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B pabome paccmompenwvi gonpocwi popmuposanus wiupoxononocuvix cuenanog (LUIC) ¢ vacmomnoi
mooynayuet (YM), y komopwix aemokoppensyuonnvie pyukyuu (AK®) umerom snavumenvnozo
MeHbUULL YPoseHb 00K06bIx ienecmkos, Yem y AK® LUTIC ¢ auneiinot wvacmomuou Mooyiayue
(JIYM). Ananumuueckux mMemooo8 CUHmMe3a CUSHAN08 C HeTUHEUHOU yacmomuou mooynayuei (H4M)
00 CUX NOp He CYWecmeyem.

C yenvro ymenvuienus yposus 6okoswix aenecmkog AK® LTIC npednodcen docmamourno npocmou 6
peanuzayuu areopumm cunmesa LLTIC ¢ HIM 60 epemennou obracmu 6 8ude cymmul TUHEUHOU U
Henunelnou ynxyuti (H®) usmenenus uacmomosi ¢ COOMBEMCMBYIOUUMU BECOBLIMU

KO3 puyuenmamu.

Paccmompenwr LLITIC ¢ ¢pazo-kooosou modynsyueti (OKM). Ilpeonosicena cueHanibHo-K0008as
KOHCMPYKYUsL ¢ pAcCuuperrol 06as30ti na ocHoge k0008 Yomua u bBapkepa ¢ manvim — yposHem
bokosvix nenecmrkos AK®. Ipeonoscena memoouxa popmuposanus HITIC ¢ npouzeoonoil cucmemoi
cuenanos @ naxkemuvl 00 N=200, umo no3eoasem 3Ha4umenbHo YEeaUyUms U3Lyuaemyio IHepeuo 8
PAOUONIOKAMOPAx ¢ AHMEHHbIMU PeUemKamu.

IIposeoden cunmes LIIC co cayuaiinoi amnaumyonou mooynayueii (AM) 6 éude cmayuonaprozo
CYHAUHO20 2aYCCOBCKO20 Y3KONOAOCHO20 UYMA C TUHEUHOU (a30-4acmOmHOU XAPaAKMepUCmuKoll.
Dphexmusnocmv NPEOIONHCEHHBIX AN2OPUMMOBE NOOMBEPHCOEHA PE3YTbMAMAMU MOOETUPOBAHUSL 8
cpede MathCAD. Jlanvl pekxomenoayuu no ux pearusayuil ¢ NOMOWbI0 NPOSPAMMHBIX CPEOCE.
Knioueswvie crnosa: wupokonoiocHvle CUSHAIbL, HeTUHENHAsL YaACOMHAsL MOOYAAYUS, (ha30-Ko008as
MOOYAAYUSL.
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radar and radio communication systems

D.Ivannikovl, A.Ivannikov?

!JSC «Nizhny Novgorod scientific and production association of M.Frunzey, 603009, Nizhny
Novgorod, Gagarina, 174.

E-mail: ccs5000@mail.ru

2JSC «Scientificand production company «Polyoty, 603950, Nizhny Novgorod, Komsomolskaya
sq., 1

The paper deals with the formation of broadband signals (SHPS) with frequency modulation (FM), in
which the autocorrelation functions (ACF) have a significantly lower level of side lobes than in the
SHPS ACF with linear frequency modulation (LFM). Analytical methods for the synthesis of signals
with nonlinear frequency modulation (LFM) still do not exist.

In order to reduce the level of the side lobes of the ACF of the SHPS, a fairly simple algorithm for the
synthesis of SHPS with LFM in the time domain is proposed in the form of a sum of linear and
nonlinear functions (NF) of frequency change with corresponding weight coefficients.

SHPS with phase-code modulation (FCM) are considered. A signal-code structure with an extended
base based on the Walsh and Barker codes with a small level of the side lobes of the ACF is proposed.
A method for forming SHPS with a derived system of signals in packets up to N=200 is proposed,
which makes it possible to significantly increase the radiated energy in radars with antenna arrays.
The synthesis of SHPS with random amplitude modulation (AM) in the form of a stationary random
Gaussian narrow-band noise with a linear phase-frequency response is carried out.
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The effectiveness of the proposed algorithms is confirmed by the results of modeling in the MathCAD
environment. Recommendations for their implementation with the help of software tools are given.
Keywords: broadband signals, nonlinear frequency modulation, phase-code modulation.

Beenenune

CoBpeMeHHbIE PaJAMOIOKALMOHHBIEH PAJUOCBI3HBIE CHUCTEMBbl padOTalOT B YCIOBHSIX
JIeCTBUSL BHYTPEHHUX M BHEIIHUX IOMEX, HAa OOJBIIMX TEPPUTOPHIX M B MHOTOOOPa3HBIX
KJIMMaTH4YECKUX 30HAX, 4YTO TpeOyeT 3HAUMTENBHBIX 3aTparT BaKHEUIIUX SHEPreTHUYECKUX U
YaCTOTHBIX PECYPCOB B YCIOBHAX )KECTKMX OTPaHUYEHUH Ha UX UCHOIb30BaHue[ 1-8].

B 3TOM cnydae Ba)KHBIM 3TaroM MPOEKTUPOBAHUS PaJAMOIOKAUOHHBIXU PaAMOCBI3HBIX
CUCTEMHAa OCHOBE IE€PCHEKTUBHBIX AJTOPUTMOB U TPHUHIUIIOB, HCIOJB3YS JOCTH)KEHUS B
00acTUMH(OPMAIIMOHHBIX TEXHOJIOTHI B YaCTH:

- teopun cozganus u opmupoBanus IUIIC ¢ UM, ®KM u AM (urymornonoGHbIe
CUTHAJIBI) HOBOTO TOKoJIeHus [7-15];

- pa3paboTKu  CUTHaIbHO-KOMOBBIX KOHCTpykuuid (CKK) B coorBercTBHH C
MareMmarudeckoil Teopueid cBs3u  K.IIIeHHOHa W CTaTUCTUYECKOM TEOpUEH CBA3MU
A.Mupirona, o6ecneunBalOMXMaKCUMATIbHYI0 HH(OPMAIIMOHHYIO 3()(PEKTUBHOCTHIIPH
KOTOPOW  MOJydaeTcs HAWIydlIuid OOMEH MEeXAYy DHEpPreTHYCCKOWHCIICKTPATIbHON
s dexkruBHOCTSIMU [16-22];

- paszutus TexHONIOrHHOCDM curnanoB, 00€CIEUNBAIOIIYI0O MAKCUMAIBPHO BO3MOXKHYIO
IOMEXOYCTOHYMBOCTh UTeXHOJOrMHOFDM curnanoB, o0OecneyuBarollyro MaKCUMaJIbHYIO
MIPOITYCKHYIO CTIOCOOHOCTB M CKOPOCTH TIepeaadu JaHHbIX[23-24];

- IPUMEHEHMSI BBICOKMX TEXHOJIOIMM KOMIIBIOTEPHON TEXHUKH [24].

Lenbto uccienoBaHui SIBISETCA TMOUCK U pa3pabOTKE HOBBIX METOAOB YIyYIICHHUS
pazpemaromieit  cnocooHoctn  UITIC ¢ UM u OKM IIyT€M 3HAYUTEIIBHOTO
YMEHBIICHUSYPOBHsI O00KOBBIX JienecTkoB AK® Ha BbIxose cortacoBaHHBIX (GuIbTpoB (CD).

B pagvonokanMoHHBIX M paguocBs3HeIX cuctemax cpeau HIIC ¢ wacToTHOM
moxayssitmern (UM) B ocHoBHOM mcnonbi3ytorcs HIIIC ¢ JIUM, 3akoH M3MEHEHHUS! 4acTOThI
KOTOPOW OMUCHIBAETCSI COOTHOIIEHHEM[25,26]

W, () () = btopn  [t] < ,/2, (1)
rme  Ty,- amuTenbHocTh orubaromei HITIC,

Aw— neBnanmsa 4acToTHI,

b=2Aw/T,. (2)
B sToMm citydae aza curnana onpezensercs Kak

o(t) = bt?/2 mpu  |t| < 1,/2, 3)
torna HopmupoBaHHYI0 AK® orubaromeii LITIC ¢ TYM MOKHO IPECTaBUTH B BUIEC

R(@)= [ explap(®]dt, (4)

rae Ap()= @(t) — (t—1).
IMpu ManbIx 3HaYEHUAX T K T,pa3sHOCTh (a3 A@(t)MoxkeT OBITH OpeIeieHa KakK
, Ap(t) = —¢@'(DT (5)
Torjma, yuutbiBas cooTHomeHue explj@(t)] = cos[@(t)] + jsin[@(t)]u uveTHOCTHAKD,
cooTHoIeHue (4) mpeodpaszyercs K BULY

R(1) = f_‘;‘i 7, cos[e' (DTld . (6)

Peanuzamus AK® npenmnonaraercs mporpaMMHBIMH CPEJICTBAMH, ITOATOMY (popMUpYyETCs

TUCKpeTHass Mojeib HopmupoBanHOW AK® orubatomeit IITNC cJTYM. B atom ciydae

pemenne uHTErpaia (6) IpoBOAUTCS YKCIEHHBIM MeTooM. MuTtepsain [0, T, /2]nenurcs na N

Y4aCTKOB JUIMTENBHOCThIO At = 1,/2N u anmpokcumupyrorcsa@(t) u @'(t) Kycouno-

MIOCTOSIHHBIMH (DYHKIIMSAMH, 3HAYEHHUsT KOTOPBIX coBmamaoT ¢ @(nAt) u @' (nAt)B Toukax
paszoucuus [10].
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IMpu takoii amnpokcumarmu @(t) U @'(t) Ha Kaxgom yuactke pasbuenus @' (t)
OITUCBHIBACTCS] COOTHOLICHUEM
¢'() = @'(nAv), (7
rre n =0,1,2,...(N-1).
WuTerpain BeipakeHust (6) MOKHO TIPEJICTaBUTh B BUJIC

f_rz/fz cos[t@’'(nAt)]dt = At¥N=2tcos [T’ (nAb)], (8)

torna HopmupoBanHass AK® orubaromeii [ITIC ¢ JIUM B nuckpeTHOM BHUAE OMPEICIISIETCS
BbIpakeHnem[25,26]

R(r)Z% N2 cos [t ¢’ (nAp)|= iN N=2 cos [tw, (t) (nAb)]. 9)
B xauectBe mpumepa Ha OCHOBE COOTHOIICHHS (9) IPOBOIUTCS MOCTPOCHUE TUCKPETHOM
moaenu HopmMupoBaHHOMAK® orubaromieit IIIIC ¢ JIYM B cpene MathCAD npu ucxogHbix
naHHBIX:Aw= 21t 10° T'm;t, = 100 Mkc;At= 10" MmKkc.
B coorBerctBumM ¢ coorHomeHusMu (1) u (7)IuCKpeTHBIN 3aKOH M3MEHEHHS YacCTOTHI
ITIC ¢ JIYM omnpenensieTcst Kak
o(nAt) = bnAt =4m10° 1077 /10"*n =4mn103,(10)
torna quckperHas moaenb AK® orubaromeit ILTIC ¢ JIYM B cpene MathCADumeet Bua

R(1) =5—010 500 cos [4Ttn103T].

B kauectBe mpumepa Ha puc.l mpueneHa HopmupoBaHHaIAK® orumbaromeit LITIC ¢
JIUM

Puc. 1. HopmupoBannas AK® orutarmeii HITIC ¢ JIYM

N3 mpuBenennoit AK® orubaromeit [IIIC ¢ JIYMcaenyer, 4To ypoBeHb OOKOBBIX
nenectkoB AK® mocrarouno Ooubioil (3HEPTHUst B HUX COM3MEpPHMa C YHEPrHel OCHOBHOTO
JernecTKa), YTo, ECTECTBEHHO, MPUBOIUT K MOTEPSM SHEPTUHU U 3HAYUTEILHOMY YXYALICHUIO
paszpemaronieii CnocoOHOCTH MO JATbHOCTUA. AHAJIMTHYECKUX METOIOB CHHTE3a CUTHAJIOB C
HYM 1o cux mop HE CyIIECTBYET, MO3TOMY NPH ONTHUMAIbHOW 00paboTKe Tpedyercs
JOTIOTHUTETFHO YMEHBIIIATh UX YPOBEHb, HAIPUMED, C TIOMOMIBIO CIIIAKHUBAIOMINX (DHIBTPOB
Thna X>MMuHTa, Teimopa u YeObImieBa, 4To MPUBOAMT K JOTIOJHUTEILHBIM TIOTEpsM [27].

C 1enpio 3HAYUTEIHHOTO YMEHBILIEHUS YPOBHS OOKOBBIX JernecTkoB AK® orubaromieit
OTIC ¢ JIUM B nmaHHOW paboTe MPEMJIOKEHHOBBINM aaropuT™M (HOPMHPOBAHUS 3aKOH
MU3MEHEHUSI 4acToThl w(t) BO BpeMEHHOW 00NacTU B BUAE CyMMbI U3MEHEHMSI YacTOTHI 11O
3akony JIYM w,(t) mw HUYUM wy(t) < COOTBETCTBYIOIIMMH  BECOBBIMHU
ko3¢ purenramua [25,26]

Wy (D= A w4 (1) + (1 — 0wy (D) npu [t] < T,/2, (10)
rae w,(t)— 3akoH u3MeHeHusI 4acTtoThl pu JIUM,

wy (t) — 3axoH n3MeHeHus yactorsl npu HY,

o — BecoBOM K03 dUIIMEHT, mpuyeM 1> a = 0,
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B stoMm ciiydae ypoBenb 60koBbIX JienecTKOBAK® orubaromieit IIITIC ¢ HUYM Ha Beixoae
coracoBanHoro (uibTpa (CD) ymMeHblIaeTcs MyTeM U3MEHEHHs BECOBOTO Kod((uIeHTa o
u BbIOOpa Tuna H® wum3MmeHeHHs 9acTOTHl wy(t) MpH COXpaHEHWU BEIUYHHBI JIEBUAIIUU
YaCTOTHIA ® W O0CCIICUYCHHH HOPMHPOBKH JIMHEHHOW w,(t)n HenmmHeWHON w,(t) wacreit

cootHomeHus (10) B 4aCTOTHOM ¥ aMITUTYTHOM 00JaCTAX.
Ha mepBoM 53Tame BBIOMPAIOTCS HEIWHEHHBIC (PYHKIIMM W3 CEMEHCTBA dJIEMEHTaPHBIX
H®, Beipaxkaronuxcs 4epe3 3KCIOHEHTYH CBS3aHHBIX C TPUTOHOMETPUUYECKUMU (DYHKIIUSIMH,

Hanpumep, Tanrenca W, (x)= tg(x),runepbomuueckoro cunyca Wy, (x)= sinh(x), crenennon

dynxunn Wy 5 (x)=xP [23]

B xauectBe npumMepa Ha puc.2 npuBeeHbl ykazaHnHble HO

10r i
j_-j.. I“ I}‘ 1*‘ 10:' ]
5t I'I[ H'II 1500 ‘II
r\/"ri /II
5 5001
ul(x) = __._’“’/'} }‘F
b . m—— — 1 2501 i
r2(x) -15 ,/L-—‘&T 0 0.75 15 P
5 75 1 E3(x) + = a 4
‘r/f" = l -8 /"/ -4 0 4 8
f/ =l rd _a&nl
I|‘ III| -7 ./ -JD‘
[ -2 / — 5001
I _1ot { - 750t
I
! - 1xtod

X
Puc.2. Henmueiinble pyHKIUM TPeX BUAOB

Ha mepBom »srame paboThl 1O YMEHBIICHHS YPOBHS OOKOBBIX JenecTkoB AKD
orubatomieit ILTICsaBusrorcss BEIOOp 1 000CHOBaHUE METOIMKU (POPMUPOBAHUS ITUCKPETHOU
MOJIENIN M3MEHEHHs 4acToThl Wy (t) no sakomy HYM ma mpumepe H® Tanrenca Wy, (x)=

tg(x).
JIMCKpeTHYI0 MOIeNh U3MEHEHHUs 4acTOThl W, (t) LHIIC no 3akony JIUM, onpenensemyto

cootHomenueM (10), MOxHO ITpeoOpa3oBaTh K BUILY
w,(nAt) = 2AwAt n/t, =2A®n/N, (12)

rae N — 4ucio AUCKPETHBIX BHIOOPOK YacTOTHI.
TakuM 00pa3oMm, B JUCKPETHOH MOJEIM M3MEHEHHS 9acTOThl w,(t) IIIIC mo 3akonHy

JIYM BxoasT neBHalMsl 4acTOThl A®, TUHEHHBIN YiIeH N U HOPMUPYIOUIUHN ujieH N, Toraa mno
AQHAJIOTHH CTPOMTCS JUCKPETHAS MOJIENb M3MEHEHHS 4acToThl wy(t) IIIIC mo 3akony HUM

nytem BBenerus H® tanrencaV, (en) u Hopmupyrorero snemenTa mo ammintyae Wy (Ho)
w,(nAt) =2AwY¥, (en)/NW, (10), (13)

rae W, (1o)— MakcumManbHoe 3HaueHne HO mpult| = T1,/2,
Lo—MaKCHMaIllbHOE 3Ha4YeHue aprymenta HOmopu|t| = 1,/2,
(14)

e=Aty,y/(t,/2)— HopMmupyromHiKodGhumenT HD,
Ha ocHoBanue nmpuBeIeHHON MeTOIUKE (OPMUPOBAHUS AUCKPETHON MOAECTUU3MEHEHHS

gactoTel w,(t) IIIIC no 3akomry HUM Ha ocHoBe H® TanreHca ompenemnsieTcss B cpee
anroput™ (GOPMHUPOBAHHUS 3aKOH H3MEHEHHS YacTOThl w(t) BO

MathCAD KOHKpETHBIN
BpEMEHHON 00JacT B BUAE CyMMBl M3MEHEHHs 4acToThl mo 3akony JIUM w,(t) u HUM

w4 (t) ¢ COOTBETCTBYIOIUMH BECOBBIMU KOI(D(GUIIMEHTaMHU O IPH CIEIYIOUUX HCXOIHBIX

maHHBIX: Aw =27 10° I'm ,At, = 1 Mxc,a=0,5,T, =100 Mkc, At = 107 mMKc, py =1,41 u

tg (1o)= 6,156.
B cootBerctBum ¢ cootHomenuem (12), (13) (14) onpenensiroTcss TUCKPETHBIC JIEMEHTHI

3akoHa n3MeHeHus yactorsl JIYM u HUM[23]:
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Wyqu(nAL) = 0,5(1,257+ 10%*xn )+ 0,5(1,019*10°) tg (2,82 x10~3n) (15)
npu |t| < 1,/2,
KOTOPBIE NIOCJIE CYMMHUPOBAHUS 110 NM HOPMUPOBAHMS B aHAJIOTOBOM BUJE UMEIOT BUL:

Wyan( (0 =0,5x (1,257« 10*xt)+ 0,5x (1,019*10°) xtg (2,82 * 1073t) (16)
npu |t| < 1,/2.

B kauectBenpumepa Ha puc.3 npuBeneHo (popMUpoBaHUE HEIMHEWHOTO 3aKOHA YaCTOTHI
ITIC ¢ HYM nHa ocHoBe H® TaHreHca B BUA€ CyMMBI U3 JABYX COCTaBIISIFOIIMX: U3MEHEHUS
yacToThl curHana ¢ HUM (crmomnas muaus), JIYM (IuTpux-myHKTHpHAS JIMHUAS) © KX CyMMa
(JIUHUS C TOUKAMMU).

Puc.3. ®opmupoBanue HeJiuHeHHOro 3akoHa yactorsl HITIC ¢ HYM

HopmupoBannas AK® orubatoeit LITNC c HUM B nuckpeTHOM BHJIE ONPEACIICTCS M3
BeIpakeHUs (9) myrem 3aMeHbl 4acToThl w,(nAt) HUM Ha uacrory B BHIE CYMMBI
U3MEHEHHUs 4acToThl 1o 3akoHy JIUM w,(t) u HUM w,(t), onmpenensieMbie COOTBETCTBEHHO
cootHomenusmMu(11), (12) u (13)

Wyq(NAt) =a2A®n/N + (1 — a)2AwW, (en)/NWP, (o). (17)

Torma nuckpetHas moaenb AK® orubaromeii LITIC ¢ HUM B cpene MathCAD umeer
BUJ

RH‘{M(T)Z Zgz_(} cos [T(DH‘IM (nAt) )] (18)

B kauectBe mpumepa Ha puc.4d M pHUC.5 TNPUBEACHBIPE3YAbTAThl MOJACIUPOBAHUS B
cpeneMathCADAK® HIITIC ¢ JIUM (mynktupnas) 1 HUM (crmomnast nunus) npu HO
TAHTEHCAa, U BBIIIIE IPUBEICHHBIX UCXOAHBIX JAHHBIX U MacmTabax1:1u 1:4.

RHqM(r)=$ 209 cos [0,5(1,257 » 10*nt) + 0,5(1,019 * 10°) tg (2,82 * 10~3n)]

T

=025

T

Puc.4.PesyabTaTsl MogesupoBanusi AK® orudarommux HITNC ¢ TYM
(mynkTupHasi) 1 HUM (crutomrnasi JuHus) B MacimTaode 1:1
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Puc.S. Pesyabtarel Mopeanpoanusa AK® orudaromux HITIC ¢ JTYM
(mynkTupHasi) 1 HUM (crmutominasi JuHus) B MacmTaode 1:1

AHasorn4Hble pe3yabTaThl MOJACIUPOBaHU osydeHsl ¢ HO runepbonnyueckoro cuuyca
Wy, (x)=sinh(x) u crenennoit Gpynximu P, (x)=xP [25,26].

B kauectBe mpumepa mo mpearaemMor Metogauke paccmartpuBaetcsi AKD orubarommx
cunycasinh(p):

HITIC ¢ JIUM (mynktupnasi) u HUM (cmomnas nuuus) npu H® rumepbonmueckoro
rae

®,(nAt) = 2Aw sinh(en)/N sinh( y,),
sinh( yy)— MakcumanbsHOe 3HaYeHne HD npu|t| = 1,/2,
Ho—MaKcHMallbHOE 3HaYeHue aprymenta HOmpu|t| = T,/2,

e=Atpy / (t,/2)— Hopmupyromuiikosppunrent HOD,
N — 9UCIIO0 TUCKPETHBIX BEIOOPOK YaCTOTHI.

(19)

[Ipu ucxomubix JaHHBIX Ly=9 U sinh( )= 4 x107%u  BpImIE MIPUBEICHHBIX HMCXOAHBIX
JTAHHBIX B COOTBETCTBUH C MPEIIIOKEHHON METOIUKON

RHL,M(r)—E_’—(l)0 200 cos [0,7 x (1,257x10*nT) 4+ 0,3x (1,55 * 10%) x sinh( (1,8 * 1072n)]
B kauectBe mpumepa Ha pUC.0 TPUBEICHBIPE3YIBTATHI
cpeneMathCADAK® HIIIC ¢ JIYM (nynktupHas) u HUM (cruommnas ymams)npu HO
TUIEepOOIMYEeCKOr0 CHHYCA.

MOACIIUPOBAHUA B

= |
. /.
#

1
!
e

5 s
iy flrg Tamtg s g
=3x107 = 4x107 "= 3x10" "= 2x10" "~ 1x}07

=025
L

Puc.6. Pesyabtatel Mopeanpoanusa AK® orudaromux HITIC ¢ JTYM
(mynkTupHas) 1 HUM(cniomnast junus) npu H® runep6oumyeckoro cHuyca

Takum oOpa3zoMm, TpenoKeHHbIE aaroputmbl u Mmetoauku ¢dopmupoBanus [IIIC c
HYMno3zsomstor ¢opmuposars LIIIC ¢ HUM, orubaromias KOTOPBIX HMEET
3HAYUTEIHPHO MEHBIIUM YPOBHEM OOKOBBIX JICMIECTKOB MO cpaBHeHHIO ¢ AK®D orumbaromieit

AK® co
IIITIC ¢ JIYM, yTo mpu 3aJaHHBIX BEJIMYMHE ACBUAIMU A® YaCTOThl M JJIUTEIBHOCTh Ty,
orubatomeii LLITIC mogbopom H® u BecoBoro xoadduinenta o [25,26].
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[Ipennoxennsrii  meton cuate3a IIIC ¢ HUYM Bo BpeMeHHON 00JacTH TOCTATOYHO
MPOCT U PEATU3yeTCsl MPOrPAMMHBIMU U BBIYUCIUTEIbHBIMU CPEICTBAMMU.

Ha Bropom stane paccmarpuBatorcs LITIC ¢ dazokomoBoit mogymsiuein (PKM,koTopbie
HIMPOKO HCIIOJIB3YIOTCSI B PAJMOJIOKAIIMOHHBIX U CBSI3HBIX CHUCTEMax U CpPeau KOTOPBIX
HanOoJiee M3BECTHHI Ko/IbI Youma u bapkepa[12-14].

Paccmotpum M=4 mnakeToB B3aMMHO OPTOTOHAJIBHBIX KOJIOB Yomima N=4 mnopsika,
KOTOPBIE C Y4ETOM UX (a3 MOXKHO MpeICTaBUTh B Buje [29-31]:

yO={1 1 115y0={1-11 Iy,®={ 1-1-1}y,®= {1-1 1 -1} (20)

B xawectBe mpumepa Ha puc.7/ npuBeaeHol AKD® M=4 nakeroB komoB Yomma N=4
MOpsIIKa UMEIOT OONbIIMe OOKOBBIC JIETIECTKH, YTO MPUBOIUT K YXYAIICHUIO KOJOBOTO
paznenenus LITIC mo ¢hopme mpu MHOTOKaHATIBLHON KOPPEIAIIMOHHON 00paboTKe B IEKOIEpeE.

L5

Puc.7. AK® M=4 nakeToB Ko10B Y o.ia N=4 nopsiaka

[Taker koma bapkepaN=4 mopsaka, KOTOPbIH C y4eToM (a3 MOKHO IIPEICTaBUTh B BUIE
nocneaoBareabHoCTH [12-14]:

x,()={1 1-1 1} (21)
B xauectBe npumepa Ha puc.8 npuseneHsl AK® nakera kona Yomnma N=4 nopsaka UMeeT
Majbie OOKOBBIC JIEMIECTKH, YTO obOecmeunBaeT HajexHoe KomoBoe pasnenenue LITIC mo

dbopMe TIpU MHOTOKaHATHHOW KOPPENSIIMOHHOW 00paboTke B Nekojepe, HO He oO0mamaeT
CBOWMCTBOM OPTOTOHAJIBHOCTH.

.
Puc.8. AK® nakera xoaa Youama N=4 nopsigka

N3BectHo, uto ontumanpHas [[OC IIIIC ¢ ®KC cBoautrcs K  KOPPEISLIMOHHOU
00paboTKe, MO3TOMY TpPH MPOSKTUPOBAHUU PATUOIOKAIMOHHBIX U PAAMOCBSI3HBIX CHUCTEM
OJIHUM W3 BaXHEHIIMX BOIPOCOB sIBIsETCS BbIOOp Metoma komupoBanus ILITIC ¢ KM
HOBOTO TIOKOJICHHMSI, 0OJ1aaroniue cporictBamu [28-30]:

- MYJIbTUIIJIMKATUBHOCTH,

- B3aUMHOW OPTOrOHAJIbHOCTBIO,

- xopomumu AKD,

- OonbIoi 6a30iB 1 cOOTBETCTBEHHO PHEPTHUEH,

- KOMITEHCAIMEH OOKOBBIX JICTIECTKOB MpH cymMmmupoBanuu AK®.

21



Peanmuzamus ykazanasix [IIIC Bo3MOXHa Ha COBPEMEHHBIX aIlMapaTHO—TIPOTPAMMHBIX
cpeacTBax, Koropele oOecmeunBaioT ux ¢opmupoBanune u  [[OC) myrem u3MeHeHuUs
MIPOTPaMMHOTO 00ECTICUEHUSI.

Metonuka cunre3a makeToB IIIIIC HOBOro mokoJeHUs 3aKIHOYAETCS B ITOIEMEHTHOM
(MOCHMBOJILHOM) TIEPEMHOKEHUHU (CYMMHUPOBAHUH 10 MOIYIIIO 2) M HCXOAHBIX CUTHAIOB ¢ N
JJIEMEHTaMU B IIAKETE€ M OAHOIO IaKeTa IMPOMU3BOIALIETO cuUrHaia ¢ N 3jIeMeHTaMu B
pesynbrare LITIC — HIT sBastorcst oproroHanbHeIME U o0OnanaroT xopomumu AKD [12,13,
28-30].

B kadecTBe WCXOMHOW CHCTEMBI CHTHaJOB B BuAe Marpuilbl (MxN) wucmonb3yercs
OpPTOTOHAJIbHAS CUCTEMA, HAIIpUMEDP, aKeThl KoJoB Youa, y KoTopeix AK® umMeror 6osnbiime
OOKOBBIE JICTIECTKH.

B kauecTBe mpOM3BOASAILIEIO CUTHAJA UCIHOJIB3YETCS CHUCTEMA, HANPUMED, MAKET KOJOB
bapkepa ¢ xopommmu KOppensImOHHBIME CBOWCTBAaMH, HO KOTOPBIM He 001a/1aeT CBONCTBOM
B3aMMHOW OPTOTOHAJILHOCTH, YTO BBI3BIBAET HEOOXOAMMOCTH Toucka U ¢popmuposanus LITIC
HoBoro noxosenus (IIT1C — HIT).

[IpuBenen anroputm ¢opmupoBanuss M maketoB optoroHaibHbeix JIICC ¢ N
3JIEeMEHTaMU MyTEeMCYMMHPOBAHUS [0 MOAYIIO 2) MaKeTa MCXOJHOTO CUTHalla B BUuAe MKOJOB
Yonuia 1 Mpou3BOAALIETO CUTHANIA B BUJIE NakeTa Koja bapkepaN anementamu [28-30]

‘Pn = wal(m,@)(b1 , b2 - ..bn - .bN ), (22)
rme wal(m, ®) — m -if >IeMeHT MakeTa Koja YoJIIa;
bn— aMIUTUTYZIa h —TO dJieMeHTa kojaa bapkepa;
n —n-u sneMeHTkona bapkepa;
m —m-—¥ makeT Koja YoIlma;

n=1,2,3,...,N;
m=1,2,3,..,M;

® — (a3l aeMeHTOB Kofa Youa;
M =N.

KonmnuectBo nakeros LIIIIC HOBOro nokoneHus B BUAE NakeToB opTOTOroHabHBIXOIICC
oOecnieunBaeTcst uncioM =196, tak kak kox bapkepa cymectyer npu N<13. [IpousBonuyio
CHUCTEMY C YHCJIOM 31eMeHTOB N>13 ompeaenstor ¢ nomouipio 9BM, Haitaensl npu N= 16 u
32 [22].

B kauectBe mpumepa mokazaHo ¢opmupoBanue M=4 mnakxeroB OIICC N=4 mnopsaka
MyTEMCYMMHPOBAHUS TIO0 MOAYTIO 2) TO3JIEMEHTHO M=4 maKeToB 53JEeMEHTOB YoJIIa,
onpenensieMbplx cooTHomeHueM (20) u 2neMeHToB kojma bapkepaN=4 mnopsaxa,
onpenensieMbix cooTHomeHueM (21) [28-30]

x(H={100 0}
x,(0)={010 0} (23)
x,()={00 1 0}
x,0={000 1}.
C yuetom pa3z M =4 maketo SIICC N =4 mopsiika MOXXHO MPEJACTABUTH B BUJIC

y,0={+---}
y,0={+- -} (24)
y,0={--+-}
y,0={---+},

Maremaruueckoe moaenupoBanue LUIIC B Bune M =4 nakeroB DIICC N =4 nopsinka B
nporpammHoil cucteme Mathcad nmeer Bun [28-30].

YI(t): ;1-=1 Zlé’l-l=1 Lll’l(t)a i) n= 1J2)3J4J (25)
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rne  Lip(t)= | +1 npu |[t—n| <1 npui=n
0 opu |[t—n| =1
0 opm |[t—2n| <0

Li,(= —1 mpu |[t—n| <1 npui #n
0 npu |[t—n| =1
0 npu [t—2n| <0

PesynbraThl MOJETUPOBAHUS MPUBOIATCS B BUJAE I'PadHUKOB, II€ HA TOPU3OHTAIBHBIX U
BEPTUKAJBHBIX OCSAX OTJIOXKEHbl COOTBETCTBEHHO BpEeMs W aMIUIMTYJbl CHUTHAJIOB B
OTHOCHUTEJIBHBIX E€AMHULIAX B 3aBUCUMOCTH OT JUIMTEIBHOCTH W aMIUIUTYIbl JBOMYHOIO
JMCKPETHOI'O CUTHaa.

B kxauectBe npumepa Ha puc.19 npusenensl curHaisl M=4 nakeroB DIICC N=4 nopsinka
B nporpammHoi cucteme Mathcad [28- 30]

|

=

-

L]
ot

e

o

o

Lo

= B A 5 ]

2 N |
| vi(t) 4 1 f . i :
B 4 ' | | 6 § 2 3 0+ B 6
— u D |
|

Puc.9. M=4 naxeroB IICC N =4 nopsinka B nporpammHoii cucteme Mathcad.

M=4 nakeroB DIICC N=4 mopsinka comepkat sHepruio B 16 pa3a Oojblle, YeM OJUH
TUCKPETHBI CHUTHAJI, YTO TIO3BOJIAET MPHU ONTHMAIBLHOM 00paboTke WX 3HAYUTEIHHO
YBEJIMYUTH OTHOILIEHUE CUTHAJI/IITYM.

Paccmorpum cBoiictBa curnanoB M=4 nakeroB IIICC N=4 nopsiaka.

B kawectBe mnpumepa Ha puc.20 mOpuUBEACHBI PE3yAbTAaThl  MaTEMaTUYECKOTO
mozaenupoBaHne AK® M =4 nakeroB SIICC N =4 nopsinka B mporpaMMHoi cucteme Mathcad
[28- 30].

157
Ho 5N

057 ) *
r1(7) \ = ey - ; .
= T + | N t ’
2(v) o ol B =il 5 6 W) o I 2 T 4 5 6
— -0 —-0.

-} -1

-1.5 -1

T T
Puc.10. AKD M =4 nakeroB IIICC N =4 nopsinka
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Pesynbrarel MogenupoBanuss AK® M=4 nakeroB DIICC N =4 nopsijika, IpoOBECHHbIEC B
nporpaMMHOi cucremMe Mathcad,moka3piBatoT, 4TO OOKOBBIE JICNIECTKH HE IPEBBIIIAIOT
ypoBeHb 0,25 OT OCHOBHOTO JIEMECTKa, HAaXOmATCs B MpoTuBodasze M Mpu CyMMHPOBAHUHU
B3aMMHO KOMIIEHCUPYIOTCSI.

B kawectBe mnpumepa Ha puc.ll mnpuBeneHbl pe3ynbTaThl MaTEMATHYECKOIO

MozenrpoBanus cyMMbl AK® curnano M =4 nakeroB DIICC N=4 nopsinka
L

I Il Il I i
1 t t t 1

0 1 2 3 f 5 o
Puc.11. Cymma AK® curnasnos M=4 nakeros IIICC N=4 nopsaaka
B kauectBe mpumepa Ha  puc.l2mpuBeeHBI  Pe3yJbTaThl  MAaTEMaTHYECKOTO

MOJIETMPOBAHUSIAMIUTATYIHOTO crieKTpa makera cyMmma AK® curnanoB M =4 nakeros DI1CC
N=4 nopsiaka

i

g  dp
—

S(w)

[

2

Puc.12. AMIUIMTYAHBII cliekTp nakeTra cyMmma AK® curnaios M=4 nakeToB
IIICCN=4 nopsinka

Tak kak 6okoBbie nenecTku AK® M=4 nakeroB DIICC N=4 mopsjaka, mpuBeJcHHBIC B
nporpammHoOil cucteme Mathcad, Haxonarcst B mpotuBodase, To OHU MPH CYMMHUPOBAHUH
B3aMMHO KOMIICHCUPYIOTCSI.

AmmumutyaHselil criektp naketa cymma AK® curnanos M=4 naketo IIICC N=4 nopsnka
SIBIIIETCS TAK)KE KOMIAKTHBIM U C MaJTbIMH OOKOBBIMH JIETIECTKAMHU.

B kavectBe mpumepa Ha puc.l13 mpuBeneHbl TpaduKd aMIUTUTYIHOTO CIIEKTpa OJHOTO
naketa DIICC N =4 nopsiaka B 061acT moMokUTeNbHBIX 9acToTUy (w) (CIUIONIHAS JTMHUS)
U S;(®) (uTpUxoBas TUHUSA)

0.751

|saN(H) |

|in:;f)| =1 [l

0251

kHz

SRNIER AT W oV P
1 125 15 L5 2
f
Puc.13. AMmiiuTyanblii cnektp oanoro nakera IICC N=4 nopsiaka
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Baxneim cBoiicTBoMm M=4 mnakeroB JIICCN=4 mnopsaka ABISETCI OPTOrOHAIBHOE
CBOWCTBO, TaKk KaKk  B3aMMHO  KoppensiuoHHble  QyHkimun  (BK®)  xaxnoi

napsiyy (t) ny;(t)curnanos M=4 mnaketroB DIICC N=4 mnopsaka yIOBICTBOPSIOT YCIOBHIO
B3aMMHOM OPTOTOHAJILHOCTH HAa HEKOTOPOM HMHTEpBaje BpeMeHH t[28]:

T )
ric® = [, yi(®©yx(®©dt =1npui= k (26)
0 mpmi# K,

Marpuna curnaino M=4 nakeroB DIICC N=4 nopsigka gBIsIeTCS TaAKXKE OPTOrOHAIBHOU
U IpU YMHOXXEHHHM HAa TPAHCIOHUPOBAHHYIO MATPHUIY [Aa€T EAUHUYHYIO JHArOHAIbHYIO
MaTpHILy.

Wrak, ILIIIC B Bune M=4 nakeroB DIICC N=4 nopsiaka yaoBIETBOPSIOT BCEM YCIOBHUSM,
HeoOxomumbiM 11t co3gaHuss CKK  mo  texnomormm OCDM ¢ opTOroHaJbHO-
KOIOBBIMYILIOTHEHUEM U pasaeeHueM [IaKETOB rIC: B3aUMHOMN
OPTOTOHATBHOCTHIO,MYJIBTUIIMKATUBHOCTRIO, X0opommuMu ~ AK®,0ompmiolt  6azoii B u
KOMTIICHCAIMe OOKOBBIX JIEMIECTKOB Mpu cyMmmupoBanuu AK® [28- 30].

B kauectBe mpumepa npuseneHo ¢opmupoBanue naketoB LIIIC HoBoro mokoneHus Ha
ocHoBe DIICC N=8 nopsiaka aHaJIOTHYHO MTyTEeM CYMMHPOBAaHHUS IO MOTYITIO 2) TIO3JIEMEHTHO
anemeHToB kona bapkepaN=7 mopsiaka (1 1 1 -1 -1 1 -1) u M=8 makeToB 3JE€MEHTOB
Matpuibl Yonia (8 x §)

x(={11110000} x(©={10011001}

(27)
xz(t)={11110000} x6(t)={10010110}
x3(t)={11000011} x7(t)={10100101}
x4(t)={11001100}. xg(t)={10101010}.

C yuerom a3z M=8 maketoB DIICC N=8 mopsinkanpeacrapieHsl B Buze [29-31]
yl(t)={+———++—+} yS(t)={+++—+—++}
y,0={+----- + -} yO={+++--+--}

v, ={+—++ - - -+ y.O={++ -+ -+ ++} (28)
N T I (N

LUTIC B Bune M=8 nakeroB DIICC N=8 mopsakacomepx aT 3Hepruio B 64 pa3a OoJbIIe,
4YeM OJWH JHUCKPETHBIM CHUTHAN, YTO TMO3BOJSET MpPH ONTHMAIbHOW 00paboTke ux
3HAYUTEIFHO YBEIWYUTH OTHOIIeHHe curHan/mryMm. Ilpu stom IIIIC B Bume M=8 makeToB
OIICC N=8 mnopsaka, Kak MOKa3aHO HUXKE, YIOBJIECTBOPSIOT BCEM YCIOBHSIM, HEOOXOAUMBIM
ms co3nanusi CKK mo texHomornn OCDM ¢ opTOroHanabHO-KOJOBBIMYIUJIOTHEHUEM U
pasneneHueM MTAKETOB LTIC: B3aMMHOM
OPTOTOHATBHOCTHIO,MYJIBTUIIMKATUBHOCTRIO, X0opommuMu ~ AK®,0ompmiolt  6azoii B u
KOMIIeHCcalueil O0KOBBIX JIenecTKOB pu cymmupoBanuu AK® [28- 30].

B xauectBe nmpumepa Ha puc.14 npusenenst ILIIIC B Buge M=8 nakero DIICC N=8
nopsijika B mporpaMMHO# cucreme Mathcad
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Puc.14. IITIC B Buge M =8 nakeros IIICC N =8 nopsaka

B kauwectBe mnpumepa Ha puc.l5 mnpuBeneHbl pe3ynbTaThl  MaTeMaTHYECKOTO
mozaenupoBanuss AK® M=8 nakeros DIICC N=8 nopsiaka B nporpammuoii cucreme Mathcad
[14]
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Puc.15. AK® M=8 nakeros IIICC N=8 nopsiaka

AK® M=8 makeroB DIICC N=8 mnopsiaka, NpuUBEICHHbIE B MNPOrPaMMHON CHCTEME
Mathcad,umeror maibie OOKOBBIC JIETIECTKH, KOTOpPBbIE HE MpPEBBIMIAIOT ypoBeHb 0,25 ot
OCHOBHOT'O JIeTleCTKa , HaXoAaTcs B MpoTuBodae M NpU CYMMHPOBAHHHM B3aUMHO
KOMIIEHCUPYIOTCS.

DOHeprus makeTa KOJAOBOTO CHTHaja NpH TOCTOSHHOM MOIIHOCTH MeperaTynka
onpenensiercs konuuectBoM cuMBOJIOB naketoB DIICC u orpannuuBaercs yuciom 1=196,
TaKk Kak Koja bapkepa, KOTOpBIA SIBISIETCS TPOU3BOIHON CHUCTEMON C MaJIbIMH OOKOBBIMHU
nenectkamu AK®, cymectByeT npu N<13. IIpou3BOJHYIO CUCTEMY C YHUCJIOM 3JIEMEHTOB
N>13 onpenensitor ¢ nomoursio 9BM [12,13].
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B kauectBe mpumepa NpUBEACHBI MPOU3BOJANINE CUTHAIBI, HAWJIECHHBIE C IOMOILBIO
OBM B knacce HeamHeWHbIXx IIIIC ¢ ymciaom saemeHToB N=16 u 32, mMmeromue Majble
ooxoBsie tenectku AK®D [12,13]:

N=l6 110110010100001 1;

N=32 11111001101001000001010111011000.

[Ipencrasnsator untepec cocrasusle LUIIC, Hannpumep, ¢ N= 64 a1 yBenuueHus SHEPruu
m3nyqaemoro IIIIC. B kauectBe mnpumepa Ha Puc.26 mnokazano ¢opmupoBaHue B
NepenaoIieM KaHaie paguosioKallMOHHON 1 paanocBsa3Hon cucteM coctaBHoi IIIIC B Buge
nocnenoBareabHOCTH M3 M =8 makeroB onopHbIX DIICC N =8 nopsaka[30]

O 1 TV
B0 SRR 11§11 A A

Puc.16 LIIIC u3 nocaenoBarenbHocTn M=8 nakeron onopubix JIICC N=8
MopsAKa

B stom ciyuae onTumanbHas 00paboTKa conepKUT M=8 KaHaJIbHYIO KOPPEISAIMOHHYIO
00paboTKy ¢ OMOPHBIMU CHUTHAJaMHU B BHjae M=8 makeToB opTOroHaJbHBIX OMOpHBIX DIICC
N =8 nmopsinka, 3anepxkek curaanoB AK® B kaxxoM KaHalle KOPPEIIUOHHONW 00pabOTKH ISt
COBMEUICHUSI UX BO BPEMEHHM U CYMMHMPOBAaHHH B CYMMAarope IUCKPETHBIX CHUTHAJIOB C
HOCJICAYIOIUM IIPUHATHEM IOPOTOBOIO PELIEHMS.

[Tpemnoxennsiii criocod popmupoBanus u 06padotku IIIC ¢ ®KM B Buae COCTaBHBIX
IIITC u3 mocnenoBaTenbHOCTH, HanpuMmep, M=8 makeToB onopHbIX opToroHabHbIX DIICC
N=8 nopska B paJuoJOKallMOHHBIX U PAJIUOCBSI3HBIX CUCTEMAX C AHTEHHBIMM pEIIETKAMU
MO3BOJIAIOT C JOCTATOYHO MPOCTHIMHU KOPPETISIUOHHBIMU 00pab0oTKaMH YBEIHUYUTH YHEPTHIO
manydenuss  LOIIC, mOBBICUTH  paspemaroniyro  CHocoOHOCTh U YIIy4IIUTh
MMOMEXO0YCTONYMBOCTb.

[Ipusenennsie HIIIC ¢ da3oxkomoBoil Momynauuell MO3BOJISAIOT HMPUMEHHTH BBICOKHE
TEXHOJOTHUH KOMIBIOTEPHON TEXHUKH, HOBEHIIINE CPEICTBA KOMMYHUKALIUU U TPOTPAMMHOTO
oOecrieyeHrs1 Ha €IUHOH anmapatHoi miatdopme Ha npuHnunax SDR —paauno [28-30].

[Ipumenenue mnpemioxkenHsix IIIIC ¢ ®KM Bo3MoxkHo He Toapko B PJIC ¢
(a3supoBaHHBIMH peIIeTKaMH, HO Takke B MHorokanaabHeix MIMO PJIC, uro mosBomser
YBEJIMYUTh O0OBEM M MOBBICUTH KayeCTBO PaJUOJOKAIMOHHON WH(popmauuu. B kauecTBe
prUMepa MOXKHO Ha3BaTh BO3MOKHOCTH OJJHOBPEMEHHOTO MU3MEPEHUS MapaMeTPOBOOIIBIIETO
guciaa 1ened,  ObicTporo W A()QPEKTUBHOTO TOWCKA IICJICH,yBETUYCHHE BO3MOXKHOCTH
aJlanTalyy, Mepexosa B pekuM (GOPMHUPOBAHUS Y3KOTO JIydya JuUarpamMMbl HAIMpaBICHHOCTU
®AP u T.11. [5].

Kpome Toro, noBbie Meronsl Ha ocHoBe CKK mo texnonormn OCDMno3zBossor
3HAYUTENIBHOTO YBEJIIMYNTh JAIBHOCTh CBSI3M M HAJEKHOCTh IEPENAYM JAHHBIX B CUCTEMAaX
JaNbHEW CBSI3W M CHWKEHUE HHEPreTHMUECKHUX 3arpar, YTO IOATBEPKAECHO C IOMOILIBIO
MozenupoBanus B cucteme Mathcad.

Ha Tpersem sTane npoBomutcst cuHTe3 mymononooHoro curnana LIIIC co cmydaiiHoi
aMIUTUTYTHOW Moxyisiued (AM) B BHAE CTallMOHAPHOTO CIYyYaHOTO TayCCOBCKOTO
Y3KOMOJIOCHOTO IIyMa C JUHEHHOH (a304acTOTHOM XapaKTepUCTHUKOH M (QOpMUpOBaHHE
MOJIETTH B TIporpaMMHOi cucteme Mathcad.

B cucreme Mathcad BcTpoena momens rayccoBckoro 0enoro myma B BHIE (DyHKIMH
norm(K, p, 6), roe Bekrop K — He3aBUCHMBIE CITydailHbIC YHCIIA, KaKI0€ U3 KOTOPBIX UMEET
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HOpMAaJIbHOE paclpesiesieHue, |l — MaTeMaTudeckoe oxxkuganue, O — cpeaHeKBagpaTHYHOE
OTKJIOHEeHue [32].

OcHOBO# TIM(POBOTO CTATHCTHYECKOTO MOJACIUPOBAHUS CTAIIMOHAPHBIX CIyYalHBIX
MPOLIECCOB C OTPAaHUYEHHOM CpEAHEN MOIIHOCTHIO U HYJIEBBIM CPEIHUM 3HAUYEHUEM SIBIISECTCS
JaTYUK CIy4alHbBIX YUCEN ¢ TpeOyeMbIM 3aKOHOM paclpeieeHHs CTydyailHbIX BEIMYHUH.

B kauecTtBe mpumepa Ha puc.l7 npuBeaeHa MOIENbh CTAIIMOHAPHOTO TayCCOBCKOTO OEIOro
myma B cucteme Mathcadmpu norm (1000, 0, 1) [31]

3

k
Puc.17. MojeJib CTAIIMOHAPHOT'O TayCCOBCKOTO €JIoro myma

@opMupOBaHHE CIy4ailHOTO TayCCOBCKOTO Y3KOIMOJOCHOTO IyMa C JIMHEHHOMN
($ha3049acTOTHOM XapaKTEPUCTUKON MPOBOAUTCS MeTofoM (opmupyromero ¢GuibTpa IS
yAaJdeHUs TapMOHUK BBICOKMX YacCTOT (KOMIIOHEHT BBICOKOTO Pa3pellieHHs) U 3aMElICHUs
0eoro 1myma ¢ MUPOKUM CIHEKTPOM YacTOT €ro BEpCUel rayCCOBCKOTO Y3KOMOJIOCHOTO LIyMa
C HU3KHUM pa3pellieHueM, UCTIoNb3ysl TeopeMy KoTenbHHUKOBa.

Ha mnpaktuke dacto wucmonb3yioT ¢uiasTp HwkHHX dvactoT (DPHY) HaiikBucra c
XapaKTepUCTUKOW  TPHUIONHATOIO KOCHMHyca (KOCHMHYC Ha TbelecTalie), KOTOPBIH
oOecreunBaeT 3aTyxXxaHHE Ha 3apaHee BBHIOPAHHBIX BEPXHMX IpaHUIAX MOJOCH 4acTtoT F B
3aBUCHUMOCTH OT JJOITYCTUMOI'O YPOBHsI IOMEX OT coceHero kaHaiua [29,30].

[Tepexon OT HEMPEPHIBHOTO COOOIIEHUS K IUCKPETHOMY, BOCCTAHOBJIEHHE HEIIPEPHIBHOTO
CHUTHAJa IO JMCKPETHBIM 3HAYCHHUSM M YCTpaHEHHE IOTepb HMH(OpMAIMK ONpeAemseTcs
npsMoil Teopemoit KoTenmbHHMKOBa myTeM BBIOOpa OTCUETOB CHUTHaNIa B (DUKCHPOBAaHHBIC
MOMEHTBI BpEMEHHU, CIEAYIOLINE YEPE3 PABHBIE IPOMEKYTKU BPEMEHN Af.

®opmupoBaHre (QUIBTPa HUKHUX YacTOT B KaHajie CBSI3W NPEICTABISIETCS B BHIE

obpe3anHoil pynkuuu upaka o(t) [28,29]
sinm(At/T)

O(1)= lim ey -0 (29)

[IpoBomutTcs mporeAypa 3ameiieHus 0ejaoro Imyma ¢ IAPOKUM CIIEKTPOM YacTOT IO

JIIUCKPETHBIM OTcueTaM KOTelNbHHMKOBA BEPCHE C HU3KHMM pa3pelIeHUEM HENpPEepPhIBHOM
dynkmun f (t) [28,29]

fk(t)= Yo, x(iAD)8(t —iAt)  (30)

rme k=1,2,... K - Homep BpIOOpKH O€oro 1ryma,
AF—10110ca IPOITYCKaHUs CUCTEMBI CBS3H,
At=1/2F—n1iTenbsHOCTh TUCKPETHBIX OTCYETOB,
O(x)—¢pynkuusa dupaxa,
W = T./At - KOTUYECTBO AUCKPETHBIX OTCUETOB,
T.- JUTUTEIHPHOCTh CUTHAJIA,
xk(i) -k-s1 peanmu3anus G6enoro nryma.
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Oyukuus (29) 3amensiercs (pyHKuHeHak(t), KOTOpasi MPEACTABIISIET allPOKCUMUPYEMYIO

BEPCHIO 0, () C HU3KUM Pa3pEICHUEM I10 BDEMCHH

()= X, x (IAt) sinc [i (t— iAt], (30)
raesine x = sin x/X.
[Ipu ymrensHoctr Bo Bpemenu LUIIC, paBHOIiT,, n 6a3e B=4 MUHMMAaJIbHOE KOJTHMYECTBO
JUCKPETHBIX OTCUETOB |[L BO BPEMEHHUONPEAEIAETCS COOTHOLIEHHEM [33]
n=/tAt=2 t.fy=2B +1 = 8 (31)
IIpu p =8 u K =1023 Monenp cTaliMOHapHOIO CIy4ailHOTO rayCCOBCKOTO Y3KOIOJIOCHOTO
mymMa ¢ JIMHEHHOW (Pa30-yacTOTHOW XapaKTepUCTUKON B mporpammHoi cucteme Mathcad
UMeeT BUJI, TPUBEACHHBIN MpH X=norm (1024, 0, 1)B kauecTBe mpumepa Ha puc.18[31]

Puc.18. Mopenb cTaliMOHAPHOTO CJIY4YaiiHOT0 rayCcCOBCKOI0 Y3KOMOJIOCHOIO IIIyMa

BeiBoabI

B pabore paccMOTpeHBI BONPOCH (POPMHUPOBAHUS UIMPOKOIOJOCHBIX CHTHAJIOB C
YaCTOTHOW MOJIYJISALKEH, Y KOTOPhIX aBTOKOPPEIALMOHHbIE (PYHKIINKA UMEIOT 3HAYUTEIHHOTO
MEHbIIUI ypoBeHb OOKOBBIX JienecTkoB, yeM y AK® IIIIC c¢ nuHeiHON wacTOoTHOU
MOIYJISIIUENA. AHAIUTUYECKHMX METOJIOB CHHTE3a CHUTHAJIOB C HEJIMHEWHOW 4YacCTOTHOM
MOJYJIALIUEN O CUX ITOP HE CYLIECTBYET.

C nenpio ymeHbIeHus: ypoBHs 00koBbIX JienecTkoB AK® ITIC npenioxkeHn moctaTouHo
npoctoil B peanuzanuu anroput™m cuHTesa LIIIC ¢ HUYM Bo BpemeHHO# o0macTé B BUjE
CyMMBbI JUHEHHOW W HETWHEWHOW (YHKIMHA W3MEHEHHS YacTOThl C COOTBETCTBYIOIIMMH
BECOBBIMH KOA(PPHUIHEHTAMH.

Paccmotpensr LHIIC ¢ dazo-komoBoit moxymsuueit. [Ipemioxkena cUrHaIbHO-KOAOBAs
KOHCTPYKIIMSI C pacHIMpeHHOW 0a30ii Ha ocHOBe KoioB Yomma u bapkepa ¢ manbim
ypoBHeM OokoBbIX JsenecTkoB AK®. IlIpemnoxena meroawka dopmupoBanus LIIIC c
MPOU3BOJHOM CHUCTEMON cHUTHaloB B makeTbl 10 N=200, 4TO MO3BOJIIET 3HAYUTEIILHO
YBEJIUYUTh U3y4aEMYIO SHEPTHIO B PAAMOJIOKATOPAX ¢ AaHTEHHBIMU PELIETKAMMU.

IIpoBenen cunte3 ILIIIC co ciaydaliHOM AaMIUIMTYZHOM MOXYJALMEHN B BUIE
CTAIlMOHAPHOTO CIIY9afHOTO TayCCOBCKOTO Y3KOMOJOCHOTO IIymMa C JHUHEHHOW ¢azo-
YaCTOTHOU XapaKTEPUCTUKOM.

O} PeKTUBHOCTh  MPEIVIOKEHHBIX  AJITOPUTMOB  MOATBEPXKJACHA  pe3ylbTaTaMu
moaenupoBanust B cpene MathCAD. JlaHbl pekoMeHAaluu MO MX pealu3allii ¢ MOMOIIBIO
IIPOrPaMMHBIX CPECTB.
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