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Annomayua. B cratbe npuBoauTcs 0030p OCHOBHBIX
crnoco00B pacHIMpeHHsl CHeKTpa: JIMHeiiHasg 4YacToTHasl
monyiasinus (JIYM), pacmimpeHue cnekTpa MeTOAOM INPsIMOi
MoCJ1e10BATEIbHOCTH (MIIIT) " nceBAoOCayqaiiHas
nepectpoiika padoueii yacrorsl (IIINPY). PaccMoTpen merton
KOMOMHHPOBAHHOIO PpACHIMPeHHsl CIEKTpPa: MpPHMEHEeHHe
JIUM curnajos B pe:xkume IIITPY. Ilposeneno ucciaenoBanue
KOMOMHHPOBAHHOIO0 MeETOJa MOAYJsINMM: npuMeHeHue JIUM
CUTHAJIOB B COCTaBe ICeBOCIY4YaiiHOH MocjeA0BaTeJbHOCTH
npsMoro pacuupenusi cnekrpa. Iloctpoena matemarnyeckast
monear JIUYM-MIIII  moayastopa B cpexe  Matlab,
HCCJIeI0BAHBI ABTOKOppeIsIHOHHbIE GyHKIHH
CreHePpHPOBAHHBIX CHTHAJIOB € KOMOMHHPOBAHHBIM THIIOM
MOJYJISALIHH.

Knrouesovie cnosa: WUPOKONoNOCHaAsA MOOynAYUA;
KOMOUHUPOBAHHAA —~ MOOYNAUUA;  MEMOObl  PACUIUPEHUsA
cnekmpa;  auHelinan — uacmomuasa  mooyaayuna  (JI9M);

pacuupenue cneKkmpa memooom nPAMoil nocaed08ameibHOCmu
(MIIII); ncesedocnyuaiinas nepecmpoiika padoueii uacmomol
(1111P4)

I. BBEAEHUE. OB30P METOJIOB PACIIUPEHUS CIIEKTPA

Metoapl pacHIMpeHUs] CHEeKTpa CUTHAJIOB H3BECTHBI C
CepelMHBl TPOIIIOro Beka. B mepBylo ouepens OHHU
OKa3aJIUCh BOCTPeOOBaHBI 6maromaps BBICOKOH
TIOMEXO03aIIUIIEHHOCTH, CJIOKHOCTH OOHapyXeHus ¢akrta
pabOTBI CHCTEMBI CBSI3M M HHU3KOIH BEpOATHOCTH IepexBara
CHUTHaza.

CucteMbl CBSI3M C PACIIMPEHHBIM CIICKTPOM HMEIOT
HEKOTOpBIE OTIMYHUTEIbHBIE 0COOCHHOCTH:

® WCronb3yemasi JUisi mepefadd IoJjioca CYIIECTBEHHO
MIMPE MUHAMAIILHO HEOOXOIUMOA;

® pacUIMpeHue CIeKTpa peanusyercd 3a  CueT
paCIIMpPSIOIIEr0 CHTHalla, HE 3aBUCAIICTO  OT
nepegaBaeMoii HH(popMaIuy;

® Cy)XEHHE CIEeKTpa MPUEMHUKOM JJIsI BOCCTAHOBIICHUS
HCXOAHBIX JAHHBIX NMPOMCXOIUT TP CONOCTABICHUN
MOJMY4YEHHOTO CHUTHaJa C CHHXPOHM3MPOBAaHHOMN
KOIIMEN pacIMpsIIOIIEro CUrHaIa.

CyIecTBYIOT pa3IMyYHbIE METOABI PACIIMPEHUS CIEKTpa,
Cpean KOTOPBIX HauOOJbIIEe PacHpOCTPAHEHHE IOTYdHIN
TpU MeToja: JIMHEHHas dvactoTHas Mmoxyssiuus (JIUM),
METO]T TIPSIMOMA MOCIIEIOBATEIIEHOCTH (MIIIT),
TIIceBI0CTyYaifHas epecTpoiika padoueit wactotsl (ITITPY).

A. PacuwupeHnue cnekmpa mMemooom TuHeuHo YacmomHou
mooynayuu — JIIM

YactoTa HECYyIIEro paafOCHTHala B 3aBUCHMOCTH OT
Bpemenn Jmbo Hapactaer (UpChirp), mmbo yOGwBaer
(DownChirp) mo nuueitHoMy 3akoHy (puc. 1). Panee JTUM
NpUMEHSJIach B OCHOBHOM B PaMOJIOKAIMH, OJHAKO Ha
CeroJHSIIHMKA  J1eHb, ocobeHHO ¢ pasButuem SDR
TEXHOJIOTHA W TPUMEHEHHeM [H(PoOBoi  00pabOTKH

CUTHAJIOB Ha OCHOBE BBICOKOITPOM3BOUTEIBHBIX
MPOTPAMMHUPYEMBIX JIOTHUSCKUX HMHTETPATbHBIX CXEM H
mU(pPOBBIX  CHTHANBHBIX —mpoueccopoB, JIUM Hauanma
aKTUBHO TPUMCHATHCS B CHCTEMaX CBS3H, OCOOCHHO TIIpH
paboTe B CI0XKHOM TOMEXOBOI 00CTaHOBKE.

JTYM curHai onuceiBaeTcst BeipakeHueM (1):

s(t) = S, cos {(po + 21 (fot + %tz)}, 1)

rae b =

(Fmax _fo)/T ,

fo — HavanbHasg yacToTa cUrgana,
T¢ — JNMUTEIBLHOCTH CUTHATIA,
Frmax — MakKCUMaJIbLHOE 3HAYEHHE YaCTOThI CUTHAJIA.

AprokoppersiuonHas ¢yHkiwmst R,(7) B obmem Bume
ompenenseTcsa HHTerpaioMm [2]:

R,(®) = [ fOf(t —)dt )

U SBIISIETCS MEPON COOTBETCTBUS MeXIy curHamoMm f(t) u
€ro KOIMEH, CIBUHYTOM BO BpEMEHH Ha T.

(Downchirp pulse)

Puc. 1. JIYM nmnyascer tuna UpChirp u DownChirp



Puc. 2. AsrokoppensunonHnas ¢pynkuus (AKD) JTUM-umnyinsca

JleTeKTHpOBaHHE  IIOCIEJOBATEIIBHOCTH  CHMBOJIOB
sakoaupoBanHbix  UpChirp- u  DownChirp-ummynscamu
HPOHCXOIAT c HIOMOII[BIO IBYX 0110k0B

ABTOKOPPEJSIIUOHHBIX MTpeoOpa3oBanuii (puc. 3).

| Up | Up |Down Up |Down.
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Puc. 3. Jlerektupopanue JIYM-koaMpOBaHHOIO CUTHANA

[lpuem Ttakoro curHaza B okHe Bojomaga SDR
MIPUEMHHKA TIPUBEAEH Ha puC. 4.
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Puc. 4. Tlpuem JIYM curnana B okHe Bojponana SDR-npuemMHuka

B. Pacwupenue cnexmpa memooom npsamou
nocnedosamenvrocmu — MIITIT

B xaxpprii Out uHbOpManMy, NMpeACTaBISIONNI co00i
nmorndeckne 0 wnm 1, mepenarommiics OT TepeaaTdrka K
NIPUEMHHUKY HMHTETPUPYETCS. HEKas I10CIeA0BaTeNIbHOCTh
YUIIOB, TJE YHI — 3TO OUT KOJOBOH IOCIENOBATEIEHOCTH
(puc.5). Dt BcTpaumBaeMble  IOCJIEHOBATEIBHOCTH
Ha3bIBAIOT  IICEBIOCIYYAHHBIMU  IIOCIIEA0BATEIBHOCTSIMH
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(IICTI), nrymomomoOHBIME — KOJAMH, IICEBIOITYMOBBIMU
(TT111-) MOCIIEA0BATEILHOCTSMU in) 78 PN-
MOCJIEeI0BAaTEIFHOCTAMU. [ICeBIOCITydaiiHbI KO/l OTHIOAb HE
SIBIISICTCS CIyYalHBIM, T.K. ABIIETCS JETEPMUHHPOBAHHBIM
MEPUOIMYCCKIM CHUTHAJIOM, W3BECTHBIM TMEpPENaTIUKy H
MPUEMHHKY, OIHAKO WMEET CTAaTHCTUYECKHE CBOWCTBA
muckpeTHoro Oemoro mryma [1]. Jlas  moctopoHHETO
MIOJI30BATeNsI TAaKOW CHrHall OyJeT Ka3aThCs COBEPIICHHO

cnyqaﬁHLIM. Z[aHHLIﬁ METOA TMO3BOJISIET 3HAYUTEIBHO
YBCIIMYUTh TOMEXO3AIIMIICHHOCTh M CKPBITHOCTh, HpPH
HEOOIBIINX TIIOTEPsIX B CKOPOCTH.
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Puc. 5. Pacmmpenue cnexrpa npumeHenuem I1CIT

UunoBble MOCIEIOBATEILHOCTH, HWHTEIPUPOBAHHBIE B
WHPOPMAITMOHHBI CHUTHAN JUIA PACHIMPEHHs CIEKTpa,
JIOJDKHBI  OTBEYATh TPEOOBAHMSM aABTOKOPPEISIIAU  JIJIS
JATHEWIIIETO BBIACIICHNUS MPUEMHUKOM HH()OPMAIIIOHHOTO
curHaia Ha ypoBHe myma. [Ipumepom takoit [1CII sBusiercs
ko1 bapkepa (puc. 6).
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Puc. 6. AK® 7-anemenrtHoro kona bapkepa
Makcumym AK® npeBblmaer ypoBeHb OOKOBBIX

JICTIECTKOB B YHMCJIO pa3, paBHOC YHCITY JIEMEHTOB KOIA.

C. Pacwupenue cnekmpa memooom ncesooCIyHaiHol
nepecmpotixu pabouei yacmomwl — [IITPY

Ocobennocteio Metoma IIITPY sBnsieTcst pacmupeHue
CIEKTpa 3a CYeT YacTOM CMEHBI HECYNIeH YacTOTHl B
npezenax MIMPOKOro JMana3oHa, YTO HE JOIyCKaeT
MepexBaT WIA PAJUOINOABICHHE Y3KOMOJIOCHBIM IIIyMOM.



Yactora MeHseTCSI B COOTBETCTBMM C IICEBAOCIy4YaiHOU
HOCIIEIOBATENBbHOCTRIO  YHCET, KOTOpas ~ HM3BECTHA
nepeaaTyuKy | IPUEMHHKY (pHC. 7).
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Puc. 7. Curnain nepenatomuiicst merogom I1TTPY

Il. KOMBMHHUPOBAHHBIE METO/IbI PACILIMPEHM S CITEKTPA

A. Hccnedosanue pacuupenus cnekmpa memooom
komounuposanus [IIIPY-JIMY

CoBpeMeHHBIE pealui TpeOYIOT HOBBIX MOAXO/OB K
nepenade HHGpOpPMAIMU C Ooliee BBICOKOH CTEMEHBIO
TOYHOCTH M 3aIlUTHl, OJHHUM M3 TaKUX METOJOB CTaJlo
komOunmpoBanue [IMIPY wu JIUYM. Takoit meron Ha
CETONHAIIHUM NeHb MpuMmensercss maccoso B FPV-BILIA
(OecnUIOTHBIX JIeTaTeNbHBIX amnmapaTax). JlaHHBIH MeTox
Iepelauy sABJIIETCS KpalHE IIOMEXOYCTOMYMBBIM JAaXKE K
CHCTeMaM paJro3JIeKTPOHHOH OopbObl. OCHOBOW ISt
JAHHOTO ~ KOMOMHHMPOBAaHHOTO  METOAa  IOCIYXXHIN
TIOMYJISIPHBIN Ha CEroJHAIIHMIA 1eHb LORa nporokon oOmena
(puc. 8) [3] m mporpammHo-peamm3zoBannas I1ITPY Ha
M (POBOM CUTHAIIBEHOM IIPOIIECCOPE.
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Puc. 8. Crpykrypa LORa-curnana

LoRa curnanm kpaiiHe yCTOWYHB K COCPEIOTOYCHHBIM
nomexaM. Kak TIOKa3pIBaeT NpaKTHUKa, IS IIOJABJICHUS
TaKoro KaHaja cBs3u Tpebyercs renepupoBats [ICII curaan
c rapamMeTpamu JIYM-umnynbcoB, WJICHTUYHBIMA
MOJIE3HOMY CHUTHAITY.

B Ttexnonorum ELRS 3a ocHOBy B3sT mpoTokon LORa,
HO JONOJHMTENBHO K 3TOM Iepenade cUrHajia NpUMeHseTCs
MITPY. Juanason mepectpoiiku 900...930 MI'n. Illupuna
nonocel 1 kanama — 500 kI'u. [nurensHOCTh mHepenadu
1 ckauka — 20 mc (50 ckaukoB B cexyHay). [Ipumep npuema
TAKOro curHaia B OKHe Bojomaza SDR  mpuemnunka
IpuBeeH Ha puc. 9.
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Puc. 9. Curnan, MoaynupoBaHHbIH KoMOMHHpPOBaHHBIM MeTozioM ITTTPY-
JIYM, nmpusaThIii B okHe Bogonana SDR mpuemnunka

CrpykTypa oamHOYHOTO makeTa (puc. 9), mepenaHnHoro
Ha OJIHOW YacToTe, COOTBETCTBYET CTpyKType LORa makera
JaHHBIX, YKa3aHHBIX Ha PHC. 8.

B. Hccnedosanue pacwupenus cnekmpa memooom
xkomounuposanus MIITI-JIMY

IIpn wcrmonp30BaHMM  JAaHHOTO MeEToJa  Iepenada
nndopmaryu komupyercst IICII, umeromei octpyro AKD,
HO TpH 3TOM, KaxIblii OWT TOCIENOBaTElbHOCTH
npezacraBisger coboit JIUM  uMIynbc, WMEIOIINI CBOIO
octpyio AKD.

IMpensioxkeHa W HCCIEOBAaHA MAaTEMaTHUCCKas MOJIEIb
Momyastopa MIIIT-JTUM B cpene Mathlab. TIpumep
CTEHEPUPOBAHHOTO CHTHANA JUISL  5-3JIEMEHTHOTO  KOJa
bapkepa npusenen Ha puc. 10.

Uccnenoanne AK® KOMOMHHMPOBaHHOTO CHUTHaja
MIOKa3aJi0 CYIIECTBEHHBIA BBIMTPHIII 10 cpaBHEeHUI0 ¢ AK®D
Tosbko JIUM-curnana unu tonbko [1CII-MomynupoBaHHOTO
curHana. Berxogasie curnanel ¢ AK®-momymeit npu npueme
IIOCJIEI0BATEIbHOCTH, MOJlyJINPOBaHHOM MIIII-JTYM
IpHUBEZEH Ha puc. 11.
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Puc. 10. Jlornueckue «0» u «1» MOmyIHMpOBaHHBIE KOMOWHHPOBAHHBIM
merojioM MIII-JTUM juist 5 snemenTHOro koaa bapkepa
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Puc. 11. Beixoas! monyneit AK® nis npuema noruueckux «1» u «0»,
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1. 3AKJIIOYEHUE

CoBpeMeHHbIE peanun HIOKa3anu OCTPYIO
HEOOXOAUMOCTh pa3BUTHSI UHM(PPOBBIX KAHAJIOB CBA3M,
00ecreurBaloInX CKPBITHYIO pabOTy MOA IIyMamd |
HUMCIOLIMMH  BBICOKYIO ~ CTOMKOCTh K  CPEACTBaM
PaarodJIEKTPOHHOM OOPHOBI.

Pazpaborannas B [1aKeTe Matlab MOJIENIb
KOMOWHHPOBAHHOTO CIOco0a MOIYJISAIHNK TaKXKe IO3BOJISET
MIPOBOAMTH UccliefoBanus 6onee cinoxubix [ICIT (Hanpumep,
YacTo MPUMEHSIEMBIX B CBS3M M-TTOCIeI0BaTEIFHOCTEH FITH
nocnenoBatenbHoctedd [Nonma) ans nomyuyenns MITT-JTUM
CUTHAJIOB Y aHAJIN3a MX XapaKTePUCTUK.
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