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Abstract. There is a recent boom being witnessed in
emerging areas like IoMT (Internet of Medical Things),
Artificial Intelligence for healthcare, and disaster man-
agement. These novel research frontiers are critical
in terms of hardware and cannot afford to compro-
mise accuracy or reliability. Multiplier, being one of
the most heavily used components, becomes crucial in
these applications. If optimized, multipliers can im-
pact the overall performance of the system. Thus, in
this paper, an attempt has been made to determine the
potential of accurate multipliers while meeting mini-
mal hardware requirements. In this paper, we propose
a novel Booth-Encoded Karatsuba multiplier and pro-
vide its comparison with a Booth-Encoded Wallace tree
multiplier. These architectures have been developed us-
ing two types of Booth encoding: Radix-4 and Radix-8
for 16-bit, 32-bit and 64-bit multiplications. The algo-
rithm is designed to be parameterizable to different bit
widths, thereby offering higher flexibility. The proposed
mul- tiplier offers advantage of enhanced performance
with significant reduction in hardware while negligibly
trad- ing off the Power Delay Product (PDP). It has
been observed that the performance of the proposed ar-
chitecture increases with increasing multiplier size due
to significant reduction in hardware and slight increase
in PDP. All the architectures have been implemented
in Verilog HDL using Xilinx Vivado Design Suite.
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1. Introduction

Approximate multipliers [1], [2], [3], [4], [5], [6] and [7]
have garnered a lot of attention from the researchers in
the recent past. This is primarily due to the need to de-
velop architectures for arithmetic computing that can
reduce delay, power and hardware utilization, while re-
laxing the constraint on accuracy. However, there has
been an upsurge in requirement to develop accurate
hardware-efficient circuits for healthcare applications,
resulting in emergence of novel technologies like Wire-
less Body Area Networks (WBAN) [8], and biomed-
ical circuits for Brain Machine Interfaces [9]. Finite
field arithmetic is another research direction that re-
quires optimized hardware architectures, especially for
coding theory and public-key cryptosystems [10], [11]
and [12]. Complex field operations like exponentiation
and inversion can be attained by iterative multiplica-
tion. Thus, it is necessary to design efficient multiplier.
Being the core components of these systems, slight im-
provement in multiplication unit can offer significant
performance enhancement of overall system.

Generally, multiplication operation can be bisected
in two stages: (1) partial-products generation, and (2)
addition of generated partial products. Research is cur-
rently underway to optimize the multiplication oper-
ation by optimizing either of the two stages. Booth
encoding is being used as an effective technique to re-
duce the number of partial products generated in the
multiplication process [13], [14] and [15] which in turn
results in substantial reduction in area. Furthermore,
for optimizing the second stage, Wallace tree multipli-
ers are used as they are faster due to logarithmic depth
and utilize lesser hardware by using fewest adders pos-
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sible. Therefore, Booth and Wallace tree multipliers
can be modified and hybridized together to obtain an
optimized multiplier, namely Booth-Encoded Wallace
tree multiplier. This hybrid architecture has thus been
leveraged by several researchers [16], [17], [18], [19]
and [20] to attain higher speed and area optimization.
Hence, we have chosen the same over other architec-
tures for comparison with our proposed multiplier.
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Fig. 1: Partial Products generation for 16-bit operand using
Radix-4.
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Fig. 2: Partial Products generation for 16-bit operand using
Radix-8.

In Wallace tree multiplication, further
optimization can be obtained by dividing
an N × N multiplication in 4 small N

2 × N
2 mul-

tiplications which are processed in parallel [21]. The
outputs of these 4 smaller size multipliers are then
arranged suitably and added together using a ripple
carry adder or carry look-ahead adder to obtain the
final result. This helps in reducing the delay as
4 multiplications are done in parallel. However, the
Karatsuba multiplier [7] uses 3 small multiplier for an
N × N multiplication: two N

2 × N
2 multipliers and

one ( N
2 + 1) × ( N

2 + 1) multiplier. Thus, Karatsuba
multiplier requires one less multiplier compared to
Wallace tree multiplier which helps in reducing the
hardware drastically while causing meagre increase in
delay and power due to complex structure. One less
multiplier in Karatsuba algorithm is compensated by
using a series of addition and subtraction operation.
Therefore, the reduction in hardware becomes more
significant as the size of multiplier increases. This is
owed to the fact that hardware utilization increases
exponentially with increase in multiplier size; however,
the trend is linear for an adder. Therefore, in this
paper, we have utilized the properties of Karatsuba
algorithm and proposed a novel Booth-Encoded
Karatsuba multiplier which is a hybrid of Booth
and Karatsuba multiplier. The proposed multiplier
uses one less multiplier compared to Booth-Encoded

Wallace tree multiplier while individual multipliers
use Booth encoding to reduce the number of partial
products which is then employed with Wallace tree
addition scheme.

The rest of the manuscript has been structured as
follows: Sec. 2. puts forth the background of our
research, focusing on Booth’s algorithm, Wallace tree
multiplier and how they can be hybridized to obtain
an optimized Booth-Encoded Wallace tree multiplier.
Section 3. elaborates on the working and implementa-
tion of proposed Booth-Encoded Karatsuba multiplier
which is followed by the results in Sec. 4. Finally,
the paper has been concluded in Sec. 5. based on all
the findings from Sec. 4.

2. Background

2.1. Modified Booth’s Algorithm

The modified Booth’s algorithm [22] and [23] is
a slightly modified and improved version of the Booth’s
algorithm. In the modified Booth algorithm, parallel
encoding is performed as opposed to the serial encod-
ing used in the originally proposed Booth algorithm.
For Radix-R, encoding is obtained in following steps
[24]:

• LSB of Multiplier (MR) is padded with a single
bit 0.

• MR with padded 0 at LSB is partitioned into over-
lapping groups of x-bits where x = 1 + log2 R.

• Each block of x-bits is encoded to generate a single
partial product. Encoding is done based on the
Booth encoding table which differs for different
Radix.

• Each partial product is then shifted s-bits to the
left of its preceding neighbor, where s = x − 1.

For a N -bit multiplier, total of P partial products
are generated, where:

P = floor
(

N + s

s

)
. (1)

All the partial products, after shifting and getting
arranged suitably, are then added using appropriate
addition scheme.

In this paper, Radix-4 and Radix-8 modified Booth’s
algorithms are being utilized. For Radix-4, partition-
ing of the MR is done using overlapping groups of 3-
bits as shown in Fig. 1 and each block of 3-bits is en-
coded to generate a single partial product as per the

© 2021 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 273



THEORETICAL AND APPLIED ELECTRICAL ENGINEERING VOLUME: 19 | NUMBER: 3 | 2021 | SEPTEMBER

Tab. 1. For instance, PP0 in Fig. 1 is the the prod-
uct of the encoding obtained from {Bi+1,Bi,Bi−1} and
MD, where Bi−1 is the 1’b0 appended to the right of
the LSB, Bi is the 1st bit (LSB), and Bi is the 2nd bit.
Finally, each partial product generated is shifted 2-bits
left to its precedent before adding them. For an N -bit
operand, the number of partial products generated is
equal to floor( N+2

2 ). Similarly, the generation of the
partial products for Radix-8 is obtained by partition-
ing the multiplier into overlapping groups of 4-bits as
shown in Fig. 2, and then each block of 4-bits is en-
coded as per the Tab. 2.

Fig. 3: Generalized Wallace Tree Architecture.[7]

Finally, before addition, all partial product is then
shifted 3-bits left to its precedent. For an N -bit
operand, the number of partial products generated are
floor( N+3

3 ). One factor to be noted here is that the
MSB of the MR needs to be padded with at least an ex-
tra 0 bit. This is done to make the final sum a positive
multiple of the Multiplicand (MD). This accounts for
the appearance of 1 in the floor( N

2 +1) and floor( N
3 +1)

expressions.
Thus, by means of using Booth encoding, the num-

ber of partial products generated can be reduced which
in turn helps in reduction of hardware usage as well as
delay.

Tab. 1: Radix-4 Booth Encoding.

Bi+1 Bi Bi−1 Encoding
0 0 0 0× MD
0 0 1 1× MD
0 1 0 1× MD
0 1 1 2× MD
1 0 0 −2× MD
1 0 1 −1× MD
1 1 0 −1× MD
1 1 1 0× MD

Tab. 2: Radix-8 Booth Encoding.

Bi+2 Bi+1 Bi Bi−1 Encoding
0 0 0 0 0× MD
0 0 0 1 1× MD
0 0 1 0 1× MD
0 0 1 1 2× MD
0 1 0 0 2× MD
0 1 0 1 3× MD
0 1 1 0 3× MD
0 1 1 1 4× MD
1 0 0 0 −4× MD
1 0 0 1 −3× MD
1 0 1 0 −3× MD
1 0 1 1 −2× MD
1 1 0 0 −2× MD
1 1 0 1 −1× MD
1 1 1 0 −1× MD
1 1 1 1 0× MD

2.2. Booth-Encoded Wallace Tree
Multiplier

Several architectures have been proposed in the past
with the aim of boosting the speed of the multiplier.
One such architecture is the Wallace tree architecture
which is an improved version of tree based multipli-
ers [16] and [17]. The advantage offered by Wallace
tree multiplier in terms of speed gets amplified when
a higher multiplier units are constructed, generally
16-bit or higher. In Wallace tree architecture, the bits
of all of the partial products in each column are added
together by employing counters or compressors in par-
allel without carry propagation. A tree of Carry Save
Adders (CSA) is thus used until a final 2 row matrix
is generated. The final 2 rows are added using a ripple
carry adder or carry look-ahead adder. The main ad-
vantage of Wallace tree architecture is the speed since
the time complexity for the addition of N partial prod-
ucts is reduced from O(N2) to O(log N).

Furthermore, a higher order N × N bit multiplier
unit can be further optimized by splitting it into
smaller N

2 × N
2 bit multiplier units. Thus, an N -bit

MD can be split into two N
2 bit words which are MDH

and MDL. Similarly, the N -bit MR can be decom-
posed into MRH and MRL. Thus, the product for
an N -bit by N -bit multiplication can be attained by
employing four smaller N

2 × N
2 bit multiplier units. This

can be better understood from Fig. 3. The products
of the four multiplier units (M1, M2, M3, and M4) are
given as:

a = MDH × MRH , (2)

b = MDL × MRL, (3)

c = MDH × MRL, (4)

d = MDL × MRH . (5)
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Here, c and d are added together using A1 (adder)
and then the sum is left shifted by N

2 bits to generate
output e given as follows:

e = 2 N
2 (c + d). (6)

Now, a is also shifted left by N bits and added with
e and b, using adder A2 to obtain the final product
given by the following equation:

Product = 2N a + 2 N
2 (c + d) + b. (7)

Fig. 4: Multiplier Architecture.

Fig. 5: CSA Tree Architecture to add 9 partial products.

Each of the 4 N
2 bit multipliers (denoted as M1, M2,

M3, and M4 in Fig. 3) employ the processing steps as
highlighted in Fig. 4. Various blocks involved in the
multiplier architecture and their respective functional-
ity will be explained further.

Partial Product Generator: The first process-
ing block of the multiplier architecture, as depicted
in Fig. 4, is the Partial Product Generator block that
groups the MR as per the Fig. 1 or Fig. 2 depending on
the Radix-4 or Radix-8 encoding. Furthermore, it gen-
erates the partial products using the encoding tables
as described in Tab. 1 or Tab. 2 employing the steps
enumerated in Subsec. 2.1.

Partial Product Compressor: The generated
partial products are fed into the Partial Product Com-
pressor block which is the second processing block.
It employs a Wallace tree Architecture using 3:2 Carry
Save Adders (CSA). For instance, the Fig. 5 represents
the CSA tree architecture for the addition of 9 par-
tial products obtained from Radix-4 Booth encoding of
16-bit multiplier. The CSA takes three inputs (a, b and
cin) and generates two outputs, namely carry and sum.
CSA(s) are used to improve on the delay (O(log N))
and area (O(N)). The compression of partial products
using CSA is much faster than their conventional addi-
tion. The Cout and Sout which represent the carry-out
and sum generated by the last CSA block are passed
onto the next block of the architecture i.e. Full Adder
Array.

Full Adder Array: The Full Adder Array block
takes in the Cout and Sout generated from the Par-
tial Product Compressor block to generate the desired
N -bit product by using an array of full adders, com-
monly known as ripple carry adder. This block can
also be realized using carry look-ahead adder.

Thus, the Booth Encoded Wallace Tree Multiplier
offers advantage of both Booth Encoding for reduc-
tion of Partial Products using Radix-4 and Radix-8
algorithms and faster accumulation of the generated
partial products by reducing the levels of addition us-
ing the Wallace Tree structure. Thus, it finds use in
various DSP applications like the computation of FFT
for biomedical applications [25], and convolution oper-
ations [26].

3. Proposed Algorithm:
Booth-Encoded Karatsuba
Multiplier

The Karatsuba multiplication algorithm was proposed
in 1962 by Karatsuba and Ofman [27]. It was the first
attempt at finding efficient techniques for multiplica-
tion of large integers. The naive approach of multi-
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plying two numbers has a time complexity of O(N2)
for a N -bit multiplication. However, the Karatsuba
algorithm leverages the divide and conquer approach
and has a time complexity of O(N log2 3) which is a sig-
nificant improvement over the naive algorithm. The
Karatsuba Algorithm can be employed in several ap-
plications that aim at achieving enhanced performance
and efficient hardware accelerators, such as biomedical
devices to address healthcare issues, human-computer
interfaces for human assistance and cryptographic ap-
plications like RSA and DSA [28], [29] and [28]. These
applications require high accuracy and demand for
compact hardware designing. Recently, an approx-
imate Karatsuba multiplier was proposed [7] in the
literature which focused on the error-resilient applica-
tions. However, in this paper, we intend to introduce
an accurate multiplier which integrates the Karatsuba
algorithm with Booth-Encoded multiplier in order to
achieve an optimized multiplier for applications where
accuracy is critical and cannot be compromised.
The flow of the algorithm has been depicted in Fig. 6.

In order to multiply two N -bit numbers MD and MR,
the Karatsuba algorithm can be understood as de-
scribed below. Let subscript H represent the upper
half bits of (MD/MR) and subscript L represent the
lower half bits of (MD/MR), then

a = MDH × MRH , (8)

b = MDL × MRL, (9)

At the same time,

c = MDH + MDL, (10)

d = MRH + MRL, (11)

Now, a and b are subtracted from the product of
c and d. It can be computed as follows:

e = (c × d) − (a + b) =
= (MDH + MDL)(MRH + MRL)+
−(MDH × MRH)(MDL × MRL), (12)

After simplifying Eq. (12) we get,

e = MDHMRL + MDLMRH . (13)

Thus, final product can be written as:

Product = 2N a + 2 N
2 e + b. (14)

From the above equations, it can be seen that for
N -bit multiplication, Karatsuba multiplier requires
two N

2 bit multipliers and one N
2 + 1 bit multiplier.

Therefore, a total of 3 small size multipliers are re-
quired along with a series of addition and subtraction
operations. In comparison to the Wallace tree multi-
plier as described in Subsec. 2.2. which utilises 4
small multipliers (denoted by M1, M2, M3, and M4),
the Karatsuba multiplier utilises only 3 such multipli-
ers units (M1, M2, and M3), as shown in Fig. 6. Thus,
the Karatsuba multiplier performs the same N -bit mul-
tiplication as the Wallace Tree multiplier utilizing one
lesser multiplier.

Fig. 6: Karatsuba Multiplier Architecture [7].

To further enhance the performance of the existing
Karatsuba multiplier, we have proposed the hybridized
architecture in which all the smaller size multipliers of
Karatsuba algorithm are realized to exploit the advan-
tages of reduced number of partial products obtained
from modified Booth algorithm and the fast, parallel
addition offered by Wallace Tree structure. Thus, to
overcome the drawback of a conventional multiplier
in which N × N multiplication results in N partial
products, Booth encoding with Radix-4 and Radix-8
has been used which greatly reduces the number of
partial products generated. Furthermore, these gen-
erated partial products are then added using Wallace
tree addition scheme. The multiplier architecture used
for BoothEncoded Karatsuba algorithm is same as de-
scribed in Fig. 4. Working of multiplier architecture
with respect to Booth-Encoded Karatsuba algorithm
will be described below.

Partial Product Generator: The first processing
block in Fig. 4 is the Partial Product Generator which
uses Radix-4 or Radix-8 Booth encoding to generate
partial products. For an N -bit multiplication, the pro-
posed algorithm requires two N

2 bit multipliers and one
N
2 + 1 bit multiplier. In order to develop a 32-bit mul-
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Tab. 3: Comparison of Total Hardware Utilization.

Encoding Percentage
Size used Structure Hardware decrease

64-bit × 64-bit
Radix-4 Booth Karatsuba 2478 18.59 %Booth Wallace 3044

Radix-8 Booth Karatsuba 1815 13.57 %Booth Wallace 2100

32-bit × 32-bit
Radix-4 Booth Karatsuba 777 14.05 %Booth Wallace 904

Radix-8 Booth Karatsuba 576 10.00 %Booth Wallace 640

16-bit × 16-bit
Radix-4 Booth Karatsuba 252 5.97 %Booth Wallace 268

Radix-8 Booth Karatsuba 192 −14.28 %Booth Wallace 168

Tab. 4: Comparison of PDP.

Encoding Percentage
Size used Structure Power Delay PDP increase

64-bit × 64-bit
Radix-4 Booth Karatsuba 0.715 36.36 25.99 1.86 %Booth Wallace 0.713 35.80 25.52

Radix-8 Booth Karatsuba 0.719 37.40 26.89 3.73 %Booth Wallace 0.715 36.25 25.92

32-bit × 32-bit
Radix-4 Booth Karatsuba 0.636 14.41 9.16 2.57 %Booth Wallace 0.635 14.07 8.93

Radix-8 Booth Karatsuba 0.639 15.23 9.73 6.45 %Booth Wallace 0.638 14.33 9.14

16-bit × 16-bit
Radix-4 Booth Karatsuba 0.612 10.39 6.36 3.08 %Booth Wallace 0.611 10.10 6.17

Radix-8 Booth Karatsuba 0.612 11.52 7.05 11.46 %Booth Wallace 0.610 10.37 6.32

tiplier using Radix-4 Booth encoding, two 16-bit mul-
tipliers and one 17-bit multiplier are used. For the
16-bit and 17-bit multipliers the number of par-
tial products generated would be 9 using the
Eq. (1). For the 32-bit multiplier using Radix-
8 Booth encoding, the 16-bit and 17-bit multi-
pliers would result in the generation of 6 par-
tial products. Similarly, in order to develop
a 64-bit multiplier, two 32-bit multipliers and one
33-bit multiplier are used.

Partial Product Compressor: The partial prod-
ucts generated in the Partial Product Generator block
are then added and compressed to generate two rows
of Cout and Sout using the CSA tree as described in
Fig. 5.

Full Adder Array: Finally, an array of full adders
is used to generate the product using Cout and Sout

obtained from the Partial Product Compressor block.

4. Results

Architectures of the proposed multiplier and BoothEn-
coded Wallace tree multiplier [16], as discussed in
Sec. 3. and Subsec. 2.2. respectively, have
been realized for 16-, 32- and 64-bit multiplication us-
ing Radix-4 as well as Radix-8 Booth encoding. All the

architectures have been implemented in Verilog HDL
using Xilinx Vivado Design Suite. They are then eval-
uated in terms of hardware utilization and PDP, as
discussed in this section.

Hardware Utilization: Hardware consumption for
all the architectures has been compared in terms of the
total number of Full Adders (FA) required. The per-
centage decrease in hardware of proposed architecture
with respect to Booth-Encoded Wallace tree multiplier
[16] have been recorded for all architectures in Tab. 3.
Following observations can be derived from Tab. 3:

• For 16-, 32- and 64-bit multiplication,
Radix-4 encoding, the proposed Booth-Encoded
Karatsuba multiplier utilizes less hardware com-
pared to Booth-Encoded Wallace tree multiplier.

• For 32- and 64-bit multiplication, Radix-8 encod-
ing, the proposed Booth-Encoded Karatsuba mul-
tiplier utilizes less hardware compared to Booth
Encoded Wallace tree multiplier.

• There is one outlier: for 16-bit multiplication,
Radix-8 encoding, the proposed Booth-Encoded
Karatsuba multiplier utilizes more hardware com-
pared to Booth-Encoded Wallace tree multiplier.
The reason for above discrepancy is that the hard-
ware addition due to extra addition/subtraction
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operations overshadows the hardware savings due
to 1 less multiplier.

• Rate of decrease in hardware utilization from
Booth-Encoded Wallace tree multiplier to Booth-
Encoded Karatsuba multiplier increases with in-
crease in size. Thus, system performance, in terms
of hardware utilization, increases with increase in
size.

• For better visualization, graphical representation
has been added in Fig. 7 and Fig. 8. It can be seen
that plot corresponding to Booth-Encoded Karat-
suba multiplier always lies below the plot corre-
sponding to Booth-Encoded Wallace tree multi-
plier - for both Radix-4 and Radix-8. Moreover,
the gap between two plots keeps increasing with
increasing multiplier size which shows that im-
provement in terms of hardware increases with in-
creasing multiplier size.

Power Delay Product (PDP): The proposed
Booth-Encoded Karatsuba architecture has also been
compared with the Booth-Encoded Wallace [16] archi-
tecture in terms of the PDP. The results are summa-
rized in the Tab. 4 from where certain observations can
be made:

• For all the architectures, the proposed Booth-
Encoded Karatsuba multiplier has slightly more
PDP compared to Booth-Encoded Wallace tree
multiplier.

• Lowest and highest PDP is seen in case of Booth-
Encoded Wallace tree multiplier with Radix-4 en-
coding and Booth-Encoded Karatsuba multiplier
with Radix-8 encoding, respectively. This trend is
consistent for 16-bit, 32-bit as well as 64-bit mul-
tiplication.

• Percentage increase in PDP from Booth-Encoded
Wallace tree multiplier to Booth-Encoded Karat-
suba multiplier decreases with increase in size.
Thus, system performance, in terms of PDP,
increases with increase in size.

• For better visualization, graphical representa-
tion has been added in Fig. 9 and Fig. 10.
It can be seen that plot corresponding to Booth-
Encoded Karatsuba multiplier is always close
to the plot corresponding to Booth-Encoded
Wallace tree multiplier- for both Radix-4 and
Radix-8. Thus, it is evident that there is no sig-
nificant degradation in terms of PDP with varying
multiplier size.
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Fig. 1: Hardware utilization varying with multiplier size for
Radix-4 encoding.
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Fig. 2: Hardware utilization varying with multiplier size for
Radix-8 encoding.
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Fig. 3: PDP varying with multiplier size for Radix-4 encoding.
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Fig. 4: PDP varying with multiplier size for Radix-8 encoding.
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Fig. 9: PDP varying with multiplier size for Radix-4 encoding.
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Fig. 4: PDP varying with multiplier size for Radix-8 encoding.
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Fig. 10: PDP varying with multiplier size for Radix-8 encoding.

Hence, on the basis of above observations, we can
state that there is an overall performance improve-
ment of the proposed algorithm for 16-, 32- and 64
bit multipliers. The system’s performance improve-
ment increases with increasing size due to significant
reduction in hardware utilization with slight increase
in PDP. This can be accounted by the fact that per-
centage decrease in hardware increases with increase in
multiplier size. At the same time, percentage increase
in PDP decreases with increase in multiplier size. One
more thing to be noted here is that when compar-
ing different architectures with respect to encoding,
Radix-4 architectures shows better performance com-
pared to Radix-8 architectures.

5. Conclusion

An accurate multiplier based on the hybridized ar-
chitecture of modified Booth encoding and Karatsuba
multiplication algorithm was proposed in this paper.
It was compared with an existing accurate BoothEn-
coded Wallace tree multiplier [16]. For 64-bit and
32-bit multiplier, there is an average improvement of
16.08 % and 12.025 % in terms of hardware while slight
increase of 2.79 % and 4.51 % of PDP respectively has
been encountered. Similar trend was seen for 16-bit
Radix-4 multipliers. However, there is an exception
seen for 16-bit Radix-8 which does not show any im-
provement in terms of hardware and PDP compared
to the Booth-Encoded Wallace tree multiplier. Thus,
on the basis of results encapsulated in previous section,
it can be concluded that with increasing multiplier size,
our proposed algorithm shows significant improvement.
In future, the presented work can be extended by hy-
bridizing Karatsuba multiplication method with other
existing multipliers to optimize it further and lever-

age it in different applications. Furthermore, it can
be extended to approximate computing operations to
be employed in error-resilient applications.
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