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Tema pomalwiHen KOHTPOIbHOM paboTbl: KBagpaTypHaa obpaboTKa pagmocurHana

3apaHue: [poBecTM  KBaApaTypHyto 06paboTKy 3aaHHOro curHana  (BblgaeTca
npenogasartenem).
Bce pacyeTbl BbINoAHUTL B O MATLAB.
MpepoctaBuTb Gaabl Nporpamm.

TeopeTnueckue ceegenma [1].

Mpeaucnosue

B cTaTbe noKasaHO, Kak uudpoBas KBaapaTypHaa obpaboTka (KoMnaekcHas aemoaynauma) 3anMcaHHoOro B
WAV-daine Heono3HaHHOro paguMocurHana undposoi moayaaumm nomoraeT paspaboTtaTtbesa B NoApPOoOHOCTAX
€ro CTPYKTYypbl: cuAeHTUPULMPOBaATL CO3BE3AMNE U OLLEHUTb ero napameTpbl. MaTtepuan cTaTby nNpeaHasHayeH
BNpeBylo oYepeab A1 HOBUYKOB, HO M He MOBPEANUT NPOUYUTaTb €ro MbIJIKUM MOKAIOHHUKaM ,,aHann3a Ha Cayx,

4

Ha rnas, Ha BKyc..”. TeopeTuMyeckas NOArOTOBKA [0 OCBOEHWMA 3TOrO TEKCTa LOCTAaTOMHA Ha YpPOBHe
nonynspHoro ydyebHuka A. bBb. CeprueHko ,UndposBas o6pabotka curHanos”. CraTbs 3aTesaHa Kak
WNNOCTPUPOBAHHbLIA  PeneTUTopuiA N0  OAHOMY M3 BaXXHEWLWMUX pPa3fesioB COBPEMEHHON HaykKM O
paguocurHanax. HemocpeacTBeHHbIM TONYKOM K HanucaHuio eé bblia 0a4HOHeAelbHas nepenmcka Ha popyme
B8 BeTBM ,KBagpaTypHas 06paboTKa”, KOTOpas, K COXMANEHWUI0 YTUX/a, MpeXAe 4YemM YYaCTHMKM ycnenu

pa3BepPHYTb Kpbl/bA.

C yero HauaTb

JonycTnm, 4To B HaWMM PACnopAKEHUN UMEETCH OeNCTBUTE/NbHbIA CUTHAN HEU3BECTHOIO MPOUCXOMKAEHMS,
3anucaHHbIn B dopmate WAV-daiina, a umeHHo signal.wav, c yactotolt auckpetmsaumm 8000 Iy, (TouHee 8000
OZIHOMEPHbIX OTCYETOB B CEKYHAY, NO 16 BMUT Ha OTCYET). 3anuch HallaeHHa rae-To B MIHTepHeTe HeCKO/IbKO NeT
TOMy Ha3ag,. HaunmHaem, KaK Bceraa, c NpocaylwnBaHUA, MHOTAa MHOTOKPATHOro, YTobbl M3 TaKoro ,,aHanun3a Ha
cnyx” npuobpectn npeaybexaeHne o CTaLMOHAPHOCTM, LWYMONOAOOHOCTM, OAHOTOHA/IBHOCTU CUrHaNa Ha
aHanu3. U TakK, nocaylwae 3Ty AOCTaTOYHO AAUTENbHYI0 (OKOMO 2 CeK.) LWYpPLIABO 3BYYallylo 3anucb Aarke
MeHee OMbITHbINM C/yWwaTelb 3aMeTUT, YTO 3aMMCaHHbIN CUTHA/I HECOMHEHHO CTaLMOHapPEH, NoXKaayin He NOX0oXK
Ha 6enbii Lym, 7 BEposiTHee 3710 npPoAayKT OZHOTOHA/IbHOM MOAYNALMN.
Jdanee, 3T pesynbTaTbl aHanM3a Ha CAyX Hago Tenepb nonpoboBaTb MNOATBEPAUTL WM OMNPOBEPrHyTb
,aHanM30M Ha rnas”, npocmatpuBas BpeMeHHble rpaduKu (ocumMnnorpaMmmbl) 3TOFO CUrHanNa B pPasHbIX
macwTabax. HayHEM Takol OCMOTpP CWrHana w3ganeka, B LWMPOKOM T[OPU3OHTE, MPUINAabIBasCb
nosiceKyHAHOMY dparmeHTy, KaK Ha puc. la.
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http://www.radioscanner.ru/info/files/article433/signal.wav
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Puc. 1. AHanusmpyeman 3anucb signal.wav a) ocuuanorpamma nosicekyHAHoro ¢parmeHTa, 6)

ocumnnorpamma Kopotkoro (40 mcek) oTpesKa, B) ructorpamma Bcero (6osiee 2 cek) curHana.

EovHoe, 4YTo ypaetca 34ecCb 3aMeTUTb, Ha NepBblit B3rAAg, 3TO Hernybokasa, BO3MOMHO LMKAMYECKas,
Mmoaynauma amnamtyabl (AM). OcmoTp nsbnmska (puc. 16) KOPOTKOro OTpesKa 3TOro CUrHaia HMUYero HoBoro
nnun ocobeHHoro He BbiABAAET. AM, 3ameyeHHas Ha puc. 1a, KOTopon rnybuHa GakTMYECKU A0CTUTaeT MHoraa
100% — 37O eaMHasA NPMMETa 3TOro CUrHasa, KOTopyl 6e3 COMHEHUI 3amedyaem ToxKe Ha puc. 16. Ho ¢ puc. 16
BMAHO W ApYyroe: NPOMEXKYTKM BPEMEHU MEXKAY Hy/Nb-nepexoaamu rpadmka sHaYMTENbHO pa3nnyaloTca. ITo
CBMAETENbCTBYET O HAaAMYMWM B 3TOM CUTHase yrioBoW (4acToTHoW mam ¢asoBon) moaynauuu. Kak BugHo,
aHaM3Mpyem 0CTaTOYHO CNOMKHbBIM CUTHa.

Mpu1wna nopa NoAy4YMTb NOAAEPHKKY OT MaTemaTuKu. MNopa BOCNob30BaThCA NOAPYUHbIM Nocobuem
KaXAoro aHanuTMKa CUrHaNo0B — rMCTOrPaMmoi OLEHWBaloLEN pacnpeaenieHne BEPOATHOCTU MIHOBEHHbIX
3HayeHuI (3HayeHUh OTCYETOB) LEeIoro 3TOro CUrHana. ATy rMcTorpammy 3amellaem Ha puc.1B. M3 ocmoTpa
3TOM TUCTOrPaMMbl OLEHMBAEM 3aKOH pacnpeneneHus MrHOBEHHbIX 3HauyeHWi 3anucy signal.wav Kak
CMMMETPUYHBIM, AaNEeKO HEe MOXOXKUIN Ha pacnpeaeneHne 3HaYeHUn HEMOAYIMPOBAHHON CUHYCOMAbI MW Ha
rayccoBCKOro pacnpegesneHune 3HaueHM Yy3KoNnoNoCHO NPodUAbLTPUPOBAHHOTIO WYMa.
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Hy 4TO *K, HEMHOrO Mbl y3HaNU 06 3TOM curHane 13 ,aHanusa Ha CNyxX U Ha rna3", HO OA4HO CBOWMCTBO
KaXKeTca 34eCb A0CTOBEPHbIM: 3TO CTAaLMOHAPHOCTb AAHHOTO CMrHana. A ecin OH CTaUMOHAPEH, TO Mbl UMEEM
obocHoBaHHOE OXungaHme, 4To MMEHHO CﬂEKTpaﬂbelﬁ aHa/1n3 PpaCKpoeT Ham ero TaVIHy.

AHanus cnekTpa

OCHOBHbIM WHCTPYMEHTOM aHanM3a CTALMOHAPHOr0 HeAETEPMWMHUCTUYECKOTO CUrHana ABAAETCA
uMdpoBOE YCTPONCTBO UM KOMMbIOTEPHbI aNITOPUTM OLLEHMBAIOLWMI CNEKTP MOLLHOCTU 3TOro cnrHana. Camas
nonynApHas OLEeHKa CNeKTpa MOLWLHOCTM — 3T0, M306peTaHHasa novtn 120 net Tomy Hasaz, nepuoaorpamma.
Mepuoporpammolnt KOraa-To HasBa/M  CMEKTP MOLWHOCTM  eAMHCTBEHHOW  AOCTYMHOM  peanusaumu
3pProAMyeckoro npouecca, KOTopbiM 34ecb M ecTb Hala 3anucb signal.wav. MpeactaBum 310 onpegeneHune
MaTemaTmyeckoi popmynoi, o603Hauaa nccaesyemolii CUrHan Kak nocnegosatenbHocts r[n], n=0,1, ..., N —
1, rae N 3To YMc/0 OTCYETOB B LLE/ION 3aNKCK, @  — NOPAAKOBbLIN HOMepP OTCYETA:

(1)
B(F)=10log(R(F)} / \)

3pecb
(2)

N-1
R(F )= Zr[n]exp(— jn-27F/F,) -F/2<F<F/2
n=0

3TO pes3ynbTaT npeobpasoBaHus ®dypbe, Ha3bIBaEMbIM KOMMIEKCHbIM cnekTpom. Cumson F obosHayaeT
CMNEeKTPaNbHYI 4YacToTy B repuax, a Fs — yacToTy (TouHee CKOPOCTb) AMCKPETM3ALMM B OTCYETAX Ha CEKyHAY.
O6bl4HO nepuogorpammy paavoCcUrHana, paccuuTaHHylo no dopmynam (1) u (2), npeacrasasaldT Ha
norapnudmmnyeckoit WwKane n ytobbl €€ MakcMMym nNpuHMMan 3HadeHne 0 a4b. U Tak maclTabrupoBaHblit rpaduk
npepuvoaorpaMmmbl curHana signal.wav npeacrasneHo Ha pwc. 2a.

2a)






[l —

....---.---........_....1--.---...._
Y P I e A e R i e et

U EOUURRU DRSNS S— -

N (i i\

-3000 -1800 -600 0 600 1800 3000
F [HZ]

dB

L R

| ECEEE

T T T Ty SR
e A Y T e e N

Puc. 2. TMepuogorpammbl: a) AOEUCTBUTENbHOIO (BELWECTBEHHOro) AWCKPETHOro CurHana -—
nocnegosartenbHoctu  r[n], 6) npomssegeHua  r[n]*exp(-jn*2pi*Fc/Fs) ¢  amnaUTy4HO-4aCTOTHOM
XapaKkTepuctukoin punbtpa HB/2 Ha eit poHe, B) KomnnekcHol ornbatoleit wln].

C nepvoforpammbl, a NpoLe roBopa — cnektTpa (MoLHOCTK) 3anucKn signal.wav, AOKYMEHTUPYIOLWEro ero
CBOICTBA B YaCTOTHOM 0671aCTM Ha puUC. 2a, BUAHO, YTO STOT CUTHAN U3 aKYCTUYECKOrO AMana3oHa (aaxe yxe —
TenedpoHHoro). Ero CnekTp CMMMETPUYHBIN, C ABYMSA MaKCMMymamu. CpaBHUTENbHO NIETKO WM A0CTaTOYHO
BEPHO MOMKHO OLEHUTb LLeHTpasbHylO0 4acToTy atoro cnekrtpa: Fc = 1800 lu. HemHoro 3aTpyaHuTenbHee
NPOM3BECTM OLEHKY ero LUMPUHbI MO0CkI; 3TO AenaeTca Ha yposHe -3 ab. [ToMHA CTaHAApTHble NnapameTpbl
uMdpoBLIX MOAYAAUMK ANA paguo-TenedoHHOro KaHana, yBEepeHHO npeanosiaraem, YTo LWMPUHA NOAOCHI
CneKTpa atoro curHana B = 2400 Iy, (ecam mbl ownbaunce, ganee bynetr BO3MOMHOCTb MCMPaBUTb OLUMOKMK
HaLmXx OLeHOK: " ueHTpa cnekTpa Fc 7 ero LWMPUHBI B).
Y)Ke Ha 3TUM 3Tane UccieA0BaHUA CUTHaMa MOXKHO NOMbITaTbCA ONPeAeNUTb BUA, MOAYAALMM / MaHUNYAALUM
(mogy) ncxopa m3 Gopmbl NoAYYEHHOro cnekTpa. [arke CKPOMHbIMA OMbIT B OOLLEHMM C OAHOMOLANbHBIMMU
CUrHanamm (C oAHOWM Hecyllel) NoacKasbiBaeT, YTo 34eCb HaBEepHO MMeem [efio C ABOMYHOMN (buHapHOWM)
yacTtoTHoM maHunynsaumeirnt YMH (aHrn. FSK) ¢ mHaekcom mopynaumm nopagka 0.7 - 0.8. Kak Janeko mbl
OWNBANCH, OKAXKETCA YiKe BCKope.

KBapgpatypHbiii aemoaynatop

[lBa OCHOBHbIX NapameTpa cnekTpa Fc n B 4acTOTHOro cABWMHYTOrO CUrHasna, KoTopble yAanoCb Ham
OTHOCUTE/IbHO NIEFKO M3B/eYb M3 MEepUoAOrpammbl C PUC. 23, AOCTAaTOYHbl A0 TOro, 4tobbl MOCTPOUTL WMAU
3anporpaMmMpoBaTb KOMMJIEKCHbIM, a TOYHee: KBagpaTypHbI Aemoaynatop 3SToro curHana. C Hadvana
HaNnOMHMM, KaK anroputMm [AeNCTBUA KBaAPATypHOro AeMOAYyNATOpa BeWeCcTBEHHOro curHana r[n] co
CNeKTpanbHbIMU napameTpamu Fc " B 3anucatb MaTeMaTUYeCcKo dopmynoii:



(3)
] e 5 O O A |
W [n]— Hg,,w[n]-expl— jn-27F, / F, )

3pecb Fs ecTb yacTtoTa AucKpeTnsaumu, a onepatop HB/2 npepcraBnseT coboit undposoit GpuabTp
(npenmyuiectBeHHO KUX, C KOHEYHOW MMMNY/JbCHOW XapaKTEPUCTUKOM) HUMKHWMX 4acTOT C 4acTOTOM cpesa
paBHOW NOJ/IOBMHE LUMPUHBI MO0CHI YacTOT AEMOAY/IMPOBAHHOMO cUrHana r[n]; otcioga nHaekc B/2. Moabop
WMPUHDI noJsiocbl nponycKaHusa dunbTpa HB/2 NPOWUANIOCTPUPOBAH Ha puc. 26.
Ha Bbixoge KBagpaTypHoro gemogynatopa (3), KoHKpeTHee Ha Bbixoge ounbTpa HB/2, nonyyaem
KOMMIEKCHYIO NOCNeA0BaATENbHOCTb W[N] ABAAIOLLYIOCA HM3KOYACTOTHbIM 3KBMBAJIEHTOM BbICOKOYACTOTHOIO
curHana r[n], KoTopyl Has3blBAaeM KOMMNJIEKCHOM ormbatowein paHHOro curHana. ChekTp MOLLHOCTH
KomnaeKkcHoin ormbaroweint win] curHana r[n] npeacrasneH Ha puc.2e. Puc. 3 — 3To OCHOBHas MAMOCTPALLUSA
aTol cTaTbu. C Hell BUAHO ABOVHYIO Posib GUALTPA HUMKHMX YacToT HB/2: BO nepBbIX — 3TOT GUALTP yCTpaHAeT
CNEeKTPasbHyt0  M3BbITOYHOCTb  CWUrHasa, a  BO-BTOPbIX —  MOAABASET  MENKMONOCHbIA  LWYM.
O6bIYHO KOMMNIEKCHYIO oOrmbatollyo nNpeacTaBAAOT B AeKapTOBOW (MPAMOYronbHOW) WAW  NONSPHOM
(TPUroHomeTpUUeCKoI) cucTeme KOOpaAUHaT:

(4)

wln|=iln]+ jgln]= aln]-expljpln)) ;7 =-1

roe nocnepoaTtenbHocTu: i[n], q[n], phi[n] BewecTBeHHble nocnegoBaTenbHoCcTH, a a[n] — Ao06aBOYHO, KaK
MOAY/lb KOMMJIEKCHOrO OTCYETa, HeoTpuLaTenbHasn. [ekapToBbl KOMMNOHEHTbI KOMMNAEKCHOW ornbatoLlein HocaTt
Ha3BaHuA: i[n] = Re w[n] — cuHdasHoi, g[n] = Im w[n] — KBaapaTypHoii. O603HaueHunA i U q (Aa elwé c 6onbLIOoMN
6ykBbl: | M Q) HacToNbKO MONyAspHble B /UTepaType Ha Temy KBaAapaTypHoW 06paboTKku, 4to B
npo¢eccnoHanbHOM CAaHre CneumanmcTos No paauMoCcurHanam KomnaekcHasa ormbatouian sbictynaeT Kak |/Q-
dopmar, 3anuck 1/Q, n 1.n. bonee TepmuUHONOTMYECKM BoraTbl TEKYLLME MNONAPHbIE KOOPANHATbI KOMMIEKCHOWM
ornbatouleit: 3gecb yron eé n-toro otcyéra phi[n] — ato eé mrHoBeHHas ¢dasa, 3aT0O MrHOBEHHaA aMnNAUTYaa
a[n] scTpeyaetca nog HasBaHMAMM: BeleCcTBEeHHan (gencTBMTeNbHaAA) MAM aMnAMTyaHaA ormbatlowas curHana
r[n] (He ToNbKO ero akBMBaneHTa wlnj).

C BbIx0Aa KBafpaTypHoro gemoaynatopa (3) nosydyaem KOMMNIEKCHyYI0 ormbarollyto B anrebpanyeckomn
dopme: w[n] = i[n] + jg[n]. B aHanoroson peanvsaumm KBagpaTypHOro Aemoaynatopa — 3To ABa OTAENbHbIN
HanpsKeHUA — KOMMOHEHTbl KOMMAeKcHoro Kosebawua: w(t) = i(t) + jg(t). HekoTopble coBpemeHHble
undpoBsble PagnMonpPUEMHUKK, ocobeHHo codT-paauo SDR, ¢pabpuuHo cHabxeHbl B Bbixog ,I1/Q dopmat”.
Ob6nagatensam NPUEMHMKOB LAOLWLMX BO3MOKHOCTb 3anmncaTb U COXPAHUTb CUTHAA B OCOBEHHO KayeCcTBEHHOM
dopme |/Q ganbHelluan YacTb 3TOM CTaTbW MOXET OKa3aTbCA MHTEPECHOM 1 NoNEe3HOM.
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Puc. 3. Kopotkue (40 mceKk) OTpesKu ocuMANOrpPamMmM CBfi3aHbIX C KOMMJeKcHOW ormbatowen win]: a)
cuHpasHon cocTasasawlleln i[n], 6) KeaapaTypHol coctasnawowen g[n], 8) mrHoseHHon ¢asbl phi[n], r)
MrHOBEHHOM aMnanTyAbl a[n], 4) MTHOBEHHOI MOLLHOCTHM p[n].

Yero ewé moXKem yCMOTpPEeTb B KOMMNJIEKCHOM ornbaroweii?

Hy)Hble Ana AanbHenwWwero aHanaMs3a nocsenoBaTeslbHOCTM MIHOBeHHOM ¢asbl phi[n] M mrHoBeHHOMN
amnanTyabl a[n] Bblumcanem no Gopmynam:

(5)

aln] = wln] = Jw[n]-w'[n] = Y]+ &)

(6

)
(,'D[H] = arg 1!-’[71]

rae 3B€3404Ka, KaK NoKasartenb ob03HauyaeT KoMMeKcHoe conpaxeHue.

CTouT 3ameTuTb, YTo OYHKUMA arg (aprymeHT, Hanpumep angle() B Matnab) ,Bo3Bpawaer” yron B
WHTEpBane eé rNaBHOro 3HayeHus [-pi, pi), U YTO paccumTbiBas amnanTyay a[n], Mbl, MONYTHO, BbIYUCASEM U
MFHOBEHHYIO MOLLHOCTb CUTHaNa:

pln]=wn]’ =[]+ 4[]

Tak BblUMC/NEHHblIE BpeMeHHble TpaduKM BCEX OMUCAHHbLIX 34eCb NOCNeAoBaTeNbHOCTEN CBA3AHHbIX C
KOMMJIEKCHOM ormbatolein oTpeska curHana signal.wav c puc.16, nokasaHbl Ha puc.3 a, 6, B, I U 4.
3TV NATb BPEMEHHbIX rpadMKOB NPeACcTaBAAOWMX KOMMINEKCHYIO ormbatoulyto B popmarte 1/Q (puc.3am 36) u e
TPUrOHOMETPUYECKOMN, T.€. B amnNanTygHo-dasosol popme (prc.38 u 3r), a TakKe rpadmK UX MOLHOCTM (puc.
34), OKasanucb 6onee MeasieHHbIMWM WAW TNAgKUMKU (MONOTMMM) MO CPABHEHWUIO C BXOAHbIM CUTHA/IOM
KBaZpaTypHOro gemoaynatopa c puc. 16. (nonbiTaiiTecb Boo6pasunTb, Ha CKOIbKO 60abLIe YepHUA NOLWI0 Ha
HayepyeHWe OPUIMHANIbHOIO BbICOKOYACTOTHOrO cUrHana r[n], yem Ha Kaxabii us rpadukos: i[n], q[nl, a[n],
phi[n] n p[n]). 910 addeKT KBagpaTypHOU Aemoaynsaumn, T.e. casura (6narogapa reTepoaUHMPOBAHUIO Ha
HYNEBYIO MPOMEXKYTOUHYIO YacTOTy) CNEeKTpa 3TOro CMrHana TaK, UTO ero LeHTpasibHas YacToTa CTana Hy/neBoi.
Ecnm yactoTa yNnomMAHYTOro reTepoAnHUpPOBaHMA NogobpaHa TOYHO, YTO Ham 34ecCb YA43N0Cb C MEPBOro pPasa,
TO Ha rpadwmkax i[n] n q[n], a 3aecb ocobeHHO Ha rpaduKe phi[n], yaaérca 3ametuTb 601€€ YacToe noaAB/eHNe
HEKOTOpPbIX OTCYETOB UX OPAMHATLI BOIM3M HECKOIbKUX HECNYYaliHbIX €€ 3HaUYEeHU.

43)
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Puc. 4. [wuctorpammbl MocneAoBaTeNbHOCTEN CBA3aHbIX C KOMMAEKCcHOW orubatoweir wln] (nonHol



ANUTeNbHOCTKN): a) cuHbasHoW cocTaBasowel i[n], 6) KBaapaTypHoOW cocTasBasowen g[n], B) MrHOBeHHOM
¢dasbl phi[n], r) MrHoBeHHOM amnauTyAbl a[n], A) MrHOBEHHOM MolHOCTU p[n].

fMcTorpammbl 3aMelleHHble Ha puUc. 4 NoATBEPXKAAOT HallM HabNAEHMA: apryMeHTbl MakKCUMYMOB
3TUX TUCTOrPAaMM YKasblBalOT Ha NATb CKOMJEHWN OTCYETOB KOMMJIEKCHOM orubatolleit Ha (KOMNAEKCHOW,
¢dasoBoit) nnockocTtm Maycca (puc. 5a).
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Puc. 5. OTobparkeHns KomnaekcHol ornbatowen wln] = real w[n] + j imag w[n] Ha KOMN/IEKCHOM NAOCKOCTH
(Faycca): a) amarpamma paccenmBaHus — ,poid” (aHrn. swarm) He coegUHEHHbIX OTCYETOB, B) AMarpamma
ApraHga — cBoeobpasHblil ,MOTOK” (aHr. skein) KOMNAEKCHOWN TPaeKToOpPUM.



CryweHna Aamarpammol paccemMBaHMs M Amarpamma ApraHga KOMMJIEKCHOW ormbatoweit KoOMNAeKCHOM
nocnegosatenbHocTM w[n] ana uenoi 3anucu (puc.5a u 6), KoTopasa npeactasnseTr cobot cBoeobpasHbIN
MOTOK €€ TpaeKTopuK, Yalle npebbiBatoLLelr B OKPECTHOCTAX NATU TOYEK PACMOIOMKEHHbIX HA OKPYXKHOCTU C
LEHTPOM B Hayasle cucTeMbl KoopauHaTt. Tenepb Yy»Ke HET COMHeHuM: B dalne signal.wav 3anucaH
$a3oMaHUNYIMPOBAHHBINA CUrHAA C PA3HOCTbIO YINI0B MEXKAY COCEAHMMMN CUMBOIHLIMU TOYKaMM (,,3B€3gammn”)
co3se3ama pasHon 2pi/5 paanaHa.

N Tak KBagpaTypHas o6paboTKa (KBaspaTypHasa AeMoAynAaumMs € NOCAeAyloWwMM CTaTUCTUYECKUM
aHa/IM30M KOMMNIEKCHOM ornbatoleit) npmeena Hac K HETPMBMAZIbHOMY pe3y/bTaTy — OMO3HAHMIO CUTHanNa ¢
OYeHb HETUMWUYHbIM ,NATU3BE3LHbIM” co3Be3amem! M MoNyuynnocb 3TO He TaK YK 3aTpyAHWUTENIbHO, MOTOMY,
YTO Ham MOBE3/10: Mbl, U3XOAA M3 aHa/M3a CMeKTpa Ha a3 U anpuopHoi MHpopmaumm ¢ PekomeHgaumm
cepuin V, cpasy be3ownboyHo Aoragannce, Kakas 34€ech YactoTa Hecylwel Fc n wunpuHa cnektpa curHana. Ho
YTO Mbl MOAYYMM B pe3y/ibTaTe NPeACcTaBNEHHOro 34eCb aHaM3a B cayyae owmnboyHoro nogbopa Yactotbl FO
reTepogMHa KBagpaTypHoOro aemoaynatopa, T.e. koraa FO — Fc != 0? (He pasHsaetca 0). OTBET Ha 3TOT BONpOC
MpocT: B 3TOM C/ay4Yae rMcTorpaMmmbl nocnegosatenbHoctelt i[n], q[n] v phi[n] 6yayT AnweHbl XxapakTepHbIX
MaKCMMYMOB, NO MOJIOXKEHUIO KOTOPbIX BO3MOXHO OblN0 BOCTAHOB/AEHME CO3BE3AMSA KBaZpaTypHO
MaHUNYIMPOBAHHOIO CUrHana. BbIXxo4oMm M3 TAaKOro MoJioXKeHusa ecTb oueHKa ownbku delta FOc = FO — Fc no
dopmyne NCnoNb3yoLLLEACA Y3Ke NoyYeHHYIo ¢ (3) owMBOoUHYI0 ,,KOMNAEKCHYIO ornbatolyo” wln]:

(8)
AR = F; -A/I{arg(w[n]- W [n — 1]‘)/(_2%)}, n=12,..,N-1

B KOoTOopoi onepatop M ob6o3HayaeT o0b6bIKHOBEHHOe (apudmeTuyeckoe) ycpeaeHMe Mo Bceit
nocsefoBaTeNibHOCTM urypupyowen B GUNypHbIX CKOBKax 3Toi ¢dopmynbl. KoppeKTMpoBKa 4YacToTbl
rerepogMHa KeagpatypHoro pemopynatopa (3), ¢ Fc Ha FO = Fc + delta_FOc, kak npaswio, naér
YAOBNETBOPUTENLHbBIA PE3yNbTaT, 0COBEHHO €CAN CUFHAN AO0CTAaTOYHO MNPOAO/IKUTENbHLIA U PaKTUUECKM
CTaLMOHapHbIN (Ha NpUMep Koraa Bce ,,MeXK3BE3aHble” nepexoabl (MoYTH) paBHOBEPOATHbI U HE3ABUCKMbI).

Tenepb BEpHEMCA K MIHOBEHHOW aMNAUTYAE W MIHOBEHHOM MOLWHOCTM CUrHasMa, KOTOPbIX
n306parkeHnMa Ha puc.3r U O Mbl OO/KHbI TO CKOMMeHTMpoBaTb. C ocmoTpa 3Tux rpadukos
nocnegosatenbHocTel a[n] n p[n], a TakKe ¢ UX ructorpamm (puc. 4r n a) cneayet, YTo 3TOT CUTHAN UMmeeT
TO/NIbKO OAHY AOMMHMPYIOLWYIO aMMAUTYAy PaBHylO pagauycy (MM mMoaynio) CMMBOJbHBIX TOYEK CO3Be3aus,
BbIABNAKOLWMXCA C pUC. 5. ITo ewé pa3 noATBep:KAaeT, YTO aHA/IM3UPYEMbIM CUTHAN C MaHunyasumnen ¢asbl
(PMH), a 3ameTHas ¢ caMoro Hayana, garke Ha rnas, AM — 3To HenpegHamepeHHbI 3QPEKT MeK3BE3AHbIX
nepexosoB, HECOMHEHHO Pa3/IMYMMbIX Ha AMarpaMMe PacCemBaHMA WU B MOTKE TPAeKTOpPUKM KOMMNAEKCHOM
ormnbatouent win].

C pacnpegeneHMemM MOLLHOCTM (M €€ OLEHKM - TMCTOTPAaMMOM MOLLHOCTM) PagMOCUTHaNa CBA3AH OAMNH
M3 BaXHeEWWWX rnobasbHbIX NAPaMeTPoB CUrHaNa - ero nuk-GakTop: 3TO, BblparkeHHoe B Aeumbenax,
OTHOLLIEHNE MUKOBOM K cpeaHei mouiHocTU. [aa ructorpammbl ¢ puc. 44 ato 10*log10(2/0,64) = 4,9 ab.
MHorosato! Ho BMHOBaTbl B 3TOM BCEFO /INWb HECKO/IbKO BbIBPOCOB aMMMUTYAbl; CPE3aA UX Ha NpUMep Ha
ypoBHe p = 1,65 nosy4yaem TeopeTUYeckn 060CHOBAHHYIO BENMUYMHY NUK-PaKkTopa nopsgka 4,1 ab.
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Puc. 6. CnekTp (nepnogorpammbl): a) MTHOBEHHOW aMnanTyabl a[n] u 6) MrHoBeHHOM MoLHOCTU p[n];
obpaTUTe BHMMAHME Ha CNEKTPaNbHYIO IMHUIO Ha YacToTe 2400l paBHOM CKOPOCTU MaHMNyAauMu B 6oaax.

LlenecoobpasHo ToXKe TLWATeNbHO OCMOTPETb CNEKTPbl MITHOBEHHOW aMNAUTYAbl U MOLWHOCTM (C yAaNEHHOM
KaK MpaBMI0 NOCTOAHHOW COCTaBAAOLWLEN) — puc. 6a U 6. [1nA 3TUX CNEKTPOB XapaKTePHO NPUCYTCTBUE YETKOM
CMEKTPaNbHOM IMHMKM Ha 4YacToTe (B repuax) paBHOW CKOPOCTM moaynaumn B 6oaax; ato pasHo 2400 bog —



YyacTo BCTpeYaemas CTaHAapTHaA CKOPOCTb C/lel0BaHMA CMMBOJIOB B CeKyHAY. [pn YacToTe AMCKPETU3aUumM B
8000 Iy, mbl nosiydaem 8000/2400 = 3,33... oTcYETa Ha CMMBON B aHa/IM3MPOBAHHOMN 3anuck signal.wav. 3710
3HAYUTENIbHO YC/NIOXKHSAET Aa/ibHEeMLWNIA aHaIn3 KOMMIEKCHOW ornbatolein, 6asnpyoLlnii Ha 3TOM nNapameTpe.
A uTO, €cnv Mbl rpyb0o OKPYrANAN YNCIO OTCYETOB HA CUMBOJ 4,0 POBHO TPéx: L = 37?

CKaszaHo-caenaHo: paccynmtaem nocnefoBaTesibHOCTb pasHul, ¢a3 mexkay OTCHETAMM KOMIMIEKCHOM
ormbatoluelt oTaanéHHbIMK Ha L = 3 HTepBana ANCKPETU3aLUU:

(9)
A, [n] = a1‘g(w[n]- W [n ~ 3]) n=34.,N-1

lpaduK 3TOM nocnesoBaTENbHOCTM MNpeAcTaBAeH Ha puc.7a, a eé rucrorpamma — Ha pwuc.76.
MpurnagpiBasacb 3TUM KapTMHKAM, 3aMeYyaem, YTO B aHa/IM3MPOBAaHHOM CUTHasie HeT ,Hy/eBbiX” nepexonos
¢dasbl. M'McTorpamma c puc. 76 NokasbiBaeT, YTO BCe ,,MeX3BE3AHbLIE” nepexoabl B 3TOM CO3Be34MU BeayT K
coceny unu K coceay cocepal! U tak, pasHuua ¢as mexay npeabiaywmm 1 cneayowmm CMMBOAOM NPUMEHAET
yeTblpe 3Ha4yeHua: —2pi/5, —pi/5, +pi/5, n +2pi/5. OaHUM CNOBOM, Mbl 34ecb Mmeem aeno ¢ $pa3opasHOCTHOM
MaHUNyAauMen C 4YeTblpbMsA, BCEraa He HyneBbiMM, caBuramu ¢asbl. MOXKHO NOCMEKyANpPOBaTb, NovYemy
MMEHHO TaK? BO3MOXHO MOTOMY, YTO B TaK CKOHCTPYMPOBAHHOM CUrHane Kaxgbiit u3 M = 4 casuros ¢asbl
TpaHcnopTupyeT 2 buta (1 AnbuT) MHbopMaumm (LaHHbIX).
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Puc. 7. PasHunua ¢a3 mexkay OTCYETAMM KOMMJEKCHOW orubawower OTAanéHHbIMM Ha TpU nepuoaa
OWCKpeTU3aummn: a) ocumnnnorpamma nocnegosatenbHoctu delta_phi_3[n] u 6) eé rucrorpamma.



3aKkntoueHue

MNpeaHamepeHnem aBTopa 6bIN10 Y6eaAnTb HOBMUKOB (M CKENTUKOB), YTO KBaapaTypHasa 06paboTka, T.e.
KBaZpaTypHasa gemoaynauma AedcTBUTeNbHOro pagmocurHana, 3anucaHHoro 8 WAV-gaine, ¢ nocneayrowmm
aHa/IN30M MOJIYYEHHOM KOMIJIEKCHOM Ormbatollen — 3TO HMYEero CTPaLHOro, a Aaxe ,3T0 O4YeHb npocTo”.
ANropuTm KBagpaTypHOro Aemoaynstopa CBOAMTCA K KOpoTKon dopmyne (3), B KOTOPOI OCHOBHYIO PO/b
oTbirpbiBaeT UMPPOBOM GUABLTP HUMKHMX 4YacToT HB/2, a KoTOporo nosiocy MPOMYyCKaHWs 4YacTo yaaércs
nogobpaTb Ha OCHOBAHWW CMEKTPa CUrHajfa C NepBoOro pasa. PasymeeTcs MOXKHO owMbBATbCA M B OLLEHKE
4acToTbl Hecyllei, HO MeTo4oM ,MOMbITOK M OWKOOK” BTOpas, TPETbA WTEpPaUMA OKasblBaeTCA YKe
6esownboyHoi. A pacnonaras 6e30WwMb60YHO BOCNPOM3BEAEHHON KOMMAEKCHOW ormbatolleinn o curHane
MOX€eM y3HaTb MHOro. Kak MHoro? B 3Toi cTaTbe NOCTaB/€HHOW Hamu 3a4a4en 6bln10 ono3HaHWe curHana. U,
Mo MHEHWIO aBTOpPa, 3TO AOCTAaTOYHO ybeanTenbHO cAenaHo: HET COMHEHWI, YTO NPOaHaIM3yPOBaAHHbI CUTHAN
NPUHaANEKMT Knaccy $a3opasHOCTHO MaHWUMY/IMPOBaHHbIX, CO cKopocTbio 2400 Bog (4800 6ut/cek). Ero
co3Be3gue HeTUNUYHOoe — MNATUTOYEYHOE, HO JOMycCKaloliee TOJIbKO 4eTbipe Merkda3oBbix Mnepexoaa.
(Bo3morkHO, OTCYyTCTBUE HyNeBoro nepexoaa ¢asbl 0b61er4aeT CMHXPOHM3aLMO? Ho 3TO He TeMa 3TOM CTaTbu.)
A yero ewé 60/blle MOXKHO AOCTUYb B PaMKax KBagpaTypHoN obpaboTkM? MOXKHO Ha npumep, NonbiTaTbCA
CpereHepMpoBaTb MOTOK CMMBOJIOB 3TOro curHana. Ho 310 notpeboBano-6bl 3aryleHuss OTCY4ETOB
(MHTEpPNONALMIA) KOMNAEKCHOM orMbatowweit. U 3To BO3MOXKHO byaeT B NPOA0/IKEHUN STOM CTaTbMU.

Nutepatypa.

1. http://www.radioscanner.ru/info/article433/ Vanadi



