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JlaGopatopHas pabora Nel

Pacuér anaj10roBbIxX puJILTPOB

TEOPETMYECKHME CBEJIEHU

AHaJioroBbie PUILTPHI

Teopust TMHEHHBIX CTAIIMOHAPHBIX HEIPEPHIBHBIX CUCTEM IIHPOKO MCIOIb3YETCs MPH
MOCTPOCHHUH PA3JIUYHBIX YACTOTHO-M30UPATEIIbHBIX ICTIel B JICKTPOHHBIX MOIYJISIX
MEXaTPOHHBIX CHCTEM.

Ananoeoevim gurbmpamu Ha3bIBAETCS YaCTOTHO-M30UpATEIbHAS 1IE1Th, 00CCIICUNBAIOIIAN
NPOIYCKAaHKE CUTHAJIOB B ONPEICIICHHBIX MOJIOCAX YacTOT U TojaBiieHue B Apyrux. O0iacth
4acToT, B KOTOPOH (DUJIBTP MPOITyCKAET CHTHAJI, Ha3bIBAIOT ITOJIOCOM MPOITYCKaHus, a 00JacTh
94acTOT, B KOTOPOH OCJIa0JICHUE BXOIHOTO CHTHAJIa BEJIUKO - TTOJIOCOH 331CPIKHUBAHUSL.

OUIBTPHI IPUMEHSIIOT JIJIsSI BBIICICHUS TPEOYEMOro CUTHANIA U3 CMECH TTOJIE3HBIX U
HEKENaTeIbHBIX CUTHAIOB. B 3aBHCHMOCTH OT B3aMMHOTO PACIIOIOKCHHUS TTOJIOCHI IPOITYCKAHUSI
U TIOJIOCHI 33/ICP)KUBAHUS PA3IHUYAIOT CACIYIONINE BH/IbI (DUIBTPOB:

* gurempol nuxcnux dactor (®HY; anrmmiickuit tepmun — low-pass filter), mpo-

MyCKaromue 4aCToThbl, MCHBIINC HGKOTOpOﬁ 4acTOThI Cpe3a o,

» gurempul eepxnux uyacmom (®BY; anrnmiickuit Tepmun — high-pass filter), npo-

MyCKAaroIINe YacTOThl, OOJIbIINE HEKOTOPOH YaCTOTHI Cpe3a @v;

* nonocosvie puromper (IID; anrnumiickuit Tepmua — band-pass filter), nmpomyckaromrue
YacTOThl B HEKOTOPOM JHara3oHe @i...@ (OHH MOTYT TaK)Ke XapaKTepU30BaThCS CpEIHEH

4acToTON @p=(1+ @p)/2 M MUPUHOI TOTOCHI IPOIYCKaHUs A= ap-@1);

" pescekmoprvle Puibmpel (IPyrue BO3MOXHbBIE HAa3BaHHS — 3arpakIaroInuil QUiIbTp,
GuIBTp-IpoOKa, MOJOCHO-3aAepXKUBAOIINI GUILTp; aHrmuiickuii Tepmun — band-stop filter),
MPOIYCKAIOIINE HA BBIXOJ BCE YACTOTHI, KPOME JICKAIIUX B HEKOTOPOM JHANa30HE @1... @ (OHU
TOXKE MOTYT XapaKTepU30BaThCs cpelnHeil udactoTtod ap=(@i+@z)/2 W MHUPUHON MOJIOCHI

3a7iepKUBaHus Aw= - @1).
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NneansHas hpopma AUX
(GUIBTPOB 3TUX YETHIPEX TUIIOB
nokasasa Ha puc. 1. OngHako Takas — > r—
OHY @BY
uneanbHas popma AUX He MOXKeET x4 KA

OBITh (PU3UUECKH peaTu30BaHa.
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MNonocosol hkAsTp : PexexropHui dhnnstp

GbuIbTPOB pazpaboTaH Ps METOIOB

AIIMPOKCUMAIIUH IIPSAMOYTOJbHBIX Puc. 1. AUX GpuiabTpoB pa3IuIHOTO THIIA.

AUX.

Dunemp bammepeopma
[epenarounas pyukuus Guabrpa barrepBopra (Butterworth filter)
nepenaToyHas GyHKIIHS
HE UMEET HYJIEH, a €€ IOJIFOCHI PABHOMEPHO PACIIOJIOKEHBI HA S-IUNIOCKOCTH B JIEBOM IIOJIOBUHE
OKPY>KHOCTH €AMHUYHOTO paguyca.
bnaromaps Takomy pa3menieHuto morocoB popmyna s AUX ¢uerpa barrepsopra
OKAa3bIBAETCSI OYEHB ITPOCTOM:

1

2n ,
1+ a)j

@y

K(w) =

r7ie YacToTa cpesa ao (g punbTpa-mporoTuna oHa paBHa 1 paj/c), N - mopsiiok GuibTpa.

KO3(1)(1)I/II_[I/ICHT nepeaadyun Ha HYHeBOﬁ JacCTOTC paBCH 1, 4 Ha 4aCTOTC Cpe3a HE3aBUCUMO OT

nopsijika GpuiabTpa CoOCTaBiIsIeT }{E ~0.707 ~38A | [Ipu AYX @ —> o0 cTpeMuUTCs K HYIMIO.

AYX ¢unwsrpa barrepBopTta sBiIsIeTCS MaKCUMAIBHO MJIOCKON mpu W = 0y ®w—>o 210
O3HAYaeT, 4TO B IaHHBIX TOYKAX PaBHBI HYIMO npon3Boanbie AUX 1o gacrore 10 (2n — 1)
NOPsIIKA BKJIFOUUTEINIBHO.

B nenmom AYX MOHOTOHHO CITaJAeT OT €AUHULIBI 10 HYJIS ITPU U3MEHEHUH YaCTOThI OT HYJIS
710 OECKOHEYHOCTH.

QDunvmp Yebviueea nepsozo pooa

[Mepenarounas pyukus dunbrpa Ueosimena nepsoro poaa (Chebyshev type | filter)



[lepenaTounas pyHKIUSA

TAaKXXC HC NMCCT Hyneﬁ, a €€ IMOJIFOCHI PaCIIOJIOKCHEI B JICBOM IIOJIOBHHE 3JIIMIICA HA S-

MJIOCKOCTH.
AUX dunpTpa UeObleBa mepBoro pojia OMMCHIBACTCS CICTYIONIUM 00pa3oM:

1
1+ £2T2 (a/ )
Wy

3neck ap - yactoTa cpesa, Tn(X) - moarHOM YeObimeBa N-ro mopsiaka, N - mopsaoK GuibTpa,

K(w) =

& - mIapaMeTp, ONpeCIAIONINN BEMUUUHY myabcanuii AUX B mosjoce nporrycKkaHusl.
[Monuunom YebsiieBa Tn(X) mpu [x|<1 konebnercs B quanasone -1... +1, a mpu |x|>1

HEOTrpaHMYEHHO BO3pacTaeT mo abcomoTHoi Benuunne. [Toatomy AUX ¢unbtpa YeObimesa

IIEPBOTO POJIA B MOJIOCE MPOMYCKaHus (IIpH |o| < @, ) KoIeOIeTCs MEXK Ty 3HAUCHUSAMU }(/ﬁ u

1, a BHC ITOJIOCHI ITPOITYCKAHUA (HpI/I |50| > @, ) MOHOTOHHO 3aTyXacT 40 HYJIA.

Koaddunment nepegauu Ha HylleBOH YacToTe paBeH 1 mpu HeyeTHOM nopsiake GuiIbTpa U

}ﬁ npu yetHoM. Ha gactote cpesa ko3 dunmeHT nepenauu GuibTpa paBeH }{/ﬁ’ TO

ecTb ypoBHI0 nynbscanuit AUX B monoce npomyckanus. [Ipy @ = AUX ctpemMuTcs K HYIIO.

ITo cpaBHenuto ¢ puiibTpoM barrepBopTa Toro xe nopsaaka puabTp Yedbimena odec-
neynBaet 6osiee kpyrou crman AUX B 001acTu mepexoa OT MOJIOCKH! MPOMYCKaHUs K IMOJI0Ce
3aJIepKIUBAHMS.

3HayeHue mapameTpa &4 ypoBeHb Myibcanuid Rp (B renubenax) cBs3aHbl CIeIyOMUM

obpazoM:
R, =20lg(\1+2) =101g(1+27) A,
E= \/10% -1

[Ipr 0 - AYX dunpTpa YebbleBa nepBoro pojaa sBjseTcs MaKCUMaIbHO MIIOCKOH.

Qunvmp Uebviumesa emopozo pooa

[Mepenarounas pyukius Guastpa Yeosimera Broporo poaa (Chebyshev type Il filter)

[Tepenarounas GpyHKIUSA



B OTJIMYME OT NMPEABIAYIINX CIy4aeB, UMEET U HyNH, U noitockl. OHa cBsi3aHa ¢ pyHKIMEH

nepenaun GunsTpa YeOsimeBa nepBoro poja cIeayomuM 00pa3om:
H,(s)=1—H,(Ys).

3pecy H,(s) u H,(S) ¢pynxuun nepenaun Gpunsrpos UebblneBa NepBoro ¥ BTOPOro pojia

COOTBETCTBCHHO.

[Tontoce! pyHkuuu nepenaun GpuiabTpoB YeodbleBa mepBoro u BTOporo poaa (Pii 1 Pai
COOTBETCTBEHHO) CBSI3aHBI JIPYT C IPYTOM COOTHOLIEHUEM Pai = }/pl_ .
1

[To sToif mpuurHe ¢punbTpel YeOsilieBa BTOPOTO poia HA3BIBAIOT €II€ UHBEPCHBIMU

Purempamu Yeowiuesa (inverse Chebyshev filter).

AYX ¢pumibTpa YebblmeBa BTOPOTO poJia OMUCHIBACTCS CIEAYIONIIM 00pa3oM:

K(w) =

3nech ap - yactoTa cpesa, Tn(X) - moauHoM YeObiieBa N-ro mopsiaka, N - mopsaoK GuibTpa,
£ - IapaMeTp, ONpeAeNIoNui BeMnuuHy nynscanuii AUX B mojoce 3aaep:KUBaHUs.

B pesynbrare ykazaHHOTO BbIII€ ITpeoOpa3oBanus nepenarounoil pynkunu AYX ¢punstpa
UYebplimieBa BTOPOTO poja BeAET ce0s CIeAYIONIMM 00pa3oM: B MOJIOCE MPOITYCKAHUS OHA

MOHOTOHHO 3aTyXacT, a B I1OJIOCC 3aICPKUBAHUA KoJieOIeTCs MCKAY HYJIEM U 3HAYCHUEM

S

Koadduuunent nepenaun GpuiapTpa Ha HyJeBOW YacToTe paBeH 1, Ha yacToTe cpe3za —
3aJJaHHOMY YPOBHIO ITyJIbCallUii B 1oJsioce 3aepkuBanus. [Ipu @ —> o0 korduimeHT neperauu

PaBCH HYIIIO ITPHU HECUCTHOM U YPOBHIO nym,cauﬂﬁ - IIpHU YCTHOM HIOPSAAKE q)HJ'IBTpa.

3HaveHHe mapaMeTpa & M YPOBeHb MyJibcalind Rs (B Aeruoenax) cBs3aHbl CIASAYIOMNUM

obpazoM:

R, =20Ig(1+27 | =10lg(1+ %) aA,
E= \/10%3 -1

[Tpu =0 AUX ¢unbTpa YebbleBa BTOPOro poja ABISAETCS MAaKCUMAIbHO TIOCKOH.

Qunvmp beccens
B ornmmume ot punbTpoB npeapiaymmx Tumnos, GuiabTpel beccens (Bessel filter) ve

anmpoOKCUMHUPYIOT TpsimoyroiibHyto AUX - nx AUX no popme 65m3Kka K TayCcCOBOM KPUBOM



(TouHee, cTpeMHUTCS K Hel ¢ pocToM nopsiaka Guibrpa). [IpakTuyeckas meHHOCTh (PHIIBTPOB
Beccens onpenensercst TeM, 4TO s HUX 3aBUCHMOCTH TPYIIIIOBOTO BPEMEHU 3aJCPKKU OT
YacTOTHI SBISIETCS MAKCUMAITLHO TJIAJKOW B TOUKe =0 ¥ IpyImIoBas 3aiep>Kka O4eHb MaJio
MEHSIETCS B ITOJIOCE TPOITYCKAHHUS.

[Tepenarounas Gpynkuus ¢unbTpa beccens nmeer TOIBKO MOIIOCHL, JISKAIIHE HA OKPYXK-
HOCTH C IICHTPOM B MOJIOKHUTEIHLHOU 00J1aCTH BemeCTBEHHOM ocu. Cama nepenaTouHast GyHKIUS

MMEET CIEAYIOUIUN BUA:

H(s)=—"— d

D d,s¢

k=0
KoadduimenTs monmmHOMa 3HAMEHATESI PACCUUTHIBAIOTCS 10 CIIenyolel hopmye:

B (2n—k)!
KT 2mkkI(n—k)!

Pacuér anasorosbix puiabTpoB B MATLAB.

Jist pacdera aHanoroBoro (huabTpa HEOOXOAMMO BBITIOTHHUTE JIBE OCHOBHBIE ONICPAIIHH:
paccuntath ®HY - mpoToTun 1 npeoOpa3oBaTh €ro K Hy*KHOMY TUIY (GHIBTPA C 3alaHHBIMU

4acCTOTAMM cpe3a.
Pacuém ®HY - npomomuna

B MATLAB pacuér aHajaoroBbsix GuIbTPOB-IIPOTOTUIIOB JUIsI PACCMOTPEHHBIX (DHIIBTPOB

MIPOU3BOUTCS C TIOMOIIBIO CIAEAYIOMNX (DYHKITHI:

. [z,p,k]=buttap(n) — nmst pacuéra ananoroBoro ¢puabTpa-npoToTUna barrepBopra;

. [z,p,K]=cheblap(n,Rp) — mis pacuéra anasorosoro GpuabTpa-nmpororuna YeoObimena
I-ro pona;

. [z,p,k]=cheb2ap(n,Rs) — mis pacuéra anansorosoro punabTpa-npororuna Yeoniepa
ll-ro pona;

. [z,p,K]=besselap(n) — mmst pacuéra anamorosoro ¢puisTpa-npoToTHna beccens.

BxoHbIe mapaMeTphl [UIsi COOTBETCTBYIOIIUX (DPHIBTPOB-TIPOTOTHUIIOB:
N — nopsIoK GUIIbTpa (LIE€TOUUCICHHBIN);
Rp — ypoBens nmymnbcanuii B monoce nponyckanus ( B 1b);

RS — ypoBeHb nynbcanuii B nojoce 3anaepxuBanus (B 1b).



Bce pynxmuun MATLAB niist pacdera aHamoroBbIX MPOTOTUIIOB BO3BPAIIAIOT BEKTOPHI-

CTOJNOIBI HYJICH U MOJIFOCOB (DYHKITUU TIepeaadu, a TakKe 3HaueHue KodhpuimenTa ycuneHus.

Ilpeobpaszosanue cnocodo6 onucanusn JTUHEUHBIX Yeneil

HeobxonuMocTh B mpeoOpa3oBaHUK OMUCAHMIA YaCTO BO3HUKAET M3-3a TOTO, YTO (DYHKIIUU
pacuera 11erneii (Takue Kak paccMaTpuBaeMble QyHKIIUU pacyeTa PUiIbTPOB-NPOTOTUIIOB) AAIOT
pe3ynbTaT B 0JHOM (hopme, a PyHKIIHS, HallpUMep, IIOCTPOSHUS! YaCTOTHON XapaKTEePUCTUKH,
TpeOyeT 3a/1aHusl BXOIHBIX TapaMeTPOB B APYToit ¢popme.

@Dopmbl onrcaHus 1eneil B iMeHax (QyHKIH 0003HAYAI0TCS CIETYIOLIMM 00pa3oM:

tf - KO’ PHULMEHTHI TOTMHOMOB YHCIIUTENS U 3HaMeHartes GyHKiuu nepenayau (transfer
function);

Zp - Hynu 1 noJrockl (zeros and poles);

SS - OIMCaHKE B MPOCTPAHCTBE COCTOSIHMIA (State-space).

Jlasiee KpaTKo pacCMaTpUBAIOTCS KOHKPETHBIC (DYHKIIMU TIPeoOpa3oBaHUs ONMMUCAHUH TICTICH.

J71s1 BXOJTHBIX U BBIXOJIHBIX ITAPaMETPOB MCIOJIB3YIOTCS CIIEYIONMe 0003HAUYCHUS:

. byHKIMS epeaayu:

b - BekTOp-CcTpOKa KOAPPHUIHEHTOB (B MOPSAKE YOBIBAHUS CTEICHEH ) YnCIUTENs QYHKIIUN
nepeaayn;

a - BEKTOp-CTpoKa K03 (PHUIIMEHTOB (B MOpsiIKE YObIBAaHUS CTETIEHEN) 3HaMEHaTes
GyHKIMY TTepe1ayn;

. HYJIH U TIOJTFOCHI:

Z - BEKTOp HyJeH (cTonber);

p - BEKTODp MOII0COB (cTonben);

k- ko3 durrenT ycunenus (ckaisip);

. IPOCTPAHCTBO COCTOSTHHIA:

A - KBaJpaTHasi MaTPHUIIA CBSI3U BEKTOPA COCTOSIHUS M €T'0 IPOU3BOTHOM;

B - BexTOp-cTO0EI] CBSI3U BXOIHOTO CUTHAJA U IPOM3BOJAHOM BEKTOpA COCTOSHUS;

C - BEKTOpP-CTpOKA CBSI3H BBIXOJHOTO CUTHAJIA U BEKTOPA COCTOSTHUS;

D - ckansapHblif K03 GULIKMEHT CBSA3U BHIXOAHOTO U BXOAHOI'O CUTHAJIOB.

Oynxyus tf2zp npeodpasyer HabOpsl KOIDOHUIIMEHTOB MOJIMHOMOB YHCIHTEIS M 3HA-
MeHaTens (YHKIMM Tepefadyd B BEKTOPbI HyJeH W IOJIOCOB, PACCUMUTHIBAs TaKKE 3HAUYEHUE

o0miero ko3 unrenTa yCuaeHus:

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



Dynryus Zp2tf sBnseTcss 0OpaTHO# Mo oTHOIIEHHUIO K QyHKIMH tf2Zp: oHa ocymecTBseT
npeoOpa3oBanue KO3 UIIEHTA YCHIICHHS], a TAK)KE BEKTOPOB HYJIEH U MOITIOCOB (DYHKIIUU
nepeaadyun B KOB(I)(bI/II_II/ICHTBI IIOJIMHOMOB €€ YUCJIINTC/IA U 3HAMCHATECIIA:

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

@Dynkyus tf2ss npeodpazyer HabOpbI KOIDDUIIMESHTOB TOJIMHOMOB YUCIUTEINS U 3HA-

MeHaTels GyHKIUU Iepeadn B apaMeTphl IPeICTaBICHUs LIETIH B TPOCTPAHCTBE COCTOSHUM:

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

@ynryus SS2tf sBasiercs o6paTHOi Mo oTHOMIEHHIO K pyHKIHH tf2SS: oHa mpeobpasyer

napaMeTpbl IPOCTPAHCTBA COCTOSTHUM B KO3(PPHUIIMEHTHI MOIMHOMOB (DYHKIIMH MTepeiady LeTn:

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

Dynkyus ZP2SS mpeodpazyeT HYIH, MOIIOCH U KO3(DPUIIMEHT yCUIICHHS 1IETIH B €€
napameTpsl IPOCTPAHCTBA COCTOSHUI:

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

Dynkyus SS2ZP SABIAETCS OOPATHOM 1O OTHOIICHUIO K PyHKIIMU ZP2SS, mpeodpa3ys
napamMeTpbl IPOCTPAHCTBA COCTOSIHUI B HYJIH, MOJIFOCHI U KOI(D(DUIIUECHT yCUIICHUS 1ICTIN:

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

Qyukyus residue

Nnentuduxarop nocnennen GyHKINHU, MO3BOJISIIONICH MPeoOpa30BhIBATH OMMCAHUS
JUHEWHBIX LIeNei, BbIMagaeT U3 00Iero psaaa. To CBA3aHO € TEM, UTO JaHHOE Ipeodpa3zoBaHue
HE ABJIseTCS cnelu(pUuUecKuM Ui 00pabOTKH CUTHAJIOB - OHO CBOJUTCS K Pa3I0kKEeHUIO JpOOHO-
panroHaIbHON (QYHKIIMK HA IPOCTEUINE APOOH M YaCcTO MpUMEHsIETCs B Matemartuke. [1o aToi
e IpuYrHe JaHHas QyHKIUsS OTHOCUTCS He K makety Signal Processing, a k 6a30Boii
oubmuoreke MATLAB.

[TpeoOpa3zoBanue GyHKIUYU Tiepeaadu, 3aJaHHON B BUAE KOA((DUIIMEHTOB MOTHHOMOB
YUCITUTENS U 3HAMEHATENS, B CyMMY IPOCTBIX IpOOEi MPON3BOAUTCS C TIOMOIIBIO (PYHKITUU
residue. OHa ke OCYIIECTBIISICT U 00paTHOE MPeoOpa3OBaHKe; HY)KHOE HAIIPABJICHUE
npeoOpa3oBaHus BEIOUPAETCS B 3aBUCUMOCTH OT YHCJIa BXOJHBIX TapaMeTpOB.

[Tpu 1BYX BXOJIHBIX apaMeTpax MPOU3BOAUTCS pa3ioxkeHne PYHKIIUU TIepeaun Ha
pOCThIe Jpodu:

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

3nech b 1 a — K03 GUIMEHTHI TOJTMHOMOB YHCIMTENSI U 3HAMEeHATelIs QYHKIIMU TIepeadn
COOTBETCTBEHHO. BBIXOAHBIC TTapaMeTPbl — BEKTOPHI-CTOJIOIIBI ITOTIOCOB (p) U

COOTBETCTBYIONIMX UM BBIYETOB (I), a TakXKe CTpoKa K03()(HUIIMEHTOB 11e10k JacTh K.



Ilpeobpaszosanusn ¢puirempos-npomomunos

Crenmyromum 3TanoM 1ocie pacuyera GuibTpa-MpoTOTHIIA SBISIETCS €ro mpeodpa3oBaHue ¢
[ENbI0 TTOMy4YeHHsI (PUIIbTpa 3aIaHHOTO BUIA C TpeOyEeMbIMH YacTOTaMu cpe3a. it 3Toro
WCIIONIB3YIOTCS TTpUBeieHHbIe HIKE yeThipe pynkimn MATLAB. Ilpunnun coctaBieHus ux
UMEH CIICIYIONINIA: CHAaYala uIeT cokpaiienue Ip, o3Havaroiee, 4To0 HCXOAHBIM (PHIBTPOM
seisiercss @HY (low-pass), motom ciieayeT CuMBOJT IpeoOpa3oBaHusi 2 U B KOHIIC CTOUT

0003HauEHHE TUIA PE3YIBTUPYIOMIETO (QUIBTpPA:

. Ip2lp - u3amenenune yacrotsl cpeza ®HY (low-pass);

. Ip2hp - mpeodpazosanne ®HY B ®BY (high-pass);

. Ip2bp - npeobpazosanne ®HY B nosocosoii Gpuastp (band-pass);

. Ip2bs - npeodpazoBanue ®HY B pexexropubiit puibtp (band-stop).

Bce atu ¢pynkimu MoryT mpeoOpa3oBbIBaTh (GUIBTPHI, 3aJaHHBIE IBYMs CIIOCOOaMHU - B BHJIE
K03()(PUIIMEHTOB MMOJMHOMOB YHCIHUTEINS ¥ 3HaMEHATE sl QYHKINU Iepeaadn oo B
IPOCTPAHCTBE COCTOSHUI. Pa3znnyaroTcst 3Tu 1Ba BapuaHTa M0 YHUCITY BXOJHBIX M BBIXOIHBIX
1apaMeTpoB.

H3menenue wacmomst cpesa ®HY

N3menenue yactotel cpeza ®HY - npoToTHna cBOAUTCS K MPOCTOMY MaCIITAOUPOBAHHUIO

YaCTOTHOW OCH U BBINIOJHSIETCS IyTEM CJIEYIOLIeH 3aMeHbl IEPEMEHHOM S B BHIPAXKEHUHU IS
S

$yHKkumn nepenaqn: > -, rae ao - peOyemas vacrora cpesa ®HY. Takoe npeobpasosanme
0

npousBoautes GpyHkuuei lp2lp:
[bl, al] = 1p21p(b, a, w0)
[Al, BI, Cl, D1] = 1p21p(A, B, C, D, w0)

BxomaueimMu napamerpamMu QyHKITUU SBISIIOTCS onrcanne GuibTpa (B Buae KodhPUIMeHToB
NOJIMHOMOB YHCIIUTENS M 3HaMeHates GyHKIMH 1epenadu - b, a, uinu B mpoctpaHcTBe
cocrosiaui - A, B, C, D) u tpeGyemas yactora cpesa WO.

BosBpataemblii pe3ynbTar - nepecyMTanHble TapaMeTpsl GUIbTPA.

IIpeobpazosanue ®PHY ¢ PBY

[TpeobpazoBanue ®HY-npororuna B8 PBY TpeGyeT MHBEpCHM YaCTOTHOM OCH U BbI-

MOJIHACTCA MMyTEM C.IIGI[yIOIJ.ICfI 3aMCHBI HepeMCHHOﬁ S B BBIPAXXCHUU ]I (I)YHKL[I/II/I nepeaavn:

s—>->, The ap - Tpedyemas yactora cpeza GBU.
@y

Takoe npeobpazoBanue mpousBoanTcs GpyHkimei 1p2hp:
[bl, al] = 1p2hp(b, a, w0)



[Al, B1, C1, D1] = Ip2hp(A, B, C, D, w0)

BxoaneiMu mapamerpamMu GyHKIHH SIBISIOTCS onucanue Guibtpa (B Buae KO3 HUITUEHTOB
MOJTMHOMOB YHCJIUTENIS M 3HaMeHatess GYHKIHK Tiepeadu - b, a win B mpocTpaHcTBe
cocrosinuii - A, B, C, D) u tpedyemas yactora cpesa WO.

BosBpamaemblii pe3ynbpTar - mepecyuTanHbIe TapaMeTpsl GUIIbTPA.

IIpeobpazosanue ®HY 6 nonocosoui ¢hunvmp

[IpeobpazoBanne ®HY-niporoTuna B mosocoBoit GuiibTp TpedyeT Oosee CIoKHOM
TpaHcopMaIlK YaCTOTHOM OCH, YeM B MpEeAbIAyLIUX ciaydasx. Tak, HyneBas U OeCKOHEUHas
4acTOTHI JOJKHBI MPeoOpa30oBhIBATHCS B OECKOHEYHOE 3HAUYCHUE Ha YacTOTHOU ocu OHU-
npoToTHIA (TaM, e ero K03QUIMEHT nepeaayn CTpPeMUTCs K HyIi0). YacToThl,
COOTBETCTBYIOIIKE KpasiM TpeOyeMoil MOJI0Ck MPOIYCKaHus, IOJKHBI MOCIE TPeo0pa3oBaHUs
naBaTh 3Ha4YeHus +1, paBHble yactoTe cpe3a DHY-nmpororuna. Hakoner, npeodpa3oBanue
JIOJKHO BBITIOTHATHCS C MTOMOIIBIO JPOOHO-PalMOHATIBHON (PYHKIIUH, YTOOBI COXPAaHUTh
NpOOHO-PalMOHATIBHYIO CTPYKTYPY (DYHKIIUH Iepeadu.

Hepe‘II/ICHeHHHM Tpe60BaHI/I5{M YAOBJICTBOPSCT CIICAYHOIIAA 3aMCHaA HepeMeHHOﬁ S:

s—>Q

_ Q_%
re @, =\@w,, Q= w,—@," @LW @2 COOTBETCTBEHHO HIKHSS N BEPXHSS TPAHULIBI

MOJIOCHI IPONYCKaHUs (pUIbTpA.

Takoe npeobpazoBanue nmpousBoautcs Gynkipeit 1p2bp:
[bl, al] = 1p2bp(b, a, w0, Bw)
[Al, B1, C1, D1] = Ip2bp(A, B, C, D, w0, Bw)

BxoaHbiMHu napaMeTpaMu pyHKIUH SBIISIOTCS onrcaHue GpuibTpa (B Buae KO3PPHUIIMEHTOB
MOJIMHOMOB YHCIIUTENIS M 3HAMeHatest GyHKIHH Tiepeadu - b, a wim B mpocTpaHcTBe
cocrosiauii - A, B, C, D), cpennss gwactora w0 u mupruna BW momock! nponyckanust Guistpa (B
pan/cex).

BosBpataemblii pe3ynbTar - nepecyMTanHble TapaMeTpsl GUIbTPA.

Ilpeobpazosanue ®HY 6 pescekmopnulii huromp

s npeo6pazoanus PHY-nipoToTrma B pe:KeKTOPHBIN QUIBTP TpaHcPopMaIus
YaCTOTHOW OCH JIOJDKHA OBITH 0OpaTHOM 1O OTHOIIEHHUIO K MPEIbIAyIeMy ciiydaro. Hynesas u
OecKoHeuHas YaCTOTHI I0JDKHBI IPE0OPa30BBIBATHCS B HYJIEBOE 3HAYCHUE HA YaCTOTHOM OCH

®HY-nporotuna (Tam, rae Ko3pUIMEHT nepeayn BelnuK). YacToTsl, COOTBETCTBYIOIINE



KpasiM TpeOyeMoi OJI0Chl 3aJepKUBAHNUS, 1OJIKHBI I10CIIe IPeoO0pa3oBaHysl JaBaTh 3HaYECHUs
+1, paBHbIe yactote cpeza PHY-npororuna. Kpome T0oro, HEKOTOpO€E 3HAUYEHUE YACTOTHI B
M0JI0CE 3a/ICP’KUBAHUS TOJDKHO NMPE0OPa30BBIBATHCS B OECKOHEYHOCTD (TaM, T1e KOAPPUIHMEHT
nepeaaun @HY-npororuna crpemMutcs k Hyimto). Hakonen, npeoOpa3oBaHue JOIKHO
BBINOJIHATHCS ¢ HOMOILBIO APOOHO-PALMOHANIBHON (QYHKIMH, YTOOBI COXPAaHUTh JPOOHO-

PaLMOHATIBHYIO CTPYKTYPY (PYHKIIMH TIE€peIaun.

[TepeunciieHHBIM TPEOOBAHUSM YIOBICTBOPSIET CISAYIONIAs 3aMeHa IIEPEMEHHOM S:
S
Wy
2
S
Q ( A) Oj +1

rac o, = /a)lwz, Q :% —w' @1 U 2 COOTBETCTBCHHO HUXHAA U BEPXHAA 'PAaHUIBI ITOJIOCHL
2 1

S—

3aJiepKUBaHUS QUIIBTPA.

Takoe mpeobpa3zoBanue BoimoaHseTcs GyHkuueit 1p2bs:

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

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

BxoaupimMu napamerpamMu QyHKITUU SBISIOTCS oncanne GuibTpa (B Buae KodhPUImeHTon
TIOJIMHOMOB YHCJIUTENISl M 3HAMeHates QYHKIMH Tiepeayuu - b, a wim B mpocTpaHcTBe
cocrosiauii - A, B, C, D), cpennsist yactora WO u mupuaa BW mostocsr 3aepkuBanus GuiabTpa
(B paanaHax B CEKyHIY).

BosBpariaemblit pe3ynbTar - IepecYruTaHHbIe MapaMeTpbl PUIbTpa.

Bce ckazaHHOe Bblllle TPUMEHUTEIBHO K [TOJIOCOBBIM (DMIIBTPAM O CBSA3HM CPEAHEN YacTOTHI C
4acTOTaMH cpe3a U 00 aCUMMETPUU XapaKTEPUCTUK CIIPaBEAIUBO U JUIsl pEKEKTOPHBIX

GUIBTPOB.

PaccmoTpeHnHas Bbiliie Tpedyemast mociie0BaTeIbHOCTh ICHCTBUIT 0opMIiIeHa B BUIE
cnenytomux ¢ynkuuit MATLAB:

butter(n, w0, type, 's") - pacuet puapTpoB barrepBopra;

chebyl(n, Rp, wO, type, 's') - pacuer ¢puibTpoB UeObiieBa mepBoro poja;

cheby2(n, Rs, w0, type, ' s') - pacuet punsTpoB UebsieBa BTOporo poa;

besself(n, w0, type) - pacuet punsTpoB beccens.

[TapameTpsl Bcex (hyHKIMIA 337JaI0TCS OTMHAKOBO.



[Tepeuncnennsie GyHKINH, 3a HckIodeHneM Gyrkiuu besself, mo3sonstor paccunTeiBaTh
KaK aHaJIOTOBbIC, TAK U TUCKPETHBIC QUIBTPHI. [IpH3HaKOM aHAJIOrOBOTO pacyeTa CIyKHUT
CTpOKa 'S', UCIIOJIb30BaHHAs B KQUECTBE MOCIIEIHEr0 BXoAHOro napamerpa. [lapamerpsr n, Rp, RS
(MX coCTaB 3aBUCHUT OT TUNA (PUIbTPA) — 3TO MapaMeTphl GUIBTPA-MPOTOTUTIA: N — MOPSIOK
dbunsTpa, RPp — ypoBeHb nyJbcalnii B mojioce nmponyckanus (B nenuodenax), RS — ypoBeHb
MyJIbCAIi B TIOJI0CE 3aepKUBaHus (B Henuoernnax).

[MTapameTpsr WO 1 type UCIONB3YIOTCS COBMECTHO JUTS 33aHUs TUIA QUIBTPA U 3HAYCHHUN
€ro 4acToT cpe3a (B paJraHax B CEKyHIY):

" ®HY: WO - ckaisip, mapameTp type oTcyTcTByeT;

. ®BY: WO - ckasp, type="high’;

. nosiocoBoii GuibTp: WO - IBYXdIeMEHTHBII BEeKTOp 4acToT cpesa [wl w2], mapamerp
type orcyrcTByeT;

. peKEKTOpHBIA GuiabTp: WO - IBYX3JEMEHTHBIH BEKTOp dacTtoT cpesa [wl w2],
type='stop".

B 3aBucHMOCTH OT TOT0, CKOJIBKO BBIXOJHBIX TAPAMETPOB YKa3aHO MU BBI30BE, (PyHKIIUN
MOTYT BO3BpAIllaTh PE3yJIbTaThl pacyeTra B BUJE KOA(P(GHUIIMSHTOB MOJIMHOMOB YUCIUTEIIS U
3HaMeHaTens PYHKIMK Nepenadn (IBa BBIXOIHBIX TapaMeTpa), HyJeH U MotocoB (Tpu
BBIXOJHBIX [TapamMeTpa) JU00 mapaMeTpOB MPOCTPAHCTBA COCTOSHUM (YETHIPE BBIXOIHBIX
napameTpa):

b, a] = ...

[z,p. K] =...
[A,B,C,D]=..
C Y4€TOM BCCI'0 CKA3aHHOI'O MEPCUUCIIUM ﬂeﬁCTBHH, BBITTOJIHAACMBIC q)YHKI_[I/ISIMI/I pacucTa

AQHAJIOTOBBIX (DUIIBTPOB:

1. IlpouzBoautcs pacueT GuiIbTpa-NpOTOTUNA C 3aJaHHBIMU NTapameTpamu AUX.

2. IlomydeHHBIC HYJIH U TIOJIOCHI TPE00pa3yroTCs B TapaMeTphl POCTPAHCTBA COCTOSTHUH.

3. IlpousBouTcs npeobpazoBanue GUIBTPA-MPOTOTHUIIA K TPeOyeMOMY THITY C 3a/laHHBIMU
4aCTOTaMH Cpe3a.

4. BeimomHsieTcs npeoOpa3oBaHue ONMrucanus GribTpa K 3aJaHHOMY TP BBI30BE BUTY.

Buioop nopaoka gpunempa
PaccmoTtpenHsle Boille GyHKIMHN pacuyeTa GUiIbTPOB TPEOYIOT 3a/IaHUs B KaUECTBE BXOIHBIX
mapaMeTpoB MopsKa (GUIbTpa U ero 4acToThl cpe3a. [Ipu 3TOM MOoHSATHE YaCTOTHI cpe3a s

(GWIBTPOB pa3HBIX TUIIOB OMpeAeseTcs no-pasHoMy. OTHAKO UCXOAHBIMH JAHHBIMU TIPU



pa3paboTke GUIBTPOB, KaK MPABUIIO, SBISIOTCS APYrHe MapaMeTphl: YaCTOTHBIE TPAHMIIBI TT0JIOC
nporyckanus (ap) ¥ 3aep>KuBaHuA (@), a TaKKe IOMyCTUMasi HepaBHOMepHOCTh AUX B
nosioce npomyckanus (Rp) 1 MUHUMAaIbHO HEOOXOMMOE 3aTyXaHHE B ITOJIOCE 3aICPKUBAHUSI
(Rs). Cepble o0acTi Ha pUCYHKE IEMOHCTPUPYIOT JIOMTYCKH, B KOTOPBIC IOJDKHA YKIIAIBIBATHCS

AUX dunpTpa B mojiocax MpomycKaHUs U 3a1eP>KHUBAHUS.

KA K

AR —— o

] > .
0 odl) o(l)  a,(2) 0,2) © 0 (1) o) 0d2) 0)2) o

Monocosoit dunsTp PeXeKTopHbIA hrnsTp
Puc. 2. 3ananue nucxoanslx nmapamerpos ais pacuera @HY, OBY,

MIOJIOCOBBIX U PEKEKTOPHBIX (PUIIBTPOB.

BriOpaTh MUHUMATBEHO HEOOXOAUMBIN TTOPSIIOK (PHIIBTPA TTO3BOJISIOT CIEAYIOIIHNE O

HOTHIHBIC QyHKIMHU makeTa Signal Processing:

[n, Wn] = buttord (Wp, Ws, Rp, Rs, 's’)

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

[n. Wn] = cheb2ord (Wp. Ws. Rp. Rs, 's')

Bxonnoit mapametp Rp - nonycTumblii ypoBeHb MyJibCalliii B TIOJIOCE MPOITyCKaHUS (B
nenubenax), RS - MUHMMaIbHO HEOOXOIUMOE 3aTyXaHHUE B MTOJIOCE 3aepKUBaHNUs (B

I[eL[I/I6CHaX). HapaMeTpLI Wp u Ms 3a1at0T TpaHUIBI ITOJIOC MPOMMYCKAHUA U 3a/ICPKUBAHUA,

croco0 3a/laHusl 3TUX TTAPAMETPOB 3aBUCHUT OT THUIIA TPOCKTUPYEMOTO (DHUIIbTpa:

. OHY: Wp u WS — yucna, npu 3TOM JI0JKHO BBIONHATHCA HepaBeHcTBO Wp < W;
. ®BY: Wp u Ms — uucna, mpy 3TOM JI0OJKHO BBIOJHATHCS HepaBeHcTBo Wp > WS;
. nosiocoBoit punsTp: Wp u WS — nByX3j€eMeHTHBIE BEKTOPBI, IIPU 3TOM JOJKHBI BbI-

nonHsaTbes HepaBeHcTBa WS(I) < Wp(l) < Wp(2) < Ws(2);



. pexxexTopHbli GunbTp: WP 1 WS — nByX351eMEHTHbBIE BEKTOPBI, IPH 3TOM JOJKHBI
BoInotHATHCS HepaBeHcTBa Wp(1) < Ws(I) < Ws(2) < Wp(2).

3unauenus napamerpoB Wp u WS Obutn 0003HaUEHBI HA PHC. 2 KaK (p U @s COOTBETCTBEHHO.

BrIxoaHbIME TapaMeTpaMH SBISIOTCS MUHUMAIBHO HEOOXOIMMBIN J1JIS1 BBIIOJTHEHHS
3aJ]aHHBIX TPeOOBaHMIA OPSIOK GMILTpa N U YacToTa cpe3a punbTpa Wn. DT napameTpsl
JIOJDKHBI 3aTE€M MCIIONIB30BAThCS IIPU BhI30BE (PyHKLMU pacueTa puibTpa. Bozspar 3nauenus Wn
n30aBIISIET MOJIB30BATENs OT 3a00T, CBA3aHHBIX C TEM, YTO IIPH pacyeTe pa3HbIX (UIBTPOB
MIOHSATUE YaCTOTHI cpe3a UMEET Pa3HbId CMBICII.

[TockoybKy MOPSIIOK PHIIBTPA - BEJTMYUHA LIEIOYHUCIICHHAs, TO OOBIYHO OKA3bIBACTCS, YTO
GWIBTP MUHIMAIBHO HEOOXOMMOTO IOPSIKAa 00eCTIeYMBAET HEKOTOPHIH 3a1ac Mo NCXOAHBIM
napamerpam. JTOT 3arac MO>KHO HCIIOJIB30BATh MO-Pa3HOMY - JTHOO CeNaTh IyJIbCalliH B
M0JIOCE MPOITYCKAHUS TOYHO PAaBHBIMH 3a/IaHHBIM, HO YBEJIMUUTH 3aTyXaHHUE B TIOJIOCE
3aJIep)KUBaHUS, JINOO TOYHO BBIICPIKATh 3a/IaHHOE 3aTYXaHHE B TI0JIOCE 3a/ICPKUBAHHUS,
YMEHBIINB [P 3TOM IYJIbCAIIMH B MToJIoce nporyckanus. [losenenue ¢pyHkumii BEIOOpa mopsiaka
(GMIBTpa B 3TOM aCHEeKTe ONMPEACISIETCS TEM, UYTO IIPH pacdere PHIbTPa JOJDKHBI OyayT
UCIIOJIB30BAaThCS TE K€ apameTphl mysbcaiuii Rp u RS, uto u npu Bei6ope nopsiika GuiibTpa.
[TosTomy st puibTpoB barrepBopTa 1 UeObimeBa nmepBoro poja OyAeT yBeITHuuBaThCs
3aTyxaHHe B TIOJI0CE 3aIep>KUBaHUS, Ui GHIIbTPOB UeObImeBa BTOPOTO poJia - yMEHBIIATHCS

MyJdbCallr B IMOJIOCC MPOITyCKaHMA.

[NPAKTUYECKAA YACTDH

PaccMmoTpuMm peanu3zaiuio aHaaoroBoro ¢gpuiabtpa Bepxaux yactor B MATLAB na npumepe
¢unsTpa barTepBopra 3-ro nmopsiaka ¢ yacToTon cpesa wo=10 paa/cex.
1. JInst pacuéra xapakTepUCTHK (PUIbTpa-NPOTOTUIIA HEOOXOJUMO co3aTh M-daiin. JIucTuHr

POrpaMMbI NIPEACTaBIIEH Ha puc. 3.

n=3

[z,p,K]=buttap(n) % nops0ok purempa
plot(p,’x’) % HYIU U noxroca npomomuna
axis equal

axis([-1.51.5-1.51.5])

w=0:0.01:5;

[b,a]=zp2tf(z,p,k) % Koa¢hhuyuenmol ynryuu
h=freqs(b,a,w); nepedauu

figure % KoMnieKcHblll KO3 guyuenm
plot(w,abs(h)), grid nepeoauu

figure % 6b1308 OKHA NOCMPOEHUs
plot(w,unwrap(angle(h))), grid epaguxa

% epagpux AYX

% epagpux OYX



Puc. 3. JluctuHr porpaMmsl pacdyéra GUIBTPa-MPOTOTHIIA

PesynbTarsl pacuéra nmpesncraBieHbl Ha puc. 4.
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: Puc. 4. Xapakrepuctuku GuiibTpa-
05

. nporotumna barrepsopra 3-ro
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IopsaaKa: a — pacCiioJIOKCHUC

A

MOJIIOCOB HAa KOMIIJIEKCHOM

35 miockocth, 0 — AUX, B - DUX

-45
0

2. IIpeobpazyem ®HY B ®BY ¢ 3aganHOl yacTOTOM cpe3a. JIMCTUHT porpaMMbl PECTABIEH

Ha puc. 5.
w0=10 % 3a0annas wacmoma cpe3a urbmpa
[b1, al]=Ip2hp(b, a, w0) % npeobpaszosanue ®HY - npomomuna k ®PBY
h=fregs(b1,al,w); % KOMNIeKCHbLI KOIhuyuenm nepedadu
figure % 6b1306 OKHA NOCMPOEHUs 2paAPuKa
plot(w,abs(h)), grid % epagux AYX
figure
plot(w,unwrap(angle(h))), grid % epagux OYX

Puc. 5. Jluctunr nporpammel npeodpazoanust ®PHY-npororuna 8 @BY
PesynbTatsl npencraBieHsl Ha puc. 6.
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Puc. 6. Xapaxtepuctuku ®BY batrepBopTa 3-ro nopsiaka: a — AUX, 6 - PUX
3. PesynbraThl pacuéra ¢puiibTpa nposepsieM Ha mojenu coznanHoil B SIMULINK. Ha puc.7.

IpeJICTaBIeHa MOJIETb CUCTEMBI C PACCUUTAaHHBIM (DUIBTPOM.



e Have Puc. 7 Mojenb CUCTEMBI C
Al =
A Sope PaCCYMTAHHBIM (PUIILTPOM.
Sine Wavel
Sooped
3A/JAHUE HA PABOTY

W3y4uTh aHATOTOBBIC (PYIIBTPHI.

Nzyuuts ocHoBHble pyHkirun MATLAB, HeoOxoaumble aiist pacyéTa aHaJIOTOBBIX
GuIbTPOB.

PaccunTtaTh aHaJI0TOBBIN QUIBTP.

[TOPAJIOK BBITIOJIHEHW A PABOTbBI
N3yunTh aHANOTrOBbIE PHIIBTPBI.
N3yuuts ocHoBHBIe pyHknnn MATLAB, HeoOxoanmMbie 11 pacuéra aHAIOTOBBIX (HIIBTPOB.

B cooTBeTcTBHU € TUTaHOM TpeUIOKEHHBIM B naparpade IV paccunTarh aHaNIOTroBBIN HUIBTP

C 3aTaHHBIMU IIPCIIOJaBaTCIIEM ITaApaMECTPaMHU.

CpaBHUTH pe3ynbTaThl MPOBEIEHHOrO pacuéTa (UIBTpa C pe3yiabTaTaMH pacuéra IpHU

UCIoJIb30BaHuu cnennanbHbix GyHkunit MATLAB HenocpencTBeHHOro pacuéra (puiabTpos.

HpOI/I3BeCTI/I BLI60p nopsjaka (I)I/IJIBTpa IO 3a/IaHHBIM IIPCIIOJAABATCIIEM ITAPaAMETPaM.

VI. OOOPMJIEHUE OTYETA
OT4€T NOMKEH CONEPIKATh:

* KpaTKHe TEOPETUYECKUE CBEJICHUS 110 BHINOJIHSAEMON paldoTe;
* AJTOPUTMBI M JUCTUHTU IPOTrpaMM pacdéra puiIbTpa;
* BBIBO/IBI 10 MPOBENEHHOI paboTe.

VIl. KOHTPOJIbHBIE BOITPOCHI

1. [MHaiite onpenenenus ¢punstpam HY, BY,...
2. OcHOBHBIE XapakTepuCcTUKH (puiabTpoB barTepBopTa, Uebniena, beccens. ..

3. Kakoli u3 nepedncieHHbIX THIIOB (GUIBTPOB MMeeT HambOosee kpyrod cmam AUX B

o0JacTu 3arpaxJIeHusl.

4. Kaxoll U3 mepeyucieHHbIX THIOB (UIbTpAa MMEET MUHUMAJIbHBIA (a30BbI CABUT B

paboueit moyIoce 4acTor.

5. Tlepeuncnure mapameTpbl, KOTOpbIE HEOOXOAMMO 3aAaTh Mpu pacyere GuiabTpoB HY,

BY, peXeKTOpHBIX ...



6. Ilepeumciure 3Tamsl pacuera GuIbTPoB B cpene Matlab.

VIII. BUBJIMOI' PAOGUYECKUI CITMCOK
1. JpsxonoB B. MATLAB: yue6nsrii kypc. — CII6: ITutep, 2001. — 560 c.: un.

2. Iudposas oobpadoTka curnanos / A.b. Cepruenko — CII0.: ITurep, 2003. — 604 c.: .



JlaGopaTtopHnas padora Ne 2
CrnexkTpaJibHbIN aHAJIN3 U IUCKPeTHOe nmpeodpa3oBanue Pypbe

l. IEJIb 1 3AJJAYUM PABOTDI

N3yuyenune crekTpaabHOrO aHaIN3a JUCKPETHBIX CUTHAIOB. Pacuér cekrpa JUCKpEeTHOTO
curnan B Matlab ¢ npumenenuem nuckpersoro npeodpaszopanus dypee.

Il. TEOPETUYECKHWE CBEJIEHUA

CrnekTp IMCKPETHOr0 CMTHAJIA

Pa3pabotka nmpeoOpa3oBanuii Dypre chirpaia OrpoOMHYIO POJIb B MOSIBICHUH U Pa3BUTHU
psia HOBBIX 00JacTel HAYKH M TEXHUKH. J0CTaTOYHO OTMETHTh, YTO JICKTPUICCKAs CBSI3b U
panuocBs3b 0a3UPYIOTCS Ha CIIEKTPAILHOM MIPEJICTABICHUN CUTHAIOB Psiibt dypbe Takxke
MO>KHO pacCMaTpPUBATh KaK MPUOJIMIKEHUE MPOU3BOJIBHBIX (DYHKIIUH (OMIpeIeIICHHBIE
OTPaHUYCHUS B 3TOM U3BECTHBI) TPHTOHOMETPHUECKUMH PsilaMu OCCKOHEYHOU JiTHHBL. [Tpu
KOHEYHOH JITMHE PSIOB MMOYYA0TCS HAWITYUIIHE CPEIHE-KBaIPATHUECKUE IPUOIFIKECHUS.

MATLAB conepxut GyHKIIUU AJIs1 BBIIOJIHEHUS OBICTPOTO AUCKPETHOTO MpeoOpa3zoBaHus
Dypse.

[IpeobpazoBanre Oyphe MO3BOSAET BHIYUCIUTD CIEKTPAIBHYIO INIOTHOCTh CUTHAJA,
MIPEJICTABIISIFOIIETO 000 hynryuio (Kak MpaBuiIo, BPEMEHHU JIHOO MPOCTPAHCTBECHHBIX
KoopauHat). J[MCKpeTHBIN e CUTHAII SIBIISIETCS NOC/Ie008aMENIbHOCbIO YUcel, TIO3TOMY s
aHaJIM3a ero CIEeKTpa OOBIYHBIMH (aHAJIOTOBBIMH) CPEICTBAMHU HEOOXOMMO COMIOCTABUTD ATOM
MOCJIEI0BATEIbHOCTH HEKOTOPYIO (DYHKIIHIO.

TpaaunOHHBIM CIOCOOOM TAaKOTO COTIOCTABIICHHS SIBIISIETCS TIPEACTABICHNE OTCUETOB B
BUJIE JeNbTa-(hyHKIMHA ¢ COOTBETCTBYIOIIMMHU MHOXKHUTEISIMU U 3a/iep>KKkamMu. s
nocienoBarenbHocTH oTcueToB {X(K)} momyuuTcs crieayromuii CurHait:

st) = > x(K)5(t k).
1)

[TpeoOpa3zoBanue Oypbe TUHENHHO, CIEKTP AeIbTa-(QyHKIUN PaBEH €IUHUIIE, a 3aJIepiKKa
CUTHAJIa BO BpEMEHH NMPUBOJANUT K YMHOXKEHHIO CIIEKTPa HAa KOMIUIEKCHYIO SKCIIOHEHTY. Bce aTo
MIO3BOJIET CPa3y XK€ 3alKucaTh CIEKTP IUCKPETHOrO CUTHAJIA!

o

S(w)= 3 x(kye .

ot
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W13 310i1 popMyibl BUAHO IIIaBHOE CBOMCTBO CIIEKTpa JHOO0T0 TMCKPETHOIO CUTHAJIA!
CHEKTp SBJISCTCS TIEPUOAMYECKUM, U €T0 MIEPUOJT B TaHHOM ClTydae paBeH 27 (TO eCTh KpyroBOi
4acTOTE IMCKPETU3allNH, IOCKOJIbKY, COCTABIISISl CUTHAJ U3 AeNbTa-(yHKIINHI, MbI BBIOpaIn
€IMHUYHBIA HHTEPBAT MEXKAY HUMH, YTO AaeT Wg—2 7).

Pa3zMepHOCTB cieKTpabHOM (DYHKIIMH JUCKPETHOTO CHTHAJIA COBIAIAET C Pa3MEPHOCTHIO
OTCYETOB. JTO CBSI3aHO C TEM, UTO JeNbTa-(Q)yHKIIMU BPEMEHHU, U3 KOTOPBIX ObLT COCTAaBIIEH
curHan (1), *MeroT pa3MepHOCTh YaCTOTHI.

dopmyra (2) mo3BOJISET BEIYUCIUT CIEKTPATBbHYIO (GYHKIHEO [0 U3BECTHBIM OTCUSTaM
X(K). [Tpy KOHEYHOM YHMCIIe HEHYJIEBBIX OTCYETOB ATOT PACUET HECIIOKEH; OH MOXKET OBITh
BBIMOJTHEH ¢ ToMotnkio pynknuu MATLAB freqz.



Tenepb paccMOTPUM HECKOJIbKO MHYIO 3anauy. [1ycts 3Hauenus X(K) siBisitoTCst oTCUeTaMM
anasoroBoro curtaia S(t) B3aTeIMH ¢ IepuooM T:

X(K)=s(KT).

BbIsSICHUM, KaK B 9TOM CJIydae CIIEKTP JUCKPETHOTO CUrHaia (2) CBsi3aH CO CIIEKTPOM
anamoroBoro curraia S(t).

Wtak, Mbl pacCMaTPUBAEM OUCKDEMUZUPOBAHHbIY CUTHAT B BHJIC TIOCICI0BATEIILHOCTH

nenbTa-QyHKIHH, «B3BEIIEHHON 3HaueHussMu otcueToB S(KT) anamorosoro curnana S(t) (puc.
1):

0

s5(t) =" s(kT)S(t—KT).

K=o

(3)

0 r2r t
Puc. 1. JluckpeTu3npoBaHHBIN CUTHAI B BUE MOCIIEIOBATEIBHOCTH ACTbTa-()yHKITHIA

Tak kak ¢pynkius Kt - KT) paBHa HyIt0 BCro1y, kpome MomeHTa t = KT, MOKHO 3aMEHHUTH B
BeipakeHu U (3) koHcTauThl S (KT) Ha McxoHbIH HenpepbIBHBII curHai S(t):

sy (D) =s(t) > 5(t—KT).
4)

C yuétoM TOTO, 4TO B MHTEepBas HHTerpupoBanus (-T/2, T/2) nomnamaet TOJIBKO OJHA JE/IbTa-

¢byuknus, coorsercTByromias K = 0, mepuoandeckas mocjae10BaTeIbHOCTD AeIbTa-()yHKIHI
MO>KEeT OBITh MpeJICTaBlIeHa B BUE KOMILIEKCHOTO psna Dypoe:

3 5(t-KT) :Tli el
(5)

i€ o, =27n/T. [loacraBus (5) B (4), mosydum s, (t) :? 3 ekt :% > s(t)e™.

n=—u

YMHOkeHHe curHana Ha eXP(j ant) COOTBETCTBYET CABUTY CHEKTPAIbHOM (QYHKIIMU Ha (h,
MO3TOMY CHEKTP AUCKPETU3UPOBAHHOTO CUIHAJIA MOKHO 3aIIUCaTh CIEAYIOLUIMM 00pa3oM:

S (@) =%n§;$[(o—@}
(6)

Taxum 06pa3oM, CIEKTP AUCKPETH3UPOBAHHOTO CUTHAJIA MIPECTABIIAET CO00i GeCKo-
HEYHBIH PAJ CABMHYTHIX KOIMIi CIIEKTPa HCXOIHOTO HENpephIBHOro curnana S(t) (puc. 2).
PaccTostHHe 110 9acTOTe MKy COCSTHUMHU KOMUSIMU CIIEKTpa PaBHO YaCTOTE JUCKPETU3AINN
on=27/T.
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Puc. 2. CiekTp TUCKpETU3NPOBAHHOTO CHTHAJIA

XapakTtep CreKTpa JUCKPETH3UPOBAHHOTO CUTHANA €Ille pa3 IeMOHCTPHPYET YaCTOTHO-
BPEMEHHYIO AyalbHOCTh IpeoOpa3oBanust Oypre:



MEPUONYECKUN CUTHAIT — TUCKPETHBINA CIIEKTP;

NEPUOIUYECKHI CIIEKTP — JAUCKPETHBIA CUTHAI.

PucyHoKk 2 HarisiiHO IEMOHCTPUPYET CIOCO0 BOCCTAHOBJICHHS HETIPEPHIBHOTO CUTHAJIA TTO
JTUCKPETHBIM oTcyeTaM. J1Jisg 3TOro HeoOX0IUMMO MPOMYCTUTh JUCKPETHBIN CUTHAI Yepes3
uaeanbHbii punbTp HUKHUX 9acToT (PHY) ¢ yacToToil cpe3a, paBHOM MOJOBHHE YaCTOTHI
muckperuzanuu. AYX takoro ¢puibTpa nokasaHa Ha puc. 2 IyHKTHPOM.

OueBUHO, YTO TOYHOE BOCCTAHOBJIEHUE CUTHAJIA BO3MOKHO, €CJIM CIBUHYThIE KOITUU
CIIEKTpa HE MepeKphIBatOTCs. M3 puc. 2 BUIHO, YTO AJI ’TOTO0 HEOOXOIMMO, YTOOBI YacTOTa
JUCKpPETHU3alMi KaK MUHUMYM B JIBa pa3a IPEBbIIIajga BEPXHIO IPAHUYHYIO YACTOTY B CIIEKTPE
CUTHaJA:

wy > 20;

(7)

B cny4ae mpon3BOIBHOIO CUTHAIIA, €CITU ycaoBue (7) He BBIMOJIHSICTCS, CIBUHYTHIC KOTIUN
CrieKTpa OyIyT HAaKIAAbIBAThCS APYT HA JPYTra, YTO MPUBEIACT K HEM30CIKHBIM NCKAKEHUSIM TIPU
BOCCTAHOBJICHUHU HEIPEPHIBHOTO CUTHAA (pHC. 3).

Is'i(_m)l

—wy —/2 0 /2 (oM ®
Puc. 3. IlepekphITie CABUHYTHIX KOIUH CIICKTPA IIPH HEJJOCTATOYHO BHICOKOM
4acTOTE JUCKPETU3ALUU

OTH UCKaXXEHUS BBI3BAHbI TEM, YTO CHEKTPAJIbHBIE COCTABIISIFOIINE CUTHAJIA C YACTOTAMHU,
IpeBbIIIalOIUMU YyacToTy HalikBucra, paBHYIO @y /2, HE MOTYT OBITh BOCCTAHOBJICHBI
IIPaBUJILHO - BMECTO 3TOT0 OHU BBI3BIBAIOT HAJIOKEHUE «XBOCTOB)» COCEIHMUX CABUHYTBIX KON
CIIEKTpA U MOSIBJICHUE JIOKHBIX YaCTOT.

Ecin noanexanuil IMCKpeTU3aluy CUTHAI MOXKET COEPKATh CIIEKTPAJIbHBIE COCTAB-
JSIOIIKE ¢ YaCTOTAaMH, MTPEBBIIAIOIIMMY YacToTy HallkBuCTa, MOJIE3HO IPEeIBAPUTEIIBHO
npomyctuTth ero yepe3 ®HY ¢ gacroroii cpesa, paBHoii yacrote HaiikBucta (puc. 4). [Tpu stom
BCE€ PaBHO OYyAYT NOTEPSIHBI BHICOKOYACTOTHBIE COCTABIISAIONINE — COXPAHUTh UX MOKHO JIMIIb
IyTEM MOBBILICHUS YaCTOTHI AUCKpeTH3anuu. OJIHAKO B 3TOM ciiyyae Gyarogapsi OTCYyTCTBHIO
HAJIOXKEHUS «XBOCTOBY» HE MPOU30MICT MOSBICHHS JIOKHBIX YaCTOT U Juana3on 4actot 0... ay /2
OyZeT npejacTaBieH B IUCKPETHOM CUTHaJIEe 0€3 MCKa)KEeHUH.
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Puc. 4. Ilpu quckpeTusamyy curHalia, CoJAepKaIlero BRICOKOYaCTOTHBIE COCTABIISIONINE (2),
oJIe3HO MponycTuTh ero uepe3 ®HY (6), uToOb! n30eKaTh MOSABICHUS JTOKHBIX YacTOT (B)

Teopema KoresbHuKoBa

Beiiie 06110 ¢hOpMyTHPOBAHO YTBEPKACHUE O TOM, YTO HEKOTOPBIE CUTHAIIBI MOTYT OBITH
0e3 morepb HHPOPMAIIMH MTPEACTABICHBI CBOMMH JTUCKPETHBIMU OTCUETAMH, a TIOTyYECHHOE
BBIp@XEHHE JUIsI CIIEKTPa AUCKPETU3UPOBAHHOIO CUTHAJIA ITO3BOJISET BBIIECINUTD TOT KJIACC
CUTHAJIOB, JUIsl KOTOPBIX 3TO BO3MOXKHO, M OIUCATh CIIOCOO TAKOTO0 BOCCTAHOBIICHUSI.

CorunacHo (6), CHeKTp TUCKPETU3UPOBAHHOTO CHTHAJIA PEICTABISET CO00I CyMMy
CABUHYTBIX KOIUU CIIEKTPa UCXOHOIO CUTHAJA, IIPU 3TOM LAl CJIBUra paBEH 4acTOTe
Juckperusanuu @y. Y3 puc. 1 BUAHO, 4TO €CIU B CIIEKTPE aHAJIOTOBOT'O CUTHAJIA HE COJEPIKUTCS
COCTaBIISIIOLIUX C YaCTOTaMH, MIPEeBBIIAIOIINME YyacToTy HalikBucta (@y /2), To cIBUHYTHIE
KOIUU CIeKTpa He OyayT mepekpriBaThes. B aToM ciydae ucnonb3oBanue uaeansnoro ®HY c
npsiMoyrosibHoM AUX M03BOJIUT BBIACIUTH UCXOAHYIO (HECABUHYTYIO) KOIUIO CIIEKTpa,
COCPEIOTOUEHHYIO B OKPECTHOCTSX HYJIEBOW YacTOTHI, U, TAKUM 00pa3oM, B TOYHOCTH
BOCCTAHOBUTb UCXO/IHBIM aHAJIOTOBBII CUTHAI.

AUX uaeansroro ®HY, BoccTaHaBIMBAIOMIETO aHAJIOTOBBIN CUTHAJI, IPUBEICHA HA PUC.
cneBa. KoaddummeHT nepenayn B mojioce MpoIryCKaHusi paBeH |, a HE eIWHUILIE, YTOOBI
KoMIeHcupoBath MHOXHUTENb 1/T B popmyine (6). C momoribio 00paTHOro npeodpa3oBaHus
®dypbe HaliJIeM UMITYILCHYIO XapaKTepUCTUKY PribTpa (puc. 5 cripasa):

. t
sin| 7 —
h(t) = [ Tj

T—

T

(8)
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Puc. 5. AMIuMTy1HO-4acTOTHAs (CJI€Ba) U UMITYJIbCHAs (CIIPaBa) XapaKTePUCTUKU
UJeallbHOTO BOCCTaHABIMBAIOIIETO (PUIIbTpa

Jluckpetu3upoBaHHbIil curHan (3) mpeacTapiser codoit cymmy nenbra-pyakuui. [Tpu
MIPOXOKICHUH TaKOTO CUTHaJIa yepe3 BocctaHapimuBatomuii ®HY kaxgas nenbra-QyHKIUsS
MOPOJUT Ha BBIXOJIE COOTBETCTBYIOLIMM 00pa3oM CABUHYTYIO M MAacCIITAOMPOBAHHYIO KOITUIO
UMITYJIBCHOM XapaKTepUCTUKU (GuiIbTpa. BeixonHOM curHa (B TOUHOCTH COOTBETCTBYIOIIUI
HCXO/IHOMY aHAJIOTOBOMY CUTHAIY), TAKUM 00pa3oM, Oy/eT MpeACTaBIATh COO0H CyMMy
CABUHYTBIX ¥ YMHOKEHHBIX Ha OTCYETHI CUTHAJIA KOMUI UMITYJIbCHBIX XapaKTEPUCTUK
uneanproro ®HY (8):

. ( t—kT]
. sin| 7=
s)=> s(kT)W.

T

k=—o0

(9)



[ToaBOISI UTOT BCeMyY CKazaHHOMY, chopMyupyeM meopemy Komenvrurosa: moboii
curnai S(t), CrieKTp KOTOPOro He COAEPIKUT COCTABIIAIONIMX C YACTOTAMH BBIIIIE HEKOTOPOTO
3HAYECHUS o, =27f;, , MOJKET OBITH 0€3 OTEPh UH()OPMALIMH MTPEACTABIEH CBOUMH JUCKPETHBIMH
orcueramu {S(KT)}, B3aTbIMH ¢ HHTEPBAIOM T, YIOBJIETBOPSIOLINM CIIEAYIONIEMY HEPABCHCTBY:

T o7
2f,  w,
(10)

BoccraHoBieHre HCXOIHOTO HEMpepbIBHOTO curHaia S(t) mo Habopy ero IMCKpPETHBIX
orcueroB {S(kT)} mpousBoaurcs no popmyse (9).

dopmupoBaHre HEMPEPHIBHOTO CUTHAJA 10 €r0 JTUCKPETHBIM OTCUETAM IOSICHAET puc. 6.
[TyHKTHPOM MOKa3aHbl rpaMKH OTACIBHBIX ciaraeMbiX Gopmysl (9), CIUIONIHON THHUEH -
BOCCTaHOBJICHHBIN curHai. Hwke npuBoautces kogq MATLAB, ncnons30BaHHBIN TTPH
MOCTPOCHUU PUCYHKA!

t=-2:0.01:6; % epemA onA eoccmamnosnennoco
cuenana

td = -2:6; % HoMmepa omcyemos
s=[004321000]; % OUCKpemmublll CUSHAL

d=[td" s']; % Oannvie onA ynxkyuu pulstran
y = pulstran(t, d, 'sinc’); % 60CCMAHOBNEHHDIL CUSHA
plot(td, s, '0", t, y) % epaghux 60cCMAHOBIEHHO20 CUCHALA
hold on % 6b1800UM epaAhUKU OMOETbHBIX STC-
UMRYIbCO8

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

PucyHok 6 HarIsIIHO IEMOHCTPUPYET IIIaBHOE CBOMCTBO CUTHAJIA C OTPAHUYEHHBIM
CIIEKTPOM - €70 OECKOHEUYHOCTh BO BPEMEHHU. XOTsI OTIUYHBI OT HYJIS JIMIIIb HECKOJIBKO OTCYETOB
MOKA3aHHOTO CUTHAJA, aHAJIOTOBBIM CUTHAIl OKa3bIBACTCSI OECKOHEUHO KOJIECOIMIOIIUMCS - MEXKITY
HYJIEBBIMHU OTCUETaMH (Ha PUCYHKE 3TO OTCYETHI C HOMepamHu -2, -1, 4, 5, 6) ero 3naueHus
OTIIMYHBI OT HYJS. DTH KOJeOaHUs HUT/IC HE 3aKaHYMBAIOTCS, XOTS MX aMIUIUTYIa CTPEMUTCS K
HYJIIO.

Puc. 6. BoccranopneHre HEMPepbIBHOIO CUTHAJIA 110 €T0 JUCKPETHBIM OTCUeTaM



MHora MOXHO BCTPETUTh IPUMEPHO CIEAYIOIee «OOBICHEHHE) CYIITHOCTU TEOPEMBI
KorenbHukoBa: «eciu 6paTh OTCYETHI JOCTATOYHO YaCTO, B IPOMEKYTKAX MEXKAY HUMH CUTHAII
C OrpaHUYEHHBIMU CIIEKTPOM HE YCIEET CUIbHO U3MEHUTHCS, U MBI CMOKEM TOYHO
BOCCTaHOBUTH €ro». Takasi TpaKTOBKa SIBJISIETCS MPUHIMITHAILHO HenpaBmiibHON. Koraa Mbl
TOBOPUM 00 OTPaHMYCHHOM MOJIOCE YaCTOT CHTHAJIa, UMEETCS B BUAY CIIEKTpaJIbHAS (PYHKIUS
8ce2o cucHana, umerwe2o beckoneuHyro orumenvHocms. IIpu 3T0M meHo8eHHble CIEKTPbI
OMOeNbHbIX (PpazmeHmos CUTHANIA MOTYT COJIEP>KaTh CKOJIb YTOJJHO BBICOKHE YacTOTHI. B
YaCTHOCTH, B OT/ICTILHOM IIPOMEXYTKE MEXKIY COCETHUMHU OTCUETAMH CUTHAJ C OIPaHUYCHHBIM
CHEKTPOM MOKET UMETh CKOJIb YTOJIHO CIOXKHYIO (JOpMY, HAaIpUMEP MPOU3BOJILHOE YHCIIO pa3
MEHSTh 3HaK.

Huckpernoe npeodpazoBanue Oypbe

[Tpsimoe peobpazoBanue Oypbe nepeBoIUT onucanue curHana (GyHKIUN BpeMeHH ) U3
BPEMECHHOM 00J1aCTH B YaCTOTHYIO, a 00OpaTHoe npeodpa3oBanue Oypbe — W3 4aCTOTHOM
obnactu Bo BpeMeHHY10. Ha 3ToM 0CHOBaHbI MHOTOUMCIIEHHBIE METOAbI (DUIIbTPALIMU CUTHAJIOB.

B paznene «CnekTp JUCKPETHOTO CUTHAJIa» Mbl IPOAHAIIM3UPOBAIIH SIBICHUS,
MPOUCXOISIINE CO CIEKTPOM MPU TUCKPETU3AIUU CUTHANIA. PaccMoTpuM Tenepsb, 4To
MpEeJICTaBIsIeT COO0M CIEKTP TUCKPETHOTO nepuooutecko2o CUTHaia.

Wrak, mycts nocienoBateibHocTh orcuetoB {X(K)} sBisieTcst meproaryecKoi ¢ meproaomM
N:

X(k + N) = x(k) ans moboro k.

Takast ToC/IeI0BaTeIbHOCTD MOIHOCTBIO OMMCHIBACTCS KOHEUHbIM HAOOPOM YK Cell, B Ka-
YeCTBE KOTOPOTO MOKHO B3SITh MPOU3BOIbHBIN (parmenT jmuHo# N, Hanpumep {X(k), k =0,
1,..., N - 1}. TTocTaBiaeHHBIH B COOTBETCTBUE ITOM MOCIECIOBATSILHOCTHA CUTHA U3 CMEIIIEHHBIX
110 BPEMEHHU JIeNIbTa-(PyHKIINH:

x

st) = > x(k)S(t - kT)

=
(11)

TaKxe, pasymeercs, OyeT NepruoAMYecKUM ¢ MUHUMaIbHbIM niepuoaom N 7.

Tak kak curHan (11) sBiseTcs AUCKPETHBIM, €0 CIEKTP JODKEH OBITh nepuoOUtecKum ¢
neprooM 27 T. Tak Kak 3TOT CUTHAN SBJISETCS TAKXKE M EPUOJUUCCKUM, €r0 CIEKTpP J0JDKEH
OBITh QUCKpemHbIM C PACCTOSIHUEM MEX1y rapMoHuKamu, paBHbIM 277 (NT).

Wrak, nepnoandecKkuil AMCKPETHBIM CUTHAT UMEET NEPUOANYECKUN TUCKPETHBIN CIEKTD,

KOTOprI TAaKXC OIIMCBIBACTCA KOHCUYHBIM Ha60p0M n3 N umcen (OI[I/IH nepuona CrieKTpa

COJICPKHT ZT—” % = N TApMOHHK).

PaccMmoTpum nipotieTypy BEIYHCICHUS CIIEKTPA MEPUOINIECKOTO JUCKPETHOTO CUTHANA. Tak
KaK CUTHAJI IEPUONUECKH, OyIeM pacKiIabIBaTh €ro B pso @ypwve. KordpuimeHTs X (n) 3TOTO
psifa paBHBI

5

, 1Y 1 e 14a N o 18 14 - 2znk
X(n)=~— ! s(t)e ‘“"‘dt:ﬁ_([ZX(k)é(t—Tk)e j "'dt:ﬁgx(k)_([ S(t—KT)e ~'dt:ﬁ§x(k)e Jerkt :ﬁgx(k)exp(—j N j
(12)

Takum oOpazom, hopmya /Ui BHIYMCIEHUS KOMIUIEKCHBIX aMILTUTY/l FApMOHUK MpeJi-
CTaBIsieT cO00M JTMHENHHYI0O KOMOMHAIIMIO OTCUETOB CUTHAJIA.

B Beipaxenun (12) peanbHblit MaciTad BpeMeHH GUTYpHPYET TOJIbKO B MHOKUTEE 1/T
nepe]; ornepaTopoM cyMMHupoBaHus. [Ipu paccMOTpeHNH TUCKPETHBIX MTOCIE0BATENIBHOCTEN
0OBIYHO ONEPUPYIOT HOMEPAMHU OTCUETOB U CIIEKTPAJIbHBIX TAPMOHUK 0€3 MPUBA3KH K
JCWCTBUTEIILHOMY MacIITady BpeMeHH U yacToThl. [loaromy MHOkuTens 1/7T u3 (12) ynanstor,
TO €CTh CYMTAIOT YACTOTY AUCKPETU3ALMU PaBHOW eAMHHULE. Y JATSIOT OOBIYHO ¥ MHOXKHTENb

=



1/N. TonyuuBiieecs BRIpaKEHUE HA3BIBACTCS OUCKpemHbiM npeodpazosasuiem Pypve (JAI1D;
anriuiickuii Tepmua — Discrete Fourier Transform, DFT):

X (n) = Nz:ix(k)exp[— j 2’”“().

(13)

CymectByeT u obpamnoe nuckpetHoe npeodpazoBanue Oypoe. [lepexon oT TucKpeTHOrO
CIIEKTpa K BPEMEHHBIM OTCYETaM CUTHaJIa BBIPAKACTCS ClIeayrotmel (opMyIioi:

18, . 2znk
x(k)=ﬁgx(n)exp[1 N )
(14)

BoccraHoBieHue  HENpepbIBHOTO
curHaina ¢ nomoupro 110
SIBISISICH IO CBOGH CYTH CIIEKTPOM OUCKPemHO20 IEPUOANUECKOTO CUTHANA, JUCKPETHOE
npeodpaszoBanre Oypbe MO3BOJSAET JIETKO BOCCTAHOBUTD HENPEPbIGHblil IEPUOANYECKUN
CUTHAJI, 3aHUMAIOIINI OTpaHHUYEHHYIO MOJI0Ccy YacToT. [ aToro B popmyie odparnoro AI1D
(14) HEoOX0aMMO 3aMEHUTH TUCKPETHBIN MapameTp (Homep oTcyeTa K) Ha HernpepbIBHBIN —
HopmupoBanHoe Bpewmst t/T, rae 7 — meproa AMCKpeTH3AINH:

1 N&t . 2znt
K=t S X 2zt )
M- Y aowp@ NT)

(15)

Crenyer oOpaTUTh BHUMAHKE HA €IIIe OJTHO OTJIMYUE STOr0 COOTHOIEHHS OT hopmyJisl (14):
JIMana3oH MHICKCOB CyMMUpOBaHus cMmelieH BHU3 Ha N/2 (npu yetHoM N; nipu HedeTHOM N
cymmupoBanue mpousBoautces ot n=-(N-1)/2 go (N-1)/2). 310 He06X0AUMO, YTOOBI OTYIUTH
AQHAJIOTOBBIN CUTHAII, 3aHUMaronui moocy 4actot ot 0 1o 7/7. KoaddummeHntsr x(n) ¢
OTPUIATESIIEHBIMI HOMEPAMHU MOTYT OBITh TTOJIYYCHBI U3 COOTHOIIICHHSI CHMMETPHH.

Pe3ynbpTaT BOCCTaHOBJIEHUSI HEMPEPBHIBHOTO MEPUOJUYECKOTO CUTHAJIA ¢ ToMolIbio 11D,
pa3yMeeTcs, COBIAJAET C pe3yabTaTaMu, MOJy4aeMbIMH TP UCTIOJIB30BAHUY Pl
Kotenbaukoa. OnHako ucnosis3obanue JI1® B qanHOM citydae okas3biBaeTcs Oosee
NPEANMOYTUTENFHBIM, TaK KaK psia KoTenmsHIKOBA U1 IEPHOIUYECKOTO CUTHAIA COJICPKHT
OECKOHEYHOE YHUCIIO caraeMaix, a hopmyna (15) - koHewyHoe.

Marpuua AP

JIID sBrisieTcst TMHEWHBIM MpeoOpa3zoBaHueM, TPAHC(HOPMHUPYIOIIUM BEKTOP BPEMEHHBIX
OTCYETOB B BEKTOP TAKOM K€ JIUHBI, COAEPKAIINN OTCUETHI CIEKTpalIbHbIC. Takue

npeoOpa3oBaHre MOKET ObITh pEaTM30BaHO KaK YMHOKEHHE HEKOTOPOU KBaIpaTHON MAaTPHUIIBI
Ha BXOJIHOW BEKTOP-CTOJIOEI;

y=AX
rae A — mampuya npeoopazosanus. B cmyaae JII1® sta matpuiia umeet BUI
1 1 1 1]
2 Ar 67 .2
1 efJW eﬂW efJW qu(NA)
A 81 127 2
1 eV e N e e
Porr = - - - %3Ny
1 eV e N e N e N
1 efj%”(wfl) e—i%”zuH) e—i%a(w—n efj%”(w—l)zi

O6mas popmyna 1y1st 371€MEeHTa MaTPUIIbl, PACIOI0KEHHOTO B 71-M CTOJIOIE 71-i1 CTPOKH,
BBITJISIAT TaK:



Aper (M, n) =exp(—j27rW),ls m<N,1<n<N.

Boruncienue IO myreM yMHOKEHHS MATPHUIBI HA BEKTOP MOJTHOCTHIO COOTBETCTBYET
dopmyie (13). DToT MeTox TpedyeT OOJBIIOr0 KOJIMYSCTBA BRIYHCIUTEIbHBIX OTICPaLIHid,
M0ATOMY Ha MPAKTUKE BMECTO HETO MPUMEHSFOTCS OBICTPhIC aJITOPUTMBI, PACCMATPHUBACMBbIC
nanee.

CBsi3b D u CIIEKTpa
JMCKPETHOT'O CUTHAJIA

MMest OZIMH M TOT 7K€ KOHEYHBIH HAOOp YMCeN, MOXKHO PaCCUUTATh JIHOO CREKmMpPaibHyio
@yHKYuro 3TOTO JUCKPETHOTO curHaia mo Gopmyie (2), mu6o ero AP mo hopmyie (13).
Pasymeercs, BOBHHKAET BOIPOC O TOM, KaK CBA3aHBI IPYT C APYTOM OTH JBa CIIEKTPATbHBIX
IPE/ICTaBICHNUS, TOJyICHHBIC HA OCHOBE OJTHMX M TE€X )K€ OTCYETOB CHTHAJIA.

Cpasuenue Gpopmyi (2) u (13) mokassiaet, uto JI1® npeacraBisier coboii mpocTo
OUCKpemmuble omcuempl CIIEKTPATbHON (YHKIIMH AUCKPETHOTO CUTHAJIA, COOTBETCTBYIOIIUE

4acToTaM o, :“’A% :

p . 27zn ; n

X(n):S(ﬁ]=S(wA ﬁ)'

(16)

ITo sToit mpuunne 3HaueHus 11D nHOrna Ha3bIBAKOT CNEKMPAIbHBIMU OMCYEeMaMu.

U3 cootHomeHus (16) ciaeayer erie OauH BaKHbBIH BHIBOI: €CIIH J00aBUTh K KOHEYHOMY
HabOpy OTCYETOB HEKOTOPOE KOJIMYECTBO HYJEH, ClieKTpasibHas QyHKIUS JUCKPETHOIO CUTHAJA,
€CTeCTBEHHO, He u3MeHuTcs, Ho JII1D nact Gosnbliiee YUCIIO CIEKTPATBHBIX OTCYETOB,
COOTBETCTBYIOILIMX YAaCTOTaM, O0JI€€ TECHO PacHOI0KEHHBIM B HHTEPBAJIE OT HYJIS A0 4aCTOThI
JUCKPETU3ALUH.

ITosicHuM cKka3zaHHOE Ha IPOCTOM npumepe, Beraucius 11D 11 oTcueToB npsiMOyroJIbHOrO
UMITYJIbCa IPU Pa3HOM KOJIMYECTBE KOHIIEBBIX HYJeH (puc. 7):

x1 = [ones(8,1); zeros(8,1)]; % 16 oTcueToB

yl = fft(x1); % JI1® curnana x1

x2 = [x1; zeros(16,1)]; % nobasmsiem 16 Hyse
stem((0:31)|32, abs(y2)) % moxaynb AP curnana x2
subplot(2, 2, 1), stem(0:15, x1) % rpaduk curHana x|

xlim([0 31])

subplot(2, 2, 2)

stem((0:15)/16, abs(y1)) % monyns JAI1D curnana x1
subplot(2, 2, 3), stem(0:31, x2) % rpaduk curHama x2
xlim([0 31])

subplot(2, 2, 4)

y2 = fft(x2); % JAIID curnana x2
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Puc. 7. IloBblienue cnekrpanbHoro paspeuenus 11D npu gonosHeHn curaia HyJasMu:

CBEpXY - UCXOHBIN curHai u Mmoaynb ero 11D, causy - curnan, nonojgHeHHbIN 16 HyIaMH,
u Moayib ero 11D

['opusoHTaIbHBIE OCH HA CHIEKTPAJIbHBIX IPaPUKaxX MPOrpaayupOBaHbl B JOJISIX YACTOTHI
muckperuzaruu. U3 puc. 5.1 BUgHO, 4TO MOCie yBEIHUEHUS JJIMHBI CUTHAJIA BABOE 33 CUET
n00aBICHUS HYJIEBBIX 0TCUETOB pe3yibTar 1D cran comepxkarh BABOE OONbIIIEC 3HAYCHUH,
COOTBETCTBYIOILIMX B JIBa pa3a Yalle pacroyioKeHHbIM YacToTaM. Takum o0pa3oM, JOMOIHEHUE
CHTHAJIa HYJISIMU ITO3BOJISIET MMOBBICUTH CIIEKTPaAJIbHOE pa3peleHre npu BerarcieHun JI11D.

@yHKIMM criekTpasibHOro ananuza B MATLAB

OyHKIUS OJHOMEPHOTO MPSIMOTO MpeodpazoBanus Oypbe
B onmcannbIx HIKE QYHKIMSIX peau30BaH 0COObIN METOJ Oblcmpo20 npeodpa308anus
@ypve — Fast Fourier Transform (FFT, unu BI1®), no3Bosisiromuii pe3k0 YMEHBIIUTh YHCIIO
apudmMeTHyecKuX onepanuii B XoJie MPUBEIACHHBIX BBIIIE TPEOOPa30BAHUIA.
st omHOMEPHOTO MpeoOpa3oBaHus UCIIONIB3YETCs Clieayromias (yHKIIHS:

v fft(X) BosBpammaer mis Bektopa X IHCKpeTHOe mpeoOpazoBanune Dypbe, MO BO3-
MOKHOCTH HCIIOJB3Yys aJIlOPUTM ObIcTporo npeodpazoBanus dypee. Ecniu X — marpuiia,
dynxus fft Bo3Bpamaer npeodpazoBanune @ypre I KaKI0Tro cTOI0a MATPHIIBI,

v’ fft(X,n) Bo3Bpamiaer n-todyeuHoe mpeobpazoBanne Dypre. Eciam mmuHa Bektopa X
MEHbIIIE N, TO HEJOCTAIOIIE IEMEHTHI 3aloHA0TCs HylsaMu. Eciu juinna X Oosnbiie N, To
JUIIHKE 35ieMeHThl yaanstores. Korma X — marpuna, anuHa cTosOIOB KOPPEKTHUPYETCs
aHaJIOTUYHO;

v fft(X,[ 1,.dim) u fft(X,n,dim) npumenstor npeoOpazoBanne @Dypbe K OIHOH U3
pa3MepHOCTel MaccHBa B 3aBUCHMOCTH OT 3Ha4YeHUs napamerpa dim

@ynkuun od0paTHoro npeodpasopanust Pypne
B onHOMepHOM ciiydae BO3MOXKHO oOpaTHoe npeoOpazoBanne Pypbe, peannsyemoe
cnenyromen QyHKIeH:

v ifft(F) BosBpaimaer pe3ynbrar AUCKpETHOrO 0OparHoro npeodpasoBanus ypbe BekTOpa
F. Ecnmu F - matpuna, to ifft Bo3Bpamaer obparHoe mpeodpasoBanne Dypre A KaxkI0r0
CTOJIOIA 3TOM MAaTPHIIBI;

v ifft(F,n) Bo3Bpamaer pe3yabTarT N-TOYEYHOTO AMCKPETHOTO OOPATHOrO MPeobdpa3oBaHMs
®ypne BekTopa F;

v ifft(F,[ ],dim) u y = ifft(X,n,dim) BosBpamaror pesynbrar 0OpaTHOrO AMCKPETHOTO
npeoOpa3oBanusi dypre MaccuBa F 1o cTpokam WM MO CTOJIOIIAM B 3aBUCHMOCTH OT
3Ha4YeHus ckayspa dim.



Jlnst mro6oro X pe3ynbTaT MOCIeA0BaTEIBbHOTO BBITOTHEHHS IPSIMOTO H 00pPaTHOTO
npeobpaszoBanuii Dypre ifft(fft(X)) paBen X ¢ TOYHOCTHIO 10 MOTPENUIHOCTH OKpyTiacHHs. Eciu
X — BemecTBeHHbI MaccuB, Ifft(fft(X)) MoxeT uMeTh Masble MHUMbBIC YacTH.

. ITPAKTUYECKAA YACTD

Jns nmmoctpanuu npuMeHeHus npeodpazoBanus Oypbe co3AaIUM TPEXUaCTOTHBIN CUTHAT
Ha (OHE CHIIHHOIO IIyMa, CO3/IaBa€MOr0 '€HEPATOPOM CIIy4alHbIX YHCEI:

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))

Orot curnan umeer cpeanroro yactoty 200 I'ip 1 1Ba O0koBBIX curHana ¢ yacrotamu 150 u
250 I'1t, 4TO COOTBETCTBYET AMILIUTYIHO-MOYJIMPOBAHHOMY CUTHATY C YaCTOTON MOIYJISIIUU
50 I't u rmyounHoM Moayssiinu 0,8 (amrmuTyna 60KoBbIX yacToT coctaBisier 0,4 OT aMIUTUTYIbI
HeHTpaibHOro curHajia). Ha puc. 8 mokazan rpaduk storo curnana (mo nepsbiM 100 orcueram
u3 2000). HeTpyaHO 3aMETHUTh, YTO U3 HETO HUKOMM 00pa3oM HE BHUIHO, YTO TOJIE3HBIN CUTHAT
— aMIUTUTYIHO-MOYJIMPOBaHHOE KOJIeOaHUE, HACTOJIBKO OHO 3a0UTO IITyMaMH.

Puc.8 ®opma 3anrymMineHHOro cursana

Tenepps nocTpouM rpaduk CreKTpaIbHON INIOTHOCTH MOJYYEHHOTO CUTHAJIA C IOMOIIbIO
npsAMoro npeodpazoBanus Oypbe, MO CYIIECTBY NEPEBOAAIIETO BPEMEHHOE MIPEICTaBICHNE
CHTHaJIa B 4acTOTHOE. DTOT rpaduk (cm. puc. 8) B odmactu vactot 10 300 I'ty crpoutces
CIIEYIOIIMMU KOMaHAAMMU:

Y=fft(y,1024);

f=2000*(0:150)/1024;

figure;

plot(f,abs(Y(1:151))); grid

['paduik crieKTpabHON TIOTHOCTH CHTHAJIA, TOCTPOSHHBIN B 3TOM IIPUMEPE, MPEICTABICH
Ha puc. 9.
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Puc 9. I'paduk ciekTpanbHOMA
IUTOTHOCTH MPUBEICHHOTO Ha pHC. §
cUrHaja

Jaxe Gersoro B3risaa Ha puc. 9 10CTaTOUYHO, YTOOBI YOSTUTHCS B TOM, UTO CIIEKTpOrpaMmma
CUTHAJIa UMEET SIBHBII MUK Ha CpeIHel YacTOTe aMIUTUTYAHO-MO/IyJIMPOBAHHOIO CUTHAJIa U 1B
OOKOBBIX MMHKA. Bce 3TH TpU 4aCTOTHBIE COCTABJISIONINE CUTHAJIA SIBHO BBIJCIISIOTCS HAa 00IIIeM
urymoBoM (one. Takum 06pazom, TaHHBIHM IPUMEp HATJISAHO WLTIOCTPUPYET TEXHUKY
oOHapyXeHHs clTaObIX CUTHAJIOB Ha (JOHE NIYMOB JICXKAIIYIO B OCHOBE paOOTHI pauONPUEMHBIX
YCTPOMCTB.

IV. 3AIAHUE HA PABOTY
N3yunTh OCHOBHBIE MOJ0KEHUS TEOPUU CIIEKTPAILHOTO aHAIN3A IUCKPETHBIX CUTHAJIOB.
N3zyuuts Qynxmun MATLAB muckpernoro npeobpaszoBanust Pypbe, HEOOXOAUMBIE IS
CHEKTPAIbHOI0 aHAJIN3a AUCKPETHBIX CUTHAJIOB.
Paccuurath cniekTp curxana.

V. I[TOPAJIOK BbIITIOJIHEHW A PABOTDBI
1. U3y4yuTb OCHOBHBIE MOJOKEHUS TEOPUH CIIEKTPAIBHOIO aHAJIN3a JUCKPETHBIX CUTHAJIOB.

2. M3yuuTh OCHOBHBIE OJOXKEHUS TEOPUU AUCKPETHOTO NpeodpazoBanus Dypoe.
N3yuuts ocHoBHbIe pyHkunn MATLAB, HeoOXxoauMble Ui CIIEKTPAIEHOTO aHAIIN3a
JUCKPETHBIX CUTHAJIOB.

3. B cootBercTBHE C mIIaHOM MpeUIOKEHHBIM B maparpade |V paccuutats CeKTp curHaia
C 3aJJaHHBIMU IIPETI0IaBATEIIEM [TapaMeTPaMH.

VI. OOOPMJIEHUE OTYETA
OT4éT JOMKEH CONlePIKaTh:
* KpaTKHe TEOPETUUYECKUE CBEICHUS 110 BHIMOJIHSAEMON paldoTe;
* aJrOPUTMBI U JUCTUHTU IPOTrpaMM pacyéra CIeKTpa;
* BBIBO/IBI 110 ITPOBEAEHHOM paboTe.

VII. KOHTPOJIBHBIE BOITPOCHI

VIII. BUBJIMOI PAOMYECKUI CITUCOK
3. KoHCHEeKT JieKnuii Mo Kypcy.
4. JlpsixonoB B. MATLAB: yue6nsriii kype. — CII6: TTutep, 2001. — 560 c.: .
5. Hudposas o6padorka curnanos / A.b. Cepruenko — CII0.: ITutep, 2003. — 604 c.: n.
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CrnekTpajbHbIi aHAJIN3 HeNPePhIBHBIX M JMCKPETHBIX CUTHAJIOB. BbIcTpOe
npeodpa3zoBanue Pypne.

l. IEJIb 1 3AJTAYUM PABOTDI

Uzyuenue anroputma ObicTporo npeodpazoBanus Oypbe JUCKPETHBIX CUTHAIOB.
Boruucnenne 8-roueunoro [AI1® ¢ momoipto anropurma bIID ¢ npopexnBanueM no BpeMEHH.
[TpoBepka nosiy4eHHbIX BeruncieHuid B Matlab.

VI.  TEOPETMYECKUE CBEAEHUA
AuaroputMm ObIcTporo npeodpasosanus @ypnbe

Janst Beraucnenus oguoro kodddunuenta D no popmyne (13) (em. m1.p. Ne2)
HE00X0IUMO BBITOTHUTH N KOMIUIEKCHBIX YMHOXKEHUH U cioxeHuil. Takum oOpa3om, pacuer
Bcero JITI®, conepxarmero N kodddunmentos, notpedyer N? map omeparmii «yMHOKeHHe-
cioxeHue». Yucno onepanuil BO3pacTaeT NponOpLHOHAIbHO KBaapaTy pazmMepHocTa JIIID.
Opnaxo, eciiu N He IBJISI€TCS IPOCTHIM YUCIIOM U MOKET OBITh Pa3yI0’KEHO Ha MHOXKUTEIH,
MPOLIECC BBIYUCIEHUN MOYKHO YCKOPUTH, pa3/ieiNB aHATTU3UPYEMbIil HA0Op OTCYETOB HA YaCTH,
BbruncauB ux 11D u o0benunuB pesynpraThl. Takue ciocoObl Beruucienus AI1® HazpiBarorces
bvicmpoim npeobpaszosanuem Pypwve (BI1D; anrnuiickuii repmun — Fast Fourier Transform,
FFT) 1 noBcemecTHO HCTIONB3YIOTCS HA TPAKTHKE.

IIpu peanusanuu bII® BO3MOKHO HECKOIBKO BAPUAHTOB OPraHU3allMH BBIYUCIICHUN B
3aBHCHUMOCTH OT CII0C00a JAETCHHS MOCIeI0BATEeIbHOCTH OTCUETOB Ha YAaCTH (npopedicusanue 1o
BpEMEHH JIMOO0 IO YaCcTOTE) M OT TOTO, Ha CKOJIBKO (PparMeHTOB MTPOU3BOIUTCS pa3OueHne
MOCJIE0BATENbHOCTH Ha KaKJIOM 11are (ocrhosanue BIID).

BII® ¢ npopexuBaHueM 10 BpEMEHHU
Paccmotpum unero BIID ¢ npopescusanuem no epemenu (decimation in time, DIT) Ha
TprMepe JIeTeHuUsI Habopa OTCYETOB MOTOJIaM.

Urak, nycts N - uetHOe uncno. Beytenum B popmynie (13) nBa cnaraemsix, COOTBET-
CTBYIOIIMX 3JIEMEHTaM MCXOJIHOM MOCIEeI0BAaTENIbHOCTH C YETHBIMU U HEYETHBIMU HOMEpaMH:

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

X(n)=> xme ' N+ > x(2m+1e T

m=0 m=0

BBenem o6o3nauenus y(m) = x(2m) u Z(M)=x(2m+1), a Tak:Ke BBIHECEM U3 BTOPOH CyMMBI

- 27mn
OOIIMIT MHOXXHTED ¢ ' N .
. N/2-1 ,Jﬂ ,J2L"N/ -1 ,Jann
X()= > y(me N2z +e N z(m)e N2,
m=0
A7)
JBe cymmnl B (17) mpencrasisitot coboit AP nocnenosatenbHoCTe# {)(m)} (OTCUESTHI €
4eTHBIMU HOMepamu) U {z(M)} (oTcueTsl ¢ HeueTHhIMU HOMepamH ). Kaxxnoe u3 atux JII1D umeer
pasmepHocTh N/2. Takum o0paszom,

2zn

X(n)=Y(n)+e N Z(n),
(18)
rae Y(n) u Z(n) - ATI® cooTBETCTBEHHO MOCIIEI0BATEIBHOCTEH OTCYETOB C YETHBIMHU H
HEUCTHBIMH HOMEPaMH:

2
m=0

N/2-1 .2zmn

Wm=2ymwwﬂ

N/2-1 2zmn

Z(n=)Y. z(m)e N2,

m=0




Tak kax J{I1® pasmepuoctu N/2 naer numib N/2 criekTpanbHbIX KOADPHIIMEHTOB,
HEMOCPEICTBEHHO MCIOJIb30BaTh hopmyiry (18) MOXKHO TOJIBKO TPH 0<n<N/2. JIJIsl OCTANBHBIX 71
(N/2<n<N) cieyeT BOCIOIb30BaThCS IEPHOAUIHOCTBIO CIIEKTPa TUCKPETHOTO cUrHana (i,
COOTBETCTBEHHO, NEPUOANUYHOCTHIO pe3ynbTaroB JAI1D):

Y'[n+%]=Y'(n),Z'(n+%j:Z(n).
C yderoM 3toro npu n>N/2¢popmyina (18) npeacrasisercs B BUIC
(19)

[Tponecc Beruncnenus §-roueunoro 11D nyrem pazouenus ero Ha aa 4-rouednsix 11D
WITIOCTPUpPYETCS Ha puc. 8.

X©)
X(1)
XQ)
X03)

ane-4

X4)
X(5)
X(6)
X(7)

ANo-4

Puc. 8. Beruucnenne 8-roueunoro [I1® ¢ momornipio aAByx 4-toueqnbix 11D

brokwu, BeImoHsAOMKE HAa pUC. 8 00benuHeHne pe3ynbTaToB AByX AI1D, TpedyroT
JIOTIOJIHUTEIbHBIX KOMMeHTapueB. Kax/iplil Takoi 070K UMEET JBa BXOIHBIX U JBa BHIXOIHBIX
curaana. OJIMH U3 BXOIHBIX CHTHAIIOB YMHOKAETCS Ha KOMILIEKCHYIO SKCIIOHEHTY WK, T1ocie
Yero CyMMHUPYETCS CO BTOPBIM BXOIHBIM CUTHAJIOM M BEIUUTAETCS U3 HETO, POPMHUPYS TAKUM
00pa3oM JIBa BBIXO/IHBIX CUTHAJIA. ITO COOTBETCTBYeT peanu3anuu Gopmyin (18) u (19). lannas
orepanus mojiyumia Ha3BaHue «0adouku» (butterfly). Pacumdpoka ee cTpykTypsl
npezcTaBieHa Ha puc. 9.

Y(k) X(k) Y(k) X (k)

2 7N x(k+2) Z(k) > x(k+d)
w -1
Puc. 9. YcimoBHoe 0603Hauenune «0adoukuy» BITD
C IPOPEKUBAHUEM 110 BPEMEHH (CJIeBa) U €€ CTPYKTYpHas cxema (CIpaBna)
OrneHuM KOIMYECTBO orepaluii, Heooxoaumoe ist Beraucnenus 1D ykazaHHbBIM crio-

cooom. Kaxxnoe n3 nyx JAI1® nosoBuHHON pa3MepHOCTH TpeOyeT N% onepanuii. Kpome Toro,

MIPU BBIYUCIICHUN OKOHYATEIbHBIX PE3yIbTAaTOB KaXK/IbIM CIIEKTPAIBHBIA KOADPHUITUEHT
Z(n) YMHOKA€TCs Ha SKCIIOHEHIMAIbHBIN KOMIUIEKCHBIH MHOXHUTEb. JT0 qo0asiseT emie N/2

oneparuii. Utoro momydaercst 2N, +Ng-NIN+1/ qro ourn B1Boe MeHbliIe, 4eM pH

BbrunciaeHuu I npsmeim criocobom.

Eciu N/2 toxe siBisieTcst 4eTHBIM 9rciioM (To ecth eciii N menutes Ha 4), MOKHO
MPOIOJDKUTDH ONMCAHHYIO MPOLIEYpPY, BBIPa3UB pe3yibTat uepes uetbipe AP pazmepHOCcTH
N/4. D10 no3BoIseT erie 00JIbIlle COKPATHThH YUCIO TPEOYEMbIX BBIYHCIUTEILHBIX OMEPAIIHA.

Haubosnpmias ctenenb yCKOpEHUs! BBIYMCICHUN MOXKET ObITh TOCTUTHYTA IIPU N = 2B 3TOM
clIydae JieJIeHHe T0CTIe10BaTeIbHOCTEH Ha JIBE YaCTH MOKHO MPOJIOJIKATh JI0 TEX MOp, TOKa He
MOJIy4aTcs IBYX3JIEMEHTHbIE rocieoBaTeabHOCTH, {I1D KOTOphIX paccuUTHIBAaeTCS BOOOIIE
0€e3 HCIOTb30BaHMS OTIEPANNH YMHOKEHHUS (JIOCTATOYHO BBIYUCIUTH CyMMY U Pa3HOCTB JBYX
orcyeToB). Yucno TpedyeMbIX P 3TOM Hap ONepanuil «KyMHOKEHHE - CIIOKEHHE» MOXKHO
OLIEHUTbH KaK Nlog,(N) . TakuM 00pa3om, BEIUMCIUTEIBHBIEC 3aTPATHI IO CPABHEHUIO C
HEMOCPEICTBEHHBIM UCTIONIb30BaHueM (opmyiibl (18) ymeHbIIatoTest B N/log,(N) pa3. [Ipu



6ombmux N 3TO OTHOIIIEHUE CTAHOBUTCS BecbMa Bennko (Hanpumep, 1024/1092(1024)=102,4, To
ectb ipu N = 1024 nocturaercs 6osee yem 100-kpaTHOE YCKOPEHHE).

VIl.  TIPAKTUYECKAS YACTb

IIpumep Boruncienns 8-roueuynoro AP ¢ nomompbio aaropurma BIIdD ¢
NPOPEKMBAHNEM 110 BpEMEHHU

Anroputm BII® aiis 8-roueunoro AIID npencraBusieT coO0H TPEXITAMHYIO TPOLEAYPY
BeruucieHust 1M mo obrueii hopmysie (19) npu i=1, 2, 3. dopmupoBaHre HAYAIbHBIX YCIOBHIA
nepe;]] BBIMOJTHECHUEM TIEPBOTO dTara 3aKII09aeTCs B TPEXKPATHOM Pa30MEHNN UCXOAHOH 8-
TOUYEYHOM MOCIICIOBATEIIPHOCTH Ha IPYIIIbI YETHBIX U HEYETHBIX OTCUETOB, 2 UMEHHO:

1) 8-toueuHast MOCIEAOBATEIBHOCTh PA30UBACTCS HA JABE TPYIIIbI 4 TOYCUHBIX C YETHBIMU U
HEYETHBIMH OTCUYETaAMU (CM. puC. 8):

[X(0), X(2), x(4), X(6)] - u€rHbBIC OTCUETHI,
[x(1), X(3), X(5), X(7)] - HeuyéTHBIE OTCUETHI;
2) Kaxaas U3 IBYX 4-TOUCUHBIX IMOCICIOBATEILHOCTEH pa30MBaeTCs Ha JBE IPYIIBI 2-

TOUYCYHBIX C YETHBIMM M HEUETHBIMM OTCUYETAMM IIO MOopAAKYy CJICOOBaHUA, CUUTAad OT
HYJI, 4 UIMCHHO!

nocienoBarenbHOCTh [X(0), X(2), X(4), X(6)]:
[X(0), X(4)] - y€rHbIC OTCUETHI,

[X(2), x(6)] - HeuéTHBIC OTCUETHI,
nocienoarenbHOCTh [X(1), X(3), X(5), X(7)]:
[X(1), X(5)] - yérHBIC OTCUETHI,

[X(3), X(7)] - neuéTHbIE OTCUETHI,

3) kaxmas U3 4eThIPEX 2-TOUYCUHBIX MOCIIEAOBATEIbHOCTEH pa3OMBaeTCs Ha JBa OTCUETa -
YETHBIA M HEUYETHBIM OTCYETAMU IO MOPALKY CIIEIOBAHUSA, CYMTasl OT HyJs, T.€. Ha
HYJIeBOM (YETHBIN) U NEepBBIN (HEUETHBIN), a UMEHHO:

nocienoBarenbHOCTh [X(0), X(4)]:
[X(0)] - uérHbIe OTCUETHI,
[X(4)] - HeuérHbIC OTCUETHI;
nocJeI0BaTeIbHOCTh [X(2), X(6)]:
[X(2)] - uérHbIC OTCUETHI,
[X(6)] - Heu€THBIC OTCUETHI,
nocienoBarebHOCTh [X(1), X(5)]:
[X(1)] - uérHbIe OTCUETHI,
[X(5)] - Heu€THbIC OTCUETHI,
nocienoBarenbHOCTh [X(3), X(7)]:
[X(3)] - uérHbIC OTCUETHI,
[X(7)] - HeuéTHbIC OTCUETHI.
[Tocre aToro kaxoi mape orcuéroB AIID x? () m xg,.0), m=0, 1, 2 3 mocienoBaTeIbHO
MIPUCBAUBAIOTCS 3HAYCHHS TTAPbl OTCYETOB MPOPESIKEHHON 8-TOUCUHOM MOCIICI0BATEIIBHOCTH, &
uMeHHO (cMm. puc. 10)

Xg(0) =x(0), X3 (0)=x(2),
X7 (0) = x(4); X3(0) = x(6);

X;(0) = x(), X2(0) = x(3),
X3 (0) = x(5); X2(0) = (7).



Havanshsie Buixog
yerosns

X3(0) = x(0) x\© X20) X(0)=X3(0)

0
XP(0) zx(4)W2 x50 XA X(1y=X3()

X3(0)=x(2) X1 X2(2) X@)=X3(2)

> Wi
YR 2 i 3
X3(0) = x(6) X5 () X5 3)

XJ0)=x(1) RO EH0) ‘ y X(4)=x3(4)

o wy 1oy o y3
X35(0) = x(5) X3 XD X(5) = X;5(5)
X2(0)=x0) K40 X2 X3(6)

2
X001 =x(7) X30) X' ()

Puc. 10. Harmpasnensnstii rpad anropurma bII® ¢ npopexxuBanuem 1o BpeMeH! Ais 8-
ToueuyHoro JI1D

X3 =X}

JHanee Bemonasercs TpéxaTanuelii anroput™ bI1®, HanpaieHHbIN Tpad KOTOPOTo
npuBoaUTCs Ha puc. 10:
1) i=1
Ha nepBom 3Tarie BeIMOIHAETCS YeThIpe onepanuu «badouka» npu m=0, 1, 2, 3 ¢ yuérom
HAYaJIbHBIX YCIOBHIA
X4(0) = x(0) + W, x(4), X;(0) = x(2) + W, x(6),
{Xé(l) =X(0) ~W,’x(4); {Xf(l) =X(2) ~W; x(6);
X3(0) = x(1) +W,x(5), X3(0) = x(3) +W,x(7),
{Xi (D) = x(1) -W,’x(5); {Xi(l) =X(3) -W;x(7);
31ech MOBOPAUMBAOIINNA MHOKUTENb OCTaBJICH UCKIIOYUTENBHO sl €TUHO00pa3us «0aboueky;
B JICMCTBUTEIILHOCTH W, =1.
2) i=2
Ha BTOpOM 3Tane BBIMONHAETCS YeThIpe onepaiuu «o6adoukay npu m=0, 1
X5 (k) = Xo (k) + W, X (K);
X2(k +2) = X3(k) - W, XE(K);
k=01,
X7 (k) = X3 (k) +W, X3 (K);
X7 (k+2) = X3 (k) =W, X3 (k);
k=0,1.
3) i=3
Ha TpeTheM 3Talte BHIMOTHIIOTCS YeThIpe onepamnun «0adodka» mpu m=0
X5 (K) = Xg (k) +Wp X7 (k);
Xg(k+2) = Xg (k) =Wy X (K);
k=023
Ha Brixone umeem 8-roueunoe 11D, oTCUETHI KOTOPOTO CIEAYIOT B €CTECTBEHHOM MOPSJIKE

X (k) = X5 (k);
k=0,1,...,N-1.

VIll. 3AJAHUE HA PABOTY
N3yunTh OCHOBHBIE MTON0KEHUs TeopuH BbranciaeHus [I1P ¢ nomonsro anroputma bIID

C TIPOPEIKUBAHUEM TI0 BPEMEHH.
Nzyunts pynxkunun MATLAB nuckperHoro npeobOpaszoBanus Oypoe.



ITpoBectu Beruncienus §-roueunoro AI1P ¢ nomoursto anroputma bIID ¢
IIPOPEKUBAHUEM 10 BPEMEHH.

IX.  MOPAJOK BbITIOJIHEHN A PABOTbBI

1. W3yuutb ocHOBHBIE N0JI0KEHUS Teopuu Bbruucienus JI1P ¢ nomoursto anropurma bIID
C IIPOPEKUBAHUEM T10 BPEMEHH.

2. W3zyuuts ocHoBHbIe (pynknu MATLAB, neo6xoaumeie 1iist pacuéra JI1D.

3. B cootBercTBUUM ¢ maHOM mpeioxkeHHbIM B naparpade Il mpoectu BhruucineHus 8-
toyeyHoro JII® ¢ nmomompro anroputma bIID ¢ npopexuBaHueM 10 BPEMEHU C 3alaHHBIMU
IpernoaaBaresieM mapaMeTpaMu.

4. Tlposeputs B Matlab pesynbrarst Berunciaenus A11D.
V1. OOOPMJIEHUE OTYETA
OTuér 10IKEH ColepXKaTh:
* KpaTKHE TEOPETHUCCKUE CBEJCHUSI MO BBIMOIHIEMOI paboTe;

* aITOPUTMBI U JIMCTUHTH TIporpaMm pacuéra J(11D;
* BBIBO/IbI 110 NPOBENEHHOH padoTe.

VII. KOHTPOJIbHBIE BOITPOCHI

VIII. BUBJIMOI PAOMYECKUI CITUCOK
6. KoHcrekr nekiuii mo Kypcey.
7. IpsxonoB B. MATLAB: yue6nslii kypc. — CII6: ITutep, 2001. — 560 c.: ni.
8. Ludposas odbpadoTka curaanos / A.b. Cepruenko — CII0.: ITurep, 2003. — 604 c.: w1
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CuHTe3 XapaKTEepUCTHK AHAJOTOBbIX GUJILTPOB M HU(POBHIX PHILTPOB 110 AHAJIOTOBOMY
NPOTOTHILY.

. HEJIb U 3AJAYU PABOTBI

N3ydenue ananoroBsix GpuinbTpoB. Pacu€r ananorossix ¢puistpoB B Matlab. [Tpumenenne
aHaJIOTOBBIX (PUIIBTPOB.

. TEOPETUYECKHE CBE/JIEHU

AHaJIoroBbIe (PUIBTPHI

Teopust TMHEHHBIX CTAIIMOHAPHBIX HEMPEPHIBHBIX CUCTEM IIMPOKO HCIIOIB3YETCS IPU
MOCTPOCHHUH PA3JIUYHBIX YaCTOTHO-M30MPATEIbHBIX IeTel. AHAJIOrOBbIM (QUIIBTPAMU
Ha3bIBACTCS YACTOTHO-U30MpATENIbHAS 1IeTTh, 00ECIIEYMBAIOIIAs IIPOITYCKAHHE CUTHAJIOB B
OIIPENIEIICHHBIX M0JIOCAX YaCTOT U MoJaBiieHue B Apyrux. O0IacTh 4acToT, B KOTOPOU QUIBTP
MPOIYCKAET CUTHAJ, HA3bIBAIOT MOJIOCOM MPOMYCKaHUs, a 00J1aCTh YaCTOT, B KOTOPOM
ocTabiieHne BXOTHOTO CUTHAJIA BEJIMKO - TIOJIOCOH 3a1ep KUBAHHSI.

OUIbTPHI MPUMEHSIOT JIJIsI BBIICTICHUS TPEOYEeMOT0 CHUTHAJIA U3 CMECH TOJIC3HBIX U
HEXKEJaTeIbHBIX CUTHAJIOB. B 3aBUCUMOCTH OT B3aMMHOTO PACIIOJIOKEHUS TTOJIOCHI IPOITYCKaHHUS
U TIOJIOCHI 33/ICP/KUBAHUS Pa3IMYAIOT CACIYIONINE BH/IbI (DUIBTPOB:

* gurempol nuxcnux dactor (®HY; anrmmiickuit tepmun — low-pass filter), mpo-

MyCKAIOIAE YaCTOThl, MEHBIIINE HEKOTOPOUH YacCTOTHI Cpe3a o,

» gurempul eepxnux uyacmom (®BY; anrnmiickuit Tepmun — high-pass filter), npo-

IMMyCKaromue 4acToThl, OoJIbIIINE HeKOTOpOﬁ 4acTOThI Cpe3a an,

» nonocosvie urompur (I1D; anrmuiickuit Tepmun — band-pass filter), npomyckarorue
YacTOThl B HEKOTOPOM JHAmNa3oHe @i...@; (OHU MOTYT TaKXKe XapaKTepHU30BAThCsS CPEIHEH

4acToTOl ao=(1+ @2)/2 M MUPHHOI NOTOCHI IPOMYCKaHUs Aw= ar-@1);

" pescekmoprvle Guibmpel (IPyrue BO3MOXHbBIE Ha3BaHHS — 3arpakIaroIliuil QUiIbTp,
GuIBTp-IpoOKa, MOJOCHO-3aAepXKUBAOIINI GUILTp; aHrmuiickuii Tepmun — band-stop filter),
MPOIYCKAIOIINE HA BBIXOJ BCE YACTOTHI, KPOME JICIKAIIUX B HEKOTOPOM JIHANa30HE @1... @ (OHU
TOXKE MOTYT XapaKTepU30BaThCs CpeaHer uacToTod @o=(@i+@p)/2 W MHPUHON MOJIOCHI

3a7iepKUBaHus Aw= - @1).
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MNonocosol hkAsTp : PexexropHui dhnnstp

GMIBTPOB pa3paboTaH psijg METOJOB
AlMpPOKCUMAIIUK  IPSIMOYTOJIBHBIX Puc. 1. AUX GpuiabTpoB pa3IuIHOTO THIIA.

AUX.

QDunemp bammepeopma

Oyukuus nepenauun Gunbrpa barrepsopra (Butterworth filter) e umeer nyneii, a ee
TIOJTFOCHI PABHOMEPHO PACIIOJIOKEHBI HA S-TUTOCKOCTH B JICBOM TIOJIOBUHE OKPYKHOCTH

€IMHUYHOTO painyca:

H(p)=

|BICEED
k=1
/i€ TOJII0Ca Sk OTIPEIEISIOTCS CASAYIOIHUM 00pa3oMm:

( n—1+2kj o ( n—1+2kj
p, =Cos| 7———— |+ jsin| z————|.
2n 2n

bnaronaps TakoMmy pa3mereHuto nomocoB ¢opmyina aiast AUX ¢unsrpa barrepsopra
OKa3bIBAE€TCsI OYEHb MTPOCTOM:

K (@) = ——

2n
1+ ﬁj
Wy
I7ie yacToTa cpe3a ap (A5 GuiabTpa-nmpoToTUIIAa OHA paBHA 1 pazn/c), N - mopsAA0K QUIIbTpa.
Koadduument nepenaun Ha HyaeBoOi 4acToTe paBeH 1, a Ha yacToTe cpe3a He3aBUCHUMO OT

nopsiaka (puIbTpa COCTaBISAET /1/ (50707~ 3aA . [Ipn AUX © o CTpEMHUTCS K HYIIIO.

AUYX ¢unprpa barrepBopTta siBiIsIeTCS MAaKCUMAIIBHO MIIOCKOU MPH 0=0 U @ —o . ITO
03HAYaeT, 4TO B JAHHBIX TOYKaX paBHBI HYJIO 2N - 1 mpon3Boaubeix AUX mo wacrore.

B nenmom AYX MOHOTOHHO CITaJAeT OT €AUHULIBI 10 HYJIS ITPU U3MEHEHUH YaCTOThI OT HYJIS
710 6ECKOHEUHOCTH.

QDunvmp Yebviueea nepsozo pooa

Oyukius nepenaun punbTpa Yedsimesa nepsoro poaa (Chebyshev type | filter) Taxke e

HUMEET Hy.]'IGfI, a €€ IOJIFOCHI pacCIliOJIOKCHEI B JICBOM ITOJIOBHHE DJIJIMIICA HA S-TIIIOCKOCTH:



H(p)=

|BICEED
k=1

TJIC IOJIr0Ca Sk ONIPEACIIAOTCA CICAYOIIUM 06p330M:

P, = jo, {cos(a, )cosh(, ) — jsin(e )sinh (4, )},

2k+1
o, :Q;ﬂk :Earsh(lj_
2n n £

AUX dunpTpa UeObleBa mepBoro pojia OMMCHIBACTCS CICTYIONTUM 00pa3oM:

o
1+&°T? [y )
(29

3neck ap - yactoTa cpesa, Tn(X) - moarHOM YeObimesa N-ro mopsijaka, N - mopsaok GuibTpa,

K(w) =

£ - IapameTp, ONpeIeIOMUN BeIMUnHy myiabcannii AUX B mosioce mporycKkaHusl.
[Monurom YeObiieBa Tn(X) mpu [ <1 KoseOnercs B quanaszone -1... +1, a mpu |x|>1
HEOTrpaHMYEHHO BO3pacTaeT mo abcomoTHoi Benuunne. [Toatomy AUX ¢unbtpa YeObimesa

[IEPBOT0 poJia B M0JIOCE NPOMYCKaHUs (IIPHU |o| < w, ) KOJIEOIETCS MEXY 3HAUCHUAMU /1{/1=2 ul,
+&

a BHE I10JIOCHI IIPOIYCKAHUS (IIPH |o|> @, ) MOHOTOHHO 3aTyXaeT J10 HYJIs.
Koadduument nepenaun Ha HyIeBOH YacTOTe paBeH 1 mpu HEYETHOM MopsiAKe GpuiabTpa u

%/1:2 npu yetHoM. Ha gacrore cpesa ko dunment nepenaun GpuiabTpa paBeH /1{/112 , TO €CTh
+¢ +é

ypoBHIo nynscanuii AYX B nonoce nponyckanus. [Ipu o -« AUX cTpeMuTcs K HyIIO.

ITo cpaBHenuto ¢ puiibTpoM barrepBopTa Toro xe nopsaka puabTp Yedbiena odec-
neynBaet 6osiee kpyrou crag AUX B o0racTu mepexoaa OT MOJIOCH MPOMYCKaHUs K MOJI0Ce
3a/1epKUBAHMSL.

3HayeHue mapameTpa &4 ypoBeHb Myibcanuid Rp (B renubenax) cBs3aHbl CIeIyOMUM

obpa3zom:

R, :20Ig(\/1+52):10 lg(L+ ) 4A,
&= \llOR%j -1

[Tpy o >« AUYX ¢uibTpa YebblmeBa nepBoro pojaa ABIseTCs MaKCUMAaIbHO TIOCKOM.

Qunvmp Uebviuesa emopozo pooa

Oyukuus nepenaun Guiaprpa Yebsiesa Broporo pona (Chebyshev type 1l filter), B
OTJIMYHUE OT MPEIBITYIINX CITy4aeB, UMEeT U HyJIH, H TToitockl. OHa cBsizaHa ¢ pyHKIHEH
nepeaayn GpuiabTpa YeOslmeBa nepBoro poJia CIeayrIuM 00pa3om:

Hz( p):1, Hl(]/p)'



3nech H,(p) ¥ H,(p) GyHKIMHU nepeaayn GuiabTpoB YeObleBa NepBOro U BTOPOTo poJia
COOTBETCTBEHHO.

[Tomroce pyHKIIMU iepenayun GuabTpoB YeObImeBa mepBoro 1 BToporo pojaa (Pii ¥ P2i

COOTBETCTBEHHO) CBSI3aHBI IPYT C JPYIOM COOTHOILIEHUEM p,, = %) .
1i

[To sToit mpuurne ¢punbTpel YeObllieBa BTOPOT0 pojia HA3bIBAIOT €I11E UHBEPCHBIMU

Gurempamu Yeowiuesa (inverse Chebyshev filter).

AYX ¢uibTpa YebblmeBa BTOPOTO poJia ONUCHIBACTCA CIEAYIOUIMM 00pa3oM:

K(w)=

3nech ap - yactoTa cpesa, Tn(X) - moarHoM YebbiieBa N-ro mopsiaka, N - mopsaok GuibTpa,
£ - IapaMeTp, ONpeAeAIoNui BeMnuuHy nynscanuii AUX B mojoce 3aaep:KUBaHUs.

B pe3ynbraTe ykazaHHOrO BbIle peoOpazoBanus GyHkiuu nepenaun AYX ¢punbtpa
UeOkbImieBa BTOPOTO poja BeJET ceOs CIeIYIOMIIM 00pa3oM: B TIOJIOCE MTPOITyCKAHMS OHA

MOHOTOHHO 3aTyXxacT, a B I10JIOCC 3aACPKUBAHUA KOJICOJIeTCS MCKAY HYJIEM U 3HAYCHHUEM

/ N
Kos¢pduumenr nepenaun GpuibTpa Ha HYJIEBOM YacTOTE paBeH 1, Ha 4acToTe cpe3a —
3aJIAHHOMY YPOBHIO IYJIbCAIMI B TOJIOCE 3a0€PXKUBAHUS. [IpH © > KOIPPHUIUEHT Nepenaun

paBeH HYIIO MPU HEYETHOM MOPsiAKE PUIBTPa U YPOBHIO MyIbCAIHMH - TPH YETOM.
3HaveHue mapaMeTpa £ M ypoBeHb mylibcanuu Rs (B mennbenax) cBsa3aHbl CIEAYIONIM
obpazoM:
R, =20Ig(«/1+7)=10|g(l+£2)éA,
&= \lloF%’ -1

[Tpu an=0 AUX ¢unbrpa YeObimeBa BTOPOTo poja SIBISIETCS MaKCUMaIbHO MIOCKOH.

Qunvmp beccens

B omiinuune ot GuinbTpoB mpeapLaynmx Tunos, puiabTpel beccens (Bessel filter) ne
anMpOKCUMHUPYIOT NpsiMoyroibHyto AUX - nx AUX no ¢popme 6i1n3Ka K raycCOBOM KpUBOi
(TouHee, cTpeMHTCA K Hell ¢ pocToM nopsaka ¢uisTpa). [IpakTuueckast HeHHOCTh (PUIBTPOB
beccens onpenensercsa TeM, 4TO JUIsl HUX 3aBUCHMOCTB I'PYIIIOBOTO BPEMEHU 3a/I€PKKH OT
4aCTOTHI ABJISAETCSI MAKCUMAJIBHO IJ1aIKOH B Touke ap=0 U rpynnosas 3aJepKKa 04eHb Majo

MCHSCTCH B I1OJIOCC MMPOITYyCKaHU.



Oynkius nepenaun ¢puinbTpa beccens MMeeT TONIBKO MOJIOCH, JISKAIIUe Ha OKPYKHOCTH C
LIEHTPOM B TOJIOKHUTEIBbHOM 007acTH BemecTBeHHOM ocu. Cama (pyHKIUS nepegadn nMeeT

CIEAYIOLIMNA BU:

d
H(p)=7—"
zdkpk

k=0

KoadduimenTs! mommHOMa 3HAMEHATEIS PACCUUTHIBAIOTCS TI0 CIIEAYIONIeH hopmyie:

_ (2n—k)!
KT 2"KI(n—k)!

Pacuér anasorossix puabTpoB B MATLAB.

Jlyist pacueTra aHaIOroBOro (PriibTpa HEOOXOAUMO BBITIOJHUTE JIBE OCHOBHBIE OTICPAIIHH:

paccuutath ®HY-niporoTun u mpeodpa3oBath €ro K Hy)KHOMY THIY (GUIbTPa C 3aJaHHBIMU

4acTOTAMM cpe3a.
Pacuém @®HY-npomomuna

B MATLAB pacuér aHamoroBbix (GribTpOB-IIPOTOTUIIOB ISl PACCMOTPEHHBIX (QUIBTPO

MIPOU3BOUTCS C MTOMOIIBIO CIICTYIOIINX ()YHKITHIA:

. [z,p,k]=buttap(n) — st pacuéra ananoroBoro ¢punbTpa-npoToTUna barrepBopra;

. [z,p,K]=cheblap(n,Rp) — mis pacuéra anasorosoro GpuabTpa-nmpororumna YeoObimena
I-ro pona;

. [z,p,K]=cheb2ap(n,Rs) — mis pacuéra ananoroBoro uiabTpa-npororuna Yeooiea
ll-ro pona;

. [z,p,K]=besselap(n) — mmst pacuéra anamorosoro ¢puisTpa-npoToTHna beccens.

BxoHble mapaMeTpbl U1 COOTBETCTBYIOIUX (PUIBTPOB-MIPOTOTHUIIOB:
N — nopsiIoK GUIIbTpa (1IE€TOUUCICHHBIN);
Rp — ypoBens nmymnbcanuii B mosnoce nponyckanus ( B 1b);

Rs — ypoBeHs mynbcanuii B mosoce 3agepxuBanus (B 1b).
Bcee dynkiun MATLAB 1151 pacuera aHaJIOTOBBIX TPOTOTUIIOB BO3BPAIIAlOT BEKTOPHI-

CTOJIOIBI HYJIEH M TIOJIFOCOB (PYHKITUU TIEpEIayu, a TakyKe 3HaUeHne Kod(PPuImeHTa yCuieHus .

Ilpeobpa3zosanue cnocotos onucanus 1UHENHbIX Yeneil

Heo6xoanmocTts B mpeoOpa3oBaHNM OMMCAHUI YacTO BO3ZHUKAET U3-3a TOTO, UTO (PYHKITUH
pacuera 1enei (Takue Kak paccMarpuBaeMble QyHKIUH pacyeTa GUIbTPOB-IPOTOTHIIOB) JAIOT
pe3ynbTaT B 0JHOM popme, a PyHKIHS, HallpuMep, OCTPOSHUSI YaCTOTHON XapaKTEePUCTUKH

TpeOyeT 3a/laHus BXOJHBIX ITapaMeTpoB B Apyrou hopme.



®dopmbl onMcaHus Tenel B UMEeHaxX (QYHKIMI 0003HAYaI0TCS CIAEAYIOIIMM 00pa3oM:

tf - K03 PHUIHMEHTHI TOTMHOMOB YHUCIIUTENS U 3HaMeHaTess QyHKIuH nepenaun (transfer
function);

Zp - Hyau 1 moJrock (zeros and poles);

SS - OIMCaHUE B MPOCTPAHCTBE COCTOsIHMIA (State-space).

Jlanee kpaTko paccMaTpuBalOTCS KOHKpeTHbIe (PYHKIMU MpeoOpa3oBaHuUs ONKUCAHUH 1IeTei.

J1Jist BXOTHBIX U BBIXOJIHBIX TTAPAMETPOB HUCIOJIB3YIOTCS CIICIYIONIHE 0003HAYCHMS:

. byHKLIUS Iepenadn:

b - BekTOp-CcTpOKa KOAPPHUIHEHTOB (B MOPsAKE YOBIBAHUS CTEIICHEH ) YnCIUTENs QYHKIIUN
nepeaavn;

a - BEKTOp-cTpoka K03 puiineHToB (B mopsiake yObIBaHHS CTETICHEH ) 3HAMEHATEIS
(GyHKIMY Nepe1ay;

. HYJIH U TIOJTFOCHI:

Z - BeKTOp HyIel (cronben);

P - BEKTOP MOJIOCOB (cTOoJI0eI);

K- koadurrenT ycunenus (ckassp);

. IIPOCTPAHCTBO COCTOSIHHM:

A - KBaJpaTHasi MaTpULA CBSI3U BEKTOPA COCTOSIHUS U €r0 POU3BOTHOM;

B - BekTOp-cTONOEI CBA3M BXOJHOTO CUTHAJIA M TPOM3BOIHONM BEKTOpA COCTOSIHMUS,

C - BEKTOpP-CTpOKA CBS3H BBIXOJHOTO CUTHAJIA U BEKTOPA COCTOSTHUS;

D - CKaHHpHBIﬁ KOB(I)(l)I/II_[I/ICHT CBs3HU BBIXOJHOI'O M1 BXOOHOT'O CUTHAJIOB.

@ynxyus tf2zp mpeobpasyer Habopsl KOd(PPUIMEHTOB MOIMHOMOB YHUCIHTENS W 3Ha-
MeHarens (YHKIUU Tepeladd B BEKTOPHI HYJEH M TOJIOCOB, PACCUMTHIBAS TAKKE 3HAYCHHE

obmero ko3 uIMenTa yCuIeHus:

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

@ynxyus Zp2tf sBnseTcss 0OpaTHO# Mo OTHOIIEHHUIO K GyHKIMH tf2Zp: oHa ocymecTBseT
npeoOpa3zoBanne K03(PPUITMEHTA YCUIICHHS, a TAK)KE BEKTOPOB HYJIEH U MOTIOCOB (PYHKITUN
nepeaavyu B K03 (GUIIMEHTHI TOJIMHOMOB €€ YHCITUTEIS U 3HAMEHATEIS:

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

@ynxyus tf2ss mpeodpasyet HaOOPHI K0IHHUIIMESHTOB MTOJTMHOMOB YUCIIUTENS U 3HA-

MCHATCIA (I)YHKI_[I/II/I nepcaadyun B rmapaMETphl IMPEACTABICHUA LCIIU B IPOCTPAHCTBC COCTOSIHUI:

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



@ynryus SS2tf sBnsiercst 0OpaTHOI 1Mo OTHOIIEHHIO K yHKIMY tf2SS: oHa mpeobpasyer

napameTpbl IPOCTPAHCTBA COCTOSHUM B KOA((GUIIMEHTHI TOTMHOMOB (DYHKIIMU TIepeIadyy LEnH:

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

Dynxyus ZP2SS mpeodpazyeT HyIH, MOIIOCH U KO3()(UIIMEHT yCUIICHUS 1IeTIH B €€

napameTpbl IPOCTPAHCTBA COCTOSTHUM:
[A, B, C, D] =zp2ss(z, p, k)
QDynkyus SS2ZP sABISETCS 0OOPATHOM MO OTHOIICHUIO K (PyHKIIMU ZP2SS, mpeodpa3ys
napaMeTpsl IPOCTPAHCTBA COCTOSHUN B HYIIH, MOJIFOCH 1 KOA(D(PHUIIMESHT yCUTICHUS 1IETIN
[z, p, k] =ss2zp(A, B, C, D)

Dyukyus residue

W nentudukarop nocienHeit GyHKIMH, TO3BOJISIIONIEH MPeoOpa30BbIBATH OMUCAHUS
JMHEWHBIX LIENeH, BhIMagaeT U3 00IIero psaa. ITo CBA3aHO C TEM, UYTO JaHHOE Mpeodpa3zoBaHue
HE SBIISIETCS cenn(pUIecKiM it 00padOTKH CHUTHAJIOB - OHO CBOJIUTCS K Pa3JIOKESHUIO JPOOHO-
panroHaIBHON (PYHKIIMU Ha TPOCTEHIINE IPOOH U YacTo IMpUMeHseTcss B Mmaremaruke. [1o atoi
e IpuYrHe JaHHas QyHKIUS OTHOCUTCS He K makety Signal Processing, a k 6a30Boii
oubmmoreke MATLAB.

[IpeoOpazoBanue PyHKIIMU TIEpeaayuu, 3aJaHHON B BUI€ KOA(D(PHUITMEHTOB MOTUHOMOB
YUCIUTENSI U 3HAMEHATelIsl, B CYMMY MPOCTHIX Ipo0ei MPOU3BOAUTCS ¢ HOMOIIbIO (YHKIIUU
residue. OHa xe OCyLIECTBISIET U 00paTHOE MPe0OPa3oBaHuEe; HY)KHOE HAMIPABICHHE
npeoOpa30BaHus BEIOMPAETCS B 3aBUCHIMOCTH OT YHCJIa BXOTHBIX MTaPaMETPOB.

[Tpu AByX BXOJHBIX MapaMeTpax MPOU3BOIUTCS pa3iiokeHue QyHKIUH Mepeadu Ha
IpOCThIe Jpodu:

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

3neck b u a — k03 HUIMEHTHI TOTMHOMOB YHCIHUTEIS M 3HAMEHATE sl QYHKIIUY Mepeaadn
COOTBETCTBEHHO. BbIX0O1HbBIE TapaMeTpbl — BEKTOPBI-CTOJIOIBI TOITIOCOB (p) U

COOTBCTCTBYIOIIIMX UM BBIUCTOB (r), a TaKiKC CTpOKa KOB(I)(bI/II_II/IeHTOB LIeJI0H YyacTu K.

Ilpeobpazosanus ¢punsmpos-npomomunog

Crenmyromuii oTan mocie pacuera GUIbTpa-MpoOTOTUIIA - €TO TPE0OPa30BaHUE C IENBIO
NOJy4YeHUsT GUIIBTPA 33JAHHOTO BHJA C TpeOYEMBIMHU YacToTaMu cpesa. J{ist aToro
UCTIOJIB3YIOTCS NpUBeieHHbIe HIDKe ueTbipe pyHkimun MATLAB. TIpuHuun coctaBieHus Ux
MMEH CIIeTyIONINI: CHavaa uJIeT cokpamienue Ip, o3Havaromiee, 4To0 HCXOAHBIM (PHIBTPOM
seisieres @HY (low-pass), motom cireayeT cuMBOIT IpeoOpa3oBaHus 2 U B KOHIIC CTOUT

0003HaYCHHE THUIIA PE3YITHTUPYIOMIETO (PHIIbTpA:



. Ip2lp - u3smenenue yacrorsl cpesa ®HY (low-pass);

. Ip2hp - mpeobpazosanne ®HY B ®BY (high-pass);
. Ip2bp - mpeodpazoBanne ®HY B nonocosoii puieTp (band-pass);
. Ip2bs - mpeobpazoBanne ®HY B peskexropusiii punstp (band-stop).

Bce st pynkunu Moryt npeoOpa3oBbIiBaTh (GUIBTPHI, 3alaHHBIE IBYMS ClIOCOOaMU - B BHJIE
KOA((HUIIMEHTOB IMOJIMHOMOB YUCIIUTENS ¥ 3HAMEHATEN s QYHKIIMH ITepeiadul I0o B
MPOCTPAHCTBE COCTOSIHMM. PaznuyatoTcs 5TU JBa BapuaHTa MO YMCITY BXOAHBIX U BBIXOHBIX
[apaMeTpoOB.

H3menenue wacmomsit cpesa ®PHY

HM3MeHeHne 4acTOThI cpe3a (DHLI'HpOTOTI/IHa CBOAUTCA K IPOCTOMY MaCH_ITa6I/IpOBaHI/IIO

YaCTOTHOM OCH U BEIIIOIHSICTCS myTeM CJICIIYIOIIIGf/'I 3aMCHBI nepeMeHHoﬁ S B BBIpAXXCHUU JJIs

(GyHKIMU Nepenaun: s———, rae o - Tpedyemas yacrora cpeza ®HY. Takoe nmpeoOpazoBaHue
@,

npousBoautcs Gpyukiuei lp2lp:
[bl, al] = 1p21p(b, a, w0)
[Al, BI, Cl, D1] = 1p21p(A, B, C, D, w0)

BxoaHbIMU mapameTpaMu pyHKINU SBISIOTCS onucaHue GuiibTpa (B BHIE KOXPPUINEHTOB
HIOJIMHOMOB YHCITUTEIS M 3HAMeHaTe sl GQYHKIIMY nepeaayn - b, a, Wiy B IPOCTPaHCTBE
cocrosinmii - A, B, C, D) u tpebyemas yacrora cpeza WO.

BosBparaemslii pe3yabTaT - NepecYUTaHHbIE TapaMeTPbl PUIIbTpA.

IIpeobpazosanue ®PHY ¢ PBY

[TpeobpazoBanue ®HY-npororuna B8 ®BY TpeGyeT MHBEpCHM YaCTOTHOW OCU U BbI-

MOJIHACTCA IIYTEM cnez[yfomeﬁ 3aMCHBI HepeMeHHOﬁ S B BBIPAXXKCHUU ]I q)YHKI_II/II/I rnepeaavn:

s—>—, e ap - Tpebyemast gacrora cpe3a OBU.
@y

Takoe mpeobpazoBanue mpou3BoauTes Gpynknuei 1p2hp:

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

[Al, B1, C1, D1] = Ip2hp(A, B, C, D, w0)

BxoaaeiMu mapamerpamMu GyHKIHH SIBISIOTCS onucanue Guibtpa (B Buae K03hHUITHEHTOB
NIOJIMHOMOB YHCJIUTENS M 3HaMeHates GyHKIMH niepenayuu - b, a wim B mpoctpaHncTBe
cocrosiaui - A, B, C, D) u tpeGyemas yactota cpesa WO.

BosBpariaemblil pe3ynibTar - HepecYrTaHHbIe TapaMeTphl PUIIbTpA.

Ipeobpazosanue ®HY 6 nonocosoui ¢hunomp



[IpeobpazoBanne ®HY-nipoToTHna B 10JI0COBOM PUIBTP TpeOyeT Ooee CI0KHOM
TpaHcOpMaIK YACTOTHOW OCH, YeM B MPEABIAYIIUX caydasx. Tak, HyneBas 1 OECKOHEUYHAS
9aCcTOTHI JOJKHBI MPeoOpa30oBhIBATHCS B OECKOHEUHOE 3HAUYeHHE Ha YacTOoTHOU ocu OHU-
poTOoTHUIIA (TaM, T1ie ero KO3PPUIIMEHT Mepeiadl CTPEMHUTCS K HyI0). YacToThl,
COOTBETCTBYIOILIKE KpasiM TpeOyeMoil MOoI0Ck MPOIYCKaHus, JOJKHBI MOCIe TPeo0pa3oBaHUs
JaBath 3HaYeHUs *1, paBHble yactote cpeza DHY-npororuna. Hakoner, npeodpazoBanue
JIOJI’KHO BBITIOJHSATHCS ¢ MTOMOIIBIO IPOOHO-PAMOHATEHON (PYHKIIUU, YTOOBI COXPaHUTh
JIPOOHO-PALMOHAIBHYIO CTPYKTYPY (PYHKINU NEepeIadH.

[TepeuncieHHbIM TpeOOBAHUSAM yIOBIETBOPSIET CAEAYIONIAsl 3aMeHa IEPEMEHHOH S:

TIC w,= ¢co1a)2, Q :a)%) o @1 U 2 COOTBETCTBCHHO HUXXHAA U BEPXHAA 'PAHULIBI ITOJIOCHL
2 — @

s—>Q

npomycKaHus GpuibTpa.

Takoe mpeobpa3oBanue mpou3BoauTcs Gynkuuei 1p2bp:
[bl, al] = 1p2bp(b, a, w0, Bw)
[Al, B1, C1, D1] = Ip2bp(A, B, C, D, w0, Bw)

BxoaupimMu napamerpamMu QyHKITUU SBISIIOTCS onrcanne GpuibTpa (B Bume KodhPUIMeHToB
MIOJTMHOMOB YHCJIMTEISI ¥ 3HAMeHaTes (YHKIMK Tiepeiadn - D, a Wik B IpOCTPaHCTBE
cocrosiauii - A, B, C, D), cpennsst yactora w0 u mupuHa Bw momocsr nponyckanust Gpuibtpa (B
pan/cex).

BosBparaemslii pe3yabTaT - NepeCYUTaHHbIE TapaMeTPbl PUIIbTpA.

Ilpeobpazosanue ®HY 6 pescexmopnulii hunomp

s npeo6pazoanuss ®HY-nipoToTuma B peKeKTOPHBIN QUIBTP TpaHCPOopMaIus
YaCTOTHOW OCH JIOJhKHA ObITH 0OpaTHOM 1O OTHOLIEHHUIO K MpeabayIemMy ciydaro. Hynesas u
OecKOHEeUHasi YaCTOTHI IOJKHBI PE0OPa30BBIBATHCS B HYJIEBOE 3HAUEHUE HA YaCTOTHOM OCH
®HY-nporotuna (Tam, rae kodpUIMEHT epeadn BeIrK). YacToThl, COOTBETCTBYIOIINE
KpasiM TpeOyeMoil MoI0Ckl 3a/1ep>KUBaHMsI, JOJKHBI TIOCie peoOpa3oBaHus 1aBaTh 3HAYCHUS
+1, paBHble yactote cpeza PHU-npororuna. Kpome Toro, HEeKOTOpO€ 3HAYEHNE YAaCTOTHI B
M0JI0CE 3a/IeP’KUBAHUS TOJDKHO NMPE0OPa30BBIBATHCS B OECKOHEYHOCTD (TaM, Tie KO PHUIIMEHT
nepenaun @HY-npororuna crpemMutcs kK Hyimto). Hakonen, npeoOpa3oBaHue JOIKHO
BBITMIOJHATHCS C MOMOIIBIO APOOHO-PAaLMOHAIbHON (PYHKIIMU, YTOOBI COXPAaHUTh APOOHO-

paloHaIbHYIO CTPYKTYPY (PYHKIIMH IEepeIayn.



[TepeuncneHHbIM TPEOOBAHUSAM YIOBIETBOPSET CIAEAYIOLIAs 3aMeHa IepEMEHHOM S:

(54, 4]

S—

T w, :«[a)la)z, Q =w%0 o w1 1 @ COOTBETCTBCHHO HUXKHAA U BEPXHAA I'PAHUIBI ITOJIOCHI
2 1

3a71epKUBaHUS PUIBTPA.
Takoe npeobpa3zoBaHue BhIMONHIETCS QyHKIHEH 1p2bs:
[bl, al] = 1p2bs(b, a, w0, Bw)
[Al, BI, ClI, D1] = 1p2bs(A, B, C, D, wO0, Bw)

BxomapiMu mapameTpaMu (YHKITUH SIBISIFOTCS onucanue GuibTpa (B Buae KodhuimeHTon
MOJTMHOMOB YHMCJIMTEISI U 3HAaMEeHaTels QYHKIMY Tiepeiad - D, a Wi B IpOCTPaHCTBE
cocrostauii - A, B, C, D), cpennss yactora WO u mupuna BW momocsl 3aaepkuBanust GuiabTpa
(B paanaHax B CEKyHIY).

BosBpaiiaemeblii pe3ysbTar - nepecyruTaHHbIe ITapaMeTpbl PHIbTPa.

Bce ckazaHHOE BBIIIIe TPUMEHHUTEIHHO K MTOJIOCOBBIM (DMIIBTPAM O CBSI3M CPEIHEH YaCTOTHI C
4acTOTaMH cpe3a U 00 aCUMMETPUHU XapaKTEPUCTHUK CIIPABEJIMBO U IS PEKEKTOPHBIX

GUIBTPOB.

PaccmoTpenHast Bbiliie Tpedyemas oCIeJ0BaTeIbHOCTh ISHCTBHI 0QOPMIICHA B BHIC
cnenyrommx ynkuuit MATLAB:

butter(n, w0, type, 's') - pacuet ¢punbTpoB barrepBopTa;

chebyl(n, Rp, w0, type, 's) - pacuer GpunbTpoB YebbliieBa mepBoro poja;

cheby2(n, Rs, w0, type, ' s') - pacuet punbTpoB UeObieBa BTOporo po/a;

besself(n, w0, type) - pacuet punbTpoB beccens.

[TapameTpsl Bcex (PYHKIMIA 3a/1at0TCS OIMHAKOBO.

[epeuncnennsie GyHKIMH, 3a HCKITOYeHUeM QyHKiuu besself, mo3Bosnstor paccunTriBaTh
KaK aHaJIOTOBBIE, TAK U TUCKpEeTHBIE GUIbTPHL. [Ipr3HaKoM aHaIoroBoro pacuera CiIy>KUT
CTpOKa 'S', UICIIOJIb30BaHHAs B Ka4eCTBE MOCIIEHEr0 BXoAHOoro napamerpa. [lapametpsr n, Rp, RS
(MX cocTaB 3aBHCHUT OT TUTA GUIBTPA) — ITO MapaMeTpsl GUIBTPA-TIPOTOTHUIIA: N — MOPSIIOK
¢bunbTpa, RPp — ypoBeHb mynbcaluii B moyoce npomyckanus (B genubenax), RS — ypoBeHb
MyJIbCAIMI B TIOJIOCE 3aiepKUBaHus (B AenOeax).

[TapameTpst WO 1 type ucronb3yrTCss COBMECTHO IS 3aaHus THIIA GUIbTPA U 3HAYCHUIN

€ro 4acToT cpe3a (B paAuaHax B CEKYHY):



o @®HY: WO - ckainsip, mapameTp type oTcyTcTBYeT;

. ®BY: WO - ckasp, type="high’;

. 110710coBOM GuibTp: WO - IBYX3JIEMEHTHBIM BEKTOP 4acToT cpe3a [Wl w2], mapamerp
type orcyrcTByer;

. pexekTopHblil puinbTp: WO - JIBYXAJIEMEHTHBIH BekTop wactorT cpesa [wl w2],
type='stop'.

B 3aBUCHUMOCTH OT TOT0, CKOJILKO BBIXO/IHBIX ITAPAMETPOB YKAa3aHO MPH BBI30OBE, (YHKITUH
MOTYT BO3BpAIIaTh PE3yJIbTAThI pacueTa B BUAC KOA(H(DHUIIMEHTOB MOTMHOMOB YHUCITUTEIS U
3HaMeHarens QYyHKIMK Tiepeayn (1Ba BBIXOIHBIX ITapaMeTpa), HyJei 1 MoICcoB (TpU
BBIXOJIHBIX IapaMeTpa) MO0 MmapaMeTpoB MPOCTPAHCTBA COCTOSHUIA (YETHIPE BBIXOIHBIX
napameTpa):

b, a] = ..

[z,p, K] = ..
[A,B,C,D]=...
C Y4€TOM BCCI'0 CKA3aHHOTI'O MEPCUUCIINM HeﬁCTBHﬂ, BBIITOJIHACMBIC (I)YHKI_II/ISIMI/I pacucTa

AQHAJIOTOBBIX (DUIIBTPOB:

1. IlponsBoautcs pacueT GuiIbTpa-NpOTOTUIIA C 3alaHHBIMU NTapameTpamu AUX.

2. IlomydeHHBIC HYJIH U TIOJIOCHI TPE00pa3yroTCs B TapaMeTphl IPOCTPAHCTBA COCTOSTHUH.

3. IlpousBoauTcst mpeodpazoBanne QUIBTPA-TIPOTOTHIIA K TPEOyeMOMY THITY C 3alaHHBIMHU
4acTOTaMHM Cpe3a.

4. BeinosnHseTcs mpeodpa3zoBaHue ONMUCcaHus GUIBTPA K 3aJaHHOMY IPU BBI30BE BHUIY.

Buwioop nopaoka gpunempa

Paccmotpennsie Boiie GyHKIMHM pacyeTa GUIBTPOB TPEOYIOT 3aJaHUs B KAUECTBE BXOTHBIX
napameTpoB MopsAKa GUIBTPA U €r0 YacTOTHI cpe3a. [Ipu 3TOM MOHSTHE YacTOTHI Cpe3a st
(GUITBTPOB pa3HBIX THUIOB ONpPEALNIeTCs Mo-pazHoMy. OTHAKO UCXOTHBIMH JIAHHBIMHU TIPH
pa3paboTke GUIBTPOB, KaK MPaBUIIO, SBISIOTCS APYTrUe MapaMeTphl: YaCTOTHBIC TPAHUIIBI TTOJIOC
MpOITyCKaHus (@p) M 3a7ep>kuBaHus (%), a TAaK)Ke JOIMyCTUMas HepaBHOMEpHOCTh AUX B
nojioce npomnyckanus (Rp) 1 MUHUMaIbHO HEOOXOAMMOE 3aTyXaHHUE B MOJIOCE 3a/ICPIKUBAHUS
(Rs). Cepble 00acTi Ha PUCYHKE JEMOHCTPUPYIOT JOMYCKH, B KOTOPBIC JODKHA YKIIAAbIBATHCS

AUYX ¢unpTpa B mosocax mporyckaHus 1 3a1ep>KUBaHMsL.
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Puc. 2. Baganue ucxoaubix nmapamerpos s pacaera ®HY, ®BY, nonocoBsix u

PEXKEKTOPHBIX (PHIIBTPOB

Bri6paTh MUHHMAaEHO HEOOXOAUMBIH MOPSIOK (DUIBTPA TO3BOJISIOT CIEIYIOIINE OJ1-

HoTHIHBIC QyHKIMHU makeTa Signal Processing:

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

[n, Wn] = cheblord (Wp, Ws, Rp, Rs, 's’)

[n. Wn] = cheb2ord (Wp. Ws. Rp. Rs, 's’)

BxonHoii mapametp Rp - qomycTuMblii ypOBEeHb MyNbCalliii B TIOJIOCE MPOITyCKaHUS (B
nerubenax), RS - MUHMMaTbHO HEOOXOIMMOE 3aTyXaHUe B TIOJIOCE 3a/IepKUBaHUS (B

nenubenax). [Mapamerpsr Wp u MS 3a1a10T TpaHuUIIbI TIOJIOC TMPOITYCKAHUS U 3a/IPKUBAHMS,

croco0 3a/laHusl 3TUX TTAPAMETPOB 3aBUCUT OT THUIIA MPOEKTUPYEMOTO (PHIIHTpA:

= OHY: Wp u WS — 4rcna, npu 3TOM J0JDKHO BBIONHATHCSA HepaBeHcTBO Wp < W;
= ®BY: Wp u Ms — uucna, mpu 3TOM JIOJDKHO BBHITIONHATHCS HepaBeHcTBO Wp > WS;
= nonocoBoit punbTp: WP u WS — nByXaeMeHTHBIE BEKTOPBI, IPH 3TOM JOJKHBI BbI-

nonHsaTbes HepaBeHcTBa WS(I) < Wp(l) < Wp(2) < Ws(2);

. pexxekTopHbli GuinbTp: WP nu WS — nByxaieMeHTHbIE BEKTOPBI, IPU 3TOM JIOJIKHBI
BoINOMHATHCS HepaBercTBa Wp(I) < Ws(l) < Ws(2) < Wp(2).

3unauenus napametpoB Wp u WS Obitn 0003HAUYEHBI HA PHC. 2 KaK (p U s COOTBETCTBEHHO.

BBIXOHBIMU TTapaMeTpaMH SIBIISTFOTCSI MUHUMATBLHO HEOOXOIUMBIH SIS BEITIOJTHEHUS
3a/laHHBIX TpeOoBaHMI MOPAI0K GUIbTpa N U yacToTa cpe3a Guibtpa Wn. D1u mapameTpsl
JOJIKHBI 3aTE€M MCTIOIB30BaThCs MPH BbI30Be PyHKIMU pacueTa GuiibTpa. Bo3Bpar 3Hauenus Wn
n30aBIISIET MMOJIB30BATENS OT 3a00T, CBSI3aHHBIX C TEM, YTO IIPH pacyeTe pa3HbIX (PUIBTPOB

IMOHATHUEC YaCTOTHI CPE3a UMECT paSHBIfI CMBICII.



[TockonbKy MOPSAAOK PUIBTPa - BETMUMHA 1IEJIOUHUCICHHAs], TO OOBIYHO OKa3bIBAECTCS, YTO
(GWIBTP MUHIMAIBHO HEOOXOJMMOTO MOPSIKa 00eCIIeYrBaET HEKOTOPHIH 3amac Mo CXOAHBIM
napameTpam. JTOT 3arac MO>KHO UCIIOIb30BaTh MO-Pa3HOMY - MO0 CenaTh IMyJIbCallii B
10JIOCE IIPOITYCKAHMS TOYHO PABHBIMHU 33/IaHHBIM, HO YBEJIMUUTH 3aTyXaHUE B I10JIOCE
3aJiep>KUBaHus, JIMOO TOUHO BBIAEPKATh 3aJJaHHOE 3aTyXaHUE B TIOJIOCE 3a/IeP>KUBAHUS,
YMEHBIINB [P 3TOM MYJIbCAIIUH B 1oJioce nporyckanus. [losenenue ¢pyHkumii BeiOopa nopsaka
(GHIBTpa B 3TOM aCHeKTe ONPEACISIeTCS TEM, UTO IIPU pacdere GUIbTPa JOJDKHBI OyayT
MCIIOJIb30BAThCS T K€ MapaMeTphl myibcanuii Rp u RS, yto u npu Beibope nopsiaka GpuibTpa.
[Toatomy ansa punsTpoB barrepBopTa u YebrsieBa nepBoro poja OyaeT yBelInduBaThCs
3aTyxaHHe B M0JI0CE 3aiepKUBaHUS, Ui GHIIbTPOB UeObImeBa BTOPOTO poJia - yMEHBIIATHCS

MyJbCallur B I1OJIOCC MPOITYCKaHMA.

M. I[TPAKTUYECKAA YACTD

PaccmoTpuM peanuzanuio ananorosoro ¢puibTpa BepxHux yactor B MATLAB Ha npumepe
¢unbTpa barTepBopra 3-ro mopsika ¢ 4acToToi cpeza wo=10 paa/cex.
1. st pacué€ra XapakTepucTuK GUIbTpa-mpoToTUIa co3aéM M-daiii. JIncTUuHT mporpamMmsl

MPEJICTaBJICH Ha puc. 3.

n=3
[z,p,K]=buttap(n) % nopsi0ox ¢unvmpa
plot(p,’x’) % HynU U noaOCca nPOMomuna
axis equal
axis([-1.51.5-1.5 1.5])
w=0:0.01:5;
[b,a]=zp2tf(z,p,k) %  KkodhPuyuenmovr  GyHKyUU
h=fregs(b,a,w); nepeoavu
figure % KOMNJEKCHbLU  Kod(hhuyuenm
plot(w,abs(h)), grid nepeoaiu
figure % 61308 OKHA  NOCMPOEHUs.
plot(w,unwrap(angle(h))), grid epaguxa

% epagux AYX

% epagpux OYX

Puc. 3. JluctuHr porpaMmsl pacyéra GUIbTPa-MpOTOTHIIA
PesynbTars!l pacu€ra nmpesncraBieHbl Ha puc. 4.
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IopsaKa: a — PpacCIIOJIOKCHUC
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ITOJIFOCOB Ha KOMILIEKCHOM

35 miockoctH, 0 — AUX, B - PUX

-45
0

2. IIpeobpazyem ®HY B ®BY ¢ 3aganHo# yacToTOM cpe3a. JIMCTUHT MporpaMMbl MPeCTaBICH

Ha puc. 5.

w0=10 % 3ad0amnas uwacmoma  cpe3a
[b1, al]=Ip2hp(b, a, w0) Qunvmpa
h=fregs(b1,al,w); % npeobpaszosanue ®HY-
figure npomomuna xk PBY
plot(w,abs(h)), grid % KomnaexkcHuli  KO3¢hPuyuenm
figure nepeoauu
plot(w,unwrap(angle(h))), grid % 6bI306 OKHA  NOCMPOEHUs

epaguka

% epagux AIX

% epagpux OYX

Puc. 5. Jluctunr nporpammel npeo6paszoanust ®PHY-npororuna 8 @BY
PesynbTarsl npeacraBieHsl Ha puc. 6.
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Puc. 6. Xapaxrepuctuku ®BY batrepBopTa 3-ro nopsiaka: a — AUX, 6 - PUX
3. PesynwTaThl pacuéra ¢punsTpa npoBepsieM Ha mozaenu coznannoi B SIMULINK. Ha puc.7.

npeacTraBjicHa MOACIIb CUCTEMBI C paCCUNTAHHBIM (pI/IJ'IBTpOM.



Sine Wave E Puc. 7 Monenn CHUCTEMBI

Evli

TransterFor ore paccuuTaHHBIM (QUITBTPOM.
Sine Wavel

vy

=

Sooped

IV. 3AJAHUE HA PABOTY
N3yunth aHanoroBble (GUIBTPHL.
W3yunth ocHoBHBIE pyHKIE MATLAB, HEOOX0aMMBIE /TSt pacyéTa aHaJIOTOBBIX
(bUIBTPOB.
PaccunTath aHAIOTOBBIN QUIBTD.

V. I[TOPAJOK BbIITIOJIHEHNM A PABOTDBI
1. H3yuuth aHAIOTOBBIE (PHIIBTPHI.

2. W3yuuth ocHoBHble (yHkuuu MATLAB, HeoOxomumble nansi pacuéra aHaJIOTOBBIX
GuIbTPOB.

3. B cooTBercTBUU C IUIaHOM TpeUIOKeHHbIM B maparpade |V paccunrarh aHanoroBblit
(GuIbTp C 331JaHHBIMU NIPENOJaBATENIEM TapaMETPaMH.

4. CpaBHUTb pe3yabTaThl NMPOBEAEHHOTO pacuéTa (UIBTpa C pe3ysbTaTaMU pacyéra Hpu
UCIOJIb30BaHuU cniennanbHbIX GyHkuit MATLAB HenocpencTBeHHOro pacuéra GpuibTpoB.

5. IIpoussectu BbIOOp Mopsiaka GUIBTPaA MO 3aJlaHHBIM MPENOAABATENIEM TapaMeTPaM.
VI. OOOPMJIEHUE OTYETA
OTuéT TOIKEH COAePHKaTh:
* KpaTKue TeOpeTHUYECKUE CBEACHNUS 10 BBIMOJIHAEMOH paboTe;
* QITOPUTMBI U JIMCTUHTY IPOrpaMM pacuéra puibpTpa;
* BBIBO/IBI 10 NMPOBENEHHOI padoTe.
VIl. KOHTPOJIbHBIE BOITPOCHI

7. Haiite onpenenenus punstpam HY, BY,...
8. OcHoBHBIE XapakTepucTHKH (HUIbTpoB barTepBopTa, Uebrimesa, beccens. . .

9. Kakoit u3 mepeunciieHHbIX TUNOB (DUIBTPOB MMeeT Haubosee kpyToil cmag AUX B
o0JacTu 3arpaxJIeHusl.

10. Kakoif 13 mepeunciIeHHbIX TUIOB (PUIbTpa MMEET MHUHMMAIbHBINA (ha30BbI COBUT B
paboueit moyIoce 4acTor.

11. Ilepeuncnure mapameTpsl, KOTOpble HEOOXOIUMO 3a7aTh Ipu pacuere GpuiabTpoB HY,
BY, pexeKTOpHBIX ...
VIII. BUBJIMOI'PAOUYECKUI CITUCOK
9. KoHcnekr nekuuit mo Kypcy.
10. psixonoB B. MATLAB: yue6nsrii kypc. — CI16: ITutep, 2001. — 560 c.: ni.
11. Iludposas obpadotka curnanos / A.b. Cepruenxo — CIIO.: ITurep, 2003. — 604 c.: .
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CunTe3 uM(PpoBHIX KOPPEKTUPYIOIIHUX YCTPOMCTB

ens paboThI:
1. Cunre3 Z-nepenaToyHoil (YHKIIMH KOPPEKTUPYIOMIETO YCTPOWCTBA C ITOMOIIBIO
naketa Matlab.
2. IIporpamMmmupoBanue Z-nepeaaTroqHon GyHKITUH.

3. [lomyueHnue OCHOBHBIX XapaKTEpUCTUK ckoppekTupoBanHoro [[DCII.

1. Texnuuecxoe onucanue

Knaccuueckuit  cmocobomM — cuHTE3a  SBISETCS.  CHUHTE3  METOJOM  YacTOTHBIX
xapakTepucTuk. OpHakO B CHUCTEMax C LHU(POBBIM BBIYUCIUTENEM HEMOCPEICTBEHHO
UCIOJIb30BaTh 3TOT MPOCTOW Meroa He ynaerca. OnuH M3 myTeil pemeHus 3Toi MmpobiemMbl —
UCTIONIb30BaHue Z-TipeoOpa3oBaHus, Jajiee BBITOJHEHHE OWJIMHEWHOTo IpeoOpa3oBaHus U
nepexoa K TIICeBJOYACTOTHBIM XapaKTePUCTUKaM, IIOCIE YEero IIOJIyYeHHE MepeJaTOaHOM
byHkuMu GUIBTpa U 0OpaTHBIN nepexo K Z-nepeaaTounbiM GyHKIMSIM. be3ycnoBHO, 3TOT yTh
SBJISIETCS MPAaBUIBHBIM, HO, B TO K€ BpeMs, AOCTAaTOYHO TpynoeMKuM. OHAKO, € NMPUHSThH
HEKOTOpbIE JOMYIIEHHUS, TO MOXKHO 3HAUUTENIBHO YIPOCTUTB 3TY MPOLEAYDPY.

Ha pucynke 1. mpencraBieHa CTpPYKTypHas CXeMa IIPUBOJIa C HCIIOJIB30BaHUEM
anasjoroBoro guibTpa. IlepenaTounyro GyHKIHIO QUIBTPA MOJYUYUM, UCIOJIB3YSI UCXOMHYIO U

xenaeMyro JIAUX pazoMKHYTON CUCTEMBI.

AHanoroBbln douneTp | [Burarens
1

Wals) [ Weld) P TTeh TS

PI/ICYHOK 1. YHpOIJ_ICHHa}I MOZCIIb MPUBO/JAa C aHAJIOTOBBIM (bHHBTpOM.

Ucxognas JIAUYX — sto JIAUX nBurarensi, KOTOpPbIM MpeACTaBiIeH anepruogu4ecKUM
3BeHOM U wuHTerparopoMm. Ha pucynke 2 mnpencraBimena JIAUX wucxomnoit (crutomrHas) u
JKelmaeMol (IITpUXoBasi) CUCTEMbI, a TakKXKe IOKa3aHbl 4acTOThl BCEX H3JIOMOB (M1, M1 ...).
[lepenarounast ¢yHkuMs GUIBTPa TMONXydaeTcss MyTeM BbluuTaHud ucxonHod JIAUX wu3

JKeJIaeMOH.



[Tocne Toro kak mojydeHa miepemarodHas GyHKOUs QUIbTpa, TPOU3BOAMM Z-
npeoOpazoBanne u monydyuM Z-GpyHKIuoo ¢uibtpa. OmHAKO HANAO MOMHHUTH 00 OJHOM
OrpaHUYCHHU: TAKT KBAHTOBAHHUA B CUCTCMC HOJIKCH GBITB XO0TsA 6131 B 2 pasa MCHbLIIC caMou
MaJICHbKOW ITOCTOSTHHON BpeMeHU cucTeMbl. Ha prucyHke 3 mpencTraBieHa S5KBUBAJICHTHASI CXeMa

CUCTEMBI, HO YK€ C IU(PPOBBIM (PUIBTPOM.

a0l H, nb
®,=0,833
30+

204

0+

1d0 o, pa,u:f—c

,=100
10+

Lincpposon ounetp | [Buratens
1

(Ts+1)s

| B W2 B OHM B i

Pucynok 3. YnpoieHHas MOJENb MPUBO/IA C MUPPOBBIM (PUIBTPOM.

Jlanee HeoOX0AMMO 3anporpaMMHpoBaTh Z-QyHKIUIO QuibTpa. CylecTByeT HECKOIbKO
croco0oB BeIOOpa MEPEMEHHBIX COCTOSHHS, Oy/leM HCIONb30BaTh MPSAMOE, MapaiiebHOe WU
10CJIEeI0BAaTEIbHOE TPOrPaMMHUPOBAHUE.

B pesymprare mosydaeM CTPYKTYpHYIO CXEMY, BBOJAWM II€PEMEHHBIC COCTOSHHUS H

3alMUuCbIBA€M B BUAC CUCTEMBI PA3HOCTHBIX ypaBHeHHfI. I[anee HGO6XOI[I/IMO BBIIIMCATh I''IABHYIO



Matpuity A, matpuiry-cronben B, marpuity-ctpoky C u matpuity D. IlomydeHHbie MaTpHIlbI

BBOJIATCS B IPOrpaMMy SCOpPE.eXe (CMOTpU PUCYHOK 4).

x|

Dcuunnorpaq:-] Curnan  Perynarop ] togyne BB l

Tun perynATopa

LlL-|¢l WOEQH PUNETR KCIEICP nepegaqH 10 :
Umeposoii dHETR
[ NaBHaA MaTpHua & Bertop B

i |0 0

[ |0 0
MaTpuua-cTpoka C tMarpuua D

|0 |0 1

0K | OTrEHa | pEHWTE ‘

Pucynok 4. OxHo BBoJa K03(ppuIiineHTa nepenayu 1 MaTpuil GuiIbTpa.

2. IIpubGopsl u 00opyI0BaHHE
» [lepcoHaybHBIN KOMIIBIOTED C YCTAHOBJICHHOH cuctemoit Matlab;
= [Ipunoxxenue SCOpe.exe,;

»  [IudpoBoii caeasmmi MpruBoI.

3. Ilopsiaok BHINOJHEHHUS PadoOTHI.
» JlepenaTouHas GyHKIMS JBUTATENIs UMEET BU:

7.14
(19.2-10°s+1)s

WHA(S) =

[lo pucyHky 2 HE0OXOAMMO OIpENEIUTh BEIWYMHY KOIPPUIMEHTAa Meperadyu 10
KOHTYpY. A 3aTeM Noiny4uTh Kodduunent nepenauu ¢punabtpa K.
= [locne 3Toro oTkpsiBaeM Mozeib Simulink u BBoIuM mosydeHHBIH KO GUIMEHT mepenadn
(cMoTpH pucyHOK 5). CoxpaHsieM MepexoHbIl MpoIecc B OTYET.

2

Stepl P Wiz Integ2

E L]

Yron2

Pucynok 5. Ynpomennast moaens ¢ [1-perynstopom.

* Heo0xoauMO MOTY4YHUTh NMEpeaaTouHyo (QyHKIUO (uIbTpa BbluMTaHUEeM ucxonHou JIAUX
U3 JKejmaeMoM (CMOTpH pHUCYHOK 2). B pesynpraTe nOKHA MOJIYYUTCS IE€penaTOuvHast

byHKIIMS BUAA:



(T2s+1)(T3s+1)
(Tls+1)(T4s +1)

W(s) = 1)

* BpecTH mONyYeHHBIH aHANOroBhId GuiabTp B Momenb Simulink (cmotpu pucyHOk 6).

CoxpaHuTh NepexoJHbINA IPOIECC B OTYET.

T2.5+1 T3.5+1
-
T1.s+1 Ta.st1

Step K Transter Fen Transfer Fen2 [Lhil Integ

: L]

¥ron

Pucynok 6. Mozens ¢ aHaIOTOBBIM (DPUITBTPOM.

* B komanaHoit ctpoke Matlab coznate mepemennyio S — omeparop auddepeHIHpoBaHus.
Jlnst aToro HeobxomuMo Bocmob3oBathes pynkmumeit tf (transfer function - nepenatounas
byuknus): s= tf(‘s’)

» Jlanee BBOaUM mepenatounyio (yHkmuio B Buae: Ws= (T2*s+1)*(T1*s+1)/( (T3*s+1)*
(T4*s+1))

» rtneT1, T2 ... T4 — xoHkpeTHbIe yncna u3 popmynsl (1).

» Jlanee mpousBoauM Z-mipeoOpa3zoBaHue ¢ momoiisio ¢pyaknuu ¢2d (continues to discrete):
Wz=c2d(Ws, T)

e Ws — BBeneHHas paHee TmepeMeHHas; T — TakT kBaHTOBaHus, c. Jlis
COBMECTUMOCTH CO CTEHJIOM IpumeM T= 5 Mmc.

* BBoaum mnonydeHHbIH 1HdpoBoi GuabTp B Momens Simulink (cmotpu pucyHok 7).
CoxpaHsieM TIepeXO/IHbIH MPOIECC B OTYET.

I il 4z ¥

= 224741

Stepi 14

Integ1
tHneTR A g

z L1

“rond

Pucynox 7. Mozaenb ¢ nudgpoBbsIM GUIETPOM.

* Jlocime TOro Kak TMOJdyd4eHa BepHas Z-mepegatouHas (QYHKIHsS, HE0OXOAUMO
3arporpaMMHpoBaTh €€ OJHMM U3 YKa3aHHBIX [perojaBaTesieM crocoboB (TpsMoe,

HapajyieNIbHOE WIK MOCIIEeI0BATENbHOE IPOrPaMMHUPOBAaHKE). 3alKcaTh B OTYET OIYYEHHYIO

CTPYKTYPHYIO CXEMY.



N

3anucarh CUCTEMY PA3HOCTHBIX ypaBHEHHUI U BBIMHCATH IJIaBHYIO MaTpuily A, MaTpuily-
cronben B, matpuny-crpoxy C u matpuny D.

Brrounts TymOep +27 B Ha naHenu 6510ka «Y CUIIMTENb, TEHEPATOP, AEMOIYIATOPY.
BrizBath okHO «HacTpoiikuy», BeIOpaTh 3akiiagky «CUTHAID U YCTAHOBUTH TaKT KBAHTOBAHUS
5 mc, ammntyay curnana 50 mpan u 120 mpan. Ha 3akmanke «Perynsarop» BeIOpaTh THII
perymsaropa «l{udpoBoit GuiIbTp», YCTAHOBUTH IMOJNYYECHHBIM KO3(. Tepeaadyd U BBECTH
marpunsl A, B, C u D. 3aduxcupoBars M3MEHEHUS W 3allyCTUTh YIpaBJICHHUE. 3aHECTH
pe3yJbTaThl B OTUET.

BrezBate oxHO «Hactpoiiku», BeIOpaTh 3akianky «CHTHam» M YCTAaHOBUTH aMIUIUTYAY
CUTHaJIa

50 mpan u 120 mpan. Ha 3axnanke «Perynarop» BeiOpath Tl perynaropa «lI-peryastop».
3adukcupoBaTh U3MEHEHUS U 3aIIyCTUTH yIIpaBIeHUE. 3aHECTH Pe3yNbTaThl B OTYET.

BBIKITIOUUTEL ABUTATEIb. 3aKprTL nporpammy. BEIKTIOUYHUTE 010K HUTAHUSA IIpuBOJA.

. Conep;xaHI/Ie OT4YCTa

HasBanue u Homep paboThl, 11€7b pabOThI;

JIAYX rcxXoaHOM U CKOPPEKTUPOBAHHOM cuCcTeMbI, a Takke JIAUX duibrpa.

Koadpduuuent nepenaun ¢unbrpa, nepenarouHas (yHKIMs aHaioroporo ¢uibrpa, Z-
nepegaToyHas GyHKIMS TUPPOBOro GpUiIbTpa,

CrpykrypHas cxema Z-nepeiaTouHoil pyHkuuu nudposoro GuiabTpa

Cucrema pa3HOCTHBIX ypaBHeHUH U MaTpulisl A, B, C, D.

Bce nepexonHble MpoLeccsl ¢ NOKa3aTeNls MU KaueCTBa, YKa3aHHbIE B MOPSKE BBINOIHEHUS
paboThI;

BriBoanl.

5. KoHTpoJIbHBIEC BOIIPOCHI
Kak no JIAUX onpenenuts ko3¢hHULIHUEHT nepeaadu Io KOHTYpy?
Kaxoit nakmon nomkna umets JIAUX B paiioHe 4acTOTHI cpe3a?
Kakoii cioco6 nmporpammupoBanus Hanbosee BeiroaeH? [Touemy?
[Touemy matpuiia B B JaHHO# cuUCTeMe SIBISIETCS MaTPHIIEH CTONIOIOM, a HEe MPSIMOYTOIBHON

MmaTpureii? Yro takoe marpuria D?
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PykoBojctBo 1o cucreme Matlab.



