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SNEKTPOHUKA. PAOUOTEXHUKA

AHTEHHAS CUCTEMA U149 FM PAAMOBELLLAHUS C KPYTOBOM
NOJISPUSALIMEA U BO3SMOXXHOCTbIO OAHOBPEMEHHOM
PABOTbI ABYMS IrPYNMNAMM NEPEAATYUKOB

DOI: 10.36724/2072-8735-2023-17-6-4-12
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cemb" (PTPC), Mockea, Poccus, filsu@yandex.ru

LWycrepman ®Penukc [aBnposuy,
@Iy "Poccuiickas menesusuoHHas u paduosew,amenbHas

cemb" (PTPC), Mockea, Poccus
Knioueebie cnoea: paduosew,arue, kombatiHep,

Cepepa KoHcrantun Eerenbesny, naHenbHble aHMeHHbI, dudepamma HanpaseHHoCMU,
@Iy "Poccuiickas menesusuoHHas u paduosew,amenbHas Kpy208as NoMApU3AUUSA, HANPABIIEHHBIL
cemb" (PTPC), Mockea, Poccus omeemeumerib

Ha kpynHbix paguoLeHTpax ¢ 60nbLUMM KONMYECTBOM pajuoBeLLaTellbHbIX NepeaTiuKoB
OBY auanasoHa, pa6otaiowmx B guanasoHe 87.5-108 MI'y, Haubonee pacnpocTpaHéHHbIM
TUMOM aHTEHH ABNAIOTCA NaHelNbHble aHTeHHbl. MpenMyLLIEeCTBOM 3TUX aHTEHH ABnAeTcA
6Gonblian BMeljaeMan MOLHOCTL — 10 COTEH KUNOBATT, BO3MOXHOCTL (hOpMUPOBaHUA Ana-
rpaMM HanpaBfeHHOCTH pasniMyHoW ¢opMbl, Ucxoaa us ocobeHHOCTeln 30HbI 06cnyxuBa-
HUA, pacnpepenieHns MIOTHOCTU HAaceNleHUA B 3TOM 30He U CaHUTapHbIX TpeGoBaHuii Ana
PaioOHOB »MJIO# 3acTPOWKK. [InA BbINONHeHUA 3TMX TpebGoBaHuit B paae cnyyaes Tpebyer-
CA UCNONb30BaHWE aHTEHH, 3aHMMAIOLUMX 3HAYUTENbHOE MECTO Ha METalNIOKOHCTPYKLMAX.
BrinonHeHuto 3Tux TpeGoBaHMii HacTO MellaeT OTCYTCTBUE A0CTaTo4HOro ceobogHoro Me-
CTa Ha HecyLMX MeTanNoKOHCTpyKuuax. Kpome Toro, Ha KpynHbIX pasnoLeHTpax cyliect-
ByeT cepbé3Han npobnema pasmelleHuns 6onbLuioro konuyecrsa MowHbix FM paguoselya-
TenbHbIX NEepeaTYUuKOB Ha OAHOM aHTeHHe. OAHOM U3 NPUYMH OrpaHUYEHUA KONMUYecTBa
nocneaoBareNibHO BKIIOYEHHbIX Yepes cUcTeMbl DUNLTPOB NepeAaT4HMKOB ABNAIOTCA JOCTa-
To4HO 6onblume noTepu B 3TN Lenoyke ¢punbTpos. OaHNMM U3 BapUaHTOB yBENIMYEHUA KO-
nuyecTBa NepefaTyMKoB, paboTaloMX Ha OfHY AHTEHHY, ABNAETCA UCMOJNb30BaHME na-
HeJNbHbIX aHTEHH C YIBOEHHbIM KONTMYECTBOM AUNONEN B KaXKA0i NaHenu, MMeloLmnX pas-
HYIO NMONAPU3ALIMIO - BEPTUKAJIbHYIO U TOPU3OHTASIbHYIO. TaKne aHTeHHbI NO3BONAIOT OJHO-
BpeMeHHO paboTaTb ABYMA rpynnaMu nepejaTqyMKoB C pa3HbIMM MONAPU3aLMAMM Ha ABa
dunepa. Hepocratkom nogo6Horo pelueHuns apnaerca 1o, YTO pasHble paZiJMOCTaHLMK, pa-
6oTatowme Ha OAHOM aHTEHHE C PasHbIMMU JINHEHBLIMU NONAPU3ALUAMY, B Pa3HbIX YCNOBU-
AX PacnpoCTpaHeHWUsA PafUOBONH NPU OAWUHAKOBBIX MOLLIHOCTAX MOFYT CO3JaBaTb pasHble
YPOBHA NMONA B TOYKaX MPUEMa, YTO CTAaBUT UX B HepaBHble ycnoBuA. Takaa aHTEHHa TaKKe
MoxceT paboTaTh C KpyroBo nonapusaumei, Ho NP1 3TOM UMeeT eAUHCTBEHHbBIN BXOJ, TOJNb-
KO ANnA ofHOW rpynnbl nepeaarymkos. MpeanoxeHa cxeMa NMTaHUA aHTEHHbI, KOTOpas NoO3-
BONIAET OJHOBpeMeHHO paboTaTk |ByM HE3aBUCMMbIM FpynnaM nepeAaTyMKkoB Ha OfiHY aH-
TEHHY C KPYroBOi MonsApusauuei U MCnosb3oBaTb BCEe NpeuMyLlecTBa pacnpocTpaHeHus
PaZAMOBOJIH KPYroBOW NONApU3aLMmu B ropoOACKMUX YCIIOBUAX U NpU MOOUNBHOM npuemMe.

HNupopmauusa o6 aesmopax:

Xmenwk KOpui Apkadbeeud, zamecmumens dupekmopa Lenapmamenma, PrYI "Poccuiickas meneeusuoHHas u paduoeew,amesnbHAs
cems" (PTPC), Mockea, Poccus

Wycmepman @Penukc [asudoeuwy, HayansHuk omdena, PIrYI "Poccuiickas meneeusuoHHas u paduosew,amensHas cems" (PTPC),
Mockea, Poccusa

Cepeda KoHcmanmun EezeHbeeuy, HauyansHuk nabopamopuu, PIYI "Poccuiickas menesusuoHHas u paduosew,amensHas cems" (PTPC),
Mockea, Poccus
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OfHOBpEeMeHHO paboTbl AByMA rpynnamu nepegaryiukos // T-Comm: TenekoMMyHuKaumm u Tpadcnopt. 2023. Tom |7. Ne6. C. 4-12.
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BBenenue

M3BecTHO, 9TO Ha KPYMHBIX 00BEeKTax paanoBemanus B OBY
muamazone 87,5-108 MI'm mambornee pacmpOCTpaHEHHBIM HJie-
MCHTOM aHTCHHBIX CHUCTCM SABJIAKOTCA AaHTCHHBIC ITAaHCJIM, COCTO-
SIIME U3 TPSIMOYTOJILHOTO IUIOCKOTO pediekTopa, Ha KOTOPOM
YCTaHOBJICHBI OAUH UJIM HECKOJIBKO I[I/IHOHeﬁ.

B cBoro ouepenp, Besi aHTEHHAsI CUCTEMa COCTOUT M3 OTJIEIb-
HBIX TIAHEJEH, PACIOJIOKEHHBIX BOKPYI' HECYIeH MeTaJIIOKOH-
CTPYKLMH M B 3aBUCHMOCTH OT €€ ()OPMBI U 3aJIaHHOW JTarpam-
MBI HarpaBieHHocTH ([{H) nmeeT cooTBeTCTBYIONIYI0 KOH(HUTY-
pauwuto [1], [15].

JlaHHBII THI QHTEHHBIX CHCTEM (DAKTHYECKH SIBIISIETCS OT-
pacieBbIM CTAaHIAPTOM W TIPH TIPABHIBHOM IPOCKTHPOBAHUH
TIO3BOJIIET C BBICOKOM CTENEHBIO OCTOBEPHOCTH MOIYYUTH 3a-
JaHHy!o JIH aHTEeHHON cHCTEMBI, TIOCKOJIBKY B 3TOM CJIy4ae BilU-
SIHUEM Hecyllell MeTaIUIOKOHCTPYKI[MKM MOXHO rpeHeopeus [1],
[9].

[Togo6HOrO NMpeuMyIecTBa, HECMOTPSI HA MX MPOCTOTY, JIH-
IICHbl aHTEHHBIE CHUCTEMbI, COCTOSIIUE W3 JINHEEK KOJUIMHeap-
HBbIX BEPTUKAJbHBIX AMIIONEH, PACIIOJIOKEHHBIX C OJHOM WIH
HECKOJIBKUX CTOPOH MauThl mwim OGamuu [11]. B aTom ciydae nx
peanbHyo /IH BO3MOXKHO paccuuTaTh TOJIBKO C MOMOIIBIO CIIe-
IUAJTM3UPOBAHHBIX TIPOrPaMM, YUYUTHIBAIOIIMX BCE DJIEMEHTHI
METAJUIOKOHCTPYKIIMHM B 30HE PACHOJIOKEHUS aHTeHHBI. Kak 1mo-
Kaszaja MpaKTHKa, IPOU3BOJUTENN AHTCHH M MPOCKTHPOBIIUKH
10 Pa3HBIM IPUYMHAM IT0I00HbIE BEIYHCICHUS HE TIPOU3BOIT, U
B 3TOM CIy4ae BeIaTeslb PUCKYET MOJYYUTh TTyOOKHE MOBAJIBI
JIH B oTenpHBIX U 3apaHee HEN3BECTHBIX HANPABICHUSIX.

[Ipn Bcex mpenMymiecTBax MaHEIbHBIX aHTEHH MMEIOTCS Ce-
pbéSHBIe OrpaHUYCHHNA B UX HMCIOJIB30BAHUN KaK Ha CTPOALIUXCA
00bEeKTax, TaK U IPH MOJCPHU3AINH JICHCTBYIOIINX.

W3BecTHO, 4TO B OONBIIMHCTBE KPYMHBIX rOpOjax KOJUue-
CTBO PaJMOCTAHIMI MPEBBINIACT KOJIMYECTBO IEPEAATUNKOB,
KOTOpBIE MOTYT OBITh MOIKIIIOYEHBI K OJTHOI aHTEHHE Yepe3 CH-
cTeMy (QHILTPOB.

C 01HO¥1 CTOPOHEI, 3TO TPeOyeT YCTaHOBKHU JIOTIOTHUTEIBHBIX
AHTEHH, a C JIPYTOi CTOPOHBI B PAJE CIYYaeB UMEIOTCSI OTPaHH-
YEeHUs HAa UX YCTaHOBKY. DTH OTpaHMUYECHHUS 00YCIOBIEHBI OTCYT-
CTBHEM JIOCTAaTOYHOTO CBOOOJHOTO MECTa Ha YyYacTKaX MauThl
nin OalllHY, TPUTOJHBIX JJISI YCTAHOBKHM MOJOOHBIX aHTCHHBIX
CHCTEM, 0COOEHHO MHOTO3Ta)KHBIX.

0O0630p cnoco60B OpraHu3aluy OJHOBPEMEHHOI padoThI
HECKOJIbKHUX MePeJaTIYNKOB HA OHY 00IIYI0 AHTEHHY

HawuGornee gacTbiM criocoOOM OpraHu3aluy OJHOBPEMEHHON
paboThI GOJBIIOro YKCIIa MepelaTYMKOB Ha O/IHY OOIIyI0 aHTEH-
Hy SBJSIETCSI MCIIOJIb30BaHUE TaK Ha3bIBAEMBIX KOMOaiHEpOB,
MIOCTPOEHHBIX 110 CXeMe HarpasieHHoro ¢uistpa [10].

Best cxema cocTonT M3 psijia MoCiIeJ0BaTEIbHO BKIFOUCHHBIX
KoMOaiHepOB, KaKAbIH M3 KOTOPHIX COCTOMT M3 JIBYX IOJOCO-
BBIX (puiIbTpOB, ABYX 3-1b Hampasnennbix orBerBuTenei (HO) u
OHOW OayTacTHOW Harpy3ku. TumoBas cxema OZHOTO KomOaii-
Hepa rmoka3aHa Ha pucyHke 1. OOmmii Bun kombaiiHepa mokas3aH
Ha pucyHke 2 [8].
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SCHEMATIC DIAGRAM

BP 1
Antenna
2 R (f1) 2
Tx 1 Tx 2 1
WA1:'\N‘ WA24 f1+f2
3 (f1) 3
BP 2

Puc. 1. Tunoas 610K-cxema KoMOaliHepa 1o CXeMe HalpaBIeHHOTO
¢unpTpa

Puc. 2. O0mwmii Buj KombaiiHepa 1o cxeMe HalpaBJIeHHOTo QuiIbTpa

Curnai, reHepupyeMbli nepenaTdyikoM Ha yacrore fl, moaa-
ercst Ha opT 1 (y3komonocHbii BXxox NB) 3-n1b HanpasieHHOTO
orBetBuTens Al. Hanpapnenusiii orBerButens Al, nenuT cur-
HAJI TIOTTOJIaM Mex 1y moptamu 2 u 3 co casurom das 90°, B To
BpeMsi KaK Ha MopT 4 B 0aJUTaCcTHYIO HAarpy3Ky CHTHAJ HE TOCTY-
naer. J[Ba CHrHaja IOJOBMHHOW MOIIHOCTH IPOXOJAT depes3
nosocoBsie GmnsTpel BP1 u BP2, nactpoennsie Ha fl u mocty-
MAIOT Ha TIOPTHI 2 1 3 oTBeTBUTENSA A2.

W3-3a pazHocTH (pa3 MeXIy ABYMsI CHTHAIAMH OHH CyMMH-
pytorcs Ha 3-1b oTBeTBUTENE A2, TaK YTO BCS MOIIHOCTH Tepe-
nmatauka fl (3a BeIYeTOM HOTEPh B MOJOCOBBIX (uinbTpax BP1 u
BP2 noctynaer Ha mopt 4 orBeTBUTENA A2, KOTOPBIA ABISACTCS
BBIXOJIOM CyMMaTopa.

Curnan ot npyroro nepenaryuka (f2) mocrymaer Ha nopt 1
(mmpokomnosnocHblit Bxon WB orBerButens A2), pazaensiercs Ha
JIBE paBHbIe YyacTu co casurom as 90° orserButeneM A2 u 1mo-
CTyHaeT K HOJIOCOBBIM (PuibTpaM. [10CKOIBKY MOJI0COBBIE (QHIIb-
Tpel BP1 u BP2 Hactpoens! Ha wactoty fl, To CHTHAIIBI ¢ acTo-
Toi f2 OTpakaroTcsi OT HUX M TOCJE CIOXKEHHS B OTBETBUTEIC
A2 moctynaroT Ha BbIXOJ 4 B aHTEHHY.
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Takum oOpazom, 0ba curHajia nepejaTduka Ha yactorax fl n
f2 cymMHpYIOTCS Ha BBIXOZIE, a CaMH TIEPEIAaTINKHA OCTAIOTCS
pa3Bs3aHHBIMU.

3HaYCHUE TUTIOBOM Pa3BsI3KM MEXKIY y3KOIOJIOCHBIM BXOJIOM
NB u mmpoxomnonocHsIM BxogoM WB cocraisier He menee 30
b, a B 00paTHYIO0 CTOPOHY pa3Bsi3ka MEXKAY IIHPOKOIIOIOCHBIM
BxogoM WB n y3kononocHsM BxogoM NB — me menee 50 nb (k
pasBsi3ke 3a cueT (UILTPOB T00ABISETCS Pa3Bsi3Ka OTBETBUTEIS
Al 3a cuer moctymieHus curHaira or WB B OamiacTHyro
Harpys3Ky).

OrnucaHHble CBOMCTBA JAHHOW CXEMbI MO3BOJIAIOT MOKIIO-
YUTh KaXKIBIA CICHYOINUH KOMOaiHEep K IIMPOKOIOJIOCHOMY
BXOJTy MPEIBIAYIIETO U, TAKIM 00pa3oM, 10 ONPEICICHHBIX TIpe-
JICIIOB YBEJIIMYMBATH KOJIMYECTBO IOCICIOBATEIBHO COCIUHCH-
HBIX KOMOAHEPOB CO CBOMMH YaCTOTaMHU.

MaxcumanbHOe KOTHIECTBO MOCICIOBATEIEHO COCTMHCHHBIX
KOMOAWHEPOB MOXET OBITH OTPAHUYCHO KaK ITOITyCKAaeMOM MOIII-
HOCTBIO CO CTOPOHBI ITMPOKOMOJIOCHOTO BXOJA, TaK M BEIHYH-
HOW TETIOBBIX MOTEPh, KOTOPBIE CYMMHUPYIOTCS OT OTHCIHHBIX
KOMOAWHEPOB W MOTYT JOCTUTATh BEIUYHUHBI, C KOTOPOU MPUXO-
TUTCS CYUTATHCS U3-32 YMEHBIICHUS MOITHOCTH, ITOCTYTIAIONTYIO
B aHTCHHY.

Jpyroii crmocod opraHW3alyd OJHOBPEMEHHOW pabOThI He-
CKOJIBKHMX TIE€PEAATYMKOB Ha OAHY O6H.[yIO AHTCHHY SBJIACTCA
HCII0JIb30BaHUE KOMOaliHepa, TOCTPOSHHOI'0 110 CXEME «3BE3/1ay.

JlanHas cxema rnoka3aHa Ha pUCYHKe 3.

OOmmit Buj KomOaiiHepa 1o cxeme 3Be3/1a JUIsl YeTBhIPEX Te-
penaT4MKoB MOKa3aH Ha pUCyHKe 4 [8].

SCHEMATIC DIAGRAM
ANTENNA

1\ fl+£2

TX1 (f1) TX2 (£2)

L1 L2

A 2

BP1 BP2

Puc. 3. Tunosas 610Kk-cxema KoMOaliHepa 1Mo cxeme «3Be3aar»

KombaiiHep 3TOro THMa COCTOWT W3 MApajlICIbHOTO COCIH-
HEHMSI HECKOJBKHX IMEpPEeaTYMKOB K OIHON aHTEHHOH cucTeme
Yepe3 MOoI0COBbIE (DMIIBTPBI, HACTPOCHHBIE HA YACTOTY NEpeaaT-
YHMKa, K KOTOPOMY OHM NOJKIto4eHbl. [lapaiiensHoe coemuHe-
HHUC AOOCTHUTracTCsa C IOMOIIBKO KOAKCHAJIBbHBIX J'IPIHPIFI, JJINHBI
koTopbix L1 m L2 BpiOMparoTcsi U3 yclOBUSI COTTIACOBAHUS aH-
TEHHBI O0IIEH TOUKE Ha BCEX 00BETMHIEMBIX YaCTOTaX.

W3-3a CIOKHOCTU TOCTMKEHUS BBICOKHMX 3JIEKTPUUECKUX Xa-
PAKTEpUCTUK B TOHW CXE€ME KOJIUYECTBO NEPEAATUMKOB B AITOH
cXeMe, KaK MPaBUJIO, HE MIPEBBIIIAET YETHIPEX-IIECTH.

Puc. 4. O6muit Bug komOaitHepa o cxeme «3Be3na»

Eme oganM U3 cmocoboB 4acTH4HO 00OWTH 1MOI00HBIE Orpa-
HUYEHUS U JONOJHHUTENBHO ITPOU3BECTH «YIUIOTHEHUE)» aHTEHHBI
ABIISIETCS MCIOJb30BAHNE AHTEHHBIX IAHENEH, UMEIOIUX JUIIO-
JM IBYX Pa3sHbIX NOJSAPU3ALUNA — BEPTUKAIBHOW U FOPH30HTAIIb-
HOH. B kauecTBe npumepa Ha pUCYHKE 5 IPUBEACHA aHTCHHAs
nanenb ¢pupmbl Kathrein [12].

X

MATHREIN

Antennen - Electronic

Panel Antenna
Polarization

® Optionally for circular, horizontal, vertical or slant polarization.
® Especially suitable for square masts.

Ordar No. 801 768 801 878

K53 32 187 K 5332 188
Input 4%7-16 female 4x7B Elaflange
Mas. power 2.5 KW per input 4 KW per input
Fraquency 87.5- 108 MHz
VEWR <1.25 (linear polarization)

=< 1.1 {circular polarization)
7.5 dBd (linear polarization)
4.5 dBd {circular polarization)
500

Gain (at mid-band)

Impedance

Polarization Horizantal, vertical, circular I

Waight 89 kg B _ |

Wind load (at 160 km/h) Fromal: 1600 N S—— -
Lateral: 1130 N A=B: 2200 mm

Max. wind velocity 225 kmh e 830 mm

Puc. 5. Aurennas nanesns pupmsl Kathrein

JlaHHas maHenIb MMEET OTAENbHBIC BXOJBI AJIS TOPU3OHTANb-
HBIX U BEPTUKAJIBHBIX JUIOJIEH U MO3BOJISET B 3aBUCHUMOCTH OT
croco0a MUTaHus NaHeJU MOJIYYUTh CJIEIYIOLINE BUIBI MOJISIPH-
3allUM TIONS: BEPTUKAJIbHYIO, TOPU30HTAIBHYIO0, HAKJIOHHYIO U
KPYTOBYIO MOJIIPU3ALIHIO.

[Ipn HEOOXOIMMOCTH MNUTAHUE AHTEHHOM CHCTEMBI OCY-
IMIECTBISIETCSl IBYMS TJIABHBIMH (HEpaMH, TIPH 3TOM AHTECHHA
JIETUTCSl Ha JIB€ OJMHAKOBBIE YacTH, OJWH (UIEp MOABOIUT
SHEPTUIO K BEPTUKAIBHBIM AWMOJSM, & BTOPOH — K TOPH30H-
TaJIbHBIM.

—_—
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BenmumHa pa3BA3KH MEXAYy BEPTUKAIbHBIMH W TOPH30H-
TaNbHBIMHA IUTIOISIMH paBHa He MeHee 30 nb, uto mo3Bomser
MOJIBECTH K 3TUM (Hiepam JIBe HE3aBUCHMbIE IPYIIIbI IepeiaT-
YHKOB, B K&XKJIOH M3 KOTOPBIX NEpPEeIaTYMKU MOTYT ObITh 00b-
€JIMHEeHBI ¢ TIOMOIIbI0 KOMOAHEepOB, OMKMCAHHBIE BhIIIE, U U30e-
’KaTh MHTEPMOJYJISIIMU U3-32 B3aUMHBIX HABOJOK Yepe3 JAHUIOIH
B ITAHEIAX.

HemocTtatkom 1000HOTO PEIICHUS SIBISIETCS TO, YTO Pa3HbIC
panuocTaHIuy, paboTaroie Ha OJJHON aHTCHHE C Pa3HBIMU I10-
JISIPU3ALUSIMU, B PA3HBIX YCIOBUSX PACIPOCTPAHEHUS PaIUOBOIH
[IPU OJMHAKOBBIX MOILIHOCTSX MOTYT CO3/1aBaTh pa3HbIe YPOBHS
0JIs1 B TOYKAX MPUEMA, UTO CTABUT UX B HEPABHBIE YCIIOBUSL.

Pa3paboTka cxeMbl aHTEHHOIi CCTeMBbI ¢ KPYTOBOIi
noJsipu3anueii  BO3MOKHOCTBHIO OTHOBPeMeHHOii padoThI
ABYMS ITPyNIIaMHU NepeiaTYuKoB

Kak 0bUTO CKa3aHO BBIIIE, TOM00HBIC MMAHENIN MMO3BOJISIOT Pa-
0oTaTh B peKUME KpyroBoil mossipusanuu. B nocneanee Bpems
BO MHOrux crtpanax EBpomnsl u CeBepHoil Amepuke, KoMMepye-
ckue FM pagmocraniuu B cBoel padoOTe CTallk MEPEXOaUTh OT
UCTONb30BaHUs JIMHEWHOW MOJSPU3ALUU K KPYroBou. JlaHHBIN
BBIOOP OOYCIIOBIICH PSIIOM TIPEHMYIIECTB KPYTOBOH IOJISIpH3a-
LUH Nepe]] TUHEHHON, KOTOphIE OHA MPEI0CTaBIsIeT KOHEYHOMY
motpedutemto [2], [13], [14].

OCOOCHHOCTBI0 TIpHeMa PaTuOCUTHAIOB C TOJIEM KPYTOBOM
TOJISIPU3ALIUHY SIBIISICTCS TO, YTO B OTIIMYHE OT JIMHEHHOH MOJISIpH-
3alUM, B KaXKI0W TOYKE MPOCTPAHCTBA BEKTOP AIIEKTPHUECKOTO
MOJIsI BPAIACTCsl B IUIOCKOCTH, NMEPHEHIUKYJIIPHONW Hampaslie-
HUIO BOJIHBI C NEPUOJUYHOCTBIO, PABHBIM NEpUOAY pabodei ua-
cToThl. Takum 00pa3oM, IMOJOKEHUE BEKTOpa 3JICKTPUYECKOTO
MOJIsl B KOHKPETHOM TOYKE MPOCTpaHCcTBa He pukcupoBano. [Ipu
9TOM HalpaBJIeHUE TOTO BPAIICHHUS MOXET ObITh, Kak MO 4aco-
BOW CTpeJIKe, TaK U MPOTHUB (IIpaBast U JieBask MOJISIPU3ALIHS).

W3 sTOoro cBoOicTBa CHENyOT CHEAYIOLINE IpPEeUMYyIIecTBa
MOJIL ¢ KPYroBOM MoJIsIpU3anueil nepes mojeM ¢ JUHEHHOHU Mo-
JSIpU3aLnu:

1. YcroiiunBocTh nmpuema.

[TpnemHast aHTEHHa KOHEYHOTO ITOJB30BATENs MOXKET ObITh
OpPHEHTHPOBaHA IPOM3BOJILHBIM 00pa3oM, TOrJa Kak BEKTOP
MPUXOJISIILET0 MO TAKKE MOXKET ObITh OPUEHTHUPOBAH CIIydaii-
HBIM 00pa3oM. DTO MPOUCXOAUT IO MPUIUHE NEPEOTPAKECHHUM OT
3aHUH B YCJIOBUSIX TOPOJCKOM 3aCTPOMKH, a TaKK€ BHYTPH I10-
MemieHus 0T cTeH. OCOOEHHO, 3TO aKTyaJlbHO AJS aBTOMOOMIIb-
HBIX aHTCHH, ITOJIOKEHUE KOTOPHIX (PUKCHPOBAHO B CAMOM aBTO-
MoOOMJIe, OJIHAKO CaM aBTOMOOMIIb MOXET OBITh ITPOHM3BOJIEHO
OpUEHTHUPOBAH OTHOCUTENIBHO HANPAaBICHUS MPHEMA, YTO IMpH-
BOJUT K PACCOMIACOBAHUIO MO NOISPU3ALUY IPUEMHON aHTEHHBI
U npuHUMaemMoro curHaiga. CoBpeMEHHBIE aBTOMOOMIM HUMEIOT
Pa3IUYHYI0 KOHCTPYKLUIO NPHUEMHBIX aHTEHH, U B OIpPEEIICH-
HOM TIOJIOKECHUH aBTOMOOWIIS IIPHEMHAasi aHTEHHA MOXKET HUMETh
nposan JIH st ogHON nossipusauuu, HO NPUHUMATh JIPYTYIO.
Kpome TOro, BO3MOKHa CHUTyalusi, KOTAA IPHUEMHAs AHTEHHA
HAXOJWUTCSl 32 MPEISTCTBHEM, KOTOPOE SKPaHHPYET pabouyro
HOJIAPU3ALUIO.

Hanpumep, mpueMHass aHTEHHa KOHEYHOTO II0JIb30BATENSA
HaxXoJqUTCA 3a BEPTHKAJIbHBIM METAJIMYCCKUM CTOJ'IGOM, KOTO-
PBIil CHITBHO OCJa0JIsieT CUTHAJI C BEPTHKAJIBHOW TTOJISIpU3aIieii.
OpHako, B ciiyyae KpyroBOH MOJIIpU3allUY, €CIIH NPHEMHAas aH-
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TEHHA MOXKET MIPUHUMATh 00€ MOJISIPU3aINH, CTAOMIBHBIA IPUEM
COXpaHUTCA.

Takum 00pa3oM, WCIIOJIB30BAHWE KPYTrOBOH IOJISIPU3ANN
CO3/1aeT BO3MOXHOCTb JAJISl YCTOMUYMBOIO NpHEMa B YCIOBHUSX,
KOrJla IMHEWHas MOJIApU3alys HE TO3BOJISET ITOrO CIIENATh.

2. YMeHblIeHHEe HHTepQepeHUHOHHBIX 3aMHPaHMil H
3aMHUpaHuii, 00yCJI0BJEHHBIX BHICOTHOM 3aCTPOIKOIA.

B ycnoBusx ropoackoil 3acTpoWKH, a TaKKe BHYTPU IOMeE-
IICHUS XOPOIIO M3BecTeH 3(PPeKT Hammgus WHTEepPPEepEHINOH-
HBIX 3aMHMpaHui, KOTOPbII MPOUCXOIUT U3-3a TOr0, YTO Naaro-
mas U OTPaKCHHBIC BOJIHBI B OIPEACIICHHBIX TOYKaX IMPOCTpaH-
CTBa CKJaabIBalOTCA B mpotuBodase [3]. DTo mpuBOmUT K
YMEHBIICHUIO CYMMapHOTO IMOJI B TOYKE NMPHEMA, a eClIU ATH
BOJIHBI OJIM3KH 10 aMIUIMTYJe ¥ HPOTHBO(A3HBI, TO IPOBAIIBI
YPOBHSI CUTHAJIa MOTYT OBITH BECbMa 3HAYHUTEIIbHEL.

[Ipn mcnons3oBaHMM KPYroBOM HOIsipU3anuy MHTEpdEpeH-
LIUOHHBIE 3aMHpaHMs 3HAUUTEIBHO MEHbIIE. DTO MPOUCXOIUT
13-3a TOTO, YTO JUIS PA3HBIX MOJIIPU3ALMN YCIOBUS AJISI TIOSIBIIC-
HUSI THTEP()EPEHIIMOHHBIX MUHIMYMOB B OZTHOM M TOM K€ MECTE
pa3nuyaHbl. YTO TakKe BAKHO: TIPH OTPAKECHUH OT TPETSTCTBUH
KpyroBasl OJISIpU3anysi MEHSICT HalpaBJICHNE BPAILICHNS HaA IIPO-
THBOIIOJI0KEHHOE, YTO 3HAYUTEIHLHO yMEHBIIACT MHTEep(epeH-
LIMOHHbIE MMHUMYMBI TP CJIOKEHUH MaJarouliel U OTpakKeHHOU
BOJIHBI.

Kpome Toro, B yCIOBHSIX HaXOXIEHHS BHYTPH TOPOACKHUX
«KOJIOAIIEB» MEPEeOTPakeHNE OT KPOMOK KPBIII TOPH30HTAIBHON
COCTaBJISIIOLIECH B PAJE CIIydaeB MO3BOJISIET M30€KaTh TIIyOOKHX
MIPOBAJIOB CUTHAJIA.

3. JIyuiiee NPOHHKHOBEHUE BHYTPD NMOMELLCHMIA.

[IpenarcTBus U1 NPOHMKHOBEHMs CUTHAlA BHYTPb IOMeE-
LIEHUH TaKXK€ MOTYT pa3Hyl0 KOH(UTypanuio u MaTepualsl, 4To
BIMSACT HA pa3HbIC MOJSIPH3ALUH IOJS MO-Pa3HOMY, IO3TOMY
KpyroBasl HOJIIPU3aIs YBEJINYMUBACT BEPOSITHOCTh M TIIyOWHY
MMPOHUKHOBCHUA CUT'HAJIA BHYTPb ITOMCUICHUA.

4. MeHbllee BIMSIHUE NOTOIHBIX YCJIOBHIi.

Wmerorcst cBelieHns, 4YTO PaclpoCTpaHEHHE CUTHAJIA KPYro-
BOW MOJSAPHU3AaLMKM B MEHBILCH CTENEHU ITOJBEPKEHO BIIMSHHIO
TaKMX IOTOJIHBIX SIBJICHUH, KaK JIOXK/b U CHET.

[TockombKy MOIITHOCTE B TI0JI€ KPYTOBOM TMOJISIpU3AMN U3Ha-
YaJbHO pacrpesielieHa TIOPOBHY MEXK/Iy BEPTHKaJIbHOW M TOpH-
30HTAJIHOM MOJISIPU3ALMSIMH TIOII0JIaM, TEOPETHYECKH MPH TPH-
eMe Ha JIMHEHHbIH BUOPATOp TepsieTcsl OJIOBUHA MOIITHOCTH, T.€.
3 nb. B cBs3u ¢ 3THM pacmpocTpaHEeHO MHEHHE, YTO MpH padoTte
¢ KpyroBo# nojsipuzauueit atu 3 nb tepsroTcs.

Tem He MeHee, 3TO BEPHO TOJBKO Ul UICAIbHBIX YCIOBUH
IIprueMa, KOrja MoJ0KEHHE TPHEMHON aHTEHHBI MTOJHOCTBIO CO-
OTBETCTBYET IIOJIOKECHUIO BEKTOpPA 3JIEKTPHUYECKOTO TOJS IPH-
HuMaeMoro curHana. Kax mokasaHo B m.m. 1-4, B peanbHBIX
YCIIOBUSIX, 0COOCHHO TOPOJICKUX, MPEUMYIIECTBa pabOThI C KPY-
TOBOW NOJISIpU3aliell NepeBeNINBaIOT THIIOTETHYECKYIO MTOTEPI0
stux 3 1b.

Peaymzanust pexxuma KpyroBoil MOJSIpH3alMM B MaHEIbHBIX
aHTEHHAX, KaK IPaBMJIO, OCYIIECTBISCTCS OObEAMHEHHUEM Bep-
TUKIBHBIX U TOPH30HTAIBHBIX JMIIOJICH B OTACIBHBIX MaHEIIX
yepe3 (a3oCcIBUTAIONINH OTPE30K KaOEsl SIeKTPUIECKON JITHHBI
90° Ha meHTpanpHON 9acToTre. [Ipu 3TOM nUTaHMe Bcei aHTEHHBI
OCYIIECTBIISICTCS] OHUM KabemeM.

—

T-Comm Vol.17. #6-2023




SNEKTPOHUKA. PAOUOTEXHUKA

HenocTtatkom paGoThI Takoi CXEMBI B peXHMe KPYTOBOH MO-
JISIPU3ALMN [0 CPABHCHUIO C PEXKHMOM Pa0OThI C ABYMs pas-
JIeTbHBIMU  TIOJISIPU3ALIMSIME  SIBIISIETCSI COKpAIllEHWE BIBOE BO3-
MOJKHOI'O KOJIMYECTBA TMEPEIATUYNKOB, PabOTAIOIIMX Ha OJHOU
aHTCHHE.

Crenmmanucramu JlenapraMeHTa paJuoBEeIIaHHUS M PATHOCBSI-
3u PTPC mpennoxxeHo pelieHue, MO3BOJIIONIEE pPEeann30BaTh
PEXUM KpPYTOBOH MOJSPU3AINH TIPU COXPAHCHUU BYX HE3aBU-
CHUMBIX BXOJIOB aHTEHHBI C BO3MOXKHOCTBIO OJTHOBPEMEHHOU pa-
OOTBI ABYMS TPYIIIIAMHA TICPETATINKOB.

Cxema aHTEHHBI TIOKa3aHa HAa PUCYHKE 6.
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Puc. 6. Cxema aHTCHHBI C BO3MOXKHOCTBIO OJTHOBPEMEHHOI pabOoThI
JIByMSI TpyIIIIaMU [IEpeJaTUNKOB

Ha puc.6 k ctannapTHON cxeMe aHTEHHOW CHUCTEMBbI, COCTOSI-
med W3 AWIONeH MBYX mosspu3anuid, mobasieH 3 b Hampas-
JICHHBIA OTBETBUTENb (THOPHUIHBIA MOCT), SBISIOIINAINCS CTaH-
JAPTHBIM KOMITOHEHTOM MOCTOB ciokeHUs FM mepenaTdnkos.
B oany numaronans mocta (1-2) BKiItOYEHBI JiBa ¢uaepa OT CH-
CTEeM CJIOKEHHMsI MIepeIaTuMKOB, a B Apyryto (3-4) — nBa dunepa,
UAyIIAE OT MOJIOBHH aHTEHH C BEPTHUKAIBHBIMU M TOPU30HTAIb-
HBIMU JTATIOJISIMH.

3ajaua MoJy4eHus: KPyroBoil MoJsipu3anuy oT 000OuX TPyl
MepelaTIMKOB perraercs 3a CYeT CIeAyIoNX CBOMCTB 3-nb
HATIPaBJICHHOTO OTBETBUTEIS: CIBUT (pa3 MEXKIy BBIXOJAMH MO-
cra 3 u 4 pased 90° wiu -90° B 3aBUCUMOCTH OT TOYKU MUTAHUS
Bropoii auaronanu (1 wiu 2) [4], [7].

Ha pucyHke 2 KpacHBIM W (PHOJECTOBBIM IIBETOM ITOKAa3aHBI
¢a3pl curnasnoB ot 1-oif u 2-0i rpynmsl nepepaTdyukoB. B pe-
3ynbTaTe NepeaTyuku 1-oi U 2-0i rpynIbl OJHOBPEMEHHO H3-
JTy4aroT KPYTOBYIO TIOSAPH3AIMIO Pa3HBIX HAmpaBIeHUH (TIpa-
BYIO H JICBYIO).

[Ipu peanuzarm Mo100HOM CXEMBI BOSHHKAET BOIIPOC O pas-
BSI3KE€ MEX]y TpyNNaMH NepeJaTdMKOB, MOAKIIOYEHHBIX K BbI-
XOZIaM MOCTa, O COTJIaCOBAaHMM IIEPEJATUMKOB, a TAKKE O pac-
MIPEAEICHNUY MOIIHOCTH MEXIy BEPTHKAJIbHOW M TOPU30HTAIIb-
HOW MOJISIPU3AIMSIMU AJIS KOKJOU TPYIIIBI IepelaTunKOB.

AHanu3 padoTbl cXeMbl

I[J'IH aHaJin3a paGOTBI CXEMbI PaCCMOTPUM YacCTb CXEMbI IHU-
TaHUs aHTCHHbI C HAIIPABJICHHBIM OTBCTBUTCIIEM HAa PUCYHKE 7.
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Puc. 7. Cxema nutanusi aHTEHHBI Yepe3 HAIPaBJICHHBIH OTBETBUTEb

1. Pa3Bsi3ka Mexay IByMsI IPyNIIAMH NePeIaTINKOB.

[TockopKy MONSPU3AIMOHHAS PA3BI3Ka MEKIY ITOJIOBUHAMU
AHTCHHEI 10 JAHHBIM IIPOM3BOAUTEIIS COCTABISICT HE MeHee 35 ab,
TO Pa3Bs3Ka MEXKIY JABYMsI IPYIIIAMH [EPEIaTINKOB B OCHOBHOM
OyZeT OTpenesAThC Pa3BsSI3KON MEXKIY THArOHAIIMH MOCTA.

CaM MOCT TIpH XOpOIIIEM UCTIOTHEHUH 00CCIIEYNBACT Pa3BsI3-
Ky MEXAy MepeaTduKaMH, TTOAKIIOYCHHBIMA K THarOHaJsIM, He
menee 30 n1b, ogHAKO 3TO CIPaBEUIUBO TOIBKO MPH HACATEHOM
COTJIACOBAHUH.

Kak cmenyer m3 cBOICTB HAIIpaBIEHHOTO OTBETBUTENS, IPU
HEHJICAIbHOM COTJIACOBAaHMM aHTCHHBI U PABHBIX JUIMHAX IMHTa-
omx GuaepoB ABYX MOJOBUH aHTCHH, MOIIHOCTH OTPaKEHHON
BOJIHBI OT TIEPBOH TPYMITBI MEepeaaTInKoB (mopT 1) moctymaer B
JIPYTYI0 JHArOHaJIbh K BBIXOJY BTOPOH TPYIIBI MEPEIATYNKOB
(mopt 2). 1 Ha060pOT, MOIIHOCTh OTPAKEHHOW BOJIHBI OT BTO-
pO¥i TPYMITBI MEPEIATIYMKOB (TIOPT 2) MOCTYIACT B IPYIYIO JHa-
TOHAJb K BBIXOJY TICPBO TPYIIIHI IEPEAaTIHKOB (TIopT 1).

IIpu ToM BenMUYMHA OTPaKCHHOW MOIIHOCTH paBHA K03(-
(UIMCHTY OTpaKeHHsI aHTCHHBL. J[pyrMMU CJIOBaMH, BEIWYHHA
pasBs3ku S12 MeXOy NIHPOKOIIONOCHBIMHA BXOJAaMH MOCTOB
CIIOKEHHUSI JIBYX TPYMII TEPEJaTIYNKOB paBHA KOAPPHUIHEHTY
OTpaKEHHsI HA BXOJIE TJIaBHBIX Gumepos [5].

KCB

r,, =20% Log(KEB1) (nb) )
KCB+1

B wacrnoctn, ipu KCB=12 S, =1, =-20.8 1b.

anm

[TockonbKy HepeAaTyrKy B KOKIAOW TPy ITOJKIIOYA0TCS
K aHTEHHE 4epe3 MOCTBI CJIIOKEHUSI C (GUIbTPaMH, TO BEIMUUHA
Potp Ha BXozie Ka)X/J0r0 nepeiaTuuKa yMEHBIIUTCS Ha BEJTMUUHY
k03¢ duIMeHTa MOJIABICHHsI COOTBETCTBYIOIETro (hMiIbTpa Juist
YacTOT MepeslaTYMKOB JPYroil Ipymnbl (cTaHIapTHAs BEJIMYMHA
Jutst GUIBTPOB KoMOaitHepoB paBHa He MeHee 30 1b).

W3 BBINEN3I0KEHHOTO CIIEIYET, YTO MOJIKITIOYCHUE TIepeaaT-
YHKa K IIHUPOKOIOJIIOCHOMY BXOIy 0e3 (mibTpa LenecoobpasHo
TOJIBKO TIPH JIOCTATOYHO XOPOLIEM COTTTaCOBAHUH.

e
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[Ipu oueHKe B3aWMHOW pa3BsA3KH HYXHO TaKKE YUHTHIBATH,
YTO B JIBYX Pa3HbIX IPYIIaX MOTYT OBITh IEPEIATINKA C OJH3-
KHMH 9aCTOTaMU COCCJIHUX KaHAJIOB, KOTOPHIC TI0 ATOH MPUYHHE
HE MOTJIM OBITh Pa3MCIICHBI B OJHOW TPYIE. ITH YacTOTHl MO-
ryT HaXoauThes Ha ckare AUX coOCTBeHHBIX (DUIIBTPOB U UMETh
MEHBIINH KO3 PUIMEHT ITOIaBICHUS.

2. HepaBHOMepHOCTD /IeJIEHUsI MOLIHOCTEll TepeIaTYnKoB
MeKIy BBIXOIAMH MOCTA.

Oco0eHHOCTHIO pabOTHl HAIIPABICHHOTO OTBETBUTENS HA PU-
CyHKe 7 SIBJISICTCSI OTCYTCTBHE OAJJIACTHOM HArPy3KH B OJTHOM U3
noptoB. [loatoMy, rpynmna mnepegaTUMKOB, MOAKIIOYEHHBIX K
mopty 1 ¢ wacroramu f1,1...fl,n paboraeT Ha MOCT, Y KOTOPOTO
MOPT 2 HArpyXeH Ha KOMOAWHEphl C YaCTOTAMHU MPOITYCKAHHS
BTOpOI rpymisl nepenaruukos {2,1...f2.k, a wacrots! f1,1...f1,n
HAXOJATCS B ITOJIOCE TIOJABIICHUS.

Takum o0pazom, 00¢ TPYIIBI MMEPEIATINKOB PadOTAIOT Ha
MOCT, Y KOTOPOTO BMECTO COTJIACOBAHHON 0aJUTACTHOHN HArpy3Kd
B MPOTHUBOMOJOKEHHYIO JHArOHajdb BKJIIOUYEHO IPAKTHUYECKH
YHCTOE PEAKTHBHOE COMPOTHUBICHUE Z¢ CO CTOPOHBI COOTBET-

cTByomux (GuiIbTpoB komOaitHepa. C ydeTOM MpPOHM3BOIBHBIX
JUINH COEMHWUTENBHBIX JIMHUM Harpy3Ka Ha pasHbIX 4YacTOTax
MOXET IPUHUMATH [TPOU3BOJIbHBIC 3HAUCHMUS.

[To »T0# mpuumHEe aMIITUTYIHO-(Pa30BOE pacipeaesieHHe TO-
KOB MEXIy JABYMS IJIaBHBIMH (HIEpaMH, T.e. MEKAY BEpTH-
KaJIbHOM W TOPU30HTAJIBHON mossipusaiuei (moptel 3 u 4), HO-
CUT CJIOKHBIN XapakTep.

PaccmaTpuBaemblit ruOpuaHbIid MocT (3-x 1b HampaBiIeHHBIH
OTBETBHTEIIb) SBISICTCSI HANPABJICHHBIM BOCHMUITOJIIOCHUKOM 2-
ro THIIA.

s vero (puc. 7) ynoBnerBopsiercst yenosue S12=S21=0, a
BCsI MAaTpHIla paccesiHUsl UMEET Cleyromuii Bus [4]:

0 0 f «a .
—iz/2
0 0 a B orue, =% B=—1 2)
S: ) o= ) 2
B a 0 0 2 2
a f 0 0

Ilocne pemeHust cucreMbl JIMHEWHBIX YPaBHEHUH, MOJIy4YEH-
HBIX U3 MaTpPHUIIbI (2), OTHOCUTENIHHO MAJA0NINX M OTPAXKEHHBIX
BOJIH AJIs1 HOPTOB 1-4 HampaBIeHHOrO OTBETBUTEINS MOTydeHA
cienyromasi popmyrna st OTHOUICHUS! aMIUTUTY]] TOKOB Ha BbI-
Xo7ie MopToB 3 U 4, T.e. aMIUINTY/]] TOKOB Pa3HBIX MOJISPU3AIIIA.

robp LT 3)
l. -I.T
rae 7 — KOMIUICKCHBIH KO3(D(DUIMEHT OTpaKeHUsI KaXKJIOU M3

IIOJIOBUH QHTEHH B IIPEATIOI0KEHUH X PAaBEHCTBA,;
I~ KOMILJIEKCHBIH KOO(D(UIIMEHT OTpa)KEeHHs CO CTOPOHBI

BBIXOJIa KOMOaitHepa APYroil rpymiisl nepeaaTyukos (opT 2) Ha
4acToTax NepeaaTdyukoB mopTa 1. B maHHOM ciydyae muTaHue
HJET CO CTOPOHHI mopTa 1.

Ecnmu npusATh | I |=1, To ¢opmyna (3) nmpeobOpazyercst B

popmyy

I
e p i L g )
|4 1_|1ﬂa|

-
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Kak ObL10 OTMEUYCHO BBIIIE, PEAKTUBHAS HArpy3Ka Zd; Ha pas-

HBIX 4aCTOTaX MOXET IPUHUMATh [IPOU3BOJILHBIE 3HAUCHMUS.

[To »T0i MpUuKHE pacrpeeseHue TOKOB MEXy JBYMS TJIaB-
HbIMU (uziepamu, T.e. MEXIY BEPTUKAJIBHOW M TOPU30HTAILHOU
nossipu3anuei (opTol 3 u 4), HOCUT CIIOKHBIA XapakTep.

Ha pucynke 8 npusenen noxydenssiid u3 (3) 3-D rpaduk 3a-

BHCHUMOCTH OTHOILCHUS a0COJIIOTHBIX 3HAUYCHUI TOKOB IT|= 1|
I, |
ot dasbl kodpduumenta orpaxenus duaepa (F,) 1 hass kod¢-

(unyenTa orpaxkeHuss KOMOATHEPOB CO CTOPOHBI BTOPOTO IOPTa
(F) [6].

I'papuk moctpoen mis 3nadenuss KCB ¢unepa aHTeHHBI,
paBHOro 1.2 ¢ y4eTOM TOTO, YTO BCE BO3MOXKHBIC 3HAYCHUS (a3l
KO3 HIeHTa OTpakeHws1 Jiexkar B mpeaenax 0°-180°. AGcorot-
HOE 3HaueHHE KOA(pQUIMEHTa OTPaXEHHS CO CTOPOHBI Topra 2
MIPUHSTO paBHI)IM| ]"t |=1 (IIPAKTHYECKU YMCTO PEAKTHBHOE CO-

TIPOTUBJICHUE).

Puc. 8. rpaduk 3aBUCHMOCTH OTHOLICHUsI A0CONIOTHBIX 3HAYCHHI TOKOB

IT = M ot hassl kospduumenta orpaxenns punepa (F ) u passl
1,1
ko3 duIHeHTa OTpaKEHUSI KOMOAHHEPOB CO CTOPOHBI BTOPOTO
nopra (F)

Ha rpaduxe (puc. 8) BUIHO, 4TO MaKCUMaJIbHbIA Kod(duim-
€HT HEPaBHOMEPHOCTH PacIpe/ieeH sl TOKOB Ha BBIX0O/1aX MOCTa
pasen BenmunHe KCB.

Ha pucynxke 9 nmpusenen 3-D rpaduk 3aBUCHMOCTH pa3HUIIBI
(a3 B rpagycax TokoB 11 m 12 ams Tex ke yCcIOBWIA, YTO W Ha
pucyHke 8.

Anamm3z ¢gopmynsl (3) mokasan, 4To pasHuIA (a3 MEKIY
tokamu 11 u 12 mpm HOMyCTUMBIX 171 PabOTHI MEPeIaTINKOB

KCB B nmepBoM  NpUOMIKEHHH  paBeH  yJBOCHHOMY
K03((ULMEHTY OTpa)KEeHHs aHTEHHBI B pa/InaHax.
Ap=2*| " | (pan). 5)

B nannom mpumepe ains KCB=1.2 Bennunna 'a=0.091.
[Tpu sTom Ap=2*0.091*57.3=10.4°.
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Puc. 9. I'padux 3aBrcumocTr pazHunsl ¢as Tokos 11 u 12 (dfi) ot
(asel k03 dureHTa orpaxenus duaepa ( Fa) U ¢a3bl KodpdurueHTa

OTpakeHHsl KOMOAHHEPOB €O CTOPOHBI BTOporo nopra () (B rpagycax)

CpaBHUBasi pUCYHKH 8 U 9, BHJIHO, UTO YYacTKH C MAaKCH-
ManbHbIM 3HaueHueM |T| COOTBETCTBYIOT MHUHUMAJIBHOMY OT-
KJIOHEHHUIO pa3HuLbl (a3 TokoB oT 90° u Ha00OPOT, B pe3yibTaTe
9TOTO aHTEHHOM s 00X 3HaueHni a3 Fa u Ft usmyqaercs
AUIMNTHYECKAs] MOJsIpU3ayst ¢ Kod(pUIMEHTOM SITHIITHYHO-
cru, paBabiM 1/KCB.

3. CorjracoBanue Ha BX0JaX MOCTA.

B mpennoxeHHON cxeme NMPOMCXOAUT YaCTUYHAs B3aMMHAas
KOMIICHCAIHSI OTPAKCHHM, MPUXOMIAIIMX CO CTOPOHBI JBYX IO-
JIOBHH aHTEHH.

C otoit Touku 3peHust 3-1b MOCT HKBHBAJIECHTEH IIMPOKO
MPUMEHSIEMON CXEME ¢ YCTBEPTHBOJIHOBOW BCTaBKOW B OJIMH U3
IByX mmTarommx ¢umepoB. Hambonee monHas KOMIIEHCAIHS
OTpakeHUI OyAeT MPOUCXOAUTH MIPHU PABEHCTBE COMPOTUBICHUS
00enx MOJIOBUH aHTEHH, KOTOPHIC HATPYIKAFOT BBIXOIBI MOCTA.

Crnemyer MMeTh B BHIY, YTO MPU CBOOOJHOM IIHPOKOIIOIOC-
HOM BXOJI¢ M OTCYTCTBHH B cXeMe€ (PUIBTPOB, MOCTPOCHHBIX MO
CXEMe «3BE3/1a», UMEETCS BO3MOKHOCTH 3HAUMTEIHFHO YIy4YHUThH
COrJIacOBaHWE M Pa3Bs3Ky IyTEM YCTAaHOBKH MOTJIONIAIOIICH
Harpy3ku, Kyjaa Oy/leT yXOAUTh OTpaKeHHasi MOIHOCTh (MOPSi/-
ka -201b ot o01ieii MOIIIHOCTH).

Ha pucynke 10 mpusenen rpa¢pux KCB B nuanaszone pabo-
YMX 4acTOT Ha BXOoJe | HANpPaBICHHOTO OTBETBUTENS (puUC. 6) CO
CTOPOHBI TIEPBO¥ TPYIMIBI MEPEIATUNKOB, CHATHIN TIOCIIE pPeau-
3aI[U1 AHTEHHON CUCTEMEL.

ank. <nones

106.435 MHz

il

106 435 MHz
s L

Ha. 87 MHz Kow. 110 MHz

HLHTh MADKED Tun mapepa YianuTe Mapeep

Brifipats mapeep

CMcoK npocs Yer. maprep

Puc. 10. I'padpuk KCB B nuanazone pabo4nx 4acToT Ha Bxojae 1
HAIPaBJIEHHOTO OTBETBUTENISI CO CTOPOHBI IEPBOI IPYIIIIBI EPEIaTINKOB

Pe3yabTaThl peanu3alum NpeiiosKeHHON cXxeMbl

JlaHHast aHTCHHAs cCUCTeMa ObuIa peaan3oBaHa YensOMHCKUM
OPTIILL B 2022 roxy.

Ha pucynkax 11 u 12 npencraBieHsl CTpyKTypHasi cxema op-
TaHM3alU} BELIaHUs TPEACTaBIEHBl U PACIIOIOKEHHE aHTEHHOU
cucreMbl AMC PTIIC YensOunck.

G PS-mppedssraod

O P ppedam et

Puc. 11. CrpykrypHasi cxema opraHu3aliy BelaHus

H 53 Mepedawuyas aHmMeHHa

YKB 87.5-108 My
g.ua - 172,65 m

Texruveckoe,
Féanue

KadeasHsid
rrocm

Puc. 12. Pacnonosxenne anrennoi cucremsl AMC PTIIC Yensounck
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Ilocne 3aBepiieHUst MpoeKkTa MOAECPHU3ALUU AHTEHHO-
¢unepHoro ycrpoiicta B Yensounnckom OPTIILI, 6bumn mpose-
JICHbI U3MEPEHUs! IapaMeTpoB (HUIECPHBIX JIMHNUH, KBaJpaTypHO-
ro MOCTa, a TaKKe MPOBEIEHBI U3MEPEHHsI TaPAMETPOB HU3ITyue-
Hus PB cranmmit mo r. YensOWHCKY M OKPYXKHOH aBTOHOpOTE
BOKpYT T. YemnstOnHCKa.

W3mepenns moaTBEpAMIN pacdeTHBIE HIIEKTPHUECKHIE XapaK-
TEpUCTUKHU aHTeHHOH cucteMbl. KCB Ha BXoze nepesaTuukoB U
pas3Bs3ka MexxIy HUMH cooTBeTcTBoBasia 'OCTy Ha »TH mapa-
METpBI.

B oruere Uensounckoro OPTIIL] mo pesymnbraTtam usmepe-
HUI 0TMEYEHO:

1. B nnoTHO# ropoJICKOM 3acTpoiike MUHUMaJIbHbI YPOBEHb
HaNpsDKCHHOCTH  TIOJIST  PaJMOBEIIATENBHBIX — IIePEeaTUnKOB,
paboTaromux ¢ HOBOIl aHTEHHOH CHCTEMBI B OJHHX U TEX e
TOYKaX M3MEPEHUI OKa3bIBAETCS TOPA3/I0 BHIIIEC YPOBHS CHUTHAJA
NepefaTiuKoB,  padoTaromMx  Ha  JApPyrMe  aHTEHHBI,
pasmMenieHabie Ha AMC.

[Ipu cayxoBOM KOHTpOJIE BBHIIIEYKAa3aHHBIX MEPEJaTIYNKOB B
TOYKaX W3MEPEHUI He HaOJ0IaeTCsl NCKAKEHHUsI TPUHIUMAEMOT0
CHUTHAJIA.

2. Ilpu cinyxoBoM KoHTpoje PB craHumii, paborarommx c
QHTEHH, UMEIOLMX  JIMHEHHYI0 MOJISIPU3ALIUI0 (ipn
MPOCIYIIMBAaHUK B aBTOMOOWIJIE) CYILIECTBYIOT MeCTa, TJe
HaOioatoTcsl  MHTEp(EpCHIMOHHBIE 3aMUpaHUsl CHUTHAla B
TOPOJICKOH 3acTpoiike (CIBIIUTCS HIyM). B aTux e mecrax, npu
MPOCIYIIMBAHUU PAJUOCTAHIMM, BEINAIOIIUX C aHTEHHBI C
KpyTOBOH MoJIsIpU3aIyei, moJ00HbIX MPoOIeM 3aMeueHo He OBLIO.

3.Tlpu cayxoBOM KOHTpOJE TIpHEeMa PaTUOCTaHITUH,
paboTafommx C HOBOW aHTEHHOW CHCTEMBI  KPYTOBO
NOJISIPU3ALUH, BHYTPH MOMEIIEHUH 3a()MKCUPOBAHO OTCYTCTBHE
BJIMSIHUSL PACIIONIONKEHUs (OpUEHTAlMU) TPHUEMHHUKA/TIPUEMHON
aHTeHHBI B ipocTpaHcTie. [Ipu aToM j1st yacToT, padoTaromux ¢
AHTCHH c JIUHEHHOU noJsipu3anueit OpHUEHTalus
MIPUEMHHUKA/TIPUEMHOIl aHTEHHBI B ITPOCTPAHCTBE OTpaXkaiach Ha
KauecTBe IpHEeMa CHUTHaJla BIJIOTh A0 OTCYTCTBHS MpUEMa
(mepemenieHne MEKY MOMEIIECHUSIMH BHYTPH 3/1aHHSA).

4.Mlpn ananmmze TpaduKOB 3aBHCUMOCTH HAINPSDKEHHOCTH
MoJsl B TOYKAX HM3MEPEHHH OT THIIA TOJAPU3ALMN aHTECHHBI,
MOJKHO CJIeJIaTh BBIBOJ| O CYIIECTBEHHOM yYMEHBIICHUH Pa3HHIIbI
HaNpsDKEHHOCTH MO MEXy BUIAMM JIMHEHHOHN MONpHU3alin
pUeMHON aHTeHHBI (n3MeputenbHas anteHHa DP-1). ITostomy,
B YCIJIOBUSIX TOPOJCKOM 3aCTpOMKM, KOIJa IPHUEMHAas aHTCHHA
HaXOIUTCS B TOYKE WM3MEpeHHi ©Oe3 mpsAMOi BUAMMOCTU
U3My4arollell  aHTEeHHBl, U  3aKpbhiTa  UCKYCCTBEHHBIMU
NPENSTCTBUSAMH, HAONIOAeTCsl 3HAYMTENILHOE — YBEJIMYCHHE
YPOBHSI HaNpsHKEHHOCTH CUTHANIA, MO CPAaBHEHMIO C aHTEHHAMHU
JUHENHOW MNOJSApU3alUM, YTO IOJIOKUTENIBHO CKAa3bIBaeTCs Ha
KauecTBe Ipuema. B Toxxe Bpems, IpU CIYXOBOM KOHTPOJIE
NepelaTYNKOB, pPA0OTAIONIMX HAa aHTEHHBl C JIMHEHHBIMH
MOJISIPU3ALMSAMH B 30HE C OTCYTCTBHEM HPSIMON BHIMMOCTH H
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HaJIMYUECM NEePECOTPAKECHHBIX CHUT'HAJIOB, npu CJIyXOBOM
KOHTpOJIC, Ha6J'IIOZ[aIOTC$I 3HAYUTCIIBHBIC IIOMCXH HpI/IéMy,
BbIpaKaromunecsa B IIOABJICHHUHA H.IyMOB/ Hepa360p‘H/IBOCTI/I
TPpaHCIAIHNUA.

5. HoBas anTeHHass cumcreMa oOecredrBaeT ypaBHUBAHHE
BeIaTelel, MPEeAoCTaBisAsl MM MAaKCUMalIbHO ONU3KHE 10
XapaKTEPUCTHKAaM  30HBI  OOCITYy’KHBAHUS, JIMKBUIUPYIOTCS
HEpaBHBIE YCIOBHUS OKA3aHUS YCIYT ASHCTBYIOLINM BEIIATEIIAM.

6. 3a Bpems ¢ aBrycrta no kKoHer HosiOpst 2022 rona (mepeBoj
MEepBBIX YaCTOT Ha HOBYIO aHTEHHY) (QuIMan He HMeerT
oOpaleHuii ¢ MPeTeH3UsIMM 110 KauecTBy npuema PB-cranimid,
paboTaronyx ¢ HOBOI aHTEHHOW cHCTeMBbl. ONPOC TEXHUYECKUX
JUPEKTOPOB  BELATENEH TakKe TMOATBEPKIAECT YIydlICHUE
KadecTBa MOKPHITHA. [IpoOieMHBIX MecT ¢ TpPHEMOM CBOWX
CTaHIMI BellaTeIsIMI HE HAHACHO.
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THE ANTENNA SYSTEM FOR FM BROADCASTING WITH CIRCULAR POLARIZATION
AND THE POSSIBILITY OF SIMULTANEOUS WORK BY TWO GROUPS OF TRANSMITTERS

Yuri A. Khmeluk, FSUE "Russian television and broadcasting network" (RTRN), Moscow, Russia, filsu@yandex.ru
Felix D. Shusterman, FSUE "Russian television and broadcasting network" (RTRN), Moscow, Russia

Konstantin E. Sereda, FSUE "Russian television and broadcasting network" (RTRN), Moscow, Russia

Abstract

In large radio centers with a large number of broadcasting transmitters of the VHF band operating in the range of 87.5-108 MHz the
most common type of antennas are panel antennas. The advantage of these antennas is a large capacity — up to hundreds of kilowatts,
the ability to form radiation patterns of various shapes based on the characteristics of the service area, the distribution of population
density in this zone and sanitary requirements for residential areas. To meet these requirements, in some cases, the use of antennas
that occupy a significant place on masts is required. The implementation of these requirements often interferes with the absence of suf-
ficient free space on masts. In addition, at large radio centers there is a serious problem of placing a large number of powerful FM
broadcasting transmitters on one antenna. One of the reasons for the limitation of the number of transmitters is large losses in in-
series included combiners. One of the ways to increase the number of transmitters working on one antenna is the use of panel anten-
nas with a doubled number of dipole in each panel having different polarization — vertical and horizontal. Such antennas allow you to
work simultaneously with two groups of transmitters with different polarizations on two feeders. The disadvantage of such a solution
is that different radio stations operating on the same antenna with different linear polarizations in different conditions of propagation
of radio waves at the same power can create different field levels at reception points, which puts them in unequal conditions. Such an
antenna can also work with circular polarization but has the only input for only one group of transmitters. An antenna supply scheme
is proposed which allows two independent groups of transmitters to work simultaneously on one antenna with circular polarization
and use all the advantages of the propagation of circular polarization radio waves in urban conditions and with mobile reception.

Keywords: broadcasting, combiner, panel antennas, radiation pattern, circular polarization, directional coupler.
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PaccmarpuBaemasn B cratbe Moaens MOAUMULMPOBAHHON MHBaApPUAHTHOW amn-
NIUTYAHON MOAYNALMMK M AEMOAYNALMN C ABYMA ONOPHLIMM CUTHaANaMMU OTHOCUT-
cA K 06nacTn cucreM, cetent U YCTPOMCTB TENEKOMMYHUKALUA U PafMOTEXHUKU
W MOXeT ObITb MCMONb30BaHA B pafuonepeAalomx yCTPOHCTBAX, TENIEKOMMY-
HUKaLMOHHbIX CUCTEMAX U YCTPOMCTBAX, rAe TpebGyeTca aMnnuTyaHO-MOAYNUPO-
BaHHbIV NepefaBaeMblii CUTHaN ANA Nepejayu Yepes KaHan ceasu. [octurae-
MBI TEXHUYECKUI pe3ynbTaT MOAUKULMPOBAHHOW WHBAPUAHTHOW aMMNUTYA-
HOW MOAYNALMMN N AEMOAYNALMUM C ABYMA OMOPHLIMU CUTHANAMU HanpassieH Ha
BO3MOXHOCTb (hOPMUPOBAHUA aMIIMTYAHO-MOAYNTMPOBAHHOIO NEPEAABAEMOro
CUrHasia C NOBbILLEHHbIMM XapaKTEPUCTUKAMM MOMEXO03aLLULLEHHOCTU K KOH-
KpeTHoMy Buay nomex. MNMpeanoxeHel anroputMbl MoaUdbULMPOBaAHHON UHBA-
PMaHTHOM aMNANTYAHOW MOAYNALMMU N AEMOAYNALMK C ABYMA ONOPHbIMU CUTHA-
NaMM U Ha OCHOBAHWUM 3TUX aNTOPUTMOB GbIN pa3paboTaHbl CTPYKTYpHbIE cxe-
Mbl MOAUULIMPOBAHHOTO MHBAPUAHTHOTO aMIIUTYAHOTO MOAYNATOPa U AeMO-
AynATOpa C ABYMA OMOPHBbIMM curHanamu. YTo6bl Nony4YnTb dKCNEPUMEHTASb-
Hble aHHble ANA aHanu3a MoAUGULMPOBAHHOW WHBAPUAHTHON aMNUTYAHOW
MOAYNALMM U AEMOAYNALMN C ABYMA ONOPHLIMM CUTHaNaMu nNpu BO3AEeNCTBUU
Ha Hee NMOMEXU B KaHane cBA3M, ObINo NMPOBEAEHO MOAENUPOBAHUE CUCTEMbI
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CBA3U U pacyeT Heo6GXoAMMbIX AaHHbIX B cpefe Matlab. B kauecTBe nomexu B
KaHane cBA3u Gbin BbIOPaH afAMTMBHLIA Genbii rayccoBckui wiyM. B cratbe
npefcTaBneHa ynpoLyeHHas CTPYKTypHas CXeMa CUCTEMbl CBA3U 3KCMepUMeH-
TanbHoM Mogenu. [ina cpaBHEHUA pe3ynbLTaToOB B KA4eCTBE MOAYNATOPA U AEMO-
Aynatopa GyayT Mcnonb3oBaTbCs B NEPBOM clly4ae — MOAUMULMPOBAHHAA UH-
BapMaHTHasA aMNAMTYAHAA MOAYNALMA U AEMOAYNALMA C ABYMA ONOPHbIMU CUT-
Hanamu, a BO BTOPOM Cly4ae - aMnnuTyAHas MoAynaums u aemoaynaums. B pe-
3ynbTate GbUIM NOMy4eHbl OLIEHKU 3aBUCUMOCTN CPEAHEKBAAPaTUHHOIO OTKNO-
HEHUA OT 3HAYEHWI OTHOLLUEHUA CUTHAN/LUYM U BEPOATHOCTU GUTOBOM OLLMGKKN
OT 3Ha4eHUN oTHoLeHua curHan/wyM. CpeaHeKBaapaTMHHOE OTKIIOHEHUe Ans
MoAUULMPOBAHHON MHBAPUAHTHOM aMMNIUTYAHOW MOAYNALMM U AeMOAYNALMU
C ABYMA OMOPHBbIMU CUrHanamu obnapaer CyLeCTBEHHO MEHbLUMMMU 3HAYEHUs-
MU, YEM CpeiHEKBAAPATUHHOE OTKIIOHEHUE ANA AMNNIUTYAHON MOAYNALMMU U Ae-
moaynauum. Mepepaya nHgopMaLm ¢ 0AUHAKOBOM HAZL@IKHOCTBIO Yepes Ka-
Han CBA3M C UCNOMNb30BaHMEM MOANMULMPOBAHHON UHBAPUAHTHON aMNNUTYA-
HOM MoAynAUMEN U AEMOAYNALMEN C ABYMA OMOPHLIMU cUrHanamm Tpebyer 3Ha-
YUTENbHO GOMbLUIEro OTHOLLEHMA CUrHan/LIyM, YeM Nepejaya Yepes KaHas CBs-
31U ¢ aMnauTyaHon Moaynaumen [1].
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BBenenue

B coBpemeHHOM 00111eCTBE TOTPEOHOCTH B IIepeadye coooIie-
HUH ((OTO, BUIEO) 32 OCIIETHUE I0/1a 3HAYUTEIILHO MOBBICUIIACH,
9TO HPHBEIIO K POCTY 00beMa HH(OPMAIIMK OTIPABIAEMON MO Ka-
HajaMm cBsi3u. JlaHHOE OOCTOSATEIBCTBO 3aCTaBILSIET ONEPATOPOB
CBSI3H B3IUISIHYTh Ha PHIHOK MOOWJIBHOW CBSI3H C HOBOH CTOPOHBI
U M03TOMY BO3HUKAET HEOOXOIUMOCTh B MOBBIIICHUH CKOPOCTH
nepeiauu JaHHbIX U COOTBETCTBEHHO YJIyUIIICHHsI KauecTBa Mepe-
JIaBa€MbIX JaHHBIX.

Ecnu yuutbiBath, 4to (hakTHIECKUil KaHall CBSI3H — 3TO KaHaIl
C M3MEHSIOIIUMHUCS TTapaMeTpaMu, a OOBIYHO COBPEMEHHBIC CH-
CTCMBI CBA3U MPUMEHAIOT aJIallITUBHBIC CXEMBI IIpUEMa-1iepeaaiu,
TO 3Ta CJIOXKHAs PoOIIeMa, KOTOPasi MOKET OBITh PEIIICHA C TOMO-
I1bI0 KOMOMHUPOBAHHBIX MEP, B KOTOPBIC BXOJUT TAKUE MEPOTIPH-
SATHS KaK YCTPaHEHHE H30BITOYHOCTH MepeiaBacMOi HH(POPMAIIUH,
MIOMEXO0YCTOHYMBOE KOAMPOBAHHE, YBEIMYEHHE CKOPOCTH Iiepe-
Ja4ui HHOOPMAIMH 32 CYET YITyUIICHHS CXeM MOYJISIUH U T.JI.

BeimmenepednciieHHbie KOMOMHUPOBAHHBIE MEPbl U3MEHEHHS
B IMapaMeTpax KaHaJoOB CBSI3U BO BPEMsI CEAHCA CBSI3U MOKET TPH-
BECTH K CJICIYIOLIMM CYIICCTBCHHBIM HEA0CTATKAM:

— 32 MPOMEKYTOK BPEMEHH MEX/y COCCJHUMH OTCUETAMH B
MacmTabe BpeMeHH TOTpedyeTcs BHYIIUTENbHBI 00beM omepa-
LU YMHOKEHHS U CIIOKCHUS;

— JUIA XpaHCHUSA YiKE paHEC Haﬁ}leHHBIX 1 BBIYHCIICHHBIX BCEX
BEPOSITHBIX BapuallMi CHIHAJIOB TOTPeOyeTcs 3HAYMTEIbHBINA
obweM mamstu [2, 3].

[poaHanusupyeMbie aarOpUTMBbI HY)KIAIOTCS B OOJIBIIOM KO-
JIMYECTBE CBEPTOUHBIX ONEPALUi, SBISIOUIMECS] OYEHBb CIIOXK-
HBIMU JJIs BBIIIOJIHEHUS, U YYUTbIBas, 4YTO yCTpOﬁCTBa, Ha KOTO-
PBIX OYZeT pealM30BbIBATHCS X BBIOIHEHHE SIBISIFOTCS HOCHTE-
JIeM JJOCTATOYHO BBICOKOTO YPOBHSI COOCTBEHHBIX MOMeX. Brus-
HHE TIOMEX B KaHaJle CBSI3M W IIYMOB B CPEJIE PACIPOCTPAHCHHUS
TAKKe HE PaCCMATPHUBACTCS IOJDKHBIM 00pa3oM.

PaccMOTpeHHbIE HEOCTATKU MOCTY)KUINA CTUMYJIOM JIJIsl UC-
CJIC/IOBaHUSI HOBBIX CIIOCOOOB B OPraHHU3aI[MK CUCTEM CBsi3U. Bo3-
MOXHBIM BapHaHTOM M3 PACCMATPUBAEMbIX CIIOCOOOB MOMKET
OBITH METOJI, KOTOPBII HAIlle)I IPUMEHEHNE HOBOTO MaTeMaTHue-
CKOTO amnrapara, UCIOJb3YIOIIero TEOPHI0 TPy Mpeodpa3oBa-
HUH, JUIs TIPEJICTaBJICHHsI MPeoOpa30BaHMsl CUI'HAJIOB 110 KaHajlaM
cBa3u [2, 3].

Ha ceromusminuii 1eHb OTMEYEHO, YTO BIMSHUC KaHAaNa CBA3H
Ha MPOXOJISIINI Yepe3 HEro CUrHal BO3MOXHO OTPa3UTh COOTBET-
CTBYIOIICH rpymmoil npeoOpa3oBanuii [4, 5, 6]. B kauectBe npu-
Mepa pacCMOTPHM TPYIIYy OPTOrOHAIBHBIX MPe0Opa3oBaHHUN C
noarpymmnoi ahGUHHBIX MPeodpa3oBaHUl, C TOMOIIBI0 KOTOPOH
NPEICTABISIETCS ONMCAHUE M3MCHEHHSI CUTHAJIOB, MPOXOSIINX
yepe3 JTMHEHHbIC KAHAIbI CBSI3H.

[IpumMeHeHNe HHBapHAHTOB TPYIIIHI IPeoOpa3oBaHuil, TO €CTh
MPUMEHEHHUE XapaKTEPHBIX COOTBETCTBUH MEKIy MapameTpamu
CHUTHAJIOB, MPOXOMASIIMX Y€Pe3 KaHAJ CBSI3H, U IPU 3TOM OCTAI0-
[IAMKCS TIOCTOSIHHBIMM, HECMOTPSI HA TO YTO CaMU CUTHAJIBI MO~
BEpPIIIMCh M3MEHEHHUIO B KaHAJIE CBS3M, MO3BOJISIIOT pPaccMaTpH-
BaTh HOBBIM C€HOCOO Oe3bICKa&KEHHOW Nepenaud HHGpOpMaIuu
[4,7,8].

Eciu paccMOTpeTh HCMOIb30BaHHE HHBAPUAHTOB B «KJIACCHU-
YECKUX» MOIYJISIHMAX, TAKMX KaK aMIUTUTYAHAs, YACTOTHAs U OT-
HocHUTeNnbHast (pa3oBasi MOAYJISIIIMM, TO MOXKHO CKa3aTh, 4TO 3a
CYET COXPAHEHHUsS JUIUHBI BEKTOPOB M PA3HOCTH YTIIOB MEXKIY

nepeaBaeMbIMU CUTHAJIaMH B HUX IPOUCXOAUT HCIIOJIB30BaHUE
0OBIYHON OPTOTOHAIBHOHN TPYIITEI IPEOOPA30BAHMUI.

PaccmaTpuBaemast B craTbe MOAEIb MOAU(DUIIMPOBAHHON HH-
BapHaHTHON aMIUIUTYAHON MOAYJISIIAN U IEMOAYJISIAN C ABYMS
OTIOPHBIMM CHTHAJIaMH OTHOCHTCS K OOJIaCTH CHCTEM, CeTed M
YCTPOMCTB TEJIEKOMMYHHUKALUH M PAJMOTEXHUKH U MOXET OBITh
UCIIONIb30BaHa B PaJIMONEPEAIONINX YCTPOUCTBAX, TEICKOMMY-
HUKAIIMOHHBIX CHCTEMaX M YCTPOWCTBaX, IJie TPeOyeTCs: aMILIu-
TYIHO-MOYJTMPOBAHHBIA TIepeaBaeMblii CUTHAT JUIS Mepeaaydn
yepe3 KaHall CBA3U.

JlocTturaemplii TeXHUYECKUI pe3ysbTaT MOJU(UIIMPOBAHHON
MHBAapUAaHTHOM aMIUIMTYJIHOH MOJYJSAIMHM U JAEMOIYJSAIUH C
JIBYMsI OIIOPHBIMH CHT'HAJaMH HaIlpaBJIeH Ha BO3MOXHOCTH (op-
MUPOBaHMS AMIUIATY JHO-MOAYIMPOBAHHOI O NEPEAABAEMOTO CUT-
HaJla C MOBBIIIEHHBIMU XapAaKTEPUCTUKAMH MOMEXO3aIHUIIEHHO-
CTH K OIIPEEICHHOI KaTeTOpHN TIOMEX, HE TOBOPSI YK€ O CKPBIT-
HOCTH OTIpaBisieMOl MH(GOPMAIMK B CPAaBHEHHH C TPOTOTHIIOM
u anayioramu [1, 9, 10, 11].

D10 gOCTUTACTCS TEM, UTO B MOAU(DUIIMPOBAHHOM HHBAPUAHT-
HOM AaMIUIUTYZAHOM MOAYJISITOPE HMCHONB3YIOTCS JIBa OMOPHBIX
CHUTHaJIa U3 KOTOPBIX, (hopMHUpyeTCst aMIUINTYAHO-MOYTUPOBAH-
HBIN niepeiaBaeMblil (MH(POPMAIIMOHHBIIN ) CUTHAII, B KOTOPOM BO3-
MOJKHO COJIEpyKaHUEe OOJIBIIOr0 MHOTr000pasus (HopM HCIIOIB30-
BAaHHBIX CHT'HAJIOB, MO CPABHEHHUIO CO 3HAKOMOW paHee MHBAPH-
AQHTHOM aMIUIUTYTHON MOZYJISLUEH, /1€ UCTIONb3YIOTCSl CUTHAJIBI
110JJ00HOM popMBI. A B BEKTOPHOM IPE/ICTABICHUH JIMHUSL, HA KO-
TOPOH PaCHOI0KEHBI KOHIIBI BEKTOPOB OMIOPHBIX CUTHAJIOB U BEK-
Topa MH(MOPMAIIMOHHOTO CUTHAlla, B CHCTEME KOOpAWHAT pac-
CMaTPUBAEMOT0 CUTHAJIBHOTO MPOCTPAHCTBA MOXKET MPUHUMATh
T000€ MOJI0KEHHE OTHOCUTEIBHO Havasla KOOpAUHAT paccMaTpu-
BaeMOM CHCTEeMBI KoopauHart (puc. 1).

B mogudunmpoBaHHO MHBAPHAHTHOW aMIUTUTYIHON MOIY-
JSIIMAU U JEMOJYJISIIUK C JIBYMsI OIOPHBIMU CHUTHAJIAMU IIPEJIO-
KEH CIeIYIOuil MoAX0o ] IS Nepefadn 3HadeHu nHpopMaIu-
OHHBIX JJIEMEHTOB, OblIa B3sITa paHee M3BECTHAS] MHBapUAHTHAs
aAMIUTUTYAHAs MOIYJISILIKS, TA€ KOHIIBI BEKTOPOB OMOPHBIX CUTHA-
JIOB ¥ BEKTOPa MH(POPMAIIMOHHOT'O CUTHAJIA PACIIOI0KEHBI Ha OJ1-
HOW NPSIMOH, 1 3Ta npsiMast 0053aTeIBHO JJOJDKHA TPOXOUTH Ye-
pe3 Havajo CHUCTEMBI KOOPAMHAT PacCMAaTPUBAEMOr0 CHUTHAallb-
HOTO NPOCTPAHCTBA, a JUIsl Nepeiauu 3HaueHni MH(OpMAaIMOoH-
HBIX 2JIEMEHTOB HCIOJNb3YeM OTHOIIEHUE JUIMH BEKTOPOB, KOTO-
pBIe NIeKaT Ha 3ToH mpsamoit [4, 9]. PaccmaTtpuBaemas Moauduiu-
pOBaHHAs! MHBAPUAHTHASI aMIUTUTY THAS MOIYJISHS U IEMOIYJIsI-
LUsE C IByMsI OTIOPHBIMH CHTHAJIAMHM TTO3BOJISIET TIepeIaBaTh 3Ha-
YeHUs] MH()OPMAMOHHBIX 3JIEMEHTOB C HCIOJIb30BAaHUEM OTHO-
LIEHUsI [UIMH BEKTOPOB, KOTOPBIE HAXOAATCSI HA OJHOU MPSIMOM,
HO JaHHas mpsiMas He 005A3aTEIbHO JOJDKHA IPOXOAUTH Uepes3
HA4ajo CHUCTEMBI KOOPAWHAT PacCMaTPHUBAEMOIO CHTHAIBHOTO
mpocTpancTsa [1].

Cunre3 Moau(pUIMPOBAHHOI MHBAPHAHTHONH AMIIMTYIHOI
MOYJISIUH.

[Tpn mpouecce cunTe3a MOAM(PUIIMPOBAHHOW WHBAPHAHTHON
aAMIUTMTYHOW MOJYJISIIMU C JIBYMsI ONOPHBIMH CHUTHajlaMU JUIS
TOTO, YTOOBI CO3JaTh OOJBINYIO SICHOCTh KapTHHKHA OyIeM Wc-
MOJIB30BATh JABYMEPHOE CHI'HAIBHOE MPOCTPAHCTBO. B nmaHHOM
paccMaTpHBacMOM JIBYMEPHOM CHI'HAJILHOM IIPOCTPAHCTBE KOOP-
JMHATHbIE OCH OYIyT COOTBETCTBOBATH OIIPE/ICIICHHBIM OPTOHOP-
MHPOBAHHBIM Oa3MCHBIM (YHKLIUSM BPEMEHH, B YacCTHOCTH,

—
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MOXHO npesicTaButh GyHkumsimu Korenbaukosa ¢1(t) u ¢a(t), xa-
PaKTEPU3YIOLIMMHUCS BDEMEHHBIM CABUTOM, KOTODBIH JOJDKEH Ta-
paHTHpOBaTh WX opToroHambHOCTH [1]. Takum obpa3zom B pac-
CMAaTPUBACMOM JIBYXMEPHOM CHTHAIBHOM IIPOCTPAHCTBE CHI-
HaJIbI MOTYT OBITh ONKCAHBI ABYMSI BDEMEHHBIMU OTCUETAMH, 3Ha-
YEHMSI BEJIMYMH MOXKHO OINPENCIHTh MO KOOpPAMHATAM KOHIIOB
BEKTOPOB JIAHHBIX CUTHAJIOB.

Ha pucynke 1 B mpocTpaHCTBE BXOAHBIX CHTHAJIOB TPE/ICTAB-
JIeHA TpsIMast JINHHUS, HA KOTOPOW PACIIONOKEHBI KOHIIBI BEKTOPOB
curHanoB. [IpejcTaBieHHas MpsAMast JIHHUSI PUHUMACT JH000¢e
MOJIOKEHHE B CUCTEME KOOPIMHAT PacCMaTPHBACMOIO CHUTHAb-
HOT'O MPOCTPAHCTBA U MIPH 3TOM HE MPOXOUT Yepe3 Hauaso Koop-
IMHAT TaHHOW CHCTEeMbl KoopauHat. W3 pucynka 1 BuaHO, 4TO

KOHIIbI BEKTOPOB TPEX BXOJHBIX CUTHAIIOB S 1 S , U S , 3a/a-

roTcst ¢ momoinkio Touek A, B, u C [4, 7, 10, 11].

Panee B paborax [1, 9, 12, 13] onmceiBanock, 9T0 ¢ TOMOIIBIO
TPYTIITEI OPTOTOHAIBHBIX IPEOOPa30BaHUN ¢ TOATPYIIIOHN ad uH-
HBIX IIPEe00pa30BaHUI BXOJHBIC CUTHAIBI MOYKHO MPeoOpa3oBarTh
B BBIXOJHBIE CUTHAIIBI.
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TIpoctpancTeO 1 T N

BXOJHBEIX CHTHATOB BBIXOJHBIX CHTHATIOB

Puc. 1. Cxema a¢punHOTO IPeoOpa30BaHuUsI BXOAHBIX CUTHAIOB
B BBIXOJIHBIC CHTHAJIBI JUI MOAU(UIIMPOBAHHONW MHBAPHAHTHON
AMIUTHTYAHOH MOJYJISILIMU C IBYMS OTOPHBIMH CHTHAJIAMU

I'pynmbl opTOroHaNBHBIX IPEOOPa30BaHUM C MOATPYNIION ad-
(UHHBIX TIpeoOpa3oBaHM 00NATAIOT CIEAYIOIIMMH CBOHCTBAMHU
[7,14].

1. B mpomiecce nepeaun mHPOPMAITUH IO KaHATaM CBSI3H CHT -
HaJIbl oJ(BepratoTcs ad(GUHHBIM TPeoOpPa30BaHUSIM B pe3yJIbTaTe
9ero NpsMble JIMHUU IPe0oOPa3yroTCst B PSMbIE JINHUH.

2. To ke camoe MPOUCXOAUT C TIOCKOCTSIMUA OHH IIpeodpasy-
I0TCsI B TIpoLiecce MpeoOpa3oBaHus B IpyTrUe IIOCKOCTH.

3. B mporiecce nepeaayun nHGOpPMAIMHK 110 KAHAJIAM CBSI3H CUT-
HaJIbI 1To/1BepratoTcs ad(GUHHBIM ITPe0Opa30BaHMSIM B pe3yIbTaTe
Yero COXpaHsIoTCs OTHOIICHHE JUIMH OTPE3KOB, JIKAIUX Ha O]
HOW IpAMOIL.

4. Toxe camMoe TPOMCXOINUT C OTHOIICHUEM IUIOIIanel Tpe-
YTOJBHUKOB B pe3ylibTaTe ah(hHHHOTO IpeoOpa3oBaHus.

5. Toxe camoe MPOUCXOTUT C OTHOLICHHE 00BEMOB MHOIO-
TpaHHHUKOB pe3ynbraTe aduHHOTO Mpeodbpazosanus [9, 15].

Bce BrmmenepeunciienHsle cBOHCTBa adGUHHBIX Mpeodpaszo-
BaHUIl CUUTAIOTCSI MHBAPUAHTAMH TPYIIBI OPTOTOHAIBHBIX IIpe-
oOpazoBanwmii ¢ moarpynmoi apuHHbIX npeodpazosanuii [7, 14].
ITocTOSSHCTBO 3HAYEHUM BEJIUYMH HWHBapUAaHTOB KacaTCJIbHO
IPYIIIIBI OPTOrOHAIBHBIX TPe00pa3oBaHuii ¢ moarpymnmoi apdun-
HBIX NIPe00pa3oBaHuil MOXKET OBITh PUMEHEHO B KaUeCTBE HEUC-
Ka)KaeMOoro IepeHoCcurKa HHPOpMaIHu Yyepe3 KaHall CBS3H.

-
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Ha pucynke 1 MoxHO yBuaeTh cxemy ad(HhUHHOTO Ipeodpaszo-
BaHUs KOHIIOB BEKTOPOB BXOJIHBIX CHMTHaNoB S,, S, u S, B

i —

KOHIIbI BEKTOPOB aHAJIOTUYHBIX BBIXOJHBIX CUTHAJIOB S 19 S 2 n

—_

S ,, KOTOpas Ipe/CTaBiIeHa B BUJIE yHKTUPHBIX JIiHUM [9].

W3 paccmarpuBaeMoro B 3TOM npumepe nHBapuanTa addun-
HOT'O IPeo0pa3oBaHus C UCIIOIb30BAaHUEM KOH(UTYpaIIUU «OTHO-
IICHUS TPEX TOYEK», MOXKHO OYZIeT 3aIicaTh OJHY U3 BO3MOMKHBIX
(opM B crieqyroneM Buje:

_BCc_BC
" AB  AB

=|S_3_S_2|= | (1)
SESSES

Takum xe 00pa3om, €ClIi HCIOIB30BATh APYTHE KOHIIBI BEK-
TOPOB CUTHAJIOB, TO MOKHO 3alcaTh WHBAPUAHT B CIEIYIONIEM
BUJIC:

§3_SI
S_z_ 1

_AC_AC
" AB AR

J : 2)

B paccmarpuBacmom Beipaxkeruu (1) curnamsr Si(t) u Si(t)
MOJKHO CKa3aTh OCYIIECTBISIOT (PYHKIIUIO «OMOPHBIX CUTHAJIOBY,
a curnan Si(t) — undopmanuonuoro curuaia Si(t). 3ameHuB cooT-
BETCTBYIOLIUE CHIHAJBI U IIPOM3BE/Isl MATEMAaTHIECKUE mpeodpa-
30BaHMs B BhIpakeHnd (1), MOXKHO MOJTYYUTE TIEPBBINA AITOPUTM
MOJUPHUITMPOBAHHON WHBAPHAHTHON aMILUTUTYITHON MOAYJISIIIAY C

JIByMsl OTIOpHBIMH curHanamu [1, 9, 12, 13]: §| =J; (S_2 - S_1)+ §2

— MEPBBIH aJIrOPUTM MOAU(UIIMPOBAHHOW MHBAPUAHTHOM aMILIN-
TYJJHOM MOJYJISIIMK C JIBYMSI OITIOPHBIMU CHT'HaJIaMH, rie Ji — Be-
JIMYMHA 3HAYEHUsI OTHPABIISIEMOT0 HHPOPMAIIMOHHOTO IEMEHTa;

S, —BekTop uHpopMaronHoro curnana Si(t), KoTopslii o1HOBpE-

MEHHO ¢ onopHbIMU curHanamu Si(t) u S(t) mepenaer BenuuuHy

3HaueHHs1 ”HPOPMALMOHHOTO d7eMeHTa Ji; S, — BEKTOp IepBOro

onopHoro curnana Si(t); S, — BEKTOp BTOPOro OMOPHOTO CHrHATA

So(t); | — HOMEp BpEeMEHHBIX WHTEPBAJIOB, 3a TEPHOI KOTOPOTO
IMPOU3BOAUTHECA NE€peaava BCIMYHMHBI 3HAYCHUSA I/IH(bOpMaI_H/IOH-
HOTO 3J1eMeHTa J;.

U3 Beipakenusi (2) Takke 3aMCHHB COOTBETCTBYIOIIHE CHI-
HAaJIbI ¥ TIPOU3BE/S MATEMaTHIECKUE PeoOpa3oBaHus, Kak C BbI-
paxeHueM (1) MOXKHO MOTYYHTh BTOPOH AITOPUTM MOTH(DUIIUPO-
BaHHOI MHBApUAHTHOMN aMILTUTYTHOW MOJYJISILIMH C JIBYMS OTIOp-

HBIMU curHanamu [1, 9, 12, 13]: S_I =], (8_2 —§1)+S_1 — BTOpOIt

ANTOPUTM  MOJU(PHUIMPOBAHHON WHBAPUAHTHON aMIUTUTYTHON
MOJIYJISILIMK C ABYMSI OOPHBIMU CUTHAJIAMHU.

Jlanee 13 HaliJICHHOTO AITOPUTMa MOJTYJISIUK BeIpaxkeHust (1)
C MOMOIIBI0 MaTEeMAaTHYCCKUX MPEeoOpa30BaHUU TMOTydaeM Iep-
BBIl QJITOPUTM MOAM(DHUIIMPOBAHHON WHBApUAHTHON aMILTUTY-
HOH IeMOAYJISILIUM C ABYMsI ONOPHBIMU curHanamu [1, 9, 12, 13]:

— TIEPBBIH ANTOPUTM MOAU(UIIMPOBAHHON

MHBAapUaHTHON aMIUIMTYAHON JEMOIYJIALUU C IBYMsI OIIOPHBIMU
CUTHAJIaMU, TJ€ A — 3HAK O3HAYaeT OLEHKY IIPUHUMAEMON BEIIH-

~

YHUHBI, J — omeHKa BEIWYMHBI 3HAYCHHS TIPUHAMAEMOT O
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~!
MH()OPMAIMOHHOTO JIEMENHTa; S ;| — OIEHKA BEIMYMHBI BEKTOPA

~!
MH(OPMALMOHHOTO CHTHANA; S | — OLEHKA BEJIMYMHbBI BEKTOPA

’

TIEPBOTO OIMMOPHOI'0 CUTHAJA; S_ = OIICHKAa BCJIMYMHBI BEKTOpa

BTOPOr'0 OTIOPHOI'0 CUrHaJjIa;

| — HOMEp BpEMEHHBIX HHTEPBAJIOB, 3a MEPUO KOTOPOTO MPO-
U3BOJIUTHCS TMEpejiavya BEJHMUYMHBI 3HAUCHUS MH(OPMAIHOHHOTO
saeMeHTa Jj.

AHANOTMYHO BBIIICU3I0KEHHOMY METOY M3 BhIpaxeHus (2)
[OJIy4aeM BTOPOU alIrOPUTM MOTU(DUIIMPOBAHHON HHBAPHUAHTHOM
AMIUTUTYIHOW JIEMOJIYJISIIIUKU C JIBYMsI OMOPHBIMU CUTHamamu [1,
9,12, 13]:

— BTOPOI1 aJIrOPUTM MOJU(PHUIIUPOBAHHO HH-

BapI/IaHTHOﬁ aMl'IJ'IPITleHOﬁ JAEMOAYJIAIU C JIBYMs OIIOPHBIMH
CHUTHAJIaMU.

CTpykTypHasi cxeMa MOTU(PUIUPOBAHHOTO HHBAPHAHTHOT O
AMILUIUTY/HOT0 MOAYJIATOPA € IBYMS ONOPHBIMU CUTHAJIAMU

CrpykTypHas cxema MOJU(UIMPOBAHHOTO WHBAPHAHTHOTO
aMIUTUTYTHOTO MOJYJISITOpa C JBYMSI OHNOPHBIMH CHTHAJIAMH
MIPEICTaBIICHA Ha PUCYHKE 2.

| bEBPB |—'| YMHOKHTENb I———I Cymmartop I—‘

BOAMHWAM

1
1
1
1
1
|
1
1
1
1
1
1
:B KaHan
1 CBA3N
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Puc. 2. CtpykrypHas cxema MOAN(DHUIIMPOBAHHOTO HHBAPHAHTHOTO
AMIUTUTYAHOTO MOAYJIATOPA C IBYMSI OHOPHBIMU CUTHAIaMU

Cxema COCTOHUT U3:

T'HD — reneparop MH(GOPMAIIMOHHBIX JIEMEHTOB;

T'TIOC — renepatop nepBoOro OMOPHOTO CUTHANA;

I'BOC — renepaTop BTOPOrO ONIOPHOTO CUTHANA;

BbBPB — 010K BBIYUCIICHUS Pa3HUIBI BEKTOPOB;

BOAMHAM — 6110k onpeieNieHnst alropuTMa Mo Juduupo-
BAHHOM aMIUTUTYIHOM MOAYJISILIUM;

BbI'C u Y — G110K TPYNIIOBOM CHHXPOHHU3AINA U YIPABICHHUS;

YMHOXKUTENS,

Cymmaropa;

MynbTumniekcopa.

Pabora monyssitopa HauuHaercsi ¢ (HOPMHUPOBAHUS JBYX
OIOPHBIX CHI'HAJIOB Pa3HbIX ()OPM reHepaTopaMu IepBoro 1 BTO-
poro OMOpHBIX CHUTHaIOB. OIOpPHBIE CHTHAIBI C BBIXOJOB

TEHEPaTOPOB MOCTYMAIOT Ha OJOK BBIYUCIICHUS PA3HOCTH BEKTO-
POB, Jiajiee MOJyYEeHHBIH pe3yIbTaT OT OJI0OKa BBIYHUCIICHHS pa3HO-
CTH BEKTOPOB TOCTyHaeT Ha yMHOXHTelIb. OTHOBPEMEHHO Ha
YMHOKHTEJIb IOCTYIIAI0T HH()OPMALIMOHHBIE 3JIEMEHTHI C F'eHepa-
Topa MH()OPMALMOHHBIX JIEMEHTOB, KOTOPbIE HEOOXO0ANMO Iepe-
JaTh B KaHai cBsi3W. [lapayienbHO ¢ MOCTYMJICHHEM OMOPHBIX
CUTHAJIOB Ha OJIOK BBIYMCIICHUS Pa3HOCTH BEKTOPOB, OINOPHBIC
CHUTHAJIBI IOCTYTIAIOT Ha BXOJI OJI0Ka OIpeIeIeHHs aIrOPUTMa MO-
JTUGUIIMPOBAHHOW MHBAPUAHTHON aMILTUTYTHON MOTYJISIINH.

B 6noke onpenenenust anropurMa Mou(GUIIMPOBAHHON HHBA-
PUAHTHOW aMIUTUTYTHON MOMIYJISIIUU OIIPEACIACTCS aJITOPHTM,
110 KOTOPOMY OYZIET MPONU3BOIUTHCS MOAYJISIHS 1O BBIPAKEHHIO
(1) mmum (2). Ecnu O6yzmer BeIOpaH | anropuTM MOAYISAIUH, TO C
BBIX0Ja 0JIOKA OIIpe/IeNIeHUst ATOpUTMa MOAU(HLIUPOBAHHO HH-
BapMAaHTHOH aMIUINTYIHOH MOMIYJSALUN OyIeT MOJaH BTOPOH
OIOPHBIIA CUTHAJ, eciau OyAeT BbIOpaH 2 alNropuT™M MOJIYJISLUH,
TO C BBIXOZa 0JIOKA ONpEJEICHUs] allropuT™Ma MOAU(PHUIIMPOBAH-
HOW MHBaPUAHTHOW aMIUTUTYIHON MOAYJISALUK OyIeT MOIaH mep-
BBII ONOPHBINA CUTHAJL

BbiOpaHHbIH OMOPHBIA CHTHAJI C OJIOKA ONpEIeNeHHs alro-
puT™Ma MOIU(UIIMPOBAHHON HHBAPHAHTHOW aMIUTUTYIHOW MOY-
JSIIUU ¥ Pe3yJIbTaT C YMHOXKUTEISI TIOCTYTIAIOT Ha CyMMaTop, Ha
BBIXO/Ie KOTOPOTO TIOJIydaeM WH(OPMAaIMOHHBIN CUTHAT A Tie-
penadu B KaHaJ CBSI3H. 15 HOCIIe10BATENILHOM Tepeiatin B KaHa
CBSI3U TIEPBOTO M BTOPOTO OIIOPHOTO CUTHAJIA, a TaKXke HH(popma-
IIHOHHOTO CUTHAJIA HCIIONB3yeTCs, MyIbTUILiexcop [12, 13].

CornacoBanHas paboTa Bcex OJIOKOB MOAM(DHUIIMPOBAHHOTO
HWHBAPUAHTHOT'O AaMIUIUTYJHOTO MOAYJIATOpa 06€CHC‘II/IBaeTCﬂ
6JIOKOM TPYIIIIOBOIT CHHXPOHU3AINH U yIipaBieHus. [ Harms-
HOCTH Ha PUCYHKEe 2 OT OJioKa TpyMIoBOH CHHXPOHM3AIMU U
YIpaBJeHUS 10 BceX OJIOKOB MOAM(DHUIMPOBAHHOTO MHBapUAHT-
HOTO aMIUTUTYAHOTO MOAYJIATOPa HE TIOKa3aHbl COEIMHUTENIbHBIE
nuauy [12, 13].

CTpykTypHasi cxemMa MOAH(UIHPOBAHHOT0 MHBAPHAHTHOI'O
AMILIMTYTHOTO JeMOIYJIATOPA ¢ ABYMSI ONMOPHBIMH
CUTHAJIAMU

CrpykTypHast cxemMa MOJU(UIMPOBAHHOTO WHBAPHAHTHOI'O
aAMIUTMTYTHOTO JIEMOJYJISITOpa C JBYMsI OMOPHBIMH CHUTHAJIAMU
MIpeJCTaBJIeHa Ha PUCYHKE 3.

| BBPBOC [— | FOAMHA/L
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Puc. 3. CrpykrypHas cxema MOAU(UIIMPOBAaHHOTO HHBAPHAHTHOT'O
AMIUTUTYIHOTO IEMOAYJIATOPA C IBYMS OIIOPHBIMU CUTHAJIAMH

Cxema COCTOWT H3:

BXHC — 6110k xpaneHus THOOPMAIMOHHOTO CUI'HAA;
BXIIOC — 6510k XpaHEHUsI IEPBOTO OMOPHOTO CUTHAJIA,
BXBOC — 6510k XpaHEHHsI BTOPOTO OTIOPHOTO CUTHAJIA;

e
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BBPBOC — 6110K BBIYHCIICHHS PA3HUIIBI BEKTOPOB OTIOPHBIX
CUTHAJIOB;

BOAMHAJ] — 6ok ompeeNicHus alropuT™Ma MOJU(PHIIUPO-
BaHHOM aMITIUTYIHON AEMOTYJISAIIH;

BBPB — 010K BEIYUCIICHUS Pa3HOCTH BEKTOPOB;

BbBBO — 610K BBIYHCIICHHS BEPOSTHOCTH OIINOKH;

BI'C u Y — 6510k rpynIoBOH CHHXPOHH3AIMH U yIIPABICHUS;

Jemurens;

JemynpTUiuiekcopa.

Pabota nemomynsiTopa HAUMHAETCS € ITPUEMa U3 KaHajla CBSI3H
OIIEHKH MH()OPMAIIMOHHOTO CHTHAJIA, OLIEHKH MEPBOTO U OIEHKU
BTOPOT'O OTIOPHOT'O CUTHAJIOB, KOTOPBIE NTOCIE0BATENBHO TTOCTY-
MAaIOT Ha BXOA JAeMyJsbTuruiekcopa. Co BXoja AeMyJIbTHIIIIEKCOPA
OLIEHKH MH(OPMAIIIOHHOTO CUTHAJIA, OIIEHKU NEPBOTO U OLEHKU
BTOPOT'O OMOPHOTO CHUTHAJIOB ITOCTYIIAIOT Ha BXO/bI OJIOKOB Xpa-
HEeHUs WH(QOPMAIMOHHOTO CHTHaja, OJIOK XpaHEHHsl IEPBOTO
OTIOPHOTO CHT'HaJIa M OJIOK XpaHEHHsI BTOPOTO OTIOPHOT'O CHTHAJIA.
Jlanee oLleHKM MEepPBOro M BTOPOrO OHNOPHOTO CUTHAJIOB MOCTY-
MaroT Ha OJIOK BBIYMCIICHUS! PA3HOCTH BEKTOPOB OTIOPHBIX CHUTHA-
JIOB M OJIOK OMpeeNieHNs] adropuTMa MOAN(MHUINPOBAHHON am-
TUTNTYTHON JIEMO/TY TSN,

B 6moke ompeneneHust alroputMa MOIUGHUIIMPOBAHHONW aM-
IUINTYAHOU IEMOIYIIALIUH OTIPEIEISAETCS AITOPUTM, TI0 KOTOPOMY
OyZeT mpOou3BOIUTHCS AEMO YIS 10 BhIpaxkeHuto (1) nmm (2).
Ecnu Oyznet BbIOpaH 1 aaroputM MOIYJISILUH, TO C BBIXOJA OJIOKa
OIIPEJICTICHUS AITOPUTMA MOAN(DUIIMPOBAHHON aMIUTUTYIHOM Jie-
MOIYJISIMK OYJeT MOJaH BTOPOW OMOPHBINA CHTHAJ, €Ciik Oyaer
BBIOpaH 2 ajJropuT™M MOJIYJISILHMH, TO C BbIXOJa OJIOKa ompeserne-
HUSI aIrOpuT™Ma MOAW(MUIMPOBAHHON aMIUTUTYIIHOM JIEMOJTyJIs-
UM OYJCT MO/aH MEePBBIN OMOPHBINA cHrHal. BeIOpaHHBINA OmOp-
HBII CHTHAIN ¢ OJI0Ka OIpeAeICHUs aIrOpUTMa MOIU(PUIIMPOBAH-
HOW aMIUTMTYJHOW EMOIYJISIIMU U OLCHKa MH(POPMAIIMOHHOTO
CHUTHaJIa MOCTYMAIOT Ha OJIOK BEIYMCICHUS PA3HOCTH BEKTOPOB.

[NomydeHHBIH pe3yspTaT ¢ 6JI0Ka BBIYHUCICHHUS Pa3HOCTH BEK-
TOPOB OJJHOBPEMEHHO C PE3yJIbTATOM M3 OJ0Ka BHIYMCICHHUS pa3-
HOCTH BEKTOPOB OTIOPHBIX CUTHAJIOB MTOCTYIAET Ha AeIUTENb. [1o-
JIy4E€HHOE YaCTHOE M3 JACTMUTENS ITOCTYIAaeT Ha OJIOK BBIYMCIECHHS
BEPOSITHOCTH OLIMOKH, B KOTOPOM OIIPEAEAETCS MPaBUILHOCTh
MH(OPMAIIMOHHOT'O AJIEMEHTa U IIPUHUMAETCSI PEIICHUE O Tepe-
Jlaue MPHUHSITOr0 MH(POPMAIIMOHHOTO 3JIEMEHTa TOJIy4YaTello co-
OOIIICHHUS WK O 3aIpoce TOBTOpa y nepenarorieii yactu [12, 13].

[Tpu mosmy4yenun nepBoii ONEeHKN HH(OPMAIIMOHHOTO CHTI'HAIA
Ha BOAMUA I u3 6510Ka rpynioBoi CHHXpOHM3AIMHY 1 yIIpaBiie-
nust (BI'C u V) mocrymnaer curaai o ToM, 4TO MOJU(UIIMPOBAH-
Hasl MHBAapUaHTHAs aMIUTUTyIHAs JIEMOIYJSIINS MPOU3BOIUTCS
no 1 anropurmy. Bo Bpemst mpuema oneHOK MH(GOPMAIIHOHHOTO
curHaia ¢ BBBO o xakgom HenpaBMWIIBHO NPHHATOM HH(OpMa-
IHOHHOM 3JieMeHTe nHpopmarms nepexaercs B BI'C u V, rre Be-
JIETCS TIO/ICYET HEBEPHO MPUHSTHIX HMH(OPMAIIIOHHBIX 3JIEMEHTOB
U TIOJTyYEHHOE KOJIWYECTBO HEBEPHO MPHUHATHIX MH(OPMAIHOH-
HBIX 2JIEMEHTOB CPABHUBAETCS C TIOPOTOBBIM 3HAYCHHUEM, XpaHs-
mmmMes B BI'Cu Y. Korma xonn4ecTBO HEBEPHO MPUHATHIX HH-
(OpPMaIMOHHBIX DJIEMEHTOB IPEBBICUT IIOPOTOBOE 3HAYCHUE W3
BICuyY mna BOAMHMA]Jl u Ha mnepenaronlyro CTOPOHY

——
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OTHPABJISICTCS, CUTHAT O TOM, YTO MOAN(HUIMPOBAHHAS WHBAPH-
aHTHAasI aMIUTUTYIHAs IEMOYIISINS MEHsIeTCs ¢ | anropurMma Ha
2 aNrOpUTM W CYETYHK HEBEPHO INMPUHSATHIX MH(POPMAIIMOHHBIX
2JIeMeHTOB 00Hysercs. lanee pabora MoAU(UITMPOBAHHOTO UH-
BapUaHTHOTO aMIUIUTYIHOTO JIEMOIYJIATOPA OCYILECTBIAETCS 110
2 aNropuTMY IOKa KOJMYECTBO HEBEPHO HMPHHATHIX HH(OpMAIH-
OHHBIX JJIEMEHTOB HE MPEBBICUT OPOTOBOE 3HAUCHHE, XPaHSIIIE-
rocs B BI'C u V. B satom ciyuae BI'C u ¥V otnpasnsieT curaai Ha
BOAMMUA]] 1 Ha nepearoliyo CTOPOHY O TOM, YTO MOJU(HUIIH-
PpOBaHHAasA MHBapHaHTHad aMIUIUTyAHasd ACMOAYJIAINA MEHACTCA
€O 2 anropuT™Ma Ha | anropuT™ U CUETYUK HEBEPHO MPHUHSTHIX NH-
(opMaIMOHHBIX 2JIEMEHTOB 00HYyIsieTcsi. Pabora mpomoikaercs
TI0Ka He Oy/IeT 3aKOHYCH CEaHC CBSI3H.

CornacoBanHas paboTa Bcex OJIOKOB MOAM(MHUIMPOBAHHOTO
WHBApHAHTHOTO aMIUINTYAHOTO JIEMOIYJISITOpa 00ecIeunBaeTCs
6JI0KOM TPYNITIOBOM CHHXPOHU3AINH W yIIpaBieHus. J{is Harmsaa-
HOCTH Ha pHUC. 3 OT OJIOKa TPYMITOBON CHHXPOHHU3AINH M yIIPaB-
JICHUS 10 BCEX OJIOKOB MOAN(HUINPOBAHHOTO HHBAPUAHTHOTO aM-
TUTTYAHOTO AEMOYJIsITOpa He MoKa3aHbl IuHuu [12, 13].

OueHka 3aBUCMMOCTH CPeIHEKBAAPATUYHOT0 OTKJIOHEHHUS
OT 3HAYEHUI OTHOIIEHUS CUTHAJ/IIYM

Jnst monydeHHs] SKCICPUMEHTANBHBIX JIAHHBIX, KOTOPBIC
HEOOXOIUMBI ISl aHANH3a MOIM(MUIUPOBAHHON MHBapHAHTHOM
AMIUTUTYTHOW MOIYJUSIIUM C JABYMsl ONMOPHBIMU CHIHAJIAMH TIPH
BO3JICHCTBUH Ha Hee MIOMEXH B KaHaJe CBS3H, MPOBEICHO MOJe-
JMPOBAaHHE CHCTEMBI CBSI3M M PacyeT HEOOXOIMMBIX JAHHBIX B
cpene Matlab.

B kadecTBe HOMEXH B KaHaJIE CBS3U BO3bMEM aJIMTHBHBIN Oe-
JIBIA TayCCOBCKUH 1IyM.

Ha pucynke 4 mnpeacrtaBieHa yIpOLICHHAs CTPYKTypHas
CXeMa CHCTEMBbl CBS3U OSKCIICPUMEHTATBHOW MOJICIH, KOTOpas
Obl1a cMozenrpoBaHa B cpeae Matlab. st cpaBHEeHUs pesylibTa-
TOB B Ka4eCTBE MOIYJIATOPA M JEMOAYIATOpa OyJIeT MCIOIb30-
BaTbCs, B IIEPBOM Cilydae — MOTU(UIIMPOBAaHHAS] WHBAPUAHTHASI
AMIUTUTYTHAST MOAYJISIIUSL M IEMOIYJSLHS C JIBYMS OTOPHBIMH
CHTHAJIAMH, 8 BO BTOPOM ClTy4yae — aMIUTUTYHAS MOIYJISIHS U
JEMOTY JISILIHSL.

_D{ Moayastop

Puc. 4. anomeHHaﬂ CTPYKTYpHas CX€Ma CUCTEMbI CBA3HU
SKCI'IepPIMeHTaJTLHOﬁ MOICIN

Hetoumme
coolimemnnit

. Tlomywarent
b  Kamancamm |f——s Jlewogynsrop —— - "
wooluyenii

YroObl yOCIHUTHCS, YTO CMOJICIMPOBAHHAS SKCIIEPUMEHTAIIb-
Hasi MOJIeNIb padoTaeT NMPaBWILHO, PACCMOTPUM BJIMSHHE 3Haue-
HUH OTHOILICHHNS CUTHAJI/IIIYM Ha CHTHAJIBI C BBIX0/1a MOJTYJISITOPA,
MIPOXOJSIIME Yepe3 KaHasl CBA3U.

Ha pucynkax 5, 6 1 7 MOXXKHO YBHJIETh, KaK C YBEJIUUYECHUEM
3HAQYEHNH OTHOLICHUS CUTHAJ/IIYM, U3MEHSCTCS «3alIyMIICHHUE)
CUTHAJIOB, MPOXOASIIUX Yepe3 KaHal CBsI3U. B kauecTBe Moays-
TOpa UCTIOJIB3YETCS] MOM(DHUIINPOBAHHAS MHBAPUAHTHASI MOJIYJISA-
LIS C IBYMsI OOPHBIMH CHUTHAJIAMH.
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Puc. 7. Fpa(i)I/IKI/I 3aBUCHUMOCTH IIPU NPOXOKACHUN CUTHAJIOB Y€PE3 KaHa CBA3H, [IPU 3HAUYCHUAX OTHOILICHUS CI/IFHaJ'I/IHyM PpaBHbIM 25 ,HE

Ha BepxHmx rpadukax 1moxasaH IepBblii ONOPHBINA CHUTHAI, B
KauecTBE KOTOPOIr0 UCHOJIb3YETCsl CUHYCOMAANbHBIN curnain. Ha
cpemHuX rpaduKax IMoKa3aH BTOPOW OMIOPHEIN CHTHA, B KAUSCTBE
KOTOPOTO WCHOJB3YETCs MPSAMOYTONBHBIA CUTHAM. Y Ha HIDKHUX
rpadukax npeacTaBieH MOAU(PHUIINPOBAHHBIA HHBAPHAHTHBIHN aM-
IUTATYTHBIN CUTHAJ C ABYMS OITIOPHBIMHU CUTHATAMHU.

Wrak, u3 pucyHkoB 5-7 MOXKHO YBUIETb, UTO IIPU YBEIUUEHUU
3HAYEHHUH OTHOILEHUSI CUTHAJI/IIIYM B KaHaJIe CBSI3H, «3alllyMJICH-
HOCTB)» CHUTHAJIOB, NMPOXOASIINX Yepe3 KaHall CBSI3U, YMEHbIIIa-
eTcsl. DTO CBUJETEIBCTBYET O TOM, UTO OCHOBBI TEOPHUHU CBSI3U IS
9KCIIEPUMEHTAIIBHOI MOJIENN PabOTaIOT MPAaBUIIBHO.
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Puc. 8. I'paduku 3aBHCUMOCTH TIPH MPOXOKICHUN CUTHAJIIOB Yepe3
KaHaJI CBSI3H, IIPU 3HAUCHUSIX OTHOIICHHS] CUTHAJI/IITYyM PaBHBIM 5 1B

Jlanee paccMOTpUM BIIMSIHHE 3HAY€HUH OTHOLIEHUS CHUT-
HAJI/IIyM Ha CUTHAJIBI ¢ BBIX0JIa MOIYJIATOPA, IIPOXOISIINE Yepe3
KaHaJl CBSI3M JUTS aMILIUTYJHOM Momyssiumu. Ha pucynkax 8, 9 u
10 MOXXHO yBHIETh, KaK C YBEJINYEHHEM 3HAUCHMI OTHOIICHMS
CUTHAJI/IIIYM, M3MEHSETCS «3aLIyMJICHHE» CUTHANIOB, MPOXOJ-
IMX Yepe3 KaHall CBSA3M JUI aMIUTUTYAHOW MOIYJISIINN.
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cur{ana

Amnnuryaa
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te
Puc. 9. 'padyxy 3aBHCEMOCTH ITPU MPOXOXKIESHHN CUTHAJTIOB Yepes3
KaHaJ CBSI3H, IPU 3HAUCHUSIX OTHOIICHHS CUTHAJI/ITyM paBHEIM 15 nb

Taxxe u3 pucyHkoB 8-10 MOKHO yBUAETH, UTO MIPU yBEIUUE-
HUY 3HAYCHUI OTHOILICHHUS CUTHAJI/IIIYM B KaHAJIE CBSI3H, «3allyM-
JIEHHOCTb)» CUTHAJIOB, IPOXOIAIINX Yepe3 KaHaj CBSA3U yMEHbIIA-
eTcs. DTO CBUACTEIBCTBYET O TOM, YTO OCHOBBI TEOPHH CBSI3U JUIS
9KCIIEPUMEHTAIFHON MOJIENTN padOTaIOT MPABMIIBHO.
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Puc. 10. I'pacduky 3aBHCUMOCTH IIPH IPOXOXKICHUH CUTHAJIOB Uepe3
KaHaJ CBSI3H, IPY 3HAYCHUSIX OTHOIICHHS CUTHAJ/IITyM paBHEIM 25 1b

Jlanee B cpene Matlab yepes skcriepuMEHTaIBHYIO MOJIEIH OT
nCcTOYHMKA coodmenuii 3arryctiuM 10000 nHPOPMAOHHBIX CUM-
BOJIOB JI0 IOJy4aTens coodmenmit. Ha pucynke 11 mpeacraBieHsI
rpadyKu  3aBHCHMOCTH  CPEAHEKBAJPATHIHOTO  OTKIOHEHHS
(CKO) ot 3HaveHHUl OTHOIIEHHS CUTHA/IITyM. B Hamem ciydae
CKO 0b110 paccynTaHo I CUCTEMBI CBSI3U C aMIUTUTYIHOW MO-
JyJsiiied 1 MoAu(UIIMPOBAHHOW WHBAPHAHTHOW aMILIUTYTHOM
MOJYJISIIMEN C ABYMsI OTIOPHBIMU CUTHAJIAMH.
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Puc. 11. 3aBucumocts CKO 0T 3HaU€HMIT OTHOIICHUS CUTHAJ/IITYM

W3 pucynka 11 caenyer, 4To NpH 3HaYEHUAX OTHOLLICHUS CUT-
Hay/mrym paBHoii 5 1b CKO aiist aMIumn Ty AHOW MOJTYJISILIMK PaBEeH
2,69, a m1g Moan(UIMPOBAHHONW MHBAapHUAHTHOM aMILIMTYJHOM
MOJIyJISILIMHY C ABYMS OOPHBIMU curHanamu paseH 0,81. ITpu 3Ha-
YEHHSX OTHOIIEHUsI curHa/myM paBHoi 10 1b CKO st amrumu-
TyIHOW MOIYJIANWU paBeH 2,43, a mimsid MoAu(DUITUPOBAHHON WH-
BapHAHTHON aMIUINTYAHOW MOJYJISAILUH C IBYMSI OHOPHBIMHU CHT-
Haamu paBeH 0,37. W npu 3HAUCHHUSX OTHOIICHUS CHUTHAI/IITYM
pasHoit 15 n1b CKO mns aMmmnTy1HOH MOAy sImuy paBeH 2,26, a
JUTE MOAM(UIINPOBAaHHON MHBAPHAHTHON aMIUIUTYTHOH MOJTyJIs-
IIUH C ABYMS OMOPHBIMH CHUTHanmaMu paBeH 0,13.

Taxum o6pazom, CKO mist MoanpunupoBaHHONH WHBapHAHT-
HOW aMIUIMTYIHOW MOAYJISAIUM C ABYMS OINOPHBIMU CHUTHAJIaMu

o0amaeT CymecTBEHHO MEHbIINMH 3HadeHnsaMH, deM CKO mms
aMHJ’[HTy}IHOﬁ MOOYJIALIUHA. HpI/I MECHBIIIUX 3HAYCHUAX OTHOLIC-
Hust curHan/mym go 10 b pasHuna cocrabisier nmpuMepHO 3-6
pa3. IIpu 3Ha4yeHusix oTHoueHus: curnan/mym or 10-25 nb pas-
Huna cocrasiseT 6osnee 10 pas. [Ipy 3HaUEHHUSX OTHOIICHHS CHT-
Han/mym Oosiee 25 nb MoanduIMpoBaHHas WHBApUAHTHAs aM-
TUIMTYAHAS. MOZYJISIUMSI C ABYMsI ONOPHBIMH CHUTHAJlaMU CTpe-
MUTCS K HYJIIO.

Ounenka 3aBHCHMOCTH BEPOSITHOCTH OUTOBOMH OIINOKH
OT 3HAYeHU il OTHOLIEHUsI CUTHAJI/IHYM

B 3axmroueHnn paccMOTpUM B CMOJICIHPOBAHHOM 3KCIIEpH-
MEHTAJIBHONH MOJENU BIMSHAE 3HAYCHUH OTHOIICHHUSA CHT-
HaJI/IlyM Ha BEPOSITHOCTH MOsiBIeHUsI OutoBoi omudku (BER)
JUIst MOAM(UIIMPOBAHHOW WHBAPHAHTHOW aMILTUTYTHOM MOJIyJIs-
LU C IBYMsI OTIOPHBIMU CHUTHAJAMU U JJIS aMIUIUTYTHOH MOJy-
nsauun. Ha pucynke 12 nokazana 3aBucumocts BER o1 3Hauenuit
OTHOIICHHSI CUTHAJI/IITYM.

W3 pucynka 12 cnenyer, 4To NpU 3HAYEHUAX OTHOILIECHHSI CUT-
Ha/myM paBHo# 5 1b BER uist aMmmuTy iHOM MOIYIISIIUU PaBeH
0,29, a nma MoguUIMPOBAaHHON WHBAPUAHTHON aMIUTATYTHON
MOAYJISIUU € IByMs1 ONOpHBIMU curHaiamu paset 0,35. Ilpu 3Ha-
YeHUSAX OTHOIICHUS curHan/mryMm paBHo# 10 nb BER mms amromm-
TyaHOM Monyssimuu paseH 0,07, a mis MoguduUIMpoBaHHON WH-
BAapPHAHTHON aMIUTUTYIHON MOIYJISIIIAN C JBYMS OTIOPHBIMH CHT-
Hamamu paBeH 0,21. VI mpu 3HaUYEHUSAX OTHOIICHUS CUTHAJ/IITYM
pasHoii 15 nb BER mng ammmutyaaoit moxynsun pasex 0,0001,
a Juisi MOJM(HULIUPOBAHHON WHBAPHAHTHOW aMIUIUTYAHONW MOJY-
JISILUH € IBYMsI OIIOPHBIMH cUrHasiamu pases 0,007.
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Puc. 12. 3aBucnmocts BER 0T 3HaueHMIT OTHOIICHNS CUTHAJ/IITyM

Buano, 4ro nepenavya nHpopMannuu ¢ OTMHAKOBON HAIEKHO-
CTBIO Yepe3 KaHajl CBSI3U C MOAM(DHUINPOBAHHON MHBAPHMAHTHOU
aMIUTATYHOW MOIYJISLUEH ¢ IBYMs OMOPHBIMH CHTHAIaMH Tpe-
OyeT 3HaYNTEIbHO OOJNBIIEr0 OTHOMICHHS CHTHAJ/IIyM, YeM Iie-
penada yepe3 KaHall CBA3U C aMIUIMTYIHOM Mmonyisauueil. Ilpu
MEHBIINX 3HAYEHUSX OTHOWIEeHMs curHan/mym ao 10 nb pasuuna
BER mexay Moan(unnpoBaHHONH MHBAPUAHTHON aMILIUTY/IHOM
MOI[yH}IHHCﬁ C IBYyMs OIIOPHBIMU CUT'HAJIaMU U aMHHHTyI[HOfI MO-
JYJISLUEH COCTaBIIsieT MPUMEPHO JI0 Tpex pa3. [Ipu Gosbiux 3Ha-
YeHUsIX oTHomeHus: curnan/mrym ot 10 n1b pasuunia BER cocras-
nseT 0oJee Tpex pas.
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3akaouenue

MoudunrupoBaHHBIH MHBAPUAHTHBIN aMIUIUTYIHBIH MOY-
JISTOP W AEMOJYJISTOP C JIByMSI OIOPHBIMU CHTHAJaMH JJIsl CH-
CTEMBI CBS3H ¢ MOAU(DUITUPOBAHHON WHBAPUAHTHOW MOTYJISIIHEH
U JIEMOAYJSNUCH CUMTAeTCS MOCICTYIONUM YHHUBEPCAIBHBIM
WUTOTOM PabOTHI HAJI W3BECTHON CHCTEMOW C MHBAPHAHTHOW aM-
IUIATY THOW MoayJsimeit [13].

IIpenmy1ecTBOM 1aHHOM SKCIIEPUMEHTAIBHON MOJIENN, MOAN-
(urmpoBaHHON HHBAPHAHTHON aMIUTUTYAHOW MOIYJISIINHU U IEMO-
JYJSLUH C TBYMS OLIOPHBIMHU CUTHAJIAMH, 3aKJII0YAeTCs B TOM, 4TO
HET He0OXOTUMOCTH UCIIOIH30BAHMSI CUTHAJIOB € ITOI00HBIMU (HOp-
Mamu. B TaHHOM MeTojie BO3MOYKHO COJIEpyKaHUe OOJIBILIOr0 MHO-
roo6pazusi popM HCIIOIB30BAHHBIX CUTHAIOB. JIMHUS, HA KOTOPOM
pacrosararoTcsi KOHIbI BEKTOPOB IE€PEAaBaeMbIX OMOPHBIX CUIHA-
JIOB ¥ TH(OPMAIIMOHHOT'O CUTHAJIA MOYKET 3aHUMATh ITPOU3BOJIEHOE
MOJIOXKEHHE B CHUCTEME KOOPAMHAT pacCMaTpUBAEMOrO CUTHAIlb-
HOTO NPOCTPaHCTBA. J{aHHBIN TONOXNTENBHBIH (haKTOp KCIIEpH-
MEHTAJIBHON MOJIENN, MOJM(UIMPOBAHHON MHBApHAHTHOH aMILTH-
TyIHOH MOIYISAIMA U JAEMOAYISIAA C ABYMsI ONOPHBIMH CHTHA-
JIaMH, MOYKET OBITh TIPUMEHEHO ISl YBEITWMYCHHSI CTETICHU CeKpeT-
HOCTH OTIpaBisieMbIx coobmienuii [1, 9, 12, 13].

B MomuduumpoBaHHOH MHBapUAHTHON aMIUTUTYIHOH MOJY-
JISLUH U IEMOTYJISIIMHU C IByMsI OTTOPHBIMH CUTHAJIaMH B OTJIMYUE
OT MHBAPUAHTHON aMILIUTYTHOM MOJYJISIIMN UCIIOIB3YIOTCS CHT-
HaJIbI HE OJTHOI ()OPMBI, a TPeX pasHbIX (POPM — JiBa pa3HbBIX OIIOp-
HBIX CHUTHaJIla ¥ MH(QOPMAIMOHHBIN, TAKKe OTIMYAIOMINICS IO
(hopme OT OTIOPHBIX. DTO O3HAYAECT, UTO JJIS TIepexBara coodre-
HUH, IepelaBaeMbIX CUCTEMOW CBSI3M OT UCTOYHUKA COOOIIICHIHA
K TIOJTy9aTeIto ¢ MCIOIB30BAHNEM MOIU(PHUIINPOBAHHON HHBAPH-
AQHTHOW aMIUIUTYJHOH MOAYJISLMEN M NEMOAYJSIIUEN C IByMs
OTIOPHBIMU CHTHAJIAMH, 3af[aya MPOTUBHHUKA YCIIOKHACTCA TPOe-
KpaTHO. {7151 BBIYMCIICHUS 3HAYEHUS BEIWYHHBI NepeIaBaeMoro
WH()OPMAIIMOHHOT'O 3JIEMEHTA, NePeXBaTUUKY COOOIIEHHUH, He00-
XOJMMO OyeT OOHAPYKUTh U OLICHUTH MMaPaMETPhI TPEX 3apaHee
HEHM3BECTHBIX CHUT'HAJIOB pa3HO (OpMBI, a HE OJIHOH (HOPMBI, KaK
B CJIy4ae CHCTEMbI Ilepeladll ¢ MHBAPHAHTHOW aMIUTUTYAHOM Mo-
nymsanued. Takum 006pa3oM, MOXKHO YTBEP)KAaTh O BTpOE 0O0JIb-
LIMX BBIYMCIIUTEIBHBIX 3aTpaTax o MepexBary COOOIIEeHHH B CH-
CTEMeE CBSI3HU, KOTOPasl HCHOJIb3YeT MOJU(PHUIIUPOBAHHYIO HHBAPH-
AQHTHYIO aMIUIMTYJHYIO MOIYJIIIUIO M JIEMOIYJISIIUIO C JIBYyMs
OTIOPHBIMU CHTHAJIAMH 10 CPABHEHUIO C CHCTEMOH-TIPOTOTUIIOM
WIH, IPYTHMH CIIOBaMH, O TPEXKPAaTHOM YBEIWYCHUH HH(pOpMa-
IIMOHHOW 0€30MMacCHOCTH (CKPBITHOCTH) TIEPEIavH.

Xotenock Obl OTMETUTH U TOT (hakt, yto CKO mis moaudu-
LUPOBAaHHON MHBAapUAaHTHON aMIUIUTYIHON MOAYNALUHU C ABYMS
OIIOPHBIMU CHTHAJIAMH 00JIa/IaeT CYIIECTBEHHO MEHBIIUMHU 3Ha-
yenusimu, yeM CKO nmnst ammuntynnoit mogyssinuu. [Ipu MeHb-
IIMX 3HAYCHMSAX OTHOIICHMs curHai/mym o 10 nb pasnuna co-
CTaBJIsieT mpUMepHO 3-6 pa3. Ilpu 3HaUEHMSIX OTHOIIEHUS CUT-
Haw/myM ot 10-25 nb pasnuma coctapmser 6omee 10 pa3. [pu
3HAYCHUSAX OTHOIICHHS CHTHAN/IIyM Oonee 25 nb moauduimpo-
BaHHAs WHBapUAHTHAs aMIUTUTYTHAS MOIYJISAINA C IBYMS OTOP-
HBIMU CHTHAJIAMH CTPEMUTCS K HYJIO.

Ilepenaua mHGOPMALINN C OJUHAKOBOW HAIECKHOCTBHIO depe3
KaHaJ CBSI3M C HCIIONB30BAaHWEM MOTU(PHUINPOBAHHONH HHBApH-
AQHTHOW aMIUIUTYJHOW MOAYJSALMEN M AEMOAYJSLUEN C ABYMs
OIIOPHBIMHU CUTHAJIAMU TPEOYET 3HAUUTENIBHO OOJIBIIIET0 OTHOIIE-
HUSI CUTHAJI/IIYM, YeM Iepe/iada yepe3 KaHajl CBS3U C aMILIUTY/I-
HOW Moaynsauuei. [Ipy MEHBIIMX 3HAUEHHSIX OTHOIICHMS CHUT-
Ha/myMm a0 10 nb pasaunia BER mexny moauduimpoBaHHOM

——
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MHBApUAHTHON aMILIUTYJHOW MOZYJSILUEN C IBYMSI ONOPHBIMU
CUTHAJIaMU U aMIUIUTYAHOW MOIYJSIIMEN COCTaBIsIeT IPUMEPHO
10 3 pa3. [Ipu OonbIIMX 3HAUYEHHUSX OTHOIIEHHS CUTHAI/IIYM OT
10 nb pazuuna BER cocrasisier 6oee Tpex pas.
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Abstract

The model of modified invariant amplitude modulation and demodulation with two reference signals considered in the article belongs to the field of sys-
tems, networks and devices of telecommunications and radio engineering and can be used in radio transmitting devices, telecommunication systems and
devices where an amplitude-modulated transmitted signal is required for transmission through a communication channel. The achieved technical result
of the modified invariant amplitude modulation and demodulation with two reference signals is aimed at the possibility of forming an amplitude-modu-
lated transmitted signal with increased noise immunity characteristics to a specific type of interference. Algorithms of modified invariant amplitude mod-
ulation and demodulation with two reference signals are proposed, and based on these algorithms, block diagrams of a modified invariant amplitude
modulator and a demodulator with two reference signals were developed. In order to obtain experimental data for the analysis of a modified invariant
amplitude modulation and demodulation with two reference signals when it is affected by interference in the communication channel, the communica-
tion system was simulated and the necessary data calculated in Matlab. Additive white Gaussian noise was chosen as an interference in the communica-
tion channel. The article presents a simplified block diagram of the communication system of the experimental model. To compare the results, modified
invariant amplitude modulation and demodulation with two reference signals will be used as a modulator and demodulator, in the first case, and in the
second case, amplitude modulation and demodulation. As a result, estimates of the dependence of the standard deviation on the value of the signal-to-
noise ratio and the probability of a bit error on the value of the signal-to-noise ratio were obtained. The standard deviation for modified invariant ampli-
tude modulation and demodulation with two reference signals has significantly lower values than the standard deviation for amplitude modulation and
demodulation. The transmission of information with the same reliability through a communication channel with a modified invariant amplitude modula-
tion with two reference signals requires a significantly higher signal-to-noise ratio than transmission through a communication channel with amplitude
modulation.

Keywords: modified invariant amplitude modulation, modified invariant amplitude demodulation, amplitude modulation, additive white Gaussian noise,
standard deviation, bit error probability, signal-to-noise ratio
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MN3BecTHble MeTOAbl 4aCTOTHO-BPEMEHHOrO Npeo6GpasoBaHUA CNOXHbI U TPOMO3JKU B Bbl-
YncneHunAx, TpedyloT KoppeKkTHoro noa6opa (nepe6opa) 6a3oBbix PYHKLMI pasnoKeHUs,
MOTyT UMeTb MHTep(depeHLMOHHbIE TOYKM U OTpULIaTENbHble 3HAYEHUA (PYHKLMM CMEKT-
panbHo#i nnotHoctu. Hanuumue npocrtpaHcTBeHHO-BpeMeHHON HeomnpeaeneHHOCTH, Henpe-
MeHHO npucyLei No6oMy 4YacTOTHO-BPEMEHHOMY pasfioXKEHUIO, a TaKXKe OTCYTCTBUE BO3-
MOXHOCTU KOpPpeKLMU HaieHHbIX K03¢h(ULMEHTOB pasnoXKeHWA [AeNnaloT COBpeMeHHble
MeToAbl 4aCTOTHO-BpeMeHHOro npeobpasoBaHna Mano3c¢hEeKTMBHLIMM NpPU aHanuse cur-
HanbHbix paguonpodcdunen (CPM). dekomnosnumna CPI c okoHHOW KoppenAuMoOHHO# 06-
paTHOI CBA3bIO YCTPaHAET yKa3aHHbIe Bbillle HEO0CTaTK1, MOCPEeACTBOM MHOTOKPaTHOrO ne-
pebopa napaMeTpoB, 0OHAKO 3TO NPOMCXOAUT 3a CHET CYLLLECTBEHHOTO YBENU4eHUA BpeMe-
HU npeo6pasoBaHua. Llenbio gaHHow paboTel ABnAeTca noebileHue 3¢peKTUBHOCTU Yac-
TOTHO-BpeMeHHoro pasnoxenua CPI nocpeacTsom aHanusa napaMeTpoB okHa npeo6paso-
BaHUA MPU AEKOMMNO3ULIMM C OKOHHOW KOppenAuuMoHHOW obGpaTtHol cBasbio. B pa6ote uc-
NoJb3yI0TCA MeTOAbI SKCNEPUMEHTaNbHbIX UCCNE0BAHUI ANA PErUCTPALIMMU 3NEKTPUYECKON
COCTaBNAIOLLEA U3NTY4YEHHOTO usaenueM anekrpomariutHoro nona — CPI. Mertoap! koppe-
NALMOHHOTO aHANMU3a ANA onpejesieHUA Hauny4llero coBnaZeHUs penepHoro U BOCCTaHOB-
nenHoro CPI1. Metoabl uncgposoi 06paboTku curHanoe Npu 4acTOTHO-BPEMEHHOM pasno-
wenun. MpepacrasneHsl 3apernctpuposanHeie CPI u ux napametpel, NnpoBeaeH Koppens-
LMOHHbIA aHanu3 AaHHbix CPI1. MpueeaeHbl 3aBUCMMOCTU KOpPENALMOHHBIX (byHKLMIA OT
LUMPUHDBI U LLIATa OKHA MPKU pa3fIM4HOM YMUCie TOYEK AUCKPEeTU3aL MU 3aperucTpupoBaHHOro
CPI. MonyyeHHble pe3ynbraThl BNEpBbIE NOKa3anu BO3MOXKHOCTb MCMONb30BaHUA onpeje-
NEeHHbIX NapaMeTpoB OKHa Npeo6pa3oBaHUA ANA MOBLILIEHUA TOYHOCTU U CYLLLECTBEHHOTO
CHUXeHuA BpeMeHu AekoMnosuuum CPI1, uto o6ycnaenueaet HOBU3HY pa6oThl. YcTaHOBNE-
HO, YTO NpM LUMPUHE OKHA PaBHOM MOJNIOBUHE NpoTAKeHHocTU caMoro CPI u ware okHa He
6onee aecaroi Yactu npotaxkeHHoctn CPI MoxHO AOGUTLCA NOBBILEHUA B3aUMHOW KOp-
penauumn Mexay ucxopHbiM u BoccrtaHoBneHHbiM CPI1 pgo 0,95. [laHbl pekoMeHpaumum no
6GbicTpoAeNicTBUIO perncTpupyiollein annaparypsbl npu npueMe CPrI. Mpaktuyeckas sHaum-
MOCTb pa6GoThbl 3aKni04aeTcsA B yMEHbLUEHUM HYNCIA UTEPaLUii MHOrONapaMeTpU4ecKoro npu-
GnuIKeHUA NpU UCMOJIb3OBAHUU KOPPENALMOHHOW 0OpaTHOM CBA3M B XO/e AEKOMMO3ULIMU
CPI, uTo cyllecTBEHHO CHMXKAeT BpeMA Ha npeo6Gpa3oBaHue U NOBbLILLAET €r0 TOHHOCTD.

UHgpopmauusa o6 asmope:
Boiikoe KoHcmanmuH AHamonbeeu4, kaHOudam mexHUYECKUX HayK, doueHm kKagedpbl paduoeosiHOBbLIX npoueccoe U mexHoso2ul
WHcmumyma paduosnekmpoHuku u uHgpopmamuku PTEOY BO "MUPIA — Pocculickuli mexHonozuyeckul yHugeepcumem", Mockea, Poccus

Ana untmposaHusa:
Boukos KA. WccneposaHne napaMeTpoB OKHAa YaCTOTHO-BPEMEHHOro npeoGpa3oBaHWA MpU MPOBEAEHUM AEKOMMO3ULMM CUTHASIbHOTO
paavonpoduns // T-Comm: TenekoMMyHukaLmm u Tpancnopt. 2023. Tom 17. N26. C. 23-28

For citation:
Boikov K.A. (2023) Investigation of the parameters of the frequency-time conversion window during the decomposition of the signal radio
profile. T-Comm, vol. 17, no.6, pp. 23-28. (in Russian)

—

T-Comm Vol.l7. #6-2023




SNEKTPOHUKA. PAOUOTEXHUKA

BBenenue

AHanu3 IMHAMUKN CHCTEM C MEHSIOIIMMHUCS BO BPEMEHH Xa-
PaKTEepUCTUKaMHU SIBJSIETCSI OJIHOW M3 IPUOPUTETHBIX 3a1a4 nuQ-
poBoii 00paboTKN cUrHanoB. YacTOTHO-BpEMEHHOI aHaIN3 Kaca-
eTcst 00padOTKH CHTHAJIOB C U3MEHSIOIIMMCSI BO BPEMEHHU 9acTOT-
HBIM coJiepKaHieM. Takue CUTHAIIBI JIy4Ille BCETo MPEICTaBICHBI
B YaCTOTHO-BPEMEHHOM 00J1aCTH, I/l JEMOHCTPUPYETCS pacipe-
JIeNICHNE SHEPTUH B IBYMEPHOM YaCTOTHO-BPEMEHHOM MPOCTPAH-
ctBe [1]. O6paboTka curHaIa MOXKET HCIOIH30BATh OCOOCHHOCTH,
co3/laBaeMble KOHLIEHTpAI[ed OSHEPruM B JIBYX H3MEPEHUSIX
(BpeMst 1 94acToTa), a He TOJIHKO B OJIHOM (BpEMS WIIM 4acTOTa).

Yacrto Ha IMMPaKTUKE JEKOMIIO3UI NS CUT'HAJIa IIPOBOAUTCA IJIsA
MaKCHUMaJIbHO TOYHOI'O Pa3JIOKCHUA Ha y}]O6HLIe JJIs1 I[aﬂ]:Heﬁ-
Iero aHajusa (byHKIII/II/I " arnmpoKCUMaliii MUHUMAJIbHBIM YHC-
JIOM WJICHOB Dsiia TIPH YAOBJICTBOPECHUH 33aHHOM CTENEHU TOY-
HoctH. [Ipu rccenoBaHuy TEMBI IEKOMITO3HIIMH CUTHAJIOB T10 CH-
CTeMe 3aJaHHBbIX (QYHKIMH YacTO BO3HUKAET HEIPaBHILHOE
OTOK/IECTBICHUE ITOH MPOLEAYPhI C MPOIEAYPOH Pa3IoKEHHS
3a7aHHOl QyHKIUY B psijl. JIeKoMIo3uIus B JaHHO# paboTe mpe-
CJIEyeT CBOCH LIENIBIO Pa3lIOKEHHUE, 3aPETHCTPUPOBAHHOIO CIIOK-
noro CPII, Ha mpocThIe 3aTyXaronue KoiaeOaHus ¢ ONpeaeICHIEM
WX YHCIIa W SKCTPaKIMeHd OCHOBHBIX MapameTpoB [2]. Kmaccude-
CKHH TIOJTXO/ K TIPOBENICHHIO MCCICIOBAHWN B JaHHOHW 00JacTh
COCTOUT B IPEANOJIO0KECHNU KBa3UCTATUOHAPHOCTHU — MEJJICHHOT'O
M3MEHEHHs TapaMeTPOB BO BpeMeHH. B aTom ciydae HeOosbIie
(bparMeHThbl PEruCTPUPYEMBIX MPOIIECCOB MOXKHO PACCMATPUBATH
KaK IMOYTH CTallMOHApHBIE, IPUMEHsISI K HUM KJIACCHYECKHE pa-
JTopU3MYeCcKre MeTo bl 00paboTKM 1 aHau3a curnanos [3]. On-
HaKO KCIIOJBb30BAaHNUE JTHX METOJOB H3-3a BBEICHUS JIOIYCKOB
BHOCHT OLIYTHMBIE ITOTPEITHOCTH TIPH PA3I0KEHHH.

Ha ceroassmnuii 1eHp TOMYJISIPHBI HECKOJIBKO BAPUAHTOB Ya-
CTOTHO-BPEMEHHOI0 npeodpa3oBanus. Harnpumep, npeodpaszosa-
nue ['abopa, 3aKJIIOYAOIIEecs B PAa3/Ie/ICHHH BCEr0 BPEMEHHOTO
MHTEpBaJIa CUTHAJIA HA OKOHHBIE COCTABIISIFOIIE C MOCIIEAYOIUM
MOCIIE0BATENbHBIM TPe00pa30BaHUEM JIJIsl KaXK/0r0 OKHA B OT-
nenpHOCTH [4]. TeM caMbIM OCYIIECTBIIICTCS TEpPEXOJ K dHa-
CTOTHO-BPEMEHHOMY Mpe/CTaBiIeHui0. [Ipu 3TOM B KadecTBe
OKOHHOM (DYHKLMH JUIsl PEIIeHHs 3a1a4 Pa3lIoKESHUs] UCIONb3Y-
F0TCs TpocTeitime rayccoBsl GyHKImu w(t, hy). Beipakenue s
npeoOpazoBanus ['abopa MOYKHO NPEICTABUTH CIIETYIOIINM 00pa-
30M [5]:

Xr(f.h) = Ty Opt-h)exp(-j2afyde ()

rae y(t — hy) — GyHKIMS OKHA C/IBUTa TTO0 BPEMECHHO#M OCH Ha (QUK-
CHpOBaHHbIC 3HaUCHHs mapameTpa hy.

OTnuuuTeNIbFHOW OCOOCHHOCTBIO HM3BECTHOTO BeiBIET-aHa-
JM3a SABJIAETCS TO, YTO B HEM MOJXKHO HCIIOJIB30BaTh CEMEHCTBA
GYHKIMH, pealn3yronMX pa3jiduHble BapUAHTHl COOTHOLICHUS
HeonpenesneHHOCTH. COOTBETCTBEHHO, MCCIIEAOBATENb HMEET
BO3MOXHOCTh THOKOTO BBIOOpA MEX/Ty HUIMH 1 TPUMEHEHHEM TeX
BEHBIICTHBIX (DYHKIUH, KOTOpbIe HanOosee 3PPEKTUBHO peIaroT
MOCTaBJICHHBIE 33/1a4H. BeliBier-npeoOpazoBaHus 10pa3essioT
Ha JMCKPETHOE W HempepbiBHOE. 11 HenpephIBHOIO BEHBIIET-
aHaJIM3a MCIIONIb3YeTCs BRIpakeHwe [6]:

Xa(@n) = ]y oy LA @

rae a > 0 — mapaMeTp pacTsHKeHHs, 3a/1al0INH MacIITabupoBa-
Hue, hy — TapameTp MOJIOKeHHS, COOTBETCTBYIOIINI BPEMEHHOMY
C/IBUTY, | — KOMIUIEKCHO CONpPsDKEHHAs! (GYHKIMS U1l MaTepuH-
cKkoro (nim 0a3ucHOr0) BelBIeTa .

JlaHHBIC METO/TBI YACTOTHO-BPEMEHHOTO Pa3JIOKEHUSI CIIOMKHBI
W TPOMO3JIKH B BBIYHCICHUSX, TPEOYIOT KOPPEKTHOTO IMoa00pa
0a30BbIX (DYyHKIUI pas3yioKeHUsl. DTH HEJOCTATKH SIBISIOTCS
CJICZICTBHEM BBICOKOM TOYHOCTH HAXOXKACHHSA KOd((UIIEHTOB
Pas3JIOKEeHNS, a TAKKe XOPOIIETO MPOCTPAHCTBEHHO-BPEMEHHOTO
paspemenns. Anpuopu u3BectHas ¢opma cocraBmaronmx CPIT
HNPUBOJUT K HEOOXOJMMOCTH CO3JaHUSI HOBBIX HMHCTPYMEHTOB
aHaJM3a, KoTopble MOrU Obl 3)(YEKTUBHO MPUMEHSTHCS ISl 00-
pa6OTKI/I HECTAIIUOHAPHBIX CUT'HAJIOB C UCIIOJIb30BAHNEM BO3MOXK-
HOCTH KOPPEKIIHH.

JlekoMITo3uIusl ¢ OKOHHOHM KOPPEJSIUOHHON 00paTHOM CBSI-
3b10, BIICPBEIC MIPEJICTaBICHHAS B padote [7], 3a cueT MHOrOmnapa-
MeTpudeckoll noaronku napamerpos CPII, 3a Heckonbko utepa-
U TO3BOJISIET BOCCTaHOBUTH HcXxoqHbId CPII co B3aumMHoOI KOp-
pemsanueil ¢ pernepom He MeHee 0,9. OgHako Takoll MHOromapa-
METPHUYECKHH aHAJIM3 3aHUMAaeT MHOTO BPEMEHH M3-32 00 BEMHBIX
BBIYUCIICHUH.

Jlns perieHns yka3aHHBIX IPOOIIeM B TaHHOH paboTe ompee-
JSIFOTCS] HAWITYUIINE TTapaMeTpbl OKHA peoOpa3oBanus (IMprHa
OKHAa W IIar OKHA), MO3BOJIIONINE CHU3UTH YUCIO WTepanuii u
YCKOPUTH cam mporiecc aekommnosuru CPIT.

IlocTaHoBKa 3a71a4u M METOAbI UCCJIET0BAHMS

Kak yske GbII0 OTMEUEHO, LENBIO MPE/ICTABICHHOTO HCCIE10-
BaHUs ABJSICTCS MOBBIMIEHHUE YPHEKTUBHOCTH YACTOTHO-BPEMEH-
Horo pasnokenuss CPII mocpencTBoM aHali3a mapaMeTpoB OKHa
peoOpa3oBaHust IIPU JEKOMITO3UIIUH.

TTo OKHOM TTPeoOpa3OBaHust 31€Ch TOHUMAETCS IPSIMOYTOIIb-
nast pyukums O(t), koTopas ¢ onpenesIeHHBIM IaroM mepeMeria-
eTCsl [0 OCH BPEMEHH OT Havalla KOOp/IHHAT:

oft)=

Lt<
0,t>to]

)

W3BecTHO, YTO CIEKTP TAaKOro OKHA IIPEJCTABIIET COOOM
Gbynkuuto Bua SiN(X)/X 1 ©MeeT JenecTKoBbIil xapakrtep [8], (1m-
pHHA JIenecTKoB paBHa 27/to, TO €CTh 00pPAaTHO MPOIIOPIHOHATEHA
MpUHE OKHA). 3HAYEHHUE CIEKTPaTbHONW (DYHKIMHM HA HYIIEBOU
YyacToTe paBHO ruioniau uMiyibca O-to. CrnekrpasnbHas QyHKIHs
SIBJISIETCSI BEILIECTBEHHOM, MOATOMY (Da30BbIi CIIEKTpP MPUHUMAET
JMIIb ABa 3HaueHus — 0 U 77, B 3aBUCHUMOCTH OT 3HaKa (QYHKIIUU.

[Tox mmpuHOW OKHa B JaHHOW paboTe TTOHUMAETCS YHCIIO TO-
YeK JUCKPETHU3aliy, 0N alonuX B IPSIMOYTOJIBHOIO (DYHKIIHIO
OKHa, YTO SKBUBAJICHTHO MPOTSHKEHHOCTH (YHKIMU 11O BPEMEH-
HoW ocu — to. He cneyer myraTs mmpuHy OKHa ITpeoOpa3oBaHus
1 OIMPUHY OCHOBHOTO JIeTIeCTKa crieKTpa (3¢ (HEeKTUBHYIO IIMPUHY
TIPY JICTIECTKOBOM XapaKTepe CIEKTPa).

ITox marom okHa MOHUMAETCS YUCIIO TOYCK NUCKPETH3AINH,
Ha KOTOPBIE TIEPEMEIAETCs IPSIMOYTONIbHAST (PYHKIMS OKHA (OKHO
mpeoOpa3oBaHus) MIPU YaCTOTHO-BPEMEHHOM pPa3I0KCHUH.

Jlnist mocTHKeHHsl IOCTAaBIEHHOM LieNn HEOOXOAMMO PEeIInTh
3a/1a49M 10 Aexommo3unun ucxoaaoro CPII, sxcTpakmum ero oc-
HOBHBIX NapaMETPOB M KOPPEISIIMOHHOMY aHAlIM3y BOCCTAHOB-
neHHoro u ucxoaxoro CPIL.
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[Ipu mpoBeaeHuN aHanMu3a MOXKHO Bocroib3oBatecst CPIT pa-
JTUOAJIEKTPOHHOTO ycTpoiicTBa (PDY), yxe momydeHHOTO paHee.
Crnenyer 3aMeTHUTh, YTO AJIEKTPOHHBIN y3€1 COCTOUT U3 TPYIIBI
komnoHeHToB, utorossiii CPII y3na — cynepnosunus CPII Bxoa-
HBIX U BBIXOJIHBIX IIETICH ero COCTaBIIIOMUX [9]:

U(t)= 3U e )= SUge 0 sinfant —ty)] @
i=1 i=1

rae Up — HavanmpHas aMIUIMTy1a KojieOaHui (OCTOSIHHAS MHTe-
TPUPOBAHMS, 3aBUCSAIIAs OT 3HAUCHHWH MapaMEeTPOB HAKOIUTE-
Jneit), o — Kod(PUIMEHT 3aTyXaHus, ( — yrIIoBas yacTora KoJjieba-
HUM t — TEeKyIMii MOMEHT BpeMeHH, to — MOMEHT BpeMEHH Hauana
U3JIYYCHUS 1-r0 KOJICOaHusI.

Takum oOpa3oM mpu AEKOMIO3UIUH npencTaBieHHoro CPIT
OyIyT HOJYYEHBI €I'0 COCTABIISIONINE — 3aTyXarOIIUe KoJIcOaH s,
COOTBETCTBYIOIIUE ONPEACICHHBIM U3Ty4aTessiM (puc. 1)

U u 6
T a) )

0 2 4 6 8 104, 1 0 2 4 Bl 8 101, e

Puc. 1. CPII: a) cyneprno3unus u3my4eHuii;

0) curHanbHbIe cocTapmsromue CPIT

Jamee HeoOxomuma skctpaknus mapamerpoB CPII mocpen-
CTBOM YaCTOTHO-BPEMEHHOTO npeodpazosanus [10]:

K-O| O-1+h
X(f.h)=S | 3U©)exp| - j 22, 5)
h=0 [ c=h

rae X(f, h) — IucKpeTHBIN 4acTOTHO-BPEMEHHOM CIIEKTP CUTHAIA,
h — Homep orcuera TmONOKEHHS OKHAa MpeoOpa3oBaHMUsI
(0 <h <K - 0), K- o6mee uncno orcuero CPII, U(O) — curnan,
JIMCKPETU3UPOBAHHbBIA BO BPEMEHH, ¢ — HOMep oTcuera, f — ua-
crota, O — 4ncio Touek, 00pa3yroIMX OKHO IPeodpa3oBaHusl.

Oxugaercs, 4To B Pe3ysbTaTe HAJIMYUS MMPOCTPAHCTBEHHO-
BPEMEHHON HeompezeneHHOCTH, npu BoccTaHoBieHuu CPII mo
9KCTPAarupOBaHHBIM paHee mapamerpaM OyJeT HaOMIaThCs €ro
otkioHenue ot ucxoxnoro CPII (puc. 2).

V3yveHne OTKIOHEHUs MPEAIOIaraeTcsi IPOBECTH METOJOM
KOPPEISIIMOHHOTO aHAITH3a, OJTy4eHHOTro U ucxoHoro CPIT, my-
TeM TOCTpOeHuUs Koppersinnornoi dynkrmu r(h) [11,12]:

Mih Yii =Y | Yy —Ys
~ Li— N 2;i — 12 , 6)
r(h)=
M +h _ 2 M +h _ 2
zh Yl,i Yl Zh Y2,i _YZ
1= i=

rae M — auciio BEIGOPOK («OKHO» TpeoOpaszoBanus), h — HoMep
oTcyeta TIONOXKEHMsT OKHa mpeobpasoBanus (0 <h<K-M),
Y1 L —BbI0 kU 3Hauenuii CPII a, Y2 — UB

— bIOOpKH
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. — 1 M+h — 1 M+h
3nauenuid CPI1 6, Y, = — ZY LY, = —— Y, . —cpennue
1 M Li’ '2 ! 2,1
i=h i=h
3Ha4YeHHs BEIOOPOK, U — 3HaueHne CPII a B Touke BBIOOPKH, Um
—Makcumanbsnoe 3Hagenne CPII a, Ug — 3nauenne CPII 6 B Touke
BEIOOpKH, Upms — MakcuManbHOe 3HaueHne CPII 6.
Ug
1
a) 6)
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Puc. 2. Koppemsiunonnas GpyHKIus (B)
BOCCTaHOBJIEHHOTO (@) 1 ucxoaHoro (6) CPII

OueBuHO, YTO OT NapaMeTPOB OKHA MpeoOpa3oBaHus OyaeT
3aBUCETh TOYHOCTB 3KcTpakimu nmapamerpoB CPII. Tak, nmpu yBe-
JIMYEHUY NIMPHUHBI OKHA MOBBIIIAETCS TOYHOCTD OIPEIEIICHHS Ya-
CTOTBI M CHHKAETCSI TOYHOCTD OTIPE/ICJICHUS] BpEMEHHU BKITFOUCHHMS
OuepeHOTO U3ITydeHust U HaoOopoT. [Ipu yBenmmueHny mara okHa
YBEJIMUUBACTCSI CKOPOCTH BBIIOJIHEHUS JJEKOMITO3UIINHU, HO CHH-
KaeTCs TOYHOCTH OIPEICIICHHS BPEMEHH BKIIFOUCHNS M3y YCHHS.
Crnemyer 3aMeTHTh, YTO HCIIOJIB30BAaHWE COBPEMEHHOM CBEpX-
OBICTPOICHCTBYIOMICH PETHCTPUPYIOIICH armapaTyphl C 9aCTOTOU
muckperm3army 40 I'BBIO/C MO3BOJNISET MONYYUTH IIAr OKHA J0
25 nc (ogHa TOYKA TUCKPETU3AIINH).

s onipenenenust HarOomee Y PEKTHBHBIX TAPaMETPOB OKHA
IIpEeJIaraeTcss BOCIOJIb30BaThCSl OLICHKOU IUIOLIAAN 10l KPUBOM
KOPPEISALIUOHHON (QYHKIHH:

ty
Sy = [r(t)dt
0

ITockonbky uccnenyercst CPIT yxe auckpeTU3MpoBaHHBIN BO
BpEMEHH, TO HHTETPUPOBAHHE B BHIPAKEHUU
(7) MOXHO 3aMEHUTHh HA CYMMY ILIO-
maneit Sri B Kaxaoi Touke nuckpernsamun CPIT:

(N

K K
Sr = Zsri = Z r(h)'(ti —toi) ®)

i=1 =1

Korma CPII coBnagaroT moaHocTsIo, To ecth F(h) = 1, To cun-
TaeM IUIOIIA/b MO KPUBOK KOPPEISIIMOHHON (DYHKIHMH SAUHIY-
HOU. Bce BhIYKMCIICHHBIC TUIOMIAAN OYyT MPUBEICHBI K SIUHNY-
HOW (MIPUBEICHHAS WM OTHOCHTEJbHAs IUIOMIaab). YeMm BbIie-
MPUBECHHOE 3HAYCHHE Sii TEM TOYHEE IIPOM3BEICHO BOCCTAHOB-
nenue CPIT mocpencTBoM IEKOMITO3UITHH ¢ KOPPEISIIMOHHON 00-
paTHOI! CBA3BIO.

Ilosy4eHHbIE pe3y/bTAThI

B pe3syibraTe npoBeCHHBIX UCTIBITAHUN OBLIO TIOJTYYEHO He-
ckoibko CPII ¢ paznuuHoil yactoToil Auckperuzauuu — 128, 256,
512, 1024 touek. YacToTa MUCKPETU3AINH 33/1aBaach IS Kaxk-
JIOW TPYMITBI U3MEPEeHU HACTPOHKaMHU CBEPXOBICTPOICHCTBYIO-
IeTO W3MEPUTETBHOTO OCIyuIorpada pearsHOr0 BpPEMEHH

-
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RTO2032 (npousBoacteo Rohde & Schwarz). Ha pucyske 3 npu-
BECHBI 3aBUCHMOCTH OTHOCUTEITBHOM IUTOIIA/IH IO/ KPUBOH KOP-
PEIIIUOHHOM (PYHKIMH OT IITHPHUHBI OKHA.
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Puc. 3. 3aBUCHMOCTD OTHOCHTENIFHOM TIIOIIAIN MO KOPPEISIIUOHHON
KPHBOH OT IIUPHHBI OKHA TS YMCIIA TOUSK JUCKPETU3aINH:
a) 128, 6) 256, B) 512, 1) 1024

Kaxk Bu1HO 13 TaHHOTO PUCYHKA OTHOCUTENbHAS MIOMIAb O]
KOpPEISIIUOHHON KPUBOM UMEET HECYIIECTBEHHYIO 3aBUCUMOCTh
OT YaCTOTHI IMCKPETU3ALIMU U MaKCUMallbHa B pallOHE TOYEK, Jie-
JKalux B okpecTHocTH K/2.

ITo nmpuBenEeHHBIM 3aBUCUMOCTSIM TaK)K€ MOYKHO MPOCIEINUTH
pocT Sy ¢ yBEITMUCHUEM YHCIa TOYCK TUCKpeTU3au (puc. 4).
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Puc. 4. 3aBUCHMOCTH OTHOCUTEIBHOM TUIOMIAN 10T KOPPEIALHOHHOM
KPHBOM OT YHCIIa TOUEK JUCKPETH3AINN

Ha npencraBineHHoOM pucyHke, Mpu JUCKpPETU3ALMK HUXKE 512
TOYCK KpHBas Sy HAUMHACT PE3KO yObIBaTh. llpu cpenHeit mu-
tenpHOCTH CPIT t =50 HC, nanHasi JUCKpETH3aIUsl COOTBET-
ctByeT npuomu3uTensHo 10 I'BeiO/c. JlanpHeiimee yMeHbIICHHE
TOYEK TUCKPETH3alNH BeAeT K «mpoBaimy» Sy < 0,9 (180 Touek),
9TO TOBOPHUT O CYIIECTBEHHOM OCIA0JICHUH KOPPEISAINOHHOM
CBSI3M MY UCXOIHBIM M BOCCTAHOBIICHHBIM CHTHAJIOM.

AHAIOTUYHBIM 00pa3oM OBLTH TOCTPOCHBI 3aBHCHMOCTH OT-
HOCHTEIIFHOH TIIOIIA N TTOJT KPUBOW KOPPETSAIMOHHON (HyHKIINN
oT 1ara okHa. Ha pucyHke 5 nokasaHa AaHHas 3aBUCUMOCTb JUIst
ciaydas 1024 Toukn AUCKPETU3ALINH.
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Puc. 5. 3aBUCHMOCTH OTHOCUTEIBHOM TUIOMIAHN 10T KOPPEIALIHOHHOM
KpHBOH OT 11ara OKHa

Pe3kuil cnias OTHOCUTENBHOM IIIOIIAAHN MO KOPPEIUOHHON
KPHUBOH HJIET 1ocyIe yBeanueHus mara okHa 10 100 Touek, To ecTh
K/10 (Hmxe 3TOr0 mopora 3HaueHue Sy MPAKTUUECKH HEU3MEHHO).
AHaIOTUYHBIC 3aBHCUMOCTH OBLTH TIOCTPOCHBI T ciydas 128,
256 u 512 To4ek AMCKPETHU3alNU, KOTOPBIE MOKA3aJId TaKKe Pe3-
Kuil cnan npu niare okHa 6osiee K/10 Touek. Yem MeHblie mmar
OKHa, TeM 00Jiee TOYHO MOKHO OIPEICINTh BpeMsl Hauaa U3Jy-
yenus (o), 0OJJTHAKO B 5TOM ClIydyae YMCIIO olepaluii mpeodpas3ona-
HUSI CYIIECTBEHHO Bo3pacraeT. Tax Jursi mara okHa K/10 Bpems
JICKOMITO3UIIMU OyJIeT Ha TOPSAOK MEHbIIE €JIWHHYHOTO IIara
OKHa, ITPU HECYIIECTBEHHOM CHIDKCHUH 3HAUCHHS Sy.

IIpoBenenune 1eKOMIO3MIUMN

Jlnst TIpoBEpKM MOJYyYEHHBIX IPH MCCIEIOBAHUM JAHHBIX
HeoOxoaumo nposectu Aekommnosunuio CPII ¢ yxe u3BecTHbIMU
napameTpamu (puc. 2), U CPaBHHUTH C Pe3ysbTaTaMH, MOJIy4YeH-
HbIMH paHee. B tabnuie 1 npejcTaBieHbl U3BECTHBIE TApaMETPhbI
ucxonuoro CPII, mapameTpsl, moiay4deHHbIC B padoTe [13] ¢ mpo-
M3BOJIBHBIM Pa3MepOM U IIaroM OKHa, a TaK)Ke ITapaMeTphl, OITy-
YeHHbIe JuIs OKHa ¢ mmpuHoit K/2 u marom K/10. B ckobkax mo-
Ka3aHO YHCJIO WTEpalMii MOCJIEA0BATEIFHOTO MPHOIMKEHHS
(MHOTONapaMeTprUeCcKUii MOATOH 3HAUYSHNH TTOCPEICTBOM KOppe-
JSIIMOHHOM 00paTHOM CBSI3M) ISl KAXKJIOTO M3 OKOH.

Ta6muua 1
Mapametps! m3ayuareseidt CPII
Tapamerpst Hcxonublii [Tpou3sBosibHBIE Oxio K/2
CPII mapamMeTphl
f1, I'T 0,65 0,68 (10) 0,63 (5)
f2, I'Tx 0,90 0,98 (7) 0,95 (4)
f3, T 0,85 0,86 (12) 0,83 (5)
fa, T 1,90 1,8 (15) 1,95 (6)
d1, He'! -0,30 -0,31 (10) -0,30 (4)
92, He'! -0,40 -0,43 (8) -0,39 (4)
93, mc’! -0,73 -0,75 (14) -0,71 (5)
d4, H'! -0,80 -0,85 (17) -0,81 (7)
to1, HC 0 0(1) 0()
to2, HC 0 0() 0()
to3, HC 5,5 5,3(9) 5,6 (5)
tos, HC 3,0 3,1(11) 3,1 (6)

Kak BuIHO M3 JIaHHOHM TaOMHIBI HCIIOIb30BAHHE LIMPUHEI
okna K/2 ¢ marom K/10 no3Bosisier CHU3UTh pa3zdopoc napaMeTpoB
MEXTy UCXOHBIM 1 BoccTaHoBIeHHBIM CPII 10 5%, a uucio ute-
paiuii COKpaTUTh MPAKTHYECKH BJIBOE MO CPABHEHUIO C OKHOM C
MPOU3BOJILHBIMHU TTApaMETPaMHU.

[Tpn npoBeeHUH JEKOMIIO3UIMN C OKOHHOM KOPPEJISIIHOH-
HOM 00paTHOM CBSA3BIO ATO JJAET BBIUTPHIII 110 BPEMEHH Mpeodpa-
30BaHMS B J[Ba pasa JuIsl Kaxjoro napamerpa. Ecinu paccmarpu-
BaTh CPII pasinosieKTpOHHOTO y371a, COCTOSIIEr0 U3 YeThIPEX U3-
JydaTesield, KaKIblid U3 KOTOPBIX MMEET TPH OLICHOYHBIX Iapa-
MeTpa (CIPaBeUIMBO Ha MPAKTHKE), TO BBIUTPHILI 110 BPEMEHH Ha
npeobpa3oBanue OyneT okoio 20 pas.

Ha pucynke 6 mpencraBieHbl KOPpEIOUOHHbBIC (YHKIUH
MEX/y HCXOJHBIM U BOCCTAHOBJICHHBIM CHI'HAJIOM IIPH JEKOMIIO-
3HIHU ¢ OKHOM C IPOU3BOJIHBIMH ITApaMeTpaMu 1 ¢ OkHOM K/2.

e —
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Puc. 6. Koppensmonssie GyHKINH:
a) MPOM3BOJILHOE OKHO, 0) okHO K/2

W3 manHOTO pHCYHKA BUIHO, YTO TIPH UCTIOIB30BAHUH (PHUKCH-
poBanHOro okHa K/2 MUHHMAaIbHOE 3HAYCHHE B3aUMHON KOppe-
JSIIMOHHON (DYHKLIMHM MEXIy HCXOJHBIM M BOCCTaHOBJICHHBIM
CUTHAJIOM He omyckaeTcs Hmke 0,95, uro mo mxame Yammoxa
03HAuaeT CHIIbHYIO KOPPEJILUOHHYIO CBs3b [14].

Crnenyer 3aMeTUTh, YTO INPH HCIOJIb30BAaHUUA (PHUKCHPOBAH-
Horo okHa K/2 Bo3pacraeT HE TOJIBKO MHHHUMAJBHOC 3HAYCHHE
B3aMMHOW KOPPEISIIHOHHON (YHKIIUH, HO U CYIIECTBEHHO CyXkKa-
eTCsl BpEeMEHHas 00JacTh KOPPEJSIMOHHOTO HECOOTBETCTBUSL.
JlaHHass OCOOCHHOCTH CIIOCOOCTBYET HAWIYYIICH JIOKAIA3AIIUH
apaMeTPOB, TPEOYIOMNX KOPPEKITUH, YTO TaKKe MPUBEACT K 00-
IeMy CHIYKCHHUIO BpeMeHH Ha nekomrosutmio CPII.

3akjaouenue

B pabote npezacTaBiaeHo nccaeJ0BaHUE TTAPAMETPOB OKHA Ya-
CTOTHO-BPEMEHHOTO Mpeodpa3zoBanus mpu aexommnosunuu CPII.
YcTaHOBIIEHO, YTO NPU LIMPHUHE OKHA PABHOM IOJIOBUHE TOYEK
nmuckperusarym Becero CPIT (K/2) u mpu mare okna He Oonee e-
csToit yactu Tovyek auckperusannu (K/10) cymecTBeHHO cHIXKa-
etcst BpeMst Ha nexommo3uiiuio CPIT (mpubnu3uTensHo B JBa paza
Ha KaXIbIH MapaMeTp), MOBBIIMIACTCS MUHUMAJIbHOE 3HAYCHHE
B3aUMHOM KOPPEISIIMOHHON (DYHKLMHM MEX/y UCXOJHBIM U BOC-
CTaHOBJICHHBIM cUTHAIOM (He Huke 0,95), a Takke Cy)aeTcs Bpe-
MEHHast 00J1aCTh KOPPEISIIMOHHOTO HECOOTBETCTBHSL.

Ha npakTrke 3T0 03HaYaeT MOBBIICHHE dPPEKTUBHOCTH Jie-
komrozuimu CPIT u kak ciencTBUe MOBBINIEHNE CKOPOCTH, J0-
CTOBEPHOCTH MICHTH()HUKAINHU TP MACCHBHOW PaarOCCHCOPHON
TeXHHYeCcKOol auarHocTuku POY. Kak mokaszan aHanm3 mpu mpo-
BEJICHUN AHAJIOTHMYHBIX HCCIIECAOBAHUI HE PEKOMEHIYETCSl HC-
M0JIb30BaTh PETUCTPUPYIONIYIO TEXHUKY C YAaCTOTON JUCKpPETH3a-
uun Hke 10 I'BeiO/c. [laHHOe yciaoBHE B HACTOsIIEE BPEMS MO-
KeT OBITh y/IOBIETBOPEHO, TIOCKOJIBKY COBPEMEHHBIE CBEPXOBICT-
POACHCTBYIOIIHE OCHMILIOTPpa(bl peabHOI0 BPEMEHH MTO3BOJISIOT
nposectu auckperuzanuio CPIT ¢ yvacroramu 10 40 I'BbIO/cex.

IIpu uccnenoBanun Menee npoTspkeHHbIX CPII (Hampumep,
JUINTEIBHOCTBIO 2 HC W MEHee), YHCIO TOYEK JIMCKPETH3alnuu
JlaKe ISl CBEpXOBICTPOICHCTBYIOIIEH armaparypsl OyaeT MeHee
100, 4TO CyLIECTBEHHO CHMXKA€T 3HAUYEHUE KOPPENIAUOHHON
(GYHKIMU MeXITy MCXOTHBIM U BoccTaHoBIeHHBIM CPII. OmgHako
B JIAHHOM CJTydae MO>KHO HCIOJIb30BaTh ITPe0Opa30BaHMs SKBHUBa-
JICHTHOTO BPEMEHH, B YaCTHOCTH C PETreHEpaTHBHBIMH CHCTeE-
MaMH, /TSI TTOBBIMICHHUS YNCIIa TOUEK AUCKPETH3ALUN Ha HHTEpe-
cyromux ygactkax CPII [15].

JlasibHEHIIUM pa3BUTUEM TEMBI SIBISIETCS] UCCIIEJOBAHUE BIIU-
siHUsE JOPMBI OKHA 4aCTOTHO-BPEMEHHOT'0 IIPpeoOpa3oBaHus Ha Jie-
komnosuiuio CPIT u aHamu3 BO3MOKHOTO MEPEKPHITUS OKOH.

——
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3T0 HOIKHO JaTh OTBET Ha BOIIPOC O LIEIE€CO0OPa3HOCTH HC-
T10JIb30BaHMsI OKOH pa3n4HbIX QyHKIMH (pocreiimue ["ayccoBsl
¢yHkmH, okHO bapnerra, CHHYC-OKHO, NPHUITOAHSTHIH KOCHHYC
XeMMHHTa U JIpyTrye) Mo CPaBHEHUIO C MIPEJCTABICHHBIM B JIaH-
HOM paboTe NPsIMOYTOJIFHBIM OKHOM, YTO OTKPBIBAET HOBBIE TIEp-
CHEKTHBBI B HUCCIIEOBAaHUM YAaCTOTHO-BPEMEHHOI'O Pa3iI0XKEHUs
HectaunoHapusix CPIT.
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INVESTIGATION OF THE PARAMETERS OF THE FREQUENCY-TIME CONVERSION WINDOW
DURING THE DECOMPOSITION OF THE SIGNAL RADIO PROFILE

Konstantin A. Boikov, MIREA - Russian Technological University, Moscow, Russia, nauchnyi@yandex.ru
Abstract

Known methods of time-frequency transformation, such as the Gabor-Ville transform, wavelet transform, are complex and cumbersome in calculations,
require the correct selection of basic expansion functions, may have interference points and negative values of the spectral density function. The pres-
ence of space-time uncertainty inherent in any frequency-time decomposition, as well as the lack of the possibility of correcting the found expansion
coefficients, make modern methods of frequency-time transformation ineffective in the analysis of signal radio profiles (SRP). Decomposition of SRP
with windowed correlation feedback eliminates the above disadvantages by multiple enumeration of parameters, however, this occurs at the expense of
a significant increase in the transformation time. The transformation window here is understood as a rectangular function that moves along the time
axis from the origin. In this work, the window width is understood as the number of sampling points falling into the rectangular window function, which
is equivalent to the length of the function along the time axis. The window step is the number of sampling points to which the rectangular window func-
tion (transformation window) moves in the time-frequency decomposition. The purpose of this work is to increase the efficiency of the frequency-time
decomposition of the SRP by analyzing the parameters of the transformation window in decomposition with windowed correlation feedback. In the
study, experimental research methods are used to register the electrical component of the electromagnetic field radiated by the product - SRP.
Correlation analysis methods for determining the best match between the reference and reconstructed SRP. Methods of digital signal processing with
frequency-time decomposition. The paper presents the registered SRPs and their parameters, a correlation analysis of the SRP data is carried out. The
dependences of the correlation functions on the width and step of the window are given for a different number of sampling points of the registered
SRP. The results obtained for the first time showed the possibility of using certain parameters of the transformation window to improve the accuracy
and significantly reduce the time of SRP decomposition, which makes the work novel. It has been established that with a window width equal to half the
length of the SRP itself and a window step of not more than a tenth of the length of the SRP, it is possible to achieve an increase in the cross-correla-
tion between the original and restored SRP up to 0.95. Recommendations are given on the speed of recording equipment when receiving PDS (sampling
rate below 10 GS/s). The practical significance of the work lies in the reduction of iterations of the multi-parameter approximation when using corre-
lation feedback in the course of SRP decomposition, which significantly reduces the conversion time and improves its accuracy.

Keywords: decomposition, window transformation, signal radio profile, time-frequency transformation, correlation analysis.
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CoBpeMeHHble JOCTUNKEHUA B MUKPOIJIEKTPOHUKE U LLIMPOKOE UCMOJIb-
30BaHMUE CPeACTB BbIYUCNIUTENIbHOM TEXHUKM C LieNbio NPOrpaMMHOI pe-
anusauuM pasfiM4yHbIX TEJIEKOMMYHMKALMOHHBbIX U MH(OPMALIMOHHBIX
YCTPOWCTB ABNAIOTCA HaleXkKHbIM 060CHOBaHUEM NpejcTaBieHUa coob-
LLLEHUI OT pasNUYHLIX UCTOUHUKOB B L posoi popMe, To ecTb B BUAe
COOTBETCTBYIOLUX KOAOBbIX KOMOMHALMM, ABNAIOLLUXCA MO CyLLeCTBY
Yncnamm B onpepeneHHomn cucteMe cuucneHusn. Paccmarpusas adpdek-
TUBHOE MepBUYHOE KOAUpPOBaHUE COOOLLEHNIA OT UCTOYHUKA, CTPEMAT-
cAl AOCTUYb NpeX/e BCEro CKOPOCTU KOAMPOBaHUA, MAKCUMaJIbHO Gnu3-
KOM K SHTPOMMM UCTOYHMUKA, YTO GbIIO JOKA3aHO B LLUMPOKO U3BECTHLIX
TeopeMax Knopa LLleHHOHa, 060CHOBABLUMX JAaHHOE NOJNOXKEHNE OTHO-
CUTENIbHO MUHUMaNbHOTO 3Ha4eHUA cpefiHel ANUHBI KO 0BON KOMOMHA-
unn. MockonbKy pasnuuHble cOOGLIEHUA OT UCTOYHMKA MOABAAIOTCA,
Kak MpaBuno, ¢ pa3iiniHON BEPOATHOCTbIO, TO AOCTMIKEHUE MUHUMATIb-
HOW CKOPOCTM KOAMPOBAHUA BO3MOXHO C MCMONb30BaHUEM HEpaBHO-
MepHbIX CMOCOGOB KOAMPOBaHMUA, HanpuMep, COFMacHO anropuTMy,
npeanoxeHHomy [ssuaom XaddpmaHom. CrpeMAch [OCTUYD MUHM-
ManbHOM CKOPOCTM KOAMPOBaHMWA, creflyeT Y4YuTbiBaTb TaKkKe CNOX-
HOCTb peanusalumu yCTpOMCTBA NMEPBUYHOIO KOAUPOBAHMA, YYUTbIBATb
TO KOJIMYECTBO 3/IEMEHTOB, KOTOpOe NnoTpebyeTca AnA ero npakTuyec-
Koro sonnotlieHus u Tak aanee. Mcxona us atoro apcekTMBHOCTL TOrO
MNM UMHOro cnoco6a NepBUYHOIO KOAUPOBaAHUA onpegenserca He of-
HUM, a PAZIOM, 3a4acCTyi0 NPOTUBOpeYaLLUMX APYr ApYyry, ¢akTopos. Op-
HUM U3 TaKux (PaKTOpOB ABNAETCA BbIGOP OCHOBaHMA KOAA, YTO MO3BO-
nAeT ONTUMU3UPOBATh 3aTpaThl HA NPAKTUYECKYIO peanusauuio cnocoba
NEepBUYHOTO KOAUPOBAHUA, YTO U ABUIIOCh NPEAMETOM PacCMOTPEHUSA B
AaHHoOW paborTe.

Ana untuposaHuma:
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1. PaBHOMepHOe KOIMPOBaHNe

Teopust KoAUPOBaHMS COOOIIEHHH OT Pa3INIHBIX HCTOYHUKOB
Oepet cBoe Havalo OT pyHIaMeHTaIbHBIX padot K. [llennona [1].
JlokazaHHast MM TIepBasi TeopeMa Julsl KaHana 0e3 IToMeX ycTaHaB-
JIMBACT CBSA3b MEXYy MHUHHUMAJIBHO HEOOXOANMBIM YHCIOM CHM-
BOJIOB My, JUIA KOJUPOBAHUS KaKIOTO 3JIEMEHTA HCXOAHOTO CO-
oOmenus u; € U n suTponueit ncrounnka H(U) npu ucnons3o-
BaHHMHM KOJIa 0 OCHOBAHUIO M.

- HO®) (1)

min = 150, m
rae H(U) < oo, a b — BeiOpanHas gorapupmMudeckas Mepa.

Bripakenne (1) ompeznernsieT MUHHUMAIBHYIO CKOPOCTH HeEp-
BUYHOT'O KOJMPOBAHUS, 00ECIICUNBAOLIYIO B 3TOM CMBICIIE TIpe-
JIENBbHYT0 2P PEKTUBHOCTD MMPEOOPa30BaHUs, TO €CTh HANMCHBIIICE
KOJIMYECTBO CUMBOJIOB HEKOTOPOTO KOJa MO OCHOBAHMIO M, 3a-
TpadyuBaeMbIX [T KOAUPOBAHUS OTHOTO HIEMEHTA HCXOIHOTO CO-
0OIIEeHNS.

Xota HamOOJbIIee PACIpPOCTPAHEHNE IONYYMINA TBOMIHBIC
CUCTEMBI KOJMPOBAHHS JJIEMEHTOB MCXOJHOTO COOOILEHHUS, OJ-
HaKO B pAJC CIydacB NPEANOUYTCHHUE OTAACTCA HCABOUYHBIM I10-
cnenoBatenbHOCTSIM [2-8]. Kpome TOro, BaKHBIM OKa3bIBaeTCS
Croco0 COMoCTaBIICHHUS KOJJOBBIX KOMOMHAILMI 3JIEMEHTaM C000-
mexus [9-11].

B sT01i cBsI3UM, paccMaTpuBasi UCTOUHUK, TOpoxaatouui N co-
oOImeHnii, MO’KHO TIOCTABUThH 33jady HauboJiee «IKOHOMHOTO»
croco0a X OTOOpaXKCHHs B BUE KOJOBOW KOMOHHALIUU W3 N
CHUMBOJIOB B 3aBUCHMOCTH OT 3HaYECHUsI OCHOBAHMSI KOJ/Ia M, KOT/a
N =m".

[TocraBuB 5Ty 33724y, HEOOXOJMMO ONPENEIUTH B 4eM OyJer
BBIPQKATHCSl Ha3BaHHAsI «IKOHOMHMSD) M KaK KOJIMYECTBEHHO Olle-
HUBaThCs. MOXKHO, HarpuMmep, B KauyecTBE TaKOH KOJIMYECTBEH-
HOH OIIEHKH BBIOpATh JUIMHY KOJOBOW KOMOMHanuu. B aTom ciry-
Yae OYeBHJIHO, YTO MaKCHUMasbHasl JUIMHA KOJIOBOW KOMOWHAIINH
n = [log, N| Oyzer, eciu ocHOBaHKE KO M = 2, & MUHUMAIIb-
Hasl JIMHA KOJO0BOM KOMOMHAIMU N = 1, COOTBETCTBEHHO, KOI'1a
ocHoBaHMEe Kozia paBHO m = N. OjHaKo NpH TAaKOW OLIEHKE He
YUUTHIBAETCS KOJIMYECTBO 3HAUEHUH OCHOBAHUSI KOJia 1M1, 4To 0e3-
YCJIOBHO BIIMSIET HA OLEHKY «IKOHOMHOCTH» pPEalIU3allid TOTO
i nHoro koja. [ToaTomy nenecoodbpa3Ho paccMOTPETh 3TO B CO-
BOKYITHOCTH.

Jast oripenienienust Hanboliee «IKOHOMHOT0» COC00a Mperno-
JIO’KUM, UTO B pe3yIbTaTe KOAUPOBaHUsA Oy IyT 00pa3oBaHbI L 9u-
cen (CUMBOJIOB), IPUHUMAIOIIMX 3HAYEHUS OT 2 10 M, C TIOMO-
b0 KOTOPBIX OyAyT (opMHpOBaTHCS KOJOBBIE KOMOHWHAIIUH,
Ka)KIas U3 KOTOPBIX OyJIeT COOTBETCTBOBATH OIPEIEICHHBIM CO-
obmenusm N. Eciu L ogenuts Ha m, TO OyIET MOJAYYCHO YHCIIO

L

CHUMBOJIOB B KOJIOBO KOMOHMHAIIMU N, ¥ TOTJa 4uciio m"™ = mm
OyJIET COOTBETCTBOBATH KOJMUYECTBY PA3HBIX KOJOBBIX KOMOUHA-
UM KOJIa 10 OCHOBAHUIO M MPU HEKOTOPOM 3aJaHHOM uucie L
CHUMBOJIOB, UCIIOJIB3YEMbIX JUIsi (POPMUPOBAHUS KOJIOBBIX KOMOU-
HaIUN.

Haiiem MakCUMyM JIaHHOTO BBIPaXKEHHsI, BOCIIOIH30BABIINCH
M3BECTHOU (OpMyJIOH Tu(PepeHIMPOBaAHUS CIIOWKHON (DYHKIIUH,
aumenno: (u?) =u’ v -lnu+v-u’t-u.

[TpumeHuB oty GopmyJy, nojaydaem:

2

(mi)’ = m%-(—mi)-lnm+%-m(%_1) 1= L-m(%_z) (1 —=Inm).

[IpupaBHsiB moy4eHHOE BhIpakeHue Kk 0, HaiileM TOYKY JKC-
TpeMyMa, TO3BOJISIFOIIYI0 YTBEPXKIATh, YTO MAKCHMYM BBIPaXKe-
HUsl JocTturaeTcss npu m = e = 2,718 . (YnpoménHoe aokasza-
TEJIBCTBO ATOTO MOXKHO HaiTh B [12]).

HHTEepecHO OTMETHUTh, UTO, €CJIM OCHOBAHUE KoJa m = 3, TO

L

COOTBETCTBYIOIICE BBIpAXKEHHE 33 HapacTaeT HAMHOTO ObICTpee,
L

4YeM BBIpAXKEHHE 22, XapaKTEPHOE I KOJla ¢ OCHOBAaHHEM M = 2,
NP YBEJTUYCHUH BEJTMINHEI L.
OI1leHUM 3TO KOJIMYECTBEHHO B BUJIE MX OTHOCUTEIBHOTO 3HA-
4yeHusi, KoTopoe 0003HaunM uepe3 (J3). [IpuMeHNB H3BECTHYIO
2

dopmymy a* = b*1°8b ¢ mocie 0ueBUIHBIX M HECIIOKHEIX TPEO-

paSOBaHHﬁ MoJIydyacM OKOHYATCJIbHOC BBIPAXKCHHUE OTHOCHUTCIIb-

HOT'O BBIMI'PBINIA B 3aBUCUMOCTHU OT BEJIMYUHBI L.
L1
3% 2 —Oggz : Llogz3 L L-(2-1ogp 3-3)
O3 = T=—T1I = 2 3 2 =2 6

22 22

= 20,028(3)L_ )

OueBUTHO, YTO OTHOCHUTENIBHBIN BBIMIPHI (§3) KOAA MO OC-
2

HOBAHMIO M = 3 110 CPABHEHUIO C KOJIOM I10 OCHOBAHUIO M = 2
CTpeMHUTCS K OECKOHEYHOCTH ¢ pocToM L (puc.1), 4To yka3bpiBaer
Ha OBICTPO HApACTAIONINE 3aTPAThI IPH KOJAMPOBAHUH, €CIIH OCHO-
BaHME KOJ/ia HE PABHO ONTHUMAaJIbHOMY 3HAUCHHUIO, BBRIPAKAEMOMY

B HEJIBIX YUCJIaX 4Y€PE3 SHAUYCHUE T = 3.
L

BecbMa HHTEPECHO OTMETHThH TaKXKE, YTO BEJIMUYUHA 22 B TOU-
L

L

HOCTH paBHa 44, a Bce MOCJIeIyOIIHE SJIEMEHTBI Mm B HATYPajlb-
HBIX YHCJIaX OKa3bIBAIOTCSI MEHBIIE, CTPEMsICh K L, 4TO ciexyer
U3 HAJIUYUS TOJIBKO OJIHOTO DKCTPEMyMa M COOTBETCTBYIOLICH
MOJICTAHOBKE M = L. DTO 03HAYAET, YTO KOJOBBIC KOHCTPYKIIUH
TIPU OCHOBAHWH KOZIa M = 2 00Jaat0T ToM ke 3P (HeKTUBHOCTB, UTO
W TIpU OCHOBaHMK Kojia m = 4. OJiHaKo, B IEPBOM U BO BTOPOM CITy-
Yyae OHM OJIMHAKOBO YCTYIAIOT KOJIy MO OCHOBAHUIO M = 3.

Jliist GoutbIeit HAarJSIIHOCTH 0TOOPa3uM 3aBHCUMOCTS (§3) OT

2

L na rpaduke (puc. 1), n3 KOTOpOro 3aMeTeH OBICTPBIH POCT OT-
HOCHTEJIHOTO BBIMIPBIIIA TIPH POCTE BEITUYHHBI L.

83

2

200

100

EE=d

-100 a 100 200 300

L

Puc. 1. 3aBHCHMOCTb OTHOCUTEIBHOTO BRIUTPHIILIA TIPU BBIOOPE
OCHOBAHHS 3 10 CPaBHEHUIO C OCHOBAHUEM 2 B 3aBHCUMOCTH
OT KOJINYECTBA Yucel L

PaCCMOTpI/IM BE€CbMa HAIVIIAHYIO WJUIFOCTpAlUIO, KOTJa, BbI-
6I/Ipa${ Ppa3IMiYHbIC OCHOBAHHUA KOJa 1M, MOXKHO IOJIYYUTh pa3jiny-

e
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HOC YHCJIO KOJIOBBIX KOMOWHAITUH JJIsl KOIUPOBAHHS COOTBET-
CTBYIOIIETO YHCIa coodmenuit N.

IycTh 1u1st TaHHOTO TIPUMEPA UMEETCSI BO3MOKHOCTH UCTIONb-
30BaTh L = 60 yncen. Toraa, paccMaTprBas B KaueCTBE ACTUTENS
9TOrO YMCJIA TOJIBKO LEJIbIC YKCJIa, IS KOa 10 OCHOBAHUIO 2 I10-
Jy4aeMm, 4To JIIMHA KOJIOBOM KoMmOuHaiuu Oyner paBHa 30, ams
KOJIa 10 OCHOBAHUIO 3 JUIMHA KOJOBOM KOMOHWHAIIMM COOTBET-
ctBerHo 20, T KoJia 110 OCHOBaHUIO 4 OyeT paBHa 15, st Koa
10 OCHOBaHMIO 5-12, ju1st KoJ1a 1o ocHOBaHUO 6-10 u 11 KOJ1a 10
ocHoBanuio 10-6.

L
Bocnonp3oBaBmuch  opmyioii N = m™ = mm, nonydum
YHCIIO0 PA3IMYHBIX COOOIIEHUH, KOTOPOE MOXKET OBITH IPEICTAB-
JICHO JaHHBIMHM KOJAMH IpU (UKCHPOBAHHOM 3HAYECHHH BEIIH-
yuHbl L =60 W pasauuHBIX OCHOBAaHUAX Koja m =
2,3,4,5,6,10. Pe3ynpraThl CBeicHbI B TA0IMHILY 1.

Tab6muma 1

N
1073 741 824
3486 784 401
1073 741 824
244 140 625
60466 176
1.000 000

Slovju|s (w3

JlarHbIie TaOMUITH! | yKa3pIBaIOT HA BEChMAa 3HAYNMOC ITPEUMY-
MIECTBO KOJIA TI0 OCHOBAHUIO M = 3 IO MOJYYCHUIO MAKCUMAaJTh-
HOT'0 KOJINYECTBA KOJAOBBIX KOMOMHAIHIA N, 0TOOpasKaroIIHuX pas-
JIMYHbIE COOOINEHUH TpH (PUKCUPOBAHHOM 3HAUCHHUU BEJIHMYHHBI
L. TTIpu 5TOM O4€BHIHO, YTO BBIUTPHIII C POCTOM BEIIMYHHEI L Oy-
JICT OYCHb OBICTPO HAPACTaTh, O UYEM CBHUJICTCILCTBYCT rpaduk,
n300pakeHHbIH Ha puc. 1.

IIpoBeneM aHAJIOTHMYHOE HCCICAOBAaHHE, HO C HECKOJIBKO
WHBIX HaYaJIbHBIX YCIOBUH.

ITycTh B KauecTBe MCXOHBIX JAHHBIX UMeeTCss N pa3IndHbIX
coobmennii. O4EeBHUIHO, UTO X MOYKHO 3aKOIHUPOBATH C TIOMO-
b0 KOJOBBIX KOMOWHANWN, MPUYEM OCHOBAHHE KOJa MOXKET
ObITH pazHoe. O003HAYMM €ro uepes X.

Hecnoxxno ompenenuth, 9TO JJIMHA KOJAOBOH KOMOWHAIIUU
paBHa log, N.

Torma oOriee grcno cumBoioB M mist konupoBanus N coo0-
MICHAHN C TIOMOIIBIO PA3ITUIHBIX KOMOBBIX KOMOMHAIHI 110 OCHO-
BaHUIO X BBIYMCIIAM I10 OYCBHIHOU hopMyIie:

M =N-x-log, N

[Tocne mpocThIx MpeoOpa3zoBaHuii KUMeeM OOHOBJICHHOE BbIpa-
JKEHHE:

InN
M=N-x-logeN=N-x — 3)
Inx
HafmeM TIPOU3BOHYIO 110 X IS OIPEACICHNA MUHUMYMa BbI-
pakenus (3)

N-x:InN _ N-nN-(Inx—1)
(Inx)2 (4)

[IpupaBHsB BeIpakeHHe (4) K HyJIIO, HailleM TOYKY SKCTpe-
MyMa, 4TO OYEBHIHO TPOM3OHIET, Korja X = e. A, cienoBa-
TeJNbHO, MUHUMaJIbHOE KOJIMYECTBO CHMBOJIOB, KOTOpPbIE HAI0 3a-
TpaTUTh 11 Koauposanust N cooOmienuii, OyleT JOCTUTHYTO B
KOJI€ TI0 OCHOBAaHHIO X = €.

aM N\ NInN
dx

Inx Inx (Inx)2x

— e

T-Comm Vol.17. #6-2023

CB43b

BbrmkaiimyM neasIM duciioM siBjsieTcs uucio 3. B xonax mo
OCHOBaHMIO X =2 W X = 4 9YHCIO 3aTpauynWBaeMBIX CHMBOJIOB
OoJtpIlie, YeM MpU X = 3, U IPHU OTOM YHUCIIO ITUX CUMBOJIOB OJTH-
HaKOBO.

[IpousuttocTpupyeM MoIy4deHHbIH pe3yabTaT ¢ MOMOLIBIO pU-
cyHka. Ha pucynke 2 mokaszaHa 3aBUCUMOCTh M U3 BBIpaOXKECHUS
(3) ot x npu pazHbIX 3HaUCHUX N.

100

12
s
(=)
@

10

—100

X
Puc. 2. 3aBHCHUMOCTD YHCIa CUMBOJIOB M OT OCHOBaHHMS KOJa X
IUTsS pa3HOTO Yncna coodmennit N = 3,5,10

(uBeTa: KpacHBIH, 3eJICHBII, CHHHIA)

Crnenyer OTMETUTh, YTO OTVIMYHS B YHCJIC 3aTPAYUBACMBIX
CHMBOJIOB TIPH KOJAWPOBAHUM, TP X = 2 U X = 4 OT ONTHMAab-
HOTO 3HaueHus Mpu Mabix N, He3HauuTenbHbl. OTHAKO C POCTOM
N oHM HapacTaroT, YTO MOXKET CIIy>KUTh BXKHBIM (DAaKTOPOM IMpH
BBIOOpPE OCHOBAHUS KO X C YUCTOM «Pa3MEPHOCTI» HCTOYHHKA,
BbIpa0aTHIBAIOIIEI0 MHOXKECTBO U3 N COOOIICHUIA.

OIeHUM OTHOCHUTEIIBHBIN «ITPOUTPHIID MPU BHIOOPE OCHOBA-
HUS KOJIa, PABHOTO 2 10 CPABHECHHUIO C KOJIOM 110 OCHOBaHHUIO 3.

Hust storo, cormacHo (2), HaiijgeMm O3, y4YHUTBIBasi, 4TO
logc b :
logca’

log, b = 1o creayromiei Gopmyie:

N-2-logy N 2-log, N-log, 3
3 = =
2 N-3-logz N 3-logy, N

=1,057. )

[TomyueHHbIN pe3ynbTaT yKa3blBaeT HA TO, YTO «IIPOUTPBIII»
B OTHOCUTEIILHOM BBIPD&JKEHMH HE 3aBUCUT OT N M COCTaBIseT
CPaBHUTEIHFHO HEOOIBIIYIO BETHINHY, @ UMEHHO B 1, 057 pas.
Ecimn nccnenoBate OTHOCUTENBHBIN «BBIUTPBIND) MUHAMAIIb-
HOT'O YMCJIa CUMBOJIOB B KOJIOBOM KOMOHMHAIIMH, KOT/Ia X = €, OT-
HOCUTEJIBHO JPYTHX Pa3lIMYHbIX 3HAUEHHH X, TO MOXHO IOJIy-
YHUTh CIICAYIOIIYIO 3aBUCHMOCTD:
N-elnN

N-e'lnN-Inx
e = = =
X N-x-logy N

NxInN x

elnx

(6)

Ha pucynke 3 npencraBieHa WUTIOCTpanys BeIpaKeHHs (6).

AHanu3 nIpuBeIeHHON 3aBUCHMOCTH MOKA3bIBAET, YTO OTHOCH-
TEJIFHO MUHHUMAJIBHOTO 3HAUEHMS MIPU BBIOOpE OCHOBaHMS KOJa
paBHOro M = 2, OyJeT He3HAUYNTEIbHBIN MPOUTPHILI, & UMEHHO,
cormacHo (6) B 1,065 paza. lecaTnuHas cucTteMa ¢ OCHOBAaHHEM
koaa paBHoM m = 10 mpowurpsiBaer B 1,602 pasa, uto B 1,504
pa3sa OoubIIIe.

Hcnonk3yemast B psifie cilydaeB BOCbMEPUYHAsi CHCTEMa ITPo-
urpsiBaeT B 1,416 pasa, a mecTHaanarepuynas — B 2,123 pasa.




5 | | x
Puc. 3. 3aBucuMOCTb Oe OT OCHOBaHHUS KOJa X
x

Hcnonp3oBanue Koja M0 OCHOBAHMIO M = 4, KaK yKe OTMe-
4asioCch, KBUBAJICHTHO KOAY 110 OCHOBAaHUIO M = 2, 4TO, BOOOIIE
TOBOpSI, UMEET OYEHb WHTEPECHOE CHMBOJIMYECKOE 3HAUCHHE,
eciii 00paTUTh BHUMaHHE Ha TO, YTO B COBpEMEHHOI nHpopma-
IlI/IOHHOﬁ TEXHHUKEC, B TCJICKOMMYHHUKAIIUAX U TaK JaJIe€ B OCHOB-
HOM HCITIOJIb3YIOTCSI IBOMYHBIC KOJIBI, TOT/Ia KAK B TCHETHYCCKOM
KOJIC, SIBIISTFOIIICMCS] YHIUBEPCATLHBIM ITOCTPOCHUEM BCETO JKUBOTO
HCTIOTH30BaH KOJI TI0 OCHOBAaHUIO M = 4.

2. JHTpON ¥ HePaBHOMEPHOE KOJAMPOBAHUS

IIpu oroOpakeHHH COOOIEHNI B BUJIE KOJOBBIX KOMOWHAIINI
U3 N CHMBOJIOB CTPEMSITCS MHHHUME3HPOBATH JaHHYIO BCIUYUHY.
OnHako, ocKoNbKy BenmurHa 1 = [log,, N| — Benmuunna nemnasi,
rIe m - OCHOBaHHE K04, a N - KOJIMYeCTBO COOOIIEHUHA OT UCTOY-
HUKa, TO OYEBUJIHO, YTO KaK mpaBmwio m™ > N. YuuTbiBas Takke,
YTO pa3MUyYHbIe COOOIIEHHUS OT MCTOYHHKA MOTYT TIOSBISTHCS C
pa3UYHON BEPOATHOCTHIO, OBIJIO PEIIEHO XapaKTeph30BaTh (-
(heKTHBHOCTh KOIMPOBAHUS COOOIICHWH MCTOYHHKA Yepe3 CKO-
POCTh KOAMPOBAHMUS, PABHYIO CpETHEMY 3HAYCHUIO KOJIOBBIX CHM-
BOJIOB, IPUXO/IAIINXCS HA OJTHO COOOIIEHNE HCTOYHNKA. YacTo 3Ty
BEJIMYMHY HA3bIBAIOT CPEAHEH JUTHHOM KOOBBIX KoMOnHaImiA. Co-
racHo (1) MOKHO moJiarath, YT0 MUHUMAJIbHAS CPETHSIST ITTMHA KO-
JIOBOY KOMOUHAIMH JUTSl TUCKPETHOTO UCTOUHHUKA 1T = My -

JIJIs IpaKTHYEeCKOM peali3alliil 3TOrO B YCIOBUSX PAa3HOM Be-
POSITHOCTH TIOSIBIICHHSI COOOIICHHI OT HCTOYHUKA BMECTO OJIOYHBIX
KOJIOB TIPUMEHSFOTCS. HCPAaBHOMEPHBIC KOJBI, HAIPUMEp, KOJBI
[lennona — ®ano, Xadhdmana, apumMeTHieckoe KOTUPOBAHHIE
T.1. [13, 14]. ITomrmo 3TOTO, BaXKHO OTMETHTH CYIICCTBOBAHUE
Teopemsl Kpadra — MakMuiiaHa, yka3slBaromiei Ha BO3MOKHOCTb
peajiuzaluuu TOM WM MHOW KOHCTPYKLMH HEPaBHOMEPHOIO KOAa,
KOTOpPBI B OTJIMYUH OT PaBHOMEPHOTO KOJa OJDKEH OBITH Tpe-
(DUKCHBIM, YTO MO3BOJIICT 00CCIICUUTh €ro0 OJHO3HAYHOE JICKOIH-
poBaHue, TOr/ia KaK 1Jisl He MPe(UKCHOro OJI0YHOT0 KoJa Heo0Xo-
JAUMO C IIOMOIIBIO CIICIIMAJIbHBIX METOA0OB 06eCHelII/ITI) Tpe6yCMBIC
YCJIOBHSI CHHXPOHM3AIWH ISl OJHO3HAYHOTO OIPEENICHHs Havala
Y KOHI[a KOJIOBOW KOMOMHAIINYU HE MPE(HUKCHOTO OJIOYHOTO KOJIa.

W3zBectHoe HepaBencTBo Kpadra — Makmuiana cieayroniee:

Nomhi<i, (7

rae m — o cHoBaHue Koja, N — KOJIM4eCTBO COOOIIEHUI OT NCTOY-
HUKA, [y, [, ..., Ly - IJIMHBI KOJJOBBIX KOMOMHAIIHUH.

ITocTpoenune HepaBHOMepHOTo Koja Xaddmana mo ocHoBa-
HUIO M = 2 IUPOKO U3BeCTHO. [IpuBeeM ero B kauecTBe MILIIO-
cTpauuu 1yisi OyKB pyccKoro ajndasuTa co craTucTukon us [15], ¢
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BBEJICHHBIMH HEKOTOPHIMH YIPOIIEHUSIMU, 2 UMEHHO, 00BbeIu-
HEHHBIMHU OYKBAMH «&» H «&», a TAKXKE «b» U «b», C LEIbIO MOy~
YUTh YUCIO MCXOJAHBIX OykB N = 32, 4To KpaTHO crerneHu 2 (B
pe3ysbTare TpH HMCHOJIB30BAHUKM OJIOYHOTO KOAMPOBAHUS JUIS
CpaBHEHUS MOYKHO MPUMEHUTH PABHOMEPHBII JBONYHBIN KO, CO-
CTOSIILIUI U3 MSITH CUMBOJIOB, YTO COKpAIaeT N30BITOUHOCTD TIep-
BUYHOTI'O KOJMPOBAHMS 10 CPAaBHEHUIO CO CllydaeM Oe3 BBE/ICH-
HBIX YIPOILCHHUH. )

Hepasromepnsrii kox Xaddmena npu m = 2 MOXKET UMETh
peann3aiyio, IoKa3aHHyIo B TadIHIe 2.

Tabimmna 2
1% 7T &2 & 9 9 88 8% ¥ 3 X2 D0 B MM BDLRWBDSY ¢ & 4 3 3 2
sa O LfE A B T H € F B O KM 10 ¥ 8 W 1k BT %9 0 X X 0WmWom?>»e
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B pesynbTaTe MOCTPOCHHOTO «IEPEBa» COTJACHO ATOPHTMY
Xaddmana v BBEICHHOMY MPaBUITy KOJUPOBAHMS, KOJI0Basi Tab-
JIUIIa MOXKET OBITh MPEJICTABIICHA B CIICAYIONIEM Bujie (Tad. 3).

Tabiuna 3
3uak (acrocts) | [TIPOBEJI (174) A (62) b (14) B (38)
Komosas 101 1111 000001 10001
KOMOMHALs
3HaK I (13) J1(25) E,E(72) X (7)
Konosas 010001 01001 1101 0000001
KOMOMHALIUS
3HaK 3(16) " (62) 11 (10) K (28)
Komosas 110000 1110 1000001 |00011
KOMOMHaLus
3HaK J1(35) M (26) H (53) 0 (90)
Konosas 11001 00001 0010 011
KOMOMHALINS
3HaK 11(23) P (40) C (45 T (53)
Konosas 100101 10011 0101 0011
KOMOUMHaLs
3HaK Y (21) D (2) X9 11 (4)
Konosas 100100 100000000 |{0001001 {00010001
KOMOMHAIINS
3HaK 4 (12) 1 (6) 11 (3) b, b (14)
Komosas 010000 10000001  {00010000 [000101
KOMOMHaLus
3HaK bl (16) 203 10 (6) S1(18)
Konosas 110001 100000001 {0000000 [100001
KOMOMHAIIHS

B Tabmune 3 yxaszansl «[TIPOBEJI» u OykBbl pycckoro ainda-
BUTA, a TAKOKe B CKOOKAaX 4acTOCTb UX HosBieHus. [lomumo storo,
B Ta0uie 3 NprBeICHbI KOIOBbIE KOMOMHAIMH, OTPAXKAIOIIUE CO-
otBetcTBytomme 0yksbl 1 «[IPOBEJI», copmupoBanHbie Ha oc-
HOBaHMU «jaepeBay Xaddmana, mpeacraBieHHOr0 B Tabiume 2.




[To maHHBIM TaOIUIBE! 3 HE CIIOKHO MOJICYUTATh CPEIHEE 3HA-
YCHUE JIIMHBI KOJOBOW KOMOWHALIMHU N, & TAKIKE CPEIHEE YHCIIO
CHMBOJIOB M = m - 71, KOrjla OCHOBaHue Koga m = 2. B urore mo-
JIy4aeM, 4To CPeAHsis JUTMHA KOI0BO# komOuHaimu n = 4,395, a
Cpe/iHee YHCII0 CUMBOJIOB M= 8,79 s ocyuiecTBICHHUS KOU-
POBaHMS UCXOTHOTO ajaBuTa OYKB.

Anroput™ kozna Xaddmana npeanonaraet mocieroBaTeb-
HOC <<O6T:-CJII/IHGHI/IG» COCTO?{HI/Iﬁ C HAUMCHBUINMH 3HAYCHUAMU
BeposATHOCTH. [IprueM B 3aBHCHMOCTH OT BBIOPAHHOI'O pa3Mepa
andaBuTa Bcerga OOBETUHSIOTCS M OYKB, MMEIOIINEC HAUMCHbB-
[IMe 3HAYCHHS BEPOSTHOCTH. [IOCKOJIBKY MOCIIE COOTBETCTBYIO-
miero yucia k «o0beIMHEHMIT», TOCIIETHEe 3aBEpPIIaroee «00b-
€/IMHEeHHE» JIOJDKHO COJIepIKaTh POBHO M OYKB, TO HCXOJHOE CO-
00I1IeHHE JTIOJDKHO COCTOSITh U3 CIIEIYIONIET0 YUCIIO IIEMEHTOB:

N=m+k-(m-1). ®)

IIpu sTOoM pemierne ypaBHEHHA (8) HOIDKHO BBITONHATHCS B
TCJIBIX YUCJIax.

Jlnist JOCTHOIKEHHSI ATOr0 MCXO/IHBIA HA0Op OYKB JIOMOHSETCS
BUPTYaIbHBIMH OYKBaMH C BEPOSITHOCTBIO TIOSIBIICHHSI, paBHO 0.
B sToM cirywae craTucTHYECKasi CTPYKTypa HCXOJHOTO cooOIe-
HUSI HE N3MEHSETCS, HO IIPU ATOM (pOPMHPYIOTCS YCIOBUS ISl BBI-
TIOJTHEHUs ypaBHEeHHs (8).

Tax, Hanpumep, mpu M = 3 UCXOIHBIN andaBUT C BHIOpaH-
HBIM BBILIE KOJIMYECTBOM OYKB, PABHOM 32, ClieyeT IONOJHHTb
OJTHUM BHPTYaJIBHBIM 2JIEMEHTOM (*), YTO B HTOTE MTO3BOJISET I10-
CTPOWTH CIIeAyIoIIee «aepeBoy (Tadm. 4).
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Tab6muma 4
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\I/ - «K(0)» mmm- «C(1)» mmm- «D(2)»

Ha ocHOBaHMU TaHHOTO «JCPEBa» MOXKHO MOJYUYHTh CICIYIO-
LY KOJOBYIO Tabmiuiy TporuHoro koja Xaddmana. (Kogoseie
KOMOWHAIIMH, ITOy4acMbIe B PE3ybTaTe MOCTPOCHHOTO «JIe-
peBay, OyzieM 0003Ha4YaTh JTMOO0 EPBHIMHU OyKBaMH HAa3BaHUS CO-
OTBETCTBYIOIICTO IIBETA, UCTIOIB30BAHHOTO IIPH IIOCTPOCHUH «JIC-
peBay, muodo nudpamu - 0, 1, 2, 9T0 COOTBETCTBYET TPOUIHOI CH-
CTEME CUUCIICHHUS).

ITo naHHBIM TaOJIMIIEL 5 paccyrTacM CpeHEE 3HAUCHUE ITTUHBI
KOZIOBOH KOMOMHALIMK T M CPEIHEE YHCIO CHMBOTOB M = m - T,
KOTIla OCHOBaHHE Kojga m = 3.

ITocne HECNOXKHBIX pacyeToB moyrydaem, uto n = 2,812, a
M = 8,436 mpu KOAMPOBaHUS TOTO K€ HMCXOTHOTO aiaBUTA
OyKB.

TO4YHO TaKKe CTPOUM «IICPEBO» M KOAOBYFO TAOJHILY U HepaB-
HOMepHOTO Koma XaddmaHa rmpyu OCHOBaHHM Kojxa m = 4. B atom
CITy4ae JUTs BBITIOJTHEHHS paBeHCTBA (8) MCXOAHBIHN anaBuT JOMOI-
HSIEM JIBYMsI ITyCTBIMIDY DJICMEHTaMH, 0003HAUCHHBIC, KaK (*).

CB43b

Tabauna 5
3nak (qacrocts) |[[IPOBEJI (174)] A (62) b (14) B (38)
Komosast OK - 20 KC-01 CCOK- | CCC-111
KOMOUHaIus 1120
3HaK I'(13) J1(25) E, E (72) K (D)
Komosas CCOC-1121| KOC-021 | KK-00 | DCODK -
KOMOUWHAaIsA 21220
3HaK 3 (16) U (62) 11 (10) K (28)
Komosast DODC -2221| DCK-210 | CODC - | CDOC - 121
KOMOUHaIus 1221
3HaK J1(3%5) M (26) H (53) 0 (90)
Komosast CKD-120 | KOK-020 [®DK-220 CK-10
KOMOUWHAIMsA
3HaK I1(23) P (40) C (45) T (53)
Komosast KOD-022 | CCK-110 [®DC-221| DCC -211
KOMOMHAIMs
3HaK Y (21) D (2) X9 4
Komosast DOCOK -2120| CCODPDC -| CODOD - | CCODK -
KOMOUHAIMs 112221 1222 11220
3HaK 4 (12) 11 (6) 11 (3) b, b (14)
Komosast CODK - 1220 PCODD - [CCDODC -| DDDD -
KOMOMHAIWs 21222 11221 2222
3HaK bI (16) 2(3) 10 (6) S1(18)
Komosas DODODK -2220| CCODPDK - | PCODC -| DPCDC -
KOMOUHAIMs 112220 21221 2121

Tabimma 6

i

- «K(0)» mm - «C(1)» - «(2)» - «33)»

JIiist 0603HaYCHNUS TOCTPOCHHBIX KOJOBBIX KOMOHHAIHH Oy IeM
WCIIOJTF30BAaTh IEPBHIC OYKBBHI B HA3BAHHUH IIBETOB JIMHUI, UCIIOh-
30BaHHBIX TIPU TIOCTPOCHUHU «AepeBay Xaddmana B Tabmuie 6,
a Tak)Ke 4nciacHHbIe 0003HaueHus 0, 1, 2 u 3.

[Toacuersl cpeHero 3HaYCHUs! JUTHHBI KOIOBOM KOMOMHAIIMN
7 M CPEIHEro YmciIa CUMBOJIOB M = m - T, JUIsi OCHOBAHHS KOJIa
m = 4 narT CleayroIIue pe3yiabTaTel: n = 2,271, a M = 9,084
TIpH KOAUPOBAHHS TOTO K€ UCXOTHOTO anaBuTa OYKB.

Tab6nuua 7
3HaK (4acToCTb) [TPOBEJI A (62) b (14) B (38)
(174)

Konosas xomOunaus | KK - 00 dC-21 |d3C-231| 3K-30
3HaK I'(13) (25 |E,E(72) K(7)
Komosas komounamust | @30 - 232 |[KOC-021| ®K-20 | 33D 332
3HaK 3 (16) U@62) | M(10) | K(28)
Konosas xkomOunams | K3 -032 | &d -22 |33K-330| 3d-32
3HaK J1(35) M (26) H (53) 0 (90)
Konosasg komOunanmss| 3C-31  |[KOK-020 CC-11 KC-01
3HaKk I1(23) P (40) C (45) T (53)

— e
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Konosast komOuHanusa | KOD -022 | C3-13 Cdh-12 | CK-10
3HaK Y (21) D (2) X9 11 (4)
Komosas kombunamus | KO3 - 023 | K333C - [33C-331| K33C -
03331 0331
3Hak 4 (12) 11 (6) H1(3) |b,b((14)
Konosast xomOunamus | @33 - 233 K33K - K33® - [®3K - 230
0330 0332
3HaK bI (16) 2 (3) 10 (6) s(18)
Kopmosas xomounanus | K3C - 031 | K333K - | 333 -333 |K3K - 030
03330

IIponomkum nanee MOCTPOCHUs «aepeBay Xaddmana s
koza 1o ocHoBauuio m = 5. Cornacto (8) pononusem andasut
OJTHUM «ITYCTBIMY 3JICMCHTOM U ITOJTy4aeM:

Tabmuma 8

w oy T & 8 & 3 3 1 0
X XK ©O m U m»e -

lul I

- <K0)» - «C(1)» - - «D(2)» - - «303)»
0 - «OK(4)»

Taxke, Kak ¥ paHee B 0003HAYCHUH MMOCTPOCHHBIX KOJIOBBIX
KOMOWHAIHI OYJIeM HCIOJIb30BaTh MIEPBHIC OYKBBI UCIIOIb30BaH-
HBIX I[BETOM, a TaKXe YnciioBbie 0003Hauenus 0, 1,2, 3 u 4.

Tab6muma 9
3nak (vacrocts) |ITPOBEJI (174)] A (62) b (14) B (38)
KonoBas K-0 Ch-12 | CKC- 141 ®K - 20
KOMOWHaIMsA
3Hak 13 J(25) E, E (72) K(T)
Konosas CKD-142 | ®XK-24 CcC-11 3XKD - 342
KOMOMHAIIHS
3HaK 3 (16) U (62) 71 (10) K (28)
Komosas KK - 44 C3-13 | 3KK-340 | D -22
KOMOWHAIUA
3HaK JI1(35) M (26) H (53) 0 (90)
Konosas dC -21 ®3-23 3C - 31 CK-10
KOMOMHAIIHS
3HaK I1(23) P (40) C (45) T (53)
KonoBas KK - 40 33-33 30 -32 3K - 30
KOMOMHALUS
3Hak Y (21) D (2) X (9) 11 (4)
Konosas KC -41 CXXK3 - | 3KC-341 | CXXKK -
KOMOWHAIMA 1443 1440
3HaK 4 (12) 1 (6) 1 (3 b, b (14)
KonoBas CXK3 - 143 3K - CXOKC - | CXKK - 140
KOMOWHALIS 344 1441
3HaK bl (16) 2 (3) 10 (6) s(18)
Komosas K3 -43 CHKXKD - | 3)K3-343 | KD -42
KOMOWHAaIMsA 1442

[MoxcueTs! cpenHero 3HaYEHMs JUIMHBI KOJOBOWH KOMOUHAIINH
7T M CPEIHEro 4mCiIa CHMBOIOB M = m - 71, JUIsl OCHOBAHHS KOJA
m = 5 garot cieayroiue pe3yibratel: 1 = 1,941, a M =9,705
TP KOJAWPOBAHUS TOTO e NCXOAHOTO andaBuTa OyKB.

[IpomomKkuM OCTpOCHUS Aajee Ut OCHOBaHMs komam = 10.
[Tocne MOMOJIHEHHS TATHIO «ITyCTHIMU» 3JICMCHTAMH, C ICIBIO
BBIMOJIHCHUSI paBCHCTBA (§) umMeeM:

Tabimma 10

fp— - =

0123456789

Jlyist 0TOOpaXKeHUs] MOCTPOCHHBIX KOJOBBIX KOMOWHAIMN B
JIAHHOM cltyyae OyJieM MCIOJIb30BaTh TOJIBKO YHCIICHHBIC 3HAUe-
HUS, a UMeHHO, 0, 1,2, 3,4, 5,6, 7, 8 1 9, MOCKOIBKY yKa3bIBaTh
pa3iiuuHbIe [[BETA JINHUH CTAHOBHUTCS 3aTPyIHUTEIBHO.

Tabmuma 11

3Hak (4acToCTh) ITPOBEJI (174) | A (62) b (14) B (38)
Konosas komOuHAaIms 0 3 93 81
3HaK I'(13) (25 | E,E@2) | X(7)
KomxoBas koMOMHAIHUS 94 85 2 98
3HaK 3 (16) U (62) " (10) K (28)
Komosast komOuHawumst 91 4 96 83
3HaK J1(35) M (26) | H(53) 0 (90)
KomoBast komOuHanmst 82 84 6 1
3HaK I1(23) P (40) C (45 T (53)
KooBast komOuHaIust 86 80 7 5
3HaK Y (21) D (2) X9 11 (4)
Konosas komOuHaIus 87 894 97 891
3HaK q(12) L (6) H13) |b,’b(14
KomxoBas koMOnHAIHS 95 890 892 92
3HaK bl (16) 2(3) 10 (6) S(18)
Konosas komOuHAaIms 90 893 99 88

Onupasich Ha TOJTYYCHHBIC HaHHBIC, HECIOXKHO ITOJICIMTATH
CpeaHee 3HAYCHHE JJIMHBI KOJAOBOW KOMOWHAIIMM M U CPEAHEE
YHCIIO0 CHMBONOB M = m - T, st ocHoBaHus Koga m = 10 npu
KOJMPOBAHUS TOTO K€ UCXOHOT0 ajdasura OykB. B urore moiy-
4yaeM cieayromiue pesynbrarel: 1 = 1,407, a M= 14,07.

[IpuBencunbie B Tabnumax 2-11 qaHHBIC TO3BOJISIOT ITOCTPO-
UTh 3aBUCHUMOCTH CPEIHCH JIHUHBI KOJOBOW KOMOWHAIMK N U
CPEHETO YHCIIa CHMBOJIOB M, HCTIOJNB3YEMBIX TIPU KOJMPOBAHNUH,
B 3aBHCHMOCTH OT BbIOOpa pazmepa andasura m (puc. 4).

n M
15
12
9 \_////
6
3 \____
1 2 3 4 5 6 7 8 9 10 m

Puc. 4. 3aBrcumMocTH CpeHE ITUHBI KOJOBOW KOMOHHAIINY 1L

U CPEIHETO YHCiIa HCIONIB3YeMbIX IIPH KOJUPOBAaHUH CHMBOJIOB M
oT pa3mMepa anaBuTa m

e
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CrnemyeTr OTMETHUTh OCOOCHHOCTH 3aBHCHMOCTH CPEIHETO
YHCIIA HCTIONB3YEMBIX TIPH KOJTUPOBAHUH CUMBOIIOB M OT pasMepa
andasuta m. Oxas3anoch, 9TO B ITOI 3aBUCUMOCTH UMEETCS BEI-
paXXEHHBII MHUHHMYM, TOTJIa KaK 3aBHCHMOCTH CPEIHEH JIMHBI
KOJIOBOI KOMOHMHAIIMK N OT pa3Mepa andaBuTa m UMEET MOHO-
TOHHBIN Xapakrep.

[Toxaxem 2TO B OOIIIEM BHUIE.

ockonbky M = m - 7, TO BOCIIOJIB30BABIIACH (hOpMyYIIOii (3)

nmeeM M = m - .
logpm

HaﬁZ[GM TOYKY 3KCTPEMYMA JAHHOT'O BBIPAKCHUS B 3aBUCUMO-
CTH OT M.

( H )’ _ H(logym—ir)  H-[(Inb)-(logy m)—1]

“logym (ogym?  (nb)(logym)?® ©)

Jnst HaXOXKJEHHUS TOYKU DKCTPEMyMa pacCMOTPUM YacTb BbI-
paskenus u3 (9).

(Inb) - (log,m) —1=0.
[Tocne mpeoOpazoBanus
(Inb) - (log, m) = 1.

W nanee

log, m"? = 1.

(10)
U3 (1.10) cnenyer, uro

m"P = p,

U nanee log,,, b = Inb.

[Nociie o4eBHIHOrO IMepexoia K JPYroMy OCHOBAHHMIO JIOTa-
pudma nmeem:

b Inb.

Inm

OxoHuaTenbHO TosiydaeM: Inm = 1, 4ro jgocTuraercs mnpu
m=e.

BrimkaiilimM eNTbIM YUCIIOM K YHCITY «e» SBISETCS YUCio 3,
YTO ¥ WILUTIOCTPUPYETCs pHC. 4.

JlarHble, mpuBeneHHbIe B Ta0mmax 3, 5, 7,9 u 11, mo3Bonstor
HOJIyYHUTh OLIEHKY DHTPOIHMHU HCTOYHHKA, HANPUMeEp, B OHTax M
CPaBHHUTH TO TEOPETHUECKU JTOCTIKMMOE 3HAUCHHUE JUIs CKOPO-
CTHU KOAUPOBAHUA UCTOYHHKA CO CPEAHUM 3HAUYCHHUEM JIMHBI KO-
JIOBOW KOMOWHAIIMH TIPH PA3TMIHBIX M. /{71 HarJIJHOCTH 3Haue-
HYSI IPUBEJICHBI B €IUHOM Tabuuie 12.

Tabmuma 12
m 2 3 4 5 10
H 4,356 2,748 2,178 1,876 1,311
n 4,395 2,812 2,271 1,941 1,407

Kak ciieqyeT u3 maHHBIX TaOIUIBl 12 MOTyYeHHBIC IPH KOJE
Xaddhmana 3HaUeHUS CpeaHEW ITMHBI KOJOBOW KOMOWHAITNH
BecbMa OJNIM3KH K MUHAMAJTbHO BO3MOYKHOH JUTHTEIIBHOCTH, OTIpe-
JIeJIsieMON SHTPONHUENH UCTOYHUKA.

[TomBOIS UTOT, OTMETHM, YTO KaK IIPH PABHOMEPHOM OJIOYHOM
KOIMPOBAHUH, TaK U MPH HEPABHOMEPHOM KOTUPOBAHUN HAHUOO-
Jiee «IKOHOMHBIM» CIOCOOOM SIBIISIETCS KOTUPOBAHHUE KOJIOM IO
ocHoBanuto 3. IIpu 3TOM NaHHBINA pe3yabTaT HE 3aBUCUT OT CTa-
TUCTHYCCKON CTPYKTYPBI HCXOIHOTO COOOIICHHUS.

CB43b

BrIBOABI

C yBenMueHHEM 3HAUCHWs OCHOBAHUS KOJAa M yMEHBIIACTCS
JUTHHA KOJIOBOI KoMOMHaImu n. OHaKo cyMMapHbIe 3aTpaThl IPH
MPaKTHYECKOW peasn3allii, CBsI3aHHbIE C OOIIIM XpaHEHUEeM YHCell,
C MOMOIIBI0 KOTOPBIX OCYIIECTBIISIETCSI KOJMPOBAHME HOCST HEJH-
HEHHBINA XapakTep U UIMEIOT MUHUMAJILHOE 3HAUEHHE TIPU M. = €.

VTBepkaeHHE 0 MUHHMMAJBHBIX 3aTparax HpH M = e CIpa-
BEJUIMBO KaK I OJOYHOTO PaBHOMEPHOrO KOJA, TaK M I He-
paBHOMEpPHOTO KomupoBaHus (koaa XadgmaHa), TOCTPOSHHOTO C
Y9ETOM CTAaTUCTHYECKUX OCOOCHHOCTEN MCXOTHOTO COOOIICHUS.

CymMapHble 3aTpaTbl IPH OJIOYHOM KOJMPOBAHUM Ha XpaHe-
HUE YHCeNl TIPH OCHOBAHWM KOJa M = 2 B TOYHOCTH COOTBET-
CTBYIOT CyMMAapHBIM 3aTpartam Inpu m = 4.

CyMMapHble 3aTpaThl Ha XpaHEHUE YHCEIl MTPH 1IEJIOM 3Haye-
HUH M MHHUMAJIBHBI TIPH M = 3.

AGCOFOTHBIA TIPOUTPHIII TI0 CyMMapHBIM 3aTpaTaM Ipu m = 2
[I0 CPAaBHEHMIO CO CIydaeM, KOraa m = 3, 3aMETHO HapacTaeT C
pOocTOM (PUKCHPOBAHHOTO YUCIIA 3aTPAYNBACMBIX CHMBOJIOB L.

OTHOCHTEIIBHBIA MPOUTPHIII IO CyMMAapHBIM 3aTpaTtaM IpH
m = 2 10 CPaBHEHHUIO CO CIydaeM, Koraa m = 3, He 3aBUCHT OT
YHcia KOAUpyeMbIx coodmennii N u paser B 1, 057 pas.
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EFFICIENT CODE CHOICE BASE IN PRIMARY CODING

Sergey A. Adzhemov, Moscow Technical University of Communication and Informatics, Moscow, Russia

Alexander P. Vasiliev, Moscow Technical University of Communication and Informatics, Moscow, Russia

Abstract

Modern advances in microelectronics and the widespread use of computer technology for the purpose of software implementation of
various telecommunication and information devices are a reliable justification for the representation of messages from various sources
in digital form, that is, in the form of appropriate code combinations, which are essentially numbers in a certain number system.
Considering the effective primary coding of messages from the source, they strive to achieve, first of all, the coding rate as close as
possible to the entropy of the source, which was proved in the well-known theorems of Claude Shannon, which substantiated this posi-
tion regarding the minimum value of the average length of the code combination. Since different messages from the source appear, as
a rule, with different probabilities, it is possible to achieve the minimum coding rate using non-uniform coding methods, for example,
according to the algorithm proposed by David Huffman. In an effort to achieve the minimum encoding rate, one should also take into
account the complexity of the implementation of the primary encoding device, take into account the number of elements that will be
required for its practical implementation, and so on. Based on this, the effectiveness of one or another method of primary coding is
determined not by one, but by a number of factors that often contradict each other. One of these factors is the choice of the code
base, which makes it possible to optimize the costs of the practical implementation of the primary coding method, which was the sub-
ject of consideration in this paper.

Keywords: Code combination, coding efficiency, primary coding of source messages, coding rate, source entropy, code base, non-uniform coding.
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B cratbe paspabortaHa MMUTaALMOHHaA Mofenb 6ecnUNOTHOrO NeTareNnbHOro anna-
parta B Matlab Simulink. ina noctpoeHna MMUTaLMOHHOW MOAENN NPOU3BOAUTCA
MaTeMaTU4ecKoe OnucaHWe YpaBHEHWN ABUXKEHUA netatenbHoro annapara (J1A):
KMHEMaTU4YecKasa U AUHaAMUYeCKasa MOJeEeNu C LUEeCTblo cTeneHAaMu ceoboabl U ase-
HaALaTbio NMepeMeHHbIMU COCTOAHUAMM, a TaKXKe NMPOU3BOAUTCA MaTeMaTU4YecKoe
onucaHue BHELUHUX cun, aeicTeylowmx Ha JIA. MMutaumoHHas Moaensb BKloYaeT
B ce6A HecKonbKo 6GNOKOB, KOTOpble B3aUMOAEWCTBYIOT APYT C APYroM Ansa obecne-
YyeHua paboTbl 6ecnunoTHoOro nerarenbHoro annapara: 6nok auHamuku J1A, otee-
YaloLmii 3a MofenupoBaHue aBuxkeHua J1A B Tpex usMepeHunax, 6ok aBronunora,
KOTOpbIWi UMUTUPYET paboTy HaBUraumoHHomn cuctembl JIA u obecneumnsaer crabu-
nusaumio B Bo3Ayxe, 6NMoK ynpasneHus ABUraTensMMU, KOTOPbIA perynupyer cko-
poCTb BpalleHUA ABUratenei B 3aBUCMMOCTM OT YNPaBNAIOLWMX CUrHanos, 6nok
BHELUHeN cpefbl, KOTOPbIA MOAENUPYET BO3AYLLHYIO Cpefly, B KOTOpPO# nepeMella-
erca JIA. MaBHbIM NPeUMYLLIECTBOM NOCTPOEHHOW MOAENMN ABNAETCA BO3SMOXHOCTb
MeHATb napaMeTpbl JIA B UHTEPAKTUBHOM peXMMe U OLleHUBaTb OCHOBHbIE NapamMe-
Tpbl ¢ noMowbio rpacpukos. KoppektHocTb paGoTbl aBTONMNOTa NoOATBEpPXKAAIOT
rpacukmn nepexoAHbIX npoueccoB no TpeM ocaM JIA: KpeH, TaHrax, pbickaHbe. B
6yayuieM, Ha OCHOBE NOCTPOEHHOW MOAENN BO3MOXHO CO3ZJaHUe MOJSTHOCTbIO aBTO-
MaTUM4YeCKOM cucTeMbl o6neTa NpenATCTBUIA, KOTOPaA MO3BONUT GeCNUNOTHOMY ne-
TaTenbHOMy annapary 6e3onacHo nepeMeLlaTbCA U3 HaYanbHOW B KOHEYHYIO TOY-
Ky, Y4UTbIBaA BCe MPENATCTBMA Ha NyTU nonera. Takum o6pasoM, UMUTALIMOHHAA
Mofenb GecnunoTHOro nerarenbHOro annapara Ha ocHoee Simulink nossonser
oLeHUTb paboTy aBTonunoTa u Apyrux cuctem JIA ¢ BbICOKOM TOYHOCTbIO U feTa-
nusauuei. Ee ucnonbzosanme MoxkeT 6bITb NOIE3HO NPU NPOEKTUPOBAHUM U TECTH-
POBaHMUU HOBbIX GECMUNOTHBIX NleTaTeNbHbIX annaparos.
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BBenenne

ABTOIHAIIOT npe€aHa3sHavuCH JI1 aBTOMAaTUYCCKOro YIIpaBJICHUA
CaMOJIETOM BO BpeMsI II0JIeTa B YCIIOBHUSIX, KOT/a 3TO OE301acHO U
a¢pexTrBHO. OH 1aeT BO3MOKHOCTb MHJIOTY YIPABJISITh CamoJie-
TOM, HE BBITIOJIHSS TPSIMON (PM3MYECKUiT KOHTPOJIb HaJl HUM. J{iis
MIJIOTHPYEMOT0 CaMoJieTa aBTOIMJIOT MOXKET OBITh IMPOCTHIM
YCTPOMCTBOM OJJHOOCHOM CHCTEMBbI BHIDABHUBAHUS KPBUILEB HIIH
CJIO’KHOI CHCTEMOH MOJIHOTO YIPaBJICHUs TTOJIETOM, KOTOpast pe-
TYJIMPYET NOJOKEHHE (BBICOTY, ITUPOTY, TOIATOTY) U OPUEHTALHIO
B IIPOCTPAHCTBE (KPEH, TAHTAX, PHICKAHKUE) BO BPEMS PA3INIHBIX
(a3 monera (HarpuMep, IPH B3IETE, MPH HaOOpe BEICOTHI, B TOPH-
30HTAJILHOM IIOJIETE, TIPH CITYCKEe, IPH 3aX0Je Ha TOCAIKY U IPH
nocanke). s JIA aBTONMMIOT SBISETCS CUCTEMOH IOJIHOTO
YIPaBJICHUS JIETAaTEJILHOTO ariiapara BO BpeMs Bcex (a3 monera.
Torma kax HeKOTOpble (YHKLHMH YIPABJICHUS IOJICTOM MOTYT
HAaXOMUTHCS Ha HA3eMHOI CTaHIMU YIpaBJCHHS, aBTOIMIOTHAS
4acTh CHCTeMBI yrpaieHust JIA Haxonutcs Ha O0OpTy.

OcHoBHBIE 33/1a4H aBTONMJIOTA JIA

Vupasnenne JIA ckiaabBaeTCst 13 MHOXKECTBA TTAPaMETPOB U
4acTo JJIS PELICHHUS CIOXKHBIX 3a/1a4 X Pa30MBaioT Ha boee mpo-
crele. Hanpumep, crnokHoe ABM)KEHHE Pa3OMBAIOT HA: YITIOBOE
JIBIDKCHUE M JIBIDKEHHE IIEHTpa Macc, MPOJOJIbHOE U OOKOBOE
JBUXKCHUC. OpFaHI)I YHpaBJICHUA ACTATCA HAa ABC I'PYIIIbI:

* OpraHbl MPOJOJILHOTO YIIPABICHHUS, 00CCIICUNBAIOIINC IBU-
JKEHHE B IPOJIOJIBHON MIOCKOCTH;

* OpraHbl yIpaBJieHHsI OOKOBBIM JIBIJKEHHEM, 00€CIIeunBalo-
mye HeoOXOANMBII XapakTep N3MEHEHHs YIJI0OB KPEeHa, TaHTaxa
1 PBICKaHHSI.

JleneHue CIIOKHOTO ABHXKEHHE Ha OoJiee POCThIE HE BCETAa
BO3MOXKHO, TaK KaK B OIPE/IENCHHBIX PEKMMax IOJIE€Ta BO3HU-
KalOT TEPEKPECTHBIE BO3JICHCTBUSI PA3IMYHBIX BHJIOB JABHKCHUS
apyr ¢ apyrom. Ho Taxske 3TOT MOIXO0/1 MO3BOJISIET BBIJETIUTH OC-
HOBHbIE (DYHKIIMU Ka)XKJJOTO OpraHa W peliaTh CJIO0XKHBIC 3a/1a41
6oJee IPOCTHIM MyTEM.

Jist oOecriedeHys OMHOM aBTOMATH3aLUH YIIPABICHHS T0JIe-
TOM HEOOXOJIMMO YEThIpE KaHala YIPaBICHHS:

—Ka aJl yIpaBJIeHUs ABUraTeneM (TiIrn);

—Ka aJl yIpaBJIeHUs TaHTaKOM;

—Ka aJ yIpaBJIeHHs KPEeHOM;

—Ka aJ yIpaBJIeHHUs PbICKaHHEM.

Kanan yrpasieHust [BUrateneM OCYIIECTBISIET PerypoBa-
HUE TSTU B COOTBETCTBUY C 33/IaHHON IPOrpaMMO# ToseTa. TOT
KaHaJl OOBIYHO COCTOMT M3 psiia KOMIIOHEHTOB, BKIIFOUAs JICK-
TPOHHBIN PETYIATOP CKOPOCTH, JaTYUKH, KOHTPOJUIEPHI U MeXa-
HU3MBI. PerynsTop cKopocTH ynpasisieT CKOPOCTBIO IBUTATENS B
COOTBETCTBUM C KOMaHJAaMH, MOCTYHAIOUIMMH OT KOHTPOJUIEpa
0JIeTa, KOTOPBII OCYIIECTBIISIET PacueThl sl 0OECIIeueH s OIl-
TUMaJIbHOW TATH B KaXbli MOMEHT noJjieTa. J[aTunuku, Takue Kak
JATYUKN CKOPOCTH, TEMIIEPATyphI U JIaBlIeHUs1, COOUparoT uHdop-
Maluio 0 paboTe JABUTATENs U COOOIIAIOT €e KOHTPOJUIEPY, KOTO-
pBIH MCHONB3YET 3Ty MH(OPMALUIO Ul ONTUMH3ALUH PabOThI
nsurartens. Kananm ynpaBieHMsl BUTATeNIeM SIBJISIETCS Ba)KHBIM
KOMITOHEHTOM CHCTEMBI 10JIeTa ¥ UTPaeT KIIF0UEBYIO poJIb B obec-
MTEYCHUH 0€301MaCHOCTH U dPPEKTHBHOCTH TIOJIETA.

OcranbHble TpU KaHaia, 00ecreunBaloT He0OX0ANMOe yTIo-
BO€ TIOJIO’KEHHE amnmapaTa B mpocTpancTse [1].

Kanan ynpasieHusi yrioBod CKOpOCTbIO MCHOJB3YETCS AJIs
YTIPaBIECHHUS YTIOBOH CKOPOCTHIO BPAIICHHS.

OTOT KaHanm OOBIYHO OCHOBAaH Ha THPOCKOMMYECKOM MpPHH-
ILIUIIE U MOKET HCIOIb30BaTh THPOCKOIIBI, aKCEJIEPOMETPHI U JIPY-
THe JATYUKH I ONPEAEIEHHs TeKyIEeH yriioBOW CKOPOCTH am-
napara. Konrposep nonera ncrnosib3yer 3Ty HHOOPMALUIO I
pac4y€ToB U OTIPABKU KOMAaHJ{ Ha U3MEHEHUE YIJIOBOW CKOPOCTH,
IIPU HEOOXOIUMOCTH.

Kanan ynpaBieHHs KpeHOM OTBEHaeT 3a HM3MEHEHHE yria
HAKJIOHA B FOPU30HTAIBLHON MIIOCKOCTH BOKPYT MPOJIOJIBHOM OCH.
DTOT KaHaJl 00LIYHO OCHOBAH Ha MCIIOJIb30BAHUH PyJIel KpeHa Ha
KPBUIbSIX, KOTOPBIE MOTYT U3MEHSTh YroJl HaKJIOHA U YIPaBIATh
KavqaHHeM.

Kanan yrmpaBieHHsl TaHTa)KOM OTBEYACT 3a M3MEHEHHE yIia
HAaKJIOHa B BEPTUKAJIBbHON IJIOCKOCTH BOKPYI MONEPEYHON OCH.
OTOT KaHal OOBIYHO OCHOBAH HA MCIOJIb30BAHUM PYJIEH BBICOTHI
Ha XBOCTOBOM 4acTH, KOTOPBIE MOTYT M3MEHATh yrojl HAKJIOHA U
YOPABISATH B3JICTOM U CHIKCHHEM.

Wudopmanus o apmwxenun JIA mocTynaer B COOTBETCTBYIO-
1M KaHabl, I71e GOPMHUPYIOTCSI KOMaH/Ibl Ha PYJIH, dJIEPOHBI U
phlYar yrnpasJlieHHUs ABUraTelleM, KOTOpbIe 00ECIIeUunBAaOT 3a/IaH-
HOe ynpasieHue nosueroM. CTabumibHOe yIpaBIeHUEe 0JIETOM He-
BO3MOJXKHO 0€3 CO3/JaHUsI CUCTEMbI aBTOMAaTHYECKOTO YIPABIICHHS
[2]. Cucrema ynpaBieHHsI CAaMOJICTOM CIIY KUT JJIsl 00eCIeUeHUs
[OJIETA M0 3aJJaHHOM TPAeKTOPHUU IyTEM CO3JaHUS Ha KpbUIE U
OTIEPEHHH TTOTPEOHBIX a9POIMHAMHYECKUX CHII 1 MOMEHTOB.

B mpouecce perynmpoBaHus YIpaBIEHHs MO yIilaM WIH BbI-
core osieta JIA B aBTOMaTHYECKOH CHCTEME, Ha BXOJI PETYIIATOPA
MOCTYIAIOT KEJaTeNIbHbIC 3HAYEHHS YTIIOB MK BBICOTHI, @ BBIXO/I-
HBIE NIEPEMEHHBIC PEryJATOpa OYAyT OTKIOHSThH YIJIbI SJIEPOHOB
10 KaHaJIaM TaHTaXka, KpeHa U peIcKaHus [3].

TpeboBanus k cucteme yrpasineHus JIA:

—a TOMaTHYeCKOe BBIIIOJIHEHHUE MoJIeTa

— cTabunu3an s yrioB [ojeTa

— OYHOE CJIeZIOBAHUE TPAEKTOPUU

B cratbe paccmarpuBaeTcs co3aHue UIMUTALIMOHHON MOJIENN
aBTONMJIOTA, KOTOPBIN Oy/IE€T MOJIHOCTBIO PETYJIMPOBATh OTKIIOHE-
HUE BCEX yNpaBJSIOMUX noBepxHocTeil JIA.

CucremMbl KOOpAUHAT

[Ipu n3y4eHUN JeTaTeNbHBIX alapaToB Ba)KHO MOHATH, KaK
pa3IHYHBIE TENla OPUEHTHPYIOTCS OPYT OTHOCHTENIBHO IpyTa.
ITepBbIM dTamoM HEOOXOIUMO MOHSTH, KAK CAMOJIET OPUEHTHPY-
€TCsl OTHOCUTENBHO 3emin. Taxke HEOOXOIMMO 3HATh, KaK JaT-
yuK (HampuMmep, OOpTOBas KaMmepa) OPHUCHTUPYETCS OTHOCH-
TETBHO CcaMoJieTa MM KaK aHTeHHa OPUEHTHPYETCS] OTHOCH-
TEIbHO HA3€MHOT0 UCTOYHMKA cuTrHana [4-7]. B cBs3u ¢ aTuM crie-
JIyeT TIOJb30BaThCSl HECKOJBKUMHU PA3TMYHBIMM CHCTEMaMHU I10
CIIEIYFOITIM MTPHIIHAM:

* VpaBHEHUs JBIWKCHUS HpIOTOHA BHIBEACHBI OTHOCHTEIIEHO
HETIOIBIDKHOW HHEPIHUATBHOM CHCTEMBI 0TcueTa. OTHAKO IBHXKE-
HHUE TIPOIIE BCETO OMUCHIBACTCA B CHCTEME OTCUETa HETIOJIBHK-
HOTO TeJla WU CBSI3aHHOW CHUCTEME.

* AdpoaMHAMHUYECKHE CHJIBI M MOMEHTHI, JICHCTBYIOIINE Ha
KOPITyC CaMOJIeTa, TAaKXKe MPOIIE BCETO OMHMCHIBAIOTCA B CBS3aH-
HOH cucTeMe OTcyeTa.

* BopTOBbIC AaTUYKMKK, TAKHEC KAK aKCEJICPOMETPHI M JaTUYHUKU
YIJIOBO# CKOPOCTH, MOJYYar0T HH()OPMAIIMIO OTHOCUTEIBHO CBSI-
3aHHOW CHCTeMbI KOOpAUHAT. AJbTepHaTUBHO 3TOMy GPS ompe-
JIEJISIET TOJIO’KEHUE, CKOPOCTh OTHOCUTENBHO 3eMIIM U KYpPCOBOM
YroJ OTHOCUTEIbHON UHEPLUATbHON CUCTEMbI KOOPAMHAT.

e
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* BONMBPIIMHCTBO TPEOOBAHMI K ITOJICTY, TAKHX KaK TOYKH T1aT-
PYJIMPOBAHUS U TPACKTOPHUH TIOJIETA, 33al0TCSI B MHEPIUAIBLHON
cucrteme koopauHaT. Kpome Toro, mHpOpMAaIs Ha KapTe 0ToOpa-
JKeHa B MHEPIMAILHON CUCTEME OTCUETA.

OpHa cucteMa KOOpAWHAT Ipeodpasyercs B IPYryio ¢ MOMO-
IIBIO IByX 0A30BBIX OTEPALHii: TOBOPOTA U CIBHIA.

TakuM 00pa3om, UCHOJb3Ysl HECKOJBKO PA3IMYHBIX CHCTEM
KOOpJMHAT U OPUEHTHUPOB, MOXXHO IOIYYHUTH IOJHYIO KapTHHY
JIBUKCHUST CaMOJIeTa OTHOCHTEIBHO 3€MJIM M CBOETO COOCTBCH-
HOro Kopiyca. Hampumep, sl yripaBieHHsI CAMOJIETOM HCIIOJb-
3yeTcs CUCTEMa OTCUETa, CBSI3aHHAS C KOPITYCOM CaMOJIeTa, a JyIs
HABUTAIUM ¥ KOHTpOJs mo3uin — cuctema GPS, cBs3anHas ¢
MHEPIUAIBHON cucTeMol koopauHat 3emuin. Takke MOTYT HC-
MOJIb30BATHCSl CUCTEMBI, CBSI3aHHBIC HANPSMYIO C HEKOTOPBHIMH
00beKTaMH Ha 3eMJie, HAPUMep, JJIsl OIIPEACTICHUS] MECTOIOIO-
JKEHUsI adpOTOpTa WM JPYTUX KIFOYEBBIX TOYEK HA MapIipyTe
nojera. Bce 3TH cUCTEMBI JOJKHBI OBITh CHHXPOHU3UPOBAHBI
MEXITy CO00H, YTOOBI 00eCTIeYNTh TOYHOCTD M HAIEKHOCTh HABH-
raiy ¥ yIpaBJICHHUSI CAMOJIETOM.

HuepuunaiabHas cucreMa koopaunat F*

WHepuuanpHas cucrema KOOpANHAT CBsi3aHa ¢ 3eMIiel ¢ Haua-
JIOM OTCYETa B 3aJJaHHOM MCXOJHOM IojoxeHun. Kak moka3aHo
Ha pUCyHKe |, eIMHHuYHEIA BexTOp ' HampapieH Ha cesep, j.
HATpaBJIeH Ha BOCTOK, a k' HampaBjieH K eHTpy 3eMJTH MM BHUS.
OTy cucTeMy KOOpAMHAT WHOTJA Ha3bIBAIOT CHCTEMOH OTCYETa
ceBep-BOCTOK-BHU3 10 BepTHKanu (CBB). O0br4HO HalpaBieHHE
Ha ceBep 0003HAYaI0T MHEPIIHAIBHBIM X, HA BOCTOK — HHEPLIHAIIb-
HBIM y, a HaIllpaBJI€HHE BHU3 — HHEPLIUAIBHBIM Z.

it (Ceep)

j* (BocTok)

k' (B LeHTp 3emnu)

Puc. 1. nepumansHas cuctemMa KoopauHat F'
CucreMa KOOPIMHAT JIETAaTeJIbHOro annapara F

Hauano orcuera 3T0#l cUCTEMbI KOOPJIMHAT HAXOAUTCS B LICH-
Tpe Tsxectr JIA, HO ocH cucteMbl FV cOBANAKOT ¢ OCSIMH HHEP-
HATBHOI cHCTeMBI KoopauHaT F! . JIpyruMy CIIOBAMH, €IMHHY-
HBIN BekTOp i¥ HampaBiieH Ha ceBep, j” HalpaBlieH Ha BOCTOK, a
ochk kY HampapiieHa B IEHTP 3eMJTH, KaK MOKa3aHo Ha PUCYHKE 2.

u

i¥ (Ceeep)

j' (Boctok) j* (BocTok)

k' (B ueuTp 3emmm) k" (B ueutp 3emm)

Puc. 2. Cuctema KOOpAMHAT JICTATEIBHOTO amnmnapara F7

— e
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CucreMa KOOPAMHAT JieTaTe/IbHOro anmnaparta F1

Hauano orcyera cHCTEMBI KOOPJMHAT JIETATEIBHOTO arma-
para-1 HACHTUYHO CHCTEME KOOPAMHAT JICTATEILHOTO ammapara:
OHO HaXOJAUTCS B LEHTpE TshkecTH camoisiera. OJHAKO CHCTEMa
F7! nosepHyTa 110 4acoBoil cTpeske Bokpyr ocu kU Ha myTeBoii
yroJt (MK yroit peicKanbst) v. [Ipi OTCYTCTBUH TOIOTHUTEIBHBIX
0BOPOTOB Och i’ HanpapieHa K HOCy camolneTa, och jV1 — Ha
npaBoe Kpbuio, a k! cosnanaer ¢ k¥ v Hanpasiena k 3emne. Cu-
cTeMa KOOPAMHAT JIETATENBHOrO ammapara-l TokasaHa Ha pH-

cynke 3 [8].

[Ipeobpasosanue u3 F¥ B FV1 npejcTaBieHo B BHIPaKeHUH:
p" =R (¥)p’ (1)
I'ne

cosyy siny 0
R () = (~siny  cosy 0)°

0 0 1
iv (cesep)

(]

Puc. 3. Cucrema KoOpAMHAT JETaTEIHLHOTO ammapaTa-1

CucreMa KOOPAMHAT JIeTaTe/IbHOro anmnapara FV2

Hauano orcyera cucteMbl KOOpAMHAT-2 CHOBAa HAXOAUTCS B
LEHTPE TSDKECTH JICTATEJBHOrO amnmapara M IOJy4aeTcs
MIOBOPOTOM CHCTEMbI KOOPAWHAT JIETaTeNBHOIO ammapata-1 1o
4acoBo# cTpelke BOKpYr ocu j ¥t Ha yron Tanraxa 0. ExuHudHbIii
BEKTOp (V2 yKka3plBaeT Ha HOC CamoJieTa, och jU2 yKa3blBaeT Ha
npaBoe KpblIo, a och k¥? yka3blBaeT Ha (rO3EIIK CaMOJIETa, KaK
9TO TIOKA3aHO Ha PUCYHKE 4.

|
I
|
I
I
I
k‘ar] +

Puc. 4. Cucrema KoopaAMHAT JIETATEIBHOTO arnmnapara-2
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IIpeobpasosanue u3 F¥! B FY? npencTaBieHo B BHIPAKEHUH:  TONYCBA3aHHON CHCTEMBI KOOPIAMHAT i K OCH i
. . ! ctemsl [9].
) v )
P =Ky @p 2
cosd 0 —sind

Tne RP@w)=C0 1 0 )
sin@ 0 cos@

b

CBSI3aHHOM CH-

CasizanHasi cuctemMa Koopaunat FP

Casi3anHas cucTema koopauHat FP momydaercs moBopoTom
CHUCTEMBbl KOOpJMHAT JIETATEJIBHOIO ammapara-2 IO YacoBOM
CTpenke BOKpPYr ocu i”? Ha yroa kpeHa ¢. IlosToMy Hauajo
OTCUETa ITOW CHCTEMbI HaXOAMTCS B LIEHTPE TSLHKECTU; OCh ib

ib

HanpasiieHa K Hocy JIA, ock j” HampaBiieHa Ha IpaBoOE KPbUIO, a Puc. 6. [TonycBazannas cucTeMa KoopauHat FS

ocb  kPb wmampanena ma ¢rosemsmk. CBs3aHHAsS cHCTEMa

koopaunar F? npusencHa Ha pucyhke 5. Hampasnemus, IIpeoGpaszoBanne cucTeMsl KkoopauHaT FP B cuctemy

yKa3bIBaeMble eIMHUYHBIME Bektopamu i, j® u kPb, unorna koopauHaT F° mpejcraBieHo B hopmylie:
Ha3bIBAIOT HANIPABICHUSIMU Tena X, Y u Z. ,
S S
[Ipeobpa3oBanue cucremsl KoopawHat F v2 g CHCTEMY p = Rb (x)p°,
koopauHat F” npencraBiaeHo B BEIPaKEHHH:
cosae 0 sina

p* =R’ (9)p" O DeR@=(0 1 0) @)

1 0 0 —sina 0 cosa

Ine R®(p)=(0 cos sing)-
2 (9)=( _ 4 ?) CKOpOCTHAsI CHCTEMA KOOPAHHAT JIeTATeIbHOI0
0 —sing cosg annapara FY

Yron Mexay BEKTOPOM CKOPOCTH BETpa M IJIOCKOCTBIO,
obpasyemoii ocsivmu i u kP, HocuT HasBaHue yron cKoNMbKEHUs U
0003HaYaeTcsl KaK MOKa3aHO Ha PUCYHKE 7, CKOPOCTHAsl CUCTeMa
KOOPJMHAT MOJIYyYaeTcsi IOBOPOTOM IIOJIyCBSI3aHHOM CHCTEMBI
KOOpJMHAT IO YacOBOH cTpenke Ha yron 3 BOKpyr ocu k°.
Ennuununbnii BexkTop ¥ coBmazaer ¢ BEKTOPOM CKOPOCTH BETpa
V.

kb

k?? #

Puc. 5. Cps3anHas cucteMa KoopauHat FP

CucreMa KOOpP/AMHAT JIETATEIBLHOr0 anmapara F*

A>poaMHAMHUYECKUE CUIIBI CO3JJAI0TCA MO Mepe TepeMeleHUs
JIETaTeNBHOrO ammnapara 4epe3 OoKpy»Karouuii ero Bo3ayx. Cko-
POCTh CaMOJIeTa OTHOCUTEIBLHO OKPY2KAIOLIETO €ro BO3yXa Ha3bl-
BAaeTCsl BEKTOPOM CKOPOCTH BO3/yXa U 0003Ha4aercst Kak V. Jlns
CO3/IaHUS TOJBEMHOM CHJIBI KpBIIbS CaMOJIETa JOJDKHBI OBITH
YCTAQHOBJICHBI IT0]] MOJIOKUTEIBHBIM YTJIOM OTHOCHUTEIHHO BEK-
TOpa CKOPOCTH BETpa. DTOT yroil Ha3bIBAIOT yIJIOM aTaku U 000-
3HayaroT o. Kak mokazaHo Ha pUCyHKe 6, yroJl aTaku Ompezess-
eTcs KaK yrol MoBopoTa MPOTHB YacoBOM CTPENKU BOKPYT ocH j2,
TaKoif, 4To i° coBmasaet ¢ mpoeKiuei V, Ha MIOCKOCTh, HATSHY-
tyto Ha i’ u kP. Heo6xoammocTh MOBOpOTa MPOTHB YaCOBOIL p" =R(p) p’ ®)
CTPEIIKU BBI3BAaHA OMPEJCICHUEM IOJIOKUTEIBHOTO YIa aTaKH,

KOTOPBIN MOJIOKUTEINIEH I [IOBOPOTA 110 YACOBOM CTPEIIKE U3 OCH

e

kS:kw

Puc. 7. CxopocrHas cuctema koopauHat FY

[IpeobpazoBanue cucrteMbl KoopauHat F° B cuCTeMy
KoopauHat F" MpeCTaBIeHO B BEIPAKCHHN
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cosff sinff 0
Tne RY(B)=(-sinf cosp 0)-
0 0 1

MarteMaTH4ecKoOe ONMCAHUE YPABHEHUI NBHKEHUS

CkopocTh TmocTynareiabHoro apmwkenus MBJIA  o0braHO
BBIP@)KAETCSl B TEPMHUHAX KOMIIOHEHT CKOPOCTH BJIOJb KaXIOW
OCH B CBSI3aHHOW cucTeMe KOOpJHWHAT. KOMIIOHEHTHI CKOpOCTH
OIPEJICTSIIOTCS. B 3aBHCUMOCTH  OT  BBIOPAHHOH  CHCTEMBI
KOOp/AWHAT, HAIpUMep, B CHCTEME KOOpPAWHAT, CBS3aHHOW C
BIUJTA, KOMIIOHEHTHI CKOPOCTH OYAYT OMPENeNsIThCS BAONb OCH
X, y ¥ Z, T/Ie X — HallpaBJICHHE TI0JIETa, y - HalpaBJIeHHE OOKOBOTO
CMCIEHHsI, a Z — BEpPTHUKAJIbHOE HampaBieHHe. B cucrteme
koopauHaT GPS KOMITOHEHTBI CKOPOCTH OOBIYHO OTPEACIISIOTCS

TPAHCMOPT

P,
' CBCW S¢SHCW —C¢SW C¢SHCW + S¢SW u

( pe) = (CHC'// S¢S€SW + Crﬁcw C¢SHSI// - S¢Cw )(V) (8)
pd =S, S¢C9 C¢CL9 w

ypaBHeHI/ISI 0T06pa>1<aloume MOCTYNAaTCJIbHOC ABUKCHUC!

rv—qw f,
(V):(pw—ru)+l(fy) )
m
w dqu-pv f,

I'ne 1,0,w — npousBoiHbIE KOMIIOHEHTOB BEKTOpa CKOPOCTH

OTHOCUTEJIBHO 3eMJIM B CBSI3aHHOM cucTeMe KoopauHart, P,g,r —
YIJIOBBIC CKOPOCTH, f, — BHCIIHHME CHJIbBI, JEHCTBYIOIIMX Ha
MBJIA 110 ocu X, fy — BHEIIHUE CHJIBI, AeicTByrommx Ha MBJIA
o ocu Y, f, — BHeUIHUe cuiibl, aeiicTByromux Ha MBJIA mo ocu

BJIOJIb OCEH ceBep-1or, BOCTOK-3allaJl M BEPTUKAIBHOM OCH.
KommoneHTs! U, V 1 @ COOTBETCTBYIOT MHEPIIUATIHLHONW CKOPOCTH
JIeTAaTeNIBHOrO ammaparta, crpoekTuposanHoii Ha ocu i?, P, kP,
COOTBETCTBEHHO.

C npyro# croponsl, nojoxkenue MBJIA nipu npsMonnHeiHOM Z
JBIDKCHUN OOBIYHO W3MEPSIOT M BEIPAKAIOT B HHEPIUATBHOM
cucteMe KoopauHaT. i YCTAHOBIIEHUSI CBSI3BM  MEXIY
CKOPOCTBIO  IPSIMOJIMHEMHOrO  JBIJKEHUST U IOJIOKEHHEM

YT0BBIE CKOPOCTH B CBA3aHHOW CHCTEME KOOPIMHAT MOTYT
OBITH BBIPAXKCHBI Yepe3 MPOU3BOIHBIC SHIEPOBBIX YIJIOB:

TpeOyroTCes mudpepeHnraTbHOe u BpaIaTensHOe / .
MpeoGpasoBante: ¢ 1 singtand cosgtanéd p
) (0)=(0  cosg  —sing )Q) (10)
u u
d " v obaT 6 : 0 sin ¢ cosg r
E(pe)_Rb(v)_(Rv) (V) ( ) v cosd cos 6
Py w w

Jis  3amaHusl  BpAIIaTCIIbHOTO  JBMOKCHUS  HEOOXOIUMO
paccMOTpeTh MOMEHTHI MHepIwH J. J{naroHaabHBIC 3JIEMEHTHI J
HA3bIBAIOT MOMCHTAMH MHEPIIUH, a BHEIUATOHATHHBIC JICMCHTHI
HA3BIBAIOTCS [ICHTPOOCKHBIMU MOMCHTAMHU MHEPIHU. MOMEHTBI
WHEPUUU  SBISIFOTCS ~ MEpaMd  TEHICHIMH  CcaMoJieTa
MPEISITCTBOBATh  YCKOPEHUIO BOKPYT  OMNPEACICHHBIX OCei
BpamieHus. Hampumep, [, MOXET paccMaTpUBaThCS —Kak
MIPOM3BEJICHUE MAacChl KaXIOIO JJIEMEHTa, COCTABISIOIIETO
camouiet (dmM), Ha KBapaT pacCTOSIHUS LIEHTPA MacC JIEMEHTA OT
OCH X CBA3aHHOM cuCTeMbl KoopaumHaT (Y2 +z%) u wux
cymmupoBaHus. Yem Ooinbiie J, TO BEIHMYUHE, TEM OOJIBIIE
CaMOJICT MPOTUBOJICHCTBYET YIIIOBOMY YCKOPEHHUIO BOKPYT OCH X.

Cucrema ypaBHCHUI BPAIIaTEIIBHOTO JBUXKCHHUS:

I'nme p,, — lonoxxenne MBJIA mo ocu, HampaBIeHHON Ha CeBep,
B MHEPITUAIBHOMN CUCTEME KOOPAMHAT, P, - [lonoxxenne MBJIA no
OCHM, HAalpaBJIEHHOW HAa BOCTOK, B HWHEPLUMAIBLHOM CHCTEME
KoopauHat, py — [lonoxxenne MBJIA no ocu, HanpaBjIeHHON Ha
3amajg, B MHEPUHANBHOM  CHCTeMe KoopiauHar, Rp —
peoOpa3oBaHKe U3 CHCTEMBI KOOPIMHAT JIETATEILHOTO arapaTa
B CBSI3aHHYIO CUCTEMY KOOPAMHAT, U,V,W — KOMIIOHEHTHI BEKTOpPa
CKOPOCTH OTHOCHTEIBHO 3eMJIH B CBA3aHHOW CHCTEME KOOPIUHAT
C JCIIONB30BAaHMEM TIpEeoOpa3oBaHUsI W3 ONHOW CHCTEMBI
KoopauHaT B Apyryio [10-12]:

R)(¢,0,0) =R, (AR (OR/ (y) =

1 0 0 cos@® 0 —sinf cosy siny 0

(7 :
=(0 cos¢g sing) 0 1 0 )(—siny cosy 0)= P Ipq—1,qr rni+rn
0 —sing cos¢ sind@ 0 cos@ 0 0 1 (q)z(rspr_r6(p2_r2))+( im ) (11)
J
CoC, CoC, —Sp ; r,pq-1,qr Y
= (8,5, —C;S, 5,8,C, +C,S, S,C) I +1Iyn

CsSCy =54, GSeS, —8,6, GGy I'ne p,q,7 —TpON3BOIHBIC YTIIOBBIX CKOPOCTEH,
I'ne ¢ — yrom kpeHa, 6 — yroa TaHraka, ¥ — yroj pbICKaHbs, J.(J,=3d,+J)

RY! — npeobpa3oBaHWE M3 CHCTEMBI KOOPIMHAT JIETATEIBHOIO I= T ’

annapara B cucteMy koopauHat 1, RYf — npeobpasoBanue u3

2
I, =33,-3,,
CHCTEMbI KOODJMHAT JICTATEJHHOrO anmapara | B CHCTEMY XYz Ve
KOOpaMHAT 2. I J,
[Mony4yaeM cHCTEMy YpaBHEHHM OTpakaroliee KHHEMATHKY T’

CUCTCMBI:

-
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JXZ
F4= 1—' 5
‘]z_‘]x
FSZ J s
y
F6:JXZ’
Jy
J,(J, Jy)+\]fZ
r, - ,
JX
FX—T’

m — BHEIIHHE MOMEHTBHI, TIPUI0KEHHBIE K JIETATEIILHOMY all-
mapaty BOKPYT OCH Y B CBSI3aHHOW CHCTEME KOODJHHAT,
| — MOMEHT BHEIIHUX CHII, IPHJIOKEHHBIX K JICTATSILHOMY alllia-
paty BOKPYT OCH X CBA3aHHOM CHCTEMbI KOOPANWHAT, N — BHELTHUI
MOMEHT, IPHJIOKEHHBIN K JIA BOKPYT OCH Z CBSI3aHHON CHCTEMBI
KOOpAHUHAT.

Kunemarnueckas u nuHaMudeckas Mmoaenu 1 JIA ¢ mecTrro
CTETeHSIMU CBOOOJIBI M JIBEHAILATBIO NEPEMEHHBIMH COCTOSIHH-
SIMU ompeiessitoTest ypasHenusivH (8), (9), (10) u (11) [13].

Buemnue cunel, aeiictyromue Ha JIA, MOXKHO MPeICTaBUTh
CJIEYOLIIM 00pa3oM:

b[qﬂ +G, 4G, 3 p+G 23r+c|0_n5a+q&5r}

[ K ka8’
(m):%ﬁ\/:S( C|:C"b +Cmaa+C“2\C/q+Cm%5e} >+ 0 )
n ? 0
b{cm +C, 5+C, zvi p+C, ZVLHC"““@ +C,, d}
a a (12)
rie
C,(a)=—-C,(a)cosa+C, (a)sina
Cxq (a)= _CDq cosa +C sina
CXJe (a) = _CDae cosa + CL(;e sina (13)
C,(a)=-C,(a)sina-C (a)cosa
Cyy(a)=—Cpy(a)sina - CL“ (a)cosa
CZ% (a)= _CDo‘e sina — CLo'E cosa
I'ne C () 3aj1aeTcst ypaBHEHHEM

C ()=(l-0o(a)) [CLO +C a] +o(a) [2Sign(a) sin” ¢z cos a} ,
(CLO + CLH 0{)2

7eAR
Mupexesl X U Z 03HAYaIOT TO, YTO CHIIBI JEHCTBYIOLIME 110

HampaBieHusM X W Z B CBA3aHHOH CHCTeMe KOOPIMHAT, 4TO
COOTBETCTBYET HANpaBIeHUsAM BekTopos i’ u kP.

CyMmMapHBIe KPYTAIIHEe MOMEHTHI, IeicTBytomme Ha MBJIA,
MOKHO NPEACTABUTH CICAYIOLINM 00pa3oM:

aCp(a) - Cola)= CDP +

b

b[C,U+C B+C, —p+C b r+C 0, +C 5}

|

1
m)=—pV,’S
(n) 7 PVaS(

_kTu(kgxé;)z
[c +Cp a+Cy —q+C 56} (0 )
0

b[C% +C, f+C

L2 pic, 2ric, 5,4C, 4,
EVRSREV

(14)

Monennpona}me moJieTa 0eCUJI0THOIO JIETATEIHLHOI0
anmapara

Matlab/Simulink — »3T10 mporpamMmHoe obecriedeHue,
Npe/JHa3HaYeHHOe JUIs MOJEJIMPOBAHUS, aHAIN3a M pEIIeHHs
WH)KEHEPHBIX 3a/a4. B HeM TmpencTaBieHbl WHCTPYMEHTBI IS
co3JaHusl OJIOK-CXEeM, MOJEIMPOBAHMS JHMHAMUYECKUX CHCTEM,
aHaJ M3a M ONTHUMH3AIMU IIPOLECCOB, CO3AaHHs TpadukoB
BU3YyaJM3aluu JaHHbIX [14-15].

Ha pucynke 8 mokaszana ¢usmueckas momenb JIA, xoropas
mozenupyercs: B Matlab/Simulink.

a) Kopnyc neTareneHoro annapara

Dwozansx 13

ﬂh::aanu I1 — >
maﬂﬂ B Txmcrmm
Kpunn l onepesiwe h
Hoansy h I <L ‘T = ¥
J{Bocrm:-e
onepesine |
G) Buo cBboky
Ewoaanay w
L=
| f Irccanax; |1
II ¥ f e |2
L
|I _'(II
Kpeano | || I|
II| II
< Ill II > ozanax |13
|| EpLing w
P
|
—t
XaocToeoe T '”'
onapame | 4 J
Xa0cToR0e OnepesMe W

E) Bug ceepxy

Puc. 8. dusnueckas moaens JIA

e
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Ha pucynke 9 mnpuBeneHa oOmasi CTpyKTypHas cXema

cuctemsl ynpasienuss MBJIA. .
00
l-:{'.l 1 l—i] airspeed command (m/s) .

o e e |

[0 D . EI /

I Y o BV S i
g Y ) : -" za00
> T s

- ay E altitude command (m)

ﬁ " —y L i v - 7
.2 oy e o—E1]

5 A il D>

Pk commmare ke pitch command (deg)Deg to Rad1

Puc. 9. O6mias cTpykTypHas cxema cucteMsl ynpasiaenus MBJIA
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TPAHCMOPT

B Tabmmmue 1 mpuBeneHsl 0003HaYCHHS TPa(QHUKOB, KOTOPHIS
IMO3BOJISIIOT OTCEXUBaTh coctosarne MBJIA B mostere.

Tabmuma 1

O003HaYeHNs, MCIIOJIb3yeMble Ha Irpaukax

pn | Honoxenne MBJIA mo ocu, HampaBieHHOW Ha ceBep,
B MHEPIMAIBHON CHCTEME KOOPANHAT

Pe | onmoxenne MBJIA mno ocu, HampaBieHHOW Ha BOCTOK,
B MHEPIMAIBHOH CHCTEMe KOOpIUHAT

V, | BosaymiHas ckopocTb

o VYron araku

h Beicora

B YT0o7 CKONBKEHHS

@

p

Yrona kpena

VYraoBas ckopocth KpeHa MBJIA Boomb ocu X CBSI3aHHOU
CHCTEMBI KOOPIMHAT

0 Yroxa tanraxa

q VYrioBas ckopocts Tanraxxa MBJIA Baonb ocu y cBs3aHHOM
CHCTEMBI KOOPJIMHAT

Kypcosoii yroa

r VYrioBas ckopocth poickanusi MBJIA Bl1osib ocu z CBSI3aHHOM
CHCTEMBI KOOPIMHAT

8, | Ympapmaromuil curaan, o0O3HAuYaIOMMH OTKIOHEHWE PYIIs
BBICOTHI

6, | YmpaBusiomuii cursai, o0O3HAYarONMH OTKIOHEHHE PYIIs
HaIpaBJICHUS

6, | Ynupasustrommii curnai, 0003HavarOUIMil OTKIIOHSHHUE JIepOHa
Ot Yrpapinstouii curHai, 0003HAYaIOUIMH OTKJIOHEHHE JPOC-
CeJIbHOM 3aCJIOHKU

[To rpadmkamM MOKHO OTCIETUTH BCE BasKHBIC TTapameTpsl JIA
B monere. [Ipu nepekmtouennn airspeed command (puc. 15),
oyner nonydeH noset JIA (puc.16) u rpaduku kak Ha pucyHke 17.

oooo
00 35

airspeed command (m/'s)

0 — e

Puc. 15. BrictaBnennslii nepeximodarens Ha airspeed command (m/s)

Puc. 16. [TosieT camosiera npu BKIIOUEHHOM NIEpeKIIoYaTesie
airspeed command
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Puc. 17. I'padyixu 1py BKIIIOYEHHOM ITepeKItodaTene airspeed
command

Ha puc.17 BuaHbI KpaTKOBpEMEHHbIE UMITYJIbChI AMIUTUTY 0N
35, 4TO COOTBETCTBYET KOMaH 1€ U3MEHEHUSI CKOPOCTH, MOCTyIa-
I0IleH ¢ mepeaTurika B peajbHol cucreMe. JIA mbitaercs orpa-
6aThIBATh TTOCTYIAIOIINHA UMITYJIbC, HO HE JI0 KOHIIA yCIICBAET 9TO
C/IeNaTh, T.K. 4aCTOTa MMITYJIbCa CIMIIKOM Oombast. Ecim ymeHb-
LIUTH YaCTOTY UMITyJIbCa, TO JIA OyneT KOppeKTHO 0TpadaThIBaTh
N3MEHEHHS BBICOTHI, KaK IIOKa3aHOo Ha puc 18.
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Puc. 18. I'paduxu nipu BKIIIOYEHHOM IepekiirodaTene airspeed
command ¥ H3MEHHO YaCTOTE UMITYJIECOB

BeicraBuM mnepekmtoyarens BbicoThl Ha altitude command
(puc. 19), xOoTOpBIN MOAAET caMOJETy KOMAaHIbl Ha W3MEHEHHE
BoicOTHl. Ha pucynke 20 BblAETIeH TOJET camoiera ¢
BKJIFOUCHHBIM TIEpEKIIFOUaTeNieM, a Ha pucyHke 21 rpaduku
HoJjeTa.

altitude command (m)

F—fe—

pitch command {deg)Deg to Rad1

Puc. 19. [lepexmouarens altitude command

—
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Puc. 20. [Toner camonera npy BKIIOUCHHOM IIEpEeKIIIOYATEIIS
altitude command
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Puc. 21. I'padyixu npu BKIIOYEHHOM Ieperiirodarene altitude command

Ha pucynke 21 KpaTkOBpeMEHHbIE MUMITYJIbChI aMILIUTY0H
100, uTo cOOTBETCTBYET KOMaH /1e HaOOpa BBICOTHI, TOCTYMAIONIECH
C repejaTduKa B peasbHOM cucreme. JIA KoppekTHO oTpabarbl-
BaeT IMOCTYIAIOLINI CUTHAJ M HAOMpaeT BBICOTY /10 3HaYeHust 100,
a 3aTeM MOJJICPKUBACT CTAOMIIBHOE TTOJIOKECHHE.

BeicTaBuM mepekirouaTens MOBOPOTOB Ha course command
(puc. 22), KOTOpBI OTBEYAET 3a HANPABJICHUE Kypca caMmoJieTa,
0ok yaepkuBaeT Kypc Ha oTMmetke 0, momaroBelii Oymer
M3MEHATH 0T 25 1o -25. TlomeTt camonera mokaszaH Ha pUCyHKe 23,
a Ha pUcHyKe 24 — rpaduku.

oooo —,—.-\,—l—’
00
Course command (deg) > o > '> >
-0

Deg to Rad

goaoo
00

Roll command (deg)

Puc. 22. [lepexmouarens course command
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Puc. 23. [loner camonera npu BKIIOUECHHOM IEPEKII0YaTeie
course command
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Puc. 24. I'paduky npu BKIIOYEHHOM IEpeKiodaTene course command

Ha rpaduxke y kypcoBoit yron namensiercs ¢ 0 1o 30 rpamycos.
ITo rpadukam BHIHO, YTO JICTATENbHBIA ammapar oTpadaThIBaeT
MOCTyNnaromure NMIyJIbChbl.

3akaouenue

B craTtbhe paccMOTpeHBI pa3aUyYHbIE CUCTEMBI KOOPIUHAT, AJIS
MOHMMAaHHMs KaK Pa3IUYHbIE Te€Ia OPUEHTUPYIOTCS APYT OTHOCH-
TeJIBHO JipyTa. Mcxoas u3 cucteM KOOpAMHAT CO3JjaHa MaTeMaTH-
geckas Monenb JIA, KoTopas peacTaBIseT CO00H KMHeMaTHde-
CKYIO M ANHAMUYECKYIO MOJIEIIb C IIECTHIO CTENEHIMH CBOOOIBI U
JIBEHALATHIO IEPEMEHHBIMU COCTOSHHUSIMU.

C mnoMmompl0 MakeTa HMMUTALUOHHOTO MOAEIHPOBAHUS
Matlab/Simulink nocrpoena monens B 3D, KoTopasi mo3Bossiet
oTciexuBaTh ABwkeHue JIA B mpoctpanctse. IlocTpoenHas Mo-
JIeNIb YIUTHIBAET BO3JICHCTBUE BHEIIHUX CHJ, TAKMX KaK BETep.
B mporecce MoaenpoBaHus MOXKHO U3MEHATh MapaMeTpsl JIA.

[Ipu Bo3aeHcTBUN yNPaBISAIOMMUX UMITYJIbCOB JIA KOppPEeKTHO
0TpadaThIBaeT U C MPOMIECTBHEM HEKOTOPOTO BPEMEHH BO3Bpa-
IIaeTcs Ha 3aJJaHHbII KypC, YTO MOATBEPXKIaeT IPABUIILHOCTD pa-
OOTBI CUCTEMBI.




TPAHCMOPT

B panbHeiiieM BO3MOXKHO pacuImpeHue MOJENH, IS CO3/1a-
HHUS ITOJTHOCTBIO aBTOMaTquCKOﬁ CUCTCMBI o6neTa HpeHﬂTCTBI/Iﬁ
l'[pI/I CJICAOBAHUU U3 Ha‘laﬂbHOﬁ B KOHe'{HyIO TO‘IKy.
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SIMULATION OF AN UNMANNED AIRCRAFT FLIGHT IN MATLAB SIMULINK

Nikita V. Belov, MTUCI, Moscow, Russia, n.v.belov@mtuci.ru
Vladimir N. Repinsky, MTUCI, Moscow, Russia, repinski@rambler.ru

Abstract

In this article, a simulation model of an unmanned aerial vehicle in Matlab Simulink has been developed. To build a simulation model, a
mathematical description of the equations of motion of an aircraft (AC) is performed: kinematic and dynamic models with six degrees
of freedom and twelve state variables, and a mathematical description of external forces acting on the aircraft is also performed. The
simulation model includes several blocks that interact with each other to ensure the operation of the unmanned aerial vehicle: the air-
craft dynamics unit, which is responsible for simulating the movement of the aircraft in three dimensions, the autopilot unit, which sim-
ulates the operation of the aircraft navigation system and provides stabilization in the air, the control unit engines, which regulates the
speed of rotation of the engines depending on the control signals, an external environment block that simulates the air environment in
which the aircraft moves. The main advantage of the constructed model is the ability to change the parameters of the aircraft interac-
tively and evaluate the main parameters using graphs. The correctness of the autopilot operation is confirmed by the graphs of tran-
sient processes along the three axes of the aircraft: roll, pitch, yaw. In the future, based on the constructed model, it is possible to cre-
ate a fully automatic obstacle avoidance system that will allow the unmanned aerial vehicle to safely move from the start to the end
point, taking into account all the obstacles in the flight path. Thus, the simulation model of an unmanned aerial vehicle based on Simulink
makes it possible to evaluate the operation of the autopilot and other aircraft systems with high accuracy and detail. Its use can be use-
ful in the design and testing of new unmanned aerial vehicles.

Keywords: aircraft, SUAV, Simulink, autopilot, 3D model, simulation model.
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ASSESSMENT OF QUALITY OF SERVICE CHARACTERISTICS
OF SIMILAR TRAFFIC IN GSM STANDARD MOBILE
TELECOMMUNICATION NETWORKS
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P/M/1, which models the service processes of self-similar GPRS packet traffic in
GSM standard mobile telecommunication networks, including Pareto and limited
Pareto distributions, and fBM/D/ /= type single-channel mass service system, which
takes into account the self-similarity of this traffic, has been viewed. Development
of telecommunication networks. has gone through many different stages of devel-
opment to the current modern networks, which eventually resulted in a large
number of different types of mobile telecommunication networks. One of such net-
works is GSM (Global system for mobile communication) standard mobile
telecommunication networks. In these networks, the directions of rapid develop-
ment of modern service services are observed recently, one of these directions is
the GPRS (General packet radio service) superstructure service, which is consid-
ered the superstructure of the GSM mobile network and carries out the transmis-
sion of data in packets. Analytical models of these systems are developed based on
them Analytical methods have been proposed for evaluating relevant quality of
service characteristics such as the relative average waiting time of packets in these
systems, average queue length, buffer volume, and packet dwell time in the system.
As well as the nature of the dependence of the shape parameter of the Pareto dis-
tribution on the Herst parameter was determined based on the experiment.
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Introduction

Development of telecommunication networks [1]. has gone
through many different stages of development to the current
modern networks, which eventually resulted in a large number of
different types of mobile telecommunication networks. One of
such networks is GSM (Global system for mobile communication)
standard mobile telecommunication networks [2]. In these
networks, the directions of rapid development of modern service
services are observed recently, one of these directions is the GPRS
(General packet radio service) superstructure service, which is
considered the superstructure of the GSM mobile network and
carries out the transmission of data in packets. The GPRS
superstructure service was developed to provide access to the
Internet through a mobile phone and to extend the GSM standard
mobile telecommunication network. The data transmitted over the
channel is called GPRS packet traffic, similar to Internet traffic,
which is mainly TCP and UDP traffic [2].

The behavior of GPRS packet traffic determines the state of
the network, that is, knowing the behavior of this traffic allows
network developers to evaluate the quality of service
characteristics of the traffic, design, configure future network
technologies and choose the optimal configuration [1]. The GPRS
superstructure service allows to exchange information between
subscribers of the GSM mobile telecommunication network, with
other foreign networks, including the Internet, as well as to charge
for services based on the amount of information given/received, not
on the basis of time. When using this service, information is packed
into packets and sent to the addressee through unused channels.
GPRS superstructure technology ensures more efficient use of GSM
standard mobile telecommunication network resources.

In the GPRS superstructure, speech traffic is unconditionally
dominant, so the transmission speed depends not only on the
capabilities of the equipment, but also on the network load. The
use of several channels at the same time during the transmission
ensures a high transmission speed of information [2]. There are
different examples of the GPRS superstructure, both according to
the speed of data transfer and the simultaneous transmission of
data and speech information. The GPRS superstructure
technology has the following advantages [2]: high transmission
speed, service rate calculation is independent of connection
duration, fast and stable connection, simultaneous transmission of
data and voice information without disconnection, as well as
phone energy resources during connection. efficient use. GSM is
the transmission of video, speech, data, Internet traffic, etc. on a
single channel in standard mobile telecommunication networks.
Transmission has led to the functioning of these networks as
multiservice communication networks, which determines the
relevance of the assessment of service quality characteristics in the
considered networks.

Statement of the problem

For a long time, it was considered that the traffic in GSM
standard mobile telecommunication networks was described by
the classical Poisson distribution, and the calculation of service
quality characteristics of these networks was based on Markov
models and Erlang formulas. Later , as a result of experimental
research  [3] conducted on GSM standard mobile
telecommunication networks with GPRS superstructure packet
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switching, it was proved that the traffic has a complex structure,
unlike the Poisson flow, that is, it has a self-similar characteristic.
This type of traffic is characterized by having a special packet
structure and sufficient beats. Packets traveling at high speed on
the monitored networks arrive at their nodes not individually, but
as a whole packet. Traffic in such networks is bursty in nature,
which increases the probability of congestion at the nodes of the
network, causes buffer overflows, which cause packet loss or
delays in the network, and bumps in the traffic lead to changes in
the transmission speed of information packets. The reason for all
this is the existence of a long-term dependence between the
moments of packet drop at different time points determined by the
correlation function.

Current research in this field [3] shows that calculation
methods based on Poisson models and Erlang formulas, which are
successfully used in the design of channel switching networks,
lead to unreasonably optimistic solutions and network resources
when calculating the quality of service characteristics of similar
GPRS packet traffic in GSM standard telecommunication
networks. leads to an incorrect assessment of the real needs.
Therefore, when GPRS packet traffic is served in the considered
networks, special attention is paid to ensuring its quality of service
characteristics.

The Herst parameter H (0.5<H<I) is used to quantitatively
estimate the degree of self-similarity of GPRS packet traffic. The
characteristics of GPRS packet traffic served by these networks
are influenced by the high-speed services, services and
applications used by mobile subscribers, which lead to a "heavy
tail" distribution of packet drop times in such networks. Therefore,
it is important to use the Pareto, restricted Pareto, Weybulla and
lognormal distributions, which are characteristic of the heavy tail
distribution, as well as mass service systems that take into account
the self-similarity of GPRS packet traffic, when evaluating the
quality of service characteristics of GSM standard mobile
telecommunication networks. Taking these points into account,
the P/M/1 containing Pareto and limited Pareto distributions,
which are used in most cases for calculating the quality of service
characteristics of self-similar GPRS packet traffic in CSM
standard mobile telecommunication networks, as well as
considering the self-similarity of this traffic, are presented in this
work. The issue of using a one-channel mass service system of the
fBM/D/1/0 type is set.

Purpose of work. Quality of service of self- similar traffic in
GSM standard mobile telecommunication networks based on
P/M/1, which includes Pareto and limited Pareto distributions, as
well as fBM/D/1/w type single-channel mass service systems that
take into account the self-similar characteristic of traffic
evaluation of its characteristics.

Problem solving

GSM standard mobile communication in order to evaluate the
quality of service characteristics of GPRS packet traffic similar to
itself in the network, these networks are described as a single-
channel mass service system of type P/M/1 with an exponential
distribution M, with a Pareto flow P at its input [3,4], whose
distribution function is determined by the following formula:

F(t)=1-(k/7)%k >0, T>k, )

where 7— the time interval between the moments when packets
arrive at the system entrance, k- scale factor of Pareto distribution;

a>0,

—
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a— is the shape parameter of the Pareto distribution, which is 1
when the Herst parameter varies in the range 0.5 <H <I<a <
It varies between 2.

interaction between the shape parameter and the Herst
parameter H is defined as follows [4,5]: «

a=3-2H. @)

To determine the nature of the interaction between the
shape parameter and the Herst parameter, based on the formula
(2), the Herst parameter H = 0.6; 0.7; A calculation experiment
was conducted using the values of 0.8, 0.9 and 1. Based on the
results of the experiment, the calculation is based on the shape
parameter of the Pareto distribution A graph of interaction
between the Hurst parameters was constructed (Fig. 1).

a
18

16
14

1.2

0.6 0.7 0.8 09 1

Fig. 1. Graph of the dependence of the shape parameter
of the Pareto distribution on the Herst parameter

The analysis of this graph shows that the interaction between
the Pareto distribution shape parameter and the Pareto parameter
has a non-linear nature and is distributed with a law close to the
exponential distribution, which is explained by the self-similarity
of traffic.

In Pareto distribution, the intensity of packets falling into the
network A is inversely proportional to the mathematical
expectation of the time intervals between the moments of packets
falling into the system [3, 4], that is:

A= 1/m, 3)

where m is the mathematical expectation of the time intervals
between the moments of packets entering the system [3, 4], which
is determined by the following formula:

m=ak/(a—1) =1/, 4)

where k is the scaling factor of the Pareto distribution [3, 4],
which is determined as follows depending on the shape parameter
and the intensity of the packet flow into the network:

k=(a-1)/al (5)

The length of the service time of the packet flow in the
considered system T, is inversely proportional to the average
service intensity of the packet flow pin this system [4, 5], that is:

T = 1/u, (6)

The load of GSM standard mobile telecommunication
networks depends on the average service intensity of the packet
flow and is determined as follows [4, 53, 4]:

p=Mu, (7

where A is determined by the formula (3).

limit the value of 0 < p < 1the average service intensity of
the flow of packets in the system, then we get the change of the
load of the system 0 u = 1, and the intensity of the flow of packets
in the system 0 <A < 1ranges [4, 5]. At this time, the relative
average waiting time of packets in the system is determined by the
following formula:

Traw = Tw/ Tx
where 7,, — is the length of the waiting time of packets in the
system, T, — is determined by the formula (6).

To determine the average length of the queue L in the
considered system, the Pollachek-Khinchin formula is usually
used [ 4,5 ] and is written by the following formula:

L=(p?/(1 = p)(CE +CD)2), (®)

where m and p — are determined by formulas (4) and (7),
respectively, C92=1- the change in output packet flow,

C? - is the variance of the input packet flow, o — is the
variance of the input packet flow [4,5], which can be written
accordingly as follows:

Ci= c?/m? 1< a <2, o%=ak?/((a—1)?*a-2)),

where @ and k are determined by formulas (2) and (5),
respectively.

The assessment of quality of service characteristics of self-
similar traffic in GSM standard mobile telecommunication
networks was also considered based on the restricted Pareto
distribution. For this purpose, the considered network is described
as a P/M/1 type single-channel mass service system, which
includes a bounded Pareto distribution, an exponential
distribution. It is known that the random 7,, quantity of packet
waiting time length in this system cannot be greater than any
maximum threshold value of x [4,5]. In this case , the distribution
function given in formula ( 1) takes the following form:

Fiimie. = 1 = (k/0)9)/(Q = (k/x)"),0<k <x, a>0.

In this case , the mathematical expectation of the shape
parameter of the limited Pareto distribution changes significantly
and takes the following form:

Myimie, = (@/ (@ = D)X (x%k — xk)/(x* = k). )
This formula is x — ooallows us to see the approximation to
formula (2) under the condition :

L

Mimie. = ((@ = /(@ = DXL = (k/0)* /(1= (55) =
= m(1-(k/ 2)%1)/(1 = (k/x)%). (10)

The variance of the limited Pareto distribution takes the
following form after a number of simplifications [5,6] :

Olimie. = (@/ (2 = )X ((x?k* = x*k?) [ (x* = k*)) = My (11)

If we consider and solve formula (10) in (11), the change of
the input flow for a limited Pareto distribution Gj_m_ takes the
following form after a number of simplifications:

Tfimie. = (Ofmic/Migmie) = (@ — 1)?/a(2 = a)).
(((x%k* — x*k?)X

X(x® — k%)) /(x%k — xk¥)?) — 1. (12)

e
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When using the restricted Pareto distribution, the relative
average waiting time of the queue for the system is T, ; ,,,+ equal to:

Trawe =L/p. (13)
where pand L — are determined by formulas (7) and (8),
respectively.

If we consider the formulas (7), (8) and (12) mentioned above
and solve them in (13), we get the following final formula for the
calculation of the relative average waiting length for the P/M/1
mass service system with a limited Pareto distribution:

Tr.a.w.t = (pz/(l - p))((clzimit. + 1)/2) =
=(p/(A=p) X (@ —1?/ a2 — a))) X
X((x2k® — x%k?)(x% — k%)) /(x%k — xk*)?

Now let's look at the evaluation of the quality of service
characteristics of similar traffic in GSM standard mobile
telecommunication networks on the example of a one-channel
mass-vi service system that takes into account the characteristics
of'this traffic. In order to evaluate the quality of service parameters
of self-similar traffic in such networks, let us describe these
networks as a one-channel mass service system fBM/D/1/wo
containing a fractal Brownian flow fBM, a fixed service time D,
and an infinite queue (Fig. 2).

buter service chammel

included packages _~( u 1\'\1 packages served
B a——
A N4

Fig. 2. One-channel mass service system

Let's assume that the traffic with a self-similar characteristic
enters the buffer input of the considered mass service system with
intensity A, is served on the service channel ywith a constant
service intensity, and is delivered to its output. At this time, based
on the methodology proposed by Horros [6], the number of
packets falling on the network during the period t is determined
by the following formula:

A(t) = M +VAaZ(t),

where a-scale factor, Z(t) — is the normalized fractal Brownian
motion with Herst parameter H.

At this time, the probability that the number of packets in the
system exceeds the value of N random quantity X is determined by
the following formula:

PN > x) = o(cpNad) (- NaR), (14

where @( X ) is the additive distribution function of the standard
Gaussian distribution.

Additive distribution function of the Gaussian distribution
includes the blocking function of packets in a buffer whose
volume is limited to X number of packets, which is defined as:

@(x)=(1/V21 (1 + x))e**/2. (15)

the possibility of packet blocking in the mass service system under
Py = econsideration, then formula (14) takes the following form:

PIN>x) =¢,

At this time, let's write the formula (15) for calculating the
volume of the buffer as follows:

COMMUNICATIONS

1
1 H’(E) 1-H
(1-p)/ p2)X (W™ H Xx'H) =

= /@M X ®~1(¢) = const, (16)

where p- is the constant service intensity in the service channel, X
is the volume of the buffer in the considered system, p — is
determined by the formula (7).

The volume of the buffer in the considered system can be
calculated by the following formula obtained on the basis of
formula (16):

X = const( ZY/@=2H) /(1 — p)H/(A=H)), (17)

The time the packets stay in the system can be determined by
the following formula by taking into account and solving formulas
(3), (4), (5) and (17) in Littla's formula:

2H-1 1
T =X /A = const( Az—2A / (uz=2) (1 — p)H/(A=H),

GSM standard mobile telecommunication networks based on
single-channel mass service systems of the fBM/D/1/ type,
which take into account the self-similarity of GPRS packet traffic
with Pareto and limited Pareto distribution P/M/1, characterized
by heavy "heavy tail" distribution evaluation of quality of service
characteristics of similar traffic has been completed.

Conclusion

An analysis of the results of the existing experimental research
conducted on the GSM standard mobile telecommunication
networks was carried out, and with these studies, it was shown that
the GPRS packet traffic in the considered networks has a similar
characteristic. An experiment was conducted to determine the
nature of the dependence of the shape parameter of the Pareto
distribution on the Herst parameter in GSM standard mobile
telecommunication networks, and due to the analysis of the results
of the experiment, it was noted that the interaction between the
shape parameter of the Pareto distribution and the Pareto
parameter has a non-linear nature and is distributed with a law
close to the exponential distribution. has been done.

GPRS packet traffic, which has a similar feature in GSM
standard mobile telecommunication networks, was considered.
For this purpose, analytical models of networks considered based
on Pareto distribution P/M/1 type mass service system were
developed and based on these models, the relative average waiting
time of packets in the system, evaluation of service quality
characteristics such as average queue length of packets in the
system using the Pollachek-Khinchin formula analytical methods
have been proposed.

GPRS packet traffic, which has a similar characteristic in GSM
standard mobile telecommunication networks, analytical models
of the considered networks based on the limited Pareto
distribution P/M/1 type mass service system were developed and
based on them, for the evaluation of the relative average waiting
time of packets in these networks. analytical method is proposed.

Order to evaluate the quality of service characteristics of
GPRS packet traffic, which has a self-similar feature in GSM
standard mobile telecommunication networks, analytical models
of the considered networks based on the fBM/D/1/o0 type single-
channel mass service system, which takes into account the self-
similar feature of this traffic, have been developed, and based on
these models, the buffer Analytical methods have been proposed

-
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for estimating quality of service characteristics such as volume
and packet dwell time using Littla's formula .
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AHHOTauuA

lMpoBeaeH aHanM3 pesynbTaToOB CyLLECTBYIOLLMX SKCMEPUMEHTASIbHBIX UCCIEJOBaHMIA, MPOBEAEHHbIX Ha CETAX MOBWUILHOI CBA3M CTaHAapTa
GSM, 1 ¢ noMoLLblo 3TUX UCCNeoBaHUi BbINO MOKasaHo, YTo nakeTHbI Tpacduk GPRS B paccMaTprBaeMbIxX ceTAX MMEET aHanormyHyro
XapaKTepUCTUKy. Takke MpoBeseH SKCMEPUMEHT MO ONpeeNieHNIO XapaKTepa 3aBUCMMOCTM napaMeTpa ¢opMbl pacnpeaenerus [Napeto
OT mapaMeTpa XepcTa B ceTAX MOGWnbHOM cBA3u cTaHfgapta GSM. bnaropapa aHanu3y pesynbTaTOB 3KCMEPUMEHTA OTMEYEHO, YTO
B3auMoZeNcTBMe MeXAy napaMeTp ¢opMbl pacnpegenenus Napeto, a napaMetp [NapeTto nMeeT HeNMHelHbIN XapaKTep U pacrnpeaenseTca
Mo 3aKOHY, 6NM3KOMY K SKCMOHEeHLManbHOMYy. PaspaboTaHbl aHaNnUTUYECKMEe MOAENM PacCMaTPUMBAaEMbIX CETEN Ha OCHOBE pacrpe/erieHuns
Mapeto tMna P/M/| cucTeMbl MaccoBOro obGCHyXXWMBaHUA WM Ha OCHOBE 3TUX MOAENEN BbIYMC/IEHO OTHOCUTENLHOE CpefHee BpeMs
OXWAAHUA NaKETOB B CUCTEME, OL|EHKa TaKUX XapaKTepPUCTUK Ka4yecTBa OBC/y)KMBaHNA, Kak CpefHAA ovepeAb AJIHbI NMaKeTOB B CUCTEME C
ucnonb3oBaHueM ¢opmynbl [Nonnaveka-XuWHYMHA MpeANOXKEHbl aHaNUMTUYeCcKUe MeTodbl makeTtHoro Tpaduka GPRS, wumetoulero
aHaIOTUYHYIO XapaKTepUCTUKY B ceTAX MobwnbHoM cBA3M cTaHdapta GSM. [InA OLEHKM XapaKTepUCTMK KavecTBa OBCy»XMBaHWA
naketHoro Tpaduka GPRS, obnagatollero aBTOMOAENbHLIM CBOMCTBOM B CETAX MOGUNbHOM cBA3u ctaHgapta GSM, mcnonb3oBaHbl
aHanUTUYECKUe MOAENIN PacCMaTPUBAEMbIX CETEW Ha OCHOBE OAHOKaHasIbHOro Maccosoro obcnyxusanua tuna fBM/D/|/e<. paspaboTaHa
CUCTEMa, YHUTbIBAIOLLIAA CaMOMNOAO6HYI0 0COBEHHOCTb 3TOro TpaduKa, M Ha OCHOBE STUX MOAENeN NpeJIOKeHbl aHANIUTUYECKME METO/bI
Oydepa AnA OLEHKM XapaKTEPUCTUK KayecTBa OOCIY)XMBAHWA, TaKUX Kak OObeM U BpeMA NpebbiBaHWA MaKEeTOB, C MCMOJIb30BaHMEM
¢opmynbl Jluttna.

Kniouyeebie cnoea: cemu mobunbHol cesasu cmaHdapma GSM, nakemubiti mpacpuk GPRS, odHokaHanbHas cucmema Maccogozo 06C/y)KUBAHUA,
Xapakmepucmuku Kadecmea o6C/y)Ku8aHusA, omHocumesibHoe cpedHee 8pems oxxudaHus, cpedHss 0suHa ovepedu, obbem bygepa 8 cucmeme, epems
npebbisaHus nakemos 8 cucmeme.
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Introduction

In the modern world exists the problem of arranging cargos
inside semi-trailer, which has always been done by humans. This
approach can take a lot of time and results may not satisfy cargo
company. Some similar systems exist nowadays, but these
systems are made by special IT companies exclusively. In fact,
some systems can upload some arrangement tips to worker’s tablet
[3]. However, this tips and arrangement suggestions are not useful
enough and there are no calculation methods to finally make 3D
model — the real applicable thing.

Problem statement

AP GRUPP logistics” has been in need of a software product
for visualization of cargo arrangement in the car body and
automatic formation of shipments according to the destinations
specified in the cargo parameters. This product will be used by a
shipment manager.

Company manager has put forward the following demands:

e the form of input and output should be based on database
tables. (Output for checking);

e visualization output as future possibility;

o cditing of the existing dispatches;

e an indentation included in generated tables output;

e cditing the dispatches to enter the approved date.

Analysis of initial data

For the implementation of the project, the AP GRUPP logistics
company obtained the initial data containing the consecutive
consignments with their parameters (weight, length, width, height,
price of shipment and etc.) [5].

On the analysis there have been agreed some important details
such as:

1) There is a departure and arrival point in the cargo
parameters, so it is convenient for the customer to ship cargoes
that have departure points within a 100 km radius, as well as
arrival points. However, arrival points can similarly be located
within a 100 km radius of any point on a straight line connecting
the centers of the two circles within which most departure and
arrival points are located. The diagram of the delivery area
described in this paragraph looks like this (Fig. 1):

+  Points of departure/
delivery

100 km

Fig. 1. Operating scheme

* The new faculty of Russian university of transport — the Academy of
high engineering school has given its students several projects to solve
within project activity academic study. One of them has been suggested
by one of the Academy’s partners — AP GROUP logistics company.
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2)  Some shipments may have a priority or some benefit for
the company, so the manager should be able to add the packages
to the shipment, even if the arrival point of the shipment is not
defined by the program as intermediate.

Designing and creating an algorithm

The algorithm development is rather simple. Due to the
employer requirements, a block diagram has been made (Fig. 2):

Data input in DB

Data digest on
destination

shipping points

Cargo selection by
unload method

Algorithm based
cargo arrangement

Has the whole
cargo fit
inside?

Departure tables
output to
webpage

One more trailer
needed

Fig. 2. Operation of application

Diagram construction is crucially important in project
development, because designer needs to know how exactly he
should connect all modules to make product as much holistic as it
possible. For example, dividing algorithm into separate functions,
known as the application is leading to ease in application
development [9].

The 1% step in creating the algorithm was to form classes that
store information about cargo. Within the Python algorithm, it is
much more convenient to refer to cargo parameters if classes are
used, for example, this variable will contain the weight of some
cargo "link to cargo object.weight". The ".weight" is a method
of the class which is called Cargo within the project.

The designer has developed a function that allows you to get
the parameters of cargos from the database and assign them to the
methods of the class.

The 2™ step algorithm arranges packages. Creating a specific
mathematical model of the cargo and the body would lead to slow
operation of the algorithm because of the large number of
packages to be arranged. This is the reason why there has been
developed an algorithm based on the Cartesian coordinate system
and simple logic, in which each rectangular cargo in two-
dimensional space (top view) will have a corner, the coordinates
of which will determine the occupied space in the body (Fig. 3).

——
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Steps of the function, presented on the following picture:

1) The packages are divided into arrays by points of
departure and arrival.

2) A query to the database is created, which results in all the
cargo data already in the "cursor" variable.

3) The library "geopy" is used, to replace the points of
departure and arrival by coordinates, simply in a way that "google
maps" do, and the names of cities are stored in the array. This is
done to avoid quiring "API geopy" for coordinates during each
iteration, when measuring distances between two cities, since we
need to measure the distance from each city to the other, i.e., it
would be more complicated because of queries.

4) The loop "while" takes one city from the array and
searches for all cities within a radius of 100 km, and they are all
sent in an array of one shipment to the "result" array, and are also
removed from the "cursor" array, since the shipment is generated.

5)  The next function takes the resulting array of shipments
and tries to arrange packages from one shipment. The shipments
are sorted by unloading method and dimensions, first by
unloading, then, if there are similar unloading methods, they are
sorted by dimensions.

6) The first package is placed at the point (0, 0) of the body.

7)  The function "weather free" kicks in, it takes an already
placed package as an initial and checks if there is space next to it
for a new one. It also checks for possible staging restrictions, i.e.
if something is to the right of the underlying cargo, it is still
possible to put something that will fit between them.

def ger_route_inf():
start_tise = time.time()
cursor = db_auth(}
cursor.execute( ' select = from Test_table')
cursor = List{cursor])

towns = {}

for i in cursor:
rewns[1[0]] = (1[3], 4[]}
1[3] = get_lat_lot(i[3])
if4] = get_lat_lot(i[4])

result = [}

while len(cursor) > 8:
cargo = []
pop_list = []
current = (cursor(8)(3], cursor(][4])

cargo.append (Cargo(cursor[2](0], Ust{map(float, [cursor[0][7], cursor[a][8], cursor[0][9]1)), cursor(a][1]
cursor[8](2], corsor[8][3], cursor[B][4], float(cursor[8][5]), cursor(B][12]), cursor[E][14]
curser[8][15], curser[B][6], cursor[8][18]))
cursor.pop ()
for 1 in cursor:
it great_circle(i[3], current[B]).kilometers <= 106 and great_circle(il4], current[1]).kilometers <= 186:
for _ in range{i[s]):
cargo, append(Carga(1[8], listimep(float, [£[7], $[2), 4[9113), 1[1). 1[2], 03], £[<), Float(i[5]))
i[12), $M1&], £035], i[s), 4(181))
pop_list.append(i)
[eursar. popleursar. index(s)) for s in pop_list]

result.appené([s for s in carge])
for table in result:
for 1 in table:
i.rovte = towns[i.index](8]
i.end_route = tomns[i.index][1]
total_tise = time.time() - start_time

print{total_tise)
return result

Fig. 3. Algorithm code

In the end, the information about the space around the current
cargo (whether it is free and some restrictions) is written into
variables and the cargo is placed anywhere with no semi-trailer

area restrictions.
The algorithm is repeated until the body is full.

# define if there is an overlopping in any direction
free_right = whether_free(placed, 'right', placed_cargo, truck_body)

free_left = whether_free(placed, 'left', placed_cargo, truck_body)
free_top = whether_free(placed, 'top', placed_cargo, truck_body)

Fig. 4. Using functions
Technologies employed

In algorithm development the following programming
languages has been used (Table 1):

Programming

languages
« Python » Flask *« HTTPS
* SQL * Pyodbe certification
« HTML » SQLAlchemy * Port fqrwarding
« CSS * Flask-SSLify = Domain_
registration

* Cryptography o
* Geopy « Web designing

Table 1. Applied technologies

UI and Backend development

A web-interface was developed for user interaction with the
system which should achieve maximum convenience for user,
who is working with it.

The core of the website is the Python Flask library, which
allows you to create a "web" server. Using it you can link the
visual part of the site with the logical part, the algorithm in this
case [7].

Developing a site — is primarily the creation of folders with
different parts (page templates, different modules and main
processing structures Flask).

The 3" step is to create a master page template, it contains the
basic HTML objects that are needed in the structure of the page
and the objects that are seen when switching from page to page:

1. Navigation bar

2. Scroll bar

Actually, it is possible to use Python code in the HTML code
to create generic objects several times or to pass variables to the
screen. The plugin jinja2 is made for this; this code allows you to
shape "notification" objects to a typical form and make several
notifications at once if, for example, several parameters of the
entered login and password are wrong. The code of the other pages
uses the code of the main page through the same jinja2 plugin [4].

The last step of creating export page is to send variables. On
the picture there is table headers which have been loaded in the
variable "headings", in the "data" data and then they have been
transferred to the HTML code, which already displays everything
on the site.

e
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Table 2. Application table
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ot - parameters: indentation, text style, color, coordinates and others.
The homepage style is also used on all other pages, it is

referenced in the homepage HTML code, the repeating object —

background.
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return render_tesplatel’export.ntal’, SCUFrENt_user, hesd . datessdates)

Fig. 5. Export function
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Fig. 6. Database usage
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Fig 7. Application output

Database development

Database requirements were low, so the designer needed to
store information about cargo and a table with users and
occasionally refer to them to display data in the application. It was
decided to use the Microsoft SQL Management studio platform.
The database queries were basic, copying the entire table or a
specific column [6].

In PyCharm professional, where the code for this project has
been written, it is possible to connect the database and set a
specific dialect. The illustration shows how the connection looks
in the program, as well as approximate type of queries that were
used to retrieve information from the database.

Final result and company checking the product

During the last project presentation, the employer reviewed the
results and project, and the company was satisfied with the fact that
shipments created by the program matched the ones provided to
designer by them. The illustration demonstrates the tables separated
by an indentation and the dates of shipments in each shipment are
the same, so the program has calculated everything correctly.
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Fig. 8. Visualisation

Future development

Development of the project — is, first of all, improving the logic
of the algorithm to achieve 100% correct operation, and also
implementing the very function of visualization (Fig. 8).

Conclusion

The project has been approved by the company and can be
used if with stability and reliability improvements, so it can
operate within company’s environment. The general idea was
implemented and minimal required results were archived. So what
is left — basically to implement this whole application to company
based platform.
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AHHOTauuA

B cratbe paccMaTpuBaroTCA 0COBEHHOCTM OMTUMAJNILHOrO pacnonoxexHusa C60prIX rpy30oB B anroputMe nonynpuuena.

B HacToswiee

BPEMA JOCTaTO4MHO BaXKHO OMTUMM3UPOBATh IOFUCTUYECKME MPOLIECChI B CBA3M C BbICOKMM CMPOCOM Ha 3TOT BUA ycnyr. ABTOp OnucbiBaeT
npouecc pa3paboTkn U MPOEKTUPOBAHWA CMELMANIbHOrO NMPUNOXKEHUsA, KOTOPOe aBTOMAaTUYECKM YMOPAAOYMBAET rPy3bl B MONynpuULene.
B TekcTe npuBoanTCA LieHHas HdOpPMaLMA, OTHOCALLAACA K CTPYKType nosynpuuena u noructuke. MoapobHo rosoputca o BoCbMu Luarax,
OOBACHAOLLMX BeCb Mpolecc pa3paboTku nmpunoxenus. bonbluoe BHMMaHMe yAenseTcas OAHOMY KOHKPETHOMY Luary, o6bACHAOLLEMY
paboTy NpuNoXeHWA NO3TarnHo. Takoe NpUIoXeHUe JOBOMNBHO YAOOHO AnA Nosib3oBaTtesis, MO3TOMy JIo60M NOrUCT MOXET UCMOMb30BaTh
ero 6e3 UHCTpyKLMit. PellieHne npuMeHVMO B peanibHOM paboueM npoLiecce C HEKOTOPbIMU OKOHYaTESIbHbIMU YITyHLLEHUAMU B OTHOLLEHUM
COBMECTUMOCTU C APYrMMU CUCTEMAMU, @ TaKXKe 3TO peLleHMe NoMoraeT yCKopuUTb paboune npoLecchl B IOMUCTUMECKUX YCyraxX, MO3TOMy
HEKOTOpble CPeACTBa MOryT ObiTb C3KOHOMJIEHbI. TOYHAA C3KOHOMSIEHHAA CyMMa MOXET OTAMYaTbCA OT KOMMAaHUM K KOMNaHWMU M3-3a
MHAVBUAYaNIbHOW BHYTPEHHel CTPyKTypbl. [oaBoAA MTorn, MOXHO cZienatkb BbIBOJ, YTO PeLleHUe JOCTaTO4HO MHOronpodubHoe, TO ecTb
OHO MOXET ObITb NMPUMEHUMO K HECKOJIbKMM KOMMaHUAM C HEKOTOPbIMU M3MEHEHUAMU U3-3a KOHKPETHbIX 3arMpOCOB KOMMaHMUM.

Knroueenie cnoea: nUMoH, nepego3Kka epy3oe, cucmema aeKCleOGbIX KOOPaUHGm, npoekmupoeaHue, 2py3s, nosynpuuen
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