P- 3449

FIR FILTER SYNTHESIS ALGORITHMS FOR MINIMISING
v NUMBER OF ADDERS
By
ANUSREE P DEV
Reg No: 0920106001
of
KUMARAGURU COLLEGE OF TECHNOLOGY
COIMBATORE - 641 049,

(An Autonomous Institution affiliated to Anna University of Technology. Coimbatore)

A PROJECT REPORT
Submitted to the
FACULTY OF ELECTRONICS AND COMMUNICATION
ENGINEERING

In partial fulfillment of the requirements
Jor the award of the degree

of
MASTER OF ENGINEERING
IN
APPLIED ELECTRONICS

APRIL 2011



BONAFIDE CERTIFICATE

Certified that this project report tit[ccE “FIR FILTER SYNTHESIS ALGORITHMS FOR
MINIMISING NUMBER OF ADDERS” is the bonafide work of Ms. ANUSREE P DEV
(0920106001) who carried out thi project work under my supervision. Certified further. that (o
the best of my knowledge the work reported herein docs not form part of any other project report
of dissertation on the basis of which a degrec or award was conferred on an earlier occasion on

this or any other candidate.

Y T o o e -~
\}w‘\.../w/ ‘/: . ';; \ : T - .
- - —\u( e - -
Dr. RAJESWARI MARIAPPAN Ph.D., Dr. RAJESWART MARIAPPAN kPh.D.,
PROJECT GUIDE HEAD OF THE DEPARTMENT

The candidate with University Register No. 0920106001 was examincd by us in Project

Viva-Voce examination heldon 21- 04 - 201!

¥

& 1! [
INTERNAL EXAMINER EXTERNAL EXAMINER



ACKNOWLEDGEMENT

I would like to express my thanks and appreciation to the many people who have
contributed to the successful completion of this project. Firstly I express my profound gratitude
to our Chairman Padmabhusan Arutselvar Dr. N. Mahalingam B.Sc., F.AL.E., and Co-
Chairman Dr. B. K. Krishnaraj Vanavaravar, iS.Com., B.L., for giving this opportunity to

pursue this course.

I would like to thank Dr. J. Shanmugam, Ph.D., Director. for providing me an

opportunity to carry out this project work.

I would like to thank Dr. S, Ramachandran Ph.D., Principal. for providing mc an

opportunity to carry out this project work.

My heartfelt thanks to Dr. Rajeswari Mariappan Ph.D., Head of the Department and
my mternal guide, Electronics and Communication Engineering. who gave her continual support

and tcchnical guidance for me throughout the course of this project.

I would like to thank Ms., R. Latha M.E., Associate Professor and Project
Coordinator. for her contribution and innovative ideas at various stages of the project and tor her

help to successful completion of this project work.
I express my sincere gratitude to my family members. friends and to all my statt

members  of Electronics and Communication Engineering department for their  support

throughout the course of my project

i



ABSTRACT

Finite-impulse response (FIR) filters are critical to most DSP applications: an energy-
aware filter design helps significantly in reducing the total power intake of the system. Existing
conventional scheme generate several partial products which increases the number of adders thus

y
in turn increasing the hardware complexity. Several algorithms are implemented in the
architectures. Using CSE (Common Sub expression Elimination) algorithm the number of
operations are reduced after decomposing multiplications into shifts and additions. Canonicai
Signed Digit (CSD) form is used for the coefficients to minimize the number of additions. When
using LCCSE (Level Constrained CSE) algorithm the number of adder levels (AlLs) required to
compute each of the coefficient outputs is constrained. This is achieved by resiricting the
“important filter coefficients” to a less number of computation steps than the maximum allowed
in a C3E-bascd filter implementation. The main objective of this paper is to design cfficient FIR
filter architectures with the help of these algorithms which faver minimum number of adders.
Using the BCSE (Binary Comamon Sub expression Elimination) technique two reconfigurable
architecture of low complexity FIR filters are proposed, namely constant shifts method and
programmable shift method. The proposed architecture offer good area, power reductions and
speed improvement. The architecture is designed using VHDL and functional verification is done

by using Modelsim.
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CHAPTER 1
INTRODUCTION

1.1 NEED FOR LOW POWER TECHNIQUE

With cxplosive growth in the demand of portable computing and wireless
communication systems, power dissipation is becoming an increasing concern. Higher power
consumption reduccs the battery lifetime of portable devices, affects device reliability, and
increasces cost. Early works have focused on replacing multiplications by decomposing them
into simplc operations such as addition, subtraction and shifting. As the coefiicients of an
application specific filter arc constant, the decomposition is morc cfficient than cmiploying
multipliers [1]. The FIR filter computations play an important role in the DSP systems. The
present gencration embedded systems have stringent requirements on performance and power
consumption.

Many embedded systems ecmploy DSP algorithms for communications, image
processing, vidco processing cte, which arc very compute intensive. Custom hardware
implementation of these computation intensive DSP kemnels is a good solution to meet the
requirements for latency and power consumption. The problem of designing FIR (ilters has
received a great atiention during the last decade, as the filters are suffering from a large
number of multiplications, leading to excessive area and power consumption cven if
implemented in full custom integrated circuits.

The modem digital communication and multimedia computation require high
performance and low complexity digital signal processing systems. Therefore, low-power
methods arc necessary for the design of these DSP-based systcms. Finite-impulse response
(FIR) filters are unavoidable occurrences in most of real time applications[2]. So dcsigning
an efficient filter concept can bring about significant power reduction which can also bring
about several advantages which includes reduced hardware complexity. Therefore, several

mcthods have to be adopted to reduce computational complexity.

1.2 OVERVIEW
Finite-impulse response (FIR) digital filters arc frequently used in digital signal

processing by virtue of stability and easy implementation. It is known that the common



sub cxpression climination (CSE) methods based on canonical signed digit (CSD)
cocfhicients and Ievel-constrained common sub cxpression-climination algorithm (LCCSE)
produce low complexity FIR filter coefficient multiplicr. Using CSE, multiple occurrences of
identical bit patterns that are present in the CSD representation of cocfficients are identified
and thesc redundant multiplications arc climinated. Using LCCSE the number of adder levels
(ALs) required to compute each of the coefficient outputs are constrained. Using this
algorithm the adders get reduced and so power consumption is reduced .BCSE technique is
morc advantagcous over CSE and LCCSE algorithms and BCSE is usced in proposcd

architecture which offers better results in terms of speed, power and area requirements.

1.3 MOTIVATION OF THE WORK

FIR digital filters find extensive applications in every field of application. The
DSP algorithms contain a large number of muitiplications with constants. Decomposing these
constant multiplicattons into shifts and additions lcads to an cfficient hardware
implementation. Finding common sub expressions in the sct of additions further reduces the
complexity of the implementation. The common sub cxpressions correspond to the common
partial products formed during the multiplication of the variable with the constants. The
complexity of FIR filters in this casc is dominated by the number of additions/subtractions
uscd to implement the coefficient multiplications. To reduce the complexity, the cocfficients
can be restricted to powers-of-two or cxpressed in canonical signed-digit (CSD) or graph
representation to minimize the number of additions/subtractions required in cach cocfficicnt
multiplication. Taking into account of this technique a new architecture is proposed which

can contribute much to real time signal processing.

1.4 OBJECTIVE OF THE WORK

~ To develop an cfficient filter architecture using the binary common sub cxpression
chmination technique (BCSE) which can bring about significant power reduction and
decreased hardware complexity.

~ The architecture is verified for its functionality using the existing CSE and LCCSE
algorithms where the Canonical Signed Digit (CSD) form is used for the cocfficients

to minimize the number of additions.



# The proposed CSM and PSM architecture is designed using VHDL code and

simulated using Modelsim. Simulation results arc used for performance comparison.

» Performance parameters taken for analysis are gate count, delay and power and these

parameters are comparcd with the existing algorithms.

1.5 INTRODUCTION TO VHDL

VHDL 1s the main source that is to be needed to go through the project. In the mid-
1980°s the U.S. Department of Defence and the IEEE sponsored the development of this
hardwarc description language with the goal to develop very high-speed integrated circuit. It
has become now one of industry’s standard languages used to describe digital systems. The
other widely used hardware description language is Verilog. Both are powerful languages
that allow describing and simulating complex digital systems. A third HDL language is
ABEL (Advanced Boolean Equation Language) which was specifically designed for
Programmable Logic Devices (PLD). ABEL is less powerful than the other two languagces
and 1s less popular in industry. This proposed work deals with VHDL, as described by the
IEEE standard. A HDL program mimics the behaviour of a physical, usually digital, system.
It also allows incorporation of timing specifications (gate delays) as well as to describe a
system as an interconnection of different components. VHDL allows onc to describe a digital
system at the structural or the behavioural level. The behavioural level can be further divided

into two kinds of styles: Data flow and Algorithmic.
1.5.1 Basic Structure of a VHDL File

A digital system in VHDL consists of a design entity that can contain other entitics
that are then considercd components of the top-level cntity. Each entity is modelled by an
cntity declaration and an architecture body. The cntity declaration is considered as the
mterface to the outside world that defines the input and output signals. while the architecture
body contains the description of the cntity and is composed of interconnected entitics.
processes and components, all operating concurrently, as schematically shown in Figure 1.1
below. In a typical design there will be many such entitics connected together to perform the

desired function.



VHDL uscs reserved keywords that cannot be used as signal names or identificrs. Keywords
and user-defined identifiers arc casc insensitive. Lines with comments start with two adjacent

hyphens (--) will be ignored by the compiler.

VRLL Ently

Intedface
Pors (Entity declaraton

Body
iArchitecture)
Sequential,
combirational
Processes

Subprograme

Fig 1.1 A VHDL entity with entity and architccture description

VHDL also 1gnores linc breaks and cxtra spaces. VHDL is a strongly typed language which
implies that one has always to declare the type of every object that can have a valuc, such as

signals, constants and variables.
1.5.2 VHDL Coding Styles and Synthesis

The style of writing VHDL code is very important. Effective VHDL coding
techniques can make all the difference between designs that meet tough synthesis targets and
verification schedules versus those requiring re-spins, Vector independent code is important.
Code reusc depends on the code being portable between different synthesis tools. Each
synthesis tool vendor accepts a slightly different subsct of VHDL. Hence the same code gives
different results on different synthesis tools. After the design has been successfully simulated.
the synthesis stage converts the text-based design into a gate level Net lst. This Net list is a

non-readable file that deseribes the actual circuit to be implemented at a very low level.



1.5.3 VHDL DESIGN FLOW
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Fig 1.2 VHDL Design Flow
1.6 DESIGN FLOW DURING SYNTHESIS

The detailed process of synthesis can be described as a sequence of the following
cvents:

* Analysis,

« Elaboration



= Inihalization
+ Simulation,

= Synthesis

1.6.1 Analysis

It consists of compiling the .vhd(dot vhd) file and storing it in 2 design library.
During compilation,\thc compiler checks the syntax and semantics of the .vhd file and
converts it into an intcrmediate form, which is stored in a specific design library. Finally,
during analysis, the analyzer maps the cquation based form of design to a standard ccll

library.
1.6.2 Elaboration

During the claboration phasc, flattening of the design hicrarchy takes place.

Elaboration involves the following tasks:

* Initialization of signals, processes and variablcs.
» Components are bound to architectures,
* Memory is allocated for storage of various objects.

The final result of the elaboration process is a {lat collection of the signal nets and
processes.

1.6.3 Initialization

Explicit signals of ports and signals of architcctures are initialized, resolved and

assigned values.
1.6.4 Simulation

Simulation follows Initialization. During simulation execution of the processes
takes place.

* Signals declared implicitly by autributes arc assigned valucs.

* Processcs arc exccuted until they suspend.



1.6.5 Synthesis

After the design has been successfully simulated, the synthesis stage converts the
text-based design into a gate level Net list® This Net list is a non-readable file that describes

the actual circuit to be implemented at a very low level.

* Post Synthesis Design Flow

\
Once synthesis is complete the design is implemented on the chip by scquentially

following the phascs:

» Translation,
* Mapping,
* Placement and Routing, (PAR).

During the implemcntation phase the design Net list and normally a constraints

file 1s uscd to recrcate the design using the available resources within the FPGA.
¢ Translate

This stage prepares the synthesized design for use within the FPGA. It checks the
design and cnsures that the Net list is consisient with the chosen architecture. The result js
stored in a file in a tool specific binary format that describes the logic design in terms of

design primitives such as latches, Flip-Flops and Function Generators.
¢ Mapping

In this stage, the design is distributed to the resources in the FPGA. Thus. mapping
assigns a design’s logic elements to the specific physical clements such as CLBs and 10Bs

that actually implement logic functions in the device.
¢ Place and Route (Par)

During the placement phase of the PAR, the design blocks created during mapping
are assigned specific locations in the FPGA. The Routing phase assigns the interconnect

paths in the FPGA.



e Bit Strcam Generation

The output obtained from the Place and Route phasc is converted into a bit file,

which is used to configure the FPGA.
¢ Configuration

During configuration, the bit file is downloaded from the programming file into the

SRAM of the target device. :
¢ Synthesis Tools

Synthesis tools play a vital role in digital clectronic design automation. It accepts
the conceptual hardware description language design definition as the input and provides the
corresponding physical or logical representation for the targeted silicon device as an output.
To produce highly optimized results with a fast compile time and quick turnaround time a
state of the art synthesis engine is required. The synthesis engine must be integrated with the
physical implementation tool and should have the ability to proactively meet the design
timing requirements. Most of the modern synthesis tools arc robust, rehiable and produce high
quality optimized circuits from the initial Register Transfer Level, (RTL), and VHDL

designs.

All of the VHDL features such as Access Types and Files, which arc abstractions
that are too unconnccted with the hardware, cannot be synthesized. Therefore, cach synthesis
tool butlder defines a subset of the VHDL language for input to the product. The size of the

VHDL subsct forms the basic criteria for choosing the synthesis tool.
» Benefits Of Logic Synthesis

Logic synthesis increases designer productivity. A few lines of RTL code is
equivalent to hundreds of logic gates. Therefore, designs can be created and verified more

quickly and efficiently at the RTL level.

Different Design Options: High level constructs available in VIIDL and friendly
graphical interface tools help the designer to experiment with the design in order to obtain the

best possible solution by using the various available options.



1.7 SOFTWARES USED
» ModelSim 6.4
> Xilinx ISE 9.2i

1.8 ORGANISATION OF THE REPORT

Chapter 2 discusscs the overview of existing methods of complexity reduction.
Chapter 3 dcals with the proposed architectures which usc the BCSE method.
Chapter 4 dcals with simulation reports for CSM and PSM architecturc implementations.

Chapter 5 deals with conclusion and future work.



CHAPTER 2
EXISTING ALGORITHMS FOR FILTER DESIGN

2.1 GENERAL OVERVIEW

Reduction of hardware complexity directly refates to lower power consumption;
therefore, scveral methods have been reported 10 reduce computational complexity. One
popular approach for complexity mitigation is the replacement of muitiplications of a FIR

]

filter by addition and shift operations.

e Oadilie £ _'E

Fig 2.1 N tap transposed FIR filter

y[n]

Further power optimization is obtained by minimizing the number of adders required to
implement the multiplications. For this purposc, all cocfficients of a transposed-form FIR
filter arc considered as a wholc and replaced by a single multiplier block, as shown in Figure.
2.2. The redundancy across the coefficients in the multiplier block is then exploited to share

computations and reducc the number of adders.

’1’31. Multiplier Biock

X{C, 1 i [ ¢, g,

. —i z—" ] z-?

T " ¥n]
Final Siage Adder for each coefficient

Fig 2.2 Coefficicnt multiplications replaced by a Multiplier block
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¢ CSE method
o LCCSE method

To reduce complexity and critical path length, CSE-based filter designs arc often used. A
varicty of CSE mcthods have been proposed. Most of these implementations take filter
coeflicients in canonical-sign-digit (CSD) format, where coefficients arc represented with a
minimurn numbcr of nonzero bits. The redundancy present in the CSD coefficients is then
cxploited 1o share some of the adders to further reduce the hardware complexity, thercby

reducing power consumption.
2.2 CANONICAL SIGNED DIGIT FORM

An Encoding a binary number such that it contains the fewest number of non-zero
bits 1s calted Canonical Signed Digit .A CSD representation is a kind of sum of signed power
of two rcpresentations. Unlike binary numbers, that is expressed using only O andl, but the
CSD representation use 0, 1 and -1. 1t is signed digit number system that minimizes the
number of non-zero digits. It can reduce the number of partial product additions in a
hardware multiplier. They are successful in implementing multiplicrs with less complexity.
Since the complexity of the multipliers is typically estimated through the number of non-zcro

elements, which can be reduced by using signed digit numbers,

For cach tap in a CSD representation filter, the data tap value is shifted by the
number of bit positions corresponding to the position of cach non-zero bit in the cocfficient
for that tap. The resulting shifted data tap valucs are then added. This is done for cvery
cocfficient in the filter. A primary consequence of this is that a larger adder i e. one with
more data inputs is requircd than would be nceded for a conventional FIR filter
implementation. However, this is still desirable since no multipliers arc used. The high
hardware cost of multipliers makes the CSD implementation cspecially attractive for very
long digital filters. Such filters are often needed, for example, in communication particularly

for the demodulation of digital data signals.
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2.3 COMMON SUB EXPRESSION ELIMINATION

The objective of CSE algorithms is to find bit pattcrns that are common in more-
than-one coefficients to reduce the total adder cost by sharing the common bit patierns among
the cocflicients.CSE has been utilized as a very powerful tool in FIR filter design to reduce
the number of arithmetic units (adders and shifters). Sub-expression can be any bit patterns

within the CSD cocfficients.

The concept of CSE can be illustrated with the help of the following example.
Consider two functions F1 and F2, where FI = 13X and F2 = 29X. Both F1 and F2 can bc
represented in the following manner: F1 = X +4X +8X =X +X <<2+ X <<3and F2 =X +
4X+B8X + 16X = X +X << 2 + X << 3 + X << 4, where “<<" mecans bitwisc lcft shift. Both
expressions F1 and F2 have some common terms D = X + X << 2 + X << 3. Thereforc, F]
and F2 can be rewritten as F1 = D and F2 = D + X << 4. Reusing D in both expressions
reduces the computation overhead and the number of adders required to implement both
expressions. Significant power savings can be achieved by reducing number of adders using
CSE (only three adders in the CSE-based implementation compared with five adders in the

unshared case)

When CSE is not uscd the process requires 5 adders

X X<o2 X<<3 X X<<2Z X<<3 x<<d4
Y\ yi

Y

Fig 2.3 Multiplication without CSE

This diagram clcarly shows the reduced number of adders when using CSE method.It is

found that the adders get reduced from five to three when the same output is calculated by

12



using CSE method.Reduction in number of adders will reduce hardware complexity and will

bring about reduccd power consumption.

The goal of CSE is to identify multiple occurrences of identical bit patterns that arc
present in the CSD  representation of cocfficients, and climinatc these redundant
multiplications. A modification of the 2-bit CSE technique for identifying the proper patterns
for chmination of redundant computations and to maximize the optimization impact was
taken into consideration. The technique was modificd to minimize the logic depth (LD) (LD
is defined as the number of adder-steps in a maximal path of decomposed multiplications)

and thus to improve the speed of operation.

X xX<<2 X<<3 X << 4

¥/ )

Fig 2.4 Multiplication with CSE

The dragrammatic representation clearly shows the reduced steps when conventional method
is rcplaced by CSE method. A gencral cxample showing sub expression Elimination

procedure is given as follows.
Y=1010101

Y= x +x<<2 + x<<4 + x<<b

Y o x + x<<2 H(x + x<<2) <<4
S=x +x<<?2

Y=8§+ S<<4

The CSE techniques uttlize the CSs (common sub expressions) that occur within the CSD

representation of the filter cocfficients called HCSs (horizontal common sub expressions) and

13



that occur among the adjacent coefficients called VCSs (vertical common sub expressions) to
climinate redundant computations. A brief review of the HCSE and VCSE techniques is

given below.
2.3.1 Horizental CSE (HCSE)

The optimization procedurc targets the minimization of the multiplier block area. After
expressing the cocfficients in a canonical signed digit (CSD) format; in order to reduce the
total number of nonzero bits (thus also the additions/subtractions ncecessary), an add shift
cxpansion is performed. The idea of HCSE is to identify the bit patterns that are present in the
cocfficient sct more than once. Since it is sufficient to implement the calculation of the
multiple identical cxpressions only once, the resources necessary for these operations can be
shared. The pattern is present twice, so an oplimized structure can be implemented instead of
the original one. The sccond occurrence of the pattern is removed, and only the result is used

for the further calculation. In general, the goal of HCSE can be defined as follows.
1) ldentify multiple patterns in the cocfficient sct.
2) Remove these patterns and calculate them only once.

HCSE utilizes CSs that occur within cach cocfficient to climinate redundant computations.
The coefficient by, = 0.10-1010101010010-1 is uscd as an cxample to illustrate the HCSE
method. In dircet implementation (i.¢., implementation of the multiplier using shifts and adds
without using CSE), the filter tap output is

yg = 27, - 2_3x1 2%+ 2 N 27%, 42 My, + 27 My, 271, ()

where x, is the input signal.

It requires seven LOs (adders and/or subtractors) to implement (1). The bit patterns [1 0 1]
and [1 O — 1] are repeated twice in hy. which can be expressed as CSs (x> = x; + 2-2x, and

X3 =X~ 2-2x, respectively). Using CSs, the output (1) can be expressed as

Yk = 2 I.’C} +72 5_\‘3 +27 9)(3 +2 MI} (2)

14



Note that only five LOs {two LOs [or CSs x; and x;, and three LOs for (2)] are nceded for
HCSE implementation, which js a saving of two LOs when compared to direct

implementation.
2.3.2 Vertical CSE (VCSE)

The VCSE utilizes CSs that exist across adjacent cocfficients to climinate redundant
computations. The VCSE technique can be illustrated using the four-tap symmetrical filter
cocfficient sct. The coefficient multipliers are realized by employing vertical CSs of [1 1] and
[1 —1] .The VCS of [1 I] can be cxpressed as x4 = x; + x)[~1]. and the VCS of |1 1] can be
expressed as xs = x; = x|~ 1]. where x;[—1] represents the input x; dclayed by one unit. By

using VCSs, the output yy can be expressed as
_ el 6 -8 q
yu—2 X4+ 2 %2 Xyt 2 %X (3)

The output yg requires three LOs (logical operators) for (3) and two LOs for x4 and xs. with a
total of five LOs, whereas direct implementation would require six LOs. In general. VCSE

offers reduction of LOs duc to the occurrence of many vertical CSs in the cocfficient set.

However, CSD-based VCSE fails to exploit the symmetry of cocfficients in implementing the
filter. For the symmetric part of (3), by using the same VCSs, the expression for the output of

coefficients h2 and h3 is given by
y2 =2 'xa[=2] = 27%5 [<2] = 27421 + 2 i3] 4)

There are two issucs (constraints) related to symmetry cxploitation in VCSE using CSD
representation of filter cocfficients, first, duc to the diftferences in signs of the second terms in
(3) and (4), and sccond, delay differences for the fourth terms in (3) and (4). Hence, (4)
cannot be directly obtained from its symmetric part (3) by a simplc delay operation; instcad.,
extra LOs arc needed to compensate the sign and delay difterences. This requirement of extra
LOs poses constraints in reducing the number of LOs in CSD-based VCSE method. In binary

based approach. only the second problem of delay difference will occur.
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2.4 COMMON SUBEXPRESSION ELIMINATION PROCEDURE

A conventional structure generally used when implemented, have more number of
adders. This brings about increased hardware complexity of the system. A conventional
structure is implemented and its output is verificd. When implementing without CSE, most
of the filter Cocfficients arc taken in canonical-sign-digit (CSD) format, where cocfficients
are represented with a minimum number of nonzero bits .\When CSE is implemented numbers
of opcrations are reduced. Experimental results show the supcriority of CSE over

conventional techniques for common sub expression climination.

Conventional methods for finding common sub expressions rely on finding commeon
digit patterns in the sct of constants multiplied by a single vartable. The common sub
expressions correspond to the common partial products formed during the multiplication of
the variable with the constants. Finding all possible common digit patterns can extract all
possible common sub expressions when all the constant multiplications arc with a single

variable such as found in the transformed form of FIR digital filters.
2.5 CHOICE OF SUBEXPRESSION

The choice of which sub expressions to choosc at cach iteration is not dependent only on the
number of times an expression occurs, but rather on the cxpected reduction in number of

opcrators.

2.5.1 Estimation of Number of Adders: The number of adders that will be climinated by a
common sub cxpression occurring N times is N - . The only trick in making surc that the
count is accurate to take care that overlapping sub expressions are not counted twice. In other
words, 1f a given term occurs twice in sub cxpressions of the same type, (once as first
member and once as second member) then it should not be counted twice. The number of
timces each sub éxprcssion occurs 15 counted by an cxhaustive scarch. This réquircs a time

complexity of O(n2) where n is the total number of nonzero terms.
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This figurc shows the gencral format of a lincar system and then its decomposition by means

of shift and add opcrations and then arriving at common sub cxpression procedure.

5 = b Y= No- N2 N Noma] = N2
1,.'1 _ 2 X, 4 = Bifigh Y: = .\;j’i <= _\I:*-‘- <7 - .\;:")"'j‘
y. 1 X- e u]uh
12 = 11H0h
(b) Decompaosing constant muttiplications
{a) Example Linear System into shifts and additions
) I)g = \ - X_\
D= X-Xoeed D=1, - Xeel
Yo= X XD D e X2 Vo= e
I N LA LR DI
(c} Extracting common bit patterns among {d} Extending common subexpressions to
constants multiplying a single varable include multiple variables

Fig 2.5 example showing improvement obtained by using CSE algorithm

Consider the lincar system shown in Figurc 2.5 a, which has two variables X1 and X2.
Assume the binary representation for constants. The constants in column | (5 and 4) arc
multiplicd with X1 and the constants in column 2 (7 and 12) arec multiplicd with variable X2.
Decomposing  the constant  multiplications into  shifts and additions we  have an
implementation with six shifts and six additions (Figure 2.5b). Finding common bit patterns
in the constants multiplying the same variable, the pattern 117 is detected between the
constants 7(0111) and 12 (1100}, which multiply variable X2. Extracting that common sub
expression, have an implementation with five shifts and five additions (Figure 2.5¢). If the
common sub expresstons are extended to include multiple variables, then an implementation
with just three additions and three shifts (Figure 2.5d) can be made. Therefore by extending
common sub cxpressions to include multiple variables, the number of additiens has reduced

compared to methods which extract common sub expressions including only one variable.
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2.6 CONCEPTUAL DIAGRAM SHOWING CSE

Coefficient )
Caqefficient 10104 Coefficient 100101 10101 . Ceefficient 100101
X .;’ : T X .i"“"—‘“'*"':"'”“'“""'_": H
|2 ;
Y +) |
>

Fig 2.6(a) each coefficient is independently implemented by shifters and adders
(b) Commeon sub expression extracted and implemented.

One major problem in CSE techniques is the sclection of representation of filter coefficients.
When the multipliers in filters are implemented using shift and add operations, the number of
adders 1s dircctly proportional 1o the number of nonzcero digits present in the filter
coefficients. Thus, number systems with fewer numbers of nonzero digits arc widely
cmployed for the representation of filter coclficients compared to a conventional binary
system. Among such numbcr representations, the CSD representation is one of the most
popular oncs. If an MSD representation was used. it always resulted in the least number of
nonzero digits. A modified MSD representation was used to implement the FIR filters.
However, the main drawback of the MSD representation is that it can have more than one
representation format for the same decimal or binary representation.  The flexibility of MSD
representation does not have a significant impact in the optimization solutions. The CSE
methods employing these alternate number systems such as CSD or MSD suffer from the
drawback that thc symmetry of FIR filter cocfficients cannot be completely cxploited when
the bits in VCSs are of opposite sign. As a result. additional LOs are required to obtain the
symmetric part of the cocfficients when more than one VCSs with bits of opposite sign cxist.
Another problem with thesc alternative number systems such as CSD and MSD compared 1o

binary rcpresentation is that they involve subtraction operation, which can be a constraint in
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rcalizing reconfigurable filters. In addition, if’ dynamic reconfigurability is required, on-the-
fly conversion of filter cocfficient binary values into CSD or MSD may not be possible in
real time. In addition to this, there is an additional memory requirement when storing the

signed bits in case of CSD or MSD representations for reconfigurable filters.

k)

2.7 LEVEL CONSTRAINED CSE ALGORITHM

The LCCSE algorithm® utilizes the CSE method. While most CSE algorithms arc focused on
minimizing the number of adders without considering the delay of the critical path, the
LCCSE algorithm can constrain the number of adders in the critical path. Hence. this LCCSE
method can perform trade-off between the critical path delay (ALs) and the hardware
overhead (the number of adders) in a dircct way, which is an essential property for design
methodology. The same number of adders obtained by the standard CSE technique cannot be
obtained in LCCSE implementation. While in the standard CSE implementation only the
maximum levels or the maximum number of adders in the critical path would be specificd, in
LCCSE, cocfficients arc constrained to certain levels based on their sensitivitics. However,
filters designed with LCCSE are robust to process variations and allow for significant power

savings.
2.8 LCCSE PROCEDURE

As mentioned earlicr, the LCCSE algorithm utilizes the CSE method. which considers not
only resource sharing among the filter cocfficicnts but also the fength of the critical path in
the multiplier block. The LCCSE algorithm also takes into consideration the level constraints
of cach coefficient bascd on its sensitivity. The difference of LCCSE from the previous CSE
method 1s the fact that different level constraints can be given for cach coefficient so that
tighter timing bounds can be asserted for more important coefficients. Only in one casc that a
single level constraint (FAL) is specified for all coetficients, LCCSFE yiclds results identical
to that of the conventional CSE. Before going into the details of the proposed LCCSE

technique, some notations used to design the algorithm can be discussed.

2.8.1 Decomposed Set (DS): the set of absolute values of CSD numbers that have been
decomposed as a sum of other CSD numbers. For example, 101001 (25) can be decomposed

as (101 <<3)+ 1 0r 100001 — (1 <<3)(25=3x2"+1=33 | x 2%
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2.8.2 Un decomposed Set (UDS): the sct of absolute values of CSD numbers waiting to be

decomposcd with other CSD numbers. Initially, {UDS} contains all the filter cocfficients.

2.8.3 All possible combination set (APCS): the sct of candidate CSD numbers which can be
utilized to decompose CSD numbers in {UDS}. This sct is constructed in the following
manner. All the possible combinations of nonzero terms of a cocfficient are extracted, and the
extracted CSD numbers are continuously right-shifted until they become odd. The absotute
values of these numbers (cxcept the value of one) are added to {APCS!. For instance. from a
cocfficient “1010017 (25), we can extratt six CSD numbers { 100001, 101000. 1001, 100000,
1000, 1}, which are right-shifted to become {100001, 101, 1001, 1. 1. 1}, respectively.
Finally, their absolute valucs, except one, arc added to {APCS} so that |APCS! has the
following threc terms {101(3), 100001(33), [1001] (7)}. This procedure is repeated for cach
filter coefficient. In the final step, any CSD numbers which belong to both 'UDSY and
{APCS} are erased from {APCS}. After {APCS} is constructed. all the coefficients can be

cxpressed as combinations of some clements of {APCSY U (]},

The basic approach of the LCCSE algorithm is as follows.

1) Throughout the procedurc, {UDS} contains CSD numbers which must be decomposed
with other CSD numbers to complete the filter implementation. Try to decompose elements
of {UDS} with other CSD numbers in {DS} U {UDS} U {APCS! U {1!. The LCCSE

routine ends when {UDS} becomes empty.

2) Once a number in {UDS} is decomposed with a pair of other CSD numbers (sub
expressions), it is removed from {UDS! and added to {DS}. If clements of {APCS! arc
chosen as sub cxpressions for this decomposition, they arc moved from JAPCS) to 'UDS!.

waiting to be decomposed.

3) When sub cxpressions for decomposition are chosen, avoid using clements of { APCS! as
much as possible to minimize hardware overhead. Sinee every decomposition requires one
additional addcr, using clements of {APCS} increascs the number of adders required for the

filter implementation,
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4) Perform a timing check whenever one CSD number is decomposed. The procedure to
check the Icvel constraints is more complicated in LCCSE than in the conventional CSE [7]
because in LCCSE, each coefficient is allowed to have a different level constraint. There are
no sign problems as there arc no negative bits in binary. This makes binary-based CSE
method morc effictent for VCSE compared to the CSD-based approach. Fiiters used in
wircless communication receivers are mainly lincar phase (symmctric coefficicnts) to avoid
phasc distortions. Hence, binary-bascd VCSE is more feasible and will result in better

reduction of adders compared to CSD-VCSE for thesc f\i[lcrs.
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CHAPTER 3
PROPOSED ARCHITECTURE USING BCSE TECHNIQUE

3.1 BASIC CONCEPT OF BINARY SUBEXPRESSION ELIMINATION

A mecthod based on binary representation of the filter coefficients is used to design the
architecture and the method is called BSE. The basic idea in this method is to scarch and
eliminate the redundant horizontal, vertical, and sub cxpressions thal cxist in the binary
representation of filter coefficients. The most of the CSE methods make usc of the CSD
representation of the filter coefficients. This is because the number of nonzero bits in the
CSD representation is fewer than that in corresponding binary representation. It is shown that
the number of nonzero digits is reduced for CSD representation compared to normal two's
complement form. As the number of nonzero bits in CSD is few, only fewer adders are
needed to realize the coefficient multiplier compared to binary representation. However, it
should also be noted that, as the number of nonzero bits arc minimum, the potential of the
CSD-bascd CSE technique to reduce the number of adders by forming CSs is less than that of
binary.

The cost of BCSE method mainly depends on three factors: the total number of
nonzero bits m the cocfficient sct, the number of CSs that can be formed from the nonzero

bits, and the number of unpaired bits (bits that do not form CSs).

3.2 REVIEW OF BCSE METHOD

A review of BCSE algorithm which deals with the climination of redundant binary
common sub expressions (BCSs) that occur within the coefficients is done here. The BCSE
technique focuses on climinating redundant computations in coefficient multiplicrs by
reusing the most common binary bit patterns (BCSs) present in cocfficients .An n-bit binary
number can form 2n — (n + })BCSs among themselves.

For example, a 3-bit binary representation can form four BCSs, which are [0 | 1].
[LO1],[110],and [1 1 1]. These BCSs can be expressed as[0 1 1]=x2 -2 'x + 27°x. [1 0 1]
~x3=x+27% [F10)=xs=x+2"'x and [111]=xs=x+2 v+ 27x where x is the
input signal. Note that other BCSs such as [0 0 1], [0 1 0], and [1 0 0] do not require any
adder for implementation as they have only one nonzero bit. A straightforward realization of

above BCSs would require five adders.
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However x» can be obtained from x; by a right shift operation (without using any extra
adders): xo = 27+ 27 = 2"']()( + 2_]x) =2 ']x4_ Also, x5 can be obtained from x4 using an
adder: x5 = x + 2 'x + 2% = xo + 27, Thus, only three adders are needed to realize the
BCSs x7 to xs.

The number of adders required for all the possible n-bit binary sub cxpressions id
2 "' — 1. The number of adders needed to implement the coefficient multipliers using the
binary representation-based BCSE is considerably less than the CSD-based CSE methods.
The proposcd FIR filter architecture is based on transposcd direct form as shown in Fi%. 31
In the transposed dircct form, the cocfficient multipliers (shown as dotted outline in Fig.3.1)
share the same input and hence commonly known as multiplier block (MB). The MB reduccs
the complexity of the FIR filter implementations, by expleiting the redundancy in MCM.
Thus, redundant computations (partial product additions in the multiplicr) are climinated

using BCSE.

Shatt and Add

Fig. 3.1 Transposed direct form of an FIR filter.

The BCSE method was formulated as a low complexity solution to realize application
specific filters where the coefficients are fixed. In the case of channel filters for SDR
reccivers, the cocfficients need to be changed as the filter specification changes with the
communication standard. Therefore, reconfigurability is a necessary requirement for SDR
channel filters.  In the next section, two architectures that incorporate reconfigurability into

the BCSE-bascd low complexity filter design were proposced. Although BCSE is used to
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illustratc proposcd reconfigurable filter architectures; it must be noted that the proposed

architecturcs can satisfy any FIR filier designs with appropriate modifications.

3.3 PROPOSED FILTER ARCHITECTURES

Two architectures that integrate reconfigurability and low complexity to realize FIR filters
arc proposed. The FIR filter architectures proposed are called constant shifts method (CSM)
and programmablc shifts method (PSM). In this section, the architecture of the proposed FIR
filter is presented. The dotted portion in Fig. 3.1 represents the MB. In Fig.3.1, PE-i
represents the processing clement corresponding to the i " coefficicnt. PE performs the
cocfficicnt multiplication operation with the help of a shift and add unit which will be
explained m the latter part of this scction. The architecture of PE is different for proposcd
CSM and PSM. In the CSM, the filter coefficients are partitioned into fixed groups and hence
the PE architecture involves constant shifters. But in the PSM, the PE consists of
programmablc shifters (PS). The FIR filter architecture can be realized in a serial way in
which the same PE is used for generation of all partial products by convolving the
coefficients with the input signal (h - X[n]) or in a parallel way, where paralic] PE
architectures are employed. The first option is used when power consumption and arca arc of

primc concern.

h 4

| Multiplexer unit m

| Final shifterunit |

1

1 Final adder unit ‘

fix .\'[n]

Fig. 3.2 Architecture of the proposed method.

The basic architccture of the PE (dotted portion) is shown in Fig.3.2. The functions of

different blocks of the PE arc explained below.,
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3.3.1 Shift and Add Unit: It is well known that one of the efficient ways to reduce the
complexity of multiplication opcration is to realize it using shift and add opecrations. In
contrast to conventional shift and add units the BCSs-based shift and add unit is used in
proposed CSM and PSM architectures. The architecture of shift and add unit is shown in Fig.
3.3. The shift and add unit is used to rcalize all the 3-bit BCSs of the input signal ranging
from [0 0 0] to [1 I 1]. In Fig. 3.3, “x>>k” represcnts the input x shifted right by k units. All
the 3-bit BCSs [0 1 1], [1 O 1], [1 10}, and [1 I 1} of a 3-bitnumber are generated using only
three adders, whercas a conventional shift and add unit would require five adders. Since the
shifts to obtain the BCSs are known beforchand, PS is not required. All these cight BCSs
(ncluding [000]) are then fed to the multiplexer unit. In both the architectures (CSM and
PSM) the same shift and add unit is used. Thus, the use of 3-bit BCSs reduces the number of
addcrs needed to tmplement the shift and add unit compared to conventional shift and add

units.

)

P o]
¢ RSP |
|
b e \;,_;v?_

Fig. 3.3 Architecture of shift and add unit

3.3.2 Maltiplexer Unit: The multiplexcr units are used to sclect the appropriate output from
the shift and add unit. All the multiplexers will share the outputs of the shift and add unit. The
inputs to the multiplexers arc the 8/4 inputs from the shift and add unit and hence 8:1/4:1

multiplexer units arc cmiployed in the architecture. The sclect signals of the multiplexers are

25



the filter coefficients which arc previously stored in a look up table {(LUT). The CSM and
PSM architcctures basically differ in the way filter cocfficients arc stored in the LUT. In the

CSM, the coctficients are directly stored in LUTs without any modification whereas in PSM,
the coeflicients are stored in a coded format. The number of multiplexers will also be
differcnt for PSM and CSM. In CSM, the number of multiplexers will be dependent on the
number of groups after the partitioning of the filter coefficient into fixed groups. The number
of multiplexers in the PSM is dependent on the number of non-zcro eperands in the

coellicient for the worst case after the application of BCSE algorithm.

3.3.3 Final Shifter Unit: The final shifter unit will perform the shifting operation after al}
the intermediate additions (i.c., intra-cocfficient additions) are donc. This can be illustrated

using the output cxpression

y =27+ 2% + 27 Px + 271 ()

By cocfticient-partitioning,
y =2 x+27%)+2 %x +27'%) (2)

After obtaining the intermediate sums (x + 27?x) and (x + 2 'x) from the shift and add units
with the help of muttiplexer unit, the final shifter unit will perform the shift operations 2 *and
277 in {2). Thc PSM and CSM architecturcs also differ in the naturc of final shifters. In the
CSM, the final shifts arc constants and hence no PS is requircd. In the PSM, we have used

PS.

3.3.4 Final Adder Unit: This unit will compute the sum of all the intermediate additions
27%x + 27%%) and 27W(x <+ 27'%) as in (2). As the filter specifications of different
communication standards arc different, the cocfficients change with the standards. In
conventional reconfigurable filters, the new coefficient set corresponding to the filter
specification of the new communication standard is loaded in the LUT. Subscquently, the
shift and add unit performs a bitwise addition aficr appropriate shifts.

On the contrary, the proposed CSM and PSM architectures perform a binary
common sub cxpression (BCS)-wise addition (instead bitwise addition). Thus, the same
hardware architecture can be used for different filter specifications to achicve the necessary

reconfigurability. Morcover, the proposed BCS-based shift and add unit reduces addition
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operations and hence offers hardware complexity reduction. Also the two CSD based
methods are employed in CSM and PSM to compare the complexitics of the CSD and binary
based CSE techniques. The proposcd architectures consider cocfficients as constants (as they
are stored in LUTSs) and input signal as variable. The cocfficient multiplication in such a case
1s known as multiple constant multiplications (MCM), i.e., multiplication of onc variabic
(input signal) with multiple constants (filter coefficients) . The MCM is then optimized for
chminating redundancy using our rccently proposed BCSE algorithm to minimize the filter
complexity. The proposed CSM focuses on the implementing FIR filters by partitioning the
filter cocfficients into fixed groups. The PSM has a pre-analysis part which climinates the

redundancy in filter cocfficients using the BCSE algorithm.

3.4 ARCHITECTURE OF CSM

In the CSM architecture, the coefficients are stored directly in the LUT. These cocfficients
arc partitioned into groups of 3-bits and arc used as the select signal for the multiplexers. The
number of multiplexer units required is [n/3], where n arc the word length of the filter
cocfficients. The CSM can be cxplained with the help of an 8-bit cocfficient
h="0.11111111." This coefficicnt h is the worst-case 8-bit coefficient since all the bits are
nonzero and hence needs a maximum number of additions and shifts. In this case, n = &, and
thercfore the number of multiplexers required is 3. The output y = h « x is cxpressed as

follows.

y =2 X272 x4 2 2 2 2 Tx 2 8x (3)
By partitioning into groups of three bits from most significant bit (MSB) (3).

h=2""(x+2 'x+2 % +2 P 2742 x 42 x40 7x) {(4)
h=2 "(x+27 % 4+275+2 7 0+2 % +2 x) 1270x 42 %)) (5)
Note that the terms x + 2 'x + 27x and x + 2™ 'x can be obtained from the shift and add unit,
Then by using the three multiplexcrs (mux), two 8:1 mux for the first two 3-bit groups and

onc 4:1 mux for the fast two bits of the filter coefficients, the intermediate sums shown inside

the brackets of (5) can be obtained. The final shifter unit will perform the shift operations 27",
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27, and 2°° Since these shifts are always constant trrespective of the coctficients,
programmablc shiftcrs arc not required and these shifts can be hardwired. The final adder unit
will compute the sum of all the mtermediate sums to obtain h « x[n]. The architecture of PE

for CSM 1s shown in Fig. 3.4.

tnput from Shift and Add Unn

Mg Moz

Cuarplenicide:

Ouipatt 10 Structural Adders s

Fig. 3.4 Architecture of PE for CSM.

The coefficient word length is considered as 16 bits. The filter coefficients arc stored in the
LUT in stgn-magnitude form with the MSB reserved for the sign bit. The first bit after the
sign bit is used to represent the integer part of the coefficient and the remaining 16 bits arc
used 1o represent the fractional part of the coefficient. Thus, cach 16-bit cocfficient is stored
as an 18-bit value in LUTs. Each row in LUT corresponds to onc coeflicient. Note that only
half the number of cocfficients needs to be stored as FIR filter cocfficients are symmetric.
The coefficient valucs corresponding to 2° to 27 are partitioned into groups of thrce bits and
arc used as sclect signals to multiplexers Mux1 to MuxS. i.c., the set (2%, 27, 277 forms the

sclect signal to Mux| and so on. Since there are 3-bits, eight combinations are possible and

28



hence Mux1 to Mux$ are 8:1 multiplexers. The valuc corresponding to 277 forms the select
to a 2:1 multiplexer, Mux6. The output from the i multiplexer is denoted as r,. Note that
cven though the cocfficient with values up to a precision of 16 bits is taken, the shifting of 2!
is donc finally as shown in (4) and (5) and hence the maximum shift will be 2 "*. Mux7
determines whether the output needs to be complemented based on the sign bit of the filter
coefficient and hence it is a 2:1 multiplexer. In FIR'ﬁltcrs, cocffictent valucs arc always less
than onc. Hence, the integer bit is not employed. However if an intcger digit is required, the
proposed architectures do not impose any restrictions to accommodate it.

In Fig.3. 4, the shifts are obtained as follows. Let 1y to 1y denotes the outputs of Mux| to
Mux6, respectively. Then

y = 27 27+ 277+ 270 4+ 27 2710 (6)
The shifts are obtained by partitioning the 16-bit cocfficient into groups of 3-bits,

By partitioning (6)

v =2"[{r, +27°)+2 "[(r3 27270 s +27)]] (7)
Substituting (r; + 27m), (r:+2 '3r4), and (rs + 2 °rg) by ro,

ry, and ry. respectively, we get

Y~ 2_][1'7 + 27(‘(& + 2_{’r9)] (8)
By substituting (ry + 2 °ro) by 11

y =27+ 270) (9)
By substituting (r; + 2”r/4) by ry;

y=2"'tr (10)

The cxpressions from (6)—(10) are represented in Fig.3. 4. The main advantage of the CSM
architccture is that all the shifts arc constants irrespective of the cocfficients and hence can be
hardwired resulting in high speed operation of the filter. The shift and add unit which can
generate all the 3-bit BCSs using only three adders is employed. The impact of using higher
order BCSs (4-bit. 5-bit BCSs, ctc.) has also been investigated. The choices of the best shift
and add unit will depend on the complexitics of: 1) shift and add unit; 2) multiplexer unit:
and 3} final adder unit. The number of adders nceded to implement n-bit CSs is 2n—1 —

1.Thus. shift and add units capablc of generating 4-bit, 5-bit, and 6-bit BCSs would require 7,

I5, and 31 adders. respectively. The LD is two adder-steps for-both the 3-bit and the 4-bit
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BCSs bascd shift and add units, and hence they have the same speed. The LD of 5-bit and 6-
bit BCSs-bascd shift and add units are same, i.c., three adder-steps, which is one adder-step
morc than that of the 3-bit and 4-bit BCSs. Thus, the 3-bit BCSs bascd shift and add unit
results in fewer number of adders than the 4-bit BCSs-based shift and adder unit (reduction of
four adders) with the same LD. The requirement of additional four adders would increase the
complexity of the 4-bit BCSs based shift and add unit. Note that the cost of shift and add unit
is independent of the number of cocfficients (fitier length) as the same shift and add unit is
shared by all the coefficients.

In the proposed CSM architecture, [W/3] number of 8:1 multiplexers ([W/3] 8:1
multiplexers and remaining 2:1 or 4:1 multiplexcrs in some cases) of bit-width (x + 2) arc
required, where W is the coefficient word fength and x is the input data word length. For
example, it W = 16 (16-bit coefficient), the proposed 3-bit BCSs-bascd approach requires
five 8:1 multiplexcers and onc 2:1 multiplexer. On the other hand, if 4-bit BCSs were used
instcad of 3-bit BCSs, four 16:1 multiplexers are required. Assuming an &:1 multiplexer is
equivalent to four 2:1 multiplexers and a 16:1 multiplexer is cquivalent to cight 2:1
multiplexcers, then the 3-bit BCSs n based PE requires 21 2:1 multiplexers and 4-bit BCSs-
based PE requires thirty two 2:1 multiplexers, respectively. Thus, the multiplexer complexity
would incrcase when 4-bit BCSs arc used. To be more precise, for cach PE with 16-bit fitter
cocfficients, the multiplexer complexity of 4-bit BCSs-based PE is increased by cleven 2:1
multiplexers when compared to 3-bit BCSs based shift and add unit. But it can be noted that
the total number of adders required for 3-bit BCS-based filter with n coefficients is 3 + 5n
(three adders for shift and add unit and five adders for cach PE) and that for 4-bit BCS-based
PE 1s 7 + 3n (seven adders for shift and unit and three adders for cach PE). Hence, two adders
are saved for 4-bit BCSs based filter for cach PE.

From the above discussion, it can be concluded that if 4-bit BCSs were used instcad of
3-bit BCSs, the complexity of shift and add unit and multiplexer unit of PE would have
increased, whercas complexity of final adder unit would decrcase. To provide a quantitative
comparison, consider a 16-bit (W = 16) cocfficient with an 8-bit quantized (x = 8) input
signal. The proposed 3-bit BCSs-based CSM architecture requircs twenty one 2:1
multiplexers of word tength x + 2 = 10 bits and 4-bit BCSs-based CSM architecture requires
thirty two 2:1 multiplexers of word length x + 3 = 11 bits. The 3-bit BCSs based shift and add
unit requires three adders with adder-length [number of full adders (FAs)] of 10- bits each.
Thus, roughly 3-bit BCSs-bascd shift and add unit requires 30 FAs (assuming ripple carry
addition). For the final adder unit, the proposed 3-bit BCSs-based PE requires five adders (as
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shown in Fig.3. 4.) Now considering the total complexity of PE (Note that complexity of PE
is dircctly proportional to the number of filter cocfficients and total complexity = complexity
of multiplexers + complexity of final adder unit). Thus. it is very cvident that the 3-bit BCSs-
bascd shift and add unit results in low complexity impiementation when compared to the 4-
bit BCSs based implementation.

Nevertheless, it must be noted that the CSM architecture can be casily modified to
incorporate 4-bit or 5-bit shift and add unit based CSM architectures, if there is such a
requiremcn\t. In the CSM approach, the coefficients arc directly stored in the LUT and hence
complcte redundancy in cocfficicnt multiplication is not avoided. Also in case of the outputs
of any of the multiplexers becoming zero, the adder corresponding to that mux will be used.
which is not required 1f the output is zero. But it can be scen that the adders at the output of
the multiplexers can be combined in many ways and hence the best power solution saving
can be utilized. Also carry save adders can be employed if much faster operation is required.
The drawbacks in CSM arc resolved by employing the BCSE algorithm. This forms the PSM

architecture which is explained in the next section.

3.5 ARCHITECTURE OF PSM

The PSM is based on the BCSE algorithm. The PSM architecture presented in this scetion
incorporates re configurability into BCSE. The PSM has a pre-analysis part in which the filter
cocthicients arc analyzed using the BCSE algorithm. Thus, the redundant computations
(additions) arc climinated using the BCSs and the resulting coefficients in a coded format are
stored 1n the LUT. The coding format is explained in the latter part of this scction. The shift
and add unit 1s identical for both PSM and CSM. The number of multiplexcr units required
can be obtained from the filter cocfficients after the application of BCSE. The number of
multiplexers is selected after considering the number of non-zero operands (BCSs and
unpaired bits) in cach of the coefficients after the application of the BCSE algorithm. The
number of multiplexers will be corresponding to the number of non-zero opcrands for the
worst-casc coeffictent (worst-case cocfficient being defined as cocfficient that has the
maximum number of non-zero operands). The architecture of PE for PSM is shown in

Fig.3. 5.
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The coelficicnt word length 1s fixed as 16 bits. The statistical analysis for various filters with
coefficient precision of 16 bits and different filter lengths (20, 50, 80, 120, 200, 400, and 800
taps) and it was found that the maximum number of non-zcro operands is 5 for any

cocfficient.

Input frem Shift and Add Unit

LUT

i
\\lu\%/‘ \\!u\-l/‘ AL .
; i ’)\ l.“ [ p‘\ }‘ " = )
$hf,; 5 §
*
P Complomonior - e
1
] :

Outpul o Suuvtwral Adders e

Fig. 3.5 Architecture of PE for PSM

The LUT consists of two rows of 18 bits for cach cocfficient of the form
SDDDDXXDDDDXXMMMML and DDDDXXDDDDXXDDDDXX. where “S™ represents
the sign bit, “DDDD” represents the shift values from 2" to 27" and XX represents the
input “x” or the BCSs obtained from the shift and add unit. In the coded format, XX = “01™
represents “x,” 107 represents x+2 'x, 117 represents x + 2 “x, and 00 represents x + 2 'x
+27%x, respectively. Thus, the two rows can store up to five operands which is the worst case
number of operands for a 16-bit coefficient. In most of the practical cocfficients. the number

of opcrands is less than the worst casc number of operands, 5. In that case “MMMML” can
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be used to avoid unnecessary additions. The vatues “MMMM” will be given as select signal
to the Mux6 and “L” to Mux8. “MMMML” indicates the presence of five operands. A <17 in
cach position indicates the presence of each operand. Thus, for all operands to be present will
be indicated by “MMMML” = “11111.” This means the Muxé will sclect the output from the
output of adder, A4 and Mux8 will select the odtput of adder, A2, If only first operand is
present, “MMMML” = *10 000.” This means the Mux8 will sclect the output of PS, shr4 and
Mux6 will select the output of PS, shrl. As a result of this nonc of the adders shrl to shrd will
be loaded saving significant amount of dynar;nic power. The coding-can be explained as given

betow. Consider the positive coefficient h,

h=[1010011001010011] (11
By using the BCSE substituting 2 =1 1],3 = [1 0 1],
(11) becomes

h = [3000020003000020] (12)

Then (12) will be stored in the LUT as 000001101011011110 and 100111111010000000. 1t
must be noted that as (12) has only four operands, the fifth operand values “DDBDDXX” arc
substituted as 000000 and “MMMML” as *“111]0.” The XX values are given as sclect signals
for Mux! to Mux5. The values of DDDD are fed to corresponding PS.

The muitiplexer Mux6 and Mux8 will sclect the appropriate output in casc the number of
opcrands after BCSE is less than 5. The use of Mux6 and Mux8 reduces the number of adders
utilized by selecting the output from the appropriate adder as all the adders in the PE arc not
always nceded. For example, in (12), as only four operands occur. output can be taken from
the output of PS, shr4 without using adder, shr2. Mux8 will do this and hence the adder shr2
1s not loaded and consumes zero current and power. The select signals of Mux6 and Mux$
have five bits and hence 25 different control signals arc possible which adds lots of flexibility
to the architecture which can be employed in future if required. Mux7 is used to complement
the output in case of a negative cocfficient and its select signal is the sign bit *S™ of the
coefficient. The PSM architecture has two advantages: first, it guarantees a reduced number
of additions comparcd to CSM, and second it offers the flexibility of changing the word
length of cocefficients. The same PSM architecture designed for 16-bit cocfTicients is capable
of operating for any coefficient word length less than 16 bits. This means. if the word length

is reduced, the format of the LUT can be changed if requircd. The main advantage of
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reducing the precision is that some of the adders in the PSM architecture will be unloaded
resulting in zcro dynamic power.

To the best of our knowledge, the PSM architecture is the first approach toward
programmable coefficicnt word length FIR filter architecture. This means that the cocfficient
word length of the proposed PSM architecture can be changed dynamically without any
change in hardware.

The advantage of CSM is that it produces high-speed filters at the cost of a slight
increase in arca and power consumption. On the contrary, th\e PSM produces filters with Tow
arca and power consumption at the cost of a slight increase in delay. Another advantage of
PSM is that the word length of the filter cocfficicnts can be dynamically changed without any

modification in the hardware.

3.6 COMPARISON BETWEEN CSM AND PSM

The 1dea of CSM is to split the filter coefficients into groups of three bits and use
these groups as sclectors to multiplexer unit and obtain the product h = x[n]. This docsn’t
guarantec the minimum number of additions to be performed. In PSM. since the BCSE
algorithm is cmployed, thc number of additions to be performed will always be reduced
comparcd to CSM. This can be illustrated as follows. Consider the coefficient h -
[0101000CG1010]. If CSM is employed, always four multiplexers are needed and this means
that the shift and add unit in Fig. 3.3 nceds to be used four times. Thus, alwavs three
additions arc required for CSM. But if PSM is uscd. first we apply BCSE. then hy -
[020000002000]. The output computation requires only two additions, onc for h; and ong¢ for
obtaining 2 = [101]. This reduction is significant for higher order filters.

The filters used in SDR channelizers must have a large number of taps to meet the
stringent adjacent channel  attenuation specifications.  Therefore, thc proposed PSM
architecturc 1s best suited for the channel filters in SDRs. In the case of PSM, the final
shifting 1s done based on the valucs from LUT using programmable shifters whercas in the
case of CSM, the shifts arc constants as always splitting or partitioning the filter coctficients
into groups of 3-bits is done.

Thus, the CSM architecture results in faster coefficient multiplication operation at the

cost of few cxtra adders compared to PSM architecture whereas the PSM architecture results
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i fewer number of additions and thus less arca and power consumption compared to the
CSM architecture.

Another advantage of PSM is that it is independent of the word Iength of the filter
cocfficients. For PSM architecture, the number of multiplexers is fixed based on the number
of BCSs prescnt in a given coefficient set (worst case-coefficient of the set). Thuseven it the
word length changes, it hardly affects the architecture of PSM. It was pointed out that for
many filter taps: the highest coefficient precision is not required. Valuable hardwarc
resources Wil be wasted if all taps are implemented with the highest precision. The proposed
PSM can be implemented for dynamically varying coefficient precision as it is word length
independent. Onc of the limitations of the PSM architecture is that it requires pre-analysis of
filter coefficicnts and hence on-the-fly reconfigurability is not always feasibic. But this
restriction does not impose constraints on popular reconfigurable filter applications like
wircless communications. This is because in such applications, there is a distinct filter for
cach communication standard and the coefficients of the filter are fixed for a specific
standard. In other words, when the communication systcm is opcrating on a particular
wircless standard, the filter coefficients do not changc, i.c., the filter is not requircd to be an
adaptive filter. When the system changes its mode of operation to a different wircless
communication standard (as in the case of a multi-standard transceiver), the coefficient sct
corresponding to the specification of the new standard is Joaded (replacing the current filter
coefficients). Note that the coefficients of the new standard are known beforchand (pre-
stored) and thereforc the pre-analysis can be done offline and the problem with
reconfigurability can be solved. The comparison of CSM and PSM architectures employing
BCSE technique can be viewed clearly from the analysis reports at the end. Each architecture

is advantagcous in their own respective ways.
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CHAPTER 4
SIMULATION RESULTS

The tools used to obtain the simulated output for constant shift method (CSM) and

programmable shift method (PSM}) architecture arc as follows. They arc
1) Modclsim 6.4

2) Xilinx ISE 9.2i
\

The simulated waveforms are obtained by assigning the input valucs at various
levels of extraction and the corresponding outputs are obtained from the assigned inputs. The
outputs obtained arc complementary with respect to the corresponding complementary inputs.

The simulated waveforms are shown here.
4.1 SIMULATED OUTPUT OF CSM WHEN USING CSE

Figure 4.1 shows the simulated output of proposed architecturc of CSM using CSE algorithm,

donc by using ModclSim software

Fig.4.1. Simulation output when using CSE in CSM
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4.2 SIMULATED OUTPUT OF CSM WHEN USING LCCSE

Figure 4.2 shows the simulated output of proposed architecture of CSM using LCCSE

algorithm, donc by using ModelSim software
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Fig.4.2. Simulation output when using LCCSE in CSM

4.3 SIMULATED OUTPUT OF CSM WHEN USING BCSE

Figure 4.3 shows the simulated output of proposcd architecture of CSM using BCSE

algorithm, done by using ModcISim software
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Fig.4.3. Simulation output when using BCSE in CSM
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4.4 SIMULATED OUTPUT OF PSM WHEN USING CSE

Figurc 4.4 shows the simulatcd output of proposed architecture of PSM using CSE algorithm,

done by using ModelSim software

B /pem_Z3hy TEOTY1117 07 06000
B pim 23ioun ogro0f Todtien

B Joim 23
B fpir_23/v4
B Ppsm_23/%5
g /pST_Z3vE
JpLm i

CO0AA0G0N00CCOTT
143 001 1 000000
OV GETT 607
(10710011001 100 i
100 )
R
[olulvid
[ORL 7]
[URRTFI
nrooonn
£ Do
" ontiged
[ Feam_2340/01 fitgoo” "~ "
m_ 23406

Fig.4.4. Simulation output when using CSE in PSM

4.5 SIMULATED OUTPUT OF PSM WHEN USING LCCSE

Figure 4.5 shows the simulated output of proposed architecture of PSM using LCCSE

algonthm, done by using ModclSim software
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Fig.4.5. Simulation output when using LCCSE in PSM
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4.6 SIMULATED OUTPUT OF PSM WHEN USING BCSE

Figure 4.6 shows the simulated output of proposed architecture of PSM using BCSE

algorithm, done by using ModelSim softwarc
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Fig.4.6. Simulation output when using BCSE in PSM
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4.7 SYNTHESIS REPORT FOR CSM USING CSE METHOD
Design summary:

Selected Device: Xilinx FPGA- 25300ef1256-6

Number of Slices: 59 out of 6912 1%
Number of 4 input LUTs: 106 outof 13,824 1%
Number of bonded 10Bs: 281 outof 510 55%

Total equivalent gatc count for design = 888
4.8 SYNTHESIS REPORT FOR CSM USING LCCSE METHOD
Design summary:

Selected Device: Xilinx FPGA- 2s300¢1t256-6

Number of Slices: 58 outof 6912 £9%
Number of 4 input LUTs: 109 outof 13824 1%
Number of bonded 10Bs: 194 outof 510 38%

Total equivalent gate count for design = 1275

49 SYNTHESIS REPORT FOR PROPOSED CSM USING
TECHNIQUE

Dcsign summary:

Sclected Device: Xilinx FPGA- 25300c{1256-6

Numbecr of Slices: 18 outof 6912 1%
Number of 4 input LUTs: 35 outof 13824 1%
Number of bonded [OBs: 269 outof 510  52%

Total equivalent gate count for design — 288
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Timing Summary:

Speed Grade: -7

Minimum input arrival time before clock: 8.026ns

Maximum output required time after clock: 4.264ns

4.10 SYNTHESIS REPORT FOR PSM USING CSE METHOD
Design summary:

Selected Device: Xilink FPGA- 2s300elt256-6

Number of Slices: 118 outof 6912 1%
Number of 4 input LUTs: 228 outof 13,824 1%
Numbecr of bonded 10Bs: 48 outof 510 9%

Total cquivalent gate count for design = 2158
4.11 SYNTHESIS REPORT FOR PSM USING LCCSE METHOD
Design summary:

Sclected Device: Xilinx FPGA- 25300ef1256-6

Number of Slices: 79 out of 6912 1%
Number of 4 input LUTs: 150 outof 13824 1%
Number of bonded 10Bs: 202 outof 510 0%

Total cquivalent gatc count for design = 1814
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4.12 SYNTHESIS REPORT FOR PROPOSED PSM USING BCSE TECHNIQUE

Design summary:

Sclected Device: Xilinx FPGA- 25300¢f1256-6

Number of Slices: I8 outof 6912 1%
Number of 4 input LUTs: 34 outof 13,824 1%
Number of bonded [OBs:; 24 outof 510 9%

Total equivalent gate count for design = 276

Timing Summary:
Speed Grade: -7
Minimum input arrival time before clock: 10.014ns

Maximum output required time after clock: 6.514ns
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4.13 POWER CALCULATION

The power calculation of proposed CSM and PSM architecture with CSE and LCCSE
algorithm and BCSE technique arc shown below and comparison of CSM and PSM

technique can be viewed from the power report.

Total estimated power consumption: =~

Veeint 1,80V, | B T 203
Vo33 330V | | o
Inp_u_té,; : 11 i
Logie: a1 94
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Veeodd am )
Gemale E Y

Table 4.1 Power Calculation in CSM with CSE

Total estimated power r'bh:munpﬁon:

 Veeint 180V 3] 92
 Veeodd 330V 258 843
Iupu.t.s:. N 3 3
Logic: 23 41
Outputs:
 VeeoR " Y 83
 Sionale in 19

Table 4.2 Power Calculation in CSM with LCCSE
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Table 4.3 Power Calculation in PSM with CSE

i Power summaryz:© o
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Verint 180%:
Veeo33 330V

Cloeks:
N Ilii){lts: .....
 Logie: o 10 13
0111])1its; ' ' )
Veco3d 63 209
~ Siguals: - B

Quiescent Ve cint 1.80V" _
1 :

Quiescent Veco33 3,301,

Table 4.4 Power Calculation in PSM with LCCSE
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Total estimated power consumptioit:

_ Veeint 180V:
. Veeod333oV:

%
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Ourputs:
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Table 4.5 Power Calculation of proposed CSM architecture with BCSE technique

 Total estimated power consumption:

ey
Veco33 330V

Inputs:
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s
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Table 4.6 Power Calculation of proposed PSM architecture with BCSE technique
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CHAPTER 5
CONCLUSION AND FUTURE SCOPE

5.1 CONCLUSION

Thus a novel synthesis technique for gencrating FIR  filter designs  which

B

simultancously cater to low-energy requircments while maintaining a rcasonably accurate filter
response is implemented. The Common sub expression elimination (CSE) algorithm and Level
Constrained Common Sub cxpression (LCCSE) algorithm hclps in reducing the number of
adders thus bringing about reduction in hardware complexity.

When using Binary Common Sub expression Elimination (BCSE) algorithm in the
proposed two new approaches namely, CSM(constant shift method) and PSM(programmable
shift method), there is reduction in the number of adders and fow power consumption and
increase in speed rather than using CSE and LCCSE algorithms: thus bringing low complexity.
The CSM architecture results in high speed filters and PSM architecture results in fow arca and
thus low power filter implementations. The PSM also provides the flexibility of changing the
filter coefficient word lengths dynamically. This architecture results in high spced. low arca
and low power hence effectively used in the arca requiring high throughput such as a rcal-time

digital signal processing.

5.2 FUTURE SCOPE

Recently, with the advent of software defined radio (SDR) technology. finite impulsc
response (FIR) filter rescarch has been focused on reconfigurable realizations. Wideband
receivers in SDR must be realized to meet the stringent specitfications of low power
consumption and high speed. Reconfigurability of the receiver to work with different wireless
communication standards is another key requirement in an SDR. In the future work, the focus
will be towards modifying the proposed reconfigurable architectures to be easily employed in
any method which provides a general approach for low complexity reconfigurable channel

filters.
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APPENDIX

QXILINX®

Spartan-lE 1.8V FPGA Family:
Introduction and Ordering
Information

DSO77-1 (w101 November 15. 2001

Preliminary Product Specification

Introduction

The Spartan™-IIE 1.8V Field-Programmable Gate Array
family gives users high performance. abundant legic
resources. and a rich feature set. afl at an exceptionally low
price. The five-member family offers densities ranging from
50.000 to 300.000 system gates, as shown in Table 1, Sys.
tem performance is supported beyond 200 MHz.

Spartan-IiE devices deliver mare gates. 'Os. and features
per dollar than other FPGAs by combining advanced pro-
cess technelogy with a sireamlined architeciure based on
the proven Virtex™.E platform. Features include block RAM
(to 84K bits). distributed RAM (to 98.304 bits}. 18 selectable
IfC standards. and four DLLs (Delay-Locked Loops). Fast,
predictable interconnect means that successive design iter-
ations continue 1 meet timing requirements.

The Spartan-lE family Is a superior alternative to
mask-programmed ASICs. The FPGA avoids the initia) cost.
lengthy development cycles, and inherent risk of
conventional ASICs. Also, FPGA programmability permits
design upgrades in the field with no hardware replacement
necessary {impossible with ASICs).

Features

Second generation ASIC replacement technology

- Densities as high as 6,912 legic cells with up to
300.000 system gates

- Streamiined features based on Virtex-£
architecture
Unlimited in-system reprogrammability

- Very low cost

Tzble 1: Spartan-IIE FPGA Family Members

System level features

- SelectRAM+™ hierarchical memery:
1€ bits/LUT distributed RAM
Configurable 4K-bit true dual-port block RAM
Fest interfaces to extarnal RAM

- Fully 3.3¥ PCl compliant to 84 bits at 66 MHz and
CardBus compliant
Lov-power segmented routing architecture

- Fult readback ability for verification/observability

- Dedicated carry logic for high-speed arithmetic

- Efficient multiplier support

- Cascade chain for wide-input functions
Abundant registersiiatches with enable. set. reset
Four dedicated DLLs for advaniced clock control

- Four primary low-skew global clock distribution nets

- |EEE 1148.1 compatible boundary scan logic

+  Versatle 'O and packaging

- Low cost packages available in all densities
Family footprint compatibifity in common packages

- 19 high-performance interface standards. including
LVDS and LVPECL

- Up to 120 differential I’0 pairs that can be input,
output, or bidirectional

- Zero hold time simplifies system timing

Fully supported by powerful Xitink 1SE development

system

- Fully automatic mapping. placement. and routing

- Integrated with design entry and verification ools

Typical CLB Maximum | Maximum 77‘ o —|
Logic | System Gate Range | Amay | Total | Available Differential | Distributed Block
Device Cells {Logic and RAM} {RxC) | CLBs | User O IO Pairs RAM Bits i RAM Bits
XCZSEQE 1.728 23.000 - 5¢.000 6x24 | 384 182 84 24578 32K
XC2ZS100E | 2.700 37.00G - 100.000 20x 30 | 600 202 26 38400 40K |
XC25150E | 3.888 52.000 - 150.000 24x36 | 854 263 114 55,206 ' 48K
XC25200E | 5.292 71,000 - 200.000 28x42 | 1178 28% 20 , 75264 56K
XC2S3G0E | 6.912 | 93.000-300.000 | 32x48 | 1536 EE 120 I' 93304 | 84K |
& 2UGT XNz Ine. ANTIgS reserved. &K Xlinx Tacemarks registered ademarks, paierts, and Aisclyimers are 3% b<ed at howpiiveedw, atlms. com:le palk mm.
All ot Irademar ks and registered Tademarks are he property of thew resprcive owners. All Specilcabons ae SMECT ' change wihoy! myce
D3077-1 1v1.0: November 15, 2001 www xilinx.com T
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Spartan-HE 1.8V FPGA Family: Introduction and Ordering Infermation

ANy

General Overview

The Spartan-llE family of FPGAs have a regular. flexible.
programmable architecture of Configurable Logic Blocks
(CLBsi swrounded by a perimeter of programmable
IrputiOutput Blocks {10Bs). There are four Delay-Locked
Loops (DLLs). one at each comer of the die. Two columns
of block RAM lie on opposite sides of the die, between the
CLBs and the JOE columns. These functisnai elements are
interconnected by a powerful hierarchy of versatile routing
channels {see Figurs *),

Spartar-lIE FPGAs are customized by inading configura-
tien data into internal static memory cefls. Unlimited repro-
gramming cycles are possible with this approach. Stored
values in these cells determine logic functions and intercon-
nections implemented in the FFGA. Configuration data can
be read from an external serial PROM {master serial mode],
or written into the FPGA in slave serjal. slave parallel. or
Boundary Sean modes. The Xilinx XC17S00A PROM family
is recemmended for serial configuration of Spartan-IlE
FPGAs. The XC18¥00 reprogrammable PROM family is
recommended for paralle! or serial configuration.
Spartan-lIE FPGAs are typically used in high-volume appli-
cations where the versatility of a fast programmable solution
adds benefits. Spartan-/IE FPGAs are ideal for shertening
product development cycles while offering a cost-effective
solution for high volume production.
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Spartan-liE FPGAs achieve high-performance, low-cost
operation Hrough advanced architecture and semicondug-
tor technology. Spartan-lE devices provide system clock
rates beyond 200 MHz. Spartan-iIE FPGAS offer the most
cost-effecive sclution while maintaining leading edge per-
formance. In addition to the conventional benefile of
high-volume programmable iogic solutions, Spartan-lE
FPGAs also offer on-chip synchronous single-port and
dual-port RAM (block and distributed form), DLL clock driv-
ers. programmable set and reset on ali flip-flops, fast carry
logic. and many cther features.

Spartan-ile Family Compared to Spartan-ii
Family
*+  Higher density and more 'O
«  Higher performance
+ Unique pinouts in cost-effective packages
Differential signaling
LYDS, Bus LYDS. LYPECL
cony = 1.8Y
- Lower power
- 5V tolerance with 10012 external resistor
- 3V tolerance directly

PCL LYTTL. and LYCMOSZ input buffers pewered by
Yoo instead of Ve pgnr

v

* Unigue larger bitstream
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Figure 1. Basic Spartan-liE Family FPGA Block Diagram

2 www.xilinx.com
1-800-255-7778

DS077-1{v1.0) November 15, 2001
Preliminary Product Specification

50



& XILNXT

Spartan-lIE 1.8V FPGA Family: Introductic

n and Ordering Information

Spartan-llE Product Availability

Tab'e 7 shows the package and speed grades available for
Spartan-liE family devices. Tahkiz 3 shows the maximum

Table 2: Spartan-llE Package and Speed Grade Availability

user 1¥0s available on the device and the number of user
1/Os available for each device/package combination.

Pins 144 208 256 456
Type Plastic TQFP | Plastic PQFP | Fine Pitch BGA | Fine Pitch BGA
Device Code TQ144 PQ208 | FT256 |  FG456
XC2S50E 8 . C. C. f
7 ©r C) () -
XC25100E s el C 1 oo
7 <) ' () (C) (C:
XC25 150E 5 - (€. 5 (.1 <y
7 : () {C R
XC2S200E Y - C.l c.l X
- 7 - () ) (Ci
XC2S300E & } cl e o
7 o () ) o
Notes: - ) o
C =Commercial. T, = 0" to +85°C: | = Industrial. T, = —40°C to +105°C
2. Parentheses indicate product net yet reteased. Contact sales for aval'ability.
Tabie 3. Spartan-llE User ¥O Chart
Available User VO According to Package Type ]
Maximum
Device User IO TQ144 | PQ208 FT256 FGA56
XC2S50E 182 102 146 182 i -
XC2S100E 202 102 146 182 202
XC28150E 263 138 182 283
XC282008 289 - 148 182 289
T XC2S300E sze | . 148 18z | 329
DSO77-1 (v1.0) November 15, 2004 W XTTINK. Gom 3
Preliminary Product Specification 1-300-255-7773
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Ordering Information

Device Type —j
Speed Grade

Example: XC2S50F -6 PQ 208 %3

i
t-———- Temperature Range
Number of Pins

Package Type
Device Ordering Options
Devicr [ Speed Grade i Péékage Type / Number of Pins ! L Temperature Range {T} )
XC2ZSE0E £ | Standard Performance TQ144 | 144-pin Plastic Thin QFF C = Cemmercial | L +85°C
XC23100E | | -7 |Higher Performance PQZ08 | 208-pin Plastic QFP i = Industrial | -40°C to +100°C
XC28150E | FT255 | 285-tall Fine Pitch BGA
XC25200E FG43€ |458-Gall Fine Pitch BGA
| XC28300E
Revision History
Version No. Date ' Description ' - ‘
’l 10 | 1171501 | Initfal Xilinx refease. J

The Spartan-liE Family Data Sheet

D8077-1. Spartan-liE 1.8V FPGA Family: Introduction and Ordering information iModule 1
DS077-2. Spartan-llE 1.8V FPGA Family: Functjonal Description {Module 2)

DS077-3. Spartan-HE 1.8V FPGA Family: DC and Switching Characteristics iModule 3)
DSU77-4. Spartan-llE 1.8V FPGA Family: Pinout Tables (Module 4]
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