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B paboTe usyyalTcs CTaTUCTUYECKME XapaKTepUCTUKU AUcKpeTHbix COC BTOpOro nopsigka
npyv HanuuMM Ha BXOAE CIIOXHOro BO3AeNCcTBMS B Buae nonesHoro ®M-curHana, 6enoro
rayccoBoro Lilyma M TapMOHWYECKOW MOMEXW C MNPOU3BOMbHLIMU MapamMeTpamu. B ocHoy
nccrnegoBaHNiA MONMOXEHO BbIYMCIIEHWE ABYMEPHOW MNIOTHOCTU pacnpeferneHns BeposTHOCTU
(MPB) dasoBor owWmnbKM € Ucnonb3oBaHMEM ypaBHeHUs KonmoropoBa—4YenveHa, yumTbiBaoLLEro
HENMMHENHOCTb XapaKTepuUCTUKM AeTekTopa. B poknage npegnaraetcss noaxon AN OUEHKM
BbIXOAHOro oTtHoweHus curHan/wym (OCLU) ans cnyyasa cnoxHoro BxogHoro Bosgencteusi. C
MOMOLLLI0O JaHHOM METOOUKM [ANsi  Crydas Hamnuuusi rapMOHMYECKOW TMOMEXM CTPOSATCS
3aBucmumocTun BbixogHoro OCLU ot BxogHoro OCLU, a Ttakke 3aBucumocTu BbixogHoro OCLI ot
4YaCTOTHOM PacCTPOMKN NOMEXM.

Bonblion nHTepec Bbi3biBaeT noBefeHue LnpoBbiXx cuctem gasoBon cuHxpoHusauuu (CPC) B
YCINOBUSAX CMOXHbIX BO3AEWCTBUN. AHANM3 peakuun Ha AenCTBME NOMEX AOCTaTOYHO BaXeH ANSA NpakTUKK,
T.K. BO MHOIOM MMEHHO nomMexoBas 0OCTaHOBKa onpefensieT TOYHOCTHblE XapaKTePUCTUKU CUCTEMBI.
Cutyaumsi yCrnoxHsieTCcs, eCnu Ha BXO[, CUCTEMbl KpOME LLYMOBOro BO3OENCTBUS NMOCTYMNaeT M noMmexa B
BMAE [OETEePMUHWPOBAHHOIO CUrHama C HeusBEeCTHbIMM MapameTpamu. Y4YeT KOMOVHMPOBAHHOIO
BO3AENCTBUSA NMO3BOMNSIET OTBETUTL Ha BoOnpoc 06 adpdekTMBHOCTU yHKUMOHMpoBaHMS CPC B ycrnoBusix
COCpeaoTOYEHHON MO YacToTe NMOMEXM, YTO B HACTOsILLEE BPpEMS CTAaHOBUTCH KpaWHe akTyarbHbIM u3—3a C
HenpepbIBHO YBENMYMBAIOLLErocs 4ucna OAHOBPEMEHHO paboTawlwmx paguocpedcts. [Mpumepom moryT
CMYXMTb MOMEXU MO OCHOBHOMY KaHany npuema, xapakTepHble OS5 CUCTEM MOABWXXHOW CBSI3W, MOBTOPHO
NCNONb3YKLINX OOHW U Te e 4acToTbl Mpu (POPMMPOBaAHMM COTOBOMO 4YacToTHoro pexuma [1]. Pabor,
MOCBSILLEHHbIX uMccrnegoBaHnioo uUugpoBblx CPC B ycnoBusix KOMOWHMPOBAHHbLIX BO3AEWCTBUMW, B
HacTosLlee BpeMsa He Tak MHOro. MOXHO OTMEeTUTb cepuio NyGnuvkauuin aBTopoB A0KMNaaa, NOoCBsSLLEHHbIX
nccnenoBaHuio ANCKPeTHbIX COC, (DYHKUMOHMPYIOLLMX MPU HaNU4MM Ha BXOAEe LWyma, rapMOHUYECKOro
konebaHma u© rapmoHudeckon nomexu [2,3]. B paHHom paboTte wuccnegylTcs  cTaTUCTUYECKue
xapaktepucTtukm guckpetHon COC BToporo nopsigka ¢ umdpposbiM MAD B Lienu ynpaBneHus npyv Hanu4uuu
Ha BxoJe KOMOGUHMPOBAHHOIO BO3AeWCTBUSA B Buae nonesHoro ®M-konebaHusa, 6enoro rayccoBoro Lyma
¥ rapMOHMYECKOWN MOMEXU C MPOU3BOSbHBIMU NapameTpamu.

BxopHoe Bo3gencTeune, paccMmaTpnBaeMoe B AaHHOW paboTe, MOXHO 3anmcaTthb Kak

5. (k) =sin(@k + B, sin®,k) + A sin(@k + Bk) +n(k), &)
rae @., By, @

), — HOpPMUpOBaHHasa 4YacToTa Hecylllen, UHOEKC U YacToTa MoAynALMU NonesHoro
curHana, A; , 1 — aMnaMTyda rapMOHMYECKOM MOMEXM M ee 4YacTOoTHasi pacCTpolka OTHOCUTESbHO
YacToThbl HecyLlen nonesHoro konebaHus, n(k) — wWymoBble oTcHeTbl. [N OLEeHKN OTHOLLEHUSA CUrHamn/Lwym
(OCLL) Ha BbIxOge cuctembl, paboTatoLeln B YCIOBUSIX CIIOXKHOrO BXOAHOIrO BO3OENCTBUS, UCMOMb3yeTcs

BblpaxkeHue [5]

(p/B,) =1/82, (2)

c u

roe 55 — NPUBEAEHHOE K CpedHEN MOLLHOCTM MHAOPMaLMOHHOIO napameTpa curHana gucnepcus
hasoBon owmnbKku Uf. C yyeTom (1) BbipaxkeHue (2) nerko NpuBecTu K Buay

(p/P,). =pB2/207. 3)

BaxHo oTMeTuUTb, 4To (3) yuuTbIBAET yKTYaUMOHHYIO COCTaBMsoOWY0 (asoBON OLUMOBKY,
00YCMNOBMEHHYI0 HAaNUYMEM Ha BXofe LuyMa, AMHaMUYECKyt NorpeLlHocTb pabotbl COC, BO3HUKAIOLLYIO NO
NPUYMHE NMHEPLMOHHOCTU CUCTEMBI, U NMOMEXOBYIO COCTaBMSIOLLYI0, BO3HUKAIOLLYIO NPW HAaNn4um Ha BXoae
rapMOHMYECKON NOMEXM.

CroxacTuyeckoe pasHOCTHOe YypaBHeHue wuccriegyemon COC gna cnyvaa PM-—konebaHus
€AVHNYHOW aMMnnnTyabl C HYNEeBOW YaCcTOTHOW PacCTPOMKON Hecyllen U rapMOHUYECKOW MOMEXM Ha BXOAe
npeacrtasmMmo B Buae [4]

Xppy =(1+d)x,,, —dx, + B, [sin(k +2)w, —(1+d)sin(k +1)@, +dsin kcﬁﬂt] —Kysinx,,, +Kdsinx, -
~ Ky n,., +Kd n, =Ky A sin(x,., +(k +1)B, - B, sin(k +1)@, )+ KdA, sin(x, +kB, - B, sink@, ),
(4)

roe Xy — oT4eThbl pasoBon ownbkm, K — napameTp cuctemsl, yu d — napameTpbl punbTpa.
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Puc. 1. Hecranmonapnas I[1PB ¢a3oBoii ommdku npu
nerictBun Ha Bxoae ®M—curnana

o 2
Ons Bbluucnenns aucnepcum asoBor owmbkn O, B (3) MOXHO MCNOMb30BaTb Pa3NUYHbIE

o 2
noaxofbl, BKMoYas yucrneHHoe pelueHue (4). B paHHon pabote O, BbluucnseTca nytem pacueta NPB

das3oBon oWMbKM C nomoLlbid ypaBHeHus KornmoropoBa—YenmeHa. [Ons atoro oT (4) BbINoOMHseTCS
nepexoa K CUCTeMe YypaBHEHUN, ONUCbIBAKOLLEN MapKOBCKYK nocnefoBaTternbHOCTb. [Ana npumepa Ha
puc. 1 nokasaHbl YCTaHOBMBLUMECS OOHOMEpPHbIE HecTauuoHapHble [NPB dasoBon ownbkn Ha uHTepBane
(=17 7) npu Hanu4mMm Ha Bxoae wyma n ®M-konebaHusa. MoXXHO BUAETb, YTO AN1S NPeACTaBNEHHOro cryyas
MPB B oTAeNbHbIE MOMEHTbLI BPEMEHW OTNMYAKOTCA ApYyr OT Apyra B OCHOBHOM CpPeAHVMMU 3Ha4yeHusIMu, a
aucnepcust OCTaeTcsl OAMHAKOBOW. XOTS MOXHO OTMETUTb, YTO B psde CnyvyaeB, He TUMWUYHbIX Ang
NpakTUKM, B 4aCTHOCTM, KOrda 4actoTa Moaynsauum npesbillaeT MOnocy MpornyckaHus CUCTEMbl, MOTyT
UMETb MECTO 3HaYUTENbHbIE U3MEHEHUS CPefHEro 3Ha4YeHnss N gucnepcumn asoBon OLWMOKM Ha KaXKaoM
ware.
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Puc. 2. [ToporoBeie KpUBbIE IS
cayqass ®M—curnana

Ha puc. 2 nokasaHbl NoporoBble KpuBble, MOMYyYEHHbIE C UCNONb3oBaHWeM (3), AN pasnnyHbIX
napameTpoB cuctembl npu gencteun dM-—konebaHus 6e3 rapmoHuyeckon nomexu. MoxHO ykasaTb Ha
cnegyowme ocobeHHOCTM NonyyYeHHbIX KpyBbIX. PocT BeixogHoro OCLL pg,,x C POCTOM BXOAHOIO Pg HOCUT
OrpaHuMyeHHbIN xapaktep. [aHHbIA hakT 0OBbACHSETCS HanMuMeMm OUMHaAMUYECKON COCTaBMSIOLEN OLLIMOKM
CNneXeHusi, KoTopasi HauvHaeT npeobnagatb Hag LWYMOBOW COCTaBRsiloWEn npyu  OONbLINX  Oey .
OuHamnuyeckasa coctaBnstowaa ownbKM yMeHbLUIAeTCs nNpu yBenuueHun koadpdpuumneHta K, a takke npu
yBenuyeHun napameTpa y. [lnHammyeckasi NorpeLHoCTb Pe3ko YMEHbLUAETCs U NPy YMEHbLUEHUN YacToThbl
MoaynsumMm. Ha kadeCTBEHHOM YPOBHE [OaHHbIE YTBEPXKAEHUSI MOXHO OOBSCHUTL B paMKax IMHENHOW
MOZENMW, aHanNM3npys aMmnINTyaHO—4aCTOTHbIE XapaKTEPUCTUKN CUCTEMbI.
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CornacHo puc. 2 anst Pe, MEHbLUMX HEKOTOPOro 3HAYEeHUs (AN UCMONb30BaHHbLIX MapameTpoB
okono 30 pgb), BbixogHoe OCLU Bbiwe ansa manbix K n y, XoTa BAWsiHME 3TUX NapamMeTpoB Ha
OVNHaMUYECKylo OLIMBKY MNpOTMBOMOMOXHOE. Takoe noBefeHne OOBbACHAETCHA MNpeBbllUeHUEM LIYMOBOM
COCTaBMAKLWEN HAL ANHAMUYECKON. [JaHHbIN haKT MOXHO OOBACHUTbL B pamKax NIMHEWHOW MOOEenu Yepes
MOHSITWE LLUYMOBOW MOSIOCHI.
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Puc. 3. TIoporoBele KpUBBIE TP H3MEHEHUT
MHTEHCUBHOCTH TapMOHHUYECKOM MOMEXH

MpuBeneHHble KpMBblE NMOATBEPXKAAIT CyLLeCcTBOBaHWe noporoBoro adydekra. Mpu Pg , MEHbLLIMX
HEeKOTOporo 3HaveHusi (okono 7 gb npu y=2), HabnogaeTca peskoe yxyauweHue BbixogHoro OCLL.
MoporoBbi ahdekT BblipaXKeH CUMbHEE B Criydae MarbiX YacTOT MOAYMSALMM, @ 3HAYUT, U ManbIX 3HAYEHWU
OnHammnyeckux owmnbok. [Ona cnydas, korga B CUCTEME MMEKOT MECTO 3HauuTenbHble AMHaMuyeckune
OLNBKM, MOpPOroBbIi 3PAEKT HECKONbKO CriaxuBaeTcs. [1pn 3TOM y4acTOK KPUBOW MPU 3HAYEHUSAX Oy
Bbille nopora, Ha koTopoMm BbixogHoe OCLU pactet nuHenHo ¢ poctom BxogHoro OCLU, meHbLie no
NPOTAXKEHHOCTMW.

MoxHO nokasaTb, 4YTO yBENWYEHVMEe MWHOEKCa MOAyNnsuun MNpMBOAWUT K MPOMOPLMOHANBHOMY
yBenunyeHmio BbixogHoro OCLU. Ho B TO e Bpems yBenuyeHve pAeBuvauunm (onpegensiemyro Kak
npoussBefeHne MHOEeKca ModynsuMn Ha YacToTy MOAYNAUUN) NPUBOanUT K Bonee CyleCTBEHHOMY BIUSIHUIO
ONHaMmM4eckon owmnobkm cnexennst Ha BoixogHoe OCLLU, 4To BNonHe 06 bACHMMO C TOYKU 3PEHUS HACTOTHbIX
CBOWCTB CUCTEMBbI.

Ha puc. 3 nokasaHbl MOpPOroBble KpuBble AN criydas Hanuumss Ha Bxoge PM-konebaHusa u
rapMOHMYECKON NMOMEXU MPU PasnUYHbIX WHTEHCUBHOCTAX nomexu. BuaHo, 4To yBenuyeHne MOLLHOCTU
rapMoOHMYECKOW MOMexu npuBoanT K yxyauweHuto BbixogHoro OCLU. OcobeHHO 3aMeTHO YyxydlleHue
BoixogHoro OCLU npu Gonblwmx BxoaHbix OCLU, yto BnOMHe OBBLACHMMO YyBEnNUYEHMEM MOMEXOBOW
cocTaBniawolen owmnbkn cnexeHus. Npu atom 6Gonee MWHTEHCMBHAs nomexa MPUBOAUT K TOMY, 4TO
nomMexoBasi cocTaBnsowas a3oBor OWMOKN Ha4YMHAeT BECOMO NPOSBMAATE Ce0s MPU MEHbLUMX BXOAHbLIX
OCLL.
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Puc. 4. 3aBHCHUMOCTH BBIXOJHOTO OTHOILIEHUS
CHUTHAI/IIYM OT YaCTOTHOM PAacCTPOUKU MTOMEXH
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Ha pwuc. 4 npuBegeHbl 3aBucMmMocTn BoixogHoro OCLL oT 4acToTHOM paccTporikn nomexu. BrivsiHne
nomexu ocnabeBaeT No Mepe ydaneHUss ee OT MOMOChbl MPOMYCKaHWS CUCTEMbI, YTO CBSI3aHO C
duNbTpylOWMMKM cBOMCTBaMKU cucTeMbl. C nNpubnmkeHNneM nomexm K nonoce nponyckaHus (B = 2,2)
HabnwpgaeTcs 3HauuMTenbHoe CHWXeHue BbixogHoro OCLU. [Ins 4acTOTHbIX paccTpPoeKk MOMeXxw,
3HAYUTENbHO MEHbLUMX MOMOCHl nponyckaHusa cuctembl (B < 1), HabnogaeTcs yBenuYeHWe BbLIXOOHOrO
OCLUl ¢ ymeHblUEHMEM YaCTOTHOW pPaCCTPOMKW. [laHHbI (aKT MOXHO OOBACHUTH YMEHbLUEHUEM
amMnnnTyabl konedaHum MrHOBEHHOW YacToTbl BXOAHOMO CurHana.

Mpn Gonblwmx YacToTax MOAYNAUMM MOME3HOTO CWUrHama yMeHbLUeHWE BMVSIHUS MOMEXu C
yOaneHuem OT Mosiockl NPONYCKaHUS He Tak BbIPaXKEHO, Kak B Criydae mMarbiX YacTOT MOAynsiLuu.
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COHERENT PROCESSING OF PM-SIGNALS IN THE PRESENCE OF WHITE NOISE AND HARMONIC
INTERFERENCE

Bashmakov M., Kazakov L.
Yaroslavl State University

In this paper the statistical properties of second order discrete PLL are investigated. The paper
peculiarity is input signal, which is an additive combination of informational phase-modulated (PM)
oscillation, white gaussian noise and harmonic interference represented by sine wave:

s(k) =sin@k + B, sin@, k) + A sin(@k + Bk) +n(k), )

where @., Bn, @, are digital frequency of carrier, modulation index and modulation frequency for

m
informational oscillation, A; , B, are amplitude and frequency offset of sine interference, n(k) — white
gaussian noise samples. To estimate the output signal-to—noise ratio (SNR) for PLL operating under
complex input signal it is used the following expression:

(P/Pn )out = Bri /20-(3’ (2)
where Uf is phase error variance. In this paper the Uf is calculated using probability density

distribution (PDD) of phase error. The PDD is obtained by means of the Kolmogorov—Chapmen equation.

The expression (2) takes into consideration the following components of phase error. They are
fluctuation component generated by input noise, dynamic inaccuracy of PLL operation caused by system
lag, interference component arising due to input harmonic interference. Using (2) the threshold curves are
obtained for input PM-oscillation and no sine influence. The following regularities are discovered. Output
SNR increasing is limited by dynamical component of tracking error, which begin to dominate over
fluctuation component for low input noise. Dynamical component is decreased with PLL gain increasing
and also with modulation frequency decreasing. Such behavior is qualitatively explained by amplitude—
frequency responses of linearized model.

It is shown when input SNR is less some value the output SNR is higher for low PLL gains. This
effect appears when fluctuation component of phase error higher dynamical one. So output SNR is
determined by output noise, which can be estimated by means of noise band in the linear approximation.
Increasing of modulation index results in proportional output SNR increasing. At the same time it leads to
more noticeable dynamical tracking error. Also it is demonstrated the greater modulation frequency the
greater dynamical error, that perfectly explained by frequency properties of PLL.

The threshold curves are depicted for different interference amplitudes when PM-oscillation and
sine interference at the input. Increasing of sine interference intensity leads to output SNR degradation. In
addition the larger interference results in considerable manifestation of interference component of phase
error at less input SNR.

It is obtained the dependencies of output SNR upon interference frequency offset. It is shown the
interference influence becomes weaker with interference moving far away of system pass band. This
behavior is explained by filtering properties of PLL. With interference approaching to pass band it is
observed significant lowering in output SNR. For influence frequency offset much less the PLL pass band it
is observed output SNR growing with influence frequency offset decreasing. When modulation frequency
large enough the interference influence dumping with interference moving away of PLL pass band is
expressed in lesser degree.




