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Knioueenbie cnosa: qu)OPMGU,UOHHOE none,

:?03"03 ?epreu BnaAurmposg'-l, ; 3 dasibHoMepHbIl memod onpedeneHus KoopduHam,
a3aHCKUU HAUUOHAJbHBIU uccnedosamesbCKuli mexHu4ecKkul KoppenALUOHHbII npuém, kodosoe pasdeneHue

yHusepcumem um. A.H.Tynonesa-KAW, 2. KasaHb, Poccus, KaHaso8, npamoe pacuiupeHue cnekmpd,
skozlov68@yandex.ru y/IbmpazeyKoeoli YacmomHbIt QuanasoH

B cratbe npoBenéH aHanus 3¢ ceKTMBHOCTM onpefeneHUa KOOpAMHAT NacCUBHLIX OGLEKTOB Mo
cMrHanaMm cucreMsl nepegaym uicgopMaumm, pabotalollei B uHopmaumoHHoM none. Moa nucgop-
MaLMOHHBLIM NOfeM NOHMMaeTcA none Bcex PU3MUECKUX MO NpUpoAe CUrHaNOB (NEKTPUUECKUX,
aKYCTUYECKUX, SNEKTPOMArHUTHbLIX, ONTUYECKUX), CYLLIECTBYIOLLMX B onpeaenéHHoi obnactu npo-
CTpPaHCTBa, MOTOKU JJaHHBIX KOTOPbLIX B peajisHOM BpeMeHU cofiepxaT MH(OpPMaLMIO O XapaKTepu-
CTMKaXx cpefibl PacnpoCTpaHeHUA U O B3aMMOAENCTBUM C PacoNiOXKeHHbIMU B 3TOH obnacTu npocr-
paHctBa o6bekTamm [ 1]. UndpopmaumoHHoe none cpopmuposaHo B npefenax naboparopum B ynb-
TPa3sBYKOBOM JjManasoHe C MOMOLLbIO CrieLuanbHO pa3paboTaHHOro CTeHAa, KOTOPbIN NepeAaéT uH-
c¢dopMaLmio ¢ cnonb3oBaHUEM TEXHONOTMU KOZLOBOIO pas/eneHus KaHanoB ¢ NpAMbIM pacLLUMpeHN-
eM cnekTpa. B coctaB cTeHa BXOAAT ycTpoWcTBa ANiA NpUéMa U Nepesjadm ynbTpa3ByKOBbIX CUrHa-
noB, a Takxe yctponctBo o6pa6oTku National Instruments, skntovatoree MK NI-PXle-8311, cuc-
TeMy c6opa aaHHbix NI-PXI 7841r ¢ LLAM-ALIM u MJINC Virtex5-LX30, ana kotoporo paspa6o-
TaHbl GNOK-CXeMbl aJIFOPUTMOB M HanMUcaH Koy, Ha Asbike Verilog. OkoHeuyHas o6paboTka peanuso-
BaHa B cpeae MATLAB. lNpu npoeeseHnn TectupoBaHuaA U aHanu3a 3¢pPeKTUBHOCTU NPUMEHEHUA
MHGOPMALMOHHOTO NONA ANA HaBUraLMKM OGLEKTOB OCYLLECTBNANOCL OMnpejesieHne KoopauHat
0o6beKTa M pa3HOCTU 3HAYeHWUN CUCTEMHOTO BpEMEHMU U BpeMeHM Ha o6bekTe. BbluncneHue ykasaH-
HbIX BENUYUH NPOU3BOJUTCA METOIOM HaMMeHbLUMX KBajpaToB. Takxke onpe/ieneHbl OTKIIOHEHUA
KOOpAMHAT U yKasaHbl hakTopbl, 06ycnaBnuealoLmMe BO3HUKLLME OTKNOHeHUsA. BbluncneHel Bepo-
ATHOCTHbIE XapaKTEPUCTUKU U BENIMYMHBI OTKIIOHEHUI ANA NPOBEPKN 3aBUCUMOCTU BENIUYUHBI OT-
KNOHEHMUA KOOPAMHAT OT AanbHOCTU MeX/y NepefaloLuM U NPUEMHBIM YCTPOMCTBAMM.

HNHdpopmauusa o6 aemopax:

KysHeuoe AHOpeli Cepzeeeuy, accucmeHm, ¢edepanbHoe 2ocydapcmeeHHoe 6rdxemHoe obpasoeamesibHoe yupexdeHue 6bicLIe20
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Kosnoe Cepzeli Bnadumupoeuu, npocgpeccop, doueHm, 0.m.H., ¢pedepanbHoe 2ocydapcmeeHHoe 6rodxemHoe ob6paszosamesibHoe
yupexdeHue ebicwezo obpazosanus "KaszaHckul HAuuoHanbHbIU uccnedosamesibckuli mexHuyeckul yHusepcumem um. A.H.Tynoneea-KAM",
2. Kaszaub, Poccus
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BBenenue

B Hacrosmiee Bpemst [uisi niepeqadr HHGOpMAIUU HCIONb3Y-
10T Pa3IMYHbIC IIMPOKOIOJIOCHBIE curHaiibl. [1pu pacnpocrpane-
HUU OTH CHUTHAIBI UCKAXKAIOTCS, B3aUMOJICUCTBYS C pPa3sHOPO-
HBIMHA OOBEKTaMH, CPEIOH, MPEIATCTBUSAMHI M TaK jnaiee. B pe-
3yJBTATEe PTOTO CHTHAJBI HA BXOJIC MPUEMHBIX YCTPOMCTB HECYT
nH(POPMANHIO HE TOIBKO O TepeaBacMbIX TaHHBIX, HO U 00 00-
JIACTH MPOCTPAHCTBA, B KOTOPOH PACIPOCTPAHSIICS CUTHAIL.

COBOKYITHOCTh 3THX CHTHAJIOB B 3TOH paboTe paccMaTphBa-
eTcsi KaKk MH(POPMAIMOHHOE I0Jie, O KOTOPHIM IMOHUMAETCS
roJie BceX (M3MYECKUX MO TMPHUPOIE CHUTHAIOB (DJIEKTPHUUECKHX,
AKYCTHYCCKUX, JJICKTPOMArHUTHBIX, OHTI/I‘{CCKI/IX), CYHIECTBYIO-
HIMX B ONpPEAE’IEHHON 00JIacTH MPOCTPAHCTBA, TOTOKH JaHHBIX
KOTOPBIX B PEAILHOM BpPEMEHH CcojiepKaT MH(POPMAaIHI0 O Xa-
PAKTEPUCTHKAX CPEbI PACIIPOCTPAHCHHS M O B3aUMOICHCTBHUH C
pacIioNOKEHHBIMHA B 3TOW 00JIaCTH MPOCTPAHCTBA OOBEKTaMHU.
Takum o0OpazoM, MHPOPMAIMOHHOE MOJE TO3BOJISET PEan30-
BaTh Psijl JOTOMHHUTEIBHBIX (DYHKIHUH, PACHIMPSIONIMX BO3MOXK-
HOCTH PaJHOTEXHUYECKUX CHUCTeM mepeaaun uabopmanuu [2].
Bo3moxkHa peanu3anusi TAKUX CEPBUCOB, KaK MO3UIHOHUPOBA-
HHUE, MOCTAaHOBKAa IOMeEX, LelieyKa3aHue, JIOKAalus WU JIpyTHe.
B aT0ii paboTe ocymecTBIseTCs NCCIeA0BaHIE YPPEKTHBHOCTH
HaBHUraluu OOBEKTOB B MH(OPMAIMOHHOM TOJIE MO CUTHAJIAM
cucTeM nepenady nHQpopMarum.

0O0600mIEHHAs TPAKTOBKA HH()OPMAIIOHHOTO MOJIsT M KJIaCcCH-
¢ukanusi 0ObEKTOB NMPUMEHHUTENBHO K PAJHMOTEXHUYECKHM CH-
cTeMaM pa3UYHOTO Ha3zHaueHus paccMoTpeHa B [3]. M3 Bcero
Habopa 00BEKTOB Jajiee OYAyT pacCMAaTPUBATHCS TOIBKO «CBOWY
AKTUBHBIC M MMACCHBHBIC 00BEKTHI. [0 «cBOMMIY OyIeM IMOHH-
MaTh OOBEKTEI, BXOJISIINE B CHCTEMY, B HHTEpecaX KOTOPBIX OHA
u ¢yskmuonupyet. [lox akTUBHBIME OOBEKTaMU OyIeM IOHU-
MaTh OOBEKTHI, U3TYYAIOIINE CUTHAIBI C YPOBHEM BBIIIE YPOBHS
COOCTBEHHBIX ILIYMOB B YaCTOTHOM JHarna3oHe (OpMHUPOBAHUS
MH(POPMAIIMOHHOTO TOJIsI, & T/ MACCHMBHBIMU HE W3JTy4aroliue
TaKuX CUTHAJIOB [4].

IlocTanoBka 3aga4u

3ajayeil sIBISIETCSl TECTUPOBAHHUE NMPUMEHEHHs MH(pOpMaIH-
OHHOTO MOJISl JUIsS TO3UIMOHUPOBAHUSI OOBEKTOB C TOMOILBIO
pa3paboTaHHOTO CTEeHAA, pabOTAIOMIEro B YIbTPa3BYKOBOM JIHa-
nazone [5]. Creny ocymecTBisieT MPUEM CUIHAIOB MH(OpMaIu-
OHHOT'O TOJIS M MTO3UIIMOHHUPOBAHUE «CBOMX» MTACCUBHBIX 00BEK-
ToB B Jaboparopun Kadeapsl miomansio 15 M2 Crena mpen-
CTaBJsieT co0O0il cucTeMy mepelaud AaHHBIX, B KOTOPOH cCylile-
CTBYET 4 KaHaja, pa3IeNEéHHBIX [TOCIEI0BATEIBHOCTAMHU Y OJIIIIA.

[lepBbIii KaHau SBISIETCS TUIIOTHBIM, CITYXKHT JJIsl OOHapysKe-
HUSI CUTHAJIOB aKTUBHBIX OOBEKTOB U ONPEIEIICHUS 3aICPKKH UX
pacIpocTpaHeHus OT aKTHBHOT'O JI0 TACCHBHOTO OOBEKTa.

Bropoit — kaHai1 CHHXPOHHM3AIMH, 110 KOTOPOMY IepeaaeTcs
nHpOpMAMs O CHCTEMHOM BpeMeHH. [l ocymecTBiIeHus
HaBUTanuu 00BEKTOB B COOOIIECHHS KaHAJIa CHHXPOHHU3ALUH J0-
0aBJIeHO T10JIe C KOOPJAMHATaMH aKTHBHOTO 00bEKTa (an ,Ynt )

JlBa ocTaBIIMXCS KaHaJa UCTIOIB3YIOTCS IS Iiepeiaun Tpaduka.
TecToBBIN CTEH]T OCYIIECTBIISICT Mepeavy U MpuéM cooOIie-
HUM, @ TAaKKe ONPEIEICHHE IBYMEPHBIX KOOPIAMHAT (xn, yn)

«CBOHUX» IMACCHUBHEIX OOBEKTOB Pn’ n:l’N . (DopMI/IpOBaHI/Ie

UH(POPMAIMOHHOTO MOJIs OCYIeCTBIsIETCs: N * (PUKCUPOBAHHbI-
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MH «CBOMIMID) aKTHBHBIMH OOBEKTaMH P,, n* =1, N* c koop-
n

JTMHATAMHA (an ,Yn? ) )

Jns mepenaun wHGOPMAITNH B CHCTEME HCIIONB3YEeM ITHPOKO-
noniocabie QPSK curHamsl ¢ mpsMBIM pacImpeHneM crekTpa [6].
Jlnst obecrieueHus] OJJTHO3HAYHOTO M3MEPEHHSI PACCTOSIHUS MEXTY
00beKkTaMH HH(OPMAITIOHHOTO TIOJIS B KA4eCTBE PACIIMPSIONICH
MOCNIEAOBATEIFHOCTA ~ MCHONb3yeTcs:  M-II0CIea0BaTebHOCTh
mrHoM 32767. Tlpu 3TOM KaKIblii aKTUBHBIA OOBEKT JOJDKCH
00J1a1aTh YHUKaJIbHBIM BpEMEHHBIM CIIBUTOM M-
MOCJIEOBATEIbHOCTH tnofs. Jlnst  obecriedeHusl HEOOXOIUMOM

JIAITBHOCTH JIGHCTBUSI CHCTEMbI KaXK/AbIH MHPOpMAIMOHHBIN OUT
koaupyetcs 128 unnamu, Kaxaplil uun cooTBeTcTBYeT 40 0TCUE-
TaM CHTHaJIa Ha Hecymeid uyacrore. TakuMm oOpazoM, Ha OAWH
nH(popMannoHHbIH 6UT puxoanTes 5120 oTcuéros.

PaspabaTriBaemblil cTeHa Oa3upyercs Ha komruiekce National
Instruments, ocraménnom 1K ¢ 1O Labview (Mmoxyms NI-PXIe-
8133), IINIMC Virtex5-LX30 ¢ IAII-ALIT (momyns NI-PXI-
7841R) [7] u pa3paboTaHHBIMH YJIBTPA3BYKOBBIMH IEpeIaTdH-
Kamu 1 ipuéMHrkamMu Ha 6aze MA40S4S 1 MA40S4R [8] cooT-
BETCTBEHHO.

OmnpenesieHHe KOOPAUHAT 00 EKTOB

[Mockonbky HH(POPMAMOHHOE TI0JIe (POPMHUPYETCS TOJIBKO B
naboparopuu, B mpejeiax KOTOPOi KPUBU3HOM MOJICTUIIAIOIIEH
MOBEPXHOCTH MOXHO MpeHeOpedb, TO JUIsS OMpEeeeHUs] KOop-
IUHAT OOBEKTOB IIeTIECO00Pa3HO HMCIOIH30BAThH JIOKANBHYIO (JIe-
KapToOBY) CHUCTEMY KoopauHaT. [lyisi ompeeseHus: KOOpAUHAT
00BEKTOB B JIADOPATOPUH MOXHO BOCIIOJIb30BAThCS JIAIILHOMEP-
HBIM WJIM Pa3HOCTHO-JJIbHOMEPHBIM METOJ[AMH, TaK KaK OIpe-
JIeNICHNE YTIIOBBIX KOOP/AMHAT B MOMEIIEHUH 3aTPYIHEHO.

Hebomnpimue pazmeps! 1ad0paTOpUK HE MO3BOJISIOT MOJIYYUTh
JIOCTaTOYHYI0 Gasy, Uik TOYHOTO OMpEeIeHUs] KOOPAUHAT pas-
HOCTHO-IaJIbHOMEPHBIM MeToZoM. IlosaTomy B paboTe ompene-
JICHHE KOOPJHMHAT OOBEKTOB HMH(POPMAIMOHHOTO MOJsI OyaeM
OCYIIECTRIIATh C UCIOJIb30BAHUEM J[ATBHOMEPHOT'O METO/IA.

O06o03HaYMUM 32 ¢ (Pn, P, |{PN }) U3MEPEHHOE PACCTOSHUE OT
N-ro maccMBHOro 00beKTa P, 110, n"-ro akTUBHOTO 0OBEKTA P,

Torna koopauHaThl N-ro NaccMBHOTO 00beKTa P ompesiens-

FOTCSI C MTOMOIIBI0 KPUTCPHUSI MUHUMYMa CPEIHCKBAPATHUCCKO-
ro oTKJIoOHeHus [9]:

2

P=(%0 )
(1)

CrieioBaTeNIbHO, ISl PEIICHUS 3aJaud HABUTAIUH HEOOXO-
JIUMO OIIPEICITUTh TAIIHOCTH (f (pn, P, {pN }) .
”

p :argngn[\/(xn/, %) +(y, %) =d(R.P,1{R])

OCHOBHO# METOJI ONpeNesieHHs] JAIbHOCTH 0 00BEKTa OC-
HOBaH HA aHAIU3€ BPEMEHHU 3aJePKKU MPH PacIpOCTPaHEHHH
CUrHaja T<Pn’PA \{PN}) B IIPEAIOIOKEHHU 00 HM3BECTHOM I10-

n

CTOSHHOHM CKOPOCTH PacIpoCTpaHeHus BOonHbI B cpexe V,[10].

[TockonbKy cUrHaI MOJyJIMpyeTcs M-TI0cie10BaTeIbHOCThIO, TO
1esIecoo0pasHo MCIOoIb30BaTh KOPPEISIMOHHBIH METO/1 pruéma.
Bua gyHkuuu xoppensiyn R(t) MPUHATOTO CUTHANA B TOYKE P,

1 OIMOPHOI'0 CUT'HAJIA MPEACTABJICH HA PUCYHKC 1.
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tR()

MmJJLJk’IAL.-.umgmMMHMMM_MhLﬂ_.mgMNL‘_)
t(P,P1) t(PyP2) t(PuP3) t(PoPs) - t(PuPi) t

Puc. 1. Bun koppemsiironHoit GYHKIMH B TOUKe mpruéMa
BaxHO OTMETHTH, 9YTO OONBIIONH BPEMEHHON WHTEPBAI MEXK-
1y 3HAYCHUSIMHU t<Pn7PA) Ha pucyHke | OOBsICHAETCS TeM, 4TO
n
BpeMsi t(Pn’PnA) SIBJIIETCS CYMMOH 3a/lep>KKU PaclpOCTPaHEHUS
A
CHTHaima OT N -r0 aKTHBHOTO A0 N-TO IAacCHBHOTO OOBEKTa
1—(|3m|3A {PN }), 3HAYEHWs BPEMEHM Hayajia nepenadu 1 n*-ro
n

AKTUBHOTO 00beKkTa tO", pa3sHOCTH 3HAYEHUH CHCTEMHOIO Bpe-
n

MCHM M BPEMCHH Ha N-M ITaCCUBHOM 00BEKTE Az‘n .

[lomydeHnble TO pe3yibTaTaM aHalu3a KOPPEIALHOHHOM
(YHKIIMM 3HaUY€HHE BPEMEHHU MPHUXOJa CUTHaja t(P P ) U TIpH
ERIYS

JCKOONPOBaHUHN HepeﬂaBaeMOﬁ I/IH(bOpMaL[I/II/I 3HAYCHUE BPEMEHHN
A Offs
Ha4daJla nepeaadd N -ro akTUBHOTI'O 00BeKTa tnA u ATn 1103-

BOJISIFOT OIPEAETUTH TalbHOCTH ( (Pn P {pN }) KaK:

d(P,.P,

{PN}):VA'(t(Pn,PnA)-i-ATn—tr?:rs) )

HckomMble KOOpIUHATBI (xn,yn) 00BEKTa OMPEICISTIOTCS

yepe3 cuUcTeMy ypaBHeHHH (3), Tie Kaxaoe ypaBHEHUE Mpe]l-
cTaBisieT coboil ypaBHeHne okpyskHocTH [11].

X, +Y, =V, ~(t(Pn,PlA)+Arn —tloffs)
XKoo Yo =V, (R Py )+ A7, —10) 3)

>

X o Yo =V, (t(R P )+ Az, 15

n“n

e X, o=(x, —xn)z,Yn,‘n =(y, —yn)z;nA =1,N*.

Pa3pa6orka TecTOBOIO CTeH/1a

Jnst oOecrieyeHnss HABUTAIMM TTACCUBHBIX OOBEKTOB B IIPO-
CTpaHCTBE C MHCIOJIb30BaHUEeM BbIpaxkeHus (3) HeoOXoanmo
MMETh, 110 KpaiHeil Mepe, TpU «CBOUX» (UKCUPOBAHHBIX aKTHUB-
HBIX 00BEKTa, KOTOpbIC (HOPMHUPYIOT HH(POPMAIMOHHOE TIOJIEC
[12]. TIpuém 1 aHATU3 CHUTHAJIOB OCYIIECTBISETCS «CBOMM» IO-
JIBIDKHBIM [TACCUBHBIM OOBEKTOM.

JUis HaXOKAEHUS BpPEMEHU IIPUX0/ia CUTHAJIa U CHHXPOHHOTO
npuéMa JaHHBIX OBLIM pa3padoTaHbl alrOpUTMBI pHEMa 1 o0pa-
00TKM HH(OPMAITOHHOTO TI0JISI, TPUBEIEHHBIC HA PUCYHKE 2 1 3.

AnTopuTMBI pabOTaIOT ¢ CHTHAIAMH B AMCKPETHOM BPEMEHH,
OykBoii 1 ob6o3Havyaercs Homep orcuéra. KoppensinoHHbIi UH-
Terpai BbIYMCIsieTcsl Ha JuinHe BekTopa curHaia T(1) 5120 or-
cuéros. [Io KoppeIMOHHOMY MHTErpajy olpenelsercs 3Haue-
HHE BPEMCHHU NPUX0Ja CUTHa/Ia, 0003HaYaeMoe Kax | o

( Havano ) ¢
‘PL 5 !'“’-\r = argm?.xl RU)' He

/ Bbod / l
1/ omcyema / .
/ CuzHONa / , Buibod /
wo ) 6/ ay

r
| llo

[eHepouus omc4emob
2 NUNOMHDZ0 CUZHANa

t.(0) 7

(dbuz zewepomopa
NUAOMHOZO CuzHANG

L=t +1

v

Hakonaenue ome4emob
3 Tu

1.(D)

A Br4ucneHue Rl

I B

Puc. 2. biok-cxema ajropurMa oucka CUrHajIoB
1 OTIpEJIEIICHUs] BPEMEHH 3a/1CPIKKH

Koreu )

- N 2

i\ Ha4ano ) Pewewue no
~— QHANU3UPYEMOMY
A | ydocmky (1/0)

\ 2 _
BBod o
1/ CuzHana , v

/ !?f’@u / Beibod Gum ,f’f
* d0HHEIX

Modcmpolka /

zeHepaomopob ¢

2 NUAOM-CUZHaNA ©

y4emom

3,

v

[esepauus
KOHO/bHBIX
cuzHanob
k=28

v

b BoHucneHue
R, (D)
-

Puc. 3. biok-cxema anroputMa CHHXpOHHOTO pHUEMa TaHHBIX

T-Comm Tom 17. #4-2023




Paborta mpméMHmKa peann3oBaHa C MOMOIMIBIO IBYX Mapail-
JIeTbHO pabOTAIONIMX aJrOPUTMOB, ONHCHIBAIOIINX KaHAaJ MOUC-
Ka (puc. 2) ¥ KaHaJ CHHXPOHHOTO NpuéMa AanHbIX (puc. 3) [13].

3ajayeii KaHaja IOUCKA SIBISIETCS OOHAPYKEHUE CUTHAIIOB OT
BCEX AaKTHBHBIX OOBEKTOB W ONpEJEICHHE 33/IePXKEK pacipo-
CTpaHEHHs C TOYHOCTBIO JI0 OTcuyéra curHasa. CTOUT OTMETHUTB,
YTO B CUCTEMax Iepeiaun WHPOPMAIMHU ¢ KOJIOBBIM Pa3/eeHu-
€M KaHaJIOB ONpe/eIeHHe BPEMEHM MPUXO0Ja CHIHAA CITYXKHT
JUIsl IEPBUYHOM CHHXpOHM3anuu. B 3710l padore sTa nmHpOpMa-
LS TAKXKE MCIIOBb3YETCs /ISl ONPEICTICHUSI PACCTOSTHHS MEXKTy
AKTHBHBIM M TACCHBHBIM OOBEKTAMH ITO BPEMEHN 3a/ICPIKKH.

PaccmoTrpum mpuHIHN paboTH KaHana mowcka. [Ipu rerepa-
UK OTCYETOB MIIOT-cUrHana [14] mo cuHdasHbIM U KBaIpaTyp-
HBIM  cocTaBimsommM  Qopmupyercss  Habop  BEKTOpPOB

— —
S SQl—n-l0
Kaxxmprif m3 BEeKTOpOB 3a7iep)kaH HA BEIMYMHBI OTCYETOB | - Io,

onl > , cocrosimux m3 128 uymmos, T.e. 5120 orcuéros.
“nl,

rae ne[0;39]. Bexropa nvetot Bi:

-

Sii-nd, :(sll—n-ln 0) Sii-nd, @ Sii-nd, (5119))

SQI—n-I0 = (SQI—n.|0 (0) SQ|_n.|0 (1) SQI—n-IO (51 19))

B COBOKYITHOCTH TMJIOT-CHTHAJ, B KOTOPOM IPHCYTCTBYIOT
BEKTOpa CO BCEMH BO3MOXKHBIMH 33/ICPXKKaMH, HPEICTABISIETCS
Matpuueit S (4), aneMeHTsl MaTpuibl S GOPMHUPYIOTCS B OJIOKE
2, HaKaIUIMBarOTCS B OJIOKE 3 10 OJIOK-CXeMe Ha PUCYHKE 2:

- - - -
- S Siua,  Siea, Sii-3o1, (4)
o — - —
Sor  Sqi,  Sai-2, Sai-391,

Jlanee ocymiecTBIIET BBIYMCICHHE KOPPENSAIHOHHBIX CyMM
JUIT MaTpHLbl MWIOTHBIX CHUTHAJIOB S M BEKTOPA IMPHUHSITOTO

T=(T(0)

0J10K-cxeMe Ha pucyHke 2. Marpuna xoppeasinuonHbix cymm K
umeet Bua (5):

T(5119)) Ha nmune 128 uumnoB B Onoke 4 1o

S5 o N — N - N —
T T T T
B Sn'T sII—IO'T Suleo'T S||739|0'T ®))
- -5 > N - N — N *)T
T T T
SQI T SQl-l0 T SQl-zl0 T SQI—39I0 T

Bpemsi 3afiep)KKH CHUTHAlA ONpEACNsSeTCs Uil CHUTHAJA C
—
HauOOIBIIENH MOIIHOCTHIO. BekTop Mommbocreit R paccunthiBa-

eTcs ¢ moMoIklo (6) Takke B 6J0ke 4 1o OJIOK-CXeMe Ha PUCYH-
Ke 2:

E:( KAKE KAHKE KAKE o KP K ). (6)

B Gnoke 5 mo Gnok-cxeme Ha pHCYHKE 2 10 3HAUCHHIO arg
—
max R ompezensercs 3aaepkka B mpejesiax 4Yuma, T.e. M0 HH-

JICKCY BEKTOpA.

3ajiepKKa PACIpPOCTPAHCHHUSI CHUTHANA CKIIabIBACTCSA W3 3a-

JICPIKKU CUTHAJTA B Mpesesax uuia T(Pna pA) U 3QJIEPXKKH TeHe-
n

paropa IWIOTHOIO CUTHaja tc(Pn:Pn“)' UYepes xaxasie 128 uun
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TeHepaTop MUJIOTHOTO CHTHAJA 3aJep’KUBACT BbIady Ha | 4w,
IpoLieypa CHOBA TOBTOPSIETCSL.

3anavell KaHaIa CHHXPOHHOTO MPUEMA TaHHBIX SIBIISCTCS Jie-
MOy KaHAJIBHBIX CUTHAJIOB. 10 MaHHBIM Ha BBIXOJE KaHa-
Jla CHHXPOHHOTO NpuéMa JaHHBIX ONpefemseTcs tr?fs U KOOpJH-

HaTbhl aKTUBHBIX 06’])6KTOB.

TakuM 00pa3oM HCHOJIB30BaHUE ABYX CIY)KEOHBIX KaHAJIOB
(MMIIOTHOTO M CHMHXPOHHOTO) TIO3BOJISIET pelaTh 3a/1ady I03H-
LIMOHUPOBaHMs 03 3aTpaT pecypcoB KaHAIOB TpagHKa.

PaccMoTpum anroputM paboOTHI KaHajla CHHXPOHHOTO MpHE-
Ma JaHHBIX. 3a/aueil KaHama SBIAeTCS JAEMOMYIISIH TPHHSATHIX
CUTHAJIOB M JICKOAMPOBAHNE JITAHHBIX 10 COOTBETCTBYIOUINM Ka-
HaJlaM.

ITo madoOpManuK 0 3aAepKKaxX paclpoCTPAHEHUs] CHUTHAJIOB
OT aKTHBHBIX 00BEKTOB (0JIOK 1 10 OJIOK-CXeMe Ha PHCYHKE 3) B
JIAHHOM KaHalle OCYIIECTBISICTCS] OACTPONKA I'eHEpaTOPOB IH-
not-curHana (00K 2 1o OJoK-cxeMe Ha PHCYHKE 3), OTJIIMYHBIX
OT TeHEepaTopOB IMIWIOT-CUI'HAIA B KaHAJIE TIOUCKA.

B Osoke 3 mo OJ0k-cxeMe Ha PUCYHKE 3 KaHaJIbHbIE CHUTHA-
JIbI, K&XK/IOMY M3 KOTOPBIX COOTBETCTBYET CBOSI MOCIIEAOBATEIb-
HOCTh Youma (hopMHUpYrOTCs B OJ0Ke 3 1Mo OJIOK-CXeMe Ha pH-
CyHKe 3), MEepeMHOXKAIOTCS Ha MHJIOT-CHUTHAJBI (U1 KaXk1oro
AKTHBHOIO OOBEKTa), MOJydeHHass MaTpHUIla NEPEMHOKAETCSl Ha
BEKTOp BXOJIHOTO cHUTHaJa (B O6J0Ke 4 1Mo OIIOK-cXeMe Ha PUCYH-
ke 3). [TomydeHHbIe CBEPTKH CYMMHPYIOTCS Ha HiuHe 127 gum (B
Omoke 5 mo 6mok-cxeme Ha pucyHke 3). [To 3HaKy CyMMBI MpH-
HUMAETCSl pelIeHHe O TepelaBaeMoM CHMBoJe (B OJ0ke 5 1o
6mok-cxeme Ha pucynke 3). s memomymsuuu Bcex nH(pOpMa-
LIMOHHBIX CUMBOJIOB IIPOLEAYPA IOBTOPSETCS.

PaccMoTpeHHBIE aIrOpUTMbl PEAIM30BAHBI HA UHTETPAIBHON
mukpocxeme Xilinx Virtex5-LX30 mocpeactBom sizbika Verilog.

BBIXOHBIMU JTaHHBIMH ITOPUTMA SIBIISIIOTCS 3HAUCHUS BpeE-
MEHHBIX 33JICPIKEK M JAEMOJYJIMPOBAHHBIE JaHHBIE, 110 KOTOPHIM
B cpezne Matlab ocymectisercs aekonupoBaHue MH(OpMaIU-
OHHBIX CHMBOJIOB C LICJIBIO M3BJICUCHHUSI CBEJCHUH O CHCTEMHOM
BpPEMEHH, KOOP/IMHATAX aKTUBHOTO OOBEKTA M OINpECICHUE KO-
Op/IMHAT TTACCHBHOTO OOBEKTA.

OmnpeneneHre KOOPAMHAT MACCHBHOTO OOBEKTa M BPEMEHH
A‘[’.n METOAOM HaWMCEHBLIINX KBaJApaTOB ITPOU3BOAUTCA IMOCPEI-

CTBOM peaji3alliy ajJrOpUTMa PELICHUsS] HEIMHEHHON (YHKIMH
WJIN CHCTEMbI BBIOPAHHBIM MeTOAOM. PYHKIMS [UISi OTHICKAHMS
KOOpP/JMHAT MTACCUBHOTO 00BEKTA Ha IUIOCKOCTH HMeeT BH (7)

f(Xn’YH’ATn):(dal +V'AT“ _\/(Xn _XlA)z +(Yn _ylA)z)z +
H(dy + VAT, = (x, %)+ (- y,)°) +
+(d,, +v-At, —\/(xn —x, ) (Y, — Y+

Hdyy + v AT, — (5, =X, (Y, — Y0

()

rae xn N ,yn , — KOOpAMHATHI N-TO aKTHBHOTO 00BEKTA, XY, —

KOOpAWHATBI MTaCCUBHOT'O O6’b€KTa, d — OKCIICPUMEHTAJIBHO
an

orpejenéHHasi AajJbHOCTh OT N-TO aKTUBHOTO OOBEKTa 10 Iac-
Offs
CHBHOTO, KOTOpAs ONpeNeNnseTcs Kak q — V(t(Pn,P . ) —t9 ),
V — CKOPOCTb PACIPOCTPAHEHHS BOJHBI.
[Ipn pa3zpaboTke MmiaHa pa3MELICHUS] aKTUBHBIX OOBEKTOB
MaKCHMaJIbHasl TUIOIIA/b, B KOTOPOW MPHUHUMAIOTCSI CUTHAJIBI OT
4eThIPEX TEpeIaTInKOB paHa 1.092 M2,
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[Tpu npoBeaeHUN SKCICPUMEHTA OBLIH ONPECICHBI KOOPIU-
HATBI TIACCHBHOI'O 00BEKTa B TPEX Pa3HBIX TOYKAx, B Tabmwmie |
MMOKa3aHbl BEJIMYUHBI OTKJIOHCHUN pAacCUMTAHHBIX 3HAUCHHIA
JATLHOCTCH U KOOPIUHAT, OMPECIEHHBIX C MOMOIIBIO PYJICTKH
JI0 KaKJIOT'0 aKTHBHOTO 00BEKTa M KOOPIUHAT YKCIICPUMCHTAb-
HO W3MEPCHHBIX.

Tabmuma 1

Pe3ynbTaThl 3KCIIEpIMEHTA IPH ONIPEACICHIN KOOPAWHAT I
ACCHBHOTO 00BEKTA MPH TOJIOKCHNN AKTUBHBIX OOBEKTOB
B OZIHOM IUIOCKOCTH 110 BBICOTE U TPEX MOJIOKEHUSAX TPUEMHUKA
B IIPOCTPAHCTBE

Tabauma 2

BeposiTHOCTHBIE XapaKTEePUCTHKH U OTKJIOHEHHUE I10 JAaJTbHOCTH
JUTsl BBIOOPOK M3MEPEHUil TaTbHOCTH ISl pa3HbIX PacCTOSHUN
MEXIy 00BEKTaMuU

|Ad|> M AX, cm Ay, cM

apaKTEePUCTUKU mey M G, M ‘ Adma\ M
JlanmsHOCTH
5,345 m 5,42 0,015 0,075
4265 Mm 4,3282 0,0041 0,0632
3,28 M 3,3462 0,0037 0,0662
2,3 M 2,3694 0,0018 0,0694
1,79 m 1,8451 0,0018 0,0551

0,33

2,06
1,78
33

2,46 1,94

2,13
14,15
2,74
124

1,84 0,83

7,75

5,14

0,68
2

I

0,77 345

BRI |= BRI —= W [—

OTKJIOHEHHSI BO3HUKAIOT W3-3a HAINYUS JIBYX (AKTOPOB:
(axTop MpH OmpeneNICHN KOOPIMHAT U AAJTbHOCTEH pYJIEeTKOU
(pakrop mpsMoro m3MepeHust) u (HaKTOp IKCIECPUMEHTAIBHOTO
n3MepeHus (MOCPEACTBOM CTEHA).

®DaxTOp MPSAMOTO W3MEPEHUsT 00YCIOBICH HECOOTBETCTBUEM
MOJIENTH TIOMEIIECHHUS HAeaTbHOH (MIPSIMOYTOIBHOE IOMEIIICHIE) H
HEPOBHOCTHIO CTEH.

@DakTop HETOYHOCTH IKCIEPHUMEHTAILHOIO HM3MepeHus: 00y-
CIIOBJICH HEYYTEHHBIMHU 3a/IePKKaMHU PACIPOCTPAHEHUS B KaHa-
ne: 3aaepkku npu oopadotke IAIT/ALIT u B mpouux ammapar-
HBIX y3Jax Komiuiekca National Instruments. Dtor dakrop Tak-
e OOYCIIOBJICH JUCKPETHOCTBIO OTCYETOB M IIYMOM, KOTOPBIH
BIMSET Ha KOPPESIIMOHHYIO XapaKTepHCTHKY, m3mepenuii. C
yu€TOM peasbHON KOPPEISIUOHHON XapaKTepUCTHKH, KOTOpas B
npeenax MakCUMyMa MMeeT IUpuHY, paBHyto 100 orcuéram,
paccunTaHHBIE OTKJIOHEHWS, IPUBEIEHHBIC B Tabmume |, He mpe-
BeImaroT 40 0TCYETOB, T.€. OTKIOHEHUS IPH OIIEHKE MaKCHMyMa
HE TIPEBHIIIAIOT BEIMIUHY OJHOTO YHIIA U JISKAT B TIpeesiax Kop-
PETSAIMOHHOTO MakcUMyMma. Il yMEHBIICHHS MOTPEeIrHOCTei
TpedyeTcs mpuMeHeHue cremsmero gpumptpa Kamvana [15].

Jis TIpOBepKHM 3aBUCHMOCTH BEIHYUHBI OTKIOHEHHS OT
JIATIbHOCTH MPOBE/EH IKCIEPUMEHT B CIlydae OJHOTO MacCHBHO-
ro W OJHOTO aKTUBHOTO OOBEKTOB Ha HAILHOCTIX — 5,345 M
(MaKCHMaJbHO BO3MOXKHAsI B IIAHE Pa3MEIICHUS IBYX OOBEK-
TOB), 4,265 M, 3,28 M, 2,3 M, 1,79 m. [J{ns kaxmoil AaabHOCTH
npoBegieHo 50 m3MepeHuil mocpeacTsoM o0paboTku HHGpOpPMa-
UM U3 TEHEPHPYEeMOro MH(OPMAIIOHHOTO TIOJIs, B TaOmuIy 2
CBEJICHBI PE3YJIbTAaThl 110 MAaTEMaTHYECKOMY OXKHIaHHIO BHEIOOp-
KM JaIBbHOCTEH, UX JMCHEPCHH, BEINYMHA OTKJIOHEHUS MaTeMa-
TUYECKOTO OKUIAHUS BBHIOOPKH JadbHOCTEH OT MPSIMOTO H3Me-
peHHS.

U3 pe3ynbTaToB SKCIEPUMEHTA BUJHO, YTO C YBEIHMYEHUEM
JIATbHOCTH MKy 00BEKTaMu Pa3HOCTb | Adm3| YBEIMUMBACT-

Cs Ha He3Ha‘-II/ITCJIbHYIO BeHI/I‘{I/IHy.
3akJaouenue

B crarbe Obuta pa3paboTaHa METOJMKA ONpENENICHHs KOOp-
JIMHAT ¥ WX OTKJIOHCHHWH ISl MACCHBHBIX OOBEKTOB CHCTEM Tie-
penaun uHMOpMAIUH, PabOTAIONIMX B UH()OPMALMOHHOM TIOJIE,
MPHUBEICHBI ATOPUTMBI PAOOTHI OJOKOB CHCTEMBI, BIMSFOLINX HA
OIIpe/ieNIeHNE 3a1ePKEK PACIIPOCTPAHEHHUS] CUTHAIIOB U KOOP/IHAT
MACCUBHBIX 00BEKTOB. Ha MX OCHOBE NpoBenéH aHamm3 SPQek-
THBHOCTH OIIPE/ICIICHHUsI KOOPIMHAT TTACCHBHBIX OOBEKTOB MO CHUT-
HaJlaM CHCTEMBI Niepeiadi HHPOPMAIIUK MOKa3aBIIHii, 4TO OTKIIO-
HEHMSI [IPH OTPEICIICHHN UX KOOPIMHAT HE MPEBBILIAOT 3,5 CM.
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TESTING THE APPLICATION OF THE INFORMATION FIELD FOR OBJECT NAVIGATION
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Sergey V. Kozlov, KNRTU-KAI, Kazan, Russi, skozlov68@yandex.ru

Abstract

The service of positioning subscribers of a system operating in the ultrasonic range, transmitting information in an information field,
defined as a set of received all physical signals existing in a certain area of space, in which real-time data streams contain information
about the characteristics of the propagation medium, about interactions and the location of objects, is considered. For testing, the sys-
tem parameters of the service based on the technology of code separation of channels with direct spectrum expansion, information
transmission, the area of space in which testing is carried out, devices for receiving and transmitting ultrasonic signals, equipment and
software on which testing is carried out, the principle of correlation reception for measuring navigation parameters is defined, a sys-
tem of equations is set determination of coordinates by the rangefinder method of navigation measurements and the method of least
squares. A block diagram of algorithms implemented on the Virtex5-LX30 FPGA has been developed, the operation of the signal recep-
tion and processing stand in the information field and matrix expressions according to which individual nodes of the system algorithms
work. The methodology of testing the navigation service is described, according to the results of the experiment, an analysis of the
effectiveness of using the information field for navigation of subscribers by the values of deviations, and the factors causing them, of
certain coordinates is carried out.

Keywords: information field, rangefinder method of navigation definitions, correlation reception, code channel separation, direct spectrum spreading, ultrasonic
frequency range.
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lNMocmaroeka npo6nembl. DhPEKTUBHOCTb pPELLEHUA 3afa4U Npeaynpex-
AEHUA O BO3MOXHbIX CTOJIKHOBEHUAX BO3AYLUHbIX CyJOB MasnoV aBuauuu
unu 6ecnUNoTHLIX NeTaTesbHbIX annaparos, NpeAHa3sHa4YeHHbIX ANA 0CBO-
€HUA TPYAHOAOCTYMHbIX TEPPUTOPUI, 3aBUCUT OT BpeMeHM 3abnarospe-
MeHHOro o6Hapy)<eHusa cryvaeB MOJETOB C NepeceKaloWMMUCA TPaeKTo-
puamu. B pesynbrate npoBefeHHOro CpaBHUTENILHOTO aHanusa MeTO[ 0B
PaAMOIOKALMOHHOTO OGHapYKEHUA C YHeTOM pasfiuiMi CUTHaNbHO-NoMe-
X0BOW 06CTaHOBKM, XapaKTepHoW AnA GopToBbIX MMNYNbLCHO-AOMNIEPOB-
ckux PJIC pna uenei Ha AOroHHbIX Kypcax, B BapMaHTax WUCMONHEHUA:
"Muiltiple Input - Multiple Output™ (MIMO), c cosMecTHO# anocTepuop-
Hoi 06pa6otkoii pesynsratoe (CAOPW) u B paguumonHoin PJIC c aktus-
HBIMU UM NACCUBHBIMU (ha3UMPOBAHHBIMM AHTEHHBLIMU peLLEeTKaMU nokasa-
HO, YTO MOCNe/jHUe UMEIOT SHepreTuieckue npeumyulecrea. Moatomy ana
AaHHOM KaTeropuu uMmnynbcHo-ponnepoeckux PJIC Takke npepanoxena
MeToAMKa OLleHKM MaKCMMaJibHOW AanbHOCTU OGHapy»eHUA Ha HecKonb-
KUX Kajipax, no3sonAiollan BbiGpaTh normky pabotbl ¢ ee yBenuveHmeM.
Memodsbi uccnedoearus. B pabote aKTUBHO UCMONb30BANCA MaTeMaTnyec-
KW annapar TEOpUM aHTEHHbIX PELLETOK U PaZJMONIOKALMOHHOro o6Hapy-
YKEHUA NpU 3aJlaHHbIX TPe6OBaHMAX K BEPOATHOCTAM MNpaBuibHOro obHa-
PY>KeHUA, NOXKHOW TpeBOru U BbIGpaHHON Moaenu pnyKTyaLmit oTpaXKeH-
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HOro nonesHoro curHana. Lless. O6ocHoBaTh NpenMyLLieCTBa TPAAULIMOH-
HOro TEXHUYECKOro pelleHuna ¢ (pa3poBaHHbIMU aHTEHHBIMU peLleTKaMu
AnA oGHapy»eHUA Ha JOTOHHbIX Kypcax Mo CPaBHEHUIO C APYrMMU MeTo-
AaMu 1 BbIpaboTaTb peKOMEHAALMK MO MOMUCKY YCIIOBUM, KOTOpbIE MO3BO-
NAOT NOBLICUTb AANILHOCTL 06HapyeHusa. Pesynbmamei. MpueeaeHs! pe-
3yneTaThl MOAENUPOBAHUA, NMOKa3biBaloOLLMeE YNy4LLEHUE YCNOBUIA paauo-
NOKaLMOHHOro o6HapyxeHus B 6optosbix PJ1C c ¢pasupoBaHHbIMK aHTEH-
HbIMM peLeTKaMu MPU HaXOXKAEHNU CMEeKTPa OTPaXKEHHOro CUrHana B 06-
nacTM JONNIEPOBCKUX YacTOT, A€ PacnofioKeH U CMEKTP OTPaXKEHHOro
CUrHana ot 3eMHO MOBEPXHOCTU MO CPAaBHEHMUIO C METOAAMMU NMPOCTPAHCT-
BeHHoi 06pa6oTku B PJIC MIMO u CAOPMW. PaspaboTtaHa MeToauka pac-
YyeTa JanbHOCTU OGHapYXEHMA Ha HECKONBKUX CMEXHbIX KaipaxX U MokKa-
3aHo, YTO B 3TOM ciy4ae AocTuraetca 6onbluas AanbHOCTbL MO CPABHEHUIO
co cny4yaeM o6GHapyxeHuA Ha ofHOM Kaape. [Tpakmuyeckas 3HaYUMOCMb.
Pesynttatel paGoTbl MOryT GbiTh MCMONbL30BaHbl B Manora6apurHeix Gop-
TOBbIX MMNYNbcHbIX PJIC ManoBbICOTHBIX HOCUTENEI C LieNblO YBENTMHEHMUA
BpeMeHMn 3a6naroBpeMeHHOro NpeaynpeXxAeHna O HaJIMYMN Ha TpaeKTo-
puM nonera Apyrux BO3AyLUHbIX CyAoB. DTa 3ajja4a NpeAcTaBNAeTca 0Co-
6GeHHO aKkTyanbHou npu nonertax Hocutenen PJ1IC B TpyAHOAOCTYNHBIX, OC-
BaMBaeMbIX TEPPUTOPUAX.
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Benenue. [locTaHoBKa 3agaun ucC/Ie10BaAHMS

C TOUKM 3peHUs pazIMYMi yCIOBUI OOHAPYKEHUS PaHOoIIO-
KallMOHHBIX BO3AYIIHBIX 1iesieit (BLl) Ha BeTpeuHbIX Kypcax (B me-
penneii nonycdepe uenu — B [1I1C) n Ha 1oroHHBIX Kypcax (B 3a/1-
Helt nmoirycdepe nenu — B 3[1C) nenecooOpa3Ho MpeaycMOTPETh
MOOYEPE/IHYI0 CMEHY CEpHid KaJIpoB C MPUOPUTETOM OOHApysKe-
aus BI B TIIIC wnu B 3I1C, pemras TakuM o6pa3om 3a1a4y Bcepa-
KypcHOTO OoOHapyskeHHs. [IpnunHON pa3nuuuii sBIsSETCS JOIUIe-
POBCKOE CMEIIIEHNE YaCTOTHI OTPaKEHHOTo curHana ot BII va no-
TOHHBIX Kypcax B 001aCTh 4aCTOT, KOTOPYIO 3aHUMAIOT CUT'HAJIbI,
BO3HMKAIOUIUE BCIECICTBUE NEPEOTPAKEHUN OT 36MHOM MOBEPX-
HOCTU W TMPUXOAAIIUEC I10 6OKOBI)IM JICNECTKaM JuarpamMmbl
HaIIPaBJICHHOCTHU aHTEHHBI UJIM 110 OCHOBHOMY Jly4y. /laHHy!O cu-
TYaIio WUTIOCTPUPYET PUCYHOK 1.

v Memawmune oTpakenns
— mo raaproMy ayuy JTH
. - AHTEHHBI
e 4 BII na qoronmom
Kypee (3I1C BII)
Memaronmre —— vnn
oTpaxkenns (MO) or T
3eMAH 10 GOKOBBIM et —
aenerckam JTH e vy
AHTEHHBI - =
MO no raaguomy ayuy
MomHocTs JTH aHTeHHBI
Obaacts uacror, OGaacte uacror,
cBOBOHAN OT MOMeX cBOBOIHAS OT MOMeX
Iym Iym

-2V 0 2V

Yacrora

A A

Puc. 1. O6napyxenune BL] Ha JOTOHHBIX KypcaX ¢ HATMYAEM OTKIIHKA
LIeJTH B TOW YaCTH CIIEKTPa, KOTOpast 3aHsTa ePeOTPaKECHUIMH
OT 3€MHOM IOBEPXHOCTU

JIOCTOMHCTBO KaApoB C BBICOKOM 4acTOTOH MOBTOPEHUSI UM-
mysbecoB (BUITH) — BO3MOXKHOCTB TaJIBHETO PaIHOJIOKAIHOHHOTO
oOHapy>XeHHS (32 OTHOCHTEIIBHO Majloe BPeMsI MO’KHO HaKOIHTh
00JIBIIIOE YHCIIO UMITYJIBCOB), JOCTOMHCTBO KaJpOB C CO CpeTHEH
4acTOTOH moBTOpeHUsT nMIyIbcoB (CUII) — MeHBIHIA YPOBCHD
HaKalIMBaeMOH MOIIHOCTH NIPH TEPEOTPAKCHUSIX OT 3eMIH H
BO3MO)KHOCTb OOHAPY’KEHHS B 00JIaCTH YaCTOT, B KOTOPOH JICKHUT
CIEKTP MEIIAIOIINX OTPAKEHUH, MPUXOAIIINX 110 OOKOBBIM Jie-
necTkaM AuarpaMmmbl HarnpasiaeHHocTH ([IH) antennsr [1].

Ecnu B34Th 32 OCHOBY METOJHKY OIpENEeNeHUs] JalbHOCTH,
MPECTABICHHYIO B [1], TO MOXKHO yBUETH, UTO IIPU OJJMHAKOBOM
JUINTENIBHOCTU uMIysbca s kagpoB ¢ BUIIM, Ha xoTopsx
HAKAIUIUBACTCs OOJIbIIE UMITYIbCOB Nyne ¥ 1A KaapoB ¢ CUIIN —
C MEHBIIUM YHCIOM MMIYJIBCOB Nipe pa3jimune MEXIy AaJTbHO-
ctbi0 B [II1C Ryne 1 B 3IIC Ry, OmpenenseTcs uepes Kodhhurm-
SHT BJIUSIHUS TIEPEOTPAKEHUH OT 36MHOM ITOBEPXHOCTH Olyo!

R — RHHC

4o, (4, F. UBL)];\]]““

uru ?
31C

KOTOPBI B CBOIO OYEpEIb 3aBHCHUT OT BBICOTHI TOJETa /1, OT
ypoBHst 60koBbIx JieniectkoB (YBJI) JIH antenust UBL, 3HaucHUS
4acTOTHI MOBTOPEHUS UMITYJIbCOB Fymy A1 Kaapos ¢ CUIIN.

Ha ocHoBaHuM OTKpBITHIX JaHHBIX Juisi 0oproBeix PJIC X-
muaraszoHa JiuH BoH [2]: «Kombe-M» (Rune=72 KM, Rsn¢=32 KM);

PJIC «BAPC» (Runc=250 kM, R;;c=60 kM); PJIC «KYK-MCDD»
(Runc=250 kM, Rs;¢=60 KM) MOKHO CI€NaTh BBIBOJI, UTO JUATIA30H
pa3iMuuii B JaubHOCTSX OOHAPY)KEHHS Ha BCTPEYHBIX U JIOTOH-
HBIX Kypcax COCTaBJIseT OT 2,2 10 4. DTO TOBOPUT O TOM, YTO Tpe-
OoBanus K pexxumy oOHapyxkeHust BL] Ha TOroHHBIX Kypcax ycra-
HaBJIMBAIOTCSI C TIPUBSI3KON K OMPEACICHHOMY AMANa30Hy BHICOT
ToJIeTa HOCUTEISI M C OPHEHTAIMEH Ha NX YPOBEHb OOKOBOTO M3-
Jy9IEHUsL.

Paznmums B ycioBusiX 0OHapy>KeHNS Ha JOTOHHBIX Kypcax Xa-
PaKTEpHBI HE TOJIBKO IS CITydasi MPUMEHEHNSI aHTEHH ¢ OTJINYa-
IOMIMMCS YPOBHEM OOKOBOTO M3JIyUCHHMS, HO U MPH HCIOIb30Ba-
HHUM Pa3HbIX METOJOB OOHAPYKEHUsI paJHOIOKAIMOHHBIX LEICH.
Llenbio rccieioBanuit ObLT CpaBHUTENBHBII aHAN3 AP HEKTHBHO-
cTH MeToioB oOHapyxeHus Bl Ha moroHHbIX Ui OGOPTOBBIX
PJIC, BBINOJNHEHHBIX C MCHOJb30BaHWEM NpUHIUIIOB Multiple
Input Multiple Output (MIMO) ¢ coBMecTHO# anmocTepuopHOM
o0pabotkoii pesyabraToB nzmepenuii (CAOPU) no oTHoeHuto
K TPaJAUIOHHOMY TEXHHYECKOMY PEILCHUIO C TPUMEHEHHEM aK-
TUBHBIX ()a3MpOBaHHBIX aHTEHHBIX penieTok (ADPAP). [Toce mo-
JIy4eHHsI pe3yJIbTaTOB, MTOATBEPKAAIONINX dPPEKTUBHOCTH OOHA-
pyXKeHHs Ha AOTOHHBIX Kypcax ¢ ADAP, oneHuBanach BO3MOXK-
HOCTb YJTy4IICHHS JIbHOCTH OOHAPYKEHUS MIPU UCTIOJIb30BAHUH
noruky norcka Bl Ha HECKOJIBKMX CMEXHBIX Kajpax MpOCMOTpa
30HBI 0030pa.

1. CpaBHeHHe METO/10B PAIMOJIOKALHOHHOTO 0GHAPY KEeHHSs

TeopeTHdeckuM pazinuusM MEX1y METOJaMu OOHAPYKEHHs
B UMITyJIbCHO-JtomIepoBckux PJIC mocBsmensl ucTouHukH [3,4].
B [5,6] n3noxeHbl TeOpeTHYECKUE OCHOBBI (PYHKIIMOHUPOBAHMS,
0cOo0CHHOCTH (POPMHUPOBAHMS 30HANPYIOLIUX U AITOPUTMBI 00pa-
6oTku npueMubix curaanos st PJIC MIMO u PJIC ¢ CAOPU, B
[6-8] st HEX Ooee MOAPOOHO paccMaTPUBAIOTCS 3a1a4d Pean-
3a1K 0030pa MO YIIIOBBIM KOOPAWHATAM 1 TpeOOBaHMS K aHTCH-
HBIM perretkaM (AP). B pabote [9] pemena 3agaga onTHMHA3aIiH
nudposoit JIH Ha mpuem.

YuutsiBasg HAy4HO-TEXHUYECKUH 3a€]1, MPEJCTABICHHBIN B
YKa3aHHBIX HCTOYHHUKAX, 1mox pemeHmsmu mist PJIC MIMO u
CAOPU Oyxem noapasyMeBaTh T€, B OCHOBE KOTOPBIX JICKHUT U3-
Jy4eHHE HE3aBHCHMBIX 30HIMPYIOUINX CUTHAJIOB OJTHUM 3JIEMEH-
ToM AP. B 0CHOBE TaHHBIX METOJIOB JISKHUT CIICTYFOIIHNA TPUHITUTT
paboTHI.

Kaxnas oquHOYHAs aHTEHHA (MM CMEXKHAs TpyTIa U3ilyda-
TeJiell Ha pacKpbIBE) M3JIyYaeT MPOCTPAHCTBEHHO-HE3aBUCHMBIE,
OPTOTOHAIBHBIE MEXTy cOO0 CUTHAIIBI (HapUMEp, C YaCTOTHBIM
paznenennem). Tax PJIC mpocmarpuBaet 3ajaHHyI0 30HY 0030pa.
B sroMm cnmywae He mpomcxoanT (HOpMHpOBAHHE HArpaMMBbI
HalpasJIeHHOCTH B AP mocpelncTBOM CO3/1aHUSI COOTBETCTBYIO-
IIEr0 aMIUIUTYAHO-(a30BOTO PACHPEIEICHNs, OTBEUAIOIINM 3a
LIMPUHY JIy4ya U onpeneieHHbi Y BJL.

OTtnensHbIHN 21eMeHT AP wim manas rpymnmna nu3nydarenen xa-
PaKTEepU3YIOTCSl HIMPOKUM ANAMa30HOM YIJIOB M3Iy4EHUsI, KOTO-
PBIil JOJDKEH OXBaThIBaTh BCE YIJIOBbIC HAIpaBIICHUS B 30HE 00-
30pa. MakcUManbHBIM YIJIOBOM CEKTOpP 3a BpeMs HU3IIy4YCHUS
[a4YKU 30HJUPYIOIUX CUTHAI0B cooTBeTcTBYET [IH 0nHOrO HM3iy-
qaressi, KOTopast OlpeAesIeTCs Yepe3 JITMHY BOJIHBI, TUII U3ITyda-
TeJIsl U TEOMETPUYECKHE pa3Mephl. B 3apyOekHBIX IMyOnuKausax
o PJIC nongo6HOTo THIIA, TAK)KE YaCTO MOYKHO BCTPETUTH UX O]
nasBannem (Radar Impulse Aperture Synthesys, coxpamieHHO
RIAS) [3, 8].

T-Comm Tom 17. #4-2023




[lpy  sTOoM Ha  mpueM  peajuzyercs  LUPpPOBOE
JrarpaMMooOpazoBaHue JUIs TTOJyYeHUS] OTPaKEHHBIX CUTHAIOB
C Ka)K/I0T'0 U3 YIJIOBBIX HANPABJICHUH, KOTOPHIE OBUIN 3a1eHCTBO-
BaHbl Ha M3JIydyeHHE. DHEPreTU4eCKUe COOTHOILICHHS, KOTOphIE
XapaKTepu3yIoT MPHUEM CHUTHaja, OTPaKCHHOTO OT BO3JYILIHOTO
cynna (BC), ocymmecTBiIsIOmero moyieT OTHOCUTEIFHO HOCUTEIS
PJIC ©Ha JOroHHBIX Kypcax M OOHapyXeHHE KOTOPOTro
MIPOU3BOANTCS B YACTOTHOM 00JacTH Ha ()OHE aiIUTUBHON CMECH
13 CHEKTPAIbHON MIOTHOCTH MOIIHOCTH ITYMOBOWH KOMITOHEHTBI
1 COOTBETCTBYIOIIETO PACTIPEICIICHHUS 110 CIIEKTPY MOIIHOCTH JUIS
MEePEOTPAKEHUH OT 3€MHOM TMOBEPXHOCTH, HPUXOMSIINX IO
6okoBbIM JieriecTkam JIH MosxHO Haiitu B [1]. PekoMmenaanuu mo
BBIOOPY HapaMeTpoB 30HIMPYIONINX CUTHAIIOB MPE/ICTABICHBI B
[10, 11].

Pemenne ocCHOBHOTO ypaBHEHMS paAHOIOKAIUK IS paccMart-
pHUBaeMOro cirydast TpeOyeT OIEHKH OTHOLIEHHS MOIITHOCTH S, KO-
TOpast COJIEPXKUTCS B TosIe3HOM (oTpaskeHHOM oT BC nmmyisce),
K CyMME MOIIHOCTH BHYTPHUIIPHEMHOrO mrymMa N U MOLIHOCTH
NIEPEOTPAKEHUN OT 3eMHOM moBepxHOCTH R. IlpencraBus ero B
CIIEAYIOIIEM BUJIE:

S S S (1

N+R N1+£ Noy,
N

/

MOKHO MPOaHAIM3HPOBaTh, KAKUM 00pa3oM HMeHsieTcst [ mpu
MPUMEHEHUH TEXHOIOTHH 30HaupoBanus MIMO B ycmoBusx
MaJOBBICOTHOTO I0jieTa, korma R>>N. Jlmsg 3Toro oOleHuM
HU3MEHEHHUE CUTHAJIbHOM, TIOMEXOBOM U IIIyMOBOW KOMIIOHEHTBI.

Bo-nepBbix, BMECTO TpaAUIIMOHHOTO (xapakTepHoro ajist PJIC
¢ DAP/ADAP) umnynsca B PJIC MIMO ucnonb3yercst KOpOTKHiA
HMITYJIBC, IOITYCTHM YMEHBIICHHBIA OT UMITYJIbCa TPAAUIIHOHHON
PJIC B M — pa3, nostomy (1) mpu R>>N tpancdopmupyercs ciie-
JyIOIuM 00pazom

S S
oS .M M _ S . @
MN+£ N+i N| Smo Nowy,
M M? M

Bo-BTOphIX, HaOMOAAETCS MaZIeHUEe MOIIHOCTH TTOMEX, KOTO-
poe CBA3aHO C IPOMOPIHOHATBHBIM YMEHBIIEHHEM IIJIOIIA/N,
y4acTByroLIeH B (pOPMHPOBAHUN COOTBETCTBYIOIIETO CUTHANA T1e-
peoTtpaxenuii [ 1], HO OHO e COITPOBOKAACTCS U MAZCHUEM MOTII-
HOCTH TI0JIE3HOTO curHaja. [103ToMy ¢ TOuku 3peHHs W3MEHEHUs
BPEMEHHBIX TAPaMETPOB 30HMPYIOILET0 CUTHAIIA, YCIOBUSI OOHa-
pY’KeHMsI He YIy4dIIaroTCs 10 CPABHEHUIO C IPUMEHEHHEM ClTyJast
PJIC ¢ DAP/ADAP.

Uznyuenne Ha nepenady B PJIC MIMO B W2 pa3 nuxe, Tjie
W=Npsc/Nmimo, TI€ Nmimo — YHCIO H3ITydaTeNIeH Ha repeaady Ha
cektope mosepxHocTn aHTeHHBI MIMO PJIC, Ny, — uucno
n3JTydaTeseld Ha BCEM PacKphIBE.

OHO K€ MeHbIIE W B CTOPOHY IOMEXH OT 3EMJIM, HO TYT
BO3HUKACT CYIIECTBeHHOE pa3nuume. B Tpagummonnoit PJIC
MIMO Ha u3Iy4YeHHE HCIIONB3YETCS OMH MaplIualbHBIN, OIm3-
KM K H30TPOITHOMY HU3JTy4aTesb. B ity 3TOro n3imy4deHue B HUX-
HIOIO mostyc(epy CYHIECTBEHHO BBIIIE, TAK KaK B KIACCHYECKOM
AP oOHO TmpOHCXOOUT B 0OMAacCTH OOKOBBIX JICTIECTKOB,
xapakrepusyrommxcs  YBJI, kortopbiii Hiwke koaddunmuenta
HaIlpaBJICHHOTO jelicTBus Ha BennuuHy UB L[ab].
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J1J1s1 MaJIOBBICOTHOTO TI0JIETA TP TPEOOBaHUSIX 00OHAPYKEHUSI
npyroro BC Ha OTHOCHTENIFHO MaJIbIX DajbHOCTSIX, IJie HE0OXO-
MO M30eXaTh CTOJIKHOBEHHUS Ha JIOTOHHOM Kypce, I1e1eco00-
pa3HoO pexoMmeHoBaTh JoctatouHo Hu3kui YBJI.  Ilpu stom,
YTOOBI JOCTUYH AaHAIOTUYHOTO CHIDKEHHS! MOIIHOCTH II€PeoTpa-
seruit ot 3emim B PJIC MIMO nytem opmupoBanust nudpoBoit
JarpaMMBbl HalIpaBJIEHHOCTH Ha nipueM, Y BJI nomkeH cocTaBuTh
yxxe 2UBL, 4T0 HEM3MEHHO MPHUBENET K MAJCHUI0 YCHICHUS B
HanpasJIeHUN Ha MakcuMmyM JIH, To ecTh yXyAmmWT mokasarenu
obHapyxenus. B [9] amammsupyeTcsa pe3ynpTaThl CHHTE3a
npuemHoii nudposoii JJH PJIC MIMO B cinyyae npuema KaxabiM
M3TydaTeneM U Ipy MOAECPHHU3ALNH NTPHEeMa IPyIIaMy H3JrydaTe-
neit s ymensiieHus YBJI u nocTuxkeHns MakCUMalIbHON SHEp-
retndeckoi addexTuBHOCTH. Pe3yabpTaThl cpaBHEHHST PUEMHBIX
JH no u mocne onTuMmusanuu, a Takxke wucxomgHor DAP
IIPUBEJICHBI HA PUCYHKE 2.

[Tpu coxpaneHNH MUPHUHBI OCHOBHOTO JIy4a yPOBEHb OOKOBBIX
JeTecTKOB B Kiaccumueckoir MUMO aHTEHHE BBINIE, YTO eIIe
Oosiee ycHIMBAeT HalM4YME MOMEX OT 3eMid. MakcuMaabHbINH
YpOBEHb OOKOBOTO M3Iy4EHHs C ONTUMHU3MPOBAHHON NMPUEMHOU
JH B PJIC MIMO oxka3siBaetcs npumepHo Ha 10 nb mydmie, vem
y knaccuueckoit ®AP, mpu 3TOM eclii yyecTh YTO Ha M3ITyueHHe
y Hee YBJI e menee munyc 13,5 1b, a B ®AP nocturaercsa YbJI
nopsigka MuHyc 23 nb, To w3 Bceil mporenaypbl ONTUMU3AINU
yAaJ0ch BeIUTpath He Oosee 0,5 1b Mo YMCHBIICHHUIO TOMEX OT
3eMJIH.

F(9), a0 - .
ab [IH PNC c ADAP ;
20 cuHTeInpoBanHan uudposan [IH PNC MIMO i
umdposan [H PAC MIMO ¢ uanyuatenamu,

06beAMHEHHBIMK B rpynns
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Puc. 2. CpaBHeHHe MpUeMHBIX Auarpamm HanpasiaeHHoctu PJIC
MIMO, ¢ onTumMu3anueil mapaMeTpoB MpreMa ImyTeM pa3OnueHus Ha
10/100J1aCTH B CPABHEHHH € KJIACCHYECKHM PEIICHHEM
(TIpn OIMHAKOBOM IMMPHHE JTyva)

DaKTUYECKH BBIUTPHINI M0 SHEPTETHKE OTCYTCTBYET, TaK Kak
MOIIHOCTh ~ M3IY4aeMOro CHTHaja  MeHbire.  [lostomy
npumenerne PJIC turma MIMO nnn moaudunmpoBanasix MIMO
C IpPUEMOM CErMEHTaMH AaHTEHHOIO pacKpblBa MpPH BCEH
CIIO)KHOCTH peanu3aluil u o0paboTKM HEe YIydIlaeT yCIOBHU
oOHapy:xeHus BLl Ha TOTOHHBIX Kypcax, HO ¥ IPUBOIUT K yMEHb-
IICHUIO JAIBHOCTH OOHApPYKEHHs Ha BCTPEUHBIX Kypcax Ha Kaj-
pax ¢ CUIIN.

Hanee paccmorpum npumenenue PJIC ¢ CAOPU.
MpmuorouacrotHas PJIC CAOPU peanusyeT MHOTOKaHAIbHOE
30HIMPOBAHNIE POCTPAHCTBA HAOOPOM MPOCTHIX Y3KOIOJIOCHBIX




SJIEKTPOHUKA. PAODNOTEXHMKA

CUTHAJIOB pa3HOM 4YacToThl. IIpu 3TOM yBenMueHue 3HEPruu
CUTHaNa JUIs TOJYyYEHHUs] COOTBETCTBYIOLIETO 3HEPreTHYECKOro
noteHmana, cpapaumoro ¢ PJIC ¢ ®AP, nmocturaerca myrtem
YBEJIMYCHUS JUIUTEIBHOCTH UMITYJIbCa AT KaXKA0TO OTJAECIBHOTO
U3TydaTes.

Teneps, BMecTO TpaauonHoro (xapakreproro st PJIC ¢
OAP/ADAP) wummynbca MBI HMEEM JUIMHHBIH  MMITYJIbC,
JIOIYCTUM YBEJIMYEHHBbI B Z pa3, a Ha IPUEMHOH CTOpOHE
COXpaHsieTcss He0OXOIMMOCTh IIHPOKOIIOJIIOCHOTO TMpHEMa, Tak
Kak Taioke peanmsyercst nupposoe cuntesnposanue [IH. Torma
(1) TpanchopmupyeTcs K BUILY

[=—%2 ___ S . (3)
ZN+RZ Noy,

Kak m B cmydae mpmema curHaioB B PJIC MIMO mnpu
peanuzanuu nudposoit JIH Ha npuemHON cTOpOHE, ypOBEHb
ooxoBbeIx JenectkoB B PJIC CAOPU pomxen cocrasuts 2 UBL
[aB], 9uTO Taxke MpHUBEAET K MaJCHUIO YCHJICHUS B MaKCUMyMe
JH na BIl u yxyamur mnokasaTead e¢ OOHApyKCHHUS Ha
JIOTOHHBIX Kypcax. I[Ipu THMOBOM H3IY4YEHHH M IpHUEME C
YpOBHEM OOKOBBIX JICNIECTKOB Iopsiika MuHyc 23 n1b, B
mudposoii IH CAOPU nHyx)Ho peannzoBare YBJI B munyc 46
nb.

BospMmeMm U1 mpuMepa aMIDIMTYJHOE paclpesiesieHne Ha
pacKkpbIBe aHTEHHBI ¢ Nz U3JIydaTelsiMi BU/Ia KOCHHYC B 33JIaH-
HOM CTETeH! s C mbeecTayiom / [12]

C(Nz-1) YT

. STy

A[]]=h+(h—1) CcoS WE N
2

npu h=0,1 u s=1 momyuaem YBJI, paBnbrit Mmunyc 23 nb, a npu
ONTHMU3UPOBAHHOM aMIUIMTYAHOM pactpeaeneHnn s<3, h=0,
xapakrepaoM ans PJIC ¢ CAOPU, nocturaercs YBJI, paBHbriA
muayc 46 nb, cm puc. 3. IIpu sToM ocnosroit syu JIH PJIC
CAOPHU umeer Takoil xe ypoBeHb m3mydeHus, kak JIH DAP
knaccuueckoil AP B oOmacTu ee MakCHMalbHBIX OOKOBBIX
JIETIECTKOB, YTO TOBOPUT 00 OTCYTCTBHM CHIDKEHHUS YPOBHS
MaKCHUMaJIbHOM TTOMEXHU C JaHHBIX YTJIOBBIX HaHpaBJ’IeHHﬁ, B TO
Bpemsa kak KH/I B cropony BIl ymensimaercs na 4,4 nb, uto
TOBOPHUT 00 OOIIEM MajeHUH COOTHOLIEHUS / MO CPaBHEHMIO C
PJIC c xnaccuueckoit DAP/ADAP.

F(0). 0

-20r

-30F b

[¢]

- 30

—10 ~20 0 20 10 ),

Puc. 3. CpaBuenne npuemusix J{H B knaccuueckoit AP (crmormHas
JIMHUH) 1 ONTUMU3UPOBaHHOH (Toueunas kpusas) B PJIC CAOPU

[losToMy He peKOMEHAyeTCs HCIOIb30BaTh TEXHOJIOTHIO
PJIC CAOPU u MIMO c uensto oOHapy>KeHUsI Ha JIOTOHHBIX
Kypcax, MOCKOJIbKY OHHM OTJIMYAIOTCS XYALIMM IOKa3zaTeJeM I10
OTHOUICHHIO MOIIHOCTH T[OJIE3HOTO CHUTHAJNa K MOIIHOCTH
AJTITUBHON CMECH BHYTPHIIPHEMHOTO IIyMa W MOIIHOCTH
MepeoTpaskeHu! OT 3eMJIH.

2. OueHka yJayqiieHus AaJbHOCTH 00HAPY KeHUS
NPY NPUMEHEHNH JOTHKH MOUCKA LeTH
HAa HECKOJbKHX KaJpax 0630pa

YBeMW4YHUTh JATBHOCTH OOHAPYKEHUS KaK HAa BCTPEUHBIX, TaK
M Ha JOTOHHBIX Kypcax MOXKHO 33 CUET MPHUMEHCHHS METOJIOB
oOHapy»KeHHsl, W3BECTHBIX Kak OOHapyKeHWe Ha Jrare
COTIPOBOXK/IEHUS (TO K€, UTO C HAKOIJICHHEM BEPOSITHOCTH Tpa-
BIJIBHOTO 0OHapy»xenus) [1].

Jlis pacyera TOTCHIMANBHON NAIBHOCTH OOHAPYXKCHUS B
ciyuae moucka BI] Ha cMexXHBIX Kaapax MOAUDUIPYEM YHU-
BEPCATBHYIO METOIUKY pacyueTa, MPUMEHIUMYIO KakK I KaIpoB C
CUIIH, tak u mist kagpos ¢ BUIIN. OueHuTs MOLIHOCTD MOJIE3-
HOro oTpaxkeHHoro ot BI] curnama S, Ha BXoJe TpPUCMHHKA
BPJIC B 3aBHCHMOCTH OT JAJBLHOCTH A0 Hee R, MOKHO IO Clie-
JYIOIIeMY COOTHOIICHHIO [ 1]:

22
§(R)=Lmn G0y

i 001!
(47t) R Lpnc

atM

R
s

r71€ Pyyn — MOIIHOCTD B MMILYJIBCE, M3IIy4aeMOM C TIOBEPXHOCTH
AQHTCHHBI, A — JynHA BONHBL, G — K03 (UIMEHT yCHIeHHs aH-
TEHHBI; 6 — dQdekTuBHas omaab paccesuust BL; Ly — obmue
notepu B PJIC; Iy — yHENbHOE IBYXCTOPOHHEE 3aTyXaHUC B
aTMocdepe.

Ha ocHoBannu [1] mopor aist oOHapy>keHUsI B CHIEKTPaIbHOM
00J1aCTH MOXKET OBITH BBIYHCIICH CIIEAYIOIUM 00pa3oM:

R‘[Op = PLUU“MOKp / N6rl(1)’

P, — MOIIHOCTH IIIyMOB Ha BXOJ€ MPUEMHHKA, KOTOpas pac-
CUMTHIBAETCS TI0 COOTHOMICHUSAM, MpecTaBiIeHHbIM B [13]; K, —
KOA(PPUIMCHT Pa3IHUYUMOCTH. BeluuuHa Oyo PACCUUTHIBACTCS
o popmyue [10]:

P,
a —14_Tr0
Pm/NGHq)

rne Nsno — 0aza ObicTporo npeobpazoBanusi Oypee (BIID);

P

HOCTH B IpeJieNax oJHoro yacrorHoro ¢puistpa [10].

CornacHo [1], ecnu 3HaU€HHE Olyo OLEHUBAIOT MPU YCIOBUU
HaxoxeHuss Bl Ha MJIOCKOCTH «JalbHOCTh — JIOTLIEPOBCKAs
YacToTa» BHE 00JacTel albTUMETPOBBIX BBICOT, 00JIaCTEH CHIIb-
HBIX MEIIAIOIINX OTPAKEHUH OT 36MHOW MOBEPXHOCTH M MEPEOT-
pa’KeHMI MO0 OCHOBHOMY JIy4y, TO OHO MOXET OBITh BHIOPAHO M3
JMara3oHa 3HAYCHUH Oyo € [3-5].

Koaddunmenr paznuuumoctd npu obHapykennu BL mag-
KOM Nyyn KOTEPEHTHBIX HMITYJIBCOB MOXKET OBITH ONpPENCIICH B
cooTBeTCTBUU C [1]:

qCp

— OLCHKa cpeleeI‘/'I MOIIHOCTH IIOMCXHU OT 3eMHOU IMOBEpX-

K, =
HUMIT
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CpenHee 3HAa4YeHHE DSHEPreTHMYECKOTO OTHOIICHHUS CHTI-
HaJI/IIYM ¢cp, B OJTHOM HacTOTHOM (HIIBTPE U JTUCKPETE JAIbHO-
CTH OIIpEEIsIeTCsl, UCXOAs U3 TpeOoBaHMs oOecIeueHHs 3a/1aH-
HOW BEpOSITHOCTH TPaBHIBHOTO OOHApyKeHUs Pr,, U ompeie-
JICHHOW BEPOSTHOCTH JIOKHOW TPEBOTH Py, U1 CIydast premMa
OTPaXEHHOTO CUTHaJa, (PIYKTYHPYIOLIETO 110 aMITIUTYE CO CITy-
YJaifHOW HavabHOH (ha3oif. /1111 JaHHOTO CiTydasi CIipaBeITHBO CO-
oTtHommeHue [13]:

n(R,)"

Gep =2 1
In(F,)

IIpu TakoM moaxoxE Anst obecnedenus P, = 0,7, P,=107 Tpe-
OyeTcs OTHOLICHHE CUTHAI/IIYM ¢cp He MeHee 90. J{s cHikeHus
[TOPOTOBOI'0 YPOBHSI IIPH BBIMOJHCHUH TPESOOBAHHMIA 1O 33 aHHBIM
3HA4YEHUSAM Pro ¥ Py ¥ TpeOyeMOil aTbHOCTH OCTAHOBKH Ha CO-
MIPOBOKCHNE MOKHO HCIIOJIB30BATh MPUHIIUAI HAKOTUICHHS BEPO-
SITHOCTU TIPaBIJIBHOTO OOHAPY)KCHUSI M YMCHBIICHUS BEPOSTHO-
CTH JIO)KHOW TPEBOTH 32 CUET 72 — KPATHOT'O TIOITBCPIKICHHSI HAJTH-
Y¥sl TSN B /1 WJIM B 1 — KaJipax MOBTOpHOTO oOHapyxkewnus BLI.
[Ipu TakoM TMOAXOIe TOATBEPKIACHWE HATMYHUS IETH MPOU3BO-
IUTCSI B OTPAHUICHHOM ITOITBEPIKAAIONIEM 00beMe — HHTEpBaJe
YIJIOBBIX HanpaBiIeHUH ANy, 4aCTOTHBIX (UABTPOB ANy U auc-
kpeToB nansHOCTH AN,. U3 [1,13] momy4yeHne ONEHKH CHIDKEH-
HOUW BETMYHHBI TIOPOTA ¢y MOIKHO IMTPOU3BECTH MO (HOPMyJIIam:

In(F(n))” +In(AN, AN,AN, )

>

chp =

Taxkoii moax0/1] HO3BOJISIET ITyTEM BbIOOpA KPUTEPUEB MTOITBEP-
KACHUS («2» U3 «2», «3» U3 «3») CHU3UTH 3HAUCHUE BEIHMUUHBI
qep 10 3HAUCHNUS ¢0cp M TOTYUNTH OOJICE BBICOKYIO OIICHKY MAKCH-
MaJIbHO JaIbHOCTH OOHApY>KeHNs (Ha IIEPBOM KaJIpe B MOCIIE/I0-
BaTEILHOCTH).

CHm3UTH TpeOOBaHUS K BEPOSTHOCTSM JIOKHOH TPEBOTH U
MIPAaBIUJIBHOTO OOHAPY>KEHNUS B AJIEMEHTE OOHAPY>KEHUSI MOXKHO H
MIOCPEACTBOM /1 — KPATHOTO TTOATBEPKACHUS HAJTMYMS LIETH B 111 —
KaJpax moBTopHOTO 00HapyskeHus BL] (n u m — niensie uncna, 6/p,
TaKUe 4To n<m).

[Ipu ncnonap30BaHUH JIOTHUKH «2» U3 «3», «3» U3 «4» U T.IL
TpeOyeMble BEpOSTHOCTH MPaBUIBHOIO OOHapyxkenust D(n)=P u
70%HOI TpeBoru F(n)=P" HaxoaaTcs U3 ypaBHEHMIl:

:0;

o

> cEPi(1-P)"™" |- P
k=n

. NN Al _
kZ:;;Cm(P) (1-77) P, =0,

rne C r’; — gncio coueTannii. HauanpHOe mpuOmmKkeHue K OLeHKe

JTATBHOCTH OOHAPYKEHUS Rmace HAXOIUTCS TPAPUIESCKUM METO-
JIOM KaK TOYKa MepeceuyeHus KpUBOW, XapaKTepusyloule nazue-
HHE OTpakeHHOU oT BL| MoIHOCTH OT 1ajIbHOCTH, U MIPSMOM, CO-
OTBETCTBYIOIIEH yCTAaHOBICHHOMY TIOPOTOBOMY YPOBHIO.
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HToroByto OIEHKY JAIbHOCTU OOHApYI)KEHHUSI Ha 1-OM KaJpe
MOYXHO HaWTH 110 (hopmyJie:

R06H = Rmaxc —-n ]IIN MM 06ch6nN 2

ryie T, — nepuos 30HANPYIONINX UMITYIILCOB; Kosp — KOadurmeHt
3araca 1o BpeMeHH, HCII0JIb3yEeMOT0 ISl BBITTOJTHEHHS 00padOTKH
PaAMOJIOKAIIMOHHON WH(pOpManuu, (OonbIIe emMuHHIE); Vegn —
MaKCHUMaJIbHasi CKOPOCTh COMMIKEHHUS C LIENbI0; Ny — YUCIIO JTydeit
B 30He 0030pa. Hampumep, npu nmoarBepskaaronieM odbeme mo-
psnka AN ANpAN=140 npu 1CHOAb30BaHNH JTOTUKH «2» U3 «2»
JaTbHOCTh OOHAapyKeHus BbIpacTaeT Ha 20%.

3akarouenue

Pe3ynbTaThl HCceJ0BaHUH MOKA3BIBAIOT, YTO HCIOIB30BAHUE
B OOPTOBBIX UMNYJIbCHO-AoMIepoBckux PJIC antenn tuna ®AP
i ADAP B ycnoBHSIX TIOJIETOB Ha MAJIBIX BBICOTaX M 0OHapyxe-
HuM BC Ha JOrOHHBIX Kypcax JaeT SHepreTU4eCKUil BBIMIPHIII B
OTHOILIEHUH MOIIHOCTU CUI'HaJa K MOITHOCTH aJTUTUBHON CMecH
NepeoTpakeHUH OT 3eMJIM U BHYTPUIIPUEMHOIO IIIyMa, 10 CPaB-
HEHHUIO C MCTONb30BaHueM MeTonoB oOHapyxeHus CAOPU nimn
MIMO. 3TOT BBIMTPBILI MOXKET COCTABIATH 10 5 1b. YBeIUYUTH
JATEHOCTh OOHAPYKEHHS HA BCEX PaKypcax MpPH UCIIOIB30BAHIH
DOAP/ADAP MOXKHO 3a cueT BEIOOpA JIOTUKH OOHAPYKEHUS EITN
B HECKOJIBKUX CMEKHBIX KaJpax.
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Abstract

Problem statement. The effectiveness of solving the problem of warning about possible collisions of small aircraft or unmanned aerial vehicles intended
for the development of hard-to-reach territories depends on the time of early detection of another aircraft on intersecting trajectories. As a result of
the comparative analysis of radar detection methods carried out in the article, taking into account the differences in the signal-interference situation
characteristic of on-board pulse-Doppler radars for targets on catch-up courses in versions "multiple input - multiple output”, "with joint a posteriori
processing of results" and in traditional radar with active or passive phased antenna arrays have shown that the latter have energy advantages. Therefore,
for this category of pulse-Doppler radars, a method for estimating the detection range on several frames is presented, which allows you to choose the
logic of operation with an increase in the detection range. Research methods. The theory of antenna arrays and the theory of radar detection for pulse-
Doppler radars were actively used in the work with the specified requirements for the probabilities of correct detection, false alarm and the selected
model of fluctuations of the reflected useful signal. Purpose. To substantiate the advantages of technical solutions based on a traditional technical solu-
tion with phased antenna arrays for detection on catch-up courses and to develop recommendations for finding conditions that allow to increase the
detection range. Results. The simulation results are presented, showing an improvement in the conditions for radar detection in onboard pulse-Doppler
radars when finding the spectrum of the reflected radar signal in the Doppler frequency range, on which the spectrum of the reflected signal from the
Earth's surface is superimposed when using radar with phased antenna arrays compared with spatial processing methods in MIMO and radars with joint
a posteriori processing of results. A method for calculating the detection range on several adjacent frames has been developed and it is shown that in
this case a longer range is achieved compared to the case of detection on a single frame. Practical significance. The results of the work can be used in
small-sized onboard pulse radars of low-altitude carriers in order to increase the time of early warning of the presence of other aircraft on the flight
path. This task seems to be especially relevant when flying radar carriers in hard-to-reach, developed territories.

Keywords: Detection methods, airborne radar, phased array antenna, range estimation technique
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8036)>K0€HUsA, YUCZIEHHAA ONMUMU3AUUSA

MukpononockoBble aHTEHHbI ABAAIOTCA OJJHUMU U3 CaMbIX PacnpOCTPaHEHHbIX TUNOB
aHTeHH Mo6GUNbHBIX 06bekTOB. KoMnakTHOCTBL, nerkocTb U KOHGOPMHOCTL Aenaer Ux
npuMmeHeHue ya06HbIM M MO CYTU €IMHCTBEHHbIM pelleHueM GbiCTpo pasBuBaloLLeica
uHaycTpum GecnpoBopHbIX TenekoMMyHMKauuini. KnioyeBbiM HefOCTaTKOM TaKMX aH-
TEHH ABNAETCA UX Y3KOMOJNIOCHOCTb, NMPUCYLL|as BCEM aHTEHHAM Pe30HaTOPHOro TUMNa,
YaCTHbIM Clly4aeM KOTOPbIX ABIAIOTCA MUKPOMONOCKOBbIE aHTeHHbI. B 0CHOBHOM, y3KO-
NoNnocHOCTb NoA06HbIX aHTEHH 06ycnoBneHa ApKO BbIpaXKEHHOW YaCTOTHOW 3aBUCUMO-
CTbIO BXOZHOFO CONPOTUBIIEHUA, B CNIe/ICTBUE YEro y/l0B/IeTBOPUTENIbHOTO KayecTBa ec-
TECTBEHHOrO COrNacoBaHUA yaeTca OCTUYb B YaCTOTHOM Nonoce, U3MepsAeMoil B eun-
HMUax npoueHToB. B pab6oTte paccmarpuBaloTcA MMKPOMOJIOCKOBbIE M3Ny4aTenu Npo-
CTO# reoMeTpuK: NPAMOYTofbHbIA, KBaApaTHbIA, pPOMOMYECKNiA, TPEYronbHbIA, KPYrnbii,
3NNUNTUYECKUI, PACMONOXKEHHbIE Ha NoANoXKe (PUKCUPOBAHHOW FreOMeTPUM C OAUHa-
KOBbIM Au3neKTpukoM. [na kaxkaon ¢hopMbl reoMeTpuM Monocka Npon3BoAUTCA YUC-
NneHHaa ONTUMU3aLMK pa3MEPOB MOJIOCKA W MOJNOXEHUA TOYKKU BO3OyxAeHUA ¢ Lenbio
nony4yeHua MaKCUManbHOW MOJNOChl ecTecTBEHHOro cornacosaHusa no KCB He Gonee 2
npu noaknioyeHnn k 50-OMHoMy buaepy. B kauecTse LeHTpanbHOM 4acTOThbl NpU Npo-
BeZleHUM YUCIIEHHbIX UccneaoBaHuii BbiGpaHa vactota 2 I'Ty. lMpuBopatca pacyetsi
Hanpas/eHHbIX XapaKTepucTUK Hanbosnee yaa4yHbIX BapUaHTOB MUKPOMONOCKOBBIX U3-
nyvatene# B npefenax nonochbl cornacosanus. MokasaHo, 4To Npu AaHHOW reoMeTpun
M napaMeTpax 3anofiHEHUA NOAJIOKKM, Hanbornee LLMPOKONONOCHBIM ABNAETCA MUKPO-
NOJNIOCKOBbIV 3JTMNTUYECKUI U3NTyYaTenb, NONOCa COrNacoBaHNA KOTOPOro cocTasnsaer
ot 1900 go 2100 MrI'y, 1.e +/- 5% oT LeHTpanbHOWM YacToTbl. MMoNy4YeHHble pe3ynbraThbl
MOryT GbITb MONE3HbI KaK NPU NPOEKTUPOBAHUM MUKPOMONIOCKOBbIX aHTEHHbIX PeLleTo,
TaK U NpY NOCTPOEHUU MUKPOMOJIOCKOBbIX MHOTOAMANAa30HHbIX aHTEHH, YTO 0CO6EeHHO
Ba)XXHO AJ1A CUCTEM MOOUIIbHOM CBAA3U HOBbIX MOKOJNIEHUMN.

UNn¢opmauusa o6 aesmopax:
FatiiHymduHoe Tumyp AHwaposeuy, K.m.H., doueHm ka¢p. TILuA, Mockosckuli mexHuyeckull yHusepcumem ceAa3u u uHpopmamuku
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BBenenue

B nactosiee BpeMs MHKpPOIIOJIOCKOBBIE aHTCHHBI HaXOJSIT
IMPOKOE IpHUMEHEHHE B c(depe TEeNeKOMMYHHMKAIMH 3a Cyer
CBOMX MPEMMYIIECTB: JIETKOCTh M MPOCTOTa KOHCTPYKIUH, CIIO-
COOHOCTB CO31aHMS OJISI KPYTOBOW HOJISIPU3AIMH, BOSMOXXHOCTh
peanu3aluy MHOTOJMANa30HHbIX AHTEHH, WHTErpamusi co cXe-
MOW IHUTaHWSA B AHTEHHBIX PELIETKaX, JCIIEBH3HA W MPOCTOTa
peamm3anun. Ho, HECMOTpst Ha psii MPEUMYIIECTB, MPHCYIIHX
JAHHBIM AHTEHHAM, TJIABHBIM HMX HEIOCTaTKOM SIBIISETCS Y3KO-
HOJIOCHOCTb, OOYCJIOBJIEHHAS SPKO BBIPKCHHOH PE3OHAHCHOU
YaCTOTHOM 3aBHCHMOCTBIO BXOJIHOTO CONpoTHBIeHU [ 1, 2].

Haunbonee nosiHo, Teopus U METOABI pacdeTa ¢ COOTBETCTBY-
IOIIMMH TIPAKTUYECKUMHU pe3yJIbTaTaMK Pa3BUTA JUIS OJHOMEp-
HBIX MUKPOIIOJIOCKOBBIX aHTEHH, T.€. aHTEHH, rjie (hopma mojoc-
Ka UMEET O/IHY YETKO BHIPAKEHHYIO Mepy, @ UMEHHO y3KYIO JIeH-
Ty (puc. 1) wim 1mens, Npope3aHHyl0 B 9KpaHe MHUKPOIIOJIOCKO-
Boif uHnm (puc. 2) [3]. st mogoOHBIX aHTEHH M3BECTHHI [3, 4]
ONTHUMAJIBHBIC C TOYKU 3PECHUS IIUPUHBI ITOJIOCHI COTJIACOBAHMUS
TEOMETPHS MOJIOCKa (IeJIN) M 3aBUCHMOCTH ITOJIOCHI COTJIACOBA-
HUSI OT TEOMETPHUH ¥ TApaMEeTPOB TOTIOKKH.

T e ]

s (e
:‘m‘s‘s‘s et iaatatele 2 &
! LS &

Puc. 2. llleneBoil MUKPOIIOJIOCKOBBII H3ITy4aTesb

OpHako, TepexoJ K JBYMEPHOM T€OMETpHHM TI0JIOCKa
(puc. 3a,0), IpUBOAUT KaK K CYIIECTBEHHOMY YCIIOKHEHHIO Me-
TOJIOB pacyeTa, Tak U K yMEHBIICHUIO MPAKTHUECKH ITOJIE3HOU
uHpopMaLUK 0 JOCTHXKUMOI MOJIOCE COTIACOBaHMS TOI00HBIX
AQHTEHH IPH [TPOU3BOJILHON (popMe JIByMEPHOTO MOJIOCKA.

Ha pucynke 3 npuBesieHa Hauboliee pacpocTpaHeHHas KOH-
CTPYKIMSI MHUKPOIOJOCKOBOIO JIByMEPHOTO H3JydaTens, a
MMEHHO M3JIydaTessl MpsIMOYroiibHOi (opmbl. Heobxommumo oT-
METHTb, YTO MEPBbIE COOOUICHUS 00 IUIOCKUX ABYMEPHBIX H3IIY-
yaresx oTHocATcs K 60-m rogam XX-ro Beka. OJHAKO UX MpaK-
THYECKOE HCIOIb30BaHNE M HAYaI0 BCECTOPOHHETO HCCIIEI0Ba-
HUS XapaKTEPHUCTHUK CBI3BIBAETCs ¢ MMEHeM MyHcoHa [5].

Puc. 3. JIByMepHbIii MUKPOIIOJIOCKOBBIN U3IlyyaTesb IPSIMOYTOIbHOM
(OPMBI C TMTaHNEM OT KOAKCHAILHOM JINHUY (2) U MUTaHHEM
OT MHUKPOIIOJIOCKOBOM JHHUH (0)

[Tpuenem ¢dopmyisl [6] s pacdera pa3MepoB MOJIIOCKA U
IIAPHHBI TIOJIOCHI COTJIACOBAHUS 110 KOA(PQUIMEHTY CcTosYen
BosHbl (KCB) He xyxe 2 juii moJ0OHOTO MHKPOIOJIOCKOBOTO
N3ITydaTess

A A
=—2—:b= 0 —2A,
2 \V € ri 2\[ € rag
rae Ag — UIMHA B CBOOOJHOM MPOCTPAHCTBE Ha LECHTPAIbHOU

gactore Ty, €ngp — dddekTHBHAS AMdIEKTpUUYECKAs MPOHHIAC-
MOCTb MOJJIONKKH, PaBHAsI

M
a

e . +1 ¢g,—1 d L Q)
g,,=———+—"1—(0+10—) 2,
) 2 ( a)
A — TIONIPaBOYHBIA KO PHUIUEHT, ONpeesIeMbIi Kak
+0.3(a/d)+0.26 3)
A=041g S0 03@/D

€,y —0.26(a/d)+0.81

st onipenenenust mosiocsl cornacoBanus no KCB He xysxe 2
MOJKET OBITh HCTIOJIb30BaHA CIICAYIOIAs TPUOIIDKeHHAs (hopMyIia

Af3.77Cda @)

fo - LRV ’
me C o =1-1/¢g, +0.4/¢

4C, 2n
nne = 3 9k0 =
AC, +3nk,d(1-1/¢,,) Xy

Cucrema (1-4) cnpaBemyuBa Ui NIPSIMOYTOJIBHOM (OpMBI
MOJIOCKa, JUIs APYrHX (opM aHaJIoTHYHBIE (HOPMYINBI OTCYT-
CTBYIOT.

Y4uThIBas MIMPOKYIO PACIIPOCTPAHEHHOCTH HPSIMOYTOJIBHBIX
MHKPOTIOJIOCKOBBIX M3JIydaTelsiel, IpUBeIeM Ha PUCYHKE 4 KOH-
KPETHYIO MO/JIeJIb aHTEHHBI, HACTPOCHHYIO B PE30HAHC HA YacTO-
te 2.85 I'T1 [7]. JaHHBIH H3My4YaTenb BXOAUT B YHCIO TECTOBBIX
MPUMEPOB M3BECTHOTO MPOrPAMMHOIO MaKeTa pacueTa JIeKTPo-
nuHamudeckux ctpyktyp FEKO [8].

e
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Puc. 4. Mozienb MUKPOIIOJIOCKOBOTO U3ITydaTess MPSIMOYTOJIbHOM
dopmer B makere FEKO

WznydaTens BBINIAAUT CHEAYOIIUM 00pa3oM: MPsIMOYIOJIb-
Has MeTaJIM4yecKas IUTacTHHa pasMepoMm 31.2 mm X 46.7 MM
HaHeCeHa Ha IMAJICKTPUUYECKYIO MOIOKKY (50 MM X 80 MMm)
TONIIMHON 2.87 MM, C OTHOCUTENIbHOM JUAIEKTPUIECKON TTOCTO-
ssHHOM 2.2. IlnaHapHas aHTEHHA 3alUTBHIBAETCS C MOMOIIBIO CO-
enuautenss SMA (amamerpom 1.3 MM), pacHoJIOKEHHOTO Ha
8.9 MM OT LIeHTpa JUIMHHOTO Kpast [7].

IMockomeky wacrora 2.85 I'T1m sBisseTcs He caMoOi pacmpo-
CTpPaHEHHOW YacTOTOH B CHCTEMaX MOOMIIBHOMN CBS3M, OBUT IPOM3-
BEJICH TIEPecyET Pa3MepoB MPSIMOYTOIBHOTO M3JIydaTelisi Ha pe3o-
HaHCHYIO 9acToTy 2 I'Tm. J[is 9Toro MCmomb30BaIvch CTaHAApT-
HBIC MIPUEMBI, BBITEKAIOIINE U3 MPUHIUIA JIEKTPOANHAMUIECKO-
ro mono6us [1, 9]. B mampHeiimeM 3TOT H3My4aTens OyaeM Hasbl-
BaThb JTAJIOHHBIM, U XapaKTEPUCTUKU BCEX ONTUMM3UPOBAaHHBIX
aHTEHH OyZeM CpaBHHBAThb MMEHHO C 3THM H3lydarteieM. Pa3me-
PBI STAJIOHHOTO M3ITy4aTelisi IPUBEJCHBI HA PUCYHKE 5.

s
46.8um N

%
Tl

Puc. 5. Moienb 3TaloOHHOTO U3Ty4aTess IPsIMOYToIbHOI (OpMBI,
HACTPOEHHOT0 B pe30oHaHC Ha yactote 2 [T

OTaNOHHBIA M3IydYaTesb BBIIJAAUT CISIYIOIUM 00pa3oM:
MPSIMOYTOJIbHAS METAJUINYecKas IIaCTHHA pa3MepoM 46.8 MM X
70 MM HaHeCeHa Ha JUAIEKTPUYECKYIO MOATIOKKY (75 MM x 120
MM) TOJIIMHOW 4.3 MM, C OTHOCHTENIFHOH JWAJIEKTPHYECKOH
nocTosiHHOM 2.2. [InanapHas anteHHa 3anuTbiBaeTcss SO-OMHBIM
¢dunepomM B TOUKe BO30Y KACHHS, pacroiokeHHoi Ha 14.3 MM oT
LEHTpa JUIMHHOTO Kpas.

I'paduk 3aBucumoctr KCB oT 4acTOTHI [UIst STaJOHHOTO M3-
JIydaTesns MPUBEIECH Ha PHCYHKE O.
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IMu
> [ — s > 08

Puc. 6. I'pauk 3aBucumoctu KCB oT gacToThI
JUTSL 9TAJIOHHOTO U3ITydaTers

Kak BumHO U3 3TOTO Tpaduka nonoca gactot mo KCB ne xy-
ke 2 cocraBnseT oT 1.95 go 2.038 I'T'w, T.e paBHseTcs 88 MI'1
i 4.8% ot nentpansHOi gacToTsl 2 [T, Ecim Bocmoms3o-
BaThbCsl cucteMoit opmyi (1-4) mist pa3MepoB ATaJOHHOTO H3-

Jly4arelis U apaMeTpoB MOMIOKKH, Torga ¢ =2.07 u nomoca
rag

cornmacoBanusi Af/fp=0.057 (5.7%), 4r0o AOCTATOYHO OJIU3KO K
pacyeTHBIM 3HAUYCHUSM.

Ha pucynke 7 npusenen rpadux 3aBucumoctu KY sTanon-
HOW aHTEHHBI IO TTIaBHOW mosspu3anmu (Bextop E mapamrenen
Y3KOW CTOPOHE IUIACTUHBI) B HANIPABJICHUN HOPMaJIM K TUTACTHHE
OT YacTOTHI B NPEJesIax MOJ0Chl COTIIACOBAHMS

KY [dB)

* B9 i i i M
1,96 1,08 3.00 302 > 04 i

Puc. 7. 3aBucumocts KY OT 4acTOThI /Tt 3TaJJOHHON aHTCHHBI

Kak Buano u3 aroro rpaduka, KY sranonHoro uzmydarens B
Ipezenax IMOoJOChl COTIacOBaHMs IMPAKTUUECKU HE MEHSETCS U
cocrasisieT 7.8-7.9 nb.

Takum 00pa3oM, STalOHHAsT MHKPOIOJOCKOBAs aHTEHHA C
MPSIMOYTOJIBHBIM H3JIydaTelieM UMEET CIEAYIOIIUe MapameTphl:
JuimHa oKk 120 mm (1.154,), mmpuHa MOIIIOKKH 75 MM
(0.72)), TommuHa momrokku 4.3 MM (0.041A,, oTHOCHTENBHAS
JIMDJIEKTPUYECKasl MPOHUIIAEMOCTh TOJUIOKKH €1=2.2, JUIMHA
npsMoyroibHOro mamydarens 70 mm (0.671,), IHpHHA TIPSIMO-
yrompHoro wu3mydatens 46.8 vm (0.45),), tme A~ AoV
€rp=104.25 MM. DTaJIOHHBIN H3JTydaTenb MMEET I0JOCY COrJia-
coBanus o KCB ne xyxe 2 ot 1.95 no 2.038 I'T' u obecneun-
BaeT KV mo nuHeiHOH moJspu3aiiiy B Ipeaesax 3TOH MOIO0CH
He xyxe 7.8 1b.




SJIEKTPOHUKA. PAODNOTEXHMKA

Bce nanpHelimme pe3ynbTaTel U1l ONTUMH3MPOBAHHBIX aH-
TEHH C HeNpsMOyroibHOW (opmoil obsydarens OyayT cpaBHHU-
BaThCS C AHAJIOTHYHBIMHU MapaMeTpaMH ATAJIOHHOTO HM3JTydaTers,
MPUYEM pa3Mepbl U apaMeTpbl MOJUIOKKH OyIyT OJMHAKOBBIMU
BO BCEX CIIy4yasX U COBIAJAIOUIMMH C IOUIOKKOW 3TaJIOHHOU
AQHTEHHBI.

Pe3yabTaThl Hccie0BaHUM

Lembro paboOTHl SBISETCS WCCICIOBAHWE BIHSIHAS (POPMEI
JIBYMEPHOTO ITOJIOCKOBOTO M3JIy4aTelss Ha XapaKTEPHUCTHKH CO-
TJIACOBAHUS MUKPOTIOJIOCKOBOM aHTECHHBI.

IlepBoil aHTEHHOH, AJI1 KOTOPOH IMPOU3BOAWINCH HCCIEH0-
BaHMs1, ObLJT MUKPOTIOJIOCKOBOM M3JTy4arellb KBaApaTHOH (OPMBI.
3ajaya cTaBWIACh CIEIYIOIIEM 00pa3oM: HEOoOXOIUMO HaWTH
pa3Mep CTOPOHBI KBaJpaTa M TOJIOKEHHUE TOYKH BO30YKICHUS,
IpU KOTOPOM MHKPOIIOJIOCKOBBIN H3JIydaTesib OyJeT HMETh
HaunboJiee MUPOKYIO moJiocy cornacoBanus mo KCB He xyxe 2 ¢
neHTpanpHoi yactoroi 2 I'Tm. Pasmepsl u cpena 3amoigHeHus
MIOJTOKKH, TAKHE K€ KaK y STAIOHHOW aHTCHHBI.

B xoje mccinenoBaHus MUPOKO UCIOIH30BATIMCH MAIIUHHBIC
METOBI ONTHMHU3AIUH, KOTOPHIMUA OCHAIICH MAKET IMPHKJIAIHBIX
nporpamMm FEKO. ba3oBbIM MeTOIOM HpH ONTHMH3AIMU ObLI
BEIOpaH CUMIUIEKCHBIN MeTox [7]. Takoi MeTos oOecrednBaroT
HAMOOIBIIYI0 CKOPOCTh ONTHMHU3AINH, OJTHAKO PE3YIbTaT CHIIb-
HO 3aBHCHUT OT MECTOIIOJIOKCHHS HadalbHOW Touku. OnTUMm3a-
U IPOM3BOIMIIACH HA ceTke yacToT oT 1.95 mo 2.05 I'T, mpu-
YeM TpH MOTYyYCHUN HEYIOBIETBOPUTEIHHOTO PE3yIbTaTa CeTKa
cy’kajlach, a B Cllyyae TOJIOKUTEJIBHOTO pe3ylbTaTa Jienanach
MOTIBITKA PACIIUPUTH CETKY 10 TMOJyYeHHsS MaKCHMAlbHO BO3-
MOXHOU. PazMepbl oNTUMaIbHOTO MO IIMPUHE MOJIOCHI COIJIACcO-
BaHUSI MUKPOIIOJIOCKOBOTO KBaJ[PATHOTO MU3ITy4aTessl IPUBEICHBI
Ha pucyHke 8.

45 Mm

6 MB@KIU

b

6 MM

Puc. 8. Mozenb onTHManbHOTO KBAIPATHOTO MUKPOTIOJIOCKOBOTO
n3mydarens B makere FEKO

Kak BujiHO M3 pucyHKa 8 pa3mep CTOPOHBI KBajpara cocTa-
BT 45 MM, TOYKAa MHUTAHUS CMEIICHa OTHOCHTEIBHO IICHTpA
KBazpara Ha 6 MM Kak 1o ocu OX, Tak o ocu OY.

I'paduk 3aBucumoctn KCB 0T 4acToThl JUisi KBaJpaTHOTO
u3Nyyatens NpUBeJeH Ha pucyHke 9. M3 aToro pucyHka BUJIHO,
yT0 mojoca gactoT mo KCB se xyxe 2 coctaBmser ot 1.963 I'T
10 2.033 I'T', 1.e paBusercs 70 MI't mnu 3.5% 0T neHTpanbHOM
yacToThl 2 I'T'1, uro mpumepHO Ha 37% XyXKe, 4eM y 3TaJIOHHOTO
n3JIyyaTess

KCB

Puc. 9. I'padux 3aBucumoctit KCB 0T 4acToThI JUIsl KBapaTHOTO U3ITY-
YaTesst

Ha pucynke 10 npuBenen rpapux 3aBucumoctu KV kBaj-
paTHOTO M3JydyaTens B HANpPaBICHUU HOPMAJIHM K IUIACTHHE OT
YaCTOTHI B IPeJieNiax MOJIOCHI COrNIaCOBAHUS

KY [dB]

ITu

98 2.00 2.01 2.02 2.03

Puc. 10. 3aBucnmocts KY 0T 9acToTHI ISt KBaAPATHOTO M3ITydaTels

Kak BuzmHO U3 31oro rpaduka, KY xBagpatHOoro mamydarens
B TIpeJiesiax T0JIOCH COTIIACOBAHMS TPAKTUYECKH HE MEHSCTCS U
coctasisieT 3.8-4 b, T.e CyIeCTBEHHO MTPOUTPHIBACT ITATOHHON
aHTEHHE.

Takum o0pa3oMm, KBagpaTHBINM HW3TydaTesNb NPH TaKUX IKE
pasMepax M ImapaMeTpax MOAJOXKKH, KaK y 3TAJIOHHOTO IPSMO-
YTOJBHOTO M3JIydaTellsi, UIMEeT II0JIocy cornacoBaHus Ha 37%
MEHBUIYIO U CUJIBHO MpourpsiBaeT B KV.

Crenyromeii anTeHHOW ObUT poMOHMYecKuil u3nmydarens. Te-
1epb ONTHMU3ALNH T10/IBEPraJUCh CTOPOHA pOMOa, OCTPBIN Yo
B OCHOBaHMHU pOMOa M MOJIOKEHUH TOYKH BO30YIKICHHSI.

[TapameTpbl ONTUMAIBLHOTO 110 HIMPUHE ITTOJIOCHI COTJIACOBa-
HUSI MUKPOIIOJIOCKOBOTO POMOMYECKOTO M3ITydaTelisl IPUBEICHBI
Ha pucyHke 11.

Kak BugHO U3 prucynka 11 pa3mep CTOpoHBI poM0a COCTaBUII
42 MM, OCTpPBI YTOJ MEXKIy CTOpPOHaMH poMba 66 TrpamycoB
TOYKA MMUTAHUS CMEIeHa OTHOCHTENNBHO IIEHTpa pomOa Ha 22 MM
o ocu OX n Ha 5 MM 1o ocu OY. I'pacuk 3aBucumoctun KCB ot
YaCTOTHI I ONTHMAJIBHOIO POMOMYECKOT0 M3JIydaTels MpUBe-
JIeH Ha pucyHke 12.
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Puc. 11. Mojenb onTUMaaIbHOTO POMOUYECKOTO H3ITydaTelis

KCB

Tu
1.82 1.9 1.98 1.08 2.00 2.02 2.04 B 2.08

Puc. 12. I'paduk 3aBucumoctu KCB 0T 4acTOTHI 1715l ONTUMATIBHOTO
POMOMYECKOTO U3ITydaTess

W3 sToro pucyHka BHIHO, 4TO mojoca yactoT nmo KCB we
xyxe 2 coctaBnser oT 1.945 mo 2.055 ITm, T.e paBHseTcd
110 MI'm mim 5.5% ot nenTpanbHOil yactotsl 2 [T, yro npu-
MepHo Ha 20% iydine, yeM y STAIOHHOTO HW3Iydaress. Takum
00pa3oM, pOMOMYECKUIT M3ITydyaTelh MOTEHIMAIBHO JIydIlle COTJia-
COBBIBACTCS B MOJIOCE YACTOT, UMEsl IIPU ATOM pas3Mephl Cylile-
CTBEHHO MEHBIIINE, YEM STAJIOHHBIN MPSIMOYTOJIBHBIN N3ITy4aTelb.

KiroueBbIM HEOCTATKOM ONTHMATBHOTO POMOMYECKOTO H3-
JMyJaTtens sBIsETCs KpaiiHe manoe ycwienwe. Ha pucynke 13
npuBesieH rpaduk 3aBucumMoctd KY OT 4acTOThI Ul 3TOTO H3-
JyJaTens.

KY [48]

ITu

1.96 .28 2.00 2.02 2.04 2.06

Puc. 13. 3aBucumocts KY 0T 4acTOTHI /It ONTHMAIBHOIO
POMOHMYECKOTO U3ITyqaTels
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KV antennsl mensiercs ot -1.5 g0 1 1b, 4To KOHEYHO OUYEHB
MaJIO JIIsl MUKPOIIOJIOCKOBOHM aHTeHHbI. [109TOMY ObUI MpOBEIeH
MOUCK TIApaMeTPOB POMOHMUYECKHUX H3JIydaTesield, odecreunBaro-
mx npuemiemsiii KY, t.e. KY comsmepumsiii anaizorom y sta-
JIOHHOTO IMPSIMOYTOJIbHOTO M3JIydaTess, a IPH 3TOM I10JI0ca CO-
TJIACOBAHUS SBJSUIACH YK€ ONIMOHAIBHBIM HapameTpoMm. Ecre-
CTBEHHO, TaKOW OOJydaTenb YK€ HE SIBJISETCS ONTHUMAIbHBIM B
CMBICIIE IIMPUHBI ITOJIOCHI COTIIACOBAHMSI.

I'eomerpuueckue pazMepsl HEONTUMAIBHOTO IO IIMPHUHE TIO-
JIOCHI corJlacoBaHus ¢ nmpuemieMbiM KY pomOndeckoro maiyda-
TeJIsl IPUBEICHBI HAa pUCYHKE 14.

Kak BugHO n3 pucynka 14 pasmep cTOpoHBI poM0Oa COCTaBHII
61 MM, OCTpBIil yron MeXIy CTOpOHaMH poMba 62 Tpamyca TOU-
Ka MMATaHUs CMEIIeHa OTHOCUTENBHO IIeHTpa pomoOa Ha 18 MM 1o
ocrn OX m Ha 11 MM o ocu OY. I'padpuk 3aBucumoctu KCB ot
YaCTOTHI A ONTUMAJIBHOTO POMOMYECKOTO H3JIydaTels HpHBe-
JICH Ha pUCYHKe 15.

IH

11m

g
Puc. 14. Moyienib HEONTUMAIBHOTO POMOUYECKOT0 H3JTydaTes

KCB

ITu

Puc. 15. I'paduk 3aBucumoctu KCB 0T 4acTOTHI 17151 HEONTUMAIEHOTO
POMOMYECKOT0 H3ITydaTesst

U3 storo pucyHka BuUJHO, 4TO Tojioca yactoT no KCB ne
xyxe 2 coctasiuseT oT 1.97 no 2.02 I'T'n, T.e paBHseTcs 50 MI'1y
unu 2.5% ot neHtpanbHoi yactorsl 2 I'Th, uto mpumepHO Ha
48% XysKe 4eM y TaJIOHHOT'O U3JTyyaTelis.

Ha pucynke 16 npusenen rpaduk 3aBucumoctu KY pomou-
YEeCKOTo M3JIydaTelsi B HANpPABJICHWHM HOPMAJIM K TUIACTHHE OT
YacTOTHI B MIPE/ENIaX MOJIOCHI COTJIACOBAHMSI.

W3 storo rpaduka BumgHO, yTo KY onmrumansHOro pomMomnde-
CKOTO M3JydaTelsl ciabo MEHseTcs M0 YacTOT€ M COCTaBIIET
7.05-7.4 nb, 9TO HEMHOTO MEHBIIE, YeM Yy ATAJOHHOTO W3Iyda-
TeJsl, HO HAaMHOTO OOJbIIe, YeM y ONTUMAJIBHOTO MO IIMPUHE
TI0JIOCHI COTTIACOBAHUS POMOMYECKOT0 U3JIydaTes.
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mu

Puc. 16. 3aBucumocts KY 0T 4acTOTHI 1IsI HEONITUMAIBLHOTO
POMOHYECKOTO U3ITydaTeIst

Takum o0Opazom, poMOWYECKHN W3TydaTeldb MPU TaKUX JKe
pasMepax ¥ ImapaMeTpax MOAJ0XKKH, KaK y 3TAJIOHHOTO MPsSMO-
YTOJIBHOTO H3JTydaresisi JIMOO HEMHOTO BBIMIPBIBAET B II0JOCE
COTJIACOBAaHUS M CHIbHO npourpeiBaet B KY, mubo cuneHO npo-
UTPBIBAECT B IOJIOCE COIJIACOBAHUA M He3HauuTespHO B KV 10
CPaBHEHHUIO C STAJOHHBIM IPSMOYTOIBHBIM H3JTy4aTesIeM.

Crenyromieil aHTeHHOH ObLT TPEYroJbHBI PaBHOCTOPOHHUH
n3inydatenb. ONTUMH3AINY TOABEPTaINCh AJIHHA CTOPOHBI Tpe-
YTOJBHUKA U TTOJI0KEHUH TOYKH BO30YKICHHS

Pa3zmeps! onTUMaibHOTO IO LIMPHHE MOJIOCHI COTIIACOBAaHMS
MHKPOIIOJIOCKOBOTO U3JlydaTels B BHJE PAaBHOCTOPOHHETO Tpe-
YTOJIbHUKA NPUBEACHBI Ha pUCYHKE 17.

L

x
Puc. 17. Mozenb TpeyroiabHOTO MHKPOIIOJIOCKOBOTO U3TydaTels

OnTuManbHBINA M0 MIMPHUHE TTOJIOCH COTJIACOBAHUS PAaBHOCTO-
POHHMI TPEYTOJNBHBIM H3TydaTeldb HWMEET JUIMHY CTOPOHBI
60 MM, a TouKa BO30Y)KJICHUS HAXOIUTCSA HA MEAWAHE TPEYTOIb-
HUKa Ha paccTOstHUU 20 MM OT OCHOBaHHSI MEIHAHBI.

I'padux 3aBucumoctn KCB OT 9acTOTHI I TPEyroabHOTO
u3JIydaTens NpuUBeJeH Ha pucyHke 17.

Kak cremyer u3 atoro pucyHka mnonoca yactor no KCB ne
xyxe 2 coctaBusger oT 1.972 mo 2.023 ITm, T.e paBHAeTcA
51 MI' unu 2.55% ot nenrpansHOit yactoTsl 2 I'T1, uro mpu-
MepHO Ha 47% Xyxke, 4eM Y 3TaJOHHOTO M3JIydaTes.

Ha pucynke 19 npusenen rpaguk 3aBucumoctn KY ot ua-
CTOTBI JUISl TPEYTOIBHOTO H3ITydaTels.

Puc. 18. I'paux 3aBucnmoctu KCB oT 9acTOTHI 1S TPEYTOIEHOTO
U3IydaTenis

Ky (48]
B.E —
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Puc. 19. 3aBucumocts KY 0T 4acToTHI U1t TPEYTrOJIBHOTO H3ITydaTes

W3 sroro rpaduka BugHO, uTo KY onTHManbHOTo Tpeyroib-
HOTO M3JIydaTenst cocraBisger 6.1-6.6 nb, 4ro MeHblie 4em y
9TAJOHHOTO M3ITydaTes.

TaxkuM 00pa3oM, TPEyrojbHBIH W3ITydaTeldb CHIIBHO MPOWT-
PBIBACT B IOJIOCE COTJIACOBAHMSA U CymiecTBeHHO B KV 3tanon-
HOMY HPSIMOYTOJIBHOMY H3JTy4aTeio.

Iepeiinem Temepb OT IJIOCKUX JIOMAHHBIX M3IydaTene K
IUIOCKUM TVIaJAKUM H3ITydaTeseM.

[lepBbIM TTagkuM n3My4areneM ObUI KPYIJIBIA H3IydaTelns,
OINTHMH3AIMN MOJBEPraICsl PaANyC Kpyra M IOJIOKEHUE TOUKU
BO30YXKICHUS

Pa3zMeps!l onTUMAIBHOTO MO MIMPHHE MOJOCH! COTIaCOBAHMS
KPYTJIOTO M3JTydaTesisl IpUBE/IeHbI Ha prcyHKe 20.

X

Puc. 20. Mogenb onTUMaIbHOIO KPYIJIOro U3ydaTelis

T-Comm Tom 17. #4-2023




OnTuMaIbHBIA 10 MIMPHHE MOJOCH COTTACOBAHMUS KPYTIIBINA
H3ITy4aTenb UMeeT JuaMeTp 55 MM, a Touka BO30yKIeHHUs HaXo-
JUTCS Ha PacCTOSIHAU 12 MM OT IIEHTpa KpyTa.

I'papuk 3aBucumoctrt KCB 0T 9acTOTHI [T TPEyroabHOTO
W3TydaTens MpUBEACH Ha puCcyHKe 21.

KCB

ITu

1.82 1.94 1.96 1.08 2,00 2.02 .04 2.08 .08

Puc. 21. I'paduk 3aBucumoctit KCB 0T 4acTOTHI 1151 KPyTI0TO
U3ITyqaTeIs

Kax cmenyer u3 storo pucynka monoca gactor o KCB ne
xyxe 2 cocraBmseT oT 1.96 10 2.04 I'T', T.e. paBasercs 80 MI'g
unu 4% oT neHTpanbHOM yactoTsl 2 I'T'h, uro npumepHo Ha 17%
XYK€, YeM Y 3TAIIOHHOTO M3JTy4aTesis

Ha pucynke 22 mnpuseneH rpaduk 3aBucumoctd KY or
YacTOTHI JUISL KPYTJIOTO U3ITydaTes.

. Ky [dB]
Le
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Puc. 22. 3aBucumocts KY 0T 4acTOTHI 1151 KPYTIIOTO U3Ty4aTens

W3 atoro rpaduka BuaHO, 9To KY ONTHManbHOTO KpyTiIoro
W3TydaTels B Ipeesiax MoJIOCkl COTJIaCOBaHUS cocTaBisieT 6.95-
7.05 nb, 94TO HEMHOT'O MEHBIIIE YeM y ITAIOHHOTO U3TydaTens.

Crenyromum o0iydaTeneM ObUI JUINNTHYECKUH U3TydaTens,
ONTUMM3ALMU MOJBEPrajuch UIMHBI OOJBIION M Manoi moiy-
oCH, a TaKXKe TOJIOKEHNE TOYKH BO30YK/ICHHS.

Pa3zmMepbl onTUMAaIbHOTO MO IIMPHHE MOJOCH! COrJIACOBAHUS
AIITMITHYECKOTO M3JTydarTelisi IPUBEACHBI Ha pUCYHKE 23.

OnTuMaIbHBINA 1O IUPUHE TOJIOCH! COTJIACOBAHUS DJUTHIITH-
YeCcKHH M3Iydarenb MMeeT pa3Mmep OoibmIoi moxyocu 29.7 MM
(0.284M,), pasmep Menbmmii moxyocu 26 mm (0.2491;), Touka
BO30yxkmeHus Haxoautcs Ha paccrosauu 21 mm (0.201A,) ot
LIEHTpa JJUIATICA BIOJIb OOJIBIIEH MOTyOCH U HA pacCTosHUH 12.5
MM (0.122,) OT meHTpa IUTMIICa BIOTh MEHBIIIEH ITOIyOCH.
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Puc. 23. Mojiesib onTUMabHOTO SJUTMITHYECKOTO U3JTyyaTesst

I'paduk 3aBucumoctn KCB 0T 4acTtoThl 11t TpEeyrojabHOTO
n3JTydaTess NpUBEIeH Ha PUCYHKe 24.

(I i i i M
i.eg 191 [.93 195 1.8 1.89 2.0 2.08 2.1

Puc. 24. I'paduk 3aBucumoctit KCB 0T 4acTOTHI 1S SIUTMOTHYECKOTO
U3JTydaTesis

Kak crmemyer m3 storo pucyHka mojoca gactor mo KCB He
xyxe 2 coctaBmsier oT 1.895 mo 2.105 ITm, T.e paBHseTCA
210 MI'm, mmm 10.5% ot nmenTpanbHO# wactoTel 2 I'Tm, dro
Ooubliie ueM B JiBa pasa 0oJIblie, YeM Y ITAJIOHHOTO M3ITydaTelis.

Taxum obpaszom, syumnTrdeckas Gopma nosocka obecreydu-
BaeT HaUOOJIBIIYIO MOJIOCY COTIACOBAHUS CPEIU BCEX PacCMOT-
PEHHBIX JI0 3TOTO M3Jy4yaresei, BKIIOYas STaJOHHBIA TPsSMO-
YTOJILHBIH, PUYEM BBIUTPBILI 10 TIOJI0CE BEChbMa 3HAUYUTEICH.

Ha pucynke 25 npusenen rpaguk 3aBucumoctu KY ot ua-
CTOTBI JUISl DIUIMITHYECKOro u3iydarens. V3 aToro pucyHka
BUJIHO, YTO B TIpelesiaX IIMPOKOW ToJIockl cornmacoBaHus KY
MEHSEeTCA He3HAUUTEeNbHO OT 6.8 10 7. 1 1b, uto npumepHo Ha 1
1b xyxe, yueMm y 3TajgoHHOro msnaydarens. Ha moil B3rsin nBy-
KpaTHOE PACIIMPEHHE IOJIOCHI COTJIACOBAHMS BIIOJIHE OINPABIbI-
Baet notepio 1 nb no ko3 punneHTy ycuieHus.

Taroke B X0Jie UCCIIEIOBaHUsI ObUIN PACCMOTPEHBI KOJIBIICBOI
1 KOJIBLEBON-UIIMNTUYECKUH N3TydaTean, OJHAKO IPOLECC OI-
TUMM3AILUH TOJOCHI COTVIACOBAHMS TaKMX H3JIydaTeseld MpUBO-
I K BBIPOXKICHHIO MOTOOHBIX MOJENeH B KPYIJIbIA U AJUTHIITH-
YeCKuil BUJ, B CHIIy 4€ro MOJy4eHHbIE pe3yJbTaThl 0 ONTUMHU-
3MPOBAHHBIM KOJIBLEBBIM IOJOCKaM HE HOCST HPaKTHYECKOTO
Xapakrepa.

—
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Puc. 25. 3aBucumocts KY 0T 4acTOTHI U151 3JUINTUYECKOTO U3ITydaTess

3akjoueHue

B 3akimo4YeHnU cTaThl OTMETHM, 4TO (hopMa IMOJOCKAa UMEET
KJIIOYEBOC 3HAYCHHUE I CTCICHU IIHPOKOIMOJIOCHOCTH H3JIyda-
TeJsl, IO3TOMY CO3/IaHUE CUCTEM (DOPMYJI, aHATOTUYHBIX CHCTE-
Me (1-4), mis KBagpaTHOrO, KPYTJIOro U AIUIMIITHYCCKOrO H3ITY-
garessl SIBJIICTCSI BECbMa BaXKHON HAy4YHO-IIPAKTHYCCKOW 3aja-
4eid, KOTopast )KIST CBOCTO pellcHUsl. Pa3BUTHE TEXHOIOTUH MO-
OMITEHOM CBSI3M HEM30CXKHO BEJCT K Y)KECTOUCHUIO TPEOOBaHUHN K
paboueii momoce, a B cHCTeMax MOOWIBHOW CBSI3U OYIyIIHNX IT0-
KOJICHUH 1 K pabodnM MoJ0caM aHTEHH a0OHEHTCKHUX YCTPOMCTB
[10, 11], B cumy Wero co3maHue MHOTOAHMAINIA30HHBIX MHUKPOIIO-
JIOCKOBBIX aHTEHH CTAHOBUTCS BcE 0ojee aKTyadbHBIM M BaX-
HBIM C MpakTU4Yeckoi Touku 3penus [12, 13]. OueBuIHBIM cITO-
co0OM peIICHUST 3TOH 3a1a4d SBISCTCS CO3JAHHE KOMIUICKCHOU
MHKPOIIOJIOCKOBOW aHTEHHBI, COCTOAMENH M3 Habopa HM3iydaTe-
JIel, KaXkIblii U3 KOTOPBIX ObUT Obl ONTHMAJIEH JJIsl CBOETO I10]1-
nuanasona [ 14, 15].
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EVALUATION OF THE EFFECT OF THE SHAPE OF A SIMPLE MICROSTRIP RADIATOR
ON ITS BROADBAND

Timur A. Gainutdinov, MTUCI, Moscow, Russia, tedia@mtuci.ru

Abstract

Microstrip antennas are one of the most common types of antennas for mobile objects. Compactness, lightness and conformity make
their use convenient and in fact the only solution for the rapidly developing industry of wireless telecommunications. The key disad-
vantage of such antennas is their narrow bandwidth inherent in all resonator type antennas, microstrip antennas being a particular case.
Basically, the narrowband nature of such antennas is due to a pronounced frequency dependence of the input impedance, as a result of
which a satisfactory quality of natural matching can be achieved in a frequency band measured in units of percent. The paper considers
microstrip radiators of simple geometry: rectangular, square, rhombic, triangular, round, elliptical, located on a substrate of fixed geom-
etry with the same dielectric. For each shape of the strip geometry, numerical optimization of the strip dimensions and the position of
the excitation point is performed in order to obtain the maximum bandwidth of natural matching in VSWR of no more than 2 when
connected to a 50-ohm feeder. The frequency of 2 GHz was chosen as the central frequency in numerical studies. Calculations of the
directional characteristics of the most successful variants of microstrip radiators within the matching band are given. It is shown that
for a given geometry and parameters of filling the substrate, the most broadband is a microstrip elliptical radiator, the matching band-
width of which is from 1900 to 2100 MHz, i.e. +/- 5% of the center frequency. The results obtained can be useful both in the design of
microstrip antenna arrays and in the construction of microstrip multiband antennas, which is especially important for new generation
mobile communication systems.

Keywords: shape of microstrip radiator, VSWR, matching band, excitation point, numerical optimizatio.
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AanHylo pa6oTy MOXXHO paccMaTpuBaTh Kak npogomkeHue cratbu [1], nubo kak otaenn-
Hble MaTepuasnbl, NOCBALLEHHbIE PAaCMO3HABAHUIO MOABMMKHBIX BO3JYLIHbIX 0GLEKTOB Ha
OCHOBEe TeOpUM NMPOBEPKMN CTATUCTUYECKUX runoTes. B panbHeiwem, npu nsnoxeHnmn Ma-
TepuanoB AaHHOM cTaTbM, GyaeT Mcnonb3oBaTbCcA TEPMUHONOIUA, NpeanoxeHHasa 8 [1].
AKTyanbHOCTb aHHOW cTaTbu obGycnoBneHa coGbITUAMM, MPOUCXOAALLMMU HA eBpoOMNei-
CKOM KOHTMHEHTE, YKa3bIBalOLMMU Ha He06X0AMMOCTb AaNbHEMLLIEro pa3BUTUA pajuono-
KaLMOHHBLIX CUCTEM Pa3NIUYHOIO Ha3HAYEHUA U Nepexoay OT paAuoNoOKaLMu K paguosuae-
Huio [2], YTO NO3BOMUT 3HAUUTENBHO NOBbLICUTb 3(PPEKTUBHOCTL NPOTUBOBO3AYLLUHOK 060~
POHBI U KOHTPOJIb BO3/YLUHOIO NpocTpaHcTBa B LenoM. MocTtpoenne pagunokaumnoHHoro
nopTpeta U AanbHeillee aBTOMaTM4YeCKOEe pacrno3HaBaHWe MOABUXKHBIX BO3AYLUHbIX 00b-
€KTOB, KaK 3M1eMEHT UCKYCCTBEHHOTO MHTENJIEKTa, MO3BOJIUT UCKIIOYUTL OLUUGKKM YenoBe-
Yeckoro ¢aKTopa, a TaKKe 3Ha4UTeNIbHO COKPAaTUTL BpeMA NMPUHATUA peLleHns o Heobxo-
AMMBIX MepaXx BO3/leCTBUA Ha 0GHapy)KeHHbIN neTaTenbHbli annapar. Msyyasa Haxogaum-
ecsl B cB0OGOAHOM AOCTyNe Hay'Hble TPYAbl Pa3fu4HbIX y4eHbix [3, 4, 5, 12] noceALeHHbIX
TaKOMY HanpaBieHUIO UCCNIeJOBAHUA U Pa3BUTUA UCKYCCTBEHHOTO MHTENNIEKTa, KaK CcTaTh-
cTU4YecKasa Teopusa pacno3HaBaHMA 06pa3oB, MOXXHO OTMETUTL OTCYTCTBME TAKOFO BaXKHO-
ro sneMeHTa, Kak (pyHKLMA 3aBUCUMOCTU BEPOATHOCTU MPABMILHOIO Pacno3HaBaHUA OT
KayecTBa M 3allyMiieHHOCTU u3obpaxeHusa. B pamkax gaHHow cratbu Gyaer npeanoxxeH
BapuaHTa pelleHUA JaHHOW 3aayu B BUAe MaTeMaTuyeckon mogenu. Tak kak B [1] pac-
cMaTpuBaeTcA MeTOJ, pacrno3HaBaHUA UCMONb3yowWwmi ko3ghhULMEHT Koppenaumum Mexay
TeKywmnM nsobpaxkeHneM Sy M 3TANOHHBIM S5 4, 3 BEPOATHOCTb NPaBUIIbHOFO Pacno3Ha-
BaHUA oLleHMBaeTcA ¢ noMoubio kputepua Heimana-MNMupcona, npegnaraerca nocrpoutb
rpacmMKM 3aBMCMMOCTM BEPOATHOCTM NpaBuNbHOro pacnosHasaHua PIMP ot oTHoweHus
3Hepruu mszobpaxenus E; k cnektpanbHoi nnotHoctn wymos (R = 2E/N,), npu 3apanHom
BEPOATHOCTU JIOXKHOTO pacno3Hasanua Ppp. B panbHeiiwem, B npeacrasnenHon pabore,
AaHHaA 3aBMCUMOCTL GysleT Ha3bIBaTbCA XapaKTepUCTUKaMu pacnosHaBaHua. Takxke GyayT
paccMoTpeHbl rpacguku, B AaHHOW paboTe HasbiBaeMble KakK MAOTHOCTL pacnpepeneHus
BEpPOATHOCTU pacno3HaBaHuUA.
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BBenenue

B mo6oe Bpemsi, a Ha Iepro1 BeJIeHUs 00EBBIX JISHCTBHI 0CO-
OEHHO, B BO3/1yILTHOM IIPOCTPAHCTBE MOKHO HA0JI0/1aTh O0JIbIIIOE
KOJIMYECTBO Pa3HOOOPA3HBIX JIETATENIFHBIX alllapaTroB pasind-
HBIX Pa3MEpPOB, C Pa3IMUYHBIMH XapaKTEPUCTUKAMH, CIIOCO0aMHU U
ckopoctbio nepemerienus. Coositus 2022 rona, pa3BepHYBIIH-
ecst Ha eBPOICHCKOM KOHTHHEHTE, OKa3aJId HE0O0X0IMMOCTh T0-
TOBHOCTH K TOMY, YTO WX KOJHYECTBO M pa3HooOpasme Oyner
ToIbKO pacTH. CienoBaTenbHO, HA MHTEIUIEKTYaJIbHBIE CIIOCO0-
HOCTHU OIIEPaTOPOB PATUOIOKALMOHHBIX CTAHIMI OOHApYKEHM,
3axBara, COMPOBOXKICHUS U PACIIO3HABAHMS JIETATEJIbHBIX allla-
paToB JIOXKHTCSI OYEHb OOJIbILIASI HATPY3Ka, KOTOPasi MMEET CBOU
npezenbl. CHU3UTH €€, @ BO3MOYKHO M B3STh Ha ce0st 4acTh (QyHK-
L[I/Iﬁ, IIOMOXKET HCKyCCTBeHHbe/lI HUHTCJIJICKT, OAHUM H3 OCHOBHBIX
ACIIEKTOB KOTOPOTO SIBJISIETCS paclio3HaBaHUe 00pa3oB, B JAHHOM
cilyyae pagHoJIOKAI[HOHHBIX TOPTPETOB MOABHKHBIX BO3IYIIHBIX
neseif. 3To Mo3BOJUT ONTHMU3UPOBATH LIEJIepacipeielieHne, 1e-
JeyKa3aHue, aaanTaluio CPEJCTB MOPAKECHUS C yIETOM XapaKTe-
PHUCTHK KOHKPETHOMW IIeJIN, a B IIEJIOM COKPATHTh BpEMs Ha IpH-
HSTHE PEIICHNUS 110 BO3ICHCTBUIO Ha OOHAPYKEHHYIO LIEIb.

[TomrmMo BOeHHOI cepbl mporexypa pacro3HaBaHUS SBIIS-
€TCsl aKTUBHO PAa3BUBAIOIIEHCS 00IaCThIO HAYYHBIX HAMIPABICHUN
1 TIPAKTUYECKUX MCCIIEIOBAHMH, HANPABICHHBIX Ha MOBBIIICHHS
Ka4yecTBa JKM3HU U dPPEKTUBHOCTU MPUHSTHSI PEUICHHI BO BCEX
cdepax KU3HENEATEILHOCTH YEeNOBEKa, 3TO W paCIO3HaBaHHE
peur, ¥ pacro3HaBaHUE KOHKPETHOTO YeNIOBEKAa B JIFOJICKOM I10-
TOKE ¥ MHOTO jpyroe [5, 9, 13, 14, 15].

W3 Teopun pagronokaoHHbIX CUCTEM [8] U3BECTHO, UTO JIT0-
0ast 00paboTKa CUTHAJIOB JJIs1 PEIICHHS 3a1a4 OOHAPYIKCHHS, 3a-
XBara, IOCTAHOBKH Ha COIIPOBOXK/JCHHUE, & TAK)KE PACTIO3HABAHHS
MIPOXOJUT Ha (hOHE IIyMOB, YMEHBLIAIOMINX BEPOATHOCTH IIpa-
BIJIBHOTO pacro3HaBaHus. J{Js OIIEHKN XapaKTepUCTHK pajnoIIo-
KaIlMOHHBIX cHUCTeM, (POPMHUPYIONINX PATHOJIOKANOHHBINA TOPT-
PeT M MCHONB3YIOIMUX KOI(PGHUIMEHT KOPPEISAINN MEXIy TeKy-
M H300pakeHueM S,, ¥ OTAIOHHBIM S., [1], npu pemienun

3ajJ]a4 pacrio3HaBaHuUs MOJBIKHBIX 00BEKTOB, MPEJIaraeTcsi uc-
M0JIb30BaTh XAPAKMEPUCMUKI PACNOZHABAHUA, KOTOPbIC NIpE]-
CTaBJISIOT COOOH 3aBUCHMOCTH BEPOSITHOCTH NPABHIILHOTO PacIio-
3HABaHMS P~ OT OTHOIICHHs JHCPrHH W300PKCHHS K CIICK-

TPaIbHOMU MIOTHOCTH IyMOB (R = 2E, /N ), IPU 3aJaHHOM BEPO-
SITHOCTH JIOKHOTO PACIO3HABaHUS P .
JIP
o manmbiv rpadukam, PH 3aJaHHBIX BEPOSTHOCTSIX P H
P HaxomuTcs mpeOyemas BeNW4YWHA R, TO ecTh OTHOIIEHHE
JIP

SHeprum u3o0paxenust E| Ha BXoje cHCTEeMbl pacrio3HaBaHHS K
CIEKTPAIBbHOHN IJIOTHOCTH IIyMOB, PH KOTOPOH obecrieunBaeTcs
TOJIy4eHNE 3aJaHHON BEPOSTHOCTH P~ NPH PACIO3HABAHHH

nend. VX MaTemaruyeckast MOJIelb OyJeT pacCMOTpPEeHA B TAaHHOM
paborte.

Tak kak pacrio3HaBaHue BCerja MPOXoJuT Ha (OHE HIYMOB, a
B [IpOLIECCE pacllo3HABAHUS NpeularaeTcs UCIOIb30BaTh ABE CTa-
THCTUYECKHE T'MIOTE3bl: B KaTajore, JUI paclo3HaBaeMoro 00b-
€KTa CyIIECTBYET 3TAIOHHOE M300paskeHne S, #0 (mepBas ru-

MOTE3a), UIIK OHO OTCYTCTBYET S, =0 (BTopas THI0TE3a), HeMa-

JIOBa)KHOW XapaKTEPUCTUKOMN SIBILSICTCSI RJIOMHOCHb PAChpedese-
HUSL 6EPOAMHOCHIU PACROZHAGANHUL.
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B nannoii paboTte OyayT paccCMOTpEHBl MaTeMaTHYECKHE MO-
JIEITN TTPEAJIOKEHHBIX CTATUCTHYECKUX XapaKTePHCTHK.

ITocTanoBka 3agaun

Bynewm nonarats, uro 6oprosoii PJIC o6HapyskeH u mocTaBiieH
Ha CONPOBOYK/ICHUE HEM3BECTHBIN MOJBIKHBIH BO3/IyIIHBIH 00b-
eKT. 3a CYET CBEPXIIUPOKOIIOJIOCHOTO CUTHANIA U PEKUMA CHHTE-
3MpOBAHUS ANEPTyphl AHTEHHBI IOJYYEH PaJHOJIOKAMOHHBIA
TOPTPET JaHHOM nemt § (A s AW) [1], kOTOpBIii MIpeACTaBUM,

KaK aJTUTHBHYIO CMECh TEKYIIEro M300paKeHus | (A A )
™ 439 M
M TIOMEX Pa3IMIHOTO BHIA n(A LA, ), KOTOpbIC B ITAaHHO# pa-
A

6ote Oymem 0603HaYATh, KAK HOMeEPU:
STM(AAJ"AYM): ITM(AAi"AYM)_'_n(AA}’AYM)' (1)

Jlist ero naeHTH(GUKAIINN peann3yeTcs allfOPUTM PacTIO3HaBa-
HUsI HA OCHOBE COIIOCTABJICHUS TEKYIIEro H300paKeHUs S, H

9TaJIOHHOI'O Saﬂ’ H3 3apaHee C(l)OpMI/IpOBaHHOFO Karajora, uc-

TIOJIb3YIOIIUI KOPPEISIIMOHHYIO0 METPUKY, & UMEHHO, Kodddurm-
eHT Koppessiiuy. Hannune 1myMoB CylieCTBEHHO YCIIOKHSET 3a-
Jlady JOCTHYKEHUSI 3aJJaHHOW BEPOSTHOCTH TPAaBHIBHOTO PACIO-
3HaBaHMs P, IPA 3aJaHHOI BEPOSTHOCTH JIOKHOTO PACIIO3HA-

BaHus P . B ,Z[aHHOﬁ CUTyalun IICJ'IGCOO6p213HO YCTAHOBUTD HE-
JIP

KOTOpBIﬁ nopor y U CUUTATb 34 MNPHU3HAK PACIIO3HABAHUA
1op

TOJIBKO CUTHAJI Ha BBIXOJC CUCTCMBI pAaCllO3HABAHUA be,X , KOTO-

PEIi PEBBIIIACT JAHHBIIT TOPOT. JIst PaBHILHOTO BEIOOPA j)
iop

LesIecoo0pasHo MOCTPOUTh TpadUKH XAPAKMEPUCMUK PACno-
3naeanusn (10 aHAJOTMU C (QYHKIMSAM paclpeiesIeHus clrydai-
HOTO TIporiecca) U rpaVKi mIOMHOCIU PACRPe)eNeHUs 6epo-
AMHOCMU PACcnO3HaA8anus (AHAJOT TUIOTHOCTH PACHpE/CIICHHS
CITy9aifHOTO TIPOIIeCCa).

[lepen BBITOTHEHHEM ITOCTABICHHON 331241 IPUMEM HEKOTO-
pble JOMyILICHHs, Kacalolluecs: paIHoIOKalHOHHOTO MOPTPETa,
HO HE BIMSIONIME HA Ka4eCTBO IOJIyYEHHOTO pe3ylibTaTa — pac-
CMaTpHBaeMoe TeKyllee H300pakeHne SBIsIeTCs: [U(POBBIM, IBY-
MEpHBIM U OMHApPHBIM (JaHHOE JOIYIICHUE TAKKE OTHOCUTCS U K
STAJIOHHOMY U300PaKCHHUIO).

Pemenne 3agaun moCTpoOECHUs (l)yHKIIPII?I pacno3HaBaHUsL
U MIJIOTHOCTH pacCnpeaeJICcHUSI BEPOATHOCTH PACIIO3HABAHUSA

Kak oTmeuyeHO BbINIC, PaIHOIOKAIIMOHHOE pacIO3HABAHUE,
peaH3yrollee arOPUTM COMIOCTABICHHS TEKYIIIEr0 H300paKeHUs
S,, ¥ STAJIOHHOrO S, € pacuerom KO3 PHUIUCHTA KOPPEIIALIUT

MEXK1y HUMH, BCETJIa TPOXOIMT Ha (POHE [IYMOB Pas3IuuHOrO IIPo-
HUCXOXKIEHHS n(A A, ), HE 3aBUCSILIMX ApyYT OT apyra. Cieno-

BaTCJIbHO, CHUTHAJ Ha BBIXOAE CHUCTEMBI PACIIO3HABAHUA be[X

TaK)Ke HOCHUT CIyYalHBIA XapakTep, a 0OIIre IOTepH MOTYT OBITH
OTIMCaHbl HOPMAJIBHBIM 3aKOHOM PaCTIPe/IEICHHUS.

J[to00i1 HOpPMAaNBLHO PaCTPEEICHHBIN CIydalHbIi Mpolecce
XapaKTepU3yeTcs INIOTHOCTHIO HOPMAJIBHOTO pacTpeieIeHus, KO-
TOpasi B 00IIEM BHIC OmpeeisieTcs: BeipaxenueM [10]:
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1 exp| — (x—a) @)
o227 20’

rae: X — 3HaueHUe CIy4yalHON BEJIMYMHBI, & — CPEIHEE 3HAUCHUE
CIIy4ailHOW BEJIUYMHBI, 0 — CPEIHEKBAIPATUUECKOE OTKIIOHEHHE
CIy4yallHOW BEJIUYUHBI.

U dyaxmmelt pacmpeneneHust, KOTopast B 00IIeM B MOXKET
OBITh 3amucana kak [10]:

N(x,a,0)=

F(x,a,0)= t=ay ) dt 3)

r jexp

PaccMOTpM yHIpOILEHHYIO CTPYKTYPHYIO CXEMY HIeabHOMN
CHCTEMbI PacIiO3HABAHHUS, KOT/Ia OTCYTCTBYIOT Pa3In4HbIE OTKIIO-
HEHUS OT ONTHMAJIbHON CHCTEMBI IIOCTPOCHHUS 1 00paOOTKH H300-
pakeHUH, pearTnu3y oIy aTOPUTM pacdeTa KodppureHTa Kop-
PEISILIMU MEKY TEKYIIUM U300pasKeHnEM Sm U OTANIOHHBIM §

U NIPEJICTaBICHHYIO Ha pucyHke 1. Ha onuH U3 BXOH0B «KOppes-
muoHHoro yerporictBay (KY) mogaercs anaguTuBHAs cMeCh TEKY-
mero nzobpaxkenus (TU) u mryma. OTHOIIEHHE SHEPTHH H300pa-
JKEHHs K IIyMY CO CIIEKTpajibHO# mioTHocThio N /2 onpenens-

€TCsl BEJIMUUHON R = 2E, /N, . Ha npyroii Bxox nomaercs ara-

noHHOe n3o0paxenne (OM). C BeIXO#a «KOPPEISILHOHHOTO
YCTPOHCTBaY CHIHAN y ., NPOHOPUHOHAIBHBII YPOBHIO KOppe-

TAAA U300paKEHNUH, TMOCTYIAaeT Ha «IIOPOTOBOE YCTPOWUCTBOY,
MO3BOJISIIOIIEE TIPUHATH PEIICHHE O PACHO3HABAHMM LENH, T7/Ie
CPaBHUBACTCA C CHTHANIOM 3 . KOTOPBIH ONPEEIAETCA MO 3a-

JaHHBIM 3HAYCHUAM P”P unp . Ha BBIXOAC I/II[eaHLHOﬁ CHCTCMBbI
JIP

paCHOSHaBaHI/I}I BO3MOXHBI IBa BapI/IaHTa: OeJIib paCHOSHaHa, HpI/I
CJIOBUU nu €JIb HC aCIIO3HaHa, IIpu CJIOBUU
y Y psre 2 Y nor I p » TpHy

. Ilpu OTKJIOHEHHMHM OT MHJeaJbHBIX YCJIOBHUH BO3-
be]X < yHOP p )1 y

MOJKHBI BapHUAHTHI, IPeIoKeHHBIE B [ 1].

Vaezr Z YV iar
/ Less pacniozHana
TH Y nux
— KY Iy
R—2E/Ny

i N e

Y uoe

(3anannas Pp)

on

Puc. 1. Ynpouennas cTpyKTypHasi cXema UaeaabHON CUCTEMbI
pacro3HaBaHUs

Lenn ne pacno3nana

st onpe/ieNieH s BETUYMHBI ), TIOCTPOUM 3a/[aHHBIC B Pa3-

JIelie «IIOCTAaHOBKA 3a/aun» TpaduKu XapaKmepucmuK pacno-
3HAGAHUS N NIIOMHOCHU PACRPEOENeHUsl 6EPOAMHOCHU PACHO-
3Hasanusl.

B cooTtBeTcTBUM C [8], CTATHCTHYECKUE CBOMCTBA BBIXOIHOTO
CHTHANA y  — CHCTEMBI PACIO3HABAHHS IOJTHOCTBIO ONPECIIs-

IOTCSl CTATHCTUYECKUMH CBOMCTBaMHU IIyMOBOTO mporecca N(t).
Taxk xak nporiecc N(t) raycCOBCKUiA, a CUCTEMAa pacliO3HABAHUS SIB-
JII€TCsl IMHENHOM, TO M BBIXOJIHOM CHUTHAJ PV, TAKOKE ABIACTCA

rayCCOBCKHM.
Jnst moctpoeHus: TpadUKOB XAPAKMEPUCIMUK PACHO3HAGA-
Hus W NWIOMHOCHU  PACHPEOeNeHUs  8ePOAMHOCHU

pacno3nasanus 3anvieM BoipaxeHus (2) u (3) IpUMEHHUTEIFHO
K CHTHaJly Ha BBIXOJIC CHCTEMBI PACTIO3HABAHMS .

B cootBercTBHH ¢ (2), cmydaiiHOE 3HAUCHUE Yy TOAUMHCH-

HOE TayCCOBCKOMY (HOPMaTbHOMY) 3aKOHY paclpeielIeHus II0T-
HOCTH BEPOATHOCTH OyJET ONPEAEIATCS BEIPAKCHHEM:

exp| — (ysux _2 beIX) (4)

ply, )=
e T e

Yaix Yaix

— CpCAHCC 3HAYCHUC BbIXOAHOI'O CUTHAJIa y ,a 62 —
BbIX

YBBIX

rﬂe. yBHX
JAUCIICPCUA BBIXOJHOT'O CUTHAJIA y

Jns noctpoenus rpaduka niromnocmu pacnpedenenus e-
POAMHOCHU PACNO3HABAHUS, 3ATIHIICM BBIPAKCHUS JUIS yCIIOB-
HOIi IIIOTHOCTH PACHPECICHUs BEPOATHOCTEH )  — TPH yCIIo-

BHUH, YTO HA BBIXOZE TOJIBKO [OTEPH, @ STAIOHHOTO H300paKeHH s
HeT § = = ()) ¥ YCIOBHYIO ILIOTHOCTb Paciipe-
S, =0:p(y,,/S,, =0)1y y pacmp

JICNIeHUs. BEPOSTHOCTEH ), . NPU HAJIMYNU STATOHHOIO M300-

PaXCHIA SI)I/[ #0> p(belX /SI)I/[ # O)

B cootBercTBuu ¢ (4), yCTIOBHAs TNIOTHOCTH PacIpeeieHHsI
BEPOSITHOCTEH Vs TIPU OTCYTCTBHM JTAalOHHOTO H300paKCHHS

p(belX /831/1

= ()) OyIIeT OTPEETATHCS BEIPAKEHIEM:
p(3,./S,, =0)= exp| — yi"” (5)
o 27 2

Yabix Ybix

YenoBHas MIOTHOCTb PACTIPE/IENEHUA BeposTHOCTEH 1
[IPY HAJIWYUU HTAJIOHHOTO M300pasKeHUs ( ) oy-
p p p be[X /831/1 ¢ 0 y

JCT ONPCACIATLECA KaK:

1 (Y, —aE)’
/S, #0 e — S ' 6
p(ysmx on ) o / Xp 262 ( )

Ybix Yabix

Jucnepcusi BBIXOAHOTO CHTHaNA (2

YBbIX

HUEM CPC,I[HGI‘/'I MOIITHOCTH IIIyMa Ha BBIXOJE CUCTEMBI paCIlO3Ha-
BaHUS U MOXET OBITh 3allMCcaHa B BUJC!:

2 =P :NOEl (7)

SH BBIX 2

ONPEACIIACTCSA 3HA4YC-

Y Bbix

rae E, — sueprus mzoGpaxenus, N, /2 — creKkTpaabHas MIoT-

HOCTH IIIyMOB Ha BXOJZI€ CHCTEMBI PACIIO3HABAHMS.

B Havase naHHOMN CTaThM OTMEYEHO, YTO B KAUECTBE TEKYIIETO
n300paKEeHHS UCTIONB3YETCS PAHOJIOKAMOHHEIA TOpTpeT 0OHa-
PY’KEHHOH 1enu, KOTOPBIH oOpa3yercs 3a cueT (pOpMHUPOBAHUL
OTPa)KEHHOTO CHTHAJIa METOJOM CyMMHPOBAHMS OTPAKCHUH OT
TOYCUHBIX YYAaCTKOB, €T0 MPEOOpa30BaHMs M YCHIECHUS, YTO CO-
MIPOBO’KIAETCS MOSBICHNUEM IITyMOB.

B cootBerctBuM C [1], criekTpaibHas IVIOTHOCTH JAHHBIX ITy-
MOB OIPEJEISIETCSl MOTEPSIMH, YXYALIAIONIMME KadyeCTBO TEKY-
IIEr0 M300paKeHUsI WM MCKAKAIOIIUM €r0 M, COOTBETCTBEHHO,
HEraTHBHBIM 00pa3oM, BIUSIONIMM Ha pacro3HaBaHue. K HUM
MOJKHO OTHECTH: IIOTEpPH, CBSI3aHHBIE C YPOBHEM IIIyMOB pa3iny-
HOTO BHJIa; MOTEPH HA COTJIACOBAHHWE YACTOTHI JMCKPETH3ALNH
BXOJIHOTO CHUTHajla IU(POBOI crucTeMbl 00pabOTKM W CHTHAJIA
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PAIMOIOKALMOHHOTO M300payKeHNs; OTepU Ha 00pabOTKy CHr-
Haja B [IPOLIECCOPE, KOTOPbIE OIPEessIoTcs BECOBOU 00padoT-
KOIf; IOTepH Ha KOOPAWHATHOE COTJIAaCOBaHUE N300pakeHHUH, pr
HaxoXxJIeHnu Kod(ddunmenra koppessuun; norepu B CBY tpakre
nepeiaTyiKa U MPUEMHUKA (BOJHOBOJHBIM TPAKT); MOTEPH IIPH
MaKCHMAJIBHBIX YTJIaX MPOKauKH aHTEHHBI U T.I.

Jlanee paccMOTpUM MaTeMaTHYECKHE MOJIEIH TNIOTHOCTH pac-
MIpe/IeNICHUs] BEPOSITHOCTH, Ha BBIXOJE YCTPOWCTBA paclio3HaBa-

HAS ym,xx’ A C.quaeB p(beIX /SDM = O) 1 p(be[X /S3M i 0)
IIpe/ICTABIICHHBIC HAa PHUCYHKE 2.

BuHO, 4TO OHM UMEIOT OTMHAKOBYIO TUCIIEPCHIO, HO pacIpe-
Aenenue (6) CMCILCHO 10 OCH Y Ha BEJIMYUHY, IPONOPLHOHAIb-
HyI0 aMIUIUTYJ€ CUTHAJa g, CJIEJOBATeIbHO, HA BEJIMYHHY, IPO-
NOPIMOHANBHYIO SHEPTruH curHana E, .

Just moctpoenust rpaduka XapakmepucmuK pacno3Haeanus
HA}IEM BEPOATHOCTE NPABUILHOTO PACIIO3HABAHUSA P, IPOHH-
TErpHpOBaB BEIpaKeHHE (6) OT YPOBHS Imopora V.., A0 OGeckoHeu-

ror

HOCTH:

_ (ygux - aE| )2

2 66X

1 Y
P, = 7\/7 j exp (®)
o 27T yion
Yabix YBbix
MaTeMaTI/I‘IeCKaH MOACJIb 3aBUCHUMOCTHU BepOﬂTHOCTH Hpa-
BHIILHOTO PACIIO3HABAHUA P OT OTHOUICHHS YHCPTHH n3obpa-

xenmst E| k cnexrpansroii motnoctn mymos (R = 2E, /N ),
MM 3a1aHHOH BEPOATHOCTH JIOKHOTO PACMO3HABAHUA P Tpel-

CTaBJIeHa Ha PUCYHKE 3.
Just Bbrumcnenus: BoipaxkeHudd (6) - (8) Ham HeoOXoAMMO
ONpPENENNThL SHEPTHIO n300paxkenus E . B coorsercTum ¢ [6], B

HENpepbIBHOM BHUJIE JIByMEPHOE M300paKeHUE ONpPE/esIsieTCs Bbl-
pakeHueM:

[(X,y,4,t) = I f(X,y,4,tV(1)dA: )

rae f(x’ ¥, Lt) — (yHKIMS, OMUCHIBAIOIIAS PACIpPECICHUE

9HEPIrHM MCTOYHHMKA CBETOBOTO HM3IYYEHHUs IO IPOCTPAHCTBEH-
HBIM KOOPAMHATAM X, Y, BDEMEHH t U JUTHHBI BOJHBI A.
V, ( ﬂ) — CHEKTpalibHas YyBCTBHTEIBHOCTh YEJIOBEYECKOTO

3pCHUS.

B cBs13u ¢ TeM, 9TO 3a BpeMs IpoIliecca paclio3HaBaHUs H300-
pakeHue HE M3MEHSETCS, MepeMeHHas { MOKeT OBITh OmyIIeHa.
Take HCIOJIb30BAHNUE «KOMIIBIOTEPHOI'O 3PEHUS», HE 3aBUCH-
LIEro OT CHEKTPaJbHOW YyBCTBUTEILHOCTH YEJIOBEYECKOTO 3pe-
HHUS, TIO3BOJISIET 3alIMCaTh VS ( j,) =1.

Ha ocHOBaHMM [NOMyIIEHWH, NPUHATBIX JUIA JIBYMEPHOIO
M300pakeHHs1, 3aIMIIEeM B 00IIIEM BHJIE MATEMaTHYECKYIO MOJICIb
TeKyliero n3obpaxenus B 1udpoBoM Bujae. B coorBercTBHU

[7]:
,, (AX, Ay) = i i f (NAX, MAY)S(X — NAX, y —mAy),  (10)
rue

3. 3. 8(x ~nAX,y —mAy)

N=—ocm=—o0

T-Comm Vol.17. #4-2023

SNEKTPOHUKA. PAODUOTEXHUKA

MIPOCTPaHCTBEHHO-ANCKPETH3UPYIOIas (GyHKIIUS, COCTOSILIAs U3
OeckoHeuHOro yucia d — pyHknuit Jlupaka, 3a1aHHBIX B y3J1aX pe-
LIETKY C L1aroM ( AX, Ay).

Torna sHeprust AByMepHOTo MU(POBOTO TEKYIIIETO H300paxke-
HUSI MOXET OBITh 3aIlCaHa B BHJIC:

E, (AX,AY) = ¥ 317 (Ax,Ay)-

N=—ooMm=—o0

an

B pamkax naHHOW cTaTbu HE MPEAyCMOTPEHO MOCTPOEHUE
TOYHBIX TPa()hUKOB XAPAKMEPUCHMUK PACHO3HABAHUA T NIIOMHO-
cmu pacnpeoeneHus 6epoAmHOCHmU PACHO3HABAHUA HOPMAITEHO
pacrpeerneHHON ciay4yailHON BEeJIMYHUHbI Ve » HOITOMY IS MX

JIEMOHCTPAIIMOHHOTO OTOOPaKeHUsI C MaKCUMaJbHBIM TPHOIH-
YKEHHEM BOCITOJIB3YEMCSI, COOTBETCTBEHHO, orieparopamu hormedf
u normpdf 13 MaTemMaTHYeCKOro MakeTa MPUKIAMHBIX IPOrpaMm
Matlab [11]. Ha pucynkax 2 u 3 npeIcTaBlICHBI Pe3yIbTaThl MO-
JIEITUPOBAHMSI.

Ha pucynxke 2 npezacTaBieHbl IIIOTHOCTH pacTIpe/ieiIeHUs Be-
POSITHOCTH CHTHaJIa Ha BBIXOJIE CHCTEMbI PaclO3HaBaHUs, OIpe-
nensieMble BeIpaxkeHHsMU (5) u (6). Ha pucyHke 3 mpeacraBieHsl
XapaKTEePUCTHKH PAaCIIO3HABAHUS IJIS Pa3INYHBIX 3HAYCHUH BEPO-
SATHOCTH JIOXKHOTO PACTO3HABAHUA P .

l)(yli‘ixﬂ( /‘S'ﬂ}"l 70)

P(beLl' /SBH # 0)

Puc. 2. [TnotHOCTH pacnpeacicHus BEPOATHOCTU paCliO3HaBaHUsL

P, ! ‘ ‘ ! R
0.9
0.8 A —
0.7 , A VR
0.6 F/L 777777 A N
0.5 ’ : ’ R SR
0.4 ’
0.3 / 7777777
02 : : R -

0.1

n 2L
16 N,

0

Puc. 3. Xapakrepuctuxu pacnosnasanus ( P, > P, >P,,.)
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3akarouenue

B kauecTBe BbIBOJIA ITO JJAHHOH pabOTE MOYKHO OTMETUTb, YTO
B pe3yJIbTaTe NPe/ICTABICHBI MATEMaTHYECKHUE MOJIEITH CTATHCTH-
YECKMX XapaKTEPUCTHK, HAN0OJIEe MOIHO XapaKTEPU3YIOLUINX CH-
cTeMy pacrosHaBaHUs. st 3TOTO aBTOpP MpeaiaraeT MCHONb30-
BaThb XAPAKMEPUCHMUKU DPACNO3HAGANUA, KOTOPHIE IPEACTaB-
JISIFOT OO0 3aBUCHMOCTH BEPOSITHOCTH MPABHIBLHOTO Paclo3Ha-
BAHWA P OT OTHOLICHHS YHEPIHH W300paKEHUs K CHIEKTpasib-

Holt motHocTn mymos (R = 2E, /N ), npu 3ananHoii BeposT-
HOCTH JIOXKHOTO PACTIO3HABAHUS P W HJIOMHOCHb pacnpeoeie-
JIP

HUA 6EPOAMHOCMU PACNO3HABAHUA HA BBIXOJIC CUCTEMBI PaCIIo-
3HaBaHUS. B panbHeiieMm, J1aHHbIE XapaKTEPUCTUKU OyayT HC-
MTOJTE30BATHCS IS BEIOOPA MOPOra B KBa3HONTHMAIBHBIX U «00e-
BBIX)» CHCTEMax PACTIO3HABAHHS JBIDKYIINXCS BO3IYIIHBIX 00B-
€KTOB.

B crathe paccMmaTprBanack OJHOYPOBHEBAs CHCTEMa PAcCIo-
3HABAaHUS MOJBIKHBIX BO3IYIIHBIX OOBEKTOB, HE YUHUTHIBAIOIIAS
0COOCHHOCTH W TapaMeTpsl UX ABIKeHHA. ClemoBaTeNbHO, U3
aHanm3a GhopmyJbl (8) ciaemyer BbIBOA, YTO JJIsl paclo3HABaHHUS
N300paKeHHUH ¢ 33/1aHHOM BEPOSITHOCTHIO HEOOXOIUMO Ha BXOJIE
CHUCTEMBI pacCrio3HaBaHUA HMETb JOCTATOYHYIO DHEPTUIO TEKY-

utero u3obpaxenns E,, a Tounee, Heo6xo1muMo nMeTh Tpebye-
MOE OTHOIIIEHNE YHEPTHH H300paKeHNS K CTIEKTPAITBHOM TIIOTHO-
crumyma R>R =2E/N,.

Ilo MHEHHMIO aBTOpa, BEPOATHOCTb P~ HE 3aBHCHT HH OT

(hopMBI H300PaKEHHOTO 00BEKTA, HU OT CI10c00a (hOPMHUPOBAHUS
1 00pabOTKH M300pakeHUs1. EqMHCTBEHHBIM MMapaMeTpoM H300-
PaKEeHHUs1, OT KOTOPOTO 3aBUCHUT BEPOSITHOCTH MPABUIILHOTO pac-
No3HaBaHusA P, ABISICTCs SHeprus nzoOpaxenus E (Tounee, Be-

anauHa R=2E/N,).

BepodTHOCTh JI0)KHOTO pacro3HaBaHMS 3aBUCUT OT CIIEK-
TpaJIbHOM MJIOTHOCTH IIIYMOB Ha BXOJI€ CHCTEMbI U OT BEIOPAHHOM
BETMYMHEI OPOra . IIpu 3aaHHBIX 3HAUEHUSX BEPOSTHOCTU

17opP

NPABUIBHOTO PAacro3HABAHUS P~ M JIOXKHOTO PaCHO3HABAHM
P, KOTOpbIE BEIOMPAIOTCS, HCXO/1s N3 TAKTHUECKNX TPEOOBAHNI
JIP

1 yCJIOBHMH PabOTHI CHCTEMBI pacliO3HaBaHMsI, MOKHO OJTHO3HAYHO
OIIPEE/UTh HEOOXOMUMYIO BEIMIHHY TOPOra ) "
110P
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STATISTICAL CHARACTERISTICS OF THE SIGNAL AT THE OUTPUT
OF THE OPTIMAL RADAR SYSTEM FOR IDENTIFYING MOBILE AIR OBJECTS

Evgenii V. Ukhanov, Moscow technical university university of communications and informatics, Moscow, Russia,
searif@yandex.ru

Abstract

This work can be considered as a continuation of the article [I], or as separate materials devoted to the recognition of moving air
objects based on the theory of testing statistical hypotheses. In the future, when presenting the materials of this article, the terminol-
ogy proposed in [I] will be used. The relevance of this article is due to the events taking place on the European continent, indicating
the need for further development of radar systems for various purposes and the transition from radar to radio vision [2], which will
significantly improve the effectiveness of air defense and airspace control in general. The construction of a radar portrait and further
automatic recognition of moving air objects, as an element of artificial intelligence, will eliminate human error, as well as significantly
reduce the time it takes to make a decision on the necessary measures to influence the detected aircraft. Studying the freely available
scientific works of various scientists [3, 4, 5, 12] devoted to such a direction of research and development of artificial intelligence as
the statistical theory of pattern recognition, one can note the absence of such an important element as the function of the dependence
of the probability of correct recognition on the quality and noise of the image. Within the framework of this article, a variant of solv-
ing this problem in the form of a mathematical model will be proposed. Since in [I] a recognition method is considered that uses the
correlation coefficient between the current image and the reference one, and the probability of correct recognition is estimated using
the Neumann-Pearson criterion, it is proposed to plot the dependence of the probability of correct recognition on the ratio of the
image energy E, to the spectral noise density (R = 2E,/N), for a given false recognition probability . In the future, in the presented work,
this dependence will be called recognition characteristics. Graphs will also be considered, in this paper referred to as the distribution
density of the recognition probability.

Keywords: artificial intelligence, statistical theory, radar portrait, recognition characteristics, recognition distribution density,
optimal recognition system, image matching.

References

I. E.V. Ukhanov. Solving the problem of optimal radar recognition of mobile aerial objects based on the theory of statistical hypothe-
sis testing. T-Comm, No. | 1. 2022.

2. Aviation radio vision systems, edited by G.S. Kondratenkov, Moscow, Radio Engineering, 2015.

3. AL. Gorelik, V.A. Skripkin Recognition methods. Moscow: Higher School, 1977.

4. L.N. Chaban. Theory and algorithms of pattern recognition. Moscow: Study guide, 2004.

5. AEE. Lepsky, A.G. Bronevich. Mathematical methods of pattern recognition. A course of lectures. Taganrog: Publishing House TTI
SFD, 2009.

6. W. Pratt. Digital image processing. Moscow: Mir, 1982, vol.l 2.

7. V.T. Fisenko, T.Y. Fisenko Computer processing and image recognition. Study guide. St. Petersburg, ITMO State University, 2008.
8. Aviation radar complexes and systems, edited by P.l. Dudnik, Moscow "VVIA named after Prof. N.E. Zhukovsky", 2015.

9. V.D. Mazurov. Mathematical methods of pattern recognition. The textbook is the 2nd edition, supplemented and revised.
Yekaterinburg, Ural University Press, 2010.

10. V.B. Monsik. Fundamentals of probability theory and mathematical statistics. Study guide. Moscow, edition of the VVIA named after
prof. N.E. Zhukovsky, 2004.

I'l. K.E. Plokhotnikov, V.N. Nikolaenko. Probability theory in the MATLAB package. Textbook for universities. Moscow: Hotline —
Telecom, 2014.

12. Probabilistic Approaches for Pattern Recognition, Anil Rao (Based on slides from Andre Marquand) May 30, 2017.

13. Speech recognition, Steve Renals, COM326/COM646/COMé678, February 1998.

14. Probabilistic Human Recognition from Video, Shaohua Zhou, Rama Chellappa, Center for Automation Research (CfAR) Department
of Electrical and Computer Engineering University of Maryland, College Park, MD 20740.

I5. M.A. Anusuya, S.K. Katti. Speech Recognition by Machine: A Review, (IJCSIS) International Journal of Computer Science and
Information Security. Vol. 6. No. 3, 2009.

Information about author:
Evgenii V. Ukhanov, candidate of engineering sciences, sub-departament "Telecommunications security", Moscow technical university university of communica-

tions and informatics, Moscow, Russia

T-Comm Vol.17. #4-2023




CB43b

MOAEJIN U METOAbI BbIYUCIIEHUSA 3AAEPXKEK
NMPU NPEAOCTABJIEHUU YCIIYT NOJIb3OBATEJIEM
HA CEPBUCHbLIX MJIAT®OPMAX CEAHCOBbIX
NMHOOKOMMYHUKALIMOHHDLIX YCNYT

DOI: 10.36724/2072-8735-2023-17-4-32-38

Manuscript received 16 March 2023;
Accepted 08 April 2023

Pepnpyrnna Hatanua MuxainoBHa,

Carnkm-lTemepbypackuli 2ocydapcmeeHHbIl yHUsepcumem Knroveeble crnoea: honb308amesibCKUe CEaHChI,
menekommyHukauud um. npog. M.A. borny-bpyesuua, cemu cucmem maccogozo obcnyxuearus (CeMO),

2. Cankm-llemepbype, Poccus, cemu [kekcoHa, kayecmeo npedocmasnieHus ycnye,
redrugina.nm@spbgut.ru UHoKOMMyHUKauuoHHble ycnyau (MKY)

Llenblo naHHO cTaTbk ABNAETCA paspaboTka MeTOZ0B pacyeTa Ka4eCTBEHHbIX XapaKre-
PUCTUK MH(POKOMMYHUKALIMOHHBIX yCnyr, paGoymne Harpysku KOTOpbIX COCTOAT U3 MOJb-
30BaTeNlbCKUX ceaHcoB. O6GnacTL NpMMeHeHUA AaHHbIX METOAO0B 3aTparuBaeT pa3pabor-
KY U conpoBoxpaeHne MH¢OKOMMYHUKALIMOHHBIX MHOIOMOMNbL30BaTENlbCKUX CEPBUCOB, B
YacTu ob6ecneveHusa BLICOKOro KayecTBa o6cnykusaHua nonb3osarenen. Paccmarpusa-
eMble napaMeTpbl KayecTBa obGcnykuBaHua (QoS) onpefensioT XxapaKTepUCTUKU Kak
CUCTEMBI B LIENIOM, TaK U OTAENbHbIX 3JIEMEHTOB €€ apXMUTEKTYpbl U ANA JaHHOTO BuAaa
yCnyr Ka4ecTBEHHbLIMU XapaKTEpUCTUKaAMU ABNAIOTCA BPEMA OXMJaHMA Havana obcny-
YKMBaHUA MOJIb30BaTENbCKON ceccumn, Kod3(PPULMEHT 3arpy»KeHHOCTU cepBepHoro o6o-
PYZAOBaHMUA, KONMYECTBO NOJMb30BaTENIbCKUX CECCUi €MHOBPEMEHHO NOoALEpKUBaeMble
cucteMoi npu eé GesowmbouHoW 3Kcnnyatauuu. MHorononb3oBarenbckue CepBUCHI
paccMaTpMuBaloTCA € TOYKM 3pEHUS TEOPUM MaCcCOBOro o6CNyKMBAHMA KaK CeTU cUcTeM
MaccoBoro o6cnyKuBaHus, C BpeMeHeM NpoOMKUTENBHOCTU MOMNb30BaTE/IbCKOTO CeaH-
ca 1 BpeMeHeM MOCTYNEeHUA 3anpocoB Ha 06CNyKMBaHMA UIPOBbLIMU CEPBUCAMM, pac-
npeaeneHHbIMU NO SKCMOHEHLUMANIbHOMY 3aKOHY. [N OLleHKM NapaMeTpoB MoAenen UH-
(POKOMMYHUKALIMOHHBIX MHOTOMONb30BaTENbCKUX YCNYT B KaYecTBe MaTeMaTU4eCKoro
annapara 6binmn BbiGpaHbl cetn [keKkcoHa, KOTopble NO3BONAIOT paccMaTpuBaTb He06-
xoAuMble HaM cucteMbl Buaa M/M/v. B kauyectBe anpobauum pesynbratos 6bin npegno-
KeH MaTeMaTUYeCKUi aHaJIu3 UTPOBLIX MHOTOMONb30BaTENbCKUX CEPBUCOB, TaK KaK MX
NonynApHOCTb, @ 3HA4YUT U NOTOK NoJib3OBaTeNen Ha UrpoBblie cepBepa yBenuinMBaerca
C OrpOMHOW CKopocTbio. B KavecTBe AOMNONHUTENBLHOIO UHCTPYMEHTA OLIEHKM Kauect-
BEHHbIX XapaKTEPUCTUK pacCcMaTpUBaeMbIX CEAHCOBbIX Mopene# Gbino npeanoxkeHo
MMUTALMOHHOE MOJIe/IMPOBaHME, KOTOPOE MO3BOJIAET OLIEHUTb TOYHOCTb NPE/JI0KEHHO-
ro aHaNMTU4eCKOro MeToZa U NPOBECTU aHANMU3 XapaKTEPUCTUK CIOXKHBIX CUCTEM C 3a-
KOHaMM pacnpepeneHus BpeMeHU OTNIMYHBIX OT SKCMOHEHLUMANIbHOrO, HanpuMep AJIUH-
HOXBOCTbIX pacnpegeneHuit (Benbynna, Maperto u T1.4.)
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BBenenne

OCHOBHBIE 3312491 MOJICITUPOBAHNS CEAHCOBBIX MH(DOKOMMY-
HUKAIMOHHBIX CHCTEM 3aKJIIOYAlOTCSl B JUHAMHYECKOM IOJrO-
TOBKE, IPOTHO3UPOBAHNU BPEMCHU OTKJIIMKA U KOHTPOJIA MMOCTYII-
JICHWW 3ampoca, MO3BOJISIIOIIUE OMpPEACIATh y3KUE MecTa B CH-
CTeMe M X CMEIICHHE TP U3MEHEHHUH paboueil Harpy3KH, MoCTy-
narouieil Ha web-cepBuc.

Heo0xoauMbIM 3TarioM MOJIEJIUPOBAHUS SIBIISIETCS (hOpMalT-
3alysi BHEIIHMX HMH()OKOMMYHHKAI[MOHHBIX BO3IACHCTBUN Ha
(YHKIIMOHMPOBAHUE W KauyecTBO MPEIOCTAaBICHNS MHOTOKOMIIO-
HEHTHOH MH(OKOMMYHHUKAIIMOHHON YCIYI'H KaK B IIEJIOM, TaK U
muddepeHpoBaHHOE BIUSIHAE HA DJIEMEHTHI €€ apXUTEKTYPBI.
Tax B [1] paccmaTpuBatoTCsi BO3MOXKHBIE TIOCIIECTBHS YBEINYC-
HUsSL KOJIMYECTBA TIOJIb30BATENLCKUX —oOpameHnii kK  web-
CepBHCaM, CPeH KOTOPBIX MEpPEerpy3ka CepBepoB, Kak CIEACTBUC
JOCTWDKEHUS TpeJielia UX MPOITYCKHOM CIIOCOOHOCTH.

B pe3ynbraTe KOHEUHBIE TOIB30BATENHN MOTYYarOT OMOBEIIE-
HUe 00 OMIMOKH TaiiM-ayTa WU IM0JIb30BaTeIb CAMOCTOSTEIHLHO
MpephIBaeT 3arpoc, He MOIYYUB OTBETA [0 UCTEUCHUIO OIpelie-
JICHHOT'O BPEMCHH. KpI/ITI/I‘IHI:-IM 3TO SABJIACTCA IJIA HpI/IJ'[O)KeHI/Iﬁ
JIEKTPOHHON KOMMEPIMH TaK KaK HU3KOE KaueCTBO MPEIOCTaB-
JISIEMBIX YCIIYT IPUBOAMT K 3HAUYUTEIBHBIM TIOTEPSIM JI0XOJI0B.

MopenupoBaHne MHOTOTIOJIb30BATELCKMX HHPOKOMMYHHUKA-
IIMOHHBIX CEPBUCOB MPHU3BAHO PEIINThH CIICTYIONIHE 3a/1a4N:

1. Pacder HEOOXOJMMOTO KOJIMYECTBA BHIJCISIEMBIX PECYp-
COB TI03BOJISIFOIIIETO OOCITY KUBATh ITMKOBYIO pab04yIo Harpys3Ky.

2. IlporHo3mpoBaHHE TPOW3BOIUTEIBLHOCTH, AJSI OTpEJie-
JICHUS] BPEMEHHBIX XapaKTEPUCTHK CEPBHCA TIPH 3aJaHHOH pado-
4eil Harpy3Ke W ONpEIeICHHOW KOH(PHUTYpauy ammapaTHO-TIPo-
IPaMMHOTO OOeCTIeUeHUsI.

3.  OnmnpeneneHue apXUTEKTyphl CEPBHCA, MO3BOJIIONICH
MIPOM3BOINTH MAHUITYJISIIIMU C KOH(DUTYpalmei TPHIoKeH sl JUIs
JOCTUKCHUA HCO6XOI[I/IMOFO YPOBHA KayeCTBa O6CJ'Iy)KI/IBaHI/IH

4.  BO3MOHOCTB yHpaBJICHUS MOIb30BATEIBCKUMH 3aMpo-
caMH JUIsl OIIEPaTUBHOT'O BJIMSIHMS HA KaYECTBEHHBIC XapaKTepH-
CTHKH CHCTEMBI B PEKHMaX MEPErPy3KH.

[NocTynatomas Ha MoJIb30BaTEbCKUE Web-cepBHCH Harpy3ka
MIPEACTABISIET COOOH 3aIPOCHI HA CEAHCHI CBSA3M MEXKIY KIMEHTOM
1 CEpBEPOM, TIPH STOM KaXK/IbIii CEaHC COCTOUT U3 TTOCIIeI0BATEIb-
HOCTEW TpaH3aKIMH ¢ nepephIBaMH Ha OKUIAHUS AEUCTBUIA MOIb-
3oBaressi. MTH)OKOMMYHHMKAIIOHHBIE CHCTEMBI MOXKHO HCCIIE/I0-
BaTh C TOYKH 3PEHNUS CEAHCOBOTO MJTH TPAH3AKI[HOHHOTO MOAX0A.

B [2] noHsTHE ceaHC onpenensercs Kak NOoC/Ie0BaTeIbHOCTh
TpaH3aKIUH, KOTOPYIO BBIITOJHHI MOJIB30BAaTENIb HA CEPBUCE 3a
OTIpE/IETICHHBII MPOMEXYTOK BpeMeHH. TpaH3akius - 1r000e oT-
JIeNTbHOE B3aMMO/ICHCTBHE T0JIb30BaTes ¢ web-cepBucom.

ABTOpHI [3] yTBEpXKIAIOT, YTO CEAaHC SBIACTCS JIOTHIECKOU
KOHLIETIIINEH, OTHOCSIIENHCS] K KOHTEKCTY, B KOTOPOM IOJIb30Ba-
TeJIb TOAKIIIOYACTCS K cepBepy. TpaH3akIus ke B CBOIO OYepe.b
3TO TO, YTO MOJIb30BATENb COBEPIIAET B TEKYILIEM CEaHCe.

TpaH3akuust B 3TOM ONPEAEIEHUH TAaK XK€ COXPAHAET CBOU
CBOIiCTBA B TOM YMCIIE ATOMApHOCTb, U OOJLKHA 6I)ITb YCTaHOB-
JIeHa Ha OCHOBe ceaHca. Ho aBTOp Tak ke BBOJUT MCKIIOUCHHE,
IIPY KOTOPOM TpPaH3aKIIMsl MOXKET CYIIECTBOBAaTh U 000COOJICHHO
OT TOJIB30BATENILCKOTO CEAHCA, CHUCTEMBI C JAHHBIMH THIIAMH
TpaH3aKIMi OyIyT pacCMOTPEHBI B clietytomiel padore.

Tak xe B padoTe [1] ceaHchl onpeaenstoTcst Kak BpeMEHHBIE 1
JIOTHYECKH CBS3aHHBIC ITOCIIEAOBATEIEHOCTH 3aIPOCOB OT KOH-
KPETHOTO TTOJIb30BATEIIS.
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[Tonp30BaTeNbCKNE CEAHCHI COXPAHSIOT CIEIYIONINE CBOM-
CTBA: IEJIOCTHOCTD — FAPAHTHS 0OPaOOTKH 3aIPOCOB B paMKax ce-
aHca, B KOTOPOM OHH OBIIM CO3JaHbl, MACHTH(DHUKAIH — IPUHA-
JIEKHOCTB 3aIPOCOB K CEaHCy J0JDKHA rapaHTHPOBaTh 00paboTKy
OJTHUM M TEM K€ BHEIIIHIM CEPBHCOM.

B nannoif paboTe Oyzmer pa3paboTaH MaTeMaTHYECKHUH arma-
par pacuera KadeCTBEHHBIX XapaKTEPUCTHK NPHUMEHHUMBIN IS
CJIC/IIOIIMX TUIIOB CEAHCOBBIX YCIIYT:

1.  Web-cepBuchl, Takue Kak e-commerce, COLHUaJbHbIC
CEeTH, CTPUMUHIOBBIC TIIAT()OPMBI.

2. HrpoBble MHOTONOIB30BAaTENILCKUE CEPBUCHI.

3.  ®OyHKUMOHHPOBaHHE OECIIPOBOIHON CETH C YYETOM Iie-
peMelIeHus oJIb30BaTelIei, TOUKH OECTIPOBOJHOTO AOCTYTIA.

4. KopnoparuBHble 007a4Hble WH(POKOMMYHHKAIMOHHBIE
CHCTEMBI

5. Hudposas meauimHa

6. IIpoune

1. Tloaxox K MOIeTHPOBAHHUIO CEAHCOBBIX
MH(OKOMMYHUKAIUOHHBIX YCJIyT

Jlist nostydeHust Ka4eCTBEHHOM OLIEHKH pa3padaThiBacMON NH-
(hOKOMMYHHKAIIMOHHOW MHOTOIOJIE30BATEIILCKON YCIIYTH, HE00-
XOANMO OTIpeNIeNuTh €€ BXOAHBIC XapakTepUCTUKH. Haunem c
TOTO, YTO JUIA Pa3padOTKH MOJENH pacyeTra OO0CITyKHBaeMOM
Harpy3KHd Ha CEaHCOBYIO MOJIENTb CHCTEMBI, OITHCHIBAIOIIYTO (DyHK-
LHOHAJ TIPECTABICHHBIX BBIIIE MHOTOIIOJIE30BATEIBCKIX YCIYT,
cllelyeT TPOBECTH JIOTHYECKOE DPa3[eNIeHuE OOCIYyKHBAIOIIUX
CepBepHBIX pecypcoB. [lajsee HEOOXOANMO ONPENEeIUTh BXOAHBIC
XapaKTEePUCTHUKH, TAKHE KakK:

— XapakTepUCTHUKH BPEMEHHU MEX/y OCTYIUICHHEM 3aIpo-
COB I10J1b30BaTEJICH B CUCTEMY.

— BeposiTHOCTH TIepexosa IMoJb30BaTeIed MEXAY y3Jamu
CHCTEMBI.

— XapakTepUCTHKH BPEMEHH ITPEObIBAHUS 3alPOCOB MOJb-
30BareNeil B KaXK/JOM y3JI€ CHCTEMBI.

Pacuer oOmieil mpoIoKUTENEHOCTH OOCTY)KUBaHHS CeaHca
I0JIb30BATENSI HA CEPBHUCE, KaK OJHON M3 BPEMEHHBIX XapaKTepH-
CTHK, OyIeT IpOM3BE/ICH /Iajee.

1.1. Ananuz ucmounukosé 011 onpeoeieHus 6X00HbIX
XaApaKmepucmuK ceancoeoll ycuyzu

B pabotax [4],[5] aBTOpBI MPOBOIAT MOCIUpOBaHUE Web-
CEpPBUCOB M MHOTOIIOJIb30BATEIILCKMX MIPOBBIX CEPBHCOB M BbI-
JIBUTAIOT MPEIIOI0KEHUN O TOM, YTO MEePEeX0ibl MEKIY COCTOSI-
HUSIMH CHCTEMBI, B TOM YHCJIE TIEPEMEIICHUE MEX/Y CepPBEpaMU
WUTPOBOH JIOTHKH OITUCHIBACTCS 11eI1bi0 MapKoBa.

ABTOpBI pabOTHI [6] TpK aHaNM3e BXOHOTO TpaduKa Ha MHO-
TOKOMIIOHEHTHBI UTPOBOH CepBHC 00OCHOBAIN TPEATIONOKEHIE
YTO BpeMsI MEXTy TOCTYIUICHHEM Ha JIF000H HTPOBOH MOJTYJIb MO-
KeT OBITh ONMCAHO AKCIIOHEHINAIBHBIM pacrpeesneHneM. AHa-
JIOTHMYHBIH BBIBOJ OBLI MOJIyueH B padote [S], rie BpeMs: Mexay
MIOCTYIUICHHEM 3aIIPOCOB I0JIb30BaTENEH B CHCTEMY XapaKTepu-
3yeTCsl HKCIIOHEHINAIBHBIM PaClpeelICeHUEeM, a ITUTEIbHOCTD
ceccun - 3akoHoM Ilapero.

ITomMuMO 3TOTO, ATTMHHOXBOCTHIEC PACIPEICICHUS TS OTIpesie-
JICHUS TJIUTCIIbLHOCTHU HFpOBOﬁ CeCCUM YIIOMHUHAKTCA B pa60Tax
[7-8], B mocneqHel IpeuioskeH METO/L PEeLIeHusl IPoOJIeM ¢ CHH-
TE3UpPOBaHUEM pacrpe/ieiieHus1 BeliOyia, mpu anmpoKcuMaIiu
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€r0 COBMECTHBIM PACHPE/ICICHUEM TPEX CIIyYalHBIX BEIMYHH.
JlaHHbIll METON, U METOJ AlIIPOKCHMAaLUU pacipeneiacHus Bei-
OyJuta rUMepIKCIIOHEHIIMAIBHBIM pactipeeneHueM [9] nossodsier
YIPOIIATh PACUET «CI0KHBIX)» PACHPEICICHUHN JUTS ONIPE/ICIICHHS
Ka4eCTBEHHBIX XapaKTEPHCTHK CUCTEMBI.

ITpooKUTENIEHOCT TOJIB30BaTENbCKOro ceanca B [10] kak
Ha OJIHOM y3JIe, TaK U B CHCTEME B IIEJIOM COTJIACYIOTCSI C IKCIIO-
HEHIMAJILHBIM PaCTIPE/ICIICHUEM.

1.2. O606wénnan mooenb MHO20NOIb306AMENLCKO20
cepeuca.

PazpabarsiBaemast Moiesib BKIItOUaeT B cedst M mMomyieid, 00-
CITY’KMBAIOIIHX [10JIb30BATEIBCKHE CECCHU M 0003HAYCHBI OHH OY-
oyt Sy, S, ... Sy. Mbl npeanonaraeM UCHOJIb30BaHUE MATEMATH-
YeCcKOro ammapara cereil [IkekcoHa Jiisl pacyeTa KaueCTBEHHBIX
XapaKTEPUCTHK CEpPBHUCA, CICIOBATEIBHO BECh CEPBUC CIICAYCT
paccMarpuBaTh Kak CEeTh CHCTEM MacCOBOTO OOCITY>KHBaHUS
(CeMO). B pabote [11] mpemiokeHa TUCHUIUIMHA Pa3ICiICHUS
MIPOIIECCOPOB B KAXKIOW OYepeNld, TaK KaK 3TO Hanboee OIM3KO
0TOOpaXKaeT MOJMTHUKY IUIAHUPOBAHMUS, UCIOIb3YEMYIO B 0O0JIb-
LIMHCTBE ONEPAIMOHHBIX CUCTEM.

CrenoBarenbHO, CIEIyeT paccMaTpUBaTh Kbl MOIYJb
KaK MHOTOKaHAJbHYIO CHCTEMY MacCOBOIO OOCIyKHBaHHS
(CMO) ¢ GeckoHEUHOI 0Yepebio ¥ MPUHIUIIOM 00CTYKHUBAHUS
FIFO (First - In - First - Out - «11epBbIM MPHIIIEI - IEPBBIM BBIXO-
JIAT?).

»

BhlxoaH ol noTak oGCnyeHHblE 3aAE0K

| Enok rede pauay exogau el Harpysm

A

——»  MHDoRoMMYL
bt ExomHol moToxR

WOHHER CHCTEMA f——
MOTOR oOCTYEaHEET

Tpedosammt

Puc. 1. O600meHHas MOAETh MHOTOIIOJIB30BATEIBECKOTO CEPBHCa

Ha pucynke 1 mnpezacraBieHa pa3padarbiBacMasi MOJICIb
oOmiero BuUJa JAJsl MHOTOIOJB30BATEIbCKOro cepBuca. OHa
COCTOMT W3 OJIOKa TEHEepaIlMi BXOASAIIEH II0IH30BATEIBCKON
HATpPYy3KH S, Ha OOCIyXMBaHHWE MOIYJISAMHU CHCTEMBI, a TaKXKe
O0moka, B KOTOPBIM TIOCTYMAarOT 3asfBKHA IIOCIIE OKOHYAHUS
oOcimyxuBaHus. MBI yKa3bl-BaeM Ha TO, YTO HYJICBOH OJIOK HE
SIBIIICTCS YAaCThIO CETU CHCTEM

00CITy>KHBaHU 3aIPOCOB, TO3TOMY OH OBIIT BBEICH KaK BHEIIHSSA
cpela, B3auMOICHCTBYIOIIAs C CUCTEMaMHU.

OpHako B paHee ykazaHHO# pabore [11], aBTOpBI TpesIoKuim
HHOH CII0c00 MOJIEIMPOBAHUS - 3aMKHYTYHO CETh CHCTEM MacCo-
BOT'0 OOCITY)KHBaHUS, C MIOJCUCTEMOM MOJICIUPYIOICH aKTHBHBIC
CECCHU MPUIOKCHHS KaK MTOKa3aHo Ha puc. 2. CeaHChl MOICTHPY-
FOTCS C TIOMOIIBIO CUCTEMBI MaCCOBOT'O OOCITY)KMBaHUs, KOTOpPast
TEHEPUPYET 3alpOChl Ha cucteMy. [Ipenmonaraetes 4To KaxIbli
CeaHC 3aHUMAET OJIH CePBep B S, a BPEMSI, MPOBEICHHOE B TOM
cepBepe, MOJCTUPYET BPeMs Pa3MBIIUICHHUS TTOIb30BaTeNs epes
CIeIyIome akTUBHOU ceccrelt B cetn oOcmykuBaHus. OJHAKO
aBTOPBI TaK K€ MPHU3HAIOT, YTO JJIS TAKOH MOJEIH TpeIroiara-
€TCsl, YTO CEaHChI HUKOT/Ia HE OyIyT 3aBEPIICHBI, HO HAa IPAKTHUKE
MX KOJMYECTBO OyJIeT MEHSTHCS 110 MEpe 3aBEpPIICHHS CYILECTBY-
IOIIMX U MOSIBJICHUS HOBBIX CEAHCOB.

Puc. 2. AJ'[LTepHaTI/IBHaﬂ MOJCIb 060J'ly)KI/IBaHI/Iﬂ CEPBUCOB

0O003HaYeHHOE HA PUCYHKE | apXUTEKTypHOE PEIICHUE SIBIIsI-
eTcst OoJiee yZI00HBIM JJIs aHAJIN3a U TAJIbHeIIei pa3paboTku Ma-
TEMaTHYCCKONH MOJETH, IO3TOMY oOpamarbes nainee Oynaem
MMEHHO K HEMY.

W3 moacucremsl Sy Ha 00CITyKUBAIOIIHE TPUOOPEI TOCTYTIAET
o0mIast BXOJIs1Iasi Harpy3Ka ¢ HHTEHCUBHOCTBIO A, U Jajiee OHa C
OIIpe/ICNICHHOI BEpOSATHOCTHIO MomaaeT Ha oqHy u3 M cucteMm.
[Nocne mocTyIuIeHNs MOJIB30BATEILCKOTO 3aIIpoca Ha OJUH U3 Y3-
n0B CeMO, BbIIeNIeHHBIN y3el OyeT yKa3aH Kak S;, TPOHCXOAUT
ero 00CIy»KMBaHHE OJIHUM U3 CBOOOIHBIX 00CITYKHBAIOIINX TPH-
OOpOB M3 1; BO3MOXHBIX, C BPDEMEHEM OOCITYKHBAHHSA ogey ;-

[Mocne obcmyxuBaHMs TOJIB30BATENLCKOTO 3arpoca B CMO,
[IEPENTH B JIPYTOH y3€ll ¢ BEPOSATHOCTBIO P;_; JUIS IPOJIOJKEHHUS]
00CITy)KMBaHHsI CBOCH IMOJB30BAaTEIbCKON ceccHu. BeposTHOCTh
MEePEeX0/I0B U3 y31a S; B y3el S; , Kak U BEpOATHOCTD Mepexoia u3
HYJICBOTO y3JIa Ha OJIWH U3 Y3JIOB CUCTEMBI 00pabOTKH 3a1poCoB,
Juisl ynoOcTBa MOryT ObITh 3aaHbl Marpuieid MXM BeposiTHO-
cTell nepexoioB R = ||pl- | ||, B CJIy4yae CUCTEMBI M3 YEThIPEX Y3JIOB!

P11 Piz P13 DPia
P21 P22 P23 D24
D31 P32 P33 D3a
Da1 DPaz DPaz  Daa

OHa no3BOJISIET YIPOCTUTh PACYET BXOJHOW MHTEHCUBHOCTH,
TIOCTYMAIOMINI Ha KaXK/IbIi y3€J CETH, PacCUNTHIBAEMBIH TI0 TEO-
peme JlekcoHa:

M
A; = Apo; + Z Aipji = Apoi + 4R M
=0

OpHako A PaCCMOTPEHUS OTKPBITON CUCTEMBI, HE JOMyCKa-
eTcsl OeCKOHEUHas IIUPKYISLIH TT0JIb30BATEIbCKIX CECCHI B CH-
CTEME, U3 Yero CIeAyeT CYLIECTBOBAHHE BEPOSITHOCTU OKOHYA-
TENBHOIO BBIXOJA U3 CUCTEMBI P;_g = 1 — Zﬂ-’lzl Di—j-

Mg paccMaTpuBaeM HETPEPBIBHBIC CITyd4aifHbIC IEPEXOIbI 110
y3JIaM CEeTH MAacCOBOTO OOCIYXXHMBAaHHS C HWHTCHCUBHOCTSIMH
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TIEPEXOIOB Aqg U3 coctosiams o= (at,..., a™) u p= (B*,..., BM),

Hoi = 4; eciuf —a =eg;
Ai = { Wio = WiPio ecu ff —a = —e; )
Wij = Wipij eciuf —a = —e; + e

1.3. Pacuem xapakmepucmuk cucmemol

B [1] ompeneneno cranuonapHoe cpennee Bpems T cp UIH-
TEJILHOCTH T0JIb30BATEIbCKOM CECCHU B CUCTEME S, IPE/ICTABIICH-
HOC B BUJIC:

Y
TCI/ICT. = Z a;u; = ai(WL'+ toﬁcn.i) (3)

Y
i=1 i=1

I'ne a;- cpemtee YMCIIO MOCENICHHIA TTOIB30BATENICM I-T0 y371a
3a BCe BpeMs IPEOBIBAHNUS B CHCTEME;

U;- cpefiHee BpeMst MpeObIBaHUSI 3asBKH B i-M y371€;

W; — cpeiHee BpeMsi OXKHJIaHUs 00CITYKHBAaHHS ITOJIH30BATEIS
B i-M y3ue;

togeni — CPeAHEE BPEMS TOYUICHUS [TOJIb30BATEIEM YCIYTH B
i-M y31e.

Onpenenuts 3HaYCHHA KOA(PPUIMEHTOB a; MO3BOJSIET CH-
cTeMa ypaBHEHHUH OanaHca:

_ 4
i=1,Ya0=1 ()

a =Y 4 Xpji
[Tony4eHHbIE aHHBIC MO3BOJISIIOT OINPEACIUTh HHTEHCUBHO-
CTH BXOJHBIX TIOTOKOB Y3JI0B A; = A X @;, KOTOpbIE, B CBOIO OYe-
penb, HEOOXOAMMBI ISl OLEHKH KadecTBa (DYHKIIMOHUPOBAHUS
paccMaTpuBaeMbIX WH()OKOMMYHHKAIMOHHBIX CHCTEM, 3a CUET
TIOJTYYEHHsI TAaKUX BBIXOAHBIX XapaKTEPHCTHK Kak: KOd(pQHIH-
€HTBI 3aTPY3KH y3JI0B CUCTEMBI Pj, CPEIHSS [UIMHHA ouepeau L; u
BpeMs OKMIAHUS Ha y3JIaX CUCTEMBI W.

B ceancoBbIx yciyrax OZHOM M3 KaueCTBEHHBIX XapaKTepH-
CTHK OTIPEICIISIFOIICH YPOBEHb 00CITYy)KUBAHUSI TI0JIH30BATEIIS SIB-
JIA€TCA BpEeMs OXHJaHUA O6Cﬂy)KI/IBaHI/I§I, g €ro pacdera uc-
nosab3yeM opmyiy Jlurrina:

W= )

e

Kak yxe roBopuioch panee BBIYUCICHHE Ka4eCTBEHHBIX Xa-
PaKTEpUCTHK BO3MOXHO B CTAI[IOHAPHOM COCTOSHHM CHCTEMEI,
korma A<v, tme A = A/

Cpenansist IIMHa OYepean paBHa:

Axv X P, 6
— : (6)

‘- k;ﬂ(k_v)* =52y

rne P, - BepoATHOCTH COCTOSTHHSA 33aJ]aHa BEIPAKEHUEM:

AV
P, = — P, (7

rie Py — BEpOSITHOCTh OTCYTCTBUSI 3asIBOK B CUCTEME OTPE/CIsi-
€TCs BBIPAKEHHUEM:
4
A* AV A (8)
— X
v—A

-1 _ -
Po™ = x! v
x=0
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Koaddurment 3arpysku y3mia i mpu U3BECTHOW BXOJHOHN HH-
TEHCUBHOCTHU Ha JIAHHBIN Y3€JI, pACCUUTHIBAETCS BHIPAKECHUEM:

_ Aitoseni )

L Ul

VY CI0BHE CTAMOHAPHOTO COCTOSHUS CUCTEMBI p; < 1 - rapan-
THUPYET OTCYTCTBUE NIEPETPY3KU B CUCTEME.

2. MaTemMaTH4YecKOe MOAeJIMPOBAHUE YACTHBIX APXUTEKTYP
UI'POBBIX CEPBUCOB

B nannoM paznene OyneT MpoBeeHO aHAINTHYECKOE  UMH-
TAIIMOHHOE MOJICIIMPOBAHNE MHOTOIIOJIE30BATEIILCKOTO HI'POBOTO
CepBHCa, KOHIENTYaJIbHO CXOXKET0 € IPEICTABICHHBIM B padoTe
[5]. Ha pucynke mpencraBieHa MapKOBCKas MOJIENb POJEBOTO
MHOTOIOJIB30BAaTEIILCKOTO CEPBHCA € MIEPEXOIOM MEXIY COCTOs-
HHUSIMH UTPOBOTO IIpoLiecca, ¢ IPUBA3KON K pecypcaM JIOKaLUH.

P

R
Keectei(1) ¢
p

B

p

Toproena | 25
)]
| “ |
54
Nogzemense’
(
R

4)
p
40

D
| D
E«a 43

Puc. 3. O6o6uieHHas MO/ IEPEX0I0B B UTPOBOM IIPOIIECCe
MMORPG

ITpn pa3paboTke M HKCIUIyaTallMd MHOTOIONB30BATENBCKHX
CEPBHCOB, KaK YK€ TOBOPHIIOCH PaHEe MOXKET BO3HUKHYTH COOBI-
THE, IPUBOAAIIEE K BHICOKOW BXOJHON Harpy3ke Ha BECh CEPBUC.
OTO B CBOIO 0YEpE/Ib YPEBATO TTOSIBIICHUEM BICOKOHAIPYKEHHBIX
y3JI0B U MOTEepell KauecTBa MOJIb30BATEILCKOr0 OOCITYKHUBAHMUS.
I'maBHBIM yciioBHEM CTAOMIBHOW pabOTHI CHCTEMBI 3TO OTCYT-
CTBHE IIEPErpy3KN KOHTPOJIUpYEMoe apamMeTpoM KoddduipenTa
3arpys3ku ysna i : p; = % , KOTOPBII HE JIOJDKEH JIOCTHIaTh /1~

1
HHIIBL

[Teperpys3ka Biusier Ha pab0TOCIOCOOHOCTH BCEH CHCTEMBIL, HO
JUIsl PallMOHAJIbHOTO MCHOJIb30BAaHUSI CEPBEPHBIX PECYPCOB Clle-
JyeT OoJiee M30MpATENbHO MOJXOJUTH K TOMCKY BBICOKOHATPY-
JKEHHBIX y3JI0B. M3 4ero ciiefyeT 4To pacyeT KaueCTBEHHBIX Xa-
PaKTEpUCTHK CepBUCa HEOOXOIMMO MPOM3BOIUTE ¢ AU hepeHIH-
poBaHUeM pacueToB i Kaxnoid CMO B OTACIBHOCTH.

Ha pucynke 4 m3o0paxxeHa crCTeMa MacCOBOTO OOCITyKHBa-
HHUS IT0JIb30BaTeNeH, HCIIONB3YIOMNX PECYPCh JIOKAIU A1 Ipo-
XOKIACHHS HTPOBBIX KBECTOB.




Puc. 4. mozgens otnenpHOit CMO paccMaTpuBaeMoro cepBuca

Jist pacyera MHTEHCHBHOCTH BXOJHOI'O MOTOKA A; Ha KOH-
KPETHYIO CUCTEMY S; HEOOXO/IMMO MCIIOJIb30BaTh BhipaxkeHue (1),
JUTE MATPHUIBl BKJIIOYAIOMIYIO TISATH Y3JIOB CHCTEMBI C Y9ETOM
BHEIITHETO TOCTYIUICHUS (HYJIEBOTO y3ia). Pacuer mHTEHCHBHO-
CTH BXOZHOTO ITOTOKA OyIeT BKIIOYATh B C€0s1 PEIICHHE CHCTEMBI
YPaBHEHUH [UIs BCEX Y3JIOB!

Ay = A% Py + Ay % Doy + A3 %P3y + Ay % Paq + As * Psy
Ay = Ak poy + Ay xP1p + A3 % P3g + Ay % Pag + As * psy
A3 = A% po3 + Ay * P13+ A3 * Paz + Ay * Pyz + As * ps3
Ay = A% Poy + Ay % Pra + A3 * Pog + Ay * P3g + As * Psy
As = A% pos + Ay * P15 + A3 * Pas + Ay * P35 + A5 * Pus

B pabote [12] Hamu ObUT0 TIPOBEAEHO MAaTEMaTHIECKOE MOJIe-
JIUPOBaHHE MHOTOIIOJIb30BaTEIbCKOIO HIPOBOTO CEPBHCA C Pa3Jie-
JICHHEM PEeCypcOB JIOKAIMH, KaK CEeTH CHCTEM MacCOBOTO 00CHy-
JKUBAHUS, COCTOSIICH U3 TPEX B3aNMOCBI3aHHBIX Y3J10B. Moaemnu-
pOBaHHE TIO3BONMJIO MOJYYHTh KAYECTBEHHBIC XapaKTEPUCTHKHU
CepBHCa M WX 3aBUCUMOCTH: 1) OT BXOAAIICH HATPY3KH; 2) OT U3-
MEHCHHS apXUTEKTYPhI B3AUMOCBSI3eH MEXIy y3/IaMu.

UeMm ciioxkHee U OOJIbIIIE apXUTEKTYpa CUCTEMbI, TEM BBIIIE
TpPy103aTpaThl HalpaBJeHHbIe Ha e€ pacyeT. OHaKO OBIBAIOT HC-
KJIFOUEHUS TaKue Kak MpeJcTaBieHHas B [13] MoJienb MHOTOKOM-
MMOHEHTHOW MHOTOIOJIb30BaTENIbCKOM Hrpbl «Rockymudy, koro-
past NOAAEPAKUBAET CEAHChI UTPOKOB B JIECSITU ThICSYAaX KOMHAT.

Y | I
KomHata ¢ . »| HKomHata
MNe1 MNe1000
-— «——
— — >
Komnara Komnata
MNe9000 MNe10000
« -

Puc. 5. O6001eHHAsS MOJICITb TIEPEX0J0B B MHOTOKOMITOHCHTHOM
cepBuce

ABTOpBI pabOT MO aHAJIM3Y JAAHHOTO MI'POBOTO CEPBHUCA, OITH-
CBIBAIOT XapakTep Mepexo/l0B BHYTPU HIPOBOTO Tpoliecca Kak
PaBHOBEPOSITHBIN U HE 3aBUCHMBIN OT UICHTU(HKATOPa KOMHATHI,
KOTOPYIO NOJIb30BATENb NOCETHUI IOCIEAHEN.

B ciyuae ecim npu aHanm3se A€HCTBUI 1OJI30BATENSI MBI 110-
JTy4aeM MH(pOpPMANUIO O CPEAHEM KOJMUECTBE KOMHAT, KOTOPbIE
OH TIOCETHJI 33 OJJHY WTPOBYIO ceccHio — N, pacueT mapaMeTpoB
CHCTEMBI BEITVISIUT CIEAYIOIINM 00pa3oM:

BeposiTHOCTD OKOHYAHMS CECCUH TIPU BBIXOJIC U3 y3J1a I

1/N (10)

C yderoM OCOOEHHOCTEH pacCMaTPHBAEMBIX CHCTEM HHTEH-
CHBHOCTh TIOCCIICHHUI I-r0 y371a, HAXOAUTCS Mpeodpa3oBaHHEM
BhIpakeHust (1):

Y-1
1= 4+ Z Aj * (1 - pBle.j)
LTy T, Y — 1
Jj=0

Peoixi =

(11)

ryie Y — KOJIMYECTBO y3JI0B 00CTyKUBaHHsI (KOMHAT)
B wacTHOM cityyae UTpbl, IPH PaBHBIX BEPOSITHOCTSIX MEPEX0-

JIOB MEX]TY COCTOSIHUSIMH CHCTEMbI, HHTEHCUBHOCTb TTOCEIICHUST |

KOMHATBI PaCCUNTHIBACTCSL:

__ AxN

==

(12)

rae A — obujas MHTEHCUBHOCTD BXO/sillel Harpy3ku B CeMO;
N — K011-BO y3710B (KOMHAT) KOTOPBIE TOCETUT MOJIH30BATENb.
[losny4eHHble pe3yIbTaThl PUCYHKE 7 COTJIACYIOTCS C PE3YJib-
TaTaMyd MMHUTALMOHHOIO MOJEIMPOBAHUS Ul 5 y3J0B, MOJEIb
KOTOpOTO MpeJCTaBlieHa Ha PUCYHKeE O.

Yenosee neperass "KonweecTso nocewewsss yinos <N *

Komnsectso yanos
DO HOCETET
0NLI0RATA

cycle

Nupe—enp

input_load .
@

NapacTepucTuns cuCTOMM  + M

cutput_load

I D Moaernosepewn

1 () Brosmod_notow_cwcr

i D Buoamoinoroe X1 ¢

Puc. 6. IMuTanonHast MOJIeITb JUIs 5 y37I0B (MUTPOBBIX KOMHAT)

JlaHHAas IMUTAIIMOHHAST MOJICIIh BKITFOUACT B CE0sI CIICAYIOIIHE
OJIOKH:

- Biiox reHepanmu 3ampocoB moJk30Barenell Ha 00CITyKHBa-
Hue B CeMO, nocTynaromux Ha CUCTEMY C MHTEHCUBHOCTBIO A.

- Briox pacmpeneneHus mMoTOKa 3ampoCcOB Ha y3IIbI CHCTEMEI,
TIPH IIEPBOM MOCEIICHUH OJI0Ka 3aIIpOCOM pacIpeIeisieT TOTOK Ha
Y3IIbI C BEPOSATHOCTBIO Py;, PU IOBTOPHOM MOCEIIEHUH 3a[TPOCOM
KOHTPOJIMPYET BHIMOIHEHUE YCIOBHUS MOCEIICHHUS MOIH30BaTEIEM
«N» HETIOBTOPSIOMINXCS Y3JI0B 10 TOTO, KaK OH TOKUHET CUCTEMY .

- Bitok 06cmyKuBaHUS MOJIH30BATEIBCKUX CECCHI, HHTCHCHUB-
HOCTB OOCITY)KHBAHHS B KQXKIIOM y3JIe KOTOPOTO OTIpeNieNIeHa |;.

- briok okoH4YaHUS TOIK30BATEIBCKOTO CEAHCA, BHIBOJIUT M3 CH-
CTEMBI 3alPOChI, Y KOTOPBIX CUETYHK IOCEILIEHUH y3710B paBeH N.
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Ha pucynke 7 ¢ momoIbt0 IMUTAIMOHHOTO MOJIETUPOBAHUS
MONTy4YeH TpaduK M3MEHEHHUS Kod(p(HUIMeHTa 3arpy3Ku p; BCEX
ISATH Y3JIOB TPU IOCTCIICHHOM YBEIMYCHHU OOIICH BXOIHOU
HATPY3KH /A, IPH MMOCTOSTHHBIX 3HAYCHUSX W; U V;.

P @ P2

9P @P: @ ps

Puc. 7. I'paduk 3aBucuMocTH K03 HUIEeHTa 3arpy3KH
OT MHTEHCHBHOCTH A

Kak BumgHO M3 Tpaduka yBenmueHue OOIIeH BXOHON WHTCH-
CHBHOCTH BIIUSIET HA KOO OUINEHT 3arpy3Ku KaXK10To y31a, B MO-
MEHT, KOT'JIa BBITIOJIHSIETCS YCIIOBHE P;>1 MPOUCXOANT Ieperpy3Ka
cucremsbl. Jlo BBOJa cepBuca B 9KCIUTYaTaIHI0, HEOOXOIUMO TPO-
BOJIUTH MOJICJIMPOBAHUE B IEIISIX MPOTHO3MPOBAHUS MIEPErPY3KU
KaK CHUCTEMBI B LIEJIOM, TaK U OT/CIbHBIX JIEMEHTOB €€ apXHUTEK-
Typbl. Tak jxe CTOMT MPOBOANTH B Ka4eCTBE MPOPUIAKTHIECKUI
Mep MOJIeJIMpOBaHNe (YHKIIMOHUPYIOIIETO CepBHCa, IS TIOCTO-
SHHOTO aHajM3a BIMSHUS POJODKUTEIFHOTO  yBEIWYEHHS
Harpy3KH Kak CJIeJCTBHE PAaCTyIIEH MOIMyIIpHOCTH CEPBHCA, WIN
(axTop coOBITHS (MBEHT, peKJIamMa, aKIisl, OOHOBJICHUE) KOTOPBIN
MIPUBOJUT K BPEMEHHOMY CKauKy 3arpy>KeHHOCTH CepBHCa.

3akjouenue

B nanHO# paboTe ObLT MPEACTaBICH MaTEMATUYCCKHUN arla-
pat cereii JhkekcoHa AJisl pacueTa KaueCTBEHHBIX XapaKTEPUCTHK
CEPBUCHBIX IUIAT(GOPM CEAHCOBBIX HH(POKOMMYHHKAIIMOHHBIX
YCIIyT.

Pa3paboTanbl MaTeMaTHUECKHE MOJICIIN PacueTa YacTHBIX ap-
XUTEKTYp UTPOBBIX MHOTOINOJIb30BAaTEICKUX CEPBUCOB C CHUCTE-
Mamu Tuna M/M/v, B TOM 9HCIIe TOCTpOeHa UMHUTAIIMOHHAS MO-
JIeNb AJIS1 OUEHKH KaueCTBEHHBIX XapaKTEPUCTUK CUCTEMBI.

Peanusanus MmareMaTHYECKOTrO PELIEHUS] BO3MOXKHA IIPU KOM-
TUIEKCHOM aHAJIN3€ BINSHNS BHEITHUX HH(POKOMMYHHUKAIIMOHHBIX
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BO3/ICHCTBUI HAa CUCTEMY KaK [EJOCTHBIA 00beKT U AnddhepeHiu-
POBaHHOE BIIMSHHE HA €€ apXUTEKTYypPHbIE COCTABIISIONINE.

B nanpHeHmmMX wHcclieOBaHUSIX IPEIIONIaraeTcsi Co3/1aHue
MaTeMaTH4eCcKoro arrapara pacyera KadeCTBEHHBIX XapaKTepH-
CTHK T0JIb30BaTEICKOT0 UTPOBOTO TpaduKa C yIeTOM HaJ/Ie)KHO-
CTH CHCTeM, a Takke aHanu3 mozenei G/G/v ¢ BHeApeHneM pas-
JMYHBIX pacTpe/eNIeHui B TOM YHCIIe YK€ YIIOMSHYTBIX pacnpe-
nenenmii Be#tOymia n [TapeTo, KOTOPHIMU OMMUCHIBAIOTCS MHOTHE
MH()OPMAINOHHBIE CHCTEMBI.
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MODELS AND METHODS FOR CALCULATING DELAYS IN THE PROVISION OF SERVICES
BY THE USER ON THE SERVICE PLATFORMS OF SESSION INFOCOMMUNICATION SERVICES

Natalia M. Redrugina, The Bonch-Bruevich Saint-Petersburg State University of Telecommunications, St. Petersburg, Russia,
redrugina.nm@spbgut.ru

Abstract

The purpose of this article is to develop methods for calculating the qualitative characteristics of infocommunication services whose workloads consist
of user sessions. The scope of application of these methods affects the development and maintenance of infocommunication multi-user services, in terms
of ensuring a high quality of user service. The quality of service (QoS) parameters under consideration determine the characteristics of both the sys-
tem as a whole and individual elements of its architecture, and for this type of service, the qualitative characteristics are the waiting time for the start
of user session maintenance, the load factor of server equipment, the number of user sessions simultaneously supported by the system during its error-
free operation. Multi-user services are considered from the point of view of queuing theory as a network of queuing systems, with the duration of the
user session and the time of receipt of requests for services by gaming services distributed exponentially. To evaluate the parameters of the models of
infocommunication multi-user services, Jackson networks were chosen as a mathematical apparatus, which allow us to consider the necessary systems
of the type M/M/v. As an approbation of the results, a mathematical analysis of multi-user gaming services was proposed, since their popularity, and
hence the flow of users to game servers, is increasing at a tremendous rate. As an additional tool for assessing the qualitative characteristics of the ses-
sion models under consideration, simulation modeling was proposed, which allows us to evaluate the accuracy of the proposed analytical method and
analyze the characteristics of complex systems with time distribution laws other than exponential, for example, long-tailed distributions (Weibull, Pareto,
etc.).

Keywords: user sessions, queuing system networks, Jackson networks, quality of service provision, infocommunication services.
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Background: The current tasks of information support for bus travel are lim-
ited to general information about the trip and excursions, for example, in
the form of the purpose and duration of the tour as a whole and individual
trips to the objects of the tour, the plan and cost of excursions. During the
main part of a sufficiently long trip, a qualified guide or accompanying per-
son gives standard information about the history and sights of the points vis-
ited or passed on the route. On the way back to the place of permanent or
temporary deployment, travelers are usually offered to watch a movie from
the standard collection or just relax. The main problem here is the lack of
functionality, flexibility and efficiency in the formation of information con-
tent, the limited channels for its delivery. One of the solutions to this prob-
lem is local radio broadcasting using a variety of information sources and the
use of cognitive radio technologies for information delivery. It is understood
that the preparation of information content can be performed in real time.
The study of the effectiveness of this proposal is the purpose of this work.
Methods: The substantiation of the possibility and effectiveness evaluation of
the cognitive radio technologies application was carried out by devices pro-
totyping using USRP devices in conjunction with the LabVIEW package.
Results: the following tasks are solved: scanning the frequency range to
determine the free area sufficient for high-quality reproduction and select
desired information content; receiving and writing to a file of a radio signal
digitized samples with a given quality; real-time rebroadcasting of found
content in a selected section of the frequency range; file multimedia and
speech content transmission in the selected section of the frequency range
with a given quality using FM radio standard. Conclusions: The rich tuning
and indication set of the developed prototypes allows using these also for
educational and research purposes, including in distance educational mode.
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1. Introduction

The creation of new systems of information interaction of
migrating subscribers in various activity fields, using the princi-
ples of radio access, run into the problem of a shortage of the
necessary frequency band.

Potentially, this problem can be solved by using cognitive
radio technologies, which force the use of frequency bands that
are dynamically released during the operation of other systems.

This publication presents an experimental justification for
the possibility of building such a system using the existing data-
base for the purposes of information support of tourist groups
moving along a tourist route, as well as an evaluation of the ef-
fectiveness of such a solution. An original way of building a sys-
tem based on the method of prototyping software and hardware
devices using USRP devices together with the LabVIEW soft-
ware package is proposed.

The publication represents the first step in a large compre-
hensive study of the prospects to use of cognitive radio technol-
ogies in order to increase the efficiency of using a scarce and
expensive resource - the frequency band. Undoubtedly, this will
require the creation and analysis of very complex mathematical
models and testing of prototypes. In particular, the influence of
the spectrum dynamics of complex signals on the possibilities
of using the vacated frequency bands, and the evaluation of the
scope and methods of possible use of these dynamically vacated
frequency bands, require research. At the same time, the proto-
typing method is a completely justified and widely used research
method, provided that the architecture, composition and compo-
nents of the prototype are displayed as accurately as possible on
real tasks of information interaction, and this is possible only on
the basis of a reliable experimental justification of the principles
and characteristics of the prototype components used.

This publication allows you to see how this idea can be im-
plemented technically for the selected application. The results
of the experimental study of this implementation convincingly
demonstrate the possibility of preparing and adapting content to
the schedule of tourist transport.

The stated tasks of information service for bus (and other)
travel are divided into three subsets:

— search, collection, systematization of the required infor-
mation content;

— substantiation and selection of competitive methods and
delivering information content channels to the consumer, in-
cluding in real time;

— substantiation and selection of the most effective methods
and means of implementing the delivery of information content
to consumers.

The analysis of sources showed that the tasks of the first sub-
set are given the most attention.

Existing tourism technologies are intensively developing
through the use of information technology. In the early stages of
the formation of interest in tourist tours, modern multimedia
technologies and communications are intensively used. In par-
ticular, virtual 3D tours using global satellite navigation tools
allow tourists to remotely, but visually get acquainted with ac-
commodation facilities, places of recreation and excursions [1].
Other multimedia technologies are also developing rapidly, such
as audio tours and audio guides [2]. There are works devoted to
automating the search, collection, storage, filtering and system-
atization of information to increase the flexibility and efficiency

its use by a specific consumer [3—5]. Of interest are studies

that consider information technology as a tool for understanding
the world, allowing to solve the problems of economic security
of tourism and most effectively meet the complex needs of tour-
ism services [6].

The considered particular problems of the first subset and
their solutions are undoubtedly interesting for the development
of tourism and travel, however, the area and objects of infor-
mation services considered in this paper make it necessary to
look for solutions focused primarily on mobile consumers. At
the same time, it is important to use existing sources of infor-
mation content (broadcast networks, pre-prepared audio and
sound file content), or information content generated in real
time.

The second subset of information service tasks - substantia-
tion and selection of competitive methods and channels for de-
livering information content to the consumer, including in real
time - is associated with the use of digital or analog channels and
relevant standards for delivering information content to consum-
ers. In [7], to intermodal support of the tourists transportation, it
is proposed to use mobile service platforms (Mobility Service
Platforms), which allow using standard smartphones as client
devices. In [8], the use of dedicated automotive ad-hoc networks
(VANETs), as well as FM radio broadcast networks, for access
to infotainment content is considered, which reduces the cost of
distributing content and increases system scalability.

Analysis of sources, as expected, showed the advantage of
using digital content delivery channels and their corresponding
standards and protocols [9]. However, digital and analogue
broadcast technologies coexist with their own advantages and
disadvantages, which should be evaluated according to the con-
ditions of their use in travel information processes. For example,
digital channels can only be used if there is an appropriate digital
infrastructure: mobile Internet, wireless network infrastructure
(for example, wifi), etc. In addition, the use of ordinary, in par-
ticular, news content is possible only if the client devices sup-
port the appropriate protocols and standards. Despite all the ad-
vantages of digital channels, it is quite obvious that the infra-
structure of the bus and other mobile travel under consideration
does not allow for full compliance with the formulated require-
ments. Apparently, the most popular and accessible (at least on
the Russian Federation location) channel for the distribution of
universal and news content is analog FM broadcasting. An im-
portant factor is the fairly wide support for receiving an analog
FM signal by popular mobile devices.

The third subset of information service tasks — substantiation
and selection of the most effective methods and means to imple-
ment the delivery of information content to consumers — is
aimed at creating and experimental testing of prototypes of soft-
ware and hardware devices that economically and at the same
time provide the travel industry with the necessary information
content.

Existing technologies are able to expand the range of infor-
mation services provided, including to mobile consumers. The
space of mobile consumers is mainly provided by wireless net-
works using cognitive radio technologies (Cognitive Radio -
CR). The reasons for the creation, application and development
of CR technologies are based on the following factors:

—1inacc ssibility to use standard radio frequency channels;

— inefficiency of standard channel usage in time-frequency

space.
A number of directions and applications of CR are described
in [10, 11]. One concept is to share a known frequency resource,
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and the other is to look for a free frequency resource to use in
real time. This approach is called dynamic spectrum frequency
assignment and helps reduce the cost of systems based on CR.
The development of CR technologies has led to the emergence
of a number of standards related to dynamic spectrum use, such
as IEEE 802.22 [12]. The standard defines policies and proce-
dures for sharing communications between primary and second-
ary users of a common spectral region.

The development of CR technologies and their practical ap-
plication are associated with software-defined radio (SDR) tech-
nology. The modern application of SDR technologies is also
aimed at reducing the cost characteristics of CR [13]. It is ex-
pected that the intelligence of CR systems will lead to their abil-
ity to find available frequency bands and adapt SDR parameters
to changing characteristics of the frequency spectrum. In [14],
the idea of using CR technologies in the tasks of providing in-
formation services is developed.

One of the most advanced SDR architectures is the Universal
Software Radio Peripheral (USRP) by National Instruments. Its
potential capabilities make it possible to develop software-con-
trolled transceivers adapted to specific applications for efficient
use of the spectrum [15 — 19].

One such application is the reuse of frequency channels al-
located for FM radio by so-called secondary users with little
degradation in EMC performance, similar to the sharing of fre-
quency channels in GSM mobile telephony. The peculiarity of
broadcast channels (radio or television) is that these channels are
busy all the time, regardless of the user's actions. This raises the
problem of rational construction and use of the broadcasting net-
work [20]. A separate issue is related to the characteristics of the
source of information and the functionality of secondary users.

In [21], a variant of building a prototype information system
to provide a small community of people with important local
information based on USRP and LabVIEW using the concept of
CR is presented. The main goal of the proposed solution reso-
nates with the goal of this work in terms of creating an econom-
ical solution for the broadcasting system.

In [22, 23], the problem of monitoring the content of an in-
formation source and the technical quality of programs in broad-
cast channels is considered. Content monitoring can be used to
model and predict problem situations based on the collection,
processing and analysis of information. A striking example of a
source of such information is broadcast news programs. In [24],
one of the variants of such solutions is presented in the form of
a hardware-software complex based on USRP and LabVIEW,
which allows real-time rebroadcasting of streaming content se-
lected by an expert on a given and free frequency channel. This
solution also satisfies the need to deliver certain information
content to the end user over a radio channel over a long period
of time (during a trip), during which the frequency plan of radio
stations can change many times.

An important feature of information messages transmitted
over radio broadcasting channels is that after a while the infor-
mation message becomes inaccessible to listeners. This circum-
stance dictates the need for prompt storage of the most signifi-
cant fragments of information messages of broadcast channels
on a file medium. A variant of such a solution is presented in
[24] in the form of a hardware-software complex based on
USRP and LabVIEW. It can be directly used to store in an 1Q
sample file an RF signal containing desired content for later
playback on the selected channel.
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For information support of long trips and excursions, there
is a need to broadcast pre-prepared information content to con-
sumers. At the same time, it is also rational to use free sections
of FM radio frequencies. There are solutions that broadcast
sound files prepared in a certain format according to the FM ra-
dio standard at a selected frequency [25].

Summarizing the above, we can draw the following conclu-
sions:

» FM radio broadcasting standards are advantageous to use
for information support of bus (collective) trips due to the fact
that users do not need specialized receiving devices — standard
FM receivers are sufficient;

 the use of cognitive radio technologies in the FM radio
bands is quite well developed and can be used to solve the tasks;

* there are basic of hardware and software solutions options
to support the individual information tasks, in particular, saving,
reproducing and retransmitting information content, however,
all of them are diverse (heterogeneous) in their software and
hardware implementation, which makes it difficult to use them
together as part of a single complex;

» users need methods and tools that provide them with
prompt access to information content of any type, as well as
tools that automate the search for free channels for broadcasting
with the necessary information content.

The review and analysis of sources showed that cognitive
radio technologies themselves are designed to solve two main
tasks:

 search for free and sufficient to ensure the required qual-
ity of the signal transmission section of the FM frequency range;

 transmission of a signal containing the required infor-
mation content in the selected frequency section of the FM band.

In general, however, the development of software and hard-
ware devices that support the implementation of the formulated
information support tasks follows three directions.

The first of them is aimed at enabling the operation of radio
receivers that are not fully compatible in terms of frequency
range, for example, automobile, smartphone receivers, etc.

The purpose of the second direction is to retransmit the sig-
nal of the selected broadcast channel on a different frequency.
Such a problem arises in the process of moving travelers from
one region to another, when the selected channel follows a dif-
ferent frequency plan in regional broadcasting. In Table 1 for
example, a fragment of frequency plans for FM radio in Moscow
and St. Petersburg is shown.

Table 1
Fragment of FM radio frequency plans
. . Frequency, MHz
Radio stations Moscow St. Petersburg

Radio Rossii 66.44 66,3
Business FM 87.5 107,4
Retro FM 88.3 88

Yumor FM 88.7 88,9
AvtoRadio 90.3 88,4
Radio Sputnik 91.2 91,5

The implementation of such a function allows travelers to
listen to a pre-selected channel (or a plurality of selected chan-
nels). As you can see, in this application, there is a need to
quickly detect a free and compatible part of the frequency range.

Finally, the third direction aims to broadcast the prepared in-
formation content on the selected frequency of the FM radio
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band. This content can be a previously recorded FM broadcast,
as well as content chosen by the tour guide (such as an audio or
music file). In the latter case, a software or firmware implemen-
tation of the corresponding modulator will be required. Note that
a student can act as a traveler, and a lecture, presentation and
other pre-prepared material can be used as content. In our opin-
ion, this direction may be in demand in the current process of
active use of distance forms of the educational process.

To solve the formulated tasks, the following set of tools is
required:

* atool to scan the selected frequency range (for example,
the FM radio range) in order to select a free and sufficient, in
terms of playback quality, part of the frequency range;

« atool to scan the selected frequency band (for example,
FM radio band) in order to select a channel with the desired in-
formation content;

* tools to perform, save and playback 1Q-samples of the sig-
nal on the selected frequency of the FM radio band;

* atool to quick (i.e. real-time) rebroadcasting of selected
content in the specified frequency range;

+ atool to playback the multimedia content files in the FM
radio standard in the selected frequency range;

* atool to real-time transmit the speech information in the
FM radio standard in the selected frequency range.

In particular, software and hardware solutions for scanning
the selected frequency range using various types of USRP tools
are quite fully considered in the sources [26-28].

An analysis of the existing solutions mentioned in the links
above showed that all of the listed tools as a whole and individ-
ually can be implemented, however, they have a number of dis-
advantages and limitations, such as:

* lack of unity of software and hardware implementation,
since they use different versions of the software development
environment and equipment;

+ they lack align information flows mechanisms, in partic-
ular, mechanisms to align the record, playback and retransmit
streams of 1Q-samples, necessary to ensure the continuity of
playback, especially musical content;

 software components of well-known solutions practically
do not use the full productivity of modern multi-core processors,
thereby limiting the possibilities of computer processing of in-
formation.

Thus, one of the main tasks is to develop a set of virtual
instruments, made in the same style, using the same develop-
ment environment. A preliminary decision from this point of
view is the choice of a compatible software development envi-
ronment for virtual instruments, including version and release.

2. Materials and Methods

The goal and objectives of developing a hardware-software
complex for prototyping information support tools stated in this
paper can be achieved and solved only when using equipment
that implements the principles of SDR and is supported by ap-
propriate software. To date, there are, in our opinion, only two
competitive options for such an implementation. Both options
are similar in that they use a single hardware platform from Ettus
Research, named as USRP. A feature of the current business
process is that Ettus Research, owned by National Instruments
(ND), is launching a number of self-branded off-the-shelf hard-
ware products on the market that are partially compatible with

only at the level of the hardware platform (boards), and is de-
stroyed when interacting with the corresponding software plat-
forms. Obviously, we are talking about drivers that provide an
interface with the corresponding software. Unfortunately, the
sources contain extremely conflicting information about the lev-
els of such compatibility. The most reliable, in our opinion, is
an indication of the complete incompatibility of drivers for two
conditionally "compatible" branches of USRP devices - by Ettus
Research and by NI. However, each line has its own ways of
building software and hardware prototypes of radio devices.

The "native" line from Ettus Research is aimed at open solu-
tions built on the Linux OS and GNU Radio software
(https://www.gnuradio.org/). NI's commercial line of devices
has a much broader range of device support along with their
drivers. However, only Windows OS is supported, and only na-
tive hardware. Limited Linux support exists only for LabVIEW,
which allows only limited simulation problems to be solved that
do not meet the goals of this study.

Unfortunately, during one experimental study with the same
(or similar) set of USRP devices, it is not possible to obtain a
comparative characteristic of prototype implementations using
both described lines. The reason is the incompatibility of the
firmware of the respective devices.

Based on the foregoing, the USRP hardware platform, inte-
grated with NI's proprietary LabVIEW simulation software
package, turned out to be a practically uncontested choice. The
range of USRP devices is quite wide, but not all types of devices
meet the conditions for solving the problem, despite their per-
formance and price. So, bearing in mind the frequency range in
which wireless networks of modern standards operate (2.4 GHz,
5 GHz), the selection conditions allow the use of only the fol-
lowing types [10]: USRP-2900/2901, USRP-2943-2945, USRP-
2953-2955 and USRP-2974. Devices starting with USRP-2943
are classified as RIO, which dramatically increases their com-
plexity and cost. In fact, the USRP-2900/2901 devices, if they
can solve the tasks set, are the main contenders for the role of
the created hardware platform.

The economic factor does not allow using either a standard
spectrum analyzer, or the option of using USRP 2920 devices
and others given in [15] for spectrum analysis in order to iden-
tify a free area cannot be used. It is important that the claimed
USRP 2900/2901 devices have a significant advantage over the
USRP 2920 device in terms of carrier frequency tuning range.
The maximum frequency at which the USRP 2900/2901 can op-
erate is 6 GHz, which hypothetically allows these devices to be
used to solve many wireless communication problems [16].

Further, as basic solutions, a set of virtual devices presented
in [14] is considered. This type of solution is classic for the Lab-
VIEW software platform. Its advantage is not only an external
presentation (front panel), like the appearance of a real measur-
ing instrument, but also an extremely effective way to imple-
ment both interaction with USRP devices and simulation of sig-
nal generation and processing. The latter is directly related to the
original programming paradigm using its own graphical lan-
guage G. We note two important features of this design method.
The first is the high speed of creating a project through the use
of a powerful object library and the visibility of the implemen-
tation process, which is extremely important not so much in sci-
entific research as in the educational process. On the contrary,
in experimental scientific research, the most important feature is
performance, and it is supported in many ways. Among them are

-_“__,,_ iimilar NI products. At the same time, compatibility is achieved  the traditional interfaces with the .NET standard libraries, the
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file system, and other programming objects. But the main com-
ponent, from our point of view, is the productive support for
parallelism, which is one of the main features of the program-
ming paradigm in LabVIEW. This topic requires special consid-
eration and, of course, will be touched upon in future studies by
the authors.

3. Results

3.1. Development of virtual instruments to scan the selected
frequency range and make the spectral analysis

In [14], two virtual instruments are proposed, the first of
which performs broadband scanning of the spectral range, and
the second performs a detailed analysis of the spectrum. Both
devices use the same device, but in different development envi-
ronments. Broadband spectrum analysis is resource intensive,
and as such, it was only possible to use the USRP 2901 in com-
bination with the NI LabVIEW 2018 design environment. How-
ever, it was possible to implement detailed spectrum analysis in
the more advanced (in terms of graphics) NI LabVIEW Com-
munications Design Suite 2.0 environment. The reason for this
is that LabVIEW Communications Design Suite 2.0 uses the
graphics capabilities of the .NET platform for display, which re-
quires additional computer resources. The found solution
demonstrated the possibility of using the USRP 2901 device for
the purposes of spectral analysis, however, it contradicts the re-
quirement of the unity of software and hardware implementation
formulated above.

Considering Microsoft's end of support for Windows 7, the
minimum available version of LabVIEW Communications De-
sign Suite is version 3.0. On the other hand, well-known and
high-performance models built in the LabVIEW environment
are also not competitive due to the limited support for the range
of modern USRP devices. This means that the virtual instrument
"WB Spectrum Example VIs (952012)" presented in [11] and
described in [14] cannot be used further.

However, sufficiently accurate wideband analysis of the
VHF and FM radio spectrum can be performed by the “Spectral
Monitoring (Interactive)” virtual instrument, which is part of the
LabVIEW NXG design environments versions 3.0 and 4.0.

Figure 1 shows the front panel of a virtual instrument that
performs a broadband analysis of the spectral range relative to a
selected center frequency. Note that when developing virtual in-
struments, we deviate from the traditional National Instruments
front panel background, which is associated with the image of
physical instrument panels.
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Figure 1. Wideband Spectrum Analysis VI front panel relative

ELECTRONICS. RADIO ENGINEERING

Instead, we use the concept of graphical association with VI
functionality. For example, more clearly, from our point of
view, the color separation of virtual instruments for recording a
signal from virtual instruments for their playback.

To select the most promising section of the range, it is nec-
essary to use a more accurate analyzer. Studies have shown that
the virtual device described above (Figure 1) can be used in this
role. A detailed analysis of the selected section of the spectrum
is carried out by adjusting the center frequency (Carrier Fre-
quency) and sampling rate (IQ Sampling Rate). Other VI set-
tings are useful for experimental evaluation of the practically
achievable characteristics of the software/hardware VI. And
they are determined both by the characteristics of the computer
component of the VI, and by the characteristics of the USRP
device. The latter may have different characteristics that differ
from passport data.

Note that the device is able to apply new settings in the cur-
rent session, i.e. without restart. On Figure 2-4 shows the spec-
trum of the unused section of the range with a center frequency
0f 90.55 MHz, although such sections, as can be seen from
Figure 1, you can choose quite a lot.
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Figure 3. Spectrum shape of radio signal samples obtained with a
sampling rate of 250 kHz

The spectrum shown in Figure 2 has an estimated value and
is used to make a final decision on the possibility of using a free
frequency section and its characteristics.

It was taken at a sampling rate of 350 kS/sec and clearly
shows that the limiting sampling rate is 250 kS/sec and the cen-
ter frequency should be increased by 20 kHz. The spectrum of
this frequency section is shown in Figure 3.

to selected center frequency ﬁ
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The choice of the sampling frequency is critical to achieve
minimum crosstalk while ensuring a sufficiently high quality of
the broadcast signal of the selected radio station, as well as min-
imizing the overhead during transmission, in particular, mini-
mizing the size of the file containing the recording of the IQ
samples of the broadcast signal.

3.2. Development of virtual instruments to record, playback
and retranslate the radio signals

The second object of development are virtual devices de-
signed to record 1Q-samples of the radio signal to a file and then
play it back from the file at the selected frequency of the FM
radio band. All the virtual instruments necessary for this have
been developed and described in [14]. For completeness and
convenience of perception, below (Fig. 4, 5) are the front panels
of these devices.

e
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Figure 4. Virtual instrument to record the radio signal IQ-samples
to a file

A distinctive feature of these devices is the ability to use both
channels of transceivers present in the USRP 2901 devices. This
feature was later used to develop the repeater VI.

The device also described in [14] was chosen as a prototype
of the virtual repeater device. The control part of the front panel
of this device is shown in Figure 6. Another interesting feature
of the virtual instrument is the automatic configuration of the
instrument to the connected USRP device. Note that the main
property of the device is the ability to interactively re-tune it to
another station, which allows you to smoothly, without acoustic
artifacts, listen to the stream of broadcast broadcasting pro-
grams.

The disadvantage of the developed device is the lack of clar-
ity (automation) of the choice of the broadcast channel and mon-
itoring of the peak signal level. The property is also useful to
design the conventional digital receivers, since, as a rule, in de-
vices of wide application it is often impossible to select a chan-
nel whose signal level is below the threshold level chosen by the
receiver designers.

Figure S. Virtual device to playback the 1Q-samples from a file

Figure 6. The control part of the front panel of the prototype
of the virtual device-repeater

The main part of the front panel of the modified virtual in-
strument-repeater is shown in Figure 7.

We list a number of key features of this implementation.
Firstly, it is the convenience of operational management of the
choice of content source. At the same time, the association be-
tween the stations name and the broadcasting frequency is not
lost — the device contains a linear scale of broadcasting frequen-
cies, which can be used independently. The second feature, as
mentioned above, is the ability to monitor the peak signal level.

e  ——————
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Figure 7. The main part of the front panel of the modified virtual
instrument-repeater

This "seamless" switching is implemented by LabVIEW
software, more precisely, by a queuing mechanism that allows
signal samples to be written to and read from the queue asyn-
chronously for playback by another channel of the USRP 2901
device. Of course, the queue parameters must be consistent with
the type of signal samples, but they must simultaneously corre-
spond to the technical capabilities of the computer that imple-
ments the software part of the complex. One of the indication
elements of this correspondence is placed on the front panel of
the device.

3.3. Development of virtual instruments to playback the file
multimedia content and transmit the voice information using
the FM radio standard

The general basis to create the virtual instruments are similar
solutions, in particular, those described in [25]. Analogues are
not complete solutions; therefore, they required significant pro-
cessing. The created virtual instruments are equipped with the
necessary settings that allow you to select the source of the
acoustic signal, control the quality of the broadcast signal by se-
lecting the sampling frequency, frequency modulation parame-
ters and broadcast frequency. On Figure 8 shows the front panel
of a virtual instrument that provides signal transmission, the
source of which is a microphone.
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Figure 8. The part of the front panel of the virtual instrument-
transmitter, the signal source of which is a microphone

The signal source for the virtual instrument shown in Figure 9
is a prepared multimedia (for example, music) file. Note that this
instrument is capable of resampling (up- or down-sampling)
while optimizing the quality of the transmitted content and the
size of the source file.
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Figure 9. The part of the front panel of the virtual instrument-
transmitter, the signal source of which is a file music content

4. Discussion

The given parameters of the virtual instrument to scan the
frequency range shown in Fig. 1 match the capabilities of the NI
USRP 2901 device. It is important that the device is dual chan-
nel. We also note that the performance of the complex depends
very much on the selected computer equipment, the characteris-
tics of the interface for interaction with USRP devices, the num-
ber and type of displayed parameters. Particularly demanding
for computer equipment are tasks that require spectral analysis
of a signal in a wide frequency band.

In the NI USRP 2901 device, the USB interface is most often
criticized instead of the 1 Gbps Ethernet interface in the USRP
2920 devices and other more advanced and expensive devices.
At the moment, there is no clear information about the condi-
tions under which you can expect to achieve the maximum
throughput of the USB version 3.0 interface - 5 Gbps. Of course,
this is due to certain technical difficulties, however, work in this
direction continues. In particular, D-Link announces the release
of a new DUB-E250 USB-C 2.5G Ethernet adapter (Consumer
Electronics Show 2021 - CES 2021), providing 2.5 times the
bandwidth compared to 1 Gbps Ethernet.

We did not have the opportunity to experimentally test the
capabilities and characteristics of this device together with the
USRP 2901 device as part of a hardware-software system, how-
ever, undoubtedly, it is worth being critical of the claimed short-
comings of the modern USB interface in relation to at least the
1 Gbps Ethernet interface. In this regard, one of the most inter-
esting tasks of studying the potential characteristics of this type
of hardware and software systems is the experimental verifica-
tion and comparison of the performance characteristics of USB
interfaces versions 3.0, 3.1, 1 Gbps and 10 Gbps Ethernet. This,
however, is beyond the scope of this work. We only note that
the difference in the implementations of the USB interfaces in
modern computers (both desktop and mobile) that participated
in the experimental studies of the authors demonstrated a very
strong influence of this factor on the performance of hardware
and software systems of this type.

Of course, full optimization of the complex is impossible,
and the best available solution for experimental research at the
moment turned out to be a computer with the following main
characteristics: Intel Core 17 processor; 16 GB RAM and disk
memory on a PCle SSD.
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Comparative estimates: objective — based on the analysis of
the spectra presented in Figures 2, 3, and subjective — based on
listening to the recorded signal samples - showed that the choice
of sampling frequencies above 200 kHz does not lead to a no-
ticeable increase in the playback quality, but significantly in-
creases the recorded files size. The experiment showed that the
created virtual instruments provide the needs for solving the
stated range of tasks of cognitive radio.

It is useful to compare estimates of the required bandwidth
of the frequency modulated signal obtained analytically and ex-
perimentally. The most well-known method of analytical evalu-
ation is the Carson rule, one of the forms of which looks like
this:

B =2F,(1+/) (1)
where

B - bandwidth of the frequency modulated signal;

F, —modulating harmonic frequency;

p= ?:—F — modulation index, rne AF — frequency devia-
tion.

The real modulating signal is not harmonic, however, by re-

placing F,, in(1)to the maximum frequency F_ in the spec-

trum of the real modulating signal, you can get a refined value
of the required frequency band:

B=2F,.(+75) @

For the content in question, it is generally accepted that
F _ =15kHz, and in accordance with FM radio standards,

the recommended frequency deviation value is AF =75 kHz,
from which we obtain an estimate of the signal bandwidth
B =180 kHz, which is usually rounded up to 200 kHz with
a margin. This estimate determines the choice of sampling
rate and is in good agreement with the prototyping results de-
scribed above. In [29], a similar comparison of estimates was
made, but the simulation model was used in the experiment,
which, however, had almost no effect on the result of the com-
parison.

Note that in the developed virtual instruments, the “Sample
rate” parameter is chosen somewhat higher than the value suffi-
cient for their reliable operation. This is due to the fact that ac-
cording to the rules of practical application of the sampling the-
orem conclusions, the modulating signal with information con-
tent must be subjected to high-quality low-frequency filtering
with a cutoff frequency F,_, . This is usually done in conjunc-

tion with the “upsampling” and “downsampling” procedures to
improve the filtering quality. In the developed prototypes, these
procedures are omitted for simplicity.

The practice of operating modern analog receivers shows
that manufacturers control the quality of signal reception in dif-
ferent ways. One of the control parameters is the threshold sig-
nal level, which determines the specified reception quality. The
developed virtual repeater device (Figure 7) has the ability to
evaluate the threshold level of reliable reception used by the
manufacturer, on the one hand, and ensure station detection, on
the other hand. The last circumstance, from the standpoint of
CR, is important for making a reliable decision about the pres-
ence of a free frequency part. This property can also be useful
for the design of conventional digital receivers, since, as a rule,
in devices of wide application it is often impossible to select a

channel whose signal level is below the threshold level chosen
by the receiver designers.

5. Conclusions

1. A number of applied task of cognitive radio are consid-
ered, aimed at expanding the functionality of information sup-
port for bus travel and tourism in general, as well as at achieving
efficiency and flexibility in delivering various information con-
tent to travelers. These applied tasks impose special require-
ments on the methods and means of their implementation. The
analysis of the requirements for the functional composition and
characteristics of the software and hardware environment that
implements the applications of cognitive radio technologies is
carried out. The use of the USRP architecture and the LabVIEW
software environment to solve a number of applied problems of
cognitive radio is substantiated. In order to reduce the cost of
systems, the USRP 2901 device, the youngest of the NI USRP
device line, was selected for implementation.

In fact, the conducted research significantly expands the
field of practical application of this type of devices, which is one
of the main results of the work.

2. It is shown that in order to solve the considered CR prob-
lems, it is necessary to solve the following problems:

» perform a scan of the selected frequency range in order to
determine the least loaded and sufficient, in terms of playback
quality, part of the frequency range;

» perform a scan of the selected frequency range (for exam-
ple, the FM radio range) in order to select a channel with the
desired information content;

» perform reception, processing and writing to a file of dig-
itized samples of a radio signal at a selected frequency with a
given quality;

e perform real-time rebroadcasting of the selected content
in the specified frequency range without quality loss;

« transfer file multimedia content in the FM radio standard
in the selected frequency range with the specified quality;

» perform real-time transmission of speech information in
the FM radio standard in the selected frequency range with the
specified quality.

3. A set of virtual instruments has been developed that oper-
ate in a unified software and hardware environment (LabVIEW-
USRP), which provides a systematic solution of current and fu-
ture applied problems of cognitive radio. A feature of the devel-
oped virtual instruments is a rich variety of settings and indica-
tion parameters, which allows them to be used for educational
and research purposes, including in the context of a distance ed-
ucational process.
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Masena PomaH BozdaHoeu4, Mockoeckuii aguauuoHHbIi UHCMUmMym (HauUOHasbHbIU ucciedogamesnbckuti yHusepcumem), Mockea, Poccus,
mrb402@mail.ru

AHHOTauuA

Liens pabomei. Tekylime 3aga4m MHGOPMALMOHHOIO COMPOBOXAEHNUA aBTOOYCHBIX MyTeLLeCcTBUI OrpaHU4UBatOTCA ObLLel MHpopMaLmeit
O MyTELUECTBUM U SKCKYPCUAX, HAMpUMEP, B BUAE LieNW U NPOJOIMKUTENIbHOCTU Typa B LIENIOM U OTAENbHBIX NOe3J0K K 06beKTaM Typa, mia-
Ha U CTOMMOCTM 3KCKypcuii. Bo BpeMa OCHOBHOM YacTu AOCTaTOMHO ANIUTENIbHOM MOE3AKN KBaNMbULIMPOBaHHbIN 1, UMW COMPOBOXAALO-
LLiee Lo AAEeT CTaHAAPTHYIO MHPOPMaLMIO 06 UCTOPUM U JOCTOMNPUMEYATENBHOCTAX MOCELLIAEMbIX WU NMPOE3XKaeMbIX MyHKTOB MapLUpy-
Ta. Ha obpaTtHoM nyTu K MecTy MOCTOAHHOM WU BPEMEHHOM AMCIOKALMM MyTeLIeCTBEHHWKAM, Kak NpaBuio, NMpeasiaraeTtca NoCMOTpeTb
$uUnbM 13 CTaHZApTHOW KOMMEKLMKU UK NPOCTO OTAOXHYTb. [N1aBHasA npobnema 34eck — HeJoCTaTO4HAA BYHKLMOHANBHOCTb, MTMGKOCTb U
OnepaTUBHOCTb POPMUPOBAHUA MHGDOPMALIMOHHOTO KOHTEHTA, OrPaHUYEHHOCTb KaHasloB ero goctaBku. OfHMM 13 BapUaHTOB peLleHUs
[laHHOW Mpo6ieMbl ABNAETCA JIOKaNbHOE pajiMOBEeLLiaHNe C UCMOJb30BaHUEM Pa3sHOOOPa3HbIX UCTOYHMKOB MHGMOPMALMK U NMpUMEHEHUe
TEXHOMNOTUI KOTHUTUBHOTO Paano AnA AocTaBku UHdopMaumm. [NogpasyMeBaeTcs, YTO NOAroTOBKa MHPOPMALIMOHHOTO KOHTEHTa MOXET
BbIMOJIHATLCA U B peanbHOM BpeMeHW. MccneaoBaHne 3¢ deKTUBHOCTM AaHHOTO MpesIOXeHUA ABNAETCA LieNbio AaHHOM pabotbl. O6oc-
HOBaHMe BO3MOXHOCTU U OLieHKa 3 EKTUBHOCTU MPUMEHEHUA TEXHOJNIOTUI KOFHUTUBHOFO PaAMO BbINOJIHEHO METOAOM MPOTOTUMUPOBA-
HUA NPOrpaMMHO-anMapaTHbIX YCTPOMCTB € UcMnosb3oBaHueM ycTpoicte USRP coBMecTHO ¢ mporpaMMHbiM KoMmmnniekcoM LabVIEW. Pesynb-
mamei pabomsl. CchopMynMpoBaHbl U peLlieHbl Cleaytolne 3a4a4u NpOTOTUNMPOBAHUA: CKAHUPOBaHME YaCTOTHOTO JManasoHa i ornpe-
JleneHna cBO6OHOro y4acTKa, JOCTaTOYHOrO A/IA Ka4eCTBEHHOro BOCMPOU3BEeEHUs; CKaHUPOBaHUE YaCTOTHOTO JuanasoHa A1 BbiGopa
kaHana FM pagno ¢ nckoMbiM MHGOPMALIMOHHBIM KOHTEHTOM; MPUEM U 3anuck B ain ouudpoBaHHbIX BbIBOPOK pagnMocurHana ¢ 3ajaH-
HbIM Ka4eCTBOM; PETPaHCNALMA B peaslbHOM BPEMEHU HalMeHHOrO KOHTEHTa B BbIOPaHHOM yyacTKe Auana3oHa 4acToT; nepefaya daino-
BOTO MyNbTUMEAUHOrO KOHTeHTa B cTaHAapTe FM paavo B BbIGpaHHOM yuyacTke AManasoHa 4acTOT C 3aZjaHHbIM KaieCTBOM; Mepejaya B
peanbHOM BpeMeHM peyeBoit MH$opMaumn B ctaHgapte FM paguo B BbiIGpaHHOM y4acTke AuManasoHa YacTOT C 3aJjaHHbIM Ka4eCTBOM.
O6ocHoBaHo npuMeHeHue yctpoicte USRP coBMecTHo ¢ nporpaMMHbiM komnnekcoM LabVIEW ans pelueHus paaa npuknagHbix 3aad
KorHuTueHoro paauo. O6ocHoBaH BbiGop ycTtporictea NI USRP 2901 ¢ Lenbio CHWKeHUA CTOMMOCTU CO3aBaeMoro npotoTuna. AKTyasb-
HOCTb UccnefoBaHua obycnoBneHa HEOBXOAMMOCTBIO MOBbILLEHUA (DYHKLMOHAIbHOCTU, MOKOCTU U OrnepaTMBHOCTM (POPMUPOBaHMA U
pacrnpocTpaHeHUA MHDOPMALIMOHHOTO KOHTeHTa. B cBA3M ¢ 3TWM, AaHHaA cTaTbA HanpaB/ieHa Ha 06OCHOBaHME HEOBXOAUMMOCTU U BO3MOXK-
HOCTM peLUeHUA aKTyasnbHbIX 33434 MHGOPMALMOHHOTO OBCIY>KUBAHUA C MPUMEHEHUEM TEXHOMOIMUIA KOTHUTUMBHOTO paauo. [1na storo Bbl-
MOJSIHEH aHanu3 npobrieM pa3paboTKM YCTPOMCTB Ha OCHOBE MapajurMbl MPOTOTUMMMPOBaHMA; paspaboTaHbl NPOTOTUMbLI MPOrpaMMHO-an-
napaTHbIX YCTPOWCTB A1 UHPOPMALIMOHHON NOAAEPXKKM aBTOBYCHBIX MyTeLIeCTBUiA; BbINOJIHEHA OLieHKa 3¢ dEKTUBHOCTU NpesiaraeMbIxX
PeLLeHUit; MPOou3BeAeHa SKCNEPUMEHTaNIbHaA NpoBepka PyHKLIMOHAIbHOCTM U KavecTBa pa3paboTaHHbIX NpoToTMnoB. MaTtepuansi cTatby,
6naropapsa 6oratoMy Habopy napaMeTpoB HaCTPOMKW U MHAWKALMW pa3paboTaHHbIX MPOTOTMMOB MPOrpaMMHO-AmNMapaTHbIX YCTPOMUCTB,
NO3BOMAET UCMOJb30BaTh CO3/jaHHbIe BUPTYyasibHble NMPUGOPLI He TONBKO ANA HGOPMALMOHHOM NOAAEPKKMN NMIOOBIX MyTeLIeCTBUIA, HO U
B y4eBHO-1CCneJoBaTeNbCKUX LieNIAX, B TOM YUCIE, B YCNIOBUAX AUCTaHLMOHHOTO 0Bpa3oBaTeNibHOro npoLecca.

Knroueebie crnoea: koeHumugHoe paduo, FM-paduo, asmobycHbie nymewecmeus, uHgopmauyuoHHas noddepxxka, USRP, LabVIEW.
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The analysis of papers related to data transmission in the
microservice architecture is made. A monolithic networking
architecture typically refers to a large computing network with
a single software code base in which all service tasks are com-
bined. To change this architecture, it is necessary to update the
entire stack through a single code base and create an updated
version of the interface on the service side. This approach
makes it difficult to handle updates and increases the time for
launching new services. A microservice application consists of
many interacting services that can be freely updated, replaced
or moved around, which makes it fundamentally different from
the monolithic approach. A table with the comparison of the
gRPC framework and the REST architectural style according to
several criteria is given; it shows similarities and differences of
the technologies considered. The results are presented as his-
tograms illustrating the difference between the gRPC and REST
in the number of requests when small and big data are trans-
ferred. The difference in latency while using the gRPC for dif-
ferent transfer types is shown.
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Introduction

The development of Next Generation Mobile Networks, the
Internet of Things and cloud services has led to a shift from mon-
olithic to microservice architectures. A monolithic networking ar-
chitecture typically refers to a large computing network with a sin-
gle software code base in which all service tasks are combined. To
change this architecture, it is necessary to update the entire stack
through a single code base and create an updated version of the
interface on the service side. This approach makes it difficult to
handle updates and increases the time for launching new services.
A microservice application consists of many interacting services
that can be freely updated, replaced or moved around, which
makes it fundamentally different from the monolithic approach.

Due to the fact that computing virtual networks are constantly
evolving, there is an increase in the requirements for network pa-
rameters. Such requirements may include: types of nodes and their
technical complexity, the cost of development and the amount of
equipment, the bandwidth of communication channels, etc. In or-
der to get a high-performance computing network with high band-
width, when developing such a network, it is necessary to choose
between tools for its construction and network infrastructure de-
velopment.

A huge need for the introduction of software-configurable net-
works (SDN, Software-Defined Network) into computer commu-
nication networks arose due to the need to improve the efficiency
of managing network elements. Software-configurable networks
are data transmission networks in which the network management
layer is separated from the data transmission layer and imple-
mented programmatically by separate elements. Thanks to SDN
technology, it has become possible to create flexible elements of
network infrastructure, so the introduction of this approach into a
computer network gives an advantage over networks in which it
does not exist. When we use traditional network architectures, it
is necessary to allocate a huge amount of money for the purchase
of physical network devices. In the case of using SDN technology,
it is possible to replace elements of the computer network with
software.

The main reasons for the shift are complexity and scalability
of the application. Overloading the architecture of a monolithic
application with additional components greatly limits the ability
to enhance the applied solution. Moreover, if one component of a
monolithic application fails, the entire system may fail [1].

Each service has its own functionality of the application in use.
A microservice may have the function of processing data gener-
ated by other microservice, in this case both services must de-
scribe communication interfaces. One of the popular architectural
styles of microservice interaction is the REST technology. Its de-
tailed specifications are given in [2]:

e  scalability of component interaction
fault tolerance
security
generalization of the interfaces
easy to upgrade.

RESTful services are characterized by HTTP methods using
the protocol described in RFC2616 [7]. Developers usually apply
GET and POST methods. There are also such widely used meth-
ods as PUT, DELETE, PATCH, OPTIONS, although HTTP can
have any other method [3].
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The REST supports several types of data serialization for
transmission, ¢.g. JSON, XML, form-data. However, the most
popular is JSON. The main reason for using this format is its sim-
plicity and lightweight design. If compared to XML, JSON is eas-
ier to read since it does not contain numerous constructors and re-
peating components, thus it makes communication through the
REST API faster and more efficient than for example through
SOAP, which is based solely on XML [4].

However, for a number of purposes there is a technology that
can be used to transfer data in a microservice architecture more
efficiently. That is data transfer using the Remote Procedure Call
(RPC) protocol.

The control system is an important part of the computer net-
work, the tasks of which include maintaining the availability of
nodes, initializing the network interaction configuration and ad-
ministration, as well as analyzing the technical condition of de-
vices and network connections. All the described tasks relate to
components for telemetry and network configuration.

Network monitoring is usually understood as the constant col-
lection of data on the functioning of a computer network to per-
form such functions as: searching for slow, faulty or, conversely,
underloaded systems, as well as the main consumers of network
resources, fulfilling SLA parameters (service level agreements)
and the quality of the service provided (for example, on-demand
delivery of audio, video or other content, delays in connecting dis-
tributed and integrated systems). Along with the technical aspects
listed above, monitoring is also understood as the supervision of
the operation of the network, in the sense of monitoring compli-
ance with access policies, information exchange and routing. The
collected data may reflect different aspects of the network func-
tioning, depending on the purpose and objectives of monitoring.
Both meanings of the term monitoring proposed above are close
to each other and rely on the same technologies for collecting and
analyzing information.

Telemetry determines the possibilities of observability. Ob-
servability should be understood as a property of the system that
characterizes the fundamental possibility of determining the state
of the system by its output parameters. At the same time, a system
is observable if there is a one-to-one correspondence between the
measured output parameters and the state parameters of the system.

The observability of a computer network includes three meth-
ods: collection and processing of parameters (metrics), logging of
network events, and tracing of network devices. The process of
collecting metrics consists in the accumulation of system parame-
ters for the purpose of subsequent visualization of the processed
data. Parameters are collected from intermediate or terminal de-
vices (nodes) of the network. To generate a message with metrics
and its subsequent transmission to the telemetry system, the device
is supplemented by an agent. Services, additional containers, ad-
ditions to the device firmware, etc. can perform the functions of
an agent. The network node sends metrics to the agent using the
established protocol at regular intervals. The agent processes the
metrics and sends generated messages with metrics to the teleme-
try system.

Thus, a comparative analysis of the REST and gRPC technol-
ogies, an experimental comparison of time delays in REST and
gRPC operation, and recommendations for the use of the REST
and gRPC in monitoring systems for communication network vir-
tualized infrastructure should be made.
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Comparative Analysis of the REST and gRPC

At present, the most popular RPC framework is the gRPC [8].
The gRPC is a relatively new open-source RPC framework, its
functionality was developed by Google staff. The gRPC provides
high performance and secure connectivity between services, and
supports different types of data streaming. High performance and
transmission speed is ensured by the Protocol Buffers serialization
protocol (protobuf) and by the HTTP/2 protocol used for data
transmission [4].

The paradigm used by the gRPC framework is based on the
utilization of the remote procedure call protocol. As opposed to
the REST, RPC employs a function call between client and server
but not an HTTP call. The client calls a remote procedure which
is implemented on the server side. Having received the call from
the client the server, in turn, carries out the called function and
transmits the result to the client. In [5], the operating principle of
the protocol is described.

The gRPC technology allows four types of transmission to be
identified [6]:

1. Unary calls where the client sends a request to the server
and receives one response back.

2. Server-side streaming calls where the client sends a re-
quest to the server and gets a stream to read a sequence of mes-
sages back. The client reads from the returned stream until there
are no more messages from the server side.

3. Client-side streaming calls. With this type of transmis-
sion the client sends a stream of messages to the server, and a
server, in turn, receives all the messages and returns its response
as one message to the client.

4. Bidirectional (duplex) streaming calls where both sides
send a stream of messages. The streams operate independently, so
clients and servers can read and write in whatever order they like.

Using the RPC protocol for inter-service communication
brings some advantages to any transmission system. One of the
main advantages is abstracting the developer from many mecha-
nisms related to network communication. The developer can in-
stead focus on the functionality issues of the application being de-
veloped. In [4] provides some advantages of gRPC framework ap-
plication:

1. Strong data serialization using the protobuf protocol. Pro-
tobuf allow defining messages consisting of the basic data types
such as integer, string, or boolean, as well as more complex mes-
sages with multiple nested structures inside. It enables to define
own enumerations or messages and use them as a reference in
other messages. Strong serialization involves raising an exception
by the library if the message is missing the required field.

2. The application of the HTTP/2 protocol for data trans-
mission. This protocol is described in RFC 7540 [9]. The principal
change between this version and the previous ones is that HTTP/2
is a binary-based protocol. Several logical streams are formed
when the connection between devices is set up. Each stream con-
sists of a number of messages. Lastly, each message is comprised
of a set of small binary frames. Each frame contains a special iden-
tifier that can be used to alternate these frames during transmission
and collect them at the other end. HTTP/2 supports asynchronous
request processing — request and responses can be processed in
parallel without blocking other messages, therefore messages in
the queue do not wait for others to be processed. This process is
also referred to as multiplexing. Together, the parallel streams

form a single constant TCP connection thereby reducing the waste
of memory and processing power. Figure 1 shows the difference
in request handling for the HTTP 1.1 and HTTP 2 versions of the
protocol.

HTTP 1.1 HTTP2
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Fig. 1. Timing diagrams of request processing for the HTTP 1.1
and HTTP 2

3. The support of channel security mechanisms. The gRPC
supports a variety of authentication techniques:

e  The SSL/TLS can be used for the server authentication
and encryption of the channel between the client and the server.

e Authentication based on JWT-tokens. The tokens are
transmitted as metadata credentials over the channel protected by
means of the SSL/TLS.

e The support of Application Layer Transport Security (or
ALTS). This authentication transport encryption system is used in
case services are running on Google cloud platform (GCP).

These authentication techniques are suitable for both internal
service-to-service interaction and external APIL.

4. Transmitted data compression. The HTTP/2 employs
HPACK compression that reduces the size of the transmitted
frame header. The HTTP/1.1 utilizes gzip for data compression,
and the message header is sent as a simple text without being com-
pressed. The HPACK specification compares header metadata
fields to previously transmitted header fields and compresses the
header according to static and dynamic tables, which define the
modifiability of one or another field.

5. Providing high performance. By means of protobuf seri-
alization, HTTP/2 transmission protocol, HPACK compression,
stream multiplexing, the gRPC provides the high performance. If
compared to the REST, the gRPC can transmit and receive data
much faster. Specific comparison results will be shown further in
the paper.

6. Easy code generation for developing an API application.
The gRPC provides tools for generating code for both the client
and server sides according to proto files using the protoc utility.
The service supports different programming languages, including
Golang, C++, Java, Ruby, Python and more. The generated code
provides functionality to set message parameters, marshaling/un-
marshaling of messages, as well as to set up the connection be-
tween the client and the server. Moreover, the REST has tools for
RESTful API description such as Swagger, Mashape, Apiary.

Table 1 below compares the technologies according to the cri-
teria given above.
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Table 1
Comparison of the gRPC and REST
Technology gRPC REST
Criteria
Data  serialization Protobuf JSON/XML
(basic)
Data transmission HTTP/2, asynchronous HTTP/1.1
protocol frame transmission
Safety tools Supports SSL/TLS for | Supports SSL/TLS for

connection security, var-
ious authentication and
authorization mecha-
nisms. In addition, secu-
rity tools developed by
Google are supported

connection security,
various authentication
and authorization
mechanisms. A wide
range of options for es-
tablishing a secure con-
nection link.

Transmitted data

HPACK, supports

GZIP, header compres-

the REST, it has insig-
nificant performance ad-
vantage when low pay-
load is conveyed.

compression header compression sion is not available

Performance Faster than the REST | Slower than the gRPC
when transferring mas- | when transferring mas-
sive data. If compared to sive data.

If compared to the
gRPC, it has insignifi-
cant performance ad-
vantage when low pay-
load is conveyed.

Code generation
tools

Has built-in code gener-
ation tools. In most
cases, system implemen-
tation is more complex
and time-consuming.

Built-in code genera-
tion tools are not avail-
able. Swagger,
Mashape, Apiary and
more can be used.
Many objectives can be
achieved much more
easily and quickly than
using the gRPC.

The table shows that despite the higher performance and ca-
pacity of the gRPC, it is the REST technology that is preferable to
be used for a certain number of tasks. The principal reasons for
using the REST are its wide acceptance, support, and simplicity.
However, a continuous stream of massive data is an example
where a system implemented with the gRPC is more appropriate.

Experimental Comparison of Time Delays for the REST
and gRPC in the Monitoring System of Communication
Network Virtualized Infrastructure

In order to compare the gRPC and REST technologies, test
measurements of the technologies were carried out during payload
transfer. The measurements were made on a computing machine
with the following parameters:

e  CPU: Intel(R) Core (TM) i5-10300H CPU @ 2.50GHz
2.50 GHz

e RAM: 16 GB
OS version: Ubuntu 20.04.5 LTS, amd64
Golang version: 1.19.4
gRPC: 1.51.0
protobuf: v1.28.0.
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Each application (client-side) ran in a docker container and
transmitted the payload to an agent (server-side) using the pre-de-
termined technology. The agent, in turn, took measurements and
broadcast them to the monitoring tools as metrics. The conjunction
of Grafana and Prometheus were used as the metrics monitoring
and visualisation tools. For the docker container orchestration
tools, a Kubernetes cluster was deployed by means of the local
cluster startup tool called kind. The resulting data were analyzed
and presented in graphs and histograms using gnuplot software.
Figure 2 shows a sample diagram of the deployed cluster em-
ployed for taking test measurements.

[
kubernetes

Dashboard

S

kind-worker-node

©]

kind-control-pane

o

Application

Metrics

L Monitoring system |« Sessionﬁ(gRPC!REST)

b G)

Grafana

Exporter

Fig. 2. A diagram of the test cluster stand

Goland was used as a programming language for developing
the applications. The principal advantages of this programming
language are its simplicity, speed and proper support with stand-
ard libraries.

The size of small data transmitted as payload can be consid-
ered negligible, while massive data were transferred with some
optional payload of 437 kB added to them. This choice of the data
size is not random but is due to the restriction imposed on the size
of the data field in the gRPC. To measure the number of connec-
tions, an appropriate software counter has been defined. After
each connection was completed, the counter was incremented by
one. The time library built into the Go programming language was
used to measure the latency of each connection.

Figure 3 shows the result of the experiment during which small
and large data are conveyed between the client and the server. If
small size information is transmitted as the payload, the amount
of the data transmitted is slightly higher with the gRPC. In some
cases the technologies can set up an equal number of connections.

When massive data are transferred, the number of calls in-
creases by about 6 times. During the experiment, unary calls were
used as a type of transmission. The comparison of the REST to
different types of transmission in the gRPC is given further in the
article.

As mentioned above, the gRPC has 4 types of transmission:
unary calls, server/client stream calls and duplex stream calls. Fig-
ure 4 demonstrates the results of comparing the different gRPC
transmission types to the REST. When checked, the latency of the
server and client procedure calls appeared to be similar, therefore
these types are merged into a single result. It is also worth consid-
ering that the call is regarded as completed when the side setting
up the connection completes it.
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The results given above show that for small data transfers,
there is a difference in delay between the REST’s HTTP call and
the gRPC’s unary call, but after some REST API optimization it
is possible to achieve closer values. In the case of streaming small
data transfers, the latency is reduced for the two types of transfers.
This fact can be explained as follows: in streaming, data is parti-
tioned and transmitted asynchronously. When massive data are
transmitted, the gRPC has the performance advantage of about 5
times higher for unary calls and about 7-8 times higher for stream-
ing. It is worth noting that for bidirectional streaming, the payload
of 437 kB was transmitted in both directions.

Conclusion

Thus, the comparison of data transmission technologies in
the gRPC and REST microservice architecture allows us to in-
fer that HTTP call techniques should be combined with remote
procedure calls to build systems for transferring information

between services. Despite the growing popularity of the gRPC
technology for data transfer, it is worth evaluating both its ad-
vantages and disadvantages, since this affects the quality of the
developed system and the final resources consumption required
for the system development.

Objectives necessitating high-performance transmission of
massive data are recommended to be achieved by using one of the
gRPC types of transferring. For implementing small data trans-
mission systems or for implementing complex transmission sys-
tems, it is worth using the fully developed REST API.
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AHHOTauusa

Peanusaumsa koHuenuumn umcbposoit skoHoMukn Poccuitckoit Pepepaumm conpoBoXkaaeTcs BO3pacTaHneM o6beMoB U pacLlumpeHneM dyHK-
LIMOHANbHbIX BO3MOXHOCTEN NPeAOCTaBIAEMbIX CEPBMCOB, MOBbILLEHNEM TpeboBaHUI K MHPOPMALMOHHONM Be3onacHoCTU MHbOpMaLMy,
4TO, B CBOIO OYepeap, BiieYeT 3a COOOM YCNOXHEHNE MEXaHU3MOB YNpaBleHUA CUCTEM U ceTei cBA3W. B ceAsM ¢ 3TMM nossunack Heob-
XOAWUMOCTb OTAENEHUA PYHKLUK yrpaBneHus oT GyHKLUM Nepeaadn AaHHbIX TeNeKOMMYHUKALMOHHOro obopyfoBaHUs, YTO ABMAETCA oc-
Hosow TexHonornn SDN/NFV. HecMoTps Ha pocT nonynapHoctu TexHonoruv gRPC ans nepeaaun faHHbIX CTOUT OLeHUBaThb, Kak AOCTO-
MHCTBA, TakK U €ro HeAOCTaTKM, TakK Kak OT 3TOrO 3aBUCWT Ka4yecTBO pa3paboTaHHOW CUCTEMbI U UTOTFOBbIN PacXoA pecypcoB Ha paspabot-
Ky cucteMbl. [Ina JOCTUXKEHUA NOCTaBNEHHON Lienn 6binn pelleHs! cnegytolimne 3agaun: |. MNpoaHanusuposaHel paboTsl, 3aTparusatoLme
TeMy nepefaqn MHPOpMaLMM B MUKPOCEPBUCHOM apxuTekType; 2. [pueeaeHa Tabnuua cpaBHenusa ¢peimeopka gRPC 1 apxutektypHoro
ctuna REST no HeckonbknMM KpUTEpUAM, NOKa3blBatoLLaA CXOACTBA M Pas3nvyiMA aHaNM3MpyeMbIx TexHonoruit; 3. MpueeaeHbl pesynbTathl
B BUAe rucrorpamM, nokaseisatowmx pasHuuy gRPC n REST no konuyectsy 3anpocoB npu nepepade Masibix U GONbLIMX AaHHbIX;
4. MNokasaHa pa3HuLA B 3agepxke ¢ ucrnonbzosaHneM gRPC npu pasHbix Tvnax nepefay. PaspaboTtaHHas MeToAuKa MOXeT ObITb Mones-
HOWA A/1A MPOBEZIeHUA UCCNEOBaTENIbCKUX PAbOT U Ha 3Tare NPOEKTUPOBAHWUA CETEN CBA3M.

Knioueeble cnoea: mukpocepsucHas apxumekmypa, gRPC, REST, cpaeHeHue, nomokoeasa nepedaya.
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