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ABSTRACT 

I‘llc Ill04 illlpOrIillll rciison liw lhc lack ot‘ ctmimcrcii~l rcsiduc 

arilhnicric (I<:\) Lisai s;!slcm~ is ii01 the “sIo\v” and arca 

constln1in~ rc\ cr\;c con\ crsion. ht11 111~ ;~bsonce of’ rcscarch that 

esplorcs 1 hc .\ ~~.ww/ad trade-ofl~s 01‘ such arithmetic in clctuul 
VI.SI in~plcn~snl;~lions. Such SJ stem-lwcl issues arc - choice 

of tllc‘ motluli xl. cfl~cl 01‘ iiiocluli imhalancc on resulting 

VI .SI i!iipl~lllznt;itioii. choice 01’ ihc rwcrsc ;tnd li)rward 

conwrws. use of lookup L crsus compulation for modular 

opcrarions. \!~Ic‘I~ chnrncteristics Ihal indicate RA suitabilit! 
and tinall! I! pical VI,SI arca and pcrlimmmce lipurcs. This 

paper csplains Ihcsc conccrnd h! prcsenling no\,el I<,\ 
archilsclurcs li)r \‘I .SI c orrclalors eniplo~~l in nrdio- 

astronom! ;ind tillriisonic Mood Ilo\\ mcastnxnicnl. A state-of- 

dwart. high performance (X0-l 00 Ml IL). RA-hascd corrclator 
ASI( u ;I> ~t~ccesst’t~ll~~ fcthricatcd as :I result of this research I 

I. INTRODUCTION 

1.1 Overview of Residue -4rithmetic (RA) 

‘Ihc Kcduc I\‘tiiiil~cr System (RNS) i)r ii “carr!.-free” non- 

weighted nimihcr 5! stem tllilt ssploils par;illelism by 

rcprsscnling nunihcrs il.5 scats of rcniaindcrs or ~~~irlur.s. [ 9.121. 

‘l‘hc base 01‘ KY’s i\ :I 561 [nfj. rrr2. ml,). whcrc each 

nicnil7cr 01‘ lhc set is callccl ii niodtilu’i ~iiid the sc‘t elements are 

pail-4 isc rclaliwl! prime. I‘or an! - ~~i\.cii moduli set. the 

rcsiduc rcprcscnt;iIion 01‘ an intqer .Y is aj~tuple. (xl. .r2, , 

.x,,). \\ licrc /xi: arc least positi\,s rcsiducs 0l‘A mocttilo mj. and 
arc tlclincd 17~ I.31 

.Y, = ‘,(~lli(i) i=l.2 .,,__ p. 

Hqiniiiiig I\ illi /era. all ntimbcrs tip to and excluding .\I giwn 
111 

\I= Ll. 
;-, 

ma\ hc unamhi~uotlsl~ cncodcrl in I<NS. This is alien called 

Ihc dyiamic ranyc ol‘tlie given s! slcm 

I hc ad\ iiiitiigc 01‘ arirhmctic using I<SS i.e. residue arithmclic 

is thiit arithmetic opcration5 01‘ addition. suh~raction and 

multiplication ciin hc pcrlinmcd (or cxh residue independent 

i I~tlntlctl lx Atl\~anccd licscarch I’rojcct (iranr - 
A( ‘liFli( i-2235 

Of all olher residues. ‘l‘hc illdividllill ;villiiiiclic 0pcrilliollh CiIIl 

thus be done in parallel xicl lhc rc5ulliiig spccd~~p i< clobc III 

lhe ntinib~r ol‘niodtili. 

‘l‘his trcnicndotis spcciltip rarcl! Lr;insl;ilc~ lo s! swn qx~l-tip 

due to the need 10 con\ crt \\oightcd himy numhcr> into :IIICI 

oul ol the rcsirlue domain. ‘I‘llCSC ,/oiwrlY~ alld I’L’I’I’I’Y“ 

convortcrs have to he c;ircliilly cralicd 10 r&n the iltl\‘;lllt;l~C\ 

oi’parallcl arithmetic. 

1.2 Issues in RA-based VLSI implementations 

‘I‘raditionalI~. ptil~lishcil I<;\ research cithcr lixusc5 on liw\\ arcl 
and rcvcrsc con\ crters I-1. I I I or cl‘licicnr rcsitluc operators 1 I 1, 

Due to this. two cxlrcmc facets of I<,2 iire highlighletl. II‘ one 
looks al conwrters alone. lhc spcccl and atw dis;~tlvan~t~yc~ 01‘ 

RA look ilistirnit~tintitl~l~. A look limid 10 rcsithlc opcrator~. 

on the other hand. lexls 10 impractical cspzctations 01‘ s! 51c‘m 
speed-tips. As \ve shall sue in the Ibllo\\-ing scclioii>. Ihc kc! 

to achicvinp an ovcl-all iiicrcxse in lhc >\ ~IL’III’< c‘o\.l- 

pcrlixmance is ii domain-specific inlcgralion 01‘ thcsc I\\(, 

perspectives. 

‘l‘hc strategic ;uxhilcctural issues in ICA-hascd tIcsign xc - 

l Choice of a moduli set. As cxplaincd ;~ho\c’. more moduli 

impI!. higher specdup. US /on,q US tlwr~ ~IW H v/i /~drr~~wti ( Illi> 

means that the highosl rcsitltxs ~hcsc modtlli Ic;I\ c ~ho111d lx 
of the SUMAC width). 111~ tlo\\nsitlc IO a Ilighc‘r WI c;lrtlillitlil\ 

is lhc incrrased COSI 01‘ li,r\\ ard iinil rc\ crsc con\ crbioii. 

.Ap;irl rroni the cartlin;ilil\. iin architect nitisl dcciclc 1, hcllici 

lhe popular (2n-I. 1”. 2n+ I i set bc iiscd or ii niorc gcncral 

enc. Again. lhc 2” set offers IAs1 conwrsion. htil liniil\ I<.\ 

speedup to abotil 3. ‘l‘his might no1 lx cnouph lo niccl lhc 

computational bandwidth requiremcnl. 

l Design of forward and reverse converters. I’rc\ iollql! a 

good rciison to slick lo Y sets \\a lhcir trcnicndoti~ 

ad\antagc in c;isc 01’ conversion. ‘I his is changing liist \\ illi 
highly erca-linic clficient convcrtcrs liw y3icral niodilli \ci~ 

heing rcportcd 12. IO. I II. One wch con\‘crlcr. c;iIId Ilk- 
CMAC.‘ rc\crsc con\ ertcr. has hccn tisc‘cl iii il radio aitrononi! 

corrclalor drscrihcd in ~hc’ li~llo\\ ing scc!ion. 

9 Design of residue operators. ‘l‘he main issue hcrc is IOOI~II~ 

versus computation. b’hilc. thcrc: is no conscnw~ on 1hi5. 

cftiicicnl implementatioiis rcstdt \vhcn lookups arc rcstrictcd 

to small tables (less than 32 localions). I .;lrgcr ~ahlcs d~ol~ltl 

be hrokcn into computaliomtl circuilr!. li~llo\\ccl I)! 

multiplcxcrs (and many a limes. small look~~p~). 



In 111~ lidlowing scclions. \vc prcscnt t\fo out of the six 

corrclator ad1ilcc~wxs \vc dcvclop~d 161. WC haw chosen a 
radio aSlronom! cs;implc lo illustrate an cxtrcmcly suocessfi~l 

I<?\-hilSCtl \;I .SI impl~iiientatioiis, l:roni rhis esamplc. it is 

ClCilr Illi h! ScIccli\ cl! appl! iny It.4 lo onl) certain parts 01 

the s~‘Slclll. \vc can minimize COII\ crsion and module 

corrwlioii pc~ii~llicS. ‘l’hc olhcr s> stem cuniple. an ultrasonic 

hlootl Ilo\r nicki-. illuSrrares ho\v \bc can improve upon prc- 

\‘I .SI I<:\ iliiplL’iiiciililliolis. ISSIICS lilx replacing IOO~LI~ h\ 

coinp~ltalion iliid incrcasirig inotiiili carcliiialit! are highliphtcd 

ill Itlk ~~i~~i~l~lc. 

2. SYSTEM EXAM I’LES 

2.1. Radio Astronomy 

IWio intcrlProme~ers iltltl SJ nthzsis ;irrnys arc‘ ensembles 01‘ 

Iwo-clcmcnt intert‘eronic~crs tisctl lo niakc measurements of Ihc 

lint anprllar detail in the radio emission I’rom the sky [l3]. 

‘I‘\< o ;mknnaS situated OH lhc surtiw of ihc cnrth receive radio 
signals \vhich arc iiilillipl!-accllliiiilnlcd lo give the dcsircd 

outpr~t. ‘l’he comhin;ltion ot‘thr mulliplicr circuit and lhc lime 

a\crapiiip ciruiil is rcl‘crrcd to ii:, ;I corrclator. ‘[‘hc ITlcYit 

imporlanr iSsw3 for ii I<;itlio Asironom!~ (‘orrctator design xc - 

. I.trr.pc I?W~~/JW o/ /~r,~s ,w &i/j : tkti irrg corresponding 

lo ;I Jislincl correlation. 
. Il~,clr t~rl~ o/ c~rtri~cl~tlforr 1101 0 lo11 cr rctfc’ o/’ “ohscrvtrlion ” 

: J\llou \ ;I Slwcr rc\erst: con\ c’ricr to co-oxisl with ver> 

UaSl I<.:\-tMsed MA2(‘s. 
. .SIWI// inlncl uwcl’lcngtii (2 hi1.s) h/t (I Iqc(c u$utnic~ twtzgc~ 

f.T2 h//.v, : I his is clw to the lay numhcr 01‘ computations 

pcrlixnicd per second per chip. 

:\ corrclalor iIrcllilcclurC that alplo! 5 It.4 in integralion and 

co-cxiSIb \\ illi ii hinat-! MAC ib illuslr;ilcd in I‘ipure I. I$urc 2 

She\\\ lhc iii;igiiilicd pholo of ftlS chip (V~IMO6h). 

. .\urtrvr ( .CC’ o/ /<..I : lhc architzctlirc is ii perfect csamplc of 

ho\\ I<:\ cim hc iiscd onI! \vhcrc il is needed. The 32-M 
;~cc~~m~il;ilion iS done in 11.2. diitc lhc multipty- 

iICCIII111ll~l1C is lelt in lhe hinnr> domain. Since. lhc MAC 

hcing onl! 4 hi& \vitic. It.2 caniio~ Ix used thcrc. I IIC 

accumulation. howc\xr. is 32 bits long and ol‘l~~rs ii \\ idc 

dynamic ranpc li)r Ii.4 (0 csploil. 

.A’0 /~‘orwfwtl C‘otr\~~rlcrs - sincc llic iiccumuliilorS ~ncrcl~ 

pcrlbrm an incrcmcnting tilnclion (as in hinar! ). 

:Vo nrftddo corrwlron - lhc incrcmcntiny optxlrion 1, :I> 

iniplenicnlctl as ii se1 ol‘s~~nchrono~is do\\ ii cwimcrS. 

.S~wcd : Six 5-hi1 iiicremc’nrs arc done itt /ttrrtr//c~/ lexlillg 

to high coiiipLiliilioiiiiI speed. HIIC lo lhs ION 011tp11l 131~~ 

rccluiremenl \bc can perform kl:IC’ aI ;I Iiigl1 r;iIc u hilt 
rcvcrsc con\ crlinp 1111’ o~ilptil al ii lo\\cr r;ilc. 

Kcwtw C ‘omvrlc,r. The con\ crlcr uScd in Ihi> ~l0ig11 

incorpor;ilcs ii lechniquc kno\\n iis C’oinprcSwI \~l~illit~l\ 

ACcumulnte ((‘MAC) II I] It involves lhc nicrgiiiy (II 

partial sum gcntxition and parlial win iltldili~~ll inlo ;I 

single SlCp i.e. the CIh,lA(: C\ atuilion. ‘HiiS ~l]7t~‘.OilCll 

results in sipnificanrl!~ hcucr area-time pcrliwln;lncc 111ar1 

cxistinp solutions. l‘hc wine revcrsc con\ crlcr (arca 01‘ 

XSFAwidlh hl. I2 t’A/,,>ig/ll 21ntf 21 pipclincrl dclil> oI‘ZO 
ns) is assumed throughout ;iII ;~pplications ii1 lhis paper, 

t Icrzcn c’t al. 1x1 dcscriht’ :I circuil consisriny 01‘ I2 lags in ;I 
chip 2.2mm y 2.2171111. WC IlilYC lll~~ll~l~c!tl 10 lil in .;l l;lyS ;/j/i/ il 

rwerse converter in ii chip ol‘climciisioii 2.-I \ :I.X IIIIII. 



T~rhlr 2: Residue .A rithmetic versus w&ghtcrl Arilhmctiic 

‘l’llc illlO\ c ;ln;ll! sis sho\\s Illat il I<:\-I~ilSCd corrc’liilor results in 
;I -+Y~I 1111 III‘ .3.S (iinss iii 111~’ c~ptmsc 01‘ llis arca equaling ii 

IllCl’C I2 1;l”~ ! 

2.2 I!ltrasonic blood flow meter 

L’ollinlclric hlootl Ilo\\ nic;lsiircniclit i5 iln iinporlanl diagnostic 

aid in man! disc;Iscs. I)uc to its non-invasive naturt’. 

~~llr~~so~iic tncilburciiic’nl hiis hwii IilSl tqlacing uxtiilional 
I)opplcr ll;lQxl ITlCilllS. knkins Cl. ill. I1aw sllo\vll that 

I ‘Itrasonic ‘I inic Ihuii;~i~i (.‘orrcl;ition rcchniqws can result in 

20% Iiighcr ;ICCllrilC!. I hc piirposc (11‘ I! rrx hardware is to 
pcrl‘oriii ;I corrcl;ltion liincrion ti3ili.v the wmplcs l’rom two 

dil‘krciil ccI10cs 15. 71. 

l&h echo is composed 01’ 1071 X-hil san~plcs (Ii\ itlctl inl(r 25 

livtyainplc ranyes u hich reprcsciit dilkrcnl tlcldi~ ;icfo-. Ilic 

blood vzssd. WC Sillll~~lL!S I’rOlll ;I IwrliuiI;ir l‘~lll~c‘ ;ll’C 

corrclolcd across ditTcrenl cchocs IO dsri\ c ;I Ilo\\ talc lilr Ihill 

range. With an X-hit h! X-hi1 iiiulliplicalio~i (gi\ in! ;I pro~IlIc1 

of I6 hits) Ibllo\\cd h> 40 correlations (b-hiI<). Ihc ~1) tl;iillic 

range heco~iics 22 Ms. Our proposed architcclurc 1 I 1.M IV/,/~ 

- Figure 3) rcscmhlcs lhc one proposcit lx .Iclil,in5 cl ;)I.. I1111 ix 

iiiodificd li)r ;L dif~crcnt niotluli set mid cli~i~i~i;~l~‘s all IocA~il~ 

Reverse Converter 
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It i> 1117 to the architccl lo ttecidc if such ii trade-olf‘is rcqt~ircd. 

,\lw note that in ;Ihsdutc terms. cutting down dcla~ h) 2.7 

tinis> i\ \ cr! totlyh to ;Ichie\,c h! traclition;tl ~KXIIS like supcr- 

Scalaril! or pipclininp. 

3. SlJiMMARY 

1~ this l>ill)C~. \fc dacrihcd I\\ 0 dil’l&uit corrcl;ttion 

iirchitcctilrc\ highliyhliny \iirioli\; S!‘stctn ltxel issues 

cncountcrcd iu l<.I-hawi VI .SI corrcl;itors. IFrom tlicsc cast 
stlidic\. IIC’ c‘dli Ii\t 111~ chilriictcri5tic5 (II‘\! slcnic hcst suited for 

I<? ,Icplo! Illc’lll -- 

. I ligll S;I’c’c’J;I~~ill-liili~ comput;ltions 

. I liyll 11tput li;He 1, ith slo\\cr ~~tltp~ll I’iltr’ 

. I .;lrgc I )! lliiiliic I~;iii~c;PrCC.i~iOii ( Ih hits or greater) 

. IiilicrciIII! siniplc hut other\\ isc liint‘-conS;uiiiiii~ 

~~o~ii~~iltiltioli~. In tlic radio aslroriom! itrchitwturc. lb\ 

\\;I> u\~‘il li)r bcmwthing ;iS simple ;I5 insremcntinp ;I stored 

2%hil \ ~IlllC. 

;\ riitlio a4ronc~rn~ corrcliltor illu~tratctl il II! hrid architcclure in 

I\ Iiich the li)n\ ill.(l Loll\ crhloll illl(l rc+lw correction prohlcms 

wrc climinatcd I)> scltxti\w q-qdiwtion 01‘ l<:I. I)cta1l5 01’ ai1 
actual. high-spccti (X()-l00 Ml IL. .lZ-lap. .32-hit prcciyiolll 

radio astronom!~ chip 1, crc i~lso prcscnlctl. I Ilc‘ \i’l~~~ll~l 

corrclator xdiitcctmx (ultr;bonic hlootl-Ilo\\ ~~.~II~~III~III I 
highliphtctl 11~1 l<jokttp GIN hc rcplaccd h> complltiltio~~ i111Ll 

lhc nioduli cardill;ilit! incrcasecl to rcxh at ;I IIIOI-c cl‘lic1cl11 

sy1cr11. 
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