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AnHoTanus. PaccMoTpeHa BO3MOXKHOCTh HCIIOIB30BAaHMS CHHTE3a BBICOKOTO YPOBHA isl peanu3anuu Ha [IJINC
aJanTUBHBIX QUIBTPOB HaMMEHBIINX KBagpatoB (LMS-¢uibTpoB), padoTaromux B popmaTe ¢ IuiaBaromiei 3amsTom.
Pa3paboTka aganTuBHBIX (HIBTPOB HE aBTOMATU3UPOBAHA B cpelax mpoekrupoBanus ycrpoiicts Ha [TJIMC u sBms-
€TCsl TPYZAOEMKHM H JUTUTEIILHBIM IIPOIIECCOM, a CHHTE3 BEICOKOTO YPOBHS IT03BOJISICT COKOHOMUTH BpeMsl — M 32 CUET
onucaHus (pUIBTPa Ha BBICOKOM YPOBHE aOCTPAKIUH, U 332 CYET BO3MOKHOCTH OBICTPON CMEHBI HACTPOEK, BIMSIOIINX
Ha apxXHUTEeKTypy ¢mibTpa. B cTaThe mpencraBieHBl UCXOAHBIH KOJ, ONMCHIBatomui anroputM LMS, HacTpoliku u
pe3yIbTaThl CHHTE3a BEICOKOTO YPOBHS — 1Ba BapuaHTta onucanus LMS-¢dubrpa, rotosie k peanmmzaunu Ha [TJINC.
IMoka3zano, 4to 3()(eKTUBHOW Mepoil COKpallleH!s] BpeMeHH BbImoHeHus: LMS-anroputMa siBisieTcs: KOHBeiepu3a-
Vs [IUKJIa BHIYUCIICHHH.
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FPGA implementation of floating-point LMS adaptive filters using high-level synthesis

Inna V. Ushenina
Penza State Technological University, Penza, Russian Federation, ivi23@yandex.ru

Abstract. This paper considers how to use high-level synthesis (HLS) tools for FPGA implementation of floating-
point least mean square (LMS) adaptive filters. The essence of high-level synthesis is to transform a source code
written in a programming language like C or C++ to an RTL code which is later used for creating an IP module.
High-level synthesis provides a possibility to concentrate on the algorithm and architecture of a scheme being developed,
while FPGA resources and their connectivity are determined automatically. This is especially important when
developing adaptive filters on FPGAs because the automated FPGA design of adaptive filters is not supported
in IDEs just as it is done for FIR filters.

In this paper, the source code of the LMS adaptive algorithm is written in C++ language. In the main function of
the source code, input, output, and internal variables are presented as single-precision, floating-point numbers in line
with IEEE 754 standard. Samples of the input signal and desired signal are the input variables, while samples of
the output signal and error signal are the output variables. During a high-level synthesis procedure, input and output
variables of the main function are transformed into input and output ports of the IP module being synthesized.

HLS is carried out under the control of synthesis settings and directives formed separately from the source code.
A combination of the source code with different synthesis settings and (or) directives leads to different results, each
of which is called a project solution. In this paper, the same source code of the LMS adaptive algorithm is used
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to create two solutions of the LMS adaptive filter under the control of two different sets of synthesis settings and
directives. Within each solution, the LMS filters were synthesized of the order ranging from 32 to 512 coefficients.
For each set of synthesis settings, the minimum clock frequency was set equal to 100 MHz. The other synthesis set-
tings and directives were left default for the first solution, while for the second one, the loop of operations contained
in the source code was pipelined. That is, in the first LMS filter solution, the next loop iteration starts after the previous
one has ended. In the second solution, the next iteration starts five cycles after the previous one, whereas in both solu-
tions the whole iteration needs twenty clock cycles. In the LMS algorithm, the loop contains the major part of calcu-
lations, including filter coefficients updating and convolution between the input signal and the current impulse
response of the filter. Therefore, pipelining of the loop has enabled the latency of the LMS algorithm to be signifi-
cantly reduced, namely by more than 70%.

It has been shown that for both solutions, operations are scheduled into clock cycles similarly, and the basic opera-
tions such as multiplication, addition, and RAM reading and writing are performed in the same number of cycles. The
order of operations is, in general, the same for both solutions.

Besides timing characteristics, resource utilization has been assessed for both solutions. It has been shown that
the loop pipelining affects the resource utilization insignificantly: the FF and LUT utilization increases by not more
than 31% and 10%, respectively. The increased utilization of FFs and LUTSs in the second solution is caused by the
more complicated control logic and by the storage of more intermediate results of calculations. The utilization
of DSP blocks and block RAMs is the same for both solutions.

It has also been shown that when increasing the filter order, the utilization of memory grows up in proportion
to it, but the utilization of DSP blocks remains unchanged, and the utilization of FFs and LUTSs increases very little.

High-level synthesis was carried out in Vivado HLS 2018.3. The LMS filter IP modules are intended to be
implemented on Xilinx XC7A200tfbg-1 FPGA.

Keywords: high-level synthesis; FPGA; LMS filter; floating point format; synthesis directives
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AnantuBHble QUIBTPHI C aJTOPUTMOM HavMEHbIIHUX KBajpatoB (LMS) nmpumenstorest mis uaeHTUH-
Kallli CUCTEM, XOKOMIICHCAIIUH B TeJe()OHHBIX CETSIX, BBIPABHUBAHUS XapaKTEPUCTHK JIEKTPUUECKUX KaHa-
JIOB CBSI3H, aJalTUBHOIO (POPMHUPOBAHUS AMArpaMM HaNpaBICHHOCTH B AHTEHHBIX PEIIETKAaX, MOAABICHUS
LIYMOB, OTCJIEKHBaHU 00BEKTOB U Ap. AnroputMm LMS HanexeH, cpaBHUTEIBHO NPOCT B TEXHUUYECKOH pea-
JIM3ALAN M UMeeT OOJIBLIOE KOJIMYECTBO MOANU(UKALINIA, YUUTHIBAIOLINX CIEIUPHUKY permaeMbix 3aaad [1-4].
Hus sddexruBroit paboTel LMS-dunprpa npeamouruteneH dbopMaT ¢ TUIaBaroIed 3amsTod u3-3a Oosee
BBICOKOM CKOPOCTH CXOIMMOCTH M 3HAYUTEIBHO MEHbBIIEH MOLIHOCTH OCTaTOYHOI'O CUI'HAIa OIHOKH [5, 6].

s anmapaTHOH peanu3aliy aIauTUBHBIX (QUIBTPOB, paboTaonMx B opMarte C IIaBarollei 3arsiToi,
B 11e710M Ootee mpucniocoOneHs! curnanbabie npoueccopsl. [IJIMC npeactapisior MHTEpec, KOrja CUrHaJIbHBIE
MPOLIECCOPBl HE MOT'YT OOECIEUYHTh JOCTAaTOUHYIO HPOM3BOAWUTEILHOCTh. BBICOKas MPOM3BOAMTENHBHOCTh
TpeOyeTcsl, HalpuMep, B YCTPOICTBAaX OTCICKUBAHHS MCTOYHHKA 3BYKa B YCIOBHUSX peBepbeparuu [7-10],
ciernoil uaeHTHuKanuyu kaHaoB [11], yaydireHus: kauecTBa 3BYKO3aIlMCH M 3BYKOBOCTpom3BeaeHus [12],
IrZie aJalTUBHBIC PUIBTPBI TOJKHBI OBITH MHOTOKAHATBHBIMH.

Bosmoxnoctu coBpemenHsix [IJIMC (FPGA) no3BoisoT UCTIONB30BaTh MX JUISL PELICHUS [IUPOKOTr0
Kpyra 3aga4: nudpoBoii 00padoTku curHanoB [6, 13—18], BEICOKONIPON3BOAUTENBHEIX BeIuncaeHul [19, 20],
MAaIIMHHOTO O0Y4eHUs U peanu3auuu HeMpoHHbIX ceTelt [21] u ap. Tem e menee BbiOop IIJIMC nns peanu-
3auun LMS-dunbtpa, paboTaromero B ¢popmare ¢ IiaBaouield 3amsiTon, COMpsKeH ¢ psaaoM mpodiem. Taxk,
BCTPOCHHBIMHU aNNapaTHBIMU OJIOKaMu Ul BBIYMCIEHHH B (opMmare ¢ IJIaBaloLIeld 3amsiTol pacrojiaraioT
ouenb HemHorue IIJIMC. B octanbHbIX cinydasx apudMeTHdecKre YCTPOHCTBA HY>KHO COOMpaTh M3 OJIOKOB
poBoii 00pabOTKH CUTHAJIOB, OPUEHTUPOBAHHBIX Ha (popMaT ¢ UKCHUPOBAHHOM 3aIsITON, M (WJIM) TIporpam-
MHUPYEMOM JIOTUKK 001ero HazHaueHus. [Ipu 3ToMm pa3paboTka aganTUBHBIX (HIBTPOB B CpeAax MPOEKTH-
poBanus ycrpoiictB Ha [IJINC He aBTOMaTH3MpOBaHa, T.€. HE MPEIyCMOTPEHBI COOTBETCTBYIOIINE MOIYIIH
WHTEJUIEKTYaNbHOM coocTBeHHOCTH (IP-Momynn), rpaduueckuii monb3oBarenbckuid HHTEpGhENC 1 T.11.

B nmuteparype B 0cHOBHOM omucaHbl BapuanThl peanuzanuu Ha [TJIMC LMS-¢dunbrpos, padoTaroniux
B opmare ¢ pukcupoBanHo# 3amstoit (cMm. Hamp.: [6, 13-17]). Onucanuss LMS-¢bunstpoB B 3THX paboTax
BoInoJHEHbI Ha si3bike VHDL winu Verilog — kak Bpy4unyto [17], Tak ¥ aBTOMaTHYECKH, [IPU UCIIOIb30BaHUH
IP-mMonyneit cymmaropoB u ymHOXuUTenew [6, 13] wmu mactpymenta System Generator, BcTpamBaeMoro
B MATLAB [14-16]. Peamuzanust LMS-GuasTpoB, BHITOMHAIOMNX BBHIUUCICHHUS HaX YMCIaMH B (opmare
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C IUTaBaIONIEH 3amATON, ONMHCBHIBAETCS B JUTEpaType pexe. B [6] cpaBHUBAIOTCS pe3yNbTaThl peatn3aluu
32-paspsaaoro LMS-dunsTpa B hopmarax ¢ pukcupoBaHHO U MiaBaromiei 3ansatoi. J{ns onucanus Gpuib-
Tpa, paboTtaromiero B ¢opmare ¢ GUKCHpOBaHHOW 3amsaToil, B [6] ucnonb3oBan VHDL-naker fixed-point
package; mis peanuszanuu GuUIbTpa, paboTammiero B hopmare ¢ miaBarorei 3amatoi, — IP-moxymu cymma-
Topa u ymHoxkutensi. B [18] onucan Ha sizbike Verilog u peanusosan Ha [IJIMC BbIYMCIUTENBHBIA MOYIIb,
paboTaroruii B hopMaTe ¢ TUIABAIOIICH 3amsTol 1 BKitovaromuii B cedst LMS-dunbtp.

B nacrosiei pabote paccMOTpeHa BO3MOXKHOCTB UCIIOJIb30BaHMS CHHTE3a BBICOKOTO YPOBHS AJIS pe-
anmmzanuu Ha [IJIMC LMS-punetpos, padortaromux B popmaTe ¢ ruaBaromeit 3ansatoil. CyTb cuHTE3a BBICO-
koro yposHs (High-Level Synthesis; HLS) 3akmo4aercst B mpeoOpa3oBaHHU UCXOAHOTO KOJa, HAIIMCAHHOTO
Ha s3bIKE MporpamMMupoBanus (Hampumep, C win C++), B onucaHne ycTPOHCTBa Ha YPOBHE PETUCTPOBBIX
nepenady, T.e. Ha sA3bike VHDL nim Verilog. Ha si3pike mporpaMMupOBaHUsI OIIMCHIBACTCS TOJIBKO AJITOPUTM,
0e3 yTouHeHUs eTajei ero peanu3aund. OJUH U TOT K€ UCXOAHBIA KO MOXKHO PEaH30BaTh C pa3anyHbIM
HAaO0OpOM HACTPOCK M JHUPEKTHB M TOJNyYUTh pa3IMuHbIe Pe3ybTaThl, Ha3blBaeMble pemeHusMud HLS-
mpoekra [22]. To ecTs MOXHO B KOPOTKHI CPOK TOTYYHTH OIMHMCAHUS YCTPOMHCTB, pabOTAIONIUX IO OTHOMY
U TOMY K€ QJITOPUTMY, HO UMEIOIINX PA3IMYHYI0 apXUTEKTYpPY, IPOU3BOAUTENBHOCTE U T.1. 711 BcTpansa-
HUS TOTO WJIM WHOTO PelIeHns B MpoekT, peanmsyembiid Ha [IJIMC, TpebyeTcs mpeobpazoBaTh 3TO pelieHne
B IP-moxymp.

B nmanHO# paboTe U3 MCXOAHOTO KOAA Ha si3bIke C++ MOIyYeHbI U MPOAHATH3UPOBAHBI JIBA PEIICHUSI
LMS-dunbtpa: ¢ mocnenoBaTebHBIM BBHITTOTHEHHEM BCEX OTEPaIni, MPeayCMOTPEHHBIX anroputMoM LMS,
Y ¢ KOHBeWepH3aIyel UKIIa onepanuii, cogepxkamerocs B anroputMe LMS. B nukie BeImomHseTCS OCHOB-
Has 9acTh onepauuil anroputma LMS, nostomy KoHBelepu3anus mo3Bojuia CyIIECTBEHHO COKPATUTh Bpe-
M$1 €T0 BBIOJIHEHHS (JIATEHTHOCTH). B paMKax Ka)I0ro peLIeHus OJIyueHbl pe3yIbTaThl CHHTE3a ONMCAHUI
¢bunpTpoB ¢ mopsakoM oT 32 mo 512 mpu 3amanHON TakToBoi yactore 100 MI'm. Ilomyuennsie pemeHUs
OLIEHEHBI IO KPUTEPHUSIM PECYPCOEMKOCTH, JATEHTHOCTH M PACIPEACICHUS ONepaluil anropurMa Bo BpeMe-
HH. J[J1s CHHTE3a BBICOKOTO YPOBHsI Mcroib3oBan cuatesarop Vivado HLS 2018.3 or ¢upmer Xilinx [22].
[Monyuennsie IP-momynu LMS-¢punsrpa npeanasnauenst s [IJTMC XC7A200tfbg-1 ot Xilinx.

1. LMS-¢uabTp u onucanue ero padorsl Ha si3bike C++
1.1. LMS-¢punomp
Ha xaxxmom miare auckpernsanuu LMS-¢punbsTp npuHUMaeT 1mo olHOMY OTCYETy BXOJHOTI'O CHT'HAla —

x[n], u TpeGyemoro curnana — d[Nn], u GopMUpPYyET OTCUETHI BHIXOAHOIO CHIHANA M CHTHajaa ommoKku — y[N] u
e[n] coorBercTBeHHO [1].

o«
x[n]
—T—» W]

1
—> LMS

y[n] d[n]

Puc. 1. CrpykrypHas cxema LMS-dumsrpa
Fig. 1. LMS filter block diagram

Kak mokaszano na puc. 1, LMS-¢punetp comepxur KUX-dhunetp ¢ koaddurmentamu W[n], obpabda-
THIBAIOIIMI OTCYETHI BXOJHOrO CHUTHAja corjacHo dopmyie (1), u 6ok agantanuu LMS, rae npoucxoaut
nepepacuet kodppurnmentoB KUX-punsrpa mo popmyne (2):

ym=§Mwm4L 1)
W[n+1]=WI[n]+ pe[n]X[n]. 2
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B (1) n — Homep mrara auckperusaiuu, N — mopsaok ¢punbtpa, W[i] — koaddunuentsr GpunbTpa, 00pasyro-
mme Bekrop W[N], X[n — i] — orcueTs! BXogaHOTO curnana, oopasyromumme Bekrop X[n]. B (2) W[n+1] u W[n] —
BEKTOpPBI KO3 dureHToB GpuibTpa, AciicTByromue Ha [N+1]-M 1 N-M mmarax auckperusanuy, e[n] — curaan
oumbkw, T.e. pazHocts d[N] u y[n], X[n] — BekTop O0TCYETOB BXOAHOTO CHTHANA, | — MAapaMeTp, ONMPEACIISIO-
MIMH CKOPOCTh CXOIUMOCTH QJITOPUTMA U BBIOMPAEMBIi C y4ETOM MaKCHMAJIbHOTO COOCTBEHHOTO 3HAYCHHUS
KOPPEJISIMOHHON MaTPHIIbI BXOTHOTO CHTHAMA Amax (3):

1
O<pu< ) 3
Y 3)

max

1.2. Hexoonwtii koo

JA71s1 BBITIONTHEHMST CHHTE3a BBICOKOTO YPOBHS OJlHA M3 (DYHKIMI HCXOJHOTO KOJA JOJDKHA OBITh 00BsIB-
JICHa TJIaBHOM, YTOOBI €e BXOJTHBIC U BBHIXOJAHBIC MIEPEMEHHbIC OBUIM MPeoOpa3oBaHbl BO BXOJIHBIC U BBIXOJ-
HBIE TTOPTHI YCTpoiicTBa. Pa3zpaboTaHHbIN 31eCh MCXOIHBIA KOJ COACPKUT BCEro OHY (YHKIHUIO, BXOJAHBIMU
MePEMEHHBIMU KOTOPOH SIBJISIFOTCSI OTCUET BXOJHOTO CHTHAJA X M OTCUYET Tpedyemoro curHana d, a BeIXOJ-
HBIMH TIEPEMEHHBIMH — OTCYET BBIXOJHOTO CHTHAJa Y M OTCUYET CHTHajia OIIUOKH €.

BHyTpu (yHKINHU TakKe OOBSBICHBL:

1) uenovucieHHas epeMeHHasl i, CITyKaIlas CYeTINKOM B IIHKIIC OTICPaIlHii;

2) MacCHB OTCUCTOB BXOHOTO CHT'HajIa X_array;

3) maccuB ko3 durreHToB GpuIbTpa W_array;

4) mepeMeHHast CUIT_W JJisl BPeMEHHOTO XpaHeHHs KO3 HIMeHTa, ¢ KOTOPbIM (QyHKIMs paboTaeT Ha
I-if uTepalu KMKIa, OOHOBIISS 3TOT KO3 UIMEHT M YMHOXKas €r0 Ha OTCYET BXOJHOTO CUTHANIA;

5) mepemeHHasi CUNT_X /Ul BPEMEHHOTO XpaHEHHsl OTCYETa BXOAHOIO CHIHAJIA, C KOTOPHIM (DYHKIIHS
paboTaeT Ha i-if uTepaly UKIa, YMHOXask ero Ha KodQPUIeHT GUIbTpa;

6) nmepeMeHHas MUE UIsl XpaHEeHH s IPOM3BE/ICHUS OTCYETa CHI'HAJIA OMIMOKH U 1Iara CXOJHUMOCTH;

7) nepeMeHHasi acC [yl BpPEMEHHOTO XPaHEHHs] CyMMbI IPOM3BEACHHI OTCYETOB BXOAHOIO CHUTHAJA
Ha K03 HuureHTs GUIbTpa, HAKOIUICHHOH 32 y’Ke BBIOJIHEHHbIE UTEPAaLluU HUKJIA.

3a UCKJIIOYCHHEM i, BCE MIEPEUMCIICHHBIC BBILIEC MEPEMEHHbIC U 3JIEMEHThI MacchBoB umetoT tui float,
4T0 cooTBeTCcTBYeT cTaHaapty |EEE 754 mnst wucen omuHapHOii TouHOCTH.

Ilocne o0bsIBNIEHNS MAaCCUBOB M MEPEMEHHBIX (DYHKIMS NEPEXOIUT K BBINOJHEHUIO LUKJIA C KOJIHWYe-
CTBOM uTepanuii, paBHbiM mopsiaky ¢uisrpa N (prc. 2). C kaxmoii ureparueil nepeMeHHas | MEHseTCsl OT
N-1 mo0.

loop: for (i=N-1; i>=0; i--)
{if (i==0)
{curr_x =x; x_array[0] = x;}
else {curr_x = x_array[i-1];
if (i 1= (N-1))
{x_array[i] = x_array[i-1];}}
curr_w =w_array[il;
CUrr_w += mue*curr_x;
w_array[i]=curr_w;
acc += curr_w*curr_x; }

O© oo ~NO Ul WNE

[EnY
o

Puc. 2. [lukn B cocTaBe UCXOTHOTO KOa
Fig.2 Loop in the source code

Ha kaxmoil utepanyy LUKIA CHAa4yajla BBIIOJHAETCS MEPEMENIEHUE OJHOTO M3 OTCUETOB BXOJHOTO
curHaia B MaccuBe X_array. Ilocnme Boimonmuenwst N wurepanuii camblii cTapbslif OTCYET OTOpachIBaeTcs,
OCTaJIbHBIE OTCYETHI CABUTAIOTCA B MAcCCHBE C MPHpAIICHNEM HHJEKCAa Ha €IWHUILY, a Ha 0CBOOOIUBIIEECS
MecTo X_array[0] momermaercst HOBBIH OTCUET BXOJHOTO CUTHaNA. IlepeMeHHON CUIT_X Ha KaXKI0¥ HUTeparuu
IPUPABHUBAECTCS OAWH U3 OTCYETOB BXOJHOIO CUTHAIA.
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3areM U3 MaccuBa W_array B mepeMeHHyr0 CUIT_W CYMThIBaETCS KOIPMUIMEHT ¢ HHICKCOM I, ¥ BbI-
MOJTHSAETCS €ro MepepacueT ¢ UCIOIb30BaHUEM TIepEeMEHHBIX CUrT_X u mue. [Tocne nepepacuera KoappuIm-
ent W_array[i] oonoBmseTCs.

[Nocnemueii onepanueit B UKJIE SBISCTCS BBIYUCICHUE TEKYIIEH CyMMBI POU3BECHUH acC, T.€. 100aB-
JICHHE K TEKYILEMY 3HAaYCHUIO aCC MPOU3BEACHUS TIEPEMEHHBIX CUIT_X u CUrr_W. Takum o0pa3om, Ha KaxI0M
mare AUCKpeTH3auu KodpUIreHTsl GribTpoB OyAYyT HCIIOIB30BATHCS Cpa3y MMOciie OOHOBIIECHHUSL.

[Tocne BBIXOJ@ U3 LMKIIA OTCUET BBIXOJHOTO CHTHAJIA Y MPUPABHUBACTCS K MEPEMEHHOU aCC; BBIYHC-
JISTFOTCS OTCYET CUTHAIA ONIHOKY € U er0 TIPOU3BE/ICHUE C IIArOM CXOJAMMOCTH MUe.

2. MeToabI HCCJIe10BAHUS

PazpaboTka ncxomHoOro Kona, ykazaHiue HaCTPOEK U AUPEKTHB, a TAKKe COOCTBEHHO CHHTE3 BBICOKOTO
ypoBHs BeimoiHeHb! B cpeze Vivado HLS 2018.3. B pamkax KaKa0ro U3 pelIeHHI CHHTE3 BHICOKOTO YPOBHS
OBLI IPOBeJIeH MpY BapbupoBaHuK nopsiaka ¢unsTpa N ot 32 10 512 xospdunmentos. 3nauenne N ykasbl-
BAJIOCH B ICXOHOM Kojie. B HacTpoiikax cuHTe3a g 000X perieHnid ObUTH yKa3aHbl MHHUMAIBHO JIOITY-
ctumas TakroBas yactota 100 MI'y u uenesoii kpucraymut — XC7A200tfbg-1.

Bo BTOpOM pemieHun Al KOHBeHepu3aluy UKIa (CM. puc. 2) HAa HEero ObUla HaJOXKEHA JAUPEKTHBA
“pipeline” ¢ ykasanueMm uHTepBajga MHHIUANKH (i), T.e. KOJIMYECTBa TAKTOB C MOMEHTA Hayajla MTepaIluH
LIMKJIa, CITyCTs KOTOPOE 3alycKaeTcs ciaeayromas urepauusd [22]. bt ykazaH MUHUMaIbHO BO3MOYKHBIN IS
JTAHHOTO UCXOIHOTO KOJa MHTEPBAJ HHUIUALUH — 5 TaKTOB.

[Tocrnie BBITIONHEHUS CHHTE3a BHICOKOTO ypoBHs cpepoii Vivado HLS 2018.3 ¢popmupoBaick oT4eThI,
13 KOTOPBIX [UIS KaXKIOTO PEIICHHUS U KaXk1oro 3Ha4eHus N 1morydeHsl:

1) makcumanbHas TakToBast yactora (uiabrpa (Fmax);

2) TaTeHTHOCTh (PYHKIINH, T.€. KOJIMUECTBO TAKTOB, TpeOyeMoe Ha ee BbinonHenue (FL);

3) TaTEeHTHOCTH OJTHOM MTEPALMHU LUKIIA, T.€. KOJIMYECTBO TAKTOB, Tpebyemoe Ha ee BoinonHeHue (IL);

4) rpaduk pacnpeesieHus onepanuii GyHKINHU [0 TAKTaM;

5) pecypcoeMKOCTh 0 TaKUM BHIaM pecypcoB, kak D-tpurreps (FF), Tabiaudnbie npeobpazoBaTeu
(LUT), onoku udpoBoit o6padotku curnanos (DSP) u 6ioku O3Y (BRAM).

3. Pe3yabTaThl CHHTE32 BHICOKOIO YPOBHS U MX 00CYK/IeHHE
3.1. Oyenka pecypcoemxocmu LMS-gpunvmpos

B 1abn. 1 u 2 npuBeieHbI pe3yabTaThl OIICHKH MAaKCUMaIbHOM TAKTOBOM YacTOTHI, pECYPCOEMKOCTH U
JATEHTHOCTH s 1BYX pemrenuid LMS-¢unbrpa. TpeboBanne kK MUHHMaIbHOM TAKTOBOM 4acTOTE BHINOJIHE-
HO JIJIsi 000UX pelIeHHH pu Bcex 3HadeHusx N.

PecypcoemkocTs ¢mibTpoB ¢ yBenuueHneM N MEHsSETCS HE3HAuMTENbHO KaK NMpU KOHBEHepHu3auuu
IIUKJIA, TaK ¥ TP €€ OTCYTCTBUH. Tak, B 000ux cirydasx yBenuueHre N He MPUBOJUT K YBEIHUEHHUIO PacXo-
na 6moxoB DSP. 13 oT4eToB 0 CHHTE3€ BHICOKOTO YPOBHSI CIeIyeT, uTo ABa U3 natu 0;10koB DSP ucnons3y-
IOTCS JUTSl peajl3alui CyMMaTopa, eme TpH — Juisi peanu3anuu ymHoxkutens. [loseimenune N, pazymeercs,
MPUBOJUT K YBEIWYCHUIO 0o0beMa MamsTh, TpeOyeMoro Juis XpaHEeHWsT MacCHBOB X_array m W_array.
IIpu N = 32 s xpaneHust Kaxaoro u3 mMaccuBoB tpedyercs no 1 024 6ura, mpu N = 64 — mo 2 048 6ur,
u 1.1. Tem He Menee mpu N < 512 myis XxpaHeHHusi MacCUBOB TpedyeTcs He Ooiree nByx OiokoB O3Y. HesHa-
YUTENBbHOE YBEIMUCHHE pacxo/ia TabMUUHBIX TpeoOpa3oBareseii ¢ moBbieHueM N i 000uX pelieHui cBs-
3aHO C ICKPEMEHTOM CYETUYHKA I[MKJIA | U CpaBHEHHEM | ¢ HysieM 1 BennuuHoi N — 1, HOCKOJIBKY ¢ yBennye-
HueM N 3TH onepanuu TpeOyIOT OoJIbIIeH Pa3psITHOCTH CYMMATOpa U KOMITAPaTOPOB. YBEIMYEHUE pacxo/a
D-tpurrepoB ajst 000MX peLICHUH CBSI3aHO C YBEIMYEHHEM Ppa3psIHOCTH INMHBI aapeca OJOKa MmamsTd
K03 GuUIHeHTOB PUIBbTPa, a TAKKE C YBEJIMICHUEM Pa3psIHOCTH i. B ocTallbHOM CTPYKTypa U pecypcoeM-
KOCTh (DMIIBTPOB, MOJTYUYECHHBIX B paMKax 000UX pelIeHuil, He 3aBucsT oT N.
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Tabnumna 1
Pe3yabTathl cunTe3a LMS-duibTpa npu orcyrerBun aupektus (peuienue 1)
N Fmax, MI'g LUT FF DSP BRAM FL/IL
32 121 693 683 5 2 649/20
64 121 693 686 5 2 1289/20
128 121 693 689 5 2 2 569/20
256 121 698 692 5 2 5129/20
512 121 699 695 5 2 10 249/20
Tabnuma 2
Pe3yabsTatsl cunTe3a LMS-¢duanTpa npu xonBeiiepuzanum nukia (pemenue 2)
N Fmax, MI' LUT FF DSP BRAM FL/IL
32 121 764 898 5 2 184/20
64 121 764 901 5 2 344/20
128 121 764 904 5 2 664/20
256 121 769 907 5 2 1.304/20
512 121 770 910 5 2 2 584/20

Kongeiiepuzanus LuKiIa OPUBOAUT K MOBBIMICHUIO PacXoAa TpUrrepos He Oosee yeM Ha 31%, a Tad-
JNYHBIX TTpeoOpa3oBaTeneil — He 6onee ueM Ha 10%. [loBbIIeHNE pecypCcOEMKOCTH CBSI3aHO C TE€M, YTO KOH-
Berepuzanus TpeOyeT 0ojee CI0XKHOrO YHNPAaBJSIOLIET0 aBTOMAaTa W OOJNBIIET0 KOJIMYECTBA PECYPCOB IS
q)OpMI/IpOBaHI/Iﬂ BXOJHBIX CUTHAJIOB CyMMaTopad, YMHOXKHUTCIA U OJIOKOB naMsATH, a TaKKE IJIA COXPaHCHUA
MPOMEKYTOYHBIX PE3YNILTaTOB (PUIBTPALINY.

3.2. Pacnpedenenue onepayuit no makmam

Ha puc. 3 u 4 npuBeneHs! rpaduKku pacnpeaeseHus onepanri Mo TakTaM, CreHepHUpPOBaHHbIE CPeJoi
Vivado HLS 2018.3 npu orcyrcTBuu (cM. puc. 3) u Hanuuuu (cM. puc. 4) KoHBelepusaimu 1ukiaa. Homepa
TaKTOB, HAUWHAS C HYJIA, IPUBEJIEHBI B BEPXHEH 4acTH pucyHKOB. TakTol ¢ 1-ro mo 20-#, mpuxoasiuecs Ha
ksl (100p), crpynmupoBaHkl MO BBIMOIHIEMbIM onepanusM. Onepaiiu, BHIIOIHIEMbIE B KaXI0# rpymie
TakTOB, 0003HaYECHBI IU(PPAMH, KOTOPbIE COOTBETCTBYIOT HOMEpPaM CTPOK BO (pparMeHTe UCXOJHOTO KOJla Ha
puc. 2. [Ipu KoHBelepr3anny HUKIa ouepeiHas UTEpaIus 3aIyCKaeTcs CIyCTS 5 TaKTOB MpeabIayIeil ute-
panmu; Kaxablid cTapT HOBOM UTepanuu 0003Ha4YeH Ha puc. 4 BepTUKAILHOU )KUPHOH dyepToil. Takram, cie-
JYIOIIUM TIOCJI€ BBIX0/1a U3 IMKJIA, YCIOBHO MMPUCBOEHBI HOMepa, HaunHas ¢ 21.

Pacrnipenenenue onepaliyii o TakTaM BBIIIOJIHEHO JijIsi 000MX PeIIeHUI MOX0XKUM 00pa3oM. JIo BXxox-
JICHUsI B IIMKJI Ha TakTe 0 OCYIIECTBIISIOTCS pHeM X U 0 U UX pa3MelIeHHe B IaMSTH, @ TAKKE CIYUTHIBAHUE
MIEpEeMEHHOM MUe, BEIUMCIIEHHOM Ha MPEeABIAYIIEM [Iare TUCKPETH3aIIH.

B 1ukie B Teuenue TakToB 1 ¥ 2 MPOUCXOAAT MEPEMEIICHUE OJHOTO U3 OTCUETOB BXOJAHOIO CHTHAJIa
B MacCHBE X_array u mepesanuch NepeMeHHON CUrr_X. IIpu 3TOM BBINONHSIOTCS] BCIIOMOTaTelbHbIE Ollepa-
MK ¢ nepeMeHHou i: cpaBaeHue ¢ 0 u N — 1, a B mepBOM pelieHnn — Takke U ieKkpeMeHT. [Ipu koHBeiiepu-
3MPOBAHHOM IMKJIE B TaKTax | M 2 BBINOJIHACTCS TAaKKe CYMTHIBaHUE I-r0 Koddduimenra puibTpa U3 Mac-
cuBa W_array B IepeMeHHYI0 CUrr_W.

C 3-ro mo 6-i1 TakThl BBINOJIHAETCS YMHOXKEHHE IIEPEMEHHOM CUIT_X Ha nepeMeHHyo Mue. B nepBom
pELICHUH Ha 5-M U 6-M TaKTaX MPOMCXOIUT CUUTHIBAHHUE i-r0 Kod(pduimenTa GpuipTpa U3 Maccusa W_array
B IIEPEMEHHYIO CUIT_W. Bo BTOpOM pelieHnH Ha 5-M TaKkTe BHIOJIHACTCS IEKPEMEHT CUSTUHKa .

C 7-ro mo 11-i1 TakThl BBIIOJIHAETCS CJIOXKEHHE NMEPEMEHHON CUIT_W M TOIXY4YEHHOrO Ha 6-M TaKTe
NpOM3BEICHHS CUIT_X*MUE; pe3ysibTaT COXpaHseTcs B MEpeMeHHy CUrr_w. Ha 12-m rtakTe I-ii 21eMeHT
MaccuBa W_array npupaBHUBaeTCs K nepeMeHHou curr_w. C 12-ro nmo 15-# TakT BBIYHCISAETCS IPOU3BEE-
HUE MIEpEMEHHBIX CUIT_X 1 CUrr_Ww.

C 16-ro no 20-i1 TakT BBIMONHAETCS CIOKEHHE TOJBKO YTO BBIYMCIEHHOTO MPOU3BEASHUS CUIT_X U
CUIr_W ¥ HaKOIUIGHHOH K JaHHOMY MOMEHTY CYMMBbI MPOU3BeACHUH K03(pPUImeHToB GUiIbTpa HA OTCUETH
BXOJIHOTO CHUTHAJIa, XpaHsAIIeHcs B IEpeMeHHON acc.
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Puc. 3. Pactipenenenue onepanuii Mo TakTaM MpH MOCIEA0BATEIbHOM BBIIOIHEHHH UTEPALUid IHKIIa (pereHue 1)
Fig. 3. Scheduling the operations into clock cycles under condition of the loop iterations are performed sequentially (solution 1)
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Puc. 4. Paciipenienienue oneparuii 1o TakTaM Ipu KOHBeHepu3aluy HuKa (peieHue 2)
Fig. 4. Scheduling the operations into clock cycles under condition of the loop is pipelined (solution 2)

[Tocne BbIXOJA W3 LUKIIA BRIXOJAHOU MEPEMEHHOH Y MpHUCBauBaeTCsl 3HAaUCHHE NepeMeHHon acc. B te-
YeHHE IATH TAaKTOB PaCCUUTHIBAETCS € KakK pasHOCTh Mexay d u acc. 3ameTuM, 4to Ha puc. 3 TakTel 21-24
HE 3aIl0JIHEHBI. JTO CBS3aHO C pa0OTOW YHPAaBJISAIONIETO0 aBTOMATa B PEIICHUH 1: MOcie KaXII0W UTeparuu
[IMKJIa aBTOMAT MEPEXOMT K MPOBEPKE I, 4TO cOoTBETCTBYET TakTy 1. Ecim i < 0, T.e. Bce UTEpaIMy BBITIOJI-
HEHBI, aBTOMAT TEPEXOJNUT K COCTOSIHUSM, COOTBETCTBYIOIIUM PacyeTy €. DTUM COCTOSHHUAM Ha puc. 3 (dak-
TUYECKU COOTBETCTBYIOT TaKThI 21-24, XO0TS OHM MTOKa3aHbI O] TAKTaMH 2—5.
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Eme getsipe TakTa TpebyeTcs Ha pacdeT MepeMeHHOH Mue, KoTopasi OyIeT MCIOIb30BaThCs Ha Clie-
JyIOIeM Imare Juckperusanuu. OJHOBPEMEHHO C pacueToM MUE BBIXOIHBIE MEPEMEHHBIE € U Y BBIAAIOTCA
Ha OJHOMMEHHEIE OPTHI PUIBTPA.

U3 tabn. 1 u 2, puc. 3 u 4 cnenyer, uto npu N ot 32 no 512 3a cueT KOHBeilepU3aLny UK yIaeTCs
COKpaTHUTh JJATEHTHOCTh (yHKIUH Oosee ueMm Ha 70%.

3akiIouyenue

C nomo1p0 HHCTPYMEHTOB CHHTE3a BHICOKOTO YPOBHS YAAJIOCH CHOPMUPOBATH U OLICHHUTH JBA PEILICHUS
LMS-¢punprpa ¢ mopsakom ot 32 o 512, oTAMYAOMIMXCS OpraHu3aluei MpeayCMOTPEHHOTO alrOPUTMOM
LMS nukina onepanuii. Konsediepuzanus mukia okasanach 3)(HEeKTHBHON Mepol COKpalleHUs] BpEMEHHU BbI-
nonHenus: LMS-anroputma. Ha pecypcoeMkocTs GpuinbTpa KOHBelepr3aLus HUKIa BIUACT HE3HAUUTENBHO.
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