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Bnaciok Uropb Buktoposuy,
MTYCU, Mockea, Poccus, ru3dip@yandex.ru

Mpu paspabotke anroputMoB U MeToAoB hopMupoBaHUA U ob6paboTku
curHanos usob6paxkenunn (CU), npumeHseMmbix B ycTpoicTBax Ha 6Gase
OoAHOMaTpU4HbIX npeobpasosarenein ceer-curHan (MCC), pomKHbI
YUMTbIBaTbCA BO3/EACTBUA He TONbKO 3MI€MEHTOB CUCTEMbI, BXOAALLMX B
ontudeckuin Tpak (OT), HaxoAAWMACA HEMOCPEACTBEHHO MeXAy
3KCNOHUpYyeMblM M306pakeHMeM U CYMTLIBAIOLLUMM DJlIEMEHTaAMU
YCTPOWCTBA, HO M cneuuduKa CTPYKTYpbl MCMONb3yeMbiX B TaKMUX
KaMepax MaccuBoB cBeTounbTpos (MC®d), HaHOCMMBIX Ha NOBEPXHOCTbL
Matpuubl. B paHHOWM cratbe paccMoTpeHbl HauGonee nonynspHble
CTPYKTYpbl cybauckpetusaumm MCEP u ux BospeicTBue Ha
NPOCTPAHCTBEHHbIE XapaKTepucTuku cpopmMmupyeMbix nsobparkenuin. Ha
OCHOBaHUM MOAENU MNOCTPOEHUA ITUX XapaKTEPUCTUK, MpUBeAeHA
MeToAMKa pacyeTa ONTUMaNbHbIX MapaMeTPOB aHTU-aNlaMCUHTOBBIX
¢dpunbTpoB cornacyowmx csoictea OT u ceHcopa npu 3apgaHHOM
XapaKTepUCTUKe onTu4Yeckoi cuctembl. [MpuBepeHbl KOHKpeTHble
npuMepbl pacyeTra M OMNTUMM3ALMM TakuMX (PUIBTPOB M OLIEHKM WX
BO3/JIeCTBMA Ha aMMNMTYAHblE XapaKTepucTuku curHanos. Ha ocHoee
pe3ynLTaToB npuMeHeHus paspaboTaHHOro Merofa copMynMpoBaHbI
pekoMeHAaumm no npoektuposaHuio MCd,
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BBenenue

B cBsi31 cO cTpEeMUTETBHBIM Pa3sBUTHEM TEXHOJIOTUI U yBENU-
YeHHUEeM OOIIEro KOJMYEeCTBA MCIOIb3YEMbIX YCTPOMCTB, 3a MO-
cirenaue 20 yreT HanOouIbIIee pacIpocTpaHeHHe BO BeeX cepax
JIeSITEeIFHOCTH U TEXHOJIOTHYECKOE Pa3BUTHE MOITYyYHIIN KaMephl,
CO3/1aBaeMble C HUCIIOJIb30BAHUEM OIHOMATPHYHBIX IpeoOpazoBa-
Tenelt cBeT-curaai. Ceifuac 3TH yCTpoicTBa 3aHUMAIOT JHIUPY-
FOIIUE TIO3UIINH 10 TAKUM TTOKA3aTelsIM KakK JICIIeBU3HA, OTKA30-
YCTOHYMBOCTH M MPOCTOTA B PEajM3ally, IIPH TOM IIOYTH HE
yCTymnast MHOTOMAaTPHUYHBIM CHCTEMaM B TEXHHUECKUX CBOHCTBAX.
3HaYNTEIbHOE BIMSHAE HA TMPOCTPAHCTBCHHBIC XapaKTEPHCTUKU
M300paKEHUH, TMOJIyYaeMbIX B TaKHX CHCTEMaX, OKa3bIBAalOT
CTPYKTYpBI HcIojib3yeMbix B HUX MC® [1], hopma smemeHTOB
cunteiBanus (3C) u mapamerpsl ontuyeckoro tpakra (OT) atoit
cucremsi [1,2] (puc. 1).

Ot ctpykTypsl MC® u pazmepoB DC 3aBUCSAT KIIOUYEBBIE CUT-
HQJIbHBIE XapaKTepUCTUKHM CHUCTEMBI, TaKM€ KaK pa3pellaroras
CIIOCOOHOCTbH, YYBCTBUTEIIBHOCTh, TOYHOCTH [IBETOIIEpEIayuH, Ya-
CTOTHO-KOHTpacTHast Xxapakrepuctuka u ap. Ot OT, sBiusromie-
ToCsl TIEPBBIM 3JIEMEHTOM B TpakTe GopmupoBanus CU 3aBucur
BO3MOYKHOCTh MCIIOJIB30BAaHUS BCETO IMOTEHIMANa JaTdiKa CHUT-
Hama m3obpaxenuit (JJCH). [TockoiapKy HEOTBEMIIEMON YacThIO
tdhopmupoBanns CU B TakuxX yCTPOUCTBAX SBISACTCS MPUMEHEHUE
AITOPUTMOB IIYMOIIOJABICHHUS U BOCCTAHOBJICHHUE HEOCTAIOIINX
[IBETOBBIX KOMIIOHEHT CHTHAJIA (JIeMO3auKHU3aIus), He0OX0IUMO
MMETb BO3MOXHOCTb ITPOU3BOJUTEL TOUHBIN aHAJIU3 BO3ACHCTBUN
OT, MC® u OC Ha xapaKTepUCTUKHU Pe3yIbTUPYIOIIETO CUTHAA.

Hcrionp3yst Takyro MOJIENb, MOYKHO HanOO0JIEe TOUHO OIPE/ISIUTh
COCTaB HEOOXOIMMBIX AJITOPUTMOB ITIOCTOOPAOOTKH M300pKEHUM, 1
YCTPaHUTh HEJOCTaTKH CaMOro TpakTa (POpMHPOBAHHWS CUrHallA
N300paXEHUS B KK/IOM €ro 3BEHE OT/EIBHO M COBOKYITHO, M TEM
CaMBIM YITY9IIIUT IPOCTPAHCTBEHHBIE XapakTepucTuku CH.

Pe3yabTaThl Hccie10BaHUM

B crannaptHoii cxeme Tpakra popmuposanust CH, rocie npo-
xoxaenuss OT, coctosmiero u3 ontuueckoro cuctemsl (OC) u
aHTu-anaiicuaroBoro ¢uiabTpa (AAD), cBETOBOW MOTOK MOCTY-
MaeT Ha MOBEPXHOCTh CBETOUYBCTBUTENIBHOIO IEMEHTA, C HaHe-
ceHHbIMH Ha Hero MC®, ryie mpou3BOAUTCS JUCKPETU3ALINS CUT-
HaJla ¥ ero nocienyomas ouudposka (puc. 1). [Tockonbky dyB-
CTBHUTEILHOCTH K ITPOCTPAHCTBEHHBIM TI€peraiaM IPKOCTH y 3pH-
TeNBHOW cucteMbl uenoBeka (3CY) Oosblie, 4YeM K mepemnajgam
[BETa M HACBIIIEHHOCTH, B IUIOIIAJN CEHCOPa IMPHOPUTET OT/a-
eTcsl KaHaJlaM, UMEIOINM O0obmnil Ko3(h(OUIIMEHT TOTIOIEHUS
B 00JIaCTH BUIMMBIX YacTOT, COBIAJAIONINX ¢ MAKCHMYMOM KpH-
BOW BUHOCTH TJa3a [12].

OpToroHaibHasl CTPYKTypa PAaCHOIOKEHHS 3JIEMEHTOB MaT-
PHIIBL, @ TAKXKE UX TIEPHOJTUIHOCTD HAKJIAABIBAIOT 3HAUUTEIbHBIC
OTpaHUYCHHUS] HA BO3MOXHBIE COOTHOLICHUS IUIOLIAACH pa3HbIX
I[BETOBBIX KOMIIOHEHT. Hanbosee yacTo MCHONb3yeMbIM B TEX-
Huke MCO sBnsercsa maccuB baiiepa [3]. [Ipumep qanHoM cTpyK-
Typbl 0a3oBoro 610ka baiiepa nmpuBesieH Ha pucyHKe 2a.

OpHoll M3 pa3HOBHAHOCTEH CTPyKTypsl baiiepa sBnsercs
crpykrypa RGBW wumn RGBE (puc. 2 6,8). Ot crangapTHOi
CTpYKTypbl baiiepa OHM OTJIMYAIOTCS 3aMEHON OJHOr0 CBETO-
(ubTpa, COOTBETCTBYIOLIETO 3€JICHOMY IIBETY, Ha CBETO(MIBTP
COOTBETCTBYIOIIMA  m3ymMpynHoMmy  (emerald), wm  Oe-
oMy (HEHTpaTsHOMY ) IIBETY.
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ocC AAD MC® MaTtpuuya

G[R]G 1]
B|G[B

G[R|G BE
MEOEE T
G|R|G

B|G[E i
™G|R|G >
AEE 1]
G[R|G

_[6]G[E T
MEEE 2z
B|G[8 EE
G[r[G ]

Puc. 1. Bozneiicteue OC, AA®D u cTpyKTypbl AUCKPETU3ALUN
Ha IPOCTPAHCTBEHHBIH CIIEKTP H300paKEHUs

Takxe CymecTBYyIOT eme HeCKoJbKo CcTpykryp RGBWI1
RGBW?2, pacnionoskeHue cBETOGMIBTPOB BHYTPH KOTOPBIX MPH-
BEJICHO Ha PUCYHKAX 2T, 1.

[Momumo MC® ¢ kBaapaTHBIMU CTPYKTypamu 0a30BbIX OJ10-
KOB, CyHIECTBYIOT Tak ke MC® c apyrumu CTpyKTypamH, Tak
Hanpumep B [4] Xaunc npeiaraer GopMupoBaTh 6a30BbIl OJIOK
MC® B Bujie KpecT000pa3HOi (GOPMBI, II€ B IEHTPE CONCPIKUTCS
CBETOQMIBTP, COOTBETCTBYIOIIMH IIBETOBOM COCTaBIISIOIICH,
BHOCSIEH HAWMCEHBIIWI BKJIAJ B CHTHAT SIPKOCTH (CHHEMY
L[BETY), & 10 KpasiM, IOIAPHO OPTOTOHAJIBHO JIPYT APYTY HaXo-
JIITCSL CBETO(MIIBTPBI COOTBETCTBYIOIINE ABYM OCTAaBIIMMCS [IBE-
TOBBIM COCTABIIIOIIUM. [IpuMep mo100HO0M CTPYKTYpBI IPUBEICH
Ha pUCYHKE 2¢.

e)

Puc. 2. CtpykTypsl 6a30BbIX 0JI0KOB pa3inuaHbix MCD:
a) RGB baitepa MC®; 6) RGBE Baiiepa; 8) RGBW Baiiepa;
r) RGBWI1; 1) RGBW?2; ¢) Kpecroobpaznas RGB

[pu popmuposanuu CU ¢ nomouipio ogHomarpuunsix JICHU,
BOCCTAQHOBJICHHE HEIOCTAIOIIMX IIBETOBBIX COCTABISIONIMX Be-
JIeTCsl BHYTPH OTpaHMUYEHHBIX 00J1acTel IPOCTPAHCTBA OTCUETOB,
MIOCKOJIbKY He3aBHcHMas 00paboTKa BCEX OTYETOB KaX/0ro
Kajipa HelenecoodpasHa u TpedyeT CIMIIKOM OOJIBIINX BBIYNCITHU-
TEJILHBIX 3aTparT, a TaKKe M0 MEpe y/AaJeHHs OTCUETOB OT 00pa-
0aTHIBAEMOTO THKCENS,, MX BKJIAJ B MTOrOBOE 3HAUYEHHE CTaHO-
BUTCS MeHbIe. Tak, Hampumep, B [5,6], BocCTaHOBIICHHE HEMIO-
CTAIOUIMX OTYETOB IIPOU3BOJUTCS C HCHOIB30BAHUEM ITHKCEIICH B
obmactu pasmepamu 3x3 mmkcens. B [4] mia mpeminoskeHHOTO
XanHCOM MaccCHBa MCIOIB3YETCs 001acTh MUKCENEH pa3MepaMu
10x10.

B merone Cacaku [7] wacTs MaccuBa baiiepa orpannyenHa 00-
JIACTBIO pazMepaMu 5 Ha 5 3nmeMeHToB. Kakplil deMeHT Helo-
CTaIOLIEH LIBETOBOM COCTaBJISAIOLIEH BOCCTAHABIMBAETCSI HE3ABU-
CHUMO, TO3TOMY CTPYKTYpY H300paKeHHUsSI BHE IPEAETIOB 3TOTO
0JI0Ka MOJKHO HE YUHUTHIBATb.




SJIEKTPOHUKA. PAODNOTEXHMKA

Pesynbrat Bo3aeiictus OT, OC u ctpykrypsl MCD M0OKHO
3armmcaTh B BUJIE:

5 ()= K, (9, ) K (1,

(1)
K g (W, W, ) Koy (W, wy )

rre Koco(Wy,Wy) — dynkims pesynstupyronieit YKX npumensemoit
onrtuueckoit cucteMsl, Kaafi(Wy,Wy) - BO3/1eliCTBHE COOTBETCTBYIO-
ero j-oit cTpykrype AAD, Kgi(Wx,Wy) — CHEKTp i-0if CTPYKTYpBI
JUCKPETH3AIMU 33JJaHHOTO 3JIEMEHTAa B HCCIICyeMOM MAaCCHBE
cBeTopmbTpoB, a Ke(wy,Wy) — mepenaroynas xapakTepucTHKa
otaensHOro OC.

BosneiictBue OC, AAD u CUUTHIBAIOMIETO YJIEMEHTA OIIUCKHI-
BaroTcs aHanuTHYeCKH [8,9,10], 1 B 00IIEeM citydae BO3ICHCTBHE
OC Oyner OnUCHIBaThCS KaK:

2], (Zmlwxz +Wy2)

K R = 2
o (W, W, ) o 2)

rae J; — yakuusa beccens nepsoro pona, wy, Wy — HOpMHPOBaH-
HBIE TIPOCTPAHCTBEHHBIC YAaCTOTHI B TOPH3OHTAIBHOM U BEpPTH-

KaIbHOM HANPAB/ICHHSX COOTBETCTBEHHO, a \|W,” +W,* =T — pa-

JYC TISITHA PACCESHUS TOUKH.

Jns onucanust BosnecTBusi AAD MOXKHO HCIOJIB30BATH
o0bryHbIe ypaBHeHus KX GuibTpoB, NOCKOIBKY OHU OCYIIECTB-
JISIOT CyMMHPOBaHHUE HECKOJIBKUX CBETOBBIX TOTOKOB C COCETHUX
obacTeli (KOHKpETHOE B3aMMOJICHCTBHE 3a1acTCs CTPYKTYpOi
AA®D, Hartpumep MOTyT OBITh B3STHI | UCXOJHBIA U 4 COCEHUX,
I10 JIBa B K&XKJIOM HAIIPABJICHUH ) B3ATBIX C OMPEICICHHBIMU KO3(]-
(dunreHTaMH.

Bo3zaeiicTBue cBETOUYBCTBUTEILHOIO JIEMEHTA HA XapakTe-
PUCTHKH JETEKTHpPyeMOro curHaia coriacHo [10] MoxeT OBITh
3aMHCaHo B CIEAYIOIEM BHJE:

by, w,

K, (Wx W, ) = abx, ylsinc( axlzwx Jsinc 3)

rie a u b — pa3Mepsl 3JIeMEHTa CYUTHIBAHMS 110 TOPU3OHTAIN U
BEPTHUKAJH, a X| M Y| — IIEPUOJIBI TIOBTOPEHUSI JIEMEHTOB B ITPO-
CTPaHCTBE.
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Puc. 3. Ctpykryps! nuckperusauun MC®: a) RGB baiiepa 3 Ha 3;
6) RGB Baiiepa 5 Ha 5; B) kpectooOpa3Has cTpykTypa 5 Ha 5

Bosaeiictust OC, AAD u HopMbI MUKCEIS SIBISIFOTCS HE3aBU-
CUMBbIMU OT HUCHOJIB3YEMbBIX CTPYKTYP AWCKPETU3AllMU U BCETAa
BHOCAT OAWHAKOBBLIC U3MCHCHUS, AJI1 KOHKPECTHO 3a£[aHHO[71 CHU-
cTeMbl (pa3pelleHnss U pa3MepoB CUUTHIBAIOLIEH MaTPHUIbI U ee
JJIEMEHTOB).

[To cymecTBYy, pa3inn4us pe3ysbTara Bo3IeHCTBIS Tpeodpasy-
fomero tpakta Ha CH, npencrasieHHoro ypasuenueM (1), ompe-
JIEIISIIOTCSL OCTABIIMMCS €r0 WICHOM sti(wx, Wy). XapaxTrepu-
CTHKa CTPYKTYpPbI JUCKPETH3allMU 3aBHCUT OT 0a30BOro OJoka
MC® u 3a1aBaeMOro UM B3aMMHOI'O PACIIOJIOKEHHE HCIIOJb3Ye-
MBIX JUISl MHTEPIIOJISIIMY MTHKCENIeH B Mpejeax OJHOHW IIBETOBOU
COCTaBIIAIONICH U pa3Mep oOpadaTriBaeMoil obmactu (puc. 3).

Maccus Baiiepa pazmepamu 3x3 3JieMeHTa

Camoii mpocToii B OTHOMATPUIHBIX KaMepax SIBISIETCS CTPYK-
Typa baiiepa pasmepom 3x3 31eMeHTa, MOCTPOSHHAS C IPUMEHE-
nueM RGB (REB, RYB) maccuBoB cBeroduinbtpoB. Ob03HauMM
YHCIJIO CBETOUYBCTBUTEIIBHBIX JJIEMEHTOB TAKOT'O 0JIOKA MO TOPH-
30HTaIu U BepTukaiu kak N,=3 u Ny=3. [lonHoe 4ncno nepuoos
ME>K/1y LIEHTPaMH1 BCEX JIIEMEHTOB 0JIOKA B Ka)KI0OM HAIPaBICHUN
OyleT Ha OUH MEeHbLIE: N,=2; n,=2.

Ecnu npencraBuTh Kbl 37IEMEHT KaK CMELICHHYIO JAeIbTa-
(yHKIMIO ¥ 3amucaTh MX paclpelesieHue B IPOCTPAHCTBE, TO
OIIMCAHUE CTPYKTYPbI AUCKPETH3ALNH MOXKHO BBIPA3UTh KaK MPO-
U3BE/ICHUE TaKUX CYMM B OPTOTOHAIBHBIX II0 HPOCTPAHCTBY
HAalpaBICHUIX:

Nx y

d(x,y)= Z S(x—px) Y. s(y-ly) 4)
p=—7 |:f]7y

I7A€ X| U y| — IepHOJ AUCKPETU3ALUHN B TOPU3OHTAIIEHOM U BEPTH-
KaJIbHOM HarpaBJICHUsX, 0(X) — OJJHOMEpHas JeibTa-(QyHKIUs, a
3a TOYKY Hadaja KOOpAWHAT Oepercs MOJ0KEHHE HEHTPAIBHOTO
oTcyerTa.

B cnekrpanbHoit obmactu mocie mpeodOpasoBanust Dypee
ypaBHeHue (4) OyIeT UMeTh BU:
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VYnpoctuB BbipaxkeHue 1o Qopmyse Diinepa (CHHYCHbIE CO-
CTaBJISIFOLIME COKPAIIAIOTCS BCIEICTBUE YETHOCTH (DYHKIIHH), T10-
JYYUM CIICAYIOIIES BBIPAXKECHUE Ui CICKTPa JUCKPETU3AIUH
CTPYKTYpBI pa3mMepamMu 3 Ha 3 dJIeMeHTa:

n,

>
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Bripakenne (6) mpencraBisieT co0OOH BO3AEHCTBHE CTPYK-
TYpbI JIMCKPETU3AIMU HA MPOCTPAHCTBEHHBIN CIIEKTP MPH yCJIO-
BUH KUCIIOJIb30BaHUSI BceX 9 3HAUCHHIA MTUKCEIICH, JISKAIMX B 00-
mactu 3 Ha 3.

Hcnonp3ys MOy4eHHOE BBIPOKEHNE MOYKHO [TPOM3BECTH Pac-
YeT WTOTOBOTO BO3NIEHCTBHUSI BCEX MpeoOpa3oBaHU CBETOBOTO
MTOTOKA B IU(POBOI CHrHAJ ¢ TOMOIIBI0 popmyiiel 1. ITocTponTts
rpaduk, a TakKe MPOU3BECTH AHAITH3 YACTOTHBIX XapaKTEPUCTHK
B Pa3NMUYHBIX HAMIPABICHHSX.
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OmHako aHAM3UPOBATh caMy o0IacTh 3 Ha 3 Ui YCTPOUCTB
C OJHOMATPUYHBIMH IIPE00PA30BATEIIMHI HE UMEET CMbICHA (XOTS
BO3MOXKHO IPUMEHEHHE aHalIn3a TaKOH CTPYKTYphI Ul MHOTO-
MAaTpPUYHbIX WIH 4/0 CHCTEM), IIOCKOJIBKY AJIs KaXXJOi IIBETOBOH
COCTaBIIIONICH IPUMEHSIETCS CBOSI CTPYKTYPA HUCIIOIB3YEMbIX OT-
CUETOB U 0oJiee BAKHBIM SIBIISICTCSl PACUeT BO3JACHCTBUIA HMEHHO
OTHUX CTPYKTYP.

[Tpn BoccranoBinennun G COCTABISIONIEH CTPYKTypa HCXOA-
HOrO 0JIOKa BUJIOM3MEHSETCS, OCKOJIbKY U3 9 oTcueToB Oi0Ka 3
Ha 3 ucrosb3yoTest Toabko 4 (pucyHok 3al). Hcnons3yst meTo-
UKy pacdera criekTpa 070ka 3 Ha 3, 3aII0THEHHOTO 9 0TCcYeTaMH,
3aIUIIeM BBIPAXXEHHUE AJIST IPOCTPAHCTBEHHOW CTPYKTYpPBI AMC-
KpEeTH3aluu Takoro 61oka it G COCTaBIIAIONICH Kak CyMMa CMe-
IIEHHBIX JENIbTa-(QyHKINH, HO B3SITHIX y’KE C yUETOM PACIIONIOKE-
HHUS OTCYETOB UMEHHO 3TOM LIBETOBOI COCTABIISIOIIEH.

[Tocne npeoOpa3oBaHusl U YIPOLIEHUS! U3HAYAIBHOTO BhIpa-
JKCHHMSI, CIICKTP JaHHOIrO OJioKa OYJeT pacCYMTHIBATHCS 1O (Hop-
MyJe:

Dgrgb33 (Wx H Wy ) = 2 COS(WX Xl ) + 2 COS(Wy yl ) (7)

a ero XapakTepHCTHKA, B Tpeerax OoONacTH paBHOW ONHOU Ya-
CTOTE JUCKPETH3AIll1, COOTBETCTBOBATh rpapuky pucyHKa (4B1).
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Puc. 4. CnekrpanbHble XapaKTePUCTUKH CTPYKTYP AUCKPETU3AINN
PAa3TMYHBIX IBETOBBIX COCTABIIIIOMNX MaccuBa baiiepa ms 6moka 3x3:
a) CTPYKTYPHBI IIBETOBBIX KOMIIOHEHT; 0) CIIeKTpalibHast 00JIaCTh,
OTpaHUYCHHAS] HECKOJIBKUMH YaCTOTAMHU TUCKPETU3AIIH CTPYKTYPHI
3x3 B 000MX HaNpaBJICHUSX; B) CIIEKTpaIbHasl 00J1acTh B Ipeiesiax
OJTHOM YacTOThI AUCKpeTU3aIuu Ooka 3x3

Jst BoccranoBiieHus R u B cocraBisromux HCHONIb3yeTcs
JIBa BUa CTPYKTYp (puc. 3a 3,4), B 3aBUCUMOCTH OT TOTO, B KAKOM
MO3ULIMK HAXOAUTCS BOCCTaHABIMBAEMBINA Nukcenb. s CTpyK-
TypBbl, IPEACTABICHHON Ha pPUCYHKe 3a3, CIEKTp, NOCTPOESHHBIN
10 TOMY JK€ NPUHINIY, OyJeT ONKMChIBAThCS cieayomeit Gpopmy-
JIOM:

Dyorgoss ( Wy W, ) = 2008(W, X, )2 cos(W, ,) (8)

a JUIsl CTPYKTYPBI, IIPEJICTaBICHHO# Ha pucyHKe 3a4 - hopmy-
JaMu

D W, W, ) = 2cos(W,X,) 9)

(10)

rghrgh33 (

1 Dy (WX »W, ) =2cos(w,Y,)

COOTBETCTBEHHO I TOPU30HTAJIBHOTO U BEPTUKAJIIBHOT'O pacIo-
JIO)KEHHH UCXOIHBIX OTCUETOB.
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SNEKTPOHUKA. PAODUOTEXHUKA

Ha pucyhke 4 pe/iCTaBICHbI CIIEKTPAIbHBIC XapaKTEPUCTHKH
BCEX BO3MOXHBIX CTPYKTYp LIBETOBBIX KOMIIOHEHT IJisi OJIOKa
Baifepa 3x3 paccunTaHHBIX 10 TIPEUIOKEHHON MeToauKe [1].

Maccus baiiepa pasmepamu 5x5 3jieMeHTOB

B 6noke pasmepamu 5 Ha 5 a1eMeHTOB /s MaccuBa baiiepa
(RGB) ny=4 n ny=4. CriekTpanbHble CBOIICTBa TAKOT0 0JIOKA IIPe-
craBiieHbl Ha pucyHke 5B1. IIpu BoccranoBneHnu G KOMIIOHEHTBI
n3 6710Ka 5 Ha 5 ucnoap3yroTes yxe 12 u3 25 oTcueToB, a CrekTp
JIaHHOM COCTaBJISIIOLIEH I COOTBETCTBYIOLIETO €l pacnpesese-
HUSI OTCUETOB OyJIeT BBITIISIIETD, KaK [TOKAa3aHO HA PUCYHKE SB2.

5x5 G R1(B1) R2(B2)
Lf1f1]1]1 1] 1 1] |1
1]1]1]1]1 1] |1 ]1 1] 1

a) 1]1]1]1]1 1]x]1 X 1]x]1
1[1]1]1]1 1] 1] J1 1] |1
1]1]1]1]1] 1] ]1 1

0)

B)

1 2 3 4

Puc. 5. CnektpanbHble XapaKTepHCTHKA CTPYKTYp AUCKPETU3ALNH
Pa3IMYHBIX [[BETOBBIX COCTABILIIOLINX MaccuBa baitepa st Gioka 5x5:
a) CTPYKTYpPHI IIBETOBBIX KOMIIOHEHT; 0) CHIeKTpaibHast 00J1acTh,
OTpaHNYeHHAsI HECKOJIBKUMH YaCTOTAMH JUCKPETU3AINH CTPYKTYPBI
5x5 B 000HX HaNpaBIICHUSX; B) CHEKTPAIbHAsl 00IAaCTh B Ipe/enax
OJIHOM YaCTOTHI JUCKpETU3auu 010Ka 5x5

st onHOrO M3 BapuaHTOB CTPYKTYpbl R 1 B cocTaBsirommx
B Ooke 5x5 (pHCyHOK 5B3) CHEKTpaNbHOE paclpe/ieieHHue 0cTa-
HETCsl TAaKUM K€ Kak ObIJI0 B Os10Ke 3X3, TOCKOJIBbKY HOBBIX OTCUE-
TOB B 9TOH CTPYKType HEe 100aBUIIOCH, HO AJIsl BTOPOTO BapHaHTa
(pucyHoOK 5B4), 0OHO U3MEHHTCS B TOM HAaIPABJICHUH, TI€ OTCUCTOB
cTasio GoJbIIe.

KpecTroodpa3ubiii MaccuB pazMepamMu 5X5 3j1€eMeHTOB

[To Takoii ’e aHaJIOrK MOXKHO HCCIIEIOBATH CIIEKTPBI BO3/ICH-
CTBHH M JIOOBIX APYTHX CTPYKTYP JMCKPETH3ALMH, KaK JUIs Lie-
JIBIX 00JIaCTeH, TaK U JJIS KAaKOH-TO OTACIHHOM [IBETOBOM COCTAaB-
nstromeit. [Ipu 3ToM, KOHEYHO, MOTYT BO3HUKATh JIOBOJILHO CJIOXK-
HBIE POPMYIIBL, TaKe TTOCIIe BCeX PeoOpa30BaHMiA M YIIPOIICHHUH,
KaK, HaIpUMep, IS 3€JICHOW COCTABIISAIONMICH B KPecTOOOpa3HOU
CTPYKTYpP€, COOTBETCTBYIOIIEH PUCYHKY OB2:

ngxrgb (
+2cos(W, X, ) +2cos(W, X, —W, Y,) +2cos(2w, X, —2W, Y,)

W, W, ) = 2cos(W, Y,) +2cos(W, X, +W,Y,)+ an

OCo0EHHOCTBIO KPeCTOOOPa3HOM CTPYKTYPBI SBJISIETCS OIMHA-
KOBOE YBEIIMYECHHOE COOTHOLICHHE 3€JIEHBIX U KPACHBIX COCTAaB-
JSFOLIMX 10 CPAaBHEHMIO C CHHEH, U y 9THX COCTaBIIIOIINX aHa-
JIOTHYHBIE CTPYKTYpBI cyOanKkepernsanuu (puc. 6a2,3), a konuye-
CTBO OTCYETOB CHHEIl cocTaBisIOIEel yMeHbIIeHo (puc. 6a 4) u
JUIsl Hee BCer/ia OJIMHAKOBasl CTPYKTYpa CyOMCKPETH3ALNH.




SJIEKTPOHUKA. PAODNOTEXHMKA

5x5 Ry(Gv) Rg(Gr) Bgn
AARAARN 1 1 1]1
NARAE 1 1 1 1]1
a) 1[1]1]1]1 x| |1 1[x]1 1]1]x
NARAR 1 1 1 11
AR 1 1] J1 1 1

6)

3 4
Puc. 6. CniekrpanbpHble XapaKTePUCTHKA CTPYKTYpP JMCKPETH3AINH Pa3-
JTMYHBIX [[BETOBBIX COCTaBIISIONIMX KPECTOOOPA3HOTO MacCHBa st
O5oka 5x5: a) CTpyKTypbI LIBETOBBIX KOMIIOHEHT; 0) CIIeKTpaibHas 00-
J1acTh, OTPAaHUIEHHAS! HECKOIBKIMH JaCTOTAMH JIFCKPETH3AINN CTPYK-
TypsI 5X5 B 000X HalpaBIICHHUAX; B) CIIEKTpaIbHAs 00JIaCTh B TIpe/ie-
JIaX OJTHOM YaCTOTHI TUCKPETH3ALUH OJIoKa SX5

Merton pacdyera napamMeTrpoB AA®D uis1 KOppeKIUH
CIEeKTPAJbHBIX XaPAKTePUCTHK B 3aBUCUMOCTH
OT HCIOJIb3yeMbIX CTPYKTYP Auckperusannu MC®O

151 moCTpoeHusl CHEKTPaIbHOM XapaKTEPUCTUKHU L[BETOBOMU
CyOAMCKpEeTH3aiid M TOCIEAYIOUMET0 pacuéTa ONTHMAaIbHBIX
AA® nipemraraeTcs BBITOTHUTD CIEAYIOIIHE IIIaTrH:

— OMNpeneNuTh Tpeaeabl OKHa 00jacTh 00pabOTKM CUTHANA
(memMo3anKu3aIum).

— JUIsl KXKJIOW 1-01 IIBETOBOW COCTABIISIIOIIECH M KaXKIOH j-0if
TIO3UIIMH OTCYTCTBYIOIIETO B HEHl 3JIeMEHTa 3aIHcaTh CTPYKTYpY
oTcueToB Juist uccienxyemoro MC® B BUjie CMEIICHHBIX JI€TbTa-
(GYHKIHH B OPTOTOHAIBHBIX IO TPOCTPAHCTBY HAIPABICHUAX B
mpejenax okHa 001acT 06paboTKH CUTHAA.

— TS KaXJIOW CTPYKTYPHI MEPEHTH B CIIEKTPAIBHYIO 007acTh
U, pasjoxuB Mo Qopmyne Dinepa Bce KOMIIOHEHTHI, MaKCH-
MaJIbHO YIIPOCTUTH BBIPaKECHHE.

— JOTOJHUTH PE3yNbTaT aHATUTHICCKAMH OMUCAHUSAMH BO3-
nevicteuit OC u OC.

— MOJYYMBIIMKMCS pPE3yNbTaT CHEKTPaJIbHOIO BO3ICHCTBUS
KaXJI0H j-0if CTPYKTYpbI U OYZET OIUCHIBATH CIIEKTPAILHOE BO3-
JIeHiCTBHE IIBETOBOW CYOMCKPETH3alMK B TIpe/ieiax aHaI3upye-
MOT'O OKHa.

— I0CJIE OT/ICJIFHOTO M COBMECTHOTO aHAJIM3a CIIEKTPAJIbHBIX
BO3ICHCTBUI j CTPYKTYP, MTOJICTABUB UX B ypaBHeHUE (1) U 3a1aB
orpaHudeHust Ha Si(Wx,Wy), PEIINTh YpPaBHEHHE OTHOCHTEIIHLHO
KaXJI0r0 OTAEHBHOTO  Kaaf(Wy,Wy), HWIH OJHOTO 0OIIero
Kaaf(Wx,Wy).

— noy4eHHbIH(bIE) Kaa(Wx,Wy) (Kaafj(Wx,Wy)) 1 OymayT Kop-
PEKTHPOBATh MIPOCTPAHCTBEHHBIE XaPAKTEPHCTHK M300pakeHUS,
MIPUBOAS UX K 3aJJaHHBIM Si(Wy,Wy) XapaKTepUCTHKAM.

Pacyer onTumaibHbIX AAD
AJI MccaeayeMbIx cTpykryp MC®

[Ipu paccmoTpeHun rpa)UKOB YACTOTHBIX XapaKTEPUCTHK
LBETOBOM JMCKpPETU3allMU Ha pUCYHKE 4B 2,3, OTUETIIUBO BUJIHBI
pasznuyuMs B PaHUYHBIX YaCTOTaX CUTHAJOB 3eJieH0i G 1 KpacHO#
R(B) cocraBnsromux. IT0 CBsA3aHO ¢ Oojiee 4acThIM, 10 CpaBHE-
HUIO C KPAaCHOM U CHHEH, CIeJOBaHHEM OTCUCTOB 3€JICHOMN IIBETO-
BOM COCTaBJISIOLIEH Ha TOBEPXHOCTH MaTpPHULIBL.

BBuay 3TOro CTaHOBUTCS OYEBMIHBIM, YTO JJIs Oojee Kaue-
CTBEHHOTO U JAETAJILHOTO IIPe0Opa3oBaHUs CBET-CUTHAII, B MACCH-
Bax CO CTPyKTypoii baiiepa He0OX0 MO POBOIUTD PA3EITbHYIO
npeadguIbTpayio NPOCTPAHCTBEHHBIX 9acTOT ¢ momolnsio OC
i AA®D 17151 3eTeH0i 1 KpacHOW(CHHEH ) IIBETOBBIX COCTABIISIO-
IIHX.

Taxue MOMBITKA yKe HeOEe3yCHeIHO IpeAnpHHnMAaloTcs [9],
OJTHAKO OTPaHUYEHHUS 110 CIIEKTPY TaKUX (DUIILTPOB CTABSTCS B J10-
BOJIbHO TPHOJMKEHHbIE paMmku. [IpuBeieHHBI B 3TOW craThe
aHaIIU3 U HCCIIeZIOBAaHHUE, NTO3BOJIAIOT KOHKPETU3UPOBATh YacTOT-
Hble XapakTepucTuk AA®D nys KaxJI0H U3 IIBETOBBIX COCTABIIS-
IOLIUX.

W3 rpadukoB, mpecTaBIEHHBIX Ha PUCYHKAX 4 M 5 BUIHO, UTO
JUISL OTHUX M T€X ’K€ IIBETOBBIX COCTABJIAIONINX, BOCCTAHABIIMBAL-
MBIX B IIpeenax ogHoro 61oxka MC®, nomyyarorcst pa3Hble CIIeK-
TpaJbHBIC PACIIPEAETICHUs, 3HAUNTEIbHO OTINYAIONINECS IPYT OT
Ipyra. B Takux ycnoBusX, IpUMeHsieMasl Ul BbIPAaBHUBAHHS
AYX curnana aneprypras koppeknus [11] Oyzer maBate mcka-
JKArOIMe Pe3yNbTaThl, HOCKOJIBKY MPUMEHSETCS OHa KO BCEM OT-
cueTaM OJHOBPEMEHHO M HE B3Mpas Ha CeU(UKy OTICIbHBIX
TPy CHMMETPUYHBIX B IIpeJieNax JaHHON CTPYKTYPBI IPOCTPaH-
CTBa OTCUETOB.

Tak, Harpumep, s cTpyKTyp (puc. 483) HEOOXOANMO TpH-
MEHSATbh KOPPEKIHIO C PABHOMEPHOI MO BCEM HANPABICHUAM Xa-
PAKTEpUCTHKOMH, a s CTPYKTYpHI (prc. 5B4) HeoOxomuma 00ITb-
masi KOPPeKIys B TOPU30HTAIBHOM HAIlPaBICHUH M MEHbIIAs B
BEPTUKAIBLHOM, IPUUEM JJIS1 KaXKJIOH U3 COCTABIISIIONINX CBOS.

Hns cTpykTyp ¢ KpectoobpasHsiM (opmupoBanneM MCD
KOPPEKIHs T0JKHA OBITH eme Oonee crmoxHoi. Ha pucynke 68
BUJIHO, YTO JJIS KaKA0W U3 TPEX IIBETOBBIX COCTABIIAIOIINX U UX
PACIONOXKEHUH H0JKHA OBITh UCKIIOYUTENBHO CBOS alepTypHast
Koppekius, XoTs i1 G u R oHn OyayT WACHTHYHBL.

B kpecroobpasubix crpykrypax MC® wactoTa ciieoBaHus
3€JeHBIX M KPAacHBIX OTCUCTOB B OCHOBHOM OJIOKE B JBa pa3a
OoJibllle, YeM YacToTa CJICJOBAaHMS CHHUX OTCYETOB, M3-32 YETrO
TpeboBaHus K AAD I KpacHOW COCTABIISIOIICH B CHCTEMaX HC-
TOJIB3YIOMINX TaKHe MAacCHBBI CHIDKAIOTCS M JIOJDKHBI 00J1a/1aTh
TaKOM K€ XapaKTEPUCTUKOW Kak W IS 3eJeHbIX. OHaKo Takoe
MIPaBMIIO JEHCTBYET TOIBKO AJISI BOCCTAHABINBAEMBIX KPACHBIX U
3€JICHBIX COCTABIIAIOMINX HA MECTE CUHEH (LIEHTPaIbHOMN JUIsl Kpe-
CTOOOPA3HOTO OJIOKA) COCTABJISIOIICH.

[Ipu BoccTaHOBIEHUH KPAacHOM U 3€JIEHON COCTaBIISIOMIMX B
OTJIMYHBIX OT IIEHTPaIBbHOM mo3uruu 6;10ka MC® mecrax, mosiB-
JISIIOTCSL 00YCJIOBJICHHBIE HECHMMETPHYHOCTBIO CTPYKTYPBI J0O-
noiauTenbHBIe BU cocraBisonme (puc. 683), KOTOpblE MOTYT
MIPOHUKATH Npu auckpernsanuu B HY oGnacte curnama. Takum
oOpasom, mis monasienus dtux BU cocraBisrommx AAD® u OC
JOJDKHBI BRIOMPAThCS TAKUMU, YTOOBI 00€CTICUHBAIIOCH TTO/IaBIIC-
HHUE BCEX YaCTOT BBIIIE MHHUMAJIBHON U3 YaCTOT AUCKPETH3ALNH
LBETOBBIX COCTABILIONINX, W B NPHUBEACHHON KpecTooOpa3HOU
CTPYKTYpe 3T0 OyJeT uacToTa JUCKPETU3ALNHI CHHEI COCTABIISIIO-
LIEH.

[Tockonbky cnexTpanbHble xapakTepuctuku OC, OC u kax-
noro u3 [ICC B 06sacTu POCTPAHCTBEHHBIX YaCTOT B pa3pada-
TBIBAEMBIX YCTPONCTBAX MPUHUMAIOTCS OCTOSHHBIMU, HO Pa3iIy-
qaroTes CTpyKTypel MC®D, a AA®D mMoxeT OBITh pacCUUTaH IS
KakaA0l KOHKpeTHOU cTpykTypsl MC®, MOXXHO HpOBECTU KOp-
PEKILUI0 UTOTOBOTO PACIPENENICHUS KaKJ0I0 U3 PACCMOTPEHHBIX
MC® ¢ y4yeToMm U3BECTHBIX XapakTepHUCTHK BozneiicTBus OC u
pasmepos OC.
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Matematudeckoe onucanue Bo3neicTBus AA®D 3aBucHuT oT
(u3ruecKoro NpHHIMIA ero peanusanuu. Hanpumep, B [2] ¢puib-
Tpamys OCYIIECTBISIETCS] C IOMOIIBIO PUMEHEHHUS! JIMH3bI, HMe-
omiei GopMy paBHOOCIPEHHOTO TPEYTOJIbHUKA MM YCCUCHHOU
rmupamuabl. [Tpuaiun neiictBus AA®D Takoit ke, Kak U 'y JIF000ro
apyroro KUX-¢unbrpa. OTcueTsl CUTHAIOB MHKCENEH 3a CueT
pu3Mbl OepyTcs B IpeesiaXx OKHA C 3aJJaHHBIMH BECOBBIMH KO-
a¢¢punrenTamMu 1 GOPMUPYIOT 3HAUCHHUE PE3yTETHPYOMIETO TTHK-
cels.

B [2] dopmupoBanme cuTHAIA OCYIIECTBISCTCS BCETO U3 TPEX
MTUKCENEH, TIPH 3TOM BKJIa] OOKOBBIX MMHKCEIEH OJNHAKOB, H MO-
xKeT BappupoBaThes oT 0 o 1. CrekTpaiabHYI0 XapaKTePUCTHKY
TaKoro (GpuiIbTpa MOKHO OIHMCATh BBIPAKEHHEM:

Koar (W, ) = @, + 28, cos(W,) (12)
rze ap — koadunreHT ocnabiieHHus CBETOBOTO MOTOKA MPHU IPO-
XOXKACHHUH Yepes3 LICHTP MPU3MBL, a 81— KOdQOUIHEHT ocnabieHus!
CBETOBOT'O MOTOKA MPH IPOXOXKICHUH Yepe3 IPaHb MPU3MBL

DuIbTp MOXKET OBITH CHOPMHUPOBAH U3 HECKOJIBKUX HICHTHY-
HBIX CTPYKTYp. [Ipy 3TOM caMul 3TH CTPYKTYpbI MOTYT pacroJa-
raThcs Kak OpTOrOHAIBHO, TaK U NapajuiebHo. B nepBoM ciryuyae,
CBOiCcTBa (DMIBTPOB HAJIOXKATCS JIPYr Ha JApyra, a BO BTOPOM —
MIPOCTO YBEJIIMYUTCS €ro pa3sMEepHOCTh U ypaBHeHue (12) mpumer
BUJL:

(13)

HpI/I napajjieJIbHOM PacCIOJOKECHUN UIACHTUYHBIX q)HJ'II:TpOB
MoJIrydyacMyro YKX MOXHO onucaTh CJICAYIOUINM YPAaBHCHUEM:

Koot (W, W, ) = (@, +2a, cos(w,))(a, +2a, cos(w,))

Kotz (W W, ) = (8, +a7 +4a,3, cos(w,) + )
14
2a° cos(2w,))(a,” +a,” +4a,a, cos(W, ) +2a,” cos(2w, ))

IIpn m3BecTHBIX XxapakrepucTnkax OC, 3IeMeHTa CUMTHIBA-
Husl, GopMyIibl, onMchIBaroLeil Bo3ieiictBue AA®D, u ykazaHHOTO
YCIIOBUSI, IIPU 33/IaHHBIX OCTAIBHBIX NTapaMeTpax CUCTEMBI, C T0-
MOIIbI0O HM3MEHEHHUs] KOI(P(HUIMEHTOB TMPOIYCKaHUSI a9 MU aj,
MOYKHO JTOOMTBCSI KOPPEKIMN CHEKTPAIBHBIX XapaKTEePHUCTHK UC-
CJIe/TyeMOl CUCTEMBI, KOTOpbIE OYAyT ONTUMAJIBHBI ISl OTICIb-
Horo cirydast coBokynHocT MC® n OC. PaccunTars napameTpsl
nckomoro AA® i npeanoxkennoro Boie [ICC, MoxkHO perus
ypaBzenue (1), nogcraBus B Hero Tpedyemoe Si(Wy,Wy) 1 U3BeCT-
HbIe Ksdi( Wi, Wy), Koc(Wy,Wy) 1 Kel(Wy,Wy).

Xapakrepuctuka AAD He 3aBUCUT OT a0COTIOTHBIX 3HAYCHUN
ko3¢ durmenTa mpomycKkaHusi CBETOBOTO IMOTOKA IIEHTPATLHON 1
JIBYMSI OOKOBBIMH T'PaHSIMHU TPHU3MBI, a JIUIIb OT UX OTHOLICHUS,
HO /7151 HOPMHUPOBKH MO>KHO TIPHPABHATH UX CyMMYy K apt2a;=1.
XapaxtepucTuku Kei(Wy,Wy) 1 Koc(Wy,Wy) HaM H3BECTHBI 3apaHee.
Takum 00pazom, ypaBHEHHE HEOOXOIUMO OYAET PEUIUTh OTHOCH-
TEJIBHO TOJILKO OJIHOW MEPEMEHHOM — 00 ag, 1100 a;.

Jlnist pemieHust 3TOro ypaBHEHUs] HEOOXOIMMO 3aJaTh 3Haue-
HUS YaCTOTHI B MHTEPECYOIIMX HAC HANPABJICHHUSX U TpeOyeMble
pe3yJIbTHpYIOIIME OCTAa0JICHNs] CUTHAJla Ha OJTHUX 4YacTOTax.
Hanpumep, aist wacrorsr 0.5 u ocnabuenns 0.1 B 06oux Hanpas-
JICHUAX CIICAOBAHU TMHKcemel Oymem o6o3Havath kak Si(0,0.5)=
Si(0.5,0)=0.1.

J1st cucteM, MCHOJIB3YIOIUX CTPYKTYpPBl ¢ MaccuBaMu baii-
epa, XapaKTepHO YBEINYEHHOE YHCIIO OTCUETOB 3€JICHOH I[BETO-
BOM COCTaBJISIIOIIEH MO CPABHEHUIO C KPACHOW M CHHEH 1LIBETO-
BBIMHU COCTaBJISFOILUMH.

T-Comm Vol.l17. #5-2023

SNEKTPOHUKA. PAODUOTEXHUKA

Takoe pacnpeleneHue OTCYETOB 110 IMOBEPXHOCTH MAaTPHULIbL
MO/IPa3yMEBAET MPHUCYTCTBUE MPHU CUUTHIBAHUU CHUTHAJIOB 3€Jie-
HOW IIBETOBOM COCTaBJISIOIICH OOJiee BBICOKUX MPOCTPAHCTBCH-
HBIX yacToT (puc. 48 1,2), 4eM NpH CUNTHIBAHUHM CHHEH M KPACHOM
IBETOBBIX COCTaBIIOIUX. TakuMm oopa3zom, AAD B mepByro oue-
penb TOJHKEH o0ecreunBaTh 3aanHoe ocnadienne BU-cocrapms-
FOIIMX JJISE KPACHOW M CHHEH IBETOBBIX COCTABJISIOIINX, YTOOBI
OTPAaHWYHTH X NMpOoHUKHOBeHNE B HY 00macTs mpu AucKpeTH3a-
LMY CUTHAaNA.

IIpu sTtom orpannuenue BY-cocTaBistommx ais 3e€J€HOM
KOMIIOHEHTHI OyJeT MPOUCXOIUTh aBTOMATHYECKH, IOCKOIBKY
(GUITBTP, TOIXOAAIIINA T KPACHOH M CHHEH COCTaBIISIOIINX, 3a-
BEJOMO OyJIeT MOAXOAUTh I 00JIee BHICOKOUACTOTHOM 3€JICHON
coctapisromieit. [Toncrasus B ypaBHenue 1 wactoty 0.125, coot-
BETCTBYIOLIYI0 MaKCHMaJbHOW YJBOCHHOH OTHOCHUTEIBHON Ya-
CTOTE TUCKPETHU3AI[MM CUHEH U KPACHOM COCTABJISIONINX, U 3a/1aB
UTOTOBOC OCTA0JICHUE BO3JCHCTBUS HA BBIXOJC BCCH CHUCTEMBI,

HarpuMmep, ypoHeM 0.3. PaccunTtaem takol GpuibTp:
Ko (0.125,0)K,, (0.125,0) Dirorg (0.125,0)x 15)
xK (0.125,0)=0.3

aafrbrgb

rae Kaafioreb — Xapakrepuctuka AAD mis orcueto R cocTapisto-
miei Ha MecTe B cocrasmsromeit B RGB maccuse baiiepa.

PemuB 310 ypaBHEHHE, MBI TIOJTyYUM 3HaYCHUE MEPHOAA T10-
BropeHust pemeTok AAD fipe,=2.45, Ipu KOTOPOM €ro Xapakre-
pUCTHKH ~ OyAyT  yJOOBJIETBOPATH  3aJaHHOMY  YCJIIOBHIO
(Dyesrprep(0.125,0) = 0.296) nuist cuHel U KpacHOM LBETOBBIX
cocraBisonmx B MC® co ctpykrypoii baiiepa npencTaBieHHbBIX
Ha pucyHkax 4 u 5. [logctaBuB fipgpy=2.45 B ypaBHeHue 13, Mol
MOJTYYUM XapaKTepUCTUKY Takoro ¢guibtpa (puc. 7). Y noxyueH-
HOTO (DHIIBTPA CYIIECTBYIOT ITOOOYHBIC OOKOBBIC JICTICCTKU, KOTO-
pble BBIXOIAT 3a ypoBeHb 0.3 M 3aHMMAOT JJOBOJIBHO OOLIMPHYIO
00J1acTh 4acTOT OOJIBIINX TPAHUYHOM.

Jnst yeTpaHeHust 3TUX JIETIECTKOB HEOOX0IMMO YBEITHYHUTH KO-
JIMYECTBO CJIOEB (MIBTPYIOIIUX MPHU3M B KaKIOM W3 HalpaBiie-
HUH TakuM 00pa3zoM, 9TOOBI UX ypoBeHb ObUT He Oombmme 0.1, a
[JIaBHBIN JIEMECTOK MMEN Ha 3a/laHHoi yactoTe yposeHsb (.3. Ta-
KO (pUIBTP MOKHO PEan30BaTh, UCHOIB3YSI CEMb CIOEB MPHU3M
C 4aCTOTOMN MOBTOPEHMUS PEIIETOK fivry=2.34 (puc 8).

@unbTp ¢ TAKMMH XapaKTePUCTUKAMH TTO3BOJIUT N30€XKAaTh HC-
Ka)KEHHH, CBA3aHHBIX C NPOHMKHOBEHHEM B KaHalbl CHHEH U
KpPacHOMH I[BETOBBIX COCTABJIAIONINX MAPAa3UTHBIX YAaCTOT, OJHAKO
3HAYUTEJIBHO CY3HT TOJIE3HYIO YaCTOTHYIO 00JIaCTh 3€JIEHOTO Ka-
Hana. Paccuntaem otaensHo napameTpel AAD 17 3€1eHOro Ka-
Hasla B MaccuBax baiiepa, mojicraBuB B BeIpaxkeHHe 1 4acToTy, co-
OTBETCTBYIOIIYIO TPAHMYHOM YaCTOTE CTPYKTYPHI 3€JICHBIX OTCYE-
TOB (coriTacHO pucyHKaMm 4, 5 oHa OyzeT B J1Ba pasza OOJbIIe) 1
MOJTyYNUM UTOTOBOE ypaBHEHHE!

Kq, (0.25,0)K, (0.25,0) D,,,,, (0.25,0)x

(16)
XK satgro (0.25,0)=0.3
rae Kaatibrgy — Xapaxrepuctuka AA® i orcueToB G cOCTaBIISAIO-
miei Ha MmecTe B(R) coctaBmstomielt B RGB maccuse baitepa.
PermmB mannoe ypaBHeHme, pyHkuns AAD Oyzaer 3amaBaThcs
CIIEAYIONMM TIEPHOIOM TIOBTOPEHHS MPU3MEHHBIX DEIICTOK:
forgp=1.1. Tlpu aToM 3Hauenwe ocnadneHusst D,.,crep = 0.297,
YTO yIOBJIETBOPSET 3aJaHHBIM TpeOoBaHmsAM. ['paduk crekrpa,
MOCTPOEHHBIH JuIs 3Toro (uibTpa (puc. 9), Tak xe MoKas3bIBaeT,




SJIEKTPOHUKA. PAODNOTEXHMKA

YTO MOOOYHBIC JICTIECTKH MPAKTUYECKUA OTCYTCTBYIOT. Takoit a¢-
(eKT mocTUraeTcs 3a CueT CHIBHOIO OCJIa0IeHHsI aMILTUTYIbI Ya-
CTOT OOJIBIIMX MOJIOBHHBI YAaCTOThI AMCKPETH3ALUK ONTHYECKOH
CHUCTEMOI1, 4TO HE MOIJIO IIPOUCXOJIUTH B ClIyyae C KPaCHOW U CH-
HEH COCTaBISIONINMH, ITOCKOJIBKY OOOUHBIE JIETIECTKH UX (HIIh-
Tpa JIeXaT B Ipesesiax yactot npomyckanus OC.

st pacaera AAD s CTpyKTyp ¢ KpecTooOpa3HBIMU MACCH-
BaMH CBETO(MIBTPOB, HEOOXOIUMO B TEPBYIO OUEpPENb Y4eCTb
TOT (hakT, YTO M3-3a HECHMMETPHUYHOCTH PACIIOJIOKEHHS OTCYe-
TOB OJJHUX M T€X K€ I[BETOBBIX COCTABIIONINX B IIPOCTPAHCTBE,
pacripeieieHie CIeKTpa MPOUCXOAUT MO YIIIOM K OCSIM Wy U Wy,
KaK 3TO MM0Ka3aHo Ha pucyHke 6. TakuMm oOpa3om, HEOOXOIUMO
MOBEPHYTh XapaKTEPUCTUKY OTHOCHTENILHO Hayajla KOOPJHHAT
Tak, 4ToObl HauOoJsee MUpOKasi ee obyacTh ObuIAa MapaulesibHa
ocu wy. [Tocite aToro He0OXOIMMO PaCcCUUTATH OTIACIBHO (GUIIBTD
JUISl TOPU30HTAIBHOTO HANpPABICHUS M OTJEIBHO JUIS BEPTHUKAIb-
HOTO.

K(W,)

K{w.} fi aax

40
e

Puc. 7. CnexrpanbHas miaotHocTs AAD 11 KpacHOH U CHHEH cocTaB-
JIAIOIUX CTPYKTYpHI baiiepa npu 1 cnoe mpusm:
a) ceueHne npu wy=0; 0) moaHas

KIW,) fi o1z

1

o

Puc. 8. Cnexrpanbhas miuotHocTs AA®D 1 KpacHOM U CHHEH cocTaB-
JSIIOIIUX CTPYKTYphI baliepa npu 7 cliofx mpu3M:
a) ceueHue pu wy=0; 0) mosHast

K(w.)

&
T

Puc. 9. CnexrpanbHas iotHOCTh AAD /115t 3e1eHOl cocTaBIIsoneh
cTpyKTypHI Baiiepa: a) ceuenue npu wy=0; 0) momHas

Jliist HoBOpOTa CHeKTpa Ha 33aHHbIA yroJl 3aMeHUM KOODPJIH-
HaTbl Wx M Wy Ha COOTBETCTBEHHO Wy*cos(o)+wy*sin(a) u -
wy*sin(a)+wy*cos(a). I'1e o sBisieTcst yriiom moBopora.

B ciydae ¢ kaxa0i U3 TpexX LBETOBBIX COCTaBISIOLIUX Kpe-
CTOOOPa3HOr0 MAacCHBA, JJIsl OTCUETOB OTACIBHON COCTABIISIFOIIECH
yroj OyJeT OJIMHAKOB, OJHAKO PA3JIMYEH JUISi COCTaBJIAIONINX B
nesnoM. ITockonabKy B KOJIMYECTBEHHOM COOTHOLIEHMM U B TPO-
CTPAHCTBEHHOM DACIpEICICHUN Ha MOBEPXHOCTH MAaTPHIBI OT-
CYETHl KPAaCHOM M 3€JCHOW IBETOBBIX COCTABIIAIONINX OTIIHYA-
I0TCSI TOJIBKO B3aUMHOW OPTOIOHAJILHOCTBIO, TO (PHUIBTP IS ATHUX
COCTABIISFOIIIMX MOKHO MCIIOIb30BaTh OJIMHAKOBBII M PACCUUTATh
€r0 MOYKHO TOJIBKO JUIS OJJHOM M3 3THX COCTABIISIOIINX.

PaccmoTpuM citydail 3e1€HON LIBETOBOM COCTABIIAIOILEH, ISt
KOTOPOH YroJ HauOoNbIIed WHTEHCUBHOCTH CIIEKTpa (puc. 6B2,
KpacHble 00J1acTH) cocTaBiisieT 45 rpalyCcoB U pacCUUTaeM ero Ia-
paMeTpsl JUIsl IBYX HaIlpaBIeHUI:

V2 2

Ky (0.25,0)K, (0.25,0) D,y 0.257,0.2572

(17)
%K garorgs (0:25,0) = 0.3
AJI BEPTUKAJIbHOT'O 1
Ko (0.25,0)K, (0.25,0) D,y 0.0625£,0.0625£ x
2 2 (18)

K gaorgy (0:25,0) = 0.3

JUISl TOPU30HTAJIEHOTO HAIPaBICHHUH.

PemuB ypaBHeHHUE [UIsl BEPTUKAIBHOTO HAIIPABJICHHS, MBI 110-
Jy4HM TaKoH ke pe3ysbTaT, Kak 1 B cirydae ¢ MaccuBoM baiiepa
JUIsl 3eNIeHOH cocTaBistomel fygpy=1.1. UTo sBisieTcs 3aKkoHOMEp-
HBIM PE3yJIbTaTOM, TIOCKOJIBKY ITyCTh JIa’K€ H3MEHMIIOCH PACIIONO-
JKEHHE OTCUETOB B IPOCTPAHCTBE, HO PACCTOSHIE MEX/y HUMH, a,
CJIE/IOBATEINIFHO, U YaCTOTa JAUCKPETH3ALMH, U BECOBOH K03 hu-
OUCHT KaXXJ0Iro U3 OTCUYCTOB OCTAJINCh HCU3MCHHBIMHU.

B TOPU30OHTAJIBHOM K€ HallpaBJICHUU, BBUAY IPUYNH, OITMUCAH-
HBIX IpH pacuere GuiabTpa R u B cocraBisiomux st MacCUBOB
co cTpykrypoii baiiepa, He0OOXOAMMO HE TOJIBKO U3MCHUTH IIC-
PHOJL CIEOBAHMS MTPU3M B (DMIIBTPE, HO M YBEJIMYUTH YUCIIO Ca-
MUX MPETOMIISIOIINX CJIOEB, YTOOBI IOOMTHCS HYKHOTO Ociadie-
HUS Ha BCell MHTepecyromell Hac oOnacT. Takoi pe3ynbTar J1o-
CTHUTAETCS TONBKO NMPH fyope=4.05 1 10 crosx mpusm.

WToroBelil pe3yipTaT CHEKTPAJIbHOM IJIOTHOCTH HPOCTPaH-
cTBeHHOTO AA® mOTy9aeTcs ¢ MOMOIIBIO TEPEMHOKECHHUS XapaK-
TEPUCTUK BEPTUKAIBHOTO ¥ TOPU30HTAIBHOTO (PUIIBTPOB M TIpe-
cTaBJieH Ha pucyHnke 10.

KWy Wy

a) 6)

Puc. 10. CriextpansHast ruioTHocTh AA®D 1715 3€TIeHO0M U KpaCHOM €O~
CTaBJISIOIIMX KPECTOOOPA3HON CTPYKTYPBI:
a) cedeHne pu wy=0; 0) ceuenue nmpu wx=0; B) MoJTHAS

st cunedt cocrapisironieit AA®D OyneT H30TPOIHBIM B BHIY
CUMMETPUYHOCTU YacTOT JUCKPETU3ALUU B HAMPABICHUIX Wy U
wy. Kak 1 B cirydae ¢ 3eeH0i KOMIOHEHTOH NpH pacueTe Iapa-
MeTpoB AAD cuHEH cocTaBisIOIei HE0OX0IUMO TIPOBECTH I10-
BOPOT CHeKTpa Ha 45 rpaaycosB.
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a)

Puc. 11. CnexrpanbHas mioTHOCTs AAD 114 3eneHol U KpacHOH co-
CTaBJIAIOIINX KPECTOOOPA3HON CTPYKTYPBI:
a) ceueHne npu wy=0; B) TIOTHAS

W, ¢

Kak BHIHO M3 CTPYKTYpBI JTUCKPETHU3AIMH KPECTOOOPA3HBIX
MaCCHBOB JIJIsl CHHEH [[BETOBOI1 COCTABIISIONIEH, B 000MX Hapas-
JICHUSIX Wx U Wy, TTOJIOBUHA YaCTOTBI JUCKPETHU3AIMU SIBIISIETCS
onuHakoBoil u coctaBnsgeT 0.0625 OT 4acTOTHl AUCKPETU3ALUU
CUUTHIBAIOUINX JIEMEHTOB. DUIBTP ¢ TAKMUMH MapaMeTpamMu ObLT
paccunTaH A7l OTHOTO M3 HAIPaBJICHUH 3eJIeHON COCTABIISIOMICH
n uMeeT fyghg=4.05 n 10 cnoeB npusm. Ho B oTimumu oT 3eneHon
COCTaBIIAIONICH B 000nX HampaBieHuss AAD s cuHEH cocTaB-
JISTFOLIEH TOJDKEH UMETh OJMHAKOBBIC XapaKTePUCTHKH, CIeI0Ba-
TEJIHHO HEOOXOUMO MIEPEMHOKHUTH (DUIBTP SIS HATTPABJICHUS Wy
u GuIbTp A HanpaBieHus Wy (puc. 11).

Pacyer aMIUINTY/AHBIX CBOCTB CUTHAJIOB
BOCCTAHABJIMBAEMbIX IIBETOBBLIX COCTABJISIIOIINAX

OTHOCHUTEIBHO KaXK/I01 U3 CTPYKTYP, PEACTABICHHBIX HA PH-
CyHKax 4-6, MO)XHO BBIYHCIIUTD JIBA MapaMeTpa, XapaKTepu3yro-
IIMX CBOMCTBA CHUTHAJIOB, MOJTYYAEMbIX C MX IOMOINBIO. DTUMH
TapaMeTpaMH SIBIISTFOTCS: OIIEHKAa aMIUTUTYbI TOMEX, BHOCHMBIX
B CHTHAJ M3-3a HEOT()HUIBTPOBAHHBIX YACTOT BBIIIE YACTOTHI JANC-
KpETH3alliu, B CIydae, KOTAa MPUMEHsIeTCsl QUIBTP Ul MaKCH-
MaJIbHON M3 BO3MOKHBIX JJIA4 MacChBa 4YaCTOT AWUCKPECTU3ALNU
IC, u omeHka (GuabTpalMy MOJC3HOW COCTABJISFOIICH aMILIH-
Ty/bl CUTHAJA, B CIydae, KOTJa MPUMEHAeTCS (pUIBTP OTIUIHBII
OT GUIbTPA ISl MAKCUMAJIBHOW M3 BOBMOXHBIX JUISI MaccUBa 4a-
ctoT nuckperusanuu LIC.

[Ipu pacdere aMIIUTY Bl TOMEX HEOOXOANMO BEIUUCIIUTE aM-
TUINTY/y CUTHAaJIa B 1IeJIOM E ¥ aMIIuTy Iy IIryMOBBIX COCTaBIIsI-
IOIINX, JeXKAIIUX 32 TpeieslaMH MTOJIE3HOH YacToThl curHaia Ep;.
ITpn U3BECTHBIX Wix, Wdiy — YACTOTaX AUCKPETHU3AINHN TI0 HANPaB-
JIEHNI0 Wy U Wy 1-0M LIC ¥ Waafix Waafiy — TPAHHYHBIX 9aCTOTAX 10
HaIpaBICHNIO Wx U Wy HCIIOIb3YeMOTO (DMIIBTPA, MOYKHO BBIUMC-
JINTh aMIUIUTY Y IMOJIC3HOTO CUTHAJIa:

Waix Waiy
E, = .[ j Si(w,,w, ydw, dw,
0 0

(19)

}lﬂf{ BBIYUCJICHUSA aMIUIMTY /bl IOMEXH Epi HYXXHO aMIIJIUTYy Ay
CHUIr'HaJia, BBIXOAANIICTO 3a YaCTOTY AUCKPCTU3AlIUN Eg:

Waafix Waafix

E, =

i Si (Wx H Wy )dWx dWy (20)

0 0
U BBIYECTh U3 HEE 3HAUEHUE aMIUTUTY bl oJe3HOoro curnana. [pu
5TOM aMILIUTYy1a MOJIE3HOTO CUTHAlla, B CIy4ae MPEBBIIIEHHs Ya-
CTOTBI ANCKPETU3ALNH HAJ[ YaCTOTOH (QIIbTpanuy, OyJeT BBIUHUC-
natees Kak Eg, a pasnocts Eq=E-E,; Oyner nmokaseiBaTs notepu
TI0JIE3HOM COCTAaBJISIONICH CUTHAIIA U3-3a (prIIbTpaimy.
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[To nomyyeHHBIM 3Ha4YeHUsIM MOXKHO Juid Kaxzaoi LIC Bcex
ctpyktyp MC® Berunciants koddduruent Ky =Eq/Eci, KoTOpbIi
OyzneT TOKa3blBaTh OTHOUICHWE 3HAYEHHsI AaMIUIUTYHIBI I10-
MexXHU(IOTeph) K aMIUTUTy/e CHrHama. JaHHbI K03(hHuIMeHTt
TI03BOJISIET OIICHUTH MCKAXKEHHSI CHTHAJIA N300paKeHHsI, a TAaKXKe
COCTAaBHTH OLIEHKY TIOTEPH B CUTHAJIE.

B pesymnpraTe, Kak M 0XXHAAIOCh, HAWIYUIINMHU CHEKTPAIb-
HBIMH XapakTepucTUKaMu H3 uccrexyemsrx MCO, oGmamaer
MCO co cTpykrypoii baiiepa pasmepamu 5 Ha 5 3JIeMEHTOB, C UC-
noJb3oBanueM GuiabTpa st G COCTaBiIsIoniel. ITOT MAaCCUB BbI-
urpsiBaeT no nokaszarensMm Kq aims G cocrasnstome Ha 11% y
MaccuBa ¢ KOJMYECTBOM DJIEMEHTOB 3 Ha 3, 1 OOJIbIIIE YeM B TpH
pasa y HaWIydIIero /st KpecTooO0pa3Ho# CTPYKTYpbl MacCHBa C
¢mpTpoM 1t G cOCTaBISIONIEH.

AMIIIUTY1a CUTHAJIA [Tl 9TOTO MAaCCHBA SIBJISCTCS TOYTH MaK-
CHUMaJIbHON M3 pacCMaTPHUBAEMBIX, 33 HCKIIOUCHUEM CITydasi Mac-
cuBa batiepa ms 3 Ha 3 syeMeHTa, OTHAKO Pa3HHIIA COCTABISACT
Bcero 1,6%. Ilpu mcnonb30BaHMM AJISL 3TOTO MaccuBa (HILTPA
R(B) cocrapnstomeit Kq pasen 4,1. Takoii moka3aTeiab TOBOPUT O
TOM, YTO B 00JIACTH MOJE3HBIX YacTOT, CUrHaid G cOCTaBISIONICH
npu TakoM GuibTpe Tepsier 80% cBoeid SHEpPruM, 4To JieNaeT Ta-
KyIO CHCTEMY HENpHEeMJIEMOH /sl UCMOIb30BAHUS C TOUKU 3pe-
nust KI1J1 u nomexo3zammiuennoctu. Taxke, puiastp st R(B),
MOMHUMO ype3aHusl Moje3Hoi cocTaBisomeld G KOMIIOHEHTHI,
MIPOITYyCKAeT 3HAYMTEIFHOE KOJIMUYECTBO TTAPA3UTHBIX 4acToT R u
B xoMmnoHeHT, aist KOTOpBIX 3HAUEHUS Kiomexn(noreps) PaBHBI 1.1.

[Ipu Hamnyumem 3HaueHUN Kiomexn(moreps) A1 G COCTABIIAIO-
niei, 3Ha4eHus Kiowexn(moreps) 11 R M B cocTaBnstomux paBHBI
2,79, 9TO NMPHUBOJUT K 3HAYUTEIBHOMY HCKAXCHUIO CUMTHIBAC-
MOTO CHTHajIa NP HAJWYUN MApa3UTHBIX 9acTOT M BO3HHUKHOBE-
HUIO UCKKEHUII MyapoBOTO THIIa B 3THX KaHalaxX, C KOTOPHIMH
OyJIeT HEBO3MOYKHO OOpPOTHCSI IOCIIE JETEKTUPOBAHUS CHUTHAA.

3akJarouenue

[pemmosxxennusrit MmeTon pacdyera mapamerpoB AA®D, ucmomns-
3YIOUIMIA Pe3yNbTaThl aHAIHW3 CTPYKTyp muckperm3annun MCO,
TMMO3BOJIACT ONITUMHU3NUPOBATH MO 3aJaHHBIM KPUTEPUAM COBOKYII-
Hoe BozjeiicTBue aneMeHToB OT 1 11BETOBOI CyOnMuCKpeTH3aum
Ha UTOTOBBIC CIIEKTPAJIbHBIC XapaKTePUCTUK H300paKeHUH, TOU-
Hee onpefeuTs GopMy crieKTpa odsiacTel IJIs KasKa01 U3 CTpyK-
TYp JUCKPETH3allMH, YYUTBIBAs UX crenuduKy npu oOpaboTKe
N300paXeHNUH 1 X KOppeKun. PaccunTas CrieKTpaibHbIC XapaK-
TEPUCTUKU C TMOMOIIBIO TPEUIOKEHHOTO METO0]a, MOXKHO J0-
OWTBCS TIOJIHOMN, WITM YaCTHYHOH TpeOyeMOoit KOpPEKIINH XapaKTe-
PHCTHK N300pa)KEHHH €IIIe /10 3Tara IeTeKTUPOBAHKS CUTHAIA, U,
TaKkuM 00pa3oM, CBECTH K MUHIMYMY MOTPEOHOCTH B MOCIIEAYIO-
et o0paboTke.

Kax MOXHO yBHIETh U3 MPHUBEICHHBIX HAa PUCYHKaX 4-6 rpa-
(hMKOB CHEKTPAJIbHBIX XapaKTEPUCTHK CUTHAIIOB BOCCTAHABIINBA-
embix 1[C, B KaKI0M U3 HUX JI0 QUIBTPALMH MPUCYTCTBYET JIO-
BOJILHO OoubIrast HY cocraBisitomas, U pa3sHUIla KaKA0T0 U3 HUX
OT JpYroro 3aKiro4aercs B ocHOBHOM B obaactu BU. Ilocie xe
¢unpTpanmu Gopmbl u pactpenenenus kaxaoil L[C craHoBsiTes
MOYTH CXOJIHBIMH, W OTIMYAIOTCS JINIIb HE3HAYUTEIBHBIMU OT-
kjoHeHusIMHA B BU o0nacty, mpuiem CrieKTpbl OCHOBHOM (B City-
yae ee MPHUCYTCTBHS) COCTABIIAIOICH HEMHOTUM IIHMPE JIOTIOTHHU-
TEJIbHBIX.

Taxast 0COOEHHOCTh CHEKTPATBHOTO PACHPENIEICHHS TOBOPHUT
0 TOM, YTO BO MHOTOM XapaKTEPUCTUKU UCTONIb3yeMbIx MCD,
pu HE3HAYUTCIBbHOM pas3jinduyd YacTOT JUCKPETHU3AIUN ]_[C
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(B 1Ba paza ¥ MeHee M0 KaKOMY-JIH0O0 M3 HalpaBJICHHUH ), 3aBUCST
HMMEHHO OT onTHueckoi cuctemsl 1 AAD, 1 Bo BTOpyIo ouepeab
0T y’ke caMoi cTpyKTypsl. [Ipu 3TOM, yunutsisasd, uro B 3CYH npe-
HMMYIIECTBEHHO HauOOJIbIIee 3HAYEHHE OTAACTCSl SPKOCTHON CO-
CTaBJISIONICH CHUTHaja M300paKeHUs], ¥ CIEPKTAIbHO-3HAYMMON
siBrsieTcst G COCTaBJISIIONIAs, MOJKHO JIaTh HECKOJIBKO PEKOMEH 1a-
LU, TO3BOISIOMNX HanOoJIee ONTUMAIBHBIM 00pa30M CHHTE3H-
poBate MC®:

— B maccuBe nomkHa IPUCYTCTBOBATh XOTS OBI OJTHA OCHOB-
Has LIC, mpu 3TOM, CIeKTpanbHast 9yBCTBUTEIBHOCTD CBETO(HITb-
Tpa, pealM30BBIBAIOIICTO €€ Ha TOBEPXHOCTH MAaTPHIIBI, JOJKHA
MaKCHUMAaJbHO OIM3KO COOTBETCTBOBATH CPEIHEBOJHOBOMY IIHT-
menty 3CY, a yactora auckperusanuu takoi 1IC momkHa OBITh
MaKCHMaJIbHO NPUOIMKEHa K YaCTOTE TUCKPETU3AIMU CUNUTHIBA-
IOIIEro yCTPOHCTBA.

— Pacnpenenenne cBeropunsTpoB ocHoBHOH 1[C Ha mosepx-
HOCTH MaTPHIIBI JIOJKHO OCYIIECTBIISITHCS TAKUM 00pa3oM, 4TOObI
MaKCHMAaJIbHbIE YaCTOTa MX CJIE0BaHMS PacIoIarajiuch COOTBET-
CTBCHHO MakcmMyMmaM xapakTtepuctuke 3CY B obxactu mpo-
CTPAHCTBEHHBIX YaCTOT, TO €CTh B TOPU30HTAILHOM M BEPTHKAJIb-
HOM HAIpPaBJICHHSAX.

— JJononuurensubie LIC nomkHbl hOpMUPOBATH CBOCH CTPYK-
TypOH IICEBOCIyYaliHblE MAaCCUBBI, C UEPEIOBAHUEM PaBHOMED-
HOM M HEpPaBHOMEPHOW IUCKPETH3aLUil IO TEM K€ HalpabJe-
HUSIM, 4TO 1 ocHOBHas LIC, /U1 BO3MOXKHOCTH TPUMEHEHHST KOM-
OMHHPOBAHHOTO AKCTPANOJISIMOHHO-UHTEPIIOISIIUOHHOTO Me-
TO/Ja BOCCTAHOBJICHUS 3HAYEHHWH HEJIOCTAIONMX mukcenen [13].
OpmHaKko ciay4ailHOe pachpesieliCHUE CBETO(PHIBTPOB IOJKHO
OBITH PEryJISIPHBIM ISl BO3MOXKHOCTH MCIIOJIb30BAHHS OOIIHX ajl-
TOPUTMOB BOCCTAHOBJICHHSI HEIOCTAIOLINX 3HAUCHUH.

— IIpu npumenennu AA®D B yCTpONCTBE, OH JOJKEH pacCcuu-
ThIBaThCs A1t ocHOBHOM LIC. B ciiyyae TexHMUECKOH BO3MOXKHO-
CTH, TaK k€ JOJDKHBI BBOANUTHCS AONOHUTENbHBIE AAD, ¢ Xapak-
TEpUCTUKAMH, y10BIeTBOpsonMHy octaBmmmes LIC.

CobmroeHne TpeIIoKESHHBIX PEKOMEHIAINN TIPH CO3TaHUT
MC® 103BOJIMT MaKCUMaIbHO 3()(HEKTHBHO HCIIOJIB30BATh I10-
JIE3HYI0 MOJOCY HX CIEKTPAIbHBIX XapaKTEepUCTHK, MPU 3TOM
HEWTpann3ysl HETaTHBHOE BIMSHHUE IIIYMOBBIX COCTABIIAIOLINX U
MaKCHUMaJIbHO Kau€CTBEHHO UCII0JIb30BaTh MOJIE3HBIE COCTABIISIO-
M€ CUTHAJIOB, & OCOOCHHOCTH PACIOJIOKEHUSI CBETO(MHIBLTPOB
JonoHuTENbHBIX [{C Ha MOBEPXHOCTH MaTPUIIBI Ia/lyT BO3MOXK-
HOCTH 00Jiee JIeTaIbHOr0 BOCCTAHOBJICHHSI HEJOCTAIOIINX 3HAUe-
HUUI OTCUETOB.
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METHOD OF CALCULATION OF PARAMETERS OF ANTI-ALIASING FILTERS FOR CORRECTION
OF SPECTRAL CHARACTERISTICS DEPENDING ON THE SAMPLING STRUCTURES USED
IN COLOR FILTER ARRAYS

Sergey G. Romanov, MTUCI, Moscow, Russiq, safit87@inbox.ru
Igor V. Viasuyk, MTUCI, Moscow, Russia, safit87@inbox.ru

Abstract

When developing algorithms and methods for generating and processing image signals (IS) used in devices based on single-matrix light-
to-signal converters (LSC), the effects of not only the elements of the system included in the optical pathway (OP) located directly
between the exposed image and device sensor, but also the specifics of the structure of color filter arrays (CFA) used in such cameras,
applied to the surface of the matrix. In this article analyzed the most popular SSF subsampling structures and their impact on the spa-
tial characteristics of the generated images. Based on the model for constructing these characteristics, a method is given for calculat-
ing the optimal parameters of anti-aliasing filters that match the properties of the OP and the sensor for a given characteristic of the
optical system. Specific examples of calculating and optimizing such filters and evaluating their impact on the amplitude characteristics
of signals are given. Based on the results of applying the developed method, formulated recommendations for the design of the CFA.

Keywords: spatial characteristics of images, color filter arrays structures, camera sensor, optical system, anti-aliasing filter.
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Ha HarpesHbix ctengax HAARP u EISCAT pansa peluenus paaa npu-
KNaAHbIX 3a7jaY4 NPOBOAATCA UCCNIEA0BaHUA MO BO36YKAEHMIO Mex-
CIOEBOr0 MOHOC(EPHOTrO BONHOBOAA. YCMELIHOCTb peanusauum
3TUX 3a/1a4 3aBUCUT OT MHOTUX ¢haKTOPOB, B TOM YKCIIE OT YPOBHA 3a-
MUPaHWii 3NeKTPOMarHUTHOTO NONIA B BOJIHOBOAE, ANA OLEHKU Bapu-
aluin KOTOPOro UCCNeAoBaTENAMU UCMONb3YeTCA MHAEKC MepLaHui
S4. Mogenb Bo30yeHNA BONHOBOAA, NPEANIOKEHHAA IKCNIEPUMEH-
Tatopamu, 6Gasupyerca Ha pakypcHoM "3cpcpekte camopacceaHus"
Ha MCKYCCTBEHHBIX MarHMTOOPMEHTUPOBAHHbIX HEOAHOPOAHOCTAX
noHoccepbl. OaHako, B paMKax TaKoro noAxopa, He y4uTbiBaeTcs
BO3MOXHOCTb CyLLECTBOBaHMA APYrMX MeXaHM3MOB BO3GyxaeHuA
BO/IHOBO/A U BNMAHME Ha 3TOT npoLecc reopusnveckoi 06cTaHoB-
K. [InA npoBepKuM 3TOro NpeAnonoXeHa HaMU UCNOJb3yeTcsA MHO-
rono3vuUMOHHaA AMarHoCTUKa Ha ocHose TexHonoruu SDR. Uamepe-
HUA Ha KBa3UNPOZONbHbLIX M KBa3UNONEpPeYHbIX OTHOCUTENBHO CUIO-
BOV JIMHWUM MarHUTHOTO MonA 3eM/M Tpaccax, a TakXKe B OTNM4alo-
wmxcA reopMsMHECcKUX YCNOBUAX MNOKa3asiu CYLIECTBEHHYIO pa3Hu-
Uy B BapMauMAX MHAEKCa MepuaHui S; U MHTEHCMBHOCTU paccesH-
Ho# BonHbI. Mony4eHHbIe pesynbTaThl MOXKHO MCMONIb30BaTh B 3a/a~
Yax ONTUMM3aLMM CXEM 3aKa4KN MHGOPMaALIMOHHOTO CUTHana B MeX-
CNnoeBoi MOHOCKEPHDIV BOJTHOBOA,.
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BBenenue

W3zBecteH psiji paboT, MOCBSILIEHHBIX U3YUYEHHIO CBOMCTB Mar-
HUTOOPUEHTUPOBAHHBIX HeogHopoaHocteil [19, 23, 20], B Tom
YHUCJIe UCKYCCTBEHHBIX [2, 3, 18, 22 25, 26, 28]. UuTepec k aTOMYy
BUIy HEOAHOPOIHOCTEH 0OYCIIOBICH BO3MOXKHOCTBIO MCIOJB30-
BaHMS MX TIPH PEIICHNH PsAA MTPUKIIAIHBIX 3314, HAllPHMeED, BO3-
OyKIIEHIH MEKCIOCBOT0 MOHOC(EPHOTO BOIHOBOJA B TEIECKOM-
MYHHKAaIIMOHHBIX cucteMax [27]. Hambonee n3BeCTHRIME B 3TOU
00J1acT! NCCIeJOBAaHNH SBISAIOTCS paOOTHI, BBINOIHEHHBIE CTICIIH-
anucTaMu XapbKOBCKOTO PaJin0aCTPOHOMHUYECKOTO MHCTUTYTA U
1X 3apyOekHBIMHU KoJuteramu [3, 4, 21, 24, 27, 28].

B nyGuukanuu [28] coobuiaercs 0 HaOJIIOICHUN HArPEBHOM
BousiHbl cteHaa EISCAT na tepputopun Poccun, Ykpaunsl u An-
TapKTUABI. )IenaeTc;I BBIBOJ] O JIBYX BO3MOXXHBIX MOJIaX pacrpo-
cTpaHeHHs: OOBIYHOH MHOTOCKaYKOBOH, (hopMupyemoit 0Ooko-
BBIMH JICTIECTKaMH aHTEHHOW PEIIeTKN HarpeBHOT'O CTEH/Ia M pac-
CEeSITHHOW Ha HCKYCCTBEHHBIX HEOJHOPOJHOCTSIX, COPMHUPOBAH-
HBIX HAarPEBHBIM CTCHIOM.

B pabore [3] aBTOpaMu paccunTaHbl HAIPABICHUS U TIOTIEped-
HUKH PaKypCHOTO PACCEsHUsI IeKaMeTPOBBIX PAJANOBOJIH HA CITy-
YaWHBIX MAarHUTOOPHEHTHPOBAHHBIX HEOAHOPOAHOCTSIX IIIIOC-
KOCJIONCTOM (B cpeHeM) HOHOC(hEpHI.

B nyOnmukamim [4] BBoguTes TepMuH “adpdexT camopacces-
HUsI”, KOTOPBIH OblT OOHAPY)KEH B HKCIIEPUMEHTAX M0 HAOJII0Ie-
Huto wm3nydenuss HarpeBHoro creHna EISCAT B Tpex 3Haum-
TEJILHO Pa3HECEHHBIX B MPOCTpaHCTBe MyHKTax. O0bsicHeHne (-
(exTa OazupyeTcs Ha MEXaHU3ME PaKypCHOT'O PacCcesiHUsI HarpeB-
HOU BOJIHBI HA MICKYCCTBEHHBIX MAarHUTOOPHEHTUPOBAHHBIX HEO/I-
HOPOJHOCTSIX, CO3JTAaHHBIX €10 JKeE.

B pazsutne npeapiaymux padot B myoimkanuu [21] ananusu-
pyercs BiIMsiHIE nOHOC(HEpHOI pedpaKkuy Ha paccestHue CUIHa-
JIOB JIEKaMETPOBOTO JMANa30Ha Ha CIIyYalHbIX MArHUTOOPHEHTH-
POBaHHBIX HEOJHOPOIHOCTSX B BEpXHEH HOHOC(hEpE.

B paborte [24] mpencTaBieHBI HCCIEIOBAHUS UCKYCCTBEHHON
noHochepHoi TypOyJIEeHTHOCTH, 00YCIOBICHHONW KOPOTKOBOJIHO-
BBIM HarpeBoM roHocheps! crernoMm HAARP ¢ ncons3oBanmem
YaCTOT, OMM3KUX K YETBEPTOM I'apMOHMKE TMPOMArHUTHOM Ha-
crothl. JImarHoctupoBanuch cuuHTH UL GPS, uckyccTBeH-
HOE paInOn3ITyueHre HOHOC(EPHI, ITApaMETPhI CUTHAJIOB, PHHSI-
THIX Ha YKPauHCKOHN aHTapKTU4YeCcKoi craHuuu. ITocnennue nos-
BOJIMJTH TTPOBECTH aHAJIHM3 XapaKTEPUCTUK BOJIH, PACCESIHHBIX Ha
HCKYCCTBEHHOH MOHOC(HEPHOH TypOYJICHTHOCTH B MOHOC(EPHBIH
BosIHOBOJ Ha pacctosHuu 15600 xm ot HAARP. Koppemnsiuus
MEXXIy JTaHHBIMH OT Pa3HBIX JIETEKTOPOB IIOKAa3bIBACT, UTO pacce-
SIHHBIC BOJIHBI JOCTHTAIOT AHTApPKTH/1y MO BOJIHOBOJLY B/IOJIb TEp-
MHHATOpa 3eMJIM, ¥ YTO OHH OBLIM BBEACHBI B BOJIHOBOJI 3@ CUET
paccesiHusl Ha MICKYCCTBEHHBIX HeoHOopoaHocTsX Haax HAARP, a
HE MyTEeM MPSIMON MHXEKIINH H3TyIeHHUs] OOKOBBIX JICTIECTKOB aH-
TEHHBI HArPEBHOTO CTEH/A.

B nyGnukaruun [27] 060011atoTest pe3ysbTaThl SKCIepHMeH-
TOB II0 pealn3alid HOBOTO METOJa CO3JaHUs IJI00aJIbHBIX pa-
ZlI/IOJ'lI/IHI/Iﬁ C HUCIIOJIb30BAHWEM PA3JIMYHBIX HArp€BHLIX CTCHI0B
EISCAT (Hopgserusi), HAARP (Aunsicka) u Apecudo (ITyapro-
Puxo).

W3 npuBeneHHBIX MyONIMKaUMH CIEAyeT, 4TO BO30YKIeHHE
MEKCIIOEBOTO HOHOC(EPHOTO BOJTHOBO/Ia BO3MOXKHO 32 CUET pac-
CesIHMSI Ha MCKYCCTBEHHBIX HEOJHOPOAHOCTSIX HOHOC(hephl. [Ipu
OTIMCAaHUH MEXaHN3Ma PACCESTHUS HarpEBHOM BOJIHBI HA MAarHUTO-
OpPHEHTHPOBAHHBIX HEOJHOPOJHOCTSIX HCIIONB3yeTCs MOIXO/,
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Oazupyromuiicst Ha paKypcHOM paccestHui. [TockonbKy KoHpUry-
panusi MarHMTHOTO TOJIsL 3eMiM, o KpaiHed mepe, B Iakone
(HAARP, Asnsicka) u Tpomce (EISCAT, Tpomce) He mo3BoIsIeT
o0ecreunTh He0OXOJMMYIO OPUEHTAINIO KOHYCa PACCESHUS H CO-
OTBETCTBEHHO TPeOyeMBIil yTOJ 3aXBaTa pacceMBaeMOil YHEPTUN
B BOJIHOBO/I, aBTOPBI ITPEAJIAratoT yUUThIBATh Pe(hpPaKINIO KaK CO-
My TCTBYIONTHH (haKTOpP, HUBEIUPYIOMINHN 3Ty MPoodIeMy.

Bwmecte ¢ TEM, IIPU ONPCACTICHHBIX YCIOBHUAX BO3MOKHA pea-
JU3allvsl U IPYroro MexaHu3Ma paccesHus, pe3oHancHoro [15].
Kpome Toro, nenecoodpazHo paccMOTpETb MEXaHU3M BO30YKe-
HUSI MOHOC(EPHOTO BOJHOBOJAA, OOYCIOBICHHBIN crieruduKon
MarHMUTOOPUEHTHPOBAHHBIX HEOJAHOPOAHOCTEH, KOTOPhIE MOKHO
paccmarpuBath Kak nepeusnydarenu [13]. Torma mposiBneHue
TOTO WJIM WHOTO MEXaHM3Ma BO30Y’KIEHHS BOJHOBOJA, a BO3-
MOYXHO ¥ OZTHOBPEMEHHAs NX PEaTM3aLHsl, OTIPEIEIISIeTCs TOIOIO-
rHell MarHNTOOPHEHTHPOBAHHBIX HEOJHOPOAHOCTEH M MX IOJIO-
JKEHHEM B BOJIHOBOJIE.

[Ipu Bceif 3HAUMMOCTH TOTYYCHHBIX B padoTax [3, 4, 21, 24,
27, 28] pe3ynbTaroB, BIMSHHIO (DOHOBBIX HEOJHOPOAHOCTEH
MoHOC(EPHI, Ha HAII B3I, JOJPKHOTO BHUMAHUS HE YAEIACTCS.
ITo Hammm HaOIIOAEHUSAM, OHU UTPAIOT CYIIIECTBEHHYIO poib [15,
16]. MoXHO 0XHJaTh, YTO CBOICTBA BO30YKIAIOIIETO BOJIHOBO/
TOJIsI, B YaCTHOCTH YPOBEHb €r0 3aMHUPaHUii, Oy/IeT 3aBUCETh KaK
OT mapaMeTpoB HaI’peBHOﬁ BOJIHBI U UCKYCCTBECHHBIX HCOJHOPOI-
HOCTEH, TaK M OT WHTEHCHBHOCTH ()OHOBBIX HEOJHOPOAHOCTEU
noHocdepsl. Bo3dyxaeHne MeKcioeBoro HOHOC(hepHOro BOJIHO-
BOJIa B IMTHPYEMBIX paboTax mpecieyeT eilb OpraHu3aliu Te-
JIEKOMMYHHKAI[MOHHOTO KaHala, [MOMEXOYCTOWYHBOCTh U TIPO-
MyCKHasi CIIOCOOHOCTh KOTOPOTO 3aBHCUT KaK OT BEJIMYMHBI UH-
JieKca Meplianuii Sy, Tak U oTHOIIEHHs curHan/myM. ITocnennee
OTHOIIEHHE CYIIECTBEHHO 3aBUCHT OT 3(P(EKTUBHOCTH 3aKaUKU
WHPOPMAIIMOHHOTO CUTHAJIA B HOHOC(EPHBIN BOTHOBO/I.

B paccMOTpeHHBIX KCIIEpUMEHTaxX B KauecTBE MH(OpMAIy-
OHHOTO MEepeJaTdynKa IMPEroaracTcsl MCHOIb30BaTh OAHY U3
CEeKITMI HarpeBHOTO CTeHa. Bo3MoxHa u Apyrast cxema Bo30yxK-
JIeHUs1, Kor1a MH(QOpMalMOHHBIH TepeaaTInK pactoioKeH Ha He-
KOTOPOM YZaJIeHHH OT HarpeBHOro creHya. B atom ciydae Oyner
OTJIIMYHBIA OT PACCMOTPEHHOT'0 B paboOTax XapakTep pacipocTpa-
HeHUsl, HalpuMep KBasuronepeyHslid. Ciie0BaTenbHo, SBISETCS
aKTyaJIbHOM 3a7a4a UccieJOBaHus BapHalliii MHeKca MepIaHui
S4 ¥ IHTEHCUBHOCTH PACCESIHUSI HA ICKYCCTBEHHBIX MarHUTOOPH-
SHTHUPOBAHHBIX HEOJHOPOJHOCTSIX HOHOC(HEPHI B PA3IMUHBIX pe-
JKUMax pabOTHI HATPEBHOTO CTEHA U COCTOSHUS HOHOC(EPHI.

MaTepnam)l U METO/JIbI aHAJ/IU3a FeO(l)PI:{H‘leCKOﬁ 00CTAaHOBKH

B xoze hopmupoBanusi 101x0/1a, MO3BOJISIOLIETO, IT0 BO3MOXK-
HOCTH, y4ecTb (PaKTOpBI, ONpPEACISIONINEe MOBEJCHUE HHJEKCa
MEepIaHui, HMCIOJIb30BAJINCH JOCTYIIHBIC MyOJIMKAMU MO JIaH-
HOMY HaIlpaBJICHHIO UCCIIECJOBAaHHH.

HaunOonee momHO pe3ynbTaTthl, MMOJIE3HBIE JJISI PEHICHUs IO-
CTaBJICHHON HAMU 3ajjauyl NpescTaBlIeHsb! B pazaene 3.4. HAARP
Signals Detected at UAS [24]. [Ipu mpoBeIeHUN STHX KCIIEPH-
meHTOB HAa HAARP mpuMeHsnmics HarpeBHBIE YacTOTH 5,67-5,94
MI'n ¢ marom 30 kI

B kauecTBe aHanora curHajga HCIIOJIb30Balach KOMIIOHEHTA
MCKYCCTBEHHOTO pajiron3nydenus noHocdepst DM (down shifted
maximum). Ha cranmmn mMenu akagemnka Bepraackoro (AH-
TapKTHUJIA) TPOM3BOAMIACH 3aNIMCh CUTHAJIA M OI[CHKA [TapaMeTPOB
MMpUCyUX TCJICKOMMYHUKAIIMOHHBIM TCXHOJIOTUAM, 4 UMCHHO!




SJIEKTPOHUKA. PAODNOTEXHMKA

1. IHTEeHCHBHOCTh CUTHAaA.

2. OTHOIIICHNE CUTHAJ/IITYM.

3. lupwuHa criekTpa Ha YPOBHE MTOJIOBUHHOW MOIITHOCTH.

4. Nanexc mepuanuii S4.

N3BecTHO, UTO MHAEKC MepIIaHuii onpesensercs kak (Pexo-
mengamust MCO-R P. 531-12)

_ [m-e
4= e

rzie | — MHTeHCUBHOCTH CHTHAJIA, & S — CpejiHee Mo aHCcaMOITio.

B ananusupyeMsIx sKCIEpUMEHTaX UCIOIb30BAIACh TEXHOIIO-
rusl BO3ACUCTBHS Ha TApMOHMKAaX TMPOMArHUTHOW 4acToOThl. W3-
BECTHO, YTO THPOMAarHUTHAas 9aCTOTa ONPEAEIIETCS, KaK

0, =2
rje e, m — 3apsi U Macca MIEKTPOHa, B — MarHnTHast MHyKIUs
nosist 3eMiii, Kotopas siBisieTcsi (pyHKIMEH TeOMarHUTHOW INH-
POTHI ¥ BBICOTHI. B myGnukarmu [5] nokasana BO3MOXHOCT OIpe-
JIeJIeHUs] THPOMArHUTHON Y4acTOThI, Kak

wy = 21f, (°/)3/1 + 3(sin9)?

IJie I'y — paauyc 3eMiIy, I' — pacCTOSHUE OT LIEHTpa 3eMJIH JI0 pac-
CMaTpPUBACMOM TOYKH, J — I€OMarHUTHAs IMUPOTA ITOW TOYKH,
f; = 0,8 MI'u. OHAKO TOYHOCTH OMPECICHUS Wy € UCIOJB30-
BaHUECM TAKOTO ITOJXO/a HEBEJIHKA, MIO3TOMY IS OIpEICICHUS
BBICOT, COOTBETCTBYIONIMX 3HAYCHHUSM YaCTOThI HArpEBHOU
BOJIHBI, HCIIOJIB30BAIM MOJIeIb MarHuTHOTO 1ot 3emun IGRF-13
(http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index.html).

B pabore [3] cpaBeamiBO OTMEUYEHO, YTO B OTJIMYHE OT Ia/1a-
forIeit Ha moHoc(epy BOIHEL, TPACKTOPHUU PacCEeSHHBIX Ha MarHH-
TOOPHUEHTHPOBAHHBIX HEOTHOPOAHOCTSAX BOJH HAYMHAIOTCS HE Ha
HIDKHEH rpaHuiie HoHoc(epHOro clios, a B Touke paccesiuus. Crie-
JIOBATEJIbHO, 11EIeCO00pa3HO OMPEIENIUTh OJIOKEHHE PaccenBa-
Io1Iei 001acTy B BOJHOBO/E. B x0/1€ aKcriepuMenTa 4yactora Me-
HsJIach B mpezenax 5,67-5,94 MI'1, uTo 9KBUBAJIEHTHO MepeMe-
MICHUIO 00JIACTH BO3JCHCTBHS MO BEPTHKAJIM, B JJAHHOM Clly4ae
CBEpXY BHU3.

U3 nonocdepHBIX JaHHBIX B padoTe [24] UCTIONB3YIOTCS BEIH-
YHHBI KPUTHYECKUX YaCTOT M MAKCHMATbHON BBICOTHI ctost F2, cBe-
JICHUST O HAJMYUH CHOPAIMIECKOTO CIIOS U €ro KPUTHYECKON da-
CTOTBHI, W aHAM3UPYIOTCS OHHU MMPUMEHUTEIHHO K dPPEKTUBHOCTH
MouduKaIyu HOHOC(hEpHI.

B pabote [4] mpenmomnaraercsi, 9TO BOJHOBOJ (OPMHPYETCS
MEXy BEICOTAMH MaKCHMYMOB AJICKTPOHHOH KOHIICHTPAIIUH 00-
nacrteii E u F nonocepsr. OmHaKo B TCUCHHE BCETO BPEMEHH JKC-
nepumenta 6 umions 2014 roma Ha  HMOHOrpammax
(https://lgdc.uml.edu/common/DIDBDayStationStatistic?ursiCode
=GA762&year=2014&month=6&day=06) mpuCyTCTBYET CIIOpa -
yeckuii cioit Es , KOTOpbIi, Kak H3BECTHO, OTIIMYAETCS MaJIOH MO-
JYTOJIIMHON ¥ OOJBLIMM TPAJUEHTOM AJIEKTPOHHON KOHIIEHTpA-
[IUH, ¥ YYUTHIBATH €TO BIUSHUE TOJIHKO KaK MPUYHHY JOMOTHH-
TEJILHBIX TI0TEPb, HABEPHOE, Oy/IeT HEKOPPEKTHO, ITOCKOJIBKY OH
MOXET BBICTYIAaTh B KAYeCTBE OJIHON M3 CTEHOK BOJIHOBOJA. [1o-
JTOMY, HACXOMS u3 HOHOTPaMM c caifra
(https://giro.uml.edu/didbase/) Hapsmy ¢ Bemmumaamu hmF2, hmE
HaMH UCTIONIBE3YIOTCS CBeIeHHs 0 Bapuanmax hEs Bo Bpems skcre-
pumenTa. Ecnu 0o0BbeIUHHUTH TOMYYCHHBIC CBEICHUS HA OJHOM
rpaduke, ¥ MOKa3aTh HOHOTPAMMY CHATYIO B CEpeIMHE Harpes-
HOTO ITMKJIA, TO TIOJIYYUM CIIeIYIOIUi pe3ynbTat (puc. 1).
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Puc. 1. CBoaHble faHHbIE [0 AKcTIepuMeHTy 6 utoHs 2014 roga

Ha pucynke cumBosiom hg 0003HaueHa BbICOTa TUPOMArHHUT-
HOTO PEe30HAHCa [yl COOTBETCTBYIONIEH yacToThl. BunHo, 4TO BO
BpeMsi OJKCIEpUMEHTa 00JIacTh BO3JCHUCTBHS IepeMelaach
CBEpXY BHU3, IIPU 3TOM BeJIMYMHA MHJCKCAa MepLaHuil S4 meHs-
nack B ipeaenax 0,35-0,575. OnqHo3HauHbBIX BBIBOJOB O IPUYMHAX
TAKOro M3MEHEeHHus S4 cienarh Hellb3sl, MMOCKOJIBKY B KadecTBE
NpoOHOTO CHTHANa HCIIOJIb30Balach KoMmoHeHTa DM wmckyc-
CTBEHHOT'O PaANON3ITyYEeHHs HOHOC(EPHI, TOBEICHHE KOTOPOH 3a-
BHCHUT OT Ie0(hU3NIeCcKOil 0OCTAHOBKH U MTapaMETPOB HATPEBHOM
BOJTHBI.

Tax, B ananu3upyemoit paboTe MPUBOASITCS BapHUAIli HHTCH-
CHUBHOCTH KOMITOHEHTbI DM perucTpupoBaBIINXCs HA yAAICHUN
15 kM (1aboparopust Naval Research Laboratory) ot mecra Bo3-
JieiicTBYs Ha HFOHOC(Epy, B KOTOPBIX MPOCISIKUBACTCS MAKCUMYM
MHTEHCHUBHOCTH Ha BBIcOTax 168-186 kM u e€ cHWXKeHHE MpH
YMEHBIICHHH (YBEITMYEHUH) BHICOTEHI.

[Nockonbky mpuBoaMMEIE B paboTe [24] 3HaueHust S4 omnpe/ie-
JISUTUCH Ha Tpacce MpoTsbKeHHOCThIo Oostee 15000 kuiomeTpos,
TIPY TAaKOW MOCTAHOBKE 3KCIICPUMEHTAIBHBIX UCCIE0BaHNI HET
BO3MOXKHOCTH OTIPEJEIUTh BKJIAJ B BEIUUUHY S4 PAacCEsHUS Ha
HEOJHOPOAHOCTSIX MOHOC(EPHl M 3aMHUpaHuil, 00YCIOBICHHBIX
pacmpocTpaHeHHEM Ha MPOTsDKEHHOH Tpacce. [loaTomy Ha 3TOM
gTamne Oy/leM CUUTaTh, YTO BEPOSITHEE BCEro Bapualuu Si 00y-
CJIOBJICHBI, B TOM YHCJIC, MOAM(DUKAIINCH PACCCHBAIONINX CBOMCTB
o0acTy BO3/ICHCTBUS, KaK CJEICTBUE M3MEHEHHUS BBICOTHI BO3-
JIefCTBUS.
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Ecmu ncxonuTs U3 M3JI0KEHHOTO B paboTax, Hanpumep [4], To
paccesHre 0OyCIOBIICHO IMPEUMYIIECTBEHHO WCKYCCTBEHHBIMHU
MarHATOOPHUEHTHPOBAHHBIMU HEOTHOPOJHOCTSMH, KaK €CH OBl
(hOHOBBIX HEOITHOPOIHOCTEH He cyliecTBoBaio. OqHAKO, HAMPH-
Mep, B pabote [9] oTMeuaeTcsi, 9TO HAIMIUE €CTECTBEHHBIX MEll-
KOMacITaOHBIX HEOJHOPOIHOCTEH B 00JIACTH BO3/AICHCTBHS MOIII-
HBIM KOPOTKOBOJIHOBBIM DPaJMOM3Iy4YeHHEeM Ha HOHOC(hepy Mo-
KET CYHICCTBCHHO YJIYYHIUTDH BO36y)KI[eHI/Ie HNCKYCCTBCHHBIX HC-
OJIHOPOAHOCTEH, yCKOpsAs UX pPa3BUTHE U YBEIUYMBAsL YPOBEHb
paccesHHOTO Ha HUX paguoCHrHaia. B CBs3u ¢ 3TUMH 00CTOsI-
TENBCTBAMH BO3HHKAEeT HEOOXOIMMOCTH OICHHUTH BapHAlUU S,
00yCTIOBIICHHBIC paccessHUEM B O0JIACTH aKTUBHOTO BO3JCHCTBUS
Ha WOHOC(Epy W TOKa3aTh POJb (OHOBEIX HEOTHOPOIHOCTEH B
rporecce Bo30yKIeHU HOHOC(EPHOTO BOITHOBOIA.

Jst onpesiesieHnst CBOMCTB BO3MOKHBIX MEXaHU3MOB paccesi-
HUS HarPEBHOH BOJIHBI B/IOJIb U MTOTIEPEK MAarHUTHOTO TIOJIS 3eMITH
TIPEINOI0KIM, YTO B 00JIACTH aKTHBHOTO BO3/ICHCTBHSA HMEIOTCS
NpEUMYHICCTBCHHO MArHuTOOPUECHTUPOBAHHBIC HCOJHOPOAHO-
ctu. Toraa Jyis citydast IpOIOJLHOTO PACCESIHHUS MOXKHO HUCIIOJb-
30BaTh [MOKa3aHHBIN B padoTe [4] MOAXO I ONpeacacHus -
(hextuBHOTO MU HEPEHIINATEHOTO TIONICPEYHUKA PACCESTHHS

Q(zs) = P(zs)

rac

kg

2C2(zo)[1 + K (z)12] 2

K3(z) =k3 [sinzegs) + sin20, + (sin6$” cos® —
Y .
sin@,cosp®)? % — 25in8sinBycos (@O — (p(s)]
0z

2(5 )02 (z.) = BN ES)
Cs(Zs) GS(ZS)_ ©*N2(z5)

P = 1[1 + (FO@ROG) /i)

0, — yroJ najieHus BOJHbI HA HU)KHIOIO TPAHUILY HOHOC(EPBI, Ggs)
@® @W— yrp1, onpenensroniie OPUEHTAIHIO BOTHOBBIX BEKTO-
POB paccessHHOTO (MHIEKC S) M MaJaroliero (MHICKC i) moJiei B
TOYKE PACCESHHSA Zg, W, — INIA3MEHHAsA 9aCTOTa; W — 9acToTa Ia-

Jaromeit snekTpoMarsuTHoH Bomer KO (z), KV (zy), k (z¢) —
BOJIHOBBIE BEKTOPHI PacCesHHOM, Majaroieil Ha HEOTHOPOIHOCTh
1 OCHOBaHKe HoHochepbl BoJH; 0% (Zs) — aucnepeus GuykTyarmii
IJIEKTPOHHON KOHLEHTpaun 0g; Ng(Zs) — peryJsipHbIil BBICOT-
HBII TIpO(MITB NEKTPOHHOM KoHIEeHTpauuy; 3 < p < 4; K, — mo-
nepeyHass (OTHOCHUTEIBHO HAlPaBJICHUS T€OMArHUTHOTO IOJIS)
COCTaBJISIFOIIAsE BEKTOPA PACCESTHUS K L 1 — TOTIepeyHbIA pa3mep
MOHOC(EPHOIT HEOHOPOIHOCTH.
W3 ananm3za npuBeeHHbBIX (GOPMYIT MOKHO C/IeIaTh BEIBOJ 00 OT-
CYTCTBUH NPU3HAKOB PE30OHAHCHBIX SIBJICHHUI B CIIy4ae MPOJI0JIb-
HOTO paccesiHusl. YUUTHIBAsI, YTO MPOJIOIBHBIE Pa3Mephl €ANHIY-
HOW HEOIHOPO/IHOCTH MEHBIIIE JJIMHBI BOJIHBI, /ISl OLICHKU CBSI3H
WHTEHCHBHOCTEH MMa/IaloIlei U pacCestHHOH KOMIOHEHTHI MOXKHO
HCTIOIH30BATh TIOYYEeHHOE B padoTe [ 1] BeIpakeHme

s 1

I, A*

rae [, — MHTeHCUBHOCTH Majaroieil BONHbI; | — HHTEHCHBHOCTH
paccestHHOM BOJIHBI; A — JuTiHA BOJIHBL. ClieI0oBaTeNIbHO, B ATOM
Clly4yae CTElEeHb KOpPPEJIUPOBAHHOCTH BapualUi NaJarolleld U
paccestHHOM J0JDKHA OBITh 3HAYUTEITLHOM.

Jliist cydast onepevHoro paccesiHusl MexaHu3m (HopMHUpOBa-
HUS Pe3yJIbTUPYIONIETO OISl MHOM (ero onucaHue MOYKHO HailTu
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B padotax [13, 15]). B aTom ciryuae HEOOXO MO YUNTHIBATH Ba-
pHALMK HAINPaBJICHHBIX CBOMCTB €IMHUYHON HEOIHOPOIHOCTH
F,(0) M KOMIEKTUBHOE MEPEU3ITyYEHUE CUCTEMBI HEOIHOPOIHO-
creii Fy(0). PesynbTupyroniyto HHTEHCHBHOCTD MOJIS TIEPEU3ITY-
YEHHOTO 00JIACThI0 MArHUTOOPHEHTHPOBAHHBIX HEOIHOPOIHO-
CTEH B 3TOM CITydae MOXHO ONPECIUTh KaKk

F(6) = F,(6) * F,(6) .

Ecmm paccmaTtpuBaTh MarHHTOOPHWEHTHPOBAHHYIO HEOIIHO-
POIHOCTH, KaK AIIEMEHTAPHBIA W3IydaTelb TO IS OMpeeTICHHS
paccesHHOTO Ha TOHKOM MPOBOJHHMKE MOJS HEOOXOAWMO 3HATh
pacripenielieHue Toka B HEM, MOPOKJIECHHOE Ma/alolieil BOJIHOM.
Hampumep, B [10] nmst onpeneneHus: pacnpeaeneHus Toka B Ipo-
BOJIC, OPUEHTHPOBAHHOM BJIOJIb OCH Z HCIIOJIb3YCTCS BRIPAKCHIE

1(z) = Ip{[coskz cos(klcosB) — coskl cos(kzcos0)] +
Alsinkz sin(klcos0) — sinkl sin(kzcos8)]}

rae I, -Tox B Hayane MpPOBOMHMKA, | — [UIMHA MPOBOIHUKA,

2T o
k= ~ — BOJIHOBOE YHCIIO; 0 — yroi, OTCYMTHIBAEMBIN OT OCH Z.
Ecmu nmpunsate 6 = 0, To pacnpeneneHre Toka BIOJb MPOBOAA
MPUMET BHT

1(z) = Ip{[coskz — coskl ]},

4TO XapaKTepHO I paclpeeseHus Toka B Bubparope. J{is Buod-
paropa IuarpamMMa HarpasJIeHHOCTH B TOPU30HTAJIbHOM IIOCKO-
CTH, B HAIlleM Clly4yae IUIOCKOCTH MapauIeIbHOW CHIJIOBBIM JIH-
HUSIM MarHATHOTO NOJISE 3eMITH, MOXKET OBITh OIpe/ieIeHa, KaK

cos(klsin®)—coskl
cos6

F(0) =

3amMeTHM, 4TO MOJOOHBIH MOAX0A HalleN IPUMEHEHHE B 0CO-
0OM KJlacce aHTEHH, Ha3bIBAEMbIX TIIA3MEHHBIMH, KOTOPBIE OTJIH-
YalOTCsl OT OOBIYHBIX BUOPATOPHBIX aHTEHH TEM, YTO METaJTHYe-
CKUH TPOBOJHMK 3aMEHSETCS MJIasMONH B AMANEKTPUUYECKON
TpyOKe [6, 8, 12, 17].

B paborte [15] mist OLeHKH CBOMCTB KOJUICKTHBHOTO TIEPEU3-
JIy4eHHsI MarHUTOOPUEHTUPOBAHHBIX HEOIHOPOAHOCTEH HCTIOIb-
30BaJIOCh BBIPAKCHHE, XapaKTEPHOE IJIsI CHH(]A3HBIX PEIIETOK.
[TockonbKY 3TH HEOJHOPOJHOCTH PACIION0KEHBI B IPOCTPAHCTBE
CilygaiHBIM 00pa3oM, KOppeKTHee OyIeT NCIIONIb30BATh BBIpaXke-
HHE JUIs JUarpaMMbl HalPaBICHHOCTH, (OPMUPYEMON CHCTEMOU
n3IyvaTenel, Bo30yKIaeMbIX HEPaBHOMEPHO ¢ (ha3oBBIM HalOe-
TOM, KOTOpast MOKeT OBITh OmpezeneHa Kak [7]

sin(O.Snkd(sin9+n—):i))

nsin(o.skd(sin9+n—}:i))

Fp(0) =

o 2T
rJie N — YUCIIO U3ydaTesei, A — [UinHa BOJIHBL, K = ~ — BOJTHOBOE

yucnno, d- paccTosiHHe MEXIy HEOAHOPOAHOCTSIMH, O — yron
HaOmonenus. [lpennonoxum, 9to N U A GpUKCUPOBAaHHBIE BEIH-
YHHBI, TOTJa AXarpaMMa H3Iy4eHHs ONpPEAEIsIeTCss OTHOIEHHEM
PACCTOSIHUS MEXly HEOJHOPOJHOCTAMH K JJIMHE BOJIHBI U JUIA 110-
NIEPEYHOT0 HANpPABJICHUS OYEBUJIECH PE3OHAHCHBII MEXAHHU3M IIe-
pEeU3ITydeHHUS.

Hanuuune B 3TOM MexaHHU3ME CIydalHbIX pa3MepOB HEOAHOPO/I-
HOCTEH U PACCTOSIHUM MEKIYy HUMU, a TAK)KE PE3OHAHCHBIX SIBJIC-
HUI MO3BOJISIET MPENNOTI0KHUT, YTO CTENEHb KOPPETUPOBAHHO-
CTH MEXIY MOIIHOCThIO HarpeBHON BOJHBI U MHTEHCHBHOCTBIO
paccestTHHOW KOMITOHEHTHI Oy/IeT MEHbIIIe, YeM B CITydae IMpOo0IIb-
HOTO PACCESTHHUS.
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IIpu ompeneneHuun reHesuca BapualMi MHIEKCA MEpLAHUI
BHAYaJIC ONpeICIM Hauboiee BEPOSTHBIN clieHapuil uX HopMHU-
poBanusi. Kak mpaBmiio, TAKOBBIMHU MPUHATO CYUTATh WHTEPQE-
PCHIIMOHHBIN U TIOJSIPU3AIIMOHHBIN MeXaHU3MbL. B aHamusupye-
MBIX SKCIICPUMEHTAX HCIIONIB3YETCS CEJICKTHBHOEC TIOJISIPU3AIHOH-
HOE BO30YKJICHHUEC MAarHUTOMOHHBIX KOMIIOHEHT BOJTHAMH KPYyTO-
BOM mosipu3ayy (M3Ty9ICHHUE MPOM3BOIUTCS B MarHUTHBINA 3¢-
HUT).

Hamu mokazano [16], 9TO B yCIOBHAX CIIOKOWHOTO MAarHHT-
HOTO TTOJIS1 3eMJIH CEJICKTHBHOE TIOJISIPU3AIIIOHHOE BO30YKICHIE
peanusyercss B IMONHOM Mepe. [lapameTpbl MarHUTHOIO IOJIS
3eMiIH TIpUBEIEM TMO3KE, a 37eCh 3aMETUM, YTO B TeYCHUH 23-25
utoHs 2020 roma MarHUTHOE 1MoJie 3eMiin ObLIO CrIOKOiHBIM. [o-
CKOJIbKY B DKCIEPUMEHTAX MCIOJB3YETCs U3IYyYCHUE KPYTrOBOil
NoJjiapusalv, HET MPUIHH IJIA TOJIAPHU3AIIMOHHBIX 3aMHpaHHﬁ B
myHKTe npreMa. CleIoBaTeIbHO, HanOoJIee BEPOSTHBIM SIBJISICTCS
UHTEePPEPEHITMOHHBII MEXaHU3M ()OPMHUPOBAHUS 3aMUPAHHA.

B Beipaxenun 11s Fj,(8) npucyrersytor Benmuunnbt d — pac-

CTOSTHHE MEKIY HECOTHOPOAHOCTSIMU M N — KOJIMYIECTBO HEOIHO-
POZHOCTEI, IPH 3TOM A BeJIMYKMHA B HAIIeM cliydae pUKCUPOBaH-
Hast. PaccTostHuSI MEXTy HEOAHOPOAHOCTSIMH SIBIISIFOTCS CITydaii-
HBIMH BEITMYMHAMHY, JTHHAMHKA M3MEHEHHUSI KOTOPBIX ONpEeis-
€TCSl CKOPOCTBIO MepeMeIleHusl HeoaHopoaHocTel. KonnuecTBo
HEO/IHOPOAHOCTEH, HAXOAALIMXCSA B 00J1ACTH aKTHUBHOTO BO3JEH-
CTBUSI, B OIPECICHHOM CTENEHU TOXKE 3aBUCUT OT CKOpPOCTEH
BXOASIINX U BBIXOJSIINX U3 HEE HEOJHOPOIHOCTEH.

Takum 00pazoM, HanboJiee BEPOSITHOW NMPUUUHON BapHalui
PE3yIBTUPYIOLIETO PACCESIHHOTO OIS SIBIIACTCS JBIKEHHE HEOI-
HOpOHOCTEH. [1pu 3TOM B OOJIBIICH CTEIICHN 3aMUPAHUS JOJKHBI
MPOSIBIIATHCS MIPU MONEPEUHOM PACCESIHUU U B MEHbIIEH CTeNeHn
B IyHKTE HAONIOJCHUS IPOJIOJIBHOTO pacCesiHUsl HarpeBHOU
BOJTHBI.

[Tpeamnonoxnm, 94TO 00JIACTE AKTHBHOTO BO3ACHCTBHUS TIpe-
HMMYIIECTBEHHO 3aIll0JIHEHA MCKYCCTBEHHBIMH MarHUTOOPHUCHTH-
POBaHHBIMH HEOIHOPOAHOCTSIMH, a (DOHOBAsI 3IEKTPOHHASI KOH-
LEHTpays HOHOC(Ephl Majna HAaCTOJIBKO, YTO MHTCHCUBHOCTH
€CTECTBEHHbIX HEOHOPOAHOCTEH Oy/IeT HE3HAUNTEIbHA 110 CPaB-
HEHHMIO C MHTEHCHBHOCTBIO HCKYCCTBEHHBIX. Torma, ucxonas u3
BBIIICIIPUBEJCHHOIO aHaJM3a CBOWCTB PACCESIHHOW BOJIHBI,
Ha0II01aeMO B IMMyHKTAX MOMEPEYHOTr0 U MPOJIOIBHOTO MEepens3-
JIy4eHHUs] OHU JIOJIKHBI UIMETh CJIeTyIOIUe IPU3HAKU

1. BennunHa wuHAEKca MepUaHMH pacCesiHHOM HarpeBHOI
BOJIHBI B ITYHKTE HAOJIIO/ICHHSI MTOTIEPEYHOro paccessHus OoJble,
YeM B ITyHKTE HAOIIOJICHUS TIPOIOJIBHOTO.

2. Koppensauus Bapuanuii S4 B IByX IMyHKTaX 3HAUUTENIbHA.

3. Koppensus MOIHOCTH HAarpeBHOM BOJHBI U HUHTEHCUBHO-
CTH pacCesHHOW KOMIOHEHTHI B IByX ITyHKTaX OTIMYAETCS, TIPH
9TOM B IIyHKTE HAOJIONEHHS IONEPEYHOTO pACCesTHUS OHa
MEHBIIIE.

B cnyuae Hannuus B MOHOC(EpE €CTECTBEHHBIX HEOJHOPOJI-
HOCTEH BENMKa BEPOSITHOCTh MACKHUPOBAHMS PACCESHUSI HA Mar-
HUTOOPHEHTUPOBAHHBIX HEOJHOPOAHOCTEH paccesHueM Ha Apy-
T'MX €CTECTBEHHBIX HEOJHOPOAHOCTAX. B pesynbpTare ykasaHHBIC
BBIIIE TIPU3HAKU OYIyT CYLIECTBEHHO TpaHchopMuposathes. [1o-
JoOHast KapTHHA MacKHPOBKH MCKYCCTBEHHBIX ITPOIIECCOB €cTe-
CTBEHHBIMH HaOJII0Ia]ach HaMH TP MCCIICAOBAHUM CEIICKTHB-
HOTO TIOJISIPU3AIIMOHHOTO BO30YXKICHUSI XapaKTEPUCTHYECKUX
BOJIH B HoHOChepe [13].

JKcnepuMeHTaIbHbIe HA0JII0/IeHUs] U 00CyK/IeHUue THIO0Te3bl

J71st mpoBepKH TOM IMIOTE3bI BOCIONIb3yeMcs MeToIoM [14],
OCHOBaHHBIM Ha UCIIOJIb30BaHUU TexHoJoruu SDR, 4To 1no3so-
JISIET OCYIIECTBUTH MHOTOTIO3UIIMOHHYIO IMarHOCTHUKY 001acTu
AKTHUBHOTO BO3JICHCTBHS Ha HOHOC(hEPY.

I[IpuemMHukn SDR HMEIOT NPUHIUNHANBHOE OTIUYUE OT
OOBIYHBIX PAJANONIPUEMHHUKOB, KaK B YaCTH pPeasIM3anny, TaK 1 J10-
cTyna K HUM. B 3TOM TEXHOJIOrMM CUTHAJ, NOCTYNAIOIUN U3 aH-
TEHHBI, TTOJIBEPraeTcsl JUCKPETU3AINH, U AalbHeHIas ero oopa-
60Tka mpoucxomuT B mudpoBoM Buze. [Ipn MeHbIIeil 4yBCcTBH-
TenbHOCTH SDR-pHEMHHMKOB, TEXHOJOTUS MO3BOJISIET YCTaHO-
BUTh OJJMHAKOBBIH KOA((UIMEHT yCUJIEHHUs NPUEMHOTO TpaKTa
HECKOJIBKUX TIPUEMHHMKOB, HAXOAALIMXCS B PA3HBIX IyHKTaX.
Ecau B3sTH JABC OJHOTHUITHBIC IPUEMHBIC AHTCHHBI U IBA OJATHOTUII-
HbIX SDR-npuemMHuKa, T0 UX MOXKHO MCIIOJIb30BaTh JUIs HAOIIO-
JIeHn# Oe3 MpeBapuTelIbHOM KalnOpPOBKH.

Be3ycoBHBIM JOCTOMHCTBOM TEXHOJIOTHH SIBJISICTCS TUCTAH-
LIMOHHBIN JOCTYII ¥ yIIpaBJeHUE TPUEMHUKOM, 3aITUCh CUTHAJa B
(dopmare “wave” ¢ OCIICAYIOIIMM ero CkaunBaHueM. 13 3amiceit
B opmMaTe “wave” ¢ UCTIONb30BaHIEM aHAIIN3aTOpa CIIEKTpPa IMo-
nydaeM HHQpOpMAIHMi0O 00 aMIDIMTYJEe W YacTOTe€ HarpeBHOMH
BouHBL Ilpm sToM pasmep ObicTporo mpeoOpazoBanus Dypbe
(FFT size) BoiOupaeTcss MaKCHMaIbHO BO3MOXKHBIM, YTO ITTO3BO-
JISIET YBEJIMYUTH CIEKTPAIbHOE paspemieHue. s MCKITIOYeHUs
BO3MOYKHOTO OTKJIOHEHHUS YacTOTHI UcToNb3yeTcs pesxkuM USB —
OJIHOTIOJIOCHAST MOYJISIIUSI BEpXHEW 00KOBO# mostockl. Jljst ipo-
BEPKHU CTa6I/IJ'[I)HOCTI/I YacCTOThI U OTCYTCTBHUA HEJIMHEHHOCTH npu-
E€MHHKOB HCIIOJIB3YIOTCSl CHUTHAJIBI TepeJaTihka TOYHOTrO Bpe-
Menn RWM, pacnonoxenHnoro B Mockse.

PacrionoxxeHue NpueMHHUKOB BBIOEPEM TAKUM 00pa3oM, YTOOBI
OHU HaXOJWJIKCH B IIpeJiesiax NpsiMOi BUIMMOCTH 00JIACTH AKTHB-
HOTO BO3IEHCTBUS Ha HOHOC(hepy M oOecleuMBaM YCIOBHSA
HaOr0IeHNs OJIM3KKE K KBAa3UIIPOAOJILHOMY THITY PaclpoCcTpaHe-
HUSI PACCEsTHHOW BOJIHBI /ISl OTHOTO MyHKTa HAOIIOICHNS U KBa-
3UIIONIEPEYHOMY JAJIsI JPYToro MyHKTa. M3 MMeromuxcs B CETH
SDR «Kiwi» mpueMHHKOB HanboJee MPUTOHBIMHE, C YIETOM HX
mapameTpoB [14], oka3zannuce pacmojoXeHHbIe B MyHKTax Umea
(ynanenue 649 kv, asumyt 171°) n Arctic (ynanenue 413 km, asu-
MyT 69°). CUTyarMoHHast CXeMa MCXO/IS U3 MATHATHOTO HAKJIOHE-
Hus B Tpomce u cpemHeit BeIcOThI Bo3neicTBUs 200 KM BBITIISIUT
KaK TIOKa3aHO Ha PUCYHKE 2.

W3 pucynka BuaHO, 4To B IyHKTe Umea peannsyercsi KBa3u-
TIOTIepeYHOe, a B ITyHKTE Arctic KBa3UIIPOI0JIbHOE pacIIpOCTpaHe-
nue. Takum obOpasom, B myHkre Umea uMeeTcss BO3MOXKHOCTb
HaOII0aTh PE30HAHCHOE TIepEen3ITyueHre HarpeBHOH BOJIHEL, a B
Arctic pakypcHoe.

Umea Arctic

Puc. 2. CuryannoHHas cxeMa OpraHu3aiuy HaOIroICHIA
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JUIsi  caMOCTOSITENIBHOTO  ITPOBEJCHUST OKCIIEPUMEHTOB Ha
HarpeBHoM cteHne EISCAT y Hac HeT BO3MOXKHOCTEH, TTOATOMY
HCII0JIb3YEM BO3MOKHOCTH APYTUX HcciaenoBateneid. Tak B me-
puox ¢ 23 mo 26 utons 2020 roxa Ha HarpeBHOM ctenae EISCAT
B paMkax IIporpammel HAy4yHOrO0 COTPYJHHYECTBA MEXIY YKpa-
nHoi u Hay4yHoil acconmareit EISCAT cnemmanucramu Xapb-
KOBCKOTO PaJH0aCTPOHOMHYECKOT'0 HHCTUTYTA TMIPOBOINIHCH UC-
CJIeIoBaHuUs IO MOJM(UKAIIMK HOHOC(HEPHI B OKPECTHOCTSIX Tpe-
Thel rapMOHUKHU TUPOMArHUTHOM 4acTOTbI
[https://portal.eiscat.se/schedule/comment.cgi?fileName=202005
263589&Start=1900&End=2130].

B X071 9KCIIeprMEHTOB, €CJIN UCXOANUTH U3 HH(OPMALIUH, Pa3-
MEIIEHHON Ha caiiTe, IITaHUPOBAIOCH CO3MaHUE MCKYCCTBCHHOW
HOHOC(EepHOH TYpOyIEeHTHOCTH U (HOPMHUpPOBAHUE HCKYCCTBCH-
HBIX HOHOCQEpHBIX cioeB. IIpeamonaranock M3Y4YHTH pPacIpo-
CTpaHEHHE KOPOTKOBOIHOBBIX CHTHAJIOB Ha OOJIBIIINE PACCTOSTHUS
IMyTEeM pacCesHUs MX Ha HMCKYyCCTBEHHOH HOHOC(epHOW TypOy-
neaTHocTH. OMHOBpPEMEHHAs! PETHCTPALUs CHUTHAIOB MPOBOIH-
nack B okpectHoctsix Tpomce, Ha Illnunbeprene, YkpauHe u
YKPauHCKOM aHTapKTUYECKOU CTaHLIMHU.

DKCIIEpUMEHTHI B JTHH, YKa3aHHbIC Ha caiite (https:/portal.eiscat.se/
schedule/comment.cgi?fileName=202005263589&Start=1900&
End=2130) npoBoannuck exenneBHo ¢ 18 g0 21 yaca MUpOBOTroO
BPEMEHM B TPH 3Tama, KaXJbli MPOJOJDKUTEIBHOCTBIO B OJMH
Jac.

1 aran. C 18 go 18.30 u ¢ 18.30 1o 19.00 MupoBoro BpeMeHI
HarpeB MPOM3BOAWIICS IIMKJIaMu | MUHYyTa Harpes, | MUHyTa ma-
y3a. YactoTta m3meHstack ot 4 1o 4,14 MI'n ¢ marom 10 k[
MOoIIHOCTh HE MEHSIACK.

2 9ran. C 19 1o 19.30 u ¢ 19.30 1o 20.00 MupoBOTro BpeMeH!
HarpeBs MPOU3BOAWICS LMKIAMU 55 CEKyHJ Majol MOILHOCTBIO,
5 cexyH may3a, | MHHyTa MOBBIIICHHON MOITHOCTHIO,] MUHYyTa
naysa. Yacrora uzmensiach ot 3,9 no 4,17 MI't ¢ marom 30 kI['11.

3 stan. C 20.00 1o 20.30 u ¢ 20.30 o 21.00 mupoBoro Bpe-
Menu. Harpes npousBonuncs Ha onHoi yactote 3,85 MI'm. B pasz-
HBIC JTHM MOJISIPU3ALHOHHAS M YHEPreTHYECcKast CXEMBbI IKCIEepH-
MEHTOB CYIIECTBEHHO OTIMYAJIHCh.

Jlyist peneHust MOCTaBICHHOW HAaMM 3aJaudl B Oouibleii cre-
MEHU TIOAXOAT AKCICPHUMEHTHI, MPOBOJUBINUECS HAa TPEThEM
JTarne, MoCKOJIbKY HarpeB NpON3BOIMICS HA (PMKCHPOBAHHOH Ya-
crote. OHAKO 3aMETHM, YTO ¥ Ha 3TOM 3Tarle TOCTAHOBKA 3KCIIe-
PUMEHTOB B TICpBBIC J1BA JHS HE B MOJHON Mepe COOTHOCHIIHCH C
HAIIAMU 3a7adamMu. Tak, 23 WIOHS B XOJIe SKCIICPUMEHTOB M3Me-
HSUTACh TIOJSIPU3AIHS N3TyIaeMON BOJHBI, C OJJHOBPEMEHHBIM H3-
MEHEHHEM MOIIHOCTH. 24 HIOHS TpH (PUKCUPOBAHHON MOJISIpU3a-
WU CITydailHBIM 00pa3oM H3MEHsIaCh MOIIHOCTh HAarpeBHOU
BOJTHBI. I TOJIBKO 25 MIOHS 9KCTIEPUMEHTHI IPOBOIUIUCH C OJTHOM
noJisipu3anuei (0ObIKHOBEHHAs BOJIHA) U U3MEHEHNEM MOIIHOCTH
MO OTpeJielieHHOMY ajroputMmy. Ilockonbky ocoboro BeiOOpa y
Hac HeT, JUIs aHaJIM3a Mbl HCIIOJIb3YEeM 3aIIMCH TPETHETro 3Tara BO
BCE TPU JIHS SKCIIEPUMEHTOB.

I'eodumsnueckast oOcTaHOBKA HA MOMEHT ITPOBEJCHUS IKCIIe-
pUMeHTa 23 MIOHS XapaKTePU3yeTCs CIIOKOWHBIM MarHUTHBIM T10-
nem 3emmn K, = 0 ++ 1 —, Dst= +6. IHTEHCHBHOCTb COJIHEY-
HOTO pPaguoM3IydeHus Ha uimHe BoiHBI 10,7 cM cocTaBisia
F10.70bs = 67,1  (https://www.gfz-potsdam.de/en/kp-index/).
Kputnueckas wacrora cinost F2= 4.2 MI'u, Fyin=2,15 MI'n1. Ya-
cToTa HarpeBHO# BosHBI cocraBimsuia 3850 kl'w, uTo cooTBeT-
CTBYET TPEThel TapMOHUKE THPOMATHUTHON YaCTOTHI JUISl BEICOTHI
376 kM.
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Orar pa30UT Ha IUKJIBI JUTUTELHOCTRIO 12 MUHYT. 23 HIOHH,
B IMKJIE MIPOUCXOIIIO M3ITydeHHE OOBIKHOBEHHOW M HEOOBIKHO-
BEHHOM BOJIH JUTUTEIEHOCTBIO 4 MUHYTHI, @ MEKITY HIMH JIBYXMH-
HYTHOE M3JIyYeHHE MEHbIIEH MOIIHOCTH, BEPOSTHEE BCETrO JIH-
HeWHoU nosisipu3anuu. V3 anropurma npoBeeHus SKCIIEpUMEHTa
CJIE/IyET, YTO Ha 3TOM 3Talle UCCIIE0BaIach CTEICHb TYPOYJIEHT-
HOCTH MOHOC(EPHOH II1a3Mbl B 3aBUCHMOCTH OT MOJISIPU3ALINH 13-
JydyaeMoil BOJIHBI. B pe3ysbraTte 00paOOTKH 3aluceid, mpou3Be-
JeHHBIX B myHKTaX Arctic 1 Umea 23 utons 2020 roja B uHTEp-
Basie 20:00 - 20:12, momy4eHsl BapUaluu S4, OKa3aHHbIE B BEPX-
Hell yacth pucyHka 3. Ha 3ToM jke pUCyHKe ITOKa3aHa HOHO-
rpamma Tpomce.
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Puc. 3. Bapuanuu nnzgexca S4 u moHocdepHas 00CTaHOBKa
B 20:00 23 urons 2020 roxa

W3 pucyHKa BUAHO, YTO XapaKTep U3MEHEHHS HH/IEKCa MepLia-
HUH S4 B myHKTaxX Arctic m Umea cymiecTBeHHO oTimdaercs. Tak
TIPY M3IY4YEHHH BOJIHBI OOBIKHOBEHHOH mosspu3aiuu co 100%
MOIIHOCTBIO B IyHKTE Arctic BEJIWUIHHA S4, IPAKTHYECKH HE H3-
MeHHIach, a B Umea OHa CyIIeCTBEeHHO TpaHC(hopMHUpoBaiach. B
WU3MECHEHHH 3aMHUPaHUi B LIEJIOM MTPOSIBISIETCS] paHEe yCTaHOBIICH-
Has 3aKOHOMEpHOCTS [ 18] — HarpeBHas BoJIHA, COTJIACOBAaHHAsI 1O
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MOJISIPU3ALUU ¢ OOBIKHOBEHHON MAarHUTOMOHHOW KOMIIOHCHTOM,
BEI3BIBACT OOJBIIYIO TYPOYICHTHOCTE. OTHAKO, TIPOSBIISETCS Ta
3aKOHOMEPHOCTH B OoubIelt crerneHn B Umea.

Kpome Toro, K03 OUIHEHTHI KOPPEISAIUN MEKIY HHTCHCHB-
HOCTHIO HAOIIOaeMOTO W3IIyYeHHs W MOIIHOCTHIO HATPEBHOM
BoTHEI cocTaBmuin B Arctic 0,9 0,7 8 Umea, 9T0 B COBOKYITHOCTH
JaeT OCHOBAHMWS MOJaraTh, YTO MEXaHW3MbI (POPMUPOBAHIS I10-
neﬁ B OTUX HyHKTaX 3HAYUTCJIIBHO OTJIUYAKOTCA. Ha I/IOHOFpaMMe
oOpaiaer Ha ceOst BHUMaHue Hamnune F-paccesiaus, KOTopoe Mo-
XKET MaCKI/IpOBaTB paCCCHHI/Ie Ha I/ICKyCCTBeHHBIX MaFHI/ITOOpI/IeH-
TUPOBAHHBIX HEOJHOPOTHOCTSIX HOHOC(HEPHI, YTO HE MO3BOJISICT B
MOJTHOW Mepe MPOSIBUTHCS MPU3HAKAM MIEPEU3ITYUICHUS XapaKTep-
HBIM JJI1 MarHUTOOPHEHTHPOBAHHBIX HEOIHOPOJHOCTEU Tepe-
YUCJIEHHBIM BBIIIIE.

24 wrons 2020 roga n3MEHUIIACh CXeMa MPOBEJICHUS dKCIIepU-
MeHTa. M3my4anachk BoJTHa OOBIKHOBEHHOMW IMOJIIPU3AINN C MOIII-
HOCTBIO KOTOpas m3MeHsutack mo cxeme 13%-100%-5%-38%-
20%-50%. I'eonznueckast 0OCTAHOBKA HA MOMEHT IPOBEACHUS
SKCIIEPUMEHTA TPAKTHUECKH HE OTINYACTCS OT MPEIBIAYIIEro
JTHS: Kp =1 —+0+; Dst= +3; F10.70bs = 66,9. Kputnueckas
gactota ciost F2=3.475 MI', Fmin=1,9 MI'tt. Ha pucynke 4 mo-
Ka3aHbl BApHALMU HHICKCA MEPLUAHUHA S4 B SKCIICPUMEHTE.
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Puc. 4. Bapuanuu uniexca S4 u nonocgepnas oocranoska B 20:00 23

urons1 2020 roga

Eentbag w. L.1.0%

W3 pucyHKa BUIHO, 4TO MHTEPBaAJ N3MEHEHUH HHAEKCA S4 IS
ITyHKTOB HAOJIOACHUI MPaKTHIECKA OAMHAKOB, HO XapaKTep W3-
MEHEHHUs CYyIIecTBeHHO otimuaercsa. Koadduimentsr xoppens-
IIUA MK Ty MHTCHCUBHOCTHIO HAOIOIaeMOT0 U3TYICHHUS 1 MOTII-
HOCTBIO HAarpeBHON BONHBI cocTaBmin B Arctic 0,99 u 0,84 B
Umea, 9TO BBIIIIE aHATIOTHYHBIX 3HAYCHUHN 32 TIPEIBIIYIIHE CTYKH.
Ha nonorpamme pa3BuToro kKak B npejplayiue cyTku, F —pacce-
SIHUS, HE HAOJII01aeTCsl, YTO BEPOSITHEE BCETO CKa3aJIoCh Ha Xapak-
Tepe N3MEHEHUI UHJEKCa MEPLI@HUI U YBEJIMYEHUU CTEIIEHU KOp-
PETMPOBAHHOCTH MEX Y MOIIIHOCThHIO HATPEBHOW BOJIHBI U UHTEH-
CHUBHOCTBIO PETUCTPUPYEMOTO H3ITyYECHUSI.

25 urons 2020 rojia mossipu3aliys HArPEeBHOM BOJIHBI TIO-TTPEK-
HEMy cOIJIacOBaHa C OOBIKHOBEHHOM MarHUTOMOHHOH KOMIIO-
HEHTHOH, OIHAKO M3MEHMJICS IIar, ¢ KOTOPBIM ITPOMCXOANIO M3~
MEHEHHSI MOIIHOCTH HarpeBHOH BOJHBI. MOITHOCTH MEHsUIAaCh MO
cxeme 100%-40%-100%-40%-100%. I'eopusmueckas obcra-
HOBKa IPAKTUYECKH HE npeTeprena usmMenenn K, = 0 ++1 —;
Dst=+2; F10.70bs = 68,9, a nonochepHas 006cTaHOBKA H3MCHH-
JIach CYIIECTBEHHO (puc. 5).
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Puc. 5. Bapnanuu nnnekca S4 u noHocepHast 00CTaHOBKA
B 20:00 25 urons 2020 roga

KpI/ITI/I‘ICCKI/IC 1 MUHUMAJIbHBIC YAaCTOTHL B 9TOT IIPOMCIKYTOK
BPEMCHH HC ONPCACIIAINCH. MoxHo MpeaArnoJI0XKUTh, YTO B 9TOM
CJIydac pacCesiHue Hal"peBHOfI BOJIHBI Hpeo6naz[alome IPpOUCX0-
JHIIO Ha HCKYCCTBEHHBIX MarHuTOOPUEHTUPOBAHHBIX

T-Comm Tom 17. #5-2023




HEOTHOPOIHOCTIX MOHOC(hEphl M Takas reopmusndeckas odcra-
HOBKA IT03BOJIMJIA B OOJIbIICH CTENCHH MPOSBUTHCS OCOOCHHO-
CTIAM paCCCHHI/Iﬂ Ha MaFHI/ITOOpI/IeHTI/IpOBaHHBIX HeOllHOpO}IHO-
cTsx. B yactHOCTH, KO PUIIMEHT KOPPEISIIMU MEXK/Ty HHTCHCHB-
HOCTHIO HAOJFOIAaCMOTO H3JIyYCHHsS] U MOIIHOCTHIO HArpPEBHOM
BosiHbl B Umea ymenbimuics 10 0,63, a B Arctic YBETHYHICS 110
0,997, 94TO COOTBETCTBYET C/I€IaHHOMY HaMU MPEANOJIOKEHHUIO O
BIUSTHAY MEXaHHU3Ma MIEPEU3ITyICHUS Ha CTEIICHb KOPPEIUPOBAH-
HOCTH 3THX MTApaMETPOB.

ITockOTBKY MBI TIPEIIONIOKIIH, YTO OCHOBHOW MIPUIHHOM 3a-
MHUpaHUH SABISETCA JABIKCHHWE HEOTHOPOTHOCTEH, IIeIeco00-
Pa3HO OIICHUTH BapHAIlUH TOTUICPOBCKOTO caBHUra 9acToThl (JICH)
B JIByX MyHKTax HaOmoaeHus. Ha pucyHke 6 moka3aHbl BapHaluu
JCY 25 ntons 2020 roxa npu 100% MOUTHOCTH HarpEeBHON BOJIHBI
Ha pa3HBIX dTalax HarpeBa v COOTBETCTBEHHO, PA3HBIX 3HAYCHHUSX
uHIeKca Mepuanuii S4. Ha rpadukax mpociie)kuBaeTcst TpyIupo-
Banue BennuuH JJCY BOKpYT HECKOJIBKUX 3HAUEHUH, BEPOSITHOCTh
pean3anu KOTOPBIX KOPPEIUPYET C YPOBHEM HMHJICKCA Meplia-
HUH S4, Ipu 3TOM OOJBIIEMY 3HAYCHHUIO S4 COOTBETCTBYET OOJIh-
IMHA TUHAMUYECKUH arana3oH 3Havenuid JJCU.

4 [m] f 3,9
iy o
Umea |
AS4=04 1 b
0S4=0,46 e} .
084053
P 04
1 O
] A 02
g. 1
05 07 ] £ 0.4 03 0.2 0.1 ( 0.1 03 04 0.5 0.6
[IePOBCKIH CIRHT HACTOTR Tm)
Arctic 1 6
& S4=0.21
054=0.28
084=0,34 1 O O
@ A
) o) 02
Pal
[% | A 01
o ) s,
= v l_.l' ¥ b ¥ b ¥ ¥ b ¥ b v L

0,6 0.5 i 03 0,2 01 o 01 02 03 04 05 0.6 07 08

Aenaeponcrnit camnr wacroms (u)

Puc. 6. CpaBHeHue pacnpeziesieH!i JOIIepOBCKOro CABUTA YaCTOThI
25 utons 2020 roga

OTmeTuM, YTO NPH CXOXKHUX AuanazoHax 3HadeHuil JICY B
MyHKTaX HAOJIOJICHHS, BEPOSTHOCTh pealU3allfii JTUCKPETHBIX
3HAUYEHUH M HUX KonuuecTBO B Arctic 1 Umea 3aMeTHO OT/IMYa-
1o1cs. CienoBaTeNbHO, MPENONI0KEHNE O JIBUKEHUM MarHUTO-
OpUEHTUPOBAHHBIX  HEOJHOPOJHOCTEH Kak MPUOPUTETHOM

T-Comm Vol.l17. #5-2023

SNEKTPOHUKA. PAODUOTEXHUKA

MIPUYMHE BapHaluid S4, €TO BEIWYMHE M M3MEHUYNBOCTH MO>KHO
CYUTATh 0OOCHOBAHHBIM.

Bennuunbl MHIEKCa MEPLAHUM, IIOJYyYEHHBIX Ha NPOTSHKEH-
HOM Tpacce [24] u U3MEpeHHBIX HaMH B TIpe/ieTax MpsSMON BUIH-
MOCTH 00J1aCTH MOAN(UKAIINU COTIOCTABHUMBI, YTO MOXET CBHJIC-
TEJILCTBOBATH O TOM, YTO OCHOBHOM BKJIaJI B YPOBEHb 3aMHPaHUM
BHOCHUT MEXaHHM3M PacCesiHUSI B 30HE aKTHBHOTO BO3/ICHCTBUSI Ha
noHocdepy. Ecin oneHuTh CTENeHb KOPPEIMPOBAHHOCTH BapHa-
LI MHTEHCUBHOCTH PACCESTHHOW HarPEeBHOW BOJIHBI B IBYX ITyHK-
Tax HaOIIOAEHHUs, TO OKa)keTcs, uTo 23 uions r = 0,75; 24 urons
r=0,88u25uousr = 0,65.

Vi3MeHeHNs B CTENEHH KOPPENSALMU BEPOsSTHEE BCEro O0BsC-
HSIETCSl YMEHBIICHNEM MHTEHCUBHOCTU F-paccesHust u mposiie-
HHUEM 25 HIOHS CBONCTB TIOJISl PACCESIHHOTO MPENMYIIIECTBEHHO Ha
MAarouTOOPUCHTUPOBAHHBIX HCOJHOPOAHOCTAX. KOppeHﬂI_II/IH Ba-
puanuii S4 B IBYX IMyHKTaxX IPU TeX K€ YCIOBHUSX BBITJISIUT
nHaye: 23 wmrons r = —0,34; 24 wurons r = —0,24; 25 wuroHs
r = 0,39. CymecTBeHHOE H3MEHEHHE XapaKTepa KOPPEsIuy Ba-
puanmii S4 25 uIoHS 1O cpaBHEHUIO ¢ 23 U 24 WIOHS, BEpOsSTHEE
BCEro OOBSCHAETCS HU3KOM AIIEKTPOHHON KOHIIEHTpPAIIMEeH 1 MU-
HUMaJIBHBIM TIPUCYTCTBUEM HEOJHOPOAHOCTEH €CTECTBEHHOTO
MIPOUCXOXKIACHHUA, YTO YBCINYMUBACT ITPOABICHUC CBOWCTB HCKYC-
CTBCHHBIX MAaIrHUTOOPHUECHTHUPOBAHHBIX HeO}IHOpO}IHOCTeﬁ.

M3n0KeHHbIN BBIIIE aHAIU3 JIENIaeT BO3MOKHBIM yTBEpK/Ie-
HHE, YTO MPEJIOKECHHAss HAMU MOJIENIb B3aUMOJACHCTBHUSI MarHu-
TOOPUEHTUPOBAHHBIX HEOJHOPOJHOCTEH C HArpeBHOW BOIHOM
MO3BOJISIET OOBSICHUTB:

— OTJIMYKE BapHalyi S4 B pa3HbIX IMyHKTaX HaOIIOCHUS pa3-
HBIM MEXaHH3MOM IIEPEH3ITydeHHUs: B HampamieHun Arctic pa-
KypcHbIM, a Umea pe30HaHCHBIM;

— M3MEHEHNE KOppeJsinU S4 C OTPHULATEIIBHON HA ITOJIO0XKH-
TENBHYO IIPU N3MEHEHNH Te0(pU3NIECKON 00CTAHOBKHU — CTETIEHBIO
WHTEHCHBHOCTHU €CTECTBEHHBIX HEOTHOPOHOCTEH HOHOChEPBI.

M3MeHeHne 4acToThl HaneBHOﬁ BOJIHBI, TPUBOJUT K U3MCHC-
HUIO BBICOTBI aKTUBHOT'O BO3JICHCTBYS U MOJU(DUIIMPYET YCIOBHS
BO30YIK/ICHHS MEKCIIOEBOI'O BOJHOBOJIA, YTO MOJKET MOBBICHUTH
3¢ GeKTUBHOCTh ero 3amuTku. CleoBaTeNIbHO, IEIeco00pa3Ho
MIPOCIIEIUTh OYIyT JIM MPOSIBISITHCS YCTaHOBJIEHHBIE 3aKOHOMEP-
HOCTH TIOBEJCHUS S4 B 9TOM citydae. Jlisi pemeHus 3Toi 3a1a4n
BITOJTHE TIOAXOSIT SKCIIEPUMEHTHI, IPOBOIMBILINECS B HHTEPBAJIE
BpemeHu 18.00-19.00 UT. Onnako, B Cuily OTCYTCTBHSI MOJIHOU
nH(pOpMALNH O COAEPKAHNH SKCIEPUMEHTOB, YTO HE TTO3BOJIHIIO
cpasy e OTIPENeNUTh aANTOPUTM repecTpoiiki SDR nmpruéMHUKOB,
OTPaHWYEHHOTO KOJIMUYECTBA CJIIOTOB Y HUX HAM HE YAAJOCh CJie-
JaTh B IIOJTHOM 00bEME 3aliCU B 3TH HHTEPBAJIbl BPEMEHH.

W3 umeromuxcs B HallleM pacHopsDKCHUM JAaHHBIX HauOolee
TIOJIXO/SIIIMHU OKa3aJIMCh 3aIMCH, OTHOCSIIIHECS K SKCIIEPHUMEH-
tam npoBoauBinuMucs Ha EISCAT B centsope 2020 roja mo mpo-
rpamme «Stimulated Electromagnetic Emissions on the Second
Harmonic»  (https://portal.ciscat.se/schedule/?year=2020&month=
9&S=0n&TRO=0on& VHF=0n&KST=on &KIR=0n&SOD=
on&ESR=on&HEA=on). [{esb10 3THX 9KCNEPUMEHTOB, KaK yKa-
3ano0 Ha caiite  (https:/portal.eiscat.se/schedule/comment.
cgi?fileName=2020090923151&Start=0900&End = 130 0), sB7s1-
JIOCh U3YYECHHUE UCKYCCTBEHHOTO PAJHOM3IYICHIUsI HOHOC(EPHI Ha
BTOPOM rapMOHUKE TMPOMArHUTHOM YacCTOTHI.

Coo0manock, 9To HarpeBHOU cTeH[ Oyzer paboTaTe Ha 4Ya-
cToTte okoio 5,4 MI'1l ¢ monspu3anuei, coraacoBaHHOM C OOBIK-
HOBEHHOMW BOJIHOM.




SJIEKTPOHUKA. PAODNOTEXHMKA

B xoJe sxcnepuMeHTOB NpeAnoaraloch U3MEHEHHE MOIIHO-
CTH HarpeBHOHN BOJHBI U yTJIa U3JIyYCHNS] B BEPTHUKAIBLHOM ILIOC-
KOCTH.

9 cents0ps ¢ 9 wacoB UT Hamu poBOIMIIACH 3aIMCh M3ITyde-
HUI HarpeBHOH BONHEI B MyHKTaX Arctic 1 Umea. V3 ananm3a 3a-
MUCEeH CIIelyeT, YTO 3KCIEPUMEHT MPOBOAMICA LuKiIamu 1o 40
MUHYT. B miuxite gactoTta namensuiack ot 3953 mo 4353 k' ¢ ma-
rom 20 k['i. HoMuHaNBI 4aCTOT COOTBETCTBYIOT TPEThEl rapMo-
HUKE THPOMArHUTHOM 4acTOThI It BEICOT OT 311 1o 77 km. Hlar
B 20 k['11 COOTBETCTBYET U3MEHEHHIO TI0 BBICOTE B CPEIHEM OKOJIO
12 kM. /InuTenbHOCTh HAarpeBa Ha OJJHOW 4acTOTe cocTaBisia |
MuHyTy. [lay3a Takxke Obl1a paBHa OJHOW MUHYyTE. MOIIHOCTH
HarpeBHOH BOJIHBI B IIUKJIC HE MEHsIAchk. [ eou3ndeckas obcra-
HOBKa Ha MOMEHT IIPOBE/ICHHS HKCTIEPUMEHTOB 9 ceHTs10ps 2020
roZia XapaKTepH3yeTcsl CHOKOWHBIM MarHWTHBIM IIOJIEM 3eMITH
K, =0, Dst=0. VIHTEHCHBHOCTb COJHEYHOIrO H3JIyYCHUs Ha
numaae BostHbl 10,7 eM cocrasisuia F10.70bs = 69,7. Takum 00-
pa3oM reopusnyueckas 00CTaHOBKA B AKCIIEPUMEHTAX HIOHS U CEH-
T20ps 2020 roa MpaKTUYECKH HE OTINIACTCS.
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Puc. 7. ConocraBieHne UHAEKCOB S4 B 9KCIIEPUMEHTE
9 cents6ps 2020 roga ¢ 09:55 mo 10: 35 UT

Jns ananmsa pe3yibTaToB ADKCIEPHMEHTa IpelyiaraeM Hc-
MOJIL30BaTh HE a0CONIFOTHOE 3HAYCHUE BapUaIii S4, a OTHOIIICHHE
uHJeKca, Habmogaemoro B Umea, K 3TOMY ke ITapaMeTpy, HoJy-
YEHHOT'0 /IS TyHKTa HaOroqeHus Arctic.

Torna, ucxonst U3 pe3yNbTaTOB MPEBLIYIINX HAOIIOACHUN
MOKHO TIOJIaraTh, 4TO, KOI/Ia OTHOLICHHE STHX BEIUYHH OOJIbIIE
SIIMHULIBL, TPeo0IagaeT Meper3iyyeHue 00yCIOBICHHOS MarHu-
TOOPHEHTUPOBAHHBIMU HEOJHOPOAHOCTAMHU. B mpoTHBHOM Clty-
Yae, poJib MarHUTOOPUEHTHPOBAHHBIX HEOJHOPOIHOCTEH B (op-
MHPOBAHHUH I10JIs PACCESTHHOM HarpeBHOM BOJIHBI HE3HAUUTEIIBHA.
Ha pucyske 7 u 8 npuBOAATCS OTHOLICHHS HHICKCOB Sy IS DKC-
MIEPUMEHTOB, IPOBOUBIINXCSA B IPOMEXKYTKU BpemeHnu 09:55-10:
35 u 10:35-11:15. Ha »Tux *Xe pHCyHKax HPUBOIATCS HOHO-
rpammbl notydeHHbie B 09:15 u 11:00 9 cenrsops 2020 rona B
Tpowmce.
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Puc. 8. ConocraBneHne HHICKCOB S4 B SKCIIEPUMEHTE
9 cenrsa6ps 2020 roga ¢ 10:35 mo 11: 15 UT

W3 pucyHKOB BHIHO, YTO MPH M3MEHEHHH MOHOC(HEpHOH 00-

S4Umea/

CTaHOBKHM MCHACTCS OTHOIICHHC S ATCtiC’qTO MOJXET
4

CBHJICTENILCTBOBATh 00 M3MEHEHNH BKJIAJla B PACCESHUE HArpeB-
HOM BOJIHBI MCKYCCTBEHHBIMH MarHUTOOPHEHTHPOBAHHBIMH He-
OJTHOPOJTHOCTSIME MOHOChepbl. KpoMe Toro, Ha puCyHKax mpo-
CIIeKHMBAETCS TCHJIEHIMA B U3MEHEHUU MHECKCAa MEPIaHUi ¢ H3-
MEHEHHEM 4YacTOThl (BHICOTHI THPOMAarHUTHOI'O PE30HAHCa) aHa-
JIOTUYHAs MOJIy4YeHHOH B 3KkcniepuMenTe [24], pucyHoxk 1.

3akJjouenue

Amnanus Ol'[y6J'II/IKOBaHHHX " MOJYUYCHHBIX ITYTEM CaMOCTOS-
TCIIBHBIX Ha6J'IIO,Z[€HPIﬁ JAHHBIX IMO3BOJIACT CACIAaTh CICAYIOIINEC
BbBIBO/IBI:

T-Comm Tom 17. #5-2023




1. CBoiicTBa MarHUTOOPUEHTHPOBAHHBIX HEOJHOPOIHOCTEH,
a TaKk)Ke HaIpaBIEHUE PACCESHUS B KOTOPBIM BBIIOIHSIETCS YCIIO-
BHE 3aXBaTa B MEXCIJIOEBOM BOJIHOBOJ CYLIECTBEHHO BIMAIOT HA
BEJIMUUHY UHJIEKCA MEPLIAHUI pacCEesHHON HArPEBHOU BOJIHBL.

2. CKopOCTb MepeMEICHNS] MArHUTOOPUEHTHPOBAHHBIX HEO/I-
HOPOJHOCTEH SBIISIETCS ONpeiensomuM (Gpakropom B hopmMupo-
BaHUM 3aMHUPAaHU PACCESTHHON Ha MarHWTOOPHEHTHPOBAHHBIX
HEOJHOPOJHOCTSIX HATPEBHOM BOJIHBI.

3. Ucnonp3oBaHne B Ka4yecTBE MepeAaTdnka MH(POPMAIHOH-
HOTO CHTHAJIa CEKIIMN HAarpeBHOTO CTEH A OTPAHUYUBAET BO3ZMOXK-
HOCTH ONTUMAJILHOTO BO30YKICHHS MEKCIOEBOTO BOTHOBO/IA.

4. Cocrosinue HOHOC(EPbI 3HAYUTEIBHO BIUSCT HA BETHUHHY
S4, 4TO NEenmaeT HeOOXOAMMBIM YUUTHIBATH HE TOJBKO paccestHue
Ha HCKYCCTBEHHBIX MAarHUTOOPHEHTHPOBAHHBIX HEOJHOPOAHO-
CTSIX HOHOC(EPHI, KaK OMICAaHO B padoTax [3, 4, 21, 24, 27, 28],
HO U Ha €CTECTBEHHBIX.
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EVALUATION OF THE S, SCINTILLATIONS INDEX IN TRANSCONTINENTAL DECAMETER RADIO LINES

Vladimir P. Sivokon, Kamchatka State Technical University, Petropavlovsk-Kamchatsky, Russia;
Institute of Cosmophysical Research and Radio Wave Propagation, Far Eastern Branch of the Russian Academy of Sciences,
Paratunka village, Russia, vsivokon@mail.ru

Abstract

On the HAARP and EISCAT heating stands, to solve a number of applied problems, studies are being carried out on the excitation of an interlayer ionos-
pheric waveguide. The success of the implementation of these tasks depends on many factors, including the level of fading of the electromagnetic field
in the waveguide, to assess the variations of which researchers use the scintillation index S4. The waveguide excitation model proposed by the experi-
menters is based on the perspective "self-scattering effect" on artificial magnetically oriented irregulars of the ionosphere. However, within the frame-
work of this approach, the possibility of the existence of other mechanisms of excitation of the waveguide and the influence of the geophysical envi-
ronment on this process is not taken into account. To test this assumption, we use multi-position diagnostics based on SDR technology. Measurements
on quasi-longitudinal and quasi-transverse paths with respect to the Earth's magnetic field line, as well as under different geophysical conditions, showed
a significant difference in the variations of the scintillation index S4 and the intensity of the scattered wave. The results obtained can be used in the prob-
lems of optimizing schemes for pumping an information signal into an interlayer ionospheric waveguide.

Keywords: interlayer ionospheric waveguide, scintillation index, geophysical environment

References

I. Allexeff |., Anderson T., Parameswaran S. et.al. (2006) Experimental and theoretical results with plasma antennas. IEEE Transaction on plasma science. Vol. 34. No. 2. P. 166-172.
2. Alpert Ya.L. Propagation of electromagnetic waves and the ionosphere. Moscow: Nauka, 564 p. 1972.

3. Bezrodny V. G., Galushko V. G., Reinish B. V. (201 1) Angle scattering of HF radio waves on magnetically oriented inhomogeneities of a flat-layered ionosphere. Radiophysics and
Radio Astronomy. Vol.16. No. |. P. 33-42.

4. Bezrodny V. G., Votkins B., Galushko V. G., Groves K., Kashcheev A. S., Charkina O. V., Yampolsky Yu. M. (2007) Observation of ionospheric scintillations of discrete space
sources using a panoramic RF riometer. Radiophysics and radio astronomy. Vol.I12. No. 3. P. 242-260.

5. Blagoveshchenskaya N. F., Borisova T. D., Yeoman T. K,, Rietveld M. T,, Ivanova I. M., and Baddeley L. J. (201 1) Artificial smallscale fieldaligned irregularities in the high latitude
F region of the ionosphere induced by an X mode HF heater wave. Geophysical research letters. Vol. 38. L08802. doi:10.1029/201 | GL046724.

6. Booker H.G. (1956) A theory of scattering by nonisotropic irregularities with application to radar reflec-tions from aurora. J. Atmos. Terr. Phys. Vol. 8. No. 4/5. P. 204-221.

7. Bourdillon, A., C. Haldoupis, and J. Delloue (1995) High-frequency Doppler radar observa-tions of mag-netic aspect sensitive in the midlatitude E region ionosphere. J. Geophys.
Res. Vol. 100. doi:10.1029/95)A01079.

8. Galushko V. G,, Bezrodny V. G., Koloskov A. V., Paznukhov V. V. And Reinisch B. W. (2013) HF wave scattering by field-aligned plasma irregularities considering refraction in
the ionosphere. Radio science. Vol. 48. doi:10.1029/2012RS005072.

9. Galushko V.G. et al., Bezrodny V.G., Koloskov A.V., Zalizovsky A.V. (2012) On the possible mechanism of the "self-scattering effect” of high-power RF signals in the ionosphere.
Radio Physics and Radio Astronomy. Vol. 17. No. 2. P. 1 12-124.

10. Gershman B.N, Ugarov V.A. (1960) Propagation and generation of low-frequency electromagnetic waves in the upper atmosphere. UFN. Vol.72. No. 2. P. 235-271.

I'1. Gurevich A. V., L. M. Erukhimoyv, V. Yu. Kim, V. P. Uryadov, and E. E. (1975) Tsedilina Influ-ence of scattering on radio-wave trapping in ionospheric waveducts. Radiophys.
Quan-tum Electron. Vol. 18. doi:10.1007/BF01038192.

12. Istomin E.N., Karfidov D.M., Minaev .M., Rukhadze A A. (2006) Plasma asymmetric vibrator with surface wave excitation. Plasma Physics. Vol.32. No. 5. P. 423-435.

13. Karlov V.D., Kirichenko Yu.V., Artemenko A.N., Besova O.V. (2018) Features of the formation of radiation patterns of a plasma antenna with azimuthally asymmetric travel-
ing current waves. Management systems, navigation and communication. Vol.2. No. 48. P. 158-163.

14. Kirichenko Yu.V. Lonin Yu.F., Onishchenko L.N. (201 1) Plasma antenna of a traveling wave. Izvestiya vuzov. Radioelectronics. Vol. 54. No. | I. P. 35-39.

15. Korovin A.V. (1984) On the influence of small-scale natural inhomogeneities of the upper ionosphere on the development of artificial instabilities. Izvestiya vuzov. Radiophysics.
Vol. 27. No. 10. P. 1339-1340.

16. Lyon G. F. (1965) The anisotropy of ionospheric irregularities deduced from VHF scatter measurements. J. Atmos. Terr. Phys. Vol. 27. P. 1213-1216.

17. Mentzer D.R. (1958) Diffraction and scattering of radio waves. Moscow: Soviet radio.|48 p.

18. Najmi, A., et al. (2015) Studies of the ionospheric turbulence excited by the fourth gyrohar-monic at HAARP. J. Geophys. Res. Space Physics. Vol. 120. doi:10.1002/2015JA021341.
19. Ponomarenko, P. V., T. B. Leyser, and B. Thide (1999) New electron gyroharmonic effects in the HF scatter from pump-excited, field-aligned ionospheric irregularities.
J- Geophys. Res. Vol. 104(A5). doi:10.1029/1999)A900039.

20. Rao P. B. and Thorne G. D. (1974) A model for RF scattering from field-aligned heater-induced irregularities. Radio Science. Vol. 9. No. | 1. P. 987-996.

21. Recommendation ITU-R P. 531-12. lonospheric propagation data and prediction methods needed for the design of satellite services and systems.

22. Sergeychev K.F., Minaev .M. (2014) Plasma antennas on surface electromagnetic waves. Proceedings of the Institute of General Physics. A.M. Prokhorov. Vol.70. P. 143-185.

23. Sivokon V.P. (2020) A new method for studying magnetically oriented inhomogeneities of the ionosphere using a program for determining radio systems. Geomagnetism and
aeronomy. Vol. 60. No. 2. P. 242-249.

24. Sivokon V.P. (2017) Backscattering of decameter waves on magnetically oriented inhomogeneities of the ionosphere. Geomagnetism and aeronomy. Vol.57. No. 3. P. 343-352.
25. Sivokon V.P. (2016) Magnetically oriented inhomogeneities - ionospheric system of reradiators. News of higher educational institutions. Physics. Vol.59. No.12-3. P. 56-60.

26. Sivokon V.P., Druzhin G.I. (2006) Geomagnetic factor of DST variations in the selective excitation of ionospheric characteristic waves. Geomagnetism and Aeronomy. Vol. 46.
No. 4. P. 521-524.

27. Yampolski Y., Milikh G, Zalizovski A, Koloskov A, Reznichenko A., Nossa E., Bernhardt P.A., Briczinski S., Grach S.M., Shindin A. and Sergeev E. (2019) lonospheric Non-lin-
ear Effects Observed During Very-Long-Distance HF Propagation. Front. Astron. Space Sci. Vol.6. No. 12. doi: 10.3389/fspas.2019.00012.

28. Zalizovski A. V., Kashcheyev S. B., Yampolski Y. M., Galushko V. G., Belyey V., Isham B., Rietveld M. T., La Hoz C., Brekke A., Blagoveshchenskaya N. F. and Kornienko V. A.
(2009) Self-scattering of a powerful HF radio wave on stimulated ionospheric turbulence. Radio science. Vol. 44. doi:10.1029/2008RS0041 I I.

Information about authors:
Vladimir P. Sivokon, Kamchatka State Technical University, Doctor of Technical Sciences, Associate Professor, Professor of Power plants and electrical equipment of ships,

Petropavlovsk-Kamchatsky, Russia; Institute of Cosmophysical Researches and Radio Wave Propagation, Kamchatka region, Paratunka, Russia

T-Comm Tom 17. #5-2023




SNEKTPOHUKA. PAODUOTEXHUKA

NOBbILUEHUE SHEPTETUYECKOMN YD DEKTUBHOCTU
PALVONEPEQAIOLLENA ANMNAPATYPbI

DOI: 10.36724/2072-8735-2023-17-5-25-31

Manuscript received 14 April 2023;
Accepted 07 May 2023

Mpuiukun Cepren EBreHbesuy, Kntoueebie cnosa: sHepzemuyeckas
Mockoeckuii mexHuveckuii yHuUgepcumem cessu ppekmugHocmb, paduossieKmpoHHas annapamypa,
u uHgopmamuku, Mockea, Poccus, KA, ycunumens mowrocmu, uucpposoe
sg@radiotest-mtuci.ru paduosew,arue

B HactoAllee BpeMA noBbilleHMe dHepreTUveckon 3P eKTUBHOCTU pajnodnek-
TPOHHOM annapatypbl ABAAETCA OAHON U3 BaXKHEWLLMX 3aAay npu paspaboTke u Mo-
AepHU3aLuMuM annapatypbl Bcex pagmocny»6, npuiem B HeKoTopbix cpepax npume-
HeHUA paZiMo3NeKTPOHHOW annapartypbl aHepreTuveckasn 3¢ eKTMBHOCTb KpUTHYe-
cku BaxkHa. MNMopTaTuBHble aGoHEeHTCKUE yCTPOWCTBA CBA3U B HacToOsALLlee BpeMA Mo-
Ny4Mnu orpoMHoe passutue. Takue yCTpOMCTBa UCMONb3YIOTCA KaK B KayecTBe yCT-
poicTB aGOHEHTCKON CBA3M NpU PasBUTUU CeTel CBA3U OOLLEro Monb3oBaHUA U
npeanpuATUIA, Tak U B Ka4eCcTBe NOPTATUBHbLIX UHANBUAYANbHBIX YCTPOMUCTB, BbINOJ-
HAIOLLUX pa3niMyHble Apyrne PyHKLMMU, TAKMEe KaK 3arnncb U BOCNPOU3BeeHNe MyJlb-
TUMeaua, nnarexHole pyHKuMM n apyrne pyHkumum. Mo6unbHbie aGoHeHTCKMe nop-
TaTUBHbIE YCTPOMCTBA, TaKMe KakK CMapT(OHbI, NNaHLUETbl, MOPTaTUBHbIE HOYTOYKM
M YCTPOMCTBA ANA YTEHMUA NIEKTPOHHbIX KHUF, OCHALLAIOTCA CEHCOPHbIMM 3KpaHaMu
M rMOKMMM 3KpaHaMu, a UX (PYHKLMOHANIbHbIE BO3MOXHOCTU PacLUMPAIOTCA 3a CHeT
Ao6GaeneHUA HOBbIX (byHKLIMM, TAKUX KaK cuMTbIBaHUe LITpux-konos, RFID u cuuthi-
BaHue cMapT-KapT. Bce 310 Tpebyer 6onbluero notpebneHuns sHeprum. TpeGoBaHue
K o6ecneyeHuto 3HeprospeKTMBHOCTU NOPTATUBHBIX AGOHEHTCKUX YCTPOMCTB CBA-
3K BbICTynaeT BMecTe ¢ Tpe6oBaHMEM MMHMMM3ALMK Macco-rabapuTHbIX nNokasarte-
new Takux yctpoicte. PaccMaTpuBaloTca 0oCHOBHble Npo6neMbl, KOTOpble UMEIOT Me-
CTO npu pa3paboTke U 3KCMlyaTaLMn paauonepeaaioLlei annaparypsbl, U nepeyuc-
neHbl pelleHUs, KoTopbie nosponaAloT noebicutb KM nepeparunkos. MockonbKy
noBbllLeHUe dHepreTnyeckoin 3¢ eKTMBHOCTM 0COGEHHO BaXKHO ANA ycunutenemn
MowHocT (YM) OKOHeUHbIX KacKafloB NnepeaaTyMKoB, MPOBEAEH aHANIU3 KiloYe-
BbIX PeXXUMOB pa6oTbl YM, npuroaHbix AnA NOCTPOEHUA MOAYNUPYEMbIX OKOHeY-
HbIX KaCKa/loB paguonepeaaTyMKoB cucteM UM poBoro pagmoseLlaHus, U X CpaBs-
HeHune. O6GcyxaaloTCA peXxnMbl paboTbl KNIOYEBLIX YCUNIUTENEN MOLLIHOCTU U METO-
Abl JOCTUXKEHUA BbICOKOW 3HepreTuieckomn 3¢ppeKTMBHOCTU ycUnuTenei MoLHoC-
TW, NOKa3aHbl UX AJOCTOMHCTBA U HEAOCTATKM.

AnAa uuTupoBaHusa:
pbrakun C.E.. MNoBbiweHne 3HepreTuyeckoi adpdekTMBHOCTU paguonepegatoleit annapatypsl // T-Comm: TeneKoMMyHMKaLmMu 1 TPaHCMOPT.
2023. Tom 17. Ne5. C. 25-31.
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BBenenne

B nHacrosiee Bpems K paJuOIEKTPOHHOM annaparype mpeab-
SIBJISIFOTCSL BBICOKME TPEeOOBaHMSI MO HEProdPp(EeKTUBHOCTH TPH
pa3paboTKe W MOJCPHM3AIMN aMNMapaTypbl BCEX PAAMOCIYXO U
nmuama3zoHoB yactoT [1]. K pammomepematumky kak Hamboiee
SHEProeMKOH YacTH pajModIeKTPOHHOI ammapartypsl (PDA)
MIPEABSBIAIOTCS TPEOOBAHNE TOBBIIICHHUS YHEPTETUIECKON (-
¢dexruBHOCTH (KIIM) mpu coxpaHeHnn (yHKIMOHAIBHBIX MOKA-
3arenei, a Takke Nepexo1y K yJIydlIeHUIO TaKUX IIoKa3aTesei pa-
JIUoTIepeaTIuKoB [2].

Hauboupirast moTpeOHOCTS B pa3paboTKe BbICOKOI(D(EKTHB-
HBIX TepenaTunkoB PDA mmMeeTcs 111 MOIIHBIX paauonepenaT-
4yuKkoB [3], a TakKe MepeAaTynKoB MOPTaTHBHOW aOOHEHTCKOM
PDA u HeoOCny)MBaeMbIX TEpeJaTYMKOB Tepeady JaHHBIX, B
oM uncine jurst POA Untepuera Beweit (IoT) [4,5]. UmenHo ans
TaKUX MepeIaTYNKOB HEOOXOJMMO, B TIEPBYIO OYEPE/Ib IOBBIIIAT
9HEPreTUIecKyIo 3P (HEeKTHBHOCTD.

MormHble paguonepeaaTInky MIMPOKO TPUMEHSIOTCS B IU)-
poBoM panmoBemanuu [6,7] u mudpoom Tenesemanu [§]. Ilo-
TpebiieHne MOIIHOCTH B TAaKUX IIepelaTYMKax BEJNKO, TaK UTO B
LENSX YMEHBIIEHHS TOTEPh TpeOyeTCsl MPUMEHEHHE METOIOB I10-
Bermenus KIT/I.

[HopraTuBHBIE A0OHEHTCKHE YCTPOICTBA CBSA3M B HACTOSIIIEE
BpeMs TOJIYYMJIM OTPOMHOE pa3BUTHE. Takue yCTpPOHCTBa HC-
MOJIB3YIOTCS KaK B Ka4eCTBE YCTPOICTB aDOHEHTCKOM CBS3M MpH
Pa3BUTHUH CETEH CBsI3M OOLIETO MOJIb30BAHKS M IPEANIPUSITHH, TaK
U B Ka4€CTBE MOPTATUBHBIX WHMBUAYAIBHBIX YCTPOWUCTB, BBIITOJ-
HSIOIIMX Pa3InYHbIe Apyrue (yHKIUH, TaKKE KaK 3alluCh U BOC-
MIPOM3BEJICHUE MYJIbTHMEINA, TUIaTeXHble (YHKIUU W Jpyrue
¢ynkun [9]. MoOnibHble aDOHEHTCKHE MTOPTATUBHBIE yCTPOH-
CTBa, TaKKE€ KaK CMapT(OHBI, IIAHIIETHI, IOPTAaTUBHBIE HOYTOYKH
W YCTPOMCTBA JUIS YTEHHS SJIEKTPOHHBIX KHUT, OCHAIIAIOTCS CEH-
COPHBIMHU 3KpaHaMH M THOKMMH 3KpaHaMH, a UX (PyHKIHOHAIb-
HbIE BO3MOKHOCTH PACIIMPSIOTCS 3a CUET NOOABICHUS HOBBIX
GYyHKIMH, TAKUX KaK CYMThIBAHKUE MITPUX-K0a0B, RFID u cunthI-
BaHHe cMapT-kapT. Bce 3to Tpedyer OoJbliero moTpebiieHus
sHeprun. TpebGoBaHme K 00ecmeueHHIo SHEProdpPeKTHBHOCTH
MOPTATHBHBIX A0OHEHTCKHUX YCTPOHCTB CBSI3U BBICTYIIAET BMECTE
¢ TpeOOBaHMEM MHHHUMH3ALMH MacCcO-radapuTHBIX MOKaszaTeen
TaKUX yCTPOUCTB.

Heobcy:xnBaeMble paaronepeiaTauKy 1 paruonepeIaTauku
st [oT yskumonupytor ponroe Bpems 6e3 nonzapsiiku. Takue
nepeaTyuKy JOKHBl UMETh Majble MOTEPU IHEPruu, TO €CTh
Boicokuil KIIJI. JIns TOro Hy>KHO MHMHHUMHU3HMPOBATbh PacxXojl
SHEPrHM B PEKUME OXKMAAHHS, NPUMEHATh TAKHE PEXHUMBI pa-
OOTHI aKTHUBHBIX JJIEMEHTOB, KOTOPHIE O0OECIEUMBAIOT BBHICOKHH
KIIZ [4].

B macrosmeit paboTe paccMaTpHUBAIOTCS CIIOCOOBI MTOBBIIIC-
HUSI 9HEProdPEKTUBHOCTH BBIXOJHBIX KAaCKaJOB paanoIepeiaT-
quKoB. [1opoOHO 00Cy)aatoTCss BHICOKOI(D(DEKTHBHBIE KITHOUe-
BBI€ PEXKUMBI PaOOTHI OKOHEYHBIX KACKaJI0B YCHIMTENIeH MOIIHO-
CTH U CHHTETUYECKHE METO/IbI JINHEHHOTO YCUJICHNUS B KIIFOUEBBIX
YCHIIUTENSX MOLTHOCTH.

Crnoco0n1 noBbIIeHUS YJHEProd(PeKTHBHOCTH
paauonepeaTYNKoB

PaccMoTpuM mpuMep CTpPYKTypHOH CXEMBI paguolepenatr-
guka (puc. 1). [Tockompky B panuorepesaTduke MaKkCHMaIbHOE

- —
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moTpeOICHNE YHEPTUU MPOUCXONT B OKOHCUHBIX KacKalaxX yCH-
JIUTEJSI MOIIIHOCTH, TO IMEHHO B THX OJIOKaX M JOJDKEH obecre-
yuBaTbcsl MakcuManbHbld KIIJ[, Tak kak oH omnpenenser KITJ
Bcero mepenatdnka. CreqyeT MOAYEPKHYTh, YTO YCTPOHCTBA
9JIEKTPONTUTAHNUS, HHTETPUPOBAHHBIC WU ITOCTABISIEMbBIC B KOM-
IJICKTE C PaHOTepPEeIaTINnKOM, TaKXKe JOJDKHBI 001a1aTh BBICO-
kM KIIJI.

AHTeHHa
presesesroooeeiaseaeeaii :
! | Crmresarop = BoaGyam- |
i |_acToteI Tean :
——# Mozynsrop —» l :
[ :
! “I;‘":m‘m- L, VOHMHTE +’ BexoaHas
E VCHIHT L “omom : u.m
Bnok
baok —* aBTOMaTH4ecKoro

Puc. 1. CrpykrypHas cxema paauornepesaTinka

HcrounnkamMu TOTEph B CXeME NepeAaTdnKa SBISIOTCS MO-
TEpH Ha TEIUIOBOE M3ITyUYCHHUE, MAPa3UTHOE PATUON3ITYICHHUE, IT0-
TEpPU 3a CUET PACCOIIACOBAHMM Ha CTBIKAX B BBIXOJHOM LENH
(cymMMaTOpax M BBIXOJAHBIX (HIBTPAX) MPHU MPOXOMKICHUH MOIII-
HOTO paJMOCUTHAIA B aHTCHHY.

OCOOEHHOCTBIO COBPEMEHHBIX MEPEIaTIYMKOB SIBISICTCS TIPH-
MEHEHHEe MOIYJISALUH paanocurHaioB (Hampumep, OFDM wu jp.)
¢ nuk-hakropom, mocrurarouium 12-15 ab. ns moctmxeHus
Ooutblieil sHepreTHyeckoil 3h(HEeKTUBHOCTH IEPEXOIAT K IIpUMe-
HEHHIO KITFOUEBBIX PEKMMOB paboThl YM B MOy IsITOpaX OKOHEY-
HBIX KackajoB nepegatuukos. B [10,11] paccMOTpeHbI BO3MOXK-
Hocty moBbieHnss KI1J] mpu HCmoap30BaHUH KITFOYECBBIX PEXKH-
MoB ycmimteneit (pexxumer D u DE), cxemsr Kana [12], cxemsr
Horeptu [13]. B [14-16] paccMOTpeHBI CHHTETHYSCKUE METOIBI
YCHJICHHA, B TOM YHCIIE C IPUMEHEHHEM aBTOMAaTHYECKON MOJ-
CTPOMKH 3JIEKTPONUTAHHA, U MOKA3aHO, YTO TaKhe KOMOWHHUPO-
BaHHBIC CHHTETHYECKHAE METOIBl MOTYT IMPUMEHATHCS s obec-
MeYeHUs] MUHUMH3AlUY TIOTepPh B YCHIIUTEIIE.

TeruoBo pexxum JIr000r0 nepeaTiuKa Ype3BblUaiiHO BaXKeH
g noimydenns Beicokoro KIIZI. DTo cBA3aHO Kak C pekuMaMu
palboThl aKTUBHBIX 3JIEMEHTOB, KOTOPHIE HE MOTYT OBITH ONTH-
MaJIHBIMH TIPH BBICOKHX TEMITEpaTypax, Tak ¥ yX0J0M HacTpPOeK
B CX€Me NepefaTuuKa, ONTHUMU3UPOBAHHOIO MPU MPOEKTUPOBA-
HUH.

OTHOILIEHNE paccenBaeMO MOIIHOCTH Py K mose3Ho# mor-
Hoctu Py pacrer ¢ ymensmiennem KITJ[ n cormacHo cootHomIe-
HUIO:

Pa/ Py=(1-m)/n. (D

[Ipn noctpoeHun nepenatyvika TpeOyeTcs OTBOJ TeIa ¢
MIpUMEHEHHEM pajauaropos. Pacyer TpeOyemoro paauaropa Juis
obecrieueHns] TEeMIIEpaTypHOTO PEKMMa AKTUBHOTO AJIEMEHTa
(AD) ty» pu TemrepaType nepesaTyuka ty vax OLIEHWBACTCS IO

bopmyme [17]:

Rrad < (tdAS - tIrMax)/Pd . (2)




MuHnMaIbHAS IDIOMIATE TOBEPXHOCTH PATHATOPA Srad, TPEOY-
emasi JUId OTBEACHMS TeIla TpaH3ucTopa, 3aBucuT or KIIJ]
coryacHo GopmyJe:

Srad =Puk (1-m) /m, 3

e [UTsl TUIACTHHYATOrO PaiaTopa i €CTECTBEHHOTO BO3LYIITHOTO
oxnaxaenust koddurent k= (0,1...0,25)/At ipu At =1t445 — tirvax
[17].

PesynbraT pacuera HOPMUPOBAHHOM IO M PAJAUATOPA Srad
/ Py OT 1 ipuBeieH HA pUCYHKE 2.

Sraa’/ P Uy

M2/Bm
0.1

0.09
0.08
0.07
0.06
0.05
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0.02
0.01

0
0 01 02 03 04 05 06 07 08 09 1

Puc. 2. 3aBucuMOCTs, HOPMUPOBAHHOM 1101 U paauaropa ot KIT{
(st At =75 °C)

Kpome Toro, HeocTaTouHbIH OTBOJ TEIJIa MOYKET TIOBJIUSTH
Ha HaJIe)KHOCTh paauonepenarynka. Ha pucynke 3 npuBesieH rpa-
(UK 3aBHCUMOCTH CPOKa CJIy>KObI MOIIHOTO BBICOKOYACTOTHOT'O
LDMOS Ttpan3ucTopa OT TeMIEpaTypsl MEpexoaa, PacCUUTaH-
HBII Ha KanbKyJsTope [18].

MTF vs Junction temperature

108

108

s

MTF in year:

20 40 60 80 100 120 140 160 180 200

Junction temperature in C*

Puc. 3. Pacuernas 3aBHCHMOCTB cpoKa Ciryx0bI (B rogax) LDMOS
TpaH3HCTOpa OT TeMIeparypsl nepexona (°C) (pacueTHbIH puMep
qutst TpamsucTopa BLF188XR npu padoueii remnepatype 105°C)

Joctrmxenne BBICOKOH 3HEprod((eKTHBHOCTH pajauonepe-
JIATYNKOB JIOJDKHO MPOUCXOIUTH IIPH OHOBPEMEHHOM odecreye-
HUM BceX TpeOyeMbIX IOKa3zaTelsieldl KadecTBa BBIXOJHOIO CHI-
Hanma. OGecrieueHne JTMHEHHOCTH YCHIIMTENEH MOIIHOCTH SIBIIS-
eTcsl BAXKHBIM TPEOOBAHUEM IS yIOBIETBOPEHUSI TAKNX TpeOOBa-
HUH.
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SNEKTPOHUKA. PAODUOTEXHUKA

ObecneyeHne napaMeTpoB BBIXOHOTO CHUTHAJIA JOCTUTAETCS
mpu paboTe yCHINTENS B COOTBETCTBYIOMINX PEXKHUMaXx, a TAaKxKe
MIPUMEHEHHUEM JIOTIOTHUTEIBHBIX CXEMHBIX PEIICHUH (HalpumMep,
MIPEAKOPPEKIUH U JIp.), MUHIMHU3UPYIOIINX HEIMHEHHbIE HCKa-
KeHus. [{ng ycTpaHeHHs BO3MOXKHBIX TIOMeX TepelaTinKaM B COo-
CeIIHUX KaHaJlaX MPebsBIISIOTCS TPeOOBAHUSI K YPOBHIO BHEIIO-
JIOCHBIX M3JTyueHHH (0OecriedeHre MacKH CIIEKTpa), YTO MOXKET
MOTPeOOBaTh HAIMYMUS JOMOJIHUTEIBHBIX (DUIBTPOB B CXEME Iie-
penaryuka [19-24]. TpeGoBanust 1o ypoBHSIM MOOOYHBIX HU3ITyUe-
HUIl B IIMPOKOM [HUANa30HEe 4YacTOT OMPEESIOTCS HOPMaTHB-
HBIMH JJOKYMEHTaMH 1 HallpaBJICHbI HA 00eCIeYeHNE 3JIEKTpOMar-
HUTHOI COBMECTUMOCTH.

[TpuBeneM OCHOBHBIE CIIOCOOBI, TPUMEHSEMBIE TSI TOCTPOE-
HUSI TIEPEATINKOB ISl IPIMEHEHHH, B KOTOPBIX BBICOKAsl SHEP-
retudeckast 3 (heKTUBHOCTD SBIISETCS BXKHEHIIINM ITOKA3aTEIIeM:

- yBenuyenue 3nexTponHoro KITJI YM mytem nmpuMeHeHHS
TaKMX METOJOB Kak Iepexos K 2((HeKTUBHBIM KIIOUYEBBIM PEXKHU-
MaM, B TOM YHCJIE C IPUMEHEHUEM CHHTETHYECKUX M KOMOHMHUPO-
BaHHBIX METOJIOB;

- HCTIOJIb30BaHUE BBICOKOI(D(EKTHBHBIX BTOPUYHBIX HCTOY-
HUKOB 3JICKTPOIHUTAHUS;

- MCTIOJIB30BAHUE YIIPABISIEMbIX HCTOYHUKOB BTOPUYHOTO TIH-
TaHMS B YCHJIMTEISIX, O3BOJISIIONINX PEryJIMPOBAThH HAIIPSHKEHUE
MUTAHKS B 3aBUCUMOCTH OT OTMOAIOIIEH CUTHANa ¢ JOCTaTOYHO
BBICOKOIT CKOPOCTBIO;

- CHIDKCHHE PAacCOoTTIacOBAHUM M MOTEPh B BHIXOIHBIX ITACCHB-
HBIX YCTPOWCTBAX;

- HE/IONyCTUMOCTh TIEpEeTpeBa, MOAACpKaHNe HOMHHAIBHON
TEMIIepaTypbl pabOTHI NepeIaTINKa;

- HCITONTb30BAHME CITIOCOO0B CHIKEHUS MUK-(PaKTOpa CUTHAIA.

CpaBHHUTE/JbHBII aHATN3 BHICOK03((eKTHBHBIX PEKMMOB
PaGoThI M METO/10B MOCTPOCHHUS KJIIOYEBBIX YCHINTEJIei
MOIIHOCTH

JI1st TOCTpOEHMST YCHIIMTENIeH MOITHOCTH ISl TIEPEIaTINKOB,
paboTaroNMX CO CIOXHBIMU CHUTHAJIAMH C BBICOKUM MHK-(haKTO-
poM, TpedyeTcs BEICOKast JIMHEHHOCTh Y M. OHAKO BBICOKAS JTH-
HelHOCTh YM 00bI14HO JocTHraercs 3a cuet Huzkoro KIT/, koTo-
pBII pE3KO TaJaeT MPHU BBICOKOM MHUK-(aKTOpe U3-3a Pa3sHOCTH
HATIPSDKCHAN MEXIY HAMpsOKCHHEM IHTAaHUS W yCHIMBAEMBIM
curHaiom. J{ist mocTrkeHus: OoJIbIel sHepreTudeckoit addek-
TUBHOCTH TIEPEXOJAT K MPUMEHEHHUIO KIIOUEBBIX PEXHMOB pa-
60Tel YM B OKOHEYHBIX KacKaJax MEepeaTdNKOB. DHEPreTHde-
ckast 3 (heKTUBHOCTH KIIIOYEBBIX ycuiurelneil mouHoctn (KYM)
SIBIIICTCS PE3YJIBTATOM HCIIOJIb30BaHUS AD — OUITOISIPHOTO WM
MOSFET (MOII) TpaH3uCTOpPOB B KayecTBE KIIIOYEBOTO HJie-
MEHTA.

Paccmorpum  moctpoerrne KYM  Ha OUNONSPHBIX U
MOSFET (MOII) Tpan3uctopax. B kiroueBom pexnme AD pado-
TaeT TOIBKO B PEKUMAX OTKPHITOTO U 3aKPBITOTO KITFOYA - COOT-
BETCTBEHHO, OTCEYKH U HACBHIIICHUS.

KiroueBbie YM knacca D sIBISIIOTCSI B HACTOSILIEE BpEMS OC-
HOBHBIM TIEPCTIEKTUBHBIM BUIOM YCHIIUTENCH U MPUMEHEHUS B
UPOBBIX pagronepeaatankax auamnazoHa OBY. YM kimacca D
Ha3bIBAIOT UMITYJIbCHBIE YM C BBIXOJIHBIM (PUIBTPOM, HACTPOCH-
HbIM Ha OCHOBHYIO YaCTOTY, B KOTOPBIX MOIIHOCTH IMMOCTOAHHOT'O
TOKa Mpeo0pa3yercss B MOILIHOCTh B HAarpy3Ke Ha OCHOBHOM 4a-
cToTe, 0e3 MoTeph MOIHOCTH HAa TapPMOHHUKAX.




SJIEKTPOHUKA. PAODNOTEXHMKA

KIIZA YM Moker ObITh MaKCUMaJBHBIM, eciii AD pabortaer
Kak mepekiovarens. Korma AD (HampuMmep, TpaH3HUCTOP) BKITIO-
YeH, HanpspKeHHe MOYTH PaBHO HYIO, W 4epe3 AD MpoTekaer
00JIBIION TOK, TO €CTh B TEYCHHE ITOH YaCTH IIEpHOIa TPAH3UCTOP
JeHCTBYeT KaKk HU3KOOMHBIN (3aMKHYTHIN Kitod). Korma Tpansu-
CTOp BBIKJIFOUEH, TO TOK PaBeH HYJII0, a Ha AD IPUCYTCTBYET BhI-
COKOE HampsKEHHE, TO €CTh B TEUCHNE OCTABIICHCS YaCcTH MepH-
ona AD nefiCTBYeT KaKk OTKPBITBINA KITFOY.

B KYM AD nelcTBYIOT Kak IBYXIOJIIOCHBIH MEPEKIII0YaTeNb,
KOTOPBIH OIpeziessieT MO0 NpsSMOYrojibHYylo (opMmy curHaia
HaNpsDKeHHs, JIMOO MPSMOYTOJIBHOTO TOKa KOJUIEKTOpa (WM
cTOKa). BeIXo/1Has 11eTb HacTpoeHa Ha YacTOTY KOMMYTAllUH U, B
NACATEHOM ClTydae, yJaJisieT BCce FTapMOHNYECKHE COCTABIISIIOIINE,
B Pe3yJIbTaTe YEro B HArpy3Ky MOAAETCS YUCTO CHHYCOMAIbHBIN
curHajg. PaccMOTpyM OCHOBHBIC NPHUHIMIHAIBHBIE CXEMbBI H
(GOpMBI CHUTHAIOB, COOTBETCTBYIOLIME PA3IMYHBIM THIIAM YM
knacca D ¢ BeixoaHbIM (uiibTpom [10-11].

Ha pucynke 4a) mpezacraBieHa cxema TpaH3UCTOpHOTO YM
kiacca D ¢ nepexiroueHreM HalpsKEeHHs, COCTOSIIIETO U3 OJHO-
TUIHBIX AD (TPaH3UCTOPOB), PA0OTAIONINX B KJIFOUEBOM PEKUME.
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Puc. 4. Cxema nByxraktHoro KYM (a), ynpomenHnas cxema KYM
kiacca D ¢ nepexirouenueM HanpspkeHus (0) 1 BpeMeHHBIE JTHarpaMMbl
TOKOB M HaNpsDKEHUH /71 BpeMeHH HacblieHus 180°(B)

Ha pucynke 40) nmpuBeneHa ynpoImeHHas cxema 3toro YM, B
KOTOpOil AD mpencTaBieHbl KaK MEPEeKII0YaTeNIn C COPOTUBIIE-
HHEM HACBIIIEHUS [sat, B KOTOPYIO BXOIAT HACTPOCHHBIHN Ha LIEH-
TpanbHyto dactoty puibtp LoCo U pesuncTiBHAs Harpyska ¢ co-
npoTtusieHreM Ri. B 3Toil cxeme TpaH3uCTOp, MPEACTAaBICHHBIN
MepeKIIroyaTesieM, MPUBOANUTCS B JACHCTBHE TaKUM 00pa3oM,
4T00BI 00ECHEYUTh TIONIEPEMEHHOE TIEPEKITIOUEHHE MEXKITy BKIIFO-
YEHHBIM U BBIKJIIOYEHHBIM COCTOSIHUSIMU paOOThl TpaH3UCTOpA B
npenenax padodero nukia. Yepenyrouieecs noaynepuoaHOe IIe-
pexiitoueHue AByX AD MeX/y UX PEKUMOM OTCEUYKH U PEKUMOM
HACBIIICHUS 110 HAIIPSHKCHUIO MPUBOJUT K TPSIMOYTOJIBHBIM MM-
MyJIbcaM HANPSDKEHHUS Ha CTOKE (KOJJIEKTOpPE) ¢ MaKCHMaJIbHOM
aMITUTYIoH 2Vee, Kak MOKa3aHO Ha PHCYHKE 4B).

B aByxTakTHOM YM C nepeknoueHneM HaNPsHKEHMsI U [TOoCIIe-
JTIOBAaTENbHBIM (QHIBTPOM 3(P(PEeKTHBHOCTH KOJIEKTOPHOH IeTH
paBHa 100 % s uacanTu3upoBaHHOTO citydas AD 6e3 moreps ¢
HYJICBBIM COIIPOTHUBJICHUCM HACBIINICHUA.

Onnako Ha npaktuke KYM kiacca D MOXXHO HCTONB30BaTh
Ha JIOCTaTOYHO HHM3KHX YacTOTax M3-3a ropaszo 0ojiee BHICOKMX
MOTEPh, BO3HUKAIOIIUX BCIIEICTBUE CICAYIOIUX (aKTOPOB:

- HeW/ICJIbHOCTh HACTPOEK CXEMBbI yCHIIUTEJISL;

- TIEPEKITFOYCHNS] TPAH3UCTOPOB C OTIMYHBIM OT HYJISI TOKOM
(KOMMyTaTHUBHbIE IOTEPH);

- HEBO3MOXKHOCTb 00ECHEUCHUSI WCKITIOYUTENIFHO PE3HCTHB-
HYIO Harpy3Ky Ha BBICOKHX YacTOTax.

KommyraruBaeie morepu B KYM ximacca D o0ycnoBieHb
HapacTaHWeM WU CMaaoM Toka AD Ipu CKayke HaNPSDKEHHS
(puc.5B), M paccUMTHIBAIOTCS HA OCHOBAaHWU COOTHOIICHWH IS
HapacTaHus HanpspkeHus (4) U craga HanpspkeHus (5):

U®=1-exp(-l/11), @)
u” () =exp(-1/ 1), (5)

TJIe Ti ¥ T2 — IIOCTOSIHHBIC BPEMEHH (PPOHTA U CIIaia.

YM xnacca D peanusyercsi B OTHOCHTEIBHO IMPOCTHIX CXEMaX,
MMEEeT XOpOIIHME AWAIa30HHBIE CBOMCTBA, BhICOKHE KOd(dum-
eHTHI ncnoib3oBanus AD mo moutHocTn. Ho KYM kimacca D mpu-
CYIIM HEOCTATKH: MPUMEHEHNE TOJIBKO HA HU3KMX 9aCTOTaX, OT-
HocuTenbHO HeBblcOKMM KIIJ[ mo nepBoil rapMOHHKE, pOCT KOM-
MYTAIMOHHBIX MTOTEPh M3-3a BIMSHUSA BBIXOAHOI €MKOCTH C pO-
CTOM YacTOTBI, PSKHM TPEeOYyeT HMCKIIOYMTENHLHO PE3MCTHBHOU
Harpysku, a npu noctpoennu KYM no MocToBoi cxeme Taxke
JOOABJISIFOTCST TTIOTEPU MOIIHOCTH Ha OajulaCTHOM CONPOTHBIIE-
HUH.

Henocrarku YM knacca D ¢ kommyTanuei HanpsbKeHMs mpe-
ononesatoTcss B YM kiacca DE (puc. 5), B KoTopoi# 3apsii 1 pas-
psiA LIYHTUPYIOLIEH €MKOCTH B KOMMYTAllHOHHOM Yy3J1€ MOXKET
OBITH BBITOIHEH 0€3 y4acTHsl TPAH3UCTOPOB B ATUX JCUCTBHUAX U
6e3 paccenBaHMs MOIIHOCTH TPaH3UCTOPOB. OJHAKO YACTOTHBIC
orpanndenust YM kiacca D cBsi3aHBI ¢ Tapa3uTHBIMU KOJIEKTOP-
HBIMH IIYHTHPYIOIIMMHU EMKOCTSAMH, YTO HPUBOAUT K yBEIHUE-
HHIO BPEMEHHU TIEPEKITIOUCHHUS 13-3a 3apsia U pa3psiia KOH/AeHca-
TOpa, a TaKKe TOT (PaKT, YTO TPAH3UCTOPHBIEC KIIOUH 3aPSKAIOT U
pa3psoKaloT UIYHTHPYIONIYI0 €eMKOCTb, PACCEHBasi MOIITHOCTD.

PaccmarpuBaemsle Bblle noTepu MowHOcTH YM kiacca D
MOYXHO YMEHBIINTh, HAmpuUMep, NMPH BBEJCHUHM BPEMEHH 3a-
JIEPHKKHU B TIEPUOJ, KOTAa OUH AD yiKe BBIKIIIOUEH, a APYroH elle
HE BKJIFOUCH. Takoi criocod MOXKET YBEIUUUTh TUAMa30H Y4acToT,
B KOTOpPOM IpumeHsieTcss YM. DTOro MOKHO JTOOUTHCS, BBEIs
ycnoBus nepexmouenua YM kiacca E, korna koMMyTalluOHHBIE
MOTEPH IPU NEPEXO0JIE OT BBIKIIIOUEHUS K BKIIFOUEHHIO CBOJSTCS K
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HYJIIO 32 CUET HyJICBOT'O HANPsKEHUS NIPU HyJIEBOH MTPOU3BOIHON
HanpsokeHus. [1ockoabKy NIYHTHPYIOUIMH KOHJIEHCATOP TOJIKEH
OBITH pa3psHKEH UMEHHO B 3TO BPEMsl, B IIENIb HATPY3KHU CIIEAYET
BKJIFOUUTH IlOHOJ'IHI/IT@JII)HI)Iﬁ HOCHeZ[OBaTeJ'lebIﬁ ApocCcCeiib L, KakK
MOKa3aHo Ha pucyHke 50. B pesynbrare nosmydaercs, 4To (GOpMBI
KOMMYTHPYEMOTO TOKa M HAIIPSHKEHUSI UMEIOT XapaKTePUCTHKU
Kak kiacca D, Tak n knacca E. dunbtp LoCo cmyxuT 1 monas-
JICHUS] TAPMOHWYIECKUX COCTABIISIOIINX.

Taxoit YM kimacca DE [14] MokeT mpuMeHSAThCS Oaromapst
BBICOKOW I(PEKTHBHOCTH pabOTHl Ha Ooyiee BBHICOKHX pabodmx
yactoTax. OnTumansHsle mapamerpsl YM kmacca DE moryT O61Th
OIIpEJICTICHB] HA OCHOBE €0 aHaJin3a (OPM HAIPSKECHUS KOJJIEK-
Topa u Toka. Ha pucynke Sa nmokaszana ynpouienHas cxema KYM
kiacca DE, npu atom AD 3ameHeHs! kitogyaMu. Bo Bpems 1ukna

MEPEKITIOYEHUS ITH KIIIOYH MOCIEJ0BATEIBHO 3aHUMAIOT CIIEIYI0-
IIHE MOJIOKCHHUS: KITFOYH MOOYCPETHO 3aMKHYTHI OO0 00a pa3o-
MKHYTHI. [TonpoOHbIit TeopeTnueckuii ananu3 YM knacca DE nan
B [14]. [Ipn ncnonszoBanun KYM pexuma kinacca DE paGouwnii
nuana3oH 4actoT ¢ KIIJ] okoio 90 % MoskeT OBITH Oojiee 4eM B
JiBa pasa Bbllle 1o cpaBHeHH0 ¢ KYM kiacca D.

N

Puc. 5. Ynpomennas cxema YM kiacca DE ¢ nepexitoueHrem
HaTpsDKEHHA (a) 1 BpeMEHHbIEe AUarpaMMBbl TOKOB U HalpshKeHUi (0)

Bapmantom "cmHTETHYECKOTO" TOCTPOCHHUS BBICOKOA(D(heK-
TuBHOrO ycuurens spisercs KYM no cxeme Kana. B Takoit
cXeMe MPOMCXOAUT pasfieJIeHHue BXOJHOTO CUTHAJIA IepeaTIuKa
Ha aMIUIMTYJHYI0 U (Da30BYIO COCTABJISIIOLINE, & BBIXOIHOW CHT-
HaJI CHHTE3HPYETCs Mo orudarorieii 1 (a3oMoayInpoBaHHOMY 3a-
nosineHuto [12].

Taxum 00pa3om, YCHIICHHIO TT0/IBEPTraeTCsl CUIHAI C ITOCTOSH-
HOH orubaromieii u GpazoMaHHUITYIMPOBAHHBIM 3aNoHeHHeM. Boc-
CTAHOBJICHUE aMIUIMTY/JHOH MOJYJISIUHA MPOUCXOJIUT B OKOHEY-
HOM Kacka/ie nepeiaryuka. biaarogapst CHHTE3UpOBaHUIO YCHIICH-
HOTO CHTHAaJIa B OKOHCUHOM Kackaje, SHepro3(peKTuBHOCTE pac-
cMatpuBaemoro KYM nocraTouHo Benuka.
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Opnnako B ycnnuTene no cxeme Kana 3a cuer HHepIHOHHOCTH
¢unprpa HY B OKOHEYHOM KacKaje MOKET UMETh MECTO OTCYT-
CTBHE CHMHXPOHHM3Ma, TO €CTh MOMEHT TpHxoza (HazoMoyIupo-
BaHHOT'O 3alOJHEHUs] © MOMEHT IIPUXO0/a Orudarolleil He coBIia-
nator. TpeboBaHMsl K JOMYCTHMON PAacCHHXPOHM3AIMK KaHAJIOB
BEChbMa JKECTKUE U CHIILHO 3aBUCST OT MOJIOCHI KaHaJla: YeM IIHpe
T10J10Ca YacTOT, 3aHUMaeMasi CUTHAJIOM, TeM JKecTde TpeOOBaHHMs
K MakCHMAJIbHO JIOITyCTHMOH 3a/IepiKKe.

BrimomHuTh TpeOoBaHNS Ha CHHXPOHHU3ALNIO KAHAJIOB MO>KHO
IIPY WCIOJIb30BAHUM B MOJYJISILIHOHHOM TpakTe€ MHOTO(a3HOH
[INM. Takoe pemieHHe CYIIECTBEHHO OCTA0NIIeT TPpeOOBaHUS K
®HY monymisiTopa, CHIDKas ero nHepiuoHHoCTH. OTHAKO TSt 3¢-
(eKTUBHOTO HCIONB30BaHust MHOrodasHon MM HeoOxomumo
00ecneYnTh JOCTATOYHO TOYHYIO (ha3supOBKY MEXIY KaHAJIaMH.

OtHocuTesnbHoe (azoBoe HecooTBeTcTBUE A st [IIUM mo-
JyJIATOpa ¢ N KaHAIaMH, TrJie N — YeTHOE, MOXKHO ONPEIEIUTh MO
dbopmyne [19]:

-1/2

1m0 | (G 2z VL, (o)
@=4N 1-3,(2n7) 1+ ;sm( . (@ l)j

B KoTOpoii Jo — pyHKIms beccens HymeBoro nopsiika, Z — mopsaok
O®OHY B cxeMe ycUuTens.

B KYM 1o cxeme KaHa B OKOHEUHBIX KackaJax IepeaaTyuka
3a CYEeT M3MEHEHHS MMapa3uTHBIX eMKOCTeH AD U ToJ AeHCTBHEM
MIPHUKIIAABIBAEMOTO HAPSHKEHNS K AD BO3HHUKAET C aMIUIUTY/IHO-
(azoBas koHBepcusi. TakuM 00pa3oM, epeurCICHHbIC BhIIIE 1Ba
HEJOCTAaTKa B TAKOM YCHIIUTEIIC MIPUBOAAT K HEIIMHEHHBIM HCKa-
JKCHHAM CUIrHalia, 4To Tpe6yeT NMPUMCHCHUA CIICHHUAJIBHBIX MEP
110 JIMHeapHu3aIuu nepeaaturka. Emie ouH HeToCTaTOK CBS3aH C
HEOOXOAUMOCTBIO TMPOIYCKaTh BCIO IOJIOCY OTrMOarolieii uepes
BBICOKO3(D(DEKTUBHBIA KaHAJ YNPABICHHUS HAMPSHKCHHEM IUTa-
HUS TeX KAaCKaJIOB YCHJICHUS, B KOTOPBIX OCYIICCTBIIICTCS aMILITH-
TyIHAS MOIYILAINS, IPUYIEM YeM IIHpe MoJioca KaHaiaa Orudaro-
miei, TeM BBIIIE TPeOyeTcss TaKTOBas 4YacTOTa HMITYJIBCHOTO
YCTPOWCTBA PETYITUPOBKU HATIPSDKCHHS TUTAHUS.

Kak moxkaszam mpoBeNeHHBIH aHATH3 JUTEpaTypsl [25], mms
CIIy4as 9KCTPEMaJIbHO MIHPOKHUX MOJIOC MOTYTUPYIOMINX YacTOT,
COOTBETCTBYIOIIUX IMHPOKOMOIOCHEIM 5G TPHIIOKEHUSM, BO3-
MOXKHO TPUMEHEHHE B KayeCTBE MOJYJISIIIMOHHOIO YCTpPOMCTBA
JUHEWHOTO YCHJINTENS ¢ KBAaHTOBAaHMEM BXOJHOTO CHUTHaia [26].
OpHako, MpUMEHEHNE JAHHOTO PELICHUS MPUBOIUT K CHHKCHHUIO
pesynbtupytomero KITJI.

B cxeme KYM ¢ nedasupoBanreM (HopMHPOBATENIb KaHAb-
HBIX CUTHAJIOB (DOPMHUPYET U3 BBEACHHOT'O aMILTUTYIHO-MOTYJTH-
POBAaHHOTO CHT'HAJIA JIBA CHHYCOHUIATBHBIX CUTHAIA C IIOCTOSTHHOMN
orubaromei u ¢ pasHuied a3 ¢, IPOMOPIUOHATEHON apKKOCH-
HYyCY aMIUIHTY ]Il OTHOAOIICH

@ =2arccos(U,,), (7)

rie Uin = U/Upax — HOpMEPOBAHHOE BXOHOE HAIPSHKEHKE Orrba-
IolIeH K MAaKCUMaJIbHON aMITIMTY/IE BBIXOJHOTO HANPSDKEHHS ITPH
MTUKOBOM HarpspkeHun orudaromend Umax.

OTu JBa CUTHAJA 3aT€M YCHJIUBAIOTCS HEIUMHEHHBIMU YM u
CYMMHUPYIOTCS JUIS TOJTYY€HHSI BBIXOTHOTO aMIUIUTYIHO-MO/TY U~
pOBaHHOTO curHaiia. [IMKoBast BEIXOHASI MOIIHOCTH TTOJTy4aeTCst
pu cCHH()A3HOM CIIOKEHHUH TI0 (pa3e TOKOB OT YM ¢ paBHBIMH aM-
IJIUTYJaMU aHAJIOTUYHO JABYXTaKTHOMY Y M.
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KYM mo cxeme ¢ nedaznpoBaHHEeM HMEET, B CBOIO O4Yepenb,
PSIIl HETOCTATKOB: CIIOKHOCTh CXEMbI KaHaJIbHBIX (hOpMHUpOBaTe-
Je ¥ YyBCTBUTEIBHOCTh YCHJIMTENEH K IIMPOKOMY JHANa30Hy
uMIeIaHcoB Harpy3ku. C Bo3pacTaHMEM YacTOThI yBETHUUBACTCS
YYBCTBUTEIILHOCTb K (Da30BBIM OIIMOKAaM, BI3BAHHBIM Pa3HHLECH
JEKTPUUECKUX JUIMH JIByX KaHaioB YM. Bce aT0 yBenmuuBaer
CJI0’KHOCTB TpakTHueckoi peanusannu KYM.

3akJaouenue

B nacrosmieii pabote npoBeieH aHann3 TpeOOBaHMI IO SHEp-
roaddexkTuBHOCTH MpH pazpaboTke u MoaepHuzanmu POA. Ipu-
BeZICHBI c(epbl mpuMeHeHuss PDA, B KOTOPBIX IHEpreTHIecKas
3(h(HheKTHBHOCTH SBISETCS PEIIAIOIIAM ITOKA3aTEeIIeM.

[lepeuncnens! OCHOBHBIE HCTOYHHUKH ITOTEPH B PAJMOTIEPEAAT-
yuke. [lokazaHo, 4TO KJIIOUEBBIE PEXKUMBI PAOOTHI B BBIXOJHBIX
Kacka/lax IepeaaTunkoB, B TOM YHCIIE C IPUMEHEHUEM KOMOUHU-
POBaHHBIX 1 CHHTETHUECKHX METOJIOB B YCHIMTEINSIX MOILIHOCTH,
SIBJISIFOTCS] HEOOXOMMBIMHU IS TOCTHKEeHUs! Bbicokoro KIT/I.

HpI/IBe[l,eHbI OCHOBHBIC CHOCOGI)I, MMPUMCHACMBIE IJIs1 TIOCTPO-
eHHMs1 SHEProd(PPEKTUBHBIX MEPEIATIYMKOB ITPU YCIOBUH COXpaHe-
HUSI BBICOKHMX TPEOOBaHMUI K Ka4eCTBY BBIXOJJHOTO CHTHAJIA.

Kak rokasas npoBeieHHbIH B HACTOSIIEH paboTe CpaBHUTEIb-
HBII aHann3 cxeM Y M pa3iuuHbIX THITOB JUISi OKOHEYHBIX KacKa-
JIOB NIEPEIaTINKOB, KaXKIas n3 cxeM U knaccoB KYM umeer psin
HE/I0CTaTKOB, KOTOPBIC HE MO3BOJISIOT BHIOPATh YHUBEPCAIBHBIHN
ONTHUMAJIGHBIN BAPHAHT TAaKOTO YCHWIJINTENS, TaK 4TO IIPUMEHEHHE
KOHKPETHBIX Y M 3aBHCHT OT COBOKYITHOCTH TPeOyEMbIX XapaKTe-
PHCTHK lepeaTynka. J{pyroi myTe — HCIOIb30BaHNE CHHTETHYE-
CKHX W KOMOMHHPOBAHHBIX METOJIOB MOCTPOCHUS BEICOKO3(ek-
TUBHBIX YM 11 yBenuuenus pesynstupyromiero KII/ okoneu-
HBIX KAaCKaJIOB NIEPEIaTIYHKOB.
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ENERGY EFFICIENCY INCREASING OF RADIO TRANSMITTERS
Sergey E. Grychkin, Moscow Technical University of Communication and Informatics, Moscow, Russia, sg@radiotest-mtuci.ru

Abstract

At present, increasing the energy efficiency of radio electronic equipment is one of the most important tasks in the development and modernization of
equipment for all radio services, and in some areas of application of radio electronic equipment, energy efficiency is critical. The main problems that
occur in the development and operation of radio transmitting equipment are considered, and solutions are listed that can increase the efficiency of trans-
mitters. Since the increase in energy efficiency is especially important for high-power power amplifiers of the final stages of transmitters, in this paper
we analyze the radio transmitters switching operating modes, suitable for building modulators of the final stages of radio transmitters of digital broad-
casting systems. The operating modes of switching power amplifiers and methods for achieving high energy efficiency of power amplifiers are discussed,
their advantages and disadvantages are shown. The comparative analysis of circuits and classes of various types switching power amplifiers showed that
each of them has a number of disadvantages that do not allow choosing the universal optimal version of such amplifier, so that the use of specific power
amplifiers depends of the transmitter required characteristics. Another way is to use synthetic and combined methods for constructing high-perform-
ance power amplifiers to increase of the transmitters final stages resulting efficiency.

Keywords: energy efficiency, electronic equipment, efficiency, power amplifier, digital broadcasting.
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Knroueebie cnoea: NFV, SDN, cemu namozo nokoneHus,

B paHHOM cTaTbe NMPOBOAMUTCA aHANU3 CYLLLECTBYIOLLIUX MO-
Aenen BupTyanbHoro cetesoro BctpauBanua (VNE) u auHa-
MUYECKOro MacluTtabupoBaHuA pecypcoB BUPTYyalibHbIX ce-
TeBbIX PyHKUMM ana ceteBbix cermeHToB (Network Slices).
[AaHHble Moaenn obecneuuBaloT npepocTaBneHue ycnyr c
TpebGyeMbIMM NnapaMeTpaMu kavecTBa o6cnykusanua (QoS)
npu 3c¢h¢eKTMBHOM MCNONb30BaHUU CETEBbIX PeCypCoB.
AunHaMuyeckue MoZenu BUPTyanbHOro CETEBOro BCTpauBa-
HuA nossonAlT 3¢p¢eKTUBHO pa3MeLliaTh BUPTyalibHble ce-
™ (VN) B cetu-cy6erpare (SN) u pekoHdpurypuposatb mx
no tpe6oeaHuio. [na 6onee rn6koro AMHaAMUYECKOro Mac-
WTabMpoBaHUA [OMOJIHUTENIbLHO MCNOMNb3YIOTCA MOAENM
Holt-Winters, Bi-LSTM u 1.4., ncnonb3syiowme anroputMbl
npeackasaHua Gyayluen yTUNM3auuM ceTeBbiX PeCypCoOB C
Lenblo YMEHbLUEHUA BpeMEeHU WHULMANM3ALMA KOMMNOHEHT
BUpTyanbHbix ceTeBbix pyHkuuin (VNF), 3apeiictBoBaHHbIX
Ana obcnyXuBaHUA onpepeneHHbix ceTeBbix cnoes. Mpo-
M3BeleHO CpaBHEeHUE Mojeneil AMHaAMU4ecKoro Maclutabu-
pOBaHMA U AaHbl BbIBOAbI O BO3MOXHOCTU UX UCMONb3OBa~
HuA. B 3aknioyeHnn caenaH BLIBOJ O BO3MOXKHOCTH UCMOJIb-
30BaHMA fAaHHbIX Mojenen U HeobGxoauMbix AopaboTkax
Ana Gonee rm6koro npuMeHeHus B cetax 5G.

5G, cemeeas ceamenmauus, upmyansHoe cemegoe
ecmpauearue, cemb-cybcmpam, asnybkoe obyueHue,
Mmacwmabuposarue pecypcos, MANO, VNFM, NFVO, LSTM
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BBenenue

5-e moKoyieHHe MOOWIJIBHBIX CETeH SIBISETCS HOBBIM ITOKOJIE-
HHEM ceTeld MOOMIIBHOM CBSI3H, KOTOPOE UMEET BO3MOYKHOCT ISt
MIPEOCTABICHUST MHOKECTBA HOBBIX CEPBHCOB. TpaaMIIMOHHbIE
ceTn MOOWIJIBHOH CBSI3M B OCHOBHOM HCIIOJIB3YIOTCS TOJNBKO JUIS
MIPEOCTABICHHS YCIYT MOOWIBHOM MIMPOKOIIOJIOCHON CBSI3U U HE
MOTYT OBITh aJalTUPOBAHBI VISl Pa3JINYHBIX BAPHAHTOB HCIIOJb-
3oBaHus 5G B OyayImieM.

CTpoHTENbCTBO BBIICICHHBIX CETEH ISl KaXKI0To M3 CIIeHa-
PHEB HCIOIb30BAHNUS MIPUBEET K YBEINUEHHIO IIPOOIIEM, CBA3aH-
HBIX C 3KCIUTyaTalueil CeTH, CII0KHOCThIO MACIITaOMpOBaHUS U
BBICOKHMM 3aTparam IpH pa3BepThIBAHUM U 0OcChyxuBaHuu. [lo-
3TOMY OFIHOH M3 KJIFOUEBbIX TexHoJorui, Hapsaay ¢ SDN u NFV,
SIBIISICTCS TEXHOJIOTHSI CeTeBO# cermenTanuu — Network Slicing.
CornacHo onpenenenuto, nanasiM 3GPP, cereBoii cermenT npea-
CTaBJISIET JIOTHYECKYIO CETh, 00ECIEUMBAIONIYIO OIpEeICHHbIC
CETEBbIE BO3MOYKHOCTH U CETEBbIE XapaKTepUCTUKH [1].

TaxuM 006pa3oM BO3MOXKHO pa3BepHYTh HECKOJILKO HE3aBHUCH-
MBIX JIOTHUECKHX CETEH, CIIOIb3YIOMNX PECYPChl OTHON O0IIeH
¢usnueckoit nHppacTpyKTypbl. Kakaplil ceTeBoii cerMenT npen-
CTaBIISIET c000i1 Mormuecku HezaBucuMyro ckBosHyro (E2E) ceTs,
KoTopast cocToWT w3 Habopa cereBeix ¢(yHkmmid (Network
Functions) 1 cOOTBETCTBYIOIINX PECYpCOB UIS MPEIOCTABICHHUS
E2E ycayr mo 3ampocy A KOHKPETHBIX cepBUCOB [2]. Jlrobas
BUpTyanbHasa cereBas ¢pyHkuus (VNF) pasBeprsiBaeTcs Ha BUp-
TyanpHBIX MamuHax (VM) wiM BUPTyaldbHBIX KOHTEHHepax
(manpumep, Docker) ¢ 11es1bl0 CHYKEHHS 3aTpaT U SHEPToNnoTpeo-
JICHUSL.

JIro0oii cepBHC IPE/ICTABISET ONPEJICIICHHBI HA0OP CETEBBIX
(hyHKIMI, Ha3bIBAEMBIH [IETTOYKON CepBUCHBIX QyHKIMH (Service
Function Chain). Kaxnas cepsucnas ¢ynkuust B SFC moxer
OBITH TIPEJCTaBJICHA TOJBKO HEKOTOPBHIMH CETEBBIMH Y3JIAMH.
UroOb! TOOUTHCS CETEBOI CErMEHTALINH, HEOOXOAMMO UMETh BO3-
MO’KHOCTB BBIOOpPa (DYHKIIMOHAJIBHBIX CETEBBIX y3JI0B B COOTBET-
ctBun ¢ SFC u ompenenenuTs CTpaTerHi0 MapIIpyTH3aIUN Tpa-
(hmka GYHKINOHATIBHBIX Y3JI0B B HEOOXOIUMOM Topsike [3].

XOTsl TEXHOJIOTHUSI CETEBOM CErMEHTAIH MOXKET 00EeCIIeunTh
Ooubly0  3((HEeKTHBHOCTh HCIIOJIB30BaHUSl HH(PPACTPYKTYPBI
orepaTopa, OHa CTAJKMBAETCS CO 3HAYUTEIBHBIMHU MPOOJIEMaMH
pu BBIOOPE TPEOYEMBIX CETEBBIX (DYHKIIHMM, YIIPABICHHH PECYP-
camu U MaciuTabupoBanuu [4]. OnepaTopbl JOKHBI TapaHTHPO-
BaTh, 4TO TpeOOBaHMs K ypoBHIO oOciyxkuBanus (SLA), 3a-
JIep>KKe, TI0JI0CE TPOITYCKaHHs U Pecypcam BBITOJHSOTCS ISt
KaXJIOTO CETEBOr0 CErMEeHTa, HECMOTPSI Ha M3MEHUMBOE TIOBE/Ie-
HUE KOHEYHBIX MOJb30BaTelell B KaXJIoM cermeHte. IloaTomy
JIOJDKHA OBITH BO3MOYKHOCTH MacIITaAOMPOBAHMUS CETEBBIX CETMEH-
TOB B COOTBETCTBHH C MOTPEOHOCTSIMH MOJIb30BaTEINEH, T.€. yBe-
JIMYEHUS] WM YMEHBIICHNS KOJIMUECTBA 3a/1€H{CTBOBAHHBIX BUPTY-
ANBHBIX PECYpPCOB UIA KaKIOH BHUPTYAITbHON ceTeBOW (HyHKIIMU
MPY U3MEHEHUH KOJUTMYECTBA 3alIPOCOB YCIYT MOIb30BATEISMH.

HWcxofst u3 Beex 3TUX TpeOOBaHH OMPEACISIOTCS! IBE OCHOB-
HbIC MPOOJIEMBI, KOTOpBIC HeoOXoaumo pemmth. [lepBas mpo-
OseMa 3akKJroyaeTcsl B MPaBUIBHOM BBIOOpE (DU3MYECKHMX Y3IIOB
JUIsl pa3MellIeHHs] Ha HUX TPeOyeMOoro KOJIMYeCTBa BUPTYaIbHBIX
CeTeBBIX (DYHKIMH C yUeTOM BceX TpeOoBaHMIi cepBrca 1 0003Ha-
yaeTcs Kak BUpTyaibHoe ceTeBoe BcrpauBanue (Virtual Network
Embedding (VNE)) [5]. Bropas npo6:iema 3axitouaercs B odec-
MEYCHUN TUHAMHYECKOTO YIIPABJICHHS pecypcaMy BHPTYaIbHBIX
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CeTeBBIX (PYHKIMH B 3aBUCUMOCTH OT 3arpy’KEHHOCTH KOMITOHEH-
TOB 3THX (PyHKIMH. TakuM 00pa3om, B JaHHOM cTaTbe OyayT Ipo-
AQHAJIM3UPOBAHBI CYIIECTBYIOIINE METOABI U MOJIENN, KOTOPBIE M0-
MOTalOT PEIIUTh JaHHbIC POOJIEMBI, U JIaHbI BO3MOXKHBIE JIOIIOJI-
HEHUS M PEKOMEH/IAINN JUTS 3TUX MOJIEIeEH.

@opmMyaUpoBaHUeE 321a4i BUPTYAJIHLHOIO CETEBOr0
BerpauBanus (VNE)

B KOHIICTIIUN BUPTYyaJIU3alluy OCHOBHBIM KOMIIOHCHTOM SB-
nsiercs BupTyasibHas ceth (VN). BupryanbHhast ceTh npeicraBisier
c000#1 HabOp BUPTYaJIBbHBIX CETEBBIX Y3JIOB  BUPTYAJILHBIX CETe-
BBIX COCIMHEHHMH TOBEpX 0a30BOW (M3MUYECKOH ceTH, KOTopas
ompenersieTcs: Kak cetb-cyocTpat (Substrate Network) [5]. Bup-
TyaJbHBIE Y3JIbI CBA3aHBI MEX/y COO0H BUPTYaIbHBIMU COEIUHE-
HUSIMH, 00pa3ys BUPTyaJbHYIO Tomosoruio. [lyrem BupTyanmnsa-
IIMM BBIYUCIHUTENBHBIX M CETEBBIX PECYPCOB CETH-CyOCTpaTa
MOYKHO CO3/1aBaTh ¥ pa3MellaTh COBMECTHO HECKOJIBKO BUPTYallb-
HBIX CETEH C Pa3IMYHBIMU XapAKTEPUCTUKAMH HA OJJHOM M TOM XKe
¢buzrueckoM 000pyI0BaHUH.

[Ipo6ema BcTpanBaHKS BUPTYaIbHBIX CETEH B CETh-CyOCTpaT
SIBJISIETCSl OCHOBHOW TPOOJIEMO pacrpenelieHus pecypcoB Npu
ceTeBoi BUpTyanu3auu [6]. bnarogaps nuHamMmudyeckoMy BCTpa-
WBAHUIO BUPTYaJbHBIX PECYpCOB Ha (HU3MYECKOE 000pyI0BaHHE
MOYKHO JJOCTUTHYTh MHOTHX IIPEUMYIIECTB IIPH OpraHu3anuu Oy-
JYIIHUX CEeTeH C IEbI0 TPEIOCTABICHHUS YCIyT KOHEYHBIM TI0JIb-
30BaTeNsIM ¢ TapaHTHpoBaHbM QoS.

Ha pucynke 1 mokasano, Kak Ipu ceTeBOW BUPTYyaIn3aIuy Uc-
MIOJIb3YIOTCS BCTPOCHHBIE aJITOPUTMBI CETEBOTO BCTPANBAHHMS JIJIS
ONITUMAJIBHOTO PAaCIpe/ICICHHs BUPTYaIbHBIX PECYpPCOB Ha (DU3H-
geckoi nHppacTpykType. OmepaTtop CeTeBBIX PeCypCOB HCIOIb-
3yeT alrOpPUTMbI BCTPAWBAHMS IJISI OINPEACICHUS] KOJIMIECTBA
BUPTYaJIBHBIX PECYPCOB, KOTOPbIE HEOOXOIMMO 3aPOCHTH Y T10-
CTaBIIMKA CETEBBIX PECYPCOB, KOTOPBII B CBOIO OUEPEb UCIIOIb-
3yeT pecypchl ceTh-cyocrtpara [5].
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Puc. 1. Mozesb BCTpanBaHus BUPTYAIbHBIX CETEBBIX (YHKIMIT
B CeTh-CyOCTpar

BI/IpTyaJ'II)HOC CCTCBOC BCTPAUMBAHUE CBA3aHO C PACIPECACIIC-
HUEM BUPTYaAJbHBIX PECYPCOB KaK B BBIYUCIUTEIIBHBIX y3J1aX, TaK
U B CCTCBBIX COCANUHCHUAX.
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IlosToMy 3ajgady BHPTYadbHOTO CETEBOTO BCTpaMBaHHSA
MOJKHO JIEKOMITO3UpPOBATh Ha JABeE noja3zagaudu. IlepBas moazanaga
3aKJIFOYAeTCsl B COINOCTABJICHWH BHUPTyalbHBIX Y370B (Virtual
Node Mapping (VNoM)), T.e. pa3MellieHHH BUPTYAIbHBIX y3JI0B
Ha (QU3MYECKHX y3lax ceTu-cyocrpara. Bropas mojzanaua 3a-
KJIFOYAeTCs B COMOCTABICHUH BUPTYANIbHBIX coequnenui (Virtual
Link Mapping (VLiM)), T.e. conocTaBieHl: BUPTyaJIbHbBIX KaHa-
JIOB, COCIMHSIONINX BUPTYaJIbHBIE Y3IIbl, C (M3MYECCKUMH KaHa-
JIaMH, COSANHSIIOIINMH Y3JIbI CeTH-cyOcTpara.

st pemenust 3Tux 3ana4 B [S], [7] onpeneneHsl cieayouume
MOJXO/BI K pa3paboTKe MOAENEH U aITOPUTMOB: TOIIOJIOTHS BUP-
TyaJbHOW CETH MOXET OBITh IPOU3BOIBHOMN, ITPH pacTIpeeICHUI
pecypcoB Jijisl BUPTYaIbHBIX ceTei He0OXOJIUMO YYHUTHIBATH Oa-
JIAHCUPOBKY Harpy3Kd Kak Juis (U3MYECKUX KaHAJIOB, TaK M JJIs
(Gu3nYecKuX y370B. 3apoc Ha BBIACICHHE PECYPCOB OMpEIeisi-
eTcs B BUJE rpada, a He IIPOCTOr0 COSMHEHUSI MEKAY JABYMs TOY-
KaMH B ceTH (KOHEYHbIE TOYKH Ul COSJANHEHUH 3apaHee Hew3-
BECTHBI).

Otu 3anaun sBnoTcs NP-tpynasmvu [8], mostoMy nosyuae-
MBI€ B PE3yJIbTaTe METO/Ibl PACIPE/ICIICHHS U BBIJICJICHUSI PECYp-
COB TPOMO3JIKH ¥ HETOYHBI JJIsl CETel ¢ OOJNBIINM KOJIMYECTBOM
CeTeBBIX y3710B. Takum 00pa3om, IpH peleHNuH TaHHBIX 33/1a4 UC-
MOJB3YIOTCA  Pa3IMYHbIe AITOPUTMBI MAIIMHHOTO OOydYCHHMS
(Machine Learning), d¢enepatuBroro o6yuenus (Federated
Learning), o0ywenuns c¢ moxakperuieHueM (Reinforcement
learning), rtmyGokoro oOyuenus c mnoakperuienuem (Deep
Reinforcement learning) u Q-o0y4enus.

Peast npoGiieMy BbIJIENIEHUS] PECYPCOB MPU BUPTYAIBHOM Ce-
TEBOM BCTPAaWBaHWU HEOOXOIHMMO OIPEICIUTh CTPYKTYypy Mare-
MaTHYeCKOW MOJIeNH, HEOOXOJMMBbIE MapaMeTpbl MOJIENH, Ha OC-
HOBE KOTOPBIX IPOUCXOANT BCTPAaUBaHUE BUPTYAIBHBIX CETEH B
ceTb-cyOcTpar, M HalTH TOYKY comnpukocHOBeHUs: VNoM wu
VLiM. Takxe HeoOX0IUMO KIacH(QUITUPOBATE YKE CYIIECTBYIO-
M€ MOJEIH BUPTYaJIbHOTO CETEBOTO BCTPAUBAHUSI M OTIPE/ICIIUTD
XapaKTEePUCTHUKH, Ha OCHOBE KOTOPBIX IPON3BOIUTCS JaHHAS KJla-
CU(pUKAITHSL.

Kuaccudukauus Mojgeseii U onpeaeieHie napaMeTpoB
BHPTYaJIbHOIO CeTEBOI0 BCTPAUBAHUS

Kak ObUTO OTMEYEHO B MPEOBIAYIIEM pasfeiic, HEOOXOMMO
OIPEJENUTh TTapaMeTPhl, HA OCHOBE KOTOPBIX OCYILECTBIISIETCS
BBIOOp (PM3MYECKUX Y3JIOB U COCITUHEHHH JUIsl pa3MelIeH s BHP-
TyaJbHBIX Y3JIOB U COEIUHEHHH COOTBETCTBEHHO. B HEKOTOPBIX
paHHUX TpyJax, onucaHHbixX B [5], [7], [9], [10-13], monenu Bup-
TyaJbHOTO CETEBOTO BCTPAMBAHMS COCTOSAT M3 PAa3IMYHBIX Mapa-
METPOB, B 3aBUCHMOCTH OT HCIOJIb3YEMOr0 MaTEMaTHIECKOTO ar-
napara. Ho OCHOBHOE CXOJACTBO 3THUX MOJEJEH 3aKIIOYAeTCsl B
TOM, 4TO PECYPChI CETH-CYOCTpaTa ONPE/IeISIFOTCS HAOOPOM y3JI0B
u coeqmuaeHuit (N,L), a 3ampammBaeMbie pecypchl BUPTYaIbHON
CEeTH ONPEJIeISIOTCS Ha OCHOBE HA0Opa BUPTYaJbHBIX Y3JIOB H CO-
equuennii (N, L), rae i = 1,...n 0603Ha4aeT KOIMYECTBO 3APOCOB
Ha BBIJIC/ICHUE PECYPCOB [UIsl BUPTYAIIbHOM CeTH.

Kpome TOro, KaxIplii y3ea ¥ COeIUHEHHE CeTH-cyOcTpara
nUMeeT omnpesieneHHyI0 eMKOCTb Neap 1 Leap, @ 150001 BHPTYyaih-
HBIN y3€J WK COeJMHEHUE NPEIbsIBISIET TPeOOBaHUS K HE00XO-
aumoit emkocTy st pasmerenust Nieq ut Liveq. B pesysbrate, s
BCEX MOJIEJIeH, HCIONB3YIONMX PA3IMYHbIC AITOPUTMbI, MOXKHO
onpeenuts 0600ueHHbe GpyHKiwn 11 VNoM u VLIM: fi : Ni

— N, gi:Li—L,rne Y Nreq < Ncap u Y Lreq < Lcap. B 3a-
BUCHUMOCTHU OT BapUaHTa UCTIOJIb30BaHUA BUPTYyajibHasA CEThb OIIPEC-
JieIsieTcsl B BUJIE 111a0JIoHa BCTpanBaHus B ceTb-cyocTpar (Virtual
Network Template), Ha ocHOBe KOTOpOro hopMUpyeTcs 3armpoc
Ha BbiIencHue pecypcoB (Virtual Network Request) [5]. I'padu-
YECKH MPUMEP BUPTYaIbHOTO CETEBOTO BCTPAMBAHMUS MMOKA3aH HA
pucyske 2. JIBe BUPTYalIbHBIC CETH, COJAEPIKAIINE [0 TPU BUPTY-
QJIBHBIX Y3714 BCTPOCHBI B OJHY CEThb-CyOCTpAT C YETHIPHMSI y3-
Jamu. BUIHO, 9TO y31BI CeTH-CyOCTpaTa MOI'YT COIEp)KaTh He-
CKOJIBKO BUPTYAIIbHBIX y3JI0B. AHAIOTHYHO, CETEBBIC COCIMHCHHS
ceTH-cyOcTpaTa MOTYT HPEIOCTABILITE PECYPChl Uit Gojiee yem
OJIHOTO BHPTYaIBbHOTO COCIMHCHHSL.

= .*|  Virtual Network Request
A B BupryaasHBIe YIIBI
o DHIATECKHE Y311

9 EMKOCTE V3108

VNR 1 VNR 2
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Puc. 2. BupryansHoe cereBoe BCTpauBaHHE

Bce maremarnueckue MoJIeNH, HA OCHOBE KOTOPBIX OCYIIECTB-
JSIETCsl BUPTYalbHOE CETEBOE BCTPAMBAHKE, CBOJASATCS K BBIOODPY
ONTHMAJIBHBIX PECYPCOB CETH-CyOCTpaTa Ul BHPTYyalbHBIX Ce-
Tel. B 3aBUMOCTH OT NIOBEIEHUS 10JIB30BATENIEN U CLICHAPUS UC-
MOJTb30BaHUS MOKET BOSHUKHYTh HEOOXOANMOCTD B IIepepactpe-
JIETICHNH, U3MEHEHUU 1 BBICBOOOXKICHUHU PECYPCOB BUPTYaIbHOM
cetu. bosiee TOro, HEKOTOPBIE CEPBUCHI TPEOYIOT PE3EPBUPOBAHMS
pecypcoB UIsi oOecreueHus: BBICOKOH OTKa30yCTOWYMBOCTH.
Taxxe He HY>XHO 33,6I)IB3TI) (6] HCO6X0}II/IMOCTI/I MHWHHUMMU3AIIUU UC-
MOJIB30BaHUSI PECYPCOB CETH-CYOCTparTa M IpH 3TOM TrapaHTHUPO-
BaTh IpeJocTaBiIeHue yciyr ¢ TpedyembiM QoS. IToatomy uz-3a
STHX OTPAHUYEHUI OIpenenseTcs HEeCKOJIbKO KaTeropHuil airo-
PUTMOB BUPTYAJILHOTO CETEBOI'O BCTPAUBAHUSI.

B [5] npennoskeHo BoIAENATH 6 TUIIOB MOJENIEN BUPTYaIbHOTO
CETEBOI'0 BCTPAMBAHMSA: CTATHUECKYIO, IMHAMHYECKYIO, IIEHTpa-
JTM3UPOBAHHYIO, PAcIpeeICHHYIO, C pE3EPBUPOBAHIEM 1 Oe3 pe-
3epBupoBaHus. CTaTHuecKas WM JUHAMHYECKas MOJICIb BUPTY-
QIBHOTO CETEBOTO BCTPAMBAHMS OIPECISIETCSI HA OCHOBE BO3-
MO>KHOCTH PEKOH(QHI'YpaluH yXKe pa3MeIeHHBIX BHPTYaJbHBIX
ceTell PH MOCTYIUIEHNH HOBBIX 3alIPOCOB HAa BCTPAWBaHME C Iie-
JIbIO TIOBBIIICHUS TIPOU3BOUTEIIBHOCTH CETU-CYOCTpaTa.

CraTnueckoe BUPTYaJIbHOE CETeBOE BCTpaMBaHHUE HE IMpPeTy-
cMaTpUBaeT BO3MOXKHOCTH MepepacipeneneHust pecypcos. Ilo-
9TOMY JUIS IaHHOTO BapuaHTa HEOOXOAMMO YTOOBI BCE 3arpoChl
Ha BCTpanBaHKE OBbUTM U3BECTHBI 3apaHee, YTO He BCEria COOTBET-
CTBYET MOTPEOHOCTSIM ToJb30BaTene. [Ipu muHaMuueckom Ba-
pHaHTe BCTpaWBaHMS HE TPEOYETCs ONPENEIITh BCE 3arpochl Ha
BCTpaMBaHUE 3apaHee, YTO MO3BOJISICT ONTHMHU3UPBATh HCIOIb30-
BaHHE PECYPCOB CETH CyOCTpaTa IpH 100aBICHUH WIN YAAJICHUH
BUPTYaJIbHOU CETH.
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[Tpumeps! AMHAMUYECKOTO BUPTYaAJILHOTO CETEBOTO BCTPanBa-
Hust orucansbl B [14-16]. Takke xorenock Obl BBIIEIUTH MOJIENb
riyOKoro oOyueHus: ¢ nojkpervieHrem [12], rae areHrt riayOuH-
Horo pacnpenenenust (Deep Allocation Agent (DAA)) ucnosnb-
3yeT KOMOMHAIMHN ITyOMHHON HEHPOHHOM CETH 1 aJlrOpuT™Ma pac-
MIPE/ICIIEHUsI PECYPCOB ISl MAKCUMU3AIMN KOJIMYECTBA CETEBBIX
CErMEHTOB, KOTOPBIE JIOJDKHBI OBITH YCIEIIHO BCTPOCHBI B CETh-
cyOcrpat. [yt 3TOM 1esnm B MEPBYIO OuYepeslb BCTPAWBAIOT CEr-
MEHT C CaMbIMH MaKCHMAJIbHBIMH TPEOOBaHMSIMH K CETH-CYO-

ctparty (puc. 3).
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Puc. 3. OntuMansHOE BCTpaUBaHHE CETMEHTOB B CETh-CyOCTpaT

LleHTpann3npoBaHHOE WK pacipeaereHHOe CETeBOe BCTPau-
BaHME OMpE/IEIIETCS Ha OCHOBE KOJINYECTBA Y3JI0B, OTBEYAIOIINX
3a BcTpawBaHue. [IpH IEHTPaIM3UPOBAHHOM IOAXOJE TOJIBKO
OJIMH y3€ell OTBeUaeT 3a BCTpanBaHue. B aToM cirydae Best HHOp-
Mamus 0 CeTH 00padaThIBACTCS OHUM Y3JIOM, YTO ITOJIOKUTEIIBHO
CKa3bIBAaeTCS Ha BCTPAHUBAHHUHU BO BCE DIEMEHTHI CETH-CyOCTpara.
Ho B sTOM cily4ae IeHTpanu3UMpOBaHHBIA y3€i SBISCTCS CIUH-
CTBEHHOM TOYKOM OTKa3a, YTO NPUBOIAUT K IOJHOW OCTAaHOBKE
BCTpaMBaHUs B Clly4yae BbIXoJia y3ia u3 crpost. [Ipu pacnpenenen-
HOM TOJXOJI€ MCIIOJIB3YeTCsS HECKOJIBKO Y3JI0B, OTBEYAIOIINX 3a
BCTpauBaHue. B aToM cityyae obecriedyrBaeTcst BHICOKAsi OTKA30-
YCTOWYHMBOCTB, HO TIPH 3TOM HEOOXOAMMO OOECIICUNTh BBICOKYIO
CHUHXPOHU3AINIO MEK/Ty Y3JIaMH JUISl ONITUMAIBHOTO BCTPauBaHUs
BUPTYQJIBHBIX CETEH B CETh-CyOCTpAT.

Hannume pesepBupoBaHus IIPH CETEBOM BCTPAWBAHHWU OMpe-
JIensieT OTPEeOHOCTh BO BCTPAWBAHMU JIOTIOJNHHUTEIBHBIX BUPTY-
AIBHBIX Y3JIOB B CETb-CyOCTpaT C HeNbI0 00ecrieueH s BBICOKOH
JOCTYITHOCTH CEPBHCOB IIPU BBIXOAE U3 CTPOS KaKOro-immbo y3ia
ceTn-cyocTpara.

JlaHHbBIE TUIIBI CETEBOTO BCTPAMBAHMS SIBJISIOTCS B3AUMHO He-
3aBHCUMBIMU. [103TOMY 71106071 BEIOpaHHBIN aITOPUTM BUPTYallb-
HOT'O CETEBOT0 BCTPaMBaHUSA MOXKET OBITh CTATHYECKUM, LIEHTpa-
JM3UPOBAHHBIM M 0e3 pe3epBUpOBaHMs OJHOBpeMeHHo. Ha oc-
HOBE ATOT'0 OMNPEJIENSIOTCS KJIACChl aJITOPUTMOB M OIIMCBHIBAIOTCS
ciepyrom currakcucom: S|D, C[D, C|R [17]. IlepBblit cumBon
0003HayaeT, SBJISIETCS JIM aJITOPUTM CTAaTHYCCKUM TN JIMHAMHUYC-
ckuM (Static wiu Dynamic), BTopoii cumBoJI 0003Ha4aeT, sBIIs-
€TCsl JIM AJITOPUTM LEHTPAIM3UPOBAHHBIM WM PACIPEICICHHBIM
(Centralized nnu Distributed) TpeTuit ciMBOI OnpeenseT HaJH-
gue pesepBupoBanus (Concise mmn Redundant).
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s ucrionp3oBanus B ceTax SG HanboIee moaxosT THHAMHI-
YEeCKHE MOJICNH BUPTYaJbHOTO CETeBOro BcTpanBaHus. OmHa u3
TIEPBBIX MOJENIeHl BHPTYAIBHOTO CETEBOTO BCTPAMBAHHA C BO3-
MOJKHOCTBIO TUHAMUYECKOH PEKOH(UTYPAIIH CETEBBIX PECYPCOB
onucana B [18]. Yike Torna aBTopbI ONpeneniu psij npodiem, ¢
KOTOPBIMH HEOOXO0MMO OOPOThCs. B mepByro odepenpb 3To yactas
pekoHduUrypalys CeTeBbIX pecypcoB. B aTom ciyyae yBenuuu-
BaTIOTCS TPEOOBAaHMSI K MPOWU3BOJUTEIBHOCTH y3Jia, OTBEYalO-
IIET0 332 PEKOH(UTYPALHIO PECYPCOB, TPOIIOPIMOHAIBHO YacTOTE
pexoHUrypaun. Bo-BTopbIX, IpH TaKOM IMOJX0/E yBEIHYHBa-
€TCsl BEPOATHOCTh OTKa3a B IPEJOCTaBIECHUM CEpBHCA HU3-3a
YyacToi pekoHpurypanuu pecypcos. st penenns 3Tux npoodiem
MpeIaraeTcsi MacImTadupoBaTh TOJIBKO TE BUPTYaJbHBIC CET-
MEHTEHI, [UTI KOTOPBIX TpeOyeTcs mepepacipeiesicHIe PecypcoB B
TAHHBI MOMEHT BPEMEHH, a He JIJIs BCeX CeTMEHTOB. OCHOBHBIM
OTpaHUYEHUEM JaHHOM MOJENH SIBJISETCS TO, 9YTO OHA OCHOBAHA
TOJIBKO HAa aHAJH3€ TOTIOJIOTHN BUPTYAIBHON CETH.

Kaxaprit anropuT™ COAEp KUT ONpeIeIeHHBIE TTapaMeTphl, Ha
OCHOBE KOTOPLIX IMPOUCXOJAUT BCTpaWBaHHC. DTUMHA napameT-
paMu MOTYT OBITh €MKOCTB y3Jla CETH-CYyOCTpaTa, BhIpayKeHHasl B
CPU, pacmnonoxeHue y3ji0B, H0OJ0ca MPOMYCKaHUS COeIUHEHUN
cetu-cyOcTpara, 3ajiepkka u T.1. [103ToMy JuIst yIpoIieHus cpas-
HEHMs1 HanOoJIee U3BECTHHIX AJITOPUTMOB X OCHOBHBIEC XapaKTe-
PHUCTHKH OBUTH BBIHECCHBI B B Ta0M. 1:

Tab6muma 1

Mopean BUPTYAJBbHOI'0 C€ETEBOI0 BCTPaBaAHUA

Mo- | Amroput™m | CymHocTh [Tapa- [IpeumymecTBo
JIeTb METpPBI IropuTMa
Cetb- Macmrabuposa-
: Tomnonorus
Cai et al. cyOctpar HHUE Ha OCHOBE
CPU o
(2010) [19] | Bupryanbnas M3MEHEHUH CeTH-
3azepxka
CeTh cyOctpara
Zhu and Cerb- YMeHblieHue
cyboerpar KOJIMYECTBA OIe-
Ammar Tononorus o
Bupryanbsnas pawuii Maciradu-
(2006) [18]
ceTh pOBaHUs
YMeHblIeHue
Fan and
CeTts- KOJIMYECTBA OTIe-
Ammar cyOctpar Tononorus aIii Macmradu-
(2006) [20] | SYOCTP p
pOBaHUS
Tomnonorus
Cerp- CPU Murpanus BupTy-
o IIpomyck-
Fajjarietal. | cybcTpar Has onoo | ATPHBIX Y37IOB 13
D/C/C | (2011) [14] | BupryanbHas COBHOCTE 30HBI «y3KOTO
CeTh ropia» CeTH
O0bem mna-
MSITH
[Tonb30Ba-
. ‘ TN Saneprka Murpaiysi BUPTY-
Bienkowski | ITocramux QJIBHBIX Y3JIOB IIPH
IIpomyck-
et al. (2010) | uudpactpyk- Hast oo- HU3MEHEHUH Me-
[21] TypHl CTOMOJIOXKEHHS
CcOOHOCTH "
[TocraBuiuk 10JIb30BaTeNeN
ycIyr
B e
Shun-li and y CPU Ilpo- peeyp
cTpar BUPTYaJIbHBIX
Xue-song | g rvamman | DO | secuncon mpu me-
011)[22] | °"P™Y criocob- | PEEYPCOB TP
ceTh OIITUMAaJIbHOM
HOCTb
BCTpPauBaHUH
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[Toutn Bce AWHAMHYECKHE MOJIETH CETEBOTO BCTpPAMBAHUA,
OTHMCAaHHBIC BHIIIE, SBISIOTCS PEaKTHBHBIMH. PeakTHBHBIE MO-
JIeNT TIPUBOANT K HEMPEACKa3yeMbIM U 9acTO 3HAYUTEIHHBIM 3a-
JIep’KKaM TIpH YIPaBICHUN PECYypPCaMU CETEeBBIX CETMEHTOB, IIO-
CKOJIbKY HE00XOIMMO UMETh BO3MOYKHOCTh OBICTPOTO IMHAMUYE-
CKOTO MacIITaOUPOBaHKsI BUPTYAIM3UPOBAHBIX PECYPCOB.

Tononorus
Cetp-cy0- OmnpeneneHue
Sun et al. crpar CPU Ilpo- Y SAp— ®opMy/IHpPOBaHHE 3a1a4YM TUHAMUYECKOr0 MaCIITaGHpPO-
IIyCKHas
(2012) [23] | Bupryamsnas | > 6. | &mbHOro ceresoro BaHMsI CETEBBIX CETMEHTOB
cetb crocob- BCTpaMBaHHUs OCHOBHO} BOIIPOC IIPU Pa3BEPTHIBAHUU CETEBbIX CErMEHTOB
HOCTH
3aKJIK0YAETCS B CHU)KEHUHU 3aTpaT ONEPATOPOB CBSI3M Ha HKCIUTya-
Tonono
I10JIOTHUA
CPU Ipo- TaIIIO HHPPACTYKPYPHI, 00ecreunBasi Py STOM MIPEJOCTABICHHE
nyckuas | CHIDKEHHE Bepo- YCIIyT C Tp66yeMI>II\f QoS. Kak 65U10 OTMEUEHO paHee, 60JIBEJ.II/IH-
. Crocob- | sTHOCTH OTKa3a B CTBO HCCIIEIOBAaHUN OBLIM COCPEOTOUEHBI HAa CTaTHUECKOW MO-
CS}?IJ(J)?: Cec“"zi’ﬁ' HOCTb 3a- | NpeoCTaBieHuH JIeTIM Pa3BePThIBAHUU CETEBBIX cerMeHTOB. OJHAKO, TPOIece 3a-
mipour et BI/IpT;paIII)HaSI IepKKa PecypcoB ceTu- MIPOCa CETEBBIX CETMEHTOB U BBIACTICHUS AJIS HUX PECYpPCOB SBIIS-
al. [24] CeTh O6vem na- cybcrpara, €TCsl IMHAMUYECKUM, pacIipe/ie]IeHHe M0JIb30BaTes el M0 cerMeH-
MATH CHIDKEHHC SHEPro- TaM HEPaBHOMEPHO, & CTAaTHUYECKOE CETEBOE CETMEHTHUPOBAHUE
Ymummsa- | notpebienns [PUBOJIMT K HAIMPACHOI Tpare pecypcos [31].
unﬂlgyna Bo-BTOpBIX, ONpeseneHne CeTEeBbIX y3JI0B AJSl CETEBBIX CEr-
[P p— MEHTOB BJIMSET Ha MapLIPyTH3alMI0 MOIb30BATENBCKOTO Tpa-
Cerp-cyG- | romoorus (huka, 9TO TaK)Ke CKa3bIBACTCS Ha 3aeP)KKaxX, BOSHUKAIOIINX TIPU
eThb-Cy CPU I KOJIMYCCTBA
b = cTpar PO~ 1 perpanBaemex obpaboTke Tpaduka snemeHTamu ceTd. 1IodToMy HEOOXOIUMMO
AA [12] Bupryasbhas Iclif)?;gﬂ BUPTYalbHbIX ONPEIENUTh MOJETb JMHAMHYECKOIO DPa3sBEPTHIBAHUS CETEBBIX
ceThb HOCTE PECYPCOB B CETh- CETMEHTOB M apXUTEKTYPY YIPABICHUS U OPKECTPOBKH CETEBBIX
cyberpar CerMeHTOB. B JI0TN0JIHeHNE K ATOMY HEOOXOANMO HANTH MOAX OIS~
Bpemst TlepBbiii pacripe- I QITOPUTM U AJalTHBHOTO MAaCIITaOMPOBAaHUS CETEBBIX
IpephIBa- . o
Marquezan HIL j’ce ICJICHHBIH AIro- CErMEHTOB HA OCHOBE aHAJIM3a TEKYILEH yTHIN3alMU JJIEMEHTOB
D/D/C |etal. (2010)| VNFM Bmap PHTM BHPTYallb- BUPTYaJIbHOM CETH.
[25] O6bem HOT'O CETEBOr0 Ceru 5G MCHONB3YIOT MPUHIMIIEI BUPTYAIN3AIUH CETEBBIX
AT BCTPAMBaHUs ¢ynkumii (NFV) u nporpammuo-onpenesnsiemsix cered (SDN) st
BupryansHroe ce- JOCTHYKEHUsI THOKOCTH B YIIPaBJICHUN CETEBBIMHU PECypcamMu [32]0.
Dusnueckas TeBOE BCTpAMBa- [Mostomy cTpykTypy cet 5G Ha OCHOBE JAHHBIX KOHIIEMIIHH
Yu et al. ceTh Torosory | FH€ Ha OCHOBE 1a- MOJKHO TIPE/ICTaBUTh B CIEIYyIONIEeM Bue (puc. 4). 3a yrpaBieHue
(2010) [26] | BupryanbHas PaMETPOB CETEBhIX pecypcaMn BHUPTYalIn3UpOBaHHON HWH(PACTPYKTYpHI OTBEYAET
CeTh COEJIMHEHHUH CeTH- MOIYyITb MCEHEIDKMEHTa W opkectpanmun (Management and
cyberpara Orchestration). B cBoro ouepens MANO BKIIIO9aeT OpKECTpaTop
[lepepacnpenee- NFV (NFVO), orBewaromuii 3a yrnpaBieHHEe ¥ MOHHUTOPHHT 3a
Cerp-cy6- | CPU Ilpo- | Hue peCypeoB IPH | gyrvanpHpiMu pecypeamu, 1 6110k ynpasnerns VNF (VNFM),
Butt et al. cTpar IIyCKHasl | YBEJIIMYEHUH BEPO- o Y
KOTOPBII OTBeUaeT 3a )kn3HEeHHBIN ki VNF.
(2010) [27] | BuptyanbHast | cmoco0- | STHOCTH OTKas3a B
CCTh HOCTH IpeaoCTaBICHUN
D/C/R cepBuUca REST API I,’ : ™
Cetb-cy0 Tonosorus JlnHamuyeckoe i l gy Aot | l
Schaffrath or a¥ CPU Ilpo- HePepACIIDEICHE C e p— . 71
etal. (2010) p IycKHast pepacipen ommunication Service | [AMF| [SMF] [PCF] [
Buptyanbsnas HHE BUPTYaJIbHBIX Management Function{CSMF) b 7
(28] crocoG- i [ [nssF| [upF] [ausr]/f1
ceThb HOCTE pecypcoB t P L= : 2T
'/ Core Netwark Slice 1
T ITepuoauueckoe Network Slice Management b i
OIIOJIOTHST S e | - TS
CeTtb-cy0- CPU IMno. | ePepacnipenere- Function(NSMF) ! F"W Network Slice 2 !
Chen et al. crpar o CKHgﬂ HHE PECYPCOB BbI- JS— i ___________ o Core Network Slice ... !
\ - .
(2011) [29] | Bupryamssian | o6 | coromarpymen- | (il e g )\ Nework lice Descriptor
ceTh HOCTDH HBIX 5JICMCHTOB ! | Management Function(NSSMF) |
ceTu-cydcTpara i !
|
[Nocramux : I | / :
nHppacTpyx- MpropuTer Bricokas oTkazo- ! NFVO | Infrastructure/Hardware
TypHl p 3§a YCTOMYMBOCTb IPH : NVE-MANO | resources
. g = I -
D/D/R Houidi et al. | ITocraBuiuk N IZO Jrer | BPIXOME H3 CTPOS : VNEM ol (Compl;}3£5l0;<agee and
ctwor]
(2010) [30] | BupTyanusu- c%eﬂi Ho. | Y37IOB WM coeau- i : e )
POBaHHO# HH- s HeHuit ceTu-cy6- i VIM | ! Cloud Network
|
(bpacTpyk- crpara N /
TYpBI TTTTTTTTTTTTTTTTTTTTT T

Puc. 4. Crpyxrypa cetu 5G Ha ocHoBe NFV

C TeXHWYeCKOI TOUKH 3peHUs perieHus, peannsyromue NFV
Ha PAa3IMYHBIX CETEBBIX YPOBHSX, XOPOIIO 3apPEKOMEHI0BAIH
ceOs1. [Ipumepamu SIBJISIIOTCSE COBPEMEHHBIE apXUTEKTYPBI ILIAT-
dhopm MANO, takue xkak ETSI NFV [33], OSM [34] mwiu Cisco
Elastic Services Controller 5.3 ETSI NFV MANO [35], koTopbie
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MOJ/ICPXKHUBAIOT  TUHAMHUYECKYIO PEKOH(PUTYPAIIMIO PECYPCOB
VNF. Hcnonb30BaHue MCKYCCTBEHHOIO MHTEJUIEKTa M MAILWH-
HOTO 00y4eHHs IPH IKCIUTyaTalul MOOMJIBHBIX CETH HAXOIHUTCS
Ha paHHeH cTaauu. B HacTosIee Bpemsl BbIIENIEHHE PECYPCOB IS
VNF npencrasisier co00i peakTHBHBINA MPOIECC T.€. OCHOBAH-
HBIIl Ha YCTaHOBJICHUH MTPEJONPEIEIEHHOTO THCTEPE3UCHOTO T10-
pora [36]. OnHako MacIITaOUPOBAaHKE PECYPCOB 3aHMMAET HEKO-
TOpOE BpeMsl, TaK KaK BPEMs pa3BepTHIBAHUS BHPTYaJbHOW Ma-
muHbl (VM) MoXeT kone0aTbesi OT HECKOJIBKMX CEKyH[[ JI0 He-
CKOJIbKMX MHHYT, & COBDEMEHHBIM IIPOrPaMMHBIM PEIICHHSIM, Ta-
kuM kak Kubernetes, TpeOyeTcst HECKOIBKO CEKyH/I ISl HHUIINA-
m3anuy HoBBIX Moxyieit (PODs).

OtH Hen30eKHbIE BPEMEHHBIC 3aICPKKHU BIHMAIOT HA KAYECTBO
YCIIyT, MPEI0CTaBISEMbIX CETEBBIMH CETMEHTaMH, HCIIOIb3YIO-
IMX YCTapeBIIWI PEaKTUBHBIM MOAXOJ K YIPABIECHHUIO pecyp-
camu. [ToaTOMY BO3HHKAET OTPEOHOCTD B YIPEKIAIOLINX, aBTO-
MaTHU3UPOBAHHBIX PEUICHHSIX, KOTOpble O0ECIeUYnBAIOT JKOHO-
MHYHOE HCII0JIb30BaHHE PECYPCOB CETEeBOW MH(PPACTPYKTYphI 3a
CYET MPOTHO3MPOBAaHUS OyIyHIMX MOTPEOHOCTEH B CETEBBIX pe-
cypcax M MX CBOEBPEMEHHOTO iepepacipe/ieieHiss MMEHHO TaM 1
TOr/1a, TJIe U KOTJIa OHU MOTPEOYIOTCS.

Mojaeau JMHAMUYECKOI0 MACIITA0UPOBAHUS CeTeBBIX
CerMeHTOB

Mopnenn AMHAMHUYECKOTO MAacCIITaOMPOBAaHUS MOKHO pasfe-
JUTH HA JIBE TPYTIIBI: OCHOBAaHHBIC HA MMOPOTOBBIX 3HAYCHUSAX H
OCHOBaHHbIC Ha TPOTHO3MPYEMOM 3HAUCHUHU OYAyIleH yTHIIH3a-
IIUH CETEBBIX PECYPCOB (aHAJIHM3 BPEMEHHBIX PSI0B, HCIIOIB30Ba-
HHE MAIIUHHOTO 00ydYeHHs U T.1.). [loporoBsie MOJENN UCHIOTH-
3YIOT NPEIOTpEe/IeTICHHbIE BEPXHUN W HWKHUIM MOPOTH JUIsl Mac-
mrrabupoBanus. [IpenonpeneieHHbIe BEPXHUN TOPOT U HUKHHUN
TIOPOT HCTIONIB3YIOTCS JUIsl JII000TO TapaMerpa, XapakTepH3ylo-
LIET0 MPOU3BOUTEILHOCTb.

Ecmu mokasarenns mpon3BOIUTEIBHOCTH BEIIIE BEPXHETO IO-
pora 3a oTpeeeHHBIN eproI, OyAeT OCYIIECTBICHO MacIITaOu-
pOBaHKE B CTOPOHY YBEIMYCHHUS KOIHYECTBA TPeOYyEeMBIX pecyp-
coB. 1 Ha060poT, MacIITabNpOBaHUE B CTOPOHY YMEHBIIICHHS KO-
JIMYECTBA 33J]eHCTBOBAHBIX PECYPCOB B 00paTHOM cuTyarmn. Mo-
JICITA Ha OCHOBE MPEIOTIPEICIICHHOTO TIOPOTa MPOCTHI M YIOOHEI B
peamm3aruu. OHAKO BCE 3TH MOJENH SIBIISIOTCS PEaKTHBHBIM,
YTO MOJKET MpUBECTH K HapymeHusM B SLA. Kpome Toro, noporu
TPYJHO BBIOPATH, U, BO3MOXKHO, X IPUIETCSI 4ACTO MEHSITh.

[TosToMy OBUTH TIPEIOKEHBI YITyUIlIEHHbIE MOJIEIU C UCIIOIb-
30BaHHEM JMHAMUYECKOTO OIPEJIENICHNs] TIOPOrOBOIO 3HAYEHHS
[37-38]. B [38] mpencTaBasitoT HOBBIN METOJ pealu3alyu JAUHa-
MHYECKOTO OIPE/EIICHUS TIOpora MpU M3Y4YEeHHH AMHAMUYECKON
KOHCOJHIAINH mapaMeTpoB VM. JluHaMudeckn H3MEeHsIEMBIE I10-
pOTH TIONYYarOTCsS Ha OCHOBE OICHKH PACIpPEICIICHHS M CTaTH-
cTuku ucnoib3oBanus CPU mist pu3ndeckux X0CToB.

B mpyrux mccienoBaHHSX, OCHOBAaHHBIX HA IMPOTHO3HPOBA-
HUH, WUCTIONB30BATHCh MeTon aBToperpeccuu (AR) [39], meron
ckonb3sero cpeanero (MA) [40] u aBTOPETPECCHOHHOTO CKOJThb-
3srero cpennero (ARMA) [41]. JlanHbie MeTOIbI 00€CTIeYrBAIOT
pecypcoahexTHBHBINA MOAXO0J K aBTOMAaTHYECKOMY MacuiTadu-
POBaHMIO Ha OCHOBE HCIIOJB30BaHUSI OOYYEHUs C IOJKpeILie-
Huem. OOydyeHHE C TIOAKPCIUICHHEM BBIMOJHSICTCS 0€3 KaKuX-
100 3HAHUI O MPEIIICCTBYIOMICH Moieu Tpaduka Wi HHPOp-
MAIUH O MPEIBIIYIICM MacITaOupOBAHHY.
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IIporano3upoBanue UCHOJIb30BaHUsA pecypcoB VM B 1ieHTpax
00pabOTKM JTaHHBIX SIBIISICTCSI OJTHOM M3 OCHOBHBIX oOiacTel nc-
cileloBaHuil. DTH HcciieioBanue (OKyCHPYIOTCSl Ha TPOTHO3UPO-
BaHUM BpeMeHHbIX pAaoB ytwinzanun CPU VM BupTyanbHbIX
ceTeBbIX (DyHKIMH. [IprMepoM TaHHBIX HCCIIETOBAHUN SBIISIOTCS
MOJIETI aBTOPErPECCHOHHOTO WHTEIPHPOBAHHOTO CKOJIB3SIIETO
cpemero (ARIMA) [42], Xonpr-BunTepca [43], pa3mudHbIC
TUMBI ¥ PA3HOBUAHOCTH JIOATOW KPAaTKOCPOYHOW MaMATH
(LSTM)[44]: CNN-LSTM [45], XLSTM [46], multi-LSTM [47]
n Bi-LSTM [48].

Bce »Ti Mozieni OCHOBaHBI Ha IPOTHO3HPOBAHUH BPEMEHHBIX
psizoB (time series forecasting). BpemeHnHo# psii OTHOCHTCS K TIO-
CJICZIOBATEJILHOCTH HAOJIOICHUH, B KOTOPBIN 3alMCHIBAIOTCS T1a-
pamMeTpsl KOHKPETHBIX JACHCTBHUI B T€UEHUE ONpEAETICHHOro Ie-
puona BpeMenu [49]. Tak kak HaOJIOJICHUS SIBIIIOTCS BPEMCH-
HBIMU BBIOOPKaMH, TO OHH KOPPEIUPYIOT MeX Iy co0oi. [Iporao-
3MpOBaHNE JICSITEIEHOCTH WIIM HAOJ0IeHHST OOBIYHO BKITIOYACT B
ce0s1 corocTaBiIeHNEe HCTOPUUECKUX BPEMEHHBIX PSII0B U MTOUCK B
HUX 3aKOHOMEepHOcTeH. OnpeienieHne TPEH/I0B ¥ CE30HHBIX 3aKO0-
HOMEPHOCTEH JaHHBIX BPEMEHHBIX PSIIOB MOKET OBITH OIpesie-
JICHO Ha rpa(uike BPEMEHHBIX PSI0B M COCTABIIACT MIEPBBIH 1IIar B
0001 33/1a4€ MPOrHO3MPOBAHNS BPEMEHHBIX PSIOB.

Kak npaBuiio, npeoOpa3oBaHre BPEMEHHOTO Psa B CTJIAXKEH-
HYIO BEPCHIO M TIOCIEIYIOLIEe €ro MOCTPOCHUE IO3BOJISIET BbI-
SIBUTh HEH3BECTHBIC paHee 3aKOHOMepHOCTH. OTHUM M3 TaKHUX
IIMPOKO HCIIOJIB3yEMbIX METOJIOB CITIa)KUBAHUS ABJISCTCS METOJ
CKOJIB3SIIIIETO CPEeAHEr0. MeTOo ] CKONB3AIIEr0 CPEAHEro UCIOTb-
3yeTcs Ul U3MEPEHUs Ce30HHBIX Bapuallii BO BPEMEHHOM ATy
IyTeM BBIYUCIICHUS] CPEHET0 apu(METHUECKOro 3HAYCHUH JUIs
BPEMEHHBIX HHTEPBAJIOB BO BDEMEHHOM PsiJly ¥ CHU)KEHHS JII000H
BOJIATWJIBHOCTH JIaHHBIX.

JUis onpeneneHus Ciy4aliHOCTH JAHHBIX, BBOAUTCS MOHATHE
CTAallMOHAPHOCTU. BpeMeHHOH psii Ha3bIBAE€TCS CTPOTO CTALUO-
HApHBIM, €CJIH paclpeeliCHIe BepOSTHOCTEH Habopa 3HAUCHHI B
9TOM BPEMEHHOM DSy OCTAETCS HEM3MEHHBIM JaXe MPH CMeIlle-
HUU Ha0oOpa BO BpeMeHU. MHOTHE U3 pealbHBIX BPEMEHHBIX psi-
JIOB TAHHBIX SIBIISIFOTCSl HECTALIMOHAPHBIMHU 10 CBOEH MPUPOJE U,
CJIeZI0BATENBHO, TPEOYIOT KOPPEKTUPOBKH JIAaHHBIX, YTOOBI Clie-
JIaTh UX CTAIMOHAPHBIMU IyTEM YAaJICHUS TPEHIOB, KOTOPHIE IO
CBOEH MpHUPOJE YBEIMYUBAIOTCA WM yMeHbIIatoTca. OnHUM U3
TaKUX IIMPOKO MCIOJIb3YEMbIX METOJIOB siBisieTcst AuddepeHnu-
pOBaHME BPEMEHHBIX PSJIOB IepBoro nopsika. Onepanus tudde-
PEHIMPOBAHMS BBIOJIHSACTCS ITYTEM BBIYUTAHUS IMPEIBLILYIIHX
3HAUEHMH M3 TEKyIMX 3HaueHWd. Taxke nauddepeHpoBaHme
MOXET MPUMEHATHCS MOCIIEI0BATENbHO Ul AajJbHEHIIEeTo mo-
HOTO yJAJICHHUS TPEHIOB 3a CUET MOTEPH BCE OOJIBIIETO KOJMUe-
ctBa nH(opMmarmu. B manHOM ciryuae AK® BpeMeHHOTO psiga —
9TO CTENEHb KOPPEISIINY TEKYIINX 3HAYEHUH C MPONUIBIMHU 3Ha-
YECHUSIMU.

bBenblil mym npeacTaBisieT BpEMEHHOM psill, B KOTOPOM KaxK-
Jtoe HaOJII0/IeHUE CITy4aiiHbIM 00pa3oM OepeTcst U3 COBOKYITHOCTH
HaOMIONCHUIT ¢ JUcliepCHel U CPeIHUM 3HA4YE€HHEM, PaBHBIM
nHymo. Kak npaBuiio, BpeMeHHBIE Psibl AOJKHBI CJIE0BaTh Ta-
KoMy Ia0JI0Hy Jutst OoJjiee JIydIiero nporHo3upoBaHus, 1 Jrodoe
OTKJIOHEHHE B 3TOM cllydae KpUTHYHO. Mojenn aBToperpeccun
(AR) n cxomp3simero cpenHero (MA) MOMOTalOT UCIIPaBUTh ATH
otkioHeHus. Moaenn ARIMA ucnonb3yloTcst B KauecTBe (Hilb-
Tpa, KOTOPBII pa3AeisieT CUTHal U IIyM, [10CIEe Yero CUrHajl UC-
TOJB3YETCs JUISl TIpeJICKa3anus OyayInX 3HAYCHUH.
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[IporaosupoBanne ¢ ucnonszoBanneM ARIMA ocymecTBiis-
€TCsl C TIOMOILBIO JINHEHHOTO ypaBHEHUsI, TJIe TPEAUKTOPHI MPe/l-
CTaBJSIFOT COOOM JIarW 3aBHCHUMBIX TMEPEMEHHBIX WM OLIMOOK
nporuosupoBanusi. Mogens ARIMA onpenensercs napameTpamMu
ARIMA (p, d, q), re: p — o01iee KOJIM4ECTBO WIEHOB aBTOperpec-
cuH, T. €. YCIIOBHH aBToperpeccuy, d — o0miast pa3HoCTh, HE00X0-
JUMast JJIsl CTallMOHApPHOCTH, a q — O0Ie OMKMOKH POrHO3UPO-
BaHUs C 3amnasjapiBanueM. B [42] Ha ocHoBe Mojenun ARIMA
OTIpEJIeISIETCS] POTHO3MPOBAHKE 3arpy3KH CHCTEMBI M OI[CHHBA-
eTcs TOYHOCTh TPE/ICKa3aHNsl Ha OCHOBE PEaJbHBIX 3alpOCOB K
VM.

B [43] ommceiBaeTCS anTOpUTM MPOTHOZUPOBAHUS XOJIBT-
Bunrepca (HW) mist mpenckazanus mapaMeTpoB TpadhUKOBOK MO-
JIEITN CETEBBIX CETMEHTOB. B OCHOBHOM 3TOT METO/I IpeTHa3HAUYEH
JUIsl TIPEAOTBPAIICHHUS] YaCTOTO W3MEHEHHs CETEBOM TOIOJIOTUU.
Taroke uccieayercs: AMHAMUYECKOe Pa3BepThIBAHHE CETEBBIX CET'-
MEHTOB, ONPEJIENISETCS apXUTEKTypa yIIPABICHUS U OPKECTPOBKH
UMH. DTOT QJITOPUTM CBOAMT K MUHHUMYMY OLIMOKH ITPOTHO3UPO-
BaHMS YTO ITO3BOJISIET CHU3UTH 3aJIepKKy co3nanus VNF s ce-
TEBBIX CErMEHTOB. HemanoBakxHOM SBISIETCSI M ONTUCAHHAs CTpa-
Terusi aganTuBHOrO MacmradbupoBanust VNF mist onpenenenus
TpeOyeMOoro KOJIMYecTBa 3aJeiCTBOBAaHHBIX PECYPCOB.

JpyruM HEeMaJOBa)KHBIM ITOPUTMOM HPOTHO3UPOBAHMS SIB-
ssiercst LSTM u ero pazHoBunHoCTH, onucanHble B [44-48]. Cetu
LSTM — 3T0 K1ace pyKyppeHTHBIX HeWpoHHBIX ceTeit (RNN), ko-
TOPBIE HCIIOJIB3YIOTCS [UISl MHTEPIPETANN U U3YUIEHUs JOJTO-
cpouHbIX 3aBucumoctei [50]. Ocobennoctrio anroputma LSTM
SIBIISICTCSI CITIOCOOHOCTh COXPaHsTh HH(OPMAIIHIO B TCUCHUE JIJTH-
TenbHOTO Teproaa BpemeHnd. LSTM cocTouT U3 Tpex ypoBHEH:
cioit puiabTpa 3a0bIBaHMs, CIIOH BXOIHOTO (UIBTPA U CIOW BbI-
xoaHoTro rbTpa (puc. 5) [S1].

® ® >
t t

f L
A [IEAL A
® ® &

Puc. 5. Mozens LSTM anroputma

v

Croit ¢punbTpa 3a0bIBaHUS ONPECISIET, Kakas 4yacTh MPEabl-
JYHMIHX JaHHBIX OyzAeT 3a0bliTa M Kakas 4acTb IPEIbIAyIINX JaH-
HBIX OyZeT HCIIONIb30BAThCS HA CIEAYIOIIHEM 3Tare. 3HaueHHe
9TOTO BEHTHJIS HaxoauTcs B auamnaszone 0-1. «0» ompexnenser 3a-
ObITHE NpPEeABIIYIINX JaHHBIX, «1» Onpenesser UCIOIb30BaHHE
NPEAbIAYIINX JaHHBIX.

Croit BxoaHOTO (hrsibTpa BKJIrOYaeT cioi tanh u otseyaer 3a
MOJTy4YEHHE HOBBIX JaHHBIX. HeHy)KHast 4acTh BXOAHBIX JIAHHBIX
OT(WIBTPOBBIBACTCS CUTMOBUAHOW (DyHKIHMEH, 3aTeM C MOMO-
b0 GyHKIuy tanh omnpeaensoTcss HOBbIE BO3MOXKHBIC JaHHBIC.
YMHOKEeHHE pe3ysbTaTa Ha BBIX0JIe CHTMOBHIHOM (pyHKINY 1 pe-
3yJpTaTa Ha BbIXOJe (QyHKIMHU tanh ompenenser oOHOBIEHUE H
TIOJTy9YEHUE HOBOTO COCTOSTHUS STUCHKH.

Croit BEIXOZHOTO (DHITBTpa OTIPENeNsIeT COCTOSHHE STYCHKHU C
oMot GyHKIUHU tanh. BxonHsle naHHbIE QPUIBTPYIOTCS CHT-
MOBUAHOU (pyHKIMEH. Y MHOKEHNE pe3ylibTaTa (UIbTPALIMH CHI'-
MOBHIHOW (YHKIIMEH W pe3yibTara Ha BeIXoiac (yHKmuu tanh
OTIpEIeIIsIET BHIXOJHBIC JAHHbIC.

Bonee ycoBepIieHCTBOBaHHBIM aJITOPUTMOM IPOTHO3MPOBA-
Hus sBrsieTcst ApyHanpasienHas LSTM (Bi-LSTM) (puc. 6) [52].
Anroput™ Bi-LSTM mnpexacraBnser mporecc, mpu KOTOPOM JIFO-
0ast HefipOHHAS CETh TMOIyYaeT HH(OPMAIHIO O MOCIIEIOBATEb-
HOCTH B 000OMX HAIPaBJICHUAX: B MPSMOM (M3 MPOIIOTO B Oy 1y-
niee) u oopatHoM (U3 Oyaymiero B mpoiiioe). B atom cirydae npo-
HUCXOIUT 00paboTKa BXOJHOW IOCICIOBATEIBHOCTH B O0OHMX
HaIpaBIIeHUSX, 110 CpaBHEHUIO ¢ 00braHOI LSTM.

Backward

Xp+t

Puc. 6. Mozens Bi-LSTM anropurma

B [48] paccmarpuBaercsi HOBbIM, 3(p(eKTHBHBIA MeXaHU3M
YIPEKAAIOIIEr0 MPOTHO3UPOBaHUs TPEOYyEeMBbIX PEeCypcoB C HC-
MOJIb30BaHUEM Kojepa-zekojiepa Ha ocHoBe Bi-LSTM. Mopuenb
Ha ocHoBe aByHarpasieHHoit LSTM (Bi-LSTM) ¢ mexannzmom
BHUMaHWUs, TpeJHa3HayeHa Ui MHOTOMEPHOIO MPOTrHO3MPOBa-
HUSI BPEMEHHBIX psiioB. OHA MOXKET JIOCTHIaTh BHICOKOH TOYHO-
CTH KaK ITPH KPaTKOCPOYHOM, TaK U IPH JIOITOCPOYHOM IPOTHO-
3UpOBaHH, Onarosapsi 4eMy CHCTEMa OTCIICKHBACT YTHIM3AIHIO
pecypcoB VNF, mporHozupyeTr yTWIH3AIHMIO PecypcoB B Oyy-
[oIeM M aBTOMAaTHYEeCKH I00aBISIET WIM YAAISeT KOMIIOHEHTHI
VNF 1i1s Ka)ka0oro ceTeBOr0 CErMEHTA.
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Puc. 7. Apxurexrypa Bi-LSTM ¢ MexaHH3MOM BHUMAaHU

Apxwurekrypa anroputma Bi-LSTM ¢ mexaHn3moM BHUMaHUS
TpencTaBieHa Ha pucyHke 7 [38] 1 coCTOUT U3 CIeAYIOMUX KOM-
moreHT: Bi-LSTM B kadecTBe KoMITOHeHTa 3HKozaepa, LSTM B
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Ka4€CTB€ KOMIIOHEHTa JACKOACpa W MEXaHM3Ma BHHUMAHUA.
Bi-LSTM wu3y4aeT CKpbITOE NpE/CTaBICHHE MOCIIEI0BATEIBHO-
CTH BXOJHBIX JaHHBIX (1) M M3BJIEKaeT NPU3HAKU IITyOOKOW Bpe-
MEHHOW 3aBUCHMOCTH M KOPPEJSLUK U3 MHOTOMEPHOTO BPEMEH-
Horo psina (2, 3).

3areM MOCIIEIOBATENIFHOCTh Ha BBIXOJIE KOJEpa ITOMEIIAeTCs
BO BPEMEHHOI CJIOIf MeXaHW3Ma BHUMaHHs C BBIXOAHBIMH JIaH-
HBIMH CJIOS IeKOJiepa ISl IOCTPOCHHSI BEKTOPOB KOHTEKCTA BHHU-
Manus. Jlexonep LSTM o6pabaTsiBaeT BEKTOPHI KOHTEKCTA BHU-
MaHWUsl, YTOOBI ONPEACITUTH OYIYIIYI0 YTHIH3ALHIO PECYPCOB.

JU71st OLICHKH aJITOPHMTOB HCHIOJIB3YIOTCS CIIEAYIOIINE TI0Ka3a-
Tenu: cpenHssa kBaapatuanas ommoka (MSE), kopeHs u3 cpegHeit
kBaaparnuHoi omuoOku (RMSE), cpennsisi abcomoTHas omuoka
(MAE) u ko3¢ dunuent nerepmunanuu (R?).

Cpenssisi KBaipaTUuHasi OUIMOKa ONpEJEIsieT CpeJHeKBapa-
THUYECKYIO PA3HUIy MEXAY HPOTHO3MPYEMBIM M (aKTHUYECKHM
3HAYCHHEMHU:

MSE = -3, (x(D) = y(D)? (M)

Kopenp w3 cpeaHell KBajpaTHUHON OMIMOKH OIpEeNseT
KBaJIpaTHBIH KOPEHb PA3HUIBI MEXy MPOTHOZUPYEMBIM U (hak-
TUYECKUM 3HAUCHUEMHU:

RMSE = VMSE )

Cpennsist abcoMOTHAS OITHOKA OTPECIACT CpeHee abCOM0T-
HOE pa3jinuyue MEKAY MPOTHO3UPYEMBbIM M (haKTUUECKUM 3HAue-
HUEMHU:

MAE = -3 |x(i) = y (D) (3)

Koaddumment nerepMuHanuy onpesienseT KBaapaT MHOXeE-
CTBEHHOTO KOX((HUIMEHTa KOPPEISAUA MEXKY (HaKTHYECKUM U
MIPOTHO3UPYEMBIM 3HAUCHHEM:

R? = 1 _ Zaa(GO-y®)° @

n(x@-y®)*

rae x(i) — paktuyeckoe 3HaueHue, y(i) — MPOrHOZUPYEMOE 3Ha-
uenne, y(1) — cpennee 3HaueHue X (i) B MOMEHT BPEMEHH |.
Tarxoxe B [38] mpoBeieHO CpaBHEHHE HEKOTOPBIX alrOPUTMOB
JIMHAMHYECKOTO MAaCIITaOMPOBAHMUS, OIMMCAHBIX BhIIC. Pe3yrb-
TaThl OLICHKH NPEJICTaBICHBI B TA0M. 2.
Tabmnuma 2

CpaBHeHHe napaMeTPOB MoJeJiell JMHAMHUYECKOr0

MacIITa0upOBaAHHA

Monens MSE RMSE | MAE R?
XonbT-YHHTEPC 12,50 3,53 3,21 0,87
CNN-LSTM 11,10 3,33 3,13 0,89
XLSTM 11,30 3,36 3,15 0,90
multi-LSTM 10,50 3,24 2,80 0,95
Bi-LSTM ¢ mexanusmom 9,30 3,05 1,82 0,97

BHUMaHUS

Mozens Bi-LSTM ¢ mexaHn3MOM BHAUMaHHS [TOKa3bIBAET HE-
KOTOpOE TPEBOCXOCTBO, IO CPaBHEHHUIO C OCTAJIBHBIMH MOJIE-
JIIMH, 9TO TIO3BOJISIET OMPEACIATh KONIUIESCTBO TPEOYEMBIX IS
VNF pecypcoB ¢ 0oiiee BBICOKOM TOUHOCTbIO.

Bce omucanblie BbIllie MOACIH AUHAMHYCCKOTO MacIITaOHpO-
BaHMS OCHOBAHBI Ha MCITOJIb30BAHUN PA3IMIHBIX TAPAMETPOB ISt
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HpelCKa3aHus YTHIN3ALUH CeTeBBIX pecypcoB B Oymymem. Oc-
HOBHBIE XapaKTEPUCTUKU MOJIeJIeil BEIHECEHBI B TabiuIe 3.

Tabauna 3

CpaBHeHHe IapaMeTPOB MOJieJIell JHHAMUYEeCKOro

MaCIITAOUPOBAHMSA
BosmoxxHoCTh Bo3moxHoCTh
Moers MpeJcKa3aHusl | MpelcKa3aHus Bozmox-
YTUIM3aLUM | IapaMeTpoB Tpa- | HocTb VNE
pecypcoB (huKoBOI MoneIH
ARIMA Her Ja Her
XonbT-YHUHTEpC Ja Ha Her
CNN-LSTM Ja Her Her
XLSTM Her Ja Her
multi-LSTM Ja Her Her
Bi-LSTM ¢ mexa- Jla Her Her
HHU3MOM BHHUMAaHUS

Ha ocHOBe mpeacTaBICHHBIX XapaKTEPHCTHK MOKHO CIIENIaTh
BBIBO/I, UYTO IIpU ONPEACICHUN HpO6HeMBI JUHAMHYCCKOI'0O Mac-
TabUpPOBAHUSI PACCMATPUBACTCS TOJILKO BO3MOXKHOCTD Iepepac-
MIpeJeNICHHs PECYpPCOB Ha OCHOBE MpejcKka3aHus yTUIN3alUU pe-
cypcoB VM. Ipu 5TOM BO3MOXKHOCTb TIPECKA3aHMs YTHIU3AIH
pecypcoB Ha OCHOBE ITapaMeTPOB TPAPUKOBON MOJIEIIH OIIpe Ieisi-
€TCs TOJIKO B HEKOTOPBIX MOJIETISIX.

DTO MOXET OBITH CBSI3aHO C TE€M, YTO M3HAYAIBEHO MOJIENH JIU-
HAMHUYECKOT0 MacHITaOMpOBaHMs BUPTYaIM3UPOBAHHBIX PECYp-
COB paccaMTPHUBAIIUCH TOJBKO B pa3pese dkcruryaranuu L{O/], rue
0oJee BaKHBIMU TTapaMeTpaMu siBisttores yruam3anus CPU u ma-
Mt VM. B 3ToM ciydae ucronp30BaHue mapaMeTpoB TpadhuKo-
BOI MOJIENH TOJNBKO YCIOKHACT paboTy TaHHBIX anroputMoB. Ho
B paspese IKcIuTyatanuu ceteil 5SG M HCIONB30BaHUS CETEBOTO
CEerMEHTHPOBAHUS HEOOXOIMMO TAKKE YUYHTHIBATH IMapaMeTPHI
TpadukoBOil Momenu, pasmep Oydepa odciyxkuBarommx VM u
MapIIpyTHU3aTOPOB, yTHIN3aLMI0 IP-11y10B U 3a7€pKKy B BUPTY-
AJIBHBIX CETEBBIX COCAMHECHUAX IJIA TapaHTUPOBAHUA Tpe6yeM1>Ix
napameTpoB QOS B KaXKJOM U3 BAPUAHTOB HCIIOJIb30BAHUS.

3akjaouenue

B nanHOIt cTaTthe OBUIM PacCMOTPEHBI TOIXO/BI K PEIICHHIO
mpobieM BUpTyanbHOTO cereBoro BcrpamBanus (VNE) u nuHa-
Mugeckoro macmrabupoBanus pecypcoB VNF cereit 5G. [Toutn
BO BCEX MCCJIEJOBAHMAX 00a 3THX MOJX0Ja PACCMaTPHBAIOTCS OT-
JIeNIbHO, TaK KaK 3TO JIBE COBEPILEHHO Pa3Hble 3a]a4uH, KOTOPbIE
peuIaroTCsa ¢ TOMOIIBIO pa3IMYHbIX I10 (byHKLII/IOHaJ'ILHOCTI/I aJjiro-
PUTMOB. BOTBIIMHCTBO MoOjENel TUHAMHYECKOTO MaciTadupo-
BaHMsI PECYPCOB OCHOBaHBI TOJHKO Ha MCIIOJIb30BAaHUHU MapaMeT-
POB YTHJIM3ALMHM BHPTYaJHM3UPOBAaHHOW HMHQPACTpyKTyphl. Hc-
KJIFOUeHHEM siBiseTcs [43], rae MacuTabupoBaHue BUPTYaIbHBIX
pecypcoB Ul CETEBBIX CETMEHTOB OCHOBAHO Ha TpeJICKa3aHWuH
Oyamymiell yTHUIM3aluy pecypcoB BUPTYaTHM3HUPOBAHHONW HH(]pa-
CTPYKTYpPBI M aHAJIN3€ NTapaMeTpoB TPahUKOBOW MOJIEIIH.

Taxoke B CTaThe NMPEICTABICHO OMMCAHUE W CPAaBHEHHE pas-
JMYHBIX MOAENEH AWHAMHUYECKOTO MAacCIITaOMpPOBAHMS CETEBBIX
cermeHToB. HMcnone3oBanme moaenn Bi-LSTM ¢ mMexanm3mom
BHUMaHHsI IEMOHCTPHPYET HEKOTOPOE MIPEBOCXO/ICTBO IOKa3aTe-
JIel, Ha OCHOBE KOTOPBIX ITPOU3BOJWIOCH CpaBHEHUE Mozienell. B
OTIMCAHBIX BBIIIE PEUICHUSIX HE TPHBOANTCS aHAIN3 apaMETPOB
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ObICTpONIEICTBHISI MOJIENIel JAMHAMHUYECKOTO MacCIITaOHUpPOBaAHMS
BUPTYaJIBHBIX CETEBBIX PECYPCOB, UTO B CBOIO OYepe/ib SBIACTCA
BaXXHBIM KPUTEPUEM TIPU OLIEHKE BEPOSTHOCTH BO3HHUKHOBEHUS
0TKa3a B MPEIOCTAaBICHUH YCIyT U3-32 HECBOEBPEMEHHOIO yBe-
nomiieHnss NFVO o HeoOXoauMOoCcTH MacIuTaOupoBaHUS Pecyp-
cos VNF.

Takum 00pa3oM LENbI0 OYAYIIMX HWCCICIOBAHHNA SBIISICTCS
pa3paboTka METOIOIOTHH TTOCTPOCHUS MOJICIN YTIPABICHUS pe-
CypcaMH CETEBBIX CETMEHTOB ISl O0ECIEeYCHHS BO3MOYKHOCTHU
BHPTYAJILHOTO CETEBOTO BCTPAMBAHUS W MACIITAOMPOBAHUS pe-
CYPCOB Ha OCHOBE aHaJIH3a TOIIOJIOTHH CETH, IPEACKa3aHNs apa-
METpPOB TPaPHUKOBON MOJIENN M YTHIM3AINN PECYPCOB BUPTYaJIH-
3MPOBaHHON HHPPACTPYKTYPBL.
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Abstract

This article analyzes the existing models of virtual network embedding and dynamic scaling of virtual network resources for Network
Slices. These models make it possible to provide services with the required QoS while respecting the concept of efficient network
resource usage. Dynamic virtual network embedding models allow virtual networks to be efficiently mapped on a substrate network
and reconfigured on demand. But for more flexible dynamic scaling, Holt-Winters, Bi-LSTM and etc. models are additionally used, which
are built according algorithms for predicting future resource utilization in order to reduce the initialization time of virtual network func-
tion instances serving certain Network Slices. Dynamic scaling models are compared and conclusions about the possibility of their use
are given. As a conclusion we were made a summary about the possibility of using these models and the necessity of improvements

for more flexible use in 5G networks.
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B cratbe npuBeaeHbl pe3ynbratbl 060CcHOBaHMA Noaxoaa K
BbIGOpY paananbHO-ABYXKOJNbLEBOW TUMOBOM CTPYKTYPbI
Ha OCHOBe ee MaTeMaTU4eCcKOro MoAeNnMpoBaHUsA C Npume-
HeHuWeM MeToJja CTATMBAHUA Y3/10B CBA3M B 3KBUBAJIEHTHbBIN
y3en, B pesynbrare Yyero obpasyerca aKBMBaJIeHTHaA paau-
anbHO-OAHOKOJbLeBaA TUMOBAA CTPYKTypa, AnA obocHoBa-
HKUA BbIGOpA KOTOPbIX UCMONb3YIOTCA U3BECTHbIE METOAUKHM
u anroputMbl. B ocHoBy npeanoxeHHoro noaxopaa K Bbi6o-
Py pPaAvanbHO-ABYXKONbLEBON TUMOBOW CTPYKTYpbl HapsA-
Ay C METOJ0M CTATMBAHMA Y3J10B CBA3M MOJNI0KEHblI METOAbI
AWHaAMUYEeCKUX aHanorui n c¢ppakranbHoro camonogobus.
C y4yeToM AMHAMUYECKMX aHaNoOruin Mexay BCEMMU TpaHC-
NOPTHbLIMU COCTABNAIOLLMMU PasHOPOAHbIX ceTel (aBTOMO-
6GUNbHBIX, XKeNe3HOAOPOIKHbIX, TENIEKOMMYHUKALMOHHBIX U
Ap.) MccnefoBaHUA MPOBOAMNUCH NPUMEHUTENBHO K
TPaHCMOPTHOM COCTaBAAIOLLENA TEIEKOMMYHUKALUMOHHOMN
CeTH, HO C y4EeTOM TOro, YTO MoJly4eHHble pe3ynbTaTbl UC-
cnefoBaHuA MOryT ObiTb MCNONb30BaHbl B MHbIX TPaHC-
NOpTHbIX cchepax TPAHCMOPTHON NOTUCTUKM.
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BBenenue

PaccmaTpuBasi IOCTaHOBKH 3a/1a4 MaTeMaTHYECKOTI0 MOJIEITH-
POBaHMSI M ONTUMH3ALMH TOIOJOTHH PA3IMYHOTO POJAa TpaHC-
MOPTHBIX ceTeill (aBTOMOOMIIBHBIX, YKeJIE3HOIOPOKHBIX, TEIEKOM-
MYHHUKaIMOHHBIX H JIp.) C YI€TOM JTUHAMHKH Pa3BUTHS, OKa3bIBa-
€Tcsl, YTO OYEHb YacTO UCIOJIBb3YIOT TEOPHUIO PA3BUTHS JUHAMHYC-
ckux cucteM [1, 2], oTpakaromnIyro Mmpouecchl U HepapXuIecKue
YPOBHH (3TaIbl) CTPYKTYPHOH SBONIONMH B BHJIC MHOKECTBA S.

Ecmu ydects, uTo (hpakTambHbIC 00BEKTHI CaMOIOO0HHI [3],
TO TOAXOJ K MOJAGIUPOBAHUIO JIOOOTO PoJa TPAHCIIOPTHBIX Ce-
TEH, BKITFOUasi TPAHCTIOPTHYO COCTABIISIONIYIO M CETH IOCTYTIA Te-
nexommyHukanuonnoi cetn (TKC), Moxxer ObITh 000OCHOBaH C
MO3UIMK MOJICJTMPOBAHUSI CAMOIIOJOOHBIX (PPaKTAIBHBIX CTPYK-
TYp B BUJEC HaI/I6OJ'Iee ONITUMAJIBHO WJIN palfluOHAJIBHO BJIOKCHHBIX
OJTHa B JAPYTYIO U3HAYaJIbHO JABYX THUNOBBIX cTpykTyp (TC) omu-

HAKOBOTO BHJIA C MOPSAKOBBIM HOMepoM S =1,S, rae B Hamiem

cityyae Juisl IByX Kouer S = 2.

C yueToM TMHaMHYECKUX aHAJIOTUI MEXkK/Ly BCEMH TPAHCIIOPT-
HBIMH COCTaBIJIIOIIMMH Pa3HOPOIHBIX ceTell (aBTOMOOMIIBHBIX,
JKEJIE3HOIOPOKHBIX, TEJIEKOMMYHHKALIMOHHBIX U Jp.) OCTaHO-
BUMCs 00Jiee KOHKPETHO Ha TpaHcropTHoi coctasisitomieit TKC,
C YY€TOM TOI'0, YTO IOJTYUCHHBIC PE3YJIbTAThI UCCIICAOBAHUA MO-
ryr 6bITI) HCIOJIb30BaHbl B MHBIX TPAHCIIOPTHBIX cd)epax TpaHC-
MOPTHOM JIOTHCTHKH. HAPUMEp, NPUMEHHUTEIBHO K MHOTOKOJIb-
LIEBOI CTPYKType MOCKOBCKOT'O METPO HJIM KOJICI] aBTOMOOHIIb-
HBIX JOpOT.

B nannowm cmywae, xorzma S = 2, o4eHb Ba)KHO HAaXOAWTh HE
TOJIBKO BHYTPEHHHE aHATIOTHH JJIsl KaXK/I0TO M3 IBYX HTAIOB 3BO-
JFOIMU CHCTEMBI, HO U BHEIIHUE aHATIOTHH MEXIy 3TUMH YPOB-
HSIMH, B BUJIe CaMOoIIoJ00HBIX tuHamuueckux TC 11t mocTpoeHns
konbleBsx cTpykTyp (KC). Mcxons u3 aroro, mpemraraercs pa-
nuanbHO-AByxKonbleByto TC (P-IIKTC) monenupoBaTh B BUE
(pakTabHOI CTPYKTYPBI, UCTIOJBb3Ysl AITOPUTM 00paTHOI peKyp-
PEHTHOM CBSI3U C JA00aBICHUEM B Ka)JOM IUKIIE UTEpalluu He-
KOT'0 HEJIMHEHHOr0 3HaYeHUs! C ¥ yYUTHIBasI, YTO:

BCE MMOJIy4YeHHbIe B paboTax [4-11] Hay4HO-TIpaKTHYECKHE pe-
3yJIBTAThI HCCIIEIOBAHUH 10 000CHOBaHMIO BEIOOpa Hanboiee or-
TUMAJBHBIX PaJfajIbHO-0JHOKOJIBLEBBIX THIIOBBIX CTPYKTYp (P-
OKTC) npumenuntensro k nocrpoernio TKC MoryT ObITh MeTO-
JIOM JTMHaMHYECKHX aHaJOTWi IPUMEHEHB K 000CHOBAHHMIO BBI-
6opa P-IKTC;

nepexon ot ucxonuou (Bayrpenueit) P-OKTC, cocrosmeit u3
pamnanpaOit TC (PTC) ¢ nerntpamsabM (L) y3mom cBssu (YC)

aH s=1

JIOJDKEH TPOTUBOPEUUTH MPOIEType CaMOOPTaHU3aIUH JHHAMHU-
YECKON CHUCTEMBI ¢ Haubojee parMoHaIbHONW €€ BIOKEHHOCTHIO
B0 BTOpyIO (HapyxHy10) KTC, 06pa3ys ouepennyro (BTOPYIO) mo-
tokoakBuBaieHTHY0 ([19) P-OKTC B Buje neHTpaibHOH Bep-

u xonbiieBoit TC (KTC) mox Nel, x nenoctro P-JIKTC =e

mumHbI rpada nog Ne2, To ectb B BUe neHTpaibHoro YC a L
o

Oo0ocHoBanme noaxoaa k Bpidopy P-IKTC

Jlist mpocTeiiero onucaHust (pakTaJbHOTO CaMOION00Hs
MPUMEHUTENEHO K MOJICIIUPOBAHHUIO AWHAMUYECKON CTPYKTYPHI
TKC B Buge P-JAIKTC Bocnoip3yeMcsi HTEpalliOHHON MPOIIETy-
PO, KoT[1a IOTyYCHHOE 3HAYCHHE [T HEKOM uTepanuu oepercs

3a HavaJIbHOE 3HaUCHUE X, IS clenyrone urepauuu Xepp» @
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3aBUCHMOCTh MEXKIY THMH UTEPALUSIMU HEJIMHEHHAsT M XapaKTe-
pHU3yeTCs MapaMeTpoM C, T. €. TOJDKEH BBIMIOJIHITHCS MPU3HAK JTU-
HAMHYECKOT0 3aKOHa camoroooust [3]:

X, = F(X;€),s=1,2. 1))

Ananu3 cucremHoro npoektupoBanus TKC mokazan [3, 12,
13], uro npusnaky camononobus (1) coorserctBytor TC panu-
aJBHOTO U KojblieBoro Buia, To ectb PTC, KTC u paauansHo-
koublieBbie (P-KTC), koTopble npy yBeTMUSHUHN YHCIIA KOJIEL] MO-
T'YT MOJICJIUPOBATHCS KaK (PpaKkTaIbHBIE CTPYKTYPBI, C HCIOJIB30-
BaHHEM JITOPUTMa C 00OpaTHOW PEKYPPEHTHOH CBSI3bIO M J100aB-
JICHWEM B KaXK/IOM IIMKJIC UTEPAllid HEKOTO HEIMHEWHOTo rapa-
MmeTpa C.

Bri6op Toit wm uHoit 6azooit TC (PTC mmm KTC), wmm ux
xombOunarm B Buae P-KTC, onpenemnsercs:

— TpeOyeMBbIMH NPOIYCKHBIMU CHOCOOHOCTSIMU CHHTE3HpYye-
MO CEeTH C y4eToM 00pa3oBaHMSI HEOOXOIMMOTO YHCIIa KAaHAJIOB
nepenaun  (KII) npms MHOXKeCTBa TeIEKOMMYHHUKAIMOHHBIX
Hanpasienuit (TKH);

— BBITIOJIHEHUEM TpPeOOBaHMA MO CTPYKTYPHO-TIOTOKOBOMA
ycroitunBoctu (CITY);

— HaJIMYUEM PA3HOT0 pojJia PecypcoB U MUHUMM3AlUEeH 3aTpar
Ha (usnyecKylo peannsyemocts npoektupyemoit TKC;

— BBITIOJIHEHNEM TPEOOBAHUH 110 TEXHUYECKOW HaISKHOCTU U
JKHUBYYECTHU CETU.

B pesynprate nccnenoanus P-OKTC paspaboran sdpdexrus-
HBI MaTeMaTmdeckuil ammapaT (MA) 1t 000CHOBAaHHS OITH-
MaJBHOTO BBIOOpa KOHKpeTHOH TC MprIMEeHUTENHHO K perraeMoi
TPAHCIIOPTHOH ceTeBo 3amaun. OCHOBY 3Toro MA COCTaBISIOT
MareMatuieckue mojenu (MM) i pacdera CpeiHUX 3HAYSHUI
OTHOCHUTENBHBIX K03 duimenros s¢dexruBHocTH [6-11]: cpen-
Hero rapmonuyeckoro (CI'); cpeaHero reoMeTpuyecKoro; cpe/-
Hero paznoctHoro (CP).

Jnst 5>pPekTHBHOTO KCIOIb30BaHMSI paHee HapaOOTaHHBIX
Hay4yHbIX pe3ynbTaToB npuMmeHutenbHo k P-OKTC, mpennara-
eTcsl, UCIOJIb3YSI METO/Ibl AMHAMUYECKON aHAJIOTUH U OTITUMATb-
HOM BJIO)KEHHOCTH OJTHOTHITHBIX CTPYKTYp 00OecIrieunBaTh SKBUBa-
JIEHTHBIN mepexof oT 2-x koabueBol TC k ognokonbueBon TC,
Tak kKak 3Ti TC MOTyT OBITh TIPEICTAaBUMEBI B BUJIE MAaTPOUIOB [ 14,
15], 4To mo3BOJISET:

— IPUMEHSTh NPUOIMKEHHBIN IPaJINCHTHBII alTOPUTM OITH-
MU3AIUH JUTS TTOTY4YEHHs TOYHOTO PELICHUsI, HO ¢ MaJIOi BBIYMC-
JIUTEJIEHOHN CIIOKHOCTBIO B CPAaBHEHUH C TOYHBIMH aITOPUTMAMHU
— ontumuzaiuu TKC Gonblioii pazmMepHOCTH;

NPUMEHSTh PE3yJIbTaThl MOJYUYCHHBIX MPE/IIECTBYIONINX UC-
cnenoBanuit cpaBauTenbHOro aHanmmuza P-OKTC no CT" u CP 3Ha-
yeHusaM OKD, mytem ux neperoca Ha moaenupoBanue P-JIKTC u
MHorokonbleBsx TC;

— nexommno3urnuto P-JIKTC na P-OKTC B Buze a 1y, W HAPYHK-
Hoit KTC, a Takxke 00paTHYrO WX KOMIO3HIHIO [16];

MIPUMEHEHSTh METOJI CTATHBAHUS (OTOXKIECTBICHUS, CIIHSHHUS,
3aMbIKaHuA) BepInH rpada ms mogenuposanns TKC [3, 17].

I'padoBas mogesan P-IKTC

st monenupoBanus P-JIKTC npeiaraercst rpag

S
Gs(A,Bs) = JG,(A.B,),s=1,5=12, )
s=1




CB43b

COCTOSAIIUH U3:
MHOXXECTBA BepIInH rpada, To ecTb MHOXKecTBa YC

A ={a fua, 5i=LN;s=12 (3)
MHOecTBa pebep rpada, To ecTs MHOKecTBa JHHAN CBs3H (JIC)
B, = {h, | {baus

B yrounenHoM obGobmaromeM Buge mojens P-JIKTC (2) ¢
yuetoM (3) u (4) mpencrasisieTcs Kak

Gy(A.B,)=1a Jua, u{bijs}u{baUSZIi}, s=1,2. (5

LR I=INGi# fis=12, )

W3 monenu (5) BumHo, uto P-JIKTC coctout u3 BHyTpeHHEH
P-OKTC u Hapy>KHOTO KOJIbLIA, TO €CTh COCTOHT U3 ay; | C MHITH-
o=

JICHTHBIMH peOpamu 1 AByX Koisen C = {rj; j= 1,_2} (BHYTpEH-

Hero I u HapyxHoro I, ) ¢ HHIUAEHTHBIME MexTy X YC peb-

pamu, To ecThb JuHUsAMHE cBsizu (JIC).
[pensioymmie uccnenoBaHus Mo 00OCHOBaHWIO BeIOOpa P-
OKTC miia noctpoenust TKC npoBoInaNCh UCKIIOUUTENBHO ISt

I}, 10 ectb s P-KTC ¢ ognum KonbLom B cTpyKType. OnHako

eme Ha 3rtane cucreMHoro npoekruposanust TKC momyuenHsie
pe3ynapTaThl UccaenoBaHui i obocHoBaHMs BeiOopa P-OKTC
MOTyT OBITH mepeHeceHsl MetoaoM craruBanus YC (CYC) msa
obocnoBarusa Beibopa P-JIKTC. CnenoBatenbHO, OCTAHOBHUMCS
Ha BO3MOXHOCTH IpuMeHeHHus MeToja craruBanns Y C B P-OKTC
1utst obocHoBanus Beioopa P-JIKTC.

IIpumenenne meroga CYC past mogenuposanus P-IKTC

B merone CYC Her orpaHuyeHus Ha BBIOOp CTATHBAaeMOM
napsl YC Uy noaMHOXKeCTBa cTaruBaeMbix ¥ C, a Takxke JOITyc-
KaeTcsl yCJIOBHOE yaajeHust nHuuaeHTHeIX JIC, uro mosBossier
MIPUMEHATH 3TOT METO/ JUIS TIOCTPOCHHUS MOTOKOIKBUBAJICHTHBIX
TKC. IlpumenntensHo k noctpoenuto P-JAKTC, ecnu n3BecTHBI

ais:1 € AS:1 u auS:] B rpade G TO TIOCJE KaXI0Tro O4epes-

s=1>
v * .
HOTO IuKia cTsaruBaHus YC co3maeM HOBBIN Tpad Gs:1 yTEM
OTOX/JECTBIEHU OJHOM U3 &, 1 € A5:1 C au | B HOBYIO Bep-
S=| S=]

LIMHY, a CTAruBaeMbie eMKocTH JIC cyMMUPYIOTCSL.

Asroputm CYC Bxmouaer B ce6s N muxios, rne N — xomnu-
yectBo YC B OKTC. Tlocie Kakaoro UUKIA CTATUBAHUS JIBYX
cmexubx YC (&, € As,l ca, ) momiydaercst [19 u menee

S= - s=1
CJIOKHAS B pa3Mepax CTPYKTypa.

Kax b1t nuka anroputma CYC cOCTOUT U3 TpeX ILIaros.
Ha nepsom mare B pamkax P-OKTC onpenenstorcst CMeKHbIN

¢ uenrpanbHeiM y3nom PTC @, | Y3eI cBA3un BHyTpeHHel KTC
o

a € A, _, , KOTOpBIf IOIEXKHUT CTATHBAHUIO 110 3apaHee OIpe-
-

JIEICHHOMY TTPHU3HAKy WAECHTH(UKAINY (HAIpUMeEp, IO TOPSAKO-
BoMy HoMmepy YC wim mo Mepe ymenslleHus emkocreil JIC
Mexy cMexxHbIMU Y C.

Ha BTOPOM HIAare MmpoOMU3BOANUTCA CTATUBAHUE 3apaHEC ONPECac-

JEHHBIX Ha IIEPBOM IHare AByX cMexHbXx YC (@, € A_c
-

a, )
Ha Tperbem miare cyMMHpPYIOTCS €MKOCTH MHIMACHTHBIX K
cranyThiM Y C pedep, koTopbie 00benunsitores B [19 pedpa (JIC).
OTyMuuTENBHOM 0cobenHocTs nocieanero N — nukia no or-

HomeHuio ko BeeM npeamectytomum N —1 rukmam seasercs
onpenenenue unrerpansHoit eMxocty P-OKTC B Buze 19 cTpyk-

TYpEl O4epPENHOro ueHrpambHoro YC &, MHPUMEHHTEIBHO K
.

Hapy»XHOMY (BTopoMmy) koibity B P-JIKTC.

Mertogom CYC momywaem I13 rpad, oTHOCHTENTHHO MCXOI-
Horo. TKC, monenupyemast Ha octose 13 rpada, coxpansier ¢pu-
3MYeCKHe CBONWCTBA UCXOAHOTO rpada 1o odecneyeHunio:

— nepeiauy 3aAaHHbIX HHpOopMannoHHbIX MoToKOB 1o KIT st
muoxkectBa TKH B pamxax TKC;

— TpeOOBaHUN K TEXHUUECKOM U CTPYKTYPHOH yCTOWYHBOCTH.

Jlnst nemoncTpanuu npuMmenenus meroga CYC B xoxae cu-
CTEMHOT'0 NIPOEKTUPOBAHUS CTPYKTYPBI TPAHCTIOPTHOM COCTABIIS-
torieir TKC pacemorpum dpparment P-OKTC, monenupyemoii B
suze rpaga G._ (A._,, B,_ ) Ha pucyHke 1, Tie B COOTBETCTBHH C

(2),...,(4) mmeeT MecTO:

A = {ag:l =g } vay

<=1 H s=1

B, :{bijszl}u{ba”s:]i}; i, j=LN,, =14i=]

Puc. 1. ®parment P-OKTC s npoextuposanus TKC

C nensto ympouienust neMoHctpanuu metoga CYC tpetuit
Iar B [IUKJIaX aJITOPUTMA BBIHECEM B OTPAHUYEHUS, TaK KaK OH HE
OTpaKaeT CYIIECTBO METOJIA U CBOJTUTCS K DIIEMCHTAPHOMY CyM-
mupoBaHuro emkocteir UII B cTsaruBaembix pedpax rpada (JIC).
Tax xak KTC coctout n3 yersipex YC, TO U UUCIIO HUKIIOB COOT-
sercrByer N =4 . Eciu npuMeHUTh 4YeThipe pasa ajiropurm

CYC nmns ¢parmenra P-OKTC (puc. 1), To moayuum I13 1ieH-
TpanbHblil YC @, e INouuknosoe npumenenue anroputma CYC

MIPUBEJICHO HAa PUCYHKaX 2-5.
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Puc. 2. lukn 1 crarusanus Q S aa 1
=] 5=

Puc. 3. [ukn 2 crarusanus d, .c a I

s=1

a3

a, a\Ja,\ Ja, Ublz,. ub&_ﬂ b

a1 a2

Puc. 4. lukn 3 crarusanus d, C aa
s

s=1

a[—[s:2 :

ap Ja,a,Jay\Ja, blz_\_i1 W bzs_v,l v b34,-4 W

(Wb, b
=1 =1

a a

ub
5=1 3 rsm 4

Puc. 5. llukn 4 crarnsanus d, L © au

s=1

B pesynbrare 4eThIpex-IHKIOBOTO NPUMEHEHHE alropuT™Ma
CVYC, npuBeeHHOTO Ha pUCyHKax 2-5, monyueH [1D neHTpaib-
He1il YC

a, <G (A,,B ) (6)

st popmupoBanus P-JIKTC MeTo10M THHAMUYCCKUX aHAIOTHI
U C y4eTOM (paKTaIbHOTO CaMOIIOA00usI.

[Tpumep oaHOTO M3 BO3MOXHBIX BapHaHTOB OOOCHOBAHHOTO
BeIoopa P-JIKTC na ocHOBe onpenesienHoro Boinie [19 neHTpans-
Horo YC (6) npuBeJieH Ha pUCYHKE 6.
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Puc. 6. Bapuant P-JIKTC nocne cxarus ee BHyTpenneit P-OKTC
(puc.1) o Buaa a, n (puc. 5)

Ha pucynke 7 npuBeseH yTOUHEHHBIH BapHaHT MOJIENH JUIS
¢parmenra P-JIKTC (puc. 6) ¢ packpsiToii 1o cxarust YC BHYT-
penneit P-OKTC (puc. 1).

Puc. 7. Yrounennstit Bapuant moaemu st pparmenta P-JIKTC (puc. 6)

[Mocne kaxmoro nukia cxarust YC CyMMHPYIOTCS €MKOCTH
CHCTEM Iepeiaun COBMECTHO cTsiriBaemMbix JIC, a koadpuipeHTs
TOTOBHOCTH IIEPECUHUTHIBAIOTCS B COOTBETCTBHH C METOJMKOM
OLICHKH COOTBETCTBHSI CETH 3JIEKTPOCBSI3H 33/1aHHBIM TPEOOBAHUAM
o0ecrieueHns1 yCTOMYNBOCTH e¢ (pyHKIoHupoBanus [18].

Mo 3aBepmernto Beex nukioB cxarus Y C gt P-OKTC o6pa-
3yetcs [1D ouepennoii enTpampHbiid Y C, KOTOPHINA B cede BOTIIO-
IIaeT BCE XapaKTEPHCTHKH HCXOAHON CTPYKTYPBI C MHTErpallb-
HBIMH TI0Ka3aTeJISIMU YCTONYMBOCTH (KUBYUYECTH, HAJIGKHOCTH ) U
npornyckHoii ciocoonoctu TKC [19, 20].

B cootBercTBUM ¢ nokazaHHOW B pabote [14] Teopemoit
«O cymmMme crernierelt BepiuH rpada G paBHOU 2M, rae M — 4ucio
pebep rpada G» u ¢ yuerom perynspaoctu P-JIKTC Bo3HuKaeT
BO3MOXKHOCTh YYHMTBIBATh HE TOJIKO BaJICHTHOCTb, HO M OJIHO-
3HAYHO ONPENEIUTHCS ¢ KOAP(UITEHTaMH CBSI3HOCTH 110 HE3aBH-
CHMBIM IyTSIM Iepenadn MH(POpMaHoHHBIX 1oTokoB (MIT) ms
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Ka)JI0r0 U3 BO3MOKHO oOpaszyemoro TKH B pamkax Tpancmnopt-
Hoit cocrasistonieit TKC. B cBoro ouepenp, mpoxoasinue 3aBu-
CHUMBIE ITyTH uepe3 HeHTpaibHyto Bepiuny (Y C) amst Kaxaoro u3
TKH B ciiyyasix 00pa3oBaHUsI MOCTHKOBOW CXEMBbI BCET/1a MOKHO
MIPECTaBUTh B BUJIC HE3aBUCUMBIX (TTapaJUICIIBbHBIX) ITyTEH U pac-
CUMUTBHIBATE B COOTBETCTBHM C METOJUKON yueTa IMoKa3aTelen
ycroitunBoctu At TKH ¢ nHTerpanbHbIMU MOKa3aTeasiMu yCTOM-
YMBOCTH, COBMECTHO yUHTHIBAIOIINX 3aBUCHMBIC M HE3aBHCHMBIE
mytn nepemayn UIT [12, 19].

3akJjouenue

[Tpumenenne merona CYC aist 060cHOBaHMS BEIOOpa Hanbo-
nee parmonansHoi P-JIKTC B mporecce cHCTEMHOTO IPOEKTUPO-
BaHMs AuHaMuuecku pasusatoieiics TKC nosBomnsier:

— [OJTy4aTh U3 OOJIee CII0KHOM 10 CTPYKTYPHOH pa3MepHOCTH
P-OKTC menee cnoxnyto [19 cTpykrypy B BUAE LEHTPAILHOTO
Y C nns npoexrupyemoit P-JIKTC;

— NPUMEHATH HAYYHO-TIPAKTHYECKNE PE3yNIbTaThl NCCIIECI0BA-
HUH 110 000CHOBaHUIO BEIOOpa Hambonee onTuManbHeIX P-OKTC
K o0ocHOBaHMIO BEIOOpa mocTpoeHus P-JITKC meromom auHamu-
YEeCKHX aHAJIOTHiH U (ppakTampHOrOo camornoxoowus [1-3];

— NPUMEHATh PE3YNbTaThl MOTYyYEHHBIX MPEIIIECTBYOMNX
ncciegoBanuii cpaBHUTENbHOTO anammsa P-OKTC ¢ ucrons3oBa-
HUEM MOJIeNIeil [ulsl pacuyera 3HaYeHU OTHOCHTENBHBIX K03 (hu-
uuenToB ¢ dexruBHocTr (CI' 1 CP) npuMeHHTENBHO K Onpee-
JISIEeMBIM 00JIaCTSIM JIOMYyCTUMON 3(h(EKTUBHOCTH M 3HAYCHUSIM
JIMHAMHYECKUX YpOBHEW (pr3nueckoil peannzyeMocTH (IocTpoe-
uus) TKC Ha ocHose P-JIKTC [6-11, 21].
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SIMULATION OF A RADIAL-TWO-RING TYPICAL STRUCTURE OF THE TRANSPORT NETWORK
BY THE METHOD OF TIGHTENING COMMUNICATION NODES

Sergei A. Jasinskii, Military Communications Academy, St. Petersburg, Russia, yasinsky777@mail.ru

Abstract

The article presents the results of the substantiation of the approach to the choice of a radial-two-ring typical structure based on its mathematical mod-
eling using the method of tightening communication nodes into an equivalent node, resulting in the formation of an equivalent radial-single-ring typical
structure, to justify the choice of which well-known techniques and algorithms are used. The proposed approach to the choice of a radial-two-ring typ-
ical structure, along with the method of tightening communication nodes, is based on the methods of dynamic analogies and fractal self-similarity. Taking
into account the dynamic analogies between all the transport components of heterogeneous networks (automobile, railway, telecommunications, etc.),
the research was carried out in relation to the transport component of the telecommunications network, but taking into account the fact that the
obtained research results can be used in other transport areas of transport logistics.

Keywords: radial-two-ring typical structure, method of tightening communication nodes, transport network, telecommunication network, fractal self-similarity.
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At present, due to the constant growth of the volume of trans-
mitted information, more and more attention is paid to the
issues of the possibility of increasing the transmission speed due
to the use of the transmission mode "above the Nyquist rate”.
Despite the relevance of this research topic, due to rather large
mathematical difficulties, it is difficult to obtain significant
results. One of the theories that allows for a breakthrough is the
rapidly developing theory of resolution time developed for phase
radio engineering data transmission systems and information-
measuring optoelectronic systems with PAM-signals with square
pulses. This paper presents a novel method for capacity and res-
olution time estimations with polynomial computational com-
plexity that does not depend on the size of the channel alphabet
of PAM-n-signals and is determined only by the effective memo-
ry value. The shape of pulse of PAM-n-signals has arbitrary form
and amplitudes take only possitive values. The method also
allows estimating the time limiting possible deviations due to
the sampling error in time, at which the information about the
channel symbol will be read error-free or with a given error
probability.
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Introduction

At that moment, serial data transmission systems with pulse
amplitude modulation signals (PAM-signal) are widely used in the
following areas in wired communication systems (local area net-
works, storage area networks, wide-area networks and etc.); 2)
digital television. While the serial link transceiver circuits have
kept pace with the increase in processor speed, the physical inter-
connect between the devices has changed very little. However,
signal attenuation, dispersion, and connector reflections limit the
capacity of these links.

Recent protocols that support high-speed backplane commu-
nication such as InfiniBand, Gigabit Ethernet, Thunderbolt and
have been adapted to consider the signal integrity issues in high-
speed backplanes [1]. But further development of these standards
leads to significant capacity limitations caused by deterministic
jitter caused by data transmission [2].

This fact is proved by the fact that previous decade (2000-2010
ss) was concerned as time when a drastic change in the design of
high-speed serial links is observed. Since Silicon fabrication tech-
nology has produced smaller, faster transistors, transmission line
interconnects between backplanes have not substantially im-
proved [1]. This has led to the fact that over the past decade there
has been some slowdown in the development of this information
transfer technology, with forecasts to overcome it in the period
from 2025-2030.

This article is devoted to the developing of a method with pol-
ynomial computational complexity for study specifically deter-
ministic jitter in mentioned above systems. The creation of this
method should provide a solution to the following issues: 1) pre-
dicting the signal integrity problems that occur in wireline chan-
nels in serial links caused by data dependent jitter without re-
strictions on the constellation configuration and complex fre-
quency response of the frequency selective communication chan-
nel and pulse shape; 2) channel capacity and resolution time esti-
mation; 3) time limiting possible deviations estimation due to the
sampling error in time.

In contrast to the previously obtained results in the J.F. Buck-
walter’s, G.I. II’in’s and Yu.E.Polski works [1, 3-6] in this paper
the obtained method has no limitations on: 1) complex frequency
response of such channel, 2) on the size of signal constellations;
3) on the form pulse shape. In addition, a solution was also ob-
tained for capacity estimation for such communication systems us-
ing the linear receiver.

1. Math model of frequency selective channel
with PAM-signals. Problem Statement

According to the monograph [7] the block diagram of the
transmission path has the following form for such channel can be
represeted as follows (see Fig. 1)
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Fig. 1. Structural diagram of the transmission path
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At the input of the signal shaper, a message arrives that can be
represented as a lattice function q(t) in the following form

ZI:MrS(t—(r—l)rs),

r=1

(M

where S(t) is Dirac delta function; | is the number of symbols in
information sequence; t_ =1/V, is a clock interval, determines the

transmission rate V,;, M, is the weight of Dirac delta function for

the depending on information content of the r-th signal element. Each

n —_
M, €M, where M={M_ | ={M, =kaM,+M, k=Ln}

SCy
is a signal constellation (SC) of PAM-n-signal; AM _ is a step be-
tween adjacent values of SC; M, is amplitude shift of SC. It

should be noted that according to paper [7] thateach M, , r = O_,I

takes equiprobable and independent one value from set M.
Signal shaper forms the PAM-n-signal. This action can be pre-
sented in the following form

s, (1) =2 M, g, (t-(k-1)1,).

r=1

@)

where g, (t) is a cutting function of signal shaper, signal shaper

pulse response [7].
When a signal (2) is applied to a frequency-selective channel
the output signal can be described as follows

Sou (£) =8 (1) 9 (1)

where g, (t) is impulse response of channel and * is convolu-

3

tion operation.
It should be noted that half duration of g, (t) should be such

that it is the duration during which the transient response reaches
alevel of 0.9 from its stationary value, otherwise we need to check
if rule (10) is true for d = 1.

In this paper the sampler performs the following operation ac-
cording results of [7]

O e e T

r=1 TS ‘CS

where 1(1) is a Heaviside function.

Due to various unfavorable factors, the sampler can carry out
the read the value about the information parameter with some time
sampling error AT, € R. Since the expression (4) should be re-

write in the following form

ssp(t)=lZsom(rrs+ATS){1£t_(r_I)TS)‘l(t_”sﬂ (5)

r=1 Ts TS

Decision device reconstructs each d = 1,_| channel symbol in
accordance with the rule

Moo (d7,)=M,| . ©)
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where
p'el,m: f (p',d)z{)relli% Hms(dts)_Mp‘;
(0= 2O e

norm

is measured signal on the output of channel after normalization
operation; K - is normalization coefficient, its value estimation
is made by least mean square method using training sequence and
be hold MScl = MScl and

the following must

~
'\/Iscn = I\/Iscrl 4

normalized amplitudes of M w

equalities

where I\?IScl and MSC are the math expectation of

and M, respectively, on the in-

put of decision device. The normalization procedure of the s, (t)

occurs before the sampling procedure in sampler.
In this paper we use two type of noise is used:

1*type of noise n_ (t) is a stationary random process; each

of'its section is a random variable, whose probability density func-
tion f (N ) is determined according to the following expression

1
£ (N)=zar NElaal ™)
0, N ¢[-A;A]

where A is the absolute value of the limiting measurement errors

caused by sampler. Its fiducial value is defined as A, =A/AM
2" type of noise n, . (t) is a stationary random process with

null math expectation; each of its section is a random variable,
whose probability density function f, (N ) is determined accord-

ing to the following expression

! exp —O.S(Ej ;
oV2n c (®)

2 . .
where ¢~ is variance.

f(N)=

Based on the results of the work [3] the variance 6° can be
estimated by using = A/C, , where C, =F ' (1-P,); F'(.)
is the inverse function of the standard normal probability distribu-
tion and P, is an anomalous error probability which determines
the probability of exceeding the value +A.

Based on (6) the recovered (received) signal we have the fol-
lowing form

o (t)=> M 3(t-rr,)- ©)

r=1

It is obviously that in order to correctly recover the values of
each channel symbol of the data sequence, it is required that the
selected symbol duration channel symbol t_ with time error sam-

pling AT, satisfies the set of values 1, + AT, € T , where for a set

T the following inequality is correct

|Hms(drs +AT,)-M,|<Q, &

(10)
A, (dT (d —I)ATS)+n“m(dT —(d —I)ATS)

SQAv

where A_, (dr +AT,)=s (drs—kATs)—Md is the set-
tling error for d-th channel symbol at the moment dt, + AT, ; Q,
is the limit by which it can differ H__(dt, + AT, ) from the value

out norm

d-th channel symbol, at which ensures the correct recovery of each
channel symbol of the transmitted sequence; while it is obvious
Q, <0.5AM, Q, — 0.5AM .

According to results presented in papers [8-18] and expression
(10) the set T can be determined in the form

T U wstl’ wendl
i=1

(11
Here t ., t ., are symbol duration at which it starts and
ends i-th transparency window, respectively, that is

] cTi=l1 W and W are the number of the transpar-

[tWStl’ w.end.i
ency window and their amount, respectively.

Obviously, at | — oo the set T determines the resolution time
W

tres = {tw.stj }i=1 o

e  when using a set of T symbol durations for the Vd = 1,_|

{'[wen " }\Zl for the considered model, because:

-th symbol of the sequence and | — oo the following relation will
be true

A, (dT —(d —1)ATS)+nmm (dT —(d —1)ATS) < 1)
<AL (dT)+A<0.5AM
where

A, (dT £(d —1)AT, ) = max|A

(dT £(d -1)AT,).

set

Here, the settling error is maximized over all possible realiza-
tions of symbol values in the transmitted sequence with the number
of symbols equal d for each channel symbol duration value. Obvi-
ously, that for the output PAM-n-signal for given values of Q, u

A we can specify the value of magnitude admissible settling error

A

which is determined using the following system

_ Buim =Qn =4 } (13)
adm

adm >

vd=11,1- max(dT+(d—1)ATs)§A

Wherein t,,_ . can be defined as follows

WA (do (s 0, ))>Aadm,Amax(d )= A (14)
and t_ . as follows

AL (dd(tmdﬁo,a)) o A ()= Ay (19)
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Here and below U ( . ) is a e-punctured neighborhood.

According to results of papers [8-15] the general group of
capacity estimations is determined as follows

C=t, "'log,n

(16)

W W
s — {tw.st.i }i:1 o {tw.end.i }i:1
the set of capacity estimations can be represented as follows:

c=c, , ;C=cC

Based on the expression (16) and t,,

(7

tes=t

Tes — "w.st.i

s =t,

res — w.end.i

Here, Ci' and Ci" are estimations of the upper and the low limit

of the capacity, respectively, for the i-th “transparency window”.

Analyzing expressions (1) — (15) and taking into account the
results of the papers [8-10] the problem statement can be formed
in the following form:

1) combinations of transmitted channel symbols must be
found for which the settling time is the greatest;

2) a rule for estimating the required number of sequence sym-
bols is defined, under which, due to the validity of the transposi-
tion principle for linear frequency-selective communication chan-
nels, an estimate of the resolution time with given accuracy will
be provided.

3) the rule for determining the limit range AT, should be for-

mulated.

2. The Resolution Time Theory for PAM-n-signal
and Frequency Selective Channel. Problem Solution

2.1 Polynomial Complexity Algorithm to Estimate the Great-
est Settling Time

Taking into account the results of the theory of resolution time
for radio engineering data transmission systems [8-18] and expres-
sion (12) we need to solve the following problems:

1** problem is to get the expression for estimation T, when
inequality (12) is true and subject to fulfillment AT, =0

2 problem is to synthesis the rule to estimate AT, for each

value T,

The solution of 1% problem has the following form. First of all,
we need to obtain the expression for greatest settling time estima-

, P , P
thn t = {tw st.i d} o {tw.end.i,d }i=1
PAM-n-signal that consists of d symbols, when symbol duration

of each symbol is t Here t/, and t’ are symbol time

duration at which i—th transperency window starts and ends, p is
amount of transperency windows for greatest settling time t; .

at which the equation (12) is true.

on the output of channel for

sti,d ‘w.end.i,d

For this, it is first necessary to obtain expressions for deter-
mining the settling error A (dr ) for d-th symbol. In this case

the expression (3) convenient to represent in the following form

ZM P(t—(r-1)t,). (18)
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where P(1) is the response of a frequency selective channel on the
pulse with a unit amplitude generated by a shaper.
Let us transform the expression (18) using the following sub-

stitutions 1 =d, t=1It =dt, and s, (dt,)=M,+A,(dz,).

As the result we get the following expression

:iMrP(( d-r+l)t ) ZMr o(1), (19

where P, (1,) = P((d - r+1)rs).

From equality (19) follows the desired expression for the set-
tling error for d-th channel symbol

set(dT ZMr rd M =

=) M.P(r,

rord

M, +Aset(df

, (20)
) =My [Py (r,)-1],

To determine the condition when the following relation
AL (dt; ) =A,,, is true, let us find the conditions at which the
expression (20) reaches its extremums assuming that t_ =t}

First of all, we solve the following problem

oA, (dty)

oM,

oA, (dty)

oM, @1
oA, (dt))
oM,

=0

After a series of simple transformations, system (21) will take
the form

Pa(ti)=0
Pa(ti)=0] 22)
Po(ti)=1

In general case the solution (22) doesn’t exist, because:

1) A solution to the system will only exist when using a
raised cosine filter, which frequency response significantly differs
from such response for the real frequency-selective communica-
tion channel. In this case, the duration of the symbol and sampling
must meet the Nyquist criteria for ISI free reading information.

2) Inanother case the solution doesn’t exist since nowadays
Faster that Nyquist regime is used or a mode close in speed to it,
in which the reading of information about the channel symbol is
made in the presence of ISI.

It follows from the system (22) that the signal amplitude does
not affect the reaching extremums; therefore extremums occur at
the boundaries of the signal constellation. Therefore, for sequence

consisting of d-th symbols we need solve 2% —1 equations to ob-
tain t; due to the same number of amplitude combinations that
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which corresponds to the sub exponential time complexity of the
algorithm.

To further simplify the computational complexity of the algo-
rithm of t; calculation, consider the expression (20) rewriting it

in the following way

ZM R.4(,)

% (Ra (%)

)+ My Pra (z) 1], (Rg (%) -1

positive sum

)+Md||iei,d(15)_1]|x— Palt)-

negaitve sum

d-1

2M,

o=t

sz,d (Ts) )L(sz,d (TS)

(23)
Where
% (X) = sgn(sgn[x] + 1) - (x) = sgn(sgn[x] —1) ; sgn(.)
is a signum function.
It is obvious that to determine the conditions when V1, vd :

Set(dr )

set come true:

1%t set

v, Vd : ZM P (

x+(P (’ES))+

(24)

+M, ‘[Pd,d ‘Es —1] x+( . (ts)—l)—>max;

d-1
V1, Vd: kzz:; M, ‘sz,d (r x_(sz’d (rs))+ 25)
+M, ‘[Pd!d (TS)—I:H)L(PM (ts)—l)‘—>min.
2" get
vr,,vd ZM ‘Pk o (T (Roo (z,))+ 6
+Md‘[Pd,d rs —1] x+( . (rs)—l)—>min;

d—1
Ve, vd: kzl M, \sz,d ()| (Poa(t))+ -
M [P () - 1] (Pyg (rb)—l)‘—>max.
The solution for the first set is VMk1 = MScn , My = MSCn

(problem (24)) and VM =M M, = MSCl (problem (25)).
For second set solution has the following form: ‘v’Mkl =M,
M, =M, (problem (26)) and VM, =M M, =M_

lem Ommoka! McTOYHUK CCHIJIKM He Hali/leH.).
Considering the above obtained results expression for
(d T ) will take the form
max

B (d7,) =3, ()1
+S_ (rs)l(|S_ (t)-1S, (%)

s¢ ?

(prob-

b
sC

S+(rs)

Jo ().

, 27

where

_|57

(‘L’S) )x1(|Sf (‘CS)|—

2

S+(‘CS)

1{|S, (=
SRIGNGS

1(t) is Heaviside step function;
S+( ) Z Prd(’E [M X+

(P
+“:Pdd ) 1:” M, e Kot P,d(TS) l)+Msclx
x. (P,

[ s¢p +

CD(‘C

S

Using expression (27) the desired equation A (dt; ) =

used to evaluate t; takes the form adm
B =[5 (1 )1( (1 )HS— (t )‘)+ (28)
s (L5 (). ()ote)

Analyzing (28) we can conclude that we have the polynomial
time complexity of the algorithm to estimate t; , because we need

to solve only one equation with 2d polynomials.

The solution of 2™ problem problem has the following form.
To obtain the deviation set of symbol time sampling at which ine-
quality (12) is true we have to solve problem similar to first prob-
lem.

First of all, for this we need to obtain an expression for settling
error estimation for d-th symbol AT, 0 and symbol duration

1: € U[tw aids Wendld} Let us transform the expression (18)

using the following substitutions | =d +1, t= dt{ +AT, and

Sout (dr + AT, ) M, +Aset(dr;d +ATS). As the result we get

the following expression

out(df +AT) Md+Aset<dT;d+ATs):

d+l1 . (29)
:ZMrP(dt;dJrATS—(r—l)rs).

r=1

After some simple transformations the expression for
A (dr +AT, ) takes the form

d-1

A (dt, +AT)= > M, P([d—r+1]c/ +AT, )+ M, ,P(AT,)+

d+1
r=1

M, [P(r;d +ATS)—1]:

d—

M rPr’,d+l (T;d ’AT5)+

r=

+Md+1Pd+1d+l( AT )+Md|:Pd(,d+1(T;d’ATs)_l:|'
(30

where P(dﬂ( ;d,ATs)z P([d —I‘Jrl]r;d +ATS).
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To determine the condition when the following relation
(dr + AT,

S.max

) A,,, 18 true, let us find the conditions at
which the expression (30) reaches its extremums. Here
AT, e = F (A ) ={ AL, f AL, |0 AT, eR: <l e

AT determines the range of sampling time error relatively to ’t;'d

S.max

, at which channel symbol can be read without errors at given A, in
the following way d! +AT, €[ |t [ +de! ;! |f de! ;02 +At,, |-
First of all, we solve the following problem
aAset (d T;d + ATs.max ) _
oM,
a set (d ’C + ATS max )
oM,

G

O0A Stn(dr +ATsmax)_
My,

After a series of simple transformations, system (31) will take
the form

Pld+l( ATsmax)
P oo (T, AT, e ) =0

S.max

0

' (32)
Pd d+1 ( ATS max) =

Pd,+1 d+1 ( ATS max ) 0

In general case the solution (32) doesn’t exist for the same rea-
sons as for the system (22). It follows from the system (32) that
the signal amplitude does not affect the reaching extremums,
therefore extremums occur at the boundaries of the signal constel-
lation.

Therefore, for sequence consisting of d-th symbols we need

d+1 . .
solve 2°" —1 equations to obtain AT,

due to the same number

of amplitude combinations that which corresponds to the sub ex-

ponential time complexity of the algorithm.
To further simplify the computational complexity of the algo-
rithm, consider the expression (30) rewriting it in the following way
S (AT, +AT, ) =S, (1, . AT, )+S, (<, .AT,), 33)

where

(% )ZM

,AT,)

R d+1(
X+ (Pd+1 d+l ( AT, ))

X+ (Pd,,d+1 (T;d L AT, ) _1)

LAT,)

o (Rion (5,28

+M., P

d+1 d+1(

’ ’
o |Poan (Ts‘j ,

d+1

M AT,)-1

T-Comm Vol.l17. #5-2023

( ) ZM ‘ k, d+1( AT) (Pk' d+1( AT ))

Pd,+ld+l(T, , X,(Pd'ﬂdﬂ(r' AT, ))+

Pd'd+l( AT 1‘X (Pd,d+1( Ts, ’AT) 1)

+M,,, AT,)

+M,

It is obvious that to determine the conditions when

Set(d1: +AT, )

conditions set come true:

1% set

Vi, vd S, (1, ,AT,) - max, (34)
vt ,vd:|s, (r;d ,ATS) (35)
2M set

vt ,vd:S, (1, ,AT,) > min, (36)
vt ,vd:|S, (r;d ,ATS) (37)
The solution for the first set is VM, =M, k =1,d+1

(problem (34)) and VM, =M k, =1,d +1 (problem (35)).

For second set solution has the following form: ‘v’Mk1 = MScl )

k,=1,d+1

s¢p ?

k,=1,d+1 (problem (36)) and VM, =M

(problem (37)).
Considering the above obtained results expression for

A (d r;d + ATS) will take the form

! (<,,.AT,)1{[s!(x,,.4T,)

sc, ?

A (0T, +AT, ) =

-[s:(x,,.aT,)

J+

48! (¢, AT )1([s (<147, )| -[s: (=, ,ATS)) @o'(<,,AT,),
(38)
where
@'(x),AT,)=
:1_1( (w,.AT —|si(r;d,ATs))x1(|31(1;d,AT5)— i(r;d,ATs)).

s

2
51(#AT)= 5 foo (€ AT [ M. (Pl (5,474
M % (P,'d+l v ,ATS))HP(,'HM(
KMt (Pl (7, 58T)) + Mt (Pl (,AT,)) |+
+‘Pd"d+l(r;d,ATS)—I‘[MSC")Q(Pd’,dﬂ(r;d,ATS)—1)+

M. x- (Pd,,d+1 (T;d ’ATS)_I):|;

(AT, )|
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d-1
s:(r;d ,ATS) =‘Z

M7 (Pl

Ploa(7,.AT,)

j| ‘ d+1d+1 , s)
X[MSCIX+ ( Pl dn (T;d AT, ))"‘ M % ( . ( ,AT )):|
[ Mot (Praa (<, AT, ) -1)+

+M % (Pd',d+1 (T;d AT, ) _1)}"

r,d+1 x

+‘Pd,,d+l (T;d AT, ) -

Using expression (38) the desired equation
(d T +AT, ) A,,, takes the form
A (AT +AT,,, ) =[S! (0. AT, )1x
><( ’( ATsmax ‘S smax))+
(39)
45" (¢0 AT, ., (‘s AT, )]s (AT, )‘) x
x®' (17 AT, ... )-

Analyzing (39) we can conclude that we have the polynomial
time complexity of the algorithm to estimate AT, _ , because we

need to solve only one equation with 2(d+1) polynomials.
2.2 Algorithm for Resolution Time Estimation

In this section the algorithm for capacity, resolution time esti-
mation is presented in the form a brief description of the main
stages of its execution.

But first of all, it should be noted that by virtue of the validity
of the transposition property for LTI system and the cyclo-station-
ary nature of the behavior of the PAM-n-signal on its output due
ISI the following relation will be true

limt" =t__, (40)
d—o d
where t” = {Atind +1 } ) {ng +AL,, } .
From equation (40) the following relation follows
— “res? (41)

where & is the precision with which the resolution time t__ is
determined using the greatest settling time t;’ for the d-th symbol.

The value of & in fact, the largest value of the residual data de-
pendent jitter level is determined by approximating the resolution
time by the largest settling time for the d-th symbol.

Algorithm listing
1. According to the previous papers on the theory of resolution
time [8-14], at first step we need to estimate the greatest settling
time for the third symbol t; using any numerical method for equa-

tion solution (28) with time accuracy €

[M se Kow (Pr',d+1 (T;d AT, ))

*time approximation accuracy g

2. The parameter estimation € is made based on resolution
in the following form

res
¢ =min{e ;¢ },
el =min|H (T,)-H (T. +¢,,),

(42)
g :rgin|H (T)-H(T -2l

where

T+:{t\,~,st.i,3}ip1 T {t\’,,endl3}p 5
RO CNORINGIE

FH_()1(|H_ ()]~ |H. X)HQ(

is maximum signal amplitude, providing the maximum settling er-
ror, at the output of channel after transmission information se-
quence, consisting of three symbols, is transmitted. The ampli-
tudes of sequence should provide the maximum settling error.

=3 [P (e[ M (P (L= 1) M (P(4=r]) ]
+\Px\(M 2 (PX)-1)+ M1 (P(x)-1));
Z‘P \[Mmh [4-r]x))+

)

+\P )|(M x+(P ~1)+M % (P -1

( N

7% (P( ;
( ( r]x))}+

H, r

s

‘H‘t

S)

)

&(x)=

The number of symbols in information sequence equal to three
is chosen taking into account the results of papers [8-18].

3. Parameters (k_ = M, = Coyp — D6 ) estima-

C-D C-D

tions are calculated for three (¢ = 1;3) majorizing series (see table
1) utilizing the following rule C,DeH = {h| he N*} ,C>D
(it is advisable to choose C =10 u D =3) and expressions for
G., (see table 1 and utilizing rules presented in table 2).

After estimation G, the majorized series are reconstructed
utilizing o, =k.h, +b,. Where S, - number of maxima

|Pd—H+1,d ()| for given value H; d >H.

4. The choice of the most appropriate type Copt of majorizing

series is carried out on the basis of the analysis of the set
_{h |qu ) (ucq (Tcom | I'=H+1,I' ( cam)|>0) _193}’

which determines the numbers of terms used to estimate the resid-
uals of the series. Here Uq is g-th term of the functional c-th ma-

rem

jorizing series; T € [t\:v w135 T (5 )) Note that in the analysis it is
advisable to limit the value 1" < 20 . If h! takes different values
for each type of majorizing series, then the estimate Copt will be in

the form [14]

=argmin z .ch;

c=1;3 =

(43)
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Table 1

Majorizing series and some properties [14]

Parameter 1% type series (c=1) 2" type series (¢c=2) 3" type series (c=3)
Zulh(xs): zuZh(Xs): zuzh(xs):
Series i n=t hot
:ZeXp(_Gme) = Zc$2hxs exp(-o,,X,) =2 (1+ 03X )exp(-0,,x,)
h=1 h=1 h=l
i R 1+W_, (R2k -2 . ’ -
ﬁ. ﬁ] =| — M+E+l hz: |: * _l( th 2X56Xp( ))+:::2+1:1 h3= _ 2+W71(Rh3k3xsexp( 2))_‘_&_‘_1
XK, k, 2% 2 K, X, k,
InE W, (-E 1+W | —E, exp(-1
6.y Oy == ~(H;—| O2H =_% O =~ l[ ~(:) p( )]
Ty Ts Ts
Comments: W-1is Lambert W function with branch -1 selection, |7—| is ceil operation

Table 2

Rules used in the calculation parameters kC , bc

Are damped oscillations observed during the settling
of the impulse response?
No
= min {|Pd—H+1,d (T; )| :|Pd—H+1,d (T; )| > 0}

Ty —>max
i E[[w st.1,353 end. 1,:]

E,= |Pd—H+l,d ('E(sH))

Yes

I:)d—H +1,d (f(sH) )

"

E, =

_ ’
=maxT,

r_ 1 [4r ’ ’
Ty = {TMKi €T, = |:tw.st,l,3’3tw£nd‘p,3] ‘ vt eU (TMKv )X

([P ()

<IP

d-H+l1,d (‘CMKi )

If h! takes the same values for at least two types of majoriz-

);Kizl,SH

ing series, then the estimation Cop is made according to the rule

t

Copt = argminx
cel’

X(max {uch,' (Tcom) - R'—“HU' (T°°m )

com

uchr' (Toom) - PI'—h£+1,|' (Tcom) > O})
(44)

3
r_ : ’
where | _arglzunz qchq'
c=1;3 q=1
5. The dependence of the effective channel memory on the
symbol duration is estimated as follows:

G'(t)+

- Z |P(r2'cs)

r=1

<g

>

e
G(1,)=min{G'(1,):0< R + |P(nt,)
=l

T-Comm Vol.l17. #5-2023

where R;C =Qe, Q, €[0,1;0,01]; ﬁc determined on the

basis R; utilizing ﬁ_ , presented in table 2.
Conr

Next, the effective memory is evaluated:

o G [minA(tg )] -1, if G [min (t; )] -1>3, @)
2, if G[min(t;)]|-1<3.

Then capacity estimation is made according (16) taking into

g
account t =1g,,.

Conclusion

A novel method for capacity and resolution time estimations
with polynomial computational complexity that does not depend
on the size of the channel alphabet of PAM-n-signals and is deter-
mined only by the effective memory value. The shape of pulse of
PAM-n-signals has arbitrary form and amplitudes take only possi-
tive values.
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AHHOTauuA

B HacToslliee BpeMs B CBA3M C MOCTOAHHLIM POCTOM obbeMa nepejaBaeMoli MHGOPMaLWMK Bce Gonbluee BHUMaHUE yAeNAeTcA BOMpOcaM
BO3MOXHOCTU YBEJIMYEHWUA CKOPOCTU Mepejayn 3a CHET MUCMOJb30BaHUA peXuMa nepefaymn "Bbille ckopocTn Haikeucra". HecMoTpsa Ha
aKTyaslbHOCTb [JaHHOW TeMbl UCC/IeAO0BaHWUA, U3-32 JOCTATOYHO GOMbLUMX MaTEMaTUYECKUX TPYAHOCTEN MOJYYUTb 3HaYMMble pesysbTaTbl
3aTpyaHuTensHo. OfHOM U3 Teopuit, MO3BOMAIOLMX COBEPLUMTL MPOPLIB B JaHHOW obnactu, ABnseTcs OypHO pasBuBatOLLAaAcA TEOpUs
BPEMeHW paspeLleHus, pa3paboTaHHas AnA $pasoBbIX PaAUOTEXHUYECKUX CUCTEM Mepeaadn JaHHbIX U MHGMOPMALMOHHO-U3MEPUTENbHBIX
ONTUKO-311eKTPOHHbIX cucteM ¢ AMM-curHanamu npamoyronbHoi ¢opMbl. B fgaHHOW cTaTbe npeAcTaBneH HOBbIA MeTOZ OLIEHKM
MPOMYCKHOW CMOCOGHOCTU M pa3peLuatoLlero BpeMeHW C MOJIMHOMUASIbHOW BbIYUCIIUTENBHOM CIIOXKHOCTbIO, KOTOpas HEe 3aBUCUT OT
pasMepa kaHanbHoro andasuta AMM-n-curHana u onpegenserca Tonbko obbeMoM 3@PEKTUBHON MaMATU KaHana, Npu 3ToM ¢dopMa
MMMYymbca ABMIAETCA MPOU3BOJILHOM, 2 aMMIUTY/ibl MPUHMMAIOT TOJIbKO MONOXUTENbHbIE 3Ha4eHUs. MeToz Takxke NO3BONAET OLIEHUTL BpeMs,
OrpaHu4MBatoLLiee BO3MOXHbIE OTKIIOHEHUA U3-32 OLUMOKYM BbIGOPKM BO BpEMEHW, MPU KOTOPOM MHGMOPMaLIMA O KaHalIbHOM cuMBOJie ByzeT

cynTaHa 6e30WmnB0OYHO Unn ¢ 3aZlaHHON BEPOATHOCTbIO OoLLNGKM.

Kniouyeenle cnoea: MCU, paspewarouwee spems, meopus paspewarouiezo epemenu, AMUM-cuzHanbl, nponyckHaa cnocobHocms, dxxummep, 3asucAw,ul

om OdHHBbIX.
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EVALUATION OF THE VALUE OF EQUIVALENT ENERGY LOSSES
DUE TO THE QUALITY OF FREQUENCY SYNTHESIS FUNCTIONING
IN DIGITAL COMMUNICATION SYSTEMS WITH QUASI-
COHERENT RECEPTION OF SIGNALS WITH QUADRATURE
AMPLITUDE KEYPAD
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Useful transmitted information when using digital transmission sys-
tems with quadrature amplitude shift keying lies in the change in the
amplitude and phase of the signal. This circumstance causes signifi-
cantly higher requirements for the magnitude of destabilizing factors,
namely the phase noise of signal packages at the input of the demodu-
lating device of signals with quadrature amplitude keying, which affect
the useful signal, resulting in a decrease in the reliability of reception.
In this article, we restrict ourselves to considering the requirements
for short-term frequency stability of synthesizers of digital transmis-
sion lines, which use signals of multi-position quadrature-amplitude
keying in conjunction with quasi-coherent reception. The carrier wave
is extracted on the receiving side directly with the help of a carrier
recovery device from the received QAM signal by demodulating it, fol-
lowed by narrow-band filtering. The phase-locked loop in this case
functions as a narrow-band tunable filter for extracting the carrier
wave. An increase in the quality of demodulation and signal filtering
processes leads to a decrease in the phase fluctuation of the restored
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carrier, a decrease in the level of additive noise, and a decrease in the
magnitude of energy losses when using quasi-coherent reception com-
pared to the ideal one, which requires the complete absence of a phase
error of the selected reference signal. Such an approximation of the
noise immunity of real coherent QAM demodulators to the theoreti-
cal one limits the phase noise of the signal at the demodulator input,
which is associated with the non-ideal operation of frequency synthe-
sizers on the transmitting and receiving sides of digital communication
lines. The research methods used in the article are based on the theo-
ries of potential noise immunity, demodulator synchronization, and
phase locked loop systems. For the carrier recovery device, the noise
band value was chosen in the range from to (where T - is the symbol
duration), since with the indicated ratios, the distribution law of the
phase error can be considered normal. It was assumed in the work that
the devices for automatic gain control and clock synchronization in the
radio receiving system function ideally, and the frequency response of
the channel corresponds to the Nyquist condition.
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Introduction

The presence of phase noise in the input signal of the coher-
ent demodulator requires the bandwidth of the carrier recovery
device to be extended to be able to track the phase of the selected
carrier behind the fluctuations in the phase of the input signal.
Otherwise, a dynamic phase error appears in the scheme of co-
herent detection of QAM signals, the signal-to-noise ratio at the
output of the coherent detector decreases and, as a result, the
reliability of information reception.

The research methods used in the article are based on the the-
ories of potential noise immunity, demodulator synchronization,
phase-locked frequency systems.

The article presents the developed analytical model, on the
basis of which, by an iterative method in the MathCAD 11 envi-
ronment, graphs of the equivalent energy losses are plotted, re-
spectively, on the integral relative frequency instability and the
power spectral density of the phase noise of the heterodyne oscil-
lations, normalized when detuned from the carrier by 10 kHz.
The calculation was carried out for a local oscillator frequency of
10 GHz and a typical distribution profile of the power spectral
density of its phase noise.

From the obtained results, it would be fair to say that the
permissible level of equivalent energy losses (from 0,2 to 0,3 dB)
is ensured at values of the integral relative frequency instability
of 3-107; 1,5-107; 7-10%; 3-10" and the power spectral density
of phase noise is not more than minus 85, 91, 97 and 103 dBW /
Hz for signals with modulation types QAM-16, QAM-64, QAM-
256 and QAM-1024, respectively. When calculating, it was as-
sumed that the integral relative frequency instability and the
spectral power density of the phase noise of the received signal
and the reference generator of the carrier recovery device are
significantly lower than that of the oscillation synthesizer of het-
erodynes. If we assume that the parameters under consideration
for the master oscillator of the carrier oscillation and the synthe-
sizer of the local oscillator are comparable, then the requirements
should be doubled (for the power spectral density of phase noise —
by 3 dB) [1-4].

Thus, the analytical model developed in the article and the
obtained graphical dependences allow us to assess the degree of
influence of the integral relative instability of frequency and
spectral power density of phase noise of oscillation of hetero-
dynes on the noise immunity of receiving multi-position signals
with quadrature amplitude modulation, as well as theoretically
substantiate the requirements for the quality of functioning of
oscillator synthesizers of heterodynes of radio receiving systems
of digital communication lines [5-6].

Materials and methods of research

An integral indicator of the quality of functioning of oscilla-
tion synthesizers of heterodynes, which have the most significant
impact on the noise immunity of radio receiving systems, is the
integral relative instability of frequency and spectral power den-
sity of phase noise (fluctuations) of the generated oscillations.

The main requirements for a heterodyne are the following:
generation of the required frequency and tuning it in a given
range, high stability of the generator oscillation frequency, ensur-
ing the necessary amplitude of the output voltage, constancy of
the amplitude of the generated oscillations, the minimum level of
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higher harmonics in the output voltage, minimizing the level of
intrinsic noise, eliminating the microphone effect associated with
a change in the frequency of the output signal due to vibrations.

With coherent reception, the frequency drift and partially
phase fluctuations of the oscillation of the heterodynes are moni-
tored, and, consequently, compensated by the carrier recovery
device (CRD) in the signal demodulator.

In the works [7, 8], the requirements for the quality of oscilla-
tions of heterodynes, taking into account the functioning of the
CRD, are considered in relation to simple types of modulation —
two-position phase manipulation, and for signals with quadrature
amplitude modulation — without such consideration. The purpose
of the article is to evaluate the influence of the quality of func-
tioning of synthesizers of heterodyne oscillations on the noise
immunity of signal reception systems with high positional quad-
rature amplitude modulation.

To assess the influence of the quality of heterodyning, taking
into account the functioning of the CRD, we use expression 1 [6]

YL
R = [ R (h.¢)w(g)de- M
YL
where P (h,(p) — conditional probability of a bit error;
W(¢) — density function of phase difference distribution;
vy, =arcctg(L—1);
L — the number of amplitude levels of the quadrature compo-
nents of the M-positional QAM signal, equal JM, if the multi-
plicity of the signal is log,M — even, and ,/1,125M , if it is odd

[9].
To calculate the conditional probability of a bit error, we use
the expression 2 [10]
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where — additional error function;

2 o]
erfe(y) = ——- | exp(—x?)dx
7=
h? = E — signal-to-noise ratio (the ratio of the average energy
N,

of the symbol E to the one-way spectral power density of
Gaussian noise N, );

r=—(L=1),~(L=3),...,(L—=1); | =~(L—2),~(L—4),...,(L-2).

Let us determine the statistical parameters of the tracking er-
ror of the carrier phase of the input signal. To do this, we present
the block diagram of the CRD (Fig. 1).
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Fig. 1. Structural diagram of a carrier recovery device:
PD — phase discriminator; SMD — sampling-memorizing device;
F — filter; AG — adjustable generator
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Let us write the output signal of the SMD device &(t, @) in the
form

e(t,9) = AS [9,(9) +&(L.0)] ©)

Where A — the average value of the amplitude of the input sig-
nal at the time of the decision;

S =1lim dg(®)| — PD transmission coefficient at signal-
9 hoo d(p -
=0
to-noise ratio h — oo}
g(p) — discriminatory characteristics of the PD;

g,(0)=9(p)/ Sg —normalized discriminatory characteristic of

the PD;
&(t,p) — equivalent additive Gaussian interference with pow-

er spectral density
S.(Q) = h.(9)[sin(QT/2)/ QT /2] ; (4)

h. (@) - fluctuation characteristic of PD [11].
Then the signal at the filter output z(t,) and the instantane-

ous frequency of the adjustable generator (), in the operator

form, respectively, will have the following form:
2(t,0) = AS;K(P)[ 9, () + &(t. )5 ®)
2(t,0) = AS;K(p)[9,(¢) + &(t,0)] (6)

where K(p) — transmission coefficient of the CRD filter;

p= E — differentiation operator;
dt

®,,, 00, — respectively median value of the frequency of

free oscillations and the integral frequency instability of the ad-
justable CRD generator;
@, —phase fluctuations of the adjustable CRD generator;

S = SgSV — transmission coefficient CRD with open feed-
back at h — o0;
S, — the transmission coefficient of the adjustable generator.

Considering that the instantaneous frequency difference of
the input and output CRD signal is the derivative of their phase
difference, i.e. O; — o, = pe, we write the basic CRD equa-

tion in the form [12]
0=05 — @y —?{K<p)[gn(<p>+a<t,<p>]—vo}»
where O =O; —Of — instantaneous CRD input frequency;

o,y — instantaneous frequencies of the respectively re-

ceived signal and the oscillation synthesizer of the heterodyne;
Qg = @; — @y — phase fluctuations of the CRD input signal;

@;, ¢, — phase fluctuations of the respectively received sig-

nal and oscillation of the heterodyne.
The normalized initial frequency detuning is determined by
the expression 8

Yo =0, / AS ®)

where Q)| = @, (1+ 80; ) — g, (1 + dmz) — o, (1 + 0w, ) -
initial frequency detuning — initial frequency detuning;
®r,, g, — median values of frequencies of the respectively

received signal and the oscillation synthesizer of the heterodyne;
S, , dmy, — integral relative frequency instabilities of the re-

spectively received signal and the oscillation synthesizer of the
heterodyne.

The functional scheme of the CRD described by equation (7),
is shown in Figure 2.

~Q

Fig. 2. Functional diagram of a carrier recovery device

Ideally, CRD can be represented as a linear phase synchroni-
zation system (PSS) of the second order, for which the discrimi-
native, fluctuation, and transfer characteristics are described re-
spectively by the following expressions:

9(9) =S,0; ©)

h.(p)=N,/S2A* =T /S’h*; (10)
ASK(p)

H =—= . (11)

o(P) p+ ASK(p)

For such a CRD, the solution of equation (7) in operator form
will have the form

ASK(p)
p + ASK (p)

B p
? p + ASK (p)

&(t9)
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and a steady-state phase error in the absence of noise [13] —

M, =7, =0, / AS- (14)

The analysis of the expression (13) shows that the resulting
phase error consists of the following components:

— phase fluctuations of the received signal, the oscillation
synthesizer of the heterodynes and the tuned CRD generator, the
spectrum of which is beyond the CRD bandwidth;

— initial frequency detuning;

— component, caused by additive noise in the CRD band-
width.

As a result, the variance of the CRD phase error can be de-
termined by the expression 15

1R 1R
CH = [I-H,©)| S (@dQ+—— [1=H, @] s;(@da+
0 0
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where ST (Q), SR Q), Sv Q) - spectral power densities of
phase noise of the master generator of the carrier of the transmit-
ting path of the digital communication line (DCL), the oscillation
synthesizer of hetero-dynes and the adjustable CRD generator;

H 0 (Q) —complex transfer characteristic of CRD;
1 T2
B —_— J' ‘H (Q)rd (O — one-way noise band of CRD.
' on .

In CRD, a proportionally integrating filter (PIF) is most often
used as a filter, the scheme of which is shown in Figure 3 [14,
15].

R
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Fig. 3. Scheme of proportionally integrating filter
Such PIF has a transfer characteristic of the form

K(p)=t%P, (16)
1+’E1p

where T, T, — filter time constants.
The coefficient of proportionality of the PIF F0 =1, / T, << 1.

Transfer characteristic for CRD with PIF for the case when
T, AS >> 1, what takes place in real communication systems,

will have the form [16]

r+1
s P (17)
H,(p)= ; —
r+1 1{r+1 )
I+—p+—|—1| P
4B, r\ 4B,
where
r:4g%:gaﬂs; (18)
B ~l 1 (19)
4,

QZ — damping (attenuation) coefficient.

The expression (14) for the static phase error taking into ac-
count (18) and (19) can be written as follows

Q.F 1
m, =—44 1+ |-

4B, r
For CRD, the value of the noise band BI is selected, as a

rule, in the range from 0,001 /T to 0,02 /T , the PIF proportion-
ality coefficient F0 — from 0,02 to 0,1, and the optimal value

(20)
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rOpt is approximately equal to 7 ((=1,32) [11, 16]. With the spec-
ified ratios between the noise band B, and the signal band

BS = 1/T , the phase error distribution law can be assumed to be

Gaussian with a distribution density function of the form

((P_mw)z .
20

e2y)

1
W)= ex
¢ o p

Results and discussions

Figures 4 and 5 show the dependences of equivalent energy
losses, respectively, on the integral relative instability of the fre-
quency and spectral power density of phase noise oscillations of
heterodynes, normalized during detuning from the carrier at 10
kHz, obtained by iterative method in MathCAD 11 using the ex-
pressions (1), (2), (15), (20), (21). The calculation was carried
out for the clock frequency of the 1 MHz signal, typical values of
the CRD ( BI =0,01 /T , F0 =0,05) parameters, the oscillation

frequency of the 10 GHz heterodyne and the typical distribution
profile of the spectral power density of its phase noise with the
following slope characteristics in the tuning range: from 1 to 10
kHz — 5 dB/decade; from 1 to 100 kHz — 10 dB/decade; from
100 kHz to 1 MHz — 20 dB/decade; more than 1 MHz — 0
dB/decade (Fig. 6).

I
!

&

i r
; i s i
, paid L Ji ; o L]
3 uE i : A
E1E 5 108 L4
: A
1 a4
o M il . | _A
110t 1107 1106 Sos 110 116 doe
al b)
AR AR?,
| I I
| L T i
s s A
L +
/ . i~
2 ! A = y,
1} 1 // 1 1 i
IR = A
=

Sae 110 110 1107 Sar
el d)

Fig. 4. Dependence of equivalent energy losses upon reception on the
integrated instability of the oscillation frequency of the local oscillators
for signals: a — QAM-16; b — QAM-64; ¢ — QAM-256; d — QAM-1024
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Fig. 5. Dependence of equivalent energy losses upon reception on the
spectral power density of the phase noise of local oscillations
for signals: a — QAM-16; b — QAM-64; ¢ — QAM-256; d — QAM-1024




ELECTRONICS. RADIO ENGINEERING

San.
WiH=z
] O 0 WA
-‘h-l.
1 222 HE
0.1
\\
N\
0.01 Ao oo
107
=

10
t] 4

1 10 100 1410 110" Afe. k=

Fig. 6. Typical profile of the distribution of the spectral power density
of phase noise, normalized to the value at the offset from the carrier
at 10 kHz

In the calculation, it was assumed that the integral relative fre-
quency instability and the spectral power density of the phase
noise of the received signal and the CRD reference oscillator are
significantly lower than those of the heterodyne oscillation synthe-
sizer. If we assume that the parameters under consideration for the
master oscillator of the carrier wave and the synthesizer of hetero-
dyne oscillations are commensurate, then the requirements should
be doubled (for the spectral power density of phase noise — by
3 dB).

Conclusion

From the analysis of the obtained dependencies, it follows
that the permissible level of equivalent energy losses (from 0,2 to
0,3 dB) is provided for the values of the integral relative fre-
quency instability 3-107; 1,5-107; 7-10%; 3-10® and the spectral
power density of phase noise is no more than minus 85, 91, 97
and 103 dBW/Hz for signals with modulation types QAM-16,
QAM-64, QAM-256 and QAM-1024, respectively.

The developed analytical model and the obtained graphical
dependences make it possible to assess the degree of influence of
the integral relative frequency instability and the spectral power
density of the phase noise of heterodyne oscillations on the noise
immunity of receiving multi-position QAM-signals, as well as
theoretically substantiate the requirements for the quality of
functioning of oscillation synthesizers of heterodynes of radio
receiving systems of digital communication lines.
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AHHOTauusa

MonesHas nepesaBaeMas MHPOpPMaLMA MpU UCMONb30BaHMM LMPOBBLIX CUCTEM NEpeAadn C KBapaTypHOM aMIIUTYAHOM MaHUMynALMeN KpoeTcsa B usMe-
HEHUM aMNAUTYZHBIX U $a30BbIX NOCBIIOK curHana. [laHHoe o6cToATeNbCTBO OBYCNaBIMBAET CyLLIECTBEHHO Gonee BbICOKMe TPebOBaHUA K BENMYMHE Jec-
TabunmsupyoLmx $hakTopoe, a UMEHHO (HasOBbIX LUYMOB CUrHasIbHbIX MOCLIIOK Ha BXOZE AEMOAYSIUPYIOLLEro YCTPOMCTBA CUrHAMOB C KBaApaTypHOM aMn-
NATYAHOM MaHUMYNAUMEN, BMAIOLMX HA MONE3HbIA CUTHaM, pe3yNbTaTOM Yero ABNAETCA CHUPKEHUE JOCTOBEPHOCTU MpUéMa. B AaHHOM cTaThe OrpaHuumMM-
cA paccMoTpeHueM TpeboBaHUit K KpaTKOBPEMEHHO CTabUNbHOCTM YacTOTbl CUHTE3aTOPOB LMPOBLIX JIMHUI NEpPefain, B KOTOPbIX UCMOMb3YIOTCA CUrHa-
Nbl MHOTOMO3MLIMOHHOW KBaApaTypHO-aMMTYHOW MaHUMYNALMM B COBOKYMHOCTU C KBa3UKOrepeHTHbIM npueMoM. Hecylee konebaHue Bbiaensaerca Ha
NPUEMHOM CTOPOHE HEMOCPEACTBEHHO C MOMOLLIbIO YCTPOMCTBA BOCCTAHOBJIEHWA HeCyLue U3 npuHumMaemMoro KAM-curHana nytem ero AeMoAynaumm, € no-
cnepytollen yskonosiocHoin punstpaumeit. Cuctema ¢asoBoi aBTONOACTPOMKM HaCTOTbl B AaHHOM CilyHae PyHKLMOHUPYET KaK y3KOMOMOCHbIN NepecTpa-
MBaeMbit GUNLTP BbiAeNeHUsA Hecyllero konebanua. PocT KadyecTBa npoLeccos AeMoAynaLmmM U GUILTPALMM CUrHaNa MPUBOAWT K yMeHbLLEeHUIO (ryKTya-
ummn asbl BOCCTAHOBJIEHHOM HECyLLIE, CHIKEHNIO YPOBHA aAUTUBHOTO LUYMa, YMEHBLUIEHUIO BENINYMHbI SHEPreTUYECKMX NOTEPb NPU UCMONB30BaHUM KBa-
3KOrepeHTHOrO MPUEMa MO CPaBHEHUIO C UAEANTbHBLIM, TPEOYIOLLIMM MOMHOrO OTCYTCTBUA (hasoBOM OLUIMGKK BbIAENEHHOTO OMOpHOro curHana. Mogo6Hoe
NpuBMKeHNe NOMEXOYCTOMHYMBOCTU PeasibHbIX KOrepeHTHbIX AeMoaynatopoB KAM-curHanoB k TeopeTuyeckoit orpaHMymsaeT $asoBblii LyM CUrHana Ha
BXOAE AEMOZYNATOPA, CBA3aHHbIN C HEMAEaNbHOCTbIO PaboTbl CUHTE3aTOPOB YacTOThbl Ha Mepejatolleli U NMPUEMHON CTOPOHAX LMGPOBLIX JIMHUA CBA3M.
MeToabl nccnenoBaHuA, Ucnonb3yeMble B CTaTbe, 6a3UPYIOTCA Ha OCHOBAaX TEOPUI MOTEHLMANILHON MOMEXOYCTOMYMBOCTM, CUHXPOHM3aLMN AeMOAYNATO-
poB, cucTeM Ha3oBOW ABTOMOACTPOMKM 4acTOTbl. [inA yCTPOCTBA BOCCTAHOBMEHMA HECYLLiEN 3HA4eHUe LLYMOBOM MOJOChI BbIGUpanoch B AnManasoHe oT
0,001/Tpo 0,02/T (rae T - ANUTENLHOCTL CMMBONA), TaK Kak MPY yKa3aHHbIX COOTHOLLEHUAX 3aKOH pacrnpegenieHnsa ¢pasoBoi OLIMOKN MOXKHO CHUTaTb HOP-
ManbHbIM. B paboTe nonaranock, 4TO yCTpOICTBA aBTOMATUHECKOW PErysIMpOBKM YCUIIEHUA M TAKTOBOM CMHXPOHU3aLMK B pafUONpUeMHON cucTeMe ByHK-
LIMOHUPYIOT M€anbHO, @ YaCTOTHAA XapaKTepUCTMKA KaHa/la COOTBETCTBYET ycnioButo Haiikeucra.

Kntoqeeblie cnoea: uugpossie cucmembl ceA3u, kKeadpamypHas amnaumyOHas modyaauus, UHMezpaabHAsA OMHOCUMEbHAA HeCmabuibHOCMb
4yacmomsl, CUHMe3amopbl KosebaHuli 2zemepoOUHO8, CNEKMPAsILHAA NIOMHOCMb MOWHOCMU ¢pa308bIX WYMO8, NOMEHUUAJIbHAA NOMEXOYCMOUYUBOCMb.
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The papers which are discussed at the conference can be divided into the following chapters:

1) Synchronization Systems and Devices;
2) Signal Generating and Shaping Devices;

3) Signal Processing Devices.
4) Special chapter: “Problems of microwave electronics” named after V.A. Sointsev

5) Photonics and mathematics for moving objects

All accepted and presented Papers following the conference will be submitted for inclusion into IEEE Xplore

Materials are available in English

http://media-publisher.ru/en/conference/
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