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Pesiome

Llenu. CurHanbl ¢ dasoBoii maHunynauuein (PM) LWMPOKO NPUMEHSIIOTCS BO MHOMMX T€NeKOMMYHUKALMOHHbIX,
CB$I3HbIX M COTOBbIX CUCTEMAX nepeaayn nHpopmaumm. No cpaBHEHUIO C aMMANTYAHOW M YAaCTOTHOM MaHUNYNALM-
el npumeHeHne M obecneynBaeT Oonee BbICOKYIO MOMEXOYCTONYMBOCTb. YBENNYEHNE NMO3ULIMOHHOCTU Takoro
CuUrHana NnpuBOAUT K NMOBbILLEHWNIO €ro CNekTpasnbHOM 9O@PEKTUBHOCTU, HO B TO Xe BPEMS K HEKOTOPOMY CHUXEHUIO
NOMEX0YCTOMYMBOCTU nprema. 1nsa obecneyeHnss BbICOKOM NOMEXOYCTOMYMBOCTU NPU NPUEME MHOMOMO3ULIMOH-
HbIx curHanos (M-®M) B nemoaynstope TpebyeTcst 06ecneymTb KOrepeHTHOCTb ONMOPHOro KoNebaHUs C HECYLLEN.
He3HaHue 4acToTbl 1 dasbl NPUHUMAEMOrO CUrHaa NPUBOAUT K CYLLLECTBEHHbLIM SHEPreTniecknm notepsm. Lienb
paboTbl — CUHTE3 1 aHaNN3 aNropUTMOB NpremMa curHanos M-®M c dnykTyaumamm dasbl, BbI3BaHHLIMU U3MEHEHU -
SIMW €ro HecyL el 4acToTbl, CBA3aHHbIMKU ¢ addekTom [Jonnepa, Ha poHe 6Benoro raycCCoBCKOro Lwyma.

MeTopabl. 3apada peLlaeTcs C NpMMEHEHMEM annapaTta ONTUManbHOW HENIMHENHOM GunbTPaLMn U MEeTOAOB CTaTU-
CTUYECKOW PaaNOTEXHUKMN.

PeaynbTatbl. CUHTE3MPOBAH AEMOAYNATOP, BKIOYAOLWMIA B cebs1 B3aMocBsa3aHHble 610K OLEHKN AMCKPETHOrO
CMMBOJIA, Ha BbIXO4Ee KOTOPOro BblAAETCS peLleHne 0 NPUHMMAeMOM CMMBOJIE, U B/10K $a30BOM aBTONOACTPOMKM
4acTOoThbl. [1oNy4eHbl aHANUTUYECKUE BbIPAXEHUS!, MO3BONISIOLLME OLLEHUTb XapakTEPUCTUKN MOMEXOYCTOMYNBOCTHU
MPUEMHMKA B 3aBUCMMOCTU OT OTHOLLEHUS CUTHAN/LWyM 1 napameTpoB paykTyaumi. NMokasaHo, YTO CUHTE3MPOBaH-
Hblli KB23MKOrePEeHTHbI afifoPUTM XOPOLLO KOMMeHcupyeT daykTyaumn dasbl curHana M-®M, Bbi3aBaHHble HeCTa-
OUNLHOCTbLIO 331aI0LLLEr0 reHepaTopa 1 A0n1epoBCkUM 3D dEKTOM.

BbiBoapbl. CpaBHEHNE MNOAYYEHHbBIX PE3Y/LTATOB C Pe3dybTaTtaMu B Cilydae OTCYTCTBUS BAyKTyaLmMm HadanbHOM dasbl Nokadbl-
BAET, YTO SHEPreTUHECKMIA NPOUTPLILL NMPY 6OMLLLIOK OTHOCUTENIbHON CKOPOCTU ABUXKEHMS NepeaaTymka 1 npuemMHuka (cnyT-
HVKOBbI paaunokaHan) cocTaBnseT He 6onee 1 b, Npy MEHbLUMX CKOPOCTSX ABUXEHNS 06bEKTOB — 0kos10 0.2 ob 1 MeHee.

KniouyeBbie cnoBa: MHOrono3numoHHas ¢gasosasd Manunynauus, adoekt Jonnepa, onTMManbHas HeMHenHas
bunbTpaums, NOMexoyCcToM4YMBOCTb, BEPOSATHOCTbL OUTOBOI OLUNOKM
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Abstract

Objectives. Phase-shift keyed (PSK) signals are widely used in many telecommunication, communication, and
cellular information transmission systems. Phase-shift keying provides a higher noise immunity than amplitude and
frequency modulations do. An increase in the modulation order of such a signal leads not only to an increase in its
spectral efficiency, but also to a certain decrease in the noise immunity of reception. To ensure a high noise immunity
of reception of multiple phase-shift keyed (MPSK) signals, a demodulator should provide the coherence of the
reference oscillation with the carrier. Ignorance of the frequency and phase of the received signal leads to significant
energy losses. The purpose of this work was to synthesize and analyze algorithms for receiving MPSK signals with
phase fluctuations caused by changes in the carrier frequency due to the Doppler effect against the background of
white Gaussian noise.

Methods. The problem was solved using the apparatus of optimal nonlinear filtering and methods of statistical radio
engineering.

Results. A demodulator was synthesized, which includes two interconnected units. One of them is a discrete symbol
estimation unit, at the output of which a decision on the received symbol is issued, and the other is a phase-lock circuit.
Analytical expressionswere derived to estimate the characteristics of the receiver noiseimmunity as functions of the signal-
to-noise ratio and fluctuation parameters. It was shown that the synthesized quasi-coherent algorithm compensates well
for the MPSK signal phase fluctuations caused by the instability of the master oscillator and the Doppler effect.
Conclusions. Comparison of the results of this work with results obtained in the case of the absence of fluctuations
in the initial phase showed that, at a high relative speed of the transmitter and the receiver (satellite radio channel),
the energy loss is no more than 1 dB, and at lower speeds of the objects, it is about 0.2 dB and less.

Keywords: multiple phase-shift keying, Doppler effect, optimal nonlinear filtering, noise immunity, bit error
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BBEOAEHUE

B nacrosiee BpemMsi 0THUM U3 HanOoJiee U3BECTHBIX
KJIACCOB CJIOKHBIX CUTHAJIOB, ITMPOKO HCIIOIB3YEMBIX B
uu(pOBBIX cUCTEMAaX Ieperadyd UH(OpMALUH, SBISIOT-
Csl CUTHAJIBI C MHOTOIIO3UITHOHHON (ha30BOi MaHUITYIs-
nuerr (M-®M) [1, 2]. Jauusiii ciocod dhopMupoBanust
CUTHAJIOB TOZIPAa3yMEBaeT CKAaYKOOOpa3HOE M3MECHEHHE
(a3sl Hecymero KoieOaHus B 3aBUCUMOCTH OT Iepe/a-
BaeMoro cumBoiya. /Iy obecrieueHns MakCHMAaJIbHOTO
BBIMTPBILIIA [10 IOMEXOYCTOHYHUBOCTH IIPU IPUEME TaKUX

CHTHAJIOB IIPUMEHSETCS] KOTEPEHTHBIH MPUEMHHUK, B KO-
TOPOM OIOpPHOE KOJIeOaHHE CHHXPOHHO C KoleOaHueM
Hecymei 4yacToThl 1Mo yactore u (ase [3]. OTcyTcTBHE
uHpopManuu o (aze MPUHHUMAEMOTO CHUTHANA HEH3-
OCXHO BEJET K IOTepsiM MoMexoycroiunBoctu [4—9].
[IprunHamMu 3TOro MOryT OBITh: HECTaOMJIBHOCTH Ya-
CTOTEHI 33af0MIETO TeHEpaTopa, CMEIICHNE HeCyIIeH Ja-
CTOTBI CUTHaNa, cBsi3aHHOe ¢ dddexkrom [ommepa u ap.
B »THX ciydasx 3ajaua mpreMa CHTHAIIOB PElaeTcs ¢
IIPUMEHEHUEM allapara ONTUMAJbHOM HEIMHENHHOU
¢unprpanuu (OHD) [10—16].
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Henb cratbu — pa3paboTka aaropuTMa mpuemMa CHr-
HajoB M-®M Ha OCHOBE TEOPWUU ONTHUMAIBHON HEIH-
HEHHON (QUIbTpalMM MpPHU HAIUYUH JOIJIEPOBCKOTO
CMEILEHUS] 4YacTOThl U OLIEHKa I1OMEXOYCTOHYHMBOCTH
CHHTE3MPOBAHHOIO KBA3UKOIE€PEHTHOIO MPUEMHUKA.

CUHTES AJIFTOPUTMA OH®
CUTrHAJTOB M-dM

[IprHIMaeMbIil CUTHAT IPEACTABISACT CO00H CyMMy
JBYX COCTaBIISIFOLLUX:

x(t) = sZ(Ck, t, ¢)+n(t); t € (0, kT7;
C,=1{C,....C}, (D

e SZ(C 1o 1> ©) — curHan M-®M co ciyyaiiHoii HavalbHOM
(ha3oi @, KOTOPBIi Ha k-M TAKTOBOM HHTEPBAJIC UMEET BUI:

Sk (Ck =i1,0)= Ao cos((not +0¢,+ 0),

¢ :lzﬁn:te((k—nf,kT],ﬁo,M—L

i

)

n(f) — IIyMoBasi TOMeXa C mapamMmeTpaMu

N,
(n()) = 0;(n(t)n(ty)) = 705@2 —1). 3)

[Tonaraem, uto cirydaiiHas HadaJbHas (a3a CUTHAJA
¢ OTPEICISICTCS HECTAOMILHOCTRIO 33/II0IIET0 T'eHepa-
TOpa @ (f) ¥ N3MEHEHUAMH HECYIIEH YaCTOTHI, BBI3BaH-
HbiMu 3 dexTom Jlornepa [10]:

t
0(1) = [ (@(v) - 0y )dT+ 9, (0).
0

Iporneccrr o(f) 1 ¢(f) MOTYT OBITH OITUCAHBI CHCTE-
MOH cTOXacTHUECKUX Mu(depeHIMaIbHbIX YpaBHEHUN

[11]:
P=0-0, +n<l>r(t)’

(4)

O =—0, (0 — )+ 71, (1),

Iae o, — MoNoca JOMIEPOBCKOIo CHeKTpa (IyKTyaruit
HACTOTI; Mg, (#), ng(f) — B3anMOHE3aBUCHMBIE IPOLIEC-
Chl, MMEIOIIKE JebTa-(QYHKIUH KOPPEISALNH, HYIEBIE
CpPEHHE M OJHOCTOPOHHHE CIEKTPAIbHBIE IIOTHOCTH
No.s No:

CMelmanHas arocTepHOpHas IJIOTHOCTh BEPOSTHO-
CTH peasin3aluu SZ(C © 1, ©) paBHa:

ppg(ta Ck: (P) = Wps(ta (p) pps(tv Ck|(p)a

e wps(t, () — arocTepruopHas INIOTHOCTh BEPOSITHOCTH
rnapameTpa @; pps(t, C,lp) — ycnosnas 1o ¢ anocrepuop-
Hast BEpoATHOCTH BekTopa C,.

YcnoBHast anocTepuopHasi BEpOITHOCTD pps(t, C/lo)
omnpenensercs ypapHeruem [ 12]:

Pps (1€ |0) =
= P (LCLO{F(1,CL.0) = (FL0))}, ()

e

k
F(tscks(p):ZFj(t’Cje(p)’
j=1
F.(t,C -2 C
j(t: j’(P)_N_Ox(t)SZj( j:t,(P)a (6)
M-1 M-1 M-l

(Fe,0)= 2, > - D, Ft.Cpo0)pys(1,C, [0).

=0C,=0 C,=0

ITonaraem, 4TO anpUOPHBIE BEPOSITHOCTH 3HAYCHUI
KaHaJIbHBIX CHMBOJIOB JUIsi MHOTOIO3MIIMOHHON MaHU-
MyJISIUM OANHAKOBHI U paBHbI 1/M. Eciiu Takxke y4ecTs,
YTO BEPOATHOCTHU IEPEX0jia CUMBOJIA U3 OJHOIO COCTO-
SIHUSI B JIPYTO€ TOXXE OJIMHAKOBBI, TO PEIICHUE YpaBHE-
Hus (5) B MOMEHT ¢ = kT MOXXHO TIPEACTaBUTH B BUJIE:

k JT
J=1(j-DT

= ; (7

k JT '
YexplY, [ F(t.C;Cp )]
G JELG-IT

YToOBI OIpeeNUTh aroCTEePHOPHYIO BEPOSTHOCTH
3HaueHus cuMBona C;, MPOBEAEM YCpPETHEHHE IIO-
CJICTHETO BBIPQXEHMS MO A BO3MOKHBIM 3HAUCHHSIM
C,, C,, ..., C;_| B IPEIJIOXKEHUU O XOPOILIEM KaueCTBE
npHeMa CHrHaia. B pesynsrare CHMBOIIBI, TPHHATHIE 10
MOMEHTa BpeMeHH ¢ = (k — 1)7, 3aMeHSI0TCS UX Olie-
HOYHBIMU 3Ha4YEHMSAMH, a WICHBI, He3aBucamue ot C,,
MOXXHO O0BETUHUTH B Kod(duuueHt K. B 3tor koad-
(UIMEeHT BOWAET BCS NPENBICTOPHSA IO BPEMEHH, UTO
MO3BOJIUT CYLIECTBEHHO YIPOCTUTH (7):

T
expl[ F (1.C,. )]
0
pps(T:Ck|(P)=K T

M-1 ’
Ck :0 0

[IpaBuio oIeHKM KaHAJHLHOTO CHMBOJIA HAWJEM U3
YCJIOBHSI MaKCHMyMa arlOCTEPUOPHOM BEPOSITHOCTH B
MOMEHT BpeMeHu f = T:

(C, =)= max{ppS(T, C.lo)}. ®)
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BBenem 0003HaueHU:

T
Jo =] F(6.C, =0,9)dt,
0

)

T
Tyro = [ Fp (6.0 = M =1, @),
0

i€ BBIPAXKEHUSI O] UHTErPaJaMy OIPesIestoTest u3 (6).
[Ipasuo (8) MoxHO Tepenucarh Mo-Ipyromy, yau-
ThIBasi MOHOTOHHOCTb 9KCITOHEHIIUAbHOW (DYHKIINU:

(C, = i) = max(J)). (10)

[peoGpazyem 3armcu unTerpasios (9) ¢ yuerom (1)—3).
[Honmyunm:

T
2
Jo=r [x(0)s, (0.C; = 0.9)d:
09

(11)

T
2
Jy1= A [x(0)s5,(1.C, = M =1, ¢)a.
0

[Tpuemnnk, peanmsyromuii anroput™ (10), B yactu
OLIEHKH KaHaJIbHOTO CHMBOJIa UMEET KJIACCUYECKYIO ISt
MHOTOINO3HMIIMOHHBIX CHUTHANIOB CTPYKTYpY, XapakTep-
HYIO JJIs TpreMa Ha (hoHe Oelloro raycCoBCKOTO IIyma
[1, 2]. OH mpexcraBisieT coO0H MHOTOKaHAJIBHBIN KOp-
pesATop, C NOMOLIbIO KOTOPOTO OINpeNeNsIeTcsl ypOBEHb
CXOKECTH TPUHUMAEMOro Tpoliecca x(f) ¢ ONMOpHBIMU
CUTHAJIaMH, COOTBETCTBYIOIIMMHU BCEM BO3MOXKHBIM
3HAYEHUAM KaHAJIBLHOTO cumBona C.

Jst BeBoma ypaBHeHnii OH® ciryyaiiHbIX BEUYHH @,
® UCTIOJB3yeM METOI TayCCOBCKOM ampOKCHMAIIIH UX aro-
CTEPUOPHBIX IUIOTHOCTEN BeposiTHOCTeH [ 13, 14]. YpaBaeHus
JUTsL MATEMATUYECKUX OKHIIaHWH (3HaK *) B CTAIMOHAPHOM
COCTOSIHMM MOYKHO OITHCATh CIIEIYIOLIei CHCTEMOI:

.k * ——
O =0 -0+ K(p(p <F, >(P,
(12)
.k * T——_—
O =-0,(0 —0))+ Km(p <F >0
a arnocTepyoOpHbIE AMCIEPCUU  AMMPOKCUMHPYIOMINX
pacnpeneaeHuii MO)KHO HAUTH U3 COOTHOLICHUM:

2
1
EN<PF+2 K(Pm+(K<p(pJ C<F > =0,

2
1
ENO)-"[K(POJ] L < >0 20, Ky, =0, (13)

K —-ao K + K -K

o ® fore} oy o0 <Fk >(p(p =0,

3(F, (1,07 92 (F, (1,0"))

rae <Fk>([) = a(l)* ) <Fk>(P(P = a(P*Z s
a
* expJy
< Fk(l,(p )> = Fk(t’Ck = 0,([))F+
2 expJ;
i=0
expJ; expJ,
+ Fk(t,Ck = 1,@)F+ Fk(t,Ck = Z’Q)F-{_
2 expJ; Z expJ;
i=0 i=0
eprM_1
+ ... +Fk(t,Ck = M—l,(p)F
z expJ;
i=0
C yuetom (6):
24, M1 ) expJ;
<F, >(P=N—x(t) 2 SpCp =60
0 i=0 2 expJ;
=0
371eCh

. %
_ds (1,C=1,97)
do”
=—A sin(wyf +@; + ).
HpI/I OOJIBIIIOM OTHOIICHUHU CI/IFHaJ'I/HIyM nociaca-
HUE BBIPAKEHUSI MOXKHO yIpocTuTh. Ecnm eme yuectsb

YETHOCTh U CUMMETPUYHOCTHh CUTHAIILHOTO CO3BE3Us
curaana M-®M, To:

sP(t,C, =1,9")

24, M/2-1 , .
<F, (pzN—x(t) Y. sit,Cp =i,9")th J,.
0 i=0
IIpoBens crarucTudeckoe yCpeAHEHHE U Iojaras,
YTO B YCTAHOBHBIIEMCS PEXHME MPH Majod OIHOKe
¢dbunsTpanuu:

cos(p— )~ 1,
MoJIy4Yum
2 2T
<F, > S PP | (14)
% "N, 2N,

Pemenne cucrems! ypaBHenuil (13) mpuBoauT K
cienyroumm pesynsraram [11]:

ey (Vi+2G+L-1)

Koo =~ ’

<Fk >(p(p

o, (1+G-V1+2G+1)

K(po) =_ , (15)

< Fk ><P(P

- o VI+2G+L(1+G-1+2G+L)

[0]0] 2
< Fk >(p(p
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rac

N(Pr <F, >(p(p ~

2
20(0)

45N, 42T
= (Prz 1+th
4N00Lm 2No

L=-

2
Nm + 0, N(Pr ~
< Fk > =

20‘0)4 [ol0)

2 2
AO(Nw+(Xw N(pr) 1+th42T
4 2N,
4Ny, 0

G= |-

Taxum 0Opa3oM, anroputmsl (12) ¢punsrpanuu ciy-
qaifHo! (pa3bl CHrHaja MPH JOIICPOBCKOM CMEIICHUH
YacTOTHI BBIIAIAT CIACIYIOIAM 00pazoM:

rae S— KPpYTU3HA XapaKTCPUCTUKU YIIPABJIAOIICTO 3JIC-
2K

meHTa (YD) B KaHane noactpoiiku dassr, K| = 2 ;
NyS
2K 1 d
Ky=—22 [ =—1; D=
NySo, O, dt

Ha puc. 1 mpencraBieHa CTpyKTypa IPUEMHHKA,
peau3yrolero B3auMOCBsi3aHHbIe anropuTmbl (10),
(11), (16). CuHTE3UpOBAaHHBII NPUEMHUK BKJIIOYAET B
cels 1Ba OCHOBHBIX OJIOKA: OJIOK OLEHKM KaHaJIBLHOIO
CHUMBOJIA M OJIOK aBTOIOJICTPOMKHU YaCTOTHI OIMIOPHOTO
reaeparopa I, KOTOpbIe OXBA4YCHBI MEPEKPECTHBIMU
CBSI3SIMH MKy HUMH. B OII0OKEe aBTOMONCTPOHKY MPH-

CyTCTBYET MIPOITOPIIMOHATBHO-UHTETPUPY FOIITHIHA
K

¢buneTp ¢ mepenarouHoil QyHKIMEH K1+—2.

1+T,D

Jlunetinast BeTBb (DUIBTPA CITYIKUT JAJIST OTCICKUBAHHUS
duykryanuii ¢asel. Bropas cocrapmnstomas (HHTEIpH-

—SAO K, +1 T D x(1) X pyromias) AaeT BO3MOXKHOCTb OTCJICKUBATh (IIyKTya-
IIUHM 9acTOTHL. IIpn 3TOM MOCTOSHHYIO BPEeMEHHU HHTE-
M/2-1 TPUPOBaHHS HEOOXOAUMO BEIOUPATH B 3aBUCHMOCTH OT
x Y sht,C, =i,9")thJ (16) i
K LE =60 i CpeIHeH CKOPOCTH H3MEHEHHS YaCTOTHI 3a cueT AP dek-
=0 Ta Jlomnepa.
=71  BnokdopmuposanusiougHkn |
GO— _[ IIMCKPETHOro CUMBOJIA
5,(.C.=00) i W

2 ® J{ Cxema Bblibopa | KaHaNbHbIN

V MakcnMmyma CMBOJ1

o 5:.G=19)} : —
x()

5, (t,C,=M-10")

(S ——

5.(t.C, =1.0"),i=0.1..M-1 ‘ o [#o

[50]

a1

S

Cxema aBTOMOACTPOVKM dadbl curHana

Puc. 1. CtpykTypHas cxema KBa3anukorepeHTHOro npuemMHmka curHana M-oM
npwv HaNU4YMM JONJEPOBCKOrO CMELLEHMS YaCTOThl
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AHANN3 NOMEXOYCTOMYUBOCTU
CUHTESNPOBAHHOIO NPUEMHUKA

[lepeiinem k aHamu3y MOMEXOYCTOMYMBOCTH CHH-
TE3UPOBAHHOTO KBAa3HKOT'CPCHTHOTO IPUEMHUKA CHI-
HasoB M-®M. Jlnst 3TOro MCHojib3yeM METonuky [7].
Bepositnoct cumBonbHOM (P,) 1 6I/ITOEOI/I (P,,) omuu-
0OK, YCJIOBHBIC TIO 3HaYeHUSIM (a3 ¢, @ ¥ YacTOTHI O,

100

10-2 e s
o 1074
o
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MOKHO onpenenuThb u3 anropurMa (10), yaureiBas cum-
METPUYHOCTh CUTHAJIFHOTO CO3BE3IHS (HAIIPHMEp, MPH
YCJIOBHH, UTO NepenaBaics curuai ¢ gpaso ¢, = 0 (2)):

100

102

M-
Pe=1-T] pUy=;> ),
i=1

P.= Pse/logzM,

12

6
SNR, o6

Puc. 2. 3aB1CMMOCTN BEPOSTHOCTN GUTOBOW OLLUMOKN OT OTHOLLEHUS CUTHA/LUYM:
(ayM=2;(6)M=4;(B)M=8;(r) M=16
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Ucnonw3ys (1)—(3), (11), monyunm

mi=<J0—Jl.>=

2F s
=—2[cos(@— @ )(1—cos(i2n/M))—
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— sin(@— @")sin (i21/M)],
4E
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0

Jnst Toro, 4toOBl TONYYUTH OE3yCIOBHBIC Be-
POSTHOCTH, B TOM YHCJIC M BEPOSITHOCTh OUTOBOWM
OMIMOKH, HEOOXOMMO YCPEIHUTh COOTBETCTBYIOIIHE
BBIPA)KEHUsI, YUYUTHIBAsI rayCCOBCKHUIl XapakTep amo-
CTEpUOPHON TUIOTHOCTH BEPOSITHOCTH CIy4YalHOU

hazel @:
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2K
w((P) =——-¢ o0
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[Ipu TakoM yCpeIHESHHN MOXKHO HCIIOIb30BaTh IIPH-
ommkeHnyro Gopmymy [14]:
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e ¢ yuetom [17]
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Ha pwuc. 2 npuBeeHbl TOCTPOCHHBIE TIO BBIIICTIPUBE-
JIEHHBIM (hOpMyJIaM 3aBUCHMOCTH BEPOSTHOCTH OMTOBOM
onmbku Py ot otHomenus curvan/mym (SNR) E,/N,
JUISI KBa3UKOTEPEHTHOTO NMPUEMHMKA cUrHanoB M-OM
pa3HOW TO3WIIMOHHOCTH TPU HAJIWYHUN JIOTUIEPOBCKOTO
CMelleHus1 4acToThl. Jleas rpymnma rpadukoB nmeer mna-

pamerpsr: (/) G?Pr =001 o, 7=0.1, c,T =025 (2)

2 —001 _ _
o, = 0.05; a,7=0.1,5,7=0.01. 310 XapakTepHO A1
ABUAIMOHHON PaJMOCBA3M (OTHOCHUTEIbHAS CKOPOCTh

JBWKeHHs 00bekToB 70 3000 km/gac). [lpaBas rpymma
rpadukoB umeer napamerpbr: (1) G(zpr =0.01, 0, 7=0.1,
0,7 =5;(2) o =001, a,T=0.1,0,7=25. 910 xa-
PaKTepHO UIS CITyTHUKOBOH PaIHOCBS3U (OTHOCHTEIB-
Hasl CKOPOCTh JIBIDKCHUs 00bekToB 10 10 xwm/cek). Jlns
CpaBHEHHMS HA PUCYHKE MPUBEACHBI KPUBBIC 3, TOCTPOCH-
HBIE JUISl CITydasi IeTePMUHUPOBAHHOTO CUTHAJIA.

W3 rpadmkoB BHIHO, YTO CHHTE3UPOBAHHBIN KBA3HKO-
TePEHTHBII aJTOPUTM XOPOIIO KOMIICHCHPYET (IIyKTyalH
¢azel curaasia M-OM, BbI3BaHHBIE HECTAOMITEHOCTBIO 33/1a-
IOIIIETO TeHepaTopa 1 J0IiepoBckuM ddexrom. [Tpu 60mb-
IIOM OTHOCUTENBHOM CKOPOCTH JBIDKEHHUS Iepeardyika U
MPUEMHUKA (CITyTHUKOBBII paJJOKaHaIT) OCTATOUHBIH 3HEp-
TETHYECKUI TIPOUTPHIIII TT0 CPABHEHHUIO C ICTCPMHUHHUPOBAH-
HBIM CJTy4aeM cocTapIsier He 6onee 1 b, mpu MeHBIINX CKO-
POCTSIX IBYDKEHHSI 00BeKTOB — okoJio 0.2 1b 1 MeHee.

SAKJTIOYEHUE

B pabote cunTe3UpOBaH aNropuT™M ONTUMAJIBHON He-
nHEHHON (uibTpanmu curHanoB M-OM npu Hammaum
JIOTUIEPOBCKOTO CMEUICHHUS] YacTOThl. AJITOPUTM I03BO-
JSieT KOMITGHCHPOBATh BIMSIHUAE 3TOro 3(Qekra Ha To-
MEXOyCTOMYMBOCTh MpHeMa JUCKPETHOH HHpopMmanuu,
Kak IMpH MaJIod, TaK 1 Mpu OOJIBIIONH CKOPOCTH JIBUIKCHHS
MIPUEMHHUKA U TIepelaTurKa JIpyT OTHOCUTENILHO JIpyTa.

Bknap, aBTOpoB. Bce aBTOpbl B paBHOW CTEMEHMU
BHEC/IN CBOW BK/a[, B CCNEA0BaTENbCKYI0 paboTy.
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