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Bonblioe pasHooGpasune CyllecTBYIOLWUX BapuaHTOB MOCTPOEHMST LMGPOBbLIX cuctemM ¢a3oBon
cvHxpoHu3auun (LICPC) obycnosuno pasnuyHble Noaxodbl K WX Knaccudukaumu, npenctaBreHHble,
Hanpumep, B paboTtax [1-3]. He BoaBasicb B nogpobHOe pacCMOTPEHNE Kaxaoro U3 HUX OTMEeTUM, YTO BCe
OHW, HECMOTPSA Ha pasHuLy B Bblbope KrnaccumkaunoHHbIX NPU3HAKOB, NpeaycMaTpuBaloT BblaeneHve B
oTtgenbHyto rpynny LICPC ¢ aHanoro-undpoBbiM nNpeobpasoBaHMemM A0 NeTnv ¢a3oBor aBTONOACTPOVKM
CO CTPYKTYPOWN, NoKasaHHOW Ha puc 1.
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B TakMx cuctemax BXOAHOW CUrHanm nocpeacTBOM MHOMOYPOBHEBOrO aHanoro-undposoro
npeobpasoBatena (ALUI), TaktMpyemoro ¢ 4acTtoToW, ydoBneTBopsiowlen ycnoeuio KoTenbHUKoBa,
npeobpasyeTcsa B ko4, M AanbHenwas obpaboTka MHGopmauum B netne ¢a3oBOW aBTOMOACTPOMKM
yacTtotbl (PAIMY), Bkntovawwwen dasoBbii guckpumuHatop P, umdposon dunetp LP n umdposon
cvHTe3aTop oTcdetoB LICO, ocywectBnsaeTcsl NMOMHOCTbIO B UucpoBom Buae. PeanbHbiMu, duanyvecku
CYLLECTBYIOLLMMN BO BPEMEHM CUTHaNamu npuv 3TOM SBMSIOTCA BXOAHOW, cogepawmin nHdopmMauuio o
YyactoTe 1 chase 3agatoLlero konebdaHusi, N NOCcNeaoBaTeNbHOCTb TAKTUPYIOLWLMX UMMYNbCOB, CREAYIOLINX C

yactoton  guckpetmsaumm  f, = 2[Af rme  Af_— wwupuHa cnektpa  npenBapuTensHo

OTUNLTPOBAHHOM BXOAHOW cMecn X (t)=u(t)+ n(t) 3agaroLlero curHana u(t) C LIyMOM n(t).

3apava LICPC 3akntovaeTtcs B pOPMMPOBAHUU (BbIYUCIIEHMMN) HA KaXOOM Luare AUCKpeTM3auun 3HadyeHus
uncpoBOro oTcHeTa BUPTYyanbHOrO NOACTPANBAEMOrO BbIXOAHOIO KornebaHusi, KOreEpPEHTHOTO C 3aJatoLLmM.
MockonbKy YacToTa guckpeTusauum nogobHbIX cucTeM B npolecce Mx paboTbl ocTaeTcs OUKCUMPOBAHHOM
(He 3aBMCUT OT YacTOTbl BXOOHOrO M MOACTPavMBaeMoro konebaHuii), nx HasbiBalOT Takke CUCTEMaMu C
paBHOMepHOW pguckpeTusaumen [2, 3]. B HacToswen pabote paccmatpuBaeTcsi 06obLieHHas Mopernb
LICOC paHHOro kracca u MpUBOAATCS HEKOTOpble CMocobbl MaTeMaTU4eCKOro OMUCAHUSA BO3MOXKHbIX
BapVaHTOB peanusaummn actaTu4ecko CUCTEMbI BTOPOro nopsiaka.

Mpeanonoxum, 4To 3agaroLlee konebaHue u(t) ABMSETCS rapMOHUYECKUM C aMMnUTYaon \/7[11
N KpyroBon 4vactoton . MNpu atom Ha Bxoge P[] GygoeT npucyTCTBOBaTb AMCKPETUINPOBAHHAsi CMECH
ng[k] = \/_2 W &in(ow, K + ¢[k] )+ n[k] , rtoe w, =w/f,; k — Homep Tekywero otcuerta; @[k]
— 3aKOH u3MeHeHus asbl cUrHana B OWCKPETHOM BPEMEHM; n[k] — oTcyeTbl AnckpeTHoro 6Geroro

o 2 o
rayccoBsa Llyma c gucnepcuen 0. B Takon cuTyaumm BO3MOXHbI [JBa BapuaHTa noctpoenus ®: 1) c
NepeMHOXEHMEM OTCYETOB ng[k] 1 noctynarowero ¢ Bbixoga LICO Ha BTOpon Bxoag Pl guckpeTHoro

NoACTpaMBaeMoro kone6aHusi \/_2 [B[eos (w, [k + P[K])n nocnegytoLien cunbTpaumeit

BbICOKOYACTOTHbIX (MMEIOLLMX YacToTy 2@00) cocTaBnsoWnx npomssegeHus nocpeactsom Ld [3]; 2) ¢
dopMupoBaHMEM C nomolbio npeobpasosaTtena [unbbeprta (M) KBagpaTypHbIX KOMMOHEHT CuUrHana
ng[ k] 1 nocnenyoLLen KoMmneHcaumnen BbICOKOYaCTOTHbIX COCTaBNALLmX [4].

lMpenmMyLLecTBOM BTOPOro BapuaHTa sBNSIeTCA To, 4YTOo npu ero peanu3auun dunbtp (M),
onpegensLni cTeNeHb NOAABMEHNsST BbICOKOYACTOTHbLIX COCTaBMNSALNX, OKa3biBAETCA HE BKMOYEHHBIM B
neTno perynupoBaHnsa. OTO MO3BONSET Haanexawmm obpa3oM BbibpaTb ero napameTpbl, HE U3MeHAS
apyrux xapakrepuctuk LLCOC.

@2002, anekTpoHHas Bepcus nogrotossieHa 3A0 ABTIKC Cankr-lMeTtepbypr, http://www.autex.spb.ru
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Onsa nio6oro BapuaHTa BbIxogHou curHan df y(w[k] ornpeaenseTcs BblpaXeHnem:

You Kl =y Hsin (W[ )+n,[K]}.
rae ¥ =U [B cootsetcteyer i c LUd,a ¥y =20 [E - cMr;
Wkl =¢[K] - P[K]; (1)
nm[k] — OTCYeTbl AUCKpPEeTHOro 6enoro rayccosa Luyma C Avcnepcuen Ui = 02/(2 [ 2).
B cootBeTcTBUM CO cxemon puc. 1 3TOT curHam nocTynaeT Ha uudposon unetp LD ¢

nepegaroyHon dyHkuven H u@(z). BbixogHow curHan Li® V[k] nogaetca Ha LICO, rge ocywectensaeTcst

ero JWCKpeTHoe WHTerpmnpoBaHune (CyMMMpOBaHI/Ie C HaKOI'IJ'IeHI/IeM) n d)OpMMpOBaHMe Ha OCHOBe
nony4eHHOro pesyrnbTata OTCYHETOB noacTtpanBaemMoro konebaHus [1] MaTemaTtnyeckon Moaenbio 3TOro

6noka siBnsieTcs [2] 3BeHo ¢ NepeaaTovyHOn yHKLMNen HUCO(Z) = Z_l/(l— Z_l) .

Taknm obpasom, nonHyto mogernb LICPC paccmaTtpuBaemMoro knacca MOXHO NpeacTaBuTb B BUAeE
CXeMbl, N300paxxeHHOW Ha puc. 2.

K
M* —Lgn(w:—»+ M

OyHKLMM y[ k] n H (Z) B 9TOV CXeMe onpeaensaTCs Kak

K] = Yo [KI /Y : 2

H(z) = yEIHHd, (2). OueBuaHO, 4TO nocCredOBaTENbHOMY BKIKOYEHMIO 3BEHA C KOMMIIEKCHBIM
koadpdumumeHtom nepegaum  H ( Z)l/l LICO cooTBeTCTBYET SKBUBANEHTHbI METNEBON UNbLTP C
nepeaatouHon coyHkumein H,, (2) =H (2) H ., (2) .

B acrtatmyeckon cucteme BTOpOro nopsiagka B coctaB Li® pgomkeH BXOAWUTb AUCKPETHbIV
WHTerpaTop, peanusyembli, Hanpumep, B BWAE ONWCAHHOrO BbIlle HakannMBalllero cymmaropa.
TpaguuunoHHas koHdburypaums LId B aTom criydae onvcbiBaeTcs ypaBHeHMEM [2]:

k

vk =B0[K +uty 1. ©)
roe koadpnuneHTbl B n L 6ygem nonaraTb yunTbiBaloLMMKU MacliTabuposaHve B ®fl, T.e. ,B = ,Bl ;
M = Iy ; VK] onpenensetcs (2). Mepexoas ot H,,(2) k BpemenHomy onucaHmio LICO [5] ¢ yueTom
(3) nonyyaem ypaBHeHUe neTneBoro punbTpa

k-1

o[K=d[k-1+p0 k-] +uy A} @

Wcnonbays (1), Ha ocHoBaHuK (4) npuxoaum K BpeMeHHomy anroputmy LICOC:
k-1[ 1.
Yl -¢lk-1=¢[} -dk-L-Badk-p-uHHi . ©
Monoxum, u4to pasa sagawwero konebavus @ [k] M3MEHSETCA MO JIMHEMHOMY 3aKOHY

¢ [k] =w, K , roe @, — cABWr KPYroBOW YaCTOTbI BXOLHOIO CUrHama OTHOCUTENbHO (J,. Toraa, BBOAs

k-2 .
o6osHaverne r[k—1] = u qizo yli] + w,, , BpemeHHoit anroputm (5) paccmatpueaemoin LICOC MOXHO

NpeAcTaBUTb B BUAE CUCTEMbI Pa3HOCTHBIX YpaBHEHWIA:
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%.U[k] =Ylk-g-(u+pB)En@lk-1)-r(k-1
[kl =r[k=-1+uEn@lk-1)

Ewe oamH BO3MOXHbIA BapuaHT matemartuyeckoro onncanus LICOC ¢ dunbTpom, 3agaBaeMbiM

ypaBHeHueM (3), nonyymm, BblYMCINB Z -nNpeobpasoBaHue oT 0b6eux yacten paBeHCTBa (4) u onpeaenvs
nepegaTodHyto PyHKLMIO NeTneBoro punetpa

D(2) (B+u)T-Br? _ KIET'+k2E?
Y(2) 1-2F " +272 1-2x ' +z2%
KOTOpPOW COOTBETCTBYET BPEMEHHOW anropuTm

ol =2 k-1-g[ k-7 +iarf k-} +kaf k-, ™

npuvem K1=B + u; k2 =-0.

H,(2) = (6)

C ydetoM (1) Ha ocHoBaHwn (7) mony4yaem pasHOCTHOE ypaBHeHue paccmaTtpusaemon LICPC
BTOPOro nopsiaka B cneayowen popme:

w[k-2m[ k-1 +yf k-3 +1amsn(yf k-1 )+k2sin(plk-2])=
=¢[K|-2@[ k-1 +¢[ k-2 —kith] k-} -k2mh] k-P . ®)

MonydyeHHass mogenb MokasblBaeT BO3MOXHOCTb MOCTPOEHWS MEeTNeBoro ounbTpa, 3agaBaemoro
(3), mytem peanusauum ero B BuAe 3BEHA, HEMNOCPEACTBEHHO BbIMOMHSAOLWErO BbIYUCAUTENBHbBIE
onepauuu, npegnucbiBaemble anroputMmom (7).

Ewe opgHMM pacnpocTpaHeHHbIM NOAXOAOM K peanu3aumMvM netneBoro ¢unbTpa sBnAeTcs
BbINOSTHEHME €ro Ha OCHOBE ABYX yCpeaHSALWwmX ycTponcts (YY1 1 YY2) ¢ pmkecupoBaHHbIMU €MKOCTAMU
N1 u N2, HasbiBaeMbix nocrnefoBatenbHbIMM unbTpamu [1, 2], CO crneayloLlmM anropuTMoM
PYHKUMOHUpOBaHUA. BeixogHow curHan @[] nogaeTtcs Ha BXOA4 MEpPBOro ycpeaHswLwero ycrponcrea YY1.
B cnyyae otcytcTBMA yxoaa dhasbl M YacToTbl MoAcTpavBaemoro konebaHusi 3HadeHue uucna B YY1
nameHsieTcs B HeGonbLUMX npegenax okoro Hyns. Mpu Hanuuuu casura dasel Y[K], dukcupyemoro ¢,
Ha Bxog YY1 nocTtynatT curHanbl NpeuMyLlecTBEHHO OAHOro 3Haka. B pesynbTate Moayfnb CyMMapHOro
yucna B YY1 pactet. Mpu goctukeHnn mm 3HadeHnss N1 curHan nepenonHenus YY1, umerowmin 3Hak
HaKOMJIEHHOW CyMMbI, obecnevmBaeT COOTBETCTBYIOLLYHO KOppeKuuio gasbl BeixogHoro konebaxusa LICO un
OAHOBPEMEHHO nocTynaeT Ha Bxog YY2. MHorokpaTHoe OfHOHanpaBfeHHOe perynmpoBaHue asbl B
KOHEYHOM MWTOre MPMBOAMT K MEpPEenoriHEHMIO YY2, npu KOTOPOM OCYLLIECTBNSAETCS COOTBETCTBYHOLLAS
KOpPPEeKUMs 4acToTbl BbIxoAHOro curHana LICO Ha BenuunHy Af . B pabote [6] nokasaHo, 4To
nepegartodHas OYHKUMS Takoro BapuaHTa peanusaumm netneBoro unbTpa MOMHOCTbI coBnagaeT ¢

NpaBol YacTblo BblipaxxeHus (6) ¢ TOM NULIb PasHULEN, YTO B JAHHOM criydae KoahUUMEHTHI k1 " k2

onpegenstotcs kak: k1= (207)/(N [NY); k2 =[207 (N [Af = N2 )]/(N INLIN2[K,), ree N —

4ncro  OTCYETOB, MNpeacTaBnAlLWMX nepuon rapmoHudeckoro konebawma B LCO. [loatomy
MaTemaTnyeckad wmogenb LICPC BToporo nopsgka C nocnegoBaTteribHbiMM - UbTpaMy  Takke
npeactaesnsieTcsa B Buge (8).

Mony4yeHHble B paboTe pesynbTaTbl MOryT CINYXUTb OCHOBOW [Ji aHanmu3a XapakTepucTuk
paccMoTpeHHoro kracca LICPC.
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MATHEMATICAL MODELS Of DIGITAL PHASE-LOCKED LOOPS WITH UNIFORM SAMPLING
Sultanov B., Shcherbakov M., Zaharenkov V., Doroshkevich V.
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The large variety of present variants of construction of digital phase locked loops (DPLL) has
caused the different approaches to their classification, introduced, for example, in [1,2]. Not making deep
reviewing of each of them we shall mark, that all of them, despite of a variance in choice of classification
criteria, envision selection in separate group DPLL with analog-to-digital convertion up to a closed loop of a
PLL. In such systems an input signal by means of a multilevel analog-to-digitial converter realizing
samplings with frequency, meeting condition the Nyquist, will be converted to the code, and the further
information processing is carried out in an all-digital phase locked loop. As sampling rate of similar systems
during their operation remains to fixed (does not depend on frequency entering and set up of oscillations),
them name also as systems with even digitization [2, 3]. In the report the generalized model DPLL of this
class is considered and some modes of mathematical exposition of possible versions of the second order
phase locked loops are given.

The situation is parsed, when on an input there are ng[k] - harmonic oscillations and additive

white Gaussian noise with a variance 02. Thus two variants of construction of a phase detector are
possible: 1) with multiplication of samples ng[k] and set up output oscillation and subsequent filtering of
component product with a double frequency; 2) with shaping by means of a converter of the Hilbert
guadrature component of a signal ng[k and subsequent compensation high frequency component.
Advantage of the second variant is that at its implementation the filter (converter of the Hilbert), the defining
level of suppression high frequency component, does not enter a structure of a PLL. It allows properly to
select its parameters, not changing other characteristics DPLL. In the report the expression, defining output

signal of both variants of construction of a phase detector is given. With usage of this expression,
supposing, that the digital filter DPLL and synthesizer of an output signal have the transfer functions

accordingly H (Z) and HUCO(Z) = Z_l/(].— Z_l) the generalized skeleton diagram of the considered class

DPLL is built. Modes of mathematical exposition DPLL further are considered, which one will use a digital
filter, by defined temporal algorithm [2]:

k
vk =B0[K +uty 1. @

where V[k] and y[ k] - according to output and input signals; 3 and U - coefficients.
The possibilities of alternative versions of implementation of a digital filter, equivalent difiniendum by
algorithm (1) are rotined. In particular, it is marked, that one of equivalent variants is the circuit with series
filters [1,2]. The formulas knotting parameters of this circuit with coefficients k1= + u and k2 = -3 are
given.

Introduced in the report the results can form the basis for the analysis of the characteristics of the
reviewed class DPLL.
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