can be detected 

 

Range performance of radar 

Rmax =                             (2) 

 

III. METHODOLOGY 
Fig 2 shows the steps performed in analyzing 

the performance under various RADAR Bands. Table 

1 depicts the parameters used during analysis. 

 

 
Fig 2:  Methodology  

 

Table 1: Performance Parameters 
Input 

parameters 
Fig 1 Fig 2  Fig 3 Fig 4 

Transmitted 

power (Pt) 
10kw 10kw 10kw 10kw 

Radar cross 

section(σ) 
1.2 m2 1.2m2 

Varying 

from 1-5m2 
1.2m2 

Wavelength

(λ) 

Band 

constant 

Band 

varying 

Band 

constant 

Band 

varying 

Gain of 

transmitted 

antenna 
(Gt) 

5000 5000 5000 5000 

Gain of 

received 
antenna 

(Gt) 

5000 5000 5000 5000 

Range  variable 30km 30km 5000 

Received 
power 

---- ----- ----- 10-8 

 

IV. RESULTS 

 
Fig 3: Variation of Minimum Detectable Signal with 

the Range 

Fig 3 shows that on increasing the range, minimum 

detectable power for each band decreases. For low 

frequency band it is inferred that the decrement is 

less because of its lower frequency range i.e. on 

increasing the frequency for the particular 

transmitting signal (power) the receiving signal 

energy would decrease. 

 
Fig 4: Representation of power with respect to 

wavelength for various bands 
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Fig 4 shows that on increasing the wavelength, the 

minimum detectable power for each band increases. 

For lower frequency band it is inferred that the 

increment is more because of its low frequency 

range, i.e. on increasing the wavelength (or decrease 

in frequency) for the particular transmitting signal 

(power), receiving signal energy would increases. 

 
Fig 5: Plot for Obtained Power With Respect to Radar 

Cross Section 

 

Fig 5 shows that on increasing radar cross-section the 

minimum detectable power for each band increases. 

For the lower frequency band it is inferred that the 

increment is more because of its low frequency range, 

i.e. on increasing the frequency for the particular 

transmitting signal (power) receiving signal energy 

would decrease. 

 

 
Fig 6: Variation for range verses wavelength for 

various radar bands 

Fig 6 shows that on decreasing wavelength, the 

maximum range for each band decreases. For the 

lower frequency band it is inferred that the decrement 

is less because of its low frequency range, i.e. on 

increasing the frequency for the particular 

transmitting signal (power), receiving signal energy 

would decrease. 

 
V. CONCLUSION 

In this paper, it has been analyzed that the 

bands which are operating for lower frequency range 

are more suitable for nearby target detection while the 

bands which are operating for higher frequency range 

like Ku, K, Ka are more suitable for far away located 

targets. Ku band can be used for communication in 

deep space but the limitation with the other higher 

bands operating for far away located objects is that 

these bands require much larger size of dish used in 

antennas. 
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ABSTRACT 
Coins are frequently used in everyday life at various places like in banks, grocery stores, supermarkets, 

automated weighing machines, vending machines etc. So, there is a basic need to automate the counting and 

sorting of coins. However, currently available algorithms focus basically on the recognition of modern coins. To 

date, no optical recognition system for coins has been researched successfully. In this paper, an algorithm based 

on unequally spaced frequency fourier transform is proposed for the recognition of coins. The performance of 

proposed algorithm is measured in terms of mean square error and peak signal to noise ratio. 

Keywords—Coin, Feature Extraction, Neural Network, Recognition, Mean Square Error (MSE), Peak Signal to 

Noise Ratio (PSNR) 

 

 

I. INTRODUCTION 

Coin recognition systems and coin sorting 

machines have become a vital part of our life. They 

are used in banks, supermarkets, grocery stores, 

vending machines etc. In-spite of daily uses, coin 

recognition systems can also be used for the research 

purpose by the organizations that deal with the ancient 

coins. The three main coin recognition systems are 

mechanical method based systems, electromagnetic 

method based systems and image processing based 

systems [4] [5]. The mechanical method based 

systems use parameters like diameter or radius, 

thickness, weight and magnetism of the coin to 

differentiate between the coins. But these parameters 

cannot be used to differentiate between the different 

materials of the coins i.e. if we provide two coins 

original and the fake having same diameter, thickness, 

weight and magnetism but with different materials 

then  such system will not be able to differentiate the 

original coin. 

The electromagnetic method based systems can 

differentiate between different materials because in 

these systems the coins are passed through an 

oscillating coil at a certain frequency and different 

materials bring different changes in the amplitude and 

direction of frequency. So these changes and the other 

parameters like diameter, thickness, weight and 

magnetism can be used to differentiate between coins. 

The electromagnetic based coin recognition systems 

improve the accuracy of recognition but still they can 

be fooled by some game coins.  

In the recent years coin recognition systems based on 

images have also come into picture [8]. In these 

systems, first of all the image of the coin to be 

recognized is taken either by camera or by some 

scanning. Then these images are processed by various 

image processing techniques like FFT, DCT, edge 

detection, segmentation etc. and further various 

features are extracted from the images which are used 

to recognize different coins.  

 

II. LITERATURE SURVEY 
An ANN (Artificial Neural Network) based 

Automated Coin Recognition System [2] is proposed 

for the recognition of Indian Coins of denomination `1, 

`2, `5 and `10 with rotation invariance. Since the 

images are taken from both sides of coin, so this 

system is capable of recognizing coins from both 

sides. Features are extracted from images using 

techniques of Hough Transformation, Pattern 

Averaging etc. and then the extracted features are 

passed as input to a trained Neural Network. An 

algorithm for recognition of the coins of different 

denomination is presented [3]. The proposed system 

first uses a canny edge detection to generate an edge 

map and then uses CHT (Circular Hough transform) 

to recognize the coins and further find the radii of 

them. In [1], authors presented an approach based on 

image subtraction technique for recognition of Indian 
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Coins. In [7], authors presented the coin identification 

approach in which images of coin are taken from 

different angles and a databank is created. By using 

this databank, data is providing to the neural network 

for its training. An image based approach for coin 

recognition using gabor wavelet for feature extraction 

is provided [6]. 

 

III  PROPOSED COIN RECOGNITION 

SYSTEM 

The following steps are performed in the 

proposed coin recognition system: 

Step 1:   Develop a RGB code for loading database of 

coin image in MATLAB.  

Step 2:  The Pre-processing of a coin image is 

performed for recognizing the type of coin. 

Step 3:   Unequally spaced frequency fourier 

transform is applied. 

Step 4: The training & testing phase of neural 

network with rotation invariance is applied during 

coin recognition. 

Step 5:  The results are displayed in the form of MSE 

and PSNR  

In this section we present recent approaches for coin 

recognition techniques, namely algorithms based on 

the eigenspace approach, gradient features, contour 

and texture features. Finally, we discuss some 

preliminary results of tests performed on the 

MUSCLE CIS coin dataset. 

 

3.1 COIN DETECTION 

Hough transform is based on feature points 

extracted from the original image and usually, edges 

are used as the feature points. Various edge detection 

methods have been used for different applications. If 

Sobel filter is used to a coin image, large number of 

edge points are obtained from texture of the coin can 

be regarded as noise, which will induce a huge 

overhead in the execution time of the Hough 

transform and most importantly will produce 

measurement errors, so technique to reduce the 

unwanted edge is sought. 

Fig. 2 shows the result of applying Sobel filters to 

given input image (Fig. 1). The canny edge detector is 

very powerful tool for detecting edges in a noisy 

environment. Canny edge detector can remove most 

of the edge points. Canny gives thin edge as compared 

to the Sobel. Hence, canny edge detector has used for 

eliminating the unwanted edges that can result from 

Sobel. Based on the smoothed image, derivatives in 

both the x and y direction are computed, these in turn 

are used to compute the gradient magnitude of the 

image.  Once the gradient magnitude of the image has 

been computed, a process called non maximum 

suppression is performed; in which pixels are 

suppressed if they do not constitute a local maximum. 

 

 
      
 Figure 1: Sample Coin image 

 

 
      

 Figure 2: Result of Sobel Filter 

 

 
      

 Figure 3: Result of Canny Edge Detection. 

 

The final step in the canny edge detector is to use 

hysteresis operator, in which pixels are marked as 

edges, non edges and in-between based on threshold 

values. The next step is to consider each of the pixels 

that are in-between, if they are connected to edge 

pixels these are marked as edge pixels as well. The 
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result of this edge detector is a binary image in which 

the white pixels closely approximate the true edges of 

the original image as shown in Fig. 3. 
 

3.2 COIN VERIFICATION 

In general the appearance of one coin pattern 

varies considerably with respect to its grey values. 

These variations frequently are inhomogeneous and 

this suggests that for recognition purposes, grey 

values by themselves will not give us appropriate 

results. On the other hand, edge information remains 

more or less stable or at least degrades gracefully.  

So the proposed research work is based on the 

detection on edges. In principle any edge detector 

may be used for this purpose but Canny edge operator 

and the Laplacian of Gaussian method provides more 

satisfactory results. As a result of the edge operator 

we either get a binary (edge) image or a list of 

coordinates at edge pixel locations. 

Let I : M× N → R[0,1] be an intensity image. M× N 

gives the index space and R[0,1] are the intensity 

values taken from the closed interval [0, 1]. 

E(x, y) ={ 1, if I(x, y) is an edge point 

                 0, else 

 

3.3 COIN RECOGNITION 

Neural networks give effective results for 

solving multiple class classification problems. Neural 

network has three types of layers: input layer, output 

layers and hidden layers. Hidden layer does 

intermediate computation before directing the input to 

output layer. Back propagation can also be considered 

as a generalization of delta rule. When back 

propagation network is cycled, an input pattern is 

propagated forward to the output units through the 

intervening input to hidden and hidden to output 

weights. Neural network have been widely used in 

image and signal processing. In our proposed work, 

neural network with rotation invariance is applied 

during coin recognition. 

 

IV RESULTS & DISCUSSION 
4.1 PERFORMANCE METRICS 

MSE and PSNR are the two error metrics 

used to compare image quality. The MSE represents 

the cumulative squared error between the compressed 

and the original image, whereas PSNR represents a 

measure of the peak error and these can be computed 

as: 

 

In above equation, M and N are the number of rows 

and columns in the input images, respectively. PSNR 

can be calculated as: 

 

 
In the previous equation, R is the maximum 

fluctuation in the input image e.g. if the input image 

has a double-precision floating data type, then R is 1. 

If it has an 8-bit unsigned integer data type, R is 255. 

 

4.2 EXPERIMENTAL RESULTS 

Fig. 4, Fig. 5, Fig. 6 and Fig. 7 shows the 

snapshots of the outcomes of the proposed coin 

recognition system used for identifying the coin by 

using the neural networks. 

 

 
Figure 4: The final outcome of the proposed coin 

recognition system 

 

 
Figure 5: Calculation of matching rate 
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Figure 6: Calculation of Mean Square Error 

 

Figure 7: Calculation of Peak Signal To Noise Ratio 

 

V CONCLUSION 
In this paper, existing techniques for coin 

recognition based on image processing are discussed. 

The proposed research work is directed towards coin 

recognition using classification. Further research will 

be carried out to improve the system in terms of speed 

along with accuracy. 
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ABSTRACT 
Low frequency oscillation problems are very difficult to solve because power systems are very large, complex 

and geographically distributed. Therefore, it is necessary to utilize most efficient optimization methods to take 

full advantages in simplifying the problem and its implementation. From this perspective, many successful and 

powerful optimization methods and algorithms have been employed in formulating and solving this problem. 

This paper reviews new approaches in modern research using optimization techniques such as Tabu Search 

(TS), Simulated Annealing (SA), Ant Colony Optimization (ACO), Evolutionary Programming (EP), Bacteria 

Foraging Optimization (BFO), Genetic Algorithm (GA), Particle Swarm Optimization (PSO) and Artificial Bee 

Colony (ABC) to develop Power System Stabilizer (PSS). Research showed controllers designed based on a 

conventional control theory, modern and adaptive control theories, suffer from some limitations. However, 

optimization techniques proved to be able to overcome these limits. Hence, more researchers preferred to utilize 

these approaches for the power systems. The review efforts geared towards PSS developed based on 

optimization techniques, which effectively enhance both small signal stability, transient stability and equally 

provide superior performances. In this paper, an effort is made to present a comprehensive analysis of 

optimization techniques for designing PSSs as proposed by various researchers. 

Keywords: Artificial Bee Colony (ABC), Bacteria Foraging Optimization (BFO), Low frequency oscillation, 

Optimization, Power System Stabilizer.  

 
I. INTRODUCTION 

Large electric power systems are complex 

nonlinear systems and often exhibit low frequency 

electromechanical oscillations due to insufficient 

damping caused by adverse operating. These 

oscillations with small magnitude and low frequency 

often persist for long periods of time and in some 

cases they even present limitations on power transfer 

capability [1].  In analyzing and controlling the power 

system’s stability, two distinct types of system 

oscillations are recognized. One is associated with 

generators at a generating station swinging with 

respect to the rest of the power system and such 

oscillations are referred as “Local mode” oscillations. 

Local modes normally have frequencies in the range 

0.7 to 2 Hz. The second type is associated with 

swinging of many machines in an area of the system 

against machines in other areas and these are referred 

as “inter-area mode” oscillations.  Inter-area modes 

have frequencies in the range of 0.1 to 0.8 Hz. Power 

System Stabilizers (PSS) are used to generate 

supplementary control signals for the excitation 

system in order to damp both types of oscillations [2]. 

It is important that these disturbances do not drive the 

system to an unstable condition. Stability in power 

systems is commonly referenced as the ability of 

generating units to maintain synchronous operation 

[3] [4]. It is common to divide stability into the 

following types: 

 Transient stability: It is the ability to maintain 

synchronism when the system is subjected to a 

large disturbance. In the resulting system 

response, the changes in the dynamic variables are 

large and the nonlinear behavior of the system is 

important.  

 Small Signal Stability: It is the ability of the 

system to maintain stability under small 

disturbance. Such disturbances occur continuously 

in the normal operation of a power system due to 

small variations in load and generation. Electro-

mechanical oscillations between interconnected 

synchronous generators are phenomena inherent to 

power systems. In an N-machine power system, 

there are (N-1) natural electromechanical modes 
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of oscillations. The stability of these oscillations is 

of vital concern, and is a prerequisite for secure 

system operation.  

 

II. POWER SYSTEM STABILIZER (PSS) 
PSSs have been used widely to add damping 

to electromechanical oscillations. Traditionally, the 

excitation system regulates the generated voltage and 

there by helps to control the system voltage. The 

automatic voltage regulators (AVR) are found 

extremely suitable for the regulation of generated 

voltage through excitation control. But extensive use 

of AVR has detrimental effect on the dynamic 

stability or steady state stability of the power system 

as oscillations of low frequencies (typically in the 

range of 0.2 to 3 Hz) persist in the power system for a 

long period and sometimes affect the power transfer 

capabilities of the system [1]. PSS were developed to 

aid in damping these oscillations by modulation of 

excitation system and by this supplement stability to 

the system [2]. The basic operation of PSS is to apply 

a signal to the excitation system that creates damping 

torque which is in phase with the rotor oscillations. 

The commonly used structure of the PSS is shown in 

Fig. 1. 

 

 

Figure 1: Block diagram of PSS 

 

III. DIFFERENT TECHNIQUES IN PSS 

3.1 Artificial Intelligence Techniques 
In the field of power system operations and planning, 

very sophisticated computer programs are required 

and designed in such a way that they could be 

executed and modified frequently according to any 

variations. Artificial intelligence (AI) is a powerful 

knowledge-based approach that has the ability to deal 

with the high non-linearity of practical systems [5]. 

AI has a benefit to decrease the mathematical 

complexity beside the rapid response which can be 

utilized for transient analysis. AI techniques, which 

promise almost a global optimum, such as Artificial 

Neural Networks (ANN), Fuzzy Logic (FL) and 

Evolutionary Computation (EC), have appeared in 

recent years in power systems applications as 

efficient tools to mathematical approaches. Recently, 

many researchers are concerned with various types of 

AI techniques to develop efficient PSSs. This section 

presents a survey of AI techniques (e.g. ANN, FL, 

EC, etc.) which are used in power system stabilizer 

optimization problems. 

3.1.1 Artificial Neural Network (ANN) 
In [6], authors presented the training 

algorithm and verified how a network of neurons 

could exhibit learning behavior. This was the starting 

point of the ANN. An ANN is a computational model 

or mathematical model on the basis of biological 

neural networks and is an information processing 

paradigm that is inspired by the way biological 

nervous systems such as the brain processes the 

information. The novel structure of the information 

processing system is the main component of this 

paradigm. It is composed of a great number of highly 

interconnected processing components (neurons) 

working in unison to overcome the special problems. 

Like people, ANNs learn by example. The most 

important advantages of the ANN are: (i) learning 

ability; (ii) appropriateness and control; (iii) 

adaptation to the data; (iv) robustness; (v) rapidity. 

Despite the advantages, some disadvantages of the 

ANN are:     (i) large dimensionality; (ii) choice of the 

optimal configuration; (iii) selection of training 

method; (iv) the ‘black-box’ representation of the 

ANN and (v) the generation output even if the input 

data are unreasonable. 

      The ANN, when sufficiently trained, may be used 

as a controller instead of the conventional lead-lag 

power system stabilizer (CPSS). To achieve best 

performance, the ANN must be trained for different 

operating conditions to tune the CPSS parameters [7]. 

The learning procedures cause interference by the 

conventional back propagation network under various 

conditions. To develop a neural adaptive PSS, a feed-

forward neural network with a single hidden layer is 

investigated in [8][9] [10]. 

 

3.1.2 Fuzzy Logic (FL) 
L. Zadeh [12] developed FL to address 

inaccuracy and uncertainty which usually exist in 

engineering problems. Fuzzy set theory can be 

considered as a generalization of the classical set 

theory. In classical set theory, an element of the 

universe either belongs to or does not belong to the 

set. Therefore, the degree of association of an element 

is crisp. Membership function is the measure of 

degree of similarity of any element in the universe of 

discourse to a fuzzy subset [11] [13].  

     To design traditional controllers, it is essential to 

linearize non-linear systems. Fuzzy Logic Controllers 

(FLCs) are nonlinear. Moreover, FLCs do not need a 

controlled plant model, and are not sensitive to plant 

parameter variations [17]. The human experience and 

knowledge can be applied to design of the controller 

by using FL. FLCs are rule-based and the rules of the 

system are written in natural language and translated 

into FL [14]. A FLC based on a state feedback control 

system is developed for damping electro-mechanical 



International Journal of Engineering Research and Applications (IJERA) ISSN: 2248-9622         

National Conference on Advances in Engineering and Technology 

 (AET- 29th March 2014) 

 Maharishi Markandeshwar University                                                                            52 | P a g e  

modes of oscillations and enhancing power system 

stability [15]. A design process for a fuzzy logic 

based PSS (FLPSS) is proposed and investigated for a 

multi-machine power system [16]. 

 
3.2. Evolutionary Computing (EC) methods 

Different types of intelligent optimization 

techniques are used to search for optimal or near 

optimum solutions for many power system problems, 

especially for PSSs. These techniques are TS, SA, 

ACO, HS, BFO, GA and PSO etc. 

 
3.2.1 Tabu Search (TS) 

TS is a mathematical optimization method 

belonging to the class of local search techniques. TS 

enhances the performance of a local search method by 

using memory structures. Once a potential solution 

has been determined, it is marked as "taboo" ("tabu" 

being a different spelling of the same word) so that 

the algorithm does not visit that possibility 

repeatedly. TS is an iterative improvement procedure 

that can start from any initial feasible solution 

(searched parameters) and attempt to determine a 

better solution. As a meta-heuristic method, TS is 

based on a local search technique with the ability to 

escape from being trapped in local optima [18][19]. 

Abido [20] presented the TS algorithm to search the 

optimal parameters of the conventional lead-lag 

power system stabilizer (CPSS). This approach 

provided a good performance when tested on a single-

machine-infinite bus (SMIB) and multi-machine 

power systems with different operating conditions. In 

addition, application of the TS optimization technique 

to multi-machine PSS design are presented in 

[21][22][23]. Incorporation of a TS algorithm in a 

PSS design significantly reduced the computational 

burden. 

 

3.2.2 Genetic Algorithm (GA) 
GA is an evolutionary based stochastic 

optimization algorithm with a global search potential 

[24].  GAs are among the most successful class of 

algorithms under EAs which are inspired by the 

evolutionary ideas of natural selection. GA is useful 

and efficient when:  

 The search space is large complex or poorly 

known.  

 No mathematical analysis is available.  

 Domain knowledge is scarce to encode to 

narrow the search space.  

 For complex or loosely defined problems 

since it works by its own internal rules.  

 Traditional search method fails.  

 

Even though GAs can rapidly locate good solutions, 

for difficult search spaces, it has some disadvantages: 

(i) GA may have a tendency to converge 

towards local optima rather than the global optimum 

of the problem if the fitness function is not defined 

properly; (ii) Operating on dynamic data sets is 

difficult; (iii) For specific optimization problems, and 
given the same amount of computation time, simpler 

optimization algorithms may find better solutions 

than GA; (iv) GAs are not directly suitable for 

solving constraint optimization problems.  

      The GA has been applied by many authors for 

tuning PSS parameters. A method to simultaneously 

tune PSSs in a multi-machine power system is 

presented using hierarchical GA and parallel micro 

GA based on a multi-objective function [24].  

A digital simulation of a linearized model of a single-

machine infinite bus power system at some operating 

point is used in conjunction with the GA optimization 

process [25].  

Optimal multi-objective design of robust multi-

machine PSSs using GA are presented [26]. 

 

3.2.3 Differential Evolution 
Another paradigm in EA family is 

differential evolution (DE) proposed by Storn and 

Price [27].   DE is similar to GA since populations of 

individuals are used to search for an optimal solution. 

The main difference between GA and DE is that, in 

GA, mutation is the result of small perturbations to 

the genes of an individual while in DE mutation is the 

result of arithmetic combinations of individuals. 

 DE is easy to implement, requires little 

parameter tuning.  

 Exhibits fast convergence  

 It is generally considered as a reliable, 

accurate, robust and fast optimization 

technique.  

Limitations:  

(i)Noise may adversely affect the performance of DE 

due to its greedy nature.  

(ii) Also the user has to find the best values for the 

problem-dependent control parameters used in DE 

and this is a time consuming task.  

 

3.2.4 Particle Swarm Optimization (PSO) 
Particle swarm optimization (PSO) is a 

computational intelligence oriented, stochastic, 

population-based global optimization technique 

proposed by Kennedy and Eberhart [28]. It is inspired 

by the social behavior of bird flocking searching for 

food. PSO has been extensively applied to many 

engineering optimization areas due to its unique 

searching mechanism, simple concept, computational 

efficiency, and easy implementation.  
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Advantages over Genetic Algorithm: (a) PSO is 

easier to implement and there are fewer parameters to 

adjust. (b) PSO has a more effective memory 

capability than GA. (c) PSO is more efficient in 

maintaining the diversity of the swarm, since all the 

particles use the information related to the most 

successful particle in order to improve themselves, 

whereas in Genetic algorithm, the worse solutions are 

discarded and only the new ones are saved; i.e. in GA 

the population evolve around a subset of the best 

individuals. A  PSO technique for tuning parameters 

of the brushless exciter and lead-lag power system 

stabilizer is proposed [29] [30]. A novel evolutionary 

algorithm-based approach to optimal design of multi      

machine PSSs is proposed [31][32]. 

 

3.2.5 Ant Colony Optimization (ACO) 
ACO is among the most successful swarm 

based algorithms proposed by Dorigo & Di Caro [33]. 

It is a meta heuristic inspired by the foraging behavior 

of ants in the wild, and moreover, the phenomena 

known as stigmergy, term introduced by Grasse in 

1959. Stigmergy refers to the indirect communication 

amongst a self-organizing emergent system via 

individuals modifying their local environment. The 

first ant algorithm, named Ant System (AS), was 

developed in the nineties by Dorigo et al. and tested 

successfully on the well known benchmark Travelling 

Salesman Problem. The ACO meta heuristic was 

developed to generalize, the overall method of 

solving combinatorial problems by approximate 

solutions based on the generic behavior of natural 

ants. ACO is applied for tuning of PSS parameters in 

[33]. 

 

3.2.6 Artificial Bee Colony Algorithm 

(ABC) 
Based on the behavior of the bees in nature, 

various swarm intelligence algorithms are available. 

These algorithms are classified into two; foraging 

behavior and mating behavior. Examples of 

algorithms simulating the foraging behavior of the 

bees include the Artificial Bee Colony (ABC)[34] , 

the Virtual Bee algorithm proposed by Yang , the Bee 

Colony Optimization algorithm proposed by 

Teodorovic and Dell‘Orco, the BeeHive algorithm 

proposed by Wedde et al.,  the Bee Swarm 

Optimization algorithm proposed by Drias et al. and 

the Bees algorithm proposed by Pham et al. An 

individual entity (e.g., a bee in a bee colony) exhibit a 

simple set of behavior policies (e.g., migration, 

replication, death), but a group of entities (e.g., a bee 

colony) shows complex emergent behavior with 

useful properties such as scalability and adaptability. 

 

3.2.7 Intelligent Water Drops Algorithm (IWD) 

Intelligent Water Drops (IWD) is an innovative 

population based method proposed by Hamed Shah-

hosseini [35]. It is inspired by the processes in natural 

river systems constituting the actions and reactions 

that take place between water drops in the river and 

the changes that happen in the environment that river 

is flowing. Based on the observation on the behavior 

of water drops, an artificial water drop is developed 

which possesses some of the remarkable properties of 

the natural water drop. IWD has two important 

properties: (i)The amount of the soil it carries now, 

Soil (IWD); (ii) The velocity that it is moving now, 

Velocity (IWD). The environment in which the water 

flows, depend on the problem under consideration. 

An IWD moves in discrete finite-length steps. From 

its current location to its next location, the IWD 

velocity is increased by the amount nonlinearly 

proportional to the inverse of the soil between the two 

locations. 

 

IV. CONCLUSION 

This paper presents a survey of literature on 

the various optimization methods applied to solve the 

PSS problems. The evolutionary computation in 

comparison to other techniques has the deep 

knowledge of the system problem with well-defined 

models. Swarm intelligence appears to have more 

potential in power system analysis and they are also 

the most recent in the field of computational 

intelligence techniques. A review of the techniques 

used by researchers in designing the conventional 

PSS only is presented. 
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