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BBEAEHUE

OMH cTapblit hpaHIy3CKMIl MATEMATHK CKa3all:
«MaTeMaTHYECKYO TEOPHIO TOJIBKO TOr/Aa
MOIKHO CYUTATh COBEPLICHHOMR, KOraa THI...
Depeiuncs U3NOKATD €€ coiecpKaHue

NCPBOMY BCTPEHHOMY».

. I'nnsbept

(COCTOAHUE M TTEPCIIEKTUBBI Pa3BUTUA HHGOPMAIMOHHBIX TEXHOJIOTHH B
mavane  XX!  Beka XapakTepusylOTcs CTAHOBJICHMEM M IUMPOKUM
HPAKTHYICCKMM HMCIICIB30BAHMEM TEXHUKH LHDpoBOHA oOpabOTKH CHUTHAIOB
(HOC) ~ onnoit M3 caMBIX AUHAMMUHBIX M OBICTPO pPa3BHUBAIOMIMXCA
TEXHONMOTMA B MUpPE TEICKOMMYHMKalMid U uHpopmMaTU3aLumn odmecTna.
Meroasr u Texuuka IJOC BEI3HIBAIOT NMOBBIMIEHHBII MHTEPEC YYEHBIX W
CHOUUATICTOB, paOdOTalOMIMX B PasJIMYHBIX 00NAacTAX, TaKMX KaK CBA3b M
CHETEMBbI  yNpaBlieHUA, pagMOTEXHHKA M JJIEKTPOHMKA, aKyCTHKa M
CEMCMOJIOTHS, paJMOBElIaHUE ¥ TeNICBHACHHE, M3MEPUTENbHAd TEXHWKA W
npubopocrpoenue. EXerogHo BO BCEM MMUpPe [POBOIATCA  IECATKH
MEKAYHAPOIHBIX  HAYyYHO-TCXHHYECKMX KOH(epeHLMA M CeMHHApOB,
MOCBALICHHBIX  pemeHur0  akTyanelbelx npoosiem [[OC. WMsnawrces
MHOI'OYMHC/ICHHBIC KHUTH Y XXKYpPHaJIbl, OCBELIAKOLINE TTOCCIHUE NOCTIDKECHUA
I 0DJIACTH TCOPUM ¥ HPaKTUKA 00paGoTKM UHPPOBBIX cUrHANOB. [10CTOAHHO
pacTer  unciao  NpeaNpUATHH, OPraHM3auMii M HAy4HBIX LIEHTPOB,
HCIIOJIL3YIOIUX B CBOMX pa3pab®oTkax meTosbl U TexHonoruu LOC [1].

Best yetopys passuTiia Teopud B Texnuku 1{OC HanpsaMylo cesf3aHa c
NOCTHKCHUAMHM B OOJIACTH NHCKPETHOH CXEMOTEXHMKHM M KOMIIBIOTEPHBIX
TeXHONOrNH. Jluckperusaums HenpephiBHON HMH(OPMALMKM BO BPEMEHH U
KBAHTOBAHME MO YPOBHIO AB/BIOTCA  OCHOBOM ee  addekTHBHOrO
KOAUpoBanus, npeoOpa3oBanus, nepexayu ¥ apxupaiuu. C NMoSBICHHEM B
40-x rogax XX Beka nepssix IBM crasio peanbHbIM BO3ZHUKHOBEHHE HOBOI'O
(pyH/IAMCHTAIIBHOTC HAY4HOTO HallpaBlicHHA BBIYMCIUTEIBHOM MATEMATHKH,
OJIHUM 13 pa3sfenoB KOTOPOTO MOMKHO CYMTATh MAalUMHHBIE aIrOPHUTMBI
UuMpposoit obpaboTky aaHHbIX. OAHAKO OrpaHUNEHHbIE BBIYUCITHTEIbHBIE
pecypebl  MCHOAE3YEMBIX B T€ roasl OBM He mno3BOIANM I[POBOIUTH
00pabotKy naHHBIX B peanbHOM BpemeHu. ITonoeHHe HAYano pagUKaIbHO
MEHATBCH C 1moaBjieHneM B 60-x rojax XX Beka kjnacca Manbix DBM,
OPHCHTHPOBAHHBIX MPEUMYINSCTBCHHO Ha peilleBUe 3ajay VIPaBJICHHA H
00paboTky AauHbIX B peanbHOM BpeMeHH. C 3TOrO MOMEHTa (GOpPMHpYyeTCs
Kpyr npobnem u 3azau teopun I[OC kak caMOCTOATENEHOrO HAay4HOTO
HarpapJieHHs, KOTCPOMY B JIATbHEWIICM IPEJACTOMT CBOM MHOTOTAITHBIM
MyTh CTAHOBJICHUA U Ppa3BUTHA.




[Tepseii xpynueli Bxkiag B teopuwio 1]OC BHecad amMepHKaHCKUC
yueHsle b. ['onyg v Y. Pafinep. Mx monorpadms [2] crana riepsoi HacTONLHOH
KHUrod cneumnanmuctos no I1[OC. @yuaamentanbHo# paboTo, 1oaBoAsLENd
MTOTM Ha4aibHOro craHoBjieHHs Teopur []OC Kak HOBOro Hay4yHOro
Hanpap.IcHUsA, sABjAeTca KHura JI. Pabunepa, B. 'oynma [3]. Heckonpko
[O3XE TMOSABIACTCH OAHO M3 MEpBhIX yuebHbIX nocobuit no IOC aBTopor
A. Onnenreiima u P. [lHadepa [4]. 3amernbiii Bkian B pazsurue teopun [JOC
BHEC/IM TAK/Ke K OTeYECTBEHHbIE yueHsle [5-10].

Hucuunnuna «OcHOBBI Teopu uenei» aBisercs ©a30BOil  juid
M3y4YeHUS TEOPHM M MeTOoJ0B wudporoii 0OpabloTku CcurHanoB. 3aech
H3Y4YalOTCA CHEKTpaNbHass TEOpHd MNEPUOJMYECKUX M HeNepHoANYCCKUX
CHTHAJIOB WM JIMHEWHad  Teopus  UeneM  JUCKPETHOrO0  BPEMEHH.
PaccmaTtpuBarorcs criocobsi noctpoeHnss UMPpPOBBIX L€reH, YacTOTHBIE M
BPEMCHHBIC XApaKTECPUCTUKH Oa30BBIX 3BEHBEB TMICPBOFC M BTOPOIO
MOPALKOB, H3Y4arOTCA (PPEKThi KBAHTOBAHUSA M NEPEMOIHCHNUA B IUPPOBBIX
CUTHajllaX M Iendx. boipniylo ¥acts 3TOro MarepHana MOXKHO HaHTH B
M3BECTHBLIX MOHOTpaduax Aliduqepa, Mutps! u Xatieca [11-13].

JlaHHOe M3Ianue npencraBiseTr coboi COOPHMK 3anay Io OCHORHBIM
pazpenam  Teopur IlOC wu  Oasupyercs Ha yweOHOM rnocoOum
1O.A. bproxanosa «[{udposbie nienu 1 cHrHanB», U3JaHHOM B SpOCiaBcKoM
rocymapcTseHHoM yHusepcutere uMm. ILT. Jlemuaosa B 2005 rony [14]. J{ns
YNpOUIEHHs paboTh! ¢ MaTepPUaIOM NPUBOAATCH HEOOXOOHMbIE CBEICHUN U3
TEOpPUH, OCHOBHBIE (OPMYIIBI W cCHOpeAesicHHs, pa3o0paHHBIE NPHUMEpPH
pelIeHHA THITOBBIX 3a7a4y. ABTOPHI CTAPalNCh MO BO3MOXXHOCTH YHPOCTHUTH
BCE MATeMaTHYECKHE BBIKJIAZKM NPU  U3IO0KEHHM TeOpeTHYeCKOro
Marepuasia, OpPUEHTHUPYACh MPU 3TOM IJIaBHBIM 00pa3oM Ha CTYUEHTOB
HIDKCHEPHBIX crnieuuaibHocTed. Jia addexkruBHol paboTel co cOOpHUKOM
3aa4 PEKOMEHAYETCS NpeABapUTE/IbHOE M3YYEeHHE COOTBETCTBYIOLLSH
TEOpHUM LIETIEH HENPEPBIBHOTO BPEMEHH.

~ Ilocobue cocrout u3 yeThlpex pasnenoB. OnpejeneHHe ¥ OCHOBHEIE
CBOMCTBA CHUTHAJIOB M CHCTEM /HUCKPETHOTO BPEMCHH M3JI0XKCHbI B JIEPBOM
pasjene.

BTopoin pasgmen nocBsimeH Maremarudeckomy armapary  1OC
(CBepTKa, pa3HOCTHbIE YpaBHEHHW:A, z-TipeobpazoBanue, JUCKPETHOE
npeobpasosanue @Pypoe). TlpouHoe oBjazeHWe ITUM  MaTepHAIIOM
COBEPILUEHHO 00A3aTENbHO, MOCKOMBKY OH CHAY)XKUT OCHOBOI Jjis aHaIu3a W
CHHTE3a JIUCKPETHBIX U LM(PPOBLIX 1IETEH.

B TpeTheM pa3sjene paccMaTpHBaeTCs TEOpUs LEeneil AHUCKPETHOro
BpeMeHH. [logpoOHO aHanu3MpyloTCs YacTOTHLIE CBOWMCTBA M BPEMEHHBIE
XapaKTCPUCTUKH PEKYPCHUBHOH MEIH NEPBOr0 [OpANKAa M HEPEKYPCHUBHOM
LIeNH BTOPOTO IOPsAKa.
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Hexkoropeie cnenuaneHble THOS HUGPOBBIX Lenedt (Gmibrpel
nuneinon gazovacToTHON XapaKTepHCTUKOM, BCENPOIyCKarOIie PUILTPEI,
MUHHUMAIbHO-(ha30BbIe 1IETTH, CUCTEMBI C 00OPATHOM CBA3bIO) ONMMCBLIBAIOTCA B
HETHEPTOM pasjiene.

M3ji0)keHHe MaTepuasia B KaKJOM W3 pa3feiioB 3aKaH4YHBaeTcs
CHMCKOM 3@/1a4 VI8 CAMOCTOATE/IBHOTO PELICHUA.

I3 ocHoBy mocobusa mnonokKeH MaTepuasl JIEKUMH W TMpPaKTUYECKHUX
IMNTHA, B TCYEHME TITHAAUATH JIET NIPOBOAUMEIX aBTOpPaMH i CTYAEHTOR
(puanveckoro gaxynsrera SApl'Y wm. ILI. Jlemuposa, oOyuarommxcs o
cheumasnocram  «Paguodusuka MU 3eKTpOHMKA», «PaguoTeXHUKa» U
Hanpantenuio «TenexoMmysukaumun». BolpaxaeM riryOoKyio 0.1aro1apHoCTh
HaieMy  sHayvHoMmy pykopojurtenio npodeccopy HO.A. bpioxaHoBy 3a
HOMOILL NTPY CO31aHMH Kypca «(OCHOBBI TEOPHUH LiEfle» U JIaHHOro NMocoous.
Mut OGnaronapuel Taioke 4neHy-xoppecnionsenty PAH IO.B. 3yGapesy,
Hpodeccopam A.A. Jlanns, B.B. Butsseny, M.A. lllepbakoBy,
A K. bepmoxosy, B.IL /IBopkosudy, A.A. TletpoBckoMy, nokropam
rexumiecknx  Hayk  A.B. /IBopkosudy, B.W. Dkurany, M.K. Hobany,
KOTOPBIC OKa3aJM 3HAYWTeAbHoe BIMAHME Ha (GQOPMUPOBAHUE B3IVIAJIOB
ANTOPOB B JAHHOM HAay4YHOM HalpaBIeHUW. DTU B3raAAbl GOPMUPOBAIUCEH
[AKKe B COBMECTHOM pafoTe ¢ HaWWMHM KOJUIEraMH, CpeAM KOTOPBIX
ovobenno xouetrca otMeTuTs 0. Jlykamesuua, A. Tapakanosa, Y. Banycosa,
3. Kobenesa, b. Mensmukona, M. Ananskosa, E. Cayrtosa, C. Byxtosposa,
C. Yiwpunosuia, JI. Kylikuna, B. bexpeneBa. Bcem HM aBTOpBl OYEHB
HPHUIHATC/ILHBI M 32 COBMECTHYIO MCCIIE/IOBATE/ILCKYIO paboTy, U 3a MOMONIb
n obecnevyeHuu ydedbHoro npouecca. OtaenpHble cioBa OrarofapHOCTH
CTy/ICHTKaM Kabenpel JHHaMHMKM 1eKTpoHHBIX cucteM SIpI'Y H. IasnoBoii
W A, CTyaeHOBOM 3a aKTHBHOE Y4YacTHE B CO3JaHMM OpPHIHHAI-MAKeTa
nocodbms.




1. CUI'HAJIbI K CUCTEMBI JMCKPETHOI'O BPEMEHU

1.1. Curnajn! JuCKperHoro BpemMeHH

Curnan JUCKPETHOrO BpEMEHHU IIPEACTABIIACT coboi
IIPOHYMCPOBAHHYIO MOCIIEAOBATENBHOCTS BEIICCTBEHHBIX WIM KOMIIEKCHBIX
yuces1. CnenoBarebHO, TAKOW CUTHAJ ABJISETCH (DYHKIMEH LEIOUYNCIIEHHON
TIEPEMCHHON 71, Yalle BCETO UMEIONIEH CMBICTT BpeMeHH, U 0003HaYacT s Kak
x(n). TlpuMmep rpaduyUecKOro mNpeACTaBIEHWS CHIHATA JUCKPETHOTO

BpEMEHH NpHBeLeH Ha puc. 1.1.

x(n) a

3L4jlﬁfJ8J9

2
—-—2-—-1011 n

Puc. 1.1. I'paguveckoe npencrapnenne curiaia JHCKPCTHOTG BPEMEHH

B HekoTopeIX cUTyauMax yaoOHee paccMaTpuBarh curHain Xx(n) kak
BeKTOp, onpenencHubiii 3Havennsamu ot x(0) zo x(N —1):

x = [x(0), x(1),..., x(N = 1]

CUrHainl JUCKPETHOIO BpeMeHM HanOoJiee YacTo TOJNYYaIoTCA MyTEM
AVUCKPETU3alMX CUI'HANOB HENPEpPbIBHOIO BPEMEHH, HANpHUMEP, peuH, C
[IOMONIBIO AHAJOIO-LM(POBOro IipeoOpazoBaduia. CYIIECTBYIOT TaKkKe H
CHTHAJIBI, H3HAYAIIBHO ONpE/JEeiCHHBIC YKe B LudpoBoi dopMe, TakHe Kak
KypChl BaIIOT, KOTHPOBKM aKIMHM, CTAaTACTHKA HAceleHHs B 3aJaHHOM
PEruoHe, NMOKA3aTe/IM COJHEYHOH AKTUBHOCTH U Jip.

1.1.1. Komnaexcruoie nocieooeamenbiocimiu

Bo MHOrux BakHBIX NpWIOKEHWAX, HanpuMep, B o00nactu
TENCKOMMYHMKAIIWM,  HCIONB3YIOTCA  CUrHAMbI, 3aJiaHHBIE B  BHJIE
KOMIUICKCHBIX  ITOC/IENOBATE/NBHOCTEH. Taxue CUrHajibl MOryTr ObBITb
BBIPaXXEHEI Yepes3 JEUCTBUTENBHY U MHUMYK) YacTH:

z(n) =a(n)+ jb(n) = Re{z(n)} + jIm{z(n))



WM B NOJAPHBIX KOOPAMHATAX C MCHONB30BAHHEM ITOHATHH «aMILTUTYIa» H
wihason:

z(n) =|z(n)|expl jarg{z(n)}].

AMIUIMTY 12 ¥ (aza BBIPAXAKOTCS 4epe3 JIEUCTBHTETBHYIO U MHUMYIO
HALTH Cely oMM oOpa3oMm:

2(n)* =Re?{z(n)} +Im* {z(n)},

Im{z(n
argi{z(n)}=arctg 1z )}.
Re{z(n)}
KoMiLiekCcHO-conpsaxeHHas IS z(n) NOCJIE/IOBATEIbHOCTD

. * .
obosnavaercs, kak Z (72) ¥ momydaeTcsd mMyTeM HU3MEHEHHs 3HaKa Y MHUMOI
HHCTH

2" (n) = Re{z(n)} - jIm{z(n)} =|z(n)jexp[-jarg{z(n)}].

[.1.2. Ilepuoduueckue u nenepuooudecKue Roc1e008amebHoOCmu

Onpepenenme 1.1. Cuenan  x(n) uaswieaemcs nepuoduuweckum, ecau

CVigeemeyem makoe noaodcumenvHoe yeioe ducro N (nepuod cuznana),
Wmo

x(n)=x(n+N), ¥V n.

Feau ykasaunoe ycnosue e ewvimonnsiemcs npu aiobom yerom N -
nocaeoosamensrocmes X(N) sengemca HenepuoOuyecKkol.
cnm nocnepopatensHocTe  X;(n)  wmmeer nepuwon N,;, a
nocieponatensHocth  X,(n)  umeer mepuon N,, TO Mx cymMa
A(n) = x;(n)+ x,(n) sengerca repUHOLAYECKOM II0CIEIOBATENBHOCTEIO H
HMEeT NepHo;
7
- N lh 2
o ’
H Oﬂ (N laN 2)

rne HOH(N,,N,) - nanbonsumit o6mmit genurens N, u N, .

AHANIOrMYHOE YTBEPXK/ICHHE CIPABEANIUBO U JUIS NPOM3BENECHHA IBYX
HepHoOJIMiecKkux nocseaosarensHocteit xX(n) = x(n)x,(n).




IIpumep 1.1

( n >

a,nzl g

Cuenanwt x(n) =< U Xs{n) =cos(n”)  aerawomes
0, n<0

JTn

Henepuoouveckumu. Cuernanr X;(n) =e 8 sgnsemcs nepuooUHeCiKuM U

umeem nepuod N =16.
1.1.3. Cummempuunpie nociedosametvHoCmu

Onpenenenue 1.2. Beiyecmeennuiii  cuenan Haseleaemcs Hemmusim, eciu
V n: x(n) = x(—n), u newemnvim, ecnu ¥ n: x(n) =—-x(-n).

[Tpon3BobHEIN BeecTBERHbIA cHrHan X(71) MoxeT 6bITh pa3lioixKeH
Ha CYMMY CBOHX HE€THOMW M HEYETHOMW COCTABIAIONMX:

x(n)=x,(n)+ x,(n),
rae X,(n) = é—{.x;(n) +x(-n)}, x,(n) = ;—{.x(n) - x(=n)}.

Onpenenenue 1.3. Komnnekcubilli  CUSHAN — HA3BIEAEMCR  CONPANCEHHO
cumMmempuinsim, ecau V n:

x(n) =x (=n)

U COOmMEBEMCMEBEHHO CUZHAl HA3BIBAENICA CORPANCCHHO QACUMMEMPUURHBIM,
eCcau

x(n) =-x" (—n).

- JIroboi KoMmIutexcHwilt cHrHAM Mokel OBITh mpeacTaBied B BHAC
CYMMB! CONPAXKCHHO CHMMETPHYHOH M CONPSKCHHO acCHMMMETPHYHOH
COCTARJAIOIIUX.

I.1.4. Hexomopsie hynoamenmaivrsie nociedosamensHocmu

a) LIndpopoit equHHIHBIN UMITYJIBC:
L ii=l)
0,n+0.

[TpoM3BONBLHBIN CUrHA MOXET OBITH BRIPA’KEH B BUJIE CYMMBI B3BEIIEHHEIX U
CABUHYTBIX €/IMHHUYHBIX UMITYIECOB CIACHYIOMM 0OpasoMm:

xn)y=o0ln)=



x(n) = ...+ x(=Dd(n +1 + x(0)d(n) + x(1)d(n—-1) +
+ X8 -2)+...= 3 x(k)d(n—k).

k=-o00
6) FAMHWYHBIA CKaYOK:
1, n>0,
0, A<,

JAMET UM, YTO eJIMHNYHBIF UMITYIBC MOXET ObITh NMpejIcTaB/IeH KaK pa3HOCTh
JARYX @JIMHUYHBIX CKAYKOB!

o(n) =1(n)=1(n-1).

n) HoknaatensHas 1nociie1oBaTeIbHOCTh

x(n)=1(n) =+

x(n)=a".

I') KoMILieKcHAs 9KCITOHEHTA

jon

x(n)=e'"" =cos(nw)+ jsin(nw).

1.2. CucreMbl AMCKPETHOTO BPEMEHH

1.2.1. Obque nonodriceHun

(‘wereMa JUCKPETHOIO BpPEMEHU €CTh OIlEpaTop WIM OTOOpaKEHHE,
rpancdopmypyiomee oaMH curHan (BXo4) B JApYrod curHan (BBIXOA) C
HOMOLILIO 3agaHHOTO Habopa npaBun u onepanmii. O6osHavenue T[]
HENOMLIYETCA JUIS TIPEJICTaBIICHUS CUCTEMBbI, MpeoOdpasyloule BXOIHOM
eurnmt x(n) B BEIXOHOM curtaa yv(71), Kak 3To nmokasaHo Ha puc. 1.2.

(o) 3(0)= 1)

Puc. 1.2. Ilpencrarienne cucreMsl JUCKPETHOI'O BPEMEHH

C'nish MEX/Iy BXOJIOM M BBIXOJOM CHCTEMLI MOXKET, Hanpumep, ObITh
BUPIKEHA AHANUTHYECKH KaK

y(n) =x"(n) wm yn)=0.5y(n-1)+x(n).



Taxxe BO3MOXHO OHNUCAHUE CHCTEMEI 4epes HEKOTOPbIil AJITOPUATM
OTHCHIBAXOIIMI FIOCIICAOBATENEHOCTh HMHCTPYKUMN M OINepalyi, KoTOpbi
AOJDKHBI OBITE IIPUMEHEHBI K BXOAHOMY CUTHAY:

yi(n)=05y,(n-1)+0.25x(n),

y2{n) =0.25y,(n—-1)+0.5x(n),
y3(n) =0.4y5(n-1)+0.5x(n),
y(n) =y (n)+ y, (n) + y;(n).

B HeKoTOphIX cnyvasx ynoOHO TakKe NPeACTaBifTh CHCTEMY B BHJE
Tab/uap!, KOTOpas onpenenser Habop OTOOPMKEHMH  BXOH-BBIXOLL,
INPEACTABIAIOLIKX NPAaKTHYECCKIN UHTEPEC. |

1.2.2. Ceonicmea cucmem

Cucmemeol ¢ namamivio U He3 HAMAMU

Cucrema JUCKPETHOTO BPEMEHE ABJIACTCA CHCTEMOM 6e3 mamsiTH, eciu
€€ BBIXO/I B MOMEHT /1 = Fly 3aBUCUT TOJILKO OT BXOJA MpHU 1 = 7.

Ilpumep 1.2

5 o
Cucmema y(n) = x"(n) sersemcs cucmemoii 6e3 namamu, a cucmema
y(n) =x(n)+x(n—-1) saersemcs cucmemoii ¢ namsmeio, max xax ee
OMKAUK 8 MOMEHM Ny OVOem 3a6uUCemb OM 6XOOHBIX CUSHAN0E 8 MOMEHNbI

nO U nﬂ — 1 .
Aodumuenocmeo

- CucreMa ABIAETCS aUIMTUBHGH, €ClTH
T'ixy(ny+ x,(n)] =Tx;(n)]+Tlx,(n)]
JUI TIPOM3BOJIBHBIX CHIHANOB X (1) U X,(n).

TFomozernnocniv

Cucrema ABISCTCS TOMOTeHHOIM, eClTu
Liex(n)l = eTlx(n)l

i mO0H KOMIUISKCHOM  KOHCTAaHTBL € #U J000i  BXOAHOIM
nocneaoBarensHocTy X(71).
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13

2
x“(n) :
V(n) = ————~ ne sensemca addumueHoli, max xax 8bIPANCEHUE

x(n-1)

Tl () + 3, () = - 2’: f_"l))*; X; (("’3)"1)
| 2 o

weeHmno

2 2
L T+ T )= :(‘n(")l) + x"‘(‘*,f")l).
bt Jasr PN

(U CHCMEMA ABIAMCA 20MO2EHHOU, MAK KAX ONf 8X00HO20 CUSHANAQ
(N) anixod ecme:

(ex(m))” _  x*(n)

_ ~* f & =
“ Lex(n)] ex(n-1 x(n-1)

S B
;n”ﬂ.p 14
Cwomena, onuceisaemas ypasnenuem y(n) = x(n)+x"(n—1), seisemcs
~ Oumuanon, max kax

[x,(n) + X, M)+ [x;(n =D+ x, (n =] =

= [xl (n)+ xr (n--1)]+ [xz (n)+ x; (n=D}.

I cuemena ne sensemes COMO2CHHOU, MAK KaK

Tlex(n)]=cx(n)+c¢ x" (n—1),

WO He DKBUBAICHMHO

= cT'lx(n)l.

cT[x(n)] = cx(n)+cx* (n-1).
Huneiinocme

CHeTeMa, ABIAKOLIAACA OJHOBPEMEHHO AUIANTMBHOH H FOMOI'€HHOI,

HAdMInRaeTCS TMHEeHOW. JlpyrMMu cnoBaMu, cucTeMa SBISETCS JIMHEHHOI,
S

Tayxy(n) + ayx,(n)] = a,T[x,(n)]+ a,1'[x,(n)]

JUME MOOBIX BXOAHBIX CHTHATOB X, (1) U X,(n) M mOGBIX KOMILIEKCHBIX
KoueTanT al H az.

11



Hueapuanmmnocme K cosuzy

[Iyctb y(#n) ecTh OTKIMK CUCTEMBI Ha MPOM3BOJIbHBEIN Bxoa x(#1).
Cucrema OypneT #ABIATBCS WHBAPUAHTHON K COBUIY, €cid Ans 11000
3a[EPIKKY Ny, OTKIMK Ha X(71 — 1) Oyner y(n —ny).

MHBAapUaHTHOCTE K CHABUCY O3HAYaeT HEH3MEHHOCTh CBOWHCTB H
XapaKTEPUCTUK CUCTEMBI © TEYEHUEM BPEMEHM.

JTuneansie UHBAPUAHMHDBIEC KK COBUZY CUCHIEMbI

Cucrema, ABAAOMANACA OJHOBPEMEHHO JIMHEHHOM M MHBApHaHTHON K
CABHIY, Ha3bIBACTCA JIMHEHHON WHBapuaHTHON K casury (JIVMC) cucremoii.

BaxHpiMH, C TOYKM 3peHHs TEOPETUYECKOIO ONMMCAHMA, ABJIAIOTCH
MIOHATUA UMITYJIBCHOH W TIEPEXO/IHOM XapaKTePUCTUK CACTEMEI JUCKPETHOTO
BPEMEHH. 31eCh HYKHO OTMETHTE, YTO M3HAYAJIbHO MOHATHE UMITYJILCHOW M
NePEXOAHOI XapaKTepucTuK BBoAuTCA Uia onucanus JIMC-cncrem.

Onpeaeneune 1.4. ifunyrocnoit xapakmepucmurxoit cucmemeor y(n) = h(n)
HA3bIBAEMCA €€ peakyus 1a eozdelcmeane Yupposozso eOUHUYHO20 UMNYIbCA
x(n)=o(n).

Onpeaenenne 1.5. [lepexoonoi xapaxmepucmuxoii cucmemsr Y{(n) = g(n)
HU3bLEAEMCSL ee Peaxyua Ha eo30elicmaue edunuurnozo ckauxa x(n) = l(n).

Ecim h(n) ecrs ovkimuk JIMC-cucTeMsl Ha eAMHUYHBIT BMITysibe O(71),
TO MOXHO ITOKa3aTh, 4T0

v{n) = ix(k)h(n—k). (1:1)

k=00

Bripaxxenpe (1.1) 3anucwmeacTcs tak xe, xak y(n) = x(n)® hin),
rae @ o603HaUAET ONEPATOP CBEPTKH.

ITocne10BaTENbHOCTE h(n) MOJIHOCTBIO  ONpenensier  BCe
xapaktepuctuxu JIMC-cucreMsl.

Kayzanvnocme

(Cucrema sBIKeTcS Kay3anbHoH (PHU3HYSCKM pealm3yeMoi), ¢cild i
JIICOBIX 7 OTKIMK CHCTEMBI B MOMEHT BPEMCHHU N = 1y 3aBUCHT TOJBKO OT

OTCYETOB BXOMHOM IOCNEIOBATENBHOCTY C HOMepaMa 1 < 7.

12



Mena, onucvigaemas ypaenenuem  y(n) = x(n)+ x(n—1), asnaemca
WO, Mak xaxk evixod 8 MOMeHm 6pemeHl N = Ny 3d8Ucum MONbKO
%.00“ 0 MomMeHm Ny u Iy — 1. Cucmema, onucwieaemasn ypasneruem
Xn)+ x(n+1), sersemcsa nexayzanvHou, maxk Kaxk 6vlx00 8

W oapemenu N =Ny 3a6ucum om 6X00H020 omcyema 6 MOMEHM

My +1.

Wnuanocmn

~ Jlunelinas cuctemMa Ha3bIBaeTCA yCTOMYMBOW, ecim npH OGO
PRI IHOT BXOJIHOM MocNe0BaTeIbHOCTH BLIXO/IHAS
GAORATEITBHOCTD TAKJKe OTPaHHYeHa.

JIpyrumu ciioBaMu, P BbITIOJIHEHHH YCII0BHA

x(n) S A< oo
HO BLITIONTHATBCA YCJIOBHE

}y(n)l < B < oo,

('WeTeMBl,  YNOBJIETBOPAIOIME TAKOMY  YCIOBMIO, Ha3bIBAKOTCH
yorolmimumn B emeicie OBOB  (orpanMYeHHBIH BXOX — OrpaHHYeHHBIN
Whixou), HeoOGxoauMBIM M JOCTATOYHEIM YCJIOBHEM YCTOWYHBOCTH LCIH
~ HNIMeTen enenyrouiee TpebGoBaHMe K €€ MMITYJILCHOR XapakTepUCTHKE:

> || < o

- Rop )
Qopamumocme

(‘merema sisnserca obpaTHUMOM, €ClM BXOJ CHCTEMBI MOXET OBIThH
HANOANAYHO onpeaeneH 110 ee Buixoxy. CneloBaTensHo, A8 TaKOH CUCTEMBI
PRAIMMKHLIE  BXOJHBIE BO3ACUCTBUA JIOMKHBI NPOH3BOJMTL  pa3iMYHBIE

~ mxoam,  te. Vx(n)# x,(n) DOMKHO  BRIMONHATECA  YCMOBHE
~ m) % yy(n).

JAXAYHU JIA CAMOCTOATEJIBHOI'O PEIHEHMSA

|1, Onpesennts, gBnfroTCa 1M CMTHANBI NEpHOAMYEcKHMH. B ciyuae
HONONKHTEIILHOTO OTBETA BEIMUC/IMTE IEPHO CUTHAJIA.

A3

g oo il S LR
2 ey == -
. } - e [

~n ey e ot 1R -



)

1.3.
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a) x(n) = cos(0.1251n);

6) x(n) = Re{ejnn/12}+ Im{efnmgk
B) x(n)=sm(nw+0.2n);
i |

Jj—n
r) x(n)=e % cos(nn/17);
| (nn\ [211:@) . (mt] . [n‘m)
1) X(n) =cos MJCOS —— |+ 8in| — |sin| — |
8 15 3 4

Onpejenure, Kakue M3 [IPENCTABAEHHLIX  CHUCTEM
POMOTECHHBIMY, KaKye aJlAUTUBHLIMHY, a KaAKUe JTHHCHHBIMMU:

a) y(n) =log(x(n));

6) y(n)=6x(n+2)+4x(n+ 1)+ 2x(n)+1;
B) y(n) = 06x(n) +[x(n+1)x(n--1)]/ x(n);
r) y(n)=x(n)sm(nn/2);

n y(n) = Re{x(n)};

&) y(n) = é—[x(n) + 2 (=n)].

Kaxue u3 cieyromyx CHCTEM IBJSIOTCA Kay3albHbIMA?

a) y(n) = x* (n)l(n);
6) y(n) = x(|n);
B) y(n) = x(n)+x(n-3)+ x(n-10),

r) y(n) = x(n)—x(n* - n);

N
n) y(n) = px(n ~K);
=}

&) y(n) = 3. x(n—k).
k=n

ABJIAROTCA



| 1 ¢, KAKHUC U3 CIACAYIOUHNX CUCTEM YLTOH‘IHBBI
.v(n) = x*(n);

) y(n) = e*™ / x(n-1);

_ '*5 'y(n) = cos(x(n));

0y = 3 xo;

k = o0

y(n) = log(1 +|x(n)));
1 '  n) = x(n)®cos(nm/8).

A

leJINTEe, KaKue U3 CICAYIOUIUX CHCTEM 00OpaTUMBI:

' (n) 2x(n);
-y(u)-nx(n),

_-_"" ) v(n) = x(n)—x(n—1);
L ) y(n) Zx(k)

kw oo

) ¥(n) = Re{x(n)}.

®
]

JUM KOKJI0M M3 cUCTeM Onpe/ie/iuTh, SIBISETCS O OHA JIMHEHHOM WM

- mmﬂmﬂ MHBAPHAHTHON K CABHIY WIM He UHBAPHAHTHOMN K CIBHIY,
~ YUrolMupoit man HeYCTOWMMRONM, KaysalbHOM WIM HeKay3aJlbHOHM,
llpmmon WM HeoOpaTUMOii.

W) () = x(m) + x(=n);

oo
1) y(n) = log{x(n)};
W) y(n) = median{x(n — 1), x(n), x(n+1)}.
" median -~ 370 MeauaHa  IocJeoBaTelbHOCTH

" "), x(n), x(n-+1), T0 ecTh cpenHui no 3HAuEHHIO UiIeH pAAA,
31D



MOJYYAIOUercca NpH  YIOPANOYHWBAHUHK  IIOCIIEOBATE/IBHOCTH  TIC
BO3PaCTaHHUIO.

1.7. PaccMoTpuM KackaZlHO€ (HOCIENOBATENLHOS) COSAMHERUE ABYX CUCTEM

16

S| 1 S,, Kak nokasaHo Ha puc. 1.3,

o

) (n)

Puc. 1.3. KackanHoe coeqnneHue ABYX CHCTEM

a) Eciin obe cucremsl S; u S, nuHeliHble MMBapHAaHTHEIE K CIBMTY,

YCTOWYMBBIE W Kay3asibHble, OyAeT JIM KAacKaaHOE COCHHHEHHE ITHX
CUCTEM JIMHCHHBIM WHBApPHAHTHBIM K CABUIY, VYCTOMYMBBIM M
Kay3aJlbHbIM/

6) Eciu obe cucrembr §; u S, Henuneidnrie, Oymer aM KacKagHoe

COCMUHEHME 3TUX CUCTEM HelTMHEeAHbIM ?



3 MATEMATUMECKWA ANITIAPAT
lﬂoronoﬂ OBPABOTKU CHI'HAJIOB

2.1, Ceeprka

| Meay nxoanofi nocinegoparesizHocThi0 JIMC-cucTeMsl
UMy kool xapaxrepucruxkor  ii(n) wu  Bsixoxom  y(n)

ol ;.mimlm THINA «CBEPTKa»:

y(n) = x(n)® h(n) = " x(k)h(n ~k). @.1)
Jigesses

LY Onepauns cBepTKM  sABIgETCd GYHIAMEHTAIbHOH UIA
MC-OH::’NM. Huxke OyayT pacCMOTpPEHBI €€ CBOKMCTBA, a TAKKe
10 PROKPRIT MEXAHHIM BBIMHCIICHHS BBIpaKeHus (2.1).

-3 2.1.1. Ceolicmea ceepmku

- e |
-

i 2 _  0 mlwll CNEPTKH AB/sSeTCH NUHENRHON U obnanaer HabopOM BaKHBIX

L b, ThKHX Kax KOMMYTAaTHBHOCTD, aCCOLIMATUBHOCTD "
WIHRHOCT I,
mumacmb
Cuole o KOMMYTaTUBHOCTH 03HAYALT, 9TO [OpPSA0K

mll*i"thHOC'wﬁ. BXOJSMIUMX B BeipaxkeHue (2.1), He ABISSTCH BAKHBIM:
x(n) ® h(n) = h(n) @ x(n).

M3  910r0  BoipaxceHus  crlegyeT, uYTO CHCTEMA C  BXORHOM
HosneAoBaTenLnoeTEio X(1) n IMOyNbCHOUW XapakTepuctukoi /A(n) Bener

G0N IAK JKe, KAK M CUCTEMAa C BXOJHOW MOCHeI0BATENBHOCTEI0 (1) M
UMUYALeHON  xapaktepucTukod  X(RM), YTO INIPOWUIIOCTPUPOBAHO Ha

Avcounamuanocme

OepaTop CBEPTKM yIOBIETBOPSET CROACTBY ACCOIMATHBHOCTH:
{x(n) ® by (1)} ® hy (n) = x(n) ®{hy (1) ® hy(n)}.

)10 03HavaeT, 4Te KackaJHoe (MocileNoRaTellbHoe) COeMUHEHNE NBYX
UMETEM ¢ MMITYJIBCHBIMM XapakrepucTukamu 7y (n) u hy(n), xak nokaszato

Hi pue, 2,10, 9KBHBANIEHTHO CHCTEME ¢ UMITYJILCHOM XapaKTEpPHCTHKOM:

(n) = hy(n) ® hy(n).

JK&'
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Hucmpubymuenocme

CBOBCTBC AMCTPUOYTUBHOCTH GOPMYITUPYETCA CAEAYIONIMM 00pa3om:
x(n)® {hl (n)+h, (n)} = x(n) ® hy(n)+ x(n) ® h, (n).

M3 >TOoro BhIpaKeHHA CIEAYET, YTO NApa/UIEIbHOE COENAMHEHHE JIBYX
CHCIEM C MMIIY.IbCHBIMH XapakTepuctukamu A (n) u h,(n), kak noxasaxo

Ha pHC. 2.1B. 3KBMBAJIEHTHO CHCTEME C UMITYJILCHOM XapaKTepUCTHKOIM:

h,., (n) = h, (n)+ h, (n).

x(n) y(n) h(n) | y(n)

x(n)
S h.l (n )+ h . (n)

B) CBOHCTBO ANCTPHOYTHBHCOCTH

Puc. 2.1. HnmocTpanus cBOMCTB CBEPTKH

18



’ 1.2, Hpamoe evtuucaenue ceepmyu

MR NOCHSAOBATENILHOCTY 3a/1aHbl aHATMTHYECKH, CBEPTKaA
0 HENOCPCACTBEHHBIM MCIIOJIB30BAHUEM BhIPAKEHHUA
HOJEIHO MCII0/Ib30BATE BhIpaXKeH A S CYMMHUPOBaHHs

Beekoneunsx nocnenosarensuocreit suga o w no”
) MENOJIKIYEMbIE M3 HUX cBeleHbl B Tadn. 2.1,

Tabnuna 2.1
CHMN JUIN CYMMUPOBAHHA HEKOTOPBIX 10CIe10BATEIRHOCTEN

W s e w8 e T Sa G o T W - = N

B 1= Sa"=—o, |d <1

— H e - —a e - - o

S._DE_T’_E“NG ta|  Spare_ G lale

(1-ay 0 (-a)®
""'T‘ 2l N, "
pm - N(N-1) Zn =—N(N-1)(2N —
£ ) 2 n=0 6
ﬂpllmp 2.1
luumum CACPMKY NOCIed08ame1bHOCMEN.!
§ n >
x(n)=a"1(n) = ML
0, n<0
"
h(n) =1(n).

Hononwsys eeipasicenue (2.1), noayuaem.

yn) = x(n) ®h(n) = Y x()h(n—k)= ¥ a*1(k)l(n— k).

k=-—o0 k=~c0

lockonoky (k) =0 ons k<0, a l(n—k) =0 ona k > n, noryvaem, umo
npu n <0 ece crazaemore pasner 0 u y(n) =0. B mo owce eépems, ecnu

nel.
]."‘"“an+l

l—a

y(n)= Y a* =
k=0

19



Creooeamenbvro, OKOHYAMENbHO UMEECM.:

l“an+l
y(n) = —————1(n).
l—a

2.1.3. Hucnennotit Memoo 8wl UCTEHUS CBEPMKU

UuciieHHBIE  MEeTOJIbl  BBIYMCIEHMS  CBEPTKM  VAOOHBI, Koraa
nocjaenoBareNbgocTM X(1) U A(n) copepkaTr OTHOCHTENBHO HeGOBIIOE
KOJIMYECTBO OTCHETOB. B 3TOM ciydae BO3MOXEH, HalpuMmep, ClieXylouiuil
AITOPUTM JEUCTBUM.

l. 3anucars orcuersl nocnenosarensHoctel X(kK) w» h(—k) Ha
Pa3/IMYHEIX JUCTaX OyMary, KaK rokasaHo Ha puc. 2.2, COBMECTHB IPH TOM

orcuers! X(0) u A(0).

cee x(-2) x(C) o) (1) +2) - -
e oo W(2) K1) n(0) n(=1) A(-2) ...

Puc. 2.2. YnciieHHsi MeToA BRIYHCIIEHUS CBEPTKU

2. IlpousBecty 1onapHoe NEPEMHOMXEHUE YMCEN W 1IPOCYMMMPOBATE
pe3yistarthl. [lonyuenHoe B urore uucio ecte y(0).

3. CABMHYTE HIDKHIOKI MOC/IEOBaTE/IbHOCTH BIPABO Ha OAHH OTCYET.
IlpousBecTii aHanOrM4HbIC ONEpalMil YMHOKEHHS M CIHOKEHHUA JUIS
nosxyvehna orcuera Y(1). ITosropurs neficTBUsS juIs NOMYHEHHS OTCUETOB
BBIXOJHOM ITOCIEeIOBATENLHOCTH fipy 1 > ().

4. BepHYTbCsi K HCXOJHOMY pACHOJIOKEHHIO TOCEI0BaTeIbHOCTEIH,
MokKa3aHHOMY Ha puc. 2.2. CABVHYTH HMXKHIOIO IOC/IENOBATENLHOCTb BIIEBO
Ha oAuH oTtcder. [IpoM3BecTH aHajgOrv4Hble ONEPALMH YMHOXEHUS M
CloxeHus ans nonydeHus orcdera y(—1). Iloeroputs aeilctBua mig

MONYYECHUA OCTAIBHBIX OTCYETOB BBIXOAHON IOCIEHOBATCABHOCTH IIPH

n<.
BﬂKHBlMH JUIS H]JEIKTH‘-I&CKOI‘O BEIYACITIECHUA CBEPTKH SABIIAHOTCH

Cleayiomye nBa CRoucTBa:
Caevictso 1. Eciu 1Be nocieaoBaTeMbHOCTH KOHEYHOH ITUHBI UMEIOT

Ly n L, oTc4eToB COOTBETCTBEHHO, TO UX CBEPTKA UMEET [IMTEIbHOCTE:

20



L=L+ L, ~1.

p 2. Ecnu HeHyneBble orcyerwi nocnenoBatenbHocTH X(#71)
MHTepBase [M N.], a wenyizessie oTcueTs
Jwnoern h(n) — Ha wHTEpBae [M ,,,Nh] TO HEHYREBbIE

m.nonaTcanocm y(n) = x(n) ® h(n) 6yayr cocpenoroueHsl
oM, +M, N_+N,]

b CHEPNIKY CAe0VIOWUX NOCNEDOBAMENbHOCMEIL:
=N (TEN

b x(D)=x(2)=x3) =1

h(-1) =1, h(0) =2, h(1) =3.

gaoliemsy 2, nonyuwaemas nocnedosamensnocms y(n) 6yoem

e nenynesoix omcuemos npu O < n < 4. Boryucaum ux, ucnons3ys
Wl Buiue aneopumm.

k__|-2|-1]0]1]2]|314
x(k) | O Of1}1]1]0]0
h(-k)| 3 | 2|1]0|0]0|0O

W nocaeoosamensnocmu  x(k) u  h(—=k) opye noo opyeom u
weemne  omevemer x(0) w h(0), evrvucanen y(0) =1. Coeucas
mensnoeme h(—k) enpaso na odun omcuem, umeem.

0
U

x(k) [0;0}1 i
h(=k)]0{372]170

e — s . .

yd)=1-2+1-1=3.
WK sntviicraen: ¥(2) = 6, y(3) =5, y(d) =3.
A 2.2. PazHocTHRIE YpaBHeHHs
2.2.1. Ocroerisie onpedenenus

Buipakaer BeIxogHOM curHan JIMC-cucreMsr B BuIe
KOMOuHauni BxoaHoro curhana x(7). Hanpumep, cucrema,

21




KOTOpask  XapaKrepe3yeTcss  HMMIIYJIbCHOM  XapaKTepHUCTHKOM Bm!

h(n) =a" 1(n), omichBaeTCs BHIPaKCHHCM
y(n) = Z ak x(n—k). (2.2)
k=0

OpHako, xota Boipakedue (2.2) M NO3BOJIAET BBIMHCIHTD BBIXOHO |
curHan  y(n) s npom3BonsHOro  BXojaHoro cur"ana  x(n),

BLITHCIIMTEIBHOM TOYKHM 3pEHHsI TaKoe MNpPeACTaBlICHHE HE sBILCTCA
dpdexTuBHbM. Bo MHOrMX ciryuasx Oonee yn06HO BBIpa3sUTh BEIXOAHOM
CUI'HaJl B BUJE CYMMBI TEKYIIEro W NPEALIAYNIMX 3HA4YE€HWH BXOIHOM
NOCJICIORATENIBHOCTH U NPEebIAYIOUX 3HAYEHUH BBIXOJHOTO CUrHana. Tak,
HalpHMEp, paccMaTpuBacMas CHCTeMa MOXeT ObITh NpeacTaBlieHa
CIEAYIOLIUM 00Da3oM: "‘

y(n)=ay(n-1)+ x(n). (2.3)

Beipaxxenne (2.3) npeacrasnser cobGoit auneinoe paznocmuoe
ypaeHexue ¢ nROCMOAHHLIMYU Ko3@puyuenmamu. O6mas Gopma 3anucu
JJAHHOT'O KJjIacca pa3HOCTHLIX YPaBHEHUN UMeeT BUJ:

q p
viny= 2 b(k)x(n—-k)—- > alk)y(n—k), (2.4)
k=0 k=1

rae  koabounmenter  afk) wu  b(k) saengroTcA  KOHCTAHTaMHU,
ONpeNeNsolUMH CBOMCTBA CUCTEMBI.

Onpepenenne 2.1. Ecau xoms 6v1 ooun us xosgpgpuyuenmos a(k) e

ypaereruu (2.4) omauyen om uyns, mo pazHoCmuoe VpasHeHue Ha3vieaemcs
PEKypCcuUstvIM. B npomusrom cnyvae ypaerenue a8nsemcs HEPEKypCUBHbIM.

TakuM 0Opazom, ypaBueHue (2.3) siBnAeTcA [MPUMEPOM PEKYPCHUBHOIO
PasHOCTHOrO YpaBHCHUWA MEPBOIro MOPAIKA, B TO BpeMs KaK BeIpaxenne (2.2)
npeacTaBafaeT coboi HepexypCuBHOE pasHOCTHOE ypaBHEHHe DECKOHEYHOro

IOPAAKA.
PasHocTHBIE ypaBHEHUS NPeIOCTABNAIOT METOA BHIYMCIEHHS OTKIHKA

CHCTEMB! — Y(71) Ha NPOM3BOJILHOE BXOAHOE Bosjeiicteue — x(n). Ins
peuicHUs ypasHeHdd THna (2.4) aomKHCO OBITE 3a0aHO  MHOMXKECTBO
HauaneHoix ycrosuu. Hanpumep, 1is BXOIHOH mociiefoBaTeIbHOCTH X(71),

onpezencHHol nmpu 22 2 (), pewenue ypasuenus (2.4) B MOMEHT BpCMEHH
n=0 s3aspcut or semmuun y(—1),..., y(—=p). Crnenoparenso,

COOTBETCTBYIOIIUE HAYAILHEIS VCIIOBUS JOMKHBI OBITH 3a/jaHbl /10 peUICHUS
Pa3HOCTHOTO ypaBHeHus npu 1 2 (.
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W, ONNCHBACMON pPa3HOCTHBIM ypaBHeHHeM (2.4),
h(n) moxer 6pITh HallJeRa MyTeM pelIeHWA

npn x(n) = O(n). JIns HepeKkypcHBHOM CHCTEMBI
) W ypapnenne (2.4) npuHumaet BRI

yin) = kf)b(k)x(n - k). (2.5)
b MUY LGOI AN XAPAKTEPUCTIKA CHCTEMBI PHHHMACT BHL:
“’ _ hin) = fb(k)ﬁ(n k). (2.6)

”l Cuemenma, umnyrocHas — Xapakmepucmuxa — KOmopou
L Abpascenuenm (2.6), naszvisaermics cucmemoll ¢ KOHEUHOU

w::cmunau (KHX-cucmemoun,).

e 2.8, Cuemenma, UMNYRbCHAS — XAPAKMEPUCUKA  KOMOPOU
MENHVIO  ONUKY,  NA3LIBAEMCA  CUCKIEMOH C  DECKOHEeYHOU

mxmcpucmumu (bHX-cucmemoit).

MO PEHICHUR PATHOCMIHBIX YPAGHEHUU C HCHOID308ANHUEM
i OOIE20 U HaCMHO20 petieH il

HOW peiienme JIMHERHOIo pa3sHOCTHOrO YPaRHEHUS C IIOCTOAHHBIMA
SHTAMM COCTONT W3 CYMMBI IBYX YacTeii:

y(n)=y,(n)+y,(n), 2.7)

: ﬂ,(ﬂ) « obumee pemenue, a y,(n) - yacryoe pemende. Obmee

PRI - 310 OTIUTHK CHCTEMBI Ha HaualdbHBIE YCIOBHA, B IIPEAION0KEHHN,
Woanoe nosaelicrsne x(n) =0. Yacthoe peuiennie — 3TO OTKIMK

WIOMI 1A Bxoanoe BoszeiicTBue X(n) TpPH  HyNEBBIX HauaibHBIX

WX

OBMee  pewienne  onpeasnseTcs uepe3s pPemIeHHe  0IHOPONHOIO

PASHOETHONO ypaBiCcHHA BrA:

N B

p
y(n)+ 3 alk)y(n—-k)=0. (2.8)
& k=]
Monm HILETCH B BUIE:
y, (n)=A".

Hoperanmn ero B (2.8), nojygaem noJIHHOMAANBHOE YPABHEHUE




P :
N+ Y a(k)yA™* =0,
k=]

Ui
NP +aA ™ + a2+ +a(p- DA +a(p)}=0.

[TonunHom, HaxXOoAAIMNCA B ckoOkax, Ha3bIBAETCA
X2paKkTCPUCTHUYCCKUM. TaK Kak erc CTrelieHpr paBHa p, TO OH UMeeT P

KOpHeii, KOTOpLIe MOTYT OBITh KaK JIEACTBUTENBHBIMH, TAK U KOMILUIEKCHBIMHY.
Ecnn  koapduumentsl a(k) aBaAtoTcs AeHCTBUTENBHBIMM, TO KOPHH

ABJIAOTCA KOMILICKCHO-COIIPAAKCHHBIMH, TO CCTh JANSY: | KOKAO0TI'o

"
KOMILUTEKCHOIO Kopust A; cymectsyer A, . Eciu p kopHeii A; paznuuHsl, T0
ectb A; # A, mia k #1i, To obuee penicHue OJHOPOIHOTO Pa3HOCTHOTO
ypaBHEHUS OYACT NPEHCTABICHO B CASAYIOMEM BHIE:

p n
y,(n)= Y A A}, (2.9)
k=0

roe KOHCTaHTh! A, ONpeneisioTcs HMCXO/i U3 Ha4daibHBIX ycnopwit. Jlna
COBINAJAMOIIMX KopHed pemerue (2.9) moxer OwbITh MOAMDHMIUMPOBAHO
CIICAYVIOIIAM obpazom. Ecmm ?&l — KOpeHb KpaTHOCTH m
XapaKTEepUCTUIECKOro MOJHHOMA CcTemeHd p ¢ (p—m) pasnuuHbIMH
KOpHAMH, TO odilee pelIeHne NpUHUMAaeT BUL:

P
v, =4 +An+.. . +A "N+ SAN. @10

n=m+l
Jns MOMCKA  YaCTHOIO pelIeHUs HEOOXOAUMO HAWTH
1ocjiejoBarensHocTs Y, (1), KOTOpas  COOTBETCTBYET  Pa3HOCTHOMY
YPaBHEHHMIO I 3aJaHHOW BXOAHOM nocnegoparesibHocTH X(7). Bo MHOrMX

cIy4dadxX JaHHas [10CHeOBATENBHOCTH OYIET UMCTh TY Ke (GopMy, 4TO H

BXOHOHW CUI'HAI.
B T1abn. 2.2 npuBeAeHbi TUIlbl YACTHLIX PEIEHHH [UIA HEKOTOPLIX

BXOAHBIX rochenopatenbHocteil. Hampumep, ecnm x(n) =a"l(n), 10

yacTHOe pewenue Oyaer umets sug v, (n) = Ca’ 1(n), rae a wne asnsercs

KOpHEeM Xapakrepuctuueckoro ypaBHeHus. Koncranra (€ Haxoaurcs B
pe3yJbkTaTe NOLCTAHOBKH PEIUCHHUA B HCXOJHOE PAa3HOCTHOE YPaBHEHME,
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Tabnuua 2.2
SHIA e NOro PA3HOCTHOTO YPABRHEHYUA ¢ NOCTOSHHBIMA
FEAMM JUIN HEKOTOPBIX BXOAHBIX MOCJIE0BATENILHOCTEH

e m‘-‘p i SR TN F TR e - —— — - — _.___I

ORAT@ILHOCTE YacTHoe penieHue
A ll e - -
B C.
L T YT e——p———_ “ - - i
Cln i Cz
F Ca” Ca"
. c OOI(MDU ) C, cos(nmy) + C, sin(nw,)
c lll‘l(ﬂ(ﬂu ) Cl COS(nmo) % o Cz Sin(nmg)
Ca cos(nw, ) C,a" cos(nw,) + C,a" sin(nw,)
- Cs(") HEeT
AP 2.3
 HIRRN pelden e pasHocmno2o ypasHenus
% y(n)—b,y(n) =1(n), 2.11)
imhnbw venosuem y(—1) =0.
5 ﬁmmw DVOCM uckams 8 6uUde
y(n)=y,(n)+y,(n),
il Yo (n ) - obwee, a Y (n) — YACMHOE PeUieH s,
Huavane natidem obwee peutenue
Yo (1) =byy,(n)=0. (2.12)
Law xax xapaxmepricmuueckoe ypaenenue ona (2.12) umeem 6ud
(edosamenvro, pewernue (2.12) onpedensemca evlpaicervem
Y, (n) = Aby. (2.13)

Hanoem vacmnoe pewenue é suoe

20



v (n)=0C;. (2.14)

JIns naxosicoerus XOHCMARMbI L | noocmaeum (2.14) 6 (2.11), nonyuum

. 1
. (n) S (2-1
’ 1-b, 3
B pezynvmame pewenue pasnocmno2o ypasnenus (2.11) npimem caedyiouyutl
eUO:

]
n)=Ab + .
y(n) = Ab, I=b

Koucmanma A, Haxodumcs ¢ UCNONb306AHUCM HAYATBHOZO YCIOBUS
y(—1) = 0. C yuemom smozo oxonuamenbHo noryuum

1 . n+l

_ i
y(n) - b 1(n).

OTMeryM, YTO Ha IIPAaKTHKE TaKkKe BCTPEYAIOTCd HEJIHHEHHbIE
Pa3HOCTHBIE YPABHEHWS W YPaBHEHHA C MEPEMEHHBIMM KO3 hHUMEHTaAMH
Tax, HarpHMep, CHCTEMa, KOTOpas BBIMMCISET CpejiHee 3HAYeHWe CUIHaJLE
x(n) na unrepsane [0, n}, onpenensercs clenyomuM BhIPAKEHAEM:

| ‘
y(n)=—— > x(k), n=20.
n+1r=0

OHa moXeT OBITh NPEACTaBeHa PA3HOCTHBIM YPaBHEHUEM C IICpEMEHHBIME
KO3 PUIIMEHTAMH.

y(n) = —— y(n~1) + x(n), n=0.
n+1
X0T8 pelieHHe HEeNUHEHHLIX PAa3HOCTHBIX YPaBHEHMH W Pa3HOCTHBIX
YpaBHEHUI C TIEPEMEHHBIMM KOYPQHUIHEHTaMH SABJIACTCH JIOCTATOYUHO
CIIOKHOM 3ajlaueif, Takue YpaBHEHMS MMEIOT BAXKHOE [PAKTHUECKOe
3HAYCHHE W HaAXO0JAT LITHPOKOC TPUMCHCHUMEC B COBPEMCHHEBIX 3a/ladax

00paboTKM AUCKPETHBIX CUTHAJIOB.
2.3. Z-npeobpazoBanne

Z-upeobpazopaHue — NOJE3HBIM MHCTPYMEHT U aHAIN3a JHCKPETHBIX
CUTHAJIOBR W CHUCTEM, KCTODOE SBJIIETCA  JUCKPETHBIM  aHAJIOIOM
npeoOpazopanma Jlaniaca, NTPUMEHAEMOro B HENpPEPBIBHOM  Cly4ae.
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Momer ObTh MCHONB30BaHO /UTH PEIlCHUAA Pa3HOCTHBIX
TonisMn Koogpduumenramu, HaxoxaeHwn oTkiarka JIAC-
BO3NICACTBHE, CHHTE3a NUHEHHBLIX UMPPOBBIX

) 3, Z-npeobpasosanue  nocredosamensnocmu  x(n),
HUEN N1, onpedeniemes credyrowum obpasom.:

g - X(2)= Xx(n)z™", (2.16)
- =
WABKONAN NepemMennas.
%;_* Tabnuua 2.3
~ Zupeolpasosanie HEKOTOPBIX TOCEIOBATEILHOCTEH
E
Mreasnoers | Z-npeoGpasoBaHue O6nacTs CXOAMMOCTH
Bin) | BCE Z
- N —
() ! 2| >|od
. ]tz ™ |
ol s 1__ az—l
not" 1(n) oz 2 >]od
PR ")
1-0z!)
| RS, -
e \(=n - 1) oz 2 <oy
)2
(1 ~oz” )
cos(nwy)l(n) | l—-co:ras(;'z(:){))z“l 2 >1
| I-2cos(nwy)z™ +z27°
sin(nwg )1(n) sin(n(oo)z" |z| <]
1-2cos(nmy)z " + 277
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Komruiekcnasa ¢yukius (2.16) onpeneniena auiib A8 TeX 3HAaYCHUR Z
NpHd  KOTOPBIX  COOTBCTCTBYIOIIUM  CTENEHHOHW psAld  CXOUUTCS. '
npeobpazoBaHue HEKOTOPBIX NOCNEA0BATENBHOCTEH NPUBEAEHO B Tabm. 2.3,

IIpumep 2.4

Haimu  z-npeobpasoeanue  nocnedoéamensriocmu  x(n)=o" I( n)!
Hcnonvsysa onpedenenue z-npeobpazoeanus, ROTYYUM:

oo

X(z)= ¥ Mn)g ' = ia"z"" = i(aqur et =,

n=-—oo n=0 n=0 | -0z

30ecv X (2) cxodumes npu |z} > ](x|

2.3.1. Cgoucmsa z-npeobpazosanun

Z-tipeobpa3opanue 00na/aeT Ba)XHBIMU CBOMCTBAMH, KOTOpPBIE MOI'YT
OBITh 1ONE3HBI MPH aHAJIK3e NUCKPCTHHIX CHrHaimoB. Hekoropelie H3 3THX
CBOMCTB IICPEYHCICHBI HYXKE.

Juneunocms

Z-npcoOpazoBaHue MHEHHO. 2710 o3Hayaer, uto ecnm X, (Z) m
X5(2) saBnsiorcs z-mpeobpa3oBaHUSAMH [OceJoBaTesbHOCTeH X (1) u
X,(n), 1o mpm moOGHX JeHCTRUTENBHBIX a4 W b z-npeobpazoBanue

nocnegosarensHoctu ax,(n)+bx,(n) pasno aX,(z)+bX,(z).

3aodepricka

Ecnn nocnegosarensHocTs X(71) nMeeT z-npeodpaszoBanme X (Zz), To
z-npeobpazoBanue nocnejioBaTenbHocTH X(7 — Ny ) npu moOBIX 1y paBHO

z X (z). D10 CcBOICTBO Z-NPeobpazoBaHHA OCOGEHHO MOJNE3HO TNpH

nepexone OT npeAcTaBieHHs TUHEHHON CHCTEMB] Pa3sHOCTHBIM YPABHEHHEM K
[PEJCTABICHUIO ee Z-1ipeodpa3zoBaHueM U HA00OpoT.

Ceepmia nocnedosamenbHocmei

Ecnn nocnenopatensHocty X(72) ¥ y{7) cBA3aHb! 3aBHCUMOCTHIO
y(n) = x(n) ®h(n) =h(n)® x(n),
TO

Y(z2)=X(2)H(z), (2.17)

28



, H(2) n Y(2) nensorcs cooTBETCTBEHHO Z-NTpeoGpa3oBaHHAMH
wielh x(n), h(n) m y(n). Takum obpasom, onepaius
mon'l‘eubuoc*reﬁ NMPUBOJAUT K TMECPEMHOXEHUIO HX Z-

\ ,quo '.'llMeTH'l‘b, yro H(Z) MOXHO BBIPA3UTh H3 COOTHOIUIEHMUS

H(z)=Y(z)/X(2).

‘ o (2.17) BakHO Kak NMpakTUIECKOE CPECTBO, IMO3BOJIIOLICE
OHMN CHEPTKM HANWTH BbIXOAHYK) MOC/ICI0BATENbHOCTh CHCTEMBI
HYALCHON XapaKTepUCTHKE H BXOAHOM NOC/IEIOBATENBHOCTH.

| dee nocnedosamensHocmu x(n) =a"1(n) u
'“ﬂ) 0d(n —1). Z-npeobpazosanue nocnedosamenvnocmu x(n)

|
X(zZ)= ) lz] >l0:'.
]~ 062

. L peotpasosanue nocnedoeamensriocmu h(n)
H(z)=1-az"", 0<|z|.

Tosda gnpeobpasosanue ceepmku 0syx nocredosamensrocmeti  x(n)
h(ﬂ) HMeem auo

Y(2)= X(H(2) = ——(1-0z7)=1
1--(12

Obnaems exooumocmu Y (z2) — eca z-nnockocme.

Munepcun epemenu

FEcin nocnenoBarenshocts X(11) umeer z-npeoGpazosanne X (Z) ¢
OOJICTBIO  CXOOUMOCTH (I(lz; <[3, TO HHBCPTHPOBAHHAA 110 BpPEMEHU

HoceaoBarensHocTs X(—7t) umeer z-npeobpazopanve X (z_l) ¢ obnacTeio
exommoctn 1/B <zl <1/ 0.
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Conpascerue

Ecnu nocneporarensHocts X(71) uMeer z-npeodpaszosanue X (7),
KOMIUIEKCHO CONPSKEHHAs K Hell Noc/ieoBarejbHOCTh X (/1) uMeer

npeobpazopanue X (Z°).

HAudhepenyuposarue
Ecim nocnenoparesibHocTh X(77) uMmeer z-nipeobpaszosanve X (2),
dX (2)
dz

[locnenopatensioe  MpUMEHECHHE 3TOrO  CBOWCTBA  I103BOJISE]

z-npeobpa3oBaHye NOCIeROBATEIBEHOCTH NX (M) paBHO — 2

k
BBIYUCINTE  Z-IIpeoOpa3oBaHue  mociegoBarensHocTd 1 x(n)
HEeJIOUYUC/IeHHBIX K .

Iipunmep 2.6

Haitimu z-npeobpazosanue nocnedosamensrocmu x(n) = nol" 1(n).

n.
Coznacno npumepy 2.4 z-upeobpazosarue nocredosamenvrocmu O l(n-

1 | |
pasio ———, :Zi >’(I!. Toeda cocnacro ceolicmey uHeepcuu 8pemeHu Z=
1~ .-}

n ]
npeobpasosanue nocredosamenvrocmu A" 1(—n) pasro =, Z! <qu
=8 g g

OKkoHuamenosHo, UCNONL3VAL CEOUCHMEO Jupheperyuposanus, noayuum, 4yme
z-npeobpaszosanue nocieoogamenrvhocmu X{(N) umeem @uo: |

d ] =
X(z2)=~g— )"" = IZ Z,IZI<|04-

dz\1-a"'z, (1—0!,“ z)

2.3.2. Obpamnoe z-npeobpazosanue

= —

BaxxHo yMeTb MHEpelTH HE TONBKO OT NOCHEHOBATENBHOCTH K €€ Z=
npeobpazosanuio, Ho ¥ ofOpaTHO 0T  Z-Npeodpa3oBaHuA |
nocienosaresbHOCTH. Croco6 obpaTHOro nepexosa Ha3wvIBacTCs OOPATHBIM
z-ipeoOpasopanuem. Huke paccMOTpeHbl TpM  OCHOBHBIX  criocofa
BBIYUCIICHUA 00paTHOTO Z-IpeoOpa3zopaHusl. "
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NN Ha JremenmapHsie opodu

A NPeobpnioBanns, KOTOpOe ABISETCS PAHOHATBHOK (ByHKUME

: —

Ybk)z*  [10-Bez)

X(z) =40 = C k= , (2.18)
f —k £ E
ak)z*  [1l-0a,z?)
k=0 k=1

oy

W S()eKTHBHBIM  TOAXOAOM  BBIYMC/ICHHA obpaTHoro z-
NWICTCA METOJ PasoKeHHd Ha IJJeMEHTapHble Jpobu.

W, Y10 P > G W KOPHM 3HAMEHATENs (IIONKOCHI) BBIPAXKEHHA
1 NPOCTBIMK, TO ecTh OL; # O, TpH [ # K, MOJKHO 3alHCaTh

nupkenne i X (z):

i 7 A
X(z)= Yy —+*—
: k-:ll"-()(.kz

T (2.19)

~ HEKOTOPBIC TTOCTOAHHBIC, KOTOPbIE MOTI'YT ObiTh HaMJCHBI MyTEM
nbenx vacrel Beipaxenna (2.19) na (l—oc-k z_I) npu Z =0,
; -

T N
S 7 %, PA3NIOKEHHE HA HTCMEHTApHBIE APOBH HOIDKHO BKIFOYATH

HOPMAKA 2 = ¢, 3alIACAHHBI OTHOCUTENIEHO 77! KospdrupeHTs
AMHOMA MOryT ObITh HaiineHs! myTeM aenenns yucnutens X (Z) Ha

b JUui ciiywas KpaTHbIX 110s0COB BhlpaskeHue (2.19) nomkHo
iWpnumponano. Hanpumep, ecnu X (Z) umeer momoc BToporo

LW, TO pa3OXeHWEe Ha 3JICMEHTAapHBIC JPOOH IOMKHO
NRYIOIINE cliaraeMele:

B " B, |
-0z (1«-—0r,kz"l )2

DHPOICASIOTCS CHEYIONIUM 00pa3oM:

- -y

B =, %(l“akzwl)zx(z) ’

m z:ak

—

31



B, :,-.-,-[(1 "Otkz_])zX(z)}

Memoo cmenennsix paooé

2=

Ecnu pano z-npeobpasoBanne X (Z) mnocnenosarensuocty X(#
onpefeenHoit mia Beex 1 2 0, €ro MOXHO pa3noxuTh B HeckoHeHHbIH s

.
OTHOCHUTENTLHO 7 = MJM Z ITyTEeM JEJIEHUSA B CTOJIONK:

%b(k)z_k
X(z)=%=2 =x(0)+x(Dz7 +x(2)z7* +x(3)z 3 +....

£ ~k
> alk)z
k=0

B sToM Mmetome umcnmrelb M 3HaMmeHaTesb ¢yHkuuu X (Z) BHaua
BBIPAKAIOTCS NHOC Hepe3 YMCHBIUAIOMIMICA TOKA3aTeNb CTENCHH 7, JIH0C

yepe3 yBeIUIHBAKOIIHIiCA MT0KA3aTeNlb CTENeHH Z , a 3aTeM IyTeM Ac/eHH
B CTOJIOMK HAXOJUTCH YaCTHOE.

Humezpuposanue no konmypy

B s10oM Meroae obpaTHOe z-mpeobpazoBaHHe HAXOJMUTCH IyTeM
BBIYMCJIEHUS] KOHTYPHOTO HHTErpasa

I o -
x(n) =-——4X(2)z" dz, (2.20)
271:_] C

rae C - KOHTYp MHTErpupOBaHHsA, OXBATBIBAKOIIMI BCE MOMOCH! (YHKIMHA
X(z). Jlna paumoHanbHbBIX MHOTOWIEHOB KOHTYPHBIH HMHTErpan U3

Bolpakenus (2.20) HaxoauTca ¢ MOMOIUBIO (PYHJAMEHTaJIbHOTO pe3yJibTara
TCOPHH KOMIIIEKCHBIX IMMEPEMCHHDBIX, HaA3bIBAEMOIO meapemaﬁ Kowu o

gbryemax (meopemoii 6bl4enos).

! "
x(n) =3}}; {X(2)z 'dz =
st C"

n—1 y
= cymma BoreToB X (2)Z°  Bo Beex nomocax sHyTpu C.

Ecimm X (7) sapnsercd palHOHaNbHOM (YHKUMEH NEepeMeHHOH Z W |

_ , n-—-]
Z =0, rnomroc XpatHOCTH 711, TO BbIYCT Gynkuun X (z)z B II0JIOCE
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C BMMMONeN ¢ MCTIONIBb30BaHMEM CJAEAYIOIEro

-0l )’"X(z)z”"l]

=0y °

dm-—l
STt

¢ PUIHOCIINBIX YPABHEH I C UCROIb308AN UEM
ONNEL0 Znpeobpazosarnus

g

A8 Zapeobpasosanue  nocaedosamensnocmu  x(n),
Ne 0, onpedensiemoe ¢ ucnonszoeanuem credyiouyezo

X(z)= Zx(n)z : (2.21)

*, KOMIIERCHan  nepemenHas, Hasol8aemcs OO0HOCMOPOHHUM
' HHem,

e ypasnennss oberHo onpexenenst npr 7 =0 u uMeror
HaRix yenosuit. TloaToMy HETPYAHO NOHATH, KaKUM 0Opa3oM
HUHOILAOBATE  OJIHOCTOPOHHEE Z-NIpeoOpa3oBaHue IS pelIeHHS
Henmi,

I CXeMD pellcHMA pa3sHOCTHBIX YPaBHEHUM ¢ HCMOJIL30BaHUEM
L nero z-npeobpazopanya MOXKeET OBITH NPEACTaBICHA TaK:

G - .' ~ | Buvmensem onnoctopornee z-npeoSpazoBaHue, OT JTEBOM [paBou

Wy RECMUTPHUBACMOrO Pa3HOCTHOIO YPaBHEHHU.
3 Henosmays cooTHowenue, NonyyeHHoe Ha JTane !, BeIpaXKaem z-
m BMXOAHON  [IOCNICAOBATEILHOCTH — 4epe3  z-00pa3  BXOIHOM

HOEHRAORATQJILHOCTH ¥ HaYalbHBIE YCNOBUS, HAKTAAbIBAEMBIE HA BXOAHYIO H
BUROANYIO NOCIe0BaTeIbHOCTH YHUCEN,

A Bummensiem obpatHoe z-npeobpa3zosanue, OT JTeBOU W 1PaBoH YacTH

BRI, NOAYHEHHOrO Ha JTane 2, ¢ WCIojIb30BaHUEM Haubolee
IR0 MeTOo/AA.

Hpnmep 2.7

Pacesompunt pasnocmmoe ypasrenue nepeozo nopaoxa
y(n) =x(n)—-by(n—1)

n o
¢ wavanonvim yerosuem y(—1)= K. [Iycme x(n)=e’™". Ymobu natimu
oonocmopornnee z-npeobpazosanue Y(N), ymHoxcum obe vacmu ypasneHus

-

a:'1f"ﬁrw:ﬂt:]{::r':m

" a’f
na 2 unpocysmmupyem om O 9o oo

a3



cO

L yme™ = T XMz ~b Sy "

n=0 n=( n=0

Bocnonszyemcs CB8OUCMEBOM,
nocaedosamenviocmu. Mmeem

Y(2)=X(2)~bz7'Y(2) — by(-1).

CéA3annpiyg c 3a0epACKoN

. X -
Y(z)= (2) - by.(___ll_
1+ b7
Ilockonvxy
X(2)= —— _
1'—6:"Jm'z“1lr
mo
Y(z): ~bK 4 _______q_l

—

1+bz7' (- e/® ;- )(1+b-,“1)

Boruucnum obpamnoe z-npeobpazoeanue:

] '(ﬂ(n#—l)
Y= (K ==y €7

2.4. Juckpemmnoe npeoopazoeqyue Dypoe

2.4.1. IIpamoe i obpamnoe JUCKpeMHpble npeoodpazosainua Pypuve

Hpe,aCTaBHEHHe NCPUOJIHYECKOH nocﬂ&ﬂOBaTEHbHOCTH x (”) B BUJIE

psma (Dypbe COACPXKHUT N KOMIUICKCHBIX 3KCHOHem 1 UMeeT BU:

_ ] N-I er—tnk
= T X, kye N (2.22)

Nl , *er‘fnk
X,(k)y=73 Xp,(n)e "N (2.23)
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o npeobpasosanus Dypee

i ;18!
iy, g

SRS
T v

’(H) = NepHOJINYecKHe nociienoBaTenbHOCTH (C
), o X (k) u Y, (k) - ux AP, To npu

-

b @ w b I nocienoBaTenbHOCTH
~ pamno - aX p(k)+b Y,(k). Dto  monoxenue
HOCHRAORATENLHOCTH KOHEYHOM JITHHEL.

e .,

PRIRRORRTIHOCTS X, (n) nepnonnyeckas ¢ nepnosom B N
4w D pasno X p(k), 10 JUI® nepuommueckoit

J n
| —J= nok
WIOOTH wan X, (n—ngy) Gyner pasuo X (AT

LI IOPHOUMMECKAs 110CIICIOBATENIBHOCTE X p (n) c nepuogom B N
i |
HmeTen neficreurensuoit, to ee JId X »(K) ynosnereopser

HM YUTONMAM CHMMETPHH:
BN (D)= RelX (V-0 InlX ,(0)|=~1m{x (N =)}, @.24)

'ﬁ M I

X, =X, (v =k, arglX , (0)]=—arg]x (N ~K)]. @25

s e
z

% COBAONATENLHO, MMEET MECTO CHMMETpUs CTICKTpa OTHOCUTEIBLHO
" I3 Menonwsys  yenorue CHAMMETPHH, NOC/ICA0BATENBHOCTE X, (1)

MU0 HIPO/ICTABUTD B BHJIE KOHEYHOM CyMMBbI

l 2 2T i
X, (n) = }'{;’Xﬂ(o)""}" X (1) Icos -—-&—-n+argXp(1) +

e

o .

2 4r
+-]-—V—1Xp(2)lcos -}711+argXp(2) + ...

==l

1 _
...+-R}-IX!.,(NIZ)Icos[m+argXp(N/2)] .
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AHAJIOTUYHBIC  PABCHCTBA  CIPAaBEeUITMBBI W JUIS  KOHCYHS
JEeVCTBUTENBHON nociengoBarensHoctn X(7), umeromeit N -roueunoe JIIT

X (k). Ecam  BBeCTH  [ONOJHMTENBHOE  yCIOBME  CHMMETDE
TOC/IEIOBATENBHOCTH X , (n), TO ecTh CUUTATH, UTO X " (n)=x »(N—n). 3
okaxeres, uto X , (K) MOXKeT GbITh TONBKO AEHCTBUTE/ILHOMN.

[ToCKOBKY 4Halle BCEro IpUXONHUTCS UMETh AeJI0 ¢ JeliCTBUTETLHbI
MOCJIEI0BATENIBHOCTAMH, TO. BhivHcIUB oaHo /11D, moxno noxyuwrts TT
ABYX TIOCIEAOBATEIbHOCTEH, NCNOJIB3Ys CBOHCTBA cuMMmeTprn (2.24), (2.25

PaccMoTpuM neHCTBUTENLHBIE NEPHOJMYECKUE NT0CTeN0BaTENBHOCTH X 2% 2
H y,(n) c nepuonamu 8 N oxcueror n N -toueunsivu 1D X p(k) |
Y,(k) coorerctBenno. BBegeM KOMIIEKCHYIO —MOCTENOBATENBHO :

Zp (n) Buna

2,(m)=x,(n)+ jy,(n).

HIID nocnenoBaTteibHOCTH Z . (n) umeeTt BUA:

2nnk

N-1 =]
Z,(k)= Z‘} [xp (n)+ jy, (n)]e j
n={)

Z,(k)=X ,(k)+ jY, (k).

Beifends NeHCTBHTEIBHYIO ¥ MHUMYIO YACTH NOCICTHEIO PaBeHCTBA,
110J1y4UM

RelZ , (k)|=Re|X , (k)|-Iml|Y, ()],
RelZ, (k)|=Im|X , (k)|+RelY, (k)]

- Heticteurensueie yactu X , (k) u Y, (k) cumMeTpuuHsl, a MEAMBIE —

QHTUCHMMETPHMHEL, II03TOMY HMX JE€TKO pas/ielIuTh, MCMONL3YS ONEPALHH
CJIOKEHHUS U BLIYUTAHUA "

Re|Z,(k)|+Re|Z (N -k
RelX ()]~ elZ, ()]+ 2el (N -h)}

Im|Z , (k)|-1Iml|Z , (N —k
[m[Xp(k)]: m{ p )] ;“nl p )_j’

e
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Im|Z , (k)]+Im|Z , (N - k)]

Rely, (k))=~ :
mly )= ---_RelZp(k)]-szelzp(A{ _k)]'

L L Wwmess ompo N -toweunoe JAId  Z 5 (k), vnaerca
| CpAYY ABe JCHCTBUTENbHBIE 1TOCNE/0BATENBHOCTH X, (1) H
ol no N orcueros. Eciu 5TH nocnenoBaTe/IBHOCTH ABISIOTCS

IMOTPIYINBIME, TO YHCTO OYIEpaliil, HECOXOMUMBIX T4 MOMYYCHHS
| MONHO coKpaTHTh ele dotbLue.

~ JAIAMM VIS CAMOCTOSITEJIBHOT O PEIMEHHS

U8 HONYJIeROE 3HAYEHHE MOCIENOBATELHOCTH KOHEYHOM JIMHBI
._ n rouke n=-06 pasio x(—6)=23, a nocnenHee HEHyIEBOE

eNe » Touke n =24 paBHo x(24) =—4. Yemy paBeH MHIEKC N
) HEHYJIEBOro 3na4eHust CBEPTKH

y(n) = x(n) ® x(n)

M WAKORO 910 snadenne? UTo Bbl MOXKETEe CKa3aTh O [MOCIEIAHEM
CHOM THaveHun?

.
nie AHAINTHYCCKOE BbIDAKCHHEC JIJ1A CBEPTKH

mnollrcnbuocm x(n) ¢ nocnepoBarensHOCTLIO (1) . ecnu
x(n =(—-) 1(n),
m=|=] 10
1 n
hin) = (—-J 1(n-3).

\ D

AL hin)=a"l(n) wn x(n)=>b"1(n). Haligure cBepTKY
i () » x(n)®h(n),ecma+#b.
v

gy nnenan xapakrepucruka JIMC-cucremsi pasna

|
i
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2.5. BelunciuTe CBEPTKY ABYX MOC/EAOBATEILHOCTEN KOHEYHOU J/IMHBIL:

2.6. Cucrema 3anucata ¢ IOMONIBIO PAa3HOCTHOTO yPaBHEHUA

2.7. PekypcHBHas CHCTEMa BTOPOIO MNOPANKA ONWCHIBACTCS Pa3HOCTHHIN

2.8. Cucrema OnUCHIBAETCA PA3HOCTHBIM YPaBHEHHEM

38

a) Haiiiure nMITy IbCHYIO XapaKTepHCTHKY A(71) cHCTeMbl.

hin) = (%) 1{n).

Haiinure BBIXOA CHCTEMbI, €Cld Ha €€ BXOJ [OJaTh KOMILIEKCHY
skcnoHenTy x(n) =exp(jnn/4). |

a) x(n) =0.5n[1(n) -1(n—-96)],
) = Zsin[f;-)[l(n +3)=1(n—4));

6) x(n)=0(n—-2)—20(n-4)+30(n-06),
h(n) =20(n+3)+0(n)+20(n—2) + o(n -~ 3).

y(n)=yn-1)—y(n—2)+0.5x(n)+0.5(n-1).
Halpure OTKIMK 3TOH CUCTEMBI Ha BXO/1
x(n) = (0.5)"1(n),
npu HavanbHuIX yeiosuax y(—1) =0.75 u y(-2) =0.25.

YPABHCHHUCM

y(n) = i y(n—1)- ; y(n-2)+x(n)-x(n-1).

6) Haiizure otknuk cucremsl Ha Bxon x(n)=1(n)—1(n—-10) npt_"_
HyJICBBIX HAYaIEHBIX YCIOBHAX. 1

1Y ]
B) Haiijiure oTKJIMK CHCTeMB! Ha Bxoa Xx(n) = [-2—] I{n) npn Hy/IeBE

Ha4aJIbHbIX YCJIOBHAX.

y(n) = ny(n-1)+ x(n).

Haitiute HMOyIBCHYIO XapakTepUCTHKY /(1) crcTembl



UHMULIBACTCA Pa3HOCTHBIM YPABHEHUEM
| y(n)=5S5y(n-D+6y(n-2)=x(n-1).

Hepexonyio xapakrepucTuky g(/1) cuctembi

__ M ONHCKIBACTCH PAa3HOCTHBIM YPAaBHCHHEM

: y(n)-6y(n—1)+8y(n—2)=4x(n).

. PHIXOJL CHUCTEMBI, €CJIM BXOINHOE BO3JICHCTBHE pPaBHO
w2 (n)~3n-1(n), a mnavamsEeie ycnoBus y(—1)=2 m
=1,

'_ H'!I,.].

il OIVCHIBAETCSH PA3HOCTHBIM YpaBHEHHEM
y(n) = y(n-1)+0.25y(n—2) = x(n) - 0.25x(n - 1).
HIMTe UMITYIBCHYIO XapaKTepUCTHKY /1(71) cucTeMsl.

MUl/ire OTKIMK CHCTeMBI Ha x(n) =(0.25)"1(n), npn HynesmIx
KHEIX YCJIOBUAX.

WU nTopas yacTuia & B peakTope pacriagacrca Ha BOCEMb YaCTHI]
o 0 kiwuan wactiua B — va oy O 1 ziBe 3. CxemaTHyecKu:

F oa— 8B PB—o+2B.

Woro, uro B moment spemenn n=() B peaxrtope ecthb omHa O
Meiin, Halizare soipaxxerne juig obmiero 4ucna 4acTiil B peakTope B
SHERPETHEIN MOMEHT BPEMEHH 1.

M tpu GeckoHeuHBle NOCNEJOBATENLHOCTH, TPEACTAaBIEHHbIE Ha
e, 23, Kak cesasanbl Mexay co0oi ux z-npeoOpazoBaHus’?

x(n)

8 1 2 3 4 3 © &
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s 4 £ 3 4
0 ] - 3 4 > 6 n
0)
x(n) ¢
B i 0o ol o s e i
o & e >
0 I 2 3 4 3 6 7

Puc. 2.3. Jluckpernsie nocnenoBaTenEHOCTH B 3a1aue 2.13

2.14. Hailimute  z-npec6pasoBanme W 06NacTh  CXOZHMOCTH BCEX

[IOCIICIOBATENIBHOCTEH  JIUCKPETHOro  BpPEMEHH, NpHUBEJICHHBIX Ha
puc. 2.4.

; x(n) 4
L
1/1 le
\
al I
—— G ¥rc+—-¢4u»
-6 -4 -2 0 2 4 6 n
a)
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5
3 | 3
1!] [j\l
/i[ T\
>—0——0—0—¢& N ———p
6 -4 -2 0 #, 4 6 n
0)
l(ﬂ) r'y 5
3// \\3
I /’[ Ix 1
\
al IR
S W Sy Gy S W . - ke Y
-6 — 4 -2 0 2 4 6 n
B)
)
Y il il
il il . o>—»>
-6 -4 -2 0 2 4 6 n

)
'nc. 2.4. JTucKpeTHbIe ITOCHeIOBATENLHOCTH B 3a1a4e 2. 14

115, Haiiaure z-npeoOpazoBaHue CeIyoMux Ioc/ie0BaTe/1bHOCTEIH:

]\H

w) x(n) =2"1(n) + 3[5 J I(n);

0) x(n) = cos(nw,)l(n);

n) x(n)= (%) 1(—n);
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r) x(n)= [—;] I(n+2)+3)"I(—n-1);

m) x(n) = [%) cos(nmy )1(n);

e) x(n) = Ot;"é :

| 1 ||
x) x(n) =;n‘(-—) .

2

2.16. Ucnone3ys  z-nipeobpazoBaHue, BHIYMCIAMTL CBEPTKY creayromuxi
IIOCNeA0BaTCIbHOCTEH:

P 1 n
—1,0<n<2,
a) h(n)=4(2) e

1, uHave,
x(n) =08(n)+d(n—1)+40(n—2);

6) h(n) = (0.5)" 1(n),
x(n) =3"1(—n).

2.17.Ilyets  y(n) — 1OCHEIOBATENLHOCTD, MOJYYCHHas M3 x(n)
CJIEAYIOIIUM ODpa3oMm:

ymy= 3 kx(k).

k=--00

a) [lokazath, uto Y(KH) yAOBIETBOpAET Pa3HOCTHOMY YPaBHEHHIO C
repeMeHHLIMH KO3 PUIIMEHTAMH BHA!

y(n) - y(n—=1) = nx(n).

6) [Tokazarts, 4TO

2
- d
Y(z)= Z X(z),

z—1 dz

rme X(z) n Y(2) - 310 z-npeobpazoBaHusi NOCIECAOBATS/ILHOCTEH
x(n) u y(1n) cOOTBETCTBEHHO.
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1) Menons3ys BeIpaskeHHue, Ope/IcTaB/ICHHOS B IyHKTE 0), ONpeaenTh Z-
- lipeobpasoBanie TIOCIEIOBATETEHOCTH

LS A
y(n)= 2, kLT"J y #el
k=0 \ 3,

IN Wenone3ys  csoiictBo  auddepeHuMposams,  ONpPENENHTb  Z-
lipeobpazosanue clleAyOMMX TIOC/IEI0BATEIBHOCTEH

a) x(n)=1(n);

) x(n)=n-1(n);

w) x(n)= nzl(n);

) x(n) =a"l(n);

n) x(n) =na"1(n);
¢) x(n) = n*a"1(n);

K) x(n)=(a" +n)-1(n), |a| > 1.

) x(n)= n(l—) I(n—-2);
W
) x(n)= ;ﬁ-i‘*(-'---Z)“r1 1(-n—-1).

) 19, HaifjuTe oAHOCTOPOHHEE Z-IpeoOpa3zoBaHye Clieay0MUX QyHKIIHIA:
(1Y
a) x(n)={ - | I(n+3);
3

6) x(n) = 8(n—5)+8(n) + 2" 1(-n).
2.20. Tlyets X (Z) — oanocTopoHHee z-npeobpa3zosanue i x(1).
a) Haiinute onHocTopoHHee z-npeobpazosanne wia y(n) = x(n—1);

6) HaiizuTe ogHocTopoHHee z-npeobpaszopanue mis y{(n) = x(n + 3).
2.21. Haitti oOpaTtHoOe zZ-1ipeoOpa3oBaHue.
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) X(2)=4+3(z2+27%), 0<lz<oo;

6) X(z)= L 'z|>l—;
1 | M7 9
PR -
3
B) X(z)= ] 7| > 2;
143z 4277 4
r) X(z):EI _1')1(1 __2)& IZ!:’lv
& l-z"l i
N X(z)=—3—, 2> =
2 {*] )
oo ,-—1) )
52
| f
e) X(Z)=(l o4 _1)2*, 1z > 0.4;
— 0.4z
1
%) X(2)= -y 1z > 0.2;
). 33
3) X(2) =log(l-22), ]:i<;

2.22. Jlan cnexyromuii z-o6pa3 npuunnnon JIMC-cucremsi, 1o ecth JIMC-

2.23. @yaxmma X (2Z) coOepKUT IPOCTHIE TIOMIOCHI (ICPBOIO TMOpANKA.
Haiinure ee ob6parHoe z-npeodpazoBaHue, BOCNHONL30BABIIKCH METOAOM

44

CHCTEMbl, UMIYJIbCHAA XapaKTePHCTHKA KOTOPOH OTJIMYHA OT HyJjid NpH

n=0:

1+2z"1+z"

X(z)=

2

psA/l MyTEM JeNeHIs B CTONOMK.

pasJIoKEHUA Ha 3JIeMeHTapHbIe NPo0H.

1-2z"14+0.351 272

Haiinute o6patHoe z-npeoGpa3oBanue, pasnoxue X (Z) B CTeNeHHOH



e
<

=) 255 = BT

X(z)=

;ﬂdl Oyixims X (Z) uMeeT KOMIUIEKCHO-CONPSKEHHBIE MOJIOCH EPBOTO

lHopa/ika. BoCronb30BaBIMCh, METOJIOM PAa3IoKeH s Ha 3JIeMEHTapHbIe
Npobu, nanauTe CUrHaja JMCKPETHOro BpeMedu X(1) no ero z-odpa3y.

1+ ?..z"l - z"z

ARG ey —.
-z +0.3561z °

35 Dynkimas . X (Z) conepKHT  nOmIOc  BTOPOro  MOpPAAKa.
| HOCroNb30RaBIINCE METCAOM pa3foXKeHWs Ha 3JIEeMEHTapHble Jpobwu,
HAWIUTe JMCKPETHYIO BO BPEMEHHM TOCICAOBATENBHOCTE X(#1) co

CJICJIVIOLINM Z-00pa3oM:

2

Z
(z-0.5)(z-1?

X(z)=

126, C noMomibio MeTo/a BHIMETOB HailIuTe CHIHaJI JHCKPETHOIO BPEMEHH,
COOTBETCTBYIOUIMH clenyoiemMy z-obpasy:

4
(z—-0.75)(z+0.5)

227 Ecma nomocel  ¢ynkumnm X (Z) ~ KOMIVIEKCHO-CONPSKEHHBIE,

HaMIUTE C OMOLLBIC METOAA BbIMETOB 00paTHOE Z-npeodpa3zoBaHuE 1O
NaHHOMY Z-00pa3sy:

X(2)=

zz+22+1
72 — 7403561

X(z)=

228 @yuximua X (7)) coaepkur Toiioc BToporo mopsanaxa. Haitaure c
MOMOUIBK) METONA BEIMETOB MOCIE0BATETLHOCTE JIMCKPETHOIO BPEMEHH
x(n) no cnenywuiemy z-obpasy:

3
i

__Z o
(z—=0.5)z-1)

X(2)=
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2.29. Hajinute 3nauvenue x{(0) 118 mociegoBaTeNsHOCTH, WMEROLIEH

IpeodpazoBaHue
z+3+27" 1
X(z)= : e >
1 -1 ( 1 2 ' 3
1-—z7 | 1-=2
4 . 3

2.30. PaccMoTpuM cHCTEMY, OMMUCHIBAEMYIO Pa3HOCTHBIM YPaBHCHUEM
y(n)=y(n-1)—-y(n—-2)+0.5x(n)+05x(n-1).

Ucnoneiys z-npeobpazoBanue, HalfinTe OTKIHK CHCTEMBI ITPH I10JaAY€
Ha BXOJ CHI'HaJla

x(n) = (0.5)"1(n).
Havaneusle yciosus pasabl Y(—1) =0.75 u y(=2)=0.25.

2.31. Ilubposoii  ¢GunbTp ONMCBIBASTCA PA3HOCTHLIM  YpaBHEHHEM C
[OCTOAHHBIMHU KO3 PUUUEHTAMH: 1

y(n):i-y(n—l)~—~;y(n—2)+x<n).

Hauansusie ycinosus papasl y(—=1)=-1 u y(-2)=1.

Onpegenure oTkiuk ¢uibtpa Ha x(n)=0(n) mwwm secex n20 nu
CPaBHHUTE €ro CO C/IyuaeM HYNEeBBIX Ha4albHbIX YCIIOBUM.

2.32. O606mEnHas [OCNENOBATEIIbHOCTD dudonauyu ABIAETCH
OCHEA0BATEILHOCTEIO  X(/1), KOTOpas YAOBJIETBOPSET Pa3sHOCTHOMY
YPaBHEHHIO

x(n+2)=x(n)+x(n+1), n=20.

Knaccuyeckas rociiegoBaresibHOCTh PuboHayum nosy4daercs, Korja
HavaJabHEIE YCIIOBHS UMEIOT BHA!

x(0)=0 un x(1)=1.

a) OnpenennTh  aHanMTHYECKOe  BRIpaXeHume ana  x{(n) ¢
MCII0J1b30BAHUEM Z-TIpeoOpa3oBaHM.

6) IMoxazats, uro otsowenne x(n)/x(n+1) crpemurcs x 2/ (1+\/§)
NPH N =~ o0 (30JI0T0€ CEYEHUE).




) Hokasars, uyrto  mnocieaoBaTensHOCTh  PuboHayum  obnapmaer
PIOAYI0IIIUME CBOMCTRAMM:

x2 (n)+ x° (n+1)=x2n+1),

x> (n+2)- x* (n+1) = x(n)x(n+3).

1 Hallmre pewtenus clenylomux JUHEHHBIX PA3HOCTHBIX YPABHEHHH C
HOCTOAHHBIMU KO3 DUIMEHTAMHU:

) Y00 = 2 (1=1)+ ), ecm x(n) = 10n) w y(=D) = 3
6) y(n)=y(n—-1)—y(n-2)+2-1(n), econ y(-1) =2 u
y(-2) =1

n) y(n)+ y(n—2)=0(n), ecmm y(—=1)=1wu v(-2)=0.

! M. Pacemorpum crieqyroliee pasHOCTHOE YpaBHEHHe
y(n)+ y(n—2) = x(n) + x(n-1).

Ferm x(n) =10-1(n) w y(-2)=-10, y(-1)=0, naiigure
NLIXOJIHYIO nocienosarensHocts (1) wis n 2 0.

1 A5 Jlano pa3HOCTHOE YypaBHEHHE, ONNCHLIBAIONIEE PEKYPCUBHYK) LEMNb
[ICPBOro ITOPAAKa

)r(n) — x(n) +bl y(n iy 1), X(n) = A = const.

Haigure peureHue ypaBHEeHUs ¥ NMPOAHAIM3HPYHTE €ro noBeJeHUE INpH
n —> oo, eciu Ibll 4

236, s nocneaoBaTeIbHOCTH [2, 1+4,0,1 —-i] BBINOJIHUTE  OGpaTHOE
nuckpetHoe npeodpazosanve Oypre.

2.37. lna  nociiegoBaTeNbHOCTH [1, 0, 0, 1] BLINIOJIHUTE  JIUCKPETHOE
npeobpazoranue Dypre.

2.38. llycty  nocnenoBareibHOCTH [I, 0, 0, 1] npejcraBiger  coOoH

OUM(PPOBAHHBIE JJIEMEHTHl BBIOOPKH, B3ATbIE U3 CHTHANA HaNpsXKEHM,
JAUCKPETU3MPOBAHHOIO €  HUHTEPBAJIOM  JUCKpeTwsammn 125 Mxc.
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Halinure # 1nocrpodTe aMIUTMTYOHBIA ¥ (a30BBIi  CHEKTPBI
IIOCJIEJOBATEILHOCTH JIAHHBIX.

2.39. Beruucinre  N-toweunoe AP  xakigo M3 crieayiomy

NOCNEA0OBATEILHOCTEMN:

a) x(n) =0(n);

6) x(n) =0(n—ny), DL, < N:
B) x(n) =", UEh< N

r) x(n) =l(n)-n-ny), O0<ny<N.

2.40. Hantaure 10-Toueuroe obparHoe I 1D mocne oBaTebHOCTH:
3, k=0,

X (k)=
" 1, 15k <9

2.41. Haijpgure N -toueunoe JIT1® nocnenoBarenbHOCTH
x(n) =cos(nw,), O0<ns<N-1.

Cpaunre  3padeHns  koodpduumenro  JII®  X(k), kornma
Wy =27k, /N, c Temu, xorna ©, # 27k, /N . O6BACHUTE pasidus.

2.42. Haiigure N -toveynoe TP nocienoearensHOCTH .

> 2
xn)= 4+cos“(-——£—n-}, n=01..,N-1.

* 4

2.43. PaccMOTpHM NOCHEAOBATENEHOCTE KOHEYHOM JTHHBI
| x(n) =0(n)+20(n->5).

a) Haiinure 10-roueunoe JQII® nociaenosarensrocta x(n).
6) HalijimTe nocnenosBarenbHOCT, xkoTopasg umeeT 1P rua

Yk)=e MTX(k),

rae X (k) — 10-rogeunoe J{II® nocnegoBarenstocT x(1).

B) Haiigute 10-Touednyro nocienosarensHocth Y(n), koTopas umeer
JIID sunga:
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Y(k)= X)W (k),

e X (k) ~ 10-roseynoe NP nocienoBateibHOCTH x(n),a W{k) -
10-roueunoe TP nocrieqoBaTebHOCTY BUAA:

I, 0<n<6,
w(n) =
, HHaue.

J, PaceMoTpuM niocne1oBaTenbHOCTS
x{(n) =40(n)+38(n—1)+28(n - 2) + 8(n - 3).

llyers X (k) — 6-1oueunoe AIP nocaenosarensuoctu (7).

) Ha¥iiure nocnemoBaTeNBHOCTE KOHEUHONM [UTMHBI y(n), xoropas
umeer 6-roueyHoe JITO:

Y (k) =W:* X (k).

0) Haitqure nocnenoBatesHOCTh KOHEYWHOH anuusl W(n), KOTOpas
umeer 6-roueynoe JITIP, paroe peansHoii qactu X (k):

W (k) = Re{X (k)}.

#) Haiigure mocnenoBaTebHOCTE KOHEYHOM NTHHEL KoTOopas uMmeer 3-
roueynoe JI1D:

Qk)y=X2k), k=0,1,2.

245, llyers x(n) — mocneoBareabHOCTS BUAA
x(n) =20(n)+6(n—-1)+ 8(n-73).

Berurcasiem 5-toueunoe JIIID nocnemosatensroct X(72) ¥ BO3BOIMM
[10JTYYMBIUYIOCH 1TOC/IEA0BATENBEHOCTD B KBA/IPaT:

Y(k)= X?().

3aTeM BbraMciAeM obparHoe JIIID w nonyyaeM [ocnenoBaTebHOCTE
y(n). Haiigure nocnenosarensnocts y(n).
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3, AHAJIM3 JMCKPETHBIX CACTEM IIEPBOI'O H
BTOPOT'O IIOPSJIKOB

3.1. Onucauue CHCTEM JHCKPETHONo BpeMeHH ¢ NOMOUIBIO
IIONIOCOB H HYJICH

B GoibnIMHCTBE CiyvydeB lepeiaTo4nyro (yskumo cucremsr H(Z

MOJKHO BBIPA3HTE depes €¢ HYJIM M moatoca. PaccMoTpuM, HaripuMmep, GWiIbTj
nopsigka N |

LA
D(z) LAk |
H(Z)-—_N ——_—E:,O — (3.1)
=z .
(2) S b,z k
k=
rae a, n b, — ko3hpGUuMeHTH QUIBTpA.

Ecnu dynxus H(2) MMeeT nomwocsl B ToUKaX Z = Py, Pp,.... P, &
HYIM B TOUKAaX I =2, 23,-.-» Ly TO H(zZ) MOXHO pasnoxuTh HA
MHCKHTENH U NPeJACTABUTH B BHJIE

| ~ N z2=25)...(2—2zy)
H(z)= K SE-BN2 Tl A2 Xy (3.2)

(Z“‘P])(Z"‘Pg)u-(i’,"‘ PN)’

roe Z; — [-#i Hynb, p; — i-i nomoc, a K — xo3dduumneHt ycuieHus. |
IMonrocwt z-upeobpazosannss H(zZ) - 510 3Ha4eHUs: Z, B KOTOPBIX PYHKUUA
H (z) pasna Gecxoneunoctv. 3naueHns 7, B kotopeix H(Z) pasna nymo,

HaspIBalOTCA HMysassmu. Ilomocer ¥ Hyvian ¢yuxkuun f1(z) Moryr ObiTh

JEUCTBUTENNEHBIMUA ¥ KOMMJIEKCHBIMHM. ECIH OHM KOMIIIEKCHBIE, OHU HIYT
KOMIUIEKCHO -CONIPAKEHHBIMH 1apaMu, 4yTo0s1 koadduuuentsr a(k) u b(k)
Obum aeHcTBUTEBHbIMK. Y3 ypaBHenHa (3.2) BHAHO, YTO €CNH HM3BECTHBI
NOJIOKeHUs nomocoB U nysjei dyuxkums H(Zz). 1o camy dpynkumo H(z)
MOYHO JIErKO ROCCTAHOBHUTE C TOYHOCTHIO IO KOHCTAHTBHI.

Undopmauuio o nepeiatodyHod GYyHKUHUM CHCTEMBI MOXKHO HArJIALHO
n300pa3uThL B BYjE JHarpaMMBl Hylell W noimocoB (puc. 3.1). 3xeck
KPECTHKOM 0003HaYeHbl MOJIOKEHHs NOJIOCOB, a4 KPYXKKOM — MOJIOXEHM
pynefi. Ha puc. 3.1 momiockl Haxozarces B Toukax z=0.5%05j n

z=10.75, exmicTBenHbii Hyab — B Touke Z =—1. BaxHolt 0COOEHHOCTBIO
auarpaMMbl HyNei M 1oJIIOCOB ABJIACTCA HaAHECEeHHass Ha Hee ejWHWYHas

OKPY>XHOCTE, T.€. OKPYXHOCTh, KOTOpas 3a0aeTcs YPaBHCHUEM 12} =1.
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Yih-lnojiocHad — AudarpaMma pacKpblBaeT  CBOMCTBA  CUCTEMBI
HOro BpeMeHH. Hanpumep, U3 110JI0KeHUS NOIOCOB M HYJICH MOMXKHO
h MACTOTHYIO XapakTepUCTUKY CHCTEMBI, a TaK/Ke PelIUTh BONPoC 06

¢  YCTOWYMBOCTH. A YCMOUYUBBIX CUCMEM €Ce NOIOCHI
WM Jexcams 6Hympu eOUHUNHOU OKpyMCHocmu {(wiu coenadame ¢
W Na COUnUMHOU OKPYIHCHOCHU).

4 Im(z)

EMruYnas

4 OKPY/KHOCTb

|

ld=1

. .
—1 Re(z)

Puc. 3.1. Hyns-nomocHas quarpaMma

Hacro z-nipeoOpa3oBaHyue HENb3A [IpeACTaBUTE B (baKTopHaoBaHHOM
e (3.2), ero MOXKHO 3aIMcaTh TONBKO KAK OTHOUICHHE MHOI'OMJICHOB, KakK
W ypastenvn (3.1). B Takux cnywasx juia onucanus H(z) uepes Hynu u

HONoOca HeoOXOOUMMO HAMUTH KOpHHM MHoOrouneHa zuamedarens IX(z) wu
Muorounesa uncnutens N(z).

Onpenenenne kopueir muorowreHoB D(z) u N(Z) Bbicokux

HOPIIKOB — 3anaya He M3 Jerkux. Ha npaktuke 3710 nenaior Ha DBM ¢
HOMOIIBLIO  YUCIICHHBIX METOJOB, HalpHMep, ¢ TIOMONIBIO aJIrOPMTMOB
E Hwiorona wumm Badicroy. Heo6xoaMMOCTh HOMCKa TIOMOCOB M HyJIeH
| OCOOCHHO YacTo BO3HHMKAeT B CB3M C IPOCKTHPOBAHHEM IIA(GPOBEIX
(PWILTPOB M AaHANTU3OM MX YCTONYHBOCTH.
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3.2. ExuHBIbI H3MepPeHHA YaCcTOThl, HCNOJAbL3yeMble B CHCTEeMax
AUCKPETHOTO BpeMeHH

CucremMbl W CHTHaJIbl  HENPEPBHIBHOTO BPEMEHM, KaK TIpaBHIK
OMMCBIBAIOTCA C JOMOLUBIO npeodpaszoBanus Jlanmaca. ClienoBaresbHi
4acTOTHAs XapPaKTEPHUCTHKA CUCTEMBI HEMPEPhIBHOIO BPEMEHHU TpaﬂHHHOH

OMHMCHIBACTCS MyTEM IIOACTAHOBKM § = j() B MepelaTOuHylo (yHKIMK
cuctemsl H(s), rne § — xoMmruiekcsas nepeMenHas Jlarnaca. B umbpon

00paboTKe CUrHaAJIOB MBI UMEEeM JIeJi0 € CHUCTEMAMM M CHIHajlaM
AACKPETHOrC BpeMEHU. B 3TOM Cllydae 4YacTOTHYIO XapaKTEPHUCTUKY
jo

-.
MyTeM IIOACTAHOBKHM 7 = € U TICCACIYIOUIEr0 BBIMUCIEHHI (VHKLMU z
npeobpazosarns  H(z) Ha ortpeske 0SS ®,/2. 3necs crout

OCTAHOBHTLCA Ha KIHOYECBOM MOMCHTE CUCTEM JUMCKPECTHOI'O BPECMCHHU
3aBHCUMOCTH 3()PEKTUBHOIO MHTEPBaJIa 4acTOT OT YaCTOThI uncxpemaauuﬂ-
0, .
Ta6nuua 3.1

EJMHHMLBI 4ACTOTHI, KOTOPHIE MCIOJIB3YIOTCA B CUCTEMAX JUCKPETHOIO BPEMEHH, M UX
CBSA3E ¢ TOYKaMM Ha eAMHHYHOH OKpYXHOCTH. F, =1/T —4acToTa AMCKpETH3allNy B

I'i; 7 - nepuopn IUCKpETH3ALMH; ©, =21/ T —4acToTa AUCKPETH3ALHN B paj/c

f (Tw Q (panc) | T (pan) , = loT
o 0o 7 o 1 1
Fy/8 ®,/8 m/4 V2 V2,

By * 5
— 7 T/ B B~ S
EE | w8 | wE T B h
i _. - T + -
Fy/2 | mo/ 2 n -1
SF, /8 5w, /8 swa | B vz ]
I R |l T2 8
3F, /4 3(’)0/ 4 3m/2 —1 :f
7F,/8 Tw, /8 7m/4 2 B J3 . j
_____ 1 2 2 z
F, | W, 2n |
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I} 1061 3.1 mokasaHo, kak U3MeHsroTcs W7 U Z npu U3MEHEHHH () OT
w,.

MoxHo riokasatse, 4to ecny yron ®W7 npoGeraer 3nauenns ot 0 mo
, 10 3HayeHue Z wu3mensiercs or 1 mo I u obparwo mo 1. Dry
OpMaimio B rpadMyYecKoM BHAE MOXHO HaiTH Ha puc. 3.2. U3 puc. 3.2
0, YTO YacTOTHAas XapaKTepHUCTHKA CHUCTEMbI JMCKPETHOrO BpeMeHH
WaNa: ecid MPOMTH MOJHBIM KpYr OJMH WM HECKOJBKO pas, TO
Heumns Z 6yayT mpocTo NMOBTOPATHCA.

W

- /
! 3(0@/4

Puc. 3.2, Equauynas OKpYKHOCTb Z-IIIOCKOCTH, Ha KOTOPOH MOKa3aHbi
KPHTHYECKHE TOYKH 9acTOTHI

CnenoBaresbHO, OPpEACTABIHAKOIIUAE HHTEPEC HACTOTHBIC HHTCPBAJIbI
MOXHO BBIPpA3UTb OJHHMM H3 INECTHU CICAYIOUIHNX 3KBHBAJICHTHBIX CII0COOO0B:

0<w<w,/2 (pax/c)
0<®ws=/T (pag/c) ¢,
0<w< 7w (pan)




O0<f<F,/2(Tw)
0< f<1/2T (I'n) > .
0= f =1/2 (nopmupoBanusiit)

Ipumep 3.1 |
Hano onucanue yacmomnou XxXapakmepucmuku NoNOC06020 Purompa
OUCKDEMHO20 8pemMeHil 6 8Ude: ¢
1) nonoca nponyckarus 6-10 xl vy,
2) nonocwvr nodasnenusn 0-4 kl'y u 12-16 xl'y,
3) vacmoma duckpemuizayuu 32 xkl'y.
a) Buipazume cneyuguxayuio yepez nopmuposanryro vacmomy.
6) llepeseoume cneyupuxayuro uz cmanoapmuvix edunuy (I'y) e pad/c.
8) Ilepegedume creyuurayuro uz pad/c 8 HOPMUPOBAHIYIO YACHOMY.

a) I panuunsie wvacmomui, komopuwie usmepaomesn 6 I'y, Moxcno 3anucams 6
HOPMUPOBAHHOM 6UOE, NPOCMO PA30eaU8 KANCOVIO U3 HUX HA Yacmomy
ouckpemusayuu. Taxum obpazom, creyugukayus 6 HOPMUPOBAHHOM BuUde
6yoeni gvi2nsidems max: |

1) nonoca nponycxarnus 0.1875 - 0.3125,
2) nonocwet nodaenenus 0 - 0.125 u 0.375 - 0.5,
3) uacmoma ouckpemuzayuu 1.

6) ITockoneky O =2Tf, 012 mozo, umober nepeiimu k padlc, Kaxcoas
epanuunan wacmoma npocmo ymuoscaemces Ha 2T. Tenepe cneyuguxayus
YACMOMHOU Xapakmepucmuxu 6yoem creoyioujei.:

1) nonoca nponyckanus 12000 - 20000 paod/c,
2) nonocwt nodaesnenus 0 - 8000r u 24000 - 32000r pad/c,
3) wacmoma oucxkpemuzayuu 64000r pad/c.

8) [ paruunvle yacmomst u3 0) MONCHO 3anuUcames 6 HOPMUPOBAHHOM €ude,
pazoenue Kaxcoyio uz riux na 32 kl'y (vacmomy ouckpemusayuu), nanpumep,

120 3
Dy S I

32000 8

Taxkum obpazom, cneyuguxayus npueoouUmcs K 6udy:

1) nonoca nponyckanusn 3n/8 - 57/8 pao,
2) nonocwet nodaénenua 0 - 4m u 3n/4 - = pao,
3) vacmoma duckpemuzayuu 2x pao.
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Jliee  npu onucaHum  UMAPOBBIX  LENeH  paccMarpHUBaeTcCH
PMMpOBAHHAS YACTOTA, T.e. BelM4YuHa W7 .

3.3. YacToTHbIE cBOlicTBa HHPPOBOH UenH

PaccMOTPHM Kiace BXOIHBIX NOCIE0BATENbHOCTEN
x(n)=e’®", —co<n<oo,

| lciin Takast nmocne0BaTeNbHOCTE MOCTYNAET HA BXOA JTUHEHHOHN LEIH C
- MMNYNIBCHON  XapaKTEpUCTUKOHU h(n) , TO Ha BbHXOAEC  ITOABUTCAH

- NOLNe10BATEIBHOCTD

y(n)= Y h(m)e®®™ =i 3 hm)e I = x(n)H ('),

m=—00 M =-00

Takum oOpa3zoM, it BbIOpaHHOI'O Kiacca BXOAHEBIX
HOC/1e/I0BaTeIbHOCTeN OTK/IMK COBIIAZIaeT ¢ BXOLHOH IIOCIEL0BaTeIbHOCTHIO
[0 ”
¢ TOMHOCTBIO 10 KoMIiekcHoro Muoxurens H (e’ ), koTopsiii BeipaxaeTcs
Hepes MMITYJIBCHYIO XapaKTepHUCTHKY CIIEAYIOLIHM 00pa3om:

H(e'®) = fk(n)e“f"’". (3.3)

H=—=0<

Wn
ITockoBKY — moOCHienoBaTeNbHOCTH BuMaa €’ (DYHKIIMORBAJIBHO

SKMMBAJICHTHA JIMCKPeTU3MPOBAHHOM CHHYCOHJlE ¢ 4acTtoron @, TO

” : )
Muoxurens H (eJ ) Ha3BIBAKOT YUCMOMHKOI XAPAKMEPUCMUKOU KENU, TAK
KNK OH NpeacTaBiseT KO3(PHUUHMEHT nepesayu LenH Uis KaxaIoro 3HayeHus

i .m [
(. Moaynp H(e’™) Ha3bIBACTCH  AMAJIUMYOHO-4ACMOMHOU

vapakmepucmuxou  (AYX), a aprymeHr -  ¢hazouacmomHou

xapakmepucmurou (DUX) uenu.
HeTpygHo 3aMeTUTh, HYTO 4YACTOTHAs XapaKTepUCTHKA ABJIAETCA

leproauyeckor @yHKuMeidl (), npuuyeM ee nepuox paseH 27. Ota
ICPHOIUYHOCTD CBA3aHa €O CrelH(UKOH AUCKPETHIHPOBAHHOTO KOJNIEOAHHA:

WXO/IHAS MocJieJoBaTebHOCTE ¢ YacToroit (W+2mm) (m=%1, £2,...) ne

OTJIMYAETCH OT BXOAHOM rocie/JoBaTeJIbHOCTHU C 4acToToH (), T.e.

.i":(n) =ej(m+2m1t)n =ejmn gl x(n)-
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-
ITockoneky H{e’" ) ~ nepmommueckas GpyHKUHS, TO L TIONHOLO

ONHCAHMA ZOCTATOYHO 3aJaTh ee Ha JiroboM uHTepBae JuHod 270, OObIYHG

IUIS 3TOM 1EeNtH Ucioab3ytoT uHTepsan OSmM<2T.
JIpyrum BakKHBIM CBOMCTBOM YaCTOTHOH XapaKTEPHUCTUKU ABISETCS TO,
4yTe Mds JAedcTBUTENbHLIX A(7) (kak OoOBIYHO U ObIBAGT Ha INPAKTHKE)

0
vonyns H(e’" ) cumMerpuueH, a apryMeHT acHMMeTpHYEH OTHOCHTEIHHO
W=7 una unrtepBare O<LWL2M. AHanoruMuHo HeHCTBUTENBHAS 4YacTh

Q)
H(e’" ) cummerpuuHa, a MHUMAas — aCHMMETPHYHA Ha TOM Xe HWHTepBalle,

[TooTomMy iipH ZeACTBUTENBHBIX HMMIYJIbCHBIX XAPAKTEPUCTHKAX HHTEpBAl
4YaCTOT, Ha KOTOPOM 33Jar0T YACTOTHYIO XapaKTepUCTHKY, OOBIYHO

cokpatuaior a0 O<OLT.
3.4. Anann3 peKypcHBHOM LeNu NepBoro nopsiaKa

CrpykTypHas cxema uenu uzodpaxena Ha puc. 3.3. PaccmarpusaeMas
Ll€Nb ONUCHIBAETCS Pa3HOCTHLIM YPAaBHEHHUEM:

y(n)=x(n)+b,y(n-1). (3.4)

xn) . - y(n)

Puc. 3.3. PexypcuBHas 1ienb nepBoro inopsjika

[Mpumenus oaHOCTOpOHHEE z-nipeobpazoBaHue K OOEMM 4acTIM
ypaBuenus (3.4), nonaras y(—1) =0, nonyuum

~ -1
Y(z)=X(2)+bz 'Y (2).
[lepenarounas QyHKUMA LENH BhIPAXKALTCH 32aBUCHUMOCTHRIO!

| 1
Hiz)= SR e = ° (3.5)

CX(@) 1-bz z-b
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3.4.1. YacmomHpbie caoiicmea

(' momonieio 3amensl Z = e’® B (3.5) u UCTIoNb3ys opMmyity Ditnepa
o . - N
¢/ = cosw+ Jsin @, Oy UHUM BBIPAXKECHHUE AN 4aCTOTHOM
RAPAKTEPUCTHKH:

e’ ]

L -4 - i-——bl cos() + jb, sin( ) '

H(e'®) =

IlocnenHee  Bhlpak€HUE  UCTIONB3YETCA  JUIS  TeOMETPHYECKOH
HHTepripeTandy 4acTOTHBIX CBOMCTB uH(ppoBod uenu. B 370oM ciyuyae
ROIMOXKEH, HalpuMep, CIeAYIOUIWN aarOpUT™ JAeHCTRUM:

|. M300pa3uTh Ha Z-MJOCKOCTH EAMHHYHVIO OKPY)KHOCTh, HYJIH M
Homoca. B gaHHOM cnydae rniepeaaTouHas QYHKUHUS WMeeT OIUH MOII0C
Py = bl n oxuH Hynb Z; = 0. Llens ycroiiuusa rnpu !bli <1

Ha puc. 3.4 npeacrapiieHa HYJb-NIOMIOCHAS JHarpaMma lenu s JByX
savenuit by : napamerp by > 0 — puc. 3.4a, mapamerp by < 0 - puc. 3.46.

2. JInsi oueHKuU CBOMCTB Lenu Ha yacrore () clienyer HaHecTU Ha Z-
[ITOCKOCTH BEKTOPBI, ITPOBEJCHHBIE U3 BCEX HYJEH M TOMIOCOB B TOYKY

(1} e s
t=e’" Ha enMHUYHOM OKpYXHOCTH. i ciydas PEKYPCUBHOM LIETIH
[IEPBOro MOpsJKa TaKUX BEKTOPOB OyJeT ABa: NMEPBLIM INPOBEHEH H3 TOUYKH 4
2y =0, Bropoit u3 Touku p; =b;. Ha puc. 3.4a, misa cnyuas b, >0 sti

NeKTOPBI 0003HAYECHBl 4Yepes e’ u e - by, a Ha puc. 3.46, mia cinydas
, ) [
by <0, uepes e’/” u e’” +b; coorsercTBCHRO.
0 .
3. Bpaiuars Touky Z =€’ NIpOTHB YacoBOi CTPEJKH OT TOYKH Z =
(W=0) no Touxu z=-1 (W=T).

4. 1lo BeauymHe BEKTOPOB, TIPOBEOEHHBIX B TOYKY Z
OnpenenuTs MOAYJb YacTOTHOM XapaktepucTuku — AUX, a mo yrnam
APryMmMeHT YaCTOTHOHM XapaxTepucTHKH — PYX. HyxHO OTMETUTH, 4TO IpH

m el
by >0 u nepemenienuy Toukn 7 =e’" mpoTHB yacoBoil cTpenku oT Z = |

10

2

10
no z=-1 momyns Bextopa e’ —b; Gymer pactu. B cBow ouepens,
OTHOILIEHHE BUJA
{0
il

o]
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To ectsh AUX, Oyner yoOrpBarh. lloaToMy pekypcuBHAS Lenb IEPBOro
mopanka B cnydae by >0 sBiasercs ¢unsTpoM HIKHHMX 4actor (OHY).

Paccyxnas ananorwgno mis ciaydas b <0, monyumm uens ¢uistpa
BepxHux yactor (PBY).

4 Im(2)

1t 4 Im(z7)
= —
2
e’® + b, N\
e\ 0=0
X o |
4z »
. b, Rel(z)
W=7
<" 3
™S =
2
0)

Puc. 3.4. Hyne-nosnocHiie guarpaMMbl pEKYPCHBHOM LIeNH [IEPBOTO MOPsiKa
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Martematudeckd AUX peKypCHBHOHN LEMNU NEPBOrC MOPAJIKA MOXHO
Olipe/leIuTE B BHAE

1
‘\/1 + blz S Zbl COS((O) |

# PYUX ¢ HCTIONB30BAHUEM BBIPAKEHUSA

H(w) =l H(e’®) )=

() = arg(H (e’*)) = arctg( = BB )

1 -5, cos(m)

Ha puc. 3.5a u puc. 3.50 npuBezeHsl cOOTBETCTBEHHO rpaduxu AUX u

OYX 1na b, € {-0.6; 0.6}

0 0.25 0.5 0.75 1
- 6)

Puc. 3.5. XapakTepucTuk peKypCcuBHBIX GHIBTPOB NepBoroe nopsaka: a) A4YX; 6) @YX
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Bripaxenne ans HopMmupoBaHHoM AYX B paccmarpuBaemMou Lernu
UMeeT B

H _ 1
H ax Vrl+b12 — 2b; cos(w)
3nec H_,. -~ MakcumanbHoe 3HaueHue AUYX paccmarpuBaemoit

PEKYPCHBHOM LENH 1ISPROrO MOpsiJiKa.

Yactota «cpeza M onpenensemas Ha ypoBHe 1/ J2 ot

?
MakCUMaJZibHOT O 3ha4eHns AYX, pasHa

(415, 1-b,* -1
2b, '

(), = arccos

\.
I'paduk 3aBucumocTu M, (H;) m3obpaxen Ha puc. 3.6. B pekypcusHo#

menu (). npoberaer Bee 3nauenus ot O go T ans kaxaoro tMia GUILTPOB.

S R PR S TR e e S S SeW S RS S

I
% | J—
|
!
|
I

-

0.

N
—
b

Puc. 3.6. I'padnk 3aBHCHMOCTH 4acTOTH! Cpe3a OT napameTpa PuabTpa
3.4.2. Bpemennvle xapakmepucmuxu

HAmnynscrian xapakmepucmuKka

VIMNyjieCHYI0 XapakTepHCTHKY UenH olpeleilnM Kak obpaTHoe z-
npeoOpazoBanKe nepefaTouHoi GyHKLUHH, TO €CTh
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i

hin)=Z "H()} =Y resH(z)z"
{ Pi

n-1 | n-—1

: . = res—~— = b;' 1(n).

=res

' pr=by P1=h

['paduxu ¢ynxkuuu h(n) gns oapamerpa by =—0.6 u b =0.6

NOKa3aHsl Ha pUc. 3.7a U pUc. 3.70 COOTBETCTBEHHO.
MMnyiscHas XapakTEpUCTHKA PEKYPCUBHOM HeNH TeopeTHYECKH
JyUlecTByeT no M =o¢, Ha npakTuke oA IJIMTENbHOCTHI) HUMITYJIBCHOHN

KAPAKTEPUCTHKK N,  TMOHUMaeTcs Benuuwda n+1, n0pm  KoTopoi

{h(n)! <0.1.

L1 [ o ae e S S s o LS e o o W L
L3y
O I" & = @ - 3
l o 4 5 6 i 8 n
ST oo il o s s e o
] ooy S s
a)
h(n)
oS4~ e ————--
0 1 2 3 4 5 6 7 8 n

Puc. 3.7. UMnynbcHbIE XapaKTepUCTHKN PEKYPCHRKEOM 1IEMH NEPBOTO NOPALKA
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IHepexodnas xapaxkmepucimuKka

BripaxkeHne st TEpexXoNHOH
DCIIEHHE PR3HOCTHOIO YPABHEHUS BHIA

g(n)—=bg(n—-1)=1(n),

¢ HauanbHeIM yeitoBuem g(—1) =0.
Hcnione3ys npuMep 2.3, 110ay4aM

1 . blfH-l

XapaKTEPUCTHKY  TONYy4UM  Sepedl

(3.6

g(n)=

[loxaxem Ha puc.3.8a U

I(n).

1

puc. 3.80  rpapuxku  nepexoaHOH

XapaKTepHCTUKH PEKYPCHBHOM 1eNH TepBOro mnopsaka JUis Mapamerpa

b, =—0.6 u by = 0.6 coorBeTcTBEHHO.

1 ——————————————————————
05 f---=F-9--F-3--F-J--F--
I ks
0 | 2 3 4 3 6 7 8 n
a)
+g(n)

DE e - ——y— — g - -
21 ————— IR [, (mwenee. | (WY (RpRRp [N (gEen
‘l e S— — — - pu— — f— T— ———

l— = +
0 | 2 3 4 5 6 7 8 n
0)

Puc. 3.8. Ilepexoanrie XapakTepHCTHKY PEKYPCUBHON LEHH IISPBOTO NTOPSAKA

62



[log AIUTENHLHOCTHIO TEPEXONMHOM XapaKTepUCTHKM M[NOHUMAETCHA
wimia n, +1, npu xoropoit ¢yHkuma g(7) nomazaer B UHTepBa

mewnit g, £0.1g ., 3necs g, - ycTaHOBUBuIeECH 3HAYEHHE

POXOJIHOKW XapaKTePUCTHKH.
3.5. AHa/in3 HepeKypCHBHOMN 1eny BTOPOro NOpRaKa

CrpyKTypHas cxema Leny uiobpaxena Ha puc. 3.9. Paccmarpuraemas
|01l OINUCBIBAETCA PA3HOCTHLIM YPAaBHEHUEM:

y(n) = x(n)+ ayx(n—1)+a,x(n-2). 3.7)

PaccMaTpuBaemas lienb, Kak ¥ J1iioOas HepeKypcuBHas, yCTOWYNBA NPH
Mobeix 3HaYeHUAX KO3QQPUIHUEHTOB dy, ;.

Puc. 3.9. HepekypcuBHas Lenbs BTOPOTo MOpAaKa

BolltolHHB ~ OAHOCTOpOHHCEe  z-TipeobpaszoBanme  ofenx  yacTel
ypasresus (3.7) u nonoxus rauansusie yciaosus X(—1) =0 u x{(-2) =0,

HOJYYHM
o L
Y(z)= X(z2)+ayz 'X(2)+ a,z “X(z).
[lepenaTouyHas QyHKIHA LENU BEIPAXKACTCH 3aBUCUMOCTBIO!

2
Y(z o 5 Z°+ayz+a
H(z)z——)-=1+alz 'va,27% = i

X (2) z°

ITa GYHKUMA UMEET ABYKPATHBIN ITOJNIOC B Ha4ane KOOPAWMHAT M JBa HYINA B
TOYKaX

(3.8)

r
F



3.5.1. Yacmomumwie ceoiicmea

B 3aBHCHMOCTH OT COOTHOLICHUS MEX/Iy BeJINYuHaMy Koadbuinenrom
a; ¥ a4, BO3MOXHKI YETLIPE BAPUAHTA:

2
a
Bapuanm 1. 0 < a, < ——, a; > 0.
4
Hynn nepepatouHoil (yHKIIMA BeMIECTBEHHbIE, OTPHLATEIbHbE
pa3zhbie. JlmarpamMma Hyjed MW TIOJIOCOB TiOKa3zaHa HAa PHC. 3.10]

Paccmarpusaemas uens sasngercsa OHY.

4 Im(2) a Im(2)
1
s = s = 3.6 - - e T T o
2 Re(z) z, 2z,Re(2)
a) 6)
2 Im(2) s Im(2)
<)
O

L

B) r)

Puc. 3.10. Hynp-rionrocHbie quarpaMmel HEpEKYPCUBHOW NETU BTOPOTo NOpsiAKa
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2
| a
uanm 2. O < a, <_AI,_' a, <0.

Hyau nepemaroqHoOi (QVHKLOUM BElUECTBEHHbIE, MONO0XKHUTEAbHbBIE,
lime. Juarpamma Hyled M NoOmOCOB  NokazaHa Ha puc. 3.106.
peemaTpuBaeMas Lens ssagercs ©BY.

Bapuanm 3. a, <0, a, - npou3BonbHOE.

Hynu niepenatoyHod GyHKUMM BELUCCTBEHHEBIE, C PAazHBIMH 3HAKAMHU.

Jwarpamma wyneit v nontocos ana a, > 0 npusegena Ha puc. 3.108. Llens
- Wwimercs nojnocossiv puneTpom (ITM).
2

a
Bapuanm 4. a, > ——, a; - IPOM3BONBHOE.

Hysau nepearoyHoi GyHKUMH KOMIIEKCHO-COIIPSAKEHHbIE

2
o L g 4
<1.2 ———é—i,]\/az ——Z—-.

JIlnarpaMma Hyied u nomocos u3odpaxeHa Ha puc. 3.10r. Llens sBngercs
PEKEKTOPHBIM puibTpoMm (PD).
[Toxaxxem Ha puc.3.11 paszdueHue IUIOCKOCTH TMapamMerpoR LEMNH

(dy, d, ), COOTBETCTBYIOLLEE PACCMOTPEHHBIM YEThIPEM BapHUAHTAM.

£
B T T B |
L o o] I L
Na 21 !
Ny || PexexkTopHbId |
& "\ | puneTp
, \ \\ $ i
O \\\x\‘\\\f\k\ ! | '
L AN n/
L,\ \\\\\\K\‘\X\\\\\. s LI S %"/
-3 -2 -l 0 1
~ llonocoson
GuILTp

] —

Puc. 3.11. PazGuenue nnockocTi napaMeTpoB HEPEeKYPCUBHO# 11€iTH BTOPOTO MOpsAKa
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L

(W .
3amenuB B (3.8) z=¢’", nomyuuM BBIpaXeHHE A YacTOTHOM
XapaKTEePHUCTHKH HCPEKYPCHBHOHU 1I€IIH BTOPOTO MOPSAAKA

HEe'*)=1+a,e’® +a,e/*® =
=1+ a; cos(®) — ja, sin{®) + a, cos(2m) — ja, sin(2m).

AYX xapaktepu3yeTcsi 3aBUCHMOCThIO

H(w) = \/af‘ + (1 - a4 )2 +2a,(1+a,)cos(w) + 41:;!-2 cos* (0)3, (3.9)
a GYX

@; SIn(®) + a, sm(2m) ] (3.10)

(
¢(w) = arctg — —
1+ a; cos(w) + a, cos(Zw)

AYX u OUX HepeKypCdBHOM LENU BTOPOro MOPAJKa IEPHOIZHYHBI C
nepuogoM M =27. OTHOCHTENBHO TOUKH MW=T, AYX ssiusercs
CHMMETPUYHOH (pyHKIKed, a DUX — acumMeTpuuHOH HyHKUIKEH.

3amenod B (3.9) cos(w)=b, 4a,=A, 2a,(1+a,)=B8B,

alz +(1- az)2 = C Beipaxenne AUX npeobpasyercs K BUAY:

H(b) =~ Ab% + Bb+C. (3.11)
PaccmoTpuM kax bt Tiin dunstpa Gonee nogpobHo.

Dutompvl HUMCHUX U SEPXHUX YACMOMI

[Toxaxxem AYX ¢uabtpoB Huxuux (puc.3.12a) u BepxHHUX
(puc. 3.126) yacror u PUX dunsrpor HuwxHEux (puc. 3.13a) ¥ BepxHUX
(puc. 3.130) uacToT, BLIYHCIEHHBIX C HCNOJIb30BaHMEM BslpaxkeHuit (3.9),
(3.10) ans Tpex coueraHmnii napaMeTpos LEIH.

- Hopmuposannas AYX BeipaxaeTcs 3aBUCHMOCTBIO

H(b) _ |Ab*+Bb+C
H,_ . A+|Bl+C

Bocnonp30BaBImHCE COOTHONIEHHEM

Ab® +Bb+C 1

(A+|Bl+C)* 2

?

MOJIYY¥M BBIPAKEHUE NS 9aCTOTHI Cpe3a
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(—B+./B*—2A12C ~(A+|B|+C)?)

(. = arccos N |
2A

_.J_.S_.L_..._l

0 025 05 075 1 wn 0 025 05 075 1 omr
a) 0)

Puc. 3.12. AMIUIMTYAHO-4aCTOTHHE XapaKTePUCTHKH QHIIBTPOB:
a) ®HY (1: a,=0.5, a;=0.05; 2: a,=1, a;=0.2; 3: a;=2, a,=0.08);
) ®BY (1: a;=-0.5, a,=0.05; 2: a,=-1, a,=0.2; 3: a;=-2, a,=0.08)

, plo)/n , Pla)/m

st sl e h i b wis 55 el
Lo | !

0.6
0.4
0.2
0 W/

Puc. 3.13. ®a304acTOTHBIC XapAKTEPUCTUKH PHIBTPOB:
a) DHY (1: a;=0.5, a>,=0.05; 2: a;=1, a,=0.2; 3: a;=2, a,=0.08);
0) ®BY (1: a;=-0.5, a;=0.05; 2: a;=-1, a,=0.2; 3: a;=-2, a,=0.08)

Honocosoit u pexcekmopHuil (urvmpot

Mokaem AUX u ®UYX mna tpex couerasmuit napamerpos (a;, d,)

nonocoBoro ¢unsTpa Ba puc. 3.14a u puc. 3.146 u pexexropsoro ¢puisTpa
Ha puc. 3.15a u puc. 3.156 cooTBEeTCTBEHHO.
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Puc. 3.14. AMIUINTYRHO-YaCTOTHBIC XapaKTEPUCTHKH (PHIALTPOR:
a)lId (1: a;=-1, ay=-1; 2; a,=1, a,=-1; 3: a;=0, a,=-1);
0) PO (1: a,=-0.5, a»=0.5; 2: a,=0, a,=0.5; 3: a,=0.5, a,=0.5)

o(w)/m

e e

4 P(m)/m

N - p—— (-
05 == | |

*lg__J___LI__L__
0 0.25 0.5 0.75 | 0 0.25 0.5 ). 7 ]
a) 0)

Puc. 3.15. Pa304acTOTHLIC XaPAKTEPUCTUKA PHILTPOB:
a) I (1: a,=-1, a,=-1; 2: a,=1, ay=-1; 3: a;=0, a,=-1);
6) P(D(] £11=-0.5, {I2=0.5; z {11=0, ag=0.5; 3 ﬂ1=0.5, (12=0.5)

Hoﬁyqaemaﬂ u3 (3.11) byHkums
H*(b)=Ab* +Bb+C

ABJIETCS KBAAPATHBEIM TPEXWICHOM, KOTOPBIM NPHBOAMTCSA K napabone

<2 5
“—4AC
Hz(b):A(b +-—-§J - =
2A 4A
B 4AC-B?)
M 5 =M| -— ’ e .
¢ koopauHaTamu Bepiuuasl M (0L, [3) [ 5 A AA J
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Hpn @, > 0 (pexxextopHeiii unpTp) BeTBH Napabosibl HanpasieHsl BBEPX, 2

pn iy <0 (nonocosoit punbTp) — BHU3. DTO 03HAYAET, YTO pe30HAHCHAA
WACTOTA 110J0COBOTO H PEAKEKTOPHOTO DUILTPOB BhipaXaeTCs 32aBUCHMOCTBIO

B \ (__a,(l+a2)

W, = arccos(b p) = arccos(-—— ———-—J = arccos

) 2A 4a,

\L

1okaxem Ha puc. 3.16 rpaduky 3aBUCHMOCTH () p (a,) nas peXeKTOPHOrO

(¢1y = 1) n nonocosoro (a, =-0.5) puasrpos.

Puc. 3.16. I'padhuxu 3aBUCHMOCTEH PE30HAHCHOW MAaCTOTHI OT NapaMeTpoB PUALTPOB

PezonancHOe 3HaYeHue kBagpara AYX pasno

4AC - B? B’ 2
H2 b =) = -~ - il A=C-b_A.
(bp)=P="— 44> d

Hopmuporandas AYX Beipaxaercs 3aBUCUMOCTEIO

H(b)  |Ab* +Bb+C

— — s ' ———

Hb,) |\ p

PezonancHble CBOMCTBA IIOJIOCOBOTO M PEXEKTOPHOTro (UIBTPOB
IIPUHATO OI{EHUBATH C TOMOMUIBIO JOOPOTHOCTH, REIMUCIISIEMON T10 popMyJie:
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0 arccos(b )

T - _

W, -, arccos(b,)—arccos(b,)

3aech BENUYMHBI 0] 5, D) 5 COOTBETCTBYIOT MPAHMLIAM TIOJIOCH!:

1) nponnyckanusi B (1010COBOM QHIBTpE 10 YypoBHIO 1/ 0
MaKCUMaJIbHOTO ypoBHS AUX; _
2) nonarneHus (3agepKUBaHKs) B PEXEKTOPHOM (HIBTPE 110 YPOBHIO

\V2 ot MunaMansRoro yporus AUX.
Bocioss30BaBnIuchs COOTHOIIEHHEM

Aby,* +Bby, +C ]
B 2

MONYYHUM JUTS II0JI0COBOro ¢huiIsTpa

_p+.|B —4AC
B 2
b, =
. 2A
M3 cooTHOMmIEHUS
Aby " +Bb, +C .
I PEXKEKTOPHOTO PUIBTPa IMTOJTYIHM H
~B+J4AC - B?
b]'z —_— .
2A

3aMeTHM, 4YTO B peXeKTOPHOM (UILTpe npu d, =1 nouame nobporHocTH
He CyluecTByeT, Tak kak npu atom H (bp)-—-'O. IMokaxem nHa puc. 3.17

rpauK 3aBUCUMOCTH (J(a, ) ANs pexeKTOpHOro GpUiILTpa.
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Puc. 3.17. I paduk 3aBHCUMOCTH JI0OPOTHOCTH OT TAPAaMETPOB PEXXEKTOPHOTrO (hHJIbTpa
3.5.2. Bpemennniz Xapakmepucmuxku

Beipaxenus a1 MMIIYJBCHONW M MEPEXOJHOH  XapaKTEPHUCTHK
MOJY4arTCs IIPSAMOH MOACTAHOBKOW BXOJHOIO BO3/ICHCTBUA B PAa3HOCTHOE
ypasHenwue (3.7).

Amnynoecian xapakmepucmuxa

HMH}"JIBCHEIQ XApPaKTEpHUCTHUKA OIIpE/ICJIACTCSH 3aBHCHUMOCTLIO
h(n)=0(n)+a,0(n—1)+a,0(n-2).

Ha  pwuc.3.18a,0,B,r  npuBeHEHBI rpaguxm MUMIYJIbCHOMH
xapakTepuctiku coorserctBenno ®HY ¢ napamerpamu a; =1, a, =0.2,
®OBY ¢ napamerpamu a; =1, a, =-0.2, [I® ¢ napamerpamu a; =1,
a, =—1, P® ¢ napamerpamu q; =1, a, =1.
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0)
h(n)
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*>———0——»
0 1 2 3 4 5 n

r)

Puc. 3.18. MMy ibcHble XapakTepHCTHKH HEPEKYPCHBHOM 11elTH BTOPOTO MOPAZKA

ITepexodnas xapakmepucmuxa

IlepexonHas XapakTepucTHKa paBHa

gn)=1(n)+a;l(n-1)+a,1(n-2).

Ha puc. 3.19a, 6, B, r npuBeaeHsl rpad¥ku nepexoiHOil XapaKTepHCTHKH
cootBercTBeHHO ®HY, ®BY, IID, PO ¢ BhineykazaHHBIMHK 1apaMeTPAMH.
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Puc. 3.19. liepexojiHbie XxapaKTePHCTHKY HEPEKYPCUBHOM 11eNH BTOPOTo NMopAaKa

3AHAYNA JIA CAMOCTOSTEJNBHOI'O PEUIEHUA

3.1. Bxoa JIUC-cucremsl 3a/1aeTCA BhIpaXeHHEM
F

x(n) = L—z—) 1)+ 2" (=n—1),

- @ €€ BRIXOJ paBeH
1 n 3 n
y(n) =6 —\ I(n)—6] — | 1(n).
2) 4
[IpoBepurh cucremy Ha ycToluuBocTh. Onpenenuts MnepeiaToOYHYIO

Gyaxuuro H(Z).
f



3.2. Ecau sxon JIMC-cucremp! pasen

3.3

3.4.

2,

3.6.

74

x(n) =2-1(n),

TO €€ BHIXOX
= =

y(n) = 4(—]-JH—3(--§T -1(n).

\ 2 4

Haiaure OTKIHK CHCTEMBI Ha e AMHUYHBIM UMNYIbC.

Kayzannuas JIMC-cuctema ornuchIBaeTCs pasHOCTHBIM YPaBHEHHEM

yn)= -zl—l-y(n-— 1) +—;-y(n ~2)+x(n)—-x(n-1).

Brrucante  nepejnatodHyro  dynkumioo  H(Z) M HMIOYIBCHYIO
xapaktepuctuxy ha(n).

KaysanpHas JIMC-cuctema umeeT nepenaTrounyio GyHKIHIO

-1
& ¥
.
e
2
Haiitn z-ipeobpazoBanne BXOMHOI mnocaegoBatenbHocTH X(1), npw
KOTOPOH BBIXOAHAA MOCALA0BATENBHOCTE UMEET BUJ

Hiz)=

1(1Y " .
y(n) = _E[ZJ ](n)*"g(?,) 1(—n ~1).

PeaynrraToM cHHTE3a (QUABTPa C HCNonb3osBaHuemM SBM  spngercs
QUIBLTP BTOPOro NMOpsJIKa ¢ nepe/laTouHoM GyHKuueH B1 1A
e i
1+2z7 4+ 772
e __.2 =
1-2z7'+1.337

[lokazars, 4TO NaHHBIA QWIBTP SBIAETCA HEYCTOWYMBREIM, M HANTH
Kay3aqbHbIH YCTOWYUBEIM QUIBTP, KOTOPEIH MMEET TY K€ aMIUIHTYIHO-
HAaCTOTHYIO XapaKTEPUCTHKY, YTO H CHHTE3UPOBAHHBIN DUILTD.

H(z) =

[Tycts H(Z) - ycrofiuuselii Kay3anbHblM (UIBTP ¢ nepenaTodHOM
byHK1HEN BUaa



Hig) = 402 )=e 2
(1-re?® ;71— re /0 ;71

a) HocTpouTe HYJIB-TIOMIOCHYIC AWarpaMmy 10 3aXaHHOM repeaTovHoOn
(GPYHKUMM U, HCIIOJIB3YSI FreOMeTpHYecKue coobpakeHus, oKas3arh, YToO,
ecny 7 = 1, cucTeMa SRIAeTCH Y3KOMOJIOCHBIM PEeXEKTOPHBIM QUIBTPOM
(GunbTp-nnpodKra).

{ .

- o * ()]

6) Ha xaxo#t uactote [H(e’")| mocTdraer cpoero MakCHManbHOTO
| |

3HAYeHUA !

3.7.Curnan y(n) npencTaBiseT COBOKYIHOCTL TpeX cHruanon: Xx(n) u
ABYX ero 3afIepKeK Ha My W 21, OTCYETOB COOTBETCTBEHHO, TO €CTh

y(n) = x(n) + —;-x(n —-n,)+ i x(n—2n,).

Halttu peannzyeMsiil QuIibTp, KOTOPBIN OyneT rpeoOpazoBEIBATE CUTHA
y(n) B x(n).

3.8. BxogHaa nocnenosaTenbHOCTh s Kay3ainbHoi JIMC-cucteMsl HMeer
BU/,

x(n)=1(-n-1)+ -;) I(n).

-

z-npeodbpazoBadye BLIXOAHON ITOCNEOBATENIBHOCTH JIaHHOH CHMCTEMBI
MPeACTABICHO CASAYIOWUM BEIPAXKECHUEM:

Y(z) = ps B

Haiitu nepenarounywo pyuxkuuio H (z) JIAHHOHM CHCTEMBI.

3.9. Kaysanbnpli, NUHEHHBIW MWHBAPMAHTHBIN K CHBUIY (GUIBTP HMEET
nepenaTovHyro (VHKIHUIO Byja

o



OnpeienuTh, ABISETCS TH JAHHBIH QUIBTP YCTORYUBHIM?

3.10. lana nepesarouHas dyHKuus GuisTpa BTOPOro mMopsaka

1
l+az' +03z72

Ilpu xakux 3HaueHMsAX napaMerpa d GuasTp OyeT VeTONYUBEIM?

H(z) =

3.11. lludporoii duabTp 3a1ad NepenaTouHol GyHKIMel

L 1
H(z)=—
1-bz

_.] =
Hakitu peakumto ¢punstpa Ha BxoaHoe sosneiicteue x(n) = (—1)"

3.12. M3secTHa nepexoaHas XapaKTepruCeTHKA UMQPOBOro puisTpa
g(n)=1-p"".

Onpenenuts ero nepepaTounyo QyHKIMIO.

3.13. Lluporoii GpuibTp HHWKHHX YACTOT 331aH IepeAaTO4HOH OYHKIIUEH
-1
H(z)=1+2z".

- Onpenenuts peakiypo GuIbTpa Ha BXojgHoe Bosaeicteue x(n) = (0.9".

3.14. IlndpoBoit GHILTP BEDXHUX YACTOT 3aJaH NEPENATOuHON GyHKIIHE

- -1
H(z)=1-7".
Onpenenuts  BrIXOgHOW  3ddexT npH  AeHcTBMM Ha  BXOje
I10CJIENOBATEILHOCTEH !
a) x(n)=n;

6) x(n)= nz, rne 1 - uenoe yucno u n = 1.

3.15. llndporoit bunetp 3anan nepenarouroit dbyHknueii
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-1 ol
-04

H(z)=14. ]+062 '"9_“4__."2‘
1--0.827"+0.7z2

C wucnons3osadueM BpipaXeHus s H (z) COCTABIIEHO Pa3HOCTHOE
ypaBHEHue

y(n) =1.4x(n)+0.6x(n—-1)-04x(n—-2)]-0.8y(n—=1)+0.7y(n—-2).

HaiTu omnbKH, KOTOPHIE COLEPIKUT HTA 3aIHCh.

3.16. PaccmatpuBaercas bHUX-dunetp nepBoro 1mopsjika, UMITyJIbCHas

n -
xapakrepucTka koroporo /i(n)=5b". Onpenemurs OTKIUK 3TOrO

1"
GunsTpa Ha BXOAHYIO NochenoBarenbHocTh X{n) =b".

3.17. UudpoBoii punsTp 3a1al nepeaaTodHon GyHKUHEH

=l =
147 " +7

1-0.85z7 +0.722577%

M300pa3uTh HYJib-TIOMOCHYIO JMarpaMMy H NpUMEPHBLIH BHJI rpadHka
AYX.

H(z) =

3.18. llndposon dunesTp 2aman nepegatrouson GyHKIUCH
1+ 277
1+0.817"

M300pa3uth npuMepHbliil BuA rpaduka AUX sToro gpuistpa.

H(z)=

3.19. Ha puc. 3.20 u3zobpakenbi HyAb-TIONIOCHASA AHArpaMMa U aMIUIMTY/IHO-
qacTOTHAs XapaKTepucTHKA Hudposoro pwibtpa. J[narpaMma coaepXur
IBa HyJsl ¢ KoopauKaramu -1 U 1 ¥ 1Ba nomoca B Hadane KOOpAHHAT (B

uedrpe Kpyra). OnpenenuTs, YBeIUUYHTCH WM YMEHBIIHTCH 3HAYEHHE
H ,,, ec:tv NOMOCH M3 LIEHTPA KPyra cMecTHTh B Toukn 2y 5 = X0.5.

3.20. K xakomy tuny dunsrpo (OHY, ®BY, TIO umun PD) oTrHOCHTCA
uudpoBOY DUILTP C NEPEAATOYHON PYHKIIUEIH

1+ 2;3-:"1 + z_'z

H(z)=— = R
1-0.966z " +0.25z7
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4 Im(z)

0 TC/’ 2 Tl ()
0)

Puc. 3.20. XapakrepucTuxu k 3anaue 3.19;
a) HyJIb-TOOCHAS AnarpaMMa G poBoro GuibTpa;
0) aMIUIMTY AHO-4acTOTHAS XapaKTepHCTHKA UMPPOBOTo BHIBTpa

3.21. Lngporoi duneTp 3anaH nepenaTouytoi GyHKIuei

H(z)=1+0,z7 + 0,272,
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rne O, = 1. Kak sauster ko3pdpunuent o Ha ®UX storo dpunsrpa?

§.22. JIra uwdposeix KUX-dunerpa umerdT pasziydunbie IepeiaToMHBIE

dynxuun H,(z) n H,(2):
H,(z2)=0.5(1-1.7z"+0.72z7%),
H,(z)=04(01-2.1z"+1.1277%).

OnHako MX aMIIUTYJHO-YaCTOTHBIE XapaKTEePUCTUKHA COBEPIIEHHO
OJIMHAKOBBI, KAk 3TO TIOKa3aHo Ha puc.3.21, rae cornajaroiiye

1 .
IO
AMIUTATY AHO-4AaCTOTHBIE XapaKTePHCTUKH 0DO3HAYEHb] KaK IH {2(€’ )I.

Kak 3T0 OCBSCHUTH !

!
!
I
!
l
I
l.
/

0 Tt

!

£

Puc. 3.21. Cosnajatoniye aMriuTyIHO-YacTOTHBIE XapaKTEPUCTUKH PHIIBTPOB

3.23. CocTaBuTh CTPYKTYPHYIO cXemy MdpoBoTro GUibTpa ¢ nepeaaroyHoMn
© (QYHKUHNECH:
| 5.76
H(z) = -———" —
1-1.79z " +0.801z

9




3.24. ®unptp ¢ HECKOHEYHONW UMIIYJILCHON XapaXTepUCTHKOH 1-ro mopsaka
3a[aH epenaTovyHor GyHKIHen:

] — bz_l ‘

OnpenenuTs NepexoaHy0 XapaKTEPUCTUKY 3TOro HudpoBoro GUnNeTpa.

H(z)=

3.25. Acnione3ys dopmynst obpaTHoro z-mpeoOpa3oBanus, OnNpeHesiuTh
UMITyJIbCHYIO  Xapakrepuctuky bWX-dunsrpa BTOpOro nopsaxa,
nepenaTouysas PyHKIUI KOTOPOTo UMEET ABa HEKPATHBIX [1OJroca:

a

H(z)= ———r

3.26. CocTaBHTh BBIPAXEHWA [N I[IepeAATOYHEIX (DYHKIHH 1UGpOBEIX
(pUIBTPOB, CTPYKTYPHBIC CXEMBl KOTOPBIX IIOKa3aHbl HA puc. 3.22.

e

0)

Puc. 3.22. CrpyxTypHbIe CXEMBI K 33jaue 3.26

3.27. Ilepenarounas (QYHKOMA CHCTEMBl JHMCKPETHOI'O BPEMEHH uUMeEeET
nomock! B Toukax z=0.5, 2=0.120.2i u uynu B Toykax z=-—1 n
z=].

a) M300pa3sute quarpaMmy HYJIEH U MOTIOCOB IJIS 3TOH CUCTEMBI.
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6) BeiBeluTe€ M3 [OMarpaMMbl HYJIEeH W NOJKOCOB  IIepeHaTOYHYIO
byukunio H (z) cucTeMsl.

p) 3anMIU¥Te Pa3HOCTHOE ypaBHEHHe.

r) M306pa3ure cXeMy peaIn3aliH B BUJIC CTPYKTYPHOM CXeMBL.

3728. Jlana creuMuxaims HYACTOTHOH  XapaKTEPUCTHKU  [0JOCOBOIO
$hrIbTPa AMCKPETHOrO BpEMEHH B HOPMHPOBAHHOM BUJE:
1) INonoca npomyckauus: 0.47 - 0.67.
2) [Tonocke! nonasnenus: 0—-0.3w u 0.71- 7.
3) HTepBaJl AMCKpeTH3aLUH T =100 mxc.
a) Bpipa3ute 3Ty cnenupuKaLuio B pas/c (ieHopMupyiite ee).
6) [lepeBeauTe CreNUpUKALNIO W3 pa//C B CTAHJAPTHBIE €IHHMIBI —
repipl. -
g) IlepeBeauTe CNELIMPUKAIIAIO U3 Iepll B HOPMUPOBAHHEIH BU/I.
r) I306pasute 4acTOTHbIE XapakTepPUCTHKM s BCeX TPEX ClIydaes Ha
parepsane 0T 0 10 4acToThl AUCKPETH3AIIU K.

3.29. TpebyeTcs QUIBTP HIKHUX YaCTOT CO Cleayromel cneynpuKame:
1) YactoTa cpe3a 1 kI,
2) Yacrora auckperusauuu 10 xI'n.
a) OmpeZieIATe W W300pasuTe IOIAXOMAILYI0 JHarpaMMy HyJleH M
[TOJIFOCOB IJI4 3TOTO (PUIBTpA.
6) HaiiiuTe INEpeNaToYHy:0 (QYHKUHMIO (QUIBTPa [0 €ro JAHarpamMme
HyJied H TOJI0COB.
p) Onpe/ie/ITe aMIUIMTYAHYIO H (Pa30BYI0 XapaKTePHUCTHKY NIPH 4acToTe
{.2.5 W) RLIL
r) M300pasure aMILINTY IHO-4aCTOTHY 0 XaPaKTEPUCTUKY.

3 30. Ilepenarounas QyHKIUS HEKOTOPOH CHCTEMBI ONIPEAENSeTCA KaK

(1-1.094621z 7 — z72)(1-0.350754z " + 772)
(1-1.340228 7' +0.796831z72)(1- 0.5 - 0.5z %)

a) Haliidre IONIOCEI UM HYNH H H300pasuTe AuHarpamMMy HyjleH #u

noJaxCoB.
6) Onpenenure, YCTONYHBA CHCTEMA WK HeT, 1 0DOCHYHTEe CBOH OTBET.

H(z)=

3.31. BuipasuTe CIeAYIOU[ylo IepeJaTOYHyI0 DYHKUHIO Yepe3 €€ NONIOChl U
HyJH # NOCTPOHTE AAarpaMMy HYNEH U HOJIFOCOB:
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l-—z“I ---22:_2
H(f) = 1 9 3 -
1-1.75z7 +1.25z27° -0.357z"

3.32. Haiinnre nepenatounyio ¢dyukumio H(z) dumbrpa muckpernoro

BPEMCHH, JHarpaMMa HYyJ€H H I[OJKCOB KOTOPOro I[OKa3aHa Ha
puc. 3.23.

4 Im(2)

Puc. 3.23. [ImarpamMma Hysiei ¥ Momocos
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4. CIIELUMUAJIbHBIE TUIIbI HA®POBLIX PUWIHBTPOB
4.1. KUX-duabTpsl ¢ audenron PHX

Onpeaeneunne 4.1. /luretinas uneapuanmuas K cosucy cucmema A6AAemcs
cucmemou ¢ auneuanou PUX, ecau ee vacmomras xapaxmepucmuxa umeem

Q10

H(e'®) = iH(ef“’) g /o0 4.1)

20e Ol — gewyyecmeeHHas KOHCmanma.

Cuctemnr ¢ JMHedHod DYX HMET DOCTOAHHYX [PyNIIOBYIO
3ACPKKY

TO) = O
IMpumep 4.1
Pacemompum KHX—-gpunomp ¢ umnynbcHou Xxapakxmepucmuxkou 6uoa
1, n=0,1,...,N,
h(n) =
0, nnaue.

Eeo vacmomuas xapakmepucmuxka pasHa

S )
H(ejﬁ)):e—jN(sz \
)

sin| -

.(N+1

Coznacro ycnoguio (4.1) oaunsiit hunemp s618€mMca CUCMEMOU ¢ TUHEUHOU

PYUX, 20e x=N/2,

B obmem cnyuae, mia rtoro, urobmt KHUX-pwibtp ¢ JAIHHOH
MMNOYJIbCHOM xapakrepuctuku B /N +1 oTcueroB xapakrepusoBasics
nuHernHo PYX, 10CTaTOUYHBIM SIBJISETCH YCIOBUE CUMMETPUU HUMITYJIbCHOH

XapaKTEPUCTUKH:

h(n) =h(N —n).

Taxxe AOCTATOYHBIM ABJISETCA H YCJIOBUHE AHTHCUMMETPUU MMIIYJILCHOMU
XapaKTePUCTHKHU:

n(n) =-h(N —-n).

OuneTpel ¢ guHelHoi PUX Moryr OpiTh Knaccuduuyposansl Ha 4
THIA B 3aBHCHMOCTH OT CHMMETPUM HJIM AHTUCHMMMETPHM UMIIYJIbCHOH
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XapaKTEPUCTHKH /1(1), a Takke YeTHOCTH Wik HedetHocTH V. Kawasii ud
3THX THIIOB MMeEeT COOCTBEHHBIE OrPaHUYECHHA Ha pPacIloioKeHue HyNnel
nepeiaroyHoin pyuxkuuu H(Z), xoropas B ¢BOKW oO4Yepejp HaKJIa/bIBaET
OTpaHWYeHUA Ha XapaKTep YacTOTHOW XapakTepHUCTHKH. PaccMoTpuM HX

OoJiee noapoOHO.

4.1.1. @uavmpor muna I — cUMMeMPUMHAA UMRYIbCHAR
xapaxkmepucmuxa, N — yemnoe

LleHTp cnMMeTpHH UMITYIBCHOM XapaKTepUCTHKH IPOXOIUT B TOUKE
O =N/2, BripaaeMmoii leABIM YHCIOM, KaK NpPOHTIOCTPUPOBAHO Ha
puc. 4.1a. YacrorHas xapakrepuctika ¢mibtpa THna I ¢ auHeiHont OUX
BBIPAXAETCS CACAYIOUMM 00pa3oM:

N/2

H(e’!®)=e N2 S a(k) cos(kw),
k=0
N N N
alk)=2h — -k |, k=12, ...,—, a(0)=h| —
rae a(k) 5 - (0) >

4.1.2. Duromper muna Il - cummempuunan umnynocHas
xapaxmepucmuxa, N — nevemunoe

[leaTp cMMMeTpMH MMIYJIBCHON XapaKTEPHUCTUKH TIPOXOAUT B TOYKE
O=N/2, npu sroM & He gBnAeTCE LENBIM YHCIOM, Kax NOKA3aHO Ha
puc. 4.16. YacroTHas xapakrepuctuka ¢rnnrpa tuna I ¢ muneinoir ®UX
MOKET OBITh NPEJCTARIEHA B BUJIC

, , (N+1)/2 - R
H(e’®) = ¢ IN®/2 >, b(k)cos k——-})— W,
k=1 LY
e by =20 N ) pap o VAD
L2 ) 2

4.1.3. @®unempor muna Il - anmucummempuynan uMny16cnas
xapaxmepucmuxa, N - yemnoe

[lenTp aHTHCHMMMETPHH HMNYNBCHOM XapakTEPUCTHUKH TMPOXONHUT B
Touke OL = /N /2, BripaxkacMoli HenbiM YKCIOM, KaK TOKa3aHO Ha puc. 4.18.

HacrorHasa xapaxtepucthka ¢unerpa tumna Il ¢ nunedincit @YX moxer
OBITh NpeAcTaBieHA B BUJIE
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N/2
_‘JN /< > c(k)si(kw),
k=1

H(e-*w) =

rae c(k) = 2h(~N~ —-k), Kl 2 ,qjy—
2 2

—

4.1.4. Qunemper muna IV — anmucummempuunan umMny16CHan

xapakmepucmuxa, N — snevemnoe

IleHTp aHTHCMMMETPHM UMITYJIBLCHON XapaKTEePUCTUKH IIPOXOTUT B

touke L=N/2

» [IPH 3TOM Ol He ABJIseTCs HEeIhIM HYHCIIOM, KaK ITI0Ka3aHo Ha

puc. 4.1r. HactoTHas xapakrepucTtuka ¢uiasTpa tina IV ¢ muneitnon OYX

MOXeT OBITH NPEACTaBI€eHa B BHJIE

(N+1)/2

[ ]‘\
d(k
= ()sm( 2J

H(ejﬂ))= je--ijIZ

N +1

rne d(k) = 2/1(
, h(n)

(N +l_)_

:4—— [lenTp cummeTpum

et T T —

«— LleHTp cuMMeTpHH

I £ 3

- ——
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le— [leHTp aHTHCUMMETPHUH

le— 1leHTp aHTUCUMMETPUHU

S o~

2 -1 0

D D

Puc. 4.1. Buner nmnyibcnnix xapaktepucTuk KUX-gumstpos ¢ imadeiinoit GUX

4.1.5. Pacnoaosicenue nyreu KHX-¢hurempos ¢ quneiinoin @YX

CpBoiicTBa CHUMMETPHUH HMMNYIBCHOH XapaKTEPUCTUKH HAKIaAbIBAIOT
orpaHuueHus Ha nepenarounyio ¢pynxkuuo H(z). s ¢punstpos tuios I u

II, rae A(n) = h(N —n), cnenyer
H(z)=z "H(z™).
AnanoruyHo ans ¢unstpos tHnos I u IV, rae A(n) = -h(N —n), cnenyer
H(z)=-z"H(z").
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B oboux cnywasx, ect H(z)=0 npu z=12y, 10 npu z=1/2
raioke BbinonHsercs yenosue H(z) =0. Cuneposarensno, nymu H(z)

CMMMETPHUYHBLI OTHOCHUTENIbHO BELIECTBEHHOW OCH Ha HYJib-TOJKOCHOM
nuarpamme. Kpome Toro, mockonsky /A(n) npeanonaraercs BelecTBEHHOM,

HYJIK ABJIAKOTCA KOMITVIEKCHO-COIIPAKCHHbBIMH.

4 Im(2) /® [
4 1/ %
'S} —_—
1/2{] Re(z)
\ _.
N Y
©

Puc. 4.2. Orpanuyenns Ha Hyy nepenatoynod ¢yuxknun KMX-dunsrpa ¢ ruHeHOU
DOYX " BEUIECTBEHHON UMITYILCHON XapaKTePUCTUKOH

(dwiisTpet Tunos [ u IV aomkus iMeTs Hyss pi Z = 1, B TO Bpema Kak
duneTpsl THROB 1 M 1 70/DKHLI UMeTs HYAb IpH Z = —1)

Takum oOpaszoM, nosrydaem cienywliuue orpanndenus Ha Hynn KHX-

buaeTpos ¢ nunelno PUX. Bo-nepseix, nepeaarounas dynxumus H(Zz)
M0KHA UMeTh oauH win Oonee Hysed npu z =E1. Bo-sropeix, H(Z)
MOXET UMETh KOMIUIEKCHO-COIPSDKEHHbIE HY/IM HAa €IMHUYHOM OKPYKHOCTH
npu 2 = ¢ % yny HYJM Ha BellecTBeHHOM ocu npu Z2=0 v z=1/.
Haxonen, H(zZ) Moxer HWMeTb Trpymibl M3 4eThipex HyleH B BHJE

+/m lt'tﬁ
Jkliz __ejk_

It

KOMIIJIEKCHO-CONPSKSHHBIX Map MpU I =1, € OTH

OTrpaHUYE€HMS NPOHUIIOCTPHPOBAHbI Ha puc. 4.2.
Cnyaan z =1 u z =—1 3acnyxusaior ocoboro sunMmanus. Beraucnss

nepeaToyHyo GyHKuM0o npy Z = —1 jq1s dunerpa THna Il, nonyyaem
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H(-D=-DYH(D.

B cuny toro, yro N ~ HeYeTHOE YHCIO, IOCHENHEE BBIPAKCHHE
3KBHUBAIEHTHO CAEAYIOIIEMY YCIOBUIO:
i~ L= =i-1),

KOTOpoe  MOMeT OblTh  BbINIOJNHEHO, Tonbko ecinm  H(-1)=0.
Caenonarensto, Gpuibtp ¢ nuueiinod @YX tuna Il gonken uMeTs HyIH TPH
z = 1. Ananoruuno, seraucnsas H(z) npu z =1 ans ¢unsrpa tuma III,
IIOJIY4aEM
H-D==(-DYH(-)).
B nannom ciaywae N - uernoe ukcio, H(Z) nomkno uMers Hysis npH
z =—1. Tlockonsky nepesato4Has (yHKIMs, BBIYMCIEHHas npu 7 = —I,
COBMNAJAET ¢ YACTOTHON XapakTepHCTHKON npu M= T, 11 GUILTPOB THIIOB
IT 1 Il nonyuaem
Hle] =0
=T

Hns dunetpos I u IV Tunos, BeMucenss nepenarounyio (GyHKUMO IIpH
z = 1, nonyyaem paBeHcTBO

H()=-H(),

KOTOpOoe MOXeT ObITh BBINONHEHO, Toinbko ecau H(z)=0 npu z=1.
1

Cnenoparensuo, opuibtpe! THnos II u IV gomxebl uMeTs Hynu npu 7 =
4TO O3HaYaeT BLIIOJIHEHUE CAeYIOIEro yCIOBHS:
Hle®] =0
=0

Cymectosanue uyned npu z = X1 npuBoanT x orpanyuyeHnsM Ha
MCIIOB30BaHKE PHILTPOB ¢ nuneinod PUX. Tak, HanpuMmep, MOCKONBKY
¢unsTp THna II Becerna mmeer Hynk npr Z = —1 oH He MoXeT BBICTYMATh B
ponx OBY. Ounsrp tuna IV He MoXxeT BrICTYnaTh B ponru ®HY, u3-3a
OpUCYTCTBHA Hyis npu 2 =1. @unstp thoa Ul, wumeromwmit Hynn
omHOBpeMeHHO npu Z =—1 u z =1, He Moxer geiarscs ®HY, OBY u

PEXEKTOPHBEIM (uiabTpoM. Punbrp THna I He Hmeer momo6HOre poaa
CrpaHHYSHMI M NO3TOMY, Haubosee pacpPOCTPaHEH Ha MPAKTUKE.
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4.2. Becenponyckaroinie GriaLTPbI
4.2.1. Ocnoervie onpedesierun

Onpepenenne 4.2. FUX-punemp ¢ nocmosHHou 80 6CeM HACMOMHOM
Juanaszorne AYX nazvieaemcs ecenponyckaoujum.

lH(ef"’x=1.

JlaHHOe YyCJIOBME OrpaHWYMBACT PAECMOJIOKEHME HYJIEH K  IOJCOB
nepefaToyHo (QyBKUHH, KOTOpble NOABISAIOTCS B BHAC KOMIUIEKCHO-

CONpAXKECHHBIX IIap.

N 5 ,
H(z)=[]—= (4.2)
A’—_—ll""’akz

TakuMm obpazoM, ecnu nepejarodyHas QyHKIUSA UMeEET IMOJI0C IIPH T = d, , TO

*
OHa JOJKHA ¥MeTh HyNb npu Z = 1/ a; . Ecnu uMmmnyiibcHas XapakTepUCTHKA

¢bwibTpa SBNAETCS BENIECTBEHHOM, TO KOMIIIEKCHBLIE KOPHHU B BBIPAaKCHHH
(4.2) nioABNAXOTCH B BHAE KOMIUIEKCHO-COINPSDKEHHBIX I1ap, MPH 3TOM
nepegaTodHas GyHKLUMA MOXeT OBITh 3aMdcala B BUJC MHOXKHTEIEH BTOPOro
nopsaxa:

""Ckzml +Z“2

H@) =1 "b_‘ 112

_..l]_ bk“' "'11 CkZ +dLZ =
rae ko3gdpuumnenTs by, ¢, u d; — BeweCTBEHHBIC.
Ecnu Bcenponyckawomuit GuisTp ¢ nepenarouroi ¢pynxuweit H(z)

IBJISIETCA YCTOWYMBEIM, TO montoca FHH(z) nexar BHYTpU eIUHHYHOM
OKPY)XHOCTH, TO €CThb [aki<1. Ha puc.4.3 noxazaHo THIHMHOE

pacnoyIOKEeHUe HyJIeH M MOJIIOCOB Beellpolyckatouero dbuankTpa Ha HYIb-
MTOJIIOCHOHN qHarpaMme.
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Re(z)

\\ |
R l/zo
©

Puc. 4.3. Pacnonoxenue HyJel M HOMIOCOB BCENPOIYCKalOIEero GpuikTpa

4.2.2. Ceoucmea ecenponyckaomux guiompos

1. YCTOWYMBEIH BCENPONYCKAOUHH QUABTP UMEeT HEOTPUUATEIBHYIO
TPYNNOBYIO 3alepKKy /U BCeX 3Ha4YeHMM (). DTo cienyeT U3 toro dakra,
YTO U151 BCENpoIycKalowero GpuiisTpa nepBoro nopsjixKa

a8 *
]""a

l |

H(z)=" -
| —az

6
rae @ =re’” . rpynnosas 3afepiKa ONpeaeIsercs CleyOLHM ofOpazoMm:

—
(WD) = 5
JjO —jo
|—re’ e

CaepoBarensho, npr 0 < r <1 nomyuaem T(®)>0. Tak xax, B obuiem

cliyvae, Tpynriosas 3ajep:kxa Bcenponyckarmoiuero ¢unbTpa sBasercs
Cyneprio3vijMes  ykKa3zaHHoW  Bbllle  ¢GoOpMbLI, TO OHa  ABISETCH
HEOTPHIATEITEHOA BENAUHHOH.,

2. Ilpon3BosieHsli UHGPOBOM GUILTP MOXKET OBLITH COEANHEH KAaCKAAHO
C BCENIPOMyCKarolMM ¢QuabTpoM 6Oe3 m3menenus ero AYX (puc. 4.4).
JlaHHbI# TpUeM UCTIONIbL3YeTCA JiIsl BHIPABHUBAHHA IPYIIITIOBOM 3aJEPXKKH TIPH
KOMIIEHCALHN (ha30RBIX HECAUHEHHOCTEIA.
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x{n) win ) y(n)

Bcenponyckarouiui
GunBTp

1Tpou3BoJIbHBINA
bUABTP

Puc. 4.4. Kackannoe BKTIOUMEHUE IIPOU3BOJILHOTO
1 BCEIPOIyCKaionlero (puabTpos

B sToM ciiydae NpoHCXOIMT oTOOpakenne Hynel HCXOAHOro GuabTpa
OTHOCUTEJILHO €NHHNYHOH OKPYX HOCTH, YTO HE UPHBOJMT K HIMEHEHHIO
MOJyAs  YaCcTOTHOM  XapakTepucTuku. [lpounmoctpupyem 3T0  Ha
CJIEYIOILEM MPUMeEpE.

[pumep 4.2
Han ¢punomp ¢ nepedamounou gyHKyueu

ITocnedoeamenvHo ¢ HUM 8KIOYGEM BCENPONYCKAIOWUN urLmp
-1
z  —=0.2
.._] =
1-0.27

[Tornas nepedamoyHaa QYHKYuA cucmembl, NOAYYAEMAas NEPeMHONCEHUEM
UCXOOHBIX NepedaniovHblX PVHKYUU, bycem umems 8uo

z"l - 0.2
1-0.5z"1

ITpouzowno omobpaxcenue HYIA UCXOOHOU NEPeOAMOYHOU PYHKYUU U3
mouxu z = 0.2 6 mouxy z=135. Jleexo ybeoumvcs, umo AYX durempos c¢

nepedamounvimu pynkyusmu H(z) u H,(z2)cosnaoaiom.

Hz(f.)=

H3(Z):

4.3. MunumanbHo-pa3oBbie CHCTEMbI

Vcronuusag JIMC-cucreMa ¢ niepeaaToqHoH QyHKLHEH

Shikyz*  [10-Bez)

H(z)=—"= = AL :
1+ Saz* [Tl-oz™)
k=1 k=1
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XapakTepusyercs paciloioXeHHeM BcCeX [IOJHCOB BHYTPU €AMHUYHOM
OKPVKHOCTH, lakl(: 1. B HeKOTOPBIX NpUIOXKeHUsX  HeoOGXOAUMO

CHHTE3HUPOBATh TaKYK) CHCTEMY, ANd KOTOpo# ofpaTHas K Hel cucreMma ¢
nepeaarodnoit dpynkuved G(z) =1/ H(z) Takxke sBasercs yCTOHYHBOM.

Jto Tpebyer pacnonoxenus BcexX Hymned H(z) BHYTpH eZUHMYHOM
OKPY>KHOCTH, lbkl < 1.

Onpenenenne 4.3. Cucmema, 01a xomopou eewjecmeeHHas nNepeoamo Ha
DyHKYyUA Xapaxmepusyemica pacnoioNCeHUEM HYIeU U RNONCO8 6HYMPU
COUHUYHOU OKPYICHOCMU, HA3bIBAEMCA MUHUMATbHO-(A3060 4.

MuHKMaIbHO-(A30Bas CUCTEMA ONHO3HAYHO OIPEJIENfeTCsl 10 CBoe

AKX = i H (e J”] [Ipouenypa Haxoxaenusa nepeaarouroi Gpyukuuu H(z)

mo AUX - IH (e d ml B JAHHOM CJiyvae BHIIJISOUT CIeAYIOLHUM o0pasom:

1. Ucnone3ys ’H (e / ml, HaXO0 UM !H (e J m] , SIBJIsOIViOCs hyHKIIMeH

cos(km).

1 "
2. 3amenaa COS(A®) Ha —i( Ky z7* ) HaXOMHM

G(z2) :H(E)H(z"l).

3. UTorosas MUHUMaIBHO-(a30Bas cucteMa GOPMHUPYETCS U3 NOJKCOB
n nwyneit G(z), koTopsie J1eXar BHYTPY €AUHUYHON OKPYXHOCTH.

[lpumep 4.3
IIyemes H(Z) onucvieaem munumanvno-ghazosyio cucmeny, 015 Komopoi
oY 17 1
,H(e’ml = —- - —COS{).
16 2

Buipaxcas COS()) uepes KoMNIEKCHbIE 3KCHOHEHMbi,

lH( jmr LA €jm—le_jm
16 4 4

(2
uzramenss e’ na 7 u e

G(z)=H(H(z )= L. z-—-—l-z" =(1-——1-z_1 ](1-%].

- j® |
Ha Z , noayuaem

\

16 4 4

_"'_:ﬂ o - e,
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Takum o0b6pa3zom, umeem CAeOYIOWYI NEpPeoamoyHylo Xapakmepucmuxy
MUHUMANBLHO-(A30601 CUCMEMDI.:

1
H(z)=1--z"
(2) 42

[lepenarounas ¢yHKUUA NPOH3BOJIBHOH YCTONYMBOH CHCTEMBI MOXET
Bcerja ObITh NpejacTaBlieHa B BUJle NPOU3BEASHUA NepeAaTo4HbIX QyHKLMHA
MHHMMATbHO-()a30BOM CUCTEMBI H BCENIPOIYCKalOIero GpuibTpa:

H(z)=H ,,,(2) Hecenponycx (2). (4.3)

[Ipumep 4.4
Jna nepedamounou pynkyuu

-2z~
H(z)=- ) : o
(L=022 " Ji=ig ")

MUHUMANbHO-DA308A5 COCMABAAIOWAR PAGHA

-
g "~z
H.uun(z) = il 1.’
(1-0.2z " )1-0.7z")

a nepedamoyHas (PYHKYUs 86CenponycKaoujezo Guibmpa 6 3mom cayvae
-1
1-2z
ecenpoqvcx(z) R e
z "2
JIna Bcex cucrteM c 3agaHHoOd AUX MHHHMaNbHO-(a30BBIE CHCTEMBI
MMEIOT MHUHHMAJILHYIO TI'PYIIIOBYIO 33JepPXKYy. DTO CBOWCTBO cClAeAyeT U3

Buipakenus  (4.3). [Ilpeanomnoxwm, urto H,, (Z) xapakrepusyer

MUHHMaJILHO-(2a30ByI0 cucteMy, a H (z) — npyryto cuctemy ¢ toii xxe AUX.
I'pynnonas 3anepxka ans H (z) moxer ObITh 3an1caHa B BUJC

UD) =Ty () + Tycemponyex (D)

H

rne T -  IpynnoBsasi  3a[€pXKKa  COOTBETCTBYHOLICTO

GCENPONYCK (m)
Beenpornyckatouero Gpunprpa. ITockonbky Toppmmomyex (0) >0, rpynnosas

sanepkka H(z) Oyner Gonbine, 4eM IS MHUHUMAILHO-(A30BOH CHCTEMBI

H.MMH ( < ) =
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4.4. Cucremp! ¢ 00paTHOIl CBSI3bIO

Cucremel ¢ obparHoM  CBfA3BIO  UCHONB3YKTCS BO  MHOTIHX
MPAKTUYECKUX TPUIOKEHMIX, TAKUX KakK cTabunu3anys HeYCTONYMBBIX
CHCTEM, KOMIleHCalus HEeWACANbHOCTEH JNEMEHTOB, CJCIsAILMAEe CHCTeMB,
cuHTe3 oOpatHbiXx cucreM. OOiuas CTPYKTypa CHCTEMbI JIMCKPETHOIO
BPEMEHH ¢ 0OpaTHOMN CBA3RIO NOKa3aHa Ha puc. 4.5.

Ha puc.4.5 H(z) sBnsercs nepenaTto4yHoil (yHKUMEHR OCHOBHC20

anemenma cucmemul (yenu 6e3 obpamnoi cesasu), a G(z) — nepemarodHoH
QyHKUKeH stemenma odbpamHou ceasu (yenu oopamHot ceasu).

IMepenarounas ¢pyuxumas Q(2), cBA3BIBAOMAS BXOAHONH M BBIXOJIHOM
curHanbe! x(n) w  y(n) COOTBETCTBEHHO, Ha3bIBAETCH TMepelaTOYHOM
GYyHKUUEH cucmembl ¢ 0OpamHou Césa3610.

x(n) y(n)

Puc. 4.5. CrpykTypHas cxeMa CHCTEMBI © 0OpaTHOM CRA3BIO

Ilockonbky
Y(z) = H(2)[X(2) - G(2)Y (2)],
nepegaToyHas GyHKLMSA CHCTEMBI ¢ 00paTHON CBA3BIO UMEET BUJI
Y@ _  H(@)
X(z) 1+G(2)H(z)

Ecma H(z) v G(z2) - paumonansieie GyHKIHM NTEPEMEHHOIT Z, TO

H(z)= N (Z), G(2) = NZ(Z),
D, (z) Dz(Z)

H repeaaTouyHas GYHKIUS CUCTEMBI C OOpaTHOM CBA3LK) MOXeT ObITh
IpeJICTaBJIeHa B BUAC
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N(z)D,(z2)
D, (2)D(z2) + N, (2)N(2)
CnenosarenbHo, nooca (J(z) onpenensorcs KOPHAMHU yPaBHEHUS
D,(z)D,(z)+ N,(z)N,(z) =0,

NHpyux S5TOM II0JI0OCa MOFYT pacinojiarateCi IM[por3BOJIbHBIM 06]33.301\1 Ha
Z-TINIOCKOCTH.

0(z) =

IIpumep 4.5
Hara neycmoniuusas cucmema ¢ nepedamovHou (hyHxyueu

|
1—1.2z'1’

unmezpuposanras € cucmemy c obpamnoti ceazero ¢ G(z) =K.
[Tepedamovrasn ¢hyHrkyus cucmemul ¢ 0OpAmMHOU CEI3LIO |

Y(z) _ H(z) _ 1 » 1
X(z) 1+KH(2) (1-12zH+K (A+K)-1.277"

umeem nomoc npu z =1.2/(1+ K). Credosamenvro, sma cucmema byoem

yemotivuea ons écex K > 0.2,

H(z)=

Q(z)=

SAJAYHA I CAMOCTOSTEJIBHOI' O PEIIEHNWA

4.1. JlaHa cB43b MEXKJ1Y BXOJHOM M BRIXOAHOH nocieaoBatensHocTIMU KNX-
¢unpTpa:

N
y(n) = LZ b(k)x(n—k).
- ==()

Haiitu ko3 duumentst H(K) dbuibTpa HAUMEHBLIETC NOPAIKA, KOTOPHIH

YAOBJICTBOPACT CACAYIOIIHM YCIIOBHSAM.

. ®unetp umeeT nuHerHy0 OUX.
2. [TonHOCTBIO 10OJIaB/IAET CHHYCOMAY € 4acTOTOH (), = %

/!

3. AYX crporo pana 1 nppu @ =0 u @ = T.

4.2. KUX-bunstp ¢ nuHerHoH PYUYX umeer UMNYJIBCHYIO XapaKT€PUCTUKY,
KoTopas spasiercs aeuctBureabHor, u h(n) =0 npu n<0 n n>7.
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4.3.

4.4.

4.5.

4.6.

4.7.

96

Ecim  h{0) =1 u nuepematounas dynkuus paBHa HymO [pH

JT
z=04¢ > wupu z =23, uemy 6yner pasua H(z)?

Hana nepenaroysan pyukuns KUX-bunsrpa:
H(z)=(1+0.2z7"+0.827%)".

Haiitn nepeparoynyio gyukuuio Gpunastpa ¢ nuneiHon @YX, koTophii
uMeeT Ty ke AYX, 4To ¥ paccMarpuBaeMeiit GUIBTD.

KMX-punwrp ¢ auneitdoit ®UX obnamaet caeayouidMy CBOHCTBAMM:
1. h(n) - neictBuTensHas uMnynbcHas Xapakrepuctuka, 2(n) =0 npu

n<Owunpun>5

2. iﬁ(—l)”h(n) ={.

3. H(z) =0 8 rouke z =0.7¢/™'*
s [Hle™ Moo=

Ha;;me Hiz).

KHX-puasTp ¢ aefcTBUTE IbHON WMMYJIBCHOM XapaKTepUCTHKON uMmeeT
IPYIIIOBYIO 3alePXKKY

nHw) =2.
Haiinute nmnynbcuylo xapaktepuctuky A(n), ecnm nepejnarounas
GyHkumsg nmeet Honb B Touke 2 =0.5] u H(Z)I i ™ l.
.=
Ilepenarounas pyukuns KMX-dunnrpa umeer By

H(z)=1+02z"*-0.5z"2+0.8z"%+0.4z7*

Haiitn npyroii xaysaneupit KWX-punetp ¢ h(n)=0 npu n>4,
KOTOPEIA uMeeT Ty e AYUX, uto n ¢guneTp ¢ nepenaroynoii ¢pyHkimeit

H(z).

KaysanpHeiii, yCTOHYMBBIA, RCEHIPONYCKArOWIMK  (GMWIBTP  UMeeT
ACVCTBUTEIBHYID  HMMIOYJBCHYIO  XapaKTepuCTHKY. [lepeaaTounas




GYHKIUS MMeeT TpH NONKca, ONMH M3 KOTOPBIX HAXOAMTCA B TOYKE
z =0.8. Haiitu dyuxkuuio H(Zz), ecnm ona uMeeT HONb B TOYKE

~_jTl4
7 =2e/™*
4.8. Paccmotpum JIMC-cuctemy ¢ nepeparouHon gyHxuue Buaa

o | -
el |

H(:.:)-'—"Z

|a} < 1,
l—az

1 ?

a) HaliTy pazsocTHOE ypaBHEHHE, OITUCHIBAIOIEE 3TY CUCTEMY.

0) IloxaszaTs, YTO Takas CUCTEMA HABIASTCA BcelpoIyckKarwouen (T.e.
CUCTEMOM, 1A KoTopor AYX sIBJIsIeTCA NOCTOSHHOH).

B) H(Zz)coequudercs kackagHo ¢ mnepeaarournod dyakuuenr G(2)
TaKoW, YTO KTOroBas CUCTEMa UMEET MepelaTOYHYI (PYHKIUK PaBHYIO
eaquuune. ITonaras, yro cucteMa ¢ nepegarounoin gyuxkuuein G(2)

SBJISETCA YCTOWYMBOM, HAMIMTE ee HMNYJIBCHYIO XapakTepucTHKy g(n).

4.9. Ilepenarounas ¢pyukuus kaysaisHoro KUX-dunerpa umeer 3ua
H(z)=(1-03z""4+0.9z7*)(1-0.5z7").

Haiitu tpn npyrux xaysansHsix KUX-dbunetpa ¢ #(0) > 1, koropsie
uMeroT AUX Takyio e, 4TO U pacCMarpuBaeMasi CHCTEMa.,

4.10. Jonyctum, uto H(z) n G(z) sBustorcs paLuoHATEHBIMY H ABIAIOTCS

MAHUManbHO-bazoBpMK. Kakue w3 cinenyroumx GuUibTpoOB HUMEIOT
MMHHMAJIbHY1O (a3y?

a) H(2)G(2).
6) H(z)+G(2).
B) H—_I(Z).

r) H(z)/ G(2).

n z 'H (2).

4.11. HaliTu cucteMy ¢ MUHUMaQJIbHON (Da30il, KOTOpas UMeeT aMIUTHTYHO-
YACTOTHYIO XapaKTEPUCTUKY BHA

4
(1+a*)-2acos(®)

1H(efm)[2 = a| <1.
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4.12. HemuHuManeHo-(a3oBas KaysaipHasa nociejosarensHocts X(7) umeer
z-nipeoOpa3zoBanye BHA

/ ( \
B O
X(z)= 2 : 3 |

- - p—

| (1___2_1 (1_;2:-*1)

”

s kxakuX  3HAYeHMM  XOHCTaHThl (L IIOCHeOBATEeIbHOCTD

y(n) = a" x(n) aensercs MUHEMANBHO-(Da30BOI?

4.13. Kaysanpras  JIMC-cucrema  JHCKPETHOTO  BpeMeHH MMeeT
nepejaTouHyro MVHKIMIO BHAA

(1-0.7z7)(1- j2z )1+ j22_1)
(1-0.827")(1+0.8z7")
a) HaiiTu paznoxenue Ha MuoxuTenn aus yuxkuun H{Z) B Buje

H(Z) e ff,-mm (Z) g -

Hiz)=

8CENPONRVCK ( < ) i

rne H,, (z) — ¢uiastp ¢ MunanManstoi $azo, a Hﬁcmponwx(z) a

BCEIPONYCKAOUMH GHIILTD.
6) Hafitu pasnoxenue na Muoxurenn mis gpynkuuu H(z) B Bume

H(z)=H :.,,HH( z) qu},(z)

rae H,,,,(2) - dunptp ¢ MunuManshoi dasofi, a H ,;(z) - cucrema c

JUHEHHOH (a3oil.

4.14. JINC-cuctema uMeeT nepe1aTodHyio GyHKIHIO BUAA

) -1
H(Z) _ (1 22, )(1 +?T{<_,__)_
1-0.85z2

Ha#nure pasnoxkenne Ha MHO)uTeM Mg ¢pynxunu H(Z) B suze

H(z) = H.uun (z)-H

8CCHNPONYCK ( Z)
rone H . (2) — duwistp ¢ MuHumanbHoil dasol, a H pomm— (. B
BCEIPOITY CKAOIIHH QUIBTP.
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4.15. Kayzansnas JIMC-cucreMa uMeeT nepesaTouHyo (hyHKLUHMIO BHAA

(3+27)2-327)
1,
L =s=ig
2
Haittu pasnoxenue Ha MHOKATenH uis GyHximy H(Z) B Buae

H(Z) - HMHH(Z) ' H.ﬂ(f)(z)’

rae H,,,.(2) — GunsTp ¢ MunuManbHoi dazoii, a H 4 (2) — cucrema c

H(z)=

JIUHEeHHOHU (ha3oil.

4.16. IlpeanonoxuM, 4TO €CTh HeyCTOWYMBAs lienb BTOPOro NOpsAKa C
NepesaTovHON PyHKLUeH

H(z)=: 4 - -2

-z " +1.44;7

KOTOPYHO HECOXOAUMO c/ieniaTh YCTOHYMBOM ¢ TIOMOLIBIO LEMH 0OpaTHOM
CBA3M, lOKa3aHHOH Ha puc. 4.6. Halinure nepenatounyio GyHKIMIO
()(z) uenn c o6parHoi CBA3LIO ¥ BeJHHUHY Koa(duiuenTa obparHoil
cesizd K , npu KoTopoM cuctema Ha puc. 4.6 6yneT ycToiuuBoii.

Puc. 4.6. Cucrema ¢ o6paTrON CBA3BIO

417 Ilycte  uens ¢ mepenaroyHoit  Qyukumen H(z) sBnsercs

HEYCTOHYUBOMH:
1
H (Z) = ‘ = 5
1-1.52 " =3z
a) Micmone3ys niens 00paTHOM CBA3M C NepenaToyHol GpyHKIHeH Buaa
Gl(z)=Kz",
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onpeaesuTe BeldunHy kod(pduuuenta K, npu KOTOPOM Lierb CTAHET
YCTOHYHBOH.

0) [loropure 3ajauy n3 mnyHKTa a), HMCOOAB3YS NEPEIATOYHYIO
GyHKLHIO 1enu o6paTHON CBA3M BHAA

G(z)= Kz°.

4.18. Ilyers H(2) - nepenarounas gynxums uenu 6e3 oGpaTHOM CBA3H

_1+0.277
1+1.1z70

Haiigute  nepenatoynylo  ¢GyHKkumw  uenu  obparHoil  cBs3mM,
NPEeNCTaBJIEHHOU B BUJIE

l4+cz™
G(z)= ,
( ) 1+e:3!:3:“l

KOTOpas NMOMECTUT [OJIIOC BTOPOro IMOPAAKa Uen# ¢ o6paTHOH CBA3BIO
(O(z) B Touxy z=1.

H(z)

|

4.19. Llens oOpaTHO¥M CBaA3H, MMeroLas BHJL G(z): K, ucnonssyercs s
obecrieuyeHus yCTONYUBOCTH CHCTEMBS C MepejaToMHON (PYHKIUEH BHaa

1
1+0.827' +1.627%

Onpenenuts, ais Kakux 3dedyeHuin K cucrema ¢ ofparnoil cBs3bio
OyZeT yCTOUUHBOM?

H(z)=

4.20. Jlnsi cucTeMel ¢ repellaTOuHON VHKIHeH

1
H(E) S o sl i
1+1.2z  +1.572~

HaUTH Lenb oOpaTHON CBA3M BUJIA

#;

G(z2)=1+gM)z + g(2)z72,

xoropas Oyner nepemeinars nomochi H (;{) B TOYKH

z =-0.5.

I
H
&
n

<
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4.2]. HaliT1 nepenatounyro GyHKLHIO CHCTEMbI C oOpaTHO# CBA3BIO, €CIH
niepenatoqnas QyHKIHA cucteMbl Oe3 oOparHoil cBsizu H (z) M LEIH

obparnoit ceasn G(z) umeror Bus:

-]
a) H(z) =— Zl ; G(E):-g“lzhl;
f iz 50 3 ©
2
6)H()_2 1 il i e z_'l
\.Z 3 6Z ’ \ A 1_“] z_l
2
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OTBETHI K 3AJAYAM A CAMOCTOATEJBHOTIO PEHIEHWUSA

1. CHreajbl ¥ CHCTeMbl JHCKPETHOr0 BPeMenH

1.1.a) Ta, N =16.

6) da, N =72.
B) HeT.
r) la, N =544.
m Ha, N =120.
bd | o - - _ _
____3ananme FOMOTE€HHAs 2 IUTHBHAA _“T! JINHEeAHas
a) B . - - s
0) TN, . - ) g :
B) | + B - L -
r) o+ o+ +
a) o - i e B
le) s T |l i J
1.3. a) /1a. 1.4. a) Jla. 1.5. a) Ja.
0) Her. 0) Henr. 0) Her.
B) /la. B) [a. B) Her.
r) Her. r) Her. r) la.
n) Jla. 1) Ha. x) Her.
¢) Her. e) Her.
e S - - - -
3aJldHUE | JIMHEHHOCTD | UHBAPMAHT- | YCTOWYM- | Kay3allb- obpaT-
HOCTE K BOCTb | HOCTB MOCTH
- CABHIY | B
a) o+ 1 - + - -
0) + . - i - +
B) + 1 + o+ - 4+
r) TR SN S S . .
) - | F ‘+ | - -




1.7.a) [la, OyzmeTr nuHelHBIM MHBApMaHTHBIM K CABUTY, YCTOWYMBBIM H

2.1

2.3,

s

2.0.

L

Kay3aJIbHBIM.

6) He o00s3atenpHO, Tak KAk BTYOpas HENWHEHHAd CUCTEMA MOXET
Xxin
CHUMaTh HejMHelHocTh neproit. Hanpumep, w(n) = §,(x(n)) =e )

y(n)=8,(w(n)) =log(w(n)), obe cucrempl HeluHeiHsle, a
KackagHoe CoeiMHEHUE — INHEVHAA CHCTEMa.

2. MaremaTH4yecKHi annapar iU poBok 00padoTKH CHIHANOB

MHaekc nepeoro HeHynesoro sHayennsa n = —12, y(—12) =9. Unnexc
nocjieHero Hewynesoro 3na4enni 7 = 48, y(48) =16.

1"?1 liI
vy =2-6% =1 11-4=| || n=23
A (BJ 4(2J

r+l 4] |
N ET NS SR
b—-a l—le"f““*

a) CBepTKa MOCIENOBATENLHOCTEM HAUYMHAETCA C WHIEKca N =-—2,

y(n) - {]-'r 2! 21 2: 3r o 21 _"'3, 2, 2, s 4, _5}

0) CeepTka NOCHCHOBaTeILHOCTEM Ha4YHHAeTcs ¢ MHaekca n=-—1,

y(n)=1{2,0,-4,1,6,0,1,-1,-2,6,3}.

y(n) = (0.5)""" + y-;sm[-@) --g-\z—/-—_-sm((n 1) 3)

a) h(n) =| — 2(—1-\": +3(

] I(n).
/ -

) B 1\ (l n! ) (1131—-10_[1).&-10- B

6) y(n)= (2) 4) I(n)—i2 2) % I(n-10).
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RO DTS DL
B) y(n) = “ZH('*J +4(—*) --3(-“) 1(n).
1 2 2 4

3 3
2.8. h(n)=n!l(n). 29. g(n) = ] = J(3)” - 2(2)”J I(n).
\_

LN
2

P
2.10. yn)= -:%"'-—(4” ~D=4n+12(2)" | i(n).

L. —

2.11. a) h(n)zt—%n+l [;) I(n)y. 6) y(n)=(n +l)(-l—) I(n).

B

2.12. y(n) = —;[5(4)" + (-2)"”1 n=0.

2.13. z-npeobpa3zoBaHue TNOCICIORATEIBHOCTA M3 DHUC. 2.3a uMMeer BHJL

< 2
X(2) =———. 3aMeHss I2peMeHHY0 7 HA 2Z° B 1I0OCHeIHEM

z—1
BI:I]J.'c.’t}i{:eHHH.j IIOJI}«"{HM z-npeoﬁpas*onamle NNOCIICNOBATCIALHOCTH U3

3
puc. 2.30. AHajioOTHYHO, 3aMEHHB B TOM XKe BRIPDAXEHUUA Z Ha 27,
MOJIY4YUM Z-1Ipe0oOpazoBaHHe ITOCNEA0BATENLHOCTH U3 puc. 2.3s.

2.14. TlocnenopareanHOCTS Ha puc. 2.4a:
X(2)=2>+32*+52° +3z% + z. O6nact CXODMMOCTY - BCA Z-
TUIOCKOCTE, KPOME TOUKH I = 0.
Hocm,uoaa’rmmﬂoc*rb Ha pm 2.46:

X(2)=2z°+3z+5+3z"1+272. O6nacts CXOIMMOCTH —~ BCR Z-
[VIOCKOCTB, KpoMe Touek Z ={), 7z = oo,

ITocnenoparensrocTs Ha puc. 2.4B:

- - e ..._4 o i
X(D=z4+32"%+5z" +32"* +27°. O6nacrs CXOJHMOCTH — BCA
Z-IIOCKOCTH, KpoMe Touku Z = 0.

IHocnenosarencssocts Ha puc. 2.4r:
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.. O0nacTh CXOAUMOCTH lzi >

’3
él---l-"-vz_l
2.15.2) X(g) = —— 2 . >2
1—-2z"lII-—~"z*l)
.
I —cos(wy)z ™!
6 X(2)= — cos( 0);’. L 1>,
1-2cos(wg)z +z27~
| I 1
B) X(z)-l_3z, !z|<:-§.
| 47° i
r) X(z)= - : T "l—<lZ|<3.
2
1 <
1--cos(mwy)z l
1) X(2)= 2 , 7> =
lngcos(m )z"1+}z"2 3
3 ! 9
2
e) X(2)= - “'<|Zl<2
-0z f1-az) 2
5 5
_z+=7 " =1 1
K) X(2)=- 8 8 - —<|zl<?2
1 2 1 2 2 1<
ER
2 J 2

3
31645 $0n)= 5(n)+:£5(n-—1)+—l£-5(_n _2) +—3—5(n-—3)+8(n ~4)

ariy £
6) y(n) =—=| = | 1(n) +=3"1(-n—1).
) y(n) 5[2] (n) s (—n-1)
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4
2.17.8) Y (2) = — -
B) Y(2) T Rt | lz{>1
(135 e
2.18.2) X(z) = : 1zl > ]
]~z |
-1
0) X(2)=-—"— I7>1
(l---»f:“l)2 i
.
B X (D)= o>
(I—*z"l)dl |
o, 1 '
r) X(z) o 2/ >|al.
-
D) X(2) =7 |zl>]d]
!-—a:;t'I)_ |
-1 3 .3
¢) X(z)==-—% - ks > lal.
(l--az""]) |
1 -]
X) X(2)= — —= e Iz
Oy Ko
ot g
3) X(2)= *]—Zmzm*':zlh 2> -
(l-— z“")
-
1) ]
H) X(z)=1lo (:{+—, —
g 2} fz]<2.
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2.19.2) X(2) = -, |zl >

| !
1___1 -1 . 3
3 L,
2.20.ay y(n)= X(z}z“]‘ + x(~1).

6) y(n) = |X (2) = x(0) - x(z” = x(2)z 2>

2.21.2) x(0) =4, x(2)=x(-2)=3.
N | ) (1)” |

6) x(n)=| - | W(n)+3 = | 1(n).

) X(n, LZJ (n) £l (1)

8) x(n) =2(-2)"1(n) - (-1)"1(n).

i xn) = ';1'{ [(__ D' +142(n+ 1)]1(n).

( 1 n+l 1 \ il
a) x(n) = ﬂké] 1(n)+3(n+ I{EJ 1(n).
e) x(n)=(m+10.4)" 1(n).

{

w) Xin)= {
(0, HHaue.

n/2
(0.2)""°, n—uerHoe,

3) #n)=n" 2" H(=n~1).

2.22. X(2)=1+3z"1+3.6439:"2 +2.5756: > +. .

x(0)=1, x(1)=3, x(2)=3.6439, x(3)=2.5756....

2,23 xin)= —;}-[(0.75)” - (——0.5)”1 n>0.

2.24. x(n) =2.8082-0(n)+12.1213 (0.5967)" x
X c0s(33.08n—98.58"), n =0.

6) X(z2)=15+2".
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203 XN ) = 2[(n-- D+ (0.5)”], nzqQ0.

2.26. x(n) = fg [(0.75)” —(-0.5)" ]

2.27. x(n) = 2.8082-0(n)+12.1213 (0.5967)" x
Xc0s8(33.08n-98.58"), n>0.

2.28. x(n) = Zl(n =1)+(0.5)" ] n20. 229 x(0)=—

1(n).

n+l - f | -
2.30. y(n):(%) ion+| i 77, 3_? sinf (1207

2.31. HeHyneBbie HauanbHbie yCIOBYA:

| 5 1)?! 3 ( 1 \ M |
’ —_— "= ——] — +— - ] :
y(n) 8(4) 4L2J ()

b

HyneBrie Havansyple yenosus:

—

hin) = 2{%—)’1"(&)” I(n,.

& ' -
s il

3 | n / B ﬂ-—‘
| Lt—@) -L’ ISV iy

2.32.a) x(n = - r
. v5( 2 T\ T2

—

2.33.8) y{n)= 2_—*L;} I(n).

—— -

6) y(n) = 2+--—-—~ sin{zn + 1)—- 1(n).

V3

ol
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—

B) y(n) =| Cc:ts--:’t-f - Singﬁ I(n).
2 2

=

2.34, V(n)—10+10x/2005(~7§?—--—J

\.—-ﬂ

2 y(ﬂ) =(- (bl )n . -1*-‘{1—', C = const.

1
A
1-b,

Ecnu n — oo, 10 y(n) =

2.36. x(n) ={1,0,0,1]. 237. X(k)={2,1+i,0,1-i]

2.38. AMIUINTY JIHBIR CHEKTP:
X (kQ)| =[2,1+i,0,1~1].
Pa30BeIN CHiEKTp:
O(k€2) =[0, 45", pasa ne onpenenena, — 45 1.
2n

(
3neck L2 “-Ra- =12.57:10° Lpaﬂ , I’ — nHTepBan AMCKpeTH3alMH,
¢

N —9ucno oTcyeToB nocie10RATEIBHOCTH x(n).
2.39.a) X(k)=1.
6) X(k)=Wy», k=0,1...,N=1, W, =¢ /28N

N
1 -laW e
B) X (k) = ( ‘) , k=0,1,...,N~1, W, =e 2%V
1-aW,
_;2‘.’[]( ﬂo—l\" I
D Xk)=e N - J““(”Om‘m) =0,1,..., N 1.
sin(mk/N)

2.40. x(n) = -;"+ o(n).
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| (En )
| Nt —n| Sk+ag |
241. X(k)*“Ze ‘ —l——Ze - J
2 n=0 2 n=0
2Tk N kmky k=N-k
ECHH (Dﬂ —_— VU,']() X(k) 4 2 : SR O o ()
" 0, k#ky, k#N—k,.
21k,
Ecin (00 F—— , TO
N
N
] = ](N*l\{ ,z_tiﬂ 0) Siﬂ(ﬂk—-;ﬂo)
Xk)=—e \ 2 J\N \ /4
- (mh
sin| -~— — -—
\ N 2]
[ N-1Y 2% Sln nk+Nm0
| . )( "*’H"wo)
+5€ | Tk
‘Sll‘l[-—* : 0\
By, 3,
2

2.42. X(k)'::%i-N, k=2, k=N-2,

0. k#0, k22. k+#N=2.

243.8) X (k) =1+2(-1)".
6) y(n) =20(n-3)+d(n--R).
B ¥n)=§3,3.1113372 2 2]

2.44.2) y(n) =40(n—4)+38(n—5)+ 28(n) + d(n - 1).
3 3

0 =[4,-,1,1,1, —].

) win) =| > 2]
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B) g(n) =50(n)+30(n—1)+20(n—-2).

2.45. y(n) =48(n) +58(n— 1)+ &(n —2) + 48(n - 3) + 20(n — 4).

3. AgaJjiu3 AHCKPECTHDBIX CHCTEM NSpBOro U BTOPOI0 ROPDHAKOB

- i

-
3.1. Cuctema ycroituusa, H(z) =-

33 h(jrz)=%6(n)+- -—2[—1) -Z(—-EJ (n—-1).

2 2 4
-z~
3.3. H(z)= — ™ T
Ll-—-—-- z“]](l—i--fz"l)
2 4
v O B PP, ¢ (N B o
hln) = I(n)+— —— | ln
(n) [2J (n) SL 7) )
1 2 4
3.4. X(Z): 115 i > 1 ‘s 15_{,
]— - Z-'l 1-27 147
4

1/1\" g, 4 |
1) = 1In) -2 -21(—n -1 ——(-D*I(-n-1).
x(1) ]5(4) (n) 3 (—n-—-1) 15( ) 1(—n-1)

35, H'(2) = et b

3.6.6) H(z) nocturact maxcuMmanbpHOro 3sHaweHus npu @=0, ecin

T n
—< Wy <Tunpn O=T,ecmu 0 <@y <—.

2 P
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]
3.7. Glz) = T T -
1 W S Z“nd K TR zhz"d
2 4
-z~
38 H(z)=- =
147

3.9. @uipTp ABNsAETCI VCTOHYKBEIM.

3.10. |a| < 1.3.

bﬂ*'l __(__Dn+l | l_b
3.11. y(n) = X 312 H(z) = -
yin) 1+b 1~ b7 1

3.13. y(n) =0.9"+0.9"" rne n>1.
3.14.2) y(n)=1. 6) y(n)=2n-1, n=>1.

3.15. IlpaBunsHoe BhIpaKeHHUE UMeeT CIeAYIONMNH BH/L:

y(n) =1.4|x(n) + 0.6x(n-1)—0.4x(n - 2)]+0.8y(n—1)— 0.7 y(n - 2).

3.16. y(n)=(n+1b".
3.19. H, ymeHpiuTCs.

3.20. Tun punsTpa OHY.

3.21. UmniynincHas XapakTepuCTHKaA paccMaTPUBaeMore (GuisTpa ABISETCH
cummerpuynon. Jlna KHX-puiaertpa ¢ CHMMeTPHYHOW HMIIYILCHOMN
XapaKTEPUCTUKOH BHE 2aBHCHMOCTH OT 3Ha4eHWH OTCYeTOB (TO €CTb

napameTpa O, B 3anaye) @YX Bceraa nimuerHas.

1___ bH*H

3.24. o(n) =
g(n) -
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L.
3.25. h(n)=a~- , THe Z; U Z, ABIFIOTCS KOPHAMM YypaBHEHUs

— e ——

1-Bz

~1 A -]
3.26. a) H(:)=Y+kz 6) H(z "“Y(I-PAL )

iI-z7 l+z"
1-05z"J1-0.1+020)z7 J1-(0.1-0.2i)z ")
B) y(n)=x(n)—-x(n—-2)+0.7y(n—-1)—
—0.15y(n—-2)+0.025 y(n - 3).

3.28. a) 1. nonoca nponycxanusg 4000xn - 6000n pax/c,
2. nonoce! noaasnexdud 0 - 3000x u 7000 - 10000xn pan/c,
3. wacrora guckperuszauuy 20000n pay/c.

0) 1. nonoca nponyckanug 2 - 3 kI 1,
2. nonocel noxasnennd 0 - 1.5u 3.5 - 5 xl'y,
3. vactora guckperusanun 10 k.

B) 1. mosioca nponyckauus 0.2 - 0.3,
2. nonocel noaasnenua 0 - 0.15 1 0.35- 0.5,
3. yacroTa AUCcKpeTH3anuu 1.

3.30. a) Hynu nepeaTouHOR QyHKIMN:

2; = 1.687288, z, =—0.592667,
23 =0.175377+0.984501-i, z4, =0.175377-0.984501-;.

[Tosrroce nepearoyHoM QYHKIIUK:

py =0.670114+0.589727-i, p, =0.670114-0.589727 - i,
p3 =1, py =0.5.

©) Cucrema neycroiiuusa.

(z=2)(z+1)z

3.31. H(z) = e
(z (z-0.5+0.5i}(z-0.5-0.5:/)(z - 0.75)
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Kli+27%)

332. H(z) = ———+—- —- ., rae K — npousBosibHas nocTossHHAY.

™ —O.Sz:_2

4. Coeunanibibie THIILI UHPPOBLIX QUILTPOB

41. H(2) = (1+Z_*2 T 2_4)-

8.2 H(2)= _}—~ (1 -0.4z7"" +O-16z"2)><
0.16
x(0.16-0.4z_} +z_2X1 -—-3z_1{1 —-,]i-z”').

43.G(2)=(1+0.227" +0.8272J0.8+ 0.2 + 772)

2 o "
44. H(z) = ——\1-0.7v2z " +0.49z7 ° )X
> 0.49( Co )
><(O.49 -0.732z7" + z_ZXI +z71).

4 5(,1)4.1}5(”-_2)4-5(%4) |

4.5. h(n) =
(m) =75

—

——

46. H(z)=04+0.8z"'—-05z2+0.273 +77%.

] i \[2'__,~-1+1
, 7 -08 ¢ 5 °
4.7. H(z) = - i R 2 __ 4
1-0.82 1_*}’_22_1_*_]_2#_2
2 4

4.8.2) y(n) =ay(n--1)+x(n-1—a"x(n).
B) g(n) = (a*)""”ll(—n-—l) -~ c:z(cz'.*)“”"1 1(—n).

49. Hy(2) =(1-03z7" 40922 fo.5-27").
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H,(2) =(0.9-03z7"+ 272 f1-0.5:7)
Hy(2)=(09-03z"+z2fo.5- 7).

4.10. a) Umeer.

- A
6) He oGsazarensHo. Hanpumep, 8 cinyvae xorma H(z) = L
1-0.5z
B
(r(z)= —» CyMMa H(z)+G(z) wmoxer wumers HyIb
1-0.757

PacrojIOKEHHBIE  BHE  €AMHUYHOW  oKpyxkHocTH. Ilocimennee
yTBEpKAEHUE 3aBUCHT OT 3HaueHUH xosdhdumentos A u B,

B) Mimeer.
r) Umeer.
1) He umeer.
4.11. H(z) = : =, 412 ](x|<:§-
l—az” -3
o 7-]
4.13.2) H,,, (2) =1— : ?'—?‘” ~(1—-—1—jz"')[1+—1— 'z'"’],
1-08z7 ji+08z7 U 2 2
-2z fi+2j27)
H ecenponyc’fc(z) :( 1 1 / 1 1 :
I—=jz 7 | 1+ jz~
C 2 )l\ 2% )
5 H ()= 1-0.7z" 1
MUH — o1 3\ 7 S ;
(1--0.82 X]+O.8z l) (l-;jz:_lJ(l+—21— .Zhl)

H ., (2) :(]-——%jz_lJ(] +-—;-—jz"l ](1-2;{‘ f1+22 )

/

AX 2 )3 a2
4.14. H(z):(l+0'4z le 2) ZZZ |
1-0.85z" z “—=2
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1

4.15. H(z) = i -(22:"] -—3X2-—3z"']).
(1 -l g )(22,”’ -3)
2
1
4.16. Q(z) = - X B, K 904,

1 = s }44_' - |

(e el
1+ K 1+ K

4.17. a) Cuctema HeycToluMBa ang Beex K .

6) 3.9< K <4,

— '7_1
4.18. G(z) = i
14+3.477"

4.19. K>0.6. 420 g()=-1.2, g(2)=-2.

¥ % 5 1 ..
| = ——27 47
421.8) Q1) = ———5—. O(z) = >——12
l+—z7 =2z o™ e ™
6° 6 6° 6°
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