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ABSTRACT
The boundary shear force distribution in open channel flow is needed for various purposes such as 
the flow resistance relationship, for designing stable channels. During floods, river overtops the main 
channel and flows over the flood plain located to its sides. For such compound channels the flow 
structure becomes complicated due to the transfer of momentum between the deep main channel 
and the adjoining flood plains that magnificently affects the shear stress distribution in flood plain and 
main channel subsections. Due to the rapidly growing population and the consequent demand for 
food and accommodation, more and more land on floodplain regions of a river system has been used 
for agriculture and settlement. This also causes flood plain geometry to vary along the length of the 
flow called converging compound channel. In this paper an experimental investigation concerning the 
distribution of shear stress in the main channel and flood plain of the converging compound channels 
are presented. Based on the experimental results of boundary shear, a new equation is developed 
for predicting boundary shear stress distribution in terms of non-dimensional geometric and flow 
variables.
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1.  Introduction

Accurate determination of the distribution of boundary shear 
stress on and near the banks of natural channels is essential 
for addressing a variety of problems in fluvial geomorphology 
and stream restoration. So it is very essential to study the flow 
mechanism of rivers both in in-bank and overbank conditions 
due to the velocity difference between the main channel and 
flood plains. Sellin (1964) first investigated through labora-
tory investigations the momentum transfer phenomena. After 
that several investigators found that the momentum transfer 
was responsible for the non-uniformity in the boundary shear 
stress distribution across the section perimeter (e.g. Ghosh and 
Jena (1971), Knight and Hamed (1984), Patra et al. (2004). 
Knight and Hamed (1984) developed a model for boundary 
shear tress distribution of homogeneous compound channel of 
width ratio (α = flood plain width (B)/main channel width (b)) 
value up to 4. Khatua and Patra (2007) based on more exper-
imental observations carried forward the study and devel-
oped a model for channels of width ratio (α) value up to 5.25. 
Mohanty and Khatua (2014) again developed a new model for 
channel with 6.67 ≤ α ≤ 11.96. Both prismatic and meander-
ing compound channels’ geometries were extensively inves-
tigated in laboratory flumes. However, when the compound 
section data of prismatic compound channels were compared 
with non-prismatic compound channels significant errors in 
estimation of %Sfp were noticed due to non-inclusion of extra 
mass and momentum transfer as explained by Bousmar and 
Zech (1999), Bousmar et al. (2004), and Proust et al. (2006). 
Where %Sfp = 100 × Sfp/SF, Sfp = the boundary shear carried by 
the flood plains and SF the total shear force of the compound 
channel. This extra momentum exchange should be taken into 
account in the flow modeling for non-prismatic compound 
channel. Distribution of boundary shear stress mainly depends 

upon the shape of the cross-section and the structure of the sec-
ondary flow cells. So new models are necessary to be developed 
for the non-prismatic compound sections. New experiments 
on compound channels with converging flood plains were con-
ducted to develop new expression for %Sfp.

2.  Experimental works

2.1.  Experimental setup

Experiments have been conducted at the Hydraulics and Fluid 
mechanics Laboratory of Civil Engineering Department of 
National Institute of Technology, Rourkela, India. Three sets 
of non-prismatic compound channels with varying cross-sec-
tions were built inside a concrete flume with Perspex sheet 
measuring 15 m long × 0.90 m width × 0.5 m depth. The width 
ratio (α) of the channel was 1.8 and the aspect ratio (δ = main 
channel width (b)/main channel depth (h)) was 5. Keeping the 
geometry constant, the converging angles of the channels were 
varied as 12.38°, 9°, and 5°, respectively. Converging length of 
the channels fabricated were found to be 0.84, 1.26, and 2.28 m, 
respectively. Longitudinal bed slope of the channel was 0.0011, 
it was satisfying subcritical flow conditions at different sections 
of the non-prismatic compound channels. Roughness of the 
flood plain and main channel was taken identical. From the 
in-bank flow measurements of the channel of same surface 
materials (used in the main channel and flood plains) and 
using the back calculations of Manning’s equations, Manning’s 
n value of 0.011 has been estimated. The flow conditions in 
the converging section were turbulent. A recirculating system 
of water supply was established with pumping of water from 
an underground sump to an overhead tank from where water 
flows under gravity to the experimental channel. Adjustable 
vertical gates along with flow strengtheners were provided in 
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2    B. Naik and K. K. Khatua

upstream section sufficiently ahead of rectangular notch to 
reduce turbulence and velocity of approach in the flow near 
the notch section. An adjustable tailgate at the downstream end 
of the flume helps to maintain uniform flow over the test reach. 
Water from the channel was collected in a volumetric tank that 
helps to measure the discharge rate. From the volumetric tank 
water runs back to the underground sump. Figure 1a shows the 
plan view of experimental setup. Figure 1b shows the plan view 
of different test reaches with cross-sectional dimensions of both 
NITR & Rezaei (2006) channels. Figure 1c shows the typical 
grid showing the arrangement of velocity measurement points 
along horizontal and vertical directions at the test section.

A movable bridge was provided across the flume for both 
span wise and stream wise movements over the channel area 
so that each location on the plan of compound channel could 
be accessed for taking measurements. The broad parameters of 
this channel are aspect ratio of main channel (δ), width-ratio 
(α). A micro-Pitot tube of 4.77-mm external diameter in con-
junction with suitable inclined manometer was used to meas-
ure velocity at these points of the flow grid. The Pitot tube was 
physically rotated with respect to the main stream direction till 
it gave maximum deflection of the manometer reading. A flow 

direction finder having a least count of 0.1° was used to get the 
direction of maximum velocity with respect to the longitudinal 
flow direction. The angle of limb of Pitot tube with longitudinal 
direction of the channel was noted by the circular scale and 
pointer arrangement attached to the flow direction meter. The 
overall discharge obtained from integrating the longitudinal 
velocity plot and from the volumetric tank collection was found 
to be within ±3% of the observed values. Using the velocity 
data, the boundary shear at various points on the channel beds 
and walls were evaluated from a semi log plot of velocity dis-
tribution. Boundary shear stresses were also obtained from the 
manometer readings of the head differences of Preston tube 
techniques using Patel’s (1965) relationship. Error adjustments 
to the shear value were done by comparing the corresponding 
shear values obtained from the energy gradient approach. The 
results so obtained were found to be consistently within ±3% 
the value. According to the laboratory data analysis, shear stress 
from a Pitot tube is the most appropriate shear stress calcula-
tion method as compared to ADV. Because near the boundary 
velocity measurement ADV is never accurate. Further, ADV 
has some limitations of velocity measurements. It can measure 
5 cm below its top edge. So in down probe of micro-ADV it 

Figure 1a. Plan view of experimental setup.

Figure 1b. Plan view of different test reaches with cross-sectional dimensions of both NITR & Rezaei (2006) channels.

Figure 1c. Typical grid showing the arrangement of velocity measurement points at the test section.
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ISH Journal of Hydraulic Engineering    3

could not measure 5 cm near the free surface. So Pitot tube 
has been utilized to measure the short fall. The accuracy of this 
method has been verified from the energy gradient approach 
i.e. weight component of the flow.

3.  Experimental results

The results of boundary shear stress distributions for the con-
verging flood plain of angle 12.38° and 11.31° of Rezaei (2006) 
for different cross-sections of relative depth 0.15 and 0.5 are 
shown in Figures 2a and 2b. These figures indicate that the 
boundary shear stress distributions are reasonably symmetric 
in all sections and gradually increase from sec-1 to sec-5. In 
all sections the boundary shear value is found to be the max-
imum at the middle of main channel and gradually decreases 
towards the interface between the main channel and the flood 
plain. At the interface, the boundary shear suddenly falls then 
it decreases and reaches the minimum at both the ends of flood 
plains. This may be due to momentum transfer phenomena 
between the main channel and flood plains. Similarly this 

happens to the converging channel of Rezaei (2006) with angle 
11.31°. However, at the last section of Rezaei (2006) maximum 
boundary shear is found to occur at the two ends of the main 
channel instead of the middle of main channel. Because the 
last section is the single channel with higher aspect ratio as 
compared to the present experimental channel. To analyze 
the boundary shear stress distributions, various boundary ele-
ments of the non-prismatic compound channels comprising 
the wetted parameters are labeled as (1), (2), (3), and (4) as 
shown in Figure (3). Label (1) denotes the two vertical walls 
of flood plain of length [2(H–h)], and (2) denotes flood plain 
beds of length (B–b). Label (3) denotes the two main channel 
walls of length (2 h) and the bed of the main channel of length 
b is represented by label (4) (where H is the total depth of the 
compound channel, h is the main channel height, and B is 
the total width of the compound channel). Experimental shear 
stress distributions at each point of the wetted perimeter are 
numerically integrated over the respective sublengths of each 
boundary element (l), (2), (3), and (4) to obtain the respective 
boundary shear force per unit length for each element. Sum 
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Figure 2a. Boundary shear distribution for the present experimental channel of relative depth 0.15 (for converging angle 12.38°).
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Figure 2b. Boundary shear distribution for the Rezaei (2006) experimental channel of relative depth 0.5 (for converging angle 11.31°).

Figure 3. Interface planes dividing a compound section into subareas.
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4    B. Naik and K. K. Khatua

Khatua and Patra (2007) have shown the validity of Equation 
(4) for α up to = 5.25. Again for α = 6.67, Khatua et al. (2012) 
obtained a new relation for percentage shear carried by the 
flood plain as

 

In terms of β and α, Equation (5) is simplified as
 

For width ratio up to 12, from regression analysis, Equation (5) 
is further modified by Mohanty and Khatua (2014).

 

Looking equations of different investigators i.e. Equations (1), 
(5), and (7) etc. it is seen that %Sfp = F (α, β, δ) for prismatic 
compound channel, where F is the functional symbol. But 
when all the equations are tested against compound channels 
with converging sections significant errors are found. So an 
attempt has been made here to investigate the variation in 
%Sfp with respect to different non-dimensional parameters of 
a non-prismatic compound channel. The percentage of shear 
carried by flood plain (%Sfp) for non-prismatic sections have 
been derived from a wide range of experimental data-sets i.e. 
from three different types of converging compound channels 
of NIT, Rourkela, India and three series of converging com-
pound channels data of Rezaei (2006) (details of the data-sets 
are given in Table 1). These compound channels have homo-
geneous roughness both in the main channel and flood plain 
subsections. Manning’s n values for all these smooth surfaces 
are taken as 0.01. For a compound channel with converging 
flood plain the boundary shear distribution changes from sec-
tion to section. So two additional parameters with the above 
three are considered for modeling of the boundary shear stress 
distribution of such compound channels. Therefore, a multiple 
variable regression model is attempted by taking all the five 
most influencing dimensionless parameters.

The possible functional relationships is in the form
 

where θ = Converging angle, Xr = Relative distance (x/L), and 
L = Non-prismatic length.

The possible dependency of %Sfp and the best functional 
relationships with each non-dimensional variable have been 
found out from the Figures 4–6 described below. The varia-
tion in %Sfp has been plotted for six converging compound 

(5)%Sfp = 4.1045(%Afp)
0.691

(6)%Sfp = 4.105

[
100�(� − 1)

1 + �(� − 1)

]0.691

(7)%Sfp = 3.3254(%Afp)
0.746

(8)%Sfp = F
(
�, �, �, �,X

r

)

of the boundary shear forces for all the beds and walls of the 
compound channel is used as a divisor to calculate the shear 
force percentages carried by the boundary elements. Percentage 
of shear force carried by flood plains comprising elements (1) 
and (2) is represented as %Sfp.

4.  The boundary shear stress distribution model

In a simple open channel flow the boundary shear per unit 
length (SF) is generally assumed to be uniform and is expressed 
as SF = ρgAS, where ρ is density of water and g is accelera-
tion due to gravity. The parameters ρ, g, and S are assumed 
constant for a given channel. Only the flow area (A) varies 
with flow depth. So it can be stated that SF is a function of A. 
The percentage of the area occupied by the flood plain sub-
sections obtained by vertical interfaces (Figure 3), is denoted 
by %Afp = 100 × Afp/A, where Afp is the corresponding area by 
flood plain and A is the total area of the compound channel. 
Therefore, a functional relationship between %Sfp and %Afp 
has been derived. This equation has been obtained by curve 
fitting between %Afp and %Sfp which gave the highest regres-
sion coefficient. We have attempted to develop an equation of 
%Sfp with α and β for compound channels with converging 
flood plains. Previously different investigators have presented 
their model for %Sfp. Knight and Demetriou (1983) presented 
an equation for the percentage of total shear force carried by 
the flood plain as %Sfp

 

where α = width ratio = B/b, β = relative depth = (H–h)/H, 
b = width of main channel, B = total width of compound chan-
nel, h = bank full depth, and H = total depth of flow. The expo-
nent m is evaluated from the relation

 

Equation (1) is applicable for homogeneous compound chan-
nels. For non-homogeneous compound channels Equation (1) 
is improved by Knight and Hamed (1984) as

 

where γ = the ratio of Manning’s roughness of the flood plain 
(nfp) to that for the main channel (nmc).

Equation (1) is good for α ≤ 4. Khatua and Patra (2007) 
further improved Equation (2) and proposed an equation for 
%Sfp as

 

(1)%Sfp = 48(� − 0.8)0.289(2�)m

(2)m = 1∕[0.75e0.38�]

(3)%Sfp = 48(� − 0.8)0.289(2�)m[1 + 1.02
√
� log �]

(4)%Sfp = 1.23(�)0.1833(38Ln� + 3.6262)[1 + 1.02
√
� log �]

Table 1. Hydraulic parameters for the experimental channel data.

Verified 
test 
channel

Types of 
channel

Angle of 
convergent 

(θ)
Longitudinal 

slope (S)

Cross-
sectional 
geometry

Total chan-
nel width (B) 

(m)

Main chan-
nel width (b) 

(m)

Main chan-
nel depth 

(h) (m)

Width ratio 
(sec-1) B/b 

(α)

Converging 
length (Xr) 

(m)
Aspect Ratio 

b/h (δ)
Rezaei 

(2006)
Converging 
(CV2) 11.31° 0.002 Rectangular 1.2 0.398 0.05 3 2 7.96

Rezaei 
(2006)

Converging 
(CV6) 3.81° 0.002 Rectangular 1.2 0.398 0.05 3 6 7.96

Rezaei 
(2006)

Converging 
(CV6) 1.91° 0.002 Rectangular 1.2 0.398 0.05 3 6 7.96

N.I.T. Rkl Converging 5° 0.0011 Rectangular 0.9 0.5 0.1 1.8 2.28 5
N.I.T. Rkl Converging 9° 0.0011 Rectangular 0.9 0.5 0.1 1.8 1.26 5
N.I.T. Rkl Converging 12.38° 0.0011 Rectangular 0.9 0.5 0.1 1.8 0.84 5
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distance Xr are plotted for different relative depths in Figure 
(5). From the Figure (5) it is seen that the shear force percent-
age carried by flood plains (%Sfp) is found to decrease from 
section to section of all the converging compound channels 

channels. Figure (4) shows the variation in %Sfp with relative 
flow depths β for each channel for different converging angles 
θ. From the figure it is seen that %Sfp increases with increase in 
relative flow depth. Similarly, the variations in %Sfp with relative 

%Sfp = 81 0.6318

R² = 0.9992
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Figure 4. Variation in %Sfp of non-prismatic compound channel at typical sections.

%Sfp= -27.154Xr+ 28.23
R² = 0.9566
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Figure 5. Variation in %Sfp of flood plain shear with section to section along the converging angle and prismatic channel width.
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Figure 6. Variation in %Sfp of flood plain shear with converging angles for constant relative depth.
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Figure 7. Scatter plot for observed and modeled value of %Sfp.
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6    B. Naik and K. K. Khatua

The variation between the calculated values of (%Sfp) 
for compound channel with converging flood plain using 
Equations (1), (5), and (7) and the corresponding observed val-
ues for all the six types of channels are shown in Figure 7. The 
percentage error in the estimation of (%Sfp) is less for model 
II when compared to the previous models for both Present 
experimental channel as well as Rezaei (2006) channels.

Using the new equation, various conventional methods are 
estimated for the flow cases considered in Present experimental 
channel of Rourkela and Rezaei (2006) channel. The methods 
considered are Khatua et al. (2012), Knight and Hamed (1984), 
Mohanty et al. (2014).The percentage of error in estimating the 
discharge is computed as

 

where Sfpcalc is the estimated discharge, Sfpact is the actual dis-
charge, and N is the total number of data. Figure (8) shows the 
comparison among various methods in Present experimental 
channel of Rourkela and Rezaei (2006) channel cases. In Figure 
8, the New Method appears to be the best method.

5.  Results and discussion

5.1.  Error analysis

To check the strength of the model, error analyses have been 
done. Mean absolute error (MAE), the mean absolute percent-
age error (MAPE), mean squared error (MSE), and the root 
mean squared error (RMSE) for all the converging compound 
channels for different flow conditions have been estimated. The 
definitions of error terms are described below. The detailed 
results of the error analysis have been presented in Table 3. 
The expression used to estimate errors in different forms are

5.1.1.  Mean Absolute Error (MAE)
The Mean Absolute Error has been evaluated as,

 

(14)Mean Absolute Error(%) =
100%

N

|||
||

Sfpcal − Sfpact

Sfpact

|||
||

(15)MAE =
1

n

n∑

i

|
||||

P
i
− O

i

O
i

|
||||

for all converging channels. The variation in %Sfp with differ-
ent converging angles θ for different relative depths are also 
shown in Figure (6), showing an increase of shear force per-
centage carried by flood plains with increase in the overbank 
flow depth. From these graphs we observed that the %Sfp has 
power function with depth ratio (β), linear function with rel-
ative distance (Xr), and converging angle (θ), respectively, as 
presented in Equations (9–11).

By analyzing the above plots, percentages of boundary 
shear stress carried by flood plain region i.e. %Sfp with differ-
ent non-dimensional geometric and hydraulic parameters of 
compound channel with converging flood plain are found to be

 

 

 

These equations (Equations 9–11) show the relation between 
%Sfp with relative depth, converging angle, and relative dis-
tance. From the above graphs (Figure 4–6) it is also seen that R2 
value is very high and varies from 0.95 to 0.99 for each chosen 
functional relationships. Using the above relationships we com-
piled to develop a mathematical model using the regression 
analysis software in Micro Excel tool.

Table 2 represents the result of regression statistics, coeffi-
cients, and intercept from the linear regression analysis. After 
compiling all the equations (Equation 9–11) and unstandard-
ized coefficients of Table 2, a generalized mathematical empir-
ical relation is created and is shown in Equation 12.

 

After simplifying the above equation,
 

Equation (13) represents the final expression of the model.

(9)%Sfp = F1(�) = A( �)0.63

(10)%Sfp = F2

(
X
r

)
= B(X

r
) + C

(11)%Sfp = F3(�) = D(�) + E

(12)
%Sfp = − 22.985 + 0.767

(
F1(�)

)

+ 0.899(F2
(
X
r

)
) + 0.281(F3(�))

(13)%Sfp = 18.505 + 62.140(�)0.631 − 24.42
(
X
r

)
+ 1.38(�)

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

New Method  Khatua et al
Method (2012)

 Knight et al
Method (1984)

Mohanty et al
(2014)

M
ea

n 
iA

bs
ol

ut
e 

E
rr

or
 o

f 
E

st
im

at
ed

 %
S f

p

Figure 8. Mean Absolute Error by standard approaches applied to Present experimental channel data.

Table 2. Unstandardized coefficient and regression statistics.

Coefficients Regression statistics
Intercept −22.985 Multiple R 0.911
β 0.767 R Square 0.831
Xr 0.899 Adjusted R Square 0.826
θ 0.281 Standard error 7.154
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(4) � Different standard models to predict the shear force 
percentage carried by flood plains are applied to the 
present channel and the channels of other investiga-
tors. The present mathematical model presented for 
%Sfp of a converging compound channel gives least 
error when compared with other models applied at 
different reaches of the channels.

(5) � Error analysis in terms of MSE, RMSE, MAE, and 
MAPE are performed for all data series by all the 
models to predict the shear force percentage carried 
by converging flood plains showing the efficacy of 
the present model.
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where Pi = predicted values, Oi = observed values.

5.1.2.  Mean Absolute Percentage Error (MAPE)
MAPE also known as Mean absolute Percentage Deviation. 
It was usually expressed as a percentage, and was defined by 
the formula

 

5.1.3.  Mean Squared Error (MSE)
MSE measures the average of the squares of the errors. It is 
computed as

 

5.1.4.  Root Mean Squared Error (RMSE)
RMSE or Root Mean Squared Deviation is also a measure of the 
differences between values predicted by model or an estimator 
and the actually observed values. These individual differences 
are called as residuals when the calculations are performed 
over the data sample that is used for estimation, and are known 
as estimation errors when computed out of the sample. The 
RMSE is defined as,

 

6.  Conclusions

The following conclusions can be derived from the above 
research presented in this work.

(1) � From the experimental results on converging com-
pound channels, the boundary shear from point to 
point along the wetted perimeter for different sec-
tions along the converging compound channels are 
measured and the distribution of shear force carried 
by flood plains and in main channel perimeters were 
presented.

(2) � In all sections the boundary shear is found to be max-
imum at the middle of main channel and gradually 
decreases towards the interface between the main 
channel and flood plain. At the interface, the bound-
ary shear suddenly falls then it decreases and reaches 
minimum at both the ends of floodplain. This may 
be due to momentum transfer phenomena occurring 
between the main channel and the flood plain.

(3) � The dependency of shear force percentage carried 
by flood plains with five most influencing non-di-
mensional geometric and hydraulic parameters of 
a converging compound channel are evaluated and 
modeled. The %Sfp in converging compound chan-
nel is found to be a non-linear function of all these 
non-dimensional parameters.
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Table 3. Statistical error analysis of different methods.

Statistical parameters

Methods

New Method Khatua et al. Knight et al. method Mohanty et al. method
MSE 28.78119 35.62421 45.33 39.95373
RMSE 5.364811 5.968602 6.73 6.320896
MAE 3.734498 4.759234 5.31 4.746045
MAPE 13.43366 17.19923 21.63 17.4745
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Abstract: The digital image processing has introduced revolutionary developments in research fields like medicine, military, security, 
biometrics, robotics, satellite image processing, digital image compression, digital image enhancement, digital video processing, etc. 
Image enhancement is the predominant fundamental step in the image processing and digital image enhancement creates an image 
which is perceived by human visual system (HVS) in pleasant way. Although tremendous progress has been made in the past years on 
digital image enhancement process but still digital image enhancement is area of concern in the field of digital image processing. In the 
proposed method a non-linear generalized equalization model for image enhancement has proposed by integrating the non linear 
contrast enhancement and white balancing to form a unified algorithm based on the different parameter configurations into 
considerations. An adaptive image enhancement algorithm has been derived which yields good theoretical results based on two 
important histogram transform properties namely contrast gain and non linearity. Finally experimental results shows proposed method 
achieves good performance and low complexity over traditional state of art methods and proposed model is successful in achieving better 
efficiency in terms of tone correction as well as white balancing.     

Keywords: Image enhancement, white balancing, non-linear contrast enhancement, transformation, non linearity 

1. Introduction 

The invention of the computers is the pillar for the modern 
science and technology and digital image is the predominant 
area is also a technology based on computer. Digital image 
processing supports wide range of applications ranging from 
daily needs like mobiles, laptops, photography to high level 
research fields like medicine, satellites, radars, remote 
sensing, Etc.  Digital image processing has ability to process 
the information visualized by human visual system (HVS) 

and daily trillions of new images are generated which needs 
automatic processing, manipulation. 

Acquiring the sensory information using the digital sensors 
is called as digital images, mostly all image acquisition 
devices namely satellites, radars, cameras has one thing in 
common i.e. sensors. As shown in following figure 1.1 the 
acquisition of the object by digital sensors is the initial step 
in the image processing and then digital sensors acquired 
with great speed results in the abnormal content in some 
scenarios which needs processing to perceive the visual 
content by th human visual system in pleasant way.    

Figure 1: Acquisition of sensory information by digital sensors (Digital image) 
  
In 1960’s the processing of the digital image is consider to 

be expensive affair because of the expensive hardware 
included and digital image sensors has witnessed 
revolutionary changes from past few decades and the 
hardware cost has drastically reduced which makes digital 
image processing applicable to wide range of applications 

belongs to different research fields. Digital image processing 
has various advantages over the analog image processing 
which results in the high quality digital images with better 
quality. 
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A. Adaptive Image enhancement 
Acquisition of the digital image is the initial step where the 
quality is decided and the key factor which decides the 
image quality is the environment in which it has acquired. If 
the image has acquired at abnormal lighting conditions then 

it results in the low quality image, if the hand shake has 
occur while acquiring the image then it results in the 
distorted and noisy image. Conversion of the acquired image 
content to better visualized content is technically called as 
adaptive image enhancement.  

  

Figure 2: Adaptive image enhancement  

Digital images acquired by the digital sensors are considered 
as the original images and the content in the acquired 
original images may be in degraded or better visualized. The 
process of transforming the degrade mode of content in 
acquired original image to better understandable image is 
called as image enhancement and image enhancement 
process uses different approaches as filtering approaches, 
frameworks, algorithms  in order to get the clarity in the 
images which are often corrupted by the noise, blur and 
artifacts. 

The digital image examination is done in accurate manner 
by histogram and enhancement process first uses the 
histogram before perform any task of image enhancement 
which helps in yielding the better quality image. The X-axis 
and Y-axis of the histogram represents the 0 to 255 (on X-
axis) and number of pixels (Y-axis). The most popular 
enhancement schemes are contrast enhancement and 
filtering. 

The satisfactory factors which predicts the quality of the 
image relies on adverse factors like abnormal lighting 
conditions as seen in the evening time, capturing device 
failure etc. These types of conditions results in the low 
quality image and in some conditions degraded image will 
be the outcome. So the undesirable image content either by 
environmental issues or manmade errors which is 
technically called as aesthetic and pragmatic needs 
enhancement process to make the undesirable form of 
content to understandable form of content. Image 
enhancement schemes are already in usage in various 
imaging devices for better tone mapping and in the end all 
this process is performing to provide better visualized 
content to the human visual system. 

When the image is acquired by using digital sensors then the 
resultant raw image with big bit length makes it 
incompatible to be displayed in normal displays and this 
problem is analyzed in early ages of digital image 
processing. After research for decades the problem is 
resolved by using popular techniques namely gamma 
correction which makes raw format of image to display on 
the normal displays by using suitable dynamic range.  

2. Problem Statement 

Adaptive image enhancement is an important digital image 
processing aspect which helps to solve various issues occurs 
in the real time in many research fields. Although 
tremendous has been registered in the past two decades to 
get high quality images but still acquiring the original image 
is a area of concern and image enhancement needs more 
attention to get suitable image with substantial content 
which is visualized in better way by human visual system. 

In this work generalized image enhancement model is 
proposed to tackle the drawbacks like color consistency, 
tone correction, abnormal lighting conditions, imaging 
system failure, etc. 

Traditional image enhancement algorithms are relied on 
single framework based which fails to meet the practical 
requirements in terms of producing better quality with good 
tonal correction for human perception.  

An integrated image enhancement model namely 
generalized image enhancement model is designed by 
integrate the non-linear white balance and contrast 
enhancement into unified framework based on the convex 
programming. The proposed uses different parameters of 
various enhancement techniques into consideration to create 
a meaningful joint strategy image enhancement model and 
finally extensive experimental results show the effectiveness 
of the proposed over traditional image enhancement 
techniques. Finally the computational complexity is also 
analyzed.  
  
3. Aim and Objectives 

A. Aim 
The main aim of the project is to create adaptive enhanced 
image content by enhancing the undesirable image using the 
generalized equalization model 

B. Objectives 
 Initial step is to establish the generalized equalization 

model for adaptive image enhancement by properly 
analyzing the relationship between the image histogram 
and contrast 
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 Acquisition of the image by cost effective imaging devices 
results in undesirable form of images and usage of 
imaging model along with the linear transform mechanism 
maps the image into ideal from original (White balancing) 

 Restoring the degraded mode information to better 
visualized information is done by using the contrast 
enhancement 

 A unified model is proposed in this work by taking 
different parameters such as non linearity, tone distortion, 
etc belongs to various image enhancement techniques. 

 Integration of non-linear contrast enhancement and white 
balancing approaches are done by using the convex 
programming  

4. Literature Review 

In this chapter, a brief description of adaptive image 
enhancement works by some prominent authors is presented. 
Finally tabular column is presented to give the information 
about the parameters and limitations about the works 
discussed here.  

A. A new image enhancement algorithm which deals with 
dark regions and edges are proposed by ADIN RAMIREZ 
RIVERA, BYUNGYONG RYU, AND OKSAM CHAE in 
the year 2012 [1]. Generally when the images are captured 
in abnormal lighting conditions it results in the dark images 
which has tiny amount of brightness. The intention of the 
method is to preserve flat regions information by 
smoothness, gradient (edge) sharpening and enhancing dark 
regions. The outcome of this work is to maximum 
enhancement by adaptively creating mapping functions 
producing the ad hoc transformation to every individual 
image.  

B. A non linear transform based color image enhancement 
approach is proposed by DEEPAK GHIMIRE AND 
JOONWHOAN LEE in the 2011 [2]. RGB color space is the 
basic color space for color images but RGB color space 
won’t accept any changes in terms of brightness and angle. 

In this work for processing the image to create th meaningful 
enhanced image RGB to HSV color space is done. Here the 
enhancement process is carried on color image and 
processing of the color image is based on the HSV (hue 
saturation value) and in this work illuminance component V 
of the HSV color space is the key component for image 
enhancement and remaining two components of the H and S 
are kept unchanged.  

C. Multiscale retinex image enhancement scheme based on 
fusion approach for color restoration is proposed by 
SUDHARSAN PARTHASARATHY, PRAVEEN 
SANKARAN  in the year 2012 [3].  Generally cost effective 
imaging systems captured images are low in quality and the 
display won’t display the image in reliable way. Multi scale 

retinex algorithm has two important steps to enhance the 
image based on contrast parameter, in the initial step gain 
values of each and every pixel is taken into consideration 
and in the latter step the background power consumption is 
minimized for better visualization of the image. Displays 
like organic light emitting diode (OLED) uses the multi 
scale retinex algorithm for good quality of vision and the 

entire process is automatically carried on by automatic 
computer vision system. Adaptive image enhancement is an 
important step in the situation where the image is captured 
by cost effective imaging systems results in abnormal 
images.  

5. Proposed Methodology 

5.1 Initialization 

The image representation is done in two ways (i) Two 
dimensional image representation where content can be 
perceived by the human visual system (ii) Representing the 
digital image content in graphical way for better analysis of 
pixel statistics in the form of bars (technically called bins). 
In order to process the digital image which in degraded way 
both representations are taken into consideration for 
providing more enhanced image in accurate manner. In 
literature wide range of works have reported on adaptive 
image enhancement based on fuzzy, filters, algorithms, and 
transforms, but hardly these approaches are succeed to attain 
enhanced image in approximate manner. 

An adaptive image enhancement approach is presented in 
this paper to attain good image enhancement for better 
perception of content in the digital image. Initially a 
relationship between the non-linear image contrast and 
histogram is analyzed to establishing the proposed model 
namely generalized image enhancement model. In proposed 
model a series of mathematical functions and definitions are 
proposed for analyzing non linearity, tone distortion and 
context free contrast. All parameters relationships are taken 
into considerations based on the different parameters in the 
joint model. The proposed non-linear generalized 
equalization model combines the all histogram based toned 
mapping algorithms and the generalized algorithm based on 
convex programming and joint strategy of white balancing 
and non-linear contrast. Both white balancing image 
enhancement method and adaptive contrast enhancement are 
unified for the creation of the generalized equalization 
model 

Figure 3:  Representation of Traditional enhancement 
strategy 
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Figure 4: Representation of adaptive enhancement strategy 

5.2 White balancing 

RGB color space is considered as the primary source to 
notate the color image. The acquisition of the digital image 
by using cost effective digital sensors in abnormal lighting 
conditions results in color bias. Color bias is referred as the 
problem of leaning one of the primary colors into another 
and when it happens it results in the evolution of the new 
color i.e. secondary color. To create the good correlations 
between the primary colors is the primary task accomplished 
by estimating the light source and once th creation of the 
good correlation between the primary colors fails then linear 
transform is vividly applied on the image to map the first 
image.     

5.3 Non-linear contrast enhancement  

Digital image processing is combination of many 
fundamental steps and image restoration is the one of the 
important which is still considered as the area of concern in 
the field of digital image processing. 

As reported in the literature image restoration process is 
carried on based on the contrast enhancement algorithms. 
Restoration process recovers original image information 
from degraded media. Among all reported contrast 
enhancement approaches global histogram equalization is 
the popular choice for image restoration. Other contrast 
enhancement approaches include as follows 
(a) Local histogram equalization 
(b)  Spatial filtering image enhancement 
(c)  Texture synthesis approach 
(d) Transform based methods 

5.4 Histogram Based Analysis (White Balancing) 

Image enhancement has prominent role in all image 
processing applications and white balancing is popular 
mechanism. The key factors in histogram based analysis in 
terms of white balancing are color constancy and 
relationship establishment. Color constancy approach in 
traditional focus on the leaning based systems while white 
balancing focus on low level approach.  

The digital image expressed by suing Lambertian surface 
model is as follows     

                        (1) 

The above expression consists of for imporatnt parameters 
which helps in image enhancement process namely visble 

light wavelength represented byby , surface reflectance is 
represented by. , light source representation is by 
and finally  represents the camera sensitivity. The image 
in the Lambertian surface model is represented in the RGB 
color space which helps in estimating the light sources 
which is totally different from the paper work. The RGB 
color space consist of three channels and another widely 
acceptance approach for color constancy is gray world 
hypothesis which assumes average reflectance. Finally both 
these assumptions are unified as follows 

                              (2) 

The left side of the expression 2 can be rewritten based on 
the image histogram viewpoint as 

                        (3) 

The connection between the histogram and white balancing 
sis notated by the expression 3 and the resultant image is as 
follows  

                    (4) 

Finally the resultant of the white balancing in terms of image 
histogram is denoted by   and   is computed as follows  

                            (5) 

Th white balancing image enhancement process is linear in 
approach results in the good quality image but fails to give 
original content as output image. The usage of the linear 
transformation is the key factor in the white balancing 
process. In the latter section analytical differences between 
the contrast enhancement and white balancing are displayed 
based on the linear transformations 

5.5 Histogram Based Analysis (Adaptive Contrast 
Enhancement) 

Contrast and brightness are two key factors for practical 
visualization 2D signal to human visual system as image. 
After white balancing in terms of histogram, contrast 
enhancement is popular image enhancement mechanism 
which has wide range varieties.  

The representation of the context free contrast is as follows 
                                      (6) 

The contrast enhancement definition allows to achieve 
maximum contrast levels by binary image, minimizes the 
contrast as zero when the image is taken as constant. The 
achieved contrast levels are represented as follows  

(7) 

Where the first constraint makes sure that the output image 
still has a suitable dynamic range and the second constraint 
denotes the minimum distance between adjacent gray levels 
as d. 

                              (8) 
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Here C ,is a constant. Eq. (8) also gives a relationship 
between histogram and the distance between adjacent 
intensity levels, as following shows 

                              (9) 

According to (8), (9), histogram equalization is equivalent to 
solving following optimization problem 

,                       (10) 

The performance of histogram equalization is not optimal in 
most situations. The essential reason for its limited 
performance is the questionable assumption that the 
histogram of ideal image obeys uniform distribution. To get 
better equalization result, we need to find a better 
distribution which is a big challenge. Recently, some 
adaptive histogram equalization methods are pro-posed but 
gave neither a clear definition of contrast nor an explicit 
objective function of contrast enhancement like (7), (10) 
shows. A common feature of all the enhancement methods 
mentioned above is that the transform of histogram is non-
linear, which is different from white balancing.  

5.6 Proposed Method 

The aims of establishing the non-linear generalized 
equalization model include: 1) giving a unified explanation 
to white balancing problem and contrast enhancement 
problem; 2) providing an explicit objective function for 
these two problems and proposing a joint algorithm for 
them; 3) controlling the performance of the algorithm by as 
few parameters as possible. The proposed model is inspired 
by (7), (10). Although (7),(10) seem to be very different, if 
we regard the order of and 

Both (10) and (7) have interesting relationships with (11) 

According to the analysis above, (11) provides a reasonable 
and unified definition with the objective function of contrast 
enhancement. We will further take white balancing into the 
model. Based on (4), (11), we formulate the generalized 
equalization model mathematically as follows 

                  (13) 

However, separate nonlinear transform of histograms of 
three channels may cause tone distortion. In the next section, 
we will theoretically prove that the proposed method, with a 
suitable configuration of parameters, can achieve a best 
trade-off between contrast enhancement and tone 
adjustment. 

6. Results and Analysis 
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Figure 2: Adaptive image enhancement by non-linear 
generalized equalization model (Horse image) 

Elapsed time is 0.366000 seconds 

7. Conclusion 

Adaptive image enhancement is the fundamental step in the 
image processing to get better understandable image from 
low quality degraded mode. In this paper a novel image 
enhancement method based on generalized model is 
proposed based on image histogram and contrast 
relationship. Finally the experimental results conclude that 
integration of the non-linear contrast enhancement and white 
balancing results in the better quality image which can 
perceived by the human visual system in pleasant way. In 
this model different adaptive image enhancement methods 
are unified to yield the better image with low complexity 
and high performance than the traditional enhancement 
algorithms. 
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Abstract:- The selective use of carry-save 
arithmetic, where appropriate, can accelerate a 
variety of arithmetic-dominated circuits. Carry-
save arithmetic occurs naturally in a variety of 
DSP applications, and further opportunities to 
exploit it can be exposed through systematic 
data flow transformations that can be applied by 
a hardware compiler. Field-programmable gate 
arrays (FPGAs), however, are not particularly 
well suited to carry-save arithmetic. To address 
this concern, we introduce the “field 
programmable counter array” (FPCA), an 
accelerator for carry-save arithmetic intended 
for integration into an FPGA as an alternative to 
DSP blocks. In addition to multiplication and 
multiply accumulation, the FPCA can accelerate 
more general carry-save operations, such as 
multi-input addition (e.g., add integers) and 
multipliers that have been fused with other 
adders. Our experiments show that the FPCA 
accelerates a widervariety of applications than 
DSP blocks and improves performance, area 
utilization, and energy consumption compared 
with soft FPGA logic. 

Index Terms—Carry-save arithmetic, field-
programmable gate array (FPGA), 

I. INTRODUCTION 

 Modern embedded systems target high-
end application domains requiring efficient 
implementations of computationally intensive 
digital signal processing (DSP) functions. The 
incorporation of heterogeneity through 
specialized hardware accelerators improves 

performance and reduces energy consumption 
[1]. Although application-specific integrated 
circuits (ASICs) form the ideal acceleration 
solution in terms of performance and power, 
their inflexibility leads to increased silicon 
complexity, as multiple instantiated ASICs are 
needed to accelerate various kernels. Many 
researchers have proposed the use of domain-
specific coarse-grained reconfigurable 
accelerators in order to increase ASICs’ 
flexibility without significantly compromising 
their performance.  
 High-performance flexible data paths 
have been proposed to efficiently map primitive 
or chained operations found in the initial data-
flow graph (DFG) of a kernel. The templates of 
complex chained operations are either extracted 
directly from the kernel’s DFG or specified in a 
predefined behavioral template library. Design 
decisions on the accelerator’s datapath highly 
impact its efficiency. Existing works on coarse-
grained reconfigurable datapaths mainly exploit 
architecture-level optimizations, e.g., increased 
instruction-level parallelism (ILP) . The 
domain-specific architecture generation 
algorithms of [5] and [9] vary the type and 
number of computation units achieving a 
customized design structure. The flexible 
architectures were proposed exploiting ILP and 
operation chaining. Recently aggressive 
operation chaining is adopted to enable the 
computation of entire sub expressions using 
multiple ALUs with heterogeneous arithmetic 
features. 
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 The aforementioned reconfigurable  
architectures exclude arithmetic  optimizations 
during the architectural synthesis and consider 
them only at the internal circuit structure of 
primitive components, e.g., adders, during the 
logic synthesis . However, research activities  
have shown that the arithmetic optimizations at 
higher abstraction levels than the structural 
circuit one significantly impact on the datapath 
performance. In [10], timing-driven 
optimizations based on carry-save (CS) 
arithmetic were performed at the post-Register 
Transfer Level (RTL) design stage. In [11], 
common subexpression elimination in CS 
computations is used to optimize linear DSP 
circuits. Verma et al. [12] developed 
transformation techniques on the application’s 
DFG to maximize the use of CS arithmetic prior 
the actual datapath synthesis. The 
aforementioned CS optimization approaches 
target inflexible datapath, i.e., ASIC, 
implementations. Recently, a flexible 
architecture combining the ILP and pipelining 
techniques with the CS-aware operation 
chaining has been proposed. However, all the 
aforementioned solutions feature an inherent 
limitation, i.e., CS optimization is bounded to 
merging only additions/subtractions. A CS to 
binary conversion is inserted before each 
operation that differs from addition/subtraction, 
e.g.,multiplication, thus, allocating multiple CS 
to binary conversions that heavily degrades 
performance due to time-consuming carry 
propagations. 

 In this brief, we propose a high-
performance architectural scheme for the 
synthesis of flexible hardware DSP accelerators 
by combining optimization techniques from 
both the architecture and arithmetic levels of 
abstraction. We introduce a flexible datapath 
architecture that exploits CS optimized 
templates of chained operations. The proposed 
architecture comprises flexible computational 
units (FCUs), which enable the execution of a 
large set of operation templates found in DSP 
kernels. The proposed accelerator architecture 
delivers average gains in area-delay product and 

in energy consumption compared to state-of-art 
flexible datapaths , sustaining efficiency toward 
scaled technologies. 

II. Carry-Save Arithmetic: Motivational 
Observations and Limitations 

 CS representation  has been widely used 
to design fast arithmetic circuits due to its 
inherent advantage of eliminating the large 
carry-propagation chains. CS arithmetic 
optimizations rearrange the application’s DFG 
and reveal multiple input additive operations 
(i.e., chained additions in the initial DFG), 
which can be mapped onto CS compressors. The 
goal is to maximize the range that a CS 
computation is performed within the DFG. 
However, whenever a multiplication node is 
interleaved in the DFG, either a CS to binary 
conversion is invoked  or the DFG is 
transformed using the distributive property . 
Thus, the aforementioned CS optimization 
approaches have limited impact on DFGs 
dominated by multiplications, e.g., filtering DSP 
applications. 

  In this brief, we tackle the 
aforementioned limitation by exploiting the CS 
to modified Booth (MB) recoding each time a 
multiplication needs to be performed within a 
CS-optimized datapath. Thus, the computations 
throughout the multiplications are processed 
using CS arithmetic and the operations in the 
targeted datapath are carried out without using 
any intermediate carry-propagate adder for CS 
to binary 
conversion, thus improving performance. 

III. Proposed Flexible Accelerator 

 The proposed flexible accelerator 
architecture is shown in Fig. 1. Each FCU 
operates directly on CS operands and produces 
data in the same form1 for direct reuse of 
intermediate results. Each FCU operates on 16-
bit operands. Such a bit-length is adequate for 
the most DSP datapaths , but the architectural 
concept of the FCU can be straightforwardly 
adapted for smaller or larger bit-lengths. The 
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number of FCUs is determined at design time 
based on the ILP and area constraints imposed 
by the designer. The CStoBin module is a 
ripple-carry adder and converts the CS form to 
the two’s complement one. 

  The register bank consists of scratch 
registers and is used for storing intermediate 
results and sharing operands among the FCUs. 
Different DSP kernels (i.e., different register 
allocation and data communication patterns per 
kernel) can be mapped onto the proposed 
architecture using post-RTL datapath 
interconnection sharing techniques. 

  The control unit drives the overall 
architecture (i.e., communication between the 
data port and the register bank, configuration 
words of the FCUs and selection signals for the 
multiplexers) in each clock cycle. 

 

A. Structure of the Proposed Flexible 
Computational Unit 

 The structure of the FCU (Fig. 2) has 
been designed to enable high-performance 

flexible operation chaining based on a library of 
operation templates. Each FCU can be 
configured to any of the T1–T5 operation 
templates shown in Fig. 3. The proposed FCU 
enables intratemplate operation chaining by 
fusing the additions performed before/after the 
multiplication &performs any partial operation 
template of the following complex operations: 

W* = A × (X* + Y*) + K*  (1) 

W* = A × K* + (X* + Y*)  (2) 

 

 The following relation holds for all CS 
data: X* = { XC, XS} =  XC + XS. The operand A 
is a two’s complement number. The alternative 
execution paths in each FCU are specified after 
properly setting the control signals of the 
multiplexers MUX1 and MUX2 (Fig. 2). The 
multiplexer MUX0 outputs Y* when CL0 = 0 
(i.e., X* + Y* is carried out) or Y* when X* − 
Y* is required and CL0 = 1. The two’s 
complement 4:2 CS adder produces the N* = X* 
+ Y* when the input carry equals 0 or the N* = 
X* − Y* when the input carry equals 1. The 
MUX1 determines if N* (1) or K* (2) is 
multiplied with A. The MUX2 specifies if K* 
(1) or N* (2) is added with the multiplication 
product. The multiplexer MUX3 accepts the 
output of MUX2 and its 1’s complement and 
outputs the former one when an addition with 
the multiplication product is required (i.e., CL3 
= 0) or the later one when a subtraction is 
carried out (i.e., CL3 = 1). The 1-bit ace for the 
subtraction is added in the CS adder tree. 
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  The multiplier comprises a CS-to-MB 
module, which adopts a recently proposed 
technique to recode the 17-bit P* in its 
respective MB digits with minimal carry 
propagation. The multiplier’s product consists 
of 17 bits. The multiplier includes a 
compensation method for reducing the error 
imposed at the product’s accuracy by the 
truncation technique. However, since all the 
FCU inputs consist of 16 bits and provided that 
there are no overflows, the 16 most significant 
bits of the 17-bit W* (i.e., the output of the 
Carry-Save Adder (CSA) tree, and thus, of the 
FCU) are inserted in the appropriate FCU when 
requested. 

B. DFG Mapping Onto the Proposed FCU-
Based Architecture 

 In order to efficiently map DSP kernels 
onto the proposed FCU-based accelerator, the 
semiautomatic synthesis methodology  has been 
adapted. At first, a CS-aware transformation is 
performed onto the original DFG, merging 
nodes of multiple chained additions/subtractions 
to 4:2 compressors. A pattern generation on the 
transformed DFG clusters the CS nodes with the 
multiplication operations to form FCU template 
operations (Fig. 3). The designer selects the 
FCU operations covering the DFG for 
minimized latency. Given that the number of 
FCUs is fixed, a resource-constrained 
scheduling is considered with the available 
FCUs and CStoBin modules determining the 
resource constraint set. The clustered DFG is 
scheduled, so that each FCU operation is 
assigned to a specific control step. A list-based 
scheduler has been adopted considering the 
mobility2 of FCU operations. The FCU 
operations are scheduled according to 
descending mobility. The scheduled FCU 
operations are bound onto FCU instances and 
proper configuration bits are generated. After 
completing register allocation, a FSM is 
generated in order to implement the control unit 
of the overall architecture. 

 

(A)    (B)                      

Fig.4. Typical chaining of addition–
multiplication–addition operations   reflecting 
T1 template of Fig. 3. Its design is based on (A) 
CS optimizations with multiplication 
distribution (B) incorporating the CS-to-MB 
recoding concept. 

IV. SIMULATION RESULTS 

 

FIG.5 RTL  
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FIG.6 Output Waveform 

V. CONCLUSION 

 In this brief, we introduced a flexible 
accelerator architecture that exploits the 
incorporation of CS arithmetic optimizations to 
enable fast chaining of additive and 
multiplicative operations. The proposed flexible 
accelerator architecture is able to operate on 
both conventional two’s complement and CS-
formatted data operands, thus enabling high 
degrees of computational density to be achieved. 
Theoretical and experimental analyses have 
shown that the proposed solution forms an 
efficient design tradeoff point delivering 
optimized latency/area and energy 
implementations. 
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a b s t r a c t

The ultra fine particles of the cobalt substituted lithium ferrites with the formula [Li0.5Fe0.5]1�xCoxFe2O4

(0.0rxr1.0) were synthesized by low temperature citrate-gel auto combustion method. Structural
characterization of the samples was carried out using XRD studies and FESEM (Field Emission Scanning
Electron Microscopy) analysis. XRD studies confirms the formation of single phased spinel structure with
crystallite size in the range of 36–43 nm. The M–H loops have been traced using Vibrating Sample
Magnetometer (VSM) for all the compositions at room temperature and hysteresis parameters were
evaluated. The hysteresis loops of the prepared samples show clear saturation at an applied field of
720 k Oe and the loops were highly symmetric in nature. The dielectric parameters such as dielectric
constant (ε'), dielectric loss tangent (tan δ) of the samples were studied as a function of frequency in the
range of 20 Hz to 2 MHz at room temperature using LCR Meter. The dielectric constant and loss tangent
of the samples show a normal dielectric behavior with frequency which reveals that the dispersion is due
to the Maxwell-Wagner type interfacial polarization and hopping of electrons between the Fe2þ and
Fe3þ ions.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nano crystalline spinel ferrites have been the subject of interest
for many researchers due to their enhanced optical, structural,
electrical and magnetic properties, when compared with their
bulk counterparts. These properties of nano particles make them
desirable for a variety of applications such as in electronics, optical
devices, magnetic storage devices, coolants, MLCI applications [1].
Nano crystalline magnetic ferrites are also used as permanent
magnets in many devices instead of pure metals because of their
high resistivity, low eddy current loss, low magnetic loss and low
cost. According to the crystal structure, spinel ferrites possess
AB2O4 type crystal structure with tetrahedral (A) sites and octa-
hedral (B) sites. They show various magnetic properties depending
on their composition and cation distribution on the two sites.
Various metal cations occupied in tetrahedral site and octahedral
site tune the magnetic and dielectric properties of ferrites. De-
pending on occupancy of tetrahedral and octahedral sites, ferrites
exhibit ferri-magnetic, anti-ferromagnetic, spin clusters and
paramagnetic behavior [2]. Hence, many researchers have focused

on investigating the effect of transition metal ion doping in the
spinel ferrite crystal lattice.

Various properties of ferrites suchas magnetic and electrical
properties depend on their microstructure which is determined by
various factors. They are quality of the raw materials used, sin-
tering temperature, sintering time and the materials composition.
The microstructure of the material developed during sintering is
determined by particle size, shape, porosity, agglomeration, che-
mical and phase composition which are closely related to the
processing technique [3].

Lithium and substituted lithium ferrites are promising materi-
als for the microwave device applications since they are less sen-
sitive to the stress and possess high Curie temperature (Tc). Li-
thium ferrites are used in microwave devices such as isolators,
circulators, gyrators and phase shifters. They play a vital role in
microwave latching devices, magnetic switching circuits. They can
also be used as cathode materials in lithium batteries. Many re-
searchers have reported the effect of magnetic and non-magnetic
substitutions in lithium ferrites on their various properties [4–5].

The applications of lithium ferrites were restricted due to the
difficulties experienced in sintering the prepared samples at the
high temperatures. The irreversible loss of lithium and oxygen
during sintering was the main cause that made lithium ferrites
difficult to synthesize [6]. Spinel Ferrites can be synthesized by
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various techniques viz., standard Ceramic method [7], Chemical
co-precipitation method [8], Solid state reaction [9], Hydrothermal
process [10], Micro-emulsion method [11] and sol–gel method
[12].

The ceramic method has some inherent drawbacks such as,
Poor compositional control, Chemical inhomogeneity, Coarse par-
ticle size, Introduction of impurities during grinding and requires
high temperature (41000 °C). By using various wet chemical
routes such as co-precipitation, sol–gel, freeze drying, spray drying
etc. the particle size can be brought down at lower temperature
compared to ceramic technique. These wet chemical methods are
reproducible, low cost and requires low temperature. In the recent
years, sol–gel method is the most effective method for the
synthesis of pure and homogeneous nanoparticles at relatively low
temperatures due to its potential to produce relatively large
quantities of final product at low cost as compared to other che-
mical processes [13].

In the sol–gel auto combustion reaction method, if the organic
fuel used is Citric acid, the method is called citrate-gel auto
combustion method. In this method the citrate precursors de-
compose at temperature less than 500 °C and hence it has been
possible to prepare spinel ferrites at relatively low temperatures
by this method [14].

Hence, it is clear that the citrate sol–gel auto combustion
method provides an easy alternative for the synthesis of lithium
nano crystalline ferrites at low temperature sintering itself [15].

The magnetization studies were useful in understanding the
arrangement of spins and the distribution of magnetic cations in
the sub-lattice. It is a well known fact that the properties of the
spinel ferrites were also sensitive to the presence of doped cations
and amount of doping. The substitution of small amount of im-
purities changes the electrical and magnetic properties of ferrites.
The modifications in the properties of lithium ferrites by the
substitution of different ions have been studied by various re-
searchers [16–17]. The authors have assumed that the substitution
of non-magnetic lithium ion with magnetic cobalt ion may result
in improvement of their magnetic and electrical properties.
Moreover, there are very few reports on the synthesis and prop-
erties of single phased cobalt substituted lithium nano crystalline
ferrite particles by the citrate gel auto-combustion method.

The present study reports the synthesis of nano crystalline
cobalt substituted lithium ferrites using low temperature citrate-
gel auto combustion method. Characterization, magnetic and di-
electric properties of the prepared ferrites were also discussed in
the present article.

2. Experimental technique

The properties of ferrites are profoundly influenced by the
preparation conditions. Nano crystalline cobalt substituted lithium
ferrites with the chemical formula [Li0.5Fe0.5]1�xCoxFe2O4

(0.0rxr1.0) were prepared by low temperature auto-combus-
tion method. The synthesized ferrite samples were characterized
by X-ray diffraction studies using Philips X-ray diffractometer
(3710). The surface morphology of the samples was studied by
Field Emission Scanning Electron Microscope (FE-SEM model-JSM-
7610F).

The magnetic properties of the synthesized samples were
measured by using Vibrating Sample Magnetometer (VSM, Model-
155) and dielectric properties were measured by using Agilent
E4980 LCR meter.

The starting materials used for the synthesis of Li–Co ferrites
under investigation are Ferric nitrate–Fe(NO3)29H2O, Cobalt
nitrate–Co(NO3)26H2O, Lithium nitrate–LiNO3, Citric acid
C6H8O7.H2O and Ammonia solution–NH3. All the raw materials

used are 99.0% pure (Sigma Aldrich Company) and are used
without any further purification.

Li–Co ferrite samples with desired composition were synthe-
sized using citrate-gel auto combustion method. The detailed flow
chart for this method was explained in our earlier publication [18–
19]. Calculated quantities of above mentioned metal nitrates were
dissolved in double distilled water and required amount of aqu-
eous citric acid solution was added that acts as orgamic fuel. The
mixture was placed on a magnetic stirrer for thorough stirring to
get a homogeneous solution. Ammonia solution was added to this
nitrate-citrate mixture to adjust the pH to 7. The mixed solution
was heated on a magnetic hot plate at about 100 °C with uniform
stirring and was evaporated to obtain a highly viscous gel de-
scribed as precursor. The resultant gel was further heated on a hot
plate maintained in a temperature range of 180–200 °C. Finally,
when all water molecules were removed from the mixture, the
viscous gel began rising with sodt mass. The gel gave a fast fla-
meless self ignited combustion reaction with the evolution of large
amounts of gaseous products. It started in the hot portion of the
beaker and propagated from the bottom to the top like a volcanic
eruption. The reaction was completed in a minute giving rise to
dark gray product. The synthesized powders were sintered at
500 °C for 4 h in air at a slow heating rate of 5 °C/min and then
furnace was cooled to room temperature. The cooled samples
were ground using mortar and pestle for getting fine powdered
samples.

The resulting samples were used for structural characterization
using x-ray diffraction studies. Part of the prepared samples was
x-ray examined by X-ray diffractometer using Cu-Kα radiation of
wavelength (λ) 1.5405 Å with a scanning step increment of 0.02
and scanning rate of 2 °/min. The x-ray generator was operated at
40 kV and 30 mA. A specially designed silicon sample was used as
the instrumental standard. The crystallite size (D) of the prepared
samples has been estimated from the full-width half maxima
(FWHM) of the strongest reflection of the plane (311) using Debye
Scherer’s formula as mentioned below

λ
β θ

=
( )

D
0.91

cos 1

where β is the full width at half maximum and θ is the diffraction
angle.

The disc shaped pellets of the ferrite samples with 13 mm
diameter and 2 mm thickness were prepared by applying a pres-
sure about 39.23�103 Pa. The measured density ‘ρm’ was calcu-
lated by the following expression [20],

ρ = ( )
M
V 2m

where ‘M’ is the mass of the pellet that was determined using a
digital balance, and ‘V’ is the volume of the pellet.

The specific surface area of the prepared samples was calcu-
lated from the following relation [21].

ρ
=

( )
S

D
6000

3m

where D is the crystallite size and the ρm is the measured density.
The FE scanning electron microscope (FE-SEM) is a very useful

tool for high-resolution surface imaging in the fields of nanoma-
terials science. Electron microscopes use a beam of highly en-
ergetic electrons to probe objects on a very fine scale. In standard
electron microscopes, electrons are mostly generated by “heating”
a tungsten filament (electron gun). On the other hand, in a field
emission (FE) electron microscope, no heating but a so-called
“cold” source is employed. The FE source reasonably combines
with scanning electron microscopes (SEMs) whose development
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has been supported by advances in secondary electron detector
technology. The electron beam produced by the FE source is about
1000 times smaller than that in a standard microscope with a
thermal electron gun. Hence, the image quality of the prepared
samples was markedly improved [22].

The magnetic properties of the prepared Li–Co ferrite samples
as a function of composition at 300 K were determined using a
Vibrating Sample Magnetometer (VSM) at a maximum field of
20 kOe. Various magnetic parameters were measured from the
hysteresis loops obtained from the VSM measurements.

The experimental magnetic moment per formula unit mexp

expressed in Bohr Magneton (mB) can be calculated using the fol-
lowing formula [23].

= ( )m
M M
5585 4

w s
exp

where Mw is the molecular weight of the sample and Ms is the
saturation magnetization in emu/g.

The magnetic anisotropic constant (K) can be related to the
saturation magnetization (Ms) and magnetic coercivity (Hc) [24] as,

= ( )K
M H
0.96 5

s c

To measure the dielectric properties, samples should be in the
form of pellet, and these pellets were silver pasted for good ohmic
contact, calcinated at 500 °C for 4 h at a heating rate of 4 °C/min.
Using LCR meter, capacitance (c) and tan δ (loss tangent) of the
pellets were measured directly from the instrument. By using this
data, dielectric constant (ε‘) of the prepared samples can be cal-
culated using the following formula [25].

ε
ε

= ′ =
( )

cd
A

Real part of dielectric constant
60

ε ε δ= ″ = ′ ( )Imaginary part of dielectric constant tan 7

Where ‘c’ is the capacitance, ‘d’ is the thickness and ‘A’ is the
area of cross section of the pellet, ε0 is the permittivity of free
space. From these values, one can analyze the variation of di-
electric constant (ε‘) and dielectric loss tangent (tan δ) with re-
spect to frequency and composition.

3. Results and discussions

3.1. XRD studies

The X-ray diffraction analysis is a powerful non-invasive tech-
nique for characterizing crystal structure of the materials. Thus, in
order to investigate the phase formation and micro structure, the
XRD analysis was carried out on the synthesized samples. X-ray
diffraction pattern of the prepared samples was shown in Fig. 1.

All Bragg’s reflections have been indexed as (111), (220), (311),
(400), (511) and (440) which confirmed the formation of well-
defined single phased cubic spinel structure that belongs to the
space group Fd3m with JCPDS card number 00-013-0207 without
any impurity peak. The strongest reflection was observed from the
(311) plane that indicates the spinel phase. Crystallite size and
specific surface area of the nano crystalline Li–Co ferrite samples
were calculated using the relations (1) and (2) and summarized in
the Table 1.

From the table, it is observed that the average crystallite size of
the prepared samples was in the range of 36–43 nm and specific
surface area of the prepared samples was in the range of
31–36 m2/gm which shows the nano crystalline nature of the
prepared samples. The specific surface area of the prepared ferrites

is the aggregation of the areas of the exposed surfaces of the fer-
rite particles present per unit mass. Crystallite size and the surface
area are inversely proportional to each other and is evident from
the Table 1. Lesser the crystallite size larger is the surface area of
the ferrites which results in the improvement of their properties.

3.2. FE-SEM analysis

The structural morphology of prepared ferrite samples was
studied using FE-SEM. The FE-SEM images of the samples were
shown in Fig. 2. The average particle size of all the ferrite com-
positions calculated from FESEM images was in the range of 78–
87 nm as depicted in Table 1. It is clear that the average grain size
of the various ferrite compositions obtained from FESEM is larger
than the crystallite size of the samples as calculated using XRD
analysis (Table 2). This fact suggests that each grain is the resultant
of agglomeration of number of nanocrystals. The micrographs
show the agglomerated grainy structure with clusters of fine
particles clinging together. The morphology of surface is almost
uniform and regular having cubical to nearly spherical shaped
particles. Such morphology of the samples demonstrates the fine
particle nature.

3.3. Magnetic measurements

The room temperature magnetization measurements were
carried out using Vibrating Sample Magnetometer. For the mag-
netic measurements, the ferrite samples were made in the form of
pellets and were subjected to calcination at 500 °C for 4 h at a
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Fig. 1. XRD pattern of [Li0.5Fe0.5]1�xCoxFe2O4 ferrites with x¼0.0–1.0.

Table 1
Crystallite size, Surface area of the prepared nano crystalline Li–Co ferrites.

Composition Crystallite size
(D) (nm)

Average grain size (nm)
from FESEM
micrograph

Surface area S
(m2/gm)

Li0.5Fe2.5O4 41.90 78 33.45
Li0.4 Co0.2Fe2.4O4 43.01 85 31.99
Li0.3 Co0.4Fe2.3O4 38.44 79 35.63
Li0.2 Co0.6Fe2.2O4 37.57 87 36.05
Li0.1 Co0.8Fe2.1O4 37.06 84 35.58
CoFe2O4 36.90 86 34.81
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heating rate of 4 °C/min. Hysteresis loops obtained from VSM for
all the compositions of Li–Co ferrites were shown in Fig. 3 which
show the dependence of Magnetization values (M) on the applied
magnetic field (H).

Various magnetic parameters measured from the hysteresis
loops are Saturation Magnetization – Ms (Maximum value of
magnetization), Remanance Magnetization – Mr (Magnetization at
Zero field), Coercivity – Hc (magnetic field required to reduce the
magnetization of that material to zero after the magnetization of
the sample has been driven to saturation). These Magnetic para-
meters are used to exemplify the magnetic properties of prepared
ferrite materials. The measured magnetic parameters (Ms, Mr and
Hc )for the synthesized samples under the applied magnetic field
(H) are summarized in Table 2. The measured values show a clear
hysteresis loop behavior.

From the figure, one can observe that pure lithium ferrite
(x¼0.0) with least squareness ratio was the soft ferrite and pure
cobalt ferrite (x¼1.0) with maximum squareness ratio was the
hard ferrite. Hence, by substituting cobalt in the lithium ferrite, the
system changes from soft ferrite into hard ferrite.

The shape and width of the hysteresis loop is influenced by sev-
eral factors including chemical composition, fabrication method,
sintering temperature/time and grain size etc. [new Ref. [15]] [26].
From the figures it is evident that with increase in the cobalt com-
position in the ferrite system the width of hysteresis loop has in-
creased. This indicates that a very soft magnetic material has changed
to hard magnetic material with the introduction of cobalt content in
the ferrite system. In spinel ferrites, the magnetic moment of the
A-site and B-site were aligned anti-parallel to each other and shows
ferri-magnetism with a magnetization M (MB– MA).

Fig. 2. FE-SEM images of [Li0.5Fe0.5]1�xCoxFe2O4 ferrites with x¼0.0 to 1.0.

Table 2
Magnetic parameters (mB, K, Ms, Hc and Mr, S) of the prepared nano crystalline Li–Co samples.

Composition Molecular
weight (gm)

Magnetic mo-
ment (lB)

Anisotropic con-
stant (K) (erg/Oe)

Saturation Magnetiza-
tion Ms (emu/gm)

Coercivity Hc

(Oe)
Remanent magnetiza-
tion Mr(emu/gm)

Squareness ratio
(S)

Li0.5Fe2.5O4 207.079 2.073 8731 55.93 153 15.15 0.270
Li0.4 Co0.2Fe2.4O4 212.587 2.219 52,826 58.30 888 25.20 0.449
Li0.3 Co0.4Fe2.3O4 218.095 2.369 26,253 60.68 424 30.08 0.495
Li0.2 Co0.6Fe2.2O4 223.603 2.497 88,364 62.39 1388 32.34 0.485
Li0.1 Co0.8Fe2.1O4 229.111 2.801 107,521 68.29 1543 34.36 0.503
CoFe2O4 234.619 2.387 121,742 56.84 2099 31.15 0.548
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