JOURNAL OF MECHANICS OF CONTINUA AND
MATHEMATICAL SCIENCES
www.journalimems.org

ISSN (Online) : 2454 -7190 Vol.-19, No.-7, July (2024) pp 59-76 1SSN (Print) 0973-8975

A COMPREHENSIVE REVIEW ON LOW POWER FIXED
WIDTH DIGITAL MULTIPLIER ARCHITECTURES

Biswarup Mukherjee

Department of Computer Science and Engineering, Brainware University,
West Bengal, India.

Email : biswarup@ieee.org
https://doi.org/10.26782/jmcms.2024.07.00005
(Received: March 27, 2024; Revised: May 07, 2024; Accepted: June 15, 2024)

Abstract

In contemporary portable electronic devices featuring real-time DSP chips, a
pivotal challenge lies in minimizing power consumption. The efficiency of these DSP
chips is directly impacted by the substantial power dissipation of their multiplier sub-
circuits. Consequently, numerous architectures emphasizing low-power consumption,
high-speed operation, and compact layout structures for multiplier units have emerged
in the literature over recent decades. This manuscript offers insights into select state-
of-the-art fixed-width multiplier architectures tailored for low-power operation,
presenting a detailed comparative analysis in terms of power consumption, area
utilization, and processing delay. Notable among the fixed-width multiplier
architectures are the serial, array, Vedic, Booth, Wallace-tree, and Modified Booth-
Wallace designs. For operations involving larger operands, the Modified Booth-
Wallace architecture is favored due to its reduced latency. This study concentrates on
a comprehensive examination and evaluation of various low-power fixed-width
multiplier architectures, highlighting diverse operand sizes. Simulation-based
assessments utilizing the 45nm PTM model indicate that the Modified Booth-Wallace
tree architecture achieves a 73% reduction in latency compared to a basic array
multiplier. Moreover, CMOS-based designs demonstrate superior noise margin
performance compared to GDI and CCGDI techniques. Notably, the dynamic voltage-
controlled CCGDI-based architecture showcases a 60% enhancement in Power-Delay
Product (PDP) compared to the conventional CMOS-based Modified Booth-Wallace
multiplier architecture. The manuscript's novelty lies in its succinct overview of the
latest multiplier architectures implemented at the 45nm technology node, specifically
tailored for low-power DSP chips.

Keywords: Booth Algorithm, GDI, Low power VLSI, Multiplier, Wallace Tree
architecture

I. Introduction

Modern DSP chips are intricate systems comprising numerous Intellectual
Properties (IPs), with the multiplier section garnering particular attention owing to its
significance in engineering applications. Although floating-point multiplication
algorithms are prevalent in modern DSP, they are suboptimal for ASIC
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implementation. Floating-point multiplier circuits entail greater logic complexity and
power consumption, alongside reduced clock speed, elongated pipelines, and
diminished throughput capabilities compared to integer or fixed-point multipliers. In
numerous image processing algorithms, dense floating-point rectangular matrix
multiplication is conducted, leading to prolonged runtime for floating-point matrix
multiplication. To mitigate this issue, companies typically opt to convert some or all of
the algorithms to a fixed point rather than simply augmenting the number of logic
devices in the design. This necessitates interfacing a fixed point to a floating-point
conversion unit. For instance, the Texas Instrument DRA-78x chip facilitates 2 C66x
floating-point VVLIW digital signal processing with a 16x16 fixed-point multiplier
architecture. Similarly, the Blackfin ADSP BF592 also integrates a 16x16 fixed-point
multiplier architecture within a 16-bit MAC. Consequently, the pursuit of designing a
faster fixed-point multiplier unit remains pertinent for ASIC designers. The
multiplication operation entails a sequence of addition and shift operations, iterated for
each operand value, thus higher operand values result in more repetitions and increased
delay in yielding the final product. Nonetheless, employing faster algorithms can
generate the final product with minimal latency by generating intermediate product
terms known as partial products and accumulating them using the shifting method to
produce the final result [XXII]. While various faster algorithms for multiplication have
been reported, the existing literature also encompasses numerous brief reviews of
multiplier architectures, albeit predominantly focusing on radix multiplication or high-
speed multiplication techniques. To my understanding, no comprehensive review
examines a range of low-power fixed-width multiplier architectures, particularly
emphasizing their adaptation to different operand sizes. The novelty of this paper lies
in its succinct overview of the latest multiplier architectures implemented at the 45nm
technology node, catering to low-power niche DSP chips.

The subsequent sections of the paper are organized as follows: Section 2 delves into
the details of various algorithms and architectures employed in modern digital
multipliers. Section 3 outlines the historical progression of low-power logic, while
sections 4 and 5 expound on various low-power multiplier architectures and their
performance analysis, respectively. Finally, the paper concludes based on a
comprehensive review of low-power multiplier architectures.

Il. Different Types of Digital Multiplier Architecture

Numerous faster multiplication algorithms can be found in the open literature
[X], [XH], [XIV], [XVH], [XXI1], [XXIV], [XXVII] although only a select few are
discussed here.

ILi. Serial Multiplier

In serial multiplication, all partial products are generated sequentially by a clocked
adder unit. The circuit depicted in Fig.1 takes P and Q as serial multiplicand and
multiplier inputs [I11]. When employing clocked synchronization, the duration required
for product generation correlates directly with the dimensions of both the multiplier
and the multiplicand. Since all partial products are generated sequentially, this
multiplication algorithm is not suitable for operands with higher values. Nevertheless,
while this type of multiplier may be slower, it demonstrates excellent power and area
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Fig.1. Schematic of a PxQ Serial Multiplier [111]

ILii. Array Multiplier

The most prevalent multiplier architecture utilized for multiplication with lower
operand sizes is the array multiplier. In this architecture, straightforward 1-bit
multiplier blocks execute bitwise multiplication. Fig.2 portrays the fundamental
building block of an array multiplier, while Fig.3 illustrates a block diagram of a 4x4
multiplier.

The fundamental building block comprises an AND gate and a FULL ADDER (FA).
These elements compute the partial product (X.Y) for the corresponding location. The
prior sum in and carry-in are added to the conjunction of the X and Y input bits. The
outcomes of this operation generate a carry-out bit (Cout) and a new sum-out bit (Sum
Out), subsequently forwarded to the next stage. By interconnecting these building
blocks in a position-wise manner, a larger operand multiplier unit can be configured.

Fig.3 showcases a 4x4 combinational array multiplier constructed using these
fundamental building blocks. The multiplicand bits (Ai) are distributed along the block
diagonals, while the multiplier bits (Bi) propagate along the rows. An optimized
iteration of the 4x4 array multiplier architecture can be developed using an optimal
number of AND gates, full adders (FA), and half adders (HA), as depicted in Fig. 4
[XXI].

Although this multiplier presents a simple architecture for low operand sizes, it
encounters challenges concerning both area and speed as the operand size escalates.
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Fig. 2. The Basic building block of an array multiplier

As | Az| A J A
B 1-Bit |t 1-Bit | |1-Bit 1-Bit
Muttiplier Muttiplier Muttiplier WMultiplier
B 1-Bit 1-Bit 1-Bit 1-Bit
Multiplier Muttiplier Muttiplier Multiplier
B 1-Bit 1-Bit 1-Bit 1-Bit
KMultiplier Multiplier Multiplier Multiplier
B 1-Bit 1-Bit 1-Bit 1Bt
Multiplier Multiplier Multiplier Muttiplier
Py By Ps Py Py Py By Py

Fig. 3. Architecture of a 4x4 array multiplier using 16 numbers of basic building
blocks shown in Fig.2 [VIII]
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Fig. 4. 4x4 array multiplier architecture using 16 numbers of AND-2 gate, 4 numbers
of HA, and 8 numbers of FA [VIII]
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ILiii. Vedic Multiplier

Vedic mathematics algorithms, rooted in the ancient Indian system of mathematics,
employ sixteen distinct Sutras or principles for highly efficient computation [XXIII].
According to Vedic mathematics, a multiplier can be implemented with reduced
latency. Fig. 5 illustrates a basic schematic of a 2x2 Vedic multiplier utilizing AND
gates and half adders (HA).
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Fig. 5. Block diagram of 2x2 Vedic multiplier using AND gates and HA

To execute multiplication using Vedic mathematics, the higher operands are initially
grouped by considering 2 bits each. For instance, as illustrated in Fig. 6, a four-bit
multiplicand and multiplier are grouped into (A1A0), (A3A2), and (B1B0), (B3B2)
respectively. Subsequently, the grouped bits are multiplied using a 2x2 bit Vedic
multiplier block in the sequence depicted in Fig. 6. Finally, the corresponding partial
products are accumulated using ripple carry adders (RCA).

Az Ay Blultiplic and
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Ay A

N
B; B

RCA based accumulation of partial products

Fig. 6. 4x4 Vedic multiplication schemes using 2x2 Vedic multiplier unit [1\V]

Il.iv. Booth Multiplier

For enhanced speed and scalability with larger operand sizes, the signed bit
multiplication Booth algorithm emerges as a valuable tool. These multipliers exhibit
accelerated response times because the Booth algorithm reduces the count of
intermediate partial products. Unlike the array multiplier, where partial products are
generated in a Radix-2 manner, here, the partial products are formed in Radix-2n. The
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exact value of 'n' can be ascertained by examining the grouping of bits that are being
considered within the multiplier. For instance, in a radix-4 system, an M-bit multiplier
yields M/2 partial products. Similarly, in a radix-8 system, the number of partial
products amounts to M/3, and so forth [XV], [ XXVII].

Il.v. Wallace Tree multiplier

The Wallace Tree multiplier stands out as a valuable method for expediting the
accumulation of partial products. A multiplier structured upon the Wallace tree
architecture undertakes the accumulation of partial products in three distinct stages.
Initially, adjacent rows are grouped for partial product accumulation. Subsequently,
these groups undergo reduction via circuits such as half adders (HA), full adders (FA),
compressors, or counters. Further enhancements to the Wallace tree architecture can be
explored in [XXVI]. Recent advancements documented in the open literature have
significantly bolstered the overall multiplier performance by introducing novel
architectures of counters [XII], [XXVII], [XXX]. Fig. 7 illustrates a generalized
architecture of the NxN bit Wallace tree architecture.

Partial Products Array

i. - . - r&;u [[Basz [[Barr |[[Boan]| . . . [nn,u[go_u lun,u l l-w,\n]
[° © * * © © Bl An o . - . I BIA3 I B1 A2 ] B1A1 J B1 A0 |
HA HA
- - - - - . - . - -
FA FA
- - - - - - - - - - >
A3 - - - - - - - - 43¢
§3C s3c
- - - - -
3 83¢C
- - - . -
73C 7:3¢ 73C  73C  73C
Ba A0 Counter, HA and FA based PP accumulation

FA FA F

b | L)
n

>

n

>

- \
> . .
n

»

o

>

P

-
HA  HA HA HA HA ‘ HA HA HA HA HA HA

\ 2n bit RCA structure \
Ik

Finarl r;esult
Fig. 7. Generalized architecture of NxN Wallace tree Multiplier [I1]

Il.vi. Modified Booth Wallace Multiplier

The Radix-4 Modified Booth Wallace Multiplier architecture combines the Booth
multiplication algorithm for generating partial products with a Wallace tree architecture
for their accumulation [XXI1]. This innovative approach merges the benefits of reduced
complexity in partial product generation from the Booth algorithm with the swift
accumulation technique utilized in the Wallace tree structure. With its streamlined
complexity, this type of multiplier architecture exhibits exceptional performance,
particularly at high data rates.
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In this section, a range of digital multiplication techniques has been explored. Some of
these techniques, such as the serial multiplier and array multiplier, boast simple
architectures. However, they encounter increased latency as the operand size grows.
On the other hand, faster multipliers like Vedic, Booth, or Modified Booth Wallace
yield quicker results but entail substantial power consumption owing to their circuit
complexity. Consequently, the design of low-power, fast multipliers has emerged as a
primary concern for researchers over the past few decades.

1. History of Low-Power Logic

Power consumption of Integrated Circuits (ICs) wasn't a significant concern
until the early 1990s, except for specialized components. However, with the
progression of niche devices, low-power Very Large Scale Integration (VLSI) design
has garnered considerable attention over the past three decades. The conventional
approach to low-power VLSI design relies on complementary metal-oxide-
semiconductor (CMQOS) logic. The power consumption of any CMOS VLSI circuit can
be classified into two primary categories: static power and dynamic power. Fig. 8
illustrates the various parameters that contribute to the power consumption of an IC.

MOS sub-threshold
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Fig. 8. Different types of power consumption in an IC

In the majority of modern integrated circuits (ICs), dynamic power consumption
predominates over static power consumption, primarily due to the intricate design
complexity and the frequency of operation. The dynamic power consumption of a
circuit can be articulated as in equation (1).

denamic =a.f.C. & 1)
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From equation (1), it is apparent that the dynamic power consumption of a circuit can
be reduced by reducing the switching activity (a), operating frequency (f), output
capacitance (C), and biasing voltage (V) of the circuit [XI]. Techniques such as PTL,
CPL, Domino logic, DCVS, MCML, C2MOQOS, and DPL are employed to decrease the
output capacitance of a circuit [XX][XXV]. Moreover, decreasing the number of
transistors in a design directly reduces the output capacitance and switching activity of
any circuit. Consequently, the gate diffusion input (GDI) technique represents a
significant step towards low-power design [1].

IV.  Various Low Power Architectures for Multiplier

With the introduction of various low-power logic techniques, multiplier
circuits have been undergoing modifications to incorporate these advancements. In the
early 2000s, a low-power fixed-width array multiplier architectures were documented
in [XXXI], [XXXII]. Subsequently, Dastjerdi et al. introduced a serial low-power
multiplier architecture in 2009 [X1X], as depicted in Fig. 9.
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Fig. 9. BZ-FAD Low power multiplier architecture [XIX]

This architecture [XIX] exhibits a 30% reduction in power consumption compared to
[XXXI]. To achieve a notable decrease in power consumption for a multiplier, Zhang
et al. implemented dynamic voltage scaling in the design [XXXII]. Dynamic voltage
scaling represents one of the latest approaches in low-power VLSI design [XVII11]. The
overall architecture of the dynamic voltage scaling multiplier is depicted in Fig. 10.
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Fig. 10. Dynamic Voltage Scaling Multiplier Architecture [XXXII]

The multiplier system depicted in Fig. 10 comprises five distinct modules. The first
module is a multi-precision multiplier capable of operating at various supply voltages
and frequencies, dictated by the input operand scheduler (I0S), which constitutes the
second module. Additionally, two supplementary modules, namely a voltage-
controlled oscillator (VCO) and a voltage scaling unit (VSU), are integrated for
dynamic voltage scaling. Lastly, a dynamic voltage/frequency management unit
(VFMU) is incorporated to accommodate user requirements.

Recently, GDI and CCGDI [VII] logic techniques have been introduced in various
multiplier architectures [I1], [I11], [IV], [V] [VIII],. The architecture of a CCGDI-based
modified Booth Wallace (MBW) multiplier architecture is illustrated in Fig. 11.
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Fig. 11. CCGDI-based MBW Multiplier [V]
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The optimal architecture was discovered in 2020 [VI] by combining the CCGDI
technique with dynamic voltage scaling. The architecture is depicted in Fig. 12.
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Fig. 12. DVS controlled CCGDI based MBW Multiplier [V1]

The architecture encompasses the CCGDI Booth Encoder and GDI partial product
generator. Dynamic voltage scaling (DVS) is integrated into off-critical delay paths
through the utilization of high-to-low level shifters and low-to-high voltage level
shifters. Additionally, the critical path delays of higher-order partial products are
accumulated by low-power parallel full adder-based counters.

Floating-point multiplier architectures are known for their intricate design and
extended runtimes. In addressing this challenge, Gao et al. introduced pipelined IEEE
754-2008 decimal floating-point (DFP) multipliers utilizing fixed-point multipliers
[XXIX]. However, the implementation of such a multiplier necessitates FPGA
involvement, leading to unnecessary power consumption. More recently, a novel data
type known as the posit data type has emerged as a replacement for floating-point
numbers [XV1]. Zhang et al. pioneered the first posit data type multiplier in 2020 [XV],
with the schematic of the low-power posit multiplier depicted in Fig. 13. Unlike
floating-point multipliers, it boasts a reduced runtime. Further modifications can be
explored in [X].
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Fig. 13. Low power posit Multiplier [XV]

V. Results and Performance Analysis of Various Low-Power Multipliers

The performance evaluation of a VLSI circuit primarily revolves around core
design layout area, power consumption, noise margin, and output delay. Although other
parameters such as energy per transition, signal-to-noise rejection ratio, and driving
capability are noteworthy, for the sake of simplicity, this article concentrates solely on
the primary parameters.

Firstly, the layout area of the chip is analyzed, with many multiplier architectures
necessitating an additional field programmable gate array (FPGA) board for logic
operation control [XXXII]. Thus, the layout area analysis is confined to the core
multiplier section, focusing solely on the transistor count.

For power and delay measurements, simulations are conducted using Computer-Aided
Design (CAD) tools. The operand sizes are set at 4-bit, 8-bit, and 16-bit, respectively,
with the circuits simulated using a typical transistor (TT) process corner at 45nm
technology, operating at a frequency of 1IMHz.

For ratioless architectures built with CMOS, Gate Diffusion Input (GDI), and
Complementary Current-mode Logic with Gate Diffusion Input (CCGDI) techniques,
the aspect ratios of NMOS transistors are set at 2/1, and the PMOS transistors are set
at 5/1. In the DVS-controlled multiplier architecture, which is a ratioed design, the
aspect ratios remain consistent with the reported design [V1].

The noise margin is evaluated through static DC analysis at a biasing voltage of 1 volt,
as reported in [V1], where the noise margin is measured for the high voltage level. The
detailed analysis report is tabulated in Table 1.

A comparative analysis among various fixed-width multiplier architectures reveals
noteworthy findings. For instance, the BZ-FAD Multiplier [XIX] demonstrates a 77%
improvement in Power-Delay Product (PDP) compared to the conventional CMOS
array multiplier XXII. The Vedic multiplier [XXI11] exhibits excellent speed, boasting
a 69% better latency than the BZ-FAD model. GDI-based architectures show
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significantly lower power consumption compared to conventional CMOS
architectures, with the GDI Radix-4 MBW Multiplier [I11] consuming 32% less power
than the GDI Wallace tree architecture [II]. The DVS-controlled CCGDI technique-
based Radix-4 MBW multiplier [V1] stands out for its exceptional response, with a
PDP of 585 fJ for a 16-bit operand.

Comparatively, floating-point multiplier architecture fares poorer in terms of response
when juxtaposed with fixed-point architectures. The Posit multiplier exhibits inferior
latency and power characteristics compared to IEEE floating-point multiplier
architecture, albeit boasting a much higher dynamic range compared to other multiplier
architectures.

Table 1: Simulation-based performance of various low power multiplier
architectures in terms of transistor count, latency, power, and PDP at 45nm
technology (TT process corner)

Biswarup Mukherjee

70



J. Mech. Cont.& Math. Sci., Vol.-19, No.-7, July (2024) pp 59-76

Fig. 14 illustrates the latency, power consumption, noise margin, and Power-Delay
Product (PDP) characteristics of various state-of-the-art low-power multiplier
architectures. The results highlight several key findings:

o The Radix-4 Booth multiplier achieves a faster response compared to the
Radix-8 Booth multiplication.

o The BZ-FAD multiplier demonstrates outstanding power efficiency compared
to other architectures, although its latency suffers at higher operating
frequencies.
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o CMOS-based circuits generally exhibit superior noise margin compared to
GDI-based architectures. Specifically, the CMQOS array multiplier showcases
a 46mV NMH, which is the best among all other designs. However, the DVS-
controlled CCGDI-based architecture demonstrates a remarkable 44%
improvement in NML compared to the BZ-FAD design.

o For higher operands of multiplication, the CCGDI multiplier with DV'S control
displays the best response in terms of Power-Delay Product (PDP).
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Fig. 14. Performance characteristics of various state-of-art low-power multiplier
architectures. (a) Latency at 1MHz frequency, (b) Power consumption at 45 nm TT
technology, (c) Noise margin at biasing voltage 1 volt, (d) PDP at different operand
size

VI. Conclusion

This paper offers a succinct overview of various cutting-edge fixed-width low-
power multiplier architectures. The simulation results, conducted using 45nm
technology, encompass average power consumption, latency, noise margin, and Power-
Delay Product (PDP), covering the primary performance metrics. The multipliers
underwent testing across different operand sizes at an operational speed of 1 MHz.
Upon analyzing the outcomes, several conclusions can be drawn. The conventional
CMOS array multiplier demonstrates excellent performance for lower operand
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multiplications, boasting the best noise margin. However, for high-speed, high-operand
multiplication tasks, array multipliers exhibit shortcomings in terms of area and delay.
Various algorithms for high-speed multiplication were explored, with the Vedic
multiplication algorithm theoretically showing faster response times. However, in
practice, the Vedic multiplier suffers from poor latency due to circuit complexity.
Among the investigated multiplication algorithms, the Radix-4 modified Booth
Wallace tree algorithm emerges as the top performer in ASIC design for higher operand
operations. To render it suitable for low-power applications, the DVS-controlled
CCGDI technique is employed, resulting in a 57% performance improvement
compared to conventional CMOS-based designs. Floating-point multiplier
architectures are generally less favored over fixed-point architectures due to their
higher runtime, longer pipeline, and reduced throughput. The Posit multiplier exhibits
poor performance in terms of latency and power compared to the IEEE floating-point
multiplier architecture. Nevertheless, the Posit multiplier boasts a significantly higher
dynamic range compared to other multiplier architectures.
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