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3anponoHOBAaHO AJrOpuTM PO3B’sI3aHHA 3a4adi onTuMizauii po3moginy 4YacTOTHOrO
pecypcy IJIsi Mepesk MOOLILHOTO 3B f13Ky. B 0CHOBY ajropuTmMy mokJajgeHo MeTo] JIOKAJILHOI
onTuMizauii — oAMH 3 HA0JIMKeHUX METOAIB AUCKPETHOr0 MporpaMyBaHHs. B nubomy BUnaaky
YMOBOIK0 JIOKAJIbHOI ONTUMAJBHOCTI € Te, 0 Po00Ya YacTOTa, sIKa MPUCBOIOETHCA YepPro.iii
a0oHeHTCHbKIH cTaHUil MOBUHHA OyTH HaHOJMKY0I0 /10 MPUCBOEHOI HA MONEPeIHLOMY KpoIi
4acToTi, ajie PY HbOMY NOBHHHI 0yTH BUKOHAHI BUMOTH €JIEKTPOMATrHiTHOI CyMiCHOCTI.
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Individual elements of systems and networks using radio links, to interfere with other
network elements, and in turn, they are subject to interference effects. Designed by many
methods, techniques, theoretical studies devoted to improving the eectromagnetic
environment in radio, the problem of electromagnetic compatibility. We can assume that in a
hospital, especially when considering dueling (transmitter — receiver) electromagnetic
compatibility problems at the design stage is almost solved. The situation itself and the
electromagnetic environment complicates the fact that this situation is often made various
random factors that bear unpredictable character. Under these conditions in advance to
calculate the eectromagnetic environment and to solve the problem of eectromagnetic
compatibility with sufficient accuracy is not always possible, and often impossible due to a
priori uncertainties.

With the advent of mobile network signal and interference environment has become
much more complicated. An increasing number of radio eectronic devices for different
purposes lead to the formation of the plural character of the electromagnetic interactions
between them. At the same time it becomes even more fundamental shortage of frequency
resour ces, exacerbated by the problem of electromagnetic compatibility. Find ways to solve
this problem, you can use cognitive frequency resource allocation with frequency reuse.
Cognitive system with the allocation of resources, including the frequency and must have self-
mechanisms with different levels of ability to adapt to a changing radio environment. At the
same time self-ar rangements based on the principles of lear ning and artificial intelligence.
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When the cognitive spectrum distribution network, each subscriber station must
continuously be monitored spectrum for the presence of free channels. The analysisresults are
transmitted base station, and it takes the final decision on channel availability. When deciding
the base station based on results of spectrum analysis, the location information and the
auxiliary information.

An algorithm for solving the problem of optimizing the allocation of frequency resour ce
for mobile networks. The algorithm is based on local optimization method — one of the
approximate methods of discrete programming. In this case, local optimality condition is that
the subscriber station is assigned the next operating frequency to be closest to the assigned
frequency in the previous step, but it must be carried out electromagnetic compatibility
conditions.

Key words. M obile networks, electromagnetic compatibility, resour ce allocation.

Berynuienune

C nosiBiierneM cereii MoommpHOM cBsi3u (CMC) curnanbHo-TIoMexoBast oocraroBka (CITO) crama pesko
yenoxkusteest [1]. Bce Bo3pacraroiiiee KOMHYECTBO —PaauodIeKTpoHHBIX cpeactB  (POC)  pasnuyHoro
Ha3HAYCHHUS MPUBOOAT K O6pa3OBaHI/IIO MHOXCCTBECHHOI'O XapakTepa SJICKTPOMAarHUTHBIX B3aHMOIIeI>iCTBHI71
Mexay HuMH. [Ipu 3toM kK CMC OTHOCATCS HE TOIBKO CTaBIIHE Y)KE€ TPAAUITMOHHBIMU CHCTEMBI COTOBOM
CBSI3H, HO U CHCTEMbI TPAHKUHIOBOM, TICH/DKUHIOBOW CBsI3U, CUCTeMbl aboHeHTckoro pamuopoctyna (CAPJT).
ITpu 5Tom CAPJI MHTEHCHBHO pa3BUBarOTCs, ocobenno B texuonormsax Wi-Fi, Wi-Max, LTE. IIpogomxkaror
pa3BHUBATBHCS TaKXKE CUCTEMBI PaJMOPENIeHHOM, CITyTHUKOBON M JPYTUX BUAOB PaguocBsA3u. OIHOBPEMEHHO C
3TUM ellle OoNee MPUHIUITHAIBLHBIM CTAHOBUTCS ASPHIIMT YaCTOTHOrO pecypca, odboctpsiercs npodiaema IMC.
Haiit mytu pemieHus AaHHOM MpoOJieMbl MOXKHO, HMCHONB3YSl KOTHHTHBHOE PACIPEIETICHUE YaCTOTHOTO
pecypca [2-5] ¢ mOBTOPHBIM KCIIONB30BaHHEM 4acToT. CrcTeMa ¢ KOTHUTHBHBIM Paclpe/iesieHHEM PeCypcoB, B
TOM YHCJE€ M YaCTOTHOrO [OJDKHA 00Ja/JaTh MEXaHM3MaMH CaMOYIIPABICHHS C Pa3IMYHbIMH YPOBHIMH
CIIOCOOHOCTH aJIalITHPOBATLCS K U3MeHstoleiicss paguocpene [6-8]. [Ipu 3ToM MexaHU3Mbl CAMOYIIPABIICHHS
0a3upyrOTCs Ha MPUHIMIIAX 00yYEHHS M HCKYCCTBEHHOI'O MHTEILICKTA.

IIpn KOTHUTHUBHOM paCIpeleieHHH CHeKTpa Kaxkaas aboHeHTckas cranuus (AC) cetd J0KHA
HEMIPEPBIBHO BBINTOIHATE MOHUTOPHHI' CIICKTpa Ha HAJIW4YUC CBO6OZIHBIX KaHaJIOB. Pe3yJIBTaTBI aHaJin3a
nepenatorcs OazoBoi crannuu (BC), W OHa NPUHMMAET OKOHYATEIBHOE PEIICHHE OTHOCHUTEIBHO
npurogHocti kanaia. I[lpu npussatum peumienus BC onmpaercs Ha pe3yibTaThl aHaiM3a CIEKTpa,
HH(GOPMAITHIO O MECTOIONIOKEHHH, a TAKXKe Ha BCIIOMOTaTeIbHYI0 HH(opManuio [4].

AJITOPUTM pacrpejieJieHUsi YACTOTHOI'0 pecypca ¢ MOBTOPHBIM HCI0JIb30BAHMEM YacTOT
3amaua MUHHMM3AIIHMHU [TOJIOCH YacTOT (hOpMYyIIHpyeTcs ciemyomum oopasom [9-11]. M3eecTHO Ha
JaHHBIA TEKYIIMH MOMEHT pacnonokenue B mpoctpaHctBe N AC B 30He obchyxwuBanus bC B BHIe

MaTpPHIIBI B3aUMHBIX PACCTOSHHI ”dij ”, i,j=12,...,N. YcmoBus coBMecTHOro ucmoiap3oBanus AC B 30He

obciyxkuBanusi BC onpenensiores GpyHKIMEH 4acTOTHO-TeppuTopuansHoro pasnoca (UTP), koropas mpu
PacCMOTPEHUN TOJIBKO OCHOBHBIX M BHEMOJOCHBIX XapaKTEPUCTHK W3JIyYEHUS W NPHUEMa IPENCTABIAET
€000 MOHOTOHHO YOBIBAIOIIYIO (DYHKIIHIO IOMYyCTHMON paccTpoiiku paboumx uwactor AC Df or mx

B3aMMHOI0 yaajeHus d :
Df = g(d). 1)
Kaxpnoii i-it AC TpeOyercs mnpucBouth pabouyto uwacrory fi,i =12,..,N Tak, 4roOsl mpu
BBINIOJTHEHUHU ycaoBuid DOMC 3aHrMaemMasi MM MOJIOCA 4acTOT

DF = max f; - min f 2
1EIEN 1£IEN

ObLIa MUHUMAJIBHOH, @ €€ MHHIMAJIbHOE 3HAUYCHHE COOTBETCTBOBAJIO OBl 3aaHHOH yacTore fip:

fmin = 2fcp - lrﬁrr?l(\l 1:i . (3)
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o u3BecTHOI MaTpulle B3aMMHBIX PACCTOSHUN "dij ” u 3aganHoi pynkiuu YTP (1) yenoBus DMC
AC B 30He oOcmyxuBanusi bC MOXHO 3amucath B BHIE MAaTPHUIbl JTOMYCTUMbBIX YaCTOTHBIX PACCTPOCK

Mexay AC ”Dfi i ” , DIIEMEHTBI KOTOPOM OrpaHHYMBAIOT BBIOOP PabOYMX YacTOT C MOMOIIBIO COOTHOIIICHHIA:

[ - £;|* Oy, (Of = 0(dj).i,j =12..N,i 7 ). 4

Torma wmaTeMaTHYecKyr0 (OPMYJIMPOBKY paccMaTpUBaeMOi 3aJlaud  MOXHO IPEICTaBUThH

crnenyromum oopasom. B obnactu, onpenensiemoii orpannyeHusiMu (3) 1 (4), HEOOXOIMMO HAWTH TaKHe
3HauYeHHs NepeMeHHbIX fj , IpH KOTOpBIX 1eneBast GyHKIMA (2) MpUHUMAaeT HauMEHBIIIee 3HAYCHUE.

B [6] mpemnioxkeHo pelieHne 3Toi 3a1a4u ¢ MCIO0JIb30BAHHEM METOIOB MpaBHIbHON packpacku N —
BepIMHHOro Tpada. OaHaKo, Kak OBLIO MOoKa3aHo B [12], HCIONb30BaHKME 3THX METOIOB TPeOyeT OOBIIHNX
BBIUMCITUTENBHBIX 3aTPaT M COOTBETCTBEHHO JOCTATOYHO OOJBIIONO BPEMEHH Ha pachpeieiacHue
4acTOTHOrO pecypca. s MOOMIBHOW ceTH Ha JTtane ee (YHKIMOHUPOBAHHS 3a/ady paclpeaeieHus
YaCTOTHOTO pecypca HeoOXOAMMO peIIaTh B PealbHOM Maciitabe BpeMeHH C JUHAMHYECKON MaTpHICH

B3aUMHBIX PACCTOSHHUH ”di i ” .
B [9] npemiokeH anroputrMm pemieHHs 3aJadd ONTHMAJIbHOI'O PACHpPEENICHUS 4aCTOTHOTO

pecypca uisi GUKCUPOBAHHBIX CITYKO CBSI3HM, UMEIOIUN N2 BBIYHCIHTENBHYIO CIIOXKHOCTD, YTO MPH
JOCTATOYHO OONBIIOM OBICTPOACHCTBUM BBIYUCIUTEIBHON TEXHUKH IO3BOJUT peElIaTh TAaHHYIO
3a/lady B peaJibHOM MacimTabe BpeMEHH. JTOT alrOpUTM pa3paboTaH Ha OCHOBE HCIIOIb30BaHUS
MeToJa JIOKaJbHOH ONTHMH3AIMH — OJHOI'O W3 MNPUONIKEHHBIX METOJOB JHCKPETHOTO
nporpaMMUpoBaHus. B maHHOM cllydae YCIOBHEM JIOKAJIbHOW ONTHUMAJIBHOCTH SBISETCS TO, YTO
npucBanBaeMas ouepenHoii AC paboyas wacToTa JOJDKHA OBITh ONrokadiiell K NMPUCBOCHHOW Ha
MpeIbIIYIIEM IIare 4acToTe IMPH YCIOBUU COOTHOIIEHU (4).

CyTtb 3TOr0 anroputMa coctouT B cienyromiem [10,11]. ITycts B pe3ysbraTe BHIIONHEHUS K I1aroB

ajropuTMa (lE k£ N - l) “MeeM cienyrolnee pacnpeaeneHue yacror 0= fVl £ f\,2 £..£ ka , e v, —
Homepa AC, KOTOPBIM HPHCBOSHBI YacCTOTHI fVi (i =l,...,k). Torma B COOTBETCTBHHM C YCIIOBHEM

JOKaJbHOM ONTHMH3alMUu HOMEp Vi4q ouepennoir AC nHa K+1 mare airoputMa onpeensercsa U3

COOTHOIIICHUS.
Vk+1 =arg min - max (Dfi\,I - fy + 1y, ) (5)
IEIEN  IEIEK
[ERVIAY S

rie Dfiv, — pa3Hoc yactoT Mexnay i -it AC (craHums, KoTopoil He nprucBoeHa yactora) U Vf AC (crannus,
KOTOpO# mpucBoeHa vacrora); f — yacrora, nmpucBoeHHas Ha K -M miare; fVI — YacToTra, IPUCBOCHHAS

V| -¥ CTaHIIMH.
Tak ompenensroT MakCHMMalbHbIC DJIEMEHTHI B KaXJIOM CTOJOIIE MaTPHIBI YaCTOTHBIX PACCTPOEK
(Dfi\,I - ka + fVI) Mexay AC ¢ yXe NPUCBOGHHOW W HE TMPUCBOCHHON YacTOTOW W 3aTeM HaXOJAT

MUHHMMAaJbHBIN 351eMeHT. OH U onpenenser HoMep Vi 4 odepenHoii AC.

[TonmoxeHue Ha YaCTOTHOM OCH OMPEEINSAIOT U3 BHIPAKEHUS:

fyy = fu * Erirgi“ max [Ofiy, - fy, + Ty )- (6)
[ERVIIAY S

B kauecTBe HaualbHOM TOYKM V4 BbIOUpaeTcs MpousBonbHbIN HoMep AC. [l BBINOIHEHUS
yenoBus (3) 3amauu ONTHMHU3AINY MOJIOCKI YACTOT HEOOXOAMMO BCE MOJTYYCHHBIC YaCTOTHI YBEIUYUTh HA

fmin, YTO He HAPYIINT BHITIONHEHHE COOTHOMICHH I (4).
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AHanau3 3 GeKTHBHOCTH AJITOPUTMA pacnpeaeeHUsi YaCTOTHOT0 pecypca ¢ MOBTOPHBIM
HCIO0JIb30BAHHEM YACTOT

[IpuBeneM mpuMep NMPAKTHYECKOr0 MPUMEHEHHUS ajlrOpUTMa PacHpeAeicHHs] YaCTOTHOIO pecypca
st CMC, ucnone3ytorneit crangapt Wi-Max. Cern Wi-Max ucnons3yror texuonoruio OFDM. Paznoc
4acToT MeXAy noaHecyuwmu coctarisier 70 kI'1. ITycTs B pe3yibTaTe MOHUTOPHHTA CIIEKTPA HE 3aHATOU
MOJIOCOM 4acToT okazanack momoca or 2,25 I'Tu mo 2,5 I'Tu, Beigenennas mist nepenaun AC B
nanpasienun BC. Iomoca B mpenenax or 2,1 I'Tu g0 2,2 I'T'1y oka3anack 3aHsTol. Takum 00pa3oM, B
muanasone or 2,25 I'Tu go 2,5 I'T'n mosBuiack “crekrpanbHas apipa’. Pe3ynbraThl MOHMTOpPHHIA
npeacTapiieHsl Ha puc.l. BBepxy Ha puc.1l oToOpakeHa MOJHOCTBIO 3aHsATas oj0ca.

Welch Power Spectral Density Estimate
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Puc. 2. Pasmewenue AC 6 30ne 00caysicusanus
Puc. 1. Peszynomam monumopunea BC cemu Wi-Max

cnexkmpa cemu \M-Max

3amava cocrosuia B TOM, 4TOOBI B Tpenenax CBOOOAHOHM TIOJIOCHI BBIACTUTh MaKCHMallbHOE
KOJTMYECTBO YaCTOTHBIX KaHanoB /st AC B 30He 00ciyxuBanus bC.

Hnst mogenupoBanus Ha DBM koopauHaThl pa3merieHus AC BBIOHpAINCH CITy4allHBIM 00pa3oM
[0 TayCCOBOMY 3aKoHY pacmpenenenus. [Ipumep pasmenienus AC B mpoCTpaHCTBE IMOKa3aH Ha puc. 2.

Pacuer maTpuLbl B3aMMHBIX PacCTOSIHUI Hdi i “ Mex 1y AC MPOU3BOAMIICS COTJIACHO BBIPAKEHUS:

— 2 2 2
dj =06 - )2+ (- Y2+ (5 - 27)? ™

rae %, VY, Z -KOOpIMHATHI pazMmemneHus i - i AC.
Martpuia JOMyCTHMBIX YaCTOTHBIX PACCTPOEK (hOPMHPOBAIACH C IMOMOIIBI0 MATPHIIBI B3AHMMHBIX

paccrosHui Hdij H u pynkiun YTP [11]:

170xTy, 0<djj <2

Dfij (d)=}46,7 % 1xly, 2£dj<5xru; (8)
! i
'IfO, dij >5xm.

B cooTrBercTBUU ¢ paccMOTpeHHBIM airoputMoM W (GyHknueir UTP, pa3MenieHHbIX ciydailHbIM
obpazom AC B mpoctpaHcTBe (puc. 2), MPOM3BEAEHO paclpeaeiieHne 4acToTHOro pecypca mexay AC B
nuanasone or 2,4 no 2,4065 I'T1y ¢ COOTBETCTBYIOIIMM INPHUCBOCHHUEM UM 4YacToT. Ilpumep Takoro
MPHUCBOCHHS YacTOT MokazaH Ha puc. 3. [Ipum 3ToM, Kak BHIHO W3 pHC. 3, B Ipeaeiaax CBOOOAHOIO
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YaCTOTHOT'O JMala3oHa BhIJACICHO 256 JOMOMHUTEIBHBIX KaHAIOB, YTO MO3BOJISET 3HAUNTEIILHO YBEIHYUTh
KOITM4ecTBO 00cmyxuBaeMbix AC.

Ha puc. 4 npencraBieHa 3aBHCHMOCTh I[IMPHHBI Tomockl yactror DF  or kommuectsa
obciykuBaembix aboHeHTckux cranuuit N cern Wi-Max. KpuBast 1 Ha TaHHOM PHUCYHKE COOTBETCTBYET
CITy4aro pacrpe/elieHHs YaCTOTHOTO pecypca 6e3 MCIONb30BaHMsI MPEATI0KEHHOI0 METo/Ia, a KpuBast 2 ¢
WCTIOJIb30BAaHMEM METOJ]a TOBTOPHOT'O HCIONB30BaHMs 4acToT. [Ipw 3TOM Kak BHIHO W3 puc. 4 mpu
pacnpeneiacHur 4actor Mexay 64-ms AC monoca 4acTOT yMeHblnaercs Ha 2,6623 MIu. Ilpu
pacnpeneiacHur 4yactoT Mexay 128-ms AC mosnoca vactor yMmeHbinaercs Ha 52996 MI'n. Ilpu
pacnpenencHun 4dactor Mexay 192-ms AC momoca yactor ymeHbmaercs 9,0163 MI'm. A mpu
pacnpeneacHuH 4acToT Mexay 256-10 AC nosoca yactot yMmeHbinaercs Ha 11,92 MIm.
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Puc. 3. Ilpuceoenue yvacmom AC cemu \Wi-Max Puc. 4. 3asucumocmo wiupumvl ROJIOCHL YHACMOM OM

Konuwecmea abonenmckux cmanyuii cemu \Wi-Max

Taxum 00pa3oM, MOKHO clefaTh BBIBOJ O TOM, YTO C POCTOM YHCJIa OJHOBPEMEHHO OOCIYXKH-
BaeMbIX AC 3pQeKTUBHOCTh METO/1a TIOBBIIIACTCS.

BriBoabI

1. Haifth nyTta pemieHus mpoOJIeMbl 3JEKTPOMATHHTHOM COBMECTUMOCTH CETEH MOOMIIbHON
CBSI3U TIpH Je(UIIUTE YACTOTHOTO Pecypca MOXHO, HCIIONB3Ysl KOTHUTHBHOE paclpesielieHue pecypca ¢
MTOBTOPHBIM HCIOJB30BaHHEM 4acToT. CucTeMa ¢ KOTHUTHBHBIM paclpeielieHneM PecypcoB, B TOM YHCIIE
W 4acTOTHOTO, JIOJDKHA 001a/laTh MEXaHU3MaMH CaAMOYTIPABJICHHS C Pa3IMYHBIMK YPOBHIMH CIIOCOOHOCTH
aIalITHPOBATRCS K M3MEHsIoNIeics pamuocpesae. [Ipu 5ToM MeXxaHU3MBbl cCaMOyIIpaBiieHus 0a3upyroTcsi Ha
MPHHIUINAX 00y9YeHUsI M HCKYCCTBEHHOTO MHTEIIICKTA.

2. TlpeanoxkeH anTopuTM peUICHHS 3aJadd ONTUMH3AIMHU paclpeeleHns YaCTOTHOI'O pecypca
JUIA CeTell MOOWJIbHOW CBs3M. B OCHOBE aJirOpHTMa JISKHT METOM JIOKAJbHOW ONTHMH3AI[MM — OIUH M3
MPHOJIMKEHHBIX METOJI0B JHCKPETHOrO0 MPOrpaMMHUpPOBaHUs. B JaHHOM cilydae yCJIOBHEM JIOKAIbHOW
ONTHUMAJILHOCTH SIBJISCTCS TO, YTO NpHCBAaUBaeMasi O4epeJHON aOOHEHTCKOW CTaHIMK pabouas yacTtora
JOJDKHA OBITh ONMVKaWIIeH K TPHUCBOGHHOW HA MPEIBIAYIIEM IIare 4acrore, HO TPU ITOM JIOJKHBI
BBITIOJTHATHCS YCIOBHSI DJIEKTPOMArHUTHOH COBMECTUMOCTH.

3.  IIposenen ananmus 3GEeKTUBHOCTH Ha MPHMEPE MPAKTHUIECKOrO MPUMEHEHHS aITOPUTMA JUIS
ceTH MOOWJIBHOM CBsi3M, Mcmonb3yromied cranmapt Wi-Max. TIpousBeneHo pacrpeeneHie 4acTOTHOrO
pecypca Mexay aOOHEHTCKMMH CTaHIMSAMH B auanazoHe ot 2,4 mo 2,4065 I'Ti ¢ COOTBETCTBYIONIUM
MPHUCBOCHUEM UM YacTOT. AHaJIH3 [T0Ka3all, YTO B Mpejenax CBOOOAHOT0 YaCTOTHOTO TMAna3oHa BBIACICHO
256 NOMONMHUTENBHBIX KaHAJOB, YTO MO3BOJSET 3HAYUTENBHO YBEIHYUTH KOJIMYECTBO OOCITY>KHBAEMBIX
AC. TlonyueHa 3aBHCHMOCTb IIMPUHBI TOJOCHI YacTOT OT KOJIMYECTBA OOCITY)KHBAEMBIX aOOHEHTCKHX
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cranmmii cern Wi-Max. AHanu3 mnokaszajl, 4TO C POCTOM 4YHCJIa OJHOBPEMEHHO OOCITY)KHBaEMbIX
A0OHEHTCKHMX CTaHIUH 3P PEKTHBHOCTh METO/Ia TIOBBIIIACTCS.
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