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VY nucepraniiiHii poOOTI BuUpillleHA aKTyallbHa HAyKOBa 3ajada po3poOKU
METO/IIB JIBOETAITHOTO OIIHIOBAHHS IapaMeTpiB 0araTonpoMEHEBOro KaHAly B
cucremax 3B’s3Ky 3 TexHousorieto OFDM Ha 0a3i NUIOTHUX MIJHOCIHHUX,
BUKOPUCTOBYIOUM BIJOMI CTaTHUCTHYHI XapaKTEpUCTUKUA KaHainy. Po3pobieHi
METOAM  JIO3BOJIAIOTH  MIJBUIMUTHA  TOYHICTH  OI[IHIOBAHHS  YaCTOTHOI
XapaKTEPUCTUKU KaHATy 1 3MEHIIMTH WMOBIPHICTh BUHUKHEHHS IMOMUJIKU M1J] Yac
npuiioMy niepenanoi iHdopmari.

B nepmioMy po3aiii mokazaHa aKTyallbHICTh 3aJadl OILIIHIOBAaHHS 4YaCTOTHO1
XapaKTEPUCTUKN KaHally, CIHOTBOPEHHS $KOi OOyMOBIIEHI OaraTonpoMeHEBUM
pPO3MOBCIOJKEHHSIM cuTHamB 1 edexkrom [ommiepa. Po3rnsHyTto mnpuHIUNU
dopmyBanass OFDM cumBomiB 1 iX CTpykTypy. BuKoHaHo ormsm cxem
PO3MIIIEHHS MUIOTHUX cUrHaiiB y cTpykTypi OFDM cumBoiiB Ta ocoOnmuBocTen
iX 3acrocyBaHHS. PO3rIIIHYTO METOIW OIIHIOBAHHS YaCTOTHOI XapaKTePUCTUKH
KaHaTy Ha MIJHOCIMHUX 3 MUJIOTHUMU CUTHAJIAMU Ta METOJIU 1HTEPIOJISIIIT 3HAYEHb
YaCTOTHO1 XapaKTePUCTUKHU Ha MITHOCIMHI 3 manumu. [IpoBeaeHO MOpiBHSIBHUI
aHai3 PO3MJITHYTUX METOJIB Ha MOJEIHLHOMY MPHKIAAl IUITXOM CTaTHCTUYHOTO
MOJICITIOBAHHS. Pe3ynbTaTyi MOACIIOBAaHHS TOKA3alld, 10 aKTYaJbHOIO SIBISETHCS
3a/1laya po3pOOKH METO/IIB OIIHIOBAHHS MapaMeTpiB 0araTOMmpoOMEHEBUX KaHATIB 3
BEJIMKMM YacoOM 3aTPUMKH Ta 3HAYHUM BIUIMBOM edekTy Jlomrepa. Bukonano

MOCTAHOBKY 3a7a4il JTIOCII1I>KEHHS.



B npyromy po3aini po3po0ieHO JBOETAHUNA METOJ | OI[IHIOBAHHS YaCTOTHOI
XapaKTepUCTHKU KaHaly Mo moTouyHomy mpuitHitomy OFDM cumBony. Ha
NEepIIoOMy eTalll 3HaYeHHsI YaCTOTHOI XapaKTepUCTUKHU (PUIBTPYIOTHCS Ha MUTOTHUX
MiAHOCIHHUX Ta €KCTPAINOIIOIOTHCS Ha 1H(POpMAIiiiHI MiAHOCIIHI 32 JOMOMOTOI0
aITOPUTMY KaJIMaHIBChKOI (PpiabTparlii y mpsaMoMy 1 3BOPOTHbOMY HaIpsiMKax IO
BIJIHOIICHHIO JI0 BEKTOpa crocTepekeHb. Ha npyromy eram BUKOHYETHCS
oO€qHAHHS TMapaMeTpiB anoCTEPIOPHUX PO3MOALTIB HAa KOXKHIN ITHOCIHHIN.
Po3po0inieHo aBoeTamnHuii METo 1 OI[IHIOBaHHS YaCTOTHOT XapaKTePUCTUKHU KaHAIy 3
BUKOPHUCTAHHAM OIIIHOK 13 nonepenHix npuitHatux OFDM cumBomnis. Ha nepmomy
eTaml 3HA4Ye€HHS YacTOTHOI XapaKTEpPUCTHKU (DUIBTPYIOTBCA Ha MUJIOTHHUX
MIJTHOCIMHUX Ta EKCTPAIOIIOI0ThCS Ha 1HGOpPMAIIiHI MiAHOCIHHI 32 JOMOMOTOIO
QITOPUTMY KaJIMaHIBCbKOI (LIBTpaLil y IPsIMOMY, 3BOPOTHBOMY Ta B YaCOBOMY
HanpsMkax. Ha gpyroMmy erami BUKOHYeThCS  OO€IHaHHA  IapaMeTpiB
aroCTepIOPHUX  PO3MOJIIB  HAa  KOXKHIM  MIAHOCIAHIN. 3a  JI0MOMOTOI0
CTAaTUCTUYHOTO MOJICTIOBAHHS TPOBENCHO TMOPIBHSIBHUN aHami3 po3poOsieHuX
METO/I1B 3 B1JIOMUMH.

B tperboMy po3aini po3po0sIeHO JBOETAMHUI METO/I CYyMICHOTO OIlIHIOBAaHHS
1H(OpMAaIIHHUX CHUMBOJIIB 1 YaCTOTHOI XapaKTEPUCTUKHU KaHAIY IO MOTOYHOMY
npuitHsitomy OFDM cumBony. Ha mepmiomy erami BUKOHYETHCS PEKYypPEHTHUMN
pPO3paxyHOK TMapaMeTpiB  aloCTEePIOPHUX PO3MOAUINIB 3HAYEHHb YaCTOTHOI
XapaKTEPUCTUKN Ta aroCTePIOPHUX HMOBIPHOCTEHW 1HPOpPMAIIMHUX CHUMBOJIB B
IPSIMOMY 1 3BOPOTHBOMY HAampsIMKaxX MO BiJHOIICHHIO 70 BEKTOPa CIOCTEPEKEHb.
Ha gnpyromy erami BHKOHYETbCA OO€QHAHHS IapaMETpiB  amoCTEPIOPHHUX
PO3MOMIUIIB Ta YTOUHEHHSI allOCTEPIOPHUX WMOBIPHOCTEHM Ha KOXKHIM MiAHOCIHHIM.
Po3po0neHo nBO€TanmHM METOJ, CYMICHOTO OLIHIOBaHHA 1H(QOpMaLIiHUX
CUMBOJIIB 1 YaCTOTHOI XapaKTEPUCTUKH KaHAIY 3 BUKOPUCTAHHSAM OIHOK 13
nonepeanix npuitHaTHX OFDM cumBomiB. Ha mnepmomy ertami BUKOHY€ETHCS
PEeKYpEeHTHUI pPO3paxyHOK TMapaMeTpiB amnoCTepiOPpHUX PO3MOJIIIB 3HAYCHHD
YaCTOTHOI XapaKTEPUCTUKH Ta armoCTePIOPHUX WMOBIPHOCTEH 1H(POpPMAIIHIX

CUMBOJIIB B NpPSIMOMY, 3BOPOTHBOMY Ta B YacOBOMY HaNpsIMKax Ha KOXHIM



nigHocidHid. Ha ngpyromy erami BHKOHYEThCS OO€IHAaHHS MapaMeTpiB
aroCTEpIOPHUX PO3MOJLIIB Ta YTOUHEHHS amoCTepIOPHUX HWMOBIPHOCTEH Ha
KOKHIM TiJHOCIHHINA. 3a JOMOMOTOI0 CTAaTHCTHUYHOTO MOJICTIOBAHHS TPOBEICHO
MOPIBHAJIBHUI aHaJi3 pO3pOOIECHIX METOIIB 3 BIIOMUMH.

B dyerBeprOoMy pO3/171 BHUKOHAHO aHaN3 MHMOBIPHICHHX XapaKTEPUCTUK
CHCTEM 3B’SI3KY 3 BHKOPHUCTAaHHSIM pO3pOOJICHHX METOJiB. TakoX MpPOBEICHO
pPO3paxyHOK OOYHMCITIOBATBLHUX 3aTpaT ISl peajizaimii po3poOJeHUX METOIIB Ta
MOPIBHSHO 3 OOYMCIIIOBAJLHUMH 3aTpaTaMM IS peaiizaiii Bigomux. Ha ocHOBI
pe3yabTaTiB MOJENIOBaHb 1 BHKOHAHUX PO3PaXyHKIB 3pOOJEHO BUCHOBKH PO

e(heKTUBHICTh PO3POOJIECHUX METO/IIB 1 MOKJIUBICTD iX 3aCTOCYBAHHS Ha MPAKTHII].

HaykoBa HOBH3HA OTPMMAaHHUX Pe3yJbTATIiB NOJISTA€ B TOMY, LIO:

1. Brnepiie po3po0ieHO MeToJ ABOETAamHOI0 CYMICHOTO OILIIHIOBaHHS
iHpopmariiaux cuMBodiB 1 UX GaratornpoMeHeBUX KaHAIB B CHUCTEMaXxX 3B’S3KY
Ha 6a3i TexHonorii OFDM. Ha nepmioMy erarii BUKOHYETbCSI CyMICHE OL[IHIOBaHHS
1H(popmaIiiHux cuMBoJIiB 1 UX 3 JBOX CTOPIH BEKTOpa CIIOCTEPEKEHBb MOTOYHOTO
OFDM cumBony. Ha gpyromy etari BUKOHYEThCS OO €JHAHHS aroCTEPIOPHUX
pPO3MOJUIIB 1 YTOYHEHHS allOCTEPIOPHUX MMOBIPHOCTEN HA KOKHIM 13 MITHOCIHHUX,
K1 OTPMMaHI B pe3yJIbTaTl OLIIHKU Ha MEPIIOMY €Tarli.

2. Bnepmie po3poOiieHO MeTon  ABOETAmHOro  oIfiHoBaHHS — YUX
OaraTonpoMeHEeBUX KaHAIIB B CHCTeMax 3B’s3Ky Ha 0a3i TexHojorii OFDM. Jlna
(GyHKL10HYBaHHS pO3pO0JIEHOr0 alropuTMy HEOOXI1JTHO, SIK 1 IS BIJOMOTO METO/1a
MMSE, 3HaHHS CTaTUCTUYHMUX BJIACTHMBOCTEW KaHaly 3B’si3Ky. Ha mepmomy erami
BUKOHY€ETbCS OLIHIOBaHHS UX 3 JBOX CTOPIH BEKTOpPa CIIOCTEPEkKEHb MOTOYHOIO
OFDM cumBosy. Ha apyromy etarni BUKOHYEThCS OO €IHAHHS aroCTEPIOPHUX
pPO3MOAUIIB Ha KOXHIN 13 MITHOCIHHUX, SKI OTPUMaHI B PE3yJIbTAaTi OI[IHKH Ha
HEepIIOMY eTarli.

3. Brnepiie po3poOieHo nBoetanmHi MeToau oifiHoBaHHS UX kaHamy Ta
CYMICHOTO OIliHIOBaHHS 1H(MoOpMaIiiiHux cuMBOIiB 1 UYX, §KI BpaxoBYHOTh

croctepexeHHss oTpumani Ha mnonepeaHix OFDM cumBonax. Ilpu npomy Ha



NEPIIOMY €Talni BUKOHYETHCSA OIIHIOBAHHS SIK MO MOTOYHOMY CHMBOJY 3 JBOX
CTOpPIH BEKTOpa CIIOCTEPEKEHb, TaK 1 B3JOBX KOXHOI 13 TMITHOCIHHUX TIO
CIIOCTEPE)KEHHSAX 3 TOMNEpeAHiX cuMBOJB. Ha apyromy erami, aHamori4YHUM
YMHOM, BHUKOHYETHCS 00 €IHAHHS amoCTEPIOPHUX PO3MOALUIIB, SIKI OTpUMaHI Ha

MepIIoMy eTari.

[IpakTH4YHe 3HAYEHHS OTPMMAHUX Pe3yJbTATIB MOJISATa€ B TOMY, I10:

1. Po3po6neni Meromu aBoeTanHoro ouiHioBaHHA UYX kaHanmy i
CYMICHOTO OIlIHIOBaHHS iH(popmamiitHux cuMBoJiB Ta UX KaHamy HE MOTPEOYyIOThH
BUKOHAHHS KJIIACHYHUX METOIB IHTEPIOJIALIi, 10 pOOUTH iX OLIbII €(h)eKTUBHUMU
y nopiBHsiHHI 3 MMSE MeTon0M, 0co0aMBO B KaHalIaX 3 BEJIMKUM YaCOM 3aTPUMKHU
CUTHAITy. 30KpeMa, B KaHalll 3 MaKCUMaJIbHOIO 3aTpUMKOI0 100 MKC mpu KiJIbKOCTI
nigHociitnux B OFDM cumBoni piBHiit 1024, cepen sSKuMX KOXHA YeTBEpTa
BiJIBEJICHA JJIA TIJOTHUX CHUTHAJIB, PO3pOOJeHI METOAW OIIHIOBaHHS TIO
notoyHomy npuitHiTomy OFDM cumMmBoily 3a0€31e4yroTh €HEpreTUYHHI BUTPAILLl
1o 5 nb, B mopiBHsAHHI 3 MeTojoM MMSE. 3acTocyBanHs po3poOjieHUX METOMIIB 3
ypaxyBaHHSIM OIIHOK 13 monepeAHix mnpuiHiaTux OFDM cumBOmiB 103BOJSE
OTpUMATH JIOAATKOBUM €HepreTMUHuid Burpam 10 2 ab. 30UIbLIeHHS KIJIbKOCTI
MIHOCIMHUX 3 MUIOTHUMU cuTHamamu y cTpyktypi OFDM cumBona migBuirye
€HEPreTUYHUIN BUTpaIl.

2. OOuncmoBaIbHI  3aTpaTH Ha peali3aliilo  Po3poOJICHHX METOIIB
JIBOETATHOrO OLIHIOBaHHA YX MO MNOTOYHOMY NPUUHATOMY CHMBOJIY Ta 3
ypaxyBaHHSAM OLIHOK 13 nonepeAHix npuidHstux OFDM cuMBOJiB Ha 2 MOPSAKA
MEHIIIl y TOPIBHAHHI 3 OOYMCIIOBAJILHUMM 3aTpaTaMyd Ha peali3alliio METOay
MMSE. Po3pobieni  MeToauM — JBOETATHOTO  CYMICHOTO  OIiHIOBaHHS
iHopmariiHux cuMBOJIiB 1 UX MO MOTOYHOMY MPUHHATOMY CHUMBOIY Ta 3
ypaxyBaHHSM OIIHOK 13 nonepeaHix npuitHiTux OFDM cuMBoiB mOoTpeOyOTh Ha
MOPSIIOK MEHIIIE OOYMCITIOBAJILHUX 3aTpaT Y NOpiBHSAHHI 3 MeTogoM MMSE.

3. Po3pobsiieni  MeTOaM  JBOETAHOIO  CYMICHOTO  OILIIHIOBaHHS

iH(popMaliiHuXx cuMBONIB 1 UX MO MOTOYHOMY MPUUHATOMY CHUMBOIY Ta 3



ypaxyBaHHSAM OLIHOK 13 nonepeAnix npuitHsatux OFDM cumBoiB, Ha BiAMIHY Bif
meromiB LS, MMSE Ta po3pobneHux MeTomiB IBOETANHOTO OIiHIOBaHHS YX
KaHally, HE MOTPEOYIOTh MOAAJIBIIOTO MPUUHATTS PIIIEHb CTOCOBHO MEpElaHUX
iHbOpMaIIHHUX CHUMBOJIIB, OCKUIBKH II€¢ BUKOHYETbCS O€3MOCEPENHbO IIiJ Yac
BUKOHAHHS  pO3pOOJEHUX METOJIB JBOETAITHOTO CYMICHOTO  OI[IHIOBaHHS
iHopMartiitnux cuMBoJIiB 1 UX KaHamy.

Pe3ynbrat HAyKOBUX JOCTIIKEHb MOXYTh OyTH BHKOPUCTaHI MPH Po3pooiii
MEPCIIeKTUBHUX 1 MOJEpHI3allii ICHYIOUMX MpHUiiMayiB CHUTHAJIIB B CHCTEMax
3B 513Ky 3 OFDM TexHOJOri€10 sl MOKPAILEHHS iX WMOBIPHICHUX XapaKTEPUCTHK
npu poOOTI 3 OaraTONPOMEHEBUMH KaHaJaMHU 13 BETUKUMU 3aTpuMKaMu. OCHOBHI
TEOPETUYHI [TOJIOKEHHSI BUKOPUCTOBYIOTHCS B HABYAJIIBHOMY IPOLIEC] B TUCIUILIIHI
«Teopis nepenaBanHs 1HGOPMAIID».

Kurouosi cioBa: OFDM, mudpoBuii 38's130k, 6€3MpOBIIHUIA KaHa 3B’SI3KY,
OaratonmpoMeHeBe MOUIMPEHHs CUrHaliB, edekt [lommiepa, oiiHKa mapameTrpiB
KaHally, YacTOTHA XapaKTEPUCTHKA, KOpessliiiHa (QyHKUIA, aBTOperpeciiHa
Mozaenb, ¢GuabTp Kanmana, ¢inbrpamis, o0’€¢aHaHHS OINHOK, IHTEPIIOJIAIIIS,

anocTeplopHa MIUIbHICTH HMOBIPHOCTI.



SUMMARY

Myronchuk O. Methods of two-stage estimation of multipath channel
parameters in communication systems with OFDM technology. - Qualification
manuscript.

PhD thesis in the field of knowledge 17 Electronic and Telecommunications
in specialty 172 Telecommunications and Radio Engineering. — National Technical
University of Ukraine «lgor Sikorsky Kyiv Polytechnic Institute», Kyiv, 2020.

An actual scientific problem of developing of methods of two stage
estimation of multipath channel parameters in communication systems with OFDM
technology that uses known channel statistical parameters has been solved. The
developed methods allow to increase the accuracy of channel frequency response
estimation and to reduce the probability of error during the receiving of transmitted
information.

The first section shows the relevance of the problem of estimating the channel
frequency response distortion, which is caused to multipath propagation of the
signal and the Doppler effect. The principles of OFDM symbol formation and their
structure was considered. An overview of pilot signal placement schemes in the
structure of OFDM symbols and features of their application has been performed.
Methods of channel frequency response estimation on subcarriers with pilot signals
and methods of interpolation of frequency response values on subcarriers with data
were considered. The comparative analysis of the considered methods on a model
example by statistical modeling was carried out. The simulation results showed
that the problem of developing methods for estimating the parameters of multipath
channels with a long delay time and a significant influence of the Doppler effect is
urgent. The research problem was formulated.

In the second section the method of two-stage channel frequency response
estimation using only currently received OFDM symbol has been developed. At
the first stage, the values of the frequency response are filtered on the pilot

subcarriers and extrapolated to the information subcarriers using the Kalman



filtering algorithm in the forward and backward directions relative to the
observation vector. In the second stage, the combining of parameters of a posteriori
distributions on each subcarrier is performed. The method of two-stage channel
frequency response estimation using estimates from previously received OFDM
symbols has been developed. At the first stage, the values of the frequency
response are filtered on the pilot subcarriers and extrapolated to the information
subcarriers using the Kalman filtering algorithm in the forward, backward and time
directions. In the second stage, the combining of parameters of a posteriori
distributions on each subcarrier is performed. Using the statistical modeling the
comparative analysis of the developed methods with known ones was carried out.

In the third section the method of two-stage joint estimation of information
symbol and channel frequency response using only currently received OFDM
symbol has been developed. At the first stage, a recurrent calculation of the
parameters of the a posteriori distributions of the values of the frequency response
and the a posteriori probabilities of the information symbols in the forward and
backward directions relative to the observation vector is performed. At the second
stage the combining of parameters of a posteriori distributions and specification of
a posteriori probabilities on each subcarrier is carried out. The method of two-stage
joint estimation of information symbol and channel frequency response using
estimates from previously received OFDM symbols has been developed. At the
first stage, a recurrent calculation of the parameters of the a posteriori distributions
of the values of the frequency response and the a posteriori probabilities of the
information symbols in the forward, backward and time directions on each
subcarrier is performed. At the second stage the combining of parameters of a
posteriori distributions and specification of a posteriori probabilities on each
subcarrier is carried out. Using the statistical modeling the comparative analysis of
the developed methods with known ones was carried out.

In the fourth section the analysis of the probabilistic characteristics of
communication systems using the developed methods was performed. The

calculation of computational costs for the implementation of the developed



methods and comparison with the computational costs for the implementation of
known methods was carried out. Based on the results of simulations and
calculations, conclusions about the effectiveness of the developed methods and the

possibility of their application in practice were made.

The scientific novelty of obtained results is as follows:

1. For the first time, a method of two-stage joint evaluation of
information symbols and frequency response of multipath channels in
communication systems based on OFDM technology has been developed. In the
first stage, a joint estimation of the information symbols and the frequency
response on both sides of the observation vector of the current OFDM symbol is
performed. In the second stage, the a posteriori distributions are combined and the
a posteriori probabilities on each of the subcarriers are refined, which are obtained
as a result of the assessment in the first stage.

2. For the first time, a method of two-stage estimation of frequency
characteristics of multipath channels in communication systems based on OFDM
technology was developed. The operation of the developed algorithm requires, as
for the known MMSE method, knowledge of the statistical properties of the
communication channel. In the first stage, the frequency response is estimated on
both sides of the observation vector of the current OFDM symbol. In the second
stage, the a posteriori distributions on each of the subcarriers, which are obtained
as a result of estimation in the first stage, are combined.

3. For the first time, two-stage methods of channel frequency response
estimation and joint estimation of information symbols and frequency response
have been developed, which take into account observations obtained on previous
OFDM symbols. In this case, at the first stage, the estimation is performed both on
the current symbol on both sides of the observation vector and along each of the
subcarriers on the observations of the previous symbols. In the second stage, the
combining of a posteriori distributions obtained in the first stage is similarly

performed.



Practical importance of obtained results is as follows:

1. The developed methods of two-stage estimation of channel frequency
response and joint estimation of information symbols and frequency response of
the channel do not require classical interpolation methods, which makes them more
efficient compared to MMSE method, especially in channels with long signal
delay. In particular, in the channel with a maximum delay of 100 ps with the
number of subcarriers in the OFDM symbol equal to 1024, among which every
fourth is allocated for pilot signals, the developed estimation methods for the
currently received OFDM symbol provide energy gain of up to 5 dB, compared to
MMSE. The application of the developed methods that take into account the
estimates from the previously accepted OFDM symbols allows obtaining
additional energy gain of up to 2 dB. Increasing the number of subcarriers in the
OFDM symbol structure increases the energy gain.

2. The computational costs for the implementation of the developed
methods of two-stage estimation of the frequency response on the currently
received symbol and taking into account the estimates from the previously
accepted OFDM symbols are 2 orders of magnitude lower than the computational
costs for the MMSE method. The developed methods of two-stage joint estimation
of information symbols and frequency response on the currently received symbol
and taking into account estimates from previously accepted OFDM symbols
require an order of magnitude less computational costs compared to the MMSE
method.

3. Developed methods of two-stage joint estimation of information
symbols and frequency response on the current received symbol and taking into
account estimates from previously received OFDM symbols in contrast to LS,
MMSE methods and developed methods of two-stage estimation of channel
frequency response do not require further decisions on transmitted information
symbols, as this is done directly during the implementation of the developed
methods of two-stage joint estimation of information symbols and frequency

response of the channel.



The results of this thesis can be used in the development of promising and
modernization of existing signal receivers in communication systems with OFDM
technology to improve their probabilistic characteristics in the case of multipath
channels with long delays. The main theoretical results of this thesis are used in the
educational process in the discipline "Theory of information transfer" at the
Radioengineering Faculty of National Technical University of Ukraine «lgor
Sikorsky Kyiv Polytechnic Institute»

Keywords: OFDM, digital communication, wireless communication channel,
multipath signal propagation, Doppler effect, estimation of channel parameters,
frequency response, correlation function, autoregressive model, Kalman filter,

filtering, combining of estimates, interpolation, a posteriori density probability.
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