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MHCTUTYT KOCMUYECKUX UccnegoBaHui NpUpoaHbIX pecypcoB HaumoHanbHoro
aspokocMumyeckoro areHTcTBa, baky, AsepbanmpkaHckas Pecnybnuvka

ONMTUMU3ALUA MHOTOYACTOTHOWU KOMMYHUKALUA
HU3KOBbICOTHbLIX BECINMUITOTHbLIX JIETATEJIbHbIX CPEACTB
B PEXXUME «BO3AYX — 3EMJ1A»

MocBsieHa Bonpocam ONTUMMU3ALMM MHOTOMACTOTHON KOMMYHUKALMKN «BO34yX — 3EMIIsi» C UCMONb3oBaHWeM becnu-
NOTHBIX NeTaTenbHbIX CPEACTB. PaccmaTpnBaeTcsl MHOTO4aCTOTHBIN PEXUM KOMMYHMKaUMK HU3koBbicoTHoro BIJIA ¢ Hasewm-
HbIMW NPUEMHMKaMW, HaXOASALWMMUCS Ha pasHblX paccTosHusAX. MNpoaHanu3npoBaHa M3BECTHas MoAerb BbIYMCIIEHNS NYTEBbIX
noTepb, y4YUThIBaOLLast BEPOSTHOCTb HaNMYUs UMM OTCYTCTBUSI NPSIMOI BUAMMOCTU, @ Takke NnoTepu curHana npu pacnpocrpa-
HeHun No Takum guctaHuusm. Mogens, npeanoxeHHas H. Yiang, Z. Zhangi, G. Geei, no3BonseT BbIMUCNNTL CYMMapHble nyTe-
Bble NOTEpW, OAHAKO He NpefycMaTpyBaeT peanu3auuio Kakux-nmbo onTuMmM3aumoHHbIX npouenyp. Hanee paccmartpvBaeTcs
BO3MOXHOCTb BBEAEHWSI PeXmMa aganTUBHOMO U3MEHEHWSI HecylUel 4acToTbl B 3aBUCMMOCTM OT AuCTaHumu £, T.e. nepexofa Ha
afanTMBHbIA MHOIOYaCTOTHbIA PEXUM KOMMYHUKaumm. C y4eTOM M3BECTHbIX NPeACcTaBneHnin 06 ncnonb3oBaHMM BEPOATHOCT-
HO-CBEPTOYHOW OLEHKM 06LLasi BEPOSTHOCTb YCTAHOBIIEHUS CBSA3W KaK NMpW HanuMuuu, Tak v Npu OTCYTCTBUM 30H C NPSIMOW BU-
OVMOCTbIO OnpeerieHa ¢ NOMOLLbI0 Takoi mogenu. [lonyckaeTcsi, YTO AOMOMHUTENbHBIE MOTEPU U3-3a BO3AENCTBUSI haKTOpPOB
OKpy>KatoLel cpefibl OTCYTCTBYIOT. BBEeAEH Ha paccMoTpeHue nokasaTersb X, onpedernsieMbli B ka4ecTBe NoTepb Ha eauHULY AnvHbI
nyTw. Mony4eHo peLleHve, NP1 KOTOPOM § AOCTUraeT MUHUMAbHON BEMUYMHBI. [TpeANoXXeH MHOrO4aCTOTHBIN PEXMM KOMMYHVKaLMK,
KOrZia HecyLlas YacToTa U3MEHSIETCS B 3aBUCUMMOCTM OT PacCTOsHWS, A1l UCCNeA0BaHNS KOTOPOro U3y4aeTcs CpeaHenHTerpanbHbIv
riokasarterb Ycp. C yHETOM AONONHUTENBHO BBEAEHHOIO OrpaHNYUTESNIbHOIO YCIOoBMS COPMMPOBAH LieNieBoi (yHKLIMOHaN onTymm3a-
umn. BeruncnieHa akctpemans yHKLMOHana, CornacHo KOTOPOW NP MOMyYeHHOM peLLIEHN LieneBor yHKLMOHaN JOCTUraeT MaKkcu-
Myma. Bo mn3bexaHne Takoro HavxydLlero pexvmMa npeasiokeHO KBasvonmTMMarbHOe peLleHve, Korda Hecyllasi Yactota JIMHENHO
YBENMYMBAETCS MO PACCTOSHMIO 0 NpuemMHuKa. MNprBeaeHo ycrnoBme JOCTWKEHUS BbIUMPbILLA B TAKOM peXXUME.

KnioueBble cnoBa: ontumu3aumsi, BIJIA, MHOroyacTtoTHas KOMMYHWKaUMS, BUAUMOCTb, paguocurHan, noTepu curHa-
na, KBa3nonTyMarnbHOe peLleHre, LeneBoi pyHKLMOHan, okpyxatoLwas cpefa, He3eMHble CTaHLMN.
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OPTIMIZATION OF MULTI-FREQUENCY COMMUNICATION
OF LOW ALTITUDE UAV AT REGIME OF AIR-GROUND

The paper is devoted to questions on optimization of multi-frequency communication of air-ground type by utilization of
unmanned aerial vehicles. The multi-frequency regime of communication of low altitude UAV with ground receivers located at
different distances is considered. The known model for calculation of route losses, taking into account the probability of pres-
ence or lack of direct vision and also losses of signal upon propagation on such distances is analyzed. The known model make
it possible to calculate the total route losses but don’t provide any possibility to to realize any optimization procedure. The possi-
bility for realization of regime of adaptation envisaging change of carrying frequency depending of distance, i.e. transfer to adap-
tive multi-frequency communication regime is considered. Taking into account the known solutions on utilization of probability-
convolutional estimates, the total probability of full communication upon presence or lack of direct vision zones is determined by
help of such model. It was assumed that additional losses due to effect of environmental factors are lacked. The parameter ¥,
defined as losses at unit of distance is introduced. The solution is obtained in line of which x reaches its minimum value. The
multi-frequency communication regime is suggested in line which the carrier frequency changes depending on distance. The in-
tegrated averaged parameter y, is suggested to research this regime. The target optimization functional is formulated taken into
account the additionally introduced limitation condition. The solution of optimization task is calculated which provides for maxi-
mum of target functional. In order to remove such a worst regime the quazy-optimum regime is suggested in line which the car-
rier frequency is linearly increases on distance as far as receiver. The condition to reach gain in such regime is described.

Keywords: optimization, UAV, multi-frequency communication, visibility, radiosignal, signal losses, quazy optimum so-
lution, target functional, environment, ground stations.
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BBenenune

OnmHMM Y3 TEpCHEeKTUBHBIX MPUMEHEHUN
OCCIIJIOTHBIX JIETATENbHBIX amapaToB B TOPOI-
CKOH cpene, 0e3yCIIOBHO, SIBISETCS HCIIONIb30Ba-
HHUE UX B LEJSIX OIMOBEICHUSI HACENCHUS B YCIO-
BUSIX YPE3BBIYAMHBIX CUTYyallli, KOTJa Ha3eMHBIE
CITyOBbI OTMOBELICHUsSI HE CIIPABISIOTCS CO CBOCH
3agadeil. BIIJIA Moryr OBITh MONE3HBIMU TIPH
a"anuse u coope uapopmaryu o YIl, onenke cre-
MEHU TOBPEXKJEHUMN, OpraHU3alMi OTNepalui 1Mo
MOKMCKY U criaceHuto jmozeit [1-5]. s ycneriHo-
IO pellIeHMs yKa3aHHbIX 3a/1a4 B TOPOJICKOH cperie
JOJDKHBI OBITH pa3padO0TaHbl MOJIENTH KOMMYHHKA-
uun BIUJIA ¢ HazeMHBIMH CTaHIMSMH C Y9E€TOM
3aKOHOMEPHOCTEH PAaCIpPOCTPAHEHUSI PATMOCHUT-
HaJIOB B TOPOJCKOU Ccpefe.

W3BecTHBI MHOTHE MOJEIN KOMMYHHUKALMN
B PEXHME «BO3IyX — 3eMJID», NPUTOAHBIC IS
oreHKH paboTel BIIJIA B kauecTBe KOMMYyHHKa-
LIMOHHOM ceTh. Takne MOJenu MOKHO pa3feiuTh
Ha CTOXAaCTHYECKHE U IeTepPMUHUpOBaHHbIE. I 'eo-
METPUYECKUE CTOXACTHYECKUE MOAEIH ObLIM pac-
cMotpensl B paborax [6-10]. leTrepMuHUpOBaH-
HbBIC MOJICITH ObLITH U3JIOXkKEHbI B paboTax [11-13].

B pabore [14] mpemmokeHa CTaTUCTHYE-
CKasl MOZEIb AJIsl MPOTHO3HOM OLEHKH IOTEPb
CUTHaJa B ITyTU MEXAY HU3KOBBICOTHBIM BITJIA u
HazeMHOM craHuueil. CornacHo NpeIoKEeHUIO
aBTOPOB ATOW PabOTHI, HA3eMHbIE IPHEMHUKH MO-
T'YT pacroiaraTbCsi B TAKUX 30HAX, IJIe IPHEM CHUT-
HaJla OCYILECTBIISIETCS C UCIOIb30BAHUEM IPSMBIX,
OTpPaKEHHBIX U JA(PAarupOBaHHBIX CUTHAJIOB.

[Ipu stom mpuemuuku curHana ot BITJIA
paslieNieHbl Ha TPH TPYIIIIBL, TAE B MEPBYIO IPYIITY
BXOJISIT TIPHEMHUKH, WUMEIOLIHE TPSMYIO BHIH-
MocTh ¢ BITJIA; Bo BTOpyIO Tpymily BXOIST MpPH-
E€MHHUKH, HE HWMCIOLIHE TMpPSMYI0 BHUAUMOCTb C
BIUIA, omHako MMEOIIME XOPOIIUN TpHUEM II0
OTPa)XEHHBIM WM JUPPAarupOBaHHBEIM CHIHAJIAM.
B Tpetbio Tpyniy ObUTH BKITIOYEHBI IPHEMHHKH, Y
KOTOpPBIX CHTHaJI ObUI CHJIBHO OCJIa0JIeH H3-3a
MHOT'OKPAaTHBIX OTpaxxeHud u audpakuuid. Co-
riaacHo pabore [14], obmee KOITUIECTBO TaKUX
MPUEMHHUKOB COCTaBIISLIIO Bcero 3 % ot olmie-
ro konmnuecta 37 000 emmamn. Ha ocHOBe
BBINIICU3JIOKEHHOTO B pabore [14] Oputa mpen-
J0)KeHa CJIeNYIomas MOJENb OIEHKH MOTepPh
paavocuriaia KOMMYHHKAIUHd MEXIy HHU3KO-
BbICOTHBIM BIIJIA 1 npueMHHuKOM:

L(h,R)=P(LOS)L, s + P(NLOS) Ly 05, (1)

rie
P(LOS) = L )
1+ocexp[—B[1809—ocD
T
LLOS(dB)=20Iog(4nf°Ij+§Los; 3)
4nf |

Lyios (dB) =20 Iog( )+ Enos: (4
rae | — paccrosiare mexxmy BITJIA u npueMHHKOM;
P(LOS) — BepOsATHOCTh HAJIMYMS TPSMON BHIH-
moctu Mexay BITIA u nmpuemunkom; P(NLOS) —
BEPOSITHOCTh OTCYTCTBHUSI TaKOW BHUIAMMOCTH, TPH
stom P(LOS) + P(NLOS) = 1; 6 — yrox BbICOTHI
BIUIA; Lios u Lyos — yCpenHCHHBIC 3HAYCHUS
myTeBbIX noTeph Ha myTsix LOS u NLOS; a, B —
MOCTOSIHHBIC BEJIMYHMHBL, 0 — paccTosHHE MEXIY
BITJTA u mpuemuukom; f, — wactora Hecyiero
CHUTHaJIA.

B mopenu (1)~(4) aBTOpBI NPEAOJIOKHUIIH,
YTO BCE IMOJIB30BATENM HAXOISTCS Ha OTKPBITOM
MecTHOCTH. [lpu HuU3KON BbIcOTe monera BITIA
myteBele notepu Mmexay BIUVIA u mpuemHHMKOM
YMEHBIIAIOTCS, OJHAKO BEPOSTHOCTh HAIUYHUS
MPSIMON BUITUMOCTH MEXIy HUMH TaKKe IMajaer.
B cBot0 ouepenp, Ipu yBEIMYEHHH BBICOTHI TOJIE-
Ta IyTeBbIE MOTEPH YBEIWYMBAIOTCS, a BEPOST-
HOCTB MPSIMOI BUMMOCTH pacTeT (puc. 1).

T

Puc. 1. MnmocTpariyist COOTHOIIEHUS MEXTy BEICOTOU
nosieta BITJIA, no3unueit npueMHuKa,
JUTHHOM TyTH MEXy HIMHU U BEPOSTHOCTHIO
IpsIMON BUJUMOCTHU

Takum oOpa3omM, MOJIENb, TIPEIOKCHHAS B
pabote [14], mO3BOJSET BHIUMCIUTH CYMMapHBIE
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IIyTEeBBIC TMOTEPU, OAHAKO HE MPEeAaycMaTpUBacT
peau3aiulo  KakuX-TM00  ONTHMH3AI[MOHHBIX
mpoueayp. Janee B HacTosmed cTatbe paccMar-
pUBaeTCsl BOBMOXKHOCTh BBEJICHUSI PEXXHUMa aJar-
TUBHOTO MU3MEHEHHUS HECYIIEH YacTOTHI B 3aBUCHU-
MOCTH OT TUCTaHIWHU ¥, T.e. TIepexoja Ha ajar-
TUBHBIA MHOTOYaCTOTHBIN PEKUM KOMMYHUKAITUU

IIpennaraemblii MeTON

C y4eTroM BHIIICH3IIOKEHHBIX TOJI0KCHHUMA
Teopun aBTOopoB padotkl [10] moxens (1) mpen-
CTaBUM B BUJIC

L(¢, R)=Pos (DL os (0 +

©)
+[1-Plos (0] Lyos ().
IIpu 3TOM JIOILyCKaeM, 4TO
ELos =Enos =0, T.c JOHONHHUTENbHBIC HOTEPU

M3-32 BO3ICUCTBUS (DAaKTOPOB OKpYIXKAroIIeH cpe-
Ibl OTCYTCTBYIOT.
B arom ciydae u3 dopmy (3) u (4) momyaum

Lios (0)= Lyios (0)=L(0). (6)
C yuerom dhopmy (5) u (6) 3amumem
L(¢, R)=L(0).

BBenem Ha paccMOTpeHHE TMOKasaTelb Y,
OTIpEIeNIIeMbIii B KadeCcTBE IMOTEPh Ha EAWHUILY
JUTAHBI Ty TH:

_L_20, g(szcfj_ 0

L L

YcepenHuMm nokasaTenb . 10 HMHTEpBALLY

InHeL myTel { = (0 ol o ) Nmeem

_Iw_l (4nffjd€_

HOKa)KeM, 4YTO cCaMa BCJIMYMHA ) HMECT

JKCTpPEMaJIbHBIN XapakTep. Mmeem

dy 20 (4nf0€j 20
—£=—""Jo +— )
ds l c (7 Ine

(8)

U3 ycnosus g—’é=o c ydetoM (QOpMYIIBI
(8) Haxomum

B c .1olllne
4nf,

(9)
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[Ipu sTom pemenue Gopmynsl (9) naet Mu-
HUMAJNBHYIO BEJIMYMHY ¥, TaK KaKk BTOpas MpOU3-
BozHast popmyisl (7) mo ( Bcerma sBISIETCS TMO-
JIOKUTEJIBHON BETUYUHOM.

PaccMoTpuM ~ MHOTOYAacCTOTHBIH — PeXHUM
KOMMYHUKAIIUH, KOTJja HeCyIasi 4acToTa U3MEeHs-
eTCsl B 3aBUCUMOCTH OT [, T.€. UMeeM

f,=f.(4), i=(Ln)

Ycn0BHO TIpHHSB BhIpaxkeHue (8) B KadecT-
B€ HEMPepBIBHOW U ABaXAB! AuddepeHmpyeMon

(10)

yHKUMH, ¥ OIpENETUM KaK

w20 (4nf (£)¢
xcp=L Elg(—c jdf. (11)

[pumenutensHo k Gpyukunn f (() BBemem

ClIeyIOlIee OTPaHNYUTENILHOE YCIIOBHE!

jo“ f (0)d¢=C; C=const. (12)

C yuerom Beipaxenuii (11) u (12) chopmu-
pyem crenytommit dynxmonan F( f, (£)):

(f (f)) J‘max@l g(4nfc(€)fjx
¢ (13)

xdf—x[jo"‘“ fc(f)df—C}.

CornacHO UCTOYHMKY [15], omTumanbHas

(dyHKIUSA
(11) x sKcTpeMabHOW BEIMYWHE, TOJDKHA YIOB-
JIETBOPUTH YCIIOBUIO

fc(ﬁ)opt, NpUBOIAIIAs  (PYHKIIMOHAT

oF (f.(0)
of, ()
C yuerom dopmya (13) u (14) noxyanm
20
f.(¢)¢-Ine

=0. (14)

~%=0. (15)

U3 popmyiel (15) umeem
f,(0)=
AL I

C yuerom dopmyn (12) u (16) uMeeM

(16)

d¢=C.

J'/‘max 20
0

17
Al-Ine (10

W3 Beipakenus (17) Haxogum
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(e 010
Lo
Clne

A=

=A,- (18)
Takum oOpazom, u3 dopmyn (16) u (18)
nMeeM

20

f(f)o e —
STl Ine

(19)

[IpoBepka MOKa3bIBaeT, YTO MPH PELICHUU
ypasrenus (21) ¢pynkunonan F(f,(¢)) nocrura-
€T MaKCUMyMa, TaK KaK BTOpas IPOU3BOJHAS WH-
terpanta B Beipaskennu (11) no f_(£) Bcerma or-

punareibHa.

3akiIouyenue

IIpoananusupoBaH mperIaracMblii MHOIO-
YaCTOTHBIA PEXKUM KOMMYHUKALIUU HU3KOBBICOT-
Horo BITJIA ¢ Ha3eMHBIMH NpHEMHHMKAMH, HaXo-
JUIIVMMUCSA Ha Pa3HbIX paccTosHusiX. lIpoananu-
3UpOBAHA  U3BECTHAas  MOJEIb
IIyTEBBIX IIOTEPD, YUUTHIBAIOIIAS BEPOSITHOCTh Ha-

BBIYMCIICHUA

JUYUS WM OTCYTCTBUSL NpPAMON BHAMMOCTH, a
TaKKe MOTEPY CUTHANIA TIPU PACIPOCTPAHEHHUH 10
TaKuM JUcTaHIWAM. [loka3zaHo, 9TO BHOBBH BBe-
JICHHBII NTOKA3aTelb Y, ONPEICISIFOIINN TOTEPH HA
€IMHUITY JUIMHBI ITyTH, TIPH OTPENEIeHHBIX yCIIO-
BUSIX JOCTHTA€T MUHUMYMa.

Bwmecte ¢ Tem mipu mepexojie Ha MHOTOYAc-
TOTHBIX PEXUM KOMMYHHUKAIUH, T.€. TIPHU H3MEHe-

HUM HECYIEH YacTOThI B 3aBHCHMOCTH OT y/a-
JIEHHOCTH MPUEMHHKA, OOHAPYKMBAETCS HAMXYI-
M PEXHMM, KOTJ@a Ul ONpPEEIEHHOro
nojiiIacca (PyHKIMH 3aBUCHMOCTH HECYILEH dac-
TOTBI OT PACCTOSHUA JTOCTUTAETCS MAKCHMaJIbHAs
BEJIMYMHA CPEIHEHMHTErPATBLHONO 3HAYCHHUS BHOBb
BBEJICHHOTO TIOKasarens . Bo n30exaHue Takoro
HAUXY/IIIET0 PEXKUMa PACCMATPHUBAETCS KBA3HOII-
TUMQIBHOE pEIIEHHe, KOrJa Hecyllas 4YacToTa

20 JIMHEHHO YBETMYMBAETCS 110 PACCTOSHUIO JI0 MPH-
<7 ne eMHUKa. [IpUBEIEHO yCIIOBHE JTOCTHIKEHHS BBIMT-

0 max PHIIIA B TAKOM PEKUME.

B kauecTBe KBa3HONTUMAJIBHOTO PEIICHMS
MOXHO PacCMOTPETh KBAa3MONTHMAIBHOE peLie-

uue f, (O

f (0 =KL (20)

C yuerom Boipakenuid (19) u (20) moxHO
MOKa3aTh, YTO BHIUTPHIII B YMEHBILICHUH MTOKa3aTe-
71y, OyZIeT JOCTUTaThCs MPH COOIIOJEHUH YCIIOBUS

k
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