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[Ipaktuueckoe 3anstue Ne 1
I'enepauus ungpoBoro myma

I. LIEJIb U 3AJAYUN
N3y4yenune cnoco0oB rereparuu mudpoBoro nryMa ¢ 3aJJaHHBIMU TTapaMeTPaMH.

Il. TEOPETUYECKHWE CBEJIEHUA
CrnyyaliHble wiymbl SIBISIOTCS OYEHb BAXKHBIM THUIIOM CHTHAJIOB Kak JJisg cdepbl
aHaJIOroBOM anekTpoHuku, Tak U ani L{OC. B yacTHOCTH, MMEHHO LIYM OOBIYHO
onpenensieT TpeOoBaHusI K MUHUMAJIbHOMY YPOBHIO CUTHAJIa B CUCTEME, pacCTOSTHUE, Ha
KOTOpOE MOKET OBITh OCYIIECTBIICHA Iepeaada JaHHBIX, WIM KOJUYECTBO pajUalluu,
TpeOyemMoe AJisl MOMy4YeHHs] PEHTTEHOBCKOTO CHUMKA, U T. A. B mudposoit oOpaboTke
CUTHAJIOB CYUIECTBYET MOTPEOHOCTh B T€HEPALMU IIIYMOB Pa3JU4HbIX TUIIOB. Takas He-
00X0IMMOCTh BO3HUKAET MPU TECTUPOBAHUU AIITOPUTMOB, KOTOPBIE JOJIKHBI OCTaBaTh-

cs1 pab0TOCIOCOOHBIMH B MPUCYTCTBUU IIyMa 33JaHHOT'O YPOBHSI.
['enepanust nupoBoro mryma CTpoUTCs Ha 0ase cenepamopa cayuaiHbvix Yuce.
B OonpmmHCTBE S3BIKOB MPOTPaMMHUPOBAHMUS JUIsl BBIIOJHEHUS 3TOM 3a1adu
OpeaycMOTpeHa cnenuanbHas (QyHkuusa. Tak, B s3bIKax MPOrpaMMHUPOBAHMS
BeIpaKeHHE Buaa X =random mpou3BOAUT MPUCBOCHHUE MEpeMeHHON X ciIy4aitHOro
3HAYEHHUS IPHU Ka)KJOM HOBOM BBINIOJIHEHUH TaKOM KOMAaHJIbl. TO CIy4yallHOE 3HAUYEHUE
OyIeT HaxXOAWUThCS B AMANa30HE OT HYJS A0 €AWHUIIBI U UMETh PaBHYIO BEPOSITHOCTD
HOSIBJICHUS B IIpenenax 3Tux rpanull. Ha puc. la mokaszan curnan, cpOpMUpOBaHHBIN C
MOMOIIBI0 TAKOTO0 T'e€HepaTopa CIydalHbIX uncen ais ciaydas 128 orcuéroB. Cpennee
3HAYEHHE MCXOJHOrO Mpolecca MpU I'eHEpalMH JAaHHOro curHaina cocrasiser 0,5, a

1
CKO paBao —— = 0,29. Pacnpeznenenue sBIs€TCS] paBHOMEPHBIM B IMANa30HE OT HYJIS

V12

110 €IVMHULIBI.

B npouecce tectupoBaHUsl aNrOpUTMOB OOBIYHO MCHOJB3YIOT CUTHAJIBI TOTO K
TUNa, 4To OyAyT BCTpeyaThCsl B Ipolecce peaidbHOW paboThl. Iloaromy TpeOyercs
reHepUpOBaTh ITU(POBOIL IIIyM HE C PABHOMEPHOM, a C TayCCOBOM (yHKIIMEN TIIIOTHOCTH
BeposATHOCTU. CyIIEeCTBYIOT JBa MeToAa (OPMUPOBAHUA TNOJOOHBIX CHTHAJIOB C
UCIIOJIb30BAaHUEM OIMMCAHHOTO TeHepaTtopa ciydaHsix uucen. Ha Puc.l mpowmtioc-
TpUpOBaH nepBbiid MeTo1. Ha (0) n300paxEéH curHa, noJy4eHHbIN C TOMOLIBIO CIIOXKe-
HUSI IBYX CIIy4alHBIX 4HCel JJIsi POPMUPOBAHUS Kaxoro orcuéra, T.e. X = random +
... + random. Tak kak Kax0e CciIy4ailHOE YHUCIIO MOXET MPUHUMAThH 3HAYCHHE OT HYJIS
0 €IUHHULBI, TO UX CyMMa YK€ MOXKET HAXOAUThCA B IpeAesiax OT HyJsd A0 IBYyX.

1
Cpennee 3HaueHHE B JaHHOM ciy4dae OyaeT paBHo eaunuiie, a CKO coctaBUT %

(3arIOMHUTE, YTO MPHU CIONKEHUU HE3aBUCUMBIX CIyYalHBIX CUTHAJIOB UX Ouchnepcuu



TaK)Ke ckiaabiBaloTcs). Ilpu sTOM, Kak BHAHO u3 Tpaduka (QYHKIUMU TIIOTHOCTH
BEPOSITHOCTH, PABHOMEPHOE pacipeielieHne U3MEHWIOCh Ha TpeyroyibHoe. OObsICHUTh
ATO SABJICHHE MOXXHO TEM, YTO OOJIBIIMHCTBO 3HAYEHUMN CHUTHAJA TeNepb HAXOIUTCS B
00JIaCTH €IMHMIIBI, @ MEHBIIIAS YaCTh OTCYETOB MPUOIIIKACTCS K HYJTIO U JBYM.

Jlanee meperinéM K (GOPMHUPOBAHUIO KAXKIOTO OTCUETA CHTHAjIa KaK CyMMbl 12
cy4JaiiHeIX umcels, B pesynbpraTe momyuum emé Oombpime m3meHeHus (B). CpemHee
3Ha4YeHUE CcTalo paBHbIM utecmu, a CKO — edunuye. 1lpu 370M caMmoe riaBHOE TO, YTO
GyHKIMS TUIOTHOCTA BEpPOSITHOCTH CTajla MpaKTUYeCKH rayccoBoil. OmnucaHHas
npoleaypa MOXKET HCIOJb30BATHCA IS CO3JaHUS HOPMAIbHO pacCIpeeIEHHOIO
IIYMOBOI'O CUTHaJa ¢ MPOU3BOJIBHBIM TpeOyeMbiM cpennum 3HaueHuem u CKO. [Ins
3TOTO, PACCUUTHIBAS KAXKIIBII OTCUET CUTHAIIA, HEOOX0AMMO: 1) CI0XUTh 12 ciydaltHbIX
yucen; 2) U3 MOJTYYEHHOW CyMMBI BBIYECTh IIECTh, JIeJiasg CpeAHEe 3HAUYCHHE PaBHBIM
HyJI0; 3) YMHOXUTh 3HaUeHUe OoTcu€Ta Ha BenuuuHy xkenaemoro CKO; 4) noGaBuTh
TpeOyeMoe cpeHee 3HaueHue.

MaremaTnyeckoe MOATBEPKICHUE CIPABEIJIMBOCTH OMUCAHHOW MPOLEIYpPbI
OCHOBBIBAETCSI HA YEHMPAIbHOU NPEOeIbHOll meopeme, KOTopas ABJISETCS OJIHOW U3
BAKHEUIINX B TEOPUHU BEPOSATHOCTEW. B caMOM MpOCTOM H3JI0KEHHH TEOopema TJIACHT,
YTO CymMma CIY4YalHBIX YHCEII CTAaHOBUTCA HOPMANAbHO PACHPEOEIEHHOU C
YBEJIMYEHUEM KOJIMYECTBA CYMMHUPYEMBIX 3JIEeMEHTOB. [Ipu 3ToM HET HEOOXOAMMOCTH B
TOM, 4YTOOBI OTJEIbHBIC CIyYaillHbIE JJIEMEHTHI OBLIM paclpeieseHbl MO0 KaKOMY-TO
OTpEeICIEHHOMY 3aKOHY WJIM JIa’Ke YTOOBI 3TH CIydalHbIE YMClIa UMEU OJMH U TOT e
3aK0OH pacrpeaeneHus. LleHTpanbHas mnpenenabHas TeopeMa Ha€T oObsicHEHUE ¢GakTy
IIMPOKOTO PACIPOCTPAHEHUS HOPMAJIbHO PACIPE/ICNEHHBIX CUTHAJIOB, B TOM YHUCIE B
idpoBoii 00paboTke curHaioB. B peanbHOM OKpy’KarollleM HAac MHPE CYIIECTBYET
OTPOMHOE MHOKECTBO Pa3IMYHBIX CHJI, BO3JICUCTBYIOIIMX HA CUCTEMY, B pe3yJbTare
Yero HUTOroBas (PYHKIMSI TUIOTHOCTH BEPOSTHOCTU TAKOTO COBOKYITHOTO BIIUSTHUS
OKa3bIBAETCA rayCCOBOM.
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Homep anckpeTtHoro oTcyérta

Hanee nepeliaém K (HOpMHUPOBAHHUIO Ka)XJAOTO OTCUETA CHTHAJIa KaK CyMMBI 12
ClIydalHbIX unces, B pesynapTare momyuuMm emnié Oombiinue usmeHeHus (B). CpenHee
3Ha4YeHue cTasio paBHbIM wiecmu, a CKO — edunuuye. IIpu 3T0M camoe ri1aBHOE TO, YTO
(GyHKIMST TUIOTHOCTH BEPOSATHOCTH CTajla MPaKTHYECKH TayccoBoil. OmnucaHHas
MpoIelypa MOXKET WCIONb30BAThCA JUISI CO3JaHWS HOPMAJBHO pacIpeaesiéHHOTO



IIYMOBOI'O CHUTHaJa C MPOU3BOJIBHBIM TpeOyeMbiM cpeanum 3HaueHuem u CKO. [lns
ATOT0, PACCUMTHIBAS KaXK]IbIi OTCUET CUTHANIA, HEOOX0AMMO: 1) clIoXuTh 12 ciayyaltHbIX
qucen;, 2) U3 MOJIy4YeHHOM CyMMBI BBIYECTh LIECTh, JI€asi CpeHee 3HAUYCHUE PAaBHBIM
HyJI0; 3) YMHOXUTh 3HaUeHUe OTcu€Ta Ha BenuuuHy kenaemoro CKO; 4) nob6aButh
TpedyeMoe Cpe/lHee 3HAUCHHUE.

MarteMaTnyeckoe MOATBEPKIECHUE CIPABEIMBOCTH OINKMCAHHOW MPOLEAYPHI
OCHOBBIBAETCSI HA UEHMPAIbHOU NPEOeIbHOll meopeme, KOTOpas ABJISETCS OJIHOW U3
BAKHEUIINX B TEOPHH BEPOSTHOCTEW. B caMOM MpoOCTOM H3J0KEHHH TE€Oopema TIIACHT,
YTO CyMMa CIyYalHBIX YHUCEJ CTAHOBUTCS HOPMAIbHO PACHPEOENeHHOU C
YBEJIMUYEHUEM KOJIMYECTBA CYMMHUPYEMBIX 3JIeMeHTOB. [Ipu 3TOM HET HEOOXOAMMOCTH B
TOM, YTOOBI OTAEJIbHBIE CIyYalHbIE AJIEMEHTBl OBUIM pacHpeiesieHbl MO KaKOMY-TO
oTpeeNEHHOMY 3aKOHY WJIM Ja)Ke YTOOBI 3TH ClIydallHbIe YHMCIa UMENIH OJUH U TOT )K€
3aKOH pacnpezeneHusi. [leHTpanbHas npenenbHas Teopema Na€T 0O0BsICHEHHE (aKTy
IIMPOKOI0 PACHpOCTPaHEHUSI HOPMAJIBHO PACIpPEACIIEHHBIX CUTHAJIOB, B TOM YHCIE B
uppoBoii 00pabOTKEe CUTHAJIOB. B peambHOM OKpyKarolleM Hac MHpE CYIIECTBYET
OTPOMHOE MHOXECTBO PA3JIMYHBIX CHJI, BO3JACHCTBYIOLIUMX HA CHUCTEMY, B PE3yJbTaTe
Yero WTOroBas (PYHKIMS IJIOTHOCTH BEPOATHOCTH TAKOTO COBOKYIHOI'O BIIMSIHHS
OKa3bIBAETCA IayCCOBOM.

Btopoii merox reHepannd HOPMAJbHO PACHPENEIEHHOTO CHUTHAIA — METOJ
bokca-Mromniepa — mpeasiaraeT JBaXKAbl 3alyCKaTh TE€HEPATOp CIyYalHbBIX YHCEll,
dbopmupys nBa ciaydaitHeix yucia Ri u Ry B unrepBanie ot 0 no 1. ITocne 3Toro moxer
OBITh HaMJIEHO HOPMAJILHO paclpeAesIEHHOE CydYailHOe YHCIIO COTIACHO BhIPAXKEHUSIM

X1 =+/-2InR; cos(2nR, ) umu X, =,/—2In R sin(2nR,)

B pesynaprate BhUMCIEeHHWH yucia X; M X2  OKaXyTCsS  HOPMAJbHO
pacnpenenéHHbIMU U OyIyT UMETh CpelHee 3HaueHue, paBHoe Hyio, a CKO, paBHoe
eIMHULIE.

Kak u panee, ¢ mOMOIIBIO JAHHOTO TOIXOJa MOKHO T€HEPUPOBATH HOPMAIBLHO
pacnpe/iesi€HHbIe CIIydyalHble CUTHAJIbl C MPOU3BOJIBHBIM CPEHUM 3HAYEHHUEM M IpPO-
n3BosIbHBIM CKO. /[ 3TOro BO3bMHUTE KaKJ0€ YUCIIO, MOTYYEHHOE C MOMOIIBIO JaH-
HOTO BBIpa)KEHUS, YMHOXbTe Ha >xenaemoe 3HaueHue CKO u noGaBpTe TpeOyemoe
CpelHee 3HauCHHUE.

Pabora reHeparopa Ciay4JailHBIX YHMCEN HAYMHAETCS C HEKOTOPOTO HAYAIbHO20
3HAYeHUs, JSKAIEro B JWANa30He OT HyAs 10 EOUHUIBL. OJTO YHCIO IO
onpenenéHHOMY (UKCHUPOBAHHOMY alTOPUTMY TIpeoOpaszyeTcsi B HOBOE YHCIIO,
JeKallee B TOM K€ AMana3oHe U paccMaTpUBAaEMOE Kak CiIydailHoe. DTO HOBOE uUCI0
COXpPAaHSETCS U MPH CIEAYIOLIEM BbI30BE T'€HEPATOPa CIyUYaHBIX YHUCEN UCTIONb3YETCs B
KauyecTBE HA4YaJIbHOTO 3HAueHUs. ANTOpUTM (HOPMUPOBAHMS CIYHaHOTO YuMCIa Ha
OCHOBE HauaJbHOTO 3HAYEHUS BBITJISIUT CIETYIOIKUM 00pa3oMm:



R=(aS +b)modc

rje S — HavaJgbHOE 3HaueHue; R — reHepupyemoe ciaydaitHoe yucio; a, b u ¢ —
BBIOpaHHBIE HEKOTOPBHIM 00Pa30M KOHCTAHTHI.

Takum 00pa3oM, Ha OCHOBE OJIHOTO HAYaJbHOrO 3HaueHus Qopmupyercs
MOCJIEIOBATENBHOCTh CIIy4aliHbIX yucen. HeTpyaHo BUIETh, YTO €clid MpU TeHepaluu
HOBOM MOCTEAOBATEIbHOCTU CIIyYalWHBIX 4YHCENT HauyajJbHOE 3HAYEHHE OCTaBUTH
OpeKHUM, TO OHa OyJIeT TOYHO COBHaAaTh C TMepBOM  CHOPMHUPOBAHHOMN
MoCNeA0BaTeabHOCTRIO0. i1  TOro uToObl 3acTaBUTh TreHepaTtop (HopMHpOBaThH
HEMOBTOPSIONINECS ~ CIy4YailHbIE  IOCJIEIOBATENbHOCTH,  OOJBIIMHCTBO  SI3BIKOB
MPOrpaMMHUPOBAHUS BKIIOYAIOT (PYHKIMHM TIEPEYCTAHOBKM HAYAJIbHOTO 3HAUYCHUS
reHepaTopa CIy4alHbIX YHCEN TaK, YTOObl OHO KaXJbIil pa3 OKa3bIBAJIOCh HOBBIM.
OO1enpuHITON MPaKTUKON SIBISETCS HCIOJIb30BAHME CHCTEMHBIX YacOB B KayeCTBE
HAYaJbHOTO 3HAUYEHUs MOKa3aHWH. DTO MPH KaXIOM HOBOM 3aIlyCKe MNpOTrpaMMbl
rapaHTUPYET BblJa4y HOBOM CIIydyallHOM MOCIIE€J0BATEIbHOCTH.

C MareMaTH4eCKON TOYKH 3PEHUs, YHCIa, CTEHEPUPOBAHHBIC OMHCAHHBIM 00pa-
30M, HE SBIISIOTCS a0COJIOTHO CIyYalHBIMHU, TaK KaK KaXKIO€ MOJy4YeHHOE 3HAYCHUE
MOJIHOCTBIO OTIPEAETSETCS npedvtdyuium duciom. [losTomMy /Ui TaKMX MPOLIECCOB MPH-
HSTO WCIOJIb30BaTh TEPMUH ncesdocayyuaiinple. OHAKO 3Ta 0OCOOCHHOCTH BBIXOJUT 32
pamMKu paccMaTtpuBaeMoil HaMu TeMbl. C JTOCTaTOYHO BBICOKOM CTENEHbBIO JTOCTOBEP-
HOCTU MOKHO YTBEP)K/1aTh, YTO IOCIEI0BATEIBHOCTH, (POPMUPYEMBIE C ITOMOLIBIO Ie-
HEpaTOpOB CIy4yailHbIX YHCENl, SBISAIOTCA CllydallHBIMH. BeposTHOCTH TOro, 4To Bam
BCTPETUTCSl CUTYyaIusi, B KOTOPOHM TaKkuWe TMOCIEAOBATEIHHOCTH HEJb3s OyIeT CUUTATh
CIIy4alHBIMM, KpaliHE MaJia.

I11. TIPAKTUYECKAA YACTb
[Ipu wuccnemoBaHWM CIy4alWHBIX CHTHAJIOB B CHCTEMaxX MaTeMaTHYCCKUX
pacuetoB Matlab wiu Octave yno6HO mosb30BaThest GYHKIMSIMEA (OPMHPOBAHUS
CIIyJallHBIX TIOCIIEJOBATEIBHOCTE C HOPMAIBbHBIM pACIpEEICHHEM randn U

byHKIIMEH MOCTPOEHUS TUCTOTPAMMBI CUTHAMA hist!
y = randn (1, 100000);
h = hist (y, 1000);
figure (1) ;
plot (y)
figure(2);
hist (y, 100, "facecolor", "r", "edgecolor", "b")

B pesynbrare paboThl MPEACTABICHHOTO CKPHUIITA MOTYyYUM CIIyYallHBIM CHUTHAI
n3 100000 oTCUETOB M €ro TUCTOrpamMmy:
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IV. 3AJJAHUE
I/I3y‘-II/ITB METOAbI FeHepaHI/II/I CﬂyqaﬁHBIX CUTHAJIOB C 3aJIaHHBIMHU CBOﬁTCBaMH.

V. [HOPAAOK BBIITOJIHEHW A
1. Peanu3zyiiTe reHepaiuio CIydaliHOro CUTHaJIA Pa3IMYHBIMU CIIOCOOaMH.



2. IIporectupyiite padboTy Bameil (yHKIMU B Pa3IUYHbIX YCIOBUSX U C YUYETOM
CJIOKEHHS JOOEHTECh HOPMAJIBHOTO PacIpeIeICHHUS.

3. CpaBHuTe padOTy Balllero ajlropuTMa co CTaHJAPTHON (YHKIMEN reHepanuu
CIIy4alHBIX ITOCJIEN0BATENBHOCTEN.

4. Cnenaiite BHIBOJBI.

VI. O®OOPMJIEHUE OTYETA
OTUéT AOKEH CONIEePKaTh:
- QITOPUTMBI U JJUCTUHTU pa3pabOTaHHBIX MPOTPAMM,;
- rpadUKU ¥ UHBIE PE3YNIbTAaThl YUCICHHOTO MOJICIMPOBAHNS;
- BBIBOJIBI 10 TIPOBEJIEHHOM padoTe.

VII. BUBJINOI' PAOMYECKUI CIIMCOK

1. Cwmur C. LHudposas o6padboTka curnanos. [IpakTuueckoe pyKoBOJICTBO IS
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[Tpaktuueckoe 3anatue No 2
CnekTpajbHbIii aHAJIM3 U JUCKPeTHOE npeodpazoBanmne Dypobe.

|. HEJIb 1 3BAJAYUN
V3ydyeHHe CHEKTPaJbHOTO aHaliW3a JUCKPETHBIX CHUTHAJIOB. Pacuér crekrpa
auckpetrHoro curnai B Matlab ¢ mpumenenrnem muckpetHoro npeodpaszoBanus Oypobe.

Il. TEOPETUYECKUWE CBEJIEHUA

CrneKTp IMCKPETHOI0 CUTHAJIA

Pazpabotka npeoOpazoBanuii dypre chirpaisa OrpOMHYIO POJib B MOSIBICHUHU U
Pa3BUTHHM psifa HOBBIX OO0JacTel HaykKd M TEXHHUKU. J[OCTaTOYHO OTMETHTh, 4YTO
AJIEKTPUYUECKasi CBSI3b U PAJMOCBSI3b 0a3UPYIOTCS HA CHEKTPAIbHOM MPECTaBICHUU
curHaioB Psnpr  dyppe Takke MOXKHO paccMaTpuBaTh Kak —MPUOJIMIKEHUE
MIPOU3BOJIBHBIX ~ (PYHKIMM  (ONpEACICHHbIE OTPAaHUYECHHSI B OTOM  HU3BECTHBI)
TPUTOHOMETPUUECKUMU psiiaMu OeCKOHEYHOUN nnuHbl. [Ipn KOHEYHOW [JIMHE pAIOB
MOJIYYarOTCs HAaWTy4YlINe CpeIHE-KBaAPATUUECKUE TPUOIIMKEHUS.

MATLAB coaepxuT (QyHKIMM IS BBINOJHEHUS OBICTPOrO JIUCKPETHOIO
npeodpazoBanus Oypse.

[IpeobpazoBanrie @ypbe MO3BOJISET BBIUUCIUTD CIEKTPATIbHYIO INIOTHOCTh CUTHAJIA,
HPEICTABIISIIONIET0 CO00M @ynkyuro (Kak IpaBUIIO, BPEMEHU JIMOO MPOCTPAHCTBEHHBIX
KoopauHAaT). JIMCKPETHBIN K€ CUTHAN SIBISIETCS NOCIe008AMENbHOCMbIO YUCe], TI0ITO-
My JUIs aHallu3a €ro CIEeKTpa OOBIYHBIMU (aHAJIOTOBBIMH) CPEICTBAMH HEOOXOJIMMO
COMOCTaBUTh 3TOM MOCIEA0BATENBHOCTA HEKOTOPYIO (PYHKITHIO.

TpaIuUIMOHHBIM CIOCOOOM TAaKOI'O COMOCTABJIECHUS SABIJISETCS MPEICTABICHUE OTCYE-
TOB B BUJIE AENbTa-(PYHKIIMI C COOTBETCTBYIOIIMMU MHOXUTEISIMHU U 3aepaKKaMu. J{is
nocienoBareiabHocTH 0TcueToB {X(K)} momyuuTcs cienyronuii curHait:

o0

s(t)= > x(k)s(t—k).

— 1)

[IpeobpazoBanue Dypbe AMHEIHHO, CIEKTP NeTbTa-QYHKIIMK paBeH €AWHHIIE, a 3a-
JIEp’KKa CUTHAJIa BO BPEMEHU MPUBOAUT K YMHOXKECHUIO CIIEKTPA HA KOMIUIEKCHYIO 3KC-
NOHEHTY. Bce 3T0 m03BOJIAET cpa3y e 3anncarh CIEKTP JUCKPETHOTO CUTHANA!

o0

S(w)=>_ x(k)e ™. )

k=—0

N3 3T10i1 hopmysibl BHUIHO TJIABHOE CBOMCTBO CHEKTpa JHOOOro JIHUCKPETHOTO
CUTHAJIA: CIIEKTP SBISACTCS MEPUOIUUYECKUM, U €ro MEepPHoJl B JAaHHOM cllydae paBeH 27



(TO €CThb KPYFOBOﬁ JacTOTC JUCKPCTU3AalNH, IIOCKOJIbKY, COCTABJIASA CUIHAJ U3 JCJIbTa-

(GYHKINH, MBI BBIOpAJIA €IMHUYHBIA HHTEPBAIT MEXKTy HUMH, UTO NAET @y—27).

Pa3MepHOCTh CHEKTpaJbHOW (YHKIIMHM JTUCKPETHOTO CHUTHAJa COBIAJAcT C
Pa3MEPHOCTBIO OTCYETOB. DTO CBSI3aHO C TEM, YTO JAeiIbTa-(QyHKIIMH BPEMEHH, W3
KOTOPBIX ObLI cocTaBiieH curHai (1), UMEIT pa3MEpPHOCTh YacTOTHI,

®opmyia (2) MO3BONSET BBIYHUCIUTH CIIEKTPAIBHYIO (YHKIHIO 10 M3BECTHBIM OT-
caeraM X(K). [Ipy KOHEYHOM YHCJIC HEHYJIEBBIX OTCUETOB ITOT pacyeT HECIIOKCH; OH
MOKET OBITh BBITIONIHEH ¢ ToMotnkio ¢pyrkimu MATLAB freqz.

Tenepb paccMOTPUM HECKOJIBKO MHYIO 3anauy. [1ycTh 3HaueHus X(K) sBisroTcs ot-
cueTaMM aHAJIOTOBOTrO curHasa S(t) B3sIThIMH C TIEPUOIOM T

X(K)=s(KT).

BeIsicHIM, Kak B 3TOM cllydae CHEKTp TUCKpeTHoro curHanma (2) cBsi3aH coO
CIIEKTPOM aHaJIoroBoro curxana S(t).

HNrtak, MBI  paccMaTpwBaeM  OUCKPEeMU3UPOBAHHLI ~ CUTHAl B BHIE
MIOCJICZIOBATEIbHOCTH JieNbTa-(pyHKIMH, «B3BelIeHHOW» 3HadeHusiMu otcdyetoB S(KT)
ananoroBoro currana S(t) (puc. 1):

o0

s, (1) = Z s(KT)o(t —KT). (3)

0 12r t

Puc. 1. Z[I/ICerTI/ISI/IpOBaHHBII\/'I CHUI'HAJ B BUJIC MMOCIICA0OBATCIIbHOCTH I[eJ'IBTa-Q)y'HKLII/II\/’I

Tak kak ¢ynkmus Xt - KT) paBra Hymo Bcroay, kpome momenTa t = KT, MOXHO
3aMeHUTh B BhIpaxkeHuH (3) koHcTaHThl S (KT) Ha MCXOMHBIN HEeNpepbIBHBIN curHam S(t):

54 (1) =s(t) i S(t—KT). (4)

C yu€ToM TOrO0, 4TO B MHTEpBal uHTerpupoBanus (-1/2, T/2) nomnagaer ToabKO OHA
nenpTa-QyHKIMs, cooTBercTByOmas K = 0, mepuoamyeckas MOCIEIOBATEIBLHOCTD
nenbTa-(QyHKIMI MOKET OBITh TIPEJICTaBIICHA B BUIE KOMIUIEKCHOTO psina Dypee:

- . _i - Joout
k;oé(t kT)_T D el -

N=—o0

0

_ S(t) S joot _ jont
T3¢ 0, ~2enyr. Honcrasus (5) B (4), monyunm 4 (t)= Tn;;e =T D s(t)e.

N=—00



YMHO)XeHue curHaia Ha eXp(jant) COOTBETCTBYET CIABUTY CIIEKTpAIbHON (DYHKITUU
Ha (th, IO3TOMY CIIEKTP IHUCKPETU3UPOBAHHOTO CHUTHAIA MOXHO 3alHCaTh CICTYIOITIM
oOpazom:

S @)=1 3. S(“"@) )

N=—o0

Takum 00pa3oM, CHEKTp IUCKPETU3UPOBAHHOIO CHUTHAJIA TMPEJCTaBIsAECT COOOM
OCCKOHCUHBIN PSIJT CIBUHYTHIX KOMHUU CIEKTpa MCXOTHOTO HEmpephiBHOTO curHana S(t)
(puc. 2). PaccrosiHME 1O YacTOTE MEXKIY COCEIHUMH KOIHUSAMH CIIEKTPa PaBHO 4acTOTE

TUCKpeTu3auuu og—=27/T.

v

-, — /2

Puc. 2. CriekTp TUCKPETU3NPOBAHHOTO CHTHAJIA

Xapaktep cHekTpa AUCKPETU3UPOBAHHOTO CHUTHAJa €lle pa3 JIEMOHCTPHUPYET
4aCTOTHO-BPEMEHHYIO TyaJbHOCTh Mpeodpa3oBaHusi Oypre:

MIEPUOANYECKUIN CUTHAJI — JUCKPETHBIN CIIEKTD;

NEPUOUYECKUN CIIEKTP — TUCKPETHBIN CUTHAI.

PucyHox 2 HariasgHO IEMOHCTPUPYET CIOCO0 BOCCTAHOBIICHUS HETPEPHIBHOTO
CUTHAJIa M0 JUCKPETHBIM OTcYeTaM. [[1s1 3TOro HEOOXOAMMO MPOMYCTUTh TUCKPETHBIN
CUTHAJII 4epe3 uacanbHbli GuiabTp HUkHUX yacToT (OHY) ¢ wacroToii cpesa, paBHOU
MOJIOBUHE YacTOThl auckperusamuu. AYX Takoro ¢umbTpa mokazaHa Ha puc. 2
MTYHKTHPOM.

Od4eBUIHO, YTO TOYHOE BOCCTAHOBIICHHWE CHUTHAJIa BO3MOXHO, €CJH CIIBHHYTHIC
KOIMUU CIIEKTpa HE MepekpbiBatoTcs. U3 puc. 2 BUAHO, YTO JJIsi OTOTO HEOOXOAMMO,
9TOOBI YaCcTOTa AUCKPETH3allMM KaK MUHUMYM B JIBa pa3a IMpEBbIIIalia BEPXHIOIO
TPaHUYHYIO YaCTOTY B CIIEKTPE CUTHAJIA:

B ciyyae mpou3BOJILHOTO CHTHAJIA, €CIIH YCJIOBUE (7) HE BBIMOIHICTCS, CIBUHYTHIC
KONHMH CIEeKTpa OyIyT HAKIIAABIBATHCS APYT HA JPYra, 4TO NMPUBEIET K HEH30EKHBIM
UCKa)KEHHSIM TIPU BOCCTAHOBJICHUH HEMPEPBIBHOTO CUrHaia (puc. 3).



1Sa(w)|

—@y, —@y,/2 0 w2 [N [
Puc. 3. IlepekppiTe CABUHYTHIX KOMUN CIIEKTpa MPU HEAOCTATOYHO BHICOKOH 4acTOTe
JMCKPETU3ALUN

OTH HCKaXEHUS BbI3BaHbl TEM, UYTO CHEKTPaJbHBIE COCTABISIOIIME CHUTHAla C
4acTOTaMH, TMPEBBINAIOIUMU 4acToTy HalikBucta, paBHYIO @y /2, HE MOTYT OBITh
BOCCTAHOBJICHBI IPAaBWJIBHO - BMECTO 3TOTO OHHU BBI3BIBAIOT HAJOKEHHE «XBOCTOB)
COCEJIHMX CIABUHYTBIX KOMUH CIIEKTPA U MOSIBIICHUE JIOKHBIX 4aCTOT.

Ecnm mopnexammii IUCKpETHM3alUy CHTHAII MOXKET COAEPKAaTh CIEKTPAJIbHBIE
COCTaBIIIOIIME C YaCTOTAMH, NPEBBIIAIOIKAMHU YacToTy HalkBuCcTa, MOJIE3HO
IIpeaBapuUTEIbHO IponycTuth ero uepe3 @HY ¢ wacroroil cpesa, paBHOW 4YacToTe
HaiikBucta (puc. 4). Ilpm sToM Bce paBHO OyIyT MOTEPSHBI BHICOKOYACTOTHBIC
COCTaBJISIIOIIME — COXPAHUTh MX MOXHO JIMIIb IIyT€M THOBBIIICHUS YaCTOTHI
nuckperusanuu. OIHAKO B ATOM ciiydae OJarojapsi OTCYTCTBUIO HATOKEHUSI «XBOCTOBY
HE TMPOU30MAET MOSBJICHUS JIOKHBIX YacTOT W auamna3oH 4dactoT 0... wy /2 Oyner
MIPEACTABIICH B IUCKPETHOM CUTHAJIE 0€3 NCKaKEHU.
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Puc. 4. Ilpu auckpeTusamnuu CUTHala, COAePKAIIero BEICOKOYACTOTHBIE COCTABIISAIONINE (),
MOJIe3HO MPONyCcTUTH ero uepe3 ®HY (6), uToOb! n30ekaTh MOSIBICHUS JOKHBIX YacTOT (B)



Teopema KoTeJilbHUKOBa

Brimie O6bu10 cPOpMYTHMPOBAHO YTBEPKACHHE O TOM, YTO HEKOTOPHIE CHUTHAIBI
MOTYT ObITh 0€3 moTepb HWHGOPMAMK TMPEACTABICHBl CBOMUMH JUCKPETHBIMU
OTCYETaMH, a IOJYYECHHOE BBIPaXKEHUE JJIA CIEKTpa IUCKPETU3HMPOBAHHOTO CHUTHAJIA
MO3BOJISIET BBIAEIHUTH TOT KJIAcC CUTHAJIOB, JUISl KOTOPBIX 3TO BO3MOXXHO, W OIKCATh
CIoCcO0 TaKOro BOCCTAHOBJICHMUS.

CornacHo (6), criekTp AUCKPETU3UPOBAHHOTO CHTHAJIA MPEICTABISCT COO0H CyMMy
CABUHYTBIX KONMUUI CHEKTpPa UCXOAHOTO CHUTHaja, MPU 3TOM LIAr CABHUra PaBEH YacTOTE
auckpeTuzauuu @y. U3 puc. 1 BHIHO, YTO €Cilu B CHEKTPE AHAJIOTOBOIO CUTHAJIa HE
COJIEPKUTCSI COCTaBILIIOIIMX C YaCTOTaMH, MpEBbIIAONMMU YyacToTy HalikBucra (a@jy
/2), TO CHBHHYTbIE KONHHU CIIEKTpa He OyAyT mepekpbiBaThcs. B a3ToM cmyuae
ucnonp3oBanue uacanbHoro ®HY ¢ npsamoyronbHOM AYUX NO3BOJIUT BBIIEIUTH
UCXOJIHYIO0 (HECOBHUHYTYI0) KOIHUIO CIIEKTPa, COCPEAOTOYECHHYIO B OKPECTHOCTAX
HYJIEBOM 4YacTOThl, M, TaKUM o00pa3oM, B TOYHOCTH BOCCTAHOBHUTHb HCXOJHBIN
AHaJIOTOBBIN CUTHAJL.

AUYX uneanbHoro ®HY, BocCcTaHaBIMBAIOIIETO aHAJIOTOBBIM CUTHAJ, MPUBE/ICHA HA
puc. 5 cneBa. KoadduureHnt nepenaun B nojaoce nporyckaHusi paBeH I, a HE eJUHUIIE,
4TOOBI KOMIIeHCUpOBaTh MHOXHTeNb 1/T B ¢opmyrne (6). C momormisio 00paTHOTO
npeoOpa3zoBanus Dypbe HaleM HUMIYJIbCHYIO XapaKTEpPUCTHKY (uiibTpa (puc. 5
CIIpaBa):

t (8)

K@) 4
T

-n/T 0 /T t

-2r -T 0 T 2T

Puc. 5. AMmuintynHo-uacToTHas (ClieBa) M UMITYJIbCHAsS (CIPaBa) XapaKTEPUCTUKHI
U/1€aIbHOTO BOCCTAHABIMBAIOLIETO (pUIbTpa

JluckpeTtusupoBanHblii curaan (3) mpeacrarisger coboi cymMMy JaebTa-()yHKITHIA.
[Ipn mpoxokKAE€HUU TaKOro CUrHaJIa yepe3 BoccraHapiauBarommin OHY kaxnasa nenbra-
GyHKIUS TOPOJUT HAa BBIXOJIE COOTBETCTBYIOIIUM 0O0pa3oM CIBUHYTYIO M MacIlTa-
OMpPOBAaHHYIO KOIMMIO MUMIYJbCHOM XapaKTepUCTUKH (PuibTpa. BeixomHoi curHan (B
TOYHOCTU COOTBETCTBYIOIIUWA HCXOJHOMY aHaJIOTOBOMY CHUTHAally), TaKUM O0Opa3oM,
OyneT mpencTaBisiATh COOOW CyMMY CIABUHYTHIX U YMHOXXEHHBIX Ha OTCUETHI CHTHAJa
KOIIHMI UMITYJIbCHBIX XapakTepucTuk uaeaabHoro ®HY (8):



: ( t—ij
. sin| 7 ——

k=-o0

T

[TogBoast uTor Bcemy cKazaHHOMY, chopmynupyem meopemy Komenvruxosa:
o060 curaan S(t), CrekTp KOTOPOro He COACPIKUT COCTABIISAIONINX C YaCTOTAMHM BHIIIIC
HEKOTOPOI'0 3HAYEHHUS o, -27f,, MOXKET OBITH 0€3 MmoTeph WH(POPMAIMU TMPEACTABICH
ceouMmu  guckpeTHbiMd  orcuetamu  {S(KT)}, B3saTeIMH ¢ wHHTEepBajioM T,
YJIOBJIETBOPSIOIIAM CJICIYIOIIEMY HEPABEHCTBY:

T< 1 -7

2f, w5 (10)
BoccranoBnenue wucxomHoro HemnpepbiBHOTo curHama S(f) mo Habopy ero
muckpeTHbIX oTcueToB {S(KT)} npousBoautcs mo Gopmyie (9).
dopMHUpOBaHNE HEMPEPHIBHOIO CUTHAJA IO €ro JUCKPETHBIM OTCUETaM IOSCHSIET
puc. 6. IIyHKTHpOM IOKa3aHbl TrpaHKH OTAEIbHBIX claraeMbix ¢opmyiasl (9),
CIUIOIIHOW JIMHUEH - BOCCTaHOBJIEHHBIM curHain. Huxe mpuBoautcs xox MATLAB,
WCTIOJb30BAaHHBIN MTPU TOCTPOCHUH PUCYHKA!
t = -2:0.01:6;
td = -2:6;, HOMEpa OTCUYETOB
s= [0 0 4 3210 0 0],
d= [td" s'];
y = pulstran(t, d, 'sinc');
plot(td, s, 'o', t, y)
CHUI'HAJIia

$ BpeMs OJjigd BOCCTAHOBJIEHHOI'O CHUI'HAJIA

9

[0
OUCKPETHE CHUI'HaJ

IOaHHEIE 1OJIS QYHKIMM pulstran
BOCCTAHOBJIEHHENT CHUI'HAJI

o0 oo oo oo

rpaguk BOCCTaHOBJIEHHOI'O

hold on % BEIBOOMM I'PAQUKM OTHEJIBHBEIX SMC—MMIIYJIECOB
for k=1:1length(s), plot(t, s(k)*sinc(t-td(k)), ':'), end
hold off

PucyHok 6 HarmsagHO TEMOHCTPHUPYET TJIABHOE CBOMCTBO CHUTHANIA C OTPaHUYECHHBIM
CIIEKTPOM - €T0 0ECKOHEYHOCTh BO BPEMEHHU. XOTS OTIUYHBI OT HYJIS JIUITh HECKOIBKO
OTCUETOB IOKAa3aHHOI'0 CHUI'Haja, aHAJOIOBBIM CHUTHAJ OKAa3bIBAE€TCS OECKOHEYHO KO-
JICOTIOMUMCS - MEXKIY HYJIEBBIMHA OTCUETaMH (Ha PUCYHKE 3TO OTCUETHI C HOMEpPaMH -2,
-1, 4, 5, 6) ero 3HaYeHUS OTIIMYHBI OT HYJIA. DTH KOJeOaHUs HUTE HE 3aKAaHUYMBAIOTCS,
XOTS UX aMIUIUTYJ]a CTPEMHUTCS K HYJIIO.



Puc. 6. BocctanoBieHnue HEMPEPBIBHOI'O CUTHAJIA 110 €0 AUCKPETHBIM OTCUYETaM

WHorna MOKHO BCTPETUTh MPUMEPHO CIENYIOIIEE «OOBICHEHUE) CYLTHOCTH TEOpE-
Mbl KoTenbHUKOBA: «eciu OpaTh OTCUETHI JOCTATOYHO YAacTO, B MPOMEKYTKAX MEKITY
HUMH CUTHAJI C OTPAaHUYEHHBIMU CIIEKTPOM HE YCII€ET CUIIBHO U3MEHUTHCS, U MBI CMO-
K€M TOYHO BOCCTAHOBUTBH €ro». Takas TpaKTOBKa SBIAETCS NPUHLMUIIAAIBHO HEIpa-
BWIbHOU. Korjga mMbpl roBopuM 00 OTpaHMYEHHOM MOJIOCE YacTOT CUTHAJIa, UMEETCS B
BUJly CIIEKTpaJibHasg (QYHKILHS 6Ce20 CUSHANA, UMEIOWe20 OeCKOHEUHYI0 ONUmMelbHOCMb.
[Ipu 3TOM MeHOGeHHble CIEKTPBl OMOENbHbIX )pazmenmo CUTHAIA MOTYT COAEpPKaTh
CKOJIb YIOJHO BBICOKME 4YacCTOTbl. B 4acTHOCTH, B OTIEIBHOM IPOMEXYTKE MEXKIY
COCEHUMHU OTCYETAMM CUT'HAJI C OTPAHUYECHHBIM CIIEKTPOM MOKET UMEThH CKOJIb YTOJHO
CJIOHYIO (hOpMY, HAIIPUMEP MPOU3BOJIBHOE YUCIIO pa3 MEHATh 3HAK.

JluckpeTtHoe npeoOpazoBaHue Oypbe

[Ipsmoe mpeoOpazoBanue Dypbe MNEPEBOAUT ONHCAHME CUTHAIA ((PyHKIUH
BPEMEHH) U3 BPEMEHHOMN 00JIaCTH B YaCTOTHYIO, a 00paTHOe npeoOpazoBanue Oypre —
W3 4YaCTOTHOM 00JIacTH BO BpeMeHHYI0. Ha 3TOM OCHOBaHBI MHOTOYHMCIIEHHBIE METOIbI
(buUIBTpAIIMK CUTHAJIOB.

B pazgene «CnexkTrp IUCKPETHOTO CHTHaia» MbI MPOAaHAIU3UPOBAIM SBJICHUS,
MPOUCXOAIINE CO CIIEKTPOM IPH JAUCKPETHU3AIMKA CUTHaia. PaccMOTpHM Temepb, 4To
MPEJICTaBIISICT COO0M CIEKTP TUCKPETHOTO nepuooutecko2o CUTHaa.

Wrak, mycth mocneaoBareiabHocTh oTcueToB {X(K)} sBasieTcs mepuwoauwdeckoi ¢
nepuojom N:

X(k + N) = x(k) mst mro60ro K.

Taxkas mocie0BaTeIbHOCTD MOJHOCTBIO OMUCHIBACTCS KOHeuHbIM HAOOPOM YHCe, B
Ka4eCTBE KOTOPOI'O MOXHO B3STh MPOM3BOJbHBIN (parmenT amuHoi N, Hanpumep {X(K),
k=0,1,.., N - 1}. IlocTtaBjaeHHBII B COOTBETCTBHE ATON IOCIEIOBATEIHBHOCTH CUTHAIT
U3 CMEIIEHHBIX IO BPEMEHH JeabTa-()yHKIIHA:

s(t) = i X(k)o(t—KT) (11)



TaK)Ke, pa3ymeeTcs, OyAeT NepUOANYECKUM C MUHUMAIbHBIM niepuoaoM N 7.

Tak kak curnan (11) sBiseTcs DUCKPETHBIM, €r0 CIEKTP JOJDKCH OBITh nepuoou-
yeckum ¢ iepuooM 277 T. Tak Kak 3TOT CUTHAT SIBIIICTCS TAKXKE U MIEPHOAMYECKUM, €TI0
CHEKTP JOJDKEH OBITh OUCKpEemHbIM C PACCTOSHHEM MEX]y TapMOHUKAMH, PAaBHBIM
27d(NT).

Nrak, nepuoanyecKkuid JUCKPETHBIM CUTHAJ MMEET MEPUOJNYECKUN TUCKPETHBIN
CIIEKTpP, KOTOPBIM TAaK)K€ ONMMCHIBACTCS] KOHEUHBIM HabopoM u3 N umcen (0AMH Mepuoj
CIIEKTPa COMEPIKUT ZTl %: N TAPMOHHK ).

Takum oOpazoM, popmyna sl BBIYMCICHUS KOMIUIEKCHBIX AMIUIATYJA TapMOHUK
MpeICTaBIsIeT COOOH JIMHEHHYI0 KOMOWHAIIMIO OTCUETOB CUTHATIA.

B Beipaxenun (12) peanbHblil MacmTad BpeMeHH QUTYPUPYET TOIBKO B MHOXKHUTEIIE
1/T nepen omeparopoM cymMMupoBaHus. [Ipu paccMOTpeHUM AMCKPETHBIX MOCIEN0-
BaTEJIbHOCTEN OOBIYHO ONEPUPYIOT HOMEPAMU OTCUYETOB U CHEKTPAJIBHBIX TAPMOHUK 0€3
OPUBSI3KU K JCUCTBUTEIBHOMY MaclITaly BpeMEHHM U 4acToThl. [lo3ToMy MHOXKUTEND
1/T w3 (12) ynmansioT, TO €CTh CUMTAIOT YACTOTY JMCKPETU3AIMUA PABHOM EIWHUIIC.
Vnanstor o0braHO W MHOXUTEnb 1/N. [lomyuwBieecss BbIpaKCHHE HAa3bIBACTCS
ouckpemuvim npeoopaszosasuwem Dypve (AIID; anrmuiickuii tTepmun — Discrete
Fourier Transform, DFT):

, N-1 . 27nk
X(n) =Y x(k)exp| -] 7th : (13)
k=0

CymiectByeT U obpamuoe nuckpeTHoe TmpeobOpazoBanue Dypwe. Ilepexon ot
JUCKPETHOTO CIIEKTpa K BPEMEHHBIM OTCYETAM CHUTHAJIAa BBIPAXKAETCS CIIEAYIOLIEH
dbopmyoii:

1 3. . 27nk
) =13 % 27k}
x(k) N; (n)exp| j N (14)

Marpuna 11D

JII® saBnsercs IUHEHHBIM NpeoOpa3oBaHUEM, TPaHC(HOPMUPYIOIIUM BEKTOP
BPEMEHHBIX OTCUETOB B BEKTOP TaKOM K€ [UIMHBI, COJEPKAIIUKA OTCUETHI
criekTpayibHble. Takue mpeoOpazoBaHUE MOXKET OBITh PEaTu30BaHO KaK YMHOXKEHUE
HEKOTOPOM KBaJPaTHON MaTpPHUILIbl HA BXOJHON BEKTOP-CTOJIOCII:

y=AX

riae A — mampuya npeoopaszosanus. B cinyqae JII1D sta maTpuia umeeT BUI
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OO6mrast dhopmyna aIsg dJAEMEHTa MATPHIIBI, PACIIOIIOKEHHOTO B 7-M CTOJIOIE m-i
CTPOKH, BBITJISIIUAT TaK:

(m-H(n-1)

A (Myn) =exp| —j2r ,1<m<N,1<n<N.

Bpruucnenne JII® mnyreM yMHOXKEHUS MATPUIBI HA BEKTOP MOJHOCTBIO
cootBeTcTBYyeT (Qopmyne (13). Dror wmeroxq TpeOyer OOJNBIIOr0 KOJIHYESCTBA
BBIYMCIUTENBHBIX ONEpaluid, MOTOMY Ha MPAKTUKE BMECTO HEro MPUMEHSIOTCS
OBICTpBIE aJITOPUTMBI, pacCCMaTpUBaEMBbIE JaJiee.

Ceszp II® wm cnekTpa AMCKPETHOTO
CUTHaja

Nmest oquH ¥ TOT e KOHEYHBIA HA0Op YUCEN, MOXKHO pPAcCUUTATh JINOO CHeKmpaib-
HYI0 (YHKYUI0 3TOTO JUCKPETHOrO curHayia mo ¢opmyne (2), muoo ero JAIID mo
dopmyie (13). Pasymeercs, BOSHUKAET BOIPOC O TOM, KaK CBS3aHBI IPYT C APYTrOM OTH
JIBa CIIEKTPAIbHBIX MPEJCTABICHUS, MMOJTYyUYEHHbIE HA OCHOBE OJIHMX M T€X K€ OTCUETOB
CUTHaJIA.

Cpasuenne ¢popmyn (2) u (13) nokassiaet, uto JI1®D npeacrasisier coboi mpocTo
OuCKpemmuvlie omcyemvl CICKTPATbHON (GYHKIMHU THUCKPETHOTO CHUTHANIA, COOTBETCT-

X(n)= (%)ZS(G)A%J (16)

ITo sToit npuumnne 3nayeHust JI11® nHOTAA HA3BIBAKOT CHEKMPATIbHLIMU OMCYEMAMU.
U3 cootnomenus (16) ciemyeT elie 0uH BaXKHbIH BBIBO: €CHM 100aBUTh K KOHEY-
HOMY Ha0Opy OTCUETOB HEKOTOPOE KOJMYECTBO HYJICH, CIeKTpalibHas (DYHKITUS JHC-
KPETHOT'O0 CUTHaja, €CTeCTBEHHO, He u3MeHuTtcs, Ho 1D nmact GosbIinee YUCIO CHEK-

;N
BYIOIIIME YacTOTaM @, = " A :



TPpaJbHBIX OTCYCTOB, COOTBCTCTBYIOIIHUX YaCTOTaM, OoJiee TECHO PaCIIOJIOKCHHBIM B HH-

TCPBAJIC OT HYJIA A0 94aCTOThI AUCKPCTU3AIIHNH.

IlosicHuM cka3aHHOE Ha IMPOCTOM IIPHUMCEPC, BHIYUCIINB )_—[H(I’ AJIA OTCUYCTOB IIPAMO-

YTOJIBHOTO UMITYJIbCa IMPU Pa3HOM KOJIMUYSCTBE KOHIICBBIX HYyJeH (puc. 7):

x1 = [ones(8,1);
yl fft(x1l);
x2 = [x1; zeros(lo6,1)];
stem((0:31) |32, abs(y2))
subplot (2, 2, 1),
x1im ([0 3117)
subplot (2, 2, 2)
stem((0:15) /16,
subplot (2, 2,
x1im ([0 31]
subplot (2, 2, 4)
y2 = fft(x2);
1
0.8
0.6
04
0.2
0

abs(yl))
3),
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zeros (8,1)1;

stem(0:15,
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Puc. 7. IloBblienne cnektpanbHoro paspeuienus 11D npu gonosHeHNH curHaia HyJasMu:

CBEpXY - UCXO/IHBIN CUTHAI U MOAYIb ero JI1®, cauzy - curnan, qomnonHeHHbIH 16 Hysmu, 1

Moayis ero JID

['opusoHTanbHbIE OCH Ha CHEKTPAIBbHBIX TIpaduKax MPOrpaayupOBaHbl B JOJISX

YaCTOTbI AUCKPCTU3AINH. N3 puc. 51 BHUAHO, YTO IIOCJIC YBCIIMYCHHA JJIMHBI CUTI'HAJIA

BJIBOE 3a CcuUeT J00aBiIeHUs HYJEBbIX 0TCUeTOB pe3ynbrar 1D cranm comepxarh BIBOE

OoJIbIIIe 3H&‘ICHHI>1, COOTBCTCTBYIOIIIMX B JBa paza 4Yall€ pacCIOJOKCHHBIM 4YaCTOTaM.

Takum 06pa30M, JOINOJIHCHUC CHUTHAJIa HYJIAMHU ITO3BOJISICT IMOBBICUTL CIICKTPAJBHOC

paspeuienue npu BeraucieHuu AI1D.

DyHKIMHU CIeKTpaiabHOro anaausa B MATLAB

DyHuKYyUs 00OHOMEPHO20 NPAMO20 npeobpaszosarus Pypove

B omnumcaHHBIX HUXE

GYHKIUSIX peamu30BaH OCOOBIM  METOH  OblCmpoco

npeoopazosanusi @ypve — Fast Fourier Transform (FFT, wiu BII®), mo3possromiuii



PE3KO YMEHBIIUTh YHUCIO apuPMETHUYECKHX OIepalnuii B XOJA€ NMPUBEICHHBIX BBIIIC
npeodpa3oBaHUM.
Jl7is1 OTHOMEPHOTO Tpe0oOpa30BaHuUs UCTIOIB3YETCS CIACAYIONIas PYHKIIHS:

v fft(X) Bo3Bpamaer mas Bekropa X ITUCKpeTHOE mpeobpaszoBanne Pypobe, 10 BO3-
MOXHOCTH HMCHOJIb3Ysl alroOpuTM ObicTporo npeooOpasoBanust dypwe. Ecmm X —
matpuna, Gyaknus fft Bo3Bpamaer npeodpazoBanue Dypre A KaXKIOT0 CTOIONA
MaTpULbI;

v fft(X,n) Bo3Bpammaer n-roueynoe npeobpasoBanne Pypre. Ecnu maimHa BekTOpa
X MeHbIlIe N, TO HEIOCTAIOIINE 3JIEMEHThI 3aIlOJIHAIOTCA HyasaMu. Ecom pmmHa X
Oojpiie N, TO JUIIHUE 3yIeMeHThl yaamstorca. Korma X — wmarpuna, anmuHa
CTOJIOLI0B KOPPEKTUPYETCSI aHAIOTUYHO;

v ffit(X,[ ],dim) u fft(X,n,dim) npumenstor npeobpaszoBanune dypre K OJHON H3
pa3MepHOCTEl MacCHBa B 3aBHCUMOCTH OT 3HaueHus napamerpa dim

Dynkyuu obpamnozo npeobpazosanus Lypve
B omHomepHOM ciiydae BO3MOXHO oOpaTHoe TipeoOpasoBanue Dypsbe,
peanuszyemMoe cleayromne GyHKIuen:

v ifft(F) Bo3Bpamaer pesyaprar IUCKpETHOrO oOpaTHOro npeodpasoBanus Dypwe
Bektopa F. Ecim F - marpuma, To ifft Bo3BpammaeTr obpatHoe mpeoOpasoBaHue
dypbe A KaXI0r0 CTOJIOA 3TOM MAaTPULIbL;

v ifft(F,n) Bo3Bpalaer pe3yabraT N-TOYEYHOTO AUCKPETHOIO OOPATHOro Mpeodpa-
3oBanus Oypwe BekTopa F;

v ifft(F,[ ],dim) u y = ifft(X,n,dim) Bo3BpamaroT pesynbsrar 0OpaTHOIO AMCKPET-
HOTO TpeoOpazoBanust Pypbe MaccuBa F 1Mo cTpokaMm WIIM 1O CTOJIOIAM B 3aBUCH-
MOCTH OT 3HaueHusI ckassipa dim.

Jlns aro6oro X pe3ynbTaT HOCIeI0BATEIBHOIO BBIMOJIHEHHS TIPSIMOTO U 00OpaTHOTO
npeoOpazoBanuii dypee Ifft(fft(X)) paBer X ¢ TOYHOCTHIO O MOTPEUTHOCTH OKPYT-
aenust. Ecmn X — BemectBeHnbiii Maccus, ifft(fft(X)) moxkeT numeTs Majbple MHUMBIC
YaCTH.

I1l. [TIPAKTUYECKAA YACTb

Jiist wnmrocTpaiuy mpuMeHeHus npeoodpazoBanusi Dypre co37aaNUM TPEXUaCTOTHBIN
CUTHAJI Ha (hOHE CHIIHHOTO IITyMa, CO3/1aBaeMOT0 T€HEPATOPOM CIIYIAHBIX YHCEIT:

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))



Otor curHan umeer cpeaHior ydactory 200 I'm u gBa OGOKOBBIX CHTHaJIa C
gactotamMu 150 u 250 11, 4TO COOTBETCTBYET aMILTUTYIHO-MOAYJIUPOBAHHOMY CUTHAITY
¢ yacrtotort moxymsauuu 50 I'm m rnyomuoit Moxynsmuu 0,8 (amrmuTyma OOKOBBIX
gacToT coctaBisger 0,4 OT aMITUTYIbI IEHTpaibHOTO curHana). Ha puc. 8 mokazan
rpaduk 3roro curHaia (mo nepeeiM 100 orcueram u3 2000). HerpynHo 3aMeTHTBh, UTO
W3 HErO0 HUKOWMM OO0pa3oM HE BHUAHO, YTO TIOJIE3HBIM CHTHAI — aMIUTUTYJIHO-
MOIYJIMPOBAHHOE KOJIcOaHKEe, HACTOIBKO OHO 3a0UTO IITyMaMH.

uf 10 20 30 A0 a0 B0 70 80 90 100

Puc.8 ®opma 3amryMiIeHHOTO CUTHAJA
Tenepr moctpoum TpaduK CHEKTPATBLHOM TUIOTHOCTH TOJYYEHHOTO CHUTHajla C
MOMOILBIO TIpsIMOro npeodpazoBanusi Oypbe, MO CYHMIECTBY MEPEBOISALIETO BPEMEHHOE
MPEJICTAaBJICHUE CUTHAJIA B YaCTOTHOE. DTOT rpaduk (cMm. puc. 8) B 00JacTH 4acToOT JIO

300 I't cTpouTes cleayomUMIA KOMaHIaMHt:
Y=£fft(y,1024);
£f=2000*(0:150)/1024;
figure;
plot (f,abs (Y (1:151))); grid

I'paduix cnexTpanbHON MIOTHOCTU CUTHAJIA, TOCTPOEHHBIM B 3TOM MpUMEpE, Npe.-
CTaBJICH Ha puc. 9.

Soo ! ! ! ! '

0 a0 100 150 200 250 300

Puc 9. I'paduk criekTpanbHO#M TUIOTHOCTH MPUBEIEHHOTO Ha PHC. § CUTHAJA



Jlaxxe Oeryoro B3risaa Ha puc. 9 MOCTATOYHO, YTOOBI YOSTUTHCS B TOM, UYTO CIICK-
TporpaMMa CHUTHaja MMEET SBHBIH IIMK Ha CpeJHEH YacToTe aMIUIMTYIHO-
MOJyJIMPOBAHHOI'O CHIHaja W JBa OOKOBBIX IHKAa. Bce 3T TpH YacTOTHBIC
COCTaBJISIIONIME CHUTHAjJa SBHO BBIACIAAIOTCA Ha oOmeM IymMoBoM ¢oHe. Takum
o0Opa3oM, JaHHBIA MPUMEP HATVSIHO WLIIOCTPHPYET TEXHUKY OOHApPYKCHHS CIIAOBIX
CUTHAJIOB Ha (hOHE IIIyMOB JICIKAIIYI0 B OCHOBE PabOTHI PaIMOTIPUEMHBIX YCTPOUCTB.

IV.3AJAHUE
N3yuuTh OCHOBHBIC TOJIOKEHHUS TECOPUU CHEKTPAIHLHOTO aHAIM3a JUCKPETHBIX
CUTHAJIOB.
M3yunres  pynxkumun  MATLAB  nuckperHoro mpeoOpazoBanus  Dypse,
HEO0OXOIUMBIE JJISI CIIEKTPAIBHOTO aHAIN3a JUCKPETHBIX CUTHAJIOB.

PaccunraTh criekTp curuana.
V. [IOPAAOK BBIITOJIHEHW A

1. M3yunTh OCHOBHBIE MOJOKEHUA TEOPHH CIEKTPAJIBHOIO aHaIM3a JUCKPETHBIX
CUTHAJIOB.

2. W3y4uTh OCHOBHBIE TIOJIOKEHHS TEOPUH AUCKPETHOTO MpeodpazoBanus Oypne.
N3yuuts ocHoBHble ¢GyHkunu MATLAB, HeoOxonumble mJis CHEKTPaIbLHOTO
aHaIM3a JUCKPETHBIX CUTHAJIOB.

3. B cooTBeTcTBUM C MIaHOM MpeaoKeHHBIM B maparpade |V paccunrtars cextp
CUTHAJIa C 33JJaHHBIMU [IPENOaBaTeNIEM TapaMeTpaMH.

VI. OOOPMJIEHUE OTYETA
OTY€T NOJKEH COaepKaTh:
* KpaTKHE TEOPETUUECKHUE CBEACHHUS 10 BBITIOJIHSIEMOM padboTe;
* QITOPUTMBI U JINCTHHTH TIPOTPAMM pacué€Ta CIeKTpa;
*BBIBOJIBI 110 MPOBEEHHO padoTe.

VIL. BUBJINOI' PAGMYECKUI CIIMCOK
1. KoHCnekT JIeKIui 1o Kypcy.
2. JlpsikonoB B. MATLAB: yueonsrit kypc. — CII6: [Tutep, 2001. — 560 c.: ui.

3. Hudposas o6padotka curnanos / A.b. Cepruenko — CII0.: ITutep, 2003. — 604 c.:
WiL.



ITpakTtuueckoe 3ansatue Ne 3

CrnexkTpajbHbIH AHAJIN3 HENPEePbIBHBIX U AUCKPETHLIX CUTHAJIOB. BbIcTpOe
npeodpasoBanue Dypee.

|. TIEJIb V1 3AJIAYUN

N3yuenue anroputma ObicTporo mpeoOpazoBanusi Oypbe TUCKPETHBIX CUTHAJIOB.
Brruucnenue 8-toueynoro AIID ¢ momompto aniroputma BIID ¢ mpopexuBaHueM 1o
BpeMenu. [IpoBepka mosydeHHbIX BeruncicHui B Matlab.

Il. TEOPETUYECKUWE CBEJIEHUA

AJiroputMm ObICTpOro npeodpazoBanus Pypobe

st Beruucnenus ogHoro kodddunuenta D nmo dopmyne (13) (cMm. a.p. Ne2)
HEO0OXOIUMO BBIMOTHUTH N KOMIUIEKCHBIX YMHOKEHHUH U ciokeHud. Takum oOpazom,
pacuer Bcero JIID, comepxamero N ko3dduiumentos, norpebyer N? map onepamuii
«YMHOXEHHUE-CIIOKEeHUEy. Yuciao omepanuii Bo3pacTaeT MPOMOPIMOHAIBHO KBaJpaTy
pasmepHoctu JAII®D. Ognako, eciiu N He sIBAsS€TCS MPOCTHIM YUCIOM U MOXET OBITh
pPa3JIOKEHO Ha MHOXMTEIM, MPOLECC BBIYUCICHUNH MOMXKHO YCKOPUTbH, pa3/eiuB
aHaJM3UpyeMblii HaOOp oOTcueToB Ha 4YacTd, BhuMCIUB uUX [IID u oO0BeauHUB
pesynbTarel. Takue cnocoObl  Bbluucienus JIIID  Ha3piBatoTCS  Oblicmpbim
npeobpaszosanuem Pypve (BI1D; anrmuiickuit repmun — Fast Fourier Transform, FFT)
Y TTIOBCEMECTHO MCIOJIb3YIOTCSI HA TPAKTHKE.

[Ipu peanuzanuu bII®D BO3MOKHO HECKOIBKO BAPUAHTOB OPraHU3ALMHA BEIYUCICHUN
B 3aBUCUMOCTH OT CIloco0a JIeJIEeHUs MOCJIEeI0BATEIbHOCTH OTCYETOB HA YacTH (npope-
Jcu6aHue 0 BPEMEHH JIN0O MO YacTOTE) U OT TOTO, Ha CKOJIbKO (PparMEeHTOB MPOU3BO-
JUTCS pa3OreHue MoCIe0BaTeIbHOCTH Ha KaXKI0OM 1are (ocHosarnue BI1D).

BII® ¢ npopexrnBaHueM 10 BpEMEHU

Paccmotpum uaero BIID ¢ npopesicusanuem no spemenu (decimation in time, DIT)
Ha IpUMepe JeJIeHHsI Habopa OTCYETOB MOIOJIAM.

Utak, mycts N - yeTHOe uncio. Beigenum B popmyite (13) aBa cmaraeMbix, COOTBET-
CTBYIOIIIMX JJIEMEHTAM MCXOJIHOW MOCJIEIOBATEIIbBHOCTH C YETHBIMU M HEUETHBIMU HO-

MepaMu:
. N/2-1 _j27r2mn N/2-1 _j27r(2m+l)n
X(n)= > x(2me "~ N + > x(2m+1le N
m=0 m=0

BBenem obo3naueHust y(m) = x(2m) u Z(M)=x(2m+1), a TakKe BBIHECEM U3 BTOPOI

- 2zmn

CYMMBI OOIIIUA MHOKUTEIIb e 'V !



N/2-1 .2zmn 27N N/J2-1 _.27zmn

er=ZZWmm‘N“+e‘N Z:dmm’N“. an

JIBe cymmsbl B (17) mpexacraBistor coboii 1D mociaemnoBatenbHOCTEH {y(m)} (0T-
cueThl ¢ YeTHbIMH HOMepamK) 1 {Z(M)} (oTcueTsl ¢ HeyeTHBIMU HOMepamu). Kaxkmoe u3
stux JAI1® umeet pasmeprocts N/2. Takum 006paszom,

.27n
. . —j=— .
X(n)=Y(n)+e " Z(n), (18)
rie Y(N) m Z(n) - AII® coOTBETCTBEHHO IOCIICIOBATEILHOCTEH OTCYCTOB C

YCTHBIMH U HCUCTHBIMHW HOMCPAMU:

N/2-1 _:2zmn

Y= y(me "

. N/2-1 _errmn
Z(n)= > z(m)e N2
m=0

Tak kak JI[1® pasmeproctu N/2 naer mumb N/2 criekTpaibHBIX KO3()PHIIMEHTOB,
HENOCPENCTBEHHO UCIOJb30BaTh Gopmyny (18) moxHOo Tonbko mpu 0<SN<N/2. Jlng
ocTalbHbIX 7 (N/2<n<N) cleayeT BOCIOJb30BATECA TEPHUOJMYHOCTBIO CIIEKTpa
JUCKPETHOTO CUTHAJIA (M, COOTBETCTBEHHO, IEPUOANYHOCTEIO pe3ynbTaToB JI1D):

A ONY v s N

Y(n+EJ_Y(n),Z(n+EJ—Z(n).

C ydetom 3Toro mpH n=n/2(opmyia (18) npeacrasisercs B BUje

. ; N _j2 NY . N -2 N
X(n):Y(n—EjJre NZ(n—;):Y(n—EjJre ( )Z(n—Ej. (19)

[Ipouecc Beruncnenus: 8-roueunoro 1D myrem pa3duenus ero Ha aBa 4-TOUEUHBIX
JI® mimoctpupyercs Ha puc. 8.

»0)
M) — 0 |
x(1)
x(2)
x(3)
x4)
x(5)
*(6)

M ) |

anoe-4

One-4

Puc. 8. Beruncnenue 8-roueunoro 1D ¢ momomipio AByx 4-toueunsnix (11D

broxu, BeimonHA0OmUE Ha puc. 8 o0beauHeHue pe3ynpraToB 1ByX 1D, TpeOyroT
JOTIOJTHUTENIBHBIX KOMMEHTapueB. Kakmplii Takoil OJOK MMEET JBa BXOAHBIX M JBa
BBIXOJHBIX cuTHana. OJIMH M3 BXOJHBIX CHTHAJOB YMHOYAETCS HA KOMIUICKCHYIO KC-
TMOHEHTY WX, 1OCJIe Yero CyMMHpPYETCsl CO BTOPBIM BXOJHBIM CUTHAJIOM M BBIYHTAETCS
U3 Hero, (popMupys TakuM o0pa3oM JBa BBIXOJHBIX CUTHaNIA. DTO COOTBETCTBYET pea-
muzaru opmyn (18) m (19). /lannas omepamms moiydnsia Ha3BaHHE «0aOOUKID»
(butterfly). PacmndpoBka ee cTpykTypsl IpeacTaBicHa Ha puc. 9.



1)

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

p (N : (L N
Z(k) x(e+d 2w > x(k+d

w -1
Puc. 9. Ycnosnoe o6o3Hauenue «6adbouxku» BITD
C IpOpESKMBAHUEM T10 BPEMEHH (CJIEBa) M €€ CTPYKTypHasl cxeMa (crpasa)
OlLieHUM KOJIMYECTBO omepaluii, Heooxoaumoe st Berunciaenus JIIdD ykazaHHbIM
ciocoboM. Kaxxnoe n3 aByx Il monoBuHHOH pa3mepHoOcTH TpebyeT N, omepanuuil.

Kpome Toro, mpu BBIUHCIEHUM OKOHYATEIBHBIX PE3YJIBTATOB KAXKJBIM CIIEKTPAJIBHBIN
KOA((UIIUEHT 7(n) YMHOXKAETCS Ha SKCIIOHEHITUAIBHBIN KOMIUIEKCHBI MHOXKUTEb. JTO

nobasmser eme N/2 omepamuii. Mtoro momydaerca 2N +N,-NN+1/v1o moutn BaBOE

MeHbIIIe, ueM Ipu Berurcienun 11D npsmbeiM criocobom.

Ecnu N/2 Toxe siBiisseTcsl 4eTHBIM 4uciioM (To ecTh eciii N genurtces Ha 4), MOXKHO
IPOJIOJDKUTE ONMKMCAHHYIO TPOIEAYpPY, BhIpa3uB pe3ynbTaT uepe3 yetwipe JIID pas-
mepHocTd N/4. D10 mMO3BOJISAET emie OOJbIIE COKPATUTh YHCIO TPEOYEMBIX BBIYUCIIH-
TEJIbHBIX OIIEPALUH.

HawnGosnpmas cTeneHs YyCKOPEHUS BRIYUCICHUH MOKET OBITh TOCTUTHYTA TIPA N=2B
ATOM cllyuyae JIeJIeHHE TOCIEeI0BaTENbHOCTEN HA IBE YaCTH MOKHO MPOJOJIKATh 10 TE€X
nop, MOoKa HE TOJydarcsl JBYXdJEMEHTHbIE MocienoBareabHocTH, 1D koTophix
paccuuThiBaeTcs BoOOIIEe O€3 MCIOIb30BaHUS ONepaluuil yMHOXEHHUS (JIOCTaTOYHO
BBIYHCIIUTh CYMMY U Pa3HOCTh JIByX OTCUETOB). Uucio TpedyemMbIX mpu 3TOM Map ore-
panuii «yMHOXEHHE - CIIOXKEHHE» MOKHO OLEHUTh KakK Nlog,N). Takum oOpazom,
BBIUMCIIUTEIBHBIC 3aTPaThl IO CPABHEHUIO C HEMOCPEACTBEHHBIM HCIIOIh30BaHHEM (Pop-
MyJibl (18) yMeHbIIArOTCS B N/log,(N) pa3. ITpu Gosbmiux N 3TO OTHOIICHHE CTAHOBUTCS
BechMa Benuko (Hampumep, 1024/1092(1024)=102,4, to ects mpu N = 1024
nocturaercs 6oisee yem 100-kpaTHOE yCKOPEHHUE).

1.  TTPAKTUYECKASA YACTDH

IIpumep Bbrumncienuss 8-royeuynoro AP ¢ momompbro anropurma BIIP ¢
NPOPEKMBAHUEM 10 BPEMEHH

Anroputm BII® gns 8-troueunoro JIIID mnpencraBnser coboil TpEXITAITHYIO
nporenypy BerarciaeHus JI1® mo obmieit popmyne (19) npu i=1, 2, 3. dopmupoBanue
HaYaJIbHBIX YCIOBUI TEPE]l BHIMOJTHECHUEM TIEPBOTO dTama 3aKII0YaeTCs B TPEXKPATHOM
pa3OMeHNH WCXOAHOW 8-TOYEUHOH IMOCIIeIOBATCILHOCTH Ha TPYIIBI YETHBIX U
HEUYETHBIX OTCUETOB, @ UMCHHO:
8-TodedHas mociIeI0BaTeIbHOCTh Pa30MBaeTCs Ha JIBE TPYIIILI 4 TOYCUHBIX C YETHBIMU
Y HEYETHBIMU OTCUETaAMU (CM. pHC. 8):



[X(0), X(2), X(4), X(6)] - y€THBIC OTCUETHI,
[X(1), X(3), X(5), X(7)] - Heu€THBIC OTCUETHI,

2) Kaxmas U3 JBYX 4-TOYCYHBIX IMOCJICIOBATCIBHOCTCH pa30OMBaeTCs Ha JBE TPYIIBI 2-
TOYCYHBIX ¢ YETHBIMH M HEUETHBIMH OTCUETAMH IO MOPSAIAKY CIICJOBAHHUS, CUMTAs OT
HYJISI, @ MMEHHO:

nocienoBateabHOCTh [X(0), X(2), X(4), X(6)]:
[X(0), X(4)] - y€rHBIC OTCYETHI,

[X(2), X(6)] - Heu€THBIC OTCUETHI,
nocieaoBareabHoCTh [X(1), X(3), X(5), X(7)]:
[X(1), X(5)] - y€THBIC OTCUETHI,

[X(3), X(7)] - Heu€THBIC OTCUETHI,

3) kaxmas u3 4eThIPEX 2-TOUCUHBIX IOCIIEI0BATEILHOCTEN pa30MBaeTCs Ha JABa OTCYETA -
YETHBIM M HEYETHBIM OTCUETAMHU IO IOPSAKY CIIEIOBAHUSA, CUMTAass OT HYJIA, T.€. HA
HyJIeBOM (UETHBIN) U MepBbIN (HEUETHBIN ), a UMEHHO:

nocienoareabHOCTh [X(0), X(4)]:

[X(0)] - uérHbIe OTCUETHI,

[X(4)] - HeuETHBIC OTCUETHI;

0CJIeI0BaTEIbHOCTE [X(2), X(6)]:

[X(2)] - y€rHBIC OTCUETHI,

[X(6)] - Heu€THBIC OTCUETHI,

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

[X(1)] - u€rHbIC OTCUETHI,

[X(5)] - HeuETHbIC OTCUETHI,

nocienoBareabHOCTh [X(3), X(7)]:

[X(3)] - y€rHBIC OTCUETHI,

[X(7)] - HeuéTHBIC OTCUETHI.

[Tocne »artoro kaxmou mape otcuéroB MAIID xcoum  x.0, M=0, 1, 2 3

MOCJIeIOBATEIBHO MPUCBAMBAIOTCS 3HAYCHHUS APl OTCYETOB MPOPEIKEHHOM 8-TOUCHHOM
MOCJICI0BATEILHOCTH, @ UMEHHO (cM. puc. 10)



HavansHeie Boixog
ycrosns

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

1]
x2(0) = x@)W}‘ xhm Xn=x3m

X320 =x(2) X(2)=X3(2)

Xo Wzn X - y3
${0) = x(6) (3)=X303)

P HOER y S\ \X@)=X3()

0
X0 =x(5) 2

XJ0)=x03) 1300

X3(01=x(N X3(1)

Puc. 10. Hammpasnennslii rpad anropurma BIID ¢ npopexuBanuem no BpeMeHH ISl
8-roueunoro 1D

Hanee BoinonHseTcss TpExdTanHbii anroput™ bBII®D, HanpaBieHHblil rpad KOTOpPOro
npuBoauTcA Ha puc. 10:
1) i=1
Ha nepBoM aTarne BBITIOHIETCS YeThIpe onepanuu «6adbouka» mpu m=0, 1, 2, 3 ¢
Y4ETOM Ha4YaJIbHBIX YCIOBUU
{XS(O) = x(0) +W,’x(4), {x;(O) = X(2) +W,x(6),
Xo(@) =X(0) ~W x(4) X} (M) = X(2) W7 x(6);

{XKO) XD X2(0) = X(3) +WEX(7),
X3 (@) = (@) ~W,'x(5); X1(1) = x(3) —W2X(7);

31ech  MOBOPAYMBAIOIIMN ~ MHOXHUTEIh  OCTaBJIEH  HMCKIIOYUTEIBHO  JIA
eauHoo0pasus «6abouek»; B ACHCTBUTEIBHOCTH Wy =1.
2) 1=2
Ha BTOpoM 3Tane BhIMOMHAETCS YeThIpe onepanuu «6adouka» mpu m=0, 1
XZ(k) = X2 (k) +W, X} (K);
Xg (k+2) = X5 (k) =W, X; (K);
k=0,1,

X7 (k) = X3 (k) +W, X3 (K);

X7 (k+2) = X5 (k) =W, X;3(K);
k=01

3) 1=3
Ha Tpethem 3Tarme BBIMOMHIIOTCSA YEThIpe onepanuu «6adoukay mpu m=0



Xg(k) = Xé(k) +W8k Xlz(k);
Xa(k+2) = X7 (k) =Wy X (K);
k=0,12,3.

Ha Bbixome wumeeM §-toueunoe JIIID, oOTCUETHI KOTOPOro CIEAYIOT B

€CTECTBEHHOM IOPSJIKE
X (k) = X7 (k);
{k:O,l,...,N—l.
11 3SAJAHUE HA

N3yunth OCHOBHBIE TMOJIOKEHHUS Teopur BblunucieHus JIID ¢ nomombro
anroputma bII® ¢ npopexuBaHUEM IO BPEMEHH.

N3yuuts pynkuuun MATLAB nuckperHoro npeodpazoanus dyphe.

IIpoBectu BbruucieHus §-toyeyHoro JII® ¢ momompio anroputma BIID ¢
MPOPEKMUBAHUEM 10 BPEMEHH.

IV TTOPAJOK BBITIOJIHEHM A

1. U3yuuth OCHOBHBIC TMOJOXKEHUA Teopuu BbluucieHus I c¢ nomomibio
anroputMma bII® ¢ npopexxruBaHueM 110 BPEMEHU.

2. Wzyuuts ocHoBHble hyHKknu MATLAB, nHeoOxonumele ais pacuéra AI1D.

3. B cootBercTBUM ¢ TuIaHOM TmpemiiokeHHbiM B maparpade Il mposectu
BbluKcieHus 8-roueyHoro IIP ¢ momompro anropurma BII® ¢ mpopexuBaHueM 1o
BPEMEHHU C 33JIaHHBIMU MPETO/IaBaTEIeM TapaMeTPaMH.

4. TIposeputh B Matlab pesynbrats! Beraucienus AI1D.

V. OOPOPMJIEHUE OTUHETA
OTu€T NOJKEH COJIePKATh:
. KpaTKHE TEOPETUUCCKHUE CBEJCHHUS 10 BBIITOJIHICMOM paboTe;

aITOPUTMBI ¥ JIUCTUHTU nIporpamMm pacuéra I11D;

BBIBOJIBI TIO TIPOBEAEHHOM padoTe.

V1. BUBJIMOT' PA®MYECKUI CITMCOK
. KoHcnekT nekuuii o Kypcy.
2. IbsixonoB B. MATLAB: yue6nsiit kypc. — CI16: [Tutep, 2001. — 560 c.: ui.
. Hudposas o6padotka curHanosB / A.b. Cepruenko — CII6.: ITutep, 2003. — 604 c.:
WII.

|
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[Tpaktuueckoe 3anatue Ne 4
Cunre3 ungpoBbIX GUJILTPOB M0 AHAJTOT0BOMY NPOTOTHILY

|. OEJIb U 3ATAYN
W3yuenne ¢mnbTpoB. Pacuér anamoroBsix puibTpoB B cpeae Matlab. Tlepexon
OT HEMPEPBHIBHOMU K Z — nepenaToyHon pyHKiuu. CocTaBlieHUE pa3HOCTHBIX YpaBHEHUI.
Pa3paboTka mnporpaMMHOro o0O€cCleUYeHMs], PEeATU3yoUero (GUIbTp ¢ 3aJaHHBIMU
[IPENoJaBaTesieM apaMeTpaMH.

Il. TEOPETUYECKHWE CBEJJEHUA

AHaNOTOBEIMU  (priIbTpaMU  HA3BIBACTCSI  YaCTOTHO-M30MpATeNIbHAsl  IICTb,
oOecreunBamomas NPOIMYCKaHHE CHUTHAJOB B ONPENEIEHHBIX I[OJIOCAX YaCTOT U
noaaBieHre B Jpyrux. OOJacTh 4YacTOT, B KOTOPOW (PHIBTP MNPONMYCKAET CHUTHAI,
HA3BIBAIOT MOJIOCOM MPOITyCKaHUsl, a 00JIaCTh YaCTOT, B KOTOPOH OcablieHne BXOHOTO
CUTHAaJIa BEJIMKO - MOJIOCOU 3aJ€PKUBaHUS.

OUIBTPHI IPUMEHSIOT ISl BBIJICICHUS] TPEOYEMOT0 CUTHAJA U3 CMECH TMOJIE3HBIX
U HEXKENaTENbHbIX CUTHAJOB. B 3aBUCMMOCTH OT B3aMMHOTO PACIOJIOKEHUS IOJIOCHI
MPOMYCKAaHUS U TIOJIOCHI 33JIEPKUBAHUS PA3INYAIOT CJICAYIONINE BUbI (PUIBTPOB:

- unpTpel HWKHEUX yacToT (PHY; anrmmiickuii Tepmun — low-pass filter),
MPOIYCKAIOIIUE YaCTOThI, MEHBIIIHE HEKOTOPOU YaCcTOTHI Cpe3a wWo;

- ¢wibTpel BepxHux 4dactor (OBY; anrmumiickuii Tepmua — high-pass filter),
MPOIYCKAIOIINE YaCTOTHI, OOJIBIINE HEKOTOPOU YaCTOTHI CPE3a Wy;

- mosiocoBbie uabTpel (I[1dD; anrmmiickuit Tepmun — band-pass filter),
MPOMYCKAIOUINE YacTOThl B HEKOTOPOM IHAMa30HE W ...wW; (OHU MOTYT TaKXKe
XapaKTEepU30BaThCS CPEIHEN YaCTOTOM W, = 9y IIMPUHOW MOJIOCHI MPOITYCKAHUS
Aw = w, — wy.

- pEeXeKTOpHbIe (PUIBTPHI (Apyrue BO3MOXKHBIC HA3BaHHUS — 3arpakIaroIInit

bunabTp, GUIBTP-IPOOKA, MOJOCHO-33ICP)KUBAOIINN (PUIIBTP; aHTTHHUCKUNA TEPMUH —
band-stop filter), mpomyckaromue Ha BBIXOJ BCE YaCTOTHI, KpOME JICKAINIUX B
HEKOTOPOM JMamna3oHe Wi ...wW, (OHU TOXKE MOTYT XapaKTepU30BAThCS CpEIHEH

0)1+(1)2

4aCTOTOU Wy = Y IIUPUHON TOJIOCHI 33JICPKUBAHUS Aw = w, — Wq)

UneansHas Gpopma AUX QuiIbTpoOB 3TUX YETHIPEX TUIIOB MMOKa3aHa HA PUCYHKE 1.
Opnako Takas uneanbHas Gopma AUX He MOXeT ObIThb (U3MUECKH pealn30BaHa.
[ToaToMy B TeOpHHM aHATOTOBBIX (PUIBTPOB pa3zpaboTaH psA] METOJIOB aNIPOKCUMAIUU
npsAMOYroJibHbIx AUX.
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Pucynok 1 — AUX QpuibTpoB pazaudyHOro TUIA
2.1. ®uasTp barrepsopra
[Mepenarounas ¢ynkuus ¢uistpa barrepBopra (Butterworth filter) ne umeer
HYJICH, a €€ TIOJFOCHl PABHOMEPHO PACIIONIOKECHBI HA OKPYKHOCTH €THHUIHOTO PAJIyca.
Braromaps TakoMmy pasMenieHdto mojirocoB (opmyna mias AUX  duiabTpa

barrepBopTa OKa3bIBa€TCs OYE€Hb MPOCTOM:
1

1+ (w%)m

rie wg —4actora cpeza (mas GuibTpa MNPOTOTHIA OHA paBHA 1pan/c);

K(w) =

N — mopsAoK GuIbTpA.

2.2. ®uabTp YeodbllieBa nmepBoro poaa

[lepenarounas ¢ynkuust guiabrpa YeOsiieBa MepBOro poja TaKXKE HE HMEET
HYJIEH, a €€ TIOJIIOCHI PACIIOJI0KEHBI B JIEBOU MOJOBUHE 3JUIUIICA HA S- TIIOCKOCTH. AUX

¢unbTpa YeOblieBa NepBOoro pojaa ONUChIBAETCS CIEAYIOIUM 00pa3oM:
1

\/1+82-T,%(wi0)

TI€ Wy — 4acTOTa Cpe3a; & — mapameTrp, ONPEACIAOIINN BEIMUYUHY ITYJIbCALIUN

K(w) =

AYX B monoce nponyckauus; T, (x) — noaumaom YeOsbiiieBa N-ro mopsika.

[To cpaBuenuto ¢ ¢punbTpoM barTepBopTa Toro xe nopsanka ¢puiabtp YeoObieBa
obecrieunBaet 6omee kpyToit crianq AUX B obmactu mepexoaa OT MOJIOCHI MPOITYCKaHUS
K M0JIOCE 3a/Iep>KUBAHUS.

2.3. ®uabTp YeObIilIeBa BTOPOro poaa

[lepenatounass ¢ynkuus ¢uapTpa UYeObllieBa BTOPOro pojia B OTIWYHE OT



MPEIBIAYIINX CITydaeB, UMEET M HyJIH, U Morockl. OHa cBsi3aHa ¢ (GYHKIMEN Hepeaayun
¢uapTpa YeOblieBa ePBOro poja CAeAyOIIUM 00pa3oM:
Hy(s) =1—Hy(1/s)
3necy Hi(s) u H,(s) ¢yukuum nepemaun ¢GuisTpoB YeObllieBa MEpBOTO H
BTOPOTO POJia COOTBETCTBEHHO.
AYX ¢unpTpa YebbieBa BTOPOTO poJia OMUCHIBACTCS CAEAYIOUIIM 00pa3oM:

K(w) =

I7le Wy — 4acToTa Cpe3a; € — NapaMmeTp, ONPEICISIIOIINNA BEIUUYUHY ITyJIbCAllUi
AUX B nosoce nponyckanus; T, (x) — nomuaoM YeOblmeBa N-ro mopsKa.

2.4. ®uabtp beccenst

B otmuume ot punbTpoB mpenpinymux tuno, Guiastpel beccens (Bessel filter)
HE annpoKCUMHPYIOT NpAMoyroibHyro AUX — nx AUX no ¢popme Onu3ka K rayccoBoi
KpUBO#l (TOYHEE, CTpEeMHUTCS K HeW ¢ poctoM mopsiaka ¢uiabTpa). [lpakTudeckas
neHHocTh ¢uibTpoB beccens ompexpenseTrcs TeM, 4YTO Il HHUX 3aBUCHUMOCTD
IPYNIIOBOTO BPEMEHU 3a/I€P>KKH OT YaCTOTHI SBJISETCS MAKCUMAJIBHO TJIaJKOW B TOUKE
wo = 0 u rpynnosas 3aaepkKKa 0O4eHb MaJl0 MEHSETCS B MOJI0CE IPOIMYCKaHMUSL.

[lepenaTounas ¢pyHkuus Guibtpa beccens uMeer TOIBKO MOMIOCHL, JiekKallue Ha
OKPY>)KHOCTH C LEHTPOM B IIOJIO)KUTEIbHOM 00JacTH BemecTBeHHO ocu. Cama
nepeaaToyHasi QyHKIMS UMEET CIEeTYIOIUN BU:

H(s) = do/zn: dys®
k=0

2.5. Pacuér ¢puabTpoB B MATLAB

Jlns pacuera aHamoroBoro (GuibTpa HEOOXOJUMO BBHITIOTHUTH JBE OCHOBHBIC
oneparuu: paccuutatb ®HY - mpororun u mpeoOpa3zoBaTh €ro K HYKHOMY THITY
GbuIbTpa € 3aIaHHBIMU YaCTOTAMU Cpe3a.

JleiicTBuS, BBITIONHSIEMbIC (DYHKIMSIMU pacueTa aHAJIOTOBBIX (UIBTPOB:

1. [IpousBoauTcs pacueT GUILTPA-MPOTOTHUIIA C 3a/IaHHBIMU TTapameTpamu AUX.

2. IlomyudeHHbIE HYJIH W TOJIOCH MPeoOpa3yloTcs B MapameTpbl MPOCTPAHCTBA
COCTOSIHUM.

3. IIpousBogutcs mpeoOpa3zoBaHue (PpUiIbTpa-mpoTOTHNA K TPeOyeMOMYy THILY C
3aJIaHHBIMU YaCTOTaMHU Cpe3a.

2.6. Pacuér ®HY - nporoTnna
B MATLAB pacuér aHanoroBbix (QHIBTPOB-IPOTOTHIIOB JJIsl PACCMOTPEHHBIX
(GUIBTPOB MPOU3BOJIUTCS C MOMOIIBIO CASAYIOMIMX (PYHKIIHM:



—  [z,p,K]=buttap(n) — mms pacu€ra anajgoroBoro (UILTPA-IPOTOTHUIIA
barrepBopra;

— [z,p,K]=cheblap(n,Rp) — mns pacuéra aHamoroBoro (QHUILTPA-IIPOTOTHUIIA
YeoOrrmena I-ro pona;

— [z,p,k]=cheb2ap(n,Rs) — nmna pacu€ra anHajgoroBoro QUILTPA-NIPOTOTHUIIA
Yeobrrmena |l-ro pona;

— [z,p,K]=besselap(n) — s pacuéra ananzorosoro ¢uabTpa-npotoTria becces.

Bxoanble mapameTpbl 411 COOTBETCTBYIOUIUX (PUIBTPOB-ITPOTOTUIIOB:

N — mopsiIoK GuIbTpa (1IEI0UYUCIICHHBIN);

Rp — ypoBeHb nynbcaiiuii B mojioce rmpomnyckanus ( B 1b);

RS — ypoBeHb nyJibcanuii B ojoce 3aaepxuBanus (B 1b).

Bee ¢ynximun MATLAB s pacuera aHanmoroBBIX NMPOTOTHIIOB BO3BPAIIAOT
BEKTOPBI-CTOJIONBI HyJeH © TMOMOcOB (GYHKIUMU Tepeadd, a TakKe 3HauyeHHUe
koxhuIreHTa yCUIeHUsI.

2.7. IIpeoOpa3zoBanme cliocO00B ONMCAHUSA JMHEHHBIX Henel

HeoOxoaumocTh B mpeoOpa30BaHUU ONMUCAHUM YacTO BO3HUKAET U3-3a TOrO, YTO
byHKIIMK pacyeTa lenel (Takue Kak paccMaTpuBaeMble (DYHKIMH pacuera (QuibTpOB-
MPOTOTUIIOB) JAIOT PE3yJIbTaT B OJHOM (opme, a (PyHKUUsS, HAIPUMEpP HOCTPOECHUS
JaCTOTHOW XapaKTePUCTHUKH, TPeOyeT 3a/1aHusl BXOIHBIX TapaMeTpOB B APYroi Gopme.

®opMbl onMcaHMs I1ened B HMEHaxX (QYHKUUMH 0003HAYaIOTCS CIEAYIOLIUM
o0Opazom:

tf - K03 UIMEHTHI TTOJMHOMOB YUCIUTEIS W 3HaMeHaTe s QYHKIHUU Tepeaadn
(transfer function);

Zp - Hyau u noJtrock (zeros and poles);

SS - oNMcaHue B IPOCTPAHCTBE COCTOSHUI (State-space).

Jlanee KpaTKO paccMaTpUBAIOTCS KOHKPETHbIE (QYHKIUU MpeoOpa3oBaHMs
ONMCAHUH LIeHEN.

Jlis  BXOJHBIX W  BBIXOJHBIX TMApaMeTPOB  HCIIOJNB3YIOTCS — CIEAYIOIINE
0003HaYECHHUS:

— (yHKIUS TIepeavn:

b - BekTOp-cTpOoKa KO3((GUITUEHTOR (B MOPsAKE YOBIBAHHS CTEIICHEH) YUCITUTES
(yHKUMU TIepeayu;

a- BEKTOP-CTPoKa KOd(DPUIIUEHTOR (B MOPsIIKE YObIBAaHUS CTETICHEH )
3HaMeHaTeNs PYHKINU TIepeadn;

— HYJIH U TIOJIIOCHIL:

Z - BEKTOp HyJIeH (cTonoen);

P - BEKTOP IOJIFOCOB (CTOJIOCIT);

K- ko3 durreHT ycuneHus (Ckajsp);

— IIPOCTPAHCTBO COCTOSIHUM:



A - KBaZjpaTHasi MaTPHUIlA CBSI3U BEKTOPA COCTOSHUS U €T0 TIPOU3BOIHOM;

B - BekTOp-cTONOCII CBS3M BXOAHOTO CUTHAJA M TPOU3BOTHOM BEKTOpa
COCTOSIHUS;

C - BEKTOP-CTPOKA CBSI3W BBIXOJHOTO CHTHAJIA M BEKTOPA COCTOSHUS;

D - ckansapHbIii K03 GUITUEHT CBS3U BRIXOAHOTO W BXOAHOTO CHTHAJIOB.

Dynxyus tf2zp npeodbpazyer HaOOPHI KOIHPHUIIMSHTOB MOJIMHOMOB YHCITHTEIS U
3HaMeHaTesl (QYHKIUU Tepeaadyd B BEKTOPHI HYJICH W IOJIOCOB, PACCUMTHIBAS TaKKe
3Ha4YeHHUe 0011ero KodPuIMeHTa yCUIeHus:

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

Dynkyus Zp2tf sBnsercs oOpaTHOW 1o oTHOmICHHMIO K (GyHKiuu tf2zp: ona
OCyIIecTBIsIeT nmpeoOpa3zoBaHue Kod(hPuiMeHTa yCuiIeHus, a Tak)ke BEKTOPOB HyJEH U
MOFOCOB  (PyHKIMU Tiepeaaun B KOIPGUIIMECHTH TOJIMHOMOB €€ YHCIUTENS |
3HAMEHATEJIS:

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

®dynkius tf2ss npeodpasyer HaOOPbI K03HHUITUCHTOB TOJIMHOMOB YHCIUTEIS U
3HaMeHaTeNst GYyHKIMU Mepeaud B rapaMeTphbl MPEeACTaBICHUS SN B MPOCTPAHCTBE
COCTOSIHUN:

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

Oynkus SS2tf sBnsercs oOpatHoit 1o oTHomeHWtO0 K ¢yHknuu tf2ss: ona
npeodpa3yeT MmapameTpbl MPOCTPAHCTBA COCTOSTHUM B KOA(DPUIMUEHTHl MOJIMHOMOB
(yHKUIMU NIepeaadn LEeTu:

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

OyHKIUs ZP2SS npeodpaszyeT HyJH, MOMIOCH U KOI(PGUIIUEHT YCUICHHS TIeNU B
€€ mapaMeTphl MPOCTPAHCTBA COCTOSTHUM:

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

OyHKIMA SS2ZP sBISETCS OOpaTHOM TO OTHOIICHWIO K (YHKIUU ZP2SS,
npeodpaszysi mapaMeTpbl IPOCTPAHCTBA COCTOSIHUM B HYJIM, MOJIOCHI U KOA(PUIIUEHT
YCUJICHUS TICTIH:

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

dyukuus residue.

Nnentudukatop mociaeaHerd (QyHKIMHM, TMO3BOJSIONICH IpeoOpa3oBBIBATH
OTMMCaHUs JIMHEHHBIX IIeneH, BbIMazaeT U3 OO0IIero psjaa. DTO CBSA3aHO C TEM, 4YTO
JaHHOE MpeoOpa3oBaHue HE SIBISETCS CIeU(pUUECKUM /1Ji1 00paOOTKU CUTHAJIOB - OHO
CBOAMUTCS K Pa3IOKCHHUIO JPOOHO-pAIlMOHATBHON (DYHKIIMM HA MPOCTEHIIHE IpoOu U
4acTo MpUMeEHseTCs B MaTeMartuke. [1o 3Toi ke nmpuyuHe naHHas QYHKIUS OTHOCHUTCS
He K makety Signal Processing, a k 6azoBoii 6ubiarnotreke MATLAB.

[IpeoOpa3zoBanue GyHKIIMU Tepenadd, 3aJaHHOW B BHIE KOI(D(HUIIMEHTOB
MMOJIMHOMOB YUCITUTENSI W 3HAMEHATEeNsl, B CyMMY NIPOCTBIX APOOE MPOU3BOAMUTCS C
nomortipio ¢yHkiuu residue. OHa ke OCyIIeCTBISET M 0O0paTHOE MpeoOpa3oBaHHE,



HY>KHOE HallpaBJieHue MpeoOpa3oBaHus BEIOMpPAETCA B 3aBUCUMOCTH OT YMCJIA BXOAHBIX
napameTpoB.

[Ipu nByX BXOJHBIX MapamMeTpax MPOU3BOJUTCS paziiokeHUEe (PYHKIMU mepeaadn
Ha IIPOCThIE IpOOHU:

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

3nech b 1 a — KO’ GUIMEHTHI TOTMHOMOB YUCIUTENS U 3HAMEHATEIST (PYHKITUH
nepenayu COOTBETCTBEHHO. BBIXOIHBIE MapaMeTpbl — BEKTOPBI-CTOJIOLBI MOTIOCOB (p)
¥ COOTBETCTBYIOIIMX MM BbIUETOB (I), a Takxke cTpoka Ko3dduuneHToB 1ienoii gactu K.

2.8. IIpeoOpa3zoBanusi puJIbTPOB-NIPOTOTHIIOB

CrnegyromuM dTaroM Moclie pacueta (GUIbTPA-MPOTOTUIIA SIBISETCA €0
npeoOpa3oBaHUE C LETbI0 TOMydeHUs (UIbTpa 3aJaHHOTO BHAA C TpeOyeMbIMH
gacToTaMu cpesa. s 3TOro MCmonb3ylOTCsl MPUBEACHHBIE HIDKE 4YeThipe (YHKIUH
MATLAB. [lpuHUMO COCTaBJICHUS UX UMEH CJICAYIOIIMI: CHadalla UJET COKpalleHue
Ip, o3Hauaromiee, uro ucxoaubiM GuiabTpoM siisiercss ®HY (low-pass), motom cnemyer
CHUMBOJI NpeoOpa3oBaHusi 2 U B KOHIIE CTOMT O00O3HAUEHHME TUIA PE3YJIbTUPYIOIIETO
bunbTpa:

— M3menenne yactothl cpeza @HY (low-pass) npoussoautcs dpyukuuei Ip2lp:

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

[Al, Bl, Cl, D1]=1p21p(A, B, C, D, w0)

— IIpeodpazosanne ®HY B ®BY (high-pass) npoussoautcs ¢pynkiueit 1p2hp:

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

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

— mpeobpazoBanne PHY B momocoBoit ¢uiastp (band-pass) mpoussomutcs
byukuuei 1p2bp:

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

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

— mpeobOpazoBanne ®HY B pexekropusii ¢uistp (band-stop) BemmonHseTcs
dyukuuei 1p2bs:

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

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

BxoanpiMu mapameTpamMu (QYyHKIUN SBISIOTCS omnucaHue ¢uiasTpa (B BHIE
KOX(PHUIIMEHTOB TIOJIMHOMOB YUCIIUTEIIS M 3HAMEHATENs (PYHKIUU nepenadu - b, a umm
B mpocTpaHcTBe cocTosiHui - A, B, C, D), cpennsst wactora W0 u mmpuna Bw nosocst
3anepkuBaHug ¢QuibTpa (B paavaHax B CceKyHAy). BosBpalmaemslii pe3ysibTaT -
NIepEeCYNTAHHbIE TapaMeTPhl PHIIBTPA.

2.9. BuiGop nopsinka ¢puabtpa

PaccmoTpennsie Bbilie (yHKIMH pacdeTa GUIBTPOB TPeOYIOT 3a7aHusl B
KayecTBE BXOJHBIX MapaMeTpoB MHopsaka (GUIbTpa U €ro 4acTtoTsl cpesa. [lpu stom
MOHATHE YacTOTHI cpe3a M (PUIBTPOB pa3HBIX THUIIOB OMPEIEISIETCS TMO-pa3HOMY.



OpHako MCXOAHBIMU JAHHBIMU TPHU pa3paboTke (UIBTPOB, KAK MPABUIIO, SBIISIOTCS
JIpYrUe MmapamMeTpbl: YaCTOTHBIE TPAHULBI MOJIOC MPOIMYCKaHUs (a)p) U 33/1epKUBAHUS
(wg), a Tarke gomycTuMasi HepaBHOMepHOCTh AUX B mosoce HpoIycKaHus (Rp) U

MHHHMAJIbHO HEOOXOAMMOe 3aTyXxaHue B mosioce 3aaepkuBanus (R;). Ceprie obmacTu
Ha PHUCYHKE 2 JIEMOHCTPUPYIOT JOIMYCKH, B KOTOpbI€ AOJAKHA YKIaabiBaThcsi AUX
¢GuIbTpa B MOJ0CAX MPOMYCKAHUS U 3a/1€PKUBAHMUS.

K(DT K
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R e o
o] Wy, @y s
DHY
K(f
R 3
Rs Rs
k. H ¥
T | i .
o @y(1) w@y(1) (2} wi(2) ; (o] w,(1) (1) @ (2) o (2) W@
Monocoeoit huneTp PexeKTopHbIli dpuneTp

Pucynok 2 — 3aganue ucxoaHbIX mapaMeTpoB s pacueta @HY, ®BY,
MIOJIOCOBBIX U PEKEKTOPHBIX (DUIBTPOB

Br16paTe MUHMMaJIBHO HEOOXOAUMBIN NOPSAIOK (PUIIBTPA HO3BOJISIOT CIEIYIOIINE
oJHOTUIHBIC QyHKIIMH maketa Signal Processing:

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

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

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

Bxonno#i mapamerp Rp - J0mycTUMBI ypOBEHb IMyJbCalldii B TOJIOCE
nporyckanus (B nenumbenax), RS - MUHUMaIbHO HEOOXOIMMOE 3aTyXaHUE B TOJIOCE
3anepxkuBanug (B gernubenax). [lapamerper WP u MS 3agaior rpaHuIlbl MOJIOC
IPOITYCKAaHUsI M 3aJieP>KUBAHUS, CIOCO0 3aJlaHus dTHUX TapaMeTpOB 3aBUCUT OT THIIA
MPOEKTUPYEMOTO (pUIbTpa:

— ®HY: Wp u WS —uucna, npu 3TOM JIOJKHO BBIOJTHATHCS HEPABEHCTBO

Wp < Ws;

— ®BY: Wp u MS — uucina, npu 5TOM JOHKHO BBITIOJHATHCS HEPABEHCTBO

Wp >Ws;

— nosniocoBor puinbTp: Wp u WS — nByX3JeMEeHTHbIE BEKTOPBI, IPU 3TOM JOJIKHBI
BoeinostHAThCs HepaBeHcTBa W S(1) < Wp(l) < Wp(2) < Ws(2);

— pexekrtopublt QuibTp: WP u WS — AByXdJeMEHTHbIE BEKTOPBI, MPU 3TOM
10JDKHBI BeIONTHATECS HepaBeHcTBa WP(I) < Ws(1) < Ws(2) < Wp(2).

3nauenust napametrpoB Wp u WS Obuin 0003Ha4YeHbI Ha pPUC. 2 KaK ®p U Ms
COOTBETCTBEHHO. BBIXOMHBIMU TMapaMeTpamMu SIBISIOTCS MHUHUMAIbHO HEOOXOIUMBIN



JUI BBIIIOJIHEHUS 3a/IaHHBIX TpeOoBaHUM NOpsAIOK (uiIbTpa N U yacToTa cpe3a puibTpa
Wn. Dty napaMeTpsl TOJKHBI 3aT€M HMCIOJIb30BaThCS MPH BBI30BE (PYHKIMM pacueTa
¢unbTpa. BozpaT 3Hauenus Wn uzbasisieT noiab30BaTelis OT 3a00T, CBA3aHHBIX C TEM,
YTO IPU pacueTe pa3HbIX (PUIBTPOB MOHATHE YACTOTHI CPE3a UMEET Pa3HBIA CMBICI.

[TockonbKy MOPSAAOK (UIBTPAa — BEIMYHMHA LEJIOYUCIEHHAs, TO OOBIYHO
OKa3bIBaCTCsI, 4YTO (WIBTP MHUHUMAIBHO HEOOXOJUMOTro mMopsiaka oOecrneynBacT
HEKOTOPBIM 3arac Mo MCXOAHBIM IIapaMerpaM. JTOT 3alac MOYKHO HCIOJIB30BaTh II0
pazHoMy — MO0 cHenaTb MyJbCallMM B II0JIOCE MPOIMYCKAaHUS TOYHO PABHBIMU
3aJJaHHBIM, HO YBEJINYUTh 3aTyXaHUE B MOJI0CE 3a/1€PKUBaHMsL, IMOO TOUHO BbIAECPKATh
3aJJaHHOE 3aTyXaHHE B II0JIOCE 3a/ep>KUBAHMS, YMEHBIIWB MpPU STOM IIyJIbCALUU B
nosioce nponyckanus. [loBenenue GyHKIUN BeIOOpa opsAaKa PUIBTPa B 3TOM acleKTe
OMpENENseTCs TEM, YTO MPHU pacuere (QUIbTPa JOHKHBI OyAYyT HCIOJIb30BATHCS TE KE
napameTpsl mynbcanuii Rp u RS, uto u npu BeIOOpe nopsinka ¢uibstpa. [losTomy s
¢unbTpoB barrepBopTa 1 YebbimeBa nepBoro poaa OyAeT yBEIUUUBATHCS 3aTyXaHUE B
nojioce 3aAepkuBaHus, Aasi (puiabTpoB UYeOblmieBa BTOPOTO poja - YMEHbILATHCS
IYJIbCALUU B I10JI0CE MPOIYCKaHUS.

1. 3SAJAHUE
N3yuuTh aHAI0TOBBIE (PUIIBTPHI.
N3yuute ocHoBHble (yHkuuun MATLAB, HeoOxogumbie mia  pacuéra
aHAJOrOBBIX (PUIBTPOB.
PaccunTaTh aHanoroBbId PUIBTP.
CunTe3upyiTe Ha ero OCHOBE IU(POBOI QHIIBTP U ClIeyiTe ero padoTy.

V. IOPAOK BBIITIOJIHEHU A
- I3yunTh aHanoroBble (PUIbTPHI.
- W3yuutrp ocHoBHble GyHkuuun MATLAB, HeoOxomumbie st pacuéra
aHaJOrOBBIX (PUIIBTPOB.
- Paccunrtarh aHanoroBelil GUIbTP € 3aJaHHBIMU MPENOAaBaTEIeM NapaMeTPAMHU.
- CpaBHUTH pe3yJbTaThl MPOBEIEHHOrO pacuéra (uiIbTpa C pe3ybTaTaMu
pacuéTa Mpu MCHONB30BaHUM criennaibHbiX QyHkimit MATLAB HenocpencTBeHHOTO
pacuéra QUIbTPOB.
- IlpousBectu BbIOOp moOpsaka GUIbTpa MO 3aJaHHBIM IPENOAaBaTEIEM
napameTpam.
V. OOOPMJIEHUE OTYETA
OTU€T NOIKEH COJIEPKATh:
* KpaTKUE TEOPETUYECKUE CBEICHHUS IO BBITIOJIHAEMOI padoTe;
* QJITOPUTMBI U JINCTUHTH MIPOrpaMM pacuéra PuiIbTpa;
*BBIBO/IBI IO MIPOBEAEHHOM pabdoTe.



VI. KOHTPOJIbHBIE BOITPOCHI
. Haiite onpenenenus punstpam HY, BY,...
. OcHoBHble xapaktepucTuku puiabTpoB barrepBopra, Uebriena, beccens. ..

. Kakoii u3 mepeuncieHHbIX THUIOB (UIBTPOB MMEET Hauboliee KPYTOW craj
AUX B o0nacTu 3arpakIeHusl.

. Kakolt u3 nepednciieHHbIX THUMOB (QUIbTpPA MMEET MUHUMAJIbHBIN (ha30BbIN
CABUT B paboueii 1oioce 4acTorT.

. Ilepeuncnure mnapaMmeTpbl, KOTOpble HEOOXOAMMO 3a7aTh IPU pacyeTe
dbunsTpoB HY, BY, pe:xeKTOpHBIX ...

VIII. BUBJIMOTPA®UYECKWI CITMCOK

1. KoHcnekT JIeKIui 1o Kypcy.

2. IpsxonoB B. MATLAB: yue6nsrit kypc. — CII6: [Tutep, 2001. — 560 c.: .

3. Hudposas obpadorka curnanos / A.b. Cepruenko — CII6.: TTutep, 2003. —
604 c.: ni.



[Ipaktuueckoe 3anstre Ne 5
CBépTKa n €€ MaTeMaTH4eCKHe CBOMCTBA

I. LIEJIb U 3AJAYUN
N3yunTh onepanuio CBEPTKHA U HA MTPAKTUKE MTO3HAKOMUTHCS C €€ CBOMCTBAMM.

Il. TEOPETUYECKUWE CBEJIEHUA

Ceépmka — 3TO MareMaTudeckas IpoLeaAypa, KOTopas W3 JIBYX HCXOJHBIX
CUTHAJIOB (OpPMHUPYET MO ONpeAcNEHHOMY MpaBWIy TpeTuidl curHai. B mudposoii
00paboTKe OHA UTPaeT BXHEWUIIYIO Pojb. [leo B TOM, YTO IU(POBBIE CUCTEMBI MOYKHO
ONUCHIBATh WX HMIYJIbCHBIMH XapaKTePUCTUKaMH, OJjarojmapsi HCIOJIb30BAHHIO
umnynvcrot oekomnosuyuy. CBEPTKA YCTAaHABIMBACT B3aUMOCBSA3b CUTHAJIA HA BXOJE U
Ha BBIXOJIE CHCTEMBI UYepe3 €€ UMITYJIbCHYIO XapaKTepucTHKy. CBEPTKA JIEKUT B OCHOBE
Bcell MPpoBOi 00PaOOTKH CUTHAJIOB.

JeabTa-QyHKIUSA U MMITYJIbCHASI XapaKTePUCTHKA

Orpomuoe 3Hauenue s [HOC mmeror cnepyromue aBa noHstus. IlepBoe u3
HUX — 9TO JUCKpPETHAas JeNbTa-QyHKIUs, 0OBIYHO 0003HayaeMasi cuMmBojioMm d[Nn] (Puc.
1). st TUCKPETHBIX CUCTEM OHA HA3bIBACTCSI eOUHUUHBIM UMNYIbCOM, WA eOUHUYHBIM
omcuémom, W TIPEACTaBIsE€T COOOW CHUTHajJ, B KOTOPOM HYJIEBOM OTCYET HMEET
3HaYEHHUE €TUHUIIbI, @ BCE OCTAJIbHbIE OTCUETHI PaBHBI HYJIIO.

Bropoe nonsitue — 310 umnyavcraa xapakmepucmuxa cucremsl (Puc. 1). Kak
MOXXHO JIOTQJaThCsl MO CaMOMY Ha3BaHWIO, HMITYJbCHAs XapaKTEPUCTHKA — 3TO
peakiysi CUCTEMbI Ha €IMHUYHBIN uMIynbc. Eciau aBe 1ro0bie cucTeMbl UMEIOT XOTS Obl
KaKHe-TO Pa3INuus, HX UMITYJIbCHBIC XapaKTEPUCTUKU OyIyT 00513aTEILHO OTINYAThCS.
Ecin curHamel Ha BXOJIe M BBIXOJIC CHUCTEMBI TPATUIIMOHHO 0003HauaroT x[N] u y[n]
COOTBETCTBEHHO, TO UMITYJIbCHYIO XapaKTEPUCTHKY CHCTEMBI TPUHITO 0003Ha4aTh h[N].
Koneuno, 3T0 He sBisieTcs 00sA3aTeNbHBIM, W MOXHO HCIIOJIB30BaTh JIPYTUe
0003HauEHHUs, €CIIM OHU KaxyTcs BaMm OoJiee yAOOHBIMHU: HANpUMEp, HUMITYJIbCHYIO
XapaKTEPUCTHKY UIbTPA MOKHO 0003HauuThH f [N].

JIt000¥1 UMITYNIbCHBIA CUTHAM, SIBJSIONMNACA KOMIIOHEHTOM pPa3lIOKEHHS TPHU
UMITYJIbCHOW JIEKOMITO3UIIMKM, MOXET OBITh TMPEJCTaBICH KaK €AMHUYHBIA HMITYJIbC,
CABUHYTBHI Ha COOTBETCTBYIOLIYIO BEJIWYMHY 10 BPEMEHHOM OCHM M YMHOXXCHHBIM Ha
3HAYEHHE OTCYETA MCXOJHOIO CUTHAja B ATOT K€ MOMEHT BpeMmeHH. [l mpumepa
paccMOTpHM cHrHai a[n], Bce 3HaYEHUST KOTOPOTO PaBHBI HYJIO, KpoMe 8-T0 OTCUETa,
MIPUHUMAIOIIETO 3HAYEHUE — 3. DTOT CUTHAJI MOXKET pacCMaTPUBATHCS KaK €IMHUYHBIN
UMITYJIbC, CABUHYTHIN (3aJiepKaHHbIN) HA 8 MEpUOI0B AUCKPETU3ALUN U YMHOXESHHBIN

Ha — 3, wiK B hOpMe MaTeMaTUIECKOTO BBIPAKECHUSI:



a[n] =-39[n - 8].
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Puc. 1. Hnntocmpayusi nouamuii eOUHUYHO20 UMNYIbCA U UMNYIbCHOU
xapaxmepucmuku. EOunuunvlii umnynvc — 3mo OUCKpemHbIll CUSHAN, 6Ce OMCYEMmbl

KOMOp0o2o, Kpome HY1e8020, PAGHbl HYII0. 3HAUeHUe HYe8020 OMCUEMA PAGHO eOuHUYe.
Eounuynolii umnynsc aeniemcs OUCKPEMHbIM AHANI020M O0elbma-QYHKYUU, KOMOopyio
npuuamo ob6osunauame cumeonrom o(t). Hmnyrbcnas xapaxmepucmuka JIUHEUHOU
cucmemvl — 2MO peaxyuss CUCmemvl HA eOUHUYHBIU UMNYIbC.  HMnynvcHyo
xapaxkmepucmuky ooviuno obosznauarom h[n].

JlormycTM, Ha BXOA cHCTeMbl momadH curHan a[n] = —338[n —8]. Kakum
okaxxkercs e€ Beixon? UToOBI OTBETHUTH Ha ATOT BOMPOC, MPHUAETCS BCIIOMHHUTH paHEE
PacCMOTPEHHBIE CBOMCTBA OJHOPOIHOCTA M MHBAPUAHTHOCTH K CIABUTY. Y MHOXKEHUE U
3aJlep’KKa CUTHaJIa Ha BXOJI€ MPUBOJAT K aHAJIOTUYHBIM MPeoOpa30BaHUSAM BBIXOJHOTO
curHana. Takum oOpa3oM, €ciid BXOJHOMY BO3JIEHCTBUIO O[N] COOTBETCTBYET peaKius
Ha BbIXOZAE h[n](MMmysbCHAs XapaKTEPUCTHKA CHUCTEMbI), TO CUTHaIy — 30[n — 8] Ha
BXOJIE CHUCTEMbI OyJeT COOTBETCTBOBaTh BbIxOomHOW curHan — 3h[n —8]. dpyrumu
CJIOBAMM, CHUTHAJIOM Ha BBIXOJE OKAXKETCS HMITYJIbCHAs XapaKTEpUCTHUKA CHUCTEMBI,
CABUHYTas BO BPEMEHU M YCWJICHHAs MO aMIUIUTYJe, TaK )K€, KaK CIBHHYT U YCHIICH
CIVMHUYHBIA WMITyIb¢ Ha BXxoje. Mrak, ecim BaM HW3BECTHA HMMITYJIbCHas
XapaKTePUCTHKA CUCTEMbI, TO BHIYUCIUTH €€ Peaklnio Ha IPOU3BOIbHBINA UMITYJIbCHBIH
CUTHAJI C €JMHCTBEHHBIM HEHYJIEBBIM OTCUETOM HE COCTaBIISET TPY/Ia.



2. CBéprka

Ham ocranoch mnoaBeCTHM UTOT MaTepuany, MOCBSIIEHHOMY OIPEACIICHUIO
pEeaKIMK Ha BBIXOJ/I€ CUCTEMBI ITPHU MPOU3BOJIbHBIX BXOJHBIX BO3/IEUCTBUSIX. Bo-1iepBbIX,
BXOJHOM CHUTHal NYyTEM JACKOMIIO3UIMU TPEJCTABISIETCS B BHUJE COBOKYIHOCTH
MMMYJbCHBIX CUTHAJIOB C €MHCTBEHHBIM HEHYJIEBBIM OTCUETOM, KaXIbIM U3 KOTOPHIX
MOXET PAacCMaTpPUBATBCA KAK €OUHUYHbIL UMNYIbC, YMHOXEHHBIH Ha HEKOTOPYIO
BEJIMYMHY W CIABUHYTHIM BO BpeMEHHU. BO-BTOPBIX, peakiius CUCTEMbl Ha KaXKIbId W3
BXOJIHBIX HMITYJIbCHBIX CHUTHAJOB MOKET OBITh MOJydYeHa MYTEM COOTBETCTBYIOIIETO
YCWJICHUS] U CIIBUTA UMNYIbCHOU Xapakmepucmuku cucmemul. VI HaKoHEl, B-TPEThUX,
peaKkiysi CUCTEMbl Ha MCXOJHBIA BXOJHOM CUTHAJ PACCUMTHIBAETCS CYMMHPOBAHHUEM
peakIuii CUCTEMbl HAa BCE KOMIIOHEHTHI JACKOMIIO3UIMU B OTIEIBHOCTU. Takum
00pa3oM, eciii HaM M3BECTHA MMITYJbCHASI XapaKTEPUCTUKA CUCTEMbI, TO Mbl MOXKEM
ONpENEeNUTh €€ peaklnio Ha JII000e BXOJHOE Bo3AeicTBUE. DAKTUUECKH 3TO O3HAYAET,
YTO HaM M3BECTHO BC€ O cucteMe. lIpu ommcanuum Jjunetinou cucmemsl AMITYJIbCHAS
XapaKTEPUCTHUKA SIBJISIETCS MCUEPIIbIBAIONIEH (3aMETHUM, OJIHAKO, YTO B MOCIEAYIOIINX
IJIaBaX Mbl PACCMOTPUM U JIPYTHE XAPAKTEPUCTUKHU CHUCTEM, KOTOPHIE HE HECYT HOBOM
uH(pOpMaINH, a POCTO MPEACTABISIOT €€ B Apyron hopme).

NmnynecHas XapakTepUCTUKAa MOXKET 0003HAuaThCs U APYTMMU TEPMUHAMU B
3aBHCUMOCTH OT cepsl npuMeHeHusi. Harpumep, npu onucanuu GuiabTPOB BO3MOMXKHO
WCTIONL30BAaHUE TIOHATUSL s0pa @uibmpa, A0pa ceépmKku WIA TIPOCTO sAdpa. B
NPWIOKEHUAX  HUPPOBOM  0OpabOTKM  M300paKEHM  BMECTO  MMITYJbCHOM
XapaKTePUCTHKU HCIIONB3YeTCS TePMUH QyHuKyus paccesnus mouxu. HecmoTps Ha
HeOOJbINEe Pa3uyKsl B UCIOJIB30BAaHUU YKa3aHHBIX TEPMHHOB, BCE OHH 00O03HAYAIOT
OJTHO M TO JK€: PpEeakLUHI0O CHCTEMbl Ha BO3JCHCTBHE B BHJE JeIbTa-QYHKIUU WU
€AMHUYHOTO UMITYJIbCA.

Omneparnusi CBEPTKU SABISICTCS OOBIYHOW MAaTEMAaTUYECKOW Omeparueil, Takow,
KaK, HampuMmep, YMHOXXEHUE, CIOXKEHUE WIM HHTETPUPOBAaHUE. AHAJOTUYHO JFOOOM
JIPYTOi omeparuy Npu CBEPTKE JBYX CUTHAIOB (JUCKPETHBIX TMOCIEIOBATEIHLHOCTEH)
IOJIy4aroT €IWHCTBEHHBIA TpeTuil curHai. llpouenypa CBEPTKM NpUMEHSETCS B
pa3IMYHBIX pa3[eiax MATEeMAaTHUKH, B YAaCTHOCTH B TEOPUU BEPOSITHOCTEU W
MAaTEMATUYECKON CTATUCTUKE. Teopuss JIMHEWHBIX CHUCTEM MCIIOJIB3YET CBEPTKY A
YCTAHOBJIEHUSI ~ B3aMMOCBSI3M  MEXKJYy  BXOAOM  CHUCTEMBI, €€  HMIYJIbCHOU
XapPaKTEPUCTUKON U BBIXOJIHBIM CUTHAJIOM.

Puc. 2 WUIIOCTpUPYET TMOHATHE CBEPTKH MPUMEHHUTEIBHO K JIMHEHHBIM
cuctemaMm. CurHan x[N] mocTymaeT Ha BXOJ JIMHEHHOH CHCTEMbI, OIKMCHIBAEMOM
UMIYJIbCHOM XapakTepucTukoit h[N], u BbI3bIBaeT Ha BBIXOJE CHCTEMBI peakmuto y[Nn]. B
dopme ypaBHeHus 310 3anuchiBacTes Tak: x[N] * h[n]=y[n]. To ecTh curHam Ha BBIXO/E



JIMHEWHOM CHUCTEMBbl PAaBE€H CBEPTKE CHUTHAJa HA BXOJE CHUCTEMbl U €€ HMITYJIbCHOU
xapaktepuctuku. [lomoOHO TOMy Kak cioxkeHue oOo3HayaeTcs IuIrocoM (+), a
YMHOKEHHE — KPECTHUKOM (X), cBEpTKa 0003HauaeTcs 3BE310ukoit (*). K coxxanenuro, B
OOJIBIITMHCTBE SI3BIKOB TMPOTPAMMHUPOBAHUS CHMBOJI * TPUHATO WCIIONH30BATH JIJIS
0003HaueHns yMHOXKEHHsI. Takum o0pa3oM, 3BE370YKa B TEKCTE MPOTPaMMbl 03HAYAET
YMHOXKCHHE, a Ta e 3BE3710YKa B MATEMAaTHYCCKUX BHIPAKCHHUSIX O3HAYACT CBEPTKY.

Ha Puc. 3 mpowumrocTpupOBaHO HCHOJIB30BAHWE CBEPTKUA JUISI PeaIv3alldu
HU3KOYACTOTHOM M BBICOKOYACTOTHOW (QuubTpanuu. B 3ToM mnpumepe BXOJIHBIM
CUTHAQJIOM SIBJIIETCSI CyMMa MEIJIEHHO BO3PACTAIOLIEro CHUrHaia (CIEKTp JIEKUT B
00JlaCTH HM3KHX YacTOT) U CHUHYCOWJIbI, y KOTOpPOM Ha HMHTEpBaJle HaOIIOACHUS
YKJIa/bIBA€TCSI  HECKOJIbKO  TMEpPUOJIOB  MOBTOpPEHUs  (CHEKTP  OTHOCUTEIBHO
BBICOKOYACTOTHBIN). B  cimywdae HuskowactoTHOro GuibTpa (@) UMIyJIbCHAs
XapaKTEepUCTHKa B (opMe Iyryd MO3BOJSET MPOXOAUTh HA BBIXOJ CHUCTEMBI TOJBKO
MEJUICHHO MCHSIOIICHCS cocTaBistoniei. B cirydae BbicokodacToTHOro (umibrpa (6),
HaIlpOTHB, UMITYJIbCHASI XapaKTEPUCTHKA CUCTEMbl TaKOBAa, YTO Ha BBIXOJE CHUCTEMBI
MPUCYTCTBYET TOJBKO OTHOCHUTEIBHO OBICTPO MEHSIOIIUNCA KOMIIOHEHT BXOJIHOTO
CUTHAJIA.

x[n] y[n]

[ e >
cHcrema h[n|

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

Puc. 2. Hcnonvzosanue onepayuu ceépmku 8 yughposoi obpabomke CucHanos.
Cucnan Ha 6vIXx00e JUHEUHOU CUCMEeMbl pAaBeH CEEPMKe 6XO00H020 CUSHAAd U
UMNYTLCHOU XApAKMepUCmuku cucmemsl. B mamemamuyeckux vlpasxcenusx onepayusi
ce8EpmKU 0003Hauaemcs 36€300uKotl (*).

Puc. 4 nemoHcTpupyeT Apyrue nBa IMpPUMEpPa HUCIOJIb30BAHUS CBEPTKHU I
onmucaHus Tporiecca 00pabOTKUM cuUrHaiaoB. MHBepTHpyomuii arteHmoarop (a)
«IIEPEBOPAUMBACTY CHUTHAJ «BBEPX HOTAMW» W YMEHBIIAET €ro aMIUIUTyay. B3srtue
JUCKPETHOW MPOU3BOHOM (BBIUYMCICHUE MEPBOM PA3HOCTH) AAET HA BBIXOAE CUCTEMBI
CHTHAJI, TIPOMTOPIIMOHATIBHBIN CKOPOCTH U3MEHEHHS BXOHOTO curHaia (6).

OOpaTuTe BHMMaHHWE Ha JUIMHBI CUTHAJIOB, NMPHUBEASHHBIX Ha Puc. 3 m 4.
Bxoauble curHansl BKIHOYAKOT 81 TUCKPETHBIM OTCYET, B TO BPEMSI KaK HUMITYJIbCHBIC
XapaKTePUCTUKU COCTOSIT TOJIbKO U3 31 orcu€ra. [leqo B TOM, 4TO B OOJBIIMHCTBE
npwiokeHui 1udpoBoil 00pabOTKM BXOJHBIE CUTHAJIBl PAacCMaTPUBAIOTCS Ha



WHTEpPBAJIaX B COTHU, THICAYM U JaXe MWIIMOHBI OTCcu€roB. MmmynbcHas ke
XapaKTepUCTUKA 3HAYMTEIBHO KOpoue, CKaXeM, B COTHM pa3. MaremaTtuueckoe
OTIpE/ICJICHHE OIepalid CBEPTKM HE HAKJIAQJbIBaCT HUKAKMX OTPAHUYCHHM Ha
JUTUTEIBHOCTh 3TUX CUTHAJIOB. OHO, OJTHAKO, O3BOJISIET ONPEACIUTh JJIMHY CUTHAJA Ha
BBIXOJIC, PABHYI0 CyMME JUIMHBI BXOJHOTO CHTHajda W JJIUHBI HWMITYJbCHON
XapaKTEPUCTHKM MHHYC OJWH. Tak Juisi MpUMEpOB, MOKa3aHHbIX Ha Puc. 6.3 u 6.4,
JUIMTEIBHOCTh BBIXOIHBIX CHUTHAJIOB cocTaBisieT 81+ 31-1 = 111. OtcuéTsl BXOIHBIX
curHajaoB HymepyroTces ¢ 0-ro 1mo 80-i, 0TCYETHI UMITYILCHBIX XapaKTepUCTUK — ¢ 0-ro
1o 30-i, a OTCUETHI BBIXOAHBIX cUTHaAJIOB — ¢ 0-ro 1o 110-.

a) ©UNbTP HUKHWX 4acToT
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6) TUNbTD BEPXHWX YACTOT
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Puc. 3. Ilpumep ucnonv3oganus ceépmxu  Onsl  ONUCAHUS — CUCHEM
HU3KOYACMOMHOU U B8bICOKOYACMOMHOU Guivbmpayuu. B npueedoénnom npumepe Ha
8X00 cucmemvl nocmynaem cymMma MeoleHHO 803PACMAaroe20 CUSHALA CUHYCOUObL, Y
KOMOpou Ha unmepeae Habar00eHUs YKIaobleaemcs HeCKOIbKO NepUo008 NOGMOPEHUS.
Omu 06a KOMNOHEHMA 8XOOHO20 CUSHANA YOAEMCs pa30enums 3a C4ém UCHONb308aHUS
8bIOPAHHBIX COOMBEMCMBYIOWUM 00PAZOM UMNYTIbCHBIX XAPAKMEPUCTUK.

[Tpuctynum Teneps K MoaApoOHOMY PACCMOTPEHUIO MATEMAaTUYECKOTO OITUCAHMUS
cBEpTKU. B TOM KauectBe, B koTOpoM cBEpTKa ucnonb3dyercs B LHOC, e€ cnemyer
paccMaTpuBaTh C JBYX [MO3MIMI: MO OTHOIIEHWIO K BXOJHOMY CHUTHAIYy U IO
OTHOLIEHUIO K CUTHaNy Ha BbIxoje. lIpencraBineHue omepanuu CBEPTKU CO CTOPOHBI
BXOJla CHUCTEMBI MOJIpa3yMEeBAET aHAJINU3 TOTO, KaK KaXJbld OTCYET BXOJHOIO CUTHAja



BIMAECT Ha OONIYIO peakiuio cucTteMbl Ha €€ Bbixoje. [IpencraBieHue omepaiuu
CBEPTKH CO CTOPOHBI BBIXOJA, HANPOTHB, O3HAYAET TMOHUMAHUE TOTO, KaK KaKIbId
OTCYET BBIXOJHOTO CUTHAJIA 3aBUCUT OT COBOKYITHOCTH BXOJHBIX OTCUETOB.

a) WHeepTvpyiowmMia atTeHoaTop
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Puc. 4. Hcnonvzosanue ceépmiu 0151 onucanus npoyecca oopabomru CUSHAL08.
bonvuwuncmseo  cucmem  I[JOC  umerom OocmamoyHo npocmvie  UMNYIbCHbIE
xapaxmepucmuku. Ilpusedénnvie npumepvi HOKA3bIBAOM, YMO 0ddCe CUcCmema C
UMNYIbCHOU XAPAKMEPUCIMUKOU, UMeroulell JUllb HECKOAbKO HEeHYe8blX OMCYEémOos,
MOdHCEM OCYUIeCMBIAMb 3SHAYUMENbHblEe NPeodPA308aAHUSL CUSHATIO8.

Crnenyetr NOMHUTB, 4TO 00a YKa3aHHBIX ClocO0a aHaau3a B JE€HCTBUTEIBLHOCTH
ABJISIOTCS JABYMS CTOPOHAMHM OJHOTO M TOrO K€ Ipouecca — MaTeMaTH4eCKOU
onepanuu cBEPTKU. [Ipencrapienne CBEPTKU CO CTOPOHBI BXOJHOTO CUTHAIA MO3BOJISIET
IIOHATh OTPOMHYKO poOJib 3TOM mnpouenypsl B Tteopun [IOC. B TO ke Bpems
IIPEACTABICHUE CBEPTKHU CO CTOPOHBI BBIXOJHOI'O CUTHAJIA NAET AETajJbHOE NOHUMAHHE
e€ maTeMatnyeckoi cytu. B aTom mposiBnsercst ogua u3 tunuasbix 175 [OC mpoGiem:
WHTYUTUBHO TOHATHBIE MPUHIMUIBI ITUGPOBOM 0OpPaOOTKU MOJDKHBI OBITH OIHMCAHBI
CJIOKHBIM MAaTE€MAaTUYECKUM $I3bIKOM, 4YTOOBI Ballld HJEW MOIJIM CTaTh JIOCTYITHBI

IPYTUM.

I1l. TIPAKTUYECKAA YACTb



B cucremax wmaremartmueckux Bblumcienuii Matlab wim Octave omnepanus
CBEPTKU MOXKET ObITh peaIn30BaHa C MOMOIIbIO GYHKIIUA CONV.
Hanpumep, ¢unetpet BH um BH wmoryr ObITh peanmn3oBaHbl Kak CBEPTKa

COOTBCTCTBYIOIINX NUMITYJIbCHBIX CI)YHKHI/Iﬁ C TCCTOBBIM CUTHAJIOM:
graphics toolkit ("fltk");
t = 1:1:256;
x = 256 * sin(t * pi / 32) + 25 * sin (2 * t);
h 1p = sinc(-2:0.1:2) / 10;

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

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

grid on;

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

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

grid on;

xlabel ("n");

title ("y");

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

grid on;

xlabel ("n");

title ("y");

figure;

plot (h_1p);

grid on;

xlabel ("n");
title ("h - ®HU");

figure;

plot (h_hp);

grid on;

xlabel ("n");
title ("h - ©oBU");



B pesynbrare paboThl IPEACTABIEHHOrO KOJA MOTyYUM CIIEAYIONINE rPadUKH:
n Figure 1 - =

File Edit Tools |

W H\' \MI'IH{

f|'||i|j|,|'|||“||||'| “Illl‘lll'“““ ||I|‘ﬂ||“||”' i \|'|‘||| hl\| \||| i
Uil Jlll _

=

ol el
Hlf l \\|l|\|\| |“|”H.|'|\||‘”||\|||H

i ,n:"‘il’l'u '|'|)“"""\"”u" U ‘Ill il

Ra
=1

40 1
] 50 100 150 200 250 300

alelp|r|2[ sz sen

Ha BepxHel auarpamMMe IOKa3aH HCXOIHBIM CUTHAJ, HWKE PE3YIbTAT €ro
CBEPTKU C UMITYJIbCHOM Xapakrepuctukort ®HY, a emé Hrxe — PBY.

IV.3AJAHUE
N3yunre onepannio CBEpPTKU U SKCIEPUMEHTAIILHO MTPOBEPHTE €€ CBOMCTRBA.

V. I[TIOPAJIOK BBITTOJIHEHU A

1. I3yuuTh OCHOBHBIE MOJIOKEHUS TEOPUU CBEPTKU JUCKPETHBIX CUTHAJIOB.

2. BblnoaHuTe CBEPTKY TECTOBOIO CHUTHAlAa C Pa3IMYHBIMU HMMITYJIbCHBIMU
(YHKIMAMMU.

3. BeimonHute CBEPCTKY TECTOBOIO CHUTHAllAa € E€IUHUYHBIM HMITYJIBCOM.
JloGeliTech yCWIJICHHS U CIIBUTA, 32 CYET M3MEHEHUS CIMHUYHOTO CUTHAJIA.

4. C momomplo CBEPTKU OBITH BBITIOJIHEHHE MPEOOpa3oBaHUs, aHAJIOTHYHBIC
muddepeHInpPOBaHUIO U UHTETPUPOBAHUIO.

5. [TpoBeppTe CBOMCTBA KOMMYTAaTHUBHOCTH, aCCOLIMAaTUBHOCTH,
JTUCTPUOYTUBHOCTU CBEPCTKHU, a TAKXKE IIEHTPATBHYIO MIPEJEIbLHYIO TEOPEMY.

6. CaenaiiTe BBIBOJBI O TIPOJICIIAHHON paboTe.

V1. OOOPMJIEHUE OTYETA



OTY€T HOIKEH COAEPIKATh:

- QJITOPUTMBI H JIUCTHHTH Pa3pabOTaHHBIX IPOTPaMM;

- TpadMKK ¥ UHBIE PE3YIbTATH YUCICHHOTO MOJICITUPOBAHUS;
- BBIBOJIBI 110 TIPOBEAEHHOM padoTe.

VII. BUBJINOI' PAOMYECKUI CITMCOK

1. Cwmurt C. LHudposas oOpaboTka curnanoB. [IpakTuiyeckoe pyKOBOACTBO JIJIs
WHKEHEPOB U Hay4dHbIX paboTHUKOB / CtuBeH Cmut; mep. ¢ anrmi. A.lO. JlunoBuua,
C.B. Butsazesa, W.C, I'ycunckoro. — M.: Jlogaka-XXI, 2012. — 720 c.

2. YMmusmkud C.B. HcHoBbl 1mu@poBoii 00pabOTKM CHUTHANOB: YueOHOe
nocobue // M.: TEXHOC®EPA, 2016. — 528 c.

3.  Jlaiionc P. Ludposas obpaborka curnanos. Ilep. C anrn. — M.: OO0
«bunom-IIpece», 2015. — 656 c.

4, OcHoBsl 1u(poBoOIt 00paboTku curHanoB: Kypc nekuuii / ABtopsl: A.U.
Cononuna, JI.A, Yinaxosuu, C.M. Ap0Oy308B, E.b. ConoBséBa, .1. I'yk. — Cn6.: BXB-
[Terepbypr, 2003. — 608 c.

5. [NamsukoBckuit B.M. udposas obpaborka curnaiso. — M.: COJIOH-
[TPECC, 2015. — 766 c.



[Ipaktuueckoe 3anstue Ne 6
OnHopoaHbie PUIBTPBI

|. HEJIb 1 3BAJAYUN
V3ydyeHHe CHEKTPaJbHOrO aHaliW3a JUCKPETHBIX CHUTHAJIOB. Pacuér crekTpa
auckpetrHoro curnai B Matlab ¢ mpumenenrnem muckpetHoro npeodpaszoBanus Oypobe.

Il. TEOPETUYECKHWE CBEJJEHUA
OonopooHble unbmpsl, WIA @UILIMPLL CKOAb3AUE20 CpedHe20, TOIY4YUIIn
HaubOoJnee mupokoe pacnpoctpanenue B L{OC, Graromapst mpocToTe UX peald3aliu.
Kpome Toro, oHu SBJISIOTCS ONTUMAIBHBIMU MIPU PEIICHUU TaKOW KJIACCUYECKOMU 3a/1auu
HOC, kak mnoaaBleHUE aJJUTUBHOTO IIIyMa NpPHU OJHOBPEMEHHOM COXpPaHEHHUH
CKOPOCTH HapacTaHHs MEPEXOJAHON XapaKTEepUCTUKH. [[pyruMu cioBaMu, OJHOPOIHBIC
(UABTPBl PEBOCXOAAT BCE OCTajbHblE BHUABI LHU(GPOBBIX (UIBTPOB MpPU 00padbOTKe
uH(bopMaIK, MPECTaBICHHON BO BpeMEeHHON o0nacTu. B To ke BpeMs 3TH (UiIbTphI
OKa3bIBAIOTCS Masiod(h(HEKTUBHBI NpU 00paboTke MH(OpPMAIMU B YACTOTHOW 00JacTH,
TaK Kak HE CIOCOOHBI Pa3feNsTh MEXIy COOON CHUTHANIBI, JIeXkKallue B Pa3HBIX
auanazoHax 4actoT. Mmeercs Heckosibko MOJubUKAIUN OJHOPOJIHBIX (PUILTPOB, B
KOTOPBIX YacTOTHAs M30MPATEIIbHOCTh TOBBIMIACTCA 3a CUYET YBEIWYEHUS BpPEMEHU
00paboTKH.
OnHopoHbIe HepeKyPCUBHBIE PHILTPLI
OoHopoonvle urbmpsl 4aCTO HA3BIBAIOT (UIbMPAMU CKONb3AUE20 CPeOHe2o,
MOTOMY YTO OHHM OCHOBAaHbl HAa YCPEIHEHHM HEKOTOPOTO0 MHOXECTBA OTCUYETOB
BXOJIHOTO CHUTHAJIA, YTO BBIPAXKAETCS CIICTYIOIINM Pa3HOCTHBIM yPaBHEHUEM:
B
vlil= D xi+ j]
1=0 1)
31ech X — BXOJHOW CUTHAJ, Y — BBIXOJHOM CUTHaN, M — 4YUCIO yCpEeAHSEMBIX
oTcuétoB. B 1aHHOM ypaBHEHHHM BCE MCIOJIb3yeMble OTCUETHI PACIIOIOKEHBI MO OJIHY
CTOPOHY OT Pe3yJIbTHPYIOIIETO BBIXOJHOTO OTCUETA.
Hampumep, niast onHopoaHoro ¢uiabtpa S5-ro mopsinka 10-it 0oTCU€T BBIXOJHOTO
CUTHaJIa ONpeeisieTcs CASAYIONMM YPaBHEHHEM:
X[10] + x[11] + x[12] + x[13] + x[14]
y[10] =
3)
Bo3MmokeH npyroil BapuaHT TOCTPOCHHS OJHOPOIHOTO HEPEKYPCHBHOTO

GuabTpa, MPU KOTOPOM BBIOMPAETCS PAaBHOE YMCIIO OTCUETOB BXOJHOTO CUTHAJIA 1O 00€
CTOPOHBI OT TCKYIICT'O BBIXOJIHOT'O OTCUYETa:
y[10] = X[8] + x[9] + x[10] + x[11] + x[12]
- 5




Takom BapUaHT YCPCAHCHHA CBA3aH C HM3MCHCHHEM IIPCACIIOB BBIYHMCICHHA

CYMMBI B UCXOTHOM BBIPAKEHUH (DHIIBTPA:

M —2
X[i+ j]
M-2

2
HecMoTpst Ha TO 4TO mporpaMma i alropuTMa OJHOCTOPOHHErO yCpPEIHEHUs

R
y[l]:m -

HECOMHEHHO IIPOIIE, JaHHBIH aJrOpPUTM IPUBOAMT K BOSHUKHOBEHHUIO OTHOCHTEIHLHOTO
CIBUTa MEX/y BXOAHBIM U BBIXOJHBIM CUTHAJIAMHU.

OpHopomHble (QUIBTPEI — 3TO QWIBTPBl € CaMOH MPOCTOH  UMNYIbCHOLL
xapaxmepucmukou. Hampumep, OJHOPOJHBIN HEPEKYPCHBHBI (DHIBTP 5-TO IMOpsIKa
MMeeT UMITYJILCHYIO XapakTepucTuKky Buna {..., 0, 0, 1/5, 1/5, 1/5, 1/5, 1/5, 0, 0, ...}. To
€CTh B OCHOBE OJIHOPOJHBIX HEPEKYPCHBHBIX (UIBTPOB JICKUT aJTOPUTM CBEPTKH

BXOJHOT'O CUTHAaJIa C MIPAMOYT'OJIbHBIM UMITYJILCOM CI[HHH‘IHOﬁ IIomanu.
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Puc. 1. ®yHKIIMOHUPOBaHUE OTHOPOTHOTO (PUITHTPA.
OYHKIIMOHUPOBAHUE OHOPOAHOTO (GuiabTpa wutrocTpupyeT Puc. 1. Ha Bxon
buIbTpa MOCTYIMAET CUTHAJ, MPECTABISIONIANA COO0N MPSIMOYTONBHBIM UMITYJIBC, WC-
Ka)XEHHBIN aJIMTUBHOU 1IyMOBOM momexoi (a). B pesynbrate dunbrpauuu (6 u g)
MOIIHOCTb IIyMa 3aMETHO yYMEHbIIAETCs (MOJOKUTEIbHBIN 3(PQEeKT), HO BMECTE C TEM
CHUKAETCsl KpyTU3Ha (PPOHTOB MMITysbca (oTpuuareiabHbiii 3¢ dekt). Cpean Bcex -
HEHHBIX (UIBTPOB OJHOPOAHBIE (PUIBTPHI XapaKTEPU3YIOTCA HauboOsee CHUIIbHBIM I10-



JABJICHUEM IIyMa MpHU 3aJaHHOW KpyTu3He (PpoHTOB umnyibca. Koadduiment no-
JABJICHUSl LIyMa PAaBEH KBAJAPAaTHOMY KOPHIO W3 4YHCIIa OTCYETOB, YYACTBYIOIIMX B
ycpeadenuu. Tak, ¢uiabtp 100-T0 mopsiaka mo3BoiseT yMEeHbIIUTS 1yM B 10 pas.

YacroTHasi XapaKTepUCTUKA OHOPOIHOI0 (huiibTpa

Ha Puc. 2 nokazana AUX oonopoonozo gunbmpa. MaTeMaTuiecky OHa BbIpaka-
eTcs npeoopazosaruem Pypve OT MPAMOYTOJIBHOTO UMITYJIbCA!
H(f)= sin(nfM)
~ Msin(nf )
(2)
Cyns no Puc. 2, cmag AUX o4eHb MEIJICHHBIN, a 3aTyXaHWE B 30HE HEMpOo3pad-
HOCTH CJIMIIIKOM Janeko oT uaeana. CoBEepIIEHHO OYEBUJIHO, YTO OJTHOPOIHBIN QUIBTP
HE MOXET ObITh MCIOJIb30BaH JJIsl OTACIICHUS OJTHOIO YACTOTHOIO JIMAra3oHa OT APYro-
ro. He 3a0bIBaiiTe, yTo XOpolee kKauecTBO pabOThl BO BPEMEHHOM 00JaCTH 0OBIYHO CO-
IIPOBOXKIAETCS CIA0BIM pa3pellieHueM B YaCTOTHOM oOsiactu u HaobopoT. [Iporie roBo-
ps, OAHOPOIHBIN (UIABTP SIBISAETCS CaMbIM JIYUILUM C2axcu8arowum @Guibmpom (BO
BPEMEHHOI 00J1acTH), HO BMECTE C TEM U caMbIM XyamuM HY-gunrbmpom (B 4aCTOTHOMN
obJsact).
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Puc. 2. AYX ognopoanoro ¢uibTpa. OJHOPOAHBIM (QUIBTP SABISETCS OYEHb
cnabbeim HU-punstpom: AUX criagaet MeqjieHHO, 3aTyXaHHWe B 30HE HEMPO3PAYHOCTH
oudeHb Maso. [Ipu moctpoennu rpaduKoB UCTIOIB30BAIOCH BhIpakeHue (15.2).

MoaupuuupoBaHHbie OJHOPOIHBIE (PHIILTPLI



B cBoeil mpodeccMoHaNbHON —JEATENBHOCTH  pa3palOTYMKaM  LUQPPOBBIX
(GUIBTPOB MPUXOIUTCA UMETH ACNIO ¢ UH(pOpMaIueH, 3aJ10)KeHHOU MO0 BO BPEMEHHOM,
7100 B YaCTOTHOM OOJIACTU (KOOUpoBaHue 80 8PEMEHHOU U 4aCMOmHOU obaacmu), 1
HUKOTIa HH(OpMAaIKs HE pa3MENIaeTCs B 3TUX JABYX 00JacTsIX OAHOBpeMeHHO. OaHaKO
BCTPEUAIOTCSA TMPAKTUYECKHE MPHIOKEHHS, B KOTOPHIX CUTHAJ BCE K€ HE0OXOIUMO
paccMmatpuBaTh cpasy B AByX oOjacTsx. OIHMM W3 TaKMX «HEMPHUSATHBIX» MPUMEPOB
CIIYKUT TEJIEBU3UOHHBIN curHan. Buaeoundopmanus koaupyeTrcss BO BpPEMEHHOMN
00J1acTH, TaK KakK pacrpeiesieHue SpKOCTH 0 JIeMEHTaM U300pa’KeHUs 3aKJIabIBACTCs
B QopMy mnepeaaBaeMoro curHaiga. OpHako B Tpoliecce Mepeaayd BUICOCUTHAla
OTPOMHOE 3HAUYE€HHE MMEET €r0 YacTOTHAas CTPYKTypa: JAUAMa30H 3aHMMAEeMbIX YacTOT,
pa3JelieHne YacTOTHBIX JMAala3oHOB MMl M300paXKeHW M 3ByKa, IOJABJICHHUE U
BOCCTAHOBJICHUE MTOCTOSSHHOW COCTABJISIOIIEH U T. 1. JIpyruM NpUMEPOM SIBIIAETCS yUET
AIIEKTPOMArHUTHBIX TIOMEX, KOTOpble yAOOHEee aHaTu3WpOBaTh B YAaCTOTHOW, a HE BO
BpeMeHHON oOnactu. TUMOBBIMU TMOMEXaMH, HaANpUMEp, MJisi OOBIYHBIX HAYYHBIX U
UHKCHEPHBIX H3MEPEeHHM, SBISAIOTCS: Ha 4vactore 50/60 I'm — momexa oT cerei
anekTponutanus; Ha 4yactore 30 k[l — OT MMMYJIBCHBIX MCTOYHMKOB TMHUTAHUS; Ha
gactore 1320 k['11 — co croponsl paguoctaniuii FM-nuanasona. Moouguyuposarnvie
00HOPOOHblEe  (huabmpbl  OTIUYAIOTCS OT OOBIYHBIX OoJiee UETKOM YacTOTHOM
JOKaJIU3alued U MO3TOMY MOTYT Oojiee 3((EKTUBHO HCIIOIB30BATHCA B MOJOOHBIX
MPHIOKEHUSX.

Quabmpst ¢ MHO2OKpAmHOU  0bpabomkou  TPEACTABIAIOT  coOoM
HOCJIEI0BATEIbHOE COETUHEHNE HECKOJIBKUX OJHOPOAHBIX (PMIIBTPOB, T.€. OJIHA U Ta K€
npoueaypa OJHOPOIHON (PUIIbTpaLMK MOBTOPSETCS B HUX MOCIEA0BATEIbHO HECKOIBKO
pa3. Ha Puc. 3a noka3aHbl umnyniscHbie xapakmepucmuxu, OCTPOSHHbIE A (PUIBTPOB
C OJTHOM, ABYMSI M YETBHIPHMS CTYIEHSIMHU 00pabOTKHU (Kakaas CTYNeHb — OJHOPOIHBIN
¢unbTp 7-ro mopsinka). [Ipu Hanmm4auu AByX cTyrneHed GUiIbTp UMeeT TPEYTONbHYIO M-
NyJBCHYIO XapaKTePUCTHUKY, MOCKOJBKY TPEYTrojbHas XapaKTEPHCTUKA MOXET OBITh
Mpe/CTaBIeHa KaK pe3ysbTaT CBEPTKU IBYX MPSMOYTOJIbHBIX XapakTepucTuk. [Ipu yBe-
JMYEHUU KOJIMYECTBA CTYIEHE! 10 4eThIpEX U Oosee GopMa UMIYIbCHONW XapaKTepuc-
TUKH TIpuOmmKaercs Kk dopme xpusoi laycca (COTTACHO YeHMPAnbHOU NPeOelbHOU
meopeme). Ilo nepexoomvim xapaxmepucmuxam (6) BUAHO, YTO IS (PUIBTPOB C
MHOT'OKPAaTHOM 00pabOTKOW XapaKTepeH S-0O0pa3HbIid MEPEXOIHbIN MPOLEcC B OTINYHE
OT OJTHOPOJHOTO (UIBTPA, KOTOPOMY COOTBETCTBYET JIMHEHHO HApACTAOIIAsT PEaKIIHsL.
YacTtoTHBIE XapaKTEpUCTHKH, TMPUBEACHHbIE Ha pUCYHKE (B W &), TIOMy4YeHBI B
pe3ynbTaTe MHOTOKpaTHOro yMHOoxeHuss AUX Bolpaxenus (2) Ha camy ceOs.
YMHOXEHUE TPOU3BOAUTCA CTOJBKO pa3, CKOJIBKO TIOCJTIEeIOBATENbHBIX 3BEHHEB
cofepkutcst B ¢uibTpe. Takoil MoaxoJ OKa3bIBA€TCsl BO3MOXHBIM B CHUJIy TOTO, YTO
KOKIOW omepaluy CBEPTKM BO BpPEMEHHOW 00JacTh COOTBETCTBYET OIeparus
YMHOKEHHUSI B YaCTOTHOM 00JIaCTH.
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HopmupoBaHHas yacToTa

Puc. 4. JIAYX ¢unbtpoB birkmana u [Maycca.

Ha Puc. 4 nzo6paxenst JIAUX nnst emé aByx Moaudukauii OTHOPOIHBIX (UITh-
TpoB. Eciin uMnynbcHas XapakTepucTuka QpuiibTpa uMeeT Buj KpuBol ["aycca, To u ero
AUX sdABnseTcd Takke TraycCcoBOoM. VIMMyJbCHBIE XapaKTEPUCTUKH CHUCTEM Kak



€CTECTBEHHOI'0, TAK M MCKYCCTBEHHOI'O IIPOHUCXOXKJECHUS OYEHb YaCTO OIMCHIBAKOTCS
kpuBoi ['aycca.

Kakue xe npenMyIiecTBa xapakTepHbl JJI1 pACCMOTPEHHBIX BbIIlI€ MOAU(DUKALIUI
OJTHOPOAHBIX (GUIbTPoB? OCHOBHBIX MPEUMYIIECTB — TpU. Bo-mepBbIx, MOaupUIIUpPO-
BaHHBIE OJTHOPOAHBIE (DUIBTPHI MO3BOJISIIOT JOCTUYD OOJIBIIETO MOIABICHUS B 30HE He-
MIPO3PAYHOCTH, YeM OOBIYHBIE OAHOPOJHBIC GUILTPBL. BO-BTOPBIX, UX UMITYJIbCHAS Xa-
PaKTEpUCTUKA HA KPasX INIABHO CXOIUTCA K HyJr0. Kak BBl MOMHUTE, KaXAbId OTCUET
BBIXOJHOTO CHUTHAJIA OINPEIEISIETCS] B3BEIIEHHOM CyMMOW I'PyIIIbl BXOJHBIX OTCUETOB.
IToaTOMY CXOAMMOCTH K HYJIIO HMITYJIbCHOM XapaKTEPUCTUKU O3HAYAET, YTO OTCYETHI,
OJIM3KHE K LIEHTPY TaKOW IpyIIbl, OKa3bIBalOT 00Jiee CUIIBHOE BIIMSHUE Ha (HOPMUPO-
BaHHE BBIXOJHOTO OTCuéTa. B-TpeThux, mepexoHble Mpouecchl MOAU(PUIIMPOBAHHBIX
(GuIBTPOB OKa3bIBalOTCA OoJiee IMIaBHBIMU M HE UMEIOT pe3kux u3runoos. Ilocnennue
JIBa IPEUMYILIECTBA MEHEE BAXKHBI, XOTsI, HAJ0 3aMETUTh, CYLIECTBYET P MPUIIOXKE-
HUH, B KOTOPBIX OHU OKa3bIBAIOTCS OYEHB ITOJIE3HBIMH.

Moau¢unupoBaHHble 0THOPOAHbBIE (PUIBTPHI U OOBIYHBIE OJHOPOHBIE (GUIBTPHI
HPOSIBIISIIOT MPUOJIM3UTEIBHO PaBHBIE BOZMOKHOCTH IIPU PELICHUH 33Jja4ul MOJaBICHUS
IIyMa Ipd OJHOBPEMEHHOM COXPAaHEHUM CKOPOCTH HapacTaHUs IEPEXOJHOM Xa-
pakTepucTuku. TOYHOE penieHue Bompoca, Kakoil U3 (GUIBTPOB JIydllle, CBI3aHO C TEM,
KakuM 00pa3oM MbI M3MEpsieM JJIUTEIbHOCTh nepexooHo2o npoyecca. BEcnu cuutatsk,
YTO MEPEXOJHBINA MPOLIECC — ATO BPEMS HAapacTaHUs MEPEXOTHOU XapaKTepUCTUKHU OT ()
10 100% e€ ycTaHOBHBLIErOCSI 3HAYEHHUS], TO MPEUMYILECTBO OKA3bIBAETCSA HA CTOPOHE
OOBIYHOTO OJAHOPOAHOIrO (UIbTPA, KaK ObLIO MOKA3aHO BbllIe. Eciu IIMTENbHOCTD Te-
PEXOIHOT0 NPOLECca U3MEPATh HHTEPBAJIOM BPEMEHH, B TEUEHHE KOTOPOTO IEPEXOIHAS
xapaktepuctrka HapactaeT or 10 go 90% cBoell ycTaHOBHUBLIEHCS BEJIMYHMHBI, TO
bunbTp bidkMaHa HECOMHEHHO MPEBOCXOAUT OJAHOPOAHBIN GuiabTp. Tak 4TO Ccrop 1o
ATOMY BOIIPOCY HOCHUT UCKIIOYUTEIBHO TEOPETUUECKUM XapaKTep.

HauGoiee 3aMeTHBIM SIBIIIETCS pa3inuue B OOBEMAX GbIUUCIUMENbHBIX 3AMPAnN.
PexkypcuBHBIE OIHOPOIHBIE (QUIBTPHI, PeYb O KOTOPBIX MOHAET Jajee, MOryT C
JETKOCThIO OBITh peaan30BaHbl Ha OOBIYHOM IEPCOHATBHOM KOMIIBIOTEpPE. JTO caMble
HSKOHOMHBIE TIO0 BBIYMCIUTENBHBIM 3aTpaTaM (QWIbTPbL. 3aTpaThl Ha peau3aluio
(GUIBTPOB C MHOTOKPATHON 00pabOTKON HECKOJBKO OOJIbIlle, HO BCE KE HEBEIUKH. A
BOT (hunbTpsl ['aycca u biiskmana TpeOyroT oueHb 00MbIIOro 00bEMa BHIYMCICHHM, TaK
KaK OCHOBaHbI Ha OIepaluu CBEPTKHU.

OnHopoaHbIe peKypcuBHbIE (PUIILTPbI

OnpHopoaHble (QUIBTPHl MMEIOT OJHO Ba)XXHOE NPEUMYIIECTBO NEpPE] BCEMHU
OPYTUMU: JUISI HUX CYIIECTBYET CaMbl MPOCTOM aJITOPUTM peanu3alru, KaKOM TOJIBKO
MOHO MPUAYMAaTh. YTOOBI MOHATH ATOT aJITOPUTM, PACCMOTPHUM CIISTYIOIINI TpUMep.



[lycTp curHam x moCTymaeT Ha BXOJ OJHOPOJHOTO HEPEKYPCHUBHOTO
bunbTpa NATOTO MOpsaKa, Y — peakius 3Toro guiabtpa. Torma orcuérb yl10]

y[ll] BBIPAKAIOTCA COOTHOIICHUSAMU
X[8]+ x[9]+ x[10]+ x[11] + x[12

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

y[11] =

OTHU BBIPAKEHHUS BO MHOTOM IMOBTOPSIOT APYT JPYyTa, MOCKOJbKY OTCUETHI
9...12 nucnonb3yroTcs ISl BBIYUCICHUS U y[lO]’ u y[ll]. Ecnu y[10] YK€ HAWJIEH,

TO CyIIecTBYeT 6ojiee 3PEKTUBHBIN CITIOCOO BHIYUCIIUTH yi1].

X[8] X[13
5 5
ECHI/I H&I?I,Z[GHO 3HAYCHUC y[lo], TO y[ll] HpOIHG BCCTO BBIpaSI/ITB qepes

Hero. To ke camMoe OTHOCUTCS M K TOCJIEAYIOIIMM OTCUETaM BBIXOJHOU
ocaenoBaTeIbHOCTH. Eciim HalaeH OAMH OTCYET BBIXOJHOIO CHUTHAJIa KaXKIbIU
MOCJEAYIONIMN MOXKET ObITh HaliJIeH B pe3yjibTaTe OJHON OIepaldu CJIOKEHUS U
OJIHOM Omepaluy BEIYUTAHUS:

Kak BuauM, 3TOT aJITOPUTM HCHOJIB3YET JBAa UCTOUYHMKA JAHHBIX: OTCUETHI
BXOJIHOM TIOCJIIEAOBATEIBHOCTA W HAWJICHHBIE pPAaHEE OTCYETHI BBIXOJHOM
MOCJICIOBATEILHOCTH. AJITOPUTM, B KOTOPOM HalJEHHBbIE Ha MPEAIICCTBYIOIINX
UTEpalUsIX OTCUETHl BBIXOJHOMN MOCIEIOBATEILHOCTU TaKXKE HCIOJB3YIOTCS s
BBIYUCJICHUS  TMOCJEAYIOIUX OTCYETOB BBIXOAHOTO CHUTHAja, Ha3bIBACTCS
pexypcueubim. (OIHAKO OJHOPOAHBIE PEKYPCUBHBIE (PUIBTPHI CYIIECTBEHHO
OTJIMYAIOTCS OT OCTAJIBHBIX PEKYPCUBHBIX (PUiIbTpOB. B wacTHOCTH, umnyrvcHas
xapaxmepucmuka OTHOPOJIHBIX (GUIBTPOB UMEET BUJ MPSIMOYTOJILHOTO UMITYJIhCA,
T. €. 3TO @uabmpvl C KOHEUHOU UMNYIbCHOU Xapaxmepucmukou, wia KHUX-
Gunbmpsl, B TO BpeMs KaK peKypcusHvie @uibmpul 00pa3yroT kiacc bHX-
Gdunempos, a MX UMITYJIbCHAs XapaKTEpPUCTHKA UMEET OCCKOHECUHYIO JJIMHY U
MPECTaBIIACTCS HAOOPOM CUHYCOU/] M DKCIIOHEHT.

I11. TIOPAAOK BBITIOJIHEHU A
1. I3yuuTh OCHOBHBIE TEOPETUUECKHE CBEJICHUS O OTHOPOAHBIX (PUIBTpAX.
2. Peann3oBaTh HEPEKYPCUBHBIN (DUIBTP CKOJB3SIIETO CPEIHEro Mo 5-0T0,
10-oro u 50-oro nmopsaka B cucreme Matlab nim Octave.
4. TIpoBeputh paboTy (prsIbTpa HA TECTOBOM CHUTHAJIE.



5. Ouenutsb ObicTpoaeiicTBUE U 3DPEKTUBHOCTD (DUITBTPA.

6. Peanu3oBaTh MOIM(UIIMPOBAHHBIN BapHAHT OJHOPOAHOTO (PHUIIBTpA.
7. Peanu3oBaTh peKypCHBHBIN BapHaHT (QUIBTPA CKOJIB3SIIIETO CPETHETO.
8. CpaBHUTH pa3IMYHbIE BAPUAHTHI PeAIM3allii OJHOPOJIHBIX (PUIBTPOB.
9. CnenaTp BBIBOJIBI.

V. OOOPMJIEHUE OTUETA
OT4€T TOJKEH colepKaTh:
- aJITOPUTMBI M JINCTUHTH MPOTPaMM peaau3anuu (GUIbTPOB,
- TpadHKH, MTOYICHHBIC B PE3Y/IbTaTe YMCICHHOTO MOJICTUPOBAHKS PaOOTHI
CHUHTE3UPOBAHHBIX (PUILTPOB,;
- BBIBOJIBI 110 TIPOBEAEHHOM padoTe.

V. BUBJINOT PAOGUYECKNI CITMCOK

1. Cmur C. HudpoBas o00paborka curHanoB. IIpaktuyeckoe
PYKOBOJICTBO JIJII MH)KEHEPOB M HaydHbIX paOoTHUKOB / CtuBeH CMUT; mep. ¢
aur1. A.JO. Jlunosuua, C.B. Butazea, U.C, I'ycunckoro. — M.: Jlomdka-XXl,
2012. - 720 c.

2. Ymusamkud C.B. UcHoOBBI 1ndpoBoil 00paboTku curHaioB: YueOHOe
noco6ue / M.: TEXHOC®EPA, 2016. — 528 c.

3. Jlaitonc P. Lludposas oOpabotka curnanos. [lep. C anrin. — M.: OOO
«bunom-IIpecc», 2015. — 656 c.

4, OcHoBbl 1HdppoBoi 00padboTku curnanoB: Kypc nekiuii / ABTOpSI:
A.W. Cononuna, [{.A, Ynaxosuu, C.M. Apby3oB, E.b. ConosséBa, U.1. I'yk. —
Cn6.: BXB-ITerepOypr, 2003. — 608 c.

S. INamsukoBckuit B.U. [ludposas o6padoTka curnanos. — M.: COJIOH-
[TPECC, 2015. — 766 c.



[TpakTuueckoe 3ansitue No 7
PexkypcuBHbIe PUIALTPBI

|. IEJIb 1 3AJAYN
CuHTE3 1 HCCIIeIOBAaHNE OTHOIIOIOCHBIX PEKYPCUBHBIX (DUITBTPOB.

Il. TEOPETUYECKHWE CBEJIEHUA

Pexypcuenvie gunompul, B OTINYHE OT HEPEKYPCHBHBIX, HE HCIOJB3YIOT
ONepalui0  c8EpmKu  BPEMEHHBIX  IOCJIENOBATEIBHOCTEH,  TpeOyHONIyIo
3HAYUTEIBHBIX BBIYMCIMTENBHBIX 3aTpar. [[o3TOMy HMX NpPUMEHEHUE IOBBIIIAET
BBIUUCIIUTENbHYIO 3()PEKTUBHOCTD AITOPUTMOB (PUIBTPALIMU, HO IIPU ATOM MOTYT
BO3HHMKATh 3HAUUTEIbHBIE OrPAHMYEHUS 110 PEATbHO JOCTHKUMOW TOYHOCTH
BOCITPOU3BEJCHUS JKEITAEMbIX YaCTOTHBIX XapaKTEPUCTHK. PekypcuBHBIE (DUIBTPBI
OTHOCSITCS K KJaccy UENe ¢ OecKoHeuHOU UMNYIbCHOU XAPAKmMepucmuKou
(bUX). WmnynscHas xapakrtepuctuka bBUX-(uneTpoB cknaapiBaeTca U3
MHO’KECTBAa CHHYCOHUJ, aMIUIUTyJla KOTOPBIX YOBIBAET IO SKCIOHEHIHAIBLHOMY
3akoHy. dDopmMa HMMIYJIBCHON XapaKTEPUCTHUKU SBISETCS OCHOBHBIM OTIMYUEM
PEKYpCUBHBIX (UIBTPOB OT (GUIBTPOB, IMOCTPOEHHBIX Ha OCHOBE CBEPTKH,
KOTOpbIE 00pa3yloT, B CBOIO OYEpENb, KIACC LENeHl C KOHeuHOU UMNYIbCHOU
xapaxmepucmukou (KUX).

[Ipeanonoxxum, BaM  HEOOXOJUMO  BBIACIUTH  MH(OPMAIIMOHHYIO
COCTABJISIFOLLYIO, COAEPKALLYIOCS B CUTHAJIE X.

CaMbIM OYEBUIHBIM HMCTOYHUKOM [AHHBIX SBJISIOTCS OTCYETHl BXOJHOMU
nocieaoBatenbHocTu: X[n], X[n—1], X[n—2],... IMeHHO Tak U TPOUCXOIUT MpHU

pacdere OJTHOPOIHBIX (GUIBTPOB, HO MOKHO ITOJIH30BATHCS U JIPYTUM HCTOYHUKOM
JTAHHBIX — IPEIBIAYITUMUA oTcuéraMu BBIXOTHOTO CUTHaJA:
y[n—1], y[n—2], y[n—3],... B pe3ynbrate yuéra HONOIHUTEIHLHON HMH(pOpMAIIIU
IITOPUTM MPHOOPETAET HOBBIA BHI:

y[n]=ayx[n]+a;x[n—1]+a,x[n—2] +...+ b, y[n 1]+ b, y[n— 2] + by y[n - 3] +...

B oOmem cnyuae pekypcuBHble (GUIBTPHI BO BPEMEHHOW 00JacTH
OTHMCHIBAIOTCS JIMHEHHBIMUA PA3HOCTHBIMH YPaBHEHUSIMH BUIA:

yin] =§bix[n—i]—§ak yIn—k]

rae X[n] — orcyersl BXxoaHOro Bo3nercTBus; Y[N] — orcuersl peakiuu; {b;,
ax} — BEIIECTBEHHBIE KO3(PPHUIIMECHTHI, ITOJIHOCTBIO Ompeeistonue cporictea L[D;
M u N — KOHCTaHTBI, 3aaroMue CI0KHOCTE (mopsaok) LId; x[n —i] u y[n —K] —



OTCYEThI BO3JICHUCTBUS W peakluu, 3aJepkaHHbie Ha | W K mepuoaoB
JUCKpeTU3aluu 1 COOTBETCTBEHHO.

Tenmepp  3HaueHWE  KaXIOrO  OYEPEAHOTO  OTCUETAa  BBIXOJHOM
MOCJEAOBATEILHOCTH BBIYUCISCTCS NYTEM YMHOXKEHUSA OTCYETOB BXOJHOTO
CHUTHajga Ha KOX(PQUIMEHTHl a; M YMHOXKEHHUS TOJYYEHHBIX Ha MPeIbIIyIIuX
UTEpaIHsIX OTCUYETOB BBIXOJHOTO CUTHAjdAa Ha Kod(hduiueHTs b; ¢ mociexyrommm
CYMMHUPOBAHHEM BCEX MPOU3BENCHUH. 3aMeThTe, YTO KOAPPHUIIMEHT Dy HE BXOIUT
B BBIPQXEHHUE, TaK KAK COOTBETCTBYET TEKYIIEMY OTCUETY BBIXOJHOI'O CUTHAJIA.
Takue GUIBTPBI HA3BIBAIOT PEKYpPCUBHBIMH (pruibTpaMu. KoaddummeHnts! ai u b
SBJIIOTCSL €r0 BeCOBBIMHU Kod(hduumentamu. [lopsanok pekypCUBHBIX (UIBTPOB,
KaK MpaBUjIO, HE MpeBbIaeT 12, 4To CBsI3aHO € MPOOJIEMON yCTOMYMBOCTH (HA
BbIXOJIe (UIbTpa MOTYT BO3HHKHYTh HEKOHTPOJUPYEMbIH POCT CHUTHAJA WJIU
CBOOOJIHBIC KOJICOAHNS ).

['maBHOE JAOCTOMHCTBO PEKYPCUBHBIX (DUIBTPOB 3aKIIOYAETCS B TOM, YTO
Opy HMX pealn3auuu ynaérca H30ekaTh HCIOIb30BaHUSA ONEpaluy CBEPTKH,
TpeOyrome OOJIbIIOro KOJIMYecTBa apu(pMETHUECKUX omnepauuid. Jns mpumepa
NOJaMM Ha BXOJ PEKypCUBHOIO (WIbTpa JAUCKPETHYIO JenbTa-(hyHKLHUIO
(emuHUYHBIN uMIynbc). Peaknuell Ha Takoe BO3JAeHCTBUE OylneT HMITYJIbCHAs
XapaKTEepUCTHKa (PUIbTpa, KOTOpas MPEICTaBIACT COO0OM CHUHYCOUJAIbHbIC
KojeOaHusi ¢ yOBbIBaWOIIEH IO SKCHOHEHIMAIBHOMY 3aKOHY aMIUIUTYAOM.
[TockonbKy Takass HUMITYJIbCHAsI XapaKTEpUCTUKAa OECKOHEYHa 110 BPEMEHH,
pPEKYpCUBHBIE (UIBTPHI HA3bIBAIOT (UIBTPAMU C OECKOHEYHOM HWMITYJIbCHOU
xapaktepuctukoil (BUX). B nelcTBUTENBHOCTH MPOUCXOIUT CBEPTKA BXOIHOTO
CUTHAJIa ¢ OCCKOHEYHOW HMITYJIHCHOM XapaKTePUCTUKOW MPU KOHEYHOM 4YHUCIIE
BECOBBIX KOY(PPUITUEHTOB.

B3auMocBs3p MEXIy UMMIYJIbCHOW XapaKTepUCTHUKOW (QuibTpa U €ro
BECOBBIMU KO3(pUIIMEHTaMU ompeaensercs npu nomoiu Z-npeoOpazoBanus. Z-
npeoOpa3oBaHUe HMCHOJb3YETCA JJIS PEIICHMs CIEAYIOIMX 3a7ad: ONpeleseHue
YaCTOTHOM XapakTEPUCTHUKKA MO BECOBBIM KOA(DUIIMEHTaM PEKypCUBHOIO
¢unbTpa, 00BEAMHEHNE MOCIIEOBATENbHBIX U MapalieIbHbIX 3BEHbEB B €IMHBIN
GuIbTp, NPOEKTUPOBAHUE PEKYPCUBHBIX CHCTEM, TOBTOPSAIOIIUX IO CBOUM
CBOMCTBaM aHajoroBbie (GUILTPBL, U T. A. K coxanenuto, Z-mpeoOpa3zoBaHue
TpeOyeT cHeluaJbHbIX 3HAHUM M3 00JacTH BBICHIEH MaTEMaTHUKU M OKa3bIBaCTCS
JUISL MHOTHX CIIMIIKOM CJIOXHBIM. JlaHHOe mnpeoOpa3oBaHue CO3[aHO IS
cnenuanuctoB B obsactu [OC u nudpoBbIX cUCTEM.

OIHONOIICHBINA PEKYPCUBHBIN QUILTP
[Ipumep onuomomtocHoro HYU-punpTpa mnokazan Ha puc. 2. ITOT
PEKYPCHUBHBIN (PHIIBTP UMEET BCETrO JBa BECOBBIX KO3 uImeHTa, MpuHUMAFOIIHX



3HaueHus ap = 0,15 u by = 0,85. [loganum cTynenyaToe BXogHOE Bo3aeiicTBre. Kak
W CJIEIOBAJIO OXHJaTh, BhIXoAHas peakuus HYUY-puibTpa mimaBHO HapacTaer 10
HEKOTOPOTO YCTAaHOBUBIIIETOCS 3HAYCHUS.
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Puc. 2. Ognonomocubiit HU-bunsTp.

JIOCTOMHCTBO PEKypCHBHOTO METOJIa COCTOMUT B TOM, YTO, MEHSS BCETO
HECKOJIBKO TapaMeTpoB, MOXKHO CO3/aBaTh Camble pa3HbIe HMITYJIbCHbBIC
XapakTepucTuku. DuiabTp, XapaKTepUCTUKH KOTOPOTO NPUBEAEHBI Ha puc. 3,
uMmeeT Tpu kodddunmenta: ap = 0,93, a; =-0,93 u b; = 0,86.

Pazymeercs, Takue ¢QuiIbTpel BaM OYEHb XOTEJIOCh Obl MMETh B Habope
noctynHblx uHcTpyMeHTOoB LOC. MX MOXHO HCHONb30BaTh MpH 00paboOTKe
muGpPOBBIX CHUTHAJIOB Tak ke, Kak RC-memu WCHoNmB3ylOTCsS B aHaJIOTOBOU
oOpaboTke. Pelraemble 3agaun: yCTpaHEHHE TIOCTOSSHHOW COCTaBIISIONICH,
M0JIaBJICHHE BHICOKOYACTOTHOTO IIyMa, (hopMupoBaHUE Orubaromie, CriaKnuBaHnue
U T.1.
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Puc. 3. Ognonontocueiit BU-hunpstp.

Jns Takux (QUIABTPOB JIETKO HAIMUCAaTh NPOrpaMMy, OHU HE TPeOyroT
60JIBHII/IX BBIYUCIIUTCIBHBIX 3aTpaT U B IIPOLCCCC UCITIOJAb30BaHUA ITPAKTUYICCKU HC
MPETNOTHOCAT HEMPUATHBIX CIOPIPU30B. J[ns pacuéra BecoBBIX KOI(P(HHUIIMEHTOB
[IPUMEHSIFOTCS CIIEAYIOIINE IIPOCTBIE YPAaBHEHUS:

ap — 1- X,



b; =x. (2)
OpnonontocHbiit HY-dunetp. @opma UMIYIECHON XapaKTEPUCTUKH
onpenensercs napamerpom x = 0..1.

ap = (1 +x)/2,
a1= —(1 +Xx) /2, ©)
b1= X.

XapakTepucTUKu TakuxX (UiabTpoB ompenensiorcs mapamerpom x =0...1.
@U3NYeCKnii CMBICI ITapaMeTpa X — OTHOCHUTENIBHOE 3aTyXaHWE Ha HHTEpBAJIEC
MeXIy coceaHuMu oTcuéramu. Hampumep, y ¢unbtpa Ha puc. 19.3 x =0,86,
BCJICJICTBUE YEro KAXK/JbIM 0YEPETHON OTCUET UMITYJIbCHOM XapaKTEPUCTUKH PABEH
npeapaymeMy, yMHokeHHOMy Ha 0,86. Uem Oosblle X, TEM MEIJIEHHEE CIa/l.
Ecnu x Oombiie eAMHUIBI, PUIBTP OKAa3bIBAETCS HEYCTOMYMBBIM. B 3TOM citydae
NOSIBJIGHHE JI0OOr0 HEHYJIEBOrO OTcuéTa Ha BXOAEe (uiIbTpa NpPUBENET K
NEPETIONHEHNUIO (IOSIBJICHUIO CIMILKOM OOJBIINX 3HAYEHUI) HA BBIXOJIE.

[TapameTrp X MOXET OBITh 3aJjaH HEMOCPEICTBEHHBIM 00pa3oM, a TaKxkKe
MOJKET OBITh BBIpQKEH uepe3 TMOCTOSIHHYI0 BpeMeHu ¢umibTpa. Bemnumna R-C
UMEET Pa3MEpHOCTh BpeMEHH, W B mpocteimux RC-memsx oHa COOTBETCTBYET
WHTEpBAIy BPEMEHHU, 4YEpe3 KOTOPBIM OTKJIOHEHHWE AaMIUIMTYIbl BBIXOJHOTO
CUTHAJIa OT YCTAaHOBMBUIETOCS 3HAYEHHUs COKpAIIAeTCsl B XOJ€ MEPEeXOIHOTrO
npoiecca a0 36,8% ot mepBoHaudanbHOM BeauunmHbl. Ecam d — mocTosHHas
BPEMEHH, U3MEpPSIEMasi YUCIOM OTCUETOB JIUCKPETHOIO CHTHAja, TO UMEET MECTO
CJIEIYIOLIEE PABEHCTBO:

x =g 1/ (19.4)

OtHocuTtenbHOMY 3aTyxaHuio X = 0,86 COOTBETCTBYET MOCTOSIHHASI BPEMEHU
d = 6.63 auckpetHbix orcuéroB (puc. 19.3). Kpome Toro, Mexay X W 4acTOTOU
cpesa, onpeaensieMoi Ha ypoBHE — 3 1b, CyIIECTBYET B3aUMOCBS3b:

X = e 2™ (19.5)

W3 cka3aHHOTO CeayeT, uTo KOA(PGHUIIUEHTHI ai U Dj MOTyT OBITh BBIPA)KEHBI
yepe3 CAEAYIIIHe TpU IapaMerpa: IMOCTOSHHYIO BPEMEHHM, 4YacTOTy Cpe3a U
HEIOCPEICTBEHHO Y€PE3 OTHOCUTENBHOE 3aTyXaHHE X.

[Tpumep pabOThI peKYpPCUBHBIX OJTHOTIONIOCHBIX (DUIBTPOB WILTIOCTPUPYETCS
Ha puc. 4. BxomHoil curHan (a) mpeacTaBisieT cO0OM TIaAKyr0 KPUBYIO, Ha
KOTOPYIO Ha MPOTSHKEHUH KOPOTKOTO MHTEpBajia BpEMEHHU HaKJIaJAbIBAETCS BCILIECK
6osiee Bricokoi yacToThl. C momompio HU- u BU-GunbtpoB MOXKHO pa3ienuThb



KOMIIOHEHTbl BXOJHOro curHaima (0), HO BCE € KadecTBO (PUIbTpaluu
OKa3bIBa€TCsl HU3KUM, KaK U IPU UCIOJb30BaHUHU aHAJIOTOBbIX RC-1enei.
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Puc. 4. [Ipumep paboThl OJHOMOMIOCHBIX PEKYPCUBHBIX (DHIIHTPOB.

Ha puc. 5 nokazansl AUX 0AHONOMIOCHBIX PEKYPCUBHBIX (QUIBTPOB. UTOOBI
MOJIYYUTh YACTOTHYIO XapaKTEPUCTUKY PEKYPCUBHOIO (UIIBTPA, CHAYaJIa HAXOJAT
€ro MMIIYJIbCHYIO XapAaKTEPUCTUKY KAaK PEAKUHUI0 Ha EIWHUYHOE HMIYJIbCHOE
Bo3nelicTBue. 3areM mpuMeHsoT bBII®, 4Yrtobsl mepedTH OT HUMIYJIbCHOMN
XapaKTEPUCTUKU K YaCTOTHOU. TeopeTUUeCKH UMITYJIbCHASL XapaKTEPUCTUKA UMEET
OECKOHEYHYIO0 JUIMHY, HO B pEAJbHOCTH uepe3 wuHTepBai, B 15..20 pa3
MPEBBIIAIOIMINN TOCTOSIHHYI0 BpPEMEHHM, OHA 3aTyXaeT HWKE YpPOBHS IIYMOB
okpyriaeHus. Hanmpumep, mis d = 6.63 oTcuéra B UMIYJILCHON XapaKTEPUCTHKE
3HAYAIMMU OCTAIOTCS TOJBKO OKOJIO 128 OTCUETOB.

Ha puc. 5 xopomo 3amerHa BakHas OCOOCHHOCTb OJHOIIOJIOCHBIX
PEKYPCUBHBIX (UIIBTPOB, 3aKIIOUYAOIIASICS B CIAOBIX BO3MOXKHOCTSX pa3/iesieHus
YaCTOTHBIX JUANA30HOB. ITU (UIBTPHI OTIMYHO MPOSBIAIOT ce0si Ipu 00paboTKe
CUTHAJIOB BO BPEMEHHOW OOJIACTH, HO OKAa3bIBAIOTCS HEIOCTATOYHO MOIIHBIMH B
3aJadyax  4yacTOTHOM  cenekuuu.  HekoToporo — yaydmieHWss  4aCTOTHBIX
XapaKTepUCTUK  IIO3BOJIAET  JIOCTUYh  HCIIOJb30BAaHUE  IOCIENOBATEIBLHOTO
(KacKaJIHOTO) COEAMHEHUSI HECKOJIbKUX OJHOMOJIOCHBIX (QUIBTPOB. 37€Ch
BO3MOXKHBI J1Ba crioco0a. Bo-mepBhix, CUTHAI MOXKHO NMPOIMYCKaTh 4epe3 OJUH U
TOT ke (UIBTP HECKOJIbKO pa3. Bo-BTOphIX, BOCHOIB30BAaBIIUCH Z-
npeoOpa3oBaHWEM, MOXKHO HaWTH BeCOBble  KOd(DPHUIMEHTH  1TU(POBOTO
PEKYPCUBHOTO bunbTpa, SKBHUBAJICHTHOT'O o CBOUM CBOMCTBaM
MOCJIEIOBATEILHOMY COEIMHEHHIO HECKOJIbKMX 3BeHbeB. O0a MeToaa XOopollo
paboTaloT ¥ HaxoAAT MIHUpoKoe mpumeHenwe. Ha puc. 5B mokazansl AUX 4-
KackagHbIX peKkypcuBHbIX HU-QuinbTpoB. X0Ts 3aTyxaHue B 30HE MOJABICHUS PU
nepexojie K KackaJaHoW ¢opMe TOCTPOCHHUS 3HAYUTENIbHO YBEITUYMBACTCH,
IIEpEXOIHAsT 30HA IIO-TIPEKHEMY OCTaBJISET JKelarb Jydmero. Eciom Bam



HEOOXOJMMO TMOBBICUTH KayeCTBO B YAaCTOTHOM 0O0JacTH, OPUEHTHPYHUTECHh Ha
UCIOJIb30BaHue puiIbTpoB YeOriiena.
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Puc. 5. AUX 01HONOJIFOCHBIX (PUITBTPOB.

Mpuorokackagueii HU-punbtp comoctaBum ¢ ¢unsTpamu bidkmana u
["aycca, sBasrommmucs MoaudukanusimMu oaHopoaubix KUX-dunerpos, HO mpu
ATOM OH TpeOyeT CYIIECTBEHHO MEHBIIUX BBIYUCIUTEIBHBIX 3aTpaT. s pacuéra
4-KacKaJgHOTO HY-punetpa  MOXHO BOCTIOJIb30BaThCS CIEAYIOINMU

YpPaBHEHUSIMU:
ap — (1-X)4,
b1 = 4X,
by = -6x2, (6)
b3 = 4X3,
b4 = -X4.

CpaBHUM OAHOPOAHBIM GUIBTP C YycpeaHeHHMEM 1o 9 orcuéram u
OJIHOTIOJIFOCHBIA  PEKYpPCUBHBIA (DUIIBTP, MOCTPOEHHBIM IO JIBYHAIIPaBJIECHHOM
TEXHOJIOTUU. JIns TOoNydeHus CONMOCTaBUMOM YaCTOTHOW XapaKTEPUCTHKU
kod(pdunreHT oaHonoaocHoro punbrpa x = 0,7. AUX GunbTpoB npeacTaBiieHbI
Ha puc. 6. HacTOTHBIE XapaKTEPUCTUKU HE OTJIMYAIOTCS BBICOKUM Ka4u€CTBOM, YTO
BIIOJIHE €CTECTBEHHO AJIs1 GUIBTPOB, pabOTAIOIINX BO BPEMEHHOM 00JI1aCTH.
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Puc. 6. AUX 0THOPOAHOTO U OJTHOIIOJIIOCHOTO PEKYPCUBHOTO (PUIBTPOB.

[lepexoqHpie  XapaKTEpPUCTHKU (QUIBTPOB M300pa)k€Hbl Ha puc. /.
[Tepexoanblii mpoliecc 0JTHOPOAHOTO (UIIbTPa (2) UMEET BUJT OTPE3KA MPSAMOM, UTO
COOTBETCTBYET HamOoJiee OBICTPOMY IEPEXOAYy C OJHOrO YPOBHS Ha JpYyromu.
[lepexomnasi XapakTepucTHKa peKypcuBHOro ¢uibTpa (0) HMeEeT TIiIaaKui
NEPEXOIHBIN MPOIIECC, YTO B HEKOTOPBIX CIydasX 00eCHeurBaeT MPEeUMYLIECTBO.
Takum 00pa3oM, NPEUMYIIECTBOM OJHOPOAHOTO (UIbTpa SBIAETCS OoJiee
KOPOTKHUI MEpPEXOJIHbII MPOIECC; MPEUMYIIECTBOM OJHOMOIIOCHOTO (UIbTpa —
CIUIQKEHHBIM MEPEXOIHBIN MPOLIECC.
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Puc. 7. Ilepexo/iHble XapaKTEpUCTUKHU OJHOPOAHOTO (PUIIbTpa U
JBYHAIIPaBJICHHOTO OJTHOTOJIIOCHOTO (PUIIBTpA.

OWIBTPH MAJIO OTIMYAIOTCS O KaueCTBY paOOThI, TO3TOMY BBIOOpP YacTO
3aBHCHUT TOJBKO OT TMPEANOUYTeHWH paszpaborumka. TemM He MeHee HEKOTOpoe
NPEUMYIIECTBO OOHAPYKUBACTCS TPU aHAIHM3E ABYX XapPaKTEPUCTUK — BPEMEHU
pa3paboTku ¢GuabTpa M BpPEMEHH OO0pabOTKHM OTCUYETOB BXOJHOIO cuUrHaia. B



NEPBOM cllydyae TpeOyeTcsi COKpaTHTh BpeMs pa3paboTku ¢uibTpa, mpeHedperas
YBEJIIMYEHUEM BBIYMCIUTENBHBIX 3aTpaT. Hanpumep, HE00X0IMMO BCETO OAMH pa3
BOCIIOJIb30BaThCSl (PUIBTPOM, HOPSAIOK KOTOPOTO PAaBEH HECKOJIBKHUM ThICSYAM.
[Tockonpky Bcsi mporpamma (DUIBTPALMK BBINOJHSETCA BCErO 3a HECKOJBKO
CEKyH]I, OECCMBICJICHHO TPaTUTh BPEMs Ha ONTUMHU3AIMIO alroputMma. SICHO, 4TO
IpEINOYTEHUE CIIEeIyeT OTAATh BBIUMCICHUAM B (popmare C IUIaBaromield TOUKOM.
Octaércs BBIOpaTh U3 JBYX BApUAHTOB: JINOO OJHOPOIHBIN (QUIBTP, peamu3yeMbli
Ha ©Oa3e CBEPTKH, MO0 OJHOIONIOCHBIM PEKypPCUBHBIM (QmibTp. 31ech
IPEIINOYTUTENbHEE PEKYPCUBHBIN (QUIBTP, T.K. €ro MpoLIe MNpOrpaMMHUpPOBaTh U
HACTpPauBaTh, a €T0 BHIYMCIUTEIBHBIE 3aTPAaThl HAMHOTO MEHBbIIIE.

Bo Bropom ciydae Bc€ HA0O00pOT: HEOOXOIUMO MHHUMH3UPOBATH
BBIUMCIIMTENFHBIC 3aTPaThl, a BPEMEHH Ha pa3palboTKy aoctaroyHo. Hampumep,
GUIBTp MOKET BXOJUTH B COCTaB CEPUHHO BBITYCKAEMOTO H3JAENUs, T1e OyIeT
MCIIOJIb30BaH MUJUTHOHBI pa3. JJist yckopeHust 00paboTKH, BEPOSITHO, HY>KHO OyeT
UCIION30BaTh Ieble uucia. BeiOOp 37€ch MPOM3BOIUTCS MEXKAY OJTHOPOIHBIM
(GUIBTPOM Ha OCHOBE PEKYPCHUBHOTO aJTOPUTMAa M OJHOIOJIOCHBIM PEKYPCUBHBIM
(GuUIbTPOM, UCHOIB3YIOIMIMM CIPABOYHYIO TaONuUIly (TaOJIMIly COOTBETCTBUS) WM
LeJNoYHCIeHHY0 MaTeMaTtuky. [lobenuTeneM oka3bIBaeTCsl OJHOPOJIHBIN (QUIBTP.
On pabortaer ObicTpee M HE CO37aET MPOOJEM, CBSI3aHHBIX C IEJIOYUCICHHOMN
MaTE€MaTUKOW, Ha CTAAUSIX pacyéTa U 00pabOTKH.

[11. TIOPAIOK BBITIOJIHEHU A
1. I3y4nTh OCHOBHBIE TEOPETUYECKUE CBEJICHUS O PEKYPCUBHBIX (QUIBTPAX.
2. Paccunrars mapamerpsl HY, BU 1 moigocHBIX peKypCUBHBIX (GUIBTPOB MO
3aIaHHBIM IPETNO0/IaBATEIEM UCXOAHBIM IAHHBIM.
3. Peanmu3zoBath cooTBeTCTBYIOIIKE (GUIbTPhI B cucteme Matlab miu Octave.
4. TIpoBecTy YMCIEHHOE MOJICIUPOBAHUE PA0OTHI (PUIBLTPOB.
5. Ouenuts ObicTpoelicTBre QrIbTpoB. CaenaTh BHIBOIBI.

IV. OOOPMJIEHUE OTUETA
OTuéT NOMIKEH COJIePKATh:
- QJITCOPUTMBI M JINCTHHTH MPOTPaMM peaan3anuu GUiIbTPOB,;
- Tpad¥Ky, MOTYYCHHBIC B PE3YIbTaTe YUCICHHOTO MOJICTUPOBAHUS PAOOTHI
CUHTE3UPOBAHHBIX (DUIIBTPOB;
- BBIBOJIBI 110 TIPOBEAEHHOM paboTe.

V. BUBJIMOT' PAOGUYECKWI CITUCOK
1. Cvmur C. HudpoBas o0pabotka curHaioB. IlpakTuueckoe
PYKOBOJCTBO JIJIsl MHXEHEPOB M HaydHbIX paboTHUKOB / CtuBeH CMHUT; mep. C
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[IpakTnueckoe 3austue Ne 8
CUHTE3 [IU®POBOI'O KOPPEKTUPYIOIIEI'O YCTPOMCTBA

|. OEJIb 1 3ATAYUN
1. Cunte3 Z-mepenaTodyHod (YHKIMHA KOPPEKTHUPYIOIMIETO YCTPOWCTBA C
nomoinkko makera Matlab.
2. [IporpammupoBanue Z-nepeaaToqHon GyHKITUH.
3. I[lonyyeHue OCHOBHBIX XapaKTepUCTUK cKoppekTupoBaHHoro LIDCII.

Il. TEOPETUYECKUWE CBEJIEHUA

Knaccuueckuil crocoboM cHHTE3a SIBISETCS CHHTE3 METO/I0OM
YaCTOTHBIX XapakTepucTuk. OQHAKO B CUCTEMAX C LU(PPOBBIM BBIYUCIUTEIIEM
HEIMOCPEICTBEHHO UCIIONb30BaTh 3TOT IPOCTON MeToA He ynaerca. OIUH U3 myTeil
pelmieHuss 3TOW MpoOJieMbl — UCHOJIb30BaHWE Z-TIpeoOpa3oBaHusl, Jayee
BBINIOJIHEHHE OWJIMHEWHOTIO NpeoOpa3oBaHUs M MEpPeXoi K ICEBI0YACTOTHBIM
XapaKTepUCTUKaM, IOCJE Yero IMOoJIyueHUE MepeAaTouyHoll (QyHKuuu QuibTtpa U
oOpaTHbIl mnepexon K Z-mepeaaTodyHbiM (QYHKIUSAM. be3ycinoBHO, 3TOT MyTb
SBJIIETCSI MPAaBWIBHBIM, HO, B TO € BpeMs, JOCTATOYHO TpynoeMkum. OmHaxo,
€CJIM NPUHATh HEKOTOPBIE JOIYLIECHUS, TO MOKHO 3HAYMUTENIBHO YIPOCTUTH 3Ty
HPOLECAYPY.

Ha pucynke 1. mpencraBneHa CTpyKTypHas CXeMa IIpUBoAa C
UCIIOJIb30BaHUEM aHasioroBoro ¢uibTtpa. llepenarounyro ¢yHkuuio Quibtpa
MOJIYYUM, UCTIOJNB3YsI UCXOJIHYIO U kellaemyro JIAUX pa3oMKHYTOW CUCTEMBI.

1

AHanoroBbln hunetp | Buratens
1
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Pucynox 1. YnpoiieHnast MoJieinb MpUBOJA C AHAIOTOBBIM (DUITETPOM.

Ucxognas JIAYX — »sto JIAUX ngBurarens, KOTOPBIM MpelCcTaBICH
anepuoJNYEeCKUM 3BEHOM U uHTerparopoMm. Ha pucynke 2 npencrasiena JIAUX
UCXOJIHOM (CrulonIHasi) W KejaaemMoul (IITPUXOBAasl) CUCTEMbI, a TaKXKe MOKa3aHbl
4acTOThI BCEX U3JIOMOB (1, M1 ...). [lepenatounas pyHkuus GuabTpa nomydaercs
nmyTeM BbluMTaHus ucxonHou JIAUX u3 xxemaemMoin.

[Tocne Toro kak mojyuyeHa nepenaTtouHas GyHKUus QUIbTpa, MPOU3BOIAUM
Z-nipeoOpazoBanue U noinyduM Z-¢pyuknuio Guibtpa. OgHAKO HAIO0 TOMHHUTH 00
OJTHOM OTPAHMYEHHUU: TAaKT KBAHTOBAHHS B CHCTEME JOJDKEH ObITh XOTS Obl B 2



pa3a MEHbIIE CaMOill MaJIEHbKOW IMOCTOSIHHOW BpeMeHu cuctembl. Ha pucynke 3
IIPEJICTaBICHA SKBUBAJICHTHAS CXEMa CUCTEMBI, HO YK€ C IU(PPOBBIM (PUIBTPOM.
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Pucynok 2. JIAYX ncxoaHou (CruiomHas) v keaaeMoi (IITpruxoBast)
CUCTEMBI.
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Pucynok 3. YnporieHHas MoJienb MpuBojia ¢ U(PpoBbIM (PUIBTPOM.

Jlanee  HeoOxXomuMo  3amporpamMmupoBath  Z-QyHKIUIO  (UIBTpA.
CymiecTByeT HECKOJIBKO CIOCOOOB BBIOOpA TMEPEMEHHBIX COCTOSIHHS; Oyaem
UCITIOJI30BATh psiMoe, napayiyieIbHOE WIH MOCJIEIOBATEILHOE
IpOrpaMMHPOBAHHE.

B pesynbrare monydaeM CTPYKTYpPHYIO CXeMy, BBOIUM TI€pEMEHHBIC
COCTOSIHHMSI W 3alHChbIBaéM B BHUJAEC CHCTEMBl Pa3HOCTHBIX YypaBHeHH. [lamee
HEOOXOMMO BBINKCATh TJIABHYIO MaTpuily A, maTpuily-ctonben B, matpuiry-
ctpoky C u matpuiry D. [lomydeHHbIe MaTpHUITBI BBOASITCS B IporpamMmy SCOPe.exe
(cMOTpH pHUCYHOK 4).
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Pucynox 4. OxHo BBOAa K03 duilMeHTa nepeiadu u MaTpuil PuiibTpa.

IIpuGops! n 060opynoBanmne
» [lepcoHayIbHBINM KOMIIBIOTEP C yCTaHOBIEHHOH crctemoir Matlab;
= [Ipunoxenue Scope.exe;
* [udpoBoil cieasaumuii IpUBO/I.

III. TTIOPAJIOK BBIIIOJIHEHI A.
» JlepenatouHast QyHKIHS JBUTATEIS UMCCT BHI:
7.14
(19.2-10°s +1)s

[To pucynky 2 HeoOXOAMMO OMPENEIUTh BEIUYUHY Kod(hduimeHTa

WAA(s) =

nepeaayur mo KOHTypy. A 3ateM noiayuuTsh koddduiment nepenaun ¢puibtpa K.
» Jlocme »atoro otkpeiBaeM wmojaenb Simulink u  BBoaMM  mMOJSyYCHHBIH
koa(pduienT nepenaun (cMoTpu pUCYHOK 5). CoxpaHseMm MepexOIHbIi

it

Stap2 K= e IntegZ2

mpoueccC B OTUCT.

z L]
¥ronz

Pucynoxk 5. Ynopouennas moznens ¢ [I-perymsaropom.

* HeoOxoauMO TMOMYYUTh TEpPeAaTodHyr0 GYHKIHUIO (UIBTpPA BBIYMTAHUEM
ucxoanot JIAUX u3 xemaemoil (cMoTpu pucyHOK 2). B pesynbpTare nomkHa
TIOJIYYHTCS TIepelaTouHast PYHKIUS BUJA:

(T2s+1)(T3s+1)

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

(1)




* Beectu mnosydeHHBIH aHamoroBbli ¢GwibkTp B Momenb Simulink  (cmotpu
pucyHok 6). CoXpaHUTh EPEXOIHBINA MPOIIECC B OTYET.

T2.5+1 T2.5+1
s -
T1.z+1 Tzt

Step %4 Transfer Fen Transfer Fen2 H,ﬂ, Inteq
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-
L
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Pucynox 6. Mojenb ¢ aHalOroBbIM (QUIIBTPOM.

» B komanmHoii cTtpoke Matlab cosmate mnepemeHHyro S — omepaTop
muddepentmpoBanus. st 7Toro He0OXOAUMO BOCIIONB30BaThCs (pyHKIMen tf
(transfer function - mepenarounas ¢pynkius): s= tf(‘s’)

» Jlanee BBOaUM mepenaTodHyro (yHkiuio B Buge: Ws= (T2*s+1)*(T1*s+1)/(
(T3*s+1)* (T4*s+1))

» trne T1, T2 ... T4 — xoHkpeTHbIe yncia u3 popmyisi (1).

» Jlasee npousBoauM Z-npeoOpaszoBanue ¢ momoinbio Gynkimu c2d (continues
to discrete): Wz= c2d(Ws, T)

rae Ws — BBefieHHas paHee nepeMeHHas; T — TakT KBaHTOBaHUS, C.
[l COBMECTUMOCTH CO CTEHAOM ITpuMeM T= 5 mc.

* Bpomum mnomydeHHBIH 1udpoBoir ¢GwikTp B Moaens Simulink  (cmotpu
pucyHok 7). CoxpaHsieM Mepexo/IHbIi POoIecC B OTYET.
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Pucynok 7. Mogaens ¢ iudpoBeIM PUIBTPOM.

* [locne Toro kak mojgyudeHa BepHas Z-miepeaaroyHas (yHKLHS, HEOOXOAUMO
3aMmporpaMMHUpOBaTh €€ OJHMM W3 YKa3aHHBIX IpernojaBaTeieM CrnocoOoB
(mpsiMoe, MapajyieIbHOE WM  TOCJIEN0BaTeIbHOE  MPOTPaMMHUPOBAHUE).
3anucath B OTYET MOITYYCHHYIO CTPYKTYPHYIO CXEMY.

* 3amucaTh CUCTEMY Pa3HOCTHBIX YpaBHEHHH M BBIMKCATh IJIaBHYIO MaTpHIly A,
Matpuiry-cronoen B, marpuiry-crpoxy C u matpuiry D.

= Bxmounts TymOnep +27 B Ha mnaHenu Onoka «YcwidTenab, T€HEPATop,
JIEMOYJISATOP.

= Bei3BaTth 0kHO «HacTpoliku», BbIOpaTh 3akiaaky « CUrHam» U yCTaHOBUTH TaKT
KBaHTOBaHUA 5 Mc, ammuutyny curtana 50 mpag u 120 mpan. Ha 3akmanke
«Perynsatop» BbIOparTh THN perymsatopa «lludpoBoit QuiIbTp», YCTaHOBHUTH



noJTydyeHHbIN K03(. nmepenaun u BBectu MaTpulibl A, B, C u D. 3aduxcupoBath
WU3MEHEHMS U 3allyCTUTh YIIPaBICHUE. 3AHECTH PE3yJbTaThl B OTYET.

BezBate okHO «HacTtpoiiku», BbiOpaTh 3akianky «CHUrHam» M yCTaHOBUTH
aMIUIATYy 1y CUTHaja
50 mpan u 120 mpan. Ha 3aknanke «Perynstop» BeiOpath Tun peryistopa «l1-
perynarop». 3apuKCUpPOBATh U3MEHEHHUS M 3alyCTHTh yNpaBieHHE. 3aHECTU
pE3yNbTAThl B OTYET.

BeikmiounTh JBUTaTeNb. 3aKpbITh HporpamMmy. BBIKIIIOUNTH OJIOK MUTaHUS
IPUBOJA.

IV. COAEPXXAHUE OTYETA
HasBanue u Homep paboThI, 11€J1b pabOTHI;
JIAYX ncxX0mHOM U CKOPPEKTUPOBAHHOM cUCTEMBI, a Takxke JIAUX ¢unbrpa.
Kosddument nepenaum ¢Quibtpa, nepenaTouyHas (QyHKIHMS aHAJIOrOBOIO
¢bunbTpa, Z-nepenarounas GpyHKUuus uudpoBoro GuiIbTpa,
CrpykTypHas cxema Z-niepelaTouHoi GyHKIMKU nu@poBoro GuisTpa
Cucrema pa3HOCTHBIX ypaBHeHUM U maTpulibl A, B, C, D.
Bce nepexonHble poLecchl ¢ MOKa3aTeNsIMU KauyecTBa, YKa3aHHbIE B MOPSIKE
BBINIOJIHEHUS pa0OTHI;
BriBongl.

V. KOHTPOJIbHBIE BOITPOCHI
Kaxk o JIAUX onpenenuts kK03(pGUIMEHT epeaadu Mo KOHTYpY?
Kakoit HaksioH noiikHa uMeTh JIAUX B paiioHe 4acTOThI cpe3a?
Kakoii cioco6 nporpammupoBanusi HanOosee BbirogeH? [louemy?
[Touemy matpunia B B gaHHOI cucTeMe SBISETCS MaTpUIIe CTOJIOIOM, a HE
pSAMOYTOJIbHOM Matpuuei? Yto takoe marpuna D?
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