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[Tpaktuueckoe 3ansitue No 1
I'enepauust un¢ppoBoro myma

[. HEJIb 1 3AJAYN
N3yuenue crocoboB reHepauy HudpoBoro myMa ¢ 3alaHHbIMU ITapaMeTpPaMHU.

II. TEOPETUYECKUE CBEJIEHU A
CrnyyaliHble wiymbl SIBISIIOTCS OYEHb BAXKHBIM THUIIOM CUTHAJIOB Kak i cepsl
aHanoroBoil anekTpoHukd, Tak W jaus 1{OC. B 4yacTHOCTHM, MMEHHO IIyM OOBIYHO
onpenensieT TpeOoBaHus K MUHUMAIbHOMY YPOBHIO CUTHAJIa B CUCTEME, PACCTOSIHHE, Ha
KOTOPOE MOKET OBITh OCYIECTBIICHA Iepefadya JAaHHBIX, WIM KOJIMYECTBO PaJUalIUH,
TpeOyemoe AJisi MOJIy4YeHHUs] PEHTT€HOBCKOTO CHUMKA, U T. A. B mudposoit oOpaboTke
CUTHAJIOB CYLIECTBYET MOTPEOHOCTh B T€HEPALMU IYMOB PA3JIMYHBIX THUIIOB. Takas He-
00X0JMMOCTh BO3HUKAET MPHU TECTUPOBAHUU AJITOPUTMOB, KOTOPBIE JOJKHBI OCTaBaTh-

cs1 pabOTOCTIOCOOHBIMU B MPUCYTCTBUU IIIyMa 3aIaHHOTO YPOBHSI.
['enepanus nudpoBoro mryma CTpoutcs Ha 0asze cenepamopa cay4ainsvix yuce.
B OosblIMHCTBE SI3BIKOB NPOrPAMMHUPOBAHMS JUJISi  BBINOJHEHUS JTOM 3aaaudu
NpeaycMOTpeHa crenuanbHas (¢GyHKuus. Tak, B s3bIKax MPOrpPaMMUPOBAHUS
BbIpakeHHe BuJia X =random MPOM3BOJUT TMPUCBOCHHE MEepeMeHHON X CIydailHOTro
3HAYEHHUS IPH KaKJOM HOBOM BBIIIOJIHEHHH TaKOM KOMAaHJIbl. DTO CIy4yallHOE 3HAYECHHE
OyZeT HaXxOoAWTbCS B JUANa30HE OT HyJs J0 €IWHHUIBI U UMETh PaBHYIO BEPOSATHOCTD
NOSIBJICHUS B Mpezenax 3Tux rpanuil. Ha puc. l1a moka3zan curnai, cpopMUpPOBaHHBIN €
NIOMOIIBI0 TAKOTO IE€HEepaTopa CIyYalHbIX ducen s ciaydas 128 orcu€roB. CpenHee
3HAYEHUE HMCXOTHOTO Ipolecca MPU IEHEepalud AaHHOTO curHana cocrasiser 0.5, a

1
CKO pasHoO ﬁ ~0,29. Pacnpenenenue sBaseTCS paBHOMEPHBIM B IMANA30HE OT HYJIS

110 €IVHULIBI.

B mporecce TectupoBaHus anrOpUTMOB OOBIYHO HCIOJIB3YIOT CUTHAJIBI TOTO K€
TUmna, 4yto OyAyT BCTpeuaTbCs B mpoliecce peanbHOM padoThl. [loaTomy Tpebyercs
reHepupoBaTh HU(PPOBOH IIIyM HE C PABHOMEPHOM, a € raycCOBOM (DYHKIIMEN MIOTHOCTU
BeposiTHocTU. CyliecTBYlOT JBa MeroAa (opMupoBaHHUs MOJOOHBIX CUTHAJIOB C
HCMOJIb30BaHUEM OIMCAHHOIO TeHepaTopa ciaydailHbix yucesn. Ha Puc.l mpowsmroc-
TpupoBaH nepsbiil Metoa. Ha (0) n300paxen curHal, noJy4yeHHbINH ¢ TOMOIIBIO CII0XKE-
HUA JIBYX CIyYailHBIX 4yucen I (OPMUPOBAHMS KaxAoro orcyéra, T.e. X =random +
... + random. Tak kak Kaxxjgoe cay4yallHOE YUCIIO MOXKET MPUHUMATh 3HAYEHUE OT HYJIS
0 €IVHUILBI, TO UX CyMMa YK€ MOXET HaxXOAUTHCA B MpeAenax OT HyJs 10 ABYX.

1
Cpennee 3HaueHne B JaHHOM ciydae Oyaetr paBHo eauHuile, a CKO coctaBut %

(3aITIOMHUTE, YTO MPHU CIIOKEHUU HE3aBUCUMBIX CIyYalHBIX CUTHAJIOB UX OucCHepcuu



Takxke ckiaabiBatoTcs). Ilpu 3ToM, Kak BUAHO U3 rpaduka (PYHKUUMU TUIOTHOCTH
BEPOSITHOCTH, PABHOMEPHOE paclpe/ieNieHne U3MEHWIOCh Ha TpeyroyibHoe. OObsICHUTH
3TO SBJICHHE MOXHO TEM, YTO OOJIBIIMHCTBO 3HAYEHUN CUTHAJIA TENEepbh HAXOJAUTCS B
00JacTy €AMHMIIBI, @ MEHBIIAS YaCTh OTCYETOB MPHUOIIKAETCS K HYJIIO U JABYM.

Jlanee meperinéM Kk (GOPMHPOBAHUIO KAXIOTO OTCUYETA CHUTHAJA KaK CyMMBI 12
cly4yailHeIX uucels, B pesynbrate monayuuMm emé€ Ooapmme usmeHeHus (B). Cpennee
3HauYeHUe cTasio paBHbIM utecmu, a CKO — edunuye. [1pu 3TOM camoe TJ1iaBHOE TO, YTO
(GyHKLIMS TUIOTHOCTH BEPOATHOCTH CTajla MPAaKTHUYECKH TayccoBoil. OmnucaHHas
npoleaypa MOXET HCIOJIb30BaThCA MJIA CO3JaHUsT HOPMAJIbHO pacHpeesiEHHOTO
IIyMOBOI'O CUTHaJIa C MPOU3BOJIBHBIM TpeOyeMbiM cpeanuMm 3HaueHueM u CKO. [lns
ATOTO, PACCUUTHIBAS KAXKIIBIN OTCUET CUTHANIA, HEOOX0auMO: 1) clokuTh 12 cimydaitHbIX
quceN; 2) U3 MOJYYEHHOM CyMMBI BBIYECTh IIECTh, JI€Jasl CPEIHEE 3HAYEHUE PaBHBIM
HYJIIO0; 3) YMHOXUThH 3HaueHUEe oTcuéta Ha BenmuuHy keimaemoro CKO; 4) mobGaButh
TpedyemMoe CpeHee 3HaUCHHUE.

Marematuyeckoe MOATBEPKIECHUE CIPABEIIMBOCTH OMHCAHHOW MPOUEAYPHI
OCHOBBIBAETCSI HA YEHMPATbHOU NPEOeIbHOIl meopeme, KOTOpasl SBIETCS OJHOW W3
BXXHEHUIINX B TEOPUHU BEPOSITHOCTEH. B caMoM mpocToM M3JI0KEHUH TeopeMa IJIACHT,
4TO CymMma CIy4YalHBIX YHCEI CTAHOBUTCA HOPMAAbHO PACHPEOCIEHHOU C
YBEJIMYEHUEM KOJIMUYECTBA CYMMHPYEMBIX 3JIeMEHTOB. [Ipu 3ToM HET HEOOXOAUMOCTH B
TOM, 4YTOOBI OTAEJIbHBIE CIy4yalHbIE 3JEMEHTbl ObUIM PaCHpEIeNICHbl MO KaKOMY-TO
ONpeaeIEHHOMY 3aKOHY MJIM Ja)Ke YTOObI 3TH CIydalHbIE YUCIa UMEIU OAUH U TOT e
3aKOH pacrpezeneHus. LleHTpanbHas mnpenenbHas TeopeMa Ha€T oO0bsicHEHUE (Gakry
IMIMPOKOTO PACHpOCTPaHEHUs] HOPMAJIBLHO PACIpEACNIEHHbIX CUTHAJIOB, B TOM 4HCIE B
udpoBoil 00paboTKe CUTHANIOB. B peanbHOM OKpyKaroleM Hac MHUpE CYIIECTBYET
OrPOMHOE MHOXECTBO PA3JIHMYHBIX CHJI, BO3JEHCTBYIOIIMUX HA CUCTEMY, B pE3yJbTaTe
Yero WUTOroBas (PYHKIHS TJIOTHOCTH BEPOSTHOCTH TAaKOrO COBOKYIHOTO BIUSTHUS
OKa3bIBaCTCs rayCCOBOM.
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Jlanee meperinéM Kk (GOPMHPOBAHUIO KAXJAOTO OTCUYETA CHUTHAJA KaK CyMMBI 12
cy4JaiiHeIX umcels, B pesynbraTe monyuum emé Oombinue m3meHeHus (B). CpemHee
3Ha4YeHUE cTalo paBHbIM wecmu, a CKO — edunuuye. IIpu 3TOM camoe riaBHOE TO, YTO
(GyHKIMS TUIOTHOCTH BEPOATHOCTH CTajla MPaKTHYEeCKHu TayccoBol. OnucaHHas
npoleaypa MOXKET HCIOIb30BaTbCAd JUISl CO3/IaHUS HOPMAJIbHO Paclpeiesi€HHOTO



IIIyMOBOT'O CUTHaJIa C NPOU3BOJIBHBIM TpeOyembIM cpenHuM 3HaueHuem u CKO. [{ns
ATOr0, PACCUMTHIBASI KAX/IbIi OTCYET cUrHasla, Heo0XoquMo: 1) cioxuth 12 ciyyaliHbIX
qucell; 2) U3 MOJyYEHHOM CyMMbl BBIUECTH IIECTb, J€asi CPEAHEE 3HAUEHHE PAaBHBIM
HYJI0; 3) YMHOXHUTH 3HaueHue oTcuéra Ha BenumuuHy xkemaemoro CKO; 4) noGaButh
TpeOyemMoe cpelHee 3HAaUCHHUE.

MareMatnyeckoe MOATBEPKICHHE CIPABEIJIMBOCTH ONUCAHHOM MPOLETYpPbI
OCHOBBIBAETCSI HA UEHMPAIbHOU NPeOeIbHOll meopeme, KOTOpasl SBIAECTCS OJHOU W3
BaXHEHIINX B TEOPUU BEPOSATHOCTEN. B caMOM IIPOCTOM H3JI0KEHUM TEOpEMa IIIACHT,
4TO CymMma CIy4YalHBIX 4YHUCEJ CTAHOBUTCA HOPMAAbHO PACHPEOC/IeHHOU C
YBEJIIMYEHUEM KOJIMYECTBA CYMMUPYEMBIX 3JIEMEHTOB. [Ipu 3TOM HET HEOOXOAUMOCTH B
TOM, 4YTOOBI OTAEJIbHBIE CIy4yalHbIE 3JEMEHTHl ObUIM PaCHpEeeNIeHbl MO KaKOMY-TO
OTpeAeNEHHOMY 3aKOHY WJIM Ja)Ke YTOObI ATH CIIy4ailHbIE YHCIIa UMEIH OJIMH U TOT XKe
3akoH pacmpexaencHus. LleHTpanbHas mpenenbHas Teopema NaéT oObsCHEHUE (akKTy
IIMPOKOI0 PACHpPOCTPAHEHUSI HOPMAJIBHO PACIpPEACIEHHBIX CUTHAJIOB, B TOM YHCIE B
u(ppoBoi 00pabOTKEe CUTHAJIOB. B peambHOM OKpyXkarolleM Hac MHpE CYIIECTBYET
OTPOMHOE MHOXECTBO PA3JMYHBIX CHJI, BO3JCHCTBYIOIINX HAa CUCTEMY, B pe3yJbTaTe
Yero WTOroBass (YHKIMS IUIOTHOCTH BEPOSITHOCTH TaKOI'O COBOKYIIHOTO BIIMSIHUS
OKa3bIBACTCs rayCCOBOM.

Bropoii Meron reHepanuu HOPMAJIBHO PACHpEAEnEHHOTO CUTHajga — METOJ
bokca-Mromiepa — mnpemyiaraeT JBaXKAbl 3allyCKaTh [EHEPATOp CIyYalHBIX YHUCEIl,
dbopmupys aBa cmydaiHbiXx uucia R; u R, B uatepBane ot 0 mo 1. ITocie storo moxer
OBITh HAMJIEHO HOPMAJILHO PACHpPEEIEHHOE CIy4ailHOE YUCIIO COTJIACHO BBIPAKEHUSAM

X, =+/-2InR, cos(2nR, ) unu X, = /-2In R, sin(2nR,)

B pesynbrare BbluMciieHMA yucna X; UM X, OKaXyTCid HOPMAajbHO
pactpenenéHHbIMU U OyAyT UMETh CpelHee 3HaueHue, paBHoe Hymo, a CKO, paBHOe
€JIMHULIC.

Kak u paHee, ¢ MOMOIIbIO TAHHOTO MOJX0/a MOXHO T'€HEPUPOBATH HOPMAILHO
pacrpeenéHHbple Cly4yalHble CUTHAIbl ¢ IIPOU3BOJBHBIM CPEAHUM 3HAYEHUEM U MPO-
n3BosIbHBIM CKO. [[151 3TOr0 BO3BMHUTE Ka)XJO€ YKCIIO, MTOIYYEHHOE C IMOMOIIBIO JaH-
HOTO BBIpAXKEHUs, YMHOXbTe Ha xemaemoe 3HaueHne CKO u gobaBbre Tpedyemoe
CpeHEE 3HAUYCHHUE.

PaGota reneparopa ciydyallHBIX YHCEN HAYUHAETCS C HEKOTOPOTO HAYANbHO20
3HAUeHusA, JEXKAllero B JWana3oHe OT HyJIsd [0 EAUHHUIBL OJTO YHCIO IO
onpenenéHHOMY (PUKCHPOBAaHHOMY alTOPUTMYy TIpeoOpa3yeTcsi B HOBOE YHUCIIO,
Jexaniee B TOM e JUaIa30He U pacCMaTPUBAEMOE KaK CiIydyallHO€. DTO HOBOE HUC/IO0
COXPAHSIETCS U MPHU CIIEIYIOLIEM BbI30BE T€HEPATOPA CIYYANHBIX YACEIN UCIIOJIb3YETCS B
KauyecTBE HAYaJIbHOTO 3HAYEHHUSA. AJTOpUTM (POPMUPOBAHUS CIy4alHOrO YHCJIAa Ha
OCHOBE HaYaJbHOTO 3HAYEHUS BBITIIAIUT CIEAYIOUM 00pa3oM:



R =(aS+b)modc

rie S — HauaJnbHOE 3HAuYeHue; R — reHepupyemMoe CiaydyaiHOe 4Mclo; d, b u ¢ —
BbIOpaHHBIE HEKOTOPBHIM 00Pa30M KOHCTAHTHI.

Takum 00pa3oM, Ha OCHOBE OJHOTO HAYaJbHOTO 3HAYEHUs (QOopMUpPYETCS
[IOCJIEIOBATENBHOCTD CIIy4alHbIX yucesn. HeTpyaHo BUIETh, YTO €ClIM IpPU T'€HEepaluu
HOBOM IOCIEAOBATEIIBHOCTU CIYyYalHBIX 4YHUCEI HAYalbHOE 3HAYEHUE OCTaBUTh
OpEeXHUM, TO OHa OyJeT TOYHO COBHAJaTh C MepBOd  c(HOPMHUPOBAHHOMN
MOCIIEAOBATENbHOCTRIO. JlJI1  TOro uToObl 3acTaBUTh TreHepaTtop (OpMHUPOBATH
HEIMOBTOPSIIOLIMECS  CIIy4ailHble  IOCIIEIOBATEIbHOCTH,  OOJIBIIMHCTBO  SI3BIKOB
NPOrpaMMHUPOBAHUS BKIIOYAIOT (PYHKIMHM TIEPEYCTAHOBKH HAYAJIbHOTO 3HAYCHUS
reHepaTopa CIy4alHbIX YHCEN TaK, YTOObl OHO KaXJIblil pa3 OKa3blBAJIOCh HOBBIM.
OO1enpuHIATON MPAKTUKON SBJISETCS HCIIOJIB30BAHUE CHCTEMHBIX YacOB B KayeCTBE
HAa4aJIBHOIO 3HAYECHMS IIOKAa3aHWl. OTO NPHU KaXXJIOM HOBOM 3aIlyCKE INPOrpaMMBbl
rapaHTUPYET BblJayy HOBOM CIIy4ailHOU IOCJIEN0BATEIBHOCTH.

C MareMaTH4eCKON TOYKH 3PEHHUS, YHMCIIa, CTeHEPUPOBAHHBIE OMUCAHHBIM 00pa-
30M, HE SBIIAIOTCS aOCOJIOTHO CIy4YailHBIMU, TaK KaK Ka)KJ0€ IMOJy4eHHOE 3HA4YCHHE
ITIOJTHOCTBIO OTIPENEIAETCS npedsvidyusum ducioM. [1oaToMmy 11t TaKMX IPOLIECCOB IIPH-
HATO MCIOJIb30BaTh TEPMUH ncegoocayyaiinvie. OJHAKO 3Ta OCOOEHHOCTh BBIXOJUT 32
paMKM paccMarpuBaeMol HaMHM TeMbl. C JTOCTaTOYHO BBICOKOM CTENEHBIO JTOCTOBEP-
HOCTU MOKHO YTBEpXK/IaTh, YTO MOCIEAOBATEIBHOCTH, (POPMUPYEMBIE C TOMOILBIO I'e-
HEPATOPOB CIIyYalHBIX 4YMCEJl, SIBJISAIOTCA CIy4alHbIMU. BeposTHOCTH TOro, 4To Bam
BCTPETUTCS CUTYallMs, B KOTOPOM TaKHE IOCIEA0BATEILHOCTH HENb3sl OYJET CUMUTaTh
CIIy4alHBbIMM, KpaliHE MaJIa.

III. TIPAKTUYECKAA YACTb
[Ipm wuccnemoBaHWM CIy4yalHBIX CHTHAJOB B CHCTEMax MAaTeMaTHYECKUX
pacuetoB Matlab unu Octave ymoOHO m0JIB30BaThCsl (GYHKIUSAMH (POpMHUPOBAHUS
CIIyJallHBIX TIOCJIEJIOBATEIPHOCTE C HOPMANIbHBIM pacupeleleHueM randn U

(dhyHKITMEH MOCTPOSHUS TUCTOIPAMMBI CUTHANIA hist:
y = randn (1, 100000);
h = hist (y, 1000);
figure(1l);
plot (y)
figure(2);
hist (y, 100, "facecolor", "r", "edgecolor", "b")

B pesynbrare paboThl MpEACTABICHHOIO CKPUIITA MOJYYUM CIy4YaWHBIM CUTHAT
u3 100000 oTCYETOB U €r0 TUCTOTrPaAMMY:
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IV. 3AJIAHUE
I/I3y‘-II/ITB METOAbI FeHepaHI/II/I CJIY‘—I&ﬁHBIX CUTHAJIOB C 3aJaHHBIMHA CBOﬁTCBaMH.

V. [IOPAAOK BBIITOJIHEHN A
1. Peanu3yiite reHepanuio CIIy4aifHOrO CUTHaja pa3IudHbIMHU CIIOCO0aMHU.



2. IIpoTtecTupyiite paboTy Baiel (PyHKIIMU B Pa3IUYHBIX YCIOBHUSAX M C YUCTOM
CIIOXEHUS T0OeHTeCh HOPMAIBHOTO pacipe/IeICHuUsI.

3. CpaBHuTe pabOTy Ballero ajropuTMa co CTaHAApTHOW (PyHKIMEH reHepamun
CITy4JailHBIX TTOCJIEI0OBATEILHOCTEH.

4. CnenaiiTe BBIBOJEI.

VI. OOOPMJIEHUE OTYUETA
OTYéT HOKEH COepKaTh:
- AITOPUTMBI ¥ JJUCTHHTH Pa3paboTaHHBIX IPOTPaMM;
- TpaMIKK U HHBIC PE3yJIbTAThl YHCICHHOTO MOJICITUPOBAHHS
- BBIBOJIBI IO MTPOBEAEHHOM padoTe.
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[IpakTuueckoe 3anatue No 2
CrnekTpajibHbIii aHAJIM3 U JUCKPeTHOE npeodpazoBanne Dypobe.

I. IIEJIb U 3AJIAYUA
W3ydyeHne CHEeKTpalibHOTO aHalu3a IJUCKPETHBIX CUTHAIOB. Pacd€r cmekTpa
JTUCKpETHOTO cUTHAN B Matlab ¢ mpuMmeneHnem auckpeTHoro npeodpazopanus Oypne.

II. TEOPETUYECKHUE CBEJIEHNA

CnekTp IMCKPETHOr0 CUTHAJIa

Pa3paboTtka mpeoOpazoBanuii dypbe ChIrpana OTPOMHYIO POJb B TOSIBJICHUU U
Pa3BUTUM psifa HOBBIX OO0JacTeil HAayKd M TEXHUKU. JlOCTATOYHO OTMETUTh, YTO
AIIEKTPUYECKasi CBSI3b W PAJAMOCBSI3b 0a3UpPYIOTCS Ha CHEKTPaTbHOM IPEICTaBICHUU
curHaioB  Psnpr  dyppe Takke MOXKHO paccMarpuBaTh Kak  MpUOJIMKEHUE
NPOU3BOJBHBIX  (YHKIUN  (ONpelneseHHbIE OrpaHUYEHUST B OTOM  HM3BECTHBI)
TPUTOHOMETPUYECKUMHU pPsiiaMu O€CKOHEYHOM MHBL. [Ipr KOHEYHOH ajuHE psioB
MOJIy4al0TCs HAaWTYyUIlNe CpeIHEe-KBAPATUIECKUE MPUOITHKEHUS.

MATLAB conepxuT (yHKUMM Ui BBIIOJHEHUS OBICTPOrO JUCKPETHOTO
npeoOpazoBanus Dypbe.

[IpeobpazoBanne Oyphe MO3BOISIET BRIYUCIUTE CIEKTPATBHYIO TUIOTHOCTh CUTHAIA,
MPEJCTaBIIAIONIET0 CO00M yukyuro (Kak MpaBUIIO, BPEMEHHU JTMOO MPOCTPAHCTBEHHBIX
KoopAWHAT). JIMCKPETHBIN K€ CUTHAI SIBISIETCS NOCIe008AmMeNbHOCMbIO YUcel, TI0ATO-
My JJId aHaJIA3a €ro CIEeKTpa OOBIYHBIMH (QaHAJTOTOBBIMH) CPEACTBAMH HEOOXOIUMO
COTIOCTaBHUTh 3TOH MOCIEOBATEIPHOCTH HEKOTOPYIO (DYHKITHIO.

TpanuuoOHHBIM CITIOCOOOM TAaKOTO COMIOCTABJICHUS SBIISICTCS MIPEACTABICHHUE OTCUe-
TOB B BUJIE JIeIbTa-(PYHKIIUN ¢ COOTBETCTBYIONIMMH MHOKUTEISAMU U 3a7epKkamu. Jliis
MOCJIEI0BATEILHOCTH OTCUETOB {X(k)} MOIydUTCS CACAYIONTUNA CUTHAI:

o0

s(t)= Y x(k)5(t - k). 1)

[IpeoOpazoBanne Dypbe JTUHEHHO, CIEKTP AeNbTa-QYyHKIIMU paBeH €AUHUIIE, a 3a-
Jep>KKa CUTHAJa BO BPEMEHU NMPUBOAUT K YMHOKEHUIO CIIEKTpa Ha KOMIUIEKCHYIO JKC-
MOHEHTY. Bce 310 mo3BoIsIET cpasy ke 3anmcarh CIEKTP JUCKPETHOTO CUTHAJIA!

S(w) = 2 x(k)e ™. 2

N3 stoii ¢dopMmynsl BHAHO TJABHOE CBOWCTBO CHEKTpa JIFOOOTO TUCKPETHOTO
CUTHAJIa: CIIEKTP SBJISETCS MEPUOTUIECCKIM, U €T0 TMEPUOJ B JaHHOM Cllydae paBeH 27



(TO ecTh KpyroBOW 4acTOTE TUCKPETU3ALUH, TOCKOIbKY, COCTABIIsAs CUTHAN U3 JIebTa-
(GyHKUIMHA, MBI BBIOpaIH €AMHUYHBIN HHTEpBaI MEXy HUMH, YTO AA€T @y=27).

Pa3smepHOCTh cCHEKTpaJibHOM (PYHKLIMH JHCKPETHOIO CHUTHAjla COBNAJAeT ¢
pPa3MEpHOCTBIO OTCYETOB. JTO CBA3aHO C TEM, YTO JAENbTa-QYHKIUM BpPEMEHH, U3
KOTOPBIX ObLI cocTaBiieH curHai (1), UMEIT pa3MeEPHOCTb YaCTOTHI.

®opmyna (2) NO3BOJSET BHIYMCIUTH CIEKTPAIBbHYIO (PYHKIIHIO 1O M3BECTHBIM OT-
cuetaMm x(k). IIpy KOHEYHOM YHUCJIE HEHYJIEBBIX OTCYETOB 3TOT PACUET HECIIOKEH; OH
MOJKET OBITh BBINOJHEH ¢ ToMoIbio pyHkinun MATLAB freqz.

Tenepp paccMOTpUM HECKOJIBKO MHYIO 3aj1ady. [lycTs 3HaueHus x(k) sBistoTCA OT-
CUue€TaMU aHAJIOTOBOT'0 CUTHAJA §(?) B3SITBIMU C IEPUOJAOM 1

x(k)=s(kT).
BbIsICHUM, Kak B 3TOM Clly4ae CIEKTp JAMCKPETHOro curHaia (2) cBs3aH coO
CIIEKTPOM aHAJIOTOBOTO CUTHAJA S(1).
HNtak, MBI  paccMaTpwBaeM  OUCKPEeMU3UPOBAHHbIL ~ CUTHAI B BHIE
MIOCTIEIOBATEIPHOCTH JIeNbTa-(YHKIMHA, «B3BEIICHHOW» 3HaueHUsMU OTcueToB s(k7T)
aHaJIOroBOro curHaia s(¢) (puc. 1):

0

s; ()= s(kT)5(t—kT). (3)

0 T2T t

Puc. 1. /luckpeTn3upoBaHHBIA CUTHA B BUE TIOCIEI0BATEIIBHOCTH JIebTa-(yHKITAN

Tax xax ¢yakuus &t - kT) paBHa HyIIO BCIOAY, KpoMe MOMeHTa ¢ = k7, MOXHO
3aMEHUTH B BbIpakeHUU (3) KOHCTaHTHI S (kT) Ha UCXOAHBIN HEMPEPHIBHBIN CUTHAI S(1):

5, (0=50) Y. 8~ kT). @

C yuérom TOrO, 4TO B MHTEPBAJ UHTETrpUpoBaHus (-1/2, T/2) nonanaer TOIBKO OHA
nenbra-QyHKIMsA, cooTBercTBytomas k = 0, mepuoanyeckas MNOCIEAOBATEIBHOCTh
nenbTa-QyHKIUI MOXKET OBbITh IIPEICTABICHA B BUJIE KOMIUIEKCHOTO psiia Dyphe:

N TN R <Y
/;a(t kT)—TZe , “

n=—00

_ S(t) C Jo,t c Jo,t
M€ o, -2m7. IlomcTaBus (5) B (4), momyaum 4 ()= T Z © 77 Z s()e™.

n=—x0 n=—00



YMHOXXEHUE CUTHaja Ha exp(j@,!) COOTBETCTBYET CIABUTY CIEKTpaIbHON (DYHKIUU
Ha @,, IO3TOMY CIEKTpP IUCKPETU3UPOBAHHOIO CHTHAJA MOYKHO 3aIMCaTh CIEAYIOLIUM
oOpazom:
SAA(a)):l Z S(w—zﬂ—nj.
T~ T (6)
Takum 00pa3oM, CHEKTp OUCKPETH3UPOBAHHOIO CUTHANA MPEACTABISAET COOOM
OECKOHEUHBIN PsIi CABUHYTHIX KOIUM CHEKTPa MCXOAHOIO HENPEPHIBHOTO CUTHANA S(?)
(puc. 2). PaccrosiHue 1o 4yacToTe MEXIy COCEJHUMH KOMUSAMU CIEKTpa paBHO YacTOTE
AUCKpeTu3atyu w;=2/T.

-0, — /2

Puc. 2. Cnektp AMCKPETU3UPOBAHHOTO CUTHAA

XapakTtep CIEKTpa JUCKPETU3MPOBAHHOIO CHUTHala €lle pa3 JEMOHCTPUPYET
4aCTOTHO-BPEMEHHYIO AyaJbHOCTh MpeodpazoBanusi Oypee:

IIEPUOANYECKUM CUTHAJI — JUCKPETHBIN CIIEKTD;

HepI/IO,Z[I/ILIeCKI/Iﬁ CIICKTP — I[HCKpCTHBIﬁ CHUI'HAJI.

Pucynox 2 HariasgHO HEMOHCTPUPYET CIOCOO BOCCTAHOBJICHHSI HEMPEPHIBHOTO
CUTHAJIa MO JAUCKPETHBIM OTcYeTaM. /[ 3Toro HeoOX0 MO MPOMYCTUTh AUCKPETHBIN
CUTHaJ uepe3 uaeanbHbil GunbTp HkHUX dactoT (DHY) ¢ wactoToit cpes3a, paBHOM
MOJIOBUHE YacTOThl auckperuszanuu. AUX Ttakoro ¢QuibTpa mnokazaHa Ha puc. 2
IIYHKTHPOM.

OueBHIHO, YTO TOYHOE BOCCTAHOBJICEHUE CHUTHAJla BO3MOXXHO, €CJIM CIIBUHYTbHIC
KOIMUU CIEKTpa He mepekpbiBatoTcs. M3 puc. 2 BUAHO, YTO Uil 3TOTO HEOOXOAMMO,
yTOOBI YaCcTOTa AUCKPETH3allMM KaK MUHUMYM B JIBa pa3a MpPEBbIIIAJIa BEPXHIOIO
rPAaHUYHYIO YaCTOTY B CIIEKTPE CUTHAJIA:

w ; >20)/f (7)

B cnydae npou3BOILHOTO CUTHANA, €Clid yclioBHE (7) HE BBINOJIHSAETCS, CIIBUHYTHIC
KOMUU CrHeKTpa OyAyT HaAKJIAIbIBaThCS APYr Ha JAPYyTa, 4TO MPUBEAET K HEU30EKHBIM
UCKAKEHUSIM IPY BOCCTAHOBJICHUH HEMPEPBIBHOTO CUTHaja (puc. 3).
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Puc. 3. [lepekpbiTiie CABUHYTHIX KOIMMI CIIEKTpa MPH HEJOCTATOYHO BHICOKOM 4acTOTE
JHUCKpeTu3anuu

OTH UCKaXXEHUS BBI3BAHBI TEM, YTO CIEKTPaJbHbIE COCTABISIONIME CUTHAla C
4acToTaMu, NpeBblIaloIMMU YacToTy HalikBucra, paBHY0 @y /2, HE MOryT OBITh
BOCCTAHOBIJIEHBI IPAaBWJIBHO - BMECTO 3TOI'O OHH BBI3bIBAIOT HAJIOKEHUE «XBOCTOBY
COCEJIHMX CIABUHYTBIX KOIIMU CHEKTPA U MOSBICHUE JIOKHBIX YaCTOT.

Ecmn nomiexammi OUCKPETU3ALMU CUTHAJI MOXET COJIEPXKaTh CIEKTPAIbHBIE
COCTaBJISIFOIIME C YaCTOTaMH, MNPEBBIIAIIMMHA 4YacToTy HaikBucra, mNONE3HO
NpEeABAPUTENIBHO HponycTuTh ero yepes MHY ¢ uvactoTroi cpes3a, paBHOM 4YacTOTE
HaiikBucra (puc. 4). Ilpu 3TOoM Bce paBHO OyAyT NOTEpPSHBI BBICOKOYACTOTHBIE
COCTaBIIIOIIME — COXPAHUTh HUX MOXHO JHUIIb IyTEM MOBBIIEHUS YaCTOTHI
nuckperusanuu. OIHAaKO B ATOM cilydae 0Jaroapsi OTCyTCTBUIO HAJOKEHHUS «XBOCTOBY
HE TPOMU3OHAET MOSBICHUS JIOKHBIX 4YacTOT M auana3oH 4actoT 0.. @y /2 Oyner
MPEAICTABJICH B TUCKPETHOM CUTHAJIC 0€3 NCKaKCHHUI.

ISy

.l >
-, —ay/2 0 /2 o, ©
I.'S‘.'(m)[ A
Y\
| |
' |
| |
|
-0, —w,/2 0 /2 , %
K@) 4
m= N T
| |
| |
| |
| |
-0y —n/2 0 @y/2 [N A'(1)

Puc. 4. I[Ipu quckperrsaruu CUTHANIA, COIEPKAIIETO BEBICOKOYACTOTHBIE COCTABIISIONINE (a),
moJie3HO MponycTuTth ero yepe3 ®HY (6), uToOs! n36ekaTh MOSBICHUS JIOKHBIX YacTOT (B)



Teopema KoreJbHUKOBa

Brimie O6bu10 cPOpMYITUPOBAHO YTBEPKACHHE O TOM, UYTO HEKOTOPBIE CHUTHAJbBI
MOTyT OBbITh 0€3 TmoTepb HWHGOPMAIMU TPEJACTABICHbl CBOMMHU JIUCKPETHBIMU
OTCUETaMH, a TMOJYYEHHOE BBIPAXKEHUE ISl CIIEKTpa NUCKPETU3UPOBAHHOIO CUTHAjA
MO3BOJISIET BBIAEIHUTh TOT KJIAcC CUTHAJIOB, JUISI KOTOPBIX 3TO BO3MOXKHO, U OIKCATh
CIO0CO0 TaKOro BOCCTAHOBJICHHS.

CornacHo (6), CrIeKTp AUCKPETU3UPOBAHHOTO CUTHAJa MPEACTABISAET CO00M CyMMy
CABUHYTBIX KONUM CHEKTPAa UCXOAHOIO CHTHAJA, P 3TOM ILIAr CIABUIA PAaBEH 4acTOTE
OMCKpeTu3auuu @y. Y3 puc. 1 BUIHO, Y4TO €ClIM B CHEKTPE aHAJOrOBOIO CHUTHAJA HE
COIEPIKUTCSA COCTABIIIONIMX C 4aCTOTaMH, IpPEBbIIAOMMMU dacToTy Haiikeucra (awy
/2), TO CHABUHYTBIE KOMHUU CIIEKTpa HE OyAyT mepekpbiBaThcsi. B a3Tom ciyuae
ucrnonb3zoBanue wuuaeanpHoro ®HY ¢ npsamoyronsHoii AYX 1O3BOJMT BBLACIUTH
UCXOJIHYI0 (HECABHUHYTYIO) KOIMIO CIIEKTPa, COCPEAOTOYEHHYID B OKPECTHOCTSX
HYJIEBOMl 4acTOThl, W, TaKUM 00pa3oM, B TOYHOCTH BOCCTAHOBHUTb HCXOHBIN
AQHAJIOTOBBIN CUTHAJ.

AUX uneanbHoro ®HY, BoccTaHaBIMBAIOIIETO aHAJIIOTOBBIA CUTHAJI, TPUBEACHA Ha
puc. 5 cneBa. KoadgduuueHnt nepenaun B nojoce npornyckanus paBeH 7, a He eMHHUIIE,
9TOOBl KOMIIEHCUpPOBaTh MHOXUTENb [/T B dopmyne (6). C moMomip0 00paTHOro
npeoOpazoBanus Dypbe HalJeM HUMITYJIbCHYIO XapakTepucTUKy ¢uubTpa (puc. 5
CIIpaBa):

(8)

K@) 4
T

—-n/T 0 n/T t

-2T -T 0 1 2r

Puc. 5. AMmunTyqHo-4acToTHas (ClieBa) U UMIYJIbCHas (CIpaBa) XapaKTePUCTUKU
U7eabHOTO BOCCTAHABIMBAIOIIETO (PUIBTpa

JluckpeTu3upoBaHHbId curHai (3) mpeacraBisieT co0oil cymMMy JenbTa-(QyHKIIHMA.
[Ipy mpoxok’AEHUM TaKOro cUrHajia yepe3 BoccraHapiuBarommii ®HY kaxnas nenbra-
GyHKIUS TOPOIUT Ha BBIXOJE COOTBETCTBYIOLIMM OOpa3oM CABHHYTYIO W MAacCIITa-
OMpOBaHHYIO KOIMIO MMITYJIbCHOM XapakTepucTuku ¢uibTpa. BeixomHoit curnan (B
TOYHOCTH COOTBETCTBYIOIIMI HCXOJHOMY AHAJIOIOBOMY CHUTHAIy), TaKMM 00pa3om,
OyJIeT mpelCTaBiIATh COOON CyMMY CIABMHYTHIX M YMHOKEHHBIX Ha OTCUEThl CUTHAJIA
KOIIMI UMITYJIbCHBIX XapakTepucTuk uaeaibHoro ®HY (8):
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[lonBoas wTOr BCceMy CKazaHHOMY, chopmynupyem meopemy Komenvnukosa:
0001 CUTHAN §(2), CIIEKTP KOTOPOTO HE COACPIKUT COCTABIISIONINX C YACTOTAMHU BHIIIIE
HEKOTOPOTO 3HAYEHUS o,-2zf;, MOXKET OBITh 0€3 moTeph HMH(OpPMAIMK TpenCTaBICH
CBOMMM  JUCKPETHBIMH  otcuetamu  {s(kT)}, B3ATbIMU C HUHTEepBAIOM 7,
yIIOBJIETBOPSIONINM CIIEAYIONIEMY HEPABEHCTBY:

r< L _ 7

2 @, (10)
BoccraHoBnenue WCXOAHOTO HEMPEPHIBHOTO CHUTHAIA S(¢) 1O Habopy ero
JMCKPETHBIX 0TCYETOB {s(kT)} mpousBoautcs 1o popmyne (9).
dopMUpOBaHUE HEMPEPHIBHOTO CUTHAJIA MO €r0 JIUCKPETHBIM OTCUETaM MOSICHSET
puc. 6. IlyHkTupoM TmOKa3aHbl TpaUKK OTIEIBHBIX ciaraeMbix (opmyinsl (9),
CIUIOIIHOW JMHUEH - BOCCTAHOBJIEHHBIN curHain. Huxe npuBoautcs xkogq MATLAB,
WCITOJIh30BAHHBIN MPU MTOCTPOSHUU PUCYHKA!

t = -2:0.01:6; BpeMs njis BOCCTAHOBJIEHHOI'O CHI'HAJIA

oo oo

td = -2:6;, HOMEepa OTCYEeTOB

s= [0 0 4 32 1 00 0], % IOMCKPETHEI CUTHAJ

d= [td' s'];, % maHHBIE I QYHKIIMM pulstran

y = pulstran(t, d, 'sinc'); % BOCCTaAHOBJIEHHEDI CHUIHAJ

plot(td, s, 'o', t, y) % rpaduk BOCCTAHOBJIEHHOI'O
CHUrHaja

hold on % BEIBOOMM I'PAQUKM OTHEJIBHBEX SMC—HUMIIYJIECOB

for k=1:1length(s), plot(t, s(k)*sinc(t-td(k)), ':'), end

hold off

PucyHOK 6 HarisiiHO AEMOHCTPUPYET TJIABHOE CBOMCTBO CUTHAJIA C OTPAHUYEHHBIM
CIIEKTPOM - €T0 O€CKOHEYHOCTh BO BpeMEHU. XOTS OTIUYHBI OT HYJIS JIMIIb HECKOJIBKO
OTCUETOB IMOKA3aHHOI'0 CHTHAja, aHAJIOIrOBBIM CHUTHAJ OKa3bIBAeTCI OCCKOHEUHO KO-
JIeOTIOUMCS - MEXKAY HYJIEBBIMUA OTCUETaMH (Ha PUCYHKE 3TO OTCUETHI C HOMEpPaMH -2,
-1, 4, 5, 6) ero 3Ha4YECHUS OTIWYHBI OT HYJISA. ITU KOJeOaHUs HUTAC HE 3aKaHUYMBAIOTCS,
XOTSl UX aMIUTUTYAa CTPEMUTCS K HYJIIO.



Puc. 6. BocctanoBneHne HEMPEPHIBHOTO CUTHAJIA 11O €0 JUCKPETHBIM OTCUETAM

WHorga MOKHO BCTPETUTh MPUMEPHO CIIEAYIOLIEE «OOBSICHEHNE» CYIIHOCTH TEOpPE-
Mbl KoTenpHUKOBA: «eciu OpaTh OTCYETHI AOCTATOYHO YACTO, B MPOMEXKYTKAX MEXIY
HUMU CUTHAJI C OIPAaHUYEHHBIMU CIIEKTPOM HE YCIIEET CUIIbHO MU3MEHUTBCS, U MBI CMO-
’KEM TOYHO BOCCTAHOBUTH €ro». Takas TPaKkTOBKA SIBIAETCSA NPUHLUIINAIBHO HEnpa-
BuibHOU. Korga mMbl roBopuM 00 OrpaHMYEHHOW MOJIOCE YacTOT CUTHAlla, UMEETCS B
BUJy CHEKTpaJibHAs PYHKILHUS 8ce20 CUSHANA, umerouje2o 6eCKOHeUHyo ONUMenlbHOCb.
[Ipu 3TOM MeHOGeHHble CIIEKTPBI OMOENbHLIX (pazMenmos CUTHANIAa MOTYT COJEpP>KaTh
CKOJIb YTOJHO BBICOKME YacTOTbl. B 4aCTHOCTH, B OTHEIBHOM IPOMEXKYTKE MEXKIY
COCEIHUMHM OTCYETAMU CUTHAJI C OTPAHMYEHHBIM CIIEKTPOM MOXKET UMETh CKOJIb YTOJHO
CJIOKHYIO (hOpMY, HAIPUMEP MPOU3BOJIBHOE YUCIIO pa3 MEHATD 3HAK.

JluckpeTtHoe npeobpazoBanue Oypobe

[Ipsimoe mpeoOpazoBanne Dypbe mnepeBoAUT omnucaHue curHana (QyHKIUU
BPEMEHHU) U3 BPEMEHHOM 00JIaCTH B YaCTOTHYIO, a oOpaTHOe nmpeodpazoBanne Oypre —
U3 YaCTOTHOM 00JacTH BO BpeMeHHYI0. Ha 3TOM OCHOBaHBI MHOTOYHUCIIEHHBIE METO/bI
(bunIpTpaIi CUTHAJIOB.

B pasnmene «CrnekTp AUCKPETHOTO CHUTHAja» Mbl MPOAHAIM3UPOBAIU SIBJICHUSA,
MIPOUCXOJIAIINE CO CHEKTPOM NP TUCKPETU3AIMU CUTHaIa. PaccMoTpum Tenepsb, 4To
MIPEACTABISIET COOOM CIIEKTP MUCKPETHOTO NEpUOOUecKko2o CUTHAMA.

Wtak, mycTh TOCIIENOBATEILHOCTh OTCUETOB {X(k)! SBISETCS TEPHOTUICCKON C
nepuoiom N:

x(k + N) = x(k) nns nro6oro k.

Takast mocnen0BaTeIbHOCTh MOJTHOCTHIO OMMKMCHIBACTCS KOHEeUHbIM HADOPOM YHCEN, B
KaueCcTBE KOTOPOTO MOXHO B35ITh MMPOU3BOJIBHBIN (hparMeHT JuyinHOUM N, Hanpumep {x(k),
k=20, 1,.., N- 1} IlocraBieHHBI B COOTBETCTBUE ITON IMOCJIECAOBATEILHOCTH CUTHAI
U3 CMEILEHHBIX 110 BPEMEHU JieNIbTa-()yHKIIHIA:

s(t) = i x(k)o(t—kT) (11)



TaKKe, pazymeeTcsi, Oy1eT NepUOANYECKUM C MUHUMAIBbHBIM nieprogoM N T.

Tak kak curHan (11) sBHIsSE€TCS TUCKPETHBIM, €r0 CHEKTpP JTOJDKEH OBITh nepuoou-
yeckum ¢ niepuosioM 277/T. Tak Kak 3TOT CUTHAI SIBISIETCS TAK)KE U MEPUOJUUECKIM, €T0
CHEKTP JOJKEH OBbIThb OuUCKpemuwviM C PACCTOSTHUEM MEXIy TapMOHHKaMHU, PaBHBIM
27/(NT).

Nrak, nepuoanyecKkuid JUCKPETHBIM CUTHAJ MMEET IEPUOJNYECKUN AUCKPETHBIN
CIEKTP, KOTOPBIM TakX e OMHCHIBAETCS KOHEUHBIM HAOOpoM u3 N uucen (OJIMH MEepHo.l

CIIEKTpa COJICPKHUT 27” % - vTapMOHHUK).

Taxum oOpazomMm, (opmyna s BBIYMCICHUS KOMIUIEKCHBIX aMIUIMTYZ T'apMOHMK
NpeICTaBIsIeT COO0H JIMHEHHYI0 KOMOWHAIIMIO OTCYETOB CUTHATIA.

B Boipaskenuu (12) peanbHblii Maciitad BpeMeHU (GUTYPUPYET TOJIBKO B MHOXKHUTEIE
I/T mepen omepaTopoM cyMMupoBaHus. [Ipu paccMOTpeHHH IUCKPETHBIX MOCIENO-
BaTEJIBHOCTEN 0OBIYHO ONEPUPYIOT HOMEPAMHU OTCUETOB U CHEKTPAJIbHBIX FTAPMOHUK O€3
NOPUBSI3KU K JAEUCTBUTEIBHOMY MaclITa0y BpeMEHU U 4acTOThl. [103TOMY MHOXHUTENb
I/T w3 (12) ynanstor, TO €CTh CUMTAIOT YAaCTOTYy IUCKPETH3alUU PAaBHOM EIUHMIIE.
VYaanaor o0bldHO U MHOXUTenb [/N. llomyuuBlieecst BbIpaKEHHME Ha3bIBAETCS
ouckpemuwvim npeoopazosasutem Dypve ([AI1D; anrmuiickuii tepmun — Discrete
Fourier Transform, DFT):

27mk
N ) (13)

CymectByeT u obpamnoe pauckpetrHoe mnpeoOpazoBanue Dypoe. Ilepexox ot

X(n)= Zx(k)exp

JUCKPETHOTO CIHEKTpa K BPEMEHHBIM OTCUETaM CHTHAJA BBIPAXKACTCS CIICTYOIeH
hopMyIIOii:

2ank
x(k) = — ZX(n)eXp 75\’;’ .

Marpuua AP

JNII® saBnsercs JIUHEWHBIM TpeoOpa3oBaHUEM, TPAHCHPOPMHUPYIOIMIUM BEKTOP
BPEMEHHBIX OTCYETOB B BEKTOP TAaKOW K€ [UJIMHBI, COJEPKAIIUKA OTCYETHI
CHeKTpajbHble. Takue mpeoOpa3oBaHHE MOXKET OBITh PEaM30BaHO KaK YMHO>KEHUE
HEKOTOPOM KBaJPaTHON MaTpPHILIbl HA BXOJIHON BEKTOP-CTOIOELL:

y=AXx

rae A — mampuya npeoopazosanus. B cnydae JAI1® sta MmaTtpuiia UMeeT BU/T
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OO6mrast dhopmyna ais dIEMEHTAa MATPHUIILI, PACIIOJIOKEHHOTO B 7-M CTOJIOIE m-i
CTPOKHM, BBIIVISIAUT TAK:

(m—-D(n-1)

Appr(m,n) =exp| —j27 A<m<N,I<n<N.

Beruucnenne 11O 1myreM yMHOXEHHMS MATPULBI HAa BEKTOP IMOJHOCTBIO
cootBercTByeT ¢dopmyne (13). Dtor wmetom TpeOyer OOJBIIOTO KOJWYECTBA
BBIUHMCIIUTEIBHBIX OINEpaluii, MO3TOMY Ha IPAKTHUKE BMECTO HETO NPUMEHSIOTCA
OBICTPBIC aITOPUTMBI, pacCMaTPUBAEMBIE JTajiee.

C3p [JIID u cmnektpa AUCKPETHOTO
CUTHaja

Nmest oquH ¥ TOT e KOHEYHBIM HA0Op YUCEN, MOYKHO PacCUUTATh JIMOO CneKmpaib-
HYIO @QYHKYUio 3TOTO AUCKPETHOro curHama mo (opmyne (2), mubo ero D mo
dopmyie (13). Pazymeercsi, BOSHHKAET BOTIPOC O TOM, KaK CBSI3aHBI APYT C APYTrOM ITH
7IBA CIIEKTPATBHBIX MPEICTABICHMS, TOJyUYeHHBIE HA OCHOBE OJIHUX U TEX YK€ OTCUYETOB
CUTHAaJA.

CpaBnenue dopmyi (2) u (13) nokassiBaet, uto 1D npeacrasaser coboi mpocto
OUCKpemHble omcyemyl CIEKTPATbHOW (DYHKUMU TUCKPETHOTO CHUTHANa, COOTBETCT-

X(n)= S(%j - S(a)A %} (16)

ITo >Tout npuumnne 3HaueHus 11D nHOrMa HA3BIBAKOT CHEKMPALIbHbIMU OMCYEmaMu.
N3 cootHomenus (16) ciaemyer emie oAUH Ba>KHBIN BBIBOA: €CJIM J00OABUTh K KOHEU-
HOMY Ha0Opy OTCUETOB HEKOTOPOE KOJIMYECTBO HYJIEW, CHeKTpajgbHas (QYHKIMS IUC-
KPETHOTO CHUTHaja, €CTECTBEHHO, He m3MeHuTcs, HO J[IID mact Gombliee 4uciio criek-

;n
BYIOILIME YaCTOTaM @, = * /v :



TpaJIbHbIX OTCUETOB, COOTBETCTBYIOLIUX YaCTOTaM, 00JIe€ TECHO PACIOJIOKEHHBIM B UH-
TEpBAJIE OT HYJIS 10 YACTOThI JUCKPETUZALUU.

ITosscuuM cka3zaHHOE Ha NPOCTOM IpuMepe, Bbraucaus 11D s orcueToB npsmo-
YTOJBHOTO UMITYJIbCA [IPU PA3HOM KOJIMYECTBE KOHLIEBBIX HYJIEH (pUC. 7):

x1l = [ones(8,1); zeros(8,1)]; % 16 oTcueTOoB
yl = fft(x1); $ OII® curHaga x1
x2 = [x1; zeros(l6,1)]1; % mobamBisgeM 16 HyJemn
stem((0:31) |32, abs(y2)) % MomyJib HOII® curHajua X2
subplot (2, 2, 1), stem(0:15, x1) % rpadmk curHajga xl1
x1im ([0 31])
subplot (2, 2, 2)
stem((0:15) /16, abs(yl)) % MomyJib III® curHajsa x1
subplot (2, 2, 3), stem(0:31, x2) % Tpadmk cuTHaJa X2
x1im ([0 31]
subplot (2, 2, 4)
y2 = fft(x2); $ HOII® curHajjla x2
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Puc. 7. IloBsimenue cnekrpansHoro paspemenus JIID npu qonoaHeHnn curnana HysiMu:

CBEpXY - UCXOAHBIN CUTHAI U Moaynb ero JI1®, cHu3y - curnai, 1onoJHEeHHbIH 16 HynsaMu, U
Moayib ero 11D

['opu3oHTaIbHBIE OCH Ha CHEKTpalbHBIX rpaduKax MNpPOrpagyrupoOBaHbl B JIOJISIX
4acTOThl AUCKpeTn3auuu. M3 puc. 5.1 BUAHO, 4TO MoOcCiie YBEIMYEHUS JIMHBI CUTHAJA
BJIBOE 3a cuUeT J00aBJeHUs HYJEBbIX O0TCYeTOB pe3ynbrar HIID cran conepxars BABOE
0oJbIlle 3HAYEHUH, COOTBETCTBYIOLIMX B JIBA pa3a yallle PaclojOKEHHBIM YacTOTaM.
Takum o0Opazom, JOMOJHEHUE CUTHAIa HYJISIMH IO3BOJISIET MOBBICUTH CIEKTPaJbHOE
paspeuienne npu BeruuciieHun JI11O.

DYHKIUN CHIeKTPaJbHOro anajauza B MATLAB

DyHKYUsA 00HOMEPHO20 NPAMO20 npeobpasosanus Pypve
B onucaHHpIX HWKE (QYHKIMSAX peann30BaH OCOOBIA METOA  Obicmpo2o
npeobpazosanusi Pypve — Fast Fourier Transform (FFT, wiu BII®), no3Bomnstomnuit



PE3KO YMEHBIIUTHh YUCIO apUPMETHYECKHX OIEpalyii B XOAE MPHUBEIACHHBIX BBIIIE
npeoOpa3oBaHUM.
J111 0THOMEPHOTO TIpeoOpazoBaHuUs UCTIONIB3YETCs CAeayIomas (GyHKITHS:

v fft(X) Bo3Bpamaer ;s Bekropa X JAUCKPETHOE MpeobdpazoBanue Dypre, Mo BO3-
MOKHOCTH HUCHOJIB3YSl aNropuTM ObICTporo mpeoOpazoBanus Dypwre. Ecim X —
Mmatpuna, ¢pyakuus fft Bo3Bpaiaer npeodpazoBanne Dypbe Uid KaXI0ro cToidna
MaTpPHUIIbL;

v fft(X,n) Bo3Bpamaer n-roueunoe npeodpasosanue dypre. Eciu amuna BekTopa
X MeHbIIE N, TO HEJOCTAIOIINE AJIEMEHTHI 3aloJHAIOTCS HyIssMu. Eciu pmmHa X
Oojbllle n, TO JMIIHUE 3yNeMeHThl yaamsaorcs. Korma X — wmarpuna, anmuHa
CTOJIOLI0B KOPPEKTUPYETCS aHAIOTUYHO;

v fft(X,[ ],dim) u fft(X,n,dim) npumenstor npeodpazoBanue Pypbe K OJHOM U3
pa3MepHOCTEN MacCuBa B 3aBUCMMOCTH OT 3Ha4Y€HMsI mapamerpa dim

Dynxkyuu obpamnozo npeobpazosanus Pypve
B omHomepHoMm cinydae BO3MOXXHO oOpaTHoe mpeoOpasoBanue Dypee,
peanuzyeMoe ClIeyIomen GyHKIHne:

v ifft(F) Bo3Bpalaer pesyiabpTaT AMCKPETHOro oOpaTtHoro mnpeodpasosanus dypne
BekTtopa F. Ecnmu F - marpuna, to ifft Bo3Bpamaer obpatHoe mnpeoOpazoBaHUE
Dypbe I KaXA0T0 CTOI0IAa TON MaTPHUIIH;

v ifft(F,n) Bo3Bpamaer pe3yabTaT N-TOYEYHOIO JIUCKPETHOIO 0OpaTHOro mpeobpa-
30Banus Pypee BekTopa F;

v ifft(F,[ ],dim) u y = ifft(X,n,dim) BO3BpammaroT pe3yabraT 0OpPaTHOTO IUCKPET-
HOTO TIpeoOpazoBanus Pypbe MaccuBa F 1o cTpokam WM MO CTOJOIIAM B 3aBUCH-
MOCTH OT 3HaueHHs cKajsapa dim.

Jliis mo6oro X pe3yabTaT MOCIeA0BaTEeIHFHOTO BBIITOJHEHHUS MPSMOTO U 00paTHOTO
npeodpazoBanuii Dypee ifft(fft(x)) paBeH X ¢ TOYHOCTBHIO O MOTPEITHOCTH OKPYT-
nenusi. Ecmn X — BemecTBeHHbIN MaccuB, ifft(fft(x)) moxker umeTh Manbie MHUMBIE
YacTH.

III. TIPAKTUYECKAA YACTb

JIist wiimrocTpanuu mpuMeHeHus npeoodpaszoBanust Pypbe co31auM TPEXUACTOTHBIN
CUTHAJI Ha (DOHE CUIIBHOTO IIyMa, CO3/1aBaEMOT0 T€HEPATOPOM CITyHaHHBIX YUCE:

t=0:0.0005:1;
x=sin (2*pi*200*t)+0.6*sin (2*pi*150*t)+0.8*sin (2*pi*250*t);
y=x+2*randn (size (t)):;

plot(y(1:100))



OtoT curHan umeer cpeaHior dactory 200 I'm m aBa OOKOBBIX CHTHala C
yactotamu 150 u 250 'y, 4TO COOTBETCTBYET aMILIUTYIHO-MOAYJUPOBAHHOMY CUTHAITY
¢ yacrtotor moxymsamuu 50 I'm u rnyomHowt Monxyisiuu 0,8 (amrmuTyna OOKOBBIX
gacToT cocraBisier 0,4 OT aMIIMTYyIbl LEHTpaibHOro curiaina). Ha puc. 8 mokazan
rpaduk sToro curnana (mo nepsbiM 100 orcueram u3 2000). HetpynHo 3aMeTuth, 9TO
W3 HEro HHUKOWMM O00pa3oM HE BHUIHO, YTO TIOJIC3HBIM CHUTHAI — aMIUTHTYIHO-
MOAYJUPOBAHHOE KoJieOaHHE, HACTOJIBKO OHO 3a0MTO IIyMaMH.

uf 10 20 30 A0 50 1) 70 80 90 100

Puc.8 ®opma 3ammymieHHOro cCurHasna
Teneps moctpoum Tpaduk CHEKTPaTLHOM IUIOTHOCTH TOJYYEHHOIO CHUTHaja C
MOMOUIBIO TIpsiMOro npeoOpazoBanust Oypbe, M0 CYHIECTBY MEPEBOJAILIETO BPEMEHHOE
MPEACTABJIICHUE CUTHAJA B 9aCTOTHOE. DTOT Tpaduk (cMm. puc. 8) B 0b61acT 94acToT A0

300 I'u cTpoutes cneayromuMU KOMaHAaMU:
Y=Ffft (y,1024);
£f=2000*(0:150) /1024;
figure;
plot(f,abs(Y(1:151))); grid

['paduk criekTpanbHOMN MIOTHOCTH CUTHAJIA, TOCTPOEHHBIN B 3TOM IpHUMEpE, Mpe-
CTaBJICH Ha puc. 9.
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Puc 9. I'paduk criekTpanbHOM MIIOTHOCTH MPUBEICHHOTO HA PUC. 8 CUTHAIA



Jlaxxe Oeryioro B3riisAza Ha puc. 9 MOCTATOYHO, YTOOBI YOSTUTHCS B TOM, YTO CIEK-
TporpamMma CHUTHaja HWMeEeT SBHBI MUK Ha CpelHell YacToTe aMIUIUTYIHO-
MOJYJMPOBAHHOTO CHUTHaja W JiBa OOKOBBIX mHKa. Bce 3TW Tpu YacTOTHBIE
COCTaBJIAIONIME CHUTHalla SBHO BBIACISAIOTCS Ha o0meMm ImymoBoM ¢one. Takum
o0pa3oM, NaHHBIA MPUMEP HATJISIAHO WLTIOCTPUPYET TEXHUKY OOHApYXKEHHS CIa0bIxX
CUTHAJIOB Ha (hOHE IIYMOB JIEKAIIYI0 B OCHOBE paOOTHI paAUOIPUEMHBIX YCTPOMCTB.

IV. 3BAJIAHUE
N3y4nTh OCHOBHBIE TOJIOKEHHSI TEOPHUH CIEKTPAIBHOIO AHAINW3a IUCKPETHBIX
CUTHAJIOB.
M3yuntes  pynxkumun  MATLAB  nuckperHoro mpeobOpazoBanus  Dypee,
HEO0OXOAUMBbIE ISl CIIEKTPAILHOTO aHAIN3a JUCKPETHBIX CUTHAJIOB.
Paccuurath criekTp curnasa.

V. IIOPAAOK BbIITOJIHEHWM A

1. HBy‘-II/ITB OCHOBHBIC IIOJIOKCHUA TCOPHUU CIICKTPAJIBHOI'O aHaJIn3a AUCKPCTHBIX
CHUT'HAJIOB.

2. WN3yuuTh OCHOBHBIE MOJOKEHUS TEOPUH TUCKPETHOTO IIpeodpa3zoBanus Dypbe.
N3yunuts ocHoBHbIe ¢yHKIMH MATLAB, HeoOXoaumbie il CHEKTPaabHOTO
aHajau3a IUCKPETHBIX CUTHAJIOB.

3. B cooTBeTCTBUU C IJIaHOM MpPEANOKEeHHBIM B maparpade [V paccuurtars CexTp
CUTHAJIa C 33JIaHHBIMU IIPENOJAaBATENIEM TapaMETPAMH.

VI. OOOPMJIEHUE OTYETA
OTU€T NOIKEH COMIepKATh:
* KpaTKHE TEOPETUUCCKHUE CBEJICHUS 10 BBIMOJIHIEMOU padoTe;
* QJITOPUTMBI U JINCTUHTH ITPOTPaMM pacu€ra CIEeKTPa;
*BBIBO/IbI IO MPOBEAEHHOM padoTe.

VII. BUBJIMOTPA®UYECKUI CITMCOK
1. KoHcnekT Jaekiuii mo Kypcey.
2. lpsxkonoB B. MATLAB: yue6nsiii kypc. — CII6: ITutep, 2001. — 560 c.: u.

3. ludposas o6padoTka curnanos / A.b. Cepruenko — CII0.: ITutep, 2003. — 604 c.:
1708



[Ipaktuueckoe 3ansitue No 3

CnekTpajbHblii aHAJHM3 HellPePbIBHBIX U TUCKPETHBIX CUTHAJIOB. BbIcTpoe
npeodpa3zosanmne Pypobe.

[. OEJIb U 3ATAYN

N3yuenue anroputMa ObICTporo mnpeoOpazoBaHus Dypbe NHUCKPETHBIX CUTHAJIOB.
Brruucnenne 8-toueynoro IID ¢ momompto anropurma bBII® ¢ npopexuBanuem mo
BpeMeHHU. [IpoBepka moayueHHbIX BhIuuciaeHu B Matlab.

II. TEOPETUYECKUE CBEJIEHU A

AJroputM 0bicTporo npeodpazosanns @ypne

Jlns Beruncnenust ogHoro kosddunuenta D no popmyrne (13) (em. mp. Ne2)
HEOOXOUMO BBINOTHUTH N KOMIUIEKCHBIX YMHOXEHUN U clokeHuil. Takum obpaszom,
pacuetr Bcero II®, coaepxkamero N koadduimeHToB, morpedyer N rap omnepamuu
«YMHOKEHHUE-CIO)KEHHE». UHCIIO orepannii BO3pacTaeT MPOIOPIUOHAIBHO KBaJpaTy
pasmeproctu JIII®D. Omnako, ecnmu N He SBISETCS MPOCTBIM YUCIOM M MOXKET OBITh
pPa3JIOKEHO HAa MHOXHUTEIM, NPOLECC BBIYUCICHUNW MOKHO YCKOPUTh, pa3CiIUB
aHAMM3UPyeMbld HAa0Op OTCYETOB HaA dYacTH, BbamciuB ux JII® u oObeauHUB
pesynbTatel. Takume cnocoOwl  Berumcienus J[I®  HaszpBaroTCS  Oblcmpbiv
npeoopaszosanuem Pypve (BI1D; anrnuiickuii Tepmun — Fast Fourier Transform, FFT)
Y TTIOBCEMECTHO MCIOJIb3YIOTCS HA TPAKTHKE.

ITpu peanuzanuu bII®D BO3M0OKHO HECKOIBKO BAPUAHTOB OPTaHU3ALMHA BBIYUCIICHUN
B 3aBHCHUMOCTH OT CIoco0a JeNeHHsI MOCIEA0BAaTeIbHOCTH OTCUETOB HA YaCTH (npope-
JiCUBaHUe TI0O BPEMEHHU JIN0O T0 YacTOTE) M OT TOTO, Ha CKOJIBKO ()parMeHTOB MIPOU3BO-
TUTCST pa30MEHUE TIOCTIE0BATEIPHOCTH HA KaXKIOM 1mare (ochosarnue BIID).

BII® ¢ npopexnBaHueM 10 BpeMEHU

Paccmotpum unero BIID ¢ npopeorcusanuem no epemenu (decimation in time, DIT)
Ha IpuMepe JesieHust Habopa OTCYETOB MOIOJIAM.

Wrak, mycth N - yeTHOe uncio. Beigenum B popmyse (13) nBa cnaraembix, COOTBET-
CTBYIOIIIMX 3JIEMEHTAM MCXOJIHOW MOCJIEIOBATEIILHOCTH C YETHBIMH U HEUYETHBIMH HO-
MEpaMH:

N/2-1 27 2mn N/2-1 _ 272 (2m+1)n

X(my=Y xCmye ¥+ x@m+le V

m=0

Brenem o6o3nauenus y(m) = x(2m) v z(m)=x(2m+1), a Takke BIHECEM U3 BTOPOM

27mn

CYMMBI OOIINIA MHOXKUTENb ¢ ¥ :




N/2-1 27mn _27n N/2-1 _ 27zmn

X(n)= Z y(m)e_] N2 g N Z z(m)e TN (17)

m=0 m=0

JIBe cymmebl B (17) npencrasisitor codoit JIIID nmocnenoparenwHocTel {y(m)} (ot1-
CYETHI C YETHBIMU HOMEpaMu) U {z(m);} (OTCUYETHI C HEUETHBIMU HOMepaMu). Kaxnoe u3
stux JI1®D umeer pasmepHocTs N/2. Takum 006pazom,

27n

. . —J— .

X(m)=Y(n)+e " Z(n), (18)

rne Y(n) u Zm) - JII® COOTBETCTBEHHO TMOCIEA0BATENBHOCTEN OTCUETOB C
YETHBIMU U HEYETHBIMU HOMEPAMU:

. N/2-1 _jzfrmn

Y(n)= ) y(m)e N
m=0 ?

) N/2-1 7j27rmn

Z(n)= Z z(m)e N2
m=0

Tak kak JII® pasmepnoctu N/2 naet nunib N/2 CHOEKTpalbHBIX KOADPUITMEHTOB,

HEMOCPEICTBEHHO HCIOIL30BaTh GopMyny (18) mMoxuo ToNbko mpu 0<n<N/2  Jlns
OCTaJbHBIX 7 (N/2<n<N) CJIEIyeT BOCIHOJb30BaThCS TEPUOJAUYHOCTBIO CIIEKTpa
JUCKPETHOTO CUTHaia (M, COOTBETCTBEHHO, MEPUOIUIHOCTRIO pe3yabTaToB JI1D):

Y(n +%j = Y()l),Z(ﬂ-%—%j :Z(Il).

C ydyeTom 3TOTO TIpH »> /2 PopMya (18) mpeacTaBiseTcs B BUJIE

X(n)= Y(n_§)+e—j2]’;”2(n_gj = Y[n—%j—kej;(anZ(n—%). (19)

[Ipouecc Beruncaenus: 8-roueunoro [I1® nyrem pa3duenus ero Ha ABa 4-TOUEUHBIX
JIID wuroctpupyercs Ha puc. 8.
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ano-4

Puc. 8. Beruucnenue 8-toueunoro AI1D ¢ nomonrpio 18yx 4-toueuynnix 11D

biioku, BeImonHsAIOmMUE Ha puc. 8 00bearMHEeHUe pe3yibratoB AByX JAIID, Tpedyror
JOTIOJIHUTENIbHBIX KOMMeHTapueB. Kaxaplii Takoil OJIOK MMEET JBa BXOJHBIX U JIBa
BBIXOJHBIX cUrHajia. OJIUH U3 BXOJHBIX CUTHAJIOB YMHOKAETCA HAa KOMIUIEKCHYIO KC-
MOHEHTy W', TIOCIIe 9ero CyMMHpPYETCSl CO BTOPBIM BXOXHBIM CHTHATIOM H BBIYHTACTCS
U3 Hero, GopMUpys TaKUM 00pa3oM JIBa BBIXOJHBIX CHTHala. DTO COOTBETCTBYET pea-
nuzarun popmyn (18) u (19). JlanHas omepanus moJiydusia Ha3zBaHue «0ab0UKMy
(butterfly). PacmudpoBka ee cTpyKTyphI Mpe/icTaBIeHa Ha puUC. 9.
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Puc. 9. Ycnosnoe o6o3Hauenne «6adoukuy» BIID
C IPOpEKUBAHKEM I10 BpeMeHHU (CJIeBa) U ee CTPYKTypHas cxeMa (cIipaBa)
OLeHrM KOJMYECTBO Omepalyii, Heo0xoaumoe i BeruucieHus AI1® ykazaHHbIM
cocoboM. Kaxxnoe n3 nByx JIII® momoBuHHOI pasmepHOCTH TpeOyeT V7, omeparuii.

Kpome Toro, mpu BBIYMCICHHH OKOHYATCIbHBIX PE3YJIBTATOB KaXIbIH CIIEKTpPaIbHBIN

KO3 QUIIUEHT 7(n) YMHOYKACTCS HA SKCIIOHCHITUATBHBIA KOMITJICKCHBI MHOXHUTEIb. DTO
o 2 N(N+1

noGapmser eme N/2 onepanuil. Mtoro momydaercst 2V, + ;=M *%, YTO IIOYTH BIBOE

MeHbIIIe, yeM pu BerurcieHnu 11D npsimbiM criocoboM.

Ecnu N/2 ToXe siBNeTCA YETHBIM YKCIOM (TO €cTh eciid N enutcs Ha 4), MOXXHO
MPOJIOJDKATh OMHUCAaHHYIO MPOUEAYPY, BbIpa3uB pe3ynbrar yepe3 uderbipe 1D pas-
MepHOCTH N/4. DTO MO3BOJIAET elle OOMbllIe COKPATUTh YUCIO TPEOYEMBIX BBIYUCIIH-
TEJIbHBIX ONEPaInii.

HawnGosnpmias cTeneHs YyCKOPEHUST BBIYUCICHUN MOXKET OBITh JOCTUTHYTA TIPH N=2'B
ATOM Ciyyae JIeJIEHUE MOCIe0BATEIbHOCTEN Ha JBE YACTHU MOXHO MPOJIOJKATh A0 TeX
nop, MoKa He ToJiydarcsl JBYXdJIEMEHTHble mnocieaoBarenbHoctd, JIID koTophix
paccuuTbIBaeTcsl BooOIe 0e3 HCIOJIb30BAaHUS OINepaluid YMHOXEHUs (IOCTaTOYHO
BBIYKCIIUTh CYMMY U Pa3HOCTb JIByX OTCU4eTOB). Yucno TpeOyeMbIX PHU 3TOM Iap Orie-
panuil «yMHOXEHHUE - CIIOKEHHE» MOXKHO OIIEHUTh KaK Nlog,(V). Takum o0pazom,
BBIYHCIIUTENIbHBIE 3aTPAThI [0 CPABHEHHUIO C HEMTOCPEACTBEHHBIM UCIIOJIb30BaHNEM (Hop-
MyJbl (18) ymMeHbIIAIOTCA B N/iog, (V) pa3. [Ipu G60abmux N 3TO OTHOIIEHHE CTaHOBUTCS
BecbMa Benuko (Hampumep, [024/log,(1024)=102,4, 1o ectb mpu N = 1024
nocturaetcs 6osiee ueM 100-kpaTHOE yCKOpEHUE).

II. TMPAKTHUYECKAA YACTDH

IIpumep Bbrunciaenus 8-royeynoro AP ¢ nmomompbro aaropurma BID ¢
NPOpPeKMBAHUEM 10 BpEMEHH

Anroputm BII® nmna 8-toueynoro JIIID mnpencrabisier coOoit TpEXATAINHYIO
npoueaypy Beruucienus 1D no obment popmyne (19) npu i=1, 2, 3. DopMmupoBanue
HavyaJbHBIX YCIOBUN MEpe]l BHIMOIHEHUEM MIEPBOTO ATala 3aKI0YaeTCa B TPEXKPATHOM
pa3OMeHnu WCXOAHOW 8-TOYEUHON IMOCIIEeNOBATEILHOCTH HA TPYMIbl YETHBIX W
HEYETHBIX OTCYETOB, & UMCHHO:
8-ToueuHast MOCIE0BATEIIBHOCTh Pa30MBAETCS HAa JIBE TPYNIBI 4 TOYCUHBIX C YETHBIMU
¥ HeYETHBIMU OTCUYETaAMU (CM. puc. 8):



[x(0), x(2), x(4), x(6)] - y€THBIEC OTCUETHI,
[x(1), x(3), x(5), x(7)] - HeuéTHBIEC OTCUETHI,

2) xaxzaas u3 JByX 4-TOYEUHBIX MOCJIEAOBATEIbHOCTEN pa30uMBaeTcs HA JIBe TPYMIbI 2-
TOYEYHBIX C YETHBIMA M HEUYETHBIMU OTCUETAMU TIO TOPSIAKY CJICAOBAHMS, CUUTAs OT
HYJIS, @ UMEHHO:

nocieaoBaTeabHOCTh [X(0), X(2), x(4), x(6)]:
[x(0), x(4)] - uéTHBIEC OTCUYETHI,

[x(2), x(6)] - HEUYETHBIE OTCUETHI;
nocieaoBaTeabHOCTh [X(1), X(3), x(5), x(7)]:
[x(1), x(5)] - uéTHBIEC OTCUETHI,

[x(3), x(7)] - HEUETHBIE OTCUETHI;

3) Kaxmasi U3 Y4eThIPEX 2-TOUCUHBIX MOCIIEIOBATEILHOCTEH pa30rMBaeTcs Ha JBa OTCUETA -
YETHBIM M HEYETHBIA OTCUETAMHU IO MOPSAAKY CIENOBaHUSA, CUMTAs OT HyJs, T.. HA
HYJICBOU (UETHBIN) U MEepBbINA (HEUETHBIN), 2 UMEHHO:

nocieaoBaTeabHOCTh [X(0), x(4)]:

[x(0)] - uéTHBIC OTCUETHI,

[x(4)] - HEUETHBIE OTCUETHI;

rociieIoBaTeIbHOCTh [X(2), X(6)]:

[x(2)] - uéTHbBIE OTCYETHI,

[x(6)] - HEUYETHBIE OTCUETHI;

nocienoBaTeabHOCTh [X(1), X(5)]:

[x(1)] - uéTHBIC OTCUETHI,

[x(5)] - HEUETHBIE OTCUETHI;

nocieaoBaTeabHOCTh [X(3), x(7)]:

[x(3)] - uéTHBIE OTCUETHI,

[x(7)] - HEUYETHBIE OTCUETHI.

ITocne »toro kaxmou mnape otcuéroB D xiou x.0, m=0, I, 2 3

NOCJIeIOBATEIHHO MPUCBAUBAIOTCS 3HAUEHUSI MTApbl OTCYETOB MPOPEKEHHON §-TOUECHHOU
MOCJIeIOBATENBHOCTH, @ UMEHHO (cM. puc. 10)



Havanonsie Boixog
ycrosns

X3(0) = x(0) X\ X2(0) X(0)=X3(0)

0
X000 =x4) 7 N\ KD X2 XW=230)

X30)=x(2) X0 X2(2) X@)=X3(2)

Wy Wi
X0 =x6 2 \_x/ O X30)

XJ0)=x(1) Y30 X2(0)

X3 =X3(3)

X(4)=X3(4)

0
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¥
X0y =303) X3(0) X2

DG
xo=xn /T N\ XM X3

Puc. 10. Harmpasnennsriii rpag anroputma bII® ¢ npopexxnBanuem 1o BpeMeHu AJis
8-troueynoro JII1®

Janee BoimonHsAeTCS TpéxaTanublid anroputM bIID, HanpaBiaeHHbIN rpad KOTOPOTO
npuBoauTcs Ha puc. 10:
1) =1
Ha nepBom 3Tare BBINOJHIETCS YeThIpe onepaiuu «6adouka» nipu m=0, I, 2, 3 c
Y4E€TOM Ha4YaJIbHBIX YCIOBUU
{X&(O) = x(0) + 7, x(4), {Xf (0) = x(2) + Wx(6),
Xo()=x(0) = W,'x(4); X'(1) = x(2) - Wx(6);

{X;(o>=x<1)+W2°x<5), X5(0)=x(3) + Wyx(7),
X;(1) = x(1) - W,)x(5); X)) = x(3) - W2x(7);

3nech  MOBOPAYMBAIOIIMN ~ MHOXHUTEIh  OCTaBIE€H  HMCKIIOYUTEIBHO  JUIS
eauHoo0Opasus «6abouek»; B ACHCTBUTECIBHOCTH w! 1.
2) i=2
Ha BTOpOM 3Tare BBINOJHSACTCS YEThIpe onepanun «oadouka» npu m=0, [
X5 (k)= X, (k) + W X (k);
X (k+2) = X, (k) =W, X (k);
k=0,1,

X7 (k)= X, (k) + Wy X, (k);

X7 (k+2)= X, (k) - W X;(k);
k=0,1.

Ha TPCTHEM ITAIIC BBIIMOJIHAOTCA YCTHIPE OIICpALIN «0abouka» Impu m=0



X (k)= X5 (k) + W X{ (k);
Xo(k+2)=Xg (k) =W X] (k);
k=0,1,2,3.

Ha Bpixoge wumeem §-toueunoe JIIID, oOTCcU€rbl KOTOPOro CIEAYIOT B

€CTECTBEHHOM IOPSAJIKE
X (k)= X, (k);
{k=0,1,...,N—1.
I BAJAHUE HA

N3yunTh OCHOBHBIE MOJIOKEHUA Teopun BbluncieHus JIID ¢ momousio
anroputma bII® ¢ npopexuBaHUEM O BPEMEHH.

N3yuuts pynkumu MATLAB nuckpetHoro npeodpazoanus Oypre.

IIpoBectu Bbruucnenusi 8-toyeyHoro JII® ¢ momompro anroputma bIID ¢
MPOPEKNUBAHUEM I10 BPEMEHH.

IV IIOPAJOK BBITIOJIHEHU A

l. U3yunTh OCHOBHBIE TIOJNOXKEHHS Teopuu BbluncieHus I ¢ nomoubio
anroputma bII® ¢ npopexuBaHUEM O BPEMEHH.

2. Wzyuuts ocHoBHble QyHKIIMU MATLAB, HEoOx0oaumbIe aiist pacuéra J{I1D.

3. B coorBercTBMM ¢ IIJaHOM TIpeyio)keHHBIM B maparpade III mposectu
BbluncieHus §-toueunoro [I1® ¢ momomipto anroputma BII® ¢ npopexuBanueM mo
BPEMEHH C 33/IaHHBIMHU NMPENOAABATEIEM MTAPAMETPAMH.

4. Tlposeputs B Matlab pe3ynbratsl Beruncnenus AI1D.

V. OOOPMJIEHUE OTUETA
OTu€T M0JDKEH CoJIepKaTh:
. KpaTKHe TEOPETUUYECKHUE CBEJICHUSI TIO BBIMOJHIEMOM paboTe;

QITOPUTMBI U JIMCTUHIY nIporpaMm pacuéra A11D;

BBIBO/IBI IO MPOBEAEHHOM pabdoTe.

VI. BUBJIMOT'PA®GUYECKUI CITMCOK

1. KoHcHekT JaeKiuii mo Kypcey.
2. JlesixonoB B. MATLAB: yue6nsb1it kypc. — CII0: [Tutep, 2001. — 560 c.: un.
3. Iudposas obpadboTka curHamnoB / A.b. Cepruenko — CII6.: ITutep, 2003. — 604 c.:

HJII.
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Cunre3 undpoBbIX (UILTPOB N0 AHAJIOTOBOMY NMPOTOTUITY

[. IEJIb U 3AJJAYN
Nzyuenue ¢unbTpoB. Pacuér ananoroBeix GpuiabTpoB B cpene Matlab. Tlepexon
OT HEMPEPHIBHOMU K Z — nepeaaTouHon pyHkuuu. CocTaBleHnEe Pa3HOCTHBIX YPaBHEHUH.
Pa3paboTka mnporpaMMHOro oOecleueHus, pealn3yrolero QuibTp ¢ 3aJaHHBIMU
[IPENoJaBaTesieM IapaMeTpaMH.

II. TEOPETUYECKUE CBEAEHU A

AHanoroBbiMu  (WIBTpPAMU  Ha3bIBAaCTCSI  YAaCTOTHO-W30MpaTeNibHAs  LEIb,
o0OecrieunBaroIiasi MPOIYCKaHWE CHUTHAJOB B OIpPENETCHHBIX I0J0CaX 4YacToT U
nonaeneHue B apyrux. OOnacTb 4acToT, B KOTOPOM (PUIBTp MpOIyCKaeT CUTHAI,
Ha3bIBAIOT MOJIOCON MPOMYCKaHUs, a 00J1aCTh YacTOT, B KOTOPO OCiabiieHue BXOAHOTO
CHTHaJIa BEJIMKO - TIOJIOCOM 3a1epKUBAHMUS.

OunbTpEl NPUMEHSIOT AJIS BBIICTICHUS TPEOyeMOro CUrHajla U3 CMECH IMOJIE3HBIX
M HEXEJIATeJIbHBIX CUTHAJIOB. B 3aBUCHMMOCTH OT B3aUMHOI'O PACHOJIOXKEHHS IOJIOCHI
MIPOITYCKAHUS U MOJIOCHI 3a/IEP>)KUBAHUS Pa3INMUal0T CIEIYIOINE BUIbI (PUIBTPOB:

- Quibtpsel HWKHHX YacToT (PHY; anrmwmiickumii Tepmun — low-pass filter),
MPOITyCKAIOUINe YaCTOThI, MEHBIIINE HEKOTOPOM YaCTOTHI Cpe3a wy;

- ¢unbTpel BepxHux yactor (PBY; anrnwmiickuii Tepmun — high-pass filter),
MPOITYCKAIOLINE YAaCTOThI, OOJIBIINE HEKOTOPOU YaCTOTHI CPeE3a Wy;

- monocoBbie GunbTtpbl (I[1D; anrmuiickuit tepmuH — band-pass filter),
HPOMYCKAIOUINE YacTOThl B HEKOTOPOM JHama3oHe  q ...wW; (OHU MOTYT TaKxkKe

o o w1tw o
XapaKTEepU30BaThCS CPEIHEN YacTOTON Wy = 2 Y IWIMPHMHOM TIOJIOCKHI IPOITYCKAHHS
w=w,; w.
- peXeKTopHble (GUIBTPHI (IPYrue BO3MOXKHBIE HA3BaHUS — 3arpakJIaroliui

buibTp, GUALTP-NpoOKa, MOJOCHO-33CP)KUBAIOIIUI (QUIILTDP; AHTIIUMHCKUN TEPMUH —
band-stop filter), mpomyckarommue Ha BBIXOJ BCE YaCTOThI, KpOME JIekKaIluX B

HEKOTOPOM [MAla30HE (g ...W, (OHH TOXKE MOTYT XapaKTEPU30BATLCSA CPEIHEH
(1)1+(1)2

4acToTON wy = U IMIMPUHOM TOJIOCHI 3a/IEPKUBAHUS W = W,  Wq)

Nneanvhas Gopma AUX GUIBTPOB 3TUX YETHIPEX THIIOB MTOKa3aHa HAa PUCYHKE 1.
Opnako Takas uaeanbHas Gopma AUYX He MOXkeT ObITh (PU3MYECKH pean30BaHa.
[ToaToMy B TEOpHM aHAJIOTOBBIX (DPUIBTPOB pa3zpaboTaH psAJl METOJIOB ANIpPOKCHMaLUU
npsAMOYroiabHbIX AUX.
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Pucynok 1 — AYX punbTpoB pa3nuyHOro TUMa
2.1. ®uabTp barrepBopra
[lepenarounass pynkuus ¢unptpa barTepBopra (Butterworth filter) nHe umeer
HYJIEH, a ee MOJI0Chl PABHOMEPHO PACIIOJIOKEHbBI Ha OKPY>KHOCTU €ITMHUYHOTO pajuyca.
brnaromapsi TakoMmy pasMemnieHuto moiocoB ¢opmymna mus AUX  dunsTpa

barrepBopTa OKa3bIBa€TCs OYE€Hb MPOCTOM:
1

1+ (w%)zn

rme w, 4Yactorta cpe3a (mis1 ¢uiIbTpa MNPOTOTHUNIA OHAa paBHA lpaz/c);

K(w) =

n — Nops0K GpuibTpa.

2.2. ®uabTp YelObIIeBa MEPBOro poaa

[lepenarounas ¢ynkuus Gribrpa UeOnimeBa MepBOro poja TakKe HE HMEET
HYJIEW, a €€ TIOJIOCHI PACIIOIOKEHBI B JIEBOM MOJIOBUHE 3JUIAINCA HA S- TIOCKOCTH. AUX

¢unbTpa YebblieBa nepBoro pojaa OMUCHIBAETCS CIEAYIOIIUM 00pa3oM:
1

Jl +e2 T2 (wﬂo)

TOE W 4YacToTa Cpe3a; € MapamMeTp, ONPEICISIOMINN BEIMYUHY IyIbCallun

K(w) =

AYX B nosioce nmponyckanust; T, (x) momumHOM YebblieBa n-ro mopsiKa.

[To cpaBHenuto ¢ guabTpoM barrepBopra Toro )€ mopsaka GuabTp YeObiena
obecnieunBaeT 6osee kpyToit cag AUX B 065acTu mepexoa OT MOJIO0CHl POITyCKaHUs
K TT0JIOCE 3a/ICPKUBAHMS.

2.3. ®uabTp YeOblieBa BTOPOro poaa

[lepenatounass ¢ynkius ¢uiabTpa YeObllieBa BTOPOrO poja B OTIUYHE OT



NPEIBIIYIINX CIydacB, UMEET U HyJH, U motockl. OHa cBsizaHa ¢ QyHKIUEH mepenayu
¢bunpTpa YebsllieBa NepBOTO Pojia CACIYIONIUM 00pa30M:
H(s)=1 H;(1/s)
Bnece H (s) u H,(s) ¢yukuuu mnepemaun (uiabTpoB YeOblmieBa MEPBOro U
BTOPOTO PO/Ia COOTBETCTBEHHO.
AYX ¢unpTpa YebbiieBa BTOPOTO po/ia OMHUCHIBAETCS CIAEAYIOIIUM 00pa3oM:

K(w) =

Il Wy 4YacToTa Cpe3a; € NapaMmeTp, ONPEICISIIOIIMA BEIUUYMHY ITyJIbCalluii
AUYX B nonoce nponyckauus; T,,(x) momuHOM YeOblieBa n-ro mopsKa.

2.4. ®uabTp beccens

B otnnuune ot ¢unbTpoB mpeasiaymux TUNoB, GuasTpbl beccens (Bessel filter)
HE almpoKCUMUPYIOT psiMoyronbHyto AUX — ux AUX no popme O6mau3ka Kk rayccoBoit
KpuBOW (TOYHEE, CTPEMUTCS K HEW c pocrtom mopsiaka ¢umbtpa). [lpakTudeckas
LEeHHOCTh (QuiIbTpoB beccens ompeaensercs TeM, 4YTO s HUX 3aBHCHUMOCTb
IPYNIIOBOIO BPEMEHM 3a/I€PKKU OT YacTOTHI SBJIETCS MAaKCUMAJIbHO IJIAJKON B TOUYKE
wo = 0 u rpynnosas 3aaepKKa 0O4eHb Maj0 MEHSETCS B 0JI0CE IPOIYCKaHUs.

ITepenaTounas ¢pyHkuus guibtpa beccens uMeeT TOIBKO MOIIOCHL, JIEkKAIIUe Ha
OKPY>)KHOCTH C LEHTPOM B IOJIOKMTEIbHOW 00slacTH BeulecTBeHHOM ocu. Cama
nepenaToyHas QyHKIMS UMEET CIEAYIOINN BU:

H(s) = do/i dys*
k=0

2.5. Pacuér ¢puabTpos B MATLAB

Jlns pacyeta aHaAJIOTOBOro (UiIbTpa HEOOXOAMMO BBITIOJHUTH JBE OCHOBHBIE
onepauu: paccuutatb ®HY - mpororun u mpeoOpa3oBaTh €ro K HYKHOMY THITY
¢unbTpa C 33JaHHBIMHU YAaCTOTaMU Cpe3a.

JleiicTBUsI, BBINIOJIHSAEMBIE (DYHKIIMAMHU pacueTa aHaJIOTOBBIX (PMIIBTPOB:

1. ITponsBoauTcs pacyer pUIbTpa-nmpoTOTUIIA C 33JaHHBIMU napameTpamMu AYX.

2. Ilomy4eHHble HYJIU U TOJIOCHI MpeoOpa3yroTcs B MapaMmeTphl MPOCTPAHCTBA
COCTOSIHUMU.

3. IIpousBoautcs npeoOpazoBaHuEe (UIBTPA-NPOTOTHIA K TpeOyeMoMy THUITY C
3aJJaHHBIMU YaCTOTaMH Cpe3a.

2.6. Pacuér ®HY - nporoTruna
B MATLAB pacuér aHanoroBbix (PrIbTpOB-MPOTOTHUIIOB JJISI PACCMOTPEHHBIX
(UIBTPOB MPOU3BOIUTCS C TIOMOIIBIO CIEAYIOMIHNX (HYHKITHIA:



— [zp.k]=buttap(n) — gma pacu€ra aHamOroBoro (QUIBTPA-MPOTOTHUIA
barrepBopra;

— [z,p,k]=cheblap(n,Rp) — mus pacuéra aHasoroBoro (QGUJIbTpa-MPOTOTUIA
Yeobrrmena [-ro pona;

— [z,p,k]=cheb2ap(n,Rs) — nans pacu€ra anamoroBoro QWIBTPA-MPOTOTUIIA
Yeobrrmena II-ro pona;

— [z,p,k]=besselap(n) — nys pacuéra ananorosoro ¢guiabTpa-npororura beccens.

Bxoanble mapameTpbl AJi1 COOTBETCTBYIOUIUX (PUIBTPOB-IIPOTOTUIIOB:

n — MopsIoK GpuiabTpa (1IeJTOYUCTESHHBIN);

Rp — ypoBeHs nynbcanuii B mojioce mpomnyckanus ( B 1b);

Rs — ypoBens nysnbscanuii B osioce 3aaepxkuBanus (B 1b).

Bce ¢ynxkunn MATLAB ngns pacdera aHamoroBbIX MPOTOTUIIOB BO3BPAIIAIOT
BEKTOPBI-CTOJIOLBI HyJeH M TONMOCOB (YHKIMU TMepenadd, a TakkKe 3HauYeHue
Kod(ppueHTa yCuieHus.

2.7. IIpeoOpa3oBanue crioco00B ONMUCAHUS JIMHEHHBIX 1enei

HeobxoaumocTh B peoOpa3oBaHUK OMUCAHUNA YacTO BO3HMKAET M3-3a TOTO, YTO
(GbyHKIMM pacueTa Lenel (Takue Kak paccMaTpuBaeMble (PYHKIMU pacdeTa (uibTPOB-
MPOTOTHUTIOB) NAIOT PE3yJbTaT B OMHOW ¢dopme, a (yHKIUS, HAIPUMEDP MOCTPOCHUS
YaCTOTHOW XapaKTEPUCTHUKH, TPEOYET 3a/1aHusl BXOIHBIX TapaMeTPOB B Apyroi ¢popme.

®opmbl omucaHus Lened B WMMEHaX (YHKIMA 0003HAYAIOTCS CIEIYIOIINM
o0Opazom:

tf - xoadPuIMeHThl MOJMHOMOB YUCIUTENS U 3HaMeHaTeNsl PYHKIMH Tepeadn
(transfer function);

Zp - HyJIU ¥ TIoTtockl (zeros and poles);

SS - OMMCAHMUE B MIPOCTPAHCTBE COCTOSIHUM (State-space).

Jlanee KpaTKO paccMaTpUBAIOTCA KOHKPETHBIE (YHKIMH MpeoOpa3oBaHUsS
ONMCAHUU LIETIEN.

Jlmst  BXONHBIX H  BBIXOJHBIX TAPAMETPOB  HCIONB3YIOTCA  CIICTYIOIIHNE
0003HAYEHUS:

— (byHKIUSA MTepelavuu:

b - BeKTOp-cTpoKa K03PHUITMEHTOB (B TOpsiIKE YOBIBaHUS CTEIICHEH) YUCTUTENS
GbyHKIIUY Tepeayy;

a- BEKTOP-CTPOKa KO3(PPUIIMEHTOB (B IOPSAIKE YOBIBAaHUS CTETICHEH )
3HaMeHaTeNsl PYHKIHUU Tepeadn;

— HYJI ¥ TIOJTFOCHI:

Z - BEKTOp HyJie# (cTooern);

P - BEKTOp IOJIIOCOB (CTOIOECI);

k- koadpurrent ycunenus (Ckajsp);

— IIPOCTPAHCTBO COCTOSIHUM:



A - KBaZjpaTHasi MaTPHIIA CBS3H BEKTOPA COCTOSIHUS U €T0 TIPOU3BOAHOM;

B - BekTOp-cTONOCI CBA3M BXOAHOTO CUTHAJIA U MTPOU3BOTHOM BEKTOpa
COCTOSTHHUS;

C - BEKTOp-CTPOKA CBSI3U BHIXOAHOTO CUTHAJIA U BEKTOPA COCTOSIHHUS;

D - ckanspHbIif KOO()PUITUEHT CBSA3M BHIXOAHOTO W BXOJHOTO CHTHAJIOB.

@yuxyus tf2zp npeodbpazyer HaOOPHl KOIPPHUIIMEHTOB MOTMHOMOB YHCIUTENS U
3HaMeHaTensl (PYHKIMU Tiepefadd B BEKTOPHI HYJEH W TOJIOCOB, PACCUMTHIBAS TaKKe
3Ha4YeHUe 0011ero KodDPUIUeHTa YCUIICHUS:

[z, p, k]~ tf2zp(b, a)

Dynxyus zptf sBisieTcs 0OpaTHOM 1O OTHouIeHMO K GyHkiuu tf2zp: ona
ocylIecTBIsieT npeoOpa3zoBanue kKodpuiMenTa ycuiaeHus, a TaK’kKe BEKTOPOB HyJIeH U
MOJFOCOB  PyHKIMU miepefaun B KOI(PGUIIMEHTHl TMOJMHOMOB €€ YHCIUTENs |
3HaMEHATEJIS:

[b, a] ~ zp2tf(z, p, k)

Oynkuums tf2ss nmpeodpazyer Habopbl KOAPPUIIMEHTOB MOJTMHOMOB YUCIUTENS U
3HaMeHaTelsl QYHKIMH Tepeadyd B TMapaMeTphl MPEICTaBICHUS [IETH B TMPOCTPAHCTBE
COCTOSIHUM:

[A, B, C, D] = tf2ss(b,a)

Oynkuus ss2tf sBngercs oOpaTHOW MO OTHOWIEHUIO K (yHkuuu tf2ss: oHa
npeoOpa3yeT mapaMeTpbl IPOCTPAHCTBA COCTOSHUNA B KOI(P(GUIIMECHTH IMOJIMHOMOB
GyHKIIUM epeaayu enu:

[b, a] = ss2tf(A, B, C, D);

Oynkus zp2ss MpeodpasyeT HyIH, MOMIOCH U KOAPGUIIMEHT YCUICHHS TN B
ee mapaMeTphl MPOCTPAHCTBA COCTOSTHUM:

[A, B, C, D] = zp2ss(z, p, k)

OyHKIUA $s2zp SBISETCS OOpaTHOM TO OTHOMICHUIO K (QYHKIHH Zp2sS,
npeoOpa3ysi mapamMeTpbl MPOCTPAHCTBA COCTOSIHMI B HYJIH, TOJIOCHI W KOYPHHUIIUECHT
YCWJICHHUS TICTIH:

[z, p, k] =ss2zp(A, B, C, D)

Oynkuums residue.

Unentudukatop mocneqHedl (QyHKIWH, TO3BOJIAIOMICH TPeoOpa3oBHIBATH
OTHCAaHUS JIMHCWHBIX IIETIeH, BBIMAJaeT U3 OOMIEro psga. ITO CBSA3aHO C TEM, YTO
JaHHOE MpeoOpa3oBaHUe HE ABIAETCS crienuuueckuM aas 00pabOTKH CUTHAJIOB - OHO
CBOJUTCS K Pa3jOXEHUIO APOOHO-pAllMOHATBPHOM (PYHKIMM Ha TpocTeimme aApodu u
4acTo MpuUMeHseTcs B MmateMartuke. [1o 3To# ke nmpuynHe nanHas (PyHKIUS OTHOCHUTCS
He K makety Signal Processing, a k 6a3oBoit oubaunoreke MATLAB.

[IpeoOpazoBanne (QyHKIUM Tiepenayu, 3aJaHHOM B BUIE KOI(DPUIIUEHTOB
MOJIMHOMOB YHCJIHUTENS U 3HAMEHATelNls, B CYMMY MPOCTHIX IpOOEH MPOW3BOIUTCS C
nomotbio ¢yHKkmu residue. OHa ke OCYIIECTBISIET W OOpaTHOE MpeoOpa30BaHUC;



HY>KHOE HallpaBJieHue NMpeoOpa3oBaHus BEIOMPAETCS B 3aBUCUMOCTH OT YHCJIa BXOJHBIX
napameTpoB.

[Ipu nByX BXOJHBIX MapameTpax MPOU3BOJIUTCA Pa3l0KEeHUE PYHKIUU Mepeaadn
Ha MPOCTHIE APOOU:

[r, p, k] = residue(b, a)

3neck b 1 a — K03 PUIMEHTHI TOJIMHOMOB YUCIUTENS U 3HaMeHaTeNsl QyHKIIUU
nepenayu COOTBETCTBEHHO. BBIXOIHBIE MapaMeTpbl — BEKTOPBI-CTOJIOLBI MOTIOCOB (p)
U COOTBETCTBYIOIIMX UM BBIYETOB (T), a TAK)Ke CTpoKa KOA((PHUIIMEHTOB 11eJI0M YacTu K.

2.8. IIpeoOpa3zoBanusi puJIbTPOB-NIPOTOTUIIOB

CnegyromuM 3TanoM Moclie  pacuera (GUIbTPA-NPOTOTUIIA SIBISETCA €ro
npeoOpa3oBaHUe C IEIbI0 TONydeHUs (GUIbTpa 3aJaHHOTO BHUAA C TpPeOyeMbIMU
yacToTamMu cpesa. s 3TOro HCMoib3yrHTCs NMPUBEIACHHBIE HIDKE YEThIpe (YHKIUU
MATLAB. IIpuHuun cocTaBlieHHs] UX UMEH CJICIYIOIIMI: CHadalla UAET COKpAICHUE
lp, o3Hauaromiee, uTo UcXoaHbIM punbTpoM sBisgercss DHY (low-pass), motom ciegyer
CUMBOJI TpeoOpa3oBaHusi 2 U B KOHIIE CTOUT OOO3HAYEHUE TUIA PE3YJIbTUPYIOIIETO
bunprpa:

— N3menenune yactotsl cpeza DHY (low-pass) npousBoautcs pyukiueit p2lp:

[bl, al] = 1p21p(b, a, w0)

[AL BL CIL, D1]= 1p21p(A, B, C, D, w0)

— IIpeobpazoBanue ®HY B ®BY (high-pass) npousBoautcs ¢pynkueit 1p2hp:

[bl, al] = 1p2hp(b, a, w0)

[Al, B1, C1, D1] =1p2hp(A, B, C, D, w0)

— mnpeobOpazoBanne ®PHY B mnosocoBort ¢unbtp (band-pass) mpouszBoauTCS
dbyukiueit 1p2bp:

[bl, al] = 1p2bp(b, a, w0, Bw)

[Al, B1, C1, D1] = Ip2bp(A, B, C, D, w0, Bw)

— mnpeoOpazoBanne ®HY B pexextopHsiii ¢unbTp (band-stop) BeimonHseTCs
bynxkueit 1p2bs:

[bl, al] = 1p2bs(b, a, w0, Bw)

[AL Bl, Cl, D1] = 1p2bs(A, B, C, D, w0, Bw)

BxoanbiMu mapamerpamMu (QYHKIUN SBISIOTCS onucanue QuibTtpa (B BUIE
K03((UIHUEHTOB MOJMHOMOB YUCIUTENS U 3HaMeHaTeNsl (GYHKIUU Mepeaayu - b, a uiu
B IIpocTpaHcTBe coctosiHui - A, B, C, D), cpennss yactora w0 u mmpuHa Bw nosocsl
3ajepkuBaHusg QuibTpa (B paauaHax B CEKyHOy). Bo3Bpaimaembiii pesynbrar -
nepecyuTaHHbIe TapaMeTpbl GUIbTPa.

2.9. Boi0op nopsiaka ¢puabTpa

PaccmoTpennbie Bbille (YyHKIMH pacyeTa (UIBTPOB TpeOYIOT 3aJaHus B
KauecTBE BXOJIHBIX MapaMeTpoB Mopsiaka QuibTpa U €ro 4actoTbl cpesa. [lpu stom
MOHSTHE YacCTOTHI cpe3a g (PUIBTPOB Pa3HBIX THUIIOB OIPEAESETCS MO-pa3HOMY.



OnHako MCXOAHBIMU JAHHBIMU TIPHU pa3paboTKe (QUIBTPOB, KaK MPABUIIO, SBISIOTCS
Jpyrye mapaMeTpbl: YaCTOTHBIE TPAHULIBI MOJIOC MPOMYCKAHUS (wp) U 3aJepKUBAHUS
(wg), a Tarke gomycTuMasi HepaBHOMepHOCTh AUX B mosoce mpormycKaHus (Rp) u

MHHAMAJILHO HEOOXOIMMOE 3aTyxaHue B mojoce 3anepkuBanus (R;). Ceprie obmactu
Ha PHUCYHKE 2 JIEMOHCTPHUPYIOT JOMYCKH, B KOTOpBI€ JOJDKHA YKiaabiBaTbes AUX
¢unpTpa B MOJI0CAX MPOIYCKAHUS U 3aJCPKUBAHMUSL.

K(DT K4
]
K(f
Re g
Ry Rs
k. =' h 4
S =9 i ' .
0 ©(1) wp(1)  @u(2) w(2) ® o @(1) o(1)  @x2) wp(2) ®
Monocoeoi chunsTp PeXeKTopHbIW dunsTp

Pucynok 2 — 3aganue ucxoaHeix napameTpoB s pacuera ®HY, ®BY,
MOJIOCOBBIX U PEKEKTOPHBIX (PUIBTPOB

Bb16parh MUHUMATIBLHO HEOOXOIMMBIN OPAIOK (PUIIBTPA MO3BOJISIOT CIEAYIOIIHNE
onHOTUIHBIE PyHKIMU nakeTa Signal Processing:

[n, Wn] ~ buttord (Wp, Ws, Rp, Rs, 's")

[n, Wn] ~ cheblord (Wp, Ws, Rp, Rs, 's")

[n. Wn] = cheb2ord (W p. Ws. Rp. Rs, 's")

BxomgHori mapamerp Rp - [momycTUMBIA  ypPOBEHb IIyJbCAalMM B  II0JIOCE
nponyckanus (B aeruoOenax), Rs - MUHUMaIbHO HEOOXOAMMOE 3aTyXaHHE B I0JIOCE
3ajepxkuBanus (B jeuubenax). I[lapamerppr Wp u Ms 3a1ar0T TrpaHUIBI OJIOC
NPOIyCKaHUS U 3aJepKUBAHUs, CIOCO0 3a/laHusl 3TUX MapamMeTpoB 3aBUCUT OT THUIIA
POEKTUPYEMOTO (QUIIbTpa:

— OHY: Wp u Ws —uucna, npu 3TOM JOJKHO BBIIOJHATHCSA HEPABEHCTBO

Wp < Ws;

— ®BY: Wp u Ms — yucna, 1mpu 3TOM JOJKHO BBITIOJHATHCA HEPABEHCTBO

Wp >Ws;

— nosiocoBo ¢punbTp: Wp 1 Ws — NIBYXdJIEMEHTHbBIE BEKTOPbI, IPU 3TOM JOJIKHbBI
BBITIONTHATHCS HepaBeHCTBA W s(1) < Wp(l) < Wp(2) < Ws(2);

— pexekTopHbld puinbTp: Wp m Ws — nByXdJIe€MEHTHBIE BEKTOPBI, MPU 3TOM
TOJDKHBI BRITOTHATECS HepaBeHCTBA Wp(1) < Ws(1) < Ws(2) < Wp(2).

3nauenust napamerpoB Wp u Ws ObuiM 0003Ha4Y€HbI Ha PUC. 2 KaK Wp U Os
COOTBETCTBEHHO. BBIXOJHBIMU MapaMeTpamMu SIBIAIOTCS MHUHUMAIbHO HEOOXOJUMBbIN



U1 BBIIIOJIHEHUS 3a/IaHHbIX TpeOOBaHUM NMOPAIOK (PUIBTPa N M YacToTa cpe3a puiabTpa
Wn. Dt napameTpsl JOKHBI 3aT€M UCIOJIb30BaThCS MPHU BbI30BE (YHKIUHU pacyuera
¢unbTpa. Bo3par 3HaueHuss Wn u30aBisieT OJab30BaTENs OT 3a00T, CBA3aHHBIX C TEM,
YTO IPU pacueTe pa3HbIX (PUIBTPOB MOHATHE YACTOTHI CPE3a UMEET Pa3HbIA CMBICII.

[Tockonpky moOpsiAOK (GUIBTpa — BeEJIMYMHA IIEJOYMCICHHAs, TO OOBIYHO
OKa3bIBaeTCs, 4YTO (UIBTP MHUHUMAIBHO HEOOXOIMMOTO TOpsAIKAa O0OecTeyuBaeT
HEKOTOPBIM 3amac Mo MCXOAHBIM IapaMeTpaM. ODTOT 3alac MOKHO HCIOJIb30BaTh I10
pazHoMy — MO0 cHenaTh MyJbCallMM B IIOJIOCE MPOIMYCKAaHHUS TOYHO DPABHBIMU
3aJJaHHBIM, HO YBEJIMYUTh 3aTyXaHUE B MOJIOCE 3aACPKUBAHUS, JIUOO TOUYHO BBIIEPIKATH
3a/laHHOE 3aTyXaHUE€ B II0JIOCE 3aJEpPKUBAHUSA, YMEHBIUMB IPU 3TOM IIyJIbCALlUU B
noJsioce nponyckanus. [loBenenue Qpynkuuii BoiOopa mopsjaka GuibTpa B 3TOM acleKTe
OTIpE/ICIISACTCS TEM, YTO MPH pacueTe (GuiIbTpa JOJKHBI OyITyT MCHOIB30BATHCS TE HKE
napaMmeTpsl mynbcauuii Rp u Rs, uto u npu BeiOope mopsinka ¢uiubtpa. [losTomy mms
¢unbsTpoB barrepBopTa u YeObiieBa nepBoro poja OyJIeT yBEJINUUBATHCS 3aTyXaHUE B
nojioce 3aAepkuBaHus, A QuibTpoB YeOblmieBa BTOPOro poja - YMEHbBIIATHCS
IyJIbCALIUH B I10JI0CE NPOIYyCKaHUS.

1. 3SAJAHUE
N3yunth aHan0roBbIe (PHIBTPHI.
WU3yunts ocHoBHble (yHkuuu MATLAB, HeoOxoaumble mans  pacuéra
aHaJIOTOBBIX (PUIIBTPOB.
Paccuntarh aHanOrOBBIN QPUIBT.
CuHTe3upyiiTe Ha ero ocHOBe LU(POBOH (PUIBTP U CIEAYNUTE €ro padoTy.

IV. ITOPAJOK BbIIIOJIHEHM A
- U3yunts ananoroBbie (GUIBTPHI.
- Wsyuuts ocHoBHbie (QyHkuuu MATLAB, HeoOxomumble s pacuéra
aHaJIOTOBBIX (PUIIBTPOB.
- Paccuntath aHanoroBsiil GQUIBTP C 33JaHHBIMU MPEIO/IaBATEIEM ITapaMeTPaMHu.
- CpaBHUTb pe3yJbTaThl MNPOBEAEHHOTO pacu€ra (QuiIbTpa ¢ pe3yibTaTaMH
pacuéra mpu HUCIOJIb30BaHUU crienuaibHbIX (GyHkIuid MATLAB HemocpencTBEeHHOTO
pacuéra QuIbTPOB.
- IlpousBectn BbIOOp mOpsaKa QUIBTpa MO 3aJaHHBIM IIPENOAAaBaTENIEM
I1apaMeTpam.
V. OOOPMJIEHUE OTYETA
OTY€T NOJKEH CONIEePKAaTh:
* KpaTKHE TEOPETHUUECKUE CBEACHUS 10 BBIOJIHIEMOU padoTe;
* QITOPUTMBI U JIMCTUHTY IIPOrpamMm pacuéra GuibTpa;
*BBIBO/IBI ITO MPOBEAEHHOM padoTe.



VI. KOHTPOJIbHBIE BOITPOCBI
. Haiite onpenenenus unstpam HY, BY,...
. OcHoBHble xapaktepucTuk uibTpoB barrepBopra, UeObiera, beccens. ..

. Kakoii u3 mepeuncieHHbIXx THMOB (UIBTPOB MMEET Haubosee KPyTOil craj
AUX B o0nacTu 3arpaskeHusl.

. Kakolt u3 nepeuyncieHHbIX TUMOB (GUIbTPa UMEET MHUHUMAIbHBIA (Da30BBIii
CABUT B paboueii 1oj0ce 4yacToT.

. Ilepeuncnure mnapameTpbl, KOTOpbIE HEOOXOAMMO 3ajaTh IMpPU pacyeTe
¢bunprpoB HY, BY, pexeKTOPHBIX ...

VIII. BUBJIMOTPA®HUYECKUI CITMCOK

1. KoHcnekT Jekiuii mo Kypcey.

2. JlesixonoB B. MATLAB: yue6nsb1it kypc. — CII0: [Tutep, 2001. — 560 c.: un.

3. Iudposas obpadotka curnanos / A.b. Cepruenko — CII6.: ITutep, 2003. —
604 c.: un.



[IpakTruueckoe 3ausatue Ne 5
CBépTKa 1 €€ MaTeMaTH4YeCKHe CBOMCTBA

. IIEJIb 1 3ATAYUA
N3yunTs onepanuio CBEPTKU M HA MMPAKTUKE MIO3HAKOMUTBCSA C €€ CBOMCTBAMM.

II. TEOPETUYECKUE CBEJIEHU A

Ceéépmrka — 5TO MaTeMaTH4yecKas NpoLenypa, KOoTopas M3 JIBYX MCXOJHBIX
CUTHAJIOB (OopMHUpYET MO ONpeneéHHOMY MpaBUiIy TpeTuil curHaid. B nudpopoii
00paboTKe OHA UTpaeT BaXHEHIIYIO poib. Jlerno B TOM, 4TO HU(PPOBBIE CUCTEMBI MOKHO
ONMKCHIBATHL WX HUMIIYJIbCHBIMU XapaKTepUCTUKAMU, Oyiarogaps HCHOJIb30BaAHUIO
umnynbcHou oekomnozuyuy. CBEPTKA yCTaHABIUBAET B3aUMOCBSI3b CUTHAJIA HAa BXOJE U
Ha BBIXOJIE CHCTEMBI Uepe3 €€ UMITYJIbCHYIO XapakTepucTuKy. CBEPTKA JIEKUT B OCHOBE
Bcel ¢ poBoit 06pabOTKH CUTHAJIOB.

Heabra-QyHKIUS M UMIIYIbCHAS XapaKTePUCTHKA

Orpomuoe 3Hauenue s [{OC umerot crnenyromue aBa noHstus. llepBoe u3
HUX — 3TO JAMCKpPETHas AenbTa-QyHKIHs, 0ObIYHO 0003Hayaemasi cuMmBojoM O[n] (Puc.
1). JI71st AUCKPETHBIX CUCTEM OHA HA3BIBACTCS €OUHUUHBIM UMNYILCOM, UITU eOUHUYHBIM
omcuémom, W TPEACTaBIseT CcO00M CurHaia, B KOTOPOM HYJEBOM OTCUET HMEET
3HAUYEHUE €TUHUIIbI, a BCE OCTAIbHbIE OTCUETHI PABHBI HYJIIO.

Btopoe nonsitue — 310 umnynvcuasn xapaxmepucmurxa cucremsl (Puc. 1). Kak
MOXKHO JIOTaJaThCcs IO CaMOMYy Ha3BaHHWIO, HMITYJIbCHAsT XapaKTEPHUCTHUKA — 3TO
peaxiusi CUCTEMbI Ha €IMHUYHBIA UMITYJIbC. ECiii 1Be MF00BIE CUCTEMBI UMEIOT XOTS OBl
KaKWe-TO Pa3INyus, UX UMITYJIbCHBIC XapaKTEPUCTUKU OYAYT 00s3aTEIBHO OTINYATHCS.
Ecnu curnanmel Ha BXOJe¢ W BBIXOJE CHUCTEMBI TPAIUIIMOHHO 00O03HAYaroT x[n] u y[n]
COOTBETCTBEHHO, TO UMITYJIbCHYIO XapaKTEPUCTUKY CUCTEMBI IPUHITO 0003HAYaTh /[ n].
Konewuno, 3T0 He sBIseTCAs O0Os3aTENBHBIM, M MOXHO WCIIOIBh30BaTh JAPYTUE
0003HAYCHHS, €CITU OHHM Ka)xyTcs BaMm Oojiee yJOOHBIMH: HampHUMeEp, UMITYJIbCHYIO
XapaKTepUCTUKY GUIBTPA MOKHO 0003HAUUTH [ [1].

JIro00¥ WMIYJIBCHBIN CHUTHAJ, SBISIOMIMICS KOMIIOHEHTOM pa3JIOKECHHS TpHU
MMITYJIbCHOM JI€KOMIIO3UIIMU, MOXKET OBbITh MPEACTABICH KaK €IWHUYHBIA UMITYJIbC,
CABUHYTBI Ha COOTBETCTBYIOIIYIO BEJIMYMHY IO BPEMEHHOMW OCHM M YMHOKEHHBIM Ha
3HAYEHHE OTCYETA MCXOAHOIO0 CUTHAjJa B ATOT XK€ MOMEHT BpeMeHH. i1 mpumepa
pPaccCMOTPUM CHUTHAJ a[n], Bce 3HAYEHHs] KOTOPOIO PaBHbI HYJIIO, KpOME 8-ro OTCYETAa,
IPUHUMAIOLIErO 3Ha4eHUE — 3. DTOT CUTHAJI MOXKET pacCMaTPUBATHCS KaK €IMHUYHBIN
UMITYJIbC, CIBUHYTHIN (3a/Iep>KaHHbI) Ha § EPUOIOB TUCKPETU3AIMU U YMHOKEHHBII

Ha — 3, uiu B (hOpME MAaTEMaTHIECKOTO BhIPAYKCHUS:



a[n] =-30[n — 8].

ETHHHYHEBIH HMITYIbC MR IECEC
& i XapaKTe PHCTHKA
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o[n] h[n]

JIHHeHHAT ﬂ
CHCTEMA it

Puc. 1. Hnmocmpayus nonamuti eOUHUYHO20 UMNYIbCA U  UMNYIAbCHOLU
xapaxmepucmuku. Eounuunvlii umnynvc — 3mo OuckpemHwlll CUSHAN, 6Ce OMCUYEMmbl

KOMOp0o2o, Kpome HY1e8020, padHbl HYIt0. 3HAUeHUe HY1e8020 OMCUEMA PAGHO eOUuHUYe.
Eounuynvii umnynvsc a611emcs OUCKPEmMHbIM AHAI020M OelbMa-QYHKYULU, KOMOPYIO
NPUHAMO 0003HaAYaAMb CcUMBOaOM O(t). Hmnynvcnas xapakmepucmuxa JUHEUHOU
cucmemvl — 2MO peakyus CUCmemvl HA EOUHUYHBIUL UMNYAbC. MMNnyabcHyo
xapaxmepucmuxy ooviuHo obosnauaiom hfnj.

JlonycTuM, Ha BXOJ CHUCTEMBI TojaH curHan a[n] = —30[n — 8]. Kakum
okaxetcsi e€ BbixoA? UToObI OTBETHTH HA 3TOT BOMPOC, MPHUIETCS BCIIOMHHTH paHEe
pPacCMOTPEHHbIE CBOMCTBA OJIHOPOJAHOCTH U MHBAPUAHTHOCTU K CIIBUTY. Y MHOXEHUE U
3a/Iep’KKa CUTHaja Ha BXOJI€ MPUBOJAT K aHAJOTMYHBIM MPEe0OpPa30BaHUSIM BBIXOJIHOTO
curHaia. Takum oOpa3oM, e€ciu BXOJHOMY BO3JICUCTBUIO O[71] COOTBETCTBYET pEaKIIUS
Ha BBIXOJIe A[n](MMIyJIbCHAsE XapaKTEPUCTUKA CHCTEMbI), TO CUTHamy — 30[n — 8] Ha
BXOJIC CHCTEMBbI OyJeT COOTBETCTBOBATh BBIXOJHOW curHan — 3kA[n —8]. dpyrumu
CJIOBaMHU, CUTHAJOM Ha BBIXOJIE OKAXETCS UMITyJIbCHAsl XapaKTEPUCTUKA CHUCTEMBI,
CABUHYTasi BO BPEMEHHU U yCWICHHAs MO aMIUIMTYJE, TaK K€, KaK CABUHYT U YCHUJICH
€UHUYHBIA UMIIyJIbC Ha BXoje. MWMTak, ecim BaM H3BECTHA UMITYJIbCHAs
XapaKTePUCTHKA CUCTEMBI, TO BEIYUCIIUTh €€ PEaKIui0 Ha IPOU3BOJIbHBIA UMITYJILCHBIN
CUTHAJ C €JIMHCTBEHHBIM HEHYJIEBBIM OTCUETOM HE COCTABIISIET TPY/IA.



2. CBéprTka

Ham octamoch TOABECTH HUTOT MaTepuaily, MOCBAIIEHHOMY OIpPEACICHUIO
pEaKIuy Ha BBIXOJI€ CUCTEMBI IIPH MPOU3BOJILHBIX BXOIHBIX BO3JCHCTBUAX. BOo-TIepBhIX,
BXOJHOW CHUTHQJI MyTEM JEKOMIO3UIIMK TIPEACTABISICTCS B BHUJE COBOKYITHOCTH
UMITYJIbCHBIX CUTHAJIOB C €IMHCTBEHHBIM HEHYJIEBBIM OTCUYETOM, KAXKIBIH M3 KOTOPBIX
MOXKET PacCMaTPUBATBCS KAaK eOUHUYHbIU UMNYIbC, YMHOKEHHBIH Ha HEKOTOPYIO
BEJIMUMHY U CIABWUHYTHI BO BpeMEHHU. BO-BTOpBIX, peakIus CHCTEMbl Ha KaKIbIA W3
BXOJHBIX HMITYyJIbCHBIX CHTHAJIOB MOXET OBITh IMOJIy4eHa MYTEM COOTBETCTBYIOIIETO
YCUJICHUSI U CIIBUTA UMNYIAbCHOU Xapakmepucmuku cucmemsi. VI HaKOHEII, B-TPETHUX,
peakiusi CUCTEMbl Ha WCXOJHBIA BXOJHOW CHUTHAJ PAacCUUTHIBACTCS CYMMHPOBaHHUEM
peaKkmii CUCTEMBI HA BCE KOMIIOHEHTHI JICKOMIIO3UIIMA B OTACIBHOCTH. Takum
o0pa3zoM, eciii HaM W3BECTHA MMITYJIbCHAsI XapaKTEPUCTUKA CHUCTEMBI, TO MBI MOXEM
OTIpEICTUTh €€ PeakIuio Ha Jt000e BXOIHOE Bo3neicTBUE. DAKTUYECKH 3TO O3HAYAET,
4TO HaAM HM3BECTHO BCE O cucteMe. Ilpu onmumcaHuu jqumelHol cucmemvl UMITYIbCHAS
XapaKTePUCTHKA SIBJIICTCS MCUEPIBIBAIOINIEH (3aMETHM, OJHAKO, YTO B IMOCJIETYIOIINX
rJIaBax Mbl PAaCCMOTPHM H JIPYTHE XapPaKTEPUCTUKHU CUCTEM, KOTOPhIE HE HECYT HOBOM
uH(opMaIu, a MpoCTO MPEACTABIAIOT €€ B Ipyrou hopme).

WmmynbcHasi XapakTEepUCTHKAa MOXKET 0003HA4aThCs M IPYTMMH TEPMHHAMU B
3aBHCHMOCTH OT c(hepsl mpuMeHnenus. Hampumep, npu onucanuu GUIBTPOB BO3ZMOKHO
UCIIOJIB30BAaHUE TIOHATHS s0pa ¢uibmpa, sA0pa Cc8EpmKU WIA TPOCTO sadpa. B
OPWIOKEHUAX  uppoBOoM  00pabOTKM  M300pakKeHWH  BMECTO  HMMITYJIbCHOM
XapaKTePUCTHKH HCTOJIBb3YeTCS TEPMUH (YyHKyus paccesuus mouxu. Hecmorps Ha
HEOOJIbIINE Pa3uirsl B MCIOJIB30BAHUN YKa3aHHBIX TEPMHUHOB, BCE OHH 00O3HAYAIOT
OTHO M TO JK€: PEaKlHI0 CHCTeMBbl Ha BO3JCHCTBUE B BHJAC NeiIbTa-(DYHKIUW HIH
€IMHUYHOTO UMITYJIbCA.

Omnepanysi CBEPTKHU SIBJISICTCS OOBIYHOM MaTEeMaTUUYeCKOM omeparuen, Takow,
KaK, Hampumep, YMHOXKEHHE, CJIOKEHHWE WM HHTErpupoBaHUE. AHAJIOTMYHO JIHOOOU
JIpyroil omeparuu npu CBEPTKE JABYX CUTHAIOB (IUCKPETHBIX IMOCIEI0BATEIBLHOCTEM)
NOJIy4arOT €IWHCTBEHHbIA TpeTud curHai. [Ipouenypa CBEPTKM TNPUMEHSETCS B
pa3IMYHBIX pas3fenax MaTeMaTUKH, B YacCTHOCTM B TEOPUU BEPOSATHOCTEH U
MaTeMaTUYECKOW CTAaTUCTHUKE. Teopus JMHEHHBIX CHUCTEM HCIIOJIB3YET CBEPTKY JUIS
YCTAHOBJICHHMSI  B3aMMOCBSI3M  MEXAY  BXOJIOM  CHUCTEMBI, €€  WMILYJIbCHOU
XapaKTEPUCTUKOMN U BBIXOIHBIM CUTHAJIOM.

Puc. 2 wumocTpupyeT NOHSATHE CBEPTKU NPUMEHUTENIBHO K JIMHEHHBIM
cucremam. CurHan x[n] mocTymaer Ha BXOJ JIMHEHMHON CHUCTEMbI, OIMHUCHIBAEMOM
UMITYJIbCHOM XapaKTEPUCTUKOMN /[n], U BBI3BIBAECT Ha BBIXOJIE€ CUCTEMBI peakiuto y[n]. B
dbopme ypaBHEHUS ATO 3amuckiBaeTcs Tak: x[n] * h[n]= y[n]. To ecTh cCUTHAT Ha BBIXOJEC



JIMHEWHOM CHUCTEMBI PABE€H CBEPTKE CHUTHAJA HA BXOAE CHUCTEMBI U €€ HMMITYJIbCHOU
xapaktepucTuku. [lomoOHO TOMy Kak cioxkeHue oOo3Havaercs IUocoM (+), a
YMHOKEHHE — KPECTUKOM (X), CBEpTKa 0O0o3HauaeTcs 3BE3n0ukoit (*). K coxxanenuro, B
OOJBIITMHCTBE SI3IKOB TMPOTPAMMUPOBAHUS CHMBOJI * TPUHATO HCIOIL30BATH IS
0003HaueHns yMHOXKeHHs. Takum o0pazoM, 3BE37j0UKa B TEKCTE MPOTPAaMMBbI 03HAYAET
YMHOXKEHHE, a Ta e 3BE37109Ka B MATEMATHUECKIX BHIPAKCHHSIX 03HAUaeT CBEPTKY.

Ha Puc. 3 nmpowmoCcTpUpOBAaHO HCIIOJIB30BAHUE CBEPTKHU JUIS pean3aluu
HU3KOYACTOTHOM M BBICOKOYACTOTHOM ¢uibTpand. B 3ToM mpumepe BXOAHBIM
CUTHAJIOM SIBJIIETCS CyMMa MEJJIEHHO BO3PAaCTAalOLIEro CHUTHala (CHEKTp JIEKUT B
o0JacT HU3KHMX YacTOT) U CHHYCOMJZbI, y KOTOPOM Ha HHTEpBaje HaOIIOACHUS
YKJIAQIbIBA€TCSI  HECKOJBKO  IIEPUOAOB  TMOBTOPEHHSA  (CIEKTP  OTHOCHUTEIBHO
BBICOKOYACTOTHBIN). B  cinyuae Hu3kowacToTHOro ¢uinbTpa (@) UMIIyJIbCHAsS
XapakTepucTuka B (opMe Oyrd MO3BOJISET MPOXOJUTh Ha BBIXOJ CHUCTEMBI TOJBKO
MEJIEHHO MEHSIoIIelcs cocTaBistoniei. B ciydae BbicokouacToTHOTO (uibTpa (6),
HaIlPOTHB, UMITYJIbCHASI XapaKTEPUCTHKA CHCTEMbl TAKOBA, YTO HA BBIXOJIE CHCTEMBI
IPUCYTCTBYET TOJBKO OTHOCUTEJIBHO OBICTPO MEHSIOIIMNCA KOMIIOHEHT BXOJHOIO
CUTHAJIA.

x[n] v[n]
JIHHeHHAaA -
|::> cHcTeMa hH] ::>

x[m] = h[n] = y[n]

Puc. 2. Hcnonv3zosanue onepayuu ceépmku 6 yughposoii 0opabomre cueHaos.
Cuenan Ha 6vix00e JUHEUHOU CUCmemMbl pageH C8EPMKe 6X0OHO20 CUSHANA U
UMNYIbCHOU XaPAKmMepucmuku cucmemsl. B mamemamuueckux evipasxcenusx onepayusi
ce6épmKu 0003Havaemcs 36€300ukotl (*).

Puc. 4 nemMoHCTpupyeT Apyrue JBa NpUMEpa HCIOJIb30BAHMS CBEPTKHU JUIS
omucaHusi Tpouecca o00paboTku curHanoB. HWHBepTupyoomuii arreHioatop (a)
«MEePEeBOPAUYMBALTY) CUTHAJ «BBEPX HOTAMM» W YMEHBIIAET €ro amIuiutyay. Bisitue
JUCKPETHON MPOU3BOAHON (BBIYMCIIEHHE TEPBOM Pa3HOCTU) JAET HA BBIXOJE CHUCTEMbI
CUTHAJI, TPOIOPLIMOHATILHBIN CKOPOCTH U3MEHEHHS BXOJIHOTO cUTHaua (6).

OOpaTuTe BHMMaHHWE Ha JUIMHBI CUTHAJIOB, NPUBEIEHHBIX Ha Puc. 3 u 4.
Bxoanbie curHansl BKIHOYAKOT 81 ITUCKPETHBIM OTCUET, B TO BpEeMS KaK MMITYJIbCHBIC
XapaKTEPUCTHKU COCTOST TONbKO m3 31 orcuéra. [/[eqo B TOM, 4TO B OOJBITUHCTBE
NpWIOKEHUH 1U(PpoBON 00pabOTKM BXOAHBICE CHTHAIBI pPACCMATPUBAIOTCS HA



WHTEpBaJlaX B COTHH, THICSYM M JaX€ MHUIMOHBI OTCYETOB. MMmynbcHas ke
XapaKTepUCTHKA 3HAYUTEIBLHO KOpOYe, CKaXXeM, B COTHM pa3. MareMaTudeckoe
OTpe/ICJICHHE ONepaliid CBEPTKM HE HaKJIQJAbIBACT HHUKAKUX OrpaHUYCHUN Ha
JUTMTEITEHOCTh 3TUX CUTHAIOB. OHO, OJTHAKO, TMIO3BOJISIET ONPEACINUTD IJMHY CUTHAJIA Ha
BBIXOJIC, PAaBHYK0 CyMME JUJIMHBI BXOJHOTO CHTHajga ¥ JUIMHBI WMITYJIbCHOU
XapaKTEPUCTUKM MHUHYC OJIMH. Tak s mpuMepoB, Moka3aHHbIX Ha Puc. 6.3 u 6.4,
JUTATENILHOCTDh BBIXOIHBIX CUTHAJIOB cocTaBiisieT 81+ 31-1 = 111. OTcuéthl BXOIHBIX
CUrHAJIOB HyMepytoTcs ¢ 0-ro no 80-i, OTCUETHI UMITYJIbCHBIX XapaKTEepPUCTUK — ¢ 0-T0
1o 30-#, a OTCYETHI BRIXOAHBIX CUTHAJIOB — ¢ 0-To mo 110-i.

a) ©unbTp HUAHWX 4acToT
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6) DUNbTD BEPXHWX YACTOT
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Puc. 3. Ilpumep ucnonvsoganus ceépmku  Ond  ONUCAHUA  CUCTEM
HU3KOYACMOMHOU U BbICOKOUACMOMHOU ¢unbmpayuu. B npusedoénnom npumepe Ha
8X00 cucmemvl NOCHynaem cymma MeodjleHHO 803pAcmarujec0 CUcHAIA CUHYCOUObL, Y
KOMOpOU Ha uHmepaase Haba0eHUs YKIAObI8AEMCs HECKOIbKO NEPUO008 NOBMOPEHUSL.
Omu 06a KOMNOHEHMA 8XOOH020 CUSHANLA YOAEMCsl pa30eiums 3a CUEém UCHOIb3068AHUS
8bIOPAHHBIX COOMBEMCMBYIOWUM 00PA30M UMNYTIbCHBIX XAPAKMEPUCTUK.

[Tpuctynum Tenepb K NoAPOOHOMY PACCMOTPEHHUIO MATEMATUUYECKOTO OMUCAHUS
cBépTkU. B TOM KauecTBe, B KOoTOpoM cBEpTKa ucnob3yercs B L[OC, eé cinemyet
paccMarpuBaTh C JABYX MO3UIMH: II0 OTHOIIEHHWID K BXOJHOMY CHUTHAILY MW IO
OTHOUICHHIO K CHTHaly Ha BbIxoje. [IpeacraBnenue omepauuu CBEPTKH CO CTOPOHBI
BXOJIa CHCTEMBI MOJAPA3YMEBAET aHAIM3 TOTO, KAK KAXKABIM OTCYET BXOJHOIO CUTHAIa



BIUSACT Ha OOIIYIO peakiuio cucTeMbl Ha €€ Bbixojne. IIpencramieHue ornepanuu
CBEPTKH CO CTOPOHBI BBIXOJA, HAMPOTHB, O3HAYACT MOHUMAHHME TOTO, KaK KaXIIbIi
OTCYET BBIXOJHOTO CUTHAJIA 3aBUCUT OT COBOKYITHOCTH BXOJIHBIX OTCUETOB.

a) MHeepTvpyOWWi atTexoarop
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Puc. 4. Hcnonvzoeanue ceépmku 0151 onucanus npoyecca oopabomru CUSHALO08.
bonvwuncmeo  cucmem  IJOC  umerom odocmamoyno npocmele  UMNYIbCHbLE
xapaxmepucmuku. Ilpusedénuvie npumepvl NOKaA3vLIEAIOM, UYMO Oddce cucmema c
UMRYTIbCHOU XAPAKMEPUCMUKOU, UMeloujell IUuulb HECKOIbKO HEH)IeGblX OMCUYEMO8,
MOdHCEm 0Cyujecmsisims 3HavumenvHvle npeoopa3o8anus CUSHANO08.

CrnenyeT mOMHUTB, YTO 00a yKa3aHHBIX CIIocO0a aHallM3a B JEHCTBUTEILHOCTU
SABJISIFOTCSL JABYMsSI CTOPOHAMH OJIHOTO M TOTO JK€ MpoLecca — MaTeMAaTHYECKON
onepaunu cBEPTKHU. [IpeacraBnenre CBEPTKU CO CTOPOHBI BXOJHOTO CUTHAJA MTO3BOJISET
MOHATh OTPOMHYKO poJib 3TOoM mnpouenypsl B Teopun [IOC. B To xe Bpems
MPEACTABIICHHE CBEPTKH CO CTOPOHBI BBIXOJHOTO CUTHANA NA€T JETAIbHOE MOHUMAaHUE
e€ MaremaTuuyeckout cytu. B aTom nposiBiisiercst ogHa u3 tTunuuHbix 11t [JOC npobiiem:
MHTYUTUBHO TOHATHBIE MNPUHLUIBI IUGPOBOM 0O0paOOTKU MOMKHBI OBITH OMHCAHbBI
CIIO)KHBIM MAaTEMAaTHUYECKHM SI3BIKOM, YTOOBI Ballld WM MOTJIU CTaTh JOCTYITHBI

IPYTUM.
III. TIPAKTUYECKAA YACTb



B cucremax wmarematmyeckux Bbluucienuit Matlab unm Octave omnepaius
CBEPTKU MOXKET OBbITh pean30BaHa C MOMOIIbIO GYHKIIUUA CONV.
Hanpumep, ¢unetper BH u BH wmoryr ObITh peann3oBaHbl Kak CBEPTKA

COOTBCTCTBYIOIINX UMITYJIbCHBIX (I)YHKHI/II\/II C TCCTOBBIM CUT'HAJIOM:
graphics toolkit ("fltk");
t = 1:1:256;
x = 256 * sin(t * pi / 32) + 25 * sin (2 * t);
h 1p = sinc(-2:0.1:2) / 10;

imp = zeros(l, length(h 1p));
imp (round (length (imp) / 2)) = 1;
h hp = imp - h 1p;

subplot (3, 1, 1);
plot (x);

grid on;

xlabel ("n");
title ("x");

y = conv(x, h 1p, "same");
subplot (3, 1, 2);
plot(y);

grid on;

xlabel ("n");

title ("y");

y = conv(x, h hp, "same");
subplot (3, 1, 3);
plot(y);

grid on;

xlabel ("n");

title ("y");

figure;
plot (h 1p);

grid on;

xlabel ("n");
title ("h - ©HU");

figure;
plot (h hp);

grid on;

xlabel ("n");
title ("h - oBU");



B pesynbTaTe paOoThl NpeACTaBICHHOTO KO/Ia MOIYYUM CleayIolue rpaduku:
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Ha BepxHeu nmarpaMme NOKa3aH MCXOIHBIM CUTHAJ, HMXKE
CBEPTKH C UMITYJIbCHOM Xapakrtepuctukon @HY, a emé nmxe — PBY.

IV. 3AJIAHUE

pE3yNbTaT €ro

N3yuute onepanuo CBEPTKU U SKCIIEPUMEHTAIBHO MPOBEPHTE €€ CBOWMCTBA.

V. [IOPAAOK BBIITOJIHEHW A

1. U3yuuTh OCHOBHBIE MOJIOKEHUS TEOPUH CBEPTKHU TUCKPETHBIX CUTHAJIOB.

2. Brmmonaure CBépTKy TCCTOBOIO CHUTHAJIa C PA3JIMYHbBIMKU HUMITYJIbCHBIMHU

byHKIMAMU.

3. Brinonnure CBépCTKy TECTOBOI0 CurHajla ¢ CIAWMHHUYHBIM HMITYJIBCOM.
I[O6€I>iTCCB YCUJICHUA U CABUTI'A, 3@ CYCT UIBMCHCHUA CAMHUYHOIO CUTrHaJIa.

4. C nomompio CBEPTKUA OBITH BBHINOJIHEHUE NPEoOpa3oBaHMs, aHAJIOTUYHBIC
g depeHINPOBAHUIO U UHTETPUPOBAHUIO.

5. IlpoBeppte

CBOMCTBA KOMMYTaTUBHOCTH,

aCCOIMAaTHBHOCTH,

IUCTPUOYTUBHOCTH CBEPCTKH, a TAKXKE HEHTPATIBHYIO MPEACIBbHYIO TEOPEMY.
6. Crenaiite BBIBOJIBI O TIPOICTIaHHOMN padoTe.

VI. OOOPMJIEHUE OTYETA



OTY€T TOKEH COePKaTh:

- QITOPUTMBI ¥ JJUCTHHTH Pa3paboTaHHBIX IPOTPaMM;

- TpaMKK U MHBIC PE3YJIbTAThl YHCICHHOTO MOJICITHUPOBAHHS
- BBIBOJIBI TI0 MTPOBEAEHHOMN pabdoTe.

VIL. BUBJIMOT' PA®MYECKHNI CITMCOK

1. Cwmurt C. LHudpoas oOpaboTka curnanos. [IpakTuiueckoe pyKOBOACTBO s
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C.B. Butssesa, U.C, I'ycunckoro. — M.: Jlomaka-XXI, 2012. — 720 c.
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[IpakTuueckoe 3anatue Ne 6
OnHopoaHbie PUIbTPHLI

I. IIEJIb 1 3AJIAYUA
W3ydyeHne CHEeKTpalibHOTO aHalu3a IJUCKPETHBIX CUTHAIOB. Pacd€r cmekTpa
JTUCKpETHOTO cUTHAN B Matlab ¢ mpuMmeneHnem auckpeTHoro npeodpazopanus Oypne.

II. TEOPETUYECKUWE CBEJIEHUA

Oonopoonvle urbmpsl, WIH QuiIbmMpul CKOIb3AUE20 CPeOHe20, TIOTYyUUIIn
Hambosee mupokoe pacmpoctpanenue B L{OC, Gmaromapsi mpocToTe MX peau3alliu.
Kpome Toro, OHU SBISIOTCS ONTUMAIBHBIMU MIPH PEIICHUN TAaKOH KJIACCHYECKOH 3a1aun
HOC, kak mnoaaBlieHHWE aJJUTUBHOTO IIyMa MpPH OJHOBPEMEHHOM COXpPaHEHUU
CKOPOCTH HapacTaHUs MEPEXOAHON XapaKTEePUCTUKH. [IpyruMu ciI0BaMH, OJHOPOIHBIC
GuIBTPEI MPEBOCXOMAT BCE OCTAlbHBIE BHUABI HMUPPOBBIX (UIBTPOB MpPU 00pabOTKe
nHpOpMAaIUH, MPEACTABICHHOW BO BPEMEHHOH oOsactu. B To ke BpeMs 3Tu puiibTphl
OKa3bIBalOTCS Mano3(pheKTuBHBI Mpu 00paboTKe MH(POpPMAIIMK B YaCTOTHOM 00JIacTH,
TaKk KaKk HE CIOCOOHBI pa3leNiaTh MEXAy COOOW CHUTHANBI, JIeKallie B Pa3HBIX
Jrama3oHax 4actoT. MMeercss HECKONBbKO MOAM(PHUKAIUN OTHOPOIHBIX (DUIBTPOB, B
KOTOPBIX YaCTOTHasg W30MPATEIbHOCTh MOBBIIIACTCA 3a CYET YBEJIMYCHHS BpPEMEHU
00paboTKH.

OnHopoaHblie HepeKypCUBHBIE PUILTPLI

O0oHopoOoHble urbmpbl 9aCTO HA3ZBIBAIOT QUIbMPAMU CKOIb3AWE20 CPeOHezo,
MOTOMY 4YTO OHH OCHOBAaHBI Ha YCPEIHEHHWH HEKOTOPOTO MHOXECTBA OTCUETOB

BXOJHOI'O CUI'HaJia, 4TO Bblpa)KaCTC}I CJIGI[yIOHII/IM paSHOCTHLIM ypaBHeHI/ICM:
1 M -1
y[i]=ﬁ > i+ ] (1)

j=0
31ech X — BXOJHOM CHUIHAJ, ¥ — BBIXOJHOM cHUTrHaN, M — 4HCIO yCpEeIHSEMBIX
OTCYETOB. B TaHHOM ypaBHEHMHU BCE MCHOJIB3YEMBIE OTCUYETHI PACIIOJIOKEHBI IO OAHY
CTOPOHY OT PE3YyJIbTUPYIOIIETO BBIXOAHOIO OTCYETA.
Hampumep, nnst omnoponHoro ¢uibrpa 5-ro nopsiaka 10-if 0TCUET BBIXOAHOTO
CUTHaJa ONPENEIIAETCS CIEAYIOIUM YPAaBHEHUEM:
X[10]+ x[1 1]+ x[12]+ x[13] + x[14]
5
Bo3mokeH [pyroil BapHaHT IIOCTPOCHHUS OJHOPOJHOIO HEPEKYPCHBHOIO
¢uibTpa, IpU KOTOPOM BBIOMPAETCSI paBHOE YHMCJIO OTCYETOB BXOJHOIO CUTHAJIA IO 00€
CTOPOHBI OT TEKYILETO BBIXOAHOIO OTCYETA:
X[8]+ x[9]+ x[10] + x[1 1]+ x[12]
y10]= 5

y[10]=




Takomn BapWaHT YCPCAHCHHA CBsA3aH C HM3MCHCHHCM IIPCACIIOB BLIYMCICHHA

CYMMBbI B HCXO/IHOM BBIPQXXEHUH (PUIIbTpA:
M-2

il 1 &
Mil=— Z l+J
=

HecMoTpst Ha TO 4TO mporpamMma Jijis ajJrTOPUTMa OJHOCTOPOHHETO YCPEIHEHUS
HECOMHEHHO MPOIIE, JaHHBIA aJIFOPUTM MPUBOJUT K BOSHUKHOBEHHIO OTHOCHUTEIIHHOIO
C/IBUTa MEX/Ty BXOAHBIM U BBIXOHBIM CHTHAJIAMHU.

OnpHopoaHble (GMIBTPE — 3T0 (GUIBTPHI € CaMOH MPOCTOW  UMNYIbCHOL
xapaxmepucmukou. Harpumep, OJXHOPOIHBIA HEPEKYPCUBHBI (PHIIBTP S5-TO IMOPSIKA
MMeeT UMITYJILCHYIO XapaKTepucTuky Buna {..., 0, 0, 1/5, 1/5, 1/5, 1/5, 1/5, 0, 0, ...}. To
€CTh B OCHOBE OJIHOPOJHBIX HEPEKYPCHUBHBIX (DHIBTPOB JIC)KHT QJITOPUTM CBEPTKHU
BXOJIHOTO CHTHAJIA C TIPSIMOYTOJIbHBIM HMITYJIbCOM €IMHHYHOM TIIOMIA/IH.
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Puc. 1. ®yHKIMOHHPOBaHUE OJTHOPOAHOTO (HUIIBTPA.
OYHKIIMOHUPOBAHUE OJHOpOAHOTO (uiabTpa wutoctpupyer Puc. 1. Ha Bxoa
¢uabTpa MOCTYMAET CUTHAJ, MPEACTABIAIONUN COOON MPAMOYTOJIbHBIM UMITYJILC, UC-
KOKCHHBIA aJJINTHBHON IIyMOBOU momexoi (a). B pesynerare dumbrpanuu (6 u 6)
MOIIHOCTh IIyMa 3aMETHO YMEHbIIAETCS (MOJOKHUTENbHBIN 3()(EKT), HO BMECTE C TEM
CHUKAETCS KpyTHU3HA (PPOHTOB MMITysbca (oTpuniateabHbii ¢ dexT). Cpean Bcex -
HEWUHBIX (PUIBTPOB OJHOPOAHBIE (DUIBTPHI XapaKTEPU3YIOTCS HaMOOJee CHIIbHBIM IO-



JaBJICHUEM IIyMa MpHU 3aJaHHON KpyTu3He (GpoHTOB uMilyibca. KoadduiuueHnt mno-
JaBJICHUSl IIyMa PaBeH KBAJAPAaTHOMY KOPHIO M3 YHCJIa OTCYETOB, YYaCTBYIOLIUX B
ycpeadenuu. Tak, ¢uiabTp 100-T0 mopsiaka mo3BoiseT yMEeHbIIUTH 1iyM B 10 pas.

YacroTHasi XapaKTepUCTUKA OJHOPOIHOI0 puiibTpa

Ha Puc. 2 nokazana AUX odropooHoeo punompa. MaremaTudecku oHa BbIpaxka-
eTcst npeobpazosanuem Pypve OT PSIMOYTOIBHOTO UMITYJIbCA!

H(f)= sin(nfM )

M sin(mf) 2)

Cynsa no Puc. 2, cnan AUX oueHb MEIJICHHBIN, a 3aTyXaHUEe B 30HE HENpo3pad-
HOCTH CJIMIIIKOM Jajieko oT uaeana. CoBeplIeHHO OYEBHUIHO, YTO OJHOPOJHBIN (QUIBTP
HE MOXET ObITh MCMOJIb30BAH JJIs OTAEICHHS OJIHOTO YaCTOTHOTO Avarna3oHa OT APYro-
ro. He 3a0pIiBaiiTe, 4TO XOpoIiee Ka4ecTBO pabOThl BO BPEMEHHOM 00J1aCTH 0OBIYHO CO-
MPOBOXKIAETCS CIa0bIM pa3pelIeHueM B YaCTOTHOM oOnacTu 1 Hao0opoT. [Ipoie roso-
P, OTHOPOJHBIA (PYIIBTP SIBISCTCS CaMbBIM JIYUIIAM CeAaxCusaowum Guibmpom (BO
BPEMEHHOM 00J1aCTH), HO BMECTE C TEM U CaMbIM XyamuM HY-gurompom (B 4aCTOTHOM
obJsactn).
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Puc. 2. AYX onHopoanoro ¢uibrpa. OQHOPOAHBIN (UIBTP SIBIASETCS OYCHD
cmabbeim HU-punprpom: AUX cragaeT MeqjieHHO, 3aTyXaHHWe B 30HE HEMPO3PaYHOCTH
oueHb Maiio. [Ipu noctpoenuu rpaduKkoB UCIOIB30BANIOCH BhIpaxeHue (15.2).

MoaupuuupoBaHHbIe OJHOPOAHbIC (PUILTPLI



B cBoeil mpodeccoHanbHON JEATENBHOCTH  pa3pabOTYMKaM  LHUQPPOBBIX
(UIBTPOB NPUXOAUTCS UMETH JIEJ0 ¢ MHPOPMALIMEH, 3aJ105KeHHON JTUO0 BO BPEMEHHOM!,
7100 B YaCTOTHOM 00JIaCTH (KOOUposaHue 80 8peMeHHOU W 4acmomuol obaacmu), 1
HUKOTJIa HH(OpMaLKsa HEe pa3MeIlaeTcsl B 3TUX ABYX 00JacTsaX ogHOBpeMeHHO. OHaKo
BCTPEUAIOTCSA MPAKTUUYECKHE MPUIOKEHHs, B KOTOPBIX CHUTHAJI BCE k€ HEOOXOAMMO
paccMaTpuBaTh cpa3dy B ABYX oOsacTax. OJHUM U3 TaKUX «HEMNPUSATHBIX» MPUMEPOB
CIIY’KUT TEJIEBU3UOHHBIN curHan. Buaeoundopmanus kKoaupyeTrcss BO BpPEMEHHOMH
00J1acTH, TaK Kak pacrpejesieHrue IpKOCTHU 0 3JIeMEHTaM U300paKeHUs 3aKJI1aIbIBACTCS
B QopMy mnepeaaBaemoro curHaia. OpHako B Tpolecce Mepeaayd BUICOCUTHAla
OTPOMHOE 3HAYEHHE MMEET €ro YaCTOTHAsl CTPYKTypa: AUana3oH 3aHMMAaEeMbIX 4acToOT,
pa3JesieHne YacTOTHBIX JMAala3oHOB JJisi M300paXeHUM M 3ByKa, MOJABICHHUE U
BOCCTAHOBJIEHUE MTOCTOSSHHOW COCTABJISIOIIEH U T. II. [[pyruM npumepom sIBISIETCSA YUET
AIIEKTPOMArHUTHBIX TIOMEX, KOTOpbIE yJoOHEee aHaJlIM3UpOBaTh B YAaCTOTHOM, a HE BO
BpeMeHHO oOnacTu. TUNOBBIMM MOMEXaMH, HAlpUMEpP, Al OOBIYHBIX HAYYHBIX M
WHXXEHEPHBIX M3MEpeHMM, sBsAtoTcsa: Ha vactore 50/60 I'm — momexa OT cerei
anekTponutanus; Ha 4yactote 30 k[ — OT MMMOYJIbCHBIX HUCTOYHUKOB MUTAHUS;, Ha
gactoTe 1320 x['11 — co croponsl paauoctanimii FM-auanazona. Moouguyuposanmsie
OOHOpOOHble  (uarbmpsl  OTIUYAIOTCS OT OOBIUHBIX OoJiee UETKOM YacTOTHOM
JoKaJu3alued U MmodToMy MoOryT Ooisiee 3(p(GEKTHUBHO HCIOIb30BATHCS B MOJO0OHBIX
MPUIOKEHUSX.

Quibmpbl ¢ MHO20Kpamuou  0bpabomkou  TPENCTABIAIOT  COOOMU
MOCJIEIOBATEIBHOE COEIUHEHNE HECKOJIBKUX OJJHOPOAHBIX (DUIIBLTPOB, T.€. OJJHA U Ta ke
npoleaypa OJHOPOAHON QPUIBTPALIMU MMOBTOPSIETCS B HUX MOCJEI0BATENLHO HECKOJIBKO
pa3. Ha Puc. 3a nokazansl umnynschsie xapakmepucmuku, TOCTPOCHHbIE ISl PUIBTPOB
C OJHOM, ABYMsSI M YETBIPHMS CTYIMEHAMU 00pabOTKU (Kaxaasi CTyNeHb — OJHOPOIHBIN
¢bunbTp 7-ro mopsiaka). [lpu Hanuuuu ABYX CTyneHeW QUIbTP UMEET TPEYroJbHYI0 M-
IyJIbCHYIO XAapPaKTEPUCTHUKY, IOCKOJbKY TPEYrojbHas XapaKTEPUCTHUKA MOXET ObITh
IIPEAICTABIICHA KaK Pe3yJIbTaT CBEPTKU ABYX NPSIMOYIOJIbHBIX XapakTepucTuk. [Ipu yBe-
JUYEHUH KOJIMYECTBA CTYIEHEW A0 4eThIpEX U Oosiee (hopmMa UMIYIBCHON XapaKTepuc-
TUKW TpuoOmmkaeTcs Kk Gopme kpusoiu [aycca (COTIACHO YeHMPAnbHOU NPeoesbHOU
meopeme). Ilo nepexoouvim xapaxmepucmuxam (6) BUAHO, UYTO IS (PUIBTPOB C
MHOTOKPAaTHON 00pabOTKOM XapaKTepeH S-0O0pa3HbIN MEPEXOIHBIN MPOIECC B OTINYHE
OT OJTHOPOAHOTO (UIBTPa, KOTOPOMY COOTBETCTBYET JIMHEWHO HapacTaroIlas peaKiusl.
YacToTHbIE XapaKTEPUCTHKH, NpPHUBEACHHBIE HA pUCYHKE (B M &), IOJYy4YEHBI B
pe3yibTaTe MHOTOKpatHoro ymHoxeHus: AYUYX BolpaxkeHuss (2) Ha camy ceOs.
YMHOXKEHHE TMPOU3BOJUTCA CTOJIBKO pa3, CKOJBKO IMOCJIEI0BATEIbHBIX 3BEHBEB
conepxutcs B uibrpe. Takoil moaxo oka3bIBaeTCsi BO3ZMOXKHBIM B CHIIy TOTO, YTO
KOKJI0M omepanuud CBEPTKA BO BPEMEHHOM 00JacTM COOTBETCTBYET OIlepainus
YMHOKEHUS B YaCTOTHOM 00J1acTy.
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Puc. 4. JIAYX dunsrpoB biskmana u [Maycca.

Puc. 15.3. XapakTepucTHUKu OJHOPOIHBIX (PUIBTPOB C MHOTOKPATHOU



€CTECTBEHHOI'0, TaK M HCKYCCTBEHHOT'O IPOMCXOXKJECHUS OYEHb YacTO OIMCBIBAKOTCS
KkpuBoi ['aycca.

Kakue xe npenMyIecTBa XxapakTepHsl U1 pACCMOTPEHHBIX BbIIIE MOAU(PUKALIA
OJTHOPOAHBIX (MIbTPOB? OCHOBHBIX IMPEUMYIIECTB — TpU. Bo-mepBbix, Moauuupo-
BaHHbIE OJTHOPOAHBIE (PUIBTPHI MO3BOJSIIOT JOCTUYD OOJIBLIETO MOAABICHUS B 30HE HE-
MPO3PAYHOCTH, YEM OOBIYHBIE OJHOPOIHBIE (UIBTPHI. BO-BTOPBIX, UX MMITyJIbCHAS Xa-
paKkTEepUCTHKA Ha Kpasx IUIABHO CXOAUTCA K Hys0. Kak Bbl MOMHUTE, KaXblii OTCUET
BBIXO/IHOTO CHUTHAJIa ONPENENSIeTCS B3BELIEHHOW CYMMOM I'pyNIbl BXOJHBIX OTCYETOB.
[ToaTOMy CXOIMMOCTb K HYJIIO UMIYJbCHOM XapaKTEPUCTUKH O3HAYAET, YTO OTCUETHI,
OJIM3KHE K LIEHTPY TaKOW I'PYIbl, OKa3bIBAIOT 00Ji€€ CUIBHOE BIMSIHHME HA (OPMUPO-
BaHHE BBIXOJHOTO OTCUéTa. B-TpeThuX, mepexoaHble MPOoLecchl MOAU(PHUIIMPOBAHHBIX
buIbTPOB OKa3bIBAIOTCS OoJiee MIABHBIMH U HE MUMEIOT pe3kux u3rubos. [locnemnue
JIBa IPEUMYILIECTBA MEHEE BAXKHBI, XOTs, HaJl0 3aMETUTh, CYLLECTBYET pAJl IMPHIIOKE-
HUi1, B KOTOPbIX OHM OKa3bIBAIOTCS OUEHD I10JIE3HBIMHU.

Moau¢uuupoBaHHble OTHOPOAHBIE PUIBTPBI U OOBIUHBIE OJHOPOAHBIE (PUIIBTPHI
HPOSIBIISIOT MPUOJIM3UTEIBHO PaBHBIE BOBMOKHOCTH TP PELLIEHUH 33]1a4M 110JIaBICHUS
IIymMa IMpU OJHOBPEMEHHOM COXPAaHEHUM CKOPOCTH HapacTaHMs IEPEXOJHON Xa-
pakTepucTuku. ToyHOE pelieHne Bonpoca, Kako U3 (PUIBTPOB JyYIle, CBSI3aHO C TEM,
KaKuM 00pa3oM Mbl U3MEpSieM IIUTENBbHOCTb nepexooHo2o npoyecca. Ecnu cuurtars,
YTO NEPEXOAHBIA MPOLECC — ATO BPEMS HAPACTAHUS MIEPEXOTHON XapakTepUCTHKU OT 0
10 100% e€ ycTaHOBUBIIErOCs 3HAUEHHS, TO MPEUMYILIECTBO OKa3bIBAETCS HA CTOPOHE
OOBIYHOTO OJAHOPOAHOIrO (UIBTPA, KaK ObUIO MMOKa3aHO BbILIE. Eciin AIUTENBHOCTS Ie-
PEXOAHOI0 IpoLEecca U3MEPATh HHTEPBAJIOM BPEMEHH, B TEUEHUE KOTOPOIO NEPEXO0IHAS
xapakrepuctrka HapactaeT or 10 go 90% cBoell yCTaHOBUBILIEWCS BEIUYUHBI, TO
¢bunsTp badKMaHa HECOMHEHHO MPEBOCXOIUT OJHOPOIHBIN (uiIbTp. Tak 4TO Crop Imo
3TOMY BOIIPOCY HOCUT HUCKIIOYUTEIBHO TEOPETUUECKHI XapakTep.

Haunbonee 3amMeTHBIM SIBIISIETCS pa3inune B 00BEMAX 8bIYUCTUMENbHBIX 3aMPAM.
PekypcuBHbIE OIHOpPOAHBIE (DHUIBTPBI, pedYb O KOTOPHIX MOWIET Jajnee, MOTyT C
JETKOCTBIO OBITh pealn30BaHbl HA OOBIYHOM IIEPCOHAIBHOM KOMIIBIOTEpPE. DTO Camble
HSKOHOMHBIE II0 BBIYMCIUTENBHBIM 3aTpaTaM (QUIbTPhL. 3aTpaThl HAa peaIU3aLUI0
(GUIBTPOB C MHOTOKPAaTHONM 0OpaOOTKON HECKOJIBKO OOJbILIE, HO BCE KE HEBEIMKU. A
BOT ¢uibTpel ['aycca u biaskmana TpeOyroT oueHb OOJBIIOr0 00bEMa BEIYUCIICHUH, TaK
KAaK OCHOBAHbI Ha ONepalny CBEPTKH.

OnHopoaHbIe peKypCcUBHbIE (PHILTPLI

OnHopoaHble (QUIBTPHl MMEIOT OJHO Ba)XXHOE NPEUMYIIECTBO NEPE] BCEMHU
JAPYTUMHU: JUISl HUX CYIIECTBYET CaMblil POCTOM aJIFOPUTM pean3aliu, KaKol TOJbKO
MO>KHO NPUAYMaTh. YTOOBI OHATH 3TOT AJITOPUTM, PACCMOTPUM CIIEIYIOIINUNA TPUMED.



IlycTp curHanm x mocTymaer Ha BXOJA OJHOPOJHOIO HEPEKYPCUBHOIO
¢unbpTpa mATOrO0 MOpsAKa, y — peakuus 3toro ¢unstpa. Torga orcu€rsl y[10] u

y[l 1] BBIPpAKAIOTCA COOTHOIMICHUSAMU
x[8]+ x[9]+ x[10]+ x[1 1]+ x[12

X[9]+ x[10]+ x[11]+ x[12] + x[13]
5

OTU BBIPAXKEHHS] BO MHOTOM IMOBTOPSIIOT APYT JApyra, MOCKOJbKY OTCUETHI

yi]=

9...12 ucnons3yrorcs s Beruuciaenus U y[10], u y[11]. Ecnu y[10] yxe HalizeH,
TO CyHIECTBYeT Oosiee 3PPeKTUBHBIN cr1ocO0 BHIYMCIUTD Y[11]:

M1 = 10— 8 x[f]

Ecmn nanpeno 3nauenwe y[10], To y[l11] mpome BCEro BBIPA3UTH 4YEPE3

Hero. To e camMoe OTHOCHTCS W K TOCIEAYIOIINM OTCUETaM BbIXOJAHOU
MOCIIEIOBATENBPHOCTH. ECiiM HallAEH OAWH OTCUET BBIXOJHOTO CUTHANIA KaXKIbII
MOCJIETYIOUIUN MOXKET ObITh HAMJIEH B PE3yJIbTATE€ OJHON OMEpalMU CIOXKEHUS U
OJIHOM omnepaluy BHIYUTAHUS:

Kak BuanM, 3TOT aJIrOpUTM HMCHOJIB3YET JIBa UCTOYHHMKA JAHHBIX: OTCUETHI
BXOJIHOW TIOCJIEIOBAaTEIbHOCTH W HAWJCHHBIE pAHEE OTCYETHI BBIXOJHOU
MOCJIEIOBATEILHOCTH. AJITOPUTM, B KOTOPOM HaWJIEHHBIE Ha MPEAIICCTBYIOIMINX
UTEPAIUAX OTCUETHI BBIXOJHOM TOCIIEIOBATEIHPHOCTU TAKXKE WCIOIB3YIOTCS IS
BBIYHCIICHUST TOCJEAYIOMUX OTCYETOB BBIXOAHOTO CHTHAja, HA3bIBAETCS
pexypcusHoiM. OIHAKO OJHOPOJHBIE PEKYPCUBHbIE (DUIBTPHI CYIIECTBEHHO
OTJIMYAIOTCS OT OCTAJIbHBIX PEKYPCUBHBIX (PUIBTPOB. B wacTHOCTH, umnynsvcHas
Xapakxmepucmuxka OAHOPOJHBIX (GUIBTPOB UMEET BU MIPSIMOYTOJILHOI'O UMITYJIbCA,
T. €. 3TO @uibmpul ¢ KOHEUHOU UMNYIbCHOU Xapakmepucmukou, uin KHX-
Gunempsl, B TO BpeMs KaK peKypcusHvie @uibmpul 00pa3yroT kiacc bHX-
Gunempos, a UX UMIYJIbCHas XapaKTEPUCTUKA WMEET OECKOHEUHYIO IJIUHY W
MPEACTABISICTCSI HAOOPOM CHUHYCOU/I U SKCIIOHEHT.

[I. ITIOPAJOK BBIIIOJIHEHUM A
1. I3yunTh OCHOBHBIE TEOPETUYECKHUE CBEACHHUS O OJTHOPOIHBIX (PUIbTpaX.
2. Peanu3oBath HEpEeKypCUBHBIA (PUIBTP CKOJB3SIIETO CPEAHEro Mo 5-0ro,
10-oro u 50-oro nopsinka B cucteme Matlab unu Octave.
4. IIpoBepuTh paboTy PUIBTPA HA TECTOBOM CHUTHAJIE.
5. Ouenutsb ObicTposeiicTBUE U 3(D(PEKTUBHOCTD HUIBTPA.



6. PeanmmuzoBath MOIuGUIIMPOBAHHBIN BAPHAHT OJHOPOAHOTO (PHIIBTpA.
7. Peanu3oBaTh peKypCUBHBIN BapuaHT GUIBTPA CKOJIB3SIIETO CPETHETO.
8. CpaBHUTH pa3IMYHbIC BAPUAHTHI peasi3allii OJHOPOIHBIX (PUILTPOB.
9. Cnenathb BEIBOEI.

IV. OOOPMJIEHUE OTYETA
OTYET AOJIKEH COAEpKaTh:
- aITOPUTMBI U JIUCTUHTH MPOTPAMM peann3auu (UiIbTPOB;
- TpaduKH, TTOTYyYEHHBIC B PE3YyJbTAaTe YUCICHHOTO MOJICIMPOBAHUS PAOOTHI
CHUHTE3UPOBAHHBIX (DUIBTPOB;
- BBIBOJIBI 10 TIPOBEAEHHOM paboTe.

V. BUBJIMOI' PAOGUYECKHNH CITMCOK

1. Cmur C. IudpoBas o6pabotka curHamoB. I[IpaxTuueckoe
PYKOBOJACTBO [IJIsl MHKEHEPOB W HaydHbIX paboTHUKOB / CtuBeH CwmuT; mep. ¢
anri. A.JO. Jlunosuua, C.B. Bursazesa, 1.C, I'ycunckoro. — M.: Jlomska-XXI,
2012.-720 c.

2. Ywmusmikud C.B. MicHoBbl ¢ poBoil 00pabOTKU CUTHAJIOB: Y4eOHOE
nocooue // M.: TEXHOC®DEPA, 2016. — 528 c.

3. Jlaiionc P. Hudposas obpabotka curnanos. [lep. C anrin. — M.: OO0
«bunom-IIpecc», 2015. — 656 c.

4. OcHoBbl 11 pOBOI 00paboTku curHanoB: Kypc nexuuii / ABTOpBI:
A.UN. Cononuna, [.A, Ynaxosuu, C.M. Apby3oB, E.b. ConoséBa, U.1. I'yk. —
Cn6.: BXB-ITerepoypr, 2003. — 608 c.

5. INapzuxoBckuit B.W. I{udposas ob6padotka curnaios. — M.: COJIOH-
[MTPECC, 2015. - 766 c.



IIpaktnueckoe 3ansatue Ne 7
PexkypcuBHbIe PUABLTPBI

I. HEJIb 1 3AJAYN
CuHTE3 1 HCCIIeIOBAaHNE OTHOIOIFOCHBIX PEKYPCUBHBIX (DUITBTPOB.

II. TEOPETUYECKUE CBEJIEHU A

Pexypcuenvie gpurompui, B OTINYHE OT HEPEKYPCHUBHBIX, HE HCIIOJIb3YIOT
OMepalui0  c6épmKU  BPEMEHHBIX  MOCIEAOBATENIbHOCTEH,  TPEOYIOIIYIO
3HAYUTEIBHBIX BBIYMCIHUTENBHBIX 3aTpaT. 1103TOMy MX NpUMEHEHHE MOBBIIIAECT
BBIYHMCIIUTENBHYIO 3(()EKTUBHOCTh AITOPUTMOB (DUIIBTPALIMH, HO TPU STOM MOTYT
BO3HUKATh 3HAYUTENIbHBIE OrPAHUYEHHS] MO PEAJTbHO JAOCTHKHUMON TOUYHOCTH
BOCITPOU3BEICHUS JKEJIAEMbIX YaCTOTHBIX XapaKTEPUCTHK. PexypcuBHBIC (DUITBTPHI
OTHOCATCS K KJIAcCy IMENeH C OecKOHeUHOU UMNYIbCHOU XApaKmepucmurKou
(bUX). WmnynbcHas xapakrtepuctuka bUX-punbTpoB ckiaabiBaeTcss U3
MHOKECTBA CHUHYCOMJI, aMIUIMTyJa KOTOPBIX YOBIBAET MO 3KCIOHEHIUAIHLHOMY
3akoHy. DopMa MMIYJIbCHOW XapaKTEPUCTHKU SIBIISIETCS OCHOBHBIM OTJIMYUEM
PEKYpPCUBHBIX (PUIBTPOB OT (QUIBTPOB, TOCTPOCHHBIX HA OCHOBE CBEPTKH,
KOTOpBIE OOpa3yloT, B CBOIO O4YEpedb, KJacc LENEeH C KOHEeUHOU UMMNYIbCHOU
xapaxkmepucmuxou (KUX).

[Ipeanonoxkum, BaM  HEOOXOJWMO  BBIACIUTh  WH(OOPMAITMOHHYIO
COCTaBJIAIOLLYI0, COAEPIKAILLYIOCS B CUTHAJIE X.

CampIM OYEBHUIHBIM HCTOYHHUKOM JAHHBIX SIBJSIFOTCSI OTCUETHI BXOJHOU
MOCIIEI0OBATENBHOCTH: Xx[n], x[n —1], x[n —2],... IMEHHO Tak U MPOUCXOAUT MNPU
pacuere OAHOPOIHBIX (DUIBTPOB, HO MOKHO IMOJIB30BATHCA U APYTUM UCTOYHHKOM
JAHHBIX — MpEAbLTYIIUMH oTCU€TaMu BBIXOJJTHOTO CUTHaJIA:
y[n-1], y[n—-2], y[n—3],... B pe3ynbTare y4éra AOMOJHHUTEIbHONH WH(OOpPMAIUN
ITOPUTM MIPUOOPETAET HOBBIA BUI:

y[n]=apx[n]+a;x[n =11+ ayx[n =21+ ...+ by y[n = 1]+ by y[n — 2]+ by y[n = 3] +...

B oOmem cnyyae pekypcuBHble (UIBTPHI BO BPEMEHHOM 00JacTH
OMUCHIBAIOTCS JTUHEHHBIMHU PA3HOCTHBIMU YPABHEHUSIMU BUJIA!

Mnl= X bln—i= X, a,yln k]

b

r7e x[n] — OTCUeThl BXOJHOTO BO3JCUCTBUS; y[n] — OTCUETHI peakuuu; {b;,
a;} — BEIIECTBEHHbIE KOA(P(UIIMEHTHI, MOJHOCThIO omnpenenstonue cpoiictra [{D;
M u N — KOHCTaHThI, 3aJIal0IIle CI0XKHOCTh (Topsiaok) LD; x[n —i] u y[n —k] —



OTCUETHl BO3JCHCTBHS M pEaKIUH, 3aJepKaHHble Ha [ W Kk TEpPUOAOB
JUCKpeTu3auu 7' COOTBETCTBEHHO.

Teneppr  3HaueHHME  KaXIOr0  OYEPENHOTO0  OTCU€Tra  BBIXOJHOMU
MOCJIEIOBATEILHOCTH BBIYUCISIETCS NYTEM YMHOXEHHUS OTCUETOB BXOJHOIO
curHayia Ha KOA(DPUIIMEHTHI a; W YMHOXXCHHS TIOJYYCHHBIX Ha TMPEIbIITYIIHX
UTEpaLUAX OTCYETOB BBIXOJHOTO CHUTHAaja Ha KO3 ULMEHTHI b; ¢ MOCIeay0muM
CYMMHUPOBAHHEM BCEX MPOM3BEICHUN. 3aMeThTe, 4YTO KoddduimeHT by He BXOAUT
B BBIPAKEHHUE, TaK KaK COOTBETCTBYET TEKYLIEMY OTCUETY BBIXOJHOTO CHUTHAJIA.
Takue QuiabTpbl Ha3BIBAIOT PEKYpPCUBHBIMU (PuiabTpaMu. KosdduiiueHts! a; u b;
SBJISIIOTCSL €r0 BeCOBBIMHU Kod(hduimentamu. [lopsiaok pekypCcUBHBIX (DUIBTPOB,
KaK MpaBWiIO, HE MpeBbIMaeT 12, 4yTo CBS3aHO ¢ MpoOJIeMO ycTouMBOCTH (Ha
BbIXOJIe¢ (DUiIbTpa MOTYT BO3HHKHYTh HEKOHTPOJIMPYEMBIH POCT CUTHAJIA WU
CBOOOJTHBIE KOJICOAHNS).

['maBHOE JOCTOMHCTBO PEKYPCHBHBIX (DUIBTPOB 3aKIIOYACTCSI B TOM, YTO
Opu WX peanu3anuu ynaércs u30eXaTb HCIOJIb30BaHUS ONEpaluu CBEPTKH,
TpeOyrolield OOJBIIOr0 KOJIUYECTBAa apudMeThdyeckux omnepanui. Jns npumepa
NOJAIMM Ha BXOJ PEKYPCUBHOTO (UIbTPA JIUCKPETHYIO JeNbTa-QYHKIUIO
(emMHUYHBIN MMITyJbC). Peakiueld Ha Takoe BO3JECHUCTBUE OYylIeT HMMIYJIbCHas
XapakTepucTuka (GuibTpa, KOTOpas NPEACTaBIsIeT COOONW CHHYCOUAAIbHBIC
KoieOaHusi ¢ YyOBIBarOmIe IO OSKCHOHEHUUAIbHOMY 3aKOHY aMILTUTYIOM.
[TockonpKy Takasi HMITyJbCHas XapaKTepUCTHKa OECKOHEYHa TI0 BPEMEHH,
pPEKypCUBHBIE (HIBTPHl HA3bIBAIOT (UIBTPaMU C OECKOHEYHOW HWMITYJIbCHOM
xapaktepuctukoit (BMX). B nelcTBUTENIBHOCTH MPOUCXOIUT CBEPTKA BXOHOTO
CUTHaJIa ¢ OECKOHEYHOM HMMIYJbCHOM XapaKTEpPUCTHKON MpU KOHEUHOM YHCIIE
BECOBBIX KO3(P(HUIIMEHTOB.

B3auMocBs3bp MEXIy HMMIYJIbCHOW XapaKTepUCTUKOM (QuiibTpa U ero
BECOBBIMU KO3 PUIIMEHTaMU ompeensieTcs npu mnomouy Z-npeodpazoBaHus. Z-
npeoOpa3oBaHUE MCIONB3YETCs AJISl PEIIeHMs CIEAYIOIIMX 3a/Jay: OIMpeleieHHe
YaCTOTHOW XapakTepUCTUKU 10 BECOBBIM KOIPPUIMEHTaM PEKypPCHBHOTO
¢bunbTpa, 0OBEAMHEHUE MOCIEA0BATENbHBIX U MApaJUICIbHBIX 3BEHHEB B €IUHbIN
GbuIbTp, NPOEKTUPOBAHUE PEKYPCUBHBIX CHCTEM, TMOBTOPSIOIIUX [0 CBOUM
CBOMCTBaM aHajoroBele (GuiubTpel, U T. A. K coxanenuto, Z-npeoOpazoBaHue
TpeOyeT crelualbHbIX 3HAHUN M3 00JIACTU BBICIIEH MaTeMaTUKU U OKa3bIBAETCA
JUIS MHOTHX CJIHIIKOM CIOXHBIM. JlaHHOE€ mpeoOpa3oBaHue CO3MaHO IS
cneruanucToB B ooiactu [{OC u mudpoBbix cuctem.

OIHONOTIOCHBINA PeKYPCUBHBIN QUILTP
[Ipumep oanomomtocHoro HY-punbTpa mnokazan Ha puc. 2. ITOT
PEKYPCUBHBIN (UIBTP MMEET BCETO JIBA BECOBBIX KOAPUIIMEHTA, TPUHUMAIOLIUX



3HadyeHus ap = 0,15 u b; = 0,85. Tlonanum crynenvaroe BxoaHoe Bo3aeicTeue. Kak
W CJIeIOBAJI0 OXHJaTh, BbIXxoAHas peakuus HY-puibTpa mimaBHO HapacTaeT a0
HEKOTOPOTO YCTAaHOBUBIIIETOCS 3HAYCHHUS.
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Puc. 2. Onnonomntocusiii HU-dunptp.

JIOCTOMHCTBO PEKYpPCUBHOTO METOAAa COCTOMT B TOM, UYTO, MEHSS BCETO
HECKOJIBKO TapaMeTpoB, MOXKHO CO37aBaTh CaMble pa3HbIE HUMITYJIbCHBIC
XapakTepucTuku. DuiabTp, XapaKTepUCTUKH KOTOPOro MpPHUBEIEHbI Ha pHC. 3,
umeet Tpu kodddurmenta: ap = 0,93, a; =-0,93 u b, = 0,86.

Pazymeercs, Takue QUIBTPHI BaM OYEHb XOTEIOCh Obl MMETh B Habope
noctynmablx uHCTpyMeHTOB [[OC. X MOXXHO HCMONB30BaTh MpH 00pabOTKe
U(pPOBBIX CHUTHAJIOB Tak ke, Kak RC-Ienu UCHONB3YIOTCS B aHAJOrOBOM
obpabotke. Pemaembie 3amgaun: yCTpaHEHHE TIOCTOSHHOW —COCTAaBIISIONICH,
M0JIaBJICHHE BBICOKOYACTOTHOTO IlIyMa, OpMUpPOBaHUE OTHOAIOIIEH, CTTIa)KUBAHHE
U T.0.
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Puc. 3. OnnonontocHsiii BU-hunsTp.

Jis Takux QWIBTPOB JIETKO HAmUCaTh MPOTpaMMy, OHHU HE TpeOyloT
OOJBIINX BBIUMCIUTENBHBIX 3aTPaT U B MPOILIECCE UCIOJIb30BAHUS MPAKTUUYECKU HE
MPENOHOCAT HENPUATHBIX CIOpIpuU30B. s pacuéra BecoBBIX KOI(P(HUIIMEHTOB
MIPUMEHSIIOTCS CIIEAYIOIINE IPOCTHIE YPABHEHHS:

ap = 1 — X,



b; =x. (2)
OpmnonomtocHbit HU-punsTp. ®opMa UMIyIbCHOM XapaKTEPUCTUKH
onpenensaercs napamerpom x = 0..1.

ao = (1 +x)/2,
a;=—(1+x)/2, 3)
blzX.

XapakTepucTUKu Takux (uiabTpoB ompenenstorcs mapamerpom x =0...1.
@u3nyecKnii CMBICI ITapaMeTpa X — OTHOCHUTENIBHOE 3aTyXaHWE Ha HMHTEpBaJe
MEXIy coceqHUMH oTcuéramu. Hampumep, y ¢unptpa Ha puc. 19.3 x =0,86,
BCJICJICTBUE YEro KAXKJBIM 0YEPEAHOU OTCUET UMITYJIbCHOM XapAaKTEPUCTUKU PABEH
npeabaymeMy, yMmHo)keHHOMY Ha 0,86. Uem Oomblie X, TEM MEIJIEHHEE cha.
Ecnu x Gonpliie enuHUIbI, GUIBTP OKa3bIBAETCS HEYCTOMUMBBIM. B 3TOM cityuae
HOSIBJICHWE JII0OOr0 HEHYJIEBOIO OTCuéTa Ha BXOAE (QUIbTpa NPUBEIET K
NEPETIONHEHNIO (IOSIBJIIEHUIO CIIUIIKOM OOJIBIINX 3HAYEHU) Ha BBIXO/JIE.

[TapameTp X MOXeET OBITh 33aJaH HEMOCPEACTBEHHBIM O0Opa3oM, a TaKke
MOJKET OBITh BBIPAKEH 4Yepe3 IMOCTOSHHYI BpemeHH ¢umibTpa. Bemnmuumna R-C
UMEET Pa3MEpPHOCTh BpeMeHH, U B npoctedmmx RC-mensx oHa COOTBETCTBYET
UHTEpPBAJIY BPEMEHHU, 4YEPEe3 KOTOPBIM OTKIOHEHHE aMIUIUTYJbl BBIXOJIHOIO
CUTH&JIA OT YCTAHOBUBILIEIOCS 3HAYEHMsI COKpAIAeTCs B XOJE MEPEXOJHOIO
nporecca 10 36,8% oT mnepBoHavyaibHOW BenuuuHbl. Ecnu d — mocTosiHHas
BPEMEHU, U3MepsieMasi YHUCIOM OTCYETOB IUCKPETHOIO CUTHAJa, TO UMEET MECTO
CJIEIyIOIIEE PABEHCTBO:

x=e 4 (19.4)

OtHOcuTENbHOMY 3aTyXxaHuio X = 0,86 COOTBETCTBYET MOCTOSIHHASI BPEMEHU
d = 6.63 muckpetHbix orcu€roB (puc. 19.3). Kpome toro, Mexay x u 4actoTon
cpesa, onpeaensieMoi Ha ypoBHE — 3 b, CylIecTBYET B3aUMOCBSI3b:

x=e e (19.5)

N3 ckazanHOTO ciienyeT, yTo KO3 UIIMEHTHI a; U b; MOTYT OBITh BBIPAKECHBI
yepe3 CleAylollde TpU MapaMerpa: MOCTOSHHYIO BPEMEHH, 4acTOTy cpe3a Hu
HEIMOCPEJICTBEHHO Yepe3 OTHOCUTEIBHOE 3aTyXaHUE X.

[Tpumep paboOThl PEKYPCUBHBIX OJHOIOIIOCHBIX (PHIBTPOB WILTIOCTPUPYETCS
Ha puc. 4. BxoaHoil curHai (a) mpeAcTaBiseT CcOOOM TIIAJKyH0 KpHUBYIO, Ha
KOTOPYIO Ha MPOTSHKEHUHM KOPOTKOIO MHTEPBajia BPEMEHU HAKJIAbIBAETCS BCILJIECK
0onee Bbicokoi yacToTel. C momomsio HY- u BU-QuiabTpoB MOXKHO pa3aenuthb



KOMIIOHEHThI BXOJHOro curHaima (0), HO BCE e KadecTBO (puiIbTpanuu
OKa3bIBAECTCSI HU3KUM, KaK U IIPU MCIOJIb30BAHUM aHAIOTOBbIX RC-1ienei.
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Puc. 4. Ilpumep paboThl OAHOMOIIOCHBIX PEKYPCUBHBIX (DUIBTPOB.

Ha puc. 5 mokazansr AUX 0AHOMOMIOCHBIX PEKYPCUBHBIX PUIBTPOB. UTOOBI
MOJyYUTh YACTOTHYIO XapaKTEPUCTUKY PEKypPCUBHOrO (UIbTpPA, CHAYasla HaXOAST
€ro HMMIYJIbCHYI) XapaKTepUCTHKY KAK PEaKUUI0 Ha E€OUHUYHOE HMITYJbCHOE
Bo3jaeiicTBue. 3arem mnpuMeHsitor bBII®D, 4ToObl mnepeliTH OT HMIYJIbCHOU
XapaKTEepUCTUKU K YaCTOTHOU. TeopeTuueckn NMITYJIbCHASI XapaKTEPUCTUKA UMEET
OCCKOHEUHYI0 JUIMHY, HO B pEAJIbHOCTH depe3 wuHTepBaid, B 15..20 pa3
NPEBBIIAIONINA [TOCTOSIHHYI0 BPEMEHHM, OHA 3aTyXaeT HM)KE YPOBHS IIYMOB
okpyrienus. Hampumep, mist d = 6.63 orcu€ra B UMITYJIBCHOW XapaKTEPUCTUKE
3HAYalMMHU OCTAOTCS TOJIBKO OKOJIO 128 0TCUETOB.

Ha puc. 5 xopomo 3ameTrHa BaxHas OCOOEHHOCTh OJHOTMOJIOCHBIX
PEKYPCUBHBIX (DUIIBTPOB, 3aKIIIOYAIONIASICS B CIA0bIX BO3MOMXHOCTSIX pa3AeiIeHUs
YaCTOTHBIX JUANA30HOB. DTU (UIBTPHI OTIUYHO MPOSBISIIOT ceOs Mmpu 00padoTke
CUTHAQJIOB BO BPEMEHHOU 00JI1acTH, HO OKa3bIBAIOTCA HEJOCTATOYHO MOIIHBIMU B
3ajlayax ~ YacTOTHOW  cejnekuud. HekoTroporo  yiydileHHss  4aCTOTHBIX
XapaKTEPUCTUK  TO3BOJISIET  JOCTHYb  HMCIOJIb30BAHUE  MOCIEAOBATEIBHOIO
(KacKaJIHOTO) COEIUHEHUS HECKOJBKUX OJHOIONIOCHBIX (PUIBTPOB. 37€Ch
BO3MOXKHBI JIBa crioco0a. Bo-nepBbiX, CUTHAI MOXKHO MPOIMYCKaTh 4epe3 OAUH U
TOT K€ (UIBTP HECKOJbKO pa3. Bo-BTOphIX, BOCHIOIB30BaBIIUCH Z-
npeoObpa3oBaHUEM, MOXKHO HaWTU BECOBbIE KOID UIIMEHTH  ITUPPOBOTO
PEKYpPCHUBHOTO bunbTpa, HKBUBAJICHTHOTO () CBOUM CBOMCTBaM
MOCIIEIOBATEILHOMY COEAMHEHHIO HECKOJbKUX 3BeHbeB. (O0a MeToaa XOpOoILIo
paboTalOT ¥ HaxomAT MmUpPOKoe mpumeHeHue. Ha puc. 5B mokazaner AUX 4-
KackaaHbIX pekypcuBHbIX HU-hunbTpoB. XoTs 3aTyxaHue B 30HE MOaBICHUS TpU
nepexoie K KackagHoil ¢GopMme MOCTPOCHMsSI 3HAYUTEIBHO YBEJIWYUBAETCA,
NEpEXO/IHAasl 30HA IIO-MPEXKHEMY OCTaBJISET JKenaTh Jydmiero. Ecim Bam



HEOOXOJMMO TOBBICUTh KauyeCTBO B YaCTOTHOW OOJACTH, OPUEHTUPYWUTECHh Ha
ucrojb3oBanue GuibTpoB YeoOniiiena.
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Puc. 5. AUX 0o1HOTIOMIOCHBIX (PUIIBTPOB.

Muorokackaguabeii HU-punbstp comoctaBum ¢ ¢uiasTpamu bidkmana u
["aycca, sBiasrommmucs MoaudukanusmMu oaHopoaHbix KUX-dunerpos, HO npu
TOM OH TPeOyeT CYyIIeCTBEHHO MEHBIINX BBIUUCIUTEIBHBIX 3aTpaT. [ pacuéra
4-KacKaJgHOTO HY-pumprpa  MOXHO BOCTIOJIb30BAThCS CHEAYIOLUMHA

YpaBHEHUSIMU:
ap = (1'X)4,
b, = 4x,
b, =-6x7, (6)
b; = 4x°,
b, = -x".

CpaBHUM OOHOPOAHBIH GUIABTP C YycpeaHeHuEeM 1o 9 oTcuéram wu
OJTHOTIOJIOCHBIM PEKYPCUBHBIA (UIBTP, MOCTPOCHHBIM IO JIBYyHANpaBICHHON
TexHoioruu. Jlisi TMOJydeHUsT CONOCTaBUMOW YacCTOTHOM  XapaKTEPUCTUKU
ko3 ummenT omnonomocHoro ¢uinbTpa x = 0,7. AUX GuibTpoB npeacTaBICHbBI
Ha puc. 6. HacTOTHBIE XapaKTEPUCTUKHU HE OTIUYAIOTCS BBHICOKUM Ka4€CTBOM, YTO
BIIOJIHE €CTECTBEHHO 151 GUIBTPOB, pabOTAIOIIUX BO BPEMEHHOM 00JIacTH.
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Puc. 6. AUX 0IHOPOJJHOTO ¥ OJTHOTIOJNFOCHOTO PEKYPCUBHOTO (DUIIBTPOB.

[lepexonnble XapakTepUCTUKH (UIBTPOB H300pakeHBl Ha puc. 7.
[lepexonnsblil mporiecc OHOPOIHOTO PUIBTPa (a) UMEET BUJ OTpe3Ka MPSMOiL, YTO
COOTBETCTBYET Hambosiee OBICTPOMY MEPEXOAYy C OJHOIO YpPOBHS Ha JIPYTOM.
[lepexonHasi xapakTepUCTHKAa peKypcuBHOTo ¢uiabTpa (0) uMeeT TIIaaKui
MIEPEXOIHBIA MPOIIECC, YTO B HEKOTOPHIX CIydasX O0OECIeUnBaeT MPEUMYIIECTRBO.
Takum o00pa3oM, MPEUMYIIECTBOM OJHOPOAHOTO (GUIbTpa sBIETCA Ooiee
KOPOTKHUN TEePEeXOTHBIA MPOIECC; MPEUMYIIECTBOM OJIHOMOJIIOCHOTO (UIbTpa —
CTJIa)KEHHBIN MepeXOoaHbIN MpoIieCC.
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Puc. 7. IlepexoHbie XapaKTEPUCTHUKU OJHOPOIHOTO (PUIIBTPA U
JBYHAIIPABJIEHHOI'O OJTHOMOIOCHOTO (PUIIbTpA.

OuUabTpel MAJIO OTIUYAIOTCS MO KAYECTBY PabOThI, MO3TOMY BBIOOP 4acTo
3aBHCHT TOJIbKO OT IPEANOYTCHUH pa3paborynka. TeM He MeHee HEKOTOpoe
NIPEUMYIIIECTBO OOHAPYKUBACTCS MPH aHAIU3E JBYX XapaKTEPUCTHK — BPEMCHH
pa3paboTkn (GuIbTpa W BpeMEHU OOpPabOTKH OTCYETOB BXOJHOTO CHUTHama. B



NIEPBOM cllydae TpeOyeTcsl COKpaTUTh BpeMsi pa3paboTku ¢GuibTpa, mpeHeOperas
YBEJIMUYECHUEM BBIUMCIUTENbHBIX 3aTpaT. Hanpumep, HE0OX0UMO BCEro OJUH pa3
BOCIIOJIB30BAThCS (PUIIBTPOM, MOPSIAOK KOTOPOTO PAaBEH HECKOIBKHUM THICAUYAM.
[TockonbKy Bcsi mporpamma (UIbTPALMU BBITIOJHIETCS BCEro 3a HECKOJBKO
CEKyHJI, 0ECCMBICIEHHO TPAaTUTh BPEMsI HAa ONTHUMH3AIUIO alrTOpUTMa. SICHO, 4TO
IPEINOoUTEHUE CIIEeyeT OTAATh BBIUMCICHUAM B (popmare C IUIaBaroIield TOUKOM.
OcTtaércs BBIOpaTh U3 JBYX BApUAHTOB: JIMOO OJHOPOJIHBIN (QUIBTP, peamu3yemMblid
Ha Oa3ze CBEPTKH, JIMOO OJIHOMOJIOCHBIM PEKYpPCUBHBIA GuiIbTp. 371€Ch
NPEANOYTUTENbHEE PEKYPCUBHBIA (PUIBTP, T.K. €ro Mpolle NporpaMMHUpPOBATH U
HACTPauBaTh, @ €r0 BEIYUCIUTEIbHBIC 3aTPAThl HAMHOTO MEHBIIIE.

Bo Bropom ciayuae Bc€ HAoOOpPOT: HEOOXOJMMO MHUHHUMH3UPOBATh
BBIUMCIIMTENbHBIE 3aTPaThl, @ BpEMEHH Ha pa3paboTKy aocraTtouHo. Hampumep,
(GuIBTp MOKET BXOJIUTH B COCTaB CEPUHUHO BBIIYCKAEMOTO W3JENus, rae Oyner
UCIIOJIb30BaH MUJUTHOHBI pa3. s yckopenust 00paboTKH, BEpOSITHO, HY)KHO OyneT
UCIIONIB30BaTh LieTble uncia. BeiOop 37ech MPOM3BOIUTCS MEXKAY OJAHOPOIHBIM
(GUIBTPOM HA OCHOBE PEKYPCUBHOTO aJITOPUTMA M OJHOIMOJIIOCHBIM PEKYPCHUBHBIM
(GUIBTPOM, UCIOIB3YIOIMIMM CIPABOYHYIO TaONHITy (TaOJUIly COOTBETCTBUS) WJIU
LEJI0YUCICHHYI0 MateMaTuky. [lobenurenemM oka3bpIBacTCs OJHOPOAHBIA (QUIBTP.
On paboraer ObicTpee M HE CO3MaéT MPOOJIEM, CBS3AHHBIX C IIEIIOYHCICHHON
MaTEeMaTHKOM, Ha CTaausAX pacuéTa u 0OpabOTKH.

III. ITOPAAOK BBIITOJIHEHWM A
1. U3yuuTh OCHOBHBIE TEOPETUUECKHUE CBEACHUS O PEKYPCUBHBIX (PUIIbTpax.
2. Paccuurars napamerpsl HU, BU 1 mosiocHBIX peKypCUBHBIX (DHIIBTPOB 110
3aJJaHHBIM IIPENOAABATEIEM UCXOAHBIM JTAHHBIM.
3. PeanuzoBatb cooTBeTcTBYIONME GUIBTPHI B cucteme Matlab nnm Octave.
4. IIpoBecTH YUCIEHHOE MO/ICTUPOBAHUE PaOOTHI (PUIIBTPOB.
5. Ouenutsb ObicTponeiicTBUE GUIbTpoB. CrenaTh BHIBOIBI.

IV. OOOPMJIEHUE OTYUETA
OTYéT TOJDKEH CO/IepIKaTh:
- QITOPUTMBI M JIUCTHHTH IPOTPaMM peaii3anuu GUibTpOB;
- rpad UKy, TOTyYSHHBIC B pE3yJIbTaTe YUCICHHOTO MOJACIHPOBAHHS PaOOTHI
CHUHTE3HPOBAHHBIX (PIIIBTPOB;
- BBIBOJIBI 110 TTPOBEAEHHON padoTe.

V. BUBJINOI' PAOUYECKMI1 CITMCOK
1. Cmur C. IudpoBas o6paboTrka curHajgoB. IlpakTudeckoe
PYKOBOJICTBO JJisi MHXXEHEPOB W HAay4HbIX paboTHHKOB / CtuBeH CMUT; mep. ¢
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[IpakTrueckoe 3anstue Ne 8
CHUHTE3 [IU®POBOI'O KOPPEKTUPYIOIIEI'O YCTPOMCTBA

I. OEJIb 1 3ATAYN
1. Cunte3 Z-mepenaTodyHod (yHKIMH KOPPEKTUPYIOIIETO YCTPOWCTBA C
nomouibio nakera Matlab.
2. [IporpammupoBanue Z-nepeaaToqHon GyHKIUH.
3. [lony4yeHue OCHOBHBIX XapaKTepUCTUK cKoppekTrpoBanHoro L[DCII.

II. TEOPETUYECKUE CBEJAEHU

Krnaccuyecknii  crocoboM cHHTE3a SBISETCS CHHTE3 METOJOM
YaCTOTHBIX XapakTepucTHK. OJHAKO B CHUCTEMaX C LU(POBBIM BBIYUCIUTEIEM
HEMOCPEACTBEHHO UCMOIB30BaTh 3TOT MPOCTOM MeTo He ynaercs. OAuH U3 myTen
pemieHuss 3TOW MpoOJieMbl — UCHOJIb30BaHUE Z-NpeoOpa3oBaHus, Jajee
BBIMIOJIHEHHE OWIMHEHHOro mnpeoOpa3oBaHUsl W MEpPeXod K IICeBAOYACTOTHBIM
XapaKTepUCTHKaM, IOCJIe Yero MOJy4deHHEe INepenaToyHON (QyHKIuu (uibTpa u
oOpaTHbIi mepexon K Z-nepeaarouHbiM (GYHKIMAM. be3ycioBHO, 3TOT mMyTh
SBIISICTCS MIPABUJIIBHBIM, HO, B TO € BpeMs, JOCTATOYHO TpynoeMkuM. OjHako,
€CITi TPUHATH HEKOTOpBIE IOMYIIEHHS, TO MOXHO 3HAYUTEIBHO YIPOCTHTH 3Ty
poneaypy.

Ha pucynke 1. mpeacraBieHa CTpyKTypHass CXema TMpUBOJa C
UCIONb30BaHuEM aHanoroBoro ¢uuetpa. Ilepemarounyio ¢yHkmuo QuisTpa
HOJTYYHM, UCTIONB3Ys UCXOIHYIO U kenaemyto JIAUX pa3oMKHYTOH CUCTEMBI.

1

AHanoroBbin hunetp | [Buratenns
1

Wails) P Wes(S) — (TTEHS

Pucynox 1. YnpouienHast MoJieib IpUBOJIa C aHAJIOTOBBIM (PHIIBTPOM.

Ucxonnas JIAUX — »sto JIAYUX pgBurarensi, KOTOpPbIM MPEACTABICH
arepuoIMYeCKUM 3BEHOM M uHTerparopoM. Ha pucynke 2 npencraiiena JIAUX
MCXOJHOW (CIUIOIIHAS) M >KellaeMOW (IITPUXOBasi) CUCTEMBI, & TaKXKE MOKa3aHbI
4acCTOThI BCEX M3JIOMOB (®, ®; ...). [Iepenarounas ¢hyHkius GuiabTpa mosydaercs
nyTeM BelunTaHusa ucxoanor JIAUX u3 xenaemoil.

[Tocne Toro kak nosydeHa nepeAaToyHas QyHKIUsS (UIbTPA, MPOU3BOIUM
Z-nipeobpazoBaHue U MoiayduM Z-byHkiuo ¢uiabTtpa. OIHAKO HAIO0 MOMHUTH 00
OJIHOM OTPAaHMYEHUU: TAKT KBAHTOBAHUS B CHUCTEME JOJDKEH OBITh XOTsI Obl B 2



pa3za MEHbIIE CaMOill MaJIEHbKOW MOCTOSIHHOW BpeMeHu cucteMbl. Ha pucynke 3
IPEJICTaBIECHA SKBUBAJICHTHAS! CXEMa CUCTEMBI, HO Y€ C LIU(PPOBBIM (PUIBTPOM.
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Pucynok 2. JIAUX ucxonHoi (CIutoniHas) u xeinaeMoi (ITpuxoBasi)
CHUCTEMBI.
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Pucynox 3. Ynpomennast MoJieinb mpuBojia ¢ UG POBbIM (PHIIBTPOM.

Jlanee  HeoOXomumMoO  3amporpaMMupoBaTh  Z-QyHKIUIO  (QUIBTpA.
CymiecTByeT HECKOJIBKO CHOCOO0B BBIOOpa TMEPEMEHHBIX COCTOSHUS; OyneM
UCTIOJIb30BAaTh npsiMoe, napasuieIbHOe 17001 MOCTIEI0BATEIHbHOE
IPOrpaMMHUPOBAHHE.

B pesynmbrare momydaeM CTPYKTYpPHYIO CXE€MY, BBOJAWM T€PEMEHHBIC
COCTOSIHMSI W 3allMChIBaéM B BHJE CHUCTEMBl PA3HOCTHBIX ypaBHeHWH. Jlanee
HEOOXOJMMO BBIMMCATh TJIABHYI0 MaTpuily A, maTpuiry-ctoyidenr B, marpwuiry-
ctpoky C u matpuiy D. [TomydeHHBIE MaTPHUIIBI BBOJSTCS B IIPOrpaMMy Scope.exe
(cMOTpH pUCYHOK 4).
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Pucynox 4. OxHo BBO/Ia KOd(ppuIMeHTa nepeayu 1 MaTpuil puibTpa.

IIpudopsl u 000pynoBaHuE
* JlepcoHasbHBIN KOMITBIOTEP C YCTAaHOBJIEHHOW cuctemoil Matlab;
» [Ipunoxenue Scope.exe;
» [{udposoii cresmuii IPUBO/I.

III. ITOPSJIOK BBIIIOJIHEHN .
» [lepemarouynas GyHKIHS JIBUTaTEIs UMEET BU/I:
7.14
(19.2-107 s +1)s
[To pucyHky 2 HEOOXOIUMO ONPEICIUTh BEIMUMHY Kod(duimeHrta
nepeaaun Mo KOHTYpPY. A 3aTeM MoJayduTh Koddduiment nepenaun puasTpa K.
= [locme »toro otkpeiBaeM Mojeidb Simulink W BBOAUM  MOJYYEHHBIN

Wiéda(s) =

kodpdunueHT mnepenayn (cMoTpu pucyHok 5). CoxpaHsieM NepexOoaHbIH

€
Step2 K= Wz Integz
L1:_, -

Yronz

Pucynok 5. Yopomennas moaens ¢ [I-perynstopom.

MponeccC B OTUCT.

* Heo0xoAMMO MONY4YUTh MEpeAaToyHyro GYHKIHMIO (UIbTpa BbIYUTAHUEM
ucxoaHo JIAUX u3 xemaemoit (cMoTpu pucyHok 2). B pesynbTare moimkHA
MOJIYYHUTCS MiepelaTouHast PyHKIUs BUJIA:

(T2s +1)(T3s +1)

W(s)=
(Tls +1)(T4s +1)

(1



* BBecTu MOJYy4YEeHHbI aHaANOroBbli ¢GuiabTp B Monenb Simulink (cmotpu
pucyHoK 6). CoXpaHUTh EPEXOAHBIN MPOIECC B OTYET.

TZ.5+1 T3.z+1
2 - »
T1.5+1 To.s+1

Step ks Transfer Fon Transfer Fon2 no Integ

z L]

[
Ll

¥ron

Pucynox 6. Mozenb ¢ aHamoroBbIiM (GUIBTPOM.

= B xomanmHoii ctpoke Matlab co3mareh mnepemMeHHyrO S — omepaTtop
muddeperurpoBanus. s 3TOro He0OXOAMMO BOCTIOIB30BaThCs PyHKIMEH tf
(transfer function - mepenarounas ¢pyHkmus): s= tf(‘s’)

» Jlamee BBomuM mepeaatounyio ¢yHKnuio B Bume: Ws= (T2*s+1)*(T1*s+1)/(
(T3*s+1)* (T4*s+1))

= rae T1, T2 ... T4 — koHKpeTHBIC yucia u3 Gopmysl (1).

= Jlanee npousBoauM Z-mipeodpazoBaHue ¢ moMoInsio ¢yHkimu c2d (continues
to discrete): Wz=c2d(Ws, T)

rae Ws — BBefieHHast paHee nepeMeHHas; T — TakT KBaHTOBaHUS, C.

JIns1 COBMECTUMOCTH CO CTEHAOM ITpuMeM 1= 5 mc.

* Boaum mosydeHHbIM 1udpoBor ¢uibTp B Mozgenb Simulink (cmotpu
pucyHok 7). CoxpaHseM Mepexo/IHbIi NpoIecc B OTYET.

I i 22441 v

= Z24z+1

Stepi 11

Intag1
PUAETR nas s

z (.

¥rond

Pucynok 7. Mogens ¢ iudpoBbIM PUIBTPOM.

* Jlocne Toro kak mMoyiyueHa BepHas Z-mepenaTouyHas (QYHKIUS, HEOOXOIUMO
3alporpaMMHUpOBaTh €€ OJHMM U3 YKa3aHHBIX IpernojaBaTesieM CrocoO0B
(mpsiMoe, MmapajyiebHOE WM  TOCJIEN0BAaTEIbHOE  IPOrPaMMHPOBAHHUE).
3anucaTh B OTYET NOJYYEHHYIO CTPYKTYPHYIO CXEMY.

® 3anucaTh CUCTEMY Pa3HOCTHBIX YPABHEHUM W BBINMCATh INIABHYIO MaTtpuny A,
maTpuny-cronden B, marpuny-ctpoky C u marpuny D.

* Bxmouuth TymOnep +27 B Ha manHenu Onoka «YCWUIIMTENb, T€HEpaTop,
JEMOIYISATOPY.

* BezBath 0kHO «HacTpoliku», BeIOpaTh 3aknanaky « CUTHam» U YCTAHOBUTH TaKT
KBaHTOBaHMS 5 Mc, amiutyay curHana 50 mpag m 120 mpan. Ha 3aknanke
«PerynsaTop» BbIOpaTh THN perymnsatopa «l{udpoBoit QuiIbTp», yCTaHOBUTH



NOJTy4YeHHBIN K03(. nmepenaun u BBectu Matpuibl A, B, C u D. 3aduxcupoBath
MU3MEHEHUS U 3aIlyCTUTh YIIpaBJiIeHHUE. 3aHECTU PE3YJIbTAThl B OTYET.

BoezBare oxHO «Hactpoliku», BbIOpaTh 3akiaaky «CHUrHam» M yCTaHOBUTH
aMIUIATYy 1y CUTHaja
50 mpan u 120 mpan. Ha 3aknanke «Perynstop» BbiOpaTh THI perynsTopa «II-
perynarop». 3aduKCUpPOBATh U3MEHEHUS M 3alyCTUTh yNpaBieHUE. 3aHECTU
pe3yabTaThl B OTUET.

BoikmounTs ABHUratenb. 3akpbiTh MpOrpaMMmy. BBIKIIOUMTH OJOK MHUTAaHUS
IpUBOJA.

IV. COHEPXXAHUE OTUETA
HasBanue u Homep paboThI, 1esb paboThI;
JIAYUX ucxomHo#l U CKOPPEKTUPOBAHHOW cUCTEMBI, a Takke JIAUX ¢unbtpa.
Koadpounuent nepemaun QunpTpa, nepegaTodHas (QyHKIHS aHAIOrOBOTO
¢unbTpa, Z-nepenatouHas GyHKIHs 1uPpoBoro GpuibTpa,
CrpykTypHas cxema Z-nepefaToyHoi GpyHKIuU uppoBoro GpuiibTpa
Cucrema pa3HOCTHBIX YpaBHEeHUH 1 MaTpullbl A, B, C, D.
Bce nepexoaHble mporeccsl ¢ NOKa3aTensIMHM KaueCcTBa, YKa3aHHbIE B MOPSAIKE
BBITMIOJTHEHUSI paOOTHI;
BriBobI.

V. KOHTPOJIBHBIE BOITPOCHI
Kak no JIAYX onpenenuts Ko3pPUIMEeHT nepenayu no KOHTypy?
Kakoii HakyioH nomkHa uMeth JIAUX B pailoHe 4acTOTHI cpe3a?
Kakoii cioco6 nporpamMmmupoBanus HauOosiee BoirosieH? [Houemy?
[Touemy matpunia B B gaHHOUW cucTteme SBISETCS MaTpHUIled CTOJOIIOM, a HE
npsIMOYTroJiIbHOM MaTpuueil? Uro Takoe marpuna D?
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