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Abstract

This dissertation focuses on a new approach for a hardware implementation of
the cyclic convolution operation. The cyclic convolution operation is the core of
several functions used in applications related to digital signal processing and error
control. Since the operation is multiplication intensive and the cost of a multiplication
operation is very high, most of the present research effort attempts to reduce the

number of multiplications.

Our approach, however, aims at obtaining an efficient implementation by
relying on the properties of the special case of multiplication, namely, the squaring
operation. Due to the properties exhibited by the squaring operation the hardware cost
and time delay of a squarer unit is both cheaper and faster than that of a multiplication

unit. This is true for both memory and non-memory based implementations.

In this dissertation we have developed all the necessary theory required to
express the cyclic convolution of two n-point sequences, where n is a power of 2, in
terms of the elementary arithmetic operations add, square, and subtract. Our
algorithms require fewer squaring operations than multipiication operations required
by a traditional implementation of the cyclic convolution operation, do not introduce
any round-off errors, place no restriction on word length, and are valid when the
number of points to be convolved is a power of two. We then clearly demonstrate that
our algorithms are also more hardware efficient for both memory and non-memory
based implementations. Further, schemes to multiply two numbers based on the cyclic
convolution operation are presented. Finally, efficient ways of computing the squaring

operation when arithmetic is performed in modular rings are developed.

ix



Chapter 1

Iintroduction

Applications in the fields of digital signal processing (DSP) and error control are
a few of the many interests of a hardware design engineer. Hardware design for these
applications are challenging because of their high computational complexity. The main
computational tasks in these applications are convolutions, Fourier transforms, and the
inversion of Toeplitz systems of equations for spectral estimation [1]. A wealth of
literature already exists in these areas [2]-[6], to name a few. Apart from these books
there are several journals dedicated to research and development in these areas. Much of
the material in these fields is centered around the discrete Fourier transform (DFT). The
DFT has many powerful algebraic properties that are valid in numerous number
systems. Researchers have exploited these properties by exploring several different
alternatives for the field of operations [6]-[11]. An appropriate selection provides the
designer with a number of tricks that can speed up algorithms and simplify hardware
implementations, for instance, selecting a Galois field of the form GF(2" -1) or GF(2"
+1) simplifies significantly the arithmetic processing. We observe that arithmetic

performed modulo (2" -1) is similar to one's complement arithmetic.

Much of the field of digital signal processing and error control coding is devoted
to the task of removing noise by passing a known signal through a suitable filter [1].
The main computational problem involved in this is the convolution operation. The
convolution operation is used in implementations of finite impulse response filters [12],
infinite impulse response filters [13], auto and cross correlations [14], and polynomial

multiplication and multiplication of very large integers [15],[16]. The large sized



problems in filtering are broken into smaller linear convolutions or cyclic convolutions
using well known overlap techniques [17],[18]. This dissertation focuses on computing
the convolution operation using a new approach that does not rely on any transforms.
Instead, we focus on this operation from the computer arithmetic point of view by
examining the applicability of other elementary functions in evaluating the convolution

operation.

The rest of the introductory chapter is organized into two sections. The first is a
brief overview of existing approaches for computing convolutions and the second is an
introduction to our approach. The intent of the first section is to impress upon the
reader, some of the difficulties and complexities associated with existing methods and
further, to motivate the need for approaching the problem from a fundamentally different

angle.
1.1 Overview of existing methods

Signals are typically generated whenever things vibrate, pump, pulse, or in any
other way change with time [19]. While such signals or waveforms in real life are
continuous in nature they can, for pragmatic purposes, only be represented with a finite
amount of precision. Further, while the data may be a real or complex number, it can be
temporarily rescaled by shifting the decimal point to the right and treating the number as
an integer. This practice of treating data as integer sequences is common [1], [8] and
does not in any way detract from the quality of the analysis. Based on the application the
designer may choose an appropriate word length to prevent overflow after data
manipulation. We assume without loss of generality that data, also referred to as points
of input and output sequences, are integers. The linear and cyclic convolution operations
are defined as computations on two sets of integers that yields a third set of integers.

More precisely, the linear convolution is defined as



n-1
ci = Y aj_xby fori=0, 1, .., n1 (1.1)
k=0

and the cyclic convolution as

n-1

Ci = D, acik>, bk fori=0,1, .., n-1 (1.2)

k=0
where the a; and b; are the input sets of data and the c; are the data of the convolved
sequence. The notation <x>_, denotes the operation x modulo m. The number of points
in the sequence, 'n’, is also known as the block length. We note that the above
computation requires n® multiplications. Performing the arithmetic in the above two
equations, (1.1) and (1.2), modulo p, where p is prime, changes the entire picture. This
is because, now the computations are being carried out in the Galois field GF(p). This is
very attractive due to the fact that the properties of the convolution theorem can be used
[20],[21]. Before we discuss the usefulness of the convolution theorem one must note
that if the choice of p in the above is such that the input data and the computed results

are smaller than p then the modulo p operation is redundant.

The convolution theorem [1] enables the computation of the cyclic convolution
of two vectors A and B by first computing the Fourier transforms of the vectors, then
obtaining a new vector by performing a point by point multiplication of the transformed
vectors, and then finally applying the inverse Fourier transform on the new vector, i.e.
on the vector obtained in the transform domain. If we assume that there are n elements
in each of the input vectors then it is easy to see from the above that only n
multiplications are needed, the multiplications being in the transformed domain. Clearly
the convolution theorem is useful if and only if their exist efficient ways of computing
the Fourier and inverse Fourier transforms. The existence of such transforms is

discussed in [20],[21].



The discrete Fourier transform can be applied on a discrete set of points. The
DFT maps a discrete time domain waveform x(n) into a frequency domain X (k) and an
inverse discrete time Fourier transform (IDFT) maps it back into the time domain. The

transforms are symbolically represented as

F-1

x(t) —T4s X (k) and X (k)—45 x(1)
and defined by
n-1 ~-i2n K
X(k)= D x(t)e g k=0,1,..,n-1 (1.3)
t=0
and
1 n—1 jZ”tk
x(® ==Y X(kje t=0,1,..,n-1 (1.4)
Ny-0

From equations (1.3) and (1.4) it can be seen that to obtain c(t) which is the
cyclic convolution of a(t) and b(t), a(t) and b(t) are mapped into the frequency domain,
represented by parameters A(k) and B(k), using n multiplications for each point for a
total of 2n2 multiplications and 2n2 additions. Multiplication of A(k) and B(k) requires
another n multiplications while the inverse mapping requires another n2 multiplications
and n? additions. We thus have a total of (3n2 + n) multiplications and 3n2 additions.
Thus, when the DFT's are computed directly this approach is not of much practical value

as the direct computation of the cyclic convolution itself requires only n? multiplications.

However, Cooley and Tukey [6] introduced the fast Fourier transform (FFT)
which is an efficient algorithm to compute the DFT. Other efficient FFT algorithms can
be found in [22]-[24]. While these algorithms require only n log, n multiplications to
map an input sequence of length n into the frequency domain, they have two primary
disadvantages. One is that they produce significant round off errors [25],[26] and the

other is that they are not very well suited for VLSI implementations [27]. Although the



FFT reduces the number of multiplications required for evaluating the DFT, the count of
multiplications in itself does not determine the computational efficiency of the algorithm.
With the widespread use of VLSI to build application specific integrated circuits (ASIC)
the architectural details of implementation have gained significant importance. Reference
[28] discusses Fourier transforms in VLSI, [29] discusses architectural issues in DSP
applications, and [30] discusses multiplier policies in DSP applications. Many
researchers have also explored the applicability of systolic array architectures to compute
the DFT [31]-[33]. Some of the other irritants are block lengths and wordlengths [1].
While none of these are insurmountable they do require certain awkward design
choices. The DFT can also be evaluated using number theoretic transforms (NTT)
which are defined over finite fields and rings of integers with all the arithmetic
perforrried modulo an integer. An evaluation of the various NTT algorithms as applied

to digital filtering applications can be found in [34],[35].

The main focus of the various FFT and NTT algorithms [36] has been on
reducing the number of multiplications. However, in real time applications large
amounts of data have to be processed in relatively small periods of time and thus apart
from reducing the number of computations, it has also become necessary to parallelize
the computations. With the cost of hardware reducing and the acceptance of application
specific integrated circuits (ASICs) increasing, it has become possible to build dedicated
systems in an economical fashion. The inherent properties of the residue number system
(RNS) lends itself as a viable candidate for parallel computations [37]. Implementations
using the RNS and the quadratic residue number system (QRNS) can be found in [38]-

[41]. More recently

o’ ?

the polynomial residue number system (PRNS) has been
developed [42],]43] which combines both features, i.e. reducing the number of

computations while simultancously increasing the level of parallelism.



We have so far described the importance of the cyclic convolution operation in
digital signal processing applications. In our research we propose to develop new
algorithms for computing the cyclic convolution of two n-point sequences by
performing all required operations in a single domain, i.e. we will not map the points
into a frequency domain or for that matter into any other domain. To do this
successfully we will have to use fewer than n2 multiplications. To achieve this reduction
in the multiplication count all existing research has focused on mapping strategies that
result in reduced number of multiplications in the mapped domain. However, our
research effort focuses on using squaring operations instead of multiplication

operations. The next section provides an introduction to our approach.
1.2 Our approach

The vast amount of literature in the DSP area focuses on the convolution
operation by exploiting the propeities of the DFT and the algebraic field in which it is
applied. Most of the algorithms therefore have specific properties and perform well in
the environments that they were designed to function in. We have looked at the problem
from a more broader perspective and our approach therefore does not rely on the DFT at
all. Instead we have focused on the definition of cyclic convolution and have attempted
to develop efficient algorithms centered around the elementary arithmetic function, the
squaring operation, and hence the title of the dissertation "Squared Law Algorithms:
Theory and Applications." Our motivation is based on the general underlying theme of
the DFT and FFT algorithms, which has been primarily, to reduce the amount of
hardware required to perform the convolution operation. Since the operation is
multiplication intensive, the emphasis was first to reduce the count on the number of
multiplications and then with the development of integrated circuit technology the

emphasis was to improve the implementation architecture. Similarly, we attempt to



reduce the amount of hardware by zeroing in on the fact that the squaring operation
requires lesser amount of hardware than the multiplication operation. One must also
keep in mind that this reduction in hardware is not at the expense of speed, contrary to

this it is also faster to evaluate the squaring as opposed to the multiplication operation.

Table look-up techniéues for performing the multiplication operation using
ROMs have been researched in [44]-[50]. Of these [46] is based on the index calculus
technique which can only be used with prime moduli and [47]-[50] are based on the
quarter squared algorithm technique. These designs offer attractive speed-complexity
trade offs for small word lengths while for large word lengths the ROM size increases to

the point where it becomes unrealistic.

Consider a simple ROM based diréct implementation of the multiplication
operation. The two input operands of length, say L bits each, serve as the address to the
ROM. The data stored at this location is the result of the multiplication. Such a ROM
implementation of the multiplication operation would require a ROM of size 22L « 2L
On the other hand the squaring operation would have only one input operand and a
ROM implementing this would be of size 2l x 2L. The immediate savings in ROM bits
is apparent. The motivation is now clear. The more important question is now therefore:
how does one replace all the multiplication operations in a given application with the
squaring operations? We researched this pfoblem with the convolution operation as our
application and have developed algorithms to compute the convolution operation using
squaring operations as opposed to multiplication operations. While we reduce the
number of squaring operations c‘ohmpared to the number of multiplication operations we
do increase the number of additions. Initial resul;s of our research were published in
[51]. The next natural question is: the squaring operation is a special case of the

multiplication operation which in turn is repetitive additions, thus how does the increase



in the number of additions compare with the decrease in the number of the squarings.

These two 1ssues are addressed in detail in this dissertation.

The rest of the dissertation is organized as follows. Chapter 2 lays the
mathematical foundations for the algorithms to compute the cyclic convolution using
squaring operations. It also provides formulae for the count on the number of squares
and the number of two-operand additions. Chapier 3 discusses various implementation
issues including both non-ROM based and ROM based implementations. In this chapter
the addition-squaring trade-off is also analyzed in detail. Some initial results on this
were published in [52]. Since the focus of the research was on the usefulness of the
squaring oﬁeration, the behavior with respect to hardware costs of the compuiation of
this operation in modular rings was also studied. Initial results on this were published in
brief in [53]. Details of these results are presented in chapter 4. Finally, chapter 5
concludes the research effort of this dissertation with some suggestions for future

research.



Chapter 2

Mathematical Foundations

In this chapter we present the mathematical basis to prove the validity of our
algorithms. The material in this chapter has a natural flow in the sense that it is presented
in the order in which it was developed. This chapter also defines the extensive notations

that are used throughout this dissertation.
2.1 Background

The starting point for this research has been reference [50], which described a
novel approach for implementing convolutions with small tables. The algorithm
developed in that paper, titled the one over eight squared algorithm applies the idea of
the quarter squared algorithm to compute a two-point cyclic convolution. The method is

briefly described.

The quarter squared algorithm technique [47]-[50] is based on the fact that the

product of two n-bit numbers x and y can be given as
xy = V4{(x +y)? - (x - y)?} (2.1)

Here look up tables can be used to compute the values of (x + y)2 and (x - y)2. If the
result of the operation xy is computed directly by using a ROM then the size of the ROM
required would be 220X 2n, however, if (2.1) is used then two ROMs each of size 2n+1
X 2(n+1) would be required. Thus the use of (2.1) yields a total ROM bit requirement
of 20+2 x 2(n+1) bits. Clearly for n > 2 the use of (2.1) requires fewer ROM bits,
however, there is an overhead in terms of adders. In general, it can be said that the use

of the quarter squared technique reduces the ROM bits from the order of 220 to 20,



Now consider the problem of obtaining the cyclic convolution of two two-point

sequences. The cyclic convolution of two sequences A = {ay, a;} and B = {by, by} is

by definition given as C = {¢(, ¢;} where ¢ = agb + a;b; and ¢; = agb; + a;b,.

Define[50]

u= ay+a;+by+b (2.2)
v=-ag+a; -by+b | (2.3)
w=-3g -a;+by+b; (2.4)
X =-3g+a; +by - by (2.5)

Then the two points of the cyclic convolution can be given as

Co= 1/8(u2 + v2 - w2 - x2) (2.6)
cy = 1/8(u2 +x2 - v2- w2) | 2.7
Equations (2.6) and (2.7) constitute the one-over eight squared algorithm of [50]
and they clearly demonstrate that the cyclic convolution of two two-point sequences can
be obtained solely by the use of additions, subtractions, and squaring operations. A
subtraction can be simply thought of as an addition as the hardware units that perform
subtraction and addition are approximately equal in cost. Thus hereinafter the number of
additions will include the number of subtractions. Also (2.6) and (2.7) show that the
term w2 always appears in the negative and hence the ROM that generates w2 can be

designed to directly generate -w2.

The one over eight squared algorithm can also be applied in modular rings,
provided the multiplicative inverse of 8 exists in the chosen ring. In the case when the
chosen modulus m is odd <8'1>m always exists, where <x>_ is read as x modulo m.
This can easily be shown as follows: when m is odd, m + 1 is even which implies that

(m + 1)/2 is an integer. Therefore the multiplicative inverse of 2 modulus m can be

given as <2'1>m =(m+ 1)/2 as 2(m + 1)/2 =m + 1 = <1>_ [50]. Thus since <2'1>m



always exists, <8-1> _ also always exists as <8-1> = <(2-1)> . Similarly, the
multiplicative inverses of all numbers that are powers of 2 exist when m is odd.
However, when m is even <2'1>m does not exist. To see this let us assume that it did
exist and its value is k. We then have <2k>_ = 1, which implies that 2k = mx + 1 (x is
some integer). But this is impossible as 2k and mx are even (m is even) and the
difference of two even numbers can never be equal to 1. We thus have a problem and
[50] provides some theorems to account for the round-off errors caused by this non-

existence of <2-1>, (m even).

2.2 Algorithm for convolution using an exponential

number of squares

The first effort in generalizing the one over eight squared algorithm resulted in
an algorithm for doing convolution using an exponential number of squares. Since the
algorithm used an exponential number of squares, it is impractical from the view point
of the cost of its hardware implementation. However, the insight gained from this
algorithm was that it might be impossible to obtain in an efficient manner each point of
the cyclic convolution directly as a function of a summation of squares. We next present

the algorithm along with an example.

Algorithm 2.1

Inpur:  The points of two n-point sequences {a, aj, .., 8, 1} and {by, by, ..., b, ;}.
Output: The cyclic convolution {cy, ¢4, ..., ¢,.1 } of the two given input sequences.

Method: The procedure uses only addition and squaring operations.

Procedure:  Each term of the cyclic convolution is given by

Cp 2n+1 ZL k(-DF, p=0,1, .., n-1

11



where the zpk's are terms of the matrix Zp. Matrix Zp is of size 21 x 1 and is formed as

follows:

1)

2)

3)

4)

a)
b)

Zp = Xp X Y where X is a 2™ X 2n matrix whose terms are +1 or -1 and Y is a
2n X 1 transpose matrix of {a, aj, ..., a, 1, by, by, ..., b1}

The rows and columns of matrix Xp are represented by subscripts i and j
respectively. Subscript i is in the range 0 to 2™ -1 and subscript j is in the range 1

to 2n.

The terms of matrix X, are defined by the following set of rules.
X =1 ifeitheri=0orj=1.

Fori>0and 1 <j<=n+1,letr;= 20/2j-1

Then
1 if i<rj
[ i
Xij—‘:‘-xi-lj if ) Z xij =il‘j
l=1—l‘j
kXi_lj otherwise

Fori>0andn+l <j<=2n,letr;= 2i-n-1

Then
_xit-l _] if i<l'j
Xij = 1%i-1j if i1is an integer multiple of T
—Xi1j otherwise

The matrices Xp forp=1, 2, .., n-1 are obtained from matrix X, by retaining
its columns 1 through n as it is and by rotating right the columns n+1 through 2n

by (p) positions.

12



Example: Suppose we wish to compute the cyclic convolution of two 3-point
sequences {ag, a{, 8} and {by, by, b, }.

From the above algorithm matrix Y is the transpose of [a, a;, a,, by by, byl

From step 3 we have

1 1 1 1 1 1
1 1 -1 -1 -1
1 -1 1 -1 1
1 -1 -1 1 -1

o
1]
— e ek ek e e
|
b
f—h
|
[u—
|
)

Multiplying the above matrix X, with matrix Y results in Z; which is a 8 x1

matrix with terms 2400 Zg1> -+ Zg7-

— -

zgo | [ag+ajp+ay+by+by+by]
Zo1 ag+aj;+ay—bg—b;—by
Zgn ag+aj—ap+byg—b;+by
203 ag+a,—ap—bp+b;—by
Zo4 ag—aj;+apy+byg+by—Dby
Zp5 ag—aj+tap—by—by+by
206 | |20 —a1—az+bg—b;—by

[207] [30—a1—ag —bg+by+by |
Thus
Co = '1‘15[230 ~ 21 + 2y — 23 + 734 — 755 + 256 - 237]
=agbg +asby +ajby

13



Similarly we have,

[ 1 1 1 1 1]
i 1 -1 -1 -1
1 -1 1 1 -1
1 -1 -1 -1 1

Lo T S~ W Uy T S " U S Sy

1 -1 -1 1 -1 1]
Multiplying matrix Z;with matrix B gives us Z; which is a 8 X1 matrix whose

terms are Zlo, le, ceey 217.

Z1p 'a0+a1 +a2+b0+b1+b2'
Z11 a0+a1+a2—b0—b1—-b2
212 a0+a1—a2+b0+b1—b2
713 a0+a1—a2—b0—-b1+b2
714 ao—a1+a2—b0+b1+b2
215 ao—-a1+a2+b0—b1—b2
716 ao—al—az—b0+b1-—b2

| Z17 KN ~-d1—ap +b0 - b1 + b2_‘
Thus giving
lro 2 .2 2.2 _ 2 2 2
€= E[Zm —21 + 212 213+ 214 — Zj5 Y Zj6 — Z17]
= albo + aObl + a2b2
and finally,
1 1 1 1 1 IT]
1 1 -1 -1 -1
1 -1 -1 1 1
t -1 1 -1 -1




Multiplying matrix X, with matrix Y gives us Z, which is a 8 X1 matrix whose

terms are Z20, Z21, ceey Z27.

Zy0 -a0+a1+a2+b0+b1+b2-
771 ag+aj+ay—-bg—b;—by
772 a0+a1-—a2—b0+b1+b2
%) a0+a1—a2+b0—b1—b2

Zh = =
2 Z)4 ag—aj+az+bg—by+by
Z35 ao—a1+a2—b0+b1—b2
226 | |a0—ar—az—bg—b;+by
| 227 | La0—31—32+b0+bl—b2_

Thus giving

lra 2 .2 2 2 2 2 2
€2 = 1gl?20 ~ 221+ 222 — 233+ 204 — Zp5 + 206 Z27]

=asbg +ajb;) +aghy

It appears that we are multiplying two matrices for each point. However, this is
not the case as the matrix notation is only a convenient form to represent the several
equations that are developed for each point. Also there is no actual division involved as

the last four bits are zero and by simply ignoring them we achieve the division by 16.

Although this algorithm is well structured from the implementation point of
view, it relies on squaring operations in the order of n2?, plus additions and
subtractions, and thus the cost is prohibitive. Clearly this is far greater than even the n2
multiplications required by the definition of the problem and thus no further work was
done on this algorithm. However this motivated us to look in other directions and our

results are presented in the next section.



2.3 Direct extension of the one over eight squared

algorithm

We now try to extend the one over eight squared algorithm to obtain the cyclic
convolution of two 4-point sequences. We first re-write the equations of section 2.1 in a

more nicer form as follows. Equations (2.2) - (2.5) can be re-written as

u= ag+a;+by+b, (2.8)
v= ag+a; -by-by (2.9)
w= a3-a;+by-b; (2.10)
X= ap-a;-by+b (2.11)

Then the two points of the cyclic convolution can be given as

co = 1/8(u2- v2 + w2 - x2) (2.12)

¢y = 1/8(u2 - v2 - w2 + x2) (2.13)
Now, our objective is to extend this method to obtain the cyclic convolution of

two 4-point sequences. Let the sequences be A = {ag), a;, 2y, a3} and B = {by, b, b,,

b3} and by definition, the cyclic convolution of the two sequences is given as C = {c,,

€15 €9, 3} where

Co = 2ybg + azb; +aby +a;bg (2.14)
¢y =a;by +agb; +azby +a5bg (2.15)
Cy =aybg +a;by +agh, +asgbsg (2.16)
C3 =agby +asb; +ab, +agb, (2.17)

Now, re-defining equations u through x based on the pattern of terms and signs
in equations (2.8) - (2.11), we have
u= ao+a1+az+a3+b0+b1+b2+b3 (2.18)

V= a0+a1+a2+a3-b0—b1-b2-b3 (2.19)

16



,W= ao-a1+a2—a3+b0—b1+b2-b3 (220)

X = a()'al+az‘a3'b0+b1'b2+b3 (2.21)

Then we find that 1/8(u? - v2 + w2 - x2) = ¢ + ¢y and 1/8(u2 - v2 - w2 + x2) =
¢y + ¢3. This gives us the notion that for any two n-point sequences if equations are
built on lines similar to that of equations (2.8) - (2.11) and then plugged into equations
of type (2.12) and (2.13) we can obtain 8 Xc,; and 8 X.c,; . ;. In the next section we
reinforce this notion by providing four theorems on the summation of the even c; and
odd c; taken separately. Going back to the cyclic convolution of the two 4-point
sequences we observe that if we have the quantities ¢, - ¢, and ¢, - ¢4 then they can be
added, subtracted with ¢j + ¢, and ¢ + ¢5 to obtain the individual points of the cyclic
convolution. This gives us the indication that we have to have formulae like equations
(2.8) - (2.11) that will generate the difference of ¢y and ¢, , and ¢; and c5. In general,
we would need formulae to generate the sum of the even ¢; with alternating terms having

negative signs and similarly the sum of the odd ¢; with the alternating terms having

negative signs. In the next section we provide two theorems that can be applied in

general to n-point sequences.

It is easy to see that if this method is extended further, say for two 8-point

sequences then the above promised extensions will yield X c,; and ¢y, (-1)}, however,
this would be inadequate. This is because the sum of Zczi and ZCZi (-1)i would give us
¢ + ¢4 and the difference ¢, + ¢4. (Similarly, for the odd points we would obtain ¢y +
C5 and ¢3 + ¢5.) Thus we would need to obtain ¢ - ¢4, ¢ - ¢4, €1 - €5, and ¢4 - . In
other words we would need to obtain the alternating sum and difference of ¢; where the
difference of the indices of two consecutive c; differ by 2, 4, ..., n/2. In later

discussions we let j denote this difference between consecutive c;. Also, we observe that

17



such a methodology of adding and subtracting different combinations of ¢; will be valid

only when n is a power of 2.

We divide the methodology of computing the cyclic convolution of two n-point
sequences based on squaring and addition operations into two parts: part 1 comprises
the computation of Y.c,; and X.c,, , | while part 2 that of Xc; i DX forall 0 <=1,
j<n/2,k=0,1,2, .., (n/j-1). (We note that j is a power of 2, >= 2). In section 2.4
we present eight theorems and proofs that are required for our complete methodology of
computing the cyclic convolution of two n-point sequences. Following that, in section
2.5 we compare and contrast three methods by which we can compute part 1 of the
methodology. In section 2.6 we present a formula fof the number of squares required
for any given n while in section 2.7 we present a formula for the total number of
additions required by our methodology. We conclude the chapter by presenting a full

blown example of computing the cyclic convolution of two 16-point sequences.
2.4 Squared law theorems for cyclic convolutions

In section 2.2 we have shown that trying to obtain each point of the cyclic
convolution directly as a function of a summation of squares required a total of n2"
squaring operations and thus was not of any practical use. In this section we present
eight theorems that we have developed for computing the sum and difference of the even
points taken together and the odd points taken together. Theorems 2.1 and 2.2 are taken
from our paper titled "New Multipliers Modulo 2N -1"[51]. They are presented here for

both, the sake of completeness and consistent notation.

Consider two sequences each of length n-points given as A = {ag, a, ... , ap-1)}
and B = {bg, by, ..., by-1}. Then the cyclic convolution between these two sequences

can be given as a n-point sequence C = {co, C, ... , ¢p-1} with each ¢j defined by

18
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n-1
Ci = ) aciks>, bk fori=0,1, .., n-1 (2.22)
k=0

In the above and in the rest of the dissertation <x>y, denotes the operation x modulo m

between integers. With reference to the above computation the following theorems

apply.
Theorem 2.1: Assume that n is even and define
wpl=ap+ay +..+ap1+bg+br+..+bpq (2.23)
wp2=2ap+aj+..+ap1 -bg -byg -... -bp-1 (2.24)
wp3 =aQ -ai+.. -ap1+bg -b1+... -bp1 (2.25)
Wp4 =aQ -a1 +.. -ap-1 -bg+b1 -... + bp-1 (2.26)
Then
L
2 2 2 2 %
Whl1 —Wnp2 +Wp3—=Wnpg4 = 8 ECZi = 8(00 +02+...+Cn_2) (2.27)
i=0
Proof:

2 2 2 2
Wil = Wn2 + W3 —Wig = (Wp1 + Wy )(Wpp —Wp2) +(Wp3 + Wpg (Wi —wpg)

_—1 _—1 _—1 ——1
= 42321 2b21 +4( Zazl 2a21+1)><(2b21 2b21+1)
i=0 i=0
——1 ——1 ——1 -—1 ——1 —-1 ——1 —-1
= 4( zazx + Zazm)( 2b21 + szm) +( zazx 2321+1)( ZbZI szm)]
i=0 i=0

|

o
D bai
i=0

Dy 24 |
2 2

_ i
=8 ag; ) by +8) agiy
=0 i=0 i=0
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= §[ 2 aevenDeven + z a0ddbodd]
all possible products all possible products
L
2
=8 Z Coj
i=0

and the proof of (2.27) is completed.

Note from equation (2.22) that cy; = 3 ayby, such that <v+w>p =2i or v+w =

nx + 2i. But since n=even it implies that v+w = even and therefore v and w are either

both even or both odd. This justifies the last step of the proof.

Theorem 2.2: Assume that n is even and define Wn1> Wnos Wnas and W4 28

given in theorem 2.1.

Then
%—1
wli—wly ~ w2 +wls =8 cpip1 = 8(cy +C3+..cpy) (2.28)
i=0
Proof: The proof is similar to that of (2.27) and is thus omitted.
Theorem 2.3: Assume that n is even and define
Xpl =ag+az+..+ag2+bg+br+ ... +byo (2.29)
Xp2=apg+ay+..+ay2 -bg -by -... -bp2 (2.30)
Xp3=a1+az+..+ay1+byr+by+...+byq (2.31)
Xp4 =81 +az+...+2a,.1 -by -b3 -... -bpq (2.32)
Then
g-—l
Xa) —Xap + X33~ X34 =4 Y cg; =4(co+Ca+.HCq_p) (2.33)

i=0
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Proof:
2 2 2 2
Xn1 = Xn2 + X3 — Xp4 = (Xp1 + Xp2)(Xn1 = Xp2) + (Xp3 + Xpg M(Xp3 — Xng)

n, B, L L
2 2 2 2

=4y ay Y boi +4 Y 2141 Y, bois
i=0 i=0 i=0 i=0

=4] z aevenbeven + Z aoddboad]
all possible products all possible products
L
2

=4 ¢y
e

and the proof of (2.33) is completed.

Note again from the definition of cyclic convolution that cy; = Z ayby, such that

<v+w>p =2i or v+w = nx + 2i. But since n=even it implies that v+w = even and

therefore v and w are either both even or both odd. This justifies the last step of the

proof.
Theorem 2.4: Assume that n is even and define
ynl =ap+a2+..+ap2+by+b3+..+bpy1 (2.34)
yn2=ag+ay+..+ap2 -by -bz -... -bpq (2.35)
yn3=ai1+az+..+ap.1 +bg+b2+..+bp2 (2.36)
ynd =ai+az+..+ap.1 -bp -b2 -... -bp2 (2.37)
Then
%—1
Ya1—Yiz+Ya3—Yaa = 42;,)02”1 =4(cy +c3t...+cy ) (2.38)
i=
Proof: 'The proof is similar to that of (2.33) and is thus omitted.

Theorem 2.1 and 2.3 both compute ¢,;, however theorem 2.1 is more useful for

computing the cyclic convolution in modular rings while theorem 2.3 is more hardware



efficient for computing the full precision cyclic convolution. The same can be said of

theorems 2.2 and 2.4. The advantages are described in detail in section 2.5.

Theorem 2.5: Assume that n > 2, n = 2P (=> n=4m), and define
Zn1=ap-ap+a4-ag+..-ag2+bg -bop+bg -bg+... -bpa  (2.39)
Zpp=ag-a3+aq4-agt...-ap2 -bg+by -bg+bg -...+bpy  (2.40)
Zn3 =41 -az+as-aj+..-ap1+by -bg+bs -by+... -bp (2.41)
Zng=aj-az3+as-aj+..-ap1 -by+bz -bs +by-... +bp1  (242)

Then

2 2 2 2
Zp1 —Zpo — 23+ 24 =4cg—cy +Cq —Cg+...—Cp_2) (2.43)
Proof:
2 2 2 2 _ _
Zn1 ~Zn2 ~ Zn3 +Zna = (Zn1 + 22 )(2n1 = Zn2) — (2n3 + Zng (Zn3 — Zpg)
== 4[(a0 e a.n_z)(bo Tees” bn_2) - (al "ees” a.n_l)(bl Tees” bn-l)]
=4[(ag +ag +ag+...+ap_4)—(ap +ag+ajg+..+ay_2)x
[(bg+bg+bg+..+by_g4)—(by+bg+bjg+...+by_2)]
-4[(a; +a5+ag +...+a,_3)—(ag+ay+aj +...+a,_PIx

[(by +bs +bg+...+ by _3)—(b3+by+by+...+by_1)]

m-1 m-1 m-1 m-1
—4[<Za4k><2b4a)+<2a4k+2><men
k=0 A=0 k=0 A=0
m-1 m-1
+A[( Y a1 )( Zbun )+ () aak43)( Zb4/1+1 )
k=0 1=0 k=0 1=0
m~1 m-1 m-1
~41( Y, ag)( Zb4z+2) +( D a4k42)( D, ban)l
k=0 A=0 k=0 =0
m—1 m-1 m-1 m-1
~4[( Y a4ke1)( b ar+1)+( D aaki3)( D bag3)]
k=0 1=0 k=0 A=0

=4(cg—Cp+cq—cCg+...—Cp_2)

and the proof of (2.43) is completed.
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Note that for the positive terms in the above expression the sum of the indices
modulo n of the a terms and b terms is always a multiple of four, thus the sum of all
positive terms will be 4(cqg + c4 + cg +...+ cp-4). Similarly for the negative terms, the
sum of the indices is a ((multiple of 4) + 2), thus the sum of all negative terms will be
4(ca + cg + €10 +...+ cp-2). This justifies the last step of the proof. Also observe that the
theorem holds good for any n that is a multiple of 4, i.e. not necessarily a power of 2.
However, since our main algorithm that describes our methodology requires n to be a

power of 2, we focus only on such cases.
Theorem 2.6: Assume that n > 2, n = 2P (=>n=4m), and define

Zns=ag-ay+a4-agt..-ap2+by -b3+bs -by+... -bp (2.44)
Zn6=2a0-a2+a4-ag+...-ap2 -by+b3 -bs+by - ... +byq (2.45)
Zny7=ai-az+as-aj+..-ag1+bg -ba+bg -bg+... -bypy  (2.46)

Zng =a1-az3+as-aj+..-ap1 -bg+b2 -bg +bg-... +byn  (2.47)

Then

225 — 726 +227 — 22 = 4(c; — €3+ C5 —C7+...—Cq_1) (2.48)
Proof: The proof is similar to that of (2.43) and is thus omitted.
Theorem 2.7: Assume that n is even and define
Wps= ag-4a1+a2-a3+..-ag1+byp -by+by -b3+... +by (2.49)
Wpe = -0 + a1 - a2+ a3+ ... +ap.1 +bg-by +by-b3+ ... -byg (2.50)
Then

2 ) n—1 .
W5~ Wne =4 D ci(-1)' 2.51)

i=0
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Proof:
2 2
Wi — Whe = (wn5 +Wn6)(Wn5 - Wn6)

=2( Z bai — 2 b2i+1)2( Z i ~ 2 a2i4+1)

i=0 i=0
n-1 n—l
= 4[( Za2l Z by; + Z 2i+1 Z b2i+1)
n-1 n- 1
—( Z ag; Z bois1 + Zazm 2 b2i)]
= 4[( Z aevenbeven + z a0ddbodd)
all possible products all possible products
=( Z aevenDodd + Z aoddbeven)]

all possible products all possible products

n—1 n-1
= 4{) coi — Y. Coiu1}
i=0 i=0
n—1 .
=4y ¢;(-1)'
i=0

and the proof of (2.51) is completed.

Theorem 2.5 generates the sum (or difference) of the even points of the cyclic
convolution with the alternating points having negative signs. We need to generalize this
theorem so that it is possible for us to automate the generation of the sum (or difference)
of the even points where the indices of the even points differ by powers of two. i.e. we
need a generalized theorem to generate (- Cy +C4 - ... C;p), (Co-Cq +Cg - ... € g)
and (Cp - Cg +Cqg - .- C2)s (€ - €g + C1g = - €pg)s (€3 - C1g +C1g - .- Cpg)» (€4 - €1
+ €y = - Cyg)» and (Cg - €14 + Cp - ... €,9), and so on. We would also need a
generalized theorem corresponding to theorem 2.6, i.e. for the automatic generation of
the odd points. We first present an algorithm to generate the equations that the
generalized theorem will use. We then present the generalized theorem and its associated

proof. We show that the same theorem can also be used for odd points.

24



Algorithm 2.2

Input:  The points of two n-point sequences {ay, ;, ..., 4,1} and {by, by, ..., b, 1}
and j, where j is the difference of the indices of two consecutive ¢; with

j=2%2%;k=0,1, ... (log, w/2) -1).

n/j -1

Output: 4 2 Ciakj -k
k=0

Procedure:

Step 1: Initialization step.

k=1,q=0,p=i.
(Obtain equations of type V,i,k)

. i _
Step 2. vnk-— ap = a<p +j>n + a<p + 2j>[] ese 7 a<p _j>n +
bq—b +b -b

<q+i> T P<p+ 2>y T P<q-jog’
Obtain V,il(kﬂ) by reversing signs of b terms in V,i,k;
k<- k+2;
p<--- <p-1>,;
q<-—- q+1;
If k <= 2j -1, go to step 2.

(Note that <p +g>, =1)

5 ., col n/j-1 .
Step 3: DVa)® D = 4 Y g (D)
k=1 : k=0

Step 4: 1< 14 2;
Ifi<=j-1,thenk=1;q=0; p=i; and go to step 2
else STOP.



Theorem 2.8: Assume that n is greater than 2, a power of 2, and for a given value

of i, j, and n define V,ilkbased on steps 1 and 2 of algorithm 2.2.

3 i ka1 T k
Then D (Vp)” (D" = 4 Y ¢y (1) (2.52)
k=1 k=0

Proof:

%
Y (Vi)? (~pkH

k=1
= 2 Vak *+ Vaaern) Vi = Vi) V' koddand <2j .
= 4(a<p>n - a<p +j>l'l . = a<p 'j>n)(b<Q>n - b<q+j>n e ™ b<q 'j>ll) +
4(a<p - 1>y a<p -l +j>p T a<p -1 -j>n)
(b<q+1>n' b<q+1 +j>p b<q+1 -j>n) +
.
ot
4(a<p-j +1>, " Aep + 1 >n o Aep + 1 -2j>n)
(b<q +j-I>, " b<q +2j- 1> s b<q - 1>n)
n/2j -1 n/2j -1 n/2j -1 n/2j -1
=4( Dapi 2~ Dap+ @) X bge2i— 2,bgrieni)+
1=0 1=0 1=0 1=0
e+
.+
n/2j -1 n/2j -1 n/2j -1 n/2j -1

4C Dapinie 25— D Ap-jute @D D Pqujole 25 = D bguj11+j)
1=0 1=0 1=0 1=0
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n/2j -1 n/2j -1 n/2j -1 n/2j -1
=4( Yapy 2 Xbgrat Xap+ @uehj 2, Dgr2i+n)i)
1=0 1=0 1=0 1=0
+ e
4 e
n/2j-1. n/2j -1 n/2j -1 n/2j -1
+4( Y ap ja1e 21 qu+] 1+ 21+ Zap i1+ @D D, Dai-le21e;)
1=0 1=0 1=0
n/2j -1 n/2J-1 n/2j -1 n/2j-1
-4 zap+(21+1)1 qu+21]+ Zap+ 2l qu+(21+m)
1=0 1=0 1=0
n/2j-1 n/2j -1 n/2j -1 n/2j -1
-4 Za Lj+l+ (214D qu+_| 1+ 20+ D Ap-jrle 2 qu+] 1+(21+1)j)
1=0
n/2j -1 n/2j-1
=40 D Cisati— D Civ2ieDj)
1=0 1=0
n/j-1
=4 ZCHk]( 1)
k=0

and the proof of (2.52) is completed.

Notice, from the last but third step, that in all the positive terms the sum of the

indices of a and b is of the form p+q+2lj and since <p+q>, =i (from step 2 of algorithm
n/2j -1
2.2), the sum of all positive terms reduces to 4( ZCH_ZU ). A similar argument can be
1=0

made for the negative terms. Aiso, note that in the initialization step of algorithm 2.2, i
takes a value passed by theorem 2.8 as opposed to being equal to zero. Other parts of

the initialization step remain unchanged. Thus the theorem can be used for odd and even

points alike.



Algorithm 2.3

Input:  The points of two n-point sequences {a,, g, ..., a,_1} and {by, by, ..., by 1}
Output: The cyclic convolution {c, ¢;, ..., €1} of the two given input sequences.

Method: The procedure uses only addition and squaring operations.

Procedure:
Step 1: r=1,i=0.
| Do theorem 2.3. Set result to X
. n/2 -1
We thus obtain X' =4 ) cpy
k=0
Step 2: j=2"
Do theorem 2.8. Set result to Z.
n/j -1
We thus obtain Z =4 ) ¢;, 1 (-DF
k=0
Step 3: Xic-o X 4 Z27L X <. xi -7 271

If j=0/2, then set ¢; = X'/ (4%2"), ¢;,; = X"/ (4%2"), and go to step 5.

Step 4: If j <=n/2, then r <--- r + 1 and go to step 2.
Step5: i<—-i+2;Ifi<=(?2-1), thenr=|logy i|+ 1 and go to step 2
else STOP. (All ¢,; have been computed).

In order to compute ¢,;, ¢ algorithm 2.3 with a few changes can be employed.

The changes are in step 1. Step 1 will read,

Step 1(odd c;): r=1,i=1.

Do theorem 2.4. Set result to X
. n/2 -1
We thus obtain X' = ) cogyg
k=0
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Steps 2 through 5 will remain unchanged with the obvious exception in step 5 wherein
when the algorithm stops, all ¢, , ; would have been computed. An implementation of
the above algorithm in Mathematica for n = 32, along with the results can be found in

the appendix.
2.5 Analysis of part |

As explained in section 2.3, part I of the overall methodology for determining
the cyclic convolution of the two n-point sequences, is comprised of the computations:
2.¢y; and Xcy; , - These can be obtained by using one of the following three methods.
The advantages and disadvantages of the three methods are compared and contrasted

below.
Method 1 :

We can use theorem 2.1 to obtain the sum of the cyclic convolution of all the
even points and theorem 2.2 to obtain the sum of the cyclic convolution of all the odd
points. Let us assume that each of the n points has k bits. Looking at equations (2.23)-
(2.26) we notice that each of the equations is a function of all 2n points. In equation
(2.23) all terms have positive signs and therefore the length of the result is k + log, 2n.
In the other three equations, namely equations (2.24)-(2.26), half have positive signs
and the other half have negative signs. In order to determine the length of the result, the
worst case assumption would be when all the points with positive signs have a value of
zero and all the points with negative signs have a value of 2K -1, i.e. a maximum value.
Such a situation will yield the smallest negative number of size k + log, n. But since this
number is negative, in an actual hardware implementation it will be represented in its

two's complement form and will therefore require an additional bit. Thus the number of

bits required for each of equations (2.24)-(2.26) will be k + 1 + log, n which is equal to
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k +log, 2n. Thus we see that the number of bits required to represent a number is the
same in all of the equations (2.23)-(2.26) and in general we can say that the number of
bits required for any equation will be the same if either all terms have positive signs or
half have positive and the other half have negative signs. Thus the ROMs required to

generate the squares of each of these equations will be of the same size.

Each of the squares required by equation (2.27) can be generated by a ROM of

size 2K +1082 205 ok 4 log, 2n). Since there are four squares the total number of

ROM bits required is given by

ROM bits - 4 squares = § x 2K +1082 21 5 (k + log, 2n) (2.53)

The number of additions required for adding 2n terms is equal to 2n -1. In order

to get w,; we would need 2n -1 additions. w2 can be written as (ag + ag + ... + ap.1) -
(bo +bi +... +bp-1) thus needing only one more addition. (We assume that the cost
of an adder is the same as that of a negator). wy3 can be written as (ag + ag + ...+ a,,)
- (a1 + a3 +... +ap1) +(bp +by+... +b, ) - (b1 +bg+... +bp.1) thus requiring
only three additional additions while wy4 can be written as (ag + a2 + ...+ a,»)-(ar +
ag+.. +ag.1) - (bo +by+ ...+ b_o) - (by+by+... +by.1)) thus requiring only one
more addition as the rest is generated while generating wy3. To do the additions and
subtractions required by equations (2.27) and (2.28) we need a total of four more

additions. Thus the total number of additions can be given by
Additions - 4 squares =2n + 8 (2.54)

The time delay for performing all the additions required by equations (2.23) -

(2.26) can be given by log, 2n A as each equation has 2n terms. Equations (2.27) and

(2.28) will require an additional 2 A. Here we assume that Ais the time required for

30



31

adding two [ bit numbers where /is in the range k <! < 2(k + log, 2n). Thus the total

time delay can be given as

Time delay - 4 squares = (3 + log, n) A (2.55)

Method 2:

In method 1 we used theorems 2.1 and 2.2 while the same results can be
obtained by using theorems 2.3 and 2.4. Here since each of equations (2.29)-(2.32) and
(2.34)-(2.37) have only half the number of total points, the length of the result of each

of these equations will be k + log, n. Thus the square of each these equations can be

implemented by using a ROM of size 2K+ 108220 % 2(k + log, n) and for 8 squares the

total ROM bits can be given as

ROM bits - 8 squares = 16 x 2K+ 10821 x (k + log, n) (2.56)

[»

The number of additions required for adding n terms is equal to n -1, In order t

obtain x,; and X3 as given by equations (2.29) and (2.31) we would need 2(n-1)
additions. X, and x, 4 as given by equations (2.30) and (2.32) can then be obtained by
just performing two more additions while y,; - ¥n4 as given by equations (2.34) -
(2.37) can be obtained by performing four more additions. Thus the total number of

additions including those required by equations (2.33) and (2.38) can be given by
Additions - 8 squares = 2n + 10 (2.57)

The time delay for performing all the additions required by equations (2.29) -

(2.32) and (2.34) - (2.37) can be given by log, n Aas each equation has n terms.
Further, equations (2.33) and (2.38) will require another 2Athus giving the total time

delay as

Time delay - 8 squarcs = (2 +log, n)A (2.58)



Method 3:

Another way of obtaining the sum of the cyclic convolution of all the even points
and all the odd points separately would be by using theorems 2.3 and 2.7. Theorem 2.3
gives us the sum of the even points of the cyclic convolution while theorem 2.7 gives us
the difference of the sum of the even points and the sum of the odd points. Therefore the
sum of the odd points of the cyclic convlolution can be obtained by taking the difference

of the results of theorems 2.3 and 2.7.

In method 2 we have shown that the length of the result of each of the equations

required by theorem 2.3 is equal to k + log, n while their squares can be implemented
by ROMs of size 2K+ 10821 5 2k + log, n). We note that there are four such ROMs. In
theorem 2.7, both equations are a function of all 2n points and in method 1 we have
shown that the result of such an equation is of length k + log, 2n. Each of the two

squares can be implemented by using a ROM of size 2X * 1082 2% » 2(k + log, 2n).

Thus the total number of ROM bits required can be given as

ROM bits - 6 squares = [8 x gk +logpm o logyn) ]+
[4 x 2K +1082 20 5 (k 4 10g, 2n)]
= 2k+3+1082 05 5k +logyn) + 1] (2.59)

We have already shown in method 2 that the number of additions required by
equations (2.29)-(2.32) is equal to (2(n-1) + 2). Equation (2.49) that generates w5, can
also be written as x,;; - X3 thus requiring only one more addition. Equation (2.50) that
generates w ¢, can also be written as x4 - X, thus again requiring only one more
addition. Equations (2.33) and (2.51) require four additions while to subtract equation
(2.51) from (2.33) we would need one more addition. Thus the total number of
additions can be given by

Additions - 6 squares = 2n + 7 (2.60)
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To compute the time delay for performing all the additions required by this
method it is easy for one to see that since equations (2.49) and (2.50) are the longest it

will be sufficient to determine the time delay to compute these equations. It was shown

in the analysis for method 1 that this is equal to log, 2n A. To obtain equation (2.51)
we will need one additional time unit or the total time can be given as (logy n +2) A.

The computation of equation (2.33) will also take (log, n + 2) Awhile to obtain the

difference of equation (2.33) and (2.51) we will need one more time unit, thus giving

the total time delay as
Time delay - 6 squares = (3 +log, n ) A (2.61)
2.5.1 Comparison of methods 1 - 3

Comparing equations (2.53), (2.56), and (2.59) we can see that the number of
ROM bits required by method 2 is the least. With respect to time delay for performing
the additions, comparing equations (2.55), (2.58), and (2.61) we once again find that
method 2 is the best although it is only marginally faster than the other two methods.
With respect to the number of additions, comparing equations (2.54), (2.57), and

(2.60) we find that method 3 is the best although again by only a marginal amount.

However, we should note that if computations are being performed in some
modular ring then method 1 would be the best as the size of the equations does not grow
and therefore the number of squares is of prime importance. Clearly, method 1 would

be the best as it requires only four squares.

For the sake of clarity we have in the remainder of the chapter assumed that part
1 is computed based on method 2 while keeping in mind that method 1 is to be used in

the event arithmetic is done in some modular ring.
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2.6 Number of squares

In section 2.5 we have shown that part 1 would need eight squares if method 2
was used. Irrespective of the methods used for computing part 1 the methodology for
part 2 remains the same. In this section we present a formula to compute the number of

squares required to compute part 2.

There are two ways of computing the number of squares required for part 2 of
the overall methodology. One is by examining algorithm 2.3 and determining how many
times step 2 is executed. This is because in step 2, theorem 2.8 is evaluated and theorem
2.8 in turn requires 2j squares to be computed. Thus by knowing the number of times
step 2 is executed for different values of j, one can estimate the number of squares
required. On the other hand, we can estimate the number of squares in a more intuitive
fashion by looking more closely at the methodology of part 2. We recall that in
algorithm 2.2 the following notations are used. The number of points being convolved
is represented by the variable n while variable i is used to represent the index of the
points of the cyclic convolution. The variable j is used to denote the difference between
two consecutive indices of the points of the cyclic convolution while k is a local variable
used to indicate the relationship between j and n. We now make the following

observations:

1) Part 2 of the methodology treats the even points separately from the odd
points, however either computation uses exactly the same concept. Therefore if we
compute the number of squares required by the even points all we need to do is double
that number to get the total number of squares.

2) For any given n the values of j are of the form X withk=1,2, ..,

log,(n/2). The maximum value of j is equal to n/2 and we can say there are log,(n/2)

stages.
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3) For any given value of n, i lies in the range O through (n/2 -1). Since we
are computing the even points and odd points separately i is incremented by 2 every
time. Thus the number of distinct i for a given n at every stage is equal to j/2.

4) The number of squares is a recursive formula, i.e., the number of
squares required for any value of n is equal to the number of squares required when j =
n/2 plus all the squares required for half the number of points i.e. when n := n/2. Thus
at every stage we only need to determine the number of squares required for the
maximum allowable value of j.

S) For every i there are 2j squares. Thus at every stage the number of

squares is equal to the number of distinct 1 times 2j, thus giving j/2 X 2j = j2.

Let 1, represent the number of squares required at stage k. Then from the above

observations it follows that L = j2 = 4k, k=1,23, ..., log, (n/2). Thus the total

number of squares required is given by

log, n/2
number of squares = z 4k
k=1

= 4/3 x (41082 M2 _ (2.62)

Thus the total number of squares, for computing both odd and even points, can

be given as
Total number of squares =2 x 4/3 x (41082 M2 _ 1)
=2/3 x (n? - 4) (2.63)

Table 2.1 compares the number of multiplication versus squaring operations required

for cyclically convolving two n-point sequences. This table assumes that part 1 of our
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Comparison of the number of multiplication versus squaring operations

Table 2.1:
n Number of Number of %
multiplications squares savings
n? 2/3 X (n? + 8)
4 16 16 0
8 64 48 25
16 256 176 31.25
32 1024 688 32.81
64 4096 2736 33.20




overall methodology is evaluated based on method 2. Thus the number of squares in

this table is computed based on equation (2.63) + 8 = 2/3 x (n2 + 8).
2.7 Number of additions

We have already estimated the number of additions required for part 1 of the
methodology. In this section we obtain a formula for determining the number of
additions required for part 2 of the methodology. A brief description of the meaning of

each of the variables can be found in the previous section.

For a given n, j has a maximum value of n/2. Also j =2 x 2k :k=0,1,2, ..,

log, n/4. For every value of j we have 2j equations consisting of a; and b;. From
theorem 2.8 we see that each equation contains (n/j - 1) a; terms and (n/j - 1) b, terms.
Also from algorithm 2.2, which shows how to construct these equations, we find that
the a; and b; terms appear only j distinct times. The a; and b; terms appear in the same
combinations for both odd and even points. The difference, however, is that the a; and

b, terms are combined differently for even and odd points. Thus the number of additions

for computing these equations can be given as

Term 1 - additions = 2) j(n/j—1) + D 2j x j (2.64)
vj vj
or
Term 1 - additions = 2n log, (/2) - 2 j +2Y j2 (2.65)
Vj Vj

We note that the first term of equation (2.64) represents the number of additions
required for obtaining the sum of the a; terms and b; terms separately. For every j there

are n/j a; terms and therefore we have (n/j -1) additions. Also, for every j there are j sets

of such equations. This explains the product under the summation. The 2 outside the
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summation accounts for the additions required by the b; terms. The second term
represents the number of additions required for combining the a; and b, terms. For every
j there are 2j equations and j sets of such equations. This explains the product under the
second summation in equation (2.64). (Note that this includes both the odd and even

points).

Since for every value of j there are 2j squares to add-subtract these squares we

would need 2j - 1 additions. Thus, we have

Term 2 - additions = ¥ j(2j~1) | (2.66)
vj :

The addition/subtraction of squares, which are accounted for by equation (2.66),
n/j—1 )
generate for every j, Zci +Kj (-l)k. These are in turn added with X* as shown in step
k=0

3 of algorithm 2.3. Initially, X' is the sum of all even ¢;, or in other words it consists of
n/2 points. An individual ¢; is obtained by adding to this quantity the alternating
difference of c; with varying distances between consecutive c¢;. This process thus
requires (n/2 - 1) additions and subtractions, before individual ¢; are computed. Thus

the number of additions is 2(n/2"- 1) or (n - 2) additions and a similar amount would be

needed for the odd ¢;. Thus we have the total number of additions for this process as
Term 3 - additions = 2(n - 2) (2.67)

Therefore the total number of additions for part 2 of the methodology can be

given by the sum of equations (2.65) - (2.67), thus giving

Part 2 - additions = 2n logy (n/2) - 2} j + 2 2+ Yi2ji-1 +2@-2)
vj vj Vj
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=2(n + nlog, (n/2)- 2) + 42j2' 32j

Vi Vj
log(n/4) log(n/4)
=2(n+nlog, W2)-2)+16 3y 456 Y 2K
k=0 k=0
= (1/3)[4n’ + 6n log, (n/2) - 3n - 10] - (2.68)

Assuming that we use method 2 for part 1, we have

Total number of additions = (1/3)[4n2 +6nlog, (0/2) +3n+20]  (2.69)

2.8 Example

In this section we present in detail all the necessary computations required to
compute the cyclic convolution of two 16-point sequences. The purpose of this example
is to illustrate the methodology, theorems, algorithms, and notations developed earlier in
this chapter. We consider two sequences A and B whose points are given as
A = {ag, ay, ay, a3, 8y, 35, a6, a7, Ag, g, 210, 317> A1y, 213, 214> 45} and
B = {bg, by, by, by, by, bs, bg, by, bg, by, by, byy, byys bys, by, bys} while their
cyclic convolution is given by
C = {cg, €1, €9, €3, €4, €5, Cg, €75 €g, Cgs €105 €175 €125 €13> C14» €15} Where each point

is defined by equation (2.22) or
15
Ci = D aci—ksqbk fori=0,1,2,..,15
k=0

In order to use our methodology, we have to run through the steps of algorithm 2.3.

Procedure:
Step 1: r=1,i=0
Do theorem 2.3
This will, based on equations (2.29) - (2.32), yield:
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xnl = a0+a2+a4+a6+a8+a10+a12+a14+b0+b2+b4+b6+b8+b10+b12+b14
Xpp = dgrHaytagtagtagta gty +a-byby-by-be-bg-big-byy-byy
Xn3 = a1+a3+a5+a7+39+a11+a13+a15+b1+b3+b5+b7+b9+b11+b13+b15

Xn4 = a1+a3+a5+a7+a9+a11+a13+a15-b1-b3-b5-b7-b9-b11-b13—b15

and from equation (2.33) we get

7
2 2 2
thﬂ —Xp2 ¥ Xp3 —Xpg T 42C2i =4(cqg +co+...+C14)

i=0
Set result to X'
Thus,
x0= 4(cyHey+eyHCgtCgtC gtC ntC4)
Step 2: j=2'=2
Do theorem 2.8

This will call step 2 of algorithm 2.2 withi=0,j=2,k=1,q=0, p =1, and n = 16,
thus yielding:

Vi1 = ag-ay+ay-agtag-aygHagy-ag o +by-by+bs-betbg-bg+bo-byg

Vi = ag-ay+ag-actag-aggtagp-a g 4-bytby-by+bg-bgtbig-byo-biy

0
Vi63= -2 +az-as+as-ag+ay1-ay3+a5+by-by+bs-by+bg-by 1 +by3-bys

V1064 = -a1+a3-a5+a7-a9+a1 1-3.1 3+al 5'b1+b3'b5+b7'b9+b1 1-b13+b15

and based on equation (2.52) we get

4 7
Y (Vig) 2 (DR =4 Y co) (=)= d(cy-cyreg-careg-ciHeia-Cra)
k=1 k=0

Set result to Z

Z= 4(CO-C2+C4'C6+08'C10+012"Cl4)
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Step 3:
X0« x4z
= 8(Cotcyteg+cyn)
and X%’<--X?-Z
= 8(cytcgtCiotciy)
Also, j # 8, and therefore we got to step 4.
Step 4: j <=8 is true and therefore r <--- r + 1 =2 and we go to step 2.
Step 2: j=2T=4
Do theorem 2.8 ‘
This will call step 2 of algorithm 2.2 with i =‘O,j =4,k=1,q=0,p=1i,and n = 16,
thus yielding:
Vib1 =g - a4 +ag - gy +bg- by +bg-byy
Viky =ag-a, +ag-a55-by+by-bg+byy
Vigs =-a3+ a7 - gy +aj5+ by - bs +bg by
Vibs =-a3+a;-ag +aj5- by +bs-by+ by
Vibs =8, + ag - a9+ ag4 + by - bg +big - byy
Vigs = -y + g - 19 + a4 - by + bg - bg+ byy
Vik; =-al +a5-29 +al3 + b3 - b7 + bl1 - b15
Vikg =-al +a5-2a9 +al3 - b3 +b7-bll +bl5

and based on equation (2.52) we get

8 3
Z(Vloék Y-k =4 Y can(-D¥ = 4(cq- ¢4+ cg- cq0)
k=1 k:o

Set result to Z
Z= 4(C0 -Cq + CS- 012)

Step 3:



X0<- X047 % 2

= 16(cy + cg)
and X<--Xx2-Zx2

= 16(cy +Cq9)
Also, j # 8, and therefore we got to step 4.
Step 4. j <= 8 is true and therefore r <--- r + 1 = 3 and we go to step 2.
Step 2: j=2"=8

Do theorem 2.8

This will call step 2 of algorithm 2.2 withi=0,j=8,k=1,q =0, p=1i, and n = 16,

thus yielding:

Vi1 =ag - ag+ by - bg
Viks = ag - ag - by + bg
Vl%3 =-a;7 +ay5+ by - bg
V1064 =-87 +ay5- by +bg
Vigs =-ag+ajq+ by - by
Vigs = -ag + 14 - by + by
Vig7 =-a5+aj3+bs3 - by
Vikg =-a5+ay3 - by + by
Vigo =-a+a13 +by - by
V{10 =-a4 +a13- by + by
Vi1 =-a3 +ay +bs- by
Viki2 =-a3+a51 - bs + b3
Vib13 =2y + 59+ bg - byg
Vib14 = -2y +a19- bg+ by
Vibis =-a; + a9+ by - bys

0
Vil =-2) +a9 - by +bys
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and based on equation (2.52) we get

16 1
Y (Vis)? (D5 =4 Y e (-DF = 4(co - cp)
k=1 k=0

Set result to Z
Z= 4(C0 - C8)

Step 3:
X0c-xX04+7Z x4
= 32
and X8<-x0-zx4
= 32cg

Also, j = 8, and we note that c¢; and cg are indeed equal to %932 and X8/32, and we go

to step 5.
Step 5: i<---i+2=2andi<=7 is true, therefore r = 2 and we go to step 2.
Step 2: j=2=4

Do theorem 2.8
This will call step 2 of algorithm 2.2 withi=2,j=4,k=1,q=0,p =1, and n = 16,
thus yielding:
V1261 =ay - ag+ay0- 14 + by - by +bg - byy
V1262 =ay-ag+ajg-ay4-by+by-bg+byy
V1263 =ay-ag+ag-aj3+by-bs+bg-bys
Viss =ay - as+ag - ag3- by +bs - by + by

2
Vies =ag-ag+ag-ajp+by-bg+bjg-byy
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Viss =80 - a4 +ag - 413 - by + bg - byg + by
Visr =-a3 +az-ajy +ays+by-by+byy - bys
Visg =-a3+ a7 - a7) +aj5- by +by-byy +bys
and based on equation (2.52) we get

8 3
Z(V126k P(-pkH =4 202+4k(—1)k =4(Cy-Cg+C1p-C14)
k=1 k=0

Set result to Z
Z=4(cy-cg+Cqp-C1q)
Step 3:
X2<-X24Z %2
= 16(cy +¢q()
and X0<--X%-Zx2
= 16(cq +C1y)
Also, j # 8, and therefore we got to step 4.
Step 4: j <= 8 is true and therefore r <--- r + 1 = 3 and we go to step 2.
Step 2: j=2"=8
Do theorem 2.8
This will call step 2 of algorithm 2.2 withi=2,j=8,k=1,q=0,p =1, and n = 16,
thus yielding:
Vi1 = a3 - a9 + by - by
Visp =, - a1 - by + bg
Visz = ay - 29 + by - by
V1264 =a;-29-by+by
Vis =g - ag + by - byg

2 . r
Vies = a9 -ag - by +byg
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Vis7 =-a7 +a;5+bs - by

Vi =-a7+ay5- by + by

Vo =-ag+ajq+by- by,

Vis10 =-36+a14- by + by
Vis11 =-as +aj3+ bs- by
Vis12 =-a5+ay3 - bs+ by
Vig13 =-a4+ajp +bg-byy
Vis14 =-a4+agy- bg+ by
Vis1s = a3 +ay; + by - bys
V16 =-a3 +ajy - by +bys

and based on equation (2.52) we get

16 1 '
2(V126k)2 ¥ =4 202+8k(—1)k =4(cy- ¢19)
k=1 k=0

Set result to Z
Z=4(cy- cqp)

Step 3:
X2<- X2+ Z x 4

Also, j = 8, and we note that ¢, and ¢, are indeed equal to X232 and X19/32, and we

go to step 5.

Step 5: i<---i+2=4andi<=7is true, therefore r = 3 and go to step 2.
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Step 2: j=2"=8

Do theorem 2.8
This will call step 2 of algorithm 2.2 withi=4,j=8,k=1,q=0, p =1, and n = 16,
thus yielding:
Vis1= 24 - a1 +bg - by
Viez =a4- a3 - by + by
Vies =a3- ay; + by - by
Vigs =a3-ay; - by +by
Vies =a5- 219+ by - byg
Viss =a, - 19 - by +byg
Vigr =ay - ag+by - by
Vies =a; - ag- by + by
Vieo =ag- g+ by~ by,
Vi610 =2 - ag - by + by
Vi611 =-a7 +aj5+ bs - by
Vib12 =-a7+aj5- bs+ by
Vib13 = -2+ a14 + bg - bya
Vi614 =-ag+a14 - bs+byg
Vieis = -a5+aj3+ by - bys
Vi6i6 =-a5+ay3 - by +bys

and based on equation (2.52) we get
< 4 2 k+1 ! k
Y Vig) DK =4 Y cqugi(-DF=4(c4- )
k=1 k=0

Set result to Z

Z=4(cy- cpp)



Step 3:
Xt X+ Z x 4
= 32¢4
and XZ<-X*-Zx4
= 32¢q,

Also, j = 8, and we note that ¢, and ¢, are indeed equal to X*/32 and X1%/32, and we

go to step 5.
Step 5: i<---1+2=6and1i<=7 is true, therefore r = 3 and go to step 2.
Step 2: j=2"=8

Do theorem 2.8
This will call step 2 of algorithm 2.2 withi=6,j=8,k=1,q=0,p =1, and n = 16,
thus yielding:
Vis1 =ag- 214+ by bg
Visz =ag-a14- by +bg
Vigs =a5-a53+by - by
Visa = a5 - ag3- by + by
Viss =a4-a1p+by-byg
Viss =24~ 213~ by + by
Visr =a3-ay; +b3-byy
Visg =a3 - ayy - by + by
Viso =a- a9+ by- by,
Visto =25 - 239 by +byy
Visi1=a; - a9+ bs- by
Visi2 =a; - 2 - b5 +byy

6
V1613 = aO - 38 + b6 - b14



48

6
Vigla =2g-ag-bg+byy
6
Vig15 =-a7 + 215+ by - by
6 _
Vig16 =-a7 +a;5- by +bys

and based on equation (2.52) we get
LY 6 \2 k+1 . k
D (Vig) (D =47 cugr (D =4(cg - c14)
k=1 k=0

Set result to Z
Z = 4(06 - C14)

Also, j = 8, and we note that cg and ¢y 4 are indeed equal to X%32 and X14/32, and we

g0 to step 5.

Step 5: i<---i+2=8andi<=7is false and so we stop. We observe that all ¢,

have been computed.

The ¢, , 1 can be computed in a similar fashion and therefore it is not presented

here.



2.9 Summary

All the necessary theory required to compute the cyclic convolution of two n-
point sequences where n is a power of 2 has been developed in this chapter. We have
presented a new methodology for a hardware based implementation of the cyclic
convolution operation. Eight theorems that were developed as a part of this dissertation
form the mathematical basis for our methodology. Our methodology consists of two
parts, part 1 and part 2. By selective utilization of the theorems, part 1 can be evaluated
in three different ways, referred to as methods 1, 2, and 3. A comparative analysis of
the three methods was provided in section 2.5. Part 2 can only be evaluated in a unique
manner and the required equations are provided by algorithm 2.2. The overall
methodology was described by algorithm 2.3. The algorithms did not use
approximations of any kind and are therefore inherently free of any round-off errors,
thus eliminating the need for error correcting hardware. To complete the theory we have
also derived non-recursive formulae to obtain the number of squares and additions

required by our methodology.

We have shown that while our algorithms require fewer squares than
multiplications required by a traditional computation, we require more two-operand
additions. Further, the number of squares has been approximately reduced by one-third
while the number of additions have been increased by about a third. However, we
observe that this is not a zero gain, for we have decreased the number of expensive
operations, namely, the multiplication operations, at the cost of increasing the
inexpensive operations, namely, the addition operations. One must note that this is a fact
independent of the technology of implementation. Also, we note that the formula on the
number of additions is not an accurate reflection of the increase in hardware cost. This is

because our implementations rely primarily on multi-operand additions and by selecting
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a suitable implementation, one can not only reduce the amount of hardware but can also
decrease the time delay associated with the computation. In the next chapter
implementation issues of the convolution operation based on the definition and our

method are discussed in detail.
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Chapter 3

Implementation Issues

In the previous chapter we have developed algorithms for performing the cyclic
convolution of two n-point sequences. In place of the multiplication operation, we used
the squaring operation. While our algorithms require fewer squaring operations when
compared to the number of multiplication operations required by the traditional
technique, we require more addition operations. However, since our equations require
multi-operand adders the count of two-operand addition operations may be somewhat
misleading. In this chapter we present carry-save adder (CSA) and read only memory
(ROM) based implementations and discuss hardware cost and speed trade-offs. The
purpose of these implementations are not to provide the DSP engineer with an off the
shelf design but more for the purpose of precisely analyzing the effect of the increase in
the number of additions caused by our methodology. We then also show how the

convolution operation can be applied to the problem of multiplying two numbers.
3.1 CSA implementation of the multiplication operation

Since our goal is to compare hardware requirements of algorithms based on the
multiplication operation with that of algorithms based on the squaring operation, we first
consider the implementation of the elementary functions. We illustrate this comparison
by calculating the hardware required for a CSA implementation of an eight-by-eight
multiplier and in the following section we calculate the hardware required for a CSA
implementation of an eight bit squarer. These implementations are based on schemes

for parallel multipliers offered by Dadda [54]. Dadda's method is based on successively
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adding the corresponding significant columns of the partial products until only two
numbers are left. The sum of these two numbers yields the product of the original two
numbers. In [54], Dadda has shown that there exists a sequence of numbers which
should be used to determine the appropriate height of the partial product matrix at each
level. For the case when a full adder is used the sequence of numbers is: 2, 3, 4, 6, 9,
13, 19, 28, e.t.c. Each term in the sequence is obtained by multiplying the preceding
term by 3/2 and taking the integral part. The use of such a sequence of numbers

generally yields the fastest implementation with the least amount of hardware required.

Figure 3.1 shows the multiplier scheme for obtaining the product of two eight
bit numbers. The multiplication of two eight bit numbers requires the summation of
eight partial products each of length eight bits. Each 'x' in the figure represents a single

bit of the partial product, with the least significant bit on the right most side.

The CSA tree implementation requires four levels, labeled 1 through 4 on the left
side of figure 3.1, to obtain two numbers whose sum yields the product. Each of the

level requires a delay equal to the delay through one full adder, in this context also

——

known as a carry-save adder, and is denoted as 1 XD While the final two numbers .

can be added using a fast adder such as the carry look ahead adder. For the purpose of
providing a fair comparison between all methods we assume a simple ripple carry
propagate adder(CPA). We denote the delay of such an adder as 1 XDpy - The number
of full adders and half adders required in each of the levels is indicated on the right side
of figure 3.1. (The notation of indicating the level numbers and the number of full and
half adders will be used in all figures depicting CSA tree implementations.) The
maximum height of a column in level 1 is 8. From the sequence given earlier, we find
that the largest number less than 8 is 6. Therefore, the objective at this level is to ensure

that the height of every column is not greater than 6 at the next level. Also, this is to be
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CSA implementation of an 8 x 8 multiplier
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achieved by using a minimum number of half and full adders. Note that the use of a full
adder reduces the height of the column by 2 while a half adder reduces the height of the
column by 1. For instance, at level 1, columns () through 5 need no manipulations, for
they all have a height less than or equal to 6. Column 6 uses one half adder to reduce its
height from 7 to 6, while column 7 uses one half adder and one full adder to reduce its
height from 8 to 6. The use of one half adder and one full adder actually reduces the
height of column 7 by three but since there is a carry-in from column 6, the final height
of column 7 in level 2 is 6. In a similar fashion the others columns are reduced.
Eventually after level 4 we are left with two numbers that are added using a CPA to
produce the final result. From figure 3.1 we see that the hardware required by an 8 x 8
multiplier requires 35 full adders, 7 half adders, and one 15 bit CPA. If the CPA is
based on a simple ripple carry adder then the CPA would require 14 full adders and 1
half adder. Thus the total number of full adders required is 49 and the total number of

half adders required is 8. The time delay for the entire computation can be given as

4><DCSA+ lxDCPA.

In order to mechanize the computation of the amount of hardware required for a
CSA based implementation of multi-operand addition, the above procedure is written as
an algorithm and then coded in Mathematica. The Mathematica version can be found in

the appendix.
Algorithm 3.1

Input: A list, L, whose elements are the heights of the columns of the array of

numbers to be added, with the elements listed in the order of least to most

significant. Let the elements of this set be L, L,, ..., Lj.
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Output:  The amount of hardware required to add the array of numbers in terms of
full adders, half adders, and two-input gates and the time delay required to
perform this computation in terms of number of CSA and CPA levels.

Procedure:

Step 1: Denote the largest element in L as max[L]. Obtain a set, T, of the numbers
of the sequence based on [54], with the last element of T being the largest
number smaller than max[L]. Let the elements of this set be Ty, T,, ..., T;.
Use variables fa and ha to kéep track of the number of full adders and half
adders respectively. Initially these variables are set to zero.

Step2:  The cardinality of set T is the number of CSA levels required to add the array
of numbers. The number of CPA levels is always one.

Step3:  Setj=1.

Step4:  IfL;>T, then fa-temp= | (L;-T;)2];

ha-temp = [ (Lj = T;)/2 | - fa-temp;

Step5:  Set Lj =T;, and increase the height of the next column by the carries
generated by the current column. i.e. the height will be increased by an
amount equal to the sum of fa-temp and ha-temp.

Step 6: fa =fa + fa-temp and ha = ha + ha-temp.

Step7:  j=]+ 1; repeat steps 4, 5, 6. (i.e these steps are performed on all columns
of setL.)

Step 8: When there are no more columns to update, repeat steps 3 through 6 for the
next smaller element in T, i.e., T, ;.

Step9:  When there are no more elements in set T, the number of full and half adders

required by the CSA tree has been computed.
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Step 10:  Add to the number of full and half adders the size of the carry propagate
adder in terms of full and half adders.
Step 11:  Compute the number of two-input gates by treating a full adder as 5 two-

input gates and a half adder as 2 two-input gates.

The justification for step 4 is given as follows: Each full adder reduces the column size
by 2 bits. Therefore, if the number of bits to be reduced is odd, say e = 2k + 1, then k
full adders and 1 half adder will be required to reduce the height by e bits. Since 1 half
adder reduces the height by 1 bit, one can also say that 1/2 a full adder reduces the
column size by 1 bit. Thus each non-zero fractional part of the computation of the

number of full adders contributes a single half adder.
3.2 CSA implementation of the squaring operation

Now we consider the squaring of an eight bit number. Let the number be

represented as A = a;aca5a4a48,2,3,. The square of A can be given as

214 a;as 213 4 ag 212 212 212 a7 21 agdy 211

210

2 _ 14
A = ay PARES ajag
210

+ a7a4
210

+ 3635

+ag + aja, 210 + agag + a5y + aqay 29 + a6, 224 a5y 29 +ay 28
+ aqa, 284 agdy 28 4 a5y 28 4 aja, 284 g2 27 + 252y 27 4+ aja, 27 4 a3 26
+ a2 264 a4, 20 4 ajdy 26 4 a42, 25 +a3a; 25 4+ a, 244 azay 244 a3, 24

+a2a()23+a1 22+a1a022+a0 3.1)

Each of the product terms a;3;, also called summands, can be obtained by a 2-input
AND gate since a; and a; are each one bit long. The addition of the various terms of
equation 3.1 can be obtained by re-arranging them as an array of summands as shown
in figure 3.2. Here the terms of each column have the same weight. In a sense, we can
say that we are adding five 15-bit numbers many of whose individual bits are zero.

These zero bits are not shown in the figure.
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14 13 12 11 10 9 8 7 6 S5 4 3 2

47 735 dg 3dgdq A5 dA5d3 Ay Ay a3 QA Ay iy 4y

4736 d46d5 a783 A5y Agdy a3 A53; A Yy 3y 4139
ayy 463 A7) a5y A3y a4dy a33g
a7 461 4539
4780

Figure 3.2:  Array of summands for an 8 bit squarer
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Figure 3.3 shows the CSA implementation of the eight bit squarer. Here each term of
figure 3.2 is represented by a x. The figure relies again on the sequence of numbers
given in section 3.1, namely 2, 3, 4. Since the height of the tallest column is 5, in level
1 the objective is to group the x's such that the height of no column is greater than 4. In

level 2 the objective is to limit the height to 3 and in level 3 to 2.

From the figure we see that the amount of hardware required is 10 full adders, 5

half adders, and one 15 bit CPA and the time delay is 3XDg,. Comparing this with

the hardware required by an 8 x 8 multiplier we find that the squarer requires around a
third of that required by a multiplier and is faster by 1XDg . Clearly, there is an
advantage to designing algorithms around the squaring operation. While designing CSA
based implementations, one is generally guided by [54]-[56]. However, a closer look at
the array of summands to be added for the squaring operations yields the configuration
shown in figure 3.4. Here although the total amount of hardware is the same as that of

figure 3.3, we find that there are fewer levels , i.e. it is faster by 1XDg . We observe

that by treating the cost of a full adder as 5 two-input gates and the cost of a half adder

as 2 two-input gates the total cost including the cost of a;a; terms is 88 two-input gates

plus one CPA.

In summary, it appears that the number of levels required to add a set of
summands in a parallel fashion is not only a function of the height of the tallest column
but is also a function of the heights of the other columns and their relative placements.
One must note that such a situation does not arise in the multiplication of two distinct
numbers as the height of the columns then monotonically increases, reaches a maximum

value, and then monotonically decreases.
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Figure 3.3: CSA implementation of an 8 bit squarer.
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Figure 3.4

Intuitive CSA implementation of an 8 bit squarer.

60



3.3 Alternate CSA implementation of the squaring
operation

Other parallel implementations of the squaring operation can be found in [57],
[58] while serial implementations can be found in [59]. Jayashree and Basu in [58]
show that their method is both faster and cheaper than that of [57]. In this section we
propose yet another parallel implementation that not only compares very well with [58]
with respect to both cost and speed but is also regular, more modular, and easier to

design.

We first present our alternate method and then compare it with reference [58].

Looking at figure 3.2 we notice that in each of the columns 2, 4, 6, 8, 10, 12, and 14

there exist terms of the nature a; and a;a; ;. For instance, in column 6 we have the terms

aj and aja,. We can therefore substitute in place of these two terms their sum, a;a;_q,
and carry, a;a; ;. In the case of column 6 the sum azaj replaces the terms ag and asa,
and the carry aja, is placed in column 7. Thus we have reduced the height of column 6
by one and at the same time increased the height of column 7 by one. Performing this

simple manipulation on every such pair of terms yields the array as shown in figure 3.5.

We observe from this figure:
i) the height of the tallest column is less than that of figure 3.2 by one, and

i) the array of summands to be added now exhibits a very regular structure.

Method of [54] is then applied to this reduced regular array of summands to
yield the final result. Figure 3.6 details the implementation and from this we see that the
amount of hardware required is 9 full adders, 5 half adders, and one 15 bit CPA and the

time delay is 2XDgpgp + 1 XDpp- Thus, compared with the implementation in section

3.2, with no loss in speed we have reduced the number of full adders by 1 and have
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Figure 3.5:  Reduced and regular array of summands for an 8 bit squarer
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Figure 3.6: CSA implementation of reduced 8 bit squarer.



also produced a regular structure. However, our manipulations will require 7 additional
two-input gates which compares with the cost of a full adder. Treating the cost of a full

adder as 5 two-input gates and the cost of the half adder as 2 two-input gates the total

cost including the cost of a;a; terms is 90 two-input gates plus one CPA. In summary
our manipulations have not resulted in either hardware or speed improvement but has

achieved regularity.

Our method and that of [58] rely on the same basic principle, i.e. first reduce the
squaring matrix and then apply Dadda's scheme to obtain the final result. In the process
of using Dadda's scheme both methods rely on a CPA to compute the final sum. Since
this step requires the maximum amount of time the CPA is generally implemented using
some fast carry lookahead adder. However, since both methods require this CPA, the
cost and delay of this unit can be ignored without affecting the quality of the analysis.
One might argue that the CPA in [58] is smaller than ours by 2 bits, but needless to say,
this is marginal. Thus the comparison process reduces to estimating the hardware and
time delay required for the data stream to reach the CPA. In [58] the authors rely on the
properties of the squaring matrix which has the shape of a parallelogram while we rely

on equation 3.1 and some simple manipulations.

We now estimate the amount of hardware and time delay required by [58] and
for the sake of clarity we use their notation. In [58], in order to reduce the height of the
columns, the authors define equations L through L16- The authors of [58] state that the
generation of these equations requires no full adders. While this is true, the hardware

and time delay required by these equations is the same as that of a full adder. The cost of

hardware required by the terms L; where i = 1 through 16 is estimated as follows.

Terms L, and L, require no hardware. Terms L;, wherei =35, 7, 9, 11, 13, are of the

form ag,.1y2 .12 (3.3y2 + 23y + 2320812 D 3(i43)- Clearly this is a 3-
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level circuit with 6 two-input gates. A full adder can also be realized with 3 levels while
requiring only 5 two-input gates. Terms L;, where i = 6, 8, 10, 12, 14, are of the form
aG.2)12 (ayp @ ag +2),2) + A 4)23i2( +2),2). Each of these terms require 5 two-input
gates and 3 levels. Each of terms L; and L ¢ require one gate while each of the terms L,
and L5 require two gates. From the above analysis it is clear that the generation of all L;
terms requires the same delay as that of a full adder, i.e., IXDng, while the total
hardware is 61 gates. The remaining a;a; terms require 10 two-input gates and to reduce
the L; and a;a; terms to two numbers that can serve as inputs to the CPA requires 2 full
adders and 3 half adders. These adders contribute another 1 XDg 4. Thus the hardware
required is 87 two-input gates and the time delay is 2XDg 5. Once again, there is no

improvement in speed while the hardware cost is only marginally better. However, this

method requires four additional types of hardware units, over and above the full adder

and half adder. Two distinct types of units are needed to realize L, and L, 5 while two

more distinct types of units are required to realize the other odd and even L, terms.

In summary, we have presented an alternate parallel implementation for the
squaring operation and have shown that while its performance and hardware cost is
approximately the same as that of [58], our implementation is not only regular but also
simpler to design and more modular in the sense of requiring fewer types of hardware
units. Further analysis shows that the technique of [58] for higher word lengths
produces hardware savings, but is slower. It appears that for small word lengths
different designs yield similar hardware cost and speed functions. Thus for VLSI
implementations it may be more important to focus on designs that are both regular and

modular.
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3.4 CSA implementation of the cyclic convolution

In the previous section we have discussed CSA implementations of the squaring
operation in detail. We had clearly demonstrated that the computation of the squaring
operation is both faster and cheaper than that of a multiplication operation. We observe

2

that this is primarily due to the fact that the multiplication operation has n“ summands

n
while the squaring operation has ( 2) + n summands. While both operations require

summands in the order of nZ, the squaring operation in terms of absolute values
contains approximately half the summands. Thus, if a particular function can be
evaluated by using either squaring or multiplication operations and the number of
operations in either case are of the same order, then it is reasonable to expect to have

hardware savings in the magnitude of a factor as opposed to an order.

Before we discuss implementations of the cyclic convolution operation, we
would once again like to emphasize that the purpose of these implementations are not to
provide the DSP engineer with an off the shelf design but more for the purpose of
analyzing the effect of the increase in the number of additions by our methodology.
Referring to equations (2.63) and (2.69) we find that we have reduced the number of
squaring operations by one-third and at the same time we have increased the number of
addition operations by a third. At this point we hypothesize that this is not a zero gain.
In the ensuing sections we demonstrate the validity of this hypothesis by deriving the
cost and speed functions of the cyclic convolution of 4, 8, and 16 points. We present
three CSA based implementations, the first two are based on the definition and the third
is based on our methodology. We call the first implementation, traditional, the second,
modular, and the third, squares. We conclude our section by presenting a detailed

discussion that analyzes all the results obtained.
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3.4.1 4-point cyclic convolution-traditional

The cyclic convolution of two four point sequences is considered. Let the two
sequences be A and B with A = {aj, a), a;, a3} and B = {b3, by, by, by}. Let each of
these points be of length 8 bits and represented in two's complement form. An
implementation by definition would require the computation of 16 products, i.e. every

point of a sequence is multiplied with every point of the other sequence. The cyclic

convolution C is given by C = {c3, Cy, C1» co} with cg, ¢y, €2, and c3 defined as

co = agbg + azby + apbp + a1bs 3.2)
c1 =aibg + agby + azbz + azbj (3.3)
c2 = azbg + a1by + agby + azbj 3.4)
c3 = azbg + agby + ajbz + agbs (3.5)

A pictorial representation of the cyclic convolution operation of two 4-point sequences,
each point consisting of 8 bits is shown in figure 3.7. In this figure each point is
represented by +, the individual bits of each point by x, the product of two points by
®, and each point of the cyclic convolution by @. Note that the product of two x's
gives another x and this operation is achieved by a two-input AND gate. Now, instead
of computing each product, i.e. evaluating ®, and then adding the four products to
obtain a point of the cyclic convolution, we can line up all the partial products of the
four points and then add them simultaneously using a CSA tree implementation. This
way, we would need only one CPA for each point of the cyclic convolution. We refer to
such a method of computation as traditional. The CSA tree is reduced based on the rules
given in [54]. The list L for ®, a 8 by 8 multiplication is given as {1, 2, 3,4, 5, 6, 7,
8,7,6, 5,4, 3,2, 1}. Since we are trying to add the partial products of four
multiplications, each element of this list has to be multiplied by 4. Applying this list to

algorithm 3.1, the following results are obtained:
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L = {4, 8, 12, 16, 20, 24, 28, 32, 28, 24, 20, 16, 12, 8, 4}
# of Full Adders = 222

# of Half Adders = 13

# of Full Adders including CPA =238

# of Half Adders including CPA = 14

#of CSA Levels =8

#0of CPA Levels =1

Size of CPA =17

Number of 2-input gates including CPA = 1218

Since there are four points the total number of two input gates is given as 4872 while the
time delay remains as 8 XD g + 1XDpy. This is because we are performing the
computation of all four points in parallel. Also, each bit of the partial products requires a
two input gate. Since each multiplication operation consists of 8 partial products each
with 8 bits, the number of two input gates required to obtain these bits is equal to 64.
Since there are 16 multiplications the total number of two input gates required to
compute these bits is equal to 1024. The time delay to compute these bits is the delay of
one two input AND gate, however, this delay is ignored as no matter which method is

used it always exists. The results are summarized in the following two equations:

Hardware, 4T8 = 5896 (3.6)
Time Delay, 4T8 =8 XDCSA +1 XDCPA (3.7)
3.4.2 4-point cyclic convolution-modular

As the problem size becomes larger, i.e. both the number of points and the size
of each point increases, it may not be possible to add the partial products of all the

multiplication operations simultaneously as done in the previous section. Therefore in



equations (3.2)-(3.5) each of the 16 products are first computed or in other words,
referring to figure 3.7 each of the ®'s is evaluated. Then each point of the cyclic
convolution is obtained by adding its four associated ®'s. We refer to computation
based on such a method as modular. This addition is again done using a CSA tree
implementation. Thus, clearly there are two CPA delays, one for evaluating @ and the
other for evaluating . Also there are some CSA delays that are associated with the
computation of ® and @. To compute hardware and delays associated with the
computation of each of the 16 multiplication operations, ®, the list L = {1, 2, 3, 4, 5,
6,7, 8,7,6,5,4, 3,2, 1} is applied to algorithm 3.1. The following results are
obtained:

L={1,23456,78,7,6,5,4,3,2,1}

# of Full Adders = 35

# of Half Adders =7

# of Full Adders including CPA = 49

# of Half Adders including CPA =8

# of CSA Levels =4

#of CPA Levels =1

Size of CPA =15

Number of 2-input gates including CPA = 261

Since there are 16 such multiplications, the number of gates is 4176. Each one of these
multiplication operations produces a result that can be at most 16 bits long. Four such
results are added to obtain one point of the cyclic convolution. The hardware and delay
associated with such a computation can be obtained by applying the list L = {4, 4, 4, 4,
4,4,4,4,4,4,4,4, 4,4, 4, 4} to algorithm 3.1. The following results are obtained:
L=1{4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4)

# of Full Adders = 30
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# of Half Adders =2

# of Full Adders including CPA =46

# of Half Adders including CPA =3

#of CSA Levels =2

# of CPA Levels =1

Size of CPA =17

Number of 2-input gates including CPA = 236

Since there are four points the total number of two input gates is 944. Also, as explained
before we need an additional number of two input gates to generate the bits of the partial
products. Thus the total hardware and speed delays associated with the modular

approach can be summarized as

Hardware, 4M8 = 6144 (3.8)
Time Delay, 4M8 = 6 XDgp +2XDepa 3.9)
3.4.3 4-point cyclic convolution-squares

In this section we estimate the hardware cost and speed required based on our
method. Since the points are expressed in the two's complement form the CSA tree
implementation can be designed with minor modifications [60]. These modifications
wiil require no additional cost and thus the negative sign in the equations can be treated
as a positive sign and the design is carried out as usual. Our method outlined in chapter
2, is by nature modular, i.e. the design is broken into several small parts. Essentially the
following computations have to be performed: ¢j + ¢y, €y + €3, € - Cy, €1 - C3. As
explained in chapter 2, the first two computations constitute part 1 of our methodology
while the later two constitute part 2. Part 1 can be evaluated in three different ways
while there is only a singular way for part 2. In chapter 2 we compared the three

methods of part 1 based on ROM implementations. However, here we are interested in



CSA based implementations. For now assuming we use method 2 for part 1, then based

on theorems (2.3)-(2.6) developed in Chapter 2, the following equations are defined.

X41=ap+ax+bgp+by (3.10)
X42=ap+az -bp - by (3.11)
X43=aj+az+by+b3 (3.12)
Xq44=aj+az -by -b3 (3.13)
y41 =ag+ap + by + bs (3.14)
y42=ap+az -by -b3 (3.15)
y43=aj+az+bg+bp (3.16)
ya4=ayp+a3 -bg -by ‘ (3.17)
z41=ag -a2+bg - b2 (3.18)
742 =ag -a2 -bg+b2 (3.19)
z43=2a1 -a3+by - b3 (3.20)
Z44=2a1 -a3 -by+b3 (3.21)
z45=2ag -a2+by - b3 (3.22)
246 =20 -a2-by +b3 (3.23)
z47=a1 -a3+bg - by (3.24)
748 =4a1 -a3 -bg+ by (3.25)

The amount of hardware required for each of these equations can be obtained by
applying the list L = {4, 4, 4, 4, 4, 4, 4, 4} to algorithm 3.1. Note that we are adding
four operands each of length eight bits. Thus the height of each column is equal to 4.
The following results are obtained:

L=1{4,4,4,4,4,4,4,4)

# of Full Adders = 14

# of Half Adders =2



# of Full Adders including CPA =22

# of Half Adders including CPA =3

# of CSA Levels =2

# of CPA Levels =1

Size of CPA =9

Number of 2-input gates including CPA =116

Since there are 16 such equations, we have a total of 1856 two-input gates. Now
suppose we were to use theorems 2.1 and 2.2 for evaluating part 1. Then instead of the
8 equations given by (3.10)-(3.17) we would have four equations defined by (2.23)-
(2.26). The amount of hardware required for each of these equations can be obtained by
applying the list L = {8, 8, 8, 8, 8, 8, 8, 8} to algorithm 3.1, which gives the total
number of 2-input gates including the CPA as 275. Thus for four equations we would
need 1100 2-input gates. Since 1100 (required by method 1) is greater than 928
(required by method 2), we can conclude that method 2 is better. A similar argument can
be constructed for method 3. We must also note that the terms of methods 1 and 3
contain more bits than method 2 which in turn implies that computation of their squares
will also require more hardware. Therefore from now on we will confine ourselves to

evaluating part 1 of our methodology based on method 2.

The points of the cyclic convolution are given, based on theorems (2.3)-(2.6) by

Co = %(X%I — X3 +x43 —x4q + 251 — 2%y - 233 +234) (3.26)
€1 = %(Y%l ~Yi2 + Y3 — yia + 235 — 2h + 2%y —2%g) (3.27)
Cy = —é—(x%l - xﬁz + x‘2;3 - x4214 - 24211 + 232 + 242;3 - 2%4) (3.28)
¢3 =231~ Vo +via — Vi — 735 + 2 — 737 +23) (3.29)
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Each of the terms to be squared in equations (3.26)-(3.29) is of length 10 bits. Thus we

first compute the cost and delay of a 10 bit squarer. Let A be a 10 bit number with A =

agag ... 4. Then the square of A is given as

A2 =2y 218 + agag 218 dgay 217 4 ag 216 216 216 215 +agag 215

214 214 H14

+ aga7
213

+ agds
513

+ dgag
214 + agag
212

+ay + ajag 213 +ag 212

+ a9a)

+aga, 211, a5

+ 3835
212

+ 734
212

+ 3934 + aga4
212 + 293 211 aga, 211 ajay 211

210 210 210

+ a.8a3
210

+ a7a4
210

+ Agds

+ aga,y 210 +aja, + aga3 + a5y + agay, 29

+ 93y
+ aqa, 27 + agdy 27 + 52, 27 + ay 28 4 a8, 28+ agd; 28 4 a5y 28 4 aqas 28
+ aga 27 + a5y 27 + a4, 27+ a3 26+ asd 264 a4, 26 + a3, 20 + a2, 27
+ 33 25+ a, 24+ ajd 2 4+ aya; 24+ aydy 23+ a; 224+ a;a, 22 4 a,

(3.30)

Each of the product terms 2;a; can be obtained using a two-input AND gate. Since there

10
are 10 bits, the number of gates required is (2) or 45. We apply the manipulation

outlined in section 3.3 before we square the number. Such a manipulation does not yield
hardware savings, however, it results in a compact array of summands thus allowing
the application of the rules of [54] more effectively. Also, this manipulation adds a small
cost by increasing the number of summands, in this case by 9. Thus each term to be
squared requires 54 two-input gates and the total for all 16 squares is 864. The cost and
delay associated with the computation of such a square can be obtained by applying the
listL=1{1,0,1,2,2,3,3,4,4,5,5,5,4,4, 3,3, 2,2, 1, 1} to algorithm 3.1. The
results are:

L={1,0,1,2,2,3,3,4,4,5,5,5,4,4,3,3,2,2, 1, 1}

# of Full Adders =20

# of Half Adders =7

# of Full Adders including CPA =39
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# of Half Adders including CPA =8

# of CSA Levels =3

# of CPA Levels =1

Size of CPA =20

Number of 2-input gates including CPA = 211

Since there are 16 such squares, the total number of 2-input gates can be given as 3376.
Finally, equations (3.26)-(3.29) have to be evaluated. From these equations we find that

there are basically only four terms that have to be computed. These terms are

P = x§1 — X +X43 — X4 (3.31)
Q= yi1 - yi2 + i3~ Yis (3.32)
R= 24211 - 2%2 - 2%3 + 234 ' (3.33)
S = 235 — 236 +123; — 233 (3.34)

Then equations (3.26) - (3.29) can be rewritten as

co= /8P +R) (3.35)
c; = 1/8(Q+S) (3.36)
¢, = 1/8(P-R) (3.37)
¢3=1/8(Q- S) (3.38)

The cost and delay required to compute each of equations (3.31)-(3.34) can be obtained
by applying the list L = {4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4, 4, 4} 1o
algorithm 3.1. Note that although the size of the CPA required in the previous
computation was 20 bits, we know that there will be no carry-out as the square of a 10
bit number can be no more than 20 bits. Thus we are adding four 20-bit numbers and
therefore the height of each column is 4. The results are:
L={4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4)

# of Full Adders = 38



# of Half Adders =2

# of Full Adders including CPA =58

# of Half Adders including CPA =3

#0of CSA Levels =2

# of CPA Levels =1

Size of CPA =21

Number of 2-input gates including CPA =296

Since there are four such equations, the total number of gates required is 1184. Finally
equations (3.35)-(3.38) have to be evaluated. Each one of these equations requires a
CPA of size 22 bits, or 21 full adders and 1 half adder, giving a total of 107 gates. Four

CPAs would therefore require 428 two-input gates. In summary

Hardware, 4S8 = 7708 (3.39)
Time Delay, 458 = 7xDggp + 4XDgpy, (3.40)

To summarize briefly, we observe that our method based on squaring operations, in the
case of 4-point cyclic convolution neither achieves hardware savings nor gain in speed
of computation. However, we note that there was no savings in the number of

operations to begin with.
3.4.4 8-point cyclic convolution-traditional

The cyclic convolution of two eight point sequences is now considered. Let the
two sequences be A and B with A = {a;, a,, as, 4y, a3, 8y, 4, 8} and B = {b, b, bg,
b4, b3, b,, by, bO}. Let each of these points be of length 8 bits and represented in two's
complement form. A traditional implementation would require the computation of 64

products, i.e. every point of a sequence is multiplied with every point of the other



sequence. The cyclic convolution C is given by C = {¢;, ¢g, Cs, ¢4, C3, €9, €1, €} With

co, ..., ¢7 defined as

co = agbg + a7by + agb2 + asbz + agbg + azbs + asbg + ayby (3.41)
c1 =aibg + agb1 + a7ba + agb3 + asbgq + agbs + azbg + azby (3.42)
c2 = azbg + ajby + agba + ajb3 + agbg + asbs + agbg + azby (3.43)
c3 = azbg + asby + aiby + agbsz + ajbg + agbs + asbg + agb7 (3.44)
c4 = agbg + azbjy + agbp + aibsz + agbg + a7bs + agbg + asby (3.45)
cs = asbg + agbt + azba + apb3 + a1bg + agbs + a7bg + agby (3.46)
c6 = agbg + asbp + agba + azbz + apbg + a1bs + agbg + ayb7 (3.47)
c7 = a7bg + agb1 + asby + agb3 + azbg + apbs + a1bg + agby (3.48)

Now, as outlined in section 3.4.1, instead of computing each product and then adding
the eight products to obtain a point of the cyclic convolution, we can line up all the
partial products of the eight points and then add them simultaneously using a CSA tree
implementation. This way, we would need only one CPA for each point of the cyclic
convolution. The list L for a 8 by 8 multiplication is given as {1, 2,3,4,5,6,7,8, 7,
6,5, 4,3, 2, 1}. Since we are trying to add the partial products of eight multiplications,
each element of this list has to be multiplied by 8. Applying this list to algorithm 3.1, the
following results are obtained:

L = {8, 16, 24, 32, 40, 48, 56, 64, 56, 48, 40, 32, 24, 16, 8}

# of Full Adders =476

# of Half Adders = 18

# of Full Adders including CPA =493

# of Half Adders including CPA =19

# of CSA Levels =10

# of CPA Levels =1

Size of CPA =18



Number of 2-input gates including CPA = 2503

Since there are eight points the total number of two input gates is given as 20,024 while
the time delay remains as 10 XDgp + 1 XDepy- This is because we are performing the
computation of all eight points in parallel. Also, each bit of the partial products requires
a two input gate. Since each multiplication operation consists of 8§ partial products each
with 8 bits, the number of two input gates required to obtain these bits is equal to 64.
Since there are 64 multiplications the total number of two input gates required to
represent these bits is equal to 4096. The time delay to compute these bits is the delay of
one two-input AND gate, however, again this delay is ignored as no matter which

method is used it always exists. The results are summarized in the following two

equations:
Hardware, 8T8 = 24120 (3.49)
Time Delay, 8T8 = 10xDga + 1 XDepp (3.50)
3.4.5 8-point cyclic convolution-modular

As the problem size becomes larger, i.e. both the number of points and the size
of each point increases, it may not be possible to add the partial products of all the
multiplication operations simultaneously. Therefore in equations (3.41)-(3.48) each of
the 64 products are first computed. Then each point is evaluated by adding its eight
associated operands. This addition is again done using a CSA tree implementation.
Thus, clearly there are two CPA delays and some CSA delays which are determined as
follows. Since each of the 64 multiplications are of the same size as that in section
3.4.2, hardware and delays associated with the computation are the same as that

estimated earlier. This cost is therefore 261 two-input gates for each multiplication for a

total of 16704 and a time delay of 4XDrgp + 1 XDps with a CPA size of 15. Each

78



79

one of these multiplication operations produces a result that can be at most 16 bits long.
Eight such results are added to obtain one point of the cyclic convolution. The hardware
and delay associated with such a computation can be obtained by applying the list L =
{8,8,8,8,8,8,8,8,8,8, 8,8, 8, 8, 8 8} to algorithm 3.1. The following results are
obtained:

L={828,8,8,8,8,8,8,8,8,8,8,8,8, 8, 8}

# of Full Adders =92

# of Half Adders =4

# of Full Adders including CPA = 109

# of Half Adders including CPA =5

# of CSA Levels =4

#0of CPA Levels =1

Size of CPA =18

Number of 2-input gates including CPA = 555

Since there are eight points the number of two-input gates is 4440. Also, as explained
before we need an additional 4096 two-input gates to generate the bits of the partial
products. Thus the total hardware and speed delays associated with the modular

approach can be summarized as

Hardware, 8M8 = 25240 (3.51)

We must note that such a modular approach has, in all the steps limited the
height of the tallest column in any CSA tree to a maximum of 8. Thus in order to ensure
a fair comparison we must make sure that our new proposed methods do not involve

steps that require CSA trees whose columns are much taller.



3.4.6 8-point cyclic convolution-squares

In this section we estimate the hardware cost and speed required based on our
method, using a total of 48 squares. Our method can be divided into three distinct
modules as shown in figures 3.8, 3.9, and 3.10. We do not develop all the equations as
the intent in this section is primarily to estimate the hardware cost and speed. However,

we list all the steps in each module and their associated costs and delays.

Module 1: Computes(cy+ cy), (cy + cg) (¢ + cs5), (c3+ ¢7)

Step 1:

a) Use theorem 2.3 to generate terms xg; through xg4.
b) Use theorem 2.4 to generate terms yg; through ygy.
c) Use theorem 2.5 to generate terms zg; through zg,.
d) Use theorem 2.6 to generate terms zgg through zgg.

Each of the above 16 terms are of the same size and also have an identical
structure, i.e. they are formed by adding/subtracting 8 points of the input sequences.
The hardware and delay associated with the computation of these terms can be estimated
by applying the list L = {8, 8, 8, 8, 8, 8, 8, 8} to algorithm 3.1. Note that we are
adding eight 8-bit numbers. Thus the height of each column is equal to 8. The results
are:

L={828,38,8,8,8,8, 8}

# of Full Adders =44

# of Half Adders =4

# of Full Adders including CPA =53
# of Half Adders including CPA =5
# of CSA Levels =4
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# of CPA Levels =1
Size of CPA =10
Number of 2-input gates including CPA = 275

Since there are 16 such equations, we have a total of 4400 two-input gates. Results of

step 1 can be summarized as

Step 1, hardware = 4400 (3.52)
Step 1, time delay = 4 XDpgp + 1X Depp (3.53)

We note that the height of the tallest column in this step is 8.
Step 2:

Each of the terms obtained in step 1 is of length 11 bits and needs to be squared,
resulting in a term that can have at most 22 bits. The cost and delay associated with the
computation of the square can be obtained by applying the list L = {1, 0, 1, 2, 2, 3, 3,
4,4,5,5,6,5,5,4,4,3,3,2,2, 1, 1}, to algorithm 3.1. The results are:
{1,0,1,2,2,3,3,4,4,5,5,6,5,5,4,4,3,3,2,2, 1, 1}

# of Full Adders =27

# of Half Adders =9

# of Full Adders including CPA =48

# of Half Adders including CPA =10

#0f CSA Levels =3

# of CPA Levels =1

Size of CPA =22

Number of 2-input gates including CPA = 260

Since there are 16 such squares, the total number of 2-input gates can be given as 4160.

11
Also, each of the 16 terms that need to be squared have ( 5 ) + 10 = 65 input bits of the
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form a;a;, thus requiring a total of 1040 two-input AND gates. Results of step 2 can be
summarized as

Step 2, hardware = 5200 (3.54)

Step 2, time delay = 3 XDpgp + 1X Depa (3.55)

We note that the height of the tallest column in this step is 6.

Step 3:

The results of step 2 are used to generate 42 Cy; 42 Coipl » 42 Cy; (-1)i
, 42 Critl (-l)i based on equations (2.33), (2.38), (2.43), and (2.48). This is

achieved by grouping the 16 squares into sets of four and adding/subtracting the terms.
The hardware and delay associated with this computation is obtained by applying the list
L={4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4, 4}. Note that we are
adding four 22-bit numbers. The results are:
L={4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4,4, 4,4}

# of Full Adders = 42

# of Half Adders =2

# of Full Adders including CPA = 64

# of Half Adders including CPA =3

# of CSA Levels =2

#of CPA Levels =1

Size of CPA =23

Number of 2-input gates including CPA = 326

Since there are four such groups, the total is 1304. Results of step 3 can be summarized
as

Step 3, hardware = 1304 (3.56)
Step 3, time delay = 2 XDCSA +1 XDCPA (3.57)
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We note that the height of the tallest column in this step is 4. The output of the CPAs at
this step have a length of 24 bits. However, since we know that the result is four times

the desired value, the last two bits of this computation are zero and can hence be ignored
to divide by four. Also, since each of 2 Coi» 2 Coiv1 Z Coi -1, 2 C2i+1 1)

is the sum of four points of the cyclic convolution, their length cannot be greater than 16

+log, 32 = 21. Thus the most significant bit (MSB) is also stripped.

Step 4:
The following computations now need to be performed:
D, Coyt Y, Cp (1) =2(cp +cy)
2 o X o G =2(cy + )
Y Coirt X, Cig (D' =20 +c5)
2 il X i (DT =2(c3+¢y)

Each of these computations requires a CPA of size 21 bits. The cost of such a CPA is
equal to 102 two-input gates. Since we have four CPAs the total cost is 408 gates.
Results of step 4 can be summarized as

Step 4, hardware = 408 (3.58)
Step 4, time delay = 1 XDgpp (3.59)

Again, since we know that the result is twice the desired value, the last bit of this

computation is zero and can hence be ignored to divide by two. Also, since each of

Z Cy4is z C4i+1 2 C4is2> 2 C4i43 18 the sum of two points of the cyclic

convolution, their length cannot be greater than 16 + log, 16 = 20. Therefore the MSB

is also stripped. Thus these results are of length 20 bits.
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Module 2: Computes (co- cy) (cy-cg) (¢ - c5), (c3 - c7)

Step 1:

a) Use theorem 2.8 to generate terms v§’1 through V{;)g.
b) Use theorem 2.8 to generate terms Vél through Vglg.
c) Use theorem 2.8 to generate terms V821 through ngg.
d) Use theorem 2.8 to generate terms V§’1 through V838-

Each of the above 32 terms are of the same size and also have an identical
structure, i.e. they are formed by adding/subtracting 4 points of the input sequences.
The hardware and delay associated with the computation of these terms can be estimated
by applying the list L = {4, 4, 4, 4, 4, 4, 4, 4} to algorithm 3.1. Note that we are
adding four 8-bit numbers. Thus the height of each column is equal to 4. Previously,
the hardware cost for such a computation was calculated as 116 two-input gates and the
time delay as 2XDpgp + 1 XDpp with a CPA of size 9 bits. Since there are 32 such
terms, we have a total of 3712 two-input gates. Results of step 1 can be summarized as

Step 1, hardware = 3712 (3.60)

Step 1, time delay = 2XDpgp + 1XDepa 3.61)

We note that the height of the tallest column in this step is 4.
Step 2:

Each of the terms obtained in step 1 is of length 10 bits and needs to be squared,
resulting in a term that can have at most 20 bits. The cost and delay associated with the
computation of a 10 bit square was previously estimated at 211 two-input gates and a

time delay of 3XDga + 1 XDepp with a 20-bit CPA. Since there are 32 such squares,

the total number of 2-input gates can be given as 6752. Also, each of the 32 terms that
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need to be squared have 54 input bits of the form 2y thus requiring a total of 1728

two-input AND gates. Results of step 2 can be summarized as
Step 2, hardware = 8480 (3.62)
Step 2, time delay = 3 XDgp + 1X Depa (3.63)

We note that the height of the tallest column in this step is 6.

Step 3.

The results of step 2 are used to generate 42 C4; » 42 Chisl > 42 C4i 1)t
, 42 Caivl (-1)! based on equation (2.38). This is achieved by grouping the 32

squares into sets of four and adding/subtracting the 8 terms within each set. The
hardware and delay associated with this computation is obtained by applying the list L
={8,8,8,8,8,8,8,8,8,8,8,8,8,8, 8,8, 8, 8, 8, 8} to algorithm 3.1. Note that
we are adding eight 20-bit numbers. The results are:
L=1{8288,8,888,88,8,8,8,8,8,8, 8, 8,8, 8, 8}

# of Full Adders =116

# of Half Adders = 4

# of Full Adders including CPA = 137

# of Half Adders including CPA =5

# of CSA Levels =4

# of CPA Levels =1

Size of CPA =22

Number of 2-input gates including CPA = 695

Since there are four such groups, the total is 2780. Results of step 3 can be summarized

as

2780 (3.64)
Step 3, time delay =  4xDgp + 1XDepp (3.65)

Step 3, hardware
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We note that the height of the tallest column in this step is 8. Also since we know that

the result is four times the desired value, the last two bits of this computation are zero

and can hence be ignored to divide by four. However, since each of Z C4i (—l)i,
Z C4i+1 (1)}, Z C4is2 1, z C4is3 (-1)}, is the sum of two points of the cyclic
convolution, their length cannot be greater than 16 + log, 16 = 20. Therefore the MSB

is also stripped. Thus the length of each of these results is 20 bits.

Module 3: Computes cp, ¢y €y, Cg €, C5, €3 C7

This module adds/subtracts the results of modules 1 and 2 to obtain the points of
the cyclic convolution. All the computations are done in a single step with the help of 8
CPAs of size 20 bits. The cost of such a CPA is 97 gates thereby giving a total of 776
gates. Results of this module can be summarized as

Step 1, hardware = 776 (3.66)

Step 1, time delay = 1XDgpp 3.67)
Again, since we know that the result is twice the desired value, the last bit of this
computation is zero and can hence be ignored to divide by two. Also, since each point
of the cyclic convolution cannot be of length greater than 19 bits, the MSB is also

stripped.

In summary, adding the results of equations (3.52), (3.54), (3.56), (3.58), (3.60),
(3.62), (3.64), and (3.66) we obtain the hardware cost of all modules as
Hardware, 8S8 = 27060 (3.68)
Looking at figures (3.8) and (3.9) we observe that these two modules operate in
parallel and therefore the module with the higher delay and the delay of module 3
account for the total delay. Thus adding the results of equations (3.53), (3.55), (3.57),

(3.59), and (3.67) we obtain the total delay for the computation as
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3.4.7 16-point cyclic convolution-traditional

Since we have already presented the cyclic convolution of 4 and 8 points in
detail, we keep the presentation over here very brief. Each point of the cyclic
convolution is obtained by adding simultaneously the summands of 16, 8x8 products.
The cost of such a computation is 5066 gates for a total of 81056 gates. The number of

gates required for the summands is 256 times 64, or 16384. In summary,

Hardware, 16T8 = 97440 (3.70)

We note that the height of the tallest column is 128.
3.4.8 16-point cyclic convolution-modular

Each of the 16 products that constitute a single point of the cyclic convolution
are first evaluated and then the 16 results are added. The cost of an 8x8 product is 261
gates and since in all there are 256 such products we have a total of 66816 gates. The
cost of adding 16 products is 1198 gates and for 16 such computations we have a total

of 19168 gates. The number of gates required by the summands is as before, 16384. In

summary,
Hardware, 16M8 = 102368 (3.72)

We note that the height of the tallest column is 16.

3.4.9 16-point cyclic convolution-squares

Module 1 computes (¢ + ¢4 + Cg +Cpp), (Cy + € +Cpg+ Cg)s (€] +C5 +Cg + Cq3), and
(c3+cy+ceqp+¢g 5). The cost and time delay associated with such a computation can

be summarized as
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Hardware, module 1, 16S8 = 17552 (3.74)
Time Delay, module 1, 1658 = 11XDpga +4XDepp (3.75)

Module 2 computes (¢ - €4 + Cg - C15), (C - €+ C1 - €14)» (€1 - €5+ Cg - €13), and (c5
- C7 +Cqq - Cy5)- The cost and time delay associated with such a computation can be
summarized as

Hardware, 1658, module 2 =23116 (3.76)
Time Delay, 1658, module 2 = 11XDgp + 4><DCP A 3.77)

Module 3 computes (¢ - Cg), (€5 - €19)s (€4 - €12)s (€ - C14)» (€4 - €g), (€5 - C17)s (€5 -
Cy3), (€7 - ¢15). The cost and time delay associated with such a computation can be

summarized as

Hardware, 16S8, module 3 =61352 (3.78)
Time Delay, 1658, module 3 = 11XDpg +3XDepp (3.79)

Module 4 computes ¢, ¢4, €5, €3, €4, Cs, €6, €7, Cg, €gs €10 €115 €12> €13> C14» and Cy5.
The cost and time delay associated with such a computation can be summarized as

Hardware, 16S8, module 4 = 1632 (3.80)
Time Delay, 16S8, module 4 = 1xDrpyp (3.81)

In summary,

Hardwax_‘e, 16S8 = 103652 (3.82)
Time Delay, 16S8 = 11XDggp + 6XDepp (3.83)

3.4.10 Discussion

Table 3.1 summarizes the hardware cost in 2-input gates for computing the

cyclic convolution of 4, 8, and 16 points based on all three methods. At first glance it



Table 3.1: Hardware cost in 2-input gates for cyclic convolution of 4, 8, and 16

points
Method 4 poinis 8 points 16 points
Traditional 5896 24120 97440
Modular 6144 25240 102368
Squares 7708 27060 103652




appears that our method is at best competitive. But this is not the case for several

reasons.

1) In the traditional implementation there are basically no modules. Therefore the
silicon area of the chip is directly a function of the height of the tallest column in the
CSA tree. The height of the tallest column is the product of the number of points in the
sequences to be convolved and the word length of each point. For instance, with a word
length of 8 bits per point, in the case of four points the height is 4 times 8 or 32, for 8
points it is 8 times 8 or 64, and for 16 points it is 16 times 8 or 128. Clearly as the
number of points increases the height increases. If in a given technology, this height can
be managed then the traditional method is the best method of implementation. On the
other hand if the problem has to be broken into smaller components then one must have
a systematic way of doing so. The modular approach is one method and our approach
based on squares is the other. Thus in the event the traditional implementation is not
feasible one might consider implementations based on these methods and thus the

comparison is restricted to these two methods, modular and squares.

2) Looking at table 3.1 again, we find that in the case of 4 points our method based
on squares is worse than the modular by 25%, in the case of 8 points by 7%, and in the
case of 16 points by 1%. However, from table 2.1, we see that the savings in squaring
operations in the three cases is 0%, 25%, and 31.25%. Thus it is only reasonable for us
to speculate that with an increase in the number of points being convolved the hardware

savings will increase.

3) Our main purpose of all the preceding analysis was to show that in spite of the
increase in the number of additions caused by the use of our methodology, the decrease

in squaring operations will be more beneficial. Now, here is the surprise. All the
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preceding implementations were 100% parallel. In other words they used many more
addition operations than that given by equation (2.69). This is because, in the
construction of our equations, that need to be squared, there are several common terms.
But for a parallel implementation these common terms are evaluated as many times as
they are needed, thus increasing the hardware. By the same token, for the modular
approach, there are no common terms in the first place and therefore there is no question
of redundant computation. Thus our implementation model is very kind to the modular
approach, in the sense that it is ideally suited to that approach. Thus it is only fair for us
to conclude that if an implementation structure that is capable of exploiting the properties

of our method is selected, then the savings in squaring operations will pay off.

4) One might argue as to why another model that would be more suitable to our
approach was not selected. However, if one has to be fair to all methods, then the
selection of such a model would be difficult if not impossible. Therefore we chose the
worst case scenario for our method which at the same time is best case scenario for the
modular method and have shown that in spite of being against all odds, we are at the

least competitive.

5) With regard to the speed of computation, for the 100% parallel implementation,
referring to table 3.2 we can see that our method is the slowest. However, our approach
has a lot of other properties that can be exploited by a clever architecture. To illustrate,
looking at figure 3.8 one can see that the four CPAs used in step 3 can also be used for
step 4 with minor modifications. These minor modifications require negligible additional
hardware and at the same time do not slow down the operations. Similarly we observe
that the hardware required by module 3 is redundant as the same can be achieved by
CPAs in step 3 of modules 1 and 2. Thus by simple modifications to the architecture we

can reduce the hardware costs. Our method thus also provides for alternate
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Table 3.2: Time delay of cyclic convolution of 4, 8, and 16 points

Method 4 points 8 points 16 points
Traditional 8Dega + IDepp | 10D + IDepp | 11DegA + 1Depa
Modular 6DgA + 2Depa 8Dcga +2Dcpa | 10Degp + 2Depp
Squares 7D(.LS At 4D(_‘.P A 9D§S A+3Depas |1 lDC_§ A+ 6Depa
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implementations while such is not the case with either the traditional or modular
approach. Further, the fine granularity of our approach makes it an ideal candidate for
incorporating several sophisticated methods, for example, pipe-lining and systolic
arrays, to improve the speed of the computation. However, while employing these and
other techniques one must also account for the interconnection delays. Analysis in this
area is highly application dependent. For instance since the convolution operation is
quite often required to be performed in real time, several different sequences have to be
processed one after the other. Thus, the throughput of the model should not only
include the number of points processed per cycle but also include the number of

sequences processed per cycle.

In summary, while we have not provided an actual factor for the amount of
savings in CSA based implementations, we have, however, convincingly demonstrated
with the help of the preceding sections that in spite of an increase in the number of two-
operand additions our method produces efficient designs. In the next section we
consider hybrid implementations, i.e. we implement the squaring and multiplication
operations using ROMs and show that in such a case our method yields phenomenal

hardware savings in spite of using an unkind model.
3.5 Hybrid implementation of cyclic convolution

In a hybrid implementation of the cyclic convolution operation, we substitute the
CSA implementation of the squaring or multiplication operation by a ROM
implementation. The rest of the implementation is left unchanged. We first present a
ROM model and derive its cost and speed functions. We then use these functions to

estimate the cost and speed of the hybrid implementations of the cyclic convolution
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operation. Since the traditional approach involves no multiplication operation (the partial

products were simply added) there exists no hybrid implementation for that approach.

ROM Hardware Cost: The ROM can be designed based on the model given in
[55]. In such a model the address lines are split into two halves called the X and Y
sections. The address lines in X and Y can then be decoded simultaneously. Let the
ROM be of size 2 x n, where L is the number of address lines and n is the number of
outputs. If there are L address lines then each half has L/2 address lines with 2L/2
minterms. In each of these decoders every minterm requires (20 +21 4. 42005 L2)
-1y 2-input gates. The outputs of the diode matrix are logically ANDed with the outputs
of the Y decoder before being multiplexed to form the final output. The number of gates
required for this purpose is (20 + 21 + ... + 20082 2**(/2) y 2 input gates. Adding and
simplifying we have,

ROM, Hardware =22 (2n +L-2)-n (3.84)

212 minterms are realized independently.

In the above we note that each of the
However, we assume that each of these minterms is realized only once for every output

of the ROM. Also we ignore the cost and delay of the diode matrix.

ROM Time delay:  The delay of the such a model is given by [55] in gate delays as

ROM, Delay =2 + log, (L/2) + log, 2/ (3.85)
The above computation assumes that the X and Y decoders operate in parallel and the
input line from the diode-matrix is multiplexed at the outputs of the Y decoder. We note
that this model does not account for several unique characteristics of ROM
implementations [55]. However, the purpose of using this model is to provide a more
meaningful hardware cost in terms of gates as opposed to ROM bits and also to estimate

the time delay of the overall implementation.
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3.5.1 8-point cyclic convolution-hybrid, modular

In section 3.4.2, the results of the 64 multiplications were obtained by using
CSA tree implementations. Instead if we were to use ROMs for the multiplication
operations then we would need 64 ROMs, each of size 219516 or a total of 67,108,864
ROM bits. In terms of gates, from equation (3.84) we get the number of 2-input gates
as 752640. The time delay of this ROM is computed from equation (3.85) as 13 gate

delays. Over and above this we would need 4440 two-input gates for adding the results

of the ROMs with a time delay of 4XDgp + 1 X Dpy. In summary,

Hardware, 8HMS§ = 757080 (3.86)
3.5.2 8-point cyclic convolution-hybrid, squares

In section 3.4.6, the results of the 48 squares were obtained by using CSA tree
implementations. Instead if we were to use ROMs for the squaring operations then we
would need 16 ROMs, each of size 2!! x 22 and 32 ROMs, each of size 20 x 20 or a
total of 1,376,256 ROM bits. In terms of gates the count is 86544 2-input gates with a

time delay of 10 gates. Over and above this we would need 13380 two-input gates for

adding the results of the ROMs with a time delay of 4XDrgp + 3X Depy. In

summary,
Hardware, 8HS8 = 99924 (3.88)
Time Delay, 8HS8 =10+ 6XDgp +4X Depp (3.89)

Clearly, from equations (3.86)-(3.89), one can see that our method is very

attractive. We require approximately one-eighth the gate count of the hybrid-modular

method while being slower by about only 3 X Dp.
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3.6 Applications to computer arithmetic

The multiplication operation is one of the four basic operations and is used
extensively, both in general purpose and special purpose computing. As such there
exists a vast amount of literature on the variety of multiplication algorithms, references
[47]-[49],[56] to name a few. Recently new multipliers modulo (2N -1), [51] and
modulo (2N +1), [61] have been developed. Apart from the requirements of computer
arithmetic, the fields of digital signal processing and cryptography have several
algorithms that perform arithmetic in modular rings [17],[62]. Multipliers designed
using look-up tables [46],[47],[51] offer attractive speed-complexity trade offs [61],
however their main draw back has been excessive ROM sizes and thus the inability to

integrate the entire design on a single chip.
3.6.1 Modulo 2N -1 multiplication

Consider the multiplication of two N-bit binary numbers A and B. Let each of
the numbers be decomposed into four parts given as {as3, a2, aj, ag} and {b3, by, by,
bo}. The number A is then given as a323N/4 4 3722N/4 4 519N/ 4 54 and number B can

be evaluated in a similar fashion. Then their product modulo 2N -1 can be given as

2N/4 2N/2

<AxB>,N 1=<co+c] + o + C323N/4 >5N (3.90)

with cp, €1, ¢2, and c3 given by equations (3.2)-(3.5). Note that the c; in equations
(3.2)-(3.5) are the terms of cyclic convolution of two four point sequences with the
points being a; and b,. Thus we can apply the theorems developed in chapter 2 to obtain
o, C1, €2, and ¢3. However, over here since our objective is to minimize the total

number of ROM bits and not the total number of squaring operations we use theorems

(2.3)-(2.6). We then define equations x

ij» Yijr and z;; as given by equations (3.10)-
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(3.25). Then theorems (2.3)-(2.6) give us 4(c + ¢5), 4(cy + ¢3), 4(cy - €3), 4(c; - C3).

Finally equations (3.26)-(3.29) give the values of cg, c1, ¢2, and c3.

Each square required by equations (3.26)-(3.29) is realized using a ROM. The
advantages of such techniques are detailed in references [47]-[51]. Although the number
of squares required is more than that of [51] the total number of ROM bits required is
less than that required by [51]. Hardware in terms of adders and subtracters is
comparable with that required by [51]. Section 3.6.4 offers a detailed comparative

analysis.
3.6.2 Extending the modulo 2N -1 multiplier

Continuing with the same notation as before, the modulo 2N +1 product of two

numbers A and B can be given as

<A x B> oN 4 =<do+ d12N/4 + d22N/2 + d323N/4 >,N g (3.91)
with dg, d1, d2, and d3 defined as

do = agbg - azby - apby - ajbs (3.92)

d1 =aibg + agb1 - azby - azbz (3.93)

d2 = agbp + ajby + agby - azbs (3.94)

d3 = azbg + apby + ajb2 + agbs (3.95)

Note that term d3 of equation (3.95) is the same as term c3 of equation (3.5) and

so no extra ROM bits are required for computing d3. To compute dg, d, and dp define

g0 = aszby + azbz + ajb3 (3.96)
g1 = azbz + ab3 (3.97)
g2= asbs (3.98)

Then
do =g -2gp (3.99)
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di=c1-2g1 (3.100)

dy =cp-2g2 (3.101)

The terms go, g1, and g7 can be computed by directly applying the quarter
squared algorithm [47]-[51] while these equations are not presented here. Doubling
these terms can be obtained by simply shifting the numbers to the left by one position
and thus this needs no extra ROM bits.

The product of two numbers A and B modulo 2N can be given as

<AxB> N =<ep+e12V+ey2N? 4303V 5 (3.102)
with e, e1, ep, and e3 defined as

eo = agbo (3.103)

e1 = aybg + agby (3.104)

ey = apbg + ajby + agby (3.105)

e3 =agbg + agby + ajby + agbs (3.106)

Again, term e3 of equation (3.106) is the same as term c3 of equation (3.5) and so no
extra ROM bits are needed for this computation. The other terms can also be obtained

without the expense of any more ROM bits by using the following equations:

eg=(cog+dg)x1/2 (3.107)
e;1=(c1+dp)x 172 (3.108)
e2=(cp+dp)x 172 (3.109)

The full precision product of two integer numbers A and B can be given as

A x B =fo+ 12N 4 £2N2 4 303N | £ON | £25N/4 4 £ 26N/4 (3.110)
with
fo = agho = ep (3.111)
f1 = a1bg + agby = ¢ (3.112)

fo=ajbg+aiby +agbr=ep (3.113)



f3 =azbg+ agby +ajby +agbgz=¢3 (3.1149)
f4=asby + agby + ajbz=gg (3.115)
f5 =asba + azbz =g (3.116)
fo =asb3 =g (3.117)

Again, all of these computations need no extra ROM bits.
3.6.3 Example

In this section we present a numerical example to illustrate the various
techniques described earlier in this section. Consider two 16-bit numbers A and B with
A = 54682 = (1101010110011010)7 and B = 57811 = (1110000111010011)7 . We
decompose each number into four parts, each with four bits. Thus we have A = {a3, ap,
a1, ag} and B = {bs, ba, by, bg} with a3 = (1101)2 = 13, ap = (0101), =5, a1 =
(1001)2 =9, ag = (1010)2 = 10 and b3 = (1110)2 = 14, by = (0001) = 1, by = (1101),
=13,byp=(0011) =3. Here N =16 and n = 4.

3.6.3.1 Modulo 2N -1 product

Equations (3.10)-(3.25) give:
Xx41 =19, x42 =11, x43 =49, x44 = -5, ya41 = 42, y42 = -12, y43 = 26, yq4 = 18,
241=7,242 =3, 243 ="-5, 244 = -3, 745 = 4, 746 = 6, 247 = -2, and 748 = -6.

Evaluating equations (3.26)-(3.29) we get cg = 330, c1 = 240, cp = 324, ¢3 = 253.

Evaluating equation (3.90) we have <A x B> ,N _; =9307 and the result checks correct.

3.6.3.2 Modulo 2N + 1 product

Equations (3.96)-(3.98) give go =300, g1 = 83, and gr = 182.
Evaluating equations (3.99)-(3.101) we get dg = -270, d1 = 74, and dj = -40.
Evaluating equation(3.91) we have <A x B>,N 1= 43907 and the result checks correct.
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3.6.3.3 Modulo 2N product

Equations (3.107)-(3.109) give eg = 30, e1 = 157, and e2 = 142.
Evaluating equation (3.102) we have <A x B> ,n = 26606 and the result checks correct.

3.6.3.4 Full precision product

Equations (3.111)-(3.117) give fo = 30, f1 = 157, f2 = 142, f3 =253, {4 = 300,
fs = 83, and fg = 182.
Evaluating equation(3.110) we have A x B =3161221102 and the result checks correct.

3.6.4 Hardware and speed analysis

All the analysis in this section is provided for the case when the product of two
numbers is obtained by decomposing each number into four equal parts, say each with k
bits. Four methods are compared:

i) traditional techniques,
i) quarter squared algorithm,
iii) new multipliers modulo 2N -1 [51],

iv) techniques of this chapter.

The traditional way of computing c, 1, ¢2, and c3 would be by using equations (3.2)-
(3.5). Here each product term can be realized by a ROM of size 22k x 2k. Since sixteen

product terms have to be realized, we would need a total of k x 22k+5 ROM bits.

Direct applicatidn of the quarter squared algorithm to each term of equations
(3.2)-(3.5) would require for each term two ROMs, each of size 2k+1 x (2k + 2). Thus

sixteen product terms would require a total of (k + 1) x 2k+7 ROM bits.

103



New multipliers modulo 2N -1, [51] requires a total of (2k + 5) x 2k+6 ROM

bits.

Based on our techniques, equations (3.26)-(3.29) dictate that 16 ROMs, each of
size 2k+2 x (2k + 4) would be required, thus giving a total of (k + 2) x 2k+7 ROM

bits.

Table 3.3 summarizes these results and also presents data on the number of
adders required by each method. Here we have assumed that the operation (a - b)
requires only one adder. This is a reasonable assumption because our numbers are
integers, and therefore the operation (a - b) can be realized by (a + (-b)), where (-b) is
the two's complement representation of b. The hardware module for this adder can be
suitably wired to obtain this function. Figures 3.11, 3.12, and 3.13 show the hardware
structure needed to compute cg for all methods except that of (iii) which can be found in
[51]. These hardware structures can be replicated appropriately for the other terms. The
number of levels through which the data has to flow is indicated on each figure,
however this might be irrelevant if data is being processed continuously. In such a case
the limiting factor will be the speed at which the ROM can deliver. Method (i) requires a
ROM whose size is in the order of O(22K) while all the other three methods require
ROMs with sizes of order O(2K). Since method (i) requires the largest sized ROMs, it
will be the slowest. Also since the total number of ROM bits is very high, it will not be
possible to integrate the entire design on a single chip. With respect to speed and
number of ROM bits, methods (ii) through (iv) are comparable. With respect to the total
number of ROM bits required, method (ii), i.e. the direct application of the quarter
squared algorithm, appears to be the best but considering the fact that it requires 60
adders it will be the most complex one to build. Our techniques in this chapter yield the

best trade off for speed and hardware; while they require more ROM bits than the
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Table 3.3: Hardware and speed comparison of various look-up table techniques
Method Total number | Number Size of Speed as | Integration
of ROM bits | of two largest a function | on a single
operand ROM of ROM chip
adders size
Traditional k x 22k+5 12 22k x 2k 0(22k) NO,
Techniques for N>= 16
Quarter NO,
Squared (k+1) x 2k+7 60 2k+1 % (2k+2) | O(2K) for N>= 16
Reference[51] | (2k+5) x 2k+6| 38 2k+3 % (2k+6) | O(2K) Possible
This section | (k+2) x 2k+7 40 2k+2 5 (2k+4) | O(2K) Possible
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Fig. 3.11. Hardware architecture to implement equation (3.2) using
traditional techniques
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Fig. 3.12: Hardware architecture for implementing equation (3.2) using the quarter squared algorithm.
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quarter squared algorithm, they require far fewer adders. Techniques of this chapter out
perform those of [51] in many respects viz. smaller maximum ROM size, a total of
fewer ROM bits, and higher speed. Also based on the techniques of this chapter, all the
ROMs are of the same size and hence identical. This again is a big advantage for VLSI

designs. The regularity of the hardware architecture is clearly seen in figure 3.13.

Table 3.4 summarizes the ROM requirements for different wordiengths(N) for
the case when the numbers are each decomposed into four parts. Table 3.5 summarizes
the overhead ROM requirements required for computing the product modulo 2N +1,
modulo 2N, and the full precision product. Again, each product is computed by
decomposing each of the numbers into four equal parts. Overhead is defined as the
number of ROM bits needed over and above those required for the computation of the
modulo 2N -1 product. The values are based on equations (3.96)-(3.98), are obtained in

a straightforward manner and are hence not detailed.
3.7 Summary

In this chapter we have discussed several implementation issues of the squaring
and convolution operations. In section 3.2 we presented an intuitive CSA based
implementation for the squaring operation that was faster than the schemes suggested by
[54]. We showed, by counter example, that the number of levels required to add a set of
summands in a parallel fashion is not only a function of the height of the tallest column
but is also a function of the heights of the other columns and their relative placements.
In section 3.3 we presented an alternate implementation for the squaring operation and
compared its performance with existing schemes. We found that for VLSI
implementations of small wordlength squarers, the prime factors in the selection of a

design would be regularity and modularity. This was because different schemes for
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Table 3.4:

Cost Comparison in ROM bits of the various techniques for computing

<A X B>9N
Word | Decomposed | Traditional | Quarter Reference | This | % savings
Length | Part Length | Techniques | Squared | [51]cost | section |( vs. trad.
N k cost Alg. cost cost | tech.)
16 4 25 x 210 | 10 x 210 | 13 x 210 | 12x 210 62.50
32 8 210 x 214 | 18 x 214 | 21 x 214 | 20x 214| 98.04
64 16 219 x 222 | 34 x 222 | 37 x 222 | 36x 222| 99.99




Table 3.5: Cost in ROM bits for integrated multiplier, based on techniques of this
section
Word | Decomp- | Mod. (2N -1)| Mod. (2N +1)| Mod. (2N) | Full precis-| %
Length | osed Part | product cost | product product | ion product | over-
Length overhead cost j overhead |overhead | head

N k (k+2) x 2k+7 | 6(k+1) x 2k+3| cost cost
16 4 6 x 211 30 x 27 None None |31.25
32 8 10 x 215 54 x 211 None None |33.75
64 16 18 x 223 102 x 219 None None |35.41
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small wordlength squarers had similar hardware costs. In section 3.4 we presented in
detail CSA based implementations for 4, 8, and 16 point cyclic convolutions. The
analysis showed that the increase in the number of addition operations does not
significantly diminish the hardware savings obtained by the reduction in the number of
the squaring operations. We again emphasize that the purpose of the implementations
was solely to argue the case in point and not for the purpose of field implementations.
We also clearly demonstrated that our approach is an excellent candidate for smart
architectures. In section 3.5 hybrid implementations of the convolution operation are
presented. Here, we've shown that if the multiplication and squaring operation are
implemented by ROMs then our method while being a little slower, yields phenomenal
hardware savings. Finally, in section 3.6 we presented an application of the convolution
operation in the field of computer arithmetic, namely, the problem of integer
multiplication. We present the case of a modulo N 1 multiplier and show how our
techniques can be extended to multiplication in other rings, namely, modulo 2N 41 and
modulo 2N. We also present the case of full precision multiplication. We show that in all
cases our methods produce significant ROM bit savings when compared with traditional

implementations.
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Chapter 4

ROM Based Methods for Computing the
Squaring Operation in Modular Rings

In the previous chapters we developed algorithms for modular multiplication and
cyclic convolution that relied primarily on squaring operations. The focal point of those
algorithms was to how best reduce the number of squaring operations to perform the
desired computation. Also, these algorithms were discussed in the context of full
precision computation. However, signal processing applications often rely on the
properties of the residue number system (RNS) [38] to perform efficientﬂ computations.
In such an environment computations are performed over modular rings, the popular
choices being 27, 2™1, and 2! [38], [47]. Therefore, in this chapter we focus on
hardware efficient compression schemes for computing the square of a number modulo
20, modulo 21 -1, and modulo 27 +1, using ROM look-up tables. In this process we

present several schemes and compare their relative merits and de-merits.

In section 4.1 we attempt to motivate the reader by showing how a few simple
arithmetic manipulations can reduce the size of the ROM required for the squaring
operation. These schemes were presented in brief in [63]. In section 4.2 we present our
newly proposed optimized schemes which were also presented very briefly in [53]. In
this chapter these schemes are presented in detail, for both the sake of completeness and

for comparison with the newly proposed schemes.
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4.1 Memory compression schemes for arithmetic in
modulo 2"

Our objective here is to find efficient ways to compute the square of a number.
In this chapter we consider ROM based methods to perform this computation. Let us
consider a number A belonging to the modular ring Zpn = {0, 1, ..., 20 -1}. Then A has
a n-bit binary representation as in A = a__;a, 5 ... 3;3); 3; € {0,1}. Our task is to
compute <A2>2n. where <x>, denotes the operation x modulo m. Our method basically
consists of decomposing the number A into two words, a high word, say Ay;, and a
low word, say A;;, and then performing certain arithmetic manipulations to yield
significant savings in ROM bits. We then show that by varying the lengths of Ay; and
A; ; we can obtain more savings in ROM bits at the expense of an overhead consisting
of a few gates and multiplexers. We present the analysis for three different

decompositions of the number A.

4.1.1 Analysis when the high word is one bit long

Let Apyq be a 1 bit word and Aj ; be a n-1 bit word with Ay =a,,_ and
A 1=2,7 ... aja3. Then we have
A=Ag2" AL 4.1
and
A2= Al 22024 A AL 20+ AR (4.2)
If n > 2, then 2n -2 > n, <22“'2>2n =0, and we get
<AZ> = <A%1>2n (4.3)
For a table look-up approach, as shown in figure 4.1, the square of the number
A can be computed by simply using a ROM of size 2" x n. We shall refer to this as the

direct or traditional implementation as it involves no arithmetic manipulations. However,



Figure 4.1:

A=a - a

n-1

ROM

y

2
<>,

The direct computation of <A2>2n, ROM size=2"x n
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equation (4.3) shows us that the same task can be accomplished by using a ROM of size
2%1 5 n as shown in figure 4.2. Thus we have a savings of 50% in ROM bits with no
additional overhead. In the next section, by applying the same techniques, we analyze

the effects of increasing the length of Ay, and reducing the length of Aq ; on the savings

in ROM bits.

4.1.2 Analysis when the high word is two bits long

Let Ay, be a 2 bit word and Aj , be a n-2 bit word with Ay, =a,_4a, 5 and
A, =2a,3 ... 212, Then we have
A=Ap2" 2+ Ap (4.4)
and

AZ= Ay 224 AppAL, 2 4+ AT, (4.5)

22“-4

Ifn>4,then2n-4 >n, < >,n =0, and we get

<AZ> 0= <AppAr, 2+ Afy>on (4.6)

The possible values of <Ay,A; 2"'1>2n are shown in Table 4.1. Further,
<A, 2“'1>2n =<(a,.3 - a1a0)2“'1>2n= <(ap.3 ... a)2" + a02“'1>2n = a02“'1
4.7)

Combining equation (4.7) and Table 4.1 we can write

<A?,> ifa =0

L2 -2

<A2>2n = 2n_21n ’ e (4.8)
<ay +AL2>2n ifa, ,=l1

If <A%2>2n is represented in binary as b, b, ,...b;by, and letting Cp1=339Db, 4

where @ denotes the exclusive-or operation, equation (4.8) can then be rewritten as

2 _ b _1b __2...b1b0 ifa _2=0
<A >2n - {C:_lb:_z...blbo if a:_2=1 (4.9)
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<A2 >2n = <Ail>2n

Figure 4.2: The computation of <A2>2n based on equation (4.3), ROM size = 2%Ixn
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Table 4.1:  Values of <Ap,Ap, 2" '>,p

Ay <AppAr22" >0
| n:1 In-2
0 0 0
0 1 <AI‘22“‘1>2n
1 0 0
1 1 <AL22“'1>_2.n




We note from Table 4.1 that the value of bit a_; is irrelevant and thus does not

appear in equation 4.9.

To obtain <A%2 >,n @ ROM of size 2™2 % n would be sufficient as the length of
A , is only n-2 bits. Thus we have a savings of 75% in ROM bits when compared with
the direct implementation. However, to obtain <A2>2n we need to realize equation (4.9)
and for this in addition to the ROM we would need an exclusive-or gate and a single
2x1 multiplexer(mux) as shown in figure 4.3. Thus while equation (4.9) produces

more savings in ROM bits than equation (4.3) it also has a small overhead.

In the next section we increase further the length of the high word by one more
bit and simultaneously reduce the length of the low word by one bit. The objective of
the analysis here is to show that while more savings in ROM bits are obtained the

overhead increases in a disproportionate fashion.

4.1.3 Analysis when the high word is three bits long

Let Ay3 be a 3-bit word and A; 5 be a (n-3)-bit word with Ays =2a,42,98, 3
and
A[3 =44 ... 2;3, Then we have
A=Ag2™3 + AL, (4.10)
and
Al= AR 226+ Ay 3 272+ AT (4.11)
If n > 6, then 2n -6 >n, <22“'6>211 =0, and we get
<A%>n=<AyAr3 22+ Af 3>, (4.12)
The possible values of <Ay3A 5 2“'2>2]n are shown in Table 4.2. Further,

remembering that A; 3 =a, 4 ... a;a,, we have
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ALF a3 3
n-2/i/
ROM
% bn-1
n¢
<A > =b b
L2750 n-1"n-2 0
n-1 bn-l
1 0
a =18, 2- to -1 Multiplexer
¥
n-1
//
n
{
<A > = Cn-l n-2"’

Figure 4.3: The computation of <A2>2n based on equation (4.9), ROM size = 2% n
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i -2
Table 4.2:  Values of <Ap3A; 5 2" >on

Ays <Ap3zAp32" 2>
[ n:1 2n:2 43

0 0 0 0

0 0 1| <AL2*%p;

0 1 0 | <ALy

0 1 1 | <BAL2 >,

1 0 0 0

1 0 1| <A™y

1 1 0 | <AL

1

1 1 <3AL32“‘2>211




<A|;3 2“'2>2n =<(a, 4 - a1a0)2“'2>2n
= <(ap.4 - 3)2" + ;202" >0
= a,2,2"2 (4.13)
and similarly
<Ap32"1>,0 = <(ay 4 - 2;2002" >pn= <@y 4 - 27)2" + 32" > 0 = 22"
(4.14)

Adding (4.13) and (4.14) we get
<BA15 2% 0 = <a;252"2 + 232" >0 = (a) @ ag)ag2"? (4.15)

If <A%3 >on is represented in binary as d,, ;d, ,...d;d,, and letting h,_ ; =a; ©

ay, equations (4.12) - (4.15) combined with table 4.2 can then be rewritten as

dn—ldn—Zdn-3"-dldO if an_2an_3 =00
€n-1€n-2dp-3...d1d if aj sap.3 =01
<A2>2n= n—1¢n-24n-3 140 ' n-24n-3 (4.16)
fp-1dp-2dy3...didg ifag gap3 =10 ,
8n-1€p-2dp-3-.-d1d ifapgan3 =11
where the bits e, {, €, 5, f,, 1, and g, _; are given by
en_l = al @D dn-l ® (3.0 A dn_z) (4.17)
en2 =29 D dyy (4.18)
fh1=299® d (4.19)
8n-1=hy1 ®dy @ (ag A dyy ) (4.20)

with A denoting the AND operation. We once again see from Table 4.2 that the value of

<AysArs 2“'2>2n is not a function of bit a,_; and this is accordingly reflected by
equation (4.16).

Now, to obtain <A%3 >,n @8 ROM of size 2™3 % n would be adequate as the

length of Ay 5 is only n-3 bits. Thus we have a savings of 87.5% in ROM bits when

compared with the direct implementation. However, to compute <A2>2n we need to

122



implement equation (4.16) and for this in addition to the above ROM we would need 6
gates and a 4x1 multiplexer of word length two. This implementation is shown in
figure 4.4.

The preceding analysis shows that a direct extension of the above method, i.e.
increasing the length of the high word while simultaneously reducing the length of the
lower word results in reducing the number of ROM bits but at the same time increases
the overhead both in terms of gate count and complexity of the design. In the next
section we show the optimal size for the high and low words to obtain not only the
maximum savings in ROM bits but also an overhead that is less than that required by the
above method and is also streamlined with respect to implementation. In a later section
we show that this overhead is also streamlined with respect to arithmetic modulo 2" -1

and modulo 2" +1.

4.2 Optimized memory compression schemes for
arithmetic in modulo 2N

The following proposed schemes were published very briefly in [53]. In this
section the schemes are presented in detail followed by a comparative analysis. We use

the same notation as before and our task remains the same, i.e. we wish to compute

<A2>2n, where once again <x>,, denotes the operation x modulo m.

Recognizing that the first bit that might produce an overflow when an n-bit (n

02 position we decompose the number into

even) number is squared, is located at the
two parts each of length n/2 bits. The technique is explained in detail for the case when
the arithmetic is done modulo 2" and n even. All other cases are summarized in Tables

4.3 and 4.4.
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01 00
4- to -1 Multiplexer

1 "2

ok Kk
Cn-1 n-2

Y

<A>-Cnlcnzd | oo d

n-2
n-3

Figure 4.4: The computation of <A2>2n based on equation (4.16), ROM size = 2™3 xn
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Table 4.3: Results when nis even. Ay =a, ja,5 ... a5, Ay =840y 13(2)-2
ajag, and QS =221 ((Ap + A} - (A - ALY}

Operation Formula CostinROM | Overhead %savings of ROM bits
bits n=16 n=32
2 2
<A">; | <A7+QS>y 5x 2V2 x n |4adders | 98.04 | 99.99

<A%>yn ; [<AR + AR+ QS>m.; [6x 2%2 xn [Sadders | 97.65 | 99.99

<A%>on .1 | <-Aff + AL+ QS>m, 1|6 x 292 x n | Sadders | 97.65 | 99.99
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Table 4.4: Results when nis odd. Ay =a, 4, ... An+1)/2> A= an-1)/2 -+ 4130
and QS = 20D (AL + A[)? - (A - AD?)

Operation Formula Cost in ROM Over- %savings of ROM bits
bits head n=15 n=31
2 2
<A">;n | <AL+QS>;p 5x20 D2 n | 4agders | 96.09 | 99.99

<A%>pn | <2Af+AF+QS>on 4 | 11x20 D2 0 | Sades | 9570 | 99.99

<A%>pn 1 | <-2A%+AF +QS>pn 41 | 1120 D25 1 | Saagers | 95.70 | 99.99




127

4.2.1 Analysis when n is even

Consider a number A belonging in the modular ring Z,, with a n-bit
representation as given before. Let Ay =a, ja, 5 ... 4,y and A} = a(n/2)-13(n/2)-2 -+

a,2. Then we have

A=A 4 AL 4.21)
and

AZ= A} 2"+ AgA; 2241 4 A2 (4.22)
while

<A n=<Af + AgA 2245, (4.23)

The term A% can be computed using a ROM of size 2Y2 5 n. The product Ay A; can be

realized by using the quarter squared aigorithm [47], thus giving

Q2 ALA S 0= <2V ((Ay + AP - (Ay - ADPon (4.24)

Each of the square terms in equation (4.24) can be realized using a ROM of size
22 +1 1 Thus the total number of ROM bits required to compute <A2>2n is 5x
2%2 5 n. For the case when n=16, we have obtained a savings of 98% in ROM bits
while the overhead is two (n/2)-bit adders and two modulo 2" adders of size n. Note
that while n increases the savings in ROM bits increases whereas the overhead remains
the same with respect to the count of adders, i.e. the number of adders is not a function
of n. Also, when it is required to compute terms like -(AZ), a negator is not needed as
the ROM used for this purpose can be designed to directly generate the negative result.

The implementation of this technique is shown in figure 4.5.
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Ay Ap Ay Ap

n/2$ /2 n/2¢ mz&

+ - N

n/2 + i(AH + AL w2+ %AH - Ap) “/%

ROM ROM ROM

n
//

n// Il//
2
<Ay + A >n ’ l <(Ay - ALY > v
- 2
<+ > Ar =bpabyg by 3bup ‘2"'b{bﬂ
A L 1
n

7 ]

Scale by

2n/.?. -1

2+ 1) w2l
} !

+ n/2- 1y

Note: 1) The scaler unit simply shifts it's input to the left by o2 -1
positions. Thus the lower (n/2) -1 bits are zeros and the upper
(n/2) -1 bits are = 0 modulo 2" and are hence ignored. The
remaining bits can be simply hardwired at the appropriate
locations in the next unit and thus the scaler unit requires no
additional hardware.

2) The modulo 2" adders are regular adders with only the
lower n significant bits, i.e. carry's are ignored.

Figure 4.5: The computation of <A2>2n based on equations (4.23)-(4.24), total ROM
bits =5 x 2”2 x n



4.3 Numerical example

We now present a numerical example to illustrate the techniques presented in

sections 4.1 and 4.2. Our task is to compute <A2>2n with n = 10 and A =

agaga;agasaajasaag = 1111011101 = (989),,. We expect to obtain <9892>1024 = 201.

4.3.1 llustrating techniques of section 4.1.1

Decomposing A into a 1-bit high word and a 9-bit low word, we get Ay = ag =
1 and A ; = agajacasajaza,ajag = 111011101 = (477),- Equation (4.3) gives

<A, = <Af1>1004 = <477%>0p4 = 201 and this agrees with the expected result.

4.3.2 Hlustrating techniques of section 4.1.2

Decomposing A into a 2-bit high word and a 8-bit low word, we get Ay, = agag
=11 = (3)19 and A, = a;7a6a5a4a3a5a;a5 = 11011101 = (221)4,. Thus <A]%2>2n =
<2212>1024 = (713); = bgbgbsbgbsbsbsbsb by = 1011001001. Since a, , =ag =1,
equation (4.9) gives <A%> 1, = cgbg ... biby With ¢y = ay ® by = 0. Plugging the

values we have <A2>1024 = 0011001001 = (201);( and this agrees with the expected

result,

4.3.3 lllustrating techniques of section 4.1.3

Decomposing A into a 3-bit high word and a 7-bit low word, we get Ay; =
agagay = 111 = (7); and A[ 5 = agasazazaajag = 1011101 = (93),. Thus <Af3 >on =
<932>1024 = (457),( = dgdgd,dgdsdydad,d dy = 0111001001. Since a, ya,, 3 = agay =
11, equation (4.16) gives <A2>1024 = ggegds... d;d, with equations (4.18) and (4.20)
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giving gg =a; @ ay @ dy @ (ag A dg) and eg = a5 @ dg. Plugging the values we have
<A2>1024 = (011001001 = (201),, and this agrees with the expected result.

4.3.4 Mustrating techniques of section 4.2.1

Decomposing A into a 5-bit high word and a 5-bit low word, we get Ays =
agaga;agcas = 11110 = (30), and A[ 5 = a4a3273,a9 = 11101 = (29),. Thus <A% >on =
<29%> 1024 = (841) ;. Equation (4.24) gives <2SA[A; >,n = <2H(Ay + AD)? - (A -
AL)2}>2n = <24{592 -12}>1024 = 384. Plugging the values into equation (4.23) we

have <A%> ), = <384 + 841>, = (201); and this agrees with the expected result.

4.4 Comparing techniques of section 4.1 with 4.2

In order to make a fair comparison of the techniques presented in section 4.1
with those of section 4.2 we decompose the number as given in section 4.2 and then
apply the techniques of section 4.1. We compare the two techniques with respect to
hardware cost and speed. The hardware cost is expressed as a function of 2-input gates
while the speed as a function of gate delays. Since both methods are implementing
equation (4.23) the cost for implementing the term A‘E does not need to be taken into
account as both methods implement this term in exactly the same fashion, viz. using a

ROM of size 2"2 x n. The difference in cost and speed arises based on the manner in

which the other term, namely Aj;A; 2%2*! ig implemented and added to A? .
H*L P L

4.4.1 Cost and speed analysis for section 4.1

n/2 +1
L 2

In order to implement the term ApA we would need (n/2) -1

multiplexers of size 22 "1 x 1. We arrive at this figure based on the following:

Recall that in this method we make use of the fact that the lower (n/2) + 1 bits of

the end result is the same as the lower (n/2) + 1 bits of the term A%. This is simply
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because the term ApAp 2%2+1 s the quantity AyAy shifted to the left by (n/2) + 1
positions with zeroes filled in. Thus the remaining (n/2) - 1 bits of the end result are
determined by the summation of Ay A; with the upper (n/2) -1 bits of the term A%. This
accounts for the number of multiplexers. This scheme is pictorially shown in figure 4.6.
Let AyA; be represented in binary as ry 1y, 5 ...I and the upper (n/2) -1 bits of the term

A% as sy _18y,.2 ---8o Where the subscript h also represents the number of bits in the high

word.

Since Ay is n/2 bits long its value lies in the range O to 2@/2) 1, However, the
most significant bit of Ayyi.e a,_; has a weight of 2%2 -1 and when multiplied by 272 *1
it gives a,_; x 2" which modulo 2" is equal to 0. Therefore the only bits of Ay; that are
of interest to us are a, »a, 3 —-8(n/2)- This gives us 2(/2) -1 different terms to be

multiplied with Ay V2 +1 thyg giving us the size of the multiplexer as 21y q.

Let A% be represented in binary as b, b, , ...b{b. Note that A% is inherently

a n-bit number. The inputs to the multiplexer are terms, each one of which is the sum of

2(n/2) -1

b,.1bpg - b(n/2) +1 and one of the AyA; terms. (There are such terms).

The following assumptions are made for calculating the amount of hardware:

1) We assume that the design is based on 2-input gates. We do not count the cost
of inverters. We allow all types of 2-input gates including exclusive-or gates.

2) All gates have a fanout of 1. This assumption is necessary as the technique
employed here is essentially bit manipulation and we are trying to give a general formnla
for any size n. While this estimate gives a conservative estimate on the number of gates
it is a fair assumption as the same criteria is applied to the techniques of section 4.2.
Also most units of section 4.2 have fanouts that are not a function of n and so to allow

an arbitrary fanout will not be fair as the size of a gate is also a function of the fanout.
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Figure 4.6: Basic scheme for techniques of section 4.1
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The size of the overall multiplexer is determined as follows:
Let p be the number of select lines and q be the number of bits in each input data word.
The number of 2-input gates for q multiplexers each of size 2P x 1 is calculated as
follows:
Since there are p select lines, there are 2P minterms each containing p-bits. Each
minterm will have log,p stages, thus giving the number of gates as (20 +2l 4+
21082 P -1y Normally the select lines of all the multiplexers would be tied together
implying that each minterm needs to be-realized only once. However, since we are
assuming a fanout of 1 we cannot use this fact and so these terms have to be realized q
times. In each multiplexer, each minterm is combined with one bit of the input word.
Since there are 2P minterms the number of stages required to transfer one bit of the q-bit
input to the output is equal to p, thus giving the number of gates as @0+ 21+ ..+ 2P
Thus the total number of 2-input gates for the multiplexer is given by,
mux hardware = @2P(20 + 21 + . +21082P-ly L g0+ 21 4 +2P)  (4.25)
In our case p = q = (n/2) -1. Plugging this into the above equation and simplifying we
get

Mux hiw = (/2 -1)[2"V2 -1 Qlog2(2-1) 1y, (o0/2 _ypy) (4.26)

The computation for the number of gates required for obtaining each of the input

words is based on a recursive formula and is thus not as straight forward as the above

analysis. It is thus presented in detail. Let G denote the number of gates required for

computing the input words to the multiplexer when the high word has h bits and let g;

denote the number of gates required for the modulo 2" addition of two i-bit words.

For the case when the high word is one bit long there is no additional hardware.

Thus Gl =0.
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For the case when the high word is two bits long we require a 2 X 1 mux and
one: gate. Using the notation introduced in this section this gate performs the addition of
rg and sy. Thus Gy =1and g; = 1.

For the case when the high word is three bits long we require a4 X 1 mux and

10 gates. We explain below how the figure of 10 is obtained. The words of interest now

are ryrg and s;sy while the following summations need to be performed.

51 S I 51 S 51 $o
+ rl ro -+ rO + rO
USR] 1] | > result
Gates & @ @ @ @ @
reqg © A ® A
4 gates 1 gate 4 gates 1 gate

Note that the summation of the last column is given by G,. Thus the number of gates
can be given as G3 =4 + 1 + 4 + G, = 10. This checks with equations (4.17) - (4.20).
Here the first term is g, and is equal to 4.

For the case when the high word is four bits long we require an 8 X 1 mux and
60 gates. We explain below how the figure of 60 is obtained. The words of interest now
are ryrrgand s,s;sy while the following summations need to be performed. .
1) Sy S; Sy

+ r2 I 1 ro

® 6 @
@ A
10 gates

The number 6 appears because to add s; and r; we need a full adder. (For a

fanout of one a full adder needs 6 gates.)
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2) I, Iy Ig S 81 §
I T
result ------------- result
Gates req. ® & ® 6 @
® A ® A
4 gates 10 gates
3) r2 rl rO 82 Sl SO
To
result -------eemeo- result
Gates req. & ® 6 @
@ A
1 gate 10 gates
4) l'2 rl l'o Iy 0 82 Sl SO
I Tp
result ------------- result ---------- > result
Gates req. ® @ ® d® 6 @
@ A @ A
4 gates 1 gate 10 gates
5) In addition to the above we would need all the gates required for the case when

the high word had three bits.

Thus the number of gates can be givenas G4 =10+4+10+1+10+4+1 +

10+ Gy = 60. Here the first term is g5 and is equal to 10.
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From the above discussion we see that for each decomposition the term g; also
represents the number of gates required for summing the two words of interest viz. ry,_
1Th-2 ---Fg and sy 18y 5 ...55. We let set G = {gy, gy, s g;.1} where i = h-1. Then the
general formula for the number of gates required for all the input words of the

multiplexer can be given for all h > 2, by

G| |G| |G|
Gp=g8; + | |+ et ;
h=Ei (l)gl (2)81 lGlgx

i~1

+Y g+ (g+e) Vikle L2, ., i-1} + ... + D (1, 82, -rBi1)
k=1

+ Gpq 4.27)

where G;=0,G,=1, g, =1,g, =4, and g;=4 + 6(i-2) fori > 2 and | G | is the

cardinality of set G.

Thus the total hardware is given by
Total Hardware -Section (4.1) = Equation (4.26) + Equation (4.27) (4.28)

Table 4.5 lists the costs of the hardware for various values of n and also gives a
cost comparison of the two sections. Here the hardware cost is based on equation (2.26)
and not on equation (4.28) merely to illustrate the fact that in spite of ignoring the cost
of équation (4.27), section 4.2 is far more cost efficient. Also, because of this we use
the term minimum % savings as opposed to simply % savings.

We now present the analysis to compute the time delay associated with the

computation of the squaring operation. The delay of the multiplexer is given by 1 + p +

log, p while the delay to compute the input terms of the mux is given by the time to
obtain the mod 2" sum of ry 1}, 5 ..o and s, _;s; 5 ...so. The worst case delay arises

when 1, _y1p,.5 ...Tg assumes its maximum value of 21 _1. In such a situation h-1

summations have to be performed in a sequential fashion while the delay of each



Table 4.5;

Cost comparison in 2-input gates of techniques of section 4.1 with 4.2
Word Length n H/w cost of H/w cost of Minimum %
section 4.1 based | section 4.2 based savings.‘
on egn (4.26) on eqn. (4.34)
16 7161 1411 80.30
32 7864305 40339 99.48
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summation is given by the time to compute the corresponding g;'s. The time delay for g;

is denoted by t_., while tgl =1, tg2 =2, tgi = 2(i-1) fori > 2. Thus the total worst case

gi’
delay is given by
h-1
T,=3+ Z‘gi = (h-3)[(h-3)(h+2) -2] +3 forh>2 (4.29)
i=3

We have assumed that the full adders are connected in a ripple fashion. Thus the total
delay in gate delays is given by

1 +p +log, p + (h-3)[(h-3)(h+2) -2] + 3 (4.30)

For the decomposition considered p = q = (n/2) -1 and h = n/2 and plugging

these into the above equation we get

Time Delay -Section (4.1) = n/2 + (1/8)(n-6)[(n-6)(n+4)-8] + log,(n/2 -1) + 3
(4.31)

Table 4.6 lists the time delays for various values of n and also gives a delay
comparison of the two sections. Once again, it is seen that techniques of section 4.2 are

better than those of section 4.1.
4.4.2 Cost and speed analysis for section 4.2

The hardware cost of a modulo 2" adder for n > 2 is given by 4 + 6(n-2).

Referring to figure 4.5 there are 2 adders of size n/2 + 1, one adder of size n, and one

adder of size n/2. (Note that the Ay - A; unit produces the result in 2's complement

form.) Thus giving a total adder cost of 15n -13. The cost of a ROM with L address

lines can be given based on [55] as

ROM Cost =2 x (20 + 21 4 .. 4 20082172 -1y (50, o1, 4 ology 2¥¥(L12)y

(4.32)
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Table 4.6: Speed comparison in 2-input gate delays of techniques of section 4.1
with 4.2
Word Lengthn | Time delay of Time delay of Ratio of time
section 4.1 based | section 4.2 based | delays of sections
on eqn. (4.31) on eqn. (4.35) 4.1 and 4.2
16 254 62 4.10
32 3039 126 24.12
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However, since we assume that each minterm is realized independently the first term is
to be multiplied by 212, The second term has to be multiplied by n as the output of our

ROM has n-bits. Here L = n/2, thus giving
ROM Cost =2"4-1 % (5n-4)-n (4.33)

Thus the total hardware cost can be given by

Total Hardware -Section (4.2) = 15n-13 + 2 X Equation (4.33) 4.34)

Referring to figure 4.5 again the delay can be given by three levels of adders
plus one level of ROMs. The total delay of the adders in gate delays is given by 4n-2
while the delay of the ROM in gate delays [55] is given by 2 + log, (L/2) + log, 22,
However, referring to figure 4.6 we note that the same ROM delay is also associated
with techniques of section 4.1. Therefore for comparison purposes we do not need to

include the delay of the ROM unit. Thus we have
Time Delay -Section(4.2) = 4n -2 (4.35)

Tables 4.5 and 4.6 summarize the costs and delays for various values of n and

also compare them with the techniques of section 4.1.
We make the following observations:

1) From table 4.5 we see that techniques of section 4.2 result in considerable
savings in hardware, of up to 99.48% , when compared with those of section 4.1. Note
that in this table for section 4.1 we have only taken into account the cost of the
multiplexer. From table 4.6 we see that techniques of section 4.2 also yield a much

faster hardware, of up to approximately 20 times for a 32-bit word.



2) 'fhe bulk of the delay in equation (4.35) is due to the adder circuit. By using
better adders such as the carry-look ahead adder the timing can be drastically improved
for section (4.2) while it will make little difference for techniques of section (4.1) as,
referring to equation (4.31), the adder delay here is O(n3). Also in section (4.1) the

number of summands is a function of n while for section (4.2) it is a constant.

3) The ROM delay models used for section (4.2) are very conservative [55] as they
do not take into account the density, regular implementation structure, e.t.c. while the
model used for section (4.1) is very generous as it does not take into effect the delays of

interconnection wiring.

4) A big advantage of section (4.2) is that it is very modular. Thus in a practical
implementation a design change from n = 16 to say n = 32 will require much lesser
design turn around time as only the blocks have to be changed while for techniques of

section (4.1) a complete new set of schematics will have to be created.

4.5 Memory compression schemes for arithmetic in
modulo 2" -1

In this section we present the arithmetic manipulations required to compute the
square of a number modulo 2" -1. Our objective here again is to find ROM based
efficient methods to compute the square of a number modulo 2" -1. Let us consider a
number A belonging to the modular ring Z,n_{ = {0, 1, ..., 20 -2}. Then A has a n-bit
binary representation as in A = a__ja, 5 ... 8;a; ; € {0,1}. Our task is to compute
<AZ>yn 4, where as usual <x>;, denotes the operation x modulo m. Our method is
essentially the same as that outlined in section 4.1. Here we present the analysis for two

different decompositions of the number A.
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4.5.1 Analysis when the high word is one bit long

Let Ay be a 1 bit word and A; ; be a n-1 bit word with Ay; =a, ; and

Ap1 =, ... a;a;. Then the value of A is given by equation (4.1) and its square by

equation (4.2). Evaluating equation (4.2) modulo 2" -1 we get

5 (Af 1)y, ifag,_; =0
(A% dn_1 =7 5 ) . (4.36)
(2 + A‘Ll + AL1>2n__1 ifa,_1 =1

In the computation of equation (4.36) we use the following: <20>,0 § = 1, <220-25,n

= 2“'2, and Ay = a, ;1 € {0,1}. Further, the summation of 272 and A[ 1, can be given

in binary as a, 5a;_2a,_3 ... 242y, is less than 2"-1 as both a,_, and its complement

ap_» cannot be one at the same time.

We realize the term A} using a ROM thus needing a ROM of size 2™! x n.
Therefore we have a savings of 50% in ROM bits, however the overhead is one modulo
2" -1 adder and a single 2 x 1 multiplexer of word length n. As seen from equation
(4.36) the select line of the multiplexer is a,,_;. In the next section, by applying the same

techniques, we analyze the effects of increasing the length of Ay and reducing the

length of Ay ; on the savings in ROM bits.

4.5.2 Analysis when the high word is two bits long

Let Ay, be a 2 bit word and Ay 5 be a n-2 bit word with Agp, = a, 13, and

Ap, =2, 5 ... ajay. Then the value of A is given by equation (4.4) and its square by

equation (4.5). Evaluating equation (4.5) modulo 2" -1 we get

<AZ>n 1= <D™ AR+ AppAL, 27+ A o> (4.37)



In the above we have used the simplification <22“'4>2n_1 =2%4 The possible values of

<2“'4A%{2+ AyrArn 2“'1>2n_1 are shown in Table 4.7 while the following can be

observed:
Case 1: a, 1a3,, =01

In this case, according to Table 4.7, <2™* + AL22“'1>2"_1 needs to be
computed. Since Ajy = a, 5 ... ag, A; 2" = (2,3 - 2139)2" ! = (a5 ... a)2" + 22"
Vand <A[ 521550 ) = <(000a, 5 ... a;) + (2g00 ... 00)>y0_; = 200, 3 ... a;. One step

further we observe that

<4, AL22"‘1>2“-1 = <(00010 ... 0) + (ag00a,, 3 ... ay)>71 4

=ag0a, 3ap-32, 4 --- 2 (4.38)
Case 2: a, 12,5 = 10.

In this case the desired <212

+ Ap p>p0.1 is given by
<24 Aj >0 1 = <(010 ... 0) + (00a, 5 ... ap)>on 4
= 0la, 5 ... 3, 4.39)

Case 3: a, 1a,, =1L

Here we need to compute <2%1 + 274 4 Apy+ AL22“'1>2"_1. It is easy to see

21’]-2

that summation of equations (4.38), (4.39), and the quantity yields the desired

result. We thus have
QML+ A2 I5on ) = <(ag0a, 3233, 4 - 3)) +

(10a, 5 ... a;a9)>70 (4.40)
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Table 47:  Values of <24 AZ,+ AypA, 2% 150

Ay <" A+ AppAr, 27 15on
-1 ap.2
0 0
1 2™ 4 AL 2" >0
0 <2"2 4 Ap o>

<l oy Apy+ AI‘_ZZ“'1>2n_1
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Finally, combining Table 4.7 and equations (4.38) - (4.40) we get

[N

(A%Z >2n__1 ifa,_jap—2 =00
((apOap_3ap_3ap_4---ay)+ AI%Z) n_ if ap_jap— =01
2"-1
(A?),n_, =1((0lap_sap_g---a)+ Af2)on_, if ag_jap_p =10}
((ag0ay-3ap-3ap—q---ap)+
(10a_3:+-a120) + Af 2} n_, if a_1ap_2 =11
\ }(4.41)

We realize the term A%z using a ROM thus needing a ROM of size 22 % n,
Therefore we have an increase in savings to 75% in ROM bits, however the overhead is
two modulo 2" -1 adders and a single 4 x 1 multiplexer of word length n. As seen from
equation (4.41) the select lines of the multiplexer are a__a, ,. It is easy to see that if this
method is increased further the savings in ROM bits will increase but at the same time

the number of adders and the size of the multiplexer will also increase.

4.6 Optimized memory compression schemes for
arithmetic in modulo 2" -1

We present the analysis when n is even. Once again, we consider a number A
belonging to the modular ring Z,n_; = {0, 1, ..., 20 -2}. Then A has a n-bit binary
representation asin A =a, ja_ ... a3ay; a; € {0,1}. Let Ay =a, ja, 5 ...,y and A}
= 2(y/2)-13(n/2)-2 - 2120- Then the value of A is given by equation (4.21) and its square

by equation (4.22). Evaluating equation (4.21) modulo 2" -1 we get

<A%n 1= <A+ AR+ AgA 22 | (442)

Comparing this with equation (4.23) we find that it is very similar except for the
fact that this has the additional term A%I which in turn can be realized using a ROM of

size 22 x n. The other terms can be realized as outlined in section 4.2.1. Also note that
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the ROM for AIZ{ is identical to the ROM for A%. The similarities between equation
(4.23) and (4.42) yields an overhead that is very streamlined with respect to
implementation and is thus suited for VLSI implementation. We should note that

arithmetic in this ring makes use of the following: <2">2n a=L <2“+1>2n 1=2

Tables 4.3 and 4.4 summarize the results for the cases when n is even and n is odd.

4.7 Memory compression schemes for arithmetic in
modulo 2N +1

The number A that needs to be squared now belongs to the ring Z,n .1 = {0, 1,
vy 20} If A = 2", then A has an (n+1)-bit representation as in A = 100 ...00 = <-1>pn
+1and <A2>2n +1 = 1. For all the other cases A assumes an n-bit binary representation
asin A=a a5 ... a3 4 € {0,1}. Considering the decomposition of A into Ay, =
| a, ; and Aj1=a,, ...8q, the following equation can be derived on lines similar to that

of equation (4.36).

<AI%1 )2“ +1 if dn-1 - 0

2
(A >2“ +1 -

— 2 . —_—
(—(ap-2ap.2ap3--20) + AL1,n 4 ifapy =1 (4.43)

4.8 Optimized memory compression schemes for
arithmetic in modulo 20 +1

We once again present the analysis when n is even. We consider a number A
belonging to the modular ring Zyn .1 = {0, 1, ..., 20}. Again, if A =27, then A has an
(n+1)-bit representation as in A = 100 ...00 = <-1>,n 1 and <A2>?_n +1 = L. For all
the other cases A assumes an n-bit binary representation as in A = a,.13,.2 - 41805
€ {0,1}.Then A has a n-bit binary representation as in A = a,.12,.2 - 3305 8 €

{0,1 }. Let AH = an_lan_z e 'd-n/z and AL = a(n/z)_la(nlz)_z . alao Then the value of A is
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given by equation (4.21) and its square by equation (4.22). Evaluating equation (4.21)

modulo 2" +1 we get
<AZ>,p 1 =<-Af + AL + AgA 2200 (4.44)

Comparing this with equation (4.42) we find that it is very similar except for the
fact that the term A%{ is negative. But this does not need any extra hardware as the ROM
used to realize this term can directly generate the negative result. Therefore, the amount
of hardware required for realizing this equation is the same as that required for realizing
equation (4.42) plus a 2 x 1 multiplexer. The select line of this multiplexer is bit a, and
if this bit is equal to 1 then the output is set to one as explained before while if it is zero
the output is the result of equation (4.44). The similarities between equations (4.23),
(4.42), and (4.44) again suggests that the overhead very streamlined with respect to
implementation and is thus well suited for VLSI implementation. We should note that
arithmetic in this ring makes use of the following: <2>yn ,; = -1, and <2™!>,5 | =
-2. Tables 4.3 and 4.4 summarize the results for the cases when n is even and n is odd.
From these tables it is clearly seen that these techniques are also ideally suited for
building an integrated squarer, i.e. a unit that can compute either one of three operations
Viz. <A2>2n, <A2>2n 1> Or <A2>2n +1- Note that A% is inherently a n-bit

representation and thus the same unit can be used in all three computations.
4.9 Conclusions

In this chapter we have presented in detail two ROM based methods that
compute the squaring operation in modular rings. When compared with traditional
techniques, both techniques reduce the number of ROM bits significantly. However, for
a fair comparison of the two techniques the cost of the overhead must be included and in

the ensuing analysis we show that techniques of section 4.2 are very optimal in all
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respects viz. cost, speed, and regularity of the hardware structure. The techniques of
section 4.2 are very systematic and result in a modular design, i.e.,
i) a modulo 2" squarer unit can be easily extended to a modulo 22 -1 or modulo

21 +1 squarer and

ii) design changes for different values of n are minimal.

While we have not presented the comparative analysis for arithmetic in modulo
20 -1 and modulo 2" +1, one can see from equations (4.36)-(4.41) and (4.43) that the
techniques of section 4.2 will yield optimal results as the techniques of section 4.1
require the use of modulo adders and multiplexers whose input words have a length of n
bits. Also, the number of adders required is a function of the decomposition length. We
also note that the cost of computing the overhead in these rings is far simpler than when
the arithmetic is performed modulo 20, This is because the size of the multiplexer data

words is always the same, i.e. it is not a function of the length of decomposition.



Chapter 5

Conclusions

In this chapter we first summarize the results of this dissertation and then

discuss avenues for further research initiated by this effort.
5.1 Summary

In this dissertation we have developed algorithms for obtaining the cyclic
convolution of two n-point sequences where n is a power of two, with no restriction on
the size of each point. These algorithms rely only on square, add, and subtract
operations. All the necessary theory for computing the cyclic convolution operation is
developed in chapter 2. The correctness of these algorithms is based on eight
theorems also developed in chapter 2. We have also derived non-recursive formulae
for the count on additions and squaring operations. These formulae show that while we
decrease the number of squaring operations we increase the number of addition
operations. Issues relating to CSA and ROM based implementations were discussed
in detail in chapter 3. The main purpose of this exercise was to demonstrate that the
increase in the number of addition operations does not negate the decrease in the
number of squaring operations. Results of the chapter prove convincingly the
usefulness of squared law algorithms. Further, we have shown that our methods are
far more superior than traditional methods when ROMs are used. Our methods also
result in modular implementations and exhibit properties that can be exploited by
clever architectural designs to obtain elegant and efficient implementations. Our

methods also do not introduce any round-off errors and thereby eliminate the need for
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error correction hardware. Some interesting observations were found in CSA based
implementations of squarers and these along with schemes for multiplying two
numbers based on the cyclic convolution operation were also presented in chapter 3. In
chapter 4, the behavior of the squaring operation when computed in modular rings was
examined. Two methods of this computation were presented and we have clearly

shown that one is far better than the other, both in terms of speed and cost.
5.2 Future research emphasis

Since we have shown the usefulness of squared law algorithms in applications
of digital signal processing and error control coding, further work can be classified

under research and development.

Research: The research emphasis can be on finding other multiplication intensive
environments and deriving similar algorithms. For instance, some of the other useful
operations are linear convolutions, skew-cyclic convolutions [35], and higher order
correlations [64]. Since skew-cyclic convolutions are less symmetric than cyclic
convolutions, algorithms developed on lines similar to that of this dissertation are
likely to be less efficient. However, no such hypothesis can be made for triple
correlations. While triple-order correlations contain more information on the signal
they also require more computation. Thus, it might be useful to explore the

applicability of our methods in these computations.

Development: For some specific needs hardware units and software programs
can be developed around our algorithms and their performance can be compared with
existing products that have the same goals. Existing processors and routines do not
exploit the properties of the squaring operation and multi-operand additions. Thus, for

a fair comparison new units and routines have to be created.
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Appendix

Implementations in Mathematica

Algorithm 2.3:

Clear[x,z.9,j];

n:=32;

i:=0;

r:=0;

done = False;

x[i_r_] := x[i,r] := 4 * Sum[c[2k],{k,0,(n/2)-1}];

x[0,0];

Print[x[0,0]];

r:=1;

jlr_] = 2",

z[i_r_] :=z[ir] := 4 * Sum[(c[i+ k j[r]] * (-1)*k),{k,0,(n/j[r])-1}];
x[i_,r_] := x[i,r] := Simplify[x[i,r-1] + z[i,r]*27(r-1)];
qli_r_] := x[i+j[r],r] := Simplify[x[i,r-1] - z[i,r]*27(r-1)];

While[!done,
Print[i,r];
z[i,r];
Print[z[i,r]];
x[i,r];

Print[x[i,r]];
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qlir];
Print[x[i+j{r],r]];

HGlr]l==(n/2)),
cyli] = x[i,r)/(4*2"r);
cyli+jlr]] = x[G+j[r]),r]/(4*2"r);
Print[cy[i]];
Print[cy[i+j[r]]];
i=i+2;
Iffi <= (n/2 -1),
r = Floor[N[Log[2, il]] + 1;

done = True;

’

Iffj[r] <= (/2),
r=r+1;

s
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Output when the program is run for n =32:

4 (c[0] + c[2] + c[4] + c[6] + c[8] + c[10] + c[12] + c[14] + c[16] +
c[18] + c[20] + c[22] + c[24] + c[26] + c[28] + c[30])

01

4 (c[0] - c[2] + c[4] - c[6] + c[8] - c[10] + c[12] - c[14] + c[16] -
c[18] + c[20] - c[22] + c[24] - c[26] + c[28] - c[30])

8 (c[0] + c[4] + c[8] + c[12] + c[16] + c[20] + c[24] + c[28])

8 (cf2] + c[6] + c[10] + c[14] + c[18] + c[22] + c[26] + c[30])

02

4 (c[0] - c[4] + c[8] - c[12] + c[16] - c[20] + c[24] - c[28])

16 (c[O] + c[8] + c[16] + c[24])

16 (c[4] + c[12] + c[20] + c[28])

03

4 (c[0] - c[8] + c[16] - c[24])

32 (c[0] + c[16])

32 (c[8] + c[24])

04

4 (c[0] - c[16])

64 c[0]

64 c[16]

c[0]

c[16]

22

4 (c[2] - c[6] + c[10] - c[14] + c[18] - c[22] + c[26] - c[30])

16 (c[2] + c[10] + c[18] + c[26])

16 (c[6] + c[14] + c[22] + ¢[30])
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23

4 (c[2] - c[10] + c[18] - c[26])
32 (c[2] + c[18])

32 (c[10] + c[26])

24

4 (c[2] - c[18])

64 c[2]

64 c[18]

c[2]

cl[18]

43

4 (c[4] - c[12] + c[20] - c[28])
32 (c[4] +c[20])

32 (c[12] + c[28])

44

4 (c[4] - c[20])

64 c[4]

64 c[20]

c[4]

c[20]

63

4 (c[6] - c[14] + c[22] - c[30])
32 (c[6] + c[22])

32 (c[14] + c[30])

64

4 (c[6] - c[22])



64 c[6]

64 c[22]

c[6]

c[22]

84

4 (c[8] - c[24])
64 c[8]

64 c[24]

ci8]

c[24]

104

4 (c[10] - c[26])
64 c[10]

64 c[26]

c[10]

c[26]

124

4 (c[12] - c[28])
64 c[12]

64 c[28]

c[12]

c[28]

144

4 (c[14] - c[30])
64 c[14]

64 c[30]
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c[14]
c[30]

Tcy

Globalcy
cy[0] = ¢[0]
cyl[2] =c[2]
cyl[4] = c[4]
cyl6] = c[6]
cy[8] = c[8]
cy[10] =c[10]
cy[12] =c[12]
cy[14] =c[14]
cy[16] =c[16]
cy[18] =c[18]
cy[20] = c[20]
cy[22] = c[22]
cy[24] = c[24]
cy[26] = c[26]
cy[28] = c[28]
cy[30] = c[30]
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Algorithm 3.1:

Clear[c,t];
c={1,2,3,4,5,6,7,8,7,6,5,4,3,2,1};
Print[c];

temp = Length[c];

ha = 0;

fa=0;

hal =0;

fal =0;

ex = Ceiling[Log[2, Max[c]]];
Do[c:AppendTo[c,O] , {ex}];
jm = Length[c];

i=1;

t[1]1=2;

While[t[i] < Max|c],

i=i+l;

t[i_] := t[i] = Floor[3/2 * {[i-1]]

i=L
While[i > 0,
While[j < jm,
IfT(c[G > di)),
fal = Floor[(c{[j1] - t[i])/2];



hal = Ceiling[(c[[j]] - t[i])/2] - fal;
cl[fjl] = tlil;

c[[j+11] =c[[j+1]] + fal + hal;

fa =fa +fal;

ha = ha + hal;

zero = Take[c, {temp + 1, Length[c]}];
cpa = Length[c] - Count[zero,0];

facpa =cpa -1;

Print["# of Full Adders = " fa];

Print{"# of Half Adders = ",ha];

fa = fa + facpa;

ha=ha+1;

Print["# of Full Adders including CPA = " fa];
Print["# of Half Adders including CPA =" ha];
Print["# of CSA Levels =",le];

Print["# of CPA Levels =1"];

Print{"Size of CPA = ",cpa];

gates = S*fa + 2*ha;

Print["Number of 2-input gates including CPA = ",gates]
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Output when program is run:
{1,2,3,4,5,6,7,8,7,6,5,4,3,2, 1}
# of Full Adders = 35

# of Half Adders =7

# of Full Adders including CPA =49
# of Half Adders including CPA =8
#0of CSA Levels =4

#of CPA Levels =1

Size of CPA =15

Number of 2-input gates including CPA = 261
Note: In this example the input numbers to be added are the partial products obtained
when two eight bit numbers are multiplied. The results check with a conventional

calculation, as shown in figure 3.1.
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