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Abstract— Rapid development of VLSI design, the logic 

gates and arithmetic circuits plays important role in signal, 

image, video and microprocessor applications. A challenging 

problem in hardware design is to develop hardware efficient, 

high speed and low power design. Multiplication is one of the 

arithmetic operations for such applications. Most of the 

existing multipliers satisfy single requirement, but the time 

delay and power consumption are very essential requirements 

for such applications. In this paper, we propose an 

approximate reconfigurable (AR) multiplier obtained by 

scaling the input operands. The objective of proposed AR 

multiplier is to enhance the speed and power consumption at 

the price of low hardware cost. The scaling logic is used to 

compute the least significant part of the result is kept in a 

steady state, as the adders input do not change; the switching 

activity of this logic is 0, while the unfrozen part of the adder 

still has a switching activity. Moreover, AR multiplier with 

the n-bit operation is designed by the canonical signed-digit 

(CSD) technique for reducing number of adders/shifters in 

the design. The implementation of the proposed AR 

multiplier is evaluated by comparing it is performance with 

state-of-art multipliers in terms of hardware utilization, 

maximum clock frequency and power consumption. 
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I. INTRODUCTION 

In the recent years, power efficiency has emerged as one of 

the most critical goals of hardware design [1]. Enormous 

efforts have already been devoted to improve the power 

consumption in various levels from algorithmic and software 

level down to circuit and transistor level. Emerging 

applications in digital signal processing [2], computer vision 

[3], and machine learning [4] have created power 

consumption challenges due to their high computational 

demands. At the same time, these applications also afford 

new opportunities for novel low-power implementations. In 

particular, the common feature of these application domains 

is an inherent tolerance for limited and insignificant 

inaccuracies. This inherent error tolerance can be exploited 

using approximate computing, which effectively allows 

designers to trade off computational accuracy for savings in 

power consumption and computational complexity. 

Arithmetic units such as adders and multipliers constitute the 

main units of DSPs. An extensive research has been 

conducted on approximate adders [5]–[7]. The statistically 

longest carry chain in an n-bit adder is log2n, and produced a 

fast approximate implementation limiting the carry 

propagation [5]. An approximate adder design has been 

proposed in [7] comprising two partitions, an accurate and an 

inaccurate one. However, research activities on approximate 

multipliers are limited mainly due to their increased circuit 

complexity. 

 Arithmetic computing [8] is very important in the 

design of digital processors and application oriented systems. 

Arithmetic unit such as adder, multiplier and divider are the 

basic key components in digital circuits. Approximate 

multipliers are the core components of arithmetic circuits and 

it has extremely high demand on its performance and low 

power consumption. It is difficult for the multipliers to 

improve performance and also to reduce power consumption 

with full accuracy. So, we need to design much error tolerant 

application such as multimedia and image processing 

application by approximate multipliers [9]. Approximate 

computing can improve performance and energy efficiency 

with reduced design complexity for many error tolerant 

applications in arithmetic operation. Arithmetic circuits are 

the building blocks for the error resilience system and 

approximate design in recent research, without affecting the 

performance of the end user. The critical requirement in 

digital signal processing is minimizing delay, power 

consumption and significantly improves the performance of 

the processor. There are different levels of design hierarchy 

for reducing energy consumption and area with better 

accuracy using approximate digital circuits design [10]. The 

planned theoretical modeling of elliptic curve scalar 

multiplier [11] on LUT-based FPGAs primitives employed in 

elliptic curve scalar multiplier architecture (ECSMA) 

executed on k input lookup table (LUT)-based field-

programmable gate arrays to approximate the delay of 

dissimilar feature. The elliptic curve point multiplication [12] 

is based on digit-serial binary field operations. A high-speed 

point multiplier is used for elliptic curve cryptography by 

means of either field programmable gate array or application-

specified integrated circuit technology. Montgomery 

decrease and the Karatsuba multiplication algorithms [13] in 

order to decrease the computational complexity and raise the 

potential of parallel processing. This algorithm is very 

successfully employed in multiprocessor environment for 

hardware and software implementations. Multiplier is based 

an area-time-efficient systolic structure over GF(2m) [14] 

based on irreducible all-one polynomial (AOP) was offered.  

II. RELATED WORKS 

In this section, we describe some prior research that focuses 

on approximate multiplier design as they relate to our 

proposed approach in approximate computing. Jiang et al. 

[21] have proposed an approximate design of a Booth 

multiplier based on an approximation scheme that deals not 

only with the partial product accumulation, but also with the 

generation of recoded multiplicands. A 2-bit approximate 

recoding adder is initially designed to reduce the additional 

delay encountered in previous radix-8 schemes, thereby 
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increasing the speed of the radix-8 Booth algorithm. A 

Wallace tree is leveraged to compute the sum of partial 

products and to further reduce the addition time. A truncation 

technique is then applied to the least significant partial 

products to reduce the power and delay. Two signed 16 × 16 

bit approximate radix-8 Booth multipliers are then used as 

approximate Booth multipliers 1 and 2 (ABM1 and ABM2). 

 Shao et al. [22] have proposed a general model for 

array-based approximate arithmetic computing (AAAC) to 

guide the minimization of processing error. Error 

compensation unit (ECU) is identified as a key building block 

for a wide range of AAAC circuits. Then develop theoretical 

analysis geared towards addressing two critical design 

problems of the ECU, namely, determination of optimal error 

compensation values and identification of the optimal error 

compensation scheme. Then demonstrated general AAAC 

model can be leveraged to derive practical design insights that 

lead to optimal tradeoffs between accuracy, energy 

dissipation and area overhead. To further minimize energy 

consumption, delay and area of AAAC circuits by perform 

ECU design simplification by introducing logic doesn’t care. 

 R et al. [23] have presented the design of 

approximate 15- 4 compressor using 5-3 compressors as basic 

module. Four different types of approximate 5-3 compressors 

are used in a 15-4 compressor for less power consumption 

and high pass rate. A 16 × 16 bit multiplier is simulated using 

the proposed 15-4 compressor. The results show that the 

multipliers with approximate compressors achieve significant 

improvement in power as compared to the multipliers with 

accurate 15-4 compressor. Pass rate of the proposed 

multipliers are high as compared to other existing 

approximate multipliers. Finally, this multiplier is used in 

image processing applications where the peak signal to noise 

ratio (PSNR) of the image is measured. It is not possible to 

optimize all the parameters of the circuit in exact computing. 

However, exact computing is not essential for every 

application. 

 Zervakis et al. [24] have proposed the partial product 

perforation technique for producing approximate hardware 

multipliers. This technique omits a number of partial products 

enabling high area and power savings while retaining high 

accuracy. The method can be easily applied in any multiplier 

architecture without the need for a special design, in contrast 

to related works. In addition, the error imposed by perforation 

depends only on the configuration parameters. Through a 

rigorous error analysis, analytically characterized the induced 

error metrics proving that the error is bounded and predictable 

and two error correction methods that trade a small increase 

in power for high error reduction. 

 Sinha et al. [25] have proposed memoization based 

approximate computing and applied it to approximate 

computing on FPGAs. It memoization is a method for 

approximation on FPGA and analyzes different architectural 

and design parameters that considered. The design flow 

leverages on high-level synthesis to enable memorization 

based microarchitecture generation, thus also facilitating a C-

to-register-transfer-level synthesis. When compared with the 

previous approaches of truncation and approximate 

multipliers, memorization based approximate computation on 

FPGA achieves a significant dynamic power saving (around 

20%) with very small area overhead and better power-to-

signal noise ratio values for the studied image processing 

benchmarks. The results of applying static or dynamic 

memorization to commonly used kernels in approximate 

computing and image-processing applications, with relevant 

data sets, show that it is possible to achieve about 20% saving 

in dynamic. 

 Liu et al. [26] have proposed an approximate Booth 

multipliers based on approximate radix-4 modified Booth 

encoding (MBE) algorithms and a regular partial product 

array that employs an approximate Wallace tree. Two 

approximate booth encoders used for error-tolerant 

computing. The error characteristics are analyzed with 

respect to the so-called approximation factor that is related to 

the inexact bit width of the Booth multipliers. The results at 

45 nm feature size in CMOS for delay, area and power 

consumption are also provided. This16-bit approximate 

radix-4 Booth multipliers with approximate factors of 12 and 

14 are more accurate than approximate R4ABM2 multiplier 

with an approximation factor is the most efficient design 

when considering both power-delay product and the error 

metric. 

 Akbari et al. [27] have proposed four 4:2 

compressors, which have the flexibility of switching between 

the exact and approximate operating modes. In the 

approximate mode, these dual-quality compressors provide 

higher speeds and lower power consumptions at the cost of 

lower accuracy. Each of these compressors has its own level 

of accuracy in the approximate mode as well as different 

delays and power dissipations in the approximate and exact 

modes. Using these compressors in the structures of parallel 

multipliers provides configurable multipliers whose 

accuracies may change dynamically during the runtime. The 

efficiencies of these compressors in a 32-bit Dadda multiplier 

are evaluated in a 45-nm standard CMOS technology by 

comparing their parameters with those of the state-of-the-art 

approximate multipliers. 

III. PROBLEM METHODOLOGY 

A. Existing System 

Venkatachalam et al. [32] have proposed an efficient 

approximate multipliers, partial products of the multiplier are 

modified using generate and propagate signals. 

Approximation is applied using simple OR gate for altered 

generate partial products. Approximate half-adder, full-

adder, and 4-2 compressor are used to reduce partial products. 

Two variants of approximate multipliers are used, where 

approximation is applied in all n bits in Multiplier1 and only 

in n − 1 least significant part in Multiplier2. Logic complexity 

of approximation is varied for the accumulation of altered 

partial products based on their probability. This 

approximation is utilized in two variants of 16-bit multipliers. 

Multiplier1 and 2 achieved significant reduction in area and 

power consumption compared with exact designs. With APP 

savings being 87% and 58% for Multiplier1 and Multiplier2 

with respect to exact multipliers, they also outperform. 

 The main contributions of proposed AR multiplier 

are summarized as follows:  

 In AR multiplier, the scaling logic is used to compute the 

least significant part of the result is kept in a steady state, 

as the adders input do not change; the switching activity 
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of this logic is 0, while the unfrozen part of the adder still 

has a switching activity.  

 AR multiplier with the n-bit operation is designed by the 

canonical signed-digit (CSD) technique for reducing 

number of adders/shifters in the design.  

 Finally, AR multiplier is applied to the Geometric mean 

filter for image de-noising process. 

 The performance of proposed AR multiplier is compared 

with state-of-art multipliers in terms of hardware 

utilization, maximum clock frequency and power 

consumption. 

B. System Model 

Image noise is an undesirable by-product of image capture 

that adds spurious and extraneous information. When the 

noise is present, the real image becomes vague or some 

details may be lost. In any situation, it is necessary to reduce 

the noise inherent in digital images. Noise removal is a 

technique to reduce or eliminate the noise without worsening 

the other details of the digital image. 

 In this paper, the proposed AR multiplier is used to 

Geometric mean filter for image de-noising process. 

Generally, geometric mean filter replaces the color value of 

each pixel with the geometric mean of color pixel values from 

a larger region surrounding it, based on filter size and yields 

a stronger filter effect. The geometric mean filter performed 

better than conventional methods such as arithmetic filters to 

remove Gaussian type noise and preserve edge features. 

Geometric filter is a simplest form of mean filter. Let’s 
xy

S  

represents the set of coordinates in a sub-image window of 

size m x n where m and n are equal, centered at point (x, y). 

The local image function f (x, y) is filtered image and g (s, t) 

is input image. In Geometric mean filter each  

 
Fig. 1: Work flow of proposed AR multiplier with 

Geometric mean filter 

 Restored pixel is given by the product of the pixels 

in the sub-image window, raised to the power mn1  as 

described. 

      mn
xy

tsgStsyxf
1

,,,    (1) 

 The purpose is to produce more objective images for 

particular application than the original images and hence, 

increase the accuracy of further algorithms, making them 

more similar to the characteristics of noiseless system. Here, 

each restored pixel is given by the product of the pixels in the 

moving kernel window, raised to the power mn1 . The 

system flow of proposed AR multiplier with Geometric mean 

filter is given in Fig. 1. 

IV. PROPOSED MULTIPLIER DESIGN 

A. Approximate reconfigurable multiplier 

In general, the shifters defines the critical path can be 

calculated as  n
2

log , where n is the number of non-zeros 

present within the coefficients. The idea behind the 

reconfigurable constant multiplier is to consider the condition 

while the maximum possible numbers of non-zeros occur for 

a coefficient. Hence, it can be concluded that reduction in the 

non-zeros ensures reduction in the number of adders as well 

as the number of addition operations in a chain. Canonical 

signed digit (CSD) number representation of the coefficients 

reduces the non-zeros by great extent than that of the binary 

number representation. More non-zeros in each of the 

coefficient requires increasing number of shifters for 

summing up the partial products and more numbers of shifters 

in a chain for the same. In this work, the CSD representation 

of the coefficient instead of binary representation used, which 

reduces the number of non-zeros by more than 50%. The 

optimization of non-zeros in the coefficients by converting 

coefficient represented in the signed binary form to the CSD 

representation on the hardware itself.  

 The binary-to-CSD converter architecture based on 

carry bypassing scheme and use one processing element (PE) 

three consecutive bits of the coefficient (C) are scanned from 

left-to-right for converting from binary to CSD. Fig. 2 shows 

the binary-to-CSD converter, S0 denotes the LSB of the sign 

value and M0 represents the LSB of the magnitude value. The 

general steps for conversion of binary to CSD is given as, 

1) Check consecutive number of 1’s in the binary sequence. 

2) Replace the ‘0’ before the first ‘1’ in the sequence with 

‘+’ or ‘1’. 

3) Replace the last ‘1’ in the sequence with ¬‘-‘. 

 If binary representation of a number is used for 

multiplications then during partial product production each 

‘1’ in the multiplier corresponds to a shift and add operation 

of the multiplicand and ‘0’ represents a shift operation only. 

But in case of CSD representation the number of non-zero 

elements in the sequence is less hence the need for shifter can 

be reduced at the cost of extra subtractions. However, as one 

of the properties of a CSD number a non-zero digit always 

precedes by a zero digit, except for the MSB, which is 

trivially identified by a sign extension bit. We can certainly 

take advantage of this property and assign the position next 

to each non-zero digit to its sign. Then, adopt the 
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conventional procedure and assign 0 to +1 and 1 to -1; i.e., in 

CSD number digits 1 and -1 are represented by 01 and 11 

respectively. Shift and add based technique use different 

partial products based on the size and value of the common 

sub-expressions. In the proposed CSD, at first the 4-bit 

vertical CSs reduce the number of adders by eliminating the 

common operations present across the coefficients of the 2-D 

coefficient matrix. However, the CSD decoded coefficients 

cannot be represented directly in binary without considering 

two different bit values i.e. sign bit and magnitude bit for a 

single CSD decoded bit. As a consequence, the 2-D matrix 

formed by the CSD decoded coefficient will be represented 

by two different 2-D matrices. The partial products (P1-P5) 

can be generated based on addition/ subtraction operation of 

the shifted version of the input (X). The negative partial 

products (P6-Pn) can be generated by 2’s complementing the 

original PPs (P1-P5) respectively. The proposed algorithm 

applied to generate the controlled summation of the partial 

product. The conditional addition has been performed where 

the control signal has been generated by considering CSD 

control units. Fig. 3 shows the shifter module based on 

proposed CSD computation.  

 
Fig. 2: Binary-to-CSD converter 

 
Fig. 3: CSD based shifter module 

 CSD technique structure merges two binary adder 

structures and maximizes sharing of components. This 

merger permits shorter cell-interconnects, which reduce 

unwanted hardware/cell usage. Generally, use two different 

n-bit binary adders; one to compute BA  and one to 

compute mBA  . Input, output, and internal sub-module 

interconnections were routed in two distant groups, where 

each group dealt with one adder. The CSD based adder can 

be defined as, 
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 Based on the output carry bit
0

C , one of the two 

vectors h and h   , produced in the preprocessing stage, will 

be selected. If 
0

C = 0, h is selected. Otherwise, h  is selected. 

Similarly, one of the two vectors C and C  , produced in the 

parallel-prefix stage, will be selected at this stage, where C is 

selected if 
0

C =0, and C  is selected otherwise. Fig. 4 shows 

the proposed ABL based adder with sum computation circuit. 

Multiplexing is realized using unidirectional tri-state buffers 

in Fig. b. The total of 2n tri-state buffers are needed to select 

either the half-sum vector h , or to select h  . Similarly, a total 

of 2(n − 1)  
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Fig. 4: Functional module of CSD based adder 

The multiplier can be written as follows: 
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 The approximate reconfigurable (AR) multiplier 

uses CSD based adders and hybridized to perform the final 

accumulation of the partial products. The multiplication 

process consists of three steps are, 

 Generate the partial products;  

 Add the generated partial products until the last two rows 

are remained;  

 Compute the final multiplication results by adding the 

last two rows.  

 
Fig. 5: Proposed AR multiplier 

B. Geometric Mean Filter 

The hardware design of geometric mean filter is given in Fig. 

6, first the image with Gaussian noise is applied to the register 

bank for data storage purpose. Then, the processing element 

must use the line buffer for processing the entire image 

processor. The preprocessing process provides the pixel 

values. The output is goes to the geometric mean filter for 

compute the mean of target pixels in the image. The proposed 

AR multiplier is used to perform the product to provide the 

mean value of targeted pixel in the image. Then, the target 

image value is replaced with the geometric mean value. 

 
Fig. 6: Hardware design of geometric mean filter 

V. RESULTS & DISCUSSIONS 

In this section, the performance of proposed AR multiplier 

(16 bit) based on geometric mean filter is evaluated with the 

quality and performance analysis. First, the hardware 

performance of proposed AR multiplier is compared with the 

existing Vedic multiplier [31] and approximate multiplier 

[32].  

A. Quality Analysis  

Quality measure specifies the performance of the algorithm 

based on metric Peak Signal to Noise Ratio (PSNR). 

Performance measure specifies the computational complexity 

of image scaling method. First, the image quality of the scaled 

images is compared with original image taken from USC-

SIPI image database. The database is divided into volumes 

based on the basic character of the pictures. Images in each 

volume are of various sizes such as 256×256 pixels, 512×512 

pixels or 1024×1024 pixels. Fig. 6a and b shows the test 

images from the USC- SIPI database considered for 

experimentation. After applying geometric mean filter, the 

noiseless images are retrieved is shown in Fig. 7a and b. 

PSNR of proposed and existing method [32] are tabulated in 

Table 1. PSNR is usually expressed in terms of the 

logarithmic decibel scale. The PSNR is most commonly used 

measure to determine the quality of scaled images. Higher the 

values of PSNR indicate the quality of scaled image is better. 

PSNR is clearly depicts the PSNR of proposed AR multiplier 

based filter design perform very efficient and improve noise 

reduction rate as high. The PSNR of proposed design is very 

higher than exiting multiplier design.   

  
(a)   (b) 

Fig. 7: Test images with Gaussian noise (a) Parrot (b) Park 

chair 

  
(a)   (b) 

Fig. 8. Output noiseless images (a) Parrot (b) Park chair 
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Table 1: PSNR-Quality analysis of proposed and existing 

methods 

B. Performance Analysis  

The performance of proposed AR multiplier based on 

geometric mean filter is analyzed in this section with different 

FPGA families are: Virtex5 (XC5VLX20T) and Kintex-7 in 

Xilinx tools versions 14.5. The XST tools in the Xilinx 

synthesize the designs and map to the target device. The 

inbuilt ISIM simulator is used for verification of process of 

the designed architecture. Experiments are carried out in a 

personal computer with windows 7 operating system with 4 

GB ram and core i3 Intel processor. The performance metrics 

such as hardware utilization, maximum frequency, and power 

consumption is analyzed in FPGA families. Table 2 gives the 

hardware utilization comparison of proposed AR multiplier 

(16 bit) is compared with the existing Vedic multiplier [31] 

and approximate multiplier [32].  

 
Table 2: Hardware utilization comparison 

 Table 2 clearly depicts the hardware utilization of 

proposed AR multiplier consume very lower slice registers, 

slice look-up-table (LUT) and LUT and FFs pair. Table 3 

gives the maximum clock frequency comparison of proposed 

AR multiplier (16 bit) is compared with the existing Vedic 

multiplier [31] and approximate multiplier [32]. It clearly 

depicts the maximum clock frequency of proposed AR 

multiplier is very high compare to existing Vedic multiplier 

[31] and approximate multiplier [32]. Table 4 gives the power 

consumption comparison of proposed AR multiplier (16 bit) 

is compared with existing Vedic multiplier [31] and 

approximate multiplier [32]. It clearly depicts the power 

consumption of proposed AR multiplier is very low compare 

to existing Vedic multiplier [31] and approximate multiplier 

[32]. 

VI. CONCLUSION 

We have proposed an approximate reconfigurable (AR) 

multiplier based on the canonical signed-digit (CSD) scaling 

logic. It is used to compute the least significant part of the 

result is kept in a steady state, as the adders input do not 

change; the switching activity of this logic is 0, while the 

unfrozen part of the adder still has a switching activity. Then 

the AR multiplier is applied with the geometric mean filter 

for image de noising process. The objective of proposed 

design is to enhance the speed and power consumption at the 

price of low hardware cost by reducing the number of 

adders/shifters in the design. The quality and performance 

analysis proved that the performance of proposed AR 

multiplier based geometric mean filter perform very efficient 

in terms of quality (PSNR) and performance (hardware 

utilization, maximum clock frequency and power 

consumption). 
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