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V. Thamizharasan

ABSTRACT

The major role of electronic devices is providing low power dissipation and high speed with com-
pact area. The speed of electronic devices depends on arithmetic operations. Multiplication is the
important arithmetic operation in many VLSI signal processing applications. Hence, a high-speed
multiplier is needed to design any signal processing module. Many multipliers are surveyed in the
literature. They are Array, Wallace tree, booth, Vedic and Compressor-based multiplier. The speed of
these multipliers depends on partial product accumulation. The hybrid parallel adder-based multi-
plier is proposed to improve the speed of multiplication compared to the existing technique. In this
technique the partial products of, two consecutive bits (multiplicands), are added simultaneously
with the help of a hybrid adder (Hancarlson, Weinberger and Ling adder). The proposed architec-
ture is synthesized and simulated using Xilinx ISE 12.1 with various FPGA boards. Synthesized report
shows that the speed of proposed multiplier (Spartan 6 FPGA implementation) is improved when
compared to an Array multiplier (22.14%), Wallace tree multiplier (20.41%), Multiplier using com-
pressor (13.89%), Vedic Multiplier using CLA (13.03%), Vedic Multiplier using RCA (3.54%), Modified
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Booth multiplier (4.42%) and Vedic Multiplier using HCA with BEC (3.28%).

1. INTRODUCTION

Speed, power and area are the primary targets in real-
time application system. The most important module in
DSP processor, CPU, digital filters, modulator, demodu-
lator, cryptography systems and many signal processing
blocks are multiplication and addition [1]. The high-
speed and less area are the main parameters in portable
devices such as Mobiles, PCs, Calculator, TV, and Watch.
The speed of these portable devices depends on multi-
plier and adder. Hence, there is an increasing demand to
improving the multiplier performance. Also a high-speed
multiplier is a major pre-requisite of the fast arithmetic
operation.

Multipliers are used for a variety of applications depend-
ing on the restraints of each application holds with it.
Hence, it is necessary to investigate the area, power and
delay parameter of the multiplier used in signal pro-
cessing operations [2]. For multiplying two binary num-
bers, there are several types of multipliers considered:
add-shift multiplier, array multiplier, carry-save addition,
pipeline multiplier, ripple-carry parallel adder, serial-
parallel multiplier, 2’s complement multiplication, Vedic
multiplier, booth multiplier, efc.

©2023 IETE

The rest of this paper is categorized as follows. A review
of adders and multipliers is presented in sections 2 and
3. The hybrid adder-based multiplier architecture is dis-
closed in section 4. Section 5 presents simulated results
and comparisons of our proposed work with the exist-
ing works. Conclusion of this paper is presented in
section 6.

2. ADDERS

Adders are playing an important role in augmenting
the execution of the digital system. In most of the sig-
nal processing architectures, adders are not only used
in the ALUs operations, but also used in the other sys-
tem modules. They are used to determine addresses,
indices of table, and counting the number of instruc-
tion execution in the microprocessor. Several types of
adders were considered for the addition of two numbers
in binary: Ripple Carry Adder (RCA) [1], Carry Look
ahead Adder (CLA) [3], Carry Save Adder (CSA), Carry
Select Adder (CSELA) [3,4], Carry Increment Adder
(CIA), Brent Kung Adder (BKA), Han Carlson Adder
(HCA), Ling Adder, Weinberger Adder-based CSELA
(WCSELA), etc.
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Figure 1: Architecture of CSEL Adder (CSELA)

2.1 Carry Select Adder (CSELA)

In CSELA, feasible values of the input carry (i.e. zero
and one) of each stage are established in advance and
the sum is evaluated in well advance. Architecture of
CSELA is displayed in Figure 1. Generally, the CSELA is
constructed using dual RCAs and multiplexer; it used to
select the final carry and sum output. The main advan-
tage of CSELA is to reduce the carry propagation time.
Hence the speed of operation is improved [5]. But more
full adders are needed when compared to RCA.

2.2 Hancarlson Adder (HCA)

Hancarlson adder is designed using the principle of par-
allel prefix addition. It is the combination of Kogge-
Stone and BrentKung adder. KoggeStone adder provides
less delay and BrentKung adder provides less area [6,7].
Hence, it has high speed, less power consumption and
low hardware components than other adders.

Hancarlson adder consists of pre- and post-prefix stages.
In the pre-processing stage, the following expressions are
used to determine the generate (Gi) and propagate (Pi)
signals.

Generate = Ai&Bi (1)
Propagate = Ai @ Bi (2)
Furthermore, the k to i bits are extended to the blocks
using the following generate and propagate expressions.
Gi = Gi—1 + (Gj—2&Pi_1) (3)
Pi =Pi_1 &P (4)
The approximate output sum bit is only needed in the

post-processing stage. The above subset expressions are
used to determine the final output carry bits. The final
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Figure 2: Han-Carlson adder

sum is obtained as follows.
Si = Pi"Gi—10 (5)

The architecture of Hancarlson adder is displayed in
Figure 2.

2.3 Ling Adder
In CSELA, RCA stage is changed to Ling adder, as Ling

adder provides less delay and minimum chip size when
compared to CLA. It is called Ling CSELA [6]. The fol-
lowing expressions are used to calculate the generate and
propagate bitwise signals

Generate(Gi) = Ai&Bi (6)
Propagate(Pi) = Ai + Bi (7)
The architecture of Modified LLCSELA is displayed in
Figure 3.

2.4 Weinberger-Based CSELA (WCSELA)

The concept of Weinberger recurrence algorithm is used
to compute the carry for improving the delay of adder.

The BK adder is replaced by Weinberger adder to create
WCSELA [6]. The architecture of WCSELA is displayed
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Figure 3: Structure for Modified Linear Ling CSELA
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Figure 4: Architecture of Weinberger CSELA (WCSELA)

in Figure 4. This adder utilizes lower area (only minimum
number of Gates required in BEC) when compared to
RCA. Also the consumption of power and delay are low
when compared to the above-mentioned designs.

3. MULTIPLICATION

Multiplication is an essential arithmetic operation in Fast
Fourier Transform (FFT), Discrete Cosine Transform
(DCT), FIR filter [8], IIR filter, adaptive filter, digital
modulation, demodulation, MAC operation, finite word
length systems and multimedia applications [2,9]. The
growing digital world is looking high-quality, high accu-
racy digital information. For example, the image and
video processing systems require a high-quality image
with high speed. To produce the high-quality and accu-
racy of output data in the signal processing module, it
necessary to optimize the speed, area and power con-
sumption of the arithmetic module [10]. Hence the mod-
ule of multiplication is considered to be improving the
speed of the system in terms of computation delay [2].

Multiplier Multiplicand

l l

Partial Product generation using AND Gates

A4 v A4 A4 v J! v v v J!

Adder Network(Partial Product Accumulation)

Final Product

Figure 5: Architecture of general multiplier

The architecture of a general multiplier is displayed in
Figure 5.

The multiplications are carried out by the following three
steps:

(1) Recoding and partial product generation
(2) Partial product reduction and
(3) Accumulation of partial product.

The multipliers are classified, based on the partial prod-
uct reduction, as linear array multipliers and tree multi-
pliers.

In the array multiplier, the multiplications of two binary
numbers are carried out based on the principle of add
and shift method. This principle uses a regular structure.
When a large number of bits are used, this multiplier pro-
duces large delay and high power consumption due to
carry propagation. Hence it is necessary to concentrate
on the carry propagation speed (critical path of output)
of the multiplier [11,12].

In the tree multiplier, the partial products are arranged in
row wise or column wise. Hence the number of hardware
elements is reduced when compared to the array multi-
plier. But the tree multiplier has an irregular layout and
complicated interconnects. These structures are added
more physical design effort and increasing the delay due
to wiring capacitance. Accumulation of a partial product
is limiting the speed of multiplication operation. Hence it
is necessary to concentrate on the partial product accu-
mulation speed (critical path of output) in multiplier.
Many efficient binary multiplier circuits are reported in
the article [13].

The array multiplier was designed using a modified full
adder-based multiplexer. This multiplier consumes only
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low power. For increasing the speed, the Wallace tree
multiplier is introduced. This increases the speed of par-
tial product accumulation, because a carry-save adder is
used instead of a ripple carry adder.

The multiplier using approximate 4-2 compressor shows
a significant reduction in power consumption, delay and
area than other multipliers [10]. Also this compressor-
based multiplier shows a significant error rate [9]. The
88 and 1616 Dadda multiplier was implemented using
this compressor [14].

The further significant improvement of speed was
achieved by using a modified binary multiplier based
on Vedic mathematics when compared to the previous
multiplier architectures [15,16]. Also the pipeline-based
Vedic multiplier showed minimum power consumption
with minimum delay when compared to the existing
non-pipelined designs.

Modified booth and Wallace tree multiplier is the fastest
multiplier. This modified booth multiplier reduced the
number of partial products by half or one third of the
multiplier bits [12]. Also the multiplier should be selected
depending on the performance requirements and the
nature of the applications.

Based on the above surveyed result, it’s necessary to
concentrate on partial product reduction and accumu-
lation for improving the speed and area utilization of
multiplication.

4, PROPOSED MULTIPLIER
4.1 Hybrid Adder

The adder is created using more than one logic circuit.
This kind of adder is known as the hybrid-adder. The
structure of the hybrid-adder is displayed in Figure 6. In
this structure, A and B are the input signals in Module-
I. The Module-II and Module-IIT are intermediate blocks
of adder. Different types of adder techniques are used in
the intermediate module for producing sum and carry
outputs.

The two types of design structures are followed in the
hybrid adder design.

(1) Homogeneous: Combining the similar type of more
than one adder is called Homogeneous design.

(2) Heterogeneous: Combining the different type of
more than one adder is called Heterogeneous
design.

Module I Module II
B SUM

CIN

Module I1I CARRY

Figure 6: Structure of hybrid adder
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Figure 7: Structure of the proposed 8-bit hybrid adder

The proposed idea is to form a hybrid structure, using the
above two techniques, to bring the high performance and
low cost (chip size) products.

The major constraint of the above adders is the speed
of operation, hence concentrating on the delay (critical
path of output) of an adder. A new version of CSELA is
proposed using a hybrid technology.

A variety of adders are discussed in Section 2. Among
these, Hancarlson adder provides a less delay (speed
7.58 ns [17]) and utilization of area was improved (No. of
Slices/LUT- 14 [17]). Similarly, the Ling adder provides
less delay (0.11 ns [18]) and utilization of the area (chip
size) was minimum when compared to CLA. Also Wein-
berger adder reduces logic stages (No. of Slices/LUT- 25
[19]) and final carry generation time is reduced when
compared to other adders. Additionally, binary to excess
one converter circuit can consume less power and area
utilization (No. of Slices/LUT- 340 [20]). To improve
the speed and area utilization of multiplier, the above-
mentioned adders are incorporated to different mod-
ules/stages in the multiplier.

The 8-bit hybrid technology-based CSELA is displayed
in Figure 7. This adder consists of two stages each with
4 bits. The Hancarlson adder and Weinberger adder are
used in stagel and stage 2, respectively.
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Figure 9: Structure of the proposed 16-bit hybrid adder

The 12-bit hybrid technology-based CSELA is displayed
in Figure 8. This adder consists of three stages each with
4 bits. The first 4 bits are added using Hancarlson adder,
the next 4 bits (bit 4-7) are added using Weinberger adder
and the last 4 bits (bit 8-11) are added using ling adder.

Similarly, a 16-bit CSELA was designed using a hybrid
technology as displayed in Figure 9. This adder consists of
four stages each with 4 bits. The first and last stage (1 and
4) inputs (bits 0-3 and bits 12-15) are added using Han-
carlson adder, the next two stage (stages 2 and 3) inputs
are added using Weinberger adder.

4.2 Hybrid Multiplier

The architecture of the proposed multiplier is displayed
in Figure 10. This architecture is a 88 multiplier. In this
structure c0 to c7 are the partial products of multipli-
cands. The partial products are generated using a series
of AND gates.

Partial product generation is a first process of multipli-
cation. Partial products are obtained by performing the
logical AND operation with every bit of multiplier by
every bit of multiplicand. For example, a 8+8 Multiplier
has multiplier A (A0 to A7) and multiplicand B (B0 to
B7) each with 8 bits. In partial product generation, the
first step involves performing logical AND operation of
Multiplicand BO(LSB) with every bit of Multiplier A and
the results are stored in CO(8 bit), mathematically repre-
sented as c0[0] = BO AND A0,c0[1] = BO AND Al...,
c0[7] = BO AND A?7. Similarly, Multiplicand B1 with

co[o]

c6[7:1]
C5[7:0]
c2[7:1)

co[7:1]

C4[0] C2[0]

0 & csjo] 0

i

| 8 bit CSEL Adder | | 8 bit CSEL Adder | | 8 bit CSEL Adder | | 8 bit CSEL Adder |

le——C4(7:1)]

le——c7(7:0]
le——c1(7:0]
o

00 00 00 00

12 bit CSEL Adder 12 bit CSEL Adder

0000 0000

l

| 16 bit CSEL Adder I

‘P[IS:O]

Figure 10: Architecture of the proposed multiplier
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Figure 11: Architecture of partial product generation

every bit of Multiplier A and results are stored in C1(8 bit)
and so on. The architecture of partial product generation
is shown in Figure 11.

The proposed hybrid multiplier consists of 3 stages.
In each stage, different-sized hybrid adders are used.
Namely, an 8- bit CSELA (combination of Hancarlson
and Weinberger adder each with 4 bit) is used in the
first stage (4 numbers of 8-bit CSELA), 12-bit CSELA
(combination of Hancarlson, Weinberger and ling adder
each with 4 bits) is used in the second stage (2 numbers
of 12-bit CSELA) and a 16-bit CSELA (combination of
Hancarlson, Weinberger adder and Hancarlson with BEC
each with 4 bit) is used in the third stage (1 number of
16-bit CSELA).

The first stage consists of four numbers of 8-bit CSELAs.
In this stage, the partial products of each two consecutive
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bits of multiplier are added simultaneously. The output
of each adder is passed to the next stage adder input. The
second stage consists of two numbers of 12-bit adders.
In this stage, the first stage outputs are added simultane-
ously and the results are passed to the final stage 16-bit
CSELA. This 16-bit adder output is a final product of the
8x8 multiplier.

5. PERFORMANCE ANALYSIS

All the existing multipliers and adders are discussed in
sections 2, 3 and the proposed designs are discussed

in section 4. These adders and multipliers are imple-
mented in XILINX ISE 12.1 with a family of various
device and speed grade using Verilog HDL. Each adder
and multiplier is simulated and verified separately. Fig-
ures 12-14 show that simulation result and device uti-
lization summary of the proposed hybrid multiplier,
respectively.

Tables 1 and 2 show utilization of delay, area, power of
various adder and multiplier. Table 3 shows the proposed
multiplier delay improvement (%) when compared to
other multipliers.

TR 1119111119991

1111111111111 1111111311111

ARRRRRREEEE RN REEENE EREEERREE]

AT T T AT 11111110

1111111

Figure 12: Simulation result of the proposed hybrid adder
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Figure 13: Simulation result of the proposed hybrid multiplier

Available

Logic Utilization Used Utilization

Number of Slice LUTs 90 2400 3%
MNumber of fully used LUT-FF pairs 0 90 0%
MNumber of bonded I0Bs 33 102 32%

Figure 14: Device utilization summary of the proposed hybrid multiplier

Table 1: Utilization of delay, area and power for various 16-bit adders in

Spartan 6 FPGA

S.No. Adder techniques No. of LUTs Delay (ns) ADP
1. RCA 26 5.09 132.34
2. CBL Based CSELA 25 491 122.75
3. CLA 24 4.60 110.4
4. Weinberger BEC- based CSELA 30 332 99.6
5. D Latched CSELA 42 4.21 176.82
6. Brent Kung CSELA 36 3.44 123.84
7. Conventional CSELA 24 494 118.56
8. Conventional CSELA 24 494 118.56
9. Ling CSELA 27 7.19 194.13
10. Han Carlson BEC CSELA 33 3.06 100.98

ADP - area delay product.
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Table 2: Utilization of delay, area and power for various multipliers in Spartan 6 FPGA

S.No Multiplier techniques Delay (ns) Noof LUT Power (uW) ADP PDP
1. Array Multiplier 21.42 84 52.53 1799.28 1125.193
2. Wallace tree multiplier 20.96 116 59.15 2431.36 1239.784
3. Multiplier using compressor 19.37 120 53.52 23244 1036.682
4. Vedic Multiplier using CLA 19.18 113 54.87 2167.34 1052.407
5. Vedic Multiplier using RCA 17.29 108 53.86 1867.32 931.2394
6. Modified Booth Multiplier 17.45 91 53.72 1587.95 937.414
7. Vedic Multiplier using HCA with BEC 17.24 126 55.92 2172.24 964.0608
8. Proposed Hybrid Multiplier 16.68 90 53.54 1501.2 893.0472
ADP - area delay product; PDP - power delay product.

Table 3: Delay improvement (%) when compared to other 25 4 2214

multipliers

Proposed Multiplier when

S.No compared to Spartan 6
1. Array Multiplier 22.14
2. Wallace tree multiplier 2041
3. Multiplier using compressor 13.89
4. Vedic Multiplier using CLA 13.03
5. Vedic Multiplier using RCA 3.54
6. Modified Booth Multiplier 4.42
7. Vedic Multiplier using HCA with BEC 3.28

The above comparison shows that the delay of the pro-
posed CSELA is improved by 22.14%, 20.41%, 13.89%,
13.03%, 3.54%, 4.42%, 3.28% when compared to Array
Multiplier, Wallace tree multiplier, Multiplier using com-
pressor, Vedic Multiplier using CLA, Vedic Multiplier
using RCA, Modified Booth Multiplier, Vedic Multiplier
using HCA with BEC, respectively.

Also it shows that the ADP of the proposed multi-
plier is improved by 16.56%, 38.25%, 35.41%, 30.73%,
19.60%, 5.46%, and 30.89% when compared to Array
Multiplier, Wallace tree multiplier, Multiplier using com-
pressor, Vedic Multiplier using CLA, Vedic Multiplier
using RCA, Modified Booth Multiplier, Vedic Multiplier
using HCA with BEC, respectively.

Comparision of Area and Power delay Product
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Figure 15: Areaand power delay product comparisons of various
multipliers
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Figure 16: Proposed multiplier delay improvement (%) when
compared to other multipliers

Similarly PDP of the proposed multiplier is improved
by 20.67%, 27.96%, 13.85%, 15.14%, 4.10%, 4.73% and
7.36% when compared to Array Multiplier, Wallace tree
multiplier, Multiplier using compressor, Vedic Multiplier
using CLA, Vedic Multiplier using RCA and Modified
Booth Multiplier, respectively.

The comparison chart for ADP and PDP of various Mul-
tipliers is shown in Figures 15 and 16, respectively. The
proposed multiplier shows significant improvement in
ADP and PDP.

Table 4 shows the comparisons of performance param-
eters of the FPGA for an existing and the proposed

Table 4: Comparison of synthesis (pre-layout) results of a
8«8 multiplier

8«8 Multiplier Delay(ns)

Proposed design 16.68

Design and performance analysis of reconfigurable 18.615
modified Vedic multiplier with 3-1-1-2 compressor —
Design 1 [9]

Design and performance analysis of reconfigurable 18.39
modified Vedic multiplier with 3-1-1-2 compressor
Design - 11 [9]

Modified Binary Multiplier Circuit Based on Vedic 18.46
Mathematics [21]

Design and Analysis of High Performance Multiplier Circuit 20.7
2]

Design and FPGA implementation of High Speed Vedic 23.644

Multiplier [22]
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multiplier and the results are analysed for the 8«8 mul-
tiplier. From this table, it can be concluded that the
critical path delay is decreased (speed is improved) by
using the proposed multiplier (Hybrid) deign than the
conventional and existing methods.

6. CONCLUSION

In this paper, a hybrid adder-based Multiplier (CSELA)
is proposed and designed using Hancarlson adder, ling
adder, Weinberger adder and BEC circuit. To reduce the
delay and area of the multiplier, the final product of
multiplier is calculated by each two consecutive mul-
tiplicand bits of partial products added simultaneously
using different-sized hybrid adders. The simulation is
carried out in Xilinx ISE 12.1 using Verilog HDL. The
synthesized report shows that speed of the proposed mul-
tiplier in Spartan 6 FPGA implementation is improved
by 22.14%, 20.41%, 13.89%, 13.03%, 3.54%, 4.42% and
3.28% when compared to Array multiplier, Wallace tree
multiplier, Multiplier using compressor, Vedic Multiplier
using CLA, Vedic Multiplier using RCA, Modified Booth
Multiplier, and Vedic Multiplier using HCA with BEC,
respectively. Furthermore, this work can be extended to
design different input-sized (input bits) multiplier, filters,
signal/Image processing module, multimedia application
and cryptography applications.
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