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PaccmatpuBatoTcst BOIIPOCH! MOJEIUPOBAHUS U MPOEKTHpoBaHus kak pekypcuBHbIX (IIR), Tak u Hepekyp-
cuBHbIX (FIR) nudpoBeIx GUIBTPOB C y4eTOM BO3MOXKHOCTEW MX alllapaTHOW pean3allid Ha MUKPOIpOIec-
COPHBIX KOHTposiepax. [IpuBoAuTCS MOCTAHOBKA U pelIeHHe 337adl MHOTO(YHKIIMOHAIBHOTO CUHTE3a LUd-
POBBIX (DUIBTPOB Ha 0a3e YUCIEHHBIX METOJOB LIEJIOYUCICHHOIO HEJIMHEHHOr0 MaTeMaTHYECKOro IporpaM-
MHUpOBaHMs. PaccMoTpeH mpumep pemeHus 3agaud MHOTO(YHKIIMOHATIBHOTO CUHTE3a PEKYPCUBHOTO (GUIIbTpa
U ero peanuzanuu Ha MUKpokoHTpoiuiepe MSP430F1611. IIpuBoauTcs cpaBHEHHE €ro TEOPETUYECKHUX U IKC-

MEPUMEHTAJIbHBIX XapaKTePUCTUK.

Kuroueswie cnosa: nudposoit LIHII-Gunbtp, MHOroQyHKIIMOHATBHBIN CHHTE3, LIEJIOYNCICHHOE HEeJMHEeH-
HOE MPOTrpaMMHUPOBAaHUE, MUKPOIIPOIIECCOPHBII KOHTPOJLIEp, leNeBast (pyHKIUSL.

BBenenue

HudpoBas ¢unbTpamms sBIsSETCS OJHUM U3
Hanbojiee MOLIHBIX HMHCTPYMEHTAIBHBIX CPENCTB
(poBoit 00pabOTKU CHUTHATOB. SIBISSICH YCTPOii-
CTBaMH YAaCTOTHOHW CEJEKIHH BXOIHOTO CHUTHaja,
u(ppoBble GUIBTPBI 00BIYHO Pa3pabaThIBAIOTCS Ha
OCHOBe TpeOOBaHUI K WX YaCTOTHBIM XapaKTepH-
cTUKaM. B o0meM BUIE KOMIUIEKCHBIA 4acTOTHBIN
k03 uKeHT nepenadn HUGPOBOro GUILTpa CTaH-
JapTHO MO>KHO 3aIlicaTh KaKk

H(e™)=|H (&™) e

Takum 00pa3oM, OCHOBHBIMM XapaKTepHCTUKA-
MU (PUIIBTpa B YaCTOTHOM 001aCTH SBISIOTCS:
l. AMIOIUTYQHO-4aCTOTHAs  XapaKTePUCTHKA

KaK MOAYJIb KO3 (PHUIIMEHTA Mepeiavun ‘H (ej @ )‘ ;

2. da30-4yacTOTHas XapaKTepUCTHKa Kak apry-
MEHT Kod(duineHTa nepeaadn g(m) ;

3. Bpems rpynrnoBoi 3aj1epiku: T, =—0@/ 0m;

4. ®azoBas 3aJepxKKa Kak MnpsMmas 3ajiepiKKa
(HIBTPOM rapMOHIYECKOro CHrHaa: T, =—@(®)/ .

CoBpeMeHHbIE  YCIOBHS  (PYHKIIMOHHPOBAHHS
UQPPOBBIX (QHUIBTPOB B Pa3IMUHBIX YCTPOMCTBAX
undpoBoit 00pabOTKM CHUTHATOB OMPEACISIOT He-
00X0IUMOCTh oO0ecrieueHns BCeH COBOKYMHOCTH
(YyHKIIMOHAIILHBIX TPeOOBaHWH B YacTOTHOW 00-
nacty. [103TOMY aKTyanbHOM SIBISETCS 3aqada pas-
pabOTKH METOJO0B CHHTE3a LU(PPOBBIX (PUIBTPOB C
y4ETOM COBOKYITHOCTH TPEeOYEMBIX XapaKTEePUCTHUK.
Tako# cuHTE3 MPUHATO HA3BIBATH MHOTO(YHKIINO-
HAJIbHBIM B OTJIHYHE OT MHOTOKPHUTEPUAIBLHOTO

CHHTE3a, CUHTE3a TOJBKO O OJHOM YaCTOTHOM Xa-
paktepucTrke. MHOrO(YHKIMOHAIBHBI CHHTE3
M(poBEIX (MIBTPOB C Y4YETOM TpeOOBaHMH HX
MPaKTHUECKONH peann3yeMOoCTH BO3MOXKEH B Ha-
cTofllee BpeMsl TOJBKO METOJaMHM HEJTMHEHHOTro
MaTeMaTHUYeCKOro nporpammupoBanus [1-3]. Ma-
TeMatndeckoe mnporpammupoBanne (MII) — srto
WHBapUaHTHas M BecbMa 3P QPeKTUBHAS METOAOO-
rus pemeHus: (OpMaIM30BaHHBIX 3374ad, 3agad
MPOEKTUPOBAHUSI B YACTHOCTH, OOIIast uaest KOTo-
pO¥i COCTOUT B MPUBSI3KE pelleHus Jr000i 3a1aun K
YETKOMY WHBAapUAaHTHOMY MaTeMaTHYeCKOMY TpH-
3HaKy — JKCTpeMyMy (YHKIHMH KadecTBa (IIeJIH)
F(X), rne X — BEKTOp MCKOMBIX MapaMeTpoB yCT-
poiictBa. Jlns nro0oi 3agauM Takyr (YHKIHIO B
olOumieM Bue Bcerna MOXHO cdopmupoBaTh (B
KOMITBIOTEPHBIX TIaKeTaX 3TO OOBIYHO JernaeT
¢byHkuMoHanbHBIA penaktop [3]). HMmes Takyro
¢byHKUMIO, peleHue 1000i 3a1aun CBOIAT K Mpo-
nenype Muaumuzaiuu F(X), To ecTb K OTHICKaHUIO
KOOpIOUHAT TI00aIBHOTO dKCTpeMyMa (OTTHMAb-
HBIX TNapaMeTpoB ycTpoiictBa X°), 4T0 0GBIYHO
JlesaeTcs MOMCKOBBIMU MeToaamu [1, 2, 4].
JpyruM He MeHee BaKHBIM TpeOOBaHHUEM K
uuppoBoMy (UIBTPY ABISETCS BBHIIIOJHEHHE UG-
POBOIi (UIBTPALIMU B PEANbHOM BPEMEHH. JTO 03-
HAyaeT, 4TO BCE OMEpaIrH alrOpUTMa (IIBTPALUN
JIOJKHBI BBITIOJIHATBHCSL 32 BpeMsi, He MpeBbILIalo-
mee MepHoA TUCKPETH3alUH BXOJHOTO CHTHANA.
C touku 3penust 3G hekTHBHOHN paboTHl HU(PPOBOTO
¢unpTpa B pealbHOM BpeMEHH, 00eCHeueHUs: Mu-
HUMyMa 3aTpat (10 BPEMEHU W pecypcam MaMsiTH)
Ui pacuéTa OTKIMKa (puiabTpa ocoOblii HHTepec
IPECTAaBIseT Cay4ail LEJOYHCICHHONW TUCKpPETH-



72 B.H. Byzpos

3allMM MPOCTPaHCTBa MapaMeTpoB (kKoddduireH-
ToB) ¢mibTpa. B aToM ciydae 3amaua MII Tpanc-
¢dopmupyeTcss B 3amady IEIOYHCICHHOTO HEIH-
HeliHoro mporpammupoBanus (LIHIT), u ¢unsTpsl,
CTIPOEKTHUPOBAaHHBEIE B [AaHHOM MPHOIMKEHHUH, B
JanbHeimeM OyaeM Ha3biBaTh 1uppossiMu [[HII-
¢uneTpamu. lleneBas ¢ynkuus F(IX) B 3amavax
IIHII 3anncaHa OTHOCUTEIBHO BEKTOPAa HCKOMBIX
LEJIOYUCTICHHBIX MapaMeTpoB ¢umibTpa IX u Hau-
Oosnee 4vacto (opmuUpyeTcs B BHUIE aIJIUTHBHOM
cBéptku (1) YacTHBIX wLeneBbIX GyHKIMHA fAIX),
KOTOpBIE OINPEACISIOT Ty WM HHYI0 YacTOTHYIO

XapakTepucTuky ¢punbtpa [1, 3]:
FUX)=Y. B, /,IX). M

1

Koaddunuent P; 3agaer 3HauuMocTs (Bec) Xxa-
pPakTepucTUKU (i-ro yacToTHOro okHa). Camu da-
ctHble ueneBble GyHkUuU f{(IX) Gopmupyet dhyHk-
UOHAJBHBIA PEIAKTOP MaKeTa CHHTE3a MO KpuTe-
pHIO MUHHMYyMa CpPEIHEKBAJPATUIHOIO OTKIIOHE-
HUsl (HEeHOpMUpOBaHHas (2) WJIM HOPMHUpPOBaHHAS
(3) dopma) mubo B popMe MHUHUMAKCHOTO KpUTE-

pust (4):

£(IX) =%-§ -’ . o
n=1
2
f,.(IX)_l f M e
=1l
fUX)=max {|Y,(X)-¥T P}, @)

rae Y,(IX) — Texkyulee 3HaYeHHE XapaKTEPUCTHKH
Ha n-1 TUCKPETHOM 4acToTe Auana3oHa onpesele-

HUS, a YnT — TpeOyeMoe 3HaueHHe 4acTOTHOM Xa-
PAKTEPUCTHUKH.

Taxum obpazom, uudposoit LIHII-¢punstp obec-
Me4YMBaeT MaKCHMalbHOE KadecTBO LHU(POBOi
¢unbTpann (C y4€TOM BCell COBOKYMHOCTH Tpe-
OyeMBIX XapaKTEPUCTHK) INPHU TapaHTHPOBAHHOM
LENOYUCIEHHOM peweHun IX, T.e. MpU HCHONb30-
BaHMU TOJbKO LIENOYMCICHHOW apu(MeTuku s
BBIYHCIICHUS] OTKJIMKA (PUIBTPA HA BXOJHOE BO3JEH-
CTBHE. DTO OOCTOSTENBCTBO OMNpEAeNsieT, BO-TIep-
BbIX, MHHUMH3ALMIO BPEMEHHU pacyéTa OTKIMKa
¢unbTpa (T.K. EJIOYHCIEHHBIE ONEpalMd HAaMHOTO
«KOpO4YEe» BEIIECTBEHHBIX), a BO-BTOPBIX, NPUHIH-
NHUANBHYI0 BO3MOXXHOCTh peanuzanuu LIHIT-dunbt-
POB HE TOJBKO Ha CHELUATU3UPOBAHHBIX CHUTHAIIb-
HbIX nporeccopax (DSP), Ho 1 Ha mpocTeIX U Ae-
MIEBBIX MUKPOMPOLIECCOPHBIX KoHTposiepax (MK),
B KOTOPBIX HET BO3MOXKHOCTH BBIYMCIICHUH B (op-
MaTe ¢ IUIaBalolled Toukod. Bompocam MHoOro-
(YHKIHOHATBHOTO CHHTE3a M NPaKTHYEeCKOil pea-
mu3aiuu 1rdposeix [IHIT-¢punbeTpoB u mocesia-
eTCsl IaHHas CTaThsl.

Pexypcusubie nupposbie HHIT-puabTpbl

PexypcuBnbiii  LIHII-punbtp sBisieTcs auc-
KPETHOW JIMHEMHOW CUCTEMOM, sl KOTOPOMl COOT-
HOILIEHUE MEX]y BXOIHOW X, W BBIXOJHOW y, MO-
CJIEI0BATENBHOCTSMH OINPEAEIAETCS YPAaBHEHUEM B
KOHEUHBIX Pa3HOCTAX

N a
yn:_z ynk+z_x —k >

k=1 9o k=09
a mnepenatouHas (yHKOUsS — ero Z-mpeoOpaso-
BaHueM. [lpuHnunuansHoM ocobeHHocThio I[HII-
(GuIbTPOB, KaK yxe ObLI0O OTMEYEHO BBILIE, SBJIS-
eTcs MPUHAIEKHOCTD ero Ko3((HUIHUEHTOB by U ay
3HAKONEPEMEHHOMY PSAY LENbIX YHCEN, KOTOPbII
MOJET ObITh KaK HaTypajbHbIM, TAK U OMHOMHAJb-
HBIM (1711 HOpMupyolero ko3dduiuenta ao). M-
TepBaJl CYMMHpPOBAHHS IO Kk TIONYyYWJI Ha3BaHHE
«okHa» ¢uabTpa. BxomgHoe okHO (QHIBTpa cocTaB-
nsiet N+1 orcuéroB, BbIxoaHoe — N OTCUETOB, MPH
9TOM 3HaueHue N onpejesser NopsaoK peKypCUB-
Horo ¢unbTpa. Hamuune obpatHoil cBsi3u (peKyp-
cun) B (5) ompenensieT OeCKOHEYHBIM XapakTep
UMITYJIECHOM XapaKTePUCTHUKH (QHUIBTPA, MPUIEM
€ro 4acTOTHBIN KOd(PHUIINEHT mepenadn

©)

N .
[TA-ze’®)

H(e”) =4+
[10a-pe™™)
i=1

MOJHOCTBIO OMMCBIBAETCS paclpe]eseHUeM MO0-
COB U HyJeil B Z-mockoctu. Eciin cucrema ycToi-
YHBa, TO BCE MOJIOCH p; MOJDKHBI JISKATh BHYTPHU
eIMHIYHOTO Kpyra W 00JacTh CXOAUMOCTH OyAeT
cojiepKaTh €IMHUYHYIO OKpPYKHOCTHh [3, 5, 6]. Ta-
KM 00pa3oM, YCJIOBHE YCTOWYMBOCTH, (u3Hue-
ckoil peanuzyemoctu pekypcuBHoro LIHII-¢pubt-
pa MOKeT OBITh 3alMCaHO KaK CHCTEMa HEPAaBEHCTB
(byHKIMOHATLHBIX OTPAaHWYECHUH) MO BCEM MOJIIO-
cam ko3 durmeHTa nepenadn B Z-MIOCKOCTH:

‘Zpi‘ <1 (6)

Jluneiino-pa3HOCTHOE ypaBHeHHE (5) COOTBET-
CTBYeT mpsiMol ¢opMe anmapaTHON peanu3alu
¢unpTpa. OnHAKO 171 Ka4eCTBEHHOW HOPMUPOBKH
BCEH COBOKYMHOCTH TpeOyeMBbIX YaCTOTHBIX Xapak-
TEpUCTHK TIpsiMasi hopMa HauMMeHee BBITOAHA, T.K.
OITHIM HOPMHUPYIOIIAM KO3(P(PHUIUEHTOM gj STOTO
caenatb 00buHO He yaaéres. Hns LIHII-punsrpos
(KaK peKypcHUBHOTO, TaK U HEPEKypPCHBHOIO) HaW-
Oomee BBITOTHON SIBISIETCS  MOCIEIOBATEIbHAS
(opMa NOCTpOeHUs B BUJIE KACKAHOTO BKJIFOUEHUS
3BEHBEB BTOPOTO MopsaKka (puc. 1).

[epenaTounas ¢GyHKOHS UII PEKypCHBHOTO
HHII-punptpa, cocTosiiero M3 KackaJHOro co-
€IMHEeHHUs m 3BEHBEB BTOpOro mopsaka (m = N/2),
VMMEET CJIETYIOMINMA BUI:
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" bl-+bl»z_1+bl-z_2
H(z)=]]>*— . (7

-1 —
i=l1 aOi +all-z +a2iZ

®opma (7) omeparopHoro koddduimeHTa me-
penadu mo3BOJISIET JIETKO HOPMHUPOBATEH TpeOyeMyto
COBOKYITHOCTb YaCTOTHBIX XapaKTEePUCTUK PUIBTPa
(T.X. HOpMHpYIOUMH KO3 HULIUECHT a); €CTh YXKe B
KaXXI0M i-M 3BEHE) U Jake TPOU3BOJIUTH UX (par-
MeHTauuto. M3 cooTHouenus (7) gerko nojiyvaer-
Csl pa3HOCTHOE ypaBHEHHUE Ui OJHOTO 3BEHA pe-
kypcuBHoro I{HII-¢punbTpa:

Yn=
= (b, + by, + 2%, 5 =@, — @23, ) ag -

Kak BumnHo u3 (8), mpu BBIYMCIEHWH OTKIIMKA
(unbTpa AOMKHA BBIMONHATHCS ONepalus AeIeHHs
Ha ICJIOYUCIICHHBIH KOA(QQUIMEHT ap, KOTOpas
MOXeT OBITh peai30BaHa Omepanueil cIBura mpu
YCIOBUM MPUHAIIEKHOCTH KaXI0ro i-ro kodd¢u-
[IeHTa OMHOMHUAILHOMY LIEJTOUNUCICHHOMY PSLy:

aol-e{2q }, g=0,R-1 i=1m, ()
rae R — pa3psiHOCTh MUKpOIIpoLieccopa.

Ha puc. 2 npuBeneHa TUNHMYHAs CTPYKTypa
3BeHbeB pekypcuBHOro [[HII-Qunbrpa, coorBerct-
Bytouias ypasHenuto (8). Kak BuaHo, mpu ammna-
paTHOM ero peanu3aiuy A BBIYUCICHUS OTKIHKA

®)

bunpTpa y, KpoMe TPaIUIUOHHBIX OMepanuil cio-
KEHHs, YMHOXKEHHUS] U 3aJIeP)KKH Ha TaKT MPHUCYT-
CTBYET omepaliysi ciBura Ha B = log,a, OuT, ¢ mo-
MOIL[bI0 KOTOPOM, KaK y»e CKa3aHO, pealn3yercs
LEJOYHCICHHOE [e/ieHHe Ha OMHOMHAJBHBIN KO-
s dunment aq .

3agaya LEJOYHCICHHOTO HEJIMHEWHOro Ipo-
rpaMMHPOBaHUsI TPH MAIIMHHOM CHHTE3€ PeKyp-
CHUBHOTO (DMITBTpA 3aIHCHIBACTCS TAK:

F°(IX°)=min F(IX)

(10)
IX e 1%,
2R < g, <o, d=2 i=l,m o
—2Rf <, <R 1) d=0, 2, i=l,m,
ag e {29}, ¢=0,R-1, (12)
‘Zpi‘<1, i=l,m, (13)
([Bos |+ By; |+|b2,.|+_|al,.| +ay]) < 257, (14

i=l,m,
rae I*" — uenouKNCIeHHOe IPOCTPAHCTBO MapaMeT-
pOB GUIBTPa, M — YUCIO 3BEHHEB BTOPOTO MOPSI-
kKa, d — uHAEKC Kod(p(UIHMEHTa TepeaaTOuHOM
¢yHKmU 3BeHa (7).

3BeHo 2

3Beno 1

3BeHo 3

3BeHO 4 3BeHO m

Puc. 1. Kackannas (mocnenoBatensHas) Gpopma moctpoenus [{HIT-¢punbtpa

Xn

Yn
B= 10g2a0 ———
'y
Z-l
F 3 Z-l
. /a‘ .

Puc. 2. Ctpykrypa 3BeHa pexypcusHoro [[HII-punsrpa
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Xn

Yn

B= logzao

Puc. 3. Ctpykrypa 3BeHa HepekypcuHoro L{HIT-¢punsTpa

OO61as skcTpemanbHas 3anava cuaresa (10) 3a-
NHCaHa OTHOCHTEJIFHO LIEJOYUCICHHOTO MPOCTPaH-
crea [ napameTpoB (ko3 uImeHToB GrIbTpa),
pasmepHocTbto 6m. Orpanuuenust (11) 3anmaror
TPaHMIBl U3MEHEHUSI STHX LENOYUCICHHBIX K03(-
¢unreHToB, a cooTHowmenue (12) ompenenser npu-
Ha/IJIEKHOCTh KO3 PULIMEHTOB aj; ONHOMHATILHOMY
pany (9). ®dynkunonanbHble orpanwueHus (13)
KOHTPOJIUPYIOT B MPOLECCE CUHTE3a YCIOBHE yC-
TOMYMBOCTH, (U3MYECKOl peanuzyemoctu (6) pe-
KypCHBHOTO (DMIIBTpa MO BCeM TMoitocaM ko3¢ hu-
LMeHTa nepenauu, a orpanuuenus (14) onpenens-
IOT BBITIOJIHEHHE TPeOOBaHUM, CBA3aHHBIX ¢ KOHEY-
HOU pa3psTHOCTBI0O BHYTPEHHHX amlIlapaTHBIX BBI-
yucieHui. MHOroyHKIHOHAIBHOE 3alaHKE LieTe-
BOoi (yHKIMM onpenenseTcss cooTHomenueM (1),
XOTS 3[1€Cb MOTYT OBbITb MPUMEHEHBl U APYTUe HU3-
BECTHBIE CIOCOOBI CKaISIpU3aLuU BEKTOPHBIX 3a7au
[1, 2]. TlouckoBoe UTEpaTHBHOE peLIEHHE dKCTpe-
ManbHo# 3agaun LUHIT (10) B 3anaHHOM MpoCTpaH-
CTBE MapaMeTPOB OCYIIECTBISET NPOrpaMMHBIN
IrOpUTMUYECKHid Komruieke [3, 4], obpamasch K
MOJIeIbHOMY OJIOKY NpOorpaMMbl Ajsi pacyéra Te-
KyIMX (QyHKIMOHANBHBIX XapaKTEPUCTUK (QHUIBT-
pa. Bektop IX° , MAHMMU3HUPYIOLUIUNA CKAIAPHYIO
ueneByto pynkuuto F(IX) Ha MHOXECTBE AOMYyC-
TUMBIX EJIOUUCIICHHBIX penieHuit (8) u (9), saBis-
ercss 2pQeKTUBHBIM pelIeHneM 3aJadll Mapamer-
puueckoro cuHtesa pexypcusHoro LIHII-¢unbrpa.

HepekypcuBnbie uugposbie HHHII-puabTpbl

B nepekypcuBHbix [[HII-¢punbTpax B BbIUKCIE-
HUM TEKyLIMX 3HAY€HU BBIXOJHOW MoOCieaoBa-

TEIBHOCTH Y, YYacCTBYIOT TOJbKO 3HaY€HHs BXOI-
HOW MOCIe10BaTENbHOCTH X,, T.€. B UX YPaBHEHUU
(15) otcyrctByeT oOpaTHas CBA3b (ypaBHEHHE
HpSIMOM JTMHEHHOH CBEPTKN):
N-1
Yn = Z b_k'xn—k :
k=0 9o
[MoaToMy HepekypcuBHBIE (UIBTPHI BCerna yc-
TOWYMBBI 1 UMEIOT KOHEUHYIO UMITYJILCHYIO Xapak-
tepuctuky (KUX-punetpsi) [5, 6]. KoaddurnmenTst
by M ap TakKe NPUHAJIEKAT 3HAKOIEPEMEHHOMY
pAmy LeJBIX YKCeN, UHTEPBal M3MEHEHUS KOTOPBIX
ofnpenensercs pa3psaJHOCTbIO MUKPOIIPOLIECCOpA.
[lepenatounas ¢yHKUMSA KacKaJHOTO COEAMHe-
HUsI 72 3BEHBEB BTOPOTO TMOPSIKa HEPEKYPCUBHOTO
LHIT-dunbTpa MoXkeT OBITh 3aMcaHa TakK:

(15)

-1 -2
" boi + bz +byz

H(z)=]]
i=1

CootHomenne (16) Takike JIETKO TO3BOJISET
HOPMHUPOBaTh TPeOyeMyl0 COBOKYMHOCTb 4YacTOT-
HBIX XapaKTepUCTHUK (HUIBTPa U AUCKPETU3IUPOBATD
3HaueHUsT KOA(PQPHUIIMEHTOB MEJOYMCICHHO. YpaB-
HEHUWe U1 OJHOTO 3BeHa HepekypcuBHoro IIHII-
¢uIBTpa NMEET BUL:

Yn :(bOxn + blxn—l + b2xn—2 )/ao >
rae Kodp@uUUEHT gy BO BCEX M 3BEHBSAX TaKKe
NPUHAIICKUT OMHOMHUAILHOMY — LIEJIOYUCIICHHOMY
pany (9). Ha puc. 3 npuBeneHa TMIMaHas CTPYKTypa
3BeHbeB HepekypcuHoro LIHII-¢unbrpa.

[TocTanoBka 3a71a4u LIEJTOYNCICHHOTO HEJIMHEN-
HOT'O MPOrpaMMUPOBAHUS J1sl MAIIMHHOTO CUHTE3a
HepekypcuBHoro LIHII-¢puneTpa BBINISANT cle-
JYIOIIAM 00pa3oMm:

(16)
ap;



IIpoexmuposanue yugposvix hurbmpos Mmemooamu YeirouUCIeHHO20 HeNTUHEIH020 NPOSPAMMUPOBAHUSL 75

F°(IX?)=min F(IX),
IX e I*",
— 28 < p, <21, d=0,2 i=l,m , (18)
ag e {27}, ¢g=0,R-1, (19)
([Boi] + | B1; | +[Boi| ) < 257, i=lom . (20)
rae I — LeTOYKCIeHHOE POCTPAHCTBO MapaMeT-
poB ¢wmibTpa, m — uncio KUX-3BeHbEB BTOpPOTO
nopsifika, d — uHAEKC Kod(duiMeHTa nepenaToy-
HoOW (yHKIMY 3BeHa (16), R — pa3psaqHOCTh MUKPO-
poleccopa,

Orpanuuenust (18) 3a1al0T TpaHULIbl K3MEHEHHSI
3TUX IIEJIOYUCIICHHBIX KO3 PHUIIMEHTOB, a COOT-
Homenue (19) onpenensier NMPUHAIEKHOCTh KO-
3¢ PULNEHTOB a); OMHOMHUATBHOMY psny. DyHK-
HMOHaNbHBIE orpannueHust (20) ompenensor Tpe-
6oBaHus 10 Oy(depHOil perucTpoBoil MaMsTH MHK-
pomponeccopa. MHOTOQYHKIIMOHATIBHOE 3a/1aHHe
HeNeBOl (DYHKIUH 3[1€Ch TAKXKe ONPENeNsIeTcs Co-
orrourenrem (1). Bekrop IX%, MuHHMU3HPYIOLLIHii
neneByro Gynkuuro F(IX) Ha MHOXeCTBE JOMYyC-
tuMBIX perreHnid (18) u (19), sBusercs 3ddexTrs-
HBIM pelICHHEM 3a/1a4M MapaMeTPUiecKoro CUHTe-
3a HepekypcuBHoro L{HII-punbTpa.

(a7

CuHTe3 U annapaTHasi peajiu3anus
pexkypcuBHoro I{HII-¢puiabTpa HUKHUX 4ACTOT

PaccmoTpuM B KauecTBe MNpuMepa peLIeHUe
KOHKPETHOH 3a/1a4i MHOTO()YHKIIMOHAIEHOTO CHH-
Te3a pekypcuHoro LIHII-punbTpa HIKHUX 4acTOT
IMPOaKyCTHYECKOI0 TPAaKTa ¢ 4acTOTOH cpesa 290
I'u, koTopwld, Kpome GopMHUpOBaHUsS TpeOyeMoit
paboueil MOJOCH, OCYLIECTBISICT TaKXe aMILIU-
TyaHyto koppekunto AUX Tpakta Ha MHTEpBaje
200290 T'm (rpaduk Tpedyemoit AUX ¢umbTpa
NpuBeIEH Ha pHC. 4).

Ku
A
1.0
|
|
0.7+ :
| |
| |
| |
| |
| |
! | FE
0 200 290 400

Puc. 4. Tpebyemast AUX ¢unbTpa

B kauectBe 06a30BOil CTPYKTYpbl GHIBTPA BbI-
6epem ¢GopMy KackaJHOTO coeArHeHus nsatu bUX-

3BEHbEB BTOPOTO MOPAJKA C MeperaToyHod (QyHK-
et (7). [pennonaras peanuzanuto GuiabTpa Ha
MukpokoHTposuiepe MSP430F1611 (pa3spsaHocTb
npoueccopa R = 16, paspsaanocts AUl M = 12),
3amady MapaMeTpPUYecKoro CHHTe3a KOPPEKTH-
pytowiero pekypcuBHoro LIHII-¢punbrpa MoxHO
3amucaTh Tak:

F°(IX°)=min F(IX),

(22)
IX e,
~5000 < ay <+5000, d=1,2, i=1,5 ,
T (23)
~5000 < b, <+5000, d=1,2,i=1,5,
ag; € {2}, ¢=0,15, 24)
‘Zpi‘ <1, i=,5 , (25)
1
(|Boi] +| b1: |+|b2i|"ﬁ]i|+|a2i|)< 2", 26)
i=1,5.
Taxkum 06pa30M, MHWHHUMU3aAUA HeJIeBOro

(byHKIIMOHANA OCyIIecTBIsIach Ha 30-MepHOM Iie-
JIOYHCIIEHHOM MPOCTPAaHCTBE MMAapaMETPOB B JIOITyC-
TAMON obsact (23) u (24) mpW BBHINOJIHEHUH
(YHKIMOHATBHBIX ~OTpPaHUYCHUH yCTOWYHMBOCTH
¢unbTpa (25) U perucTpoBbIX orpaHuueHui (26),
CBS3aHHBIX C KOHEYHOH Ppa3psAHOCTbIO BHYTpPEH-
HUX ammapaTtHelX BeuucieHuil. Cam  1eneBoi
(GyHKIMOHA TaHHOMW 3a7a4u

FUIX)=BAUX)+B, fo(IX)+B5 /5(IX)+B4 /2, (IX) (27)
(opMupoBasICsl B UETHIPE YAaCTOTHBIX OKHA IO Clie-
JIYIOIIAM YaCTOTHBIM XapaKTepUCTHKaM (QUIIbTpa:

e obmeit AUYX ¢unstpa f1(IX) ¢ Becom B;=1
Ha BCEM MHTEpBasie HUPPOBBIX YacToT (puc. 4);

e Koppektupytomeit ygactok AUX A(IX) B
nuanazone 200-290 'y ¢ Becom B,=0,1;

e HeiHONH ®UX dunbtpa f(IX) B mosoce
nponyckanus go 250 'y (Bec B3=1.0);

® TIOCTOSHHOMY BpPEMEHHU IpYyMIOBOW 3alepiK-
ku ¢unetpa fiy(IX) B monoce MpOIMyCKaHus IO
250 I't ¢ okoHHBIM BecoM 4= 0.01.

VYkazaHHbIE (YHKINH XapaKTEPUCTUK Tpadude-
CKM BBOIWIIUCH B COOTBETCTBYIOIIEE OKHO (hyHK-
[HOHAJBHOTO PEJaKTopa MakeTa CHHTE3a U 3aTeM
ouudpobiBanuck. Tpebyemble moka3aTeau CHHTE-
3UpyeMoro GuIbTpa MpUBEIEHbl BO BTOPOM CTOJO-
ue Tabnuuel 1. B Tpetbem cronble ykazaHbl 3TH
MOKAa3aTeld Mo pe3ysibTaTaM CHHTEe3a IS YaCTOTHI
nuckperuzannn 1 k[, Bpems pemenus 3amaun Ha
OBM He mpesbliano 12 MuHyT, npuuéM Hadalb-
HOE 3HaueHue IMeneBoro QyHkuuonana (27) co-
ctaBisio 779, a 3HaueHUE B TOYKE ONTHMyMa CO-
crapisiao 0.00023 npu MOTHOM BBINOJIHEHUH YCIIO-
BHUH YCTOWYMBOCTH (PHUIBTpA.



76 B.H. Byzpos
Tabnuya 1 OGcyskaeHue pe3yJbTaToOB
OyHKIMOHATIbHBIE ananme Cuntes KCICDHMCHT M .
HoKasaTeNH wa OBM P €TOIBI IENIOYUCIEHHOT0 HEeIHHEHHOro Mpo-
Monoca npontycia- | oo 0284 0295 rpaMMHUPOBaHMs B MPWIOKEHUH K 3aJadaM Mpo-
aus, [ eKTUPOBAaHHUS LUQPPOBBIX (QHIBTPOB SBISIOTCS
Ycunexue B nojo- 7 i -
1.0 1.015 1.02 COBPEMEHHOH M BEChMa MEPCTEKTUBHOH anbTep
ce HATUBOW TPAJAMIIMOHHBIM KJIACCHYECKUM METOJIaM
DazoBble UCKAXKE-
MPOEKTHUPOBaHUS HUPPOBHIX (QuUIbTPOB [5-7].
HUA B I10JIOCE OO0 10 72 98
250 't He Gonee, : : IMpunuunuansroe otnnune LHII-cunTe3a 3aKiro-
rpaj 9gaeTcs B TOM, YTO B JIaHHOM Cllydae sl yAOBIIe-
I'pynmoBas 3a- 18 4 3 TBOpeHHs  TpebyeMoro  (GyHKUHMOHUPOBAHUS
ACpIKKa, MC (¢WIBTpa HE MCIOJB3YIOTCS HUKAKHE UCKYCCTBEH-

B tabnuue 2 npuBeneHbl ONTUMaNbHbIE 3HAUEHUS
LEJIOYMCICHHBIX  KO3()(UIIMEHTOB  IepenaToyHoOM
¢yHKIMM (HUIBTPa, a Ha pHUC. 5-9 TpeACTaBiICHBI
rpaduK ero (QyHKIMOHATIBHBIX XapaKTEPHCTUK IO
cunTesy Ha OBM. Ha puc.10 npusenéH rpapuk xo-
OPIMHATHOTO pa3pe3a LeneBod (DYHKIMH IO Tapa-
METpY by; B TOUKE ONTUMAJIBHOTO peLieHus (Tadi. 2).

Kak BuAHO W3 Tabuul U MPUBENEHHBIX PUCYH-
KOB, Bce TpeOoBaHMs MO (YHKIIMOHAILHBIM IOKa-
3aTelsiM M XapakTEPUCTHUKAM KOPPEKTHUPYIOLIEro
PEKYPCHUBHOTO (HIBTpa MO CHHTE3Y ObUIM BBINOJ-
HEHbI C BBICOKOH TOYHOCTBIO.

[IpakTuueckas peanuzauusi CUHTE3UPOBAHHOIO
pexypcuBHoro I[HII-¢puneTpa ocymiecTBasiace,
KaK YK€ CKa3aHO BBIIIE, HA MHOTO(YHKIIMOHAIb-
HOM MuKpokoHTposuiepe MSP430F1611 ¢upmel
Texas Instruments, siBasifolIEMCSt MO CYTH Jiena
OHOKpUCTabHOH OBM wMmanoii mpou3BoauTENb-
HOCTH ¢ MecTHaauatupaspsaaeiM  RISC-sapom.
OTnnunTeNbHBIMU O0cOOeHHOCTIMHA naHHoro MK
SIBJIIETCSl €r0 HU3KOE JHEepPronorpedseHue, HeBbl-
COKasi CTOMMOCTb U HEBO3MOYKHOCTh BBIYMCIICHHI B
(dopmaTte ¢ muaBaroniel Toukoi. W Tonmbko Hamu-
YyKe LeJOYUCIeHHOTo peueHus (Tabauua 2) no3Bo-
JIMJIO YCIIEUIHO peanan3oBaTh Ha naHHoM MK Takoii
CJIOKHBIM PEKYPCHBHBIH (DUIIBTP JIECSATOTO TMOPSI-
ka. BHewHuil BUI peanu3oBaHHOTO LUGPOBOro
¢unbTpa mpeacraBieH Ha puc. 13, a ero skcrnepu-
MeHTanbHO m3MepenHsie AUX 1 ®UX npuBeneHs
Ha puc. 11 u puc. 12 coorBerctBeHHO. [Ipumeua-
TEJIbHO MPAKTHUYECKH MOJIHOE COOTBETCTBUE JKCIIe-
PUMEHTaJIbHON M TEOpeTHUecKoH (10 CHHTE3Y)
AYX ¢unbtpa Ha puc. 11, uTo U XapakTepHO AJs
U(PPOBBIX CUCTEM.

HBIEe MPUEMBI W TOAXOJBI KIACCUUECKAX METOI0B
(B3BEIIMBaHME OKHOM, YacCTOTHbIE BHIOOPKH, Me-
TOJBI ANMPOKCUMAIINH, OBICTPOW CBEPTKHU | [p.),
MPUBOASIINE K CYNIECTBEHHBIM OTPaHUYCHUSIM B
BBIMTOJIHEHUH (PYHKIMOHAJIbHBIX TPeOOBaHUHA U
CHUCTEMaTHYECKUM OIIMOKaM, a OCYIIECTBISETCS
OpssMOil  TOUCK  TpeOyeMbIX KO3((UIMEHTOB
¢WIBTpa IPSMO TIO0 €r0 MaTeMaTHYECKOMY OIIpe-
nenenuto (Monenn). Kputepuem moucka siBIsieTCs
COOTBETCTBHE COBOKYITHOTO TEKYLIETO (PYHKIIHO-
HupoBanus [[{HII-¢punerpa ero tpebyemomy
byukunonupoBanuio. CoBpeMEHHbBIC alTOPUTMHU-
YecKHe KOMIUIEKCH UYWCIEHHOW MUHHMH3ALIUN
MO3BOJISIIOT pelaTh TaKyr 3ajadyy BecbMa Ha-
NEXKHO W S(PPEKTUBHO MpPH BBHINOJTHEHUH BCEX
BHEIIHUX TPeOOBaHWH M OTrpaHWYCHHA K pabore
uudposoro ¢puibTpa [1, 2, 3]. D10 Ha&T BO3MOXK-
HOCTh CYIIECTBEHHO MOBBICHTH KadeCTBO IPOEK-
TUPYEMBIX (QHIBTPOB, COKPATHTh BpEMs UX pa3pa-
0OTKH, 3aMeTHBIM 00pa3oM CHHM3HTHb HX CTOH-
MocTh. M3 MaTepuanoB, NMpHUBEAEHHBIX B CTaThe,
BUJIHO, YTO B CPaBHEHHH C TPAAMIUOHHBIMH KJac-
CHYECKMMHU MOAXOJaMU CHHTE3 HU(PPOBBIX (PIIBT-
POB  METOAOM UENOYHUCIEHHOr0 HEJIWHEHHOTro
MPOTPaMMHPOBAHUS UMEET Pl TOCTOMHCTB!

1. BO3MOXXHO OCYIIECTBISITH CHHTE3 (PUIIBTpA TI0
COBOKYITHOCTH TPeOYEMBIX €ro XapaKTePUCTHK, MpPH-
4&M MOXKHO JIETKO YIPABISITH MPUOPUTETOM (GYHK-
[IMOHAJIGHBIX XapaKTEePHCTUK B IIPOIecCe CHHTE3a
¢dunbTpa.

2. dopma XapaKTEPUCTHK MOXET ObITh MPOH3-
BOJIbHAS, YACTOTHAS IlIKaJa — JIMHEHHasI.

3. Bo3moxna mupokas ¢pparMeHTanus Xapak-
TEPUCTHK, KOTJIa BAXKHBIC UX YYaCTKHU BBIIEISIOTCSI

Tabnuya 2
3BeHO Koa¢dummenTs! nepepatouHoi GyHKINN GUIBTPa
¢bubTpa ay a; a, by b by
1 4096 —823 1294 274 -1221 —918
2 4096 1905 1516 175 -1210 376
3 2048 1174 1646 4907 —1580 —2796
4 1024 —1524 531 —2817 —2791 —2576
5 2048 -934 207 652 =573 462
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B OTJeNIbHOE (DYHKIIMOHAIbHOE OKHO AJs obecre-
YeHHS WX JIeTaJIbHON MPOpabOTKH B XOJIE CHUHTE3A.

4. YcTOMYMBOCTh pEIICHUS ISl PEKYPCHUBHBIX
(GUIBTPOB MOXXET OBITH TapaHTHUPOBAaHA HPHUOPH-
TETHBIM BBIIIOJHEHHEM (DYHKIMOHANBHBIX YCIOBHH
YCTOMYHMBOCTH B IpOIIecCe CHHTE3a (PIIIBTPA.

5. UemouncnenHass OUCKpPETHU3AIMS HMPOCTPaH-
CTBa BapbHPYEMBbIX MapaMeTpoB (puiabTpa mo3Bos-
€T TONy4aTh MPOCKTHBIC PEIICHUS B IIEJBIX YHC-
JIax, 9YTO CHAMAET BCE OTPaHMUYCHHUS 10 apUPMETH-
K€ BBIYMCICHUNA TMpH ammapaTHOW peanu3aiun
(bHJII)TpOB KaK Ha CUTHAJIbHBIX MPOILECCOpaX, TaK U
Ha MHUKPOIIPOIICCCOPHBIX KOHTPOJIIEpPax, 4TO IIOA-
TBEpXKJAeTCAd MPUBEAEHHBIMU B CTAaThe IKCIEPHU-
MCHTAJIbHBIMU JaHHBIMU.

25 MM

30 Mm

Puc. 13. Buemnnii Bup cunresuposanHoro I[HII-
GubTpa, pEANU30BAHHOIO HA MHKPOKOHTpOILIEpE
MSP430F1611

I'paduk paspesa Ha puc. 10 nokasbiBaeT, 4ToO 1e-
JeBble (DYHKIMU B 33/1a4aX MHOTO(YHKIIMOHAIBHO-
ro cuHre3a 1uppoeix I[HII-punbTpoR wmMeroT
BEChMa CJIOKHBIN, TTOJIMMOJIANIBHBIN XapakTep. Juc-
KpeTHas: MUHUMH3ALUS TaKuX (QYHKIHMK SBISETCS
BECbMa HE MPOCTOW 3adaueil. Tem He MeHee pa3pa-
OOTaHHBI MPOrPaMMHO-AJITOPUTMHUUECKHIA  KOM-
TJIEKC YCTEITHO CIIPABUIICS C 3TOU 3ajaue, IMoKa3aB
BBICOKYTO HaJIEKHOCTD U (PPEKTHBHOCTE.
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DESIGNING DIGITAL FILTERSBY INTEGER NONLINEAR PROGRAMMING METHODS

V.N. Bugrov

The simulation and design of infinite impulse response (IIR) and finite impulse response (FIR) filters are consi-
dered taking into account the possibilities of their hardware support on microprocessor controllers. The problem
statement and solution of multifunctional synthesis of digital filters on the basis of the numerical methods of integer
nonlinear mathematical programming are given. An example has been presented of the problem solution of IIR filter
multifunctional synthesis and hardware support on the microcontroller MSP430F1611. A comparison of its theoreti-

cal and experimental characteristics is given.

Keywords: digital INP filter, multifunctional synthesis, integer nonlinear programming, microprocessor control-

ler, objective function.
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