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Paccmompenvt memoowl pacuema niomuocmu pacnpeoeneHus 6epOosmHOCIU CUSHA-
14 OWUOKU 6 HENPEePbIEHbIX U OUCKPEMHbIX CUCMEMAX CUHXPOHU3AYUU NPU HATUYUU
nomexu. Ilpusedensl ypasnenue, onpeodensiowee niomHOCHb PACRPeOeTeHUs 8ePOsiii-
Hocmell OJisl Henpepwi6HOl PA3060U ABMONOOCMPOUKU, U €20 peuleHue npu HaIuduu
npuyenbrol nomexu. Ilpu smux dice yCio8usix NOKA3AHO NOJYYeHue NIOMHOCMU PAC-
npeoenenus 6epoIMHOCIEN CUSHANA OUUOKU NPubIUdCeHHbIM Memodom [ anepruna
6 cayuae OuckpemHou gaszosoi asmonoocmpotixu. Ilpu pacuemax ucnonw3oeancs
CUHYCOUOAbHBLIL 6UO HENUHEHOCMU XAPAKMEPUCMUKY (DA306020 OUCKPUMUHAMOPA
Kax 018 CAyYas HenpepuleHOl (Pazo80tl asmonooCcmpouxu, max u 0s OUCKPEemHoU.
THonyuenwvl epaghuxu nromnocmeil pacnpedenenus 6epOAMHOCMeEN CUSHALA PACCOIA-
co8amnusl OISl HENPepbIGHOU U OUCKPEMHOU (Da30801l a8MONOOCMPOUKU U NPOBEOeH
ux cpasnumenvhuvil anaiuz. Coenan 6bl800 0 8030eUCMEUU NPUYETbHOU NOMeXU HA
cucmemy HenpepviGHOU U OUCKPEeMHOU (ha3080U asMonoOCmMpouKYU npu KOMopou bpa-
JUCH 0151 CPABHEHUS. PABIULHBLE 3HAYEHUsL OMHOUWEHUST CUSHAT/UWYM, U OMHOULEHUs.
nomexa/cueHar.

Knrouesvie cnoea: da3opas aBTONOACTpOiiKa, M depeHraIbHoe ypaBHEHNE, OTHO-
IICHUS] CUTHAJI/TITYM.

PROBABILITY DISTRIBUTION DENSITY OF ERROR SIGNAL
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Methods for calculation of the probability distribution density of an error signal
in the continuous and discrete synchronization systems in the presence of jamming
are considered. An equation defining the probability distribution density for the
continuous phase-locked loop and its solution in the presence of jamming are given.
For the same conditions, determination of the probability distribution density of an
error signal using the approximate Galerkin method for the case of the discrete phase-
locked loop is shown. The sinusoidal form of nonlinearity of the phase discriminator
characteristic was used in calculations for both continuous and discrete phase-locked
loops. Plots of the probability distribution densities of the error signal are constructed
for the continuous and discrete phase-locked loops and their comparative analysis is
performed. A conclusion is drawn on the impact of jamming upon the system of the
continuous and discrete phase-locked loops, when different values of the signal-to-
noise ratio and jam-to-signal ratio were taken for comparison.

Keywords: phase-locked loop, differential equation, signal-to-noise ratio.

BuenpeHue clyTHMKOBBIX paJMOHABUTAMOHHBIX [1, 2] m panunocssz-
HbIX [3] cucTeM, a TakXe MOSBICHUE OPTOrOHAIBHBIX CHCTEM C YacTOT-
HbIM ymotHeHueM tuna OFDM [4, 5] nopoauiy nOBBIIIEHHBIM UHTEpEC
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K CHUCTEMaM CHHXPOHHU3AallMM M K UX TOYHOCTH [6—8]. Bce atu cuctembl
paboTarT B YCIOBUSAX BO3aeHcTBUS TTomex [7, 9, 10].

B Hacrosieit ctarbe mpoBeieH aHAIHU3 IUIOTHOCTU paclpeieTeHus Be-
POATHOCTEH NJI1 HENpPEpBIBHBIX M JUCKPETHBIX cXeM (ha30BOil aBTOMOA-
ctpoiiku (PAII). BriepBble BBINOIHEH CPaBHUTEIbHBIA aHAIU3 pE3ysbTa-
TOB pacueTa JJis HenpepbIBHOM U 11 quckpeTHoil DAIL, a Takke noka3aHa
aJIeKBaTHOCTh MOJIEJIN ITUCKPETHON CHUCTEMBI.

Anamu3 ITPB curnajia paccoriiacopanusi B HelipepbIBHOM pe:KUMe.
Paccmotpum pemenue ypasuenus @okkepa—Ilnanka—Konmoroposa (PIIK)

ow 0 10°W (z,t)

- = A @)W (2, )] + —————, ()

ot ox r  O0x?
e © — (a3oBoe paccorniacoBaHHe KoJieOaHUH CUTHANla U YIpaBIIIEMO-
ro TeHepaTopa B CUCTEME CHHXPOHU3AIMU; I — OTHOIIEHHE CUTHAJ/IIyM
(OCIII) Ha BbIxO/Ie CHCTEMbI CHHXpOHU3aIHH;, W () — IIIOTHOCTH pactpe-
nenenust BepostHoctr (ITPB) curnana paccornacosanust; h (x) = g (z) —
(8 — oTHOCHTENbHOE 3HAY€HHE YACTOTHOTO PACCOTIACOBAHUS YKa3aHHBIX
Konebauuit, g (r) — AMCKPUMUHAILIMOHHASI XapaKTepucTHKa (a3oBoro me-
TekTopa g (x + 27) = g (x), g (x)| < 1).

Jlo cux nop He HaiiieHo aHanuTHYeckoe perieHue ypasaenus OIIK (1),
B 00I11eM HECTAllMOHAPHOM CJIy4ae, IOTOMY OOJIBIIMHCTBO MCCIIEIOBAHUI
ObUIO HANpaBICHHO Ha aHaJU3 CTAllMOHAPHOro perieHus ypaBHeHus (1)
npu OW /0t = 0 xak tounoro [11, 12], Tak u npubmmwkenHoro [8, 9].

TouHoe pelieHHe B CTAIMOHAPHOM pexuMe Oblo momydeHo B.U. Tu-
xoHOBBIM [11] m PJI. Crparonomuem [12] u ompenensercs: dopmynon
TuxonoBa—CTpaToHOBHYA

T2
W (.CC) — A (U, T) euz+cosm / e—vy—l—r cosydy7 (2)
T
™ 27
e A—l (U, ’I“) — /e—uz+rcosz / e—vy—rcosydydx — 47T26—7rv |Iw (7”)|2,
—m T
I, (r) — wmomuduumpoBanHas ¢yHkms beccenss MHEMOTo moOpsika,

v =0r.
[Toznnee Ha ocHoBe (2) B pabote [13] Obuta momydena dopmyna s
W (zx) B Bune gyHkuuonansHoro psaa [13, 14]

1

W (SIZ‘) - 27TRE

GTCOSJJ |:.[0 (7,) +

+ 2v Z EAGE (vecosnz —nsinnx)|, (3)

n2—|—112
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rne Ry = I (r) + 202 Z n2 n 1)}2; I,, (r) — moaudumpoBaHHas
¢yukus beccenst n-ro nop;l)nca
N3 cpaBuenus dopmyn (2) u (3) ciaemyeT O4eBHIHOE MPEUMYIIECTBO
(3), Tem Gonee uto psn (3), kKak OyJAeT MOKa3aHO Jajiee, ObICTPO CXOMUTCS.
BorunciieHHe CTATHCTHYECKUX XapaKTepUCTHK AUCKpeTHOH DAII
MetonoM lajepkumna. PaccMOTpuM NpHOIMKESHHBIN METOJ BRIYUCIICHUS
ITPB W (x) ua ocHoBe metona 'anepkuna [15, 16].

ITycts N
W(z) = Wy(z), Wylz) = calN)ihn(@),

e {Yn(z)} (n=0,1,2,...) — HonHasE CHCTEMa OPTOTOHAJIBHBIX Ha HH-
TepBainie (—m, ) QYHKIHN.

Kosdduuuentsi ¢, (N) (n = 0, N) 10TKHbBI ONPeeNaThcs U3 pelieHus
CUCTEMBI JIMHEWHBIX YpaBHEHUH [9]

(O‘mn/Vm)Cn<N> = Cm(N)§ m

n=0
b

€ Ym = /w?n(:c)dx

Bo3bMeM B KauecTBE CHCTEMbI OPTOrOHANBHBIX (GYHKIHH {1y, ()}

I
o
=

“4)

Umn = (lm<z)v %(2))

cucreMy TpuroHomerpuueckux ¢ynkuuit {,,(z)} = {1;sinz; cosz;
sin 2x; cos 2z .. .}. B aToMm ciyuae
coS mx IIPU ¢ YETHOM;
Vi) = sin mx pH. ¢ ;
pU i HEYCTHOM;
[ /2 upwm i yetHOM; ~J 27 mpu m = 0;
| (¢+1)/2 npu i HeuerHOM; T\ mpu om £ 0.

BhrumcnumM ckaisiproe npoussenenue L, (z) = (¢(z), ¥,) Ha Bceil 4u-
CJIOBOM OCH 3HaYeHHit = € (—00;00), T.e.

o0

b (2) = /q<x| 2) thm () diz,

— 00

e q (x| z) — mepexonuas [1PB, npuBeneHHast Kk uHTepBany (—m; 7).
Torna

I (2) = e™™%/2 cos (m[z—Ty(sinz — F)]) mnpu i geTHOM;
" e ™" /2 5in (m]z—Tp(sinz — ()]) mnpu i HEYETHOM,

rae 1) — HOpMUPOBAHHOE BPEMsI JUCKPETU3ALIUU.
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Hanee BerauciauM ko3p@uuueHTs! ;. Bocnonabzyemcs cooTHOmIEHHs -
MU 13 paboTsl [17]

™

/sin(z sin(x)) sinnzdx = [1 — (—1)"] an(z);

0

s

/Cos(z sin(x)) cosnzdr = [1 4+ (—1)"] an(z)

Torma
[ m—n (mTO) + Jm-‘rn (ng)] npu iv ] UCTHBIX;
- [ m—n (MTo) — Jmn (MT0)] IPH 9, j HEYETHBIX;
E B [Jm—n (MTH) + Jimin, (mT 0)] TIPU © HEYETHOM, j YETHOM;
7TB [Jm+n (mTy) — Jm—n (MT5)] TIPHU ¢ YETHOM, j HEUETHOM,

e A = e ™2 cos(mTypB); B = e ™72 sin(mTy3); Ji(z) — dynxums
Beccens epBoro pona nopsiaka k. O4eBHIHO, YTO

0 mpu n #0; 27 AJ,, (mT,) 1pH i 9eTHOM;
Qopn = Amo = .

21 mpu n = 0; 2w AJy, (mT,) TpH i HEYSTHOM.

N3 ycnosusa nHopmuposku [IPB onpenensem
m ™

/WN (x)dx = /co (N)dzx =2mco (N) =1,
oTcroza cienyer ¢y (N) = 1/(2m).
3anuiieM m-1 CTPOKY ¢, cucTeMbl B (hopme [9]

Cm (N) = (a1 /vm) e1 (N) =+ ...+ (mn /vm) ex (N) + (@om/7m) co (N) ,

rnie m = 0,N. Ilpu m = 0 npuxonuMm K TOXKIECTBY, IOITOMY CHUCTEMA
ypaBHeHuit cogepxut N crpok (m = 1, N) u MokeT ObITh MpeacTaBiIeHa
B MaTPUYHOM BUJIEC:

[I—AJCy = By,
rne I — enqunuunas Marpuna pasmepom N X N; A — marpuua c sie-
MEHTAMHU Oy / Vi = Qi /T, myn = 1, N; Cy = [e1 (N),...,en (N)]
— Bextop; By = [B1, B2, -+, By]" — BektOp; By = (tno/Vm) co (N) =

= Cl{m()/27T2.
Tounoe 3Hauenue [1PB HaxomuMm B opme MpeaebHOr0 COOTHOIICHUS

W(z) = dim Wy (),

TOrIa -

N
1
:ch(N)wn :2—+Z (A, cosnz + Bysinzx), (5)
= n=1

rae A,, B, — pacdyerHble K03()(DUIUEHTHI.
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Pacuer IIPB no ¢popmymnam (3) u (5) npu Tp = 1 (a, 6), 0,25 (8), 0,1 (2); B =0 (a); 0,4
(6-2)

Ha pucynke npusenensl [IPB curnana paccornacoBanust ®@AII, pac-
cuutanuele o Gopmynam (3) u (5). Kpussie /, 5 nonyuens! npu r = 0,5;
KpuBble 2, 6 — 1ipu © = 1; KpuBble 3, 7 — npu r = 1,5; KkpuBble 4, § —
npu r = 2. Kpusble /-4 paccuutansl o ¢opmyne (3), kpussle 5—8 — 10
dopmyie (5).

3axinwuenne. PesynbraThl cpaBHHTENbHOTO aHanu3a [IPB curnana
OMOKK 71 HEeNpepbIBHBIX U AUCKpeTHBIX DAII moka3piBaioT, 4yTO MpHU
HYJIEBOM HAYallbHOM PacCTpOMKE NaKe€ NPU HOPMHPOBAHHOM HHTEpBAJIC
muckperuzanmu 1y = 1 pacxoxnaenust [IPB B ykazaHHBIX NIByX cityd4a-
SIX HECYIIeCTBeHHA (PUCYHOK, @). [Ipu ToM ke MHTepBasie NUCKPETU3AIUN
(Ty = 1), HO TpM HeHyneBOW HayanbHOU pacctpoiike (F = 0,4) (pucy-
HOK, 6) HaOJIIOJAI0TCS CYILIECTBEHHBIE PACXOXKIEHNUS, KOTOPbIE YMEHBIIIAIOT-
Csl C yMEHbILICHHEM MHTepBaja JUCKpeTU3aluu (pUCYHOK, 8), (1o = 0,25),
U HaKJIaJbIBAIOTCS OpyT Ha Apyra npu 1y = 0,1 (pUCYHOK, ).
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