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B paHee npoBegeHHbIX uccnenoBaHuAx Gbino AokasaHo nosbileHue 3 ekTus-
HOCTU CMHXPOHM3aLMK MO Nnepuoauyveckoin koppenaunoHHon cgyHkuumn (KP) unk-
nuyeckoro npecukca (L{M) OFDM cuMeonoe texHonorumn LTE npu ncnonbzosanum
B kavectee LM CAZAC nocnepoBatenbHoctein 3aposa-Yy (ZC(2,9)) B cocraBe
"nycrTbix" CUMBOJIOB LIEHTPanbHOM YaCTU YaCcTOTHOrO Auana3oHa kagpa LTE, nepe-
Aasaemoro B DownlLink (DL) HanpaBneHun. B gaHHOM uccnepgoBaHumu cuMMBONbI
LleHTpasibHOM YacTU YacTOTHOro AuanasoHa kagpa LTE He aBnaioTca "nyctbiMu’ n
nHdopmMauua koHua OFDM cumBonos, Ha KOTOpPyI0 HanoXeHbl 3/1EMEHTbI MHOIO-
¢asHbIX NocnegoBaTeNnbHOCTEN, BOCCTAHABNMBAETCA HA NPpUEMHO cTopoHe. Mpose-
ZleH CPaBHUTENbHBIA aHaNMU3 XapaKTepUCTUK uMKnnyeckux KP nocneposarensHoc-
Ten 3apoBa-Yy u PpaHka, ucnonbsyembix Ana sanonHeuua LM m koHua cumeonos
B CyMMe C 3JIeMEeHTaMU JBONYHOM MHd opMaLMoHHo# nocnegoBatensHoctn. Uccne-
AOBaHUA NPOBEAEHDbI B cUCTEME MaTeMaTudeckoro MmogenuposaHua MATLAB Ha mo-
AENU KaHana cBAsu, 6Gnuskoro K upeanbHoMy, ¢ BapuaHtamu mopynaumm QPSK,
64QAM uHpOpMaLMOHHBIX CMMBONOB Kajapa. AHanu3 pe3ynbTaToB UCCNE[O0BaHUMA
nokasan, Yto npuMeHeHue MHorodasHbix CAZAC-nocnepgosarenbHOCTEN NO3BONA-
eT noBbicUTb 3P PeKTUBHOCTL cuHXpoHu3auumu no LM OFDM cumBonos kagpa tex-
Honoruu LTE kak gna "nyctbix" cMMBONOB, TaK M ANA CUMBOJNOB C BOCCTAHOBNEHUEM
aneMeHToB nonesHou uHgopmauymm koHya OFDM cuMBona U3 cyMMbl ABOUYHBIX MO~
AyNUPOBaHHbIX KOAOB U MHOrodasHbIX nocneposBarenbHocreil. Moagynb Meput-ak-
Topa npwu 3anonHenum LM cymmoit moaynupoBaHHbix 6uToBbIX AaHHbIX U CAZAC-
nocnepoBarenbHoctei Bbiwe Ha 0,425dB...1,404dB, 4yemM npu 3anonHenumn LM
TONbKO MOAYNUPOBaHHbIMU GUTOBLIMM AaHHbIMU. [lpu cyMMupoBaHuM nocneposa-
TEeNbHOCTEW MOBbILLIAETCA 3Ha4YeHMe NUK-pakTopa NepefaBaeMbiX CUMBOJIOB, HO Ha
He3Ha4UTEeNbHYIO BENIMYMHY — He Gonee, yem Ha 0,175dB...0,418dB B 3aBUcuMOcTH
oT Tuna Mmoaynauuu u Boibopa CAZAC- nocnefoBaTenbHOCTH.
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BBenenue

Texnonorust corosoit csizu LTE (Long Term Evolution —
JTOJITOBPEMEHHOE Pa3BUTHUEC) — CTAHIAPT MOOMIBHOM cBsi3u 4G 110-
KOJIEHUS C TPEXITAllHOW cucTeMol cuHxpoHusanuu [1, 2]. Ilep-
BBI dTall CHHXPOHU3AIMH IPEINOIaracT CHHXPOHHU3AIMIO BO
BPEMEHHOW 00JaCTH TIO MUKaM aBTOKOPPEISIIMOHHON (YHKIIUU
(AK®) IIT OFDM — cHMBOJOB IEHTPATGHOTO YaCTOTHOTO THa-
ma3oHa (72 IeHTpalbHBIC MOIHECYINE, PACIIONIOKEHHBIE CHM-
MeTpudHO oTHocuTenpHO Hecymieil) LTE DL kagpa. B paborax
[3, 4, 5, 6] c TOMOIIBIO TEOPETUUECKUX HCCIEAOBAHNN U TIPAKTH-
yeckoro mozaenupoBanus B MATLAB srana cHHXpOHHU3AIUH 110
AK® [T OFDM — cUMBOJIOB C HCCIICJOBAHUEM YacTOTHO-(a30-
BOro cmeneHusi mukoB K@ noka3aHo mpeumMyIecTBO MCIOIb30-
Banwus B kauectse L{I1 mHorodazupix CAZAC-nocinenoBaTenbHo-
creit 3agoBa-Uy. [1oCcKOIBbKY STUMU MOCIEI0BATEILHOCTIIMU 3a-
MOJTHSUTUCH JIEMEHTHI KOHIIA CHMBOJIOB, UCCIICIOBAHHS TIPOBO/IH-
JIUCh JUTS «ITyCTBIX», T.C. HE 3aIlOJIHCHHBIX MOJC3HON HH(OopMa-
rueit cumBosnioB LTE DL xagpa [4].

B namHO# paborte mcciemyercs meron 3amoiHeHus LT u
KOHIIa cuMBOJIOB MHOTO(a3HbIMIH CAZAC-mociemoBaTebHO-
CTSIMH C BO3MOKHOCTBIO BOCCTAHOBIICHHSI HH(POPMALINH TIepea-
BaeMOT0 CHMBOJIa Ha TIPHEMHOM KOHIIE, IPHYEM MIPEUMYIIeCTBa
ncrionb3oBanusa CAZAC-niocae10BaTeTbHOCTEN TSI ITOBBIIIIEHNS
3¢ GEKTUBHOCTH CHHXPOHHU3AIMK COXpaHstoTcs. Hemocrarkamu
MpeaIaraeMoro MeTo/ia sIBJISIFOTCS:

— noBbIeHune muk-pakTopa (PARP) mepenaBaemoro kaapa B
cllydae CJI0XKCHHUS 3JICMEHTOB HH(DOPMAITHOHHOH MTOCIIEI0BATCIIb-
HOCTH KOHI[a CHMBOJIOB Kajipa ¢ 3JIEMCHTaMU MHOTo(a3Hoil 1mo-
cnenosarensHocTU. Kak pexomenayerces B [7, 8], TaKUX dy1eMeH-
ToB B coctaBe LII1 e 6ostee N=9, uTo cooTBeTCTBYET 9 MOIHECY-
UMM LEHTPaJIbHOI0 YacTOTHOro aAuama3oHa kaapa LTE DL
(1,08kI'm).

— BBEJICHUE JIOTIOJIHUTEIHHONW CUTHAIM3AIMH JJIsl ONpeiee-
HUS Ha TIPUEMHON CTOPOHE MapaMeTpoB MHOTO(A3HOH MoCe10-
BaTEIILHOCTH, TOOABIEHHON K 3JIEMEHTaM KOHI[A TepeIaBacMbIX
CHMBOJIOB IICHTPAJIBHON YaCTH YaCTOTHOTO AWANa30Ha Kajapa.

B xagectBe MHOTO(]DA3HBIX MMOCICIOBATEIBHOCTEH, TOTYIHB-
IIMX TI0 TEXHUYECKUM COOOpPaKEHUSIM HaHOOJIbIIIee PAacIpocTpa-
HeHHe, UCMOoJIb3yIoTCs HaeanbHble MHOTOdasHeie CAZAC nocre-
JIOBATEIILHOCTH (T.€. ¢ nukindeckoir AK®D ¢ MHKOBBIM 3HaYECHHUEM
B BHJIE 0 — (YHKIINHU U HYJICBBIM 3HAYCHHEM OOKOBBIX JICTICCTKOB),
3JIEMEHTHI KOTOPBIX TIPHHAUTEKAT MHOXKECTBY KOMIUICKCHBIX YHCEIT

. . .27k
— KOpHEHU N-OM CTENEHM W3 C€IMHHUIBI BHJIA a(k):exp(l—),
n

0 < k < n. K auM oTHOCSTCS TocimenoBarensHocT DprHKa
(Frank), 3amoBa-Uy (ZC), Munesckoro (Milewski) [9, 10].

BbiGop mnocaexoBaTenbHocTell s 3amosnenuss LTI
OFDM-cumBoJioB. IlocTaHOBKA 321a4M HCCIETOBAHUS.

B npenpinymux ucciaepoBanusx i 3anoanenust LI u ane-
MCHTOB KOHIIa CHMBOJIOB YCIICIITHO HCIIOJIb30BAIUCH KOMILJICKC-
HBIC MociienoBaTenbHoCTH 3a0Ba-Uy (ZC(u,n)), rae U — KOpeHb
(MHIIEKC) TOCIICIOBATEIBHOCTH, N — KOJIMYECTBO DJICMCHTOB
[10,11]. Maremaruueckas mojeib K-ro anemenra (0 < k < n-1)
9TUX nocyegoBarensHoctei [11]:

uk?

d" = exp(i ),N —uemno

), N —neuemmo

4O = exp( uk(k +1)
n

st onlenkn AK® 1o ypoBHIO OOKOBBIX JICTICCTKOB UCIIOJb-
3YIOT XapaKTEPUCTHKY MEPHUT-()AKTOP — OTHOIICHHUE SHEPTHH

[JIABHOTO JienecTka Ry kK cyMMapHOIi S3HepTruu BceX OOKOBBIX Jie-
mectkoB R; [12]:

RO

2R

B nanHoii paboTe, kak u B mpeasiayiux [13], B kauecTse oie-
HOYHOHN BENMYWHBI MPUHATO OTHOIICHHWE KBajpaTa MaKCHUMyma
nukanaeckor AK® k cpeHeMy 3HAUCHHUIO KBajapaTa OOKOBBIX
JICTICCTKOB B JIeIHOeIax:

R2

MF =

MFm = —
R/ (n-1)

(dB), (M

rae R%y — BemmuuHa KBagpaTa MakcHMyMa (LEHTPaIbHOTO MHKA)
AK®, R? — Belm4uHa KBapaTa i -ro 0Tc4eTa 60KOBBIX JICHECTKOB
AK®, n — nnuHa mocienoBaTeNbHOCTH. M3 CyMMBl HUCKITIOUEH
riaBHBIN UK (MakcuMyM) AK®. Crnenyer OTMETHTB, UTO BBIOOD
WHAEKca U B popMyIie MaTeMaTnaeckoit Mmomenu ZC(U,N) ompene-
JIICT HEKOTOPBIN pa3opoc BenuyrH MFm mnpu 01uHaKOBO# JyTHHE
nocienoBarenbHocTH. C momorisio MoaenupoBanusi B MATLAB
BBIOpaHbI TapaMeTpbl U=2, =9 nocnenoBatenbHocT ZC(2,9) mis
3anosinenus LI1.

ITocnenoBarensHocT @panka [14, 15] —T0 nepuonnveckuit
MHOTO(ha3HBINA KOJI, ONHCAHHBIN MaTpuiei (puc. 1):

0 0 00 --- 0
012 3 - (N —1)
0 2 4 6 --- 2(IN—1)
03 6 9 --- 3(WN—1
o -- (N —1)?

Puc. 1. Matpuna st popMupoBanus mocieroBatensHocTeil Gponka

IJIe Yuciia TIPEICTAaBISIOT cO0OH KOI(PQHUIMEHTH YMHOXKEHHS
0a30Boro (a3zoBOro yria g :27r_p ; p u N sBIISIFOTCS TICTTBIMU
N
B3aUMONPOCTHIMU YHCIaMHU. Bce BEKTOpbI MMEIOT E€IMHUYHYIO
ammntyny. KogoBas nocnenoBarenbHOCTh GopMHUpYeETCs ITyTeM
3aIicy MaTpHILBI CTPOKa 3a cTpokoil. Kox siBisiercst mepuotuye-
ckuM. Ileproanyueckast Gynknms aBrokoppessinun st CAZAC
TIOCIIE0BATEIEHOCTH — 9TO ITUKH J — (DYHKIMHU C HYJICBBIM 3HaUe-
HHEM OOKOBBIX JICTIECTKOB. OIEMEHTHI I0CIEI0BATEIbHOCTH

®poHKa a, ONPEIENAI0OTCA CleayomuM odpasom [15]: @, =&,
e & =exp() ; kaxpiil oneMenT MaTpuilsl (puc. 1) pasen npo-

M3BEACHUIO U*V, T/Ie |L — HOMEp CTOJIONA MAaTpHIIBI, V- HOMEp
ctpoku; v =0,1...N-1. O0mee 9uCIiO 3JIEMEHTOB IMOCICIOBA-
TeapHOCTH DprHKA(a TaKKe SJEMEHTOB MaTPHUIIBI) Nir = [L*V.
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Jns uccnenoBanuii mpu N, =N? =9 momXOomWiIM 3HAYCHUS
p=1,2,4,5,7,8 B hopmyne ¢a3oBoro yria. [locremoBarensHOCTH
®pnrHKa, GOopMHUpYEMBIE IT0 METOANKE, OIMMCAHHOH B [15], Bo Bcex
6-TH BapHaHTaX MOCIIEOBATEIFHOCTEH NMEIOT OIM3KHE XapaKTe-
puctukun (AK®D, MFm), 06e3 BbIpaXEHHOTO MPEANOYTCHHS
KaKoMy-JIn00 13 BapuaHTOB. bbuT BBIOpaH BapuaHt p=8.

JlonmiaepoBCKUi  CABUI  YacTOTHI  IOCJEI0BATEIbHOCTEN
®poHka SKBUBaJICHTEH cIBUTY BO BpemenH [ 14]. [Tocie nodasme-
HUS CIIBUTa YaCTOThI, IKBUBAJIEHTHOIO N dJIEMEHTaM, 3Ta Moce-
JIOBATENIbHOCTh MOBTOPSET UCXOIHYIO MOCIEN0BATEILHOCTHIO C
Jpyroii HauanbHOW TOuko#. [losydeHHas mocienoBaTeNbHOCTD,
KOppEJIMPOBaHHAS C UCXOJHOW TOCIEAOBATEIFHOCTHIO, (hOpMU-
PYeT OCHOBHOW MUK OOJBIIE MCXOTHOTO OCHOBHOTO THKA M CO-
TIPOBOKJAETCS CMEIIICHHEM Ha N KOJOBBIX AIIEMEHTOB.

[MocnenoBarensHOCTH A. MuueBcku [16] ¢ grciaom (pa3oBeIx
yrnoB M u gmanoit L = m?*! snementos (K > 1) He npeanona-
raroT GopMHUPOBaHUS KOIOB AITHHOH N= 9. MUJIEBCKH MTPETOKHUIT
METOAMKY (hOPMHPOBAHUS MOCIIEIOBATCILHOCTEH Ha OCHOBE Oa-
30BbIXx CAZAC mnocnenoBaTenbHOCTEH, HEKOTOPBIE U3 KOTOPBIX
MOTYT OBITh MPEAMOYTHTEIBHEE UCXOTHBIX KOHCTPYKIIHI 110 KOP-
PEISIIIMOHHBIM XapaKTEPUCTUKAM. DTa METOJUKA COACPKUT Clie-
TyFoIIe TpaBmia (GOPMUPOBAHUS TIOCICIOBATEIIEHOCTEH:

Ecmu {u; }=[ui,u,...ux] — ucxomnas CAZAC nocrienoBaTeins-
HOCTB, TO (OpMHpyeEMasi MOCIeI0BATEIHHOCTD

1)  {ui}, rme k — mr060¢ 11e0e 9nco;

2)  {cui}, rme C — mobast KOMIUIEKCHAsI KOHCTAHTA,;

3)  {WK, e k — mo6oe nenoe uucio , W — n-ii kopens u3 1;

4)  {0i}, rae G 0003HAYACT KOMILUICKCHOE COMPSDKCHHUE C {U;};

5)  {Uj} - mocnenoBaTeaIbHOCTh 3HAUCHHIA OT IpeoOpa3oBa-
Huii dypbe nocie0BaTeNIbHOCTH {U;}.

B kauecTtBe ucxoanou nocienosatensuoctu aprop [10] mpen-
Jlaraet UCIoJib30BatTh nociegoarenbHocTh ZC. I1o pesynpraTtam
mozenupoBanus B cpeie MATLAB MoxHO ciienath BBIBOJ, UTO B
1,2,4 cmygasx (GopMUpPOBaHHS HOBBIX ITOCIIEIOBATEIBHOCTEH UX
CBOWCTBA HE YIYYIIAIOT XapaKTEPUCTHKH aBTOKOppeEsuu. B
ciydasx 3,5 MOXKHO B pe3yiIbTaTe MOJCITUPOBAHHS IT0100paTh IM0-
CJIEJIOBATENIFHOCTH C YIIYYIICHHBIMUA KOPPETAIHOHHBIMU XapaK-
TEePUCTUKAMH, HO IICHOH YBEIMUYCHHS YMCIIa CHMBOJIOB CHTHAJIH-
3aIUy IS Iepeadu mob30oBaTento xapakrepuctuk CAZAC mo-
cienoBaTesbHOCTH, 3anonsstomend HIT u cymmupyemoii ¢ aae-
MEHTaMH KOHIa CUMBOJIOB. TakuM 00pa3om, ONTUMATIBHBIMHE IS
JMATBHCHINX HMCCICIOBAHUN BBIOPAHBI IOCICIOBATCIBHOCTH
3agosa-Uy — ZC(2,9) u ®pouka — Fr(9), p=8, N=3, N>=Ng, =9
(4uCcIo >7IEMEHTOB).

Lenbto wmccaemoBaHUs SBISCTCS pa3padOTKa METOIMKH BOC-
CTaHOBJICHUS 3MieMeHTOB HH(popMarmu koHia OFDM cumBoIoB,
cioxeHHblx ¢ CAZAC nocnenoBaTelbHOCTIMH, KOTOPbIMU 3a-
nonastoTes L{I1 n KoHeYHBIC 37IEMEHTHI CHMBOJIOB IIeperaBac-
Mmoro kaapa LTE. Ilpu npoBeaeHuu ucciel0BaHUS TAKXKE CTa-
BATCS 3a/Ia4H:

— cpaBHenue BennunH MFm nuknnuecknx AK® BpiOpaHHBIX
MOCNIeZIOBATEILHOCTEH ISl BapyaHTa WX MPOXOXKIACHHS depes
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KaHAJ CBSI3H, OMU3KUHN K WaeaabHOMY (0€3 3aMUpaHuil U ¢ MUHH-
MaJbHBIM 3HAYCHHEM IOMIUICPOBCKOTO CMEIICHUS YaCTOTHI
(0,1 Tm), ¢ BBICOKMM 3HAUYEHHEM OTHOIICHUS CHUTHAI/IITYM
SNR > 50dB);

— cpaBHenue BenuurnH MFm u PARP mipu npoxoxaeHnn ma-
tematndeckoit mogenn LTE OFDM kanpa B DL HanpaBiennn ue-
pe3 BBIMICOMMCAHHBIA KaHAT CBSI3U B CIIydae BapUaHTOB MOy~
1uu cuMBonioB QPSK 1 64QAM u cyMMUpPOBaHHUS 31IEMEHTOB BbI-
opanabix CAZAC mocienoBaTeIbHOCTEH ¢ 3JIEMEHTaMH KOHIIA
CHUMBOJIOB.

3. Auaroputm (popmupoBanns nepeaasaemoro kaapa LTE
DL c¢ 3amoanenuem IIII CAZAC moc/ie1oBaTeIbHOCTIMH,
CYMMHPYeMBIMH € 3JIEMEHTAMHU HH(poOpMaunuu, U BOCCTAHOB-
JleHHeM HH(OpPMalUM KOHLA CHMBOJIOB HAa MPHEMHOI
CTOpOHe.

Ha miepBoMm aTare mpoBOJUTCS] MOJICTUPOBAHNC ITHKIHICCKIX
AK® mnocnemoBarensrocteit ZC(2,9)=[1.0 +0.0i; 0.1736 -
0.9848i; -0.5 + 0.866i; -0.5 - 0.866i; 0.1736 - 0.9848i; -0.5 -
0.866i; -0.5 + 0.866i ;0.1736 - 0.9848i; 1.0 + 0.0i]; u
Fr(9)=[1.0+0.0i; 1.0+0.0i; 1.0+0.0i; 1.0+0.0i; -0.5- 0.866i; -0.5+
0.866i; 1.0+0.0i; -0.5+ 0.866i; -0.5- 0.866i] (puc. 2 a,0).
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Puc. 2. I'paduxu: a — MOLysIsT HOpMUPOBAHHOW IMKimaeckoit AKD
nocnenoBatensHocTd ZC(2,9) u 6 — MOy st HOpMHUPOBAHHOM LIUKITHYE-
ckoit AK® nocnenosarensHoctu Fr(9). [1o ropusonTanbHOM ocu —
HoMep aneMeHToB AK®D, 1o BepTUKaIbHOI — 3HaYeHHEe HOPMUPOBAHHOM
amMIIuTy 161 Moyt AKD

Monymn nukimmaeckux AK® mocnemoBatensHOCcTe ZC(2,9)
u Fr(9) umeroT »KBHBAJICHTHBIE XapPAKTEPUCTUKUA W BEIHYHUHBI
MFm_ZC=MFm_Fr=64,0.

[lo pesynbraraM NpPOBEACHHOTO MOJEIUPOBAHUS MOXKHO
MIPEABAPUTENILHO TPEJIIONIOKUTh PABHO3HAYHOE MOBBILICHHE d(-
¢dexTrBHOCTH cuHXxponu3anmu 1o LIT npu ncrnons3zoBanmn odenx
nocienoBarenpHocTel st popmupoBanus AK® II1 cumBoIoB.

JUia nanpHeHIIMX ucciepoBaHui npoxoxaeHus kaapa LTE
Yyepe3 KaHall, OMCAHHbBIN paHee, B clydae MOy HH(popMa-
moHHEIX OuT QPSK, 64QAM u cymmupoBanusi OMTOB KOHIA
CHMBOJIA C AJIEMEHTaMH BBHIOpPAaHHBIX ITOCIIeI0BaTEIbHOCTEH (op-
MHUpPYETCSl CTPYKTYpHAasl cxema KaHaia npoxoxaeHus kaapa LTE
DL mns monmemupoBanust B MATLAB (puc. 3).
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oo Convolutional Matrix T P>>8 OFDM
S ) ) "m“ Nommalizati 2. digit (1..9)+ . k :
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Puc. 3. CtpykrypHas cxema kaHana Monenuposanus npoxoxkaenus LTE xanpa ¢ L{I1 u snemeHTaMu KOHIIa CHMBOJIOB, 3aIIOJIHAEMbIMUA CYMMOM
anemenToB nHGpopmarmu 1 CAZAC nocinenoBaTeIbHOCTEH U BOCCTAaHOBIEHHEM HH()OPMAIINH KOHIIa CHMBOJIOB B TIPHEMHHKE

B cTpyxTypHO# cxeme Moxyns 1 —TenepaTop OHMTOBOM TceB-
nociydvaitnoit mocnenoBatensHocTH (IICIT); 2-3 MoxyH BBITON-
HSIOT OTIEPaIliy CKPEeMOIHPOBaHUS M (POPMUPOBAHIS PECYPCHON
CeTKM KaJipa B KOOpJAMHATAX «BPEMs — 4YacTOTa», MOJIYJb
4 — xBagpatypHas ammiautyaHas moxynsamus (QPSK,64QAM)
MH(OPMAIIMOHHBIX 3JIEMEHTOB PECYPCHON CETKH.

Cnemyer yuecTb, 4YTO CIy)KeOHas WHPOpMANuUs Kajapa
(frame),pacrionoxxennast B 0 u 1 cumBonax kaxzaoro u3 10 nmoa-
KazpoB (subframe), a Takke NIMPOKOBEIATEIBHBIA KaHa B TIep-
BBIX 4-x cumBouax 1-ro ciora (slot) m cuaxpocurnansr PSS, SSS
B 6 u 7 cumBonax 0 u 10 croroB kazapa (1 momkaap comep ut
JIBa CJIOTA) HE ITOJIBEPraloTcs MOANGHUKALUK 3JIEMEHTOB KOHIA
cumBooB [ 1, 4]. Ctpykrypa kaapa FDD (gactoTHOE AyTUIeKCHOE
pasnenerne) LTE OFDM rtexHomorum, mepenaBaeMoro ot 6aso-
Boii ctarnuy (BC) kK MOOMIEHOMY TIOJTB30BATEIIO, TIOAPOOHO pac-
cmotpeHa B [4]. Ilocie Moxymnst HOpMaIM3aul aMILIATY a6 (5),
3aBEpILIAIOIIETO CTaHIapPTHBIE MPOLELYpbl (POPMUPOBAHUS Kaapa
LTE, BBoAMTCS MOy 6 HAJOXKEHUS HA MOAYJIUPOBAHHBIC dJie-
MEHTHI KOHIIa CUMBOJIOB 31eMeHTOB CAZAC mocie1oBaTenbHO-
CTH (B JaHHOM CJIy4a€ UMECTCA B BUAY MaTEMaTUYCCKas Oorepa-
LS TIOAJIEMEHTHOTO CIOXKEHUsI KOMIUIEKCHBIX BenuunH CAZAC
nocnenoBarensHoctel u [1CIT). Jlanee — moxyns 7-npeobpaszoBa-
HUE Ka/Ipa U3 NapajuienbHol GopMbl (pecypcHOI CeTKH) B TTOCie-
JoBaTeNbHYIO U 3arnonHenue L{I1 anemenTaMu ¢ KOHIIa CHMBOJIOB
B MHTEPBAJI TIEpe]] CUMBOJIAMH (pHC. 4):

e —
r<cp Tdata ‘Tcp Tdata |Tcp Tdata |
OFDM - cumaeon

Puc. 4. IIpouecc nepesanucu nanubix ¢ konna OFDM-cumBona
BO BPEMCHHOM MHTEpBAJ IIUKIMYECKOTO MpeduKca

Moayie 8 — nepesaTuuK KOMIUIEKCHBIX JaHHBIX, CHOPMUPO-
BaHHBIX 0 OFDM texnonoruu. Moayns 9 — panee OnMCcaHHBIN
KaHal CBsI3W C jpoOasineHneM Oesoro ["ayccoBckoro mryma
(AWGN) ¢ SNR > 50dB.Monymm 10-17 — mpuem n o6padoTka
nepeganHoro kaapa. Bee omeparmmm momymneit 10-17 BBIOTHS-
10TCSI B OOpaTHOM MOPSAJKE OO MOJyYeHHUs Iocie aekozaepa Bu-
Tepbu (Moxyns 16) nepemannoii IICIT (moxymns 17).

Ha pucynke 5 npuBeseH yKpyImHEHHBIH alTOpUTM (HOPMHPO-
BaHus nepenasaeMoro B DL nanpasnenuu kajgpa LTE ¢ 3anomnne-
muem LIT cymmoit CAZAC mocnenoBatensHocTe u TICII m
JIATIbHEHIIIUM BOCCTaHOBJICHHEM MH(POPMAIMK Ha IPUEMHOI CTO-
poHe. [lyisi mporeaypbl NPOrpaMMHOTIO CJIOKEHHS 3JIEMEHTOB
KOHI[a MH(OPMALMOHHBIX CHMBOJIOB PECYPCHOM CETKH Kajpa
LTE npenBaputenbHo GopMHUpyeTcsi SKBUBAJICHTHAsI PECYypPCHON
cerke kazapa (TxGrid) Mo KONMYECTBY PECYpCHBIX AJIEMEHTOB
(RE) 1 ux 4acTOTHO-BPEMEHHOMY paclpe/eleHUI0 pecypcHas
cerka (TxGrid Null), 3anonnsemas HyneBoil nHdopmanuei 1o
BceM RE, kpome anemenToB pecypcHoro Groka (RB) koHa xax-
J0oro MH(GOPMAIMOHHOTO CUMBOJIA KaJipa. JTH 3JIEMEHTHI 3aI10JI-
HAIOTCS TocnenoBareabHOCTIMU ZC(2,9), mubo Fr(9): momyuaem
TxGrid Null ZC wmm TxGrid Null Fr.

[Ipeanonaraercst, 4To Ha TPUEMHON CTOPOHE HCIIOIb3YyEMBbIC
CAZAC nocnenoBaTensHOCTH W3BECTHEI. [IpH BRITOTHEHUH CITO-
JKEHUsI 2JIEMEHTOB KOHIa cuMBosioB 1 CAZAC mocnenoBaTeib-
HocTeil B mporpamme Ha s361ke MATLAB cknaneiBarores RE pe-
CYPCHBIX CETOK:

TxGrid _ZC =TxGrid +TxGrid _ Null _ZC;

2
TxGrid _ Fr =TxGrid +TxGrid _ Null _Fr; @
[oce mpoxoxeHnsT Kaapa KaHala CBS3M M €ro 00paboTKH
OFDM — npuemankoM u npoueayps! bII® noxydaem pecypcHbie
cetkn kaapa RxGrid ZC , mu6o RxGrid Fr. Omepamus BoccTa-
HOBJIICHUS OTIPEEIIETCS BRIpaKEHHEM (3) 1T ocIeT0BaTeIbHO-
creit ZC(2,9), Fr(9) u mnpenBaputenbHo chHOPMUPOBAHHBIX
TxGrid Null ZC nnmm TxGrid Null Fr:

RxGrid = RxGrid _ZC —-TxGrid _Null _ZC;

3
RxGrid = RxGrid _ Fr—TxGrid _Null _Fr; @
[Moxyaaem pecypcHyto ceTKy npuHstoro kajapa RxGrid, mocie

YaCTOTHO — BPEMEHHOT'O DKBAJIA3MPOBAHUS HICHTHYHYIO CETKE
nepegaanHoro kaapa TxGrid.

Crenyromuii sran Mccie0BaHUs — BBIYMCICHHE 3HAUYCHHN
MFm ans AK® LI1 B cnyuasix 3anonnenus L{IT cymmoi anemen-
toB [1CII konma cumBoioB kaapa u ZC(2,9), mubo Fr(9) u 3naye-
Huii PARP BBIOpaHHBIX CIIOTOB Kajipa ¢ CyMMOW yKa3aHHBIX I10-
caenoBatenbHocTel ¢ anementamu [ICII konua cumBosioB. Hc-
CJIC/IOBAHNUS TIPOBOSTCS METOJIOM MaTeMaTHIecKOro
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mojenupoBanus B MATLAB B 1ByX BapuaHTax MOAYJSLUU UH-
(dhopmarmonHbIX cuMBOJIOB Kanapa: QPSK u 64QAM. [ockonbky
KaHaJ CBs3U OJIM30K K HJICATLHOMY, T.€. ¢ BIcokiM SNR > 50dB,
yCpeIHeHHe o clioTaM Kajpa st BeranciaeHust MFm u PARP ne-
3¢ (eKTUBHO, TOCTaTOYHO BRIOPATH CIIOT Oe3 cirykeOHOM nHpOp-
Maruu (B TaHHOM cIydae — CIIOT 4), TIe 3JIEMCHTHI KOHITa Kax-
JIOTO U3 7 CHMBOJIOB MOTYT OBITH 3aIIOJIHEHBI CYMMON KOMILJICKC-
HBIX MOJTyTUPOBAHHBIX OUTOBBIX 3HaUeHUH 1 37eMeHTOB CAZAC
OCJIEIOBATEIHLHOCTEN.

HATAO

I SANOTHEHHE HHSOPMALTHCHHBI PECYPCHBI IEMEHTCE (RE) KATPA IICTT I

¥

SOPMHPOBAHME B COCTABE KATPA IIHPOKOBEMATEBHI OKAHATA,
CHIHAJIOB PSS, $88, H CHMBO/IOB CVEEBHOR HEGOPMAIRG

[}
| AOBABTEHIE PEOEPEHCHRDK CHTHATOB (RS) B ORQIBETCTAVIOUAGE RE XATA |
[]
SOPMGPOBAHHE PECYPCHOR CETKH KAZPA B KOOPTHHATAX «BPEMA - TACTOTAY;
PACTIVE JE EHME CHMBOIIOB KATPA 110 TIOJHECY IjFM TACTOTAM GC)
IEHTPATBHOR TACTH TACTOTHOTO JHATIASCHA (725, 6RE - PECYPCHBIX K10KOE)

v

CTAHJAPTHBIE OITEPALIVH OBPABOTKH HESOPMALHOBHBIX HCTVAEREBIX

CHMBOMOB KATPA (CXPEMG THROBAHME, KBAPATYPHAA MOV AR H .
¥

| EOPMATSALA HHOOPMAIOHHAX H OV KERIBX CHMBOTOB KATA |
v

CIOXEHHE KOHETHBIX J/EMEHTOE (o=9) HHOOPMALHCHHBD CHMEOIOE KATPA
CCAZAC - TOCTEJOBATEBHHOCTAMK

]

MPEOSPASOBAHNE KOMIUEXCHRX CHMBEOOE KATPA H3 MAPATEBHHOA SOPME
BIQGEIDBATE BEYI) (05119 - OSPATHCE IPECBPAICBAHNE OYPHE)

1
[ OPDM - TPEQBPASCRAMIE, TABOARE KATPA H IEPEIATA B KARATICERSH |
[]
[ TTPHEM OFDM - CHMBOTIOB KATPA H EMTHCTEHHE SHATERIA MOV ER BRECROK LA ]

[]

MPEOBPASOBAHME CHMEOMOB KATPA 15 IOCTEJOBATEBHON OCPAMK B
TAPATIEDHEYIO (BI1$), SOPMHPOBAHHE PECYPCHOR CETKH ITPHHATOIO KATPA

]
BHTHTAHME H3 KOHETHOX ATEMEHTOB (o=9) HHOOPMALTHOHHBD! CIMBOTIOB KATA
CAZAC - IOCTE JOBATEBHOCTER IOV IEHHE ITEPE JAHHOR HESOPMAITHH

]

OLEHKA ONIMBXH MMEPEJAHHOR HHOOPMALRH HUACTOTHO - BPEMEHHAA KOPPEKIHA
PECYPCHOR CETEH KATPA, KOPPEKI[HA ADY 3XBATARSEPA IIPHEMHHKA
¥

FATBHEATIAR OBPABOTKA ITPHHATOIO KATPA 30 MO WEHMIA IEPE JAHHOR HESCPMAL
BIIOCTEJOBATEHHOM BHTCOEOM ITPECTARTEHIH

Puc. 5. Anroputm dpopmupoBanus nepegasaemoro kaapa LTE
¢ 3anonHerneM LIT u konna cumBonoB cymmoit CAZAC
nocienoBaTenbHoCcTel 1 MoaymupoBanHoit [1CII ¢ nanpHEHIIIM
BOCCTAHOBJICHHEM HMH(POPMAIUH HAa TIPHEMHON CTOPOHE

Pacguer MFm mpoBomutcs mo ¢gopmyre (1), pacuer PARP —
[Tuk-¢pakTopa cHrHANIA, PABHOTO OTHOILCHHIO NMUKOBOM MOIIHO-
CTH IIepelaBaeMoro CIOTa KaJapa K €ro CpeiHeld MOIIHOCTH —

o popmyne (4).

2
PARP = — s A, )

QA)/N

r71€ Amax “MOJYJIb MAaKCUMAJIbHON aMIUIUTY bl CUTHAJIOB TIE€pe/a-
BaeMOro CJI0Ta, Aj — MOJLyJIb aMILIUTY/IbI i1-TOH BEIOOPKH Iepe/ia-
BaeMoro ciora, N-KOJIM4ecTBO BEIOOPOK CHTHANOB cioTa. B pe-
3ylAbTaTe€ MOJEIUPOBAHMA M  PACUyETOB  BBIIIEYKA3aHHBIX
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XapaKTEePUCTUK TOJyUYeHbI Cieylolue 3HaueHus (Tadiu.la, 10).
Jlnst cpaBHenust xapaktepuctik MFm u PARP ¢ 6a3oBeiM Bapu-
antoMm ¢ 3anoiHenreM L{IT cumBonoB I1CII 6e3 Hcmonb30BaHUS
CAZAC nocrenoBatesIbHOCTEH, B TaOJIHIE IPUBEACHBI XapaKTe-

pucTUKH 6a30BOTO CiTy4as B cTpoke D9-bit.

Tabauma la (QPSK)

LIT 7cumB.  |MFm (abs) ciot 4 PARP, PARP(dB) cnot 4
cinota 4 {{IMFm(ZC,Fr,Sum)- {[PARP(ZC,Fr,Sum)-
dF=72sc MFm(D9)]/MFm(D9)}% [PARP(D9)]/PARP(D9)}%
QPSK
7C(2,9) 9,0901 (9,586dB) |-
{Ha 50,4% GomnbIue,
yem npu UI1=D9}
Frank9, 9,0668 (9,575dB) {ma  |-----
p=8,M=3 50,0% OGompie, 4eM mpu
II1=D9}
D9-bit 6,0433 (7,813dB) ------ 5,4862 (7,3927dB) -----
ZC(2,9)+D9 [7,7499 (8,893dB) 5,7121 (7,568dB)
{Ha 28,2% OombIue, {na 4,1% OGomnp1re,
gem npu LUI1=D9} yem npu L{I1=D9}
Frank9+D9 [8,3506 (9,217dB) 6,0409 (7,811dB)
{Ha 38,2% OGope, {na 10,1% Gonpe,
yem nipu [{I1=D9} yem nipu [{I1=D9}
Tabmmna 16 (64QAM)
IIIT 7cumB.  |MFm (abs) ciot 4 PARP, PARP(dB) ciot 4
ciora 4 {[MFm(ZC,Fr,Sum)- {[PARP(ZC,Fr,Sum)-
dF=72sc MFm(D9)]/MFm(D9)}% |PARP(D9)]/PARP(D9)}%
64QAM
7C(2,9) 9,5303 (9,791dB) |-
{Ha 58,1% Ooubiie,
yem npu L{I1=D9}
Frank9, 9,7822 (9,904dB) |-
p=8,M=3 {Ha 62,3% OombIue,
gem nipu L{I1=D9}
D9-bit 6,0264 (7,8dB) ----- 6.1580 (7.8944dB) -----
ZC(2,9)+D9 |6,6451 (8,225dB) 6,6451 (8,225dB)
{Ha 10,3% Ooubie, {Ha 7,9% OGosp1ie,
gyem pu L{I1I=D9} gyem npu L{I1=D9}
Frank9+D9 (8,1668 (9,121dB) 6,5157 (8,14dB)
{Ha 35,5% Oomnbie, {Ha 5,8% Oonpe,
ugeM nipu L{I1=D9} ugeM nipu L{I1=D9}

B Tabmune la — pesynbrarsl pacueToB Moayiist MFm u 3Haue-
uust PARP B dB mns BapuanToB mocTpoeHus mukindeckoir AKD
HIT cemu cumBonoB 4-ro cinota kaapa LTE DL nns nocnenosa-
tenpHOCTEH ZC(2,9), Fr(9), buToBoii mocienoBaTeTbHOCTH KOHITA
cumBoia D9-bit , momynupoBarnoit QPSK u 3atem mepenecen-
Hoii B naTepBan L{IT 6e3 m3menenwit, a Taxoke L1, 3amomHseMbIx
cymMoit MoxynupoBaHHOit QPSK GuTOBOI MocnenoBaTenbHOCTH
KOoHIIa cuMBoja D9 u MHOrogasHsIX MOCICI0BATSIBHOCTEH
ZC(2,9) u Fr(9). B sTomM BapuaHTe BCE CHMBOJBI JaHHBIX 4-TO
ciiota moxynuposansl QPSK. B tabnune 16 — pe3ynbrarsl pacue-
ToB Moyt MFm u 3nauenus PARP B dB aiist mocTpoeHust muk-
muueckoir AK® IIT cemu cumBOJIOB 4-r0 cj0Ta Kajpa mpu Gop-
mupoBarnu [{I1 mogo6HO Tabnwie la U MOTYNSAIUN CHMBOJIOB
naHHbIX 64QAM.

PesynbraThl uccnenoBaHuil TOKA3ald, YTO MIPUMEHCHUE MHO-
rodazapix CAZAC-nocnenoBatenbHOCTeH (B JAHHOM CiTydae —
ZC(2,9) u Frank9) mo3BonsioT mMoBBICHTH 3()(HEKTHBHOCTH CHH-
xpormsanuu 1o L{IT OFDM cumBomnoB kaapa texHonoruun LTE,
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nepeiaBacMoro B HarpasieHnn oT bC Kk MOOMIBHOMY ITOJIB30Ba-
TENI0 KaK JJIS «IIyCTBIX» CHUMBOJIOB, TaK M U1 CHMBOJIOB C BOC-
CTaHOBJICHUEM 3JIEMEHTOB T10JIe3HOM nHdpopmannu kora OFDM
CHMBOJIAa U3 CyMMBI JBOMYHBIX KOJIOB ¢ Moy e Tuna QPSK,
64QAM u mHOro(aszHbIX IIOCIEIOBATEIBHOCTEH BBINICYKa3aH-
HBIX BUIOB (cM. Tabi.1 a,0). [Ipu s TOM cyMMHpOBaHHE AIIEMEHTOB
MIOCJIE/IOBATENILHOCTEH B pa3HbIX KOMOMHAIMSIX roBbiniaeT PARP
rnepeJaBaeMbIX CUMBOJIOB, HO HA HE3HAUUTEIbHYIO BETUUNHY — HE
6onee, uem Ha 0,175dB...0,418dB B 3aBHCHMOCTH OT THIIA MOJTY-
nsian ¥ Beibopa CAZAC-nocneioBaTeIbHOCTH 0€3 SIBHO BBIpa-
YKEHHOTO TIPEJIIIOUTEHNST KAaKOW-JINOO U3 PacCMOTPEHHBIX MHOTO-
(ha3HBIX MOCIIEI0BATEILHOCTEH.

CpaBHHTENBHBINH aHaIH3 MoryJiel Bennana MFm (tabm.1 a,0)
MIOKA3bIBAET HEKOTOPOE IPEUMYILECTBO IIOCIE0BATEIBHOCTEH
Frank9 nepen ZC(2,9).

Ha pucynke 6 nprBeieHbI rpaKi MOJIYJIS M PETbHOM 4acTh
ukndecknx AK® IIIT mist cymmer anemento ZC(2,9) u Frank9
CAZAC-nocnenoBaTeiabHOCTEN U MOy IMpoBaHHbIX 64QAM 6u-
TOBBIX JIAHHBIX (CJIEBa U CIIPaBa), a Takke ruKimyeckoit AK® 111
npu 3arnonHenun LIIT moxymupoBanubiMu 64QAM OUTOBBIMH
JaHHBIMHU (B IeHTpe). B Tabnuiax 3 u 4 npuBeeHbl 3HAYCHUS T10-
noxxeHus (Homepa) Bbi0opok rmukoB AK® LIT pa3nuaHbIx KoMOu-
Haluil mocuenoBarenbHOcTel, 3anonHsomux LI cumBoioB
cinota 4.

Tab6muma 3
X(maxY) [X (maxY) maxY(X) [X (maxY) jmaxY(X) X (maxY) |maxY(X)
9TAJIOH AKD AK®D AK®D AK®D AK®D AK®D
HII=Fr9 |LII=Fr9 |LII=ZC9 |LI1=2C9 | 1I1=D9 |LI1=D9
137 138 0,1778 138 0,1678 118 0,1018
274 272 0,1558 272 0,1458 157 0,1012
411 412 0,1912 412 0,1827 328 0,0094
548 547 0,1912 547 0,1827 632 0,0094
685 687 0,1558 687 0,1458 803 0,1012
822 821 0,1778 821 0,1678 842 0,1018
Tabnwma 4
X(maxY) X (maxY) |maxY(X) |X (maxY){maxY(X) |X (maxY)|maxY(X)
sranon |AK® 1= |AK® LIT [AK® LIT |AKD 1T |AKD AK® [I1=D9
=D9+Fr9 |=D9+Fr9 |=D9+ZC9|=D9+ZC9|LII1=D9
137 138 0,1545 138 0,1392 118 0,1018
274 272 0,1389 274 0,1266 157 0,1012
411 412 0,1799 412 0,1539 328 0,0094
548 547 0,1799 547 0,1539 632 0,0094
685 687 0,1389 685 0,1266 803 0,1012
822 821 0,1545 821 0,1392 842 0,1018

B Tabmmmax 3, 4 B cronbue «X(maxY)» MpUBeIeHBI STaJIOH-
HBIE (MaeanbHbIe) HOMepa BeIOOpoK mukoB AK® 11 crota, T.e.
TOYHO cooTBeTcTByromue rpanuiiaMm OFDM cumBOiOB Kampa
(137 BBIOOPOK HA AIUTEIBHOCTH CUMBOJIA); B CTOJIOAX THIIA «X
(maxY) AK® [I1=D9+Fr9» — nHomepa Bri00opok mrkoB AKD 11
UCCIIEyeMbIX IOCIIE0BATENIFHOCTEH W UX KOMOWHAIUWH, T0JTy-
YeHHBbIE B pE3yJIbTaTe MOJEIUPOBaHMs; B CTOJIOLAX THMA
«maxY (X)» — 3nauenus nukoB AK® IIT; L{I1 3anonneHs! nccie-
JyeMBIMH TIOCIIe/I0BATEILHOCTSIMH U MX KOMOMHanusimMu. M3 rpa-
(uKOB Ha prcyHKe 6 u Tabnun 3, 4 cieayer, 4TO MakCUMaJIbHbIC
3nadyeHus nukoB AK® IIIT mis mocnenoBarenbHocTed Frank9 u

ZC(2,9)B 1,88 paz u B 1,79 pa3 6ombine muxkos AK® 111 st Ou-
ToBbIX mocnenoBarensHocTel (IICIT), 3amomustonux 1T u mMo-
nymupoBaHHBIX 64QAM (cM. Tabn. 3). TOYHOCTH ompeneneHus
rpanun cuMBoioB ciota it LI, 3anmomasemeix CAZAC —
MOCTIeIOBATEIbHOCTAMH, ONpenensercss B mpeaenax =1...£2
BBIOOPKH 11O BpeMEHHOM ocH, 4To cooTBeTcTBYeT 0,52...1,04 MKc.
st muxoB AK® 11 ¢ 3amonHenuem LIIT 6UTOBBIMEU TOCIIEA0BA-
tesibHOCTAME (L{I1=D9), TouHOCTH OnpenesieHns: rpaHuLl CHMBO-
JIOB CJIOTA 3HAUUTEJIHO CHIDKACTCS U ONPEAETsIeTCs B TUara3oHe
+19...4£53 BBIOOPKH 1O BPEMEHHOW OCH, YTO COOTBETCTBYET OT-
KIIOHEHUI0 9,9...27,6MKc (B cpenHeM — 15,8 MKC) OT IIpaBUIIEHOTO
MTOJIOXKCHUS TPAHUI] CHMBOJIOB. B Tabmumax 3,4 ms cronbma «X
(maxY) AK® LI1=D9» mpu ompeneneHU# TpPaHWUI] CHMBOJIOB
YYUTBIBAIOTCS TOJIBKO T€ MOJIOKEHUSI CMEXXHBIX TTHKOB, PacCTOs-
HUE MSKIY KOTOPEIMH ATsywm He TPEBbIIACT TOJIOBUHBI ITTUTEb-
HocT cumBona, T.e. ATsym < Tsym/2 < 66,67mKc/2 < 33,34MKc.
[Tono6Hoe TpeboBaHME MCKIIIOYAET M3 PACCMOTPEHUsS 10 MOJIO-
BuHbI TUKOB AK® IIII crnota. Takue pe3ynbTarhl MpeanoaaraloT
IIpUEeM HECKOJIBKUX KaJpOB IJISl YCPEIHEHUs! MTOJIOKEHUsS ITHKOB
AK® I, 4T0 CyIIEeCTBEHHO CHUXKAET CKOPOCTh CUHXPOHU3AINH
B ciyuae 3anonsHenus LI mogynmuposannoit IICII ¢ xoHna cum-
BOJIOB Oe3 nx cymmupoBanus ¢ CAZA C-mociie10BaTeIbHOCTIMHE.

W3 nanHbIX TaOMULBI 4 ClAEoyeT, YTO TOYHOCTH ONpPEICICHHS
rpaHuI cuMBoIIOB cioTa tst LT, 3amomasembrx cymmont CAZAC
— TIOCIIEIOBATENbHOCTE U OUTOBBIMHU IOCIIEOBATEIBHOCTSIMH,
MOy TupoBaHHEIMUA 64QAM, ompenensieTcss TakKe B Mperenax
+1...£2 Be1Oopku mo BpemenHoi ocu ( 0,52...1,04 Mxc) u 3HaUe-
Hus mukoB AK® IIT npeBocxoaut B 1,77 pa3 npu 3amnoiHeHUN
LIIT cymmoit mocnenoBarensHocTr Frank9 n OutoBbIME TIOCIIEN0-
BaTEJIILHOCTAMH, MOIYIHpOoBaHHEIMU 64QAM Mo cpaBHEHHUIO CO
CTaHAAPTHBIM CIIy4aeM 0e3 UCTI0Ib30BaHMsI MHOTO(a3HbIX TOCIIe-
nosarenbHocTel; At nukoB AK® I, npu 3anonnenuu LI cym-
Moii mocnenoBarenbHOCTH ZC(2,9) 11 OMTOBBIMH MTOCTIEIOBATEb-
HOCTsIMH, MoaynupoBaHHbIMH 64QAM, mpesocxoacrtso B 1,51
pa3 3nHaueHni mukoB AK® LT npu 3amomuaernu {11 OutoBbEIMHE
MIOCIIE0BATENbHOCTAMU. [ TOI0OHBIX PacyeToB MPH MOJTYJIs-
un QPSK mH(bOopMaIMoOHHBIX JaHHBIX CHMBOJIOB KaJpa pe3yib-
TaThl IMEIOT aHAJIOTHYHBIN XapaKTep.

Ha pucynke 7 npuBenensl rpaduku pecypcHbix cetok OFDM-
cuMmBoioB kagapa LTE DL ¢ 3anomaeHneM 9-Tu 21€MEHTOB KOHITA
cuMBoioB ciota 4 cymmoii maorodaszusix CAZAC nocienosa-
TEJILHOCTEH M OWTOBBIMHU II0OCJIEOBATEIBHOCTSIMH, MOJYJIHPO-
BaHHBIMU 64QAM. B kadecTBe MHOTO(A3HBIX MOCIICIOBATEIILHO-
creii ucrionbzoBanbl ZC(2,9) u Fr(9). [Ans cpaBHEHUs LIEHTpalIb-
HBII rpauK pecypcHON CEeTKH Kajpa NpUBEJICH B BapHaHTe 0e3
UCIIONIb30BaHMs MHOTO(A3HBIX IocieoBarensHocTed. ['padukn
(puc. 6, 7) mosy4eHsl IPH MOAEIMPOBAHWN HMH(OPMAMOHHBIX
nocyenoBarenbHocTel, ux uukinyeckux AK® II1 u pecypcHbix
CeTOK KaJpa B KOOpAWHATAX «BPEMs — YacTOTa» B Cpele
MATLAB. Ilo BpeMeHHOH ocu X pPECYpCHBIX CETOK Kaapa —
BEIOOpKH curHaNoB ¢ mepuomoMm T=0.521Mxkc, mo ocu 4actor
Y — 3HaueHwust mogHecymuX 4acToT fu=n*Af, rne Af — gactoTHbIi
MHTEPBAI MEXKAY MMOJHECYIIMMH 4acTOTaMM, N-HOMEp TO/HECY-
mieir. B texaomornu LTE Af=15«I't [1]. Tlo ocu Z — HOpMUpO-
BaHHAasl aMIUIUTY/la PECYpPCHBIX 3JIeMeHTOB. IIporpammHubIe MO-
Jiend (OPMHUPOBAJIHCE TIO AITOPUTMY (pHC. 5).
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1 - HOMep BHICOPKH CJ10Ta BO BPEMeHHOH obnacTu

a)

1 - HOMep BHIGOPKH CIOTA BO EpeMenoi ofnacTw 1 - HOMEP BHIGOPKH CI0Ta BO BPEMEHHOM 06nacTH

B)

Puc. 6. I'paduxu Momynst (CHHUI IBET — BEpXHUH rpauK) U peabHOH 9acTH (KpacHBIH BET — HIDKHUN Tpaduk) nukmnaeckux AK® LIT:
a) LIIT cumBOIIOB CcI10Ta 4 3aMOIHAESTCS] CYMMOM 2JIeMEHTOB rocieioBatensHoctd ZC(2,9) n MmogymupoBanusix 64QAM 6uToBBIX HaHHBIX; 0) LIIT
CHMBOJIOB CJIOTa 4 3aIOJTHSIETCS 2JIEMEHTaMH MOy IMPOBAHHEIX 64QAM OUTOBBIX JaHHBIX, HepeHocHMBIX ¢ kKoHIla OFDM cumBoua; B) L{IT cumBo-
JIOB CJIOTa 4 3aI0oNHSETCs CyMMOH 2JIeMeHTOB nocienoBaresibHoctd Frank(9) n MmogynupoBanubsix 64QAM GHTOBBIX JaHHBIX

Pecypenas cerxa xaapa LTE DL rexsonorus

Y - noasecyume

qacrorst 172 X - OFDM cuusom kaapa 1...140

a)

Pecypcenan cerxa xagpa LTE DL rexsonorus

X - OFDM cumsomu kagpa 1...140

Pecypcnan cetxa xaapa LTE DL rexnonorun
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X - OFDM cumeoms: kazpa 1...140

B)

Puc. 7. I'paduxu pecypcubix cetok OFDM —cumBosos kanpa LTE DL: a) ¢ 3amonHeHreM 9-TH 3JIeMEHTOB KOHIIA CHMBOJIOB CJIOTa 4 CyMMO#
nocienosateabHocTH ZC(2,9) 1 OUTOBOM TOCIIEIOBATEILHOCTHIO, MOy IMpOoBaHHON 64QAM; 0) ¢ 3aMoJHEHHEM BCEX CUMBOJIOB Kajpa OUTOBOM
OCJIEI0BATENILHOCTBIO, MOy TUpoBaHHON 64QAM; B) ¢ 3anonHeHueM 9-Tu 3JIeMEHTOB KOHIIA CUMBOJIOB CJI0Ta 4 CYMMOM MOCIIEI0BATEILHOCTH

Frank9 u 6uToBoii noce0BaTeIbHOCTHIO, MOy IMpOBaHHONH 64QAM

3akiaouenue

B pamkax m3ydeHus BOIPOCOB MOBBIIICHUS 3()(PEKTHBHOCTH
cunxponusanuu B texHonorun LTE nposeneHo uccinenoBanue
BO3MOXKHOCTH M C1I0c00a BOCCTaHOBIICHNUS HA IPUEMHON CTOPOHE
anemenToB IICII KOHII@a CUMBOJIOB LIEHTPAIBHONW YAaCTH YaCTOT-
Horo auarna3ona kaapa LTE, He sSBISIOIUXCS «ITyCTBIMU», B CITy-
Yae CyMMHPOBAHUSI C HUMH 3JIEMEHTOB MHOTO(]A3HBIX MOCIIEN0-
BatenpHOCTeH 3anoBa-Uy u @panka msg 3amomHenns LT cumBo-
JIOB BJIEMEHTaMH CyMMBI 3THUX HOcCJefoBarenpHocTeil. PaccMor-
pensl BapuanTel Moxysiun QPSK n 64QAM snementos [1CTI
cuMBOJIOB. Pa3paboTaH yKpyHEHHBIH anroput™ GpopMHpOBaHHs
nepenaBaemoro B DL nanpasnenun xagpa LTE ¢ 3anonHenuem
IIT cumBoamu MHOTO(A3HBIX MOCICI0BATEIILHOCTEH, CYMMHPO-
BaHHBIMU ¢ MOAYIHUpoBaHHbIMU ieMeHTaMu [ICII koHIIa cuMBoO-
JIOB C jganbHeimmM BoccraHoBieHneM uHpopmannu I[1CIT Ha
IIpUeMHOHI cTopoHe. B pe3ynbraTe mpoBeneHUs] HMUTALMOHHOTO
MojenupoBanus npoxoxaenus kaapa LTE B DL nanpasinenun
yepe3 KaHai cBsi3u ¢ godasieHrneM AWGN ¢ SNR > 50dB B cpene
MATLAB u pacuera MFm muxmmaecknx AK® IIT 7-mu cumBo-
moB OFDM 4-ro crora kagpa ¢ BapuaHTamu 3amoiHeHus LII1
(tabim. 1a,0) u pacuera PARP cuMBOIIOB ¢ paccMOTpEHHBIMH Ba-
puanTamu 3anoaHenus L1 yctanosieHo:
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— MOZYJIH OLIEHOYHBIX BenndnH MFm — oTHOIIIeHne KBaapara
MakcumyMa nukianaeckoir AK® k cpeHeMy 3HaUSHHUIO KBapaTa
OOKOBBIX JICHIECTKOB, UTPAIOIINE BAKHYIO POJIb B OLICHKE CPell-
HETO BPEMEHM BXOXICHUS B CHHXPOHU3M [4], U1 BAPHAHTOB 3a-
nonHeHus LIIT cumBonoB kaapa DL nanpanenus LTE texnomno-
TUH CYMMOW MOJIYJIMPOBAHHBIX OUTOBBIX NaHHBIX WU MHOTO(]a3-
HBIX MocienoBarenbHoctel 3anoa-Uy u dpsHka ¢ unuciaom aJe-
MeHTOB N=9 npeBocxoaat BenuuuHy MFm npu 3anonnennn L1
TONBKO MoOIyTupoBaHHEIMUA OuToBbEIMH naHHBIME (IICII) Ha
AMFm = MFmpo:cazac— MFmpo= 0,425dB...1,404dB (tabmn. 1a,0
cronber; 2), npuueM AP(PEeKTHBHOCTh MOCIEA0BATEILHOCTH
Frank9 Beie, kak st moaynsuuu [1CIT konma cumBosioB QPSK
(AMFm= 1,404dB), tax n 64QAM (AMFm =1,321dB) no cpas-
Henuro ¢ ZC(2,9) — QPSK (AMFm =1,08dB) u 64QAM (AMFm
=0,425dB);

— nuk-aktop cuMBoa ¢ 3arnoiaHenueM L{I1 n konma cumBoa
CYMMOW MOJTyJIMPOBAHHBIX OUTOBBIX TAHHBIX K MHOTO(a3HBIX IT0-
cienoBatesnbHOCTeR 3anoBa-Uy u dpsHKa ¢ YMCIOM 3JIEMEHTOB
N=9 BeIIIIe, YeM B BapHaHTe 03 CYMMHUPOBAHHS C MHOTO(a3HBIMU
MOCTICIOBATEIbHOCTAMH, HO OSTO TIPEBBIIICHHE HEBEIHKO:
0,175dB...0,418dB (Tabn. 1a,06 cromber 3) u 3aBUCUT OT THIIOB
MOJYJISIIIAHA OMTOBBIX JaHHBIX cHMBoJa M BeIOpaHHON CAZAC-
MOCTIEI0BATENBHOCTH;
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— Hanbonee A((HeKTHBHBIMHU OKA3aIUCh ITOCIEI0BATEIFHOCTH
®prHKa, BKItOYas BapuaHT 3anonHeHus L1 u anemMeHToB KoHIa
«IYCTBIX» CHMBOJIOB CJIOTa TOJIBKO MHOTO(a3HBIMHU MOCIIEI0Ba-
TeIpHOCTAMU (Tabm. 1a,0 cTpoknl,2); B yka3aHHOM TabiwIe Ipu-
BEJICHBI [IPOLIEHTHBIE COOTHOLIEHMSI MOAYJIeH BeauunH MFm ripu
pa3nuuHbIX BapuaHTax 3anojHeHus L[II mo oTHomeHuto k cran-
JlapTHOMY BapuaHTy 3anosiHeHus L{II u xoHLa cUMBOJIOB MOZy-
nuposanHbMu TICIT;

— TOYHOCTb OIPEEICHUs] TPaHHIl CUMBOJIOB ciota st LI,
3anoiHsseMbIx cyMMmoll CAZAC-nocnenoBaresbHOCTEH U OUTO-
BBIMU TIOCJEIOBATEIBHOCTSIMU, MOAYJIMPOBaHHBIMU 64QAM,
orpeernsiercs: B npenenax +1...#2 BhIOOPKH 110 BPEMEHHOH OCH
(0,52...1,04 Mkc), cm. Tabmmter 3,4; s cimydas 3amonHeHus L{I1
OWTOBBIMH MOJyJIMPOBAaHHBIMHU IOCJIEAOBATEIILHOCTAMH TOY-
HOCTH OIIPEAEICHHs TPAaHUI] CHMBOJIOB Ka/ipa CHM)KAETCs JI0 Be-
JIMYUHBI OTKIIOHCHUA OT IMPABUJIBHOT'O IMOJIOKCHHUA I'PaHUI] CUM-
BOJIOB Topsiika 9,9...27,6 MKc 17151 KaHaJIa CBSA3H C XapaKTEePUCTH-
KaMH, yKa3aHHbIMU BBIIIIE;

BoiBox 0 moBbleHnn 3PQEKTHBHOCTH CHHXPOHM3AIMU MO
AK® HIT  pana  3amomuenust HIT  cymmoit  CAZAC-
MOCJIEI0BATEILHOCTEH M OUTOBBIMH MOJIYJTMPOBAHHBIMH TIOCIIE-
JIOBATEIBHOCTSIMH JOTIOJIHSIET BBIBOJIBI PaHEee MPOBEJICHHBIX HC-
cienoBaHuil BapuanTta 3anosHeHus LI nocnenoBatensHOCTIMU
ZC(2,9) n npoxoxaenus kaapa LTE Texnonorun moneneit Pase-
eBckoro kanana B moandukanusx ETU (Momens kaHama ¢ IIoT-
HOW TOPOJICKO# 3acTpoiikoif), EVA (Moxens kaHaa st CKOPOCT-
HOTO JIBIDKEHMSI MOOMIBHOTO mousib3oBarensi) EPA (Moxens ka-
Haia Ui MOOWIJIBHOTO TIEIIeX0fa) ¢ IHPOKUM JMANa30HOM Xa-
PaKTepUCTHK KaHaja CBsA3H [5,6]. OTMe4YeHO 3HAUNTENIFHOE MTOBHI-
menne 3¢dexkTuBHOCTH cHHXpoHU3armu 1o nukam AK® II1
cuMBoJIOB s BapuanTa 3anonHeHusa LI CAZAC mnocnenosa-
TEIBHOCTBIO.

OnrumanbHOE COYETaHWE THUNA MOJIYJISIIMM MH(POPMAIMOH-
HBIX OUT CHMBOJIOB U MHOTO(]a3HOM 10CIIeJ0BATEIBHOCTH OIpe-
JIeNIAeTCs Mo pe3ysbTaTaM MpeBaApUTEIBHOI0 MOJICTUPOBAHHUS C
YYETOM XapaKTEPUCTUK PEaIbHOTO KaHalla CBSI3H.

[IpencraBneHHBI METOJ MCIIOJIB30BAHUSI TIOCIIEIOBATEIHHO-
creit ans 3anonHenus LII cumBonos kaapa LTE Texnonorum
MIpeAroyaracT BBEJICHNE JIONOJHUTEIBHOW CHTHAIM3ALNHA B
YIPAaBISIONINE KaHAIBI CBSI3HM B HAINIPABICHHH OT 0a30BOM CTaH-
1IN K TT0JIB30BATEIIIO, TOTYYAIOIIEr0 CHMBOJIBI MOIEPHU3UPOBAH-
HBIX CJIOTOB KaK MH(pOpManHoOHHBIC. B MUHMManbHON KOHUTY-
palyy — 3TO OCHOBHBIE MapaMeTpbl MHOrO(a3HbIX IOCIEN0Ba-
TenpHOCTEH, Hanpumep: ZC(2,9), mudo Frank9, obo3Havaemblii,
HarpuMmep, kak F9p8, koTopbie MOryT OBITh 3aKOJUPOBAHBI MHHU-
MaJibHO 4-Ms Oaiitamu. Eciiu MHOTO(a3HasI TOCICI0BATEIIBHOCTh
(bopMHUpPYETCsI 110 CII0KHOMY aJTOPUTMY, TO JUISl €€ UIeHTU(HKA-
LUK TTOTpeOyeTcss OOJbIIE CHMBOJIOB, YTO HEKENATEIBHO IIPH
HAaIPsDKCHHBIX TpaHKax.
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A TECHNIQUE FOR RESTORING INFORMATION OF THE END OF OFDM CHARACTERS SUMMED
WITH CAZAC SEQUENCES WHEN SYNCHRONIZED BY A CYCLIC PREFIX

Tatiana P. Kiseleva, Moscow Technical University of Communications and Informatics, Moscow, Russia, golzev201 | @yandex.ru

Abstract

In previous studies, it was proved to increase the synchronization efficiency by the periodic correlation function (CF) of the cyclic pre-
fix (CP) OFDM symbols of LTE technology when using as a CAZAC CP the sequences of the Zadoff - Chu (ZC(2,9)) as part of the
"empty" symbols of the central part of the frequency range of the LTE frame transmitted to DownLink (DL) direction. In this study, the
symbols of the central part of the frequency range of the LTE frame are not "empty" and the information of the end of the OFDM sym-
bols, on which elements of multiphase sequences are superimposed, is restored on the receiving side. A comparative analysis of the
characteristics of cyclic CF sequences of Zadoff-Chu and Frank, used to fill the CP and the end of the characters in the sum with the
elements of the binary information sequence, is carried out. The research was carried out in the MATLAB mathematical modeling sys-
tem on a model of a communication channel close to ideal, with QPSK, 64QAM modulation options for frame information symbols.
Analysis of the research results showed that the use of multiphase CAZAC sequences makes it possible to increase the efficiency of
synchronization over the CP OFDM symbols of the LTE technology frame both for "empty" symbols and for symbols with the restora-
tion of useful information elements of the end of the OFDM symbol from the sum of binary modulated codes and multiphase sequences.
The modulus of the merit factor when filling the CP with the sum of modulated bit data and CAZAC sequences is higher by
0.425dB...1.404dB than when filling the CP with only modulated bit data. When summing sequences, the value of the peak factor of the
transmitted symbols increases, but by an insignificant amount — no more than 0.175dB ... 0.418dB, depending on the type of modula-
tion and the choice of the CAZAC sequence.

Keywords: multiphase sequences, Zadoff-Chu (ZC), Frank, Milevsky sequences, merit-factor (MFm), peak factor (PARP), QPSK modulation,
64QAM modulation, signal-to-noise ratio (SNR).
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