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Annomayun — IlpeacTaBiieH MeTOA NPOEKTHPOBAHHS HA
NPOrpaMMHPYEMbIX JIOTHYECKHX HMHTErpajbHBIX CXeMax
(IIJIUC) mnepapxu4yecKHX CTPYKTYP ABOMYHBIX KOMIIAPATO-
POB BBICOKOr0 ObIcTpoAeiicTBUS U 00/1bIIOH pa3pAIHOCTH.
IIpuBoauTCS METOAMKA CHHTe3a HePAPXHYECKHUX CTPYKTYp
KoMmnapaTtopos. Jlyymas uepapxuyeckas CTPYKTypa KoOM-
napaTopoB [1Jisi KOHKpeTHoro cemeiictBa IIJIMC naxoaures
smnupuyecku. IlpensokeHHbI MeTOJ MO3BOJISIET YBeJH-
YUTHh OBICTPOJdEiCTBHE MO CPABHEHHI0 € TPAIUIHOHHBIM
MOAX00M JIsl KoMnapaTropoB Ha 512 pa3psiioB B 3.409 pa3,
Ha 1024 pa3psaga — B 4.987 pa3, na 2048 paspsigos — B 27.339
pa3, Ha 4096 paspsiioB — B 65.596 pa3, na 8192 paspsina B —
127.395 pa3. MeToa Tak:ke IO3BOJIsSIET AJIsl OTAEJIbHBIX ce-
MeiicTB B 16 pa3 yBeIMYHUTh MAKCHMAJIbHOE YUCJI0 PAa3psiioB
BXO/JHBIX CJIOB KOMIAPaTOPOB, KOTOPbIe MOTYT OBITh peau-
3oBanbl Ha [IJIUC. B 3ak/ai04eHHH OTMeEYAIOTCs 0COOEHHO-
CTH NMPAKTHYECKOr0 MCIOJb30BAaHUS METO/a, a TAKKe yKa-
3BIBAIOTCS] HANPABJeHUs] JaJbHelIero pa3’BHTHS JaHHOTO
noaxoaa.

Kniouesvle cnoéa — NBOMYHBIA KOMIAPATOpP, Hepapxuye-
CKasi CTPYKTYPa, BbICOKOE ObICTpoaeiicTBHe, GOIbIIAst pa3-
PAIHOCTH, MPOrpaMMHpPyeMbIe JIOTHYECKHEe HHTerpajibHbie
cxemel, FPGA, SoC.

l. BBEJEHHUE

B mHacrosmee Bpems HaOmomaeTcss  yCTOMUMBas
TEHJICHIMSl YBEJIMYCHUS CJIOB BBIYUCIMTEIHHOW TEXHHKH.
Oco0eHHO OBICTPO PA3PSITHOCTH CIOB YBEIHMYMBACTCS B
cHCTeMax TeJIeKOMMYHHKAIMM, a TaKKe B YCTPOMCTBaxX
nepexadn u 06padotku nHpopManun. C Apyroil CTOPOHBL,
Hauboee MIEePCTIEKTUBHOM 3JIEMEHTHOM 6azoi
JJIEKTPOHHOW TEXHWKH HA CETOAHSMIHWHN JICHb SIBIISIOTCS
NporpaMMHUpYeMbI€ JIOTHYECKUE HWHTErpalbHbIE CXEMBI
(ITUC), Takwe Kak MporpaMMHpYEMBIE II0JIE30BATEIEM
BeHTIIbHBIe MaTpuibel (Field Programmable Gate Arrays —
FPGAS) u cucremsr Ha kpucramie (System on Chips —
SoCs) [1]. Ilpu NpPOEKTHPOBAHWH CIOXKHBIX MUPPOBBIX
cHCTEM 4acTo HCTIONB3YIOTCS CTaH/IapTHbIE
(yHKIMOHAIIBHBIE Y376l OOJBIION paspsaHocTH. OTcrona
BO3HHKAaeT HEOOXOAUMOCTh B pa3paborke 3(PQeKTHBHBIX
MeTooB mpoektupoBanuss Ha [IJIMC cranpapTHBIX
(DYyHKIMOHAIBHBIX Y3710B OONBINON paspsaHocTH (0T 512
paspsmoB  u  Bhime). OpHUM W3 Takux  TPYAHO
peann3yemMbIX CTaHIAapTHBIX (YHKIHOHAIBHBIX  Y3JI0B
SBJIETCS KOMITapaTop JBOMYHBIX ymcesl. OCOOEHHO OCTpO
npobyieMa CO3JaHHs MHOTOPa3psIHBIX KOMIIAPAaTOPOB
MOBBIIIEHHOTO OBICTPOAEHCTBHS CTOUT B TaKHUX O0JACTSIX,
Kak Kpunrorpadus, TeIeKOMMYHHUKAIWs, Paclio3HaBaHUE
00pa3oB u ap.

Kommaparop mpencrasnsier co00i KOMOMHAIMOHHYIO
CXeMy, KOTOpas BBIITOIHIECT MHUKPOOIIEPALUH OTHOIICHHUS
MEXIy IBYMs JBOWYHBIMM uyuciaMd A u B.
TpaauIoHHBI KOMITapaTop CpaBHHUBAeT JBa TBOMIHBIX
yucna A u B paspsaHoctr M u peanmusyeT Tpu QyHKIHU:
G «bompme» (A > B), E «paBHO» (A=B) u L «menbme»
(A < B). OrMeTruM, 4TO HpU HNOCTPOEHUM KOMIIApaTOPOB
OOJIBIION PA3PSITHOCTH JOCTATOYHO pPEAM30BaTh TOJIBKO
nBe ¢yakuun: G «Ooipuie» u E «paBHO», MOCKOJBKY
¢yHKIMS L «MeHbIe» Bceraa MOXKeT OBITh OTpereNicHa Ha

ocHOBe mepBbix MByX: L =G & E , rae cumBon «&»
O3Hayvaert joruueckoe M.

[MpoGneMe MPOEKTUPOBAHUS JABOUYHBIX KOMIIAPATOPOB
MOCBSIIIEHO JTOCTaTOYHO MHOTO paboT. B [2] mpeacrasiena
JIPEBOBUIHAS  CTPYKTypa  KOMIIApaTopa,  KOTopas
ucnoyb3dyer aAByxdasnyrwo nuHamuueckyro CMOS-noruky
(all-N-transistor — ANT). Oanaxo snoruka ANT Tpebyer
3.5 KOHBEWEPHBIX IUKIOB CHHXPOHU3AIUU U HE TOJUTCS
JUIL  OMHOIMKIOBOro  (yHKumonupoBanusi. B [3]
paccmatpuBaeTcs ABYX(a3HbI KOMIIApPAaToOp C OJHHM

IIUKJIOM CHUHXPOHHU3AIIH, KOTOPBIH UCTIONIB3YET
MIPUOPHUTETHBIA MmH(ppPaTOp AT ONIPEACICHHUS MEePBOTO
HEpaBHOTO Oura, pu 3TOM yBEIUUCHHE

MIPOM3BOIUTENIFHOCTH CcOCTaBiIsieT 16% IO CpaBHEHHUIO C
[2]. B [4] npenmaraercsi MByXypOBHEBasl MepapxXudecKas
CTPYKTypa KOMIIapaTtopa, TIJ€ BMECTO KOMIIapaTopoB
BTOPOT'O YPOBHSA HCTIONIB3YETCS JUHAMHYECKUH
MYJIBTHIUIEKCOP; B pe3yiabTaTe  OBICTpOJEHCTBHE
KoMIaparopa yBenuuuBaercs Ha 28%. B [5] BBomgurcs
JOTIOJIHUTENIbHASL ~ JIOTMKa  NPEABHJICHMS  IepeHoca
(carry-look-ahead addition — CLA), kotopas peanusyercs
C ToMompbI0 MaH4yecTepckod  LENMOYKH — IepeHoca.
[Ipennaraercs TpexypoBHEBas CTPyKTypa KoMIaparopa ¢
IByX(a30BOH CHHXpOHHM3aLMEW, I HA TEPBOM YPOBHE
ucrosb3ytorcesi 2-outoBbie O6jgoku CLA, Ha BTOpOoM — 4
outoBble, a Ha TpeTheM — 16 wm 8 OwurtoBBIe. Meton
MO3BOJISIET YBENHUYUTH ObIcTpojeiicTBre Ha 12%. B [6]
IpeasyiaraeTcss IPOEKT KOMIApaTopa, KOTOPBI MOXET
UCTIONIB30BATh Kak 3aKka3Hble, TaK M CTaHAApPTHHIC
CMOS-sueiiku. [poekt KOMITapaTopa nMeer
MacITabHpyeMyI0 MapauieIbHO-IIPEPUKCHYIO CTPYKTYPY,
KOTOpas  TO3BOJIIET  MHEpeXOJuUTb K  CPaBHEHHUIO
clleAyromero Oura TOMBKO TOT/AA, KOT/IA CpaBHHBAEMBIC
O6uTHI paBHBI. MeTOJ| MO3BOJISIET YMEHBIINTH PACCENBAHUE
JMHAMHYECKONH  mommoctH. B [7]  mpemmaraercs
apXUTEKTypa KOMITaparopa, CHELHAIBHO
CIPOEKTUPOBAHHAS ISl CTATUYECKO JIOTHKH C IENBI0
YMEHBUIEHUsT  DHEPrONOTPEOJICHUs W IOBBILICHUS
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OBICTPONEHCTBUSL TPH HHU3KOM AaKTUBHOCTH BXOJIHBIX
naHHbIX. IIpoekT KkoMmaparopa HMeeT JIPEBOBHIIHYIO
CTPYKTYPY CO CXEMOH INpeIBAPHTEIFHOTO KOJUPOBAHHMS.
B [8] Beimonnena mogudukarms npoekra [7]. Ctpykrypa
KOMIIapaTopa HMeeT IBa ypoBHsA. Ha mepBoM ypoBHe
HaxoaaTcst 8-OUTOBBIE KOMIIApaToOpbl, MOCTPOCHHBIE IIO
IpEeBOBUAHOM  cTpykType [7], a BTOpO#l  ypOBEHB
COCTaBJIsIeT OAMH 8-OMTOBBIA KommapaTtop. Kpome Toro,
OBIIM N3MEHEHBI CXEMBbI, PEATN3YIOIINE KaXIIblii YPOBEHB.
B [9] mpeacTaBieH MPOEKT KOMIIapaTropa C JIOTHKOM
KOHCTaHTHOM  3azepxku  (constant-delay —  CD).
Ucnons3oBanne  CD-noruku  mo3BONISIET  BBIXOJAaM
HepeKiIodaTecs B 2 pasza ObICTpee IO CPaBHEHHIO C
JMHAMHUYECKOH Jorukoil. CTpyKTypa KoMIlaparopa MMeeT
nBa ypoBHs. llepBblii ypoBEHb ananTHPYET € LEJIbIO
YMEHBLICHUS SHEPronoTpedIeHNs JPEBOBUJTHYIO
CTPYKTYpYy KOMITapaTopa, CIEeLHaIBHO CIIPOSKTUPOBAHHYIO
JUISL CTaTHYECKOW JIOTWKU. BTOpoW ypoBeHb HCHONB3yeT

CD-moruky [uis  yBENWYEHHUS IPOW3BOAUTEIHLHOCTH.
IIpennoxxennsiii  mpoext Ha  20%  yBenuuuBaeT
ObIcTponelicTBre U Ha 17% YMCHBILAET

9HepronoTpebeHne mo cpaBHeHuio ¢ [8].

Bce paccMoTpeHHBIE METOABI NPENHA3HAYCHBI [UIS
peanu3ali KOMIIapaTOpoOB Ha 3aKa3HBIX MHKpOCXeMax
(Application Specific Integrated Circuits — ASICS) u He
NOAXOIAT Uil MOcTpoeHus kommaparopoB Ha IIJIMC.
B [10] mpenmaratoTcsi IBE HEpapXUUECKUEe CTPYKTYpBI
KOMIapatopoB mpu peamm3anuu Ha FPGA, kotopsie

omucansl Ha s3pike  Verilog u  cpaBHHBaroTCS €
TpaJAULMOHHON CTpyKTypod kommaparopa. Ilpu sToM
nepBas apXHUTEKTypa HO3BOJISET YBEITHUUHUTD

ObIcTponeiicTBue kKommaparopa Ha 23%, a BTOpas — Ha
35%. B [11] paccMOTpeHBI CIEAyIONHe METOAbI CHHTE3a
KOMITapaTOpOB:  TAapaJUICNbHBIN,  MOCIeIOBATEIbHBIMH,
napaJuiesIbHO-1I0CIIeI0BATEbHbIH, a TaKKe c
WCIIONIE30BAaHAEM CcyMMaTopa. s KaXAoro Merona
npejiaraeTcsi iBa crocoba peanuzanuu: TrpaduyuecKuit
(cxemublit) W Ha s3eike AHDL  (s3bIk  ommcaHus

anmapatypsl  ¢upmbl  Altera).  DkcrnepuMeHTaIbHBIE
WCCIICIOBAaHUSI  TPOBOJWINCH C TIOMOIIBIO  ITaKeTa
MAX+PLUS Il npu peanusaiuu  64-pa3psiiHbIx

KOMITapaTopoB ¥ CPaBHUBAINCH C MapaMeTPU30BaHHOMN
¢byukmumeit  Ipm_compare  ¢upmsr  Altera. B [12]
MPEII0KEeH METOJI ITPOEKTUPOBAHUS KOMIIApPATOPOB B BHIE
HepapxXuuecKoi CTPYKTYPBIL. DKCIepuMeHTaIbHBIE
MCCIIEZIOBaHUSI TPOBOJMINCH TAKXKE C IOMOIIBIO MaKeTa
MAX+PLUSII ¢upmer Altera. TlpeacTaBieHHbIH MeTOR
CPaBHMBAJICS C TIOCIEIOBAaTEIbHBIM W TApAJUIEIEHBIM
MetogaMu pabotel [11], a Takke ¢ mapamMeTpHU30OBaHHON
¢byHkuueit lpm_compare u MeTOIOM, pealtu30BaHHOM B
kommuwiaTope s3pika AHDL. Ha mepBoMm  ypoBHE
HepapXuuecKon CTPYKTYPBI HCTIONIb30BAIICH
KoMIlapatopsl Ha 4 paspsga, KOTOpBIE CTPOWIJINCH
YeTBIPMSI ~ CHOCOO0aMH: € TOMOINBI0  (PYHKIMH
Ipm_compare, cpencrBamu s3pika AHDL, a Takxke ¢
MOMOIIIBIO MAPAJUIENBFHOTO U MOCIIEI0BATEIBHOIO METO/IA
[11]. B [13] npeanaraercst MeTOJ MPOCKTHPOBAHUS Ha
[UINC  wmepapXW4ecKHX  JAPEBOBHUAHBIX  CTPYKTYp
JIBOMYHBIX KOMIIapaToOpOB, KOTOPBIH OPHEHTHPOBaH Ha
MOCTPOCHHE KOMIIApaTOpPOB HAMMEHbBLIEH CTOMMOCTH.
Merto TO3BOJISET YMEHBIIUTH CTOMMOCTb peaiM3aliin

kommapatopoB ot 5.3% no 43.0%, a 11 KOMIIapaTopoB
OoJIbIION pa3pAaHOCTH (C JUIMHOM BXOAHBIX cioB 1024)
JUTSL OTIEIBHBIX CEMECTB — B 2.225 paza.

B Hacrosmeit  pabote  mpemnaraeTcs  MeTO[
mpoektupoBanus Ha I[IJIMC wuepapXudeckux CTPYKTYp
KOMIIapaTopoB  OONIBIIONW  Pa3psiTHOCTH W BBICOKOTO
OpIcTponelicTBHA. MeTon TpenHa3sHaYeH Uil CHHTE3a
kommaparopoB Ha IIJIUC tunma FPGA wu SoC.
IIpennaraemplii METOA MO3BOJSET B IIMPOKOM JUANA30HE
U3MEHSTh YHCJIO YPOBHEH HEepapXuUuecKOi CTPYKTYpEHI
KOMITapaTopa, B PE3yJIbTaTeé UEro I0JIb30BATENb MOXKET
BBIOMPATh KOMIIPOMHUCC MEXJY CTOMMOCTBIO pealn3aluu
u OpicTpoaeticTBueM. CHHTE3HpyeMas cXeMa KoMIapaTopa
HE COAEPKUT CHUTHAJIOB CHHXPOHM3AIMM, IIO3TOMY HeE
TpeOyeT MOTIOIHUTENBHBIX CXeM IS BX (POPMHUPOBAHUSA (B
OTIMYHE OT PAcCMOTPEHHBIX H3BECTHBIX METOJOB).
Bricokoe OBICTpoAEHCTBHE B IpeUIaraéMoM IIOJXOe
o0ecreyrBaeTcsi OTCYTCTBUEM TIOPa3psAHBIX NEPEHOCOB U
MIapalIeNIbHOCTBIO BBIMOIHEHHUS JIOTHIECKUX OTIEPAIIHi.

Il.  METOIWKA CUHTE3A MEPAPXUYECKHUX CTPYKTYP
KOMITIAPATOPOB

Hepapxuueckas JIBYXYpOBHEBas CTpYKTypa
KOMIapaTopoB Moka3zana Ha puc. 1. OHa cocTouT u3
Mozyel komnapaTtopos neporo yposus CMPy,...,CMPy

n komOuHammoHHOH cxembl CL. Kaxnmelii xommaparop
nepsoro ypoBHs CMP, mpencrapisier co0oil TBOWYHBIN
kommapatop Ha M; paspsmoB, KOTOphI peanu3yer

GyHKIHMIO «O0IbIIe» Oy U GYHKIHUIO «paBHO» €n, N=1, N, .
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Puc. 1. [IByXypoBHeBblIii HepapXHU4yecKUil KOMIapaTop co
cTpykrypoii C_M,xN;_M;

Kom6unanonnas cxema CL Ha ocHOBaHMM 3HAaYEHMI
(GyHKIUH, CreHepHpOBaHHBIX KOMIIAPATOpaMH TIEPBOTO

YPOBHSI, BBIYMCIISCT 3HAYEHHS BBIXOAHBIX (YHKIHUI
«oompme»y G u  «paBHO» E Bcell mepapxmueckoii
CTPYKTYpbl C TIOMOILIbIO  CJIEAYIOMIUX  JIOTHYECKHX
ypaBHEHUH:



G=gy, +ey, &gy, +en, &ey 1 &Gy, o+

(1)

ey, &ey g & &€, &0
E=e &e, &..&ey . (2)
JIByXypOBHEBYIO HEpPaApXUYECKYIO0 CTPYKTYpPY

JBOMYHOTO KOMIIapaTopa Ha puc. 1 Gymem 0003Hauath
ciegyromum  obpazom: C_M,xN;_M; , e C —
coKpalieHue ot cioBa «Comparator»; M; — aiuHa (4ucio
Pa3psanoB) BXOIHBIX CIIOB KOMIIAPAaTOPOB IIEPBOTO YPOBHS;
N; — 4HCII0 KOMIapaTopoB MEpBOro ypoBHs; M, — mnnHa
BXOJHBIX CJIOB JBYXYPOBHEBOIO KOMIIapaTopa, TIIe
M, = N;M;. Otmernm, uto ypaBHeHus it yHKumid G n
E 3aBucaT TOMBKO OT 3HaueHWs uuciua N; Momynein
KOMIIapaTOpPOB MEPBOTO YPOBHS M HE 3aBHCST OT 3HAUCHUSI
M, (IIHHBI BXOJHBIX CIIOB pEaTH3yeMOro KoMIapaTopa), a
Takxe M; (AJIMHBI BXOAHBIX CIOB KOMIIAPATOPOB IIEPBOTO

YPOBH).

Hepapxuueckas 1ByXypoBHEBas CTpyKTypa Ha puc. 1,
B CBOIO OYepelb, MOXKET BBICTYNAaTh B KadeCTBE
KOMIIApaTopoB MepBoro ypoHs. IIpomoimkas momoOHBIM
oOpa3oM Janee, MOXHO IIOCTPOHTH MHOTOYPOBHEBYIO
HEepapXUUYecKyl0 CTPYKTYpy KOMIApaTopoB OOJbIION
paspsinHocTH. OOOOIICHHYIO HEPapXUYECKyl0 CTPYKTYpY

KOMMapatopoB  OyaeM  o0O3Ha4aTb C  MOMOILBIO
cnenyronieit GopMyIsI:
C_MyxNiy My yxNy, ..
) G3)

_M{xN;4 _..._MyxN; _M,

rae M, — uiuHa cloB KoMIapaTtopoB ypoBHs ¢, (=1T , N,
— YHCIO KOMIApaTOpPOB TMPEIbIAYIIEro YpPOBHS #-1, u3
KOTOPBIX CTPOSTCS KOMITAPaTOPhl YPOBHS £.

B  ¢dopmyne (3) wuepapxmueckod — CTPYKTYpPHI
KOMIIapaTopa JOJDKHBI BBIOJIHATHCS YCIOBUSL:
M=N Mo, Vt=2T . “)

B ofmeM ciryyae MepapXu4ecKyl0 MHOTOYPOBHEBYIO
CTPYKTYPY KOMIIapaTopoB MOXXHO MPEICTABUTH TOYHO TaK
XKe, KaK Ha puc. 1, e Ha IIepBOM YPOBHE PacIoararoTcs
Kommnaparopel  nepsoro  yposusi CMPp,...CMPy , a

koMmOuHanmoHHass cxema CL peanusyer Cynepriosuuuro
GyHKIMHA ~ «OONBLIE» M «PAaBHO»,  OINpEICISIEMYIO
dopmynoit  (3). UYwmcmo yposaeir T B dopmyie (3)
OTpeNeNIIeT YHCIO JIOTHYECKUX YpOBHEH (TIyOuHy)
HepapXUUueCcKOi CTPYKTYpbl KOMITapaTopa.

CuHTE3 WepapXH4eCKuX CTPYKTYp KOMIIapaTopoB
BBIMOJIHSETCS Ha OCHOBaHMM  Qopmynsl (3) mpu
BBINIOJTHEHUN YCIIOBHH (4). OTMETHM, YTO I OJHOTO U
TOTO € KOMITapaTopa MOTYT OBITh IOCTPOEHBI Pa3INIHbIC
HepapXUUYECKUe CTPYKTYPhI pa3HOU TITyOWHBI C pa3TUIHBIM
YUCJIOM MOAYJIEH U Pa3IUYHON JUIMHOW BXOJHBIX CJIOB Ha
Ka)XJIOM YpOBHE.

OCHOBY JIOTHYECKHX 3JIEMEHTOB coBpeMeHHBbIX FPGA
u SOC cocTaBisiioT (YHKIMOHAIIBHBIE I'€HEPaToOpbl THIIA
LUT (Look Up Table). LUT npexacrasnsier coboii mamsath

RAM HeOoNbImION pPa3psIHOCTH, KOTOpas MOXET OBITh
3anporpaMMHUpOBaHa Ha PeasIM3aLHo JII0OOH JIOrH4ecKoi
(yHKIIMM OT HEOOJIBIIOro Yuciia apryMeHToB. IToCKOIbKY
YHCIIO BXOAOB (PyHKIMOHAIBbHBIX reHepartopoB LUT s
6onpmmuHCTBa cemeiicTB FPGA paBHa 4, npemaraercst 1uis
BCEX MEPAPXUYECKHX CTPYKTYP KOMIIApaTOpoOB Ha MEPBOM
YPOBHE WCIIONB30BAaTh KOMIApaTopel Ha 2 Owra. ITO
MO3BOJISIET KAXIYI0 (YyHKIMIO KOMIApaTopoB MEPBOTO
YpOBHS peann3oBath Ha ogqHoM LUT.

Ilycts A = (ap, a;) u B = (by, by) — BxoaHbIe croBa
2-6uroBoro KoMmapaTopa. byneBa pyHKIHS «paBHO» IS
KOoMITapaTopa Ha 2 paspsija He MoJIaeTCsi MUHUMH3AUN U
UMeeT BU:

E=ar&a1 &by &b +ar &a &by &b, +

_ _ %)

+3.2 &al &b2 &bl‘l‘az &al &bz &bl

ByﬂeBa q)yHKI_II/IH «0obIIe) U1 KOMIIapaTopa Ha 2
paspsaaa nocji€ MUHUMHU3allu UMEET CHeHyI’OH_[I/Iﬁ BUAO:

G=a,&b+a &b, &by +a, &a; &by, (6)

Takum  00pa3oM,  KOHKpETHas  HepapXHyecKas
CTPYKTypa KoMIlapaTopa onpeaeinsercs hopmynoit (3) npu
BBINMOJHEHHUHU ycloBuit (4). KommapaTopsl nepBoro ypoBHs
peanu3yloTcsl Ha OCHOBAaHHUHM JIOTHUECKHUX ypaBHeHUH (5) u
(6), a xomOmHanmonHass cxema CL Ha KaxmoMm ypoBHE
HEePAPXUUYCCKON CTPYKTYPBI OMPEIENSCTCS C TMOMOIIBIO
norudeckux ypasuenuit (1) u (2).

Hepapxuueckast CTpyKTypa IO CBOECH IIPUPOJE MMEET
HaMMEHBIIYI0 3a/IepXKKy MPOXOXKICHUS CHTHAJIOB IIO
CPaBHEHHIO C  IIOCJIEHOBATEIBLHON  JIECKOMIIO3MILIUEH.
[losToMy MOXHO  OXHIaTh, 4YTO  HepapXUUECKUe
CTPYKTYPBI NIPOEKTUPYEMOTO KOoMIapaTopa OyayT HUMETb
MaJIyIo CTOMMOCTb peanuzanuu u BBICOKOE
opicTponetictere. Jlormueckwe ypaBHeHus (1) u (2),
OIMCHIBAIOLINE KOMOWHAIIMOHHBIE CXEMBI CL
HepapXUUeCKON CTPYKTYpHI, a Takke ypaBHeHus (5) u (6)
KOMIIApaTopoB IEPBOTO YPOBHS OTHOCHTEIBHO IIPOCTHI.
[losToMy  MOXHO  OXHAaTh, YTO C  TOMOIIBIO
UEepapXUUECKUX CTPYKTYp MOXKHO IIOCTPOWUTH JIBOUYHbBIE
KOMITapaTophl IOCTATOYHO OOJBIION pa3psJHOCTH.

I'unoresa.  Ilpemaraemas ~ MeTOAMKAa  CHHTE3a
HNepapXnUuecKuX CTPYKTYp JBOMYHBIX KOMIIApaTOPOB
noszgojsier crpoutb Ha FPGA u SoC  Obictpblie

KOMITapaTophbl OOJIBIION Pa3psAHOCTH.

OTKpBITBIM ~ OCTaeTcss Bompoc: Kakas —Qopmyina
HepapXUYeCKO CTPYKTYpBl KOMIIapatopa B HaWIydIlIeH
CTENICHU TIOAXOJUT Ui  pealM3alid  KoMIlapaTropa
OIIpECIICHHONW pa3psSAHOCTH Ha KOHKPETHOM ceMeiicTBe
FPGA u SoC. OtBer Ha JaHHBIH BOIIPOC B MpeIaracMoM
TIO/IXO0JIE OTPEJIEISETCS SMIMPUIECKH ITyTEM BBIOJIHEHUS
OOJIBILIOTO YKCIIa SKCIEPUMEHTAIBHBIX UCCIIEI0BAHHM.



Ill. YcCIoBuUA ITPOBEAEHUS SKCIIEPUMEHTAJIBHBIX

UCCJIEJJOBAHUIA

HepapxuiecKkue CTPYKTYPBI JBOMYHBIX KOMIIAPATOPOB
uccremoBamch Ha FPGA u SoC ¢mpmer Altera c

UCIIOJIb30BaHUEM nakeTa aBTOMaTU3UPOBAHHOTO
npoektupoBanus Quartus Il. TIpobmema mpum cuHTE3E
KOMIIapaTopoB  OOJbIION  pa3psmHOcTH  (C JIIMHOM

BXOJHBIX CJIOB OoJbIIIe 256 pa3psIoB) 3aKII0OYACTCS B TOM,
YTO KOMIWJISITOP BBIJAET COOOLIEHHE O HEBO3MOXXHOCTH
CHHTE3a W3-32 HENOCTaTKa YHCIa BHEIIHHX BBIBOJOB.
[losTOMy B HCCIEOyeMBIX MNPOEKTax KOMIIapaTOpoB C
[eTbI0 YMCHBIICHUS YHCIA HCIONB3YEMBIX BHEIIHHX
BBIBOJIOB Ha BXOJJHBIX LIIMHAX KOMIIAPATOPOB YCTaHOBJICHEI
IBOMYHBIE Jaemmpparopel. B 3ToM ciydae cTpykTypy
KomIaparopa Oyznem obo3Hauath B Buzpe DC_C_XXX, rue
ab0pesuarypa  «DC»  ykaspiBaeT Ha  HanuH4He
JemudpaTopoB Ha BXOJHBIX INHHAX KOMIIAPaTOPOB.
UTo0BI OTHENUTH JIOTHKY MeIU(ppPAaTOPOB OT JIOTHKH
KOMITApaTopoB Ha BBIXOJAX ACIIU(PPATOPOB YCTAHOBJICHBI
oypeper LCELL. Bbydep LCELL rapantupyer, dro
dbopmupyemast GyHKIUs Bcerga OymeT pealiM30BaHa Ha
BBIXOJIC JIOTHYECKOT'O JJIEMEHTa B He OyAeT 00beANHATHCS
C LIEJIBIO ONTUMU3ALIMH C JIOTHKOM, CIEYIOIEeH 32 TaHHBIM

Oydepom.

Bce mpoekThl KOMIapaTOpPOB OIMKMCHIBATIHCH Ha S3BIKE
Verilog. Pe3ynbrarel CHHTE3a HEPApXHUCCKUX CTPYKTYP
KOMIIapaTOpOB  CPaBHUBAIUCH  C  TPaIULHOHHOM
peanusanueil kommapatopa Ha s3eike Verilog, korma
(GYHKLIIH «OOJIBIIS» U «PAaBHO» OMHCHIBAIOTCS C IIOMOILBIO
COOTBETCTBYIOLIUX OIlEpaLUii B BUAE:

assign G = (A>B);

assign E = (A==B).
OTMeTI/IM, YTO IOJy4dYaeMbIC IPHU I3TOM pPCE3YyJIbTATHL
IIOJIHOCTBIO COBIIAJAOT C pe3yiibTaTaMu,

MMPpOU3BEACHHBIMU C IIOMOIIBIO HapaMeTpPBOBaHHOfI
¢byuxmum Ipm_compare dpupmsr Altera.

DKCIIEPUMEHTHI TPOBOIMIINCH CIEAYIOIIUM 00pa3oM.
Hnst xommaparopoB Ha 4, 8, 16, 32, 64, 128 u 256
pa3psIoB ObLIN MTOCTPOCHBI BCE BO3MOJKHEIE

HepapXUUecKre CTPYKTYPhl KOMIIApaTOPOB, BCETO (BMECTE
C KommapatopoM Ha 2 pa3psaga) 128 mpoexToB
KoMITapatopoB. It mocTpoeHus KomrmapaTopoB Ha 512
pa3ps/ioB M3 paHee MOCTPOCHHBIX CTPYKTYp BHIOMpAIIUCH
TaKWe CTPYKTYPbI, KOTOpPBIC IMOKA3BIBAIN JIydIIue (WIIN
ONM3KHMe K JIYYIIMM) pe3yjibTaThl XOTs Obl JJIsl OJHOTO
cemerictea FPGA. B kadecTBe KpUTEpHEB ONTHMHU3AINN
paccMaTpuBalMCh ~ CTOMMOCTh  peanu3aldd  (Y4Ucio
HCTIONB3YEMBIX JIOTUYECKHUX JJIEMEHTOB) u
OblcTponelicTBUE (MaKCUManbHas 33€pXKKa CHTHAJIOB).
AHAJIOTHYHO CTPOMIHNCh HEPAPXHUECKUE  CTPYKTYPHI
xomnaparopos Ha 1024, 2048, 4096 u 8192 paspsana. B
pesynbTaTe OBIIIO MOCTPOCHO HEPAPXMUECKUX CTPYKTYP
KoMmnapatopoB Ha 512 pa3pspoB — 58, Ha 1024 paszpsaa —
44, ra 2048 paspsmos — 48, Ha 4096 pa3psnoB — 5, Ha 8192
paspsizoB — 5.

3KCHepI/IM6HTaJILHHe HCCIE€A0BaHNUA TPOBOAUIINCE I
cnenyrommx cemeiicte FPGA u SoC ¢dupmer  Altera:
MAX Il, MAX V, MAX 10; Cyclone, Cyclone Il, Cyclone
I11, Cyclone 1V, Cyclone V; Arria, Arria Il; Stratix, Stratix
I, Stratix I, Stratix IV.

Bce ycraHOBKHM NapaMeTpoB CHHTE3a ObUIM HPHHSTHI
mo ymormuanuro makera Quartus Il. B xagectBe kpurepus

ONTUMH3AIMN  TIPH  HAXOKACHUH  HEPapXUUECKOU
CTPYKTYPBI KoMIaparopa MaKCHUMaJIbHOTO
OBICTPOJCHCTBHSA paccMaTpuBaach MaKCUMaJbHas

3aJ€piKKa MPOXOKIACHHA CUTHAJIOB C BXOJOB Ha BbIXOAbI
mpoekta  (C  yd4eToM  3aJepKKA  Ha  BXOJHBIX
nemudpaTopax) B HAHOCEKYHIaX.

IV. PE3VJbTATHI S3KCIIEPUMEHTAJIbHBIX
UCCJIEJOBAHUI

B Tabn. 1 u Tabm. 2 mnpencTraBieHbl pe3yJbTaThl
9KCIICPUMEHTAIBHBIX ~ HMCCICHAOBAaHHI  MEpapXHYECKUX
CTPYKTYp IBOMYHBIX KOMOaparopoB, riae Dt — 3anepika
CHTHaJIOB (B HAHOCEKYyHJAX) B Cllyyae TpPaJdLHOHHOM
peanusanuu KoMmapatopoB Ha s3eike Verilog; Dy —
3aJiep)KKa CHIHAJIOB TPH UCIIOJNB30BAHUH HEPAPXUYECKHX
CTPYKTYp mis Jsydmiero ciydvas; Di/Dy — oTHOlIeHue
COOTBETCTBYIOIIMX ~ MapaMeTrpoB; Min  u max —
MHUHHMAaJIbHOE U MaKCHMallbHOE 3HAYCHHE ITapaMeTpa.

Tabmumna 1

Pezynomamui uccredosanus dbvicmpooeticmeus uepapxuieckux cmpykmyp komnapamopos wa 512, 1024 u 2048 paspsoos

CemeiicTBO DC c 512 DC _c 1024 DC_c 2048
DT DH DT/DH DT DH DT/DH DT DH DT/DH
MAX 11 42.919 | 18.481 | 2.322 (1) (1) - (1) (1) -
MAXV | 51.961 | 31.930 | 1.627 (1) (1) - (1) (1) -
MAX 10 | 47.376 | 20.568 | 2.303 (3) | 23.650 - 3) (3) -
Cyclone | 38.035 | 25.477 | 1.493 | 65.046 | 32.013 | 2.032 (2) | 42.177 -
Cyclone Il | 71.976 | 24.393 | 2.951 (3) | 27.004 - (3) | 36.170 -
Cyclone Il | 52.037 | 20.399 | 2,551 | 87.810 | 24.038 | 3.653 (3) | 30.922 -
Cyclone IV | 66.113 | 19.398 | 3.409 | 105.036 | 22.055 | 4.762 (3) | 30.811 -
CycloneV | 52.683 | 27.531 | 1.914 | 92.257 | 28.145 | 3.278 | 550.656 | 41.489 | 13.272
Arria 68.350 | 26.421 | 2.587 | 147.186 | 31.597 | 4.658 | 1011.508 | 37.490 | 26.981
Arria Il 42.160 | 21.769 | 1.937 | 65.340 | 22.701 | 2.878 | 407.297 | 30.220 | 13.478
Stratix 32,191 | 26.178 | 1.230 | 54.256 | 28.764 | 1.886 | 106.320 | 37.494 | 2.836
Stratix Il | 45.637 | 19.202 | 2.377 | 102.240 | 20.503 | 4.987 | 705.011 | 25.788 | 27.339




Stratix Il | 36.696 | 17.112 | 2.144 | 79.482 | 19.103 | 4.161 | 527.213 | 21.551 | 24.464
Stratix IV | 61.597 | 22.397 | 2.750 | 91.016 | 22.117 | 4.115 | 641.317 | 26.262 | 24.420
min 32191 | 17.112 | 1.230 | 54.256 | 19.103 | 1.886 | 106.320 | 21.551 | 2.836
max 71.976 | 31.930 | 3.409 | 141.186 | 32.013 | 4.987 | 1011.508 | 42.177 | 27.339
Tabmuma 2
Pezyrsmamer uccnedosarnus bvicmpodeiicmeus uepapxuveckux cmpykmyp komnapamopos na 4096 u 8192 paspsaoa
CemeiicTBO DC_c_4096 DC_c_8192
D Dy D+1/Dy Dt Dy D+1/Dy
MAXII (1) (1) - (1) (1) -
MAX V 1) 1) - () 1) -
MAX 10 (3) (3) - (3) (3) -
Cyclone (2) | 48.329 - (2) (2) -
Cyclone Il (3) | 41115 - (3) | 48.490 -
Cyclone 11 (3) | 34.980 - (3) | 39.240 -
Cyclone IV (3) (3) - 3) 3) -
Cyclone V 1287.112 | 53.600 24.013 (4) | 54.128 -
Arria 2949.775 | 44.969 65.596 6952.727 | 54576 | 127.395
Arriall 974.367 | 36.221 26.901 (4) | 41.695 -
Stratix 191.316 | 46.125 4.148 (2) | 50.704 -
Stratix I 2062.869 | 32.916 62.671 5018.185 | 42.150 | 119.055
Stratix I11 1478.210 | 25.886 57.105 3911.609 | 32.595 | 120.006
Stratix IV 1734.903 | 32.043 54.143 4503.653 | 42.205 | 106.709
min 191.316 | 25.886 4.148 3911.609 | 32.595 | 106.709
max 2949.775 | 48.329 65.596 6952.727 | 54576 | 127.395

(1) — peanu3amus HEBO3MOXKHA U3-3a HEJOCTATKA YHCIIA JIOTHYCCKUX JIEMEHTOB
(2) — peanusaris HEBO3MOXKHA, TOCKOJBKY MOTMBITKA YIAKOBKH 3aKOHYMIACH O€3yCHEIIHO
(3) — peanusarms HEBO3MOXKHA H3-32 HEJOCTATKA JUTHHBI LIEIH IEPEHOCA MU KacKaJipOBaHHUsI

(4) - ommbka makera Quartus Il: mepemosHeHHE cTEKA

Ananun3 pe3yJIbTaToB IKCIIEPUMEHTAIBHBIX
WCCIIENOBAHUN  KoMmapaTopoB Ha 512 paspsnoB
MOKa3bIBaeT, uTo Bce CTpykTyphl DC_C 512 XXX Obutn
peamm3oBaHbl Ha Bcex cemeiictBax FPGA. Hcnonp3oBanue
HepapXUUECKUX CTPYKTYP MPH MMOCTPOSHUH KOMIIAPAaTOPOB
Ha 512 pa3psoB IMO3BOJSET YBEIUYUTH OBICTPOICHCTBHC
ot 1.230 pa3 (s cemeiictBa Stratix) mo 3.409 pa3 (mus
cemeiictBa Cyclone 1V), o cpaBHEHHUIO C TPAJAUIIMOHHBIM
HOAXOIOM.

Cunre3 KOMIIapaToOpoB  Ha 1024  pazpsga
TPaIUIIMOHHBIM CIIOCOOOM HEBO3MOXKEH M3-332 HEIOCTATKa
YHciaa JIOTHYECKUX dJieMeHTOB it cemeiictB MAX Il u
MAX V, a takxe mis cemeiicts MAX 10 u Cyclone Il

u3-32  HEJOCTaTKa JUIMHBl LeNW  [epeHoca WK
KacKagupoBaHui. B To ke BpeMs HCIHOIb30BaHUE
HepapXUuecKuX CTPYKTYP TIO3BOJISIET CTPOUTH

komraparopsl Ha 1024 paspsia s cemericts MAX 10 u
Cyclone Il. Ucronk3oBanne HepapXUUeCKUX CTPYKTYP MPH
HNOCTPOEHUHN KoMmapaTopoB Ha 1024 pa3pspa mo3Bonser
YBEIHMUUTH ObIcTpoaericTBrue oT 1.886 pa3 (ams cemelicTpa
Stratix) mo 4.987 pas (s cemeiicta Stratix Il), mo
CPaBHEHHMIO C TPATUIIMOHHBIM ITOAX0JIOM.

Cunres  xommapartopoB Ha 2048  paspsmos
TPaAUIMOHHBIM CIIOCOOOM HEBO3MOXEH TakxkKe ISt
cemeiicte Cyclone, Cyclone Il u Cyclone IV wu3-3a

HEJIOCTaTKa JUTMHBI LETH TepeHOca I KacKaJlupOBaHMSI.
B TO e BpeMs HCIIOJb30BaHHUE UEPApPXUUCCKUX CTPYKTYp
HO3BOJISIET CTPOMUTH JJIsl 9THX CEMEWCTB KOMIapaTopbl Ha
2048 pa3psnos. Mcrmons30BaHNe HEPAPXUIECKUX CTPYKTYP
Opyd  NOCTpoeHMH KommapartopoB Ha 2048 paspsios
MTO3BOJISIET YBENMYUTH ObICTpopercTBre OT 2.836 pa3 (st
cemeiicta Stratix) mo 27.339 pa3 (mis cemeiictBa Stratix
I1), mo cpaBHEHHIO C TPATUIMOHHBIM TTOAXOIOM.

Vcnonp3oBaHMe  MEpapXUUECKUX  CTPYKTYp  IpH
MOCTPOECHUU KoMmnapaTtopoB Ha 4096 pa3psaoB MO3BOJISET
YBEIHMUUTH ObIcTpoaeiicTBre oT 4.148 pa3 (ams cemelicTBa
Stratix) mo 65.596 pa3 (mas cemeiictBa Arria), mo
CPaBHEHHMIO C TPATUIMOHHBIM ITOAX0JIOM.

Peanuzamust  kommapatopoB  Ha 8192  paspsina
TPaJAMIMOHHBIM ~ CIIOCOOOM  BO3MOXHAa  TOJBKO  JUIS
cemeiicts Stratix I, Stratix Il11, Stratix IV u Arria. B to
BpeMsl KaK IIPH HCIOJIB30BAHUN HEPAPXUUECKUX CTPYKTYD
KoMmmapatopsl Ha 8192 pa3psga MOXHO pealn3oBaTh Ha
yKa3aHHBIX ceMeilcTBaX, a Takke Ha cemeiictBax Cyclone
Il, Cyclone Ill, Cyclone V, Arria Il u Stratix.
Hcnons3oBanne nepapxXuuecKux CTPYKTYP pu
MOCTpOeHNU KommapaTopoB Ha 8192 paspsaa nosBosier
yBenuuuTh ObIcTpozeiicTBue oT 106.709 pa3 (s
cemetictBa Stratix 1V) mo 127.395 pas (mmst cemeiictsa
Arria), mo cpaBHEHHIO ¢ TPAJAULHOHHBIM TTOIXOI0M.



OrMeTHM, 4TO NPH pealH3aliHd KOMIIApaTOpoB Ha
FPGA cemeiictea Stratix [l u wucnomb3oBaHun
HEepapXUUecKuX CTPYKTYyp 3aiepKKa CHTHAJIOB  HE
npeBbicuT 17.112 He anst koMnapatopoB Ha 512 pa3psos,
19.101 He ms xommapaTopoB Ha 1024 paspsna, 21.551 He
Juist KomrapatopoB Ha 2048 paspsanos, 25.886 Hc s
kommaparopoB Ha 4096 paspsgoB, 32.595 ©HC s
kommaparopoB Ha 8192 paspsma. Ilockosmeky B
UCCIIeNyeMBIX MPOeKTaX Ha BXOAaX IIWH JaHHBIX
HaxoAATCS JEMU(PPaTOPbl, MOXKHO MPEAINOIOKHUTh, YTO
OBICTPOJCHCTBIE BHYTPCHHUX KOMIIAPaTOpoB OyIeT ere
OoJibllle, YeM yKa3aHo BHILIE.

OTMETHM TaKKe, YTO METOJ| CHHTE3a HepapXUueCKUX
CTPYKTYp TO3BOJIICT CTPOUTH KOMIApaTopbl OOIBIION
pa3psiIHOCTH TOT/A, KOTJa TPAAUIMOHHBIN MOAXOJ HE
paboTaeT. DTO MOXHO BHICTh U3 Tabm. 3, rme Mp —
MakcUMaJlbHasl [UIMHA BXOIHBIX CIIOB KOMIIApaTopoB,
KOTOpbIE MOTYT OBITh pEaIM30BaHbl TPATUIMOHHBIM
crocobom, My — MakcuMaiibHast JUIMHA BXOIHBIX CJIOB
KOMIIapaToOpOB, KOTOPBIC MOTYT OBITh PEaM30BaHbI IPU
UCIIONIb30BAHUK HEpPApXUUECKUX CTPYKTYp, Mi/My —
OTHOIIICHHE COOTBETCTBYIOIIUX MapameTpoB. M3 Tabdm. 3
CIIeyeT, YTO Mpe/iaraeMblii  MOJAXOJ  IO3BOJISET
YBEIUYUTh MAKCHMAIBHYIO Pa3psAAHOCTh PEaNTn3yeMbIX
JIBOMYHBIX KoMmmapaTtopoB misi cemeiicts MAX 10, Cy-
clone V, Arria Il u Stratix B 2 pa3za, mis cemeiicta Cy-
clone B 4 paza, ni1s cemeiicte Cyclone Il u Cyclone IV B 8
pas, a nist cemeiictea Cyclone 1l B 16 pas.

Tabmuma 3
Maxcumanvroe yucio paspsaooe 6X00HbIX C108
KomMnapamopoe
CemelicTBO MT MH MT/MH
MAX 11 512 | 512 1
MAX V 512 | 512 1
MAX 10 512 | 1024 2
Cyclone | 1024 | 4096 4
Cyclone Il 512 | 8192 16
Cyclone Il | 1024 | 8192 8
Cyclone IV | 1024 | 2048 8
Cyclone VV | 4048 | 8192 2
Arria 8192 | 8192 1
Arria ll 4096 | 8192 2
Stratix 4096 | 8192 2
Stratix Il | 8192 | 8192 1
Stratix 11l | 8192 | 8192 1
Stratix IV | 8192 | 8192 1

Takum 00pa3zoM, W3JIOKEHHas paHee T'MIIOTe3a, YTO C
MOMOIIBI0 HEPAPXUYECKUX CTPYKTYp MOXKHO CTPOHTH

OBICTpBIC KOMITapaToOpbl 0oBImION paspssgHOCTH
TMMOJTHOCTBHIO TOATBEPANIIACE.
3AKJIIOUEHHUE

[IpencraBieHHbI METON CHHTE3a HEPAPXUUYECKUX
CTPYKTYpP KOMIIApaTOPOB OTKPBLIBAET HOBBIE BO3MOKHOCTH
NPOCKTHPOBIIMKaM  IH(pOBOA  ammapatypel Uit
pa3pabOTKN pa3IMYHBIX OJOKOB NH(POBBIX CHCTEM C

HCIIOJIb30BAHUEM  OBICTPBIX OombIIOH

Pa3psAAHOCTH.

KOMITapaTopoB

B paccmarpuBaeMbIX HEpapXHUYECKHX CTPYKTYypax
HCIIOJIb30BAJIMCH KOMIIAPAaTOphl, [UIMHA BXOJHBIX CJIOB
KOTOPBIX paBHsIack crenenn 2. Ilpm HeoOxommumocTn
MOCTPOCHUSI KOMIApaTopa Ha JpPYyroe YHCIO PpaspsioB
JOCTaTOYHO HA IIEPBOM YPOBHE YCTAaHOBHUTH KOMIIAPaTOPHI,
CYMMapHOE YHCJIO pPa3psioB CJIOB KOTOPBIX PaBHAETCS
TpeOyemMoii ITMHe cioBa Kommapartopa. B obmem ciydae
Hepapxuueckue CTPYKTYPhl KOMIIAPaTOPOB MOTYT OBITh
peanm3oBaHBl Ha JIO00H  SieMeHTHOW  0ase, He
00513aTeNIbHO Ha YCTPOMCTBAX MPOTPaMMHpPYEMOHN JIOTHUKH
(marrpumep, Ha ASIC).

JlanbHeillliee COBEpIICHCTBOBAHUE METOAAa MOXET
UATH 10 IYTH  HUCIONB30BaHUS  ApPXUTEKTYPHBIX
ocobenHocreit FPGA u SoC, Hampumep, MCIoIb30BaHUE
OBICTPBIX TIleTIEH TIepeHoca, Iiereil KacKaaupOBaHHS,
O0ypepor LCELL, mnyrem rpynnupoBaHUs —JIOTHUKH
KOMIIapaTopa B KIACTEphl U pEAN3allid B OJHOM
(yHKIMOHAIBHOM ~ OJIOKE, pealu3alul KOMIIapaTopoB
NEepBOro  ypoBHA B ONOKax NHaMsaTH, B  OJOKax
pacnpeaeneHHol naMsATy U JIp.

PaboTa BeIONHEHA TpH dYacTHYHON (HHUHAHCOBOI
TIOJIIePIKKE Benocrokckoro TEXHOJIOTHYECKOTO
yuusepcureta ([lonpima), rpant Ne S/WI/1/2013.

JINTEPATYPA

[1] ConoseeB B.B. IlpoektupoBanie HU(POBBIX CHCTEM Ha
OCHOBE IPOrpaMMHPYEMBIX JIOTUYECKUX WHTErPAIbHBIX
cxeM. M.: lN'opstuas muuus-Tenexom, 2001. 636 c.

[2] Wang C. C., Wu C. F., Tsai K. C. 1 GHz 64-bit high-speed
comparator using ANT dynamic logic with two-phase
clocking // IEE Proceedings - Computers and Digital
Techniques. 1998. V. 145. Ne. 6. P. 433-436.

[3] Huang C. H., Wang J. S. High-performance and power-
efficient CMOS comparators // IEEE Journal of Solid-State
Circuits. 2003. V. 38. Ne. 2. P. 254-262.

[4] Lam H. M., Tsui C. Y. A MUX-based high-performance
single-cycle CMOS comparator // IEEE Transactions on
Circuits and Systems Il: Express Briefs. 2007. V. 54. Ne. 7.
P. 591-595.

[5] Perri S., Corsonello P. Fast low-cost implementation of
single-clock-cycle binary comparator // IEEE Transactions
on Circuits and Systems Il: Express Briefs. 2008. V. 55. Ne.
12. P. 1239-1243.

[6] Abdel-Hafeez S., Gordon-Ross A., Parhami B. Scalable
digital CMOS comparator using a parallel prefix tree //
IEEE Transactions on Very Large Scale Integration (VLSI)
Systems. 2013. V. 21. Ne. 11. P. 1989-1998.

[71 Chuang P., Li D., Sachdev M. A low-power high-
performance single-cycle tree-based 64-bit  binary
comparator // IEEE Transactions on Circuits and Systems
I1: Express Briefs. 2012. V. 59. Ne. 2. P. 108-112.

[8] Hauser A., Chichester |. High-Speed 64-Bit Binary
Comparator using Two Stages //European Journal of
Engineering and Innovation. 2013. V. 11. Ne. 2. P. 29-38.

[9] Chuang P. I. J., Sachdev M., Gaudet V. C. A 167-ps 2.34-
mW Single-Cycle 64-Bit Binary Tree Comparator With
Constant-Delay Logic in 65-nm CMOS // IEEE
Transactions on Circuits and Systems |: Regular Papers.
2014.V. 61. Ne. 1. P. 160-171.



[10] Deb S., Chaudhury S. High-speed comparator architectures
for fast binary comparison // Proc. of the Third International
Conference on Emerging Applications of Information
Technology (EAIT), 2012. IEEE. P. 454-457.

[11] Conoebes B.B., TlocpeanmkoBa A.A. Peamusauusi Ha
IUTNC xommapartopoB Godbiuoit pasmeproctu // Chip-
News, NUmxeHepHas Mukpoanexrponuka. 2005. Ne 9. C. 20-
25.

[12] Solov’ev V.V., Posrednikova A.A. The Hierarchical
Method of Synthesis of Large-Capacity Comparators with

the Use of Programmable Logic Integrated Circuits //
Journal of Communications Technology and Electronics.
2009. V. 54. Ne 3. P. 338-346.

[13] Salauyou V., Gruszevski M. Designing of hierarchical
structures for binary comparators on FPGA/SoC // Proc. of
the 14th Int. Conf. Computer Information Systems and
Industrial Management  (CISIM). Warsaw. Poland.
September 24-26. 2015. Springer. P. 386-396.

Designing on FPGA and SoC high-performance binary compara-
tors of a big dimensionality
V.V. Salauyou

Belarusian State Academy of Telecommunications (Minsk, Republic of Belarus), valsol@mail.ru

Keywords — binary comparators, hierarchical structure, big
dimensionality, high-performance, programmable logic de-
vices, FPGA, SoC.

ABSTRACT

A design method of comparator hierarchical structures
on FPGAs and SoCs with big dimensionality and high per-
formance is offered. The method allows to change the
number of levels of the comparator hierarchical structure in
a wide range. As a result the user can select a compromise
between the implementation cost and the performance. The
synthesis circuit of the comparator is a completely combi-
national circuit and it does not contain clock signals there-
fore the comparator does not require additional circuits for
creation of the clocks (unlike known methods). Besides, in
the offered approach there are no cascaded carries, all
computations are executed by parallel operations that pro-
vides very high-speed performance.

The two-level hierarchical structure of comparators
consists of the first level comparators and the combina-
tional circuit CL. Each first level comparator CMP,, is the
binary comparator on M; bits, which realizes functions

"greater” g, and "equal™ e,, n=1,N; .

The combinational circuit CL from the values of the
functions generated by the first level comparators forms
the values of the output functions "greater" G and "equal"
E for the whole hierarchical structure.

The hierarchical two-level structure in fig. 1, in turn,
can appear as comparators of the first level.

Generally the hierarchical multi-level structure of
comparators can be provided as in fig. 1, where compara-
tors CMPy,...,CMPy_are at the first level and the combina-

tional circuit CL realizes hierarchical connections of func-
tions "greater" and "equal".

The hierarchical two-level structure can represent itself
as comparators of the first level. Continuing in a similar
way further, it is possible to build the multi-level hierar-
chical structure of comparators of the big dimensionality.

The generalized multi-level hierarchical structure of com-
parators we will designate by means of the formula
C_MT XNtq_ ... MXNyy ... M, XNl_Ml, where M, is the
width of words in bits for the comparators of the level t,

t:1,_T, N1 is the number of comparators on the previous

level t-1 (from which the comparators of level t are con-
structed). In this formula the following conditions should

be satisfied M; = N.yMyq, t= 2,T , where T is the number

of logic levels (a depth) of the comparator hierarchical
structure.

Note that the various hierarchical structures, with dif-
ferent depths, with various the numbers of units, and the
various widths of binary words at each level can be con-
structed for the same comparator.

As the number of LUT’s inputs for the majority of
FPGA families it is equal 4, it is offered for all hierarchical
structures of comparators on the first level to use 2-bit
comparators.

The hierarchical structure by the nature has the least
delay the signal propagation in comparison with sequential
decomposition. Therefore it is possible hope for that hier-
archical structure of the designed comparator will have
small of an implementation cost and a high high-speed
performance. Moreover, it is possible hope for that by
means of hierarchical structures it is possible to build bina-
ry comparators of enough big dimensionality.

Hypothesis. The offered technique of the hierarchical
structures synthesis of binary comparators allows to build
on FPGA and SoC high-performance comparators of the
big dimensionality.

Open there is a question: what the formula of the com-
parator hierarchical structure best approaches for an im-
plementation of the certain dimensionality comparator on
the specific family FPGA or SoC. The answer to this ques-
tion in the offered approach is defined empirically by a
performance of a great number of experimental researches.



The hierarchical structures of binary comparators were
researched on FPGA and SoC of Altera by using
Quartus Il design software.

All projects of the comparators were described in lan-
guage Verilog. The synthesis results of the hierarchical
structures of the comparators were compared to a tradition-
al implementation of the comparator in language Verilog,
When functions “greater” also are “equal” described by
means of appropriate operations in forms: assign G =
(A>B) and assign E = (A==B).

Let us mark that thus received results completely coin-
cide with the results that formed at an implementation of
the comparators by means of parametrized Altera’s func-
tion Ipm_compare.

The experiments were executed as follows. All possi-
ble hierarchical structures have been constructed for the
comparators on 4, 8, 16, 32, 64, 128, and 256 bits, thus 128
comparators projects have been constructed (together with
the comparator on 2 bits). For building of the comparators
on 512 bits, the best (or close to the best) structures at least
for one family FPGA were selected from the earlier con-
structed structures. The implementation cost (the number
of used logical elements) and a high-speed performance
(the maximum signal delay) were considered as criteria of
an optimization. The hierarchical structures of the compar-
ators on 1024, 2048, 4096 and 8192 bits have been con-
structed similarly.

The analysis of the experimental research results shows
that the offered method allows to increase performance, in
comparison with the traditional approach, for comparators
on 512 bits by 3.409 times, on 1024 bits by 4.987 times, on
2048 bits by 27.339 times, on 4096 bits by 65.596 times,
and on 8192 bits by 127.395 times. The method also al-
lows (for separate FPGA families) by 16 times to increase
the dimension of input words for comparators which can
be realized on FPGA.
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