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An Ultra-Efficient Approximate Multiplier With
Error Compensation for Error-Resilient Applications
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Abstract—Approximate computing is a promising paradigm
for trading off accuracy to improve hardware efficiency in
error-resilient applications such as neural networks and image
processing. This brief presents an ultra-efficient approximate
multiplier with error compensation capability. The proposed
multiplier considers the least significant half of the product
a constant compensation term. The other half is calculated
precisely to provide an ultra-efficient hardware-accuracy trade-
off. Furthermore, a low-complexity but effective error com-
pensation module (ECM) is presented, significantly improving
accuracy. The proposed multiplier is simulated using HSPICE
with 7nm tri-gate FinFET technology. The proposed design sig-
nificantly improves the energy-delay product, on average, by
77% and 54% compared to the exact and existing approxi-
mate designs. Moreover, the proposed multiplier’s accuracy and
effectiveness in neural networks and image multiplication are
evaluated using MATLAB simulations. The results indicate that
the proposed multiplier offers high accuracy comparable to
the exact multiplier in NNs and provides an average PSNR of
more than 51dB in image multiplication. Accordingly, it can
be an effective alternative for exact multipliers in practical
error-resilient applications.

Index Terms—Error compensation, approximate multiplier,
neural network, hardware-accuracy trade-off.

I. INTRODUCTION

THE RAPID growth of the digital circuit industry, fol-
lowed by the increase in density and complexity of

digital integrated circuits at the deep nanometer dimensions,
has motivated circuit designers to offer new approaches at
various levels of design abstraction. One of the practical solu-
tions in designing energy-efficient nanoscale digital circuits is
approximate computing [1]. Complete accuracy is not the first
concern for many practical applications. Accurate calculations
are not always necessary in many error-resistant applica-
tions such as artificial neural networks (ANNs), speech and
image recognition, and multimedia applications. Such appli-
cations can tolerate inaccuracy while producing useful results
that, for example, are sufficiently understandable to humans.
Accordingly, circuit parameters such as transistor count, power
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consumption, delay, and area can be reduced by reasonably
reducing the accuracy [1].

Multiplication is one of the essential arithmetic operations in
microprocessors and digital signal processing units. Moreover,
multipliers are widely used in neural networks. Convolution
layers in convolutional neural networks (CNNs) involve a large
number of multiplication-accumulation (MAC) operations.
Multiplications are much more complex than additions for the
MAC operations and consume the most resources. Therefore,
reducing multipliers’ energy consumption and hardware costs
is very important [2], [3], [4].

The most effective solution for trading-off accuracy for
hardware efficiency in error-resilient applications is to design
efficient approximate multipliers. There are two general
approaches for designing approximate multipliers. The first
method uses approximate adders and compressors in the struc-
ture of the conventional multiplier [1], [2], while the second
approach modifies the multiplier structure to reach an approx-
imate design. A practical way to prevent errors in such
multipliers is to use error compensation modules (ECMs).
By combining efficient ECMs and proper truncation, efficient
approximate multipliers can be achieved [6], [7], [8], [9].

This brief proposes a new approximate multiplier with
an ultra-efficient error compensation module. The proposed
design has an ultra-low-complexity structure and significantly
reduces the number of transistors and energy consumption
compared to its counterparts. At the same time, it offers
a high enough accuracy for error-resilient applications such
as neural networks and image processing. The proposed
multiplier consists of three main parts, i.e., a constant-
truncated region making hardware-accuracy trade-off, a new
efficient error compensation module, and an exact part. The
negativeness of all the error distances (EDs) resulting from the
constant-truncated part is applied to design an ultra-efficient
ECM. Moreover, as the absolute ED for each input equals
the number of 1’s in that input, assuming that the input bits to
a multiplier are distributed uniformly in general, an input with
a higher error distance has a lower probability of occurrence.
Accordingly, we propose an error compensation module to
compensate for the errors in cases with high occurrence prob-
ability. Our ECM is designed using only two four-input OR
gates with 20 transistors.

Moreover, utilization of the proposed approximate
multiplier in neural networks and image processing applica-
tions is investigated. The results indicate that the proposed
design provides an ultra-efficient trade-off between hardware
efficiency and accuracy in error-resilient applications.
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The rest of this brief is organized as follows: Section II
briefly reviews the existing designs. Section III describes the
proposed approach. The simulation results and comparisons
are presented in Section IV. Finally, Section V concludes
this brief.

II. RELATED WORK

Several signed and unsigned approximate multipliers have
already been presented in the literature [1], [2], [9], [10], [11],
[12], [13], [14], [15], [16], [17]. However, in this brief, we
have focused on unsigned multipliers because of the higher
use of unsigned multiplication in most approximate computing
applications, such as image processing and machine vision.

Generally, there are two approaches for designing approx-
imate multipliers. The first group includes those designed
without an error compensation module (ECM) [1], [2], [9],
[10], [14], [15], [16], [17]. The other one includes designs
with ECM that can compensate for the errors to a large
extent [5], [6], [7], [8].

In [1], the conventional structure of the 8-bit
Dadda multiplier, used as the reference in most previous
research, was described. Three hybrid approximate multipliers
based on different approximate compressors with different
accuracy and performance characteristics were proposed
in [2]. Two imprecise 4 × 4 multipliers were proposed
in [9] utilized to construct a high-order multiplier. In [10],
compressors of different orders with equal output weights
were introduced to be used in approximate multipliers.
Approximate recursive multipliers based on high-performance
building blocks were presented in [14]. In [15], approximate
multipliers using static segmentation with error correction
methods were investigated. In [16], logarithmic multipliers
for low-power error-tolerant applications were proposed.
Dynamic range approximate logarithmic multipliers for
machine learning applications were suggested in [17].
Logarithmic approximate multipliers generally have a higher
error but lower energy consumption.

In [5], an innovative modification to the approximate 4-2
compressor design and an error recovery module were sug-
gested. In [6], an energy-efficient approximate multiplier using
a modified approximate 4:2 compressor was proposed. An
error recovery module that can detect erroneous conditions
was suggested in [6]. In [7], three novel approximate 4-2
compressors were proposed and utilized in 8-bit multipliers.
Meanwhile, an ECM was presented to promote the accuracy
of the approximate multiplier. In [8], an unsigned approximate
multiplier architecture based on truncation and approximation
was proposed to improve hardware saving without signifi-
cantly scarifying accuracy. In this design, the partial products
in the middle portion were simplified using 4:2 approxi-
mate compressors, and the error due to approximation was
compensated using an efficient ECM. The most signifi-
cant portion of the multiplier was implemented using exact
logic.

III. PROPOSED APPROXIMATE MULTIPLIER

The partial product reduction unit of the proposed
approximate multiplier is shown in Fig. 1. As low-bit

Fig. 1. Partial product reduction of the proposed approximate multiplier.

TABLE I
ERROR DISTANCES FOR ALL INPUT COMBINATIONS

multipliers are widely used in machine learning and image
multiplication applications [2], [18], we focus on the 8-bit
Dadda multiplier without loss of generality. However, our
proposed approximate design can be scaled for larger bit-
widths with a straightforward extension.

The proposed multiplier consists of a constant-truncated
part, an error correction module, and an exact part. The partial
products are not generated in the first eight least significant
columns of the constant region, and an 8-bit constant prod-
uct (“00000110”) appears in this part. Suppose the left nibble
of the constant-truncated region with inaccurate compressors.
In that case, it is equivalent to having approximate compres-
sors producing Carry and Sum equal to ‘0’ for all inputs.
The errors generated in this section for all inputs are given in
Table I.

Although only one of the outputs is accurate, some
interesting points in this design result in an ultra-efficient
multiplier for a compromise between hardware and accuracy.
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First, by zeroing the outputs, the accurate output is gener-
ated for the “0000” combination, most likely to occur at the
input. Second, the negative EDs for the inaccurate inputs
can be well used to design an efficient error compensation
module.

Another noteworthy point is that since, in this scheme, the
ED corresponding to each input is equal to the number of 1’s
in that input, the higher ED a state has, the less likely that
state occurs. Assuming the input bits to a multiplier are dis-
tributed uniformly in general (considering an equal probability
for an input bit to be ‘0’ or ‘1’) [2], [5], [8], [10], the prob-
ability that a partial product (an input bit to a compressor),
generated by a 2-input AND gate, equals to ‘1’ (‘0’) is 1/4
(3/4). Therefore, the probabilities of inputs having zero, one,
two, three, and four 1’s equal 31.5%, 10.5%, 3.5%, 1.1%, and
0.4%, respectively.

Accordingly, the proposed error compensation module is
designed to compensate for the errors resulting from the cases
with higher occurrence probabilities. Moreover, the output
corresponding to the input “0000” is not corrupted.

For this purpose, two 4-input OR gates with a total number
of 20 transistors are used. By ORing the four inputs, the errors
corresponding to the cells highlighted in Table I are deter-
mined. Consequently, by feeding the output of the OR gates
as the Carry input to the following stage’s compressors, the
impact of the existing negative EDs is compensated to a large
extent. It is also worth noting that the existence of only neg-
ative EDs is appropriate for neural network applications due
to the ReLU activation function [3].

Although the least significant columns are usually truncated
to improve hardware efficiency, it can result in a relative accu-
racy loss and can be compensated. Accordingly, the three
LSBs of the products are replaced with the constant correction
term of (6)10 = “110” to improve the accuracy. This con-
stant correction term is computed as an average value of the
input combinations in the least significant columns [8]. This
simplification omits 28 two-input AND gates from the par-
tial production stage, and many adder and compressor circuits
form the following stages.

As shown in Fig. 1, in the first stage of the reduc-
tion part of the proposed multiplier, a half adder, two
full adders, and three 4:2 exact compressors are used.
Moreover, only two full adders and four 4:2 exact compres-
sors are used in the second stage. Finally, an RCA con-
sisting of two half adders (HA) and four full adders (FA)
generates the product. The proposed multiplier’s ultra-low-
complexity and efficient structure significantly reduces hard-
ware overhead, delay, and power consumption while providing
high accuracy for error-resilient applications such as neural
networks.

IV. SIMULATION RESULTS AND COMPARISONS

Several exact and approximate multipliers are simulated
and compared in this section, considering various aspects
of performance and accuracy. Different multipliers with and
without error compensation capability are considered to have
a more comprehensive comparison.

TABLE II
PERFORMANCE COMPARISON OF VARIOUS MULTIPLIERS

A. Hardware Analysis

The proposed multiplier and the other exact and
approximate multipliers have been simulated using HSPICE
and the 7nm FinFET model [19]. The simulations are con-
ducted at 0.7V supply voltage and 2GHz frequency. The
worst-case critical path delay of each multiplier is reported
as the delay. A long stream of random input combinations,
considering the switching activity factor, have been generated
and used as stimuli to estimate the power consumption of the
multipliers.

The simulation results are tabulated in Table II. The results
indicate that the proposed multiplier has superior delay, power,
power-delay product (PDP), energy-delay product (EDP), and
area compared to the existing multipliers, particularly the
multipliers with ECM. The low-complexity structure of the
proposed multiplier leads to a lower PDP even compared to
hardware-efficient logarithmic multipliers. This superiority is
due to the ultra-efficient structure and short critical path of our
multiplier discussed in Section III. On average, the proposed
multiplier improves the delay, power, PDP, EDP, and area by
23%, 34%, 46%, 55%, and 33%, respectively, compared to the
existing multipliers listed in Table II.

B. Accuracy Analysis

To evaluate the accuracy of the approximate multipliers,
the normalized mean error distance (NMED), the mean rel-
ative error distance (MRED), and the number of effective
bits (NoEB) metrics [2], [9], [10] have been calculated using
MATLAB simulations by applying all of the 65536 possible
input combinations. The results are given in Table III.

Although the proposed approximate multiplier shows higher
accuracy metrics than the other multipliers with error com-
pensation capability [5], [6], [7], [8], in most cases, it is
significantly more accurate than the other counterparts due to
its structure and the efficient error compensation module.

Moreover, as shown in Table II, the proposed multiplier sig-
nificantly improves the hardware metrics especially compared
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TABLE III
ACCURACY METRICS OF THE APPROXIMATE MULTIPLIERS

to the multipliers with ECM. It is worth mentioning that the
primary purpose of approximate computing is to enhance hard-
ware efficiency while providing an acceptable accuracy for
error-resilient applications.

C. Pareto Diagrams

The Pareto diagrams shown in Fig. 2 compare the
multipliers considering the accuracy metrics and PDP to iden-
tify designs with more effective trade-offs between accuracy
and energy efficiency. The multipliers near the bottom-left cor-
ner of the Pareto diagrams are more efficient, having lower
PDPs and higher accuracies. According to the results, the
proposed multiplier makes a more effective trade-off between
accuracy and energy efficiency than its counterpart designs
with and without ECM.

D. Applications

Neural networks are the most effective solution for many
challenging applications, such as speech recognition and image
classification. Approximate multipliers with lower complexity
can significantly enhance the efficiency of these intrinsically
error-tolerant networks [2], [3].

This section evaluates the efficacy of the approximate
multipliers with and without ECM in two neural network
structures. The first one is a multilayer perceptron (MLP),
by which we classify the MNIST (Mixed National Institute
of Standards and Technology) dataset [20], and the other is
a convolutional neural network (CNN) used to classify the
SVHN (Street View House Numbers) dataset [21]. We have
classified the MNIST dataset using an MLP network explained
in [2], [3]. The LeNet-5 network described in [22] has also
been used to classify the SVHN dataset.

It is worth mentioning that negative and positive neuron
weights are produced in the training process. Accordingly,
we have converted the neuron weights to the sign-magnitude
representation after the training process, and accordingly, the
multiplications were performed using the unsigned multipliers
under study. As the neuron weights are converted once after
training, it causes no overhead in the classification process,
where the approximate designs are used. Suppose the neural

Fig. 2. Pareto diagrams (a) PDP vs. NMED (b) PDP vs. MRED.

Fig. 3. Classification accuracies using the multipliers under investigation.

network outputs should be converted to 2’complemnt. In
that case, the overhead is negligible compared to the whole
network.

These two types of neural networks have been imple-
mented and simulated in the MATLAB environment using
the exact and approximate multipliers. The results are shown
in Fig. 3. According to the results, the classification accura-
cies for the MNIST and SVHN datasets using the proposed
approximate multiplier are 95.5% and 81.3%, comparable to
the exact design. Accordingly, the proposed design can be
effectively used to replace exact multipliers in neural network
applications.

Image multiplication is considered for image processing
applications. Multiplications of various images have been
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TABLE IV
AVERAGE PSNR AND MSSIM VALUES FOR APPROXIMATE

IMAGE MULTIPLICATIONS

performed by the approximate multipliers understudy using
MATLAB. The average values for the PSNR and MSSIM
quality metrics [2] are tabulated in Table IV. According to the
results, the proposed multiplier offers the average PSNR and
MSSIM values of more than 51dB and 0.9999, respectively,
which are more than enough for image processing applications.

At the same time, our proposed approximate multiplier
improves the circuit parameters significantly, as reported in
Table II. Hence, our design can be well applied in image
processing applications to achieve hardware and energy effi-
ciencies with high quality.

V. CONCLUSION

This brief proposes an ultra-efficient approximate multiplier,
including a constant-truncated region, an error correction mod-
ule, and an exact part. Ignoring the outputs in the truncated
region is equivalent to using a 4:2 approximate compressor
with outputs equal to zero. Accordingly, it leads to an accu-
rate output for the “0000” input, which is most likely to
occur. Moreover, the EDs of the other inputs become nega-
tive. As the absolute ED corresponding to each input equals
the number 1’s in that input, the input with a higher ED has
a lower probability of occurrence. Accordingly, an efficient
ECM is proposed to compensate for the errors resulting from
the most probable cases to a large extent. Also, the existence
of entirely negative EDs can be more efficient for NN applica-
tions due to the functionality of the ReLU activation function.
The proposed design’s ultra-low-complexity structure reduces
EDP by 77% and 54% compared to the existing exact and
approximate multipliers. Moreover, the proposed multiplier
offers high accuracy and quality in error-resilient applications
such as neural networks and image processing. Accordingly,
the proposed design can be an effective alternative for exact
multipliers in practical error-resilient applications.
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