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JlucepTallMOHHUST TPYJ c€ ChCTOM OT 143 nucra.
OcHogeH Tekert - 130 nucra.
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3. pmou. n-p umk. Tuxomup CroupmoHoB Tpudonos — IlymeHcku
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VBOJI

1. HayuyHa HOBOCT HA 1M CEePTAIIUOHHUSA TPY/

Hayunara HOBOCT Ha nUCEpPTAIMOHHUS TPYJ] CE ChbCTOU B:

» AHamu3 Ha pa3BHTHETO Ha COPTYEpHO AePUHHpPAHUTE PATUOCUCTEMH,
MO3BOJISBAIIY T0-€(DEKTUBHO U3IOI3BAHE HA PAAMOYECTOTHUTE PECYPCH.

» AHamu3 Ha METOAWTE 3a CJCJCHE Ha CIEeKTbpa H JedUHUpAHE Ha
BB3MOKHUTE PEIIECHUATA 3a IOCTPOCHHE Ha CHUCTEMara 3a JIWHAMHYCH
JOCTBHIT JI0 YECTOTHUTE PECYPCH.

» W3cnenBane Ha CBOWCTBaTa MW XapaKTEPUCTHKUTE HA COPTyEepHO
neUHUPAHUTE PATMOCUCTEMHU 3a W3TPaXKJIaHe HAa CHCTEMa 3a JWHAMHUYCH
JOTHIT JI0O YECTOTHH pPECcypcH Oa3upaHa Ha OPTOTOHAIHO pas3JeisHe U
MYJITHUIUIEKCHPAHE.

» Anamu3 Ha codTyepHO JePUHHPAHUTE CHUCTEMH, KaTo CpEICTBO 3a
CMEKYaBaHe Ha MpoljemMa C YEeCTOTHOTO pasNpe/esieHHe U T'bBKABO MY
U3IOJI3BaHeE.

Obexm Ha uszcredsaremo ca cOoPTyepHO ACHUHHPAHUTE PATAOCHCTEMH,
KOUTO TIO3BOJISIBAT Ja CE€ M3IMOI3BAT MO-€()EKTUBHO OHE3W YaCTH OT PAJAHOCIICKTHPA,
KOUTO Ca HEU3MOJI3BaHU WIH CJ1a00 HATOBAPEHHU.

Ilpeomem na uscredsanemo ca BB3MOXKHOCTUTE Ha COPTYEpHO
neUHUPAHUTE PATUOCUCTEMH W MpPEXH 3a JUHAMHYCH JOCTBII, C OIJIeN

noA00psiBaHe Ha U3MOJ3BAEMOCTTA HAa PAIUOCIICKThPA.
2. Ilea u 3a1a4m Ha AUCEPTALIMOHHUS TPYA

HacrosmusT aucepTraliioHeH TPy MMa 3a 1eJ1 U3BbPIIBAHETO HAa aHAJIU3 Ha
copTyepHO AePUHUPAHUTE PATUOCHUCTEMH M CHUHTE3 Ha aJrOPUTMHU 3a CUTYpPEH
oOMeH Ha wuH(MOpMaIUs TOCPEJACTBOM U3IMOI3BAHE HA CJIOKHU CHTHaIu U
noJiyueHara nHdopmaius 3a IpOCTPAHCTBEHOTO PA3MOJIOKEHUE HAa TTOTPEOUTENNTE
3a OCUT'ypsiIBaHE Ha JMHAMUYEH JOCTBI JO YECTOTHUTE PECYPCH.

3a MOCTUTAHETO Ha MOCTaBEHATA IIeJl € HEOOXOAMMO Jla C€ PelIaT CICTHUTE

3aJa4n.



1. Anamms Ha pasButueTo Ha codTyepHO Ae(QUHMpaHUTE OE3KUYHHU
KOMYHUKAIIMOHHU MPEXH U CHUCTEMH, C I OTKPUBAaHE Ha BB3MOXKHOCTH 3a
nogoOpsSBaHETO WM W CBH3/IaBaHETO Ha  aJanTHBHH, BHCOKOS(HEKTHBHU

KOMYHUKAIITMOHHU MPCIKH.

2. CpaBHUTeNEH aHAOM3 HAa MOJENH 3a JOCTBII 10 pajuo cpelata u
QITOPUTMU 3a B3EMaHE Ha pelieHue, ¢ I1ed Mo-¢()eKTUBHO YIPaBJICHUE Ha
CIIEKTHPa, MPHU MOCTOSHHO MTPOMEHSIIATA CE eIEKTPOMArHUTHA OOCTaHOBKA.

3. AHanu3 Ha METOJUTE 3a CJICJICHE Ha CHEKThpa B ChHIINECTBYBAIIUTE
PaTMOKOMYHUKAIIUOHHU CHUCTEMU W JedUHUpaHE Ha BB3MOKHUTE pEIICHUS 3a
MIOCTPOCHHE Ha CUCTEMATa 3a JUHAMHUYCH JIOCTHII IO YECTOTHUTE PECYPCH.

4. Amnamu3 Ha METOJMTE 3a OINpEACNISIHE Ha MECTOIOJIOXEHHUE Ha
U3TOYHUIINTE Ha EJICKTPOMarHWTHAa CHEPrus B CMECEHa MHOTOIOTPEOUTEIICKA
cpena.

5. CuHTe3 Ha aNropuTMH 3a JUHAMHUYEH JOCTBII 0 YECTOTHUTE PECYPCH.

6. M3cnenBane Ha CBOMCTBATA M XapPaKTEPUCTUKUTE HA CIIOKHUTE
CUTHAJIU ¥ UHTETPUPAHETO UM B COPTYyEpHO NePUHUPAHUTE PATUOCUCTEMH.

PemiaBanero Ha ropHuTE 3a7a4d JaBa BB3MOXKHOCT 3a MOJIOOpsiBaHE Ha

CTCIICHTA Ha M3IOJ3BAHC Ha PaJuOYCCTOTHHA CIICKTbp B KOMYHHUKAIIMOHHO-

UH(GOPMAITMOHHUTE CUCTEMHU.

3. CTpykTypa Ha AHCEPTAHOHHHUS TPY/

HacrosmusT mucepTaliioHEH TPy C€ ChCTOW OT YBOJ, YETHPU TJIABH U
oubauorpadus.

B yBona e 060cHOBaHa aKTyaTHOCTTa Ha TeMaTa Ha JAWCEPTALMOHHUS TPYI,
dopmynupaHa e menTa M ca OMpeleleHH 3aJauynTe Ha M3CJIeIBaHETO, O0eKTa |
npeaMeTa Ha U3Ccie/IBaHe.

B mppBa rnaBa ca aHanM3MpaHW U NPEICTAaBEHH CHBPEMEHHHUTE KOHIICTIIHH
3a ToMOOpsSBaHE W3MOJI3BAEMOCTTa HA YECTOTHHUTE peCcypcH, COPTyepHUTE
ApPXUTEKTYpH 3a aBTOMATH3HPAHO CJIEJACHE W ChHIIECTBYBAIIUTE TPOEKTH 32
codpryepHo nedunHupano paauo. [IpencraBeHa e apXuTeKTypaTa W U3CIEIBAHUATA
3a pa3paboTBaHe W Cb3JaBaHE Ha €AWHHA yHUDHIMpaHa miaaTdopma, KOSITO Ja

OTTOBapsi Ha W3WCKBAHUATA, TMpPEIIBIBAaHU KbM COPTyepHO neduHMpaHute
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PaAMOCUCTEMH M CIIOCOOHOCTH 3a OCUTYpsBaHE Ha €(EKTHBHOTO H3IIOJI3BaHE Ha
paauoyecToTHUsl crekTbp. OmnucaHu ca TpoOJIeMHUTe TPH peau3upaHe M
BHEJpsiBaHE Ha TUIATGOPMHU B CIOKHH CaMOHACTPOWBAIUA CE€ PAAUOMPEXRU U
peIU3BUKATEIICTBATA MMPU KOHTPOJIA HaJl PEKOH(UTYpaeMOCTTa.

BBB BTOpa T7aBa ca mpeacTaBeHW METOAWTE M TEXHUKHUTE 3a CIIC/ICHE Ha
yecToTHU pecypcu. CieneHe Ha TpaHHIaTa Ha WHTEPhEPEHITUS U BH3MOKHOCTH 32
ONTHMH3UpPAHE Ha IPUJIOCTHUS TMPOIEC 1O OTKPUBAHE HA YECTOTHH PECYPCH.
[IpencraBenn ca MOAENUTE 3a CIOACNSHE W WM3UCKBAHUATA TMPH CIOJCISHE HA
YECTOTHH PECYPCH.

[IpencraBeH e MOAXOJ 3a KOMIIOTBPHO TMOANIOMAaraHo IpeaoCcTaBsHE Ha
YECTOTHH KaHAJIM, Bb3MOKHUTE PUCKOBE M M3UCKBaHUSA KbM (popmara Ha JaHHWUTE
3a CIOJICIIsTHE.

B Tpera rnaBa ca mpeacTtaBeHH MOAXOJMTE 3a M3TPaXJaHE HA CHUCTEMA,
0a3upaHa Ha mapaJurMara 3a CHoJIesTHE Ha PECYpPCH, TTOIXOIUTE 3a OTpe/esiHe Ha
MECTOTIONIO’)KEHHUE, KaTO CBINECTBEH €JIEMEHT 3a OMpeleisHe Ha W3XOsIaTra
MOIIHOCT TpW u3TbuBaHe. [IpencraBeH € MOIXO0N 3a HM3rpaXKJaHE HA CUTYPHU
KOMYHUKAIIMHA YPe3 KOMIJIEMEHTAPHU CUTHAJIH.

B deTBBpTa IN1aBa ca MpeACTaBeHU MOIXOM 3a M3MOI3BaHE HA MOTydeHaTa
uHpOpMaIUs 32 MPOCTPAHCTBEHO PA3MONIOKEHHE HAa MOTPEOUTENH 32 peaanu3upaHe
HAa  aBTOMATU3UpPAHO  ympaBieHWe Ha codTyepHO JeduHUpaHA  PaUo
KOMYHHUKAIIMOHHA MpeXa 3a JUHAMHWYEH JOCTBII O YECTOTHUTE PECYpCH, Upe3
OpPTOTOHATHO pa3AeiisiHe W MyJdTUIUIeKcupane. llpemmoken e W moaxom 3a
peanm3upaHe Ha coTyepHO AePUHUPAHU PAIHO-KOMYHUKAIIMOHHU CHCTEMH 4pe3
OpPTOTOHAITHO YECTOTHO Pa3/eiisiHE M MYJITUIUICKCUPAHE, TIOCPEICTBOM H3IIOJI3BAHE

Ha CJIOKHH KOMIIJICMCHTAPHHU CUT'HAJIN.
4. HaquO-MeTonnquKa H neJarorneCka 1moJjae3HocCT

HayuHo-mMeTonuueckara W MeJarornyecka IOJIE3HOCT C€ H3pas3siBa B
JOCTBIIHOTO W METOJWYECKH IIOCJIENIOBATEIHO HW3CIEIBAHE Ha NPOOJIEMUTE,
JOBEKIAHE Ha pe3ylATaTUTe J0 HWH)XXEHEpHA pealn3alys, HW3I0JI3BAaHE HA
[IOJy4YEHUTE pe3yiTaTh KaTo 0a3a 3a I0-HAaTaThUIHO YCBbBBPLICHCTBAHE HA

CbBPEMCHHUTC KOMYHUKAIIMOHHU CUCTCMHU.



['maBa 1. CpBpEMEHHM HAIPABJICHUS 3a MOBUIIIABAHE HA
e(pekTUBHOCTTa TIpH H3MOJ3BAHE Ha CHEKThpa U
BHEIPSABAHE HA HOBU TEXHOJIOTUU

1. Hpe)II/I3BI/IKaTe.]ICTBa npen 0e3:KMYHHUTEe PAAUOKOMYHHUKAIIMOHHU CHCTEMH H

TEXHOJOIrHYHU PpPEIICHUS 3a CHOACJACHO H3I0J3BAHEC HA PAAUOYECCTOTHMA

CHeKTHP

1.1. Toaxomm 3a edeKTHMBHO H3MO/I3BAHE HA eJeKTPOMATHHTHHS
CHEKTBP
Crpororo peryiupaHe ¥ OrpaHHYaBaHE Ha JOCTHIA IO MOAXOASIIM YECTOTHU
IIPEJICTaBIIABA OTPAaHUYCHHE 332 HABIM3AaHETO U U3MOJI3BAHETO HA HOBU TEXHOJIOTHU.
ToBa Hamara 5a ce TBPCAT JIPYrd IMOAXOAW 33 CHBMECTHO ChILIECTBYBAHE, IIO-
e(peKTUBHO H3MOI3BAaHE Ha pa3IMYHU OEPKUYHU CHUCTEMHU IIpH 3ala3BaHe Ha
U3MCKBaHUATAa 3a KayecTBO Ha yciayrure (QoS), ¢ KOeTo aa ce NOCTUTHE

MaKCHUMAJIHO YILTbTHABAHE HA PAJHOYECTOTHHS CIIEKTB.
1.1.5. TexHO0JIOTHH 32 AMHAMHYEH A0CTBII 10 CHIEKThPA.

3a na ce monoOpu e(PEeKTUBHOCTTAa Ha CIEKTbpa, C€ JOMyCKa ChbBMECTHO
chlIecTByBaHe W u3nos3BaHe [104] Ha paguocucTEMHUTE B €IMH U ChI] YECTOTEH
JMana3oH, Ype3 napajurmara 3a AMHaAaMU4eH J0CThI J0 cnekThpa. [loa nuHaMuyHo
yIpaBJICHHE Ha CIEKTbpa ce pa3dupa CIOCOOHOCTTa Ha paguo 00OpYABAHETO
ABTOHOMHO M JUHAMUYHO Ja ONTHUMHU3MpPA CBOUTE OCHOBHM MapamMeTpu C OIJIe]
OCHUI'ypsIBAaHE HAa BB3MOXHOCTH 32 IUIAHMPAHE, NPUCBOSBAHE U paslpeleiIsiHE Ha
YecTOTHUTE pecypcH. EdexTuBHOTO M3non3BaHe Ha crekrbpa [107] ce moctura,
KOraTo €JHO YCTpPOWCTBO 3aeMa NPUOPUTETHO PECYpPCUTE WU OrpaHUyaBa
E€MUCHUUTE JI0 OINpPEAENIEHO AOMYCTUMO HUBO WJIM BHACSAT MUHUMAJIHA CMYIICHUS B
paboTrata Ha OCHOBHHTE I10JI3BATEIH.

Codryepno nedunupanute paauocuctemu (SDR) u korautusHo panuo (CR)
NPEAOCTABAT TEXHOJOTHYHO peleHue [80] 3a mpuiaraHe Ha MOJIENU 3a CIIOJIETIEH U
JUHAMUYEH JOCTBII W MPEACTAaBISABAT JONBIHUTEIEH WHCTPYMEHT 32 I'bBKABO

CHEKTPATHO M €HEepProe(heKTUBHO M3MOJI3BAHE HA €JICKTPOMATHUTHUSA CHEKTHD [1],

[6],[26],[51],[98],[99].



1.2. Tloaxomm 3a wm3rpaxkaane Ha Cco(pTyepHH apPXHTEKTypH 32

ABTOMATU3HPAHO CJICACHE X YIIPABJICHHUEC HA PAAUOYECCTOTHHUSA CIICKTHP

1.2.1. DYHKIHOHAIHH M3HCKBAHUS KbM codryepuara

apXUTEeKTypa

C oryien TAXHOTO HaATpaXKJaaHe U B CbOTBETCTBUE ¢ npenopbkute Ha ITU-R

KBbM TAX C€ OMMCBAT U U3MCKBAHUS KbM (DYHKIIMOHATHOCTTA HA ChBMECTUMUTE 0a3u
JAaHHU, Ha KOUTO TpsAOBa na otroBapsT. TakuBa morat jaa ca [109]:

OTIAJIEYEH JOCTBI A0 CUCTEMHU PECYPCH;

aBTOMAaTUYHO OTKPUBAHE Ha HAPYLICHUS;

HA3HAYaBAHE HA YECTOTH M JIMLEH3UPAHE;

UHTErpUpaHe Ha MHCTPYMEHT(M) 3a MOJIOMaraHe Ha IUIaHUPAaHETO U
BHEIPSIBAHETO;

aBTOMAaTU3MPAHO U3MEPBAHE HA NAPAMETPUTE HA CUTHAIIH;

1.2.2.  Codryep 3a Hab.1101eHHe M ONTHMH3HPAHE H3II0J3BAHETO HA
CIIEKThbpPa 0a3MpaH HA OLEHKA bIJINTE HA MOCThIIBAHE

C ornex yHuduuupane IMpolieca Ha peryjJupaHe M OCHUTYpsiBaHE Ha
BB3MOXKHOCTH 3a nquHamudeH foctwil [TU pa3zpaboTBa u HachkpyaBa M3MOJI3BAHETO
Ha KOMIIIOTHPHO MOANIOMAraHo YIpaBJIE€HUE Ha CIEKThpA.

[ToBeuero copTyepHUTa APXUTEKTYPH OCHUTYpSABTA rpapuuHO U KOHTEKCTHO
MEHIO U BB3MOXKHOCTH 32 B3aUMOJICHCTBUE C BBHIIHU 0a3u OT JaHHH, PECYypCH U
KapTd, KOUTO Morar jga ObJaT pacTepHM M BEKTOPHHU KapTu (TIOJUTUYECKH,

KpalOpeKHU, PETMOHATIHU, MOPCKH).

1.3. AHaJu3 HA Ch31aBAHETO, PA3BUTHETO U 00JIACTHTE HA NMPUJIOKEHH e
Ha coTyepHOTO Ne(MHUPAHO PAAN0 B 0e3:KHUYHNUTE KOMYHHMKAIIMOHHH

CHCTEMH, KATO CPEICTBO 32 CIoJe/siHe HA YeCTOTHH PecypcH
1.3.1. Bn3uukBane Ha SDR

Camusit Tepmun "Software Defined Radio" e npennoxxen mpe3 1991 r. ot

Joseph Mitola, xoiiTo npbB mybaukyBa gokiaja [104] mo Temara npe3 1992 r..

1.4. Eranu na passurue na SDR



Pammo che | CodtyepHo | CogTyepHo i | ;
copTVepHE I NporpaMHPYeMOo I Jdepuanpano Cob3nagamo I AnanTHBHO KoranTneHo
Bb3MOKHOCTH | pazmo I pazmo pazno I paino pazmo
(Software I (Software : (Software (Aware I (Adaptive i (Cognitive
Capable i Programmable ! Defined Radio) I Radio) ! Radio)
Radio Radio) Radio) ‘

@urypa - 7 Etanu B pazsutueTo Ha SDR [1]

1.5. IMoaxoau 3a pemaBaHe HA 32/a4aTa 32 AMHAMHYEH AOCTHI 10
CHEeKTbpa
N3cneaBanero Ha MOBEJAEHUETO HA O€3KUYHUTE KOMYHUKAIMOHHU €UHUIIU,
W3MO3BAIA AITOPUTMH 32 JWHAMHYEH JOCTBI JI0 CIEKThpPa, KAaTO YacT OT
WHTETpUpaHa CHCTEMa WM Mpexka, € M3KIIOUMTETHO TpyAHa 3aJada W HEHHOTO
ompocTsiBaHe Ou JoBeno A0 3aryba Ha wuHbopmanus. Eto 3amo ce Hamara
U3I0JI3BaHE Ha YCIOKHEHW METOIU 3a HEHWHOTO pelraBaHe. TakuBa HampuMeEp

Mmorar aga 6’b,Z[aT TEOpUsTa HA HUIPUTC HIIM CBPUCTUYHHUTC IIOAXOAMU, KAKTO €
nokasano Ha urypa 8 [41,[12], [33], [34], [59], [63],[101].

Metomm 3a PellaBaHe Ha 3ada'daTa 3a JITHAMITUICH JOCTEIL 10 CIICKIEpPa

| I I I

JIrmHeiHo EBpHCTIYHI Pasmira Teopns Ha Teopg Ha
MpOTpaMIIpaHe TIOAXOII TOTHKa HTPITE rpadure

|
I | |

Ctparermiecka

KoormeparieHu n CrariyHa 1
(HopMamHa (popMa 1
HeKOOTIePaTIBHI TIMHAMITIHA TITPa
MO3HINOHHA HrpIL

(TIDOMBITKUTEIHA

®durypa - 8 MeTonu 3a perraBaHe Ha 3aja4a 3a TMHAMUYEH JOCTBII JI0 CIIEKThpa
[12]

1.6.  H3Boam no riasa nbpBa



Ha O6a3zara Ha wu3BbpiieHUs aHaiW3 Ha codTyepHO neduHHpaHuTe
paauocucTeMu ¥ €()EKTUBHOTO M3IIOJI3BAaHE HAa YECTOTHHUS CHEKTHP MOTar Ja ce

HaIIPABAT CJIIEAHUTE U3BOJIN:

1. 3a na ce orroBopu Ha mpoGieMa ¢ NpeaoCTaBsHE Ha ,,HOBU YECTOTHU
pecypcu, ciefiBa Ja ce MOCTPOU €IWHHA yHUpuimpana codryepHo aepuHuUpaHa
xapJtyepHa miatdopma, ¢ KOeTo Jia ce MOCTUTHE apXUTEKTypa, JoOIKaBalia ce 10
UJCATHOTO COPTYEepHO ACPUHUPAHO PANO, MOCPEACTBOM, KOETO Jia CE€ OCUTYpHU
CPENCTBO 32 €(PEeKTUBHO U I'bBKABO U3IMOI3BAHE HA PAJMOYECTOTHUS CTIEKTHP.

2. KoNeKTHBHOTO H3MON3BAHE HA CIEKThpa MO3BOJSABA HA HEOrpPaHUYEH

Opoill He3aBUCHMHU TTOTPEOUTENH W/WUITU YCTPOUCTBA J]a UMAT JOCTHI JI0 CIIEKThpa B
CBIMSI JIMANa30H Ha OMNpPEAENICHUTE YEeCTOTH Ha KOJEKTUBHUTE MOTPEOUTENU
€IHOBPEMEHHO W B KOHKPETHHS Teorpad)CKu pEeruoH IMpu MpeBaApUTETHO

neduHUpaH HAOOP OT yCIOBHSL.

3. MacoBoto BHenpsiBaHe Ha SDR TeXHOJOrMHMTE B pa3IMYHH MO BHJ
CUCTEMM 3a O€3KMYHM KOMYHHUKALUM 1€ JOBEIE JO YJIECHEH KOHTPOJ Hal
KOHOCIIONMATA 3a AWMHAMHUYCH IOOCTBII A0 YCCTOTHUTC PCCYPCHU, IIPpU 3HAYUTCIHO
orpaHu4aBaHe Ha MHTEep(epupanuTe U3TOYHUIIM B MHOTOTIOTPEOUTEIICKA cpeia.
[maBa 2. AHanm3 Ha CHCTEMHUTE 3a OTKPHUBAaHE Ha
YCCTOTHHU PCCYpPCHU

2. MetouTe 3a cjieJeHe H TEXHUKH 32 OTKPHBaHe HA YeCTOTHH pecypcH

2.2. CiieieHe HA 4eCTOTHHUTE PeCcypcHu
CodryepHo n1epUHUPAHOTO U B YACTHOCT KOTHUTUBHOTO PAJHO MHOTO Y€CTO
C€ W3MOJI3BAaT 3a M3rPaXJaHE Ha MPEKHU C ENU30JMYHA CTPYKTypa, MOpaau
CITOCOOHOCTTA 3a JUHAMHMYCH JIOCTBHII JI0 CIIeKThpa [16].
OcHOBHUTE IPEAUMCTBA MPU TaKbB CLICHAPHI ca:
> CbBMECTHO cChlIecTByBaHe Ha SDR ycTpoiicTBa B cpella ¢ HEU3BECTHU
MOJINTHUKY;
> crocoOHOCT 3a paboTa B cpejia ¢ HEM3BECTHU U3TOYHUIIM HA CMYIIICHUS;
> Bb3MOKHOCTH 3a HaTpylBaHE Ha CTAaTUCTUYECKU JaHHU 3a cpejara Ha

N3JTBbYBAHC, CHHTC3UPAHC Ha CUTHAJIM U ITPOMAHA HAa MOIMHOCTTA U MOJAYyJIalluATa .;
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> EJIMMUHUPAHE HA TPEIIKU MPU YECTOTHO TUIAHUPAHE.
Hapen ¢ npeaumctBara Ha SDR chliecTByBaT M peaunia Npeau3BUKATENICTBA U
puckose [28]:
> PHUCK OT CMYILEHUS BbPXY HEOTKPUTH MPUEMHUIIY;
> OMMACHOCT 3a KpaTKO BpeEME Ja Ce€ IMONpeYd Ha TEICKOMYHHKAlMOHHATa
UH(pPaACTPYKTYpa;
> TPYJHOCT HpPU ONTHUMAIHOTO CHOJENSHE HAa YECTOTHHUS CHEKTBP MEXKIY
Pa3IUYHUTE PATUOMPEKU.
2.2.1. CneneHe Ha rpaHULIATA HA MHTepP(epeHI s
2.2.2. CefeHe HA CIEKTbPA B MHOTONIOTPEOUTEJICKH MPEKH
MHoOXecTBO MOTpeOUTENH, JTUIEH3UPAHW W HEJIMUIICH3UpaHW, MoraT Ja
CIOAEIISAT PAIMOYECTOTHUS CIIEKTHP B Mpexa. ChIll0 Taka MHOKECTBO MPEXHU MOTAT
Jla ChIIECTBYBaT ChbBMECTHO, MPU KOETO NpEAaBaHMsITAa B €JHA MpEKa Morar jaa
uHTEpPEpUpaT ¢ npeaaBaHus B JPYTd MpexXH. B TakbB ciydyail, KOOPIUHUPAHO U
KOONIEPUPAHO CIIEJICHE HAa CHEKThpA CE MPEANOUYUTa, Thil KATO TO MOXKE Ja OTKpHE
cTaTyca Ha JOCTBI JO CIEKTbpa OT JIMIICH3UPAHUTE TOTPEOUTENN B Pa3IMIHU
MECTOIIOJIOKEHUS Ha Mpexkata. MHpopManusiTa 3a cieieHe Ha CIEeKThpa MOXE /a
Cce M3I0JI3Ba 3a IMOJIydyaBaHE Ha KapTa Ha CHEKTbpa, KOSITO MOXe Ja Obae
U3I0JI3BAHA OT HEJIUIEH3UPAHUTE MOTPEOUTENM /1a B3eMaT KOPEKTHU pPELICHUs 3a
noctena [36] .
2.2.3. OnTumMu3MpaHe Ha TMepPHOAAa HA CJeJleHe Ha CIHeKTbpa B
MHOTOKAHAJHHN MPEXHU
MHoOTroKaHaIHOTO TpeaBaHe (HarpuMmep npegaBaHe Ha 0azaTa HA OPTOTOHATHO
YeCTOTHO pasnensine u myntumuiekcupane OFDM) e tunuuno B eqHa codTyepHO
neduHUpaHa paauoMpexka. bpost Ha HanUYHUTE KaHau, o0aye, 1me Objae MO-ToJsIM
or Opost Ha HanuuHHTEe MHTepdeiicu B paauonpenaBarens. [lopamu ToBa camo
MajKa YacT OT HAJWYHUTE KaHAIW MOrar Ja ObJaT CIEIEeHW €THOBPEMEHHO.
N360pbT HA KaHAIWUTE CpeJl BCHUKH HAJIWMYHH, KOUTO IIE CE CIEHAT, BIHSIC BHPXY
CIIOCOOHOCTTA 3a OMpeEJeNiiHe CHhCTOSHUETO Ha JaJeH KaHal (3aeT, CBOOOICH,
YaCTUYHO 3a€T) U Ha ePEKTUBHOCTTA HA cUCcTeMaTa Karto 1suio [15].

2.3.YupaBiieHHe HA CTIEKTbPa
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OcHoOBHaTa 11eJ1 Ha YIPaBJICHUETO HAa PAJUOYECTOTHHS CIEKThD € Ja CIEIH
U YIIpaBJsiBa JOCTHIIA J0 AYNKUTE B CIIEKTHhPa OT HEIUIEH3UPAHUTE TTOTPEOUTENH.
N3cnenoBaTenckute BhIIPOCU B YIPABIECHUETO HA CIEKThPA Ca CBbP3aHU C aHAIU3a
Ha CIIEKThpPA U PELICHUSTA 33 IOCTHII JO CIEKThpa.
2.4. BzemaHe Ha pellleHHE 32 I0CTHII 10 PAINOYECTOTHHUS CIEKTHP
Hsxou ot u3cieqoBaTeICKUTE BBIIPOCH, CBBP3aHU C B3€MaHE Ha pPEIIeHUE 3a
JOCTBI 10 PAJUOYECTOTHHS CIIEKThP HA HEJIUIICH3UPAHU MOTPEOUTENH ca:

- Mooen 3a e3emane na pewienue. 3a JTOCTBII JI0 PATUOYECTOTHUS
CHEKTHP Ce M3MCKBA MOJIEN 3a B3eMaHe Ha penieHue. CI0KHOCTTa Ha TO3H MOJIEN 3a
B3€MaHE€ Ha pEUICHHWE 3aBUCU OT IMapaMETPUTE, W3MOJ3BAaHU IPU aHalu3a Ha
CIEeKThpa. MoJenbT 3a B3eMaHE Ha PEIICHUE C€ YCIOXHSBAa MPU HEJIUILIEH3UPaH
noTpeduTeN, Bb3HaAMEpsBall Ja YBEIUYM MAKCHUMAJIHO TPOW3BOJUTEITHOCTTA CH,
KaTO ChIIEBPEMEHHO CE MUHUMU3UPAT CMYIIEHUATA, TPUUMHEHN HA JTUIECH3UPaHUs
notpebuten. CTOXacTUYHU METOAU 3a ONTHUMHU3AIMS ca J00bp WHCTPYMEHT 3a
MOJIEJIMpaHe W pelllaBaHe Ha NpodiieMa C B3EMaHE Ha pEIIeHHE 3a JAOCTBI 0
CIIEKThPA.

- Koukypenyus / compyonuuecmeo ¢ MHOZoOnompeoumeJsicka cpeod.

Korato codtyepHo nedpuHupanara paaumocucTeMa UMa MHOXECTBO
noTpedutenu (JULEH3UPAHU U HEJIMUIICH3UPAHU), TEXHUTE MPUBUIIETHHU 1€ OKaXKaT
BIIMSIHUE BHPXY B3€MaHETO Ha pPEIIeHUe 3a JOCTHI 0 CHEKThpa. Te3u moTpeouTenu
MOTaT Jla CU ChTPYJHMYAT WU J]a HE CU ChTPYIHUYAT IMPHU JOCTHIA JI0 CHEKThpa
[36],[50]. B HEkoonepupaHaTa cpeia BCEKH MOTpeOUTEN MMa CBOSI COOCTBEHA I1eT,
JI0OKaTO B €HAa KOOMepupaHa cpelna, BCUYKM TMOTpeOMTETM MoraT Ja Cu

ChTPYAHMYAT, 32 1a IOCTUTHAT €HAa-CINHCTBEHA LIEII.
2.5. Bbnpocu 3a MOOMJIHOCTTA HA CIIEKTHPA

OyHKIMHUTE 32 MOOWIHOCT Ha PaJAMOYECTOTHHS CIHEKThP B paguoOMpeka C
JUHAMUYEH JOCTBI 0 CHEKThpa, MO3BOJIABA HA HEJIMLEH3UPAH MOTPEOUTEN Aa
IIPOMEHU JMHAMHUYHO CBOS OIICPATUBEH CIEKTHD Bb3 OCHOBA Ha IPOMSHA B
OKOJIHUTE YCJOBUS Ha CBOOOJHMS cCHeKThp. Hal-uzcneaBaHuTe BBIPOCH B
MOOMITHOCTTA Ha PAIMOYECTOTHHUS CHEKTHP CE OTHACST A0 MPEBKIIOYBAHETO MEXKIY

HAJIMYHUTE YCCTOTHH JICHTH, 3a Ja CC OCUT'YpHU IUIAaBCH OOCTBII O CIICKThpa oe3
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IpPEKbCBaHEe, KAaKTO Ha MPUJIOKEHUETO, Taka W Ha yciyrara, mopajad MpoMsHa B
okojHara paauocpena [40], [43], [46].

2.6./lnHaMHUY€eH T0CTHII 10 CIIEKThPA.
2.6.1.  Mopnenn 3a ciofesisiHe HA CHEKTHP.

KonekTBHOTO M3MO0I3BaHE HA CIEKThpa IMO3BOJISIBA HA HEOIpaHUYEH Opoi
HE3aBUCUMH TOTPEOUTENN W / WM yCTPONCTBA J1a MMAT JOCTBI JI0 CIEKThpa B
CBIIUSl JMAaNa30H Ha OMNpPEACICHUTE YECTOTH Ha KOJICKTUBHUTE MOTPEOUTENH
€JHOBPEMEHHO M B KOHKPETHHMsS Teorpad)CKM pEruoH IMpu NpeIBAPUTETHO
neduHUpaH HabOp OT YCIIOBHSL.

CepliecTByBaT TpY OCHOBHM MOJIENIA 32 YIPABJIEHUE HA CIEKThbpa [54], KakTo
e mokaszaHo Ha gurypal3. [Ipu Mozena 3a U3KIIIOUUTETHO MOJI3BaHE, JIUIICH3UPAHUS

l'IOTpC6I/IT€J'I IMPUTCIKAaBa U3KIIIOUUTCIIHU IIpaBa BbPXY PECYPCHUTC.

AvHamunyHo
ynpas/ieHue Ha
CNeKTbpa

Mopen 3a Mopgen 3a Mopgen 3a
U3KNOUYUTENHO cBoboaHo MepapxmyHo

n3non3eaHe n3nosisaBaHe n3non3saHe

OnHamunyHo
MpaBo Ha paanpeaeneHme C orpaHu4yaBaHe C HacnareaHe

cobcTBEHOCT Ha CnekTbpa Ha cnekTbpa
Ha crneKTbpa

®urypa - 13 Mojenu 3a ITMHAMUAYEH JHOCTHI JO CIEKThpa
Peanmzanusta Ha Te3u Mojaenu ce Oaszupar Ha codTyepHO AepuHUpaHU

paauocuctemu (SDR) u KOrHUTUBHO paauo [29] u criopes TEXHUKUTE 3a JOCTHII J0

YCCTOTHH PCCYpPCH CC KJ'IaCI/I(i)I/IHI/IpaT, KaKTO € II0Ka3aHO Ha (1)1/11"14
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|
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nasap e ~
HKomBuHmpano Moaenn c
- MepapxuueH

TbpoBWA C JrueHsmpax AOCTbn
HeCTOTHM crnogesieH I
pecypcm A0CTbN I T !

XnbpraHm
U . U ¢ orpamniasang
HacnarsaHe

®durypa - 14 Ciocobu 3a JOCTBHIT O YECTOTHUS CTIEKTHP

2.6.2. WsuckBaHusi NpHU cHoje/isiHE HA pecypcH

[Tpu mMonenute 3a AMHAMUYEH AOCTBI JO YECTOTHU PECYPCH M OCOOCHO IMpH
JULEH3UPAHUsl CIOAENIECH JOCTBI CE€ MPEAsBABAT CIEIHUTE W3UCKBAHHUS KbM

NOTPEOUTENNTE:

> JIMIICAa Ha CEKCIJI0ATAaIUOHHU OI'PpaHUYCHUA 3a OCHOBHHA JIMICH3O0IIOJIYYaTCII;

> Jda HAMa BPpCIHU CMYIICHUSA MCKAY IIbPBUYHUSA U BTOPUYIHUTC HOTpe6HT€HI/I,

KOoraTo paboTAT 3a¢aHO;
> scHo neUHUPAHU MECTOIOIOKCHHS.

3a pasmnno3HaBaHC Ha HCHU3IIOJI3BAH CIICKTHBP WM OTKPUBAHC HA HE3ACTHW KaHAJIH, IIPpHU

3al1a3BaHC Ha HHMCKa IrpaHvla Ha I’IHTCp(i)CpCHIIHSI CC U3IIOJI3BAT CJICIHUTC MCTOIU
[120]:

> OIpPCACILIHC Ha CIICKTbPA Bb3 OCHOBA HAa U3MCPBAHMU,

> HN3I10JI3BAHC Ha 6&33 JAHHHA 3a FeOFpa(bCKI/I MECTOIIOJIOKECHUA,

> H3II0JI3BAHC HAa paaAruOMasiIu.

2.6.3. CieeHe HA CNEKTHPAa B KOTHUTHBHUTE MPEKH
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OcHOBHHAT TIpo0JieM, KOUTO TPsOBa Jia ce€ pelir MPU BCEKHW OT METOAUTE 3a
JTUHAMHYCH JIOCTBII €. ONpejC/IsiHE Ha mpar 3a B3eMaHe Ha pelieHue [62], npu
KOMTO HsIMA J1a ce OKa3Ba BiusiHUE BbpXy PUs wim T0o 1a € MUHUMAITHO.

»  TlpaBuiHO ompejelsiHe Ha CIIEKTPAITHUTE AYITKH.
» HaOnroneHne Ha CIIEKTHpa B peaTHO BpeMe.

Haii-00m10 Te3u mecTa ce kmacuduiupar, kato [93]:

»  TlpocTpaHCTBEHHM AYIKH — MPEACTABIABAT pa3jMKaTa B M3I0J3BAHETO
Ha HSKOW YECTOTH OT MBbPBHYHU IOTPEOUTENTH B JaaeH Teorpa)CKu pPETHOH.
Hanpumep eaHu jgeHTH B I'bCTO HACEJICHU pallOHU ¢ MHOXKECTBO MOTPEOUTENH IIIe
ObJaT CWJIHO HATOBAPEHM, JIOKATO B MecTaTa C MaJbK OpoW MOTpeOUTeNH Ie ca
CBOOOTHH.

» BpeMmeBu Iynkm — MpeCTaBIsABAT H3MOJ3BACMOCTTa Ha YCCTOTHHUTE
pecypcu 3a OIpeJiesIeHH YaCOBE OT JICHOHOIIUETO.

» CHoekTpallHM IyNKd — MPEACTABISIBAT AYINKH HIA OCIM MecTra B
CHEKThpa, KOUTO MOTaT J1a C€ IBhJDKAT Ha BHUJIa HAa W3MOJ3BaHATa MOJIYJAIMS OT
I'BPBUYHUTE MOTPEOUTENH, AePUHUPAHU 3AIIUTHA WHTEPBAIHU C IIe]l U30sArBaHe Ha

UHTEPPEPEHITUSI B KIICTHYHU MPEXKH H JP.
t

frequency
frequency

time time

durypa - 15 CnekrpajlHu AyNKHd U IpeMecTBaHEe B CBOOOJIHU y4acCTbIH OT
yecToTHaTa JieHTa [17]

2.7. IMoaxoa 3a KOMNITHPHO NMOANOMATAHO MPEAOCTABSIHE HA YeCTOTHHU
KaHaJIH
2.7.1. PuckoBe ¥ 103 OT KOMIIOTBPHO MOANOMATaHOTO

ynpaBjieHHe Ha CIEKThpPa
Jlurcara Ha bJIEH HA0OpP OT HOPMATUBHU M3WUCKBAHUS C MTOJAPOOHO OMHMCAHU
MOJICITH, 3aBUCHUMOCTH, B3aHMMOBPB3KHM, THI MW Opoil Ha wuHTEepdeiicure e

IOpcarnocCTaBka 34 IIOIpCIIHO BHCAPABAHC, CKCILIOATAlMA KW IIOCICABAIIO

14



HAJTrpaKJIaHE UM WHTETPUPAHE HA CUCTEMHTE 32 aBTOMATU3UPAHO yIpaBJICHUE HaA
CIEKTBpA.

[Ipy KOMIIOTHPHUTE CUCTEMHU U MPEKU OCHOBHUTE PHUCKOBE Ca CBBP3aHU C
HECAaHKIMOHUPAH JOCTBI, NPOMSAHA, Kpak0a WIM HEBB3MOXKHOCT 3a JOCTBHI M0
uHpopMarus. 3a HaMalsiBaHE Ha HETAaTUBHUTE MOCJEICTBUS OT MpeIHAMEPEHU WU
HENpeIHAMEpPEHU 3aIulaxy 3a MH(QOpMalMOHHATa CUTYPHOCT ClIe/iBa Ja CE€ B3eMar
JOITBJIHUTEHU MEPKH, KaTO:

2.7.2. U3uckBanusa u ¢gopmart Ha HH(popManUATA CbXPAHABAHA B 0a3M OT

AAHHU

2.7.3. Bua Ha 1aHHUTE 32 yIIPaBJIeHHE HA CIIEKTHpa.

BzaumopeiicTBue MexXy BB3IUTE CE OCUTYpsiIBa Upe3 pelalMoOHHH 0a3u OT
JaHHU, KOATO TMpeocTaBs HMHQPOpMalUsg OTHOCHO BpPB3KUTE 3a JajieHa ycCIiyra,
paBO Ha MOJI3BAHE WJIM Pa3I0JIaraHe, KaTO HANpHUMEpP KaKbB THUI MpEIaBaTel ce
U3I10J13Ba B J1aJIeH reorpadcku paioH.

3a mocTuraHe Ha BHMCOKAa CBBMECTUMOCT M €(EKTUBHOCT HAa METOAMTE 3a
EJIEKTPOHEH 0OMeH Ha MH(OpMaIUs ce U3UCKBA CTPUKTHO CIIa3BaHE HA OJ00pEHU
crannaptu. Korato oOMeHbT Ha uH(pOpMaLMsI MPeMHUHaBa HAIIHOHATHUTE TPAHUIIN,
TOBa ca MeXAyHapoaHute craHgaptd. Koraro TpsaOBa nga ce OOMEHST
cneuuanu3upanu (aitioBe ¢ JaHHU, TPsAOBa /a Ce€ OCUTYpPU €IMHEH (opMar Ha
JAHHUTE MEXAY BCUYKHU MOTPEOUTENN C Bb3MOXKHOCT 33 HAJEKIHO M3BJIMYAHE Ha

uHpopMaIusITa.
2.7.4. Tonosiorus ¥ CBLP3aHOCT

3a KOHTpOJI Ha MPEABAPUTEIHO 3a/1aICHUTE HOPMU CE€ M3II0JI3BAT CTAHLHH 32
MOHHUTOPHUHT, KOMUTO M3MEpPBAT 3a€TOCTTAa Ha CIEKThpa W HaOJNIOJaBaT HUBATa Ha
€JIEeKTPOMAarHUTHU €MHUCUM M TAXHOTO CBOTBETCTBUE C HAUUMOHAJIHUTE W
MEXKTYHAPOJIHA Pa3Mopesi0N U JUIEH3UMOHHU YCJIOBHS, KaKTO U HUIAECHTU(UIIMPAT
M3TOYHUIIM Ha HEpa3pelIeHn eMUCUH U cmylieHus [115].

[IpuMepeH BapuaHT Ha JaHHUTE 3a CIOJICIISIHE € TTOKa3aH B Tabiuna 3.

Ta6nuna 3 dopmar Ha TaHHU

Uecro- | Kanan | HaumenoBanue | MomrHoc | ['eorpad- | I'eorpad- | Mecromono- | YcioBHO

Ta Ne Ha CTaHOUATa T CKa CKa KCHHC HanMCHOBa-

MHz HIMPUHA IBIDKAHA HUE
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(o3uBHA)

Bucouu

Bun na Hagmope | IIpodu
JH | ma  na | [Honspuzaig

aHTEHa Ka 1 Ha
DIl aHTEHaT | uf

Ta BUCOUYMHA | TE€pEHA

a

2.7.5. AIrOpUTMH 32 HA3HAYABAHE HA YeCTOTH M KAHAJIHU

[Iponienypara mo mpeaBapUTEIHO CKaHMPAHE HU3MOJ3BA BCUYKU BBH3MOXKHU
KaHalli ¥ Ha3HayaBa T€3HM, KOUTO UMAT MUHHUMAJIHO 3aCThIIBaHE U Ca MPOEKTUPAHU
TakKa, 4ye J1a MaKCUMHU3UPAT TTOBTOPHOTO M3MOJI3BAHE HA KaHAU, KOETO BOJH JIO TO-

e(bCKTI/IBHO H3I10JI3BAHC HAa YCCTOTHHUA CIICKTHDP.

2.8. I/I3BOIll/l Imo rj;iaBa BTopa

1. Ms36opsT Ha pecypcu (KaHamM) B MHOTONOTPEOHUTENCKA cpeaa cileBa Ja
OTroBaps Ha W3UCKBaHUATA 3a CJENEHE Ha TIpaHUllaTa Ha HMHTepdepeHuus npu
BHUMATEJIEH 10100p Ha NMEPUOAMTE Ha CJE/IECHE U W3IOJI3BaHE, 32 Jla Ce MOCTUTHE
ONTHMAaJHA MPOU3BOJUTEIIHOCT HA CHCTEMara MpU XapAyepHUTE OTPaHUYCHHS Ha

paanuoIIpuCMHHUKA.

2. CodryepHo pedUHMpaHHTE PAJUOCUCTEMH M KOTHUTHBHO PaIHO

IIPEIOCTaBAT  JOIIBJIHUTENIIEH HWHCTPYMEHT 34 IBbBKABO  CIEKTPajJHO U
eHeproe()eKTUBHO M3I0JI3BAHE HA EJIEKTPOMArHUTHHUS CHEKThP W OCUTYpsBaT
TEXHOJIOTUYHO PELICHHUE 3a M3II0JI3BAaHE HAa MOJIENIMA 34 CIIOJEJICH W JUHAMUYEH

JOCTBII.

3. CodryepHo neduHUpaHUTE PAJUOCUCTEMH IMO3BOJSABAT BHEApPSBAHE HA
NOJIUTHKY 332 M3MEpBaHE Ha MapaMEeTPHUTE Ha OKOJHATa €JIEKTPOMAarHUTHA cpeia U
JIECHO TPEMHUHABAHE OT Pas3Ipe/esieH KbM LEHTPAIU3UpaH JOCTHII JI0 YECTOTHUTE
pecypcu u o0paTHO.

4. KoMIIOTBPHO MOANOMATAHUTE TEXHHMKU 3a MOHUTOPMHI M YIIPABICHHUE

Ha CJIICKTPOMArouTHUA  CICKTBp IMPCAOCTAaBAT BB3MOXHOCTH 34 HCTOBOTO

YIUITBTHABAHC, HO 3dlla3Ba TPaIUINHOHHATA IIOJIMTHKA 3a AJOCThII A0 YCCTOTHHU
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PECYPCHU U Bb3IIUPA 3aCMAHCTO UM OT I'bBKaBHU TCXHOJIOTHH, 4 OTTaM U e(l)eKTI/IBHOTO
H3II0JI3BAHC HA PaAUOYCCTOTHUA CIICKTHP.

I'maBa 3. Ilogxomm 3a wu3rpakgaHe Ha CHCTEMH 3a
I'bBKABO H3MOJI3BAHE HA €JICKTPOMArHUTHUS CIIEKTHP

3. be3:xnuHu cMCTEMH ChC CIIOAEIEHO U3MOJI3BaHE HA CIICKTbpPa

[IpoOnemMbT chC CrOIEICHO U3MOI3BAHE HA YECTOTHU PECYPCH C€ MPOsIBSIBA B I10-
rojisiMa CTETEH 3a MPEXUTe, paboTelM B HEJIUIEH3UPAHUS 00XBaT, TOPaau KOETO
IOCTOSIHHO C€ TBPCAT HAuMHU 3a €(QEKTUBHO M3IOJ3BaHE Ha cCpegara upe3
WHTEJIMTEHTHU aHTEHHU YCTPONCTBA, MYJITHIUIEKCHpaHE, OTKpUBaHE Ha CBOOOJHU
pecypcH, IPOTOKOIM 3a M30srBaHe Ha KOJHM3UHU, MPOCTPAHCTBEHO pasfelisiHe U
JIPYTH.

3.2. CranpapTu 3a CHOAEJICHO H3MO0J3BaHEe Ha YeCTOTHH pecypcH B

HeJIMIEH3MPAaHUS JHATIA30H

3.2.1. be3xuyna JokajaHa mpexa no cranaaprt IEEE 802.11

C oruien ocurypsiBaHe Ha BUCOKA CHEKTpalHA €(peKTUBHOCT M HaMaJlsIBaHE Ha
MEXJTyCUMBOJIHATA MHTEPPEPEHIIMS U OrpaHMYaBaHE HAa HEraTMBHUTE €(EKTH OT
MHOTOJTBYEBO PA3NPOCTPAHEHUE B CHBPEMEHHHUTE UIMPOKOJIECHTOBU O€3KUUHU
KOMYHHUKAIIMOHHU CUCTEMHM HAMHUpPAT IIMPOKO npuioxeHue [30] TexHomoruure 3a
MHOKECTBEH JI0CTHII, 0a3upaH Ha MPUHIIMIIA HA OPTOTOHAIHO YECTOTHO pa3/elisiHe
Ha kaHanute (Orthogonal frequency-division multiplexing).

Kakto e u3BectHo, OFDM curnanure ce dbopmupar upe3 N XapMOHHYHU
IIOJAHOCEIM YECTOTH, KOUTO Ca pPa3leleHU C YECTOTHU HHTEPBAIA C €IHAKBA
mupuHa A f. Haif-00110 Te morat ga Ob/1aT pa3aeieHu B ABE TOJIEMU TPYITH, KaKTo €

nokasano Ha ¢urypa 20.
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WLAN TEXHONOMMKU Ha GU3NYECKUA CNOMN

OpTOTOUaHHO YCCTOTHO Pa3ACIsaHC U MYJITUIIJICKCUPAHEC C MHOKCCTBCH JOCTDHII OFDMA

WLAN T€XHOJOTHUHU HA KaHAJIHUS CI0U

OOenuHsgBaHe Ha KaHaJu,

Multiple Input Multiple Output (MIMO)

@urypa - 20 Texnonoruu 3apeanuzupane Ha WLAN Ha pusndecku u kaHajieH
ciout Ha OSI mozena
[To cwmiectBo OFDMA e MHoromotrpeOuTencka pa3HOBHIAHOCT Ha IIMPOKO

m3non3BaHara OFDM TtexHosiorus 3a mapajieiaHo IpeaaBaHe Ha JaHHHU C YECTOTHO
pazzaensine, KaTo pa3ieis KOMYHUKAIMOHHMSI KaHal Ha MOJHOCEIIM, U3I0JI3BANKU

0bp30 npeodOpa3yBanue Ha Dypue.

— -
JecTora

Qurypa - 21 PecypcHu eneMeHTH Ha cucteMa 3a 6e3KHUueH JA0CThII, padoTeia Ha
npuHuunute Ha OFDM [66]

3.2.2.  CrpykrypaTa Ha KaHaJa 3a NpeJaBaHe HA JaHHH, 0a3UpaHa
Ha OFDMA.
[TUI0THUTE TIOAHOCENIN Ca MPOEKTUPAHU Ja CHHXPOHM3UPAT IIpeaBaTens u

npueMHuka [70]. Pa3nonoxkeHu ca IUTBTHO €AHA JO0 JIpyra U HOCSIT TOJISIMO
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KoM4ecTBO MHpopMaius, 6e3 JAa M3UCKBAT pa3feiissHE HAa YeCTOTHHU JIeHTU. ToBa
JIECHO ce 3a0ersa3Ba Mpu pasriexaaHe Ha ¢purypa 22 U cpaBHEHHUE HA HACIIEJCTBEHU

802.11 crangaptu ¢ 802.11ax.

802.11a/g/n/ac 312.5 kHz

alalaalalala)

802.11ax 78.125 kHz

A

Q@urypa - 22 Illupuna vHa nogHocemure [70]
3.2.3. ®ynkuuu npexocrassanu or OFDMA B IEEE 802.11 ax

1) PecypcHo pa3npeneisine

B [67] e onucaun mpoiieca Ha paznpeaensHe Ha pecypceute 3a 20 MHz kanan
chabpkany 242 mojaHOCEeIM, € pa3jelieH Ha ABa KaHana oT 1o 106 mojaHocemy,
KOWTO MPHU I'bPBOTO MIPEIaBaHe U3IpaIlaT JaHHU A0 NOTpeOuTenu ¢ Homepa 1 u 2.

[Ipn BTOpOTO mpenaBaHe TOYKaTa 3a JOCTBI pa3eiid KaHala Ha 4YETUPHU
OTJICJIHU TMOJKaHaJIa ¢ 52 MOAHOCEIIH U U3Mpallla JaHHU J0 notpedutenu 3, 4, S u
6. IIpu tperoro npenaBane OFDMA Moxe 1a u3nparu 1saTa MOITHOCT Ha KaHaJIa
¢ 242 noaHocemu KbM moTpeduten 5. YeTBbpTOTO MpelaBaHE € HACOYEHO KbM
norpebutenu 4 u 6, METOTO € HACOYEHO KbM MoTpeduren 1, mecToTo OTHOBO
ciofenst kaHan Mexay mnorpeourenu. I[lo To3m HaumH OFDMA  edextuBHO

u3noi3ea nenus kanai ot 20, 40, 80 u 160 MHz B MHOTOIOTPEOUTEIICKH PEKHUM.

BessuaHa Towsa 802.11ax @ E
3a JoCThBIL
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L
IToaHOCeImH b

2

. G

4

WHPHHA KEAHANA

19



Q@urypa - 24 PecypcHo paznpenenenue [67]
2) IIpocTpaHCTBEeHO pa3jejsiHe:

Toukara 3a JOCTBII MOXE J1a C€ ChCTOM OT HIKOJIKO paguomMoaynia (eIuH, 1Ba
WIH [TOBEYE), KOUTO Ca CBBP3aHU KbM HSKOJIKO aHTEHHU. T€3U aHTeHH M3JIbYBaT IO
omnpeJieieHa CxemMa M IpenaBaHa o Oe3kuuyHa cpena. ToBa mo3BoisiBa 1a ce
dbopmMupa MOpPOCTPAHCTBEH TNOTOK MexAy crnenupuyHa (Qunuecka aHTEHa
(pagumomopyJl) Ha TOYKaTa 3a JOCTBI M MOTPEOUTENCKOTO ycTpoicTBo. Ilopamu
TOBa OOIOTO KOJMWYECTBO HH(pOpManus, NnpeiaBaHa OT TO4yKaTra 3a JOCTHII, CE
yBeJIn4yaBa MpOIMoOPIUOHATHO Ha OpOsl HA MTOTOIUTE (AHTEHUTE).

3) YcbBBPHIEHCTBAHM AHTEHHH CHCTEMH

3a HamassiBaHE HAa B3aMMHUTE CMYIIECHUS U peaM3upaHe Ha KOHIICTIHITA 32
POCTPAHCTBEHO pa3JiesiHE C€ Hajara M3IMO0J3BAHETO HAa YMPAaBISIEMH AHTEHHU
€JIEMEHTH, KOMTO J1a M03BOJISBAT JIWHAMMYHA IPOMSHA B MPOCTPAHCTBEHUS MOJEI
Ha pa3NpOCTPaHEHUE HA CUTHAJIA B pEAJIHO BpeMme [67].

HaroBapBaHeTO BBpXY TAX MOXKE Ja CE€ pEryjaupa B peaqHO BpeEME,
oOpa3yBailku MOJENM Ha pas3lpOCTPaHEHHE B 3aBUCHUMOCT OT IMPOCTPAHCTBEHATa
no3unus Ha norpedutens [113], a ToBa mo3BoisiBa TeHEpHpaHE HA MOTOLU KbM
OTJIEJTHUTE MOTPEOUTENN OT €HA WM HSAKOJKO TOYKH 3a JOCTBII U IMPAKTUYECKA
peanuzaiusi B peanHa cpena Ha TexHosorusita MU-MIMO (Multi-User Multiple
Input, Multiple Output) [66].

Signal cowerage of an Sirrelated rgnal COowerag - <
B i rb et e of i mrrart Sreero -

@urypa - 25 @opMupaHe Ha TPOCTPAHCTBEH MOTOK [67]
3.3.1loaxoam 3a omnpegeasiHe Ha MeCTOMOJIOKEHUETO HAa 0e3KUYHU

noTpeduTeIn
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[To3HaBaHeTO Ha MECTOMOJIOKEHUATA HAa AKTHMBHUTE IBPBUYHU TIpeaaBaTEId
MI03BOJISIBAa HA BTOPUYHUTE IMOTPEOUTEIHN Ja IPEABUIAT MOTCHIIUAIHO ,,0510 MEeTHO
[6],[7] B €IEeKTpOMAarHUTHUS CIEKTHP M IO TO3W HAYWH Ja W3IOJI3BaT MO-T'bBKABU
CTpaTeruH 3a CHoJC/IsTHE Ha CIIEKThpa.

Nudopmarusara 3a creneHe Ha CHOEKTbpa MOXE Ja C€ H3MOoJ3Ba 3a
MOJIy4yaBaHE Ha KapTa Ha CHEKTbpa, KOSATO MOXe Ja ObJe MNpPUIIoKEHa OT
HEJUICH3UPaHUTE MOTPeOUTENM 3a B3eMaHE Ha KOPEKTHU PEIICHUS 3a JIOCTBHIIA.
UecTo 3a moBWIIaBaHE JIOCTOBEPHOCTTA HaA TMOJYyYEHUTE JaHHU C€ W3I0JI3Ba
HEHTpaIU3UpaH Mojes 3a 00pabOTKa M ChCTaBAHE Ha KapTa Ha M3TOYHHUIIUTE Ha

CIICKTPOMArduTHO U3ITbYBAHC.

3.3.1. Kiuacupukauus ¥ M3MCKBAHHA KbM aJIrOPUTMHTE 32
onpe/e/siHe HA MeCTONO0JI0KEHHETO

3a 7a € BBb3MOKHO M3UMCIISBAHETO HAa KOHKPETHM HapaMeTpd B Mpexka ¢

LIEHTpalIu3UpaHa Hepapxus, HAKOM NPUIOKEHHs Ha OE€3KUUHHUTE KOTHUTUBHH

MPEKH M3MCKBAT CEH30PHHUTE BB3JIM J1a Ca HASCHO C TAXHOTO IOJOKEHHE CIIPAMO

CeH3opHaTa Mpeka. B ImTeparypata To3M IIpoOieM 3a OIpeieNsHe Ha

MECTOIONIOKEHUETO MM TO3UIHUATA Ha TOTPeOHTeN ce Hapyya nokanusanus [115].
3.3.2. MeTo/I1 32 OIleHKA HA MECTOIO0JI0KEHHETO

B anropurmure 3a onpenensiHe Ha MECTONOJIOKEHUETO, Oa3upaHu Ha 0OXBar,
uHpopMaIUsATa OTHOCHO pPa3CTOSHUETO /A0 JaJieH €JIeMEHT Ha Mpekara € OT
KpUTHYHO 3HayeHwe. [lo Ta3um mpuurMHa OlEHKAaTa Ha HIKOM WJIM HSIKOJKO OT
napaMeTpHUTe Ha MOCTHIBAIIUTE B aHTEHATa CUTHAIHU € BaKHA. TakuBa mapameTpu
[2],[111] moraT na Obaar:

> momHocT Ha mnpuetusi curHan (RSS- Reseived Signal Strength) —
cCUJIaTa Ha MOCTHIUJINS B IPUEMHATa aHTE€HA CUTHA,

> Bpeme Ha mpucturane (ToA). PascrossHmeTo MEXIy TpenaBaTeNs U
NpUEMHHKA CE€ paBHsABAa HAa “BpPEMETO Ha IMOJET’, T.C. BPEMETO 3a MpelaBaHe Ha
CUTHAJIM, KOUTO CE Pa3lpOCTPaHIBAT ChC CKOPOCTTA Ha CBETJIMHATA. Pa3cTosHueTO
MOJK€ J1a Ce OIpeiesiu upe3 u3MepBane Ha BpemeTo Ha npucturane (ToA — Time of
Arrival) Ha curHana B NMPUEMHHKA, KOTAaTO CBHIIECTBYBAa CHHXPOHH3AIUS MEXKIY

TallMEpUTE Ha IPENABATENS U IPUEMHHKA;
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> pasnuka BBbB BpeMero Ha mpucturane TDoA-Time Diference of
Arrival) — u3mon3Ba ce paziMKaTta BbB BpeMeHaTa Ha MPHUETHTE CHUTHAIU OT
pPa3JIMYHU TOYKH C MPEIBAPUTEIHO U3BECTHU KoopauHatu [117];

> BI'bJ HAa TIOCTHIIBaHE (AOA) — Ipe/ICTaBIIsIBA TEXHHUKA 32 00paboTKa Ha
CUTHAJIa, KOSITO HW3BBLPIIBA OIICHKA HAa MECTOTOJOKCHHETO Ha TOCTBHIIBAIIUTE OT

KOPECIIOHJIEHTA €JIEKTPOMArHUTHYU BBIHU [117].

3.3.3. Iloaxon 3a mnpwioxkende Ha uHpoOpManuATa 32
NPOCTPAHCTBEHOTO  pa3MoOJIO)KeHHe Ha  [oTpeduTeUTe 32
no00psiBaHe HA M3MOJI3BAHETO HA €JIEKTPOMATHUTHHS CIIEKTHP

[To-KOHKpETHO, HEKa OTOpPU3UpAHHUTE MOTpeduTenu (primary users) Ha
HSIKaKBa paJilo-KOMyHUKallMOHHA Mpexa ca PU1 u PU2 (dur. 28). OcBeH TOBa ce
npeanonara, 4e€  M3MOJ3Ballku  METOAMTE  OT  MpPeaxoaHus  naparpad,
crenuain3vpaHa M3MepBaTelHa anapaTrypa U METOAMTE Ha M3KYCTBEH HHTEJIEKT
[18] 3a 0oOpaboTka Ha wHMOpMaIMs, HEOTOPU3UPAHUTE MOoTpeduTenu (secondary
users - SU1 u SU2) ca u3BMEpWIIM C IOCTaThbuHa TOUHOCT CJIETHUTE apaMeTpHU:

IT 1) T'eorpadgcko mectononoxxenue Ha PU1 u PU2;

I1 2) MomHoct Ha curHanute Ppy [W] nuznpuBanu ot npenaBatenute Ha PU1 1

PU2, mupyHAaTa HA 4€CTOTHATAa MM JieHTa F[Hz] KakTo U CKOpOCTTa Ha IpeNaBaHe

by,

Ha nHdopmanmsTa I, [

w
I13) Cnexrpanna mrsTHOCT Nyol7 -] Ha mymoBere B Tekymms Bpemesn

MOMCHT.

Rpu

PU 1 (((’)))

(((.))) PU 2

R22

SU 1 (((‘))) S (((‘))) SU 2

@urypa - 28 Crenapuii 3a pa3noyiarane Ha JIBOMKA ITbPBUYHM U IBOMKA BTOPUYHU
noTpeOuTeNH
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KakTo e m3BecTHO, MOIIHOCTTa HA W3JIBYBAHUTE OT MpeAaBaTeNsl CUTHAIU
HamassiBa OOpaTHO MPOMOPIMOHATHO HAa HW3MHHATOTO OT TAX pazctosHue. [lo
OPUHIIMI TOBAa JlaBa BBH3MOXKHOCT Ha OTOPU3UPAHUTE W HEOTOPUSHUPAHUTE
HOTPeOUTENI [a M3IOA3BAT €IHOBPEMEHHO 4ecToTHaTa JieHTa F[Hz] Ge3 ma cu
Ch37]aBaT B3aWMHH CJICKTPOMArHUTHU CMYIICHHS, aKO MOIIHOCTTa HA CUTHAJIUTE
Py, Ha BTOpHYHUTE TTOTPEOUTETHN € n30paHa aaeKBaTHO.

Axo C>I,  rtoraBa (0e3 Ha mpeyaT Ha OTOPU3UPAHHWTE IIOTPCOUTEIIH)
HEOTOPU3UPAHUTE TMOTPEOUTETM MOTAT J1a M3MOJ3BaT CUTHAIM C MOIIHOCT Py,
oTpesieNieHa OT YCIOBHETO

MakcrMallHaTa MOIIHOCT Ha CHTHAJIUTE HAa HEOTOPU3UPAHHUTE MOTPEOUTEIIH

Ha BXO0J4d Ha IPUCMHUIIUTC HA OTOPU3HUPAHUTC HOTpC6HT€HH me 6’[),[[6

PSU
Ng,=—_
sU 47IR02' (21)
I, =Flog, 1+M (24)
v Nn+NSU '
CnenoBaTeiHo
p I, P
I. =Flog,|1+—C&%— Di:10g2(1+ﬂ)ﬂ
’ N +Ng, /= F N +Ng )=
1
U P P
DZF :1+ recPU Nn+NSU: recPU D
> N +Ng = > (25)

L,
25 -1

=,
2F -1
Crnen kato ce otdete (25) B (21) ce ycraHoBsiBa, 4e AOMyCTUMaTa MOITHOCT Ha
CUTHAJINTE Ha HEOTOPU3HWPAHUTE TOTPEOMTENM, TpPH KOSITO HE CE BIOIIaBa
CKOpOCTTa Ha IpeaaBaHe Ha MHGOPMAIMATA MEXKITY OTOPU3UPAHUTE TOTPEOUTEIIH,

€

Py,= I}jCPU —N, 47TR02. (26)
2F -1
Teii kaTo pascrosHMETO Rgy MEXIy HEOTOPH3UpPAHUTE MTOTPEOUTENTH €
M3BECTHO 3a TAX, OT (21) ce Bmxkaa, ye MOITHOCTTA Ha CUTHAJIMTE Ha BXOJOBETE Ha

TECXHUTEC NMPUEMHHUIIH, €
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p Py
U= R (27)
CrieroBaTeNIHo, CKOPOCTTa Ha NpeJaBaHe Ha MH()OPMAIUATa, KOATO MOXKE J1a

IMOCTUIHAT HCOTOPU3HUPAHUTE HOTpC6I/ITCJ'H/I B TCKyHiusg BPEMEBH MOMCHT, €

I, =Flog 1+M (28)
" ? Nn+NPU ’

3.4. H3B0aAM N0 IJ1aBa TpeTa

1. Be3KMuHUTE KOMYHHKAIIMOHHH MpPEXKH 3a JMHAMHYEH JOCTHI 0

YEeCTOTHUTE PECypCH TMPEACTAaBIAT BB3MOXKHOCTHM 32 Cb3/IaBaHETO  HA
CaMOHACTpOMBalIM c€, aJalTUBHHU, CaMOOOyyaBalll C€, BUCOKOC(PEKTUBHU
KOMYHUKAIIMOHHU MPEXH M MOorar Ja CMeKYaT MpobiemMa ¢ YeCTOTHO

MMpCa0CTaBsAHC HAa KaHAJIN B MHOFOHOTpC6I/ITCHCKa cpcaa.

2. Nudopmarnusara 3a  pasnojOKEHHMETO  HA  U3TOYHHUIIMTE  Ha
eIEKTPOMAarHUTHO M3JIbYBAHE € OT KIIOYOBO 3HAa4YeHHE 3a TOJ00psBaHe
U3IMOJI3BAHETO HA EJIEKTPOMArHUTHHS CHEKThp. MeTtoauTe 3a omnpenensHe Ha
MECTONOJIOKEHHE Ha Oa3upanid ce Ha brbjla Ha IOCThIIBAHE B aHTEHaTa
(uHpopManuiTa 32 W3MEHeHHME Ha (as3a, aMIUIUTyJa WIM YEeCTOoTa) HuMaT
3HAUUTEIHU MPEAMMCTBA MpeJ Te3W 3a U3MEpPBAHE Ha MpPHETaTa MOIIHOCT, HO
TpsiOBa Ja ce OTYUTAT U XAPAKTEPUCTUKUTE Ha M3CICABAHUTE CHUTHAIIH,
BJIUSIHUETO, KOETO cpeAara OKa3Ba (MHOTOJBYEBOCT), TSIXHATa CIOXHOCT U
pa3xo/u 3a BHEAPSBAHE.

3. Uneannara ¢popma Ha cymapHata AKD Ha KOMIUIEeMEHTapHUTE CUTHAIN
JlaBa Bb3MOKHOCT B NMPUEMHHULIUTE HA KOMYHUKAIIMOHHUTE CUCTEMHU CUTHAJIUTE,
NMpEMUHANINA PA3JIMYHK IBTHUINA, Aa ObIaT 00paboTeHn mooTAeIHO. B pe3ynrar Ha
TOBA C€ MHMHHMMH3Mpa Taka HApEYEHOTO COOCTBEHO WM MEKyCHUMBOJIHO
cmymiaBane (inter-symbol interference - ISI), moposeHO OT MHOTr0JIbBYEBOTO

Pa3npoOCTPpaHCHUC HA PAIO BBJIIHUTC.
I'nmaBa 4. Iloagxomu 3a peaau3upaHe Ha COPTyepHO

neUHUpaHd PaJUMO0-KOMYHUKAIIMOHHM CUCTEMH 4Ype3
OPTOTOHAJIHO YECTOTHO PA3JACIISIHE U MYJITUIIIIEKCUPAHE
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4. Toaxoau 3a M3M0J3BaHE HA MOJy4YeHaTa MH(opManus oT padoTHATA cpeaa
3a peajusvpaHe Ha copryepHo aepuHUpPaAHA cHUCTeMA € JAUHAMMYHO
U3I0JI3BaHe HA pecypH

4.2. AaropurbM 32  NpPUJIOKeHMe Ha  MHpopManusTa 32

NPOCTPAHCTBEHOTO PAa3MOJIOKeHHe Ha MOTpedWTeIMTe B Ipoleca Ha

aBTOMATU3MPAHO YyIpasjeHMe Ha codpryepHo nedpuHMpaHa  paamo-

KOMYHMKAIIMOHHA Mpexka, peaju3upaHa 4Ype3 OPTOrOHAJIHO YeCTOTHO

pa3iesisiHe U MYJITHILIEKCUPAHE

Bb3 ocHoBa Ha aHaim3ure, HanpaBeHu B rnaBa Il wm rmaBa III Ha

JUCEPTAIIMOHHUS TPy, B HAcTOsIIMS maparpad ce 0o0OCHOBaBa alrOpUTHM 3a

U3rpaKJaHe Ha paauo-KoMyHukaunoHHH wmpexu (PKM), peamusupamu

koHuenmusara Ha SDR upe3 OFDM.

AJIT'OPUTHBM
3a ynpasJieHue HA copTyepHO JepuHUPAHA PAaA0 KOMYHMKAIMOHHA

MpeKa, peajJn3upana Ha pusnyecko HUBO Mo TexHosgorusita OFDM

Eran 1: OnpezensHe Ha OrpaHUYEHUATA MPU U3MOJ3BAHETO HAa COPTYEPHO
nedrHUpaHa pauo KOMYHUKAIIMOHHA MpPeXKa, pealin3upana Ha (U3HU4eCKO HUBO 110
texHosnorusira OFDM

Cmwnka 1: Pa3buBaHe Ha MHOKECTBOTO Ha MOTPEOUTENUTE HA MBPBUYHUTE
PKM Ha moaMHOXKeCTBa B 3aBHCHMOCT OT H3IIOJ3BaHATAa 4YECTOTHA MOJJIEHTA

(uectoren kaHan) Ha BropuuHata SDR PKM u Ha pazcTosHUsITa MEXKITY TAX:

Cp1:[R(l)piliz’R(1)pi1i3""’R(1>piww,1i,vm]’

CpZZ[R(2)pi1iz’R(2>pi1i3""’R<2>pi,vw,,i,\,w}’
................................................ s 3
Cpk:[R( )pi1iz’ (k)pilzz’ ’R( )pi,i ) ’R(k)plN _qdy ]’ ( )

Con={R(N )i, RIN) s s R(N) |

B (32) ca u3non3BaHu CIeAHUTE O3HAUCHUS:
- Cpy,k=1,2,....N ¢ MHOXECTBOTO Ha Pa3CTOSHUATA MEXIy MOTPEOUTEIUTE
Ha mbpBuuHUTe PKM, n3non3panu k-tata nojjenta (k-tus kanan), k=1,2,...,N;

- R(k)pi,im € pa3CTOAHUCTO MCIKOY l-Tust u m-TUA HOTpe6I/ITeJ'IH OT MHOZXKCCTBOTO
Cpk,k:1,2,...,N;
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- N« e Oposar Ha moTpeburenutTe Ha mbpBUYHUTe PKM, m3non3Bamm k-tara
nojyieHTa (k-tus xanan), k=1,2,...,N (ako N,,=0 TtoraBa MmuoxxectBo Cp, ¢ mpasHo).

Ou4eBuaHO:
N,>N, N Noos N oy (33)
Cmwvnka 2: OnpenensHe pa3CTOSHUATA MEXKIYy MOTpEOUTENUTEe HA

p2rte

mppBuaHaTta PKM u notpebutenure nHa Bropuunara SDR PKM

Nudpopmanusara 3a reorpadcko  MECTOIMOJIO)KEHHE Ha  BCEKH  OT
notpedburenure PUL,PU2,...,PUN, y SU1,SU2,...,.SUNs; Ha mOBbpBUYHUTE U
BropuyHata PKM (I1 1) naBa BB3MOXKHOCT Ja CE€ H3UMUCIST €JIEMEHTUTE Ha
CJIEIHUTE MHOXECTBA!

2.1) MHOXeCTBO Ha pPa3CTOSIHUSTA MEXIy MOTpeOUTEIUTe Ha BTOpUYHATA
SDR PKM:

CS:[Rsll’Rle""’Rslm""’Rst—le]; (34)
2.2) MHOXECTBO Ha Pa3CTOSIHHATA MEXIy MOTpeOUTEIUTe Ha BTOpUYHATA

SDR PKM wu notpebutenure Ha nbpsuunnte PKM:

Csp=|Ryy, Rypseees Ry Ry y | (35)

B (35) Ry, e pascrosHmeTo Mexay [-tus motpebuten (SUI) Ha BTOpuyHaTa
SDR PKM (I=1,2,...,N5) u m-tuss morpeburen (PUm) na nepBuunute PKM (
m=1,2,...,N,).

Cmwvnka 3: V3uncisiBaHe Ha MOIIHOCTUTE HA JOMBJIHUTEIHUTE LIYMOBE,
Ch3IaJICHN OT paboTaTa Ha MpeaaBaTeNiuTe Ha MoTpeduTenuTe Ha BTopuyHaTta SDR
PKM, Ha BX070BETE HAa MPUEMHUIIUTE Ha OTpeduTenuTe Ha MbpBuyHUTEe PKM

KakTo € u3BecTHO, KOraTo Ce€ M3M0JI3BAT HEHACOYEHU AHTEHU, MAKCUMAJTHUTE
MOIIIHOCTM Ha CUTHaJUTe OT Kk-tata mnojuieHTa (K-THMSI 4YeCTOTEH KaHall) Ha
notpeburenure Ha BropuyHata SDR PKM Ha BXoloBeTe Ha MpPUEMHHIIUTE Ha
norpebutenure Ha nbpBuyHUTE PKM ca:

ps(k)
Psp(k)lm: 47IR12m ’
0,
k=1,2,..,N,I=12,....N,m=1.2,...,N,,I#m.
B (36) ca u3mnon3BaHu CIeAHUTE O3HAYCHHUS:

(36)
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- Psp(k),, e MomHOCTTa Ha cUrHAANMTE Ha motpedurens SUILI=1,2,...,N B k-
TaTa 4€CTOTHA mojjieHTa (K-TWsl KaHail), MOCTHIMJIA Ha BXOJa HA MPUEMHHUKA Ha
norpeburens PUm,m=1,2,...,N,;

- Ps(k), e MomHOCTTa Ha TpeaaBaTens Ha morpeobutens SULI=1,2,...,N, B k-
TaTa YeCTOTHA MoJyieHTa (k-THs KaHai), KosiTo ce onpezens Ha etan 2, Ctenka 6 or
pabotata Ha cBpBBpa 3a ynpaBieHue Ha SDR PKM (t.e. Ha erama Ha
pasnpenenenne Ha dyectotHure OFDM  kananu Mexay mnoTpeOUTenuTe Ha
BropuuHaTta SDR PKM);

- R, e ompenenenoro Ha CThIKa 2 pa3CTOSHUE MEXAY MOTPEeOUTENs
SUI,IZI,Z,...,NS u HOTpC6I/ITC.H$I PUm,m:1,2,...,Np;

- croitnoctute Psp(k),=0 ce oTHacAT 3a cilydamTe, KOraTo B TEKYIUS
BpeMeBU Kaabp (time frame) morpebutenst PUm He mpueMa CUTHaIU dpe3
nppBruuHa PKM B k-TaTta yectoTHa nojsieHTa (k-Tus KaHa).

Cmwnka 4: V3uncisgBaHe Ha MOITHOCTHTE Ha CUTHAJIIUTE HA BXOJIOBETE Ha
MPUEMHUITUTE Ha MoTpebutenute Ha mbpBuuHuTe PKM

AnasiornyHo Ha (36), MakCHMaJIHUTE MOIIHOCTH Ha CHUTHaluTe OT K-Tara
nomsieHta (k-Tus dYecTOTEH KaHajd) Ha BXOJOBETE HAa MPUEMHUIIUTE Ha

norpedutenure Ha nbpBuyHUTE PKM ca:

puv (37)
k=12,...,N,u=12,...,N,,v=12,...,N,,u#v.

B (37) ca u3non3BaHu CIeAHUTE O3HAUCHUS:

- Pp(k),, e MOmHOCTTa HA CUTHAIHUTE Ha moTpedurens PUu,u=1,2,...,N, k-
TaTa 4eCTOTHA MojyieHTa (K-TUs KaHal), MOCTHIWIM HA BXOJla HA MPUEMHUKA Ha
norpeburens PUV,v=1,2,...,N,;

- Pp(k), e MomHOCTTA Ha MpeaBaTens Ha motpebutens PUu,u=1,2,...,N, p k
-TaTa 4YeCTOTHA moieHTa (K-Tus KaHai), KoATo € u3unciena 1o (30);

- R(k),, e onpenenenoro Ha CTbIKa | pascTOSHHE MEXIY MOTPEOUTETHTE
PUu,u=1,2,...,N, y PUv,v=1,2,...,N, usnonssauy k-rata yectoTHa moienra (k-
Tus KaHan) (T.e. R(k),. € Cpy);

- croiiHoctuTe Pp(k),=0 ce oTHacaAT 3a cilydauTe, KOTaTto B TEKYIIMs

BpeMeBU Kaabp (time frame) morpebutenst PUv He mnpuema CUTHAIM Ype3
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mppBruuHa PKM B k-TaTta yectotHa mojuienta (k-tus xaHai) ot norpebdurens PUu
(T.e. motpedurensT PUu He n3buBa CUTHAIN UM HETOBUTE CUTHAIIU C€ €KpaHUpaT
OT XbJIMOBE WJIA CTPAJIN).

Cmuvnka 5: VI3uucnsiBaHe Ha MAaKCHUMAaJHO JOMYCTHUMHUTE MOIIHOCTH Ha
CUTHAJINTE Ha Ipe/aBaTesnTe Ha noTpedurenure Ha BTopuuHara SDR PKM

Cornacno Teopemata Ha IllenwsH-Xaptau [20], [14 u (9), Bb3MOXHaTa
MaKCHMaJIHa CKOPOCT Ha MpeJaBaHe Ha MHpopMalus no k-rata 4eCTOTHA MOJJIEHTa
ot notpebutens PUu kM notpedurens PUm (t.e. kananuterst Imax(k), na k-tus
YEeCTOTEH KaHaJl, OLIEHEH OT IJIeIHa TOYKa Ha nmoTpedutenss PUm) ce onpenens 1o

dbopmynara:

Imax(k)umZAflog2(1+ (38)

Pp(k),, )

ATP(K,
B (38) Af P(k), e MOIIHOCTTA Ha NIyMOBETE B K-THS YECTOTEH KaHAI.
Ako Imax(k),,>Ir(k),>0 (T.e. ako BB3MOXHATA MaKCHMajlHa CKOpPOCT Ha
npeaaBaHe Ha HHPOPMAIKs M0 K-TUS 4eCTOTEH KaHall KbM motpebutens PU m e mo-
rojsiMa OT pPeajHO M3I03BaHaTa CKOPOCT), TOraBa MOTPEOUTEINTE HAa BTOPUYHATA
SDR PKM wmorar pa wusnon3BaT Kk-THs 4YeCTOTEH KaHajl Oe3 Ja mpedyar Ha
notpebutens PUm, ako MOIIHOCTUTE Ha TexHHTe curHaiaum Psp(k)., ocurypssar

HU3IIBJIHCHUCTO HA PaAaBCHCTBOTO

Pp(k
Ir(k) =Aflog,|1+ P (K ,
Afp(k)no+Ps(k>lm . (39)
k=1,2,...,N,I=1.2,....Ng,m,u=1,2,...,Np,uzm.
CraenoBaTeaHO
Pp(k
Ir(k) =Aflog,| 1+ P (k) Q
AfP(k), +Ps (k) | =
Ir(k) Pp(k)
O——'"=]og 1 um
= TAf OgZ( "afP(K),+Ps(k),, |-
Ir(k)
- Pp (k)
2 4 =1 o Q
= “AFP(K),+Ps(k),, - (40)
Pp(k),,
QAf P(k),+Ps(k), =5
2 A —q
Pp(k
0Ps )= 2Kk 5 p,.
2 8 -1
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Cnen kato ce otuete (40) B (35) ce ycTaHOBsiBa, 4e B K-TUsl 4ECTOTEH KaHaJ
JIOITYCTUMUTE MOITHOCTH HA CHUTHAJIWTE Ha MoTpedutenure Ha BTopuuHata SDR
PKM (T.e. MOIIHOCTHTE, MPHU KOUTO CKOPOCTTA HA TIpe/laBaHe Ha MHQPOpMAIUSI KbM
norpebutenst PUm He cmaga moJ HOMHUHAHATA CKOPOCT B pe3yiTaT Ha

€IHOBPEMEHHOTO U3MOJI3BaHE HA K-THs YECTOTEH KaHall U OT motpedurens SUI), ca

Pp(k
Ps(k),= %ﬁl)”m—AfP(k)no ATTR;

Im>

2 B _1q (41)
k=12,...,N,I=12,...,Ng,m=12,...,N,.
Axo Ir(k),=0 (T.e. ako He ce TpenaBa UHPOPMAIUS MO K-THS YECTOTEH KaHal

KbM TOTpeduTenss PU m), ToraBa nmotpedurenute Ha BropuyHata SDR PKM wmorar
Jla M3M0I3BAT K-THs 4eCTOTEH KaHai 0e3 Ja mpevar Ha nmotpeburens PUm, nopu ako
MOII[HOCTHTE Ha TeXHHMTE cHrHamu Psp(k), ca MakCcHMaaHO BB3MOXHHM, CHITIACHO

TEXHUYECKUTE XapaKTEPUCTUKHU Ha Ha BTopuyHata SDR PKM, t.e.:
Ps (k)l:Pmaxs(k)l)
k=1,2,...,N,I=1.2,...,N,.
Eran 2: Pasnpeneneune Ha OFDM kaHanmute MeXay MNOTPEOUTENUTE Ha

(42)

BropuuHaTta SDR PKM, MakcumMu3upaiio ckopocTTa Ha npeaBaHe Ha nH(popmanus
BbB BrOpuuHata SDR PKM npu cnasBane Ha OrpaHUMYEHUATa, YCTAaHOBEHU Ha
NPEAXOIHUS €Tall

Cmwvnka 6: W3uncnsiBaHe Ha MAKCUMAJIHO Bb3MOXXHUTE CKOPOCTH Ha
npeaaBane Ha uHGopMalys oT norpedbutenute Ha BropuuHata SDR PKM

Ha 6a3zata Ha muoxxectBoTo Cs (CrhIika 2, ¢dopmyina (34)) Ha pa3cTOSHHATA
Mexay mnorpedoutenure Ha BTopuyHata SDR PKM u Ha MHOXecTBOTO Ha
MAaKCUMaJIHO JIONYCTUMHUTE MOIIHOCTA HA CUTHAJIWTE HA MPEJABATEIIUTE UM
(m3uncnenu Ha Croika 5, dopmynu (41) u (42)), MOUTHOCTUTE HAa CUTHAJIUTE HA
BXOJIOBETE Ha TMPHEMHHUIIMTE Ha moTpeburenute Ha BropuuHata SDR PKM, ce

U3YHUCIISABAT 10 opMyIiarTa:

__Ps(k),

" 4nRg” (43)
k=1,2,...,N,I=12,....Ns,w=1,2,...,Ng,I#w.

B (43) ca u3non3BaHu ciaeAHUTE O3HAYCHUS:

Ps(k)l
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- Ps(k),, e MOIIHOCTTa Ha cuUrHamuTe Ha rotpedurens SULI=1,2,...,Ng B k-
TaTa 4€CTOTHA mojjieHTa (K-TWsl KaHail), MOCTHIMJIA Ha BXOJa HA MPUEMHHUKA Ha
OTPEOUTEIIS SUw,w=1,2,...,Ng;

- Ps(k), e MomrHOCTTa Ha mpenaBarens Ha moTpedurens SULI=1,2,...,Ng B k-
TaTa 4YeCTOTHA MoJieHTa (K-THsl KaHal), KOSITO € MU34KCIIeHa Ha TPEAX0HATA CThIIKA
no (41) wiu (42);

- R(k)4, e ompenenenoro Ha CTBIKA 2 Pa3CcTOSHUE MEXIy TOTPEOUTENUTE
SUlI1=1,2,....Ns u SUw,w=1,2,....Ng npu wusnon3BaHe Ha Kk-TaTa YeCTOTHA
nojienta (k-tust kaHai).

AnanoruyHo Ha (39), ckopocTUTe Ha IpelaBaHe Ha WH(GOpMAIUATa, KOUTO
MOTaT Ja TOCTUTHAT moTpeburenure Ha BTopuuHata SDR PKM B Tekymus
BPEMEBU MOMEHT, C€ U3YHUCIIABAT Mo (popmyaTa

Ps(k),,
Af P(k), +Pps(k),, |’ (44)
k=1,2,...,N,l,w=1,2,...,Ng,m,u=1,2,...,Np,[Zw,u#m.
B (44) ca u3non3BaHu cieAHUTE O3HAYCHUS:

Ir(k)lw/u:AflogZ 1+

- Ir(k)yu € BB3MOXKHATA MaKCUMaJdHA CKOPOCT Ha IpejaBaHe Ha
uHdopMmanusaTa ot norpedbutens SUI kpMm motpedutenss SUw mno k-taTta 4ecToTHa
nomyieHta (k-tust xaHan) mpu u3mnon3BaHe (0T morpedbuTtenss SUI) HA CUTHAIM C
JIOITyCTHMa MOIIHOCT;

- Ps(k),, e MOIIHOCTTa Ha cuUrHamuTe Ha notpedurens SULI=1,2,...,Ng B k-
TaTa 4YecToTHa mojjeHTa (k-THS KaHai), HAIMYHA HA BXOJa Ha MPHEMHHKA Ha
norpedurenst SUw,w=1,2,...,N cprimacHo (43);

- AfP(k), e MOIIHOCTTA Ha ITyMOBETE B K-THs 4eCTOTEH KaHAI;

- Pps(k),, € MOIIIHOCTTA HAa CUTHANUTE Ha moTpebutens PUu,u=1,2,...,N, p k-
TaTa 4ecToTHa nojjeHTa (k-Ths kaHail), HaJIMYHA HAa BXOJAa HA IMPUEMHHUKA Ha
norpedurenss SUw,w=1,2,...,N; KoATO ce H3YMCIABA aHAJIOTUYHO Ha (36) 1O

dbopmymnara:

Pp(k),
Pps (k),,= 4i(Rz) (45)

k=1,2,..,N,u=12,....Np,w=12,..., Ng.
B (45) ca u3non3BaHu ciaeAHUTE O3HAYCHUS:
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- Pp(k), e MomHOCTTA Ha NpeaBatens Ha norpebutens PUu,u=1,2,...,N, p k
-TaTa 4eCcTOTHA nojjieHTa (K-Tust KaHai), KosiTo € uzuucieHa 1o (30);

- R(k),, e ompenenenoro Ha CTBIKA 2 pa3CTOSHHME MEXTY IOTPEOUTENUTE
PUu,u=1,2,....N, gy SUw,w=1,2,...,Nq,

Cmwnka 7: Pasnpenenenne Ha OFDM kananute Mexay nOTpeOUTENHTE Ha
BropuuHaTta SDR PKM, MakcumMu3upaiio ckopocTTa Ha npeaBane Ha nH(popmanus
BbB BTopruHara SDR PKM

[lenTa Ha Ta3u CThIKA € HAMUPAHETO HA €AHOMOCOYHUTE KOMYHHKAIIMOHHU
CbeIMHEHMs  (JIMHUM) ,JpeAaBaHe Ha  uHboOpMalus OT  MNOTpeduTens
SUIL,I1=1,2,...,Ns - npuemane Ha uHpopmaist ot notpedutens SUw,w=1,2,..., N
32 KOMTO CKOpPOCTTa Ha IpeAaBaHe Ha HHQOpMaIMs € MaKCUMalHa 3a BCEKU
YeCTOTeH KaHajl. 3a MOocTHraHe Ha Ta3u wen ce moctposiBar N XN na Opoit
JBYMEPHU MacuBa, BCEKH OT KOMTO MOXKE Jla c€ IpeAcTaBu upe3 Taldiauma oT

CIIEHUS BUJ:
Tabmuma Ne6 MakcumamHo Bb3MOKHHU CKOPOCTH Ha Tpe/laBaHe Ha nH(opmaIus

ot motpeduren SUI kpM notpeduren SUw,w=1,2,...,N¢ 110 k-THs 94ecTOTCH

KaHaJI IPY CMYIIaBallo Bbh3AeHcTBUE OT moTpedburen PUu,u=1,2,...,N,
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[Torpeburen SUw
1 2 . w ces Ns
Ir (k)i Ir (k)i Ir (k) n I’”(k)stn
2 Ir (k)12 Ir (k)2 Ir (K)yy 12 I’”(k)st/z
5
¥
& u Ir(k)lllu Ir(k)12/u e Ir<k>lw/u e Ir(k)lNS/u
S
=
Ny I’”(k)u/Np Ir(k)lz/zvp Ir(k)lw/NP Ir(k)lNS/NP
Min
€JICMEHT B Ir (k) Ir(k);, Ir (k) Ir(k),NS
CThJI0A

AHamu3bT HAa W-TUS CTHJIO Ha Tabj. 6 MOKa3Ba, Ye aKo IO K-THUS YECTOTEH
KaHaJ ce mpenaBa uHpopManus ot notpeduten SUI kbM motpeburen SUw Torasa
CKOpOCTTa Ha TpeaaBaHe Ha HH(pOpMaIUs ce ompeaels oT morpedutens PUu,
KOWTO B HaM-TroJIsIMa CTEIEH CMYyllaBa MOCOYEHOTO chenauHenue. [1o Ta3u npuunnHa
CKOpOCTTa Ha MpefaBaHe Ha uWH(popManus oT notpeduren SUI xkbM moTpeduten
SUw,w=1,2,...,N; 110 k-THs1 Y4ECTOTEH KaHAJI €

min

Ir(k)’W:uzl 7 N [Ir(k>lw/1’Ir(k>lw/2’""Ir(k)lw/Np]. (46)
,2,...,N,

CkopoctuTe Ha mpenaBaHe Ha HHPoOpMalMs 32 BCHYKH CTBHIOOBE,
onpeeneHy upes (46), ca NpeACTaBeHy B OCIEAHUS pel Ha Tadi. 6.

Toit kaTo o mpuHIMN oTpeduten SUI Moxe na npenaBa uHGoOpMaIus KbM
Bcekn norpedburen SUwW,w=1,2,...,Ng ckopocTTa Ha mnpeaaBaHe Ha WHPOPMAITUS €

MaKCUMalTHa 3a To3u nmotpeduten SU Wy, 3a KOUTO € H3ITBIHEHO:

max

Ir(k)lw(]:w:l,2,”"NS[Ir(k)ll’Ir(k)IZ"'-’Ir(k)INS] (47)

[Ipensun Ha (47) Moxxke nAa ce 0000IIH, Y KOMYHUKAITMOHHOTO ChEIUHECHUE
»lpenaBane Ha uHdopmaiusa ot norpedburens SUI - mpuemane Ha uHGopmalus oT
notpeodurenst SUSU W, ipu KOeTO CKOpOCTTa Ha MpeaaBaHe Ha HHPOpMAITHS 1Mo K-
THS YECTOTCH KaHall € Hail-BHCOKa, C€ Ompeneiss OT MaKCUMATHHS €JIEeMEHT B

MIOCIICTHUS el Ha TalII. 6.
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4.3. OcCHOBHH CBOHCTBAa Ha CJI0KHUTE CHUTHAJM, H3MO0J3BAHU IPHU
HU3IPAKIAHETO HA PAIMOKOMYHUKAIMOHHHA MPEKH ¢ BUCOKA IIYMO3AIUTEHOCT

[Tonoxurennute cBoiictBa Ha CC OT TJieIHA TOYKAa HAa M3rPaXkJaHETO Ha
PKM c¢ BHCOKa HIyMO3alIMTEHOCT NPOM3THYAT OT TSAXHATA CJO0KHA BBTPEIIHA
cTpykTypa. Ilo-KOHKpEeTHO, TMOJ YIPABICHHETO Ha CHEUHUAHA pa3uuupsasaua
dynukyus  (paswupsaeawy cueHan) BCEKU €IUH HWHGOPMAIMOHEH CHUMBOJ OT
npeJaBaHUTE JaHHU ce TpaHchopMUpa B TMOCIEAOBATEIHOCT OT EJIEMEHTApHHU
UMITYJICK C MajKka MNPOABIDKUTEIHOCT, HApPEUYCHU eleMeHmMapHu UMARYICU WU

yunoge. PopMaIHO-MATEMATUYECKH Ta3W ONEpalns ce€ ONucBa ¢ u3pasa [8],[9].

Vol t)=v[t]g(t), (48)
B (48) v(t) e mpocT curHaji, mpeHacsm eJuH HHGOPMALMOHEH CHMBOI OT

npeaBaTeiisl KbM IIPUCMHHUKA, glt) e pasmupsiBamata (QyHKIus, a Voaus(t) €
PE3YATAHTHUAT CJIIOKECH CUTHAJ, YMATO CIICKTpaJiHA ILTBTHOCT Vpasw(f ) nma BU/A,

nokasad Ha ¢ur. 31 6.

V() A <

0 : . <
| 0 f
Vpa3w(f)k : /’ JI- \\
W(f) i III E \\\
AR 6)
a7 i N
0 i . s f

®urypa - 31 [loBumapane mymoycroiunBoctta Ha PKM B pe3ynrart Ha
M3M0JI3BAHETO HA CII0KHU CUTHAIN
PasmmpsBamara QyHKIMsS € yHMKajdHA 32 BCEKM KOHKPETEH IOJydyaTen Ha
uH(bOpMAITUS U B HETOBUS MPUEMHUK C€ U3BBPIIBA KOPEIANMOHHO MPUEMaHE upe3
CpaBHSIBaHE Ha MpHUETaTa pasmupsBamaTa GyHKIUS ¢ IPeIBapUTEITHO 3aJI0KECHATA.
dopmMaHO-MaTEeMaTUYECKH Ta3U Olepalusl ce onucBa ¢ uzpasa [8],[9].
Vo t)g ™ e =[v (el gle]] g™ (e)=vle). (49)
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Tyk g 'lt) e curmanm, ymero nelicTBHe e oOpaTHO Ha JCHCTBHETO Ha
pasmupsBaniata QyHKIUs, U3Moii3BaHa B npenaBarens. [lo Ta3u npuuuHa TOM ce
Hapu4a ooOpamua pazwupasawa @yukyus (cuenan). B pesynrar cnekrpaiaHaTa
ITBTHOCT V s (f) HA TONIE3HHUTE CUTHAIM CE CBUBA JI0 IIPBOHAYANHUS cH BHUA V (f),
nokasad Ha ¢ur. 31 B.

Ot opyra crpaHa, IoJ Bb3JECHCTBUETO HAa OOpaTHAaTa pa3mupsBaiia GyHKIHS
CMYIIaBAIUAT curHan w(t) ce TpancopMupa B CUrHaja

wlt) g (t)=w pult), (50)
KAaTO HETroBaTa CIEKTPaNHa IIGTHOCT W ., \f] MMa Buma, mokasan Ha ¢ur. 31 B. Ha

BXOJ1a Ha MPUEMHUKA 00adye MMa YeCTOTHO-U30MpaTeseH GUIThp, KOUTO MPOIyCKa
3a TI0-HaTaThITHA 00pabOTKa cCaMO CIIEKTPATHUTE KOMIIOHCHTH B YECTOTHATA JICHTA
F. ¢ menrpamna yecrora f,. CiemoBarenno B pesynrar Ha umsmnoisanero Ha CC
OTHOIIIGHWETO CHUTHAJ/IIyM TIO aMIUIMTyda q., Ha W3X0Ja Ha MPHUEMHHKA Ce
oI00psiBa MPaBO IMPOMOPITMOHAIIHO HA PA3IIUPSBAHETO HA CHEKThpPa CHUTHAIHUTE
[8],[9], kaTo

qm=2Bqu. (51)
Tyk B=V ;. T.,B>1 ¢ 6a3ara na CC, T, ¢ npoabJDKUTSIIHOCTTA HA CUTHAJA, a

dp € OTHOIIIEHHWETO CUTHAJI/IITYM 10 aMIUTUTY/1a Ha BXO/la Ha MMPUEeMHUKA.

Ot (23) ce Bk, 4e 4., MOXKE J1a ObJIe TOCTATHYHO TOSIMO JIOPH TP MHOTO
MaJKi CTOMHOCTHM Ha qo, — JOCTaTh4HO € Ja ce u3bepe Oaza B Ha CC cC
HeoOxonumara rojemuna. CnemoBatenno npuemanetro Ha CC cbc chriacyBaH
GUATHP WK KOPENIaTop Ce ChIIPOBOXKA C YCHIBaHE HA CUTHaja (MJIM IOJAaBsSHE Ha
cmyuieHuero) 2B mptu. UMenHo 3a ToBa BennunHata [81],[9]:

2
— qun

2 .
Qo
CC HapI/I‘{a KO@¢MT/!I/I€Hm HAa yCUﬂ@CZH@ HAa KOMyHMKaI/!MOHHume cucmemu CovC CJIHOMCHU

KCC

(52)

cuenanu (KCCC) mpu o6padotkara. Ot (51) u (52) cnensa, ue:

K_.=2B. (53)
AHnanornyHo, mnpuemaHero Ha wuHpopmarusa, npeHacsHa cbec CC, ce

XapaKTepu3upa ¢ OTHOIICHUE CUTHAN/TIIYM 110 MotTHOCT [8],[9]:

2
w=du=pg (54)
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CvotHomienusara (40) u (41) ca ¢dyHmameHTanHu B TeopusiTa Ha
KoMyHUKaliMoHHUTe cucteMu cbe CC. Te ca mojyuyeHu 3a CMyIIEHHs OT BHJA Ha
Osu1 TIIyM C paBHOMEpPHA CIIEKTpajHa IUIBTHOCT Ha MOIIHOCTTAa B TPaHUIIUTE Ha
YeCTOTHATA JICHTA, IIUPUHATA HA KOSATO € paBHA Ha mupuHaTa Ha cnekThpa Ha CC.
B Haii-00111 ciayyail € U3MbIHEHO:

Kcc™2B, (55)
KaTo CTETMEeHTa Ha MPUOIKEHUE 3aBUCH KaKTO OT BHUJA HAa CMYIICHHUETO, TaKa U OT

6azara Ha CC [8],[9].

Ot (54) sicHo ce Bwxkna, ye wusnoiazBaHero or PKM na CC Boau 1o
NOBUIIIABAaHE HA TSIXHATa IIyMOYCTOHYMBOCT B mbTH. JleWCTBUTEIIHO, HEKa
OTHOIICHUETO CUTHAJI/IIIYM IO MOIIHOCT Ha M3XOJa Ha MPUEMHHUKA, OCHTYPSBAIIIO

HopManHa padora Ha PKC, e q.,=q;. Ao 3anouHe noaassHe PKM cbc cMmyleHus,

o > 1 o
BJIOIIIABAIIINU OTHOIIICHHUCTO CI/IFHaJI/HIYM 110 MOIIIHOCT 1O CTOUHOCT qun_E qo, TOTABA

M3II0JI3BAHETO HA CJIOKHHM CHTHAJIM ¢ 0a3a B HambiIHO ¢ KOMIICHCHPpA BpPCAHHA

. 1
e(eKT Ha CMYIIEHUSTa, Thi KaTo QEFBEQ(Z):QS [8],[9].

Texnonornuyno reHepupanero Ha CC MOXe /1a ¢ OCHINECTBH I10 JBA OCHOBHH
METO/Ia, HAPEUCHU OupeKkmuo pazwmupssare Ha cnekmuvpa (direct spread spectrum)
ype3 (ha3oBa MAHUNYJALUS U CKOKOOOPA3HO U3SMEHEHUe Ha Hocewama 4ecmoma
(frequency hopping) [8],[9]. IIbpBUAT OT TIX — JUPEKTHO pa3lIUpsSBaHE Ha
CIEKThpa — Cce MOSICHSIBA € MoMoIlTa Ha ¢wur. 32.

Ha ¢ur. 32 a e noka3zan moTtoksT OT cuMBojiM 101.... KoilTo TpsiOBa na ce
IpeHece OT MpeaaBaTelis KbM MpueMHuKa. PasmupsiBamara ynkius (gur. 32 6) e
g(t)=[1001}, T.C. T € cheTaBeHa oT N, =4 enremenmapnu umnynca (vuna). Ilpu ToBa

CBOTHOIICHUCTO MCKAY IPOABJLKUTCIHOCTUTC HAa CHMBOJIUTC Tc U YUIOBETE Ty €

T
[81,[9]. N,=—. (56)  Omnepanusra

Ten
(20) e peanusupaHa KaTto cyma no MO0yl 2 Ha BCEKHM CHUMBOJ M paslIMpsiBaIlaTa
dbynakiusa (¢ur. 32 B). Pe3ynrarbT OT HEHHOTO M3MBJIHEHHE € pa3lIUpsBaHE Ha

YyecTOTHATa jJeHTa Ha curHaiure N cn II'bTH, ThU KaTo IMKMPHUHATa Ha CIICKTbPa Ha

1 _Ng
PasLIMPEHUTE CUMBOIH € Foc®—=—7-

a Oazara
T ch Tc ’
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®durypa - 32 JlupekTHO pa3imupsiBaHe Ha CIIEKThpa upe3 pa3zona

Upoe()

paBHOMepeH
®M curHan

MaHUITYJIaIHsI
C momorra Ha HOcemoTo TpenTeHue (pur. 32 r)

uHoc(t):UmOSin (znf0+q)0), (57)
CIEKThPpbT Ha pasmmupeHute cumBoiu (ur. 32 B) ce TmpeHacs BbB

BHCOKOUYECTOTHATA YaCT Ha €JIEKTPOMATrHUTHUS CHEKTHhP OKOJIO HOCEeIaTa 4yecToTa
fo ((1)1/11" 31 6)

4.4. KoMnioTbpHa CHCTEMA 32 AHAJIU3 U CHHTE3 HA KOMILUIEMEHTAPHU
CUTHAJIH

Onpeoenenue 1: JIBa Ounapuu @M curnana, YMUTO MaTEMAaTUYECKU MOJCIIU

ca  mocneioBaTenHOCTH ~ oTf  OuHapuu  orgetn  [a(i)l, L [b(i)],
ali],bli)€ [-1,+1},i=0,1,...,N,, ce HApUUAT KOMILIEMEHTAPHA JBOIKA, aKO CyMaTa Ha
TexHuTe aBTokopenanuoHHU ¢yHKuuu (AK®D) Hsama cTpanuunu nucta (T.e. TS €
1upoB eNTa-UMITYJIC):

2N,,r=0,

Relr)=Rualr |+ Res )= 0,r=+1,£2,...,+(N,~1).

(58)
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B (58) menepuommunute AK® R, (r] u R, (r] na Guraprute ®M curHamm
la(i)}iey", [bli)]iy " ce ompemensar kato B M3BecTHaTa (GOPMyNa 3a M3UHC/IABAHE Ha
B3anMHO-KopenauonHata Gynkmus (BK®) na asa curnana v, (i), v, (i)

N,—1-]r|
_ > wlivy(1+|r]),—(N,—1)<r<0,
vavz(r)_ iTV?flfr (59)
Z vl(i)v§(1+r),0£r£N1—l,

N,-1

ce NoCTaBH i)y =lali)]2y L v (i) =lali) | u
|iZo CHOTBETHO.

i)y = b [va(i) ]2, =(b(i)

Kakto Geme ot6enszano, B (59) |v,(i)} ' =(v,(0],v,(1),..,v,(N,=1)} wu
(v, i)y =[v,(0),v,(1),...,v,(N,=1)} ca 1Ba TIPOM3BOJHM CHTHANA, CHCTABEHH OT
penunata otdetn Vili),v,li),i=0,1,...,N,—1, mpemcTapisBamy KOMIUIEKCHH YHCIa,
u3passiBalll aMIUIUTyAaTa U HayaiaHaTa (a3a Ha eleMeHTapHuTe (a3oBU UMITYJICU
(uumioBere), kKouTo THU wu3rpaxkgar. OcCBeH TOBa, CHUMBOJBT (0 O3HAYaBa
KOMILTEKCHO crpsirane, R, (r] e mactst Ha BK® Ha curnanure i)y va ()]
Ipu BpeMeBO OTMecTBaHe ''T,;,r=0,1,...,N,—1 a 7, e nmpogbIKUTEIHOCTTAa Ha
eJIEMEHTapHUTE UMITYJICH (duroBere). Thid KaTO MPOIBIKUTEITHOCTTA HA YUIIOBETE
T.,, € TIOCTOSIHHA TPU TeHepUpaHeTo W nudpoBara 00pabOTKa HA CUTHAIUTE, TS CE€
nporrycka (He ce U3M1CcBa) BbB (POpMyIIHTE.

[IpenaBua KOMyTaTUBHOCTTA Ha Oolepaiusara croupane, ot (58) ce BUxIa, ye
pensT Ha OuHapHuTe @M curnanm, popMupaiid KOMIUIEMEHTapHaTa ABOMKA, HIMA
suauenne. C apyrm aymm kakto |a(i)liy’,|b(i)|y’, Taka u [b(i)| ;" [a(i)];" ca
KOMIUIEMEHTapHa JIBOMKA.

MHOro Ba)XHO CBOMCTBO Ha KOMIUIEMEHTapHUTE nBOVikn ®PM curHamm e
CBIIIECTBYBAHETO HA METOJ 3a CHHTE3 Ha TPOW3BOJIHA KOMIUIEMEHTapHA IBOMKA
®M curnanu ¢ gpokuHa NN, ako ca M3BECTHH JIBE KOMIUIEMEHTApHU ABOMKH OM
curHaian ¢ apokuHa N; w N, cboTrBeTHO (HE € HEOOXOJUMO JIBETE JIBOMKH
koMmriemMeHTapau ®M curHanu ga ca paznuunu). Crej mpuiiaraHe Ha MeToja
J0CTaTh4eH Opoil MBbTH € BB3MOKHO JIa C€ CHUHTE3UPAT KOMILIEMEHTApHHU JIBONKU

L

!
®M curnamm ¢ apkuHa N,=N,;N;, Taka 4€ TS Ja € HO-rojisiMa OT KOETO M Ja €

MpCaABApPUTCIIHO 3a1aICHO YHCJIO.
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Henocrtarbk Ha koMIuieMeHTapHuTe nBoMkn OM curnama e, 4de 3a
u3MuHaIMTe 60 TOOWHM ca OTKPUTH CaMo: €JHAa KOMIUICMCHTapHa JBOMKA C
nbibkuHa N =2, 1Be HECKBHBAJICHTHH KOMILICMEHTApHH ABOMKHU ¢ abmkuHa N;=10,
¢JHa KOMILJIEMEHTapHa JaBoiika ¢ ap/pkuHa N,=20 y eqHa KOMIUIEMEHTapHA JIBOMKA
¢ meiokuHa N;=26, [lo Ta3m mpuumHa KOMIUIEMEHTapHHUTE NBOMKNM DM curHamm,

BbBeJIcHN ¢ Onpenenenue 1, MoraTt ga uMaT caMO JIbJKWHU OT BHJIA

N,=2"N'N% N,,N,€(2,10,26]. (60)
Onpeoenenue 2: MHoxecTBOTO OT K Ha 6poit ®M curnamm:
[al(l‘)]i\:(;ly [02(1)]11\[:2(;1) ceey {aK(i)]i]iK(;l
j2nl (61)

alij€le ™,1=0,1,...,m—1,k=1,2,... K[, j=V—-1,
e 00001meHO0 KOMIUIEMEHTapHO MHOXECTBO, aKO cymMaTa Ha TEXHHTE
aBTokopenaunoHHu QyHkiuu (AK®) mama crpanuunu jucra (T.e. TS € HUPPOB

JeATa-UMITYJIC):

K
K
Rcs(r):ZRakak(r): ;Nk:N1+N2+...+NK,r:0,

k=1

(62)
0,r=+1,+2,...,#max (N,,N,,...,N|.

B (62) nenepuoanunure AK® R, (1] ce u3uncissar ¢ momourra Ha (59).
[IpenBua KOMyTaTUBHOCTTA Ha orepauusata cbOupane, ot (62) ce BUXKAA, Ye

peabT Ha OuHapHure ®M curhHanu, Qgopmupamy 0000UIEHO KOMILIEMEHTApHO
MHO>KECTBO, HAMAa 3HAYCHHUE.

i
L

AKo b
oo
}

1
!

Cyma Ha AK® ab,c,d AKO d
o8

®durypa - 33 ABTOKOpeNaMOHHU (QYHKIIMH Ha KOMILIEMEHTAPHOTO

MHO>KECTBO CUTHAJH, Nedunupanu c (34)
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4.5. Iloaxon 3a peaausupaHe Ha copryepHOo neMHUPAHU PaTHO-
KOMYHMKAIIMOHHM CHCTEMH 4Ype3 OPTOrOHAJIHO 4YeCTOTHO pa3jeisiHe U
MYJITHILJIEKCUPAHE U CJI0KHU KOMILUIEMEHTAPHU CUTHAJIH

Ot nanHute, cucteMarusupanu B § 3.1, ce BmKaa, 4e 4pe3 TEXHOJOTHUATA
OFDM 1necHo MoraT Ja ce€ peaau3upaT HE3aBUCHUMHUTE YECTOTHU KaHaJH,
HEOOXOJMMH 32 KOMYHHKAIIMS 4Ype3 KOMIUIEMEHTApHU CUTHANM, KaKTO U Jia Cce
peanu3upa u kpunrtorpadcka zammra Ha u3NpamaHuTe choOieHus. [Ipeasun Ha
Te3u (GakTu, IpU aHaIu3a B HaAcTosAlMA maparpad me Obae usnoia3BaHa ¢ur. 35
[118].

Constellation
mapping

. (o t| Re ,‘1 "V‘I
I—SCUF > X, ™ > DAC »{ )

— a

3 ] oo /A
odse, |2l o OO v
‘B 1 — TN
s [n] Z ‘ FFT™ 50° (—H-—
/ 2 LER J ~ o

Serial to X
parallel SC,\.]}i 4._\ LA }’—> » DAC } N\ ;
lofe] X Im | <

®durypa - 35 CrpykrypHa cxema Ha moauduimpan OFDM npenasaren [70]

BB3MOxkHOCTTA 3a M3rpakaaHe Ha mymos3amuTeHn M curypau SDR PKM
ype3 u3nonsBaHe Ha TexHosnorusata OFDM u clnoXHM KOMIUIEMEHTAPHU MPOU3THYA
OT CJIEAHUTE 00CTOATEIICTBA.

[IbpBO, CBHBPEMEHHUTE KOMYHHMKAIIMOHHUTE M KOMIIIOTBPHU MPEXH ca
CbCTAaBEHU OT OTHOCUTEIHO CaMOCTOSTENHH 000COOCHHM eAUHUIM (IIePCOHAIHU
KOMITIOTPY, Pa3IWYHU TEPMUHAIM, JApPyra KOMYHHKAallUOHHA TEXHHUKA), KOWUTO
oOpaboTBar, mpenaBar u/uiu npuemar nHdopmaius karo orsoperu cucremu (OC,
Open System — OS).

Bropo, mymo3amureHocTTa € MHOTO Ba)KEH MOKazarenl 3a e(eKTUBHOCTTA Ha
KOMYHUKAIIUOHHUTE W KOMITIOTBPHUTE MPEXKHU ThU KaTO TS XapaKTepusupa
CIIOCOOHOCTTAa Ha TE3W MPEXH Ja C€ MPOTHUBOIIOCTABIAT HA MEPKUTE 3a Pauo-

enexktponHo noaassine (PEII).
4.6. WUzBoau mno riasa IV

B I'maa IV ca nony4eHu ciefHUTE OCHOBHU PE3YJITATH.
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1. Cunresupan e o0w anropuTbM 3a NpUIIOKEHHMe Ha uH(opMmanusaTa 3a

OPOCTPAHCTBEHOTO  PA3MOJIOKEHUE Ha MOTpeOUTenuTe B Mpoleca Ha
aBTOMaTu3uMpaHo ympasieHue Ha PKM, peanusupamm konmenuusta Ha SDR
upe3 OFDM (§ 4.1).

2. PaspaboTeHa € KOMIIOTHPHA J1a00OpaTOpus 3a AHAIM3 M CHHTE3 HA CJIOXKHH

koMIuieMeHTapHu @M curnanu (§ 4.3).,K0eTo MO3BOJIABA Ja C€ MUHUMU3UPAT
Taka HapeuyeHWTe B3auMHU cmylleHusi (multi access interferences - MAIs),
peaIu3BUKaHU OT €IHOBPEMEHHOTO M3MOJI3BaHe HA KOMYHUKAIIMOHHUS KaHAIl OT

MHOTI'O HOTp€6I/IT€J'II/I

3. O6ocHoBaH e moaxox 3a m3rpaxkiaHe Ha SDR PKM, npurexaBaiqy BHCOKa

IIYMO3AIIUTEHOCT MU YCTOWYMBOCT Ha (PYHKIMOHHUPAHETO B EKCTpPEMaTHU
yCIOBUS, 4pe3 u3non3BaHe Ha TexHonorusta OFDM  wu  cioxHu

KOMILICMCHTApHHU CUTHAJIH.

3aKJIIOUCHUE

B pe3yJTar Ha H3CJICABAHCTO B PAMKUTC Ha JAUCCPTAMOHHUA TpPyHd Ca

IMOJIYUYCHH CJIICIHUTC OCHOBHU PC3YJITATHU!

° Hayuyen npuHoc:

l. Pa3paboreH e anropurbM 3a MNpWIOKEHHE Ha HHPopMalusaTa 3a
OPOCTPAHCTBEHOTO  PA3MOJOKEHUE Ha  MOTpeOUTEeNuTe B  Ipoleca Ha
aBTOMATHU3HMPAHO YIIpaBJIeHHE Ha copTyepHO AeuHUpaHa paguo-KOMyHHKAI[MOHHA

Mpexa, peannsupana upe3 § 4.1.

° Hay4Ho-npu/10KHN IPUHOCH:

I. AHanu3upaHu ca METOJUTe W TEXHUKUTE 3a CJIEAeHE Ha
€JIEKTPOMAarHuTHATa Cpella U € MPEJCTaBeH MOAXO0J] 32 KOMITIOTHPHO MOIIOMAraHo
MIPEIOCTaBSHE HA YECTOTHU KaHAH § 2.

2. O0ocHOBaHa € Kiacu(ukanus M W3UCKBAHHUS KbM QJITOPUTMUTE 32
onpeJeNsiHE Ha MPOCTPAHCTBEHOTO MECTOIOJIOKEHNE HA OTPEOUTENIUTE U TTOIXO0/
3a MpUJIOKEHUE Ha Jo0uTara nHPopManusaTa 3a mogoOpsBaHE HA M3MOJI3BAaHETO HA

€JIEKTPOMArHuTHUs CiekTbp§ 3.2.1.
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3.  Paspaboren e moaxoj 3a peanusupaHe Ha codryepHo neduHHpaHu
pPaaro-KOMYHUKAIIMOHHA CUCTEMH 3a CKPUT (IIIyMO3alluTeH) OOMEH Ha JJaHHU, Ype3
U3IMOJI3BaHE HAa CJIOKHU KOMIUIEMEHTapHM CUTHAJIM B CHUCTeMa Oa3upalia ce Ha

OPTOTOHAJIHO YECTOTHO pa3feisiHE U MyJATUIUIEKcUpaHe§ 4.4.

° IpusoxHu npuHoOCH:

1.  AnanusupaHu ca peIn3BUKATENICTBATA B 0€3KUUHUTE
KOMYHHUKAIIUOHHU MPEXHU W CHUCTEeMH M Ca IOKa3aHU METOJMTE 3a pellaBaHe Ha
3a/1a4ara 3a JUHAMHUYEH JIOCTBI 0 yecToTHUTe pecypeu § 1.1, § 1.5.

2. OO0OCHOBaH € MOJXOJ] 3a U3TPakJAaHe Ha COPTYEpHU APXUTEKTypHU 3a
ABTOMATH3UPAHO CJIEICHE U YIPABJICHUE HA PAANOYECTOTHUS CIEKTHD § 2.6.

3. AHaJIM3upaHU ca CTaHAAPTUTE 32 CHOJEJICHO U3MOJ3BaHE HA YECTOTHU
pecypcu B HENUIICH3UPAHUs TMANa30H U CTPYKTypaTa Ha KaHad 3a Mpe/laBaHe Ha

na"Hu ¢ uznon3Bane Ha OFDM § 3.1.

° CnucbK HA NY0JMKANMNUTE 10 UCEPTANUATA

1. Henemuer M., bormanos P., CodryepHo neduHUpaHH pagioCHCTEMH C BOSHHO
NpeAHa3HauYeHue — NpeauMcTBa U npeausBukarencrsa, Cnucanue CIO, ISSN 1312 — 5605, mecent
1Omm 2019 1.

2. Henemues M., O630p Ha TEXHUKHTE 3a CJIeJIcHE HAa YECTOTHUS CIEKTBP, I 00uuHuK
na HBY ,, Bacun Jlescku “ Yacm I, ISSN 1312 6148, 2019 roguna cmp. 13-20
3. Henemuer M., bemxeB b., Ilogxon 3a mpunokeHne Ha wuHbOpManuara 3a

MPOCTPAHCTBEHOTO PA3IOJIOKEHUE Ha TOTPEOUTENINTE 3a MOJOOpsSBaHE HA H3IMOJI3BAHETO HA
€JIEeKTPOMATrHUTHUSA  CHEKTBP, Meoswcoynapoona Hayyna Koughepenyus ,,OmopanHumennu
mexnonoeuu 2020 ISSN 2367-7902, Ulymen, 2020, cmp253-259

4, Nedelchev M., Marinov D, Stoyanov D., Parvanov S., . ,,An approach for
building secure communication by means of complementary signals®, Proceedings of University
of Ruse - 2022, volume 61, book 3.2., pp 153-160

JlekJapanusi 3a 3a10MTa HA KiIacupuuupaHaTa uHGopManus
HexnapupaM, 4Ye B pa3pabOTE€HUss OT MEH JUCEPTALMOHEH Tpyd He
ChILIECTBYBa KiIacuPuIMpana MHGOpManus MO CMUCHIA Ha 3aKOHA 3a 3allluTa Ha

kjacudurpanata uHdopmals U NpaBUJIHUKA 32 HETOBOTO MpUJIaraHe.

[Toamuc: ............... Kar. nHx. MupocnaB Hexenues
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INTRODUCTION

1. Scientific novelty of the dissertation work

The scientific novelty of the dissertation consists in:
» Analysis of the development of software-defined radio systems, allowing
more efficient use of radio frequency resources.
» Analysis of spectrum monitoring methods and definition of possible
solutions for building the system for dynamic access to frequency resources.
» Study of the properties and characteristics of software-defined radio systems
for building a system for dynamic access to frequency resources based on

orthogonal division and multiplexing .

» Analysis of software-defined systems as a means of mitigating the frequency
distribution problem and its flexible use.

The object of the research is the software-defined radio systems that allow
to use more efficiently those parts of the radio spectrum that are unused or lightly
loaded.

The subject of the research is the capabilities of software-defined radio
systems and networks for dynamic access, with a view to improving the usability of

the radio spectrum .
2. Purpose and tasks of the dissertation work

The current dissertation work aims at the analysis of software-defined radio
systems and the synthesis of algorithms for secure information exchange by using
complex signals and the received information about the spatial location of users to
ensure dynamic access to frequency resources.

To achieve the set goal, it is necessary to solve the following tasks:
1. Analysis of the development of software-defined wireless
communication networks and systems, with the aim of discovering opportunities for

their improvement and the creation of adaptive, highly efficient communication

networks.



2. Comparative analysis of radio environment access models and
decision-making algorithms for more efficient spectrum management in the ever-
changing electromagnetic environment.

3. Analysis of spectrum monitoring methods in existing radio
communication systems and definition of possible solutions for building the system
for dynamic access to frequency resources.

4. Analysis of methods for determining the location of electromagnetic
energy sources in a mixed multi-user environment.

5. Synthesis of algorithms for dynamic access to frequency resources.

6. Research of the properties and characteristics of complex signals and
their integration into software defined radio systems.

Solving the above tasks provides an opportunity to improve the degree of

use of the radio frequency spectrum in communication and information systems.

3. Structure of the dissertation

This dissertation consists of an introduction, four chapters and a
bibliography.

In the introduction , the topicality of the topic of the dissertation is
substantiated, the goal is formulated and the tasks of the research, the object and the
subject of the research are defined.

In the first chapter, modern concepts for improving the usability of
frequency resources, software architectures for automated monitoring and existing
software-defined radio projects are analyzed and presented. The architecture and
research to develop and create a single unified platform to meet the requirements for
software defined radio systems and capabilities to ensure the efficient use of radio
frequency spectrum is presented. The problems in realizing and deploying platforms
in complex self -tuning radio networks and the challenges in controlling
reconfigurability are described .

The second chapter presents the methods and techniques for monitoring
frequency resources. Monitoring of the interference boundary and opportunities to
optimize the overall process of detecting frequency resources. Sharing models and

frequency resource sharing requirements are presented.
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An approach to computer-aided provisioning of frequency channels, the
possible risks and requirements for the format of the data to be shared are presented.

In the third chapter, the approaches to building a system based on the
resource sharing paradigm, the approaches to determining location, as an essential
element in determining the output power in broadcasting, are presented. An
approach for building secure communications through complementary signals is
presented.

In the fourth chapter, approaches are presented for using the received
information on the spatial location of users to implement automated management of
a software-defined radio communication network for dynamic access to frequency
resources, through orthogonal division and multiplexing . An approach for realizing
software-defined radio-communication systems through orthogonal frequency
division and multiplexing , through the use of complex complementary signals, is

also proposed.
4. Scientific-methodical and pedagogical usefulness

The scientific-methodical and pedagogical usefulness is expressed in the
accessible and methodically consistent research of the problems, bringing the results
to engineering implementation, using the obtained results as a basis for further
improvement of modern communication systems.

Chapter 1. Contemporary approaches for increasing the
efficiency in using the spectrum and implementing new
technologies

1. Challenges to wireless radio communication systems and technological

solutions for shared use of the radio frequency spectrum
1.1.  Approaches to efficient use of the electromagnetic spectrum

Strict regulation and restriction of access to appropriate frequencies is a
limitation to the entry and use of new technologies. This necessitates looking for
other approaches for coexistence, more efficient use of different wireless systems
while maintaining quality of service ( QoS ) requirements, in order to achieve

maximum compaction of the radio frequency spectrum.
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1.1.5. Technologies for dynamic spectrum access.

To improve spectrum efficiency, coexistence and usage is allowed [104] of
radio systems in the same frequency range, through the dynamic spectrum access
paradigm. Dynamic spectrum management refers to the ability of radio equipment
to autonomously and dynamically optimize its basic parameters in order to provide

opportunities for planning, assigning and allocating frequency resources. The

efficient use of the spectrum [107] is achieved by , when a device prioritizes
resources or limits emissions to a certain permissible level or causes minimal
disruption to the work of the main users.

Software-defined radio (SDR) and cognitive radio (CR) systems provide a
technological solution [80] to implement shared and dynamic access models and
represent an additional tool for flexible spectral and energy-efficient use of the
electromagnetic spectrum [1],[6], [ 26 ],[51],[98],[99].

1.2. Approaches to building software architectures for automated

spectrum monitoring and management
1.2.1. Functional requirements for software architecture

With a view to their upgrade and in accordance with the ITU-R
recommendations, requirements for the functionality of the compatible databases to
which they must comply are also described. Such can be [109]:

remote access to system resources;

automatic detection of violations;

frequency assignment and licensing;

integration of tool(s) to support planning and implementation;
automated measurement of signal parameters;

1.2.2.  Software for monitoring and optimizing the use of the
spectrum based on the estimation of the incidence angles

In order to unify the regulatory process and provide dynamic access

capabilities, the ITU develops and promotes the use of computer-aided spectrum

management.



Most software architectures provide graphical and context menu and options
for interaction with external databases, resources and maps, which can be raster and
vector maps (political, coastal, regional, marine).

1.3. Analysis of the creation, development and application areas of
software defined radio in wireless communication systems as a means of
sharing frequency resources
1.3.1.  Occurrence of SDR

The term "Software Defined Radio" itself was proposed in 1991 by Joseph
Mitola , who first published a report [104] on the subject in 1992.

1.4. Stages of SDR development

Pagmo cwe | Coprvepro | Codrvepro

CORTVEPHN | DporpaMmpvemo | JedmEmpano | Cranaeamo AJanTHBED | Kormmmueno
BRIMIGEHOCTH | paIne | paTHD I paInG PTG pazng
(Software | iSoftware [ I5oftware (Aware iAdaptive (Cognitive
Capable | Programmable | Defined Radio) Radio) Radio)

Radio| Radio) Radio)

Figure - 7 Stages in SDR Development [1]
1.5. Approaches to solving the dynamic spectrum access problem

Studying the behavior of wireless communication units using dynamic
spectrum access algorithms as part of an integrated system or network is an
extremely difficult task and its simplification would lead to a loss of information.
That is why it is necessary to use complicated methods to solve it. Such, for
example, can be game theory or heuristic approaches, as shown in figure 8 [4], [12]
, [331, [34], [59], [63], [101].



Methods for solving the problem of dynamic spectrum access

Linear Heuristic Fuzzy logic Game theory Graph theory
programming approaches

|
I I |

Strategic (normal form)

Cooperative and Static and dynamic
and positional non-cooperative Y

ame
(prolonged) games &

Figure - 8 Methods for solving a dynamic spectrum access task [12]
1.6. Conclusions on chapter one

Based on the analysis of the software-defined radio systems and the

effective use of the frequency spectrum, the following conclusions can be drawn:

1. To address the problem of providing "new" frequency resources, a single
unified software-defined hardware platform should be built to achieve an
architecture approaching the ideal software-defined radio, thereby providing a

means to efficiently and flexible use of radio spectrum.

2. Collective use of the spectrum allows an unlimited number of

independent users and/or devices to access the spectrum in the same frequency
range of the collective users at the same time and in the specific geographical region
under a predefined set of conditions.

3. The mass implementation of SDR technologies in different types of

wireless communication systems will lead to easier control over the concept of
dynamic access to frequency resources, with a significant limitation of interfering

sources in a multi-user environment.

Chapter 2. Analysis of frequency resource detection
systems

2. Monitoring methods and frequency resource detection techniques

2.2. Monitoring of frequency resources



Software-defined and, in particular, cognitive radio are very often used to
build networks with an episodic structure, due to the ability to dynamically access
the spectrum [16].

The main advantages in such a scenario are:
> coexistence of SDR devices in an environment with unknown policies;
> ability to work in an environment with unknown sources of interference;
> capabilities to accumulate broadcast environment statistics, synthesize
signals, and change power and modulation.;
> eliminating errors in frequency planning.
Along with the advantages of SDR, there are also a number of challenges and risks
[28]:
> risk of interference to undetected receivers;
> danger of briefly disrupting the telecommunications infrastructure;
> difficulty in optimally sharing the frequency spectrum between different radio
networks .
2.2.1. Monitoring the interference boundary
2.2.2. Spectrum monitoring in multi-user networks
Multiple users, licensed and unlicensed, can share radio spectrum on a
network. Also, multiple networks can coexist, where transmissions on one network
can interfere with transmissions on other networks. In such a case, coordinated and
cooperative spectrum monitoring is preferred because it can detect the status of
spectrum access by licensed users at different network locations. The spectrum
tracking information can be used to obtain a spectrum map that can be used by
unlicensed users to make correct access decisions [36] .
2.2.3. Optimizing the spectrum tracking period in multichannel networks
Multichannel transmission (e.g. transmission based on orthogonal frequency
division multiplexing OFDM) is typical in a software-defined radio network .
However, the number of available channels will be greater than the number of
available interfaces in the radio transmitter. Therefore, only a small number of
available channels can be watched simultaneously. The choice of the channels

among all available to be monitored affects the ability to determine the status of a
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given channel (busy, free, partially busy) and the efficiency of the system as a
whole [15].
2.3.Spectrum management

The primary purpose of spectrum management is to monitor and manage
access to spectrum holes by unlicensed users. Research questions in spectrum
management are related to spectrum analysis and spectrum access decisions.

2.4. Decision-making on access to radio frequency spectrum

Some of the research questions related to making a decision on access to the
radio frequency spectrum of unlicensed users are:

- Decision Model . Access to radio spectrum requires a decision model.
The complexity of this decision model depends on the parameters used in the
spectrum analysis. The decision model becomes more complex with an unlicensed
user intent on maximizing performance while minimizing disruption to the licensed
user. Stochastic optimization methods are a good tool for modeling and solving the
spectrum access decision problem.

- Competition / cooperation in a multi-user environment .

When a software defined radio system has multiple users (licensed and
unlicensed), their privileges will influence the spectrum access decision. These
users may or may not cooperate in accessing the spectrumf[36], [50]. In a non-
cooperative environment, each user has his own goal, while in a cooperative

environment, all users can cooperate to achieve a single goal.
2.5. Spectrum mobility issues

Spectrum mobility features in a radio network with dynamic spectrum access
allow an unlicensed user to dynamically change its operating spectrum based on a
change in surrounding free spectrum conditions. The most researched issues in
spectrum mobility concern the switching between available frequency bands to
ensure smooth access to the spectrum without interruption, both to the application
and to the service, due to a change in the surrounding radio environment [40], [43],
[46].

2.6.Dynamic spectrum access .

2.6.1. Spectrum sharing models.
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The collective use of the spectrum allows an unlimited number of
independent users and/or devices to access the spectrum in the same frequency
range of the collective users at the same time and in the specific geographical region
under a predefined set of conditions.

There are three main spectrum management models [54], as shown in Figure

13. In the exclusive use model, the licensed user has exclusive rights to the
resources.
Dynamic

spectrum
management

Exclusive use A free-to-use Hierarchical
model model usage model

Dynamic With With
spectrum spectrum spectrum
allocation limitation overlay

Right to
property

Figure - 13 Models for dynamic spectrum access
The implementation of these models are based on software defined radio

systems (SDR) and cognitive radio [29] and according to the frequency resource

access techniques are classified as shown in Fig.14.
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u Techniques for accessing frequency resources ’

——— .
U Controlled access ’ U Free access ’
I
1
U Centralized (Exclusive Use) ’ u Distributed ’

=

b1

U Location databases — )
( B Access Models

Waste with Licensed
frequency Shared Access

resources

-

U with ’ u With limitation Hybrid
overlay

Figure - 14 Ways to access the frequency spectrum
2.6.2.  Resource sharing requirements

Dynamic spectrum access models, and especially licensed shared access,

impose the following requirements on users:

>  lack of operating restrictions for the main licensee ;

> that there is no harmful interference between the primary and secondary users
when working together;

> clearly defined locations.

To recognize unused spectrum and detect unoccupied channels, while maintaining a

low interference limit, the following methods are used [120]:

> spectrum determination based on measurements;
> uscofa geolocation database;

> use of radio beacons .
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2.6.3.  Spectrum monitoring in cognitive networks

The main problem to be solved in any of the dynamic access methods is to
determine a decision threshold [62] at which there will be no or minimal impact on
the PUs .

»  Correct determination of spectral holes.

»  Real-time spectrum monitoring.

In general, these places are classified as [93]:

»  Spatial holes - represent the difference in the use of some frequencies
by primary users in a given geographical region. For example, some lanes in
densely populated areas with many users will be heavily congested, while in places
with few users they will be free.

» Time slots — represent the availability of frequency resources for
certain hours of the day.

»  Spectral holes — represent holes or white spots in the spectrum that can
be due to the type of modulation used by primary users, defined guard intervals to

avoid interference in cellular networks, etc.
t

frequency
frequency

time time

Figure - 15 Spectral holes and displacement in free parts of the frequency band [17]
2.7. An approach to computer-aided frequency channel assignment

2.7.1. Risks and benefits of computer-aided spectrum management

The lack of a complete set of regulatory requirements with detailed models,
dependencies, interconnections, type and number of interfaces is a prerequisite for
incorrect implementation, operation and subsequent upgrading and integration of

automated spectrum management systems.
In computer systems and networks, the main risks are related to unauthorized

access, alteration, theft or inability to access information. To reduce the negative
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consequences of intentional or unintentional threats to information security,
additional measures should be taken, such as:

2.7.2. Requirements and format of information stored in databases

2.7.3. Type of spectrum management data.

Interaction between nodes is provided through relational databases that
provide information about connections for a given service, right of use or
deployment, such as what type of transmitter is used in a given geographic area.

In order to achieve high compatibility and efficiency of electronic information
exchange methods, strict compliance with approved standards is required. When the
exchange of information crosses national borders, these are international standards.
When specialized data files are to be exchanged , a uniform data format must be

provided between all users with the ability to reliably retrieve the information.
2.7.4.

To control the preset norms, monitoring stations are used, which measure

Topology and connectivity

spectrum occupancy and monitor the levels of electromagnetic emissions and their
compliance with national and international regulations and license conditions, as
well as identify sources of unauthorized emissions and interference [115].
An example of sharing data is shown in Table 3.
T able 3 Data format

Frequenc . .
Channe | Name of the ) Longitud ) Condition
y i Power Latitude Location i
I no station e (call sign)
MHz
Antenn | VA | Antenna | Polarizatio | Altitud | Name,
a type T height n e profil

2.7.5. Frequency and channel assignment algorithms

The prescan procedure uses all possible channels and assigns those that have

minimal overlap and are designed to maximize channel reuse, resulting in more

efficient use of the frequency spectrum.

2.8.

Conclusions on chapter two
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1. The selection of resources (channels) in a multi-user environment should

meet the interference boundary tracking requirements with careful selection of
tracking and usage periods to achieve optimal system performance within the

hardware limitations of the radio.

2. Software-defined radio systems and cognitive radio provide an

additional tool for flexible spectral and energy-efficient use of the electromagnetic
spectrum and provide a technological solution for using shared and dynamic access

models.

3. Software- defined radio systems enable the implementation of policies
for measuring the parameters of the surrounding electromagnetic environment and
easy transition from distributed to centralized access to frequency resources and
vice versa.

4. Computer-aided techniques for monitoring and managing the
electromagnetic spectrum provide opportunities for its compaction, but preserves
the traditional policy of access to frequency resources and deters their occupation

by flexible technologies, and hence the efficient use of the radio frequency

spectrum.

Chapter 3. Approaches to building systems for flexible
use of the electromagnetic spectrum

3. Shared spectrum wireless systems

The problem of shared use of frequency resources manifests itself to a greater
extent for networks operating in the unlicensed range, therefore, ways to efficiently
use the environment through intelligent antenna devices, multiplexing, free resource
detection, collision avoidance protocols are constantly being sought. , spatial
separation and others.

3.2. Standards for shared use of frequency resources in the unlicensed range
3.2.1. Wireless LAN according to the IEEE 802.11 standard

In order to ensure high spectral efficiency and reduce intersymbol

interference and limit the negative effects of multipath propagation in modern

broadband wireless communication systems, multiple access technologies based on
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the principle of orthogonal frequency division of channels are widely used [30].
frequency-division multiplexing ).
As is known, OFDM signals are formed by Nharmonic subcarrier frequencies

that are separated by frequency intervals of equal width Af. In general, they can be

divided into two large groups, as shown in Figure 20.

WLAN technologies at the physical layer

OFDMA

WLAN technologies at the channel layer

Consolidation of channels;

Multiple Input Multiple Output (MIMO)

Figure - 20 WLAN implementation technologies on the physical and channel layer
of the OSI model
Essentially, OFDMA is a multi-user variant of the widely used OFDM

technology for frequency-division parallel data transmission by dividing the
communication channel into subcarriers using a fast Fourier transform .

Pilot subcarriers
Subcarriers data

\. Subcarriers data
.-'__\. J_'_\.

Power

by

i
e lIlIu.iE!

Time

— -

Frequency
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Figure - 21 Resource elements of a wireless access system operating on OFDM
principles [66]

3.2.2.  The data transmission channel structure based on OFDMA.

Pilot subcarriers are designed to synchronize the transmitter and receiver
[70]. They are located close together and carry a large amount of information
without requiring the separation of frequency bands. This is easily seen when
looking at Figure 22 and comparing legacy 802.11 standards with 802.11ax.

802.11a/g/n/ac 312.5 kHz

alalalalalala)l

802.11ax 78.125 kHz

A

Figure - 22 Width of subcarriers [70]
3.2.3.  Functions provided by OFDMA in IEEE 802.11 ax

1) Resource allocation

In [67], the resource allocation process for a 20 MHz channel containing 242
subcarriers is described , it is divided into two channels of 106 subcarriers , which
on the first transmission send data to users numbered 1 and 2.

On the second transmission, the access point divides the channel into four
separate sub-channels of 52 subcarriers and sends data to users 3, 4, 5, and 6. On the
third transmission, OFDMA can send the entire power of the 242 subcarrier channel
to user 5. The fourth transmission is directed to users 4 and 6, the fifth is directed to
user 1, the sixth again shares a channel between users. Thus, OFDMA effectively

uses the entire 20, 40, 80, and 160 MHz channel in multiuser mode.
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Figure - 24 Resource allocation [67]
2)  Spatial separation:

An access point can consist of several radio modules (one, two or more) that
are connected to several antennas. These antennas broadcast according to a certain
scheme and transmitted over a wireless medium. This allows to form a spatial flow
between a specific physical antenna ( radio module ) of the access point and the user
device. Therefore, the total amount of information transmitted by the access point
increases in proportion to the number of streams (antennas).

3) Advanced antenna systems

To reduce mutual interference and realize the concept of spatial separation,
the use of steerable antenna elements is required to allow dynamic change in the
spatial pattern of signal propagation in real time [67].

The load on them can be adjusted in real time, forming distribution patterns
depending on the spatial position of the user [113], and this allows the generation of
flows to individual users from one or several access points and the practical
implementation in a real environment of the technology MU-MIMO ( Multi-User
Multiple Input , Multiple Output ) [66].
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Figure - 25 Spatial Flow Formation [6 7]
3.3.Approaches to determining the location of wireless users

Knowing the locations of active primary transmitters allows secondary users to
predict a potential "white spot" [6], [7] in the electromagnetic spectrum and thus use
more flexible spectrum sharing strategies.

The spectrum tracking information can be used to obtain a spectrum map that
can be applied by unlicensed users to make correct access decisions. Often, to
increase the reliability of the obtained data, a centralized model is used for

processing and compiling a map of the sources of electromagnetic radiation.
3.3.1.  Classification and requirements for location algorithms

To enable the calculation of specific parameters in a network with a
centralized hierarchy, some applications of wireless cognitive networks require that
sensor nodes are aware of their position relative to the sensor network. In the
literature, this problem of determining the location or position of a user is called

localization [115].
3.3.2. Location assessment methods

In range-based location algorithms, distance information to a network
element is critical. For this reason, the evaluation of some or several of the
parameters of the signals entering the antenna is important. Such parameters [2],
[111] can be:

> power of the received signal (RSS- Received Signal Strength ) — the

strength of the signal received in the receiving antenna;
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> time of arrival ( ToA ). The distance between the transmitter and the
receiver is equal to the "time of flight", i.e. the transmission time of signals that
travel at the speed of light. The distance can be determined by measuring the time
of arrival ( ToA ) of the signal at the receiver when there is synchronization
between the timers of the transmitter and the receiver;

> arrival time difference TDoA-Time Difference of Arrival ) — the
difference in the times of received signals from different points with previously
known coordinates is used [117];

> angle of incidence ( AoA ) — is a signal processing technique that
estimates the location of the incoming electromagnetic waves from the

correspondent [117].

3.3.3.  An approach for applying users' spatial location information
to improve the use of the electromagnetic spectrum

Specifically, let the authorized users ( primary users ) of some radio
communication network are PUlalso PU2(fig. 28). In addition, it is assumed that
using the methods of the previous paragraph, specialized measuring equipment and
the methods of artificial intelligence [18] for information processing, unauthorized
users ( secondary users - SUland SU2) have measured the following parameters
with sufficient accuracy:

P 1) Geographical location of PU land PU?2;

P 2) Power of the signals Ppy[W] emitted by the transmitters of PUland PU2,
the width of their frequency band F[Hz], as well as the speed of information
2];

S

transmission 1

T'py

P 3) Spectral density Nl -lof noises at the current moment in time.
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PU 1 (((’))) R

SU 1 (((‘))) S (((‘))) SU 2

Figure - 28 Scenario for deploying a pair of primary and a pair of secondary users
As 1s known, the power of the signals emitted by the transmitter decreases

inversely proportional to the distance traveled by them. In principle, this enables
authorized and unauthorized users to simultaneously use the frequency band F[Hz]
without creating mutual electromagnetic interference, if the power of Psythe
secondary users' signals is chosen adequately.

If C>I, | then (without interfering with authorized users) unauthorized users
can use signals with power Pgy, defined by the condition

The maximum power of the signals of the unauthorized users at the input of

the receivers of the authorized users will be

Py
N, =———
v ARy (2
PrecPU
= +—
I,,=Flog,|1 Nn+NSU)‘ (24)
Therefore
P r Prec
I. =Flog,|1+—=<"— |0 =]og, 1+7PU)E|
" N+Ng, )= F N +Ng, )=
I
- P P
DZF:1+ recPU DNn+NSU: recPU D
= Nn+NSU = =

2%—1 22

ONg,= PIrecPU ~N,
i 2%—1

After considering (25) in (21), it is found that the permissible signal power of
the unauthorized users, at which the speed of information transmission between the

authorized users does not deteriorate, is
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recPU
— Nn

»u

Pg,=

47TR02‘ (26)

Since the distance Rsybetween unauthorized users is known to them, it can be

seen from (21) that the power of the signals at the inputs of their receivers is

PSU
p =
recSU 4 T RSU2 . (27)
Therefore, the information transmission rate that unauthorized users can

achieve at the current time point is

I =Flog,|1+—rst_ (28
T'su gz Nn+NPU . )
3.4. Conclusions on chapter three
1. Wireless communication networks for dynamic access to frequency

resources present opportunities for the creation of self-tuning , adaptive, self-
learning, high-performance communication networks and can mitigate the

problem of frequency channel allocation in a multi-user environment.

2. Information about the location of electromagnetic radiation sources is of
key importance for improving the use of the electromagnetic spectrum. Antenna
location methods based on angle of incidence (phase, amplitude or frequency
variation information) have significant advantages over received power
measurements, but must also take into account the characteristics of the
investigated signals, the influence that environment renders ( multicast ), their

complexity and implementation costs.
3. The ideal form of the total ACF of the complementary signals makes it
possible in the receivers of the communication systems to process the signals,
which have passed through different paths, separately. As a result, the so-called
intrinsic or intersymbol is minimized interference ( inter-symbol interference -
ISI) caused by the multipath propagation of radio waves.
Chapter 4. Approaches for implementing software-
defined radio communication systems by means of
orthogonal frequency division and multiplexing
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4. Approaches to using the information received from the work environment
to implement a software-defined system with dynamic use of resources
4.2.  Algorithm for application of information on the spatial location of
users in the process of automated management of a software- defined radio
communication network, realized by orthogonal frequency division and
multiplexing
Based on the analyzes made in Chapter II and Chapter III of the thesis, this
paragraph substantiates an algorithm for building radio communication networks
(RCM) implementing the concept of SDR through OFDM.
ALGORITHM
for managing a software- defined radio communication network
implemented at the physical level using OFDM technology
Stage 1: Determination of limitations in the use of a software- defined radio
communication network implemented at the physical level using OFDM technology
Step 1 : Splitting the set of primary SDR users into subsets depending on the
used frequency subband (frequency channel) of the secondary SDR SDR and the

distances between them:

Cp1:[R(l)piliz’R(1>pi1i3"“’R(I)Pim‘—lim,}’

CpZZ[R(2)pi1i25R(2)pi1i;""’R(z)pi”’nf‘i"’ﬂ],
................................................ , 32
Cpk:[R( )plllz’ ( )piliy ’R( )pizi ’ ’R<k)PiN u ]’ ( )

CPN:[R(N)piliZ,R(N)pi1i3""’R(N)P"N 1”%]

In (32) the following notations are used:

- Cpy,k=1,2,...,Nis the set of distances between the users of the primary
PCMs using kthe -th subband ( k-th channel), k=1,2,...,N;

- Rlk),,.is the distance between Ithe -th and m-th users from the set
Cpy k=1,2,...,N;

- N,is the number of primary RCM users using kthe -th subband ( k-th
channel), k=1,2,...,N(if N,,=0then set Cp.is empty).

Obviously:

N,>N o N ey Ny (33)
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Step 2: Determining the distances between users of the primary RCM and
users of the secondary SDR RCM
The information on the geographical location of each of the users
PUL,PU2,...,PUNpand SU1,SU2,...,SU Nsthe primary and secondary RCM (P 1)
makes it possible to calculate the elements of the following sets:
2.1) Multiple distances between users of the secondary SDR RCM:
Cs={R11, Ry s Ry s Roy i (34)
2.2) Multiplicity of distances between the users of the secondary SDR RCM
and the users of the primary RCM:
Csp=|Ry;, Rypseees Ry Ry y | (35)
In ( 35) Ryuis the distance between Ithe -th user ( SUI) of the secondary SDR
PCM (I=1,2,...,Ny) and mthe -th user ( PU m) of the primary PCM ( m=1,2,...,N,),
Step 3: Calculation of the additional noise powers created by the operation of
the transmitters of the users of the secondary SDR PCM at the inputs of the
receivers of the users of the primary PCM
As is known, when non-directional antennas are used, the maximum powers
of the signals from kthe -th subband ( k-th frequency channel) of the users of the
secondary SDR PCM at the inputs of the receivers of the users of the primary PCM
are:
Polk)
Psp(k),,={ 4nR>’
0,
k=1.2,...,N,I=1,2,....,Ng,m=12,...,N,,l#m.
In (36) the following notations are used:

(36)

- Psp(k),is the power of the user's signals SUIL,I=1,2,...,Nin kthe -th
frequency subband ( k-th channel), received at the input of the user's receiver
PUm,m:1,2,...,Np;

- Ps(k)is the user's transmitter power SUI,1=1,2,...,Nin kthe -th frequency
subband ( k-th channel), which is determined at stage 2, Step 6 of the operation of
the SDR PCM management server (ie, at the stage of distribution of frequency
OFDM channels among users of the secondary SDR PCM);

- R,is the distance between the user determined in Step 2 SUI,1=1,2,..., N;and
the user PUm,m=1,2,...,N,;
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- the values Psp(k),,=0refer to the cases when in the current time frame ( time
frame ) the user PUmdoes not receive signals through primary PCM in kthe -th
frequency subband ( k-th channel).

Step 4: Calculation of the signal powers of the inputs of the receivers of the
users of the primary PCMs

Analogously to (36), the maximum powers of the signals from kthe -th
subband ( k-th frequency channel) at the inputs of the receivers of the users of the

primary PCMs are:

puv (37)

k=1,2,...,N,u=12,...,N,,
In (37) the following notations are used:

- Pp(k),is the power of the user's signals PUu,u=1,2,...,Nyin kthe th

=1,2,...,Np,u#v.

frequency subband ( kth channel) received at the input of the user's receiver
PUv,v=1,2,...,NP;

- Pp(k),is the user's transmitter power PUu,u=1,2,...,Nin kthe -th frequency
subband ( k-th channel), which is calculated by (30);

- R(k),.is the distance determined in Step 1 between users PUu,u=1,2,...,N,
and PUv,v=1,2,...,N, using kthe -th frequency subband ( k-th channel) (ie
R(k)puve Cpy) ;

- the values Pp(k),,=Orefer to cases when, in the current time frame, the user
PU vdoes not receive signals via primary RCM in kthe -th frequency subband ( k-th
channel) from the user PUu(i.e. the user PUudoes not emit signals or his signals are
screened by hills or buildings) .

Step 5: Calculation of the maximum permissible signal powers of the
transmitters of the users of the secondary SDR PCM

Shannon-Hartley Theorem [20], P 4 and (9), the possible maximum rate of
information transmission in the -th kfrequency subband from the user PUuto the
user PUm(i.e., the capacity Imax(k),of the k-th frequency channel, evaluated from

the point of view of the user PU m) is determined by the formula:

Pp(k),, )

Imax(k)um:Aflog2(1+m (38)
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In ( 38 ) AfP(k),is the noise power in kthe ith frequency channel.

If Imax(k),,>Ir (k),>0(that is, if the maximum possible speed of information
transmission on kthe th frequency channel to the user PUmis greater than the
actually used speed ), then the users of the secondary SDR PCM can use kthe th
frequency channel without interfering with the user PUm. if the powers of their

signals Psp(k).satisfy the equality

A fion 15 PP(K)
Ir(k),=Af1 gz(l AfP(k)nO"'PS(k)lm), ) (39)

k=1,2,...,N,I=1.2,...,Ng,m,u=1.2,... Np,u#m.

Therefore
Pp(k
Ir(k),=Aflog,| 1+ P (Ko a
Af P(k),+Ps (k) | =
Ir(k), _ Pp(k),,
=77 ‘IOgZ(“AfP(k)n;Ps(k)lm E
(K
Pp (k)
a2 A =1 u a
= “AfP(k),+Ps(k), - (40)
Pp (k).
JAf P(k), +Ps(k), =
28—
aps(k), =22 Kk _nppik),
2 A -1

After considering ( 40 ) in ( 35 ), it is established that in kthe -th frequency
channel the permissible powers of the signals of the users of the secondary SDR
PCM (i.e. the powers at which the rate of transmission of information to the user
does PU mnot fall below the nominal speed as a result of the simultaneous use of k

the -th frequency channel and by the user SUI) , are

Pp (k)
Ps(k)=| —p—"—AfPlkl, |47 R,
2 4 —1
k=1,2,...,N,I=1.2,...,Ny,m=1.2,...,N,.

If Ir(k),=0(i.e. if no information is transmitted on kthe th frequency channel
to the user PUm), then the users of the secondary SDR PCM can use kthe th

frequency channel without interfering with the user PUm, even if the powers of

(41)

their signals Psp(k).are the maximum possible according to the technical

characteristics of the secondary SDR PCM, i.e.:
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Ps(k)I:Pmaxs(k)I:
k=1.2,...,N,I=1.2,...,N,.
Stage 2: Allocation of OFDM channels among users of the secondary SDR

(42)

RCM, maximizing the rate of information transmission in the secondary SDR RCM
subject to the constraints established in the previous stage

Step 6: Calculation of the maximum possible rates of information
transmission by users of the secondary SDR PCM

Based on the set Cs(Step 2, formula ( 34 )) of the distances between the users
of the secondary SDR PCM and the set of the maximum permissible powers of the
signals of their transmitters (calculated at Step 5, formulas ( 41 ) and ( 42 )), the
powers of the signals at the inputs of the receivers of the users of the secondary

SDR PCM, are calculated by the formula:
_ Ps(k),
" 4nRg,’ (43)
k=1,2,...,N,I=12,...,Ns,w=12,...,Ng,1Zw.
In (43 ) the following notations are used:

Ps(k),

- Ps(k),,is the power of the user's signals SUI,1=1,2,..., N¢in kthe th frequency
subband ( kth channel) received at the input of the user's receiver SUw,w=1,2,...,N;

- Ps(k)is the power of the user's transmitter SUI,I=1,2,...,Nin kthe -th
frequency subband ( k-th channel), which was calculated in the previous step
according to (41 ) or (42);

- R(k)y,is the distance determined in Step 2 between users SUI,1=1,2,...,Ng
and SUw,w=1,2,...,N, when using the k-th frequency subband ( k-th channel).

Analogous to (39), the information transmission rates that can be achieved by
the users of the secondary SDR PCM at the current moment in time are calculated
by the formula

Ps(k),,
Af P(k), +Pps(k),, |’ (44)
k=1,2,...,N,l,w=1,2,...,Ng,m,u=12,...,Np,[Zw,uZm.

In (44) the following notations are used:

Ir(k),,,,=Aflog,| 1+
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- Ir(k),,.is the maximum possible speed of transmission of information from
the user SUIto the user SU won the kth frequency subband ( kth channel) when using
(by the user SU1I) signals with permissible power;

- Ps(k),is the power of the user's signals SUI,I=1,2,...,Nsin kthe -th
frequency subband ( kthe -th channel) available at the input of the user's receiver
SUw,w=1,2,...,Ng according to (43) ;

- AfP(k),is the noise power in kthe ith frequency channel;

- Pps(k),,is the power of the user's signals PUu,u=1,2,...,N,in kthe -th
frequency subband ( k-th channel), available at the input of the user's receiver
SUw,w=1,2,...,N5 which is calculated analogously to (36) by the formula:

_Pp(k),
" 4nR., (45)
k=12,...,N,u=12,...,N,,w=1,2,..., Ns.
In (45) the following notations are used:

Pps (k)

- Pp(k),is the user's transmitter power PUu,u=1,2,...,Nin kthe -th frequency
subband ( k-th channel), which is calculated by (30);

- R(k),is the distance determined in Step 2 between the users
PUu,u=1,2,...,Nyand SUw,w=1,2,...,N,,

Step 7: Allocation of OFDM channels among users of the secondary SDR
PCM, maximizing the information transmission rate in the secondary SDR PCM

The purpose of this step is to find the one-way communication links (lines)
"transmitting information from the user SUI,I=1,2,...,N;- receiving information
from the user SUw,w=1,2,...,N" for which the rate of information transmission is
maximum for each frequency channel. To achieve this goal , a number of two-
dimensional arrays are constructed , each of which can be represented by a table of
the following type:N x N

Table #6 Maximum possible speeds of information transmission from user SUI

to userSUw,w=1,2,...,N on kthe th frequency channel in case of interference
by a userPUu,uzl,Z,...,NP
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UserSUw
1 2 w Ns
Ir (k)i Ir (k)i Ir (k) n I’”(k)stn
2 Ir (k)12 Ir (k)2 Ir (K)yy 12 I’”(k)st/z
. ..
5 u Ir(k)lllu Ir(k)12/u e Ir<k>lw/u e Ir(k)lNS/u
Ny I’”(k)u/Np Ir(k)lz/zvp Ir(k)lw/NP Ir(k)lNS/NP
Min
clement in Ir (k);, Ir (k);, Ir (k) Ir (K);,
column

The analysis of wthe -th pillar of the table. 6 shows that if kinformation is
transmitted from user SUIto user on the frequency channel SUw, then the speed of
information transmission is determined by the user PUuwho disturbs the specified
connection to the greatest extent. For this reason, the speed of information

transmission from user SUlto user SUw,w=1,2,...,N; on kthe frequency channel is

Ir(k)l‘”:uzl I;’lln N [Ir(k>lw/1’Ir(k)IWIZ’""Ir(k)lw/N,,]. (46)
9& ey dVp

The rates of information transmission for all pillars, determined by (46), are
presented in the last row of the table . 6.

Since, in principle, a user SUlcan transmit information to any user
SUw,w=1,2,...,Ng the speed of information transmission is maximum for that user

SU wyfor which:
max

Ir(k)zwozwzl,2,”_’NS[Ir(k)ll’lr(k)ﬂ’“"Ir(k)”\’s] (47)

Given (47), it can be summarized that the communication connection
"transmission of information from the user SUI- reception of information from the
user SUSUw." in which the rate of transmission of information on kthe th
frequency channel is the highest, is determined by the maximum element in the last
row of the table. 6.

4.3.  Basic properties of the complex signals used in the construction of

radio communication networks with high noise immunity
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The positive properties of SS from the point of view of the construction of
RCM with high noise protection arise from their complex internal structure. More
specifically, under the control of a special spreading function ( spreading signal ),
each information symbol of the transmitted data is transformed into a sequence of
elementary pulses of small duration, called elementary pulses or chips . Formally

and mathematically, this operation is described by the expression [8],[9].

Vo) =V (t)g(t). (48)
In (48) vltlis a simple signal carrying one information symbol from the

transmitter to the receiver, g(t)is the expansion function, and V,..(t)is the resulting

complex signal, whose spectral density V e (f Jhas the form shown in Fig. 31 b.

vip) A

Figure - 31 Increasing the noise immunity of the PCM as a result of the use of

complex signals

correlation reception is performed in its receiver by comparing the received
expansion function with the preset one. Formally and mathematically, this operation
is described by the expression [8],[9].

Vou(t)g 0=V () glt)] g (e)=v 1), (49)

Here g '(t)is a signal whose action is the opposite of that of the expansion
function used in the transmitter. For this reason, it is called the inverse expansion
function ( signal ). As a result, the spectral density V ,.u.(f)of the useful signals
shrinks to its original form V (f), shown in fig. 31 c.

On the other hand, under the influence of the inverse broadening function, the

disturbing signal w|t|is transformed into the signal
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wit)g ' (t)=w .lt), (50)
with its spectral density W ,.,(f)having the form shown in Fig. 31 c. At the input of

the receiver, however, there is a frequency-selective filter that passes for further
processing only the spectral components in the frequency band F.with the center
frequency fo. Therefore, as a result of the use of CC, the signal-to-noise ratio in
terms of amplitude q..at the output of the receiver improves in direct proportion to
the broadening of the spectrum signals [8], [9], as

2 _ 2
qun_ZBqO- (51)
Here B=V ., T.,B>lis the SS base, T.is the duration of the signal, and qis

the amplitude signal-to-noise ratio at the receiver input.
It can be seen from (23) that q..it can be large enough even for very small
values of qo- it is enough to choose a basis Bof SS of the required size. Therefore,
the reception of CC with a matched filter or correlator i1s accompanied by signal
amplification (or interference suppression) 2Btimes. That is why the quantity [§],
[9]:
2
= Gun

7.
o
is called the processing gain of complex signal communication systems (CSCs).

From ( 5 1) and (52) it follows that:

Kec (52)

Kcc=2B. (53)
Similarly, the reception of information carried by SS is characterized by a

signal-to-noise ratio in terms of power [8], [9]:

~=Bq. (54)

Relations (40) and (41) are fundamental in the theory of communication
systems with SS. They are obtained for disturbances of the type of white noise with
a uniform power spectral density within the limits of the frequency band, the width
of which is equal to the width of the CC spectrum. In the general case, it is fulfilled:

Kcc®2B, (55)
and the degree of approximation depends both on the type of disturbance and on the
base of the CC [8], [9].

From (54) it is clearly seen that the use of SS by RKM leads to an increase in

their noise immunity Btimes. Indeed, let the signal-to-noise ratio in power at the

output of the receiver, ensuring normal operation of the RCS, be q;,=¢;. If a PCM
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choke begins with interference degrading the signal-to-noise ratio by power-to-

1 . . .
value Qiﬁg qo, then the use of complex signals with a base Bwill fully compensate

. . . 1
for the detrimental effect of the interference, since q,,=B Eqﬁzqﬁ[g],p]_

Technologically, the generation of SS can be carried out by two main
methods, called direct spectrum expansion ( direct spread spectrum ) through phase
manipulation and a jump change of the carrier frequency ( frequency hopping ) [8],
[9]. The first of these — direct spectrum broadening — is explained with the help of
fig. 32.

In fig. 32 a shows the stream of symbols 101...to be transferred from the
transmitter to the receiver. The expanding function (Fig. 32 b) is g(t)=(1001}, i.e. it
is composed ofN.,=4 elementary pulses ( chipa ). Here, the ratio between symbol T

and chip 7 durations is [8],[9]. N Ch=T—C.
ch

(56) The operation (20) is implemented as a sum modulo 2 of each symbol
and the expanding function (Fig. 32 c). The result of its implementation is the

expansion of the frequency band of the signals N times, since the spectrum width of

the expanded symbols is F Cczi < and the base

= s
Tch Tc
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Figure - 32 Direct spectrum broadening by phase manipulation
With the help of the carrier oscillation (Fig. 32 d)

Unoe (£)=Upmosin (270f o+ @y), (57)
the spectrum of the extended symbols (Fig. 32 c) is transferred to the high-
frequency part of the electromagnetic spectrum around the carrier frequency fo(Fig.
31b).

44. A computer system for the analysis and synthesis of
complementary signals
Definition 1: Two binary FM signals whose mathematical models are
sequences of binary reports (a(i)li,",[b(i)|i, ", ali),bli]€ [~1,+1},i=0,1,...,N,, are
called a complementary pair if the sum of their autocorrelation functions (ACFs)
has no side leaves (i.e., it is a digital delta-pulse):

2N,,r=0,

ch(r):Raa(r)+Rbb(r): O,r:il,iZ,._.,i(Nl—l)-

(58)

In (58), the non-periodic ACF R,lrland R,l(r|binary FM signals
la(i)]2",b(i)].2; ‘are defined as in the well-known formula for calculating the cross-
correlation function (CRF) of two signals [v,(i)]iy ", [v,(i)] iy

N,—1-r]
3 Z vl(i)v§(1+\r),—(Nl—l)SrSO,
vavz(r)_ i?v?—1—r (59)
D> wili)vy(1+r),0<r<N,—1,

i=0

was placed [W(”}E?Zia(i”gl’{V2<i)}§231:{a(i)}£gland
vy = (b)) [vali)]y =[b(i))2, "accordingly.
As noted, in (59) {vl(i)}iv:l;l:{vl(0),vl(l),...,vl(Nl—l)}and

{vz(i)}ﬁigl:{vz(O),vz(l),...,vz(Nl—l)}are two random signals composed of the number
of reports v, (i),v,[i),i=0,1,...,N,—1, representing complex numbers expressing the
amplitude and initial phase of the elementary phase pulses (chips) that make them
up. In addition, the symbol " ¢" stands for complex coupling, R.,..[r]is the VKF sheet
of [vi(i) ", [v,(i)|, 'the time-shifted signals 7, r=0,1,....,N,—1, and Tuis the
duration of the elementary pulses (chips). Since chip duration 7.is constant in signal

generation and digital processing, it is omitted (not written) in the formulas.
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Given the commutative nature of the addition operation, it can be seen from
(58) that the order of the binary FM signals forming the complementary pair does
not matter. In other words [a(i)|,",(b(i)],", both , and [b(i)|,", a(i)|C, are a
complementary pair.

A very important property of complementary pairs of FM signals is the
existence of a method for the synthesis of a derivative complementary pair of FM
signals of length N,N,, if two complementary pairs of FM signals of length N,and
respectively are known (the two pairs N,of complementary FM signals need not be
different). After applying the method a sufficient number of times, it is possible to
synthesize complementary pairs of FM signals of length N,=N}N}, so that it is
greater than any preset number.

A disadvantage of complementary pairs of FM signals is that for the past 60
years, only one complementary pair of length N,=2, two non-equivalent
complementary pairs of length N,=10_ one complementary pair of length N,=20,
and one complementary pair of length N,=26_ For this reason, the complementary
pairs of FM signals introduced by Definition 1 can only have lengths of the form

N,=2"N'N% N,,N,€(2,10,26]. (60)

Definition 2 : The set of KFM signals:

a, ()] a0 s fag (D)2

.2l

J? -
e k,l:0,1,...,mk—1,k=1,2,...,K},j:\/—l,

(61)

alile
is a generalized complementary set if the sum of their autocorrelation functions

(ACFs) has no side leaves (i.e., it is a digital delta-pulse):

K
K
Rilr)= R, [rj=|  2NEN#Nb 4 Nr=0, )
= 0,r=+1,£2,...,+max [N,,N,,...,N,].
In (62), the non-periodic ACFs R, (1 lare calculated using (59).
Given the commutativity of the addition operation, it can be seen from (62)
that the order of binary FM signals forming a generalized complementary set does

not matter.
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Figure - 33 Autocorrelation functions of the complementary set of signals
defined by (34)

4.5.

An approach to realizing software-defined radio communication

systems using orthogonal frequency division and multiplexing and complex
complementary signals

From the data systematized in § 3.1, it can be seen that the OFDM technology

can easily

implement the

independent frequency channels necessary for

communication through complementary signals, as well as implement cryptographic

protection of the sent messages. Given these facts, at the analysis in this paragraph
will be used fig. 35 [118].
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Figure - 35 Block diagram of a modified OFDM transmitter [70]

The possibility of building noise-protected and secure SDR PCMs by using

OFDM and complex complementary technology arises from the following

circumstances.

open systems (OS) .
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Second, noise immunity is a very important indicator of the effectiveness of
communication and computer networks, as it characterizes the ability of these

networks to resist radio-electronic suppression (REP) measures.
4.6. Conclusions on Chapter IV
In Chapter I V the following main results are obtained.

1. A general algorithm has been synthesized for the application of information on
the spatial location of users in the process of automated control of RCMs
implementing the concept of SDR through OFDM (§ 4.1 ) .

2. A computer laboratory has been developed for the analysis and synthesis of
complex complementary FM signals (§ 4.3), which allows to minimize the so-
called mutual interference ( multi access interferences - MAIs ) caused by the
simultaneous use of the communication channel by many users

3. An approach to building SDR PCMs, possessing high noise protection and

stability of operation in extreme conditions, by using OFDM technology and

complex complementary signals, is substantiated.

Conclusion

As a result of the research within the dissertation work are received the

following basic results :

° Scientific contribution:
1.  An algorithm has been developed for the application of information on
the spatial location of users in the process of automated management of a software -

defined radio communication network, realized through § 4.1 .

° Scientific and applied contributions :

1. The methods and techniques for monitoring the electromagnetic
environment are analyzed and an approach for computer-aided provision of
frequency channels is presented § 2 .

2. A classification and requirements for the algorithms for determining
the spatial location of users and an approach to applying the obtained information to

improve the use of the electromagnetic spectrum are justified § 3.2.1 .

37



3. An approach has been developed to implement software-defined radio-
communication systems for hidden ( noise-protected ) data exchange, by using
complex complementary signals in a system based on orthogonal frequency division

and multiplexing § 4. 4 .

° Applied Contributions:

1. The challenges in wireless communication networks and systems are
analyzed and the methods for solving the task of dynamic access to frequency
resources are shown § 1. 1, § 1 .5.

2. An approach to building software architectures for automated
monitoring and management of the radio spectrum is justified § 2. 6.

3.  The standards for shared use of frequency resources in the unlicensed
range and the structure of a data transmission channel using OFDM are analyzed §
3. 1.
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