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AHHOTamMA. B pa3nuuHelX 1UQPPOBBIX CcHUCTEMaxX Mepefadyd JUCKPETHOU
MH(OPMAIMK C BBICOKOW MPOITYCKHOM CTIOCOOHOCTHIO HAILIM HIMPOKOE NPUMEHEHHE
CUTHAJIbI C MHOTONO3ULMOHHOM KBaJpaTypHOW AMIUIMTYAHOW MaHumyJsinven. Ha
KAYeCTBO PAJUOCBS3M B TAaKUX CHUCTEMaX OKA3bIBAIOT BIIMSIHUE PAa3JIMYHbBIE BHBI
nomex, Kak HelpeaHaMEepPEHHbIX, TaKk U MpeaHamepeHHbIX. Llenbio paboTel sBisieTcs
aHaM3  MOMEXOYCTOMYHMBOCTH  IIPUEMA CHUTHAIOB C  MHOTOINO3UIIMOHHOU
KBAJIpaTypHOW aMIUIMTYTHOM MAHUIYJSILUER B NPUCYTCTBUM IIYMOBOM H
CKaHupyromen noMexu. Jlns aHaiM3a MCTOJB30BaHbI METOMBI CTATUCTHYECKOU
PAIMOTEXHUKA W PACUETHl C HCIOJb30BAHUEM YHWCJICHHOTO HWHTErPUPOBAHUS Ha
komnbroTepe. IIpm  3TOM  ckaHupyromas IoMexa IPEICTaBI€HAa B  BHJE
rapMOHUYECKOr0 KOJEOAaHUsI € YacTOTOM, W3MEHSIOIIEHCS M0 MUIO00pasHOMY
3akoHy. JlJIsi pasHOM CTENEHW MO3UIMOHHOCTH CHUTHAIOB IOJyYEHbI 3aBUCUMOCTH
BEPOSITHOCTH OWMTOBOM OIMMOKHM OT OTHOIICHWS CHUTHA/IIYM, OT JICBHAIIMHM YaCTOTHI
CKaHUPYIOIIEH TIOMEXM MW OT €€  MHTEHCUBHOCTH.  [lokazaHo, d4tO
MMOMEXOYCTOMYMBOCTh MPHUEMa CUTHAJIOB C  MHOTOMO3MWITMOHHON  (pa3oBoi
MAHUNYJSIIUEN 3HAYUTEIBHO CHIJKAETCS NPU  YBEIIMYECHHH HWHTECHCHUBHOCTH
CKaHUpYIOIIeH MOMEXH, Momajfarouied B 00JacTh TJIABHOTO JIETIECTKA CIEKTpa
IIOJIE3HOTO CUTHAJIA, U C YBEIMYEHUEM IO3ULHOHHOCTH CUTHAIOB 3TO BIMSHUE
YCUJIMBAETCS.

KuroueBble cJioBa: KBaapaTypHas aMIUIMTYJHAs MAaHUITYJSIIMS, CKaHUPYHOLIAs
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nomexa, MTOMeX0yCTOMIUBOCTb, BEP OATHOCTb OMTOBOM OIIMOKH.

Abstract. Multiposition quadrature amplitude modulation signals (M-QAM) are
widely used in the high-capacity digital data transmission systems. In such systems,
the quality of radio communication is affected by various types of interference, both,
casual and intended. The aim of the work is to analyze the noise immunity of
receiving M-QAM signals in the presence of noise and scanning interference. The
scanning interference is presented in this paper in the form of a harmonic oscillation
with a frequency varying according to the sawtooth law. Methods of statistical radio
engineering and calculations using numerical integration on a computer were used for
the analysis. The error probability calculation technique is based on the assumption
that the initial phase of the interference and its frequency are first assumed to be some
fixed values. In this case, it is possible to calculate the average values and variance of
the conditional normal distributions of random processes at the outputs of all the
correlators of the receiver and the conditional probability of bit error. Then averaging
of the obtained results by random parameters is performed by numerical integration.
The dependences of the bit error probability on the signal-to-noise ratio, the deviation
of the scanning interference frequency and its intensity are obtained for different
number of positions M. It is shown that the M-QAM signals are very strongly
influenced by scanning interference and with increasing of number of positions of the
signals this effect is significantly enhanced. For example, with a weak interference
for M=4 or 16, the probability of error practically does not increase and the energy
losses for are not more than 1 dB, for M=32 or 64, the reduction in noise immunity
becomes noticeable, and the energy losses reach 2-5 dB. The scanning interference of
high intensity threat for all kinds of M-QAM signals and completely destroy the
reception. The main negative impact is caused by frequency components of the
interference, close to the frequency of the carrier oscillation of the useful signal. The
scanning interference that does not fall into the zone of the main lobe of the M-QAM
signal spectrum slightly affects the noise immunity of the reception.

Keywords: quadrature amplitude modulation, scanning interference, noise immunity,
probability of bit error.
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BBenenue

B paznuuspix 1mmudpoBBIX cUcTeMax TNepenadyd AUCKPETHOW WHGOpMaImu
(CITAN) c¢ BBICOKOW MPOMYCKHOM CMOCOOHOCTHIO, TAaKMX KaK CITYTHUKOBBIE,
paguopesieiiHble JIMHUW CBSI3U, CUCTEMbl MOOWJIBHOW CBSI3H, CHCTEMbI LU(PPOBOTO
TEICBUJICHHUSI HAIUIM [MPOKOE TPUMEHEHHE CHUTHAIBI C MHOTOIO3UIIMOHHON
KBaJApaTypHou amMrmuTyaHoi Manumnysinuedn (M-KAM). OgauM U3 BaKHEHUIINX
[IapaMeTPOB TAKUX CUCTEM SIBJSIETCSA MX MOMEXOYCTOMYMBOCTh. Ha BXoae npuemHuka
B 3aBucuMocTH OT Turna CIII moryT nprcyTcTBOBaTh pa3IMYHbIE BUJIbI TOMEX, KaK
HEIPETHAMEPEHHBIX, TaK U MPETHAMEPEHHBIX, KOTOPBIE CUIIBHO BIHSIOT HA KA4€CTBO
paaroceizu [1-7]. K WX 49mcily OTHOCSITCS TapMOHWYECKHE, PETPaHCIMPOBAHHBIC,
UMITYJIbCHbIE TIOMEXU U T.J. DTO 0OCTOATEIHCTBO HEOOXOJUMO YYHUTHIBATH TPHU
anam3e nomexoycronunBoctn CIIJIM. OpgHOM W3 TaKOBBIX SIBIETCS U
CKaHUpYIOIIasi TOMEXa, YAaCTOTHBIM JWana3oH JEUCTBHA KOTOPOWM  MOKET
MEPEKPHIBATHCS C YACTOTHBIM JUANTa30HOM CUTHAJIA.

[enbro maHHOM pabOTHI SBISETCS aHAIM3 MOMEXOYCTOMIMBOCTH KOTEPEHTHOTO
MIPUEMHUKA CUTHAJIOB C MHOTOINO3WMIMOHHOW KBaJAPAaTypHOU  aMIUIMTYIHOU

MaHUITYJIALUEN B TPUCYTCTBUU CKAHUP YIOLIEH TOMEXH.

1. Moaesu curuaja u moMex

Curnanmn M-KAM Ha TakTOBOM HMHTEpPBAJIC, PABHOM JUIMTEIBHOCTH KaHAIBHOTO
cumBoia T, , Hecymero uHpopMmammioo 06 K=10g, M wundopmarmonHpix OuTax,

MOJKCT IIPUHUMATDb OJJHO U3 M BO3MO’KHBIX 3HAUCHMI:

5(t)=A, (I, cosaot —Q;sinayt), te(0,T],i=0,1..M -1, (1)

rne A, =+/2E, / T — cpennsist avmumryna curnana; Eg, =KE, — sHeprust xasasbHOro
CHMBOJI4, CPEHSS [0 BCeM MH(MOPMAIMOHHBIM KOMOMHAIWSM, E,, — cpemssist sHeprus,

npuxoAIIasics Ha oquH ouT mHpopMaimy, |; 1 Q;— ko3 UIHEHTHI, ONpeAesIOIe
AMILTUTY bl KBaIPaTypPHBIX KOMIIOHEHT CUT'HAJIA; (0g— HECYIIAs 4acTOoTa.
[lon ckaHupyromeil nomMexod OyneM TMOHMMArb MEIIAIMA CUrHAT C

OTHOCHUTEIIbHOW MHTEHCUBHOCTBIO 4 Y YAaCTOTOM (D, M3MEHSIOLIEHCS BOKPYI HECYILEH
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YacTOThl TOJIE3HOTO CHUTHala Mg [0 HEKOTOPOMY IMEPUOAMYECKOMY 3akoHy. B

MIPOCTEHIIIEM CJTydae STOT 3aKOH MOKET OBITh MUII000pa3HbIM (puc. 1):

wp Hhog

@0

o -Awg

Puc. 1. 3akoH U3MeHEeHUs YaCTOTHI CKaHPIpy}OHleﬁ IIOMCXH.

Sp H= HA, COS(COH (Ht+ ¢H) , (2)
oy (1) = ) + Aoy, —% .

C
31ech ¢y — HEM3BeCTHas M CilydaiiHas HaudanbHas (aza noMexu, Aw,; — neBuanuys
oMexu, 1, — mepro] CKaHHPOBAHUS.

K kauecTBe (uIyKTyallMOHHOW MOMEXH PACCMOTPHUM IIyM O€iblil TaycCOBCKUIA

trym N(t) ¢ 0THOCTOPOHHEN CIIEKTPATbHOU TNIOTHOCTHIO No:

<n(t) >=0;<n(t)n(t,) >= %502 —1). (3)

2. MeToanKa OlleHKH TOMEeX0yCTOHYHBOCTH
CuunTaeM, 4TO BXOJHOE KOJICOaHWE MPUEMHHUKA SIBJIICTCS aIIUTHBHOM CMECHIO
noJie3Horo curHaia (1), ckanupyromei nmomexu (2) u 0€I0ro rayCCoBCKOIro Iyma
A):
X(t) = 5;(t) + s, (t) +n(t) .
Knaccuuecknii KorepeHTHBIM mpueMHUK curHama (1) Beraucimsser M

UHTETpaIoB CBepTKH |, mpuHuMaeMoro kosiebanus X(t) ¥ OmopHBIX CUTHAIOB.
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Mertoauka pacdera BEpOATHOCTH OIIMOKK TOAPOOHO m3jokeHa B [1-3] m
OCHOBaHAa Ha MPEIINOJIOKEHUWH, YTO HavyalbHas (aza ¢ MOMEXM U €€ 4acToTa

(vacTOTHBIA CHBHTI A®, ) CIiepBa TMOJAralOTCs HEKOTOPHIMU (PUKCHPOBAHHBIMHU

BeanuMHaMu. B 3ToM cJiydac yaacrcsa JICTKO pacCUuTarb CPCAHUC 3HAYCHUA U
AUCTICPCHUMU  YCJIOBHBIX IIO0O J3TOMY 1apaMC1py HOPMAJIbHBIX pacnpez[eﬂeHHﬁ
CquaﬁHBIX IIPONICCCOB HA BBIXOAAX BCCX KOPPCILITOPOB IIPUCMHUKA U dHAJIOTHYHBIC

mapamMerpbl CyMMAapHBIX IIPOIIECCOB B YCTPOMCTBE CpPaBHEHHUS KOPPEISIIHOHHBIX
unterpanos My u Dy .

OO6uras mo aHcaMOJI0 BO3MOXHBIX BapMaHTOB MOCHUIOK curHaia M-KAM
BEPOSTHOCTh OIMMOKY MpHEMa JIF000T0 KaHATLHOTO CUMBOJIA, HAITPUMED, C MHIACKCOM

"0", B 3TOM CiIy4ac paBHa
M-1
Pes((l’n’Aa)n):]-_H Pl > 1), 4)
i=1
a BEPOSTHOCTH OMTOBOM OINMOKH IPH JOCTATOYHO OOJIBIIOM OTHOIICHHHM CHrHav/iyMm [8]:

Peb (¢H’Awn) = Pes / Iog2 M ' (5)

rne

pi(IO > Ii) :1_Q(%)’

_tZ/Zdt_

1 [ee)
Q(x) :Tj.e

27 5
Ecm mpennonoxkutb, YTO CKOPOCTh HM3MEHEHMS YacTOThl CKaHHPYIOLIEH
IOMEXH Majia 10 CPABHEHHMIO CO CKOPOCTBIO INEpenau IMoJe3Hoil mHpopmanun (

T,>T,), To Ha KaXJIOM TaKTOBOM HHTEPBAE CHUTHAIa TaKyl0 IOMEXY MOKHO
CUUTATh TapMOHHUYECKOW C TOM MM WHOW pacCTpOMKON Hecyliell 4acToTel Ay
OTHOCHUTENbHO BETUYHHBI Q).

B [1] moka3aHo, 4TO B MPUCYTCTBUM TaKOW MOMEXH CpPEIHHME 3HaueHus My u

Dyi ¢ yuerom BeMUMHBI HOPOTa IPUHATUS PEIIEHHS

5 = S0 (12407 - (17 +Q7)]

N
5
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OTIPENEIAIOTCS CICTYIONM 00Pa3oM:

. Ao, T,
= sin —1=
my; = NSOCP{O,5[(|0—|i)2+(Qo—Qi)2]+ﬂTHZTS[(|o—|i)COSﬂ+(Q0—Qi)Sin77]},
2
2ESCID ) )
Dy; = N [(1—1)"+(Q—-Q)°] (6)

Jnst monrydenusi O0€3yCIIOBHOW BEPOSTHOCTH OWTOBOM OIMOKH HEOOXOIAMO
npoBecTU ycpennenue Beanuunsl Py (¢, Ao, ) (4) mo mapamerpam ¢p u Awp. Ipu
TOM CJIEAYeT Y4YeCTb, YTO HEM3BECTHAs CIydaiHas BEIMYMHA ¢ PaBHOMEPHO
pacmpeneneHa Ha moyuHTepBaie (-, 7], a BennuruHa A@y B COOTBETCTBUH C (2) — Ha

uHTepBane [-Awy, +Awy]:

+Aw,
17, 1 g
P =2 G j P.(pn Ay )d A A ™)

3. Pe3yabTaThl pac4yeTroB

Pesynpratel 4ucICHHBIX pacueroB 1o Gopmyne (7) ¢ yuerom (4)-(6)
npe/CTaBIeHbl Ha puc. 2—4. 3ameruMm, 4TO M3-3a OrPaHUYCHHHA MPUMEHHUMOCTH
IN,<7 nb) u

(GopMyisl (5) pe3yabTaThl IPU MalbIX OTHOIIEHUAX curHa/imym (E,,

OOJIBIIIONW WHTEHCUBHOCTU momeXx p>0,5 MpeACTaBiSIOT COOO0M HWXKHIOI TPaHMILY
BEPOSITHOCTU OLIMOKM M HMEIOT OMNPEINEICHHYI0 MOTpelHocTh. [lpu vucieHHOM
uHTerpupoBaHuu (7) y4TE€HO, YTO MOTPEHIHOCTh BBIUMCJICHUNA KaK MUHUMYM Ha
NOPSI0K MEHbIIIE MUHUMAILHOW MIPEICTABIEHHOM BEpOSITHOCTH OUTOBOM OIIMOKH.
Ha puc. 2 nna pa3HOW CTeNeHW TMO3WIIMOHHOCTH CHUTHala M TOKa3aHbI
3aBUCUMOCTH BEPOSTHOCTH OIMMOKU Py, OT OTHOIIGHWS CHTHaN/Imym E

IN, mipn

bep
Ay Ts=6. Puc. 3 wmocTpupyeT 1l pasHbIX M 3aBUCHMOCTH BEPOSTHOCTH OIIMOKU

Pep OT HHTEHCUBHOCTH CKaHMpYoLIel momexu u npu E,, / Ny=13 n1bu Aw;T=6.
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BeposaTHOCTh OLINOKH Pes
BepoATHOCTb OMHOKH Pes

t t t t t t t t t t t 4
4 5 6 7 8 9 10 1 12 13 14 15 16 10 1 T T T 1 1 1 1 ! T T
4 5 6 7 8 9 10 1 12 13 14 15 18

OTHOIIeHHe CHTHA/IIYM Escp/No, 0B OTHOIEHNHe CHTHAVIIYM Ejcp/No, 1B

a) 6)

BeposTHOCTh OMHOKHU Pes
BeposTHOCTb OMHUOKH Pe

t t t t t t t t t t t
4 5 ] 7 8 ] 10 1 12 13 14 15 16

OTHOLIEHHE CHTHA/IIYM Escp/No, 1B

t t t t t t t > t t
4 5 ] 7 8 ] 10 " 12 13 14 15 16

OTHOILIeHHe CUTHA/IIYM Escp/No, 1B

B) r)

Puc. 2. 3aBucuMocTy BepOsITHOCTH OUTOBOM OMIMOKU OT OTHOIIEHUS] CUTHAJ/IITYM

IpU JI€BUALUM 4acTOThI moMexu AT =6:
a— M=4,6—- M=16, B — M=32, r — M=64.

BunHo, dYTO0 C yBeNMUEHMEM CTENEHH TMO3MIMOHHOCTH M  BIMsSIHUE
CKaHUPYIOIIEH TOMEXU 3HAUYMTEIbHO ycuimBaercs. [lpu atom, ecom mpu crmaboit
nomexe (u=0,1) mms M=4 wu 16 BepoOATHOCTh ONIMOKU TPAKTHUECKH HE
YBEJIMUUBACTCS U YHEPrEeTUUECKUE TIOTEPU JJIA Pe,=10" cocrasimstor He Gosee 1 b,
To i M=32 wim 64 mpu Tako#l ke TIOMEXe CHHKCHHE TOMEXOYCTOMIMBOCTH
CTAHOBUTCS 3aMETHBIM, a PHEPreTUUeCKue notepu yxe pocturarot 2-5 ab. [lomexu
O0osbioil mHTEHCUBHOCTH (1>0,5) omacHel 1Jisi BCeX BUAOB curHasioB M-KAM wu

MOJHOCTBIO Pa3pyLIAOT ITPUEM.
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T N P,
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BeposATHOCTb OIMIHOKH Pes
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1 1 1 1 1 1
10 Shammaa N 1 NS ot R e, AR
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WHTEHCHBHOCTD CKaHpr}OH.IeIVl TIOMEXH U

Puc. 3. 3aBucuMOCTh BEpOSATHOCTH OUTOBON OMMOKU OT HHTEHCUBHOCTH
CKaHHUPYIOILIEN TOMEXMU.

[Ipy yBenmMYEHUM E€BUALMU YACTOTHI MOMEXH, ''HAKPBIBAIOLIEN" 30HY IJIaBHOTO
JIETIECTKA CIIEKTpa CUTHANA, €€ BIMSAHUE Ha IOMEXOYCTOMYHMBOCTH AeMOAy siTopa M-
KAM cHmxkaercs, ocTaBasCh HPH 3TOM BecbMa CyliecTBeHHbIM (puc. 4). Tak mpu
YBEJIMUEHUM JIEBUAIIMM HA TMOPSJAOK BEPOSITHOCTh OIUIMOKHM CHUXKAETCS B HECKOJIBKO
pa3. DTO CBA3aHO C TEM, YTO OCHOBHOM OTPUILATENbHBIN BKJIA TIOMEXU MPUXOIUTCS
HAa €€ YacTOTHBIE COCTaBILIONIME, OJIBKHME K YacTOTe HECYLIero KoJjaeOaHHs
MOJIE3HOTO CUTHAJIA, a IMpPU PAaCUIMPEHUH 30HBl CKAaHUPOBAHUS MX JOJIA
IIPOINOPLUMOHAIBHO CHMKaercs. [Ipym cTpemineHnM aeBHAlMM YacTOThl TMOMEXH K
HYJIIO, BEPOSITHOCTh OLIMOKM CTPEMHUTCS K BEIMYMHE, MOJYYEHHOM IJIsi Ciydas
NPHIEITEHOM rapMOHUYeCKO# momexu [1].
3akiaoueHue

[lo pesynpTaTtam aHaim3a IMOJYYEHHBIX JAHHBIX MOKHO CHENaTh CIICAYIOLIUE
BBIBO/IBI:
1. Curnamel ¢ KBagpaTypHOW aMIUIMTYJHOM MaHUNYJSIHUEN BECbMa CHIJIBHO

MMOABCPIKCHBI BJIMSAHHIO CKaHPIp}TIOHIeﬁ IIOMCXU MU C YBCIIMUCHUCM IO3HIIMOHHOCTH
8
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BepoATHOCTE OMINOKH Pes
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CUTHAJIOB O3TO BJIWAHHWE 3HAUYUTEIbHO  ycwiuBaercs. Tak g1 M>16

MOMEXOYCTOHYHMBOCTh MpUeMa Ha (POHE CKAHUPYIOLIEH MOMEXH 3aMETHO CHUXKACTCS

AaXKC IIPHU MAJIbIX YPOBHAX IIOMCXH.

BeposATHOCT OIIHOKH Pes

1 2 3 4 5 8 7 8 g 10 1 2 3 4 5 8 7 8 9 10
,ZICBHaI.HU{ CKaany}omeﬁ nmoMexu AwaTl: ,HCBHaHH}I cxa}{ﬂpy}omeﬁ TIOMEXH AwaTl:

a) 0)

BeposATHOCTh OLIHOKH Pes

JleBHaIMs CKaHUPYIOLIeH MoMexXH Awals JleBHalis CKaHUPYIOWelH MOMEeXH AwaT:

B) r)

Puc. 4. 3aBucumMocTH BEpOSTHOCTH OMUTOBOM OMMMOKH OT JICBHAIIMH YaCTOTHI
CKaHupyromen nomexu npu E, /N;=13 nb:
a— M=4,06—- M=16, B — M=32, r — M=64.

2. OCHOBHOE OTpHUIATEIHHOE BIUSHUE OKA3bIBAIOT YaCTOTHBIC COCTABJISIOIINE
noMexy, OJM3KMEe K 4YacToTe HECYIIero KojeOaHusi TMOJIE3HOr0 CHrHajia.
Ckanupyroniasgs mnomexa, HE MONajarolias B 30HY TJIABHOTO JIEMECTKAa CIEKTpa

CUTHAJIa HE3HAYUTEIbHO BIMSET Ha TIOMEX0YCTOMUMBOCTD ieMoayisitopa M-KAM.

9
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3. Jlnsa moBblleHUs moMmexoycToiiunBocTH mpuema curtaioB M-KAM nHa ¢one
CKAHUPYIOIIEH MOMEXM HEO0OXOMMO HCIOJb30BATh AJITOPUTMBl KOMIIEHCALUU

IMOMCX, HAITPUMCECP, CICAAIINC PCIKCKTOPHLIC (bI/IJ'II)TpI)I.
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