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METO[ HEOPTOIOHAJIbHOMN YACTOTHOM HMCKPETHOV[ Mmoaynauumm
HA OCHOBE NPEOBPA30OBAHUA XAPTIIU C KBAOIPATYPHOU AMIMIIUTYAHOU
MOAYNAUMEN YACTOTHbLIX HECYLLUMX

B cmamve paccmompen memoo Heopmo2oHAIbHOU YaCMOMHOU OUCKPEMHOU MOOYISIYUY HA OCHOBE npe-
obpaszosanust Xapmiu ¢ K6aOpamypHoU amniumyOoHot Mooyiayuel yacmomuvix necywux. Ilpumenenue
sewecmeenno2o sopa Gyukyuii Xapmau obecneuusaem ebluucienusi 6€3 UCHOIb30BAHUSL KOMNIEKCHbIX
yucen u, KaKk cieocmeue, No360asen CHU3UMb GbLIYUCIUMENbHbIE 3amMpambl, YAPOCMUMb ANRAPAMHYIO
peanuzayuio memooa N-OFDM. Mooynuposanue omoenvuvix yacmommuwvix Hecywux cuenaros N-OFDM ¢
ucnonvzoganuem QAM modynsyuu nosviuiaem nponyckHyo CHOCOOHOCHb KAHANIO08 CE53U.

HeopmozoHaIbHAA YACMOMHAA OUCKPEMHAA MOOYIAUUA, npeodpasosanue Xapmau, 4émHas u He-
uémnan Qyukyuu Xapmiau, amniumyoHo-uMnyabCHAA MOOYIAUUA, KEAOPAMYPHAA AMRIUMYOHAA

MOOYAAYUSA, MEMOO HAUMEHBUIUX K6AOPAM 08

BBepeHune

OmHUM W3 TEPCIEKTUBHBIX METOMOB IH(POBOI
00paboTKKH CHI'HAJOB SBJSIETCSI METOJl HEOPTOTOHAIIb-
HOW dYacToTHOW amckpeTHO Momymsmun (N-OFDM)
[1, 2], ocHOBaHHBI Ha YIUIOTHEHHHM YaCTOTHBIX KaHa-
JIOB 3a CY€T mepefavyr HeCyIIMX Ha HEOPTOrOHaJbHBIX
gacTtoTrax. lIpuMeHeHHMEe HAaHHOTO METOJA IIO3BOJISET
MOBBICUTE TIPOITYCKHYIO CIIOCOOHOCTH KAaHAJOB CBSI3U
0e3 pacimpeHus 00IIei MOJI0CH YacToT curHaia. [lo-
CKOJIBKY mpeumymiecTBa Merona N-OFDM nposBisioT-
cs Tipu OOJBIIIOM YHCIIE YaCTOTHBIX KaHAJOB, €T0 pea-
JU3aIMs ¢ UCIOJIh30BAHUEM KIIACCHUYCCKUX IMpeodpas3o-
Bauuil @ypre ([1D) crankuBaeTcs ¢ psIOM TPYAHOCTEH,
Cpeou KOTOPBIX CIEAYyeT OTMETHUTHh BBIYHCIUTEIHHYIO
CIIO)KHOCTh C YYETOM KOMILUICKCHOTO IPEICTaBICHHS
yucen. HecummerpruuHocTs [1® oTHOCUTENIBHO MHUMOM
€AWHUIBl KOMIICHCHPYETCSI BBIITOJHEHUEM OIEpPaIliy
MEPECTAaHOBKU UCXOIHBIX JaHHBIX [3], TpeOyromei mo-
TMOJITHUTCIIbHBIX BBIYMCIIMTCIIbHBIX 3aTpart. le/IMeHeHl/Ie
npeobpazoBanus Xaptiu (I1X) [4] mo3BosseT oTka-
3aThCS OT KOMIUICKCHOM 3aIlMCH YHCeN M, KaK CIEeACT-
BUC, CHHU3UTL BbBIYUCIUTECIIBHBIC 3aTpaTbl, YIPOCTUTDH
anmapaTtHyro peanu3saio meroga N-OFDM.

MeTton N-OFDM Ha ocHoBe
npeobpa3oBaHua XapTnu
¢ QAM moaynsiumen YacTOTHbIX HECYLUMX

OcHoBHas uznes merona N-OFDM Ha ocHoBe Tipe-
oOpazoBanust XapTiy ObLTa U3JI0KEHA aBTOPAMH PaHEe B
[5,6]. CylecTBeHHBIM HEAOCTATKOM MPEAJIOAKEHHOTO
paHee MeTona SIBISIETCSI TO, YTO OTACIbHBIE YAaCTOTHBIE
Hecymme curHamoB N-OFDM momymupoBamuchk ¢ wHc-
MOJIb30BAaHAEM  aMILUTUTYTHO-UMITYJIGCHOM — MOJYJISIIAH
(PAM, Pulse Amplitude Modulation) [7]. ITocnennee
CYIIECTBEHHO OTpaHMYMBAaeT NPUMEHEHHE MEeTona

N-OFDM Ha ocHoBe IIX B TexHHMKe paZlOCBS3H BCIEI-
CTBHE HEBBICOKOH IMPOIYCKHOH CHOCOOHOCTH W HH3KOI
noMexoycrounBocT curaanoB PAM. [epexon k 6omee
sdexTuBHOMY METORy MOJIYJISIIMM — KBaJpaTypHOU
ammuty oM Momyssiuun (QAM, Quadrature Amplitude
Modulation) [7] TpeOyeT ycoBepIIeHCTBOBAHHS IPEAIo-
skeHHoro panee Metoaa N-OFDM na ocnose I1X.

Henbio cTaThm fABISETCA PAaCCMOTPEHHE METOJa
HEOPTOTOHAJIBHOM 4aCTOTHOM IOUCKPETHON MOIYJIALUU
Ha OCHOBE IpeoOpa3oBaHds XapTiIu ¢ KBaJpaTypHOI
aMHﬂMTyﬂHOﬁ MOﬂyﬂﬂuHeﬁ YaCTOTHBIX HECYIIIUX.

Kak u B [5, 6] BBIOOp YaCTOT HECYIIMX CHUTHAJIOB
N-OFDM Br16upaercsi ¢ MHTEPBaJIOM MEHBIINM 33 WH-
TepBaJI MEXIy ONM>KalIIMMU OPTOTOHAIBHBIMU 4acTO-
TaMH, KOTOPBIM paBeH:

1
AF = —, 1)
Tz
rae T — konndecTBO OTCYETOB MHU(PPOAHATIOTOBOTO TIpe-
obpazoBarens (ILIAIT); t — mepuon auckperusaruu [TATT.

C y4éroM YIUIOTHEHUsS OTHOCHTEIHHO OpTOTO-
HaJIBHBIX YaCTOT WHTEPBAJ MEXAy ONMKaliMHu Heop-
TOTOHAJIBHBIMH HECYIIUMH OyAET ONpeAesITbCs BBIpa-
JKECHUEM:

Af=&~ﬁ, @

rac §:A%F — BCJIMYMHA YaCTOTHOI'0 YIJIOTHCHUSA

curHanoB N-OFDM, BrelpakeHHas B OJISAX OT HHTEPBa-
J1a MEXJTy OPTOTOHATBHBEIMH HECYIIIAMHU.

OTIUYUTEIEHOW OCOOCHHOCTBIO IPEIaraeMoro
METO0Jla OT METOJIa, OTICAHHOTO B [5, 6] sABIsETCS TIEpe-
Jlada JBYX BEIISCTBEHHBIX KBAJPATYPHBIX COCTABIISIIO-
IIMX Ha Kaxaoi Hecyniei yactote curnana N-OFDM.

3anuiieM BeIpakeHue 111 curHanoB QAM B kiac-
CHYECKOM TpeCTaBICHUN [7]:

U(t) =a° -cos(ot) +a° -sin(wt) , 3)
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rae a®,a’® — aMmIMTyaBl YETHOM M HEuETHOM KBajpa-
TYPHBIX COCTaBJISIOMNX, ®=27nf — IUKINYEcKas Jac-
TOTA CUTHAJIA.

Bripaxenne (3) MOXHO mepenucaTh B BUAE AMC-
KpeTHbIX oTcué€roB LIAIL:

Ug =a°-cos(w-1-s)+a’ -sin(®-1-s)

“)
nim
)

U =a-sin(0-t-5s+9),

rae s — NopsAaKoBeId HoMep oTcuéToB LIAIL;

2 2
a= (ac) + (as) — aMIUIATYIA CUTHATIA;

S
Q= arctg(_a/c) — HavaJbHas (aza cUrHaja.
a

Oynkiusa XapTiau uMeeT BUf [4]:
cas(0) = cos(0) +sin(0) . (6)
Jnst mepexoma oT kinaccudeckor 3amucu QAM k
3amucu B Oasuce (GyHKIMHA XapTid BBEAEM MOHSATHE
4ETHOM 1 Heu€THOH (pyHKIMH XapTiu:
cas(0) = cos(0) +sin(0); cas(—O) = cos(0)—sin(0). (7)

Torma mns curaamoB QAM B 0Gasuce ¢yHKUui
Xaptau mepernuineM Beipaxenue (4) ¢ yaérom (7):

Ug =a“-cas(w-t-s)+a° -cas(—o-1-s). (8)
s nByxdactoTHoro curtaiga N-OFDM B 6azuce
¢hynkmii XapTiau ¢ ucronab3zoBanrneM QAM Monysin

OTACIBbHBIX HCCYHINX 3allUIICM:

U =af -cas[colr (s—2z )]+af -cas[—wlr (s—2z )]+

+a$ ~cas[(n2r (s—25 )] +a ~cas[—wzr (s—25 )J , (9)

rie alc’z, aiz aMIUIUTYIbl KBaJpaTypHBIX COCTaB-

JsroIMX Ha 1-# u 2-# vacrore, z;,Z, — CMElIEHHE Ha-
yaga (GopMuUpyeMOil BBIOOPKM OTHOCUTENIBHO TOUKHU
HYyJIeBO# (a3bl 1-if 1 2-i HecyIux 4acTor.

[o amanorum c¢ [5] mepenumem (9) B MaTpU9IHOM
dopme. [Ipu 3TOM [T yIOOCTBA 3aMKCH BBEIEM

casty = cas I:OJMT (st —2ym )} ,

casty = cas[—o)Mr (st —2zm )] ,
roe M ob6o3HawaeT HOMEp Hecymeld 4YacToThl. Bekrop
BPEMEHHBIX OTCUETOB HANPSKEHUM JBYXYaCTOTHOIO
curnana N-OFDM, nouiexxaniuii nepeade OyaeT paBeH:

C
casj; casj| casj, cas}, | |@i

c S c S S
_ c,s _ | CaSy; CaSyy Caspy Casp)y aj
de _Pdv 'Adv = . . . . . el (10)
: 2§
casTy casyy casty casyy | | ad
O06006uM Ha cirydail MHOTOYacTOTHOTO CHTHAJA.
Jns M-gactotHoro curHara N-OFDM B 6azuce QyHK-
nui XapTiu ¢ ucnosb3oBanueM QAM Moaymsiuu oT-
JIEIHBIX HECYIIHMX BbIpa)KEHHE JJIS BEKTOpa BpPEMEH-

HBIX OTCYETOB HANPSIKEHUH OyIeT METh BUJI:
W =Poam -A™", (1)

rIe

casf; casj; casf, casj, ... casfy; casjy

| cas$ casy; cas5, cas), ---casSy casiy
Poam =| . ) ) . . ;

casf) casy| casf, casy, TTcasTy asTy
curHanbHass Matpurna curHama N-OFDM B Gasuce
¢hynkumii XapTiau ¢ ucroiab3zoBanneM QAM Monysun
OTACIBbHBIX HCCYHINX,
C S
a a4

T
AS :[af aj ay ai,[} —  BEKTOp

aMIUIUTY/] KBaJpaTypHBIX COCTaBIISIOIINX.
Marpuua Py Opezcrasisier coboii gepenyto-

myecst BHIOOPKH YETHBIX M HEYETHBIX COCTABIISIOMINX
¢hyHKIMA XapTiau Ha HeCylMX 4acToTax. JlaHHas mar-
pHIla HEe COOEPKHUT HH(OpPMAINH, TTIOCKOJIbKY €€ 3Hade-
HUSI ONPENENIAIOTCS PACCTAHOBKOW HECYIINX YacTOT H
3apaHee M3BeCTHBI. [lepenaBaemas mHbopmanus 3aj0-
’KEHa B BEKTOpPE aMIUIMTYZ KBaJIpaTYPHBIX COCTaBJISIO-

mux A%S.

Hemonynsamuto curHanoB N-OFDM Ha ocHoBe
IIX, chhopMUpPOBAHHBIX TI0 BEHIMICONIICAHHOMY aJTOPHUT-
My (11) Gynem paccmarpuBarh ¢ OTpaHHYEHHEM, YTO
CHUT'HaJI nepeuaéTca B KaHaJIC CBA3U C aAAUTUBHBIM 1I1Yy-
MOM, pacmpenenéHHBIM 10 HOpMaJbHOMY 3aKoHY [8].
Maremarnueckoe OKHJIaHHE LIyMa CTPEMHUTCS K HYJIO,
CpeIHEeKBaIpaTHYECKOe OTKIOHEHHE K enunuie. Torna,
Ha BBIXOJIE IPHEMHOT0 YCTPOWCTBA MPOIIEAIIAs CPELy
pacnpocTpaHEeHUsT MHOTOYAaCTOTHAs! CHTHAIbHAsl CMECh
MOXET OBITH IpeACTaBlIeHa MAaTPUIHON 3aITUCHIO, OTIIH-
qaroreiics ot (11) yderoMm BO3AEHCTBHA aATUTHBHOTO
ryma:

U=Poap -A™ +N, (12)

rre N=[n; n, nT]T — BEKTOp OTCYETOB Ha-
MpsDKEHUH IIyma.

Hemonymsamus curHanoB N-OFDM cBomutcsi k
pemeHn0 cucteMsl ypaBHeHui (12). g momydeHus
ONTUMAITEHBIX OIICHOK CIIEIyeT HCIIOJIb30BaTh OICHU-
BaHHE AaMIUINTYJ CHUTHAJOB II0 METOAY HAMMEHBIINX
kBanparoB [8]. [Ipu sToM 3amaga OymeT cBeneHa K MU-

HUMU3alIun (byHKIII/IOHaIIaI

T(. M 2
L=>10-> [afv[cas%M +a?vlcasSTMJ — min .(13)
s=1 m=1
Torna OlEHKYy aMIUIMTYJ MPHHATOTO BEKTOpA
MOYHO MOJTYYHTh, PEIIAs CUCTEMY yPABHEHMUI:
oL oL
- o T - (14)
ﬁaM ﬁaM

Pemenne cucremsl ypaBHeHHH (14) BO3MOXHO C
ucnoip3oBanueM npasmia Kpamepa [9], kak 3T0 moka-
3aHO B [2]. OgHaKo Takoe pemieHHe TPOMO3AKO M He-
y1oOHO ISl IOCTPOSHHSI MMHUTAIMOHHBIX MOJIENCH I1e-
pemaun curaagoB N-OFDM. IlpencraButhk pemieHne
cucreMsl ypaBHeHHH (14) MOxHO OoJiee KOMIAKTHBIM
CrocoOoM, eciy MPUMEHUTh METO/l HAMMEHBIINX KBaJl-
paTroB B Marpu4HOW (OpMe 3alUCH 1O OTHOLICHUIO K
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(12). 3amava ompenereHus] ONTHMAaIbHBIX OIIEHOK aM-
WIMTYA OyAeT CBEJeHA K MUHHMH3ALUK CIEYIOIIETO
(yHKIIMOHATA:

L={0-Pgau -A}T {O-Poap A} > min . (15)

Huddepenuuposanue (13) mo A naer omtnmans-
HYIO OLICHKY BEeKTOpa [2]:

. -1 N
A= {PQAMT 'PQAM} Poam' -U. (16)

Taxum 00pa3oM, MOIy4eH METOJ HEOPTOrOHAIIb-
HOW YaCTOTHOM IUCKPETHOH MOJIYJSAIMM Ha OCHOBE
npeoOpa3oBanus XapTiu C KBaIpaTypHOH aMIUIATY[-
HOW MOJIYJIALMEN YacTOTHBIX HecylmuX. B cpaBHeHun c
MetogoM N-OFDM ¢ PAM wmopmymsiuuell 4acTOTHBIX
Hecymux [5, 6] MOMy4YeHHBIH METOJA HMEeT OOJIBIIYIo
BBIYHCIIATENBHYIO CJIOXHOCTb, ITOCKOJIBKY CHI'HAIbHAs
matpuua Pgayg MMeeT B JBa pasa Goublie CTONGLOB.

TemM He MeHee, 3TO KOMIICHCHPYETCS YBEIHUCHHUEM
MIPOIYCKHOM CIIOCOOHOCTH, TaK KaK TaKOH MOIXOM TIO-
3BOJISIET 32 BpeMs Iiepegadyl OJHOTro (parMeHTa cUrHa-
ma N-OFDM 1-T mepenate BaBoe Ooiblie OWT WH-
(opmary, 4eM TpH HCIOIB30BAaHWM paHee MpPEeasio-
KEHHOTo MeTozna. Kpome 3TOro, mockoiabKy 4YacTOTHI
HECYIIHX IT0JIarafoTCsl TOYHO U3BECTHBIMHU, MaTPHLA

T -1
{ Poam ™ -Poam }
MOYeET OBbITh pacCUMTaHa 3apaHee.
BbiBOADI

B pabore noiyueH MeToa HEOPTOTOHAIIBHOM dac-
TOTHOH AMCKPETHOW MOYJIALINU HAa OCHOBE Mpeodpas3o-
BaHUS XapTiu C KBAJAPATYPHOW aMILTUTYIHOH MOITyJIs-
[IMeN YacCTOTHBIX HECyluX. TakoW MOAXoJ] MPEeAsIOKEeH
BIIEPBEIE.

Hcnonp3oBaHue BEIISCTBEHHOrO sjpa (YHKIUH
Xaptiau 00ecreurnBacT BHIYHUCIICHUS 0€3 HCIIOIb30BAHMUS
KOMIUIEKCHBIX YHCE.

MonynupoBaHHe OTAENBHBIX YaCTOTHBIX HECYIINX
curHanoB N-OFDM mo amroputmy QAM mo3BoisieT
YBEIMYHUTH TPOIYCKHYIO CIIOCOOHOCTH KaHAJOB CBS3H.
[TomyuyeHHBIH METOX MOXKET OBITH MCIIOJB30BAH B pas-
paboTKe TpemyoKEeHWH M0 MOACPHHU3ANUN CTAHINH
panropeneitHoi, TponocepHOi 1 KOCMUYECKOH CBS3H.
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METO[ HEOPTOIOHANBbHOI YACTOTHOI AUCKPETHOI MOAYNAL|II HA OCHOBI NEPETBOPEHHSA XAPTHI
3 KBAOPATYPHOIO AMMNNITYAHOIO MoAaynAulelo HACTOTHUX HECYYUX

Cmocap B.1., Bacunbes K.O.

Y cmammi poszenanymuii memoo neopmozconanvhoi yacmomnoi ouckpemnoi mooyaayii (N-OFDM) na ocnosi nepemeopen-
Ha Xapmni 3 keadpamyproio amnaimyonoio mooynayiero (QAM) wacmomnux necyuux. 3acmocysanms Oiticno2o A0pa QyHKyiu
Xapmni 3abe3neuye obuucienns 6e3 BUKOPUCMANHS KOMNIEKCHUX YUcCel U, AK HACTIOO0K, 00380I5€ 3HUSUMU OOUUCTIOBANIbHI 6U-
mpamu, cnpocmumu anapamuy peanizayito memooy N-OFDM. Mooynosanns oxpemux yacmomuux Hecyyux cueranie N-OFDM
¢ suxopucmantam QAM modynayii niosuwgye nponycKHy CHpOMONCHICIMb KAHATIG 38 A3KY.

Knrouosi cnosa: neopmozonanbha vacmomua OUCKpemHa Mooyasayis, nepemeopenns Xapmaui, napna ma HenapHa QyHkyii
Xapmai, amnaimyonoimnyibcua Mooyaayis, Keaopamypha amniimyoHa Mooyiayis, Memoo HAMeHWUx Keaopamis.

THE METHOD OF NON-ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING ON THE BASIC
OF THE HARTLEY TRANSFORM WITH QUADRATURE AMPLITUDE MODULATION OF THE FREQUENCY CARRIERS

Slyusar V.I., Vasilyev K.A.

In article the method of non-orthogonal frequency division multiplexing (N-OFDM) on the basic of the Hartley transform
with quadrature amplitude modulation (QAM) of the frequency carriers is considered. Application of a real kernel of functions
Hartley provides calculations without use of complex numbers and, as consequence, allows to reduce computing expenses, to
simplify hardware realisation of method N-OFDM. Modulation of separate frequency carriers signals N-OFDM with use of
OAM modulation raises throughput of communication channels.

Keywords: non-orthogonal frequency division multiplexing, Hartley transform, even and odd functions Hartley, pulse am-
plitude modulation, quadrature amplitude modulation, least-squares method.
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