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AnHotanusi. CTaThs TOCBSAIICHA aHAU3y COBOKYITHOW CHEKTPAILHOW IUIOTHOCTH H3IyYCHHsS aOOHEHTCKHX
tepmuHaioB cetu cBsi3u LTE. B cetn cBs3u LTE mis mHucxomsmert nuauu csizm (downlink) mpumensercs
TEXHOJIOTUSI MYJIBTHIIEKCHPOBAHUS C OPTOTOHAIBHBIM YacTOTHBIM pasfencHneM kaHaioB (OFDMA), a mus
BocxXozsmeld nuHuKA CB3M (uplink) — TEXHOJOTHS MHOMXECTBEHHOT'O JOCTYIA C YacTOTHBIM pa3aelicHuEM
kananmoB u oxHol Hecymer (SC-FDMA). B Hucxonsmielt JTUHUU CBS3M 3aHMMaeMas I0JI0ca PaJHovacToT
OTIPE/ICIACTCS. KOJMYECTBOM PECYPCHBIX OJIOKOB M BEIMYHMHOW INAra pa3MEIICHUS MOJHECYIIUX KOJIcOaHUH
B 4acTOTHOU o0nactu. OCOOCHHOCTH HCIOJb3YyEMbIX TEXHOJOTHI OpraHU3allMid MHOXKECTBCHHOTO JOCTYIa
Bcerax cBsi3u LTE ompenensiorT Xxapakrep CIEKTpPadbHON IUIOTHOCTH COBOKYIHOTO paJuOCHTHana. Tak,
B HUCXOJAIIEH JIMHUU CBSI3M CICKTPajbHAs IUIOTHOCTh TPUOMIDKACTCS K PAaBHOMEPHOH, IOCKOIBKY
pacrpeieieHue MOIIHOCTH B CIICKTPaTbHOM 001aCTH HE 3aBUCUT OT KOJIMYECTBA M MECTOTIOJI0KEHUS PECYPCHBIX
OJIOKOB, BEIICISICMBIX a0OHEHTY, a TAKXKE HE 3aBHCHT OT TCPPUTOPHUAIBLHOTO PACHOIOKECHUS caMoro abOHEHTA.
Jlns BocxosImeit TMHAN CBSA3U OIIPEeSICHIE XapaKTePUCTUK CIEKTPAIbHON TNIOTHOCTH HE TaK OJHO3HAYHO, TaK
KaK OHH 3aBUCSAT OT psiga (pakTopoB (mapaMeTpoB Tpaduka, XapakTepa paaIuoycioBul u ap.). it npoBeaeHUS
MOIPOOHOTO aHaNM3a CIEKTPATbHON IIOTHOCTH HW3IYYCHHS COBOKYITHOCTH a0OHCHTCKHX TEPMHHAIIOB CETH
ce3u LTE Opma paspaboTaHa cxema HW3MEPHUTEILHON YCTAHOBKM W TIPOBEACHBI DKCIIEPUMEHTAILHBIC
WCCIIeIOBAHUS CIIEKTPAIBbHON TUIOTHOCTH Ha 0asze HaydHO-HCCienoBaTeNbckoi madopatopun BI'YUP. B crathe
MIPUBOJIATCS CIIEKTPOTPAaMMBI COBOKYITHOCTH CUT'HAJIOB B Bocxo el tuHun cetr cBsa3u LTE, momxydenHsie mist
PA3IMYHBIX MHTEPBAJIOB BPEMCHH M Pa3IMYHBIX MecT HaOmojcHus. ClenaHo 3aKIIOUEHHE O BO3MOXKHOCTH
UCIIOJNIB30BaHUSl JKBUBAJICHTHON pPaBHOMEPHOH CIEKTPAlbHOM IUIOTHOCTH JUIS ONHMCAHUS TOMEXOBBIX
BO3JICHCTBUI OT IPYNITUPOBOK aOOHEHTCKHUX TepMHUHAIOB cereil cBsi3u LTE.

KiroueBble c10Ba: 3JI€KTPOMAarHUTHAs COBMECTUMOCTh, IOMEXOBOE BO3AEHCTBHE, CIEKTpajbHas IUIOTHOCTS,
LTE, OFDMA, SC-FDMA.
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Abstract. This article is devoted to the analysis of the total spectral radiation density of LTE subscriber
terminals. The LTE network uses orthogonal frequency division multiple access (OFDMA) technology
for downlink communications, and multiple access technology with single-carrier frequency division multiple
access (SC-FDMA) for uplink communications. In a downlink, the occupied radio frequency band is determined
by the number of resource blocks and the size of the step of placement of subcarrier oscillations in the frequency
domain. Features of the technologies used for organizing multiple access in LTE networks determine the nature
of the spectral density of the total radio signal. Thus, in a downlink, the spectral density approaches uniformity,
since the power distribution in the spectral region does not depend on the number and location of resource
blocks allocated to the subscriber, and also does not depend on the territorial location of the subscriber itself.
For an uplink, the determination of spectral density characteristics is not so unambiguous, since they depend on
a number of factors (traffic parameters, the nature of radio conditions, etc.). To conduct a detailed analysis of the
spectral radiation density of a set of LTE subscriber terminals, a scheme of the measuring unit was developed
and experimental studies of the spectral density were conducted on the basis of the BSUIR research laboratory.
The article presents spectrograms of a set of signals in the uplink of the LTE communication network, obtained
for different time intervals and different places of observation. The conclusion is made about the possibility
of using an equivalent uniform spectral density to describe interference effects from groupings of subscriber
terminals of LTE communication networks.
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BBenenue

CornacHo Tabnuile pacrnpeneicHus 4acTOT HanOojee MEPCICKTUBHBIC IS Pa3BUTHS CeTel
COTOBOW TOJBIDKHOW 3JEKTPOCBSA3U IIOJIOCHI  PaJMOYacTOT COBMECTHO UCHOJIB3YHOTCS —Kak
paarodIeKTpoHHBIME cpeacTBamMu (POC) moaBMKHOM CIyKOBI TpaXKIaHCKOTO Ha3zHadeHus, Tak 1 POC
IPYTUX PagHoCIy 0, B YaCTHOCTH (DUKCHPOBAHHOM, paaHOIOKAIIMOHHON, paldiOHABUTAIlHIOHHON U Jp.
Oco0eHHOCTH OpraHHU3aIly BOCXOJAIIero kaHana cBsa3u B ceTsx LTE npeamnonararor quraMuyeckoe
BO BPEMEHH M3MEHEHHE IapaMeTpoB (pabouast 4acTOTa, MOLIHOCTh, IIMPUHA MOJIOCHI YaCTOT U AP.)
pamuocurHaiga aOOHEHTCKOTO TEpMHHAIA B TIpomecce ceaHca cBs3u. JlaHHas 0COOCHHOCTh
(hopMUPOBaHUST BOCXOJAINIETO KaHalla 3HAYHUTENBHO YCIIOKHACT pEIICHHE 3a7adyu 00CCICUCHHS
MEXCHUCTEMHOU 3JICKTPOMArHUTHOH COBMECTUMOCTH TPYNITUPOBKU a0OHEHTCKHX TepMmuHanoB LTE
co croponanMu POC. B ¢BsI3u ¢ 3TUM HCCIICOBAaHUSA COBOKYITHOCTH M3IIYYCHHM, MPUCYTCTBYIOIIHX
B BocxojsiieM kaHane LTE, ¢ menplo MojiydeHUs NPOCTHIX SKBHUBAJIEHTHBIX MOJIENIEH SIBIAIOTCSA
JIOCTATOYHO aKTyaTbHBIMHU.

MeTtonuka npoBeieHNs YKCIIEPUMEHTA
CurHan Hucxozsimed jguHud (opmupyercs Ha 6asze Texunosorud OFDM. B crnekrpanbHOM
00JTaCTU NaHHBIA CUTHAJ TPEACTABISICT COBOKYITHOCTh PECYPCHBIX OJOKOB, KaXIBIH M3 KOTOPBIX

HCIOJIB3YCT 12 CHUHXPOHHBIX (Ka)K,Z[aSI noaHecymas COACPIKUT LCJI0C YUCIIO IEPUOA0B, NPUXOAAIIUXCA
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Ha jmrenbHOCTh OFDM cumBona) mnomHecymux koneOanwii. WHpopMaimoHHass Harpyska
HAKJIaJbIBAeTCSI HA CHTHAJI-HOCHTEIh C HCIHOJB30BAHWEM HHU3IKOCKOPOCTHOW  MAaHMITYJISIHH
MTOMHECYINX Pa3IMIHbIMU MoayssnuoHHEIME cxemamu (BPSK, QPSK, 16QAM ... 256QAM wu ap.).
Takum o00pa3oM, 3aHUMacMas CHUTHAJIIOM HUCXOIAIICH JHHHWM II0JIOCA YaCTOT ONPEACTsSeTCS
KOJTMYECTBOM PECYPCHBIX OJOKOB W BENWYMHOW Imara pasMemieHus] IOJHECYIINX KoieOaHHit
B 4aCTOTHO# oOnactu [1].

B Tabn. 1 npuBeneHbl HaHHBIC IS PA3IMYHBIX BO3MOXKHBIX KOH(PUTYpaIuil UCIOIB3YEeMOTrO
panuonnTepdeiical B CETAX CBA3U YETBEPTOTO MOKOIEHHMS.

Tab6auua 1. Konpurypamnum ncmoas3yeMoro paguonaTepdeiica B ceTsax CBsI3u
YETBEPTOTO MOKOJIeHUs (Tmar mogHecymux 15kI ')
Table 1. Transmission bandwidth configuration Ngzp in E-ULTRA channel bandwidths

IlIupuna nonoce! kanana, MI'u

Transmission bandwidth 20 1.4 3 > 10 15
KomudecTBO pecypcHBIX GJIOKOB 100 6 15 25 50 75
Number resource blocks

CurHan Bocxomsied Junuu (opmupyercs ¢ ucrnonb3oBanuem SC-FDMA, no3zBosstomieit
OCYIIECTBISITh CHHXPOHHM3AIMIO CHTHAJIOB, IEPENaBacMbIX a0OHEHTCKUM OOOpYIOBaHHEM, OIHHIM,
oOII¥M JyTsS BceX a0OHEHTOB OIOPHBIM KoJieOanueM [2].

B 3aBucuMoctn oT mapamerpoB Tpaduka, Xapakrepa paauoyCIOBHHA (YpOBHS BHEUTHETO
IIyMa, CENICKTHUBHBIX W HECEJICKTUBHBIX 3aMUPAHUWH, JOIUIEPOBCKOTO CABHWIa W Mp.) TpHEMa U
HACTPOEK CUCTEMbI A0OHEHTY TUHAMHYECKH BBIIEISICTCS OT OJHOTO JIO BCEX BO3BMOXKHBIX PECYpPCHBIX
0JIOKOB C M3MEHSIONIMMCSI PACIIONIOKEHUEM BBIJICICHHOTO pecypca B YaCTOTHOW OONACTH B Mpejieiax
HCTIOJIb3yEeMOTO paJHOKaHaa.

Oco0EHHOCTH HCIONB3yEMbIX TEXHOJIOTUH OpraHU3allii MHO)KECTBEHHOTO JIOCTYIa B CETIX
MOJIBMKHON CBSI3M YETBEPTOTO TIOKOJICHHUS OMPEACIAIOT XapakTep CIEKTPAIBHON IUIOTHOCTH
COBOKYITHOTO pajiocurHaya. Tak, B HUCXOJAIEM KaHalle CHEKTpallbHasl TUIOTHOCTh MPHOIMKACTCS
K PaBHOMEPHOM, TIOCKOJIBKY pacIpe/ieliecHHe MOIIHOCTH B CHEKTPAJIbHOW O0JacTH HE 3aBHCHT OT
KOJIMYECTBAa M MECTOIIOJIOKCHHS PECYPCHBIX OJIOKOB, BBIIEISIEMBIX Aa0OHEHTY, a TAK)KE HE 3aBHCUT OT
TEPPUTOPUAIILHOTO  pacrojiokeHus camoro aboHeHTa. B BocxomsmeM KaHaie MOHOOHas
PaBHOMEPHOCTh CIIEKTPAJIBbHOW IUIOTHOCTH CHUTHalla HE OYEeBHIHA. JTO B TIEPBYIO OYepelb
00YCJIOBJICHO MPOLEAYPaMU PETYIUPOBKH MOITHOCTH a0OHEHTCKUX TEPMUHAJIOB B 3aBHCUMOCTH OT
PaAMOYCIIOBUH B MeCTaX MX PACHOJIOKEHHUS C IENbI0 «BBIPABHUBAHUS) CIIEKTPATBHON IUIOTHOCTH
COBOKYITHOTO CHTHAJIa OT TPYIIUPOBKHA aOOHEHTCKHMX CTaHIMHA B MECTE PACIIONIOKCHUS TMPUEMHOM
aHTCHHBI 0a30BOH craHuu. JlaHHOE OOCTOSTEIECTBO, COBMECTHO C H3MEHEHHEM KOJIMYECTBA U
MECTOTIOJIOKEHHUSI BBIJICICHHOTO KOHKPETHOMY a0OHEHTY B KOHKPETHBI MOMEHT BPEMEHH pecypca
TPYIIIOBOTO KaHAaJa, MPUBOAUT K CYNIECTBEHHBIM KOJICOAHUSM CIIEKTPATLHOMN TNIOTHOCTH BOCXOSIIIETO
curHaja Bo BpeMeHu [3]. CxemMaTHuHO 1Moa00Has HEPaBHOMEPHOCTh HILTFOCTPUPYETCS Ha puc. 1.
PecypcHbiii 610K,

BblAE/IEHHbIV i~-TOMY
aboHeHTy

Bm/I'y

2
e

o

s

N a4
f
Puc. 1. CHGKTpaJ’ILHaH IIOTHOCTH MOIIHOCTHU COBOKYIIHOI'O CMTI'HAJIa OT I'PYIIIHUPOBKU aﬁOHCHTCKI/IX CTaHHI/Iﬁ

Fig.1. Spectral power density of the aggregate signal from the mobile stations

' 3GPP TS 36.101 v8.11.0 (2010-10): Technical Specification Group Radio Access Network; Evolved Universal
Terrestrial Radio Access (E-UTRA); User Equipment (UE) radio transmission and reception. (Release 8).
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HectanmmoHnapHocTs Ha  MHTEpBajaX BPEMEHH, COU3MEPUMBIX C  JUIMTEIBbHOCTBIO
OFDM cuMBONa CIEKTPaTbHOM IUIOTHOCTH MOIIMHOCTH COBOKYITHOTO PaIHOCHTHANIA BOCXOISIICH
JIMHWH, HE MO3BOJIAET ONPEIEUTh TaK HA3bIBAEMOE YACTOTHO-3aBUCMMOE TMOIABIECHHE’ MEIIAOLIETO
CUTHaja B MIPUEMHOM TpakTe penentopa momex (POC mpyrux pammocmyx0, (yHKIMOHHPYIOIIUX
B COBMEIIIEHHBIX W/WIU TPWIETAIONIMX TO0J0CaX YaCTOT COBMECTHO C CETSIMH TOABHIKHON CBSI3H
YETBEPTOTO MMOKOJICHHUS), TpeOyeMoe ISt aHAIH3a YCIIOBHH AIEKTPOMAarHUTHOW COBMECTUMOCTH.

PesynabTaThl u X 00Cy:KIeHHE

OKCIIEPUMEHT TPOBOAMWIICS B Tmojoce paamodactoTr 1710-1740 MI'm Ha ©Oa3se 1eHTpa
pamuokonTponss PYII «benl'MO» w HUWII 1.12 BI'YUP (cm. Tab6m. 2). Cxembl H3MEpPUTEIHHBIX
YCTaHOBOK TIPEICTABIICHBI Ha pHC. 2, 3.

Tadmuma 2. KoopauHaTel MecT HaOIIONCHUS JJIEKTPOMArHUTHOH 00CTaHOBKU
Table 2. Coordinates of places of observation of electromagnetic environment

Ne Touku Koopnunatsr mect Habmonenus (r. MuHCK) BricoTa nmogBeca aHTEHHBL, M
Ne point Coordinates of places of observation Antenna suspension height, m
1 53°48'04,2 27°27'38,1 72
2 53°55'4 27°35'42 12

AHTeHHas cucTEMa

ADD195-071 HES500 HEO010 HLO033 HL040

________________________________________

KommyTtarop

v

MOHUTOPHUHTOBBIHM IPUEMHHUK
R&S®ESMB

v

IleneHraunoHHBIN TpoIIECCOP
R&S®EBDI195

Puc. 2. Cxema u3MepuTENLHON YCTAaHOBKY Ha 0aze LEHTPA paguoKOHTpous PYII «benl UD»
Fig. 2. Diagram of the measuring setup based on the “BelGIE”

AHTEeHHas cucTemMa
HyperLOG-7060

MastomyMsmuit ycuiInTens > AHaM3aTop CUrHaJIoB
> SLNA-03-25-16 N9020A

Puc. 3. Cxema m3mMeputensHO# ycTaHOBKH Ha 6aze HUJI
Fig. 3. Diagram of the measuring setup based on the research laboratory

AMIUIUTYIHBIM CHEKTP HAIPSKEHHOCTU 3JEKTPOMArHUTHOIO IIOJII B BOCXOJSILEM KaHale
cetu LTE, mony4yenHsiii B Touke HaOmrofeHus 1 B pexxuMe yaepKaHUS MaKCUMaJbHBIX 3HAYCHUH,
npuBeneH Ha puc. 4. Jlunmeit / Ha puc. 4 0003Ha4YEHBI PE3yAbTaThl HAOMIONCHUH, MOTyYeHHbIE
B pe3yabTaTe MOHUTOPHWHTA 3a mepBbIit kBapTai 2019 roma, muauei 2 — 3a Bropoit kBaptan 2019 rona.

2 Pexomenamyst MCD-R SM.337-5 YacTOTHBIN U TepPUTOPHAIBHBIHA PasHOC.
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Puc. 4. AMOITUTYIHBIH CIIEKTP HANPSHKEHHOCTH IEKTPOMArHUTHOTO TOJSI B BOCXOAAIIEM KaHAJIE CETH

LTE, nomy4yeHHsI# B Touke HaOmoneHus 1

Fig. 4. The amplitude spectrum of the electromagnetic field strength in the uplink
of the LTE network obtained at the observation point 1

Ha puc. 5 npeacrasieHsl CIEKTPhI MOITHOCTH MPUHUMAEMOIO CUTHAJIA B BOCXO/SIIEM KaHaJe
cetu LTE, morydennbpie B TOUKE HAOMIOACHUS 2 B peKUME YASPKaHUS MAKCUMaJIbHBIX 3HAUYCHUH, TSI
Pa3IMYHBIX HHTEPBAJIOB HaOMoAeHUsA: 5 MuH (puc. 5, a) u 120 muH (puc. 5, b).

Ref -40.00 dBm
*’Mf’l—

]
|
|
WH“*

WJ.MJV.M”‘M iy

Start 1.70000 GHz

#Res BW 100 kHz VBW 10 kHz*

a

u,
[

Mkr1 1.722 88 GHz

Band Power -37.230 dBm Ref 45.00 dBm

Stop 1.74000 GHz
Sweep 40.6 ms (1001 pts)

Start 1.70500 GHz

Mkr1 1.722 500 GHz
Band Power -56.236 dBm

Puc. 5. CriekTpbl MOIIIHOCTH IPUHUMAEMOI0 CUTHaja B BocxoasieM KaHane cetu LTE, nony4yenHsle B Touke
HAOJFONCHNUS 2, ISl UHTEPBAIOB HaOmoneHus 5 MuH (a) u 120 muH (D)
Fig. 5. The power spectra of the received signal in the uplink of the LTE network obtained
at the observation point 2 for observation intervals of 5 min (a) and 120 min (b)

XapakTep 3aBUCMMOCTH, NPUBEJIEHHOW Ha pucs,a,

MTOATBEPXKAAeT HEPaBHOMEPHOCTH

MTHOBEHHOW (OIpenenseMoil Ha JOCTaTOYHO KOPOTKHX WHTEpBaJlaX BPEMEHH) CIIEKTPAIbHOI
IUIOTHOCTH COBOKYITHOCTHU CUTHAJIOB a0OHEHTCKUX TEPMHHAJIOB B BOCXOMAIIEM KaHaiie. BMecrte ¢ Tem

3aBHCHMOCTH,

MpUBEACHHBIE HAa puc.4 u 5,0,

XapaKTepHU3yIOT CHEKTPAIbHYIO IIJIOTHOCTD

COBOKYIIHOT'O CHUTHalJla B BOCXOIAIIEM KaHAJIC KaK pPaBHOMCPHYIO IIPU 3HAYUTCIbHBIX BPEMCHHBIX
HWHTCPBajiaxX €€ OLCHUBAaHUA.
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3aKkiIroueHue

B pesynprare TPOBEJCHHBIX HCCIENOBaHUA C y4eToM crenudukd (QOpMUPOBAHUS
BOCXOJIAIIIero KaHaja B ceTsax cBsi3u LTE mias pemreHus 3amaun 00eCIEUYEHHUs 3JICKTPOMArHUTHOM
COBMECTHMOCTH abOHEHTcKOro obopynoBanus cetu cBs3u LTE ¢ POC apyrux ciayx0 u Ha3HaueHHHA
MOXET OBITh TpeIOKeHa YIPOIIEHHAs MOIENb CHEKTPaIbHOW IUIOTHOCTA TPYIIIOBOTO CHTHAja
a0OHEHTCKUX TepMHUHANOB ceTh cBs3u LTE B Bocxomsimieli THHUHN B BUAC PABHOMEPHOU CITEKTPaTLHOM
IJIOTHOCTH MOITHOCTH C MapaMeTpaMu:

— ¢ IIUPUHOW TIOJIOCHI, OMpPENENIIEMON KOJUYECTBOM HCIONB3YEMBIX PECYPCHBIX OJIOKOB,
KOJJMYECTBOM U ILIarOM MOJHECYINX B OHOM PECYPCHOM OJIOKe;

— YpOBHEM, OIpeaeNIeMbIM MaKCUMAIbHON MOIIHOCTBIO OHOTO aOOHEHTCKOTO TepPMHHAJA,
MUHUMAJIBHBIM BBIIETSIEMBIM ONHOMY a0OHEHTCKOMY TEpMHHANIy CIIEKTPAIbHBIM pecypcoM (aBa
pecypcHBIX 0JI0Ka), MOTEPSMHU Ha Tpacce paclpocTpaHeHus oT TepmMuHaia k POC peuentopy momex
(aboHEHTCKMI TEepMHHAN pacronaracTcss Ha Kparo 30HBI oOciyxuBaHus 0azoBoil cranumm LTE,
Ommxaiiieit k Mecty pasmerieHrs POC penienropa oMex, Wi B MECTE PacTIoNioKeHHsT 0a30BOY CTAHITHH).

Pesynbrarel paboThl MOTYT OBITH HCITONB30BaHBI IPH Pa3pabOTKe METOJMKK aHAIN3a yCIOBUI
SNEKTPOMAarHUTHON COBMECTUMOCTH TPYNIMPOBKH a0OHEHTCKUX TEPMHUHAIOB CETEH YeTBEPTOro
nokosienust ¢ POC apyrux ciryxo0.
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