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ABSTRACT

The most important reason for the lack of commercial residue
arithmetic (RA) based systems is not the “slow™ and arca
consuming reverse conversion. but the absence of rescarch that
explores the sysrem-level trade-offs of such arithmetic in actual
VLST implementations.  Such system-level issues are - choice
of the moduli set. effeet of moduli imbalance on resulling
VLS implementation. choice of the reverse and forward
converters. use of Jookup versus computation for modular
operations. system characteristics that indicate RA suitability
and finally. tvpical VLSI arca and performance figures. This
paper explains  these concerns by presenting  novel RA
architectures  for  VLSI correlators  employed  in  radio-
astronomy” and ultrasonic blood flow measurement. A state-of-
the-art. high performance (80-100 MHz). RA-based corrclator
ASIC was successfully fabricated as a result of this research!.

1. INTRODUCTION
1.1 Overview of Residue Arithmetic (RA)

The Residue Number System (RNS) is a “carry-free™ non-
weighted  number  svstem  that  exploits  parallelism by
representing numbers as sets of remainders or residues. [9.12].

The base of RNS is a set {my, mp, .. . m,,}. where each
member of the set is called a modulus and the set elements are
pair-wise relativels prime. For any given moduli set. the
residuc representation of an integer .\ is a p-tuple. (x7. x), .. .,
Xp). where [x;f are least positive residues of X modulo m;, and
are defined by 3]

Nj

m(i) - i=1.2..... p.

Beginning with zero. all numbers up to and excluding M given
by,

(7
M= 1lm,

i=1
may be unambiguously encoded in RNS. This is often called
the dynamic range of the given system.

The advantage ol arithmetic using RNS i.e. residue arithmetic
is that arithmetic operations of addition. subtraction and
multiplication can be performed tor cach residue independent
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of all other residues. The individual arithmetic operations can
thus be done in paratlel and the resulting speedup is close o
the number ol moduli.

This tremendous speedup rarely translates o svstem speed-up
due to the need  convert weighted binary numbers into and
out of the residue domain.  These forward and reverse
converters have to be carefully crafted to retain the advantages
of parallel arithmetic.

1.2 Issues in RA-based VLSI implementations

Traditionally. published RA rescarch cither focuses on forward
and reverse converters [4.11] or efficient residue operators | 1],
Due to this, two extreme facets of RA are highlighted. 11 one
looks at converters alone. the speed and area disadvantages of
RA look insurmountabic. A look limited to residuc operators,
on the other hand. leads o impractical expectations of system
speed-ups.  As we shall see in the following sections. the key
to achieving an overall increase in the system’s cost-
performance is a domain-specific integration of these wo
perspectives.

The strategic architectural issues in RA-based designs are -

o Choice of a moduli set. As explained above. more moduli
imply higher speedup. as long as thev are vwell halanced (his
means that the highest residues these moduli leave should be
of the same width). The downside to a higher set cardinality
is the increased cost of Jorward and reverse conversion.
Apart from the cardinality. an architect must decide whether
the popular {20-1, 20204 1} set be used or a more general
one. Again. the 21 set offers fast conversion. but limits RA
speedup 1o about 3. This might not be ¢nough to meet the
computational bandwidth requirement.

Design of forward and reverse converters. Previously. a
good reason to stick to 2N sets was their tremendous
advantage in case of conversion. This is changing last with
highly arca-time efficient converters tor general moduli sets
being reported |20 100 11]. One such converter. called the
CMAC reverse converter. has been used in a radio astronomy
correlator described in the following section.

Design of residue operators. 1he main issuc here is lookup
versus computation.  While. there is no consensus on this.
efficient implementations result when lookups are restricted
to small tables (less than 32 locations). Larger tables should
be broken into computational circuitry  lollowed by
multiplexers (and many a times. small lookups).



In the Tollowing sections. we present two out of the six
correlator architectures we developed [6]. We have chosen a
radio astronomy example 1o illustrate an extremely successful
RA-based VI.SE implementations.  From this example, it is
clear that by selectively applyving RA to only certain parts of
the system. we can minimize conversion and  modulo
correction penalties. The other svstem example. an ultrasonic
blood flow meter. illustrates how we can improve upon pre-
VESE RA implementations.  Issues like replacing lookup by
computation and increasing moduli cardinality are highlighted
in this example.

2. SYSTEM EXAMPLES

2.1. Radio Astronomy

Radio interferometers and syvnthesis arrays are ensembles of
two-clement interferometers used to make measurements of the
fine angular detail in the radio emission from the sky [13].
Two antennas situated on the surface of the earth receive radio
signals which are multiply-accumulated 1o give the desired
output. ‘The combination of the multiplicer circuit and the time-
averaging circuit is relferred to as a correlator.  The most
important issues for a Radio Astronomy Correlator design arc -

o High throughput - At least 250 Ms's in a multi-channel
correlator,

o Large number of lags per chip : Each lag corresponding
Lo a distinet correlation.

o lligh rate of correlation but a lower rate of "observation”
s Allows a slower reverse converter to co-exist with very
fast RA-based MACS.

o Small input wordlength (2 bits) but a large dynamic range
132 hitsy : This is due to the large number of computations
pertformed per second per chip.

A correlator architecture that employs RA in integration and

co-exists with o binary MAC is illustrated in Figure 1. Figure 2

shows the magnificd photo of the chip (VAMY6b).
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Figure 1: R based correlator for Radio Astronomy

The implementation above brings out several points --

e Smari Use of R4 : The architecture is a perfect example of
how RA can be used only where it is needed. The 32-bit
accumulation is done in RA. while the multiply-
accumulate is left in the binary domain. Since. the MAC

being only 4 bits wide. RA cannot be used there. The
accumulation. however. is 32 bits long and offers a wide
dynamic range for RA to exploit.

o No Forward Converters - since the accumulators merely
perform an incrementing function (as in binary ).

e No modulo correction - the incrementing operation was
implemented as a set of synchronous down counters.

e Speed : Six 3-bit increments are done in parallel leading
to high computational speed. Due 1o the low output rate
requirement we can perform MAC at a high rate while
reverse converting the output at a lower rate.

o Reverse Converter. The converter used in this design
incorporates a technique known as Compressed Multipls
ACcumulate (CMAC) [11] It involves the merging of
partial sum generation and partial sum addition into a
single step ie. the CMAC evaluation., This approach
results in significantly better area-time performance than
existing solutions. The same reverse converter {arca of
85FAwidih by 12 FApejgp and a pipelined delay of 20
ns) is assumed throughout all applications in this paper.

Comparison between RA and an existing non-RA designs

Herzen et al. [8] describe a circuil consisting of 12 lags in a
chip 2.2mm x 2.2mm. We have managed to fit in 32 lags and a
reverse converter in a chip of dimension 2.4 8 4.8 mm.

Output
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Figure 2: Correlator Chip for Radio Astronomy (0.8

The following table compares the salient featurcs of
VAM96b (our devclopment chip) with those of



Herzen91. The significant increase in performance is
clear trom the table.

Lach echo is composed ol 1024 8-bit samples divided into 235
forty-sample ranges which represent ditferent depths across the
blood vessel.  The samples from a particular range are
correlated across different echoces to derive a 1Tow rate for that
range. With an 8-bit by 8-bit multiplication (giving a product
of 16 bits) followed by 40 correlations (6-bits). the dymnnic
range becomes 22 bits. Our proposed architecture (f 11 R1Y6)
- Figure 3) resembles the one proposed by Jenkins et al. but is
modified for a different moduli set and climinates all lookup.

REE Cna gl
o
/

Herzen 91 VAMYGh Markup
Arca 2.2mm x 2.2mm 24mm x :1.8mm 237
(.84 mm-) (11.32 mm")
Speed SO M. 230 MHz. 37
Process 2u 0.8u T
#oll ags 12 32-36 3
Multiplication 2 bhitx 2 bit > 2 hit x 2 bit —» T
3 bit (truncated) 4 bits (ull)
Accumulation 16-bit 28-bit 2%
[ag selection No Yes T
I atching MAC No Yes >
w-pipelining Yes No T

Table 1: VAMYI6h versus Herzen91
Comparison berween RA and “perfect” non-RA designs
Since the VISI process and the chip size in Herzen91 are
different from that in VAMY96b. such comparisons become
difficult. Neato we compare the two circuits with identical
variables like the process. chip area cle. --

RA-based Conventional Markup

Area (grids) gmm x Ymm --

Process 0.8 --

Correlator lag arca 483 % 27 5q. prids -

Fotal & ol Tags S00 SN2 1.02+

Arcaslap 0143 mm” 0.14 mm’ 1.03+

MAC delay (ns) 4 4 --

Acc. delay (ns) 3 20 6.77

Throughput 1412 My 41 MHz, 35T
(— 7 ns) { - 24 ns)

I.ags 7 chip f second 7.1x 107 20 107 347

Table 2: Residue Arithmetic versus weighted Arithmetic

The above analysis shows that a RA-hased correlator results in
3

a speed up ol 3.5 times at the expense of the area equaling a
mere 12 Jags !

2.2 Ultrasonic blood flow meter

Volumetric blood {low measurement is an important diagnostic
aid in many discases. Due o its non-invasive nature.
ultrasonic measurement has been fast replacing  traditional
Doppler based means,  Jenkins et al. have shown  that
Ultrasonic Time Domain Correlation techniques can result in
20% higher accuracy. The purpose of UTDC hardware is to
perform a corrclation function vsing the samples from two
different echoes [3.7].

Fla.hy - X.r(u—i) *v(h i 0)

where v and v represent echoes while o and b represent the
initial otlsets into the respective echoes,

Reverse Converter

Figure 3: Correlator for Blood Ilow Measurenient

The reason Tor choosing this application is to illustrate that cost
and performance improvements can result even withing R-
hased solutions.

Comparison between existing and proposed RA designs

Jenkins90 U TRA96 Nk up
Area -- not applicable -- (wire- | 9mm’ -
wrap only) (expected)
Speed 0.4 MHz 3.5 Mz b
(output)
Memory - 256K x 8 (echo | Negligible
memory)
- 4K x 60 (mod
multiplicrs)
- 4K x 6 (mod adders)
Moduli used Four 6-bit moduli IFive bit |

moduli (17, 23,

(64, 63. 61 and 39) )
29,31 and 32)

DR 23 to 24 bils 23 10 24 bits -

Table 3: ULTRAY6b versus Jenkins90

Thus a 8.5 times faster RA correlator could be implemented i
. . N . hl
0.8u process technology in a chip of arca ol Ymm-=.

Effect of changing the moduli set in hypothetical design

The lollowing table compares an implementation that uses @
Jenkins90 moduli set versus one that uses our moduli ser --



Jenkinsoo) L TRA-96 Markup
Arca SSFA X 25FA 83I°A X 24FA Same
MAC I8 FA - 12.6ns ISFA=10.5ns 2.InsT

Delay

Delay for | 40# 12,6 = 304 ns 40 % 10.5 - 420 ns 84 nsT
40-point
correlation

Speed 2MIl 2.5 MHz 25%

Table 4: Jenkins90 versus ULTRA96

W see that the arca complexity does not change much with a
change in the moduli set as long as the dynamic range remains
the same (2324 bits). There is an advantage in using the
smaller moduli set (as in ULTRAY6hY as far as speed is
concerned. Knowing that arca is not critical. this is indeed an
important argument in favor of choosing the 5-bit moduli set.
A speed up ol 1.25 is achieved. by merely choosing the smaller
balanced moduli set.

Comparison between an RA and a “perfect”™ non-RA design

The following table illustrates an interesting system trade-oft.
By using RA. our arca goes up roughly 3 times. but so docs the
performance.

Jenking-90 on (.8 L'1.TRA-96 Markup
Arca 700 arid x 900 prid | 950 gridx 950 grid [ 2.71
MAC Deliny A0 FA - 28 ns ISFA=10.5ns 27T
Delay Tor |40 * 28— 1120 ns 40* 10.5 =420 ns 27T

Ao-point
correlation

! )
“a
—

Speed (.89 MI17 2.5 Milz

Table 5: Jenkins90 on 0.8 versus ULTRA96
It is up to the architect to decide if such a trade-off is required.
Also note that in abselute terms. cutting down delay by 2.7
times is very tough to achieve by traditional means like super-
scalarity or pipelining.

3. SUMMARY

In this paper. we  deseribed  two  different  corrclation
architectures  highlighting  various  svstem  level  issucs
encountered in RA-based VST correlators.  IFrom these case
studies, we can st the characteristics of systems best suited for
RA deployment --

o lligh Speed/Real-time computations
e [ligh Input Rate with slower output rate
e [urge Dynamic Range/Precision (16 bits or greater).

e Inherently  simple  but otherwise  lime-consuming
computations. In the radio astronomy architecture. RA
was used Tor something as simple as incrementing a stored
28-hit value.

A radio astronomy correlator illustrated a hy brid architecture in
which the forward conversion and residue correction problems

were eliminated by selective application ol RA. Details ol an
actual, high-speed (80-100 MIlz 32-lag. 32-bit precision)
radio astronomy chip were also presented. The second
correlator architecture (ultrasonic  blood-ITow measurement)
highlighted how lookup can be replaced by computation and
the moduli cardinality increased to reach at a more efficient
svstem.
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