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ABSTRACT

The main objective of this research is to investigate the implémentation and
- performance analysis of efficient high-speed Adders and low-power Multipliers with
compact design and minimal power requirements for Digital Signal Processors
(DSP). A Carry Select Adder (CSLA) has less delay compared to other Adders and is
one of the fastest Adder used in many digital data processors to perform fast
arithmetic functions. Phase 1 contribution is to develop an ecfficient Adder
architecture. Tﬁe proposed work uses a simple and an efficient gate-level
modification to reduce the transistor count. It has been implemented by replacing
dual Ripple Carry Adders (RCA's) with the proposed 8-bit Binary to .Excess
Converter (BEC) in the regular 512-bit Square-Root Carry Select Adder (SQRT
CSLA) structure. The proposed Modified 512-bit SQRT CSLA has drastically
' réduced the area and delay of the conventional 512-bit SQRT CSLA. Based on gate-
level modification 16, 32, 64, 128, 256 and 512-bit SQRT CSLA architectures have
been devéloped by using 8-bit Binary to Excess-1 Converter (BEC) and compared
with the regular 512-bit SQRT CSLA architecture. The Performance Aﬁalysis of the
proposed Modified 512-bit Square-Root Carry Select Adder in terms of Delay, Area,
and Power has been carried out by Spartan 3E and synthesized with Xilinx ISE 9.1i

software.

The second outstanding design is the area and power optimization for Parallel
Prefix Adders. Existiﬂg Parallel Prefix Adders are Kogge-Stoné Adder (KSA),
Spanning-Tree Adder (STA), Sparse Kogge-Stone Adder (SKA) and Brent-Kung
Adder (BKA). Phase II of the research work proposes a new Hybrid Parallel Prefix
Adder (HPPA) which is a combination of Kogge-Stone and Brent-Kung Adders and
exploits the advantages of both the Adders. The proposed Hybrid' Parallel Prefix
Adder is implemented using Verilog Hardware Description Language (VHDL) and
synthesized using Xilinx ISE 13.2 Design Suite for its performance analysis. The
performance analysis of the proposed HPPA is better in terms of Area and power

v

optimization in comparison to conventional Adders.

vi



A 14 Transistor Full _‘Adder—Subtractor circuit is proposed in the third
approach by considering 180nm channel length. A typical control signal is applied to
operate the circuit either as an Adder or Subtractor. The proposed technique produces
an optimum performance at a value of 0.6 volts at 180nm CMOS ‘technology using

Tanner EDA Tools.

Further Modified Gate Diffusion Input (Mod-GDI) logic design is proposed
which is an efficient power optimization techniqhe. The Mod-GDI technique aims to
" reduce Delay, Area and Power dissipation while maintaining the functionality of the
logic design and has been implemented and analyzed for different logic gates. The
performance comparison of proposed Mod-GDI technique which‘ is more power-
efficient than the conventional CMOS logic design along with the results has been
carried out. This work also explores a novel structure of Carry-Select Adder (CSLA) -
which uses fundamental gate levels designed with proposed Mod-GDI technique.
The proposed Mod-GDI technique can be used to reduce the number of transistors
compared to the conventional CSLA design for better performance. All logic gates in
regular CSLA based on RCA's are replaced by the Modified GDI logic Cells.
Performance comparison of standard CSLA with the proposed Mod-GDI based
CSLA is carried out. The proposed logic design is simulated by using Mentor

Graphics tool with a supply voltage of 1.6V at 90nm Process Technology.

Phase V focuses on the design of Energy Efficient High-Speed and Low-
Power Hybrid Multipliér Which is a combination of Array Multiplier and Wallace
tree Multiplier. Low power digital Multiplier design based on Bypassing technique is
mainly used to reduce the switching power dissipation. The proposed prototype of
the Hybrid Multiplier Architecture (HMA) has been carried out on Spartan 3E FPGA

and performance analysis was done using the Xilinx ISE 9.1i tool suit.

Finally, the design and implementation of FIR filter using high—speed low-
power Adder and Multiplier are carried out. The Performance of FIR filter depends
on Multiplier and Adder circuits used in the filter. To improve the overall
performance of the FIR filter, different Multiplier and Adder combinations are used

to reduce the dynamic power consumption as well as semiconductor chip size. The

vii



Low-Power Modified 16-bit Square Root Cafry Select Adder (M-SQRT CSLA) is
proposed in this work by replacing Half Adders instead of Full Addérs. The proposed
16-bit M-SQRT CSLA has been designed to reduce dynamic power consumption.
The 16-bit M- -SQRT CSLA is applied to the Wallace tree Multiplier for the addition
process after the partial product generation stage. Multiply and Accumulate (MAC)
lumt of the Digital FIR filter is designed by using Modified Wall?.ce multlphers and
M-SQRT CSLA. Further, the Group-2, Group-3, Group-4 and G(roup-S structures of
'M-SQRT CSLA were constructed ﬁsing Half Adders only. Comparison between the
proposed 16-bit M-SQRT CSLA with conventional 16-bit SQRT CSLA in terms of
Area, Power and Delay has been carried out. From the simulation results it is proved
that the proposed M-SQRT CSLA consumes less area and power than all the other
methods. Simulation is performed by ModelSim 6.3c and Synthesis process is done
by Xilinx 10.1i. Simulation results show that Digital FIR filter with proposed 16- b1t

M-SQRT CSLA occupies less area and consumes low power.

To summarize, m thlS work energy efficient high-speed Adders and .
Multlphers for Digital ngndl Processors using new approaches has been evaluated.
The proposed methods are found to be area and energy efficient and also offer low-

power and less delay in VLSI circuits.
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CHAPTER 1

INTRODUCTION

1.1 FOREWORD

Very Large Scale Iﬁtegrated (VLSI) systems are ubiquitous in everyone's
_ day-to-day activities. This is the result of advancement in process technology and
progress in density coupled with the innovation of faster and energy efficient
devices. The rhajor driving force behind this technology revolution over the last few
decades is an exponential growth of transistor density within a single chip as
* described by Moore's law [1]. Because of the singular characteristics of negligible
standby power, Complementary Metal Oxide Semiconductor (CMOS) process has
evolved as the prominent VLSI technology after Bipolar, since large numbers of

_ transistors can be integrated and accommodated on a chip.

The device dimensions like junction depth, gate oxide thickness, channel
length, etc., which are the significant factors of the device must be synchronized and
scaled accordingly. However, it increases the dynamic power dissipation as well as
the standby power exponentially. This exponential scaling in the power dissipation
area and delay is also a desirable characteristic, and thus there is 2 need for design
and development of novel low power circuit techniques to keep on with the progress

of the device dimension scaling,.
1.2 CHALLENGES IN LOW POWER VLSI

Nowadays, the major requirement for devices is in terms of low -power,
which is being achieved by the development of low power techniques. This
tremendous increase in the requirement of low power consumption for devices is due
_ to increase in battery operated devices and also reduction in the size of the devices.

1



Last decades, researches were related to the reduction of size and reducing the cost.
As of now, power plays a major role in the development of IC chips due to
exponential growth of low power electronic devices with high speed operation and

increased complexity.

Generally the power consumed by the ‘electronic devices varies with
respect to the application involved. For example a battery operated mobile phone of
low weight and small size should have long standby tirpe similar to a battery
operated laptop which is heavy and large in size. The power dissipation in these
devices varies, thérefor’e the methods used to reduce the power dissipation also
varies. In the above specified battery operated devices the power dissipation to be

reduced would be up to 50 percent of the total power dissipation.

‘ Apart from low end battery operated electronic devices, power dissipation
has to be reduced even in non-battery operated electronic devices. These devices are
usually high-performance devices such as servers, workstations, etc. The primary
goal of reducing the power should consider the manufacturing cost and also ensure
long term reliability of the devicés in terms of quality. Hence the recent focus is to
reduce. the power dissipation of these high performance devices by developing
technical methods considering the above mentioned factors. Finally the challenge is
to provide a solution for long term durability of the device implemented with reduced

power dissipation method.
1.3 - DESIGN RELATED ISSUES

In' VLSI circuits, there are three different design levels which are
considered in designiné low power consumption circuits. The different design levels
are the process technology, circuit layout and the architectural level. A considerable
potential for power saving exists at the logic level imp}Iementation of combinational
circuits which causes transition activity, short-circuit current, and switching
capacitance. The chosen logic level design strongly influences each and every

parameter related to power dissipation [2]. At the technology level, power
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consumption is going to scale down at the same rate with channel length technology
shrinking day by day. As a result power saving can be achieved by eénhancing the
fabrication process which includes small feature size, very low voltages,

'

interconnects and insulators with low dielectric components.

The system performance generally depends on the technique applied to
design the circuit and implementation of the circuit for a particular application. From
the existing literature investigations, it is found that the design of low power circuits
is pointed towards designing of logic cells of arithmetic circuits such as adders and
multipliers. In this thesis, the above observations and surveys have been considered
and low power circuits are designed initially with basic logic gate and extending the
concept to a much broader set of combinational arithmetic circuits [4]-[5]. The
characteristics such as number of logic gates, execution time related to power
dissipation of various conventional logic designs at different operating conditions are
compared and analyzed in'terms of quality and quantity. With the reduction of power
at different design levels, the numbers of transistors are also reduced. The number of
transistors in designing a circuit for minimizing the silicon area during fabrication

paves the way for compactness of digital logic design.
14 NEED OF LOW POWER ADDERS AND MULTIPLIERS

The integrated circuit technology has lots of impact in the fabrication of
devices with small size and low power with increased operatin.g speed. Consumption
of power in high performance devices increases with an increase in the features.
Hence the major challenge's to the developers are to design a low power device

meeting all the design criteria.

The recent focus in the VLSI field design hierarchy is toward the
implementation of low -power dissipation methodology at all the levels. Most of the
techniques focus only on power dissipation whereas area and speed optimization are
neglected. With the advancement in the semiconductor technology related to

fabrication, the area optimization is possible by accommodating a larger number of
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" transistors in a specified area of the chip. Due to tremendous increase in the usage of
battery operated devices embedded in various applications, research is focused on the

factors needed for reducing the power dissipation in such devices.

In the last two decades, techniques related to power reductions were
applied at all levels of the design hierarchy. These techniques vary for different
devices. But nowadays low power dissipation techniques are applied in deep
submicron level CMOS technology for high performance devices. Power analysis
and management has to be considered while implementing and testing high density
Integrated Circuit chips. When tested the high density IC’s switching activity
consumes power more than the normal value. Even while using the parallel testing
methods for higher density chips such as SOCs, poWer dissipation increases
extensively. Thereby functional input vectors are applied successively in correlation

because the successive test pattern’s correlations are generally low.

In combinational circuits such as adders, there is always a limit on speed
of operation. This limit is due to the time consumed for propagating the carry
through the consecutive bits. The addition of single bit in the adder is due to the
sequential propagation of the carry through the bit positions from tﬁe LSB to the
MSB stage. In order to reduce the carry propagation time in the adder circuits, Carry -
Select Adder (CSLA) is used in complex Circuits. In the CSLA propagation time is
reduced by generating multiple carry bits of each bit individually and generating the
sum value. The disadvantage in CSLA i.s the consumption of large area as it consists

of pair of dual Ripple Carry Adder (RCA) to generate overall sum and carry [6].

Nowadays, design of an adder consuming less area and also consuming
less power for operation is the need of the digital world and hence research is
oriented towards designing of an adder satisfying all the parameters. Hence
conventional adders such as RCA are designed to satisfy parameters such as low
power and low area [7]. This adder is compact in size but the execution time is more
compared to standard adder. Therefore CLA is used for time critical applications.

Hence CSLA is generally compromised between RCA and CLA. Thus adders with
4



less area and low power consumption are used in multipliers and digital signal

processors.

Multipliers aré most commonly used in Digital Signal Processing to
perform various functions and also applied in the FIR and TIR implementation. A few
decades back in the VLSI Field, designers mainly concentrated on the area
constraint. Optimization techniques were developed, for reducing the area of the IC
chip area. Last decade the main focus of the designers in the VLSI field was on the
operating speed, which was a major constraint on the DSP design implémentation.
Presently, low-power consumption along with reduced area is considered for the
fabrication of filters on SoCs, which can be achieved by reducing its dynamic power

which is an- important part of the total power dissipation.

In digital signal processors the most important elements are the digital

filters. Generally, digital filters are of different structures such as Form-I, Form-II
and Transposed. Thus, digital filters are selected appropriately based on the po‘}ver

| dissipation requirement. These filters are optimized for low power and also for
performances rélated to applications. Generally FIR filters are selected due to linear
phase characteristics. This FIR filter also hé.s low co-efficient sensitivity and

stability.

The basic building blocks of filters are adders and multipliers. These
combinational circuits are the ones consuming maximum power. In the filter MAC
unit is the most vessential part deciding the power dissipated and the time taken for
operation. Therefore the focus is on multiplier. In digital filters such as FIR,
consumption of dynamic switching power is reduced by optimization techniques.
These techniques are applied to the adder and multiplier circuits to reduce unwanted

power dissipation.



1.5 MOTIVATION OF THE RESEARCH

With the development of technology more circuits are being implemented
in a single IC chip. Mosf of the circuits are related to signal processing applications
with more capabilities and features, but these devices consume a lot of energy.
Today’s era, important constraints to be considered are area and speed, but powér is
now considered as a critical issue in the VLSi implementation. The requirement of
low power devices arises mainly due to two reasons, firstly, the operating frequéncy
increases the power dissipation in an IC chip, and secondly due to the increased use
of battery operated devices, and hence there is a need for low power design
methodologies to be implemented in embedded IC’s. In CMOS technology, the
transistors are continuously scaled down in terms of their size. This scaling in turn
reduces the switching delay and power with respect to the area density. Reducing the
size of the transistor in the VLSI field raises many challenges in the circuit design.
As the size reduces in resource constrained devices, transistor leakage increases,
which in tum degrades the system performance related to area, power and speed.
Hence, the need of the hour is optimizeition' of Power, Area, and Delay in VLSI

circuit design, which leads to the motivation of this research work.

The main f;)cus of this research is to reduce the appropriate choice for
selecting the Adders and Multipliers topologies with the trade-off between Area,
Delay and Power consumption. Many technical papers were surveyed to implement -
the novel approaches by using Logic synthesis and simulation resuits were carried
out by using Xilinx ISE13.2, Tanner EDA tool, Spartan 3e FPGA kit, ModelSim and

X-Power Estimator software.
1.6 OBJECTIVE OF THE RESEARCH

This research work mainly addresses on optimizétion of Adder and
Multiplier circuits by different power and area optimization techniques. The goal of
the research is to study and analyze the adder and multiplier operations for the filter

applications.



In order to realize this goal, the present work has been carried out with the

following objectives.

. To design and analyze the proposed Modified 512—bft SQRT
CSLA by using an 8-bit Binary to Excess-1 Converter (BEC), so
as to achieve high-performance and to compare with regular 512-
bit SQRT CSLA. <This work evaluates the performance of the

proposed design in terms of Delay, Area and Power consumption.

. To propose and implement a Hybrid Parallel Prefix Adder (HPPA)
by altering the logic blocks of the regular Parallel Prefix Adders

and to analyze its performance.

. To design a 14 Transistor (14 T) Full Adder-Subtractor circuit
considering 180nm channel length by using the 1-bit Full Adder
logic and to analyze its power consumption in CMOS technology

by using various supply voltages.

. To design an efficient and low power Modified Gate Diffusion
Input (Mod-GDI) technique by adopting basic Géte Diffusion
Input (GDI) architecture and implementing the same for 16 bit
Carry—Selec;t Adder (CSLA) architecture.

. To design and estimate the proposed high-speed and area efficient
Hybrid Multiplier Architecture (HMA) using Bypassing
~ Technique and to analyze its performance in optimizing area,

power and delay.

. Finally, to design and implement a proposed FIR filter using
Modified SQRT CSLA (M-SQRT CSLA) and high-speed

Multiplier and to analyze its performance.



1.7 ORGANIZATION OF THE THESIS

The thesis is organized in such a way that each chapter deals with the

major modules involved in this work.

Chapter 1 gives an Introduction to Very Large Scale Integrated (VLSI)
circuit design, several challenges in low power VLSI and its design issues. It also
discusses on the research motivation and objective of the research work. A brief

organizationA(‘)f the thesis is given at the end of the chapter.

Chapter 2 elaborately discusses on the extensive literature survey carried '
out on the conventional "VLSI systems which include the design and hardware
realization of the high-speed, low-power Adders and Multipliers along with their

performance metrics.

Chapfer 3 focuses on the proposed Modified 512-bit SQRT CSLA
architecture. The proposed work is discussed and analyzed in terms of area, powef

and delay.

Chapter 4 proposes a Hybrid Parallel-Prefix Adder (HPPAj and its
Performance analysis are discussed. This proposed HPPA architecture is compared.
with the conventional Parallel-Prefix Adders in terms of area, delay and power. This
chapter also presents design of 14 Transistor Full Adder-Subtractor circuits and its’

performance analysis. The simulation results have been presented and summarized.

Chapter 5 describes the performance analysis of Modified Gate Diffusion
Input technique (Mod-GDI) which is implemented in 16-bit Carry Select Adder
(CSLA). The chapter also discusses the performance analysis of the proposed

technique.

Chapter 6 discusses on proposed Hybrid Multiplier Architecture (HMA)
and its performance analysis.: This chapter also compares the performance analysis of

the proposed HMA design with conventional techniques.
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Chapter 7 presents high-speed low-power Adders and Multipliers
impleménted for FIR Filters so as to optimize the three most important parameters
Area, delay, and Power. This chapter also presents the simulation results and a
comparison of the importan_t parameters of the proposed FIR Filter with conventional

FIR filter architecture.

Chapter 8 concludes the thesis by emphasizing the major implications of
the research work. A summary of the research contribution and scope for the future

work is also furnished in this chapter.



conveniently using the threshold voltage at the circuit level. However, it leads to
increase in the circuit delay, degrades the durability of the Adder cells and initiates
threshold loss problem. These issues raised can be overcome through selection of an
appropriate width and length ratio of the transistor involved in the design. Over the
years, intensive researches have been made for high-performance Adder circuits with

low-power application.

2.2 LOW-POWER ADDERS

A wide range of contemporary Adder architectures has been surveyed in
literature over the past few decades. The Adder architectures can be classified intp
two broad domains, namely, static and dynamic. The dynamic Full Adders have
many benefits for fast switching speed and with a smaller number of transistors, full
dynamic range, and limited logic. A distributed logic concept has been applied to the
adder design to ensure the number of transistors required for implementing the adder
logic is reduced at the cost of reduced lustiness and increased power dissipation [7].

. The number of transistors. needed for gtatic adder is 2n versus n+2 transistors needed
for dynamic adder logic; if there is ‘n’ input logic functions. Generally there are three
different logic concepts available. They are Compact circuit layout, Regular
structﬁre, and Fast logic evaluation. These concepts can be applied to static and

~dynamic Adder architectures in an efficient manner.

Requirements for various important Adders relating to the area and time '
are shown in Table 2.1. The CRA stands for Carry Ripple Adder and the CSA for -
Carry Save Adder, Parallel-Prefix Carry Look-ahead Adder (PCLA) and CLA for
Carry Look-ahead Adder. The coinplexity seen in the area and time of several types

of Adders is listed with n number of stages in Table2.1.
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. Table 2.1 Comparison_ of Area and Timé .requirements of various types of

IAdders
Types of Adders Area - Time
Carry Save Adder S O@m) - o(Wn)
Carry Ripple Adder O(n) O(n)
Carry Look-ahead Adder - O(mlogn) |- OClogn)
Parallel-Prefix Carry Look-ahead Adder O(2nlogn) O(Zlogn)
23 LOW-POWER MULTIPLIERS

Multipliers are most commonly used in Digital Signal Processing to '
perform various functions and are also applied for FIR and HR implementation. A
few decades back in the VLSI Field, the? designers mainly concentrated on the arca
constraint. Optimization techniques were developed for reducing the area of the IC
chip. Last decade the méin foéus of the designers in the VLSI field was focused on
the operating speed which was a major constraint in the DSP design implementation.
Presently, low-power consurﬁption along with reduced area is considered for the
fabrication of filters on SoCs which can be gchieved by reducing its dynamic power

which is an important part of the total power dissipation [43].

In digital signal processors the most important elements are the digital
filters. Generally, digital filters are of different structures such as Form-I, Form-II
and Transposed. Thus, digital filters are selected appropriately based on the power
dissipation requirement. These filters are optimized for low power and also for
performances related to applications [44]. Generally FIR filters are selected due to its.
linear phase characteristics. This FIR filter also has low co-efficient sensitivity and

stability.
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Adder and Multiplier play an important role in Multipliers as well as in
Digital FIR filters. Multipliers are the most power consuming componenté. In DSP
systems, Multiply and Accumulate (MAC) is an outstanding unit, which influences
the operating speed and the power dissipated. The use of MAC influences most of
the DSP system's power consumption, therefore efficient multiplier has to be
designed for DSP applications. Dynamic switching power is reduced in the adder,
multiplier and FIR filter circuits by applying different power reduction technique’s
and data transmission techniques. This chapter presents an exhaustive literature
survey on the design and implementation of hardware circuits of high-speed Adders,
Multipliers and digital FIR Filters known for efficiency, which are implemented to

enhance the performance of the arithmetic operations in the digital systems.
2.4 CARRY SELECT ADDER

In 1962, O.J.Bedrij et al., [1] proposed the extremely High-Speed Digital
Adder, which generates the multiple-radix carry along with sum selection. The work
involves a comparison of the standard quality of hardware and logarithmic delay for
100-bit CSLA with RCA. The carry forward problem seen in the proposed adder was
overcome by generating multiple radix carry independently. The carry generated is

applied together simultaneously to generate sums.

Ramkumar and Harish et al., [>2] have proposed a method where the BEC-
1 block replaced the Ripple carry block in the CSLA. Here BEC is an efficient gate-
_level modification method bringing down the area and power dissipation of SQRT
CSLA. The use of BEC in the place of RCA decreases the area and power

consumption. Here a 4-bit BEC is applied with a multiplexer.

. Ms. S. Manjuiet et al., [6] has suggested and implemented an Area-
efficient SQRT CSLA technique based on First Zero Detection logic. The authors
have proposed a new add-on scheme for the purpose of simplifying the layout and

lowering the transistor count to enable further interconnection and reduction in logic
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area. This scheme neither employs any single inverter nor any buffers, but MUX

circuit is not implemented for substituting exclusive NOR gates.

Shanigarapuet et al., [7] has, to their credit the efficient CSLA
architectural design, where one RCA and D-Latch are used for providing partial sum
and carry. D-Latch is known for consumption of low delay-time when compared to

traditional CSLA with Dual RCAs.

Saxena et al., [8] have proposed a method to substitute the D-latch in
CSLA by BEC in order to prbvide a partial sum and carry using a reduced delay, area -
and power, and also it offers smaller delay for the 128-bit addition. These
architectures are used mostly in FIR filter for reduction in dynamic power

consumption and meeting computational efficiency.

‘B. Ramkumar and H.M.Kittur, [9] have suggested a direct approach for
improving the speed of addition. A 16, 32 and 64-bit Adder architecture was
developed on the basis of this. technique and comparison made with the conventional
fast Adder architectures. In many of the Parallel Multipliers used for speeding up the
final addition, CLA was outlined in the form of CSLA for improving the speed of the
Adder. But due to the structure of CSLA a larger area is consumed, as a result of
multiple pairs of RCA's used for the generation of the partial sum and carry ‘bits
througﬁ consideration of C;, as 0 and 1 respectively, resulting in the circuit
. complexity of the final Adder structure being high. Hence, the RCA of CLA with the
use of C.in as 1 was replaced by BEC logic, which helps in reducing the maximum

area but the delay is increased in the final Adder structure.

K. M. Chu et al., [10] has illustrated an Efficient High-Speed CSLA,
~which works based on the BEC technique. In this Adder type, the RCA block with
the input carry of Cinzl has been substituted by the BEC block. NMOS stage
constructs the BEC logic circuit apart from acting as a pass gate, for n-bit RCA, and
an n+1 bit of BEC is used. The process is done with the objective of reducing the

area and power demand of the carlier CSLA.
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Stone Adder and Brent Kung Adder. Their simulation results were verified using

Modelsim 6.4b and synthesis part carried out with Xilinx ISE 10. 1i.

A.N. Jayanthi et al., [20] have done a study of the performance of high-

speed VLSI Adder circuits. They have implemented and studied adders of 16-bit, 32-
bit and 64—b‘it length and comparison were obtained in terms of delay. From the
analysis, it was found that the 16-bit Ling Adder reduced the delay by fifty percent
when compared to RCA. However, the circuit is known to have limitations with
respect to fan-in. This limitation was solved by the KS Adder which increased

however the wiring connections which in turn consumed more power.

Mangesh B Kondalkar et al., [21] have done an investigation .on
improvement of the Fault Tolerant of SKS Adder. The proposed technique is uscd
for error correction on the basis of ‘i'nheren[-redundancy in the Carry-tree and with

the possibility of error detection.
2.6 BASIC GATE DIFFUSION INPUT (CDI) TECHNIQUE

_The Gate Diffusion Input (GDI) logic technique has been developed by
Morgenstern, et al [23]. GDI logic reduces power consumption, apart from reducing
the size of the circuit. The GDI technique advantages lie in the implementation of
complex logic function_s using two-transistor logic, and restoration of cell swing

within the conventional low-power design techniques.

M. VijayaLaxmi et al., [24] has proposed a high-speed asynchronous
Hybrid Kogge-Stone Structure Carry-Select based Adder (HKSS-CSA) and has
discussed its applications. The analysis of the adder indicates that large numbers of
logic levels are used. The paramount propagation delay and different logic resources

used by these Adders were analyzed.

A. M. Shams et al., [25] have designed an Adder with the first deals
finder circuit operating at low power. This adder aI'Sb occupies a smaller area when

compared to the conventional CSLA circuit. It also makes three basic modifications
18
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CHAPTER 3

DESIGN AND ANALYSIS OF THE PROPOSED
MODIFIED 512-BIT SQRT CARRY SELECT ADDER

3.1 ~ INTRODUCTION

In d;:gital combinational circuit execution speed depend on the execution
speed of the adder circuit and the simulation time is generally restricted by the time
consurhed for propagation of carx"y through thé adder. The sum obtained for each bit
of a stage is sequentially applied one after the ‘other only when the previous bit has
been summed and a carry has been propagated. To solve the problem of propagation
delay in the adder circuits, an alternate adder circuit known as the Carry-Select '
Adder (CSLA) is applied for computational processes. Here multiple carry bits are
ge'nerated independently and a carry is selected to generate the total sum. Generally
Carry-Select Adders are of two types; one is specified as Linear Carry-Select Adder
(L-SQRT) and the other is specified as Square-Root Carry-Select Adder (SQRT
CSLA). The CSLA has a drawback i.e., it co_nsﬁmes more area due to the existence ‘
of multiple pairs of RCAs. These RCAs generates partial sum and carry if and only if
the carry iﬁput is zero or oné [1].The limitation in the adder circuit is related to that
of fhe final sum and cérry generated by the stages which are selccfed by the
Multiplexers (MUX) circuit to overcome the above specified limitation. The basic
methodology is to apply a 8-bit Binary to Excess-1 Converter (BEC) instead of RCA
within the conventional 512-bit SQRT CSLA in order to attain a reduction in area
and decrease in the powér diss'ipated. The foremost advantage of applying Binary to
Exc‘:es's-l Converter (BEC) logic is related to the reduction of total logic gates used

when compared to n-bit Full Adder (FA) structure.
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A standard CSLA circuit can be implémented in two different modes,
firstly in the uniform block mode and later in the variable block mode. In the uniform
block mode,the data bits are divided into groups which are of uniform (equal) size
throughout the entire design. In the variable block mode, the data bits are divided
into different groups of variable (not identical) sizes. Among the two modes of
design, the variable mode is the highly recommended design because the propagation

delay of carry in this mode is low when compared with the uniform design.

In this chapter a Modified 512-bit SQRT CSLA architecture is proposed
and its gate level modification is performed by using an 8-bit Binary Excess-1
Converter (BEC) logic in order to optimize three critical parameters area, delay and

power dissipation.
3.2 CARRY SELECT ADDER (CSLA)

The CSLA circuit is generally used in many applications such as
computers and digital systems. This circuit reduces the problem which occures due to
' the propagation delay in the adder circuit. Here multiple carry is generated
- independently and then a carry selected to generate the sum. The efficiency of CSLA
is not improved in terms of size or area as it uses a collective pair of Ripple Carry
Adders (RCAs) to generate partial sum and carry. The partial sum and carry are
generated by considering the input to carry as 0 or 1. In each adder circuit, ‘MUX is
used to generate the final sum and carry. The Carry-Select Adders are usually
~ represented in fwo forms, firstly as Linear Carry-Select Adder (L-CSLA) and later as
" Square-Root Carry Select Adder (SQRT CSLA) [2]. '

3.2.1 Linear Carry Select Adder

The Linear Carry-Select Adder is usually designed by cascade structure
constructed by binding equal length of adder stages. For example an n-bit Adder
circuit would be implemented with the ‘n’ equal length of Carry-Select Adder. The

regular CSLA is applied in many data computations because it minimizes the
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problem of delay which was generated due to carry propaglation. It is designed by
dividing the architecture into small groups comprising of Ripple Carry Adders and
Multiplexers (MUX). Advanced computations are performed based on the input
carry equal to ‘zero’ and ‘one’ for Ripple Carry Adders and the final sum and carry
are selected by the MUX. The select line signal is obtained from the carry generated
in the previous group. The speed of the regular Linear Carry-Select Adder is high
when compared to Serial-bit Adder, but the drawback is in terms of area as it

consumes a lot of space to implement.
3.2.2 Square-Root Carry Select Adder

The Square-Root Carry-Select Adder (SQRT CSLA) is usually designed
by balancing the delay using signals of block multipliers and carry chains obtained
from the previous stage, thereby improving the speed of the Square Root Carry-
Select Adder (SQRT CSLA). In this proposed work for 512-bit SQRT CSLA
architecture is designed by dividing the 512-bits into 31 groubs with different sizes
of Ripple Carry Adders. Even though speed is improved by using SquarelRoot'
Carry-Select Adder, the. total area is more when compared to n-bit RCA. In order to
overcome the above drawback, SQRT CSLA with BEC is designed so that area is
reducéd drastically. Here RCA with the carry input of ‘1’ is repléced by employing

Binary to Excess-1 Converter (BEC) logic in order to achieve low area [3].

3.3 CONVENTIO'NAL 512-BIT SQRT CSLA

The conventional 512-bit SQRT CSLA architecture implementation is
represented in Fig. 3.1. The design circuit is mostly divided into different groups of
varying sizes, i.e., a traditional 512-bit SQRT CSLA consists of 31 groups (stages).
Each group has a bit length of various sizes. These bit lengths are broadened using
two RCAs and a MUX in each group. Only Group 0 has one Ripple Carry Adder and

there is no necessity of a Multiplexer for selecting the data.
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In this architecture, starting from Group-0, there is only one 2-bit RCA
which adds up the data input bits furnished along with the input carry and génerates
the sum [1:0] and carry-out bit. The carry-out bit, which is generated by Group-0 will
act as a selection line for the next higher group in the sequence, which is Group-1.
Based on the selection line- from Group-0, the Multiplexer (MUX) selects the
c\orresponding-upper RCA (Ciy=0) or lower RCA (Cj,=1). In this way, the pattern

continues for the remaining groups depending on Cou [2] -[4].
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Fig. 3.1 Block Diagram of the Conventional 512-bit‘SQRT CSLA Architecture

3.3.1 Limitations of the Conventional 512-bit SQRT CSLA

The traditional 512-bit SQRT CSLA has the disadvantage of a larger arca
because of multiple pairs of RCA structures and a multiplexer which leads to

increased area propagation delay and it also not power efficient.

3.4 PROPOSED 512-BIT SQRT CSLA

The proposed method for Modified 512-bit SQRT CSLA (Mod-SQRT

CSLA) is implemented and is compared with the conventional design architecture.

27



The Modified design is obtained in replacing RCA with Ci, as 1 by BEC logic. The
most significant benefit of BEC logic is that it occupies a smaller area but performs
similar addition operation compared to RCA with Cj, as 1. Hence, the existing design

architecture has been modified by replacing RCA with BEC.
34.1 Function of the Binary to Excess-1 Converter (BEC) Logic Structure

These section discuses the BEC logic design and its importance in the
optimization of parameters like Delay, Area and Power consumption implemented in
the proposed design. The main purpose of this implementation is to replace the RCA
with Ci; as 1 in the conventional 512-bit SQRT CSLA with BEC for achieving
reducéd area and increased speed of operation when compared with traditional

.designs. Fig. 3.2 shows the structure of an 8-bit BEC logic structure.
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Fig. 3.2 The Structure of 8-bit BEC logic

Designing 12-bit Adder using the\ traditional RCA requires 12 Full
Adders (FA) which uses an area of 156 gates (13*12) and delay of 82 (12%6) gates.
But only 112 gates in the area and 52 gate delays are required for the implementation
of the same 12-bit Adder using the BEC. This BEC logic can be substituted in RCA
by Cix=1 in the conventional designs so as to increase the speed of operation and also

in order to occupy less area. Generally, n+1 bit BEC logic is required for substituting



an n-bit RCA in the combinational design. Table 3.1 is the functional table of 8-bit
BEC. -

The logic expressions for the 8-bit BEC cell is given as follows

X0 =-~BO
X1 =B0"B1
X2 = B2 (BO & B1)
\ \
X3 = B3~ (BO & B1 & B2)
X4 =B4* (BO& B1 & B’Z—& B3)
X5 =B5* (B0 & Bl & B2 & B3 & B4)
- X6 =B6’\(BO.&B1&B2&B3&B4&BS)
X7 =B77 (B0 & Bl & B2 & B3 & B4 & B5 & B6)

TABLE 3.1 Functional Table of the 8-Bit BEC

B[7:0] X[7:0]
00000000 00000001
00000001 00000010
11111110 11111111
11111111 00000000
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Fig. 3.3 Basic Structure of BEC based CSLA

The' Boolean logic expressions shown above are implemented in gate
level using‘the AND, INVERTER and XOR gates. The increase in Boolean logic
- expressions to any number of bits is possible with the corresponding RCA
substituted with this new 8-bit BEC logic design as shown in the Fig. 3.3. The.
comparison of conventional 512-bit SQRT CSLA Adder with Mod-512-bit SQRT
CSLA synthesis is carried out by using the Xilinx ISE 9.1i software simulation tool
with Spartan 3E. The Area and Delay of the BEC logic design is reduced when
compared W‘ith a conventional RCA design as a result of which the BEC logic design

is more suitable for high-speed and low-power applications.

34.2 Methodology for the Evaluation of Delay and Area in the Basic
Adder Blocks

Delay and Area are calculated considering each gate as having a Delay
and Area equal to 1 unit respectively. The most extended path is derived from this
design.. It shows the maximum delay of implementation from the beginning of input
bits to the closing of output bits. The total number of AQI (AND, OR and
INVERTER) gates gives the gate count for Area calculation.
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Table 3.2 shows the gates and area count obtained for different designs.
The table shows an analysis of increase in the Area and Delay when thc; design

includes more number of gates.

Table. 3.2 Evaluation of Area and Delay

Adder Blocks Area Delay |
(no. of gates ) | (no. of gates)

XOR ' 5 3
2:1 MUX ' 4 3
Half 6 | 3
Adder
Full 13 ‘ 6
Adder ’

The evaluation of AND, OR, and Inverter (AOI) implementation of the
XOR gate is shown in Fig. 3.4. The gatés among the dotted lines indicate the
performance of the operations in paréllel, while the numeric representation of each
gate denotes the delay resulting from that gate. The area and delay estimation

technique for all gates is by using the AND, OR and Inverter (AOI) implementation.

X

Fig. 3.4 Delay and Area of XOR gate
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The conventional and the Mod-512-bit SQRT CSLA architecture are
analyzed based on the power. The Fig. 3.11 represents the analysis pertaining to the
total power dissipated. The inference from the simulation results shows that the

proposed work provides an improvement of 11.1% in power (UW).

10000 - = Existing SQRT CSLA

y 61.
" g000 { "Proposed SQRTCSLA 840.3

g 6000 -
= .
g 4000 -
o 2177.2
- 2000 7 997.79820.46 ‘

o L . __F

64 BIT 128 BIT 256BIT 512BIT

Adders BIT Sizes

. Fig. 3.11 Analysis of Conventional and Modified 512-bit SQRT CSLA in terins
o - of Power (uW)

3.6  SUMMARY

.In this chapter implerﬁentation of the proposed Mod-512-bit SQRT
CSLA architecture has been carried out. In this work alteration of the logic blocks
in the conventional SQRT CSLA is performed. The alteration with respect to the
logic blocks of the conventional architecture provides more advantages in terms of
the reduced area or number of gates consumed. The proposed Mod-512-bit SQRT
CSLA has been implemented through use of an 8-bit BEC logic for gate level
modification of adder architecture. The BEC logic is used instead of RCA, which -
offers reduced Delay, Area and low-power in the proposed work. The advantages
of Delay, Area and Power of Adder circuits in this technique are 1149 (no. of
gates), 112.38 (ns) and 7340.31 (UW) respectively. Hence, an improvement of
25.5% in Area, 16.5% of Delay, and 11.1% of Power has been achieved.
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CHAPTER 4

PROPOSED HYBRID PARALLEL-PREFIX ADDER AND
14 TRANSISTOR FULL ADDER/SUBTRACTOR

4.1 INTRODUCTION.

The adder circuit is the fundamental circuit applied in digital systems or
digital processors. The performance of the adder has great influence in terms of high--
speed and accurate computationall operation. Improvement in the performance of the
Digital Adder can help in speeding the binary operations inside the processes to a
considerable extent. Analysis of operating speed, layout area and power dissipation
determmes the performance of a digital Adder block In today’s world Parallel Prefix
Adder (PPA) has become an important due to its capability of implementation on
VLSI ChlpS for achlevmg fast mode of operation [15]. VLSI circuits generally .
depend on fast and dependable arithmetic computation. The first module in this
chapter proposes the design of Hybrid Parallel-Prefix Adder (HPPA) and also its
implementation while the second involves in the evaluation of 14 Transistor (14 T)
Full Adder-Subtractor architecture using 1-bit Adder-Subtractor circuit design.
Parallel Prefix Adders (PPA's) are of differerit types, few of them are Sparse Kogge-
Stone Adder (SKSA), Kogge-Stone Addor (KSA), Spanning-Tree Adder (STA) and
Kogge-Stone Adder (KSA). Investigation of Brent-Kung and Kogge-Stone Adders
has been studied and analyzed in the first module so has to propose a Hybrid Parallel

Prefix Adder with optimized performance metrics.

Recent trends indicate that low power dissipation methodology have
become a significant design constraint. Apart from this the transistor count is also
considered as a significant factor in designing of Full-Adder-Subtractor circuits.

Design of transistor count can affect the design of complexity of an Arithmetic Logic
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and shift Unit (ALU) and even other functional units. The propagation delay has a lot
to do with the design and synthesis of the VLSI circuits. The speed of the Adder
design is limited, due to a large number of gates needed for implementation, on the
size .of the transistor, occurrence of the delay in the critical path and parasitic
capacitance involved. The driving capability of a Fuil-Adder is a major concern for
the designer as it is used mostly in a cascade structure where the output of one drives
the input for another. Reducing the supply voltage is also a critical process involved
in reducing power consumption. However, scaling of the supply voltage also
escalates circuit delay. For the reasons, the achievement of low-power and high-
speed design with reduced area has been taken up as the research objective of this

module.

In this chapter the first modulé proposes the design and.estimation of
high-speed new Hybn'd Parallel-Prefix Adder (HPPA) architecture. The proposed
HPPA is a combination of area-efficient Carry tree Adders like KSA and BK Adders.
The simulation results of the HPPA have been used for optimization of crucial
factors like area, propagation delay and its power dissipation values have been

compared with those of the conventional techniques.

The second module proposes the design and analysis of 14 T Full '
Adder/Subtractor circuits followed by the implementation with 1bit Full-
Adder/Subtractor that generates less propagation delay and has low-power

‘consumption.
42  PARALLEL PREFIX ADDERS

Parallel-Prefix Adders perform high-speed parallel addition, which is
widely used in microprocessors, DSP-based systems, telecommunications and for
high-speed applications. PPA’s has the capability to reduce logic circuit complexity
and delay; this has great consistence and improves the performance with parameters
like area and power. Hence, the PPA’s are highly required in high-speed arithmetic

circuits.
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PPA’s, also referred to as Carry-tree Adders, and consists of Pre-compute,
Propagate and Generate signals. These signals are aggregated using the major carry
operator. The design of generation of carry for the Prefix Adders is possible in many

contradictory ways based on the applications [16].
4.2.1 Parallel-Prefix Adder Structure

The conventional Parallel Prefix Adder structure is represented in Fig.
4.1. Here a tree structure form is used by PPA for increasing the speed of an
arithmetic operation. PPA’s are generally known for their increased computational

speed for many digital systems.

- @)
inputs
a, b, a, b. a, b, a, b, i, b, i, b, a, b, a, b, C,
” . Pre
computing
B Pu Eo Pa Ew] Pm el P B P pPs ] 3] Ba Ps
) Prefix stage ] (&
| cl| | ] c. | < | c. | c | I
C, C j .
: . Final
. commuting
| | [ { [ I ! !
> C S, S 8 S, S S, S, S,

)

Fig.4.1  Block diégram of the Conventional 16-bit Parallel-Prefix Adder

Structure

The conventional PPA structure is implemented by all the 3 stages

specified as shown in Fig. 4.1. The three stages are:

o> Pre-processing stage
> Carry generation Network

> Post-processing stage
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ABSTRACT

Binary adders see very high utilization in digital systems, making them hot-
spots of power consumption and thermal dissipation. This work presents new tech-
niques and algorithms for fast addition at low power consumption. The first part
presents a comparative analysis of a number of well known adder a.fchit_ectures as
implemented in several CMOS technologies. The results are based on fully extracted

mask layouts for each adder. It is found that parallel prefix &dders have the lowest
energy-delay product and that the area and energy consumpt;lomof a.n adder does not

K \ ", e . _‘

strongly depend on the underlying architecture. \"j‘\_ \ N

o .
T \ ~

-

In the second part a number of new preﬁx a.lgonthms are mtroduced The new
ng carry-select adder can be used to modlfy a.n ex1st1ng spa.rse—tree adder into a Ling
Fas . / e )

adder with less delay and equal area, The I{ew“ 'ngle gate—delay carry. propagatlon
N ) >

algorithm reduces the delay of carry propagatm?ﬁfrom at of an AND-OR-Invert gate

\

to that of a single NAND gate: The algorlthm is used in a novel Ling carry-increment
\ '\\ ,\’ Y

adder, which is smaller and ¢onsumes Sless energy than a conventional carry-increment

: '/
adder. New dual—modg\ anc}f multl—mode adders are introduced in the final part. These

adders provxde/multlple energy—delay operating points. This is achieved by turning

z x&‘ S

)l
off parts of the preﬁx tree. Asura result, the energy consumption of the adder can be

set dynamlcally' dependlng on the overall system load.

S S \ '\ ..
e ! i N
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S
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CHAPTER 1
INTRODUCTION

1.1 ‘Motivation

The addition of two numbers is a fur_ldamental operation in digital systems.
Speaking in broad terms, any mathematical algorithm contains a certain number of
additions and typically its execution time depends directly on the time it takes to
add two numbers. It can, therefore, be expected that mathem‘étlcal algorithms in

general will be implemented in such a way as to maxumze the\number of additions
N \ S \__\ s
and to minimize the number of more complex operatlons such‘ as - mult1phcat10n As

a direct result of this trend it can be expected that bma.ry adde{s on a computing
r’ f .
platform see very high utlhzatlon This in- turn /B,rowdes the ba31s for a very high
-~ N

™,

return on any investment into the optilmlzatlon of . bmary/adders typically focused

on three key areas: delay, power and areg A faster a.dder will typically result in the
%

reduction of runtime of an algonthm or a.n mcrease “1in the throughput of data that can
\ . \

A\
be processed in real time: By the same\token a reduction in power consumption will
s

o v \

reduce the amount of energy/ equlred to perform an operation or reduce the average

power required 40! sus’%aln\a certa.1;1/ throughput of real-time data. Finally, a reduction
/' // X, \\ et

in area typlcally results in the reduction of production cost, both by reducing the area

e

>
consumed«on a Slhcon wafer and by i mcreasmg yield due to a smaller area subject to

rf'/ e Lo \ \
manufactunng defects One example would be the implementation of the FFT (Fast
Fourler Transform) Wthh is typically used in the compression of stlll 1mages and
' streammg “video content. If a faster adder is available the time to compress an image
is reduced and the maximum resolution of streaming video is increased. In terms of
power, the average energy required to compress one irhage is reduced and the average
power required to sustain a certain resolution of streaming video is reduced as well,

‘both of which would result in a longer battery life in a portable device. And if the

area of the adder is reduced the overall cost to manufacture the device will be less as
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well.
Although integrated circuits typically operate in a base-2 number system the
fundamental problem of addition can be secen in the base-10 system. Consider the

following example:

1 8 5 6
+ 3 3 4 6

5 2 0 2

In its most basic form, this operation would be carned out from rlght to left.

‘\

The final digit to be computed will be the “5”f in column 4 smce its value is not

known until column 3 is completed, whlch 1n turn 1s not avallable untll column “2”

v PRaN

is evaluated, which in turn depends on (.olumn _1\ The tlme to perform addition

is, in this most basic case, a linear functmn of the perand—w1dth assuming the

", \
time to evalnate one columna 5 consta.nt As a result an addition with twice the

E \> \l\ -~

operand-width will take tw1ce as long However there are a number of algorithms

available that can reduce t/l}at dependence from linear to as little as logarithmic. For

'\ \ ~ P
NN
the lpwer*carrles, and each sum depende on the carry into its column Buf no other
o /‘
s ~, \

value depends on the»sum As a result, much effort w1ll be spent on accelerating the
ca.rnes, smce as they become available over the course of an addition, the sums can
be comp‘u\t"/ed in parallel to the remaining carries.

For example, consider column 3. E\;'en without evaluating column 2 it is known
that thefe will be a carry into column 4, since 8 + 3 is greater than 9. At this point,
the result in column 4 is independent of the lower columns and both sections can be
evaluated in parallel. As a result, the éwerage time to perform addition is reduced,

but the worst-case time is still the same, since there are cases where no one column -
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will add up to more than 9.

This algorithm can readily be improv'ed. Looking at column 2 it can be seen
that its sum is 9. It is safe to say that if there\is a carry from column 1 into column
2, then there will also be a carry into column 3. Looking at column 4 on the other
hand, it can be seen that there will neverl be a carry out of colrrmn 4, since its
maximum value can not be greater than 5. As a result, one might perform addition
by first computing for each column if it generates a carry (columns 1 and 3 in this
example) _propagates a carry (column 2), oI removes a carryf(column 4) The process
of removing a carry is also referred to as “to kill a carry The resultmg algonthm is
typ1ca.]ly referred to as “carry-skip addition”. Tt was' ﬁrstv dev1sed\by Charles Babbage,
who developed mechanical calculators in the 19th century 2, 43] - In his words, the
process of determining the carry behavmr of each column allows the adder to “foresee

incoming carries, rather than to Walt«for thelr successwe»computatlon
~
x.‘ \ ) v

“Multitudes of contrlvances ‘were de31gned and almost endless drawings made,
for the purpose of economlzmg the»tlme and simplifying the mechanism of car-
riage. In that portien of the Diffefence Engine in the Exhibition of 1862 the
time of carriage-has been’ reduced to about one-fourth part of what was at first
required. At last havmg exhausted during years of labour, the principle of suc-
cessive carrlages it occurred to me that it might be possible to teach mechanism
to accompllsh alldther mental process, namely — to foresee.”

< R e

' Today, more than 140 years later, the development of fast adders is still bemg ac-
tlvely pureued and the common theme is still to accelerate carry propagatlon New
algorlthmg, addition circuits and trade-off analyses are being published on a regular
basis, Pe‘rﬁ/‘of the reason for this continual activity is the ever progressing refinement
of CMOS (complementary metal oxide semiconductor) technology into the deep sub- -

micron and nanometer domain. Every generation within these technologies requires

the circuit designer to adapt to new problems and limitations, but also provides new

- 1Corresponding to references in the Bibliography

!
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possibilities for improvement and ideas. Most importantiy, the high integration den-
. sity of semiconductor devices has made practical the implementation of highly parallel
addition algorithms, that would have been impossible or prohibitively expensive in
mechanical or electro-mechanical adders. This ailows engineers to continue the work
first begun by Babbage: to derive new mathematical principles that allow for faster
computation of the carry into each column, and to do so with a minimum of power
c-on‘surnption in as small a Silicon area as possible. s
1.2 Significance of this Work ‘ N

\
N O
Binary addition is an important and fundamental pr p ern w1th1n computer

.«"\- e
£,

architecture and dlgltal system design. It 1ncorpora.tes elements\ of both algorlthmlc

g \

optimization and circuit implementation. Any adder demgn hmlted to either one

-~

L
domain is bound to fail, as most algorlthmxcallyxogtlmal adders will perform poorly
ne ,, ,/

when implemented in Silicon. And 11kew1se a&y 1mp1e/mentat10n purely focused on
~

%
opt1m1zed circuit performa.nce w1ll occupy a low \level of abstractnon, precluding a

the demgn space. The design space for binary

adders spans several dlmensmns »most 1mportantly Silicon area, worst-case delay and
.
average power consurnptlon -as dlscussed earlier.

Adders Af dlgltal systems can be found in a spectrum of applications ranging

apphcatlon has umque design constraints, ranging from very high speed to ultra-low
/'

power and compact area. Well known applications are ALUs (algorithmic-logical
umts), as ‘well as address computation units. Furthermore, subtractors, compara-
_tors, mult'ij;liers and dividers all rely on fast addition at the core of their operation.
Floating point units also require adders as essential components. Moreover, digital
signal processing makes extensive use of addition in the imlplementation of digital

, filters, either directly in hardware or in specialized DSPs (digital signal processors).

In general-purpose microprocessors, integer addition is performed every clock cycle,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



resulting in 100% utilization. As‘a. result, any decrease in delay will directly relate
to an increase in throughput. However, the high utilization also results in a local
maximum of switching activity on the Silicon die. Consequently, adders typically
cause thermal hot spots, exacerbating the problem of chip cooling [40]. As these
trends worsen with progressing rniniaturiza,tioﬁ into the ‘na."nometer range, it is very
important to develop new addition algorithms that provide high performance while

reducing power consumption. :

¢,

. "y
Although a large number of adders have been proposed most‘} have only been

reported as implemented at the 250nm process node or above The onset of a number

of physical effects below 130nm makes it hard to Judge the performance of existing
S

adders on sub-130nm technologies. In addltlon,,there/lflas only been‘ a limited number

s
of surveys of adders implemented under\comparable conthlons on the same tech-
N <

nology An example is the survey by\Oklobdzua ef’.\“a

N

Logical Effort [58]. However, the s1mphcxty of’ thls model leaves a substantial mar-

gin of error, due to physwa.b effects such asx velocn:y sa,tura.tlon short-channel effects
’ - 3
and circuit-based anomahes /Only detalled SPICE-level simulation of netlists with
6‘\ \ e o
extracted 1nterconnect\capamtances ‘yields a level of accuracy necessary to compare

/[49] based on the model of

' h1gh—speed adder archltecture\s// SPICE and its derivatives allow detailed modeling

s

Nagel 1n“1971 at. the Umversmy of California Berkeley.

e

e

Y

deep—submlcron CMOS technology It identifies preﬁx—tree topologies and proposes
\

Thls work 1nvest1gates the implementation of binary adders in contemporary

new carry propagation algorithms that performs well with modern CMOS technol-
ogy. CMOS fabrication processes are commonly classified by the minimum possible
length of a transistor gate in meter. A smaller gate length translates into increased
switching speed of digital gates. A 90nm process is used for all implementatioﬁs as

it represents the current state of the art of commercially available technology. The
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resulting conclusions and suggestions are helpful to both, designers of new adders and
those planning future implementations on 90nm technology or below. |
V1.3 Organization |

This work is organized as follows: Cha.pter 2 gives an overview of binary
addition and its implementation in CMOS logic. Over the corlrse of time a number
of algorithms have been proposed, typically based on the implementation technique
at the time, which has progressed from electro-mechanical relays‘;\po tubes, discrete

diodes and transistors, integrated circuits to ultra large sca.le inté‘gf‘ated system-on-

s.“ b "u

chips. Each algorlthm is presented in its historic context and 1ts relevance to modern

\\
CMOS technology. An in-depth analysis of exrst.mg addltlon algonthms is performed
/ >

" in Chapter 3. Each adder is implemented in three CM@S technologres ranging from

\
subm1cron to nanometer scale technologies. A number of novel algorithms for binary
\

‘“\

addition are presented in Chapter 4. They a,re\presente Cin the form of hybr1d adders
\ =

to allow for a clear distinction between novel and.: well known parts of each algorithm,.

x”‘ kY |

Chapter 5 introduces two, fr}ew classes of\ adders called dual-mode and multi-mode
\

adders. These new algorlthms apply to all sparse—tree adders and allow for multiple
/

N \
new adders can turn off part of thelr mternal logic to trade propagation delay for
z / J’ ff \/
energy savmgs Fxnally, Chapter 6 concludes the work and summarizes its impact.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

Binary addition is one of the fundamental ]eroblems in digital systems design.
Adders are an important component of many digital building blocks. The problem
of addition can be divided into two parts: the mathematical algerithm, expressed
ﬁsing Boolean arithmetic, and the circuit implementation, typicaiigf}gsing logic ge.tes

or semiconductor devices like transistors. , R \ s

" This chapter introduces existing work on both the algorlthmb, qe"‘well as the

‘.

circuit 1mplementat10n of binary adders. La,rge sca,le dlgltal systerr}s are almost exclu-

,-A.,, T~

sively fabricated using CMOS (complementary metal ox1de sem)cenductor) technol-

ogy. This is due to the fact that CMOS allows for the hlghest level of integration with
E
good production vield at feasible power\consumptlg\n as compared to other technolo-

gies. As a result, all circuits in thls workxa.{e 1mplemented using CMOS technology.
e \ m,\

The circuit design can elther be performed%at the transistor level, or at the gate

- P

level. Transistor levél demgn is typlca.lly referred to as “full-custom” de31gn since’

the chip des1gne1; has\full‘ control ‘over the propertles of each individual transistor.

Y

/ ] ‘\» w\/
As a result; full—custom demgnsxhave the highest performance but also require signif-
‘\ \\ f P .

e

1can'c d'e51gn effort with e la.rge portion of manual design tasks, making this design
style enly ,proﬁtable for integrated circuits sold in large quantltles such as general
purimse 'mlcroprocessors Designs targeted for medlum or small quantities requlre a
largely ail\tgmated design flow, typically referred to as “semi-custom” design. In this
approach digital logic is synthesized into a gate-level netlist using a description of
the circuit in HDL (hardware description language). Synthesis tools include libraries
of adders that can be optimized to match user-defined design constraints. One of
the problems of binary addition is to devise a prefix tree to best match the design

constraints. Synthesis tools can perfofm fine-grain optimization of the prefix tree,
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whereéas full-custom designers choose from a small set of well-known prefix trees, as
they are performing manual circuit désign on the transistor level, which can not be
automated to the same degfee as semi-custom designs. |
The prefix tree is a regular structure of nodes and vertices that computes the
carry for each bit position in the adder. Each carry depends on all the lower carries,
hence the name prefix tree. A shallow tree uses few gates, but cach gate has to drive
many other gat;es, as each carry is an input for all the higher carries. On the other

\ y,,

hand, a deep tree with many logic stages requires a largen amount of Silicon areca

s N
and has more logic gates in the critical path. A number of\preﬁx\trees have been

\ ~. A
‘«"

published in the literature and are introduced in thls cha.pter ~ 5,

2.2 CMOS Technology and Domino Loglc ‘ ,} \

The prevalhng way of building mrcmts m\VLSI (very/ large scale integration)

\
technology today. is CMOS. This is pa{tly due to e onormcal reasons, with an un-

precedented 30 year trend of scaling to ever smaller\geometnes The other advantage

J“u \\

. of CMOS is its power efﬁq.lem,y, whlchjdqally would result in zero static power con-
s . R

o e ';
s e N .
sumption. < R
s e .’

< < .

s
2.2.1 Power Consumptlon Unhke bipolar transistors, which require a non-zero

\

bias current FETs ‘;(ﬁeld effgfﬁ; LI'B.IIblStOI'S) as used in CMOS present a capacitive

loa.d that s cha‘réed%and dlscharged to perform switching activity, but once charged

o
"~

essentlally\) no current is required to sustain the conducting path through the device.

-! _A“\

Aq a, result~ ‘the charging of the gate capacitance is the primary source of current flow
in CMOS The dynamic power consumption of CMOS circuits can be summarlzed as

follows [71]

Pd'ynamic':a'c"/dzd'f (21)

where the individual terms are given as

e «: The activity factor of the circuit, between 0 and 1
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e C: The total capacitance that is being charged and discharged
e Vua: The supply voltage of the circuit
e f: The clock frequency

It can be seen that the power consumption is detérmined by how often the capacitance
of the circuit is charged to a value of V. Conversely, power can be reduced by using

a lower Vg, a lower rate of switching, or by lowering the ca.pa.citgche of the circuit

PRI

that has to be charged and discharged. ' o

"As each wire also acts as a capacitor, the total capac1tance C’ 1s the sum of

[

‘all wire and tran51stor capacitances in the c1rcu1t/ It takes a- ﬂnlte amount of time

to charge and discharge a wire and a tranSIStor resultlng in a certam, minimum

/

time required to switch a logic gate bullt from trdns1stors and wires. At nanometer

_ scales, the capacitance of transistors grows smaller and ’ sma,ller as compared to that'

of the wires. Therefore, is has“fbecome 1ncreas1ngly important to reduce the lengt;h

R “«,
-

and density of the chlp 1nterconnect as the wire capacitance becomes a larger part,

of the overall smtchmg delay/ and power (.onsumptlon
/ a ,/ s
Fabricated devmes exhlblt non—1deal behavior and exhibit a small amount of
‘ h/ ./
current ﬂow e’\ign when no sw1tch1ng activity takes place. This so called leakage cur-

rent w§s sma.ll enough to be’ ﬁeghgxble in the past. But at nanometer scale geometries,
lea.kage c?lxrrents‘a.r\e increasing significantly. In addition, with mllhons of transistors
mtég}'\&téll onto a chip even the smallest current through a single transistor adds up to
a sign{ﬁbé\i}; amount fqr the overall integrated circuit. In practice, leakage current can
bé mitigated by adjusting the threshold voltage V; of each transistor. Using a highér
value for V; results in a slower transistor but also results in substantial reductions
in leakage current.,A since it grows exponent_ially with decreasing V;. By segmenting

a circuit into critical and non-critical paths, high-V; devices can be used in the non-

critical sections. The threshold voltage is set during chip fabrication by controlling
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o

Y
¢-°| v "1_ pull down
A _I tn—— network
s | o]
Figure 2.1. Example Domino Logic Gates
. &
\1«

Flgure 2 2 Example Compound Domino Logic Gate
. e 1\ '

O P

the amount of acceptors that are. 1mplanted into the substrate.

2.2.2 Dommo Loglc There are several ways to build logic gates from CMOS

\k

trans1stors, typlcally referred to as logic families. The most commonly used types

\

a.re/statlc CMOS a.nd domino logic. The advantage of static CMOS is that it results

N ~
o t
.,

in very robust logic with good noise immunity. This has led to the developmcnt of
des1gn autcgmatlon tools that can perform logic synthesis of textual descriptions into
statie CMOS gates‘. On the other hand, static CMOS requires a large number of
transistors per gate, resulting in higher capacitixlre loads per gate and, therefore, in
reduced switching speed. High-performance circuits on the other hand typically use
domino logic, as it requires less transistors per gate. However, domino logic can oniy

be used to construct non-inverting gates, precluding the use of logic synthesis tools.
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Examples of domino gates are shown in Figufe 2.1. Each gate is controlled oy
the clock signal ¢ and a number of signal inputs that form a pull-down network. In
the simplest case, only one input A is present, resulting in the logic function ¥ = A.
The pull-down network can be used to implement any inverting logic function. To
guarantee the functionality of the gate, an inverting gate must be used at the output,
resulting in an overall non-inverting logic function. The output of a domino gate is 0

by default, unless the inputs form a conducting pa.th in the pull-down network, which
5 \
results in an output of 1. \\
\:‘/ \"w _ . ‘«\ .
2.2.3 . Compound Domino Loglc If an mverter is used as the~1nvertmg output

‘\

gate in domino logic it acts as a buffer but does not perform\a.ny useful operation.
As a result domino logic can be extended by, 1mp1ement1ng loglc 1nto both the pull-

\
down network, as well as the output loglc,kresultmg in'a loglc family called’ compound
.,

domino logic. An example is shown in Flgure\2 2 whe
\ \

joined by an 1nvert1ng gate. This is faster tha.n uf,/mg an inverter for each gate and

4
P

wo pull-down networks are

:?\

u,-‘

. N Y=A B=A+B o (2.2)

/, - -
It can be seen that the outputiwfunctlon is again non-inverting, as compound domino

~,

logm 1s also bound by the hmltatlon that only non—mvertmg functions can be im-
plementedf 'On tne“_,other hand, the two pull-down networks implement inverting
functlons. This makes it possible to use a compound domino logic gate as a container
for two iuverting functions that are joined by a third inverting function. Another
benefit of 'compound domino logic is that two small pull-down networks are faster
than one large pull-down network. Therefox_‘e, splitting a large domino gate into a
combound domino gate is a way to improve performa.nce. However, one drawback of

“compound domino logic is the potentially long routing of the dynamic node. Rather

than being confined to a single gate, now the dynamic node is distributed over several
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gates. This makes it harder to analyse and combat the capacitive coupling onto the
dynamic node, exacerbating noise sensitivity of the digital loéic.
2.3 Basic Operations in Binary Adders

In this text, individual bits are shown in lower case {(a;) and binary words are
ordered from most-significant bit (MSB) to least—signiﬁcant bit (LSB), e.g a32.1. The
Boolean OR operation is shown as ’+’, while AND is shown as '’ or by proximity.

The symbol '@’ is used for the exclusive-or (XOR) operation. .,

(R

Binary addition in a digital system is defined as the.- opera.tlon of adding two
\ @ :"’\. \

n-bit words Gn:1 and by and a carry-in cp, resulting in a n-blt sumnword Sp:1 and a
R 5,

carry bit ¢,. Adders are highly hierarchical and at themsrmplest can b§ modeled as
a set of 1-bit adders. A half-adder (HA), typxcally referred to as the bulldmg block

for VLSI adders, computes two bits, s; and c,, from two bltS ‘a; and b;:

/‘ ., \ : r-,‘
“\ »
a

sz\\- aZEBb

(2.3)

. ”* \ . }?’
- ‘-: “\‘:‘.1, = a b (24)
«") ,/, "\._‘N"L \ M\m

A combination of two haif adders results in a full-adder (FA), which computes
\ / -

the sum of three bits, where c2 1 1s Ehosen as the third i 1ncom1ng bit to stress the fact

P \

\.

that it (,ommonly is /the carry\s/;gnal from the previous full adder:

[
—

\"2@\\ ‘,»’"/, """""""" M::;y )

I TN 5= G®boe, | (2.5)
/»f’;/’ N : .
. L ¢ = a;-bi+ci1-(a;+b) (2.6)

A more"eic\in}pact implementation of s,-' is possible by incorporating c¢;:
8i=0;-bi-cic1 +G - (@i + b +ci1) (2.7)

While half- and full-adders can be used to model binary adders, they are less
suitable for a high-speed implementation, which has to compute (2.5) for each bit

position as quickly as possible. Since a; and b; are available immediately, the limiting
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Abstract

Advancements in VLSI technology have improve/d gafe delay, lowered device area
and made it possible to put bigger and more complex designs on a single chip. At the
same time, low power design has become important for reliable operation and lower Chip’
packaging costs. Low power design is also essential for battery-driven mobile computing .
and communication applications. However, our need for faster and faster computing
resources requires that low power design be done without affecting performance.

This t;hesxs is a study of the power, delay and area tra.deoffs in-integer adders and
multipliers, which are the most widely used hardware arlthmetlc modules. Usually, a
function can be performed in many different wa.ys using o;rcults, which although func-
tionally the same, may have vastly different power, dela.y a.nd ai-ea. characteristics. This
is especially true of adders and multipliers, whele ré,seal ch efforts to improve speed have
produced a plethora of designs. In view of conse; vmgfpower a good design strategy is to
use 2 circuit which consumes the least power whlle provxdmg the required performance
level. This choice is dlfﬁcult because of .the numberaof degrees of freedom available to a
designer and a bad choice can result in a. costly implementation.

The goal of this thesis 1s to fa.cnhta.te this process by accurately characterizing
the power, delay and power dela,y product of different circuits. Some degrees of freedom
explored in the area of adder demgn‘mclude different algorithms, number systems, voltage

"scaling and teclmology‘ascalmg A novel blocked carry lookahead adder design, called

ELM, which uses™ fewer 111t;erconnect10ns than the conventional carry lookahead adder,

~ was found to have the\,»l})est power-delay product. The degrees of freedom studied in

multipliers include recoding, pipeline granularity and clocking methodology. It was found
that recoding does not always decrease delay, but is useful for reducing power. In heavily
pipelined circuits, the clock circuitry was found to consume 50 to 75% of the total power
of the system. A new multiplier design based on gated evaluation is proposed which can

save power at a small increase in area and delay.
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Chapter 1
- Introduction

This thesis is a study of the power, delay and area tradeoffs in CMOS arithmetic
modules. Understanding design tradeoffs is an essential part of meeting performance
goals and acts as a stepping stone to building low power, high performance and compact

data path designs.
e

N

W\

5,
'\;\

3,

LN

1.1 Design Tradeoffs (%:::l“'?‘“\
Y R R
Since the early days of computer deSIgn,/speed area.,*cost and reliability have
been recognized as important design parameters /Much research effort in computer
science and engineering has focused on lmprovmg t;he speed and capabilities of digital
computing systems. High speed comput;mg\has become the accepted norm of computer
users rather tha,n the privilege of/a./few mthh “‘access to mainframes. Earlier, power was
not a concern unless some coohng hmxt was exceeded In the 1970’s, the increase in
the number of devices per clup and clock rates was leading up to a potential power
crisis. This was averted<bv the}WJdespread conversion to CMOS (Complementary Metal
Oxide Semlconductm) technologv i the late 1970 and early 1980’s. CMOS has been
successful in otherdow/powef‘a.rea,s such as watches, handheld calculators [73), military
and space hardwa,;'e\Smce the early 1980’s, further power reduction has been possible
as a result of lowermg power supply voltage which is in part due to the scaling of
MOSFET devices. However, the present emphasis on Iov(r power design goes beyond such
straightforward evolution. It can be attributed to the emergence of new application areas,
the primary one being mobile computing; that is, having access to computing resources
(be it for computation or for entertainment) at any location without being physically
connected to a network. The realization of such a mobile computing environment calls for
high performance, compact, light-weight and low power consuming computers capable
of computation and communication [23]. '
Since power, speed and area have been identified as important performance pa-

rameters, ideally, it is desirable to have the smallest, coolest, fastest circuit possible.
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This is dépict;ed by the shaded region in Figure 1.1. Unfortunately, all three parame-
ters cannot be optimized simultaneously. The following examples illustrate some of the

conflicts. : ,

Delay

Area

Power

Fig. 1.1. Ideal Circuit with Smallest. /Area, Dela,yfand Power.

1. Delay versus Power: Flgw'» The first is a pipelined

multiplier whose poweljﬁxs\;;x\eénsured ~by running it at various frequencies ranging
from 50-400 MHz, ,/,As ;peed\l\r;breases, power dissipation increases as well. In a
CMOS gate, t;he:r}lost/mgmﬁcant part of the power consumptlon occurs durmg
transitions ewhen the load» capacitances are charging or discharging. This power is -
proportxonal to C xV 7% f, where C is the load capacitance, V dd is the supply
voltage and f is the ﬁequency of operatlon In Figure 1.2(a), C' and V 4 e fixed,

while f is bemg varied.

The second example in Figure 1.2(b) shows the power and delay of some 32-bits
adders. These will be discussed in detail in Chapter 2; for now it suffices to notice
that, on an average, the faster adders consume more power. In this case, f and

Vv d are held constant, while C L varies from adder to adder.

2. Delay versus Area: In general, faster algorithms require more complex circuitry
to implement and hence require more area. This is true for the 32-bit adders
shown in Figure 1.3(a). However, some algorithms, such as the Booth algorithm

for multiplication [20], reduce both area and power.
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3. Power versus Area: Circuits with more transistors or intercon.nect\or both occupy
more area and it seems natural to expect them to consume more power. In most
cases this is true as for example in most of the adders shown in Figure 1.3(b).

“However, it has been shown in [75] that there is a difference between technology
mapping for power and for area. Tiwari et al found that while circuits optimized for
power consume about 10.2% less powelr than circuits optimized for area, the former
occupy 12.3% more area on an average. An example illustrating the difference for

gates derived from the 1ib2.genlibdb library in the SIS distribution is shown in

TFigure 1.4,

NAND3 .\
"‘x\

PR
P

Area cost: 5104
" Power cost: 0.0803

Area cost: 4176
Power cost: 0.0907

o
A
oy

Tig. 1.4. Conﬂipj;_."’l’iét;:{{eé}i:fl‘ec'hi{ology Mapping for Area and Power.

. Thus it be001né§\clear that it is not easy to optimize power, area and delay in

the same circuit since improving along one design dimension may increase the other two.

' Instead, the most important of these parameters has to be optimized, even if it is at the
cost of the others. The relative importance of the various parameters depends on the
application domain. In the computer/electronics industry, three main categories can be

identified, each with differing needs.

1. In microﬁower battery-operated portable systems such as Personal Digital Assis-
tants (PDA’s), the design goal is minimum power/maximum battery life with the
required level of performance. Low power design is the prime consideration since
the only source of power is the battery. They should also be compact, but perfbr—

mance goals are not very high since the interface is directly with a human operator.



Table 1.1.
Three Design Goals.

| Category Area -Speed Power
. Personal Digital Assistants Compact | Reasonable | Very low power
Portable Computers Small Fast Low Power
Desktop Workstations and Mainframes Large Very fast Reasonable

\'\. .
- PDA’s on the market come with a 25-33 MHz 486-generation microprocessor and

weigh under 5 pounds.

. In portable PC’s (laptops and notebooks), the, goal is:t ‘\_"achleve performance close
to those of desktop PC’s such that the overall system power requirement is very
low. Like PDA'’s, they also come with- a. ba,ttely pack but they can also be plugged
into an AC electrical connection m a hotel room ‘for example, or to a home or office
computer. Therefore, their powel levels ca,n be higher than those of PDA’s. The
system is usually desxgned for maxu;{um performance at a desired power level.
The notebooks currently ava.llable in the market come with a 75-120 MHz 486
or Pentium gener atxon mlcroprocessor, in comparison desktop PC’s run at 100-
133MHz [29] Also, notebooks should be compact (A4 size) and light-weight.

Today’s notebooks Welgh between 4 and 10 pounds.

In the late 1980 s;»agxd early 1990’s, the graphics and I/O subsystems consumed the
majority of the power in a portable computer. The trend is reversing and future
trends show that the CPU is the next main area to concentrate on [68]. Thus, one

of the main goals in this category is to reduce CPU power.

. In honbattery powered systems such as mainframes, servers, workstations, PC’s,
etc. the goal is to maximize performance. Till recently, area and power consump-
tion were usually considered secondary issues and high performance microproces-
sors consume excessive amounts of power. For example, the 300 MHz DEC Alpha
consumes 50W of power. With the advent of deep submicron technology, power
dissipation is becoming the new limiting factor for the number of devices that can

be packed on one chip. The US Environmental Protection Agency (EPA) estimates
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that over 80% of electricity consumption by office equipment can be attributed to
computers, printers and related equipment. There is a drive towards lowering this

percentage by using power managed computers and power conscious designs [1].

Table 1.1 summarizes the three design goals. Since the goal to be achieved along
any one of the three design dimensions (namely, ared, power, and delay) is dependent on
which of the three categories the design falls under, there is scope for tradeoffs without
sacrificing the desired level of performance. Take, for example, a design which is required
to have a maximum performance of 50 MHz (a future generation PDA, for example). In
this case, it is not necessary to build the fastest possible circuit. Instead, it suffices to
make the des:gn run fast enough to achieve the required performa.nce of 50 MHz as shown
in Figure 1.5. If it 1s possible to design the components of- the system in many different
ways, with different speeds and complexities, then a good de31gn strategy is to pick that

design wluch achleves this goal, and has the sma,llest’power»»and -area.

R 7
Fig. 1.5. Trading off Speed for Area and Power.

Another example will make the idea of design tradeoffs clear. Figure 1.6 com-
pares a linear time manchester carry Ehain adder (MCC) with a logarithmic time carry
lookahead adder (CLA). An 8-bit MCC is almost as fast as an 8-bit CLA, but consumes
38% less power. On the other hand, a 32-bit CLA is more than twice as fast as a 32-bit
MCC, but consumes 35% more power on an average. Thus, for wordlengths of up to

16 bits, the simple linear adder presents a lower power-delay product, in other words, a



T
better tradeoff between power and delay when compared to a more complex carry looka-

head scheme. However, for longer word lengths the latter presents a lower power-dela.y

~ product.
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A given function can usually,;k)e performed in many different ways which, although
functlonally the same, may 11avé/\vast1y dxffexent power, delay and area characteristics.
This is especially true of a,nthmetlc\cxrcults where the wrong algorithm or circuit style

INA
can result in an expenswe desxgn’ The task of choosing the a,pproprla,te demgn is governed

CMOS anthmetxc rnodules Research in computer anthmetlc has fostered a burst of
activity intended at u\r‘l\provmg the speed of adders and multipliers as evinced by the
large number of available designs [35, 78]. The experiments conducted here are aimed
at characterizing and gaining an insight into the effect of various design decisions on the
power, delay and area of the module. Such a characterization would helﬁ in de\;eloping
more accurate architectural-level power estimators, which are essential for a High-lével

synthesis tool for low-power, high-perform_a,nce architectures.



1.2 Sources of Power Dissipation in CMOS

CMOS has ga,ined popularity over bipolar and NMOS technologies because of its
low power dissipation, high packing density, and high yield [79] Hence, this technology -
was chosen for the work presented here. Before looking at ways to minimize power
d1531pat10n, the sources of power dissipation in CMOS must be identified. There are three
major sources of power dissipation in CMOS circuits as summarized by the following

equation:

P

rotal switching power <+ short circuit power + leakage power

—_— L3 2 - . . . . . .
= Cp-Vy,-f Py F I Vyg fop O 5 g‘+ Ileakage Via

sC ‘

The first term represents the switching or the dynamic component of power which

is due to the charging and discharging of load capacxtance;\,\cz", ;)vhere V ns the supply
voltage, f is the clock frequency, and p f is the actlvxty factor of the c1rcu1t The second
term is due to the short circuit current I o wluch/a,nses when both the n- and the
p-transistors are on for a short period of tfme durmg/{}—r Dor0 — 1 tra,nsxtxons
The short circuit power dissipation can be reduced by proper circuit design. When the
lnputs are steady, either the p- or /{;he«n-trar{s\xstors (but not both) are on. However,

there is some small reverse bla.s ’leakage current I between the diffusion regions

and the substrate. This si;atlc dlSSlpa.tlon is neghgllk)ize (1-2 nano-watts in an inverter
operating at 5V) and is nofmally 1gnored The dominant term in a well designed circuit
is the switching compenent wluch c;Zm be lowered by reducing any one or more of p Iz
C , Vv Jd and f, wh1le 1etammg» the required speed and functlonahty The choice of the
a.lgorlthm chosen to 1mplement a function significantly affects the activity factor p, and
the load capa.cnta,nce C ;7 both of which influence the power consumption. For example,
in Tigure 1.6, the M‘CC has a lower p f and hence lower power éonsumption compared
to the CLA. However, speed considerations may prevent us from always choosing the -

4

algorithm which consumes the least power.

1.3 Related Work

Research directed towards improving area, delay and power spans many fields —
from manufacturing technology to architectural and software design. Low area.directly
translates to low cost while high speed requires no motivation other than our need for

faster and faster computing resources. In contrast to area and delay, low power has
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emerged as an important parameter in more recent times. The motivation for low power

design comes from various quarters.

e Shrinking feature sizes \combined with larger chip areas allows the packing of an
increasing number of devices per chip. Higher levels of integration and speeds
have resulted in increased power consumption and heat dissipation which leads to
reliability issues and higher packaging costs. Thus, low power design is essential
for main.taining reliability (to avoid electron migration and hot electron effect due

to higher on-chip electric fields [5]) and reducing manufacturing costs:

o In battery driven mobile computing and communication applications, low power

design directly translates to longer battery life and lower cost.

. ( ‘“\(ﬁ\

e The DPA is urgmg the lowering of power usagemgy cgmputels and related equip-
£ 3,

ment. RN
. r, ‘\
2
The relevant work in various fields, mmed at,studymg the pros and cons of using

Miniaturization of MOSF}I/;TS/ls beneﬁma.l to both area and delay. Shrinking
dimensions coupled with supply a.nd\threshold voltage scaling can greatly reduce power
dissipation as. well [41 ’24 21] Hov?rgver, lower ‘voltages adversely affect speed [17].
.Better VLSI technology\ls a.lso enablmg the building of larger and more complex chips,
increasing power dlssma.txon densxty This directly affects packaging costs, hence there
is a strong market forps for lowering powe;‘ dissipation. Liu and Svensson [41] have
shown that power reductions of about 40X are passible without loss of speed by scaling
supply voltage down to the 0.48 V-0.13 V range in sub-micron technology. By optimizing
threshold voltage dlone, they found an 8x power savings without loss of speed. Davari
et al {21] from the IBM Research Division have illustrated the importance of optimizing
the choice of supply voltage by showing two different scenarios of scaling —.one for high .
speed and the other for low power. They conclude that about 7X speed improvement and
more than two orders of magnitude improvement in power-delay product are possible by
. scaling bulk CMOS down from the present day 0.6 micron at 5V to the sub-0.1 micron
regime. However, they expect power density to rise 4x for the high speed'scenario,

that is, where supply voltage is not scaled in proportion to the feature size. They
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speculate that implementing scaled CMOS on silicon-on-insulator (SOIV) [66] can lead
to reduction in power dissipation due to a reduction of parasitic capacitances and body
effect. However, they also mention that this improvement is only on the order of 1.5x ~
2.5% compared to bulk CMOS. Thus, once the limits of scaled CMOS are reached (in the
not too distant future), circuit design, architecture and software will play an important
role in lowering power consumption.

Adiabatic computing is another field of research which involves energy recovering
_ techniques to lower the dynamic dissipation of CMOS [82, 22, 2]. This is achieved at a
tremendous increase in gate delay, so this may be of value only in applications which do

not require high speed operation. Research in this area is still in its infancy and much

2

work is needed before it can be used to build real machines.

It is evident that technological advancements prov1d, for improving speed

and power dissipation. However, it calls for mdustry\mvolvxement& and changes in the
manufacturing process. The other fields 111vest1gate approaches to low power design

applicable across all feature sizes and supply volta.ges
\\

1.3.2 Circuit Design Style
Q\
Even though CMOS has beenﬂ 1delx :accepted because of its low power con-
sumption features, it still provxd\ 3 pl}’é’é

schemes Some of the dxﬁ'erent‘a.p‘p ches that can be taken for implementing a func-

hoxce of many different logic styles and clocking

. tion are () conventlona,l fully,..‘complementary static, (ii) dynamic and (iii) pass-gate.
TFigure 1.7 shows thef’bajsm strgcture of some popular logic styles, A detailed discussion
of static and dy11arr\13c/ tircuits may be found in [79]. While static implementations are
easier to design, they® s\ggfer from glitches or spurious transitions which increase switch-
ing activity within ga.te; and correspondingly the power drawn by the circuit. Dynamic
circuits like domino, on the other hand, undergo exactly one transition and thus avoid
glitching. However, their power consumption may not be less than that of static CMOS
because dynamic logic involves the overhead of precharging. Dynamic circuits come with
a host of assoéiated proBlems like charge sharing, and capacitance coupiing. Thus, even
though dynamic gates tend to be smaller (fewer transistors) than static CMOS gates,
they require more careful design. '

Conventional static CMOS gates consist of complementary n- and p-blocks. Clocked

- CMOS logic (CZMOS) [73] gates include clocking transistors in series and are useful in
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forming clocked gates whicli incorporate latches, The gates have the same input capac-
itance as conventional static gates but have larger rise and fall times due to the series
clocking transistors. By using a single static CMOS buffer with each gate, the domino
logic [36] requires a smgle clock for plechargmg and evaluating a cascaded set of such
blocks. A significant advantage is that the entire p-block is replaced by a single plechal ge
transistor, thus saving area and power in complex gates. Another advantage is that NOR
structures become' very fast due to the elimination of the slow series p-pull up chain. The
main limitation of domino logie is that only non-inverting structures are possible. This is
overcome in arithmetic logic circuits which use XOR gates extensively by implementing
the necessary XOR. gate using static CMOS. Lee et al [38] compared XOR: gate designs
in various CMOS digital families and found the static CMOS: desxgn to have the best

power-delay product. Pass-gate logic is attractive because; XOR’s\ multxplexers and reg-

isters can be designed using very few transistors. However, hlgh voltage degrades when
it passes through an n-transistor. To avoid this, transmlssxon ga.tes have both an n- and '

a p-transistor. PR e

The main difficulty arises because the same style»ls not the best for all kinds of
applications. Researchers have used va.rla.tlons of the basic logic styles outlined above.
TFor example, cascode voltage sthch logxc* (CVSL) [25] is a differential style of logic
" requiring both true and complement 81gnals (dual rail) to be routed to gates. CVSL
gates may be thought of s twu dommo gates with a minimijzed logic tree. Unlike
domino logic, it is a complete loglc fa.mxly at the expense of extra routing, area and
complexity. Yano et al [81] have report‘.ed that complementary pass logic (CPL) has
lower power d1ssxpa£10n't11an static CMOS. A CMOS logic family based on additional
‘transistors cha.la,cterlzed by a modified threshold voltage, resulting in fast c1rcu1ts that
consume less power, is presented in [43].

Traditionally, transistor sizing and reordering have been used to improve the speed
of a gate [33]. Their effects on the power consumption of a CMOS gate are evaluated
in [74, 10] and it is shown that as much as 30% savings may be obtained, with no increase
in delay, by sizing judiciously. ‘ B

Asynchronous or self-timed logic can be achieved by carefully matching delays
between cbmpqnents or by encoding completion within data signals [80]. While the
former is very difficult to design, the latter involves the overhead of generating completion
signals. Self-timed logic avoids spurious transitions since parts of a circuit are activated

only when their inputs become available.
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