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1. AndcpepeHumanbHana (oTHocuTenbHaa) buHapHas (ABou4Has) ¢pa3oBas

maHunynauua — Differential Binary Phase Shift Keying (DBPSK)
1.1. NMNepepatunk DBPSK-pagnocurHana

YnpouieHHaa cTpykTypHaa cxema DBPSK-nepepaTtumMka wu3obpaxeHa Ha pwuc. 1.1,a.
Mepepatumk cogepxut DBPSK-mogynsatop, ycunutens mowHoctn (YM), nonocoson ¢unbTp
(M®), aHTeHHy (An). B coctaB DBPSK-mogynatopa BxogaT koaupywowee yctponctso (KY),
npeobpasoeartenb ypoBHen (IMY), reHepatop Hecywen (MTH), nepemHoxutens (Mm). KY coctont ns
norndeckon cxembl (JIC) n yctponcTBa 3agepkku (Y3) umMdpoBoOro curHana Ha Bpemsi OOHOro
buta T,.

NexoaHbin undpposor noTok 6e3 sosspalyeHns K Hynto (Non Return to Zero — NRZ) M,
(puc. 1,6), umetowmnin anutenbHocTb 6uta T,, noctynaetr B KY. B JIC kaxgbmm 6ut M,
cKkrnagblBaeTcs No Moaynio 2 C 3agepxaHHbiM no BpemeHn Ha T, 6utom C, ; =C,(t—-T,)
(puc. 1,8) n pesynbTupylowmn 6UT noaBepraeTca normdeckom onepauun gonosnHenus (1— 0,
0—1, puc. 1.1,2):

Cv =(M®Cy ). 1)

Mpn Takom andchepeHumanbHOM (OTHOCUTENBHOM) KOAMPOBaHMM NepenaeTcs He 3HadeHne
MH(POpPMaUMOHHOro 6uTa, a ero M3MeHeHue (UM HemsMeHeHMe) OTHOCUTENbHO npeablayLliero
buTta.

Lindbposon notok C, c Bbixoga KY npu nomowm MY npespalyaetcs B 3HaKONEPEMEHHYIO
nocrnegosarenbHocTb |, (puc. 1.1,0), npuyem 6uty «1» notoka C, COOTBETCTBYET CUMBOS «+1»
nocrnegosarensHoctn I, a cumsony «0O» notoka C, COOTBETCTBYeT CUMBOM «-1»
nocnegoBaTesibHOCTH l,. B TlMm npoucxoout  nepemMHoOXeHue  3HaKornepemeHHOM
nocrefosartenibHocT |, M BbICOKOYaCTOTHOro KomnebaHus cosmt. B pesynbrate obpasyetcsa

DBPSK-paguocurHan, 170 ectb konebaHue c papguodactoton (Radio Frequency) u ¢asosou
MaHunynsaumnen (puc. 1,e)

Sge ~ tl cosmt = |+ 1, |cos(ot + @) =|+1|cos (ot + @) = cos(wt+ ) , (2)
npuyem |, =1 COOTBETCTBYeT 3HaueHue asbl Hecyliero konebawus ¢, =0°, a I, =-1 -

3HaueHve asbl ¢, =180°.

[Ans HarmagHocTM Ha puc. 1,6 Kaxabli BPEMEHHOW WHTepBan OnuTenbHocTblo T,
npeacTaBneH OOHUM MEepuMoA4OM HecyllerW 4acToTbl (Ha MpakTUKe KONMYecTBO MNepuogoB B
nHTepsane T, ropasgo 6onbLue).

MNockonbk asa DBPSK-pagnocurHana npyuHMmMmaeT TOSIbKO ABa 3Ha4YeHUs =0° unu
y Pk paa P a 0%

¢, =180°, puc. 1,%), da3oBasi MaHUMyNsLWs Ha3blBaeTcs GUHAPHON (OBOUYHOIA).

HOnarpamma nonoxeHun sektopa DBPSK-pagnocurHana npmesegeHa Ha puc. 1,3.

Ha npaktuke yactota o ABNSeTCs NPOMEXYTOYHOW YacTOTON, KOTopasi Nnpeobpa3oBbLIBAETCA
B 4aCTOTy HecyLlen (Ana npocToTbl 610K NpeobpasoBaHms Ha puc. 1,a He NOKa3aH).

Ha pwuc. 2,3,6 nokasaHo npeacTaBneHve paguvocurHana Bpalalowmmcs BeKTopom |y

COOTBETCTBEHHO Npu ¢, =0° n ¢, =180°.



DBPSK-mogynaTop
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d TqTale[a[1]1]o 011 Cy = (1, BCy )
I, ¢
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|_I1‘;|:1 |+I1¢|:1
u} a
Py=180 =0

Puc. 1. CtpyktypHas cxema DBPSK-nepegaTunka (a);
umdpposble notokn M, (6), C,_; (8), C, (2), I (0); DBPSK-pagnocurHan Sgq (e);
dasa ¢, konebaHus HecyLllen YacToThl Ha Bbixoge DBPSK-moaynsitopa (x);
curHanbHoe co3Besane, T.e. BO3MOXHbIE NonoxeHus Bektopa DBPSK-pagnocurHana (3)

]

b |Iln<|:AI |Iln<|:AI

- u] D_-:‘:_.

Lol py=0 PL=180""1 §!

| | lCl:l:

| | |

Spp =COS W01 Spp=-Cos@t

al 't 6) 't

Puc. 2. Bekrtop I, , BpallaloLWmincsa ¢ 4acToTon ®
V1 XapakTepusytoLmin paguocurdan Sge npu ¢, =0° (a) n npn ¢, =180° (6)
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Mockonbky KY mopynstopa dopmupyeT nocrnefoBaTtenbHocTb C,, 3aBUCALLYIO Kak oOT
nocregosarenbHoctTy M, , Tak M OT nocnegosatenbHoctm C, ; (cMm. (1)), TO dpasoas
MaHuNynauusa HasblBaeTcs audydepeHumnansHon (0THocUTeNsHOM). Hke nokasaHo, YTo NpUHLMN
«anddepeHLmanbHOCTU» («OTHOCUTENBHOCTUY) nossonser YCTPaHUTL dasoByto
HeO4HO3Ha4yHOCTb Npun npueme DBPSK-paguocurHana, Kotopass MOXeT MPUBECTU K MOSTYYEHUIO
HenpaBUNbHOIO LMGPOBOro NOTOKa — BMECTO «HYyNeBbIX» OMTOB OyayT MPUHATbI «€OUHUYHbIE»
OUTbl, @ BMECTO «eAMHUYHbIX» — «HyneBble» (3TOT 3dekT XxapakTepusyeTcsi TepMUHOM
«obpaTHasa paboTar).

Hecywee konebaHue npu GuHapHOM MaHUNynaumMm umeeT ha3oBble Nepexodbl (CKayku)
A =180°(cM. puc. 1,e,%). Takon «HedUNbLTPOBaHHBIAY» CUTHaN UMEEeT OrMbatoLLyo C NMOCTOSHHOM
amnnutygor. OQHako Ha npakTUKe CMNekTp pajuocurHana orpaHu4MBaeTcsi KOHEYHOW Monocown
npornyckaHusa ycunutensa mowHoctn (YM), a Takke nornocosbiM cunbTpom (M, cm. puc. 1,a) ¢
Lenbio YMEeHbLUEeHUsI BHEMOMOCHOro N3ny4yeHus, KOTopoe MOXEeT OKasbliBaTb Mellalollee AencTBme
ANA COCEAHUX KaHamnoB CBA3W. Ons «UNbTPOBAHHOrO» CurHana npu cmeHe dasbl Ha 180°
NponcxoanT MrHOBEHHOE U3MeEHeHMe ormbatoLlen go Hyns (puc. 3).

Sop orvbarowas DBPSK-pagHocHraana
T\f\"f\ AN
RYRYENURVAVIA Y

Puc. 3. MNMpoean ormbatowen «dpunstpoaHHoro» DBPSK-paguocurHana B MOMEHT BPEMEHM,

COOTBETCTBYHOLLMIA cKayky dasbl Ha 180°

[nsa ycnneHua Takoro curHana npw nepegade v npueme Heob6xoaMMbl NMHENHbIE PEXUMDI
paboTbl ycunutenen paguocurHana. Ecnv ansa ycmnenna DBPSK-paguocurHana vcnonb3oBaTb
ycunutenn ¢ OBYCTOPOHHUM OrpaHMyeHuMeM, TO nocne ckadka (asbl B paguocurHane nosiBATCA
(ha3oBble UCKaXEHUA paguocurHana, YTo HegonyCTUMO, MOCKOMbKY crnefylowmid CUMBOST MOXeT
ObITb MPUHSAT C OLLUMOKOMN.

Mockonbky 3HaveHue pasbl DBPSK-paguocurHana onpegensier Kaxabln OUT MCXOQHOro
uncposoro notoka M,, To dopma eAMHUYHOro 3remMeHTa Takoro curHana umeeT Buf
npsMoyronbHMKa ¢ ocHoBaHvem T,. Ecnu 3a wwupuHy cnektpa (Bge) DBPSK-pagnocurHana
NPUHATB NOSIOCY YacTOT MeXJy MUHUMYMaMU OCHOBHOrO fnenecTka, To:

Bre =2/T,=2R,, 3)
rae R, =1/T, — ckopocCTb LdPOBOro NOToKa.

WnpuHy cnektpa DBPSK-pagnocurHana MOXHO YMeHbLUUTb B ABa pasa, ecrnv crinagutb
NPAMOYrornbHyt0 POpMy UMMYNbCOB LUGPOBOro notoka M, , NponycTus MUX 4vepes mnaearbHbIn
®HY (PHY Ha cxeme puc. 1,a He nokasaH) ¢ npsamoyronibHon AYX (AYX «knpnvyHaa cteHar) u
nonocown Harkeucta (puc. 4,a)

By = = (4)
2T,

OpfHako Ha MpakTuKe TaKyt XapakTepuUCTUKy MOMyyYnTb HEBO3MOXHO. [103TOMYy B peanbHbIX
YCNOBUSX B CKBO3HOM KaHane obpaboTku nepefaTyuk-npueMHUK Hambornee 4acto MCMOMb3yHT
AYX B BMAE HaKIOHHO-CUMMETPUYHON DYHKUUKN «NpUnogHaTbin kocnHycy RC (Raised Cosine,
puc. 4,a).



AT Tit) .
" " Enuuuynei VMY NECHER
KupnuuHaa cTeHa n T

e But
1.0 10 < .y KBOCTHL |
' WMNYNBCHED! |

OTENHWEDOE

|
e e | azo)
(RC) j@=05"
S A\

| By aBy | F 0 T szWSTb AT, t

A A A 4

MpH MpUeme
a) 6)
Puc. 4. MpamoyronsHas AYX dunbTtpa Hankeucta n AYX B Buae «npunogHATOro KocuHyca» (a);
hOopMbl UMMNYNbCHBIX OTKIMKOB KaHarna CBA3W Ha eOUHUYHbIN 6UT
npu ucnone3oBaHun punetpa Hankeucta (a=0)
n punbTpa ¢ AYX B BUAE «NPUNOSHATOro KocuHycay» npu a=0,5 (6)

OyHKkuma RC xapaktepuayetca koadhduumeHtom cnaga AYX o (Roll-off-Factor). MNapameTp
o elle HasblBalT KOIPMPUUMEHTOM CKPYrNeHUs (CriaxvBaHUs) UMMNYNbca, NOCKOMbKY OPOHTHI
NPSIMOYrOfIbHOTO  UMMNYyMbCa CrNaXuBarTCAa NpPU  ero MNpoXoXAeHUM 4Yepe3 CKBO3Hyt AYX
«MPUNOOHATBIN KOCUHYC», @ «XBOCTbI» UMMYMbCHOMO OTKMIMKA B MOMEHTbl MPUHATUS pelueHus B
NpUeMHUKE MMEIOT 3HayeHune, 6nmn3koe K Hynw, npu nobom 3HaYeHMM o, YTO MUHUMWU3UPYET
MEXCUMBOIbHYIO MHTEpdepeHunto (puc. 4,6).

Ona nonyyeHusa ckBo3Hom AYX (nNepedaTumk-NpueEMHUK) KaHana cedaA3n B Buge RC
dopmupytor AYX nonocbl obpaboTkm B nepepaTtyMke B BMAE KOPHSA KBagpaTHOMoO U3
«MPUNOOHATOrO KOCUHYCa» (ﬁ) n AYX nonockl 06paboTkM B NpUeMHUKe Takke B BUae JRC.

MapameTp cKpyrneHusi o xapakrepuayeT n3bbITOK nonockl 06paboTkm o By OTHOCUMTENbLHO
nonocsl Hanksncra By . lNpu aTom nonoca o6paboTkm CKBO3HOro KaHarna

_(1+0) A+a)Ry

B=By+oaBy=>0+a)B ) S
vHaBy =By =TS = )

a WwupuHy cnektpa DBPSK-pagnocurHana paccumtbiBatoT no doopmyne:
1+ )

b

Bpr =2B = =1+ )R, . (6)

Uem MeHblUe 3HaveHue o, TeM MeHble TpebyeTcs noroca paavokaHana. OpgHako
NCMonb30BaHWe Manoro 3HadyeHust o TpebyeT CNoXHbIX LngpoBbix punbTpos. Kpome Toro, npu
ManoM 3HaYeHUn o B pellaloeM YCTPONCTBE MPUEMHMKA OTCYETbl CUMrHamna CTaHOBSATCS B
Oonbluen cTeneHn NoaBEPXKEHbLI BIUSHUKO BPpeMeHHoro mxutrepa. lMNpu 0,4<a0.<0,6 gocturaertcs
MakcumaribHasi NOMexXoyCTOMYNBOCTb KaHara CBA3MW.

Uucno ypoBHen umdposoro paguocurHana (M) m uyucno 6utoB B ogHOM cumBone (n)
CBsi3aHbl hopMynamu:

M=2"; n=log,M. (7)

DBPSK-paguocurHan siBnsietca AByXypoBHEBbIM (0anH OMT umndpoBOro notoka opmmpyeT
COOTBETCTBYIOLMIN CUMBOS pagnocurHana):

M=2"=2'=2,
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HecmoTpsi Ha HegocTaTkn (HEO6XOANUMOCTb NMUHENHOMO YCUMEHUS U OTHOCUTENbHO LUMPOKas
WwnpuHa cnekTtpa), BPSK-curHan LWmnpoko NnpumMeHsieTcs Ha nNpakTuke, Hanpumep, B 6ecnpoBogHOM
mocTe Wi-Fi BlueBox GW-AP54SG-Total, B CnyTHUKOBbIX HaBuraunoHHbix cuctemax MNMOHACC,
GPS v gp.

1.2. KorepeHTHasa aemoaynsauuna DBPSK-paguocurHana

CTpyKkTypHasi cxema npuemMHuKka ¢ KorepeHTHbiM DBPSK-gemogynatopom npusefeHa Ha
puc. 5,a, rae App — aHTeHHa npuemHuka; PTIMP — paguotpakt npuemHuka, BBHY — 6ok
BOCCTaHOBIEHUS Hecywen vacTtoTbl; M — nepemHoxutens; ®HY — unbTp HWKHUX 4acToT;
MPC — noporoeas pewatwas cxema; BbBTY — 61Ok BOCCTAaHOBMEHMS TaKTOBOW 4acToThl;
OY — pekogupytloulee YCTPOWMCTBO, B COCTaB KOTOpOro BxoauT norndeckas cxema (J1C) wu
yCTpOMCTBO 3aAepxku (Y3) LnmdpoBoro curHana Ha Bpems ogHoro éuta T, .

M- - Y — - - - /= — /= 1
| DB;SK-nemanynﬂTap : oy |
A I - - —
HFL I"COS'@RSHPEI' Ly ”COS(CP;‘(PHJ c M
PTMPH— OHY ; npc He ne HH—
: LEBHH a0 ) : : CH: !
| BBTU-—> = T || |
L -
a)
SR_F' _
AN A AN AN A SO
&) | ! ! !
VIEVVIVIVE AV VYTV
g 0T0 0 o0
+1 || | | | | | | |
o) 1 11101 1 [1]4
-1 -1 |-1 ¢
_1--
Gy
2) 1]o[1[1]1 o011
Chet t
3) 1[1]o[1]1][1]oio[1] “==GEh)
M, t
¢ 1]oio[1]1]o[1]0[1] M= (5 9G)

t

Puc. 5. CtpyktypHas cxema DBPSK-npremMHuka npu KorepeHTHON gemoaynsaumm (a);
NPUHATBLIN paguocurHan Sge (6);

umdpossle notoku I, (8), Cy (), C,4 (0), M, (e) npu ¢, =0°
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3ameTMm, 4YTO nNpuM CynepreTepoauHHOM npueme npu pPacCMOTPEHMM MPOLECCOB,
npoucxogsawmx B gemogynatope, nog obo3HavyeHMEM « MOApasyMeBaETCsl MPOMEXYTOYHas
yacToTa.
[na korepeHTHOM gemonynsaumm curHana B DPSK-gemogynsitope HeobxogmMmo naeanbHoe
MOHOXpoMaTM4ecKoe ornopHoe kornebanue (S, ), 4actota m,, KOTOPOro cosnagaeT ¢ YacToTon

NpUHsITOro kone6aHus (m,, = ) «C TOYHOCTbIO A0 dasbly (y =0°):
Sy ~ €0s(w,,,t +y) =cos (ot +0°) =cosot , (8)
roe  y— HavanbHas asa onopHoro konebaHwsi OTHOCUTENbHO HavarbHOW hasbl NPUHATOrO

konebaHus.

Ha npaktuke nony4eHue ngeanbHOro onopHoro konebaHuns npobnemMaTtuyHo — Npu NpMeMe B
dopMmnpyemMom npu nomoLum BBHY OMOPHOM konebaHuu BO3MOXHa
pasosasi HEOOHO3HaYHOCMb @,; !

Sy, ~COS(ot+@,;) . 9)

B noppasgene 3 nokasaHo, 4TO (pas3oBasi HEOOQHO3HAYHOCTb ANsi OMHapHOW dha3oBow
MaHUMynAUuun XxapakrepuayeTcs AByMsI 3HAYEHUAMMU:

¢y =i-(-180°), rme i=0;1. (10)

Mpn i=1 dpasoBas HEOOQHO3HAYHOCTb MOXET MPMBECTU K HELOCTOBEPHOCTM npuema (K
BO3HWKHOBEHUIO adhdekTa «obpaTHasa paboTtar). OgHako, ucnonb3oBaHue "guddepeHumnansHon”
MaHUNYNAUUMM  NO3BOMSIET  UCKMIOYUTL  BAWSIHME Ha  OOCTOBEPHOCTb npuema  ha3oBou
HEOHO3HA4YHOCTUN @,; W OCYLLECTBUTb KO2ePEeHMHY0 [eMOAyNALMIO curHana. MNokaxem aTo.

HanpsokeHne Ha Bbixoge [lm (cm.  puc. 5,a) obpasyetca  nNepemMHOXEHUEM
DBPSK-paaunocurHana Sge ~cos(ot+@,) € BoccTaHoBneHHbiM BBHY Hecywmm konebaHvem

S,y ~Cos(ot+o,;):

Uy =SgeSon ~ [COS((Dt +(Pk)][cos(®t +(PHi):' ~COS(p, —@;) +COS (2ot + @y +¢;) - (11)
®HY He nponyckaeT BblCOKOYaCTOTHOE KonebaHwe cos(2mt+@, +¢,;) W Ha ero Bbixoae
NMeeT MECTO 3HaKONepPEMEHHbIN LMdPOBOM NOTOK (CM. puc. 5,8)
I ~cos(px —@y;) =COSQy, (12)
a Ha BbIxofe NPC — ogHononapHbIA undposor notok C, (cm. puc. 5,2).
Kak crnenyet u3 (12), 3Hak anemeHTa notoka |, Ha Bbixoge ®HY onpegenseTcsa 3HaveHnem

aprymeHTa KocuHyca (o, —®,;) =Py -

Ecnmn o

o = Puo =0° (cm. (10)), To undpposoit notok C, Ha Bbixoae MPC (cm. puc. 5,a,2)

coBrnagaert ¢ nepefaHHbIM undposbiM notokoM C, Ha Bbixoge KY nepegartyuka (cm. puc. 1,a,2).

Ecnm xe o

1=<le=—180°, TOo uncpposon notok C, Ha Bbixoge [MPC okaxetca

i=
HEBEPHbIM: BMECTO «HYNeBbIx» OUTOB OyayT «eAuMHWYHbIE» OWUTLI, @ BMECTO «EOUHUYHBLIX» —
«Hynesble» (3pdekT «obpaTHasa paboTa).
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Ana nckniodeHnsa adpdpekta «obpaTtHas pabota» cnyxut Y (cm. puc. 5,a), paboTatowiee no
anroputmy:
My =(Cy ®Cy o). (13)
HaHHble Tabn. 1 n Tabn. 2 unncTpupytoT npeobpasoBaHne cMMBOMNOB B [1Y Npy BO3MOXHOWM

ha3oBoN HeopHo3HAYHOCTU (¢, =0°, ¢,;=-180°). 3HauyeHWss GWUTOB B MOCNEAHMX CTpOKax
Tabnuy nokasbiBalOT, YTO MpuUHATas uudposas nocnegosaTtenbHocTb M, (cM. puc. 5,e)

coBrnagaet ¢ nepegaHHom (cM. puc. 1,6) kak npu ¢, =0°, Tak u npu ¢, =—-180°.

Ta6nuua 1. Mpeobpa3oBaHue CMMBOMOB Mo anroputmy (13) npu ¢, o = 0°

Pk =P —Pyo =
o 0° 180° 0° 0° 0° 180° | 180° 0° 0°
=0, —0
Cy 1 0 1 1 1 0 0 1 1
Cia 1 1 0 1 1 1 0 0

Ta6nuua 2. MpeobpasoBaHne cMMBOIOB Mo anroputmy (13) npu ¢, = —-180°

Pk =P — Py =
o 180° 0° 180° | 180° | 180° 0° 0° 180° | 180°
Cy 0 1 0 0 0 1 1 0 0
Cia 0 0 1 0 0 0 1 1
M, =(C,®C,,) 1 0 0 1 1 0 1 0 1

1.3. Bnok BoccTtaHoBrneHUs Hecywen Yactotbl (BBHY)
Ana KkorepeHTHOW aemoaynsauum DBPSK-paanocurHana.
dPa3zoBas HEOAHO3HAYHOCTb Npu (hopMUpPOBaAHUUN ONOPHOro KonebaHus

BBHY pana koeepeHmnol pemopynsumm DBPSK-paguocurHana (puc. 6,a) COOepXuT:
kBagpatop (KB) Ana Bo3BedeHWs paguocurHana Sge B kBagpart; nonocoson cunstp (MP) c
4acTOTOM HaCTPOMKM 2w ; Aenuternb YyacTtoTbl (4) Ha aBa.

MockonbKy

Uy, ~ Sar ~ cos? (ot + ¢, ) ~1+cos (2ot +2¢, ) ,
Cos (2ot + 2, ) =cos2mt cos2¢, —sin2mt sin2¢, ,
cos2¢, =1, sin2¢, =0 npu ¢, =0° wnu npu @, =180°,
TO BbIXOAHOE HarnpskeHue NP
Upe ~ COS20t - (14)

Mocne peneHvs 4dactoTbl Ha ABa Ha Bbixoge BBHY obpasyetca onopHoe konebaHue ¢
HecyLlen 4acToToM [Afs CUHXPOHHOIO [LEeTEKTUPOBAHWUA, KOTOPOE MOXET MUMMeTb @hasoeyto

HEOOHO3Ha4YHOCMb ¢,; :

S, ~Ccos(wt+¢,;), o, =i-(-180°%), i=0;1. (15)
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BosHukHoseHUe ¢ha3osoli HEeOOHO3HayHoCmu  @.; MOSICHAETCA  ocuuMnnorpammamu,

n3obpaxeHHbIMM Ha pwuc. 6,6,8,2: 6nok [OY MOXeT wuMeTb HavanbHYl CUHXPOHWU3aUMIO B
pasnnyHble MOMEHTbI, MOMEYEHHbIe ToYKamMu Ha puc. 6,6. Ecnn HavanbHas CUHXpoHU3auusa byaet
COOTBETCTBOBaTb MOMEHTY 2wt =360°, To undposon noTok Ha Bbixoge MPC gemoaynsaTopa (cwm.
puc. 5,a) 6yaeT nHBepTMpOBaHHbIM (3ddhekT «obpaTHas paboTtay).

Kak nokasaHo B nogpasgene 1.2, OuggepeHyuanbHass (omHocumernsHas) MaHunynsayusi
r10380719em UCK/IIOYUMb 8ruUsiHUe ¢ha3o80l HEeOOHO3Ha4YHOCMU B80CCMAaHO8/IeHHOU Hecyuel Ha
docmosepHOCMb rpuema.

[locTonHCTBO paccMoTpeHHon cxembl BBHY — ee npocToTa.

Hepoctatok — npy manom oTHoweHun curHan/wym (C/LU) Ha Bxoge npuemHuka umeet
MECTO «3alyMMEHHOCTbY MNOSly4aemMoro OfnopHOro KorebaHusa. [1o3ToMy MpUeMHUMK C Takow
cxemonn BBHY obnagaet XxyAawuMy XxapakTepucTMkamm NoMEeXOYCTOMYMBOCTW MO CPABHEHWUIO C
npuemMHukoMm, cogepxawmum cxemy BBHY c ynpaBngembim reHepatopom (YI) u cuctemon
drasoBon aBTONOACTPONKN YacToThl (PAIMY), KoTopas paccmoTpeHa B nogpasgene 1.4,

Spp ~cos{mt+H ) Ke e Ne |Unp~oosZot iy Som ™~ COS D+,

7@ I

a)
I
Uke cosdmt

L~ PN

6) >~ ! _

Vo180 T 360°) s T 7200 g

4 |

} " " =0"

Son cos{t+Pao ), Puo :

8 . . —

a0° 1807 270 360 Wt
|

cosfimt+Peq), Pgpi=—180"

-7 180° 270 T 3607 @t

&
]
A
\
1
|
i
¥

Puc. 6. CtpyktypHas cxema BBHY (a);
K nosicHeHuto acppekTa dhasoBor HEOQHO3HAYHOCTU, BO3HMKatoLWwen B bBHY:
BbIXOOQHOE HanpshkeHue kBagpartopa (6);

ornopHoe HanpsixeHue Ha Bbixofe OY npu ¢, =0° (8) n npu ¢, =180° (e).

ToukaMu nokasaHbl BO3MOXHbIE MOMEHTbLI CUHXPOHM3auuK 6roka aenexust yactotbl (OY)
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1.4. BBHY c cuctemomn dasoBon aBTonoactpomkon yactotbl (DAMY)
ANns KBasukorepeHTHou aemoaynsuum DBPSK-paguocurHana

BBHY ¢ cuctemon OAMY ana keasukozepeHmMHOU («NOYTU» KOrepeHTHOW) gemogynauum
DBPSK-paguocurHana nsobpaxeH Ha puc. 7,a n cogepxurt: ksagpatop (KB), nonocoson counbtp
(Md), nepemuHoxutens (Mm) n dunetp HWKHUX YacToT (PHY), obpasytowme asoBLIN AETEKTOP

(@), ynpaBnsembin reHepatop (YI), dasospaitatens (PB) Ha 90°, genutens yactoThl (OY) Ha
AaBa.
YT oxBadeH netnen AMNY c d¢[1.
Hanps»keHnem owwmbku cuctembl @AY (U, ) aBnsieTcs BoixoaHoe Hanpsbkenne O (Ug ):
Ue, = UtD,II :
M3BeCTHO, 4TO pexumy «crexeHms» cuctembl PAMNY cooTBeTcTBYET paboumn yyacTok Ha

AETEKTOPHOW XapaktepucTtuke ®[l npy pasHocTh HavanbHbIX as (g ) BXOAHBIX HanpsbkeHun ®[

(Upe W Up) B okpecTHocTn 90° (puc. 7,a,6):
9an = 9no —(9r +¥)] = 0°—(-90° ) |- 90° %, (16)
rae  ¢pe — HavanbHas dasa HanpskeHus Upg;
(¢ £y)— HavanbHas dasa HanpskeHust Uy ;

\Tf— HEKOTOpoe CcMmelleHune HavanbHoOMm d)a3bl HanpaxXeHund UF1 N3MEHAKLLEeECA B pexXnve

«cnexeHunay cuctemol GAMY.
C yuetom (16) B pexume «cnexenns» cuctembl PAMY (puc. 7,0)

Up ~ cos(oart—90" i\T/) .
dasoBpalyatenem Hanpsxenme U cMelyaetcs no dase Ha 90° n Ha Bbixoge PB (puc. 7,e)
Ugpg ~ cos(mrti\p) :

MNocne penexnsa yactoTbl Ha Bbixode Y B onopHom konebaHun S, BO3MOXHa Kak dhasosas
HEOJHO3Ha4YHOCTb ¢,;, onpeaensemas gopmynon (15), Tak 1 cMeLLeHne onopHoro konebaHusa no
dase cuctemon GAMNY Ha /2 (puc. 7,X%):

Son ~ COS(t+@,; Ty/2).
OpHako npv JocTaToyHOW KpyTusHe ynpasneHusa vactoton Y[ cmelleHne HanpspkeHnsa Up

no ¢pase Hesenuko (y — 0), cnegosatensHo n  y/2—0.

MNoatomMy npu wucnonb3oBaHun paccmaTtpuBaemoro BBHY ¢ DAMY  gemogynaums
pagnocurHana siBnseTcsa kgasuko2epeHmHouU (C ManbiM 3HavyeHuem /2 —0), ogHako ¢ ha3oBom

HEO[JHO3HA4YHOCTbIO ¢,; B ONMOPHOM KonebaHuu:
Son ~ COS(mt+@,;) . (17)
BnusHue dasosont HEOOHO3HAYHOCTM ¢,; Ha OOCTOBEPHOCTb Mpuema LudpoBOro noToka

ncknoyaeTca anddepeHumanbHOn (OTHOCUTENBHOW) MaHunynaunen (cm. nogpasaen 1.2).
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Spp ~cos(®t+ @y, ) KB

________ __lqgm~cos 2ot
oa Ay | )
a) : DHY <—® :%:,u=90 FY¥
_I___ ______ T Up ~|:os(c0rt—9[]°i¢f]
Uerr_ U"I’ﬂ OB U¢'E| ﬂl_l Son™
Y o - =
30 2 ~cos(@t+ i, T2
=20
U PaBounil yyactok O

EIT

B oncteme ®ANY: U_ ~[-sinPex]
% /T\ud W

_S90° 0f 90° . 180°_~270° Qo =Pro—(Pr W)
SR_F cos@t
1 S

h /—
a) r t t t
! 20" 180° 270° 3607 ot
!
/ cos2mt
'\ N el
z) f — — t
18 3600 s 840t 7200 ot
Ul" Peg EOS(C’DFt—(P@ﬂ]: I:OSI(CDI..t—_gUDi 111]1 LTJ—J-—I:]':'
H,'\
,__,-F"F' | //_\
Fe) } } } } '
) 90° 180"~ 360" 5407~ T20° art
Upg cos(@pt £ ), Ps
i //_‘I\
e) r f — t //— .
L 90%_180° 3600 w8400 S T0° ot
} |
Son p?  cos(@t +Puo ), Pyp= D”\L cos(®t +Pri), Prpq=—180°
o 180° 770° 360° ot

Puc. 7. CtpyktypHasa cxema BBHY ¢ YT (a);
AeTekTopHasi xapakrepuctuka O (6);
ocuMNNorpaMmbl HanpPsXXeHUN B XapakTepPHbIX TOYKaX CXeMbI (8 - X)
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1.5. KBa3sukorepeHTHasa aemoaynsauumn DBPSK-paguocurHana cxemomn Koctaca

Ha pwuc.8 wnsobpaxeHa CTPyKTypHas cxema p[ns Kea3uKo2epeHmHOoU [emMoaynsummn
DBPSK-pagnocurHana, u3o0peTeHHass amepukaHCKum uHxeHepom [bkoHom Koctacom B
50-x rogax npoLunoro Beka.

Mm1 KNPCwu OY
(| @HY1
I
Snn—IHEOSI:CDt-i_w:I ﬂ}ﬂ "
Spp F————— - -1
I Mm3y¥_ |
~cos{mt+p,) BT |
. VI : mwu—@l
®B Lo _ 1
90°
Sam—g ~ -sin{@t+4) Qu

nm2® OHY2

Puc. 8. CtpyktypHas cxema KocTtaca ans gemogynaunn DBPSK-paguocurHana

Cxema cogepxut Tpu nepemHoxutensa (Mm1, Mv2, Mv3), Tpu dunbTpa HWKHUX YacToT
(PHY1, ®HY2, dHY3), ynpaensembin reHepaTop (YI), dhasospawatens (OB).

Y[ oxsayeH netnen OAMY (Mm1-Mv2, ®HY1-OHY2, Mm3, O®HY3I), B KOoTOpOM [1M3
HasbiBaloT «getektopom Koctaca», a PHYUY3 — «dunbTpom obpaTHOM CBA3M» WUNKU «MNETMEBbLIM
dunbtpom». 3T gBa anemeHta (Mm3, ®HY3I) obGpasyoT daszoBbii aetektop (PL) cuctembl
DAY,

Mokaxem, 4TO0 cxemonm Koctaca 3a cyeT cuctembl DAY  ocywecrTendgerca
KkeasukoeepeHmHass Oemodynsauus DBPSK-paguocurHana, T.e. 0Oemolynsuus npu  masom
3Ha4YeHUU CMeWweHUs HavanbHoU ¢basbl 0rnopHo20 KonebaHus Y[ omHocumesibHO HadyarbHOoU
¢asbl npuHUMaemozo Konebarus (y —0).

B pexume «cnexeHusa» cuctembl PAMY YIT reHepupyeT onopHoe konebaHwe cuHgasHOro
(Inphase — 1) kaHana:
Sy ~ COS(ot+vy). (18)
Mpn nomowmn B dopmupyeTcs onopHoe kKonebaHwe kBagpaTypHoro (Quadrature — Q)
KaHana:
Sonq ~Cos(@t+y+90°) =—sin(ot+y). (19)
«3axeat» cuctemon PAMNY Hecylen 4acToTbl BXOAHOMO curHana Sgp ~cos(ot+@,) npu

Havarne ero npvema paBHOBEPOSITEH AN MOMEHTOB BpeMeHu, koraa ¢, =0° nnmn ¢, =180°. MNpwu

nepexoae cuctembl GAMNY B pexxnm «CnexeHus» Kakoe-nmbo n3 3Tux 3Ha4vYeHun gasbl aBndeTcs
ncxoaHbIM. Mpu nameHeHnn (ckayke) dasbl BxogHon DBPSK-paguocurHan anga cuctembl ©AMY

MOXHO MPEeACTaBUTb BblpaXeHUeM (OTHOCMTENbHO NBOro M3 NUCXOAHBIX 3HaYeHun dasbl ¢, =0°
nm ¢, =180°):
Ske ~ Cos(mt+A@y),

rae  Ag, =180°.
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HanpsikeHna Ha Bbixogax Mm1, Nm2 n MNm3:
Urnvt = Srr Sont ~ [€OS (@t +Agy ) ][cos (ot + )] ~ [cos(Ap, —w) ] +Cos (20 t + Agy + W) ;
Uz = Skr Sonq ~[C0s (@ t+ A, ) |[-sin(w t+y)] ~ [sin(Ap, —y)]+sin (2w t+Ag, + V) ;
Uns ~ [€0s(A@, —y)][sin(Ag, — )] ~sin(0) +[sin (2Ap, —2y)] ~
~sin(2A@, ) cos(2y) —cos (2Ag, ) sin (2y).
Mockonbky mpn A, =180° sin(2A@,)=0, a cos(2A@,)=1, TO HanpsxeHue OLINOKM
cuctembl PATMY (npu koadhbdurumeHTe nepegaum PHY3, 6Gnunskum Kk eguHMLE)
Uerr = Ugy = Uppyz ~ [=sin(2y)]. (20)
M3 (20) cneayet, uto B cxeme Koctaca pexum «cnexeHunsa» cuctembl GPAMNY 3a yactoTom

Hecyu.l,e|7| XapakTtepusyetca U3IMeHARLWNMCA HarnpaxXeHnem oLInGKK Uerr’ 3aBuncAaAlmm OT vy

(@HanormyHbIN pexum «cnexeHus» cuctembl GAlMY B OKPECTHOCTAX TOUKU Qg =90° nokasaH Ha

puc. 7,6).
MNpw goctaTto4Hom KpyTU3He ynpasneHus yactoton Yl 3Havenune U,,, Hesenuko (U,,, —0).

Mpwn atom, Kak crniegyeT 13 (20), 1 3HavyeHne y Takke HeBenuko (y — 0). CnegoBaTensHo, cxema

Kocmaca obecnieyusaem kga3ukozepeHmHyro Oemodynsyurw DBPSK-pagnocurHana, T.e.
AeMOoaynaumnio npu MasoM 3Ha4YeHuUU v .

Bbilwe oTMedeHo, 4YTO «3axBaT» cuctemon DAY Hecyllen BXOOHOro curHana npy Hadane
npuemMa paBHOBEPOSITEH AN MOMEHTOB BPEMEHMU, Korga asa npMHMMaemoro BXo4HOro curHana

wim ¢, =0°, unn @, =180°. OyeBMAHO, YTO ecnu «3axsBaT» MPOU3ONAET B MOMEHT BpPEMEHMW,
korga ¢, =0°, To uncposon notok Ha |, Bbixoge AemogynsaTopa Kocraca (cm. puc. 8) byaet

npaeunbHbIM. ECnin e «3axsaT» Npon3onaeT B MOMEHT BpeMeHu, koraa ¢, =180°, To umdposomn
notok |, ©OyageT vHBepTMpoOBaHHbIM («obpaTHasa pabora»). Kak yxe oTmevanocb, BnusHue

achpekta «obpaTHaa paboTa» Ha [OCTOBEPHOCTb MpUEMA YCTPaHAETCS MCMNONb30BaHUEM
anddepeHumnansHon BPSK (DBPSK).

®B (cm. puc. 8) moxeT ObiTb peanu3oBaH C UCMOSIb30BAHWEM PEaKTUBHbIX 3M1EMEHTOB.

OpHako 6onee TOYHbIM (PA30BbIM CABUIOM OMOPHbLIX HanpshkeHud Ha 90° obGnapaet OB,
BbIMOMHEHHbBIN N0 CTPYKTYPHOW cxeme puc. 9.

ﬂ;‘l Som-1 ™ Cos @t
cosmt Ke o .
?? 2@ .
A~ -Hn@t
(]l Oy o
180° [ 2 :

Puc. 9. CTpykTypHas cxema ¢pasoBpaliatens
ANS NonyYeHnst KBagpaTypHbIX OMOPHbIX HANPSKEHWN
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1.6. HekorepeHTHas aemoaynsauua DBPSK-paguocurHana

HekorepeHTHas gemoaynsiuusi MNpUMEHSIETCA B TOM  Cryy4ae, Korda HEeBO3MOXHO
hopMMUpoBaHME KOrepeHTHOro OMopHOro konebaHus, HanpyMep M3-3a 3HAYUTENbHBLIX (Ha30BbIX
BO3MYLLEHWIN, BHOCMMbIX CpefoVi pacnpoCTpaHEHUs PaAMOBOSIH UMW annapaTypoin nepeaaroLLero
M npuemMHoro TpakToB. [Mpu 3TOM pasnuuMe HavanbHbIX a3 npuHMMaeMoro konedaHus u
OMopHOro konebaHus () MoXeT U3MEHSATLCS BO BPEMEHU Y UMETb CYLLIECTBEHHOE 3HAYEHME.

PaccmoTpum ABa BapuaHTa MOCTPOEHMS HEeKOrepeHTHOro Aemogaynsitopa

DBPSK-paguocurHana:
AemMogynsaTop €  3adepXKKOW  BbICOKOYACTOTHOrO  curHana (MM HEeKOrepeHTHbIV

aBTOKOPPENSILNOHHBIN AemoaynsTop, puc. 10);
AEMOOYNSATOP C 3aePXKKOM HU3KOYACTOTHOIO curHamna (Mnu HeKorepeHTHbIN KOpPEensLMOHHBIN

aemoaynsTop, puc. 11).

. DBPSK-pemomynatop  _ ‘y’_ _:

Anp | SRFH n — _n_ — |
| ~COS(DT ) M L My,
PTIP-— < OHY —4—=| MPC =l NC H—

| |

: V3 o | G | !

| L g, (t-T)- EBTH—3] }’E | |

L et R T L

Puc. 10. CtpykTypHas cxema
HeKorepeHTHoro asTokoppenaunoHHoro DBPSK-gemoaynaTtopa
(HekorepeHTHOro AemoaynaTopa C 3aAepPXXKON BbICOKOYACTOTHOrO curHana)

B HekozepeHmHOM asmokoppensayuoHHom demodynismope (cm. puc. 10)  onopHoe
konebaHune S, (t—T,) obpa3syeTcs 3a cyeT MPUHMMAEMOrO BbICOKOHACTOTHOIO MOAYIMPOBAHHOIO

KonebaHusa nyTemM 3adepXKkm ero Ha AnmMTenbHOCTb BuTa.
Npwn aTOM curHan Ha Bbixoge lNm:

Sy ~ [COs (ot + @y )]cos[o(t—Ty) + @, 41 ~
~cos[eTy + (@ — @ 1)]+cos (2ot — 0T, + ¢y +@y_q) -
Ha Bbixoge ®HY obpasyeTca nocnegoBaTenbHOCTb:
I ~cos[oTy, + (@ — P 1)]=COS[Peonst +A] =
= COSPonst COSAP —SIN Qg SINAP
A€ Qgonst = ® T, — NMOCTOSAHHBIN DA30BbIN COBWT;
A@ = (¢, —®,_1)— Pa3HOCTb pa3 BbLICOKOM 4HACTOTbl TeKyLero u npeabiayliero 6GutosBoro

MHTEepBaros.
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BbiGOpOM MPOMEXYTOYHON Y4acCTOTbl MPUEMHMKA 3Ha4YeHMe MOCTOSHHOro ¢asoBoOro casura
MOXeT ObITb YCTAHOBMEHO KPaTHbIM T
Peonst =0Ty = i (21)
Mockonbky cos(it) ==£1, a sin(it) =0, To 3Ha4eHune |, ByaeT 3aBMUCETb TOMbLKO OT Pa3HOCTM
¢ha3 BbICOKON 4aCTOThI TEKYLLEro 1 NpeabiayLero GuToBoro MHTEPBanoB A = (@, —®y_1):

I, =CO0SA@, ecrnv i— 4YeTHoe; |, =—COoSA@, ecrnu i— He4yeTHoe. (22)
Ecnn Ao = (¢, —9,_4)=0°, To HanpsbkeHue Ha Bbixofe NMPC He MeHsIeTCsi; 3TO O3HAYaEeT, YTo

TEeKyWwmMn OUT Takom xe, Kak 1 npegbigywmin. Ecnun xe A(pz((pk—(pkfl)=1800, TO npoucxoguT

n3meHeHve BbIXxoAHOro HanpsbkeHus [PC; 310 03HavaeT, 4ToO Tekywun O6uT oTnmyaeTcsa oT
npeabigywero. Mpu atom Y, pabotas no anroputmy (13), doopmupyeT MPUHATBIN LMKPOBO
noTok M, , coBnagawowmnin ¢ nepefaHHbIM LUMPOBLIM MOTOKOM (B Y4eM MOXHO ybeauTtbes,

paccmaTtpuBas AaHHble Tabn. 1 n Tabn. 2).
Hedocmamku Heko2epeHmMHO20 asmoKoppensiuUoHHo20 demModyrissmopa:.
- ycnosue (21) MoxeT ObiTb HApPYLIEHO M3-3a HECTABUITLHOCTM NPOMEXYTOYHOM YacToThl (®) U
HecTabunbHOCTN CKOpOCTU Ludposoro notoka (R, =1/T,);
-ycnoBue (21) HaknagpbiBaeT oOrpaHMyYeHMe Ha BbIOOpP MPOMEXYTOYHOM  4acTOTbl
cynepretepoamHHoro npuemuuka (f). Ecnu npegnonoxutb, 4to 3HayeHme f [OMKHO ObITb
Oornblue Nonockl NPOMNycKkaHUs NpuemMHuKa He meHee 4Yem B 20 pas, TO C Ucnonb3oBaHMeM (21) n

3):

~m U 10(B)=20[ 2|20 (23)

Ecnm, Hanpumep, T, =20mkc, To f>40/T, =40/20-10° =2 MT.

Torga NnpomMeXyTovyHaa 4actoTa MOXEeT MMETb 3HAYEHUA!

i 80 .
~ - =2 Ml (npn i=80);
2T, 2-20-10°° (P )
i 81 .
f= = =2,025 MI'y (npn i1=81);
2T, 2.20-10°° P )
fra! 82 =2,05 MI'u (npu i=82) nT.4.

2T, 2.20-10°
B HekozepeHmHoOM KoppensayuoHHom Oemodyrnsmope (cM. puc. 11) Takue HepocTaTKu

otcytcTByloT. B Hem  kBagpaTtypHble  onopHble  konebanms S ~cos(ot+y) M

on—I

Son—q ~[=sin(ot+y)] co cnyyaiHoi HavanbHoW ason y copmupyioTcs BBHY ¢ cuctemoit

QAMNY n PB. HuskovacToTHAsA 4acTb CXEMbl MOCTPOEHA TakMM 00pas3om, 4TOObl MCKMOYUTL
BNUSHWE CryYanHOW HadanbHOM (basbl OMOPHbIX CUrHaAmNoOB y Ha Mpouecc AeMoaynsumun.

Mokaxem aTo.
HanpsikeHns Ha Bbixogax Mm 1 u MNm 2:

U ~ [cOs (ot + @, ) ][cos(ot +y) ]| ~ [cos (¢, —y)]+Cos(20t + @, +y) ;

U2 ~ Cos(ot+ @ )[-sin (ot +y)] ~ [sin (¢, —y)]-sin (2ot + ¢, +y) .
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MNocnepoBatenbHOCT Ha Bbixogax MM 3 u M4 3a cyeT 3aQepXKKM HU3KOYACTOTHOro
cuUrHana Ha gnuTenbHOCTb buTa:

Uiz ~ [COS (o — \I/)] [C 0S(P1— \If)] ~ [COS (o — (Pk—l)] +¢0S (@ + @1 —2) ;
Ui ~ [sin (ox — \If)] [sin (Py1— \V)] ~ [COS (x — (Pk—l)] —COS (@ + Py —2V) .

B pesynbTaTe nocrnegoBaTenbHOCTb Ha BbIxode cymmupytowero yctpouctea (CY) He
3aBUCUT OT CNy4arHOW hasbl y OMOPHbIX KorebaHui:

Ik = (U + Umya) ~ [COS (Py _(Pk—l)] =COSAQ. (24)

MpuHunn pabotel MPC 1 [1Y Takon xe, Kak 1 y npegblayLen cXxemMbl.

DBPSK-gemoaynatop
[ DBPSK ]
| Mm1 Mm3
| ®HY Q%i ' g,
W | L | LR
- k EBHY b ot |
PTAP
AMELLE I, |
| 0] cy nPc
| ®B
9(°
_ Y3 |
5) | Pon-Q | -sinfmt 4+ 1) T, T |
| ®HY .
Mmz Mmd
- e o —

Puc. 11. CTpykTypHasi cxeMa HEKOrepeHTHOro koppensunoHHoro DBPSK-gemogynatopa
(HekorepeHTHOro gemoaynaTopa C 3aAePKKON HU3KOYACTOTHOro curHana).
Ha cxeme gns ynpouieHums He nokasaH bBTY
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1.7. BNOK BOCCTaHOBIIEHUA TaKTOBOW YacTtoTbl (BBTY)

CtpyktypHaa cxema BBTY, Bxogswero B coctaB DBPSK-gemogynsitopa (cm. puc. 5,a),
nsobpaxeHa Ha puc. 12,a. BBTY BbipabaTbiBaeT TaKTOBbI curHan S;, HeobxoauMbld ANS

CVMHXPOHHOW paboTbl 6110k0B UnpoBon 06paboTkn CUrHanoB.
BBTY copepxut: noporosbin getektop (M0); yctponcteo 3agepxku (¥Y3) curHana Ha Bpems
Ty3 =T,/2; cymmatop no mogymio 2 (Cym); nonocosoint punbTp (MP) ¢ YacToTON HACTPOWKU

MocneposatenbHocTs I, (cM.  puc. 12,6) petektupyetca 1w  obpasyetca
nocregosarenbHocTb C, (puc. 12,8), He nmeroLas B CBOEM CNekTpe AUCKPETHOW CoCTaBrstoLen

cvactoton F,=1/T, (puc. 12,e).

3a cyeT casuvra Ha Bpemsa T, /2 nocnegosaTtenbHocTM C, obpasyeTcs nocrnegoBaTenbHOCTb
C(t—T,/2) (puc. 12,2). CymmupoBaHue rno moaynto 2 nocrnenosartensHocten C, n C,(t—T,/2)
obpasyet nocnegosarenbHoctb C', (puc. 12,0) ¢ ANUTENbHOCTLIO €AMHUYHOrO cumBona T,/2.
CnekTp nocneposaTtenbHocTM C', paclmpseTcs U B ero cocTaBe MOSBASETCA CreKTpanbHas

nuHKMS ¢ vactotonm F, (puc. 12,x), kotopasa Bblaensetrca MNd. B pesynbtate Ha Bbixoge BBTY
obpasyeTcs curHan S; c TakToBoW Yactoton F.

HeTtpygHo y6eguTbea, 4to cymmatop no moaynto 2 (Cym) B cxeme puc. 12,a MoxeT ObiTb
3aMeHeH Ha nepemHoxuTens (Mwv).

Cym

I o4 3
LS I'Iﬂ Ck {} k no T
Cult- Ty /2
v3 fo=F,= 1T,
T, /2
a)

Il:c

& |1 | 1 1 A
| b -1 : t

C, | | I |

¢ Tb1| ! 1| ! ? | T Lo T 9)0 1 1 2 % F
e | | | | | | | —_— — = - =
T T T T T T T 2T, T, E, T,
Ck[t—Th.I'Q} | | | | | | | | |
2 0] 1 | 1] o 1 ACE)
|

. S A T R R T

C}'( 1 1
3 1lororo[1]of[1]o[1] ) .

—3—‘ T = t U E, 2F, F
2

Puc. 12. CtpykTypHas cxema BBTY (a);
ocuunnorpaMmmel, nogcHsowumne paboty 6BTY (6-0);
cnekTpbl nocnegosaTtensHocten C, (e) n C', (k)
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2. KsagpaTtypHas ¢asoBasa maHunynsuma — Quadrature Phase
Shift Keying (QPSK). KBagpaTtypHas ¢paszoBas maHunynsiuums
co cmeweHuem — Offset Quadrature Phase Shift Keying (OQPSK)

2.1. QPSK-moaynsaTop

CtpykTtypHasa cxema QPSK-moaynaTtopa nsobpaxeHa Ha puc. 13,a.

ch I]:: Mm1
= Y
cosdit
¥3 I cozmt
T, r’ k Ser
¥ cY (—
M | ®B
i'z}_ MnnK ao° -, sindt
MNRZ T —sinat
a) L
; Qu Mm2
M
k1.2 M]ﬂM];:E
e L[1]oiof1[1[1][1]of[1[1]0:0;
A ! T ! " t
I]:c Y : :#:
+11
o Jo 1 1 1
14 'T,=2T,! i - !
Qug &
+1 !
2) ! 1 1 1
-1 -1 -1 i
_1-- |
Py :
315°¢ — » e e ———— — —
28— T o — - — |- — o | — —
5 D e i iy I S
o . . . .
Q) . i ; i i i i
$Q t
L
|
138" N1 48"
e) e s
228° 1 N\ 318"
|
00 | 10

Puc. 13. CtpyktypHasa cxema QPSK-moaynsaTtopa (a);
umdposon notok My, , (6); 3HakonepemeHHble nocrnegosatensHocTn 1, (8) n Qy (2);

3Ha4veHune hasbl HaNPsSXKEHNST HEeCyLLen YacToThl Ha Bbixoge QPSK-mogynsTopa (0);
CUrHasribHoe co3Be3ane UM BO3MOXHble NnosnoxxeHust Bektopa QPSK-pagnocurHana
B 3aBMCUMOCTU OT CTPYKTYpbI gubuta (e);
dasoBasa guarpamma QPSK-pagnocurHana ()
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QPSK-mogynatop cogepXuT: nocrnegosartenbHo-napannensHein kogep (MMK); yctponcteo
3agepxkn (¥Y3) Ha Bpema T, =Tg/2; aBa npeobpasosaTensa yposHen ([1Y); reHepaTtop HecyLlewn

(TH); cdbasospallatens (PB) Ha 90°; aBa nepemuoxuTens (Mm); cymmmpytolee ycTpoinctso (CY).
VcxopHbl undposoit notok NZR My, , (puc. 13,6) B TMNK un MY pasgensertca Ha Asa

napannenbHbiX MOTOKa: cuHdasHbin (Inphase) 1, wn kBagpatypHbii (Quadrature) Q, ¢
ANUTENbHOCTBIO cumBonoB Tg =2T, (puc. 13,8,2). Cumsonbl notokos |, n Q, copmumpyoTca
Kaxkgomn napon 6uToB (AnbKUTOB) NoToka M, , . MepBbIn 6UT Anbuta M,,; onpeaenseT NONAPHOCTL
€AMHUYHOro cumBona notoka |, («+1» wunn «-1»), BTOpOW OBMT gubuta M,, — MONAPHOCTb
€AVMHMYHOTO CMBOSA noToka Q,, mpuyem cumeony «-1» notoka M,,, COOTBETCTBYET CUMBON
«+1» notoka I, wim Q,, a cumsony «0» notoka M,,, — cumBon «-1» notoka |, wan Q,.

YCTPONCTBO 3a4epXKW B CUMH(A3HOM KaHamne CnyxwuT Ana COBMeLLeHUs HavarnbHbIX MOMEHTOB
BpemeHu notokos |, n Q..

Lindposbie notokn |, n Q, B M1 1 [NMM2 nepemHoxaoTCA ¢ OPTOroHarnbHbIMU HECYLLIUMMN

(cosmt, —sinwt), nocrne yero npoucxoauT crnoxeHue konebaHun BbicokoM YactoTbl B CY. Ha

Boixoge CY obpasyetcs QPSK-paguocurHan, kotopbii B K—W MPOMEXYTOK BpEMEHMU
(anutenbHocTblo  Tg=2T,) MoxeT OblTb npeAactaBneH B Buge (C y4eTom TOro, 4TO

cos(axB)=cosacospFsinasinf, o=@, , f=ot):

: I, cosmt sinot
SRlekCOScot—kamq)t:( f|i+Q§) k2 032 _Qk2 |-
\/Ik"'Qk \lilk"'Qk

=|S|(cosp, cosot —sing, sinot) =|S|cos(w t+¢y) (25)

rae |S| =\/”If +Qf = \/I(J_rl)2 +(+1)? = 2 — amnnuTyaa curHana Ha Bbixoae CY;

| . Q
T S
I +Qk i +Qxk

¢y — hasa curHana, kotopas npu |, =+1, Q, =+1 MOXeT NpUHMMATbL YeTbIpe 3Ha4YeHns (CM.:

COS @y =

puc. 13,e; aaHHble Tabn. 3).
Ha puc. 14 npepnctaBneHo rpaduyeckoe nosicHeHme obpasoBaHust QPSK-paguocurHana.

3ametum, yto |, wun Q, npeacrasnAlT cobon nNpoekuuM MoAayns  BekTopa (|S|)

QPSK-paguocurHana (Sgz) COOTBETCTBEHHO Ha roOpu3OHTanbHylO (cuHdasHyl) ocb | wu

BEpPTUKanbHYt0 (kBagpaTypHyto) ocb Q B K -Tble MPOMEXYTKM BPEMEHMW.

Tabnwuua 3. 3akoH QPSK

Miq My I Qxk Pk
1 1 1 1 45°
0 1 -1 1 135°
0 0 -1 -1 2250
1 0 1 -1 315°
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|S|:\E| _______

_"‘E. -1

Aty =-cos Ot -sinm@t=
=2 cos(mt+135")

|
|
|
|
I
:I]I:_1 Q@
|
|
|
|
|

S(t)=cos @t -sinmt=]
=2 cos(mt+45™)

a) 6)

e
S(ti=-cos @t4sngt=
=2 costmt+2257)

}

iy =225"

w —cos ot
S(t)=cos@t+sindt=
=J2 cos{mt+315")

e 2)

Puc. 14. BekTopHble AnarpamMbl i OCLMITIOrpaMMBbl, NMOSICHSAOLWME 06pa3oBaHme
QPSK-pagvocurHana S(t) npu ¢, =45° (@), ¢, =135° (6), ¢, =225° (8), ¢, =315° (2)

MockonbKy ogHO 3HaveHue dasbl QPSK-paguocurHana onpegendet gsa omuta MCXOOHOro
umpposoro notoka My;,, TO ¢opma €eAUMHUYHOTO 3fieMeHTa Takoro curHana uMeeT BuA

NPAMOYrofibHMKa ¢ ocHoBaHnem Tg = 2T, . C y4yeTom TOro, 4To B 3TOM criy4ae nomnoca Havksucra

B'y =1/2Ts (cm. (4)), a nonoca obpaboTkn kaHana cBasn B'=(1+a)/2Tg (cm. (5)), wupuHa

cnektpa QPSK-paguocurHana (nonoca 4actoT Mexgy MMHMMYyMamMmn OCHOBHOTO fienecTka)
21+0) (@A+a) (A+o)R,

2T, 2T, 2
CpaBHeHne (26) wn (6) nokasbiBaet, 4to QPSK-mMogynaumsi no CpaBHEHUIO C

Brr =2B'= (26)

BPSK-moaynsauuen nossonsetr ymeHbWwWnTb HeobxoamMMyo Monocy paguokaHana B ABa pasa npu
TOW e CKOpOCTV nepefayu uudposoro notoka R, =1/T,.
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QPSK-paguocurHan €BnsieTcs YeTblpeXypOBHEBLIM, MOCKOSIbKY ANs  ero  nonyyeHus
NCNONb3yeTCs YeTblipe YPOBHA MOZYNUPYIOLLEro curHana, onpegensemMble  KakuMm-nnbo
coyetaHmem butos: 00; 01; 10; 11. T.e. ana QPSK-paguocurHana:

M=2"=22-4; n=log,M=log,4=2. (27)
QPSK-MoaynaumMs UCronb3yloTcsl, HanpuMep, B MPsSMOM KaHane paamocesisn (6asosas

CTaHumMs — MobGunbHas cTaHuusl) coToBol cuctembl cBAsu I1S-95 (Interim Standard-95) c
TexHornornen CDMA.

2.2. OQPSK-mogynaTop

Hepgoctatok QPSK B TOM, 4TO nNpu  OOHOBPEMEHHOW CMEHe  MOMSpPHOCTU
nocregosartenbHocTen |, n Q, npoucxoaaT rasoBble nNepexopbl (Ckayvku) Hecylero konebaHus

Ha 180° (cm. puc. 13,8,2,0), YTO NPMBOOUT K MpoBany A0 Hyns orubatoLein «unbTPoOBaHHOIO»
pagnocurHana.

MoxHO M3bexaTb (pa3oBbIX CKa4ykoB Hecylllero konebaHmsa Ha 180°, ecnu pasHecTu BO
BPEMEHM MOMEHTbI CMeHbI (ha3 B KBaapaTypHbIX kaHanax. [na aToro Heob6xoaMmMo UCKNIOYUTL M3
cuHdpasHoro kaHana QPSK-mogynatopa Y3 (cMm. puc. 13,a). MNonyyaemas npy aToM MaHMnynauus
Ha3biBaeTca QPSK-mannnynsauven co cmeweHmem (Offset) n obosHavaeTca kak OQPSK.

CtpyktypHasa cxema OQPSK-mogynsatopa n3obpaxeHa Ha puc. 15,a. B aton cxeme OyayT

MMeTb MeCTO (pa3oBble nepexobl HecyLlero konebaHusa Tonbko Ha 90° (puc. 15,0), 4to npuseaeT
K YMEHbLLUEHNIO MTHOBEHHOIO YPOBHS ornbatoLien «punbTpoOBaHHOIO» pagMocurHana He go Hyns,
a go yposHa -3 gb.

Mpn atom paxe npu HenuHenHoMm ycuneHun OQPSK-curHana npouMcxoguT TOSbKO
YacTUyHasa pereHepauus amniuMTy4HOro cCnekTpa ¢ ypoBHEM GOKOBbIX NENeCTKOB 3HaYUTENbHO
MEHbLUUM TOro, KOTOpbI 6bin 40 unbTpaumn.

LWnpuHa cnektpa OQPSK-paguocurHana takas xe, kak n y QPSK-paagnocurHana (cm. (26)).

OQPSK wncnonb3ytoTes, Hanpumep, B 0bpaTHOM KaHane pagnocBsasn (MobunbHas ctaHums —
6as3oBas CTaHUMsl) COTOBOW CUCTEMbl CBA3W 1S-95, B UMGPOBOM CMYTHUMKOBOM paanoBeLlaHum
DSR (Digital Satellite Radio).



25

Cy I, Ml
= Yy
cosaot
I, cosat
My H r " SRF
— MNK ¥ cy b=
MNEZ » OB
a0” - sint
—sinamt
a) L
k Oy Mm2
M
i M M,
6 J1]0j0f1[1[1]1]of1]1]0:0;
I : I Th: t
iy : |-==m
+1
o ’II 1 | 1 | 1
-14 -1 T,=2T,, - t
| |-a——=| |
Ql; ! :
+
2) I EE 1 |
NN -1 1]
®, 4| I
I 1
N = ———— — — — .
2080 = T e—m— = — —— -1 — —
130T~ -——— - 1 —
e — -
) A A A A ) A t
BFJEI'u'IEHHbIE HHTEREBANEl 4NA NPWHATHA peIEHWA NPW NpWeMe
01 135? 450
135"
a) —--- )
2260
00 2250 3150

Puc. 15. CtpyktypHas cxema OQPSK-mogynartopa (a);
LuMdpoBoii NoTtok My, (6); 3HakonepemeHHble nocnegosarenisHocTn |, () n Q, (2);

3Ha4veHune (hasbl HaNPsXKEHNST HecyLLen YacToThbl Ha Bbixoge QPSK-mogynstopa (0);
curHanbHoe co3esane OQPSK-paguocurHana B 3aBUCMMOCTM OT CTPYKTYpbl Anbuta (e);
asoBas gnarpamma OQPSK-paguocurHana ()



26
2.3. KorepeHTHbIN gemoaynatop QPSK-paguocurHana

CTpyKTypHasa cxema KOrepeHTHOro gemopynsitopa (puc. 16) umeeT ABa nNepeMHOXUTENs
(Mwm), 6ok BoccTaHoBneHus Hecywen vactotel (BEBHY), dasospawartens (PB), asa dunbtpa
HWXHUX vacTtoT (PHY), 6nok BoccTaHoBneHus TakTtoBOM 4YacTtoTbl (BBTY), aBe noporosbie
pewatowwme cxembl (MNPC), napannensHo-nocnegoBaTensHbi gekogep (MMQ).

MoHoxpomaTtnyeckne ornopHble konebaHma S | ~cosot (AN cuHdasHoro |—kaHana) u

Son-q ~[-sinwt] (Ans kBagpaTypHoro Q-—kaHamna), 4acToTbl KOTOPbIX C TOYHOCTbIO 4O hasbl

COBMagaroT C YacTOTON HEMOAYNIMPOBAHHON HecyLlen, obpasytoTcst npu nomowm EBHY n ©B.

Mmi I,

dHY MNP
SRFHE Son-1

~cos{@t+ Q)

3= EBHY o
§ EBTY [T nng —-
®B D
BDD k

SDH—Q
{ % } DOHY nerc
Qy

Mm2

Puc. 16. KorepeHTHbIn gemoaynatop QPSK-pagnocurHana

Bbixo/Hble HaNPsXXeHUsi NepeMHOXUTENe:
U ~[cos(wt +@,)][coswt] ~ [cos gy | +cos (20t + ¢, ) ;
Uz ~[cos(ot + @) ][-sinwt] ~ [sing, | —sin (2wt + ¢, ) .
MockonbKy — BbICOKOYACTOTHblE — COCTaBnsiloWwMe  HanpskeHuid  Up,  n Up,,

oTdunbTpoBbiBatoTcs PHY, TO Ha X BbIxogax CUrHanbl MPUHUMAKOT 3HAKOMNEPEMEHHbIE 3HAYEHUS:
I, ~COSQy ; Qy ~singy . (28)
MNPC npeobpasyoT 3HaKonepemeHHble CUMBOSbHbIE MocnegosaTtensHocT |, 1 Q, B
ogHononspHble nocnegosarensHoctn C, u D, , Ha ocHose KoTtopbix MMM dopmupyet Gutosyto
nocnenoBaTtesibHOCTb M, 4, .
OpHako, B BBHY npu dbopmmpoBaHnmn onopHoro konedaHus
Sy ~CoS (ot +¢y;) (29)
BO3MOXHO (pa3osasi HeOOHO3Ha4YHOCMb  ¢,; , KOTOpas, Kak nokasaHo Hwxe (noapasgen 2.4), ons
KBagpaTypHOW ba3oBOM MaHUNYMALUN XapakTepusyeTcs YeTbIpbMS 3HAYEHUSAMU:
¢, =i-(-90°), roei=0,1,23. (30)
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2.4. BBHY gnsa korepeHTHOM Aemoaynaumn QPSK-pagunocurHana.
da3oBass HEOAHO3HAYHOCTb NpU POpPMUPOBAHMU ONOPHOro KonedaHuA

BBHY gna korepeHTtHoM pgemogynsumm QPSK-paguocurHana, BXOOsILWMW B COCTaB
aemogynsitopa npuemMHuka (cm. pwuc. 16), dopmmpyeT Heobxogumoe [AOns  KOrepeHTHOro
AeTekTupoBaHua npuHatoro QPSK-pagumocurHana onopHoe MOHOXpOMaTU4Yeckoe HanpskeHue
HecyLlen YacToTbl 6€3 ha3oBON MaHUNYNALNUN.

BBHY (puc. 17,a) cogepxuT Ba kBagpatopa (KB) ans Bo3sedeHUs NPUHATOrO curHana B
4yeTBEpTYyl cTeneHb, nonocoson puneTp (MP) ¢ yacToTon HacTporikn 4w, asonHsepTop (PA)

curHana Ha 180°, aenutenb YacTtoThl (QY) Ha YeTbIpe.

SpF ~cos(mt + Py, ) Kel Ks2 G~ Cos(E+Py;)
na o]l y -
4 A

180° | 4

a)

Uns cosdat

o DX/ /AN N [/
PN 1N e NS | NV L

Son yfffl cos(@t+%u0 ), Puo= OD: |

’\J | [//—
e P t t
/ v | 180° 360° @t
Som J, cos{it + Puq), Prqg=—30°
0° 180° | 360° @t

Som l, cos(@t + Paz ), Prz=—180"

T |

S ;

- 120° Nﬁg” ot

Som cos(@t+Pus), Pua=—270" J,
e) _ ; L \
P~ -7 1Ee 360° ot

Puc. 17. CtpykTypHas cxema 6noka BOCCTaHOBMEHMS HECYLLEN YacTOTbI (a);
K nosicHeHuto acpdpekTa dhasoBor HEOQHO3HAYHOCTU, BO3HMKatoLen B BBHY:
BbIXOOHOE HanpshkeHue asospawatens (6);

6, 8, 2, 0 — onNopHoe HanpshkeHne Ha Bbixoge BBHY cooTBeTCTBEHHO

npy ¢,0 =0 (8), 0,1 =-90° (), @,, =-180" (), 9,3 =-270° (e).

To4kamy nokasaHbl BO3MOXHbIE MOMEHTbI CUHXPOHM3aumm 6noka A4
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Mockonbky cos* o =0,125(cos 4o+ 4c0s 20+ 3), Cos(X +Y) =cosxcosy—sinxsiny, a

a=(X+Yy)=(o,t+¢,), TO BbIXOOHOE HanpshkeHne BTOPOro KBagpartopa

Uy, ~0,125(cos4mt cosdo, —sindwtsin 4, ) +
+0,5(cos2mwt cos2¢, —sin2mtsin 2¢, ) .

Cnaraemble HanpsbkeHns U,,, € yactoTamm 2 ycTpaHstotca M. Kpome Toro, npm

3HayeHuax asbl ¢, =45°,135°%, 225° 315° sin4¢, =0. B pe3ynbTaTe HanpshkeHWe Ha Bbixoae
Nd  Upe ~cosdotcosde, , a HAaNpsHxkeHWe Ha Bbixofe ha3omHsepTopa

T.k. npu ¢, =45°,135° 225° 315° cogp, = -1, TO nocne AeneHust 4acToTbl Ha YeTbIpe
oGpasyeTcs onopHoe (BOCCTaHOBMEHHOE) KornebaHue Hecylei 4acToTbl, KOTOPOe MOXET UMETb
da3oBy0 HEOOHO3HAYHOCTb @, ; :

S, ~Cos(ot+¢,;), @, =i(-90°),i=0,12,3. (31)

10T 9hhekT NnosAcHAETCA ocuunIorpaMmmamMmm, n3obpaxeHHbIMu Ha puc. 17,6,8,0,e: 6nok 4
MOXET MMETb HayarnbHyl) CUHXPOHM3ALMIO B PasfMyHble MOMEHTbI, MOMEYEHHbIE TOYKaMn Ha
konebaHum cosdwt (cm. puc. 17,6).

Ecnnm basa BOCCTaHOBMNEHHOW Hecylwleid He OyaeT uMeTb 3HadeHus ¢,,=0°, To

AEMOAYNMPOBaHHbIN LMEPOBON MOTOK B NPUEMHUKE HE OyaeT COOTBETCTBOBATbL NepeaHHOMY.
Ona  uvCKNYeHnss BAWSIHUA  Ha  [OOCTOBEPHOCTb  LMcpoBOro  notoka  hasoBon
HeoAHO3Ha4YHOCTM (¢@,;) ucnonb3yeTca AuddepeHumnansHas (OTHOCUTENbHasA) KBadpaTypHas

dasoBasa MaHUNynsaums.
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3. AndpepeHumnanbHas (oTHOCUTeNbHas) KBagpaTtypHaa dpazoBassi MaHUNyNAUUA —
Differential Quadrature Phase Shift Keying (DQPSK)

3.1. DQPSK-mopynsaTop

MNpn DQPSK npom3Bogutca OTHOCUTESIbHOE KOAMPOBaHME CUMBOJSIOB MNepenaBaemMoro
coobueHns, T.e. Heobxogmumas MHOpPMaUns COAEPXKUTCS B pasnuumm OBYX nocrefoBaTerbHO
nepegaHHbLIX CUMBOIIOB.

CtpyktypHaa cxema DQPSK-mopynstopa (puc. 18) oTnvyaeTcs OT CTPYKTYPHOW CXeMbl
QPSK-moaynaTopa (cMm. puc. 13) Hannumem kogupytowlero ycrponctea (KY).

I, Mm1

Ib'c —= [1Y
cos @t

Cy rH Tycosmt

: T
—— MnK b —
v Ky | quE cY

Dy 90° -, sndt

o ésinmt
L
Qy,

Mm2

Puc. 18. CtpyktypHas cxema DQPSK-moaynsaTopa

B KY uudposble nocnegosatensHoct C, n D, npeobpasyloTcs B nocnenoBaTeribHOCTM

I'c 1 Q'y no anropuTMam:
I'e =(Cc®Dy) - (C @ 1" 1) +(C ®Dy) - (D ®Q"y y); (32)
Q'k =(Ck ®Dy) (D ®Q'k 1) +(Ck ®Dy) - (C ® 1"y y),

roe yepTa cBepxy obo3HayaeT normyeckyto onepauuto gononHeHusa (1—-0, 0 —1).
[aHHble Tabn. 4 wnntoctpupyoT npeobpasosaHne cumeosioB B NMKAO u 3HauyeHue asbl
curHana Ha ebixoge DQPSK-mogynsaTtopa.

Tabnuua 4. NpeobpasoBaHne cumBonos B KY no anroputmam (29)
n dhasa curHana Ha Bbixoge DQPSK-moaynstopa

Cy 1 0 1 1 1 0 1 0
Dy 0 1 1 0 1 0 0 0
I'e 1 1 1 0 0 1 1 0 0
Q. | 1 0 1 0 1 0 0 0 0
¢« | 45° | 315° | 45° | 225° | 135° | 315° | 315° | 225° | 225°
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3.2. KorepeHTHbIn DQPSK-gemoaynsaTop

Oemopynaumio  DQPSK-paguocurHana B MPUEMHMKE  MOXHO  OCYLLECTBNATbL  Kak
KOrepeHTHbIM AeMOAYNATOPOM, Tak N HEKOTEPEHTHbIM (aBTOKOPPENSALMOHHBIM) AeMOAYNIATOPOM.

CTpyKkTypHas cxema KorepeHTHoro gemogyndatopa (puc. 18) nmeeT fBa nepemMHOXUTENS
(Mwm), 6ok BoccTaHoBneHus Hecywen vactotel (BBHY), dasospawartens (PB), asa dunbtpa
HWXHUX vacTtoT (PHY), 6nok BoccTaHoBNeHus TakTtoBOW 4actoTbl (BBTY), aBe noporosbie
pewatowme cxembl (MPC), gekogupytowee yctporcteo (YY), napannenbHo-NocneaoBaTenbHbIN
aekogep (MMNA). BBTY — aByxkaHanbHbIN, OAHAKO MPUHLMN €ro paboTbl aHanornvyeH npuHLmny
pa6otbl BBTY DBPSK-gemogynatopa, paccMoTpeHHoMY B nogpasgene 1.4.

M I

OHY MNPC
SRFH Scm—I

~cos Wt
i EBHY

! EBTY |2
®B

9%0° Q%

®HY nePc
QL

Mm2

ay nng —

Puc. 19. KorepeHTtHbIn gemogynatop DQPSK-paguocurHana

Takke «kak u B QPSK-gpemogynatope [MPC  npeobpasyoT  pasHOMonsipHble
nocrnegosarenbHoctTn |, 1 Q, B ogHoMnonsApHble nocnegosatensHoct 1, 1 Q' , KoTopble B 1Y
npeobpasytoTcs B nocnegosatensHoct C, n D, B COOTBETCTBUN C anroputMamu:

Ck =@ Q%) - ('@ 1" )+ (' ® Q") - (Q'y® Q' _y);
Dy =('e®Q")-(Q' @ Q" )+ (1" ® Q") - (I ® 1" o).
Ha Bbixoge I1l1[] obpasyeTca ucxogHas umdposasi nocneaosatenbHOCTb My 4, .

(33)

Mpeanonoxum, 4TO NocrnefoBaTeNbHOCTb W3MEHeHUs ¢asbl NepegaBaemMoro curHana
onpeaensietTcs AaHHbIMK Tabn. 4, a NpuM BOCCTAHOBIEHMWN HECYLLEN B OEMOAYNATOPE NpUeMHMKa

obpasoBanacb, Hanpumep, as3oBas HEOOHO3HAYHOCTb  ¢,; =-270°. CnepoBaTenbHo,
KorepeHTHoe aeTekTupoBaHue B MMM nemoaynatopa 6yaeT npoucxoauTs Npu hasoBoM yrie

Py =Py +Py3-

Tabnwuua 5. MNpeobpasosaHne cumsonos B [1Y no anroputmam (1.33)

Py 45° | 315° | 45° | 225° | 135° | 315° | 315° | 225° | 225°

Pk 135° 45° | 135° | 315° | 225° | 45° 45° | 315° | 315°

I 0 1 0 1 0 1 1 1 1
Q. | 1 1 1 0 0 1 1 0 0
Cy 1 0 1 1 1 0 1 0
D, 0 1 1 0 1 0 0 0
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Mpouecc npeobpasoBanns B [1Y xapaktepusyeTcsl faHHbIMM Tabn. 5. CpaBHeHME OaHHbIX
Tabn.4 n Tabn.5 nokasbiBaeT, YTO BOCCTAHOBIIEHHAs MOCMe4oBaTENbHOCTL CoBMagaeTr C
nepegaHHon, T.e. auddepeHumnanbHOe KOAMPOBaHME YCTpaHseT (asoByld HEOOHO3HAYHOCTb
BOCCTaHOBITEHHOW HECYLLEN.

3.3. Cxema Koctaca ans kBasmkorepeHTHou aemoaynauum DQPSK-paguocurHana

Ha pwuc. 1.20 wun3obpaxeHa cxema Koctaca pns keasukozepeHmHol Oemodynsayuu
DQPSK-paanocurHana, siBnsoLascs HECKOSbKO YCIOXHEHHBIM BapuaHTOM cxeMbl puc. 1.8.

Mm1 KMPC u Oy
@ ®OHY1 )
e R
O COS(C':'t + LIJ) | mn Mm3 |
| 1 |
il R |
-~ EIT |
Cosimt+ gy VI | OHY3 oy |
—_— |
®B | |
g0 . |
Son—g~ -Einmt + 47 :_ | rm
() ®HY2 Q
Mm2 KNPC n OY

Puc. 20. CtpykTypHas cxema Koctaca ans gemogynsumm DQPSK-paguocurHana

Cxema cogepxut veTtblpe nepemHoxutena (Mm1, Mv2, Mv3, Mwv4), Tpn dunbTpa HWKHUX
yactoT (PHY1, ®HY2, ®HY3), ynpaBnsembin reHepatop (YI), dasospaiwiarens (PB). dnemeHThI
Mwv3, N4, CY, ®PHY3 obpasytot P[] cuctemol GAMNY.

YT oxBauyeH netnen PAMY (Mm1-Mmv2, Nm3-rMv4, CY, ®HY3).

[na aHanusa paboTbl JAaHHOW CXEMbI 3aMULLEM BbIPaXXEHUS, XapakTepuaytowme konebaHus
B XapakTepHbIX TOYKaxX Cxembl (N0 aHanormm ¢ BelpaxkeHnamun nogpasgena 1.5).

«3axsaT» cucremon DAY Hecyulen 4acTOTbl BXOAHOrO curHama Sge ~cos(ot+¢,) npu

Havane ero npuema paBHOBEPOSITEH AN MOMEHTOB BpeMmeHu, korga ¢, =45°, nnn ¢, =135°,

nim ¢, =225°, unn ¢, =315°. B pexunme «cnexenns» cuctemol PAMY noboe 13 aTMX 3HAYEHWN

da3bl MOXeT £BnATbCA MCXogHbIM. [lpyn  m3MeHeHun (ckadke) dasbl BxogHon DQPSK-
pagnocurHan ana cuctembl PAMNY MOXHO NpeacTaBuTb BblpaXeHueM (OTHOCUTENbHO fboro
NCXOAHOro 3Ha4YeHuns gasbl):

Sge ~cos(ot+Agpy) ,
rae  Ag =190° vnun Ag, =180°.
B pexume «cnexenuns» cuctembl PAMNY (nocne «3axsata» cuctemon DPAMY Hecywen

YyacTtoTbl BxogHoro curHana) YI reHepupyeT konebaHve C HEKOTOPbIM CMELLeHMEM HavarbHOW
dasbl (y ) OTHOCMTENBbHO Ha4vanbHOW dasbl NpUHUMaemoro konebaHud. pu 3TOM OnopHble

konebaHusa cMH(asHoro 1 KBagpaTypHOro KaHaroB:

©

Sont ~ Cos(ot+y);

Sonq ~ cos(cot+w+90°) =—sin(ot+y).
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HanpsibkeHna Ha Bbixogax Mm1, MNm2, Mm3, Mv4:

Urnvt = Srr Sont ~ [€OS (@t +Agy ) ][cos (ot + )] ~ [cos(Ap, —w) ] +Cos (20 t + Agy + W) ;
U2 :§RFSOH_Q ~[cos(o t+ A ) |[-sin(o t+y)] ~ [sin(Ap, —y) | +sin (2o t+ A, + ) ;
Urnia = Uriua ~[C0S(AQ, —y)][sin (A, — )] ~sin(0) +[sin (2A¢, —2y)] ~
~sin(2A@, ) cos(2y) —cos (2Ag, ) sin (2y).
T.k. npy Ag, =+90° unu npn Ag, =180° sin(2A¢,)=0, a cos(2A¢,) =F1, TO HanpsxeHne
owmnbku (npu koacpdurumeHTe nepegaym PHY3, 6nNn3kMM Kk eguHULE)
Uerr = Ucy = (Unnya + Unpya) ~ [E8In(29)] - (34)
MonyyeHHbIN pe3ynbTaT B Buae (34) no3sonsieT cchopmynmpoBath cregyroLiee:
pexum «cnexeHusa» cucteMmbl GAMNY BO3MOXEH TONLKO NP (PasoBbIX Nepexogax BXOLHOro
curHana Ag, =180°, nockonbKy B 3TOM crnyyae (CM. puc. 7,6)
Uerr ~[=sin(2y)];
chasoBble nepexoabl BXOAHOro curHana A, =+90° npvBeayT K CPbIBY «CINEXEHUSI» CUCTEMbI
@AY, nockonbKy B 3TOM crny4dae
U, ~[sin(2y)].
[Ons obecneyeHnss ctabunbHon paboTbl cuctembl PAMY cxembl Koctaca Heobxogumo B
OGuTOBOM MOTOKE MpPedyCcMOTpeTb NEpPUOAMYECKYID nepedady «nakeTa 4YaCTOTHOW KOppeKuuu», B

KOTOPOM HavanbHas asza DQPSK-paanocurHana noctosiHHa (unu ¢, =45°, unn ¢, =135°, unu

0, =225°, nim @, =315°). lMpn nprveme HeobXxoOAMMO CUHXPOHM3OBAaTb MO BpeMeHu paboTy
cuctembl PAMNY 3TUM «MakeToOM YaCcTOTHOM KOPPEKLNNY.

Mpwn pocTaTto4Hon KpyTU3He ynpasneHuns Yactoton YI 3HaveHne U,,, HeBenuko (U, —0).
Mpwn atom, Kak crneayeT u3 (34), 1 3HaYyeHne y Takke HeBenuko (y — 0). CnegoBaTensHO, cxema
Kocmaca obecnedyusaem keasukozepeHmHyto Oemodynsayuro DQPSK-paguocurHana, T.e.
OeMOoaynaumIo npu Masom 3Ha4YeHUU .

BrnivsHme HeogHo3Ha4yHOCTM (pasbl onopHoro kornebaHmss Ha [OCTOBEPHOCTb nNpuema
yCcTpaHseTcsa ucnonb3osaHmem andpdepeHumansHon QPSK (DQPSK, cm. nogpasgensi 3.1, 3.2).

3.4. HekorepeHTHaa gemoaynauma DQPSK-paguocurHana

Ha puc. 21,a npvBegeHa CTPYKTypHasi CxeMa HEeKO2epeHMmMHO20 asmoKOPPessyUOHHO20
Oemodynamopa DQPSK-paguocurHana (0emodyrnsamop ¢ 3adepxKol 8bICOKOYacmomHo20
CuecHana), a Ha puc.21,6 — CTPyKTypHass CxXxema HEeKO2epPeHMHO20 KOppPesrsayuoOHHO20
Oemodynamopa DQPSK-pagnocurHana (0emodyrnsmop ¢ 3adepxkol  HU3KOYacmomHo20
cueHarna).

[na nepsoi cxembl AemoaynaTopa (CM. puc. 21,a) B KaYECTBE OMOPHbLIX HAMPSHKEHUN S | U

S___ anga ne EeMHOXWUTenem B CUMBOJIbHOM WHTepBarne BpemMeHn KkT. ucnonb3yeTcss curHan
orn—Q S

npeablayliero cumsornbHoro uHtepsana (k—1)Tg. OcobeHHoCTM paboTbl Takoro AByxkaHarnbHOro

aemMoaynstopa aHanormyHbl ocobeHHocTaM paboTbl oaHokaHanbHoro DBPSK-gemoaynsitopa,
paccMOTpeHHbIM B nogpasgene 1.6.
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Mm1 I
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(—{ dHY nPC |-
SRFH R |
~eos{OT+ Py) V3 I],Ic
15 ST " Cx Ml
EBTH ay nng —-
=
®B : D
a0° Qu ¥
a) .
dHY nPC
Mm2 QL
Mm1 Mm3 c
oRH 1 X M1,z
SRF ™ Bon-1 |cos{mt+1yh 3%3 J ay > nna —
~c05(®t+f-|:'k:' EBHY Mm5s b oy |1 I]:: Qlk "
dANY )
¥ BY nec
DB
a° Mme 7 R
6) Son-q |-sin{mt + yi) T, <—l
DOHY .
Mm2 Mmd

Puc. 21. CTpyKTypHblE CXeMbl HEKOrepeHTHbIX gemoaynsatopoB DQPSK-pagnocurHana:
C 3aEep>KKOWN BbICOKOYACTOTHOIO curHana (a); ¢ 3agepXKown HM3ko4acToTHoro curHana (6).
Ha BTOpoK cxeme ans ynpolueHus He nokasaH bBTY

[nsa cxembl ¢ 3a0epXXKOM HU3KOYaCTOTHOro curHana (cm. puc. 21,6):
U ~ [cos (ot + @) ][cos(ot+y)] ~ [cos (@, —y)]+cos (2ot + ¢ + V) ;
U ~ [cos(ot +@,) |[-sin(wt+y) ]~ [sin (¢, —y)]—sin (ot + ¢ +y) ;
Uns ~ [€08 (0 —w)][cOs (@1 — )] ~ [0 (0 — py_1) ]+ [cOS (0 + Py —20) ] ;
Uriea ~ [SIN (0, —w)][SIN (@11 — )] ~ [€08 (0 — @y_1) ] [COS (@) +Py_g —20)];
Ui ~ [SIn (@ — W) ][cos(@y_1 — )] ~ [sin (@ — )]+ [SiN (@x + @ —20)];
Upnee ~ [0S (@ —y)][sin (@41 — W) ] ~ [-sin (@) —0y_1) ] +[SiN(@y + 91 —2¥)];
I'e=(Unpyz + Upia) ~ 00 (0 =9y 41) ; (35)
Q= (YUnys = Uniye) = SIN(@y =@y 9) - (36)

M3 (35) n (36) cnegyet, 4TOo crnyyanmHas HadanbHas asa OnopHbix konebaHum y  He
BNUSIET Ha NPOLeCC AemMoaynsaumu.
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4. OnbcpepeHumanbHana KBagpatypHasa pazoBasa MaHUNynNALUSA CO CABUNOM nt/4 —
n/4 Differential Quadrature Phase Shift Keying (n/4 DQPSK)

Mpn n/4 DQPSK BekTOp Hecywen 4acToTbl MOXET MpUHMMaTb BOCEMb MONOXEHUN.
dasoBas guarpamMmma M BO3MOXHbIE Mepexodbl BEKTOpa paaumocurHana (nokasaHbl cTpefikamm)
n3obpaxeHbl Ha puc. 22,a. OTa ¢asoBasd guarpamma COCTOMT M3 ABYX Avarpamm: guarpaMmmbl
QPSK-mMaHunynaumm (NonoxXeHUs BEKTOpa HecyLlen 4acToTbl MOMeYeHbl YePHbIMU KPY>KKaMu) m
anarpaMmmbl, CABUHYTOW Mo pase Ha m/4 (NONOXeHUA BEKTOpa MOMeYeHbl CBETMbIMU KPY>KKaMu).
lMonydyeHne Takon (pasoBor AuMarpaMmMbl BO3MOXHO MNPU MCMOSb30BaHMM CTPYKTYPHOW CXeMbl
n/4 DQPSK-mogynsitopa, nsobpaxeHHon Ha puc. 22,6.

Licosamt
i cy i
i =
MRS
D dB
. 9 | -Q,sinmt
ésinmt
Qy Mm2

6)

Puc. 22. ®azoBasa anarpamma n/4 DQPSK-paguocurHana (a);
CTpyKTypHasa cxema n/4 DQPSK-moaynaTtopa (6)

Tawke kak u npu QPSK, u3 ucxogHoro umdposoro notoka M, ,, nocneaoBaTtesibHo-

napannensHoin kogep (MNIMK) obpasosbiBaeT ABa napannenbHbix notoka anbutos C, n D, .
Kogupyrowee yctporicteo (KY) n3 notokos ambutos C,, D, dopmupyeT moaynupyroLime
nocnegoBatenbHOCTN  CcuHasHoro (1) u kBagpatypHoro (Q) KaHanoB MO cCrnegylowmm

anroputmMmam:
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I, =CoS@y =COS(P,_1 + AP, ) =COSP,_; COSAQ) —SiNP,_; SINAP, =

= ly_1€0s[A@y (Cy, Dy )] - Qi1 5in[Ag, (Cy, D)1 ; (37)
Qy =sing, =sin(@,_; +Ap, ) =C0SQ,_4 SINAQ, +SINP,_; COSAQ, =
= li_1Sin[A@ (Cy, Dy )]+ Qi1 Cos[Ap, (Cy, Dy )], (38)

rae @y, 9y — asbl pagnocurHana CooTBETCTBEHHO B TEKYLUMIA U B NpeablayLuin CUMBOIbHbIE
UHTepBarbl BpemeHn (Tg = 2T );
A@, — U3MeHeHne asbl paguocurHana npu nepexoae OT Mpeabiaylero CMMBOSIbHOTO

WHTepBana K TekyLlemMy CUMBOJIbHOMY UHTepBarny.
Torpa BbiIxogHou pagunocurHan nn/4 DQPSK-moaynsatopa npeacTaBnaeTcs BolpaXeHneMm:
Srr =l COsot —Q, sinmt =cose, coswt —sing, sinwt =

=|S|cos (ot + ¢, ) =cos(ot+¢,), (39)

roe |S|=JI§+QE :\/coschk+sin2cpk =1. (40)
B tabn. 6 otobpaxeHbl NpuHATLIE N3MeHeHusa dasbl A, pagnocurHana npu n/4 DQPSK.
JaHHble Tabn. 7 wnnoocTpupyloT 3HadveHus dasbl ¢, 7n/4 DQPSK-paguocurHana ans

pasnuyHblX KombuHaumn cumsonos C, u D, B coorBetcTBuM C (37), (38) Npu MCXOAHbIX

3HauveHusix |, =cosg, =cos(45°)=0,707 n Q, =sing, =sin(45°)=0,707.

Tabnuua 6. 3akoH n/4 DQPSK

My — Gy My, — Dy Ay
1 1 -135°
0 1 135°
0 0 45°
1 0 —45°

Tabnuua 7. ®asa ¢, paguocurHana npu n/4 DQPSK

B 3aBMCUMOCTU OT KOMBuHaLun cumsonos C, n D
npu UcxodHblx 3HaveHuax I, =0,707 n Q, =0,707

Cy 1 0 0 1
D, 1 1 0 0
Agy ~135° 135° 45° —45°
I 0,707 0 0,707 0 0,707
Q, 0,707 -1 0,707 1 0,707
Px 45° —90° 45° 90° 45°
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[nsa nosicHeHWs1 AaHHbIX, NpUBEAEHHbIX B Tabn. 7, 3anuwiem cnegytoLlee.
[nsa TpeTtbero cronbua tTabnuubl n3 (37) n (38):

I, =(0,707)cos(-135°) —(0,707)sin(-135°) = —0,5+0,5=0=cos(-90°) =cos @, ;
Q, =(0,707)sin(-135°) +(0,707) cos(-135°) = -0,5-0,5 = —1=sin(-90°) =sin @, ;
ANsi YeTBepTOro cronbua:
I, = (0)cos(135°) — (-1)sin (135°) = 0,707 = cos(45°) = cos g, ;
Qi = (0)sin(135°) + (=Y cos(135°) =0, 707 =sin (45°) =sin@, ;
Ans naToro cronobua:
I, =(0,707)cos(45°) —(0,707)sin(45°) =0,5-0,5=0=cos(90°) = cospy ;
Qi =(0,707)sin(45°) +(0,707)cos(45°) =0,5+0,5=1=sin(90°) =sing, ;
Ans wectoro ctonéua:
I, = (0)cos(—45°) —(sin (—45°) =0,707 = cos(45°) =cos @, ;
Qy = (0)sin(—45°) + (1) cos(—45°) = 0,707 =sin (45°) =sin @y .
MockonbKy ogHO 3HayeHne a3bl n/4 DQPSK-pagnocurHana onpegenset gsa 6uta
NCXOAHOTO LMPPOBOro notoka My;,, TO LUMPUHA €ro CrekTpa Mexay MUHUMYyMamu [MaBHOro

rnenecTka Takas xe, kak n y QPSK-paguocurHana (cm. (1.23)):
21+0) (A+a) (A+o)R,
2T, 2T, 2

N3meHeHunsa casbl Hecyllero konebaHns A@, MpPoOUCXoaAT OTHOCUTENbHO 3Ha4YeHus asbl
HecyLllero konebaHusa ¢,_; B NPeALIEeCTBYIOWMIN CUMBONbHLIA uHTepBan (K—-1)Tg, 4To ABNseTcs

npusHakom «anddepeHumansHocTny moaynaumn. CnegoeartenbHo, gemogynaums n/ 4 DQPSK-
paguMocurHana BO3MOXHa KaK KOrepeHTHbIM, TakK WM HEKOrepeHTHbIM AemMoaynsatopaMmu (CMm.
CTPYKTYPHbIE CxeMbl Ha puc. 19, puc. 20, puc. 21,a,6).

K Hepoctatky =n/4 DQPSK oTHOCMTCSA HEOBXOAMMOCTb WCMOMb30BaHUA  JIMHEWHbIX
ycunuTenen, NOCKOMbKy MakcumarbHble ¢asoBble nepexodbl (Ckayku) Hecyllero konebaHus

AQpax =P —Pr_1 =135°. MNpn atom nposan ornbatowien «HUNLTPOBAHHOTO» CUrHana AocTuraet

-(6...9) ob. HecmoTtps Ha aToT HegocTaTok, n/4 DQPSK ncnonbayetcs, Hanpumep, B LMGPOBbIX
ctaHgapTax cotoBou cBsisn PDC (Personal Digital Cellular, AnoHusa) n DAMPS (Digital Advanced
Mobile Phone Service, CLUA), B eBponenckom uugpoBOM CTaHOapTe TPaHKOBOW pPaguoCBs3u
TETRA (TErrestrial Trunked RAdIi0).
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5. YacTtoTHaa maHunynaumsa — Frequency Shift Keying (FSK).
MHorono3smumMoHHas 4YacToTHasi MaHUNYNALUA —
Multi Frequency Shift Keying (M-FSK)

MpocTenwnm BMOOM YacCTOTHOW MaHUNYNsUMM CUrHana C MOCTOAHHOW aMnnuTyaoun
asnseTtcsa asonyHasa FSK (2-FSK). Npu aToM nonesHbin curHan popmupyeTcs U3 oTpeskoB ABYX
CUrHanoB:

Srr1=C0S®;t;  Sgpy, =COS®, t, (42)

npuyemM curHan Sge; WUCNOMb3yeTcs ANs nepedadn NOrMYeckoro Hynsl, a curHan Spe, — ANs

nepeAaymn nornveckon eanHNLbI.
CwurHanbl Sgey M Spey, MOTYT BbITh CHOPMMPOBAHBI ABYMS NYTAMM.

MepBbIi — NCNONb30BaHME OBYX rEHEPaTOPOB, HE CBA3aHHbIX Mexay cobon; npyu atom FSK
Ha3bIBalOT MaHUMNyNaUMeEn ¢ paspbiBOM (hasbl.

BTopon — ucnonb3oBaHMe OOHOro reHepatopa, ynpasngemoro HanpsbkeHvem (YH); npwm
aToM FSK HasbliBaoT MaHunynaumen c HenpepbiBHon ¢ason (CPFSK — Continuous Phase
Frequency Shift Keying). WupuHa cnektpa CPFSK-paguocurHana MeHblue, no3ToMy 3TOT BUA
MaHUNyNALUUM Hawen NpMMeHeHNe Ha NpakTuke.

Mogynartop MHOrono3vuMoHHOW 4acToTHon Manunynsaumm (M-FSK) ¢ M Hecywmmn
yactoTamn (Sgp; =COSO4t, ..., Sgey =COS® ), t) CTPOAT Ha OCHOBE reHepaTopa, Ynpasnsemoro
MHOropaspsgHbIM ABOMYHBIM YUCITIOM (CMMBOSIOM).

Mpn npueme BO3MOXHA KOrepeHTHasd gemoaynsiumst (KorepeHTHoe OoOHapyXeHue)
M-FSK-paguocurHana, korga MMHUMarnbHbIA pa3HOC YacToOT MaHMNynaumm

Af, =1/2Tg, (43)
NN HekorepeHTHasa gemoaynaunsa (HekorepeHTHoe obHapyxeHue) M-FSK-pagmocurHana, korga
MUHMUMAasbHbBIA PasHOC YacTOT MaHUNyNSaLmMm
Af, =1Tg. (44)
Mpu nonoce obpabotkn B'=(1+a)/2Tg wWmnpuHa cnektpa korepeHTHon MFSK

_(M+2a+1) (M+20+D)R, (M+2a+1)Ry

Brr = (M-)Af +2B' 45
re = ( )Af, 2T, log, M 210g, M o (45)

a HekorepeHTHon M-FSK
B = (M-DAF, +28'= N+ (MralR, (MR, (46)

T, log, M log, M n
Mpwn ntobom 3HaveHun M (M =2,4,8,...)
B're 2(M+0a)
Bge (M+20+1)
T.e. Npn HekorepeHTHOM M-FSK wupuHa cnektpa paguocurHana 6ornblie, Yem Mpu KOrepeHTHON
MFSK.

Ha npaktuke nonyyuna pacnpocTpaHeHWe YeTbipeXypOBHEBAs 4acTOTHAs MaHuMNynauusa c
HenpepbiBHON ason (4-FSK), Hanpumep, B cucteme mMobunbHOW TpaHkoBon cBasn APCO25
(Association of Public safety Communications Official International, CLUA). lNpu Takom Buae
MaHMNynAUunun NCnosb3yeTcs YeThipe 3Ha4YeHNsa YacToThbl HECYyLLero konebaHus, COOTBETCTBYIOLLNE
pasfiMyHbIM BO3MOXHbIM BapuMaHTam cumBona-guobuta (11, 00, 10, 01). JanbHenwee yBenuyeHme
Konu4yecTBa 4acTOT B pagunokaHasne He MMEET CMbICIa, Tak Kak 3TO NpUBOAUT K HeonpaBAaHHOMY
pacLMpPEHUNIO CNEeKTpa curHana.
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Ha pwuc. 23 un3obpaxeHbl CTPYKTYPHblE CXEMbl KOrepPeHTHOr0 U  HEKOrepeHTHOro
aemogynaropos M-FSK-paguocurHana.

(% DHY |

Som1 ~ GOS0t

SpFiCcose;t . . M,
. - MNPC — ﬂ}" ==
L L.

SDI[M ~ C035 EEIMt

a)
é} ®OHY

Sam -1~ t
1-1 n:l:!s(m + ) cy
Somi—Q~anlm t+y)
Spri - Cosmgt - T M,
L] - MPC —= n}l"r =
[ - — =
®HY }HB
SomM-I~cosimyt+
L . (o t+y) cy LI
6 Som M—Q -~ g iy t+ Y
g e

Puc. 23. CTpyKTypHbIe CXEMbl KOTEPEHTHOTO (a)
N HekorepeHTHoro (6) aemoaynatopoB M-FSK-paguocurHana

B «korepeHTHOM pgemopynatope (puc. 23,a) kakon-nmbo i—bii  KaHan (1<i<M)
3ae/CTBOBaH TONbKO TOrAa, Koraa BXOAHOW paavocurHan MMeeT 4acToTy o :
Sgprij ~COsm;t.
INpun 9TOM Ha BbIXOAE NEPEMHOXUTENS |— TOro KaHana
Ui ~ [cos(mit)][cos(mit)} ~[cos0]+cos(2w; t),
a Ha Bbixoge ®HY i—TOro kaHana obpasyeTcs «eQUHUYHOE» HarnpsKeHUeE:

MoporoBas pewatowas cxema (MPC) B COOTBETCTBUM C ITUM HanpsKeHWeM 3arnyckaet
aekogupytowiee yctporctso (YY), koTopoe reHepupyeT COOTBETCTBYIOLLYO MOCNEeA0BaTENbHOCTb
BbIXOAHbIX 6UTOB M .
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B HekorepeHTHOM pemogynaTtope (puc. 23,6) kakas-nnbo i—Taa napa KBagpaTypHbIX
kaHanoB (1<i<M) 3agencrBoBaHa TOSfbKO TOrga, korga BXOAHOW paguocurHan wumeet
4acToTy ®;:

INpun 5TOM Ha BbIxo4ax NEPEMHOXUTENEN | — TON Napbl KAHaNoB

Ui ~| c0s(w;t) ][ cos(w;t+) |~[cosy]+cos(2;t+y)

Uo i ~ [cos(coit)][sin(mitﬂp)] ~[siny]+sin(2o;t+v),
a Ha Bbixogax ®HY |- Ton napbl kKaHanoB.:
U\ o i ~COSY;
Ug-omy; ~Siny.
CymMmupoBaHmMe BbIXOOHbIX HanpsbkeHun kBagpatopoB (KB) nwbonm i—Tom napebl

KBaZpaTypHbIX KaHaNOB UCKMYaeT BIUSIHUE ClyyaiiHOW HavanbHoW dasbl OMOpHbIX konebaHui
y Ha npouecc AeMoaynaumm, T.K.

Ucy; ~COs?y+sin®y =1.
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6. MaHMnynsauma ¢ MMHUManbHbIM caBurom — Minimum Shift Keying (MSK).
ayccoBckas MaHMNynAuus ¢ MUHMManbHbIM COBUTOM
— Gaussian Minimum Shift Keying (GMSK)

CrpykTypHasa cxema MSK-mogynsitopa mnsobpakeHa Ha pwuc. 24,a, rae TMC — reHepaTtop
MOAYNS CUHYycouabl |sin(nt/2Tb)| ¢ nonynepuoaom 2T, (T.e. B Te4yeHune AByx BUTOB aprymeHT
CYMHycouabl MeHsieTca Ha 1), Y3 — yCTPONCTBO 3a4epXKKn CUHYycouabl Ha BpeMsi ogHoro 6uta, Ha
BbIXOZE KOTOpOro obpasyercsa Moayrb KOCUHyconabl |cos(nt/ 2T,) |

BxogHon umdposon notok M,,, (puc.24,6) B nocrnefosatenbHO-NapansesnibHomM Koaepe

(MMNK) pasgensieTca Ha gBa noTtoka OubMTOB, KOTOopble B npeobpasoBatensdx ypoBHen ([TY)
npespaLlalnTCcsa B 3HaKonepeMeHHble nocneposatenbHocT |, =+1 n Q, =+1 (puc. 23,8,2), a Ha

BbIxogax MM 1 u Nm 2 — B 3HaKONEpPEMEHHbIE MOAYIIMPYIOLLME NOSNYBOSIHOBbLIE OTPE3KN CUHYCOUA
n KocuHycoung, (puc. 24,0,e):

a, =l |sin(mt/ 2T, )|=+[sin(xt/ 2T, )|=xsin(nt/2T,);
ag = Qy|cos(nt/2T,)|=%|cos(nt/2T,)|=*cos(nt/2T,).

MSK-pagvocurHan Ha BbIXoge MoLyrndaTopa (c yyeToMm TOro, yTO
sinacosPB+cosasinf=sin(a+f))

Sgr =28, Coswt —ag sinwt = £sin(nt/ 2T,) coswt £ cos(nt/ 2Ty) sinwt =

=i|S|Sin(cotint/2Tb)=isin(0)tirnt/2Tb), (47)

rae | S|=y [Esin(nt/ 2T, )] 2 +[£cos(nt/2T,)] 2 =1.
Ha npoTsbkeHunmn kaxaoro HevetHoro 6uta M, (0<t<T,, 2T, <t<3T,, 4T, <t<5T, nr1.4.)

MSK-paguocurHan Ha Bbixode mogynsitopa (puc. 24,3):
Sge ==sin[ ot £/ 2T, (t+mT, ) | =+sin(ot £t/ 2T, +mn/ 2)=

=+sin(ot+nt/2T,) cos(mn/2)+cos(wt £t/ 2Ty)sin(mn/2)
=+sin(wt+nt/2Ty), (48)
roae m=0,24,...
Ha npoTtsxeHun kaxporo yeTHoro 6uta M, (T, <t<2T,, 3T, <t<4T,, 5T, <t<6T, nT1.4.)
MSK-paguocurHan Ha Bbixode mogynsitopa (puc. 24,3):
Sge ==sin[ ot £/ 2T, (t+mT, ) | =+sin(ot £t/ 2T, +mn/ 2)=
=4sin(wt+xt/2T,) cos(mn/2)+cos(ot+nt/ 2Ty)sin(mn/2)=
=+cos(wt+nt/2Ty), (49)
roae m=135,...
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Puc. 24. CtpyktypHas cxema MSK-moaynsatopa (a);
umdposoii Notok My, , (6); 3HakonepemeHHble nocnegosarenisHoctn |, () u Q, (2);

BbIxoAHble HanpskeHus Mv1 n Mv2 (9,e);
nonoxexHus mogyns sBektopa MSK-paguocurHana |SRF| B MIHOBEHHbIE MOMEHTbI BpEMEHN (XK);

o/ 2n=1/T, (3);

MSK-pagnocurHan Sge npu ycnosum f
Bapuauum TekyLen dasbl 1 YactoTel MSK-paguocurHana B 3aBUCMMOCTU OT BpEMEHN (U)
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yeTHoro 6uta, onpegensemsin (1.46).

Tabnuua 8. 3akoH MSK ans nHTepBana 4YeTHoro 6uta

HeueTHbIN 1 YeTHbIN BUTLI 3Hak
MCXOLHOWM LNpoBoOm 3Hak Bapuauumm TekyLlemn
nocnenoBaTenbHOCTU pe3ynbTUPYIOLLEro casbil 3Ha4eHue 4acToTbl
My 12 konebaHus A(t)=nt/ 2T, peSi’(g;;Vg;):a:.lero
cos(ot£mt/2Ty) | pesynbtupytowero Ha UHTEpBANE
M, M, Ha UHTepBarne konebaHuns yeTHoro 6uTa
YeTHoro 6uta Ha VHTepBarne
yeTHOro buta
1 1 + + f,
1 0 + — f,
0 0 - + f,
0 1 - - f,
U3 (47) cnepyer, uto Tekywas dasa MSK-pagmocurHana
o(t)=ottnt/ 2T, =ot £ Ap(t), (50)

roe  Aoe(t)=nt/2T,— Bapvauua Tekywlen dasbl, npuyemMm 3Hak Ae(t) Ha vHTepBane Kaxaoro

yeTHoro 6uta M,, onpeaensieTcs npegnocneaHuM ctonéuom Tabn. 8.

Ha nHtepsane ogHoro 6uta (npu t =T, ) 3Ha4eHne Bapnauun TekyLen gasbl

Ap=m/2=90°. (51)
MrHoBeHHas yacTtoTa MSK-paguocurHana, kak npomsBogHas oT Tekyllen gasbl:
o(t)=dlet)]/dt=w® £/ 2T, =2r(f £1/ 4T,) =2n(f £F, / 4), (52)

roe R, =1/T, —vactota 6uToBOW NocnenoBaTesibHOCTY.

N3 (2) cnegyet, uto yactota MSK-pagmocurHana B npouecce MOAyNnaAuMM M3MeHsieTcs

cKavkaMu 1 Ha nHTepBarne ogHoro 6uta uMeeT OHO M3 ABYX 3HAYEHUIA:
f,=f-FR/4=f-1/4T, wwm f =f+F /4=f+1/4T,, (53)
4TO yKa3aHo B nocriegHem cronbue Tabn. 8.

PasHoc uvactor Af =f,—f, =FK /2=1/2T, — MuHUManbHO 803MOXHbIU Orid obecrieyeHus
opmozoHanbHocmu KonebaHuli ¢ yacmomamu f, w f, npu koecepenmHolu Oemodynauyuu
MSK-pagnocurHana. 31o o6CToATENbCTBO OnpeaenseT Ha3BaHWe MaHUMynAauMn — MaHunynaums
C MVHUMAaIbHbLIM CABUIOM (C MUHUMAIbHLIM YaCTOTHLIM CABUIOM).

Mockonbky 4Yactota mogynsaumm F,=1/T,=1/Tg=1/2T, (cM. puc. 23,u), a AesBnauus

4YacToThI paguocurHana OTHOCUTENBbHO LeHTparnbHou YacToThl (f,)
f.=(Ff,-f)/2=FR/14=14T, =1/2Tg, TO NHAEKC YACTOTHON MAHUNYNALNA
Myy =f, /F, =0,5. (54)

WnpwuHa cnektpa MSK-paguocurHana mexxay MUHUMYMaMmn OCHOBHOTO nenecTka

BRF=2B'(MqM+1)=3(0,5+1)=3=E=1,5Rb. (55)
T, T, T

S b
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ConoctaBnenue (55) ¢ (26) n (41) nokasbiBaeT, Y4TO WMpUHa cnekTpa MSK-paguocurHana B
1,5 pasa 6onbLue, Yem pagmocurHanos ¢ QPSK, OQPSK n n/4 DQPSK npu a=1.

U3z (47), (50), (51) cnepyet, u4tO Bapuaumm Tekywen dassl MSK-paguocurHana
ONuncbIBaeTCs JNIMHEWHO-NOMaHOW KpuBOW (CM. puc. 23,u), T.e. 3aBUCUMOCTb Ag(t) saBnsietcs
HenpepbIBHOW, HO He rnagkon. JTo ABNSETCHA CrnecTBUEM CKaYyKoobpasHOro M3MeHeHUs YacToThbl
MSK-paguocurHana.

Ho6aBneHne raycCoBCKUX PUNbTPOB HWKHUX YacToT (FTPHY) B cnHdasHbIN 1 KBaapaTypHbIN
KaHanbl MmogynaTopa (puc. 25) npuBoguT K 3aTArMBaHUIO PPOHTOB NPSAMOYrOfbHbIX YPaBNSAOLLMX
nocrnegosarenbHocten |, n Q, . Npn aTom paguocurHan, nony4aemblin Ha BbIxode MoAynsATopa,

nprvobpeTaeT NnaBHble N3MEHEHWs1 YacToTbl B npegenax ot f, go f,, a nanomel Ha kpyBo Ag(t)

crnaxuBaloTca. Takytd MOAYNAUMIO Ha3blBalOT rayCCOBCKOM MaHUMNynaunem ¢ MUHUManbHbIM
casurom (Gaussian Minimum Shift Keying — GMSK), a curHan Ha Bbixoge mogyndaropa — GMSK-
pagnocurHanom.

C, Mm1 Mm3
= MY =FoHY
cos @t
|51n|:ﬂtf2Tb
arcos @t
Mm.z ANk - + ‘# SRF
 —— —
MREZ x cy
900 —aQsincot
||:os|::l1:tf2Tb
—sint
= MY ={roHY
D]x
Mmd

Puc. 25. CtpyktypHas cxema GMSK-moaynsTopa

HobasneHne MPHY akBMBaNEHTHO YMEHbLUEHMIO NOSIOCkl B' , YTO MOXHO XapakTepusoBaTb
kKoadhpuumeHtom cnaga AYX o :

A+o)
2T
Torpga wupuHa cnektpa GMSK-paguocurHana mexay MMHMMyMamMu OCHOBHOTO fenecTka:
2(1+o) 20+9) 4 541)= 15(1+a) _ 0,75(1+ o)

S S b

(56)

Bre = 2B'(Myy +1) = =0,75(1+a)R,. (57)

LvpuHa nonocbl By rayccoBcKux ounbTpoB Mo ypoBHWO -3 Ab, Hanpumep, Ans cUcTembl
coToBov ¢BA3n GSM npu BbINOMTHEHUN MOAYNATOpPa MO cxeme puc. 25 BbibrpaeTcs paBHOM
B; =0,3F;=0,3/T4=0,3/2T, =0,15 F,, (58)
a pana craHgapta ©OecnpoBogHoro TenecdoHa DECT  (Digital European  Cordless
Telecommunications) B; =0,5F.
LWnpuHa cnektpa GMSK-pagumocurHana Heckonbko MeHbLue, Yem y MSK-paguocurHana (cm.

(57) n (55)). Kpome TOro, ms-za nNaBHOrO M3MEHEHUA Y4acTOTbl YPOBHW OOKOBbLIX NEMNECTKOB
cnektpa GMSK-paanocurHana okasbliBalTCs CyLeCTBEHHO MeHbLUEe, YeM Y MSK-paanocurHana.
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B cucteme cotoBon cBsisu GSM 6asoBasa crtaHuusa (BC) nepuognyeckn nepepaeT naket
yactoTHon koppekuun FB (Frequency Correction Burst), koTopbli oBpasyeT kaHam yCTaHOBKM
yactoTbl FCCH (Frequency Correction Channel) ana mobunbHbix ctaHumn (MC). Maket FB, kpome
ABYX KOHLUEeBblX KOMOuHauumi (no 3 6uta) M 3awutHOro uHTepsana (8,25 6uta), comepxut
HenpepbIBHYO MNocregoBaTeNbHOCTb U3 142-x HyneBbix OuTOB. BO Bpemsi aTmux 142-x 6utos
yacTtoTa nepegatyunka bC nepuognyeckm nmeet 3HaveHus (cMm. (53) n puc. 24,6,u):

f =f —1/4T, =f —1/(4-3,69-10°)=(f, —67,75-10%)I'u;
f,=f +1/4T,=f, +1/(4-3,69-10°) =(f, +67,75-10%) I'u,
roe T, =3, 69-10%¢c — gnuTenbHocTb 6uTa cuctembl GSM.

MNpn 9TOM KaXOdbli BPEMEHHOW WHTepBan MNPUHATUS  pPeLUeHna npu  fnpueme,
COOTBETCTBYIOLUMIA YeTHOMY (BTOpOMY) BUTY kaxgoro ambuta (CM. puc. 24,u), UMeeT 3HayeHue
YyacToTbl nepepatyvka Ha 67,75kI'n Gonbwe, Yyem f,. VIMeHHO 3TO 3HadveHwe 4acToTbl (f,)
ncnonb3yeTcs Ans NoACTPONKM cuHTe3daTopa Yactot MC.

B npnemHuke korepeHTHas gemonynsaums GMSK-pagnocurHana moxeT ObiTb OCyLLIECTBIEHA
Npu NOMOLLIN CXEMbI, N30DpaXKeHHOW Ha puc. 23,a.
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7. KBagpaTtypHasa aMmnnutyaHaa moaynauua —
Quadrature Amplitude Modulation (QAM)

MNpn QAM M3MeHeHNe COCTOSIHUSA CErMeHTa HecyLLleln NPOMCXOANT Kak no amnnutyge, Tak u
no case. lNpu wucnonb3oBaHUM [AAHHOrO anropuTMa rnepegaBaemMbli CUrHan KoaumpyeTcs
OAHOBPEMEHHbLIMN U3MEHEHUSAMU aMNNUTYyabl CUHa3Horo |, 1 kBagpatypHoro Q, KOMMOHEHTOB

HecyLlero konebaHusa ¢ 4acToTon @, KOTOpble CABUHYTbI MO ¢ha3e Apyr OTHOCUTENBLHO Apyra Ha
n/2. Pe3ynbTupylowmn paguocurHan Sgie opmupyetcs B pesynbTaTe CYMMWPOBAHUA ITUX

konebaHun (puc. 26).

L, Mm1
%osmt
rH Ikcosmt
LN | SRF
—— MNMNK = ®KC v CY |—
MEZ ] OB
Qe -Qpsnat
ésinmt
Ly Mm?2

Puc. 26. CtpykTypHas cxema QAM-moaynsTopa.
OKC — bopmmupoBaTtenb KOAOBLIX CUMBOJIOB

QAM-paanocurHan MoxXeT bbITb NpeaCcTaBreH BbipaXXeHMEM, CXOAHbIM C (25):

Sre =y cosot —Q, sinwt =[S, |cos(wt +@,) , (59)

rae  |Sy= ,flkz +Q2 — amMnnuTyaa curHana Ha sbixoae CY;
¢ — dasa curHana.

MpumeHsieTca kBagpaTypHas amnnuTygHas moaynauusa pasnuyHoro yposHs M (M-QAM).
YpoBeHb MOAYNAUUM onpeaensieT Konm4ecTBo BUT, nepeaaBaeMbiX O4HUM COCTOSIHUEM HECYLLEN.
Mpn 16-QAM ogHMM COCTOsSiHMEM Hecyllen nepepaetca 4 6uta uHgopmaumm, npu 32-QAM —
5 6w, npn 64-QAM — 6 Gut n 1.4.

Mpn QAM KOHLbl CUrHanbHbIX BEKTOPOB pacnofaralTcs B y3nax npsiMoyrofibHOW peLleTku,
noatomy, Hanpumep, ans 16-QAM 3sHavenusa |, n Q, npuHagnexaTt mMHoxectsy {1,3,-1,-3} u

onpenensoT, COOTBETCTBEHHO, 3HAYEHWS AENCTBUTENbHOM M MHMMOW KOOpAWMHATbl BeKTopa
Mo4ynMpOBaHHOro konebaHus.

[aHHble Tabn. 9 u puc. 27 oTpaxatT anroputM QOPMUPOBaHMS amMnnuMTydbl 1M asbl
HecyLllen 16-QAM.

Monoca yactotr M-QAM-pagmocurHana
21+a) (1+a) (Q+a)R,

BRF = ZBI =
2Tg Ty log, M n

(60)
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Tabnuua 9. 3akoH 16-QAM moaynauun

M1 Mz Mz My 4 I Q ‘Sk‘ Pk
0000 1 1 2 45°
0001 3 J10 ~71°
0010 1 J10 ~19°
0011 3 J18 45°
0100 -1 1 J2 135°
0101 -1 3 J10 ~109°
0110 -3 1 J10 ~161°
0111 -3 3 J18 135°
1000 1 -1 J2 315°
1001 1 -3 J10 ~ 289°
1010 3 -1 J10 ~341°
1011 3 -3 J18 315°
1100 -1 -1 2 225°
1101 -1 -3 J10 ~ 251°
1110 -3 -1 J10 ~199°
1111 -3 -3 J18 2250°

AQ

o111~ 0101 | 0001 0011

| |3 | !

| [ | |

| [ | |
oo 0100 | 0000 oot

[ 1 ! [

! | ! !

3 -1 1 37

N Ny .
1110 1100 1000 1010

\ | | |

\ I | |

S | S
1111 1101 1001 1011

Puc. 27. CurHanbHoe co3se3ane 16-QAM-pagnocurHana

B npuemHuke KorepeHTHad gemogynauua  M-QAM-pagmocurHana
ocywlecTtBrieHa npu nomowm cxembl Koctaca (cm. pwuc. 20) npu ycnosun

MOXeT ObITb
nepuognyeckomn

nepegayun B LMGPOBOM NMOTOKE «MNakeTa YaCTOTHOW Koppekumm» (CM. nogpasaen 3.3).

QAM-moaynaumMa  Mcnonb3yeTcd, Hanpumep, B cuctemMax MOOMMbHOWM

cBasnm WIMAX

(Worldwide Interoperability for Microwave Access) n LTE (Long Term Evolution), B ungposom

TeneBseLwaHnn.
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8. MynbTuUnnekcMpoBaHue ¢ OPTOroHasribHbIM YaCTOTHbLIM pa3aeneHneM KaHanoB —
Orthogonal Frequency Division Multiplexing (OFDM)

8.1. MpuHuun ¢popmnpoBaHus OFDM-pagmnocurHana

Ha puc. 28 unsobpaxeHa cTpykTypHasa cxema OFDM-gopmupoBatens, WANCTpupyoLwas
npuHumn nonyvyeHna OFDM-pagnocurHana.

OFDM-copmMmunpoBatenbs cogepxut gemynbstunnekcop (OAMIMJT) umdpposoro notoka, N BPSK
kaHanbHbIx Moaynstopos (KM), N reHepaTopoB Hecywmx yactot (THY) f,, (4=0,2,3,...,(N-1),
cymmmpytoee yctponcteo (CY).

B TexHonorun OFDM Hecywme yactotbl f g, fq, ..., fH(N_l) elle HasblBalT «MOAHECYLLMMU

yactoTamm.
NcxoaHbin umdgposon notok M, co ckopocTblo cnefosaHus 6utos R, genutca B MM Ha

HU3KOCKOPOCTHbIE KaHallbHblE LI,VId)pOBbIe NOTOKU qu CO CKOpPOCTAMMU Rb I N.

Kaxablh HU3KOCKOPOCTHOWM KaHasbHbIA MOTOK ocywecTtensgeT BPSK-maHunynauuio cBoen

Hecywen qu B CBOEM kaHarnbHOM Mogynstope KM, .

B cymmupytowem yctporctee (CY) npoucxoouT CroXeHWe KaHamnbHbIX paguocurHanoB C
pasHbiMM  Hecywmmu  vactotamm (o, fyy, . fivg)) W OOpasyeTcs  BbiCOKOYaCTOTHbIN

OFDM-curnan (OFDM-pagnocurHan).

KM,
My _[BPSK
MoayYnAaTo
Ry /M Ay NATOR KM,
M, BPSK oro
M0 Y NATO| -
M, Ry /M AAATOR] KM, pagMocHIHan
Ry /N Moy AT
"_"""""""_"_T"K_M_N]" )
My g .| BPSK
Rb/N I [mopynaTop
I
!
MH4Y,| | THY, MHY;| '+ [FHH,,
fHEI fH1 fHE : fH[N-ﬂ

Puc. 28. CtpyktypHas cxema OFDM-dopmupoBaTens,
uncTpupyrowwasa npuHumn nonyyeHna OFDM-paguocurHana

MonyyeHwne BbICOKOYACTOTHbIX OFDM-cnmBonos (OFDM-pagnocumBonos) c
ncnonb3oBaHMeM KaHanbHblX BPSK-mogynatopoB wm3obpaxeHo Ha puc.29. 3a Kaxabin
NPOMeXyToKk BpemeHu T, cooTtBeTcTBylOWwMn N OGuTam uudposoro notoka M, (puc. 29,a),
dopmupyetcs oamH OFDM-paguocumson ¢ pacnpegerneHvem N 6utoB notoka M, Ha
N Hecywmx yacTot (puc. 29,6).

OFDM-pagnocumBon COCTOUT M3 ABYX BpPeMeHHbIX Yacten (Tg v Ty ) 1 nepepaetcs B

TeyeHue npomexyTka Bpemenn T (cMm. puc. 29,6):
Tg=Tg+Ty=T. (61)
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BpemeHHas yactb T Hasbieaemcs 3awjumHbiM uHmepsasniom OFDM-paduocumeona u npu

rpueme He Ucrosib3yemcs.
BpemeHHas yactb T, Hasbigaemcs rosnesHou (paboyeli) yacmbto OFDM-paduocumeona

u obpabamsbisaemcsi 8 MNPUEMHUKE.
AnuTenbHOCTb 3alMUTHOTO MHTepBana T MOXeT BbiTb pa3HOM, HO

TGmaKc :TU 4. (62)

M3-3a pasgeneHus nonesHblx 4acten cocegHux OFDM-pagnocMMBOMOB 3alLUUTHBLIM
nHTepsanom TexHonorna OFDM obnagaeT psagom nonesHblx CBOMCTB (CM. nogpasaen 8.3).

, OFDM- , OFDM-

f | pagwo- | paguo-

| CHMMBOR | CAMBOM |
Fetn-neZ = _T--TZ
Ml-: | -l -l - = - I -
lo1 23 Zlo1 23 | -= - -0 -
e Bt Tt Tt et ettt e : : : : : :
| | T O O O | _ _ _ _
i ERRREEEN fan 7 “T--T-

T 4T Joi T Tl Tu o
M BuToe M BT ! Te=T ! Te=T !
a) 6)

Puc. 29. K noacHeHunio npuHumna popmmnposaHus OFDM-pagnocnmeonios
npu NCNOSIb30BaHNN B HU3KOCKOPOCTHbLIX kKaHanax BPSK-moaynsatopos

Ecnn BmecTo kaHanbHbix BPSK-mogynatopoB (cm. pwuc. 28) wncnonb3oBatb  Wnn
QPSK-moaynsaTopsl, mnm 16-QAM-moaynaTopbl, mnm 64-QAM-MoaynAaATOpSI, unm
256-QAM-moaynaTopbl, TO HA N Hecywux 4acToT MOXHO pacnpefenuTb COOTBETCTBEHHO 2N,
AN, 6N, 8N 6utoB M noOnNyuMTb YyBENMYEHME CKOPOCTU nepedayn uUMGPOBOro noToka
COOTBETCTBEHHO B 2, 4, 6, 8 pa3 npu TOM Xe LWMpUHE NONOChl YacTOT pagnokaHana.

KonuyecTtBo HeCylMx B pasfuyHbiX CUCTEMAx CBA3W, paboTalwwmx C UCNOSMb30BaHWEM
TexHonorun OFDM, 3aBMCUT OT MX PEXMMOB paboTbl U MOXeT ObiTb pasHbiM. Hanpumep ans
cucteMbl MobunbHon cBs3mn 4-ro nokonexwus LTE (Long-Term Evolution) yucno Hecywmux moxet
ObITb paBHO 128, 256, 512, 1024, 2048.

OpHako CTpyKTypHas cxema, nsobpakeHHast Ha puc. 28 u cogepxawas N reHepaTopoB
Hecywmnx vactot (FTHY) u N «kaHanbHbix MogynatopoB (KM), nuwb wunnocTpupyeT npuHUMN
nony4eHms OFDM-pagmocurHana n Ha npakTuke He NCNonb3yeTcs.

B OFDM-copmnpoBatensax reHepauus mHormx Hecywmx OFDM-paguocurHana 6asupyetca
Ha obpamHom OuckpemHom ripeobpasoesaHuu Pypre (OOMN®, IDFT — Inverse Discrete Fourier
Transform), npMmeHsiemMoM K cuMBONaM LMMPOBOro NOTOKa B NPOMEXYTKM BpemeHu T . [Npu
ncnons3osaHum O[NP cHavana popmupyrotcs Hu3koyvacToTHble (HY) OFDM-cumBonbl Ha ocHoBe

H

rapmoHuk ¢ uactotamum R, Ry, .., Ry (Ha ocHoBe HY  nogHecywwmx). 3atem HY
OFDM-cumBOnNbI NepeHocATca B paguoguanasoH € obpasoBaHMEM BbICOKOYACTOTHbIX (BY)

OFDM-pagnocmMmBOfoB, COCTOSILLMX W3 CYMMbl OPTOrOHanbHbIX KonebaHwn Ha Hecymnx
(noaHecywux) vactotax f,q, f,q, ..., fyng) - MM 3TOM HeoOxoanMMOCTL Bonbluoro konuyectsa MY

n KM B OFDM-copmumpoBaTtene otnagaer.
OcobeHHocTn  hopmupoBatens OFDM-paguocurHana ¢ mucnonb3oBaHvem  OLMN®
paccMoTpeHbl B nogpasgenax 8.4 - 8.10.
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8.2. OpToroHanbHOCTb Koneb6aHun Hecywmx Yyactor OFDM-paguocurHana.
LUnpuHa nonocbl Yactotr OFDM-paguocurHana. 3¢gppeKTMBHOCTb pagamuocneKkTpa

Ana wcknioYeHns B3aMMOBIUSIHUA KaHanoB C pasHbIMM HECYLMMWU YacToTaMu pasHoC
Hecywmx (Af, =f,, —f, 1)) BbiOMpaeTcs Takum, YToGbI KOsIebaHUsT Ha Hecywux Yacmomax bbinu

OpMO20HasIbHbIMU.
Hwke nokasaHo (cM. BblpaxeHusa (81)), 4To ycrogue opmoz2oHaribHocmu KonebaHul

Hecywux oo, f, .. fynegy (MpoWwe — ycriosue opmozoHanbHOCMU HeCyWuX) BbIMOIHAETCS, ecrnu

Ha vHTepsane T, yknaabiBaTbCA Lernoe YMCno neprogoB pasHOCTHBIX YacToT:
fuq ~faq =AF =Ty, (63)
Ha pwuc. 30,a nsobpaxeH CnekTp OAHOrO Y3KOMOMOCHOro KaHarbHOro pagvocurHana Ha
OHOW HecyLlen (C LLUMPUHOM NOSOCkI 4acToT no nepsomMy nenectky Af, =2/T,), a Ha puc. 30,6 —
cnektp OFDM-paguocurHana, y KOTOPOrO Ha 4acToTe KaOoW Hecywlen chnekTpanbHble
KOMMOHEHTbI BCEX OCTaslbHbIX HECYLUMX MPOXOAAT 4Yepe3 HoMb. OTO WCKMIYaeT B3anMHOE
BMMSIHWE KaHamnoB pasHbIX HeCcylWwmx Apyr Ha Jdpyra, XOoTs WX cocefHwe 60KoBble MOMochl
NnepeKkpbIBaTCS.

&f =

[e—= Y
SN
WY
[/ b
a) I il

. T ||I I|| e —
- _— f e - f

Puc. 30. CnekTp y3KOnOmOCHOro KaHanbHOro paguMocurHana Ha OgHOM Hecylen (a);
cnektp OFDM-paguocurHana Ha OpTOroHarnbHbIX HECYLLIMX YacToTax
C nepeKpbIBaLWMMUCH coceaHmmn 6okoBbiMy nonocamm (6)

O6was nonoca d4actor OFDM-paguocurHana, cocrtosiwero uM3 N y3KONOSOCHbIX

Aty zﬂz(zj [u] (64)
Tu T Tu

pagunocurHanos (cm. puc. 30,6):

roe  t— OnumernbHocmb 6uma npu UCMOMb30BaHUU OBYXYPOBHEBbLIX KaHanbHbIX MOOYNATOPOB
(BPSK-mogynaTtopoB, CM. puc. 28) wunu  OnumesnibHoCmb  cuMeosia npu  UCNONb30BaHUU
MHOIOYpPOBHEBbIX KaHanbHbIX Moaynatopos (QPSK-moaynatopos, M-QAM-moaynaTopos).
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MockonbKky anga paguocurHanos ¢ BPSK, QPSK, n M-QAM nonoca 4actot Af=2/1 (cm.
dopmynbl  (6), (26), (60) npu «o=1), TO B CpPaBHEHMU C ISTUMMU BUAAMU MOAYNALUU
aghhekmusHocmb Ucronb3o8aHus paduocrnekmpa OFDM:

Af 2Ty 2
Afy To+Ty, 1+Tg /T,

= (65)

MNpn Tg<<Ty D=2. OpHako, Npu yBeNUYEHUN ANMTENbHOCTM 3alUTHOrO MHTepBana
oTHoweHne T /T, BO3pactaeT, N adPdPeKTMBHOCTbL UCMOMb30oBaHuA pagunocnektpa npu OFDM

yMeHbluaeTcsa. Hanpumep, npu Tg /T, =0,25 5=16.

8.3. YcTtonuuBocTb TexHonorum OFDM
K MHOrosly4eBOMYy pacnpocTpaHeHUI0 paguoBOSH

Wcnonb3oBaHmne TexHonormm OFDM obecneunBaeT BbICOKYKO YCTOMYMBOCTb CUCTEM
MOOBUITbHOW CBSA3M K MOMEXaM M3-3a MHOrOfy4eBOro pacnpocTpaHeHusl pagMoBOSiH, YTO 0COBEHHO
Ba)XHO OJ151 FOPOACKNX PAOHOB C MHOTO3TaXXHOW 3aCTPONKON.

Kak n3BEeCTHO, MHOrony4YeBOe pacnpocTpaHeHue pagvuoBONH NPUBOAUT K 0OpasoBaHuMIO
«3X0-paduoeosiH»  («3X0-cueHasnoey»), m.e. paduoeosiH, OMPaXeHHbIX Om  KaKkux-ubo
npensmcmeul U UMerowux pasHble spemMeHa rpuxoda 8 moyKy npuema.

Ox0-paduoesoriHel NpUBOAsIM K mpeM ompuuameribHbiM 3¢ghghekmaml.

lMepesbili ompuyamernbHbIt aghghbekm — CyuecmeeHHble 3amupaHusi paduocuzHarna 8 moyke
rnpuema u3-3a UHmepgepeHUUU 0CHOBHOU paduoB80OJsIHbI U 3X0-Paduo8osiH.

CywecmeeHHble 3amMupaHusi paduocuaHana Mogym rpueecmu K He803MOXHOCMU rpuema
rnepedaHHOU UHGOpMayuU.

OhbeKkT cywecTBEHHbIX 3amMupaHUi paguocurHana ocobo Spko nposiBNseTca npu
ABWXEHUN (nepemMeLLeHnn) npueMHuKa OTHOCUTENbHO nepefaTymka. B atom cnyyae uameHeHve
YPOBHS pe3ynbTUPYIOLLEro pagvocurHana B TOvke npuema Xapaktepusyetcs rnybokumm
3amupanunamn, gocturaowmmmn 40 ob. OgHako rmy6okMM 3ammpaHuMaM MOABEpPXeHbl He BCe, a
HeKkoTopble (cenekTuBHble) obnactu 4actot (puc. 31). WM3-3a 3TOr0 nNpM  MUCNOMbL30OBAHUU
TexHonorun OFDM npu npueme MOXeT NPOU3OWTU NULb YacTuU4Has notepsi OMTOB MCXOLHOrO
uMdpoBoro notoka M, , nNepedaHHbIX Ha 3TMX Hecylmx vacTtoTax. BocctaHoBneHvWe 4acTUyHO

NoTepPSAHHbIX OUTOB (4aCTUYHO MNOTEPSHHOM WHdOPMauMn) nNpu  MNpueme BO3MOXHO Mpu
NCMOMb30BaHMN B WCXOOHOM LMAPPOBOM MnoToke M, Mn3BLITOYHbIX BUTOB MOMEXOYCTONYMBOrO

KoanpoBaHUA.

f, a f, 1 f 2 1?I-I[N-ﬂ f

H H H

Puc. 31. UameHeHWe ypoBHS curHana B Todke npuema OT 4acToThl,
NpuBoASILLEE K CENEKTUBHBLIM 3aMUPaHUAM HECKOIBKUX HECYLLIMX YacToT
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Bmopoli ompuuamernbHbili  3¢bghbekm  u3-3a  9X0-paduoBO/IH —  MEXCUMBOJ/IbHas
UHMepghepeHUUs yugpoeoco cuzHara.
Ecnu n3 aHTeHHbl Ha BXo4 NpuemHuKa NocTynaeT MnornesHbI curHan S, U, Hanpumep, oavH

3Xo-curHan S,., 3afepxaHHbii no BpemeHun Ha t. (puc. 32,a,6), TO Npu BpeMeHW 3afepX Ku

ac?
paBHbIM unu 6orblle NONOBUHbBI ANUTENBHOCTM CNeayoLero CMMBOIa, npoucxooum peskul pocm
uughposbIx ouwUBOK.
MNpn TexHonormm OFDM pgnuTenbHOCTbL nepefadn nosiesHon 4yactm OFDM-cumBona
oKasblBaeTca B z pas borblue, YeM ANUTENbHOCTL buTa ncxodHoro notoka M, , rae
Ty N Ty,
TN (ToeTy)

(66)

Gonbwasa oOnumensHocme nosie3Hol 4Yacmu OFDM-cumeona obecriequgaem Xopouwlyro
3awumy om MeXCcUMEOsIbHOU UHmMepgepeHyuU — rnopaxeHHoU 80 8peMeHU MOXem OKa3ambCs
mornbKo Manas 0orns nosnesHol Yyacmu OFDM-cumeona (puc. 32,8,2).

bonee moeo, Hanu4ue 3awumHo20 uHmMepsana 6 OFDM-cumgone npakmuyecku
ycmpaHsem 8eposimHOCmb 803HUKHOBEHUST MEXCUMBOIbHOU UHmMepghepeHyuu (puc. 32,8,e).

g T\
el e
% EARAAAAA
|| | | | | | | t
| | | | | |
Sac a-::fél [ T I B
| | | | | | |
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t
e Ty
a) ——
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Puc. 32. MexcumBornbHas HTepgepeHumns
MeHee onacHa npw yBenmyeHnn annutenbHOCTU CMMBOSa
n Tem 6onee Npy HanNU4MM 3aLLMTHOrO MHTEpBana

Tpemut ompuyamersnbHbIl 3¢hghekm u3-3a 9X0-paduoBOsIH — CKavyku hasbl u amraumyosbl
MPUHUMaeMo20 8bICOKOYacmomHo20 paduocuzHana, Komopblie Mo2ym rnpusecmu K cb6oro
pabombi npuemHo20 06opyA08aHUsI.

M3BeCTHO, 4YTO CyMmMa ABYX UM HECKONbKMX KonebaHuh ¢ OgHOM 4acTOTOW, HO pasHbiMU
aMmnnuMTygamm 1 gasamu, aenseTca konebaHnem ToW XKe 4acTOTbl C HEKOTOPOW aMnnuTyaou U
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dason. B 3aBucMMocTM OT (pasbl cknagbiBaembix KonebaHui cymmapHas amnnuTyga
YMEeHbLLAeTCa Unm yBennynsaeTcs.
Ha puc. 33 nsobpaxeHbl ocuunnorpammbl konebaHum Bbicokon YactoTbl (BY) Ha Bxope
NpUeMHuKa:
- OT OCHOBHOM pagMOBOSHbI C €4MHUYHON aMMNUTYA0N, NPUXOAdALLEN B aHTEHHY NPpUeMHMKA B
HyreBo MOMEHT BpemeHn (t=0);
- OT 9X0-pagmnoBonHbl ¢ amnnuTygon 0,5, npuxoasilen B aHTEHHY NpUeMHMKa C 3aJepXXKon Ha
BpemMsa t, (M30OpaxeHHas Ha pUCYHKe 3ajepxKa Ha Bpema t, 3KBMBANEHTHa cOBUrY

3
9X0-pafMoBOIHbI MO dpase Ha 150° OTHOCUTENBLHO OCHOBHOW PaAVOBOSIHbI);

- pe3ynbTupytoLlero konebaHus, 06pasoBaHHOrO B COOTBETCTBUM C MPUHLMNOM Cynepnosnumm
CYMMOW KorneGaHuin OCHOBHOMN paanoBOSHbI U 3X0-pPafMoBOSIHbI.

KonebaHue
OT OCHOBHOW paaguoBONHLI

Konebanwe

OT 3X0-pagnoBOIIHbI

PesynesTHpytoLllee
konebaHwe

Puc. 33. Ocumnnorpammel konebanunm BY Ha Bxoae npremMHuKa:
OT OCHOBHOW paMNOBOSIHbI (3eNeHbln LBET);

OT 9X0-pPagnoBOSIHbI (KPaCHbIN LBET);
OT CyMMbl OCHOBHOW PafMOBOJIHbI U 9X0-PafMOBOSIHbI (YEPHbIN LIBET)

BudHo, ymo e momeHm npuxoda 8 aHMeHHy MpuUeMHUKa 3X0-paduoeosiHbl (8 MOMEHM
spemeHu t,) pesynbmupyrowjee KorebaHue umeem cKkaqyok ghasbl U CKa4oK amriiumyoebl.

O4yeBnaHO, 4TO CKaykM asbl M aMnNuTyabl pes3ynbTupylowlero konebaHus Ha Bxoge
npuemMHuka 6yayT MHOTOKpaTHBIMW NPWU NPUXoAe B aHTEHHY NMPUEeMHUKA MHOTMMX 3XO-PaguoBOSIH C
pasnuYHbIMN BpEMEHaMUN 3a4EPXKKN.

lMpu mexnonozuu OFDM 3awumHbil uHmepasarn, OnumesibHOCMb KOMopo20o rpesbiuiaem
gpemsi 3a0epXKu 3X0-paduoB0sIH, M0380/EM yCcmpaHUmMb OompuuyamesibHoe 8/1USIHUE CKa4yKoe
¢pasbl u amnnumyOsbl MpUHUMaeMo20 paduocuzHara.

Hanuuve 3awutHoro nHtepesana 8 OFDM-cnmBonax no3BonseT NCnonb30BaTh NepeaaTymku
OFDM-cuctem ansa pabotbl 8 00HOYacmomHoU CUHXPOHHOU cemu (HanpuMmep Npu opraHusauum
CUMHXPOHHOTO undposoro TeneselwaHna DVB-T — Digital Video Broadcasting-Terrestrial), korga B
npuemHuke (MP) mewarowmm curHanom ans Tekywero (j—Toro) OFDM-cumBona nepegatynka

I1, sBnsAeTca curHan npeabigywero (i—Toro) OFDM-cumBona ot cocegHero nepegatyvka I1,

(puc. 34).
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n, ne n,
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Pwvc. 34. [1Ba 04HO4YACTOTHbIX CUHXPOHHBIX NepegaTynka (I1; v I1,)

Ha pacctosHun D gpyr ot gpyra (a);
curHan S.; B NP ot nepepatuuka I1; (6);

curHan S., B 1P ot coceaHero nepeaatuvka II,

C MaKkcumarnbHO BO3MOXHOW 3aepXKon t =T, OTHOCUTEernbHO curHana S;,; (8)

3 MakcC

Ecnun pasnuua B 3anasgbiBaHUM MPUHMMAEMbIX CUrHamnoB OT ABYX nepepaTyukoB (t,) He
npeBbILIaeT ANUTENbHOCTM 3almUTHOrO nHTepBana (Tg ), TO curHan oT CoceaHero nepeaartymka He

OygeT okasbiBaTb MeLlatoLLero gencreus (cMm. puc. 34,6,8).
Yem Gonblie sawuTtHbIM uHTepean B OFDM-cumBone, Tem Gonbliee pacctosiHie D,
BO3MOXHO MeXy nepeaarynmkamu, nepeaaroiuMm CUHXPOHHbIE (oanHakoBblie) OFDM-cUMBOSbI.
MakcumanbHoe paccTosHue Mexay nepeaarymkamyv OOHOYaCTOTHOW CUHXPOHHOW CeTu

MOXHO BbIpasuTb C ucnonb3oBaHneM puc. 1.33,a npu ycnosun D, < D, cnepytowmm obpasom:
Dyake =€ tyae =T (67)

rge ¢ — CKOPOCTb CBeTa.

8.4. CTpyKTypHasa cxema cpopmupoBatens OFDM-pagunocurHana
Cc ucnonb3oBaHuem OAN®

Ha pwuc. 35 um3obpaxeHa cTpykTypHas cxema opmuposatena OFDM-paguocurHana ¢
6nokom OAIN®, ncnonb3lyemasi B COBPEMEHHBLIX CUCTEMAX PagnOCBSI3N.

[ |
il | KBM ,
OTCHETOE | % |
CH o " N Tn | cosmt |
AdDK —==1 | _
ML, (BPSK, : : 2 rel ®HY 111 | MH |pa§nFnl:|):h:rHan
— Mnn > OPSK, i /P [ZlopnalZ] BUN ] Re-Im I ¥ Y
B4-CAM N L i I yAn |20 ?[;'0 | RF
BAN 256-0AM) M ] N ®HY |
_— M M i i | -singt |
UMPROBER UMb 0L OTCUETOE  OTCHETOR
CHMBONOE  CHMEONOE H4 |_ - —
OFDh-cumeana

Puc. 35. CtpykTypHas cxema copmupoatena OFDM-paguocurHana ¢ 6nokom OAMN®.

KonnyecTtso cumsonos n otcueToB (N, N ) cCOOTBETCTBYET MHTepBasny BpemeHn T =Tg=(Tg +Ty)
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OFDM-copmupoBatenb cogepxut: mynbtunnekcop (MIMJ1); amnnutygHo-ca3oBbIn kogep
(APK); npeobpasoBaTten nocnegoBaTenibHOrO  UMGPOBOrO MOTOKA B MapasnfienbHbln
(S/IP  — Sequent/Parallel); 6nok, ocywecTBnsawwmn 6ObicTpoe obpaTHoe [uCcKpeTHoe
npeobpasoBaHne Pypbe (OLMP); Gnok, OCYLLECTBRAIOWNA 8CMasKy UUKIUYECKO20 npeghuKkca
(BUIT); gBa undpo-aHanoroBbix npeobpasosatend (LIAlM) Ha ocHoBe OUMABTPOB HMXKHUX 4acToT
(PHY); kBagpaTypHbIii MoaynsTop (KBM).

Mpy nomown MIJT B umdpoBOM NOTOK BKITHOHAKTCS CUMBOILI cr1yxxebHol uHgopmayuu (CA)
N CUMBONbI 8cmMasku rnunomHbix nodHecywux (BIr).

Briok AOK moxeT popmMmpoBaTh CUMBOSbHbIE NOCAEA0BATENBHOCTU C YACIIOM YPOBHEN (CM.
(7): M=2'=2; M=22=4; M=2%=16; M=2°%=64; M =28 =256. Mpu atom cuntaetcs, 4to
aMnnNuTygHo-ba3oBoe  KoaupoBaHne  uMdpoBoM  nocnegoBaTenbHocTM  6nokom  ADK
3KBMBANEHTHO cooTBeTCcTBEHHO BPSK (M=2), QPSK (M=4), 16-QAM (M=16), 64-QAM
(M=64), 256-QAM (M =256).

B 6noke S/P 3a kaxabli nHTepBan BpemMeHn T 3anomuHaeTcs N cMMBOMNOB LMdPOBOW
nocnegosartenbHOCTM ansa npouenypbl OOMN.

Bbrok OMN® Ha kaxgom uWHTepBane BpemMeHM T oOcCywecTBnsieT ObicTpoe obpaTtHoe
anckpetHoe npeobpasoBaHne Pypbe OT N -CMMBOMBHOM LMGPOBOM NOCNeAoBaTENbHOCTM C
obpasoBaHnemM N KOMMMEKCHbIX ANCKPETHbIX OTCHETOB HM3Kko4vacToTHoro (HY) OFDM-cumBona.

[na BcTtaBkm uumknudeckoro npedukca B HY4 OFDM-cumeon B 6noke BL|IM 3a mnHTepBan
BpeMeHn T ocyuiectBnsieTcs 3anucb N KOMMNNEKCHbIX OUCKPETHbIX OTCYETOB, a B CreayloLlmi
WHTepBan BpemeHn T — UX YCKOPEHHOE CYMTbIBAHWE B crneLmdunieckom nopsiake ¢ obpasoBaHmemM

6ornbluero umncna otcuetos: N=N(Tg +Ty)/ Ty (cm. (74)).

Bbriok Re-Im BbigenseT gencreutenoHole (Re) 1 MHUMBIE (IM) coCTaBnALWNE OUCKPETHBIX
OTCYETOB, NonyyeHHbIX nocre BLIM.

Broku LIAM 3a kaxaplit MHTepBan BpemMeHun T npeobpasytor N Re-coctaBnswowmx u N
Im-cocTaBnAwLWMX ANCKPETHBIX OTCYETOB B HEMpPEpPbIBHbLIE aHarnorosble curHans! | (t) n Q(t).

3a wHTepBan BpemeHn T curHan |(t) aBnseTca Hu3koyacToTHbIM |-OFDM-cumBonom, a
curHan Q(t) — HuskoyactoTHbIM Q-OFDM-cumBosiom. I-OFDM u Q-OFDM cumBOsbl coCcToAT
COOTBETCTBEHHO W3 KOCUMHYCOMAAmNbHbIX W CUHYycOMAarbHbIX OPTOrOHAsNbHbLIX FAPMOHUK C
YyacTtotamu

Fios Faar -1 Fqoeonr Faneay -

B KM ocylwiecTBnsieTcs nepeHoc CnekTpoB HU3KOYACTOTHbIX |-Q-OFDM cumBonoe B o6nacTb
BbICOKMX 4acToT C obpasoBaHuem opgHononocHoro OFDM-paguocurHana ¢ opToroHaribHbIMU
HecyLLMMKN YacToTamu

fHO’ le, ey qu, eey fH(N—l)
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8.5. Ocuymnnorpamma H4 OFDM-cumBona.
LUunknunyecknn npecukc. MNMuk-dpakrop OFDM-cumBona

Ana wnnioctpauun OpMMPOBaHNA 3alMTHOrO WMHTEpBana npyv MOMOLWM  LIMKIIUYECKOrO
npedukca (prefix — npucraBka) paccMmoTpum 6 rpederiax BpeMeHHo20 uHmepesana Tg

ocyurinogpammy rnosie3Hol dYacmu npoctenwero HY OFDM-cumBona, COCTOALWEro U3 CyMMbI
BCEro f1lb TPeX OPTOroHasbHbIX FAPMOHUYECKUX KOCMHycoupanbHbIX konebaHun ¢ Hynesow
HavyanbHou ha3on, OAMHAKOBbLIMU amMnNNnTygamMum u Yactotamu (puc. 36):

Fa, Fo=2F,;, F3=3F;.

H. H H

T=Ts =(Ts+T,)

OFDM-cumeon

MepeanA rapMoHUKa

(Fyq)

BTopas rapmoHiKa

ﬁ TpeTbA rapMoHKKa

T,/4

|
| Bcraeka
| KOMMK KOHUR NONESHOM YACTH

OFDM-cumeona

LHKNHYECKOMD
NONESHOR YacTd npedukca)

OFDM-cumeona

I
|
{BecTaeka I Koney
I
I

Puc. 36. Ocumnnorpamma H4 OFDM-cumBona,
COCTOSILLErO U3 CYMMbI TPEX OPTOrOHasNbHbIX FAPMOHUYECKNX KonebaHun.
MNpeduKc (3aWmMTHBIN NHTEpBan) umeeT anuTensHoctb T =T,/4

Ana dopmuposaHna 8 H4 OFDM-cumBone 3alimMTHOro MHTEpBana AnUTENbHOCTbIO Tg

NCNoNb3yT Npoueaypy, KOTOPY Ha3bIBaKOT «8CMaska Yuknudeckoao npegukca» (BLIMT).
Mpouenypa BLIM 3akntoyaeTca B TOM, 4TO Konus KoHya rnosnesHol Yacmu OFDM-cumeona
gcmasriiemcsi rneped ee2o rosiesHou yacmeio (CM. puc. 36, rae Tg =T,/ 4). OnutenbHocTb

LUMKNnyeckoro npedukca, a, crnegoBaTernibHO, U 3alMTHOMO UHTepBana MOXeT ObiTb pasHon (Cm.
(62)).

lpecbukc Ha3bIBAKOT YUKIUYECKUM, MOCKOMNbKY ero gobaBneHne npousBOAMTCA ANSA BcCeX
dopmmpyembix B nepegatyinke OFDM-cnmBonos.

N3 ocumnnorpammbl puc. 36 BUOHO, YTO NpeduKC MO3BOMSeT B MOMEHT BpemMeHu t,,
COOTBETCTBYIOLLMIA rpaHuLe 3alUTHOIO nHTepBana u nonesHon yactm OFDM-cumBona, nony4ynTb

HenpepbiHbIl (6e3 ckayka) cueHan. [lpu amom obecrieqyusaemcsi cmaburnbHasi paboma
rnpueMHouU arnnapamypeal.
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M3 ocumnnorpammbl Takke BMAHO, 4TO OFDM-CMMBON MMEET HEMOCTOSAHHYIO aMNinTyay w
bonbloe 3HayeHne nuk-cpaktopa (Peak to Average Power Ratio — PAPR), onpegensiemoro kak
OTHOLLUEHNE MaKCMMarnbHOM (NUKOBOW) MrHOBEHHOW MOLLHOCTM paguocurHana K ero cpegHem
MOLLIHOCTW.
Hanbonbwmn nuk-coaktop OFDM-cMmBOna COOTBETCTBYET MOMEHTY BPEMEHM, Korga
MIFHOBEHHbIE 3HAYEHUS amMNNNTy BCEX HECYLLMX MaKCUMarbHbl:

PAPR,,..[15]=10IgN. (68)
CpenHekBagpatmnyecknin nuk-cpakrop OFDM-cumBona:
PAPR[ab] ~ (1/ 2)PAPRMaKC [aB]= (1/ 2)101g N. (69)

Gonbwol PAPR sensemcss Hedocmamkom OFDM-cuzgHana, mnockonbKy mpebyem
UCronb308aHuUsl 8 riepedamyuKke U rMpueMHUKe NUHeUHbIX ycunumened, pabomarowux 8 pexume
«A» u umerowux mansit K.

8.6. Ucnonb3oBaHue OAN®P ana dopmupoBaHna HY4 OFDM-cumBona
Ha OCHOBe NPOCTON ABYXYPOBHEBOMU LncpoBOM nocrnenoBaTeribHOCTH

M3BecTHO, 4YTO npsmoe duckpemHoe rnpeobpasoesaHue Pypsbe (4P, DFT — Discrete
Fourier Transform) u obpamHoe duckpemHsbie ripeobpasosaHus Dypbe (OAMN®, IDFT — Inverse

Discrete Fourier Transform) cBA3biBalOT KOMMMEKCHbIE aMMnuTydbl FApPMOHUK CcuUrHana Cq
(Co.C1, Cy.eer €y y) B HACTOTHOM 0GMACTM (Ha HacToTax Fg, Ry, Fyng)) M KOMMMEKCHbIE

AMCKpeTHble oTcdeThl curHana X, (Xq, X, Xp,..., X;,_1) BO BPEMEHHOM 0651acTi (Ha UHTepBarne

BpemeHn T =1/F, ) cneayrownmmmn BblpaxXeHUAMN:
(21
. 1\ Cigam
qu(ﬁjZXme (N ) . (70)
m=0
. N1 j[2Emlg
xm=Zcqe(N ] , (71)
q=0

roe N — 4ucno oTCcYeTOB AUCKPETHOMO CMrHana BO BPEMEHHOM 06nacTy U YNCO rapMOHUK 9TOrO
ANCKPETHOro CUrHana B 4acTtoTHon obnacTu.

UToObl NoHATL cMbic mcnonb3oBavusa OOMN® gna cdopmuposanns HY OFDM-cumBona,
cHayana npogenaem [OMN® gna AWCKPETHOro curHana, npeacTaBneHHOro And  yrapouweHus
paccmompeHusi OelicmeumeribHbiMu omcyemamu (N=8) Ha BpemMeHHOM wuHTepBane T
(puc. 37,a):

Xog=2, X;=0, X,=-2, X3=0, X;=2, X5=0, Xg=-2, X;=0).

Ucnonbaysa (1.70), nonyymum deldicmeumeribHble aMminumyObl rapMOHUK:

[T ST [T [T

coz(%) 2e_J(ZOJO+0—2e_'bojz+0+2e_1(50j4+0—2e_1(20j6+0 -0;
C1=(%j 2e_j(%1j0+O—2e_j(%lj2+0+2e_j[zl)4+0—2e_j[zlj6+0 =0;

C, =[1j 2e_j(%2)0+0—2 e_j(gz]2+0+2 e_j(52j4+0—2 e_j[zzjsm ~1;
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c3=(%j 2e_j(gsjo+0—2e_j[g3j2+0+2e_j(%3j4+0—2e_j(gsjsm =0;
042[3 B () P ) O |- LI _o:
csz(%j 2e_j(gs)o+0—2e_jGSJ2+0+2e_j&5j4+0—2e_j(gsjem -0;
cez(a 2ej(26]0+02ej(26)2+0+2ej(26)4+02ejueje+o}—1;
q:[%) 2e G7]O+o-2 e7'[§7)2+0+2 efj(%7)4+0—2 ej[z7]6+o}_o
2 X, X,
T

WecTan rapMoHUKa

i |

) s

] \

\

a) X, X3 X5 X, \

24
N ANIEN AR (R (M TN A F
PN N NN NN N

6) l R D EAEMNEY R
| T |t
| |

Puc. 37. OnckpeTHbIN curHan Ha BpeMeHHOM nHTepsane T
N COOTBETCTBYIOLLME EMY rapMOHUYeckne konebaHus (a);
npegcrasneHne ANCKPETHOro curHana B YactToTHown obnactu (6);
cumBosbHas nocnegoBatenibHocTb (0 0 1 0 O 0 1 0) Ha BpemMeHHOM mHTepBane T (8),

patoLas npy obpaTtHom npeobpasoBaHnm Pypbe ANCKPETHbIE OTCYETbl X, ..., X5



58

I'IonyquHbu?l pes3ynbTatr Mno3BOoNAeT cAenatb BbIBO4 O TOM, 4TO OUCermell:I CUcHarl,

xapakmepusyembili 80 8pemeHHoU obrnacmu omcyemamu Xg, X, ...

(cm. pwc. 37,a),

npedcmasrnsemcss 8 4yacmomHou obnacmu (cm. puc. 37,6) 08yMA  OpmMO20HasibHbIMU

2apMOHUKaMU C HyresbIMU HavyasibHbIMU ¢hazamu, 0OUHaKo8bIMU aMiaumyoamu

u 4acmomamu

IEHZZZ/T, 'EH6:6/T

KonebaHunsa atmx rapmMoHuUK BO BpeMeHHOIZ obnactu M306pa)KeHbI 3€NeHbIM U KpaCHbIM

LBeTOM Ha puc. 37,a.

Y6egumcs, 4to B cootBeTcTBuM ¢ (71) OLMN® om 8-mu crniekmparnbHbIX COCMAassaiouux 8

yacmommHou obnacmu (Cgy, Cq, ...,C;) O0aem uUCX0OHbIU OUCKPemHbIl cusHasr 60 6peMeHHOU

obnacmu (Xq, Xy, ..., X7):

T

T

Xo = 0+1ej(Z ]l+0+0+0+0+1ej(Z )6+0 =2;

i

s

X, = o+1ej(lel+0+0+0+0+1ej(zljs+o =0;

T

X, = 0+1ej[22J1+0+0+0+0+1ej(

T

X3 = 0+1ej(13j1+0+0+0+0+1ej(23j6+0 =0;

T

Xy = 0+1ej(z4]1+0+0+0+0+1ej(z4)6+O =2,

T

n
4

s

Xg = 0+1ej(Z

Xg = 0+1ej(z5]l+0+0+0+0+1ej(55)6+o -0;

s

6j1+0+0+0+0+1ej(Z

s

a

T

6j6+O =-2;

2]6+O =-2;

T

X, = 0+1ej(Z ]l+0+0+0+0+1ej(

T

4 )6+0 =0.

Paccmompum menepb ucnonb3osaHue OLAlMN® dns ¢popmuposaHus HY OFDM-cumeona ¢
pacripedeneHuem N - cumeosnbHoU 08yxyposHegol (buHapHoU) nocnedosamesibHocmu Ha N

0PMO2OHabHBIX 2aPMOHUK ¢ Yacmomamu  F,o, R, ... Ry g -

Lns amoeo usmeHum puc. 37,6 criedyrouum obpasom:
- 8Mecmo YacmommHou ocu u3obpa3umM OCb 8peMeEHU C uHmepesasiom T ;
- emMecmo d8yx criekmparibHbIX cocmasnsawux u3zobpasum 8-mu cumMeosibHyr d8yXypPOBHEBYHO
(6uHapHyro) nocredosamesibHOCMb ¢ 08yMS €OUHUYHbLIMU CUMBOIaMU:
00100010. (72)
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OuesudHo, YmMo, NMPUMEHSISI Ha 8PEMEHHOM uHmepsasne T K amou nocredosamesibHocCmu
O4r®, nosnyyum AUCKPEMHbIE OMCYEMbI, 8bI4UC/IEHHbIE B8bILE:!
Xor Xq, eor X7
Ecnn B TevyeHne BpeMeHHOro uHTepBana T [OUCKPETHbIM curHan, XapakTepusyembli
AeNCTBUTENbHBbIMK  oTcHeTamMn Xy, Xy, ..., X7, NPONYCTUTb 4Yepe3 wuaearnbHbl (C eAVHUYHBbIM

KoadhduumeHToM nepegadn) unbTp HWKHMX dactoT (PHY), TO npomsongeTr ero uundpo-
aHanorosoe npeobpasoBaHue (LIAI) B HenpepbiBHOE KonebaHue X(t), KOTOpoe M306pakeHo

YepHbIM UBETOM Ha puc. 38. CnoxHasa dopma 3Toro konebaHusa onpegensdeTcsas CyMMOW OBYX
PaBHOAMMIIUTYAHbLIX KOCUHYCOMAAMbHBIX FAPMOHUK (2-1 1 6-11) ¢ yactotamn F, =2/T, F,=6/T
N HYNeBbIMW HavyanbHbIMK ha3amm:

X(t) =C,cos[ 2(2r/ T)t ]+ Cq cos[ 6(2n/ T)t] =1 cos(Q,pt)+1-c0s(Qyet) (73)

rae C,=Cg=1; Q,=2nF,=2(2n/T); Q. =2nFs=6(2n/T).

T

X(t)

OTCHETOE

L

Puc. 38. LIAIN anckpeTHoro curHana ( Xg, Xy, ..., X;) Ha BpeMeHHOM uHTepBane T

¢ obpasoBaHmem aHanorosoro konebaHusa X(t),

COOTBETCTBYIOLLErO NonesHon Yyactn OFDM-cumBona

T=Ts =(Te+T,)

|
1
T, |
|

Xo ! X, X(t)

roneGaHwe nocne LLAM
n

|
[
|
|
|
| otcvetos Xg,
|

' (BcTaeka
| umknuueckoro
| npedmkca)

Puc. 39. Jo6asneHue asyx oTcueTos ( Xg, X5)

Ans sBctaskv B OFDM-crMBON LMKIM4ecKoro npedukca AnuTenbHocTbo Tg/ 4
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3ameTtum, yTO TONbKO eOVHUYHbIE CUMBOSbI ABYXYPOBHEBOWN undcposom
nocrnegoBaTensHOCTH (72), a 3To 3-M U 7-1 CMMBOSbI, NOPOXAAKT PaBHOAMMNUTYAHbIE FAPMOHUKM
C Hyrnesoun HavarnbHon gason B H4 OFDM-cumBone — 2-10 1 6-t0. HyneBble cumBosbl, a 3To — 1-1,
2-n, 4-n, 5-n, 6-1, 8-, He BbI3bIBAIOT BO3HUMKHOBEHUA O0-N (HYNeBOM WM MNOCTOSIHHOW
cocTaBnswowen orcyetoB), 1-n, 3-n, 4-n, 5-n, 7-n rapmoHnk. O4eBMAOHO, YTO STOT pesynbrar —
cneacteme OAIN®, ogHO3HAYHO CBA3bLIBAKOLLErO NapameTpbl CUrHana BO BPEMEHHOW U YaCTOTHOM
obnactax.

Ona okoH4atenbHoro nonydyeHna HY OFDM-cumBona Heobxoaumo dopmupoBaHue
3alUNTHOrO MHTepBana nyTeM «8CmasKku UUKIUYecKo2o rfpechukca» nepen nonesHom 4acTbio
cvmBora (cMm. puc. 36).

Mpouenypa scmasku uuknudeckozo npegukca (BLM) nnnioctpmpyetcsa ocunnnorpaMmmamu,
n3obpaxeHHbIMn Ha pwuc. 39: neped npouedypou LIAI konuu nocredHux omc4yemos rosesHou
yacmu OFDM-cumeona (X u X5 ) ecmaensiomesi neped omcyemamu  Xq, Xy, ..y X

[ns atoro Bbl4MCneHHble ¢ ucnonb3oBaHnem O[NP Ha uHTepBane BpeMeHu T OTCYETHI

Xos Xy, ..y X7 COXpaHsitotcs B 6ydpepHon namaTtu 6noka BLIM (cm. puc. 35), a B cneaytowmn
MHTepBan BpemMeHn T CUYMTHLIBAIOTCHA M3 NaMATU B TaKOM Nopsiake:

X X7, Xgs Xq, v X7 (74)

OueBMAHO, YTO NpM 3TOM YacToTa cyUTbiBaHUS oTcyeToB (F,) AormkHa ObiTb Gonblue

4acTOThbI CrieoBaHMs CUMBOINOB Lndposoro notoka (F,,,,)

Foo =Fome (Tg + Ty )/ Ty, (75)
a Y1Ccro OTCHYETOB Ha MHTEpBarne BpemMeHn T yBenMunMBaeTcsl M CTAHOBUTCA PaBHbLIM

N=N(Tg+Ty)/Ty. (76)

B pesynbtate LAl oTcyeToB, cooTBeTCTBYIOWMX (74) M pacnpedenieHHblX Ha MHTepBarne

BpeMeHn T=Tg=(Tg + Ty ), obpasyetca aHanorosbit H4 OFDM-cumBon X(t) , 306paxeHHbIN

Ha puc. 39 KpMBOM YEPHOro LBETa.

8.7. Ucnonb3oBaHue OAN® ana dopmuposaHna HY4 OFDM-cumBona
Ha OCHOBE KOMMJIEKCHbIX LU poBbIX NocriegoBaTesibHOCTEN

B annapaTtype, ucnonb3yemon Ha npaktuke, Bce onepauun (APK, S/P, O4MN®, BUI, AL,
CM. puc. 35) Npon3BoaaTCA Hag KOMMMEKCHbIMU CUMBONaMmM U OTcHeTaMu.

Mpn atom 2 ypoBHa A®PK-BPSK, coortBetctBylowme 6Gutam «1»—«0», npeacraBnstoTcs
KOMMMEKCHLIMU LM POBLIMI CMMBONamu (C pasHocTbio a3 180°)
15 161225 y, (77)
4 ypoBHa A®PK-QPSK, cootsetcTBytOWwMEe KOMOMHaumaM un3 2 6uT («11»—«01»—«00»—«10»),
NpeAcTaBnsTCAa KOMMMEKCHbIMU LMGPOBLIMY CUMBONamMu (CM. nogpasgen 2, puc. 13,e)

1487y 1357, — «1ePy, (78)

«le

«le —«le — «1e1?
M yposHent A®PK-M-QAM, cooTBeTcTBYylOWME KOoMBUHauusm u3 n 6utoB (n=Ilog, M),
NpeacTaBnsaTCa KOMMMEKCHbIMU LUMGPOBLIMX cuMBONamu (CM. noapasgen 7, puc. 27)

S| €' (79)
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YuuTbiBass 0OCOOEHHOCTM pacCMOTPeHHbIX onepaunn OOMN®, BUM wn AL, wmoxHo
chopmynmpoBaTb criegyllime CBOWCTBA, MNPUCYLLME CTPYKTYpHOM cxeme puc. 35 npu
gpopmuposarHuu H4 OFDM-cumeona Ha 0CHO8e KOMIIIIEKCHBIX LUGhpo8bIx cumeosios rocsie ADK.
1. Kaxdomy uyucbposomy cumeosly Ha epeMeHHOM uHmepeane T coomeemcmeyem C80s
eapmoHuka 8 HY OFDM-cumeorne, npudyem nocrie OLMN® yugposbim cumeonam ¢ HoMepamu
(0,4 2, ..., N-1) coomeemcmeytom opmo2oHalibHble 2apMOHUKU C Yacmomamu:

ol 20 ¢ (N-D)

2. Amnnumyodsi e2apmoHuk HY OFDM-cumeona paeHbl amrnumydaM coomeemcmeyrouux

uugposbix cumeorsos riocrie AQK.

3. HavanbHble ¢pasbl 2apmoHuk HY OFDM-cumeona paeHbl ¢hazaM coomeemcmesyrouux
uughposbix cumeorsios rocrie AQK.

4. [locne ecmasku UUKIUYeCcKo20 rpegukca, ornpedenisanweao 3auumHbil  uHmepsarn,

yacmombl opmo2oHarbHbix 2apMoHuk HY OFDM-cumeona ysenuduearomcs 8 [(TG+TU)/TU]

pas:

= _(EJ(TG+TU)=i; £ _(EJ(TGJFTU):i. E

_(N—lj(TG+TU)_(N—1) 1)
Hl = H2 — » oy Tg(N=-D) — = .
T) T, T, T) T, T,

T T, T,

8.8. ®opmuposavme H4 OFDM-cumMmBOSOB € «NMUMOTHBIMU FAPMOHUKaMMN»
M C KHEUCNOosib3yeMbIMU rapMOHUKaMU»

Ucnonb3ya cdopmynmpoBaHHble Bblilwe cBoncTBa, opmupytotr HY OFDM-cumBonbl ¢
«AUMomMHbIMU 2apmoHukamu» n H4 OFDM-cUMBORbI C «HEUCNOb3yeMbIMU 2apMOHUKaMU».

«lMMNOTHbIE rAPMOHMKM» UMEIOT OQUHAKOBbLIE aMNANTYAbl, OOMHAKOBbIe HaYvarnbHble hasbl 1
paBHOMepHOe pacnpeaenernue B cnektpe HY OFDM-cumBona (puc. 40).

Fo R Fes - R F

w [M-1)

Puc. 40. MNMunoTHble rapMmoHukn B cnektpe HY OFDM-cumBona (nomeyeHbl CTpenkamm).
Ha npakTuke NnnNoTHbIE FAPMOHUKM pacnonaratoT ropasgo pexe

B kBagpatypHom wmogynstope (KM, cm. pwuc. 35) HY4 OFDM-cumBOnbl € «NUNOTHLIMK
rapMmoHvkamm» npeobpasytotcas B OFDM-pagnocumBonbl € «AWAOTHBIMW - NOSHECYLLUMMWY.
MoatoMy Ha pwuc. 34 onepauus BBeAEHUA B LUAPOBOM MOTOK MpPU MOMOLUM MynbTUMNNekcopa
(MMJ1) cneuuwanbHbix cumBorioB Ansa gopmupoBaHusas HY OFDM-cumBona € «nNUMOTHbIMU
rapMOHMKaMU» Ha3BaHa «BCTaBKOMW NWUMOTHbIX nogHecywmux» (BIM).

OFDM-paduocumeorsibi ¢ nUAOMHbIMU MOOHECYWUMU rpU rpueme Uucronb3yrom Orisi OUEHKU
COCMOSIHUSI KaHarna ces3ul.

«Heucnonb3yembie 2apmoHuUKku» BBoasTca B cnektp HY4 OFDM-cumBonoB 0519 nonydYyeHusi
npomexxymka (3a3opa) Mexdy 4acmomHbIMU M0/10caMu COCEOHUX KaHarslos.

Hanpumep, B HaszemMHoM uudpoBom TenesewaHun ana OOMNP mcnonb3yroTcss mMaccusbl
paamepoMm N=2-1024=2048 unn N=8-1024=8192, a 4nCNno 3aO0eMCTBOBAHHbLIX FAPMOHUK B
HY OFDM-cnmBonax cooTBETCTBEHHO paBHO 1705 n 6817.



62
8.9. KBagpaTtypHas moaynsuus
c nony4yeHuem ogHononocHoro OFDM-paguocurHana

Briokmu LA (cm. pwuc.35) 3a kKaxgbil wHTepBanm BpemeHn T npeobpasytoT
Re-cocTaBnswouwme n Im-coctaBndatowme KOMNIEKCHbIX AUCKpeTHbIX oTcyeToB HY OFDM-cnmBona

(Xm, cMm. (70)) B HenpepblBHble aHanoroesble curHanel I(t) n Q(t), cocToswme U3

KOCMHycomaanbHbIX U CUHYCcOMAAlbHbIX FApPMOHUK C YacTtoTamu QHq=21tFHq N KOMMMNEKCHbIX
~ joq .
amnnutyg Cq —qu :
1(®) + QM) = X(t) =
A Ot N~ o, Ot
=D Cue" =) C eMfel e =
g=0 q=0

-1

:Z(:)Cq[cos(QHqt+(pq)+jsin(QHthrcpq)}, (82)
OTkyna cnepyer: ;
I(t)='§cqcos(QHqt+(pq); (83)
q=0
Q) = hilcq SiN(Q,,,t+0q). (84)
=0

Ha BbIxoae kBagpatypHoro mogynsatopa (KM) obpasyetca OFDM-pagnocurHan Sge:
Sk = l(t)cosmt —Q(t)sinwt =

N-1 N-1
={2Cq cos(QHthrcpq)}cosm{Zcqsin(QHqtﬂpq)}sinmt =
g=0

@

-1

pd

Cq {cos[(m—QHq)t—cpq]+cos[(m+QHq)t+<pq]}—

NI

8¢

pd

-1

_(%jq_ocq {COS[(@_QHq)t—<Pq]—cos[(oo+QHq)t+(pq]} -
N-1 N-1
= Zcq cos[(m+QHq)t+q>q}= ch cos[Zn(f + FHq)t—i-(pq] =
q:o q:0
= Nz_llcq cos(2nf, t+0, ), (85)
q=0

roe ., =(f+F,) Te.

foo=(F+Fy0) =f,
fa=(+Fy),
fo=(F+F,),
faony = (F+Fynvog)-
Kak cnegyet u3 (85), OFDM-paguocurHan siBNAeTcs OOHOMOSMOCHbIM, T.e. UMeeT TONbKO
BEPXHI0I0 BOKOBYHO MOMOCY OTHOCUTENBHO BbICOKOYACTOTHOW HecyLen f .
CnexTp pagmocurHana Sge nsobpaxeH Ha puc. 30, rae f o =(f +F, o) =T.
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8.10. OFDM-pemoaynsTop

Ha puc. 41 nsobpaxeHa cTpyktypHasi cxema OFDM-gemogynaTopa.

- M
| OTCYEeTOR
I - e o e
®HY AL =
L T(t) H Re =l = Eu =1 .
: s/P ] vun [Jjnane|] 3KB 7] Pis [+ A®O =
pelyy) Im = - - -
_____ d M M M M M M
OTCYETOE  OTCHETOE  OTCYETOE  UMBPOERE UWDROERE UMBDOER
H‘-{ CAMEBONOE CAMEONOE CHMEONOE

OFDM-cumeona

Puc. 41. CtpykTtypHasi cxema OFDM-gemogynsitopa.
Konnuectso oTcyeToB 1 cumBoros (N ,) cCOOTBETCTBYeT NHTepBany BpemMeHn T =Tg=(Tg +Ty)

OFDM-gemogynatop cogepxut: KKBIl — KorepeHTHbIM KBagpaTypHbin getektop; AUM —
aHanoro-umdpoBble npeobpasoBaTtenu CVHasHoro n KBagpaTypHOro KaHarnos;
S/IP (Sequent/Parallel) — npeobpasoBatenb nocrnefnoBaTenbHbIX AWCKPETHbIX  OTCYETOB
pencreutensHon (Re) u mHumon (Im) cocraBndawowmx HY OFDM-cumBona B napansenbHbIn
MaccuMB KomnniekcHbix oTcyeToB; WLIT — ©Onok, ocylwecTBRAsOWMA M3bATUE LUKITNYECKOrO
npegukca M3 MaccmBa KOMMMeKcHblx oTcyetoB HY OFDM-cumeona; MAMN® - 6nok,
OCYLLIECTBIIAIOLWMUN NpsAIMOe AUCKpPeTHoe npeobpasoBaHne Pypoe; KB M — skBanansep no
NMNOTHbIM nogHecywmnm; P/S (Parallel/Sequent) — npeobpasoBatenb MaccvMBa KOMMIEKCHbIX
undposbix cumsorioB HY OFDM-cumBona w©3 napannenbHOro B NocrefoBaTenbHbIN;
A®[] — amnnuTyaHoO-ha30BbIv AeKoaep.

BoixogHble HanpsbkeHnss KKO ¢ ydyetom dunbtpyrowmx csoncte ®HY cooTBeTCTBYIOT
Re-cocTtaBnsawowmnm 1 Im-coctaBndawowmnm aHanorosblx curHanos I(t) n Q(t), xapakrepmsyembix
BblpaxkeHnamu (83) u (84):

N-1

U, =Sge [cosort] = {Zcq COS[((O#—QHq)t—i—(pqﬂ[COSQ)t] ~ hilcqcos(QHqtﬂpq) =1(t);  (86)
q=0 q=0

Uq =Sge[-sinot] = {Nzlcq cos[(m+QHq)t +cpq]}[—sin ot]~ NZﬁqusin (Qugt+0q)=Q1). (87)
q=0 g=0

Mocne AU curHanos I(t) n Q(t) B Gnoke S/P 3a kaxabli wvHTepBan BpemMeHu T

3anomuHaeTcst N KOMMMeKkcHbIx oTcyeToB HY OFDM-cumMBona.

Brnok VUM 3a kaxablh uHTepBan BpemeHn T cuuTbiBaeT u3 6noka S/P Tonbko N
KOMMJIEKCHbIX OTCYETOB, COOTBETCTBYHOLLMX none3Hon yactn H4 OFDM-cumBsona.

B 6rnoke AMN® npoucxoguT ObICTpOE npsiMOe AUCKpeTHoe npeobpasoBaHne Pypbe C
nony4yeHmem N uUMpPOBbLIX CUMBOSIOB 3a KaXabl UHTEpPBan BpeMeHu T .

B ©Gnoke KBTI ¢ nomouwbd MNpOM3BOAUTCSA BbipaBHMBAHWE YaCTOTHOWM W dha3oBOM
XapaKkTepuCTUK KaHana CBA3WN AN yCTPaHEeHUS UCKaXKeHU aMnnuTya 1 a3 LmdpoBbiX CUMBOSIOB.

Bbriok P/S npeobpa3oBLiBaeT MacCuUB KOMMITEKCHBLIX LIMPOBLIX CUMBOJIOB M3 NaparnienbHOro
B rnocriegoBaTesbHbIN.

Brnok A®[1 ocyulecTBnaeT aMmnnnTygHO-asoBoe AeKoaupoBaHWE KOMMNEKCHbIX LNgpoBbIX
cMMBOOB ¢ obpa3oBaHneM buTosoro notoka M, .
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