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ABSTRACT

Exact computations, performed with residues, occur in Number Theoretic Transforms and Residue
Number System implementations. Once thought awkward to implement with standard logic circuits, the
application of efficient small lookup tables, constructed with pipelined dynamic ROM’s, allows very
efficient construction of hardware ideally suited to residue operations. Linear DSP operations that are
compute bound (require many arithmetic computations per input/output sample), are best suited for
implementation with systolic arrays. For very high throughput operations, bit-level systolic arrays appear to
be ideally suited to their implementation. The dynamic ROM’s used for the residue computations, are a
perfect vehicle for implementing such operations at the bit-level in a systolic architecture.

This paper discusses VLS| architectures based on finite ring computations, using linear systolic arrays of
small look-up tables. The advantage of this approach is that fixed coefficient multiplication requires no in-
crease in hardware over that required for general addition, and the resulting structure is homogeneous in
that only one cell typeis required to implement all of the processing functions. Several advantages accruein
the VLS| setting, particularly clock rate increase, ease of testability and natural fault tolerance

Three different approaches to implementing the finite ring/field residue calculations are discussed. The first
uses a bit-level steering mechanism around small dynamic ROM’s; two applications of this technique to
digital signal processing are outlined. The other two techniques are based on a redundant binary representa-
tion implemented with a pipelined adder configuration, and an iterative solution technique based on neural-
like networks.

INTRODUCTION

Number theory was, until quite recently, mainly arather esoteric subject in mathematics. In terms of practi-
cal benefits, coding theory appeared to be the main beneficiary. When the Number Theoretic Transform
was introduced?:2, the idea of performing digital computation over finite rings or fields became known to a
wider audience in the DSP community. In the Computer Arithmetic community, this concept had been ex-
plored as Residue Number Systems (RNS) for at least the previous 15 years3. After a flurry of activity
with NTT’s, most of the interest has disappeared. A small group of researchersis till trying to exploit the
inherent benefits of RNS implementations?, but there has been little commercial activity (except, perhaps,
in proprietary defense products). What has remained somewhat a mystery, has been how to build efficient
computers that can naturally perform the finite ring/field operations. Very few people have looked at this
problem without resorting to the use of available binary arithmetic elements, either in commercial integrated
circuits or as standard cellsina VLS| CAD library. Thistends to lead to the restriction of the types of rings
or fields that can be successfully implemented, and thisis very evident in most published works on imple-

mentation of NTT’s® and many RNS hardware structuresS.

One of the important things that came to light in work on RNS hardware, was the use of look-up tables to
perform pre-stored computations’. Most of this work was carried out with the idea of using large commer-

cial ROM chips for the tables, but recent work, by the author’s group at Windsor8, has revealed that there
isgreat efficiency in building small ROM elements from a single generic cell in afull-custom VLSI CAD
setting. Given current (as yet unreported) work from the group, it seems quite possible that such an



approach can be used to efficiently implement even binary arithmetic elements. Based on these possibilities
it seems that restricting finite field/ring computations to match, as closely as possible, binary
implementations, is no longer necessary.

This paper considers the implementation of finite field/ring arithmetic systems, from the point of view of
generating high performance VL SI digital signal processing systems with homogeneous architectures. Such
architectures result from building the arrays with small generic lookup table cells and the use of massively
parallel processing structures operating at the bit level. An important parallel processing architecture for
digital signal processing (DSP) systems, is the systolic array. For maximum performance, systolic arrays
operating at the bit level are prime candidates for high performance DSP.

Since their introduction®:10, bit-level systolic arrays have been amajor factor in the implementation of very
high speed, computationaly intensive DSP agorithms. For systems requiring very high throughput, at the
expense of some latency, bit-level systolic arrays represent the optimum solution for many DSP require-
ments. Until recently, the work on bit-level systolic arrays concentrated on the use of binary arithmetic,
which generates large 2-dimensional arrays because of the carry interconnection requirementstl. A cellular
structure was recently introduced for implementing inner product step processors (IPSP), over finite rings,
at the bit-level12. The cell is able to compute a complete word level IPSP in B cells (connected in alinear
systolic array) where B is the width of the word, in bits. The concept, as introduced, relies on the ability to
build arrays where all the multipliers are known apriori. In this case the cell can be constructed with avery
small ROM, along with steering switches and latches. The remarkable fact is that the cell isonly twice the
area of apipelined, gated full adder, and runs at a greater throughput rate3. The cell can be designed with a
certain measure of fault detection in avery simple mannerl3, and the replication of this cell over an entire
computation alows complete fault detection of an entire chip. A further advantage with this approach isthe
ease of testing the array, and 100% coverage of single faultsis possible with a very small set of test vec-
torsl4. For fixed coefficient arrays, the complexity associated with multiplication has been removed, and
arrays can be designed for optimal structural properties, rather than the minimization of multiplication.
There is some overhead with coding and decoding, but this can normally be amortized over alarge number
of 1PSP operations used for computing the algorithm. In fact, the same IPSP cell can be used for the
coding and decoding operations, resulting in truly homogeneous arrays.

Other cellular approaches have also been developed for finite ring computations. A scheme based on a
pipelined adder, first introduced for binary arithmetic, uses a redundant representation for the residues
within a binary word!®, This scheme allows calcul ations within large fields/rings and is inherently suited
for the finite ring computations associated with Chinese Remainder Theorem (CRT) calculations16. The
logic associated with the stepsin the process is complex, but this complexity is removed when implemented
with small tables. As with the IPSP cell, fixed coefficient multiplication is simplified. A totally new ap-
proach to finite ring computations has been recently discovered that is based on the architectures of neural
networks. In this case the neurons are digital and, as with the two previous approaches, also operate at the

bit-level1’. The network has the feedback characteristics of neural networks, but the iterations to a stable re-
sult can be mapped to a feedforward structure, resulting in a pipelined architecture. As before, the complex-
ity of the logic can be removed using an implementation based on lookup tables. One major advantage of
this approach to the building of massively concurrent systems, operating over finite rings, is the removal of
the second dimension in the connectivity. The removal occurs because we can perform independent calcula-
tions over several small rings, and yet still compute over a much larger ring that isisomorphic to the direct
sum of theindividual rings. There is an algebraic constraint that the rings have numbers of elementsthat are
relatively prime to one another, but this can certainly be accommodated in most practical realizations. By
removing the connectivity over alarge dynamic range, we remove many of the problems of clock skew in
terms of slowing down the system throughput, and yet allow data direction clock skew (which does not
slow down throughput) to be used for averaging current spikesS. Systems that are essentially connected in
only one dimension, are very easy to test; this is becoming a very important issue as the density of VLS
circuitry increases.



MATHEMATICAL PRELIMINARIES

Notation
We will define the ring (field) of computation by:
Base Ring(Field):
R(mk) or GF(mk) ={S: Umy, Umy}; S={0,1, ..., m -1}
where the symbols Umy, and Oy, correspond to modulo mk addition and multiplication, respectively.
We will define the ring over which the computation isfinally mapped to as.
Direct ImRing:
R(M):{% E] E]}; % ={0,1,..,M-1}; M= ﬁmk.
K=

Where it is not obvious by context which ring the operation is being performed over, a subscript will be

employed. Thus Om indicates addition over the ring with modulus m. Note that direct sum rings are not
rings over which actual implementation of the digital signal processing algorithm takes place; they are iso-
morphic to the direct sum of the corresponding implementation rings. We have therefore used the symbols

E] and H rather than the expected symbols [ and [ . Results become available over these rings fol -
lowing the appropriate isomorphic mapping (e.g Chinese Remainder Theorem).

The gquadratic residuering

In the case of complex signal processing, we can make use of quadratic residue ring theory8. Operations
over a quadratic residue ring are component-wise for both addition and multiplication. Thisleadsto isola-
tion between channels and reduced arithmetic operations, both major advantages of using finite ring compu-
tations.

We will introduce quadratic residue ring theory with an addition to the notation.
Quadratic Residue Ring:

QR(mk) ={S: 0O, 0}; S={A° A*} with A°, A* 0 R(mk) and A° = a+jb, A* = ajb; j=-1;

a, b, j 0 R(mk), mk = p:a' pi = 4k+1, aprime. A° will be referred to as the normal component of ele-

[
ment A and A* as the conjugate component of element A. The multiplication and addition operators both
compute component-wise.
Direct Sum Quadratic Ring:

o * o * L
QRM)={ S :E], E b S={ALAD - (ALADE M= nmk.
k=

Note that the actual computations take place over the base fields associated with the normal and conjugate



components of the quadratic residue elements.

Residue Number System

A digit in the residue number system is represented by an L-tuple of residues®: X = (X, X1,-ereene , XL-1)
where xj = (X)Mod mj istheith residue and m; is the ith modulus. Closed compuitations (addition, multipli-

cation) over the implementation rings map to the direct sum ring via the Chinese Remainder Theorem
(CRT). We will write this succinctly as:

AE] B < {agUbg, ¢yUby, ... ,a 0Obr}; A B B - {agUbg, a10byq, .... ,a Ob}
with A, B OR(M); ak, bk O R(mk) and R(M) ~g R(mk) (direct sum).

. - ..« 00 _ Qg 0 a7
The final mapping isfound fromthe CRT: X = ;M B’nk UM Xk Dmk (mk)

0
with mg =M/ mk, X OR(M), xk O R(mg) and (-)'1 the multiplicative inverse operator. We have aso
used the notation  to indicate summation over thering R(M). Note that we use the expected ring opera-
tors, rather than the direct sum operators, since the CRT is the mapping to the ring R(M).

ROM CELLS

Before we look at architectures that compute over finite rings, it will be constructive to examine the types of
VLSl architecture that will be used for the generic cells.

Pipelined dynamic ROM cells

It is important to note that dynamic CMOS logic can be used not
only to reduce the Area. Time complexity of logic gates, but can aso
be an important tool in pipelined systems. The natural storage
element formed by the parasitic drain capacitances of dynamic
output nodes, can be used as the memory elements for dynamic
Column Decoder pipelines. The basic storage structure for the ROM is shown on the
left. The most efficient layouts being obtained for 4 column select

lines and 22 row select lines, where n is the number of bits needed
to represent all of the possible input states. These input states will
ROM either be elements of the ring or logic states associated with bit
manipulations. We normally try to keep n 5 for efficiency, based
on experimental comparisons with other techniques. The storage
structure is simplicity itself, as can be seen by the schematic on the
following page. The output line relies on the storage properties of
the parasitic capacitance attached to the line. The pipeline cycle
consists of a pre-charge phase, where the line is charged to the
supply voltage, followed by an evaluate phase where the line is
either discharged (if there is a path to ground) or not (no path to
ground). The path to ground is determined by the selection cross-point of the row and column decoders,
and the presence, or absence, of arow select transistor. The cell is programmed by removing row select
transistors. The two phase pre-charge/evaluate cycle is used to form a pipeline, where adjacent cellsarein
opposite phases. We have now combined both logic evaluation and pipelining function into an efficient,
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and high speed, dynamic CMOS operation. There are

avariety of choices as to what constitutes a single 2- vdd

phase cell. We can, for example, use the decoder _

structure as one cell and the ROM storage as its Pm"*[[

adjacent cell, or we may elect to combine both Bit out

functions into a single cell. In the case of the first
algorithmic approach to be discussed, we may elect to e et cs2
remove the decoders completely, and simply transfer
=
ml sl
T

cross-point selection information. The number of lines | Rso—
increases due to redundancy, but the structural
elements reduce to a dynamic ROM storage cell with a
buffer/driverl®. Simulation and experimental results | &si—
have confirmed that these cells pipeline at a high . -
throughput rate ( 40MHz with 3u CMOS). . ’_'j:
RS7 il—l

Finite Ring vs Binary

The most important VLS| considerations for using
finite ring computations in large arrays are: the im-
provement of clock rate; the ease of testing the array;
the fault tolerant capabilities. The improvement in clocking rate occurs because the dynamic range of the
direct sum computation (which will be matched to an equivaent requirement for abinary implementation) is
implemented with calculations over much smaller dynamic ranges; i.e. the range of elementsin each of the
individual rings/fields. This means that the connectivity requirements over the second (dynamic range)
dimension on the 2-D chip are reduced. It is the action of synchronously clocking a large array of cells
connected in 2-dimensions that slows down the clock rate. Our experiments show that large binary bit-level
systolic arrays run considerably slower than do individual cells that make up the array. For the first
technigue, we will see that the 2nd dimension connectivity completely disappears, the other two techniques
maintain limited 2nd dimension connectivity.

The testing issue a so depends on the 2nd dimension connectivity. Finite ring implementations will always
be easier to test than equivalently sized binary implementations. The first implementation technique allows

testing of large arrays with only 34 test vectors?O.

RNS arithmetic has natural fault tolerant capability by the addition of redundant rings/fields to the direct

sum mapping?. It is also possible to implement fault detection in linearly connected memory cells, much the
same way as fault detection isimplemented in communication systems with parity checks. Thefirst imple-

mentation technique to be discussed allows such atechnique to be used very efficiently2L.

ROM STEERING TECHNIQUE

Many matrix operations and DSP algorithms can be implemented using repeated multiply and add opera-
tionsin aloop. The operation is performed using the inner product step processor (IPSP). The basic arith-
metic function of the |PSP, computed over R(m), isgiven in equation (1):

Yout =Yin Om [Ain Om Xin] (1)

All the inputs and outputs are B bit ring elements Y, A, X 00 R(m) with B=[log,m[ The operation of the
fixed multiplier bit-siced IPSP over R(m) (denoted the BIPSPm) is defined by equation (2).

y(i+1) = y() On [A O xl] O, 21] (29)



X(@i+1) = X(i)

(2b)

wherei isthe spatial array index, y(i+1), y(), A O R(m), and x[i] is theith bit of Xj, O R(m).

Systolic Implementation of the BIPSP, cell

A particular implementation of the cell is shown on theleft. Inputsto the cell are y() and x() (cyclically ro-

Latch

Y(i) ’ ?/ RSM ?/ H Y(i+1)

% (+1)

For x(MI[0] =0: y(i+1) = y(). If we expand egn (1) as:

B-1
Yout=YinUm Z M {Ain Om x01 O 2'}
1=0

tated mapping of x(1)); the output is
y(i+1). The mapping ()0 X(i+1)
corresponds to a cyclic shift of one
place in the binary coding of the x
input. The cell contains a ROM of size
B.m bits and a set of steering switches.
The ROM stores the operation of y(i)
Om [2 Om A]. The cell computes the
following:

For x()[0] =1:

y(i+1) = y() Oy [20 Om A]

3)

then it can be seen that the operator |PSPm is equivaent to alinear array containing B consecutive stages of

BIPSPm cells.

Bit-Leval Convolution

One of the important applications of this cellular structure isin bit-level FIR filtering. Using finite ring
arithmetic, an Nth order fixed coefficient FIR filter can be expressed as:

N-1

Y(MIm= > ., (AG) Om X(n-i)

1=0

(4)

where X, A, Y areinput, filter coefficient, and output and A,X and Y OR(m). Slicing (4) at the bit level

yields:



N-1 B-1

YOkn= 3 0 3220 (A0 D xPl(n-i)) (5)
1=0 =0

where B = [log,mL. To implement this array we use a cell with an extra latch in the xMIO] bit line. This

latch is used to provide the dliding action between the filter kernel and the signal being filtered. The algo-
rithm embeds word level convolution with bit level fixed coefficient inner product computation in a per-
fectly homogeneous architecture. The effect of the application of our ROM cell on thisalgorithmis a set of
low dynamic range finite ring linear systolic arrays, operating independently and yet effectively computing
over alarge dynamic range. The direct sum mapping in this case is performed using the same cellular

structure but using a special mixed radix, binary conversion techniquelz.

Bit-Level Systalic 2-D DFT

As afurther example of the use of the fixed multiplier BIPSPm, we present the results of implementing a
2-D DFT. computed over adirect sum of quadratic residue rings, as shown in equation (6).
1 1 0
Xki= 00 {xnm 0™ (6)
n=0 m=0
with] =v-1 0 QR(M), k,I 00, 1), and x, X 0 QR(M). Using the QRNS decomposition we isolate the
computations into 2L independent but structurally identical processors. The isolation of computationsisim-
portant because we use QRNS in this approach for its structural, rather than arithmetic complexity reduction
properties. The operations within the QRNS ring structure are base ring computations, even though the re-
sult will map to the extension ring. When embedded in an N point 2-D FFT structure, equation (6) is aug-
mented with complex twiddle factor multipliers, {a}. We will assume a pre-multiplication form for the
butterfly. The operation of one of these processors (say the normal element) is shown in equation (7):
1 1

{x [ j2(nk+ml) o ° } @)

XK= my m
=0 p n=0 p n,m n,m

n
We take note of the fact that 0(; 0 =1, in any position of the NxN array. Equation (7) can be computed re-
cursively (and a systolic structure obtained) using intermediate variables A, B as shown below.

o _ pl2k+] ° .2k [2k+] L [0 e
Xk =A D(alODj 0B ) whereinitial valuesare: A" =X
with the recursive formulations given in equation (8).:

0 x(;l' B=x" ox

0 10 11

Al Al {Xgl o ° 1 - (J.Z(i+1) . [_j2i])}

0!
(8)
[i+1]_pli] ° ° ° 1 (2D ;2
BT =BT Ox B Hay =BG 0D

to compute A[i] and B[i] fori=1,2,3.
Note that we have defined an inverse, (acl’ 0)'1. Although we cannot rely on the QRNS mapped inverse for

o o
a 10 the inverse exists for each component of O 10 providing we compute over abase field.



By observing, and removing duplication of PSP functions, we can make some simplifications in the
structure. The semi-systolic (some broadcasting required) realization of the 2-D CE is shown on the left.
The fact that multiplication does not involve extra hardware allows us to spread out the multipliers over the
array. Contrast thisto conventional structures that require fixed multiplication sites. The CE consists of two
arrays, each with four |PSP modules. Note that there is some interchange of data position and some broad-
casting between the top and bottom two pairs of arrays. The basic pipeline structure, however, maintains
two linear arrays running concurrently.

REDUNDANT PIPELINED ADDER

%01 * X 11 %01 " 10 11
’ | 0.0 | Lo % ’ | 0.0 | ’ ’ In this approach we use redundancy in the
-1 -1 binary representation of the finite ring elements.

a
0.1 3,044 Foa | 10 fo This redundancy is coupled with the inherent
[ [ redundancy of the pipelined adder itself, in that
the elements being summed are redundantly
Y ' = a : = represented by a sum carry pair. The binary
1,0 1,0 10 10 representation is unique for all residues, X, in

X | X x| | X the range 2°-m x <m. Each residue in the

0.0 0.1 1,0 11 range 0 x < 2P-m will have two represen-
tations, one with a binary weighted value <m
and one with a binary weighted value m. The advantage of such a scheme is that there is no need to
check whether the result is greater than m. Corrections need be applied only when there is a carry out of
the MSB.

Design of asystolic residue adder

We consider two operands represented by two pairs of p-bit
numbers (A1, A2) and (R1, R2). The result of adding the
two operands, modulo m, will also be a pair of p bit
numbers, and we may do this using two stages of addition,
each arising from adding the R operand to the two
components of the A operand in sequence. We apply an
appropriate correction to the partial sum generated by the
second stage (if required by the presence of acarry in stages
1, 2 or both); this correction requires, at most, three further
addition stages, and the interesting feature is that this is
independent of m. Thisis an important result for the prob-
lem of decoding using the Chinese Remainder Theorem
where mislarge.

The figure on the previous page shows how carry save
residue addition may be performed using the nonunique CP3 [ e
representation. Each shaded circle in the figure represents a 2P-m

conditional carry save adder?? with four inputs and two
outputs. The two vertical lines represent the carry/sum bits
generated by the previous stage. The right horizontal input
isasingle p bit binary number. The left horizontal input is
single bit which determines whether the addition operation
will take place. If it is O, the inputs received from the
vertical inputs are merely passed on to the vertical outputs.
If it is 1, carry save addition is carried out and the two
vertical outputs correspond to the pair of p bits obtained by




adding the input from the right horizontal line to the two vertical inputs. In the case of such an addition,
there may be a carry out of the most significant bit depicted by the left horizonta line drawn from the output
of each adder. The chain of adders may be directly implemented by a bit-level systolic array. The adders
are realized, at the bit-level, by a ROM cell with 16 words of three bits each, as shown at the left. By
simply changing the contents of the ROM, functions in the different levels can be fabricated with asingle
generic cell. The cell sizeis 400u x 250u in 3u CMOS, which is about the same size as a pipelined full

adder cell®. In the case of fixed coefficient multi plication (such as the fixed kernel FIR filter), the addition
steps in the multiplier require only 3

5

Dynamic clock stagesl .
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S PP NEURAL-LIKE FINITE RING
: =Sty g O COMPUTATIONS

The implementation procedure
discussed here, is modeled after the
massively parallel neural network
architecture. Our computational
structure consists of a set of bit-level
adders for the neurons, and various
finite ring mapped binary weights for
the synapses. The computational
technique relies on a convergent
feedback system to perform modulo
reduction on a binary representation of
the result of an operation. It is
ROM storage and Row decoder assumed that this result hasthe form Z

bit drivers

= z 211201 | where {z[1] is an

operator that extracts theith bit of the binary representation of Z. We can show that all variable arithmetic

n-1
finite ring operations are based on the computing model: [Z|,,, = z m |2i m {Z} [i]. An iteration in the
1=0
computing model is defined as:
n-1 ) )
z2k1) = Y [2]|m {2k} L) )
=0

The computing model can be iterated and theiterations converge. Sincetheiterations are guaranteed to
be stable, the implementation can either be a stable synchronous feedback circuit, or these feedback itera-
tions can be converted into feedforward pipelined paths, providing that the number of iterations required (as
amaximum) can be determined. We aso note that al finite ring arithmetic can be reduced to this computing
model (addition, multiplication and any combination of these operations such as the Chinese Remainder
Theorem).

Finite ring neural network architecture

Based on the finite ring computing model, a basic operator can be extracted; the operator can be |mple
mented using layered subnets, as shown on the left. The synaptic weight of zj isw; = 2], (1 =0, 1,.
n-1).



The organization of the subnet has two layers. Layer 1, the collecting layer, is used to collect inputs be-
longing to the same binary bit from both input and feedback sources. Layer 2 is the computing layer, and
implements the computing model of equation (9). The computing result is fed back as the sole input for
subsequent states after the initial state. The system stabilizes as discussed previoudly.

The system may stabilize to anon-valid representation, i.e. the range [m, 2"). This can either be corrected
if the valueisrequired as afinal result,
or it can beleft in thisinvalid state; this
will not affect the operation of
subsequent stages that use this value.

VLS implementation

The implementation of this network can
also be carried out using arrays of small
ROM’s. In this case the ROM’s are
used to implement random logic. The
X Y circuit contains many gates which have
widely varying characteristics such as
fan-in, fan-out, critical time-delay
paths, power dissipation, silicon area
etc. The random topology itself creates varying conditions since, for example, gate delay depends on the
number of gates being driven from its output.

The same circuit can be implemented by a composition of ROM logic cells in the configuration shown on
theright. Although each cell isthe equivalent size of several gates, the critical path through the cell isthe
same for all inputs and outputs; the topology is simplified; the fan-out usually small (in this case unity), and
al cellsareidentical except for programming (which does not change the electrical characteristics). An ex-
ample of the simplification of the circuit analysisis the determination of the critical time-delay path (the
longest propagation delay through a connected network). With large combinations of basic logic gates,
finding the critical path is complex. The ROM logic array has an identical delay for each cell since the fan-
out is unity for all cell outputs. By inspection we see that the critical path is5 cell delays! Thisfinal im-
plementation procedure therefore introduces another dimension to the design of high performance arithmetic
systems using the approach discussed here. The
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simplification of CAD requirements!

RNS to Binary converter (CRT)




For the general system, /r\ni and /r\ni'1 are treated as constants and the CRT may be rewritten as:

L

_ 0 0
Zlei, Zi=mi Oy Q. Q=x; Oy (MY
1=

X

where i =1, 2, ..., L. TheCRT can be implemented using the hierarchical network on the left, based
on the operator subnet.

CONCLUSIONS

In this paper we have looked at the implementation of
digital signal processing functions using finite ring/field
computations. The theme running through the various
implementations has been the use of generic ROM
storage tables to implement the operations required to
compute the modulo arithmetic required for finite
rings/fields. We have shown that the use of residue
number systems over normally implemented binary
arithmetic, has great ramifications in clock rate, testing
and fault tolerance for large VLS| computational arrays,
operating at the bit-level. We have outlined the
mechanism used to implement dynamic pipelined ROM

tables with very high throughput.

The paper has discussed three totally different methods of implementing finite ring/field arithmetic, all using
single generic look-up table cells. The methods covered are: ROM steering; redundant representation with
pipelined adders; neural-like networks with an iterating computational model. The first technique is seen to
offer very high efficiency with small ring moduli and fixed coefficient multiplication. The other two tech-
nigues are better suited to implementations over large moduli; the Chinese Remainder Theorem isomorphic
mapping being a prime candidate.

In the case of the ROM steering technique, we have discussed 2 common signal processing functions; FIR
filtering and FFT computation. Both were considered with the idea of using the fixed coefficient smplifica-
tion to produce very efficient designs.
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