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AHHOTAIUA

CrpemutenpHOE pa3BUTHE OECTIPOBOIHBIX CUCTEM CBSI3H MPUBOIUT K IOCTOSIHHOMY YCIIOKHEHHUIO
METOJIOB PErYJIHUPOBaHMs HMCIOIB30BAHUS YACTOTHOrO cCrekTpa. Yucio yciayr OecrnpoBOIHOM
CBS3M pacTeT W TpeOyeTcss BBHIIEICHHE BCE OOJBIIEro dYrclia JMANa3oHOB YacTOT IS WX
obOecnieueHusi. [loMexu OT OJAHOBPEMEHHO WCIOJIB3YEMBIX B OJHOM YaCTOTHOM JUala3oHe
paaronepeaTINKOB MPUBOAST K 3HAYMTEIHHBIM HUCKAKEHUSM B IepenaBaeMoil mHpopManuu u
MOTYT 3HAYUTEIBHO 3aTPYAHATH PabOTy TEJICKOMMYHHKAIIMOHHBIX CHCTEM Pa3IMYHOrO
HazHadeHHd. JloCTIKeHus B cepe MporpaMMHO-OPUEHTHPOBAHHBIX PAIMOCHCTEM U B YaCTHOCTH
KOTHUTHUBHOTO PaJHO TMO3BOJISAIOT PEIIMTh yKa3aHHbIC MPoOaeMbl. B cyliecTByroeM cranaapTe
koruutuBHOTrO paano IEEE 802.22 ucmons3yloTcs paziudHble MOAXOABI K JIETEKTHPOBAHHUIO
CUTHaja TEPBUYHOTO TIOJB30BATENsl KaHalla. BBICOKAas TOYHOCTh NIETEKTHPOBAHHS CHUTHaja
Heo0XxouMa Jijisi CTaOUIBHON PabOThl CEHCUHIa KOTHUTUBHOTO PAU0 M BCEH CHCTEMBI B IEJIOM.
Kaxnprit meton, npumensiembld B crangapre IEEE 802.22, umeer CBOM mOpeuMylIecTBa U
HegocTaTku. [IpuMeHeHue TOro MM WHOrO0 METOZAa 3aBUCUT OT YCJOBHM paanoo0CTaHOBKU. B
CTaThe MPOBOAMUTCS aHAIHU3 METOOB JIETEKTUPOBAHUS MPUMEHIEMBIX B CTaHJIApTe KOTHUTUBHOTO
paauo myTeM UMHUTAIIMOHHOTO Moaenuposanus B cpeae MATLAB.

KuaroueBrble cjioBa: KOTHUTHBHOE Pajifo; JETEKTHPOBAHWE CUTHAIA IEPBUYHOTO ITOJIB30BATENS;
MMHTAIMOHHOE MojienupoBanue B cpeae MATLAB.
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Annotation

The rapid development of wireless communication systems leads to a constant complication of
methods for regulating the use of the frequency spectrum. The number of wireless
communication services is growing and more and more frequency bands need to be allocated to
provide them. Interference from simultaneously used in one frequency range of radio transmitters
leads to significant distortions in transmitted information and can significantly hinder the
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operation of telecommunication systems for various purposes. Achievements in the field of
software-oriented radio systems and, in particular, cognitive radio allow solving these problems.
The existing standard of IEEE 802.22 cognitive radio uses different approaches to detecting the
signal of the primary user of the channel. High accuracy of signal detection is necessary for stable
operation of sensing of cognitive radio and the whole system. Each method used in the IEEE
802.22 standard has its advantages and disadvantages. The application of this or that method
depends on the radio conditions. The article analyzes methods for detecting the cognitive radio
used in the standard by simulation in the MATLAB environment.

Keywords: cognitive radio; primary signal detection; simulation in MATLAB environment.

BBE/[EHUE

[Tonxoll K MOCTPOEHUIO UHTEIJIEKTYaIbHbIX CUCTEM OECIPOBOJHON CBS3H, MOJYYMBIINI Ha3BaHUE
KOTHUTHBHOE paaMo0, SBISETCS IEPENIOBOM TEXHOJIOIHEH, NO3BOJAIOLIEH 00ECIEUUTh PALUOHAIBHOE
UCIOJIb30BaHUE PaoyacToTHOro crekrpa [1-2]. Kpome Toro, 3HaHne 0 COCTOSHUU CIIEKTPa MOXKET OBbITh
OPUMEHEHO [UIsl NPUHATUSA PELICHMs 3allyCKa pacIIMpPEHHBIX aJIrOpUTMOB IPUEMHMKA, a TaKKe
aJanTUBHOTO MojaaBieHus: nmomex [3]. OgHoW M3 OCHOBHBIX 3a/a4y Mpu paboTe KOHUTHBHOTO Pajvo,
ABJIIETCSl MIPOBEJECHUE IMOCTOSIHHOTO CEHCHUHIa (MOHUTOPMHIA) PaJlO4YacTOTHOIO CIEKTpa Ha YCJIOBHE
OTCYTCTBHSI TEpPBUYHOTO TIIOJNIb30BATENsl M TOUCKA HOBBIX CBOOOJHBIX Y4YacTKOB Ha clydai
HEO0OXOAMMOCTH MEPECTPOUTHCS Ha IPYTYIO 4acToTy [4].

[Ipenmonaraercs, 4TO CEHCUHT OCHOBBIBAETCS Ha JABYX dTamax: OBICTPBIN U TOYHBINA CEHCUHT [4-6].
Ha »tame OplcTporo ckaHMpOBaHHUS MCHONB3YETCA aIrOPUTM TIpyOOro CEHCHHra, HamlpuMmep,
UCTIONB3YeTCsl AeTeKTop »Hepruu. CTaausi TOYHOTO CEHCHHra WHUIMUPYETCS Ha OCHOBE PEe3YIbTaTOB
ObICTpOro ceHcuHra. TOYHBII MOHHUTOPHHI BKIIOYAaeT Oojiee MOAPOOHOE OMpEeIeNiCHHE COCTOSHUS
3aHITOCTH PAJUOYACTOTHOTO CHEKTpA, IJI€ YK€ MPUMEHSIOTCA 0oJiee CIOXKHBIE U TOYHBIE METO/AbI. JTO
HEOOXOAMMO JUIsl YCTpaHEHUsT HEOMNpENeJeHHOCTH [7], KoTopas MOXKET BO3HHKHYTh INpuU cOope
uH($OpMaIlMK BTOPUYHBIM MOJIB30BaTEIEM O COCTOSIHUM 3aHSATOCTH YaCTOTHBIX PECypCOB KaHaja CBS3U U
TaKUM 00pa3oM IMOBIIUATH Ha IPOU3BOIUTEIHLHOCTh pa00OTHI KOTHUTUBHOW CUCTEMBI. HECKOIBKO METO/IOB,
KOTOpBI€ ObUIM IPEIOKEHBl M BKIIOUEHBI B MPOEKT CTaHAApTa, BKIIOYAIOT JIETEKTUPOBAHHE DHEPTUH,
CEHCHHT 10 Gopme BoJHbI (0OHapy:xeHue nocienoareabHoctd PNS11 win PN63 u/unmn o6HapyxeHue
CHUHXPOHM3AIlMM CEeTMEHTa), JETEKTUPOBAHHE IO IMKJIOCTALMOHAPHBIM MpPHU3HAKAM U TPHUMEHEHHE
coriacoBaHHOro ¢uibTpa. ba3zoBas cTaHIMS MOXET pacHpeleNsTh Harpy3Ky IO CEHCHUHTY MEXIy
a0OHEHTCKMMHU CTaHIMsIMH. Pe3ynbTaThl mocTymairoT B 0a30BYIO CTaHIMIO, KOTOpas HCIOJIb3YEeT 3TH
pE3yJBTaThl Ul YIPABIEHUS NIEpeJaYaMHu.

B o0meM BuIe CKaHMpPOBaHMS CIHEKTpPa MOXHO BBIpa3uUTh KaK 3ajqadyy OMHApHOM NpPOBEPKHU

runoTe3sl: H 0o~ HepBHqHBIﬁ MOJIb30BATCJIb OTCYTCTBYCT, H 1~ HepBI/I"IHHﬁ MIOJIB30BaTC/Ib pa60TaeT (¢10)
CIICKTPOM. BepOSITHOCTL KOPPEKTHOI'O O6H&py>KeHI/I5{ NEPBHUYHBIX MOJIb30BaTeNIeH Pd U BCEPOATHOCTDH
JIOJKHOM TPpEBOI' Pf HUMCIOT BaXXHOC 3HAYCHHUC [JI OLICHKH B(I)(IJCKTI/IBHOCTI/I O6H8.py>KeHI/I$I 151

ONPENENAI0TCS KaK:
P; = P{decision = H,;) |H,
P = P{decision = H;) |H, (1)
OpHoM U3 TPy METOJOB CKAHUPOBAHMSI CIIEKTPa SBISETCS METOJI OOHApYKEHUs MepeaaTdyuka —
METO/I OCHOBAaHHBIM Ha OOHAPYXEHUW BTOPUYHBIMH IOJIH30BATEISIMU CJIA00OTO CHTHAjA OT MEPBUYHOTO
nepenatarka. O000MEHHAS MOIETTh METOIa OOHAPYKEHUS TIepeaTINKa MOXKET OBITh BEIpaYKEHA KaK:
(n) = {W(n) H,
T +wn) Hy
re x(n) — IpUHATHIN CUTHAM, Y(n) — epeAaBaeMblii CUTHAII, W(71) — IIyM.
Hy — wyneBas rumortes3a, COTJIACHO KOTOPOM B OIPEACIICHHOW TOJOCE YacTOT HET TEPBUYHBIN
noJib30Bareseid, a H; yKka3plBaeT Ha HaJM4Ke MEPBUYHBIX MOJB30BaTENeH B JAaHHON MOJI0Ce 4acToT [§].

2)
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st ouenku 3pPexTuBHOCTH HanOOIee MIMPOKO UCIOIB3YEMBIX B HACTOSIIEE BPEMs B CHCTEMax
KOTHUTUBHOI'O PaJIiO0 METOJI0B MOHUTOPUHIA 3aHATOCTU YACTOTHBIX PECYpPCOB KAaHAJIOB CBS3H IPOBEIAEM
X UMHUTAIMOHHON MOJEIUPOBAHUE.

OBHAPYKEHHUE D)HEPI'HH IETEPMUHHUPOBAHHBIX CUT'HAJIOB B AJ/I/IHTHBHOM
IHIYME
Hy: mocnenoBaTeIbHOCTh OTCUETOB SABJISETCA HEKOTOPOUM CIIydalHOW IMOCIEA0BATEIbHOCTBIO Ui C
HYJICBBIM MaTEMaTHYECKUM OKHMJIAHUEM, JHCIEPCHEed M TayCCOBCKUM paCIpeleeHHUEeM, TaK 4YTO
KoppensuoHHast GpyHkus pasua [9]:
O',f , =0
R =
0, z=#0 (3)

AnbrepHaruBHas runore3a: H, = H, : BBIGOPKa COCTOUT M3 CMECH IIIyMa M CHTHANA
X, =, +u,, “4)
rae S; —curHan, i=1,..., N.
Pemenre B monb3y TOH MM MHOW T'MIOTE3bl NPUHMMAETCA NpU 00paboTke (PUKCHUPOBAaHHBIX N

OTCYETOB.
Torga oTHOIIEHHE TPaBAONIO 00U PaBHO:

N
— n, —m
g(xX) = exp[—#z (x,

u i=1

_ m, + my, )] . (5)
2
[Tpunsatie pewmwenus B mosb3y H, npuHuUMaercs Torjaa, Korja (HavajapHas rumoresa Oosee
paBoNo100HA):

g®=h>1. (6)
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Puc. 1. 3aBucHMOCTB BEpOATHOCTEN OMIMOOK MPOIEAYPbl OOHAPYKEHHS CUTHAJIA B QJITATHBHOM IIIyMe
ot otHouIeHus curHain/mym (ot 0,1 no 2)
Fig. 1. Dependence of the error probabilities of the signal detection procedure in additive noise
on the signal-to-noise ratio (from 0.1 to 2)
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OBHAPYKEHHUE SHEPTHH CUTHAJIOB C HEU3BECTHOH YACTOTOH
B A/UIHNTUBHOM ILIIYME

[TycTh Hauyamo M JUTENBHOCTh CUTHANA §; = d; COS(@W,I) M3BECTHBI, HO HEU3BECTHA YacTOTa @, .

Jlorapudmuueckoe OTHOIIEHUE MTPABAONOI00US ISl TPOU3BOIBHOIO 3HAUEHUSI KPYTOBOM YacTOThI OyAeT
UMEThb BU]I:

1 N
- [a; cos* (i) - 2x,a, cos wi)]

Tu . (7)

[Ipu BbIMONHEHUM HYJAEBOW THUIIOTE3bl (CHUTHAI OTCYTCTBYET) CllydaiiHas BelMYuHa Oyaer

rayCCOBCKOH C HYJIEBBIM MaTeMaTH4YEeCKUM OXHJIaHueM U jucnepcued. [loatomy wnenecoobpaszHo
HCII0JIb30BaTh HEPABEHCTBO:

I(X/w)=-

[ [(X/ o) > hw), ®)
BBIINIOJIHEHHE KOTOPOT0 PUHUMAETCSI 3@ IPU3HAK HECIIPABEAIMBOCTH HYJIEBOM TUIIOTE3HI.
I'panunia KpUTHYECKOM O0JIACTH 3aBUCHUT OT BbIOMpaeMoi 4YacTOThl. JIOJKHO BBIMOIHATHCS
PaBEHCTBO:

h(w) = D,(w)h,,,, 9
rac NMECT MECTO:
a=2(-F(h,,)). (10)
BepOSITHOCTI) MPEBLILMICHUA 3TOIr0 IOpora Npru HaJIn4nuu CUTrHajia OornpeacisiCTCa COOTHOILICHHUEM
1-B8=2(-F(h,,-M{(X/w)! D, (0)) (11)
1
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Puc. 2. 3aBucuMOCTb BEpOSTHOCTEN OMIMOOK MPOIEAYPbl OOHAPYKEHHS CHUTHAJIA B QJITATHBHOM IIIyMe
oT oTHOMIeHus1 curHai/mym (ot 0,1 mo 2)
Fig. 2. Dependence of the error probabilities of the signal detection procedure in additive noise
on the signal-to-noise ratio (from 0.1 to 2)
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JAETEKTUHPOBAHHUE CHUI'HAJIOB 110 IIPU3HAKAM IHK/THYECKOH

CTAIIHOHAPHOCTH
[IpuHuMaeMblid cUTHAT X(7) CYUTACTCS UKIOCTAIMOHAPHBIM, €CJIM €70 MATEMAaTUYECKOE 0KUIaHNE

¥ aBTOKOPPEJISLIUS UMEET IPH3HAKH [IEPHOJANIHOCTH:
my (1+70) = my (1) (12)

R, (t+T0, u+T0) = R, (t, u) (13)
rJie IepUO MaT. OKUIAHHUS U aBTOKoppensuu paseH To. Eciau f M 4 3aMEeHUTH B aBTOKOPPEIALIUOHHOM
ypaBHEHMH Ha t+1/2 ¥ t-7/2, TO OTYyIUM

R (t+3,t=3) = TRE(r)es2m (14)
rae RY mpesicraBisier co0oi HMUKIMYECKYH0 aBToKoppensuuonnyio ¢ynkiuio (CAF), a o o6o3Hauaer

HUKJINYECKYI0 vacToTy. llpenmonaraercs, 4ro IUKIAYECKas 4acTOTa — 3TO W3BECTHBIM IMapaMeTp Ha
npuemMHoit ctopore. CAF BbIYUCISIETCS CIIETYIOMNUM 00pa3oM:

R¥(7) = %f_lgT R, (t +3,t— g) e~J2mat gy (15)
Huxnuaeckas cnekrpanbHas mioTHOCTh (CSD) nmonmyyaercs Tak:
SE) = [, RE(@e# dt (16)

Curnanel, nepegaBaeMbleé OCHOBHBIMM I10JIb30BATENISIMH, B OCHOBHOM COJIEpXaT ITUKINYECKUE
npeUKCHI, paclIupsIONIMecs KOJOBbIE MOCIEA0BATEILHOCTH U T.I., KOTOPhIE UMEIOT MEPUOJUYHOCTH B
UX CTaTHUCTHKE, KaK MaTeMaTuuecKkoe oxkuaanue u aprokoppensaius. Korga seruncnsiercs CSD nist Takux
CUTHAJIOB, 3TO TIOMOTaeT BBIIEIATH Takue nepuoanyHoctu. [Ipeobpa3zoBanne Oypre KOPpPEIUPOBAHHOTO
CUTHAJIa MPUBOJUT K MHUKY HA YaCTOTaX, KOTOPHIC SIBISIOTCS CHEIU(PUYCCKUMHE IS CUTHAIa, U TOUCK
9TUX MHUKOB MTOMOTAET B OMPEEICHUH MPUCYTCTBHUSI OCHOBHOTO IMOJIb30BATENs, TOT/IA KaK IIyM SIBJIIETCS
CIIy4alHBIM I10 CBOEH MPHUPOJIE U OH HE MPOSBISET TAKUX MEPUOJAUYHOCTEH, TOATOMY OH HE BBIACIISICTCS
B miporecce koppensiuu [10]. ITo MokHO TpoHAOII0IaTh HA MOTYYEeHHBIX rpadukax (puc. 3-5).

g 210 . . : ; . : : ;

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Puc. 3. lluknndeckas crieKTpajabHas IIIOTHOCTH JJIsl CHTHANA + IIIyM
Fig. 3. Cyclic spectral density for the signal + noise
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Puc. 4. lluknmyeckas cekTpaibHast IVIOTHOCTh CHTHAJIa 0e3 Iryma
Fig. 4. Cyclic spectral density of the signal without noise
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Puc. 5. uknuyeckas creKkTpanbHasi INIOTHOCTh LIyMa
Fig. 5. Cyclic noise spectral density

AHAJIU3 39ODEKTUHBHOCTH METOJAOB JETEKTHPOBAHHUA CHI'HAJIOB

AHanu3 3¢ (HeKTUBHOCTH TPEIOKEHHBIX METOI0B JIETeKTUPOBaHus mpoBeeH B cpene MATLAB ¢
NOMOIIbI0 HMMHUTALlMOHHOTO MOJeNupoBaHus. B kadectBe kputepuss 3(QQexkTuBHOCTH BBIOpaHa
BEPOSATHOCTH OOIIEH OLITHUOKH Py

W3 rpaduka, mpeacTaBIeHHOTO Ha PUCYHKE 6 BUAHO, 4TO Hambosee 3((HEeKTHBHBIM METOJIOM B
YCJIOBUAX HHU3KHUX 3HA4YECHUH OTHOIIEHUS CI/IFHaJ'I/HIyM ABJACTCA METOA ACTCKTUPOBAHHA IO IMPU3HAKAM
HUKJIAYECKON CTAallMOHAPHOCTH.

MGTO)II)I ACTCKTUPOBAHUA SHCPIrun MpU BBICOKOM YPOBHC IIyMa B JIMHUU CBA3U MUMCIOT BBICOKYIO
BEPOSTHOCTHh OIMMOKN OOHAPY)KEHHS CHTHaJa MEPBUYHOTO TMOJIB30BATENs KaHayia. B mimaHe cloKHOCTH,
JIETEKTOp YHEPTUU MPOIIE B PeaTu3allii U TpeOyeT MEHbIIIEe BHIYUCIUTEIHHON MOIIHOCTH B CPABHEHHH C
METOAOM JOETCKTHPOBAHUA I10 IMPU3HAKAM HTHUKIOCTAIMOHAPHOCTH. HOBTOMy 9T METOABI IPHUHATO
UCIONb30BaTh BMECTE B KOTHHUTHBHOM PaJM0, MPH OBICTPOM CEHCHUHTE TJe HeT TpeOOBaHWs BBICOKOU
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TOYHOCTH JETCKTUPOBAHUS U TOYHOM CEHCHHTE, TJEe MPOBOJIUTCS OoJiee TIIATEThHOEC CKAHUPOBAHHE
cnektpa. IIpoGiieMa ¢ ompejeneHHeM IIEPBHYHOrO ITOJIB30BATENs CBSI3aHA CO CBOMCTBAMH PealIbHBIX
KaHaJOB CBsI3M. MHOTOJIy4€BOE 3aTyXaHHWe, 3aTCHCHUS, W Jpyrue (aKTOpbl BBEIHYXTAIOT CHCTEMY
KOTHHTHBHOTO paJno paboTaTh B YCIOBHSX CIOKHOM T1OMexoBOoM oOcraHoBke. HekoTtopsie
JUIICH3UPOBAHHbIC CUTHAJBI (HampuMep, MU(POBOE TENECBHICHUE) MOJDKHBI OBITh JCTCKTHUPOBAHBI IPH
HHU3KOM 3HaueHnu SNR.
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Puc. 6. CpaBHUTEIIBHBIN I'paduK TPEX METOJIOB JICTCKTUPOBAHUS CUTHAJIA
Fig. 6. Comparative graph of three methods of signal detection

3AK/IOYEHUE

W3 mpoBeneHHOro aHanmu3a BUIHO, YTO Jake HauWOoJiee TOYHBIA METOJ JETEKTUPOBAHHUS TIO
[UKIOCTAlMOHAPHOCTA TPH HU3KUX 3HAYEHUSX CHUTHAN/IIYM HE MOXKET TapaHTUPOBaTh TOYHOCTH
ompeneneHus. B Takux ciydasx cHUCTeMa MOMKET CTaJIKUBAaThbCS C MPOOJIEMON HEOIpeaeIeHHOCTH
MPUCYTCTBHUS TEPBUYHOTO MOjb3oBaTens. [loaTomy s cTaOMIBHOCTH pabOThl CHCTEMBbI HEOOXOAMMO
MPUMEHSTH JOTIOJHUTEIbHBIE HHCTPYMEHTHI U3 00JIaCTH METOJIOB IPUHSATHUS PEIICHHUS.

Uccneoosanus evinonnensvt npu noooepaxcke epanma POOU Ne 17-07-00268
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