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AHoTauif. CurHanun OFDM cTaHOBNATbL OCHOBY paaioiHTepdenicy mepex MobinbLHOro 3B'si3ky 4G.
3aBasKkM BUCOKIN CnekTpanbHin edeKTUBHOCTI Ta 3aBaaoCTIMKOCTI y KaHani 3 GaratonpomMeHeBuUM
NoLMpeHHsIM curdHanum OFDM noyanu akTMBHO BNPOBAaAXKyBaTu B iHLWI cuctemu. Cepen HanbinbLL BigoMMx
cuctem 3 curHanamu OFDM moxkHa Big3HauuTu cimencteo LTE/LTE-Advanced, IEEE 802.11, IEEE 802.16,
a Takox craHaapTtu undposoro TenebadeHHa DVB-T, DVB-T2. Texnonorii OFDM Bnactueo aABa HEAOMNIKK:
Benuke 3HayeHHa nikdakrtopa (PAPR), WO 3HMXye koedilieHT KOPUCHOI Ail nepegasava, i BUCOKA
YYTNUBICTb 40 MOMMIIOK CUHXPOHI3aLii 3a yactoTolo. Yepes Hux B LTE suknovnnu OFDM y niHiax Up (Big
aboHeHTa A0 6a30BOT cTaHuii), i nepewnu Ha moaynsauito SC-OFDM, noxxepTByBaBLUM CNEKTPANbHOK
ed)eKkTuBHICTIO. Pyx KkopucTyBaua 3 BMCOKOIO LUBUAKICTIO y cepenoBuuli 3 6e3niudio poscioBadis,
XapakTepHUM ANS WinbHOT MICbKOT 3abyaoBu, NPUBOAMTL A0 YaCTOTHOT AMCMEPCii, KONu 6ina KOXHOT
nigHecy4o0i BMHMKAE aonnepiBCbkui crnekrtp. Kpim Toro, y 6yab-AKii CUCTEMI pamio3B'si3Ky MNPUCYTHI
BUMAAKOBi hbnykTyauii asum pagiocurHany, BUKNMKaHi HecTabinbHICTIO reHepartopiB npuiimMada n
nepegasava. Y pesynbTaTi NOPYLUYETLCA OPTOrOHanNbHICTL MigHECYYMX | BUHMKAE B3aEMHa 3aBaja Mk
Humm (ICI — inter-carrier interference), WO MOXe ICTOTHO MOripLIyBaTK 3aBaaOoCTiNKICTL Barato4acTtoTHOT
cuctemu. TOMy HEBIA'EMHOK YACTUHOK AeMOAYNATOPa NPUAMAaNbHOrO NPUCTPOLO, WO 06pobnae curHanm
OFDM, € 6nok ouiHkn i1 KOpekuii napameTpiB kaHany (aganTuBHWUI ekBanansep). ICHylOTb ABi KaTeropii
ekBanamnsepie (3anexHo Big cnocoly peanisauii): BU3Ha4YanbHi napameTpu KaHany B 4acTOTHiA obnacrTi
abo B vacosiin obnacTti. BHacnigok toro, wo y cucremax 3 OFDM Ha ertani po3aineHHa nigHecy4umnx
BUKOPUCTOBYETbLCA LUBUAKE NEpPeTBOPEHHA Dyp'e, a TakoxX nepeadaqeHo NinoTHI nigHecydi, TO 3 nornsay
ed)eKTMBHOCTI anapaTHOi peanisauil 1 pobounx xapakTepuCTUK AOUINbHO PO3rnagaTu ekBanansepu, Lo
BUKOHYIOTb PO3paxyHOK MapaMeTpiB KaHamy B 4acTOTHiW o6nacrti. TpaguuinHo ans curHanis OFDM
aganTUBHMI ekBanansep OyayeTbCs HA OCHOBI anpPoOKCUMALLl YaCTOTHOT XapaKkTEPUCTUKIN KaHany LUNAXOM
ycepeaHeHHA pes3ynbTaTiB OTPMMAaHUX Ha MiNOTHMX MigHECyyYnx. Y Takux MEeTofdax He BPaxOBYETbLCSH
YaCTOTHA 3aneXHICTb CymMapHoro ba3oBOro 3cyBaHHA GaratonpoMeHeBOro curHany. BianosigHo rapHi
pe3ynbTaT¥ MOXHA YeKaTu NPu LWLiNTbHOMY PO3TalUyBaHHI NINOTHUX MiAHECYYMX, L0 Y CBOIO Yepry 3HUXYE
4acToTHY ed)eKTUBHICTL. 3anponoHOBaHWM METOA OO03BONSE BpaxyBaTW 4acTOTHO-3anexHe dasose
3CyBaHHA W iHTepdhbepeHUiitHi BTPATH, LLIO BUHUKNK 32 paxyHOK A04aBaHHA KONii CUrHany Bif pisHUX LWUNAXIB
nowmpeHHs. Lie ocobnmBo akTyanbHO y cucTemMax 3 ManumM YMCIoOM NiNMOTHUX MigHECYYUX.

KnrouoBi cnoBa: 6aratonpoMeHeBUid kaHarn, ouiHKa napameTpiB 6araTronpoMeHEBOro KaHany,
Kopekuia napameTpiB 6aratonpomeHeBoro kaHany, OFDM.

AHHoTaumA. CurHansl OFDM cocTaBnAlT OCHOBY paauouHTepdernca cetein MOOUNbHON CBA3M
4G. bnarogaps BbICOKOW cnekTpansHOW 3(QEKTUBHOCTM U MNOMEXOYCTOMYMBOCTM B KaHane c
MHOrony4eBbIM pacnpocTpaHeHmemM curHansl OFDM Havyanu akTMBHO BHEAPATL B Apyrue cuctembl. Cpean
Hanbonee M3BECTHbIX CUCTEM, UCNOMb3yLWMX curHanbl OFDM, MOXXHO OTMEeTUTb cemencTBo LTE/LTE-
Advanced, |IEEE 802.11, IEEE 802.16, a Takke craHgapTbl uudposoro tenesnaeHns DVB-T, DVB-T2.
TexHonorma OFDM obnapgaetr aByMsa Hepoctatkamu: Oonblioe 3HaveHue nukdakropa (PAPR),
CHUXKarLLee KoahPULMEHT NONE3HOro AEWCTBUS NEPEAATUUKA, U BbICOKAA YYBCTBUTENMLHOCTb K OLLUMOKaM
CUHXpPOHM3auun no vacrote. M3-3a Hux B LTE uckmounnu OFDM B nuHusix Up (oT aboHeHTa Kk 6a30BOW
cTaHuun), u nepewnu Ha moaynsaumio SC-OFDM, noxepTBoBaB CREKTpanbHOW 9(P(PEKTUBHOCTLIO.
LBW>keHne nonb3oBaTensa ¢ BbICOKOW CKOPOCTLIO B Cpede ¢ MHOXECTBOM paccemBaTenei, xapakTepHom
ANs NNOTHOW rOPOACKOW 3aCTPOWMKU, NPMBOAUT K YACTOTHOM ANCNEPCUN, KOTAa OKOMO KaXKA0W NoAHeCYLLEn
BO3HMKAET A0MNNEepoBCKui crnekTp. Kpome Toro, B nobor cucteme paamocBs3n NPUCYTCTBYIOT Cny4valiHble
donyktyauun asbl  pagumocurHana, BbI3BaHHbIE HECTAOWUMBbHOCTLIO TEHepaTopoB MPUEMHMKA U
nepenartyuka. B pesynbrate HapyLlaeTcs OpTOroHanLHOCTE MEXAy NOAHECYLLMMU U BO3HMKAET B3auMHas
nomexa Mexay Humu (ICI — inter-carrier interference), koTopad MOXeT CyLUeCTBEHHO yxyallaTb
NOMEXOYCTOMYMBOCTE MHOMOYacTOTHOM CUCTEMbl. [109TOMY HEOTLEMSIEMOW 4acTbio Aemoaynaropa
NPUEMHOro ycTpoictea, obpabatbiBatowlero curdHansl OFDM, gaensetca OnoK OLUEHKM W KOppPeKUuu
napamMeTpoB KaHana (agantuBHbIA 3KkBanamsep). CywlecTBYWOT ABe KaTeropud akBanansepos (B
3aBMCMMOCTM OT cnocoba peanu3auun): onpegensioe napameTpbl KaHana B YacTOTHOW 00nacTu unm
BO BpeMeHHOI obnactu. Bcneacreue toro, uto B cuctemax ¢ OFDM Ha aTane BblaeneHusi NoAHECYLnX
ucnonb3yeTcsa ObICTPoe npeobpasoBaHme dypbe, a Takke NPeayCMOTPEHbI NUIOTHbLIE MOAHECYLWINE, TO C
TOUKM 3peHusa aDEKTMBHOCTU annapaTtHoW peanu3aumm U paboumx XxapakTepucTUK LenecoodbpasHo
paccmatpuBaTb 9KBanaw3epbl, BbIMOMHAKLWME pacyeT NnapaMeTpoB KaHama B 4acTOTHOM obnacru.
TpaguumoHHo ana curHanos OFDM apanTuBHbLIM 9KBanawmsep CTPOUTCA Ha OCHOBE annpokcumauuu
YaCTOTHOW XapaKTepPUCTUKM KaHamna MyTeM YCPEAHEHUS pPe3ynbTaTtoB, MOMYYEHHbIX Ha MUIOTHBLIX
nogHecywux. B Takmx MeTogax He y4uTbIBAETCA YacTOTHAas 3aBMCMMOCTb CyMMapHoOro ya3oBoro casura
MHOrOny4eBoro curHana. COOTBETCTBEHHO, XOPOLUME pe3ynbTaTtbl MOXHO OXuAaTb MPU MAOTHOM
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pacnonoXXeHUn MUMAOTHLIX MOAHECYLUMX, YTO B CBOI OYEpPefb CHWKAET YacCTOTHYI 9(PdEKTUBHOCTD.
MNpeanoXeHHbI MeToA NO3BONSAET YyYeCTb YaCTOTHO-3aBUCUMBbIN (pa3oBbIn CABUT U MHTEPAIEPEHUNOHHbIE
noTepu, BOSHUKLLME 3@ CYET CMOXEHUSA KOMWUW CUrHama OT pasfnuuYHbIX MyTel pacnpocTpaHeHuda. 310
0CODEHHO aKTyanbHO B CUCTEMAX C MaribiM YMCIIOM NMUSIOTHBIX MOAHECYLLMX.

KnroyeBble cnoBa: MHOrONMy4eBOW KaHan, OLEHKa napamMeTpoB MHOroOfy4eBOro KaHana,
KOppeKuusa napameTpoB MHOrony4esoro kaHana, OFDM.

The aim of this article is to search for a frequency-phase synchronization algorithm that
provides coherent reception of OFDM signals with a minimization of inter-channel interference
caused by the violation of orthogonality due to Doppler spreading of the spectrum of each
subcarrier. The algorithm is based on the channel model described in ITU Recommendation
M.1225 and assumes the presence of pilot subcarriers on which the reference sequence is
transmitted using the BPSK method. Channel parameters are determined by reference subcarriers
using numerical methods, which allow tuning the reference generator and recalculating the
coordinates of the channel symbols of each information subcarrier. This algorithm also allows the
use of data subcarriers, not just pilot ones, to adjust the frequency, which minimizes the effect of
phase noise caused by inter-channel interference and noise in the communication channel. The use
of modulation with many positions on information subcarriers leads to a decrease in the limits for
estimating carrier frequency deviations. Therefore, at the initial stage of synchronization, it is
recommended to use only pilot subcarriers for estimation, and to use all subcarriers of the working
frequency range for subsequent tuning.

Let us consider the mathematical model of the communication channel. The signal at the
input of the OFDM demodulator () is determined by the convolution of the impulse response of
the channel (IR) and the transmitted OFDM symbol:

r(n):ih(l)(n)x(n—l)+§(n), 0<n<N-1, (1)

where n — the discrete time;

N — the number of samples of the OFDM symbol;

x(n) — the sample of the transmitted OFDM symbol,

H(n) IR I-th beam;

N; — the number of independent Rayleigh beams forming a communication channel,
&(n) —the sum of the external noise and the intrinsic noise of the receiving device.

In the OFDM demodulator of the transmission system, information signals of different
subcarrier frequencies are separated using the direct fast Fourier transform (FFT) of the input
signal r(n). The complex amplitude of the k-th subcarrier Y% (after the FFT) is determined by the
following expression (without noise):

Kiax—1
Y, =a, X, + Z a,,X,, (2)
m=0,m=k
where Kmax — the number of neighboring subcarriers that cause mutual interference;
Xi — the complex amplitude of the £-th subcarrier of the transmitted OFDM symbol.

Due to the violation of orthogonality between the subcarriers, there is mutual interference
between them ICI (inter-carrier interference), which can significantly impair the noise immunity
of the transmission system. The coefficients ai» in (2) determine the values of mutual interference
and are calculated by the formula

j2n(m—k)n j

l K1
a,, =— H, (n)exp [ (3)
Y nzz(; k N

where Hi(n) — the channel transmission coefficient at the frequency of the £-th subcarrier at the n-
th time moment.

It follows from (2) that the signal of the A-th subcarrier consists of two terms. The first of
them is a useful signal, and the second is mutual interference between subcarriers (ICI).
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In order to determine how the delay in channel t affects the initial phase of a subcarrier
with frequency ®, we use the well-known relation:

Y. =0T, 4)
The phase shift of each subcarrier can be calculated by the formula (4):
Y, =0,T=21kt/T. (5)

To simplify, imagine the time shift relative value. Because the sampling interval is equal
to 7/Kmax, then the value m = (1Kmax)/ T will show the delay relative to the sampling interval. And
then the phase incursion of the £-th subcarrier can be represented as [2]:

V., =2nkm/K__ . (6)

Due to the fast movement of the receiver relative to the transmitter in the propagation
channel, the beam components of the demodulated signal, in addition to different delays, will also
have different Doppler frequency shifts. We assume that the receiver relative to the transmitter
moves with speed v. Doppler frequency offset
P veos(0)

d 7\1 2
where 6 — the angle between the velocity vector and the wave vector of the beam.

It is convenient to introduce the variable B = v/3-10®. The magnitude of the Doppler shift
linearly depends on the frequency of the carrier and within the allocated frequency band has
different values on individual subcarriers. The phase incursion of the £-th subcarrier arising due to
the Doppler shift can be calculated from the relation:

Yy =27f,Bcos(0)7 . (8)
In addition, each subcarrier receives some irregular phase incursion due to non-orthogonal
noises arising from Doppler shift, as well as from the AWGN.

Given that systems using OFDMA should operate in a multipath channel, the demodulated
signal of the £-th subcarrier can be represented as follows:

L
Zu,ak cos[z;;km’ +2nkacos(9,)+Q,’k}, 9)
=0

max

(7)

where L — the attenuation of the signal of the /-th beam;

ay — the amplitude of the £-th subcarrier;

(.« — the random phase of the £-th subcarrier arising due to the violation of orthogonality and the
influence of noise;

L — the number of beams;

0; — the angle between the velocity vector and the wave vector of the /-th beam.

Considering that the MS receives the entire group signal from the BS, the angle between
the velocity vector and the wave vector, propagation delays and attenuation of subcarriers of one
beam are the same, and the coefficient f characterizing the Doppler shift is the same for subcarriers
of all beams.

To perform synchronization, the MS can use all pilot subcarriers, and in wireless downlink
systems from 12 to 240 are provided, depending on the allocated band. The modulation method of
the pilot subcarriers is BPSK. The modulating sequence of these subcarriers is determined by a
pseudo-random sequence with a defining polynomial x!! +x° + 1.

Given the model of the demodulated signal of the 4-th subcarrier and the result of the FFT
calculations, we write the equation:

L
> wa, cos( +2nf,Bcos(8,)+c,,) =d,. (10)
=0

To minimize the number of unknowns, let us imagine p; — attenuation of the signal of the
/-th beam by known approximating expressions [3]. Since the influence of the path difference and

2mkm,
K

max
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the Doppler shift on the signal attenuation is independent, | can be represented as the product of
the fraction of attenuation introduced by the frequency dispersion of the Doppler Jakes spectrum
and the averaged curve of the power decrease of the delayed beams represented by the exponential
dependence. After the assumptions are made, we can rewrite the model of the demodulated signal
of the £-th subcarrier

LK. expl—a-m,/T) 2nkm,
,ZO: TkBisin 6, | a; cos(

where o — a coefficient that determines the degree of exponential decrease in the power of the
beam components delayed in the channel by time t, depends on the nature of the terrain.

Based on the number of available pilot subcarriers 7, we can compose n equations. We
calculate the allowable number of beams taken into account. To solve the system of equations, it
is necessary that the number of equations exceed the number of unknowns by at least 1. We need
to determine the delay and attenuation in each beam, and the values of o and  are independent of
the number of the subcarrier or the number of the beam. Thus, the number of unknowns is 2. + 2.
Based on this, the minimum number of equations is 2L + 3, and the number of beams, respectively,
L =n/2 — 2. Thus, with a minimum number of dedicated pilot subcarriers n = 12, four beams can
be taken into account. This allows us to use one of the empirical channel models described in
Recommendation ITU M. 1225 to start the adjustment, namely, the ITU channel model for slowly
moving subscribers outside and inside buildings for small propagation delays (type A) [4]. With
an increase in the number of processed subcarriers, due to large statistical data, the error in
estimates of channel parameters is minimized.

Methods for solving systems of equations are usually divided into two large groups. The
first group includes methods that are called accurate. They allow for any system to find the exact
values of the unknowns after a finite number of arithmetic operations, each of which is performed
accurately. The second group includes all methods that are not accurate. They are called
approximate, or numerical, or iterative. The exact solution when using these methods is obtained
as a result of an endless process of approximations.

The solution of the system must be obtained with some specified accuracy up to €.

We write the system of nonlinear equations in the form

E((X‘aB>m1>m2>m3>m4791792>e3>e4) = O?
Fz(a>B>m1>m2>m3>m4>91>92>e3>e4) =0;

+2nkacos(el)+gl,k):Zik: (11)

max

(12)

Fn((X‘aB>m1>m2>m3>m4791792>e3794) = O)
or briefly in the form

F;'(a’B:ml:m23m3:m4361362:e3:e4):
5

LK, exp(-oa-m/T) [2nkml
k
=0

nk[3|sin 9,| +2nkacos(91)J—c7k =0,

max

wherei=1,2,... n.

Here the functions F(*) are defined and continuous together with their partial derivatives
in some domain 1), which belongs to the exact solution of the considered system of equations. The
exact solution to system (12) is denoted by

X* = (a*aB*aml*am2*7m3*7m4*791*762*763*764*) . (13)
To solve the system of nonlinear equations, it is proposed to use the Newton method. This

method has much faster convergence than others [5]. The Newton method for the system of
equations (12) is based on the use of expansion of functions [5]

F(a,B,m,m,,m;,m,,0,,6,,6,,6,)=0, (14)
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wherei=1,2,..., n, in the Taylor series, and the terms containing the second and higher orders of
derivatives are discarded. Such an approach allows the solution of one nonlinear system (12) to be
replaced by the solution of several linear systems.

So, we will solve system (12) by the Newton method. In region D, we choose a point
corresponding to the ITU channel model for slowly moving subscribers outside and inside

buildings for small propagation delays (A) X° =(a’,B%,m, ", m," . m,",m,".0,°,8,°,06,°.0,") and
call it the Zero approximation to the exact solution
X =", B ,m  m,  m  m,.0,",0,".0,".0,")e D of the original system. Now we expand the
functions (14) in a Taylor series in a neighborhood of the point
X0 =B m’ m’ m’ m'.0°6,6.,°86,).
Will have
F(a,f,m;,m,,m;,m,.6,,0,,0,,0,) EFi(aoa:Boamloamzoam3oam40:910:920:9307940)+

+ 21; (a—a0)+ Z—E(ﬂ_ﬂo)-ir ;:lil (m1 —m10)+ (;ii (mz —m20)+ (;ii (m3 —m30)+ (15)

oF, o) OF, o) OF, o) OF o\ OF 0
+——m, -m, +—, -6, |+—,-6, |+—\6, -6, |+—,-6, ).
34(4 4) 891(1 1) 892(2 2) 893(3 3) 894(4 4)
Because the left parts (15) should go to zero according to (12), then the right parts (15)

should also go to zero. Therefore, from (15) we have
L pat + Lo g+ Lo py 0+ T g4 L
oo p om, om, om,
. . . . /D
+ Ok Am,’ +@Aelo i AB," + or, A8’ +LAG4O = (16)
om, 0, o, 0, A,
= _E((xoJBOJmlo7m207m307m407610762076307e40)7
where Aa’ = (oc—oco), AB® = (B—BO), Am :(ml. —ml.o); A8 :(91. —Oio).
All  partial  derivatives in  (16) must be calculated at a point

Am30 +

X =’ p°,m’ m’ m’ m° 0°0,,6,06, ) Relation (16) is a system of linear algebraic

equations with respect to unknowns Aa.’ :(oc—oco), Am” :(ml. —ml.o); A8, :(91. —91.0). This

7

system can be solved by the Cramer method if its main determinant is nonzero [5] and find the
quantities Aa” = (oc—oco), AB’ = (B—BO), Am :(ml. —ml.o), A8’ :(9,. —9,.0).

Now we can refine the zeroth approximation

X =B m’ m° m" m, 0,°.6,06.,86,") by constructing the first approximation with the
coordinates

a'=a’+Aa’; B =B +AB’; m =m] +Am.; 6 =0 + A8’ (17)

those Xl :(alaBlam11>m21>m31>m4176117621>e31>e41)' (18)

Let us find out whether approximation (18) is obtained with a sufficient degree of accuracy.
To do this, we check the condition (the accuracy with which system (12) must be solved):

AR’ <01,
maX‘Aoc‘ <10;
maX‘Amf‘ <0,5;

maX‘Aef‘ <m/36.

(19)

If condition (19) is satisfied, then for an approximate solution of system (12), we choose
(18) and finish the calculations. If condition (19) is not satisfied, then we perform the following
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action. In system (16), instead of X° =(a’,p’,m’,m,° m° m, 6,°6,°6,".0,°) taking the
updated values X' :(ocl,Bl,mll,mzl,m31,m41,911,921,931,941), we repeat the algorithm,
determining the values corresponding to the second approximation
X =B m’ m° m’ m>.0,°,0,°.0,°.0,>). If conditions (19) are satisfied, then for an

approximate solution of system (12), we choose (18) and finish the calculations, and if not, we
proceed to the next iteration.

: 2 2 2 2 2 2 2 2 2 2 2
After finding the channel parameters X =(o*,p°,m,",m,”,m;,",m,”,6,7,6,7,6,°,6,7),
you can recalculate the coordinates of the information subcarriers according to the rules

A 5]{

ak KOp = L K . /T 2 k ; (20)
P :;%ﬁs;en‘il )cos( ) +27f,Beos(®,))
=0 ! max

. b,

_ , 21)

I “a-m T) . 2k (

; L jc);cpﬁ(‘sinOCGT )sm( TR, +2nf,Bcos(d,))

Conclusions. Since BPSK modulation is used on pilot subcarriers, the developed algorithm
allows one to estimate the carrier frequency deviation within half the distance between subcarriers.
The algorithm makes it possible to use information subcarriers for tuning, not just pilot ones. In
this case, the effect of phase noise caused by inter-channel interference and noise in the
communication channel is further reduced. The use of modulation for information subcarriers with
many positions leads to a decrease in the limits for estimating the deviation of the carrier
frequency. Therefore, at the beginning of synchronization, it is recommended to use only pilot
subcarriers for estimation, and to use all subcarriers of the working frequency range for further
tuning. The developed algorithm has low complexity with a small number of reference subcarriers
(10-20). Therefore, its use is effective in OFDMA systems.
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