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Kuura npencrasisieT co60ii pacMpeHHbI MPaKTUIeCKuil Kypc, OPUEHTUPO-
BaHHbII Ha A3bIK Verilog 1 o6ecreunBaromyii BO3MOKHOCTD BHITTOJTHEHUS TPaK-
TUYECKHMX 337124 Ha JlellleBbIX OT/IaJJOYHBIX [IaTaX. ITOT MPaKTUKYM JOTIOIHSET
" 00beIMHSIET TEOPETUUYECKIME KyPChI TT0 1M POBOI JIOTUKE, SI3bIKAM OIMCAHNS
armapaTypbl, KOMITbIOTEPHOM apXUTEKType M MUKPOAPXUTEKTYPe, & TaKKe MO/ -
TOTaBIMBAET CTYOEHTOB K paboTe C MTPOMBIIUIEHHBIMY ITPOLIECCOPHBIMMU SIAPA-
MU, K CO3JJaHUIO CTIelMaIn3MPOBaHHbIX BbIUMCINTENel (Harpumep, yCKopuTe-
Jielt HevipoceTeli) u KypcoB VLSI 1Mo mpoeKTMpOBaHMI0 MaCCOBBIX MUKPOCXEM
ASIC.

MaTepuan Kaxk[goi rmaBbl MOKHO M3y4aTb aBTOHOMHO. B KOHIle IJIaB ITPUBO-
ISTCS BOIIPOCHI UM YIIpakKHeHMsI, TO3BOJISIONIMe TIperofjaBaTessiM BCTpauBaTh
IaHHBII MaTepuan B J10601 yueGHbI KypC, a UMTATENISIM KHUTU — 3aKPENUTh
HOBbIe 3HaHUSI, CAMOCTOSITeIbHO BBITIOJTHUB IIpeJjaraeMble 3afaHusl.

VismaHue mpegHasHauYeHO )i CTYOEHTOB TeXHUYECKUX BY30B, pa3paboTuMKOB
armapaTHO-MIPOTPAMMHBIX CHCTEM, a TaKKe CIelMaauCcTOB B 06JIacTU TMpU-
KJIaJHOM MaTeMaTuku, MHTepecyoinxcs anroputMamu CAITP.
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Bce mpaBa 3amuieHsl. JIo6ast 4acTh 9TOV KHUTM He MOYKeT ObITh BOCIIPOM3BeleHa B Ka-
Koi1 6b1 TO HY 6b1710 hOpMe U KaKuMM GBI TO HY 6bITIO CpeicTBaMM 6e3 MICbMEHHOTO pas-
pelieHMs BiaieblieB aBTOPCKUX IIPaB.
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C MICTIOJIb30BaHMEM KHUTHA.
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Verilog - He npocTo 0aMH U3 peAKUX A3bIKOB, a 0693aTeNbHbIN
MHCTPYMEHT COBPEMEHHOr0 pa3paboTumKa 3NeKTPOHUKHU

o cux Mmop BCTpeyalTcs JIOAM, KOTOpble CYMTaloT, uTo Verilog — mpocTo onuH u3
penxux sI3bIKOB MporpammupoBanus, a INIVC — yCcTpoiiCTBO IJ151 OUeHb CIelaaibHbIX
MIpMMeHeHuit Bpoae 06paboTKYM CUTHAIA C pagMOTeIecKoma. B meiicTBUTeIbHOCTHM Ke
Verilog u IVIUC - Bx0A BO BCIO COBpeMeHHYI0 LIM(POBYIO 37eKTPOHUKY. ITO TaK, MO-
CKOJIbKY TOJIaBJIsTIolNIee GOMbIIMHCTBO HY(POBLIX MUKPOCXEM, pa3paboTaHHbBIX 3a IO-
cremHue 25 JIeT, MCIoMb3yeT TeXHOJIOTUIO KOMITMISILIMY (CHMHTe3a) CXeM U3 SI3bIKOB
OIMCaHMs alTapaTyphbl, IaBHbIN 13 KOTOPbIX — Verilog. OTpoMHOe UiCi0 MHXeHEepOB,
KOTOpbIe cejfuac pa3pabaThiBalOT MUKPOCXeMbl B Apple, Intel 1 Ipyrux 371eKTPOHHBIX
KOMITaHMSIX, BO BpeMs yueObl B TaKMX YHUBEPCUTETAX, Kak bepkiau v MIT, mpoiiu ve-
pe3 1abopaTopHbie PaboThI C UCITOIb30BaHMEM YUeOHBIX OTIaJOUHbIX iaT Ha ITJIMC.
Takoro pona MpaKkTUUYecKue 3aHITHS TTI03BOJISTIOT HApaboTaTh OIbIT B TEXHOJIOTUH ITTPO-
eKTMpOBaHMSI Ha YpoBHe peructpoBsix nepenau (Register Transfer Level, RTL), ko-
TOpast UCIIOAb3yeTCsT I CO3/IaHMsI MAacCOBBIX MMUKPOCXeM BHYTPMU ITOIMYJISIPHBIX I)-
POBBIX yCTPOIicTB Bpoze Apple iPhone.

JaHHBI yUeOHMK — BasKHBINM IIAT Ha MYTU MOCTPOEHMUS] SKOCKCTEMBI pa3paboTKu Co-
BpEeMEHHOJI 37IeKTpPOHMKY B Poccum u B gpyrux crpaHax 6siBirero CCCP. Poccuy mpej-
CTOUT MIPOWTU TOT Ke MyTh, KOTOPbIN mpouuiu Anonus, K0skaas Kopesi, TaiiBaHb 1 KOTO-
pbIit ceituac mpoxoaut Kutaiickas Hapomnas Peciry6iyka. Ha aToM IyTy HE06X0AMIMO
Co31aTh OOJIBIIIOE KOJMUYECTBO TPYIIIT paspaboOTUMKOB pasHOli CIielyann3aiiun, ToTo-
BBIX CJIAKEHHO paboTaTh BMecTe. TakMx pa3paboTUMKOB HEOOXOIMMO BhIpAIIMBaTh 13
CErOJIHSIITHUX CTYAEHTOB:

e HexoTopble U3 CTyIEHTOB IOCe OKOHYAHMSI YHUBEpPCUTETa OYAYT CIelaan3upo-
BaThCs B pa3paboTKe MUKPOAPXUTEKTYPhI IIPOLIECCOPOB, CETEBbIX YCTPOIICTB U APY-
TMX JIOTMUECKY CJIOKHBIX 6;10K0B. OHM 6YIyT MM caMy UCITOIb30BaTh Verilog, i
CO3[1aBaThb MOJIENM YCTPOVICTB, OCHOBBIBASICh Ha MOHMMAHUM TOTO, KaK paboTaeT
TexHosorust RTL.

e JIpyrue CTyIeHThI OyAyT CIIeMaanM3MpoBaThCs Ha (PU3MUECKOM YPOBHE TTPOEKTUPO-
BaHMs. VIM npumeTcs pemath MpobaeMbl G1U3uUecKoro YpoBHSI, BO3HMUKAIOIIVE TIPU
MpeBpalleHNy JTOTMIYecKoro Tpada cxeMbl B TUIaH PACIIOIOKEHMS JOPOSKEK U TPaH-
3MCTOPOB Ha IIACTMHE KpeMHUs Tpu ee GabpuuHOM ITPOU3BOACTBE. XOTS 9T UH-
sKeHepbl He OyayT mucaTh Ha Verilog camu, MM HY>KHO ITOHMMATb OCHOBBI TOTO, KaK
paboTaeT B IIPOCTPAHCTBE ¥ BpeMeHM rpad, KOTOPbIii OHM PacK/IaIbIBalOT.

e TpeTbst Tpymma CTYAEHTOB OyIeT CHelMaar3UpPOBATHCSI HA CO3JAaHUM TIPOTPAMM
aBTOMaTM3MpoBaHHOro mnpoektupoBanusi (CAIIP), KoTopble TOMOramT paboTaTh
paspaboruukaMm ammapaTypbl. KoMmmaHuu, paspabaTbIBaioliye Takue Iporpam-
MbI, 06pa3yI0T MeJNyl0 HeOOMbIIYI0 MHAYCTPUIO aBTOMATU3aLUN TPOEKTUPOBAHUS
(Electronic Design Automation, EDA). B 3T0ii MHOyCTpuM BOCTpeOOBaHbI MaTe-
MaTHYeCKM MbIC/SIINEe MHKeHepbl, yMelolllye pellaTh aJrOPUTMUYECKU CJI0XKHbIe
3a/1aui, KOTOpble BO3HMKAIOT B ITPOrpaMMax CMHTe3a, pa3MelleHNs M TPACCUPOBKU
CXeM, aBTOMaTMUYeCKOro J0Ka3aTeabCTBa MUX CBOVCTB U MPOBEPKU UX IKBUBATIEHT-
HOCTM BbICOKOYPOBHEBBIM MOJEJSIM. JTUM MHXeHepaM Takke HeOOXOAVMO MOHU-
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MaTbhb OCHOBBI IM(MPOBOTO CHMHTE3a U ITPOTPAMMMPOBaHMS Ha SI3bIKaX TPOEKTUPOBA-
Hus annapatypsl (HDL).

3HATh OCHOBBI JIOTMUECKOTO MPOEKTUPOBAHMS 3JIEKTPOHMKY HEOOXOIMMO U CO3/1aTe-
JISIM aIlapaTHO-IIPOTPaMMHBIX CUCTEM. B KOMIIbIOTEpAX ¥ BCTPaMBaeMbIX CUCTEMAX
XX Beka ammapaTypa ¥ IporpaMMbl 6bUTM JOBOJBHO CUILHO paszdeneHbl. B XXI Beke,
KOTZa TOBBIIIEH e CKOPOCTY MPOLIECCOPOB 3a CUET MPOCTOTO YMEHbIIeHNMs pasMepa
TPaH3UCTOPOB 3aILJI0 B TYIIMK, HAYAJIOCh OBICTPOE Pa3BUTHE CIIEVATM3UPOBAHHBIX
BbruycauTeneii. CHavajaa MOSIBWINCH TpaduuecKue MpoLeccopbl sl BbIUMCIEHMI
TpexMepHOIi TpaduKu, ceityac 6ypHO pa3BUBAIOTCS YCKOPUTEIM HEMPOHHBIX CeTeil,
YUITBI IJISI MAIIVHHOTO 3PEHMUs U aske CIelMalM3POBAaHHbIE BHIUMCIATEN KPUIITO-
BastioT. Co3/1aTessIM BCeX 9TUX YCTPOJCTB HEOOXOIMMO TIOHMMATDb ¥ ITPOrPaMMHYIO,
¥ aInapaTHYIO0 CTOPOHbI BHIUMCIIEHUIA.

0O60cHOBaHMA ANA CO3A4aHUA 3TON KHUIU

HanHast KHura — «LudpoBoit cuHTE3: MPaKTUIYECKNUH Kypc» — CO3aHa COBMECTHBIMU
YCUIIUSIMU TIpeTiofaBaTesieil M UHXeHepOB 13 HeCKOJIbKUX YHUBEPCUTETOB M KOMIIa-
HUIA He TonbKo U3 Poccum, HO 1 U3 YkpauHbl u CIIA. STOT mpakTUKyM — OAVH U3 He-
CKOJIBKMX 00pa30BaTe/IbHBIX IPOEKTOB, HAlleJIEHHBIX Ha IMOIbEM 3JIeKTPOHMKY B CTpa-
HaX IMOCTCOBETCKOI'0 MPOCTPAHCTBA, KOTOPbIE BCe BMECTe MOKHO YK€ pacCMaTpuBaTh
KaK 0CO3HAaHHYIO CTpaTeruio.

K takum IIpOeKTaM OTHOCATCA, HAIIpMMep:

Cumynsatop MIPT-MIPS!, co3gannbiii 6a30B0ii kKadenpoii Intel B MOTU.

CoBMeCTHBIN Kypc KOMITbIOTepHOI apxutekTypsl U IIVIMC, co3ganubiii BMK MI'Y
B [TApTHEPCTBE C eBPOIeiCKMMI YHUBEPCUTETAMM.

Kypc mo nHTepHeTY Beleii, CO3TaHHbIi B POCCUIICKOM OTAeJeHur Samsung B IapT-
HepCTBe C POCCUIICKUMY YHUBEPCUTETAMMU.

Yue6Hoe codpr-npoueccopaoe MIPS sapo schoolMIPS?2, paspa6orannoe CraHucia-
BoM JKenbHmo u3 IVA Technologies.

Hpe,uTeanM CO3gaHM ITIPAKTUKYMaA CTaJIM TPU IMIPOEKTa:

[TepeBop BBomHOTrO yue6HMKa JIaBuma Xappuca u Capel Xappuc «LnbdpoBas cxemo-
TeXHUKA ¥ apXUTEKTypa KOMITbIoTepa». ITOT mepeBoy, caenana B 2015 rogy rpyrimna
M3 COPOKA C JIMIITHUM TIpenofaBaresieii POCCUCKUX U YKPAUHCKUX YHUBEPCUTETOB,
pyCcCcKuxX cOTpyoHMKOB Kommnanwmii B Silicon Valley (Bxmtouas MIPS, AMD, Synopsys,
Apple 1 NVidia) u poccuiickux kommauui (Bkitouast HUMCU, MIICT, Moxayinb). Ha-
yyMHaHMe MoAAepyKaau 6GpuTaHcKast komianust Imagination Technologies, o6paso-
BaTenbHOe oTaeneHne POCHAHO, a Takke poccuiickoe nsgaTteabcTBo «[IMK-IIpecc».
DTa KHUTa 3aKpblia Gpelllb B TEOPETUUECKOI YacTy MperofgaBaHys I3bIKOB OITica-
HMSI aTinapaTypbl M MUKPOApPXUTEKTYPhI, CBsSI3a/ia X C OCHOBaMU 1[G POBOIL JIOTUKI
U TporpaMMMpoBaHMeM. [JaHHBI MPaKTUKYM MOXXHO PacCMaTpMBATh KaK paciiu-

1 https://mipt-ilab.github.io/mipt-mips/.
2 https://github.com/MIPSfpga/schoolMIPS.
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peHHOe MPOAO/DKEeHMEe 1 OOIIOTHEHME K 3TOMY KYpPCYy, ODMEHTMPOBAHHOE Ha IMpakK-
TU4ecCKoe IIpMMeHeHMe.

e Cemunapsl MIPSfpga, opranusoBannbie B 2015-2017 romax Imagination Techno-
logies B mapTHepCTBe C pPOCCUIICKMMM, YKPAMHCKUMMU U Ka3aXCKMMM YHUBEpCUTeTa-
mu (MI'Y, HUY BII3 (MU2M), MUOU, MOTU, MUIT, UTMO, Camapckuii yHUBep-
curet, Tomckuit TI'Y, ykpamnckue KITU n KHY, kazaxckuit AlmaU). MIPSfpga — a0
6a3oBast KOHGUrypaius paspaboraHHoro Ha Verilog MpoMBIIIIEHHOTO MPOIIeCCo-
pa MIPS interAptiv UP, pasinuHbie BapyaHTbl KOTOPOTO UCIIO/Ib3YIOT TaKie KOM-
naHun, Kak Microchip Technology, Broadcom 1 Baiikan JnekTpoHuKc. [IpoeKThI, rae
cTymeHTbl coequusiior ¢ MIPSfpga cBou co6cTBeHHBbIE GIOKM M CUHTE3UPYIOT IIJIsI
ITJIVIC mpocThbie CUCTEMBI Ha KPUCTAJLIe, TO3BOJISIIOT MM paboTaTh C TEM JKe KOIOM,
C KOTOPBIM PabOoTaIOT MHKEeHepbl B MpoMblliieHHocTH. K coxkanennio, MIPSfpga
CIUIIIKOM CJIOKEH ISl HadaJbHOM JAeMOHCTPAalMUM OCHOBHBIX MPUHIIUIIOB MUKPO-
apXUTEKTYpbl. JJaHHBI TPAKTUKYM COIEPKUT LIeJIYI0 [JIaBY, OCBSIIEHHYIO TPOEKTY
schoolMIPS, koTopblit 3HauUnTeNbHO mpoie, yem MIPSfpga. [Tpu aTom schoolMIPS
MTO3BOJISIET CTYIEHTY MOHSITh 6a30BO€ YCTPOICTBO ITPOILIECCOPOB, PaboTy Ipoliec-
COPHOTO KOHBeliepa U MmpepbIBaHUIA.

e Iuxn monynsipHbix cemuHapoB Nanometer ASIC, opranmuszoBaHHbIi POCHAHO,
MUCuC, KIT1 u Imagination Technologies, coctosiicst B 2016 rony. ABTOp 9TUX Ma-
TepuanoB - Yapnb3 [laHuek, mperogaBaTesb YHuBepcutera Kanmmdopuum Can-
ta-Kpys u 6biBImit umskeHep Intel. Muctep JlaHuek Hammcana MPUIOKEHNE K TaH-
HOMY TIpakKTUKyMy. B HeM paccka3aHoO, KaK CTY[IeHT, BHITIOJHUBIINI YIIPasKHEHMSI
Ha IIVINC, cMoseT B OyayleM IepeiiTu K pa3paboTke 3aKasHbIX MuKpocxeM (ASIC,
Application Specific Integrated Circuits). K ASIC oTHOCSITCS TTpakTUUecKu Bce
MMKPOCXeMbI, KOTOPbIe MIPUMEHSIOTCSI B MAaCCOBBIX 3JIEKTPOHHBIX YCTPOIICTBAX.

IOpnii lTanuyn,
pa3paboTUMK MpoIeccOpHbIX aaep MIPS u yckopuTesist HeltpoceTeit Wave,
Cannuseitn, Kanudbopuus
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MCTOPMSI CO3[,aHUS LAHHOM KHUMU

Uctopus cosmanusi Kuuru «LudpoBoil cMHTE3: MpakKTUUeCKMii Kype» TpaguIiMOHHO
IIJIST TAKMX IIPOEKTOB He IpocTa. ITocse ycriexa rmepeBomHOI Bepcuy yuebHmnka «Lud-
pOBasi CXeMOTEeXHMKA U apXUTEKTypa KOMITbIOTepa» Ha PyCCKOM SI3bIKe CTaJIO SICHO, UTO
HeoOXOIMMO €ero IMpOoMOJDKEeHNe B BUAE PacIIMPEeHHOTO MPaKTUYeCKOro Kypca, Opu-
eHTUpoBaHHOrO Ha Verilog 1 oGecreunBaIero BO3MOKHOCTb BBITTOJIHEHUS TpaK-
TUYECKMX 3a7ay Ha JelleBbIX OTIAMOYHBIX IIaTax. SICHO 6bIIO Takke M TO, UTO OfI-
HOMY 4eJIOBeKy (M JIaXke KOJIJIEKTUMBY YHUBEPCUTETCKOV Kadeapbl) cO3[aTh TaKOM
KypC — HeImocwIbHasl 3ajava, Ipy TOM YTO M3[IaHue KHUTY TpeboBasio puHaHCKUpOBa-
HMS. Y MICTOKOB UM HANMCAHUS TaHHOM KHUTY cTost1 FOpuit [TaHuys1, cyMeBIINit 00b-
eIVHUTb IJI51 ee BOIIOIIEeHUSI MHOXKeCTBO MperoaBaTesieli  nHxeHepoB u3 Poccun,
Vkpaunsl u CIIA. Bropoit ¢hakTop, KOTOPbIi ITOMOT ITOSIBUTHCSI KHUTE, — 9TO 3HAKOM-
ctBo IOpus [Manuyna (B pamkax cemmnHapoB Nanometer ASIC) co MHOI, AeKcaHAPOM
PomaHOBBIM, pyKOBOMTeNIeM Yue6HOI JabopaTopuy CucTeM aBTOMATHU3UPOBAHHOTO
MPOeKTUPOBaHUSI MOCKOBCKOTO MHCTUTYTA JIEKTPOHUKU U MaTeMaTuku HalmoHasib-
HOTO YHUBepcuTeTa «Bpicinas mkoaa skoHomuku» (YJI CATIP HV BIID). HecmoTps
Ha 3KOHOMMYecKuit ykimoH HY BIID, MU3M B mpomuioM O6bUT OTHENbHBIM TeXHUYe-
CK/M BY30M, TOTOBMBIIMM CTYIZEHTOB B 00JIaCTM 3J€KTPOHMKM M MaTemaTuku. Ceii-
yac ke, OIMpasicb Ha HeO6XOJMMbIe TEXHUUECKIME U JIIOACKMe pecypcbl, MUOM sBisieT-
€SI OHUM U3 BeIyIIVX IIeHTPOB KOMIIeTeHIIMIt, B TOM UKc/ie U 110 IMPPOBOMY CMHTE3Y.
Vpest co3maHus yue6HMKA TIOMyUMIa MOAAEPKKY Ha YPOBHE PYKOBOACTBA B yinile EB-
renus ABpamosyuua Kpyka, rociie yero Hayajach paboTa 1o HaIlMCaHUIO KHUTHU, COOPY
U pegakTVMPOBAHMIO I7IaB OT pa3HbIX aBTOPOB, PELIeH3VPOBAHMIO 1 pa3paboTKe MOIOoJI-
HUTEJbHbIX MaTePUasIoB.

YeMm 3Ta KHUra oTIMHAETCa OT ApYrux?

OCco6eHHOCTb JAHHOJ KHUTY B TOM, UTO BO BCEX IVIaBaxX KasKObIil IIpuMep KOAa COIpo-
BOKIAETCS JIMCTUMHIOM M TecTGeHueM, KOTOphle HAXOISTCS B JOIOJHUTEIbHBIX Ma-
Tepuanax K kaure (https://github.com/RomeoMe5/DDLM). DTO 1MO3BOJISIET UNTATEITIO
JIETKO UCIIOJIb30BaTh y3Ke TOTOBble MUCXOHbIEe KOJbl, IPOBOAUTb MOJIeIMPOBaHMe, IIPO-
TOTUIIMPOBaHMeE Ha yuebHoii maaTe ¢ [VIMC 1 moauduipoBaTh paboTaloliye mpumMe-
pbI IPOrPaMM.

HemHOTO PO 0T/Ia/IOUHbIe TJIATHI: IOCKOJIBKY KOMaH/1a, pa3pabaThiBaBIlas KHUTY, Ha-
XOJMUIaCh TEPPUTOPUATBHO B Pa3HbIX MeCTax, OOHA U3 lLiejieil Kypca COCTosiia B TOM,
YTOOBI CIe/IATh €r0 MAaKCUMAaJIbHO JOCTYITHBIM JIJISl JTEOIeli pa3HOro JocTaTKa. M3Ha-
YyaJbHO KHUTA OpMeHTUpoBaHa Ha maaTy DelQ-Lite ot komnauuu Terasic Ha OCHOBe
ITJINC MAX 10K npousBozacTsa Intel FPGA (B mpornioM — Kommauus Altera). Bei6op
IJIaThl 0OYCIOBIEH €e OTHOCUTEIbHO HeOObIIoi cTOMMOCThIO (0Koso $55 mo akaze-
MWYECKOIt 1leHe) ¥ AOCTYITHOCThIO, & TAKKEe TeM, YTO OHAa 00JIaZiaeT JOCTATOUHOI Iie-
pudepueit, GyHKIIMOHAIOM, EMKOCTBIO PECYPCOB U Iaske MOXKET ObITh MHTETPUPOBAHA
¢ watdopmoit Arduino. ITnatsl Ha ocHoBe IIJIVIC Intel FPGA (Altera) momy/sipHbI
B Poccun u 6mkHeM 3apyOeskbe M MMEIOTCSI BO MHOTMX aKaJIeMUYeCKMX OpTaHMu-
3anusx. IIpy 9TOM UCXOIHbIe KOABI MIPMMEPOB MOTYT OBITh JIETKO IepeHeCceHbl U Ha
Ipyrue TuiaThl. TIOCKOMBKY AHHBIN MPOEKT OPMEHTUPOBAH Ha IIMPOKOE COOOIIecT-
BO, B Omiskaiiiiee BpeMs TUIAHMPYETCST MUTPanysl IPUMEPOB KOJIOB Ha JpyTue TOITy-
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JISIpHbIE OT/JaJOuHbIe IIaThl Ha ocHOoBe IIVIMC: Mapcoxoa, Terasic Del-SoC, Terasic
Del0-Standard, Digilent Nexys 3/4 u np. [I7151 BbITTOSIHEHNSI pabOT He TpeOyeTcst Kako-
ro-aM060 MIaTHOTO ITPOrpaMMHOT0 obecreueHus], Tak Kak Quartus Prime Lite Edition
+ Modelsim / GTKWave pacrpocTpaHsSIOTCsI ¢BOOOAHO. TakuM 06pa3oM, UTOObI IIPH-
CTYMIUTD K M3yueHMIo IMdPOBOro CMHTE3a, JOCTATOYHO UMEThb TOJIBKO 3Ty KHUTY; TIPU
>KeJITaHUYM YBUIETh pe3y/bTaThl He TOJbKO MOAEIMPOBAHMS, HO U TTPOTOTUTIMPOBAHMS
IMOHaIOOUTCS KaKasi-InMb0 OTIamouHas riata Ha ocHoBe IIVIUC.

CopeprkaHue KHUMM

Elle ogHa 0COGEHHOCTh KHUIM — TO, UTO aBTOPHI MIPEICTaBMIN €€ IJIaBbl B BUME OT-
IIeJIbHBIX He3aBMCUMBIX pasenoB. To eCTh MOKHO M3y4aTh TOT pasmest, KOTOPhIi He-
06x0oaMM cejfuac, 1 06pamaThcs K IPYrUM I7IaBaM o HeoOXoauMocTy. Kaskayio IiaBy
B OCHOBHOM IIMCajIM OAMH-IBA aBTOPA, I0C/Ie Uero peJakKTUPOBAIM U PeLieH3UPOBaIN
Ipyrye Joau. BoT mouemy Kaskaas IiaBa MMeeT CBOJi HEIIOBTOPUMBIi OPUTVHATIbHBIN
CTUJTb, TIPMBEAEHHBII, BIIPOUEM, K eIMHOMY O(QOPMIEHNIO ¥ TEPMUHOIOTUNU. TakKuM
06pas3oMm, B cJyyae ecyii OJiHa IJ1aBa BOCIIPMHMMAETCS YMTATEIeM TSIKeJIO, TO, BO3MOXK-
HO, Apyras OyAeT YMTaThCSI UM HaMHOTO JIerye.

IMocKOIbKY KHUTA 3agyMaHa KakK MPaKTUKyM, ee IOoApasmesbl COIPOBOKIAIOTCS 3a-
JaHUSIMM [IJIsI CaMOCTOSITe/IbHOM TpopaboTKiu. B KOHIIe Kaskmoil INaBbl MPUBOIST-
Cs1 BOIPOCHI ¥ YIIPaKHEHMs, ITO3BOJISIIONINE TPerogaBaTe/isiM BCTPauBaTh JaHHBIN
MaTepuas B J000J yUeOHbIT Kypc, a YUMTATEISIM KHUTY — 3aKPEeIUTh HOBbIe 3HAHMS,
CaMOCTOSITeILHO BBITIOJIHUB TIpeJjiaraeMbie 3aJaHuis.

PaCCMOTpI/IM KpaTKoO II0 I'taBaM COOepP>KaHMe KHUTN:

I'maBa 1. OcHOBBI KOMOMHAIIMOHHO¥ JIOTUKM. MapuipyT pa3padoTku HudpoBbIxX
cxem

[TaBa 3HAKOMUT UMTATENSI C TUITMYHBIM IIVKJIOM paspaboTKy LG POBOIl CUCTEMbI Ha
MpUMepe MPOEKTUPOBAHMST MPOCTOI KOMOVHALIMOHHOM CXeMbl, KOTOpast COmEPSKUT
BCEro HEeCKOJIbKO JIOTMUeCKUX BeHTusei. CHauasa JeMOHCTPUPYETCs, KaK OIMCATh
1MGPOBYIO CXeMY C TOMOIIbIO rpaduecKoro pegakropa. Jlanee Ta ske cxemMa IIPOEKTH-
pyeTcs ¢ UCI0/Ib30BaHMeM sI3bIKa OIMMCAaHMS anmapaTypsl. Ilocie 3Toro JeMOHCTPUPY-
I0TCST 9TAITbl MOJIE/TMPOBAHMS Y IIPOTOTUIIMPOBAHMSI.

I'maBa 2. OCHOBBI MOC/IEIOBATEIbHOCTHOI JIOTMKU. YIIpaBIeHUe
3HeproroTpedeHneM HUPPoOBOIt CXeMbI

IaHHas T1aBa IOCBSIIEHa pa3paboTKe MOCIeI0BaTEIbHOCTHBIX YCTPOiCTB. Paccmar-
PUBAIOTCS 3alleIKM M TPUITEPhl HA IpUMepax MX Pas3JIMUHbIX peannsaruii Ha SI3bI-
ke Verilog. I'1aBa Mo3BOJISIET MOHSTH, YeM KOMOMHAIIMOHHAS JIOTMKA OTIMYAETCS OT
I0CJIeTOBATEIbBHOCTHOM ¥ KaK MOXHO YIIPaB/ISITh SHEPronoTpebaeHreM LUGPOBBIX
YCTPOJICTB Ha 3TAlle UX MIPOEKTUPOBAHMSI.

I'masa 3. lllnudpaTopst n gemudbparopbl. CKOPOCTh PadbOTHI KOMOMHAIIVIOHHBIX
0JIOKOB

B 3T0i1 I1aBe MPUBOASITCS IIPUMEpPhI peaan3aliii TaKuX BaXKHbIX KOMOMHAI[MOHHBIX
6JIOKOB, Kak 1nGpaTophbl U AemudpaTopsl, a TakKkKe JaeTcs MeTOAMKa OLeHKU Bpe-
MEHHBIX XapaKTePUCTUK IU(PPOBBIX OJIOKOB U MX OITUMMU3ALNA.
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I'maBa 4. MyJIbTUILIEKCOD, IeMYJIbTUILVIEKCOP U ceeKkTop. IlocTpoeHne
vepapxmuiecKux Moayaei

B rnaBe Ha mpuMepe pa3paboTKM Pas3TIMUHbIX BAPMAHTOB peaan3alnii TaKux KoMOMHa-
LIMOHHBIX 6JIOKOB, KaK MYJIbTUIIEKCOD, TeMYIbTUILIEKCOP U CEJIeKTOP, IeEMOHCTPUPY-
eTCsT MepapxXuueckuit OAX0/ K IMIPOEKTUPOBAHNIO IVPPOBBIX YCTPOiiCTB. Takke BBO-
ISITCS TIOHSATYE TITapaMeTpuU3ally MOyJIeii ¥ KOHCTPYKLMS generate. B KOHIIe I71aBbI
IeMOHCTPUPYIOTCSI HEKOTOPbIE MPMEMbI MCIIOIb30BaHMs MYIbTUIUIEKCOPOB Ha Ipak-
TUYECKUX TIpUMepax.

I'maBa 5. CymmMmaTop, KoMIapaTop, ycTpoiicTBo casura u AJIY. IloBbIleHne
ckopocTy apupMeTUIecKUX orepanmit

B m1aBe paccMaTpMBAIOTCSI IPUMeEPhI BCEBO3MOXKHBIX peann3salnii KoOMOMHAIMOHHO
apudmMeTnKM (CyMMaTOPOB, KOMITApPaTOPOB, YCTPOIICTB caBura 1 AJIY Ha X OCHOBe).
OTmenbHbIN pasmen IMOCBSIIEH MOBBIIIEHNI0O CKOPOCTY apudMeTndeckux 6JI0KOB Ha
9Tare UX MPOEKTUPOBAHMSI.

I'maBa 6. IlociiegoBaTe/IbHOCTHAS JIOTMKA. CUETUMKY U CIBUTOBbIE PETUCTPBI

B maHHOIT I71aBe M3JI0KeH)e BO3BpAIlaeTcsl K MOCaeq0BaTeIbHOCTHO JIOTMKE U 0CO-
6eHHOCTSIM ee paspaboTku Ha Verilog (61okupylolne/He6IOKUPYIONIe TIPUCBOe-
HMS, TIOHSITHE 3allleJIOK U T. 1.) Ha IIpuMepe pa3paboTKM CUETUMKOB U CIBUTOBBIX pe-
TUCTPOB. B KOHIIe IVIaBbl AAHbI MPUMEPhI OPTaHU3aIUM B3aUMOIENCTBUS LY(PPOBBIX
CUCTEM C ITPOCTBIMU HepUdePUITHBIMU MOIYISIMMA.

I'maBa 7. IlaMmsITh: perucTpoBbii (hailst M CTeK
JTa IaBa MOCBSIIEHA Pa3IMUYHBIM BapMaHTaM peanu3aluy NamsTU: PeTUCTPOBas
MaMsITh, OLHOIIOPTOBASI/MHOTOTIOPTOBAs MaMsITh, CTEK, Ouepenb U T. [I. B KOHIle mia-
BbI IIPUBOIUTCS HEOOJIBIION IpuMep MpoekTupoBaHus Ha HDL mamMsTy ¢ IpUBSI3KOi
K 6ubnmoTtekam habpuk-mpousBoauteseii ASIC.

I'naBa 8. KoHeuHble aBTOMAaTbI: OCHOBBI

B raBe IpMBOOATCA OCHOBHBIE ITIOHATHUS U IIPMEMBI OJISI IIDOEKTUMPOBAHMA KOHEUHDbIX
dBTOMATOB. I/IJIJ'IIOCTpI/II)YIOTCH 0COGEHHOCTH IIPOEKTMPOBAHMSI KOHEUHbLIX aBTOMATOB
Mwunu n Mypa " pacCMaTpMBAIOTCS HauboJiee ONTUMAaIbHbIE ciydyam MX MCIIOJIb30Ba-
HUs. Takke OEMOHCTPHUPYETCA UCIIOJIb30BaHNME CIIeMa/JIbHbIX MHCTPYMEHTOB OJIA IIPO-
E€KTUPOBaHMSA M aHAJIM3d KOHEUYHbIX dABTOMATOB.

I'maBa 9. Vcnonb30BaHMe KOHEYHBIX aBTOMATOB JJ1s CBSI3U ¢ nepudepuiitHbiMu
yCcTpovicTBamMu

JTa I7aBa pacliMpsieT TeMy MPOEKTUPOBAaHMs KOHEUHbIX aBTOMATOB myTeM dopma-
AM3alUMUM aKaJeMUIeckoro MOoAX0fa K MPOeKTUPOBAHUIO aBTOMATOB; TaKXke NeMOH-
CTPUPYIOTCS U IPyTHe aBTOMAThI, HAITPUMepP Ha OCHOBe CUeTurKa. [71aBa 060CHOBBIBA-
eT MpMMeHeHe KOHEUHbIX aBTOMAaTOB B MTPOEKTUPOBaHUM LMGPOBBIX YCTPOICTB Kak
KJTIOUEBOT0 GJIOKA YIIPaBIeHNS M.

I'maBa 10. KouBeitepHast 06pa60oTKa JaHHBIX

[TaBa MOCBSIIIIeHA OMMCAHNIO KOHBEePHOTO MOIX0a K 00paboTKe JaHHBIX ¥ 0COOEH-
HOCTSIM paspaboTky Ha Verilog. IMpuBOAUTCS CpaBHEHME KOMOMHAIMIOHHOTO, MHO-
TOTaKTHOTO ¥ KOHBEepHOTO MOIX0A0B Ha MpuMepe pa3paboTKu apudMeTnIecKoro
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6JI0Ka; OIMMCBHIBAIOTCS IOTOJTHUTEIbHbIE MTPUEMbI MOBbIIeHUsT 3GdEKTUBHOCTY KOH-
BeliepHbIX CXEM.

I'maBa 11. CodT-mporeccop: OCHOBBI MUKPOAPXUTEKTYPbI

IanHas rinaBa o6bequHsSIeT B cebe HeOOXOMMMble 3HAHUS M3 MPEAbIIYIINX Pas3meioB
9TOM KHUTU TIpu NpoekTupoBaHuyu HDL-peanusanyuy OTHOCUTENIBHO MPOCTOTO, HO
IIpY 9TOM peaybHO QYHKIVOHMPYIOIIET0, OMHOTAKTHOTO COQT-IIPOIECCOPHOTO siapa
¢ apxutektypoit MIPS. B m1aBe 1aroTcs MOHSITUS MUKPOAPXUTEKTYPbI, TPAKTa JaHHbIX,
YCTpOJiCTBA YIpaBAeHUs U T. [.; HEMOHCTPUPYETCS MpOoIlecC NoOaBaeHMs] HOBBIX VH-
CTPYKLMI ¥ pacIyMpeHus PoIecCOPHOTO Ipa U ero 6JI0KOB.

IIpunoxxenne A. Ilyts Bnepen: ot FPGA-ycTpoiicTB K MaccoBomMy pbIHKY ASIC
JJIs1 IONMYJISIPHBIX ra/i’)keTOB

IpunoxkeHne naet oblee MpeacTaBieHre 06 dranax nMpoekTupoBaHust unmos ASIC,
HauMHas C UIeN Cllelualn3MpoOBaHHOIO UMIIa U 3aKaHUYMBas ero KOHeYHOl peannsa-
1Meil Ha KpUCTa/Ie. DTO MEePBBIif Mar B TOTOTOBKE MHKEHEPOB, MTPOIIeIIX 00yJe-
HMe npoekTupoBanuio Ha IVIUC, K MpMMeHeHUIO MMEeIOIINXCsl Y HUX HaBbIKOB B pas-
pabotke ASIC 1111 KOHKPETHBIX ITPWIOXKEHUIA.

ITpunoskenne b. VcTopus ycrexa moodeabl pOCCUIICKO KOMaHAbI HA MEKIyHa-
pomHoM KoHKypce InnovateFPGA ot Intel

DTO TIPUJIOKeHMe — HeOOJIbIIoe MHTEPBBIO C YUaCTHUKOM POCCUIICKOI KOMaH/IbI, 3a-
HSIBILIE} BTOPOE MeCTO Ha OJHOM M3 OCHOBHBIX MEXIyHAapOAHbIX KOHKYPCOB IO MPO-
extupoBanmio Ha IIVIVC - InnovateFPGA or Intel.

TakuM 06pa3oMm, HaHHbI MpakTukyM 1o Verilog u IVIUC noronHseT u 06beAuHSIeT Te-
opeTuyeckye Kypchl Mo 1MdpoBOIt JOTMKe, sI3bIKaM OIMMCaHMST alllapaTypbl, KOMIIbO-
TEpHOI apXUTEKType U MUKPOapXuUTeKkType. I[IpakTUKyM TakKe TMOJArOTaBIMBaEeT
CTYZIEHTOB K paboTe C MPOMBIIIEHHBIMM IIPOIIECCOPHBIMI SIAPAMM, K CO3TaHMIO CITela-
JIM3VPOBAHHbBIX BBIYMCIUTENEN (HallpUMep, yCKOpUTesieil HelipoceTeit) u KypcoB VLSI o
MIPOEKTMPOBAHMIO MaccoBbIX MuKpocxeM ASIC. OH GymeT mojeseH pa3paboTuMKam ari-
mapaTHO-ITPOTPaMMHbBIX CUCTEM, a TaKKe MPUKIaAHbBIM MaTeMaTUKaM, MHTePeCYIOIM-
cs anroputmamu CAIIP.

Boipaskaem HaJleXay Ha TO, YTO MPAKTUKYM CTaHeT TaKoi ke HaJlesKHOV OCHOBOI Kyp-
COB 10 IIM(POBOJL JEKTPOHMKE IJIsT OOJBIIOTO KOJAMYECTBA YHUBEPCUTETOB Poccum
u ctpan CHI, Kakoii y>ke cTas nmepeBomHO yuebHuK «LludpoBas cxeMoTexXHMKa U ap-
XUTEKTypa KommbloTepa» aBTOpoB [aBuna u Capsl Xappuc. B pesynbsraTe atoro B Poc-
CUY TIOSIBUTCSI HOBOE MTOKOJIEHME VHKEHEPOB, CITOCOOHBIX 06beIMHSITh JIYUIINe MUPO-
BbI€ ITPAKTHKM C M306peTaTeIbHOCTHIO, IPUCYIIEl HapoJaM HalllMX CTpaH; Tak Poccust
BMeCTe CO CBOMMMU COCeISIMU 3aliMeT NOCTOMHOe MeCTO B MMUPOBOJ MPOMBIIIIEHHO
37eKTPOHUKE.

Anekcanap IOpreBuu PomaHOB,

K. T. H., goeHT MMOM HINY BIII3,

npenoaBaTesb KypcoB «[IpoeKTupoBaHue CUCTEM Ha KPUCTAJIIe»
1 «CucTeMHOe TIpoeKTUpOoBaHMe MMPOBBIX YCTPOICTB»,

r. MockBa, Poccus
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[aHHbIN yue6HUK NO3BONSIET NePBUYHO MO3HAKOMMUTLCA C LUPPOBLIM AU3aHOM
yepes usydyeHue a3bika Verilog u npaBunbHbix design-style u best practices

IMpouTeHMe 3TOV KHUTY BbI3BAJIO Y MEHSI BOCIIOMMHAHMSI 00 OTHOCUTEJIBHO TaIeKOM
MIPOIIJIOM. B Te BpeMeHa, 6yayun cTyIeHTOM (paKy/abTeTa TeXHUUeCKOi MHOOPMAaTUKA
MaHnreiiMckoro yHuBepcuteTa B ['epmaHum, s MMeJ MEPBBI OMbIT MPOrpaMMMUpPOBa-
HMsI Ha si3bIke Verilog 1 3arpysku riporpammHoro kona B IIMC. Camoit c1o5kHO¥ 3a-
nmaueli 6bl1a peann3anyist IporpaMMBbl [IJIs1 PUCOBAHMS, U CAMble ITPOJIBUHYThIE CTYIEH-
ThI PUCOBAIY KPYTU. [IOMHUTCS, UTO CTYAEHTBI OJHOI U3 TPYII CMOIIM pa3paboTaTh
2JIeMEeHTapHbIN IIPOLeccop U 3alporpaMMypPOBaTh OTPUCOBKY KPYTroB Ha acceMbiiepe
IIJIST 3TOTO TIpolleccopa. DTU CTYJeHThI CTa/I Terepb ITpodeccopaMy B YHUBEpCUTETaX
Tepmanum.

Kymius B 1990 romy xomnanuio Gateway Design Automation, B KoTopoii paboTan u3o-
6peraTesnsb s13bika Verilog @vm Myp6u, kommaaust Cadence Design Systems crasa mpa-
BooOnamarenem Verilog. 3TOT S3bIK M3HAYAIBHO pa3pabaThIBAICS [JISI OMVCAHMUS
MUKpocxeM st nydposoro cumyssitopa. Co BpemeHneM Verilog Takske CTal UCIIOIb30-
BaTbCS AJIST CUHTE34, TO €CThb IMPeBPAIlleHNs OITMCAHNSI MUKPOCXeMbl Ha 60siee abCTPaKT-
HoM ypoBHe Register-Transfer-Logic RTL B MeHee abcTpakTHbI Gate-Level, roe omnu-
CBIBAIOTCSI BEHTU/IM, KOTOPbIE IIPEIOCTABISIOT KOHKPETHbIE U3TOTOBUTEIN MUKPOCXEM
(takue kak: TSMC, UMC - TaiiBanb, GlobalFoundries — CIIIA). OTux u3roToBUTEE
MpUHSITO Ha3bIBaTh foundries; poccuiickue foundries — AHTcTpem 1 MUKpOH B 3ejieHO-

rpage.

Verilog HacTo/JbKO ycrelleH, YTO CYIIeCTBYIOT HECKOJIbKO SI3bIKOB, KOTOpbIe MMe-
10T ¢ Verilog obuiee HasBaHMe, HO MCIOJb3YIOTCS IJISI pasHbIX Ieneil. Hampumep,
Verilog-A - mjis1 MojenpoBaHusl aHAJIOTOBbIX MUKpocxeM, Verilog-AMS - nis mo-
IenupoBaHus 1MbpoOaHATOrOBbIX MUKpocxeM, SystemVerilog — 151 Bepudukaimm
60JIBLINX HM(PPOBBIX MUKPOCXEM.

KOHKpeTHO 3TOT yUeOHMK [TO3BOJISIET EPBUYHO 03HAKOMUTBCS C IIMGPOBBIM I13aii-
HOM, HO OXBaTbIBAET IIPU 9TOM O0JjIee MIMPOKIEe aCIIeKThl — 00yJ4aeT He TOJbKO CaMOMY
s13BIKY, HO MpaBwibHOMY design-style 1 best practices, 4To upe3BbIUaiiHO BasKHO 1151
HeJOMYIIeHNs OIIMOOK IIPY MOATOTOBKE K CMHTe3Y. [laske camoe yMHoe [10 He MOKeT
CHMHTe3MpoBaTh onTuManbHblii PPA (power, performance, area — Tpu camMbIX Bax-
HBIX TTOKa3aTesiss KauecTBa MUKPOCXEMbI), eC/IM MCXOMHbIN KO (maske Oymydn rpam-
MaTUYeCKM MPaBWIbHBIM) He cobmoman onpeneneHtbie design-styles. Takum ob6pa-
30M, JAHHBIIl yUeOHMK 00JIafjlaeT ABYMSI BECOMBIMM ITPEMMYIECTBAMM: BO-TI€PBBIX,
OH BKJIIOYaeT B ce6s1 6a30ByI0 MHPOPMAIINIO, TIOUCK KOTOPO TpebyeT, Kak MpaBuiIo,
OOJIBIINX 3aTPaT BpeMeH! U CUJI (TTpo6IeMbl BhIOOPA MOAXOSIINETO U, T0 BO3MOXKHO-
cti, 6ecratioro 10 u coBmectumoit ITIUC, mpob6ieMbl MX YCTaHOBKM/HACTPOIIKM),
¥ BO-BTOPBIX, MOXKET MCITOTb30BATHCS IS CAMOOOYUEHMS KaK CTYIeHTaMy, Tak ¥ Ha-
YUHBIMM COTPYIOHMKAMM, IIOCKOJIbKY CHAOGXKEH BCeMM HeOOXOAVMBIMM MaTepuajaMu
OT MOJITOTOBJIEHHBIX MCXOMHBIX KOJOB IMPOrpaMMm [IJisi MOJIeIMPOBAHMST U CMHTEe3a 0
IIpe3eHTaluii K KaXXI0ii I/1aBe.

Kommannst Cadence (COTPYIHMKOM KOTOPOI S SIBJISIFOCH YK€ B TeueHue 16 jeT) BbI-
ITyCKaeT MpOorpaMMHOe obeclieueHre, IPUMeHsIeMOe Ha CaMbIX Pa3IMUHBIX CTAIUSIX
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MPOEKTUPOBAaHMS U Pa3pabOTKM KOMIUIEKCHBIX MUKPOCXEM, a TaKKe IIeJIbIX CHCTeM
(TipM6OPBHI € TeyaTHbIMY I1aTaMu, RF-KOMITOHEHTaMM M HECKOJIbKMMM CUCTeMaMy Ha
kpuctaiie (SoC) B ogHoit ymakoske). XoTst [10 kommnanuu Cadence cymiecTBeHHO 06-
JleryaeT IPOLLeCC MPOEKTUPOBKY CUCTEM Ha KPUCTajule C MUWUIMapLaMy 3JIeMEeHTOB,
MMEHHO TAJIaHT/IVBBIE U XOPOIIO OOYUYEeHHbIE MHKEHEPHI SIBJISIIOTCS IJITAaBHBIM KaIluTa-
JIOM KOMTaHUii — pa3paboTunKoB MuUKpocxeM. [ToaTomy Cadence B BBICOKOIT CTeme-
HIU 3aMHTEepecoBaHa B OOyueHMM CJIeAYIOIIEro IMOKOJIeHUSI MHXeHePOB-MUKPOIJIeK-
TPOHIIMKOB, TaK KaK BUAUT B HUX U OYAYIUX Pa3pabOTUYMKOB, U OYOYIINX KIVEHTOB.
B 2007 rogy 6puta cozgana Cadence Academic Network (rpymma BHyTpM KOMITaHUY
Cadence), nogaep>kuBaoLIast CBSI3Y € BeOyUIMMY YHUBEPCUTETAMU U NPeSOCTaBIsIO-
11as MM akajemMmuueckye nnuensum aig gocrymna K I10. CinenyeT OTMETUTD, UTO JaHHOE
MporpaMMHOe obecrieyeHme UCIOMb3yeTCsT Pa3paboTUMKAMY CAMbIX TIePeIOBhIX KOM-
naHuii mupa, u Cadence Academic Network pacripoctpassieT yue6HbIe MaTepUaIbl IJIs
00y4YeHMST ITUM KOMIUIEKCHBIM ITPOrpaMMaM.

Kommnanns Cadence MNPUBETCTBYET IIOSABJIEHUE TaKo¥ HY)KHOVI KHUTU Ha pOCCMﬁCKOM
PbBIHKE " 6y,ueT paga KOHTAKTaM C UMTaTeJIsIMM, YCBOMBIIMMU a3bI pa3pa60TKM LU/IC]J-
POBBIX MMKPOCXEM M IT'OTOBbIMMU K ,uaaneﬁmeMy O6y‘-IEHI/IIO. XoTenoch 6bI MOKEIATh
BCeM UMTATEJISIM 3TOIO y‘-IE6HI/IKa YCIIEXOB 1 HOBbBIX IMO3HAHMUIA.

AnToH Kior,
University Program Manager
Cadence Design Systems
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TouHo TaK Xe, kKak Ao 3Toro B Poccum crana maccoBoy npocdeccus nporpaMMuUCTa,
AaHHbIA KypC MOMOXKET cAenaTb MaccoBom Npodeccuio 3IeKTPOHHOIO MHXXeHepa -
pa3spaboTtumka undpoBoi annapatypsbl IGO0 CNOXKHOCTU

VicTopus pa3sBUTHUSI MUPOBOI BBIUMCIUTENIbHOI TEXHUKM HACUUTBHIBAET YKe Oojee
70 s1eT U SIBJIIETCS MIPSIMBIM OTPaskeHMEM TO¥ JKeCTOKOI KOHKYPEHTHOI 60PbObI CBEPX-
Iep>kaB U UX COI03HUKOB, KOTOPYIO OHM BeAyT 3a KOHTPOJIb HaJi MUPOBOIT 9KOHOMMKOJA,
(OVHAHCOBBIMM ¥ TOBAPHBIMM ITOTOKAMM C LI€JIbI0 MOJYYEHMUS ITOJITOCPOUHBIX ITpeu-
MYIIIECTB TTepe]; OCTAIbHBIMU cTpaHamu. KpoMe Toro, pazpaboTka O6bICTPOIEIiCTBYIO-
MIYIX KOMITbIOTEPOB SIBJISIETCSI HEOThEMJIEMOI YaCThIO TEXHOJIOTMYECKOTO COMepHMYe-
CTBa HbIHENTHUX cBepxaepskaB — CIIA u Kurtas. Famonupyioliee pasBuTe U MIMPOKOe
BHeJIpeHVe MaCCOBBIX KOMMYHUKAIIMIT ¥ BCTPOEHHBIX MUKPOKOMITHIOTEPOB B KOHTEK-
CTe MHTepHeTA Belleil IPUBOAUT K TOTATbHOI MG POBU3AIMM SKOHOMUKINA.

TexHOJIOrMuYeCcKast 3aBUCUMOCTD B 06/1aCTH BHEKTPOHHOIZ KOMIIOHEHTHO1 6a3bl MOKET
BbI3BATb KaTaCTpOdJI/I‘-IECKI/Ie mociencTBMs B CJiydae pasHOro poaga CaHKLU/Iﬁ M OTpaHu-
YyeHMI1 Ha IIOCTaBKU CO CTOPOHbBI Bapyﬁe)KHbIX IIapTHEPOB.

HecmoTpst Ha To uTO 1MdpoBas JIeKTPOHHAST MHKeHepusl Oblla HeBOCTPeO6OBaHHO
B POCCUIICKO TIPOMBINIVIEHHOCTHU U YCTOMYMUBO AerpagupoBaia ¢ 1990-x IT., B HaCTOsI-
Iee BpeMsl Hayn4uye cO6CTBEHHBIX MHKeHEePHBIX KOMITETEHIIN B TaHHOM 061acT Ha
MacCOBOM YPOBHE CTAHOBUTCSI YCJIOBMEM BbIKMBAHMS JIIOOOI CTPaHbI, IPeTEeHAYIOIIe
Iake Ha YaCTUYHbIN TEXHOJIOTUUECKUTIL CyBEePEHUTET.

Vue6HOe nocobue «IIubpoBoil CMHTE3: MPaKTUUECKNUI KYypc» KaK KOMILIEKC MPaKTy-
YeCKMX paboT SBJISIETCST OUepeqHbIM 3TAIlOM B CO3TaHMM MACCOBOI IIKOJIbI LG POBOI
2JIEKTPOHHOI MH)KeHepuy Ha BceM MpocTtpaHcTBe CHI. dToMy mpeaiecTBOBaIo U3a-
He TTPOGUIbHBIX YUeOHMKOB U IIPOBEeHNE Cepuii CeMMHAPOB, HAlleJIEHHBIX Ha CO-
3[aHMe TPaKTUYeCKMX paboT M0 pasJIMYHbIM pa3iesiaM IMPOeKTUPOBaHMS HUGPOBBIX
CXeM ¥ MMKPOIIPOILIECCOPOB, 0 UeM IoApoOHO HamucaHo I0puem [TaHuyIOM B IIpenu-
CJIOBUM.

Pasnuunbie 1abopaTopHbIe pabOTHI IO MPOEKTUPOBAHMIO U CHMHTE3Y HV(PPOBLIX CXeM
Ha SI3bIKaxX PErmMCTPOBBIX Iepenay sl OMMCAHMS anmapaTypbl CTalM Heo6X0dMMOii
YaCTbIO MTOATOTOBKY 3JIEKTPOHHBIX MHXXEHEPOB — MPOEKTUPOBIIMKOB MUKPOCXEM IJIsI
MAacCCOBBIX 3JIEKTPOHHBIX M3meuii. Yepes MOmOOHBIN MPAKTUKYM MIPOXOIST OyayIye
co3marenu cMapT(OHOB, Pa3pabOTUNKM aBTOMOOGUIBLHON 3JEeKTPOHMKYU U MPOIECCo-
POB [J151 pa3IMUYHBbIX BCTPOEHHBIX NMPUMEHEeHUi, BKIIOYast 371eKTPOHUKY JIJIsI KOCMM-
yeckux 30HA0B. B CIIIA n3BeCcTHbIM NPMUMEPOM TaKOTO MPAKTUUYECKOTO Kypca SIBJsIeT-
¢ 6.111 u3 MIT!, a Takke pasauuHble BapMaHThI 1aGOPATOPHBIX 3amanuii ¢ Verilog/
VHDL u INTUC/FPGA mpemycMOTpeHbl YUeOHBIMM ITPOrpaMMaMM MPaKTUUECKU IJIst
BCeX, KOMYy TIPenoAalT 37eKTPOHMKY, BKJIIOUasi CTYJeHTOB MECTHbIX YHUBEPCUTETOB
B HEOOJIBIINX IITATaX.

ABTOpPBI HAIEIOTCS, YTO AAHHBII KypC TTIOMOKET CIIeJIaTh MacCOBO Mpodecciio JIeKT-
POHHOTO MH)XeHepa — pa3paboTumka 1MdpoBoit anmapaTypsl J1060ii CI0KHOCTH. Tou-
HO TaK ke, KaK 0 9Toro B Poccum crajsa mMaccoBoii rmpodeccus mporpaMMuUCTa WIn

1 http://web.mit.edu/6.111/volume2/www/f2018/index.html.
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BeepeHue

MPOrpaMMHOTO MHXKeHepa — pa3paboTumKa CUCTeM U IpuUIokeHU . OCHOBaMMU SI3bIKOB
peructpoBbix nepenau unu Register Transfer Level (RTL) Hy>kHO BiafieTh He TOJb-
KO caMMM pa3paboTumKaM, HO U MPeCTaBUTEISIM CMeKHBIX TTpodeccuit — Bepudbmka-
TOpaM, CreluaanucTam mo Gu3nyecKkoMy IpoekKTUPOBAHUIO, @ TAKKe aJTOPUTMUCTAM,
KOTOpbIE MUINYT MHCTPYMEHTAIbHbIE TIPOTPAMMBI JIs pa3pabOTUMKOB 3JIEKTPOHVKMN.
[IporpaMMMCTBI BCTPOEHHBIX CUCTEM M IIPOTPaMM MCKYCCTBEHHOI'O MHTEJIZIeKTa TOXe
MOJTyYaT MO/Ib3y OT IIOHMMAaHMSI TOTO, KaK paboTaloT Kiaccuyeckue mpoieccopsl, GPU
Y HEJIPOYCKOPUTENMN.

IOaHHOEe IOCOOMe CO3JaHO YCUMIMSIMM MEKAYHApOMTHOTO aBTOPCKOTO KOJUIEKTMBA
CTIeIMaICTOB U3 BeAylIUX YHUBepcuTeToB U UT-kKommanmii. [IoMMUMO TpaguLIOHHBIX
OCHOB TPOEKTUPOBaHMSI IM(DPOBOI TEXHUKY, aBTOPBI BBEJIM B KYpC TOMOJHUTEIbHbIE
MIPOEKThI, KOTOPBIX HEe XBAaTaJ0 B MMEKOIMXCS KypcaX. OHM BK/IIOUAIOT pa3BepHyTOe
06bsICHEHME TIPUHIINIIOB KOHBEIIepPHbBIX BHIUVC/IEHWI, BBeIeHe B MUKPOAPXUTEKTYPY
MPOILIECCOPOB, a TaKKe JAeTa/lbHble Pa3bsICHEHNUS O TOM, KaK CTYIeHT MOXEeT MCIOJIb-
30BaTh CBOJi OIBIT, ITOJIYUEHHBIN OT JabopaToOpHbIX paboT Ha IVIVIC, B cBOeii masib-
Hejf1eit kapbepe. IToslyueHHbIe TIPAKTUYUECKVe HaBbIKM 00eCIeunBaloT CTaTyC paspa-
60TUMKa MAaCCOBbIX M3IeNIT Ha CITeNaIM3YPOBAHHbIX OY3aKa3HbIX MUKPOCXEMax
ASIC (Application Specific Integration Circuits) 1 KpyIiHbIX CUCTEeM Ha KpUcCTaie
(CHK), KOTOPBIX TaK OCTPO He XBaTaeT B OTEUEeCTBEHHOI MHIYCTPUN.

BbIpaskaio yBepeHHOCTh B TOM, UTO 3TO IOCOOYE MMeeT OYeHb XOPOUIMI MOTeHIIMA
IJIS1 ero MOC/IeyI0LLero rnepeBoja Ha aHIMICKUIA SI3bIK M MaCCOBOTO MCIIOIb30BAHMS
B KOOIeEepaluu C KOMIAHUSIMM, Pa3pabaThIBAIOIIMMM MHCTPYMEHTapUil 3JeKTPOH-
HOIt uHXeHepuu. TakMMu mapTHepaMyu MOTYT CTaTh KpymHble kommnanuu Cadence,
Synopsys u Mentor Graphics.

C noxenaHusimu ycnexos asmopam u noJjib308ameiim 0aHH020 yli€6HOZO I’lOC06uﬂ,

Tumyp TypcyHoBuu Ilanraiues,

IIOKTOp TeXHMUYECKUX HayK, TTpodeccop,
PYKOBOIMTEJb aKaJleMUUeCKIX ITPOEKTOB,
Radeon Technology Group,

Kopmopamus Advanced Micro Devices.

17 mapra 2020 roga
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KHura «LindpoBoit CMHTE3: NpaKTUUECKUit KypC» IBASETCA, N0 CYTH, NPOAODKEHUEM
KNlaccu4eckoro yue6HMKa no NpoeKTUPOBaHMI0O MUKPO3neKTpoHUuKMU «Liudposas
CXeMOTEeXHUKA M apXUTEKTypa KomnbloTepa» [asuaa Xappuca u Capbl Xappuc,
HOBas pefaKLuMsl KOTOPOro (Ha PycCKOM f3bIKe) Bbllia BCEro HECKONbKO NET Ha3aA,

PelieH3upyeMasi KHUTa IIPeCTaB/sIeT COO0I pacIIMpeHHbI MPaKTUIeCKuii Kypc, Opu-
eHTHPOBaHHbIN Ha Verilog 1 o6ecrieunBaro it BOSMOKHOCTb BHITTOTHEHMS IIPAKTHAYE-
CKMX 3aJa4 Ha MIMPOKOIOCTYITHBIX OTJaA0UHbIX TiaTaXx FPGA. VIMeHHO TaKoii ToaXo.
1Mo3BoJisgeT 3 (GEKTUBHO OPraHK30BaTh MOATOTOBKY KBaIMMUIMPOBAHHBIX Pa3paboT-
YMKOB JJISI OT€UECTBEHHO MUKPOJIEKTPOHNKM. CllelyeT OTMETUTh, UYTO JaHHOE W3-
IaHye, TOArOTOBIEHHOEe MEKIYHAPOIHBIM aBTOPCKUM KOJIJIEKTUBOM PYCCKOSI3bIUHBIX
CIIeLMATCTOB M3 BeIYIIMX YHUBEPCUTETOB 1 U T-KOMITaHMi, 06/1ajaeT BCeM HEO6XO0-
IVMBIM ITOTEHIIMAIOM IS ITOC/IeIYIONIEero epeBo/ia Ha aHIIMIACKIIL SI3BIK U Ta/TbHe-
IIeTO MCIT0JIb30BaHMSI B YHUBEPCUTETCKOI Cpejie.

VicTopust pasBUTUSI CUCTEM aBTOMAaTU3MPOBAHHOTO MPOEKTUPOBAaHMS GepeT cBOe Ha-
yajo B 70—-80-x romax MpoILIoro Beka. K ToMy BpeMeHM CJI0KHOCTb CUCTEM, BO3pac-
TaBIlIasl 10 Mepe yBeJIMUYeHMs KOJIMYecTBa TPaH3MCTOPOB Ha MUKpOCXeMe IO 3aKOHY
Mypa, cTaja Takoif, UYTO pyuyHOEe IPOEKTUPOBAHME CXEMOTEXHMKM MMUKPOIJIEKTPOH-
HBIX YCTPOICTB CTAHOBWIOCH MTPAKTUUYECKM HEBO3MOXKHBIM. [IpoeKkTrpoBaHMe amnmapa-
TYPbI TIOBTOPWJIO MCTOPUIO PA3BUTHUS SI3BIKOB ITPOTPAaMMUPOBAHMSI: €C/TM TTIePBbIe BbI-
YMCIUTEIbHBIE CHCTEMBI ITPOTPAaMMMPOBAIVCh HA YPOBHE KOAOB, TO YKe B 50-e robl
MIPUXOIMIOCh TIPUCTYIIaTh K pa3paboTKe CUCTEM aBTOMAaTHU3allMM MPOTPaMMMUPOBA-
HMUSI U, COOTBETCTBEHHO, SI3bIKOB IIPOrPaMMMPOBAaHMS BBICOKOTO YPOBHS. ITo TOMY ke
ITyTH (HEeCKOJIBKO MO3AHee) MOIUIM M pa3paboTUMKY alapaTypbl — IJIs1 TPOEKTUPOBaA-
HMSI HOBBIX BBIYMC/IUTENbHBIX CUCTEM MCII0Jb30BAJIOCh MPOrpaMMHOE obecrieueHue,
paspaboTaHHOe IS yKe CYIIeCTBYIOMIMX KOMITIbIoTepoB. Ho eciu [Ijis MpoeKTHUpoBa-
HMSI IeYaTHBIX IJIAT YCTPOJCTB y3Ke B cepenyte 80-X TOAOB CYIIEeCTBOBAIM CIIeI A -
3upoBaHHble CAIIP, TO K TPOMBIIIIJIEHHOMY IPOEKTUPOBAHUIO CXEMOTEXHVKI MUKPO-
9JIEKTPOHHBIX U3AEINI YIATI0Ch IPUCTYIIUTD TOJbKO B Havase 90-X (IIpy TOM YTO CaM
Verilog 6bu1 paspa6oTan B cepeayHe 80-x). OqHaKo ImepBOHaYaIbHO OH ObIT OPMEHTH-
pPOBaH Ha OMycaHKe ¥ MOJEJMPOBaHYE JOTMUECKUX CXeM; IIPUMeHeHMe ero JIjisi CUH-
Te3a Ha YPOBHE JIOTMUYECKUX 3JIEMEHTOB U IreiiTOB ObIJIO Peai30BaHO JIUIIb C POCTOM
MTOMY/IIPHOCTY OCHOBAHHbBIX Ha HEM CPEACTB MOIETMPOBAHNS Y OTIAIKMN.

3uanne Verilog u 1cIonb3oBaHye ero O6IIMPHOTO MHCTPYMEHTAPUS C 1IeJIbI0 TPOeK-
TUPOBaHUS HVDPOBBIX CUCTEM CETOTHS SIBJIIETCS aOCOTIOTHO HEO6XOIMMbIM HaBbIKOM
ILJIST JTI060TO MHKeHepa-3JIeKTPOHIIMKA (KPOMe pa3Be UTO CIIeLMaJNCTOB B aHAJIOTO-
BOJi M CUJIOBOJ 9JIEKTPOHMKE, IJle KOJIMYECTBO 3JIEMEHTOB BeCchbMa OrpaHMYEHO, 3aTO
Ype3BbIYATHO BasKHBI MX QU3MUECKME XapAKTEPUCTUKY). B MUKPOITIEKTPOHMKE CUTYa-
I[MSI TIPSIMO TTPOTUBOTIOJIOKHAS — BCe IM(POBBIE CYCTEMBI CTPOSITCS M3 OTPOMHOTO (KaK
MPaBWIIO, MCUMCISIEMOTO MWIIMOHAMMY, & MHOTA eCSITKaMU U COTHSIMU MUITMOHOB)
KOoJIM4yecTBa GU3MUeCKY OAVHAKOBBIX 3JIeMEeHTOB. [T03TOMY /IS MHKeHepa-CXeMOTeX-
HMKA HeO6XOIMMbI MHCTPYMEHTBI epapXuueckoii abCTpaKkIny, ITO3BOJISION/ie MaH -
ITYJIMPOBATD JIOTMKOM KPYITHBIX MOJYJIE U CTPOUTD M3 HUX CUCTEMbI, He OITyCKasiCh Ha
YPOBEHb OTHEJbHBIX TPAH3UCTOPOB U MMesT IIPU ITOM BO3MOKHOCTbh aHAIN3MPOBATh
UX TIOBeJleHye BO BpeMeHM. VIMeHHO TaKylo BO3MOKHOCTb U IpemocTtasiseT Verilog
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BeepeHue

C er0 MHCTPYMEeHTapueM, 3a4acTylo MOAIe P>XKUBAIOLINIL U IpyTHe SI3bIKM OTIMCAHMS all-
naparypsl (B uacTHocTtu, VHDL).

B TeueHMe JOCTATOUHO JIMTEIbHOTO BpeMeHM OJHOI 113 OCHOBHBIX ITP06JIeM OTIa[KNU
U TeCTUPOBAHUS MMKPO3JIEKTPOHHON amnmnapaTypsl SIBISITUCh TEXHOJIOTUYECKIE TTPO-
1IeCcChl TPOU3BOMCTBA MUKpocxeM. CUTyalysi KOPeHHbIM 06pa3soM M3MeHMIach C IMo-
siBJIeHeM B cepenyiHe 80-X U HIMPOKUM pacIipocTpaHeHreM B 90-e rombl MMPOIIIOro
Beka TexHonoruu FPGA (ITJIUC B pyCcCKOSI3bIYHON TUTEpAType) — MIPOrpaMMUPyeMbIX
JIOTMYECKUX MaTpPUIl, COCTOSIIMX M3 COTEH ThICSY ¥ MUJIZIMOHOB OMHAKOBbIX MHAVBU-
IyaJIbHO IIPOTpaMMMPyeMbIX TeifTOB. B TO ske Bpems umeHHO Verilog 1 apyrue si3bIku
OIMCaHMs anmnapaTypbl caenany 3(PdeKTUBHBIM ITPOEKTUPOBaHME U UCIIOIb30BaHMe
cucteMm Ha FPGA. U eciut B 90-e ropl OHU UCTIONB30BAMNUCh B OCHOBHOM B TEJIEKOMMY -
HUMKALIOHHOM U CeTeBOM 00OPYIOBAaHNUM, TO CETOIHS TPYIHO MPEICTaBUTh OOJIBIIYIO
undpoByI0 CHCcTeMy, He MCIOAb3yoInyio FPGA B KauecTBe akcejepaTOpPOB TeX WUJIU
MHBIX TPOLECCOB. JTa TEXHOJIOTMS OKa3ajiach UYpe3BbIUAMHO yIAaYHBIM KOMIIPOMIC-
coM Mexkay 3(pheKTUBHOCTHIO, CPABHMMO C UMCTO allfapaTHbIMM PelleHMUsIMU (XOTs
M YCTyMaloIiei uM), ¥ TM6KOCTbIO, POCTOTON MCIIOIb30BAaHMS, XapaKTEePHOI [JIs1 IIPO-
IPaMMHOI0 06ecreueHusI.

Takum o6pasom, FPGA cTany akKTMBHO IPUMEHSITbCS B TECTUPOBAaHUM OJIOKOB CXe-
MOTEXHUKU WU 1LIeJIbIX IIM(POBBIX CUCTEM, OPMEHTUPOBAHHBIX Ha JaJbHEMIIy0 pea-
JIM3ALMIO B MUKPO3JIEKTPOHHOM ucronHeHun (ASIC). XoTs 1o cux Iop He CYIIeCcTBY-
eT IOJIHOCThI0 aBTOMATU3MPOBAHHOIO Iporecca repeHoca Verilog-mporpaMmbl 13
FPGA-1IpoTOTHIIA HAa TEXHOJOTMYECKUIA MPOIeCcC KOHKPETHOTO M3TOTOBUTEJISI, STOT
MPOIIECC CYIIeCTBEHHO IMOBbINIaeT 3P GeKTUBHOCTb M CHIKAET CTOMMOCTb OTIAAKM
armapaTHbIX pelleHniI MUKPO3IEKTPOHMKY. JIIs1 YIIpOLIeHNs Ipoliecca MpOTOTUIIU -
poBanust Ha FPGA Bce OCHOBHbIE ITPOM3BOAUTENM CTAIM BBIITYCKAaTh TOTOBBIE OTJIA-
IOYHbBIE IIIaThI, BKIIOYaoIe (KpoMe caMoii Mukpocxembel FPGA) Bce HeoOXoaumoe
OKpY>KeHMe, B TOM UMCJIe CTaHAapTHbIe MHTepdeiichl ¢ KOMITBIOTEPOM; OTIIAA HYKIa
B CITEIMaIM3MPOBAHHBIX IIPOrPaMMAaTOPax, JOTMUYECKUX aHAIM3aTOPaxX M IPYrOM MH-
SKeHepHOM 060PYIOBaHMM CTAAV OTIAIKNA.

B TO ke BpeMsi ¢ MacCOBbIM pacnpocTpaHeHueM MukpocxeM FPGA, oTiag0uyHbIX AT
Ha MX OCHOBE U PaJMKaJbHbIM MTaJleH1eM CTOMMOCTH 3a cueT 3¢ deKkra Macirradba cra-
JIO BO3MOSKHBIM MCITOJIb30BaTh UX JIS1 YUeOHbBIX 3amau. CoBpeMeHHbIe MHKeHePHbIe
KypChl B 06JIaCTM MUKPO3JEKTPOHMKY, KaK MPpaBwmiIo, UCoab3yioT FPGA B KauecTBe
OCHOBHOTO MHCTPYMEHTAa MPOBEPKM U TeCTMpOBaHMs mporpamMm Ha Verilog naske ripu
opueHTauuu Ha co3nanue B ganbHerliem ASIC 1 SoC (cucTem Ha KpUCTaie).

IMpennaraembiit B Kuure «LydbpoBoit cMHTE3: MPaKTUUECKUI KypC» MPAKTUKYM 10 MH-
CTPYMEHTaM ¥ TeXHOJIOTUSM IV(PPOBOTO CMHTE3a CXEMOTEXHUKY ITOJTHOCThIO OXBAThI-
BaeT BCe OCHOBHbBIE pa3esibl IM(POBOII CXeMOTEXHUKM, & TAKKe MCIIOTb3yeMbIil TpK
MPOEKTUPOBAHMM GeCIUIaTHBI MHCTPYMeHTapuii. IIOKpbIBaeTCs IPaAKTUYECKU BecCh
Marepual, IpeACcTaBIeHHbli B yueOHMKe «L[uppoBasi cXeMOTeXHMKA U apXUTEKTypa
KoMmbloTepa» JIaBuma Xappuca u Capbl Xappuc. BaskHoi 0CO6eHHOCThIO pereH3upy-
€MOJi KHUTY SIBJISIETCSI TO, UYTO BO BCEX IIaBaxX KasKIbIi MpUMep KOJa COMPOBOXKIAETCS
MCXOOHBIM KOJIOM U TeCcT6eHUYeM, KOTOpbIe HaXOMASITCS B JOIOJHUTEIbHBIX MaTepya-
JIaX K KHUTe.
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B 3aKk/iioueHye XOTe/NOCh 6bl OTMETUTh, UTO HEOOXOLMMOCTb B IOATOTOBKE KBaIM-
(GuULIMPOBAaHHBIX KAApPOB B 06/1aCTM MPOEKTUPOBAHUS MUKPOIIEKTPOHUKU SIBJISIETCS
BIIOJTHE OOBbEKTMBHOI — BOCTPEOOBAHHOCTH TaKMX KapOB OYAET TOJbKO PacTu B CBSI-
31 C MacCOBBIM PacCMpOCTpPaHEHNEeM YCTPONCTB MHTepHeTa Bellleii U TepeBoLoM BCe
60JbI1Ier0 06beMa GYHKIIMOHAA HA CUCTEeMbI Ha KpucTasute. Eciau B mocaegHme gecs-
TUJIETHSI OCHOBHBIM (POKYCOM MpY 0OYUEeHMM CIEIMATMCTOB 0 HYGPOBLIM CHUCTEMAM
OblIa TIOJIrOTOBKA ITPOTrPaMMMCTOB U (TT03[IHEe) aHAIUTUKOB JAHHbBIX, TO B OJMsKaii-
Iye rofel 6yayT Bce 6ojiee BOCTPeOOBaHbl MHKEHEPhI CO CIIelyanyu3aliieil Ha CThIKe
MIPOTPAMMMPOBAHMS Y alapaTypbl, CIIEIMATUCTBI 0 KMO6epdU3NIECKUM CUCTEMaM
" 9JIEKTPOHMKE; B HAIlleil CTpaHe UX TOTOBSIT B OTPAHUMYEHHOM KOJIMUECTBE YUEOHBIX
3aBefleHuit, MPY 9TOM OIIYIIAeTCsl CYIIeCTBEeHHbIV Ne@UIUT OMbITa U JUTEPaTyphI.
IMpepcTaBisgeTcs BaskHbIM, 4T0661 MDM HIMY BIIID cTan ogHMUM U3 IUAEPOB STOTO Ha-
MIpaBjIeHNSI B POCCUIICKOIE aKaJeMUueckoii cpeie; TakuM 06pasoM, M3JaHue pereH3 -
pyemoii kauru B «[IMK IIpecc» — BemylemM u3aaTenbCTBe, CIEUATU3UPYIONIEMCST Ha
BBIITyCKe KOMIBIOTEPHON U PAOUOTEXHUIECKO INTEePATyPbl, — SIBJISIETCSI BAXKHBIM 111a-
TrOM B 3TOM HampaBjeHUN.

Hrops Py6enoBuy AramMup3ssiH,

BuUlle-mpe3ugeHT HNY BIIID,

npodeccop daxyabTeTa KOMIbIOTEPHBIX HAyK HY BIIID,
KaH/[I. Gp13.-MaT. HayK
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1.6.2 3arpy3ka u yctaHoBka naketoB lcarus Verilog n GTK Wave
HDL-mMoaynb 1 ero onucaxue

TectbeH4 1 ero onucaHne
1.8.1 Cumynsaums ¢ ucnonb3oaHmem ModelSim
1.8.2 Cumynauma c ucnonb3osanuneM lcarus Verilog n GTK Wave

Co3paHune onuncaHms cxembl Ha g3bike Verilog HDL.
CuHTE3 cxeMmbl

1.10 YnpaxHeHus
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1.10.1 OcHoBHOE 3apaHue
1.10.2 KoHTponbHble BOMPOCHI
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I'nasa nocesujeHa ocHosam yudposozo dusatiHa u 3HaKOMUm ¢ 102U4eCKUMU 8EHMUISMU —
OCHOBHbBIMU 3leMeHMamu Yugposuix cucmem. BHauane onucsieaemcs npoekmuposaHue
npocmoti cxemol, codepxcauieti 8ce2o0 HECKOIbKO Jlo2u4ecKux eeHmuJieti, ¢ NOMOWbio epagpu-
ueck020 pedakmopa. [lanee chpoekmupoeaHa ma e cxemd, HO ¢ UCNOb308AHUEM S3bIKA
onucanus annapamypst (Hardware Description Language, HDL). Cnpoekmupo8aHHas
cxemMa nposepsemcs ¢ NOMOWbI0 CUMYAAMOPA — CNeYUAIbHOL hpozpammpl 011 mecmupo-
sanus yugppossix cxem. s mozo umoobs! ygudems, Kak pabomaem cxema «8 xceyuese», npo-
epammupyemcs. mukpocxema IVTUC (IIpoepammupyemas nozuyeckas uHmezpaivHas
cxema, Field-Programmable Gate Array, FPGA). BoinosiHu8 6ce onucavHsle uiazu, 8ol
NO3HAKOMUMECH C MUNUYHBIM UYUKIOM paspabomxu yugposoti cucmemst.

Tpe6oeaHus K annapamHeiM U NPO2PAMMHbIM Cpedcmeam

Jlna evinoyiHeHus npakmuueckux pabéom noHadobumcs cnedyioujee npozpammHoe obec-
neuenue:

e NePCOHANbHBLI KOMNbIOMeEP € YCMAaHO8IEHHOU onepayuoHHol cucmemoti Windows (sup-
myansHaa mawuxa ¢ OC Windows He nodotidem), x64, 8GB RAM, USB port;

 nakem Quartus Prime Lite Edition 17.0%;
» nakem ModelSim Altera Edition;
 npozpammei Icarus Verilog u GTKWave?.

Ipozpammst Quartus u ModelSim s6ns10mcs NAAMHBIMU, HO OHU UMem U cmydeHueckue
OecnnamHole 8epcuul, Komopole Mo2ym Oblmsb c80000HO CKAuaMsl ¢ catima npoussooumes
IITUC Altera (Intel FPGA).

Takxce 8 0aHHOM NPAaKmMukyme uUchosb3yemcss omnadouHas naama komnavuu Terasic
DEI1OLite3. Oua codepycum mukpocxemy IIVIMC xomnanuu Intel FPGA MAX10*
(10M50DAF484C7G). B nanke doc 00noJiHUMeNbHbIX MAMepuanos K Hacmosujeti nase
(https://github.com/RomeoMe5/DDLM, lab_01/doc) pasmewjerst uHcmpykyus K OGHHOLI
0mJadouHoli niame u ee 3aeKmMpuueckas cxemd (3mu xce OOKymMeHmol mMozym Ovimp 6ec-
naamuo 3azpyxceHst ¢ catima komnaruu Terasic).

Xoms 6 3mom npakmuxkyme Uchob3yemcs omaadouHas naama ¢ mukpocxemoti MAX10
om komnanuu Intel FPGA, koHuenyuu u memodonozuu, Komopole 8bl y3Haeme nNpu 8bl-
nosiHeHuu pabom, mMozym 0blime UCNONB308aHbL U Npu padome ¢ INIUC om dpyzux npous-
sodumenneti, Hanpumep Xilinx. O0Hako cnedyem yuumsieams mo, umo uHCmpymeHmet 07is
NPOeKMuUpoB8aHuUs U MUKpocxemol Ob1cmpo passusaiomcs, u nociedrue eepcuu CAIIP kom-
nanuu Xilinx (Vivado Design Suite)® 6onvuie He noddepxcusarnm cxemamuueckuii pedax-
mop, a MoJibKo paspabomiy Ha 0CHOBE A3bIK08 ONUCAHUSA ANNApamypebl.

http://dl.altera.com/?edition=lite.

VHCTa/UIATOP MOYKHO HaiTH B rarnke pkg MaTepuaioB K JaHHOI I/IaBe.
http://de10-lite.terasic.com/.
https://www.altera.com/products/fpga/max-series/max-10/overview.html.
https://www.xilinx.com/support/answers/53764.htm.

[ N
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1.1. KpaTtkue TeopeTMyeckme cBepeHus

PaccMOTpuM LMK pa3paboTKy KOMOMHAIIMOHHOTO YCTPOJCTBA, CXeMa KOTOpOro 6y-
et comepskaTh jornueckye BeHTin — VI, WJIN, HE, a Takke uckiarouaroniee VJIN. Oco-
6GeHHOCTbI0 KOMOMHALIMOHHBIX CXeM SIBJISIETCSI TO, UTO OHM BBITIOJHSIIOT TOJbKO 3a[aH-
HYIO JIOTMYeCcKyI0 GYyHKITMIO Hajl BXOIHBIMM CUTHA/IAMM, HO He COXPAHSIOT UX 3HAUeHMSI.
B cnepnymomieli miaBe Takke pacCMOTpPeHbI MOCIeN0BaTeIbHOCTHBIE YCTPOIICTBA, KO-
TOpbIe COepKaT 37IeMeHThI [IJII XpaHeHUST 3HAUeHUI, I UX COCTOSTHME TTO3TOMY MOYKET
3aBMCETh HE TOJBKO OT TEKYIIero Habopa BXOMHBIX CUTHAJIOB, HO M OT MPEIbICTOPUMN.
Jlornueckue BeHTWIN SIBJISIIOTCSI TEMM OCHOBHBIMM «KUPIIMUMKAMI», C TIOMOIIbIO KOTO-
PBIX CTPOSITCSI BCE OCTaJIbHbIE 3JIeMEeHThI IM(POBBIX CUCTEM — OT IIPOCTHIX JIEMEHTOB,
TaKMuX Kak Jermm@paTop Uau TPUTTEP, 10 CAMbIX CJIOSKHBIX — IIPOLIECCOPOB M CUCTEM Ha
KkpucTasie (system-on-chip, SoC).

st IIOCTPOEHMS YCTpOﬁCTBa Ha OCHOBE JIOTMYEeCKMX 3JIEMEHTOB HEO6XO,HI/IMO oripene-
JIUTD JIOTMYECKMe CDYHKLU/II/I, KOTOpbI€e OIIMCBhIBAIOT TpE6yeMbIe JIOTMYEeCKNe ornepaunn.
B Ta6J'[I/ILIe, HpMBO,Z[MMOf;I HIDKe, TIOKa3aHbl OCHOBHBIE JIOTMYEeCKMEe 3JIEMEHTbDI, X 060-
3HA4Y€HN, YDABHEHNUA U Ta6]’[]/[].[bl MCTMHHOCTNA.

BeHTUip CumBoOJI YpaBHeHUe Tabanua MCTUHHOCTH
A Q
A Q e
HE (NOT) —| S0 Q=A 0 1
1 0
A B Q
A Q 0 0 0
Yl (AND) @ Q=A B=A&B 0 1 0
1 0 0
1 1 1
A B Q
De -
U-HE (NAND) B Q=AB=A&B 0 1 1
1 0 1
1 1 0
A B Q
A Q 0 0 0
WJIU (OR) é} Q=A+B 0 1 1
1 0 1
1 1 1
A B Q
A Q 0 0 1
WJIN-HE (NOR) ED@— Q=A+B 0 1 0
1 0 0
1 1 0
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A
Hckmouaromiee Q _
WIN (XOR) B Q=AO®B

=1 =]

—|o|=|o|®

=1 Y [=]e)

Ha HavasbHOM 3Tare aJisi pa3zpaboTKM MPUHIUIIMAIBHON CXeMbl OYeT MCIIOIb30BaH
CXEeMOTEeXHUYECKUI pelmakTop. DTOT METOJ, CO3MaHusI IMGPOBbIX CUCTEM WCIIOIb30-
Basicst B Hauase 1980-X rofjoB U Mo3aHee GbIT BHITECHEH SI3bIKAMM OTMMCAHUS arnapa-
Typbl. OnKcaHue CxeMbl Ha SI3bIKe OMMUCAHMS almapaTypbl C MOMOIIbI0 KOMIIUISITO-
pa CMHTEe3MpyeTCsl B MPUHLUUNMAIBHYIO CXeMY, KOTOpasi B JajbHellleM peann3yeTcst
m6o Ha Mukpocxeme IIJIUC, 1160 ¢ MOMOIIBIO CIIEIMATU3UPOBAHHON MUKPOCXEMBI
(Application-Specific Integrated Circuit, ASIC). Takoit mogxon, Mo3BoJIeT 3HAUYN-
TeJbHO YBEJIMUUTH CKOPOCTh CO3IAHMUS IIMAPOBBIX YCTPOIICTB U 06€CIIeYnBaeT CYyIIecT-
BOBaHMe HanboIee MepeioBbIX COBPEMEHHBIX pa3paboTOK B BUIE CUCTEM Ha KPUCTaJLIe,
KOTOpbIE UCTIOIb3YIOTCSI B MOOMITBHBIX TesleoHaX, MIAHIIeTaX U IPYTUX YCTPOMCTBAX.
JTaHHBII TPAKTUYECKUIT KypC B MIEPBYI0 OUepelb OPMEHTUPOBAH Ha CO3JaHMe IUQpo-
BBIX YCTPOMCTB C ITOMOIIBIO SI3BIKOB OMMCAHUS alapaTyphbl.

Elle ofHMM MPEMMYIeCTBOM UCITOJIb30BAHUS SI3bIKOB OITMCAHMST AIlapaTyphl SIBIISIET-
CS1 yBeJIMUEHME CKOPOCTH OTIAAKU MTPOEKTOB. DTO MPOUCXOJUT MOTOMY, UYTO UCIIPAB-
JISITh CXeMY ropas[io JoJIbIlle, YeM KO[I, ee onuceiBaoiuii. Kpome toro, HDL comepskaT
B CBOEM COCTaBe KOHCTPYKIMMU, TTpeAHA3HAUEHHbIE [IJIST HATIICAHWS OT/IaJ0YHBIX TeC-
TOB (test bench), KoTopbie UCITOMB3YIOTCS ST CUMYJISIIVMY LIM(POBBIX YCTPOIICTB, UTO
erre 60JIbIIIe YCKOPSIET OT/IAAKY U BepUMUKAIUIO IIPOEKTOB.

Ha puc. 1.1 nmpuBemeHbl OCHOBHbBIE OIlepalyy, He06GXOAVMbIe IJIsT CO3TAHMS YCTPOIi-
ctBa ¢ ucmnonb3oBanueM IJIMC. PaccmoTpuM ux 6ojiee moapo6Ho. CHavama Heobxo-
IVIMO CO3[1aTh creludUKAIMIO UM TeEXHUUEeCKoe 3a/iaHue — JOKYMEHT, Co/iepsKaliuit
TIOJIHBIN CIIMCOK TpeGOBaHMil K YCTPOMCTBY. 3aTeM BBIMOJIHSIETCST pa3paboTKa C Io-
MOIIIbIO SI3BIKOB OMMCAHMS alapaTypbl. Ha 3ToM 3Tare MOKHO MCIIOIb30BaTh OMO/IM-
OTEKM, B KOTOPBIX MOTYT OBITh OIMCAHBI OJIOKM Pa3IMUHON CJIOKHOCTY. Jlajiee BBITTOJ-
HsieTcs BepuduKaiusi IpoekTa B CUMYJISITOpe U CMHTe3 crycka cBsizeil (netlist). Bece
ONMCaHHbIE BBINIE 3TAIMbl OTHOCAT K front end paspaboTke MMKpOCXeM WM IPOEK-
toB Ha IIVIKC. Back end mpoiiecca paspaboTku, yacTo Ha3biBaeMblIii place and route,
BK/IIOUaeT B cebs1 pa3MelleHle 3JIEMEHTOB Ha KPUCTa/Ie M Pa3sBOAKY MeXKcoemyuHe-
Huit. basa gaHHbIX pa3Boaky (Hanpumep, GDSII-daiin), mosyueHHast 1ocjae 3TOTo 3Ta-
I1a, MOXKET ObITh MCITOb30BaHa MPOU3BOAUTEIEM UMUIIOB JIJIT M3TOTOBJAEHMS CIielua-
JM3UPOBAHHOM MUKPOCXEMBI.

[TockOnbKY M3TOTOBJIEHNE MUKPOCXEM SIBJISIETCS BeCbMa JOPOTOCTOSIIIEN omepalueii,
B JAHHOM ITPaKTUUYECKOM Kypce mpejjiaraeTcst 60Jiee elieBblii METO — C MCIT0JIb30Ba-
Huem IIJIUC. IIJIUC - 3T0 criennanu3MpoBaHHAsI MUKPOCXeMa, CoAepsKallasi MaTpUIly
sTYeeK ¢ peKOHGUTYPUPYEeMOIi JIOTMUeCcKoil GyHKIMeid. Jueiika MOKeT ObITh CKOHDU-
TYpUpOBaHa JjIs1 BBITIOJIHEHMSI Pa3IMUHbIX JIOTMUECKUX (DYHKIMI: OfHA [IJIsS BbITIOTHE-
Hud onepauuu U, npyrasa — onepauun WIN u 1. 1. ®yHKUNK A4eeK U UX COefUHeHNe
MeXIy co60i1 MOTYT ObITh M3MEHEHBI U 3aIlMCaHbl B CIIELMATbHOI KOHGUTYpaIMOH-
"ot namsatu INTAC.
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Cneundpukaumsa
(noapobHoe onucaHue 3agaun)

v

Paspa6oTka \

(cospanve HDL-koga)
Bepudukauua -
(TecTupoBaHue B cpese ana S
cumynauum) = E
[<
('
CuHTes CuHTes
(cosznaHue cnucka ceasei) (cospaHue cnucka cBAasei) /
Pa3smelueHune Ha KpucTtanne PasmeLyeHune Ha KpUcTanne \
(co3panve GDSlI-caina) (pasmelLeHmne Ha kpucranne MJNUC)
J ! .
MNpoussoacTeo BpemeHHoOW aHanu3 :
(nonyveHue kpuctannos (npoBepKa BpemMeHHbIX - S
MUKPOCXEMBbI) napameTpoB NPoeKTa) o
TecTMpoBaHWE U KOHTPONb R
(KoH$MryprpoBaHKME MUKPOCXEMBI
(npoBepka MUKpoOCXeM)
nauc) V4
“ . / .
AsIC it

Puc. 1.1 Tlopsimok paspaborku mpoekToB st ASIC u FPGA

KitoueBoii KOHIIeIIIMel JaHHOTO MPaKTUYeCKOro Kypca SIB/ISIeTCS] aHa/l3 U yueT Ha
JTare MpPoeKTUPOBaHMSI BpeMeHHbBIX ITapaMeTpPOB YCTPOiCcTBa. XOTs CUTHA yepes Jio-
IMYECKMii BEHTWIb MPOXOAUT OUeHb ObICTPO (HAHHBIN IapaMeTp MCUMUCISETCS eIu-
HUIIAMMU U JeCSITBIMU AOJISIMM HaHOCEKYH/IbI), 3a7iepkKKa CUTHaIa BHYTPU BEeHTUIIS He
SIBJISIeTCS Hy/1eBOoi. TakuM 06pa3oM, CUTHATY He06X0IMMO KaKoe-TO BpeMs IJIsl TOTO,
yTOOBI IPOIITY CO BXOda Ha BbIxoxd. Ha puc. 1.2 mokasaHa 3aiepskka pacripocTpaHe-
HMS CUTHAajIa yepes3 Oydep, To ecTh TIOBTOPUTENb CUTHAA. [IaHHbII mapaMeTp JJIsT OJ1-
HAKOBBIX MMKPOCXEM MOKET BapbMPOBAThCS B 3aBUCMMOCTM OT pas3auMyHbIX (HaKTO-
pOB: OT MakcuMasibHOTO 3HaueHus tpd (propagation delay) no munMmansHoro ted
(contamination delay). [Ijis moc/ienoBaTe/bHO COeIMHEHHBIX HECKOMbKMX BEHTUIIEN
pes3yIbTUPYIONIas 3amepikka MpeacTaB/sieT cob0ii CyMMY 3afepskeK OTAeNbHBIX BEH-
TWUJIeN, U ee 3HaAUeHMe MOKeT IMPeBbIIaTh MaKCMMaabHO JOMTycTHMOoe. Jlajiee TIpu BbI-
MOTHEeHUM PaboT OymeT MOoKa3aHO, YTO MHCTPYMEHTBI CMHTE3a YUMTHIBAIOT pas36bpoc
3HAUEeHMI 3aJIepsKKM, CYMMUPYIOT 3a/IeP>KKY Ha HECKOIbKMX BEHTWISIX U T. 1. 3ajava
paspaboTuMKa — OMpeneuTb peaCTUUHbIe BpeMeHHbIe ITapaMeTphl MpoeKkTa. Ecian
TaKTUPOBAHME CXeMbI He BBIMOHSIETCS, TO Pa3paboTUnK JO/KEH pasaeauTh MPOeKT

1-6



[naea 1. OCHOBbI KOMOMHALMOHHOW NOTUMKK. MappyT pa3paboTku LMPOBbIX CXEM

Ha HeCKOJIbKO HeOO IbIINX ‘-IaCTef/i, C KOTOPbIMI OH 6Y,ZleT pa6OTaTb BO BpeMs aHaIM3a
BPEMEHHBLIX ITapaMeTpOB. Hanee B nmocjienyromux rimaBax 6Y,HET BBE€OEHO IMOHATHE TaK-
TOBOI'0, MJI CMHXPOHM3NPYIOIIEro, CMrHaJjia, KOTOprﬁ MCIIOJIb3YETCA OJIA YIIPOIIEeHNMA
CMHXPOHM3alIVM CJIOXHBIX IMOCIE€OAO0BATE/IbHOCTHBIX CXE€M ITYTEM pa3MelleHMs (bpar-
MEHTOB JIOTMKNM MEXOY permcTrpaMu.

tod

A—|>—Y i x_:\%

ted

time

Puc. 1.2 MuHMManpHasi ¥ MaKCUMaJ/IbHas 3a5€PXKKA

1.2 Ucnonb3oBaHMe CXeMOTEXHUYECKOrO peaakTopa

Quartus Prime — 3T0 MHTErpMpoBaHHas cpefa pa3paboTKM, KOTOpasi MCIIOIb3yeTCs
i mpoekTupoBaHus Ha ocHoBe IVIMC ot komnauuyu Intel FPGA. TIpoekTbl MOTYT
OT/INYATBLCS TI0 CBOEH CJIOSKHOCTM — OT MPOCTOTO YIIpaBIeHMsI CBETOAMONOM 10 CJIOXK-
HOJ CUCTeMbl Ha KpUCTaJIIe, coaepsKalieii OJJHO WJIM HeCKOJIbKO MPOLIeCCOPHBIX siaep.
Quartus comepsKUT MHCTPYMEHTHI ISl pa3paboTKy IIPOEKTa, ero CMHTe3a, pasMelnle-
HUSI HAa KpUCTa/lJIe ¥ pa3sBOIKM MeXCOoeqMHeHu (JaHHas orepalusi HOCUT Ha3BaHMe
place-and-route wiu fitting s mpoektoB Ha IIJIUC), reHepaiy KOHGUTYpaIMOH-
Horo (aiina 1 3arpy3ku 3Toro daiia B MUKpOCXeMy Ha TijaTe.

Koudurypuposanue IIJIMC — 3To mpoliecc 3ammcy orpeaeaeHHOol mocaeI0BaTeIbHO-
CTY OUT B KOHGUTYPALIMOHHYIO TIaMSITh MUKPOCXEMBI, TO €CTh ITPOTPAaMMUPOBAHMS ee
Ha BBITIOJTHEHME OIpee/IeHHOI Jormyeckoi GyHKIunu. [IoaToMy 3arpysky KoHuUry-
pauyy B Mmukpocxemy IIVIMC yacTo Ha3bIBAaIOT ITPOrpaMMypOBaHieM. BaXKHO OT/IMYATh
9TO OT MOHSITHS ITPOTPaMMMUPOBAHMST KaK Mpollecca pa3paboTKy IIPorpamMm.

1.2.1 YcraHoBka nakerta Quartus Prime
Cy1ecTByeT HECKOIBKO Bepcuii makera Quartus Prime:

+ Quartus Prime Lite Edition! - monHocThio 6ecriatHas Bepcus maketa Quartus
Prime;

e Quartus Prime Pro Edition uwin Quartus Prime Standard Edition - kommepue-
CKast Bepcusl aKeTa.

Quartus Prime Lite Edition moamepskuBaet Bce GyHKIIMM, HEOOXOIMMbIE IJIST paspa-
60TkM poekTa Ha IIVIVIC, 1 TO3TOMY B JTaHHOM IIPAKTUUECKOM Kypce 6yIeT UCI0/b30-
BaThCSI UMEHHO 3Ta Bepcust porpaMmbl. Heo6xoayimyro Bepcuio maketa Quartus Prime
Lite Edition MmoskHO ckauats c caiita Kommnauuyu Intel FPGA. B HacTosIeM mpakTude-
CKOM Kypce OymeT ucIoab30BaHa Bepcust 17.0 maHHOro makerta. Pasimuune Mexxmy Bep-
CMIMM TIAKeTa OIMMCAaHO B JOKyMeHTauuu Ha Quartus Prime2. [Ipy ckaumBaHum He-

I https://fpgasoftware.intel.com/?edition=lite.
2 https://www.altera.com/content/dam/altera-wwwy/global/en_US/pdfs/literature/po/ss-quartus-comparison.pdf.
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06X01IMO M03a60TUTHCST O TOM, UTOOBI CKauaTh He TOJIbKO caM makeT Quartus Prime
Lite Edition, Ho 1 moaepskky Mukpocxembl MAX 10, a Takke nakeT ModelSim - Intel
FPGA Edition.

B mportecce ycranoBku Quartus Prime Lite Edition Heo6xomuMo o6paTUTh BHUMA-
HMe Ha HeCKOJIbKO ITapaMeTpPOB:

e TIATIKY, B KOTOPYIO Oy/IeT yCTaHABIMBATHCS MAKeT (3KeJIaTeTbHO, YTOOBI ee MMSI ObIIO
Ha JIaTMHUILIE U 6e3 Po6esioB);

e mnoppepkuBaeMbie cemerictBa INTUC. IToamepskka pa3aIMUHbIX CEMEICTB U ompeae-
JIEHHBIX MUKPOCXEM 3aBUCUT OT BE€PCUM IaKeTa, IOITOMY Iepef ero yCTaHOBKOIA
cremyeT yoeouTbes B TOM, UYTO HeOOXomyumas MMUKpOCXeMa IOAAePsKMBAeTCsT BbI-
O6paHHOI Bepcueii maketa. lHOTma He06X0OMMO yCTaHABIMBATh Goiee cTapbie Bep-
cuu Quartus aJisg paboThI C ceMeliCTBaMM MUKPOCXEM, BBIITYCKABIIMMICS paHee;

e yCTaHaB/IMBaeMble KOMIIOHEHTbI. HacTOSITEIbHO PEKOMEHAYeTCS BbIOMPATh ITyHKT
Modelsim - Intel FPGA Starter Edition npu nactamasiuumn. 3To IO3BOIUT YCTAHO-
BUTD GecruiaTHyI0 Bepcuio makera Modelsim — MOIIHOTO cUMYISITOpA IM(PPOBBIX CU-
CTeM, UCIOIb3yeMOr0 B IPOMBIIIIEHHOCTH.

OcCHOBHbI€e 3Tallbl yCTAaHOBKM MpuUBeeHbl Ha puc. 1.3, 1.4, 1.5, 1.6, 1.7.

o Installing Quartus Prime Lite Edition (Free) 17.0.0.595
Setup - Quartus Prime Lite Edition (Free) 17.0.0.595

Welcome to the Quartus Prime Lite Edition (Free) 17.0.0.595 Setup Wizard.

The Quartus Prime software requires that your system have sufficent physical RAM to compile designs
targeting specific devices. You can chedk the "Memory Recommendations™ section in the "Quartus Prime
Software and Device Support Release Notes™ (https:/ fwww.altera. com/suppartfliteratureflit-rn. himl)
for detailed memary requirements for a particular device.

For more information about Intel FPGA software, go to http:/fwww.altera.com.

< Back

Puc. 1.3 Hauaso ycraHoBKM Quartus Prime Lite Edition
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Installing Quartus Prime Lite Edition (Free) 17.0.0535 o o |
|
License Agreement ( intel') |
|

‘You can view the full license agreement at the link below or use —install_lic option from command-ine to get the license agreement
files before the installation. You must accept the terms of the agreement before continuing with the installation.

http:/fdl.altera. com/eula

QUARTUS(R) PRIME LICENSE AGREEMENT VERSION 17.0 (WEB DOWNLOAD)

g

Copyright (C) 2017 Altera(R) Corporation. Altera, Quartus, Nios(R) I
and the Altera logos are trademarks of Intel Corporation or its
subsidiaries in the US and other countries. Any other trademarks and
trade names referenced here are the property of their respective
owners.

Certain files, programs, or other materials provided in connection
with the Licensed Software may originate or contain components from -

@) T accept the agreement
Do you accept this license?
() 1do not accept the agreement

InstallBuilder

[ <Bak | [ mea> |[ cancel

Puc. 1.4 Cornamenue o uteH3uu B Quartus Prime Lite Edition

|\ Installing Quartus Prime

Installation directory ( intel‘)

Specify the directory where Quartus Prime Lite Edition (Free) 17.0.0.595 wil be installed

Installation directory |D:\altera_lite\17.0 |

InstallBuilder

Puc. 1.5 Ha3HaueHue mamku, B KOTOpPYI0 OyneT ycraHoBieH Quartus Prime Lite Edition
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| (b Installing Quartus Prime Lite Edition (Free) 17.0.0.595

Select Components

[E=SrE e

Select the components you want to install

Quartus Prime Lite Edition (Free)
Quartus Prime (includes Mios I EDS) (7145MB)
evices

Arria II (536.5M8)

Cydone IV (516.3MB)

Cydone 10 LP (293.5MB)

Cydone V (1225.5ME)

MAX IV (13.1MB)

. MAX 10 FPGA (335.6MB)

- ModelSim - Intel FPGA Starter Edition (Free) (3981.2ME)
- [] ModelSim - Intel FPGA Edition (3981.2M8)

‘You can add additional device support to an existing
Quartus Prime software installation without having to
reinstall the entire software package. Use the Install
Devices command on the Tools menu in the Quartus Prime
software to get started.

Select a component for more information

InstallBuilder

[ <Bak | [ mea> |[ cancel

Puc. 1.6 Bri6op kommoHeHToB Quartus Prime Lite Edition

" nIogaep>KMBaeMbIX ceMeliCcTB MUKpOCXeM

Quartus Prime Lite Edition (Free) 17.0.0.595 Installation Complete

Setup has finished instaling Quartus Prime Lite Edition (Free) 17.0.0.595.
Launch USB Blaster II driver installation

Create shortouts on Desktop

Launch Quartus Prime Lite Edition

[ provide your feedback

Finish ] |

| <Back |[

Cancel

Puc. 1.7 Oxonuanue ycraHoBku Quartus Prime Lite Edition

1-10




[naea 1. OCHOBbI KOMOMHALMOHHOW NOTUMKK. MappyT pa3paboTku LMPOBbIX CXEM

1.2.2 Co3paHune npoeKkTa B CXeMOTEXHMYECKOM peaakTope

Quartus Prime paccmatpuBaer Ji00yIo cXxeMy He3aBMCUMMO OT ee pa3Mepa (0yab To He-
CKOJIbKO BEHTUJIeN WM CHCTeMa Ha KPUCTaJIIe) KakK MPoeKT (project). KaskabIil MpoeKT
COOTBETCTBYET IalKe, B KOTOPOI OH HaXoAUTCS. Bce ¢aiiibl MpoeKkTa pacrosiaraiTcst
B ITaIIKe MMPOeKTa He3aBMCUMO OT TOTO, CO3AaHbI JI OHM Pa3pabOTUMKOM WU SIBJISTIOT-
Cs1 Pe3ysnbTaToOM pabOThl KOMITMJISITOPA, ITO3TOMY PEKOMEHIYeTCsI MCII0Ib30BaTh pas-
HbIe TATIKY JIJIT pa3sHbIX MPoeKToB. Quartus Prime mMoskeT paboTaTh OJHOBPEMEHHO
TOJIBKO C OTHUM ITPOEKTOM.

Hepen CO3gaHMeM HOBOI'O ITPOEKTa HEO6XO,EU/IMO OIIpenejInMTb HEKOTOPbIE YCIIOBUSA:
¢ [IAIIKy, B KOTOpOf/i GV,HET pacIriojgaraTbCs MPOEKT Ha JMCKE;

e uMs TIpoekTa. HemomycTuMo MCIOIb30BaHNe PYCCKUX GYKB B MMEHM ITPOEKTa WK
IIyTU K HEMY, @ Tak’Ke CUMBOJIOB * & ? * < >;

e UM 0OBbEKTa BEpXHEro YpOBHS, TO €CTb MMS MOAY/JIA, KOTOprfI BBI pa3pa6aTbIBaeTe
11160 B Bue CXeMblI, 160 OIMMChIBAETE HA SI3bIKE OMMCAHUS aIlllapaTypbl;

e IIeJIeBOe CeMeliCTBO MMKpPOCXeM (B HalleMm ciaydae sTo MAX10);
 OIOJHUTENbHbIE (Haiiyibl 6UOINOTEK;
e mpyrue HeobxonuMble (aiiibl, HAaTpUMep Haiibl TecTOeHUeld.

Jnst co3anmst HOBOTO MpoekTa BoibepuTe myHKT MeHI0 File = New Project Wizard...
(puc. 1.8).

K Quartus Prime Lite Editios

[ New.. Ctrl+N
~ Open.. Crl+0

Close Cirl+F4

H
I New Project Wizard...
I

Puc. 1.8 3anyck macrepa HOBoro npoekTa New Project Wizard

IIpumeuvanme: myHKT MeHIo File = New... (M1 KHOTIKa 0 ) co3/1aeT HOBBI ¢aii, a He
HOBBIJ ITPOEKT.

SHHYCKaeTCH IIOMOIIIHMK, KOTOprf;I IIOMOTaeT CoO3aaThb IIPOEKT M BBECTU BCIO Heob6xo-
AVMYIO I/IHCl)OpMa]_U/HO. PaCCMOTp]/IM BCe OTaIllbl CO34aHVs HOBOTO IIPOEKTaA I10 IIaram.

[lepBbIii Iar Mpyu CO3AaHUM TPOEKTA — 3TO OINpeAeeHue MyTeli AJis1 pa3MelleHNsI TIpo-
eKTa 1 ero uMeHu (puc. 1.9).
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3 v I

Directory, Name, Top-Level Entity

‘What is the working directory for this project?

Driklab\lab1 E]
‘What is the name of this project?

lab1 [:]
‘What is the name of the top-level design entity for this project? This name is case sensitive and must exactly match the entity name in
the design file.

lab1 B

Use Existing Project Settings...

[ <esck ][ mets |[ Einsh || cancel |[ et |

Puc. 1.9 New Project Wizard. Illar 1

What is the working directory for this project? — Onpenenurte ums namnku, B KOTo-
poii 6ymeT pa3meInaThcs Bail MpoekT. Quartus Prime co3maeTt 60/1bI10e KOJMYECTBO
(aityioB Bo BpeMst paboThI, TIOITOMY CTPOTO PEKOMEHAYETCS] XPAaHUTb pPa3Hble MPOeK-
ThI B Pa3HBIX ITaIKax.

What is the name of this project? — Onpenenure ums rmpoekrta. YacTo paspaboTumKku
YCTAaHABAMBAIOT MMSI ITPOEKTa TaKUM 3Ke, Kak 1 uMs (aiiia BepxHero ypoBHs. ITO SIB-
JISIeTCST XOPOIIMM TOHOM.

What is the name of the top-level design entity for this project? — Onpenenute nms
(aiia BepxXHEro ypoBHsI, KOTOPbIIl MOXKET ObITh KaK CXeMOii, Tak 1 (HaiiyioM Ha sI3bIKe
omycaHus anmapartypsl. CiiegyeT o6pamiate BHMMaHMe Ha TO, UTO UM UYBCTBUTETHHO
K PEerucTpy.

Use Existing Project Settings... — lcrnonb30BaTh apaMeTpsl yKe CyIeCTBYIOIEro
MIpOeKTa U HeT.

Ha BTopom miare (puc. 1.10) Heo6xoamumo Bbi6paTh Empty project, ecyiu it co3gaHmst
MPOEeKTa He MCITO0Ib3yeTCs MabJIoH.
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COT=r=i e e

Project Type

Select the type of project to create.

@ Empty project
Create new project by specifying project files and libraries, target device family and device, and EDA tool settings.
© Project template

Create 2 project from an existing design template. You can choese from design templates installed with the Quartus Prime software, or
download design templates from the Design Stare

[ <msck | [ weas |[ mmsh [ concet || mep

Puc. 1.10 New Project Wizard. [llar 2

Iuarnor, mpuBeAeHHbIN Ha puc. 1.11, onpenenseT JOTOTHUTE/IbHBIE OMOINOTEKN WK
(aiisel IOTB30BaTEST, KOTOPBIE MOTYT OBITH MOAK/IIOUYEHBI K MPoeKTy. K mpoekTy mo-
ryT OBITH AOOaBIeHbl Ghaiiabl Takux TUMoB: rpaduueckue (.bdf, .gdf), daiiier ¢ onm-
caHueM Ha si3pIKax ommcaHus amnmapatypbl (VHDL, Verilog, SystemVerilog), daii-
a1 EDIF-hopmara. IIpyu 3TOM HeT Heo6X0IUMOCTHU N06aBISITh (Haiibl, HAXOASIIIMECS
B paboueii marnke mpoekta. Takke MOKHO MOIKITIOUNUTD K MTPOEKTY GUOIMOTEKM TT0Tb-
30BaTesisa ¢ momolnbio KHonky User Libraries....

B 9T0I1 MpakTHUueckoii paboTe He HYKHbBI JOTIOJHUTE/IbHbIE (Daiiyibl, TOITOMY JaHHBIN
11ar MOKHO ITPOITYCTUTb.
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S )
Add Files

Select the design files you want to include in the project. Click Add All to add all design files in the project directory to the
project.

Note: you can always add design files to the project later.

File name: E] Add
. x

FileName Type Library Design Entry/Synthesis Tool HDL Version Remove

Up
Down

Properties

Specify the path names of any non-default libraries.

[ <msck |[ meas |[ Emish || cancel || hebo ]

Puc. 1.11 New Project Wizard. Illar 3

B cnepylomem OKHe ciefyeT 3aaTh HY>)KHOE C€MeCTBO MMKPOCXEM UM KOHKPETHYIO
MMKPOCXeMY U3 3TOTO cemeiicTa (puc. 1.12). Tak kak paboTa OpreHTMPOBaHa Ha IuIa-
Ty Terasic DE10-Lite FPGA, Hy>kHO BbIGMpaTh Mukpocxemy 10M50DAF484C7G, kak
3TO TIOKA3aHO Ha PUCYHKe. BbIOOP MUKPOCXeMbl KOHKPETHO C TaKMMM TTapamMeTpamu
OuUeHb BakeH, TaK KaK B 0003HAYEHUU MUKPOCXEMbI 33/al0TCSI KOJIMYECTBO BEHTMU-
neit, Tun Kopmyca (Package), konnuectso BbiBOAoB (Pin count) 1 rpagannsi CKOpoCTU
(Core speed grade), mosTomMy Apyrasi MUKpOCXeMa U3 3TOTO JKe ceMeiicTBa 6yIeT oT-
JINYATBCSI OT HYKHOI, UYTO MOXKeT IIPMBECTU K COBEPIIEHHO MHBIM pe3ylbTaTaM KOM-
munsinyn. Kpome Toro, eciu BIOPATh He TY MUKPOCXEMY, 3TO He TIO3BOJIUT CKOHUTY-
pUpOBaTh MUKPOCXeMY Ha OTIaJOUHOI I1aTe. BpeMeHHbIe TapaMeTpbl MUKPOCXeMbI,
MCII0/b3yeMble ITPY KOMIIWISIIMK [TPOEeKTa, ONpeessiioTcs mapametTpom speed grade.
DTOT MmapaMeTp He OIMMCHIBAET 3a[ePKKy CUTHAJIA B MUKPOCXeMe, a CITYKUT IJisl 060-
3HaUeHUsT 6osiee OBICTPBIX WM Gosiee Me[JIeHHBIX MMKpocxeM. Tak, MUKpOcxemMa €O
speed grade 4 6bpicTpee MUKpocxeMblI co speed grade 5.

3ameuaHue: 1cnosnb3yiite uibTp npu noucke (Show in ‘Availble devices' list), uto-
OBl YIIPOCTUTD MTOUICK MUKPOCXEMBI B CITUCKE.
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" e it vt R, =]

Family, Device & Board Settings

Device Board

Select the family and device you want to target for compilation.

You can install additional device support with the Install Devices command on the Tools menu.

To determine the version of the Quartus Prime software in which your target device is supported, refer to the Device Support List webpage

Device family Show in 'Available devices' list
Eamily: [MAX 10 (DA/DF/DC{SA[SC) = ] Package [-‘\"Y - ]
Device: IMAXWDA = Pin count: [434 v]
Target device Core speed grade: [7 2 I
Auto device selected by the Fitter Name filter:
@ Specific device selected in "Available devices' list Show advanced devices
Other: nfa

Available devices:

Name Core Volage LEs Total I/Os GPIOs Memory Bits Embedded multiplier 8-k “
10M40DAF48417G 1.2V 40368 360 360 1290240 250
'
10M50DAFA484I7G 1.2V 49760 360 360 1677312 288 E
10M50DAF484I7R 1.2V 49760 360 360 1677312 288 -
< m ] 3
[ seak |[ nea> J[ mnish |[ cancet |[ mep |

Puc. 1.12 New Project Wizard. Illar 4

Crenyromuit [yanor onpezessieT HeCTaHIAPTHBIE CPeCTBa /sl OTINagKM, BepuduKa-
Iy U cuHTe3a (puc. 1.13). 3mecb HU4ero MeHsITb He HYKHO.

(S eremavers S ==
EDA Tool Settings

Specify the other EDA tools used with the Quartus Prime software to develop your project.

EDA tools:

Tool Type Tool Name Format(s) Run Tool Automatically

Design Entry/Synth... | <None> [ <None> ~ [ Run this tool automatically to synthesize the current design
Simulation <None> > | <Mones ~ ] Run gate-level simulation automatically after compilation
Board-Level Timing <MNone> -

sy
Boundary Scan <None> -

[ < Back “ Next > ” Einish H Cancel H Help

Puc. 1.13 New Project Wizard. lllar 5

IMocegHMIt AMANIOT BBIBOAUT CyMMapHYIO MHGOPMAIMIO 0 BBIOPaHHOI KOHDUTYparm
HOBOTO TIpoeKTa (puc. 1.14). 3To OKHO He TpeOyeT HUKAKUX AeMCTBUI U CITYXKUT ISt
IIPOBEPKM KOPPEKTHOCTY YCTAHOBOK, 3aJaHHBIX Ha MIpeablaylinX marax. Eciy Bce coe-
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I'naea codepicum 6azosvie ceedeHUs 0 pa3NUUHbIX CNOCOOAX peanusayuu Myabmuniekcopos,
0eMYJIbINUNJIEKCOPO8 U CeIeKMopos, 06 0COOEHHOCMSX 2PAMOIMHO020 «CMU pa3pabomxu
koda» (coding style) na Verilog, a maxxce npugoosmcs npumepsl 603MONCHbIX OWUUOOK, KO-
mopeole pazpabomuuxku mMozym 0onyckams, u nymu ux ucnpaeexus. Beodumcs noHsmue
MOOYIBHOCMU, NpUeedeH Npumep UCNOJIb308AHUS OUPEKMUB KOMNUAAMOPA, d Mmaxkxie no-
KasaMo, Kak co30asams hapamempusuposaxHsie MoOYauU ¢ NOMOUbI0 NAPAMEMPO8.

Tpe6oeaHus K annapamHeiM U NPO2PAMMHbIM Cpedcmeam

JIna evinoniHeHuUs npakmuueckux pabom eam noHadoobumcs cnedyioujee NPo2pammHoe U an-

napamHoe obecneuerue:

*  NEepPCOHAbHBLL KOMNbIOMeEp C yCMAaHo8eHHOU onepayuoHHoti cucmemoti Windows (sup-
myanvHaa mauwiuxa ¢ OC Windows He nodoiidem), x64, 8GB RAM, USB port;

« naxkem Quartus Prime (ecmb cmydeHueckas eepcus);

e nakem ModelSim Altera Edition unu npozpammesl Icarus Verilog u GTK Wave;

e omuaadounas naama komnavuu Terasic DE10Lite unu opyzas omaadouHas niama Ha
ocHoge IUTUC Intel FPGA unu Xilinx (Moxem nompe6o8amuscs Muzpayuis npoekmos,
ec/iu OHa ewe He cOesIaHa 8 00NOJIHUMENbHbIX Mamepuanax' k daHHoil KHuze).

4.1 lMNpoekTMpoBaHMEe MYNbTUNNEKCOPOB

MyabTumiekcopom (MUX) HasbIBalOT KOMOMHALIMOHHOE JIOTMYECKOe YCTPOIICTBO,
npegHa3HaYeHHOe IJ151 YIIpaBAeHus mepefaveil JaHHbIX OT HEeCKOJbKUX UCTOYHUKOB
Ha OAVH BBIXOOHOV KaHajd. B COOTBETCTBUU C ompenesieHMeM MYJIbTUILIEKCOD TO-
>KeH MMeTb OAMH BBIXOM M JBa TUIIa BXOAOB (MHGOPMAIMOHHBIN M ajipecHblif). Ko,
MOCTYNAIOIMII Ha afpecHbIii BXO/I, oIipeiesisieT, Kakoil 13 MH(POpMallMOHHbBIX BXOIOB
B JaHHbBII MOMEHT MOAK/IIOUEH K BbIXOAY. EC/M KOJIMYEeCTBO aipeCHbIX BXOJ 0B MYJIbTU -
IJIeKCopa paBHO N, TO MaKCMMa/IbHO BO3MOKHOE KOIMYECTBO ero MHMOPMAaIMOHHBIX
BXOZIOB OyzmeT 2™, Takoi MyJbTUIUIEKCOP HA3bIBAIOT MOJJHBIM, a eC/IM MHGOPMAaIMOH-
HbBIX BXO/IOB MEHbIIIe — MYJIbTUIIEKCOD HEMOTHBIN.

CremgyeT XOpOIo MTOHMMATh, UTO MYJIbTUIIIEKCOD SIBJISIETCS KOMOVHALIVIOHHBIM YCTPOTi-
CTBOM, a He IOCIed0BaTeTbHOCTHBIM. TO 3HAUMT, UTO M3MEHEeHMe CUTHAJIOB Ha BXO-
e MyJIbTUIIEKCOpAa HEeIOCPeCTBEHHO BeYyeT M3MeHeHMe Ha BhIXOofe (Uuepe3 BpeMms,
ompeesisieMoe 3aep>KKO pacripoCcTpaHeHNsT CUTHAIA).

4.1.1 OpHO6UTHBIN MynbTUNNEKCOp 2B1

PaccMOTpMM pasiauMyHblie CIIOCOObI CO3IaHMs MY/IbTUIUIEKCOPOB Ha MpUMepe IBYXBXO-
IIOBOTO OAHOGUTHOTO MYJIbTUIIIEKCOPA. MYIbTUIIIEKCOP MMeeT ABa OJHOOUTHBIX MH-
bopmanmonnsix Bxoma d0 1 d1, ooy agpecHbIii Bxo sel 1 0MHOGUTHBIN BBIXOZ, Ha
KOTOpbIii KoMmMyTupytoTcs dO mmm d1 B 3aBucumMocTy or sel.

ITOCKOIBKY YCTPOCTBO KOMOVHALIMOHHOE, TO €r0 BCerna MOXKHO OMMCaTh B BUIe KOM-
O6uHALMOHHO GyHKUMM B 6asuce «U», «<UJIN», <HE». B paccMaTpuBaeMoM MIpuMepe
(yHK1UIMS MMeeT cieayIonnii BUI :

1 https://github.com/RomeoMe5/DDLM.
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y = (sel & d1) | ((~sel) & d0).

IMpumep mpocTeiimeii peanusauyu MyJIbTUILIEKCOpa Ha s3bike Verilog mpuBemeH
HIDKE:

module bl mux_2 1 comb

(

input do,

input di,

input sel,

output y
);

assign y = (sel & dl1) | ((~sel) & do);
endmodule

JIuctuHr 4.1 KoMGMHAIMOHHBI MyIbTUILIEKCOD 2B1

Ecnm KomuecTBO BXOZ0B MYJIbTUIZIEKCOPA M UX Pa3psaagHOCTb 60)’[]’:;]].[6, YyeM B IIpMBe-
AJ€HHOM IIpuMepe, TO CMHTE3 KOM6I/IH3LU/IOHHOI7[ Cl)yHKL[I/II/I, OHMCbIBaIOH_IEﬁ MYJIbTU-
IIJIeKCOpP, CTAHOBUTCA HETpMBMaHbHOﬁ 33,[[3‘16]7[. HOSTOMY MYJIbTUIITIEKCOPBI 00OBIYHO
peanmn3yroT Opyrmmm criocobamu.

OnHO 13 BO3MOSKHBIX pelleHN 1 — MCII0JIb30BaHye TePHapPHOTro omepaTopa (ornepaTopa
BbIOOpA). OHO TPOJIEMOHCTPUPOBAHHO B CJIETYIONIEM IIPUMEpE:

module bl_mux_2_1_sel

(

input do,

input di,

input sel,

output y
);

assign y = sel ? d1 : do;
endmodule

JIuctunr 4.2 MynbTuisiekcop 281 Ha OCHOBe TepHapHOTO OrepaTopa
DTOT 5Ke MYJIbTUIIEKCOP MOYKHO peasan30BaTh 1 C IOMOIIbIO YCIOBHOTO orepaTopa (if):

module bl mux_2 1 if
(

input do,

input di,

input sel,

output reg y

always@(*)
begin
if(sel)
y = dl;
else
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y = do;
end
endmodule
JInctuHr 4.3 MynbTuiiekcop 281 Ha OCHOBe YCJIOBHOTO oIlepaTopa

Hamnbonee npe,unhoMTeanoﬁ peannsaumef/{ SABJISIETCS MCIIO/JIb30BaHMe oOIlepaTopa
MHO>XeCTBEHHOTO BbIGOpa (case), TIOCKOJIbKY OH ITO3BOJIAET IIPOIIE BCEro OIMMCbhIBATH
CJIOKHbI€ MYJIBTUIIJIEKCOPDBI OJIA 60JIBILIOTO KOINUYECTBA BXOOOB:

module bl mux_2 1 case

(
input do,
input dil,
input sel,
output reg y
);
always@(*)
begin
case (sel)
0: y = do;
1.y =d1;
endcase
end
endmodule

JIvictuHr 4.4 MynpTuiiekcop 281 Ha OCHOBe orepaTopa MHOKEeCTBEHHOTO BhIGOpa

Hpe,zwaraeMbIe peanmn3anyy MYyJIbTUITZIEKCOPOB BBITIOJIHAKT OOHY U TY XK€ (bYHK]_U/IIO,
B YeM MOJKHO Y6Q,ZI,I/ITbC5{, IIpoBenasi MOoaoe/IMpoOBaHMeE:

- Msgs
¥ ftestbench/a 0 L =
¥ ftestbench/b 1 f | I I I I
& ftestbenchysel 0 _— [
¥ ftestbenchfy_comb | Sto — ] [ . N I
& ftestbenchyy_sel St0 — [ [ I R I I
¥ ftestbenchfy_if sto . ] [ . N
¥ ftestbenchiy_case _| Sto ——T I [ N I
o T T T T T T T T T T T T T T
430 iy 35000 ps | g 5000 ps 10000 15000 ps 20000 ps 25000 ps 30000 ps 35000 ps
240 Cursor 1 11000 ps 11000 ps
] ] Hid ‘ !
0 ps to 36800 ps | y
Signals— Waves
X 10|ns 20|ns 30|ns
Time N e e e e S B D I B D B B D B B
a
b
sel
y_case
¥_comb
y_if
voo | —

Puic. 4.1 Pe3ynbTaThl MOAEIMPOBAHNS PA3IMUHBIX Peaan3alnii OGHOOUTHBIX
MYJIBTUIIEKCOPOB 2B1
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ek —————
testbench

End time: 11:21:44 on Nov 12,2017, Elapsed time: 0:00:00

Errors: 0, Warnings: 0

wvsim work.testbench

Start time: 11:21:44 on Nowv 12,2017

Loading work.testbench

Loading work.bl mux 2 1 comb

Loading work.bl mux 2 1 sel

Toading work.bl mux_2 1 _if

Loading work.bl mux 2 1 case

a=0 b=1 sel=x y_comb=x y_sel=x y_if=0 y_case=x

a=0 b=1 sel=0 y_comb=0 y_sel=0 y_if=0 y_case=0

a=0 b=1 sel=1 y comb=1 y sel=1 y if=1 y case=1

a=0 b=0 sel=1 y_comb=0 y_sel=0 y_if=0 y_case=0

a=0 b=1 sel=1 y comb=1 y sel=1 y if=1 y case=1

R e Rtk R e R R R e R R R h he

Puc. 4.1 (IIpopomxenue)
Comepkumoe TecToeHYa (TeCTOBOTO OKPYKeHMST) TIPUBEIEHO HIDKeE:

“timescale 1 ns / 100 ps
// testbench is a module which only task is to test another module
// testbench is for simulation only, not for synthesis
module testbench;

// input and output test signals

reg a;

reg b;

reg sel;

wire y_comb;

wire y_sel;

wire y_if;

wire y_case;

// creating the instance of the module we want to test
bl_mux_2_1_comb bl_mux_2_1_comb (a, b, sel, y_comb);
bl_mux_2_1_sel bl _mux_2_1_sel (a, b, sel, y_sel);
bl_mux_2_1_if bl mux_2_1_if (a, b, sel, y_if);
bl_mux_2_1_case bl_mux_2_1_case (a, b, sel, y_case);

initial
begin

a=100;
b = 1’bl;
#5;
sel = 1’'b@; // sel change to 0; a -> vy
#10;
sel = 1'bl; // sel change to 1; b -> vy
#10
b = 1'b@; // b change; y changes too. sel == 1’bl
#5
b = 1’bl;
#5; // pause
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end
// do at the beginning of the simulation
// print signal values on every change
initial
$monitor("a=%b b=%b sel=%b y_comb=%b y_sel=%b y_if=%b y_case=%b",
a, b, sel, y_comb, y_sel, y_if, y_case);
// do at the beginning of the simulation
initial
$dumpvars; //iverilog dump init
endmodule

JIuctuHr 4.5 TecT6eHY 711 MOEIMPOBAHNS PA3IMUHBIX Peanu3aluii OTHOOUTHBIX
MYJIBTUIIEKCOPOB 2B1

Pasnuums 3aK/II04YaI0TCS JIMIIL B TOM, YTO MYJIbTUILIEKCOP Ha OCHOBe omeparopa if nH-
TepIipeTUpyeT HeolpeaeaeHHbIi curHaa sel (1’bx) kak 0 ¥ COOTBETCTBEHHO KOMMY-
Tupyet 0-J1 BXOJ Ha BBIXO[, KOIZIa B OCTAJbHBIX CAyYasix Ha BbIXOJE — HeoIpeeseH-
HOE COCTOSIHME.

HecMOTpss Ha TO UTO MYJIBTUIUIEKCOPBI paboTailoT omuHakoBo, ux RTL-peannsa-
Ms (CXeMOTeXHMYecKoe MpeacTaBjieHe mociae Koupeptaiuyu B RTL-kom) B Quartus
Prime omimuaeTcs:

b1_mux_2_1_case:b1_mux_2_1_case 17ho
CLOCK_50 [ > DRAM_ADDR[12..0]

[ Decocen
CLOCK2_50 <" CLOCK4_50
20 [ sell Ingo) OUT[1. o
SWI..01 [Cr— ,I—D LEDR([2..0]
CLOCK3_50 [ > e | ol =
;géiﬂB_T a1 1 ¥ 2N oram_BAl1.0]
PO —, pRAM_CAS N

b1_mux_2_1_comb:bl1_mux_2_1_comb 1'hDD DRAM_CKE

£ "=, praM_cLk

~0
4 y -
Tho
L] [ DRAM_CS_N
0 a0l y~1 <_» DRAM_DQ[15..0]
== Tho
= > DRAM_LDQM

@

b1_mux_2_1_ifb1_muse_2_1_if 1'“DD DRAM RAS N
= 1ho
sel [ DRAM_UDQM
1h0
¥ [ DRAM_WE_N
u o0/ S v £ GRIO_0[25..0]
! a d <> GPIO_1[35..0]
7ho
- [y HEXD[S..0]
b1_mue_2_1_sel:b1_muwe_2_1_sel Tho
E‘i [y HEX1[8..0]
7ho
=2l > HExZ8..0]
¥ 7ho
[ @ o [ HEX3[8..0]
b \
7ho
! a d [y HEx4[8..0]
7ho
e [ HEXS[8.0]

Puc. 4.2 RTL-mipencTaBiieHue pas3ayyuHbIX peann3aniuii OGHOOUTHBIX MYJIbTUILIEKCOPOB 2B1

KoM6MHAIMOHHBIV MYJIbTUILIEKCOP TIPEACTAB/SIETCS B BUIE COeIVHEHMS JIOTUUeCKUX
5JIEMEHTOB, a case — B BUJle MYJIbTUIUIEKCOPa, Ha BXO[, KOTOPOIO MOCTYyIlaeT ITeKOL M-
poBanHblii curHai sel. IF u SELECT peanu3aiiyy MyJIbTUILIEKCOPOB TTPEICTaBISIIOTCS
OLMHAKOBO B BUJle MyJIbTUILIEKCOPA.
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TeM He MeHee JIOTMKA PabOThI BCeX peann3anyii MyJIbTUIIEKCOPOB OMHAKOBA, a TP
CUHTe3e 10607 13 MyJbTUIIEKCOPOB GyIeT peajn30BaH OOMHAKOBO KaK YaCTh KOM-
GMHALIMIOHHOIO 6JI0KA.

Editing Mode: [ECO - 10M50DAF484C7G =] [Node Properties @s

+ Selected elements: [y~0 -

B,
B 8
B b -]
- - M -— = = B - B
~ = g E E :
= = E
= — = = C
THHHH | HHEE
2] = = —— = -~
= — = — UL = E 2 VK
- Properties/Modes Values
= = M1 E E Full Name lab4lb1_mux_2_1_comb:b1_mux_2_1_combly~0
= = = E Coordinate (50, 53)
= o= = C Resource Type Combinational cell
= = = 3 Location LCCOMB_X50_Y53_N16
= = = = ] = E Location Assignment No

SumLUT Mask  AFAQ

CamyLUTMask  N/A

Operation Mode  nomal

5 Latch Type none

Sum Equation AS&(CED)#A&ICED
= Carry Equation NIA

11!
)
i

11

I

THATHTHITH

IRt

[EEATR

Puc. 4.3 Mynbruruiekcop 281 B Chip Planner Quartus Prime
[ononHutenbHoe 3aAaHue Ana CaMoCTOATE/IbHOM PaboThbl

VccnenyiiTe paboTy U MPOBEINUTE MOJEIMPOBAHME elle OTHO BepCuy OgHOOGUTHOTO
MYJIBTUILIEKCOPA, PeaTM30BaHHOIO C TIOMOIIIBIO OMepalyy KOHKaTeHAIIUN:

module bl mux_2 1 concate
(

input do,

input di,

input sel,

output y

wire [1:0] dataln;

assign dataIn = {d1,do};

assign y = dataIn[sel];
endmodule

JInctuHr 4.6 MynbTuiiexcop 281, peann30BaHHbIV € IOMOLIBIO Ollepaly KOHKaTeHalu

4.1.2 OByx6uUTHbIN MynbTUNNEKcop 281

B pacCMaTpMBAE€MbIX BbIIIE ITPMMeEPAX BXOObl MYJIBTUILZIEKCOPA ABJIAINCDH O,I[HO6I/ITHbI-
MU, eC/IN K€ MX pa3sMepHOCTb BbIIIE (Haan/lMep, 2), CJIeayeT y4UTbIBATb, YTO TaKME
BXOObI ABJISAIOTCS IIMHAMM.
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B cdiydyae peains3auuy MYJIbTUIINIEKCOPOB, MCIIOJIb3YIOMINX OII€PATOPbI if mmn case,
CJIOKHOCTEN He BO3HMKAET, ITOCKOJIbKY pa3mMepbl BXOJOB M BbIXOOOB ITPOCTO YBEJIMYIN -
BalOTCA:

module b2 mux_2 1 sel
(
input [1:0] do,
input [1:0] d1,
input sel,
output [1:0] vy

);
assign y = sel ? dl : do;
endmodule
module b2 mux_2 1 if
(
input [1:0] do,
input [1:0] 41,
input sel,
output reg [1:0] vy
);
always@(*)
begin
if(sel)
y = dl;
else
y = do;
end
endmodule

module b2_mux_2 1 case
(
input [1:0] dO,
input [1:0] d1,
input sel,
output reg [1:0] vy

);
always@(*)
begin
case (sel)
0: vy = do;
1.y =d1;
endcase
end
endmodule

JIvictuHr 4.7 [ByXOGUTHBIN MyJbTUILIEKCOP 2B1, peasn30BaHHbIA C TOMOIIbIO
pa3IMUYHbBIX OIlepanuit



[naea 4. MynsTunnekcop, AeMynsTUNNEKCOp U cenekTop. [TocTpoeHne nepapxmyecknx Moayneu

C KOMOMHAIIMOHHBIM MYJIBTUIIZIEKCOPOM CYIIECTBYET OITACHOCTh CHeNIaTh IPyOyIo
oIM6KY, KOTOpast ceyiaeT paboTy MyJIbTUILIEKCOPA HEKOPPEKTHOIA.

module b2_mux_2_1_comb_incorrect

(

input [1:0] do,

input [1:0] d1,

input sel,

output [1:0] vy
);

assign y = (sel & dl1) | ((~sel) & do);
endmodule

JIuctuHr 4.8 HeKoppeKTHbI KOMOMHAIIVIOHHbII IBYXOUTHBII MYyIbTUILIIEKCOD 2B1

\ 4

= Msgs |
= [testbench/a 00 {00
[+ 4 ftestbench/b 10 (11 J10 o
¥ Jtestbench/sel 1 e, |
3 [testbench/y_comb_correct1 10 — o 1
w ftestbench/y_comb_correct2 10 —— {00 1
[« [testhench/fy_sel 10 — {00 111

I

I

I

[+ [+

i i
1 1
Y 110 Tot
(=i« Jtestbench/y_if 10 {00 11 110 To1
[+ 4 ftestbench/y_case 10 —{w 11 10 To1
(4} Q ftestbench/y_comb_incorrect 00 lox oo 01 Too i
|||||||||||||||||| [ N A N A I
s Now 1000 ps |\ 10000 ps 20000 ps 30000 ps
240 Cursor 1 (400 ps 27400 ég

Puic. 4.4 Pe3ynbTaThl MOAEIMPOBAHYS IBYXOUTHOTO MYJIBTUILIEKCOPA 2B1

CJ'IE,ZLYET OTMETUTDb, UTO B OJAHHOM IIpMMeEpE MCIIOJIb3YIOTCS MMOGUTOBbBIE ornepannmn,
B CBA3M C 4YeM HaJO CJIEAUTb 3a Pa3MEPHOCTbIO YUACTBYIOIIMX B HMX OIIE€PAHOOB, UYTO-
OblI He IMOJIYUYUTb HeO)KI/I,I[aHHbe/i pe3yabTar.

HpI/IMepr HpaBMHbHOﬁ peannsannmn KOM6I/IHaLU/IOHHOI‘O MYJIbTUILZIEKCOPa MPUBEOEHDI
HIDKe:

module b2_mux_2 1 comb_correctl
(

input [1:0] do,

input [1:0] d1,

input sel,

output [1:0] vy
);

assign y[0@]

assign y[1]
endmodule

(sel & d1[0]) | ((~sel) & dO[0]);
(sel & d1[1]) | ((~sel) & dO[1]);

module b2_mux_2_1_comb_correct2

(
input [1:0] do,
input [1:0] 41,
input sel,
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output [1:0] vy

wire [1:0] select;

assign select = {2{sel}};

assign y = (select & dl1) | (~select & do@);
endmodule

JIictuHr 4.9 TIpaBWIbHBI KOMOMHAIIVIOHHBI IBYXOUTHBIN MYyIbTUILIEKCOD 2B1
[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl
CuHTe3MpyiiTe BBIIIEYIIOMSHYTbIE peaausaluy MyJbTUIIeKCOpoB B Quartus Prime.
Paccmorpute ux npencrasiennue B RTL Viewer, 00bsICHUTE, B UeM COCTOUT OLIMOKA
B moayie b2 mux_2 1 comb_incorrect (iuctuHr 4.8).
4.1.3 [OByx6uTHbIN MynbTUnNekcop 481

Korma KonmuecTBO BXOIOB YBEeIMUYMBACTCS, YBeIMUMBACTCS TaKKe U IIYPMHA BXOOHO-
ro curHasna select. Pazmep Takoro curaaia 3aBUCUT OT KOIMYECTBA MHPOPMaLIOHHBIX
BXOJI0B ¥ MOJKET OIpeJieNiAThCs ypaBHeHneMm: Ny, = [log,N].

Takue MYJIbTUIVIEKCOPBDI Jierye BCEro peaiMm3yITCA C TIOMOIIbIO OIlepaTopa case:

module b2_mux_4_1 case

(
input [1:0] do, d1, d2, d3,
input [1:0] sel,
output reg [1:0] vy
);
always @(*)
case (sel)
2'b00: y = do;
2'b01: y = di;
2’b10: y = d2;
2’bll: y = d3;
endcase
endmodule

JIvictuHr 4.10 [IByXGUTHBIN MyJIbTUILIEKCOD 4B1, peann30BaHHbI
C IIOMOILBIO OIlepaTopa case

Huke ImpencTaB/ieHa elle OgHa BepCusd ,Z[BYX6I/ITHOI‘O MYJIbTUIIZIEKCOPA 4B1, peannso-
BAaHHOTO Ha OCHOBE TEPHAPHOTO OIlepaTopa:

module b2_mux_4_1_sel

(
input [1:0] do, di, d2, d3,
input [1:0] sel,
output [1:0] vy

);
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assign y = sel [1] ? (sel [0] ? d3 : d2)
: (sel [0] ? dl1 : dO);
endmodule

JIuictuHr 4.11 [IByXGUTHBIN MyJIbTUILIEKCOD 4B1, peann30BaHHbI
C IIOMOILBIO YCIIOBHOT'O OIlepaTopa

4.1.4 Uepapxuyeckuii Noaxoa npu NpoeKTMpoBaHuu LUGpPOBbIX CUCTEM

HWcronb3oBaHne TE€PHAPHOTIO OIlepaTtopa C YBEJIMYEHHbIM KOJIMYECTBOM BXOJOB IIPU-
BOIOUT K TPYOHOUMUTAEMOMY KOLY. VJIY‘JIJ.II/ITb YNTaeMOCTb KOJa MOXXHO ITyTE€M MCIIOJIb-
30BaHMs MepapxXmyeCKoro nmoaxogd, B KOTOpOM 60Jj1ee CI0KHbIE MOOYyJ/JIN IIOCTPOEHbBI
Ha 6oyee MIPOCTBIX MOAYJIAX. 9TOT METO[, SAIBJISIETCS 06]].[I/IM U IIpMMEHSIETCS HE TOJIBKO
AJIsI MYJIbTUITJIEKCOPOB.

PaccMOTpMM CJIeIYIONIYIO peann3alnyio IBYXOMTHOTO MYJIbTUILIEKCOpa 4B1, mocTpo-
€HHOT'O Ha OCHOBE IBYXOMTHOIO MYJIbTHUILIEKcOpa 2B1 (incTuHr 4.2), pa3paboTaHHO-
ro B pasgene 4.1.1:

module b2_mux_4_1_block

(
input [1:0] do, di, d2, d3,
input [1:0] sel,
output [1:0] vy

wire [1:0] wOl, w23;

b2_mux_2_1_sel mux0(.d@(dd), .d1(dl), .sel(sel[@]), .y(w@l));

b2_mux_2_1_sel mux1(.d@(d2), .d1(d3), .sel(sel[@]), .y(w23));

b2_mux_2_1_sel mux2(.dO(w@l), .d1(w23), .sel(sel[1]), .v(vy));
endmodule

JIictuHr 4.12 [IByXOGUTHBIN MOLYIbHBIN MYyIbTUILIIEKCOD 4B1

PEBYJIbTaTbI MOOe/JIMPOBaHMA BCEX MPENCTABJI€HHBIX BAPMAHTOB MYJIbTUINIEKCOPOB CO-
BIIagaroT:

- Msgs |

(= ¥ ftestbench/fa 00 (oo

|+ 9 ftestbench/b 01 (o1

1=/ ¥ [testbench/c 10 |10

=4 ftestbenchyd 01 |11 110 Jo1

(=4 ftestbenchysel 1 |——00 Jo1 T10 T11

(=) [testbench/y_sel 01 —{oo fo1 T10 111 110 fo1

[z 4 ftestbenchyy_block 01 |00 fo 10 111 T10 fo

(= ¥ ftestbenchfy_block_alt |01 — (oo o1 T10 111 110 o1

=) 4 ftestbenchfy_case 0 |[—oo o1 T10 111 110 o1

. vovvrrrncberrrrrreebevrcreocbecorrcreebcrvr e ccbevercoeecbrrvrevr e bovvrvveccbororrrcee bovvcoveon boorecn o b

30 Now ID0 ps | ¢ 10000 ps 20000 ps 30000 ps 40000 ps 50000 ps

S#0 Cursor 1 i00 ps lﬁm

Puc. 4.5 Pe3ynbpTaTbl MOJeIMPOBAHMS PA3IMUHBIX peann3alnii MyJIbTUILIEKCOPOB 4B1
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PEBYJIbTaTbI CMHTe3a Pa3/IMYHbIX peanmaumﬁ MYJIbTUIIVIEKCOPOB CYIIE€CTBEHHO pa3Jjin-

b2_mux_4_1_blockb2 mux 4 _1_block

b2_mux_2_1_sekmux0

b2_mux_2_1_selmux2

y-[1.0] -
oi
11.0]
7

y11.01

YalTCs:
4T tant
4 O Instances 8
4 O b2_mux_4_1_block:b2_mux_4_1_block
4 @ Instances . -l
» B b2_mux_2_1_sel:mux0 SWO.0|[— 10 _aort.ol
> B b2_mux_2_1_sel:mux1 2 ai1.0) ] oo
b B b2_mux_2_1_sel:mux2 ell1.0] | 1.0
b = Ports
1> O b2_mux_4_1_case:b2 mux_4_1_case KEY[1..0] [t
> B b2_mux_4_1_sel:b2_mux_4_1_sel
b = Ports 54 a0
I 431..0]} 0 sel|

b2_mux_2_1_selmuxt

11.01

y~{1.0]
0
7

y~-[1.0]
of
7 411.0]

b2_mux_4_1_case:b2_mux_4_1_case

sell1. 0]

Mux0

4011.0]

{1.0]

{O LEDR[9.0]

4111.0]

6211.0]

93(1.0]

SEL(1.0
our
DATAR.0]

self1.0]]

10 4011.0]

54 211.0]

32 4111.0]

75 6311.0]

Puc. 4.6 RTL-cxema pasnmMyHbIX peain3anyii MyJbTUIIIEKCOPOB 4B1

Ele oguH croco6 yayJiieHus Koaa, CieluuaHbIi Ij1sT MyJIbTUIIEKCOPOB, — 3TO UX
peanusanus ¢ UCIIOJb30BaHMEM olepaTopa case. MOKHO MOCTPOUTD ellle OHY allb-
TePHATUBHYIO pPeayn3aliio MOIYIbHOTO IBYXOMTHOTO MYJIbTUILIEKCOpa 4B1 HA OCHO-
Be OMHOGUTHOTO MYJIbTUILIEKCOpa 4B1:

module bl mux_4_1 case

(
input do, di, d2, d3,
input [1:0] sel,
output reg y
);
always @(*)
case (sel)
2'b00: y = do;
2'b01: y = di;
2’b10: y = d2;
2’bll: y = d3;
endcase
endmodule

module b2_mux_4_1_block_alt

(
input [1:0] do, di, d2, d3,
input [1:0] sel,
output [1:0] y

);
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bl _mux_4 1 case hi(.de(de[1]), .d1(d1[1]), .d2(d2[1]), .d3(d3[1]),
.sel(sel), .y(v[11));
bl _mux_4 1 case lo(.do(de[@]), .d1(d1[e]), .d2(d2[0]), .d3(d3[0]),

.sel(sel), .y(v[0]));
endmodule

JIuctuHr 4.13 AnprepHaTMBHAS peann3alus AIBYXOMTHOTO MOLYIbHOTO MYyJIbTUILIEKCOpa 4B1

O6paTuTe BHMMAaHMeE, YTO B 9TOJ peajmsallMyi OH MpeICTaBiseT coboil 1Ba MYIbTU-
IJIeKcopa 4B1, KoTopbie paboTaIOT MapaljieIbHO Ha IMePBOI CTaiNy, B OT/IMUME OT Ipe-
IbIAYIIEi cXeMbl, rae MHGOpMalyOHHbIe CUTHAJIBI IIPOXOMAST Uuepe3 ABe CTaaun. ITO
xopotuo utoctpupyercst RTL-tipecraBieHreM, IoyueHHbIM B Quartus Prime:

= b1_mux_4_1_case:hi
= Mux0
40[1_0] sel[1.0) SEL[1_0]
—sel[1.0) ol 3
41[1.0] 1 d1 DATA[3..0

d2[1.0] 1 do yi1.0]
d43[1.0] 1 d2
sel[1..0] d3

b1_mux_4_1_case:lo
E Mux0
sel[1..0] SEL[1_0]
0 d1 DATA[3.0]
0 do
0 d2

0 d3
-

Puc. 4.7 RTL-cxema MOAY/IbBHOTO MyJIbTUILIEKCOpa 4B1

MuHMMM3AIMs KOJIMYeCTBa CTaauii B 061IeM CTydae MOJIOKUTEIbHO CKa3bIBaeTCs Ha
CKOPOCTM PabOThl MY/IBTUILIEKCOPA, TOCKOJIbKY 9TO IPUBOAUT K YMEHbBIIEHUIO TJTMHbI
ITyTel MPOXOXKIEeHNST CUTHAJIOB. IIpy aTOM B cuHTe3upyIomyX CAITP 06bIYHO ITPOMCXO-
INUT ONITUMM3AIUS CXEeMbI U ee MPUBS3Ka K pecypcaM KpucTasia. [Io3ToMy UTOrOBbIe
CXeMbl MYJIbTUILJIEKCOPOB, Pea30BaHHbIX Pa3IMUHBIMM METOIaMU, C 6OJIBIIION BEPO-
SITHOCTBIO OYAYT OOMHAKOBBIMIA.

[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

[Mpoananusupyiite noayyeHHble B Quartus Prime RTL-cxeMbl MyJbTUIIIIEKCOPOB 4B1.
O6BsicHUTE, KaKasl peayn3als, IO BalleMy MHEHUIO, SIBJISIETCST Hamnbosee GBICTPOIL;
Kakasi 3aHMMaeT MeHbllle BCero IPOCTPAaHCTBA Ha UMIle; KaKkoi IMOAXOJ, Mpollle BCero
MacuTabmupoBaTh.

4.1.5 HenonHbiii MynbTUNNEKcop 381

[lo cux TIop Bce peann3aluy MYJIbTUIIEKCOPOB ObUTM ITOJTHBIMU, TO €CTh KOJIMUYECTBO
BXOIHBIX MH(POPMALVOHHBIX CUTHAJIOB COOTBETCTBOBAJIO KOJIMYECTBY KOMOWHAIUIA,
BO3MOXKHBIX Ha aipeCHOM Bxofe. PaccMoTpuM peanu3alyio HEOIHOTO MYJIbTUILIEK-
copa ¢ TpeMs1 UHOOPMAIMOHHBIMY BXOaMU (COOTBETCTBEHHO, afipeCHbIN BXO[ OynmeT
IBYXOUTHBIM). Bxom dO cooTBeTCTBYeT KOMOMHAIIMOHHOMY aapecy 2°b00, d1 — 2’b01
nd2 - 2’b10.
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OmuiiieM 3TO YCTpOﬁCTBO C IIOMOIIBIO OITepaTopa case:

module b2_mux_3 1 case_latch

(
input [1:0] do, di, d2,
input [1:0] sel,
output reg [1:0] y
);
always @(*)
case (sel)
2'b00: y = do;
2'b01: y = di;
2’b10: y = d2;
endcase
endmodule

JInctuHr 4.14 Mynbruruiekcop 3B1 ¢ 3aienko

Pe3y.T[bTaTbI MOOeJIMPOBAHMA MYJIbTUITIEKCOPA 3B1:

-

Msgs

(&} ¥ ftestbench/a
(&} ¥ ftestbench/b
3 4 ftestbenchic
(&) ¥ Jtestbench/sel

ek 2 y_case_latch

00

10

00 [ fo1

[0

11

00

{00 I Jo1

[10

w30 Now
289

Cursor 1

65 ns
0.00 ns

T o
ns ~_ 10ns

2005

_30ns

__40ns

_50mns

IEREARRKIRIEE]
__60ns

Puc. 4.8 Pesynbrarsl MOAeIMpPOBaHMs MyJIbTUILIEKCOPa 3B1

Iyt KoMOMHAIMIT agpecHbIX BXomoB 2°b00, 2°b01 n 2°b10 mynbTUILIEKCOD BedeT cebst
TaK, KaK OKMUIAJI0Ch, KOMMYTUPYSI COOTBETCTBYIOIIYI0 MH(POpPMAIMIO C BXO/IOB Ha BbI-
xop. [oBeeHMe MyJIbTUILIEKCOPA C Hepa3pelieHHbIM KOMOMHAIMOHHBIM aJpeCHbIM
Bxoaom 2’°b11 ciemyroliee: yCTPOCTBO COXpaHsSIET CBOe MpebIayliee COCTOSIHME. DTO
MIPUBOINT K MOSIBIEHMIO perucTpa 3aienku (latch) Ha BbIXoJie, UYTO OGBIUHO SIBJISIETCSI
HeIOIMyCTUMO CUTyalneii.

b2_mux_3_1_case_latch:b2_mux_3_1_case_laich

= Mux0
w10 y[0]$latch
G0[1..0]
d1[1..0] 5
d2[1.0] 2
é y[1]$latch
=

Mux2
SEL[1..0]

4'h7 DATA[3.0

Puc. 4.9 Mynprunnexcop 381 c 3amenkoit B RTL-cxeme
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DTO pacIpocTpaHeHHas OLIMOKa IpY MCIIOAb30BAaHMUM OMepaTopa case C HEeIMOJTHbIM
HabopoM KOMOMHAIMIT; Ta ke IpobieMa 6yaeT BOSHMKATh B HEITOJTHOM MYJIbTUILIEK-
cope, peaanM30BaHHOM C IIOMOIIbIO orepaTopos if.

HanHas ommMoKa ucopasisieTcss myteM mob6asiaenust ctpoku default, omuceiBatoreit
BBIOOP IO YMOTUAHMIO, KaK B CJIeAYIOIIeM IIpuMepe:

module b2_mux_3 1 case_correct
(
input [1:0] do, di, d2,
input [1:0] sel,
output reg [1:0] vy

always @(*)
case (sel)
2'b00: vy
2'b01: vy
default: y = d2;
endcase
endmodule

I n
[aFyah
= o

JIvictuHr 4.15 Mynbruruiekcop 381 6e3 3amienku

Korga kom6unaiuy 2°b10 u 2’b11 mocTymnaloT Ha afipecHbIi BXO, CUTHaI ¢ Bxomaa d2
OymeT rmepexk/IoveH Ha BbIXO,.

Ilpyroe pelieHue: yCTAaHOBUTh Ha BBIXOZE COCTOsTHME 2’°bxX B clyyae HepaspelieHHbIX
KOMOMHAIINIT Ha BXOJIE.

module b2_mux_3_1_casex_correct

(
input [1:0] do, di, d2,
input [1:0] sel,
output reg [1:0] vy
);
always @(*)
case (sel)
2'b00: y = do;
2'b01: y = di;
2’b10: y = d2;
default: y=2"bxx;
endcase
endmodule

JInctuHr 4.16 Mynbtuniekcop 3B1 ¢ X-COCTOSIHMEM

4-16



[nasa 4. MynsTunnekcop, AeMynsTUNNEKCOP U cenekTop. [ToCcTpoeHne nepapxmyecknx Moaynen

PEBYJ'[bTaTbI MOOeJIMPOBAHMA MYJIbTUITIEKCOPA 3B1:

*v Msgs

(= ¥ [testbench/a 00 (o0

(= ¥ Jtestbench/b 01 (o1

(= ¥ [testbench/c 10 (10

(= ¥ [testbench/sel 11 —— oo To1 T10 1 Too T11

(= ¥ [testbench/y_case_latch |00 —— oo To1 T10 Too

(= ¥ [testbench/fy_case_correct |10 (10 Too To1 T10 Too T10

s 9 [testhench/y_casex_correct o« | ———{00 To1 T10 } 00 e
“20 Naw | 65ns | 10ns 20ns 30ns 40 ns 50 ns 60Ins
240 Cursor 1 | 60 ns 60 ns]

Puc. 4.10 PesynbraTbl MOIeIMPOBaHMS MyJIbTUILIEKCOpa 381
CxeMaTu4ecKy TaKye MyJIbTUIIEKCOPBI CMHTE3UPYIOTCS 6e3 perncTpa 3aliesiku:

b2_mux_3 1_case_correctb2_mux_3 1_case_correct

Equalo

sel[1..0] Al1.0] b2_mux_3_1_casex_correct:b2_mux_3_1_casex_correct

2'h0 BI[1..0 — E Mux0
1.0
Equali selll.0f B0 out y1.0]
1.0 ot d0[1..0] DATA[3.0
2'h1 B[1.g Selector0 d1[1..0] l

WideNor0 : g LY

do[1..0]
d1[1.0]
d2[1.0]

Puc. 4.11 Mynprumiekcopsl 381 B RTL-cxeme
YacTo pa3paboTUMKM UCIIONb3YIOT TUPEKTUBY

// synopsys full case parallel case

OmHako ee MpMMeHeHUs] MpaBWIbHee M30eraTh 13-32 BO3MOXHBIX HEMPUSITHBIX I10-
cenCTBMit, onmvcaHHbIX B ctatbe C. E. Cummings!.

[ononHutenbHoe 3aaaHue AN CaMOCTOATE/IbHOM PaboThbl

Paspa6oTaiiTe MyabTUILIEKCOP 3B1 € MCIIOIb30BaHMeM omneparopa if, uTo6bs1 OH ObLT pea-
JIM30BaH C [IOMOIIIBIO PETMCTPA 3alIeJIKI, 8 3aTeM UCIIPaBbTe ero, yIAIUB PEIUCTP 3alllel-
Kku. IIpecraBbTe pe3ynbTaThl MOAEMMPOBaHNS U cuHTe3a B RTL 1 06bsicCHUTE UX. 3arpy-
3ute pesyabTaThl B Technology map viewer u gajite MosiCHeHUST TOMY, YTO TIOTYUMUTCS.

4.1.6 PaspaboTtka normuyeckmx PyHKUMIA Ha MYNbTUNIEKCOPAX

VI3 mpempImylIero M3JI0XKeHUsT MOKET CIOKUTHCS OLUIMOOYHOe MHEHME, UTO MYJIbTU-
IJIEKCOP — 3TO BCerma KOMOMHAIMOHHOE YCTPOICTBO, COCTOSIIEe U3 JTOTMUECKUX dJie-
MeHTOB. Ha camoM [iejie 9TO He Bcerga Tak, IOCKOJIbKY MYJbTUILZIEKCOP CaM MOKeT
OBITh OTHENIBHBIM 3JIEMEHTOM OMOIMOTEKM CTAaHAAPTHBIX SUeeK AJIs IPOEeKTUPOBa-
Hust ASIC 1 peann3oBaH Ha TPAaH3MCTOPHOM YpOBHe. DTa Uesl XOPOIO ITPOUJUIIOCT-
pupoBaHa B kHure «CMOS VLSI design: a circuits and systems perspective» (pas-
nen 1.4.8 Multiplexers)?2, rie mokasaHo, Kak IOCTPOUTh MYJIbTUILIEKCOPbI HEGOIbIION
PaspsSIAHOCTY Ha TPAH3UCTOPHOM YPOBHE.

1 Cummings C. E. full_case parallel _case, the Evil Twins of Verilog Synthesis. SNUG’99 Boston (Synopsys
Users Group Boston, MA, 1999) Proceedings.

2 Weste N. H., Harris D. CMOS VLSI design: a circuits and systems perspective. Pearson Education India, 2015.
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OTciofa Takke CyIefyeT ellle OHA Uaes] — MyJIbTUIITIEKCOP CaM MOXKET ObITh «CTPOUTEITb-
HbIM 6JIOKOM» JIJIST peaau3aliuiu JIOTUUeCKMX 3JIEMEHTOB U maxke GyHKumii. Hampumep,
MYJIBTUIITIEKCOP 4B1, omMcaHue KOTOPOTo IaHO B pasfene 4.1.3, uMmeeT yeTbipe MHGOD-
Mall¥OHHBIX BXOJa M ABa YIIpaBJsiomux. Eciayu Ha repBbie Tpy MHGDOPMAaIMOHHbBIX BXO-
nma do, d1, d2 mogaTh COCTOSIHME JIOTMUECKOM eIVHMIIBI, a Ha mociaegHuit d3 — jgoru-
YeCKOro HyJISI, TO TOJyumm jormueckuit snemeHT U-HE, Bxogamyu KOTOPOTO SIBJISIIOTCS
sel[0] u sel[1], a BeixomoM — y. PaccMaTpuBasi MyJIbTUIUIEKCOP KaK TabaUIy MCTUHHO-
CTH, TAE ero yIpasJsioiyje BXOIbl COOTBETCTBYIOT KOMOMHAIVSIM BXOIHbIX II€peMeH-
HbIX TAOIMIIbI, & Ha MHGOPMAIMOHHBIX BXOHAX CTOSIT COOTBETCTBYIOIIME 3HAUEHMS
caMoit pyHKLMY, Ha MYJIbTUIIIEKCOPAX OOJIBIION Pa3spsIHOCTY MOKHO CTPOUTH JIOTUYe-
cKkve QYHKIUY 00071 CJIOKHOCTM. Bosee MoApo6HO ¢ puMepaMy U UJUTIOCTPAIUSIMU
IaHHbII ITOIXOI MOKHO U3YUMUTDb B KHUTe «IIudpoBast cxeMOTEeXHMKA U apXUTEKTypa
KoMIIbIOTepa»! B pasgene «JIoruka Ha MyJIbTUILIEKCOPAX».

Wpest co3ganust TOTMUECKUX 3JIEMEHTOB 13 MYJIbTUIIZIEKCOPOB IIMPOKO paciipocTpaHe-
Ha B CO00IIeCcTBe pa3paboTUMKOB MG POBBIX CUCTEM, a 3aauka «Pean3yiiTe Takoit-TO
JIOTUYECKMI 37IeMeHT Ha JIBYXBXOJOBOM MYJIbTUILIEKCOPE» SIBJISIETCS TUTIMYHBIM BO-
IIPOCOM B MHTEPBBIO IJIsl COMCKaTeseil paboTsl B 3TOi cdepe?. VI 3TO HeyaUBUTE/Ib-
HO, TIOCKOJIBKY MYJ/IbTUILIEKCOPBI HAXOMST IIMpouaiiiiiee MpuMeHeHMe B LMdpoBom
CUHTEe3€e U SIBJISIIOTCS BaXKHBIMM 3JIEMEHTaMM B CTPYKTYpe apudMeTUuecKux 6J0KOB
(rnaBa 5), B undpoBbix aBTOMAaTax (iaBbl 8, 9), Mpu peanmsanyu codT-Tpolecco-
poB (raBa 11) u T. 1. Ocobast posib OTBOIUTCS MYIbTUILIEKCOPAM AJIS pean3aiym co-
BMECTHOTO MCITO/Ib30BaHMS U paciipe/ie/ieHNs pecypcoB B apudmeTnyecKux ornepaiiu-
SIX IpU pa3paboTke cucTeM IMPPOBOIT 06PabOTKY CUTHAIOB (IaHHBIN ITOAXO/ XOPOIIO
npomeMoHcTpupoBaH B Kuure «A Verilog HDL Primer»3 B mase 4 «OnrtuMmusanys
mopesnen»).

[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

W3yunre npumeps! B kKuure «IlludpoBasi cxeMOTeXHMKA ¥ apXUTEKTypa KOMIIbIO-
Tepar, Iocjie 4ero paspaboraiite TabauIly MCTUHHOCTU U M306pa3UTe YCIOBHYIO CXe-
MYy TOIKIIOUEHMsS] MYJIbTUILIEKCOPa 4B1, KOTOPbI peaansyeT JOTUMYEeCKUii 3JeMeHT
uckaovamomee WIN. Omummre normdeckyio Gyakumio y=AABACVAABAC
C IOMOLIBI0 MyJIbTUIIIEKCOPa 8B1.

4.2 [leMynbTUNNEKCOp

,Z[emynb'rmrmel(cop BBITIOJTHSIET (bYHK]_[I/IIO, O6paTHYIO MYJIbTUIIIEKCOPY, — KOMMYTU-
pyet BXO,Z[HOﬁ CHUTHaJI Ha Hy)KHbIﬁ BbIXO[J, HOMED KOTOPOTIO 3aad€eTCs CeJIEKTOPOM. Ha
OCTaJIbHBIX BbIXOIdX YCTAHAB/IMBACTCA 3HAUEHME 0.

1 ITseud M. Xappuc, CapaJI. Xappuc.lludpoBas cxeMOTeXHMKA 1 apXUTEKTypa KommbloTepa. M.: IMK IIpecc,
2017.

2 Johnson T. Digital logic, RTL Verilog: interview questions: a practical study guide for design engineers.
2015.

3 Bhasker . A Verilog HDL Primer. Star Galaxy Publishing. 1999.
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CYH.leCTByeT MHOTO peannsaunﬁ OEeMYJIbTUITTIEKCOPOB. DJleraHTHbINM npumep o0emMyiib-
TUILJIEKCOpa IIpMBeIEeH HIDKe (HpeﬂCTaBHHET coboii COBUT 6uTa BXOJHBIX NAaHHBIX Ha
COOTBETCTBYIKONIIYIO IIO3UILIMIO B IIIMHE, COCTOHH.IQIZ "3 BBIXOJHBIX HOpTOB)Z

module bl_demux_1_4_shift
(
input din,
input [1:0] sel,
output reg dout@,
output reg doutl,
output reg dout2,
output reg dout3
);
always @(*)
{dout3, dout2, doutl, dout@}= din<<sel
endmodule

JIuctunr 4.17 [emynbTUIIeKCOP 1B4 ¢ 0ZHOPA3PsIIHBIM CABUTOM

Hamnboee ecTecTBeHHOI peannsauneﬁ OEeMYJIbTUITIEKCOPa SABJISIE€TCSA MCIIOJIb30OBaHME
oriepaTtopa case:

module bl_demux_1_4_case
(
input din,
input [1:0] sel,
output reg dout@,
output reg doutl,
output reg dout2,
output reg dout3

always @(*)
case (sel)

2’b00:

begin
dout® = din;
doutl = 9;
dout2 = 9;
dout3 = 9;

end

2’b0o1:

begin
dout@ = 9;
doutl = din;
dout2 = 9;
dout3 = 9;

end

2’b10:
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begin
dout@ = 9;
doutl = 9;
dout2 = din;
dout3 = 9;
end
2’b11:
begin
dout@ = 0@
doutl = 0@
dout2 = 9;
dout3 = di
end
endcase
endmodule

JIuctuHr 4.18 OnHOOUTHBIN feMyabTUIIeKCOpP 1B4, pean30BaHHbI
C IIOMOILBIO OIlepaTopa case

Oco6eHHO TaKoii IIoaxom Y,ZLOGEH IIpn peanmsanunumn MaCIJ.ITa6I/IpOBaHI/I${ IIOPTOB C MNC-
II0JIb30BaHMeEM oIlepaTtopa parameter:

module bn_demux_1 4 case

#(parameter DATA_WIDTH=2)

(
input [DATA_WIDTH-1:0] din,
input [1:0] sel,
output reg [DATA_WIDTH-1:0] dout@,
output reg [DATA_WIDTH-1:0] doutl,
output reg [DATA_WIDTH-1:0] dout2,
output reg [DATA_WIDTH-1:0] dout3

);

JIuctuHr 4.19 N-OGUTHBII TapaMeTPU30BaHHbIN IeMYIbTUILIEKCOD, PeaTN30BaHHbI
C IIOMOILBIO OIlepaTopa case

3amasasi 3HaueHne napamerpa DATA_WIDTH (B koge inctuHra 4.20 9TO BBIVISIAUT
Kak #(2) mjis OByXOUTHO peanyusaliiu), MOXKHO HOJYIUTD ITeMYIbTUIITIEKCODP C Heob-
XOJIMMOJ pa3MepHOCTbIO BXOAOB M BbIXOZOB.

module lab4
(
input [ 1:0] KEY,
input [ 9:0] SW,
output [ 9:0] LEDR
);
“ifdef CASE
bn_demux_1_4_case #(2) bn_demux_1_4_case (.din(SW[1:0]),
.sel(KEY[1:0]),

4-20



[nasa 4. MynsTunnekcop, AeMynsTUNNEKCOP U cenekTop. [ToCcTpoeHne nepapxmyecknx Moaynen

.dout@(LEDR[1:0]), .doutl(LEDR[3:2]), .dout2(LEDR[5:4]),
.dout3(LEDR[7:6]));
“else
b2_demux_1_4_block b2_demux_1_4_block (.din(SW[1:0]),
.sel(KEY[1:0]),
.dout@(LEDR[1:0]), .doutl(LEDR[3:2]), .dout2(LEDR[5:4]),
.dout3(LEDR[7:6]));
“endif
endmodule

JIuctuHr 4.20 IIpumMep MOIYISI C KOHKpeTK3alyeil TapaMeTPoB U JUPEKTUBAMU
YCIIOBHO¥ KOMIIWISILIAA

Taxyke BO3MOXKHO VCITIOJIb30BaHMe GJIOYHOTO MOAXOAa IJIsl CMHTe3a MeMYIbTUILIEKCO-
POB ¢ 60JIbIlIelT pa3MepHOCTHIO IIOPTOB, KaK 3TO ObIJIO ITOKAa3aHOo B pasmere 4.1.3.

module b2_demux_1_4_block
(
input [1:0] din,
input [1:0] sel,
output [1:0] dout@,
output [1:0] doutl,
output [1:0] dout2,
output [1:0] dout3

bl_demux_1_4_case dmux@ (.din(din[@]), .sel(sel), .dout@(dout@[0]),
.dout1(dout1[@]), .dout2(dout2[0]), .dout3(dout3[@]));
bl_demux_1_4_shift dmuxl (.din(din[1]), .sel(sel), .dout@(dout@[1]),
.doutl(dout1[1]), .dout2(dout2[1]), .dout3(dout3[1]));
endmodule

JIuctuHr 4.21 [IByXGUTHBIN MOLYIbHBIN JeMYIbTUILIEKCOD 1B4

ITpu 3TOM MOZY/Tb MOXKET BK/IIOUATh HE TOJIbKO OJHOTUITHbIE MOAYJIN. DTO XOPOIIO ITPO-
WUTIOCTPUPOBAHO Ha puc. 4.12, rie npeacrasiaeHa RTL-cxemMa IBYXOUTHOTO Je€MYJIbTH-
IJIeKCOpa Ha OCHOBE JeMYJIbTUIIEKCOPOB, TIPUBEIEHHBIX B JIMCTUHTax 4.17 u 4.18.
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S 0 I din[1..0]

sel[1..0]

KEY[1..0] D—l

b2_demux_4_1_block'b2_demux_4_1_block

=]

b1_demux_4_1_case:dmuxQ

Decoder0

dout1

dout2

dout3

doutt

dout0[1..0]

dout1[1..0]

[ LEDR[9.0]
a

| dout2

dout2[1..0]

EE;F

dout3[1.0]

dout3

b1 _demux_4 1 shift:dmux1

Shifteft0

OUT[3.0]

Puic. 4.12 [IByXOUTHBI MOIY/IbHBIN TeMyabTUILIeKcop 184 B Buzme RTL-cxembl

PE3YJ'[bTaTbI MOOEeJIMPOBaAHMS peannsaum‘/i BOCBMUOUTHOTO IIapaMeTpu3nMpoOBaHHOI'O
AEeMYJIbTUIIJIEKCOPA M MOOYJ/JIbHOTO OEMYJIbTUIIEKCOPA, MWIJIIOCTPUPYIOII€ OAHOTUII-
HYIO JIOTUKY X ITIOBEOEHMN, IIPMBEOEHBI Ha PIC. 4.13.

#-

Msgs

x4 [testbenchysel
£ 2 in_case

3 — o

1

(11111111

= ¥ /testbench/din_block

case

[10101010

[o1010101

10 (11

[10

[o1

11111111

1

h/doutl_case

c =

case

T11111111

I

(EI eI |

_case

r
1
r
!
r
!
r

111111111

100000000

[testbench/dout0_block
[testbench/doutl_block
[testbench/dout?_block
[testbench/dout3_block

a

) [

&)
AARAAAOAS

(11111323

I10101010

To1010101

o0 —1

oo

o0 ——{0o

10

Too

{00

{11

Too

J§T1

Too

{00

[11

[10

fo1

. i
S 6

Now

Cursor 1

65000 ps
53500 ps

virobirecee boen
10000 ps

R
20000 ps

RN
30000 ps

crvnrbovi
40000 ps

trovnr e
50000 ps

trovnr e
60000 ps

53500 és

Puc. 4.13 PesynbTaTbl MOJe/IMPOBAaHMS AEMYJILTUIIEKCOPOB 1B4

Cnenyet Takke 06paTUTh BHMMaHMe Ha MCIIOIb30BaHMe OVIPEKTUB YCIAOBHOM KOMITU-
JIILMM, KOTOPbIe 110 aHaJIOruu C 3bIKoM C/C++ IMO3BOJISIOT «BK/IIOUATb» U «BBIK/IIO-
yaThb» HEKOTOpPbIe pparMeHThl Koja (B JAaHHOM MpUMepe, 13-3a HeIoCTaTKa IMMHOB Ha
mate DE10-Lite, oTagka ABYX MOAY/Ieil BO3MOKHA TOJIbKO OTHAEIbHO IyTeM KOM-
MeHTUpOBaHusl/packoMMmeHTpoBaHusa ctpouky “define CASE B kofe).

[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

N3smenute 3HaueHue napamerpa DATA_WIDTH B Mmonyne gemyJbTUIIEKCOPA HA 3HA-
yeHus 4, 8, 16, 32, 64, 128. OtieHuTe M3MeHeHMe MOTPeOIITEMbIX PECYPCOB ITOC/Ie CUH-

Te3a, OIIMIINTe " OOBSICHUTE IMOJTyd€eHHbI€ 3aBUCMMOCTHA.
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4.3 Cenekrtop

CeieKTOpOM HA3bIBAIOT BAPMAHT MYJIbTUIIEKCOPA, B KOTOPOM afpeCHbIN BXOJ, y3Ke TeKO0-
IVpoBaH B eiyHMYHOe (one-hot) mpencrasienne (Hampumep, 13 3’b101 8 8°b00100000).
[laHHBIN cTIelaaM3UPOBaHHbBIN BapUaHT MYJIbTUIIIIEKCOPA TIPUMEHSIETCS 711 yCTPOIICTB
C BBICOKOJ YaCTOTOIA, TIIe TpebyeTcst pasaenTh MPOLeCcChl JeKOIMPOBAHMS U BbIOOPA 13
6O0JIBIIIOrO KOJIMYECTBA BXOIOB HA HECKOJIBKO IIMKJIOB. B 3TOM CyTyyae OObIYHbIN MYJIbTH-
IIJIEKCOP MOSKET ObITh peajr30BaH KakK IOC/IeqoBaTe/bHO COeMHEHHbIE TEeKOJep U ce-
JIEKTOP.

HpI/IMEp peanm3danym CeJIeKTOpa M pe3yjIbTaTbhl €ro MOOE/JIMPOBAHNS IIPMBEAECHBI HVDKE !

module bn_select_8_1_case
#(parameter DATA_WIDTH=8)

(
input [DATA_WIDTH-1:0] de,
input [DATA_WIDTH-1:0] di,
input [DATA_WIDTH-1:0] d2,
input [DATA_WIDTH-1:0] d3,
input [DATA_WIDTH-1:0] d4,
input [DATA_WIDTH-1:0] d5,
input [DATA_WIDTH-1:0] d6,
input [DATA_WIDTH-1:0] d7,
input [7:0] sel,
output reg [DATA_WIDTH-1:0] vy
);
always @(*)
case (sel)
8’'b000000a1: y=do;
8’'b00000010: y=dl;
8’'b00000100: y=d2;
8’'b00001000: y=d3;
8’'b00010000: y=d4;
8°'b00100000: y=d5;
8°'b01000000: y=db6;
8’b10000000: y=d7;
default: y={DATA_WIDTH{1’bx}};
endcase
endmodule

JIuctuHr 4.22 N-6uTHBII cenekTop 881
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‘- Msgs

1+ 4 ftestbenchfy x —0 1 2 JE! T4 Is i3 [z (123 (77 b —
1+ [testbench/sel | 10111000 ——{o0ooooz {oooobo1o {oooobioo [oooo1o00 00010000 {00100000 [01000000 [ 10000000 [1011li000
1+ ¥ ftestbench/do 0 [0

1
2
3
(4
(5
(6
7 z [123 (77

| ¥ [testbench/d1
& [testbench/d2
[ [testbench/d3
(&4 [testbench/d4
1+ ¥ ftestbench/dS
1+ ¥ ftestbench/d6
1+ ¥ [testbench/d7

[+

Nou s WM e

p— S Do o o D Lo TEATARTEERERRE] KXEERE
w20 tow 115000 ps | 20000 ps 40000 ps 60000 ps 80000 ps 100000 ps

540 Cursor 1 109800 ps 109800 és

Puc. 4.14 Pesynbrarel MogenupoBanust N-6GMTHOTO cenekTopa 881

Cnenyet 06paTUTh BHMMAaHME Ha HEOOXOAVIMOCTD ITPeAyCMOTPEeTh 3HaUeHMe 110 YMOJI-
yanuio (default) B omepartope case 1151 M36eskaHMsI IOSIBJIEHMSI PETVCTPa 3allleJIKN.

[ononHuTtenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

IMpenoskuUTe OIPYTroii BAPMAHT CEJIEKTOPA, CMHTE3UPYIITEe ero 1 IMpoBeauTe MOIeINpPo-
BaHMe. CpaBHUTE CBOIO pealn3aluio C IpeajaraeMoii B JaHHOM MaHyaje.

4.4 TonHOCTbIO NapaMeTPU3IUPOBAHHbIN MYNILTUNIEKCOP
n cenektop. KoHcTpykuua generate

B mpenpioyiinx mpuMepax Mbl YOPaBISLIM Pa3MepOM BXOJHBIX MOPTOB C MOMOIIbIO
omepaTtopa parameter, HO 6bIJIO GbI XOPOIIO YIIPABIATD U MX KOJTMUECTBOM. B cuMHTaK-
cuce Verilog-2001 gaHHbII ITOAXO[ PeaM3yeTcs CO3IaHMeM OQHOTO GOJIBIIIOrO BXOAa
IaHHbBIX, 00beIVHSIIONIEr0 B ce6e HeCKOJIbKO BXOMIOB MEHBIIEro pasMepa, Kak 3TO Cle-
JIAaHO B IIpUMepe, IPUBEIeHHOM HIKe:

module bn_mux_n_1_generate
#( parameter DATA_WIDTH = 8,
parameter SEL_WIDTH = 2)

(
input [((2**SEL_WIDTH)*DATA_WIDTH)-1:0] data,
input [SEL_WIDTH-1:0] sel,
output [DATA_WIDTH-1:0] vy
);
wire [DATA_WIDTH-1:0] tmp_array [0:(2**SEL_WIDTH)-17;
genvar 1i;
generate
for(i=0; i<2**SEL_WIDTH; i=i+1)
begin: gen_array
assign tmp_array[i] = data[((i+1)*DATA_WIDTH)-1:(i*DATA_WIDTH)];
end
endgenerate
assign y = tmp_array[sel];
endmodule

JIuictuHr 4.23 TI0THOCTBIO TapaMeTPU3UPOBAHHBIN MYJIBTUILIEKCOD
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3necr DATA WIDTH - s3T0o pa3mep MH(OpMalMOHHOIO BXOAHOrO curHaga, a SEL_
WIDTH - pa3mep agpecHOT0 BXOIHOTro curHaia. To ecTb Ijist 4-6MTHOTO MYJIbTUILIEK-
copa 881 pasmep MHOOPMAIIMOHHOTO BXOIHOTO CUTHAaJIA OyAeT 32-pa3psiaHbIM, a pa3-
Mep aipecHOTO BXOAHOro curHaia sel 6ymer paBeH 3 6uram (dataO - sto data[3:0],
datal - data[7:4] uT. 1.).

st omvicaHust paboThI TAKOTO MYJIBTUILIEKCOPA YIOOHO MCIOIb30BaTh KOHCTPYKIINAIO
generate, TTO3BOJISTIONIYIO OMMCATh IMOBTOPSIONIMECS 6JIOKM, — B TaHHOM CJTydae MbI
pas6uBaem 001N BXOM, Ha MacCcuB IiMH mupuHoii DATA WIDTH, ofHa 13 KOTOPBIX
KOMMYTUPYETCS Ha BbIXOJ, B COOTBETCTBUM CO 3HaUeHMeM Ha Bxojie sel.

3mech HEOOXOOMMO TaKKe OTMETUTD CeIYIOUIiT MOMEHT KOZ|:
assign tmp_array[i] = data[((i+1)*DATA_WIDTH)-1:(i*DATA_WIDTH)];

He COOTBETCTBYeT cTaHmapTy Verilog-95 1 MoskeT ObITh He TTOHSITEH CUHTEe3UPYIOIIei
CAIIP. Berxop 13 9TOV CUTyalluu BO3MOXKEH ITyTeM MPUMeHeHMs orepaTopa KOHKaTe-
HalM CJIeOYIONIMM CITI0COO0M:

assign tmp_array[i] = {data[i*DATA_WIDTH+DATA_WIDTH-17],
data[i*DATA_WIDTH+DATA_WIDTH-27, .., data[i*DATA_WIDTH]};

Ho Torma Takoii KO TepsieT CBOIO YHUBepcalbHOCTh OTHOCUTenbHO DATA WIDTH
Y CTAHOBUTCS CJIUIITKOM TPOMO3IKUM. VI3 3TO CUTyaIMM MOKHO BBIATY, JOOABUB e11e
OIIVIH BJIOKEHHBIN LIMKJI, TIe KaKIoMy 6Ty tmp_array 6yaeT pucBauBaThCs COOTBET-
CTBYIOLINMIT OUT OTHEJbHO:

for(j=0; j<DATA_WIDTH; j=j+1)
assign tmp[j] = data[i*DATA_WIDTH+DATA_WIDTH-1-3j7;
assign tmp_array[i] = tmp;

K cuacTtbio, coBpemenHbie CAITP B Macce CBOeli yske OAaep>KMBAIOT OITepaTop YacTud-
HoOro Bbibopa (part select). Bosnee Toro, HaunHas co cranmapra Verilog-2001 B s13bike
TIOSIBMJIACH ellle COKpallleHHas 3aIiCh TaKOTo omepartopa (-:, +:), KOTopasl I03BOJIsIET
MCXOIHYIO CTPOKY 3aIMCaTh CJIeTYIONIMM 06pa3oM:

assign tmp_array[i] = data[((i+1)*DATA_WIDTH)-1 -: DATA_WIDTH];

Bonee mompo6Ho 06 3ToM HamycaHo B KHure «Verilog-2001: A Guide to the New
Features of the Verilog® Hardware Description Language»!.

IMonyyeHHast KOHCTPYKIIMS TTOJTHOCTBIO ITapaMeTPU3UPYEeMOTO MYJIbTUILIEKCOpa (JIvic-
TUHT 4.23) B RTL-cXemMe CMHTe3UpPyeTCcsl B Buie Habopa MyJIbTUILIEKCOPOB, KOTOPbIE
KOMMYTUPYIOT COOTBETCTBYIOIIME OUTHI BXOIOB Ha BIXO (pucC. 4.15).

1 Sutherland S. Verilog-2001: A Guide to the New Features of the Verilog® Hardware Description Language
(Vol. 652). Springer Science & Business Media, 2012.
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bn_mux_n_1_generate:bn_mux_n_1_generate
3\

Mux0

sel[1..0] SEL[1..0]
data[7..0] 7,9.3,1 DATA[3..0]

y[1..0]

9 o

Puc. 4.15 TlomHOCTBIO MapaMeTPU30BaHHBIN MyabTUILIEKCOD B Buae RTL-cxeMbl

Eme 6ostee KpaCI/IBbIﬁ IpyUMep UCII0Ib30BaHMS KOHCTPYKI MM generate MOXKHO IIpoJie-
MOHCTPHMPOBATDb Ha IIpyMepe MMOJTHOCTBIO ITapaMeTPM3MPOBAHHOTO CeJIEKTOpa:

module bn_selector_n_1_generate
#( parameter DATA_WIDTH = 8,
parameter INPUT_CHANNELS = 2)

(
input [(INPUT_CHANNELS*DATA_WIDTH)-1:0] data,
input [INPUT_CHANNELS-1:0] sel,
output [DATA_WIDTH-1:0] vy
); .
genvar 1i;
generate
for(i=0;i<INPUT_CHANNELS;i=i+1)
begin: gen_array
assign y = sel[i] ? data[((i+1)*DATA_WIDTH)-1:(i*DATA_WIDTH)] :
{DATA_WIDTH{1 bx}};
end
endgenerate
endmodule

JInctuHr 4.24 II07HOCTBIO TapaMeTPU3MPOBAHHBIN CeIeKTOD

CrenyeT o6paTuUTh BHMMAaHMeE Ha TO, UTO B TaHHOM MOJYJ/Ie MpeaycMOoTpeHa 00paboT-
Ka CUTyalu, KOrma BXoJ sel HeKOPPeKTHBI (TOrga Ha BhIXOZE OYIeT COCTOSHME ‘X).
31ech TakKe CIeIyeT OTOBOPUTHCS, YTO MHOKECTBO IapajiebHbIX IPUCBAMBAHMIT ‘X
MOXeT He moAAepskuBaTbcs cuHTe3upyomuMm CATIP’oM. B Takoil cuTyaunm Kaskabli
Cy4aii cjiegyeT pacCMaTpUBaTh UHAUBUAYAIBHO.

I/ICHOJIBBYH KOHCTPYKLMIO generate, MOXKHO CO3JaBaTbh MHOXXECTBO ITOBTOPSIOMINXCSI
6JIOKOB U Oake pasMHOXXaTb MOOYJIN, 06 3TOM GOJTEe HO,I[I)O6HO pacCcCKa3aHo B I7IaBe 10.

[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

OTBeTbTe Ha BONIPOC, ITOYEMY HeJIb3sl MOAY/Ib IIOJHOCTBIO NTapaMeTPU3MPOBAHHOTO
MYJAbTUIUIEKCOpa (IMCTUHT 4.23) peanu3oBaThb 10 aHAJIOTUMU C CEIEKTOPOM (JIVCTVHT
4.24) cnepyiomyM o6pa3oM:

assign y = data[((sel+1)*DATA_WIDTH)-1:(sel*DATA_WIDTH)];
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4.5 Hekotopbie XMTPOCTU NpU CO3AAHUU CENIEKTOPOB
U MYNbTUMNNEKCOPOB

PaCCMOTpI/IM ele HeCKOJIbKO IMpuMepoB XI/ITpOCTeﬁ, KOTOpbIe MOJXHO MCITIOJIb3OBATb
IIpn CO34aHUN MYJIBTUIVIEKCOPOB 1 CEJIEKTOPOB.

4.5.1 CenekTtop, CO3AaHHbII Ha Noruyeckux anementax U v UJIU

Kaxk yske 6bIIO CKa3aHO, CEJIEKTOP — 9TO one-hot Bepcust MyabTUILIEKCOpa, YI06HAas
IJIST TIPMMEHEHMS B TIPOEKTax, Tie TpeOyeTcsl BbICOKAsT YacToTa (PYyHKIMOHMPOBAHMS
Momyst. OGBIYHO CeeKTOPBI CO3Al0T Ha ocHOBe omnepaTopa full case, Ho cymiecTByeT
TaKKe MOJXO0[, C UCTIOAb30BaHMeM joTudeckux onepanuit U u UJIN. PaccmoTpum npu-
Mep TaKOro cejieKTopa, cocTosiiero 13 DATA WIDTH*4-6uTHOro nH(GOpMaLIOHHOTO
BXOJIHOTO CMT'HaJIa, OMHOTO 4-0MTHOTO apecHOro BXOJHOTO cMrHaia ¥ omHoro DATA
WIDTH-6MTHOTO BbIXOJHOTIO CUTHAIA:

module bn_selector_4_1_and_or

#( parameter DATA_WIDTH = 32)

(
input [(DATA_WIDTH*4)-1:0] data,
input [3:0] sel,
output [DATA_WIDTH-1:0] vy

wire [(DATA_WIDTH*4)-1:0] mask;
wire [(DATA_WIDTH*4)-1:0] masked_data;

assign mask = {{DATA_WIDTH{sel[3]3}},
{DATA_WIDTH{sel[2]}3},
{DATA_WIDTH{sel[1]}3},
{DATA_WIDTH{sel[0]}}};

assign masked_data = data & mask;

assign y = masked_data[DATA_WIDTH*4-1:DATA_WIDTH*3]|
masked_data[ DATA_WIDTH*3-1:DATA_WIDTH*2]|
masked_data[ DATA_WIDTH*2-1:DATA_WIDTH]|
masked_data[DATA_WIDTH-1:07;

endmodule

JIuctuHr 4.25 N-WNJIU cenekTop

HOJ'IY‘-II/IBH.IaHCH RTL-cxema CeJIeKTOpa IIpeacTaB/IeHa HIDKe. ITOT CEJIEKTOP IIOJIHO-
CTbIO pea/In30BaH C IIOMOIIBIO JIOTNMYECKUX 3JIEMEHTOB!
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bn_selector 4 1 and orbn selector 4 1 and or

data[7..0 masked_data[0]

sel[3.0 0

masked_data[2]

masked_data[4] 1.0]

masked_data[g]

masked_data[1]

masked_data[3]

masked_data[3]

masked_data[7]

Puc. 4.16 1-UJIN cenektop B Buze RTL-cxembl

4.5.2 PacnpepeneHHbli cenekTop

B HekoTOpBIX 3a/jauax JaHHbIE, MOCTYMAOI[/e HAa BXOAHbIE TTOPTHI CEIeKTOPa, MOTYT
MIPUXOOUTD C PA3IUIHON 3a[eP3KKOI, B CJTydae KOTrJa Ha Pa3IMUHbIX MYTSIX PacipocTpa-
HeHMs faHHbIX (data flow) HaxomsaTCs pasHbie KOMOWHAIIMOHHbBIE 6JIOKY C Pa3/IMUHOM
3a7epPKKOIT (Hampumep, B AJIY) (puc. 4.17). [Ipyroit mpumep — lieroyka M3 KOMOWHAII M-
OHHBIX GJIOKOB, TAHHBIE C KOTOPOJ CHUMAIOTCS C OJHOTO 13 ee 6JIOKOB, B 3aBUCHMMOCTH
OT YIIpaBJIsTIoNIero curuaa (puc. 4.18). O6bIYHO Ha BBIXO/IE TAKMUX OJIOKOB CTOUT CeJIeK-
TOP, KOTOPBI/ i KOMMYTUPYET HYy>KHO€e 3HaueHMe Ha BbIXO/I.

3amepskky 6JIOKOB MOTYT 3HAUMTEIbHO OTIMYATHCS MeXKIy co60it. [TpeImoIoskuM, Bce
OIHOTUITHBIE OJIOKM ITPOVHAEKCUPOBAHbBI B MTOPSIAKE BO3pacTaHus ux 3agepskku dN >
di > d3 > d2 > d1. CesieKTOp B 3aBUCMMOCTH OT PaspsSiAHOCTY TAaHHbBIX U KOJIMYECTBA
BXOJIOB TaKske OYIEeT MMeTh OIIpeieIeHHYIO 3a/IepskKKy, 06003HaUeHHYIO0 S1.

B aTom CJiydae pacCMaTpuBaeMbIe 6JIOKM 6Y,HYT VIMETb PAa3/IMYHYIO 3a0€PKKY CUTHA/IOB
B 3aBMCMMOCTMH OT TOT'O, ITO KAKOMY ITYTV OHU ITPOXOIOAT. [aHHOe SIBJIeHVe Ha3bIBAETCS
TOHKaMM (COCTHB&HI/IHMI/I) CUTHAJIOB U YCTPAHSETCA BBEAECHNEM CI/IHXpOHHOVI JIOTUKUA
IIyTEM 3alll€JIKMBaHNMA PE3YJIbTUPYIOMIETO CUTHAaJIa Ha TPUITEPE Ha BbIXO4e 6JI0Ka MU
C IMMOMOIIBIO JIOTMYECKUX METOOOB ITyTEM ,Z[OﬁaBTIEHI/IH U36BITOUHO JIOTMKM, KaK, Ha-
IIpumep, cocegHee KoanmpoBaHHe.
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| | BxopnHble JaHHbIE

Y Y \ 4 Y Y Y A 4 Y

Kom6. 6510k 1 Kom6. 6510k 2 Komb. 6;10k3 Kom6. 6;10kN
3amepkka=d1 3amepkka= d2 3amepkka=d3| - |3amepskka= dN

Y Y A 4 Y

sel
> ; CenexTop
3azmepskka= sl /

/l\ BbIxoHble JaHHbIE

Puc. 4.17 Ilpumep AJIY

BxomHble maHHbIE T

Kom6.6710K 1
3anmepxka=dl

v

Kom6.6710K2
3amepykka= d2

A

Komb6.6710K3
3anmepkka=d3

|
I
|
A 4
Kom6.610k N
3amepskka= dN

A 4 Y Y Y

sel Cenekrop
C -
3agepkka= sl

BoixogHble JaHHbIE

Ilemouka KOomMO6. 6JIOKOB

Puc. 4.18 IIpumep KoHBeliepa KOMOMHAIVIOHHBIX GII0KOB

Haunb6osbinas 3agepskka cxeMbl AJIY paBHa cyMMe 3aJepKKM Ha ceJieKTope U 6JioKe
C CaMoJi OOJIBIIION 3aIeP5KKOTA:

dALU, = s1 +dN,
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a B Ciydae C L[EHO‘-IKOﬁ KOM6I/IHa]_[]/IOHHbIX 6JIOKOB HaMOOJIbIIAS 3aepiKKa 6y,ueT paBHa

CyMMe 3aJ€P>KeK BCeX 6JIOKOB U CeJIeKTopa:

CYH.leCTByeT IMMPpUMEM II0 YIYUIIEHUIO XapaKTEPUCTUK TAKNX MO,Z[YJ'[QIZ M YMEHBbIIEHNIO X
HaMOOJIbIIe 3aeP XK 3a CUeT paB6I/IEHI/IH CeJIEKTOpAa Ha CeJIEKTOPbI MEHbIIIMX pa3Me-
POB IIyTEM pa3MeEIIE€HNMA UX IMapaJlJieJIbHO KOM6I/IHHLU/IOHHBIM MOOYJIsIM, KaK IIpUBenOe-

N
dPipline,=s1+ ) di.
i=1

HO Ha pPMUCYHKax HMKE.
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A 4

.
BxopHbie
JlaHHbIE

Y Y A 4

Kom6. 6710k 1 Kom6. 6710k N
3agepskka = dl1 3amepskka = d2

Y

; Y A 4

sel[0] MynbTuIeKcop 1 Kom6. 610K 3
3agepskka=ml 3agepxkka=d3

A 4 l

— — — - —

MynbTHUIIEKCop 2
3azmepykka =ml

v
sel[N-2] \ Mynbrunnexcop N-1

3agepkka=ml

Y Y

Kom6. 610k N
3amepkka= dN

v

sel[N-1] \  Mynprunnexcop N

MoaudumuposauHoe AJIY

3agepskka=ml

BbixogHble

Y nanHble

Puc. 4.19 TIpumep mogudumpoaHHoro AJTY
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TBXOLLHbIe IaHHbIe

Kom6.6710K 1
3amepykka = d1

v

Kom6.6710K 2
3amepkka= d2

v v v
sel[0] MynbTumiekcop 1 Kom6.6/10K3
3azmepkka=ml 3amepxka= d3
-1
\ 4 4 v
sel[1] MynbTUIIIIEKCOD 2

3amepkka =ml | |
SN [ — 1 |
4 v \ 4

sel[N-2] \ Mynprumexcop N-1
” 3azmepxka=ml

Kom6.610kN
3amepkka= dN

l—,

sel sel[N-1] X Mynbtumiekcop N
e 3agepxkka=ml

VJIY'-IIJ.[eHHafI Oerno4ykKa

KOMG. 6JIOKOB BbIxomgHble JaHHbIE

Puc. 4.20 IIpumep ynydnieHHON LEMOYKY KOMOMHAI[MOHHbIX OJI0OKOB

IMockoJIbKY pa3Mepsl 3TUX CEJIEKTOPOB MeHbIIle, UeM y MCXOTHOTO CeIeKTopa, 0603Ha-
YMM X 3a7€PKKy Kak s0, 1 mpu 3TOM oHa OyneT MmeHblire (sO < s1).

B Takom ciryuae eciu sO << d1, To HanbosbIIas 3agepkka AJIY 6ymer:

dALU, =s0+dN < dALU,,
da B djiydae C L[er[O‘-IKOf/i KOM6I/IHa]_U/IOHHbIX 6HOKOB:
N
dPipline, = s0+ Y . di < dPipeline,.
i=1

To ecTb yacThb 3aeP>XKM Ha 60JIbIIIOM CeJIeKTOpe pacrpenessieTCss Ha 3Tallbl BbIIIe I1d-
palieJbHO C KOM6I/IHa]_U/IOHHbIMI/I 6JIOKaAMM.

4.5.3 lpumep ucnonb3oBaHUA pacnpeaeneHHoro MynbTUNIeKcopa

«U3 KU3HU»
MYJIBTI/IHJIEKCOpr IIMPOKO paCIIpoCTpaHEHbI B PA3JIMUHLIX IIPMMEHEHUSIX. B Tom umnc-
jie 6e3 HUX He O6XO,E[$[TC$I IIpOo1LecCopshI. B HaCTodIIee BpeMA aKTMBHO Pa3BMBAETCS HaA-

IIpaBJieHye 110 pa3paboTKe CyrepCcKalIsIPHBIX MPOIIECCOPOB, Ile HECKOIbKO apudMeT-
YeCKMX OIepalyii MOTYT BbITTOJHATbCS MapajuiebHoO.
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PaccmoTpuM npumep: nmeeTtcst N GyHKIMOHATBHBIX Y3JI0B, Y KOTOPbIX BXOTHbIE aH-
HbIE KJIaJyTCsI B peruCTphl (omepasabl). CaMiu YCTPOIICTBA COepsKaT CBOY KOHBeliephbl
¥ MHOTO KOMOVHAIIMOHHOJ JIOTMKY Ha BBIXOZe (Pe3yabTaThl). [Ipy 06BIYHOM MOIX0Ie
pe3ybTaThI TO/KHBI IOCTYIIATh B PETMCTPOBLIN (aiijl, 0OTKyIa BMeCTe C BHENTHUMU
IaHHBIMU Ha CJIeIyIOIeM TaKTe CHOBA ITOCTYIATh Ha BXOAbI PYHKIIMOHAIbHBIX Y3JIOB.

CyliecTByeT MOAX0I, KOTaa nobasisieTcst ObIcTpbIii 06xogHoi myTh (hot bypass), ¢ mo-
MOIIIbI0O KOTOPOTO JaHHbIE C BbIXOJOB (PYHKIIMOHAIBHBIX Y3JI0B CPa3y ITOCTYIAIOT
K HMM Ha BXOfbl. [Ipy 3TOM TaKoit IyTb, CKOpee Bcero, 6ymeT KpUTUUYECKUM 3a CUeT
KOMOWHAI[MOHHO JIOTMKM HA BBIXOZE (DYHKIIMOHATBHBIX y3JI0B. YTOOBI YMEHBIIUTH
JIaHHBIN My Tb, MYJIBTUIJIEKCOP PA3Je/SIOT Ha IBE CTaUI: BEPXHSIST KOMMYTHUPYET AaH-
Hble ¢ perucTpoBoro daitia ¥ BHEIIHUX BXOIOB (T/le 33[1eP5kKKa HebOoIbIIast M KpUTK-
YeCKMii IyTh He BO3HMKAET), & HWKHSS — JaHHbIE C BEpXHEN CTaauy MyJIbTUILIEKCopa
¥ JaHHbIe, IPUIIeIINe TI0 06XOTHOMY ITyTH.

A

Data input from outside Work Register File
|
Selection
control Bypass
from CPU Hub
—
Pl |
// / Functional unit 1 |

/ Functional unit 0
Operand 0 | Operand 1 | Operand 2 ||:>| Results |

Puc. 4.21 TIpumep pasgesieHus] MyJIbTUILIEKCOPA /IS COKPAIIEHUS KPUTUUECKOTO MYTU

[ononHutenbHoe 3aaaHue Ana CaMOCTOATE/IbHOM PaboThbl

Co3pariiTe IMOHOCTHIO MTapaMeTpu3upoBaHHbIil U-WUJIU ceekTop, UCIIOIb3ys OTlepaTop
generate.

Peanusyiite mpuMepbl AJIY U KOHBeliep Ha KOMOMHAIIMOHHBIX 6I0Kax Ha puc. 4.17
n 4.18 na Verilog, nccnenyiite ux RTL-cxemy 1 3aiep>XKy TPOXOKIEHUSI CUTHAJIOB.

Peanusyiite mpuMepbl AJIY 1 KOHBeiiep Ha KOMOMHAIIMOHHBIX 60KaxX Ha puc. 4.19
n 4.20 na Verilog, uccnenyiite nx RTL-cxemy U 3aep>KKy IIPOXOKAEHMS CUTHAJIOB,
CpPaBHUTE C IPeIbIAYIIM IIPUMEPOM.

4.6 YnpaxHeHus

4.6.1 OcHoBHOe 3agaHue

BbeInoIHMTE IOMMOJHMUTEIbHBIE 3a0aHMs )11 pasmesioB 4.1,4.2,4.3, 4.4 u 4.5.
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4.6.2 3apaHusa pnsa caMOCTOATENIbHOM PaboTbi

I/ICI'[OJI])Z?'YH npmMepbl Koga nu3 ,E[aHHOf/i rjiaBbl, peanusyﬁ’re cieaymomyue MyJbTHU-
IVIEKCOPBbI:

1.

2
3.
4

10.
11.
12.
13.

14.

15.

16.

17.

18.

MynbpTumniaekcop 881, UCMOMb3ys oneparop ?:.
Mynbtuiekcop 8s1, ucmnosnb3sys oneparop if.
MynbpTumniaekcop 881, UCMOb3Ys OlepaTop case.

MynbpTuniekcop 8Bl, co3mas ABa MyJbTUIiekcopa 4Bl M OgUH MYyJIbTUILIIEKCOD
2B1. Peanu3oBaTh MOIY/IN MYJIbTUILIEKCOPOB 4B1 1 2B1 mipu momoIiu onepaTopa ?:.

Mynbpruniekcop 8Bl, co3mas ABa MyJsbTUIiekcopa 4Bl M OOUH MYJIbTUILIIEKCOD
2B1. Peann3oBaTh MOJYJIM MyJIbTUILTIEKCOPOB 4B1 1 2B1 ripu oMoty onepartopa if.

MynbTunnekcop 881, co3nas ABa MyAbTUILIEKCOPa 4B1 M OOVH MyJIBTUILIIEKCOD 2B1.
PeanusoBaTs MOIy/IN MyJIbTUIIIEKCOPOB 4B1 1 2B1 rpu moOMOIIIM omepaTopa case.

Mynbrunnekcop 8sl, co3maB ceMb MY/AbTUIUIEKCOPOB 2B1. Peann3oBaTb MOIYJb
MYJIBTUIIEKCOpa 2B1 ¢ MOMOIIbIO oTiepaTopa ?:.

Mynbrunnekcop 8sl, co3maB ceMb MYJAbTUIUIEKCOPOB 2B1. Peann3oBaTb MOIYJb
MyJbTUILIEKcOpa 2B1 ¢ moMoIbio oneparopa if.

Mynbtunnekcop 8sl, co3maB ceMb MY/JAbTUIUIEKCOPOB 2B1. Peann3oBaTb MOIYJb
MYJIbTUILIEKCOpPA 2B1 € MOMOILBIO OllepaTopa case.

3-GMTHBIIT MYJTBTUILIEKCOP 3B1, CIIOMB3Ys OmepaTop ?:.
3-GUTHBIIT MYJTbTUILIEKCOP 3B1, MCIOMB3Ys onepaTop if.
3-GMTHBIIT MYJBTUILIEKCOP 3B1, MCIIOIB3Ys OTIepaTop case.

3-OMTHBIIT MYJIbTUILIEKCOP 3B1, MCIOMB3Yys ABa 3-OMTHBIX MyJbTUILIEKCOpa 2B1.
PeanusoBats MOIy/ib MyJIbTUIIEKCOPA 2B1 ¢ TOMOIIIBIO OfiepaTopa ?:.

3-OMTHBIIT MYJIbTUILIEKCOP 3B1, MCIOMB3Ys ABa 3-OMTHBIX MyJbTHUILIEKCOpa 2B1.
Peann3oBaTh MOAy/Ib My/IbTUILIEKCOPA 2Bl ¢ TTOMOIIbIO OllepaTopa MOIIbIO Orle-
patopa if.

3-OUTHBIV MYIBTUILIEKCOP 3B1, UCMOMB3YsI ABA 3-OMTHBIX MY/IbTUILIEKCOpA 2B1.
Peann3oBaTh MOIY/Ib MYJIbTUIUIEKCOPA 2B1 C TOMOIIIBIO OTIepaTopa case.

3-OUTHBIN MYJIbTUILIEKCOP 3B1, UCITONB3ys TpU 1-OGUTHBIX MY/IbTUILIEKCOPA 3B1.
Peann3oBaTh MOIY/Ib MYJIBTUILUIEKCOPA 3B1 C TOMOIIIBIO OTIepaTopa case.

3-OUTHBIN MYJIbTUILIEKCOP 3B1, UCITONB3Yys TPU 1-OGUTHBIX MY/IbTUILIEKCOPA 3B1.
Peann3oBaTh MOy Ib MyJIbTUILUIEKCOPA 3B1 ¢ moMoibio onieparopa if.

3-OUTHBIN MYJIbTUILIEKCOP 3B1, UCITONB3Yys TPU 1-OGUTHBIX MY/IbTUILIEKCOPA 3B1.
Peann3oBaTh MOIY/IM MYJIbTUILUIEKCOPA 3B1 ¢ TOMOIIIBIO oiepaTopa ?:.
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PaspaGoraiiTe TaGaAMIy MCTMHHOCTU M M300pasuTe YCJIOBHYIO CXEMY MOAKIIIO-
YeHMS:

MynbpTuniaekcopa 481, KOTOpbIi peanusyet soruuyeckuii snemenT UJIN-HE.
MynbpTuniaekcopa 481, KOTOPbIN peannusyeT Jormueckuit snement UJIN.

MynbpTumniaekcopa 481, KOTOPbIN peannusyet Jormueckuit snemenT U-HE.

N

MynbTuniaekcopa 481, KOTOPbBIN peannsyeT J0rMYeckuis sneMmenT U.
5. MynpTuiiekcopa 21, KOTOpbIii peannsyeT MHBEPTOP.

C nomomb0 MyJabTUILIEKCOpa 8B1 onmuumTe jJornvyeckyo GyHKIMIO B BUIE yC-
JIOBHOJ CX€MBbI IIOAK/IIOUEeHUS :
1.Ly=AABACVAABAC
2.2y=AABACVAABAC
33y=AABACVAABAC
4.y=AANBACVAANBACVAANBAC
5.y=(AVBVC)A(AVBV C)A(AVBV C)
6.y=(AVBVC)A(AVBV C)A(AVBV C)
7.y=AVAANBAC
8y=A®BACVAANBAC)
9.y=A®(BAC)

10.y=A® BV C)

4.6.3 KoHTponbHbie BONPOCHI

1. KakuMM JIOTMYECKMM YCTPOIICTBOM (KOMOWHAIVIOHHBIM/TIOCIE0BATETbHOCTHBIM)
SIBJISIETCST My IbTUIIEKCOP? OBOCHYITE CBOIT OTBET.

2. IlpuBenute Tpu mpuMepa peanmsaluy MyabTuiekcopa 481 Ha Verilog. Kakas pea-
AM3anus ydiie?

3. Uto u3 cebs mpeacTaBiseT TecTOeHY Mpu paspaboTke Ha Verilog? [jis uero Tpeby-
eTcsl pa3pabaThiBaTh TeCTOEHUN?

4. BueMm mpeumyIecTBa Mepapxmueckoro Moaxo/ia Ipu MpoeKTUpoBaHM UG POBBIX
cucrem?

5. KaxoBbI npemmyunieCTBa 1nmoaxoga K IIPOEKTUMPOBAHMIO MYJIbBTUINIEKCOPOB C MC-
II0JIb30BaHMEeM OIlepaTopa case?

6. [ljis yero MCIoOAb3yeTcsl KiadyeBoe ¢yioBo default coBMecTHO ¢ omepaTopom case?
Kakue MOTyT BO3HUKHYTh IIPOGJIEMbI ITPY MPUMEHEHUM OUPEKTUBDI // SYNopsys
full case parallel case?

7. Kak MOXXHO CO37aBaTh JIOTUUECKNEe CXeMbl Ha MyJIbTUIIEKCOpax? PeanusyiiTe yo-
ruyueckuit anemeHnT 2U ¢ ucmoab3oBaHMeM MyabTUIIIekcopa 2B1.
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10.
11.

12.

Kakyio (pyHKIMIO BBITIOMHSET OeMyabTUIUIeKcop? IIpuBemuTe MpuMep mapamer-
pU3MpyeMoro aeMyJbTUILIekcopa Ha Verilog.

KakoBa 0CO6EHHOCTH CEJIeKTOPa ¥ B UeM €r0 OTINYME OT MYJIbTUIIIeKCopa?
Iy 4ero MCIOIb3YeTCsT KOHCTPYKLMS generate? [IpuBeayTe mpumep.

Iyis yero mpuMeHsIeTCsI OrepaTop YaCTUYHOTO Bbhibopa (part select)? [IpuBenuTe
TIPUMEPBI.

YTo Takoe pacIpefeieHHbI CeeKTOp, M B KaKUX 3aJauyax OH MOXKET IPUMEHSITh-
cs1? [IpuBegMTE IPUMEPDI.
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Muxaun Wynneuos, Anekcanap PomaHoB

Lindpposoit cuHTE3:
NPaKkTUYECKUM Kypc

lhaea 5. Cymmarop, komnaparop, ycrpoiicTso casura u AJTY.
MoBbiweHue ckopocTn apudmeTnUecKkUx onepaumm



[nasa 5. Cymmarop, komnapaTop, yCTpoMcTBO casura u AJ1Y.

CopeprxaHue

5.1

5.2

5.3

54

5-2

ApndmeTnueckme KOMOMHALMOHHbIE BI0KM: CyMMaTOp, KOMMapaTtop,
yCTpoicTBo casura u AJTY

5.1.1 Cymmarop

5.1.2 CymMaTtop C CMHXPOHU3MPOBAHHBIMU BXOLAaMU U BbIXOAAMMU
5.1.3 KomnapaTtop

5.1.4 YctpoiicTBo caBura

5.1.5 ApudmeTnko-normyeckoe yCcTpomncTBo

MonycyMmaTop, NOMHbINA CyMMaTOp, NEPEHOC, KaCKagHOoe CoeaAnHeHne
CyMMaTtopoB

5.2.1 TMonycymmatop

5.2.2 TlonHbih cymmaTop

5.2.3 TllepeHoc, KackafHoe coeaMHeHne CyMMaToOpOB

MoBbiweHWe ckopoCcTn apudMeTUHeCKnX onepaLmin Ha npumepe

CyMMaTOpOB Pa3HbIX TMMNOB

5.3.1 TllocTpoeHne cymmaTopa C YCKOPEHHbIM FPynmnoBbiM NEPEHOCOM

5.3.2 TllocnepoBatenbHoe coefMHEHME CYMMATOPOB C YCKOPEHHbIM
rpynnoBbIM NEPEHOCOM

5.3.3 [1ByxypoBHeBas peanu3auns CymMMaTopa C YyCKOPEHHbIM
rpynnoBbIM NEPEHOCOM

5.3.4 TllpeduKcHbIM cymmaTop

YnpaxHeHus

5.4.1 OcHoBHoOe 3apaHune

5.4.2 3apaHua pnsg caMocTosTenbHOM paboTbl
5.4.3 KoHTposibHblE BONPOCHI

5-41

5-42
5-44
5-48
5-48
5-48
5-49



Anekcangp TenatHukoB, AnekcaHgp PoMaHoB

Lindpposoit cuHTE3:
NPaKkTUYECKUM Kypc

lhaBa 6. MocnepoBaTenbHas norukKa.
CyeTunKM u cABUroBble PerucTpbl



[naBa 6. MNocnenosaTenbHas norunka. CHETYMKM U COBMIOBbLIE PErUCTPbI

CopepxaHue

6.1

6.2

6.3
6.4

6.5

6.6

6.7

6.8

6-2

MNocnenoBaTenbHOCTHbIE YCTPOMUCTBA
6.1.1 Mopenb XadpdMaHa ans NocNenoBaTeNIbHOCTHbIX YCTPOICTB

MNMocnenoBaTenbHOCTHbIE MPUCBOEHUS

6.2.1 bnokupytowme n HebnokupyoLme NPUCBOEHUS
6.2.2 Tlopsanok NpUCBOEHUM

6.2.3 CpaBHeHMWe ABYX TUMOB MPUCBOEHUS

Llmknbl cmmynaumn

MopsaoK NpaBMABHOMO UCMO/b30BaHWUS BIOKUPYOLWMX U HEBNOKMUPYHOLLMX
NPpUCBOEHUN

6.4.1 3awenku (latch), u noyemy nx pekomeHayetcs nsberatb

6.4.2 KoMbWHALMOHHAA MU NOCNeA0BaTENIbHOCTHAN SIOMMKa

CueTumnkm

6.5.1 TlpoCTOW CYETUMK C ACUHXPOHHbBIM COpOCOM
6.5.2 CueTumk C npenyCcTaHOBKOM

6.5.3 CueTumk C ynpaBnseMbIM HafMpaBAeHUEM CYETa
6.5.4 [enuTtenb 4acToThl

6.5.5 LUnpoTHO-UMNyNbCHas MoayNaLMUS

6.5.6 Cuetumk lpes

CoBuroBble perucTpbl

6.6.1 CoBUroBbIf PErncTp C CUrHANOM paspelleHuns
6.6.2 Peructp caBura ¢ IMHeRHOM 06paTHOM CBSI3bHO
6.6.3. LMknmyeckunii n3bbITOYHbIN KO,

[MpuMepbl opraHM3aumm B3anMoaencTeums LMGPOBbLIX CUCTEM C NPOCTbIMM
nepudepunHbBIMU MOLYNAMM

6.7.1 MaTtpuua cBeToaMoL0B

6.7.2 Tbe303neKTpuyeckuit nsnyyaTenn

6.7.3 YnbTpa3ByKOBOM AaNbHOMEpP

YnpaxHeHus

6.8.1 OcHoBHOe 33faHue

6.8.2 3apaHusa ons camMocTosaTeNbHOM paboTbl
6.8.3 KOHTpOnbHbIE BOMNPOCHI

6.8.4 TpunoxeHwue K rnase
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6-9
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NPaKkTUYECKUM Kypc

[nhaBa 7. NMamartb: pernctposbin pain u cTtek



[nasa 7. MamaTb: perncTpoBbii darn u cTek

CopepxaHue
7.1 TlonynpoBOAHMKOBbIE YCTPOMCTBA NaMSTH
7.2 [IByxnopToBas naMsTb
7.3 Vepapxua naMsaTu B KOMMblOTEpE.
Mamatb B Mukpocxemax MJINC
7.4 Peructposbiii dhain
7.5 Peanuzaums MN3Y c nomowbto TabnmLbl NepekoanupoBKM
7.6 OpHonopToBas NamMaTb
7.7 OpHonoptosoe [13Y
7.8 [ByxnoptoBas namsTb
7.9 Tlpocto# ctek (LIFO)
7.9.1 Kpatkue cBeneHus 06 opraHm3aLmu cTeka
7.9.2 Peanu3saums cTeka C NOMOLLbH CABUMIOBOroO perncrpa
7.9.3 Peanu3aums cTeka C NOMOLLbIO CABUra yKasaTens
7.10 Ouepepnp (FIFO)
7.11 BctpoeHHasa namatb Mukpocxem ASIC
7.12 YnpaxHeHus

7.12.1 OcHoBHOe 3apaHue

7.12.2 3apaHus oNig CaMoCTOSTENIbHOM paboThl
7.12.3 KoHTpOnbHble BOMpPOChI

7.12.4 Tembl AN MHOMBUAYANbHOW paboTbl
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7-12
7-14
7-19
7-22
7-30
7-35
7-49
7-49
7-50
7-55
7-60
7-61
7-63
7-63
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NPaKkTUYECKUM Kypc

MmaBa 8. KoHeuyHble aBTOMaTbl: OCHOBbI



[naBa 8. KoHeyHble aBTOMaTbl: OCHOBbI

CopepxaHue

8.1
8.2

8.3

8.4

8.5

8-2

KoHeuHble aBTOMaThI

OnuncaHme KoHeYyHOro aBToMara Ha a3bike Verilog
8.2.1 OnucaHue BbIXOAHOM NOTMKM KOHEYHOIO aBTOMaTa

OnucaHne koHeyHoro asTomMata Mypa Ha a3bike Verilog

8.3.1 Co3paHuWe 1 KOMNUAALMA MpOoeKTa

8.3.2 MopenvpoBaHue KoHeyHoro asTomata Mypa B ModelSim
8.3.3 AsToMaTt Mypa € perncTtpoBbiMU BbIXOAAMM

8.3.4 (Co3paHuWe 1 KOMNUAALMA MpoeKTa

OnucaHue KoHeYHOro aBTomMata Munu Ha a3bike Verilog
8.4.1 Co3paHue M KOMNUASLMA NpoeKTa
8.4.2 MopenvpoBaHue KOHeYHOro aBToMata Munu B ModelSim

YnpaxkHeHus

8.5.1 OcHoBHOe 3apaHue

8.5.2 3apaHus onsg CaMoCTosITeNIbHOM paboThl
8.5.3 KoHTponbHble BOMPOCHI

8.5.4 TeMmbl Ansi UHOMBUAYANbHOW paboTbl
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8-26
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CraHucnas XenbHuo, Anekcanap PomaHoB

Lindpposoit cuHTE3:
NPaKkTUYECKUM Kypc

Masa 9. Ucnonb3oBaHUe KOHEYHbIX aBTOMAaTOB
ANA CBA3U € nepudepunHbIMU YCTPOMUCTBAMU



[naea 9. Mcnonb3oBaHWe KOHEYHbIX aBTOMATOB AN5 CBA3M C nepudepuitHbiMU YCTPOMCTBAMU

CopepxaHue

9.1

9.2

9.3

9.4

9-2

KoHeuHble aBTOMaThl 415 CBA3MU C NnepudepmrinHbIMMU YCTPOMCTBAMM
9.1.1 KoHeuHbIli aBTOMAT
9.1.2 TocnepoBaTtenbHbI NnepudepuiiHbii MHTepderic SPI

O6opynoBaHMe M UCXOAHbIN KOA,

9.2.1 JlaTumk OCBeLEeHHOCTH

9.2.2 TopakntoyeHne nepudepritHoro yCTpomcTea

9.2.3 TlopkntoyeHune gatymka

9.2.4 CumynaumoHHas Moaenb nepndepuiHoro yCTporcTBa

9.2.5 Topsanok npoBeaeHUs CUMYNSUMK, CUHTE3a M 3anycKa NPOeKTa

lpoekTMpoBaHMe KOHEYHOrO aBTOMaTa

9.3.1 AxapgeMuyeckmit noaxon,

9.3.2 Peanuzauus KoHe4yHOro aBToMaTa

9.3.3 3apepyKKa BbIXOAHbIX CUrHAN0B aBTOMaTa
9.3.4 AsTOMaT Ha OCHOBE CYeTYMKa

YnpaxHeHus

9.4.1 OcHoBHOe 3aaaHune

9.4.2 3apaHusa Ans caMocTosaTeNbHOM paboTbl
9.4.3 KoHTpo/NbHble BONPOCHI
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tOpwuii Manuyn, Anekcanap AHToHoB, AnekcaHap PomaHoB

Lindpposoit cuHTE3:
NPaKkTUYECKUM Kypc

mhasa 10. KoHBeiepHasa 06paboTka AaHHbIX



[naea 10. KoHBerepHas 06paboTka AaHHbIX

CopepxaHue
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I'nasa 3Hakomum c KoHyenyueti KoHgeliepuzayuu 8 npoekmuposaHuu yugpposwvix cxem. Oc-
HOBHOII Ueblo hpakmuueckoli pabomo! s16J15eMmcsk 3HaAKOMCMeo ¢ 0CHO8AMU KOHeellepu3a-
Yuu 0ns yayuweHus: Xapakmepucmuk yugposwix cxem no cpasHeHur ¢ KOMOUHAYUOHHOL
U HeKoHeellepu3uposaHHoli nocnedosameibHOCMHOL peanuzayusmu. laemcs onucavue
C801iCM8 8bIUUCIUMENbHOL Hazpy3KU U demareti opeaHu3ayuu Yyuppossix cxem, KOMopble
ciedyem NPUHUMAmMs 80 8HUMAHUeE 011 00CMUNCEHUS MAKCUMAIbHOLL NOJIb3bl OM 8Hedpe-
Hus KoHeeliepuzayuu. Taxkxce paccmampusaemcs 86onpoc obecneueHus 3ggexmusHocmu
KOOUpPOBaHUs KOHBeliepHbIX CmpyKmyp, 0151 4e2o 0eMOHCMPUPYIOMCS: pA3HUYA Mexdy No-
gedeHuecKuUM U CMpPYKMYpPHbIM CIMUIAMU; UCNOJIb308aHUe YUKII08 U 8blpaxceHUli generate
0J151 peanusayuu pezyJisipHbIX CXeM; UCNOb308aHUe cuzHana enable 015 ynpasneHus 3anyc-
KOM 8bIMUCEHUTI U YMeHblUeHUs. IHep2onompeOaeHUs; CUHXPOHU3AYUsl KOHaeliepda ¢ one-
pauusamu ¢ nepemMeHHOll 3a0epHcKoli.

Tpe6osaHus K annapamHbiM U NPoO2PaAMMHBIM Cpedcmeam

Zlna evinosHeHUs npakmuueckux pabom 8am noHadodbumcs cnedyiouwjee npozpammHoe
u annapammoe obecneueHue:

* NEePCOHANbHBIL KOMNBIOMEP C YCMAHOB8IEHHOU onepayuoHHoli cucmemoti Windows (sup-
myanvHaa mawura ¢ OC Windows He nodoiidem), x64, 8GB RAM, USB port;

» nakem Quartus Prime (ecmb cmydeHueckas 8epcus);
o naxem ModelSim Altera Edition unu npozpammest Icarus Verilog u GTKWave;

o omuaadounas nniama komnavuu Terasic DE10-Lite unu dpyzas omaadouHas niama Ha
ocHoge IUTUC Intel FPGA unu Xilinx (Moxem nompe608amuscs Muzpayusi nNPoeknos,
ec/iu OHa euje He cOesIaHa 8 00NOJIHUMENbHbIX Mamepuanax' k daHHoil KHuze).

Jna 3anycka @yHKyuoHansHsix Modeseli mpeGyemcs yCmaHoeieHHAas cpeda npozpammu-
posaHusi Ha a3vike Python ¢ nookntoueHHsimMu 6udnuomexamu NumPy, SciPy, Matplotlib.

10.1 KoHuenuusa KOHBeliepHO 06paboOTKM KaK OCHOBbI
NPOEKTUPOBAHUSA BbICOKONPOU3BOAUTENIbHbIX
LMDPOBBLIX CXEM

Konseitepusanus (pipelining) — 970 npuem, KOTOPbIii MIMPOKO UCIIONb3YeTCs B IIPO-
eKTUPOBaHMUM IIMPPOBBIX cxeM ¢ 1960-X IT. U MO3BOJISIET B Pa3bl MTOBBICUTH MPOITYCK-
HYIO CITOCOGHOCTH 1M POBOIL cxeMbl. IIpy 3TOM KOHBeliepu3anyst Mo3BOJISIeT U30eKaTh
KPaTHOTO yBeJIMYEeHMs KOJIMYeCTBa 3JeMEHTOB IM(POBOIi JOTMKYU. [TaHHBIA MTOAXO.
ToJie3eH ISl TIPOEKTUPOBAHMS BBIUMCIUTETbHBIX GJIOKOB Pa3JIMYHOrO Ha3HAUEHMS,
BKJTIOYAs MPOI[eCCOPbI, KOMMYHMKALIVMOHHBIE OJIOKM U 6JIOKM TTOICUCTEM aMSITH.

OcHOBHasl uaesi KOHBelepu3aluuy 3aKJII0YaeTcs] B MPUMEeHeHUN CIeAyIolnX pelle-
Huit (puc. 10.1):

1 https://github.com/RomeoMe5/DDLM.

10-3


https://github.com/RomeoMe5/DDLM

[naea 10. KoHBerepHas 06paboTka AaHHbIX

1) TpakT maHHBIX pa3buBaeTCs Ha MTOC/IeIOBATEIbHOCTb CTAANIi (CTyIIeHel KOHBelie-
pa) TakMM 0O6pa3oM, UTO 3aJepsKKa MPOXOKAEHMS JaHHbIX B KaXKIOM M3 cTamuit
MeHbIIIe 3aJIep>KKM BCETO MCXOIHOTO TPAaKTa JaHHbIX;

2) 3amycKk 06paboTKM HOBOJ MOPLUYM TaHHBIX (3aIIpoca), MOCTYIMBIIMX Ha BXOJ KOH-
Beiiepa, MPOM3BOAUTCS 110 Mepe 0CBOOOKIEHMST ITepBoii cTaguu. TakuM 06pasoM,
06paboTKa HOBOTO 3aIlpoca HauMHAETCST TTapajuieIbHO C IMTPOIoJIKeHeM 06paboT-
KU MTPeIbIAYIINX 3aIIPOCOB Ha 6ojiee TO3THUX CTaAUsIX KOHBeliepa.

OO ®h HeneReR

tean t t t

F G H

a 6

Puc. 10.1 CpaBHeHMe KOMOMHAIIMOHHOI (a) I KOHBeitepHoii (6)
peanu3aunii udpoBOi CXeMbl

OCHOBOJ/ ITOBBIIIEHNS TIPOM3BOAUTEILHOCTY SIBJISIETCS paciiapasuiesBaHue 06paboT-
KM DAHHBIX BO BpeMeHM: Kaskaasl cTaausl o6pabaThIBaeT CBOI 3aIlpoC MapajiebHO
C TeM, KaK Ipyrue cTaauy 06pabaThIBaOT Apyrye 3armpochl. 06e cXxeMbl MOTYT IPUHSITh
K BBITIOJIHEHMIO U 3aBEPIIUTH [0 OTHOMY 3aIIpoCy B T€UeHMe OJHOTO LIMK/IA CUMHXPO-
curHasa. IIocKobKy Kakasi U3 3a/lepiKeK g, to U tyy MeHblle o611eli 3a0,epsKKU tpgy (10
Tpex pas), KOHBejiepHas cxeMa MOXKeT paboTaTh Ha 60Jiee BBICOKOI TAKTOBOI 4acTo-
Te (IO Tpex pa3 COOTBETCTBEHHO), UYTO, B CBOIO oUepeb, 06ecrieuBaeT 60bIIYIO ITPO-
ITyCKHYIO CITOCOGHOCTH (TOKE IO Tpex pas). [Ipy 3TOM ¢ TOUKM 3peHus obbema nud-
POBOI1 JIOTMKYM KOHBeliepu3upOBaHHasK cxeMa A06aBIsIeT TONIbKO GydepHbIie perucTpbl
IUIST TIPOMEKYTOUYHBIX PEe3y/IbTaTOB BhIUMC/IEHNS. [JaHHbIe 3aKOHOMEPHOCTH OIpe[e-
JITIOTCS CJIeayIoIuMu GopMyIaMu:

1
BWpeak(a> = Fmaxa = E’

I S
max (tr,te ty)’
max (tF, tG, tH) < tFGH = BWpeak(é) > BWpeak(a},

BWpeak(ﬁ) = FmaX5 =

rue BWpeak(a) " BWpeak@ — TIIMKOBas MPOITYCKHAsT CITOCOGHOCTH (B 3ampocax 3a C);
Fmax, v Fmax;— MaKkcuMa/bHasi TAKTOBAsI 4aCTOTa /1 cXeM (a) 1 (6) COOTBeTCT-

BEHHO.

KonBeitepusaiysi mMpPOKO MPUMEHSIETCSI B COBpeMEeHHbBIX IM(POBBIX armapaTHbIX
6s10Kkax. [IpuMepoM Takoro 6/10Ka sSIBIsieTCst mpoiieccopHoe sapo MIPS M5150 ¢ KoH-
BeiiepHOi1 opranusaimeit (pyic. 10.2). JaHHBI/ KOHBeiiep 06pabaThIBaeT CJIemyolIie
MalllMHHbIEe MHCTPYKLIMM: apudmMeTrdeckye onepaiyi, ornepanyum ¢ IaMsiTbio, yrpas-
JIeHVe BeTBJIeHMEM U T. JI. IIomoOHbIe MPOIeCcCOpbl B HACTOSINEe BpeMsl IIMPOKO UC-
TOJIb3YIOTCS [IJISI BCTPOEHHBIX MPWIOKEHUH Y TPUIIOKeHN I peaJbHOTO BpeMeHN!.
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Cragms | : Cramgust E : Cragus M - Cragusa A Craguss W

YckopeHHOe nmpoaByskeHye oTAKE

VckopeHHOe mpoaBykeHne orM KE

Anpec Rs
Wucrpykuys JlannbieRs

Anpec Rt
PerucrpoBsbiit
aiin

3anmch Rd

MyJIbTUIITIEKCOPbI 3arpyska JaHHbJX
J1JIs1 yCKOPEHHOT'0 nansbix HI/LO nmn
TIPO/IBVKEHUS naHHbIx CPO

Puc. 10.2 TIpumep mpo1iecCOpHOTO sIApa ¢ KOHBeliepHoit opranusanueit (MIPS M5150)

10.1.1 KoHBeiepHble naeanusmbl

O deKkTMBHOCTD MpUMeEHeHMsT KOHBeliepu3aluy orpaHveHa onpeaeIeHHbIMM BHYT-
PEHHVMM CBOVICTBAMM peaM30BaHHbBIX BbIUMcaeHMii. K coskaneHunio, He KaxkIblii BbI-
YMCIUTENbHBIN ITPOLIecC MOKeT O6bITh 9D GEKTUBHO peanr30BaH B KOHBEiepPHOM CTUIIE.
11 MaKCYMM3alluy MOJIb3bI OT IIPUMEHeHMs KOHBeiepu3aiuu pa3paboTumk J0/KeH
aJarTMPOBATh CBOIO CXeMy IIOf 3TU CBOiiCTBA. B muTepaTypel 311 CBOiiCTBA HOCAT Ha-
3BaHle «<KOHBeepHbIe UAeaan3Mbl». BhIIe/ISIOT TPU TaKMX CBOMCTBA:

e OIMHAKOBAs 3a[epsKKa CTaAuii;
e YHUGUIVIPOBAHHbIE TUIII 3aIIPOCOB;
e HE3aBUCUMOCTH 3aIIPOCOB.

PaccMOTpUM 3T KOHIEMIMK 6oJiee oAPOOHO.

10.1.2 OpuHakoBas 3apepyKKa CTagum

B upeanbHOM ciTydae 3afiepskka KOHBeliepa MOJKHA ObITh pacipeiesieHa Mo CTaausIM
KOHBejiepa B paBHbBIX ITPOMOPIMSIX. B 9TOM cityuae BBeJeHne KoHBeliepa ¢ k cramus-
MM II03BOJISIET MPOITOPIMOHAIBLHO MOBBICUTH TAKTOBYIO YaCTOTY U, COOTBETCTBEHHO,
MIPOIYCKHYIO CITOCOGHOCTH, B K pa3s (6e3 yueTa BpeMeHHbIX 3aTpaT Ha IPeayCTaHOB-
Ky " yIepskaHMe CUTHAJIIOB Ha perucTpax). Ecim 3agepskka OgHOI M3 cTamuii 60bIile
3a7IeP>KeK OCTATbHBIX CTAAuIii, OHA CTAHOBUTCS KPUTHMUECKOI i1 BCero KoHBeitepa,
T. €. OTPAHNYMBAET BO3MOKHOCTb ITOBBIIIEHVST TAKTOBOM YaCTOTHI KOHBEepa B IeJI0OM.

HepaBeHCTBO 3a7iepiKeK Ha CTaAUsIX KOHBeiiepa Ha3bIBAe€TCS BHYTPeHHel parMmeH-
Tamyei. YCTpaHeHye 3TOTO HepaBeHCTBA 3a CUeT MepeMelleHMs] BbIUMCIeHU MeKIy

1 Shen . P, Lipasti M. H. Modern processor design: fundamentals of superscalar processors. Waveland Press,
2013.
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CTagusSIMM Ha3bIBaeTCss 6aIaHCHMPOBKOI KOHBeiepa. B ToM ciryuae, ecjiu mepeMenie-
HIM€ He MMeeT BUIAMMBbIX IT060UHbIX 3¢ (GeKTOB, MHCTPYMEHThI CMHTEe3a MOTYT BBIIOJ-
HSITh €ro aBTOMAaTHYeCKM (3TOT IIPOLecC HasbiBaeTcs retiming). [Ipy 3TOM OTMETHUM,
YTO B 001IIEM C/Tydae MpaBUIbHOE pacIipefeieHe BhIUYMCIeHNI 110 CTaaUsIM SIBJITETCS
006513aHHOCTHIO Pa3paboTUMKa.

10.1.3 YHuduumpoBaHHbIe TUMbI 3aNpocoB

B mpocThIX KOHBEepHbIX CTPYKTYPax TPAKT JaHHbBIX OAMHAKOB /i1 BCeX TUIIOB 3aIIpo-
COB. B TOM cityuae, ecyiv orpeiesIeHHbIN BbIYMCIMUTETbHBIN pecypc KaKoi-mmb0o cTagum
He BOCTpe6GOoBaH MJiT 06paboTKY KaKOro-11bo TUIIA 3alpocoB (100, B HAUXYOIIEM
cyyae, CTagyus KOHBeliepa [jIsl 9TUX 3alpOCOB CBOAUTCS MCKIIOUMTETBHO K KOMMPO-
BaHMIO IPOMEKYTOUHBIX PE3Y/IbTaTOB BHIUMCIEHNIT Ha APYTYIO CTAANIO), TIOCTYILIEHME
TaKOTO 3aIpoca MpUBeHeT K MPOCTAMBAHUIO BBIUMCIUTEILHOTO Pecypca U CHYDKEHUIO
MOTeHIMATbHOM 3G ()EeKTUBHOCTY KOHBelepa. DTO MpOoCTaMBaHe Ha3bIBAETCS BHEIII-
Heil parmeHTanMe, 1 OHO MUHMMMU3UPYETCS pa3paboTunMKaMy 3a cueT yHudbmKa-
LM TUTIOB 3aIIPOCOB M UX 06pabOTKIM KOHBEIIepHOI CTPYKTYPOJi.

10.1.4 HesaBucumoCTb 3aNpoCcoB

HOCKOJ’Ibe KOHBeﬁepMBaHMH nmoapasyMeBaeT pacliapa/uie/iMBaHMe Iponecca 06pa-
60TKMU 3aIIpoCoB, JOCTM)KEHIE MIMKOBOIL 3(1)(1)@KTI/IBHOCTI/I BO3MOXXHO TOJIBKO B C/Iydae
B3alMHOJ He3aBUCUMOCTU 3aIIpoOCOB. Takast BeIYMCIUTEIbHAS Harpy3ka HOCHUT Ha-
3BaHle MMOTOKOBOM — OTAeJ/IbHbIe 3aIIPOChI B Hell He MMelOT 06]J.U/IX JaHHbIX. B CIIy-
yae HeBO3MOKHOCTU Ob6ecreueHus] He3aBUCUMOCTHU 3aIIpoOCOB MOXKeT HOTpe6OBaTb-
Cs1 BBeJeHNe OOIIOTHUTEJIbHbIX 6J'IOKI/Ip0BOK, IIPpMOCTAHAB/IMBAOIINMX BbIUYMCIE€HMS 10
pa3penieHus 3aBUCUMOCTEIA. Har[pMMep, JJIs BBITIOJTHEHMSA OOHOI'O 3aIIpoca HOTpe6y-
€TCS OKMOaHMe Pe3yJIbTaTOB BbIIIOJTHEHNMSA OPYIOro.

B paMKax maHHOJ IpaKTUYeCKOil paboThl BCe MPMMEPbl OCHOBAHbI HAa IOTOKOBBIX
apudmeTnUeCcKuX BhIUMCIEHUSX, IO9TOMY TaKas MpobjeMa He BO3HUKaeT. IIpu sToM
cJlemyeT OTMETUTh, UTO GoJiee CJIOKHBIE GIOKM (HalpuMep, COBpeMEeHHbIe BbICOKO-
MIPOU3BOANUTEIbHBIE IPOIIECCOPHI) Peaan3yIoT arpecCMBHOE pacriapajuieiMBaHmne 06-
pPaboOTKM MHCTPYKIIMIA, COXPAHSIS IJIT MPOrpaMMMCTa BUAVMOCTD ITOC/IeI0BAaTEIbHO-
IO BBITIOJTHEHUST MHCTPYKIMIL. DTO BelleT K IMOSIBJIEHUIO OTAENbHOrO Kaacca Mmpobaem
(TakuX Kak, HarpMuMep, KOHBeliepHble KOHGIMKTHBI, BbI3BaHHbIE KOHBEiepHOi 06pa-
60TKOI1 IToCcIeJoBaTeIbHbIX MHCTPYKIINMIT). Bosee moapo6HO JaHHbIe BOIIPOCHI OCBEIIa-
I0TCSI IPY U3YYeHUN TIpMUMepa peannsaiuy MUKpoapXuTeKTypsl mpoctoro MIPS-mpo-
1eccopa B riaBe 11.

10.1.5 MnaHupoBaHMUE BbIYUCIUTENBHOM HArpy3Ku

IMoTreHianbHast 3¢GdEeKTUBHOCTh KOHBEepU3MpoBaHHOM MGPOBOIi CXeMbI Orpa-
HMYEHA CTEeIeHbI0 MPUCYTCTBUS KOHBEepHbIX UOeaan3MoB. B cyuae eciu JoCTUYb
3aJJaHHBIX MTApAaMEeTPOB He yIaeTcs], pellleHreM MOKeT CTaTh M3MeHEeHMe CaMOii BbI-
YMCIUTETBHO HarPy3KM C 11eJIbI0 OOJIBIIETO ee COrJIacoBaHMsI C KOHBeiepHbIMMU Mea-
MM3MaMM UM ee JIydYilleii afamnTaluy K KOHBeiepHoil peammsaruu. Hampumep, mpu
MIPOEKTUPOBAHMM CUCTEMbI KOMaH/I, IIpolieccopa cjieyeT MUMEThb B BUAY, UTO MUHUMU-
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3alMsI B3aMMOCBSI3€il MKy HUMU ¥ YHUUKAIMS MX 00pabOTKM CliesiaeT anmnaparypy
s derTUBHEE, a €e TPOEKTUPOBAHNE — MEHEe TPYA0eMKIUM.

10.2 MpakTuueckoe cpaBHeHME KOMOMHALLMOHHOM,
MHOrOTaKTHOM U KOHBEMEPHOW peanusaumi
apudmeTnyeckoro 6noka

B peanbHbIX LIMGPOBBIX CxeMaxX KOMOMHAIVMIOHHBIM, MHOTOTAKTHBINI M KOHBeiiep-
HBII TIOIXOIbI MIPUMEHSIOTCSI COBMECTHO. BBIOOP KOHKPETHOTO PeIlleHNsT 3aBUCUT OT
MHOXeCTBa (haKTOPOB: CBOVICTB BbIUMCIUTEIbHOM HArpy3Ku, Tpe60BaHMT K TAKTOBO
YacToTe, XapaKTePUCTUK KOMIIOHEHTOB TEXHOJOTMYECKO OMOIMOTEKM U CTpaTeruu
onTMMM3aIMK. B maHHOI 1aBe O6ymeT MPOBOAUTHLCS CpaBHEHME CJIeTYIONINX XapaKTe-
PUCTHUK:

1) MakcuMambHOV TaKTOBOI YaCTOTHI;

2) MaKCUMAaJbHOJ MPOIYCKHOI CITOCOGHOCTY B hopMe MHTepBaia MHULMAIUY (MU-
HMMAaJIbHOTO KOJIMYECTBA TAKTOB CMHXPOCUTHAJIA MEXKIY 3aIIpocaMit) ¥ KOJTMYeCT-
Ba 3aIIpOCOB, 00pabaThIBAEMbIX 32 CEKYH/Y;

3) MMHMMAaJIbHON 3aJepskKM 00paboTKM 3ampoca (B TaKTax CMHXPOCUTHAIA M HAHO-
CeKyH[ax);

4) moTpebiaeHNUsI pecypcoB (JIOTMUYECKNX PECypPCOB, PETUCTPOB, apubMeTUIeCcKUX 610~
KOB);

5) moTpebyieHMsI SHEPTUM.

B maHHOI1 T1aBe MPOEeKTUPOBaHMe KOHBeepHbIX CTPYKTYP pacCMaTpUBAeTCs Ha Mpu-
Mepe apudmeTnueckux 6JI0KOB. DT O6JIOKM MMEIOT eAVMHCTBEHHBI TUIT 3a1poca, I0-
CKOJIBKY OJIMH U TOT K€ aJIFTOPUTM MIPUMEHSeTCS K KaXKIOMYy BXOJHOMY Habopy AaH-
HbIX. KpoMe Toro, 3ampochl 06pabaThIBAIOTCST He3aBUCUMO. Takue 6JI0KM MOTYT ObITh
0Cc06eHHO 3(QGEeKTMBHO peaan30BaHbl B KOHBEIEPHOM CTHJIE: BTOPOJ U TPeTuit uaea-
JIN3MBbI YAOBJIETBOPSIOTCS aBTOMaTuuecku (pasgen 10.1.1). [lepBbliii ke naeannsm Bce
ellle OCTAeTCs aKTyaIbHbIM.

B KauecTBe IeMOHCTPAIMOHHOTO IIpYMepa pacCMOTPUM 8-pa3psiIHbIii 610K BO3Bee-
HMSI UMCJIa B OSATYIO CTeIeHb. [I0CKOIbKY aITOPUTM IIpeATioiaraeT OBTOPeHe OIHOi
Y TOJA 3Ke orepanyy (YMHOKEHMS), OH MOXKeT ObITh eCTeCTBEHHBIM ITyTEM pasOouT Ha
CTaguy C ONMHAKOBOI 3afepskKoii. TakMM 006pa3oM, MepBblil Maeaan3M TaKKe JIerKo
YIOBJIETBOPSIETCSI, €C/IY KOJIMUECTBO OTepaliii SIBJsIeTCS KPaTHBIM KOJTMYECTBY CTa-
Iuii KoHBeiiepa. Kak pe3ynbraT JaHHBIA IpUMep B LIeJIOM J€MOHCTPUPYET Maealn-
3MPOBAHHYIO CUTYaIIMIO, IPY KOTOPOJ KOHBeliepu3auus JaeT HaubOoNbIINii IPUPOCT
2 GeKRTUBHOCTY cxeMbl. I[I[poeKTHpOBaHMe peasbHOI anmapaTypbl, Kak MIpaBuiIo, Cy-
IIECTBEHHO CJIOKHEEe 1 MOXKET ITOTPeb0oBaTh OT pa3paboTUMKa JOMOTHUTEIbHOTO aHa-
JI3a Y IPUHSITUSL KOMIIPOMMUCCHBIX PeIlleHUIA.
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10.2.1 ®yHKUMOHaNbLHOE MOAENUPOBaHHUE

IMepen mpoeKTHpPOBaHMEM HermocpeAcTBeHHO RTL-Mopmenu 1udpoBoro 6;710Ka mojie3Ho
CO3[1aTh €ro 3TAJIOHHYI0 Mozenb (Golden model). dTanoHHas MoaeIb MPefOCTaB-
JITeT HaOGop BBIXOIHBIX PeaKIMii Ha TeCTOBbIe BEKTOPHI IJisd BepuduKkaimm GyHKIMO-
HaJBbHOCTY TIPOEKTUPYeMOJi ammapaTypbl. JJaHHas MoneNnb OymeT obmieii mjs pas-
JIMYHBIX peanusainii (KOMOMHAIIMOHHOM, MHOTOTAaKTHOI, KOHBeiepu3upOBAHHOI)
anmapaTHOTo 6yi0ka. Takue MOAeNM TakKe Ha3bIBAIOT (PYHKIIMOHAIbHBIMU. B 3TOII
MPaKTUUYeCcKoi paboTe mjis onycaHuss GYHKIMOHAIbHOM MOAEIN UCIIONb3YeTCS SI3bIK
nporpammupoBanusi Python. VicxomHblit Ko GyHKIIMOHAIBHO MOJIe/IN IpeicTaBaeH
Hwke (muetuHr 10.1). CaegyeT o6paTuUTh BHMMAaHMeE, YTO MOJIEJb allapaTypbl JOJIK-
Ha BKJIIOYATh B ce6sT MICKTIOUMTENIbHO «CMHTE3UpyeMble» orepaiuu (Te, KOTOpble MO-
I'yT OBITH peaan30BaHbl anmapaTHo). KOppeKTHOCTh caMoii Mozenu Bepuduimpyercs
C TIOMOIIIbI0 BCTPOEHHOM MaTeMaTuku Python.

# alg model - python math can be used here
def pow5_alg(x):
return pow(x, 5) & Oxff

# hw model - synthesizable operations only
def pow5_hw(x):
y =1
for mul in range(@, 5):
vy = (v * x) & oxff
return vy

# generating stimulus
for x in range(@, 10):
alg_val = pow5_alg(x)
hw_val = pow5_hw(x)
if (alg_val == hw_val):
print("Correct! x: ", hex(x).ljust(6), "; y: ", hex(hw_val).ljust(6))
else:
print("ERROR! x: ", hex(x).ljust(6), "; y(model): ",hex(alg_val).
Ljust(6), "; y(hw): ", hex(hw_val).ljust(6))

JIuctunr 10.1 CDyHKL[I/IOHaJ'IbHaﬂ MOJeJIb MOAYJisI BO3BEJeHMS Ulciia B CTEIIEHb

TecTOBbI BbIBOJ, MOLEIN:

Correct! x: 0x0 ; y: 0x0
Correct! x: @Ox1 ; y: 0x1
Correct! x: Ox2 ; y: 0x20
Correct! x: Ox3 ; y: Ox£f3
Correct! x: Ox4 ; y: 0x0
Correct! x: Ox5 ; y: 0x35
Correct! x: @Ox6 ; y: 0x60
Correct! x: Ox7 ; y: ©Oxa7
Correct! x: Ox8 ; y: 0x0
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Correct! x: @x9 ; y: 0xa9

JInctuHr 10.2 TecTOBbIN BbIBOA, (PYHKIIMOHATBHON MOAEIN MOTYJIST
BO3BeZeHNsI UKCla B CTelleHb

10.2.2 KombuHauunoHHas peanusaums

KoM6uHaLIMOHHAs peanu3alius — 9TO IIPOCTeiias peaausalus aIrmapaTHOro 6;10Ka
o6paboTku. C OGHOI CTOPOHBI, [0 CPABHEHUIO C KOHBEepHOI peanysaliyeii, KOMOu-
HallYIOHHASI peaju3alus MMeeT MEHbINYIO0 3a/epskKKy 0O0paboTKM 3arpoca 6jaromapst
OTCYTCTBMIO BHYTPEHHEeI hparMeHTaIMu 1 Heob6xooumocTy 6ydepnusnupoBaTh mpome-
SKyTOUHbBIE Pe3yIbTaThl BbIUKCIeHMI1. HO B ciTyyae MOCTYIIeHSI HECKOJIbKMX Pa3INYHbBIX
TUIIOB 3aIPOCOB MOYKET BO3HUKHYTD ITpo6ieMa BHelTHelt pparmeHTauyy. Torga KpUTK-
yeckas 3a/iepskka 6yIeT 0CcTaBaThCs IOCTOSTHHOM M1 BCEX TUITOB 3aIIPOCOB. AHAIOT Y-
HO KOHBeJepHOoi1 peann3sanyy, KOMOMHAIIMOHHAS peaau3anys TpeGyeT OTIeIbHbIX BbI-
YMCIUTETbHBIX PECYpCOB [IJIsI KaXKI0ii orepaiuy 1 GyHKIMOHUPYET Ha OTHOCUTETbHO
HU3KOJ TAKTOBOJI yacToTe. TeXHMUECKM TaKye CXeMbl MOTYT PaboTaTh B BBICOKOUACTOT-
HOM JIOMeHe B Bi/Jle TaK Ha3bIBA€MbIX MHOTOTAKTHBIX ITyTel (KOTa UTepalys BbIUuC-
JIEHUI1 TTPOU3BOANTCS Pa3 B HECKOJIbKO TAKTOB), HO 13-32 HEOOXOAMMOCTHM OKUIATh 3TU
HECKOJIBKO TaKTOB IMPOITYCKHAsI CITIOCOGHOCTh BCETO TPAKTa JaHHBIX OCTAETCST HU3KOIA.

Hioke mpuBeieH pyMep KOMOMHAIMOHHOTO MOTYJISI, BBIUMCIISIIOIIETO MSTYIO CTEIIeHb
uncita (daiii lab_10_1_pow_5\02_syn_pow_5_single_cycle_struct):
module pow_5_single_cycle_struct
# (
parameter w = 8

)
(
input clk,
input rst_n,
input arg_vld,
input [w - 1:0] arg,
output res_vld,
output [w - 1:0] res
);
wire arg_vld_q;
wire [w - 1:0] arg_q;
reg_rst_n i_arg_vld (clk, rst_n, arg_vld, arg_vld_q);
reg_no_rst # (w) i_arg (clk, arg, arg_q);
wire res_vld_d = arg_vld_q;
wire [w - 1:0] res_d = arg_q * arg_q * arg_q * arg_q * arg_q;
reg_rst_n i_res_vld (clk, rst_n, res_vld_d, res_vld);
reg_no_rst # (w) i_res (clk, res_d, res);
endmodule

JIuctunr 10.3 VicxomHblii KO KOMOMHAIMOHHO peann3auny MOIYJIs
BO3BeeHMS UlC/Ia B CTEIIeHb
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Iy MomenMpoBaHus cxeMbl B cpefie Modelsim u mosryueHnst BpeMeHHbIX J1arpaMm
HeOoOXO0IMMO BBITTOJTHUTD CJIeTYIONIe AeCTBUS:

1) 3amycTUTh CKPUIIT MOJIeJIMPOBAaHMSI, KOTOPBIN MMPOU3BeIEeT MOeIMpPOBaHMe BCexX
momyseii B mpoekrte: lab_10\src\lab_10_1_pow_5\01_sim_pow 5\ 01 _simulate_
with_modelsim.bat;

2) OTKPBITh BKJIAAKY Wave. PesyanaT JOJIDKeH ObITh TAKUM JKe, KaK 1 Ha Bp€MEHHbIX

ArarpaMmMax:
¥ [testbenchfclk 1 S P L L L L P T LT
¥ [testbench/rst_n 1
¥ [testbenchfarg_vid 0 [ [ [
=¥ [testbench/arg 05 03 | J00 fo1 o2 {03 o4 Jo5 Jo6 07 [o0 o1 [02 Jo3 jo4 os foé fo7 Joo Joi o2 Jo3 fo4 Jos
¥ [testbench/res_vid_pow_5_single_cydle_struct 0 1 1 [T1
=4 [testbench/res_pow_5_single_cycle_struct 3 3 Joo Jo1 20 3 Joo [35 J60 Ja7 Joo Jo1 20 J3 foo |35 60 Ja7 Joo Joi J20 ff3

Puc. 10.3 Pe3ynbTaThl MOAEIMPOBAHMS KOMOVHAIMOHHOI peann3aiini MOIYJIs
BO3BeeHMS UMC/Ia B CTEIIeHb

CrnenyeT o6paTUTh BHMMAaHME, UTO B Pe3yJbTaTe MOAEJIMPOBAHUS ITOJyUYE€H BEKTOP
BXOJHBIX U BbIXOAHBIX MMap 3HaueHuit (0x00/0x00, 0x06/0x60, 0x04/0x00, 0x02/0x20
M T. II.), COBIIQIAIONINX C BbIXOAaMM (PyHKIMOHa/IbHOW Momenn (pasmen 10.2.1). 9To
MTOATBEPKIAeT KOPPEKTHOCTh PAbOThI CIIPOEKTUPOBAHHOIO 6/10Ka.

s cOopKM TpoekTa U ero mpotorunupoBanus Ha IIVIMC Heo6XOAMMO BBITTOJHUTH
cyemyonye AeiCTBUS:

1) samyctuTh ckpunt make_project.bat s cosmaHusi manku s CMHTe3a U JIJISE
xpaHeHust ¢aitioB mpoekrta: lab_10\src\lab_10_1_pow_5\02_syn_pow_5_single_
cycle_struct\ del0 _lite\make_project.bat;

2) OTKpbITh ¢aiia nmpoekTa B cpeme Quartus Prime: lab_10\src\lab_10_1_pow_5\ 02_
syn_pow_5_single_cycle_struct\ de10_lite\project\del0_lite.qpf;

3) 3amycTuTh COOPKY MpoekTa (Processing — Start Compilation);

4) Tmocse 3aBepiieHNs] KOMITWISIIUY MOKHO OTKPBITh TpocMoTp RTL (Tools — Netlist
Viewers = RTL Viewer) 11 OLIeHUTb KOJMYECTBO (PYHKIIMOHATbHBIX OJIOKOB U UX
cxeMy ux coemuHeHus. RTL-mpeacTaBiieHyie KOMOMHAIIMIOHHOM peanusanyuy mo-
Ka3aHo Ha puc. 10.4);

5) crenepupoBaTh ¢aiin npommBky (bitstream) 1 3arpy3uts ero B raty ¢ ININC.

pow_5_single_cycle_struct:i_pow_5

= o Muitt reg_no_rsti_res

oK 2 est7.01
e 1 . o9

argl?. 0]
arg_vid

Puc. 10.4 RTL-npencTaBiieHrie KOMOMHAIMOHHO peann3aumuy MOIYJIs
BO3BeeHMS UMC/Ia B CTEIIeHb
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JI71s1 BBIIOTTHEHMSI TPOTOTUIMPOBaHMs Ha Iuiate ¢ INIMC Heo6xoAMO IiepeBecTy Iie-
pexitouatesib SW[9] B akTUBHOe I10JI0KeHMe, a 3aTeM BEPHYTb B BLIK/JIIOUEHHOE I10J10-
>KeHMe. DTO [lepe3aIryCTUT paboTy cucTeMbl. 3aTeM TpebyeTcs 3aJaTh BXOAHOE 3HaUe-
Hue nepexmovarensiMu SW[7:0] u Haxkats KEY[0], /15t TOro 4To66! OTIPaBUTh €0 Ha
06paboTKy. UHOMKaLMs Ha CBETOAMOAAX 0003HAUNT MOMEHT TOTOBHOCTY BBIXOZHBIX
IAHHBIX. BpIXO#HOI 6aiiT maHHBIX OynIeT BbhIBeZeH Ha [1Ba MOCIeSHNX CeMMCEerMeHT-
HBIX MHIVKATODA.

[I71s1 OTIeHKM MaKCUMMaJIbHO TakKTOBOI yacToTsl Fmax (puc. 10.5) TpebyeTcs 3ammyCcTUThb
TimeQuest Timing Analyzer — Slow 1200mV 85C Model = Fmax Summary.

S Quartus Prime Standard Edition - Di/Research/Computer_Science/Projects/ITMO-STUD/panchul_pipeline/lab_10/src/lab_10_1_pow_5/02_syn_pow._5_single_cycle_struct/de10_lite/project/board_wrapper - board_.. ~ — O X
File Edit View Project Assignments Processing Tools Window Help Searchalteracom __|@
D 0 0 C| [boardwrapper | 7SS O ¥ KO ©LVE
Project Navigator  Hierarchy ~|aigs «| @ board wrappery @ @ Compilation Report - board_wrapper & Power Analyzer Tool (3 [iP catatog wex
Entitynstance Table of Contents FLJ| stow 1200mV 85C Model Fmax Summary [ x]=
' MAX 10: 10M30DAF484C7G £ Summary A~ & <<Fitter>> ¥ & Installed 1P
> % board_wrapper B Settings Fmax  Restricted Fmax  ClockName  Note v Project Directory
& Generated Files PR 77 MHz 5677 MHZ K No Selection Available
& Device Options: Di/Research/Com ~ Library
© Messages > Basic Functions
v = TimeQuest Timing Analyzer > DSP
Q S B Summary > Interface Protocols
& Parallel Compilation > Memory Interfaces and Controllers
=== Sl 2 gm Mo - E= SDC File List > Processors and Peripherals
Task A & Clocks > University Program
> B SSN Analyzer v 7= Slow1200mV 85C Model ® search for Partner IP

v - Engineering Change Order (ECO) B2 Fmax Summary

€ Chip Planner &8 Setup Summary
 Hold Summary

€ Change Manager N
& & E Rec

B Export Database || This panel reports FMAX for every clockin the design, regardless of the user- A
specified clock periods. FMAX is only computed for paths where the source T
v

and destination ragisters ar narts ara drivan by the same clack Paths of

v 2 Removal Summary
> |lis >

-
Al (O] A A| (A <<Filter>> B8 Find.. | | 88Find Next

fvne TN Messane

4 20031Parallel compilation is enabled for 4 processors, but there are only 2 processors in the system Runtime may increase due to over usage of the p
©0 21076High junction temperature operating condition is not set. Assuming a default value of '85"

© 21076 Low junction temperature operating condition is not set. Assuming a default value of "0’

© 332104 Reading SDC File: '../../../common/synthesis/de10_11ite/board_wrapper.sdc'

0 332151 Clock uncertainty is not calculated until you update the timing netlist.

0 332123 Deriving Clock Uncertainty. Please refer to report_sdc in TimeQuest to see clock uncertainties. v
< >
System  Processing (140)

x| A

Messages

Puc. 10.5 MakcumasbHasi TAKTOBAsI YaCTOTA /11 KOMOVHAI[MOHHO peann3annn
MOZYJIsSi BO3BEIEHMS UMCJia B CTEIIEHD

B monyuuBIemMcst mpyuMepe MakKCUMajIbHas TAKTOBAsI YaCTOTa COCTaBseT 56,77 MI'I.
VHTepBal MHUIIMAIMY KOMOVHALIMOHHO peann3aiiuu 3aHuMaeT ouH TakT. COOTBeT-
CTBEHHO, TTPOTYCKHASI CITOCOOHOCTD JIJIST BBIUMCIEHHO YaCTOThI COCTABIISIET 56,77 MITH
3aIIPOCOB B CEKYH/IY.

3aiepskka KOMOMHAIIMOHHOI peann3alyy Takske paBHa OMHOMY TakTy. COOTBETCTBEH-
HO, 3a7iep>KKa AJ1s1 3a[JaHHOM TaKTOBOM 4acTOThI cocTasisieT 1/Fmax (17,61 HC).

[nst o1leHKY TTOTpeb6ieHns pecypcoB Kpuctasuia (puc. 10.6) Heo6X0OMMO OTKPBITD pas-
nen Flow Summary:
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S Quartus Prime Standard Edition - Di/Research/Computer_Science/Projects/ITMO-STUD/panchul_pipeline/lab_10/src/lab_10_1_pow_5/02_syn_pow._5_single_cycle_struct/de10_lite/project/board_wrapper - board_.. ~ — O X

File Edit View Project Assignments Processing Tools Window Help Searchalteracom  |@

RG] o board wrapper <] /6 &4 O ¥ S S A VM
Project Navigator \\ Hierarchy ~la/ma x| @ board wrappery I & Compilation Report - board_wrapper & Power Analyzer Tool £ [iP catatog usx
EntityInstance L3 GHEETIEN 1 )
i MAX 10: 10M50DAF484C7G oWty & Filter: V8 installed IP
> 8 board_wrapper ® =5 Flow Settings Flow Status Successful - Thu Jan 25 18:05:512018 A | V Project Directory
55 Flow Non-Default Global Settings Quartus Prime Version 17.1.0 Build 590 10/25/2017 SJ Standal No Selection Available
&= Flow Elapsed Time Revision Name board_wrapper ~ Library
&2 Flow OS Summary Top-level Entity Name board_wrapper > Basic Functions
[ Flow Log. Family MAX 10 > DSP
Q 5 ||> ™ Analysis & Synthesis Device 10MS0DAF484C7G > Interface Protocols
> = Fitter Timing Models Final > Memory Interfaces and Controllers
=== Sl 2 TE® < 0 FlowMessages Total logic elements 43149760 (<1%) > Processors and Peripherals
Task A1l © Flow Suppressed Messages Total registers 28 > University Program
> B SSN Analyzer v = Assembler Total pins 109/360 (30 %) ® search for Partner IP
v I~ Engineering Change Order (ECO) E8 Summary Total virtual pins. o
© Chip Planner msetings Total memory bits 0/1,677312(0%)
. & Generated Files Embedded Multiplier 9-bit elements 4 /288 (1 %)
@ Change Manager ) | |
& Device Options: Di/Research/Com | |Total PLLs 0/4(0%)
B Export Database
s O Messages Vv ||UFM blocks 0/1(0%) s
z S |1 s G 5 + Add..

= -
olad [of [A] [A] [A] |V <<Filter-> B8 Find.. | | 88Find Next

fune TN Messane ~

4 20031Parallel compilation is enabled for 4 processors, but there are only 2 processors in the system Runtime may increase due to over usage of the p
0 21076 High junction temperature operating condition is not set. Assuming a default value of '85"

© 21076 Low junction temperature operating condition is not set. Assuming a default value of '0°

© 332104 Reading SDC File: '../../../common/synthesis/de10_11ite/board_wrapper.sdc'

0 332151 Clock uncertainty is not calculated until you update the timing netlist

© 332123 Deriving Clock Uncertainty. Please refer to report_sdc in TimeQuest to see clock uncertainties. v
< >
System  Processing (140)

Messages

Puc. 10.6 Ouenka morpebnenus pecypcos IUIVC

[ IpMBeAeHHOTO IIpyMepa MOoTyYeHbl CJIeIYIOoN/e OIeHKNM ITOTPebIe s peCypCoB:
43 n0oTMYECKUX 3eMeHTa, 28 perncTpoB, 4 yMHOKMUTeS. 3adUKCUpyeM JaHHbIe 3Ha-
YeHWUsI AJ151 TOCAeIYIONero CPaBHEeHMSI.

s ouleHKM sHepromnoTpebiaenus (pruc. 10.7) TpebyeTcs 3aITyCTUTh MeHIO Processing
— Power Analyzer Tool. 37echb MOKHO BBICTABUTbH IPOM3BOJIBHYIO YacCTOTY ITiepe-
KIoueHus BBoga-BeiBoga (I/0 toggle rate). OcTaBuB 3HaueHMe 10 YMOJIUAHUIO
12,5 %, — Hy>)kHO HaxkaTh Start. [To 3aBepiIeHUM aHaIu3a HaskaTh Report.

S Quartus Prime Standard Edition - Di/Research/Computer_Science/Projects/ITMO-STUD/panchul_pipeline/lab_10/src/lab_10_1_pow_5/02_syn_pow._5_single_cycle_struct/de10_lite/project/board_wrapper - board_.. ~ — O X

File Edit View Project Assignments Processing Tools Window Help Searchalteracom  |@

Dm e o board wrapper <] /6 &4 O ¥ S S A VM
Project Navigator \\ Hierarchy ~la/ms x| @ board wrappery I & Compilation Report - board_wrapper & Power Analyzer Tool [ [iP catatog usx
EntityInstance Rl L Pover AnalyzerSummalyl e Lz
A MAX 10: 10MS0DAF484C7G & Flow Summary ¥ nstalled 1P
> 58 board_wrapper “® 2 Flow Settings Power Analyzer Status Successful - Thu Jan 25 19:08:47 2018 | Project Directory
B8 Flow Non-Default Glok Quartus Prime Version 17.1.0 Build 590 10/25/2017 SJ Standard Edition | No Selection Available
&= Flow Elapsed Time Revision Name board_wrapper ~ Library
2 Flow OS Summary Top-level Entity Name board_wrapper > Basic Functions
El Flow Log Family MAX 10 > bsP
< > || > ™ Analysis & Synthesis Device TOM50DAF484C7G > Interface Protocols
> = Fitter Power Models Final > Memory Interfaces and Controllers
Tasks Full Design /=S =15 Assembler Total Thermal Power Dissipation > Processors and Peripherals
Task A5 = TimeQuest Timing An: | Core Dynamic Thermal Power Dissipation 4,28 mW | > University Program
> P> SSN Analyzer VI Power Analyzer Core Static Thermal Power Dissipation 90.21 mW ® search for Partner IP
v I Engineering Change Order (ECO) EE Parallel Compilatior | 1/0 Thermal Power Dissipation 63.40 mW |
€ Chip Planner B8 Summary Power Estimation Confidence Low: user provided insufficient toggle rate data
. B Settings
€ Change Manager |
- & Indeterminate Togg
Export Database v| = Operating Conditior v
< > < L + Add...
o
Al (O] A A| (A <<Filter> B8 Find.. | | 88Find Next
fvne TN Messane ~

& 215044 No board thermal model was selected. Analyzing without board thermal modeling.
0 334003 Started post-fitting delay annotation
© 334004 Delay annotation completed successfully
0 215049 Average toggle rate for this design is 33.442 millions of transitions / sec
0 215031 Total thermal power estimate for the design is 157.89 mw
>0 Quartus Prime Power Analyzer was successful. O errors, 2 warnings v

Messages

System  Processing (18)

Puc. 10.7 OteHka sHepromnorpebieHus
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st mpuBeAeHHOTO TMpuMepa TOIyYeHbl CAelyIole OLEHKM JHeprornoTpebieHms:
90,21 mBT (cTaTuyeckoe) u 4,28 MBT (mnHamMumueckoe). 3apuKcupyem JaHHbIe 3HAYE-
HUS 1)1 IOC/Ie[YIOIIEero CpaBHEeHMS.

C60p maHHbBIX 0 pa3paboTaHHOM MOJYJ/Ie 3aBepIleH.

10.2.3 MHoroTakTHas peanusauus

MHOroTaKkTHass HEKOHBeliepM3MpoBaHHas peaayn3aliusi, o CpaBHEHUIO C KOMOWHAIIM-
OHHOJ ¥ KOHBEJiepHOIi peanyusaiusIMu, TI03BOJISIET COKOHOMMUTD arapaTHbIe pecyp-
CBI 32 CUET UX MIOBTOPHOTI'O MCITOIb30BaHMsI Ha Pas3IMUYHbIX 9Tarmax 06paboTKy 3ampoca.
3mech, Kak 1 B KOHBeiiepHOii peanu3aiium, TpedbyeTcst 6ydepusaliius ojist XpaHeHUs pe-
3y/IbTAaTOB MPOMEKYTOUHBIX BbIUMCAEHMIT. KpoMe TOTro, KOOpAMHALIMS ITepenayun gaH-
HbIX MEXIY BBIUMCIUTENIbHBIMM YCTPOCTBAMM TpebyeT moOaBIeHMs JOMOTHUTEb-
HOJ1 JIOTMKY YIIpaBJIe€HMUSI.

Mo cpaBHEHMIO C KOHBEepHOI peanu3alyeii, B MHOTOTaKTHOV BHeIIHSST ¢hparMeHTa-
1IMS TIPUBOIUT K MEHBIIUM MTOTePSM 3D (HEeKTUBHOCTY (HEUCITONIb3yeMble CTaAVM BbI-
YMCJIEHUIT MOTYT OBITD IPOITYIIEHbI), TPY 9TOM ITPo6JIeMa BHYTpeHHelT pparMeHTalum
BCe PaBHO COXpaHseTcs. B ciyyae HECKONIBKUX Pa3IMUHbIX TUIIOB 3aIIPOCOB MPOITYCK-
Hasl CITOCOOHOCTbh MHOTOTaKTHOJ peanu3alyy, Kak MMpaBuiIo, BbIllle, YeM Y KOMOVHA-
IIMOHHOI, HO XYKe, YeM Y KOHBeJiepHOIi. DTO 0ObSICHSIETCS TEM, UTO 3aITyCK 00paboTKM
HOBOTO 3aMpoca He HAaUMHAEeTCs, ITOKa He 3aBePINUTCS MPeIbIayIINiA.

I/ICXO,I[HbIﬁ Ko Iipmumepa MHOTOTAKTHO peanm3anym MOAYJid BO3BeOEHMA UMCiia B II51-
TYIO CTEIIEHD IMTPUBEOEH HIDKE:

module pow_5_multi_cycle_struct
# ( parameter w = 8 )

(
input clk,
input rst_n,
input arg_vld,
input [w - 1:0] arg,
output res_vld,
output [w - 1:0] res
);

wire arg_vld_q;
wire [w - 1:0] arg_q;

reg_rst_n i_arg_vld (clk, rst_n, arg_vld, arg_vld_q);
reg_no_rst_en # (w) i_arg (clk, arg_vld, arg, arg_q);

wire [3:0] shift_gq;
wire [3:0] shift_d = arg_vld_q ? 4’b1000 : shift_q >> 1;

reg_rst_n # (4) i_shift (clk, rst_n, shift_d, shift_q);
assign res_vld = shift_q [0];
wire [w - 1:0] mul_q;
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wire [w - 1:0] mul_d = (arg_vld_q ? arg_q : mul_qg) * arg_q;
wire mul_en = arg_vld_q || shift_q [3:1] != 3°b@;
reg_no_rst_en # (w) i_mul (clk, mul_en, mul_d, mul_q);
assign res = mul_qg;

endmodule

JInctunr 10.4 VcXooHbIi KOA MHOTOTAaKTHOM peannusaluy MOLYIs
BO3BeJIeHMS UCJIa B CTEIIeHb

PQSYJIbTaTbI MOIOEJINPOBAHNMS MHOTOTaKTHO peannsanu IIpMBeaEeHbI HVXe:

¥ Jtestbench/clk

¥ [testbench/rst_n

¥ Jtestbench/arg_vid
(=4 /testbench/arg

¥ [Jtestbench/res_vld_pow_5_multi_cycle_struct
=¥ Jtestbench/res_pow_5_multi_cyde_struct

1 [ [ ] [
03 | Ioo Jo1 Jo2 To3 o4 Tos [o6 Jo7 Joo Joi o2 Jo3 Jo4 Jos Jog 1oz Joo Jo1 fo2 o3 Jo4 Tos Jos Jo7 Jor
1 L

0 3 foo 124 Jd8 110 Jeo 110 T40 Joo Joa Tos T10 To0

g~

o o

Puc. 10.8 PesynbraThl MOJe/NIMPOBaHMSI MHOTOTaKTHOM peanusauuy MOLYJIs
BO3BeZeHNsI UKCila B CTelleHb

Cne,uyeT O6paTI/ITb BHMMaHMeE Ha TO, UTO IMTapbl BXOAHBIX M BbIXOOHDBIX 3HAUYEeHUI nneH-
TUYHBI OJIs1 Cl)yHKL[MOHaJIbHOﬁ Moge/In n KOM6]/IH€:1LU/IOHHOI7[ peanmnsanyiv, HO IMMOCKOJIb-
Ky OMKJI BbIUMC/I€EHNS TEIIePpb 3aHMMaeT YeTbIPE TAKTa, 3a4€P>KKa Cl)OpMI/IpOBaHI/ISI pe-
3yJibTAaTad TAK)KE COCTABJISAET YE€ThIPpE TAKTaA.

RTL-mnpencTaBeHie MHOTOTaKTHOV peasn3aliuu cjiegyoliee:

pow_5_multi_cycle_struct:i_pow_5

=

clk!

res[7.0]

reg_no_rst_en:i_mul

reg_no_rst_en:i_arg

di7.0] q7.0]

argl7.0]
arg vid

b~[10..0.
S al Cobal ] reg_rst_n:i_shift

Equalo = clk
‘[ S d[3.0] q[3.0] 0 res_vld

comb~11 e

0:2

rst_n

Puc. 10.9 RTL-npencraBieHye MHOTOTAKTHO peanu3saluum

Xop c60pa TaHHBIX aHAJIOTMYEH KOMOMHAIIMOHHOI peanm3anin. [IJ1s1 9TOro Heo6Xoay-
MO TTOBTOPUTH LIATH, OMMCAHHbIE B ITPeIbIAYIIEeM pa3zesie, IJiT MHOTOTaKTHOM pean-
3auyu. [IpOeKT pacroIokeH B JOIOJHUTEIbHBIX MaTepuanax! K JaHHO IIaBe B KaTa-
sore lab_10\src\ lab_10_1_pow_5\ 05_syn_pow_5_multi_cycle_struct.

10.2.4 KoHBeiepHasa peanusauus

B maHHOM paspee OmucaH MpUMep KOHBeIepHOI peanusaiuy rmpoekra. Kouseiiep-
Has peanusauusl obecreunBaeT 060jiee BBICOKYIO MPOITYCKHYIO CITOCOGHOCTH, Tpe6ys

1 https://github.com/RomeoMe5/DDLM.
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lnaea 10. KoHBelepHas 06paboTka AaHHbIX

IIpY 3TOM OOJIbIIIE AIlIapaTHLIX PECYPCOB (OTOeNbHbIE BHIUMCIUTEIbHBIE PECYPCHI IS
KasKI 0¥l omepaly aHaJIOTMYHO KOMOMHAIIMOHHO peann3alyy 1 aHaJIOTMYHO MHOTO-
TaKTHOJ peanusaluy, JOMOJHUTEeIbHbIE pecypchl Ha 6ydepusanyio). Takke KOHBeTi-
epHasl peanusalys MOXKeT MMeTh YBeJIMUEHHYIO 3aJepiKKy 00paboTKy 3ampoca 13-3a
3a7iepikek Ha Oydepusanuio 1 (Ipy HATUMUKUK) BHYTPEeHHelT hparMeHTaIun.

B cooTBeTcTBUM C II€PBbIM KOHBeVIeprIM naoeaam3amMom 3aIdep>KKy BCeit O6pa60TKI/I
uenecoo6pasHo p336I/IBaTb Ha OAVMHAKOBbIE YaCTMH. OTO CHIDKaAeT BHYTPEHHIOIO (bpar-
MEHTALMIO M IMOBBIIIAET MaKCMMaJ/JIbHYI0O TAKTOBYIO YaCTOTY pa60TbI 6JI0Ka. s pac-
CMaTpMBaeMoOro IpyuMepa InpmMeHeH HpOCTOf;I moaxom, KOTOprﬁ COCTOUT B TOM, UTO
AJITOPUTM YETBIPEXKPATHOTO YMHOXXEHMS paBGI/IT Ha 4YeTbIpe paBHbI€ YaCTMN. Takum 06-
pa3omMm, KOHBef/iep COCTONT M3 YeThbIpex CTa,IU/IfI (1'[0 OOHOMY YMHOXXEHUIO Ha CTa,ZLI/IIO).

I/ICXO,I[HbIﬁ Ko KOHBef/iepHOVI peanm3anum MoayJisd BO3BEeOEHMS YMC/ia B IISITYIO CTE-
II€HD IIPMBEJEH HIDKE:

module pow_5_pipe_struct
# (
parameter w = 8

)
(
input clk,
input rst_n,
input arg_vld,
input [ w - 1:0] arg,
output [ 4:0] res_vld,
output [5 * w - 1:0] res
);

wire arg_vld_qg_1;
wire [w - 1:0] arg_qg_1;

reg_rst_n i0_arg_vld (clk, rst_n, arg_vld, arg_vld_qg_1);
reg_no_rst # (w) i0_arg (clk, arg, arg_q_1);

assign res_vld [4 ] = arg_vld_qg_1;
assign res [4 * w +: w] = arg_q_1;

wire [w - 1:0] mul_d_1 = arg_q_1 * arg_q_1;
wire arg_vld_q_2;

wire [w - 1:0] arg_q_2;

wire [w - 1:0] mul_q_2;

reg_rst_n il_arg_vld ( clk , rst_n , arg_vld_qgq_1 , arg_vld_g_ 2 );
reg_no_rst # (w) il_arg ( clk , arg_gq_1 , arg_q_2 );
reg_no_rst # (w) il_mul ( clk , mul_d_1 , mul_qg_2 );

assign res_vld [3 ] = arg_vld_qg_2;
assign res [3 * w +: w] = mul_qg_2;
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wire [w - 1:0] mul_d_2 = mul_g_2 * arg_q_2;
wire arg_vld_qg_3;

wire [w - 1:0] arg_qg_3;

wire [w - 1:0] mul_qg_3;

reg_rst_n i2_arg_vld ( clk , rst_n , arg_vld_q_2 , arg_vld_g_3 );
reg_no_rst # (w) i2_arg ( clk , arg_g_2 , arg_q_3 );
reg_no_rst # (w) i2_mul ( clk , mul_d_2 , mul_g_3 )

’

assign res_vld [2 ] = arg_vld_qg_3;
assign res [2 * w +: w] = mul_qg_3;

wire [w - 1:0] mul_d_3 = mul_g_3 * arg _q_3;

wire arg_vld_qg_4;

wire [w - 1:0] arg_q_4;

wire [w - 1:0] mul_g_4;

reg_rst_n i3_arg_vld ( clk , rst_n , arg_vld_g_3 , arg_vld_q 4 );

reg_no_rst # (w) i3_arg ( clk , arg_gq_3 , ar
reg_no_rst # (w) i3_mul ( clk , mul_d_3 , mu

g.q9_4 );
l.g 4 );

’

assign res_vld [1 ] = arg_vld_q_4;
assign res [1 * w +: w] = mul_qg_4;

wire [w - 1:0] mul_d_4 = mul_g_4 * arg_q_4;
wire arg_vld_qg_5;

wire [w - 1:0] arg_qg_5;

wire [w - 1:0] mul_qg_5;

reg_rst_n i4_arg_vld ( clk , rst_n , arg_vld_qgq 4 , arg_vld_g_5 );
reg_no_rst # (w) i4_arg ( clk , arg_g_4 , arg_q_5 );
reg_no_rst # (w) i4_mul ( clk , mul_d_4 , mul_g_5 )

’

assign res_vld [@ ] = arg_vld_qg_5;
assign res [0 * w +: w] = mul_qg_5;
endmodule

JIuctunr 10.5 VicxomHblil KOJ, KOHBeliepHOI peanyn3anyy MOLYIsI
BO3BeZeHNsI UKCla B CTelleHb

PQSYJIbTaTbI MOIOEJINPOBAHNMS KOHBEﬁepHOﬁ peannsanum cjienyrmme:

¥ Jtestbench/dk 0 A e A LA LU L
¥ testbench/rst_n 1
¥ [testbench/arg_vid 1 L

9 [testbench/arg 06 03 _Joo Jo1 102 103 Jo4 Jo5 Jos 107 100 Joi Jo2 103 Jo4 Jo5 o6 Jo7 Joo o1 Jo2 Jo3 Jo4 105 o6 Jo7 Joo Jo1 102 o3 Joa Jos Jo6 Joz Too
¥ [testbenchjres_vid_pow_5_pipe_struct[0] 1 [

= /testbench/res_pow_5_pipe_struct{7:0] o1 B JooJo1 T20 153100 135 J60 Ta7 Joo Joi f20 13 o0 135 J60 Ja7 oo Jo1 120 13 Joo 135 160 fa7 100 Jo1 120 I3

Puc. 10.10 PesynbpTaThl MOJeIMpOBaHKs KOHBEepPHOI peann3auumn
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MpunoxeHune A

ZlanHoe npusioxcetue s6/15emcst 00POXCHOL Kapmoti, 8 KOmopoti N03ManHo ONUCHIBAEMCS
npoyecc paspabomxu uunos ASIC. E20 yenv — dame uHiceHepam, npouleduum obyueHue
npoekmuposanuio Ha FPGA, 803MOXHOCMb C YCNeXOM NPUMEHMb U pa3eusams c60u Ha-
8blKU N0 paspadomke uunos ASIC 015 KOHKpemHblx NPUMEHeHUT.

A.1 TMporotunuposaHue Ha FPGA kak oauH 13 atanoBs
npoekTupoBaHus ASIC

Yumnbr ASIC aganTupoBaHbl K KOHKPETHOMY MPUIOKEHUIO — HallpuMep, KaK 3J1eMeHT
unbpoBoil KamMmepsl, MO6MUIbHOTO TesedoHa mnu GPS-Tpekepa. B omnune ot FPGA,
yut ASIC He uMeeT HaKIaJHbIX JIOTUUECKUX MU TPOBOSHBIX pecypcoB. [IpoekTsr ASIC
HAUMHAIOTCS C TOJIO KPeMHMEeBOJ MaTpUIlbl, HA KOTOPOJ pasmMelaloT TOJbKO JIOTU-
KY U MMaMsTh, HEOOXOAMMbIE /IS MPUIOKeHNs. Takye MUKPOCXEMBI AJIsT KOHKPETHBIX
MIPUJIOKEHMT paboTaloT GhICTpee, MOTPEOIITIOT MEHbIIIe SHEPTUY U UMEIOT MEHbIIYIO
IJIOIIA b, YeM COOTBETCTBYIOIIME ycTpoiicTBa Ha FPGA. OTum o6ecIieunBaioTCsI I1aB-
Hble MPeUMYILIeCTBa MPU MPOU3BOACTBE TaIKeTOB MacCOBOTO CIIpoca i MOTpe6u-
TeJIbCKOTO PhIHKA, a TaKKe APYTUX KOHKYPEHTOCIIOCOOHBIX TI0 CTOMMOCTM KOMMepUe-
CKUX TIPOAYKTOB.

3ameuanne 1: coracHo o6GIIMPHOMY KOMIIAPaTUBHOMY MCCIeIOBAHMIO YHUBEPCUTETA
Toponro, npu cpasHeHnn 90 HM FPGA ¢ ASIC oka3anock, YTO MPY MUTPALUA C YCTPOT-
ctBa FPGA Ha uum ASIC B cpeiHeM o6ecrieunBaeTcsl yMeHbleHue miomaay B 21 pas,
yMeHbIIleH)e 3a7epKKM B KpUTUUYECKUX MyTsx A0 2,1 pasa u JuHaMudeckoe CHIDKe-
HMe MOIITHOCTH B 9 pa3. TouHble pe3y/ibTaThl BAPbUPYIOTCS B 3aBUCUMOCTH OT TEXHOJIO-
UM ITPOEKTUPOBAHMSI, CKOPOCTH, @ TaKKe CMeLIMBaHUSI JIOTMYeCKMX 3JIEMeHTOB, aMsI-
i 1 6;10K0B DSP. TeM He MeHee MOKHO CJIeJIaTh BbIBO/I, UTO B LieJIoM peasn3anys ASIC
MMeeT 3HAUMTeIbHbIe ITPEeMMYIIEeCTBA B CKOPOCTH, TI0 3aHMMAaeMOi1 TIOIaAy U IOTpeo-
nenuto sHepruu. CiemyeT Takke YUUTHIBATh U 3KoHOMIMUeckue dhakTopsl. FPGA xapak-
TePU3YIOTCSI OTHOCUTEIBHO BBICOKOV CTOMMOCTBIO KaKIOTO YCTPOIICTBA, HO HYJI€BBIMU
3aTpaTamyu Ha mpoekTtupoBaHye. ASIC, Kak 06BSICHSIETCS B CeAyIONeM pasese, uMe-
10T 3HAYUTEJIbHYIO OTHOPA30BYIO CTOMMOCTb ITPOEKTUPOBAHMS, HO 60jiee HU3KYIO IIeHY
OTIEebHOTO YCTPONCTBA. i1 6O/bIINX 00bEMOB ITPOU3BOICTBA IIPUBIEKATeTbHA HU3-
Kast ce6eCTOMMOCTb Ha eIMHUITY IPOAYKLVY C 60jiee BICOKOY CKOPOCTbIO ¥ MEHBIIUM
SHepromnoTpebaeHneM.

A.1.1 Crpaterus npoToTMNMPOBAHUSA

VcmenrHpie KOMIaHUKM-Pa3paboTUMKY YMITOB YaCTO CO3TAI0T HOBBIV ITPOTYKT, HAUMHASsT
¢ co3maHus ycrpoiictsa Ha 6aze FPGA. DTOT paHHUIT POTOTHUIT CYKUT yIOOHO I1aT-
dbopmoit oyt mpoBepkyM GYHKIMOHMPOBAHMS 000PYIOBaHMS, a TAKKe KOPPEKTHOCTU
PaboThI COOTBETCTBYIOIIEH MPOrPaMMBbl ¥ IPUK/IAZHOTO MPOrPaMMHOI0 06ecieueHmst
B 1IeJ1eBOJi cucTeMe. [IpoBepKa peasbHOTO alapaTHOro MPOTOTHUIIA YCTPOIiCTBa 6ojee
peanucTUYHa, YeM MCIT0JIb30BaHMe MTPOrpaMMHOTO obecIieueHusT IJiT MMUTALIVOHHO-
ro MojenupoBaHusi. XoTs mpototun Ha 6ase FPGA paboTraeT He Tak GbICTPO, Kak Ife-
neBoii ASIC, oH Bce ske HAMHOTO ObICTpee, UeM CUMYJISIVSI. BMECTO TOro 4TOObI OXKM-
IlaTh 3aBepIleHNs IIPOroHa CUMYJISIIY (OH MOXKET 3aHSITh He OJJHY He/lesi0), KoMaHa
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paSpa6OT‘{I/IKOB MOXKET 3aITyCTUTDb IIPOTOTUII M HAYATb UCIIPABJISATH OIINOKM Y>Ke uepes
HEeCKOJIbKO 4aCOB.

[TpuMeHeHMe paHHEro MPOTOTUIIMPOBAHMS TakKkKe yMeHbIIaeT BpeMs BbIXOZa Ha PbI-
HOK HOBOTO rajpkeTta. KommnaHusi, KOTopasi CBOeBpeMeHHO BbIITyCKaeT HOBbIV MPOTYKT
IIJIST KpUTUYECKOW HUILM PbIHKA (Ja’ke eC/IM 3TO BCEro JUIb PaHHUI MPOTOTUM), MO-
SKeT 3aHSATh Ha HeM 3HAUUTEIbHYIO JOJII0. 3aTeM KOMIAaHUSI MOXeT ITPOAOIKUTD JIJTN-
TeJIbHBIN VK pa3paboTku ASIC, mpeBpaiias mpoBepeHHoe ycTpoiicTBo FPGA B BbI-
cokompou3BoauTenbHblil unm ASIC. IIpOTOTUI SBISIETCS TAKKe YIOOHBIM CPEeICTBOM
IJIST KOMMPOBAHUS ¥ TOHKOIM HAaCTPOKM BCTPOEHHOTO ITPOTPAMMHOTO 06GecIieueHmst
WY KOJIa, KOTOPbIE TECHO B3aMMOIEICTBYIOT C 060pyIOBaHMEM.

PaHHMe IIPOTOTUIIBI TAK)KE CHIDKAIOT 3aTPaThl B TOJTOCPOYHOI nepcrekTuBe. MuHua-
TIOPU3aLMsI TEXHOJIOTUI IPUBOAUT K TOMY, UTO 3aTPaThl Ha TPOEKTUPOBAHME [IJISI U3TO-
toBeHust ASIC 6bICTPO PacTyT. B CTOMMOCTM MTPOEKTUPOBAHMST IbBUHYIO JOJIIO 3aTpaT
COCTaBJISIOT eIMHOBPeMeHHbIe U3IePsKKM Ha co3manne Habopa ot 30 no 50 CMOS-ma-
cok. Iyis1 90 um ASIC TOBKO 3TOT HabOp MacOK MOXKeT CTOUTh [0 1 MJIH JO/IapoB
CIIIA. M1 aTa CTOMMOCTD MPOIOJIKAeT PAaCTy C KaKIbIM TeXHOJIOTUMUYECKUM Iarom. IIpu
32 HM HabOp MacoK MOKET yKe CTOUTh 3 MJIH goJnapoB CIIIA.

[Tpu otnanke nportoruna FPGA ¢GbyHKIMOHANbHbIE OMMOKY 0OHAPYKMBAIOTCS Ha PaH-
Heit ctagun. B atom cimyuae ASIC ¢ 6osbliieit BepOSTHOCTbIO OyIeT paboTaTh yike mocye
MepPBOTO [IVK/IA U3TOTOBJIEHMSI. DTO TIO3BOJISIET M30€KaTh JOPOTOCTOSIIEr0 TOBTOPHO-
ro IMKJIa, CBSI3aHHOTO C M3MeHeHMeM OAHO i HecKoabkux CMOS-macok.

drta cTtparerus nporoTunupoBanyst FPGA HacTONIbKO pacpoCcTpaHeHa, YTO YIIOMMHA-
eTcs Jaxke B OOBSIBJIEHMSIX O BaKaHCUSX IJIST MHKEHEPOB-KOHCTPYKTOPOB. TUMTMUHOE
omMcaHMe JO/DKHOCTHBIX TpeOoBaHMil, HeIaBHO OITyOIMKOBAHHOE IJIsI GOJIbIION KOM-
ma"uy B KpeMHMeBOII fo/MHe, BBITVISIENO0 IPUMEPHO TaK:

Job Requirments:

«Write RTL code for on chip logic modules, based on microarchitecture specs.
ePerform early chip prototyping, using an Altera or Xilinx FPGA device.
eSynthesize all modules, meet speed and power goals, and reach timing closure.
eSupport the Design Verification (DV) team for functional verification of modules.

eHand off and integrate all logic modules into the target ASIC environment.

Puc. A.1 TunuuHoe 06bsIBIEeHME 0 paboTe B KpeMHMeBOI TOMMHE
[ OKHOCTHBIE TPEOOBAHMS :

1. Paspaborka RTL-Kkoma [IJist IOTMYeCKUX MOJY/Ieii Ha YuIle Ha OCHOBe creluduka-
LIV MUKPOAPXUTEKTYPBI.

2. Bbllo/MIHEHME PaHHETO MPOTOTUIIMPOBAHUSI MUKPOCXEM C ucronb3oBaHueM FPGA
Altera winu Xilinx.
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3. CuHTe3 Momyieii ¢ cobIoeHeM TpeObOBaHMIT IT0 CKOPOCTHM, SHEProHoTpebIeHNIO,
a TaKxke BpeMEeHHbBIM OTPaHMYEHUSIM.

4. Tlopmepskka KOMaHAbI BepuduKauyum ajisi GyHKIMOHATbHOM TPOBEPKU MOMIYJIeii.
5. TpaHcdep 1 MHTeTpalus JoTUUeCKMUX MOyelt B 1ieseByto cpeay ASIC.

Xots npototunupoaHue FPGA sBisieTcsl IpoOBepeHHOII CcTpaTerueii, B HemM eCTb CBOU
pucku. Kak 651 TO HU ObLIO, CJleyeT 136eraTb HaMXyILIEro ClieHapus, Py KOTOPOM
nporoTunmpoBaHie FPGA Bce ellle HAXOAUTCS HA CTaaAUM YCTPaHEHMS IPob6JIeM Ipo-
eKTMPOBaHMs, B TO BpeMs Kak MmepBbie KoprycupoBaHHbie uniibl ASIC yke mocryra-
10T ¢ 3aBoma. UToObI M30eKaTh MPOCKaIb3bIBaHMS I'padika, He06XOAMMO MTOHUMATh
PUCKHA.

A.1.2 TpepocTepexeHUsi OTHOCUTENbHO NPOTOTUNMPOBAHMUS

IMoTeHIMaIbHbIE TTOb30BaTeNMN MPoTOTHIIAa FPGA CTpeMSITCS MOMYYUTDb €ro Kak MOXK-
HO CcKopee. B yacTHOCTM, KOMaHa pa3paboTYMKOB MMPOTPAMMHOI0 00ecreyeHus Mo-
SKeT 3aXOTeTh 3aIyCTUTD TsKeJloe IMPorpaMMHOe obecrievyeHye (HampyuMep, BCTPOEH-
Hbli Linux) Ha mpoToTuIe, YTO6bl KaK MOKHO paHbllle MAeHTUGUIMPOBATD JTI0ObIe
byHKUIMOHANMBHBIE OMMOKM. HO MpOTOTUINIMpPOBaHME, HAYATOE CJIMIIKOM PaHO (MU
BKJ/TIOYAIOIIee CIUIIKOM MHOTO amlapaTHBIX CPeACTB), MOXKET IIPUBECTM K Py MPo6-
JieM, Ha KOTOPBIX aKIIeHTVMPOBAHO BHMMAaHME HIKE.

Hoxputecb 3penoro RTL-kopa

IMpoToTUIIMpOBaHMeE 3aHMMAaeT 3HAUMTEIbHOE BpeMsI, TpeOyeT HaIuuus YMeHMit 1 pas-
PabOTKY OTIALOYHOI TIAThI. DT YCUIINS He MTOJIKHBI ObITh TOTPAaYeHbl BIYCTYIO B IO-
MIBITKAX OTJIAAUTD He3peJblii, HeCTaOMIbHbIN vy HeronHblii RTL-kox. DddeKkTuBHEee
BBITIONHATh OT/IaAKy paHHero RTL-koma, ncrmonab3yst TpagULIMOHHbIE METOIbI MOJIEJIN -
poBanus. RTL-KOJ rOTOB K MPOTOTUIIMPOBAHUIO TOJABKO TOTAA, KOTJIa OTAe/IbHbIE JIO-
rMJeckue MOIY/IM IIPOBepeHbl Ha YPOBHE GJIOKOB, 0O0beAMHEHbI BMECTE U CIIOCOOHDI
repeaBaTh BCE TECTOBbIE BEKTOPHI B 6a30BOM Habope TecT6eHueli. ClemyeT J0KIATh-
Cs1 3peJIoro Kofa, Jaske ecyiv pa3paboTUMKY ITPOrpaMMHOTO 00ecIeyeHs XOTST MOJTy-
YUTH IPOTOTUII TTIOPAHBbIIIE.

He pasmewaiite Bce Moaynm

HexoTopsie mpoekTsl ASIC nerue pasmeiatorcs Ha ycrpoiictBax FPGA. B kauecTse
MPOCTOTO MpUMepa MOXKHO yKa3aTh Ha TO, YTO ITPOEKT C BBICOKMM COOTHOIIIEHEM TPUT-
TepOoB U JIOTUUECKUX JIEMEHTOB MOXKET JieTue yMeCTUTbCs Ha ofHOM FPGA, apxuTexTy-
pa KOTOPOro, Kak MpaBuiIo, COOeP>KUT MHOTO TPUTTEPOB.

He kakmplit ammapaTHbIi MOAY/Ib Ha 1eneBoii ASIC Bcerma MOXKeT OTOOpaskaThbCs Ha
mwiatdhopme FPGA; HeKOTOpble U3 HUX JIyullle BCEro MPOTOTUMIMPYIOTCS C UCITOIb30-
BaHMEM allllapaTHOTO obecrevyeHus], BHEIIHEro Mo oTHomeHuio K FPGA. OgHum u3
MIpPUMepOoB sBJsieTcs BCTpoeHHbI Makpoc RF CMOS, KOTopblil peanusyeT MaaoIryM-
HBIIi YCYJIUTETb UM KBaAPaTyPHBI MOIY/ISITOP, MCIIOIb3yeMbIil B 6€CITPOBOTHOI CBSI-
3u. [Ipyrum mpumepom ciykaT pusudeckue (Tomonorndeckue) IP-sapa 6e3 RTL-koga
Wan crucka coemuHenuii mast FPGA, Takie Kak, HarpuMmep, 610K KaHaJIbHOTO YPOB-
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st (PHY) BuyTpu TpaHcuBepa Ethernet, aBisromuiicss cxemoi caMOro HM3KOTO YpOB-
HS$I, KOTOPasl yIIpaB/seT cepuaa30BaHHbIMU JAHHBIMIU Ha BUTOI TIape Uau OMTOBOJIO-
KOHHOM KabeJre.

IMogo6Hble MOAYIM TPEOGYIOT MOMOTHUTEIbHBIX allllapaTHBIX YCTPOIICTB (KOMMepue-
CKMI1 YUIT WM OT/JIafOYHas IlaTa OT ITOCTaBIIMKa 000pymoBaHMs). 3amauya CompsiKe-
HMSI 9TOTO BHEIIHEro 060pymoBaHMs C MOIY/ISIMU BBoma-BbiBoga FPGA MOJKHA BbI-
TIOJTHSIThCSI C OCTOPOXKHOCTHIO, MOCKOIbKY FPGA comepskaT HacTpauBaembie Gydepbl
BBOJIa-BbIBOZA, TO3BOJISIIONIVE YIIPABJISATh YPOBHSIMM HaNpPSDKEHMST M TOKA Ha IMHAX
YuIIa.

Hexkortopbie ASIC-610KM, €C/IM Y HUX MMEIOTCS KOJIbIla KOHTAKTHBIX IIONIA0K BBO-
Ila-BBIBOJIA, Heb3s MpoToTunupoBaTh Ha FPGA. Hampumep, IIO Quartus Prime ot
Intel FPGA (Altera) mo yMoI4aHMIO0 OOGHAPYKMBAET TOJIbKO BCTPOEHHbBIE BXOIbl/BBIXO-
IIbI ¥ He BOCIIPUMHMMAeT MHCTPYKLMIA IO MHCTAHUIMUPOBAHUIO [IJIS1 STU€eK BBOAA-BbIBO-
Ia, uMmeromyxcs B 6ubanoreke ASIC. DTo TakKe OTHOCUTCS U K sUeiikaM 6106/IMOoTeK!
ASIC, coszgannubsiM B RTL-koze, Hanpumep K PerucTpy, npeJHa3HaueHHOMY [IJisI CUH-
XPOHMU3ALMM C ACMHXPOHHBIM MCTOUYHUKOM JTaHHbIX.

Jlorvka, mpegHasHAYeHHasT TOJbKO AJIT TECTUPOBAHMS M3TOTOBJIEHHOM U KOPITYCUPO-
BaHHOI1 ASIC Ha HajIMuMe MPOM3BOACTBEHHBIX Ae(EeKTOB, TAKKe JO/DKHA ObITh MCKIIIOUe-
Ha 13 MPOTOTUIIA, [TOCKOJIbKY OH IpeIHa3HaueH JIMIIb 11t QYHKIMOHAILHOTO aHaIM3a
RTL-Kof1a ¥ BCTPOEHHOTO ITPOrpaMMHOT0 ob6ecrieueHus. CyrecTByioT 6oee 3¢ erTmB-
HbI€ METObI JJIs1 IPOBEPKM JIOTUKY TecTupoBaHust ASIC 1 [1j1s U3TOTOB/IEHMS TeCTOBbIX
11a6/I0HOB C MCII0/Ib30BaHMEM JIOTMUYECKOTO MOJAeIMPOBAHMSL.

MuHuMKU3UpyiiTe hparMeHTaLMIO NpoeKTa

Ipennonosxkum, uyto wiatdopmoit mjisi FPGA-NPOTOTUNMPOBAHUST SIBASIETCS YUMUIT
Intel FPGA MAX10 (10M50DAF484C7G). OH comepskuT 50 ThIC. IOTMYECKUX JJIeMEeH-
TOB (LE). LE — camblii MajleHbKMIi MOLYJb JIOTMKY B 9TOM Ce€MeJiCTBe yCTPOCTB. Kaxx-
b1l LE MMeeT yeTbIpe OCHOBHBIX BXOZa JaHHBIX, JOCTATOYHYIO JIOTMKY JIJIS peanyusa-
uuu 110607 QYHKIMK 3TUX BXOIOB M OJHOTO BBIXOZHOTO TpUrrepa. TakuMm o6pasom,
onuH LE MOXXeT BBITTOHSITH PabOTY AEeCSITU CTAaHAAPTHBIX stueek Ha 11eseBoit ASIC. Em-
KOCTb ymiia paccmatpubaeMoro FPGA skBuBajeHTHa pubnausuteabHo 500 000 yoru-
yeckuM BeHTWISIM ASIC. Eciin rieneBoii ASIC Tpe6yeTtcst 1 MJTH JIOTMUECKUX 3JIEMEHTOB,
TO JIJIS1 MPOTOTUIIMPOBAHMS TTOHAMO6UTCsT 1Ba ycrpoiictBa MAX10 (mpu mpenmosara-
€MOM TIOJIHOM MCIIOJIb30BaHUM YMUIIOB, KOTOPOE LOCTUTAETCSl PelKo). DTO O3HAyaerT,
yTO Momy/u, onucaHHbie B RTL-Koze, TpebGyeTcsl pacmpenenuTs Ha Ba (wuin 6osiee)
ycrporictBa. Kakmoe yCTpoiCTBO JO/KHO MMETh AOCTaTOYHOE KOIMYECTBO PeCcypcoB
(BBIBOZIOB, OY(hepoB TAaKTOBBIX CUTHAIOB, 6;10KOB RAM) /1S BBITIOJTHEHMS BO3JIOXKEH-
HbIX Ha Hero QyHKuui. CBSI3b MeXAY ABYMS MU 6ojiee yCTPOICTBAMY, MMEIOIIVMU
MHOTO MHTep(deiicoB, MOKeT ObITh Y3KMM MECTOM; CIeI0BaTeabHO, IJIs PelleHus 3a-
Iauy pa3bueHust TpeOYIOTCST 3HAUUTEbHbIE YCUITHS, 8 TTOTyYeHHBI TTPOTOTUIT MOXKET
paboTaTh MeaieHHee, YeM XOTeI0Ch Obl.

Ecsii Bech MPOEKT OCYILECTBIIsIeTcS B paMKax ogHoit FPGA, 3afava MpoTOTUITMPOBA-
HMSI CTAHOBUTCST 3HAUUTEIHHO IPOIIIE.
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3ameuaHue 2: TUIMYHOE UCIIOAb30BaHMe pecypcoB FPGA mpu npoekTMpoBaHUU CO-
craBisieT 75 %. 751 IPOTOTUITMPOBAHMS JIy4llle He IPEeBbINIaTh YPOBEHb MCIT0/Ib30Ba-
Hust pecypcoB 6oee 50-60 %. To ocTaBisieT MeCTO JIJIsl U3MeHeHuil, obierdaer 3a-
avy pasMenieHus 1 MapiipyTu3ainn, a Takke cokpaliaeT BpeMs 3amycKa IMpoeKTa.

IMocraBumuky MHCTpyMeHTOB EDA mpepiaraioT BbICOKOKaueCTBeHHbIe, TOTOBbIE K 3a-
mycky mpototuribl FPGA, u3BecTHble KaK 3My/siTOpbl. dmysstop Cadence - 3TO
Palladium. dmynsarop st ITIO Synopsys non Ha3BaHueM ZeBu ucnonb3yeT kommep-
yeckye FPGA Xilinx. Mentor Graphics npeparaet npumeHsTs smynsitop Veloce, ko-
TOPBI TO03BOJISIET 00PabaThIBATh MPOEKTHI C MWUIMAPAAMM JIOTUYECKUX 3JIeMEHTOB
6e3 pa3bueHus Ha YaCTH, HO OH IIpeHa3HAYeH TOIbKO JI/IsT BepubUKaAIUU U OTAAIKU
MIPOEKTOB.

ITOCKOIBKY SMYJISALINS MOKET COKPATUTh CPOK BHeApeHMst ASIC, yacTo HET HeoOXOIu-
MOCTM CO3JaBaTh paHHMI1 TpoToTUll Ha FPGA.

A.2 NMocnepoBaTenbHOCTb 3TanoB npoekTupoBaHusa ASIC

Kak 6p110 yKasaHo paHee, ycrpoiictBo FPGA (Hanpumep, MAX10) co6upaioT U3 ro-
TOBBIX 3JIEMEHTOB. B ycTpoiicTBe cofiepskuUTcsi 0 50 ThICSY JIOTMUYECKUX 3IeMEeHTOB
(LE); KaskIpIil — CO CBOMM TPUTTEPOM, a TAKKe MMEETCSI MHOTO KMJTO6aiiTOB OIlepaTuB-
HOJi U rent-nmamsiTi, MHOXMTesTeit 18x18 1 aHanoro-umdpoBbIX MpeobpasoBaTesieit
(ADC). Heobxomymble pecypcbl MapUIpyTU3allUy IJIsI COENVHEHUS] STUX 3JIeMEeHTOB
BCTPOEHBI B YCTPOIICTBO. Biiaromapst 3TOMy yCTPOIiCTBO MOSKET ObITh JIETKO CKOH(UTY-
PUPOBAHO [IJIST UCITOJIb30BaHMS TPe6YyeMbIX peCypCOB Ha UuIIe.

TunyunHast ASIC Ha 6a3e cTaHIAPTHBIX STUeeK HAUMHAeTCs C ITyCcToi MaTpuilbl. OHa He
UMeeT 3apaHee CO30aHHOM JIOTUKU U COeIUMHUTENbHBIX TMHNI. Heu3BecTeH qaxe pas-
Mep MaTpuiibl. Bce amnmapaTHble 3JIeMEHTHI JO/DKHBI ObITh Pa3MelleHbl B UNIle, BKITIO-
yag IP-aapa (Hanpumep, MIPS M5150 CPU). Takum o6pa3oM, MPOXOIs uepes 3Ta-
116 mpoekTypoBanust ASIC, He06X0AMMO HOMHUTh O MHOTMX COITYTCTBYIOIIMX PUCKAX:

1. TIpoext Ha FPGA (maske 60JIBIIIOI ¥ CJIOKHBINT) HAMHOT'O O0JIee IpecKasyeM, Jerde
OTJI&KMBAETCSI U MOAMDUILIPYeTCSI.

2. FPGA c 6osblieit BeposITHOCTbIO OymeT paboTaTh MpaBMUIbLHO Ha TIEPBOM Ke M-
KJe pa3paboTKu. B KauecTBe YIPOILIEHHOW OIMMCATEeNIbHOM aHAJIOTUMM IIPOIECC
KoHburypauyuyu FPGA MokeT ObITh IIpeICTaB/lIeH B Bile HYMEepPOBAHHON pacKkpa-
cky Ha puc. A.2(a). PaspaboTtka ASIC — 9TO CJIOBHO pMCOBaHME Ha MYCTOM XOJICTE
(puc. A.2(a)). Komanga paspabotunkoB ASIC mo/skHa HauMHATH C HYJIS, C ONTHU-
MaJIbHOJ KOMITOHOBKM BCTPOEHHBIX PeCypCOB — IJIaHa pas3melleHys. JTOT [JIaH
MOSKET IMOTPe6oBaTh MHOTO MOAPOOHBIX UTEpaLNii, Ipekae yeM OYIeT JOCTUTHY-
Ta ONITMMAaJIbHAS CXeMa MapIIpyTU3aluy Ha YnIIe.
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Puc. A.2 CpaBuenune FPGA u ASIC

3. Ha kpucraniae ASIC HeT BCTPOEHHOJ CXeMbl MTOAKII0UeHsI. Pa3paboTumMKu MOK-
HbI PeLlIUTh, Kakie MeTa/uIndeckue CJI0M UCTIOAb30BaTh JIJISI pacipeieieHUs 371eKT-
pONUTaHMSsI, CUHXPOHU3AIUY, TIPOKIAAKM coeluHeHuii. [locme mapuipyTusauum
paspaboTUMKY MOTYT CTOJIKHYTBCS C TTPOGIeMaMy CMHXPOHM3aIun. VicripaBiieHue
OIHOTO HapyIIeHUs CMHXPOHM3AIMM YacTo BjleUeT 3a coboii apyroe. PazpaboTka
ASIC MmeHee mpenckasyema, 6ojiee UTepaTMBHA, M P 3TOM BO3HUKAeT GOJbIe
CIIO>KHOCTe mpu oTiagke. Vcrmosib3yeMble MHCTPYMEHTBI 3JIEKTPOHHOM aBTOMAaTH -
3auuu npoektupoBanys (EDA) 60s1ee ClI0KHbBI, UeM MHCTpYMeHThI Quartus Prime
uau Icarus. HecMoTps Ha 6GoJtee AJIUTENbHBIN LMK TPOEKTUPOBaHMs, HoBast ASIC
C MeHblIIIeit BepOSITHOCTBIO 6yIeT paboTaTh Mocje MepBoro MUKIa pa3paboTKu.

A.2.1 Cxema paspa6otku ASIC

Ha pucyHke HUXe TIpMBeJleHbl OCHOBHbIE 3Tallbl TpoeKkTupoBanys ASIC, KoTopoe Ha-
ynHaeTcs ¢ repepabotku daitnos RTL-Koma, HamMCcaHHbBIX 11 TpoToTuna FPGA. s
cootBeTcTBUsS FPGA MAX10 Ha maHHOM PUCYHKe YyKa3aHO, UTO pa3paboTKa BemeTcst
st 65-HM CMOS-TexHOI0rMM. ITa TeXHOJIOTHS, KaK U paHee, IIPMMeHSIeTCs IJIsT CO3-
IaHVs MHOTUX YMUIIOB, TAKMX KaK MUKPOKOHTpPOJIIepbl. OCHOBHbIE MPUHIIMUIIBI IOTUYE-
CKOTO U (hM3MUEeCKOTr0 MPOEKTUPOBAHMSI, pACCMOTPEHHbBIE B CJIeIYIOMIMX pa3jenax, 3a
HEKOTOPBIMU UCKTIOUEHUSIMU, TO-TIPEXXHEMY TPUMEHSIOTCS K 32-; 14- 1 7-HM TeXHO-
JIOTUSIM.
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RTL Code
Rework

Timing, Area,

Power Goals
Constraint 65-nm CMOS
File (.sdc) Standard Cells,
— 1/0 Pads, RAM

Technology | 65-nm CMOS

Extract File (.tf) Mask Layers
Rand C
for STA
Post-Route ) Physical Design
Parasitic RC Milkyway and Reference
\ﬁf)/_ LR Libraries
DRC/ERC Repair
Runsets A DRC/ERC
L Violations
Stream Out
Geometric
Description

Puc. A.3 TlocienoBaTebHOCTD 3TanoB MpoeKkTupoBaHust ASIC

[MpssmoyrobHUKY HA puc. A.3 COOTBETCTBYIOT 3TalaM CHHTe3a, pa3sMeIlleHUs WU
MapuIpyTU3aIMu C UCIOJIb30BaHMEM KOMMepUueckuX MHCTpyMeHTOB EDA. @aiiibl, cun-
TaHHbIE WJIM 3alVCAaHHbIE MHCTPYMEHTAMM CMHTe3a, M306paskeHbl B BUIE 3HAUKOB J10-
KyMEHTOB. bu611oTek 1306 paskeHbl B IMIMHIPUIECKUX KOHTEITHEepax.

HekoTopble MpSMOYTOJIbHUKY AHHOTUPYIOTCS KPYIIBIMM CKOOKaAMM C KOMaHIaMuU
KJIFOUEeBbIX MHCTPYMEHTOB, MCITOIb3yeMbIX IIPY BBITIOJIHEHMY TI0C/IeI0BaTeIbHO KOM-
mtsiuyn gast cuaTe3a. 3T TCL-KoMaHIbl OTHOCSITCSI K MHCTPpYMeHTaM Synopsys, Ta-
kuM Kak Design Compiler. OHM OT/IMYAIOTCS B APYTUX CPEICTBAX MPOEKTUPOBAHMS:
HarnpuMmep, B Genius Cadence xomane compile cooTBeTcTByeT KOMaHaa synthesize.
[lamee paccMOTpeHa BCSI TIOCAeOBATENIbHOCTh 3TanoB npoektupoBaHusi ASIC. Tlpu
9TOM BHMMaHMe 06pallleHo Ha BO3MOXKHbIE «ITOIBOTHbIE KAMHM» U Ha TO, KaK UX MOXK-
HO 060ITH.
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