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- ABSTRACT . ' .
In this thesis, the design of a sequential NTT ﬁ}ocessor
is proposed.’ The main elements of the_proceséor are
(1) memory buffers
(ii) computational element
(iii) complex multiplier.
The computational element performs the NTT butﬁerfly calcula-
tions. The complex multiplief performs multiplication of the

NTT of the input sequence with the NTT of the filter impulse

response. The-complex multiplier is implemented using arrays

.of ROM and table look-up techniques resulting in a simple

pipeline structure. All arithmetic operations involved in
the multiplier are carried out using the RNS in order to
achieve ﬁuitiplication throuéhput rate of 3.5 MHz. The
Ordered Input Ordered Output algorithm has been used- to
design memory Structure of the convolver. The memory buffers
store the input and the convolved outpﬁt of the processér.

-
The memory buffers are implemented using sequentially accessed '

‘memories. o

The prototype was constructed by using slow speed, off

the shelf components ghd tested.
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CHAPTER 1

fa 12

1. INTRODUCTION

1.1 Preamble

. i
This thesis describes a hardware realization of mem-

ory buffers and an external complex multiplier for‘a sequen-
tial NTT processor. .The work formsvpart of a more general
development of a d;gital signal processing facility thatf&s
being constructed by the Signal and Sygtems Laboratéry at
the Upiversity of-Windsor. The auéhor's responsibility in
this project was to.design a memory structure which along
w;gh.a radix-2 butterfly unit can provide the basis for a
digital filtering.capability.

%2 Digital Convolution

Finite digital convolution has many practical applica-
tions in digital signai processing. It can be used to
implement finite impulse response (FIR) filters, computation
of auto and cross correlation‘and polynomial multiplication.
It can be computed directly in time domain, called as a
direct convolution or with transform that has the cyclic
convolution property (CCP).

The Discrete Fouric;‘Transform (DFT) exhibits the cCCP
over infinite complex field. The DFT becomes very attrac-
tive to use as it can be ;mplemented efficiently using
Fast Fourier Transform (FFT) algorithm. The two main di§:
advantages assoclated with DFT are mu;tiplication by irra-
tional cocfficients and the inherent number growth. Both of

1
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2.

-

the above factors introduce truncapioh and round-off errors
Qhen DFT is implemented on a finite wordlength machiné.
Pollard [7] has shown that the transform defined in a
finite ring also exhibit the cyclic convolution property,
which is.known as Number Théoretic-Transform (NTT); The
NTT is defined as ;
N-1 nk

X)) = | § x(n) . , k=0, 1, ..., N-1  (1.1)
- n=0 M.

where o is the'cyclic group ggneratorlof order N. As the
transforms are defined in finite rings, the number gfowth
problem is inherently solved.\ The M muét be larQe enough.
so that the result of convolution is within defired range.
The modulo M can be decomposed in nuhber of primes m, such

that . .
M=TT m, (1.2)

and transform can be computed modulo several primes and f
résults can be reconstructed at modulo M by using the Chinese
Remﬁinder Theorem (CRT) [1]. As NTT has the similér struc-
ture as thét of DFT, the fast algorithm to compute DFT can

be also used to compute NTT and will be called as FNTT.

The proposed implementation of the NTT processor
requires a computational unit knogn as butterfly unit and a °
supporting memory organization. .The computational unit
involves arithmetic operation of addition, subtraction and

multiplication and can be implemented using arrays of Read

Only Moemory ({(ROM) ‘and tablc look-up techniques.

B N SO
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The memory buffers is an impdr&ént‘element of an NTT

processor. The memory buffers store the input/ouﬁbut'

»

sequences of processor and alsp the intermediate results of

NTT calculations.
1.3 Objective amd Outline of the Work

e
The NTT processor can be implemented with

i) a parallel structure

i1i) a cascade structure

iii) a seqguential structure
These structures have their own advantage and disadvantages
as far as the operational speeds and the hardware require-
ments are concerned. Table (i.l) gives the computationai .

unit requirements and operational speed for these .structures.

4
s

. Butterfly Operation .
Processor |Butterfly  Performed In Execution
Structure Units Parallel | Sequential Time
Parallel N/r . N/x m T - m
Cascade m m N/r T . N/r
Sequential 1 1 N - m/r T+«N-+*n/r

N = number of points in input sequence

m = log N, i.e., number of stages
Iy

r = radix of BCU

T = time required to perform butterfly computation

TABLE (l.1) Comparison of NTT Processor Structures

The parallel or cascade structure call for large number of
computational units than sequential structure and would be

proved econcmical in processing large data arrays. . In [9]

[
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Pease has deScribed‘algorithm suitable for parallel struc-
tare. For processing of smaller data arrays and, throughput
rate requirements up to 3.5 MHz, the use of sequ_ential~
processor is the most economical.

Tﬁe main objeéctive of work undertaken was to implement
the memory.buffers for radix-2 seqhential NTT processor.
The present work was divided into three phases. The first
phase of the work consisted of a literature survey to
gstablish theoretical basis for the design of sequential
NTT processor. Corinthios in [10] - [13] has proposed a
number of algorithms for the implementation of a serial .
sequential FFT processor, which can be used for NTT process-
or. The first algorithm, ‘Post-Permutation Algorithm', is
suitable for the applications where ordered set of NTT
coefficients are not requiréd. The second algorithm, "Order-
ed Input Ordered Output (0I00) Algorithm', which yields an
ordered set of Output coefficients., The 0I00 algorithm is
suitable to implement a seqpentii} NTT processor as the
additional hardware for shuffling the output data is nect
required. The OIOQO algorithm involves the ap?lication of
three matrig operators on input data. The first operator
computes sum and difference of equally spaced pairs of
input data points, the second one performs complex multi-
plication on a fixed lower half of the data set and the

third is an elementary permutation of data. The OIOO

algorithm was used to implement proposed NTT processor.
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Tﬁe"second phase of wofk was to imalemeqt the memory
buffer and to design'the complex multiplier, to perfoFm
mulyiplicatioh of NTT of input sequence and filter
coefficients. The design of various multiplexing units (a
distributor unit, an output multiplexing unit and a BCU
input-multiplexing unit) was also done. A computer simula-
tion of the hardware implementation of the“ﬁemory structure,
the éoﬁpiex multiplier, the various multiplexing unfls and
the butterfly unit was carried out on IBM 370/3031. ,

The final phase of the work was to build the hardware
for memory buffers, complex multipl;er and various multi—hh
plexing units. These units along with the butterfly unit
were tested by convelving number of input sequences with
impulse '‘response of lowpgss'filter for real time applica-

o

tions.

l.4 Thesis Organization

Chapter 2 proQides a review of Residue Number System,
Number Theoretic Transforms and different algorithms to be
used to implement a sequential NTT processor. The advan-
tage of using the RNS fer a lock-up table implementation,
particularly multiplication, is established. The avail-
ability of NTT for error free convolution is also discussed.
The use of 0IOO algoritﬁm to realize seéuential NTT processor
is described in detail.

Iﬁ Chapter 3 hardware realization of various elements
of a sequentigl NTT processor is presented. The simulation

details of éroposod processor structure on IBM 370/3021 are



also. included.

In Chapter 4, the step-by-step design procedure to

implement the memory buffers, the complex hultiplier and

various multiplexing unit is explained. #£The relevant

material about generation of look-up tables for 2708

EPROMs using Intel's 220 development system is also

inclu@ed.

In Chapﬁer 5, the test procedure for the verification

of the NTT processor is
by convolving number of
of lowpass filter. The

Chapter 6 presents

regarding this work.

described. The processor was tested
waveforms with the impulse responge
results obtained are also included.

the conclusions that can be reachedy

J\)



CHAPTER 2
RESIDUE NUMBER THEORY AND
NUMBER THEORETIC TRANSFORM *
2.1 INTRCDUCTION

The fast convolution has a large number of applications
in the area of digital signal processing. In this chapter
we have discussed the use of Residue Number Theory and
Number Transform for fast convolution. The algorithms used
to impLeménE this are alsé described.

2.2 RESIDUE NUMBER s?s%;m

In the pést, most of the rgseérch work concentrated on
the use of khe binary number system in the hardware realiza-
tion of signal processing a;gorithms; In m%it of the
algorithms, the operation of multiplicafion is the most -
time-consuming gnd many forms of binary multiplier structure
have been proposed. The high speed binary multipliers are'
mﬁch more expensive compared to adder and subtractors of the
same speed.

The Residue Number System (RNS) has received consider-
able attention for the hardware realization of digital
signal R;ocessihg elements. The main advantage of the RHS,
compared to the binary number system, lies in the fact that
the arithmetic operations within the dynamic range, can be
performed using iﬁdependent and parallel paths. The dynamic
range can be varied by varying the number of parallél path§4

Wwith the current advancements in semiconductor memories and
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and the continual decreasing in memory prices, ;hg arithme-
tic operations of addition, subtractian and multiplication
can be performed at very high speeds using 1oak—up table
techniques.

Another advantage of the RNS is its adaptability to
ook-up table imﬁlementation. In the binary number system,
e look-up table approach is not feasible because of the
2B

enormous storage required. For a wordlength of B bits, 2

entries would be required in the table; however in the RNS

L .
with a comparable range, ie, ] [ m, = 2B, each modulus - m;
: i=1 I
requires m,? entries in the table, hence a total of | m,?
i=1
entries are needed. -

2.2.1 Residue Representation and Residue Arithmetic

A number in the RNS is represented by the L-tuple

X = (XO' Xq0 ey erl) - (2.1)

with respect to the set of moduli (mo, My, Moy; «uny mL_l),

where Xy is the ith residue of X modulo m, and is written as

L]
x; = |X|_ . If all the poduli are relatively prime then we
1 .
can have unique representation of each number in the range
) L-1
0 £ x' % ! [ m,
i=1 .
The binary operation of addition or multiplication of
two numbers X and Y, can be performed by independent opera--

tions on their respective residues, ie,
, 2= | x (:) YlM 1mPlles z; = xi|(:> Yi|mi (2.2)
&

where (:)-denotes addition or multiplication. Hence the



_ % ‘
coperation of addition or multiplicﬁtibn can be implemented

in L parallel paths. Addition and subtraction have no \V
interdigit carries orx borrows and multiplication doeé not

need the generation of partial produqts, hence fast oéera-
ting speeds can be obtained. .

+

A signed integer system can be developed by consider;:fQR;/x

M
the numbers in the interval (O, 5 - 1) for even M or
(¢, lﬂ%ll ) for odd M as a positive, and the numbers in ‘the
internal ( % , M-1) for even M or ( (ﬂ%ll , M-1) for odd°

M as a negative. The additive inverse of number X is given

by ¥ = M-X and ki = m; - x; for individual residues. s

If 0 < X < M, (X, M) 1, then W is called the

U

multiplicative inverse of X if |W - X|rn = 1 and is denoted by

W= | 1 'M (2.3)
X
e.g., Lf M=7, X =4 then W= 2.
The division of two number X &Y at modulo M can be
written as
X 1
= = X N (2.4}
Y !M | |M 7 M‘M

i.e., the division can be carried out by multipling X with

the multiplicative inverse of Y. If é is not an integer in

the real number system, then division of X by Y is not
defined in the RNS. e.g. if X =6, Y = 2 and M = 7

»

then 17 = 4 and 'é‘m = |6.4|7 = |3‘7

=
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’

2.2.2 Hardware implementation of arithmetic operations in RNS-
The basic approach of 1mplement1ng an arlthmetlc opera-

’atlon in hardware can be d1v1ded into three main catagorles
as suggested in [1]. The first approach is direct logical
implementation of the Boolean function related to the opera-
tion, the second requires storing of all the possible out-'
comes of the operation in look-up tables and thé-third is
storing the software in general purpose computer. The sec-
ond approach is becoming more and more éttractive with the
recent advancements in memory technology and the reduction
in cost. It also offers the best solution for high speed
realizétion.

‘A memory size of (22B x B) bits is required to store
‘the look-up table for a modulus of B bits. For examﬁle, !
binary operation for moduli m, ¢ 32 can be implementéd Y,
using the 1k x 8 bit a commercially available ROM package.

Moduli 32 < m,. < 64 would require a storage of 4k x‘8
or four lk x 8 ‘packages and moduli 64 < hi,< 128 would
require a storage of 16k x 8 or sixteen lk x 8 packages.

The look—up table approach allows easy pipelining of
an arlthmetlc operation, Flg.(2.l) shows the implementation
of the function ||a:b|3; + |c-d|3; , - For every latch:
pulse, the output of each ROM is stored and becomes part of
the address for the next ROM. A new input is thus presented
and a result is generated for each ROM in one ROM access
time plus the settling time of the latch. The oniy control

signal required to clock the pipeline is a latch pulse.
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For moduli m; > 128, the look-up table technique calls
for a large amount ‘¢f memory. In order to increase the-
implementation éfficiency, we use the isomorphism between
a multiplicative group, %, having elements, {zn} =.{1, 2,

. mi—l}, with multiplication moduli m,, and the ;dditive
group, g, conta;ning elements {gn} ={o, 1, ..., mi—2} with
addition modul% mi-l, with m, prime. The mapping is given
by '

zZ =7 (2.5)

where n'is the primitive rqot of the prime, mo; oz is an
element of the multiplicative group; and'gﬁ‘}s @p element
belonging to the additivé group. g is also célled tﬁe
index of z to the base n and is denoted by IND}fn

Thus the multiplication of the elements in the multi-
plicative group can be done by adding the‘indices moduloc
(mi—l), and taking the inverse index. Fig.(2.2) shows
multiplication using the isomorphism technique. The addi-
tion can be done at any modulus, with condition that this
rmodulus must be atﬁégast twice the original modulus. Hence
standard binary adders can be uséd.. larger
modulus can be converted to the origi sing

look-up tables.

If we are interested in having an all ROM ucture,
then the.submodular ROM adder [2) caque considered. 1In
this technigue the main modulus is broken down into two

relativz prime submoduli, SUBM1 and SUBM2, with the condi-

tion that
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&UBML - SUBM2 > 2 - m, (2.6)

The index, inverse index and addition tables are stored at
moduli 30 and 31. The result is converted to the main moduli
by using the Chinese Remaindexr Theorem (CRT). Fig.(Z.j)
§hows the block diagrah of "the submodular multiplier for
m = 193, SUBML = 30 and SUBM2 = 31. :
2.3 BINARY TO RESIDUE AND RESIDUE TO SINARY CONVERSION

In order to interface digital structures using the RNS
to conventional digital systems, it is necessary to have
efficient residue inpﬁt and output converters available. -

A binary to residue converter (BRC) can be easily imple-
mented using ROM arrays [33. For example, in an L-moduli

RNS, the ith residue of a number X is given by

x, = | b, 27 (2.7)

h bit of the binary representation of X.

where bj is the jt
For B <= 12 bits and m. < 256, equation (2.7) can be imple-

mented using ROM package of 4k x 8 bit. For B > 12, we can
split the binary representation of X into number of sections

and the sum in each section meduli, m. is computed using a

single ROM. The equation (2.7) can be written as
. ht]

B
Loyl o] ey

X, = b, 2 + b, - 2 (2.8)
j=0 1My B ) T

.. . , 4
Fig.{(2.4) shows the block diagram of BRC for m, - 64 and

B 24 using threc 4k x 8 bit ROMs.
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sy

The conversion from residue to binary is more difficult
than binary to residue. There are two methods for RBC based
on the Chinese Remainder Theorem- (CRT) and a mix radix con-

version. By CRT, a number X in range 0 to M-1 is given by ~

-

Lil A X. o
X = m == {(2.9)
i=o * ﬁi m
1M

A M L-1 1 . . .
where m, = — , M = ] m. and |[==| is the multiplicative

om0 i=0 m

' i

inverse of ﬁi. The hardware implementation of CRT is based
on bit slice technique developed by Peled and Liu [4]. It

requires modulo M adder which for a large value of M is

difficult to implement. Fig.(2.5) shows the block diagram -

of CRT.

-

For high speed implementation of RBC, the mixed-radix
technique is normally used. In mixed-radix form, a numbexr

in the range 0 to M-1 has the representation

L
X = iio a, pj (2.10)
= i-1
where p_ = 1, p; = T m,_and the {a;} are mixed-radix
’ k=0 ‘

digits in the range 0 s a; < m,. The [ai} can_be generated
using look-up tables [3]. Fig.(2.6) shows the residue to
mixed-radix converter using ROM arrays for a four moduli
system. The function stored in the look-up tables are as

follows.
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T, = {x. — apn} S
1 1 0 My ™ |
1
- 1
Ty = | ¥y = 3g) o lm
0'"2m -
2
- L
T3 = (x3 - ao) o
0'm
3 m3
. {(2.11)
Ty = (T - 2)) - (5o '
1 m, m
2
- 1
Tg = (T3 - 2ap) My
1 mal
3
- i
and T6 = (T5 - az) m
< 4172|m )
3 my -

‘.‘
The partial products {ai pi} can be implemented using

Peled and Liu's bit slice technique. This scheme does not

require a Modulo M adder since the summation can be perform—\

ed using a binary adder. Fig.(2.7) shows the block diagramh
of this scheme.
2.4 FAST CONVOLUTION
The computation of fi¥nite digital convoluticn
N-1 ™
y(n) = § h(n-m) x{(m) (2.12)
n=0 I//_R‘V
symbolically dencted as

y(n) = h(n) * x(n) (2.13)

has extensive applications in digital processing of signals.

For example: in implementation of finite impulse respcnse
(FIR) filters, computation of auto and cross cocrrelation,

and polynomial multiplication. Hence cfficient implementa-

e i i e e e



19. -

tion of the convolution is essential.

The digital convolution c¢an be imp}emenfed"directly in 3.
the time domain, called direct convolution or with transform,
T, that ;éB\EPe property of cyclic convolution (CCP):

The CCP can be denoted as

Tfh(n} * x(n}] = Tlh(n)1 - Tlx(n)] (2.14)
where * denotes circular convolution and n =90, 1, 2, ...,
N-1.

This implies that the N-point convolution can be obtained
by an inverse transform of the pointwise product of two vec-
tors in the transform domain as follows

y (n) = 7! {TCh(n)1 - TIx(n)]]} (2.15)
The finite convolution can be calculated with the help of the
circular convolution a; in equation (2.15), by appending -
zero's in x(n) and h(n) to prevent folding or aliasing [5].
The technique of convolving. twe finite duration seduences,
_gsing transform techniques is known as a fast convolution.
| The general form of the transform which maps circular

convolution of length N sequences, over ring R, is given by

N-1 nk
T: X(n) = ) x(n) a n=20,1, ..., N-1 (2.16)
k=0

-where a is a primitive Ntﬁ root of unity in R.
The inverse transform is given by

N-1 —nk ,
T1: x(k) = N-1 ] X(k) a k=20,1, ..., N-1 (2.17)
n=0 H

with the condition that N-! belongs to -R. The Discrete

Fourier Transform (DFT) with o = e_Jzﬂ/N is the only transform



having CCP over an infinite complex field. The Fast
Fourier Tfansform {FFT).algorithm can .be used to compute
DFT. The efficienéy of compﬁtaﬁionhdepends upon the
degree of composition of.the -transform length N.

2.5 NUMBER THEORETIC TRANSFORM (NTT)

If we operate over a finite field, with arithmetic
operation at modulo M and with special choice of N, o and
X, which belong to the finite algebra systeﬁ, then there
exists a Number Theoretic Transforﬁ“(NTT), which has the
property of circular convolution.

The NTT haé the following form

woy 3 nk

X(k) = Jox(m) -« |y s k=01, ..., 01 (2.18)
n=0

where M indicates modulo M reduction with prime modulus M.
o is known as a primitive root of unity or a cyclic group,
generator of order N, i.e., N is the least positive integer_
such that
gt =1 ' (2.19)
The inverse transform is given by
N-1

x(n) = | N-1 - §° X(k)
k=0

-nk
o

(2.20)
where N-! is known as a multiplicative inverse of N.
The NTT is used only‘to compute the convolution as the
transform domain does not have any known practical value.
The X(k) depends on the choice of a.

The important advantage of NTT over DFT is that the

B S
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computation of convolution is exact. That is, after the
quantization of the input data .and the filter coefficients,
no additional gquantization noise in.introduced into the
filtering process. In DEF the exact computatioh of convolu-
tion is not possible due to the presence of an irrational
coefficient. .

The disadvantage of NTT is that in the relationship of
the sequence length N to the wordlength, longer wordlength

is required for longer sequence length.

2.5.1 Conditions for existence of NTT

{
In [6], Nicholson has presented an algebraic theory for

generalized transform having a DFT structure in a commutative
ring with identity and without a zero divisor (i.e.b'an
integral domain)’. If « and N are the cyclic group generatgl
and transform length respectively, then the necessary and
sufficient conditions for NTT to exist and to invertible are
1} o is a primitive root of unity in Ring, ie,
oV =1 and «* + 1 for 2 =1, 2, ..., N-1
ii) The multiplicative inverse of N exists and N-!
belongs to Ring.

If R is commulative ring with identity, the R can be decom-

posed uniquely as the direct sum of rings, Ri's as
R= Ry (:) Ry (:> R3 <:> e (:> RL (2.21)

and under this decomposition every element r can be represen-

.

ted as (fl, Kor «-ef ri). If Ri contains o of order N such

that uN = 1 and N-! belongs to Ri' then R supports NTT of

length N,
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t

2.5.2 NTT using RNS

We haﬁe seen from the equation (2.18), that modulo M
must. be large enough to avoid the overflow, since convolved

output must remain in the interval

M M
-3 2y <3 for M even
‘- (M;l) <y s (M;l) for M.odd

Instead of using a single large moduius trahsform, the
transform can be computed modulo several primes {mi}, and
the result can be reconstructed at modulo M by using CRT.
This is similar to decomposing ZM intQ the ‘direct sum of
ring Zmi' This indicates that a trahsform of length N
having the CCP in ¢, must also have CCP in Zmi' The condi-
tions for this are [8],

i) «, an integer of order N, must exist in Zmi' such

that c:N =1

ii) N”! must exist in 2_..
mi

The necessary condition for N to be possible transform length

in Zz_ 1is
m

&

2.5.3 NTT over the Galois Field of second.degree GF(mii)

N|god (mg=1, my=1, ..., m=1)..

Polard in [7] has derived the necessary and sufficient
conditions for the transform to have CCP in Galois Field of

min elements, GF(min)r with my prime. In [3] Baraniecka has

discussed extensively the advantages and possibilities of

NTT's over GF(miV). The NTT can be defined over GF(miT) as

e e

Rl T PO T AY 35 DL U PRI SR



23.

‘ _ _ % _ i
e (my 7y Xi () jlo X3V g™ Ty 0, 1, ..., me1l 0 (2.22)

where N must divide mi?;l‘aﬁd x(3), X(&) and a; « GF(@i?).
This increases the possibility of long transform lengths.
By using RNS and GF(miz), we can compute the finite convolu-

tion in finite ring which is the direct sum of several

GF(mi’) as
= h 2 R n 2
R GF(ml ) + GF(m2 ) + + GF(mL ) (2.23)

In !27 Baraniecka has discussed the method of determin-
ing differgng parameters of NTT. For implementing circular
convolution in GF(mi7), ;he following steps must be followed

i} choose the transform length N which is most

suitable for the application.

ii) Choose the primes which can suppeort this

transform length in GF(miz).

iii) Construct the 2nd order field in which binary

operations are simpler.

iv) Find out the generator, a, of order N in

GF (m 7). .

Let x(n), h(n) be the input sequence and impulse response

. respectively. The circular convolution can be implemented
.by computing the transform of the block of input data of
length N and of the impulse kesponse h{n), multiplying the
transforms and taking the inverse transform. As we are using
NTT over GF(mi7)(_for convolution cof real sequences, two

successive blocks of the input sequence can be trangformed

®
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simultaneously via the same NTT by making
uln}) = x(n) + vr + x(n+N)

where u{n) ¢ GF(miz) and a = ¥r is the cyclic group generator.

‘ -
Fig. (2.8) shows the block diagram of the convolution of real

input sequence by NTT over GF(miz).

To compute the convolution unequivocally, the components

of the circular conyolutioh must remain in the interval

.- iﬁigil <y s ifiiil .
The absolute upper bound on the input data and the
impulse response is —
m.,-1
max|x| - max|h| = ;N (2.24)
éor prac-

This bound on the dynamic range is pessimistic.
tical applications, if impulse response is known and fixed,
it is sufficient to have —

mi—l )
{2.25)

max|x| < 5
) 2 7 |h(i)]
. i=0 .

If input sequence consists of a set of positive numbers,

then we can have
. mi—l :
(2.26)

-

: - max|x]| - hiD) |
: i

g
™~z

i=0

-

2.6 ONE-DIMENSIONAL NTT ALGORITHMS AND ITS IMPLEMETATION
In the pé%t, the computation of a DPFT of an N-point

sequence required N operations and proved to be very time-

consuming and uncconomical. Since the development of the

B B T

.
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Fast Fourier Transform algorithm by Coocley and Tukey in

1965, a significant amount of research effort has been aimed
towards finding efficient algorithms for the imﬁIementation
of DFT processors. These algorithms can be used to implement
an NTT processor. .

In [9) Pease described a variation of the Coq%ey Tukey
FFT algorithm in which he first partltloned the DFT transfor-
mation matrix and then further factored it in terms of arith-
metic and permutation operétors. He has suggested thg imple-
mentation of these algorithms for realization af a parallel
hardwired proéessor.!kahgs suggested the utilization of
relatively slow memories and a number of arithmeticlhnits
operating in pérallel for a radix-2 FFT processor.

Corinthios in [10] - [13] has proposed a number of
algorithms for the implementation of a serial sequential
processor. The first one is known as 'Post-Permutation
Algorithm' suitable for the applications which do not call
for an ordered set of output Fourier coefficients. The
second one is 'Ordered Input Ordered Output, (0IO0) Algorithm'.
It avoids the shuffling 6f the output data. Both the
%%gorithms inveolve the application of threé matrix obe;atorsl
on input data. The first operator calculates the sum and
difference of equally spacéd pairs of data points; the second )
operator perférms complex multiplication‘on a fixed lower
haif of the data set; the third one is an elementary permuta-
tion of the data. In the fast permutation algorithm, the

third operator is identical throughout all iterations. 1In.
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the OIO0O algorithm the permutation varies -with each iﬁeration.
The 0I0O0 algorithm sugéésted by Corinthois can be used

to implement suitable memcry structure for the NTT processor

using sequentially accessed memories. The use of sequentially

accesseﬁ memories leads to simple hardware for memory organ-

izatiaﬁ and for real time Input/Output control.

2.6.)1 0IO0O0 Algorithm

The NTT of an N—point'sequence ft over finite field is

defined by

0 t (2.27)

h coefficient

where o is a cyclic group generator, Fk is the kt
of the NTT and module M reduction is assumed. The equation
“(2.27) can be written in matrix form as

F = TN - £ (2.28)

B

where f and F are column vectors and TN is N x N NTT trans-

formation matrix and elements of Ty are given by 2

_ t-k ' '
1Tyl ok = © (2.29)

The TN can be denoted by exponents of o to simplify the

notation as

0 0 0 ¢
0 1 2 N-1
T, = 0 2 4 2{N-1) {2.30)

0 N-1  2(n-1)  (N-1)?
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The matrix TN can be expressed in terms of a permuta-

tion matrix Py and T'  as a
= 1

TN PN T N (2.31)

] = 11
'\ [Py) Ty (2.32)

Y

’
where PN is the ideal shuffle permutation matrix, which is

defined by its cperaticn on the vector of dimension N, by

relation
PN . col[xo, Xyr ooy xN—ll
= col[xo, XN/Z' Xyr Xy P Xgr Xy ey xN-l] (2.33)
—2—+l -2-‘1"2

and P]& is a permutation operatcor which groups the even-odd

elements together after operating on the vector of dimension

N as

-1 =
PEJ{XO'Xl’XZ""’xN—l] [xo,xz,x4,...,xl,x3,...J (2.34)
when N is a composite number, i.e., N = rn, then T& can be

partitioned in (r x r) sguare submatrices, each of the
dimension N/xr and factored in a product of matrices including
a matrix TN/r‘ Furthermore TN/r can be partitioned and
factored in terms of TN/r7' This process can be continued\
in order to get OIQO algorithm.

If r=2and j =2 i=o0, 1,2, ..

we can then write:

TN/ = Pazy (Tayzg CED I2) Pyyy Unyas () T5) (2.35)

where CE) represents the Kronecker product of matrices and

UN/j = quasti-dia (IN/Zj' K'i) . (2.36)
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and Ky = dia(o, j, 23, 33, ...) (2.37)
0 0 0 L 0
0 N/r 2N/r vt (r-1)N/r

T, = |0 2N/ 4N/r 'Y 2(r-1)N/r (2.38)
0 (x-1)N/r 2(r-1)N/r . . (x-1)2N/x

Using equation (2.35) and replacing TN/j by its factors

in terms of TN/rj’ we can write the factorization of TN as

"

(e

- l=
where ui is a cyclic group generator operator speci-
fies multiplications by ao's and they are given by
W, = (Ian-i (:) Dpi) , i =2, 3, ..., n (2.40)

and.gﬁ/is the transform operator given by

S;_1 =85 - P, (2.41)

pR
: - 1 _
with s, = 8! = (I, (*) T2 (2.42)

where Pi is the permutation operator defined by

By = (Ipn-i (%) Pai) (2.43)

and Py = up = Iy (2.44)
also ,

5,y = pS* (2.45)

where s? = (Iy/4 (:) T, (¥) I2) (2.46)

Substituting (2.45) in (2.39) and if we merge the permutation
operations into computation ones, ultimately an ordered set
of coeffidients can be obtained at output, which results in

0100 algorithm.

T e e e



T = [ P.o - u, - 8 (2.47)

By substituting equation (2.47) into equation (2.27) we get

F = P, - p, - S|£ (2.48)

The equation {2.48) indicates that the computation of F can
be divided into n~stages, where each stage performs the com-
putation specified by these operators. The operators for any
stage operate on the output of the previous stage. For the
first stage they,operaﬁe on input vector f.

From equatioﬁ'(2.42) and equation (2.46), we can conclude
that the tfansform operates Si for first stage operates on
the data, N/2 words apart and for subsequent stage it coperates
on the data, N/4 words apart. This data separation can be
obtained by using 4 séauential access memoriés with a storage

capacity of N/4 words each.

2.6.2 Example of 0IQ0O alqorithh-for N =16 and r = 2.

For N = 16, r = 2 and n = 4, we require four sequential
i
access memories, each with a storage capacity of 4 words.
The 0I0OC can be written as

F = Py u3S P, 1,58 P; u1S Py upSt £ (2.49)

Fig. (2.9) shows the memory organization and computatiocnal
unit. The memory organization consists of two memories MM1
and MM2, each of them is further divided into two sub-

memories SM1 and SM2. The sub-memories are further divided

into two shift registers $R1 and SR2 as shown in Fig. (2.9).
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The first stage is specified by the operator S!,
which is equal to IN/Z (S) T.. The sub-memory interconnec-
tions are as shown in Fig.(2.10). The SRl and SR2 of sub-
mehories SM1l and SMZtare serially connected so as to form a
shift register with a length of N/2 words. The data at the
tﬁp of SM1l and SM2 is shifted in a computational unit and
at the same time the data in SM1 and SM2 is shifted to the
right so as to make it available for thelnext comput%tion.

The arrows shows the direction of data flow. K ;

All other stages are specified by the operator S, which
is equal to IN/4 (5) T, (:) I,. 1In each stage the SMl and
SM2 of the selected memory are selected in the following order:
SM1, SM2, SM1l, SM2, SMl, ... . The number of butterflies
selected for each sub-memory depends upon the permutation
operator Pi and NTT stage. In general we can write the
number of selected butterflies as NB = Zj_?, j=2, 3, ...,
n-1. Fig. (2.11l) shows the necessary sumeemory interconnec-
ticns. The data at the top of_the SR's of selected sub-
memory is shifted into the computational unit.

The shuffle operation is to be pérformed while storing
the output data from the computaticnal unit. Fig.(2.12)
shows the necessary connections. The SRl and SR2 of sub-
memories SM1 ahd SM2 are connected serially. The computation
unit gives two output words at the end of every computation.

Fach word is shifted into ecach sub-memory as shown in Fig.

(2.12).
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The operations specified by the transform operator "i‘
are performed in the computational unit. The equation (2.40)
tells how to store the cyclic group generators. The matrices
in the Fig.(2.13a) and Fig.(2.13b) shows a typical order in
which «'s and « ''s are stowed.

 In the case of the OICO algorithm the multiplication

by o is éone after a two point transform, hence the butterfly
has the same structure as the DIF butterfly. Fig.(2.14)
shows the flowgraph of 0I00 for N =16 and r = 2.
2.7 SUMMARY

In this chapter the basic concepts of the Residue Number
Theory and the Number Theoretic Transform were discussed.
The fast multiplicationvﬁsing the look-up table technique is
described. |

Finally different algorithms to iQPlement an NTT pro-
cessor were discussed. The implementation of OIOO algorithm
for realization of the sequential processor is discussed in

detail.

-
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CHAPTER 3
REALIZATION OF A REAL TIME SEQUENTIAL NTT PRCCESSOR

3.1 INTRODUCTION v .

The NTT processor mainly consists of a memory séructure
and a basic computational unit known as Butterfly Unit (BCU).
The main aim of the work presented hére is to realize the
memory organization as well as the supporting structure of an
NTT processcr for real time applications with the constraint
of minimum hardware requirements.

In this chapter, the modular désign of an NTT proéessor'
is developed. The basic computational unit requiﬂﬁﬂénts are
discussed but the actual design éf the BCU is not undertaken.
A memory structure suitable for radix-2 BCU was designed. |
The supporting'structure consists of a Distributor Uﬂit (DU),
Input/Output mulgiplexing unit, Biﬁary to Residue Convérter
(BRC),>§psidue torBinary Converter (RBC). These individual‘
blocks of supporting structure were. realized. The external

serial complex multiplier for transform domain multiplication

-

w

of two sequences was developed. The organization of ‘a sequen-

tial NTT processor for filtering a real-valued input seguence
is described. )
3.2 NTT PROCESSOR

The NTT has the same shru¢ture as the DFT and therfore
for highly composite transform length N, the fast algorithm

for computing the DFT can alsc be used for computing NTT.

The NT'T processor can be implemented with a parallel, a

37
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N

cascade or with a sequential structure. These sfructures
have their own advantages and disadvantages as far as.the
operational speedsfand the hardware requirements are con-=
cerned. The aim of the work undertaken was to implement the
memory structure of an NTT proce®sor with minimal hardware
requirements. The 0ICO algérithm suggested by Corinthois,
as discussed in the prévious chapter, is most suitable for
the sequential realization of an NTT processor. A multi-
plexed radix—f butterfly can ke used as the computational

unit. It is accessed [% long] times; where r is the radix

of FNTT'algorithm and N is transform length.

3.2.1 An NTT Processor for Non-realtime Applications

Fig.{(3.1l) shows a conceptual block diagram of an NTT
processor consisting of a memory organization, computatiocnal
unit and a contgol unit. The data flow between the memory
and the computational unit is governed by “the éontrpl unit
and it also keeps track of thé/stage of dbmputation. For
non-realtime applications the memory orggnization can be

. .
realized with a two-Euffer structure, BUFl)and BUF2, as shown
iﬁ Pig.(3.1). -wWhen BUFl contains the input data of a stage,
BUF2 will store the output of that stage and their roles
will’be reversed as the computation continues in next stage.
Ultimately at the end of the convolution process, if BUFL
contains the output, the new data is shifted in and the con-
volved data is shifted dut at the same rate. It is assumed

< .
that the multiplication of filter cocff¥cicnts and NTT

coofficients is done within the cofputational unit.

L)
.. .

N T
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3.2.2 Real-time NTT processor -

As discussed in (141, for ;éalization at a real-time
NTT processor, the optimum memory organization consists of
d three-buffer structure; BUFl, BUF2 and BUF3. For the min-
imum hardware requirement, the rate at which input data is
moved in a memory must be twice that of the computational
rate of NTT. Fig.(3.2) shows the typical timing diagram.

If BUFZ2 contains the convolved output of £he previdus
cycle, BUF1 and BUF3 are involved in the computation of the
data of the current cycle. New input to the next cycle is
shifted in BUF2 and the output of the previous cycle is
shifted out at the séme rate.

This scheme requires a distributor unit, a BCU multi-
plexing unit and an output multiplexing unit. The distributor
‘unit routes the input data and the data from BCU to the
appropriate buffer. BCU multiplexing unit is reguired for
data flow from the shift registers of the selected buffer
to the BCU. The output muitiplexing unit selects the
buffer containing filtered output and routes it to output
bus. A coétrol unit is necessary to regqulate the role of
each of the above units during the operation of an NTT
processor. The Fig. (3.3) shows the block diagram of an NTT
processor for real-time applicaticons.

3.2.3 Computational Unit

As discussed in section (2.6.2), the computational
unit which is also known as a Butterfly Unit has a structure

similar to the DIF butterfly unit. The sclection of a
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modulus for an NTT determines the form of the cyclic group
generator and hence the butterfly structure. In order - to
achieﬁe large transform lengfh, moduli should be the prime
numbers. They can be divided into two groups; 4n + 1 type
and 4n + 3 type.

3.2.3a Butterfly unit for 4n + 3 type primes

As discussed in [3], for 4n + 3 type prime moduli, the
cyclic group generated o is of the form, y + 8 /-1 ,.where
a and B ¢ GF(mi) and x? + 1 is an irreducible polynomial in
the first order field.

Fig. (3.4a) shows the butterfly for 4n + 3 type of primes-
and Fig. (3.4b) shows its look-up table realization. The
operations represented by @ are performed in the ‘lock-up
tables. The input points are the elements of GF(miz) and
can be considered as complex points. The butterfly calcu-~
lation involves addition and subtraction of input points and
multiplication of difference by a cyclic group generator.
All binary.opqrations performed are complex. The multipli-
cation by o requires four multiplications, an addition and

a subtraction, hence the butterfly for 4n + 3 type prime

call for 10 binarz/dﬁngiions.'
3.2.3b Butterfly §nit for 4n + 1 type primes

]
As discussed in [3}), for 4n + 1 type primes, o has the

simple form of ¥r, where r - GF (m;) and x2 - r is an
irreducible polynomial in GF(mi). Even the power of o can
be considered as a real number and thereby conly real multi-

plication 1s required. Pig.({3.5%a) shows the look-up tablc
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implementation of 4n + l.typé of butterfly for the even power
of a. The odd power of a ¥equires an additional multiplica-~
tion By r as shown in Fig. (3.5b). Hence the butterfly
requires 6§ binary operations.

It is obvious that the 4n + 1 type prime requires less
hardware for BCU implementation than the 4n + 3 type as less
binary operaticns are involved.‘ While implementing a BCU,

the primes of 4n + 1 type should be given preference.

3.2.4 Selection of the Prime Moduli for Hardware Implementation

As discussed in the previous chapter, in order to obtain
a large dynamic rangé, the NTT 1is coMbutéd over a ring which
is a direct sum of several second order Galois Fields,
GF(miz). A transform length of 128 points is quite reason-
able for practical apglications. The Read Only Memory (ROM)
of size 1024 x 8, i(g., lk x 8 was selected as a blilding
block for look-up tables in an NTT processor; To implement
the multiplication efficiently, the sub-~moduli technique was
employed. The necessary and sufficient condition to select
the sub—modul}, SUBM1 and SUBM2, is
SUBM1 - sSuBMZ = 2 - m, (3.1}
The ROM of size lk x 8 has ten address lines, to obtain a
large modulus m; i sub-moduli should be represented by 5
bits each. We select 30 and 31 as the sub-moduli SUBM1 and
SUBM2 respectively. This imposes. the folloWﬁng condition
-

on main modulus m.

m SUBM1 - SUBM2
i 2 :
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i.e, mi < 465 N (3.2)

Thus outr search for prime moduli has two constraints, it
shouldléupport the transform l%pgth of 128 points and should
be less than 465.

4n + 1 type primes can be represented as

m=gqg - 2P +1 ' (3.3)

where g is odd and the maximum transform length 1is given by

N = 2p+l_ For transform length of 128 pqints, P 1s equal to

6.
We consider the followingnumbers for the selection of
primes:

for =1, m=1. 20+ 1 = ‘65, which is not a prime

-

q
for g = 3, m=3 - 26 + 1 = 193, which is a prime
q

for =5, m=5 .26 ++1 = 321, which is not a prime

el
]
-
=]
1]

for 7 - 20 + 1 = 449, whicﬁ is a prime
for g =9, m=9 . 26 + 1 =577, wﬁich is a prime > 465.
Hence we can have 193, 449 as Ewo prime moduli. The
dynamic range associated with these two moduli is
2
T—T m, = 193 x 449 = 36657 = 216.4 (3.3a)
1=1 .
For a reasonable dynamic range, we use one additional
modulus of 4n + 3 type.

The moduli of 4n + 3 type can be represented as

m. =¢ - 2 -1 (3.4)

where r is odd and the maximum transform length is in .
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&)

1. For our transform length & = 6.

GF(miz) is equal to 2%
Our selection is restricted to following numbers.

For r =1, m=1-. 26 - 1 = 63, which is not a prime

For r = 3, m=23 - 26 -1 191, can be selected

For r=5, m=5. 28 -1

319, which is not a prime

For r =7, m=7- 26 - 1

447, which is not a prime.

We select 191 as prime modulus of 4n + 3 type. The
final selection of moduli is m; = 191, mp = 193 and m3 =
449f hence the d?namic range is 25.98 bits. This is equiva-
lent to saying that the NTT is computed over a finite ring,
which is ;somorphic to the direct sum of three Galois Fields
of second degree that is

R = GF(1912) (+) GF(193%) (+) cr(a492)

The cyclic group generators and primitive roots of
s )

A

ﬁodgii selected are as follows .
m ='191/ a; = 66 + 6/-1, g = 19
mp = 193, ap = Y125 , g= 5
m3 = Aﬁg{ ay = /391 : .g = 3

The parameter g is used to generate index and inverse index
look-up tables.

3.2.5 Implementation of Butterfly Unit

‘A conceptual block ‘diagram of the butterfly unit is
shown in"Fig.(3.6). It can be implemented using an all ROM
structure which is inherently simple tp pipeline. The two-
point input is supplied to BCU aioﬁg with some controls.
These controls should provide information to BCU regarding

the stage of NTT, position of butterfly to be computed and

"
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whether DNTT or INTT, in order to choose the proper cyclic

group generator. The typical thrésghput rate of BCU will be
1
TBACC

equal *to is the access time of ROM

] MHz, whede TaaCe

used. If we use the PROMs with latches with an access time
of 40 nsec., i.e., PROMs; TBP28R165 by Texas Instruments
|16), the throughput rate of 25 MHz can be achieved. The

ROM oriented implementation of the BCU is discussed in (15].

3.3 COMPLEX MULTIPLIER

The sequence of operation of an NTT procéssor is as
follows

.(DNTT) (MULTIPLICATION BY FILTER COEFFICIENTS) (INTT)
i.e., after taking DNTT of an input sequence, the‘NTT
coefficients are multiplied by filter coefficients a;d then
the inverse NTT is taken..

Corinthois in [10] has suggested that, as in the final
stage of DNTT, there is no multiplication and hence the com-

~

.Plex multiplier in BCU can be used with an additional complex

multiplier for multiplying two sequences$ in transform domain.
Therefore, for this implementation, the butterfly structure
consists of two complex multipliers. The typical operation

in the final Stage'bf NTT is as shown in Fig. (3.7).

3.3.1 Two Multiplier BCU Structure

Akhtar in {15) has discussed an all ROM implementation
of BCU for minimum hardware requirement. He suggested the

use of a real multiplier for 4n + 1 type of moduli with

“
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t&pical ROM ‘count of 32 for modulus 193 and a complex multi-
plier for 4n + 3 type modulus, 191, with ROM count of 48.

If we want to perform'ﬁultiplication of twg sequencés in BCU
then the implementation of this modified BCU Qill rehuire 86
'"PROMs. It also requires some additional Eontrol circuitry
to perform multiplication in the'fingl stage of DNTT. With

the modified BCU, the throughput rate of an NTT processor is
7——L——— MHz. This structure calls for a greater number
" Tmacc

Y

of PROMs with lower access time, thus increasing the hard-.
ware cost.

3.3.2 External Multiplier

As the multiblicatién of twc sequences is carried out
after every 14 stages, we can use an external multiplier in
such a way that the multiplication.time is twice the NTT
time. ’

This complex multiplier can be further:implemented using

"an all PROM structure which is easy to pipeline. The PROMs

with slower access time can be used, and the access time

TMage €an be calculated as follows .
' Multiplication Time = 2 - (NPRTime)
) 1 =
128 x TMACC 2 x 64 x 7 x Torcc
= 7.7 .5).
"macc™ 7" “Bacc (3.5

Hence the PROMs used for a multiplier can be 7 times slower

than those used in BCU. = This complex multiplier can be
g

implemented using 30 PROMs.

;
The hardware requiremen® of this external complex

’
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multiplier can be further reduced by using a serial complex

r// ,multiplier. This mﬁltiplier can beaiQplemented using a

v

single real multiplier which can operate in pipeline to
perform a complex multiplication. This structure requires
thirteen PROMs ten of which have'anyhccess time of 70 nsec

and three of which have an access time of 140 nsec. The

block diagram of this serial cohplex multiplier is shown-

:

'in Fig. (3.8)..

e

3.4 A SEQUENTIAL NTT PROCESSOR WITH FOUR BUFFER MEMORY

»>

ORGANIZATION

In order to achieve the throughput rate of 7—Ti——~—'
TaTC -

MHz using an external serial coniplex multiplierﬁapproach,
an additional buffer in memory organization and some e&xtra

multiplexing circuitry is required. Fig. (3.9) shows the
; g

*

block diagram of a real ﬁime,sequential NTT processor WiEE/
\ * ‘

an -external multiplier, modified méméry.structureVand an
additional ‘multiplexing unit. Fig.{(3.10) shows the EE;?:;
diagram of the proigssor. The rate at which an input data

is moved in the memory and at which one complex multiplica~

tion done is twice that of NTT..

This structure makes 100% utilization of BCU. 1In this’

. memory ordanization,,out of four buffers, twd store the input

‘_ ..
and outpit pf the intermediate NTT stages, the third stores
- - .

gtput of transform domain multiplication and

: i;e- s ) .
If BUF @ BUF2 are performing the INTT operation on
: . ; .\ ,

the input data of the previous «ycle, BUF1 will be involved

; hg

~

s thé sampled input and convolved output. -

&
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in transform domain multiplication and BUF4 will be shifting
out a filtered output apd at .the same time it will be receiv-
ing the new data for thé next séage.

Compared to three-buffer memory organization, this
scheme calls for an additional buffer and scme extra control
circuitry, but ;t is cost-efficient as it does not require as
many‘fast memories in BCU. If we use the PROM with -e&maccess
time of 40 nsec in BCU, the processor can have thg throughput
rate‘oﬁ 3.5 MHz.

As all the arithmetic operations in the processor are
done in RNS, wé need a Binary to Residue Convertexr (BRC), at
the input side of procéssor and a Residue to Binary Converter
{RBC), at the output side of processor as shown ;n Fig. (3.9).

3.4.1 ' Distributor unit ?(DU)

The DU receives the input from a binary teo residue
converter, BCU and complex multiplier. 1Its function is to
rocute in-coming sequences to the appropriate buffer.

If BUF2 is shifting the input to BCU, the DU has tc
route output coming from BCU to BUF1l, output from multiplier
to BUF3 and inpqt in residue form to BUF4.

The distributor unit can be realized as the bank Of
multiplexing circuitry associated with each buffer. Any of
the four buffers can receive the input from BCU and either
from BRC or from multiplier. The multiplier output will
always be going to either BUFl or BUF3 and BRC output will
be stored in.BUFZ and BUF4. Hence, multiplexing circuitry

associated with each buffer has td multiplex two of the in-

'
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coming inputs at a time. Fig.(3.1l) shows the block diagram
of DU consisting of the four-multiplexing unit associated
with each buffer. Each unit receives the select signals
from a control unit. These multiplexing units are made uﬁ
of standard two-line to one—line-multiplexers.

3.4.2 BCU Input Multiplexer Unit

Any of the four-buffers can give an input to BCU. Each
buffer is divided into four shift registers. Two ocut of

four shift registers of a selected buffer can give input to

BCU at a time. Fig.(2.10) in section 2.10.2 shows the buffer

connectionsg in the first stage qf NTT and Fig. (2.11) shows
connection in subsequent stagés. Hence this BCU input multi-
plexing unit has to select two out of sixteen shift registers
at a fime, which are containing an input to BCU. This multi-
plexing unit can be implemented using étandard multiplexer or
octal buffers.

3.4.3 Output Multiplexer Unit

The buffer BUF2 or BUF4 will be always storing the con-
volved output of the processor. The shift registers of the
buffer containing output are connected serially and the out-
put is taken from the top most shift register. The output
multiplexer has to select the output either from BUFZ or
BUF4 erending upon the cyéle. It can be implemented using
two-line to one-line multiplexers. Fig.(3.12) shows the
block diagram of output multiblexing unit.

3.4.4 Multiplier Input Multiplexer Unit .

Either BUF1 or BUF3 will be giving input to the multi-

[EA
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i
plier, where it 1s multiplied by pre-stored filter response’

coefficients so this ﬁultiplexing unit has to select input
either from BUFl or BUF3. Fig.(3.13) shows the block diagram
of the multiplier input multiplexer unit.

3.4.5 The Memory Buffers

The memory organization consists of four buffers, each
of the size 128.x 16. Each buffer is divided into two sub-
buffers 8$M1 and SM2, which are further divided into two shift
registers SRl and SR2. Hence any buffer can be implemented
using four shift registers, each of size 32 x 16.

The bipolar random access memories can be used to‘impie;
ment these buffers. Fairchild's 3348 cor 3349 Hex 3? bit
static shift registers or AMD's AM2812A,32 x 8, First In,
First Out (FIFO) memories can be used. These shift registers
can coperate up to 1 MHz. For higher throughput rate, TI's
7418222/74L8227, 16 x 4 FIFO can be used [16] - [18].

additional switching circuitry ¥s required tc inter-
connect the shift registers of each buffer. It is explained

in detail in the next chapter.

o

3.4.6 Binary to Residue Converter (BRC) )
The binary tc residue converter is gecessary to have
interface between the conventional digital system and the
+F
digital system using the residue number theory.
As we have decided to use 'PROMs of the size 1lk x 8 to
store the filter response coefficients, and our dynamic range

"23 bits, hence we can use a 12 bit A/D convertor at the input

side. The BRC for m, = 191 and m. = 193 can be implemented
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by using 4k x 8 PROMs each. For m; = 449 we require a
stofage.capacity of 4k x 9 for BRC. Fig.(3.14) shows the

block diagram of BRC for m, < 256.

3.4.7 Residue to Binary Converter (RBC)

-The filtered output from the processor is in a residue
form. The coﬁvgrsion of residue digits into a weighted
binary form calls for a residue to binary converter unit.

Thg equation (2.1l1) in section (2.3) can be implemented
using l;ok—up tables. But this scheme requires large amounts
of memory. These equations can be efficiently implemented
with subtractors which are followed by the look-up tables as
shown in Fig. (3.153). Thé RBC for moduli m = 191, mp, = 193
and my = 449 shown in Fig.(3.15), requires four PROMs of
size 1k x 8, six latches, four B8 bit subtractors, three
shift registers and an accumulator registér.

3.5 PROCESSORS ORGANIZATION FCR REAL VALUED INPUT SEQUENCE

In many bractical situations, we are interested in
computing the convolutioh of two finite duration sequences,
where one sequence 1s much longer thén other sequence, ie,
L>>M, where L and M are the lengths of f and h respectively.
The larger sequence f is sectioned and partial results are
.computed which can be combined to‘fdrm desired output sequence.

An overlap add and an overlap save are the two techniques
used to perform convolution by the method of sectioned convol-
ution. In overlap add method, results of two consecutive
sections are added to generate the desired results. In

Overlap save method an input sections are overlapped and some
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%

of the samples of the results are discarded. The OVerlap add
technique éeﬁﬁires more hardware than the overlap save tech-
nique, sincé it invelves the addition of two sequences. Thus
an overlap save technique was chosen. .

As discussed in [14], to implement this ‘technigque we
require an additional shift register the size 64 x 16 at the
input and the output of the processor. Let the length of
impulse ré%ponsebd.be (N/é + 1). Fig.(B.l?a) shows a scheme-
-to generate the complex input to an NTT processor for pro-
cessing a r;al—valued input sequence. The shift register
SR 1s used Hé generate a delay of N/2 samples between the
real and imaginary’parts. At the start SR is clearéd S0 as
to fill it with 0's., The real part is taken from the oudtput
of SR whereas an imaginary part is taken directly; at the
same time the input sequence is also shifted into SR. Thus.
the real input sequence.is divided into sections of length
N/2 and a combination of different sections form an input
to the pfocessor. For example, a combination of sections
,0—;, and 1-2 forms one input, 2-3 and 3-4 forms another
input as shown in Fig. (3.16b).

To generate the filtered output, a delay of N/2 sample
between the real and the imagindry parts of‘the comple
output is required. The first half of the ocutput sequejce
is always.discarded. D&ring the second half of the complex
output sequence, the real part is fbuteé to the output bus
and at the same tiﬁe the imaginary part is movéd into SR as

shown in Fig. (3.17b). The imaginary part in SR is gated to
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output busduring the first half cf the next filtering opera-

tion. This process is shown in Fig.(3.17a) and Fig.(3.17b).
If the access time of the PROMs in BCU is\40 nsec, and

the filter impulse response is (N/2 + 1) péinﬁs, the real

: p ‘
valued input sequence of 128 points will take

4 X X 64 x 7 nsec

T
BACC

i.e. 71.78 usec. 'The throughpdt rate of 3.5 MHz can be
obtained. 1;__ ;
3.6 SIMULATION OF AN NTT PROCESSOR .

The proposed processor structure, consisting of three
moduli, was simulated on IBM 370-3031. The subroutines
were written to simulate diffe?ent units involved in the
proéessor organization. A.éhnp}e program was written to
simulate BCU. Tﬁe pipeline de;ay of BCU and the multiplier
was takeq‘ingo‘consideration.‘ The in program and the sub-
routines were written in WATFIV. mi\\_

1) Main Program:- -

The main program assigns values to vérious parameters
used,and initializes the latches and memory buffers.. By’
calling different subrOutines, it generates nécessary look-
up tables. Mainly it simulates the overall modular structure
by caliing differeﬁt subhroutines: It govetns the various
‘controls required in the distributor unit and the multiplexing,
units. The individual blocks are simulated within the sub-
routines. . 8 |

2) Subroutine TWLF:;

The TWLF generates the powers of o and o«~!. It stores

v

P
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.y . . .
these powers ¥fi the form required by 0I00 algorithm. First

the powers of o« arg calculated and then the powers of a~!

are computed using the following equation:
' )

,'GQ_= 1 and .;fl = aN—I
The real :and imaginary parts are stored.separately.
3) Subroutine LTABLE: -

,sThe-subroutine LTABLE computes all the necessary’look—
up tables reguired for multiplication and NTT calcul&tions.
It calculates the index table - IND(I), the inverse index
table.—‘INV(I,i),;the addittion look-up tables - ADD(I,J)
an& a reconstruction table -RECT(I,J). It stores these

tables at moduli 30 and 31.., INV1(I,J) and INV2(I,J)

repréesents the‘%nverse look-up table at moduli 30 and 31 . x

‘respectively. The modular réduction was done using the

1

instruction
~

IX = MOD (IR, MMOD) ) ¢

3

where MMQD is modulus and IR is the number to .be reduced.

~4) Subroutine STAGl:- ., !

The first NTT stage calls for data separation of N/2
words. The buffer interconnection during‘this stage is
different than that ddring subsequeif;zTT stages. The

STAGl simulates the entire gperationx ring this stage. The

, Subroutine call is,

4 Ay

CALL STAGl (BUF1ll, BUFl2, BUF13, BUF14%\ BUF2l, BUF22, BUF23,_
BUF24, NTT, STAG; INV) where BUFl'é_dﬁdHBUFZ's represents '
the shift registers of corresponding memory‘buffers BUF1

and BUF2 respectively. STAG indicates the stage at NTT and }

@ ) &
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INV tells whether DNTT or INTT.. This subroutine calls for
the subroutine NTT, which performs the BCU calculations.
4) Subroutine ASTAG:-

All the stages other than the first one require -a data

- separation of N/4 words. The shift register selection for

accessing the data depends upon the NTT stage as described
in the previous chapter. The subroutine ASTAG simulates the
nemory or%fnization during these NTT stages. The subroutine
call is, -

CALL ASTAG (BUF2l, BUF22, BUF23, BUF24, BUF1ll, BUF1l2, BUF13,
BUF14, NTT, STAG, INV). The BUF2 contains the input to the
Nﬁ% stage and BUFl stores the output of the BCUl

5) Subroutine NTT:-

* This subreoutine implements buﬁterfly calculation. It
does not simulate the BCU structure. : The subroutine call is,
CALL NTT(STAG, POS, All, Al2, Bll, B12, BO1, B02, BO03, BO4,
INV), where STAG, POS and INV provides the necessary informa-
tion regarding the stage of NTT, whether DNTT or INTT-and
the position of a butterfly to be implemented. The Al's and
Bl's are complex inputs and B0's are complex outputs.

67 Subroutine MULTLY:- . ' - !
The subroutine MULTLY simulates the structure of an
external seria1 complex multiplier. The computer program
was written so as\to préserve the pipeline structure. The
pipeline delay was also taken into consideration. This
subroutine also simulates the memory buffer interconnections

during the multiplication of two sequences. The subroutine

-

=l



)

68,

call is, CALL MULTLY (CUF11, BUFlé, BUF13, BUFl14, MMI, MMF,
BUF31, BUF32, BUF33, BUF34).

Where the BUF1 contains the NTT coefficients to be
multiplied with the filter. respeonse coefficients ind it also
stores the product of two. The MMI and MMF provides the
infoermation about the number of points to be multiplied as
from 1 to 64 or 65 to 128. The multiplier has the delay of
three samples. The first three samples coming out of the
multiplier belong to the multiplicafion of the previous
cycle. As BUF3 stores the multiplier output of the previous
cycle, these three samples should be stored in BUF3. This
subroutine is self-explanatory and the details can be found
in Appendix A.

7) Subroutine OQVLAP:-

The subroutine OVLAP converts the real valued input
sequence to the complex sequence and arranges the input in
the form required Qg the overlap save method. The subroutine
call is v
CALL OVLAP (IKT, IIN, ITS)
where IKT contains the real valued input sequence and IIN

stores the complex input sequence in the processor.

4 o

8) Subroutine INOUT:-

- During the input and output operations the shift regis-
ters of the selected buffer are serially connected. The out-
put is shifted out and at the same time new input is sh{fted

in. This operation is simulated by the subroutine INOUT.

1
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9) Input Files:;

The subroutine INFILE apd-FILTER provide the input data
to be filt;red and the filter response coefficienﬁs respec-
tively. I£ is assumed that input files are premultiplied by
the appropriate scale factors. ~

Appendix A contains the listing of all the subroutines.
3.6.1 Simulation Results

The testing of the simulation of an NTT processor was
dene with the different sets of INPUT and FILTER files. In
the.first stage of testing the ramp was convolved with the
impulse and in second stage the processor was tested for the
lowpass filtering. The details are as follows:

1) The real valued input sequence was made up of

points frem 0 to 127. It was convolved with the

impulse and the output was observed. The Overlap

save technique'was employed. Fig.(3.18) shows the

input and output waveforms.

2) e frequeﬁcy response of lowpass filter with

cutoff frequency of 2.6k Hz was taken., The impulse

of LPF was premultiplied by a scale factor of 10.

The upperbound on the input of each moduli was cal-

culatgd. The scale f;ctor used for moduli 191 and

193, was 8.5:;nd for 449 was 22. " In first case

input was the sum of the sinewaves with frequencies

1l kHz and 10.0 RHz. In the second case the input was

sinewave with frequency 10.0 kHz. Fig.(3.19) and (3.20)

[
shows the input and oufput of simulation.
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Fig. (3.19a) Input to the Processor.

Xx(n) = sin Wlt + sin W2t

fl = 1 kHz and f2 = 10 KkHz

Fiag. (3.1 by i1ltered Output. of the Processor
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Fig.(3.20a) Input to the Processor

x(n) = sin wlt ; fl-= 10 kHz -

.

Fig.(3.20b) Filtered Output of the Processor
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Fig. (3.21 b) Convolved Output of the Processor
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3.7 SUMMARY

The modular design of an NTT processor was discussed.
The method of seiecting primes for efficient implemehtation
was described. The processeor with slower external serial
complex multiplier and four buffer memory organization was
proposed; The implementation of thé processor's supporting
structﬁre (which includes R/B, B/R converters, Distributor
and various multiplexing unit) was done. Finally the

simulation of the propoped NTT processor for three moduli

’

scheme was done.

T R e
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'CHAPTER 4
THE HARDWARE IMPLEMENTATION_OF AN
NTT PROCESSQR MODULE 193

4.1. INTRbDUCTION

The sequential NTT processor essentially consists of
three processor modules namely module 193, module'l91‘and
mcdule 44%. The decision was made to build the module 193
because sf the availability of a butterfly unit for this
module. This module consists of a complex.multiplier for
modulus 193, a memory organization, a distributor unit, an
input/output multiplexing unit and a control unit. The
prototype was constructed using standard IC's and proto-
boards. Tée proto-boards -selected were Experimenter 300,
600 and gquad bus strip 4 B. The UV erasable, programmable,
read-only mgmory of the size 1k x B, ie, EPROM 2708 with
access time of 450 nsec was chosen. The EPROM requires
l v_. and V__ which

CC’ '"BB cD

are +5, -5 and +12 volts respectively. It has ten address

three pawer supplies in read mode, V

lines and eight data lines. The higher address lines are
grounded if they are not in use. ,
The Octal D flip-flop with 3-s£ate outputs, 745374 was
used as an edge triggered latch.
The 32 x 8 First-in - Fi;st—out'(ie.FIFQ)‘memorf Jith
maximum parallel load frequency of f MHz, Am2812A was .

selected as a building. block for memory organization. Using

these components, we arrive at the throughput rate of an NTT

75
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~ Fig.(4.1) Block Diagram c¢f Complex Multiplier for m, =

(continucd on Fiqg. (4.2)).
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‘précessdr as 0.15 MHz.
4.2, HARDWARE IMPLEMENTATION CF A SERIAi COMPLEX MULTIPLIER
‘ Thé'multiélier'was built using mainly 2708 EPROM's and
745374 latches. The access time of the EPROM uséd is 450
nsec and the settling time of laéch is 20 nsec. Fig. (4.1)
and Fié.(4.2) show the block diagram of the mulfiéliér. E
~denotes the 2708 EPROM and L represents the 748374Ilatchés.
The lock-up tables‘are stored in the EPROM's, eg, ADD30 and
ADD3]1 denote the adaition look-up tables at sub-moduli 30
and 3l'respéctivelf. IND, INV, RCT ;epreéent the iéhgx? )
inverse index and reconstruction look-up tables :%spectively.”
The SAD30 and SAD3l -contain the look-up table for operation
r.A.B at submodull 30 and 31 feépgctively. The CLKM is the
main clock of the multiplier and CLKMIL, CLKEZ and CLKM3 are
the clocks of the first, second and third stages respectively.
FILR and FILI contain the filter response coefficients, which
1

are premultiplied by N~ The multiplier does one real multi-

v

pliqation at every, clock pulse. If RX, RH, IX and IH denote
the real and imaginary parts of input and filter résp@nse
coefficients resbectively; then the Eypical sequence of
operation ié as éhown in fig.(4.3),‘whe}e Re (X-H) and Im(X-H)
are the real and the imaginary parts of the product X - Y.

If at the first positive going edge of CLKM3 we obtain;
the product RX . FRHi, to be latched at L1I and L2 by‘CLKMﬁl
and which will form the four least siggificént addreés bits
for addition tables ADD30 and ADD31, then the second positive
going edge of CLKM3 we will obtain the producé r - IX . IH.

This will be latched at L1131 and L14 by CLEMA2 which then
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- forms the four most significant address bits to the addition

tables. At fhe same time, the output enable input, OEs of

the latches L15 to L19 is held high thus forcing them to the
high impedance 'Z' state. The above sequence repeatg.wﬁile
computing the imaginafy part,of product but this time the
latches L15 to L18 will latch data with the clocks &LKM43
and CLKM44 and latches L1l to L14 will be in the 'off' .,

: '

state. The complete structure cperates in pipeline config-

uration. -

-
-

The time available for one complex multiplication is

7 pusec; hence each real multiplication must be performed

within 7/4 usec. .~)ﬁv
We need ﬁultiplexin; ciréuitry'at the input of the

multiplier to select the inputs- either from BUF3 or BUF1

and furthermore to multiplex between the real and the

imaginary pafts‘of the input data and filter fesponse coeff—ﬁ

icient. This is ‘accomplished by using six, quaﬁ two-line

to one-line_tristate multiplexers (74S257's), MM1 to MM6,

.as shown.in Fig.(4.l).'

The multiplexing circuitry requires some control
signals. EPROM 2708 was used to store ‘the éontrdl bits
rather'than generating Eontrol bits -using sténdard seguen-
tial)combinational logic. The required pre-qalculéted con-
trol bit pattern can be stored in one EPROM. . The address
to this EPROM was taken from the modulo 1023 counter as
sho&n in Fig;(d.S). 4ﬂt4§ach count we read ghe_rééuiréd 8-

bit pattern which provides the necessary control inputs to
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' CON6-7 -

X

Fig.(4.4) B-bit Control Word for the Multiplier

CON Q0 - Selects

RH or IH
CON 1 - Selects the
input buffer
BUF)l or BUF3
CON 2 - Selects the

RX or IX

-

CON4-~5 - Selec
' look-up
tables,_ for
r--IX-IM

the

Can be used
for parity
check or for
future
expansion.

Bit Pattern

Functional

Details

{15)413] 2]{1]0
clijof1lo]0] Selects, RX Bl, RH
of11110j0131} Selects, 1IX Bl, 1IH
bl{1lol1{o] 1] Selects, RX Bl, IH

{1{041}0]jo|0o] Selects, 1IX Bl, RH
ol1]olal1]g] Selects, RX B2, RH

Yo]1]o|1]1f;] Selects, 1Ix B2, IH
ol 1]lof1t1}1| Selects, RX B2, IH
1|loJ1]of1]o] Selects, IX B2, TIH

Table 4.1 Functional ﬁetails of a Mu%tiplier Contreol Word

’
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the multiplexing circuits and for selection of the SAD's
lobk—up tables during operation of the r - IX - IH.

The control word consists of B bits, CONO - CON7 as
shown in Fig. (4.4). CONO is aennected to the seleét
'S56' of tﬁe.multipliers MM5 and MM6; this then selects
either RH or IH. CONi is cpnneéted to the select input
'S14' of the multiplexers MMl to MM4, which multiplexes the
inpuﬁs coming from BUF2 and BUF3 . If CONl ié high BQF3 }s.
~selected; if it is low, BUFL is selected. cqu2 and CON3
are used to differentiate between the real and the imagin-
afy parts of the inpﬁt coming from the selected buffer.
These contfo% bits_are connected to\EBe output enable inputs,
OE of MM1-MM2, and MM3-MM4 r;sp ctively. When CON2 and CON3
are '0l', the real Qart of an input is selected and when they
are '10' the imaginary part is selected. CON4 and CONS5 are

connected to OE inputs' of latches L7, L8, L9 and L10

respectively, which then select the look=-up table oﬁtputs

for "the operétion of r- IX- IH. When C6N4 and CON5 are. '01°,

4

normal addition tables are selected‘and when they are '10'
modified look-up tables, ie,‘SAD'st are selected. The typi-
cal seguence of the bi£ patterns of control word 1s as shown
in Table (4.1). For example; if BUFl is selected, the ;
sequence will be 20 , 25 , 21 and 40 and for BUF3 it is
22, 27 , 23 and 42‘.

_ The filter coefficients are storea in EPROMs FILR and
FILI. The address to these EPRCMs is taken from the MOD 127

counter as shown in Fig. (4.5). The multiplier has the

<7
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pipeline delay of three samples.

4.2.1 The Clock Circuitry of the Multiplier

The main clock of thg,multiplief is CLKM, which is

‘4/7 MHz. The settling time of the 748374 is 20 nsec. The

clock of each stage has a relativg delay of 25 nsec. This
déléy was obtained By usihé Hex bﬁffer'7407. The frequency
of the-clocks of stages 5 and 6, CLKM5 and CLKM6, is half
that of CLKM. Fig.(4.6) showé the block diagrams of the
clock circuitry. The 4-bit binary counter SN74193 was used.
Its outputs A0 and Al, were connected to the‘A and B inputs
of the BCD to decimal (l—BEEiD) decoder,'7442, respectively.
The C and D ipputé of 7442 were grounded.

.Outputs I and 3 from the decoder were inverted using
Hex Invertér Buffer/Driver (open collector) 7406 and were:
used as, the Clocks CLKM71 and CLKM72 of the seventh stage
respectively. The A0 outbut of 74193, after introducing a -
relative delay of 25 qééc anq inverting using 7406 was then 7
used és a clock in fifth an? sixth sta@eg, viz, CLKM5
and CLKM6. ,

The decode;'s oﬁtputs 6, 1, 2 and 3 were inverted using
7406's and a relative delay of 25 nsec with respégt to
CLKM5 was'introducea. These outputs were used as the clocks

to fourth stage, namely CLKM4l, CLKM42, CLKM43 and CLKM44.

The output enable signals OEl, OE2, OE3 and OE4 were genera-
1
\

ted by using quad two-input AND gétes as shown in Fig. (4.6).

ﬁig.(4.7) shows the various clocks used for the multiplier.

] ]
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wlro—|o|

4163 7406
- 1Y, - CLKM.71
CLKM
1,Y, -~ CLKM 72
PH&“‘*& MR 7408
’ . o > OEl
- . r_“——*—_-OEZ
L
- \ r—— QE3 -
VALY ~|_—_r___OElo
] A -
e Bl
(o) 7406, o CLKM5
D - CLKM6
7407 ~—— CLKM3
™T .
Ys ! |
»{ 7406 7407 [ 7407 > CLKM2
Il - ’ ) ’
# . ’
Yg l e
17406 7407 #—u CLEM1
| .
e . :
. Y l ;
74067 7407 - #— CLKMS
Il ’ - .
o : < ‘
~ 740 Xe [ 740 7} CLKM10
Iy i _ '
- a— CLKM41
:; CLKM42
" CLKM43
- T CLKM&44
Fig. (4.6)

v

Clock Circuitry of the Multiplier
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~ Fig. (4.6) shows thevglock aiégram:of the modulo 127 -
and modulo 1023 countéfs. The 74LS569 was useq as a build-
ing block to -construct these counters. The '569' is a |
synchronous 4-stage modula 16 binary dP)DOWN countef
featuring preset capability for pfogrammable operation,
carry look ahead for easy cascadfng’an& U/ﬁuinput‘to coﬁ?rol
the direction g}\efunting. It has 3-state drivers qf out-
puts, hence direct interfacing to bus organized system is
possible. It élso has synchronous Reset and asynchronous

Master Reset capabilities. The clocks CLKM8 .and CLKM9

shown .in Fig. (4.7) were used to. drive the modulo 127 and

-

modulo 1023 counters respectively. These modulo counters

were developed_usinq‘74L5569's, Triple three input NAND
gate5'7481Q'§'and quad two input OR gates 7432's. The low
going signals were generated on detecting counts 127.and
1023 and we}e used as the §ynchronous reset inputs to the

modulo 127 and 1023 count%is. The dual retriggerable mono-

stable multivibrator 74123 was used to generate the power

on reset signal PWR, and the single stepping pulse as shown
in Fig. (4.5). The PWR was connected to Master Reset, MR,
inputs’ of the 74LS569's.

-

4.2.2 The Hardware Requirement of Multiplier

The typical IC count of the multiplier is given in

+
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| Description of IC No, of IC's By
| 2708 16
- : :
745374 26 -
748257 6
745569 5
7407 5 s
7406 8
74193 1 .
) o it
74123 - 1
7432 2 ‘
74510 - 4

Table 4.2 The_Hérdware Requirement of Multiplier

4.3 HARDWARE IMPLEMENTATION OF MEMbﬁY ORGANIZATION

The processor's memory organization is made up of a
four-buffer étrpcture as discussed in previous chapter.
Each buffer is of length 128 points. The wordlength is 16
bits. The eight least éigﬁificant bits store the real
parts and the eight most significant bits store the imaginary
parts. Each buf fer is further divided into a four shift
registers of 'length 32‘points each, which’'can be connected
in series so as to form a long éhift register of 64 points

or even 128 points. _
The 32 x 8 First-In-First-Out (FIFO) memories namely

Am2812A were used as the.shift registers. The FIFO can have
indebendent read and write operations and can be easily
cascaded to form a shift register of any size. It can oper-

ate up to the data'rate of 1 MEz. 1If requires three power

LS
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CONNECTION DIAGRAMS
- Tap Views
Am2B812
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Fig. (4.8) Logic Diagram and Pin Configuration of AM2812A

L

Am2812A
OR IR
MR |
N 4 Di Olidom
. PL
j pr— PD O_E'!—l “+
‘ 16 i . 16
— 1 " i
. A Am28123
‘ OR TR .
e MR .
- pi Qi .
PL
— PD. g

Fig. (4.9)

Interconnection of FIFO's for Size 32 x 16
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v

' supplies ng, VDD and VCC whiéh §£e SIValtS, GND and -12
Volts.reifectively. The signals, input ready, IR aﬁd output
ready, OR of FIFO can be used for caécading'the FIFOs. 1In
write' mode, data on the.data inputs (Di) is written into the
memery by a pulse on load (PL). The data ripples through
the memory until it reachéq the'output or another data word.
The data is read froﬁ'the'memory by applying shift-out pulse
on PD. This dumps the word on the output (Qi) and the next
word in the buffer moves to the output Fig. (4.8) shows the
logic symbol and pin connection diagram of FIFO Am2812A.

Fig.(4.9) shows the FIFO connections to form the shift

register of size 32 x 16.

4.3.1 Memory Buffer Interconnections
In.chapter 2, section (2.6.2) wé discussed the buffer
interconnections of an NTT processor during various stages
o
of computation, Fig.(4210) shows the typical interconnections
‘.of FIFb's in the firsﬁ‘stage éf NTT. Any control signal of
., where X represents any

J
of the control signals, PD or PL or OR or IR; i denotes fhe

" the shift register is denoted by X,

buffer number to which this shift registef belongs ahd‘j
represents the position of Ehe‘shift registerﬁle.g., OR12
will represent the output ready signal of the second shift
register of BUFl.-

In the first stage the PD22 and IR21, OR22 and-PL2l are
interconnected, PL22 is groundéd. This Sonnects FIFO #1 and

‘FIFO #2 serially as shown in Fig.(4.9). Similar interconnec-

tions are done with FIFO #3 and FIFO #4. The shiftout pulse

’

Y
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BUF22 BUF21 : , /-
pmogiza | O%22 - prailamasioafr
- . TO INPUT A
o
PL22 R Pt @ PDZ1  OF BCU
PD22 _i_I{ZI A }
SOB
BUF24 ‘ " BUF23
am28124 L ORZ4 PL23 | sM28124
. Qi —e Di Qi few—r TO INPUT B
PL24 : { PD23  OF BCU
PD24 IR23 :
, SOB g
Fig. (4.10) FIFO Interconnections for lst Stage of
: an NTT with SOB is Shift . Out: Pulse
. . poo
BUF21 . ~ BUF23 - . , . (}
2ni2812A - | Am2812a ,
Qi l——t—r TO INPUT A
e OF BCU _
PL21 P21 , PL23 B PD23
| .
SOB T ;
BUF22 : BUF24 i
: N ;
Am28124 0 INPUT B - ‘AM2812A S .|
QL p—>=—  OF BCU . o ﬁ
PL22 PD22 ' PL24 PD24 . _ i
T T ;
SOB

Fig. (4.11) FIFO Interconnectioas for 2nd to (N-1)th
Stage .
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BUF24 BUF23 __~
- " OR24 PL23 OE 237
FROM Di '
OUTPUT D —»—{ Qi - Di -
OF BCU  prag ‘
S N . =] - . PD23 -
PD24 IR23
SIB
BUF22 BUF21
~ OR22 _ PL21
FROM - . _
OUTPUT C Qi Di .
OF BU 5199 D21
1 _ PD22 * IR23
SIB. ' , '
Fig. (4.12) FIFO Interconnections for Storing the -
‘ BCU Output with SIB is shift Out Pulse
4
~ &
. . _ ,
BUF24 BUF23. BUF22 BUF21
Am - Am Am Am
INPUT {28124 28124 28124 28124
FROM BRC ——4{Di Qif—> Di Qip—> Di Qi pi Qi
MULTIPLIERl-—- —— - N :
(a) OR24  PL23  OR23  PL22 OR22  PL2l. -;-
SIM PD24  IR23 Pp23  IR22 PD22  1IR2l ,
- Am > ~Am ~— Am > _Am
28124 812A 28124 | 28124
Qi - Di Qi = Di Qi - Di Qi
PL24> ) ' .| PD1

o A

-

Fig. (4.13) FIFO Interconnections for Input/Output with

i' SIM and SOM are Shift In and Shift Out Pulse
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is applied to PD21 and PD23.
In any-subsequent stage, the SRl and SR2 oéasubmemory
SM1 or SM2 6f‘the selected buffer'give input to the BCU. .
. " Fig. (4.11) shows the typicdal condition when fIFO #1 and FIFO
$#2, i.e., SRl‘ana Sﬁé of submémory SM1 are giving input to
thé BéU. PL21 and PL22 are groun%fd ang,shift ogt pulse is
applied to PD21 and pp22. The PL23, PD23, PL24 and PD24 of
- submemory SM2 are}grohnded as shown in Fig.(4.11).’ )
whilé storing the'outpuélfrom the BCU, that at OUTPUTC
is shifted in SR2 of éubmembryASMl and simultaneously that
at OUTPUTD is shifted to SR2 of SM2 of .the selected buffer.
! : SRl and SR2 of a submemory are serially connected so as to ‘

form the shift register of the length 64 points. Fig.(4.12)
¥

shows the FIFO's interconnections while storing the output
from\BCU. The PD22 and IR21, PD24 and IR23, OR22 and PL2l
3@ PR24 and PL24 are interconnected. The PD21 and PD23
a grounded. The shift in pulse is applied to PL22 and
PL24

shown in Figq. (4.12).

. The shift rggisters{ SR's of the selected buffer are
serially interconnected so as to form a shift register of
length 128 points during an INPUT/OUTPUT or multiplication
operation. Fig.{4.13) shows ;he FIFQ interconnectid&s.
While giving input to the multiplier or to the RBC the shift
out‘bulse is applied to PD21"with PL24 gfounded. The shift

" in pulse applied to PL24 ;nd ?DZl is grounded when BUFl is
storing the output of BRC or multiplier. ) g&

A set of multiplexers, SWMs assigned to each buffer,

performs the necessary FIFO interconnections. Fig. (4.14)

e bl b e e L e e
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shows the IC block diagram of the buffer interconnections
usinj multiplexers for BUF2. Each ,set 'is made up of six
74s8257's. The control.signals are provided to select %nput

'S' and to the output enable 'OE' of the multiplexers. , The

- control bit pattern for each buffer .was stored in four 2708's
with a total stdrage capacity of 4k x 8 bits.
The contreol word, CONBO - CONB7, .is made up of B8-bits

and controls the FIFO interconnections, the coperation of the

distributor unit and the operation of the output multiplexing-

unit. Fig.(4.155 shows the details of the control.word. The
least significant digit CONBO of control word~f§ corhected to
output enable inputs OE4 and OE5 of MB4 and MB42. CONBIL,
CONB2 and .CONB4 aré connected-to OE3, OEl and OE2 of MB3,

MBl and MB2 respectively. The select input, S, of the multi-
plexers MBl, MB2, MB4 and MB42 are tied together and CONB3
connected to them. The OE6 of MB12 is grounded and the select
input signal S6 of MBl2 is derived from CONB3 and CONB2 as
shown in the Fig. (4.14).

Table (4.3) shows the fﬁnétionai details of the control .
word. When CONéZ to CONB4 are high and CONBO and CONB1 are
low, the multiplexers interconnect the FIFO's for étoring,éhe
output data from the BRC or the multiplier. _These intercon-
nections are achieved by forcing MBBIFMB4 and MB42 to high
impedance state and selecting A inputs of:the'MBl and MB2.

While storing input’ from the BCU the CONBO, CONBl and

CONB3 are high and CONB2 and CONB4 are low. This selects the

B input of MBl and forces MB3, MB4 and MB42 to 'Z' state.
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-CONBO0-4 Controls the-

interconnections of
FIFO's
CONB4~—» OE4, OES

CONBl —» OE3

CONB2 —» OEL

CONB3,—» S1, $2, S4, S5

CONB4 —» OE2

CONBS-6 for distributor
connections :
CONB5 —» 5, Select Input

of the distributor

CONB6 —» OEF
CONB7 for output MUX

CONB7 —= S, Select Inpﬁ;\t\
of cutput MUX

Fig. (4.15) Control Word for Memory Crganization

Bit Pattern’ .

513121110 Functicenal Details

01010111 Stores the Out}Lu't of BRC or Multipliep
gl1}lob1l- Stores the OQutput of BCU

ololilo]u Stores Input to Multiulier/Outnut MUX
oj1]1]j0]1l Stage one of NTT

1jo1111¢}0 Gives Input to BCU from SMI

1 ]1]1}1]10] Giveg Igput to BCU from SM2
Table 4.3 Bit Patterns of Memory Control Word

P
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The OE23 is held low by selecting B input of MB12. This
mékesrnecessary‘FIFO connections for storing the BCU out-
pﬁt as shown in %ig.(4.13a)‘. ’
’ The MB4, MB42 and MBl are forced to high impedénce state
and A input of MB2 and MB3 are selected by bit pattern of
00101 as shown in féble (4.3), which applies the shift :
out pulse SOM to PD21 and grounds the PL24. This makes the
necessary connections for giving input to the multiplier
or RBC as shown in Fig.{4.13b). » .

The bit pattern is 01101 while givihg input to the.
BCU at the first'stagé of NTT which'selects B inputs of MB3
ahd forces MBl, MB3, MB4 and MB5 in '2' state. The shift out
pulse, SOB, is applied to PD21 and PD23 while PL22 and PL24
are grounded as shown in<Fig.(4.lO); |

During the second to the seventh étage of an NTT calcu-

lation, the iﬁput to BCU is taken e?ther from FIFO #1 ‘and

FIFO #2 or from FIFO #3 and FIFO #4'depending on the stage.

-The bit pattern 10110 selects the input from FIFO #1 and

FIFQO #2. The bit pattern 11110 selects output from FIFO #3

and FIFO #4. During this process, MB4 and MB42 are function-

ing and the other multiplexers are in the high impedance
staté. Fig.(4.11) shows the necessary connéctions.

The control bit pattern for.each buffer 'is stored in
four 2708's. The addresses of these EPROMsAwere taken from
the modulo‘4095 counter. Fig.(4.16} shows the circuit dia-
gram for the control unit with modulc 4095 counter.. This

counter was constructed by using three 74LS569's. The three
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Fig. (4.17) Block Diagram of a Memory Organization
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sample pipeliﬁe delay of the multiplier and the five sample
pipeline delay of the BéU was taken into consideraticn.
These controls were stored for the twp cycles of an NTT
processor. .

The serial input, SI,‘and-serial ouﬁput, 50, were
grounded. The power on reset® signal, PWR is applied to MR.
The FLAG output was not u;ed. The input to memory buffers
coming from the BCU,.BRC or tﬁe mﬁltiplier is TTL compatible.

The typical output high voltage, V__, of tri-state TTL, IC

OH
2.4 volts and input high lével{ Viy, of Am2812A is 4 volts
which creates a problem. As both thése'déviceé are operating
frbm a 5 Volt supply, the pull-up resistors of 10kQ were.
connected to the TTL ou?put and +VCC' This makes c¢ertain
that the logic-1 level of the TTL gate exceeds the 4 volts.
The output of Am2812A are fully compatible with the input
characteristics of TTL.gates. Fig.(4.17) shows the block
diagram of a memory organization_consiéting of 32 Am2812A°s.
4.4 HARDWARE IMPLEMENTATION OF THE DISTRIBUTOR UNIT

' The distributor unit essentially consists of a set of
multiplexers. assigned to each.ﬁaﬁéfy buffer, namely DML,
DM2, DM3 and DM4. Each unit -must select between the input-
from the BCU, from the multiplier or from the BRC. Fig.
(4.18) shows the block diagram of the DM2, i.e., a.set of
multiplexers assigned to BUF2. The DM1, DM3 and DM4
essentially haQe'a'sﬁfucture similar to that of DM2. It is

made up of four 74S257's and two tri-state octal buffers,

745244. OUTPUT C of the BCU is connected to the octal
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’
-

Suffer inpats and octal buffer‘outputs are COnneétéd-to Di’
inputs of FIFO #2. OUTPUT D of the BCU is conn%cted to the
input A's of the multiplexers, DMZ; to DM24. The multiplier
or BRC output is connected to the B inputs.of the multi-
plexers. The outputs of the ﬁultiplexers are connected to
the Di inputs of FIFO #4 as shown in Fig.(Ale). The OEs
of the 74S5244's and tied to the S inputs of the multiplexers.
The functi;niné of the distributer unit is cqntroiled by
the sixth and seventh bits, i.e., by CONBS and CONB6, of
the control word. The CONB5 ‘and CONB6 are connected to the
5 and Eﬁ'inpufé of the multiplexers as shown in Fig.(4.18).
When CONB6 and CONB?faPE 00, the input is selected from the
BCU. Wwhen they are 01, the indput is_selected from the BRC
or from the multiplier. These individual distributor units
can be forcéﬁ to high impedancg state when CONB6 and CONB7
are 11. ' .
4.5 HARDWARE IMPLEMENTA'TION OF THE OUTPUT MULTIPLEXING UNIT
The memory buffer, BUF2 or BUF4, stores the filtered
6utput of an NTT proéessor. The output multiplexing unit
therefore ﬁust sélect,either BUF2 or BUF4, depending upon
the cycle of operation, then connect it to the output bus.
It is made up-of four 748257 IC's. The outéﬁt comihg from
BUF2 is connected to the A iAputénof the muifiplexers.
That coming from BUF4 is connected to the B inputs of the
multiplexers. .The most significant bit, CONB7, pf the con-

trol word is connected to the select input, 'S', at the

multiplexer. When it is low, BUFZ2 isrouted to an output bus.

iR
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Fig. (4.19) Block Diagrém of Output Multiplexer
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When it is high, BUF4 is connected to the output bus. - Fig.

(4.19) shows the biock'diagram of the output multiplexing

-

circuitry.
21.6 *THE BCU INPUT MULTIPLEXING UNIT

In the previous chapter we have seen'thét the BCU
requires two inputs, namely INPUT A and INPUT B.. We have
also Qeen that any of the four buffers can déliver input to
the BCU. For example, if BUF2 contains the input to the

BCU then in the first stage of NTT, INPUT A will receive

 input from BUF21l, ie, FIFO #l. INPﬁT B will receive input

from BU?23, ie, EI%O #3. In subseguent stages INPUT A can
receivé input from BUF21l or BUF31l and INPUT B can receive
input from BUF22 or BUF24 as shown in Fig.(4;20). Hence
we need some multiplexing cirguitry at the input of the
BCU which must first select the buffer containing the input
to‘BCU;and then select the appropriate~FIFO's.

This multiplexing unit can‘be implemented using a
number of octal buffers each aésigned to a buffer and pro-
viding the control signal to its output enable input. |

Therefore each sub-multiplexing unit can be implemented

‘using ten 748244 IC's. Fig.(4.21) shows the multiplexing

circuitry of BUF2. Instead~of'u§ing conventional sequential/
combinational logic for generating the control signals, the
look-up table technique was used. The pre—caléulated con-
trol bit pattern was stored in EPROMs. Fig.(4:22) shows the
block diagram of the BCU multiplexing unit consisting of

forty 74S244 IC's.

B P PO
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| . TO INPUT A
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‘ TO INPUT B
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Fig. (4.20) Input Connections to BCU from BUF2
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4.6.1 Control Unit for the BCU

The twelve-bit control woxrd represents the requlred

bit pafhern which can be used to generate ‘the necessary
dcontrol signals for the BCU as ‘well as for the BCU input'
’ multiplexing unit. Fig.(4.23) shows the details of the
control word. Fig. (4.24) shows the.block diagram of the
control decoder. It consists of a group of NAND gates.
The 7400's two input NAND gates were used to -implement
the cogtrol decoder. |

The control bits, CBMO to CBM3 provide the information
for selection of the shift registers. The control bits,
CBM& to CBM7 érovidé the inforimation about the memory

S
buffer which contains the input data to the BCU. These

eight bits are fed to the control decoder and twenty control

. . ’
'signals are obtained from them. These signals are connected .

to the output enable inp&ts, 'OE's, of the 74S8244. If con-
tro;‘§its,‘csm4 to CBM? are 0010, it would indicate that the
BUF2 contains tﬁe input to theQFCU. Each of the ﬁoﬁr_bits‘
corresponds to each hémo}y buffer. When CBMO to CBM3 are
0101, the BUF21 éndeUF23 are selected, (i.e., the iﬁput in
the first stage of NTT) when they‘are Obll or 1000, the
BUF2]1 and BUF22 or BUF23 and-BUF24 are selected, forming the
input during subsequent NTT stages. Fig. (4.24) shows the
block diagram of the decoder. Table (4.4) contains the

functional details of the control word.

°

The control bits CBM8 to CBM10 give information regard-’

ing the stage of the NTT, such as: 000 and 0l11. This will

3

e Ay it
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. 7400's
Fu — - OELL
Gy ™ — —
“ - } .. OEl2
2 “? -
' : P > OE1l4
G3 . T, 1 . ’
N [ O oEs
Gj T ,

_ . '——— DEL15
ok ~ o OE21
- -~ . o

A —-—— OE24
: i N OE25
F " . ——
3 » »—— OE31
—_j)t—f ‘ —»— DE32
-t . . .
N » ———— DE34
O
] . . OE35
Fy > —— BE41
o } »—— OE42
" »- - OE44
- S —— OE45
Fig. (4.24) e Control Decoder
-F4 = CBM4-CBM7,
Gl-G4 = CBM@-CBM3
Fu| Fal Fa | F1 Functional Details
Selects the input from BUF1l 3
0 0 |selects the input from BUF2 '
0 |1 1o |0 |selects the input from BUF3
1 o |o- |0 |selects the input from BUF4 ' }_
G, | G316, |Gy ‘
c 11l |0 i3 For lst NTT stage
o {1 11 | For 2nd wtP NTT stage, Input from SM1
For 2nd nth nTT stage. Input from S5M2

Table 4.4 Functional Details

i .
-

of BCU Control wWord

[
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L o S
be decoded as the first and the fourth NTT stage. The most
significantlbit of control‘word, CBMll,-when high, indicates
INTT and when low, indicated DNTT.

These controls are stored in the two 2708 IC's. ' The
address to these EPROM's is taken from the modulo 1791 coun-
ter. This modulo counter ;s constructed using three 74LS569's
two 74510's and a 7432 as shown in Fig.(2.25). The controls
Are stored for two éycleS‘of the prdcessqr. The six least
significant bits of the counter are used to give the position
of the butterfly as shown in Fig. (4.25).

4.7 THE MASTER CLOCK CIRCUITRY

Fig!(4,26) shows the block diagram of fhe master clock
' cirquitry of an NTT processor: The main clock of 4 MHz was
used. With this clock we find the preccessor's tﬁroughput

rate to be 0.15 MHz.
The main clock was divided by two by using a 4-bit

counter, 74L5569 and the clock for the memory buffer inter-
connection controller'Was'gene;ated. It was also used as
the master clock CLKBM for the butterfly clock'circuitry.
The CLKBM was fed to 74LS569 and Al to A4 outputs of the
counter were connected to four inputs of the 7442 decoder. .
The alternate cutputs of the decoder were inverted using
Hex open collector inverters, 7406, and were used as the

clocks to’ the different BCU stages as shown in Fig. (4.27).

" v

Fof example; the 0 is used as a clock to the fifth stage, 2
for 4th stage .and so on.

The main clock was divided by four to generate shift-in,

r

(RIS SR ey .-
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SIB, and shifgrbut, SOB, .clocks for a data transfer between
the memory aqd the BCU. It was also fed to the modulo 1791
cbunter of BCU controller. Considering the worst case prop-
ogation deléys of the various multiplexing circuitry involved
the appropriate délaYs were introduced in SIB and SOB.
Furthermore, the master clock was divided by seven using
moddlo 7 counter andrwas used as a multipligr master clock,
CLKM. This CLKM was fed to 74LS569, the Al and A2 outputs
0f the counter were connected to the A and B input of the
decoder 7442. The C and D inputs of the decoder were ground-
ed. .The outputs 1 and 3 were inverted and used as shift—oﬁt
and shift-in pulses; SOM and SI& réspecﬁively, for input/ :
output ope:atiAns and also for a data transfer between thé
multiplie;‘and the memory. Fig.(4.2&&_§hows‘Qarious clocks
used for an NTT processor module 193. ‘ .
4.8 GENERATION OF, THE LOOK-UP TABLES
fgr stdring the look-up tables in 2708, a univérsal
PROM program;ér by Intel was used and the tables were
generated using assembly‘language\for 8085 on the Intel 220
development system. The Intel 220 system is a microproéessor-
pased system which uses an 8085, 8-bit, micro-processor chip
as the central processing uni;.
The programs written in assembly language for generation
of‘looklup tables for the multiplier and for controllers
‘can be found in Appendix B. The subroutines were written for
multiplication, multi-byte'addition and subtraction. The

separate programs were written to generate index, inverse
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index; addition, modified addition and reconsﬁruction
tables. The results were generated at modulo 30 ;nd 31.
For example, ADD]1l and ADDZ2 represent the additioﬁ look-up
.table at modulus 30 and 31 respectively. The five least
significant address lines of the addition table are for
the addend. The remaining address lines are for the
adder. The inverse index and.reconstruction'tables are
generated in such a way that the data at modulo 30 will be
applied to the five least significant address lines. The
data at modulo 31 will be applied to the five most signifi-
cant addr¢s§ lines.

To detect the multiplication by zero in the iﬁdeg,
look-up table FFH is stored as an index of zero. 1Ip the
addition table, FFH is stored at location FFH. Tﬂgpinverse
table stores, 0O0OH at the location corresponding to FFH.

The. programs which generate thé control look-up tables
do not require many calculationms. The specific ‘bit pattern
is stéred at the pre-determined addfess..'The bit patterns
- for différent controllers were pre-determined and loaded
into the memory. The programs which generate the control
look-up tables consist mainly of replacing one set of para-
meters for a bit pattern with ahother.in repeated loops.
These programs were developed using MACROS. " The MACROS were
used to repeat ﬁumerous instruction sequences with only
certain parameters changed. . The detail listing of these

programs can be found in Appendix B. . .

-
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4.9, SUMMAgf

In tﬁe previous chapter we discussed the modular desigﬁ i
of an N&T proéessor. In this chapter the hardware implemen- ' ‘.l
tation of the external serial comélex multiplier, memory
bhffers and various multiplexing units were described in
detail. The generation of control signals'using look-up
tables as a.method to replace sequential/combinational logic
is discussed. 1In addition, the processor module 193 was

R

constructed and a complete design approach was'presenﬁéd.i
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CHAPTER 5

TESTING AND HARDWARE REQQIREMENT

OF AN NTT PROCESSOR
5.1. INTRODUCTION

An NTT processor mcdule 193 described in the previous
chapters has been cénstructed using inexpensive ofﬁ the
shelf.components. The main elements 6f the processor
module 193 are

(i) four memory buffers,

(ii) a complex multiplier,

(iii) a BCU.
The complex multiplier and the BCU pérform the arithmetic
operations required for thé convolution and the input and
output of.the convdlution are stored in memory buffers.
Thé testing of these elements has been done in two phases.
‘In'phase one, thé operationﬁof the multiplier and the BCU
was tested. In bhase two the processor was tested by con-

volving a number of sequences with the impulse response of

a lowpass filter. In this chapter, the test procedure used

for the verification of the NTT processor and the resﬁits
obtaihed are presented. The total hardware requirement for
the NTT processor using three moduli is also discussed.
5.2..TESTING OF THE NTT PROCESSOR MODULE 193

(a) Phaée One :
In this test procedure, the operation pof a multiplier

and the BCU was tested. Fig.(5.1) shows the block diagram

118
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3 r
RX 1x RH iH Re(X-H) | Im{x-H)
- ' i
‘ :
1 1 1 1 126 2 !
. ;
3
? 7 7 .7 191 98 :
- ' ) i
21 21 21 21 175 110 : Q ;
. ) ‘

a7 47 a7 47 28 172

‘ .

. 69 69 €9 69 a2 65

82 82 82 82 165 131

101 101 101 101 139 137 ‘
. 123 | 123 123, 123 186 150

TABLE (5.1} Inputs and Cutputs of the Multiplier

STAGE POSITION INv/FWD e a~l OUTPUT C | OUTPUT D

0 46> o 20,0 -- 125,110 95,30
1 6 0 158,0 b= Lo 474,44 :

2 11 o 64,0 - " 111,96

3 16 0 43,0 -- - 156,161
: i 30 1 -- 9,0 . 91,110 .® ;
";

f 5 1 1 - 1,0 ] 53,98
6 : 55 1 -- 1,0 - 53,98 ! j
. o

TABLE {5.2) GSome of the Details of the Teating of the 3CU With
INPUT A = 89,104 and INPUT 85 = 16,6

TR R K TPiar
pajheci el

e
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kfbr‘testing tﬁe operation of the multiplier. Th ‘Qult;plier
was ﬁested by .using a known input sequence and n é%ecking
the output §f the multiplier. The input s%guenbe‘of 128
points consisfed of the npmbers from 0 to 127. This sequence
was stored in four_EPROMs,ElZ E2, FILR énd FILI -as shown in
-Fig.(S.l). The outputs of the éPROMs,.FILR and FILI, were
- éonn&ﬁ?d to theé and B inputs of the multié}exer MB3. The
*A input of Fhe multiplexers MBl and MB2 were taken from the
outputs of EPROMstl and E2 and £he B inputs of these multi-
. plexers were taken from FILR and FILI as shown in Fig.(5.1).
‘The main clock of the multiplier, CLKM, was ‘single stepbed
~and the buﬁputs of "the hultiplier were checked. Sbme of the
o outputs bbFained are tabulated in Table-(S;li. The output

of the multiplier observed during testing was<the same as

N

‘that obtainéd from the simulation of the multipligf.

Egrséﬁgfing of the'BCU, two fixed inputs (89, 104) and
(36, 6) ‘were connected to the INPUT A and B of the BCU." The
maiﬁ clock of the BCU was single stepped and the'posiiion of
the butterfly within this stage was -incremented and the out-
puts of the BCU at the point C and D were checked. féome of
the cutputs observed dufing testing are tabulated in Table
(5.2). |

{(b) Phase Two

In phase two of the test procedure, the processor
module 193 was testéd by convolving a sine, a triéngulér
and a ramp inpﬁt with an impulse.‘ It.w;s also tested to

perform a filtering opefation.- The main clock of the

-
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processor was taken from the function generator and.the
clock frequency waé varied between 1 and 2 kHz. The_input
waveforms‘wé:e'premultiplied by the scale factor, 12, and
'were stored in EPROMs. The filter coefficients were stored
in 'EPROMs FILR and FILI. )

The sawtooth, triangulaf and sine wave inputs shown in
Fig. (5.2 a), Fig.(5.3a) and Fig. (5.4 a), respectively, were
stored in EPROMs. Fig.(5.2b), Fig.(5.3b) and Fig.(5.4Db)
show the outputs of the convolver. |

The frequency response of thegzlowpass filter with\the
cut-off frequency';f 2.6 kHz was stored in the EPROMs FILR"
and FILI. Fig.(5.4c) shows the output of the processor
observed on t Scope when a sine wave input was convolved
with the impulse response of the lowpass filter. Fig.(5.5b}
shows the output of the processor when an impulse was con-
volved with impulse response of the lowpass filter. Fig.
(5.5 a) shows the impulse respconse of the lowpass filéQE
observed during simuiation of the processor. The results
obtained during testing of the processor match with that
of simulation result;.
5.3. GENERAL COMMENTS ’

The Eipe of componeﬁts (protoboards, inéerconnecting
wires, IC's) used to cons{ruct the processor module 193,
imposed some cohstraints on the operating speed of the
processor. |

The éxperimentai set-up was built on the protoboards,

" which were mounted on a wooden board. Each protoboard can

A}

gt
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hold either three 24 pin ICs or four 20 pin ICs. " Hence
the éiréuitry of the processor module was épread'over the
area of 2m x 1lm. MwW-C-22 solid hook-up wire‘was used to
interconnect the ICs‘_and the differen£ units (BCU,
multiplier, distributor unit, output‘multipl%gr.uni£s and
control units). The capacitance and indu;tance of theSe

wires introduced a lot of noise and impose severe l%gi;a»f—“—-h____ﬂ

tion on the operaﬁing spéed of the processer. In order -to
operate the p;ocessor at Higher frequencies and to eliminaﬁe
noise problems, the use of Schottky TTL wirewrap boards to
build prototype of thé processor is recommended.

As discussed in previous chapter, 745374 edgé trigger -
‘latches.whOSe settling‘time-is 20 nsec, wére used to latch
the output of EPROMs used to build th; multiplier. As the
multiplier operates in a pipeline, the-relative delay of
25 nsec was introduced. in the clock of each étage of the
multiplier. As discuséed in the previous chapter, the * -
delays in‘thé different clocks were obtained bylpaSSing.the
clocks through a numbér of buffers or inverters. The propa-
gation delay 6f buffer or inverter for low to high transi-
tion is é maximum of.1l5 nsec. To generate the delay of
25 nsed, the clock has to pass through three buffers. The
delays generated by this technique are not precise and also
the number of ICs requiféd are large. To obtain an accurate
delay and to have a lower chip count, commercially available
digital delay lines may be used.

In order to interface TTI/ ICs to CMOS FIFO's, the pull-

N
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up resistors of 10k were connected between the outpuﬁs of
TTL,gate and +VCC as di;cussed in the'prévious chapter.
TTL to CMOS level converter IC or open collector TTL
buffer must be used. The output drive chﬁracteristics of
the buffer IC are equal or better than that of a typical

toﬁem—pole_TTL gate; therefore, there are no problems as

f/’—pf—f—ﬁ_h\\\\\fa{\as current-drive capability is concerned.

‘2108, EPROMs were used to store various look-up tables
for the‘BCU and the multiplier and Am2812A, FIFC's were used
to build a>memory buffer. With these ICs the throughput
rate of the é&ocessor is 0.15 MHz. In order to acﬁieve a
higher thrbughput raﬁe of 3.5 MHz, the high speed PROMs
with, reglster (like TBP28R165 by TI) and hlgh speed FIFO's
(like. 75LS222/74L5227 by TI) must be used. The use of
PROMs with register will result in smaller chip count for.
the processor. .

Out of the threé modulesvrequired for a complete NTT
processor, only module 193 was built. The other two modules,
module 191 and module 449, ﬁave similar structures and all
the three modules can share the same control unit and clock-
ing circuitry.

2708, EPROM can store 1024 words with the wordlength of
_ 8 bits each. wWhile storing some of the look-up tables, the

complete wordlength was not utilized. We stored the loock-up

tables for arithmetic operation at sub-moduli 30 and 31 in

separate EPROMs, which is discussed in the previous chépters.

We have three'unused bits in each of these EPROMs. These

:-(:.L-"M ..
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.

unused bits can be used for parity check.

5.4. - The Hardware Requirements of an NTT'Processor

Table (5.3) gives the hardware requirement of the
processor module 193. The moaule 191 will require approxi-
mately the séme number of ICs. The module 449 can be con-
structed using 2813A FIFOs}l74125 and 74365 buffers a;a
745174 and ME1P5 latches. Table (5.3) also giﬁes the
hardware rééuire nt for the module 191 and module- 449.

The processor requires four pbwer supplies (+ 12 volts,
-12 Qolts, +5volts and - 5volts). ‘The current ratings
for each of these power supplies for the module 193 is as

follows:

+

5 volts, 19Aa

5 volts, 1A

+ 12 volts, 3.5A

12 volts, -0.7A.

5.4.1, Measuring Instrument Used

‘The various measuring instruments were used during the
festing and debugging of the hardware units. The main clock
was taken from the function generator, MODEL 743. DOLCH
logic analyzer, LAM3250, was u;ed to observe the outputs of
theAintermediate stages of the»processor and the relative
delay between the various clocks. 5015T logic trouble shoot-
ing kit by HP Gasrused to observe the output during the test-
ing of the multiplier and BCU. The input and-output wave-
forms during the testing of the processor were observed on

the digital storage oscilloscope, 054000, and the output

P S S YR S .
i i VU L P,



131.

waveforms were plotted usiné HP 7045A X-Y recorder.
5.5. SUMMARY )
The hardware set-up built for the processor module 193 .

was-tested in two phases. In the first phase of testing,

known inputs were applied to the muifiplier and the BCU and

their outputs were verified by single stepping. In the

second pha§e of testing, the processor was tested to perform

a filtering operation. The results obtained in both the
| phases match with the simulation results. The hardware
requirement of the processor for the moduli, 191, 193 and

449 has also been presented.

e L ST U
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CHAPTER 6

CONCLUSION

The design of the memory buffers, an extefhal se;ialqg
complex multiplier and various multiplexing units for a
- real time sequential NTT procéssor has been proposed. 'The
processcr performs the convolutioﬁlof an input Qequence
with the impulée response of a filter by computing the NTT
of input sequence, multiplying it by the NTT of the filter
response and then taking inverse NTT.
An external complex multiplier has been realized uéing
" EPROMs and Reqisters'which results in an extremgly simple

pipeline structq}e. The multipiication of the two saguence

can also be-berformed in the final stage of NTT by_usin an

.ﬁaddition;i complex muitiplier in the BCU. This technique of
ﬁultiplying-the tﬁo NTTs rgquires more hardwére and the
complexity of the hardware design is mﬁch greateyr than the
design proposed in this thesis.

(fhe use of FIFO's Fhan the Réndom Access Memories (RAMs)
or sﬁatic shift %egisters in the design of the mémory buffers
results in an'efficient simple memory aréhitectu;e. The
use of RAMs tb implement memory buffers requires more
hardware for the generation of the memory addresses. ‘Tﬂe use
of currently available low density, slow speed, static registers
iné;eases,the chip count as well as higher throughput rate
cannot be achieved.

The distributor unit, the outbut muitiplexing unit and

the BCU input multiplexing unit have been implemented using

multiplexers and octal buffers. Instead of using sequential/

e i,
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combinational logic to generate the control signals for
varieus muitiplexing units the look-up table technique has
been employed. The use'of.look-up tables to generate the
controls results in simpler hardware structure for the7l
implementation of the control unit.: |

‘The prﬁtotype of the processor for module'lQ3 was built
and tested by convolving a number of input seqﬁenbes witﬁ
the implusé'response of a lowpass filter. Thekggsult obtained
during this testing of the prototype match with thé software
simulation results. ' '

With the recent development in VLSI technology and
growing need oﬁ industries for special purpose processors
" for digital signal prbcessing applications, future work can
be concentratad in developing special purpose chips for the

proposed NTT Trocessor.
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APPENDIX A

SIMULATION PROGRAMS

~

. ) . N
The simulatioh of the processor.modules 191, 193 and
449 was done on an IBM 370/3031 Computer. Listings of the

programs, are given here.
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APPENDIX B

PROGRAMS TO GENERATE LOOK-UP TABLES

FOR 2708 EPROMS ON INTEL 220 SYSTEM
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