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HccnenoBanue BIUSIHUS PACCOTIACOBAHMA KBAAPATYPHBIX COCTABJISIOIIAX
Ha noMexoycToitunBocTh curianoB OFDM u UFMC

A. 10. Beanoycos, actupant, VK[ TY umenn M. T. Kanamaukosa, Vbkesck, Poccus
B. B. XBOpeHKOB, JOKTOP TEXHUYECKHUX HayK, mpodeccop, Mk TY umenn M. T. Kanamaunkosa, Mxesck, Poccust

Memoo nenocpedcmseenHol MOOYIAYUYU C UCHOIb30BAHUEM KOMNIEKCHBIX CUSHANIO8 NPUMEHSICMCS NPU Peanu3ayuu
CUCHATILHBIX MPAKMOE NepedamuuKos 6 DA308bIX CMAHYUAX CUCMeEM cOmogol céaszu. B npoyecce mooyasyuu 603Hu-
KAiom paccoanaco8anus Kodgguyuenma ycuneHus u @asvl KeaOpamypHvix cocmasnsiowux cuenana. Paccoenacosa-
Hue yxyouwaem mooyns eexkmopa outubku (Error Vector Magnitude, EVM) 6 npuemnuxe, umo, 8 6010 ouepedsb, Npuso-
Oum K nogulieHUI0 4acmomol nosignenus ouwuboynvix 6umos (Bit Error Rate, BER). Kauecmgo npunumaemo2o cueHa-
Jla evlpadicaemcs 8 yacmome noseieHus oumosvlx owubok. Paccoenacosanue amnaumyosl u Qassl K8aOpamypHvix
COCMABNAIOWUX ABTAEMCA OOHUM U3 BANCHEUMUX (DAKIMOPO8, BHOCAWUX HAUOONLUWUL BKIAO 8 AMNIUMYOY 8eKMOpA
OUWUOKU, KOMOPBIL He0OXO0OUMO UCCIe)08aAMb.

B cmamve npusedeno ucciredosanue UAHUA paccoenaco8aHusi K8AOPAmMypHuIX COCMABIAIOWUX CUSHATIO8 MEXHO-
noeuti OFDM (Orthogonal frequency-division multiplexing) u UFMC (universal filtered multi-carrier). Paspabomana
MoOdelb nepedamuyuka, KaHana ceéasu u npuemnuxa oas cuenaros OFDM u UFMC. Mooenv nocmpoena 6 npoepam-
MHOU cpede MatLab npu nomowu sizeika MatLab u npedcmasnsiem co6oil npocpammHyo Mooeib m-script.

B xo00e pabomwr nymem uccine0oganus uMUmMAayuoOHHOU MOOeIU U3VHEeHA 3A6UCUMOCHb NOMEXOYCMOUYUEOCMU
MEXHON02UTl NYyMmeM UMEHEHUs. Napamempos KaHaIa Ce:A3U, MaKux Kak amMnaumyorHoe u (aszosoe paccoiacosanue
K6aOpamypHblX COCMABNAIOWUX CUSHANA, a MaKdice omHouenue cuenan/wiym. Ilpogeden cpasHumenvHulll anaius ma-
KUX NAPAMEMpO8 CUSHALO08, KAK 3aHUMAeMds No10Ca Yacmom, NUK-(aKkmop, Yacmoma noseieHus Oumos ¢ ouuOKou.
Ilo pe3ynemamam uccie008aHusi NOAYYEHbl SPAPUKU 3A8UCUMOCTIU BEPOSIMHOCHIU OWUOKYU U NUK-(DAKMopa cueHaid
Om PAcco21aco8anus Keaopamypuulx cocmaegiarowux 0 08yx mexuonozuti — OFDM u UFMC. Ilpogedentoe uccre-
dosanue noseoisem gvioeaums npeumyujecmsea mexuonocuu UFMC, komopvlie 8vipasxcaiomcs 8 cnekmpanbHoll 3¢h-
exmusHocmu, NOMEXoyCmouyuUBOCMU U YpoGHe RUK-(AKMopa CUeHAA.

Karouessie ciioBa: OFDM, UFMC, moaynsiuus 1 1eMOAYJISILMS CUTHANA, KBaJpaTypHbIi qucOaiaHc, TOMEX0YCTOM-

YHUBOCTbB.

Beenenue
exHonorus OFDM B HacTosiiee Bpems
WCTIONB3yeTCS BO MHOTHX CTaHIapTax Oec-
MIPOBOJHOI CBsI3M, a Takxke LU(POBOTO
TeNeBUACHUS. B TO e BpeMs TEXHOJOTHUS HMEET
PS HEIOCTATKOB, TAKUX KAaK BBICOKHI MUK-(aKTOP
curHaiia [1] ¥ MeEXCHUMBOJNBbHAs WHTEPQEPECHIIHS
[2]. Texnomorus UFMC mpemyioxeHa B KadecTBE
3amedsl OFDM. UFMC-TexHonorusi mMo3BOJSIET
OTKa3aThCsl OT IUKIMYECKOro mpedukca U Onaro-
Japs 3TOMY YBEIHYUTH CHEKTPATbHYIO d(h(PEeKTHB-
HOCTh CETH MOOWJIBHON CBSI3U 10 CpPaBHEHUIO
¢ rexnonorueit OFDM [3, 4]. Kpome Toro, Gmaro-
naps pumerparuu TexHomorus UFMC mo3BosieT
CHU3HTH YPOBEHH BHETIOJOCHBIX H3TYUCHUI.
Henabio ucciaen0BaHuA SBISETCS OICHKA 3aBU-
CHMOCTH TIOMEXOYCTOWYHBOCTH CHTHAJIOB JBYX
TEXHOJIOTUHA OT pPacCOTIIACOBaHUS KBaIpaTypPHBIX

COCTABIISIIOIINX U CPAaBHEHHUE IMOJIYYCHHBIX Pe3YJlb-
TaTOB.

Ha puc. 1, a, b npencraBnena cTpykTypHas cxe-
Ma nepeaardrka u nmpuemanka OFDM-curaanos [5].

®DopMHUpOBaHKE CHTHANA IMPOUCXOIUT CIEAYIO-
mmM obpazoM. Ilpu momorm Gnoka s/p (serial to
parallel) mpoucxomuT mpeoOpazoBaHUE IOCIEAOBA-
TENPHOCTH OUT W3 IIOCIECIOBATENBHOTO B Iapal-
JICTBHBIN BHJT. 3aTeM KaXK[IbIi TIOTOK OUT MOJYJIHPY-
eTcd pa3IMYHON CXEeMOH MOMYIALNH, HampuMmep,
QPSK um QAM [6]. [loGaBisieM 3aluTHBIN HHTEP-
BaJI CJICBa U CIpaBa MOCICAOBATCIBHOCTUH OWT, TIPU
3TOM 3aIUTHBIA HHTEPBA PaBeH MOCIIEIOBATEIILHO-
CTH HyJIEeH, KoTopas 3aHuMaeT oobrano 1/4, 1/8, 1/16
win 1/32 vacte cumBonia OFDM, nocnie yero mpo-
ucxoauT BeinmonHenue OBIID. [Ipu cymme cundas-
HOM W KBaJpaTypHOM COCTaBIIAIONIMX CHUTHaja Io-
Jy4aeM CHTHAN JIIS Iepejaun 0 KaHAITy CBSI3H.

© Benoycos A. 10., XBopenkos B. B., 2021
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Puc. 1. Tlepenatunk (a) u npueMHuK (b) OFDM-curnamos

Fig. 1. Transmitter (@) and receiver (b) of OFDM signals

Ha npuemnoii cropone BeinosiHsieTrcss bBIID
U yJaJieHne 3allUTHOTO MHTEpBaja. 3aTeM KaKIbIi
MIOTOK JEMOAYIUPYETCS COOTBETCTBYIOLIEH CXEMOM.
[Tpu momomm Gmoka p/s (parallel to serial) mpowucxo-
IMT TpeoOpa3oBaHue MapajuleNIbHOTO ITOTOKa B TO-
CJIEZIOBATEIbHBIN U BOCCTAaHOBJIEHHWE MCXOAHOM MO-
CJIeI0BAaTENIbHOCTH HH(POPMALMOHHBIX OHT.

Bropoit paccMOTpeHHBIH METOJ MOIYISLHUU —
3TO MHOTOYacTOTHas Mepejada ¢ yHHUBEPCAIbHOM
¢unprpanueit UFMC.

UFMC npencrasiset coboit 06006menne OFDM

¢unsTpammmeir FBMC (Filter Bank Multi-carrier).
Ecmn mpu FBMC mnpoucxoaut ¢uibTpanmus oT-
nenbHbIX nmogHecymux, To B UFMC mpoucxoaut
($unpTpanys MoAINana3oHoB 00bETUHEHHBIX MO/I-
Hecymmx [7, 8].

OTa TpynmupoBKa TMOAHECYIIUX IO3BOJSET
YMEHBIATh TOPSIOK QuIbTpa (M0 CpaBHEHUIO
¢ FBMC) [9, 10]. Kpome Toro, mpu UFMC Ttaxxke
BO3MOXKHO TPUMEHECHHE TaKHMX CXEM MOIYJISAINH,
kak QAM [11].

Ha pucynke 2, a, b mnpeAcTaBieH NepeaaTIHK

W MHOrOYAacTOTHOH mepemaun c¢ rpebendaroir  u npueMHMK UFMC-curnanos [12].
N-14
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Puc. 2. Tlepenaruuk (a) u npuemuuk (b) UFMC-curnanos

Fig. 2. Transmitter (@) and receiver (b) of UFMC signals

Cuauana mojioca MOJHECYIIMX pasfeisieTcs Ha
noaauana3onsl. I[Ipoucxonaut Moaynanus Kakaoro
MoJiiuana3oHa COOTBETCTBYIOIIEH CXeMOW MOJy-
. Ilocie BoimosHsieTcs N-toueunoe OBIID.
3areM Kaxaplil moaguamna3oH (UIBTPYETCS COOT-
BETCTBYIOIIMM TIOJIOCHO-IIPOITYCKAIOINAM  (DHITBT-
poM orpeneneHHoro nopsiaka. OObIUHO UCIIONB3Y-
etcst puibTp ¢ okHOM Jlonbda — YeOsliepa; npu-

Mep TpeAcTaBieH Ha pucyHke 3. Tum, nopsmox
¢uIpTpa U MoJ0ca MPOMYCKAHUS HAIPSMYIO BIIHS-
10T Ha (QWIBTP KOMIIEHCAlUM Ha CTOPOHE IpUEM-
HUKa, TJC HCIIONb30BaH (PUIBTP C 0OpaTHOH WM-
MyJIbCHOW XapaKTepPUCTUKON. Pe3ymbTaThl (UIBT-
panuu CyMMHPYIOTCS [UISl TIOJIy4€HHsI CUTHaJa JUIs
nepefadyy yepes KaHail CBSA3U.
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Puc. 3. UmnynbcHas XapaKTepuCTHKa QUIBTpa

Fig. 3. Impulse response of the filter

IIpn npueme curnara UFMC Bwimonssercs
N-toueunoe BII®. 3arem BBIIONHSAETCS KOMIICH-
calusl BJIUSHUS KaHaja CBs3M U QUIbTPA MOJAIUA-
na3oHa. B sToM mpumepe HpHUCYTCTBYET TOJBKO
KOMITeHcanusl (GuinbTpa moaauamnasona. s kom-
MEHCAIlUN HCIOJIb3yeTcsl GUIBTP ¢ 0OpaTHOM UM-
MyJIbCHON XapaKTePUCTUKOW (PHIIbTpa MOJAIUAIa-
30HAa, MPU STOM YYUTHIBAETCS 3AIIUTHBIA WHTEP-
Bal. lMMmynbcHas XapaKTepHCTHKa  (QUIBTpa
KOMIICHCAIIUA C YYETOM 3alllUTHOTO HHTEpBaIa
npeacTaBieHa Ha pucyHke 4. I[locne xaxaslil moa-
Aama3oH JIEeMOAYJIHUPYETCS COOTBETCTBYIOIICH
CXEeMOH. 3aTeM TOTOK MapaIeiIbHBIX JaHHBIX
npeoOpa3yeTcst B MOCIEAOBATEIbHBIN, H BOCCTa-
HaBJIMBAETCS HMCXOJHAas OMTOBas IIOCJIEIOBATEID-
HOCTH [13].
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Puc. 4. ImmmynbcHas xapakTeprucTHKa GuibTpa
KOMITEHCAINHY C yYETOM 3aIIUTHOTO HHTEepBaja

Fig. 4. Impulse response of the compensation filter
taking into account the guard interval

Ha ocHOBe TeopeTnmdeckux AaHHBIX MOCTpPOEHa
MaTeMaThyeckas Mojeiab B mporpamme Matlab

[14, 15]. Monens COOTBETCTBYET CXEMaM MpPUEM-
HuKa U nepenatdnka curHaioB OFDM u UFMC,
MIPEICTaBIEHHBIM Ha pUCYHKax 1 u 2.

[TapameTpsl MOJENUPOBAHUS:

— xonmmdecTBO Touek bIId, N — 2048;

— koauyecTBo nogauanazonos UFMC — 10;

— KOJHMYECTBO TOAHECYIIMX B IOAIUANa30HE
UFMC - 40;

— TopsAIOK hubTpa — 64;

— ocnabyieHue B 1oJI0ce 3aepikanus GuibTpa —
80 nb;

— B MoaysIuH — 16-QAM;

— oTHomeHue curaan/mym — 20 nb.

Ha pucynke 5 npencraBieH CIEKTpP COBMELICH-
HBIX JECSTH MOJAMANA30HOB C(HOPMHUPOBAHHOTO
curHana UFMC. Ilpu cnoxeHnn moaguamna3oHOB
noiyyaem obuwmii cnektp UFMC-curnana, korto-
PBIi IPEACTABIIEH HA PUCYHKE 0.

UFMC
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Puc. 5. Crextp nogauanazonoB UFMC-curnana

Fig. 5. Spectrum of UFMC signal subbands

Ilo pesynpTaTaM MOIENUPOBaHHUS M3 PHUCYH-
KoB 6 1 7 BuaHO, uyTo mosnoca UFMC-curnana yxe,
a ocnabJeHre BHENOJOCHBIX M3IY4YeHUH Ooblie,
yeM y OFDM-curnana, yTo NOATBEPKAAECT Teope-
THUYECKHE AaHHblC. I'paduku mocTpoeHsl IO HOp-
MaJIM30BaHHOM YacTOTE MO OTHOLIEHHIO K YacTOTe
HaiikBucra.

Ha pucynke 8 npescrapiieH pe3yiabTaT UCCIe0-
BaHUS TIOMEX0YCTOINYNBOCTH MIPU PacCOTIACOBaHUHU
KBaJpaTypHbIX cocTaBistommx. lMccrnegoBaHue
NPOBOAMIIOCH MPH Pa3JIMYHBIX 3HAYCHUSAX OTHOILIE-
HUSI CHTHAJI/IIYM TPpH (UKCHPOBAHHBIX 3HAYEHUSIX
paccornacoBanus s curianoB OFDM u UFMC.

Ha pucynkax 9 u 10 mpencraBnen pe3ynbTaT
UCCIICZIOBAHUS 3aBUCHUMOCTH IUK-(aKTOopa CHUrHA-
Ja OT MapaMeTpPOB PacCOTIACOBAHMS KBaApaTyp-
HBIX COCTaBJIAIOIIUX, I'ie dA — paccoriiacoBaHue
aMIaTyael, 1b; dP — paccoriacoBanue ¢assl
B Ipajycax.



74

ISSN 1813-7903. Bectuuk UkI'TY umenu M. T. Kanamnukona. 2021. T. 24, Ne 1

UFMC

)( 0.0979

| | |
0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
HopmanuaoeaHHas YacTota

Puc. 6. Criextp UFMC-curnana
Fig. 6. Spectrum of UFMC signal
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Fig. 8. Graph of the dependence of the probability of a bit reception error on SNR
with a fixed imbalance of the signal quadrature components
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Fig. 9. Graph of the dependence of the peak to average ratio on the amplitude mismatch
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Fig. 10. Graph of the dependence of the peak to average ratio of the signal on the phase mismatch

H3MeHeHne mapaMeTpoB B Juama3oHax dA
([0; 3], nb) u dP ([0; 30], rpam) 0OyCIOBICHO TEM,
YTO MPH YBEIMYECHUU PACCOTIIACOBAHMS MAaKCH-
MalbHas BEpOSATHOCTh omwmbku pgocturaet 0,5,
U JanbHeWIee UCClIe/IOBaHUE MOBBINICHUS Pacco-
rjlaCoBaHMd KBaJpaTypHBIX COCTAaBJIAIOIINUX HE
UMEET CMBICTIA.

Pe3yabTarhl HCCae10BAHUS U BHIBObI

B cooTBeTCTBHM C MOCTaBIICHHOMN 1ICIIBIO HCCIIE-
JIOBaHA TIOMEXOycToHuuBOCTh curHaioB OFDM
n UFMC B 3aBHCHMOCTH OT pPacCOTIACOBAHUS
KBaJpaTypHBIX COCTABJISIIOIINX CUTHAJAa W IPOBE-
JICH CpaBHUTENBHBIN aHanu3. Pe3ynbrathl ucciaeno-
BaHMs moarBepawad, uro Merox UFMC sBisiercs
CHEKTpanbHO OoJiee 3((HEKTUBHBIM IO CPABHECHHUIO
¢ OFDM 3a cuet QuabTpauny noaanana3oHoB.

OunpTpanus nogavanazoHoB B meroge UFMC
MTO3BOJISIET OTKA3aThCSA OT IUKIMUYECKOro Tpedukca,
Heooxoaumoro B OFDM-Metose uis peroTBpariie-
HUSI MEKCHUMBOJIBHOW WHTEP(]EPEHINH, 9TO, B CBOIO

ouepelib, COKpaIaeT KOJIMYecTBO OJIOKOB B MpoIiecce
(hopMHUpOBaHMSI CUTHAIA.

Pesynprar wWccnenoBaHWSA —TOKa3bIBAeT, HYTO
UFMC-curHan uMeeT MeHbIIHI NHK-(PakTop Mo
cpaBHenuto ¢ OFDM-curnanom B cpensem Ha 2.4 %;
TaK)K€ MOYKHO BBIICTUTH PsJl CIEAYIOUINX OCOOCH-
HOCTEM:

1) mpu BHeceHun amcOamaHca KBaIpaTyPHBIX
COCTaBJISIIOIINX MPOUCXOIUT YBEIUYCHHE BEPOST-
HOCTH OIIMOKH TPHUHATOr0 OUTa M MHUK-(paKTopa
CUTHAaJAa;

2) aMIUTUTYIHBIA AucOanmaHc OOJbIe BIHMSIET Ha
yBeNHYeHHE MUK-(aKTopa CUTHAIIA;

3) dazoBerif aucOamaHc uMeeT OOJbIIee BIUS-
HHE Ha BEPOSITHOCTH OLITHOKH;

4) meron UFMC noxka3sbIBaeT JIydlIylo oMexo-
YCTOWUNBOCTE 0 cpaBHeHUI0 ¢ OFDM-MeTomom.

IIpu ucnonp3oBanuu TexHoioru UFMC Beiur-
pHIII B OTHOUICHWH CHUTHAI/IIYM TpU TOPSAKE
omm6kn 107 cocrasmser 0,9 1B, a mpu mopsiake
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ommbku 10° — 1,2 1b OTHOCHTEIBHO TEXHOJOTHH
OFDM.

ITomyueHHBIC PE3yABTATH UCCIECTOBAHUS MOKHO
pacmpoCTpaHuTh A JPYTUX 3HAUCHUN KOJTUYEeCTBa
TTOATMAIIa30HOB U TIOTHECYIIHX.
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Research of the Influence of the Quadrature Components Mismatch on the Noise Immunity of OFDM and

UFMC Signals

A.Yu. Belousov, Post-graduate, Kalashnikov ISTU, Izhevsk, Russia
V.V. Khvorenkov, DSc in Engineering, Professor, Kalashnikov ISTU, Izhevsk, Russia

The method of direct modulation using complex signals is used to implement signal paths of transmitters in base
stations of cellular communication systems. In the process of modulation, there are mismatches of the gain coefficient
and the phase of the quadrature components of the signal. Mismatch degrades the Error Vector Magnitude (EVM) at
the receiver, which in turn results in an increased Bit Error Rate (BER). The quality of the received signal is ex-
pressed in bit error rate. The mismatch of the amplitude and phase of the quadrature components is one of the most
important factors making the greatest contribution to the amplitude of the error vector, and which must be investi-
gated. The paper presents a research of the influence of the mismatch on the OFDM (Orthogonal frequency-division
multiplexing) and UFMC (universal filtered multi-carrier) technologies. A model of the transmitter, communication
channel and receiver for OFDM and UFMC signals has been developed. The model was built in the MatLab software
environment.

In the work, by studying the simulation model, the dependence of the noise immunity of technologies was studied
by changing the parameters of the communication channel, such as the amplitude and phase mismatch of the quadra-
ture components of the signal, as well as the signal-to-noise ratio. Also, a comparative analysis of such signal pa-
rameters as the occupied bandwidth, peak to average ratio, frequency of occurrence of bits with an error was carried
out. Based on the results of the study, graphs of the dependence of the error probability and the signal peak to average
ratio on the mismatch of the quadrature components were obtained for two technologies, OFDM and UFMC. The
study allows us to highlight the advantages of UFMC technology, which are expressed in spectral efficiency, noise
immunity and the level of the signal peak to the average ratio.

Keywords: OFDM, UFMC, signal modulation and demodulation, quadrature imbalance, noise immunity.
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