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ABSTRACT High speed multimedia applications have paved way for a whole new area in high speed
error-tolerant circuits with approximate computing. These applications deliver high performance at the
cost of reduction in accuracy. Furthermore, such implementations reduce the complexity of the system
architecture, delay and power consumption. This paper explores and proposes the design and analysis of two
approximate compressors with reduced area, delay and power with comparable accuracy when compared
with the existing architectures. The proposed designs are implemented using 45 nm CMOS technology and
efficiency of the proposed designs have been extensively verified and projected on scales of area, delay,
power, Power Delay Product (PDP), Error Rate (ER), Error Distance (ED), and Accurate Output Count
(AOCQ). The proposed approximate 4 : 2 compressor shows 56.80% reduction in area, 57.20% reduction in
power, and 73.30% reduction in delay compared to an accurate 4 : 2 compressor. The proposed compressors
are utilised to implement 8 x 8 and 16 x 16 Dadda multipliers. These multipliers have comparable accuracy
when compared with state-of-the-art approximate multipliers. The analysis is further extended to project the
application of the proposed design in error resilient applications like image smoothing and multiplication.

INDEX TERMS Approximate 4:2 compressors, approximate multipliers, error resilient applications, image

processing.

I. INTRODUCTION

The overhead on computation units in a processor to deliver
high performance and execution efficiency can be leveraged
by introducing approximation. Speed of operation which is
inversely proportional to the delay of the system requires
immense parallel operations that incur huge hardware and
power dissipation [1], [2]. Energy and area efficient systems
can be realised by relaxing the precision and reliability of
the system. In order to maintain the balance between delay,
area and power, approximate computing has emerged as
a promising solution. Approximation in arithmetic opera-
tions result in faster systems with lesser design complexity
and power consumption [3]-[5]. The trade off would be
reduction in accuracy, which does not necessarily affect the
normal operation for machine learning and multimedia appli-
cations. Such applications effectively take advantage of the
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inability of human eye to detect variation in finer details
within images and videos. This level of error tolerance is used
to design approximate arithmetic circuits for Artificial Intelli-
gence (Al) and Digital Signal Processing (DSP) applications.

Extensive research has been carried out to enhance the effi-
ciency of approximate arithmetic units [6]—[11]. In multipli-
cation operation, partial product summation has in-arguably
been the major contributor to the power dissipation and delay
in the system [12]. Research shows that compressors can
reduce the delay associated with the partial product sum-
mations [12]. Compressors estimate the count of logic 1 in
the input using half adders and/or full adders. The various
commonly used topologies for compressors are 7 : 3,5 : 2,
4 :2,and 3 : 2 [12]-[15]. A 4 : 2 compressor is preferred
over any other topology due to the regularity achieved while
cascading. Also, it has been widely used to design Dadda
multipliers [15].

A transistor level XOR-XNOR based low power design for
4 : 2 compressor was proposed by Jiangmin et al. [16] which
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is ideal for tree structured fast multipliers. Chang et al. [12]
have proposed a 4 : 2 and a novel 5 : 2 compressor that
operates on low supply voltage of 0.6 V. Momeni et al. [17]
have proposed logic level approximation based architectures
for 4 : 2 approximate compressor that are optimised for
delay and power consumption. A re-configurable architec-
ture for a 4 : 2 approximate compressor is proposed by
Akbari et al. [18], where the re-configurability is achieved
by switching between approximate and accurate operations
when required. Ha and Lee [19] have proposed a 4 : 2
approximate compressor that reduces the error profile of
the compressor by introducing a module for error recovery.
While performing the multiplication operation, truncation
of 5 columns (starting from right in the complete partial
product array) is carried out. Compressors are applied only
to the remaining columns. A probability driven approximate
compressor is presented by Guo et al. [20]. The authors have
proposed a top-down structure for an approximate multiplier
which dynamically allocates between the 8 : 2, 6 : 2
and 4 : 2 approximate compressors based on the partial
product count. As a measure to increase the accuracy of the
multiplier, a grouped error recovery scheme is also proposed.
Alouani et al. [21] have presented an approximate adder
based heterogeneous approximate multiplier with reduced
MED. This is achieved by utilising the genetic algorithm
based approximate adders. Esposito ef al. [22] have pro-
posed an XOR-less (AND-OR based) compressor to min-
imise the average error and error probability. Chang et al. [23]
have proposed a 4 : 2 compressor to improve energy quality
efficiency in image processing with 25% error rate. Gorantla
and Deepa [24] have proposed 4 : 2 and 5 : 2 compressors
to reduce delay and power. Reddy et al. [25] have proposed a
novel design for 4 : 2 compressor with an error rate of 12.5%.
This is achieved by relaxing the constraints on area, delay and
power.

Due to the considerable reduction in delay using trans-
mission gates when compared to traditional CMOS based
logic, optimised design with transmission gates are explored
in literature. But, the major disadvantage is the inconsistency
in the rise and fall times for different inputs [12], [16], [26].

In this paper, two novel 4 2 compressor architec-
tures are presented. The contributions of the paper are listed
below.

o A novel high speed area-efficient, low power 4 : 2

compressor architecture is proposed.

e Overall error rate is 25% with equal number of
+1 and —1 ED. This leads to reduced Mean Error
Distance (MED) and Mean Relative Error Dis-
tance (MRED) which is ideal for Multiply-Accumulate
(MAC) operations.

« Dadda multiplier is implemented with the proposed
4 : 2 compressor.

« A modified dual-stage compressor design is proposed to
reduce area, delay and power dissipation in multipliers
in which more than two stages of cascaded compressors
are required for partial product accumulation.
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FIGURE 1. Exact 4:2 compressor.

« Proposed designs were verified with the implementation

of multiplication and smoothing of images.

The rest of the paper is organised as follows. Section II
presents the need for approximation in multipliers and
approximate multipliers. The performance metrics evaluated
to measure the efficiency of the proposed architectures are
presented in Section III. Section IV describes the proposed
4 : 2 compressor architectures. Experimental results are
presented in Section V, followed by Section VI with the
concluding remarks.

Il. APPROXIMATE MULTIPLIERS

Multiplication is unquestionably a performance determining
operation in Al and DSP applications. These applications
demand high speed multiplier architectures to necessitate
high speed parallel operations with acceptable levels of accu-
racy. Introduction of approximation in multipliers leads to
realisation of faster computations with reduced hardware
complexity, delay and power, with accuracy in desirable lev-
els.

Partial product summation is the speed limiting operation
in multiplication due to the propagation delay in adder net-
works. In order to reduce the propagation delay, compressors
are introduced. Compressors compute the sum and carry at
each level simultaneously. The resultant carry is added with a
higher significant sum bit in the next stage. This is continued
until the final product is generated.

A. EXACT 4:2 COMPRESSOR

The general block diagram of an exact 4 : 2 compressor is
shown in Figure 1. It comprises of five inputs, three outputs
and two cascaded full adders. A, Ay, Az, A4 and Cyy are the
inputs and Coyr, CARRY and SUM are the outputs of the
exact 4:2 compressor. Coyr, CARRY and SUM are given as

Cour = A3(A1 © A2) + A1(A] © A2) (D
CARRY = Ciy(A1 @A, ® A3 © Ay)

+A4(A1 DA, DA3 B Ag) 2

SUM = Ciy AL DA, DA D Ay 3)

A compressor chain is shown in Figure 2. Cyy represents
the input carry from the preceding 4 : 2 compressor that has
processed the lower significant bits. CARRY and Coyr are
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FIGURE 2. Compressor chain.

TABLE 1. Truth table for exact 4:2 compressor.
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the outputs of order ‘1’ with higher significance than the input
Cin . Table 1 presents the truth table for the exact compressor.

B. NEED FOR APPROXIMATION IN MULTIPLIERS
Let the unsigned multiplier (m;) and multiplicand (m¢) be
denoted as

7
my = ZmL x 2% )
x=0
7
me =Yy me, x 2 )
y=0

Multiplication operation starts with the generation of par-
tial product array and the generalised expression for partial
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FIGURE 3. 8 x 8 approximate multiplier.

product is shown in equation (6).

7 7
Py =Y Y mp, x me, x 20 (6)

y=0 x=0

The partial products generated for an 8 x 8 operation is
shown in Figure 3. The complete output (A) of the multi-
plier (product) can be represented as

15
=) hx 2 @)
z=0

Level 1 in Stage 1 has Ao = P, , and does not involve any
operation. A half adder is required to generate A in Level 2.
The carry bit from half adder is passed onto Stage 2. Starting
from Level 3, the number of terms in partial product array
increases to 4 or more and reduces to 1 as the level increases.
At this point, a4 : 2 compressor facilitates fast partial product
summation using approximation.

C. APPROXIMATE COMPRESSORS

On applying approximation to 4 : 2 compressor, output count
can be reduced to 2. Approximation is done by eliminating
Cour [25]. This incurs an error only when the input combi-
nation is ‘1111°. When the input bits are ‘1111’ the CARRY
and SUM are set to ‘11° and an error of —1 is introduced. An
8 8 multiplication operation using approximate compressors
is shown in Figure 3.

lIl. PERFORMANCE METRICS

This section introduces the various performance metrics that
are analysed to measure the efficiency of approximate mul-
tipliers and compressors. The performance metrics can be
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broadly classified into accuracy metrics and implementation
efficiency metrics.

A. ACCURACY METRICS

Accuracy metrics are used to measure the degree of accuracy
achieved by the multipliers designed with proposed compres-
sors and existing approximate compressors.

1) ERROR DISTANCE (ED)
ED refers to the difference between the exact 4 : 2 compres-
sor output and the approximate 4 : 2 compressor output.

ED = Exactyy; — Approxoy (®)

2) MEAN ERROR DISTANCE (MED)
MED refers to the mean of the ED for all possible input
combinations.

MED = 22% > ‘EDk‘ ©)

3) MEAN RELATIVE ERROR DISTANCE (MRED)

MRED refers to the mean of ED upon the corresponding
Exact,,; for all possible input combinations.

22N
1 ED;
MRED = — _ 10
22N ]; Exactyu (10)

4) NORMALISED ERROR DISTANCE (NED)

NED measures the mean of ED normalised with the maxi-
mum possible error in the proposed design for all possible
input combinations.

2N
2 ED;

1
NED = — —_— 11
22N ]; EDyax an

5) ACCURATE OUTPUT COUNT (AOC)
AOC measures the number of accurate outputs for all possible
input combinations.

B. IMPLEMENTATION EFFICIENCY METRICS

The proposed compressors are implemented using 45-nm
CMOS technology, at an operating frequency of 1 GHz and
supply voltage of 1 V. Implementation efficiency metrics
analyses area, power, delay, and PDP. Area refers to how well
the proposed design optimises the hardware, which makes
the design compact. Delay refers to the time taken by a
design to perform its intended operation and it determines the
maximum speed at which the circuit can operate. An ideal
design must have optimised parameters like area, delay and
power for a comparable range of accuracy.

IV. APPROXIMATE MULTIPLIER USING PROPOSED
APPROXIMATE 4 : 2 COMPRESSOR ARCHITECTURES

Let the probability of error at the output of the compressor be
p- So, 1 —p denotes the probability of output to be correct. The

48340

Stage 1 3 Stage 2

(1-p)(1-p)

L1

P

| (1)
i p(1-0) [ED <
Co1p

P

! p? ED=2

FIGURE 4. Probability tree for 2-Stage cascaded compressors.

probability tree for error to occur in cascaded compressors
with ED = 1 is presented in Figure 4. With the reduction
of error in the cascaded compressor network in multipliers,
MED and MRED of the multiplier can be reduced.

It is evident from Figure 4 that, if the inputs at Stages 1
and 2 are one of the input combinations that produce correct
results, then Stage 2 output will have ED = 0 and probability
(1 — p)?. If the input to either Stage 1 or Stage 2 is erroneous,
then output of Stage 2 has ED = 1 with a probability of
p x (1 — p). Further, if the inputs of Stages 1 and 2 are both
erroneous, it results in an ED of 2 with a probability of p2.
For multiplication operation with n stages of partial product
summation, the probability to get correct output at the n
stage is given in equation (12).

P(correct)n =1- P)" (12)

The probability for output of the nth stage to be erroneous
(P(errory,) 1s the sum of the probabilities for all conditions
where ED > 1.

Plerror), =P(ED = )+P(ED =)+ --- +P(ED = n) (13)

The probability for output of the 2" stage (Figure 4) to
be erroneous (Perror),) i the sum of the probabilities for all
conditions where 1 < ED < 2.

P(error)z = P(ED = 1)+ P(ED = 2) (14)
P(error)z = 2(1 —P)P +p2 (15)

In general, the probability of output at n”” stage to be erro-
neous is given in equation (16).

P(errar),, = Z (n)(l _p)n*mpm (16)

m
m=1

If the error has equal probability to be positive or negative,
then the overall error probability in the cascaded architecture
reduces. It is assumed that the probability of error to be posi-
tive and negative is equal to %. The probability tree modified
for the current assumption is shown in Figure 5. In Figure 5,
1 — p represents the probability of output to be correct and
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FIGURE 5. Probability tree for 2-Stage cascaded compressor with ED of
+1 and -1.

’—2’, g represents the probability of the output to have a devia-
tion of +1 and —1 respectively. When the inputs to stages 1
and 2 are the combinations that produce correct results,
the probability of output of Stage 2 is (1 — p)?> with ED = 0.
If only one stage gets the correct input combination, then the
probability of the output to be erroneous is (1 — p) x p/2
and ED is estimated to be 1. When ED at both the stages are
same ((—1, —1) or (41, 4+1)), the error distance is estimated
to be 2 with a probability of p/2 x p/2. When ED at both
the stages differ ((—1, +1) or (+1, —1)), ED at the output
of Stage 2 is reduced to 0, with a probability p/2 x p/2.
It is evident that cascading of compressors with positive and
negative error distance with same absolute deviation from the
actual output, can nullify the error at the output of the second
stage and reduce the MED and MRED of the multiplier. Here,
the probability of ED to be 0 at Stage 2 is given as

P\? | (P\?
chorrecl)z = _p)2 + (E) + (E) (17)
P, -y 2(2)? 18
(correct), — Y (correct), + ) ( )

Itis evident from equation (18) that, with two stage cascad-
ing of compressors, the probability of the output to be correct
has been increased by 2 (’% ) 2, Consequently, the probability of
the error, MED and MRED have reduced. Probability of error
can further be reduced if there are more number of cascaded
stages. Thus, to obtain minimum MED and MRED, equal
positive and negative deviation with minimum ED is required.
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TABLE 2. Truth table for proposed area efficient 4:2 compressor.

(A1 | A2 [ As | As [ CARRY | SUM [ ED |
0 0 0 0 0 0 0
0 0 0 1 0 1 0
0 0 1 0 0 1 0
0 0 1 1 0 1 -1
0 1 0 0 1 0 +1
0 1 0 1 1 0 0
0 1 1 0 1 0 0
0 1 1 1 1 1 0
1 0 0 0 1 0 +1
1 0 0 1 1 0 0
1 0 1 0 1 0 0
1 0 1 1 1 1 0
1 1 0 0 1 0 0
1 1 0 1 1 1 0
1 1 1 0 1 1 0
1 1 1 1 1 1 -1

Momeni et al. [17] (Design 2) has an error rate of 25% with
ED =+1 but, the ED introduced is (—1, —1, —1, +1). A 25%
error rate is obtained by the design proposed by Ha M. and
Lee S. [18] with a constant ED of —1. Alouani et al. [21]
have proposed 3 designs with 25% error rate. Design 1 has
ED = =2, Design 2 and 3 has ED = =+£1. How-
ever, all the architectures are for approximate full adders
using genetic algorithm rather than compressors. The 4 :
2 compressor proposed by Chang et al. [23], has 25%
error rate but all the errors introduced for optimisation
have ED = —1.

In order to address these issues, this paper proposes two
novel 4 : 2 compressor architectures with 25% error rate to
optimise approximate multiplier in terms of area, delay and
power dissipation. The proposed compressor design ensures
2 positive and negative errors with |[ED| = 1. The two
architectures are listed below.

A) A novel high speed area-efficient 4 : 2 compressor with
reduced MED and MRED.

B) A modified dual-stage compressor design for multipliers,
with cascaded compressors.

A. PROPOSED HIGH SPEED AREA-EFFICIENT
APPROXIMATE 4 : 2 COMPRESSOR

The proposed high speed area-efficient 4 : 2 approximate
compressor is shown in Figure 6. The compressor inputs
are A1, Az, Az and A4, outputs are CARRY and SUM.
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TABLE 3. Logical expression for outputs at Stage 1 and Stage 2 of proposed 4 : 2 Compressor and Proposed modified Dual-stage 4 : 2 compressor in

multiplier implementation.

Outputs ‘ Proposed 4 : 2 compressor design ‘ Proposed modified Dual-stage cascaded 4 : 2 compressor ‘
Stage 1
Sumg (K3 @ Ka) (Ko+K1) + (K3 & K4) (K2K1) (Ks® Ky4) (Ko + K1) + (K3 ® Ky) (K2K71)
Carryo K3+Ky K3+ Ky
Sum (K7 @ Ks) ( Ke+K5) + (K7 © Kg) (KsK5) (K7 @ Ks) (K¢ + Ks5) + (K7 © Kg) (Ko K5)
Carry K7+Kg K7+ Kg
Sums (K11 ® K12) ( K10+Ko) + (K11 @ K12) (K10K9) (K11 ® K12) (K10 + Ko) + (K11 @ K12) (K10K9)
Carryz Ki11+K12 K11+ Kz
Sums3 (K15 ® Ki6) ( K14+K13) + (K15 ® K16) (K14K13) (K15 @ Ki16) (K14 + K13) + (K15 @ Ki16) (K14K13)
Carrys Ki5+K16 K15+ Kie
Stage 2
Carryo (K?’Lm Ka+K) + (K3 @ Ka) (K2 K) (K3 @ Kq) - (K2 + K1) + (K3 @ K4)(K2K1)e
+ (K7 @ Ks) (Ke+K5) + (K7 © Ks) (K6 K5) K0 Ke) (Ko L) 1 (K» @ Ko)(Kak3)

A multiplexer (MUX) based design approach is used to gen-
erate SUM.

Output of XOR gate acts as the select line for the MUX.
When select line goes high, (A3A4) is selected and when it
goes low, (A3 4+ A4) is selected. By introducing an error with
error distance 1 in the truth table of the exact compressor,
the proposed 4 2 compressor is able to reduce carry
generation logic to an OR gate. The logical expressions for
realisation of SUM and CARRY are given below.

SUM = (A1 © A2)A3A4 + (A1 @ A2)(A3 + Ag)
CARRY = A1+ A

(19)
(20)

From the truth table of proposed 4 2 compressor
(Table 2), it can been observed that the error has been intro-
duced for the input values — {0011}, {0100}, {1000} and
{1111}, so as to ensure that equal positive and negative
deviation with ED = 1 (minimum) is obtained.

B. PROPOSED MODIFIED DUAL-STAGE APPROXIMATE

4 : 2 COMPRESSOR

As a measure to optimise the hardware utilisation of the
proposed design, this paper proposes an alternate architec-
ture for multipliers with more than three stages of cascaded
compressors. In the high speed area-efficient compressor
architecture (as shown in Figure 6), apart from the MUX, one
XOR, one AND and two OR gates are required. OR and AND
gates each need 6 transistors in CMOS logic implementation.
In order to reduce the transistor count, this paper proposes an
architecture with NAND and NOR gates as shown in Figure 7.
Even though the SUM and CARRY generated by the modified
architecture is not as same as that of the proposed 4 : 2
compressor architecture, with cascading of the compressor
in multiples of 2, the error is nullified. This is explained with
the help of Figure 8. Figure 8(a) has a two level cascading
of proposed high speed area-efficient 4 : 2 compressors.
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FIGURE 7. Basic building block for proposed modified Dual-stage 4 : 2
compressor.

Figure 8(b) has a two level cascading of modified dual-stage
4 : 2 compressors. The outputs at the Stage 1 differ for both
the architectures, but the occurrence of negation in the order
of an integral multiple of two (in Stage 1 and Stage 2) in
the modified dual-stage 4 : 2 compressor will ensure that
the outputs at Stage 2 are same. The modified dual-stage
4 : 2 compressor reduces area, delay and power dissipation
compared to the proposed high speed area-efficient 4 : 2
compressor and other compressors in the literature due to the
reduction in transistor count. Table 3 analyses the output of
the two proposed architectures at different stages in a 2 stage
cascaded structure.

Carryy at Stage 2 output is minimised and is given in
equation (21).

(K3 @ K4) - (K2 + K1) + (K3 @ K4)(K2K1)
= (K3 @ K4) - (K2 + K1) + (K3 @ K4) - (K2K71)
+(K2 + K1 )(K2K1)
Here, it is seen that (K, + Kj)(K»K) is not an essential
prime implicant. Therefore, output expressions of Stage 2
for both the proposed architectures are the same. Similarly,

Sum( generated at Stage 1 differs, but the resultant logical
expression at Stage 2 output remains the same. The proposed

1)
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FIGURE 8. Cascaded architecture for multiplication (a) Proposed area-efficient 4 : 2 compressor and (b) Proposed modified dual-stage architecture
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TABLE 4. Accuracy efficiency metrics comparison of proposed and
existing 4 : 2 compressors.

TABLE 5. Implementation efficiency metrics comparison of proposed and
existing 4 : 2 compressors.

Compressor Design Error Rate (%) | Maximum ED Compressor Design Area Power | Delay PDP
Reddy et al. [25] 12.5 +1 (um?) | (W) | (ps) | (ps x pW)
Momeni et al. [17] (Design 1) 375 +1 Accurate 426 | 580 | 957 | 53506
Momeni et al. [17] (Design 2) s ) Reddy et al. [25] 336 354 | 4838 172.75
Akbari et al. [18] (Design 1) 625 19 Momeni et al. [17](Design 1) 34 345 47.6 164.22
- - Momeni et al. [17](Design 2) 31 3.39 40.6 137.63
Akbari et al. [18] (Design 2) 62.5 +2 - -
Akbari et al. [18](Design 1) 4 0.86 12.2 10.49
Akbari et al. [18] (Design 3) >0 —2 Akbari ef al. [18](Design 2) 76 108 | 122 13.18
Akbari et al. [18] (Design 4) 31.25 +2 Akbari ef al. [18](Design 3) 242 263 | 415 109.15
Ha and Lee [19] 25 -1 Akbari ef al. [18](Design4) | 30.5 341 | 403 137.42
Gorantla and Deepa [24] 18.75 —2 Ha and Lee [19] 354 362 | 471 170.5
Esposito ef al. [22] 56.25 +1 Gorantla and Deepa [24] 37.6 3.97 61.84 245.35
Chang ef al. [23] 25 -1 Esposito et al. [22] 1366 | 183 | 1731 31.66
Proposed 25 +1 Chang et al. [23] 29.42 3.38 443 149.7
Proposed 18.37 248 25.48 63.19

modified dual-stage 4 : 2 compressor has the same output in
cascaded architectures with 18.23% and 14.84% reduction in
area and power respectively when compared to proposed high
speed area efficient 4 : 2 compressor. The accuracy remains
unaffected with the modifications introduced.

V. SIMULATION RESULTS

This section presents the analyses of the proposed 4 : 2
compressor architectures and 8 x 8, 16 x 16 Dadda multi-
plier designed with the proposed compressors. The analysis
is carried out to determine the efficiency of the proposed
designs, which is projected in terms of accuracy metrics and
implementation efficiency metrics.

A. EFFICIENCY MEASURE OF PROPOSED 4 : 2
COMPRESSOR DESIGN

The proposed high speed area-efficient 4 : 2 compressor
design is compared with 11 architectures in literature and
with accurate 4 : 2 compressor. The designs are implemented
using 45 nm CMOS technology using Cadence. The simu-
lation of compressor designs are carried out with a supply
voltage of 1 V at 1 GHz operating frequency.

Accuracy metrics of the proposed high speed area-efficient
4 : 2 compressor is presented in Table 4. The observations
show that Akbari et al. [18] have the highest error rate with
ED of £2. Reddy et al. [25] have the minimum error rate
of 12.5% with and ED of 1. The proposed 4 : 2 compressor
is able to achieve 25% error rate with an ED of £1. This
increase of 12.5% in error rate in the proposed design when
compared to [25] is compensated by the considerable reduc-
tion in area, delay and power.

The implementation efficiency of the proposed 4 : 2
compressor is presented in Table 5. This table compares
proposed design with existing state-of-the-art designs of 4 :
2 compressor in literature. From Table 5, it is evident that
the proposed design is able to achieve 56.88% reduction in
area, 57.24% reduction in power, 73.38% reduction in delay
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and 88.62% reduction in PDP when compared to accurate
4 : 2 compressor. The proposed design achieves the best
area, delay, power and PDP among the existing designs with
error rate less than 62.5%. Among the approximate com-
pressors, maximum area, power and delay is for Gorantla
and Deepa [24]. The least area, delay, power and PDP is
reported by Akbari et al. (Design 1) and (Design 2) [18].
But, it has an ER of 62.5% and an ED of +2. The reduction
in implementation efficiency metrics is achieved at the cost
of degradation in accuracy of the compressor. The efficiency
achieved in implementation metrics is projected as a graph
and is shown in Figure 9.

B. EFFICIENCY MEASURE OF 8 x 8 DADDA MULTIPLIER
USING PROPOSED 4 : 2 COMPRESSOR DESIGN

8 x 8 Dadda multipliers are implemented using the proposed
and existing compressor designs. All the multiplier designs
compared in this analysis are implemented without truncation
in the partial products. In the 8 x 8 Dadda multiplier, Level
1 to Level 8 (as shown in Figure 3) employ approximate
compressors and Level 9 to Level 15 employs exact compres-
sors. The multipliers are implemented using 45 nm CMOS
technology and the simulations are carried out with a supply
voltage of 1 V at 1 GHz operating frequency. Table 6 shows
the implementation and accuracy efficiency metrics for 8 x 8
Dadda multiplier using proposed high speed area efficient
4 : 2 compressor and existing compressors. An exhaustive
analysis was carried out for measuring the efficiency of the
8 x 8 multipliers implemented. When compared to an exact
compressor based multiplier, the multiplier with proposed
design is able to achieve a reduction in area, delay, power and
PDP by 30.43%, 43.55%, 38.09% and 65.06% respectively.
The proposed 4 : 2 compressor based multiplier has the
optimised area, delay and power reduction among all the
architectures except Akbari et al. [18] (Design 1) and (Design
2) and Esposito et al. [22]. Akbari et al. [18] are able to
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TABLE 6. Implementation and accuracy efficiency metrics comparison implementation of 8 x 8 Dadda multiplier with the proposed and existing 4 : 2

compressors.
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8 x 8 mutlipliers. Momeni et al. [17] (Design 1) and (Design
2) have the highest PDP x MRED as MRED is the highest

for these designs. Chang et al.

achieve this by reducing the accuracy of the system to an

error rate of 62.5%.

The proposed design is able to achieve

[23] based multiplier has

comparable accuracy metrics with other designs with error

moderate PDP x MRED. Among the designs with low val-

rate of 25% with an exception when compared with Ha and

ues, Ha. M and Lee [19] has 1.291 and Reddy er al. [25]
has 1.91. It is observed that the proposed design has the

least PDP x MRED and hence it can be concluded that

Lee [19]. Ha and Lee [19] have incorporated dedicated error
recovery modules to improve MED at the cost of increased

area and power.

the proposed design is able to maintain a balance between

In order to examine the accuracy and energy efficiency

of the mutliplier designed, MRED and PDP are consid-
ered. Figure 10 shows the PDP x MRED for all the

the accuracy and energy efficiency better than the existing

designs.
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TABLE 7. Implementation and accuracy efficiency metrics comparison implementation of 16 x 16 Dadda multiplier with the proposed and existing 4 : 2

compressors.
Compressor Design Used Implementation Metrics Accuracy Metrics
Transistor | Power | Delay PDP MED MRED NED
Count (pW) (ns) (ns x pW)
Accurate 11523 458.54 | 1.2222 560.428 - - -

Reddy et al. [25] 7880 251.84 | 0.8020 201.980 2.37x105 | 243.88 5.53x107°
Momeni et al. [17](Design 1) 7932 279.95 | 0.7363 206.127 1.9x 106 15245.16 4.64x 104
Momeni et al. [17](Design 2) 7824 249.27 | 0.6918 172.445 1.7x 106 14333.63 405x10*
Akbari ef al. [18](Design 1) 5680 172.98 | 0.5844 101.090 2.2x 108 1482.14 534x10*
Akbari et al. [18](Design 2) 5790 178.58 | 0.5691 101.630 1.2x 108 1050.22 3.003x 10~4
Akbari ef al. [18](Design 3) 6780 238.66 | 0.6674 159.282 1.4x 106 1308.63 3.4748 x 10~ 4

Akbari et al. [18](Design 4) 7380 245.38 | 0.7632 187.274 6.8 x 10° 286.74 1.6x10~%
Ha and Lee [19] 10324 297.25 | 1.1217 333.425 6.8 x 10* 109.373 1.587x107°
Gorantla and Deepa [24] 9324 309.76 | 1.0153 314.499 1.77 x 10° 4027.2 41348 x 10~*
Esposito ef al. [22] 6918 186.34 | 0.6141 114.431 1.3x 106 1005.81 3.06x 10~4
Chang et al. [23] 8352 304.65 | 0.9781 297.978 1.2x 106 2720.39 3.01x10~4
Proposed 4 : 2 Compressors 7078 218.8 | 0.6246 136.662 8.8 x 10% | 16354 | 2.05xx107°
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FIGURE 10. Figure of merit for 8 x 8 multiplier architectures.

C. EFFICIENCY MEASURE OF 16 x 16 DADDA MULTIPLIER

USING PROPOSED 4 : 2 COMPRESSORS

16 x 16 Dadda multipliers are implemented using the pro-
posed and existing compressor designs. All the multiplier
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designs compared in this analysis are implemented without
truncation in the partial products. In the 16 x 16 Dadda mul-
tiplier, Level 1 to Level 17 employ approximate compressors
and Level 18 to Level 32 employ exact compressors. The
multipliers are implemented using 45 nm CMOS technology
and the simulations are carried out with a supply voltage
of 1 V at 700 MHz operating frequency. Multiplication oper-
ation for 16 x 16 inputs using the proposed compressors
is shown in Figure 11. The proposed modified dual-stage
compressors are used where there are two stages of cascaded
partial products for summation. For all other partial product
levels less than 14, proposed high speed area-efficient 4 : 2
compressors, full adders and half adders are used.

Table 7 presents the comparison of implementation effi-
ciency metrics and accuracy metrics of 16 x 16 multiplier
using proposed modified Dual-Stage 4 2 compressor
architecture and proposed area-efficient 4 2 compres-
sor, with accurate 4 : 2 compressor and approximate 4 : 2
compressors based multipliers. The simulations are carried
out for one million random input combinations. The results
show that the proposed compressor designs based multiplier
is able to reduce the transistor count, power and delay by
38.58%, 52.28% and 48.89% respectively, when compared
to multiplier with accurate compressors. Ha and Lee [19]
and Chang et al. [23] based multipliers have the high-
est transistor count, power, and delay. The error recovery
circuit which improves the accuracy in Ha and Lee [19]
adds additional circuitry thereby adding overhead in all the
implementation efficiency metrics. Akbari et al. (Design-1),
(Design-2), (Design-3), [18] and Esposito et al. [22] are
able to reduce the power, delay and transistor count with
a considerable reduction in accuracy. The ER in all these
designs are above 50%. Among all the designs with ER less
than 50%, the proposed design is able to achieve substantial
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FIGURE 11. Proposed 4 : 2 compressors used in 16 x 16 multiplier.

reduction in implementation efficiency metrics and has the
least transistor count, delay, and power.

The analysis of various multiplier architectures are pre-
sented in scales of accuracy metrics - MED, MRED and
NED. Momeni et al. (Design-1) [17] and Akbari et al
(Design-1) [18] have the highest MED and NED. The low-
est MED and NED is for the multipliers using Ha and
Lee [19] and the proposed approximate compressors-based
multipliers. The highest MRED is for multiplier designs using
Momeni et al. (Design-1) and (Design-2) [17]. The lowest

VOLUME 8, 2020

MRED is for Ha and Lee [19] and proposed compressor
based multipliers. Ha and Lee [19] based design is able to
achieve high MED, high MRED and low NED due to the
error recovery circuit which adds to the area, power and
delay of the circuit. The proposed compressor is able to
achieve comparable results as Ha and Lee [19], with reduced
transistor count, power and delay.

The accuracy and energy efficiency of the multiplier
designed is analysed by considering the MRED and
PDP. Figure 12 shows the PDP x MRED for all the
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FIGURE 13. Image kernel for smoothing.

16 x 16 multipliers. Momeni et al. [17] (Design 1) and
(Design 2) have the highest PDP x MRED as MRED is
the highest for these designs. Gorantla and Deepa [24]
and Chang et al. [23] based multipliers have moderate
PDP x MRED. Among the designs with low values of
PDP x MRED, Ha and Lee [19] have 0.36 and Reddy et
al. [25] have 0.49. It is observed that, the proposed design has
the least PDP x MRED of 0.22. Thus, it can be concluded that
the proposed design is able to maintain a balance between
the accuracy and energy efficiency better that the existing
designs.

D. IMAGE PROCESSING APPLICATION WITH MULTIPLIER
IMPLEMENTED USING PROPOSED COMPRESSOR

The approximate multiplier designed in this paper using the
proposed 4 : 2 compressors is used in two image processing
applications namely multiplication and smoothing of images.
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TABLE 8. Efficiency of the image processing applications measured in
terms of MSSIMs.

Compressor Design Used | Multiplication | Smoothing
Reddy er al. [25] 0.92 0.74
Momeni et al. [17]
0.65 0.23
(Design 1)
Momeni et al. [17]
0.68 0.23
(Design 2)
Akbari ef al. [18
ark et al. L18] 0.60 0.27
(Design 1)
Akbari et al. [18]
0.65 0.28
(Design 2)
Akbari et al. [18]
0.64 0.57
(Design 3)
Akbari et al. [18]
0.81 0.64
(Design 4)
Ha and Lee [19] 0.93 0.72
Gorantla and Deepa [24] 0.86 0.69
Esposito et al. [22] 0.63 0.29
Chang et al. [23] 0.84 0.73
Proposed 0.90 0.74

The image kernel for smoothing is shown in Figure 13.
The smoothing operation is carried out by convolution of the
image kernel with 5 x 5 image sub-blocks. For smoothing
application, twelve standard images are considered; Pirate,
Tiffany, Moon, Jet, Room, Cameraman, Lena, Elaine, Man-
drill, Bridge, Lake and Pepper [28].

For image multiplication, six image pairs are consid-
ered ((Lena, Tiffany), ( Elaine,Pirate), (Bridge,Room), (Man-
drill,Peppers), (Moon, Cameraman) and (Jet, Lake)). The
image pairs are multiplied and the resultant images are eval-
uated to measure its efficiency. The multiplied images for
(Moon, Cameraman) pair using all multiplier architectures
are shown in Figure 14.

In both the applications, 8 x 8 multipliers implemented
using proposed and existing compressors are used. In the mul-
tipliers, the approximate compressors are employed in first
8 levels from LSB (where ever applicable, as level 1, 2 and
3 employ half and full adders). The simulations are carried
out using MATLAB 2019.2. The efficiency of the image pro-
cessing applications are measured in terms of mean structural
similarity (MSSIM) [27]. MSSIM predicts the quality of a
image by calculating the deviation in pixel values with respect
to a distortion free reference image. Table 8 presents the
average MSSIM for the images processed with the approx-
imate multiplier implemented using compressors. The pro-
posed 4 : 2 compressor design has comparable accuracy with
Reddy ef al. [25] and Ha and Lee [19]. In addition to this,
the proposed compressor has better accuracy compared to all
other compressor architectures under consideration.

Use of approximate compressors in multipliers can
reduce the accuracy if compressors are employed in the
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FIGURE 14. Multiplication of Cameraman and Moon images using 8 x 8 multipliers with proposed and existing
compressor architectures.
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FIGURE 15. Effect of approximate compressor levels on MSSIM in an 8 x 8 multiplier.

MSB levels. To understand the effect, the levels (as and is projected in Figure 15. Approximate compres-
shown in Figure 3) in which the approximate compres- sors are employed in the least significant levels, LEVEL
sors are employed in an 8 x 8 multiplier are varied 1 to LEVEL 11. LEVEL 12 to LEVEL 15 employs
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exact compressors to maintain accuracy in acceptable
range.

In Figure 15, ‘n’ represents the number of levels with
approximate compressors. In this study, ‘n’ is varied from 7 to
11 and the changes in accuracy is examined by measuring the
MSSIM. From Figure 15, it can be observed that the proposed
architecture has comparable results when compared to other
state-of-the-art compressor designs and the best among the
compressors with error rate 25%.

VI. CONCLUSION

This paper presents two novel approximate 4 : 2 compressor
architectures. Firstly, a high speed area efficient compres-
sor architecture is proposed, which achieved a considerable
reduction in area, delay and power when compared to other
state-of-the-art compressor designs. The proposed design has
comparable accuracy with 25% error rate and equal posi-
tive and negative absolute error deviation of 1. As a result,
the proposed design reduces MED and MRED considerably
without reducing the error rate. In addition to this, the paper
also proposed a modified dual-stage compressor architecture,
which further optimised the area, delay and power without
altering the accuracy metrics. The architecture was designed
and implemented at the transistor level using 45-nm technol-
ogy with a supply voltage of 1 V. The design was validated
using 8 x 8, 16 x 16 Dadda multiplier in image processing
applications, like image multiplication and smoothing.
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