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OBPABOTKA OPTOT'OHAJIBHBIX YACTOTHO-YIIVIOTHEHHBIX CUT'HAJIOB,
INEPEJJABAEMBIX 110 KAHAJIAM CBA3U C 3BAMUPAHUAMU
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Benopyccras eocyoapcmeennas axademus ceszu, Pecnyonuxa benapyco

Hocmynuna 6 pedaxyuro 26 anpens 2018

AnHoTanus. B pabore mpoBomuTcs MaTeMaTHYECKHH aHAJM3 BEPOSTHOCTHBIX XapaKTEPUCTHUK CUTHAJIOB,
repejaBaeMbIX 10 YIUIOTHEHHBIM KaHajlaM CBSI3M C OPTOTOHAJIBHBIM YAaCTOTHBIM pa3feieHHEM IPH HAIWYAN
3aMHUpaHHN B KaHaJe CBS3W, MOJUMHSIONIMXCA 3aKoHy pachpenenenus Hakaramu-m. B ominune
OT MPEIBIAYIINX HCCIEAOBaHWH B HacTosmel paboTe paccMaTpuBaeTCsl BO3ICHCTBHE HEOXHOPOIHOTO
pactipezeneHus ¢Ga3bl 3aMUpaHUil B KaHalle CBS3M Ha BEPOSTHOCTH OMIMOOK Ipuema curHaios. IIpencraBieHo
YHUDHUINPOBAHHOE MAaTEMaTHYECKOE BBIPAKEHHWE MPOM3BOAAIICH (YHKIMM MOMEHTOB Uil KoddduimenToB
3aMHUpaHHUi B KaHAJIE CBS3M B YaCTOTHOHM OOJNACTH, pacrlpeesieHHBIX B COOTBETCTBUM C 3aKoHOM Hakaramu-m
C HEOJHOPOJAHBIMU  pactipeneneHussMu  (aszpl. Takum 00pa3oM, KIIACCHUECKHE METOABI  OIpPEICICHUS
MPON3BOAIICH (PYHKIMM MOMEHTOB MOTYT HETIOCPEICTBEHHO HCIOJIB30BATHCS JUIS OINpPEACTICHHS TOYHOTO
MaTEeMaTH4eCKOro IPeICTaBICHHS BEPOSITHOCTH OLIMOKH MPHUEMa CHTHAJIOB NMPHU Pa3INYHBIX BAAAX MOAY/SLNN
U Pa3HECEHUU CUTHAJIOB.

Kniouesvle cnosa: xaHan CBS3M C 3aMUPAHUAMHA, OPTOTOHAJIBHOC YaCTOTHOC YIUIOTHCHHUE, BEPOATHOCTD OHII/I6OK,
pacrpeaciacHue Haxaramu-m.

Abstract. The mathematical analysis of the probabilistic characteristics of signals transmitted through
compressed communication channels with orthogonal frequency separation in the presence of fading in the
communication channel obeying the Nakagami-m distribution law is carried out in the paper. In contrast to
previous studies, the effect of a non-uniform distribution of the fading phase in a communication channel on the
probability of signal reception errors is examined. A unified mathematical expression of the generating function
of moments is presented for the fading coefficients in the communication channel in the frequency domain,
distributed in accordance with the Nakagami-m law with non-uniform phase distributions. Thus, the classical
methods for determining the generating function of moments can be directly used to determine the exact
mathematical representation of the probability of error receiving signals for various types of modulation
and diversity of signals.

Keywords: communication channel with fading, orthogonal frequency multiplexing, error probability,
Nakagami-m distribution.
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BBenenue

Tounble craTHcTHYECKHE MoOJENU A KOd(Q(UIMEHTOB 3aMUpaHusi B KaHaJlIaX CBS3H
B YaCTOTHOM OOJIACTW WTpalOT BaKHYIO pOJIb MPH aHajM3e XapaKTepHCTHK OOHAapYyKEeHUs
MYJIBTHUIUIEKCUPOBAHHBIX CHUTHAJOB C OPTOTOHAJBHBIM YacTOTHBIM pa3AeieHHEM, IMepelaBaeMbIX
MOCPEACTBOM  YaCTOTHO-U30MpATENbHBIX KaHAJOB CBA3M C  3aMupaHusaMu. llpensigymme
WCCIIEIOBAHUS XapaKTEPUCTHK OOHAPYXKEHUS MYJbTUIUIEKCHPOBAHHBIX CHUTHAJIOB C OPTOTOHAIBHBIM
YaCTOTHBIM pa3AeleHHEM, TepeJaBacMbIX MOCPEICTBOM YacTOTHO-M30MPATENbHBIX KaHAIOB CBS3H
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C 3aMHUpPaHUAMH, pACHpENCTECHHBIMA B COOTBETCTBMM C 3akoHOM Hakaramu-m, OCHOBBIBAJIHCH
Ha CICAYIOUIMX MPEANoNoxKeHusx: 1) (a3oBble yribl M aMIUIUTYIbl KOMIUIEKCHBIX KO3 QGHUIMEHTOB
3aMUpPaHUH KaHalla CBA3M SIBISIIOTCS HE3aBUCHUMBIMH CIYYalHBIMK BeTUYMHAMU; 2) (a3oBbIe YIIbl
SBIISIIOTCS PaBHOMEPHO paclpeleieHHBIMU CIy4alHbIMH BelnmuyuHaMu. HecMmoTpst Ha TOT dhakr,
YTO 3TH MPEANIONOKEHHUS IHUPOKO MCIIONIB3YIOTCS, ICHBIA (PU3MUECKUN MM WHTYUTHUBHBINA Oazuc 1uis
STUX MPEANON0KEHUN OTCYyTCTBYET [1].

Pacnpenenenue aMmuTy e 3aMUpaHUH B KaHAJIE CBSI3U B COOTBETCTBUH C 3akoHOM Hakarammu-m
HIIMPOKO HCIONB3yeTcs Oyarogaps SMIHPUYECKHM TOATBEPKICHHUAM COBMEIIECHHUS C BBICOKOH
TOYHOCTBIO C JAaHHBIMHU MU3MEPEHMSI aMIIUTY/AbI 3aMUpaHuil B KaHaie cBsi3u [2—4]. OHaKo MI0THOCTh
pacmpenencHusi  BepoOsATHOCTEH  ¢a3pl 3aMupaHuii B  KaHajle CBs3HM, KOpPPEIMpPOBaHHAs
c pactpenenenneM Hakaramu-m, He mpenycMaTpuBanack. B OonpLmIMHCTBE paboT Mpearnonarajioch
paBHOMepHOE pacmpenenenne ¢(aszpl 3amMupaHuil 0e3 kakux-mubo mnoarBepxkaeHuit. C apyroi
CTOpPOHBI, OBIJIO oOmpenene-HO, 4To (a3a KOMIUIEKCHOW CIydalHOW BENWYHMHBI, MMOAYMHSIOLICHCS
3aKOHY pacmpenenenus Haxaramu-m, He MOXeT OBITbH PaBHOMEPHO paclpeAeNeHHOH Uil Bcex
3HayeHuilt m [5—11], 1 TouHble MoOJENM pacnpeneieHus (azbl 3aMUPaHUN B KaHAJE CBA3U JOJKHBI
OBITb 3aBHCHMBIMH OT Tapamerpa 3amupanuii m. Tak, mpu m>1 3aMupaHus, pacupeaeicHHbIC
B COOTBETCTBUM C 3aKOHOM Haxaramu-m, mpuOIIKaloTcsl K 3aMUPaHMUsAM, TOAYHHSIOIMMCS 3aKOHY
pacnpenenenus Paiica, mj1st KOTOporo, Kak M3BECTHO, pacipenencHue (as3pl 3aMUpaHuil HE SIBIETCA
OJHOPOJHBIM. AHAJIOTMYHO, €clM m <1, IUIOTHOCTh pAaclpeneleHnus BEPOSITHOCTEN 3aMHUpaHUil
CTpEeMHUTCSl K pachpefeieHnio XoWTa, A KOTOpPOro pacipeaeieHue ¢aszbl 3aMHpPaHUN TarKke
He ABNsieTcsl  omHOponHbIM [7].  CremoBarenbHO,  aHauU3  XapaKTEPUCTUK  OOHApYKEHUS
MYJIBTHUIUIEKCHPOBAHHBIX CUTHAJIOB C OPTOTOHAJIBHBIMU YaCTOTHBIM paclpeesieHUEM, MepelaBaeMbIX
MIOCPEICTBOM KaHalla CBA3M C 3aMUPAHUSAMH, PACIPENEICHHBIMH B COOTBETCTBHU C 3aKOHOM
Hakaramu-m ¢ HEOmIHOPOIHBIM pacmpeneneHueM (a3oBbIX  YIVIOB, MpPENCTaBisieT coOoi
KaK TEOPETHUUECKUH, TaK U NMIpaKTHUecKuil nHTepec [12—-14].

Haunbonee Onuskue pesynbpraTsl Obutn mosydensl B [15, 16]. B [15] Obuto mpeanoxeHa
anmnpokcumanus Kod(h(uUIHeHTa yCHJICHHUS KaHajla CBS3M C 3aMHUpPaHHsIMH B YaCTOTHOH 0ONacTH
JOpyrol ciay4dailHOM BEMMYMHOM, paclpeneneHHod Mo 3akoHy Hakaramu-m, umeromeil npyroi
napamerp 3amupanusi. CTporuii aHaiu3 BEPOATHOCTH OIIMOOK B ClIydae paBHOMEPHOIO
pactpenencHust (as3pl 3aMUpaHWil B KaHalle CBS3M ObUI mpemiokeH B [16] mpu paccMoTpeHHH
KpPYrOBOM CUMMETPHH CITy4alHBIX BEJTUUMH, PACIIPEEIEHHBIX B COOTBETCTBUM C 3akoHOM Hakaramu-m,
mpeanonarasg paBHOMEpHOe pacnpeaencHue ¢aspl. [lo 5Tol mpuumHe pe3yibTaThl, MOMYYCHHBIC
B[16], HE MOryT pacHpoCTpaHSITbCI Ha MOJAEIH C HEPAaBHOMEPHBIM pacmpeneicHueM (asbl
3aMHpaHUN B KaHaJe CBA3H.

Mopeas Hakaramu-m 3amMupanuii

OpuruHanpHass MOJENb 3aMHpaHUM B KaHaJIe CBSI3M, COOTBETCTBYIOLIAS pPacHpeieicHUIO
Hakaramu-m [1], He ompenensier kakoe-mu0O0 pachpenencHue ¢a3pl 3aMUPaHU B KaHalle CBS3H.
Opnako Omaromapsi pPaBHOMEPHOMY pacIpefeieHHIo (a3bl IMpPH  PAIIEEBCKUX — 3aMHUPAHUSIX
OONBIIMHCTBO UCCIeA0BaTENeH MPON3BOIBFHBIM 00pa30M YCTaHOBHIIH, YTO IIPH 3aMUPAHMIX B KaHAIe
CBSI3U, PAcIpeAeieHHBIX B COOTBETCTBMH ¢ 3aKoHOM Hakaramm-m, (aza 3amupanuii pacrpeznencHa
PaBHOMEPHO, U CIealu MPEANoioKeHne, 4To (Ha30BBIid Yroi 3aMUPaHUi HE3aBHCUM OT aMILIUTY.IbI
3aMUpaHuii, 63 KaKOro-Imd0 yOequTenbHOro (GU3NIECKOro MM HHTYUTHBHOTO 00OCHOBAHHUSI.

C npyroii cropoHbl, yOeauTenpHass MOHENb KOMIUIGKCHBIX 3aMupaHuii Hakaramm
OCHOBBIBACTCSI Ha CIEAYIOIIEM HAONMIOACHUM: APOOHOE WM MENOoe 3HAYCHHE M MOXET OBITh
MIPEACTABIIEHO B BUJAE CIy4ailHON BENMUYMHBI, COOTBETCTBYIOIIEH pacnpenenenuto Hakaramu-m, xak
KOpEHb KBaJpaTHBIA M3 CyMMBI KBaJpaTOB 2m HE3aBUCHUMBIX TayCCOBCKHX CIyYaiHBIX BETMYMH.
Takum oOpa3zoM, ecim R ecTb KOMIUIGKCHas ciydaiiHasi BeIMYMHA C aMIUIUTYAod |R]|,

noqYUHAIOMIAACA paCpCaACICHUIO Hakaramu-m ¢ MaTeMaTH4eCKUM OXHUIAHHUEM Q , TOrJa
2

Q m

i=1

|R|2= gc,i+jgs,i
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raeg,.; U g,;— HE3aBHCHMBIE T'ayCCOBCKHE CIy4alHbIE BEIWYMHBI C HYJIEBBIM MaTeMaTHYECKUM
OXKUJAHUEM U €TUHUYHON TUCTIEPCHEN.

C 3Toil TOYKU 3peHHs CIEoyeT OTMETUTb, uTo (1) MIMPOKO MCHOMB3YETCS MPU MOIETUPOBAHUN
KOppETUPOBAaHHBIX CIy4YaliHbIX BETMYMH, TOJUMHSIONIMXCS 3aKOHY pacnpenenenus Hakaramu-m [17-22).

CrenoBaTenbHO, yOeAUTENbHAS U IPABAONOA00HAS MOJENb I KOMIIEKCHOH CITy4aiiHOW BETUYUHBL,
pacrmpenencHHOl B COOTBETCTBHHU C 3akoHOM Haxaramm-m, ynosnerBopsitomeit (1) mpu m= 12,...,
MOJKET OBITH MpecTaBiieHa B BUje [7—13]

R=3, /%X+j82 /%Y 2

raed,,0,,X,Y — B3aUMHO He3aBUCUMBIE CIydailHble BEIUYMHB; O, U O, — pPABHOBEPOATHHIE

m
cllydaliHble BEIMYMHBI, IPUHUMAIOIIME 3HA4YEHMs B Mpenenax uHTepBana [—1,+1], a X =z g’
i=1

m
2 v

uy =z g., — ciydaliHble BEeIMYUHBI, PAcIpeAeleHHblE B COOTBETCTBUH C > -pacrpesieneHeM

i=1
C M CTEIEHSIMH CBOOOIBI
fe)= £, () 1

X)= X)=———
X Y 0,5

2°°"T'(0,5m)
rae ['(-)— ramma-QyHKIHA.

X" exp(=0,5x), 3)

3HaHHWE TOTrO, YTO CyMMa JIBYX HJCHTUYHBIX M HE3aBUCHMBIX TraMMa CIyYailHBIX BEITUYUH
c mapamerpoM 0,5m sBISETCS TaKKe raMMa CIy4ailHOM BEIMYMHON, HO C MapaMeTpoM i,
MpeIoaraeT, 4To ypaBHEHUE, mojo0Hoe (2), Takke MOXKET OBITh WCIONB30BAHO I TeHEpaIruu
KOMIUIEKCHBIX ~ CIYYalHBIX  BEJIWYMH,  IMOAYUHSIONIMXCS  pachpefencHuio  Hakaramu-m
npu HenenmouucineHHoM m. OmHako B 3ToM ciiydae X © Y CTAaHOBATCS HE3aBUCHMBIMH T'aMMa
CllydallHBIMH BeTnuuHaMu ¢ mapamerpom 0,5m . Ha ocHOBe Mopenu, mpezacraBieHHol B (2), B [7, 8]
OBUIO TIOYYEHO CIIEAYIOIIEEe CTPOr0€ MAaTeMaTHYECKOE BBIPAKEHUE IS TUIOTHOCTU PACIpeIeTIeHIS
BeposiTHOCTeH (ha3oBoro yrna argR :

__ T oor
S (@)= T2 (0.5m) |sin 2. “)

MaTteMaTH4YeCKHH aHAJIN3
[TokazaTenu kayecTBa mpreMa U 00padOTKKU MYJIbTUILUICKCUPOBAHHBIX OPTOr'OHAIBHBIX CUTHA-
JIOB C YaCTOTHBIM DPa3/CICHUEM 3aBHCUT OT TEKYIIEro 3HAYCHUS OTHOIICHUS CHUTHAJ/TIOMEeXa 7-TO
kaHana ¢, =SNR|H, >, rme SNR- cpenHee 3HAueHHE OTHONIGHWS CHTHaj/momexa; H .
HMMITYJIbCHAs XapaKTePUCTUKA 1-TO KaHajia B 4acTOTHO# obnactu, n=0,1,...,N —1:

L1
H, =Y Ryexp{- j2n(n/N)I}, (5)

1=0
rae L — 9uciio MHOrOTPAKTOBBIX MaplIpyToB; N — oOliee 4uciIo KaHaloB cBs3u. 31ecb R, [=0.1,...,
L—1 — He3aBHCUMBIE KOMIUICKCHBIE CIydallHble BEIMYMHBIL, TIe |R,|— ciyuaiiHas BenuuuHa,
MOTYMHSIFOINAsICS 3aKoHy Hakaramu-m:

2 m m—
f‘Rl‘(r)z—(m/Ql) P 1exp{—r2 (m/2Ql)},m>0,5 (6)
L'(m)

rie Q,=F [R,z] — MOIIHOCTh 3aMHUpaHUN MO [-My MapHIpyTy KaHaja CBS3H; IL;OIQ ;=
Bripaxkernue (5) MOXKHO Tiepenucarh B CIEAYIONIEM BHJIC:

L1
H, =2 G+ 5, @

1=0
%, =| R, | cos[arg R, —2n(n/ N)I]1= x, cos[2n(n/N)I]+ y,sin[2n(n/N)I], (8a)
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¥, =| R, | sin[arg R, — 2n(n/ N)I]1= x, sin[27(n/N)I]1- y, cos[2n(n/N)I], (8b)
X, =| R,/ |cos(argR,) u y, =R, |sin(argR,). (8¢c)

3aMeTnM, 9To CABUHYTHIA yron [arg R, — 27 (n/N)I](mod 27 ) He obazaer TakuM e 3aKOHOM
pacopenenceHus, Kak U argR,. DTO NPOTHBOMNOIOXKHO TOMY, 4TO (mod2m) sBisercss paBHOMEPHO
pacnpenencHHON CilydaiiHON BeJTMYUHOM, KOTOpasi COXpaHsIeT CBOe paBHOMEPHOE pacnpeelieHne npu
JOOBIX MPOU3BONBHBIX cABHUTrax [23-25]. MomHOCTh, WIM KBaApaT aMIUIUTYbl 3aMHpPaHUN B #-M
KaHaJIe CBSA3H, OIPEACIIETCS KaK

L-1 2 L-1 2 L-1 2

Z(JNCI"'JJJZ) Z(ZJNC]J +(Z§1J . )
1=0 1=0 1=0
J7nst monydeHust CTpOroro MaTeMaTHu4ecKoro BEIpaKeHHUs B 00IeM BUAE AJIS MPOU3BOIILCH

|H,|'=

2
bynkuuu  MomeHToB  Efexp[—z|H,|]} HallOMHUM  XOpOIIO  HM3BECTHOE  PaBEHCTBO

a / Jr )I_i exp(-»’)d® =1, 4T0 SKBUBAIEHTHO

lzﬁlexp{—(cwr JjR)}do, VR . (10)

Beipaxxenue (10) mpennonaraer, 4to
1 0
exp{-R’}=— j exp(—»”)exp(—2 joR)d . (11)
Jr?,

Iycts R=+/z >, % . Torna

-1 \? % L-1
1
exp —Z[Z)EIJ =— j exp(—wz)exp{—Zj\/;wacl}d(o, (12)
1=0 \/E —0 1=0
U TIONydaeM, 4YTO CITydaiHble BEIMYUHBI (X,X,,...,X; ;) OABISIOTCS TONBKO B JIMHEHHON KOMOMHALMM
B CTEMIEHH O3KCIOHEHTHL. JTO 3HAYMTEIBHO YIPOIIAET OLEHKY TpeOyeMOro MaTeMaTHYecKOro OKHIAHHS
B TepMHUHAX XapakTepuctideckux (yakimid. [lockomeky B (9) paccMatpuBaercsl MpOW3BOASIIAS (DYHKLIHS
MOMEHTOB | H, |*, OTMETHM, UTO B OOLIIEM CMBICTIC X, 1 Yy, He SBILTHOTCA He3aBUCHMbIMUL 113 (12) momydaem:
-1 \? -1 )2 1% % L1
exp —Z(Z)@J exp —ZLZ)?IJ == j J exp{—(u’ + vz)}exp{—2j\/22(ui, + vj},)dudv} . (13)
=0 =0 T % =0

OnpenenuM MaTeMaTUYeCKOe OXHUAaHHWE JeBOH W mpaBodl vactu (13) m 3aTeM BBIHECEM
MaTEeMaTUUYECKOe OXHJJIAHUEC 32 3HAK WHTCTPUPOBAHHUS, YTOOBI MOTYYUTHh MPOU3BOMAIIYIO () YHKITHIO
MOMEHTOB KBaJpaTOB aMILIUTY/bl 3aMUPAHUN OT CYMMBI KOMIUIEKCHBIX CIy4alHBIX BEIMYUH B BUJEC
XapaKTePUCTUICCKON (PYHKIIUU UX CyMM:

E{exp[-z|H, [} =% j j exp{—(u’ + vz)}HCD,(2x/;u,2x/;v)dudv, (14)

rae

D, (u,v) = E{exp[—j(uf, +v#,)]} = E{fexp {— jx,[ucos[2n(n/ N)[]+

+vsin[2n(n/ N1} exp{—jy,[usin[27(n/ N)[]—vcos[2m(n/N)I11} }.
B cnydyae xkommiieKCHOW cioydyaifHOM BEIMYMHBIL, PACIPEACNCHHOM COMTAaCHO 3aKOHY

Hakaramu-m, 3ananHoii B (2), moiy4yaem, 4To

E[exp(—jox,)] =E[exp(—joy,)] = E{exp[—jcoéil1 /X, (Q,/m]} = E[cos(oo«/X,(Ql /m)] =

(15)

0 0.5m-1 _ 16)
_ by exp(-0.5x) , ne 2 (
_ ! cos(m, [x(Q, /m) 0.5 dx =, F[0,5m;0,5;—(Q, /4m)].
31ech Mbl BOCIIOIb30BAIUCh NIPEANIONOKEHUEM, UTO BepoaTHOCTh P(§, =—1)=P(5, =1)=0,5,

U, UCIOJB3ys npeodpazoBanne Kymmepa [26], momyunm uckoMblil pesynbraT. CrenoBartensHo, (15)
CBOJUTCA K BBIPA)KEHUIO
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@, (u,v) = | F;{0,5m;0,5;—(Q, /m)[ucos[2n(n/ N1+ vsin[27(n/ N)]]*} x
x, F;{0,5m;0,5;—(Q, /m)[usin 2n(n/ N)I]—vcosn[2n(n/ N)I]I*},

rae, F(;;)— BBIpOXKAEHHas runepreomerpudeckas ¢yHkuusa. Beipaxkenue (14) cosmectHo ¢ (17)

(17)

MO3BOJISICT TIONYYUTh TPOM3BOMAIIYI0 (YHKIIMIO MOMEHTOB KBajpara aMIUIMTYIbI 3aMUpPaHUH
B kaHane n, n=0,1,..., N —1, 4T0 MOKHO 3HaUUTENbHO ynpocTtuth s n=0,0,25N,0,5N,0,75N,...,

rze (14) ceoauTcs K IpOCTOMY BBIPAKECHHIO

E{exp[-z| H, [*]} = M>(z,m) (18)

u

M(z,m)= %Texp(—coz)ﬁ JE10,5m;0,5,—(Q, /m)zo’ ldw . (19)
TY 1=0

Ucnonb3yst paBeHCTBO U3 [16], MOXHO MHOJIYyYUTh CTPOrOo€ MAaTEMaTUYECKOE BBIPaXKCHHE
st (19) B TepMUHAX THITEPreOMEeTpUYECKO (PYHKIIMN HECKOIBKUX TIepeMeHHbIX [26]:

M(z,m)=F"[0,5;0,5m,...,0,5m;0,5,...,0,5,~(Q, /m)z,...,— (Q, ,/m)z]. (20)
Kpowme Toro, ucnons3ys (20), (19) Moxker ObITh BEIpaXKEHO Yepe3 MHOTOWICH DpMHUTA
1 K L-1
M(z,m)=—=> o, [ [ F[0,5m;0,5;~(Q, /m)zB1+Ry , (1)
\/E k=1 =0
rone B, M o, — BbHIOOPOUHBIE TOYKM M BECOBblE KOIPPHULUUEHTH MHOrOWIEHa OpPMHUTA,

taOynupoBaHHble B [27]; Ry, — OCTaTOK, KOTOPBII OYEHb MaJl 110 BEIHYUHE MPU OOJIBIINX 3HAYEHHSX
K. CnepoBarensHo, (21) ympomraer uncinenHoe orneHuBanune M (z). Heobxonumo orMetutsb, 4to (20)
MPHUBEACHO TOJBKO Uil TOro, uToObl BhIpasuth (19) B kommakTHOH ¢opMe B TepMHUHAX
THIEPreOMETPUYECKO (DYHKIMH HECKOJIbKMX IEPEMEHHBIX. DTOT MPHEM OUYEHb pPaclpoCTpaHeH
B JuTeparype, Harpumep B [13]. OgHako, MOCKOIBKY paccMaTpUBaeTcst YUcieHHoe oreHnBanue (19),
Oyznem ncnonb3oBaTh (21).

B mnpemensHOM ciydae TpWm —> 0 aMIUIMTYAa 3aMUPaHUA B KaHaJle CBA3M CTAHOBHUTCS

HOCTOSIHHOH /€2, . M0XHO IoKa3aTh, 4TO B 9TOM citydae (19) ceoxurcs k

m-—>0

lim M (z,m) = %Texp(—coz)ﬁcos(«ﬂ()lzw)dm. (22)
) 1=0

HeobOxoauMo momuepkHyTh, 4YTO C JToiM Touku 3peHust (14) mpencraBinser coOoi
YHU(ULIUPOBaHHOE BBIpa)KEHHE IJISI MPOM3BOAALICH (PYHKIMHM MOMEHTOB, KOTOpas JeHCTBUTEIbHA
JUIA KaHAJOB CBSI3U C MHOTONYYEBBIMH 3aMHUpPAHUSAMH C TPOU3BOJIBHOM MOJAEIBIO pacHpeieneHHs
aMIuTy el U (asel 3amMupannil. Hanpumep, B ciyuae 3aMupaHUil B KaHAJE CBA3M, paclpeeseHHbIX
o 3akoHy Hakaramu-m ¢ paBHOMepHO pacnpeneneHHoi ¢asoif, u3 (14) MoxxHO nomy4yuTs [1]

Bfexpl-z| H, 1} = [ [ expi- + v 0] ] Bt /m +v*)ldudy =
—o0 —o0 =0 (23)

= .Texp(—(x))ﬁ FIm;L(-Q, /m)zoldo,

rae IMOCIICAHUH HUHTCTpal ABJACTCA PE3YJIBTATOM HCIOJb30BaAHUA HpeO6pa30BaHHfI u =\/(,0COSG

uv=+0sinb.

B wntore momyumiu, 4to mpou3BoAmas GyHKINS MOMEHTOB MOIIHOCTH 3aMUpPaHU B KaHAJE
cBs3u 3amaerca ¢ymkmmein MZ(z), rme M(z)ompenenena B (19)—(21). TouHble MaTeMaTHUECKHE
BBIpKEHHSI [T BEPOSITHOCTH OIMOOK MpH Nepeade pa3inuyHbIX THIIOB CUTHAJIOB 110 KaHajaM CBS3U
JIETKO ONPEAETSIOTCS B TEPMUHAX Mpou3Bomsieill ¢pyHkuun MomentoB [28]. Hampumep, cpemnss
BEpOATHOCTh omMOOK Ha Our (BER) B cinyyae OBOWYHOM ()a30BOM MOAYISLUH C TOPSIKOM
pasHeceHHsl cuTHaJioB D u cymmupoBaHueM AuddepeHIanbHO B3BEIICHHBIX CHUTHAIOB KaXIOTO
KaHaJa onpezensercs Kak [29]
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Heo0xoauMo OTMETHTh, YTO MPEACTABICHHBIE 3/IECh PE3YJIbTaThl HCIOIB3YIOT CIIECIUATBHYIO
KOMIUIEKCHYI0 MOJENb pacnpenencuus Haxaramu-m, B TO BpeMs Kak B [7] Kak BeELICCTBEHHBIE,
TaK ¥ MHUMbIC KOMIIOHEHTHI UMEIOT UACHTUYHEIC TapaMeTphl. TeM He MEHEee 3TO MOXKET OBITh JIETKO
MPUMEHUMO K OoJiee 0000IIEHHBIM KOMILIEKCHBIM MOJIENSIM pacipeneneHust HakaramMmu-m, B KOTOPBIX
BEIICCTBCHHBIC ¥ MHHUMBIC KOMIIOHEGHTBHI OONAJar0T HEUJCHTUYHBIMU  XapaKTEPUCTUKAMH,
KaK 3TO MMoka3aHo B [8, 9]. B atom ciyuae (18) umeer Bua

E{exp[-z| H, [']} = M(z,m )M (z,m,), (25)

,m |db. (24)

rae M(z,m) szamaercs (19) u m ,m,— napamerpbl BEUIECTBEHHOM M MHHUMOW KOMIIOHEHTBI,

COOTBCTCTBCHHO.

YucneHHble pe3yjbTaThl

Ha puc. 1-4 mpeacraBneHo cpaBHEHHE BEPOSTHOCTH OMMOOK Ha OuT BER mpu mpueme
MYJIBTUIUIEKCUPOBAHHBIX OPTOrOHAJIBHBIX CUTHAJIOB C YaCTOTHBIM pa3eleHreM U IBOMYHOH (a30Boi
MOIyJIALMEN, TIepeaaBaeMbIX 10 KaHajaaM CBS3U C 3aMHPAaHUSIMU, PAaCIPEeIeHHBIMU B COOTBETCTBUHI
c 3akoHOM Hakaramm-m, Kak C PaBHOMEPHO pacmpeieicHHON ¢a3ol, Tak U ¢ HEPaBHOMEPHO
pacnpeneneHHo azoit. Mel monaraem, uro m = 0,5N . CiaenoBaTenbHO, TEOPETUIECKUE PE3YIbTATHI
onpenenstores, ucnonbdys (18) um (19). PesymbraTel MomenupoBanus merooM MonTte—Kapio
MIPEACTABIIEHBl U1 TOJATBEPKAECHUSA TeopeTnueckux ucciaenoBanuil. Ha puc. 1,2 BeposTHOCTB
ommbok Ha Out BER mpencraBieHa Kak (YHKUUS OT MapaMerpa 3aMHpaHMid m B KaHAJE CBSI3U
Uid 2 1 3 MapupyToB MHOTOJIYYEBOIO pacnpocTpaHeHHs. MO)KHO 3aMeTUTh, 4TO Be KpuBble BER
COBMAAAIOT JIPYT C ApYyroM mpu m <1. D10 npeamnonaraer, 4To BER cTaHOBUTCS HEUYBCTBUTEILHOM
K pacmipeneneHuio (aspl 3amupanuii npu m<1. C Apyroidl cTOpoHBI, paznuuue Mmexay BER
YBEIMUUBAETCA C YBENUUCHUEM 3HaueHUs napameTpa m. [Ipu L =2 HepaBHOMEPHO pacIpe/lelieHHbIE
¢a3pl 3aMupaHuil TPUBOAAT K Oojee BHICOKMM 3HadeHUsIM BER, B TO BpeMs Kak IpU paBHOMEPHO
pacmpenencHHbIX (pa3ax 3aMUpaHHl B KaHalle CBSI3M Oosiee BhICOKHME 3HaueHHss BER HaOmomaroTcs
npu L=3. Kak cnemyer u3 puc. 3, 3HaueHne BER craHOBUTCS OONbIIe NMPH HEPaBHOMEPHOM
pacnpeneneHuu ¢a3bl aMITIUTYIbl 3aMUPaHUN TIPY YETHOM 3HAYEHUH L, B TO BpeMsI KaK paBHOMEPHOE
pacnpenencaue ¢azbl 3aMUpPaHHN B KaHaje CBA3M NMPHUBOAUT K OombmmM 3HauyeHusM BER npu
HeueTHBIX L. O0e kpuBbie BER cXOmATCSI K OMHOMY M TOMY e 3HaueHuto npu L > 8. Ha ocHoBaHMK
MPEAETbHON LEHTPaJbHONH TeOopeMbl KOMIUIEKCHAsl oruaromas aMIUTUTYAbl 3aMUpPaHHN B KaHaje
CBSI3M CXOOUTCA K KOMIUIEKCHOM TayCCOBCKOW cioyyaliHOW BeiauMuuMHe npu L >>1He3aBHUCHMO
OT 3aKOHA pacmpefencHus (a3l aMIUTUTYIbl 3aMHpPaHUN B KaHaje CBA3M M 3HAYCHHS IapaMmeTpa
3amMupanuii m. Puc. 3 meMoHCTpUpyeT, 4yTO NpPH PaBHOMEPHO pachpelelieHHOW (aze aMIuIUTy.IbI
3amMupanunii kpuBsle BER cxopsarcs Ovictpee. Ha puc. 4 BER npencrasiena kak GyHkuus ot SNR npu
m =3 g nopsiaka pasHeceHus curHaioB N =1,2 . BugHo, 4ro paznuune Mexay ABYMS KPUBBIMU

BER yBenuuuBaercs ¢ poctoM 3HadeHuid SNR. Ha puc. 1 npencrasneHo, 4to mpu L =2 3HadeHue
BER yBenmuuMBaeTcs € yBEIMYEHHEM MapaMmeTpa 3aMUpaHUN m, HauuHas ¢ m>2, B TO BpeMs
KaK pHC. 2 IEMOHCTPUPYET, 4To Iipu L =3 3HadeHne BER yMmeHbIIaeTcst OBICTPO C pOCTOM MapameTpa
mnpu m > 2. B cuny HenuHeliHOCTH noBefeHnss BER 04eHb CIOXKHO JaTh HHTYUTHBHOE OObSCHEHUE
TakoMy noBefeHnto. Cleayer OTMETUTb, YTO O MoA00HOM noBenennu BER coobmanocs B [16].

Ha puc. 1, 2 Taxke nemoHcTpupyercs nmoBeaeHne BER npu anmpokcuManuy K03 GUIueHToB
KaHala CBSI3M B YACTOTHOW oOmacTH [OpyruM pacmpefencHreM Hakaramu-m ¢ mapaMmeTpamu
3aMHpaHuid, TpeAcTaBlieHHBIMUH B [15]. B [16] Takke ObUIO MOKa3aHO, YTO 3Ta AMMPOKCHUMAIUS
HE MOXKET 3acly’)kKMBaTh JIOBEpUs B cioy4dae pacopedeneHuss Hakaramu-m ¢ paBHOMEpHO
pacnpenencHHON (a3oi aMILTUTYIBl 3aMUpaHuid. Puc. 1 u 2 moaTBepkIaioT, 4TO pe3ynbTaThl B [16]
TaKXKe HE 3aCly)KMBAIOT JOBEpPHS B Cllydyae PaBHOMEPHO pacHpeAeneHHON (a3bl aMIUIUTY.IbI
3aMHpaHUi B KaHaJe CBA3H.
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BrIBOaBI

B mactosmielt pabGoTe wWcciemoBaHO BO3JCHCTBHE HEPABHOMEPHO PACIIPEASICHHOM (ha3bl
aMIUIMTYJbl 3aMUpPaHUd B KaHajle CBs3M Ha BER mpu mnepepaye MYIbTHUILIEKCHPOBAHHBIX
OPTOTOHAJIBHBIX CUTHAJIOB C YaCTOTHBIM pa3lelICHUEM IOCPEIACTBOM YaCTOTHO-H30UPaTEIbHBIX
KaHAJIOB CBSI3M C 3aMHUPAHUSIMH, DACIpEACICHHBIMU B COOTBETCTBHM C 3akoHOM Hakaramu-m.
[IpocToit MeToa MO3BONSIET MOMYYUTh HOBOE TOYHOE aHATUTHYECKOE BBIPAXKEHHE I IPOU3BOISIICH
(hYHKITMM MOMEHTOB MOITHOCTH KO3((UIIMEHTA YCUIICHUS KaHala CBS3U C 3aMUPAHHUSIMHU B YaCTOTHOM
o0JIacTH B BHJIE XapaKTEPUCTHUCCKUX (PYHKIUH KOMIUIEKCHBIX KO3((HUIIMCHTOB YCHJICHUS KaHala
CBA3M C MHOTOIYYEBBIM pacmpocTpaHeHueM. Kiaccuueckue MeEToabl MOTYT HCIHOJIB30BATHCS
JUTS TIOJTyYeHUsI TOYHBIX 3HaUeHW BER IUIsl pa3TUYHOTO BHJIa MOYJISIIUN U TPOU3BOJILHOIO TTOPSIKA
pa3HECEHHUs CUTHAJIOB NP MHOTOKaHAJILHOU CBSI3U.
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