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Heab padoTbl

IIpuBHUTHE HABBIKOB AaHATUTUYECKOIO U YUCIECHHOTO MOJEINPOBAHUS Y3KOIIO-
JIOCHBIX CUTHAJIOB JJs U3y4€HUs aJalTUBHOM NTUHAMUYECKOM TEXHOJIOTMU CUI'HA-
JIOB B aHTCHHAX KaK COCTABHOM YaCTU COBPEMEHHBIX TEHACHUUN Pa3BUTHUs BbIYUC-
JIUTENBHBIX U HHQOPMALMOHHBIX TEXHOIOT Uil

TeopeaneCKaﬂ HacTb

1 I[eTele/IHl/IpOBaHHbIe nmepuoanieCKue CUrHaJjJabl
1.1 FapMOaneCKne U NMOJTUTAPMOHUYECKHUE CUTHAJIBI

K kiaccy meproan4ecKuX CHTHAIOB OTHOCSITCS, IPEKIEC BCErO, TapMOHIYE-
CKH€ U TOJIUTapMOHUYIECKUE CUTHAIBL. J[JIs IEPUOIUYECKUX CUTHAIIOB BBITIOTHSIETCS
obmree yenosue S(t) =s(t+k«T), rne k =1, 2, 3,... - moGoe 1ien0e gucio (13 MHO-
JKECTBA LEJIBIX YUCE OT -00 JI0 00), T - MEPHOJI, ABJISIONINICA KOHEYHBIM OTPE3KOM
HE3aBUCUMOMU MIEPEMEHHON. DTO YCIOBHE SBIISETCS XaPAKTEPHBIM MPU3HAKOM MEPH-
OJIMYECKOTO CHUTHAIIA.

TapMOHHMYECKHE CHTHAJBI (CHHYCOUIANBHbIE), OMUCHIBAIOTCS CIIEAYIOMIUMHU
dbopmynamu:

s(t) = Asin (2pft + J) = Asin(w,t +J), s(t) = Acos(w,t+j) , (1)

rae A, fy, W,, J - IOCTOSHHEIC BETHYHMHBI, KOTOPBIC MOT'YT UCHOJHSTE POJIb HH-
(hopMaIMOHHBIX IAPAMETPOB CHTHaNa: A - aMIUmTyqa curHana, f, - mukmmdeckas
4acToTa B repuax, W, = 2pf, - yriosas yacrora B paguaHax, J - HauaubHbIH (IIpH

t =0) dasossiii yron B paguanax. [lepuo/| 0JHOT0 KOIEOAHMS U 4aCTOTA KOJICOaHusI
CBsI3aHBI ClIeAyromuM cootHomenneM T =1/ f) =2p/w,. YacToTHslil CrieKTp cur-
HaJia MPEICTABIEH aMIUIUTYIHBIM 3HAUYeHueM 4acToThl f, U HauanbHBIM (pa3oBbIM
yrioM. ['apMOHHUYECKHE CUTHABI 4aCTO UCTIONB3YIOTCS B KAU€CTBE TECTOBBIX CHT-
HAJIOB IIPH UCCIEOBaHUM U U3MEPEHUH XapaKTEePHCTUK Pa3IMUHBIX PaAUOTEXHUUE-
CKHUX YCTPOMCTB U 3JIEMEHTOB.

INonurapMoOHHUYECKHE CUTHANBI COCTABISIOT HauOoJIee IMUPOKO PacIpocTpa-
HEHHYIO TPYIITy NEePUOJUUECKUX CUTHAJIOB U OMHUCHIBAIOTCS CYMMOH rapMOHHUYE-
CKHX KOJIeOaHUH:

S()= & A, cos(@pmt,t+ ), @

m=0
rae M - 4ucino rapMOHMYECKHMX CUTHAJIOB, COCTaBJIAIOIIMX IOJUTapPMOHUYECKUN
CUTHAJI, K&XIBIH U3 KOTOPBIX XapaKTEPU3YETCs CBOEH aMIUIMTYAOH A, 4acTOTOH

f, = mf, n HauansHO# dazoit j,,.
IonurapMOHUYECKUHA CHTHAI MOXHO 33[aTh HEMOCPESACTBEHHO () yHKIHeH
s(t)=s(t+k*Ty), rme T, - mepuox omxoro momHoro koneGanust curxama S(t),

3

3aJJaHHOTO Ha OJHOM mepuoje. 3HaueHne fy=1/T B naHHOM ciydae Ha3bIBAIOT

¢byHaameHTanpHON (OCHOBHOMN) 4acTOTOM KoneOaHWil MM HEepBOH TapMOHHKOM.
Tapmonnueckue konedanus ¢ kpaTHbiMu gactoTamu 2 fy, 3, ... Ha3pIBatOTCS BBIC-

[IUMH TapMOHHKaMu konebanust S(t) .

Kak crenyer u3 (2) moJIMrapMOHHYECKHE CHTHAJBI MPEACTABILIIOT COOOI
CYMMY OIIpefieNIeHHO} IocTosiHHO# coctapiiromeit (M =0, f; =0) u npoussons-
HOTro (B mpemesie 6ECKOHEYHOr0) YMCIa TApPMOHHYECKUX COCTABISIONINX C TIPOM3-
BOJIbHBIMH 3HAYCHUSIMU aMIUTUTYA U (a3, ¢ YacTOTaMu, KPaTHBIMH (yHIaMEHTAb-
Hoil yactote f,. Jlpyrumu cnoBamu, Ha mepuone (GpyHIaMeHTaIbHOH 4acToTel fj

YKJIQJBIBAETCSI KPAaTHOE YUCIIO IIEPHOA0B BCEX TAPMOHUK, UTO U CO3JaeT epUOJUY-
HOCTh NOBTOpEHHs curHayia. YacTOTHBIM CHEKTP MOIUTapMOHUYECKUX CHUTHAJIOB
JUCKpETEH, T03TOMY BTOPOE PACHpPOCTPaHEHHOE MaTeMaTUyecKoe MpeiCcTaBlICHUe
CHTHAJIOB - B BUAE ClIEKTPOB (psioB Dypwe).

Ha pucynke 1,0 mpuBeieH OTpe30K MEPHOANYECKOTO CHTHaja, KOTOPBIH
MpeCTaBIsIeT CO00M CyMMY MOCTOSIHHOM COCTABISAIOIIEH M TpeX rapMOHHYECKUX
KosieOaHui ¢ pa3HBIMH 3HaUE€HUSIMU YaCTOTHI U HadalbHOI! (a3bl konebaHuil.

MonuvrapmoHWdeckil cUrHan
T T T T
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Pucynok 1 - I[NonurapMoHUYeCKUil CUTHAIL:
a — TIPeACTaBIIEHNE CUTHAJIA, 6 — aMIUIUTY/IHBII CIIEKTP CUTHANA; 6 — (a30Bbli CIEKTp
cHUrHana

MareMarnieckoe OrMcaHue CUTHala 3a1aeTcs (opMyJIoit:

S(t)= LA, cos(2pf,t+ ).

m=0



rae A, = {5, 3,4, 7} - aMIUIUTyza rapMoHuK; f., = {O, 40, 80, 120} - yactora [['] ;
Jo :{O, -0,4,-0,6, - 0,8} - HavyaJbHbIN (a30BBIA Yros kojeGaHWi B paauaHax;
m=0,12,3.

dynnamenTtansHas yacrtora curaaia 40 . YacToTHOE mpecTaBieHue JaH-

HOTO CHrHaja (CIeKTp CHrHaNa) MPUBEACHO Ha pucyHkax 1,6,6. OOpatuMm BHuMa-
HHE, YTO YaCTOTHOE MpEICTaBIICHHE Mepuomnyeckoro curuana S(t), orpanunyeH-

HOT'0 IO YUCITYy TapMOHUK CIIEKTpa, COCTABJISACT BCETO0 BOCEMb OTCUETOB U BECbMa
KOMIAKTHO IO CPABHEHHNIO C BPEMCHHBIM IPEACTABJICHUEM.

1.2 TlpencraBiieHHe NEPHOTUYECKHAX CUTHAIOB psitoM Dypbe

Iepnoanueckuit curran 1000l Mpou3BoIbHOI (GOPMBEI MOXKET OBITH Mpes-
CTaBJICH B BHJE CYMMBbI TapMOHUYECKUX KOoNeDaHuil ¢ yacToTaMu, KpaTHBIMU (yH-
JaMeHTalIbHOMI YacToTe Koiebanuit f,. {1 9TOro 10CTaTO4HO Pa3IoKUTh OfHH IIe-
puox curtana I B psag ypbe M0 TPUTOHOMETPUIECKUM (DYHKIUSAM CHHYCA U KOCH-
Hyca C IIaroM I10 YacTOTe, PaBHEIM () yHAaMEHTANbHOMN yacToTe Konebanuit fj:

¥
s(t) = By é[ak cos(2pkf t) + b, sin(2pkf t)] =

2 Q)
a, & . ’
= 50 + alA cos(2pkft + )]
k=1
rae
2 TI2 2 T2
a, == () s(t)cos(2pkft)dt, b =— ( s(t)sin(2pkf t)dt, 4
T -T2 T -T2
- b
A = af+bf, J, =-arctg—=~. (5)

8y

Psiz (3), M3BECTHBII Kak TPUTOHOMETpUYeCKuii psig Dypbe, MpeACTaBIsIeT KO-
nebanne S(t) B BHIE CyMMBI IIOCTOSIHHOM COCTaBIBSIIOIIEH ay/2 M rapMOHHYECKHX

KoneOaHuil: KOCHHYCOHJANBHBIX H CHHYCOUAIBHBIX C aMILIUTYqaMHu 8, u by , mbo
TOJBKO KOCHHYCOUJATbHBIX C aMIUINTYAaMHu A, u HadanbHbIMH (azamu J, . Kon-
CTaHTa d; paccYMUThIBaeTcs Mo obmel dhopmyine amst a,. Pagu atoit obmHOCTH H

BBEJ/I€HA HECKOJIbKO CTpaHHas Ha MepBbIi B3I (hopMa 3aIiCcH IIOCTOSHHOTO Clia-
raemoro (c aemeHneM Ha fea). CaMo ke 3TO cliaraeMoe MpeACTaBIsieT coboil cpea-
Hee 3HaueHHe CHTHajla Ha ITepuoJe:

T/2

a, _1
=2 s()dt.
2 T,
Ipenenst unTerpupoBanust B (4.4) He 0053aTeNBHO JOKHBI OBITH TAKUMH,

Kak B MPUBEACHHBIX (opmynax (0T -T/2 bi(s) T/ 2). HHTerpupoBaHue MOXET Mpo-
W3BOJIUTHCS 110 JIIOOOMY HHTEPBALY AJMHON T - pe3ynbTar OT 3TOr0 HE M3MEHHTCH.
Konkpernsie mnpemensl BBIOMpAIOTCS U3 cooOpakeHUH ymoOcTBa BBIYMCICHHMIA;
HalpUMep, MOXKET OKa3aThCsl yI0OHee BBIIONHATE uHTerpupoBanue ot 0 o T uim
or -T noO.

Ecmu s(t) siBmsercst deTHOH ¢yHKIumel, To Bce b, Oyayr paBHBI HymO U B
dopmyne pana Pypee OyIyT NPHCYTCTBOBATb TOJBKO KOCHHYCHBIE CllaraeMeble,
(a3bl KOTOPBIX J, MOTYT IpUHUMATH TONbKO 3HadeHust 0 u P. Ecin S(t) sBmustercs
He4YeTHOH (yHKIMEH, paBHBI HYIIO OyayT, HA000POT, KOCHHYCHbIE KO PUIIMEHTHI
ay 4 B (popMyie OCTaHYTCS JIUIIb CHHYCHBIE CIIaraeMble 1 BO3MOXKHBIE 3HAUCHUS HX

+
¢a3 paBHBI ~ P/ 2,
IlpencraBnenye CUTHANOB AMITUTyIaMH A ¥ HadanbHBIMH dazamu J,

Ha3bIBaeTCs BEILIECTBEHHOM (opmoii mperncrasnenus paga ypse. Hacro npume-
HSIOT U €T0 KOMILIEKCHOe npejcTaBieHne. KommnekcHas popma moiaydaeTcs U3 Be-
LIECTBEHHOM IIPEJCTABICHUEM KOCUHYCA B BUJIE II0JYCYMMbI KOMILIEKCHBIX 3KCIIO-
HEHT (takoe IIPEJCTaBICHUE BBITEKACT u3 (bopMyIsl Oitnepa
+ix) = + jsi 1 . .
exp(jx) =€osx £ JSINX 1 ¢ rpercrenmo cosx = E(exp(lx) +exp(- jx))).
IpumenuB manHOE mMpeoOpa3oBaHKe K BeHICCTBEHHOH (opme psga Dypbe,
IOJIyYUM CYMMBbI KOMIUIEKCHBIX 3KCIIOHEHT C IOJIOKUTEIIBHBIMA U OTPHULIATENb-
HBIMU [10Ka3aTeIIMU:

s()= % + & Mokt + i3,) +exp(- kgt - 13,)] ©)
k=1

Bynem TpakTOBaTh 3KCIIOHEHTHI CO 3HAKOM «MHUHYC» B IIOKa3aTele KaK WICHBI
psiia ¢ OTpUIATENbHBIMU HOMepaMH. B pamkax 3Toro e o0Iero noaxozia mnocTo-
SHHOE CIIATaeMoe 8,/2 CTaHET YJIEHOM psijia ¢ HYJIEBBIM HOMEpOM. B pesynbrare

MOJTy4UTCs] KOMIUIEKCHas popma 3anucu psaa Dypse:

k=¥
o .
s(t) = a C, exp(- jkw,t). @)
k=-¥
KommzexcHble KOI((UIUEHTH! psiia CBA3aHbI ¢ aMIUIUTYAaMH A, 1 Hadajb-
HbIMH (azaMu J, , GUTypUPYIOIIMME B BEL[ECTBEHHOH (opMe 3amucu psina Pypsbe,
CHeILyIOHII/IMI/I HECJIOKHBIMU COOTHOIICHUSIMU .



«=05Aexp(ii) A=2C §,=arg(C) e

- Moayms C, .

HecnoxHO BRITIAAAT 1 HOPMYIBI CBSI3U ¢ KoddduimeHTamu ax u bk cuaycHo-
KOCHHYCHOU (opMsI psina Dypbe:

C :i-j& Ck k bk
T2 T , a, =2Re(C,), b, =-2Im(C,).

OTcroa cpasy ke ciaeayeT U popMylia HeoCPEACTBEHHOTO pacyeTa KodpdHuinueH-
toB C, paga ®ypre B KOMILIEKCHOH opme:

1 T2
:? 0 s()exp(-jkw,t)dt, (8)

-T2

Ecmu S(t) siBisercst uetHoit ynkuueit, koo dunuentsr psga C, 6yayr uu-

cTo BemecTBeHHbIMH, a ecin S(t) - dyHKuis HeyeTHast, KOAQUIHUESHTHI psiga OKa-
KYTCS YUCTO MHUMBIMH.

COBOKYITHOCTh aMILIUTY[] TapMOHUK psifa Dypbe 4acTO HA3BIBAIOT aMILIH-
TYIHBIM CIIEKTPOM, a COBOKYITHOCTb HX (a3 - ()a30BBIM CIIEKTPOM CHTHaa. DTH 110-
HATHA HE cleyeT IMyTaTh ¢ aMIUIMTYAHO- U ()a309aCTOTHBIMU XapaKTEePUCTUKAMH,
KOTOpBIE OTHOCSITCA HE K CUTHAJIaM, a K OIEPAI[IOHHBIM CUCTEMaM U LIEISIM.

Ecnu anammupyemsiii curaan S(t) sBIsieTCs BEIIECTBEHHBIM, TO €0 aMILIH-

TYOHBIH ¥ (a30BBIA CIEKTPHl OONAAIOT CHMMETPHEN: Ay _A<, i __Jk,

C.=C , TJIe 3HaK * 0003HaYaeT KOMILJIEKCHO COMPSIKEHHOE YHUCIIO.

CriekTp MeproaruuecKoro CUrHana B cootBeTcTBuH ¢ popmynamu (3), (6) co-
CTOUT U3 OECKOHEYHOU COBOKYMHOCTH MAPMOHHYECKUX HIIH KOMIUIEKCHBIX JKCIIO-
HEHI[MAIBHBIX COCTaBILIIOIINX ¢ KpaTHbIMH wactoramu kw, =k2pf =k(2p/T).
CriekTp ABJISETCS TUCKPETHBIM, TaK KaK YaCTOTHI COCTABJISIONUX MPUHUMAIOT TUC-
kpernble 3HadeHus: 0, w,, 2w,, 3w, ,.., Kw,... KpaTHOCTb 4acTOT cocTaBiito-
IUX - BTOPOM XapaKTEPHBIA MPU3HAK MHOMKECTBA MEPUOJAUYECKUX CHTHAJIOB.
HamoMHMM, 9TO TMEPBBIM MPHU3HAKOM 3TOTO MHOXECTBA SIBJISETCS BBIMOJIHEHHE
yemoBust S(t) =s(t +kxT), me k=1, 2,3,... - moboe nenoe uncio (M3 MHOKECTBA
EJBIX YHCET OT -00 JIO 90).

[TockonpKy neproaUYECKU CUTHAT U3BECTHOrO Neprojia 7 OJIHOCThIO OMH-
CBIBAETCS] COBOKYIHOCTBIO aMIIUTy Ak 1 (a3 J, CBOMX COCTABILSIONIMX, TO 3a/a-
HHE CIIEKTPa TAKOTO KOJIeOAHHsI CBOANUTCS K 33IaHHIO €T0 CIIEKTPOB aMILIATY/ U (as.
JIyist MHOTHX MPAKTHYECKUX MPUIIOKEHUM JOCTATOUHO 3HATH JIUIIE CIEKTP aMILTH-
TY/.

1.3 ITocsienoBaTeIbHOCTH NpsAMOYTOJbHBIX HMITYJIBCOB

PaccmoTpuM npeacraBieHHe MepHOAMYECKUX CHTHAJIOB psifoM Dypne
HA NpUMepe N0CIAeJ0BaTeJIbLHOCTH NPAMOYT01bHBIX HMIYJILCOB C aMIUTUTYION
A, nmurensroctsio U u mepuonom mosTopenus T . Hauano otcyera BpemeHy mpH-
MEM pacIOJI0KEHHBIM B Cepe/InHe UMITYJIbCa, Kak [T0Ka3aHo Ha PUCYHKE 2.

S(l) A

A

-y

—t/2| 0 /2

T

PI/ICyHOK 2- HCpI/IOIII/I'-ICCKaSI T1I0CJICA0BATCIILHOCTD IIPSIMOYT'OJIbHBIX UMITYJILCOB

JlaHHBIN CUTHAT SBISETCS YETHOM (DYHKIHKEH, MOITOMY JUIS €r0 Ipe/ICTaBIie-
HUsI yI0OHEee UCII0JIb30BaTh CHHYCHO-KOCHHYCHYIO popMy psina Dyphe - B Heii 0y-
JIyT IIPUCYTCTBOBATh TOJBKO KOCHHYCHBIE CIaraeMbl€ @ , PaBHbIE

T2
a, =2 0 Acos§2pkt_dt—2—AS| gp—g
-712 T T o

AHanu3 Nony4eHHOH (HopMyIbl MO3BOISLET 3aMETUTh, YTO JIUTEIBHOCTD UM-
IyAbCOB U NEPUOJ HUX CIIEOBAHUS BXOIAT B Hee HE 000COOJEHHO, a MCKIIOUYU-
TEJIBHO B BUJI€ OTHOMIEHUS. DTOT apaMeTp - OTHOLIEHUE TepHoja K AIUTEIbHOCTH
UMITYJIBCOB - HA3bIBAIOT CKBAXKHOCTBIO MOCIIEA0BATEIbHOCTH UMITYIBCOB U 0003HA-
qaroT OykBoii (1  =T/t. Beemem 3T0T mapaMeTp B moMydeHHyI0 GOPMYITY LIS KO-
s punmentos psga Oypbe, a 3areM npuseneM GopMyry K BULy Sin X/X:

&LO
oA _zpko_2A S q
a, =—sinpg—.= ———F% 9
““pk gy g Pk ©
q

B 3apybexHO IuTepaType BMECTO CKBaXXHOCTH HCIONB3yeTCs 00paTHast Be-
JMYMHa, Ha3eiBaeMas koddduientom 3anonnerus (duty cycle) u pasuas t/T .

Ipu Takoii popMe 3amucK CTAHOBUTCS XOPOIIIO BUAHO, YEMY PABHO 3HAUCHHUE
MOCTOSIHHOTO ~ CJTaraeMoro  psifia:  MOCKONbKy mpu X ®0,sinx/x®1, 1o

aAAt

2 =_=

2qT_



Tenepb MOKHO 3amucaTh U CaMoO IIPEICTaBIEHUE IIOCIEN0BATENIbHOCTH IIPs-
MOYTOJIBHBIX UMITYJIbCOB B Buz€ psna Oypoe:

A &2A . azpkd_ a2pk.d
s(t)=—+aq—sing—:c0S;—t- 10
¢ EpE g TR T (10)

AMIIHTY/BI TAPMOHMYECKUX CJIaraeMbIX psijJia 3aBHUCST OT HOMEpa rapmo-
HUKH TI0 3aKOHY SiN X/X, KaK MOKa3aHo Ha PUCYHKE 3.

C.'A 21
KT

AuT L
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2n 1
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- k

0t q

Pucynok 3 - Kosaddunuents! psga Oypbe A1 M0cIe10BaTeIbHOCTH
HPSIMOYTOJIBHBIX UMITYIBCOB € (=6

I'paduk pyHKIMM SiN X/X HMeeT JIenecTKOBbI XxapakTep. I'oBOps 0 mupHHEe
9TUX JICTIECTKOB, CJIeAYeT NOAUEPKHYTh, YTO JJI TpaUKOB AUCKPETHBIX CIEKTPOB
NEPUOAUYECKUX CUTHAJIOB BO3MOYKHBI J]BA BAPHAHTA I'PaJyUpOBKHU FOPU30HTAILHON
OCH - B HOMepax rapMOHHK U B yacTotax. Ha pucyrnke 3 rpagynpoBKa OCH COOTBET-
CTBYeT HOMEpaM rapMOHHUK, & YaCTOTHBIE TAPAMETPBI CIIEKTPa HAHECCHBI Ha TpaduK
C TIOMOIIBI0 pa3MepHBIX TUHUI. TakuM 06pa3oM, MUpPUHA JETIECTKOB, H3MEPEeHHas
B KOJIMYECTBE TApPMOHHK, paBHA CKBXHOCTH mocienoBaresbHOCTH (mpu K =ng
umeem sin(nk/q) =0, ecta n 1 0). Otcrozia creqyeT BaKHOE CBOMCTBO CIIEKTpa MO-
CIIeZIOBATENBHOCTH TIPSIMOYT OJIBHBIX HMITYIIBCOB - B HEM OTCYTCTBYIOT (MMEIOT Hy-
JIeBBIC aMILTHTY/IBI) TADMOHHKH C HOMEPaMH, KPAaTHBIMH CKBaKHOCTH.

PaccrosiHe Mo 4acTore MEXIy COCEIHHMH TapMOHHKAMH PAaBHO YacTOTE
CIIENOBaHus UMITYNLCOB - 2P/ T . IllupuHa IEeNeCcTKOB CIEKTPa, M3MEPEHHAS B €1~
HHUIIAX 4acToThl, paBHa 2pP/t, To ecTh 0GPATHO MPONOPIMOHATLHA IIUTETLHOCTH

UMITYJIECOB. DTO, KaK MBI YBUIUM Jajiee, IPOsBIeHHEe 00IIero 3aKoHa - 4eM Kopoue
CHUTHAJI, TeM IIHUPE ero CHEeKTp.

Ba)XHBIM YaCTHBIM CITydaeM MPEABLAYIIETO CUTHAJA SBISETCS MEaHJIp - Mo-
CJIeZI0BAaTEIbHOCTh MPSAMOYTOJIBHBIX UMITYIECOB CO CKBaXKHOCTBIO, PABHOM JIBYM,
KOTJa JIUTEIbHOCTH UMITYJIBCOB U MPOMEXKYTKOB MEXIy HUMU CTaHOBSITCS paB-
HBIMH, KaK NIOKa3aHO Ha PUCYHKe 4.
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Pucynok 4 - Meanzp u ero cuektp
IMoncrasus =2 B popmyiy (4.9), momyanm

iA, k=0,
:0 k=2mm10
a = Asm(pk/Z) o I2A

I—, k=4m+1
pk /2 v pk

T

I—%,k:4m—1

r pk

31eck M - IPOU3BONBHOE IEJI0€ YHUCIIO.

TaxkuMm 06pa3oM, B CIEKTpe MeaHApa NPUCYTCTBYIOT TOJIBKO HEUETHbIE Tap-
MOHUKH. DTO cornacyeTcs ¢ 00IUM IpaBMIOM, IPUBEIEHHBIM BhlIe. [IpencTasie-
HHE MeaHJpa B Buje psaga Oypbe ¢ yIeTOM 3TOr0 MOXET OBITh 3allUCAHO CIIEYIO-
MM 00pa3oM:

S(t)=5+2—A§cos*@ 0_Loos? Et2+lcosa5@t2—...g
2 p& 6T 53 €T 355 6714

I'apMoHHMYECKHEe COCTaBIAIONINE, U3 KOTOPBIX CKIIabIBACTCA MEAHAP, UMEIOT
aMILTUTY/BI, 00paTHO MPOMOPLUUOHANEHBIE HOMEpaM TapMOHUK, U YepeayroLIuecs
3HaKU.

IMokaxkem Ha mpuMepe MeaHapa (PUCYHOK 5), Kak CKJIaAbIBaeTCs 3a1aHHbIH
CUTHAJI U3 OTJENIBHBIX TAPMOHHUK T10 Mepe UX J00aBIEHHUs B CUTHAIL.
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Pucynok 5 - IIpomexyTouHble CTaui CyMMHUpOBaHHsl psifa Pypbe 111 MeaHpa

Boob1e, mocnenoBaTenbHOCTh IPIMOYTOIBHBIX UMITYIIECOB IIOXO MOJXOXUT
JUI IpeACcTaBiIeHus psaoM Dyphe - OHa COIEPAKUT CKAUKH, a CyMMa JIF000ro 4ucia
TapMOHUYECKHX COCTABIIAIONINX C JIFOOBIMH aMILTUTYIaMH BCer1a OyIeT HellpephIB-
Hoit ¢pynkimeii. [ToaTomy nosenenue psia ypbe B OKPECTHOCTSIX Pa3phIBOB MPE-
craBisieT ocoOblil nHTEpec. Ha rpadukax puc. 4.6 Xopouio BUIHO, YTO B OKPECTHO-
CTHU TOYKU pa3pblBa CyMMHUpoBaHue paaa Oypbe JaeT HaKIOHHBIN Y4aCTOK, IPUYEM
KpYTU3Ha HAKJIOHA BO3pacTaeT C pOCTOM 4MCJIa CYMMHUP yEMbIX FapMOHHK. B camoit
TouKe paspbiBa psg Pypbe cXOAUTCA K MOIyCyMME IIPABOro U JIEBOT'O NIPENEIIOB:

lg . - 0
si(t)y==¢ lim s(t)+ lim s(t):.
® th®to—0 ® t®t,+0 ()g
B nociennem cootHomienun S(t) — ncxomusrit curua, Si(t) — cymma psiga @ypee
JUTSI HETO.

Ha npuMBbIKaromux K pa3psIBy yuacTkax cymMma psijaa @ypbe gaeT 3aMeTHbIe
IyJIbCaly, PUYeM Ha TpaduKax pUCYHKa 5 3aMETHO, YTO aMILTUTY/AA 3TUX MYIlb-

caluii HE YMEHBIIAECTCA C POCTOM YHUCJIa CYMMHUPYEMBIX T'apMOHUK - IyJIbCallUU
11



CHTHAJIOB TOKICCTBEHHO MOJMTaPMOHUYECKAM CUTHATaM (CyMMa rapMOHHK), a da-
CTOTHBIN CIIEKTP TAKXKE THUCKPETEH.

ATIepHOHYecKre CHUIHANBl COCTABISIOT OCHOBHYIO TPYIIY HEMepHOAHYe-
CKHX CHTHAJIOB M 3aJa0TCs MPOU3BOJIbHBIME () yHKIMsAME BpeMenu. Ha pucyrke 7
MOKa3aH IpUMep alepuoANYeCKOro CHTHaja, 3aJaHHOro (OpPMYIION Ha WHTEpBaje
(0, ¥): s(t) = exp(-at) - exp(-bt), rme a u b — koucraurs! (nanHOM cayuae a =0,15
, b=017.

a.04 = -

00z =

I
0
0 20 o0 0 02 04 06 08
KoopmmaTs JacToTa,

Pucynok 7 - Anepuoanyueckuii curHan u MoayJib ClieKTpa

K aneprnoguueckuM CUrHajlaM OTHOCSTCS TaKKe UMITYJIBCHbIE CUTHAJBI, KO-
TOpBIE B PAIMOTEXHUKE U B OTPACIAX, LIMPOKO €€ UCIONb3YIOIIUX, YaCTO paccMar-
pPHUBAIOT B BUJAE OTAEIBHOIO Kjacca CUI'HAJIOB. VIMITynIbChl IpEACTaBISIOT OO0
CHTHAJIbI ONPEAEICHHON ¥ JOCTaTOYHO MPOCTOH (POPMBI, CYLIECTBYIOLIHE B Ipe/e-
JIaxX KOHEYHBIX BPEMEHHBIX MHTepBaioB. CUrHaJ, IPUBEACHHBIH Ha pUCyHKe 8, 0T-
HOCHUTCS K UACITY UMITYJIbCHBIX.

| ]
]
i 50 100 150 ] 0z 04 08 03 1

KoopomHaTtm YacToTa, o
Pucynok 8 - IMmyJsibCHBII CHTHAN ¥ MOAYJIb CIIEKTpa

B kiacce MMOYNbCHBIX CHTHAJIOB BBIIENSIOT IMOJKIACC PAJHOUMIIYIbCOB.

[pumep pagnouMmysbca NPUBEICH Ha pucyHKe 9.
VYpasuenue pammoumnyibca:s(t) =u(t)cos(2pft+ j), roe cos(2pft+j) -
rapMOHHYECKOe KoJcOaHWE 3aloOJIHEHHs PaJHOUMITYIbCa C COOTBETCTBYOMIECH
13



HYJICBBIM 3HAYCHHEM) M CHOBA paccuutaeM ko3¢ durmenTs! psaa Oypse. Dopmyisr
(4) u (7) ans pacuera K03 HHUIMEHTOB psiaa MOKA3bIBAIOT, YTO HAM HPHICTCS BBI-

kf

YUCJIUTH T€ XK€ CaMbI€ MHTEr'paJibl, HO AJId 0oJjee TECHO PacnoIOKEHHBIX YaCTOT ' ©

k

u “Wo Vismenenne npenenos HHTErpUpOBAHKS He HIPAET POIM - BEb HA H0OABHB-
[IEMCsI MEKTY UMITYJIBCAMH IPOCTPAHCTBE CUTHAT MMEET HYJIeBOe 3HaueHue. Eann-
CTBEHHOE JIOMOJHHUTEIbHOS M3MEHEHHE OyAET COCTOSNTh B YMEHBUICHHH OOLIEro
YPOBHS TAPMOHHUK HM3-3a JCJICHHUS Pe3y/IbTaTa HHTETPUPOBAHHS HA YBEIUYUBIIHIICT
nepuon 7.

Ha pucynke 10 omucanHbie H3MEHEHMS HIUTFOCTPUPYIOTCS Ha IPUMeEpE IBY-
KPaTHOTO YBEIHYCHHS TMEpHOa CICAOBAHHS MPSIMOYTONBHBIX HUMITYIbCOB. He-
CIIOKHO 3aMETUTh, YTO TOPH30HTAIbHAS OCh CIIEKTPaIbHBIX rPadUKOB Mporpa-
IyHpOBaHa B 3HAYCHHUAX YACTOT ®, & HE HOMEPOB rapMoHUK. Clie0BaTeIbHO, C
POCTOM Iepro/ia CIIeHOBAHUS UMITYIbCOB TAPMOHHKH PACTIONATAIOTCS OJIMKE IPYyT
K JPYTY IO YacTOTe, a OOIINH YPOBEHb CIIEKTPAIBHBIX COCTABIAIONINX CTAHOBHTCSI
Bce MeHbIe. [Ipu aToMm Bua Beraucisiemoro uurerpana (7) He mensercs. Hakoner,
€CIIH YCTPEMUTD MEPUO K OECKOHETHOCTH (IIPEBPATHUB TEM CAMBIM MEPHOIHIECK YO
MOCJIEAOBATENFHOCTD B OAMHOYHBINA UMITYJIbC), TADPMOHHKH CIIEKTpa OYAYT IIOTHO
3aHUMaTh BCIO YaCTOTHYIO OCh, @ HX aMIUTHTYIBl YIaayT a0 HY/s (CTaHyT Gecko-
HeyHO ManbsiMu). OfHAKO B3aMMHOE COOTHOLICHHE MEXIY YPOBHAMHU TapMOHHK
OCTaeTCsl HEM3MEHHBIM U ONpe/essieTcsi Bce Temu ke uurerpanamu (4) u (7). Tlo-
9TOMY MPH CIIEKTPAIBHOM aHAN3€ HEMEePUOANYESCKUX CUTHAJIOB JUTS pacdyeTra Kodg-
(UIIHEHTOB BEIECTBEHHOTO U KOMIUIEKCHOTrO psioB Dypre hopmyist (3)-(7) mo-
IUGUIAP YIOTCS CIAENYIOIUM 00pa3oM:

Ca
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0 H 0 21—” ©

PI/ICyHOK 10 - 3menenue CIICKTpa IMOCJICAOBATECIBHOCTH UMITYJILCOB
TIpy ABYKPATHOM YBECJIMYCHUU IIE€PUOJIA UX CIICAOBaHUS
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2.3 OnMHOYHBII PSIMOYTOJIBHBI HMITYJIBC

PaccmotpuM npumep pacuera npeodpazoBanus Oypbe 1151 OJUHOYHOTO Mpsi-
MOYTOJIbHOTO MMITYNbCa, LIEHTPHPOBAHHOTO OTHOCUTENBHO Hauajla OTcUeTa Bpe-
MEHH, KaK I10Ka3aHo Ha pucyHke 11.

IA tlEt/2
s(t) =
10, [t|>t/2
(1) &
A
- >
-2 a 172 t
Pucynok 11 - IIpsMOYyroabHbIi UMITYJIbC
BoruncnsieM cekTpaabHY0 (YHKIHIO!
t/2 ) :
. . 2A . awt) sin(wt/ 2)
S(w)= o Aexp(-jwt)dt=—sing—:= At———-. 18
(W)= 0 Aexp(-jwdt=-Tmsing—-- i/ 2 (18)

-t/2
Kax BusHO, criekTp mpencraBisier co0oi (yHkimio Buaa Sin(xX)/X, mokaszas-
HBIIT Ha pucyHKe 12.

IS 4 0() T
At -l T
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Pucynok 12 - AMmmry bl (citeBa) u (a3oBblil (CrpaBa) CIIEKTPBI
HPSIMOYTOJIBHOTO HMITYJIbCa

Hynu a10# hyHKIMHU pacnionararoTcs yepe3 HHTEpBaNIbl 27/T. AMIUIUTYIHbIH
CIIEKTp MMEET JICTIECTKOBBIN XapakTep U IMIMpHHA JIeecTKOB paBHa 271/, [Ipu yau-
HEHHH MMITYJbca IMMPUHA JIETIECTKOB COKpaIlaercs, a HayanbHoe 3HaueHne S(0)
Bo3pacraer. [Ipyn ykopoueHMHM UMIynbca BCE MPOUCXOAUT HA00OpPOT. 3Ha4YeHHE
CIEKTpalbHOI (QYHKIMHY Ha HYJIEBOH YacTOTE paBHO IUIOMAAN UMITYIbca - A7. Criek-
TpanbHas () YHKIHS SBJISETCS BEIECTBEHHOM, OATOMY (ha30BBIi CIIEKTP NPUHUMAET
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MOJIETUPOBAHUY U UCCIIEOBAHUH PA3IUUHBIX YCTPOUCTB U CHCTEM 00pabOTKH CUT-
HaJIOB.

Io ompenenenuto nenpTa-¢yHKIusS Ui GyHKIws Jupaxa it -1 JUIA JIIO-
6oro neiicTBuTenbHOro napamerpa t pasHa Hymo npu t 1 t, HeorpaHu4eHHa Ipu
t=¢ u npeAcraBisieT co00M eAMHUYHBIN MO IJIONIATU UMITYJIBC, PACIONOKEHHBIN
Ha BPEMEHHOU OCH B TOYKE T:

dt-t :‘:,¥np1/ﬁ:t
10nput1t
Tak, YTO MHTErpai OT 3TOH (PyHKIIUU paBeH
. il npu a<t<h,
gdt-tdt=11/2 npu t=a wm t=b,
2 {0 npu t<a, t>h.

OTMeTuM, 4TO JeibTa-QyHKIHI0 MOXHO IIOJIYYHTh M3 PacCMOTPEHHOTO
BBIIIIE OJIMHOYHOTO MTPSIMOYTOJILHOTO MMITYJIbCa Kak Mpeelt IpH YCTPEMIICHUH [T -
TENBHOCTH €r0 K HYNIO U COXpaHEHHH Iutomaayu umnyisca At=1. Kak cnegyer u3
(19) ammauTyHBII CIIEKTp AenbTa-GYHKIUH B 3TOM CIlydae HPECTaBIsieT co0oi

Sw)[=1 o i = . o
MOCTOSHHYIO BEJTHUUHY, | ( )| , @ (ha30BBIl cIEKTp W) =0 ya peeit wacrorroit
ocu. Ilpu cmenennu genbra GyHKIUE BO BPEMEHU OT Hauajla KOOpAMHAT Ha BElu-
unHy A, B cootBeTcTBrH ¢ (18) ero aMminTyqHBIN CIIEKTP HE MEHSETCsI, a (ha3oBbIi
npuoGperaer muneitubii casur: (w) = -wD.

JenbTa-¢yHkims obnanaer GUIBTPyOUNM cBoiicTBOM. CyTh €ro 3akiroua-

€TCs B TOM, YTO €CJIU JAeIbTa-( yHKIHs dt-1) BXOJUT MOJ] UHTETpall KaKoh-1m60

(YHKINH B Ka4eCTBE MHOXXHUTENS, TO PE3yNbTaT HHTETPUPOBAHNUS PABEH 3HAUEHHIO

MOJIBIHTErPabHON (QYHKIMY B TOUKe t = T pacmonoxeHust JebTa-UMITYIIbCa, T.€.:
. 1 x(t) npu a<t<hb,

JX(d(t - t)dt ={(L/ 2)x(t) npu t=a mm t=b, (20)

a + 0  npu t<a t>b,

Bocnonb30BaBMIMCE 3TUM CBOICTBOM JETKO MOIYYUTH CIEKTp AenbTa-(yHK-
I[UH C TIOMOILBIO MPSMOTo NpeodpazoBanus Dypre:
¥

S(W) =  d(t - t)exp(- jwt)dt = exp(- jwt) (21)

-¥|
U3 (21) npsmo crenyert, uto mpu t =0 crmektp nenpTa-QyHKIHE paBHOMEP-

HBII Ha BCEX YacTOTaX ¢ UHTEHCUBHOCTHIO, PABHON €AMHMUIIE U Jw)= 0. Dputtt
MHTEHCHUBHOCTD CIIEKTpa HE MEHsIeTCs, a (a30BBIi CIIEKTP CTAaHOBUTCS JIMHEHHO 3a-

prciviv ot wactotst 3 (W) = “WE 3167 BBIBO/] TIOJIHOCTBIO COBITAAET C PUBE/ICH-
HBIM BBIIIE PE3YJIbTATOM aHaIM3a MPeoOpa3oBaHus CIIEKTPa OJJMHOYHOTO UMITYJIbCa
P €ro JIMTENILHOCTH, CTpeMsIIelics K Hyiro. [Ipumep criekTpa nenbra-¢) yHKIUN
npu t=2 npuseneH Ha pucyHke 14,

19
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Pucynok 15 - ®yHK1Hs €IMHUYHOTO CKauKa

IIpsamoe npeobpasoBanne Dypbe EAUHUIHOTO CKauKa MPUBOJUT K CIETYIO-
IIeMY BBIPaXKCHUIO CTIIEKTPa 3TOH (yHKIUH:

1 1
S(w) = 20jw +§d(W) (22)

Bropoit wien cymmsr B (22), COOTBETCTBYIOIINIA HYIEBOH 4acTOTE, OMHCHI-
BaeT MOCTOSHHOE cMelleHne QYHKIMU XeBucaiia BBepx; 0€3 Hero noyryduaack Obl
HeuéTHas QYHKIMSA eAMHIYHOIO CKauKa, a B €€ CIeKTpe He ObII0 ObI cocTaBistoIIei
0.5d(w).

DYHKIMS eTUHUIHOT0 CKaYKa HCII0Ib3yeTCs TP CO3AaHUH MaTeMaTHUE CKUX
MoJjieNeil CHrHaJIOB KOHEYHOH JutuTenbHocT. [Ipu yMHOMXKEHUH TH000H MPOU3BOIIb-
HOHM (YHKLIMH Ha NPSMOYTOJBHBIH UMITYJIbC, CHOPMHUPOBAHHBIA M3 JBYX MOCIIEN0-
BaTeNbHBIX (GYHKIMI equHUYHOTrO ckauka S(t) =u(t) - u(t - T), u3 Hee BbIpe3aeTcs
y4acTok Ha uHtepBaie 0-7, 1 OOHYNSI0TCS 3HaYeHHs (PYHKIMHU 3a TpeJieslaMy 3TOTO
nnrtepBana. [Ipocredmum npumepom sBiIsercss GopMHPOBAHUE NPSIMOYTOIBHOTO

UMITYJIbCA C AMILTUTYIO0H A ¥ JNIMTENbHOCTBIO T s(t) = Alu(®) ~u(t-T)J, Boobiuge,
m00YI0 KYCOUHO-3a/IaHHYI0 3aBUCUMOCTb MOXHO 3allHcaTh B BUJE €AMHOIO MaTe-
MaTHYECKOr0 BBIPaXKE€HHS C MOMOIIBIO () YHKIIMU €TMHUIHOTO CKadKa.

B 3akmodueHun aHanusa Mofenel anepuoguuecKHX CUTHAIOB OTMETUM, YTO
€CJIM Hac He HHTepecyeT MT0BeJeHNe TaKOTO CUTHalIa 3a TIpeiellaMi 001acTH ero 3a-
nanus [0, 7], To cam CHrHAN MOXET BOCIPHHUMATBCS KaK MEPUOJHIECKHUI C mepH-
onom, paBubeiM T. Ilpu stom 3nadenne f =1/T npunumaercs 3a ¢hyHIaMeHTasb-
HYIO YaCTOTY MepUOIUecKuii KoneOanuii f,, 1 11t 4acTOTHON MO/IEeNHU CUrHAaIa MO-
KeT IPUMEHATHLCS pa3IoxkKeHue B paisl Dypbe 1o 0671acTu ero 3agaHust. ITo CIocod
[IUPOKO MPUMEHSETCSI IPH AaHAIIM3€ KOHEYHBIX OTPE3KOB (BBIOOPOK) CHTHAJIOB HE
TOJIBKO alepHOJUYECKUX, [0 U MOOBIX APYIUX CUTHANIOB, BKIIOYAs ClydailHble, U
peanu3yeTcsi, B OCHOBHOM, € TOMOLIBIO ObicTporo npeobpaszosanus Oypoe (BIID).
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HaxO0KJI€HUS BEJIMUMHBI CUTHAJIA B OTIPEAEIICHHOM UHTEpBaJie 3HAU€HUH, IJIOTHOCTh
3TOr0 pacHpeAeIeHNs U er0 MOMEHTHI, a TAK)Ke CIIEKTPaIbHOE pacipe/iesIeHue MOl -
HOCTH CJIy4allHOT'O CUTHAJIA.

HpaKTI/l‘leCKaﬂ YacTb 3aHATHA

Conepixanne padoTsl

1. Cocrasnenue B s3pik0oBO# cpene MathCad mporpamMmel fist MOASTHPOBAHHS
BPEMEHHOI! JuarpaMMbl CUTHANA (I HECKOJIBKUX THIIOB PaJldOCUTHAIIOB.

2. Iloctpoenne rpadgvKoOB pagMOCHTHAIOB C TIOMOLIBIO Pa3pabOTaHHOH Mpo-
rpaMMBbl.

3. AHanM3 NoJTy4aeMbIX pe3yibTaToB.

IIporpamMma noaroToBKH K padore

1. 3yuuTsb TeopeTHYECKYIO YacTh MaTepuaa JabopaTopHoi paboThI.

2. YSCHUTB LIeNb U ITOPSIOK IPOBEAEHHUs J1abopaTopHOi paboThl.

3. O3HaKOMUTBCSI C COOTHOLICHHSIMH, ONHUCHIBAIOIIUMH PaJHOCUTHAIIBI pa3-
TU4yHBIX TUIIOB. [IpoBecTy aHAMN3 BXOJANIUX B HUX MAapaMeTPOB.

4. CocraBUTh NpOrpaMMy MOAEIUPOBAHUS BPEMEHHOH pa3BepTKH TpeOyeMbIX
TUIOB PaJAHOCUTHAJIOB.

5. IToaroToBUTHCS K OTBETaM HA KOHTPOJIbHBIE BOIIPOCHL.

6. [TonroroBuTk OJIaHK OTYETA 11O padore.

Onucanue nopsiika padoTsl

Pabota BeIMONHAETCS B CIEAYIOLIEH OCIEJ0BaTEIbHOCTH.

1. CoctaBuTh B f13BIKOBOIi cpexe Mathcad 15 mporpammy auist Moxenupo-
BaHNs BPeMEHHOIi ANarpaMMbl CUTHAJIA.

B si3pikoBoit cpee MathCad 15 ¢ ucmosip30BaHieM COOTHOIIECHHU, IPHUBEICH-
HBIX B pazjene «TeopeTnueckas 4acTb» COCTABUTH IPOrpaMMYy AJIS MOAETHPOBAHHS
BPEMEHHBIX Pa3BEPTOK CIETYIOIIHUX TUIIOB PaJANOCUTHAIIOB!

JUIS CIEAYIOUIUX TUIIOB PaJHOCUTHATIOB!

- TADMOHHUYECKOr0;

- aMIIUTYJHO-MOAYIHPOBAHHOIO CUTHATA;

- YaCTOTHO-MOJIyJIMPOBAaHHOI'O CUTHAJA;

- (ha30MOLyTMPOBAHHOTO CUTHAIIA,

- UIMITYJIbCHOTO BUIEOCUTHATIA;

- “HOPMAIIMOHHOI OCJIEI0BATEIEHOCTH UMITYJILCHBIX CHTHAJIOB;

- IOCJIEJOBATENFHOCTH UMITYJIbCHBIX ()a30MO/Iy T POBAHHBIX CUTHAJIOB,;

- IOCJIEIOBATEIbHOCTH UMM YNIbCHBIX YaCTOTHO-MOYIHPOBAaHHBIX CUTHAJIOB;

- TOCNe10BATeNbHOCTH MMITYIbCHBIX aMILTHTYJHO-MOAYIUPOBAHHBIX CHI'HA-
JIOB.
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10.Kakoit pyHKIMel onuckIBaeTCs CIEKTP HEIEPUOANIECKOTO CUrHaa?

11.Kaxko# ¢yHKIMEl OmichIBaeTCsl TECTOBBIN CUTHAI ?

12.B yem BeIpaxkaercst QUIBTPYIOIEe CBOHCTBO JIenbTa-() yHKIMH ?

13.Kakumu QyHKIMSAME ONIPEAENSIOTCS KBapaTypHbIe COCTABIISIOLINE €A1~
HUYHOI'O CIIEKTpa?

14.KakoB ¢u3nuecknii cMbICI G YHKIMH €AMHUYHOTO CKavyKa?

15.Kaxue panuoTeXHUUECKUE CUTHAIIBI OMUCHIBAIOTCS CIIydalHBIMU () yHKIU-
SIMA?

16.Yro Ha3bIBaeTCS CIy4aiHBIM MTPOLIECCOM?

CIIMCOK MCHOJIb30BAHHOM JIUTEPATYPBI
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2. Axynununues 10.I1. Teopust anekrpuueckoii csizu. CII6.: JIans, 2010.

3. Bentuens E.C., OBuapos JI.A. Teopusi BeposITHOCTEH U ee HHKEHEPHBIX
npuiokerus. M.: Akanemus, 2003.

4. Tabpwmonbsu 1.J1., Hleuyk I1.C. Teopus unpopmaumu. Pocros n//1:
PTUCT IOPT'YDC, 2010.
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DopMHpOBaHWE UMNYNLCHOTO CHIHanNa

a = runif (N1 ,-1.1)

A= |1 fa 20 SI= |for ite0.Nt-1
(it

o
n & ceill — |
\r)

it =0.Nt -1
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s. « |A_if n<Nr
it n
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