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Pedrepar. [llpeactaBneHbl pesynbTaTbl WUCCAEAOBaHUS anropyTMOB MWHUMWM3ALMKU  OTUHBI
cnoBa Ko3MMUUMEHTOB  KackagHbIX LMPPoBbIX BUX-pUnbTpoB HWKHUX 4YacTOT. ARroputmbl
OCHOBaHbl Ha BapuaLuu UCXOOHbIX NapamMeTpoB (ogHOMapameTpudeckas U TpexmnapameTpudeckas)
W  NPOCTOM  OKpyrreHue  Ko3auUMeHTOB. XOTS  HauMMeHbLUylo  AnuHy  crnoBa  Aaet
TpexnapameTpudyecknuii  MNOAXOA, €ro  BbAMPbILl B CpaBHeHuMm C  Gonee  npocTon
ogHonapamMeTpuyeckon Bapuauunen coctaenseT 1-2 buta m nuwb B 27% cnyyaes.

1.BBegeHue. CrnoxHoCTb W ObICTpoaencTBMe annapaTtHbiX UMGPPOBbIX (PUALTPOB Ha OCHOBE
OTAEnNbHbIX YMHOXUTENEN, GIIOKOB YMHOXEHWS MMM pacnpegernieHHon apudMeTVkn, 3aBUCHAT OT OJIUHbI
cnosa KoadppuumMeHToB. [103TOMY BaXXHO MUHUMU3NPOBATL AMNWHY croBa. [ns 9TOro MOXHO MCMNOSb30BaTh
anroputMbl Ha OCHOBE Bapuauuu UCXOAHbIX napameTpos (BUIM), npemmyllecTtBa KOTOpPbIX B CpaBHEHUN C
anroputTMamMu Bapuauum camux MUCKOMbIX KoaddpuumeHToB obcyxganuce B [1-3]. B pabortax [1,2]
npeacTaBneH psaa NpUMEpoB CUHTEe3a kKackaiHblx undpoBbix BUX-OHY ¢ MuHMManbHOW AnMHOW crioBa
KoappmumeHToB, TpeboBaHUA ONA KOTOpbIX ObiNM B3ATbl M3 pasHbix nybnukauun. B [1] paccmoTpeH
ofHonapameTpuyeckuit, a B [2] Gonee CnoOXHbIA ANs NporpaMmMyMpoBaHus TpexnapameTtpudeckun BUT
anroputm. Llenb gaHHOW ctaTbM — Ha OOMbLIOM 4vucne npumepoB cuHTeda ®HY BbIACHUTB, Kak CUIbHO
OTNNYATCA MWHMMAIbHbIE OJIUHBI CroBa KO3IMMMUNEHTOB, MOMYyYEHHbIE 3TUMK anropuTMamMu, U Kak OHM
COOTHOCATCS C HWXKHEWN rpaHuuen [2] n anvHon cnoea, Nofy4YeHHOW LUMPOKO M3BECTHbIM METOAOM MPOCTOro
OKpYrneHust .

Z.HOI'IyCTVIMbIe peLlieHus. Mownck peweHna B MUCNOJNb3yeMblX anropmntmax 6yneM npoBoauUTb A0
HaxoXxaeHna nepBoro 4onyctmumMmoro pelleHund, 1.e. Korga HepaBHOMEPHOCTb AUX d)manpa B HOMWHanbHOM

nonoce nponyckanusi (0- f, ) n ocnabnenne AYX B HOMUHanbHOM nonoce 3afepxusanus ( f,, —0.5)
YOOBMNETBOPSIOT HEPABEHCTBAM
Aad <Aa_ wva,=a,.,.
UM MakcumarbHas B3BeLleHHas owmnbka annpokcumauunum AYX
e<l1,
roe 3Hak ~ O3HayaeT COOTBETCTBME MNapameTpa KBaHTOBaHHbIM koadduumeHTam. [NMpeanonaraertcs, 4To
mMakcumym AYX HopMUMpoBaH K 1, YacToTa gucKpeTusauum paBHa 1, a OLLEHKM NapaMeTPOB BhINOMHAOTCS MO
o -M

500 yacToTam B KaxdoW M3 ynomsHyTbiX nomoc. Mog keaHToBaHMeM C warom 2~ nogpasymeBaeTcs

okpyrneHve. 3gecb M anuHa cnoea ApoBGHOM 4YacTW OBOMYHBLIX KO3(MULNEHTOB, MNPEACTaBMeHHbIX C
PMKCMPOBAHHON TOYKOMN.

3.HuxHaAa rpaHuua pAnuHbl cnoBa Ko3dduuueHToB. HIWKHIOW rpaHuLy [OnWHbLI  CrioBa
KO3 dpULMEHTOB MLB onpegenum UCXOAst U3 Hanuumna cneumdpuyeckux Todek B 0b6nactv OonyCTUMbIX

ncxopHbix napametpoB S(Aa, f,, f,), Ans kotopoit e <1 [2].

4. ANroputMbl MMHUMM3aUMU [OANMHbI cnoBa Koad)pumumeHTOB. Bce o6Ocyxgaembie Huxe
anroputMbl  OCHOBaHbl Ha MHOrokpaTtHoM pacyeTe KkackagHblx BUX-®HY 3onotapesa-Kayapa ¢
nocrnegylowmMM KBaHTOBaHMeM ux KoacpdpuumeHtoB. Popma 3BEeHbeB B Kackagax — npsMas.
MacwTtabvpoBaHne urHopmpyeTcs.

4.1.00Honapamempudeckuti BUI anzopumm. B ogHonapameTtpuyeckom BUI anroputme (BAM-1)

napametpbl f, n f, duKcupyloTcs Ha 3HaueHusix f,, u f,,, a napameTp Aagu3meHsieTcs B AvanasoHe
Aa, <Aa<Aa, npw M =1, 2, 3 n 1.4, noka Ana Hekotoporo 3HayeHuss Aa n M = M wne Gynet

HanaeHo pewenve ¢ € < 1. [Jetanu paccmoTpeHsl B [1].

4.2. Tpexnapamempudeckuti BUI aneopumm. B TpexnapameTtpuyeckom BUI anroputme (BUIM-3) B
KayecTBe HaudasribHbIX WCMOMb3yem crneuuduyeckne Todku (cMm. n.3) onpegensiemble npu e<1.3. 370
O3Ha4yaeT, YTO OHM MOryT HaxoAUTbCsl Kak BHYTpW, Tak u BHe S(). OuyeBMAaHO, YTO 3TMM Toukam OygeT

'

COOTBETCTBOBATb 3HAa4YeHue MLB < MLB' Onpep,eneHvle HavanbHbIX TOYEK BbINOMHAETCS METOAOM BETBEWN
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W rpaHuL. B OKpPeCTHOCTU HalAeHHOW TOYkM NoouvepenHo BapbupyloTcs napameTpbl Aa, f, u f,. Mouck
BeJeTCs Ha OTpeske, OrPaHUYEHHOM 30HOW MOCTOSIHCTBA AOMUHUPYIOWMX KO3(MDULMEHTOB. 3Ha4eHue
napameTpa, NPUBOASALLErO K MEHbLUEMY 3HaYeHuo € , MKCMpYeTCs, Aarnee U3MeHsieTcs BTOPON, a 3aTem

TpeTuii napameTp. Bce npoponxaetcs no nonydeHust € <1 pans Hekotoporo M unu noka He GyoyT

“cyepnaHbl HavanbHble Toukn. B nocnegHem cnydae Bce noeTopsietca ana M =M, , +1. [etann

onucaHbl B [2].
4.3.Anzopumm npocmoeao okpyeneHusi. B anroputme npoctoro okpyrneHusa (MO) pacuer dHY

BbIMOSIHAETCA ANA HOMMUHArbHbLIX 3HAYEHWI f‘ln n f2n’ a NCXOOHbIN napameTp Aa onpegenaeTcAa TOJbKO

OOMH pa3 M3 YCroBUSA MOMyYEeHUS MWHMMYMa MakCMManbHOW owunbku e. OTO YyCrnoBMEe COOTBETCTBYET
paBeHCTBY YPOBHEW nNynbCauuin B Mofioce MnponyCKaHUA W 3adepXuMBaHUA U MNPUBOOUT K peLUeHuto
anrebpanyeckoro ypaBHeHUs 4-ii cteneHun. KBaHToBaHWe KoadduUNeHTOB BbinonHseTca ana M =1, 2, 3 u

T.0., Ao nonyyenuss € <1 ans Hekotoporo M .

5.l'eHepupoBaHue TectoB. BapuaHTbl TpebosaHuin Kk PHY (TecToB) NONYYMM C NOMOLLBIO AaTyMKa
cryyanHbIx Yvcen. [lanasoHbl U Wark nameHeHust nopsigka N v napametpos ®HY cnepytoume:
4< N <12, war-1;
0.05n06< Aa,_, < 3 b, war-0.0545;

40 nb< a,;. <60 ab, war - 54b;
0.01< f,, <0.4, war - 0.01;

F(Aamax ’a0min ’f‘ln 7N) < on < F(Aamax 7a0min ’.fln ’N - 1) ’
rae () - dyHkums, cesasbiaowas N un napametpel ®HY 3onotapesa-Kayapa [4]. B pesynbTate Takoro

reHepvpoBaHus TecToB nony4yeH psg ®HY ¢ N =4 (12 BapuaHToB TpeboBanuii); ¢ N =5 (6 BapuaHTOB); C

N =6, 7 n 10 (no 9 eapwuanToB); ¢ N =8 (10 BapuaHToB); ¢ N =9, 11 1 12 (no 5 BapwaHToB). Bcero 70
BapuaHTOB.

6.PesynbTaTbl TecTupoBaHue. Hwxe npeactaBneH aHanui pesynbTatoB cuHTesa OHY ans
MOJy4YeHHbIX TECTOB.

e [lna Bcex 70 TeCTOB HauMMeHbLUas AnvHa cnoBa Ko3auumnmeHToB MU JOCTUrHyTa C NMOMOLLbHO
anroputma BAT-3.

e B 73% TtectoB BUIM-1 1 BWN-3, aB 16% Tectos MO 1 BUM-3 patot paBHble 3HaveHus M .

¢ [pumeHeHne BUM-3 Bmecto BWM-1 nossonsier ymeHbwnts M, Ha 1 - 2 6uta (Tonbko B 2 —X

cnyyasx Ha 2 6uTta).
e  OTHOCUTENBHO HWXHEWN rPpaHNLbl N HANOEHHON MUHMMANbHOW OSNIMHBbI UMEEM:

M, , <M  (makcumym Ha 2 6uta) anst 34% TecTos,
M,, =M, pna53% tecTos,

M, , > M (makcumym Ha 2 6uta) anst 13% TecToB.

e YMeHblUeHne AnuHbl cnosa brarogaps npumeHeHuto BUIM smecTo MO coctaBnsieT 10-50%.
e [na 59% TecToB pelweHns B HavamnbHbIX TOukax, wucnonbdyembix B BWI-3, okasbiBatoTcH
OOMyCTUMbIMU U BapuaLms napaMeTpoB He TpebyeTcs.

e [na 12 ®HY (Bkniovasi Te, Ans koTopblx M ,, > M ) ucnonb3oBaHWe HayamnbHbIX TOYEK BHE
obnactu ponycka (1 < e <1.3) nosBonseT AononHUTeNbHO yMeHblunTb M Ha 1-2 6uTa.

e [onyyeHHble ¢ nomoLublo BUM-3 MUHMManbHbIE 3HAYEHUS] OJIMHbI CNOBA HAXoOATCA B Auana3oHe
2<M, <14.

e [ns Bcex 70 ®HY wucnonb3oBaHue HavanbHbix Todek ¢ (1.3<e<1.5) He npuBoauT K
AOMOSTHUTENBbHOMY YMeHblueHuo M, .

B Tabnuue npuBeaeHbl HekoTopble M3 TpeboBaHwWii k PHY 1 HaliaeHHble AN HUXx 3Havenus M, , n M .

30ecb * o3HayaeT, 4TO pelleHWe C KBaHTOBaHHbIMKM  KOdh(pMUMEHTaMU MO KpanHew Mepe B OOHOW
HayanbHOW TOYKe ABNAETCH OOMNYCTUMbIM, @ + O3HadaeT, YTO UCMNOoMb3oBanacb HadarbHasi TOYka BHe

*
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obnactn S(). OaHHble u3 Tabnuubl MOryT ObiTb NOME3Hbl ANsi TECTUPOBaHMSA BHOBb pa3pabaTtbiBaembix
anropuTMOB CUHTE3a undpoBbix BUX-punbTpos.

7.3akntovyeHune. ViccneposaHo asa BWIT anroputma npuMeHWTENbHO K 3ajave MUHUMU3aUUU
ONWHBI crioBa kKoadbduumneHToB kackagHbix BUX-PHY. Mcnonb3oBaHo 3HaumTenbHo Gonbliee yumcno (70)
npMMepoB, Yem MpeacTaBneHo A0 cux nmop B nutepatype. B 27% cnyvyaeB TpexnapameTtpudeckuin BUI
anroputm gaeT MeHblune Ha 1-2 6uUT 3HavyeHusa OnuHbl crioBa, 4em 6onee nNpocTow B NPOrpamMmupoBaHUm
ofHoMapaMeTpu4eckMn anroputMm. YMeHbLUeHnss Ha 2 BuTa oveHb pefku. HuxHas rpaHuua anuvHbl crnosa
OTNMYaeTcs OT HaWOEHHOW MUHUMArbHOW ANMHbI MakcuMym Ha *2 6uta. [Ons 59% TecToB pelueHus B
HayanbHbIX TOYKax OKa3blBalOTCA [OMYCTUMbIMW, YTO noaTBepXaaeT adeKTMBHOCTL MeToda WUX
onpepeneHusi.  Mcnonb3oBaHMe  HavanbHbIX TOYek BHe ob6nactm ponycka (1<e<1.3) B
TpexnapameTpuyeckom anroputMe MoXeT NPUBOAUTL K AOMOSHUTENbHOMY YMEHbLUEHW AMWHbI CroBa
BMMOTb 00 2-X 6uT. YMeHblueHue AnvHbl cnoBa Onarogapsi npumeHexHuto BUI anroputmoB BMecCTO
npocToro okpyrneHms coctasnseT 10-50%.

Tabnuuya
®HY N Aamax ’ D'E aOmin ’ 'D'E f‘ln on MLB Mo
no | BUM-1 | BAM-3
1 4 0.05 45 0.01 | 0.029961 8 14 9 9
2 4 0.75 50 0.17 | 0.335192 2 6 3 3
3 5 0.10 60 0.25 | 0.395240 2 6 5 4+
4 6 1.05 60 0.23 | 0.282166 6 7 7 6
5 7 2.20 40 0.22 | 0.225471 9 10 7 7+
6 8 210 40 0.17 | 0.173485 7 9 9 7
7 9 1.85 55 0.19 | 0.198113 7 9 7 7
8 10 0.50 60 0.02 | 0.021277 12 15 13 12+
9 11 0.30 50 0.27 | 0.273413 7 11 10 8
10 12 0.75 55 0.09 | 0.091150 10 12 10 10
11 12 1.85 50 0.30 | 0.300826 9 11 9 9*
INutepartypa
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Abstract. The investigation of coefficient wordlength minimization algorithms for cascade IIR
digital low-pass filters is presented. The algorithms are based on a variation of initial parameters (one-
and three-parametrical variation ) and simple rounding of coefficients. Although the three-parametrical
approach gives the minimal coefficient wordlength its advantage in comparison to more simple one-
parametrical variation is 1-2 bit and only in 27 % of cases.

1.Using algorithms. The complexity and speed of hardware digital filters based on individual
multipliers, multiplier blocks or distributed arithmetic depend on the coefficient wordlength. Therefore it is
important to minimize the wordlength. For this two algorithms based on a variation of initial parameters (VIP)
[1-3] can be used. Their efficiency is confirmed on a number of examples from different publications. The
one-parametrical (VIP-1) and more difficult in programming three-parametrical algorithm(VIP-3) were
considered in [1] and [2], respectively. The aim of the given work is to find out for cascade IIR low-pass

digital filters what differences in minimal values of coefficient wordlength M, can be obtained by using

above algorithms and how they correspond to the low bound A ,, [2] and wordlength obtained by the

widely known simple rounding method (SR).

All our algorithms are based on the repeated computation of Zolotarev-Cauer IIR low-pass digital
filters with the subsequent quantization of their coefficients. The structure of second order sections in
cascades is a direct form. A scaling is ignored. A search of a solution is carried until the first allowable

solution will not be found, i.e. when the ripple Ad <Aa_, in the nominal passband (0- f,,) and the
attenuation @, = a, ;. in the nominal stopband ( f,, —0.5). Here the sign ~ means conformity of a

parameter to the quantized cefficients. The quantization with step 27" means the rounding. Here M is the
fractional part wordlength of fixed-point coefficients.
2.Test generating. We use 70 variants of the tests obtained by a random-number generator. The

ranges and steps of the change for the order N and parameters of digital filters are:
4< N <12, the step-1; 0.05dB< Aa,_, < 3dB, the step - 0.05dB;

40dB< qa,,., <60dB, the step - 5dB; 0.01< f, < 0.4, the step - 0.01;

F(At >G> frsN) S Sy S F (A, G f15N 1)
where F'()is the function of N and parameters of Zolotarev-Cauer low-pass digital filters [4].
3.Results of testing. For all 70 tests the minimal coefficient wordlength A  is achieved by VIP-3
algorithm. In 73 % of tests VIP-1 and VIP-3, and in 16 % of tests SR and VIP-3 give equal values M . The

application VIP-3 instead of VIP-1 allows to reduce M on 1-2 bit. For 59 % of tests the solutions in starting
points in VIP-3 are allowable and the variation of parameters is not required. In relation to the low bound we
have: M ,, <M, for 34 % of tests, M ,, =M for 53 % of tests, M,, > M for 13 % of tests. The
reduction of coefficient wordlength due to application of VIP instead of SR is 10-50 %.
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