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SJIEKTPOHUKA. PAONOTEXHMKA

NCNOJIb3OBAHUE TMBPUAHOIO METOAA AUATPAMMHbIX
YPABHEHWMU N9 PACYHETA PACCESSHUS HA LIUJIMHAPE
BOJILLUOIro NOMNEPEYHOIO CEYEHUA

Aemun OMmutpuin Bopucosuu, DOI 10.24411/2072-8735-2018-10125
MTYCH, Mockea, Poccus,
dbdemin@gmail.com

Pa6oma ebinonHeHa npu Yacmu4Houl
Kneee Anppen Uropesuwy, noddeprxke Pocculickozo ¢poHda
Mucmumym cpusuveckux npobnem um. IN.J1.Kanuusi PAH, ¢pyHdameHmanbHbIx uccnedoeanuii
Mockea, Poccus, kleev@kapitza.ras.ru (zpaum Ne 16-02-00247 A)

KiopkyaH Anekcanap Maepunosuu,
MTYCH, Mockea, Poccus;

®UP3 um. B.A. KomenbHukosa PAH, ®pasuro Mockoeckoli 0671.; Kniouessie cnosa: memod duazpammibix
ypaeHeHul, paccesHue 80J1H, KOPOMK080J1HO8AA

@ryn LUHMMC, Mockea, Poccus, acUMNMOMUKA, YUCNEHHbIE Memodbl meopuu
agkmtuci@yandex.ru ducppakuuu.

PaccesaHue BonH nNpenaTcTBMAMM, pa3sMepbl KOTOPbLIX CYLECTBEHHO MPEBOCXOAAT AJIMHY BOMHbI
najaloLLero usny4eHus, ABNAETCA OHON U3 KIloYeBbIX 3aa4 Teopuu audpakuuu. CnoxxHocTb
NpAMBIX YUCNIEHHBIX NOAXOAO0B K peLUeHUI0 AaHHOM 3a/jaYM 3aKnio4aeTcsa B 3HA4YUTENbHOM BO3-
pacTtaHuM oGbeMa BbIMMCIIEHUIA NPU YBENMYEHUM pasMepoB pacceuBatens. B HacToswlei ctatbe
npeAcTaBiieH CTPOruii NOAXO/ K pPeLUEeHUIO 3a4a4M paccesHUsA BOMNH Ha LMNUHAPAX, nonepeyHoe
ceyeHne KOTOpbIX CYLLIeCTBEHHO NMPEBOCXOAUT AJIMHY BOJIHBI Najaioiero usnyvenusa. Mpeana-
raeMaa Metoauka Gasupyertca Ha MeToAe AuarpaMMHbix ypaBHenun (MAY), npeanoxkeHHoM B
1992 r. Bbino nokasaHo, 4to MY obnagaer BaXKHbIMM NpenMyLLIECTBAMU Nepef MHOTUMM YHU-
BepcanbHbIMM METOAMKaMM M BecbMa 3(eKTMBEH MpU pelleHUM LLUMPOKOro Kracca 3ajau.
YcTaHoBneHHan B yKa3aHHbIX Bbille paboTax Bbicokasa ckopoctb cxogumoctu MY moxer GbiTh
Mcronb3oBaHa AJiA MOCTPOEHUA Pas3fIMYHbIX aCUMNTOTUYECKUX noaxoAos. B yactHocTu, ucnone-
3ya MA1Y, aBTropam yaanocb nony4ntb npubnuieHHble ¢popMynbl ANA UHTErPaNbHOrO CeYeHuA
pacceaHua Ha PaneeBckux ob6bekrax. B HacToALwen paboTe pa3suT rubpuaHbIin MeToh ANarpamm-
Hbix ypaBHeHui (TMAY), ocHoBaHHbIN Ha ucnonb3oBaHuu koM6GuHaumn MAY u npubnuxkeHns
¢pusunveckonn ontukm (PO). MNMonyyeHo wuHTerpanbHo-guddepeHymManbHoe ypaBHeHUe AnA
"nonpaeo4Hon" K NnpubnuxeHuio pusnveckomn onTukmu auarpammol. NpeanoxeH 3cpeKTUBHDIN
MeToj anreGpausaumm faHHOTO ypaBHEHMUs, OCHOBaHHbIA Ha UCMONb30OBAaHMU JOMONIHUTENBHOIO
NOAroHOYHOro napaMeTpa, OfnpeAensiollero HoMep [AOMUHMUPYIOLLEA YITIOBOW FapMOHMKM B
pasnoXXeHuu nornpaso4yHon auarpammbl. MNMokaszaHo, YTO AaHHbLIA noaxon obGnajaer BbICOKOM
3¢p(EeKTUBHOCTLIO U, B TO Ke BpeMsA, He TpebyeT 3Ha4YUTENbHbIX BbIYMCIUTENbHBIX 3aTpaT npu
pelleHuM 3apay AudpakuuM Ha LUMNUHAPaX Aaxe B Tex clly4yasaX, KOT4a XapaKTepHbid pasmep
nonepeY4HOro ce4eHus BENUK Mo CPaBHEHUIO C ANMHOM BOJIHbI NajaloLlero usnyyeHus. Ckopoctb
CXOAMMOCTU, PAaBHO KaK M TOYHOCTb MOJIyYEHHbIX pe3ynbTaToB, cnabo 3aBUCAT OT reoMeTpuyec-
KX pa3sMepoB MOMEepeYHOro CeveHus LMNUHAPA, YTO JenaeT AaHHbIA MOAXOA MepCrneKTUBHbIM
MEeTO/I0M pacyeTa XapaKTepUCTUK paccesHUA B TeX Cly4asX, KOrAa nornepeyHbi pasmep pacce-
MBaTenA CyLeCTBEHHO MPEBOCXOAUT ANIMHY BOMHbI NajaloLLero nons.
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Paccesinne BOJIH MPENSTCTBUSIMH, PasMepbl KOTOPBIX CYILe-
CTBEHHO MPEBOCXO/IAT JUIMHY BOJIHBI MAJAIOLIETO H3JIYUYEHHs],
SBJISICTCH  OJHONW M3 KIIOYEBBIX 3a/a4 Teopuu Andpakiim.
MccnetoBannio Toii 3aaun ¥ pazpaboTKe pasInuHBIX METO/I0B
ee peleHns, MoCBAlIeHO OrpoMHoe yucno nyonnkanmii. O630p
BAKHEHIIMX M3 HHUX JaH B M3BECTHBIX MoHOrpaduax [1-5].
Mcnone3oBanne mpsAMBIX YMCICHHBIX METOIOB K PEIICHHIO J1aH-
HOH 3ajlauM BECbMa 3aTPY/IHEHO H3-3a PE3KOro BO3pACTaHMs
o0beMa BBIYUCIICHHH [PH YBEIHYEHHH Pa3sMEpoB paccerBaTelis.
B Hacrosuei cratbe npeuloikeH CTPOruii nojxoj K pelieHHIo
3a7a4M paccesiHusl BOJH HA LIWIMHJpAX, MOMEpPeYHOE CeyYeHHe
KOTOPBIX CYLIECTBEHHO MPEBOCXOJAMUT JUTMHY BOJIHBI [A1AI0IEr0
n3nyuenus. llpennaraemas mertonmka Oasupyercs Ha MeToje
JMarpaMMHBIX ypaBHenuii (M/1Y). Dtot MeTon ObLT npeanokeH
B pabore [6] (cm. Tarxe [7, 8]). beuto nokazano, uyro MJ1Y 06-
NaJaeT BAKHBIMH NPEHMYLIECTBAMM TEPEl MHOTMMH YHHUBEp-
CaJIbHBIMH METO/IMKAMH M BechbMa d(P(EKTHBEH NPH peLleHHH
LI_IHpOI(O]‘O KJlacca sajiad. Yceranosiennas B yKa?»aHHle BbILLIE
paborax BblcOKasi ckopocTh cxoaumoctu MJIY moker ObiTh
MCIIOIB30BaHA UISl TTOCTPOEHHs Pa3IMYHBIX ACHMITOTHYECKHX
nojaxoaos. B uyacrnoctu, ncnonw3zys MJIY, asropam ynanoce
MOJIYYHTh NPUOIMIKEHHbIE (POPMYIIBI JUTS MHTErpajbHOTO cedve-
HUs paccesHusi Ha PaneeBcknx obwekrax [9-11]. B nacrosiei
pabote pa3BUT THOPHIHBII METOJ JWMArpaMMHBIX YPaBHEHHI,
OCHOBaHHBIH Ha Hcnoiab3oBaHun koMmOunaumun MJIY u npubiau-
aennst (pusuueckoit ontuku (PO). Kak Oyaer nmokazaHo Huxe,
JIAaHHBIH 110/1X0/1 00/1a/1aeT BBICOKOH I(D(PEeKTHBHOCTBIO H, B TO
Ae BpeMsi, He TpeOyeT 3HAYMTEIBHBIX BBIYHCIMTEIBHBIX 3aTpat
MpH peLieHnn 3a1a4 ANQpakiiuy Ha HINHIPAX J1ake B TeX CIy-
yasx, KOraa, XapakTepHblii pasMep MONepevHoro ceueHus BelInK
M0 CPaBHEHUIO C JUTHHOH BOJIHBI MAAal0IIEro H3IyYeHMs.

E
Y /T
) 0
y=b
0 — T
0 ‘\..__. 3)
rL=a
Puc. 1. N'eomerpus 3agaun
I'eomerpus 3anzaun noxasana Ha puc. l. Paccmarpupanock

MaJICHHE BOJIHBI, UMEHOILIECH CAHHCTBCHHYK) OT/IIHYHYH) OT HYIIA
KOMIOHCHTY JJICKTPHYECKOTO 1MOJIA E_, Ha HACAIBHO NMpOBO/A-

HHiT UHIMHIP TPOH3BOJILHOTO TOTIepeYHoro cevenus. Jlis aua-
rpaMMBbl HAaNpaBlIeHHOCTH PACCESTHHOTO 07 UMEeT MECTO clie-
Jytoniiee cootHouenne [7]:

2z

fla)= _[V(qo)exp(f’kp(qo)cos(a —@))dep- (1

0
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IlpescTaBuM  HEW3BECTHYIO TOKOBYIO (DYHKIIHIO V(gp) B
BHJIE /IBYX CIIAraeMbIX:

v(p)=v"(p)+v(p). )

rje
V(g)={2 @heclo-r.0+7] (3)
0.0[0~7.6+7,]
— TOKOBas (PYHKUHUA B HPHOIMKEHHH (PM3MHECKOH OINTHKH,
B paccMaTpuBaeMoM c.nyttac

6r  plo) o9

rae £°) -z — KOMIOHEHTa NafaoIIero MoJs.

; C))

r=p(p)

-2 ~ plo

Gopmyne (2) mobaBouHas ToKOBas (yHKLHS V(‘)(gp)

OMpEIEsIeT «IOMPABOUHY IO JAHATPAMMY PACCEsiHUS f"')(a):
fNa)= I “Np)explikp(p)cos(a — ¢))de- )
[\]
Mcenonezys (1), (2) 1 (5), noaHyo auarpaMMy HarnpaBJIeHHO-
CTH MOKHO MNPEJACTABHTL B BHJE CYMMBI NapUHAIbHBIX JIHa-
rpamm:

fla)=f"a)+ fa), 6)

riae

2r

a)= [vPp)explikp(p)cos(a - p)dp- D

0
Bocnosb3yemes jlajiee MHTErPajibHO-ONEPAaTOPHBIM YpaBHE-
HueM [6, 7] st iuarpaMMbl HarnpaB/IeHHOCTH:

f“"( )+ Na)=ra)+
jexp[,;{p{qp cos{a— )] [L( jL 0.y Jexpl-ikplp)cos(y )] x

[f"’ (p+y)+ p+v) ]dwdcos (8)
rjae

e IV‘”‘ (@)explikp(p)cos(a — p))dg:

Lip.y)= p(co)cosw - p'(p)siny . ©)

Ilpencrapnss quarpammel f("'f"”'(af) B BUjie panos Dypee:

flerd(y Za(‘ 20 explima)>

m=—x
N HCIIOJIL3YA METO/ pEAYKIIHH, MoJy4acM CICIYIOLY CHCTEMY
JHHEIHBIX anreﬁpanttecv:nx ypaBHCHHﬁ I HEM3BECTHLIX

KO3()(pHUITHEHTOB a("]:

(10)

N n=NP)

m Z Gmn n m) E:f’ + Z Gum lllp} ’ {] l )
n=—Nl n=—N'")41
rie
m=-n+1) 27 - '
G, =" j{kp(w)Hff* (kplo)-in”?) Hﬂ"(kp(co))} x
4 o)

i, (k) expliln—mlplias

2z

al’ =i" [V, (ko(p))exp(~ imep)dep:

0
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O+

a? =2i" [V (o), (ko(p))exp(- imp)de-

-1

(14)

snauenus N7 BeIOMpArOTCs, MCXoad N3 TpedyeMoii TOUHOCTH
BBIYHCIICHHIA.

PaccMOTpHM HEKOTOpBIE MPHUMEPBI, XapakTepH3VIolHe 0co-
OeHHOCTH OnucaHHoro Bhile nojaxoxaa. Ipu pacuerax nonaranm,
4TO najawouiee noie (M. puc. 1) sBigercs MIOCKOH BOJIHOIM.
B stom ciyuae

W0 (9) ==L p(#)cos(9-0)+ ' (9)x.
xsin (gﬁ—ﬁ‘)}cxp[ip(qﬁ)cos(gﬁ—ﬁ)]

Ha pucynke 2 npejcrasienbl pe3yJbTaTbl, HIIIOCTPHPYIO-
[1He CXOIMMOCTh PAcyeTa MOJHOr0 CEUEHHs paccesHus s Kpy-
roporo uuauHapa. [lTokasana 3aBMCHMOCTE HOPMHPOBAaHHOIO

CeueHMs paccesHus ko’_‘_/(?_;r) or N) upu @ = 7/4, e
ko, 2 ¥,
= Zau d
2‘?"? T e N1
N =max(N("},N“’)),
a,[f) - aff’}, ‘n| < min(N(” -1, NV - I)
a,=1a"), NV —1<|y|<N¥ -1, N =N
a?), N9 —1<[p|<N® -1, N = N©)

(13)

(16)

(17)

Popmynst (16) u (17) npuBeaens s oduiero ciyyas, Korjia
N© = N @), f(ar) B o1OM ciyuae siBIsieTcs CyMMOit JIBYX OT-
pe3koB pagoR Dypee ¢ pasIHuHBIM  MHCIOM  CIAraeMbIX.
Ormerum, uto cornacHo (11), yncno HensBecTHBIX KOA(P(DHLIN-
€HTOB ai:') pasro 2N —1.

ko,

27
20 -

10 ~

0 N L T S Tl o 7 S et L T ENes e T o v 0L A s

0 5 10 15 20 25 30

Pue. 2. 3aBucumocts HOPMHPOBAHHOIO CEHCHHUA pacCcCaHui

ko /(27) or N

[lTpuxoBasi IMHNA HA PUCYHKE 2 — Pe3yJjibTaThl PacuyeToB B
npHOIKEHUN (PU3NUECKOl ONTHKH (f(a')=f[”)(a')). B Tom
ciyyae, Koraa y, =y, =0 ypasuenus I'MJIY copnajaior ¢

ypaBHeHnusmu MJTY.
Ha pucynke 3 npejacTaBieHbl pe3yibTaThl HCCIIEJIOBAHHS
exoaumoctd I'MJIY nipu pelnenun 3amaum paccesiHus IJIOCKOM

BOJIHBI HA CYNEPIUIMNTHYECKOM HMIHHAPE, KOHTYP MHOIMNepevHOo-
o CEUCHHA KOTOPOro ONnpeacifacTCd BhIPAKCHHEM
q q

ud [P P4 =1 (18)
a b
[Ipu pacuerax nonaranmm a=b, g=6, 0 =7 4.
ko,
—
151
10 P cnmmnd ] - N et ka =12
5_
O- : A e O e ey e )

0 5 10 15 20 25 30

Puc. 3. 3aucumocts kg, /(27) ot N

Ui eyl IEP’.)JIJI HIITHYECKOro LHIHHapa

IlpuBenenusie pe3yabTaThl MOKA3bIBAIOT, YTO, TPH HCMOTb-
soBannn 'MJIY pesynerar G/M30K PEIICHHIO, MOJIYHEHHOMY C
nomotbio 'O npu 0THOCHTEILHO HEDOJILIIOM HHCIIE CaraeMblxX
B pa3nosKeHHH MOMPaBOYHOM JnarpaMMbl HanpasieHHocTH. O-
HAKO MOJTHOCTBIO BHIYHCINTE MONPABOYHYIO AHATPAMMY YIaeTcs
JHIIL MCMOB30BAB TAKOE K€ KOJIMHYECTBO YIICHOB B Pa3ioKe-
HHM, KaK B «o0buHOM» MV,

Ilpuunna TOro WUIOCTPUPYETCH pe3y/ibTaTaMH, MpPeacTas-
JeHHBIMU Ha puc. 4 1 puc. 5. Ha pucynke 4 nokasana 3aBucu-
MOCTh g, = OT HOPAIKOBOTO HOMEPA KOS(HIMEHTa /2 NpH pac-

cesiHMM Ha KpyroBoM wmnape (ka =12, 6 = x/4).

|an]
1 g

10 ! 3 My

107~ k

10 ® ¢

I mn

0 10 20 30 40

10 ~*

Puc. 4. 3aBucumocTb KO3 (OULHEHTOB Pa3ioKeH!s AHarpaMMbl 0T 1

Ipu pacuerax B «obbrunom» MJLY, Beiparkenne s «rorpa-
BOYHOI» JAMarpaMMbl paccesHust f“"(gp) [PHHUMAIN B Clle-

AYHOUIEM BHIOC!
5 ,\r'-"_]

1p)=" X al explim,gp)-

n=|

(19)

- —
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NpHYEeM TOPSAKOBBII HOMep KO3 (uilMeHTa ;7 CBSI3aH C HOMe-
POM FapMOHMKH 7, COOTHOLICHHEM:
m, =(-1)" il (20)
2
e KBaJIpaTHBIC CKOOKH 03HAYaKOT ONEpalfio BBEIYHCICHHUS Lie-
J10i1 yacTH.

Kax Buano u3 puc. 4, koodduuuentsl paznoxkenns «rorpa-
BOYHOI» JnarpaMmbl Oojtee 4eM Ha MOPS/IOK MeHblue Kod(du-
1HeHTOoB, noiayyaeMeix B MJIY, oaHako ux 3aBHCHMOCTL OT 7
MMeET OTYETIIMBBII MakCUMyM 1pu 1 = 2ka.

()
15.0
- |7 ()]
10.0
5.0
0-0 IP/?T
0.0 0.5 1.0 1.5 2.0

Pue. 5. Paccesnie Ha Kpyrosom UMAHHAPE

Kax suano us3 puc. 5, pemienne I'MJLY asnsercs ObicTpo oc-
HUITHpYIoNel QyHKIHeH ¢ ABHO BHIPAKEHHOH TOMHHUPYIOLIEH
rapMoHuKoii. Jlns yckopeHnsi cXOIMMOCTH Pa3iokKeHHs Takoro
peleHns MOXKHO UCHOJBL30BaTh cieayiommii npuem. B «monn-
tupoBanHom» I'MJ1Y ucnons3yercs cnemnyioniee BuipakeHHe
JUIS «IIONPABOYHON» IHarpaMMBbl:

2Nl

No)= 2 a) explim,p)-

n=1

IJIe HOBBIH HOMEpP rapMOHHKH 77, , COOTBETCTBYIOUINI KOIDHH-

1)

LHCHTY ¢ HOMEPOM 7, ONPEAC/IACTCA BLIPAKCHHUEM!

n
m =" 2| M+(=1y| 2 | npu n<2M -1, (22)
n 2 "= 2
mupu n>2M -1
rae M — noaroHouHsli napaMerp (LEn0e 4UCio), ONpeesio-
1Kt HOMEp JOMUHMpYIOLIEH rapMoHukn. Kak MOKHO BHJICTb,

IPH ITOM TIEPBOMY KOAPPHIMEHTY B Pa3I0KEeHUH T10IPABOYHOI
JIMarpamMMbl COOTBETCTBYET rapMOHHMKA C HOMEPOM [M 2].

B ra6umue npuseaen npuvep s N =11, M =6:

RO 2)3(4|5[6[7|8]910[11[12]13]14[15]16]|17|18[19
mo|o]1]-112]-2|3|-3|4|4|5|-5|]6|-6|7|-7|8|-8[9]-9
m |3|-3]|-2|4|2|-4|-1|5[1|-5|0]|6]|-6]7|-7|8|-8[9]-9

Ha pucyHke 6 npeacTtaBlieHbl pe3yibTaTbl HMCCIIEIOBAHMS
HOPMHPOBAHHOTO WHTErPaIbHOrO CEYEHHs PACCEsHHs TLIOCKOI
BOJIHBI Ha KpyroBom iminuape. Ilpm pacuerax nomaranm
ka=12, 8 =74, M =20. llltpuxoBas THHUA — PE3YJILTATHI

pacuetoB B npuOmmkeHnn usndeckoii ontukn. Kak BujaHO u3

—e . ———
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pe3yJIbTATOB, MPEJICTABIEHHBIX HA 3TOM PUCYHKE, MOAM(DHUIIMPO-
paHuplii I'MJIY  naer npakTHyeckd TOUYHBIH pe3yibTar Mpu

N, <<ka.

ko,
27
10
Moandmunposannsii TMIY
My 0
5 F
0 PR T N T 1 |.|.||..|I;\'""'
0 5 10 15 20

Puc. 6. 3asucumocts ko, / (2;1') or N

B nacrosiueit pabore pasBuT ruOpHAHBIH METO JAHarpamMmm-
HbIX ypaBHenuit (I'MJ1Y), ocHOBaHHBIH HA HCIOJIB30BAHHH KOM-
Ounaunn MJIY u npubmmskenns: Gpusnyeckoid ontuki. JlanHbiii
1o/xo/1 001anaeT BoICOKOI Y((YEeKTUBHOCTBIO H, B TO 3Ke BpeMs,
He TpedyeT 3HAYMTENbHBIX BHIYHCIANTEILHBIX 3aTpPaT NpH pelie-
HUM 3324 AU(paKiiy Ha UMIHHAPAX Jaxke B TexX ciydasx, Ko-
r7a, XapakTepHblii pa3Mep MONepevyHoro Ce4YeHUsA BEIHK [10
CPAaBHEHHUIO C JUTHHOH BOJIHBI NA1AI0NIEr0 H3TYYeHHs.
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USING THE HYBRID PATTERN EQUATIONS METHOD FOR THE ANALYSYS
OF A SCATTERING BY A CYLINDER OF A LARGE CROSS SECTION

Dmitri B. Demin, Moscow Technical University of Communications and Informatics, Moscow, Russia, dbdemin@gmail.com
Anderei l. Kleev, P.L. Kapitsa Institute for Physical Problems RAS, Moscow, Russia, kleev@kapitza.ras.ru

Alexander G. Kyurkchan, Moscow Technical University of Communications and Informatics, Moscow, Russia;
Kotel'nikov Institute of Radio Engineering and Electronics, Fryazino Branch, Russian Academy of Sciences, Fryazino, Russia;
Central research institute of communication, Moscow, Russia, agkmtuci@yandex.ru

Abstract

Scattering of waves by obstacles whose dimensions substantially exceed the wavelength of the incident radiation is one of the key prob-
lems in the theory of diffraction. The complexity of direct numerical approaches to the solution of this problem consists in a significant
increase of the computational difficulties with increasing scatterer dimensions. In this paper we present a rigorous approach to the solu-
tion of the problem of wave scattering by cylinders, the cross section of which substantially exceeds the wavelength of the incident radi-
ation. The proposed methodology is based on the Pattern Equations Method (PEM), proposed in 1992. It was shown that PEM has
important advantages over many universal methods and is very effective in solving a wide class of problems. The high rate of conver-
gence of the PEM established in the above studies can be used to construct various asymptotic approaches. In particular, using PEM,
the authors succeeded in obtaining approximate formulas for the integral cross section for scattering by Rayleigh objects. In this paper,
we develop a Hybrid Pattern Equations Method (HPEM), based on the use of a combination of PEM and the Physical Optics approxi-
mation (PO). The integral-differential equation for the "correction" to the PO solution for of the scattering pattern is obtained.
An effective method of algebraization of this equation is proposed, based on the use of an additional fitting parameter determining the
number of the dominant angular harmonic in the expansion of the correction diagram. It is shown that this approach has a high effi-
ciency and, at the same time, does not require significant computational costs in solving diffraction problems on cylinders, even in cases
where the characteristic cross-sectional dimension is large compared to the wavelength of the incident radiation. The rate of conver-
gence, as well as the accuracy of the results obtained, depend little on the geometric dimensions of the cross section of the cylinder,
which makes this approach a promising method for calculating the scattering characteristics in those cases when the transverse dimen-
sion of the scatterer substantially exceeds the wavelength of the incident field.

Keywords: pattern equations method, high frequency asymptotic, numerical methods of the diffraction theory.
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3HEPTO3®PEKTUBHbIA CUHXPOHU3UPOBAHHbIN OOCTYN
K KAHAJIAM NEPEQAYU AAHHbLIX B KJIACTEPHbIX
BECIMTPOBOAHbLIX CEHCOPHbIX CETAX

DOI 10.24411/2072-8735-2018-10126

Fony6Hunuan Exkarepuna IOpbesHa, Knio4deebie cnoea: 6ecnposodHble ceHCopHble cemu,
noeon)KCKu[] 2ocyaapcm6eHHb'a yHueepcumem IEEE 802I54/ZlgBee, KnacmepHaﬂ monoJioaus,
20/108HOU y3e/1 Knacmepa, cessytowee Oepeso,
mapwpymuszauus, cynepkadp, TDMA, cynepciom,
ekaterina.golubn@mail.ru 2apaHMupo8aHHbIi 8DeMeHHOU ciom.

meneKoMMyHUKauul u uHgpopmamuku, 2. Camapa, Poccus,

B HacToslee BpeMa knactepHble 6ecnpoBoaHble ceHcopHble cetu (BCC) cranpapra IEEE
802.15.4/ZigBee asnatorca 3¢ppeKTUBHLIM U IKOHOMUYECKU BbIFOAHbIM pelleHneM ans op-
raHM3aLMu pasnnyHbIX KpynHoMacluTabHbIX cucteM MOHUTOPUHTra. OaHaKo, HeCMOTPA Ha U3-
BeCTHble npeuMyLecTBa ykasaHHbix BCC, B TOM Yncne BO3MOXKHOCTL CynepKafpoBoi Bpe-
MEHHOW CUMHXPOHM3aLMKU U ynpaBrneHue paboumMu LIMKIAMM YCTPOWCTB CETH, B laHHbIX ce-
TAX MOXET BO3HUKHYTb PAA Cepbe3HbIX NPo6neM Bbi3BaHHbIX KONNU3UAMU cynepKaapos (Ma-
AYKOB U NepefjaBaeMbIX AaHHbIX) NPU OAHOBPEMEHHbIX NepeAadyax HECKONbKUMU UHTepde-
pupyowmmMu (KoHNUKTHBIMU) ronioBHbiMU y3nammu knactepos (IF'YK). MomuMo atoro, npu
MEeXKNacTepHOM B3aUMOAENCTBUM U3-3a GONBbLLON HArpy3Ku Ha OTAeNbHble Y4acTKUM Maplu-
pPYTOB AOCTaBKM AaHHbIX (GnMxkaMLLMe K KOOpAUHATOPY), a TaKxke HeadbdeKTUBHOrO pacnpe-
AeneHusa pecypcoB cBobGoAHOro or KoHKypeHuun nepuopa pocrtyna (Contention Free
Period, CFP) cynepkaapoB, MOryT BO3HUKHYTb Neperpy3ku, pesynbTaToM KOTOpbIX ABNAETCA
npesbillEHNe AOMYCTUMOIO BpEMEHMU 3a/lepXKeK AOCTaBKM AaHHbIX U BO3MOXHO UX noTteps.
YkasaHHble ¢pakTOpbl 3HAYUTENBHO CHUXKaIOT Takue xapakrepuctuku BCC, kak HagexHoOCTbL
M OCTYMHOCTb, KOTOPblE B KOHEYHOM UTOre U onpeaensatoT ctabunbHoe (ycroinumsoe) pyHk-
unoHuposaHue cetu. NMoaToMy npu npoekTuposaHum paccmarpusaembix BCC pomxkHo yae-
NATbCA caMoe MpUcTanbHOe BHUMaHME BOMPOCAM OPraHU3aLMu MeXKNacTepHOro B3auMo-
AEeACTBUA NPU OCYLLLEeCTBIIEHMM MHOroLIaroBbix coeguHenun (multi-hop), B YactHoctn npu
nepepaye (MapLUpyTU3aLMMK) AQHHbIX K KOOPAUHATOPY.

PaccMatpuBaetrca npepnaraembiit nopxop Ha ocHoBe Metoga TDMA (Time Division
Multiple Access), koTopblit HapAAy ¢ rapaHTUPOBaHHbIM AOCTYNOM K paMoKaHany KOHKpeT-
HbiMu 'YK npu MexxknacrepHom B3aumopevicteum (multi-hop MapwipyTtusauuu), nossonur
TaKk)xe o6ecne4ynTb M 3KOHOMMUYHbIA pPacxop SHepPruM UX aBTOHOMHbIX GaTapei, 4YTO Takke
ABNAETCA OfHOW M3 BakHedwwwmx 3agay croawmx nepea BCC. CornacHo npepnaraeMomy
noaxoAy KOOpPAWHATOPOM CETU OCYLLECTBAAETCA LieHTpanu3oBaHHOe BpeMeHHoe MiaHupo-
BaHue pacnucaHuii nepegay cynepkagpos 'YK, a Takke nnaHupoBaHue rapaHTUPOBaHHbIX
npueMonepeaay AaHHbIX B Te4eHue 3Tux cynepkagpos (CFP). 3agaumn ykasaHHoro BpeMeH-
HOTO MNaHMPOBAHMUA 3aKMNIOYalOTCA B onpeAeneHuy HauMeHbLuen ANuHbl 6eCKOH(IMKTHOrO
pacnucaHus nepegay cynepKkagpos, B TOM Yucne 6ecCKOH(MAUKTHOrO pacnpefeneHus pecyp-
coB CFP 3Tux cynepkapapos, a Takxke B 6JIOKMpOBaHUM U3OLITOYHLIX CBA3EM (3 CHET aKTUB-
HbIX U HEAKTUBHbIX CYNepc/ioTOB) He BXOAALUMX B CBA3ylolee AepeBo ceTu. LleHTpanuso-
BaHHOe yrnpaBJfieHUe BCEW CETbIO OCYLLIeCTBNAETCA KOOPAUHATOPOM MO aHanoruM ¢ noaxo-
Aom opraHusauum ceteri SDN (Software-Defined Networking).

Ana untuposanumsa:
Tony6HuYas E.FO. DHeproahdheKTUBHbIN CUMHXPOHU3MPOBAHHBIM AOCTYM K KaHanaMm nepefaydn AaHHbIX B KINACTEPHbIX 6ECNPOBOAHBIX CEHCOPHbIX
cetsax /| T-Comm: TenekoMMyHuKaumm 1 Tpancnopt. 2018. Tom 2. N28. C. 9-18.

For citation:

Golubnichaya E.Y. (2018). Energy efficient synchronized access to channels of data transfer in cluster wireless sensor networks. T-Comm,
vol. 12, no.8, pp. 9-18. (in Russian)
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Beenenue

becnporojneie cencopueie cetd (BCC) nozponsior cBs3bi-
BaTb Mexucy coboil HeDoiblMe aBTOHOMHBIE ycTpoiicTBa (Mo-
TbI), OCHAIIEHHBIE CPEJCTBAMH [IPHeMa, Tepetadd u odpaboTku
JIAHHBIX C LEJIBI0 MOHHTOPHHIA SIBJICHHIH, IPOLECCOB, XapaKTe-
PHUCTHK MX CPE/ibl OKPYIKEeHHs U JalibHelllnell COBMECTHOIT nepe-
jpauu (Muoromarosoii (multi-hop) perpancisiinm) JaHHBIX MO-
HUTOPUHIA K LIEHTPAILHOMY YCTPOHCTBY (KOJIIEKTOPY), OOBIYHO
Ha3bIBAEMOMY KOOPAMHATOPOM ceTH. J[71 BO3MOIKHOCTH OCyIIe-
CTBJIEHUS (DYHKIIHIT MOHHTOPHHTA YKa3aHHbIE YCTPOHCTBA TaKKe
OCHAIAIOTCS BCEMH HEOOXOJAHMBIMH BHJIAMH JTAaTUHKOB (TeMIle-
paTypbl, BIAKHOCTH, JbIMA W JIp.), TOITOMY JIAaHHBIE Y37IBI MPH-
HATO Ha3bIBaTh ceHcopHbiMH. Cama ke naes bCC, kak 1 MHOTHE
JIPYTHE W3BECTHBIE TEXHOJIOTHH, MOIYYHIA CBOE Pa3BHTHE B BO-
€HHOH oTpacii, a MMeHHO B Hayane 1980 r., korjga amepukaH-
CKOE areHTCTBO IEPeJOBBIX ODOPOHHBIX HCCIIEA0BATEIBLCKIX
npoektoB DARPA npucTynuio K ucciieoBaHHIO pacripe/iesieH-
HBIX CeHCOpHBIX ceteii [1]. OnHako HecMOTps HA TO, YTO ¢ TOTO
MOMEHTA TPOIIJIO Y’KE HECKOIBKO JECATHICTHH, CEroiHs Kak
TOIJIa Nepejiaya JaHHbIX 10 OeCHpOBOAHBIM KAHAIAM CBSI3H SIB-
nsercs oJHOH u3 kmovesblx 3anad bCC, uto B Oosblueii crene-
HH 00YCJIOBJIEHO OrpaHMYEHHBIMHM PECYPCAMHU I0JIOCHI MPOMyC-
KaHHs, SHEPreTHYECKUMH PecypcaMy aBTOHOMHBIX Oatapeil y3-
JIOB, & TAKXKE BIIMAHHUEM pa3J'[P["1Hb]X MCIIAKIIHNX BO3HeﬁCTBHﬁ Ha
pacnpocTpaHeHHe paaHOBOIIH 110 OECIPOBOAHBIM KaHalaM CBS3H
[2].

ITpu npoexrupoanuu bCC naubosbluee pacnpoctpaHeHue
MOJIYYHIH Takue cranaaptbl OccripoBojHoi cBsasu, kak IEEE
802.11 u IEEE 802.15.4 [2]. Oanako, HecMOTpst HA TO, YTO JUIs
[IEPBOrO XapakTepHbl 0ojiee BBHICOKHE CKOPOCTH ITepejayuy JiaH-
HbIX, BTOpOil obecnieunBaer HauOOJIBLIYIO 3HEProdPPeKTHB-
HOCTB, YTO SBJISETCS OJIHMM M3 OCHOBHBIX TpeboBaHMIl Juisi yc-
TOHYMBOrO  (DYHKLIMOHMPOBAHMS OIPAHMYEHHBIX PECypcaMH
BCC. B wactHoctH, mnojiepixkupaemas cranjgaprom IEEE
802.15.4 cynepkajapoBas CTPYKTypa COOOIIEHMI, T03BOJIAET
3HAQYUTEIBHO COKPATHTh PACXO/l YHEPTUH aBTOHOMHBIX Darapeii,
MOCKOIIBKY Y371bI HE PACXOIYIOT SHEPTHIO HA MOCTOSHHOE XOJIO-
cTOE MpocIylIMBaHue pajnokanana kak B cinyuae IEEE 802.11, a
Tak/Ke MOTYT HaXOJHMThcA B 3HeprocOeperatomiem (crsmeM) pe-
AKHMME BO BpeMs HEaKTHBHOTO MEPHOJIA CYNepKaapa.

WMmenno mostomy maHHas crtartks Oyaer nocesimena bCC
cranpapra IEEE 802.15.4. Cneayer cpa3y oOpaTuTh BHUMaHHE,
yro cranaapt IEEE 802.15.4 ne pazpabartsiBasicsst KOHKPETHO JUIs
BCC, HO ¢ y4eroM ero KIHYEBBIX 0COOEHHOCTEH, KOTOpBIE
yloBaeTBopsioT npeabapiasieMeiM K bCC tpeboBannsam (Hu3Kkoe
sHepronotpedaeHne yCTpoicTB CeTH, HU3Kasi CTOMMOCTD HPOEK-
THUPOBAHMS CETH W JIpP.), OH MOTeHIHaIbHO nojaxoaut st bCC.
Cencopuble y31bl B jaHHbIX BCC (yHKIMOHHUPYIOT COINIACHO
YIPOIIEHHOMY CTEKY IPOTOKOIO0B, B KoTopoMm ctanjapt IEEE
802.15.4 peanusyer HUAKHUE YPOBHHU ((PH3HNUECKHIl, KAHAIBHBII),
a BepXHHE YpPOBHH (CETEBOH, NMPUIIOKEHHIT) peann3yer Crelu-
¢uxanus ZigBee [1]. Coueranue IEEE 802.15.4 u ZigBee (n1a-
nee IEEE 802.15.4/ZigBee) sipnsiercst XopoinM (QyHIaMEHTOM
[IPH [POSKTHPOBAHWH PA3JMYHBIX cHeTeM cOOpa JAaHHBIX, MOHH-
TOPHHIA U yIpasieHus. B crathe NpoBOJNTCS aHAIN3 KIIHOYEBbIX
ocobennocreit BCC, a takke akTyalibHbIX NpobieM cyluect-
BYIOIIUX B JAHHBIX ceTsX. PaccmarpuBaercs npe/uiaraeMblii
sHeproap ek THBHLIH noaxo Ha ocHoBe Merona TDMA (anri.
Time Division Multiple Access), KOTOpbIii 03BOJIHUT B paccMar-
PHBaeMbIX CETAX pPeaj30BaTh IapaHTHPOBAHHBIE MEIKKIIACTep-

HBIC B3aMMOJICHCTBHA C LIENIBIO Nepejaun (peTpaHcIsiul) JaH-
HBIX K X KOHEUHOMY TOJTyHaTEeTio.

Kirouessie ocobennoctu u 3aaauu BCC

Kak yie oTMeuanoch BbILIE, YMEHBIICHHE IHEPreTHUECKHX
3aTpar M YBEJIHMYEHHE OCTAaTOYHOH SHEPruM aBTOHOMHBIX Oarta-
peil CEeHCOPHBIX Y3JI0B SIBISETCS OJHOH U3 NPHOPUTETHBIX 3a71a4
BCC, kotopasi, Ge3ycloBHO, JIOJKHA peliaThes myteM sdex-
THUBHOTO HCIOJIL30BAHUS JIOCTYIHBIX YHEPIeTHYECKHX PECYPCOB.
H3BecTHO, 4TO NPU OCYIIECTBIEHUH KOMMYHHKALMI CEHCOPHbIE
y3JIbl MOTYT HaxoOJMThCH B OJHOM H3 HYETHIPEX PEKHMOB, a
MMEHHO B PEKHMMAX Nepe1au WM IPUeMa JaHHBIX (B TOM 4HCIe
KOMaH/IHBIX ), IPOCTYIIMBAHUS CPEJIbl MepeIaun Hin sHeprocoe-
peratomiem pexxume [2]. [lpu aToM Gonblnas yacTh SHEPTHH pac-
XOJlyeTcsl y3/laMH MpH npuemornepenaun aanueix. Takum obpa-
30M, 115 3()PEKTUBHOTO MCMONB30BAHMA JOCTYMHBIX 3HEPreTH-
YECKUX PECypCOB CEHCOPHBIX Y3/10B HEOOXOIMMO TaKk OpPraHu30-
BaTh MPOLIECC JIOCTYNA Y3JI0B K KaHaiaMm nepeaaun v multi-hop
MapuIpyTH3alMI0 JaHHBIX, YTOOBI B TEUEHHE STHX IPOLECCOB
pacxo/l IHEPruu aBTOHOMHBIX Oartapeil y3/10B ObUI MHHHUMAJb-
HBIM.

Ha cerojpsmnuii 1eHs ye pa3padoTaHo JJ0CTaTOuHO 00Jib-
IO€ KOJMYECTBO PA3IMYHBIX AIrOPUTMOB M IPOTOKOJIOB Map-
wpytuzauun st BCC [2-6], tem He MeHee, pabdoThl B 3TOM Ha-
[PaBJICHUH TO-NIPEKHEMY aKTHBHO BeayTcs. Tak B pabore [5]
aBTOPBI MPUBOJAT aHaIW3 Hanbojiee 3HAUMMBIX IMyOIMKAlHOH-
HbIX pabot (nopsiika 50) B jaHHoOil npeamerHoit obnactu 3a ne-
puox 2007-2016 rr. ITpumeyarensHo, 4to okono 42% 3Tux pa-
6ot BeinosiHeno B 2015 r., 4To euie pa3 roBOPUT 0 HEOOXOIUMO-
CTH COBEPLICHCTBOBAHUS CYIIECTBYIOIMX M/HIM pa3paboTKu
HOBBIX CIIOCOOOB MaplIPyTH3aLMH C LEJbI0 YIYYIIEHHs Xapak-
TEPUCTUK (PYHKLMOHUPOBAHUS M NPOJUICHHUS HKU3HEHHOTO LMKJIA
BCC. Huxke OyayT KpaTKo M3/105KeHbl HEKOTOPbIE XapaKTepHbIe
juist BCC ocobeHHOCTH, B TOM YHCIIe CBSI3aHHBIE C MPOLECCOM
nepe1ayn U MapiIpyTH3alueil JaHHbIX.

1) PasMelieHne CEHCOPHBIX Y3II0B M CaMOOPraHU3aLHs.
B mpezenax ceHCOpHOTO MOt y3IbI MOTYT OBIThH pa3MelleHbI
cayuaitHbiM 00pa3oM WM B 3apaHee ONpe/IeseHHbIX (BBIUNCIeH-
HbIX) KoopauHaTax storo moid. Ilpu sTom oboum BapuanTam
NPHCYIIAa CaMOOPraHM3YIOLIMECA apXMTEKTOpa CeTH, KoTopas
obecrnieynBaeT aBTOHOMHYIO PEKOH(UTYPALMIO CTPYKTYPhI CETH
IPH BBIXOJIE M3 CTPOS OJHOIO MJIM HECKOJBKHX Y3JI0B, TEM Ca-
MbIM obecrieunBasi JIOCTYNMHOCTh ceTH. MubiMu cioBamu, pac-
cmartpuBaembie camooprauusytoupecs bCC B otanume ot Tpa-
JIMIMOHHBIX CETeil CBA3H, MOTYT HE MMETh MOCTOAHHOMN apXHTEK-
TYPBI HA MPOTAXKEHUH BCEI0 JKM3HCHHOIO LIMKIIA CETH.

Taxkum obpaszom, ucnonb3yemas apxurexrypa bCC, nomkna
Y/IOBJIECTBOPSTE TAKUM TpeDOBaHMSAM KaK MaclITabupyeMocTh U
IOJIHOE ITOKPBITHE CCTH B TEYCHHE J0CTATOYHO OosbIIOro re-
puoja BpemeHu [6]. Oaunm u3 crnoco0oB, MO3BOJISAIONIHX JI0-
OMTBCS TOTrO, 10 MPABY MOKHO CHMTATh KJIACTEPU3ALMIO CETH
[7-9], mpu xoropoii ceHcopHoe rnoje pasduBaercs Ha 001acTH
OIPEJIC/IEHHOTO pasMepa — KJIacTephbl, B KaiK/I0M M3 KOTOPBIX H3
4HCIa MOJHO(YHKIHOHAIBHBIX YCTPOHCTB HaszHavaeTcst (MM
BbIOHpaeTcst 1o creuualsHoMy airoputMmy [6, 9]) rososHoit
y3en kiaacrepa (I'VK), a ocrainbHble C@HCOPHBIE Y3IIbl SBIISIHOTCS
yienamu kinactepa (UK). I'VK ocywecteisitor cbop (arperupo-
BaHue) JaHHeIX co Bcex coux UK, KoTOpble BBINOIHSIOT (hyHK-
MM MOHMTOPHHIA KOHKPETHBIX MOKA3aTeslei Ha I0JKOHTPOJIb-
HOIT UM TEPPUTOPUH.
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[Monyuennsie nanusie (B Tom uncie ot coceanux ['VK) I'VK
nepeialoT (perpaHciupyioT) B HANpaBIEHWH KOOpAHHATOpA Ce-
TH. YMeHblIeHHe JHepronoTpebieHns B JaHHOM cayyae o0bsic-
HACTCS TEM, YTO OTCYTCTBYET HEOOXOAMMOCTh NEpPe/1aut JaHHbIX
HernocpeAcTBeHHO KaumabiM y3itom cetn (UK) B HanpasieHun
KOOPJIMHATOPA, YTO 3HAYUTEILHO CHHIKAET KOJIMYECTBO OT/El]b-
HBIX Mepejay, B TOM 4uciie odLylo Harpysky Ha ceTb. [lomumo
aroro npu nepeaade YK nanubix tonsko ceoemy 'YK cokpaina-
ercs JIAJIbHOCTL CBS3H, W Kak clieJicTBUe Tpebyemas MOLIHOCTh
nepeiadyn | SHepreTHYeCKHe 3aTparsl aBTOHOMHBIX Dartapeii UK.
Cnenyer ofpatuTh BHUMaHue Ha TO, 4To B Kiaactepubix bCC,
KaK MpaBUIIo, MPHUMEHSIOTCS MepapXuyeckue MpPOTOKONBl Map-
HIPYTH3ALHH, TPUMEPOM MOKET CIIYKHTH LIMPOKO pacrpocTpa-
HEHHBIIT TPOTOKOI AJanTHBHOIN KIACTepH3alMH C HU3KHM I10-
Tpebnenuem sueprun LEACH (anrn. Low-Energy Adaptive
Clustering Hierarchy) [6].

2) Moaenu cereoro tpaduka. [lns bCC nanbonee xapakre-
peH TpahMK MOJENH «MHOTHE K OJHOMY», COIJIACHO KOTOPOMY
BCE Y37BI CeTH (B chaydae KiaactepHoii tonomornn — ['VK) ot1-
NpaBsioT AaHHbIE MOHMTOPHHTA (JIETEKTHPOBAHMS) K KOOp/H-
HATOpPY CETH, KaK MpaBWIO, C MCMOIL30BAHMEM MYTH C He-
cKOIBKHMH nepexoaamu (multi-hop). Ilepnoauunocts ornpae-
KW JIaHHBIX B 3TOM ciydae, onpejensiercsi creiuduuecknMn
ocobeHHocTsIMM KOHKpeTHOiH BCC, B 4aCTHOCTH KPUTHYHOCTBIO
KO BpeMEHH JIOCTaBKH JaHHBIX W/WIIM MPOUCXOIAIIMMH COObI-
Tusimu/3anpocamu. OUeBHIHO, YTO NPH JTAHHOI MOjIeN TpaduKa
HA OT/Ie/bHBIX OJIN3KO PACMONIOKEHHBIX K KOOPAMHATOPY Y4acT-
Kax MapuipyTa, MOTYT BO3HHKATh MEPErpy3KH, 4TO MOMKET MpH-
BECTH KAaK K IPEBBILICHUIO JOMYCTHMOIO BPEMEHH 3aIepiKKH
JIOCTaBKH JAHHBIX, TAK W OTKa3y Hauboliee «3arpymKeHHbIX» y3-
JIOB, B PE3yJbTaTe MOJHOTO MCTOIIEHHS IHEPIETHUYECKUX pecyp-
COB aBTOHOMHBIX Oartapeii. [ToaToMy B orpaHnueHHBIX pecypca-
mu BCC, kpaiine Baxuo obecneunsars cOanaHcHpOBaHHOE pac-
npejenenue TpaduKa no J0CTYIHLIM ONTHMAILHBIM MapIIpyTaM
JloCcTaBKH JaHHbx [11].

Jlna BCC xapakrepubl U apyrue Mojenn Tpaduka, HO B ro-
pasno menbiiem obbeme. K npumepy, npu ynpasnenun bBCC
KOOpAMHATOPOM (OOHOBIIEHHE MapaMeTpoB (YHKIMOHUPOBAHUS,
NEpeCTpoiika MapIIpyTOB J0CTABKH JAHHBIX M JIp.) HCIIO/Ib3YeT-
cs TpaHK MOJEIN «OJIHH KO MHOTHM», a KOIJia napa y3ios (uc-
TOYHUK — MOJIyHaTellb) B3auMoeiicTByeT mexmay coOoii, peusb
HJIET O Tpahuke MOJIENH «OJHH K OJHOMY» (HANpUMEp, ¢ LElbio
MNPHHATHS KOT0-THOO0 JIOKAILHOTO PeLIeH s ).

3) OrkazoycToiiunBOCTh. B cHily OrpaHHueHHBIX HEpPreTH-
YeCKHX PeCypCOB CEHCOPHBIX Y37I0B, a TaKKe psaa JAPYrux MpH-
ynuH (pU3nUecKHe NOBPEKICHHA, BO3ICHCTBHA OKpYIKalOLIEH
cpesibl ¥ JIp.), OTKa3 CEHCOPHBIX Y37I0B B mpolecce (QyHKIHOHH-
poBaHus npaxkTnyecku HeusOeskeH. OJHAKO, BBIXOJ W3 CTPOs
OJIHOTO WJIM HECKOJBKHX Y3JIOB HE J0JDKEH NpensTCTBOBaTh
(DYHKIMOHHPOBAHMIO OCTaIBHBIX paborocnoco0HbIX y3a0B. HMc-
KITIOYE€HHE HEMCNPABHBIX Y3/10B M3 MapIIpyTOB JOCTABKH JaH-
HBIX SIBAETCS 3ajayeil NPUMEHSeMbIX Ha YPOBHE YNpaBICHHS
jpoctynom K cpeige nepenaun (anrn. Media Access Control,
MAC) npoToKoI0B MapiupyTH3aIKuH, KOTOphIE A0IKHEl obecre-
YUBATh CBOEBPEMEHHOE TMEPecTPOCHHE MapLIPYTOB JOCTABKH
JIAHHBIX, BBIOMpas ApYroii JOCTYNHEI ONTHMATLHBII MapHIpyT.
OueBH/IHO, YTO NMPHUMEHEHHE B PAcCMaTpPHBAEMBIX CETAX «4MC-
TO» MPOAKTHBHBIX (Ta0IMUHBIX) NMPOTOKOIOB MapiupyTH3allnH
neapdexrurHo. ['opazno Gonwieii nponszsoautensioctu B bCC
MO3BOJIAIOT JIOCTHYL THOPHIHBIE NPOTOKO/BI, BKIIOYAIOIHE
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KOHIIETIIMH [POAKTHBHBIX M PEaKTUBHBIX IPOTOKOJIOB, KOIJia
3apaHee BbIYMCIICHHBIE MAPIIPYThL, IPH HEOOXOAUMOCTH MOIYT
ObITh 3aMEHEHBI HA JPYIUe JOCTYIHBIE B TEKYLIHIT MOMEHT Bpe-
MEHH ONTHUMalbHbIe MaplupyThi [4]. [uOpuanHbIii noaxoa npu-
MEHSAETCS B TAKMX PacnpocTpaHeHHbIX npoTokoiax, kak HWMP
(anrn. Hybrid Wireless Mesh Protocol), APTEEN (anrn. Adap-
tive Periodic Threshold-sensitive Energy Efficient Sensor Net-
work protocol) u ap. [2, 4].

4) Criocob nocryna k cpese nepenauu. B pacemarpuaeMbix
CETSIX CEHCOPHBIE Y3IIbl, B3aUMOJICHCTBYS MeK1y coboii no dec-
MPOBO/IHBIM KaHANaM CBSI3H, MOT'YT IOJIy4aTh JOCTYN K cpele
rnepe/iaul Ha OCHOBE BEPOSTHOCTHBIX WM JIETEPMHUHHPOBAHHBIX
metonoB. Ilepsrie npumensioress B8 nporokonax IEEE 802.11,
MCTIONB3YIOLIMX KOHKYpeHTHbIH Mexannsm aoctyna CSMA/CA
(anr. Carrier Sense Multiple Access/Collision Avoidance), Bro-
pbie B npoTokosax Ha ocHose TDMA, Kotopble Hapsty ¢ rapaH-
THPOBAHHBIM JIOCTYTIOM K paJMOKaHATy, TAK/Ke MO3BOJAIOT pac-
XOJIOBaTh 3HAYHTEIbHOE MEHbIIEe KOIHYECTBO IHEPrHMH Ha XO-
70CTOE MpochyliuBaiue paauokanana [12]. B nocneanee Bpems
0OMbIIYIO MONYAAPHOCTE CTAIW MOMYYaTh W rHOpHIAHbIE (KOM-
OMHUPOBaHHBIE) METOJIBI JOCTYIIA, coueTaroline B cebe komOu-
Hanuio obonx crnocobos [13].

5) Kauecrro obenyxusanms (anri. Quality of Service, QoS).
Obecnevenne rapantupoanHoro QoS B bCC ycnoxnsercs or-
paHMuEeHHBIMH YHEPreTHYECKMMH PecypcamMu aBTOHOMHBIX Data-
peii ceHcopHeIX y3i10B. [Toaromy Tpeboranus QoS mas bCC ot-
AMYAIOTCS OT TPAJAWLMOHHBIX TPeOOBaHMI, TAKHX KaK 3ajlepiKKa,
nponyckHas cnocodnocts, mautTep u ap. s bCC xe nanbo-
nee xapaktepHsl Takne TpeboBaHHs, Kak HaJeixKHOCTh (paboTo-
¢nocoOHOCTh CETH) M JIOCTYIHOCTE (BO3MOMKHOCTB CETH Mpejloc-
TaBJIATH YCIYTY), KOTOPbIE B KOHEUYHOM WTOIre M ONpeestoT
crabuisHoe (ycroiiunBoe) (ynkuronnposanue cetu [9]. Tem ne
MeHee, TPaJHIHOHHEIe TPeDOBAHUS B OTAENBHBIX MPUIOKEHHAX
BCC no-npexkHeMy MMEIOT HEMAIOBAKHOE 3HAYCHHE, TaK IPH
BO3HMKHOBeHHH onacHocTH B BCC MOHMTOpMHIA pasinuHbIX
CTHXUITHBIX Oe/ICTBHIl, JaHHbIE MOHUTOPHHIA JIOJKHBI OBITH
JIOCTABJIEHbl K KOOPJAMHATOPY B COOTBETCTBHHM C TpeOyembiM
BpEMEHEM H TOUHOCTBLIO [6].

CranapTHblii CHHXPOHH3HPOBAHHLIH pe:RUM padoThl

BCC cranaapra IEEE 802.15.4/ZigBee

B npeabuytyiem pasjene Kparko ObUIM pacCMOTPEHbI HEKO-
TOPBIE U3 YIKE XOPOLIO W3BECTHBIX AITOPHTMOB MapILIPyTH3ALIHHN
B BCC. B cnenytomem pasjene 6yayT u3/noxeHbl OCHOBHBIE ac-
nekThl paspabarsiBaeMoro aBropom Ha kadenpe MCUb dI'EOY
BO III'VTH B pamkax rmoJrotoBKH JHCCEPTALMHA HA COMCKAHHE
YUEHOH CTeNeHH KaHIuaaTa TEeXHHYECKHX HayK IMOJ PYKOBO-
acteoM npodeccopa Jinxtunnaepa b.5. cnocoba sneproaddex-
THBHOMH NpHeMonepeay 1 MapLIpyTH3aLHUH JaHHBIX B CHHXPO-
HU3HPOBAHHBIX KaacTepHbiX ApesoBuaHblx bCC  cranmapra
IEEE 802.15.4/ZigBee [14]. Ilepen onucanneM HenocpeacTBeH-
HOTO CaMOro MpPeUIaraeMoro crnocoda, MEET CMBICT B TEKYLIEM
pasjiesie KpaTko HM3JI0KHTb KJIFOUEBble OCOOEHHOCTH CTaHIapT-
HOr0 CHMHXPOHM3MPOBAHHOIO (MasuKOBOro) pekuma paboThl
bCC cranpapra IEEE 802.15.4/ZigBee.

Kak 6110 0OTMEUEHO B MPE/IBULYIIEM pa3jie/ie CEHCOPHBIE y3-
JIbl OCHOBHYIO 4acTh SHEPIHM CBOMX aBTOHOMHBIX Oarapeii pac-
XOJYIOT MPU HAXOXKICHUH MPHEMOMNEPEeaTunKOB B aKTHBHOM
coctoauun. B npunoxkennax BCC ¢ npojomsKHTeIbHBIMH HH-
TEHCHUBHBIMH M HEYNPABJIAEMBIMU PAbOUMMH LHMKJIAMH Y3]10B
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CETH MPOUCXOIUT OBICTPOE MCTOLLEHHE YHEPreTHYECKHX pecyp-
COB aBTOHOMHBIX OaTapeii, n kax ciaejacreue s taknx bCC xa-
paKTepeH HEeNpoIOKHTEIbHBIH JKu3HeHHbIH 1nK1. Takum obpa-
30M, Ha ypoBHe MAC, orpannuennsix pecypcamu bCC, cyuect-
ByeT HeoOXoAuMocTh B odecnedeHnn Bananca MeKILy J10CTHIKE-
HHEM BBICOKOTO KayecTBa pachpesie/ieHHsi paJuopecypcoB (B
TOM Hucie, TpedyembIx nokaszareneii QoS) M sHepreTHYECKUMH
3aTpaTtami.

Jlast peasmzanuu 9T0i Hean aoskHa OblTh perieHa npodiema
XOJIOCTOrO MPOC/YLIMBAHUS PAJHOKaHAIA, KOTOPask CYLIECTBYET
TOI/1a, KOIJIa MHOKECTBY Y3JI0B HaXOJALIMXCSA B 30HE PajIHOBH-
JUMOCTH APYT Apyra U ()YHKIMOHHPYIOUIMX HA OJHOM H TOM 7Ke
paboveM KaHajle, HEM3BECTHO KOMY KOHKPETHO TNpeaHasHauyeH
TeKyHMid TpaMK JaHHBIX, [OITOMY MX [PHEMOIIepeIaTdnKH
JIOJIKHBI OCTOSIHHO HAXOJUTLCS B PeKHME TIpHeMa.

Cranpapt IEEE 802.15.4/ZigBee npemycMaTpHuBaeT BO3-
MOZKHOCTh YNpaBjieHHs padounMH LHKIAMH Y3]10B KIaCTePHBIX
apesoBuanbix BCC npu GyHKIMOHHPOBAHNH CETH B CHHXPOHH-
3UPOBAHHOM (MasuKOBOM) peiHME, HTO M03BOJIAET COKPATHThH
NPOJIOJDKHTENLHOCTE  MCIIOJIB30BAHMSL  [IPHEMOIIepPe/IaTYHKOB
cencopubix y3noB (I'VK, UK), ne napyuas (pyHKIHOHUPOBAHNS
cety [15]. CHHXpOHHU3ALMS TTO3BOJISICT YCTPOHCTBAM HAXONUTHCS
B sHeprocOeperaiomeM (CrseM) peskiMe MeKIy COIacoBaH-
HBIMH TIepeadaMu, n3deras NpOCIyIIHBAHUS B JKIAYLIEM PEiKH-
M€, YTO B CBOIO OH€pe/lb, NPUBOINT K YBEIUYEHHUIO [POJIOIKH-
TenpHOCTH Ku3HeHHoro mikiaa bCC. B ykazaHHOM CHHXPOHU3H-
poBanHOM pexnme paborsl BCC mcnonb3yercs onpeaesieHHas
crannaprom IEEE 802.15.4 crpykrypa cynepkaapa [7, 16], npn-
Mep KOTOpOii npejcTasien Ha puc. 1. Bo3amoikHocTh renepaiun
CYINepKajpoB HMEIOT TOJIBKO MOMHO(YHKIIMOHAIBHBIE YCTPOHCT-
Ba (B paccmarpuBaembix BCC — ['VK).
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Puc. 1. [lpumep cTpyKTYphI cynepkazapa

CrpykTypa cynepkajapa npeicrasiager co0oil onpeaeneHHbit
MepHo;l BPEMEHH, OMHUCHLIBAEMBIH JBYMS OCHOBHBIMH TapaMert-
pamMH: HMHTEPBAIOM MEXJAy KajapamMH MasukoB (auri. Beacon
Interval, BI), koTopslii onpejensier Bpemst MEKIY JABYyMs Toclie-
JIOBATENILHBIMH CHHXPOHU3UPYIOIUMH MasvyKaMi CyNepKazipoB
M JUIMTENBHOCTRIO cynepkaapa (anrn. Superframe Duration, SD),
ONPeICSIONYIO MPOJIOIKUTEIBHOCTE AKTHBHOTO MEPHOAd V3-
JIOB CHHXPOHH3HPOBAHHBIX TEKYLIEi CTPYKTYpOii cynepkajpa. B
cBol0 ouepeib 3Hadenuss Bl u SD onpenensiioress cooTerct-
BYIOIIMMH MEPEMEHHBIMH, 2 MMEHHO MOPAIKOM Masuka (mac-
BeaconOrder, BO) wu nopsakom cynepkaapa (macSuper-
JframeOrder, SO), 1 B CHHXPOHH3HPOBAHHOM PEKHUME Ompese-
JISIFOTCSI COrIACHO BhIparkeHuto (1):

SD = aBaseSupe;_-,:fi-ameDm‘at‘."on- 2}::} npu 0< S0 < BO <14, (1)

BI = aBaseSuperframeDuration -2

riae aBaseSuperframeDuration — MuauManbHas GazoBasi JUIM-
TelbHOCTh cynepkapa paBHas 960 cumponos (480 Gaiir).

Takum oOpazoMm, B CHHXPOHH3UPOBAHHOM PEKHME NPH CKO-
poctu 250 K6ur/c n wacrornom auanaszone 2.4 I'T'u munnmanb-
Has OasoBasi JUIMTENLHOCTL Cynepkaipa paeHa 1536 wmc
(npu SO=0), a Bl u SD moryT npuHuMarh 3Hauenus ot 15,36 mMc
1o 251,7 c. Kak Bnano u3 puc. | aktuBnsiii nepuoa (SD) cynep-
Kajipa pasjiesieHHblii Ha 16 OJMHAKOBBIX BPEMEHHBIX CJIOTOB
(0-15), Brmo4aeT KOHKYpeHTHBII nepuoa aocryna (aurn. Con-
tention Access Period, CAP) u cBoGO/HbIH 0T KOHKYpPEHLHH
nepuos aoctyna (anra. Contention Free Period, CFP), kotophrii
sipisiercss onuuoHanbHeIM, Kpome Toro, koopamnarop (I'VK)
MOJKET TaKKe BBOJMTH OMIMOHAIBHBIH HEAKTHBHBIH NepHoj
(npu Bl > SD ), B TEUECHHE KOTOPOr0 CHMHXPOHM3HPOBAHHBIC Y3-
1Bl Tiepexo/isT B sHeprocOeperatonmii pexxum. CAP 3anyckaercs
cpasy nocjie Kajapa Masuka M 3aKaHYMBAeTCs B 3aBUCHMOCTH OT
CTPYKTYpBI cynepkajipa mudo B kouue SD, imbo o navana CFP,

B reuenne CAP Bce y3i1bl, CHHXPOHH3HPOBAHHBIE C TEKY1LEH
CTPYKTYpOii cynepkajapa, npi BO3HHKHOBEHHH He0OXO0MMOCTH
nepeaayd Kakux-1ubo JAHHBIX (B TOM 4HCIE YHPaBIAIOIINX
(KOMaHHBIX)) TEKYLIEMY HCTOYHUKY CyNepKaapa HCHOJIb3YIoT
OCHOBaHHBII Ha nepuojiax orcpourH (anria. Backoff Period, BP)
mMexanusm caotosoro CSMA/CA [7].

Onuuonansueiii CFP nomxen 3anyckarbes cpasy nocle
oxonuanus CAP u 3aKaHUMBaTBLCS B 3aBHCUMOCTH OT CTPYKTYPBI
cynepkajapa nnbo B konue SD, nubo g0 Hauana HeakTMBHOTO
nepuoja (npu ero cyuectsosannn) cynepkaipa. CFP pximouaer
rapaHTHpoBaHHble BpeMeHHble ciaotel (anriu, Guaranteed Time
Slots, GTSs) ang y3n0B TpeOYIOMNX HU3KOI 3a/IepiKKH U TapaH-
TUPOBAHHBIH JI0CTYN K KaHajlaM Mepeladyd JaHHBIX, TO eCcTh B
ITOM Cllyuae B TeUeHHe MPEeABapUTEeIBHO BhIJCICHHBIX (10 3a-
npocy) ucrounukom cynepkajapa GTSs onpeneneHHbM y3mam,
ocyHiecTBIs0Tes rapanTupoanabie TDMA coemHeHus Mexty
HCTOYHUKOM CyTEpKajpa 1 STHMH Y3JaMH,

Takum oOpazom, BCAKHIT pas, KOTJa CHHXPOHH3HPOBAHHOMY
y3ny Tpe0yeTcs rapaHTUPOBaHHAA T10J0CA TMPOMYCKAHHs IS
B3aMMOJICHCTBHSA (nepeaaun/npueMa JIaHHBIX) ¢ ONpeJleIeHHbIM
HCTOMHMKOM cynepkajapa (poaurensekuM win aouepanm I'VK),
emy HeoOxoaumo Bo Bpems CAP Tekyuiero cynepkaipa orrnpa-
BUTBL KoManiy 3anpoca GTS ucTodHHKY cynepkajipa, KOTOpbli
nocle Moay4eHHs 3anpoca BHITIOIHSET NPOBEPKY HATMYMS J0C-
TynHeIX pecypcoB B Teuenne CFP. Cynepkaap umeer mocTyn-
ueie pecypesl CFP, B ToM ciyuae ecnm MakcuManbHOE KOJIMYe-
ctBo GTSs ente He 6bU10 BhiICIEHO ( N — 7 CJOTOB) U BbI-

max_ (T8x
nenenne GTS tpebyemoiil jumubl He ymenbiuut jaauny CAP
MEHbLIIe MUHUMAILHON (aMinCAPLength =440 cumsosior (220

Oaiit nan 7.04 Mc)).

Cornacno cranpapry oOpaboTka 3armpocoB M BbljeIeHHE
GTSs ocyLIeCTBISIOTCS UCTOYHUKOM CYNEpKaipa COINIacHo ajl-
ropurmy FCFS (aurn. First Come First Served), npu sTom BCe
GTSs momkubl pazmemarbea cMekHo nocie CAP 1o konua SD.
Pesynabrarel obpabotkm 3anpocoB Ha Beinenaenune GTS mocty-
nusikx B teuenue CAP Tekyuiero cynepkajpa, nepeiarorcs B
KaJpe Masuke CleAYIOLEero cynepkaapa (noje JecKpunTop
GTS), npu ITOM cOrfacHO CTAaHJAPTY HMCTOYHHUK CyTepKaapa
JonzkeH Xpanuth Jgeckpuntop GTS kaioro ycrpoiictsa B CBO-
em kajape masuke B TeueHue aGtsDescPersistenceTime cynep-
KajipoB (1o ymojuanuio 4) [16]. Hanpaenenne GTSs moxer
ObiTh Kak Hucxomgammm (auri. downlink, DL) ot wucrounuka
Cynepkazpa K CHHXPOHH3UPOBAHHBIM TEKYIIHM CYIIEPKaJIpOM

e  ———————
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y37nam, Tak U Bocxomsimum (anri. uplink, UL) oT cuHXpoHH3H-
POBaHHBIX Y3lI0B K MCTOYHHKY cynepkaapa. To ecTb, ecin CHH-
Xpouuzupyemomy y3iy Bbiaenen GTSp;, TO OH JO/KEH Haxo-
JUThCS B pexxnMe npueMa Bo Bpemst storo GTS, u coorBercT-
BeHHO npu GTSy; — B pexxume nepefaun. MHumanus nepepac-
npenenenus (B Tom uncie ocBoboienns) GTS mMoxer Bbinon-
HATHCSA, KAK CAMHM CHHXPOHHM3MPOBAHHBIM Y3IIOM, TAK M HCTOY-
HHKOM CyTIepKajpa.

B mepBoM ciyuae CHMHXPOHH3MPOBAHHBINH Y3el OTIpaBiIsieT
HCTOYHUKY cynepkajapa sanpoc GTS c ycranosiennem «0» B
nepemennsie noanons Characteristics GTS.

Bo BTopom ciryuae, eciii HCTOUHMK CYNEpPKaipa He Molyqaer
B GTS nmaHHbIe OT CHHXPOHU3HMPOBAHHOTO Y371a WIIH XKe HE MoIy-
YaeT KaJpbl MOATBEPIICHHSA HAa OTMpaBIAeMbIe LI HEro JaH-

Heie B Teuenne 2 * n cynepkaapos, riae snauenne A (2):

e 289 npu 0< BO<S; )
I, mpu 9< BO<14.

SHeprodgdeKTHBHBII CHHXPOHH3HPOBAHHBIH c10cod

npHeMonepeJayH JAHHBIX B peKHMe peaJibHOro BpeMeHH

PaccMmoTpeHHBIH B NpeiblIyieM pasjene CTaHAapTHBIA all-
roput™m HasHadeHus GTSs mmeer cymecTBeHHbIE HEIOCTaTKH
JUIA KPUTHYHBIX KO BPEMEHH JIOCTABKH JJAHHBIX W OIPAHNYEHHBIX
pecypcamu BCC [3, 16, 17]. IIpexie Bcero, 3T0 BBI3BAHO TEM,
YTO CHHXPOHHM3HPOBAHHBIE C TEKYIEH CTPYKTYpOil cynepkaapa
Y371l HE MOTYT IOJYYHTh FapaHTHPOBAHHEIH JOCTYN B pamKax
TEKYLIEro Cynepkajpa, a JOJKHBI 0KHAATH TMOCHEAYIOUIHX CY-
NEepKajJpoB M B Cllyyae HeyJa4yHbIX 3alpocoB MM HEOOXOIHMO
MOBTOPHO I'CHEPUPOBATh HOBBIE 3anpockl Ha Beylenenue GTS B
teyeHue CAP nocneayommx cynepkaapos.

Hcnonb3yemslii nopsaok odpadortku 3anpocoB FCFS Tarke
Hedpdextusen ans BCC, NmOCKOIBKY OTHENbHBIE Y3IIBI MOTYT
OblcTpee 3ampaluBaTh OCHOBHYIO 4acTh pecypcoB CFP, uro
npenarcTeyer Boigenaennio GTSs mis apyrux ysinos. Hubivn
CJIOBaMHM, CTAHAAPTHLIN anroput™ pacnpejenenus GTSs ve naer
TAPAHTHH MOIYYEHHS CHHXPOHH3HPOBAHHBIM Y3IIOM B HYIXKHBIi
MOMEHT BPEMEHH rapaHTHPOBAHHOM MOJIOCHI TPOITYCKaHUs, YTO
MOKET 3HAYUTENbHO CHU3UThH d(M(HEKTHBHOCTh (YHKIIMOHHPOBA-
uust BCC, k npumepy, yBelInuuBaromas 3aiepKka npu nepeaqe
JAHHBIX K KoopAauHaTopy cety, B otAensHeix bCC moxker npu-
BECTH K YAaCTHYHON WM/IM MONHOH «Oecnone3sHocTH» STHX JlaH-
HbIX. B CcBA3M C ueMm, ceroiHs MHOrue 3apyOekHble McCle10Ba-
TeNN YAeNAloT NpHCTajlbHOE BHUMaHHe AaHHOi npobneme. Tak,
B pabote [17] aBTOpHI NMPOBOAAT aHanM3 HaHOOIIEE MOMYJISAPHBIX
MO/IX0/I0B, MO3BOAAIOIMX 100uThCA Gonee adpexkTHBHOrO pac-
npenenenus pecypcos CFP.

Kaskplii U3 paccMOTpeHHBIX MOAXOJ0B, 0e3yclOBHO, CIIO-
coOCTBOBA YIy4IIEHHIO CTAHAAPTHOIO MEXaHW3Ma pacrpeje-
nenust GTSs, 0HAKO KaxIblii HMEET M HEJOCTAaTKH, OOIbIIHH-
CTBO M3 KOTOPBHIX CBS3aHO C BBICOKMMH BBIYHCINTEIBHBIMH
CHOKHOCTAMU pa3pabaTbiBaeMbIX AITOPUTMOB Ul OFpaHHYEH-
HBIX JHEPreTHYECKHMH PEecypcaMmd H BBIYMCIHMTE/IBHBIMH BO3-
moskHocTsiMu BCC. B cBs3m ¢ 3tiM B Hactosueii pabote npea-
Jlaraercsi B paccMaTpHBAEMBIX CETAX MPUMEHHTh LEHTPAIH30-
BaHHBIH TOAXO[, COIJAaCHO KOTOPOMY KOOPJIMHATOP CETH,
MMEIONIHI HEOrpaHHYEHHBIE IHEPTeTHYECKHE PECYPChl U MOLIL-
HbIC BBIYHCIMTENbHBIE BO3MOMKHOCTH, OCYIIECTBISAET OECKOH-
(IMKTHOE BpEeMEHHOE IUIaHHPOBAaHWE paclucaHuil nepejaay cy-
nepkaapos u pacnpeaeneaue GTSs BHYTpH 9THX CYTEpKapoB.
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SNEKTPOHUKA. PAOUNOTEXHUKA

Ha pucyHke 2 npecTaBieH npuMep KJIacTepHOH JPEeBOBHI-
Hoit BCC, ocHOBHbIE dTansl (JOPMHPOBAHHUS KOTOPOW, a TakkKe
rpejularaeMblif EHTPAIM30BAHHbIH AITOPUTM BPEMEHHOTrO IJ1a-
Huposanns padorel BCC OyayT paccMOTpeHbl HHKE.

KOOPILIHATOR

oBaacTs KIacTEpa rad
roAoBHOI e kiacrepa

HACH KIacTepa

1000

PAAHOCEASE, BXOJALIN B CAATYIOMCC JCPCRO CCTi

&
v

IIJHTII'II.'CKIIN PAIHOCHATH

Puc. 2. Tononorus knacrepuoii apesoeuanoii bCC

Ha navanesom stane hopMHpOBaHHS TOMOJIOTHU KIACTEPHOMH
CEeTH, CEHCOpPHOE ToJIe, cocToslee U3 Habopa CcTaTHYECKUX CEH-
COPHBIX Y3710B, pa30MBaercd KiacTephbl, KauIbli W3 KOTOPBIX
BKJIFOYAET HECKOIbKO THIOB Y3/I0B, B YacTHOCTH CEHCOpHBIC
Y3/1bI ¢ OrpaHMYeHHBIMH HabopaMu QyHKIMIA 1 NOTHODYHKIMO-
HaJIbHBIE CEHCOPHBbIE Y3IIbl, TO €CTh paccMaTpHBaemas B pabote
BCC sBnsiercs rereporenHoii. [lepBeie BBIMOMHAIOT (QyHKIMH
oOHapykeHust (MOHHUTOPHHTA) cOOBITHIT HA MOAKOHTPOIBLHONH UM
TEPPUTOPHH, A TAKIKE MOIEPHKHUBAIOT CBA3b co cBouM I'VK, BbI-
O1paeMoro cornacHo M3BECTHBIM AJTOPHTMAM W3 HUCIA MOJIHO-
(hyHKIMOHATBHBIX Y3/I0B TEKylero kiacrepa [6, 9].

I'VK nomumo (yHKUHMH MOHHTOPHHIA BBIMOIHAIOT TaKKe
(YHKIMM YIpPaBIeHHA CBOMM KIACTEPOM, OCYIIECTBIAIOT MEK-
KinactepHoe B3aumozeiictsue ¢ Apyrumu 'YK u xpanar B nams-
TH TOMHMO Tabumi KopoTknx ajapecoB UK HeoOXommmbIx s
OCYIIECTBICHUS BHYTPUKJIACTEPHBIX KOMMYHUKALWii, TaKKe
HEOOXOIMMBIE IS OCYIIECTBICHHS MEKKIaCTEPHBIX KOMMYHH-
kauuii Tabmunel MAC-agpecoB cocennnx ['VK. Opnako mc-
MONB30BaHWE B TPOIECCE MApIIPYTH3AIMH BCEX MAOCTYIHBIX
MEKKIACTEPHBIX CBA3ell Hedp(EeKTHBHO, KaK ¢ TOYKH 3pPCHUS
MaciTabupyeMoCTH  aIropuT™Ma IUIAHUPOBAHUS  (ITPOJIOIIKH-
TeJIbHOCTH BPEMEHHBIX pacrucaHuii), TaK M CHHKEHHA IOKa3a-
tesneii QoS. IToatomy B paccMaTpuBaeMoM alropuTMe Hpe/uiara-
ercsi copmupoBannyo B kauaom u3 'YK tabmuuy anpecos
cocenuux 'YK B mporecce IMMpPOKOBEINATENBHON paCChUTKH
HELLO-nakeToB, MCMONB30BAaTh B AalbHEHIIEM TPH MOCTpoe-
HHH aKTHBHOTO CBA3YIOILEro JiepeBa cetu (aurua. Spanning Tree,
ST) or rmaBHoro kopHeporo yina (koopaumnaropa (I'VKg)) mo
Bcex knacrepos cetH (I'YK).

Ha pucynke 3a npezacraBineH Qopmar HIMpOKOBELIATEIBHO
reHepupyemoro kakzaeiM u3 'YK HELLO-nakera. Cocemnnue
I'VK, nonyuas HELLO-naker, 3aHocaT B COOCTBEHHYIO TaOnuILy
angpecoB cocennux I'VK ampec ormpaeurtens HELLO-nakera
(ecnu panee ero He ObIIO), a TaKKe TEKylIee annapaTHO H3Me-
pPEHHOE Ha (PU3HYECKOM YPOBHE C TIOMOIIIBIO BCTPAHBAEMBIX YCT-
POICTB 3HA4YeHWE TMoOKazarTe/ls YPOBHA MNPHHMMAEMOIrO CHTHaIA
(anrn. Received Signal Strength Indicator, RSSI) nomyuennoro
HELLO-nakera (nome Bocxomsuiero RSSIy, ). Janee I'VK, nomy-
yuiimit HELLO-naker, opMupyeT 1 oTrpapisieT NoATBEPHICHHE
no azgpecy otnpasurens HELLO-nakera (puc. 36, B), 3anuceiBas B
MoJie JaHHBIX M3MepeHHoe 3HaveHne RSSI.




SJIEKTPOHUKA. PAOUOTEXHNKA

I'VK, noiayumB mnakeT NMOATBEPIKIAEHHS, BBITIOJIHIIOT aHAJIO-
IHYHbIE JefiCTBHs, conocTaBiss B cBoeil agpecHoit Tabiuue aj-
pec cocennero ['VK (ornmpaeurens nakera nmoaTBepiKAEHH) CO
3naveHneM RSSI nmomenieHHBIM B [0Jie JIAHHBIX TIOJYYEHHOT'O
nakKeTa rnmojaArsepiaeHus (mome Huexozgmero RSSIy, ). [Tpu atom
nepBas CTPOKa paccMaTpUBAeMOi aJpecHoil TabIuisl 3apesep-
BHpOBaHa A1s 3anucH ajapeca poaurensckoro 'YK npu mo-
crpoennn ST B Teyenne creyiomero tana. B pamkax ganHoro
sTana muaHupyercs, yto Kaxaeiii 'YK Tonbko omuu pa3 ort-
npapnsier mmpokopeniareabHelii HELLO-naker, rme B mose
«MaKCHMalbHOE 3HaueHHe cueTumka hop» ykasbiBaeTcs pomyc-
THMOE 4Hciio nepexonos (hop) /s naHHoro nakera pasHoe 1,
4YTO MCK/IIOYAET BO3MOMKHOCTH €ro JajbHeiined mnepenauyn
coceauumu I'VK.

Alpec Afpec Makcimamsioe | YK ] I YK ]
reatens | omnparirens | snanenme cueriin hoj )

Tun | Hnewmadmxatop :
HELLO-naxem

al Todmeepxcdenve
Aupec Aupec T o HELLO-naxem |
l N noTyaTENs ompaame.'ul Aunae ‘ {Todmeepacderie
// . @)
e M Ajpec cocenero Merpnka
il A IyK RSSly; | RSl
Haewmguxarop R551
HELLO-nakera | HELLO-makera |

a) 2l
Puc. 3. ®opmarsi: HELLO-naxer (a), naker nojrsep:iaeHus
HELLO-nakera (0), cxema oomena HELLO-naketamu (B),
Tabauua agpecor coceauux I'VK (r)

Takum 06pa3zoM, B TeYeHNE OMMCAHHOTO BBILIE ITANa, B KawK-
oM u3 I'VK Oyzer chopmupoBana Tabiuia aJpecoB COCETHHX
I'VK (puc. 3 (r)), cogep:kaiias 3HaAYEHUs] CTOMMOCTEH (MeTpHK)
coenunennii ot (RSSIy ) u mo (RSSIp) kaxaoro cocemaHero
I'VK ¢ xoropeim texymmii ['VK mmeer HenmocpeacTBeHHYHO
cBsi3b. Ha JaHHOM dTane JOCTYIHbIe MEKKIACTEpPHbIE COe/InHe-
HUS MOXKHO paccMaTpvBaTh B BHJE OPHEHTHPOBAHHOIO B3Be-

wennoro rpada G = (V, E, w), rae ¥V — koneunoe MHoxkectBo ['VK

ABIAIOIMECs BepimHamu rpada; £ — MHOkecTBO pebep (ayr)
rpada mexay I'VK umerommmu HEnocpeaCTBeHHYIO CBA3b, IPH

y1oMm ecym cymectsyer ayra (£ ) or 'VK; k I'VK;, To juist pacemar-
puBaeMoro G CIpaBe/UTHBO (I'VK,,I'VK,)#(I'VK ,I'VK,):

w — BecoBas (yHkmmsa ayr rpada (RSSIy, RSSIp), BeICTY-
MaroLas B Ka4ecTBe METPHKH CTOMMOCTH COEJAMHEHHUS, 3HAUCHHE
KOTOPOH Uil Jyru E:(FVK‘.,FYKI) UHTEPIPETHPYETCH KaK

WLIMHA» yyacTka (['VK,, FYK;. ).

B pamKax cIemyiomero rarna, HHHIHHPYEMOTro KOOPIHHATO-
pOM ceTH, ocyliecTBlseTcst moctpoenue ST, coracHo KOTOpOMY
OyJIyT OCYIIECTBIATLCS BCE JIAJIbHEHIINE MEKKIacTepHbIe B3au-
MOJICHCTBHS, B TOM YKCIIE TIPH NIepeiaye (peTpaHciAlnm) JTaHHbIX
MOHUTOPHHTA K KOOPJMHATOPY CeTH («MHOTHE K OfHOMY»). ITo-
crpoerne ST B BCC npeiaraercst OCymecTBIsTh 10 aHAIOTHH C
HPOBOJIHBIMH. ceTAMH, padoTatommmu 1o npotokony STP (anrm.
Spanning Tree Protocol), KOTOpEIi O3BOMSET B CETH ¢ M30BITOY-
HBIMH COEIMHEHUSIMH HCIOIb30BaTh TONBKO OJMH JIOTHYECKHii
nyTh (MapupyT), OIOKHPYsl M30BITOYHBIE IYTH (TIOPTEI KOMMYTa-
TOpOB), o0namatoiue 6onee BEICOKOI CTOMMOCTEIO [14].

Cornacno STP moctpoennoe ST nomknHo obnagark MHMHH-
MaJIbHOH 00IIel CTOMMOCTBIO /10 KOPHS, TO €CTh B CIydae eclid
CYIIECTBYET HECKOJIBKO JOCTYIHBIX IMyTeH 10 KOPHA, TO M3 HHUX
BeIOHpaeTcs 00Iaar0IIHil MEHBIIEH CTOMMOCTBIO.

ITpu TOM 00IIasi CTOMMOCTH TIYTH OIPE/IENIAETCS MyTeM CyM-
MHPOBAaHHS WHIWBHIYAIBHBIX CTOMMOCTEH IOPTOB (YeM BbIIIe
CKOPOCTh, YEM MEHBIIIE CTOHMOCTB) HA MYTH OT KOMMYTAaTOPOB JIO
kopha. Onnaxo, B pacematpuBaeMbix bCC, rae cKkopocTh coetiHe-
HHUSl HE MTPaeT TaKOW pellaoneid poid, JAaHHBIH THIT METPUKH TIPH
noctpoeHnn akTueHOro ST He sABNseTcs npeanodTHTenbHbM. [lo-
ITOMY TIPEAJIaraeTcsi B Ka4ecTBE METPHKHU TIPU OIPeIeNICHHH CTOU-
MOCTH TYTH HCIIONB30BaTh M3MEPEHHBIE B paMKax MpPEeIbLIyILEero
srana 3Hadenns RSSI. Bennuuna RSSI 3aBucnt ot MomHocTH ne-
pesaTuMKa, JOCTYMHBIX SHEPreTHUYECKHX PECypcoB, PaccTOAHMS
MEJKIy MCTOUYHMKOM M MOJIy4aTeseM, XapaKTepHUCTHK Mepeiatomei
W TNPHEMHOI aHTEHH, CPeJibl PACNPOCTPAHEHUsA PaJHOCHIHANA W
onpenensercs 'YK anmapatho no norapudmuueckoil 1kane
B JIBM, TO €CTh YeM MeHee oTpHIaTe/bHoe 3Hauenne RSSI, nim uem
OHO DoJtee MoNOKNTEIEHOE, TEM CHIIBHEE YPOBEHb CHIHAIA.

C yuerom ocoOeHHOCTEH paauoceTeil U reTeporeHHOro xa-
paktepa paccMarpusaemblx BCC, 3nauenunss RSSIy u RSSIp,
KOTOPBIE MPE/UIaraeTest HCIOAb30BaTh B KAYECTBE METPHK, MOTYT
OBITh Pa3/IMYHBIMH, TO €CTh B 3TOM CIIy4ae peub JI0JKHA WITH 00
OPHUEHTHPOBAHHOM B3BelieHHOM ST, 4TO 3HAYMTENBHO YCIIOXK-
HUT JIabHEHIINI  allTOPUTM  BPEMEHHOI'O  IJIAHUPOBAHMS.
IToaromy npu ornpejieleHH| CTOMMOCTH IYTH JI0 KOOPJMHATOPa
npe/ularaercst, 4rodsl Ha JanHoMm stane 'YK, nepen nanbueii-
el perpaHcisiunei Mmoiy4eHHOro NPOTOKOJIBHOrO O/0Ka JaH-
ubIX (auri. Protocol Data Unit, PDU) koopaunaropa u aHaim-
30M Tekyuiero cymmaproro RSSI B nosie «ctoumocts myTH 10
KOpHst», cymmupoBanu yixe umetouieecs B PDUgp 3Hadenue
RSSI ¢ mensimmMm 3HauernemM RSSI (RSSIyy; /RSSIp; ) cooTBercT-
BytoumM coceanemy 'YK ot kotoporo nonyuen texyumii PDUgy
(puc. 3r). Ilpu sTOM B cliyyae eclii o/iHO M3 3Ha4eHuii (RSSIy
um RSSIp) orcyrerByror B ajgpecHoii Tabiuie Uil TEKyIIEro
cocejiHero I'VK (osHocTOpoHHSSE (OpHEHTHPOBAHHAs) CBSI3b) WIIN
MHHMMalIbHOE 3HaueHne RSSI nuske ycranosienHoro nopora, To
nonyuennstit PDUgy ot qannoro I'VK urnopupyercst.

Ecin merpuka coceanero I'VK yiosiersopsier BceMm ycio-
BusiM U Tekymmii PDUg obnanaeT nydineid MeTpuKoii (¢ yueTom
CYMMHpOBaHHA HMeloleiica croumocTd nyTtu (RSSI) ¢ munu-
MaibHOM MeTpuKoii cocennero I'VK) B cpaBHeHHH ¢ paHee Io-
nyueHHbBIM PDUgy, To I'VK 3anuceiBaer B epBylo CTPOKY CBOEH
azpecHoil Tabmuiel agpec Tekymiero otmnpasutens PDUsgy (co-
ceprero I'VK) u o011yio cTOMMOCTE TIYTH JI0 KOpHS (KOOpIHHA-
topa). Takum oGpa3oM, B MPOTHBOMOJIOKHOCTE POBOIHBIM Ce-
TaM mpotokona STP, ecnim B BCC moctynen Gomee ueM OIHH
MyTh JI0 KOPHA, TOTrJa BeIOMpaeTes myTh (3):

Psr = argmax min RSS/(/), 3)

pef el
rae p,, — BblOpaHHbIi myTh B noctpoeHHoM ST, obnajaroumii

HAHOOJIBIIMM MHHHMAIILHEIM 3HaueHueMm RSSI; P — mHOMxkecTBO
JIOCTYNHBIX IyTeil Mekay kopHem (koopaunatopom) u I'VK;
LP — MHOMCCTBO 3BCHBCB (Me}KKHaCTeprIX CBﬂ?ﬂ:ﬁ) IYTH p-

[Tpoao/mKuTENEHOCTE PACCMOTPEHHOTO BBILIE 3Tarna Onpejie-
nsiercs Bpemenem sku3Hu PDUgr koopauHaTopa, 3a/1aBaeMoe UM
HAa OCHOBaHHH HMeIOIeiics Yy Hero MH(MOpPMAIHH O Npearoia-
raeMbIx pasmepax cratudeckoit bBCC. Tlocne okoHuaHHs J1aHHO-
ro srana kaxaomy u3 I'VK cTaHOBHTCS M3BECTEH €ro poJauTeb-
ckmit I'VK (u3 uncna ero cocequux I'YK) B ST, koTopomy B mo-
CIIEIYIOIIEM OH JIOJDKEH OTNpPaBIATh (peTpaHcIHpoBaTh) Bce
Mpe/IHa3HavYeHHbIe JUIs KoopAuHaTtopa (KopHA) daHHBE. Takum
obpazoM, B mocrpoeHHoM ST, kaxawiii w3 I'VK moxkeT umerhb

T-Comm Tom |2. #8-2018




TOJBKO OIHOrO poautensekoro 'YK u (0...(N,,

—1)) AoYepHHUX
I'VK. Ilocne ucreyenns: Bpemenn sku3an PDUgy, Bce ['VK ¢ nc-
nonp3oBanneM Mexanusma Gecenorosoro CSMA/CA, otnipasis-
0T TI0 ajpecy cBoero poautensckoro I'VK coGersennsie nH(pop-
marmoHHbie PDUpro, TIOMEIIas B 1oJie JJaHHBIX MH(OPMALHIO 0
JIOCTYITHBIX MEKKIIACTEPHBIX cBA3saX (one-hop) m poautensckom
I'VK B nocrpoennom ST (puc. 3r). ITomumo cobcTBeHHBIX
PDUjnro, Bee poaurensckue I'VK perpanciupylor B Hanpasiie-
HUM KopHA nonydeHHsie PDUpro oT cBonx nouepanx ['VK.
Onwucannelii nponecc moctpoenus ST B npeniaraeMom anro-
put™Me rapantupyet, uto ST ¢ Goablieit BEpOSITHOCTBIO BKIIIOYA-
€T TOJIBKO MEKKJIACTEPHBIE CBSI3M, XapaKTepH3YIOUINECs BBICO-
KHMH MUHUMaJIbHBIMHU 3HaueHussMu RSSI, uTo Takke no3BossieT
BBLIEANTL M3 G HeopuentupoBannoe ST, B KOTOpOM Kakiaas
BeTBb ( £ ) npezcrasnsger co0oi AByHaNpaBlIeHHbII KaHA CBA3H
mexay napoit I'VK. Ongnako B pacemarpuaeMsix bCC, otcyT-
CTBYET BO3MOXKHOCTH O/0KkHpOBKH He Bomemmunx B ST noctyn-
HBIX MEKKJIACTEPHBLIX CBsizeH ((Gu3HUeCKUX pajuocBaseii) 1o
aHAJIOTHH C TeM, KaK TO peall3yeTcsa B MPOBOJHBIX CETAX MpO-
tokona STP. [lng npeogonenus JaHHOTO OrpaHMYeHHs paaHoce-
Teil mpeiaraeTcs HCroib30BaTh MEXaHW3M BPEMEHHOTO TIaHH-
POBaHMs, KOTOPHBII 3a CYET CO3/1aHus COrJIaCOBAHHOIO pacruca-
Hug pabotel BCC no3BoiuT OCylecTBUTL OJOKUPOBKY ITyTei
((m3uuecknx cBaAzeil) oOnamalomMX MeHBHIEH CyMMapHOMH
CTOMMOCTBIO B cpaBHeHHH ¢ noctpoeHHslM ST. K umeny 3amau
YKa3aHHOTO BPEMEHHOIO TUIAHMPOBAHUS, OTHOCHTCS M HMCKIIIO-
YeHHE BO3MOMKHOCTH BO3HMKHOBEHHS KOH(MIMKTOB, KOTOpBIE
MOTYT BO3HHUKHYThH Kak B cly4ae, €ClIM POJMTENbCKHI U J04ep-
nnii 'YK ocymiectisior nepeaady cynepkajzpoB B OHOM W TOM
AKe CYNepesioTe, Tak U B CJIydae eCiii POJAMTEILCKHI WK J10uep-
e ['VK B TeueHHe 0HOro cynepciora MpHHAMAIOT CyTnepKa-
pei oT Heckonbkux 'YK (poauTtensckoro u mouepunx) [12].
CnenoBarenbHo, 18 HEAOMYLIEHUs KOJIM3MH nNepejapae-
MBIX cyrnepKaapoB HeobXoanmo utobsl Kax el n3 I'VK ocyme-
CTBIISAJ TIepe/iady cOOCTBEHHBIX CYMEPKAJPOB POJAUTEILCKOMY H
nouyepanm 'YK B cymepcnoTe koTopelii He Mcnonb3yercs (s
npuema win nepenadn cynepkanpos) I'VK, pacnonoxennbiMu
OT TEKYNIEro Ha paccTOSHMM KakK MHHHMYM JIByX TE€pPEXOI0B
(hop). Kpome Toro npumeHsieMblii ajlroput™M BPEMEHHOIO Ijia-
HUPOBaHHA N0JDKEH 0o0ecneydTh TAKOE pacrucaHue, MpH KOTOo-
pom koH(pukTHEIE ['YK, B MOCTPOEHHOM HEOPHEHTHPOBAHHOM
ST umeroT pa3nuyHele aKTHBHBIE cynepcaoTsl. Jlns peanuszanun
9TOIl 3aa4n MpeAIaraeTcs NPUMEHUTh TPAJMIIMOHHBII MaTpHy-
HBIH crocol, NpH KOTOPOM KOOPIMHATOP HA OCHOBE NOJTYyYEHHOH
uHpopMauun B PDUpo co3maer ape marpuubl. [leppas npen-
ctaBiseT co0oit MaTpuIly CBAZHOCTH CM = ¢, » OTPAKAIOIYIO BCe

zocTynHbie npsimbie cessu Meskay I'VK, rie snatuehus ¢, (4):

1, ecom VK, smasieres powrrenem [VK, 8 ST;
¢; =11, ecam VK, swanerea pebenkom VK, B ST,
0, ecom cymeetsyer (uznieckan cambmenay ['VK, n I'VK, nesxonaas B ST;

(4)

Ha pucynke 4a mnpeicraBlieHa MaTpHia CBA3HOCTH JUist
paccmatpuBaemMoii B padote BCC (puc. 2), B kotopoii Bce ['VK
nponymepoBansl o7 0 1o N, To ects paccmarpuBaemas CM
npeacrasisger coboii KBajipaTHyl Matpuily pasmepa Nx N,

cojieprkauyro HH(opmaino 060 Bcex AOCTYNHBIX one-hop cBs-
3ax Mexay 'YK, B Tom umcie o panee noctpoeHHoMm ST.
K npumepy, nepsas cTpoKa NpeACTaBACHHOH MaTPHIILI OMHCHI-
BaeT HH(pOpMAaIMIO 0 cBsa3HoCTH KoopanHaTopa (['YKy).
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Takum oGpa3zoM, JaHHas MAaTpHIA MO3BOIAET KOOPIAHHATOPY
OIpe/Ie/IuTh BCe CBSA3M, KoTopbie BXoaaT B ST, To ecTh A0KHBI
OBITH AKTHBHBIMH (3aNJIAHUPOBAHHBIMHI) H KOH(JINKTHBIE (N30bI-
TOYHBIE) MEKKIACTEPHBIC CBSA3H, KOTOPHIE JOIKHBI OBIThH «3a-
Onokuporaney. lanee koopaunarop Ha ocHoe CM cocrtasisier
Bropyto Matpuiy (TDMA (TM)), B kotopoii Kaxaas cTpoka
OTIMCBIBAET pacnycaHve Tepesad CYNepKaJIpoB B TEUEHHE CY-
nepciotor nuisia padorsl BCC u ganueix Bo Bpems GTSs atux
CYINepKapoB, a Kax /bl cTonbdel — pacnucaHue rnpuemMa cyrnep-
kazpoB I'VK; or I'VK; (puc. 46). K npumepy, Bropas ctpoka TM
onuceiBaeT BpemenHoe pacnucanne 'YK, B e TDMA BCC,
cornacHo kortopomy I'YK; no/mkeH ocylecTBIsThH nepeaady
coOCTBeHHOro cymepkaapa cBoemy poaurensckomy [YK,
(GTSy) n mouepunm I'VKs (GTS,4), 'VKs (GTS5) B cynepcnote
2, a cornacuo Bropomy cronbuy B 1 (I'VK, (GTSy)), 5 (I'VK;s
(GTSy)), 6 (I'VK (GTSy)) cynepenorax OCYLIECTBISATL MPHEM
CyNepKaapoB, a B ocTaBuiMecs cyrnepcnotsl (3, 4, 7) I'VK, naxo-
JINTCA B SHEprocOeperaroiiemM peknme.

MexaHu3M BpPEMEHHOrO IUIAHMPOBAHMS PACITHCAHMIl [PHEMO-
rnepeay CynepkaapoB OCYLIECTBISETCS ¢ MCMOJL30BAHUEM ailro-
purMma packpacku septuut (I'VK) 1 noucka s mmpuny BFS (anrs.
breadth-first search) Tak, uro nukaxkue Bepmmnbl (I'VK) oaunako-
BOIO 1IBETA HE JIOJKHBI KOH(IMKTOBAaTH (MHTEp(EpHPOBATL) Kak
MesKly coDOH M HE BbI3bIBATH KOH(IMKTLL Ui IpUeMoriepesady
JIPYTUX BeplumH (Ha puc. 206,B) HOMEpa CyNnepe/ioToB M CTapTOBbIE
GTSs coortsercTBYIOT HOMepam 1BeToB). Pacnpenenenne GTSs
CYNEPKA/IPOB TAKAKE OCYLIECTBISETCS ¢ HCIOJIBL30BAHHEM AITOPHT-
Ma PacKpacky CHHXPOHH3HPOBAHHBIX C TEKYLICH CTPYKTYpoOil cy-
nepkajpa epiiut (poaureasckoro u godepuux I'VK), B ciyyae
ecitu N, > N, » T0 porutensckomy ['VK Bbiiensieres Oobiias

yactk CFP, yro ofycnoBieHo TeM, 4To OCHOBHaA 4acTh Tpaduka B
pacematpusaembix BCC TpaHcimMpyerest K KOOpAMHATOPY, TO €CThb
o1 aouepHux K poautensckum ['YK B ST.

ITocne okoHuUaHHs PacCMOTPEHHOTO BBHIIIE BPEMEHHOTO TIa-
HUPOBaHHA KOOPJMHATOP TEHEPHPYET MIMPOKOBENIATEIbHBIH
PDU ppma, B 10J1€ JaHHBIX KOTOPOr'o pazMelnaetr HHPOpMali o
ke TDMA (puc. 48). 'YK, nonyusas PDUpya 3anuceiBaioT B
CBOHM TaOJIMIIBI MApLIPYTH3AIMK AJIpeca POJNTENLCKOrO M J10-
yepunx 'YK, a taike cooTBeTCTByMOUME MM BpPEMEHHbBIE WH-
tepBansl (cynepenorsl, GTSs). Takum oOpazom, kaxiaomy ['VK
Oyjer n3BectHo B kakux cynepenorax (GTSs) ero npuemonepe-
JIaTUUK TOM/KEH HAXOAMTLCS B AKTHBHOM peXHME, a B KakuxX B
sHeprocoeperatomeM. 3arem ['VK nactpampaiotes Ha paboty
cornacHo uukity TDMA, B npouecce ¢ynxunonuposanms bCC
KOOPJMHATOP MEPHOJAHYECKH OTNPABISIET CHELHATbHBIC MapKe-
PHBI JUTS CHHXpOHM3aHK TaiiMepoB (umkinoB TDMA) I'VK.,

Ipeosxkennslii criocod aocTyna K KaHaiam nepejady JaH-
HbIX Ha ocHoBe Metosa TDMA nosgonut ocyumecteuts multi-
hop MapuipyTH3aHio Npy JABYXaJPECHBIX MAKETaX, CO/IeprKalinx
ajipec HavanbHoro otnpasutend (HO) u koneuHoro nomyyarens
(KIT), no ananoruu ¢ Tem, KaK 3TO peaM3yeTcs B MPOBOJHBIX
cersix nporokosa STP, koraa just poctuskenust aapeca KIT ysen
BCEI/Ia HAMpPAaBJISET MaKeT B TOT MOPT, Yepe3 KOTopblil panee Obi
nony4eH naker ¢ ajgpecom gannoro KIT B mone HO nakera.

B paccmartpuBaeMbIX CeTsAX HOMEp MOpTa 3aMEeHSAETCs HOMEPOM
cynepciora unkina TDMA u craprosoro GTS cynepkaapa nepe-
JIAIOIIIErocs B TeYeHue 3Toro cynepenora. Ha pucynke 5 npejicras-
nena crpykrypa mnkina TDMA BCC puc. 2, cornacHo KOTOpoMy
ocymecTBisercs GeckoH(INKTHAA npHeMoriepesiada CynepKaIpos
H JIAHHBIX BHYTPH 9THX cyniepkaapos (8 Teuenne CFP).

GIS
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Puc. 4. Peanusauus ueHTpaau3oBaHHOrO AIrOPUTMA BPEMEHHOI0 NIaHupoBaHus Koopanuatopom Ha npumepe bCC puce. 2:
marpuua ceasioctu (a), TDMA marpuua (6), pacnucanue unkna TDMA BCC (B)
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Puc. 5. Crpykrypa unkna TDMA pacemarpusaemoii BCC
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Bo Bpemst CAP cynepkajipa CHHXPOHU3UPYEMbIE € TEKYLIEH
cTpykTypoit cynepkaapa ['VK (poaurensekuii n qouepHue) KoH-
KypUPYIOT 3a NPaBo Mepeiadn JanHblX HCTOYHHUKY Cynepkaapa B
COOTBETCTBUH ¢ anroput™mom ciotoBoro CSMA/CA, McTOUHNK
cymepKajpa TakKe MOMKET KOHKYpPHpOBaTh 3a NpaBo nepeaayn
cunxponusznpoBanusiM ['VK. Bo Bpemsi CFP ucrounuk cymnep-
Kajpa OCYILUECTBIAeT rnepeaavy HaHHbIX KoHkpeTHbM ['VK B
TeueHue 3apesepsupoBanubix s HUX GTSs. B oboux ciayuasx
Ha OTIpaB/AEMbIe JaHHble TpebyeTcs MOATBEPIKACHHE MPABUIIb-
HOCTH TMpHEMa OTHPaBJICHHBIX AaHHBIX. B ciyvae ecim B npo-
necce (ynkuuonuposanus snadenus RSSIy uiam RSSIy cuu-
JKAIOTCS HUKE YCTAHOBJIEHHOTO MOPOra WM K€ €CJIH Ha OTHpas-
nsiemble aanneie 'YK He nonyyaroT moATBEPKICHHUS B TEUEHHE
k cynmepkaapos, To I'VK oTnpapisiioT 3anpoc KOOpAHHATOPY Ha
nepectpoenne ST. Tawke crneayer 3amMeruTh, YTO COIJIACHO
npetaraeMoMy ajlrOpUTMY 3HaYEHHs MapaMeTpoB CYNepKaipoB
(BO, SO) enunpl ans Beex 'YK, BeimunHy KOTOpBIX ornpeaeser
KOOP/IMHATOP B 3aBHCHMOCTH OT CBSI3HOCTH CETH.

CornacHO paccMOTPEHHOMY BBILIC LEHTPATH30BAHHOMY aJl-
ropurmy juis pacemarpusaemoii bCC, coaepikameii 11 knacre-
poB (puc. 2), uuxn TDMA priawouaer Bcero 7 cCynepeioToB
(t;-t7), 4TO CTAIO BO3MOMKHBIM 3a CUET MOBTOPHOIO MCMOJIB30BaA-
HUA OT/CJIBHBIX HEKOH(QIMKTHBIX cynepcrnotoB (2: VK, —
'YKy, T'YK;, I'VKg; I'VK;jq — I'VKy; 5: T'YK; — I'VK;; T'VKS
— I'VK;; I'VKy — I'VK;; 6: I'VKs — I'VK,; ['VK;; — I'VK;;
['VK,y). UroObl CHrHAIBI COCEHMX CYIEPCIOTOB HE HAK/IAbIBa-
JIMCh JIPYT Ha JIpyra, B Ha9ajle Kax10To Cyrnepeiora npejiycmar-
PHBAeTCs 3alUTHBIN BpeMeHHOoil unTepsan. C 1ebio YMEHbIle-
HHS 3aJICPIKEK JIOCTABKH JAHHBIX aITOPHTM [JIAHUPOBAHHS LIMK-
na TDMA BCC jpoikeH CTPeMHTBCA BKIIIOYATH MHHHMAILHO
BO3MOJKHOE KOJIMYECTBO cynepcsioToB. OJHOBPEMEHHO € ITHM
npu rmnanuposannn uukaa TDMA BCC 10/5KHO BBITTOIHATHCS
TpeboBaHHE HEJOMYCTHMOCTH ONMHCAHHBIX BbIIIE KOH(IHKTOB,
BO3HHMKAIOIINX [TPY [IPUEMOoIiepeiauax JanHblX, a Takke 0J0KH-
poBaHHe M30BITOUHBIX CBA3€l (32 CUET HEAKTHBHBIX CYINEpCIIo-
TOB) He Bowmeammx B ST,

JakioueHue

B crarbe paccmoTrpensl kioderbie ocobennoctn bCC cran-
napra IEEE 802.15.4/ZigBee, a Tarke akTyaabHbie npobiaemsl.
Jlna pemenns nmpobieM CBA3aHHBIX ¢ OrPAHMYEHHBIMM pecypca-
mu yerpoiicts BCC, «cripaBe/UIMBbIM» pachpe/ieliecHHeM pecyp-
coe CFP cynepkanpa, npejoTBpailieHueM KOJUTH3MH CynepKaj-
POB [PH MEKK/IACTEPHOM B3aUMOJCHCTBUH JUlsl paccMaTpHBae-
mbix BCC ¢ nepuoanveckoil MOJACIBbIO OTIPABKH JAHHBIX ObLI
NPEUIOKEH  LEHTPAIN30BAHHLIH [10JIX0/L YIPABICHHS CEThIO
KOOPJIHHATOPOM, B paMKax KOTOPOIO OCYLLECTBISETCS BpeMeH-
Hoe muanuposanue npkna TDMA BCC. CornacHo npeaioxeH-
Hoii cTpykType mkina TDMA, kaxasiii n3 'YK (3a uckniouenn-
€M TMOCTOSHHO AKTHBHOTO KOOPJMHATOPA) HAXOJIUTCH B AKTHB-
HOM peKHME B CyNepclIoTe KOTOPhIH Ha3HAYeH eMy /i nepeja-
un coberBeHHOro cynepkajapa csoum coceanum ['VK (poau-
TENBCKOMY M JlouepHuM) B ST, a TakKe B CynepeioTax KOTophie
BblJIC/IEHB! YKazaHHbIM coce/inum 'YK s nepenaun ux cynep-
kazpos. Dto nospoiser 'YK naxoamrtees B sHeprocheperaio-
IEM PEeKHME MOMUMO HEaKTMBHOI 4acTH cynepkajpa, Takke B
HEeaKTHBHBIX cynepciorax uukia TDMA, uro obecneunsaer
IHEprod(PPeKTHBHOCTE Mpe/ularaeMoMy alropuTMy.

[IpennosxenHslii 1IEHTPATH30BaHHbIH MOJIX0/] YIIPABICHHS Ce-
THIO KOOPJIMHATOPOM M0 aHAJIOTHH ¢ opranusaimeii cereii SDN
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(aurn. Software-Defined Networking), taioke obecrieunsaer snep-
rod(pQeKTHBHOCTL 32 CHET CHIKEHUS BBIMHCIMTENLHONH (ynpas-
nsnowieit) Harpyskn I'VK. Tem He MeHee, HECMOTPS Ha yKa3aHHbIE
MPEHMYILECTBA MPE/TOKEHHOTO AITOPHTMA IIEHTPATN30BAHHOIO
ynpasnenns bCC, B OTAENBHBIX CTyHasX, OH MOKET UMETh U He-
JIOCTATKH, BbI3BaHHbIE HEIP(EKTHBHBIM HCIIONB30BAHHEM BbIJIE-
neHHbIX pecypcoB I'VK ¢ Huskum o0beMOM  repejiaBaeMoro
(perpaHciupyemMoro) Tpauka, B HaCTHOCTH TO MOJKET Kacarbesl
pacroiokeHHbIX Ha nocieanem yposHe ST I'VK. B nacrosiuee
BpeMms Bejietcs padorta 1o anpodainy NpeUIoKeHHOro allropuT™Ma
CPEICTBAMH HMHTALOHHOTO MOJCIIMPOBAHMS.
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ENERGY EFFICIENT SYNCHRONIZED ACCESS
TO CHANNELS OF DATA TRANSFER IN CLUSTER WIRELESS SENSOR NETWORKS

Ekaterina Y. Golubnichaya, Povolzhskiy State University of Telecommunications and Informatics (PSUTI),
Samara, Russia, ekaterina.golubn@mail.ru

Abstract

Currently, cluster wireless sensor networks (VWWSNs) based on the |EEE 802.15.4/ZigBee standard are an efficient and cost-effective
solution for organizing various large-scale monitoring systems. However, despite the known advantages of these WSNs, including the
possibility of superframe time synchronization and control of workers cycles of network devices, there may be a number of serious
problems caused by collisions of superframes (beacons and transmitted data) can occur in these networks at simultaneous transmis-
sions by several interfering (conflict) cluster heads (CHs). In addition, in the intercluster interaction, due to the heavy load on some sec-
tions of the data delivery paths (closest to the coordinator), as well as the inefficient allocation of resources of the contention free peri-
od (CFP) of superframes, which is the excess of the time delay in the delivery of data and possibly their loss. These factors significant-
ly reduce WSNs characteristics such as reliability and availability, which ultimately determine the stable (stable) functioning of the net-
work. Therefore, when designing the considered WSN, the most attention should be given to the issues of organization of interclus-
ter interaction in the implementation of multi-hop (multi-hop), in particular, during the transfer (routing) of data to the coordinator.
The article considers the proposed approach based on the TDMA (Time Division Multiple Access) method, which along with guaran-
teed access to the radio channel by specific CHs in the intercluster interaction (multi-hop routing), will also ensure the economical ener-
gy consumption of their autonomous batteries, which is also one of the most important tasks facing the WSNs. According to the pro-
posed approach, the network coordinator performs centralized scheduling of schedules of transmissions of superframes of the CHs,
as well as scheduling of guaranteed data transmissions during these superframes (CFP). The tasks of this time planning are to deter-
mine the smallest length of the conflict-free scheduling of superframe transmissions, including the conflict-free distribution of CFP
resources of these superframes, and also to block redundant links (due to active and inactive superslots) that do not enter the span-
ning tree of the network. The centralized management of the entire network is carried out by the coordinator in a manner similar to
the SDN (Software-Defined Networking) approach.

Keywords: wireless sensor networks, IEEE 802.15.4/ZigBee, cluster topology, cluster head, spanning tree,
routing, superframe, TDMA, superslot, guaranteed time slot.
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B Hawmx npepbiayuux pabortax, 6b10 nokasaHo, 4YTO B COCTaB MOSIHOFO MOMNA pacceAHUA
npousBonbHoi npuemHoi aHTeHHbl (MMPA) Bxoaut uHpopMauuoHHaA cocTasnAloLlasn
(UCIMPA), otBeTcTBEHHaA 3a nepegavy MH¢pOpPMaLUKU OT NIOCKOM BOJIHbI K Harpy3sKe aHTeH-
Hbl, U onpefeneHbl ee OCHOBHble MapaMeTpbl (KOMMAEKCHaa aMnnutyaa UM ee copma).
Okasanocs, 4to ¢popmMa MCIPA ueHTpanbHO cMMMeTpUYHa AnarpaMMe HanpaBneHHOCTH aH-
TEHHbI B pexxuMme nepepayun. B Toxke BpeMa u3 onTuyeckon TeopeMbl U3BECTHO, YTO MOLL-
HOCTb, BbifleNIieManA B Harpyske aHTEeHHbl, HEOJHO3HA4YHO CBA3aHa C MOJIHOW MOLLHOCTbLIO,
paccenBaeMon aHTEHHOM U OAHOM M TOM XK€ MOLLHOCTH, BbIAENAEMON B Harpy3Ke, MOXeT co-
OTBETCTBOBATb, Kak 6G0nbluas MOLHOCTL paccesHus, Tak U ManeHbkas. NMosToMy MoxxHO npea-
nonoxwurb, Yto U amnnutyga cocraensiowein MIPA, cosnagaowas no ¢popme ¢ MCIPA
Takxe B o6lleM cnyvyae MoxeT GbiTb U Gonblue U MeHbLue, YeM amnnuTtyaa camon UCTIPA.
Takum o6pa3oM, MOXKHO roBopuTb 0 ToM, 4YTo caMa KomnoHeHta MIPA, coBnagalowas no
¢dopme ¢ UCIPA, umeer HekoTopylo cTpykTypy. OHa B o6LeM criyyae MOXKET COCTOATb U3
COCTaBNAIOLLEN, YHaCTBYIOLLIEA B NepeAave SHEPrumn oT MJIOCKO BOJIHbI K HarpysKe aHTeHHbI
M cOoCTaBnAIOLLEN, KOTOpaA He y4acTByeT B 3TOW Nepejaye, HO KOToOpas OKa3blBaeT CyLLeCcT-
BeHHOE B/IMAAHME Ha MOLLIHOCTb, pacceuBaeMylo NpMeMHoit aHTeHHoW. [epBas B paboTe Ha3bI-
BaetrcA ocHoBHoi MCIIPA (OWUCTIPA), a BTOpas — AOMNONHUTENbHOW COCTaBAAIOLLEN
UCIPA (ANUCTIPA). 3a cuer B 06L1eM criyyae 3HaKONepeMeHHOW B3aUMHOM MOLLIHOCTU MeX-
Ay KOMNOHEHTaMM MONA pacceAHUA MOJIHAA MOLYHOCTb pacCessHUA aHTEHHbl MOXET NpPUHK-
MaTb KaK MaKCMManbHOe, TaK 1 MMHMMalNlbHOe 3Ha4Y€HUA NPKU NOCTOAHHOW MOLLIHOCTH, Bblae-
nAEeMoi B HarpysKe aHTEHHbI, KoTopas onpegenserca Tonbko OUCIIPA. B pa6ote BbiicHeHa
crpyktypa UCIPA, onpepaenenbl amnnutyasl OUCTIPA n ANCHIPA ansa o6wiero cnyyas Ha-
nuunsa ceasu mexay OUCTIPA u octanbHoit yactbio MNMIMPA. 3Hanue ctpykTypbl UCIPA nos-
BOJIMNIO BbIAACHUTL €€ BAIMAAHUE Ha MOJIHYI0 MOLLHOCTb pacceAHus, MOLLHOCTb SKCTUHKLIUM U
3¢ppEeKTUBHOCTb MOFNOLLEHNA NMPUEMHON aHTeHHbI. MMokasaHo, 4YTo 3peKTUBHOCTL Morno-
LLLeHUA NPUEMHON aHTEHHbI onpepensaeTtca oTHoweHueM amnnutys OUCIIPA v OAUNCIIPA.
B koHue paGoTbl, NpuBOAATCA pe3ynbTaTbl CpaBHEeHUA pacyeToB 3¢ ¢GEKTUBHOCTU MornoLye-
HUA pasNUYHbIX NPUEMHBIX aHTEHH, MPOBEAEHHbIX MO MnpeanaraemMoit B pabore Metoamke ¢
M3BECTHbIMMU U3 NIUTepaTypbl AaHHbIMU. OTMe4aeTcA X OYEHb XOpoLLiee COBMNajeHHE.
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B nawmmx npeasiymx paborax [1], [2], Obu10 nokasano, 4ro
B COCTAB [OJIHOTO IO paccesHus TPOM3BOJILHOI NPHEMHOI
anrennsl ([MTTPA) Bxoaut wuH(OpmanmoHHas cocTapafOMIas
(UCIIPA), orBercTBeHHas 3a nepeaady MHGOpMaUMH OT [UI0-
CKOil BOJIHBI K HArpy3Ke aHTEHHBI, W ONPE/IE/ICHbl €€ OCHOBHbIE
napamerpsl (KOMIJIEKCHas aMruTyaa u ee hopma). Okazanocs,
yro (opma MCIIPA nenTpanbHO cHMMETpHYHA JHarpaMme Ha-
npasienHocTH anutenssl (JIH) B pexxnme nepenaun, a cama UC-
[TPA onpejessieTcs COOTHOLICHHEM

exp(—ikr)

i o D . . i 2 -
Eun(igs1y) = 5 (F(=Ti0)-€) F(-7;) (1)

B (1) D — KH/I aurennsl B HanpaBaenun makcumyma JIH an-

= 2w
TeHHbl, F (7)) — kommekcnas JIH antenuel, a k = =—— — BoJI-
HOBOE 4mncio. Bekrop #, onpeienser HampasleHHe pachpo-

CTPaHEHHs TUIOCKOH BOJIHBI, @ €9 — €€ nojapusanmio. buuio Tak-
K€ YCTAHOBJEHO, uyTo MotHocTh paccesnus MCITPA pasna mak-
CHMAJILHO BO3MOKHOH MOIIHOCTH, BBIJEISAEMOI B Harpy3ke aH-
TEHHBI TIPH BBINOIHEHUH TPeOOBAHUA PABEHCTBA CONPOTHUBICHHA
HArpy3KH KOMIUIEKCHO-CONPSAKEHHOMY BXO/JHOMY COIPOTHBIIE-
HHMIO AHTEHHBI, M HE 3aBUCHT OT CONPOTHUBIIEHUA HArpy3ku. B
TOMKE BPEMSA W3 ONTHYECKOH TEOPEMBI M3BECTHO, YTO MOIHOCTD,
BBIACIIAEMasl B HArPy3KEe AHTEHHBI, HEOJHO3HAYHO CBA3aHA C
MOJIHOH MOLIHOCTBIO, paccenBaemoil aHteHHoil [3] u ojaHoll u
TOM K€ MOLLHOCTH, BbIIEJISIEMOH B HATPY3Ke, MOKET COOTBETCT-
BOBaTh Kak OoIbINas MOIIHOCTH paccesHHs, Tak M MajeHbKas.
[ToaToMy MOKHO NPEIIONOKUTE, YTO H AMILIHTY/1A COCTABIISAIO-
ueit ITTPA, cosnanatomas no ¢popme ¢ UCTIPA takike B oOiiem
ciydae MoOkKeT ObiTh 1 OOlbllle M MEHbIE, YeM aMIUIMTY/a ca-
moii UCIIPA, onpenensemoii cootHomernem (1). Taxum oOpa-
30M, MOKHO TIOBOPHUTE O TOM, 4TO cama komnoHenta [ITIPA,
copnajatomas 1o Gopme ¢ UCIIPA, nmeer HekOTOpYIO CTPYK-
Typy. OHa B 0011eM cilydae MOXKET COCTOATL U3 COCTABISIOLIEI,
yUacTBYIOUIEi B mepejade JHEPruM OT [JIOCKOIl BOJIHBI K Ha-
rpy3Ke aHTeHHBI M COCTABIIAIONIEH, KOTOPas HE y4acTBYET B ITOIl
nepejaave, HO KOTOpas OKa3bIBACT CYLIECTBEHHOE BIMAHHE Ha
MOILHOCTb, PACCEMBACMYI0 TIPHEMHOI aHTeHHOil. [lepBas B nHa-
crosulei padore HasbiBaercs ocnosHoit UCTIPA (OUCTIPA), a
BTOpast - JonojauuTensHoil cocrapistoweit UCTTPA (JIUCIIPA).
Uccnenosanne crpykrypet MCITPA Bakno, kak ¢ Teopernye-
CKOI1, TAK M C NMPAKTHYECKOI TOUKH 3PCHMs, TAK KK IIPH IUIaHH-
POBaHMM M [MOCTAHOBKE IKCHEPUMEHTOB 10 OOHAPYIKEHHIO M
uccaenosannio MCTIPA npuemHoil aHTeHHbI BAKHO 3HATL [1PH
KaKMX fapaMeTpax JKCNepHMEHTa B COCTABE PACCEAHHOrO aH-
TeHHoit monsa otcyrerByet JMCIIPA m B ee cocrtaB BXOIMT
TOJIbKO, neeneayemas ocHosHas MCITPA.,

B ciyudae eciu peain3oBaTh 3TH NapaMeTpsl B IKCIEPUMEHTE
HE y/IaeTcs, TO TEOPHS M03BOJMUT yuecTh cyuiectBosanue JJUC-
ITPA mpu omneHke pe3ynbTaToB 3KcniepuMenta. Padorwr [1-2]
KpPOME TOTO, YTO MO3BOJMIN HA (DU3HYECKOM YPOBHE JIYHIIE 110~
HATH, KaK MPOMCXOMT Tepe/iaua SHEPruu OT MJI0CKOH BOIHBI B
HArpy3Ky aHTEHHBbI, 3QJI03KHIM OCHOBY JUISl JajibHEiINX Teope-
THYECKUX HCCIe/IoBaHMH (DH3MUECKHX CBA3CH MEXKIY MOIIHO-
CTBIO, BBLIIENAEMOH B Harpyske, MOHIHOCTBIO JSKCTHHKIMH H
MOIIHOCTBIO COCTABJIAIOUIMX [OJHOTO 1101 PaccesiHusl aHTeH-
Hbl. AKTYallbHOCTh TAKMX HCCIE/0BAHUII BbI3BAHA TEM, YTO B
rocle/iHee BpeMsi akTHBHO 00CYIKIaeTcsi BONPOC O JIOCTHKHUMBIX
3HAYEHMAX TAKOr0 BAXKHOTO Mapamerpa mo0Oi NpHeMHOI aH-

TeHHbI, Kak Y(PPekTHBHOCTL norjowenns. [IpuueM nockoabky
Ha TOBECTKY JIHS BCTA/IM 3a/la4d CHHXKEHHUS Pa/IMOJI0KAHOHHOI
3aMETHOCTH OOBEKTOB, C YCTAHOBICHHBIMH Ha HHUX aHTEHHAMH,
TO W HccaeaoBaHus HPPEKTHBHOCTH MOrIoMEeHus OOPTOBBIX
AHTEHH CTa/I0 HeOOXOIMMO TIPOBOIMTE JUIS AHTEHH, YO0BJIETBO-
PAIOIINX  ONpeAelIeHHbIM TPeOOBaHMAM K pacceHBaeMoil MMH
MOIIIHOCTH.

B cioyudae orcyTcTBHA B MOJIHOM [M0JI€ PACCEAHUS AHTCHHBI
JUCTIPA, paspabGoranustii B [5-9] noaxoxa nosgosui Ham B [10)]
POBECTH AHAIN3 BIMSHMS COTJIACOBAHMS AHTEHHBI M HArpy3KH
Ha A QeKTHBHOCTL NOTJIOMIEHHs! [PUEMHOI aHTeHHBI NpU 3a-
JIaHHBIX TpeDOBaHMAX K TNPHHUMAEMOH M paccenBaeMoil eif
momHocTH. Ho it oneHkn 3(hexTHBHOCTH MOTJIOMEHHUS TIPH-
eMHBIX aHTEHH B 00LIeM ciydae HeoDXOAMMO HCCIE/0BaATh BO-
npoc o crpykrype MCIIPA, onpexenuts sennunny JIACIIPA,
BBISICHHTE €€ BIMAHUE HA MOJHYIO MOLIHOCTE paccesHus MpHeM-
HOI aHTEHHBI H MOLIHOCTB IKCTHHKUMH. Pelennio »Tux Bornpo-
COB M IOCBsALIEHA HacTOsLas paboTa.

[pn rokasatenberse cymectsoanns UCTIPA ( E inf (g, 7y) )

1 BeIBOJIe cooTHowmenus (1) B [1] cymecTBenubiM Gb110 Tpebo-
BaHME OTCYTCTBHS B3auMHON motHoctu ( P, ) mexay UCTTIPA

1 OCTABLICHCH YACTBIO TIOJHOIO MMOJIs paccesHus aHTCHHBL, KO-
TOpas Mno3ToMy H Obuta 0003HaYeHa Tam Kak OpTOroHajibHas

(E.1(ny,1,)), noHuMas Moji OPTOrOHAILHOCTHIO BHINOIHEHHE

YCI0BHA
1 = = 2y
— e T e — 2
P,..= EC-F E 1 (g, 7,) Eunt (7iy, 7, )d S = 0, )
HITH, YTO TOXKE cCaMOgC
f A (Figsy) A (7, 7y )dS = 0,
rae Z" — BOJIHOBOE COIIPOTHBIICHHE CBOﬁO,‘]HOTO NnpocTpaHcTea,

a Ai(ny,ry)n Aie (R, 1) ABIAIOTCS KOMILUIEKCHBIMH JIHArpaM-

mamu paccesuusi MCITPA u oproroHanbHoil cocTaBIsIOMIMX

(OCIIPA), xotopsie cBsizaubl ¢ K (7,5 Enr(7,,7) cooT-
HOILICHUAMH

El{ﬁll‘ﬁl) = jt-' (ﬁn*ﬁl)mv

r
S = exp(—ikr)

Eint (g, 7)) = Ainl’(ﬂu,."")‘—‘p - ; (4)

C y4eToM BBIMOTHEHUs yenoBus (2) nojHas MOILIHOCTb, pac-

ceMBaeMas NMPUEMHOH AHTEHHOH NPH NMaJeHUHM HA HEEe TUIOCKOH
BOJIHBI paBHa cymme motunocteit paccesuuss UCIIPA p, . n

OCIIPA  p,. OtcyrcrBHE B3aUMHBIX MOIIHOCTEH  MEKILY

Ein(7iy, 7)) v E L (7i,,7,) yKa3biBaeT Ha To, ut0 B coctape OCITPA

OTCYTCTBYET cocraBisionas no ¢opme, copnagaiomas ¢ MC-
ITPA. Kak Bugao u3z (1) dopma n amnautyna MCITPA noaHo-
cThio onpezenstores JIH npueMHoii anTeHHb! B pelkuMe nepea-
qi. [ToaTOMY € y4eTOM TOro, 4TO aHTeHHb! ¢ onHaKoBbIMi JIH
MOI'YT UMETh pa3Hble JHarpaMMbl paccesiHus, BbITIOJIHEHHE YC-
70BUSA (3) MOJKET paccMaTpHBAThLCs TOIBKO KAK YaCTHBIN ciayyaii
3a/1aumM paccesHus Mo MJI0CKOH BOTHEI MPHEMHOM aHTEHHOM.
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[Ipeskae yeM Hccle10BaTh TOHKYIO CTPYKTYPY KOMITOHECHTHI
nosst paccesinus 1o gopme copnajatoieit ¢ MCITPA neobxom-
MO BO-MEPBLIX J0Ka3aTk camo cyuecrsopanune UCIIPA B ciayuae
HEBBIMOJHEHUS YCIOBMs (2), a BO-BTOpBIX MOKa3arh, 4TO OHA
npu ToM cosnajsaer ¢ (1), OCHOBHBIM COOTHOLIEHHEM, Xapak-
TEPU3YIOLIHM TPOLECC B3aHMOACHCTBHSA NMPHEMHOI aHTEHHBI H
najaolleil Ha Hee MIOCKON BOJHBI, ABIAETCA ONTHYECKas Teo-
pema [4]. CornacHo eii, MOLIHOCTh B3aUMOJIEHCTBUS AHTEHHBI C
MojaeM Tajatonieii Ha Hee TUTOCKOH BOIHBI PaBHA MOUIHOCTH
B3aUMOJICHCTBHA Majaolleii BOIHBI € TMOJEM paccesHusl aHTeH-
HBl B HaNpaB/JIeHHH pacrpoCTPaHEHHs BOJHBI M HMEET BUL

2 B o
P.‘, +P = _EJm(e“’A_\-("mnu)))s (5)

0
rae A (h,,n,) — amarpamma paccesuus antenssl (JIPA) B na-

NMpaBJICHHH pacnpocTpaHeHuA NJIOCKOH BOJIHBI, F:,

BbIJIC/IAEMAad B HArpy3Ke XapakTepusyemoil Kod(HIHEeHTOM
orpakennss ', a P — MOMmHOCTB, paccenMBaeMas aHTCHHOM.

— MOIIHOCTD,

BekTop #,

,  ONPCIAC/BICT HAMpapJICHHE pacriipoCTpaHcHusA, IMa-

Jaiolnei Ha NPHEMHYIO aHTCHHY TUIOCKO# BOJIHBL, a €y — €€ Mo-

aapusaupio. Tlone paccesnus antenust E (71,7 ) cBsa3aHo ¢

JWarpamMMoit paccesiunst A (7, 7, ) COOTHOLICHHEM
= s exp(—ikr)
E, (1) = A, (i )= —— ©)
Kowmnekcnas anarpamma nanpasientoctu (JIH) F (7)), ne-

cnenyemoi& npuem-toﬁ AHTEHHBI B PEKUME Nepelain npennosia-
raeTcsi U3BECTHOIM, mpuyeM

ﬁ'('ﬁ}) . F(ﬁl)exp[j\y(ﬁl)]lﬁ(ﬁl)! {'7)
rae F(r,) — HOPMHUPOBAHHAs B HANPABJICHUM MAKCUMYyMa aM-
mmryanas JIH; W(r) — dasosas JIH; 7 — exuuuunbtii BekTop

B chepuueckoii cucreme kKoopauHar (r,0,¢); 15(!—‘;)) — €IMHHY-

HbIIl KOMIUIGKCHBII BEKTOP, XapakTepH3YIOLIHi NOoIspH3aluio
110J15 W3JIY4EeHHS AHTEHHDI,

Py(7y) = cos 0, +expliflsinng,, ®)
rae napamerp n7(0<n <7x/2) onpenenser cOOTHOUIEHHE aM-

TJINTY/L cocTaBisiommx Bekropa p(r); B — dasossiii casur

MEXKJly KOMIIOHEHTaMH; O, u ¢, —OpThl C(HEPHUECKO CHCTEMBI
KOOp/IMHAT.

B (6) A (n,,r,) — AnarpaMma paccesHus HCCIelyeMoi aH-
tenusl (JIPA), o0irydaemoii n10cKoi BOIHOI, 3a1aHHOI B (popMme

E"(ﬁnsﬁr) = é{: exp[-ik (7,7 )r], )
ot | (P S 5
Hi(ny,r,) = Z_[ru x €, Jexp[-ik (7,7 )r]. (10)
0
rje é" — @JIMHUYHBIN  KOMIUIEKCHBIH  BEKTOp {| _éU |= 1)
XapaKTePU3YIOLIHH MOIAPU3ALNIO IIEPBHYHOH BOJIHBL, TIPHYEM
éu(ﬁ,) = cos v, +explix]sin v, (1

napaMeTpbl V M K aHaJOrMYHbl BelnuuHam 77 u 3 B (8).

SNEKTPOHUKA. PAOUNOTEXHUKA

[Tockonbky Hac uHTEepecyer o0UMil ciydail, TO npeicTaBuM

MOJIHOE MOJIe paccesHusl aHTeHHbl [ (#,,F,) B BHJIE CYMMBI B
ofiieM ciyyae He OpPTOrOHANBHBIX, B cMbicie (3), noJei
Ev(ng,n)wn Ex(n,,r,) BBune

E:(ﬁ:}*ﬁr) = ‘El(ﬁn! ﬁ))'*' Ez(ﬁn!ﬁr) =
> " o (12)
= (A7) + A7) SRR,

rae A (n,,1), A, (A, 7,) 1MarpaMmel paccesHus COCTaBISIONIMX

HIPA Ei(ny,1,) n E2(ny, ;) -
BB]'I,ELy TOro, 4TO B 3TOM ClIy4ac BO3HHKACT B3aMMHad MOLLL-

HOCThH MESKILY KOMIIOHEHTaMH paccesHHBIX rnoJeit
E,(ﬁ".ﬁ,) 7 Ez(ﬁ“,ﬁ]) paBHas
Pmm:ng‘i(ﬁw%)él(ﬁos%)dg‘ (13)
Zo:

NoJHas MOIHOCTE pacCCaHHA AaHTCHHBI R GYHeT OnpeacaaTecs
COOTHOLICHHEM
P=P+P

muit + P2 ? (14)
riec P:HR, — MOIIHOCTH pacccaAHnA nepBoﬁ H BTOpOﬁ KOMITO-

HEHT 110Ji paccesaHus aHTCHHBI, COOTBCTCTBCHHO, Onpeacisac-
MbIC COOTHOLICHHAMHA

2

1 L | - 1 N _I NG
P|'—‘2_Z“.‘ E:(HOJ’U} dS:?__Z“E{ Ai(?‘a'n.!'“)| dQ» (15)
_ o _ g1 S " ; 16
P:—Z—Z" : E:(HO,?’O) ds —2—Z"i{ Az(”{n-’“)| dQ) (16)

C yuerom (12) u (14) ontuueckas teopema (5) Moxer ObITh
IPHBE/ICHA K BHJLY
P+ Py =Py =~P, =P, + Py, (7

il it

rne P. uP,

lint 2int

— MONIHOCTH B3aHMOJICHCTBHSA TIIOCKO#H BOIHBI €

KoMroHenTamu noust paccesnust E, (#,, 4, ) v E, (7, 7,), B Ha-

02

NMpaeJcHHH pacnpocTpaHCHHA BOJIHEI ﬁﬂ, BeIpAKACMEBIC COOT-

HOLICHHAMH
27 W
B, :—k—Zqu(eo,A](n',,n,,))J, (18)
P, =_-2£Jm[éu,2‘(ﬁn,ﬁu))]_ (19)
Zint kZ{l -

C Kax/10ii KOMIOHEHTOI 1M0JIs1 pacCesiHU aHTEHHBI MOMKHO
CBA3aTh CBOI KaHall B3aMMOJICHCTBHS, 110 KOTOPOMY MPOHCXOUT
nepe/aya dHEPruM 0T IUIOCKOI BOIHBI K IMPHEMHOI aHTeHHe. B
JanbHeiilnemM kadan B3aumojeiicteus, oOpaszoBaHHbIl 3a cuer

KOMIIOHEHTBI 10Jis paccesnus E1(1i,,r,) Oylem HaseiBaTh nep-

BoiM  KanaimoMm  B3aumojeiicteua  (IIKB), a komnoneHts

E:(ﬁu,ﬁ,) BTOpBIM  KaHajom B3aumoJjeiicteus  (BKB).

—e . ———
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Hcnonp3oBaHnue KaHaloB B3aUMO/ICHCTBUS MO3BOJIMT HE TOJIBKO
OLEHHUTDb, Kakas MOLIHOCTh HKCTHHKLMK O0TOMpAercs Mo 3Tomy
KaHaily, HO M [OHATh, HA YTO OHA TPATUTCA U B UTOre HaliTH Co-
CTaBJISIOLLYIO 0] PACCESHUS OJHO3HAYHO CBSI3aHHYIO C nepe-
Jayeil MOIIHOCTH OT IUIOCKOIT BOJIHBI K Harpy3ke MpueMHoil aH-
TEHHBL, TO €CThb OnpeaeanTs ocHoBHy10 UCIIPA.

Jlna sTOro BHauale ONpeiesuM YCI0BHE, KOTOPOMY J0IKHO

YAOBICTBOPATE nose E2(A,, 1), NPH KOTOPOM, MOIIHOCTh, OT-

Ooupaemas no [1KB, He TpaTtuTcs Ha MOIIHOCTB, BBIACISEMYIO B
narpyske. Kak BuaHo u3 (17) Takum ycloBHEM sIBISETCS PaBeH-
CTBO HYIIIO €0 MPaBoii YacTH, TO €CTh
B+F, =B, (20)
[Tpn 9TOM MOLIHOCTD, NOCTYIAIOLIAA OT IJIOCKOH BOJIHEL 10
BTOPOMY KaHaly B3aUMOJAEHCTBHA P, , pacXOyeTcs TONbKO Ha

MOIHOCTh, BBIACSIEMYIO B Harpy3ke P, M Ha MOWHOCTL P

KOMITOHEHTBI 110JIs1 paccestuust F> (7,7, ), @ MOIHOCTb, M0CTY~

natowas ot niockoii Bonuel no KB P, , Gyaer tpatuthes

tint *

TOJNBKO Ha MOUIHOCTB KOMIIOHCHTEI noJis paccesanns

E\(n,,r,) B, ¥ Ha B3auMHYI0 MOIHOCTD P,

: ) MEKILY KOMITOHEH-

Tamu noneii paccesnms E, (7,7, ) € E, (7, , 7, )
P + Rﬂ”ﬂ RII“ (2 1)

B nanbueiimem npu mccrneposanun (20) uis onpeaeaeHHO-
cti Oyzaem mnonarath, 4TO MPHUEMHAs aHTEHHA Harpy/keHa Ha
HArpy3Ky KOMIJIEKCHO COMNPAKEHHYI) BXOJHOMY CONpPOTHBIE-
HHIO QHTEHHBI B pexkumMe nepeaaun. [Ipu 9ToM MOILHOCTS, Bbije-
JsieMas B Harpyske, onpenemm ¢Sl COOTHOLIEHUEM

= Zkzhn iig) €,

Jlis onpejenenust ocTadbHbIX BEJIWYHMH, BXOsiuux B (20)
NPEICTABUM JIHArpaMMYy PaccesiHusi BTOPOTo MoJisi B BUJIE

(22)

Ay (i, 7y) = Ay Fy (s Fy) = | Ay €93 Fy iy 7). (23)

rae F,(n,,r,) — KOMIUIEKCHas HOPMHMPOBAHHAA K MaKCHMyMy
JMarpamMMa paccesiHus BTOPOro 1ois, a |A,[u ¢, — Moayis n
apryMeHT KOMIUIEKCHOH aMIUIATY bl JIHarpaMMbl pacCesHus

A, (7iy, 7y -

[Tojacrasnas B (16) u (19) ﬁj(ﬁu,ﬁ,)m (23) nonyuum Buipa-

ernst i Pu P,]m B BHJIC
p =224l 24)
T i
2z | ;
Py =——4,|a» (25)
* A

rae [, — makcumanbHoe 3Hadenne KHJL JAHarpaMMbl paccesHns

A, (7, ;) . @ & ONpeensiercs COOTHOMICHHEM

a = Jm| &, &'P: F,(#iy,#i,)) (26)

[Toacrasiss B (20), npuBe/IcHHbIE BbILIE BBIDAKEHUS U1 P,

P: H P.!im NOJaY4YUM JUIS ‘&: KBa/IpaTHOE YpaBHEHUE Bd)()pMC
. 3 D, ‘.'
- - 27

A + . oA (F( ) 0 0, (27)
peuIeHne KOTOpOro, B 061ueM cliyqyae UMeeT BHL

| _D , D| = 1

Al=—2(-at |a’-—|(F(-n ; (28)
l 2| =3 k( i (F(-n, )

nOCKOJlbl(y HAac MHTEpPECYET CcoCTaBjdonas 1nojd paccesHus
0JIHO3HAYHO CBS3aHHAS C MOIIHOCTLIO, BbIJIEISEMOI B Harpyske,
TO COrjiiacHoO (28} JUISL 9TOrO JIOJIZKHO BBITOJIHATECH YCIIOBHE

__ 2 Bl - 20
a= D:|(F( iig)-&o)| (29)

B (29) nepen kopHeM B3AT 3HAK MHMHYC, TaK Kak HCKOMOE

3Ha4YCHHE A,F JIOJIKHO OBITH MOJOKHTEIBHON BETHYHHOIT.

C yuetom (29) MOAynbh KOMIUIEKCHOH aMIUINTY/Ibl COCTaB-
AAIOLIEH OIS paccessHus 0JHO3HAYHO CBA3AHHOH C MOLIHOCTBIO,
BBIJIENISIEMOI B HArPY3Ke aHTEHHBI, ONpe/enseTcsl COOTHOIEHH-

€M
JDD,
2k

Jlns onpenenenns xoaswero B (30) D, neodbxoaumo 3Harh

(30)

|A, _

(F‘(—ﬁo) ‘€ )‘.

(hopMy HOPMHUPOBAHHOH JIHArpaMMbl paccesHus F:-(ﬁ..,ﬁ(,), KO-

TOpas MoxeT ObITh onpezAencHa u3 (29) sanucaHHoro B popme

—|(F(=#i,)-€,)|.
- |(F )&

Jm C_r.(!’??g‘(ﬁmﬁn)aé") (€3

-

[Mpeacrasusis (¢ P F, (i, i, ), €0) Kak
e P2 |(F(7iy, 1, ), €0)| "2 odéo)

(3 ]) MOJKHO MepenucaTh B CIEIyIOMEM BHIC

(F (7,1, )s en) Jm[e_’-w:e"m-“'F-‘-”"""i“ "é“’] =
(32)

ﬁo)-éo)i.

ITpn onpenenennn Gopmel [ (#,,H,) HYKHO YYECTb, HTO
(32) MO/MKHO BBIIOJAHATHCS HPH JIHOOBIX yriax oOiayueHHs aH-
TeHHBIL. JTOMY TpeDOBaHHIO YIOBJIECTBOpAET, Hanpumep (QyHK-
st

Fz(ﬁ1|05|)=F(_ﬁp)‘ (33)

Ipu srom D, =D u ¢ yuerom sroro cootHouienue (30)

NpHHUMAET OKOHYATEIbHbIH BHI

e ———————
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(34)

D = _ z
“_k(F(_n())'eO}"

Honcrapnss (33) B (32) MOKHO ONPE/IENNTL @ U3 COOTHO-

HICHHA
:za»:[e"'@ee"““*‘F N '-5‘"’] =-1 (35)
B BHJIC
0, = % +arg(F(~7i,),é0) (36)

[Toacrasnss B (23) 3HaueHuss BXOJSLIMX B HETO BEJIMUYMH M3
(33), (34) 1 (36) nonyunm BeIpayKEHHE /LISl OCHOBHOH HH(OpMa-
LMOHHOH COCTABIAIOLIEH JAMarpaMMbl pPAcCesSHUS AHTEHHbLI B
BHjIE
ét:)F(—"—‘;l)- (37)

C yuerom (3?}, OI/ICI'IPA Oyaer ornpeessiThCsl COOTHOLLE-
HUEM

A (i AysTy) = —(F( fy):

inf

(F(ri)-&,) F(-ryZREH) 35
KOTOpOE MOJIHOCTHI) COBNAJIACT ¢ AHAJOIMYHBIM COOTHOLLEHHEM
juist UCTHIPA (1), nomyuennsim B [1] ainst cayuas oTcyTCTBUS
BzanmoeiicTeua Meskmy MCITPA u octanbhoii yacteio TTTTPA.
Taxum oOpasom, B obuiem ciydae nosie paccesHUs MPOU3-
BOJILHOI TIPHEMHOIT aHTeHHBI, 00JIy4aeMOoil [JI0CKOH BOJHOI

MOKET paccMmarpuBarecs kak cymma nons  OUCTIPA

inf

D
E™ (7 ) =—
( 0 ll) 2!;{

_'.rﬁu.t = = 2 - - P . o
Emt'(nl)"lﬂ)’ KOTOpPOEC MOJIHOCTBIO ONpEICHdeTeds KOMIUICKCHOH

JIH anteHnbl B pexnme nepepaun u noias £i(n,,r5) paBHOro

PasHOCTH MEKIY IMOJIeM PaccesHusl aHTeHHBI E s(ny,1,) W mo-
jgem OHUCTIPA, To ecth

exp( —ikr) 9

E\(""'u‘!’f:) EI("{!’!‘[])-F_(F{ '%) en)F(_"ﬁ) ' (3 )

nOCKOJ'[be paHee Mbl Npeanoarai, 4To B ()GIIICM cliyqac
MOJKET CylecTBOBaTh B3auMuas cssizb Mexay OUCIIPA u no-

nieM E1(n", 7)), TO 9TO O3HAYACT, 4TO B cocTaB nojs £i(n,,r)

BxoauT jononautensias UCTIPA (JIMCIIPA). Tak kak dasosas
u amrtyHas jguarpammel paccesuus (JIP) JIMCIIPA cosna-
jator ¢ JIP OUCTIPA, To juist ee nosHoro onpejeneHust Heodxo-
aumo HaiTh Toasko ammautyay JIUCIIPA. Jlns sToro Buagane
paccMoTpuM  ueMm onpeaensercs ammmTtyaa  JIP TIHIPA

/‘i_v(n", ;). Kak wn3sectro [3] npu 3ajanubIX aMIuiMTYAHONH 1

¢azoroii JIP TITPA amnautyaa JIP ¢ y4eTom npuHATHIX B Ha-
crosueii pabore obo3HaueHnil moxeT ObITh INpejcTaBicHa B
BHJIE

Doy
A== 1——}(F( &) ) (40)
te g, = Jm| Go, &'P. F (y, i,)) @1)

C yuerom (40) Beipakenne /uis [1JIPA npunumaer Buj
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B oo e D = s
A\-(”n!";l): ZT? (-1 }5‘49,,@3:{;3{],;;').(42)

OOGpyHO, Kak M B [3], npu Mccne0BaHNK 3a1a4d paccesHus
MJIOCKOIT BOJIHBI Ha NMPUEMHBIX aHTeHHax (42) paccmaTpHBaioT,
KaK e/IMHYI0 LEIYI0 IHarpaMMy paccesiHus aHTeHHbI, aMILInTY/1a
KOTOPOil B 3aBHCHMOCTH OT 3HAKa MOXKET NMPUHUMATE Ba 3HAYe-
Huss. Mul ke Oyjnem paccmarpusarth (42) kak cymmy asyx JIP
peabHO CYIIECTBYIOMINX Pa3HbIX MO paccesHHA — OCHOBHOIO

Ebas (R, 1)) W AOTONHUTENBHOTO E oy (1,7}, ) » TPHYEM COOTBET-
CTBYIOLHE THM T10s1siM JIP onpeiensiioTest COOTHOIEHUSIMU

o3 o Da .. — . _ o

A!m.c(”(n R)= _2+k]ef¢9‘ F (ny, 1) = Afm.x-er(p' F(ny, 1) (43)
u

. Da L .

A (A,r)=t—L [|-———|(F(-#,)-€

uu'd( 0 U) 2,{’ D‘_a]‘ ( ( 0) {44)

xefQD‘ E(ﬁ(l’ﬁ)) = A”{Me"({?‘ ﬁ(ﬁlr’ﬁn)
B (43) u (44) AM_‘

JIP OCHOBHOTO M JIONOJHHMTEILHOTO TIOJECH, COOTBETCTBEHHO,
paBHble

H Ame’;-’ — JACHCTBHTCJIbHbLIC aMIUIHUTY/Ibl

D.a,
e B (43)
‘has 2,“\’
Da D | .= - P ,
A,=t—L [l-——|(F(-n,)-€ (46)
add 2,{’ D_‘.a’i_ ( ( no) 0)

Buauane takoe npenacrasinenne [IIPA B BHae cymMMBl IBYX
peanbHBIX (DPU3MUECKHX TI0JIeH, KOTOpble MMEHOT OJHHAKOBbIE
(hazoBeie n ammmtyaHsie JIP, HO pasHble aelicTBUTENbHBIE aM-
IUIMTY/bl KQJKETCS JIOBOJIHO MCKYCCTBEHHBIM MATEMaTHUECKUM
npuemom. Ho 37eck cietyer npHHATE BO BHUMAaHHE TOT Cylie-
CTBEHHBII (DAKT, YTO OCHOBHOE U JIOMIOJIHUTEILHOE MO pacces-
HHUA QHTEHHBI BBOJAMMBIE TAKHM 00pa3oM HECMOTPS Ha TO, YTO
ux (azosbie n ammnty/Hbie JIP coBnanaor, 3aBUCAT OT pasHbIX
(pU3MYECKHUX BEITMUHH.

OcHoBHOE 110J1¢ paccesHus He 3aBUCHT OT MOLIHOCTH, BbIJe-
A5eMOil B HArpy3Ke aHTEHHBI, a JIOMOIHUTEILHOE TIOJIE 3aBHCHT
M Kak ciieayer u3 (46) npu onpesiesieHHbIX COOTHOILICHHAX MesK-
ny KHJL TITIPA B nanpasienun najaendus pojusl v KHJL anten-
HLI B Ha['lpaBJlﬁ'HH[-'I Ha MCTOYHHK BOJIHBI MOMKCT BOOG].L[C OTCYT-
cTBoBath. [Ipu 3TOM OocHOBHOE mosie Oyaer cyuectBoBath. Ilo-
aTOMy Menoabszyemoe Huke npeacrasienue [ITIPA B Buge cym-
MBI peajbHBIX OCHOBHOTO H JIOMOJHUTENBLHOTO MOJIeH paccesHus
HMeeT 1101 co00it He TONIBKO MaTeMaTHYeCKOE, HO U (PH3HUECKOe
obocHoBanne. Huke >(PexTHBHOCTE TAKOrO Ipe/CTaBICHHS
[ITIPA nemoHcTpHpyeTcs Ha NPUMEPE OMNpeleJeHHs aMILIUTY bl
nononautensHoil MCITPA. Tak kak I1ITPA coctout n3 ocHoBHO-
ro U JIONOJHUTENBHOTO MOJeH paccesHus, TO BHA4Yale HAA0 Or-
pC»'l{.’,‘J'IHTb HACThH, Kai(ﬂﬁ H3 OTHX COCTABJIAKOILHX, SBIACTCH
OMCTIPA. HanoMuuM, 4TO OCHOBHBIM TpeOOBaHHEM IPU OIIpe-
aenenun OMCIIPA Obuio BbIMOJIHEHHE YCIOBHA OJHO3HAYHOMN
cea3u mexay noiem OMCIIPA u MolHOCTBIO, BBIENSEMOIl B
Harpy3ke NpHeMHOii aHTeHHbL. [loaToMy mpennonoxkeHue o ToM,
uyto OUCTIPA sipasieTcs 4acThiO JOTOIHNTEIBHOMH cocTaBsiomiei
[TTTPA MO%HO HE pacCMaTpPHBATL, TAK KaK [PH HTOM 3a CHET 3Ha-
KOINEPEMEHHOCTH JIOMOITHUTEILHOI KOMIIOHEHTHI He o0ecreynBa-
€Tcsl YIOMSAHYTOE Bbillie TpeOoBaHHEe 0HO3HAYHOCTH.

—e . —————




SNEKTPOHUKA. PAODUOTEXHUKA

[Toaromy moxkHo cuntath, yro OUCTIPA sBasercs vactbio
TOJILKO OCHOBHOIO mnojisi paccesinusi. ITockonbky (asoBbie u am-

ruryausie JIP Epu(y,7,) W Eaw(H,,7,) OJTMHAKOBBI, TO 3TO

03HAY4eT, 4TO OHH MMEHT OJAMHAKOBBIH cnepranthlﬁ cocTas,
HO [PH 3TOM aMIUTHTY /bl COCTAB/IAIOIINX B Emfd (ﬁn, E—.) OT/IH-

HawTed 0T aMIUIMTY/ COCTABIIAIOUINX B Ebm(.’?o, t}) BO CTOJIBKO
pa3s BO CKOJILKO pa3 OTIHYACTCH aMIUTHTY/dd 10Jd J0MOJIHUTEb-

HOT'O [10J1 paccesHmnd Aarn’d OT OCHOBHOI'O Abus 2 YHETOM 3TOI0

samedanus u toro, uro OMCIIPA B cocrase A0MOJHATEILHOIO
MoJsl OTCYTCTBYET JUlsl aMIuiuTyabl aonoadnutensHoit UCTIPA

A.‘I’j';"' MOKHO Cpa3y 3anmicarh BRIPAKCHHE BHJIA

.bm
add Amt add

A% = A%q , (47)
inf AMS A]nt 2
rae a: HMECCT BU
D | = - I
=4 1_—ﬁ|p-a & (48)
! Dol F )2

C yuerom (47) n (48) oxonuarensHo s JIP AI:‘:“' Ay, 1) M

nosst IMCITPA EI‘I“"‘" (73,,1;) MOJKHO 3a1UCATH BHIPAKEHHS

A_mfd ﬁ

it a1y

:D—?(ﬁ‘(—ﬁ“}-é”)ﬁ(—ﬁ]), (49}
i

exp(—ikr) . (50)

add = = Da“ 5 — - % =
Eat (gs 1) = 2 (F(=7,) &) F(-7,)
2ik
Takum oOpazom, yctaHoeieHo, 4TO coctasistom@as [P u
[MITPA cosnasatomas no popme ¢ UCITPA E‘im.(nu, I)) ABasAeTCH

cyMMmOoii Byx moseit £

inf’

COOTHOMIEHUAMH (38) n(50)m UMEIOT BHJL

T ir = ~ba = dd -
A Ry, 7o) = A (g, 7)) + Aﬂ (7 7y),

inl* inf’

(Fy,15) 1 EW(”U,?}.) , OIpe/IeIIAeMBIX

inf

(51)

= — - h 5 — add —
Eie(Rys15) = Ex (”{:”};)*‘E" (Fgs15)-

inf inf [52}
llpH‘IBM B nepeaayc KHd}OpMaI.lHH OT IJIOCKOI BOJIHBI K Ha-
I'PY3KEe aHTCHHBI, Y4acTBYCT TOILKO OCHOBHAs cCOCTaB/IAIOLAA
“ udd s
(#n,,7,) B

E”"'( FigsTy) s @ JOTOIHHTEIBHAA COCTABMAIONIAA

inf
Heil He yuacTBYeT, HO, Kak Oy/eT MoKa3aHO HHKe, OKa3biBaeT
cyuiecTBeHHyto poab B (popmuposanun [IITPA. M nostomy B
3HAUMTENILHOM Mepe BIMAET Ha TAKoi BaKHBIH napamerp rnpH-
€MHOM aHTEHHBI, KaK ee d(P(EeKTHBHOCTL NOrIoMEeHus 7. 10T

napamMeTp YKasblBaeT Kakas 4acTh MOIIHOCTH, oToOpaHHas y
MJI0CKO BOJIHBI IPHEMHON aHTEHHOM, BBIIC/ISCTCS B €€ HArpys-
K€ M Onpe/esieTcs COOTHOLUIEHHEM

s b d (53)
P B +FE

Bxojsmas B (53) MOLIHOCTB, BbIJI€/ISeMas B COrlIacOBaHHOMH

Harpy3ke NPHEMHONH AHTEHHBI, ONPEAEIACTCS COOTHOUIEHHEM

(22). MowmHoCTh Mojisl paccessHus P CKIaibIBaeTCsl U3 CYMMBI

MOLIHOCTEI OCHOBHOTO /P

has 1 AOTIOJTHHTEIBHOTO nosei pacces-

Hus P, m ux B3aumMHOii MouocTn P . BeaumumHbl 3THX
MolHocTel nerko onpeaenstores u3 (14), (15) u (16) npu noa-

CTaHOBKE B HUX BMeCTO A (n,,r,) v A,(n,,r,) BbIpaxeHuii

Ay (BisTy) 1 Ay, (7, 7,) 13 (43) 1 (44)
Ph:’l’i' = JTD:alj
" 2%%Z,

C yuerom (54) BbIpaskeHHE JUIS MOLLIHOCTH YKCTHHKIIMH MPH-
HUMaeT BUJL

add

men‘ =K _Pul‘," F, "‘ZPI‘N A“"S a (54)

has il

inf’

Adrfd

I Zomf

Ahm

inf

E_=2P

ext bas (55}
IMoacrasiss B (53) 3HaueHUs, BXOAAIIMX B HETO BETHYHH U3
(22) u (55) u npoBejs MIEMEHTAPHBIE NPeodpa3OBaHNs, OKOHYA-
TEJIBHO MOJIYYMM COOTHOIIEHHE IS (P(HEeKTHBHOCTH
MOIJIOEeHHs MPON3BOJIBLHOI PHEMHOI aHTEHHBI B (hopme
acdd
=l l Alni
"? 2 Ar‘Jm

(56)

B BoipaxkeHun (56) nojaraercs, 4To aMILIATY 1A Ai‘::"' MOIKET

Ahu\ 710 +Ah¢u

MU3MEHACTCA B TIPCCiax OT—A, . inf

H MO3TOMY B HEM

ocTamlieH TOJILKO 3HaK runoc. M3 ananmza (56) BuaHO, 4TO (-
(PEKTHBHOCTB TOIJIOWIEHUS TPUEMHOI aHTEHHBI TOJIHOCTBIO OI1-
penensercs COOTHOIIEHHEM aMIUIMTY JIONOIHUTENLHONH 1 oc-
HOBHOI HH(popMannonHoii coctasnstomei [MIPA, 10 ectsb
crpykrypoit MCITPA. Huke na pucyHke | npuseneHsl pesyiib-
TaTbl CPaBHEHHA, BBIMUCIACHHH S((EKTHBHOCTH NOrIOMIEHHSA
MPHEMHBIX AHTEHH Pa3HOro THIA M0 COOTHOLICHUIO (56) ¢ n3-
BECTHBIMHM U3 JIMTEPATYPBI JAAHHBIMH JUISL ATUX AHTECHH,

0932,

08

06
i /
1 /
o000

04

-1 =05 0 05 1
~03841, a [0.865,

Puc. 1. 3aBucumocTs 3 PeKTHBHOCTH NOITOLEeHHS NPHEMHBIX aHTEHH
OT COOTHOLLIEHHS AMIUIHTY/1 IOTIOJHHTEILHOI W OCHOBHOI

Am.’d
cocrasasiownx UCIPA ; — T
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CritomHasi kpueasi (77i ) OTHOCHMTCS K pesyibTaTaM Ipe-

crapieHust SPGEKTHBHOCTH MOIJIOUIECHHS TPOM3BOILHBIX MPH-
EMHBIX aHTeHH 4epes napamerpsl cocrasistommx UCITPA (co-
oTHowieHue (56)), a KPyKOuKH (7] ) — K W3BECTHBIM M3 JIMTEpa-

TYpBI pesyabTataMm onpeseicHus 3pHEKTHBHOCTH NOTJIOMIEHUS
PasIMYHBIX ANEPTYPHBIX M MpoBonouHbIX anteHH [11]. Huske
NPHBOJNTCS  KPaTKOE OnucaHue paccMarpusaembix B [11]
AHTEHH, IPUYEM HYMEpalus WIET CHU3Y BBEPX 1o puc. |.

| — KoakcHalbHbII 3TyUaTeh

2 — antenna ['puna c 7= 1/6.

3 — pynop ¢ cpe/iHUM YIJIOM PacKpbiBa.
4 — onruMalbHbII pynop Ne2,

5 - onrumanbHblii pynop Nel.

6 — OTKPBLITHIi KOHELl BOJHOBO/A.

7 — pyInop ¢ MaibIM YTJIOM PacKpbiBa.
8 — antenna I'puna ¢ 7= 1/2.

9 — anrenna 'puna ¢ 77=2/3.

10 — onTumasbHas pelerka.

CpaBHenue, pesyiabTaToB pacuera (PGEeKTHBHOCTH MOIIO-
IIEHUS TPUEMHBIX AHTEHH PA3HOTO THIA, MOJYYEHHBIX C HC-
MOJIL30BAHHEM, HANJACHHBIX B HACTOsIIEH padoTe aMILuInTy]| co-
crapnsrommux UCIIPA, ¢ U3BEeCTHBIMH U3 JIMTEpPATYPhI pe3yibTa-
TaMH, TOKa3bIBAET MX OYeHb Xopollee cosnajexue. Makcu-
MaJibHOE OTIn4ue coctaBuio ~(2-4.7)% s aHTEeHH THNA
1,3,4,5, uro MoxeT ObITh OOBACHEHO MCMOIL30BAHHEM ABTOPAMH
nyOIMKalmii YMCIEHHBIX METOJI0B MPH OLEeHKe PeKTHBHOCTH
3THX aHTeHH. B ciyuae ucnonb3osanus juis pacyera d(QpQexTHs-
HOCTH QHAJIMTHYECKHUX METO/I0B, Kak B ciydae aHteHH 2,8.9,
Ha0II01aeTCa MOJIHOE COBIAJICHHE HAIIMX Pe3yJbTaToB C pe-
3yJbTATaMK, W3BECTHBIMH M3 Jnreparypsl. Takoe xopoiiee cos-
najieHne He3aBUCHMBIX PEe3YJILTATOB 10 oueHKe ek THBHOCTH
NOIJIOIEHUs TIPUEMHBIX AHTEHH IO03BOJSET CJeNaTh BBIBOA O
TOM, 4TO, BBIIBIIEHHAS B HacTosllel pabore cTpykTypa uH(Op-
MAaIMOHHON COCTABMSIONICH TMOJHOTO TONA paccesHusl NMpHeM-
HBIX AHTEHH TO3BOJIIET HE TOIBKO a/JIEKBATHO OIIEHMBATh MHTE-
rpajibHbIe XapaKTEPUCTHKN paccessHus M MPHEMa AHTEHHAMH, HO
M TOJYYWTh ACHYI0 (HM3MYECKYK0 KapTHHY caMoro rnpoiecca
npuema uHpopMalmu.
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RESEARCH OF STRUCTURE OF INFORMATION COMPONENT
OF THE SCATTERING FIELD OF RECEPTION ANTENNAS

Evgeniy V. Smirnov, Moscow Technical University of Communications and Informatics, Moscow, Russia, smirnovev@yahoo.com

Abstract

In our previous works, it was shown that the full scattering field of an arbitrary receiving antenna (PPRA) includes the information com-
ponent (ISPRA) responsible for the transmission of information from the plane wave to the antenna load, and its main parameters (com-
plex amplitude and its shape) are determined. It turned out that the shape of the ISPR is centrally symmetric to the antenna radiation
pattern in the transmission mode. At the same time, it is known from the optical theorem that the power emitted in the antenna load
is ambiguously related to the total power dissipated by the antenna and the same power emitted in the load can correspond to both
large and small scattering power. Therefore, it can be assumed that the amplitude of the PPRA component, coinciding in form with the
ISPRA also in general can be greater and less than the amplitude of the ISPRA itself. Thus, we can say that the component of the PPRA,
coinciding in form with the ISPRA, has some structure. It can generally consist of a component involved in the transmission of energy
from a plane wave to an antenna load and a component that does not participate in this transmission, but which has a significant effect
on the power dissipated by the receiving antenna. The first one is called the main ISPRA (ISPRA) and the second additional component
ISPRA (VARPA). Through in the general case of alternating mutual power between the components of the stray field of the full power
dissipation of the antenna can take both maximum and minimum values at the constant power allocated in the load of an antenna is
determined only by OSPRA. In the work clarified the structure ISPRA, determined the amplitude of OSPRA and VARPA for the gen-
eral case of a connection between OSPRA and the rest of PPRA. Knowledge of ISPR structure allowed to find out its influence on the
full power of scattering, power of extinction and efficiency of absorption of the receiving antennas. It is shown that the absorption effi-
ciency of receiving antenna is determined by the ratio of the amplitudes of OSPRA and VARPA. At the end of the work, the results of
the comparison of the efficiency of absorption calculations of various receiving antennas carried out according to the proposed method
with the data known from the literature are presented. They are a very good match.

Keywords: optical theorem, absorption efficiency, basic information component, scattering diagram,
receiving antenna, additional information component.
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OCOBEHHOCTU PEAJIUZALIUA
NMPUEMONEPEAAIOLLEIO mMmoAYNnga AGAP

DOI 10.24411/2072-8735-2018-10128
YepHoea MpuHa BnapumuposHa,
MTYCH, Mockea, Poccus,

specialist2005 | @yandex.ru Knroueeble cnoea: kosppuuueHm nonesHozo deticmsus
akmusHol ¢pasuposaHHol aHMeHHoOU peliemku,
TopoweBa AHxena CepreeBHa, KOHCMpyKmueHble 0cobeHHoCmu npuemonepedarouiezo
AO "HUM "Kynon", Mockea, Poccus, Modyns, amnaumydHoe pacnpedenerue, duazpamma
todosheva83@mail.ru HanpaesieHHOCMU, MOW,HOCMb.

PaccmatpuBaetca npueMonepepaiowmit MOAyNb aKTUBHO ¢ha3sMpoOBaHHbIX aHTEHHbIX peLle-
TOK, MPUMEHAEMbI B PafMONIOKALMOHHOW CTAaHLUMM ANA BO3AYLIHbIX U MOPCKUX CYAOB.
Llenb ctatbu — npoaHanusmposaTb 0cO6eHHOCTU peanusaumu NpueMo-nepealoLLero Moay-
na (MMNM) akTmBHbIX pasMpoBaHHbIX aHTEHHBbIX pelueTok. MeTogonoruyeckyio ocHoBy cra-
TbU COCTaBMAET TEOPETUHECKUIA aHANU3, CPAaBHUTENDbHbIN U ONUCaTENbHbIA METOABI, a TaKXKe
MeTop 0606LeHus.

PaccMoTpeHbl 0CHOBbI MHXKE€HEPHO-KOHCTPYKTOPCKOFO pelleHUs NMOCTPOEHUA aKTMBHO ca-
3MPOBaHHbIX aHTEHHbIX peLUEeTOK, €ro npueMornepealoLero ycTponcrso, oco6eHHOCTU
¢dpyHKunoHupoBaHua. OCHOBHOM KOHCTPYKTUBHON ocobeHHocTbio MMM aenaerca ux ycra-
HOBKa HenocpeAcTBEHHO B NonotHo AMAP u conpsa)keHne oTAENbHbIX 3/IEMEHTOB aHTEHHO-
ro nonotHa c 6nokamu copMupoBaHua curHana. OTmeyaercsa, 4yto rmasHou 3agayen MMM
asnsaerca o6ecnevenue Bbicokoro KM ADAP B pexxume nepefayumn u ogHoBpeMeHHO obec-
neyeHue LUMPOKOrO AnanasoHa ynpasneHusa aMMIUTYI0M U3Nly4aeMoro CMrHana npu coxpa-
HeHun ynpaenenusa ¢ason. OTMevaeTca, YTO nepejaloLLMi yCcUnuTenb AomkeH obnapartb
Gonbluen BbIXOAHOW MOLLHOCTbIO, YeM npuémHbii. MMM camoneTHbix APAP yalye Bcero
MoryT GbiTb pasMeLleHbl HEMOCPEACTBEHHO Ha Hecylied KOHCTpykKuuu nonotHa ADPAP c
NPOTUBOMOJIOXKHOW MO OTHOLLUEHUIO K U3NyHaTeNIAM CTOPOHbI UK CTPYNMNUpoBaHbl B Gnoku.
MpumeneHune MMM ADAP c KOHCTpYKUMENH, B KOTOPOW BXOA NajaloLleid MOLLIHOCTU coeau-
HeH C BbIXOZIOM NepeAaloLLero KaHana, a BbiIX0/, OTPaXXEHHOW MOLLIHOCTU COE€AMHEH C BXO-
AOM najaloLen MOLHOCTU HarpaBieHHOro YCTPOMCTBA pa3fesieHUA najaloLen u oTpaxeH-
HOM MOLLHOCTEN, KOTOpOE Yepe3 3alUTHOE YCTPOMCTBO COEAUHEHO C BXOAOM MPUEMHOro
KaHana, no3sonseT Npu coxpaHeHnn 3¢pHEeKTMBHOCTM 3alUTbl BXOAA NMPUEMHOTO U Bbixoaa
nepepatowiero kaHanos MMM A®PAP nosbicute KN APAP. BriaeneHa n o6ocHoBaHa He-
06xoaMMOCTb He MpeBbIaTh NPU CKaHMpoBaHuK ¢hasbl LWara pelleTKU NOoNOBUHbI ANUHbBI
BOJIHbI U3Ny4aeMoro curHana. Ha ocHoBe npoBefieHHOro uccnefoBaHUA aBTOPOM npeanara-
eTcA UCNoJib30BaTh METO/ KanMGpOBKM C MOMOLLbIO COBPEMEHHOTO U3MepUTENbHOTo o6opy-
AosaHua u uudposoe ynpasnenme NMMM. KnioyeBbiMn ocobeHHocTAMM uncdpoBoro npous-
BO/CTBA ABNAETCA BCECTOPOHHMI o6MeH uHOpMaLmei MexAy BCEMU CTaAUAMM Mpolecca
OpraHnM3oBaHHbIN UCKNIOYUTENbHO B LudposoM Buae. OCHOBHbIM NpenMyLecTBOM Ludpo-
BOro NpoOMU3BO/ACTBA ABNAETCA MUHMMMU3ALMUA MaTepuanbHbIX U3ZEepPXKEeK U BPEMEHU BbixoAa
Ha pbIHOK HOBOW, MHAUBUAYANIU3UPOBAHHON (NepCcOHa OPUEHTUPOBAHHOM) NPOAYKLUMU.
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Hcnonb3oBanne akTHBHBIX (Da3HPOBAHHBIX AHTEHHBIX pellie-
TOK ABIIETCH OJHMM W3 OCHOBHBIX MyTeH noBblleHus dddek-
TUBHOCTH ABHALIMOHHBIX KOMIUIEKCOB JIA/ILHEr0 PaaHOIOKallH-
ounnoro obuapysxenns (AK JIPJIO) u mHOroyHKIHOHAILHBIX
KOCMHYECKHX Pa/IHOJIOKALIHOHHBIX KOMIUIEKCOB € CHHTE3HPO-
BaHHOIT anepTypoii [1].

3anavun:

e M3yuuTh COCTAB NPHEMO-TIEPEIAIOIIETO MOJLY IS,

e  BousButh  0COOEHHOCTH  COEIAMHEHMA  [IPHEMO-
[Iepe/Ialoliero MOAYIIs ¢ H3lyyareieM.

e Onpeje/uTs BO3MOKHBIC HarpasjeHus
KITJ] aktuBHBIX (ha3upoBaHHBIX AHTEHHBIX PEILETOK.

PaccMOTpHM cOCTOsIHEE HCCIielyeMOoii MpoBiaeMsl.

Co3zjanne aKTHUBHBIX (DA3HPOBAHHBIX AHTEHHBIX PEHIETOK
(ADAP) npencraBiaser  coboil  KOMIUIEKCHYIO — Hay4HO-
TEXHHYECKYI0 H KOHCTPYKTOPCKO-TEXHOJIOIHYECKYO 1podiemy,
TpeOyIolIy0 pelieHns NIHPOKOro Kpyra BorpocoB. [ TaBHbIM M3
HUX ABJISIIOTCS POEKTHPOBaHUE n3iy4atoiiero rnojxotua n CBY-
pacnpeleHTeNIbHON cucTeMbl, (hopMupyromx Tpedyemblie Xa-
pakTepucTHkH npuemonepeatommx moayaei (ITTIM), a taioke
pa3paboTKy CHCTEMBI YIIPABICHHS, CXEM JJIEKTPOIIHTAHUS U OX-
naxaenus annaparypel ADAP. Texuonoruueckue 3ajgadu cBsi-
3aHbl, nipesxie Beero, ¢ [1TIM, kotopsie sBisitoTes Hanboliee J10-
porocrosiumm semenTaMmu AMAP n 1015KHBl M3rOTaBIMBATLCS
B OonblioM koauuectBe. BaxkHoii 3a1aueil, kotopyto HeoOxoam-
MO TakiKe peuiath npH costannn APAP, ssnsercs namepenne u
KOHTPOJIb MX XapaKTEePUCTHK B Npoliecce dKcIuTyaTaimu [ 1].

AxTHBHBIE (Da3UpPOBAHHBIE PELIETKH MPEBOCXOIAT OOBIYHBIE
pazapHble aHTEHHBI TMOYTH BO BCeX OTHOLIEHMAX, obecnednBas
Gosee BBICOKYIO CIEAIIYI0 COCOOHOCTh M HAEKHOCTD, MYCTh
M [PH HEKOTOPOM YBEIMYCHHH B CIOMHHOCTH M3TOTOBJICHHA H,
BO3MOZKHO, CTOMMOCTH [4].

OaHuM M3 BaKHEHIINX HANPABIEHWI MO CO3/IaHUIO MepCrek-
TuBHBIX ADAP sBnsercs npouecc cosepuieHctBoBanus [1TTM.
Cospemennbie meTo/ibl nipu paspadotke [TTTM Brirouator B cebs
OIITHMH3ALUHK HX apanem‘ypbl H KOMIIOHOBKH, MaTepHaloB H
anemenTHO# Oasbl. Cosznanue ITIM ¢ ynpapienuem He TOIBKO
(a30BBIM, HO W € AMIUTMTYAHBIM pacrpe/ielieHHeM B KaHalax
MO3BOJISIET MOBBICHTE (DYHKIIHOHAIBHBIE BO3MOKHOCTH M d(dek-
THBHOCTB pabotel ADAP [3].

Haubonee s¢ppexrusuo [MTIM ADAP moxer ObITbh HCHONb-
30BaH B DOPTOBBIX aBHAIIHOHHBIX PAHOJOKAIHOHHBIX CTAHIIMAX
(PJIC), xopaGenbnbix u Hazemubix PJIC, a Tarke B cucTemax
PaZMONPOTHBOACHCTBHS U paHopeneiinbIX cTanimax [1].

Peanuzaums ITIM s ADAP.

[Ipuémo-niepesiatoninii MOAyJIb — 9TO OCHOBA IPOCTPAHCT-
BEHHOro Kanana obpaborku curnana B ADAP.

B ero cocraB BXOIUT aKTHBHBII 3I€MEHT — YCHIIMTEIb, KOTO-
PhIil enaeT 3T0 yCTPOHCTBO AJIEKTPOJANHAMHYECKH HEB3anM-
Heim. [Toatomy s obecniederns BO3MOKHOCTH paboThl yCTpOii-
CTBa, KAK HA NMPUEM, TAaK W Ha Nepejady B HEM pas3je/sior nepe-
jpatomuii 1 npuémHblii kanaasl. Pa3zjeneHue ocyliecTBiseTcs
mmbo kommyTatopoM, 6o mupkyastopoM. Ha pucynke | yka-
3aHa (PYHKIMOHAIBHASA CXeMa NPHEMO-TIEPEIAoIIEero MoIy/Is.

B cocras npuéMHOro kaHana BXOJAT CIEAYIOIHE YCTPOiicTBa:

. YerpoiieTBo 3aumutbl npuéMHuka — o0b1uHO b0 pas-
PAJIHHK, THOO0 Jpyroe MoporoBoe YCTPOHCTBO, MPeaoTBpailan-
[ee neperpysky npuéMHOTo KaHasa.

*  Manomymsmuii ycuaurens — JBa, Hin 0onee Kackaios
AKTHBHOT'O yCH."'[CHHSI CHUIr'Haja.

MNOBBIICHMA

. dazoppamarens (PBP) — ycrpoiictBo (aszoBoii 3a-
JIep’KKN CHTHANIa B KaHane JUis 3ajaHus (a3oBoro pacrpesene-
HHA 110 BCEMY PACKPBIBY PEIIETKH,

*  Arrenwoarop (ATT) — ycrpoiicTBo 3ananus (noHHxKe-
HUsA, 0cablIeHns) aMIUTNTY/Ibl CHIHAJIA JUTS 3a/1aHHsl aMILTUTY/1-
HOTO pacrpe/ie/ieHus 10 PaCKPbIBY PEIIETKH.

Cocrap nepejaromero KaHaua cXo ¢ COCTABOM MPHEMHOIO
kaHana. OTinyne 3aKII04aeTes B OTCYTCTBHM YCTPOIHCTBA 3allin-
Thl 1 MCHBIIHX 'rpeﬁnaanuux K YCHIIHTEN MO yMam. Tem ue
MeHee, nepejalimii yeulmrens aomked obnaats Oonblueit
BBIXO/IHOIT MOIIHOCTBIO, YeM MPHEMHBIH [2].

[TIIM cozpepsuT KOpIyc M PacroOKeHHYI0 B HEM paaHo-
AIEKTPOHHY IO AUEHKY, COAEPKALLYH HECYLIYIO NEYaTHYIO MaTy
€ PaJAMOVICKTPOHHBIMH JIEMEHTaMH, B KOTOpoil obpa3zoBaH, 110
MeHbLIeH Mepe, OJIMH [PHEMO-TIePEAlONINil KaHall, BKII04Yalo-
muii B ceds, mo MeHbIeil Mepe, (DYHKIMOHAIBHBI y3el, obec-
NeynBalolInii MpeiBapuTeILHOE YCHIEHHE TIepe1aBaeMoro cHr-
Hajla M yhOpaBjeHUE NapaMeTpaMH [epeaBacMoro CcurHasa,
(PYHKUHOHAIBHBIH y3¢ei1, o0ecneuHBatoIMii BBIXOIHOE YCHICHHE
repeaaBaeMoro curHana, u (yHKIHOHAIbHBIH y3el, obecrevn-
BaIOIIMIT yCHIeHHWEe NMPHHUMAEMOro CHrHalla M YNpaBlIeHHe ra-
pamerpaMu npuHAMaemoro curhana. Kamaeni dyHKnnoHanb-
HbIH y3€1 BBIMOIHEH B BUJIE OT/IE/ILHOIO KOHCTPYKTHBHOTO 010~
Ka, MEXAHWYECKH M ICKTPHUYECKH COEJMHEHHOTO ¢ Hecyulei
nevyaTHoi niaatoi [6].
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Puc. 1. @yukuponansHas cxeMa npuéMo-nepealoniero Moy s

['nasnoii 3apaueii [IIIM sBaserca obecneyeHue BBICOKOIO
KITJI ADAP B pexxnme Tiepelaud M OJHOBPeMEHHO obecrneue-
HHE [IMPOKOTO Mana3oHa YNpaBlIeHHs aMIUINTYA0H W3jyyae-
MOI'0 CHIHAJa MMPH COXpaHeHHH yrpapienus (aszoit. ViyuiieH-
HbIX XapakrepueTuk TTTTM, MOXKHO J0CTHYL ¢ NOMOLIBIO 0110
HUTEILHOTO (DA30BOTIO YHPABJICHUS BEIUUHHON BBIXOJHOTO CHI-
Hana [1[1M, B KOTOpBIX M3myyaresan (WIH Tpynna uaydareneii)
CBA3aHBl ¢ OTJEJBHBIM MOJIYJIEM, COJIEP/KALIUM AKTHBHbIE J1€-
MEHTBI B BHJIC PA3IHYHOIO THITA TEHEPATOPHBIX M YCHIHTEIBHBIX
KackaJoB u npeobpaszoBareieil yactorel koyiebaHuii, a Takke
NaccUBHbIE YMHOMKMUTENH yacToThl. Hanbonee BaxHON xapakre-
puctukoii ITTIM sinseTcs kanuOpoBKa (a3oBLIX JUIMH KaHAJIOB,
MOCKOJABKY (pasoBas ommOKa BIMSET HA XapakTePUCTHKH Ha-
npaBaeHHOCTH [6].

Coepemennstii [TTIM  Bbinosnuser MHoxectBo (yHKUMI, B
TOM YHUCIIE: MEPEKIIOUAET MOISAPU3ALUN H3TYUYaeMbIX M TIPUHH-
maembix CBY-curHaznoB; ynpasisieT nepexiodaTensiMi npreM-
nepeaada; KOMIEHCHPYET TeMIepaTypHYH 3aBHCHMOCTh KO3(-
(punmenror nepepaun IIMIM B pexumax neperaun M npuema;
NPUHUMAET M XPAHUT KOJOBBIC KOMaH bl UH(POBOro BHIYMCIIN-
TeJis: BBIJIAET KOJ/IbI COCTOSIHHA OCHOBHBIX MapaMeTpoB U 00LIero
CHUTHAJAa MCHPABHOCTH JUIA KOHTpoJs; B u3nyudatene ADAP
(opMupyeT 3ajaHHBIIl  YPOBEHb MOIIHOCTH; ¢ Tpedyemoii
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3AUMTON MaJOIYMSALIEr0 YCWIHTENIs B NPUEMHOM KaHalle W
4yBCTBHTEALHOCTRIO npunuMaer CBY-curnanel; B 3a1aHHOM
JIMHAMHUYECKOM M 4acTOTHOM JIMarna3oHax ¢ obecriedeHneMm Tpe-
Oyemoii rinyOMHBI PeryMpoBKH NMPOM3BOJMT YIIpaBieHHE pas-
JlenbHO  (ha3oil M aMIUINTYI0H NMPUHUMAEMBIX W H3JIyYaeMbIX
CUIHAJIOB; OCYLIECTBISIET YIPABICHHUE NEPEKIOUaTeIsIMH [TPH-
em-nepeaaua [4].

HcnonszoBanue B nepeiaioiieM U npueMHoM kaxamax AM
oaHoro obmero gaszoppaiarens u obmeil pacnpeaennTenbHOI
cuctempl (PC) TpebyloT ycTaHOBKM JIBYX BBICOKOYACTOTHBIX
MpHEMO-TIepelatouX MoyIei B kakaom moayie. C Bbixoja
PC opmupytomiero yerpoiicrsa, KOTOpbIil 3a1aeT JUINTEIbHOCTD
MMITYJIbCA W TIEPHOJL €70 MOBTOPEHUS, YIPABISETCS HMITY/ILCHBI
MOJYJIATOP Kaska0ro aktusHoro moayis (AM). ITapamerper AM
ADAP 3apucar ot TpeboBanmii, npeassasngemeiM K PJIC, B ko-
Topoii AMAP sBiseTcs aHTEHHOI CHCTEMOI, a TaKKe JUIMHBI
BOJIHBI, IIUPHHBI Jinarpammsl Hanpasiennoct (JIH) u nsnyqae-
MOii MomHocTH [4].

BeixoaHas MOLIHOCTH MOIYJsl ONpeIelseTcs W3nydaeMoii
MOUIHOCTBI0 ADAP, NAOTHOCTEIO pa3MelieHus H3ayJaTteneil u
pa3sMepoM pemieTku [4].

[TTIM camonernbix ADAP uamie Beero Moryt ObITh pasme-
IEHbLI HEMOCPCIACTBCHHO Ha HCC}/].LU:F] K(]HCprK].{]-{H 1oJoTHA
AD®AP ¢ 1mpoTHBONOMOKHON 10 OTHOLIEHHIO K W3/IydaTesim
CTOPOHBI HIIH CTPYNIUPOBaHbI B 6110KkH [1].

OcHOBHOI1 KOHCTPYKTHBHOI ocobennoctio [1TTM sinsieTcs
TO, YTO OHH YCTAHABJIMBAIOTCA HEMNOCPEACTBEHHO B MOJOTHO
A®DAP u conparaioT OT/Ie/IbHbIC 3EMEHThI AHTCHHOI'O MOJI0THA
¢ Onokamu opmuposanust curnana. Takum obpasom, rabapur-
Heie pasmepsl [IITM ADAP orpannuuBaroTcs BO3MOKHOCTBIO MX
pasMelleHnsi B NMOJOTHE aHTeHHOH pemerku. s uckmodenus
noOOYHBIX MakcUMyMoB n3nydenuss ADPAP npu ckanupoBannu
(hasbl ar pereTky He JI0JKEH 3HAYMTEILHO MPEBLIIATE 1010~
BUHY JUIHHBI BOJIHBI M3JIy4a€MOI'0 CHIHAJA, OATOMY IPH paspa-
6orke [1IIM ADAP neobxoanmo 210 yuurthiBath. Hanpumep,
s S- u C-pguanasona JUIMH BOJH 1Iar aHTEHHOH pelueTku, a
COOTBETCTBEHHO M nonepeunsie pasmepsl [ITIM, menserca B
npeaenax ot 75mm g0 18,7MM B 3aBHCHMOCTH OT paboueii yac-
Tothl. CTONbL Manble rabaputhl Kopryca, a Takke TpeboBanue
€ro repMETHYHOCTH, CTOMKOCTH K MEXaHMHYECKHM M KJIMMaTHye-
CKHM BO3JICHCTBHSIM, HAKIAQ/LIBAIOT CYLIECTBEHHOE OrpaHuye-
HHUE Ha BLIOOP 2/1eMeHTHOH KomnonenTHoi Oa3el (DKB), Ha cxe-
MOTEXHHYECKHE M KOHCTPYKTHBHbIC pelieHHs npu paspaborke
koncrpykuun [TTIM ADAP.

CymectBenno obocrpsiercs npodiaema obecrieyerus aocra-
TOYHOrO TEIUIOOTBO/A € AKTUBHBIX JJIEMEHTOB (TPaH3UCTOPOB
yeunuteneid MownocTH) kakaoro IITIM B cocrase aHTeHHOrO
nonorHa. [loatomy no pesyapTaram TepMOAHHAMHYECKHX pac-
ueToB (hopMUpyIoTCs TpeOOBAHHA K MHHUMAIBHO JIOMYCTHMOMY
KITJI TTIIM, kotopeliii ¥ onpeaensieT BbLICISEMYIO TEIJI0BYIO
motHocTh. Mexoas us atux coobpaxkennii, ITIM paspabarbisa-
ercs ¢ MakcumanbHo Bo3MoskubiM KITJL, To ecth ctpemsTcs Mak-
CHUMAIILHO CHH3UTH NOTPeOIISeMyI0 MOIHOCTh TIPH COXPaHEeHUH
TpebyeMoro ypoBHs BBIXO/IHOI MOIIHOCTH Nepe/Iaiolero Tpakra
[TIIM [5].

Elie 0/iHUM HEeMaJIOBaKHBIM KOHCTPYKTHBHBIM OTPaHHYCHH-
em npu paspaborke mouHbX [TIIM ADAP ssnsercs BHyTpeH-
Hee nonepeunoe ceuenue CBY rtpakros B kopryce I1TTM, koto-
pble B 00lIeM BHJIe MPEACTaBIAoT coD0il NPAMOYTOIbHBIIH BOJI-
HOBOJI, MO KOTOPOMY MOTYT PacnpoCTpaHATLCA IeKTPOMarHuT-
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Heple BOJHBL, HeoOXoauMO NpoBecTH TIIATEILHLIA AIEKTPOIN-
HAMHMYECKHIT pacyeT KOHCTPYKUHH, 4TOObI YOIUTLCS B TOM, HTO
ITOT BOJIHOBOJ SIBISIETCSH «3anpeielbHbIM» Ul pacnpocTpane-
uusa CBY curnanos B auanasone pabo4nx 4acToT, WM TIPHHATH
JIOTIONHUTE/bHBIE Mepbl, YTOOBI CHIHAIBI ITOrO JHMana3’oHa He
PACHpPOCTPAHSIIIMCE 110 YTOMY BOJHOBOJY WM 3aTyXaln Ipu
pacnipocrpaHeHu. B npoTHBHOM clilyuyae, OTpakeHHbIE 3JIeK-
TPOMArHUTHBIE BOJIHBI HApylaT HOPMalbHOE (YHKIMOHHPOBaA-
nue [1IIM u moryT nae BBIBECTH YYBCTBHTEILHBIH NPHEMHBIIH
TPakT U3 cTpos. Mcxoas u3 Bcex ONMMCaHHBIX BBINIE OrpaHuye-
uuii [TIM ADAP moryT ObiTh paspaboTansl B MHOTOKaHAIIBHOM
ucrnojaHeHuu [S].

B oanom cnyuae kamaswtii [IIIM coeaunsercs nenocpeact-
BEHHO C n3iy4artelieM u o0Gpasyer eanHoe ycrpoiicto. Ha 3Toii
K€ Hecylleld KOHCTPYKLMH pacrojiaraloTcst 2JIeMeHThl pacnpe-
JICIATE/ILHONH  CUCTEMBI, BKJIIOUAs YCHJIMTEIBHBIE MOJYIH, a
TAKIKE DJICMCHTBI CHCTEM YIPABJICHHMS W BTOPHYHOIO YIIpasje-
nus ADAP. Tlpu sTOoM J0CTHrarOTCs MHHHMAIBHBIE NOTEPH
momnoctn CBY-curnana, ofHako YCIOKHSETCS KOMIIOHOBKA
A®MAP u yBeIMUMBAETCS Macca HEeCylleill KOHCTPYKIMH W3I1y-
yaolero noaorHa [1].

B apyrom cayuae [TTIM MokeT coenmHsThCs ¢ H3IyqarTes-
MH ¢ nomoleio kabeneid. KOHCTPYKIMS M3IyUaloero nojaoTHa
NpH 3TOM MMEET MUHHUMAaIBHYIO Maccy, HO TpeOyercs cucrema
kaberneii, ysenuuuatommx obuiyro maccy ADPAP, uto npuBoant
K JIOTIOJHHTEIbHBIM MOTEPSAM. DIEMEHThl CHCTEM YNPaBIeHHs W
matauus ADAP moryt pasmemarscsa B Gnokax smecte ¢ [1TIM
[1].

B kaxiom [IIM Beiensiercs 1o 100 Bt tersioBoil MouHo-
cTH, 4to Tpedyer NpHMEHEHHS KUIAKOCTHOrO oxiaxjieHus. B
3aBUCHUMOCTH OT pacnonoxenus [TTIM snemeHTbl KHAKOCTHOI
CHUCTEMBI OXJIAAKIEHHS PA3MELIAIOTCA Ha HECYIIEH KOHCTPYKIMHU
nojotHa win B 6nokax, rjae cocpenorouenst [TTIM. TTpu pasme-
wenun MM Ha Hecyluel KOHCTPYKUMM [1070THA, Ha HE#
J10i7KHA OBITH YCTAHOBICHA CHCTEMA JKHKOCTHBIX KaHAIO0B, Ka-
AAblI M3 KOTOpLIX oOcay:kupaer rpynny ITIM. 3aeces ans ox-
JajKJIeHHA WCIIOIb3YEeTCs HWHIAKOCTHON KaHan B BHae TpyOwl ¢
TUIOCKUMH CTEHKaMH, K KOTOPBIM TOJOTHO TNPHKAThl CTEHKH
kazxoro [MTIM, nmeroniue TenjioBoil KOHTAKT ¢ TErIoNnpoBo/is-
LIMMU [1J1aTaMH BBIXO/IHBIX KACKA0B YCHIMTEsE MOLHOCTH [1].

HaGop TITIM perieTok A0/KEH UMETh MaKCUMaJIbHO HJIEH-
THYHBIC aMIUINTYIHO-dacToTHele (AYX) u (pa3oBo-4acToOTHERIC
(PYUX), MOAYIALUMOHHBIE W TeMIepaTypHbie 3aBUcCMMOCTH. B
kaxaoit T1TIM BBezeH MUKpPOINpPOLECCOp, KOTOPLIH yrpaBiser
cocrosauuamu ®BP u ATT moayns He TOJABLKO /U1 CKaHHpOBa-
Hus syda u opmuposanns JIH pasnuunoii gopmbl, HO U uis
koppektupoBkd ux AUX, ®UX u komneHncaumu H3MEHEHHIH
napametpos IIIIM npn w3menenun temneparypsl. Mukponpo-
1eccop TakKe YNpasisgeT MOAYIATOPAMH YCHIUTENS MOIHOCTH
1 Manouymsuero yeuaurenas (MIY), a Takke nepekiouare-
asimu, Bxoammmu B TITIM [1].

B IIIIM npejycMOTpeHO caMoympasiseMoe YCTpoiHcTBO 3a-
HIMTBl TPHEMHHKA, 3ammmaiouiee Bxox MIIY He Tonbko ot
MOIIHBIX CHIHATOB «COOCTBEHHOTO» YCHIIHTENs MOIIHOCTH
(YM), vo n ot curnanoB apyrux [11IM nannoii ADAP, a takke
OT MOIIHBIX HECHHXPOHHBIX curHaioB. Ha Bxoae npuemHbIx
kananoe IITIM camonerneix ADAP ycranapausarores rnojoco-
BBIE MIPOINYCKAIOIINE (QUILTPLL, 3auumaiomme >t kanaus! [TTTM
oT MOLIHBIX BHenonocHbiXx CBY-curnanos. s 3ammtel YM ot
neperpesa B [I[IM npenycmartpupaercs oTKII0YeHHE MUTAHHA
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[P [PEBLILICHHH TIPEAEIbHOIH TeMIepaTypbl BBIXOAHBIX TpaH-
suctopoB YM [1].

Pemennem npoGiiemM pajinooKalny 3aHUMAIOTCs MHIKEHEPHI
PasHBIX CTPaH.

Harnpumep, Obu1 pazpaboran HPOKOMOIOCHBIH, HEOPOTOH,
BBICOKOITPOM3BOIMTENLHBII M HENpepbIBHBII  (hasoBpalarens
JUIs  MHUIUITAMETPOBBIX  (pasupoBaHHbIX cucTeMm. [IpuHumm ero
padoThl OCHOBAH HAa W3MEHEHHWH PEXkKHMMa PacrpocTpaHeHus 3a-
3eMJICHHOH KOIJIAHAPHOH BOJHOBOJIHOH JIMHUM  NyTEM pa3Me-
LIEHHS! TUIMTBI € BBICOKOI JAMajieKTpudeckoid nocrosuuoi. [lo-
CTOSIHCTBO PACTIPOCTPAHEHHA W, CIE/I0BATENLHO, CABUT ()a3 u3-
MEHSFOTCS ITYyTeM M3MEHEHHS BBICOTHI BO3IYIIHOTO 3a30pa ME-
Jly BOJIHOBOJIHOH JIMHMEH M JIM3JIeKTpuYeckoil nimroi. B kave-
CTBC JI0OKa3aTC/IbCTBA KOHLECMIHH HUCMOJAL3YETCH l']bCBO'.).I'leKTpH-
yeckuil npeoOpa3oBaTelb Ui TOYHOTO YIPABICHHS JTOI BICO-
TOi Bo3aymHOro 3asopa. Ilpororun gasospamiarens Ha OCHOBE
neyaTHOH TIaTel OBUT CIIPOEKTHPOBAH, M3TOTOBJIEH M NMPOTECTH-
pPOBaH Ha JIBYX Pa3sHBIX 4acTOTHBIX auanazoHax (19-21 wu
28.,5-30,5 I'T'u), koTOpBIE TIPEACTABAAIOT COOOMH MOI0CH HUCXO-
JIsiIiei JIMHAY CBS3M M BOCXOJISILIEH JIMHUM CBA3H COOTBETCTBEH-
HO JIByXKaHAIILHOTO jinana3ona Ka- crnyTHHKOBOI cHcTeMbl CBSI-
34. DKCMEPUMEHTANIBHO JOCTHTHYTA HElpephiBHAs W MOYTH JIN-
HelfHas XapakTepucThka (PasoBOro HanpsuKeHHs CO CPeJIHHMU
u3MeHeHusaMu (aszosoro casura Ha 170° u 260° no aBym noso-
caM cooTBeTcTBeHHO. OTreyaToK npeiaraeMoro asospaiiare-
ns cocrasiaser 2,1 MM X 3 MM, YTO JIOBOJILHO Mal0 M TOJXOJAT
JUTs HU3KOTIPO(MIbHBIX MIULTHBOIH. CpejiHie MoTepH Ha BCTaB-
Ky 1o JIByM auanazonam coctapistor <0,53 u 2,35 ab ¢ ouens
HU3KUMH oTKI0HeHHAMH £ 0,22 1 £ 0,35 1B COOTBETCTBEHHO.

JIpyruMH y4eHbIMH Npe/ICTaBIeHa HOBAas TOTOJIOTHs aHTEH-
Hbl MHJUIMMETPOBOTO JIMANA30HA € BBICOKMM KOd((purnentom
YCHIIGHHS, COBMECTHMAas ¢ MHTerpauieil Mo/UIoKKH. AHTEeHHA
COCTOMT M3 IJIOCKO JINCKPETHON JIMH3BI, YJOKEHHOH MOBEpX
JIMIEKTPHKA € CEPACYHHKOM, 4 MIIOCKHIT (hOKaIbHBIH HCTOYHHK
coOpaH Ha HHIKHEI CTOpOHE. AHTEHHA MOKET ObITh H3rOTOB/IEHA
B BHJIC €IMHOTO, HAJIEKHOTO0 ¥ KOMIAKTHOTO MOJIYJIsi C HCIOJIb-
30BaHHEM CTAH/IAPTHBIX HEJOPOTHX TeXHOJIOTHIT MeYaTHBIX I1aT
M COBMECTHMA CO CXeMOii MpueMornepeaaTynKka Ui TOITHOCTHIO
MHTETPUPOBAHHBIX HMHTEP(ECHBIX MOJyJeil MHIITMMETPOBOIO
jnanazona. ITpeuiokeHHas apxuTeKTypa M3y4aeTes ¢ NOMOLILIO
JIBYX KOMIAKTHBIX @HTEHH CJIELYIOero jauanasona (32 mm
32 MM % 13,2 Mm).

OcHOBHBIE PABHIA IPOEKTHPOBAHNSA IEMOHCTPUPYIOTCH /15
JNIEMEHTAPHBIX A4eeK, (POKaTLHOr0 HCTOYHHKA M IUIOCKOH JTHH-
3b1. [Ipn sxcnepumMenTe noirydeHs! ClAeyone pesyibTaThl: 115
JIBYX PAacCCMOTPEHHBIX KOMIAKTHBIX aHTEeHH KOY((HLHEHT yCH-
nenus (17,6 u 20,4 nb), appexrusHocts aneptypsl (14 u 26%) u
JipoOHas mmpHHa nojockl yeunenus 3 1b (17 n 18%).

B npyrom mcenenoBaHny aHaIM3MPYIOTCS (ppaKTanbHbIe aH-
TEHHBIC PEIIECTKH HA MPEAMET MX NPHUMEHHUMOCTH B pajapax ¢
MHOMKCCTBECHHBIM BXOJIOM C HCCKOJBKMMH BBIXO1aMH. HCCJ’IC;[O‘
BaHA IeOMETpHs MAacCHBOB, OCHOBaHHas Ha (ppakranax. Kpome
TOTO, MOKA3aHa KOHLENIMA codeTanns o0oux (ppakraios, 4Tolkl
MOBBLICHTH TMOKOCTL B OTHOIIEHHH KOIMYECTBA INEPEelaInX 1
[IpHQMHb]X dAHTCHH. (DPHKTI:UI})HI:]C KOHUECTIIHH MOTYT Gb[Tb HC-
10JIL30BAHBL JUIsl YJIYHLICHHS! YIJIOBOIO PaspelieHns U yMeHb-
HieHHs YPOBHS GOKOBOTO JienecTka Ul 3a]aHHOr0 KOJHYeCcTBa
nepealiumMx 1 npueMHbIX anteHH. [Ipu sTom dpakranbhas
KoHuenuua ¢ 21 nepeaatouieii anreHHoi u 21 npuemMHOIl aHTeH-
HOI YJIyHIIaeT yrioeoe paspeuienue 10 4,6 rpajycoB U yMeHb-

maer ypopenb OOKOBBIX jienecTkoB Ha 3,1 ab no cpaBuenuio ¢
00BIYHOI KOH(UTYpalHeil Ha OCHOBE JIBYX JIMHEITHBIX MacCHBOB
C TAKMM K€ KOJMYECTBOM aHTeHHBIX 27emeHToB. Kpome Ttoro,
Pe3yibTaThl IKCHCPUMEHTAIBHO HOJTBEPIAICHBI IIHPOKOIOI0C-
HBIMH PA/IHOJIOKALIHOHHBIMI H3MEPEHHUSIMH.

Paspaborana HoBas OJIHOKaHAlIbHAA AHTEHHAs peIIeTKA C
MHKPOTIOJIOCKOBBIMH AHTEHHAMH € KOJIBLEBOH MOIsApHU3aumeii ¢
oHOIT nogaveil. DPexT pocTUraeTcs ¢ MOMONIBI OTCTYTIOB
MHKPDI’IOJ’IOCKOB]:[X naTHeii, NnoJjaBacMbIX 4Hepe3 nasbl HA HHTEr-
PHPOBAHHOM BOJIHOBOJIE MOJUIONKKH. AHTeHHA 00J1alaeT BhICO-
Koii apdexTBHOCTBIO M3MydeHus Oonee 90% no cpaBHeHWIO C
paGoueii wactotoii. [lonoca nponyckanns umnenanca (KCBP
<2) ¥ noJjoca nponyckanus oceBoro otHowenns (AR <3 nb) B
11,8 u 10,9% nocruruyro. Mexay MMHTALHOHHBIMU W (aKTH-
YECKHMHU pe3ylibTaTaMH JOCTHIHYTO COOTBETCTBHE.

Takske ydeHBIMH MHpa HCCIEAyeTcsi KOMIMAaKTHas, MI0CKas
IIMPOKOIONOCHAS LMUPKYJISPHO MOJAPH30BAHHASA BOCBMEpHYHAA
MHTErpaibHas BojHa. Jlns uceneoBanmus XapakTepUCTHK BOTHBI
NpeJICTaBIeH paBHOOEIPEHHBIH MPABLII TPEYTOJIbHBIH BOJIHOBO/I
€ O/IHOI AeKTpHUecKoil GOKOBOIH CTEHKOI (PacnonoKeHHOH Ha
OJIHOM Kpae BOIIHOBO/IA) M JIBYMsI MArHUTHBIMH GOKOBBIMH CTEH-
KamH (pacroioKEHHBIMI Ha JIBYX APYTHX KPasX TPEYroibHUKA).
Jlns Bcex pacnpocTpaHAKIIMXCS MOJL B 3TOM TPEYTOJIbHOM BOJI-
HOBO/IE MOJIYYEHBI PEIICHHS 110 3aMKHYTBIM (POpMaM KOMIIOHEH-
TOB IEKTPOMArHUTHOTO [10JIsl U HacTOTLI oTceuku. Mojenupye-
MOe pacrpejielieHHe 31eKTPOMarHUTHOTO MOJs COrjacyercs ¢
AHATTMTUYECKHMH Pe3yJIbTaTaMH. 3aTeM ONpeensioT pe30HaHCc-
HbIE HACTOTHI MOJOCTH. AHTEHHA, COCTOALIAA M3 HEThIpeX dJie-
MEHTOB, CINPOEKTHPOBAHA, M3rOTOBICHA U u3MepeHa. M3mepen-
Has WHpPHHA oceBoro otHouienus 3 ab autenHwl cocrasiser
21,6% ot 4,72 no 5,86 I'T'u. B npejenax 9Toro 4acToTHOIO JAHa-
nazoHa M3MepeHHbli Kod(pduument orpaxenns Huxe -10 ab, a
M3MepeHHOe MUKOBOE YCWIEHHE B KPYrOBOil IOJSpH3aldU B
IIMPOKOM JiMana3one cocrasiser 6,89 n1b npu 5,1 I'T'w.

Yuensimn AO «Konnepn «Bera» Benercs otpaboTka Kimio-
YEBBIX JIEMEHTOB CBEPXILHUPOKOIOIOCHOH MPHEMONEpeIatoLIeii
AKTUBHOH CKaHHUpPYIOUIEH aHTEeHHO pelneTkn, obecneunBaronei
nopeienune uHpopmaTuHocTn doprosoii PJIC 3a cuer ncnons-
30BaHNA KOPOTKHX cBepXinpokononocHsIx (CLITT) ummynbeos.

B npouecce Boinonenns padoThl MPOBE/ICH aHalIN3 BapHaH-
TOB [MOCTPOEHMSI AHTEHHOTO YCTPOHCTBA JUISl NEPCreKTHBHOM
ceepximpokonoiocHoi Goprosoit PJIC Goabioi aaibHOCTH.
[TonyyeHHbie pe3yabTaThl JIOKa3bIBAIOT BO3MOKHOCTH CO3JIaHHA
BHJICOMMITYIbCHOH CKaHMPYIOUIeH aHTeHHON pelleTKu ¢ Xapak-
TEPUCTHKAMH, O0ECNeUNBAIONINMH 3HAYUTEIBHOE MOBBILICHHE
pajauyca jeiicreust koporkoumnyibeHsix CIHIT Goproseix PJIC,
peanH3aluio NpUeMOIepe/Iaonero pexnuma padboTsl ¢ UCHOJb-
30BaHMEM OJIHOTO TOJIOTHA M3IyuaTereil M BBICOKOI CKOpOCTH
CKaHMPOBAHMA MPOCTPAHCTBA JIyHOM JHArpaMMbl HanpasBieHHO-
cri. Jlaunas paboTa — CyUIECTBEHHOE JOCTHMKEHHE B 00JacTH
pa3paboOTKH MPOTPECCHBHBIX TEXHOJOIWil, o00ecneynBaroInX
MHHOBAIIMOHHOE Pa3sBUTHE M YKpernjeHue o0OpPOHOCIOCOOHOCTH
Pocenn.

BeiBoasi

[Tpumenenne [1TIM ADAP ¢ koHcTpyKUHMEH, B KOTOPOIi BXO/1
Ma/1a1011el MOIHOCTH COEMHEH € BLIXOJOM Mepelaloniero Ka-
Hajla, a BBIXOJl OTPaKEHHOH MOIIHOCTH COEMHEH C BXOJIOM Ia-
Jlaloiel MOIHOCTH HAMPAaBJICHHOIO YCTPOHCTBA paseicHus
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najatoiieii U OTpaKeHHOH MOUIHOCTEH, KOTOpoe uepes 3alluT-
HOE YCTPOHCTBO COEIMHEHO € BXOJOM MPUEMHOrO KaHaja, Mo-
3BOJISIET MPU COXpaHeHHH (PHEeKTHBHOCTH 3alIMTHI BXOJA TPH-
eMHOro M BbIxoaa nepezatomiero kananos [11IM ADAP nosei-
cuts KITJ1 ADAP.

Heo0X0uMO TakKe NPHHATH BO BHHMAaHUE BO3MOMKHOE [1e-
pepacnpeenenne CBY sneprun B paznnunbix cocrosinnsax @BP
u ATT u3-3a usmenstoierocs koddduimenra orpaxenns 1 Be-
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POATHOCTH BO3HUKHOBEHHs CTOAUMX BOaH. Jlnst Toro, utoGbl pe-
IIHTH BCE 3TH MPOGIEMbI, MOKHO MPHUMEHHTH METO/1 KAIMOPOBKH
€ MOMOLIBK COBPEMCHHOT'O H3MCPHTCIBHOIO OGOP}’HOBEIHHH H
ungposoe ynpasienue [TTM.

KurouepbiMi 0cOGEHHOCTAMH TAKOTO BHJIA IPOU3BOJICTBA
sIBJISIETCS BCeCTOPOHHHI 0OMeH nH(opmalueii Mesxk1y Bcemu
CTaHsAMMU MPOLIECCa OPraHN30BAHHBIH HCKIIOYHTEIBHO B (-
poBoM Bujie. OCHOBHBIM NPEUMYIIECTBOM LH(PPOBOTO MPOH3-
BOJICTBA ABJISACTCA MHHUMH3ALMSA MaTCPHAJIBHBIX H3ICPIKEK U
BEPCMCHH BBIXO/1a HA PLIHOK HOBOMH, Ir{]{,-'lPlBH,-'[yH_.’IHfil{]’)(‘]B‘dHHUH
(1epcoHa OpHEHTHPOBAHHOI) MPOJYKLIMH.

PECULIARITIES OF THE REALIZATION OF THE TRANSCEIVER MODULE
OF ACTIVE PHASED ANTENNA ARRAYS

Irina V. Chernova, MTUSI, Moscow, Russia, specialist2005 | @yandex.ru
Angela S. Todosheva, Joint stock company scientific research Institute of the Kulon, Moscow, Russia, todosheva83@mail.ru

Abstract

This article discusses the AFAR (active phased antenna array), used in the radar for aircraft and aircraft. The purpose of the article is
to analyze the features of the implementation of the transmit-receive module of active phased antenna arrays. Methodological basis of
the article: theoretical analysis, comparative and descriptive methods, as well as generalization method.

The fundamentals of the engineering-design solution for the construction of actively phased antenna arrays, its transceiver device, and
the features of functioning are considered. The main design feature of the module is their installation directly into the AFAR web and
the interface of the individual elements of the antenna strip with the signal conditioning units. It is noted that the main task of module
is to ensure a high efficiency of AFAR in the transmission mode and simultaneous provision of a wide range of real-time applications.
It is noted that the transmitting amplifier should have a greater output power than the receiving amplifier. Module aircraft AFAR most
often can be placed directly on the supporting structure of the AFAR canvas with the opposite to the radiators of the side or grouped
in blocks. The use of APAR with a structure in which the input incident power is connected to the output of the transmission chan-
nel, and also to provide access to energy sources. The necessity to not exceed half of the wavelength of the emitted signal when scan-
ning the phase of the lattice step is revealed and justified. Based on the study you can use the calibration method with the help of mod-
ern measuring equipment and digital MRP control. The key features of digital production are the comprehensive exchange of informa-
tion between all stages of the process, organized exclusively in digital form. The main advantage of digital production is the minimiza-
tion of material resources and the time to enter the market for a new, individualized (person-oriented) product.

Keywords: active phased array antenna efficiency, design features of the transceiver module, amplitude distribution, beam pattern, power.
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PaccMarpuBaeTca BO3MOXHBIW MeTOJ pelUeHUA OAHOW M3 OCHOBHbIX Npobnem
MUKPOMONOCKOBLIX aHTEHH — BO30y)XZleHne MoBepXHOCTHbIX BONH. Paccmarpueae-
MbIA METOJ, 3aK/o4aeTcs B MCNOSIb30BAHUMN ABYXCIIOMHON AUINIEKTPUYECKON NOANOK-
KW BMECTO OJHOTO CNOA AUINEKTPUKA, UCMONb3YeMOro 0ObI4HO.

lMpuBoaAaTca nony4yeHHble ycnoBuA, KOTOPbIM AOMKHbI YAOBNETBOPATL NMapaMeTpbl
AMIIEKTPUYECKUX CNOEB ANA OAHOBPEMEHHOIO OrpaHMYeHuA Bo3byaeHUA nosepx-
HOCTHbIX BOJIH KaK 3/IeKTPU4ECKOro, Tak U MarHUTHOro TUNoB.

[Ana BbiIABNEHUA NOCNEACTBUIA Nepexoa OT OAHOCIONHON NOANIOKKU K ABYXCIOMHOM
He TONbKO C TOYKM 3peHua Bo30yKAeHUA NOBEPXHOCTHLIX BOJH, HO U C TOYKMN 3peHuUA
XapaKTEPUCTUK CaAaMUX MUKPOMOJIOCKOBBIX aHTEHH, 3TU YCNOBUA GblM NpUMEHEeHb! K
cyujecTBylollei aHTeHHe. BbiGpaHHaa aHTeHHa no3Bonser Mcnonb3oBaTb OpPTOro-
HanbHble MONAPU3ALUMU U MOXKET ABNATLCA Ga30BbIM 3NEMEHTOM ANA CO3JaHUA aH-
TeHH, paboTaloLWmUX B HeCKONbKUX AuanasoHax 4vactot. [Mepexopn oT oagHocnoiHoOM
NOANOXKKM K ABYXCNOMHOM Gbin ocyllecTBnieH NyTeM fo6aBneHns noeepx usnyyarens
AOMOJIHUTENBLHOTO C/IOA ANINEKTPUKA, NapaMeTpbl KOTOPOro nosponsAioT obecneunTb
OJHOBPEMEHHYIO0 OTCEYKY MOBEPXHOCTHbIX BOJMH 3/IEKTPUYECKOrO U MarHUTHOroO TU-
nos. MNMpu 3ToM coOXpaHUNUCb OCHOBHbIE pa3Mepbl UCXOAHOM aHTEHHbI, YTO NpeACTaB-
naerca yao6HbIM nNpu npoekTupoBaHuu. B pesynbrate ocyllecTBneHHOro nepexopa
KI/loYeBble NapaMeTpbl, B TOM YUCIE NON0Cca COrNacoBaHusA, YNy4LUUIUCD.
MoaTsepxaeHUe OTCYTCTBUA NOBEPXHOCTHLIX BOJIH B U3MEHEHHOW KOHCTPYKLMUK Gbl-
1o f0Ka3aHO NMyTeM HaxoXKAEeHUA S-napaMeTpoB ANA ABYX U3Ny4aloLMX 3JIEMEHTOB,
Pacnono)eHHbIX Ha PacCTOAHMM MOJIOBUHLI ANWHbLI BOJHbI APYr oT Apyra. AHanus
noaTBepAUN yMeHbLUEeHMe B3aMMOAENCTBUA MnpejnaraeMbiX 3/IEMEHTOB MO CpaBHe-
HMIO CO CllyvaeM ABYX UCXoAHbIx aneMeHToB. Kpome Toro, 6bin onpepeneH oauH us
napaMeTpoB, XapaKTepu3yloLWMi BO3MOXXHOCTb MCMOJIb30BaHMA TaKOro 3JieMeHTa B
cocTaBe aHTEHHOW cucTeMsl, paboTaiolyein B pexxume MIMO, — ko3 duumeHT Koppe-
nAuMM ABYX U3Nyyalolmx aneMeHToB. B npegenax pa6ouer nonockl npn ucnonb3so-
BaHMMW ABYXCNOWHOM NOANOXKMN MPOU3OLLIIO CHUXKEHUE YPOBHA KOppenauuum.
CpaBHMUTENBHLIA aHANU3 MOATBEPAMUN MONOXUTENbHOE BNUAHWE, OKasblBaeMoe Ha
paccMOTpeHHble XapaKTEpPUCTUKMN NEepexXoAoM K ABYXC/IOMHOM NMOAJIOKKE, YTO cBuAe-
TeNnbCTBYeT O LieNnecoo6pa3HOCTU NMPUMEHEHUA MOJTYHEHHbIX YCIIOBUIA OTCEYKM MO~
BEPXHOCTHbIX BOJIH MPU NPOEKTUPOBAHMN MUKPOMOJIOCKOBbIX aHTEHH.
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OtHUM 13 OCHOBHBIX (DAKTOPOB, KOTOPbIH HEOOXOAMMO YUH-
TBIBATH MPH MPOEKTHPOBAHUN MHKPOINOIOCKOBBLIX aHTEHH — 3TO
BO30YK/JEHHE MMOBEPXHOCTHBIX BOJH B JHICKTPHYECKOH Moj-
N0KKe. DTOT BONPOC, HECMOTPS HA MHOIKECTBO HMEIOIIMXCH
MCCIIE0BAHMI, 10 CHX MOp HE MOTEpsl CBOEH aKTyalbHOCTH.
IToBepXHOCTHBIE BOJHBLI HErATHBHO CKA3BIBAIOTCA HA KO duin-
€HTE TOJIe3HOro JeHCTBHS MUKPOIOJIOCKOBOH aHTEHHBI, YXYI-
HIAI0T €€ YaCTOTHBIE CBOHCTBA, MOTYT MPHBECTH K Je(opMaliun
JHarpaMMbl HarpaBJIeHHOCTH M, B CJy4Hae MHKPOIOJOCKOBBIX
AHTEHHBIX PELICTOK, MPHUBO/AT K 3HAYMTEILHOMY B3aUMOBIIHSI-
HMIO DJIEMEHTOB PEILETKH.

Oauu cloil IMANeKTpHKa Ha NMPOBOJSAIIEM SKpaHe, SIBIAIO-
LLIMiCA HEOThEMJIEMON cocTaBsAtoleH M000H MHKPONOIOCKO-
BOIl aHTEHHBI, BCErja MOUICPKHUBACT MOBEPXHOCTHLIC BOJIHBI,
4TO cleayer u3 u3BecTHuIX [1] 3aBucumMocteil 3amesuieHus 1no-
BEPXHOCTHBIX BOJIH B JAMIIEKTPHKE Ha MPOBOALIEM JKpaHe OT
TomuuHel cnos. Ha pucynke | npuBeaen ux Bu /Ui MOBEPXHO-
CTHBIX BOJIH IEKTPHYECKOI0 THUMA MPH JIBYX PasHBIX JHIICK-
TPHUECKUX [poHHLaemMocTsax cios (g, = 4,5 u 2,1 Ha wacrore
800 MI'n). M3 sTtux 3aBucuMocTeil BHAHO, YTO HH3UIMI THI
BOMIHBI Eyy BO30YK1aeTCs MPH CKOJIb YIOJIHO TOHKOH MOJUI0NKE.
Crnemyiommuii THn BonHbL, Eag, MMEET KPHTHUECKYIO HACTOTY U HE
BO30y K/1aeTCa NPH MOUI0KKE, TOJIIMHA KOTOPOH MEHbLIE HeKO-
TOPOIi BEJMYHHBI, OMPEASIAEMOil JANDIEKTPUIECKO NpoHHLIae-
MOCTBIO CIIOSI.

ph

c/v

H1L\
Puc. 1. 3aBucHMOCTH 3aMe/UICHHS OBEPXHOCTHBIX BOIH
IEKTPHUECKOro THIA B OJIHOC/I0HOI cpeie Ha MPOBOIAILEM IKpaHe

PaccMoTpeB aHallOrMuHble KPHUBBIE JUIA  [OBEPXHOCTHBIX
BOJIH MarHUTHOTO THIA, MOKHO OOHAPYKHTb, YTO HM3LIMI THII
BosHel, Hyg, MMeeT KpuTHuecKyto 4acTory, 4To Mo3BOJIAET npa-
BUILHBIM 110/100POM  JIMIJIEKTPHKA TOJUIOKKH  OIPAHHYHTHCS
BO30YK/EHHEM TOJILKO OJIHOIl MOBEPXHOCTHOH BOJIHBI AJIEKTPH-
4ECKOro THIA.

Takum obpas3om, NpH MPOEKTUPOBAHMHM MHKPOIMOJIOCKOBOI
AHTEHHBI NPUXOJNTCS BBIOHPATh TOIOKKY JT0CTATOUHO TOHKOM
M0 CPAaBHEHHUIO C JUIMHON BOJIHBI /1 0DecreveHns OHOBOJIHO-
BOTO pesKuMa padoThbl 17151 TOBEPXHOCTHBIX BOJIH.

[Iponecc obOpa3oBanus MOBEPXHOCTHBIX BOJIH MOJKHO pac-
CMaTpUBaTh HE TOIBLKO IIyTE€M PEIlEHHs OJHOPOHBIX BOJHOBBIX
YPaBHEHHUH WM ONPEIEIEHHs MOII0COB HAa KOMILIEKCHOI 11oc-
KOCTH, HO M C TOYKH 3PCHMS PACHPOCTPAHCHUA MAPLUHAIIBHBIX
BOJIH COIJIacHO KoHuenuun bpunmosna [1]. Tlpu sToM nosepx-
HOCTHas BOIIHAa OOpasyercs B TOM Cilydae, €ciiM NnapluaibHas
MJIOCKasA BOJIHA MaJaeT Ha IPAHNLLY pasjiena JAMdJIEKTPHK-BO3IYX
IO/ YIJIOM, NPEBBIIAIOIMM KpuTHuecknii. OTciona MoxKHO cie-
J1aTek BBIBOJ, HTO OIPaHHYCHHE MOBEPXHOCTHLIX BOJIH JOJIZKHO
ObITH CBA3QHO C CO3/aHMEM CHMTyallMH, KOIJla HUKaKas napliu-
asibHas BOJHA He OyJeT majarh Mo KPUTHUECKHUM YITIOM.
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B oHOM ci10€ IM3IEKTPUKA 9TO MOJKHO PEaan30BaTh TOIBKO
NyTeM HUCMOJIL30BaHMA B KAuecTBe [MOUIOKKH MeTamaTepHana
tuna DNG (double negative metamaterial), To ecTb KOMIO3MT-
HOIo Matepuaa, 001aalolero OHOBPEMEHHO OTPHLIATEIbHbI-
MM JIHDJICKTPHYECKOH M MarHUTHOMH IPOHHIIAEMOCTIMH.

Mubim criocoboM SBIsSIETCA MCIIONIL30BAHUE JIBYX CIIOEB JIH-
JNIEKTPUKOB B KayecTBe NMOAN0KKHN (puc. 2). B nurepatype nme-
IOTCA  YNIOMHHAHMA O BO3MOYKHOCTH HMCIHOJIB30BAHUA TaKOM
CTPYKTYpPBI /Ulsi GOpBOBI ¢ MOBEPXHOCTHBIMH BOJIHAMM, TakK, Ha-
npuMep, B [2] npuBOASTCS pe3yabTaThl IKCIEPUMEHTOB [TPH HC-
MOJIL30BAHHH BO3YLIHOI MPOCIOHKN MEKIY IKPAHOM ILEICBOI
AHTEHHBI U €€ YKPBITHEM, YTO MOKHO CUMTATh YACTHBIM CITy4aem
JBYXCIIOHHOM cpeibl. MUKpPONONIOCKOBBII H3/Iyyareib U Lelb B
MPOBOJISILEM JKPAHE, €CIIM OBEPX Hee MMEeTcs CIOH JAMdIeK-
TpuKa, 00a BO30YKal0T MOBEPXHOCTHBIE BOJIHBI KaK MJICKTpHYE-
CKOT'0, TaK ¥ MArHUTHOTO THIIOB, MO3TOMY YIIOMSHYTBIE PE3yiib-
TAThl NPHUMEHUMBI W JUIA  MHKPOIIOJIOCKOBBIX M3/TyudaTeseH.
B paGotax [3, 4] npuBe/ieH METO/l YMCIIEHHOTO aHAIH3a MUKPO-
MOJIOCKOBBIX M3JIYUAIOLIMX CTPYKTYP B MHOTOCIIOHHBIX cpeaax u
pe3yJIbTaThl €ro MpUMEHEHMs Ul TOHKHMX JIEHTOYHBIX MPOBOJI-
HHKOB M CIMpaleii, COrnacHo KOTOPLIM CBOWCTBA M3Iydareseii
YIIY4IIaloTes NPy HEKOTOPBIX COOTHOLIEHUAX NMapaMeTpoB CIO-
€B, YTO CBA3AHO C NOJABJICHHEM ]T()BCPXHDCTHHX BOJTH.
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Puc. 2. /IpyxcnoiiHas anasieKTpH4eckas cpeaa Ha NpoBO/AILIeM dKpaHe

YuuteiBas 3TO, MPeJCTABIAETCS 11e1eco00pasHbIM TOYHO Of1-
peIeIuTh YCIIOBHA, HAKIIA/BIBAEMbIE HA MAPAMETpPhl CIOEB, MPH
KOTOPBIX CTAHOBHTCSI BO3MOKHLIM OTPaHHYUTL BO30YKIeHHEe
MOBEPXHOCTHBIX BOJH, Jlns atoro Gbur BeiOpan metoj (MeTon
pelieHus OHOPOJIHOTO BOJIHOBOTO YPAaBHEHHWs C Y4eTOM TIpa-
HHUYHBIX YCJIOBHIT), HEe YUUTHIBAIOUIMI TOMOJIOIHIO MUKPOIOJIOC-
KOBOTO WJIM IIEJIEBOrO M3IIyuyaTtels, 4TO M03BOJSET B JaibHeii-
I1EM HMCTIONB30BATh MOTYyUeHHBIE YCIOBHS, HE HAKIIa/bIBas Orpa-
HHUYEHHI HAa TEOMETPHIO M C110cO0 BO30YKICHUS H3TyUaTeNs.

B ciyuae aByXcinoiiHol cpe/ibl BO3HHKAET JIBE IPAHHULIBI pas-
JIENIOB JINDIEKTPHKOB, MpUdeM npodiemy naieHus napuiaibHoil
BOJIHBI M0J1 KPUTHYECKUM YIITIOM JUIS BHYTPEHHEH rpaHuiibl Jier-
KO PelIMThb, B3AB BEPXHMIl CIIOH JAMdNeKTpHKa ¢ Gonbleii au-
EKTPUHECKOH TMPOHHLIAEMOCTBIO 110 CPABHEHHIO € HIDKHUM
cioeM. Ilpu 5TOM cTaHeT HEBO3MOMKHBIM BO3HUKHOBEHHE KPUTH-
HEeCKOro yriia JUlst BOJIH, OTpasHBIuMXcs oT skpana. Toraa ocra-
ercs obecnevnTh TOJILKO OTCYTCTBHE BO30YIKIEHHS MOBEPXHO-
CTHBIX BOJH BJOJIb BepxHeil rpanuibl. OHAKO TPH 9TOM CHTYa-
1ust yxe Oy/IeT oTaMYaThes OT Cirydas OJHOCIOMHHON cpe/ibl n3-
3a MHOH CTPYKTYPbl BOJIHBI B BEpXHeM cioe jaudiexrpuka. [l
pacripocTpaHenusi OBEPXHOCTHON BOJIHBI Terepb Oyjaer Heob-
XOIMMO 00ECreunTh BbINOMIHEHHE IPAaHHUHBIX YCIOBHIT HA npo-
BOSILIIEM IKPaHe M HENpPEepBIBHOCTh TAHI€HIMAIbHBIX COCTAaB-
JSIOMINX YIEKTPUYECKHX U MArHUTHBIX KOMIOHEHT Ha JIBYX I'pa-
HULIAX Pa3/Ie]IoB JAUAIEKTPUKOB. DTO HPHBOANT K 3HAYUTEILHO-
MY YCIOMKHEHHIO IMCIIEPCHOHHBIX YPaBHEHH, HA OCHOBE KOTO-
PBIX ONpeJIENsOTCs BO30Y:K1aeMble THITBI BOJIH.
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B pesynbrare pelieHHs JAMCIEPCHOHHBIX YPaBHEHHMil, 4TO
nojapodHo onucano B padore [5], /A1 NOBEPXHOCTHBIX BOJIH B
JBYXCIIOHHOM cpejle Ha MpOBOALIEM dKpaHe ObLIM MOTyuYeHb
3aBUCHMOCTH 3aMeUICHHS JUIS 2JIEKTPHYECKHUX BOMH (puc. 3), To
€CTh OTHOLIEHHE CKOPOCTH CBETa B BO3/yXe K (ha30Boii ckopocTH
1oBepXHoCTHOIT BoHbl. Ha pucyHke 3 npueeaeHa 3aBHCHMOCTh
3aMeUICHHS OT TOJIIMHBI HUKHETO IMIJIEKTPHYECKOTO €108 NpH
&= 6., o 4u Hl = 0,021

/

0 02 0.4 06 08
H,/A
Puc. 3. 3aBHcUMOCTH 3aMe/UIEHHS TIOBEPXHOCTHBIX BOJIH

ANEKTPHYECKOTO THIIA B HBychIDﬁHOﬁ cpene
OT TOJILHHbI HHAKHETO CJ104

Kasaas THHMS HA 9THX rpajukax cOOTBETCTBYeT, KaK W Ha
puc. | U oaHOCHOIHOI cpe/ibl, oHOMY THITY BOaHbL CepbiM
IBETOM BbIE/IeHa 00IacTh, B KOTOPOi NMPOMCXOIUT OTCEUKa I10-
BEPXHOCTHBIX BOJIH. AHAIOIHYHBIM 00pPa30M MOXKHO MOCTPOUTH
3aBUCMMOCTH 3aMEIEHHS [UTS MarHMTHBIX MOBEPXHOCTHBIX BOIH
B JIBYXCIIOIHON cpejie, TaM TaKiKe CyLeCTBYIOT 30Hbl OTCEUKH.

AHann3 BO3MOMKHBIX YCIOBHH OJHOBPEMEHHOH OTCEUKH MO-
BEPXHOCTHBLIX BOJIH DIEKTPHYECKOTO W MATHUTHOIO THIIOB MPH-
BOJMT K YETBIPEM NPHBEJCHHBIM B Tabi. | orpaHnuuTeIbHBIM
YCIOBUAM Ha TOJLIMHBI CIIOEB MPH JTI000M LIEIOM A1,

Jlns noaTBepiIeHns MOTYHEHHBIX YCIOBHI OTCEYKH ObLIO
MPOBEJECHO CPABHEHHE XAPAKTEPUCTHK MHKPOIOIOCKOBOI aH-
TEHHBI C O,J.HOLJ]DHHD[/] I!D,_II[OH{K(}H Xapdl{T{.pHLTHKaM}'{ TOMH ke
AHTEHHBI NPH Mepexojie K ABYXCOoiiHoi noanoxkke. B kayectse
MCXOHOM aHTeHHbl Obul BbIOpaH BapHaHT MHUKPOIOIOCKOBOI
aHTeHHBI M3 TaTenTa [6] (puc. 4). AHTeHHa npecTaBaseT coboii
[UTaeMblii NepeKpellieHHbIMI WEeIAMH KBaPATHLIH W3JlyyaTelb,
caMy e Bo30YKAAKTC MHKPONOIOCKOBBIMH JIHHHAMM, pac-
MOJI0KEHHBIMH HHKE METAIIIMYECKOr0 IKpaHa.

Takas KOHCTPYKIMS MOJKET TNMPHMEHATHCH KAk OCHOBA JUIs
CO3/IaHMsl aHTEHH, MO3BONAIONIMX paboTaTh ¢ OPTOrOHANLHBIMU
MOSPU3ALMSIMH B HECKOJIBKHX JuanasoHax sactot. [Ipumenser-
csl OHA, B TOM YMC/Ie, H B MOJIBHKHON CBA3M, Il €€ HCMOJIL3YIOT
KaK 2JIeMEHT aHTEHHOMH pelnerky 6a30Boii cranumu s padoTel ¢
HaKJIOHHBIMH MoJsipu3atmamu [7].

Tabnuua |

OrpannveHns, HAKJIAbIBAEMbIe HA TOJIIHHBI CJ10€B ABYXC/I0HHON CTPYKTYPhI,
IS TIOJTY4eHUsl OTCEYKH MOBEPXHOCTHBIX BOJIH

OrpanuyeHnsi, HAKIa/IbIBACMbIC HA TOIIHHbI CJI0EB JIBYXCIOHHONH CTPYKTYPBbI

. an |y m(n+1)
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Puc. 4. MukpononockoBas aHTeHHa,
BO30YK/1aeMas NEPEKPEIIEHHBIMH LIETAMH

B kauecTBe JAMAIIEKTPUKA HaJl IKPAHOM W3HAYAILHO Mpejia-
rajiock HCIOJbL30BaTh MaTepHall ¢ JUAIEKTPHYECKON MpoHHLae-
MocTbIO B npejenax g = 1,04=1.1, to ects OaM3KOH K Juasek-
TPUYECKOIl MPOHUIIAEMOCTH BO3/1yXa. MHKPOIOJIOCKOBBIE JINHUH
pasMelleHbl Ha JHVIEKTPHYECKOIl MOJUIOKKE € JMAIeKTpHye-
CKOIl IpoHUIaeMocTbo & = 2,4+2,65.

[Tapamerps! JBYXCI0iHOI cpesibl Ul MOJM(UKALIMN aHTEH-
Hbl OB BLIOpaHbI B COOTBETCTBUM C NepBoil cTpokoii Tabuuis
I, 9TO NMO3BOJAET MOIYYHUTH OJHOBPEMEHHYIO OTCEUKY JJIEKTPH-
YECKMX M MarHMTHBIX MOBEPXHOCTHBIX BOJH. JlManekTpuk ans
BEPXHET0 ¢J10sl (pacnookKeHHbIH NoBepx nimyyarens) ObuT B3AT
C OTHOCHTENBHOH JMdNeKTpuyeckoil mnponunaemoctsio 2.1,
HIGKHMIT ci10it ObL1 OCTaBlIEH NPEKHUM, T.€. C JINIIEKTPHUECKON
nponutaemMoctsio nopsjaka 1.1. Ocrasnena npesxkueil Guina Tak-
JK€ €ro TOJMIIMHA, a TOJIMHA BepXHero c¢ios Obuta BeiOpaHa ¢
YUETOM YCIIOBHI OTCEUKH,

Jlns cornacoBaHnsi U3MEHEHHOH KOHCTPYKIIMH aHTCHHBI OKa-
3aJ10Ch JIOCTATOYHBIM TOJIBKO HECKOJBLKO YMEHBLIHTL pazMep
U3JIyyareis, BCE OCTalbHBIC pasMepbl ObUIM OCTABJICHBI MPEK-
HUMH, B TOM YUCJIE TEOMETPHS BO30YHK/IAIOIMX MHKPOTIOIOCKO-
BBIX JIMHHIL, (pOpMa KOTOPBIX J0CTATOYHO CJIOXKHA. DTO MOJIHO-
CTBIO COrJIacyercs ¢ MOJOKEHHEM, YTO MHKPOINOJOCKOBbLIE aH-
TEHHBI, BO30YAKaeMble 1EIAMH, ONTHMH3HPYIOTCS BBIILIE W HH-
e IKpaHa HE3aBUCHMO.

Ha pucynke 5 npuseaensl kod(GQuUHEHT CTOsYEH BOJHBI
(KCB) antenHsl ¢ JONOJHUTENbLHLIM CJI0EM JIMYJIEKTPHKA, a
TaKKe ee Juarpamma HanpaeienHoct. Pabouas nomoca okasa-
nack pasuoit 770-920 MI'u, B TO BpeMsi Kak y HCXOAHON aHTEH-
Hbl oHa coctasisia 800-910 MI'u. Yayuwmnace Takke u pas-
BA3Ka 110 nojstpusauuu: ¢ 25 jgo 32 ab.

0.7 0.75 0.8 0.85 0.9 095 1 105 1.1

Frequency / GHz
Puc. 5. KCB u anarpammva HanpasieHHOCTH aHTEHHBI
C JIONOJIHUTEILHBIM CJI0EM JHDJIEKTPHKA
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OjHUM W3 BAPHAHTOB NMPUMEHEHHSA TAKOH MHKPOTOIOCKOBOH
AHTEHHBI ABJIACTCS € MCIMOJIb30BaHNE B KAUECTRE JEMEHTA aH-
TEHHOI pelerky, Korja ocoboe BHHMaHHe ciejayer odpamartb
Ha BIMSIHUE u3iydateneii apyr Ha apyra. [lostomy s onpeje-
JCHUA TOrO, OTCYTCTBYIOT JIM IOBEPXHOCTHBIC BOIHBI B HM3Me-
HEHHOI KOHCTPYKLHMH, ObLIO ONpe/Ie/IeHO B3auMO/IeiCTBIE JIBYX
3/IEMEHTOB OJIHOI MOJAPU3ALINHN, PACTIONOKEHHBIX HA 10IYBOI-
HOBOM PacCTOAHMM JpyT oT apyra. Ha pucynke 6 npeacrasieHs
S-napamerpsl Ul OJIHOTO U3 2JIEMEHTOB B [IPUCYTCTBHH BTOPOIO
JUISL MCXO/IHOH KOHCTPYKIHMH W W3MEHEHHOI KOHCTPYKIHMHK ¢ J10-
MOJHUTENIBHBIM clloeM JmdiekTpuka. Ha pucynke pabouas no-
10Ca  OJIHOTO  DJIeMEHTA MCXOJHOH KOHCTPYKIMH OTMeueHa
CTPEJIKOI.
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Puc. 6. S-napaMeTpsl JUis ABYX BAPHAHTOB: YIEMEHTbI MCXOAHOH

KOHCTPYKIIHH (KpHBblE‘ 1 ] H 2JIEMCHTEI C JOMOJTHHTCIBHBIM CITOCM

JIMBJIEKTPHKA (KpHBbIE 2)

Bu/iH0, 4TO B3auMO/ICHiCTBHE IEMEHTOB NMPHBOIUT K C/IBUTY
MOJIOCKI COFIACOBAHMSA, MPUYEM, XOTS CABHI MOIOCHI TIPOMCXO-
JIMT M B CIy4ae ¢ JIONOJHUTEIBHBIM CI0EM, OJIHAKO OH OKa3biBa-
€TCs 3aMETHO MEHBUIMM 110 CPABHEHHIO ¢ MCXO/HOH KOHCTPYK-
uueii. [Ipn noGaBiaeHuy JONOIHUTEIBHOIO €10 MAKCHMAIBHOE
3HaueHue Kod(pduumenTa orpakenus (napamerp Sy;) crano Jo-
X0/uTh B paboueit nosoce 10 -9 ab, Torjaa Kak Juis HCXOHOTO
BapHaHTa OHO JoxXoauT 110 -4 ab. ITo napamerpy S, BeIMIpbIL
MoJyqaeTcst TOJILKO B HUKHel yacTi padoueit Mosaockl.

Pucynok 6 Take CBHJIETE/ILCTBYET O TOM, YTO B3aUMOjICi-
CTBHE AIEMEHTOB MPUBOANT K YJIYULICHHIO S-TIapaMeTpoB B pas-
JIMYHOI CTENEHH, MOITOMY HHOIJIAa OLCHHBAIOTCS XapaKTepUCTH-
KH, OJIHOBPEMEHHO 3aBHCALIME W OT COIJIacoBaHHs (rapameTphl
S u Sy), 1 oor kodapduuMenHTa nepeaun MENILy COCEAHUMH
2JIeMEHTaMu (napameTpel S»; M Sp5). B ciyuae cucrem, B Koto-
peIX npumensiercs Texuonorust MIMO, Takum obimm napamer-
poM sBasercs Kod(pOUIHEHT KOppelsinH, XapakTepH3yiouuii
KOPPEJSILMIO JHarpaMM HalpaBlIeHHOCTH ABYX aHTeHH. OH Mo-
JKET pacCcUMThIBATLCA JBYMs criocobamu [8]: Ha ocHoBe jua-
rpamM Hanpasiennoctu (dopmyna (1)) u mHa ocHose S-
napameTpos ((opmyna (2)).
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— BEKTOPHBIE KOMIUICKCHBIC HOPMHPOBAaHHBIC Xa-

PAKTEPUCTHKM HATPABICHHOCTH B JlajibHeil 30HE /Ui MepBOro U
BTOPOIO 2JIEMEHTA COOTBETCTBEHHO.
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‘Sl’lSIE "'S;S:z

(1= (sl +1sa))(1-(Is=F +152F"))

Ilpencrapisercs Oonee yg00HBIM HCHOJIB30BATL Olpe/ielie-
HHE Ha OCHOBe S-mapamerpoB. PesynbraTel pacuera 1o 9Toi
METO/IMKE, TO ecTh 1o (Gopmyse (2), npusejieHsl Ha puc. 7 Juis
JIBYX PacCMOTPEHHBIX BAPHMAHTOR AHTEHHBI.

2)
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Puc. 7. KoadduuuenT koppensiuuu [U1st ABYX BAPHAHTOB AHTEHHBI:
INEMEHTBI HCXO/IHOI KOHCTPYKUKH (KpuBbIe 1) 1 21eMeHThI
C JIONOMHHUTE/LHBIM CII0EM IHIEKTPHKA (KpHBbIE 2)

0.95 1

Buano, uro noGasnenue cios npuBeno B npejaenax padoueii
M0JI0CHI K 3HAUMTEILHOMY YMEHbIIEHUIO Kod(duumenTa xoppe-
JSILIMN.

OCHOBHOH XapakTepHCTHKOH CHCTEM CBA3M SBIACTCS 3aBH-
CUMOCTH BEPOSITHOCTH  OMWIMOKM OT OTHOLICHUS CHIHAI/LIYM,
Ha pucyHke 8 npuBeleHbl pesyibTaThl pacyera JUls YeTbipex
CIIy4aeB: Y€pHOI MYHKTHPHOH JMHUEH — OJHA aHTEHHA, YepHOil
CIUIOIIHONH JIMHUEH — JBe HEKOppelUpOBaHHbBIE AaHTEHHBI,
CIIJIOIIHOH Cepol JTMHHUEH — JIBE aHTEHHBI UCXOIHOH KOHCTPYK-
LMK W TIYHKTHPHAA cepas JIMHUs — JIBE AHTCHHBI ¢ JOTOTHUTE b=
HBIM JIMJIEKTPHUCCKUM ciloeM. Ha pHcyHke Takike npuBeieHbl
3HaYCHHA KOY(PQUUMEHTOB KOPPEIALHMH, HCMOJb30BaBLINECH
npu pacyerax, npuyeM ObUIM B3ATHI HAUXY/LIME 3HAYEHUS B
padoueii nosoce. PacecmarpuBaicst KaHal ¢ pelieeBCKMMHM 3aMH-
paHUAMH NIPU AITOPHTME [PHEMa, OCHOBAHHOM Ha BBIOOpe HaM-
aydinero kavana, popmysel B3aTel 13 [10].
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Puc. 8. BeposTHocTh 01UMOKH OT OTHOLIEHUS CUTHAN/IIYM IS OJHOTH
AHTEHHBI, JIBYX HEKOPPEIHPOBAHHBEIX AHTEHH M JIBYX PACCMOTPEHHBIX
BapHAHTOB KOHCTPYKLMIT MHKPONOIOCKOBOIi aHTEHHbL

Buano, uTo HanMume KOppenslMu MEKIY JABYMs H3Iyuaro-
LIAMH 2JIEMEHTaMM YXY/IILIAeT KauecTBO MPUHMMAEMOro CHrHasa
OTHOCHTE/ILHO MICANBLHOIO ClIy4as JABYX HEKOPpeIHpOBaHHBIX
aHTEHH, OJHAKO CJIy4ail ¢ MCHOJIL30BAHUEM JIONOIHUTEILHOIO
CII08 JIMDJIEKTPHKA [1O3BOJISET NMPUOIN3HTLCH K ITOMY W€alib-
HOMY CJIy4aro.

[Tosy4yeHHble pe3ylbTaThl CBUIETENLCTBYIOT O NMOTOKATEb-
HOM BIHMAHHM, OKa3blBaeMOM H00aBIeHHEM JIOTIOIHHTEIBHOTO
€105 IMIIEKTPHKA, NapaMeTpbl KOTOPOro MO3BOJSAIOT MOIYHYHTh
JABYXCIIOHHYIO Cpejly, YAOBJICTBOPAIOULYIO YCIOBHAM OJIHOBpE-
MEHHOI OTCEHYKH IEKTPHHECKUX H MATHUTHBLIX MOBEPXHOCTHBIX
BOJIH. DTO NPUBEJIO K YMEHBIICHHIO B3AUMOBIHAHHS JBYX M3I1y-
YAIOIINX HJIEMEHTOB, 4TO OBLIO OLEHEHO He TOJILKO Ha OCHOBE
S-napameTpoB, HO U C TOYKH 3pPEHHS BO3MOKHOCTH MTPHMEHEHMs
TaKoi aHTeHHBI [UIA cucTeM ¢ Texnonoruneit MIMO.

Jlas aToro OBIIO MPOBEIGHO CpaBHEHHE KOMD(PHIIMEHTOB
KOpPEeJIALHN UCXOHONH QHTEHHBI U AHTEHHBI C JIONOJTHUTEILHBIM
CJ10€M, a TAKIKE OIPE/IEsICH BLIMIPBILI B OTHOILEHUH CHIHA/LITYM
NpH Mepexojie K HCMOAb30BAHUIO JIBYXCIOHHON MOUIOKKH.
Takxke cieyer oOpaTuTh BHUMaHHE HA TO, YTO B KOHCTPYKLMIO
aHTeHHbl ObUIH BHECEHBl MHHHMAJbHBIC HM3MEHEHWs, 3aKII0-
HaloIIMecs TOJALKO B M3MEHEHHH pa3Mepa M3lydares U rnosslie-
HHH CAMOTO JIOTIOJHUTEIBLHOTO C/I0A JHANIEKTPHKA, YTO YA00HO
NpH MPOEKTHPOBAHMH.

Takum oOpaszom, B cTaThbe NPUBOAATCA YCIOBHA OJHOBpE-
MEHHOH OTCEYKH MOBEPXHOCTHBIX BOJIH JJICKTPHYECKOIO U Mar-
HUTHOT'O THIIOB, MMOJYYEHHBIE IYTEM PELICHHS MIEKTPOAHHAMH-
HeCKOH 3ajauH Ul ABYXCHOIHON JAMAIICKTPHYECKOH cpe/ibl Ha
IIPOBOJIAAILIEM JIKPAHE, a TAKKE IMOATBEPHIASTCS YIIyUllleHHe o¢-
HOBHBIX T1apaMETPOB OJIHOTO M3 THIIOB MHKPOINOJIOCKOBBIX aH-
TEHH NpH Nepexojie K JIBYXCIOHHOH MOJIOKKE C COOTBETCT-
BYIOIINM 00pazoM noo0paHHbIMU apaMeTpamMH.
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IMPACT OF A TWO-LAYER DIELECTRIC STRUCTURE
ON THE MICROSTRIP ANTENNA CHARACTERISTICS

Olga I. Yastrebtsova, Moscow Technical University of Communications and Informatics, Moscow, Russia, yastrebtsova@rambler.ru
Vadim V. Chebyshev, Moscow Technical University of Communication and Informatics, Moscow, Russia, tedia@mtuci.ru

Abstract

The article considers a possible method of solving one of the major problems of microstrip antennas which is the excitation of surface
waves. The considered method is the use of a two-layer dielectric substrate instead of one dielectric layer used usually.

The obtained conditions to be met by the parameters of the dielectric layers to limit the surface wave excitation both of the electric
and the magnetic types are given.

To determine the consequences of the transition from a single-layer substrate to a two-layer substrate, not only from the point of view
of the surface wave excitation, but also from the point of view of the microstrip antenna characteristics itself, these conditions were
applied to the existing antenna. The selected antenna allows to use orthogonal polarizations and can be a basic element for designing
antennas operating in several frequency bands. The transition from a single-layer substrate to a two-layer substrate was accomplished
by adding an additional dielectric layer over the radiator; parameters of this layer allow simultaneous cut-off of surface waves of elec-
tric and magnetic types. In this case the basic dimensions of the original antenna were kept what is convenient for designing. As a result
of the transition the key parameters including the matched band were improved.

Confirmation of the absence of the surface waves in the modified structure was proved by finding the S-parameters for two radiating
elements located at a distance of half a wavelength from each other. The analysis confirmed the decrease of coupling of the proposed
elements in comparison with the case of the two original elements. In addition one of the parameters characterizing the possibility of
using such an element in the antenna system operating in MIMO mode was determined which is a correlation coefficient of the two
radiating elements. Within the working band, when a two-layer substrate was used, the correlation level was decreased.

Comparative analysis confirms the positive influence exerted by a two-layer substrate on the considered characteristics, indicating the
appropriateness of applying the obtained surface wave cut-off conditions in the microstrip antenna design.

Keywords: antennas, microstrip antennas, surface waves, multilayer structures, MIMO.
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dm.ma2010@yandex.ru MHO020yp06HEBOE NPO2PAMMUPOBAHUE.

PaccMatpuBaiotca pesynbtatbel paboTbl no cospaHuio nporpamMbl "MopenupoBaHue
Telecomm" [5], nocTpoeHHOM Ha OCHOBE TEXHONOIUU 06BLEKTHO-OPUEHTUPOBAHHOTO MHOTO-
YPOBHEBOro NMporpaMMMpOBaHUsA, KOTOpas NpefHasHa4YeHa ANA aHanusa M ONTUMM3ALIUK
npoLeccoB nepeAayn U NpMeMa CUrHaJsIoB C y4HeTOM METOZ0B KOAUPOBAHMUA, Cpefl Nepeaayn
M BO3MOXHbIX MoMex. C NOMOLLbIO YNCIEHHOTO MaTeMaTU4ECKOro MOAEeNMpOBaHuUA npoLec-
COB, B YaCTOTHOM WUNK BpeMeHHON 06nacTh, paccHMTbIBAIOTCA: CpeHEeKBaApaTU4eCK1e 3Ha-
YeHUA NoMex, LLyM, BEpOATHOCTb OLUMGKM, pacKpbIB Fnas-AMarpaMMbl Ha BXOA€E peLualoLLero
yCTpoicTBa, NapaMeTpbl ONTUMaNbHOro NpuemMHoro ¢unbTpa (KOppEKTUpYIOLLIEro ycunure-
na). [laHHaa nporpaMMa Takxke No3BOJiAET pacCHUTbIBaTL pacnpefesnieHne NIoTHOCTU Bepo-
ATHOCTU NMOMeX, KOppenALMOHHble (PYHKLIMM U SHEPreTUYECKNE CNEKTPbl, UCMONb3YEMbIX KO-
nos. MHoroypoeHeBoe nporpaMMupoBaHue B nporpamme "MopenuposaHue Telecomm™
onpepenserca HanuuueM (OPMUPYIOLLMX U BblYMCIIUTENbHBIX nporpamM. Kaxpasa dopmu-
pylowiaa nporpaMMa B3aMMOAEWCTBYeT cO cBoeil 6MGnNMoTeKkoi 4Yepes COOTBETCTBYIOLLME
daiinbl BBoaa nHgopmauuu. B atux dainax sanucarbl popManusoBaHHbie 61OKU BXOAHBIX
AaHHbIX, OMUCbIBAIOLLME CBOWCTBA Mojesiei 06bekToB. MaccuBbl BLIXOAHBIX laHHBIX, Npej-
CTaB€HHble B BUAE MaTpuL, COOTBETCTBYIOLUX pa3MepoB, UCMOJb3YIOTCA Aanee BblMUCAU-
TenbHbIMM MpOrpaMMaMMu B Ka4yecTBe BXOAHbIX AaHHbIX U B MpoLecce UX B3aUMOAEHCTBUA
Mexpay coboit. BblumcnutenbHblie NporpaMMbl MMEIOT ABa TUMa AaHHbIX COGCTBEHHbIE U MO~
ny4YeHHble oT (hOpMUPYIOLLMX NPOTrpPaMM UNU APYTUX BbIYUCIUTENbHBIX NporpaMM. PasMepbl
MaTpuL ANA NOoNsA AaHHbIX, MONYy4YeHHbIX OT (POPMUPYIOLUX NPOrPaMM UM APYTUX BbIYMCIU-
TeNbHbIX MPOrpaMM, CTaHAAPTU3UPOBaHbI NO pasMepy. OfHaKo 3TOT pasMep, Npu Heobxoau-
MOCTH, MOXKeT GbiTb U3MEHEH Nonb3oBaTenem.

O6nacTb NpMMeHeHMUA: ANA Hay4HbIX UCClieAOBaHUi Npu paspaboTke annapatypbl cpeAcTs
CBA3M, 2 TAK)XKEe aHaNM3a U ONTUMMU3ALMU NTIEKTPOMArHUTHOIO BIUAHUA U 30H NOKPbITUA COTO-
BbIX CeTel OnepaTopoB CBA3M, YHaCTKOB pereHepaLum ceTei onepatopos NPOBOAHOM! CBA3M.
Tun peanusyrowein 9BM: IBM PC.

Asbik nporpammupoBanua: C++ ana Window (Borland C++Builder 6.0). Bug n Bepcusa one-
paumnoHHoi cuctembl: Windows XP/ 7. O6bem nporpammbl agna 9BM: 6 M6air.
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1. Crpykrypa QYHKIHOHAIBLHOH MOIETH
W €€ OCHOBHBIC NIEMENThI

Ha pucynke | npuseneHa QyHKIMOHAIBHAA MOJENL KaHaia
CBA3H, KOTOpas MO3BOJISACT MPOBOAUTEL AHATH3 W ONTHMH3ALMUIO
MPOLIECCOB MEpeayd W MpPHEMa CHIHAIOB € YYETOM METOI0B
KOJMPOBaHMsA, Cpejl TNepelavyd M BO3MOXKHBIX nomex. Jlannas
(GyHKIMOHANBHAA MOIENb TAKXKE MPEJOCTABMIACT BO3MOKHOCTD
PacCUMTHIBATH PACIPE/IE/IEHHE TUIOTHOCTH BEPOATHOCTH NMOMEX,
KOPPEJIALHOHHBIE (DYHKLUHH M JHEPIeTHHECKHE CHEKTPbl, HC-
MOJIb3yEMbIX KOJIOB.

CBA3b

Tabauma 1

bubanoTexka 00bEKTHO-OPHEHTHPOBAHHBIX MoJIeeit

ATpubyTHl 00BEKTOB

bubnuorekn mozeneii 00beKTOR
(1anHbIe)

Martpuua andasura BeIXOIHBIX
cumBonos BA — [Aj]

Marpuiia yclnoBHbIX BepOATHOCTEIH
nepexoja

BA - [Py]

BepositHocTHbIX aBTOMaTOB (BA)

AMIUTHTY IHO-4ACTOTHAA
xapaxrepuctika MIT - [P(iw)|
Da3o- 4acTOTHAS XapaKTepHCTHKA
HIT - p(w)

Wmnynscubix nomex (MUIT)

McTounux K D PYHOLLWA Kawan
curiana = ycrpoiicTeo 2-—-)- dunetp ||  nepenaun
1 4
x(nT) y(nT) yilt)
wym
np P n Monyvarens
> curnana _[ | yerpoi i ¥y
— 5 g | "7 8
HMN. NnoMaxa
ylt) ¥ilt) y(nT) x(nT)

Puc. 1. ®yHKkunoHanbsHas MOJIeh KaHala CBA3H

B coorsercTBUM ¢ npejcTaBiennoil Ha puc. | QyHKuHOHAIL-
HOIl KaHana cesA3u paspaborana nporpamMa «MojenupoBanue
Telecomm». ITporpamma «Moaenupoanue Telecomm» no3eo-
JIIET C MOMOLIBI YHCIEHHOI0 MAaTEMaTHYeCKOro MOJAEIHpOBa-
HH3 [POLIECCOB, B HACTOTHONH MJIM BPEMEHHOMH 001acTH, paccuu-
TaTh: CPEHEKBAJPATHYECKHE 3HAYCHUS MOMEX, IIYM, BEpOAT-
HOCTBH OIINOKH, PACKPBIB IIa3-JHArpaMMbl Ha BXOJIE pelialolie-
ro yCTpOHCTBa, MapaMeTpbl ONTHMAILHOTO MPHEMHOT0 (HILTPa
(koppextupytomero ycunurtens). IIporpamma «Monenuposanue
Telecomm» nocTpoeHa Ha OCHOBE TEXHOJIOIHH O0BEKTHO-
OPHEHTHPOBAHHOI'O  MHOIOYPOBHEBOIO  IPOrpaMMHPOBAHHS.
MHoroypoBHeBoe NporpaMMHUpOBAHHE ONPeeNSeTcs HaIUIHeM
()OPMUPYIOLIHX W BEIYHCIHTENBHBIX IPOTPAMM.

B Tabmuuax 1, 2 n 3 npencrasnena ee ctpykrypa. B tabnune 1
npuBesieHa Oubinoreka 00BLEKTHO-OPHEHTUPOBAHHBIX MOJIenei
Juist popmupytommux nporpamm. O6bvexThl OHOIHOTEKH MoJIenei
OIMCBIBAIOTCH C TOMOLIBIO COOTBETCTBYIOIMX aTpHOYyTOB.
Taxum 00pazom, 00BEKTHI, BXOAALME B 0QHY OHOIHOTEKY Omnu-
CBIBAKOTCS C TIOMOILIBIO OJIHOTHITHEIX aTPHOYTOB, OTIHYAOIINXCS
TOJNIBKO 3HAYEHHEM M0JIA JAaHHBIX HIIH, KaK 2TO IlpeﬂycMDTpeHO
Juist OubnHoTEeKH BepoATHOCTHBIX apromarop (BA), takke u
pa3sMepHOCTLIO TOro noss AaHHbX. O6bekTh OubIHoTeKH BA
OINMUCHIBAIOTCS MaTpHllel andaBuTa BHIXOIHBIX CHMBOJIOB BA —
[Aj] u mMaTpHile yCIOBHBIX BepoATHOCTEH mepexona BA — [Py].
OO6BekTsl APYrUx OMOIMOTEK ONMUCHIBAIOTCS ¢ TIOMOIILIO MOJIYJIsI
aMIUTHTYIHO-4acTOTHOI XapaktepucTHkn AYX u dasouacror-
Holl xapaktepucTukoi @YX,

B Tabnune 2 onmceiBaeTcA B3aMMOJEHCTBHE OHOIHOTEK H
(dopMupyromux nporpamM. bubmmorekn mopeneit oObeKkTOBR
MOryT, 6e3 Kakux Jubo orpaHHYeHHH Ha UX YHMCII0, MOMOJIHATHCS
HOBBLIMH Oﬁ'beKTaMH. Hpu ATOM TAKMKE H MMOJIC BXOAHLIX JAaHHBIX
Juist atpulyTOB, ONUCHIBAIOLINX ITH 00BEKTHI, HE UMEET OrPaHH-
YyeHHit Ha pa3mepbl nons AanHeiX. Kaxnas dopmupyroas npo-
rpaMma B3auMoOjeicTByeT co cBoeii Oubimorekoii yepes coot-
BeTCTBYHOIIME (paiiiibl BBOA MH(OpMALIMH.
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AMIUIHTYIHO-4aCTOTHAS
xapakrepucruka CIT— |[F(iw)|
®da30- yacTOTHas XapaKTepUCTHKA
CIT - o(w)

Cpen nepeaaun (CIT)

Amnnmynuo—-«lacm'ruaa
xapakrepuctika KIT— [H(iw)|
®dazo- yacToTHas XapaKkTepHCTHKA
KIT —¢(w)

Kananos nepenayu ¢ HyneBoii
MEKCHMBOILHOH nomexoii (KIT)

AMIIMTYIHO-4ACTOTHAS
xapaxrepuctka KY — [K(iw)|
Dazo- 4acTOTHAsA XapaKTePHCTHKA
KY — o(w)

[IpuemMHbIX yCTpOHCTB (KOppek-
THpyrommx yeunureneit) (KY)

AMIINTYIHO-4aCTOTHAS
xapaxtepuctika OC — [S(im)|
(dazo- yacToTHAs XapaKTepHCcTHKa
DC - p(w)

DopmupoBareneii HMITYILCHBIX
curnanos (@C)

Tabnuua 2

B3aumopeiicteue 6HOHOTEK H (POPMHPYIOLIHX TPOrPAMM

ITporpammei

bubnuorexn Mozeneii 00LEKTOB (JaHHbIE)

BA

WUIT | CIT | KIT | KY [ ©C

OuepreTudeckuii cnexrp | X
G(m)

AMIUIHTY IHO-4aCTOTHAsA
xapaxtepuctika MIT -
IP(iw)|

da3zo-yacToTHAN Xapak-
tepuctuka UIT — p(w)

AMIUIHTY IHO-4aCTOTHAS
xapaxtepuctuka CIT -
IF(iw)|

Paszo-yacToTHaA Xapak-
tepuctuka CI1 — g(m)

AMIUITMTYIHO-4aCcTOTHAsA
xapaxtepuctika KIT—
[H(iw)|

®dazo-yacToTHAA Xapak-
tepuctuka KIT —p(w)

AMIIATY IHO-4aCTOTHAS
xapakrepuctuka KY —
IK(iw)|

Dazo-yacToTHaA Xapak-
tepuctika KY — o(w)

AMIUIUTY IHO-HACTOTHAs
xapaktepuctiika ®C —
S(ie)|

Da30-4acTOTHANA Xapak-
tepuctika OC — o(m)
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B »tux ¢aiinax 3anmcansl opmanu3oBaHHbie OJ0KH BXOJ-
HBIX JIAaHHBIX, OITMCHIBAIOIIHE CBOWHCTBA Mojeneil 00LEKTOB.
@aiisl UMEIOT Pa3IHYaAIOIIHEcs UMEHA, OJIHAKO, MPH B3aHUMO-
JIeliCTBHM € COOTBETCTBYIOLIEH (hopMupyroLle mporpammoi,
CO3/IAIONIEH MACCHBBI BBIXOJIHBIX JAHHBIX, HCIOIB3YEMBIX B I10-
CIIEIYIOIUX BBIUMCJICHUSX BEIYHUCITMTENLHBIMH [POrpaMMaMH,
IMOJIB30BATENIEM JIOJDKHO OBITH MPHUCBOSHO THIOBOE JUIA JIAHHOM
nporpaMmsl UMs. MacCHBbBI BBIXOJHBIX JAHHBIX, MpPEICTaBIIeH-
HbIE B BHJIC MATPHIL COOTBETCTBYIOIINX PA3MEPOB, UCIIOJIB3YIOT-
s ajiee BEIMUCITHTEIbHBIMH TPOTPAMMaMH B KQ4eCTBE BXOIHBIX
JIAHHBIX H B [TPOLIECCE MX B3AHMOACHCTBHS Mexky co00i.

BriuucinTeNbHBIE POrpamMMbl MMEIOT JIBa THIA JAHHBIX
coOCTBEHHBIE M MOTy4YeHHBIE OT (OPMUPYIOLIHUX MIPOTPaMM HIIH
JIPYTUX BBIYUCIUTENIBHBIX MpOrpaMm. Pazmepsl MaTpHil JUis 1o-
N JaHHBIX, TOIYYEHHBIX OT (JOPMHUPYIOUIMX TPOrpaMM HIH
JIPYTHX BBIYHCITMTENIBHBIX MPOTPamMM, CTAHIAPTH3MPOBAHBI IO
pasmepy. OaHako 3TOT pasmep, NpH HEOOXOJAMMOCTH, MOMKET
OBITE H3MEHEH MoJb30BaTeneM. PasMepsl MaTpHLL ONpe/IesieHs! B
nojie COOCTBEHHBIX BXOJHBIX AaHHBIX BBIMMCINTENLHBIX MPO-
rpamm, NpHYEM H B ITOM ClIydae HE MMEETCS OrpaHHveHHil Ha
pazmepbl cOOCTBEHHOrO MOJIs AaHHBIX. BXoaHble Janubie cobeT-
BEHHOTO MO0JIs JAaHHBIX 71 KaXI0H BBIMUCIUTENLHOMH Nporpam-
MBI 3anucanbl B (haiiaax, HMEIONMMX COOTBETCTBYIOLIHE THITOBbIE
HMEHa.

B Tabnauue 3 omMchIBaeTCs B3aMMOICHCTBHE IPOrPaMM.
Kaknoit mporpamMe npHCBOEH COOTBETCTBYIOIIMI paHr. Baau-
MOJICHCTBHE MPOrpamMM B Tpoliecce paboThl OCYHIECTBIAETCH C
YUETOM WX PaHKHPOBAHMUS.

Tabnuua 3
Bzaumopaeiicteue nporpamm

ITporpammet Bsaumopeiicteue nporpamMm
P:
e I [ 2 3] 4T7]s
0 |2nepreruueckuii X X
cnektp G(w)
0 |Xapakrepucruka Ul1- X
[P(ie)|,0(w)
0 |Xapakrepucruka CIl- X X
[F(i0)|.¢(w)
0 |Xapakrepuctuka KIT—-| X
[H(iw)|. ¢(®)
I |Xapakrepuctuka KY — | X X X
[K(iw)], ¢(®)
0 |Xapakrepucruka ®C — X X
[S(im)]. o(w)
2 |ducnepcus wyma — o X X
3 }-lucnepcuu HoMexH — o X X
4 |Pacuer BeposATHOCTH X
ounbrn — Py,
5 |Onrumuzaums KY X

Ha pucynke 2 npejcrapieHa IaHellb 3ajay MpOrpamMMbl
«Mopenuposanue Telecomm». MeHto nosis naneny 3ajnad npej-
CTaBIIeHO B BHjle UKOH U KHONOK. C nomotpio nkons! «Kondu-
Typauus» OCYINECTBIsieTcss BBIOOP COOTBETCTBYIOMIMX (OpMH-
PYIOIIHX TTPOrpamMM.

Moz nwposase Tokecormm

Tmmar o vy wen] G [y e

Puc. 2 Nanens 3ana4 nporpammel «Mogenupopanne Telecomm»

C nomomsio ukoHsl «lIporpammay» ocyuiecTsisiercst BLIOOP
COOTBETCTBYIOLMX BBIYHCIIUTEIBLHBIX MporpamMM. B MeHio noss
MaHeIH 3a/1a4 HMEIOTCs TAKKe KHOMKH, KOTopble 0becneunBaroT
BbIYMCIICHHE HEOOXOAMMBIX JOTIONHUTENBHBIX JaHHBIX, HCIOJIb-
3yeMBIX B HajbHeiileM BHIYMCIMTENBHBIMU MporpaMmamu. Bei-
BOJI pe3yJbTaTOB pacyera M rpadMKoB Kak (JOPMHPYIOLINX, TAK
¥ BBIUHMCIIMTENBHBIX POrPaMM OCYIIECTBAETCS HA KPaH, KOTO-
PBIi ¢ 9TO# Lenbio paszeneH Ha JBa nond. Jlanxele, B 0HO U3
1oJieil HKpaHa, BBHIBOJSTCS B BHJIE MacCHBAa C(POPMHPOBAHHBIX
JIQHHBIX, MMOJy4eHHbIX U3 (paiina YMCIEHHBIX JaHHBIX, CHOPMH-
POBaHHBLIX IPOrPaMMOIi.

BeiBoa rpaduKoB Ha 5KpaH OCYLIECTBISIETCS M3 COOTBETCT-
Bytouiero (aiina rpaguueckux JaHHBIX, Ije 3TOT rpaduk ObLI
3amuicaH MporpamMmoii B BHIE CHMBOJBHOTO MacCHBa JaHHBIX.
Jlna MacmTabupoBaHHOTO BBIBOJA rpadMKOB BO BXOIHBIX JaH-
HBIX (POPMUPYIOIIMX M BBIYMCIHTENBHBIX MPOrpaMM MperycMoT-
PEHO COOTBETCTBYIOIEE Moje JaHHBIX. Kpome BbIBO/IA pe3yiib-
TATOB pacueta (POPMHPYIOIMX M BBIMUCIHTE/IBHBIX MPOrPaMM
Ha 9KpaH, Oosiee MojApoOHbIe JIAHHBIE PE3YJILTATOB BLIBOAATCS B
coorBercTBytoumit aiin. B srom (aiine orpaxeHsl BXO/HbIE
JIaHHbIE, UCTIONL30BAHHBIE NPOrpaMMOit Npu pacuerax, rpaGuku
pe3yJIbTAaTOB pacueTa, JaHHbIEe pe3yIbTaToB pacyera B BUJIE Mar-
PHYHBEIX MacCHBOB M OTJEJBHBIX JaHHbIX. Takum obpasom, ocy-
uiecTBisieres: (JOPMHUPOBAHME HKCIPECC OTHETA [0 Pe3yibTaram
MOJIEIMPOBAHMUS OT/E/IbHBIX 3a/1a4.

B nporpamme «Monenuposanue Telecomm» npexycmorpen
TaKkKe BBIBOA TIpaMKOB, HCHOMb3Ysl BO3MOMKHOCTH, KOTOpBIE
npenocrapiser C++Builder nporpammucty aisi paboThl ¢ rpa-
¢uxoii. Beisoa rpaduka Ha nosepxHocTH rpaduueckux (Hopm
nporpammsl « Mojienuposanue Telecomm», chopmupoBaHHOTO
U3 rpa(MUEcKHX NPUMHTHBOB, OCYLIECTBIIACTCS Ha YKPaH ¢ 1o-
MOILbI0 HKOHBI « I'pacduka». UkoHb! « JlaHHBIE» HCNOIBL3YIOTCS
JUIst peJJAKTHPOBAHMS BXO/AHBIX JaHHBIX (pailioB GOPMUPYIOLINX
M BBIYHCIIMTENILHBIX [IPOrPaMM, a TAKXKE JUlst IPHCBOCHUS THIIO-
BBIX Ha3BaHHWH TUM (aitnam.

2. Pacuer IHEPreTHYECKOro CrneKTpa CHraaJa

Ilporiecc Ko/MpOBaHKs CUrHAIA MOMKET OBITh MPEICTABICH B
Bujie BA ¢ N — HauanbHbIMH cocTosHusIMH Qi, KOTOpBIiT 3a/1aeT-
csl C MOMOLIBIO MATPHILL BXOJHBIX -Bij # BBIXOAHBIX -Alj CHMBO-
noB BA, a Takike MaTpHilel YCIOBHBIX BEPOATHOCTEN repexoja
Pij. BA MoxeT ObITb Onpe/ielie Clely0lHM BhlpakeHueM [3]:

A={[Bij], [Aij], [Pij], Qi}

BeipakeHHe A J0KHO YJOBIETBOPSATH CIEAYIOLUIMM YCIIO-
BHSAM:

2Pjj=1, Pjjz0, £Q;=1
I 1

Marpuia BeposiTHocTeil nepexonoB Pij 3amaeTcs B Buze pe-
ryJApHOi CTOXaCTHYECKOH MATpHILbl, U1 KOTOPOH BBINONHAET-
€5l COOTHOILICHHE!
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lim [P 1™ = Qi

m —
Koppensuuonnast ¢yukuus BA, B cBOl ouepeib, MOKET
OBITh Ipe/ICTaBlIeHA CleIyI0IHM BBIPaXKEHH-

M- N N N
'R(!]=‘Z1Qi[.z1piinj I(Z1PjIAjI) ]
1= J: =

N N
R(O)= X Qi (X PjjAf:
i=1 j=1
N N N N )
Rm+1)= X Qi (X PjAjl T Pl (ZPkAKI) 1]
i=1 j=1 k=1 " |=1
rae|n| =1, 2..., a ee SHEPreTHYECKHIT CIIEKTP BBIPAKEHHEM:

r o]

> R(n)*cos onT
= -0

Cnenyer oTMeTHTh, 4To BA, onuchIBaIONmIMii porecc KoaH-
POBaHHMs MOXKHO MPEJICTaBUTE B BUJE COOTBETCTBYOLIEro rpada,
OIMHCBIBAIOLIETO MPOLIECC ¢ MOLIBLIO MATPHIl BXOJHBIX U BBIXO/I-
HBIX CHMBOJIOB ai(aBUTa, MATPULEH YCIOBHBIX BEpOSITHOCTEH
nepexo/ia, a TakyKe BEKTOPOM HaYallbHBIX COCTOSHHIA.

[IpencraBnenne npouecca KOAMPOBAHHA C NMOMOLIBIO COOT-
BETCTBYIOIIEro rpada BO3IMONHO Kak Juisi ONOYHBIX METOJI0B
KOJIMPOBaHMsA, TaK M JUI NapLHAIBHBIX METOJ0B KOJAMPOBAHHS.
ITox mapumanbHBIMH METOJIAMH KOJMPOBaHHA MOJIpa3yMeBaeTcs
KOJIMPOBaHHE CHTHAJA, KOTOPOE MOKET ObITh ONHCAHO B BHUJE
¢GuibTpauuy curuana uu@poBsM (QUIBTPOM € KOHEYHOH HM-
NyJIbCHOM XapakTepucTukoil. Crhelyer OTMETHTh, YTO CIEKTP
BBIXO/IHOTO CHIHazna I NapluaJbHOTO METO/a KOJMPOBaHHMA
MOKET OBITh OMNpeJie/ieH ¢ MOMOLILIO AHAIMTHYECKOTO BhIpakKe-
uus. Ha pucynke 3 mnpexacrasien rpadp BA juim koma AMI
(Alternative Mark Inversion), a Ha puc. 4 mans koga MDBH
(Modified Duobinary Signal).

G(o) =

-1

'y

o

Puc. 3 I'padp BA kona AMI

O0a u3 npeiacTaBieHHBIX Ha pHc. 3 M puc. 4 MeToJOB
KOJIMPOBaHHs OTHOCATCH K NMapLMalbHBIM BHAM KOJAMPOBAHMA.
AHanuTH4eKoe BBIpaKEHHE [UIS JHEPreTHYecKOro CHeKTpa
BBIXOJIHOTO CHMTHAJa, MOJy4eHHOe B pe3ysbTaTe KOAHPOBaHHS
currana kogoM AMI, moxer ObITh npejcTaBIeHO B BUJE BbIpa-
KEHUS:

G(w)=sin” ©T/2,

a4 aHAJIMTHYECKOE BHIPAKCHHE I8 DHEPreTHHECKOro CrekTpa
BBIXOJIHOTO CHTHalla, MOTYyYEHHOE B pe3ylbTaTe KOAWPOBAHHSI
curHana kogoM MDBH, BepaxkeHneM:

G(w)=sin’ oT.
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Puc. 4. I'pah BA xona MDBH

Ha pucyHke 5 mpHBeJeH pacyeT SHEepreTH4ecKoro crieKkTpa
koja MDBH, nosy4ennslii B pe3ynsraTe pacyera ¢ MOMOIbIO
nporpamMmel «Mojenuposanue Telecomm» o meroauke, ornu-
CaHHOI B JaHHOM paszlielle, TO eCTh C MOMOIIBIO OMHCAHHA TPO-
lecca KoaupoBaHus B Buie rpadga BA npu paBHOBeposTHOM
MOsABJIEHHH BXOHBIX cuMBOJIOB () 1 1.

0133318
oI
0 D0 ST
0 3haa]

0,01 57084 006
2 O Anmean
]
ORIETIZ
001 5
O Aty
0 SeerEs

BEIETIZ
[F =

Puc. 5. Pacuer sneprernyeckoro cnexrpa koga MDBH

Ecim npesctasuth Qynkmmio sin”® oT B Buae rpapuka u
CPaBHHTh €€ YHCIEHHbIE 3HAYEHHS C Pe3yJIbTaTaMH, TPUBEJICH-
HBIMH Ha PHC. 5, TO Pe3y/IbTart, KaK 9TO CeAyeT U3 pHC. 5, HieH-
THYEH.

3. Pacyer BepoOSITHOCTH OIIHOKH NPH NpHEMe CHIHAJA
B MPHCYTCTBHH NMOMeEX

byaem cuwnrtath, uTO 3aKoH MIOTHOCTH BepoaTHocTh (I1B)
HUMITYJIbCHOM TOMEXH, ABIAIOLIMICA BO3AEHCTBUEM CIYYaiHOTO
npouecca &, OT i-BAMSIOUMX CHCTEM TMEPENAuM HEM3BECTEH.
O/HaKO M3BECTHO, YTO OH SBJISIETCS YCEYEHHBIM HA KOHEHHOM
uHTepBase. Toraa B COOTBETCTBUM C LIEHTPAILHOI MpejienbHOil
TeopeMoii ogHoMepHas [IB nepexomHoii momexu, noiy4deHHas B




CB43b

pe3y/bTaTe ee CYMMHPOBAHHSA OT i-BIMAIONIMX CHUCTEM Mepena-
4y, anMmpOKCHMUPYETCs yCeYeHHBIM HOPMAIBHBIM 3aKOHOM pac-
npejenenus 2, 4]:

1/[2r) o *Nyl*exp{- (&)’ 12%(0)} & < Emax)i

W(El )=
0 &> (Emax)!

rje (Emax)! — MakcHMallbHOE 3HAYEHWE HMITYJILCHOI TOMEXH;

Oy — JMCIEPCHs MMITYJIbCHON nomexu; Ny — HOpMHpYyiouLmii

L)
ko3 duuuent N, =erf{(Emax)! /(2 * oy ).B pesynbtare Bepo-
ATHOCTH OWWOKH CHTHAJa Ha TIPHEME NPH BO3ACHCTBHH HM-
MyJAbCHOH nomexu GyaeT onpenensThes CACAYIOIMM BhIpaxke-
HHEM:

K ¢ max . . 12 Z
Poy=1/2* T Pi* [ W( i afei(sp—D@ *ou)d/!
k=1 ¢ min

rae W(El) — 3aKoH pacnpese/ienusi MIOTHOCTH BEPOSTHOCTH
MMITYJIbCHOM nOMeXH; o — aucnepeus wyma; erfc{} — sonos-
HuTenbHas QyHkius omwndok; K — yuceno ypoBHeii curnana.

POCTIE AR 30 Ik DATINOCTH B

Bepornesin oo pena= 10633

000014 Qoo

[TMBE FEEOTIESSTH BT T AT ) AR RELE RIS P Reatvaared BT

Bepermocn izmfan ¢ yert

FERTHOCTI 0T pACp e patis. L1094

Pue. 6 Pacuer pacnpeneneHna MniIoTHOCTH BEPOATHOCTH
HMﬂyﬂbCHOﬁ MOMEXH

Ha pucynke 6 npusejieH pe3y/nbTaT pacuera pacrpeie/eHusl
I1B umITyIeCHOMN NMOMEXH, TIPH 9TOM pacyeT BEpOATHOCTH OlInb-
KH IPHEMA CHTHAJIa C Y4ETOM 3aKOHA paclpe]eleHuss M pacder
BEPOATHOCTH OHMIMOKH MPHEMa CHIHAJIA 10 MAaKCHMMAaIbHOMY 3Ha-
YEHMIO, KaK CJIe/lyeT W3 T0jA JaHHBIX, PUBE/IEHHBIX B BEPXHEH
yacTH puc. 6, oTamuaeTcs Ha aBa nopsaka ot 1077 1o 1072,

Takum obpasom, yuer 3axkona pacrnpesenenust [1B ummynbc-
HOIf MmoMexu, mo3posieT 6ojee TOUHO MPOBECTH PacyeT ee BIHs-
HUSL.

4. PacueT ONTHMAJIBHOIO NPHEMHOT0 PHALTPA

3anayy cHHTE3a ONTHMAILHOTO MPHEMHOT0 (QUIIbTpa MOMKHO
chopmynupoBath creayrouMM 00pa3oM: HaliTH NepeAaTOYHYH
Gynkuuio npuemMHoro (GuabTpa, U KOTOpol KpuTepHii Kauect-
Ba (uenesas (yHkuus) — @ gocTHraeT CBOEro MakCHMAajIbHOIO
(MHHUMAILHOI'0) 3HAYEHUS,

ITpu sTOM B KauecTBe 1ENEBOH (DYHKIMH NMPH ONTHMH3ALNH
NPUEMHOT0 (PHIBTPA MOMKHO BOCMONIB30BAThECA (DYHKIMOHATIOM -
D, onpeaesonUM COOTHOLLIEHHE CHIHAII/LIYM.

Takum oOpa3zoM, 1o cBoeMy (M3MYECKOMY CMBICIY OIpeie-
JIeHHe MaKCUMalbHOTO 3HaYeHus (pyHkunoHana — @ cooTBercT-
BYET TOHCKY MAaKCHMMaldbHOIO 3HA4YE€HWS COOTHOUIEHHWS CHT-
HA/IIYM C YYETOM YXYIAUIAIOWIEro BAHAHHA, OOYCIOBJIEHHOIO
BO3/ICHCTBHEM HMITYJILCHBIX H MEKCHMBOJIBHBIX MTOMEX.

C BBIUMCIUTENBHON TOYKHM 3pEHHA 1Ta 3aja4ya SKBHBAJIEHTHA
MOUCKY JKCTpeMyMa (YHKIMH MHOTHX nepeMeHHbIX. Crox-
HOCTh 3a/laud MOMCKAa JKCTpEMyMa 3aKI04vaeTcs TakKe B TOM,
4TO 1eseBas QYHKIUS MHOTO3KCTPEMAJILHA.

[Moaromy st cielaHHOro JOMYILEHHs CXOJAUMOCTh PelleHns
K 1J100a71bHOMY KCTPEMYMY CYLIECTBEHHO 3aBUCHT OT [PABHJIb-
HO BHIOPAaHHOTO HAYAILHOTO NPHONMKEHHS IMOIKOCOB W HYJeEH,
ANMPOKCUMHPYIOLIEH NPHEMHBIH (DHIBTP (DYHKIIHH.

Heo0x01uM0 OTMETHTE, YTO [TPH PACHETAX C MTOMOLIBIO NPO-
rpammbl «Mopenuposanne Telecomm» puc. 7 B KauecTBe Ha-
YAILHOTO TMPHOIMKEHHUA [IPH MOHOTOHHOH aNNpPOKCUMALIUH
CKBO3HOW aMIUIMTY/IHO-4aCTOTHOH XapakTEepPUCTHKH (PHUILTpa
s wpaeansHoro kanana Halikeucra, Xapakrepusylolerocs OT-

CYTCTBHEM MEKCHMBOJIBHBIX MOMEX, HCIIONB30BAHCH XapaKTe-
puctiku punsTpoB barrepopra — 2, 3 1 4 nopsiaka.

v T ¥ s e EmerEm

Puc. 7 PesyabTaT OnTHMH3ALUMH IPHEMHOTO (ubTpa
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1. ITpumenenne npu paszpabotke nporpammel «Mojenanposa-
Hue Telecomm», TexHOMOrHH OOBEKTHO-OPHEHTHPOBAHHOTO
MHOI'OYPOBHEBOI'O TMPOrPAMMHPOBAHMA T03BOJIACT B JabHEi-
wem obecneunBarh Hapalupanie kak Gubinorek Mojenei 00b-
€KTOB (DOPMHUPYIOUIMX MPOrpaMM, Tak W JIONOIHUTEILHBIX Bbl-
YUCJIHTEJIBHBIX Ilp(‘npa}\{,\{.

2 HUcnonb3oBannas TEXHOJIOTHs 00BEKTHO-
OPHEHTHPOBAHHOI'O MPOTPAMMHPOBAHMS JIOTIYCKACT TAKIKE IPH-
MeHeHHe Mojeneil 00beKTOB, MOIYYEHHBIX C TOMOILUBIO TPH-
KnaaaeX nporpaMM «MATLAB» u «MathCAD»

3. PaspaboTanHBlii nakeT NPUKJIAJHBIX MPOrPaAMM  MOKET
3G (pEeKTHBHO HCMONB30BAaThCA [MPH  TMPOBEJICHUH  HAYYHBIX
HCCNIeI0BAHMI, B TOM YMCIIE /1S aHaIu3a U ONTHMH3ALNH dJ1eK-
TPOMarHWTHOIO BJIMSAHHA M 30H TOKPBITHS COTOBBIX ceTeil
OINepaTopoB CBA3H M YYACTKOB PEreHepalMu CeTei onepaTopos
IPOBOIHOMN CBA3H.
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THE DEVELOPMENT OF A PACKAGE OF APPLIED PROGRAMS
FOR MATHEMATICAL MODELING AND OPTIMIZATION OF PROCESSES
OF TRANSMITTING AND RECEIVING SIGNALS IN COMMUNICATION SYSTEMS

Dmitry K. Mazurenko, Central Science Research Telecommunication Institute (ZNIIS), Moscow, Russia, dm.ma200@yandex.ru

Abstract

The article discusses the results of work on creation of the program "Modeling of Telecomm", built based on the technology of object-
oriented multi-level programming, which is designed to analyze and optimize the processes of transmitting and receiving signals with
methods of coding, transmission and possible impulse noise. Programming language: C++ for Windows (Borland C++Builder 6.0).
The type and version operating system: Windows XP/ 7.
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NHOOPMATUKA

NOJIMMOAEJNIbHbIA KOMMJIEKC UHTEJUIEKTYAJIBHOIO
MOHUTOPUHIA COCTOAHUA TEXHUYECKUX CUCTEM
C KOMNEHCALIMEMA BO3MYLLAIOLLIUX ®AKTOPOB
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sanots@rambler.ru

PaCCMaTPVIBaeTCﬂ 3aAaYa afA€KBaTHOro MoAeMpoBaHUA KOHTPOJIUpyeMbIX NpoLeccoB, NpOoTeKaloLwmux
B TEXHUYECKOM cUcTeMe npu MOHUTOPUHre ee COCTOAHUA B YCNIOBUAX BO3AeﬁCTBM’| BO3MyLalOLLKUX
d)aKTOPOB. I'Ipenb;anmoTc;l TpeGOBaHMﬂ no y4ety B MoAenAaxX BO3MOXXHOCTU KOMNEeHcauum q)aKTOpOB
TEXHUYECKOW CII0XKHOCTU KOHTpOJIUpyeMbIX NPpOLLECCOB B TeXHUYECKOHN CUCTEME, CTpYKTypHOﬁ, BbI4YUC-
ﬂMTeﬂbHOﬁ, BpeMeHHOﬁ, JIOTUYECKOMN CNOXKHOCTHU MOHUTOPUHIa COCTOAHUA CUCTEMDI, AosepuTeanoﬁ
CJNNIOXXHOCTHU MCXOAHOﬁ MH¢0pMaI.|MVI n CprKTYpHOﬁ nu napaMeTpMHeCKoﬁ AWHAMUKHU 3K3eMNNIAPOB KOH"
Tponupyembix npoueccos. Mpepnaraetcsa o6ujas cxeMa nonuMMogenbHOro Komnnekca. B ocHose kom-
njiekca UCnoJib3yroTCA MOJI0OXKEeHUA Teopum BbI4YUCIIEHUA MO ¢OpMaﬂbHOMy npeacraB/i€HUIO anropumr-
MOB BbIYUCJIUTEJIbHbIX MpPOLIEeCCOB C NOMOLLbIO aBTOMATHbIX Moneneﬁ. HenOCpeACTBeHHO ocyLiecTBe-
NeHa MOAMq)MKaLlVIﬂ U3BECTHOro MHCTpyMeéHTa MoaenupoBaHua = ceten I'IeTpu, C NOMOLbIO KOTOpOro
co3faH NPUMUTUB A3blKa OMUCAHUA, T.H. areHT. I'Ipoqecc MoAenupoBaHUA OpraHuM3yeTca Ha OCHOBe
MHOroKpaTHOro UMcnoJjib30BaHuA aréHta ¢ MHAMBUAyallbHbIMU NapaMeTpamm = YHMq)MLIMPOBaHHOﬁ MO~
aenun TUNOBOM onepauuu 4)yHKLlMOHaJ1bHO'l10rV|"IeCKOﬁ nporpamMMbl MOTOKOBbIX BbIYUCIIEHUNA. I'IpeA-
CTaBJIEHbl CMHTaKCU4Y€eCKoe npeacraBiieHne Mmoaenu m rpacbwiecxaﬂ cxeMa yHMd)VILlMpOBaHHOﬁ Moae-
nu. Aina opManbHOro NpeACTaBAeHNsA NPoLiecca CMeHbl COCTOAHNA MOAENU NCMONb3YETCA eHOTaLM-
OHHbIA TUM CEMAHTUKMU C npueeaeHueMm npumepa. I'IporpaMMa MOTOKOBbIX BbIYUCIIEHUNA cbopMupyeTc;l
KaK KOHKaTeHaluAa 3K3eMnnapoe yHMq)MLlMpOBaHHOﬁ Mogenu. nﬂ’l nporpamMMmbl NPUBOAUTCA CUHTAKCHU"
YecKoe onucaHue. nﬂﬂ AaHHOro npeacrtaB/ieHUA Ucnonb3yerTca TeOpeTMKO'MHO)KeCTBeHHhIﬁ noaxon.
anBOAMTCﬂ onepayMoHHaa CceéMaHTUKa nporpamMmbl B BUa€e NpUMUTUBHLIX ONepaTopoB Ha OCHOBe
dyHKuMiH nHUnAeHTHocTM. C noMolbio PYHKLMIA MHLMAEHTHOCTU U CTPYKTYPbl YHU(PULIMPOBAHHOM
Mojenu pearnn3yroTca TEXHOJNIoOrM4eckme orpaHM4eHma cnegosaHusa, He3aBMCMMOCTU, HECOBMECTHOCTHU
U COBMECTHOCTMU BbIMNOJIHEHUA onepauuﬁ nporpamMmbl. Onepaquu nporpamMMmbl MHTEPNPETUPYIOTCA KaK
ornepaTtopbl KOHTPONMPYEMOro NpoLecca TEXHMYECKon cuctembl. MHOXKeCTBO onepauumii B nporpaMme
MOTOKOBbIX BbIYUCIIEHUN CcoXpaHaer CBOMCTBO YaCTUYHOTO nopsaaka, 4YTo AoKa3biBaeTca ANiIA OTHOLUe-
HUKA pe¢)ﬂeKCMBHOCTM, TPAH3UTUBHOCTU U AHTUCUMMETPUYHHOCTMU. nﬂﬂ npeacraB/ieHUA TEXHUYECKUX
OrpaHU4eHUi BBOAATCA CrieuuanbHble Z-Mofenu Ha ocHoBe G-ceteil. HoBu3HO MaTtepuana asnsaerca
cuMOMno3 Bo3MoxHOCTen cetel Merpu, ux moaudpukaumin, G-ceteir, 4to o6ecneynmBaeT HOBblE Bbipa-
3uTesibHbl€ BO3MOXXHOCTU NpeacTaB/IeHHOro KoMnjiiekca, y4uTtbiealolliue so3MyLlaloiune ¢)aKTOPbI.
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Peanmzanuns KOHUENUMH €IMHOr0 MH(OPMALMOHHOIO Mpo-
CTPAHCTBA B PA3IMYHBIX TEXHHYECKH M OPraHU3aLlHOHHO CIIOK-
HBIX 00nacTaX JeATeJLHOCTH, B TOM YHCIE M KOCMHMYECKOH
[1, 2], ssBNsieTCS MPHOPUTETHOMN NMPH pelIeHHH 3aaa4uu HH(popma-
TH3auuK obuectea. EAMHCTBO MH(OPMAIHOHHOTO MPOCTPAHCT-
Ba sABJISETCA HEOOXOJMMBIM YCIOBHEM CKBO3ZHOTO (Ha MpOTSIKe-
HHH BCET0 KM3HEHHOTO WHMKIa TexHuveckoil cucremsl (TC))
ABTOMATH3HPOBAHHOTO MOHHTOPHHTA MPOLECCOB NMPOEKTHPOBA-
HMs, W3TOTOBJEHMS, HCHBITAHHH, NPUMEHEHHS KOCMHYECKHX
cpeacTB, a Takke oOpaborku M aHanmsa uHpopmanuu o TC.
3neck ocHOBHOW MpoOneMoii, MouIekaiell pelnieHno, SBaseTcs
OTCYTCTBHE €IMHBIX MPHHLMIOB MOJIETHPOBAHMS M MOCIIE/IYIOLLe-
IO KOHTPOJIs npoLieccoB Lenesoro ¢gynkunonuposanus TC [3].

OauuM M3 pelieHni yKkasaHHO#H npoGiembl sIBIASETCS nep-
CHEeKTHBHAsl MH(POPMALIMOHHAA TEXHOIOTHS MHTE/UICKTYaIbHOIO
monutopuura. Ilon unmennexmyansnoim monumopunzom 37ech
NOHMMAETCS ABTOMATH3MPOBAHHBII CHHTE3, KOHTPOJIb U KOPpEK-
THPOBKA MOJIEJIEH NMPOLECCOB aHanKu3a HHGOPMALMH TIPH NPOH3-
BOJICTBE, HCMbITaHUAX W npuMeHeHuu TC B pasiuuHbIX npef-
MeTHBIX obnacTax [2].

MojensHoi OCHOBO# TakoH HH(MOPMALMOHHON TEXHOJIOIHH
ABJAETCA TMOJMMOJIETBHBIH KOMIUIEKC MHTEIEKTYalbHOTO MO-
HUTOPHHTA € HMCIOJIb30BAHHEM BBIMHCIMTENbHBIX ceTeil [lerpu
[4, 5] n G-cereit [6] ¢ npeaUKaTHBHO-ONEPATOPHLIM pacliHpe-
HHEM.

B cratbe BBOAMTCS WM JOOMpEAENAETCS PsA TOHATHIA.
Ilpocpammoii Ha3pIBAaeTCs CHCTEMA BBIYMCIICHHH, KOTOpas /s
HEKOTOpOro Habopa HMCXOAHBIX JAHHBIX MO3BOJIET MO OJHO-
3HAYHO OMNpEIEIEHHON NMOCIe/I0BATENBHOCTH CHCTBHI, BBINOJI-
HAEMBIX «MeXaHuyecku» (0e3 ydwacTus uejoBeKa), NOMyqHTh
HeKkoTopelil pesynstar [7]. Pyuxyuonansmno-rocuueckoi npo-
Zpammoli Ha3blBAeTCs [POrpaMma, co3jaBaeMas B pesyJbTaTe
NPUMEHEHH TPHHLMNOB (GYHKIMOHAIBHOTO IPOrPaMMHpPOBa-
HuA [8)] (B 1aHHOM cily4ae HCIIONB3YETCs BBI30B €MHOI (PYHK-
LMK € Pa3IM4HBIMHM MapamMeTpamMM) ¢ peajau3aimeil JOrH4ecKux
B3aUMOCBA3el Mexay oneparopamu (onepauusmu). Ilon nomo-
KOGbIMU GblyuCIeHuAMY TIOHUMaeTes: oOpaboTka MHpOpMalHK
pasiMyHOro poja (M3MEpHUTENbHOH, TEeXHOIOrHYecKoit), xapak-
tepusytomieii TC. OcobeHHOCTRIO mpoliecca 00pabOTKH TaKoii
HHpOpMalHK ABJISIETCA HEOOXOAMMOCTL ODECTEUEHHs BO3MOK-
HOCTH Mapajule/li3Ma M aCHHXPOHHOCTH BBINOJHEHHS OT/C/b-
HBIX ONEpaluii U UX COBOKYIHOCTEH, T.€. noTokos [9-10].

HonumonenbHbIi KOMIIEKC HHTEJLIEKTYAJBHOT0

MOHHTOPHHTA

[Ipencrasnenuslii Ha puc. 1 MOIMMOIEIBHBIA KOMILIEKC sB-
JAETCA pealu3aliedl MOACHCTEMBI TPEJACTABICHHA JAHHBIX H
3HaHWH O npeaMeTHON 061acTH KOHTPOIMPYEMBIX IIPOLECCOB
TeXHHYECKOH CHCTEMBI.

B ocHOBe cxeMbl HCHOIb3YETCS areHTHbIH MOJAXOI K Moje-
JHPOBAHHIO CHCTEM. A2eHmom WIN npUMUMUGOM SABIIAETCA YHH-
(uumpoBanHas Mojenb THIOBOH onepauun (YMTO) ¢yukuno-
HAJILHO-JIOrMYECKOl MpOrpaMMBbl MOTOKOBLIX Bbraucaenuid. Ilox
onepayueli NPOrpaMMbl MOTOKOBBIX BBIYMCICHHIT MOHMMAETCH
Mojiesiupyemast omnepauus KoHtpoiupyemoro mnporecca B TC,
MOHHUTOPHHI KOTOPOIl OCylLIeCTBIseTCs B AaHHBIT MoMeHT. JlaH-
Has onepaius He MoxeT ObITh pasjeneHa Ha IOJonepaluu B
pamKax JaHHOM MporpaMmbl M B TOXKE BPEeMsi OHA HMEET HEKOTO-
PYIO MPOJIOIKUTEILHOCTE B OTCYETaX KOHTPOIUPYEMBIX COObI-
THIi, HATIPUMep B OTCYETAX BPEMEHH.
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£g DYHKLIAK RHUMABHTHOCTI
§ £ Mexgy ssemnnapamn YMTO
£3 == Cxema
= Mogens onepai;
g ] YHUHUMpOBAKHAR —H_ .su‘ a | PYHKUHOHENBHO- Cxema
o O
= MOogens —» > CPrEHA3ALAR
E’ § —> onepaLmm | nporpamms NOTOKOBEAX
z APOTPaMME & onepaumn | | BBIMNCIEHNA
g g Il_l S | | BbMHCREH
= Aty wHuMgeHTHOCTH
MENAY IIEMNNAPAMA
Wameputensran YMTOw z.
Tip Z-mopens
n " >
hyHKLUM Ha cumpenue OTPEAHHYEHHR
HMIMEPUTENLHOR
MHOpMAaLUM

Pue. 1. Cxema noiMMoaenbHOro KOMIIeKea

Jlna gopmupoBanus QYHKUMA HHUMAEHTHOCTH MENKIY OIle-
pauusaMu BBOASTCA oTHoweHus Oy, O, O; u Oy, rae O; — OTHO-
IIEHHE ClEJIOBAHMST MEXIY OIepalusMu  creludpuKanum,
O, — OTHOLIEHNE HE3aBUCHMOCTH, (J; — OTHOLICHUE HECOBMECT-
HOCTH, Oy — OTHOUIEHHE coBMecTHOCTH. JlaHHble OTHOLIEHHSA
pean3yloT TEXHOIOTHYECKHE OTPAHHYEHHNs], HAKJIabIBAEMbIE HA
KOHTPOJIMPYEMBIii mpo1iecc.

Texnuueckue OrpaHHueHHs MpPEACTaBsIOT coboi ycnoBus
BBITTOJIHEHUS ONEpaLuii B 3aBUCHMOCTH OT pe3yJibTaTa MpOBEpPKU
MPEJNKATOB, B KOTOPbIE B KAYECTBE apryMEHTOB BXOIMT HH(OP-
matus, hopMupyemas BHe Mozenu. Jlns yuera Takux orpanuye-
HHUII B MOJMMOJENbHBIH KOMIUIGKC BBEIEHO NPEIMKATHBHO-
OINEpPaTOPHOE paclIHpeHHe B BUJE Z-MOeeil.

[Ipn KoHKaTeHalMH SK3eMIUIAPOB areHTa u z-mozeneit dop-
MHPYETCS CXeMa [MPOrpamMMbl MOTOKOBBIX BLIYHCICHHI, HA OCHO-
BE KOTOPOH B CBOW O4Yepe[b OPraHU3yIOTCS HENOCPEeJICTBEHHO
MOTOKOBBIE BbIYMCICHHS.

PaccMOTpHM OCHOBHBIE ]IEMEHTBI MOIMMOJEIBHOTO KOM-
nJjeKca.

Jst eunrakcnueckoro npeacrasienus YMTO uenonbsyercs
TEOpeTHKO-MHOKecTBeHHbIH noaxoa. Ilpu stom YMTO mnpen-
CTaB/IAeTCA TEOPETHKO-MHOKECTBEHHOH KOHCTpYKIMeil Ha oc-
Hoge ceteit [letpu cinenyrowero suja:

S={P,T,F,B,H",H ,M).
3nece P={P,, Py P} = {pf-/i € lp} — KOHEYHOE HermycToe

MHOJKECTBO NEpeMeHHBIX Mompenu, Py, P, P,, — MHOXecTBa,
COOTBETCTBEHHO, BHYTPEHHUX, BXOIHBIX U BLIXOHBIX IEPEMEH-
HBIX;

T=4{,; /i € [;}— KOHeuHOe HerycToe MHOXECTBO OIeparo-

POB MOJIEIIH;
F:PxT— N — pxoguas (yHKUMS WHIMAECHTHOCTH, OIH-
CBIBAIOLIAs KPaTHOCTh BXOJHOI Jyrd OT MepeMeHHOil p; K ore-
paTopy #; U cTaBsIas B COOTBETCTBHE KaKIO Nape p; I nenoe
HeoTpUIaTensHoe Yucno N;
B:PxT — N, — BxoaHas (yHKUHS WHIHICHTHOCTH, OMNMH-

chiBaroias cOpaceIBAIOLLYIO YTy OT NepeMeHHOl p; K oneparo-
Py # M CTapsIlas B COOTBETCTBHE C KaKIOH napoii ( Pirt J.-) a1e-

MmeHT OunapHoro maoxectea Ny=1{0, 1};

H* :TxP—> N — BbixoaHas (YHKUMS HHIHMJIEHTHOCTH,
OMMCHIBAIOIIAA KPaTHOCTh BBIXOAHOH AyrW OT omeparopa f; B
NMEepeMEHHYI0 p; W CTaBslllas B COOTBETCTBHE KakK/OH nape

(rj,p,-> yucno N;

H™ :TxP— N — pbixoaHas (QYHKUMS HHIWICHTHOCTH,
ONMCHIBAIOIIAA KPATHOCTh BBIXOJIHOI W3BAEKAlOEH Iyru oT
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orepatropa {; B MEPEMEHHYIO p; U CTaBslllas B COOTBETCTBHE C
Kask/10it napoii (r_f-,p,-> umcio N;

M:P— N — (yskums, KoTOpas C KakKIbIM JIEMEHTOM
p; € P CTaBUT B COOTBETCTBHE IEMEHT MHOKECTBA uncen N,

Ha pucynke 2 npescrasiena crpykrypa cxemsl YMTO, sg-
JISIOMIEHCS areHTOM MM HPUMUTHBOM, KOTOPYIO MOJKHO HAa3BaTh
(Gyukumeil pazpaboTaHHOrO S3bIKA MPOrpaMMHPOBAHMs, MM0ITO-
MY B ONpPEJECICHUA CHHTE3MPYEMOH NpOrpaMMbl MPUCYTCTBYET
npuiaratenbHoe «(pyHKIUHOHAIBHANY.

Crapy MpuocTBein |: MpuocTaHoska
il
KoutponsH MpoaBsin PRACIIEHIS YnpBein
Wup3anHay ——
‘ WHaoBein
c4eT3H OqcuerBein ‘
ocsH Bein OCBein
D—> [ O=5 —O O
. A
KouTpons3H -é
=1
Kon3aaHau ° oc '
KpHTponeBein
KonSankor CTton KoutponsO =
O e OF
m
KoHBein %
OT1cueT3K

WHaKoH

D—{ O

KoHtpons3K

I KoH
ocC

MHa3ankoH . ‘

Puc. 2. 'padnueckuii Bua cxemsl YMTO

Jlna monenuposanus paboThl ceTH MOMKeET ObITh HCIOIBL30BA-
na cpezia CPN Tools [11-13], no3sossiionias co3asars 0 Hecle-
JI0BaTh MEPAapXHYECKHE CIOKHbIe, MOAN(PHUIMPOBAHHBIE (IBET-
HbIE M PACIIMPEHHbIE) MOJEIH IPOLECCOB. DIeMEHThI pHC. 2
HECYT CMBICIIOBYIO HATPY3KY MO3HLIKIL, Nepexo/10B, Ayr 1 (Hiex
uHCcTpyMeHTa ceteii [Tetpu.

DieMeHTBl MHOKECTBA Py, Ha pucyHke 2 o003Ha4yaeTcs Kpy-
ramu, P;, — NoIyKkpyraMu ¢ BhIXOISAIIMMH cTpenkamu, P, — no-
JTYKPYraMH ¢ BXOJSIIIHMM CTpelIKkaMH. DleMeHThl MHowkecTBa T
obo3Havenbl npsaMoyroiabHukaMu. Bapuant Bxojmoit ¢yHkimun
uHLMAeHTHOCTH F ofo3HayaeTca NTMHUEH ¢ OJHOI CTpeiakoi oT
KpYroB (MOJyKpPYTORB) K MpAMoyrojibHuKaM. JInuug ¢ oboznave-
HHeM <...> ABiseTcs KpaTHoii. BapuanT BX0aHOH (YHKIIMH HH-
mMiaeHTHOCTH B oGo3HavaeTcs JuHHE ¢ JIByMs CTpelKami Ha
OJTHOM KOHIIE OT KpPYroB (MOJYKPYrOB) K HPSIMOYTOJILHHKAM.
BapuanT BbixoaHoit GpyHkimn uauaentHoctn M obo3navaercs
JIMHUEH C OJIHOH CTPEJIKOH OT NPAMOYIOJbHUKA K Kpyry (noJy-
Kpyry). JIlunus ¢ JAByHanpaBieHHBIMH CTpEIKaMu — BO3Bpa-
maromas, Bapuant BeIXoaHONH (QYHKUMM HHIMACHTHOCTH [
0003HauaeTcs JIMHKUEH ¢ OJIHOI CTPEIKOi OT NPAMOYTOJIbHHKA K
KpYTy (Moaykpyry), NPOTHBOMOIOKHBINH CTPENKe KOHell JTMHUH

COIepKUT Mauiblit kpyr. Bapuant ¢gynkiun pasmerku M obo3na-
HAETCH TOUKAMU BHYTPH KPYTOB.

[lepemennnie «Crapt», «Crony», «lIpuocrBeim» (npuocra-
HOBKA BbINOJHEHHs onepauun) v «lIpoaBeim» (npopomxenne
BBIMOJIHEHUS ONEpPaLiK) SABIAIOTCH MepeMEeHHbIMH, [0Jy4ato-
MMM YIPaBIAIONIHE CUTHATBI OT BHEHIIHUX cXeM. YIpaBisio-
Ife repeMeHHble (BXOJHbIE) MOKHO CYHTATh OMHAPHBIMH 110
BO3MOJKHBIM 3HAYEHUSM.

[lepemennas «OC» (orcueT cOOBITHI) CONEPIKHT OTCUETEHI
coOBITHI, HCTTONIB3YeMBbIE Ul cMeHBl cocToanus YMTO. B ka-
yecTBe TAKNX COOBITHII MOTYT BBICTYNATh METKM BPEMEHH HIIN
(hakThl HacTyNIEHNS COOBITHI TPH OCYLIECTBICHHH KOHTPOIIA HE
BpeMeHHBIX, cOOBITHIHBIX npoueccos. [lepemennas «OC» no
coJiepiKaHuio  ABaseTcs OWHAPHOIH, TaK Kak MOCIEAYIOININMH
oneparopamn oOpabarsiBaeTcs TOIBLKO (hakT mpuxojaa orcyera,
HO HE KOJIMYECTBO paHee COBEPUIMBIIMXCS COOBITHIL, T.e. KOJIH-
YECTBO MMEIOMMXCs B nepeMeHHoil «OC» 3HaueHHil. DM
obecrevynBaeTcs HHBAPUAHTHOCTb MOJICIH K THITY €IMHHIL H3Me-
HEHHS COCTOSTHHS ONepatHH.

[lepemennnie «Mua3aagHau» (MHAMKALMS CTEHNEHH OTCYETa
3a7epiKKH Havana onepaumn), «MuaHau» (muankauus dakrinue-
CKOro cTapra BbinosnHeHus onepaunn), «MuaBeim» (muankauus
cTeneHu BeinofaHeHus onepauun), «Mux3anKon» (uuankauus
CTENEHH OTCHeTa 3aJepiakKy okoHuanus onepauun), «HuaKon»
(MHauKkanua GakTHYECKOro OKOHYAHMA BBINOJIHEHHS OMNepaliumn)
u «MunBak/lnumy (MHAMKaNMS NJIaHMPYEMOTro OKOHYaHHA Bbl-
MOJHEHMS. ONEpalny M0 JUTHTEILHOCTH) SBISIOTCA MHIAMKATOP-
HBIMH (BBIXO/IHBIMH). JlaHHBIE MEpeMeHHbIE J0JIKHbI UCTOJIb30-
BaThCS BHELIHUMM CXEMaMU JUlsl ONpe/ie/ieHNs TPACKTOPHH pas-
BUTHS MPOLIECCA B LEJIOM IyTEM CPaBHEHHS 3HAUCHUIT B JIaHHBIX
MEPEMEHHBIX ¢ HEKOTOPBIMH TAlOHAMH. YIIPaBisioUHe nepe-
mennble «Mun3agHauy, « MunBemy» n «Mun3anKon» seasiores
MO CO/IEPKAHNIO CYETHBIMHU, TAK KaK COJEpIKaT KOIMYECTBO OT-
CYETOB COOBITHI, MOJYHYEHHBIX 32 COOTBETCTBYIONIHIT HHTEPBA.
ITepemennsie «MuaHauy, «duaKon» n «Mun3ak/lnum» apasior-
¢ OMHAPHBIMMH.

BuyTpenHue nepeMeHHbie 1 onepatopbl 00ecrednBaoT cMe-
HY COCTOSIHMSI ONEpalHu, T.e. H3MEHEHHE 3HAUYEHHH BBIXOIHBIX
MEepeMEeHHBIX B 3aBUCHMOCTH OT 3Ha4eHHil BXOJHBIX. BHyTpeH-
HUE TiepeMeHHble W onepaTopsl — 310 «Hau» (nayano), «Ot-
cuer3H» (orcuer 3anepxku Havana), «OC3H» (oTcuer codbiTHi
3ajepikkn Havana), «Kontpoas3H» (KoHTpoab 3amepkkn Hava-
na), «Kon3anHau» (okoH4uaHMe oTcueTa 3a/JepiKkn Havaaa gax-
tHudeckoro seinonHenus TO), «Boiny (Beinonusercs), «OTcuer-
Bein» (orcuer daktnueckoro BeinoaHenus), «OIBeimy» (oTcuer
coObITHil BhInosHeHus), «KoHTponsBoiny (KOHTPOJIbL BhINOIHE-

HUus), «YnpBeim» (ynpapieHue BBIMOJHEHHEM  ONEpariu),
«Hpnocmuoaxa» (I'IpHOCTaHOBKa BBIINMOJIHEHHUA onepauuu),
«Ipojgomkenney  (POJOIKEHHE  BBINOJHEHHUS  ONEpalmu),

«KouBbin» (koHTpOIb BhINOIHEHNS onepaunn), «KontpoasO»
(koHTpObL OokoHuaHus), «Kou» (okonuanue), «Orcuer3K» (oT-
cuer 3aepKku okonvanus), «OC3K» (orcuer cobbiTHil 3a/1epiK-
kn okonuanus), «Kourpons3K» (KOHTPOIbL 3a/ep/KKH OKOHYa-
Hust), «Kon3anKon» (okoHuaHue otcuera 3ajepikkn (axkruue-
CKOro oKoH4YaHus BeirojHenus TO).

[lpeacrapiennas Ha puc. 2 cxema sBJSETCH MaKCHMalIbHO
o01eit o BO3MOMKHOCTH HAOIIOACHHS M YITPABICHHS COCTOSIHU-
em npouiecca. o atoil mpuunne oHa, 3a HCKINIOUEHHUEM BXO/IHBIX
M BBIXOJHBIX MEPEMEHHBIX, MOKET ObITb 3aMEHEHa CIICLHAb-
HBIM OIEPATOPOM-TIPOLIE/Y PO,
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Takoii onepatop-npoueaypa npuBeieH Ha puc. 3, rae OH
0603Ha4YeH NpAMOYIoJLHUKOM C JIBOHHBIMH JHHHAMH. B neBoii
YacTH NPHUBEJIEHBI BXOJHBIC NEpeMeHHbIE, (JopMHUpYIOLIHE Tpa-
€KTOpHIO pa3BUTHA mnpoliecca. B npasoii yacTu npuBeieHbl BbI-
XO/IHbIE TIEPEMEHHBIE, MOKa3bIBalolMe Xoj npouecca. Buytpu
onepaTopa-npoue/ypbl MPHUBEACHBI 3HAYCHHUA JUTMTEIBHOCTEH
3a/IePKKH Havana BeinosHeHus (<3H>), 3ajepxku OKOHUaHMs
BoinoaneHns (<3K>) u HenocpeJCTBEHHO BBINOJHEHNS Ornepa-
uun (<Innt>).

S 1.MHa3agHay

1.0C 6.<3H>
D—» 7.<Anut>H 5 pynHay
8.<3K>
2.Crapt
)—) 3.MHgBeIn
3.NpuocTBein
>—> 4 Vna3anKou

4. MNpogBein

5.

5,HTKOH
s,wunjamnwr

Puc. 3. Onepatop-npoueaypa — KOMnakTHas rpauyeckas cxema
YMTO

T

Jinst popmansHOro onucanus npotecca (yHKIMOHUPOBAHUS
(cMmensl cocrosinust) cxembl YMTO npejuiaraercst ieHOTALMOH-
nas cemantnka YMTO. Ilpouecc cmennt cocrosunii YMTO
MoeT ObITh peJICTaBIeH B BUJIE AHHAMWYECKOH cucTemsl [14],
B KOTOPOIi MHOKECTBA SBJISIOTCS «MaTeMaTH4ecKUMH 0003Ha4e-
HHAMH» CYOBEKTOB MOJIC/IH, a 0TOOPaKEHHs! ONPEACAIOT Mpo-
Lecc cMeHbl coctosuuit YMTO:

2 =(Toc. X.U, QY,A,p,1),

e Toc = tm(pi/ p;
CTBO MOMEHTOB (hOPMHpPOBaHUA 3HaUeHHIT nepemMenHoil «OC»;
={m(p| p; € B, )} — MHOKECTBO 3HAYEHHH MEpPEeMEHHBIX

P, ={0C})} — ynopsjioueHHOE MHOKe-

P]l!!;

U ={m(pl p; € P, \{OC})} — mHOKecTBO 3HAueHMii nepe-
MEHHBIX P;,;

Q={o:Toc >U} = {(m(p| p,=10C}), (m(p] p, € B, \1OC))}
— Habop dJyHKLmﬁ nopo:-l{,c[eﬂus P

Y ={m(p| p; € P,,,)} — MHOKECTBOBO 3HAueHHii nepemeH-
HBIX Py

A={hiToe =Y} = {(m{ pil p; ={0C} ),(’??(P:l pi € Py ]>>}
— Habop (pyHKLM MOPOKICHNS P,y

W:The xThe x X xQ — X' — nepexoaHoe otobpaxenune, orn-

penensioniee cieaytomee 3nauenne m(p,| p; € P,,) ¢ nenomns-

soanueM (yuxuun Xepucaiiaa y. cieyommum odpasom:
:m'(p; € By) = v, (m(pl oy =1OC})~#(p1. B(1))))

Y4 ("”(Pf| pe(f,v Hlt}\{oc}) (;};,f‘(.‘ )))
x(m(p,—)— #(p,—, F(!_, ])— #(p:-, H (1, )] - #(p“.‘ H* (fj ))]
N:The x X > Y — BbIXOAHOE 0TOOpaKenue, onpeiensioiiee

”"( pa| Pi € r:m ) B BHJiE:
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Yo (m(py| py ={0C}H) —#(p;, B(t;)))x

T! :'??I(pi € P:mf):
xy, (m(p| p; € (B, U P, )\{OC})~#(p;, F(1,)))x

x(m(p;)—#(p;, F (1) +#(pi, H' (1))

B kauecTBe nmpumepa paccMOTPHM NPEJICTABICHHE C MTOMO-
K JIAHHOH JICHOTAllHOHHOH CEeMaHTHKH CMEHY COCTOSIHUS
YMTO nocne (popmuposanus 3HadeHus «1» BX0HOI nepemeH-
Hoit «Crapm:

Toe = {m(«OC») = 0,m(«OC») =1} X = {m(«Haur) = 0,m(«Haun ) =1};
U = {m(«Crapm) = 0,m(«Crapm») =1}:

Q= {(m(uOC») =0,m(«Crap») = 0). (m[«OC») =l,m(«Crapm) = I>} :
Y={2}; A={2};

Y. (1=1) - (0=1-0+1+1).

BeixojiHoe oToOpaxeHne 1) He COCTaBIIAETCS.

Takum obpazom, YMTO sBnsiercs KOHCTPYKTHBHBIM TIPHMH-
THBOM miporpammbl. Cuctema sk3emiuisipoB YMTO ¢ unaneuay-
albHBIMH napaMeTpaMu COCTaBIACT (YHKIHOHAIBHO-
JIOFHHECKYIO [IPOrPAMMY TOTOKOBBIX BLIMUCIICHHIL,

JUns CHHTAKCHYECKOTrO MPe/CTaBIeHHs [POrpaMMbl HCIOb-
3yercs TaKKe TEOPEeTUKO-MHOMKECTBEHHBIH Noaxoa. Mojensio
(YHKIMOHATBLHO-JIOTHYECKOH MPOrpaMMbl HAa3bIBAETCS TEOPETH-
KO-MHOKECTBEHHAA KOHCTPYKIHA Ha OCHOBE HEpapXHYeCKHX
cereii [Terpu cnenyloero Buja:

R=X8,J,0).

(S| k=1...card(1,)}
S;— k-s1 onepatus, Bxoasias B R;

T {J,{| k=1...card(l,)} — MHOKeCTBO (YHKUMH HHIIH-
JICHTHOCTH, OINHUCBHIBAIOIINX KOHKATEHAIWIO BBIXOJAHBIX Tepe-
MECHHBIX Ol'lepal.l[/][‘] Sf’ H BXO/JHEIX l'lepeMcHHb]X onepauuu S,(-., a
TAK/KE BBIXOJHBIX MEPEMEHHBIX Olepauuu Sy W BXOAHBIX lepe-
MEHHBIX ONepalnu S,,,, mylel:

m' («Haw) = v, (1-1)

3nece S = — MHOXKECTBO oOrnepaimi,

(k). (k) (m)
J {Jm R)m P:H = N Jom Prmr F:n = N}
Q=10 k=1...card(l,)} — mHnoxkecTBO OrpanHnuennuii npo-
necca R, OJp — MHOXKECTBO OTHOLIEHUIi, OrpaHHYHBAIOILNIT BbI-
oop NbTePHATHRDI pasBUTHA k-oii oreparu,

(k)

0, =1¢. Pl e =1...card(0)}, rne ¢, ") - c-it Bun orpannuenns

onepatin Sy, ¢ — MOPAIKOBBIH HOMEP OrpaHHYCHUS.

Z-MOJIeJIbIO0 TEXHHYECKHX OrPaHWyYeHUil IPOorpaMMbl Ha3bIBa-
eTcsl  TEOPETHKO-MHOKECTBEHHAS! KOHCTPYKLMS  CIEIYIOIIEro
BH/IA:

® () =
0.0 ()=(X, ZB), PT), ZF, H,ZM)),

rae X = {x| i=1...card(X)} — KoHEUHOE MHOKECTBO apryMeH-
TOB — XapaKTepPHCTHK 00beKTa;

ZF\ = {Zp,-{.ﬂ [ € I7p()} — KOHEUHOE HEMyCTOe MHOKECTBO 2-

B

PT, ={prj[_)|jefprl_]} — KOHEYHOE HEIyCTOE MHOMKECTBO

(k) ()’

{0., l} — BXOAHAA (DYHKUMS WHLMICHT-

NMEPEMEHHBIX OIpaHHYCHUA ¢,

((ﬂpeﬂHKaTl'[[:[X» OnepaTODOB orpaHqu}mﬂ qL.

ZF(y 1 ZBy xPTy >
HOCTH, OIHCBIBAKOLILIAA BXOJIHle, BCEria O,HHOI{]J&THY}‘D ,Ik)’]"y oT
Z-NICPEMEHHON 2Dy K TPEAMKATHOMY Omeparopy — pl,

— . ————
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CTaBsllas B COOTBETCTBHE ¢ Kax10i napoﬁ (sz[-]*p"f(-}> 2J1e-

MeHT MHOMkecTBa {0, 1};
HZP?E.)XP%{U, 1} — BrixomHas (yHKIAS HHIIIEHTHO-

CTH, OIUCHIBAIOLIAS KPATHOCTL BLIXOIHOM JyTH OT NpeAnKaTHO-
rO OfepaTopa pf ) B NEPEMEHHYIO p; H CTABAIIAA B COOTBETCT-

BHE C KaK/10i napoii <p.' i) p,-) aneMeHT Muoxkectsa {0, 1};

ZM{.,} :ZP[_] —)D{_} — (QyHkuMg, KoTOpas ¢ KawJIoi z-
nepeMeHHOM Zp,-{,]| fEfz,o{,} CTABUT B COOTBETCTBHE JIEMEHT
a'i-{_} HEKOTOPOro MHOKecTBa [y, BO3MOKHBIX 3HA4CHHIT apry-
MEHTa (*), Takum oOpazom Zmyy L 2Py _)d*'('} € D(‘}'

[Tocrpoenne npumutnia (crpykrypa YMTO, a umenno Ha-
JIMYHE BXOJHBIX H BBIXO/IHBLIX ﬂepcMCHHlﬂX B MO;[CJTH} H MHOMKC-

cTBO (Qynkumii uHuuaenthoctn J = {J,| k=1...card(l,)} no-

3BOJISIET MPEACTABUTH TEXHOIOIHYECKHE OrpaHHYCHUS IPOrpam-
MBI CIICIYIOIINX THITOB: chenoBanus (0;), nezasucumoctu (0,),
HecoBMecTHMOCTH ((O3) U coBMecTUMOCTH (O).

Orpanuyenune ciegoanus (O)) nMeer cMmbica cBsizn «OKOH-
yanue-Havamo» Mexgty onepauusMH TEXHOIOIHYECKOro Mpo-
necca. JTo 03HAYAET, HTO OKOHYAHME MEPBUYHON Onepalum siB-
JsieTcs  paspelieHreM Hawana BTOpHYHOH. Jlns mporpammel
CMBICIT MO00HOM CBA3M 3aKJII0YACTCSA B TOM, YTO MEHJIY Onepa-
MAMH KOHTPOJIMPYEMOTo Tpoiecca Ha 00beKTe MOHHUTOPHHTA
HAJIOXKEHO TEXHOJIOIHYECKOEe OrpaHHueHHe Clle/IoBaHus, peasu-
3YEMOE B COOTBETCTBYIOLIEM BHJIE (DYHKUHMHM MHIMJIEHTHOCTH
mexy orsemiusipamn YMTO. Ananorudsbie  paccyskaeHus
CIeIyeT NPOBECTH M JUIS OCTAILHBIX OIPaHUYEHHIL.

Jlast onucaHus nopsijika peain3aluy IaHHBIX THIIOB OrpaHu-
YEHHIT ClIeyeT MCMNOIL30BaTh ONEPAlMOHHYIO CEMAHTHKY TIpO-
IpaMMbl IOTOKOBBIX BbluMcaeHuil. OnepalMOHHas CeMaHTHKA
(YHKIMOHAIBLHO-JIOTHYECKOH MPOrpaMMBbl 3aKIHOUAETCSl B TOM,
YTO BapPHAHTHI KOHKaTEHAIMM MPUMHUTHBOB SBIISIIOTCS KOMaH1a-
MH JIJI KOMOHJIATOpa HU3KOTO YPOBHS TPH OpraHu3aiiu moTo-
KOBBIX BBIMHCIEHHUIA.

PaccMoTpuM HEKOTOpBIE BAPHAHTHI TEXHOJIOIMHYECKHX OIpa-
HUYEHMII.

Hanbonee yacto npuMeHsAEMBIM SBIACTCSA ONEPaTOp, peaiu-
3YIOUMX OrpaHnyenne tuna O): TeXHOJIOrHYeCKoe OrpaHHYeHHe
«Okonuanne — Hauano» (puc. 4).

S 6.<3H> 2.Crapr || 6.<3H> S;
7.<0nut> 7.<Anut>
8.<3K> 6. M 3akinuT 8.<3K>

Puc. 4. Peannszauns TeXHOAOrHYECKOro orpannyenns cieaosanns (0)),
npumep ais «Oxonvanue-Hauano»

(Dyl-il{l_lldil HHUOMACHTHOCTH JUIA JaHHOT0 TEXHOJOIHYCCKOIo
Orpanm4cHus MpuMeT BHU:

le[ JiP= ' ‘ l : gy [J;;‘JHIUBHKH!IHI'E”.CTE]FIT =1} .
S Mun3akLant,Crapr' =1 [

,Z[ﬂﬂ NpeacTaB/ICHUA TOJIBKO OJHOBPEMCHHO BhITIOIHACMBIX
Onepalmﬁ HCITOJIB3YETCH TEXHOJIOTHYECKOE OrpaHHYCHHE COBMC-
crroctH (Oy) (puc. 5).

e  ——————

Jo

i

St [Me<ar> 2 Crapr [ 6.<3F> || Sz
7.<dnut> 7.<Onut>
8.<3K> [ 5 unriad 8.<3K>

Puc. 5. Peannsaims TeXHONOrHYECKOr0 orpaHuyenus caenopanms (0y),
npumep aus «Hauano-Havano»

(DyHKLlHﬂ HHUMJCHTHOCTH JUIA JAHHOTO TEXHOJOIH4YECKOIo
OrpaHu4eHus MpuMeT Bu:

JE =

in

JD MuaHau, Crapr™® =1

o

5 g J,!j'l'hmHaq'”,CrapT =1
- J@ -

el

Jlas npejacTaBneHus onepauuii, OJHOBPEMEHHOE BBINOJIHE-
HUE KOTOPBIX HEAOMNYCTUMO, HCMOIBL3YETCH TEXHOJIOTHYECKOE
orpaHuueHne HecoBMmecTuMocTH (0;) (puc. 6).

St [e<am> 5.Cton || 6.<3H> || Sz
7.<Onut> 7.<0nut>
8.<3K> 2 MnaHa4 8.<3K>

Puc. 6. Peanuzaiis TeXHONOMHYECKOTO OrpaHHYEeHNS
HecoBmecTHmocTH (Os), npumep ans «Hauano-Oxonuanmney

‘-DYHKU,[/IS[ HHUHJACHTHOCTH /I JAHHOTO TEXHOJOIH4YECKOIro
OrpaHHYCHHA NPHUMET BHLL

J = J= 1 S = J,-‘,,:'H}mH?Hm.CTon =1
9 UuaHau,Cron® =1 =
Orpannuende HesapucuMoctH (0,) peaansyercs oTCyTCTBH-
eM (QYHKLMIT HHLMAEHTHOCTH MEK/LY ONepaltHsAMH.
B coorBercrBuM ¢ NpeUIOMKEHHLIM TIOCTPOCHHEM Olepaliu-
OHHOMH CEeMaHTHKH ¢|pal"MCHT nporpaMmMbl MOTOKOBBIX BbIMHCIIC-
Huit  puc. 4 onuchiBaeTcs  CHAEAYIONIMM  00OpazoM:

<8, > 0, <8, >, rie B CUMBOJIBI <...> 3aK/I0YACTCA WJCHTH-

(hMKaTop nepemMeHHoIl, No/1 KOTOPOi Ha JJAHHOM YPOBHE CEMaHTH-
YECKOro OIMUCAHKSA ITPOrpamMMbl oHuMaeTes dkzemiusp YMTO.

[Ipe/utosKeHHBIH NOPALOK Peain3alii TEXHOIOIHYECKHX Or-
paHUYEHHil MO3BOJIAET YTBEPK/IATh, YTO MHOKECTBO Onepaluii B
(DYHKIMOHAILHO-JIOTHYECKOI MpOrpaMMe MOTOKOBBIX BbIYHCIIE-
HHIl COXpaHAeT CROMCTBO YacTHuUHOTro nopsiaka [14]. Dto goka-
3bIBACTCH CICAYIOUIMMH KPATKMMH PACCyXICHUAMM U OTHO-
wenuii O, O; u Oy

1. PediekcHBHOCTL BBITNOIHACTCS, TAK KAK JIOIYCKAETCs
MHOTOKPATHBIIl BBI30B OJJHOTO JK3eMIUIApa S; ¢ WIEHTHUHBIMH
napaMeTpamMu;

2, TpaH3uTHBHOCTE JIOKA3bIBACTCH YCTAHOBKOM  JUTH-
TEJIBHOCTH «IIPOMEKYTOUHOI» oniepaltny, pasHoii 0;

3; AHTHCHMMETPHYHOCTL 0DECIEUNBACTCS HEBO3MOIK-
HOCTBIO OJIHOBPEMEHHOIO (POPMHUPOBAHMS BBLIXOJHOH NepemMeH-
Hoii «MunKon» no dopmMHpoBaHus BBIXOJHOH NEepeMeHHOMH
«MupHauy.

Cpoiictsa otHowenus: O, He TpedyIOT 10Ka3aTe/IbCTB.

Jlis  onmcanusi TEXHHYECKMX OrpaHH4eHuil  (2JIEMEHTOB
Q= {qk] k=1...card(Q)}) BBOJIMTCS npeaMKaTHBHO-
orepatopHoe pacuimpenne Ha ocHoBe (-ceteil. [lanHoe pacium-
peHHe MONYyYHII0 HAa3BaHWE Z-MOJIENH TEXHUYECKHX OrpaHuye-
HHIT (z — «3Ha4yeHue»). Z-MOJIe/Ib TEXHHYECKHX OrpaHHueHHil
NPOrpaMMbl — 3TO CTPYKTYPHbBII 2JIEMEHT [POrpaMMbl, COCTOSI-
HIHH W3 z-TIEPEMEHHBIX, TPEAUKATHBIX ONepaTopoB U (yHKIIHI
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MHLMJIEHTHOCTH MEXKILY HUMH, oOecreyHBaloLInii BO3MOKHOCTE
ydeTa B MporpaMme TeXHHYECKMX OrpaHHuYeHHil KOHTpOJMpye-
moro mnpouecca Gynkunonnpopanus TC. Z-nepemenHas
Z-MOJIEJIM TEXHUYECKHX OrPaHHYEHHil — 9TO CTPYKTYPHBIH J1e-
MEHT z-MOJIe/IM TeXHUYECKUX OrPaHUYEHHH, COJepKaluii 3Ha-
YEHUS MCIOJIL3YEeMOil u3MepuTeasHoi undopmannu, G(opmu-
pyeMmble BBIMHCINTENbHONH G-MOJIE/IBI0 aHATH3a U3MEPHTEIbHOIH
HHGOPMALIMH, XapaKTEePU3YIOMMACA YHUKAILHBIM HMEHEM M
COMOCTABJICHHBIM THIIOB 3HAYEHUIT MCIOJIb3YEMOH W3MEPHTElIb-
HOIl nHpopmaly, 0003HA4ACTCS 3ALUTPUXOBAHHBIM [OIYKPY-
roM. IlpeankartHelii onepaTop — 9TO CTPYKTYPHBIH dJ1eMeHT
Z-MOJIeITH TEXHWYECKUX OrpaHHYeHnii, (JopMUpyIoLIHii 3HaYeHHe
BXO/1HOI nepemenHoit YMTO npu yaoBneTBOpeHnn 3HaYEHHAM
Z‘-HEPCMGHHHX COIIOCTABJICHHOTO ﬁpCHHKaTHOTO Bb[pa)l(eﬂ}{ﬂ,
XapaKTepU3YIOLUHICH YHHKAILHBIM HMEHEM W CONOCTABICHHBIM
Npe/IMKAaTHBIM BBIPAKEHHEM, apryMEHTOM KOTOpPOro SBISieTCs
z-TiepeMeHHbIe Ha BXOjIe JJaHHOTO oneparopa, obo3HavaeTcs 3a-
IITPUXOBAHHBIM [PAMOYTOJIBHHKOM.

Ha puc. 7 npejictapiieH npuMep cXeMbl MPOrpaMMbl MOTOKO-
BBIX BhlUMCIeHHil. B npiuvepe ycioBneM oKoHUaHHs YK3EMILIApa
YMTO sBrisietcs BBINOAHEHHE NPEJIMKATHOTO BRIPAKEHUS ¢(x;).

a(x) 5.Cron > 6.<3H>
[x1] 7.<0nut>
8.<3K>

Puc. 7. [1pumep cxemet nporpammet [1B, Bkmoyaroueii

TEXHHYECKOE OrpaHH4eHHe B BUIC NPEIHKATHOTO BhIpaKeHHA q(.ﬁ]

Jlns MHCTpYMEHTa MOJCTMPOBAHMS Z-MOJEIAMH TEXHMUYE-
CKMX OTrpaHMYeHMi CJelyeT OTMETHThL clieayionee. Brimonne-
HHEM Z-MOJIEIM  YNPABIAIOT  PACHpPEAC/CHHE M 3HAYCHH
Z-][(“.‘]JCMGHHI:[X. Z—M(),.'l('fﬂb MEHSET COCTOAHHE 1'[0cp|:,1c:'r1mm BhI-
MOJHEHNs! TPeAUKaTHLIX onepatopoB. IlpeaukaTHeiii onepatop
3alycKaeTcs ylaleHHeM 3HaYeHUs z-NepeMeHHONH H MoMelleHH-
eM OuHapHOro 3Ha4YeHMs B BBIXOJHYI0 nepemennyto. Ipeankar-
HBIH OTIEepaTop MOMKET BBIMOIHATLCS, Korjia oH pasperieH. [Ipe-
JIMKAQTHBIIT ONepaTop HA3BIBACTCS PaspellieHHbIM, €C/IH 3HaYeHUE
Z-TMIePeMEHHOI TPHCBAMBAET MCTHHHOCTD TPEINKATy, CONOCTAaB-
JIEHHOMY JIaHHOMY NPEJINKaTHOMY OTiepaTopy.

[Ipenukarnpiii oneparop pt;,, B z-MOJE/IH ¢-TO OrpaHHye-

HUs qL.m(x)=<X, ZF .\, PT,), ZF . H, ZMU)onepauuu Sy ¢

MapKMpPOBKOH  zmy ., i d,

1

(v) € Diyy Ppaspeuien, ecim A Beex

ZDix) € ZF,y UMeeM: zmy, :d; (y €Dy — PR{q(‘ ]( ()= «truen.

l:ﬁ‘(

Obnacteio npumenumoctn  D(g.'"'(x)) npeaukatuoro one-

paropa p.“}-(_‘.j B Z-MOJIEJIH Ha3bIBAeTCs MHOMXKeCTBO (001acTh)

3HAYEHHIi apryMeHTa X, KOTOPOe Y/0BIETBOPAET PABEHCTRY !

D(g." (x))= {arg.ﬂn(d(.v)}=“m-e"q=‘“] # )} '

Z-MOJiellb C NpEIHKATHEIM ONEPaTOpPOM p"j(.\'} Ha3pIBACTCs

BBINOTHUMOI, ecim: Vzpy ) € ZF, :>D(qt.(“(x))ﬁDm # .

Z-MOJiefib C TIPEAMKATHBIM ONEPaTopoM pf; ., BCErJa Bbi-

nonuuMa, ecin: Vzpy ) € ZR =D, < D(qc(“(x)).
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NMHOOPMATUNKA

Z-mMojie/lb ¢ NPEIMKATHBIM ONEPaTopoM pf (., HHUKOIJA He

Oy/er BblnonHeHa, eciun: 3z, € ZR,, :>D(qc‘“(x})r\D(_\.} =.
Beesenne z-mozeneil B MoJuMoe/1bHbII KOMIUIEKC 1103BOJIs-
eT yTBepxkaarh 00 OXBaTe KOMIUIEKCOM Kjacca 4YacTH4HO-
pexypcuBHbIX (pyHkumii [10]. DTo nokassiBaerca GopmMupoBaHu-
eM orepatopoB cyneprnosuiimn Oy, ¥ NPUMHTHBHOH PEKYpCHH
O,p, GasucubIxX (ynxumii b 1 onepatopa HauMEHbLLETO YKCia
m(p,), m'(p,) n

i o
m"(p;) — 3navenns nepemenHoil «MuaBeim, (opmupyembie

O, Tlpuvem obosnavenus: p~={UuaBein};

M0 HENOCPEJACTBEHHO APYT 3a JAPYroM CledyeMbiM 3HAYEHHSAM
«OC», Torna:

1O m(p;)= ml(p,-)+]:(m(p,-)+])+];

2. Oy (p)= m(p;)+1=m'(p;)-1;

3. bd:

— m(p;)=0 npu m({UuaHau})=0 — PpyHkums, TOKICCTBEH-
HO pagHas 0;

- ml(p,-}—m(p,-)= 1 (QYHKIMA, TONKIAECTBEHHO IMOBTO-

pAIOLIas 3HAYEHUS CBOUX apryMEHTOB;
- m'({0C})-m({0C}) =1 - (DYHKIMS HENOCPEICTBEHHOTO

CIIE/IOBAHUS;

4. Onepatop O,, peanusyercst cXemoil nporpammel, rmpej-
CTaBJIEHHOI Ha puc. 7.

dopmaibHoe npezcrasieHue  (ByHKIMOHAIBLHO-IOMHYECKOI
nporpammel I1B B Buae amHamuueckoil cucteMmsl, GopMupyio-
el TOnoaornueckuii KOMIIEKC COCTOSHHI BBIYMCIINTEILHOTO
npoiiecca Hajl M3MepHuTenbHOH uHpopmalmeii, MoxeT ObITh ciie-
JYOLIHM:

Zipo = {Toc» XU, QY,Apm),

e Toc = {m(pl p, =10CW3)}, k=
X = {MB“”"} — MHOJKECTBO 3HAYEHHIT BHYTPEHHUX Tepe-

(k) (ks .
iu.r }>?

— MHOKECTBO KO]JTC}KC[:] 3HAYEHHI BXOJIHBIX

M, ® =(mp/ p e RO\ tOC});

{(H!(pJ pi = {OC{“ } ), Mr’:r(“>} i
Gop (yHKUMI MOPOKISHHS BXOAHBIX IEPEMEHHBIX ONEpPaLii;
Y¥={M

1 ..curd(fs) i

MEHHBIX onepauunid, M ‘"' = (m(p,l p; €

U:{M ll‘tl}

MEPEMEHHBIX ONepalHii,

Q={w:The 2 U} =

{“} — MHOKECTBO KOpTe}Keﬁ 3HAYEHHMI BBIXOAHBIX

(k)
our )}

== (k) (k)
{(fﬂ(pJ Pi= {OC }]sMnm' >} -
Habop (QyHKINIT MOPOKAEHHS BBIXOIHBIX MEPEMEHHBIX Onepa-
uuii cnenudukanum;
p:TOCxTOCxXxQ%X =

ot

MepeMEeHHBIX OTeparHii, M(,m ={m( p pi €

A={A:Toe oY} =

nepexoaHoe 0T06]33}KEH He,

onpenciafrouee Ml B BHJIIE:

rn-‘

M',®

BH

=(m (pl pe P ) m'(pl pre B, Yy= w (- omipl p e,
N :Toe x X' = Y —BrIX0o/1HOE OTOOpaKeHune, onpeensioniee

I (k) .
M " BBuze:

"wlun.’th =<m|(.|“i| Pi € mr;””’} m (f}l P & mu J— n (ym( P' P eF, nn ]} "

—e . ————




NHOOPMATUKA

3HaueHmns BXO/IHBIX (ynpanmlomux) [EepPEMEHHBIX
U= {Min(h} ’ Ma'um = <m( pr'| P € En‘“ \ {OC})> qJUPM”PY’OT'

CA B CJICAYHOLIEM BHC!
1; ﬂ;"[ﬂ ciiyuas pCajin3alHuH TEXHOIOIHYCCKHX OI'paHH-

YCHHI:
(m) (m) (k) (k) (m) (k)
Jm.*-' < ler ’ Bu Ca Jr‘n (‘an E Bu >d)
(k)y _ (m)
e m( pi'| Pi € P:'n ) = .'H{ pf| Pi € Pﬁuf }
2. ﬂ.-'lﬁ Cliy4as peajimsalii TEXHHYECKHUX orpalmqelmii:

¢ (x) - pt; € PT,PR(¢" (x)) ="true” -
- ml(p,.| D; € ﬁ,,m \{OC}=m(p]| p; € Rﬂ‘*'\{OC}+#(p,..H(pr‘. )
YTI]JEBJ'IHIOLU,HC BOSRCﬁCTBHH A MOJICTIH [MporpaMMkel onpe-

JEAI0TCA OTHOMIEHHEM:
Ap:AxM M xQ—>Ap,

rjie A — MHOKECTBO BCEX BAPHAHTOR YIMPABISIONIUX BO3IEHCT-
BHIi;

OC=0 - M

HaY cunt X KOH out

—iM ()| k=1...card (I )};

Hay ont

OC=N-1 = Mo = M| | k=1....card(I)},

N — xonuuecTBO 3HaueHuii nepemennoi OC,
ANbTEPHATHBEI YIPABIAIOIINX BO3/ICHCTBHI:

A= {Af :(Muaqm.ﬂ"" MI(OH f‘ni>| le,...,Cﬂf‘d(A)}
e OC=0 — My, = M k=1...card(I5)},

[ — HOMEP BapHaHTa YNPaBJISIONIMX BO3ACHCTBIIL;
OC=N-1 > M, = Moyl k=1...card (I5)};
Vi, Moo =N Masen)s Mysaon = MM guin )

u M =n(M ), M = (M

C penpio obecrieyeHus: BO3MOKHOCTH MOCTAHOBKH M pelle-
HHsS 3a/1a41 ONTUMAILHOTO BLIOOpA HA CHHTE3MPOBAHHONW MOjIe-
JIM JUIsL ONIPEZCIICHUS COOTBETCTBUS «PE3Y/IbTaT — MOKA3aTelb 1»
BBOJIHTCs oneparop ‘P

lP :AD X M!ia‘i ot x MKOH our XQ _> rl -

Maremaruieckas CTPYKTypa BbIOOpa ONTHMAIBHOTO KOpTe-
xa A’ [IPUMET B!

A" = K (R,A,Q.1).

Takum o6pa3zom, paccMOTPEHO peLIeHHE 3aa4H MOIEILHOTO
obecneyenus HHOOPMALIMOHHON TEXHOIOTHH UHTEIIEKTYAIbHO-
ro mouutopunra coctosuns TC Ha ocHOBE (YHKIMOHAIBLHO-
JIOTHYECKUX NpOrpamMM MOTOKOBBIX BblYMcIeHHWil. Takue npo-
rpaMMbl ABISIOTCH A3bIKOM BEPXHEro YPOBHA MPH «POrpaMMu-
pOBaHUM» MpoleccoB 00paboTKH TEXHHYECKON M TEXHOIOTnye-
ckoii undopmanun, xapakrepusytomeii TC.

IIpeutoskennoe pelenue 0asupyercs Ha MOJOKEHUIX TEOo-
PHH BBIMHUCICHHH, MOJCIHPOBAHMS CHCTEM, TEOPHH MHOMKECTB.
TonuMOENbHBIH  KOMIUIGKC XapakTepu3yeTMs CJie/LyIoIHMH
OTIIHYUTEIBHBIMH 0COOEHHOCTMMU:

— COXpaHEeHHeM HAa MHOKECTBE OIepaliii KOHTPOIHPYEMOro
npoliecca CBOiicTBA YaCTHYHOTO MOPSAJIKA H OXBATOM KJlacca vac-
THYHO-PEKYPCHBHBIX (YHKIHI;

— peanuzanneil noaxona (GpyHKIHOHAILHOIO MPOrpaMMHPO-
Bauusa [15] npu cuHTE3e NMpOrpaMMbl MOTOKOBBIX BBIMHCICHMIA
HAa OCHOBE MOAM(HIIMPOBAHHBIX LBETHBIX ceTei [letpu.

Hau out

Hau in

KOH oul KOH aH KOH &N KOH in ) N

IlpakTHueckas 3HAUMMOCTh M AKTYalbHOCTH KOMILIeKca 3a-
KJIH0YaeTcest B y4eTe pasziuyHbX (PAKTOPOB, MCKAKAIOUIMX MPO-
ece Mmonutopunra cocrosuus TC. Hanpasnennem npumeneHus
MIpe/ICTaBIeHHBIX MOJIENei ABAsSeTCs CHHTE3 MPOrpamMM MOTOKO-
BBIX BBIUMCIIEHHMIT. B CBOIO ouepeb Takue nporpaMmbl HCHOTb-
3YIOTCS NPH MPOEKTHPOBAHUH CXEM BBIMHMCIHTEIBHBIX MPOLEC-
COB, CBsA3aHHBIX ¢ oOpaborkoil Gombiinx nanHbix (Big Data) B
cnokHbIX yenosuax. Hanpumep, npeamerHoii obnacteio BHe-
JpeHHsl  HMHPOPMALMOHHONH TEXHOIOTHH HHTELIEKTYalIbHOIO
MOHHTOPHHIA MOMKET CTaTh KOCMMYECKas [EATelIbHOCTh, a
MMEHHO MOHHUTOPHHI B pealbHOM WM OJIM3KOM K HeMy MacliTa-
0¢ BpPEMEHH TEXHHYECKOTO COCTOAHHMS PaKeTHO-KOCMHYECKOH
TEXHHKH MPH BBINOIHEHUH €10 LeIeBbIX 3a/1a.
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Abstract

The problem of adequate modeling of the controlled processes proceeding in technical system when monitoring its status in the con-
ditions of influence of the perturbing factors is considered. Requirements for accounting in models of possibility of compensation of
factors of technical complexity of controlled processes in technical system, structural, computing, time, logic complexity of condition
monitoring of system, confidential complexity of original informatin and structural and parametrical dynamics of copies of controlled
processes are imposed. The general scheme of polymodel complex is offered. At the heart of complex provisions of the theory of cal-
culations on formal representation of algorithms of computation processes by means of automatic models are used. Modification of
known modeling tool — networks of Petri by means of whom the description language primitive, the so-called agent is created is car-
ried directly out. Process of modeling will be organized on the basis of repeated use of the agent with individual parameters — the uni-
fied model of standard operation of the functional logical relational program of stream calculations. Syntax representation of model and
art work of the unified model are provided. For formal representation of process of change of status of model the denotational type
of semantics with reduction of example is used. The program of stream calculations forms as concatenation of copies of the unified
model. For the program the syntax description is provided. For this representation the set-theoretical approach is used. Operational
semantics of the program in the form of primitive operators on the basis of incidence functions is given. By means of functions of inci-
dence and structure of the unified model technological limits on following, independence, not compatibility and compatibility of execu-
tion of operations of the program are implemented. Operations of the program are interpreted as operators of controlled process of
technical system. The set of operations in the program of stream calculations saves property of partial order that is proved for the rela-
tions of reflexivity, transitivity and anti-symmetry. For representation of technical restrictions special z-models on the basis of G-net-
works are entered. Novelty of material is symbiosis of opportunities of Petri nets, their modifications, G-networks that provides the
new expressive opportunities of the provided complex considering the perturbing factors..

Keywords: theory of calculations; functional logical programming; stream calculations; processing of measuring information.
References

I. The Concept of information of Russian Space Department (2010 - 2015). Federal space agency [the Electronic resource]. the Access mode:
<http://www.federalspace.ru/2158>, free. From the screen.

2. Majdanovich O.V., Ohtilev M.Yu., Sokolov B.V., R.M. (201 ). Yusupov. Kompleksnaya avtomatizaciya monitoringa sostoyaniya kosmicheskih sredstv na
osnove intellektual'nyh informacionnyh tehnologii [Complex automation of condition monitoring of space means on the basis of intellectual information
technologies]. Application to magazine "Information technologies". No. 10. 32 p.

3. Shmelev V.V. (2015). Modeli tehnologicheskih processov funkcionirovaniya kosmicheskih sredstv [Models of technological processes of functioning of
space means]. Aerospace instrument making. No. 4, pp. 78-93.

4. James L. (1981). Peterson. Petri net theory and the modeling of systems. Prentice-hall, inc., Englewood Cliffs, N.Y.

5. Kalman R.E., Falb P.L., Arbib M.A. (1969). Topics in Mathematical System Theory. N. Y.: McGraw-Hill. 358 p.

6. Ohtilev M.Ju. (1999). Osnovy teorii avtomatizirovannogo analiza izmeritel'noi informacii v real'nom vremeni. Sintez sistemy analiza [Bases of the theory of
the automated analysis of the measuring information in real time. Synthesis of system of the analysis]: the monography. SPb.: Mozhajsky MAA. 162 p.

7. Kolmagorov A.H. (1958). K opredelniyu algoritma [To definition of "algorithm"]. Successes of mathematical sciences, vol. XIII, release 4 (82), p. 3-28.

8. Ustalov D.A. (2016). Kollektivnye potokovye vychisleniya: relyacionnye modeli i algoritmy [Collective stream calculations: relational models and algo-
rithms]. Modelling and the analysis of information systems, vol. 23, No.2, pp. 195-210.

9. Latsis A.O. (2010). Parallel'naya obrabotka dannyh [Parallel data handling]. Moscow: Academy. 336 p.

10. Levin V.K. (2014). Tendencii razvitiya superkomp'yuterov [Tendencies of development of supercomputers]. Computational nanotechnology, 1-2014,
pp. 35-38.

I'l. M. Westergaard and L.M. Kristensen. (2009). The Access/CPN Framework: A Tool for Interacting with the CPN Tools Simulator. Proc. of 30th
International Conference on Applications and Theory of Petri Nets (Petri Nets 2009). Lecture Notes in Computer Science 5606, pp. 313-322, Springer-
Verlag Berlin, 2009.

12. K. Jensen, L.M. Kristensen, and L. Wells. (2007). Coloured Petri Nets and CPN Tools for Modelling and Validation of Concurrent Systems.
International Journal on Software Tools for Technology Transfer (STTT). 9(3-4), pp. 213-254.

I3. Ratzer A.V., Wells L., Lassen H.M., Laursen M., Qvortrup J.F., Stissing M.S., Westergaard M., Christensen S. and Jensen K. (2003). CPN Tools for
Editing, Simulating, and Analysing Coloured Petri Nets. Proc. of 24th International Conference on Applications and Theory of Petri Nets (Petri Nets 2003).
Lecture Notes in Computer Science 2679, pp. 450-462, Springer-Verlag Berlin.

14. Lavrov S.S. (2002). Programmirovanie. Matematicheskie osnovy, sredstva, teoria. [Programming. The mathematical fundamentals, means, the theory].
SPb.: BHV-Peterburg. 320 p.

I5. Wirth N. (2004). Algorithms and data structures. Oberon version.

Information about authors:

Valentin V. Shmelev, PhD., Deputy head of department of the A.F. Mozhaiskii Military Space Academy, Saint Petersburg, Russia
Evgeniy B. Samoylov, PhD., Senior lecturer of the A.F. Mozhaiskii Military Space Academy, Saint Petersburg, Russia
Nadezhda A. Sanotskaya, PhD., Lecturer of the A.F. Mozhaiskii Military Space Academy, Saint Petersburg, Russia

T-Comm Vol.l2. #8-2018




ELECTRONICS. RADIO ENGINEERING

TO A QUESTION OF CAPACITY ESTIMATION OF REAL
COMMUNICATIONAL CHANNELS WITH PSK-N-SIGNALS
IN THE PRESENCE OF ISI AND INSTABILITIES IN THE RECEIVER

DOI 10.24411/2072-8735-2018-10132

The reported study was funded by RFBR
according to the research project N2 18-37-00440
Illya M. Lerner,

Kazan National Research Technical University
named after A.N. Tupolev-KAl, Kazan, Russia, Keywords: capacity estimation, ISI, PSK-n-signals, bandpass filters,
aviap@mail.ru increasing of spectral efficiency.

Volume of transmitted information exponentially increasing from year to year is
a current trend of modern society that leads to the need for increasing the trans-
mission speed of data transmission systems. This trend is the most pronounced
among radio engineering data transmission systems, which currently operate
under conditions of limited frequency resources and constantly increasing
requirements to an effective frequency resource usage. One of the most effec-
tive approaches to solving this problem is the conversion to data transmission in
the presence of intersymbol interference at radio engineering data transmission
systems produced by their selective systems. Despite the attractiveness of this
approach, its technical implementation is associated with the difficulties, that
can lead to an increase of complexity of the receiver itself along with an increase
in the number of interfering symbols. This ultimately arises the issue not only
about the expediency of its implementation, but also about its practical feasibil-
ity. The alternative approach which allows to create the radio data transmission
systems that function in the conditions of strong intersymbol interference
caused by linear selective systems of radio path, in the absence of their com-
pensation, is the appropriate choice of the channel symbol duration time, with
regard to the resolution time of linear selective systems. In this paper, capacity
estimation such channel is made when using a PSK-n signal, when the decision
device is a comparator, and there is no need to take into account channel mem-
ory when making a decision. To solve this problem, a new numerical method for
estimating capacity has been developed, it can be used to estimate the potential
capacity in the absence of noise, but under conditions of various instabilities such
as frequency detuning, measurement error, and signal level requirement.
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Introduction

The annual exponential growth of transmitted information
volume by existing radio communication channels is a distinctive
feature, which characterizes the modern development of digital
communication systems. As a result, a significant complication of
signal to noise environment of communication channel takes
place in modern radio-technical data transmission systems
(RTDS).

Thus, the solution of one of the most important problem of ra-
dio engineering, which implies a development of new approaches
to the maximum possible reduction of the frequency band used
for information signal transmission, becomes particularly signifi-
cant [1-4].

At the moment the efficiency of information transfer in real
communication systems is increased by using of multiposition
signals, noise immunity coding and reduction of protective fre-
quency intervals [1,2]. At the same time, the transmission is al-
ways carried out by independent (not interfering) symbols. The
requirement of absence of symbol interference restricts a choice
of channel symbol duration [1]. However, such approach seems to
be inefficient for existing signal-noise situation [1].

The most effective approach to overcome this situation is to
use signals with mutual symbol interference or in other words
signals with intersymbol interference (ISI). However, the use of
optimal signal processing algorithms (using the maximum likeli-
hood criterion) or approaches close to them becomes impractical
even with a small number of interfering symbols [1].

At the same time, the use of suboptimal algorithms, which ini-
tially transform the channel with memory into a channel without
memory due to widely used approaches (zero forcing filter, equal-
izer, realizing a minimum mean square error, or equalizer with
feedback), and then ensure the use of optimal signal processing
methods, also have a number of significant shortcomings [1-3].
These include: 1) a large loss in noise immunity compared to op-
timal signal processing methods; 2) the dependence of noise im-
munity on the form of the amplitude frequency characteristic
(AFR) of the communication channel, which is especially im-
portant for radio channels.

The alternative approach, which allows to create RDTS that
function the strong ISI conditions, caused by linear selective sys-
tems (LSS) of a radio path, in the absence of their compensation,
is the appropriate choice of the channel symbol duration time,
with regard to the resolution time of LSS [4-10]. In this case, each
symbol can be restored without using channel memory. Thus, this
method has a low computational complexity and is devoid of
those drawbacks of the intrinsic ones that were given above. The
most expedient is to create such systems where phase shift keying
signals with » discrete states (PSK-n- signal) are used [1].

The methods that allow us to analytically estimate efficiency
of such systems in the absence of noise and unfavorable factors
(frequency detuning, errors introduced by the receiver and etc.)
are presented in papers [4,5,8] for PSK-n- and amplitude phase
shift keying signals with L discrete states.

In this paper, we will examine the effect of a number of unfa-
vorable factors (frequency detuning, errors introduced by the re-
ceiver) and signal strength requirement on the effectiveness of
such systems, by creating and then applying a numerical method
for capacity estimation.
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I.  Problem Statement

In this case, capacity estimation is considered for a communi-
cation channel, which consists of a transmitter, a linear time in-
variant (LTI) system, a receiver and a decision device (DD). We
also assume that there is no noise in communication channel.

In this work, we assume that LTI system is a set of a bandpass
filters. The first type (Case A) of LTI system realization possesses
the following properties [11]: 1) @, /2AQ, =15, where 2AQ), is

0=
the resultant bandwidth of LTI system and @, is the average
frequency of the LTI system; 2) its AFR and phase frequency
response possess an even and odd symmetries, respectively, with
respect to @), . The second type (Case B) of LTI system realiza-
tion possesses the following properties [12]: considered bandpass
filters have polynomial approximation AFR with @, /@, >1.21,
where @, o are the upper and lower frequency of filter band-

width, respectively.

Receiver provides the following function:

1) It detects a slowly varying phase of PSK-n-signal on
the output of LTI system at o +Ae frequency, where Aw is a
frequency detuning, with a random measurement error (/).

2) It detects an envelope of PSK-#-signal on the output of
LTI system that needed for appropriate squelch subsystem func-
tioning of DD.

3) It compensates for the unevenness of the transmission
coefficient of LTI system on frequencym, +Ae and constant

phase shift @, at the frequency @, +A@ introduced by LTI

system.
The measurement error (1) distributed according to a uni-

form law, the density of which is given by the expression
1
o(t))= ) (1)
Fo0)=7
where p=—-aq=¢g , where g is the maximum measurement error

taken in absolute value introduced by receiver, which is related to
its fiducial maximum measurement error by the relation
g=¢./Ap,-

Each symbol of the transmitted information sequence arriving
at the input of the transmitter randomly takes equiprobably any of
the » phase values of the signal constellation

v, = (k+0.5psign([0.5n] - 0.5n-0.25) - [0.5n]) Ag,, - (2)

Here 5 =1 for case, when » is even number, otherwise » =0,
and this denotes the initial phase shift of the signal constellation

o.=mnin; k =1,n; || is rounding operation to the nearest

integer; sign( ) is signum function; Ap,=2x/n is step be-
tween adjacent phase values of the signal constellation.
The PSK-n signal on the transmitter output from the moment

of transmission start (from the moment ¢ = 0 ) can be represented
as follows

5,(1)= cxp(j[((uﬁ + Aa)}r))x

x{i[' (f —(r- I)f,.‘,_‘.) —1(t=rt,, }]exp(jy, )+ (3)

r=}

#1(r=(1-1)1,.. )exp( 7))

— . ————
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where /e N’ is the number of transmitted radio pulses forming
the PSK-# signal; b is resolution time [4, 3, 8]; 1(7) is Heavi-

side step function; @, + A is the carrier frequency of the PSK-n

signal; 7, :zr:@qﬂa“_ is the initial phase of " radio pulse of
=l

PSK-n signal at the output of transmitter, where e, is a phase

jump caused by transmission of g-th radio pulse. We assume that
before the start of transmission, until the moment =0, LTI sys-
tem is in a steady state mode and harmonic oscillation

CXP(J‘((% + Am)r +, J) acts on its input.
In this case PSK-» signal at the output of a LTI system start-
ing from the time # =0 according to the superposition principle
and results of [8] can be represented in the form
S (1) = ko (J (@, +Am))2"(r)exp(j((mu +Ao)t —qao)) =
=k, (j(mu +Am))exp(_f(((uu +Aw)t -, ))x

([ (a0 )+

4)

+$|:Bn (!'_(-’”— l]-"‘_‘,,‘_fﬂ({))_ Bu(" _r"r.--’-";aw)JexP('fx }+

+B,(1=(1-1)t,.,. jAo)exp(jy, ))
where 7 [;) — complex envelope of the transient process caused
by the passage of the PSK-n signal through LTI system;
ko (j(@,+A0)) =k, (j(@, +Aw))exp(jp,) — complex transmis-
sion coefficient of LTI system at frequency o, + A ; f}n (1, jAa))

— settling function for LTI system [11].
For case B settling function B“ (7, jAw) is replaced by function

,L';" (1)= H(,);;{(J,’(m‘l +A(¢,}), which has the same meaning and

properties, differs only in a designation [12]. In this paper under
B, (1, jAw), we mean both designations.

Signal for a slowly varying phase on the output of the receiv-
er, based on equation (4) and (1), is defined as

Ve (1) =¥ (1) +0 (1) ®)
where (f) = argZ({) is slowly varying phase of PSK-n

signal on the output of LTI system

Decision device (DD) is a multi threshold comparator with a
squelch subsystem and it does not introduce additional ISI and
measurement errors, which are caused by receiver and LTI sys-
tem.

The recovery of the primary signal (symbols of transmitted in-
formation sequence) is made by DD based on the decision rule for
each symbol:

Voo (dt, )=, 0 ©)

where k'eﬁ:_,f'{k',d):l;(n_lmlwﬂ_(drm_\)—%IStx +es d=11

o
is number of considered symbol; a,, is the permissible phase
settling error at the output of LTI system, which is related to its
fiducial permissible settling error by the relation ¢ = /Ag,;

and only in the case when envelope of PSK-n-signal on the output
of LTI system is equal or exceeds the predetermined normalized
threshold signal level A7, analytically it can be presented

o

(7)

is the difference between amplitude of

|Z(dt,,,)|= M,»
where M, =1-A,,> A

PSK-n-signal on the input of LTI system and normalized thresh-
old signal level. Condition required to ensure the uniqueness of
the DD solution is the following a,,+¢, <0.5A0, -

sl

For considered case, the resolution time 7 must correspond

to the time, when one of the following inequalities becomes an
equality and the other one is true.

a,, t& 2 |am.. (.. )I =W (dt,) =7 Jl . (8)
aﬁf\j 2 &NN (dfﬂ’.\ ) = I o ‘ZI (dfl'l’.\ )‘

where a,,(dt) A, (dt,,) is measured settling phase and am-

plitude error at the output of LTI system for the ¢" radio pulse
when it ends, respectively; y (dr,.,) is measured values of slow-

ly varying phase of the d" radio pulse at the output of LTI system
obtained by a receiver at moment dr_ .

Analyzing results of [4, 5, 8, 13] we can conclude that capaci-
ty determination for considered channel may be formulated as the
maximum information transmission rate on the communication
channel with equivocation produced by ISI in the absence of er-
rors during recovery by DD, where maximum is taken over all
possible sources of information used as input to the channel. In
this case, the distribution of primary symbols in information se-
quence should be equiprobable, since other distribution will not
change the maximum information transmission rate [8].

In this case, equivocation produced by ISI is easy to consider
using resolution time in the following equation form for capacity
channel estimation

1
Cy =—log,n» )
rn_-r i
where the second multiplier in equation is the maximum entropy
of source, U =1/t is maximum transfer rate.

In the case of presence of “transparency windows”, we should
talk about a number of estimates of channel capacity [8]. Obvi-

o

in this case, according to (9) can be found as

1 1
CN,‘,_ = Cm|,r__|=,”| :r_l{)gz n C:.w,m, =Cy Iemm....f = log, n
sty heownd

(10)

Upper C and lower bounds C of channel capacity

Hp.w f{)'ll',“'r

when f-th “transparency window” is used have the forms

. - 1 1
('ilp.wr =Cy |fq..=f.r =—TIog, n; Cm,,_ﬁ =Cy |f,.‘=r.,.; =—-1Iog,n
d ".u, R end ;
(11)

Here ; , 4  is the start an end time of f=1,K (K is the

nid

amount of “transparency windows”) “transparency windows”,

respectively; the boundary time s, is the greatest time, from

which any primary symbol from any transmitted sequence can be
reliably reconstructed by DD from received channel symbol at the
output of the LTI system at given playback quality.

Thus, it is necessary to determine the resolution time 7 of

LTI system to estimate the capacity of the considered channel,
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which requires the analysis of the occurring transient process
caused by the PSK-» signals transmission.

II. Problem Solution. Theoretical Aspects
From expressions (5) — (8) it follows that in order to get esti-
mation of ¢ first of all it is required to determine resolution time

for slowly varying phase ;  and for envelope s , considering

the possible presence of “transparency windows” for given values
of permissible phase settling error a,, and normalized threshold
signal level M,,> respectively. In this case, the resolution time
1., Will be determined as follows: 1) in the absence of “transpar-

ency” windows =maxlf it

*res,,

}. where ;4 are resolu-
Sy =Sy

tion time for envelope and slow varying phase, respectively;
2) in the presence of “transparency windows™ ¢ is determined

by the following expression

l,= ﬂ EJ[: Eians ] [ ool I:!h-;mll:'m‘{!"'- i, :} i»h:n:(]

T if K =0,
ln{u[u.»..n.,.f.,..J;[n-.=+«1=[m» ftin] 4

(12)

where ; are the start and the end time of f, -th “trans-

st My, ! ":-m}'..lr“l

parency window” for envelope, respectively; ; 1 are the

1y l'rrd.ul]
start and the end time of £, -th “transparency window™ for slowly

varying phase, respectively; ¢, ,;, are the boundary times for

envelope and slowly varying phase, respectively; x,, K, are

amount of “transparency windows™ for envelope and slowly vary-
ing phase, respectively.

To estimate resolution time ¢ the following is required to

determine conditions for each d-th (d = m) information symbol,

which for given values of a,, and A,, ensure that: 1) the d-th

symbol greatest settling times for envelope and slowly varying
phase on the LTI output in the absence of “transparency win-
dows™ and 2) in the presence of “transparency” windows the
greatest number of windows with the smallest time duration (the
greatest settling time for each window determines its start and the
smallest settling time determines its end) and the greatest bounda-
ry time for the d-th symbol is provided. This involves calculation
of “effective memory” G, which is the number of symbols pre-
ceding the received one, which is required to evaluate resolution
time with a given absolute tolerance & . Next, in this paper, prob-
lem of determining these conditions will be called the settling
time problem.

In contrast to the methods that are presented in papers [4,5,8]
in this study we will solve this problem using probabilistic ap-
proach that is based on cyclostationary behavior of PSK-n-signal
slowly varying phase and its envelope on the output of LTI sys-
tem. This approach is based on validity of transposition principle
for LTI system.

In this case, “effective memory” G is the number of the first
symbols of the information sequence, transmitted at a given
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transmission rate ¢/, which are needed for transformation of

the PSK-# signal on the output of LTI system from nonstationary

to cyclostationary process and resolution time is a period of
cyclostationary process.

A. Algorithm of Capacity Estimation
In this case, the algorithm that solves this problem has the fol-
lowing structure:

= On the first step, the greatest settling time ¢ of the first

information sequence symbol of PSK-n signal on the output of
LTI system ( = 1) for a given value of - is estimated.

= On the second step, the “effective memory” G, for a
set

given value of absolute tolerance & and is evaluated.
l('|

—  On the third step, for a given value of 4 the least num-
ber of realizations N is evaluated when the greatest difference,
taken module, between two cumulative distribution functions of
measured settling phase error gm(((;m: +]);Mk) for different
numbers of realizations of random information sequence is less or
equal 4.

—  On the fourth step, using results of previous steps de-

pendences of symbol error rate (SER) caused by ISI produced by
LTI system on symbol duration time r, >t are estimated for

two types of symbols in transmitted information sequence:

a) once for any of the symbols y > G, +1 and b) for each symbols

v<G,, - Then based on obtained results the estimations of the reso-
\’l'|

lution time ¢ and “effective memory” G are made taking into

account function, analog of SER, for envelope to ensure the second
inequality of system (8). Then the capacity estimation is made.
Let us consider each step of the algorithm more in detail.

Estimation of the greatest settling time of the first
information sequence symbol.

The greatest settling time ¢ is obtained by solution the fol-

lowing set of equations for ¢

—sin[{@g_m} 12)+ 2Re B, (_,imu,{.fg }]sm ({G) } .‘2)

- cos({@wl} ;’2)~» 21m B, (j&m.{fJd })sm ({Gm} / 2]

produced by a set of equivalent phase jumps [5], caused by transi-
tions between the values of phases in signal constellation (2),

{Gu.cq}: »
_|(g-0.5n-1)Ap,, g=1n+1if n=2zzeN; (14)
| (g-Josn))Ag,. g=Lnif n=2z+1;zeN;

with the respect of corresponding set of settling times {;g}. Here

(@} =2

of papers [15].
In the presence of “transparency windows” ! =f,
B

o =0.499

(13)

a,, sngn({@ 4}) . Equation (13) follows from the results

where

1, 1s the start of first “transparency window™ for slowly vary-
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ing phase, caused by the transmission of first information symbol
with value 0, in the absence — ; =, where 7, is a set-
B g goq

weg

tling time for slowly varying phase, caused by the transmission of

first information symbol with value B,

Thus, the greatest settling time 7, of the first information

sequence symbol is ; = max{r } The absence of consideration
sely e ®

of the influence of the envelope behavior in ¢ is due to the fact
A ]

that envelope is a non-informative parameter in the considered
case and ¢ is a start time for finding resolution time.

B.  Effective Memory Estimation for LTI System

To estimate the “effective memory” G for LTI system first of

all we need to obtain an expression that allows us to estimate the
considered measured settling errors at the end of the d-th radio
pulse at the LTI system output how it was done in paper [8]. For
this we assume in the second equality of (4): r=dr,_, I=d

=[1-4,,(dr,,)exp(J(7, +a,, (dt,., )}] , and then we
divide both sides of the equality by
ky (J (@, +A0))exp(j((@, +Aw)t—p, +7,))- As a result, we get
the following equation for Z(d.-' )

)= ZB exp(-

r=0

- . Jow e 09

where = i 0, g;gn([d_w)
g=r+l

B‘l [(d+ I )"'n-_\ s_fA(U) =iks

After a series of simple transformations (15), the expression
for the |A,m (dt,,, )l has the form

tos JA®) =B, ((d =11, jAD):

1A, (dt,.,)| = [(i‘;é cos(z,)—cosa,, (dt,, )I +
(iﬂé n(z,)+sina,, (dr, H [ZB +(1+8,)+ (16)
+2[JZIB Z B,cos(z,~1,)- i B cos(z, +a,,(dt,, ))HI

u=r+l r=0

and the relation for the a,, (dt,, ) can be found as
d-l
> B sin(z,)
tan am.\ (d'tn'.i ) = d-1 =
> B cos(x,)+B,
r=0
Let us test the obtained expression (16) for the extremum for
d-th symbol with the respect to a, (dt,)- Determination of con-

(17)

ditions in which the expression reaches the extremum will be
made only at stationary points. This is due to the following rea-
sons: 1) settling function is a smooth function, what we can con-
clude, analyzing expression (2.4.7) in paper [11, p.37]; 2) singular
critical point is excluded from consideration, when A, (dr,)=1

and ¢, (dr,.) is unspecified, because in this case Z'(mﬁ_); 0

and therefore DD will not be able to make the correct decision
according to (6).

In this case, the solution of the problem formulated above is
the solution of equation alAm\ (dt,,, }I;aam (dr,,)=0- Partial de-

rivative necessary in this equation can be represented in the fol-
lowing form using (16)

4
oA, (d,, I_;B,.Sln(z,+a,m_[d.fn,._))

‘ am (df res ) m (“flr ) { 18)
d_ d
COS a!ﬂ.‘ (dfi'l'.\ )z BF' Sin Zr + Sin aﬂi.i (d'rr!'\ )Z Br cos Iﬂ'
- r=0 r=l
IAm a’fnu )‘
and the solution of the equation Cl A, (dt,, )l /da,, (dt,, )=0
takes the form
d-1 _
ZB sin z, ;Brsin;y, (19)

tana,, (dr,.‘._“ ) =t =5
Z B cosy, 3‘, +Y B cosy,
r=0 r=0
Comparing expressions (17) and (19) we conclude that they
are identical and the greatest values of measured settling phase
errors taken by modulo correspond to the greatest amplitude set-
tling errors taken by modulo.
Therefore, the following algorithms can be used to estimate
the size of “effective memory” G,, for t,, - Fora given value of

absolute tolerance error &, we use the following rule to estimate

G,, (8]

G, eld: R, = (20)

sely

<g

jim 15|~ 3 |
e, r=| r=|

where p — B rI ,Vd>G.

The last inequality follows from majorized series theory appli-
cation to equation to (15) in the following form

d-1 d-1 [} o
Z|Fr exp(—/z, )|£Z|ﬂ IEDINTAAE In this
r=1 r=| oo

case, we take into account G symbols only previous the received
one.

The problem (20) is solved by numerical approach, assuming
d =1000. The value ¢ =1000 is chosen due to |7‘:|—’01"2|0

for t, =t

.\'-("|
Futher after estimation the resolution time the final value of
“effective memory™ G for resolution time ¢ is calculated using

(20) and substitutions G, =G3 R, =R, F.=B,,

C.  Least Number of Information Sequence Realizations

Estimation

To estimate the value of a least number of information se-
quence realizations N for given value of tolerance 2 we need

min

to solve the following problem numerically

N imin
o .\"" @

(Nt .G, +1)-F,_ (2N, GMI+| 41}

1)
where 4 eN is the number of the current step; s> y+1 is the

number of step number with which to compare;

e ———————
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Ir.‘”m (QD, f\'r',, B "“.;I . G“'fu + I) s F

2 [q) Nt G, +|] are cumulative
distribution  functions of measured settling phase error

a,, ((Gw. + ]) ".\.-;,] for (G.u-r. +|)-th radiopulse with the speed of

transmission 1/; for numbers § ., N of information sequence
sely M X

realizations, respectively; ¢ e [-2;;; 2 ;;] is the threshold of meas-

ured settling phase error.

It is expedient to solve the problem (21) by transforming it to
the following system of inequalities and taking into account the
law of large numbers

Q ns)jn{mmaXIFr‘(" qg’Qp 'f\u ’G\ci, +I) (';9 Qﬁ 12" ser, Gm' +I)] ;L}

min{max|F,_(9.0,11,,:G, +1)~F,,_(0.011.,:G +1) 2]
(22)

where Q= N/n is a specific number of information sequence

realizations.. Due to validity of the law of large numbers for prac-
tical realization of numerical solving of (22) it will be sufficient to
test the second inequality of system (22) during 1000 steps (in

this case, the stepis 0, /0, =10) after O, and the number of
step corresponding to it u(0,, ) were found. Further for calcula-

tions for solving the problem (22) we will be use the following
expressions

(9.0t G #1) = Fo (005G +1)

D-max(F 0,0,.1,,.C +I) F, [ga,Q,,.

HOTsely 3 s

A= max

ls G +1) @3)

D.  Estimation of Svmbol Error Rate, Resolution time,

Capacity

SER caused by ISI produced by LTI system and squelch error
rate (SqER), analog of SER for envelope, are estimated for two
types of symbols: a) once for any symbol > G,, +1, when the
output PSK-# signal is a cyclostationary process and b) for each
symbol v < G , when the output process is non-stationary.

For case a) SER P, (1:) is evaluated using the expression

N,
ZI( a,, ‘w (G +1)7.:5) =75 (b)

min

and SqER p (1) is determined using the expression

XI( it =B (G +1)7,58))

B luy=—= T ' (25)

)‘ (24)

for case b), SER P, (z,.v) is evaluated using the expression

5

f l[a;ﬂ" _\W,,J_- (vr’_,b)—)"- (b)l)

P, (r,,v)=1- (26)
. (7.9) -
and SqER p_ (z,v) is determined using the expression
Nyiin
Z 1 (&m‘\i' - Am.\ (vr.\ t] b))
r,v)=1-+ ,
«f( ) )'V : (2?)

min
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whete (G, +1)r,.8)+ [£((GL, +1)r,.0)+ v (vr,.8) and
|Z( VT, b)l are the values of the measured slowly varying phase
and envelope on the output of LTI system at the end of (G‘.-, + 1]

and v -th radio pulse of the PSK-n signal for the h-th realization
of the transmitted random information symbol sequence, respec-
tively: Yo a(b) and 7, (b) — initial phase values of the G, +1

and Vv -th radio pulse of PSK-# signal on the input of LTI system
for the b-th realization of the transmitted random information
symbol sequence, respectively.

To estimate the resolution time we need to solve numerically a
set of equations, produced by equating expressions (24) — (27) to
zero, with the respect of 7 . As the result, we obtain a set of solu-
i+1

and slowly varying phase !f".(-; }0

¥ Iyl

. - i+l
tions for envelope 7 }‘

=1

In this case lhe resolution time will be determined as follows

B _QH ﬂ .} Hﬂn ' {,}H and capacity estimation is

made using (9)—(11).

III. Algorithm Application And Results

of Capacity Estimation

Let's consider the application of the above algorithm for ca-
pacity estimation of considered communication channel. As LTI
system we consider the following bandpass filters with identical
bandwidth: 1) a single stage filter on coupled circuits with differ-
ent degrees of coupling [11, p.111]; 2) three circuits filter with
two coupled of them (see scheme [11,p.162]); 3) a single stage on
coupled circuits with different degrees of coupling [11, p.143].

1) A single-stage bandpass filter with coupled circuits
[T1, p.111]. The settling function for a single-stage filter has the
form

B, (x,p)=1-exp(—(1 +_,fp)x)[cosﬂr+ /;’0 smﬂx} . (28)

Here and below x=AQr=AQ 1/ a,
g
P=xa” %20, o2

resultant dimensionless detuning; 3 is a degree of circuit cou-

— non-dimension time;

is dimensionless detuning, p, - the

pling. For one staged filter with degree of circuit coupling g =1
(critical value) &, =1.414 and for f=241 a, =3.11.

2) Bandpass three-circuit filter [11, p.162] with two cou-
pled circuits and with the parameter y = 2. This condition ensures
the location of all three humps of the filter’s AFR at the same
level. The settling function of such a filter has the form

B,(x,p)= I—[Wexp( (2+jp)x)+
+%cxp(—{l+_{p}x]x (29)

x{—‘i‘pcosﬂ_r+(ﬁ+ ] +;p]sinﬂ_rﬂ.

For @, =2 for g =3 and @, =6.64 for g=6.
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3) A single-stage bandpass filter with coupled circuits
[11, p.143]. The settling function for a single-stage filter has the
form

B, (x.p)=1 —exp(—(l+jp)x](cosﬁx—lfpsinﬁx] . (30)

For ¢, =1.5 for B, =0.468 and o, =2.46 for g=1.15.

&

Effective memory, G(T.)

3 6 7 3 9 0 i 12 13 14 15
Non-dimensional symbol duration. Af 7.

Fig. 1. Dependence of “effective memory” G(r’) on non-dimensional
symbol duration AQ 7, . Type of LTI system: a single-stage bandpass
filter with a degree of circuit coupling B, =1 (black line) and =241

(red line); a three-circuit filter with a degree of circuit coupling
B, :\E (green line) and B =6 (blue line); a band pass filter (3-rd

type) with a degree of circuit coupling g = 0.468 (magenta line) and
S =1.15 (cyan line). Resulting dimensionless frequency detuning p, : 0
(solid line); 0.5 (dashed line)

— (30), where d=1000, £=10". The first approximations of

effective LTI memory G, for considered LTI systems in ab-

sence of frequency detuning are presented at Tabl. 1. These re-
sults are obtained using expressions (13), (20), (28) — (30) for
a,, =0.499.

Analyzing results, presented on Fig.l and Tabl. 1, we con-
clude the following. Decreasing the symbol duration of transmit-
ted sequence leads to an increase by exponent law in “effective
memory” of LTI system. An increase in the number of discrete
states n leads to a decrease in the value of the “effective
memory”. The presence of frequency detuning (| pﬂ| =0_5) slight-

ly affects on the value of “effective memory” in general case.
Based on the results obtained above we solve numerically the

problem (22) in the absence of frequency detuning for tolerance

A=0.01 and given values of “effective memory” G., and x_

(30) and W, (f)-_—a_rgZ(f).

The results of simulating with solutions (vertical lines) are pre-
sented on Fig. 2-7.

Analyzing results on Fig. 2-7, we conclude that for the toler-
ance A =0.01 it is necessary about 26000 different realizations of
information sequence with length of G,, +1 symbols.

(Tabl. 1), using expressions (28) —

Table. 1
The greatest settling time for first symbol
on the LTI output
The greatest
First approxima-| non-dimensional
Number of | Degree of | Number of tion of effective | settling time for
type of LTI eireuitcou- | - discrete | | 7| memory | first symbol on
system pling 3 states n G the LTI output
& X, = AQ“.{WI
8 4 1.9566
1.414 32 2 2.70437
| 128 1 3.114
241 8 14 1.868875
32 11 2.309
128 10 2.4715
5 8 5 2.67136
32 3 3.3374
2 128 2 3.6415
6 8 13 3.6892
32 11 4.756
128 2 10.69735
0.468 8 9 1.3516
32 4 2.3505
3 128 2 3.084
1.15 8 19 0.9246
32 15 1.3159
128 13 1.47

The dependences of “effective memory™ on symbol duration
for presented above LTI systems are shown on Fig.1. These de-
pendences were obtained by numerical simulation using (20), (28)
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Fig. 2. Dependences of parameters 4 and D on specific number of
information sequence realizations Q for a single-stage bandpass filter
[11, p.111] with a degree of circuit coupling 8 _ =1. Number of discrete

states n: 8 (solid line); 32 (dashed line); 128 (dash-dotted line)
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Fig. 3. Dependences of parameters 4 and D on specific number of
information sequence realizations Q for a single-stage bandpass filter
[11, p.111] with a degree of circuit coupling A =2.41. Number of

discrete states n: 8 (solid line); 32 (dashed line); 128 (dash-dotted line)
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Fig. 4. Dependences of parameters 4 and D on specific number of infor-
mation sequence realizations Q for a three-circuit filter [11, p.162] with a
degree of circuit coupling g = J3 . Number of discrete states n: 8

(solid line); 32 (dashed line); 128 (dash-dotted line)
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Fig. 5. Dependences of parameters 4 and D on specific number of
information sequence realizations Q for a three-circuit filter [11, p.162]
with a degree of circuit coupling £ = 6. Number of discrete states n: 8

(solid line); 32 (dashed line); 128 (dash-dotted line)
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Fig. 6. Dependences of parameters 4 and D on specific number of infor-
mation sequence realizations Q for a band pass filter [11, p.143] with a
degree of circuit coupling f =0.468. Number of discrete states n: 8

(solid line); 32 (dashed line); 128 (dash-dotted line)
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Fig. 7. Dependences of parameters 4 and D on specific number of
information sequence realizations Q for a band pass filter [11, p.143]
with a degree of circuit coupling £ =1.15. Number of discrete states n:

8 (solid line); 32 (dashed line); 128 (dash-dotted line)

As a proof of the correctness of the results obtained above,
dependences of SER on symbol duration were estimated using
expressions (24), (26), (28), (30) for first and third type of pre-
sented filters for a,, =0.499. The choice was made due to largest

value of “effective memory” for considered number of discrete
states in Tabl. 1. The results of these estimations are presented on
Fig. 8-10.

From Fig. 8-10 we conclude that the greatest settling times for
symbols with a sequence number less than or equal to the values
of “effective memory” are less than the greatest settling time
when the behavior of output signal becomes like a cyclostationary
process. This effect fully totally coincides with theoretical results
obtained in paper [8] and thus the greatest settling time when the
behavior of output signal becomes cyclostationary process is the
resolution time with tolerance £ . Additional we can say that the
estimation of resolution time corresponds G =1...3.

0.7

0.6

05 -

N ::-"

| symbol d

Fig. 8. Dependences of SER on non-dimensional symbol duration
AQ,r, for v symbol in transmitted information sequence of PSK-8
signal: 1 (blue line); 4 (red line); 7 (green line); 10 (cyan line); 13 (ma-
genta line); 15 (black line). LTI system — a single-stage bandpass filter
[11, p.111] with a degree of circuit coupling f =2.41
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MNon-dimensional symbol duration, D[]“T"

Fig. 9. Dependences of SER on non-dimensional symbol duration

AQr, for V symbol in transmitted information sequence of PSK-32

signal: 1 (blue line); 4 (red line); 7 (green line); 10 (cvan line); 13
(magenta line); 16 (black line). LTI system — a band pass filter
[11, p.143] with a degree of circuit coupling #=1.15.
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Non-dimensional symbol duration, Al’!ﬁf‘

Fig. 10. Dependences of SER on non-dimensional symbol duration
AQ,T, for v symbol in transmitted information sequence of PSK-128
signal: 1 (blue line); 4 (red line); 7 (green line); 10 (cvan line); 11 (black
line). LTI system — a single-stage bandpass filter [11, p.111] with a
degree of circuit coupling =241

Unity Capagity C_nit, bit{Hz xs)

4 20 36 52 68 B4 100 116 132
Number of discrete states n

Fig. 11. Dependencies of unity capacity C, , on the number of discrete

states n for considered communication channel. LTI system: a single-
stage bandpass filter [11, p.111] with a degree of circuit coupling
[, =1. Estimation of channel capacity for case: 1) a,, =0.499:

A, =1 g=0; p,=0 (black line with diamond marker and black
shaded area); 2) a,, = 0.499; A, =0.1; g,=0; p, =0 (green line
=015 g, =0.249;
£, =0 (red line and red shaded area); 4) a,, = 0.499: A . =0.1;
£, =05 p; =05 (blue line and blue shaded area); 5) A =0.25;

AJIN‘.u'
Type of capacity estimation: low bound of capacity (solid line); upper
bound (dashed line) and low bound (dash-dotted line) of capacity of
“transparency window”. “Transparency windows” — shadowed area

and green shaded area); 3) a,,=025; A

nisl

=0.1: g=0.249: p,=0.5 (cyan line and cyan shaded area).

Taking into account the results obtained above, we estimate
the capacity of the considered communication channel with pre-
sented in this paper LTI systems. The parameters for estimation
are the following: £=10"; amount of realizations of information
sequence N =5-10*; resulting dimensionless frequency detuning

£y €10;0.55 A, ={1;0.1}5 g, ={0;0.249}; @, €{0.25;0.499} -

Unity Capacity C_nit, bit/(Hz = 5)

i |
4 20 36 52 68 34 100 & 132
Number of discrete states n

Fig. 12. Dependencies of unity capacity C_  on the number of discrete

states n for considered communication channel. LTI system: a single-
stage bandpass filter [11, p.111] with a degree of circuit coupling
p., =2.41. Estimation of channel capacity for case: 1) a,, = 0.499;

A, =1: =05 p,=0 (black line with diamond marker and black
shaded area); 2) a,,= 0.499: A, =0.1: ,=0; p,=0 (green line
and green shaded area); 3) a,,= 0.25: A, =0.1; g =0.249;
p, =0 (red line and red shaded area); 4) a,,=0499: A, = 0.1;
=0.25;

pm

£,=0; p,=0.5 (blue line and blue shaded area); 5) o
A, =015 g=0249; p,=0.5 (cvan line and cyan shaded area).

Type of capacity estimation: low bound of capacity (solid line); upper
bound (dashed line) and low bound (dash-dotted line) of capacity of
“transparency window™. “Transparency windows" — shadowed area
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Fig. 13. Dependencies of unity capacity C  on the number of discrete

wnif
states n for considered communication channel. LTI system: three-circuit
filter [11, p.162] with a degree of circuit coupling g = /3 . Estimation

=1 g=0; p,=0

nts!

of channel capacity for case: 1) a,, = 0.499; A

(black line
2) o, =0.499; A

with diamond marker and black shaded area);
i =015 £=0: p,=0 (green line and green

shaded area); 3) @, =025 A, =0.15 & =0.249; p, =0 (red line
and red shaded area); 4) ¢, =0.499: A, =0.15 £ =03 p,=0.5
(blue line and blue shaded area), 5) a,, = 0255 Ao=0:L8
£,=0.249: p, =0.5 (cyan line and cyan shaded area). Type of capaci-

sl

ty estimation: low bound of capacity (solid line); upper bound (dashed
line) and low bound (dash-dotted line) of capacity of “transparency win-
dow”. “Transparency windows” — shadowed area
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The results of unity capacity estimation C, =C/2AF,,
where AF, =AQ, /2x for considered LTI systems are presented

on Fig. 11-16. It is necessary to mentioned, that, in a number of
cases, “transparency windows” and the dependences of the capac-
ity estimations are superimposed at certain values of discrete
states n.
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Fig. 14. Dependencies of unity capacity C,_ . on the number of discrete

states n for considered communication channel. LTI system: three-circuit
filter [11, p.162] with a degree of circuit coupling =6 . Estimation of
channel capacity for case: 1) a,, =0499: A, =1: =0: p,=0
and black shaded area);
=0.1; =05 p,=0 (green line and green
=0.1; £,=0.249; p, =0 (red line
=0.1: g=05 p,=0.5
=0.1;

g, =0.249; p, =0.5 (cvan line and cyan shaded area). Type of capaci-

(black line with diamond marker
2 a,,=0499; A,

shaded area); 3) a,,=025; A

nts!

and red shaded area); 4) o= 0.499: A

sl

(blue line and blue shaded area); 5) a,, =025 A

nist

ty estimation: low bound of capacity (solid line); upper bound (dashed
line) and low bound (dash-dotted line) of capacity of “transparency win-
dow”. “Transparency windows” — shadowed area
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Fig. 15. Dependencies of unity capacity C__ on the number of discrete

states n for considered communication channel. LTI system: a single-
stage bandpass filter [11, p.143] with a degree of circuit coupling
pB,=0468. Estimation of channel capacity for case:

=0.499: A

pn nitsl

marker and black shaded area); 2) a,, = 0.499; A

=1; g,=0; p,=0 (black line with diamond
=0.15 g =0;
p, =0 (green line and green shaded area); 3) a, =025;A,,= 0.1:

) a

sl

g,=0249; p,=0 (red line and red shaded area); 4) a,, = 0.499;
A, =01 g=0: p,=05 (blue line and blue shaded area);
5) a,,=025; A= 0.1: £ =0.249: p, =0.5 (cyan line and cyan

shaded area). Type of capacity estimation: low bound of capacity (solid
line); upper bound (dashed line) and low bound (dash-dotted line) of
capacity of “transparency window”. “Transparency windows” — shad-
owed area
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Unity Capagity C nit, bit{Hzx 5)

4 20 36 52 68 84 100 16 132
Number of discrete states n

Fig. 16. Dependencies of unity capacity C_ on the number of discrete

states n for considered communication channel. LTI system: a single-
stage bandpass filter [11, p.143] with a degree of circuit coupling
B, =0.468. Estimation of channel capacity for case: 1) a,, =0.499;

A=l g=0; p,=0 (black line with diamond marker and black

shaded area); 2) a,, = 0499; A, =0.1: g,=0: p,=0 (green line

mts)

and green shaded area); 3) a,,=025; A,;,=0.1; g=0249;
P, =0 (red line and red shaded area); 4) a,,=0499: A,,=0.1;
£,=0; p,=0.5 (blue line and blue shaded area); 5) a,, =(0.25;

A, =0.1; g=0249: p,=0.5 (cvan line and cyan shaded area).

Type of capacity estimation: low bound of capacity (solid line); upper
bound (dashed line) and low bound (dash-dotted line) of capacity of
“transparency window”. “Transparency windows” — shadowed area

IV. Conclusion

Analyzing Fig. 11 — 16 we conclude the following:

The increase in the capacity of considered communication
channel operating in the presence of strong ISI is possible due to
the use of “transparency windows” including the case of frequen-
¢y detuning. In the absence of unfavorable factors using “trans-
parency windows” allows us to provide gain (C%. ;Cmm) (in

average) in the range from 1.2 to 1.9. An increase in the signal
level requirement and the presence of a measurement error in the
absence of frequency detuning, which may indicate the feasibility
of such RDTS, leads to a decrease the size of “transparency win-
dows” and their appearance at small values of the number of dis-
crete states ». In this case, upper bound of capacity estimation is
reduced in average from 3 to 5%.
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communica-

K BOMPOCY OLIEHKM NMPOMYCKHOW CMOCOBHOCTU B KAHAJIE C ®MH-N-CUTHAJIAMU
M C NAMATHBIO, BbI3BBAHHOW MEXXCUMBOJIbHbIMU MCKAXEHUAMU, MPU HANTUYNU
HECTABUJ1IbHOCTEM B MPUEMHOM YCTPOUCTBE

Jlepuep Unba Muxatinoeu4, KaszaHckut HauuoHanbHbIl uccnedosamenbckul mexHuveckuli yHueepcumem um. A.H. Tynonesa — KAU,
2. KasaHs, Poccus, aviap@mail.ru

UccnedoeaHue ebinonHeHo npu ¢puHaHcoeol noddepxke PODU e pamkax Hay4Hoz0 npoekma Ne 18-37-00440

AHHOTaumsA

O6beM nepeaaBaeMoin MHPOPMALWKM BO3PACTAET SKCMOHEHLMATIBHO M3 FOAA B FOA, HYTO SBIAETCA TEHAEHLIMEN COBPEMEHHOro ObLLecTBa. DTO MPUBOAUT K He-
06XOAMMOCTH yBENUYEHWS CKOPOCTU NMepefayn AaHHbIX cUcTeM nepedadn uHbopmaumn. Hanbonee BbIpaxxeHO 3TO cpean pagvoTEXHUHECKUX CUCTEM nepe-
4241 MHPOpMaLMK, KOTOPbIE B HacToOsLLEe BpeMs paboTaloT B YC/IOBUAX OrPaHUYEHHbIX YaCTOTHbIX PECYPCOB U MOCTOSHHO YBENUYMBAOLUMXCA TPeBGOBaHMIA
ux 3¢ppeKTBHOro mUcnonb3osaHus. OaHUM U3 Hanbonee 3pHeKTUBHBIX MOAXOAOB K PELLEHUIO 3TOM NpOGNeMbI ABMAETCA NEPEXOA K nepefaye HhopMaLmm
MPU HANMYUKU MEXCUMBOSIbHBIX MOMEX B PaAMOTEXHUYECKUX CUCTEMax mepedadn uHgopMaummu. HecMoTps Ha npuBneKaTenbHOCTb 3TOrO MOAXOAA, €ro TexX-
HUYEeCKas peanusauus CBs3aHa C pALOM TPYAHOCTEN, KOTOPble MOTYT MPUBECTU K YBEIMYEHUIO CTIOXKHOCTM CaMOro MPUEMHMKA MPU YBETUYEHUN YUCTIA UHTEP-
depupytoLmx cuMBONOB. B KOHEYHOM WUTOre BO3HMKAET BOMPOC HE TOJSIbKO O Liefieco0bpasHOCTU peanmsaLmu, HO U O ero MpakTUHECKOMN OCYLLECTBUMOCTU
CaMoro NpuEMHUKa. ANIETEPHATUBHBIM MOAXOAOM, MO3BOMAIOLLUMM CO3/aBaTh PAAMOTEXHUYECKUE CUCTEMbI Nepefadun MHPOPMaLMK, KOTOpble YHKLUMOHMPY-
IOT B YCIIOBUSAX CUJTbHBIX MEXCUMMBOJIbHBIX UCKKEHUM, BO3HUKAIOLLMX B JIMHEMHBIX U3GUpaTeNbHbIX CUCTEMAX PagMOTPaKTa, MpU OTCYTCTBUM MX KOMMEHCa-
LK, SBNAETCA COOTBETCTBYHOLLMIA BbIGOP ANUTENBHOCTU KaHaNIbHOrO CUMBOJIA, OCYLLECTBIIAEMbIN C YYETOM Pa3peLUaloLLero BpeMeHU JIMHENHbIX u3buparens-
HbIX cucTeM. [ponsBoaUTCA OLeHKa NPOMYCKHOM CMOCOBHOCTH TaKOroO KaHana npu ucnonb3osaHum GMH-n-curHana, koraa peLuatoLlee yCTPOMCTBO ABMAET-
Csl KOMMApPaTOPOM, a MPU MPUHATUM PeLLEHUs OTCYTCTBYET HEOBGXOAUMOCTb B y4eTe MaMATU KaHana, MpU YCIOBUM, YTO PaZMOTEXHUYECKUE CUCTEMbI Nepesa-
41 UHdpOpMaumK paboTatoT B MPUCYTCTBUM CUJTbHBIX MEXCUMBOSbHBIX UCKaXKeHU. [lna pelueHus 3Toi 3agayun Gbin pa3paboTaH HOBbIN YUCIEHHBIN METOA
OLIEHKM MPOMYCKHOM CMOcOBHOCTU, KOTOPbIN MOXKHO WMCMOJb30BaTh A/1A OLEHKU MOTEHLMAIbHOW MPOMYCKHOM CMOCOBHOCTU MpU OTCYTCTBUAM LyMa, HO B YC-
JIOBUAX PasfUyHbIX HECTABUIIBHOCTEN, TakUX KaK pacCTPOMKA MO HYacToTe, MOrpeLUHOCTb U3MEPEHWS, BIIMAHUA YPOBHS CUrHasa.

Kntoueesie cnoea: nponyckHas cnocobHocms, punbmpsl, PMH-n-cuzHanbl, nogbiweHue cnekmpansHol 3¢ gekmugHocmu.
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POLYNOMIAL APPROXIMATION APPLICATION
FOR SOLVING THE SIGNAL DISTORTION ESTIMATION PROBLEM
IN A SYSTEM WITH MIMO UNDER APRIOR UNCERTAINTY
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The most important trend in the development of communication technology is an
increase information transfer speed. This problem can be solved by applying MIMO
technology, which consists in the transmission and reception of signals by several
antennas. In this paper, two algorithms for joint channel estimation are considered, tak-
ing into account distortions such as the amplitude-phase imbalance of the quadrature
components of the M-QAM signal, the constant components drift and the frequency
shift remaining from the demodulation procedure. The estimation algorithms operate
under uncorrelated Rayleigh fading and a priori uncertainty with respect to phase noise
and observation noise. Synthesis of these algorithms is done by the method of least
squares with the use of polynomial approximation. The difference between the algo-
rithms is as follows. First algorithm estimates the channel factors first by the test
sequence without determining the frequency shift, then extrapolates them for the data
receiving interval and then recalculates them according to the received data sequence.
This can be repeated several times during a communication session. In another algo-
rithm, after estimating the channel factors by test symbols, an estimate of the fre-
quency is made, which allows to reduce the number of test intervals and, thus, to
increase the time for data transmission, as well as to reduce the number of time inter-
vals over which the channel is re-evaluated according to the received data sequence.
This approach simplifies the algorithm and increases noise immunity. But it can be
applied if the channel multipliers almost do not change during the evaluation and detec-
tion time. This is observed at low user's transceiver movement speed or, if the com-
munication channel is stationary.

A computational experiment was carried out for four transmitting and receiving anten-
nas, which showed the operability of both algorithms when receiving the 4-QAM signal.
The algorithm with frequency estimation allows to extrapolate the communication
channel more accurately and has an energy gain of up to 5 dB in comparison with the
algorithm where the frequency shift estimation is not taken into account.
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Problem formulation

A lot of work has been devoted to channel estimation in
MIMO systems [1-4]. There are, as a rule, the correlation func-
tion of the channel is known or the channel matrix is constant.
Distortions made by the direct conversion receiver are not taken
into account or evaluated separately. Consider a model of the
MIMO system with N transmit and N receive antennas after
demodulation (carrier removal). Observations complex vector
has the form Y, =Y, + jY,, where j — muumas exununa, imag-

inary unit,

Y,=H9,+B,+§, Y,=H,0,+B, +E,, (1

. T
therein @, =(1, --- I, J, - Jy ):.m — M-QAM data
symbols or test sequence symbols vector,
Bcr = (br!f bf.‘,’\"i )::.'xi * er = (b.uli o b\\:) - SlO“"ly
varying constant components vectors, fi_, =( 1, e )i .

T ( i i )m — noise with an unknown distribution

law, mean values vectors E(u,)=E(n,) =0, , and covariance

matrix E( )= EF i) =01y,

H,.,,(0) H (@) —H,,, () —H,, 1,0

H, = : : : : s : "
Hopi) -+ Hop() —Ho@) -~ ~Ho o))
H,,, () Hy (D) Hy () H,n (D)

H, = s : : : 1
H,, (D) H, () H, () Hy (i)

Nx2N
i=1,2,.....n —discrete time, E(e®) —mathematical expectation

operator, 1| — N x N unit matrix, « 7 » — operation transpose

Nx=N
sign.
Elements of channel matrices H_, H, are defined by
expressions
H, , (i)=h_,(i)cos(x,)—h,, (i)sin(x,,),
H, (D)= h,,(D)sin(x,;)+h (i) cos(x,,),

H,,, ()=y,(h,, ()cos(x,,)—h,, (i)sin(x,,)),
H, ,,())=y,(h,(D)sin(xy, ) +h, (D) cos(x,,)), 3)

therein / — receive antenna number, kK — transceiver antenna
number, /=12,....N , k=1,2,...N , B0 A5500)

channel factors, x,, =22 Ti+@,, X,, =X, +A@,, 7,5 Ag,
— amplitude and phase imbalance respectively, Af, — frequency,

which remained after the demodulation procedure, ¢, — phase,

=@+ &
noise, is given by the second-order moving average model, g, , -

0; E(s;,) =0, by,b,b,

1,., J,, symbols duration.

defined as Dy; Qvﬁ = bng!,r' +b!ga’,r'—l +b:g.f_:'—2 — phase

white noise with E(g, ;) = — constant
coefficients, T —

It is required from the observations (1) to find the estimation
H_,, H_ of the channel matrices H_,, H , to forecast them for

data receiving interval.

Problem solution

Let the following restrictions be satisfied. During the data
transmission and reception do not change 1) channel factors
h, @)=h,,, h, (@)=h,,: 2) constant components

b, =b,, b, =b,;3)amplitude and phase imbalance y,, Ag,;

sl

4) frequency Af,, Lk=12,..,N. The evaluation interval

length for the test sequence of the is less than the value _] , SO
o,

we cannot use classical DFT-based spectral analysis to estimate

the frequency shift. Symbol synchronization is performed.

The channel matrix estimation algorithm, in which the fre-
quency shift is not determined, and the extrapolation is per-
formed by the estimated approximating coefficients is described
in [5-7]. Bringing it here again does not make sense. The ad-
vantage of this approach is the possibility of using it with time-
varying factors h_, (i), h (i) with complete a priori uncer-
tainty about the channel. This algorithm will be called "algorithm

1" further.
Let us consider in more detail the second approach. Channel

matrixes H H estimation usmg test sequences is also carried

out as in algomhm 1"
1. Approximation. Let us represent (2), (3) as a polynomial of

order p within the time window A=(1 2 m), m — test

sequence length [7,8]:

Hy, ()=d X 3 Hy () =d X, (G
Hyop ()=, X,. 45 Hygy () =d X, 45 )
i=12,...m
;
Xk (an ok Dean U pik )“,HN ;
T
Xk z(ah{] K sk A5 p ik ): prpa?
Xoesk (a cosk ek D pik ){ L
T
Xk ( boodk Gasi Qo pik ) "

2. Estimation by test sequence. The problem will be solved
by the least squares method, processing the whole sample of the
signal with the volume m. Let us consider the model (1), where

r T
Y:'i = (y:'i,! -Vci.l .y(-i..\" ).-\«'xi + Y\'i = (y.\'i.] Ay.w',: ) }-‘I'-J\' ].'\:'xl >

Form the observed quadrature vectors for /-oii receiving antenna

r _ r
as Y ( <'m.f -V:'m—u v -‘{:’U ),ml : \{f-f =(—"ll’-m'l--ll -.'I"(’.\I'J'I'—l.lr ! -l”.\-u )"M[ "
Then, taking (4), (5) into account, we have
Y, =DZ,+n, Y, ,=DZ, +n,. (6)
therein
d llm T dm"\m _dm'jlm o _de\m ]
D dm 1]lm | ! dm I"\m 1 _dm AT I _dm-lJ\'m-I I »
dlill d|‘Jr.-\'| _leII _d1J.\'1 me 2N peh)+1)
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errJlm de.\'nr dm }f] m dm!‘ Nm I
D= d, IJIm 1 cd, e 4, 1"1m TRCCE J\m ] ®
dJ, dJ,, dr/, d/y, A 2N pel)el)
xlt.” x.'!s:,fl
xll'u’.\' xln'.f.\
Z,=| X, B Z,, = X, >
x].& AN xj 5N
bvf (2N(p+h+xl b\f (2N(p+D+xl
)urm..f “unn\!
qu = : L] TI_uJ = :
Het Moy

[Es] ml

Uncorrelated noise vectors 1, i, , have zero mean values

E('Ic.frl:.f ) = E('ls;f “Tf ) = o-pzlmxm ?

— receiving antenna number.

and covariance matrixes

1=1,2,..N
Minimizing the functionals [8]
‘I‘_{c.r = DL-ZU”- = n;'l'f" ||v\r -D,Z,|

=min,
Zy

we obtain expressions for estimating the approximation coeffi-
th.ms and the constants

Z,=0/D)'D'Y,; Z,,=(D,D)'D]Y,,. (D
Remark. In the case of Gaussmn noise, algorithm described

by (7) is the optimal estimate based on the maximum likelihood
criterion.

led1 xlf'.ﬂ
th . x]t'.H\" Xlt'.f.\"
erein 5 - ~ -
Zu = xu,n L, = x:x,n >
x| sAN xlw.f‘\'
el (2N (p++1)xl bs'r (2N pH)+1)=
[ =1,2,...,N . Then the estimation of the elements of the chan-
nel matrix in the time window A will have the form

ﬁ].&.f k (!) = d;Xu_‘J k H (8)
le’ ()= da'f(z,.-.f I 9)
(10)

Htr,r (D) :d:ih-.s e
Hy , ()=dX,
b,=Z,2N(p+1)+11); b, =Z,(2N(p+1)+1,1),

I=1,2y .0 Lk =1,2.N..
Using the formulas (2), (3), we express the dependence of
nu{f)s 2 (@) o0 H, (@), Hygy (0):

H, ()= 7, cos(Ag, )ﬁw (1) =7, sin(Ag, )Hls,f (D)

H,, (i) =7, cos(A@)H, (i) +7,sin(A@)H, ., (7) -
Then, using the method of statistical averaging, we obtain
expressions for estimating the amplitude and phase imbalance
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~ 1 N l m
== W o +V2 (11)
Yi N ; m = Vi @) +V 5 (@)
. T4 V. (@) 5
Ap, =—>» — > arctg| ——— | (12)
PN m g[V,*m]
therein (pn:-.!k(".) H((J)) Vi =B; Hw“n
5 (i) - @)
H:” - fk(’) H ‘.f#(}) lg 1k | Jk
( ) Mk(f) Huk(")
To calculate the frequency shift, we use formula
Af, :LZ l 1 arctg _PE'_\_&(:} > (13)
my ‘o 2nm,T, W (D)

N k=1 m—
W (") th .‘k(")cDu;l('E +mn)+Hh Ik (‘)Hum (i+my),
W.-rk ()= H].r,u- (i+m, }Hh;.”: (1)~ Hu-,n- (i +m, )Hn,n (),

where m,, is the distance between two neighboring time sample
(a parameter on which the quality of the frequency estimate
depends), 0 <m, <m-1.

Remark. If for all receiving antennas the amplitude-phase

imbalance, the frequency shift and the constant components are
the same, then for their calculation, averaging over antennas:

. 1 e - | il - = I D 5
—— E] Ap=— A () Af == A s
" N & 1 AP N; @, A N; v
% ] M 1 &~
b,=—>"b,, b=—>"b,
N3 I=1

Channel factors H, ,,(i),H,, (i) taking into account (2),

(3), can be represented in the form
H, ()= A4, cosQCaAfTi+ @, +¢,) =

= F_, cos(27Af,T i)=F,, sin(27Af,T,i),
H, ()= A4,sinQaAT.i+p,+¢,)=
- wcos(2aAf T, i)+ F. ,, sin(27Af,T i),

. A =\h, +h,, ¢ =arct ‘—M
therein “* i T Oy g b )

F, = 4, cos(gy, +@,), F , = 4, sin(¢, +¢,)

= - T
We denote by H, =(H|L-.r&(£) HI.\'J&('!:)) ;
> cos(Z:rA,;‘T:_i} —sin{Z.?r.r‘_‘gf'?:_f} 2 = ~. \T
Cu=| . -:J : _‘r o I3 F, = ("C:-_m Fou ) '
sin2aAf;T.i)  cos(2aAf|T.i)

Then the estimation of the parameters F ,, F, ,,l.k =1,2,...,.N
can be found as

F, = C!_rIHle,f'

Procedure (7) - (14) will be called "algorithm 2" further.

3. Extrapolation and detection. According to earlier esti-
mates, the matrixes }‘I“.,[‘{m. are predicted for time interval

f=m+lm+2
H, ()=
um(‘)

(14)

..11 by formu]as
oy COS(Z;TAfT I-E.5 sm(2,frAfT i),
Fi cos(Z;rAfT:) +F 31n(2;rA/‘,Tf)

(15)
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g:u.! () =7, cos(Ag, )ﬁlc.f (D)=, sin(Ag, )I'}ls..f 2 (0);

b J B (16)
Hlx..‘ k (") = ;Vf COS(A(D; )Hls.! k (I) g ;Vf Sin(ﬂ(ﬂ_, )H[CJ k (I)s
Further, using (15), (16), we define a soft solution
r=H'Y, (17)
therein 1, :(r“ r”)r; Y, :(y“. y“.)r; H = l;l“' ;
: ‘ ‘ ‘ HJ! INNIN
Xy ;= (r.".:'.l Frin )M, > Y= (rJ il i )m' ’
Yo :{yu.".l ~b, - yu'.h’_bo\’}w; Y. :[)’.'u.l _bsl © Yein _bxiv)l T
Let ©,, ( e i )T be a the vector of possible

M-QAM dala symbols of the signal arriving at /-th receiving
antenna, j, =1,2,..,M. Then minimizing the functional

"u’ !),|

detection algorithm
o, =0 —argmax(rm],h +ry

T biai
_(r.’.r'.f rJ.r’..‘) » We obtain a

—05(17, +J;,))

that is optimal by lhe maximum likelihood criterion for Gaussian
- ~ =T
noise; @, =(I,._, J',.J) sl =L 250N

Simulation

To analyze the obtained "algorithm 2", a computer experi-
ment was performed with the following data: the number of
transmitting and receiving antennas N =4, he received 4-QAM
signal the length of the test sequence, which is a 4-QAM signal
with known information symbols, is m =500, the sample size
n=7500, the order of the approximating polynomial p =1, the
standard deviation of the phase noise of about one degree, data
symbol duration 7 =0.25 mxkc, sampling interval A =T, the
number of experiments is — 500. The channel factors £ ,,, &,

were formed as independent Gaussian random variables. Con-
stant components b, b, amplitude imbalance y,, phase imbal-

cl?

ance Ag, and the initial random phase ¢,, are uniformly dis-

tributed over the intervals [0;2], [0.5:1], [—%%] and

£}

[m;r;zr] respectively, /,k=1,2,....,
after the demodulation procedure is Af =180.7 Hz. The root-

mean-square errors of the signal parameters estimation obtained
using the procedure "algorithm 2" for different signal-to-noise
ratios g (SNR) are given in Table 1.

N, the residual frequency

Table 1
Estimation RMS when receiving a 4-QAM signal
with four transmitting and receiving antennas

¢, a5 43/41 | 40/38 | 33/31 | 30/28 | 23/21 | 2018 | 13/11 | 10/8

1/Q of the

signal

RMS, [107*-]107-{107* /107 (107|107 {107 -[10™°
5.38 [5476.12|6.86 |1.1 [1.5 |32 |45

RMS, [107*-]107*-{107*-/107*-[107-|107*-|107- 107
43 (441|524 614 |11 |15 |33 |46

RMS, (107107107107 [107-|107-{107*-]107
23 (23 [27 (32 |56 |76 |1.57 |2:23

RMS,,, | 0-17 [0.18[ 021025 [ 043 [ 0.58 [ 1.21 [ 1.6

(deg)

RMS,, | 551 [558[6.03[ 6.5 [9.46 [1229]2647]36.77

(Hz)

Figure 1 shows one of the implementations of the 4-QAM
signal on one of the receiving antennas with SNR ¢ = 23/21 ab
for the in-phase and quadrature components, respectively, with-
out compensation and with signal compensation for the two
evaluation procedures. "Algorithm 1" worked with the following
settings: m =500, n=7500, p =1, the test sequence was used
once, the length of the extrapolation and detection interval
K, =100, then the channel is re-evaluated according to the in-

formation sequence, the number of intervals K, is equal to

O =70. The predicted channel for one implementation on one

of the receiving antennas is illustrated in Figure 2.
Figure 3 shows the experimental error probabilities obtained
after the detection procedure.

4 2 2 2 1
3 1 " »
L2 2o @ ‘ " ® ‘ ‘ ® o H
. 0 ? 0 .
o 2 4 2 0 2 4 -1 [1] 1 o 1 -1 1] 1
ye ye e
3 2 1 1 1 1 -
2 1 * ¢ & = » o & %
2 2 ) ® o ) )
1 0
0 ) . & B @ ILAIE g, S *
-2 2 4 -2 1] 2 4 1 0 -1 4] 1 -1 0 1 -1 1
ye
a) b) c)

Figure 1. 4-QAM signal at the compensator input - (a), 4-QAM signal at the compensator output: using "algorithm 1" - (b), using "algorithm 2" - (c)
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Figure 2. Extrapolated channel factors for procedures "Algorithm1" - (a) and "Algorithm 2" - (b). 1-precisely known channel, 2-extrapolated channel

102

1073 ; : ' ; : :
10 15 20 25 30 35 40 45
q
Figure 3. Probability of error of 4-QAM signal reception for four
transmitting and receiving antennas: p0 — for precisely known signal

parameters, except for phase noise, pl — using "algorithm 1",
p2 — using "algorithm 2"

Conclusions

The computational experiment showed that under the same
conditions for SNRs less than 20 dB, the two considered algo-
rithms differ little from each other. Figure 3 shows that when the
SNR is increased, "algorithm 2" has an energy gain in compari-
son with "algorithm 1". Moreover, with a frequency shift of
180.7 it does not require an extrapolation interval 15 times long-
er than the duration of the test sequence for recalculating the
parameters by data symbols. This saves the resource of the mi-
croprocessor, on which the implementation of the algorithm is
possible. But it can only be used in a stationary or slowly chang-
ing channel. "Algorithm 1" does not have this disadvantage.
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MPUMEHEHUE MOJIMHOMUAJIbHOM ANMNPOKCUMALIUU ANA PELLEHUA 3A0AYU OLIEHUBAHUA
MUCKAXXEHUWN CUTHAJIA B CUCTEME C MIMO B YCJTOBUAX ANMPUOPHOW HEOMPEAEJIEHHOCTU

Mo6opyuaa Haranba EBreHbeBHa, Mockosckuli mexHudeckuli yHusepcumem cefsu u uHpopmamuku, kagpedpa OTC MTYCH,
Mockea, Poccus, n.poborchaya@mail.ru

AHHOTauuA

BaxkHeMLIMM HanpaBneHWeM pasBUTUA TEXHUKU CBA3U ABMAETCA yBENMYEHME CKOPOCTU nepeaayn nHdopmauumn. Sty npobreMy MoXHO pe-
WKTb, NpuMeHsas TexHonornto MIMO, koTopas 3akntoyaeTca B nepefade U NpUeMe CUrHanoB HECKOSIbKMMU aHTEHHAMM.
PaccMmatpuBatoTca ABa anroputMa COBMECTHOM OLIEHKM KaHana C yH4eTOM MCKXXEHUI TaKWX, Kak aMnanTyaHo-ha3oBbI pasbanaHc KBagpa-
TypHbIX KoMnoHeHT M-QAM curHana, apeid NOCTOAHHBIX COCTABAAIOLUMX U CABUTM YacTOTbl, OCTABLUMIACA OT MPOLeAypbl AEMOAYNALMUM.
ANropuTtMbl OLEHNBaHUA PaBOoTatOT B YCIOBUAX HEKOPPEIMPOBAHHbIX PENeeBCKUMUX 3aMUPaHUiA U arpUOPHOM HeornpeAeneHHOCTU OTHO-
cuTenbHO $asoBbIX LUYMOB U LYMOB HabntodeHui. CUHTE3 AaHHbIX Npoueayp NPOBeAeH METOAOM HauMEHbLUMX KBaApaToOB C UCMOJb30-
BaHWEM MONIMHOMMUATIbHOM anmnpoOKCUMAaLnK.

OT1nnyme paccMaTpyBaeMbIX airOPUTMOB COCTOUT B TOM, YTO B OAHOM MPOMU3BOAMUTCA OLieHKa MHOXUTENel KaHana 6e3 onpeaeneHus casu-
ra 4acToTbl CHayana Mo TECTOBOM MOC/EA0BATENIbHOCTH, 3aTEM MPOU3BOAUTCA UX SKCTPANonALMsA Ha BpeMs npueMa MHdOopMaLmmn U ganb-
HeMLWWA UX nepecyeT No MHGOPMALMOHHOM MOCIEAOBATENbHOCTU. DTO MOXET MOBTOPATLCA HECKOSIbKO pa3 B TEYEHWE CEeaHCa CBA3M.
B apyrom criyqae mocne oLEHKM MHOXMTENEN KaHara Mo TeCTOBbIM CUMBOMIaM MPOMCXOAWT OLiEHKA YacTOTbl, KOTOpas MO3BOJIAET COKpa-
TWUTb KOJIMYECTBO TECTOBbIX MHTEPBAJIOB M TEM CaMbIM YBEIMHYUTL BpeMA ANA nepefadiv MHGOPMaLMK, a TAKKE YMEHbLUWUTb YUCIIO BPEMEH-
HbIX MPOMEXYTKOB, Ha KOTOPbIX NMPOU3BOAUTCA NMEepeoLIEHKa KaHana no MHOPMaLMOHHON NOCIeA0BaTENbHOCTU. TakoW NOAXOo4 ynpoLua-
€T aNIrOpUTM M YBENIUYMBAET MOMEXOYCTOMYMBOCTb. HO €ro MoXXHO NMPUMEHUTb, €C/IN MHOXWTENM KaHana NpaKTUYECKU He U3MEHAIoTCA 3a
BPEMSA OLIEHKM U AETEKTUPOBaHUA. DTO HabntoAaeTcsA NpU HU3KOM CKOPOCTU ABMXKEHWUA aBOHEHTa MNK, eCny KaHas CBA3W CTALMOHAPHbIN.
[poBeAeH BbIYMCINUTENBHBIN SKCMEPUMEHT AsA YeTbIpeX MepedatoLUMX U NMPUEMHbIX aHTEHH, KOTOPbIN Nokasan paboTtocnocobHocTs 060-
ux npouegyp npu npueme curHana 4-QAM. ANroputM ¢ oLEHKOM YacTOTbI NMO3BONAET 6onee TOYHO SKCTPANONMPOBaTh KaHas CBA3WU U 06-
najaeT 3HepreTU4ecKkMM BbiUrpbileM Ao 5 Ab no cpaBHeHWto ¢ npoueaypo, rAe oueHKa CABUra YacToTbl HE YYUTLIBAETCA.

Knioueebie cnoea: MIMO, oueHka kaHana, memod HAUMeEHbWUX Keadpamos, anpuopHas HeonpedeseHHOCMb, cOgue 4AaCMOMBbI,
amnaumydHo-¢azoeblti pazbanaHc, dpetih NOCMOAHHBIX COCMABAWLUX, peeescKue 3aMUPaHus.
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This work is devoted to the study of the influence of the main parameters of the light pulse
on the characteristics of the use of the fiber-optic system as a whole. The direction of work
is relevant and timely due to the use of fiber-optic lines in a wide range of tasks, from data
transmission to monitoring systems of linear structures and transport infrastructure. In the
process of optical signal propagation along the waveguide, it changes due to the action of
such factors and phenomena as attenuation, group velocity dispersion, phase self-modula-
tion, phase cross-modulation, four-wave mixing, Mandelstam-Brillouin scattering and other
nonlinear effects. In this paper we study the effect of the main of these phenomena on the
light pulses of different shapes and their sequence in order to identify the possibility of
increasing the signal power at the output of the fiber-optic system, the data rate or the
length of the linear path between the active amplifying devices. The analytical dependences
for the optical power envelope, the input signal form as a function of time, the electric inten-
sity of the electromagnetic field of the light wave are given, which are then numerically inves-
tigated in a software-computer complex that allows to simulate not only the parameters of
the data transmission system, but also the physical environment itself. Discuss the six forms
of light pulses: meander, triangle, sinusoid, "trident", Gaussian pulse and Gaussian pulse
chirped. The equations describing the behavior of an extended waveguide during the light
pulse passing through it are considered, the conditions for their solution and the require-
ments to the methods for determining the required values for subsequent comparison with
the data of numerical simulation are formulated. The qualitative conclusions about the influ-
ence of these input parameters and the properties of the propagation medium on the char-
acteristics of the output pulse are made. The obtained results can be used in the existing
information transmission systems to increase their capacity and in the designed monitoring
systems to determine the deformation of various extended artificial structures.
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One of the main trends of modern data transmission systems
is the use of fiber-optic lines or their individual segments. Light
waveguide made of fused quartz with alloying additives has sig-
nificant advantages in comparison with other physical media of
information transmission, but at the same time, at high transfer
rates, increasing the length of the regeneration areas and the
accuracy of detection of defects (for monitoring systems based
on fiber-optic sensors), various effects appear that affect the
propagation of the optical signal over the optical fiber. Such
effects include increased attenuation in individual wavelength
ranges, a dispersion of group velocities, phase self-modulation,
phase cross-modulation, four-wave mixing, Mandelstam-
Brillouin scattering, and some other processes. These effects
affect the nature of the transmission of light pulses, their groups
and the parameters of the communication or monitoring system.
The influence of the shape of the light pulses at the entrance
channel is not completely investigated in the presence of these
effects on the characteristics of the output signal. This work is
devoted to the study of the possibilities of increasing the signal
power at the output of the fiber-optic system, the data rate or the
length of the linear path between the active amplifying devices.

When modeling the process of propagation of a light signal
through a fiber, the envelope of the optical power at the output of the
fiber-optic communication line can be represented in the form [1, 2]:

U(L,0)=U(0,0)- exp(% B0, L) (1

where (}"(O,w) — functional determining the shape of the input

pulse; @, — circular frequency corresponding to the wavelength

of the radiation 4 ; j — imaginary unit; /3, — the second-order

dispersion coefficient, taking into account the parameters of the
propagation medium and the guiding mode.

The signal at the input of the line is proposed to be
represented as a function of time in the following form [3, 4]:

E(1) =%A(r)-exp(,fworn%@‘exp(fwnr) @)

where A(t) — a slowly varying pulse envelope; m — complex
conjugate function A4(f).

When studying the influence of the initial form of the input
signal, it is proposed to consider six types of envelopes that
correspond to the most used pulses in data transmission,
monitoring and diagnostic systems [5, 6]: meander, triangle,
sinusoid, "trident", Gaussian pulse, Gaussian pulse with chirp
(Fig. 1).

Using the mathematical representation of the signal (1),
graphical dependencies were obtained for the pulses at the output
of the fiber-optical communication line (Fig. 2) [7, 8]. In the
numerical simulation of the output signal, it is assumed, that
t,=7-10"s — pulse duration at the input of the linear path,

2, =1510-10"m — basic wavelength of emission. Analyzing the

dependencies, shown in Fig. 2, it is well seen that the pulse dura-
tion increases during propagation under the action of group ve-
locity dispersion [9, 10].

l T — l_ T T -
E1(D) 0| I EA(D) 0
-1 1 1 = -1k 1 1 =
0 5x10 M 1x10"1 0 5%x107 14 1x10" 2
t t
l_ T T = 1_ T T -
EXD) 0 i E5(t) 0
-1k L 1 B -1k 1 1 =
0 5x10 M 1x10" " 0 5x107 1 1x10" 1
t t
l_ T T -
E3(t) 0
-1k 1 1 —
0 s5x10” 1 1x107 3 0 5x107 14 1x107 2
t t

Fig. 1. Input pulses of a fiber-optic communication line
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Fig. 2. Pulse shape at the output of the fiber-optic communication line without taking into account the effect of attenuation

To take into account the attenuation of the light pulse in the
waveguide, it is proposed to use the model [11, 12], which
assumes that the electric intensity of the electromagnetic field

E(r, z,1) of the light wave carrying the pulse can be represented

as follows [1,2]:
E(r,z,t)=F(r,1)- \/Fu . cxp(—%) U(z,T,,,) exp(ip,,.2) (3)

where F'(r, t) — component of the field in the transverse direc-
tion of the fiber; P, — peak pulse power at the input of fiber-

optic communication line; & — attenuation coefficient (the at-
tenuation of the pulse power, normalized to unit length); z — dis-
tance from the entrance of the fiber-optic path to the desired
point, in which the parameters of the light wave are determined,;
U — function relating the length of the physical channel and the
pulse duration and taking into account the geometric parameters
oftheline; 7~ ﬂ'_
it

Taking into account the proposed model, the investigated

pulse power function can be represented as:

E‘ E ; (4)
2z,

wheres — cross-sectional area of the fiber; £ — is determined

P=g.

from (3); E — complex conjugated function E; z, — the wave
resistance of optical fiber.

The following parameters were specified, corresponding to
the standard modern fiber-optic communication line in numerical
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simulation  procedures: P=12-10"W,

B = 221‘?32/;(.??? ’ ?:"Pm =1,14-10"s, z, =2500m -

4y =1550-10"m,

When the signal attenuation is included in the mathematical
model of light propagation along the waveguide, it is necessary
to take into account that the total attenuation in the fiber is repre-
sented as a sum:

O=Cown T 0ladd™ c’Lﬂh:i-"Cf-m::n-"acuhlc-'-C’;nrl-: (5)

where o,,; — absorption losses, o, — scattering losses, Oeupe
— cable losses (appear in the manufacture and laying of optical
cable); o, — operating losses; four types of losses are grouped
into two components: Gy, — own losses (includes absorption and
scattering losses), o,4¢ — additional losses (includes cable and
operating losses).

Since this study does not take into account the topology of the
fiber-optic communication line, as well as the type of optical ca-
ble, the main dependences are for their own losses. The coefficient
s largely depends on the ultraviolet and infrared absorption in
fused quartz and on the losses caused by the absorption of impuri-
ties. Each impurity absorbs emitting at certain wavelengths and
also causes the scattering of light energy as Joule heat (Fig. 4). The
coefficient o, is mainly determined by the Rayleigh scattering of
light emitting, which is caused by microscopic inhomogeneities in
the waveguide. Rayleigh scattering losses are inversely propor-
tional to the wavelength according to the law A (Fig. 4). The lead-
ing manufacturers of optical fiber [5, 6] produce waveguides with
very low impurity values, achieving the appearance of transparen-
cy windows in different ranges of the main wavelengths and solv-
ing the problem of both reducing the absolute value of the attenua-
tion coefficient and extending the wavelength ranges of the trans-




COMMUNICATIONS

mitted emitting depending on the used receiving and transmitting
equipment [13]. In this paper, we use the attenuation function as a
function of the wavelength for conventional single-mode and mul-
timode fibers (Fig. 4), which is well interpolated by the relation:

—k
a =K, i+ 8y, (2)+Ce .

where 6o(A) shows the absorption maximum at impurities of
OH groups, the first term describes Rayleigh scattering, and the
third-infrared absorption (K,.;= 0,8 um ‘dB/km; C = 0,9dB/km;
k=0,7-0,9 um).

’ U U
Total losses

0,5 (experiment)

03 |— ™~ ;
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Fig. 3. Factors affecting the attenuation function
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Fig. 4. Dependence of attenuation on wavelength

Taking into account the expression (5), as well as the specific
loss function for the given waveguide (6), when solving the
relations (3) and (4), graphical dependences were obtained for
the power of the light pulses at the output of the fiber-optic
communication line (Fig. 5).

Analyzing the graphical dependences shown in Fig. 5, it can
be seen that the curves under the numbers 1, 2, 3, 5 are distorted
more than 4 and 6, due to attenuation. It is proposed to make a
choice in favor of the form presented in graph 6, because its
spectral characteristics are less prone to distortion under the in-
fluence of chromatic dispersion than the output signal presented
in graph 4. In addition, when a signal propagates through the
fiber-optic communication line under the influence of phase self-
modulation and phase cross-modulation, the pulse will acquire
additional frequency modulation.

I I I I
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Fig. 5. Graphs of pulse output power
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The numerical simulation showed that when a Gaussian pulse
passes, it retains a Gaussian shape, and its duration increases
monotonically if B.C>0; if BC<) ~ will decrease to the

Tﬂ
N1+ C*
The pulse duration at the output of the fiber-optic communi-
cation line, in the case of using a Gauss pulse with a chirp can be
determined as [2]:
CBL, . AL,
T =7, J(l+——) + (=)
0 J( T )" +( T )

output
(1] 0

minimum duration: 7 with a subsequent increase.

Parameter chirp allows to control the output signal duration
for a given length of a fiber-optic communication line or to in-
crease the transmission range of information for a given limiting
value of the broadening of the pulse if it is need to solve the in-
verse problem. The presence of chirp allows additional infor-
mation to be added to the pulse, which can be used in the settings
of the receiving optoelectronic module or in the diagnostics of
linear structures, if the optical fiber is connected with the struc-
tures and their elements and the deformation is monitored by
studying the change in attenuation parameters. The proposed
technique can be implemented for any type of optical fibers by
specifying the dispersion parameters and the dependence of the
attenuation coefficient on the wavelength of the transmitted light.
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BJIMAHUE ®OPMbl CBETOBOIO MMIYJIbCA HA NAPAMETPbl ®YHKLNMOHNPOBAHUA
BOJIOKOHHO-OMNTUYECKOW JIMHUU CBA3U
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kaizotov@yandex.ru
Jloktee Anekcen Anekceesud, Poccutickuti yHugepcumem mparcnopma (MUMT), Mockea, Poccus, aaloktev@yandex.ru
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AHHOTauuA

MccnepoBaHne MocBALLEHO M3YHEHWUIO BAIMAHWA OCHOBHbIX MapaMeTPOB CBETOBOrO MMMY/ibCa HAa XapaKTEPUCTMKU MCMOJNb3OBaHWA BOJIO-
KOHHO-OMTUYECKOM CUCTEMbI B LienioM. HanpaeneHune paboTbl akTyaslbHO U CBOEBPEMEHHO M3-32 UCMOJb30BaHUA BOJIOKOHHO-OMTUHECKUX
JIMHWA B LUMPOKOM AManasoHe 3ajad, OT Nepefadv AaHHbIX AO CUCTEM MOHWUTOPMHIA JIMHEMHbIX COOPYXKEHWM U OBBEKTOB TPAHCMOPTHOM
MHdpacTpyKTypbl. B npouecce pacnpoctpaHeHns ONTUHECKOro CUMrHana no BOSIHOBOAY MPOUCXOAMUT €ro M3MEHEHWe 13-3a AeWCTBUA Takux
}akTOpOB U ABNEHUI, KaK 3aTyXaHWe, AUCMEPCUA TPYMMOBbIX CKOpOCTer, ha3oBas caMoMoAynALumsA, pasoBas KpOCC-MOAYNALMSA, HYEeTbIpeX-
BOJIHOBOE CMeLUMBaHue, pacceaHne MaHaenblutaMa-bpunntosHa u apyrux HenuHenHbixX 3 dekToB. B gaHHOM paboTte nsyyaeTtcs BnuaHUe
OCHOBHbIX U3 YKa3aHHbIX ABMEHUMA HA CBETOBbIE UMMY/bChl Pa3NiNiHbIX GOPM U UX MOCIEA0BATENBHOCTU C LIENbIO BbIABIEHWA BO3MOXHO-
CTeN yBeNUYEHUs MOLLHOCTU CUFHaNa Ha BbIXOAE M3 BOJIOKOHHO-OMTUHECKON CUCTEMbI, CKOPOCTU Mepefadn AaHHbIX UK ANWHbI JIMHENR-
HOro TpaKTa MeXAy aKTMBHbIMW YCWIMBAIOLUMMM YCTPOMCTBAMMW. 3a[atOTCA aHANUTUHECKUE 3aBUCMMOCTU AnA orvbaroLlan onTU4ecKom
MOLLHOCTH, GOPMbl BXOAHOIO CUrHana Kak (pyHKLMUM BpEMEHU, SNIEKTPUHECKON HAMPAXKEHHOCTU 3N1eKTPOMArHUTHOrO MoJis CBETOBOW BOJI-
Hbl, KOTOPbIe 3aTeM YUCIIEHHO UCCNEeAYIOTCA B MPOrPaMMHO-BbIYUC/IUTENEHOM KOMMJIEKCE, MO3BOJAIOLLEM MOAENMPOBATh He TOMbKO Napa-
METPbl CUCTEMbI NEPeAa’n AaHHbIX, HO U HEMOCPeACTBeHHO duanyeckomn cpedbl. PaccMoTpeHbl WwecTb GpopM CBETOBLIX MMMYNIbCOB: Me-
aHAp, TPEYronbHUK, CUHYCOMAR, "Tpe3ebyLl”, rayCCOBCKMM MMMY/bC U FayCCOBCKWM UMMYNbC C YAPMOM. PaccMOTpeHb! ypaBHeHNs onucbiBa-
foLLMe MoBeAeHMe MPOTAXKEHHOrO BOJIHOBOAA NMPU MPOXOXAEHUM MO HEMY CBETOBOFO MMMYJbCa, COPMYNMPOBaHbI YC/IOBUA A4f1A UX pe-
LeHnsa U TpeboBaHNUA K MeTodaM OMpeAeneHna UCKOMbIX BEIMHMH AJ1A NMOC/EAYIOLLEro CPaBHEHUA C JaHHbIMU YUCSIEHHOrO MOAENNPOBa-
HusA. CAenaHbl Ka4eCTBeHHbIE BbIBOAbI O BIMAHUM HA XapaKTEPUCTMKMU BbIXOLHOTO UMMY/bCa YKa3aHHbIX NapaMeTpoOB BXOAHOMO CUrHana u
CBOWCTB CpeAbl pacnpocTpaHeHus. [onyyeHHble pesynbTaTbl MOTYT GbITb UCMONb30OBaHbI B CYLLIECTBYIOLUMX CUCTEMAX Nepefayn uHdopma-
LMW A4N1A YBENMYEHUsA UX MPOMYCKHOM CMOCOBHOCTM U B MPOEKTUPYEMbIX CUCTEMAX MOHUTOPUHIA ANA onpedeneHns AgecdopMaumii pasnmy-
HbIX MPOTMKEHHbIX UCKYCCTBEHHbIX COOPY>KEHUMN.

Knro4eeble cnoea: xo0Hol U 8bIx00HOU umnyinbc, U3SMEHEHUE anumeanocmu, oeu6arow,aﬂ CueHasna,
nClPGMemeI 0nNMuU4Y€eCK020 80J10KHa, XPOMGmU"ieCKGﬁ 0ucnepcun, 4acmomHbIU wupn, 80JIHO8bIE yPClSHEHUﬁ.
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Mathematical models of service-providing systems are widely used for evaluation qual-
ity of service in information and communication systems. An important factor affect-
ing service quality is reliability therefore it is desirable to take into account reliability
of equipment, i.e. failures and restorations of servers. When servers can fail, the num-
ber of operable servers is random. A number of publications devote to various service-
providing systems with unreliable servers but analysis of such systems is rather com-
plicated. Besides that, usually some constraints are imposed on a considered system.
On one hand, they concern an incoming flow and distribution of service time. On the
other hand, as a rule, failures and restorations of servers are regarded as independent,
restrictive assumptions are made about distributions of time between failures and
restoration time (very often they are considered as exponential). In many actual situ-
ations these assumptions are rather unrealistic. For example, dependence between
servers' states can be owing to failures of group equipment affecting simultaneously
several servers, common maintenance system, common set of spare parts, etc.

The method is proposed that allow for a wide class of service-providing systems to
obtain simple two-sided (lower and upper) bounds for measures of service quality con-
sidering reliability of servers. Distributions of time between failures and restoration
time can be arbitrary; servers' states can be statistically dependent. The basic assump-
tion is that the process of call servicing and the process of servers' failures and restora-
tions can be regarded as independent. The problem of such system analysis is divided
into two subproblems: calculation of an expected value for the number of operable
servers and analysis of the analogous system with absolutely reliable servers. The pro-
posed method is illustrated by an example.
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Introduction

The method is proposed that allow for a wide class of ser-
vice-providing systems to obtain simple two-sided (lower and
upper) bounds for measures of service quality considering relia-
bility of servers. Generally speaking, using of two-sided bounds
is well-known approach to reliability analysis of complex system
for which exact calculation is complicated [1]. When using the
proposed method, the problem is divided into two subproblems:
calculation of an expected value for the number of operable serv-
ers and analysis of the analogous system with absolutely reliable
servers. This method was briefly announced in [2].

Problem statement

Consider a system which serves calls (requests, demands) and
consists of N servers. They can fail and restore, so the number of
operable servers is a random variable that takes wvalues
0,1,..., N. Denote it by v. It is assumed that there exist a sta-
tionary probability distribution for v and we will consider the
system in the stationary state.

We assume that failures of servers are independent from their
engagement in call servicing and times between failures are
much larger than times between arrivals of calls. Then the pro-
cess of call servicing and the process of servers’ failures and
restorations can be approximately regarded as independent.

Service quality under the fixed input load depends on a num-
ber of operable servers & (k =0, 1, ..., N). Denote this depend-
ence by f{k). Characters of incoming flow and service can be
arbitrary. It is only necessary to have possibility to calculate val-
ues of the function fand this function should satisfy below-stated
requirements.

Assume that the measure of service quality is defined in such
a way that the greater its value, the higher (the better) quality.
This means that the function f is increasing and f(0)=0 Be-

sides, let the function f'is concave. These constrains are not very
restrictive.

Actually, if service quality is assessed with the probability of
call losses as it is accepted in teletraffic theory, then we can use
as a measure of service quality the probability of call being ser-
viced which is complementary for the loss probability. In a simi-
lar way other “unsuitable” measures can be replaced.

Concavity of f'corresponds to a saturation effect which usual-
ly takes place in practice. This means that the greater the number
of operating servers, the lesser the increment of a measure of
service quality due to increment this number by one. Neverthe-
less, the situation when the function f'is convex may be consid-
ered similarly but all inequalities should be replaced with re-
versed ones.

It is also assumed, that the function f can be extended for
non-integer values of the argument. To do this, one can use in-
terpolation formulas.

As an averaged measure of service quality y we take the ex-
pected value of f{v):

N

v=E[f("]=2 f(k)Plv =k} Q)
k=1

This approach to defining measures of service quality consid-

ering reliability of equipment is well-known. It corresponds to
general effectiveness evaluation methodology [1].

For instance, in such a way in ITU-T Recommendation E.550
[3] mean service accessibility (inaccessibility) was defined.

The direct calculation of y using (1) for large values of N is
cumbersome. Therefore, in the next section very simple lower
and upper bounds for y will be deduced. Their calculations do
not require knowledge of a distribution of the random variable v,
i.e. probabilities P{v =k} for all k=1, ..., N, but can be done

based on only the expected value v, = E(v).

Derivation of bounds
To obtain the lower bound, we use that for the concave func-
tion f its graph lies above the secant line, i.e. Vue[0,N]

f()=[f(N)/N]u. Therefore:

JS(N)

v =E[f(n)]2 N E(v)=

iy
N

To obtain the upper bound, we use Jensen's inequality in the
probabilistic form for concave functions [4]:

v =E[f(M]= fTEM)]=f(").

Combining both inequalities, we can write the resultant
bounds:

f(N}%éwﬁf(V.)- 2)

The ratio v, /N can be regarded as a dependability measure

called effectiveness retention ratio or efficiency ratio [4]. It is
used for complex systems in which failures of some elements can
lead to decreased capacity or performance, but not to complete
system failure (such systems were considered in [1, Chapter 8]).
It is denoted by K¢ and defined as the ratio of a value of a system
effectiveness measure to the rated value of this measure calculat-
ed under condition that failures do not occur. In the considered
case a mean number of operable servers can be used as a simple
measure of system effectiveness, and its rated value is N, there-

fore K, =v,/N.
Using this notation, the bounds (2) can be written as
Kul'f(‘\f')gwgf(Kci'N)' (3)

To find these bounds, one needs to know K. For its calcula-
tion, only servers’ availabilities A; are required. Indeed, let x; be
an indicator of ith server’s state: x, =1 if it is operable and
x; =0 otherwise (i.e. if it is failed); E(x,)=P{x, =1}=4..
Then

Vzix‘. and v, = E(V)ziE(x‘.)ziA‘. :
i=1 i=1 i=1

Therefore, K ¢ equals to an average server’s availability:

1 &
Kc[' - Af' ’
N i=l
If all servers are identical and the availability of each of them
is A, then K = 4,.
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An example

Consider a system serving calls with losses in which the
probability of call losses m being calculated with Erlang loss (or
Erlang B) formula:

* [kt

2.

i=0

where y is an input load and k is the number of servers.

Let N =480 and y = 480 Erlangs. If we suppose servers be-
ing absolutely reliable, then 7 = By, N) = 0.74%.

Suppose now that all N servers are divided into several
groups and there are three kinds of failures in the system: 1)
complete failures affecting simultaneously all N servers; 2) group
failures affecting simultaneously all servers of a group; 3) single
failures each of them affects only one server. Therefore, states of
servers are not independent and the distribution of the number of
operable servers is rather complicated. Nevertheless, the effec-
tiveness retention ratio can be easily calculated, as it is equal to
an availability of an arbitrary server in the system with respect to
all kinds of failures. If we denote availabilities for complete,
group and single failures 4., A, and A, respectively, then
K. =A4,A4A,.

Let, for instance,

4.=099999, 4,=0.99981,
A, =0.9982, then K . =0.99999-0.99981-0.9982 ~ 0.998.

To obtain bounds for the probability of call losses 7 consider-
ing reliability of servers, we take f(k)=1-B(y,k), so

COMMUNICATIONS

. =1—\. The Erlang B formula (4) is decreasing and convex in
k [6], therefore one’s complement for it ffk) is increasing and
concave, f(0)=0.

Using (3), we get:

0.998-[ 1- B(480,450)] <y <1- B(0.998-480,450) =
= 1- B(479.04,450).

Calculation of loss probability (4) for non-integer values &
can be done with Jagerman’s interpolation formula [7].

After calculations, we get 0.9906 <y <0.9921, therefore
the probability of call losses lies between 0.79% and 0.94%.
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AHHOTaUMUA

[NpeanoxeH MeToA, MO3BONAIOLLMIA ANIA LUMPOKOTrO Kacca CUCTEM MaCCOBOrO OBCYXKMBaHMUA MOJTy4UTb MPOCTbIE ABYCTOPOHHUE (HWKHIOKO
U BEPXHIOIO) OLIEHKM Asisl MoKasaTenei KayecTBa 06CyKMBaHUA C y4eTOM HaAeXHOCTM obcnyxuBatoLmx npubopos. Pacnpeaenenus Bpe-
MEeHW MexZy OTKa3aMu U BPEMEHU BOCCTAHOBNEHUA MOTYT GbiTb MPOU3BOSbHBIMU, COCTOAHWA NPUBGOPOB MOrYT BbITb CTATUCTUYECKM 32BU-
cMbiMU. OCHOBHOE MpEeANOosIOKEHNE COCTOUT B TOM, YTO NpoLiecc obCy>K1BaHUA 3aBOK U MPOLIECC OTKA30B M BOCCTaHOBMIEHWM Npubo-
pOB MOryT 6bITb paccMOTpeHbl Kak He3aBUCHUMble. 3aZjada aHanm3a Takon CUCTeMbl pa3buBaeTCA Ha ABe MOA3aJadn: pacyeT MaTeMaTuyec-
KOro oXuAaHua yncna paboTocnocobHbIX NpUGOPOB M aHaNM3 aHaNOrMYHOM CUCTEMbI C aBCOMOTHO HafeXHbIMM Npubopamu. MNpeasno-
)KEHHbI METOZ UIFOCTPUPYETCA MPUMEPOM.
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Object of research of this article are processes of aggregation of traffic in means of crypto-
graphic information security of the protected corporate multiservice communication network.
The purpose of article is improvement of the existing mathematical models of knot of grouping
applied at estimation of the required channel resource of network to an upkeep of the offered
loading with the required quality "from the end in the end" in the direction of taking note of
funds of cryptographic information security for parameters of the traffic generated by a termi-
nal terminal inventory. The methodological basis of the conducted research was made by a sta-
tistical analysis of parameters of traffic before passing of the procedure of enciphering, separate
provisions of the theory of scheduling of an experiment and network calculations. The experi-
mental data of an accessible delay of processing of packages in the boundary router when using
of the existing mathematical models of knot of grouping which are based on the theory of the
determined network calculation for calculation of the required channel resource are presented
in article. Inadequate functioning of these models in the protected corporate multiservice com-
munication network is proved: at aggregation of traffic of IP-telephony the actual and accessible
delay exceeds demanded, at aggregation of traffic of video telephony the allocated channel
resource is overestimated. The parameter estimation of data flows is made

IP-telephony and video telephony at their aggregation in cryptotunnels on an entrance and an
exit of means of cryptographic information security. Technical restriction of a possibility of real-
ization of architecture of IntServ in network of access and differentiated upkeep of DiffServ in
transport network of the protected corporate multiservice communication network because of
enciphering of office information of the alarm RSVP protocol is proved. The advanced mathe-
matical model of knot of grouping considering in injected correction factors influence of the
applied funds of cryptographic information security for peak, average transfer rates of data,
lengths of the generated packages is offered. In the conclusion conclusions are drawn on need of
development on the basis of received on mathematical model dependences of a control algo-
rithm of the admission of data flows in the cryptotunnel taking into account their priority that
will allow to use as much as possible in overload conditions the rented channel resource.
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Introduction

Taking into account the existing world geopolitical situation,
the progressive growth of the number of computer attacks on
information resources of state and private organizations, the
deployment of secure corporate multiservice communication
networks (SCMCN), as well as their modernization in the
direction of providing modern infocommunication services, is
one of the most urgent objective problems [1-4].

Currently, SCMCN the are virtual private networks with a
two-tier architecture: a transport network and access networks
(Figure 1), at the border of which the means of cryptographic
information security (MCIS) are installed, functioning, as a rule,
in the tunneling mode of data [5, 6].

With such a SCMCN architecture, it is economically feasible
to lease the channel resource of the transport network, as a rule,
IP / MPLS technologies from the operators of the Unified Tele-
communications Network of the Russian Federation [7].

In order to limit admission to commercial secrecy, the
maintenance (configuration) of terminal, switching and server
network equipment, as well as MCIS, is performed by the com-
pany's own IT divisions [8-10].

In a number of analyzed works [8, 10, 11] it is proved that the
main advantages of using MCIS in the tunnel mode include min-
imization of economic costs for the creation of a protected in-

formation space of the organization through the use of

cryptoscilluses, as well as the ability to manage the channel re-
source (CR), prioritization of traffic, admission of data streams
to the network, routing and filtering.

The operation of the complex IPSec encryption protocol is
based on complete overlapping of the authentication header and

IntServ region -
access network
ZKMSS

Video-over-IP
epenaya
AHHBIX

DiffServ region-transport
network with packet
switching MSC
Rn i
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the encapsulated data field, adding service information to the
data packets and introducing additional delay in processing them
in the MCIS.

Despite the listed advantages of the tunnel mode, the most
significant disadvantages inherent in it are the aggregation of
encrypted data streams in cryptotunnels, the encryption of the
useful data of the Resource Reservation Protocol (RSVP) of the
IntServ architecture [12].

At the border routers of the transport network of the
SCMCN, the identification of the type of service provided, the
number of established communication sessions, the internal IP
addresses of the sender and receiver terminals becomes impossi-
ble, except for the identification of the cryptotunnels by the ex-
ternal (open) IP addresses of the MCIS.

The above features of the construction and operation of the
SCMCN do not allow to realize end-to-end quality of service
(QS), flexible traffic management and dynamic loading of leased
communication channels due to the implementation of the archi-
tecture of integro-differentiated services [13].

In that case trough QS daft flows on real time (DFRT) are
currently possible only through the use of the IntServ architec-
ture in the access network to the MCIS and the differentiated
services of DiffServ [14] in the transport network of the
SCMCN.

The analysis of sources [3, 14-16] showed that the mecha-
nisms QS of DiffServ architecture, which implement the func-
tions of traffic shaping and queue scheduling ("a basket with
markers", a "bucket bucket") are static and inconsistent with each
other.

IntSery region-
access network ZKMSS

. epenaia
JIAHHbIX

Figure 1. Generalized scheme for building a secure corporate multiservice communication network
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Figure 2. Structural logic diagram of the process of converting user data in the cryptotunnel
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In order to provide the required level of QS DFRT, network
administrators are forced to configure them for the peak possible
load, and their adaptation to traffic congestion is possible only
through administrative reconfiguration, which may entail a de-
crease in the quality of service provision, and thus lead to a low
degree of use of expensive rented CR as a whole. For example,
statistics on the congestion of leased transport channels during
the day, for example, SCMCN public joint stock cjmpany joint
stock bank (PJSC JSB) "Avangard" of the Central Federal Dis-
trict of the Russian Federation in graphical form is represented
by the diagram in Figure 3.

R, Gigabit per second

il i

6.30- 7.30- 8.30- 9.00- 9.30- 10.15-11.15-12.15-13.00-14.00-15.00-16.00-17.00-18.00-19.00-20.00-
7.30 830 9.00 930 10.15 11.1512.15 13.00 14.00 15.00 16.00 17.00 18.00 15.00 20.00 21.00

Time in hours

Figure 3. Degree of congestion of leased communication channels
of transport network SCMCN PJSC JSB "Avangard"

Summarizing the above, the conclusion follows that studies
aimed at increasing the level of use CR of the transport level of
the SCMCN with ensuring the guaranteed level of the QS of the
DFRT are undoubtedly relevant. At the initial stage, it is required
to develop and implement in the network equipment of the
transport network of the SCMCN the means of estimating the
required CR, taking into account the traffic aggregation process-
es in the cryptunnels.

Analysis of the research subject area

At present, the problem of ensuring the quality of the provid-
ed real-time services in IP / MPLS VPN networks has been vir-
tually eliminated, thanks to a deep and comprehensive study by
domestic and foreign scientists such as Goldstein BS,
Kucheryavy AE, Stepanov SN, Yanovsky G. G., Georgadis L.,
Vegeshna Sh, Kruz RL, Clark D., Parekh AK and many other,
practical problems arising in practice from admissions manage-
ment to routing tasks with the fulfillment of the declared re-
quirements regarding the maximum permissible level of QS data
streams in terms of the maximum packet processing latency,
jitter and the probability of packet loss "from end to end", regu-
lated by the ITU-T Recommendation Y.1540, Y.1541 [17, 18].

At the same time, it is objectively clear that it is impossible to
solve traffic management tasks that allow to increase the degree
of utilization of the transport resource of the SCMCN without
using models for estimating the required CR for servicing the
incoming load with the required quality.

So, based on the theory of deterministic network calculus,
mathematical models (MM) have been developed and presented
in ITU-T Y.1391 normative documents and RFC 3175 recom-
mendations that allow to describe the behavior of a grouped data
stream at the output of a network device and estimate the re-
quired CR for servicing incoming packets i-th stream data with

guarantee of reaching the upper delay ¢

may ;(accessible) not

exceeding the required I (req).

Generally, within this theory, the incoming flow is limited to
the determined piecewise linear function called by function of an
incoming flow. At the maximal size of a package of data i-th of a
stream (byte) known peak (Bps), the average speed of oscillation
of blocks of these (Bps) and the allocated size of the buffer
("basket") (bytes), in communication networks with switching of
packages and the realized function of formation of traffic "a bas-
ket with markers" function of an incoming flow is described by
expression:

Lf'+pt'f f{bi_Li
Pi—h
A;(1)= b1 p>r,
bij+rt t>2-+—
pPi—n

and an output stream of the function of an upkeep determin-
ing the minimum volume of the data transferred to a communica-
tion channel during t:

Wi(t) = R;(t - rde[ayi)s

where R; — the share of a channel capacity of k-th of a commu-
nication channel with a channel capacity R; (Bps) allocated for

. n . .
data flow i-th ( Ry < Z R; )y tdealyi ~ a delay time in an upkeep
i=l
of the entered package of data, (s).
Volume characteristics of data flows at the traffic shaper exit
"a basket with markers" of the SCMCN network device in graph-
ic are displayed as follows.

A Byte

A;{!) W;(f)

~Y

t g BR
dealyi rmaxi

Figure 4. Graphical representation of volume characteristics
of data flows at the exit of the SCMCN network device

Use of an algorithm "basket with markers" is caused by need
of application any actions (dumping or marking) only to packag-
es which do not correspond to the stated profile, at the same time
conformal packages pass without importation of a padding delay
[15, 16].
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At the exit of network devices treat advantages of the offered
mathematical apparatus of the description of parameters of traffic
minimum time of calculation of the required CR that is especial-
ly important by traffic control development of systems where the
intensity of receipt of applications for an upkeep and require-
ments by the time of access to resources of the SCMCN transport
network does not allow to use the difficult analytical expressions
in the computing plan without the significant increase in effi-
ciency of processors.

At the solution of a problem of providing the top delay of

processing of packages in the boundary router (BR) ,r in the

axi
assumption that the mechanism of an upkeep is reallzed on the
basis of one of schedulers of the class WFQ in each router on the
way of transfer, the delay for i-th stream should not exceed the
value counted on expression:

BR "ma*(.-(re‘;) =2l
maxi — 2

!

Where f:ﬁ:f\

channel R, capacity of a communication channel (Bps), at in-

z it is provided due to reservation of a share of a

jected assumptions on the invariance of a delay of transfer of a
package on channel & of communication of SCMCN ¢, (s), a

delay of processing of a package of MTU of a package in a
MCIS II'mn.- ( )

Proceeding from the approach presented in [20, 21] on the
basis of the known functions of receipt and an upkeep it can be
calculated on expression:

b —L)pi—R) | 2L; | Ly ’

pi>Ri>n,
(BR_ Ri(pi—1) R Ry ()
maxi —
2L1+LH?H|‘ Rl>pi>}:"
R: k

The effect in a resources consumption at a group upkeep of
data flows will be observed only at reservation for each stream of
CR focused on efficient transfer rate of data i.e. when performing
a condition: p; > R; > r;

Within the direction of a research on the basis of expression
(1) it is required to solve the inverse problem at the given
Inax (T€Q) it is required to estimate the necessary CR for an

upkeep of the offered loading allocated for BR:

b; - L;
pi — Li+ Lypgy,
Ri=—B=
’ fBR R (. b L me
max i
pi—r Ry

The analysis of structure of SCMCN showed that in a MCIS
grouping of streams in the common stream of the cryptotunnel
by transfer and division into substreams on reception is imple-
mented. For the analytical description of the grouped stream en-
tering from output port of a network element we will use the
concept of a characterization of traffic of group streams present-
ed to RFC 2216 [22] according to which n sum (i=1,... n) the

COMMUNICATIONS

streams which underwent the procedure of formation of traffic is
described by the cooperative function of receipt (CFR):

ibf-—max(lf)
t<i |

max (L; )+ Zﬂ s —
2Pi-2h ()
=1 i=1

-

Acrr (1) =1 g

> by —max(L;)
n n
DRI
i=l

L i=l

n n
b+t

i=l i=l

Expression (2) allows to describe the worst case of oscillation
of traffic of n sources on the basis of which becomes possible to
calculate the required channel capacity for n-streams taking into

account pl‘O\*!dl]’lg mlnfBR

max i
QS.
For the grouped data flows are developed for estimation of
the required CR model of the isolated upkeep of data flows (ex-

pression 3) and model of a group upkeep of data flows on the
basis of CFR (expression 4) [22]:

from all entered requirements to

| E i f; +max(L;)+ Ly, 3)
R;soi (”) Z Pi= >
o BR L Oim L) Ly
maxi T
(Pi=r) Ry
n zbf - maX(LI)
Z »; :=t”— +max(L;)+ L,
_‘ = 2= o
RCFR (n)= = n ,
Zbﬂ. —max(L;)
min(;BR )+ i=1 miu
max i Z Ry

Y(pi—n)
i=1

where max(Z;) — the maximal length of the generated package

BR)

of the sources given from n, mm(’max:‘

— minimum required
delay to processing of a package in BR among n of data flows.

The pilot study of adequacy of application
of mathematical models of the guaranteed
upkeep of data flows of real time

With a research objective of applicability of the existing
mathematical models within the research assessment of parame-
ters of the traffic of 1P-telephony and video telephony generated
by the terminal inventory used in SCMCN is made.

For what the natural experiment which scheme is submitted
in the figure 5 was made.

—e . ————
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Figure 5. The experimental stand for a research of parameters
of the traffic generated by a terminal inventory

The statistical analysis of parameters of traffic allowed to de-
fine numerical values of parameters of peak and average transfer
rate (table 1), lengths of the generated packages and an
interpackage interval (figure 6).

Using the obtained statistical data (table 1), the generator of
traffic of IXIA XM 12 created test loading. The emulator of
ANUE Network Emulator IP channels brought a delay of pro-
cessing of packages, the reference to a transport segment of
SCMCN. The generated loading comes on an upkeep to
IP/MPLS the boundary Cisco ASR 1002 router. The stand used
for carrying out an experiment is presented in the figure 7.
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The total flow of data when grouping was investigated 100
streams of [P-telephony and 40 streams of video telephony that
corresponds to full-load characteristics of federal level SCMCN
PISC JSB Avangard. As the studied parameter the maximal de-
lay of processing of a package in the boundary router at selection
of CR estimated on the existing MM acted.

Table 1
Numerical values of parameters of traffic
Values of the broadcast parameters in requests
for reservation of CR at rendering of services
Video over IP
(H.263 4 CIF) VoIP (G.711)
Tandberg Codian MCU Terminal Cisco 7912G
4205
p:-s bi” }‘fs L!s pf‘ b‘,s }",! Lj"
mbps| kb | mbps | byte | kbps | kb | kbps | byte
Fromthe | » 1 18000 | 0,87 |1346| 112 |8000| 96 | 214
terminal

Results of calculation of the required CR when grouping
100 speech and 40 video streams are presented in the figure 8.
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Figure 6. Histograms of lengths of packages and an interpackage interval at the exit of IP phone and video terminal
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Figure 7. The block diagram of the experimental stand of a segment
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Figure 8. Estimated values of the required channel resource
for an upkeep of the grouped stream without taking note of a MCIS:
a) [P-telephony and b) video telephony

The estimated maximal values of an accessible delay for traf-
fic of IP-telephony and video telephony and also the curve con-
necting their mean values are presented in the figure 9.

From the submitted schedules it is possible to draw a conclu-
sion that when providing service of IP-telephony the required

delay of processing of packages in BR fg‘:x ,(req) = Smc, is not

provided, and when providing service of video telephony the QS
given level is provided due to reservation of the resource exceed-
ing peak accessible transfer rate of data.

A result of an experiment demonstrates discrepancy of speed
of receipt of packages of speed of their upkeep: in case of the
former the allocated CR is less than peak transfer rate, in the
second — exceeds it.

COMMUNICATIONS
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Figure 9. Results of estimation of a maximal and accessible delay of
processing of a package in the SCMCN boundary router when granting
a) the protected IP-telephony, b) the protected video telephony

Thus, the conducted pilot studies allow to draw a conclusion
on lack of a suitable mathematical apparatus of estimation of the
required CR for an upkeep of the offered dynamically changing
loading that does not allow to use them in SCMCN and by that to
realize architecture of an integro-differentiated upkeep, and as a
result dynamically to operate loading of a channel resource.

Improvement of the mathematical model of knot
of grouping considering influence of means
of cryptographic information security

Permission of the developed contradiction is promoted by
improvement of the existing MM in the direction of accounting
of processes of aggregation of traffic in cryptotunnels and influ-
ences of the applied MCIS s on volume and time characteristics
of the transferred traffic.

At the solution of this task the restrictions and assumptions
which are not changing physical sense of the processes proceed-
ing in SCMCN are defined:

1) parameters of functioning speech and video of codecs of a
terminal inventory of SCMCN are constant. Speech codecs
G. 711, standard of coding of video H. 264th format of coding
4 CIF.

—e . —————
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2) the delay of the rented communication channels and their
channel capacity does not change:

Vk e{K} |ty =const U Ry =const

3) between the interacting MCIS s only one cryptotunnel is
installed;

4) the maximal delay of processing of MTU of a package in a
MCIS does not change at increase in load of a cryptocore:

*
toy = CONSE S

5) on all objects of SCMCN the MCIS "Kontinent /PC-25" or
its analog is used;

6) algorithms "basket of markers" are applied to formation of
traffic in all SCMCN routers 7h; = ( 7:,b;, pis Li)

7) the scheme of creation of SCMCN does not differ from
the-level architecture offered two with one MCIS and one
boundary router (figure 1);

8) in cryptotunnels only the homogeneous data flows are ag-
gregated;

9) losses of packages do not arise in SCMCN because of the
terminating size of buffers;

10) in all network devices WFQ algorithm acts as the sched-
uler of an upkeep of packages;

For identification of influence of a MCIS on parameters of
traffic the natural experiment was made the block diagram is
submitted in the figure 10.

As a result of carrying out an experiment the software of
WireShark is carried out informally precise observations: time of
emergence of a package at the MCIS exit is fixed (time of pro-
cessing of a package in the switchboard is not considered since
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the switchboard functions in the mirrorings mode of ports, with-
out importation of a padding delay on processing of packages).

[ Video terminal | ~ Video terminal
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MCU4205 ™~ [pC25 PC 25 1 MCUA4205
H. 264/4CIF @ | Ethemnet 100 Mbps ! @ @
IP-phone ’ - ™~ .’P-i:lhime
Cisco 112G [ T Ciseo 19126
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| WireShark

Figure 10. The experimental stand for a research of influence of a
MCIS on parameters of the traffic generated by a terminal inventory

The received values of the broadcast traffic parameters after
passing of a MCIS are presented in table 2, histograms of lengths
of the generated packages and an interpackage interval in the
figure 11.

Table 2

Numerical values of parameters of traffic at the CIPF exit

Values of the broadcast parameters in requests

for reservation of CR at rendering of services
Video over IP (H.263 4 CIF) VoIP (G.711)
Tandberg Codian MCU 4205 Terminal Cisco 7912G

pf‘ bj, f}', Lj."s pl.', b"s F}-, L‘;»
mbps | kb [ mbps | byte | kbps | kb | kbps | byte
At the
MCIS exit 1,74 |8000| 1,22 |1392] 126 | 8000 | 107 | 254
100
F 3 13-17 datablock size
a0
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Figure 11. Histograms of lengths of packages and an interpackage interval at the exit of a MCIS of a data flow of IP-telephony and video telephony
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The made experiment allowed to reveal influence of a MCIS ~ ;54R, c
on parameters of average and peak transfer rates of traffic in the 13'_5 Z
enciphering mode, numerical values of the studied parameters 1 =
necessary for setup of shapers of traffic on the subsequent net- 10! =
work devices which are in on the direction "from the end in the J <
end" which can be considered in a MCIS with the help correction @ A
factors of parameters of peak transfer rate of the MCIS s given at 7 -
the exit ¢ —average speed — ¢ changes of lengths of the gen- :
erated packages —y ¢ i3
Taking note of a MCIS on parameters of the generated traffic 38 P
allows to improve the existing MM in the direction of accounting 23
of change of lengths of the generated pacl::ages, peak and average i e
transfer rate of data, delays of processing of packages in the Cqu/ !“_r'FE
course of enciphering of traffic will take the following form. 51015 20 25 30 35 40 45 50 5 60 65 70 75 80 65 0 %5 100
Rix: - encoded audio stream (tzn =5 ms3)
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' b —y.L; » GsP > Pslic AR, M6HT/c
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a5 p; — Pt o
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b —ysLi £ =~
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asp; = Pyt k 3 -
ns ==
A g —RY 2v.L 25 =
(bg hL;)(asP, i')+ 7,;[1 +M, a.p; >Ry > Bir;, 1312
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Imaxi = 2wl L 151 1 A
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—L LS max(y L)+ L Figure 12. Assessment of the required channel resource for an upkeep
n YsPi st mtu ki) :
RfSOf ( n) — Z (ap; — ﬁsrf ) of the grouped stream taking into account influence of a MCIS
Iy = 5 : BR " ( bj — s L) L ’ a) IP-telephony and b) video telephony with the given delay
- maxi il
(agpi—PBsr;) Ry
At setup of shapers of traffic of BR and MCIS for the re-
i ceived traffic parameters, results of a maximal and accessible
i be —max(y,L;) delay of processing of packages estimated at the SCMCN exper-
20 p; E—————+ma(y,L;) + Ly, imental stand (figure 8) are presented in the figure 13.
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Figure 13. Results of estimation of a maximal and accessible delay
of processing of a package in the SCMCN boundary router when
granting and) the protected IP-telephony,

b) the protected video telephony

The pilot studies of the developed model showed a possibility
of obtaining adequate results at estimation of the required CR for
an upkeep of the entering loading with the required quality that
demonstrates achievement of a stated purpose of the real re-
search.

Conclusions

Efficient functioning of a control system of SCMCN traffic
substantially depends on accuracy of estimation of the required
CR of network for an upkeep of the grouped stream in transport
network of switching of packages after a MCIS.

During the preliminary researches and as a result of model
operation it is shown that at the isolated upkeep of data flows in
a segment of network of access with IntServ the solution of a
task guaranteed QS best is implemented on the basis of the
known model of service of the guaranteed upkeep of DFRT. This
model is based on use of schedulers of WFQ "with transfer rate
monitoring" which are introduced in the existing DiffServ seg-
ment BR. Data flows after enciphering are transferred as the
grouped stream. Resources for its upkeep can be calculated on
the basis of improved by grouping knot MM.
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AHHOTauuA

[MpeaMeToM nccnefoBaHMA AaHHONM CTaTby ABMIAIOTCA MPOLLECCh] arperaunn Tpaduka B CpeAcTBaX KpUNTOrpapuueckom 3almtbl MHpOPMALIMK 3aLUMULLEHHOM
KOPMOPaTMBHOWM MyNbTUCEPBUCHOW ceTu cBA3u. Llenbto cTaTbu sABNAETCA yCOBEPLUEHCTBOBAHUE CYLLECTBYIOLLMX MAaTEMAaTUYECKUX MOZENEN y3na rpynnupo-
BaHWsA, MPUMEHAEMbIX MPU OLiEHUBaHUM TPeByeMOro KaHasbHOrO pecypca cetv AJisi 06Cny)KBaHWUA NMPEANIOXKEHHON Harpy3ku ¢ TpebyeMbIM KayecTBoM "u3
KOHLa B KOHel" B HanpaBfieHUM y4eTa BUAHUA CPEACTB KpUMTOrpadpryeckomn 3almTbl MHPOPMaLMK Ha NapaMeTpbl TpaduKa, reHepUpYEMOro OKOHeYHbIM
TepMUHanbHbIM 06opyAoBaHueM. MeTogonornyeckyto OCHOBY NMPOBOAMMOIO UCCIEAOBAHWA COCTABUST CTATUCTUYECKMI aHanM3 napaMeTpos Tpaduka Ao v
rocrnie NPOXOoXAeHUsA NpoLeaypbl LNGPOBaHWA, OTAEMNbHbIE MOMOXKEHWA TEOPUM MIAHUPOBAHUA SKCMIEPUMEHTA M CETEBbIX UcHMCIeHNit. B cTaTbe npeacTas-
JieHbl SKCMEPUMEHTasbHbIE AaHHbIE AOCTWKUMOW 3aep>Kku 06paboTKy NaKeTOB B MOrPaHUYHOM MapLLPYTU3aTOPE MpY UCMOMb30BaHNM CyLLECTBYIOLMX Ma-
TEMaTUYECKUX MOAENEN y3na rpynnupoBaHns, 6a3vpyroLUMXca Ha TEOPUU AETEPMUHUPOBAHHOTO CETEBOrO UCHUCNIEHUA, AN1A pacyeTa TpebyeMoro KaHasb-
Horo pecypca. [lokazaHo HeafekBaTHoe (PYHKLMOHMPOBAHWE AaHHbIX MOAENEN B 3aLUMLLEHHON KOPMOPATUMBHOM MYNbTUCEPBUCHOM CETU CBA3W: MPU arpe-
raumu Tpaduka IP-tenedponnmn peanbHo-gocTRMMAnA 3aepKKa NPEBbILLIAET TpebyeMyto, Npy arperaumu Tpaduka BugeoTenepoHnmn BblAENAEMbIN KaHasb-
HbI pecypc OKa3bIBaeTCA 3aBblLEHHbIM. [pon3BeeHO oLeHMBaHWE MapaMeTpPoOB MOTOKOB AaHHbIX |P-TenecdoHunmn n BugeotenecdoHnmn npu ux arperaumm B
KPUMTOTYHHENAX Ha BXOAE U BbIXOAE CPEACTB KpunTorpaduyieckon 3awmtbl MHbopmaumn. [lokasaHo TEXHUHECKOE OrpaHUYEHNE BOZMOXKHOCTU peannsa-
umu apxutekTyp IntServ B cetn goctyna u auddepeHumposaHHoro obcnyxusanusa DiffServ B TpaHCMOpTHOM ceTH 3alLWLLEHHON KOPMOPATUBHOM MyNbTU-
CEPBUCHON CETU CBA3W M3-32 LUMPPOBAHUA Cry>KeOGHOM MHPOpMaLmK curHanbHoro npotokona RSVP. NpeanoxeHa ycoBepLueHCTBOBaHHAA MaTeMaTU4ecKas
MoZenb y3fia rpynnupoBaHus, y4uTbiBatoLLias B BBEAEHHbIX MOMPaBOYHbIX KO3phULMEHTAX BANUAHWE MPUMEHAEMbIX CPEACTB KPUNTOrpadUUECcKon 3aLuThbi
MHGOPMaLMK Ha NMUKOBYIO, CPEAHIOID CKOPOCTU MepeAayn AaHHbIX, AJIMHbI FEHEpUPYEMbIX MakeToB. B 3akntoveHun chenaHbl BbIBOAbI O HEOBXOAUMOCTH
pa3paboTku Ha OCHOBE MOJTyYEHHbIX Ha MAaTEMATUHECKON MOZENN 3aBUCMMOCTAX afirOpUTMa YMpaBieHWs AOMYCKOM MOTOKOB AaHHbIX B KPUMTOTYHHENb C
YYETOM UX MPUOPUTETHOCTU, YTO MO3BOSUT B YCIIOBUAX MEPErpy3KU MaKCMMasIbHO UCMONb30BaTb apPEHAYEMbIN KaHasbHbIN pecypc.

Knioueeble cnoea: 3auwuuwieHHas KopnopamueHas MySbmucCepeUCHds cemb C6A3U, NOmMOKU OdHHbIX PeanbHo20 epemeHu, Aocmyn NOmMoKos OdHHbIX,
MpaHcnopmHaa cemb C KOMMymauuel NaKemos, Ka4ecmeo 06C/Ty)KU8AHUA, KPunmomyHHe b, chedcmea kpunmozpacpuyeckoll 3auums! UHgopmauuu.
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TPAHCIOPT

TRANSPORT OF

POCCHHU RUSSIA

"TPAHCIMOPTHAS HEAEJA-2018"
17 -22 HOSIEPS, MOCKBA

C 17 no 22 Hosbps B Mockse B paMKax exerogHoit "TpaHcnopTHoOM
HeAenu'" CoCTOWUTCA pAA KPYMHEMLMX AEMOBbIX U KyNbTYpHbIX COBbITHI
OTpac/iu, cpeau KOTOpbIX:

- Xl MexayHapopHbiit dopyM "Tpatcnopt Poccun”

- XlI MexayHapogHas Bbictaska "Tpaxcnopt Poccun”

- X O6bwepoccuiickan cnapTakuaga CTyAEHTOB TPAHCMOPTHbIX BbIC-
LIMX y4ebHbIX 3aBesieHuit

— Bcepoccuitckuit dectuBanb TBOpYECTBa CTYAEHTOB TPaHCMOPTHBIX
BbICLLMX y4ebHbIX 3aBefenuit "TpaHcnAPT"

- MexayHapogHbiin koHrpecc "Road Traffic-2018. Opranusauus go-
POXHOro ABWKeHUs"

- 3acefaHus MeXMNPaBUTENbCTBEHHbIX OPraHW3aLMii Mo BOMPOCaM
B3aMMogencTBMA B 061acTM TpaHcnopTa

- V HauuoHanbHas npeMus 3a AOCTVXKeHUA B 06BNacTy TpaHCMopTa v
TpaHCMopTHOM MHpacTpykTypbl "®opmMyna AsvxeHus".

Xl MexayHapoaHbii dopyM 1 BbicTaka "TpaHcnopt Pocecun" npoii-
AyT 20-22 Hosbpsa 2018 roga Ha Tepputopuu koMnnekca “lOCTUHbIN
[Oeop". Kntouyesble Meponpusatua "TpaHcropTHoi Heaenn" nposoasaTcs B
coOoTBEeTCTBUM C pacniopsxeHueM [Mpasutenbctea Poccuitckoit Deaepauun
Ne 1903-p ot 10 ceHtabpa 2016 r. v HaueneHbl Ha 06CyXAeHWe aKTyanb-
HbIX BOTMPOCOB Pa3sBUTUA OTPAC/M U COBEPLUEHCTBOBAHWE rOCyAapCTBEH-
HOM MOMUTUKM B 0BNACTW TPaHCMOpTa.

B sTom rogy rnaeHow TeMoi ¢dopyMa craHet "TpaHcrnopt Poccum.
FopusoHT 2035". B pamkax nneHapHom Auckyccum GyAet npejcTaBneHa
aKTyanusupoBaHHas TpaHcrnopTHaa ctpaterusa Poccuiickoit Pepepaumm Ha
nepuoa Ao 2035 ropa, koTopas onpeAenuT NepcrekTUBbI PasBUTUA BCEro
TPaHCMOPTHOTO KOMMIEKCa CTPaHbl Ha GnnKaiilumne roabl.

MaclutabHan 3KCNO3WLMA MPOAEMOHCTPUPYET OMbIT peanusauum
KPYMHEMLLMX UHPPACTPYKTYPHbIX MPOEKTOB B pernoHax Poccun u Hoeeit-
ne pa3paboTku oTevecTBEHHbIX U 3apybexHbix npoussogutenei. Oc-
HOBHbIE TeMaTU4eckue paszenbl BbICTaBKU: MOPCKOM U PE4HOMN TPaHCMOPT,
rPOXAaHCKas aBUaLMsA, JOPOXKHOE XO3ANCTBO, JKeNe3Hble JOPOru, perno-
Hbl, 6e30MacHOCTb, CBA3b U MHPOPMALIMOHHbIE TexHonorun. Cpeay HoBU-
HOK — nabopaTtopus WHHOBALMiA, MOCBALLEHHAA APKUM U HECTaHAPTHBIM
pellieHusM B cepe TpaHCropTa.

B 2017 rogy B pabote X| MexayHapogHoro ¢opyMa W BbICTaBKM
"Tpancnopt Poccun' npunsanm yuactue 3000 generatos nz 905 koMnaHuim,
npeAcTaBnAloWMX 32 CTpaHbl GnvKHEro M fJanbHero 3apybexes. Mepo-
npuaTua nocetuno 6onee 8000 yenosek. Ha BbicTaBke CBOM MPOEKTbI
npeactasunu |20 koMnaHuit-skcnoHeHToB. bbino nposeaeHo 37 AenoBbix
¢dopmatos ¢ yyactveM 350 goknagumKos.

C 2014 roga HaumoHanbHas npemus "@opmyna [svxeHus" npucyx-
[AeTCA NyYLMM MPOEKTaM TPaHCMOPTHOM OTPAciM Cpasy B HECKOMbKUX
HOMMHALMAX, MOCBALLEHHbIX MHPPACTPYKTYPE, NACCAKUPCKOIA U rPy30BOA
NIOTUCTUKE, MHHOBaUMAM M PR-akTMBHOCTAM.

ExerogHo B Poccun peanusyertca MHOXecTBO npoektoB B chepe
TPAHCMOPTa MO BHEZPEHMIO 3EKTPOHHBIX CUCTEM PasHOrO YPOBHA CIIOX-
HOCTU, TaKMX KaK BecnunoTHble TPAHCMOPTHbIE CPEACTBA, UCKYCCTBEHHbIN
WHTennekT u Ap. B cBA3n ¢ 31M tobuneitHan MNpemua B 3TOM rogy npea-
CTaBnsIeT HOBYIO HOMMHaumto — "JTydluee pelueHue B obnactv uugpoeu-
3aumm TpaHcnopTa”.

Ons nopaum 3assku 3a conckanmne MMpeMun HeOBGXOAMMO 3aMONHUTL
¢dopmMy Ha MHTepHeT-caitTe www.transweek.ru B pasgene "lMpemua” u ot-
npasuTb ee B aapec VcnonH1TenbHOM AMPeKLMM MO 31EKTPOHHOM MovTe
nb@bd-event.ru. 3anonHeHHan popMa 1 npunaraembie K Heil MaTepuanbl
npunmmMatotca go |8 okrabpsa 2018r.

Yuyactue B Mpemun GecnnatHoe.

Mopatb 3asABKY MOryT opraHusauuu, paboTatolime B TPaHCMOPTHOM
oTpacny, a Takxe cybbekTbl Poccuiickoin Degepaumn. B koHkypce yyact-
BYIOT TOJIbKO PEaNU30BaHHbIe MPOEKTI, MU YCITYTH, MOy MUBLUME NPAKTU-
yeckoe npuMeHeHmne B cepe TpaHcnopta B 2017-2018 rr. u cootsetcTBy-
foLLMe CrelytoLUM HOMUHALIMAM:

= NyYLUNIA MHPACTPYKTYPHBIN NPOEKT;

— Nyyllee pelleHWe B 06MACTU NaCCAXUPCKON NOMUCTUKY;

— Nyyllee pelleHWe B 06NacTU rpy30BOW NOMUCTUKY;

— nyyllee MHHOBALMOHHOE pellieHn e B ccepe TPaHCMOPTHOM TEXHUKM;
— Nyyiee pelleHue B obnactn LMPpoBM3aLMM TPAHCNOPTa;

— ny4wan PR-akTMBHOCTb B TeKylleMm rogy.

3asBkM couckateneil byaeT paccMatpueath XKiopu npemum, B COCTaB
KOTOPOro BXOAAT MPeACTaBUTENM OTPACNeBbiX OpraHW3aLuii, pyKOBOAM-
TENN Hay4YHO-UCCIEAOBATENbCKUX UHCTUTYTOB, PYKOBOAWTENMN TPAHCMOPT-
HbIX BY30B, MHBECTULIMOHHBIX M KOHCANTUHIOBbIX KOMMaHMM.

Hazpaxderue nobedumeneti cocmoumcs 21 Hoabpa 2018 2. ¢ Mockse
(6bicmasoyHbil kKomnsexc "Tocmunbit Jeop").

HauuoHanbHas npemuss 3a JOCTUXeHWMS B OBNAcTM TpaHCMopTa W
TpaHcnopTHOM MHbpacTpykTypbl "®opMyna aAswxeHus" yypexzeHa B
2014 ropy O6uecteeHHbIM CoBeTtoM MuHTpaHca Poccum, npoBoautcs B
3TOM rofly B NATbIA pas.

Mpemus "®opmyna ABuxeHus'" NpusBaHa COLEMCTBOBATb Pa3BUTMIO
TPAHCMOPTHOM MHPACTPYKTYPbI, MOBbILLEHUIO YPOBHS TPAHCMOPTHBIX YC-
Myr, @ TakXe CTUMYIMPOBAHMIO FOCYAAPCTBEHHBIX U KOMMEPYECKUX CTPYK-
TYP K PELLEHMIO 3Ha4MMbIX NpobrieM TpaHCMopTHOM cdepbl.

Co cmamucmuxkot "TpaxcnopmHot Hedenu-2017" MoxHo o3HaKo-
MUMbCA Ha opuuuansHom caiime meponpusmus: http:/ltransweek.ru
Opzanuzamop: 000 "busnec Auano2"
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