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TeﬂeKOMMYHVIKaLlVIOHHbIe CUCTEMDbI
N KOMMbIOTEPHbIE CETHU

Telecommunication Systems and Computer
Networks

Hay4dHasa cTaTbs
DOI: https://doi.org/10.18721/JCSTCS.15101
YOK 621.371.3

METOAUKA ®OPMUPOBAHUA TNTOBAJIbHbIX
LUDPOBLIX KAPT SJTIEKTPUYECKUX XAPAKTEPUCTUK
NOACTU/IAIOLLENA MOBEPXHOCTHU
B AUANA3OHE OYEHb HU3KUX YACTOT

A.A. TUNUKUH' B

! BoeHHO-MOpCKasn akagemus um. agmupana ¢nota Coserckoro Cotosa H.I. KysHeuoBa,
CaHKT-lMeTepbypr, Poccuitickan Pepepaums

= alextip@mail.ru

AnHoTamusa. [IpoBOIMMOCTh W AUBJIEKTpUIECKas IMTPOHUIIAEMOCTh ITOACTUJIAIOIICH TTOBEPX-
HOCTU BXOMST B COCTAaB UCXOMHBIX JAaHHBIX, HCOOXOMMMBIX IIJIsSI pacyeTa SHepreTUIeCKUX IapaMe-
TpoB pagnoTpacc. OTCYTCTBHE TTOJHBIX CBEICHUI 00 3JICKTPUUCCKUX XapaKTePUCTHKAX 3¢MHOM
TMOBEPXHOCTU CBMIETEILCTBYET 00 aKTyaJIbHOCTH McciienoBaHuil. MeToanka (hOpMUPOBAHMS
[JI00AJBHBIX HU(POBBIX KAPT 3JEKTPUUCCKUX XapaKTePUCTUK ITOACTUIIAIONIEH TTOBEPXHOCTHU B
Iarra30He OYeHb HU3KMX YaCTOT BKITIOYAET B ceOsT IBA OCHOBHBIX acreKTa: (h)OpMUPOBaHKE CBE-
JIEeHUI 00 2JIEKTPUICCKUX XapaKTePUCTUKAX KOHTHHEHTAJIbHON M OKeaHMYEeCKOI JacTeil 3eM-
Ho¥1 moBepxHOCTHU. [TT00apHas KapTa TPOBOAUMOCTH KOHTUHEHTAJIbHON YacTH 3¢ MHOM TTOBEPX-
HOCTH ITOJIy4eHa IyTeM oln(bpOBKY aTjaca MpOBOIMMOCTH MOYBBI. BeIunciieHa perpeccuoHHast
(GyHKIIMS, Ha OCHOBE KOTOPOI chopMUpoBaHa riiodanbHas KapTa IU3JIEKTPUUECKO MPOHUIIae-
MOCTHU TToYBBI. C MOMOIIBIO METOIUK, ONTMCAHHBIX B peKoMeHaausax MCD, Ha oCHOBe JaHHBIX
0 TeMIIepaType 1 COJICHOCTH MHUPOBOTO OKeaHa IMOJIyIeHBI TJT00aTbHbIC KapThl TPOBOAUMOCTHU U
IU3JCKTPUUECKON TMTPOHNUIIAEMOCTH OKEAHWUYECKO JacTHU 3eMHOM MmoBepXHOCTU. C IMOMOIIBIO
pa3paboTaHHOTO aJTOPUTMa KOHCOJUIAIINY JaHHBIX ITIPOMEXKYTOUHBIE pe3ybTaThl IIpeodpa3o-
BaHbI B [JI00AJbHBIE HU(POBBIE KAPTHI SJEKTPUUECKUX XapaKTEPUCTUK 36MHOI TTOBEPXHOCTH B
JHara3oHe OYeHb HU3KUX YaCTOT.

KimoueBbie clioBa: 3JIeKTpUUECKIE XapaKTEPUCTUKY, TTOICTUIIAIONIAST [TIOBEPXHOCTD, TIPOBOAUMOCTb,
IUBJICKTpUYIecKast IPOHUIIAEMOCTh, O9eHb HU3KHE aCTOTHI

Jlng nutupoBanus: TunukuH A.A. Metoauka (popMUpOBaHUs TJ100aTbHBIX HU(PPOBBLIX KapT 2J1EK-
TPUUYECKUX XapaKTePHCTUK IMOACTUIIAIONICH ITOBEPXHOCTH B JMAIla30HE OYEHb HU3KUX YaCTOT
// Computing, Telecommunications and Control. 2022. T. 15, Ne 1. C. 7—18. DOI: 10.18721/
JCSTCS.15101

CraTbs OTKpBITOTO noctyna, pacnpoctpansiemas no JuieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

© TunukuH A.A., 2022. U3gaTenb: CaHKT-MNeTepbyprckuil MoAMTEXHUYECKNIA YHUBEPCUTET MeTpa Benukoro
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Research article
DOI: https://doi.org/10.18721/]JCSTCS.15101
uUDC 621.371.3

METHOD OF OBTAINING GLOBAL DIGITAL MAPS
OF UNDERLYING SURFACE ELECTRIC CHARACTERISTICS
IN THE VERY LOW FREQUENCY BAND

A.A. Tipikin' =
! Naval Academy named after Admiral of the Fleet of the Soviet Union N.G. Kuznetsov,
St. Petersburg, Russian Federation

= alextip@mail.ru

Abstract. The conductivity and dielectric permittivity of the underlying surface are part of the
initial data necessary for calculating the energy parameters of radio tracks. The lack of complete
information about the electrical characteristics of the Earth surface indicates the relevance of the
researches. The technique of forming global digital maps of the electrical characteristics of the
underlying surface in the very low frequency range points to two main aspects: the formation of
information about the electrical characteristics of the continental and oceanic parts of the Earth
surface. We obtained the global conductivity map of the continental part of the Earth surface by
digitizing the soil conductivity atlas. We calculated a regression function, on the base of which a
global map of the dielectric permittivity of the soil has been formed. Using the methods described
in the ITU recommendations, we obtained global maps of the conductivity and permittivity of the
oceanic part of the Earth surface based on data of the temperature and salinity of the world ocean.
With the help of the developed data consolidation algorithm, we transformed the intermediate
results into global digital maps of electrical characteristics of the Earth surface in the very low
frequency range.

Keywords: electrical characteristics, underlying surface, conductivity, dielectric permittivity, very low
frequencies

Citation: Tipikin A.A. Method of obtaining global digital maps of underlying surface electric
characteristics in the very low frequency band. Computing, Telecommunications and Control, 2022,
Vol. 15, No. 1, Pp. 7—18. DOI: 10.18721/JCSTCS.15101

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/
licenses/by-nc/4.0/).

Beenenue

OnpeneneHue XxapakKTepUCTUK MOACTUNAIONICH MTOBEPXHOCTU Ha Tpacce paclpoCTpaHEeHUST paguo-
BOJIH — OJIHA U3 BaXXHEUIINX MPoOJIeM TPOrHO3UPOBAHUS DHEPreTUUECKUX TTapaMeTPOB paIruoTpacc.
OT NPOBOAUMOCTU U JAUBJIEKTPUUYECKON MPOHUIIAEMOCTU MOJACTUIAIONIEN TTOBEPXHOCTU HAIPSIMYIO
3aBUCHUT JATbHOCTb PACIpOCTpaHEHUsS! PaJMOBOJH, OCOOEHHO Auana3oHa OYeHb HU3KMX YacToT
(OHY), 3anumaroniero npoMexxyTok yactot oT 3 10 30 xIi1. B Monenu pacrnpocTtpaHeHus pagroBOJIH
OHUY-gnana3oHa moBepxXHOCTh 3eMJIU U MOHOC(Pepa 00pa3yioT cheprmuecKuii BOTHOBOI, IIO3TOMY IS
HauboJjiee alleKBaTHOTO MPOTHO3MPOBAHUS SHEPreTUYECKUX MapaMeTpoOB paguoTpacc HEOOXOAUMO
KaK MOXHO TOYHEE 3HaTh XapaKTePUCTUKM CTEHOK 3TOro BojHOBoaa. Eciu misg noHochepsl momy-
YyeHa 1 MepruoJnuecKr YTOUHSIETCS MEXIyHapoIHas 3TaJJOHHAasl MOJieJib MOHOC(hEPbl, HAXOASI1asICsl B
cBOOOIHOM goctyiie [1—3], To 11 3eMHOM TTOBEpXHOCTU MOA0OHBIE CBEASHUSI HeNOaHbIe [4—7].

B pa6ore [8] npuBeaeHbI TaHHBIE O TPOBOAMMOCTA KOHTUHEHTAIbHOM YaCTU 36MHOI TOBEPXHOCTH
B nuarnazoHe OHY Ha ocHOBe reojiornueckoil CTpyKTyphbl TpyHTa, MOJ00HbBIE CBEIEHUS UMEIOTCS B
MupoBoM aTjiace NpoOBOAMMOCTU TOYBHI [5], rie MpoBOAMMOCTh OKEAHWYECKOM 4acTU 3€MHOM MO-

© Tipikin A.A., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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[JTO0ATBHBIX IIM(POBBIX KAPT MTOACTHIIAIOIICH TTOBEPXHOCTH

Fig. 1. Method of obtaining global digital maps of underlying
surface electric characteristics, generalized block diagram

BEPXHOCTHU TIpuHsITa paBHOI 4 CM/M. B 0001X MUCTOUHMKAX OTCYTCTBYIOT CBEIEHUSI O AUDJIEKTPUYE-
CKOI MPOHMUIIAEMOCTH 3¢MHOM MOBEPXHOCTH, HO B [8] yKa3aHO, 4TO CIeAyeT UCIIOIb30BATh YCPEAHEH -
Hoe 3HauyeHue, paBHoe 10.

Takum oOpa3oM, HEOOXOIMMO cO31aTh LUM@PPOBYIO KapTy MPOBOAMMOCTH M NUIJEKTPUUYECKON
MPOHMUIIAEMOCTU TTOACTUIAIONIEN TOBEPXHOCTH, KOTOPAast MOIJIa Obl CIIYKUTh UCTOYHUKOM MCXOIHBIX
JaHHBIX U151 (hopMUpOBaHUS MPODUIs MOACTUIAIONIEH TTOBEPXHOCTU Ha Tpacce paclpoCTpaHeHMUs
pagnoBosiH OHY-nuamna3ona. JlanHas 3amaya MOXET OBbITh pa3jieiieHa Ha JABe Moi3agadyy, 3aKJiroda-
IoIIMeCs B OIpEISIeHUN BJIEKTPUIECKUX XapaKTePUCTUK TTOACTUIAIONIEH TTOBEPXHOCTU KOHTUHEH-
TaJlbHOW M OKEeaHMYEeCKOW yacTell 3eMHOU MoBepxXHOCTU. MeTonuka ¢opMUPOBaHUS TJ00ATbHBIX
LHU(GPOBBIX KAPT 3JEKTPUUECKUX XapaKTePUCTUK MOACTUIAIONIEH MoBepXHOCTU B AuanazoHe OHY B
BuIe 0000IIeHHOIT 0JI0K-CXEMBI IIpeacTaBiaeHa Ha puc. 1.

B pa6ore [9] mokazaHo, YTO 3JIEKTPUUYECKHUE XapaKTePUCTUKA KOHTUHEHTAJbHOW YacTu 3eMHOM
MOBEPXHOCTU MOTYT ObITh MOJYYEHBI HA OCHOBe pekoMeHaanuiit MCDO-R P.527-5 [10] U3 maHHBIX O
rpaHyJIOMETPUYECKOM COCTaBe MOYBHI U yAEJIbHOM MIOTHOCTU TPYHTAa HAa OCHOBE LIU(POBOI KapThl
U 0a3bl JaHHBIX [11] 1 mTaHHBIX O coAep>KaHWM BOIBI B MOYBE Ha OCHOBE LU(MPOBBIX KapT MpOeKTa
TerraClimate [12]. OgHako 1151 9TOro TpedyeTcs: MpeaBapUuTEIbHO BEIYUCIUTD 3G (MEKTUBHYIO TTYOUHY
MIPOHUKHOBEHMS 37IE€KTpOMarHUTHBIX BoJH (DMB) OHY-nuamna3zoHa B mpoliecce ux pacrpocTpaHe-
HUS B chepuyeckoM BoTHOBONEe 3emsi-uoHocdepa. B kauecTBe achheKTUBHOM T1yOUHbBI TIPOHUKHO-
BeHUs DMB B 1o4BY MOXET OBITb MTPUHAT CKUH-CJI0i O [13], KOTOPBIN PACCUNUTHLIBAETCS B COOTBET-
ctBUuu ¢ popmyinoii [10]:
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rae A — nnHa ODMB; € u € — neiicTBuTeNIbHAS U MHMMASI YACTH KOMILIEKCHON OTHOCUTENBHOI M3~
JIGKTPUUYECKOI MPOHULIAEMOCTH.

B cootercTBun ¢ pekomeHpauuamMu MCD-R P.527-5 BBINIOJIHEHBI pACUYEThl BEJIMUMHBL O 11d 12
pa3IMYHBIX TUIOB ITOYB B Auana3oHe Temnepatyp oT —10 go +30 °C u BraxxHoctu nouBsl oT 0,01 go
50 %. I110THOCTB TPYHTA IJIS pacueToB B3sgTa 13 6a3sl [11] Mo KoopanHaTaM LIEHTPOMUIOB ITOYBEHHBIX
MHOT'OYTOJILHUKOB Ha TpeyrojbHuke [1100ca-Po3edbomMa, yaelbHbIe Beca CyXOil CMECH COCTaBIISTIOIINX
IMOYBBI PACCUMTAHBI C TIOMOIIBIO MHTEPHOISLUOHHON (PYHKIIMU, MOoNydeHHOM B [9]. McxomHble JaH-
HbIE O TUIOTHOCTH TPYHTA P ,, YACIBHOM BECE CyXOil CMECH COCTABIISIIOIIMX MOYBbI GS U KOOpIMHAaTax
LIEHTPOUIOB TPEACTaBIEHbI B Ta0J. 1. Pe3yabraTel pacueToB BEJIMUUHBI O CBEIEHBI B Ta0JI. 2.

Tabnauua 1
Wcxonnbie qaHHbIE 1151 pACYETOB eCTBUTEIbHOI U MHUMOI YacTei
KOMIUICKCHOI OTHOCUTEJIbHOM 3JIeKTPUYCCKOM NPOHNULAEMOCTH FPYHTA
Table 1
Initial data for calculations of the real and imaginary parts
of the complex relative permittivity of the soil
Tur mouBEI n VhenbHbIN Bec cyxoit KoopauHatsl ieHTponnos
JIOTHOCTh
10 MEXaHUYECKOMY FpyHTa p , T/cM’ CMECH COCTAaBJISIIOIIMX

cocTaBy PyHTa p nousst G, IMecok, % Dna, %
Ilecok 1,79 2,65 91,67 3,33
Cynech 1,66 2,65 81,67 5,83
ITecyaHblii CyTIMHOK 1,60 2,66 64,60 10,35
CyriamHoK 1,58 2,70 41,04 18,73
WnucTelii cyramHoK 1,58 2,59 21,42 13,41
Wn 1,46 2,68 7,35 5,30
IMecuaHblii IIMHUCTBIA 1,40 2,69 59,94 27.13

CYIJIMHOK
[MMHUCTBII CYyTIMHOK 1,31 2,69 32,50 33,75
WnucTelit TIMHUCTBIN 1,27 2,59 10,00 33,75
CYIJIMHOK

IMecyaHas rmuHa 1,32 2,73 51,67 41,67
Wnucras rimnHa 1,48 2,56 6,67 46,67
[muua 1,20 2,74 19,52 62,93

Kak BuaHoO 13 TabJ1. 2, MeAMaHHBIN CKMH-CJION HAa HYUKHEH TpaHuLIe JMana30HOB CpeIHUX, HU3KUX
U OYEeHb HU3KMX YaCTOT COCTaBIsECT OT 8 10 80 M, UTO AejaeT HEBO3MOXHBIM pacyeT IPOBOAMMOCTU
U IUBJIEKTPUUECKOM IMPOHUIIAEMOCTH MOYBHI 0 pekoMeHaauusaM MCD-R P.527-5, 1. K. naHHEIEe 110
HIDKHEMY Topu30HTY nouBbl B 6aze HWSD npuBenens! mist raayous go 3 m [11]. Takum odpazom, Me-
TOJAMKY OIIpeleJIeHUs ITIOYBEHHOTr0 MPpoMUIIsl Ha Tpacce paclpoCTpaHEeHUsT paaruoBOJIH [9] momycTuMO
HUCIOJb30BaTh TOJIBKO 111 DM B vactoroii ot 3 MI11 u BbIlE.
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Tabnuua 2
Pe3ynbraTbl pacyera CKUH-CJIOS IOYBbI
Table 2
Results of calculation of the skin layer of the soil
CKUH-CJIOH 0, M
JInHa BOTHBI
A, M MaxkcumanbHOE MwunanmanbHOE MenunanHoe
3HauCHUE 3HaYCHUE 3HaYCHUE
103 202,5 34,7 81,1
104 64,1 11,0 25,6
103 20,5 3,5 8,2
102 7,3 1,1 2,7
10 9,2 0,5 1,4
1 6,3 0,2 0,9

Pesynbrarhl pacueta MeIMaHHOTO 3HAUYEHUSI TIYOMHBI CKUH-CJIOSI B TPYHTE MPUBOIST K BbIBOJY,
YTO cOCTaBJieHUe LHU(PPOBBLIX KapT MPOBOAUMOCTH U AUBJIEKTPUISCKON MPOHULIAEMOCTU KOHTUHEH-
TaJIbHOM 4YacTu moBepxHocTH 3emian B OHY-nuamazoHe BO3MOXHO IMyTeM HpsSMOil olUdpPOBKU aT-
Jlaca IpOBOAMMOCTH ITOYBBI, IIpeAcTaBIeHHOro B pekomeHaanussx MCHO-R P.832-4, unu Ha ocHOBe
MOAXOA0B, M3JI0KEeHHBIX B [8]. B cOOTBETCTBUM C yKazaHHBIMU MOAXOAAMU U pa3paboTaHHON 0000-
IIEHHOI MeTonuKoil (puc. 1) cocraBiieHa KapTa IpOBOAMMOCTH ITOoYBHI B nuana3zoHe OHY, koTopas
HE YYUTBIBAET CE30HHbIE U3MEHEHMS U3-3a OTCYTCTBUSI HEOOXOIUMbBIX MCXOHBIX TaHHBIX.

Kpome npoBoauMocCTH, Apyroil HEOThbeMJIEMOM 2JIEKTPUYECKON XapaKTEPUCTUKOMN MOYBBI SIBJISI-
eTcs e€ muaJIeKTpuuecKas MpOHUIIaeMoCTh. JuanekTpudyeckas NpoHUIIaeMocTh B auanazoHe OHY
MOXEeT ObITh MOJIydeHa Ha OCHOBE YaCTOTHBIX 3aBUCUMOCTEN JEKTPUUECKOI MPOHUIIAeMOCTH pa3-
JIMYHBIX T€0JOTMYECKUX MTOPOJ 1O JaHHBIM LIU(MPOBLIX reosornuyeckux KapT. OgHako mogo0HbIe CBe-
JIEHUST HOCSIT HECUCTEMAaTU3NPOBAHHBIN U (hparMeHTapHBII XapaKTep, TO3TOMY B HACTOSIIIIMIA MOMEHT
peayn3oBaTh MOAOOHBIN MOAXOM He MpeACcTaBIsieTcsl BO3MOXHBIM. [To 3Tolt nmpuynHe, HanmpuMep, B
ucciaeaoBaHuu [8], MOCBAIIEHHOM LIU(GPOBOMY KapTOrpaUpOBaHUIO 3JIEKTPUUECKUX XapaKTEePUCTUK
rpyHTa B auanazone OHY, nmpuHATO cpeaHee 3HAUEHUE OTHOCUTEILHON TN3JIEKTPUIECKOM ITPOHUIIA-
€MOCTH JJIS1 BCEX TUIOB IeoJIoThuecKux nopon, € = 10.

AJIBTepHaTUBHBIM CITOCOOOM COCTaBJICHUSI LM(PPOBON KapThl NTUIJESKTPUUECKON MPOHULIAEMOCTU
IPYHTA SIBJISIETCS BBISIBJICHUE PErPECCUOHHONM 3aBUCMMOCTY 3HAUEHUI JAHHOTO TlapaMeTpa OT 3Have-
HUI TPOBOJAMMOCTU I'PYHTA. DTO MOXET ObITh BHITTOJHEHO C MOMOIIbIO CTATUCTUUYECKOTO MOIX01a Ha
OCHOBE MOJeJIeii, MpeAcTaBIeHHbIX B peKoMeHaanuu MC3D-R P.527-5.

g peanu3aiiuy JaHHOTO MOAX0A MPOBEACHBI PaCcYeThl IUISI BCEX BO3MOXKHBIX TUIIOB ITOYB 110 UX
MeXaHMYeCKOMY COCTaBYy C OTHOCUTEBbHO noieit BraxkxHocT oT 0,01 mo 50 % B mmarra3oHe TeMIIe-
paryp ot —10 go +30 °C. ITosyyeHHbIe 3Ha4eHUs IPOBOIMMOCTH CTPYIIIIUPOBAHbLI B COOTBETCTBUHU C
IaHHbIMM Tabj. 1 B pekoMmeHmauusx [10], mociie yero Kaxmoi IpyIiie MOCTaBJIE€HO B COOTBETCTBUE
YCpeIHEHHOE 3HAaUeHUE AUIJIEKTPUUIECKOUN MTPOHUIIAEMOCTH, Ha OCHOBE KOTOPBIX TOCTPOEHO perpec-
CUOHHOE ypaBHEHUE

£=158,55¢""" +1,695. ()

Ipaduxk perpeccnoHHOM (PyHKIIMM IPOBOAUMOCTU IpyHTa B nuanazone OHY u ycpenHeHHbIE cTaTH-
CTUYECKME JaHHbIE TTOKa3aHbl Ha puc. 2.
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Puc. 2. 3aBUCHMOCTD IU3JIEKTPUYECKOI MPOHULIAEMOCTH OT IIPOBOAMMOCTH IpYHTa B quarna3zoHe OHY:
(—) — perpeccroHHas yHKIIUS; MapKephl — yCpeaHEHHBIE pacyeThl o pekoMmeHganusam MC3H-R P.527-5

Fig. 2. Soil dielectric permittivity versus conductivity in the very low frequency band:
(—) — regression; markers — ITU-R P.527-5 calculation averaged values

3HauyeHUs OTHOCUTEIbHON NMAIEKTPUUECKON MPOHUIIAEMOCTH, MOJTYYeHHbIE HA OCHOBE perpec-
cuu (2), npeacrasieHbl B Ta0a. 3. C moMoibio Tadj1. 3 13 HuppoBOil KapThl IPOBOAMMOCTU C(HOPMU-
poBaHa KapTa JU3JIEKTPUUECKON MPOHUIIAEMOCTH KOHTUMHEHTAJIbHOM YacT 3eMHOI MOBEPXHOCTU B
nuanazoHe OHY, kotopas, Kak U KapTa MpOBOAUMOCTH TTOYBbI, HE YYUTHIBAET CE30HHbIE U3MEHEHUS
BIIEKTPUIECKUX XapaKTEPUCTHK.

Ta6nauna 3
Pe3yabTarbl pacueTra OTHOCUTEIbHOM 3/IEKTPUYECKOi MPOHMIIAEMOCTH 110 PerpecCUOHHO MOIeH
Table 3

Results of calculation of relative permittivity by regression model

OTHOCHUTEeNbHAS dJIEKTpUYECcKasi IPOHULIAEMOCTD € [TpoBonumocts 6, CmM/M

1,9 0,00001

2,1 0,00003

2,4 0,0001

3,0 0,0003

3.9 0,001

5,4 0,003

8,3 0,01

12,8 0,03

Kpome aeKkTpruiecKux XapaKTepuCTUK KOHTUHEHTATbHOM CIEAYeT TakKe OMpeneSnuTh DJIEKTPH-
yeckue XapakTepuCTUKNU OKeaHUYeCcKOoi (MOPCKOIT) yacTh 3eMHOM moBepxHocTu. Jlist pacueTta mpo-
BOJAMMOCTU U AUDJEKTPUUYECKON MPOHULIAEMOCTH MOPCKOW BOMABI JOJIKHBI ObITh MPUHSATHI BO BHU-
MaHUe CBeAeHMS 00 e€ TeMrepaType M COJIeHOCTH. YKa3aHHBIE MapaMeTPhbl HEITOCTOSTHHBI He TOTbKO
MO IIMPOTE U AOJTOTE MECTa, HO U MO IIyOMHe BOAHOI Macchl. YTOOBI YUYUTHIBATh BIMSIHUME BOJIbI HA
pacnpocTpaHeHUe PaauoOBOJIH, CAEAYeT ONpPEeNeJUTh IIyOUHY CKUH-CJI0sSI MOPCKOI Bojabl. PacueTsl B
COOTBETCTBUU ¢ (hopmyJoii (1) ayist MOPCKOii Bosbl coieHOCThIO OT 10 10 40 %0 1 Temmiepatypoii ot 0,1
1o 30 °C mpeacraBiieHBI B Ta01. 4.

12
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Tabnuua 4
PesynbsraThl pacyeTa CKHH-CJI051 MOPCKOId BOJIbI
Table 4
Results of calculation of the skin layer of seawater
JI1MHa BOJIHBL A, M Cian-croit 5, m
MaxkcumanbHas MunnmanbsHasg Mennannasa

10° 9,58 3,58 5,26
104 3,03 1,13 1,66
103 0,96 0,36 0,53
10? 0,31 0,11 0,17
10 0,10 0,04 0,05
1 0,05 0,01 0,02

Kak BUIHO M3 TaOAULbI, AJIS1 ydeTa BAUSIHUSI MOPCKOM BOJABI Ha paclpocTpaHeHUE paaroOBOH
HeoO0X0IMMO MPUHUMATh BO BHUMaHME XapaKTepPUCTUKHU BOJbI Ha TiyoruHe A0 5 M. Takue cBeneHus
MOTYT OBITh MOJIyYeHBI U3 MoJeu |14] 1 3aTeM UCITOIb30BaHbI AJIS IPOBEACHUS PACYETOB B COOTBET-
CTBUM C MOJICJISIMU, MIPEACTaBIeHHBIMU B pekoMeHAauuu MCH-R P.527-5.

Tak xak bantuiickoe, Kacnuiickoe, YepHoe, A30Bckoe 1 ApaabCKoOe MOPsI, a TaKKe PSIJI COJIEHBIX
03ep He BOLIIU B MOJENb [14], TO XapaKTepUCTUKHM 36 MHOI TTOBEPXHOCTHU B TaHHBIX palioHaX B COOT-
BeTcTBUHU ¢ peKoMmeHAauussMu MCO-R P.832-4 u manubiMu [15, 16] mpuHSTH paBHBIMA G = 4 CM/M
u € = 80.

B pa6ore [17] moka3aHo, yro B guara3oHe ot 0,05 o 100 kIi1 mpoBoAMMOCTH IIPECHOM BOABI IIOCTO-
sHHa 1 coctaBisieT 0,036 CM/M. B cooTBeTCTBUM C McclienoBaHuAMU | 18] TpecHas Boma mpu TeMIIe-
patype 26 °C meHsieTcs B AuanasoHe ot 65 1o 50 exunui Ha yactorax oT 2 10 10 kIii cOOTBETCTBEHHO.
Tak Kak IIpOBOIMMOCTh OKa3bIBaeT 0oJjiee CYIIeCTBEHHOE BIMSHIE HA paclipoOCTpaHEeHEe paIOBOJIH,
TO JUIS1 MPECHOM BOJBI B KAUECTBE JICKTPUUECKUX MapaMeTPOB MOTYT OBbITh MPUHSITHI 3HAYEHMSI, yKa-
3aHHbIe B pekoMeHaauusix MCD R P.527-5, koropsie coctaBisitor 6 = 0,01 Cm/Mm, € = 80. Paiionam
MIPECHON BOABI COOTBETCTBYIOT Hambosiee KpyIHbIe o3epa: baitkan, Onexckoe, Jlagoxkckoe, Bukro-
pUS 1 PAILID.

IMonyyeHHble LUMPOBLIE KAPThl 3JEKTPUUECKUX XaPAKTEPUCTUK OKEAHNUECKOM YacTu MOACTUIA-
oL TTOBEPXHOCTU 3eMJIM YUUTBIBAIOT CE30HHbBIEC U KIIMMAaTUUYECKHUE U3MEHEHUS, T. K. 0a3UpyIOTCd Ha
HUCXOAHBIX JAHHBIX, MTPEACTABISIOIIUX COO0M MeCSIUHbIe KapThl II100aIbHOTO 0XBaTa, CO 3HAUCHUSIMU,
YCPEAHEHHBIMU I10 pe3yabTaTam HaOmoneHuii ¢ 2008 mo 2017 r. [14].

C momo1bio mporpaMMHOTO obecrieueHnss Matlab 1im@poBbie KapThl 2JIEKTPUYECKUX XapaKTePUC-
TUK KOHTUHEHTAJIbHON M OKEaHUYECKOI YyacTell 36eMHON MOBEPXHOCTU O0OBEAMHEHBI B OOIIYIO KapTy
C YYETOM OTIEIbHBIX MOPCKUX PAOHOB, HE BOLIEAIINX B OKEAHUUECKYIO YacTbh, U PsIa BHYTPEHHUX
Mopeit 1 03ep. 1 BBITTOJTHEHUSI JAHHOM oTlepallii COCTaBJIeHa BCIIOMOTaTe/IbHAsI KapTa TUIIOB O/ -
cTUIalolIeil MOBEPXHOCTU, BKIIOUYAIOIIUX YEThIPe Kjlacca: KOHTUHEHTAJbHBIN pailoH, OKeaHU4YeCKUi
paiioH, MOpPCKOI pailoH MM BHYTpeHHee Mope, 03epo. biok-cxema aaroputMa KOHCOJIUAALIMA TaH-
HBIX TTOKa3aHa Ha puc. 3.

[Tocyie BBOJa MCXOMHBIX TaHHBIX B 0J10Ke 1 OTKPBIBAIOTCS BA BIIOXKEHHBIX 1IMKJIA 11O YacTOTe (3Ha-
yenus 3, 10, 30 xIir) u mo MecsiaMm roja (c ssHBapsi 1o aekaopb) — 6oku 2 u 3. B 6iokax 4.1 u 5.1 ¢
MOMOIIBIO (YHKIUM fillmissing 3aIlOJHSIOTCS OTCYTCTBYIOIIME JAHHBIE, OOYCIOBIIEHHbBIC HECO-
OTBETCTBMEM reorpaduueckux obaacteit ornpeaeseHus BXOAHbIX MAaCCUBOB JaHHBIX, a B 0J10Kax 4.2 u
5.2 maHHBIE UHTEPIOJUPYIOTCS U TIPUBOIAATCS K €AUHOM KOOpAUHATHOM ceTKe. C ITOMOIIbIO MaccuBa
THUITOB NOACTUJIAIONIEH MOBEPXHOCTU JaHHBIC U3 PAa3JIMUYHBIX MACCUBOB KOHCOJIMANPYIOTCS B IBA Mac-
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Hayano

BBoa ncxoaHbIx

[ OceanSigmaVals —mMaccuB JaHHbIX MPOBOANMOCTMN
OKeaHM4eCcKoln YacTu 3eMHON NoBEepPXHOCTU B AnanasoHe CB;
OceanEpsVals — MaccuB AaHHbIX 3MEKTPUYECKON NPOHMLIAEMOCTH
OKeaHW4eCKOM YacTu 3eMHOM NOBEPXHOCTU B AnanasoHe CB;
ContSigmaVals — MaccuB AaHHbIX MPOBOAMMOCTH

OaHHbIX KOHTUHEHTaNbHOMN YacTu 3eMHO NOBEPXHOCTY B AnanasoHe CLB;
ContEpsVals — MaccuB JaHHbIX 3N1EKTPUYECKOM MPOHULIAEMOCTH
fc, month \ OKeaHW4eCKOWN YacTu 3eMHOM NOBEPXHOCTU B AnanasoHe CB;
. (2? | SurfTypeAll —kapTa TUMOB NOACTMIAIOLLEN MOBEPXHOCTU.
i=1l:fc
Y
j=1:month @
y
FilledSigma = FilledEps =
fillmissing(...); fillmissing(...);
‘ @) ‘ €2
interpolSigma = interpolEps =
geointerp(...); geointerp(...);
” [
Y
< SurfType 9>
0 6.1
.| VLFmap_ Sigma(...==0)=interpolSigma;
VLFmap Eps(...==0)=interpolEps;
1 ; - 6.2
VLFmap Sigma(...==1)=ContSigmaVals(...==1);
VLFmap Eps(...==1)=ContEpsVals(...==1);
2 - 6.3
| VLFmap Sigma(...==2)=0.01;
"| VLFmap Eps(...==2)=80; |
3 6.4
VLFmap_ Sigma(...==3)=4;
VLFmap Eps(...==3)=80; |
y
o } S
VLFmap SData{i,j} = VLFmap_ Sigma;
VLFmap_ EData{i,j} = VLFmap Eps;
\
j=month )
Y
i=fc )
Y VLFmap SData, VLFmap EData

1 KoHew )

Puc. 3. Biiok-cxeMa ajroputMa KOHCOJIMAALMU JaHHBIX
Fig. 3. Block diagram of the data consolidation algorithm

cuBa AYeeK VLFmap Sdata{i,j} M VLFmap Edata{i,j}, rae i — NopsaKOBbIA HOMED YaCTOThI,
j — IOpsAOKOBBIA HOMEp Mecaua B rogy. B maccuse VLEFmap Sdata XpaHATCA JaHHbBIE O IIPOBOIM-
MOCTH 3€MHOI TTOBEPXHOCTH, a B MacCuBe VLFmap Edata — O ANIJIEKTPUYECKON ITPOHUIIAEMOCTH.

ITpuMepbl KOHCOJMAUPOBAHHBIX KapT MTOKa3aHbl Ha puc. 4 a,o.

C nomouipto (pyHKIMU mapprofile, Bxoasuel B naker pacuupeHuss Mapping Toolbox, moxert
OBITh TTOCTPOEH MPOGUIIb MEKTPUUECKUX XapaKTEPUCTUK MOACTUIAIONIEH oBepxHOCTU. Hampumep,
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Puc. 4. KoHconunupoBaHHbIE KapThl 3J1€KTPUUYECKUX XapaKTEPUCTUK 36MHON MOBEPXHOCTU
(uroHb, f= 10 kIi1): @ — TPOBOAUMOCTb, 6 — AUAJIEKTPUUYECKAasH IPOHULIAEMOCTh

Fig. 4. Consolidated maps of underlying surface electric characteristics
(June, /=10 kHz): a — conductivity, b — dielectric permittivity
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Puc. 5. Ilpumep Tpacchl paguoCBsI3u
Fig. 5. Radio path example

IUIS1 PAIMOTPACChI, ITPOJIETAIOLIEN MO Iyre OOJIBIIOro Kpyra u3 Touku 50° ¢. 111., 20° B. . B TOUKy 60° C. 111.,

0° B. 1. (pucC. 5), JIEKTPUYECKIE XapaKTEPUCTUKHN TTOICTHIIAIOLIEN TTOBEPXHOCTH ITOKa3aHbI Ha puc. 6 a,0.

BriBoapl

B xone mccnenoBaHuii TONyYeHBbI TNIOOATbHBIE ITM(PPOBBIE KAPTHI 3IEKTPUICCKUX XapaKTePUCTUK

MoJICTUIaoIIEe moBepxHocTy 3emin B nuanazone OHY.

)1)'[5{ OKEaHMYECKOM YaCTU 36MHOM TTOBEPXHOCTHU YUYUTHIBAIOTCA KIIMMAaTUYCCKNUE N CE30HHBIE N3MEC-

HCHUA, IIYTEM UCITIOJb30BaHUA B KAYC€CTBC NCXOAHDBIX JaHHBIX MECAYHDBIX ]_lI/I(l)I)OBbIX KapT COJICHOCTU U

TeMIIepaTypbl MUPOBOTO OKeaHa, YCPeTHEHHBIX I10 pe3yabTaTtaM HabmogeHui ¢ 2008 mo 2017 .
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Fig. 6. Profile of underlying surface electric characteristics on the radio path:
a — conductivity; b — dielectric permittivity

J17151 KOHTUHEHTAIbHOM YacTH 3eMHOM ITOBEPXHOCTU CE30HHbIE U3MEHEHUS HE YUUTHIBAIOTCS B CBSI3U
C OTCYTCTBMEM HEOOXOIMMOTO 00bEMA TaHHBIX 10 U3MEHEHUSIM TPaHYJIOMETPUYECKOTO COCTABA TTOYBHI
U e€ BIIaXXKHOCTHU Ha riryonHax 1o 80 m.

[TonyuyeHHBbIE CBeleHUSI 00 2JIEKTPUUECKUX XapaKTEPUCTUKAX TTOBEPXHOCTU 3eMJIM J1ajiee MOTYT UC-
MMOJIb30BaThCH IIPU pacyeTe SHEPreTUYECKUX ITapaMETPOB PAINOTPACC C TTOMOILBIO CKAYKOBBIX METOIOB
WJIM METOJIOB BOJIHOBBIX Mof, [19, 20].
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AnHOTanuA. PaccMOTpeHBI crieKTpaabHO-3()(OEKTUBHBIE CUTHAJIBI C YaCTOTHBIM MYJIBTUTIIEK-
cupoBanueM (SEFDM-curnanb). [lpencraBieH aHaliu3 CUMMETPUYHBIX M aCUMMETPUYHBIX
WTEPALIMOHHBIX aJITOPUTMOB IS YIYYIICHUS TTOMEXOYCTOMUYMBOCTH TpuéMa. [1pemioKeHHbII
MOAXOA K TMTOCTPOEHUIO aJITOPUTMOB TTO3BOJISIET YMEHbIIATh MeXKaHalbHble ToMexu (ICI) mex-
Iy CUTHaJIaMU Ha MMOTHECYIIUX YacTOTaX, YTO MPUBOAUT K YAYUIICHUIO TTOMEXOYCTONIYNBOCTU
nmpuémMa. BEITIOMHEH aHalNu3 CIOXHOCTU aJTOPUTMOB M OTIPEAC/ICHBl HAMJIYUIINE YCIOBUS IS
MPUMEHEHUSI CUMMETPUYHOTO aJITOPUTMA TIPU Pa3HOM KOJIMYECTBE MOTHECYIINX U pa3HOM KO-
3 PUuLIMeHTe YaCTOTHOTO MYJIBTUIIIEKCUPOBAHUS.

KmogeBbie cioBa: SEFDM, neMoIyIsIIyst, alTOpUTM, TIOMEXOYCTOMIMBOCTD, 0OpaTHasI CBSI3b
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Introduction

Ideas of spectrally efficient frequency-division multiplexing (SEFDM) is used in Beyond 5G [1, 2]
systems and as the foundation for 6G technology standard [3, 4]. SEFDM can provide many times more
data than 5G [1]. The other way of using SEFDM is optical channels [5]. Based on Orthogonal fre-
quency-division multiplexing (OFDM) we can achieve higher spectral efficiency by reducing separation
between subcarriers frequencies [6]. Spectral efficiency can be expressed as R/AF, where R — symbol
rate and AF — occupied frequency bandwidth [7]. Unfortunately, SEFDM has a big disadvantage of in-
ter-channel interference (ICI) between signals on subcarriers that leads to incorrect demodulation and
bit error rate (BER) performance degradation [8]. It is shown that energy losses for SEFDM compared
to OFDM at BER = 103 can achieve 5—15 dB depending on scenarios [9]. There are different demod-
ulation algorithms solving this problem: algorithm with feedback on decision [7, 10], Viterbi algorithm
[11], maximum likelihood sequence estimations (MLSE) algorithm [7, 12]. MLSE algorithm is rarely
used in real communication systems due to excessive complexity of implementation. Viterbi algorithm
is simpler than MLSE but Viterbi algorithm still requires top hardware platforms. So algorithms with
cancelling inter-channel interference can provide low energy losses and low requirements for hardware.
Usually algorithms with cancelling inter-channel interference are considered with interference of one
signal on nearby frequency subcarrier. This article deals with development algorithms through consider-
ing more interference signals on different frequencies with estimation of operation complexity.

© Cyxoukuii C.A., 3aBbsinos C.B., OBcsHHUKoBa A.C., JlaBpeHtok U.W., 2022. N3paTenb: CaHKT-MNeTepbyprckuil NONMTEXHUYECKUI YHUBEPCUTET
MNeTtpa Benukoro
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The structure of transmitter and receiver of SEFDM signal

The transmitted discrete SEFDM signals can be expressed by the following expression [13]:
2j(xrl:@
s,= >, Ce N, n=0,1,..,L-1. (1)

In this equation N is a number of subcarriers, {Ck};v:l is vector of modulated symbols, where k is a
current number of subcarrier, & = AfT is a factor of compressed bandwidth, Afis the frequency dis-
tance between signals on subcarriers, 7T is transfer time of one OFDM symbol, n =0, 1, ..., L — 1,
L is the number of time samples in one SEFDM symbol [13—15].

Structure scheme of SEFDM transmitter is presented on Fig. 1a [13]. The first step to generate
signal is creating modulation symbols from input bits using modulation with Mapper block. For our
study, we chose quadrature phase-shift keying (QPSK). Therefore, this type of modulation transmits
2 bits per subcarrier. Next, the generation requires to put a vector of symbols in serial/parallel block
and add (N, — N) zeros, where N, is a number of samples in fast Fourier transform and N is the
number of subcarriers to see the out-of-band emission on the spectrum. The result enters the inverse
fast Fourier transform (IFFT) block with NV - Size, where symbols become time samples. The next
part is ignoring (1 — o)V, rrpS@mples to reduce duration of signal and then serial/parallel block.
Output signal from previous block has to be transformed with digit-to-analog converter, filters and

power amplifiers. The last part of transmitting scheme is antenna.

a
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— >
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Fig. 1. Structure scheme of transmitter and receiver
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Structure scheme of SEFDM signals receiver is presented in Fig. 15. The mixture of SEFDM signal
and AWGN is received by antenna with low noise amplifier, filters and analog-to-digit converter. Re-
sult samples of signal enter the S/P block with adding zeros afterwards to decompress spectrum from
AF oy = OAF Lo to AF o and follow to FFT block. Following data come in the “Algorithm for
cancelling inter-channel interference” block to improve BER performance. Fixed evaluations of sym-

bols transform into bits in Demapper.
Iterative algorithm for cancelling inter-channel interference

After the FFT block, interference samples of each subcarrier iteratively can be saved in Block storage
as k@/’ where " subcarrier affects j" subcarrier. k!_]. can be called coefficients of mutual interference from
different subcarriers (Fig. 2).

For example, normalized value of interference for signals at current subcarrier and at neighboring
I = £1 subcarrier is equal to 0.64 with oo = 0.5, if o = 0.1 interference value increases to 0.98.

The idea of the algorithm is iterative subtraction from considered subcarrier of every interference
sample of any other subcarrier. This way, the expression for received samples can be written as Eq. (2).

N .
For the convenience we reassigned received modulated symbols as {C . }H , symbols after the first ite-
ration of algorithm — C/. )

i1
q-Z@q:Q (2)
=

The idea of this algorithm is similar with algorithm for one-frequency Faster-than-Nyquist signals,
proposed in [16]. Note, that this algorithm is not similar with algorithms based on feedback on decision
and has some common solutions with error-correcting coding.

Eq. (2) is supposed to subtract ICI only from one of the sides, the left one. This type of feedback on
decision algorithm can be called asymmetrical. By analogy, algorithms with feedback on decision with
subtraction from both sides can be called symmetrical. For Eq. (2) we can express structure scheme of
the first iteration of our algorithm (Fig. 3). Note, that symbols C; can be transmitted to demapper to
form output bits or to the second iteration of algorithm.

First received sample from IFFT block Cl* goes through without any changes and improving. Second
received sample C; gets subtracted with product of k,, and Cl* . That leads to removal ICI from the
first subcarrier. These two operations can be united in “Block 1.2”. Here and further delay line for pro-

[ A S | &
109 8-765-4-3-2-10122345672889 ;

Fig. 2. Inter-channel interference on nearby subcarriers
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cessing time is injected in block of subtraction. For C; process repeats but amount of operations dou-
bles. In this way we continue till the C;, sample.

We can use the second iteration of the algorithm for better results as shown in Fig. 4. Second itera-
tion is the reverse version of the first. C,'v goes through without any changes. C,'\,_1 gets subtracted with
kN(Nf b and C z'v Step by step, ICI is reduced in every symbol. In addition, we can write off the equation
for every symbol:

N
C/- > kC,=C )

Jj=i+l

This way, if we use only the first iteration (Fig. 5), then we use asymmetrical algorithm with N

FB_left
subcarriers, N B right 0. If we use the first and the second iteration, then we use symmetrical algorithm
with N, = N, w51 T N B right Fig. 5 serves for better understanding of N, positions and the structure
of interference.

Modeling and results

Modeling was made in programming and numeric computing platform MATLAB.
After Demapper, we can calculate BER and find out how reduction of frequency space between
subcarriers influences BER. For the BER performance, we need to use E, /N, parameter, where E, is
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the energy bit and N0 is spectral density of average power of noise [7]. At least 10° information bits are
transmitted to calculate each value of BER.

Fig. 6a demonstrates this situation for various o, N = 256. At this graph we can see different curves
matching different a. “Theory, QPSK (a0 = 1)” is the theoretical BER performance of OFDM signals
(o = 1) with QPSK modulation of signals on each subcarriers. As we can see, modulation of case o = 1
perfectly matches with “Theory, QPSK (o= 1)".

Let us compare BER performance of standard demodulation and demodulation with asymmetrical
algorithm on one subcarrier (V, FB ot 1) (Fig. 6b). Both of them transmit 64 bits with N = 32. As we can
see, the asymmetrical algorithm gives us small coding gain at these values of £ b/NO.

For better values of BER performance, we can increase amount of NFB step by step on every side
and watch dependence of energy losses of our algorithm in comparison with the theory (Fig. 7) (value
of BER is constant and equals 102). An analysis confirms the idea presented above about ICI tending
to zero with Nl tending to infinity. As we can see in Fig. 7, energy loss tends to limit with increasing
N -5 because furthest subcarriers have lower values of coefficients of mutual interference than nearby
subcarriers. That is the reason why the idea of using N, . N is very resource-intensive and moreover
meaningless.

This way we can find the limit for NV, -5 forevery N, when BER performance doesn’t change anymore.
For example, we can consider a situation when signal is transmitted with N = 128 subcarriers (Fig. 7a),
E b/NO is constant and equal to 10 dB. From this plot we can understand that for oo = 0.7 the limit that
can be taken is NFB =4, fora=0.75—-6,fora.=0.8 -8, foroo=0.85 — 11, for oo = 0.9 — 14. Further-
more, we will see that the limit for NFB almost does not change with increasing V.

Conclusion

The article presents the idea of a symmetrical iterative algorithm for cancelling inter-channel inter-
ference of SEFDM signals from both sides of considered subcarrier by iterative analysis of every received
subcarrier and interference of each of the neighboring ones. This work demonstrated existence of a limit
for the number of subcarriers used for feedback when energy loss cannot be reduced any more, which
can be used for optimizing settings and saving computing resources. As for numerical results (Fig. 8),
the developed algorithm with found limit N p IN comparison with algorithm on one subcarrier gives

a) b)

a4
(=]
m
i i 2 = PSK (a=1
——Theory, QPSK (a=1) -.-a:%(.);%Q (a=1) : N
+2ig$ @ a=09,N =1
--0=0.8 -8-0-08 D
“H=a=0.9 | @ =08, N ;=1
a=1 \\ i
-3 | | AN ‘ 4 @ a=0.7.N, =1 L]
10 10
0 2 4 6 8 10 0O 1 2 3 4 5 6 7 8 9 10
Eb/N » dB Eb/N e dB

Fig. 6. BER performance: a — SEFDM signal with various o (N = 256); b — comparison of standard

demodulation algorithm and asymmetrical FB demodulation algorithm (N =32, N, o = 1)
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Fig. 8. Comparison of standard demodulation algorithm, asymmetrical feedback algorithm

on one subcarrier (N, . o 1) and symmetrical feedback algorithm

coding gain in value of 2 dB in case of oo = 0.9, N = 128 and BER = 10~2. For case the case of o = 0.8,
coding gain is about 15 dB. For o = 0.7, energy coding cannot be detected as the algorithm BER curve
is too high on one subcarrier that does not exceed the value of BER = 10~2. For the lowest o, the coding
gain will be increasing even further.
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SJIEKTPOHHBIE LLENU C OTPULATEJ/IbHOM FPYMNIMOBOM
3AAEP)XKOW HA KOHBEPTOPAX COMPOTUBJIEHUU
NPU CTABUJIU3UPYIOLLLEN OBPATHOM CBA3U

C.A. KypeaHo6' =, B.B. ®unapemoB?

L2 YNbAHOBCKNIA rocyaapCcTBEHHbI TEXHUYECKNI YHUBEPCUTET,
r. Y1bsaiHOBCK, Poccuiickan ®egepaumsa

= sakurganov@mail.ru

AHHOTamuA. PaccMOTpeHBI aKTUBHBIE 3JEKTPUUECKHUE LIETIM ITPOM3BOJBHOIO MOPSAKA C OT-
puLaTeabHON rpyrnmnoBoii 3anepxkkoit (OI'3), peaqn3oBaHHbIE HA OCHOBE MOJMHOMOB becces
C MOMOIIIbI0O KOHBEPTOPOB COMPOTUBeHUsI. CXeMBbI cofepKaT onepaluMoHHblie ycuauteau (OY),
pe3ucTopsl M KoHaeHcaTopbl. CUMBOIbHBIE TIEpeIaTOYHbIe (PYHKIIUU TTOTYJarOTCsT ITyTeM aHa-
JIN3a METOIOM CXEMHBIX oTpeaeauTeseii. Jrst hopMrupoBaHMUST KOMITAKTHBIX BBIPasKeHUI U CO-
KpallleH!sT 9Mciia OIepallnii UCIIOIb3YeTCs AeJCHUEe CXeM I10 IBYM y3JIaM Ha ITOBTOPSIOIINAECS
YaCTUYHBIE CXeMHBIC ompeaenauTean. IlapaMeTpsl 2JIeMEHTOB HAXOMSITCS IOCJIEI0BATEIbHO U3
ypaBHEHUI, MTOJYYEHHBIX MPUPABHUBAHUEM CUMBOJIbHBIX M YMCAEHHBIX 3HAaUeHUI KO3 hULu-
eHTOB. COBMECTHOTO PEIIeHUSI CUCTEMBI ypaBHEHU I He TpeOyeTcsl. YCTOMYMBOCTD CXeM obecIie-
yuBaeTcd ucnoab3doBaHuem OY ¢ BHYTpeHHell oTpuuaTeabHol oopaTHoIli cBsa3bio (OOC) uiun
yHuBepcaibHbix OV ¢ BHemrHeit OOC. CxeMbl 001aal0oT MAaKCUMAJIBHO TIJIOCKOW 4aCTOTHOM
dynkuneir OI'3, paBHOMepHOIT AUX 1 00ecreynBaOT HEMCKaXKaIOIIyIo repeaady UMITYJIbCOB
HaIpsKeHUs B 0oJjiee IMPOKOM Auara3oHe IJUTEJIbHOCTEH, YeM M3BECTHbIE MHOTOKACKaIHbIC
cxeMbl U3 ARC-11erneit mepBoro nopsiaka.
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Abstract. Active electric circuits of arbitrary order with negative group delay (NGD) are
proposed, implemented on the basis of Bessel polynomials using impedance converters. The circuits
contain operational amplifiers (op-amp), resistors and capacitors. The parameters of the elements
are found sequentially from the equations obtained by equating the symbolic and numerical values
of the coefficients. At the same time each equation can be solved independently of the others.
The stability of the circuits is ensured by the use of an op-amp with internal negative feedback or
universal op-amp with external negative feedback. The circuits have the flattest frequency function
ofthe NGD, uniform frequency response and provide non-distorting transmission of voltage pulses
over a wider range of durations than the known multi-stage circuits from first-order active circuits.
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Beenenue

WneanbHas nepenatoyHast GyHKLMsI B BUIES SKCIIOHEHTBI C TIOCTOSIHHOM 3a/1ep3KKOii £, IPOIYCKar0-
111as1 BCE YaCTOThI, 1 €€ NIpUOIMKeHue psigoM MakiopeHa MMeIOT BUI COOTBETCTBEHHO

1

(pto )2 n (pto )3 +
2! 3!

F(p)=e" = , (1)

1+ pt, +

r7ie p — orepaTop Jlamiaca u KOMIUIEKCHAs YacTOTa j® IS BPeMEHHOM M YacTOTHO# obnacteii [1].
DOyHKIMS TPYNITOBOM 3aepKKM CUTHAJIA C Y3KOM IMOJI0CO 4acTOT OIpeaesiseTcs mo popmyiie

dd
td(m):—%, 2)

rae O (co) — (pazouacroTHas xapakrepuctuka (OYX) KOMIUIEKCHOM TTepenaTouHoi (GYHKIIMY 10 Ha-
NnpseKeHuIo [2].

Lleru ¢ 3aaep:kKK0il CUTHAJIOB MUCTIOJIb3YIOTCST B MMITYJIbCHOM M BBIYMCIUTEIBHON TeXHUKE ST hop-
MUPOBaHUsI CUTHAJIOB, U3MEPEHUSI BPEMEHHBIX MHTEPBAJIOB, TOCJEI0OBATEIbHOTO 3aIycKa YCTPOMCTB,
KOIMPOBaHUS U fenGpupoBaHus MH(GOpMAIIUH.
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Ompuuamenvras epynnogas 3adepycka (OI3) [1, 3—11] onpenensieTcs: 1o Toii xke dopmyJe (2), uTo
u TpyrmoBas 3amepxkka. OI'3 mmeer mecto, ecmm Ha OUX CD((;)) €CTh Y4aCTOK C TIOJIOXUTEIbHOU
Mpou3BoHONI. MneanbHas nepenarouHas pyHKIMS cxeMbl ¢ OI'3 1 e€ moJiMHOMMaIbHOE MPUOIMKEHUE
ObuIM mpenoXxeHsl [ 1] mo ananorum ¢ (1):

(pt0)2 +(pt0)3 o 3)

K(p):ep°:1+pt0+ o1 3

OnHako npakTuuyeckoe puMmeHeHue cxembl ¢ OI'3 nmoyiydusiv TOJbKO B MOCieIHue AecaTuieTus. B
HAcTosI11Iee BpeMsI OHU MCTOJIb3YIOTCS /11 BbIpABHMBAHUSI YACTOTHBIX (DYHKIIMI IPYNIOBOM 3aAepKKU
B YCHJIMTEILHBIX YCTPOUCTBAX [6], KOMITEHCAIINN 3¢ P>KKW MMITYJIbCHBIX CUTHAJIOB B JIMHUSIX TIepeay ¢
pacripeIeIEHHBIMY TTapaMeTpaMu [4], yIIydIIeHUs XapaKTepUCTUK (ha3upoOBaHHBIX aHTEHHBIX PEIIeTOK
C ToCJIeIoBaTebHBIM MMUTAHUEM U peaiu3aliuy HeCTallMOHAPHBIX PEAaKTUBHBIX 2JIEMEHTOB |8].

Cxembl ¢ OI'3 peanusyroTcs B BUe NACCUBHbBIX MOCAEA0BATENbHbBIX 1 MTapasuiebHbIX RLC-KOHTYpOB
[5], nectHnunHoit RLC-cxembl [9], akTuBHOTO MoJjiocoBoro duibrpa [3], ARC-11ienu nepBoro nopsiaka ¢
dyHkuMei [4]

K(p):1+p, 4)

COOTBeTCTBYIONIEH npubamkeHuio (3). Bo3aMmoxHbl 00001meHuss ARC-1ieniu, HarlpuMep, ¢ IPOXOTHBIM
YETHIPEXTIOIIOCHUKOM U3 PE3UCTOpa ¢ TlapajlieJibHO BKIIIOUEHHBIM KOHIeHcaTopoMm [11].

B CBY-cxemax mist mojrydenust OI'3 Mcronb3yeTcs MajaolyMsnii yeuantenb ¢ RL- [7] u RC-uens-
mu [10]. CxeMa cornacyeTcs C Harpy3Koi, a aHajIu3 IIPOBOAUTCS C IIOMOIIBIO S-mmapaMeTpoB. [TomydyeH-
Hasl (popMyJia UCTIOIb3YETCs 1JIsl HAXOXKIeHUS TTapaMeTpOB 3JIEMEHTOB 110 3alaHHOM 3a/IepKKe.

Cunre3 cxeM ¢ OI'3 ocHoBaH Ha KackagHoM coenuHeHun ARC-cxeM mepBoro nopsiaka [4], Kom-
OMHMPOBAHMU ITOC/IENOBAaTEIbHBIX U MapajuieabHbiX RLC-KOHTYpOB [5], co3manuu B CBY-guamnaszone
MHOTOKAacKaJHbIX LIeTield U3 CXeM Ha aKTUBHBIX ajeMeHTax ¢ RLC-KoHTypamu [7], anmpoKcuMauuu
S-napamMeTpoB JpOOHO-palIMOHATBHBIMU (YHKIIMSAMU U peaau3allid UX Ha CBSI3aHHBIX MUKPOIIOJIO0-
CKOBBIX pe3oHaTopax [8].

®yuxuusa OI'3 Ha ocHoBe momHOMOB Beccens

®yukius cxembl ¢ OI'3 MokeT ObITh alIpoKCMMHUpPOBaHa nonHoMamu beccens [2], KoTopbie nme-
0T MaKCUMAaJIbHO TIOCKYIO XapaKTepUCTUKY 3aJePXKKU BpeMEHU B oTInuure oT (pyHKuuu (3), obaagaro-
e KosebaTebHbIM XapakTepoMm. [1pu aToMm nepenarouHasi pyHkius cxembl ¢ OI'3 umeet Bua

" g pk n .
K(p)=1+) ——=1+> b p", (5)
k=1 4 k=1

(2n—k)!
2k (n—k)!k!

®yHKIM TIepBoro nopsiaka (4) u3 dopmynsl (5) mpu # = 1 peanm3oBaHa Ha OCHOBE HEMHBEPC-
Horo BkJtoueHust OY (puc. 1 a) [4]. OnHaKo YaCTOTHbIE XapaKTePUCTUKKU Ko3(dUIlMeHTa Tepeaayun
K (0)) nOI3 ¢, (co) 3TOI CXeMBbI OTJIMYAIOTCS CYIIECTBEHHOM HepaBHOMepHOCThIO — 40 1 50 %, yTo
CyKaeT YaCTOTHBIN TMara3oH. DTO MOKA3bIBAIOT B IMalla30He HOPMUPOBAHHOM YaCTOTHI (O = 1 BepXHUE
rpacduKku Ha puc. 2 a,0 COOTBETCTBEHHO.

7151 mosydeHust cxeM ¢ 0oJiee IMUPOKUM YaCTOTHBIM TUAaNa30HOM MPUMEHSIETCS KaCKalHOe COeM-
HeHue cxeM mepBoro nopsaka (puc. 1 6) [4], AUX u OI'3 koTophix Ooiee paBHOMEPHBI, YEM Y CXEM

e a, = , a koaduuments b, =a, /a, .
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Puc. 1. 3BectHbIe cxeMbl ¢ OI'3 Ha OY: a — nepBoOro nopsiaka;
0 — KacKagHoe COeIMHEHUE IBYX CXeM IIePBOro MOPSIIKa; 6 — KACKaIHOE COeAUHEHNE C KOPPEKLIMei

Fig. 1. Known circuits with Negative group delay on the op-amp: a — first order;
b — cascade connection of two circuits of the first order; ¢ — cascade connection with correction
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Puc. 2. AYX K(w) (@) n OI'3 ¢ (w) (6) IU1st cxeM: TIEpBOTO MOPSIIIKa,
M3 IBYX KacKaIoB ITIEPBOTO MOPSIIKA, BTOPOTO M TPETHETO MOPSIAKA — CBEPXY BHU3

Fig. 2. Frequency response K(o) (a) and Negative group delay ¢ (o) (b) for circuits: first order,
of two cascades of the first order, second and third order — from top to bottom

nepBoro nopsiaka. Tak, HepaBHoMepHOCTh AUX 1 OI'3 y KacKaHOTO COeIMHEHUSI IBYX LieTeit epBoro
nopsinka cocrapisieT 25 u 20 % (BTopble CBEpXy KpYBbIe Ha pUC. 2 d,0 COOTBETCTBEHHO).

Eie menbiie HepaBHoMepHOCTh AYX 1 OI'3 y (pyHK1MIT BhIcieTo nopsaka. Hanpumep, y pyHK-
LIMU BTOPOTO TTopstaka HepaBHOMepHOCTh AUX u OI'3 cocrasnster 20 u 7,7 % (TpeThb CBEpXy KPUBBIE
Ha puc. 2 a,0). [TosTomy 1ieseco00pa3HO paccCMOTpeTh peanusaunio cxem ¢ OI'3 BrIcIero nopsiaka.
[Tpu peanunzanny MOXHO UCIOJb30BaTh KOHBEPTOPHI CONMpoTuBieHU Ha OY, pe3ucTopax U KOHAEH-
cartopax [12].

Peanuzanus cxem ¢ OI'3 Boiciiero nopsinka B ARC-06a3uce Ha ocHoBe nojmHomMoB beccelist

CXxeMBbI HEYETHOTO #1-TO TIOpSIIKa ITOJTYJaroTCs U3 CXeMBI TTIepBOTo mopsiaka (puc. 1 a) myTeM BKITIO-
YeHMS B LIeNb OOPAaTHOM CBSI3U V = (n - 1) / 2 KOHBEPTOPOB CONPOTUBIIEHUS Kl.' (puc. 3 a). AHaJIOrMYHO
TOJIyJAIOTCST CXEMBI YETHOTO (n - l)-ro nopsiaka (puc. 3 0).

Cxema konBepropa K, st puc. 3 a n3o6paxeHa Ha puc. 4 a. Kouseprop K monyuaercst us K 3a-
MeHol KonneHcatopos C,  u C, compoTusieHreM R;, | v IPOBOIHMKOM COOTBETCTBeHHO. KoHBep-
top K mpucyTCTBYeT B eAMHUYHOM YKCJIe B CXeMaX ¢ YeTHOI MepeaatoaHoil GyHKumeii (puc. 3 6).

Ilepedamounas gyuxyus oas cxemot ¢ OI3 newemnoeo nopsoxa n (puc. 3 a) GopMupyeTcst METoI0M
CXeMHBIX onpenenureseil [13] B Bume orHoweHus onpeneaureneii N u D cxeM 4ucauTes s U 3HaMe-
HaTesI

K =N/D. (6)
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Uin Ao Uout um Y Ao Uout

Puc. 3. Cxema ¢ OI'3 (a) u (6) mpu HeyeTHOM 1 1 YeTHOM (1 — 1) mopsiake pynkumnu beccens (5)

Fig. 3. Circuit with Negative group delay (a) and () for odd n
and even (n — 1) order of the Bessel function (5)

a) 0)

e

Raia NC3i2|R3i1 G| R3i Csi R3va A\ (3, 5| R3v-1 R’ 3.1 Rav

I |

Al A> A1 A2
Puc. 4. Konseprops! conpotusnenuii K, (a) u K (6)
Fig. 4. Resistance converters K, (a) and K (b)

IIpu atom OV A0 3aMellaeTcsl Hy/UIOpOM — Mapoi U3 HopaTopa U HyJuiatopa. Cxema 3HaMeHaTes
MoJTyyaeTcs MyTeM 3aMeHbI BXOJTHOTO MCTOUHMKA HalpsiKeHUs IPOBOJHUKOM. B pesynbrarte onpeneiu-
TeJIb CXeMbl 3HAMEHATEJIsI IJIsT HEYETHOTO MOpPsIIKa 71 UMEeT BUJL

K" 1 K2 |--1 K% K" M K> 1 K%
= * R _
D “ij‘iol U = = T }‘ = |£ T T - %‘ (7)

CxemHo-anredpanyeckast opmyna (7), conepxaiiiasi CXeMHbIC DJIEMEHTbI U CUMBOJI OMPEeIUTENS
B BUIIE€ TIapbl BEPTUKAJIbHBIX JIMHUH, YIIPOLIAETCS MyTeM yIaJleHUs KOHJAeHcaTopa CO, napajijieJIbHOTO
HYJLIATOPY, ¥ 3AMEHBI COMPOTUBIEHUS R |, TIOC/IEN0BATENBHOTO € HYJLIATOPOM, MPOBOAHMKOM. Ompene-
JINTEJIb TIOJIyYeHHOM KacKagHOW CXeMBbI ¢ HYJUIATOPOM M HOPAaTOPOM Ha BXOJI€ U BBIXOJAE PaBEH IPOuU3-
BEeICHHIO OTPE/IeUTe e OTIeIbHBIX KOHBEPTOPOB K| ¢ HYJIATOPOM M HOPATOPOM Ha BXOJE M BBIXOJE
[14]. OnpenenuTenb TaKOW CXeMBbI C YYETOM PUC. 4 @ UMEET BUITL

D= pC;-pCs- ... - pC,. (8)

OnpeaeanTeab cXeMbl YUCIUTENs (POPMUPYETCS M3 MUCXOMHOM CXeMBbl Ha puc. 3 a MyTeM 3aMeHbl
HWCTOYHMKA HATPSIKEHUS M TIPUEMHUKA HAMPSIKEHUS HOPATOPOM M HYJUTATOPOM, YAAJICHUS M 3aMEHBI
ITPOBOIHUKOM TIOCJIEIOBATETLHOTO U ITapauIeIbHOTO COeIMHEHUsI HopaTopa 1 HyJutatopa. B pe3ynbra-
T€ ONpeACTIUTE]Ib YUCTUTEIST IPUBOAUTCS K BULY

NZ_I:III— K" K5 L--| K ‘ 9
TG 1 L 1 1 ®)

CHMBOJILHOE Pa3ioXeHUE OMpeaeanTe sl CXeMbl (9) BHIMOIHSIETCS aHAJIOTMYHO OMpeIeUTes 0 3Ha-
MeHates (7) ImyTeM peKypCUBHOTIO eJIeHMs €€ 1o AByM y3iam [13]. Iyist MuHuMu3auuyu oo0bEMa BbIKJ1a-
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JOK McxomHas cxeMa (9) u mpou3BOAHBIE OT HEE CXeMbI ACJATCS Ha JBE MOACXEMbI C TPUMEPHO PaBHbIM
yuciaoM 010KOB [14] mo ImojydeHnsI OMHOTUITHBIX YaCTUYHBIX CXEMHBIX OIpPEACIUTEIe C eMMHCTBEH-
HBIM 0J10KOM (Tab. 1).

>

Tabnuna 1
Yacruynsie onpeaeureau (i =1, 2, ..., v) 14 pasiaoxenus (9)
Table 1
Partial determinants (i = 1, 2, ..., v) for decomposition (9)
1 2 3 4
YacTUaHbIN — K" L — K | — Ki' | — Ki
OIpeIeTUTEIb - -
CuMBOJIBHOE
BbLIpa>XCHUC p2C3i—1 C3i p2C3HC3i R3i—2R3i pC3i p2C3i—2C3i—1R3i—2R3i—l (1 + pCssz‘)

IMepenaTouHas GpyHKUMS HaXOAUTCS 10 opmylie (6) B BUAEe OTHOLIEHUS CUMBOJIbHBIX BhIPasKEHU I
yucaures (9) u 3Hamenarens (8). ITocime cokpalneHnsT OAMHAKOBBIX COMHOXMTENEH IlepenaTouyHast
(GYHKILMS IJIS CXeMbI HEYETHOTO TTOPSIAKA /1 UMEET BUJL

RR,CC,

K,(p)=1+C,| Ryp+ PP+RRRCC,p + ... +

3
+R1R2R4R5 R3v—2R3v—1COC1C2C4C5 C3v—2C3
C

3v

v=1 _.n-1

+ (10)

+R1R2R4R5 R3v72R3v71R3vC0C1C2C4C5 C3v72C3v—1pn ’

rae v = (n - 1) / 2 — KaK U paHee, YMCJI0 KOHBEPTOPOB.

B nepenatounoit ¢hyHkuuu (10) koahduiimeHTsI bk HEYETHBIX CTereHel k > 3 comepxar 1o nBa
CcOmpoTuBNeHus ¢ Homepamu R, u R, , (puc. 4 a) u3 xaxuoro kousepropac i = 1, 2, ..., (k—=13)/2,a
13 KoHBepTOpa ¢ HoMepoM [ = (k — 1)/2 — Bce Tpu conpoTusiaeHus. B b3 BXOJISIT TPU CONIPOTUBJICHUS
13 KOHBepTOpa ¢ HoMepoM I = 1. EMKocTH BXOIAT B HeueTHble KO3(MMUIMEHTHI MApaMy ¢ HOMEpaMU
C3l,71 u C3l.72 13 BCEX KOHBEPTOPOB ¢ HOMepaMu [ = 1, 2, ..., (k — 1)/2, ipu 3TOM BO Bce KO3DPUIMEHTH
BXOIUT EMKOCTb .

KoabdummeHTh bp YETHBIX CTeTICHEH TTPEICTABIISTIOTCS APOOSIMHU, YUCTUTE]Th KOTOPBIX COAEPKUT ITO
nape conporusnennid R, u R,  némkocreit C,  u C, , u3 BceX KOHBEPTOPOB € HoMepamn i = 1,2, ...,
1t/2. B 3HamMeHaTesIX HaXOAUTC EMKOCTD C3 o

Yucnennvle snauenus conpomuenenuii pesucmopos R, R, R, ..., R, u émxocmeii kondencamopos CO,
C,, C,, ..., C, B dopmyie (10) HaxoaTCs MyTeM PELIEHUS CUCTEMBI M3 /1 — | HEIMHEHHBIX ypaBHEHMIA,
MMOJIYYEHHBIX IIPUPABHUBAHUEM IIPU PACUETHOM YaCTOTE () CUMBOJIBHBIX KO3(MOUILIMEHTOB B 3TUX (HOp-
MyJIaX ¥ COOTBETCTBYIOIINX YMCIIEHHBIX 3HAYSHMIA B (5)

R,C,0=b; RR,C,C,C,[C,=b,; ...;

" (11)
RR,..R, ;R C,CC,..C; ,C; "
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Cucrema (11) He goompeneseHa, MO3TOMY COIPOTUBIICHUS 3aJal0TCsI, a EMKOCTU ¢ HEYETHBIMU U
YeTHBIMU MHIeKcamu nonapHo npupasuupatores C, = C,; C, = C; ...; C, = C, . Conpotusnenus
PE3UCTOPOB JOJKHBI OBITh MHOTO OOJIBIIIE COTIPOTUBIICHHS TeHEpaTOpa M BEIXOIHOTO COTIPOTUBIICHUST

OY. EMKocTH HaxomsaTcst Mocae10BaTeNbHO 1Mo GopMyiam

Co=b/(Ro); C,=C, = [(b/(RRC,)): C =b,/(RRC,COM);

) (12)
v Coy=b, [(RRRR; .. Ry, ,R,, C,C,C,C,Cy ... Cy, ,Cy, 0.

Ilepedamounasn yunkuyus cxemor vemrnoeo nopsdka (puc. 3 6) moaydaeTcsl M3 MepeaaTOYHOM (yHK-
o !
uuu (10) q1st HeyeTHON cTereHu MyTeM 3aMeHbl TTPOBOAMMOCTU pC’N1 Ha MTPOBOAMMOCTD l/ R, ,,a
COIPOTUBJICHUS l/ ( pC3V) — Ha HyJIeBO€ COMpOTHBIIeHUE. B pe3ynbraTe mosyyaeTcsl yeTHas repenaToy-
Hast (QYHKUMS IJISI CXeMBI Ha puc. 3 0:

Rl R2 Cl CZ

K,(p)=1+C, (Rop"' P°+RRRCC,p’+ ... +

3

(13)
+ R1R2R4R5 R3v—2R3v—1R3vC0C1C2C4C5 C}v—z pn—lJ
R '

3v-1

Cxemot 2-e0 u 3-eo nopsdka moxkasaHbl Ha puc. 5 a,6. CUMBOJIbHBIE TIepeIaTouYHble (PYHKIIUM 3TUX
cxeM, mojrydeHHbIe 1o opmyiam (13) u (12), UMEIOT BUI COOTBETCTBEHHO

Rl R2 R3 CN’O Cl 2

Kz(p):1+R0C0p+ P (14)

2

R R,C,CC,

K,(p)=1+R,C,p+ P’ +RRRC,Cp’. (15)

3
Ipapukn AYX u OI'3 nist cxem Ha puc. 5 a,6 ipeAcTaBieHbl Ha puc. 2 a,6 — Kpusble 3 1 4 (110 10-
PSIIKY CBEPXY BHU3).
Cxembl ¢ OI'3 Ha peaabhbix OY

[Tepenatounbie pyHkiyu (10) u (13) aj1s1 cXxeM HEYETHOTO M YeTHOTO nopsiaka u ¢popmyJsl (14) u (15)
JUJISL CXeM BTOPOTO M TPEThEro MopsijaKa nmosydeHbl pu uaeaibHbix OY. [1pu peaqbHbIX yHUBEPCATbHbBIX

a) 0)

I{CO Ro Rl{C F{CO Ro| RiA | R |C|? Rs’
uin “Ao Al o

C
uin Ao A A> 3—’7
Uour ¢ uom‘o

Puc. 5. Cxemnl ¢ OI'3 Broporo (a) u TpeTbero (6) mopsiaka
Fig. 5. Circuits with Negative group delay of the second (a) and third (b) order
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OY, nanpumep ADTLO0S82 (analog.com), HepeaKo Ha BbIXxoje cxeM (puc. 5 a,0) HabIoaal0TCsl KoJaeOaHUs
BBICOKHMX YaCTOT, OTCYTCTBYIOIIIME Ha BXome cXeM. HeyCcToMUMBOCTh CBsI3aHa ¢ TEM, UTO YHUBEPCATbHBIC
OV umerot KpytusHy cnana AUX no 40 nb/nexany B nuamnazoHe BepxHUX yacToT. Beieacteue dazoBo-
rO CIBUTa BBIXOJHOE U BXOAHOE HANpPSLKeHNE Ha MHBEPTUPYIOILEM BXOJE OKa3bIBAlOTCS B OJHOM (a3e.
VYMmeHbpnTh KpyTu3Hy cnaga AYX u caBur a3bl BHIXOIHOIO HAIPSIXKEHUS MOXHO, UCIIOJb3Ysl CIELM-
anbHble OY ¢ BHyTpeHHel oTpuliaTtebHoi oopaTHo cBsa3bio (OOC) no Toky, Hanpumep, [T1229/1230

>

(analog.com). McKII0YMTb BBICOKOYACTOTHBIE KOJEOAHMSI MOXKHO, MCIIOJIb3Ysl YHUBepcaibHbie OV ¢
BHemHeit OOC.

MogenaupoBanue cxembl BToporo nopsiaka Ha OY ¢ Bayrpenneit OOC

MonenupoBaHue 31eCh U Aajee BboimoaHseTcs B rporpamme Llspice [15]. B cxeme (puc. 5 a) npu-
MEHSIETCS YIIOMSHYTBII paHee BeicoKodacToTHBIN (mo 100 MIir) OY LT1230 ¢ Bayrpenneit OOC. Ha-
npsokenue nutanus +15B. Tlapamertpel anemenToB: R, = R, = R = R,=10kOm; C = 1,59 n®; C, =
= 0,531 u®. [Nonyuennsie npu moaeapoBannu rpaduku AYX u OI'3 npeacrasieHs Ha puc. 6.

st cpaBHEHMSI MX C COOTBETCTBYIOIIMMU rpadukaMu rnpu uaeaibHom OY (puc. 2 a,0) B Tab. 2 ipu-
BeaeHbl ynciaeHHble 3HaueHust OI'3 1(0) mpu ® = 0, orkinonenue OI'3 At u 3atyxanue AYX AK B qua-
nmazoHe yactoT ® = 0...1. Kak BunHo, t(0) npu peanbHoM OV He xyxke, yeM nipu uaeanbHoMm QY. OnHako
orkinoHenne At u saryxanue AK Ha 3,3 % u 2,2 n1b npu peaasHoM OY GOIbIIEe, YeM TIPU UICATEHOM
OV. HecoBnageHue oObSICHSIETCS CYILIECTBEHHBIM pa3inyeM YaCTOTHBIX XapaKTepUCTUK PeabHOro 1
uneanpbHoro OV.

Tabnuua 2
CpaBuenne AYX u OI'3 cxem BTOPOro nopsjaka ¢ uaeaibHbiM H peaibHbivu OY
Table 2
Comparison of frequency response
and second-order Negative group delay circuits with ideal real op-amps
Cxema OI'3 npu HyseBOM Cuuxenne OI'3 At OtkioneHne AYX AK
yacrore 1(0), MKC mpu ® =10...1, % npu ® =0...1, n1b

C uneanbHbiM OY (puc. 5 a) —15,9 7,7 0,58
C OV LT1230 (puc. 5 a) —16,4 11 2,8
C Oyol“é?:8(2p1:1 3H;)H.IH€PI 151 8.8 17

YacToTHBEIE CBOMCTBA JEMOHCTPUPYIOTCS MPU TIOJAYe Ha CXEMY rayccoBa UMITYJIbCA, TIPU STOM MU-
HUMaJIbHAs UTUTEIBHOCTD TIepelaBaeMoro 6e3 MCKaXeHU il MMITYJIbca COCTaBIsieT T, = 42 MKC (puc. 7).
OrpuuaresbHas 3aiepkKKa MMIyJIbca Ha ypoBHe 0,5 OT aMIUIMTY/Ibl MMIYJIbCOB COCTaBISET T =
=—14,2mkc (31,6 % or T ).

MogaempoBanue cxembl BToporo nopsaka Ha QY c saemmneit OOC

YcroituuBocTh cxeMbl (puc. 5 @) Ha yHuBepcalibHbIX OV, HanpuMep ynoMsiHyToM Bbilie ADTLO082,
MOXKHO 00ecTeuuTh ¢ ToMolibio BHelrHeit OOC (puc. 8).

HanpsxkeHue ¢ BbIxoIa cXeMbl MOJAETCSI HA BXOJ, CXEMBI IOCJIENI0BATENIbHO C UCTOYHUKOM Yepe3
MHBEPTUPYIOLIMI yecuauTesnb Ha OY A,. [lapaMeTpbl 5JIEMEHTOB CXEMbI COBIA/IAIOT ¢ OTHOMMEHHBIMU
napamerpamu B cxeme Ha OY LT1230. JonoaHUTeIbHBIE CONTPOTUBIeHUS R , = 500 Owm, R5 = 10 kOM.

Pesyabratel AYX n OI'3, mojydyeHHbIE MOAEIMPOBAHMEM CXeMbl Ha puc. 8, mMpuUBeACHBI B Ta0d. 2.
OI'3 1(0) = —15,1 MKc HeckoJIbKO MeHbllIe, ueM B cxeMe Ha LT1230, B To e Bpemsi MeHblle (Jydlie)
otkioHenne OI'3 At = 8,8 % u saryxanue AK = 1,7 1b. MuHuMabHast [JUIMTETEHOCTD ITEPEIABAEMOTO
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K(f), aB td(f), mkc

Puc. 6. AUX (=) n dynkunst OI'3 (—) cxeMBbI BTOpOro Topsiaka Ha puc. 5 a ¢ OY LT1230

Fig. 6. Frequency response (—) and function of Negative group delay (—)
circuit of the second order in Fig. 5 @ and with the LT1230 op-amp

o 0 20 40 60 80 100 120 t, MKC

Puc. 7. BxogHoii (cripaBa) 1 BLIXOJHOI UMITYJIbCHI CXeMbl Ha puc. 5 a ¢ OY LT1230
Fig. 7. Input (right) and output pulses of the circuit in Fig. 5 a with the LT1230 op-amp

RoA R | Rs

Uour

Puc. 8. Cxema ¢ OI'3 Broporo nopsiaka Ha OY ¢ BHemHeit OOC

Fig. 8. Circuit with Negative group delay of the second order on op-amp with external negative feedback

0e3 MCKakeHUI MMITyJibca Takas ke, Kak u 1ist cxembl ¢ OY LT1230, t = 42 mxc. [1pu 5T0M BBIXOIHOM
HUMITYJIbC OTlepekaeT BXOAHOM Ha 15,2 MKC, 4YTO HECKOJIbKO OoJblie, yeM B cxeMe ¢ LT1230 (14,2 mkc).

CpaBnenue cxembl OI'3 BTOpOro nopsijaka ¢ KackajaHoi cxemoii U3 JABYX Iieneil mepBoro nopsijaka

s cpaBHEHUS TIPOBEIEHO MOJCIMPOBAHNE CXeMBI M3 IBYX KaCKaIoB TIEPBOTO TTOPSIIKA C DJIEMEH-
Tamu Koppekuuu [4] (puc. 1 g). [Tapamerpsl a1eMeHTOB, obecrnieunBale oguHakoBoe Bpems O3 ¢
MpeaiaraeMbIMU CXeMaMU BTOPOTO Topsiaka (puc. 5 a u puc. 8), UMEIOT BUI: R0 = 5k0wm; CO =1,59 HD;
R1 =250 Om; C ,=0,318 HO. [1pn aToM Takke ucroiabdyetcss OY ADTL082. MunnmanbHas JUTMTENTb-
HOCTb UMIIYJIbCA, KOTOPBIi TIEPEIAETCs ITOM CXEMOIi Ge3 CKaXeHU I, CoCTaBseT T = 65 MKC, 4To B 1,5
pa3 0oJIbIIe, YeM B MpeIiaraeMbIX CXeMaX BTOPOTo MOPSIIKA C KOHBEPTOPOM COIPOTUBICHUS (42 MKC).
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BriBoapl

[Mpennoxenbl ARC-cxeMbl BbICILIETO TTOPsIIKA HA OCHOBE MOJUHOMOB beccerst, obianaoiie Makcu-
MaJIbHO TUIOCKOI XapakTepuctukoin OI'3. YcToitunBOCTh cxeM 00ecIieunBaeTCsl C IIOMOIIbI0 BHYTPEH-
Heit OOC 1o Toky OV unu BHeHeit OOC 1o HampsKeHUIo.

CxeMbl BTOPOTO TOpsiIKa Ha OCHOBE TMoaMHOMOB beccens nmepenaloT 6e3 UCKaKeHUI UMITYJIbChl B
1,5 pa3a MeHbIIIEH ITUTEIBHOCTH, YeM JIBa KacKaaa U3 CXeM TIepPBOTO MOPSIIKa.
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AHHoOTanusA. PaccMOTpeH YrCcIeHHBIN MPaKTUYECKU I TTOIX0 MOJIETMPOBAHUS TMHUY 3a1€PXK-
KU Ha MTOBEPXHOCTHBIX aKyCTUYEeCKUX BojiHax. [TokazaH MpUHIIUIT paboThI Mpeodpa3oBarteseil ¢
pacIIeIUIeHHBIMU 3JIEKTpoAaMM Ha TapMoHMKaX. [IpuBeneHBl TTpaKTHIeCKe PEKOMEHIALINN U
anropuTM pacudeta mist moaeaupoBaHus B makere COMSOL Multiphysics. XapakTepUCTUKHU aji-
MUTTaHCa pacCUMTaHbl M3 MOIEIUPOBAHUS JIMHUU 3aAePKKM Ha TIOBEPXHOCTHBIX aKyCTUUECKUX
BOJIHAX C TMOMOIILBLIO MeTola KOHeuHbIX 37eMeHToB B COMSOL. B pesynbrarte pacueta mosy-
YeHHbIe Y-TapaMeTpbl Tpeodpa3oBaHbl K MOJHOMY Habopy S-mapaMeTpoB. PaccMatpuBaemblii
YUCJIEHHBII MOIX0A Ha OCHOBE METO/Ia KOHEUHBIX 3JIEMEHTOB Jae€T BO3MOXHOCTb PacCUUTaTh
JIMHUIO 3a7¢PKKU Ha TOBEPXHOCTHBIX aKYCTUUECKUX BOJTHAX C YIETOM «BTOPUUHBIX 3P PEKTOB».
IIpencTaBaeHbI pe3yabTaThl pacuyeTa aMIUIUTYIHO-YaCTOTHOI XapaKTepUCTUKY JTUHUU 3a1epK-
KU C OTHOCUTEJIbHOI moyiocoii mpoiryckanus 7,46 % mus vacrotel 1,5 I'Tip Ha momioxke 128°
YX-cpe3a Huobara auTusi. BXomHO# BCTpeuHO-IITHIPEBOI Tpeodpa3oBaTeb paboTaeT Ha OC-
HOBHOIf TapMOHUKeE, BBIXOJIHOU TTpeoOpa3oBaTesib — Ha TPeTheil rapMOHUKe. Pe3ynbraThl Moje-
JINPOBAHMUS XOPOIIO COTJIACYIOTCS C AKCIIEPUMEHTATbHBIMU TaHHBIMU.

KmoueBble cjI0Ba: MOBEPXHOCTHBIE aKyCTUYECKKE BOJIHBI, TUHUS 3aaepXKu Ha [TAB, uyncieHHbI
TOJIXO/I, METOJl KOHEUHBIX 3JIEMEHTOB, HUO0AT JIMTHUS,, ITh303JICKTPUIECKAsT TTOUTOXKKA

Jlna marupoBanus: Koigerov A.S., Balysheva O.L. Finite element simulation of SAW delay line op-
erating with the use of third harmonic frequency // Computing, Telecommunications and Control.
2022. T. 15, Ne 1. C. 40—50. DOI: 10.18721/JCSTCS.15104

CTraThst OTKPHITOTO A0cTyMa, pactipoctpansiemas o guiieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

Currently, surface acoustic wave (SAW) devices (filters, delay lines (DL), resonators, etc.) are used
in various radio engineering systems. So, SAW filters [1, 2] are key elements of modern communication
systems and radio equipment. SAW tag and wireless sensors [3, 4] solve the problems of identifying and
measuring the parameters of the ambient environment for various applications from individual autono-
mous sensors to industrial automation systemes.

In recent years, there has been growing interest in the use of SAW devices at gigahertz frequencies.
It is known that the interdigital transducer (IDT) can operate not only at fundamental, but at harmonic
frequencies [5—8]. Moreover, the intensity of their excitation depends on the metallization coefficient
(the ratio of the electrode width a to the pitch of the IDT electrodes p: a/p), the thickness of the metal-
lization, the shape of the electrode and the type of transducer. An analysis of higher-order harmonics
from the metallization ratio for Rayleigh waves is investigated in [5]. Propagation and resonant prop-
erties of harmonics of leaky SAW are presented in [9]. The characteristics of non-linear harmonic bulk

© Kotirepos A.C., banbiwesa O.J1., 2022. U3gaTenb: CaHKT-MNeTepbyprckuili MONUTEXHUYECKUIA YHUBEPCUTET MeTpa Benunkoro
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acoustic wave (BAW) mode generation in SAW devices have been learned and presented in [10, 11].
Experimental and theoretical studies of harmonic operation for various classes of SAW devices are pre-
sented in [12—16], for example, two-port resonators [12], filters [13], tags [14], sensors [15], devices
with temperature compensation SAW [16].

This approach based on higher-order harmonics makes it possible to manufacture SAW devices op-
erating at frequencies above 2.5 GHz without the use of submicron lithography methods. But it is worth
noting a number of disadvantages inherent in harmonics:

1) high insertion loss with increasing frequency;

2) presence of a spectrum of bulk acoustic waves that are excited in the same frequency range;

3) presence of unwanted harmonics that can be excited simultaneously.

Generally, designers and users would like the SAW devices to operate on one selected harmonic while
suppressing other unwanted harmonics.

Designing SAW devices is a complicated technical problem, because there are complex acoustic
relationships between the element of the topology, the resonant behavior of the acoustic processes, the
high sensitivity of the electrical parameters to the geometry of the elements, and also all this depends on
the parameters of the acoustic waves and the piezoelectric material. To calculate LC-filters and filters
based on LC-prototypes, there is specialized software, such as AWR Microwave Office, HFSS, ADS,
CST Studio Suite. Methods for synthesizing LC-filters are fairly well known. There are no unified ap-
proaches and programs for calculating SAW devices; each developer uses different modeling approaches
and their own software. The only more or less unified approach can be called the approach based on the
finite element method (FEM). In addition, the problem of using frequency harmonics deserves special
attention. Since the SAW devices mainly operate on the fundamental harmonic, the technological limit
of operation is limited to a value of the order of 2.5...3 GHz. The use of frequency harmonics potentially
allows operation in a higher frequency range.

Today the most popular software for numerical modeling of SAW/BAW devices are COMSOL and
ANSYS. These software products have proven to be a powerful tool for analyzing wave acoustic process-
es in piezoelectric crystals and for SAW/BAW devices calculations [17—21].

The aim of the work is to show the state of the art and the main features of the calculation of the
SAW DL using the third harmonic based on the finite element method in the COMSOL. As a sample,
on the basis of which the results of calculation and experiment will be compared, the design of a DL on
a substrate of a 128° YX-cut of lithium niobate was chosen.

SAW delay line model

Fig. 1a shows a typical SAW delay line (DL) topology, which consists of an input and output IDT
located on a piezoelectric substrate. The DL is represented as a two-port device in the system of Y-pa-
rameters (Fig. 1b).

Input IDT Output IDT L L
s -
— o
o l [v] l o
@ L
- - 1) Uy=1,1h=0 ) Yu=1/U, Yn=I/U;
Piezoelectric substrate 2) Uy=0, Up=1 2) Yr=DI/U, Yi=0/U;

Fig. 1. SAW delay line: a — typical topology; b — the device in the system of Y-parameters
and the principle of switching electrical ports for finding Y-parameters
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Fig. 2. Geometry in COMSOL

To model this device in the COMSOL, it is necessary to accurately outline the geometry of the SAW
DL. Fig. 2 shows the DL geometry and its main parameters. A 128° YX-cut of lithium niobate was chosen
as the piezoelectric substrate. The operating wavelength is A = 2.6 um, which corresponds to a frequency
of about 1.5 GHz. The considered delay is about 100 ns, so the distance between the IDTs is about 150 A.

The principle of operation of the device at frequency harmonics

Fig. 3 shows the results of calculating admittance parameters by FEM for various types of trans-
ducers. At Fig. 3a one you observe the admittance of the split transducer with electrodes A/8 (A =
= 2.6 um) with the number of periods N = 6. It is clearly seen that, in addition to the fundamental
mode at a frequency of 1.5 GHz, there is a third harmonic at a frequency of about 4.5 GHz. Besides,
you can see that, in addition to the 3™ harmonic, there is a fairly strong BAW radiation. Fig. 35 shows
the admittance parameters of the transducer with electrodes A/4 and the transducer with split electrodes
3A/8. It can be seen that the fundamental mode for the IDT with A/4 corresponds to a frequency of
1.5 GHz, while for the IDT with split electrodes, the fundamental mode is now at a frequency of
0.5 GHz, and the 3 harmonic is located at a frequency of 1.5 GHz. Using this combination of IDTs as

the input and output IDTs for the SAW DL, we calculate the complete set of Y-parameters for the DL
as a whole.
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Fig. 3. Principle of operation of the IDT at harmonics: ¢ — fundamental and 3" harmonic of the IDT

with split electrodes (width of electrodes A/8); b — fundamental and 3™ harmonic excitation for IDT
with split electrodes (electrode width 3A/8) and only fundamental for IDT with A/4 electrodes
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Calculation algorithm in COMSOL

In contrast to the one-dimensional consideration of the problem in such analytical and phenomeno-
logical approaches as the model “coupling of modes” (COM) [22] and the equivalent circuit model [23],
finite element modeling allows one to obtain the necessary parameters and characteristics in three dimen-
sions, including exactly obtain information on the scattering of the wave into the depth of the substrate.
Moreover, the developer receives information about all excited acoustic modes in a specific topology and
material, in contrast to COM and equivalent circuit model, where the classical approach involves the
calculation of the main acoustic mode. In essence, such simulation will be the most accurate in terms of
describing all acoustic processes. By optimizing and simplifying the model, we consider several conditions:

1. The transducer should not have apodization (amplitude weighing).

2. The wave propagating from the transducer has a flat front. This assumption is possible with an
IDT aperture of more than 15 wavelengths; in this case, the waveguide effect can be neglected [24].

3. If distance between adjacent blocks (IDT) is insignificant, diffraction can also be ignored [25].

4. Solution obtained in a small area of the aperture will be extended to an entire transducer with an
accuracy up to an aperture factor.

5. We neglect the influence of bus bars.

It is clear that these conditions significantly narrow the range of analyzed topologies of SAW devic-
es, but at the same time they are suitable for the class of SAW DL. The ultimate goal of the calculation
is to find a set of parameters that completely describe the device. Such parameters can be Z-, Y- or
S-parameters of a device. Using the FEM, it is convenient to calculate a set of Y-parameters, and using
already known formulas, go to a set of S-parameters [26]. The DL is represented as a two-port device in
the system of Y-parameters (Fig. 15). Current / , and voltage U , act on the input electrical port 1 of the
DL, current I2 and voltage U2 are formed on the output electrical port 2. Thus, it is necessary to find the
dependencies in the frequency domain of a set of Y-parameters (Y,, Y ,, Y,,, Y,,). Since SAW DL be-
longs to the class of linear passive circuits, it is necessary to find at least three independent components,
because (Y ,=Y,)).

The main purpose of the simulation is to calculate the SAW DL with characteristics that meet certain
technical requirements. The main steps of the calculation algorithm using the COMSOL Multiphysics
simulation layout are displayed in a block diagram (Fig. 4), which breaks one large task into several stag-
es or steps that succinctly characterize the described approach.

Step 1. Preliminary preparation of the model in COMSOL. Choice of model dimension and physical
partition or interface. It is necessary to choose the right one from the available set of physical interfaces
that allow you to simulate the necessary physical phenomena quickly; in our case, this is the piezoelec-
tric effect. Select “Piezoelectric Devices”.

Step 2. Analysis of the technical requirements for the device. The analysis allows you to set the main
restrictions on the dimensions of the structure and restrictions on materials, taking into account tem-
perature deviations.

Step 3. Selecting the device geometry. At this stage, based on the formulated technical requirements, it
is necessary to determine the type of device geometry, the profile of the electrodes, and the thickness and
metallization coefficient of the electrodes. In some cases, it is also necessary to determine the material of
the underlayer and its thickness.

Step 4. Drawing the geometry (topology) of the device.

Step 5. Choice of electrode materials. Selection from the library or input of constants for metal elec-
trodes: Young’s modulus, Poisson’s ratio, density.

Step 6. Choice of substrate materials. To describe piezoelectric substrates, we need matrices of elastic
coefficients, piezoelectric constants, dielectric constants, and density. They can be taken either from the
available library, or manually entered from well-known sources, for example [27]. The required Euler an-
gles are given in [25].
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Fig. 4. Calculation algorithm in COMSOL
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Fig. 5. Example of a display for a fragment of the delay line geometry:
a — grid; b — mechanical displacement

Step 7. Setting of boundary conditions and initial conditions. It is necessary to specify the conditions
of the free surface from above and the periodic boundary conditions for the aperture. Boundary condi-
tions are divided into mechanical and electrical.

Step 8. Setting up electrical ports. To calculate Y”, sz you must set the state of the electrical ports
U=1U,=0,tocalculate Y,,, Y , - U,=1,U =0.

Step 9. Building the mesh. It is necessary to form a grid, that is to break the model into finite ele-
ments. In this paper, we will consider the ratio by the size of finite elements m = A/12 (Fig. 5a), where
m is the size of the side of the finite element, A is the wavelength. The division of the model into areas
is phenomenological in nature, therefore, depends on the available skills. Poor partitioning can lead
to inaccurate results. The region discretization procedure consists of specifying the number, size, and
shape of subregions, which are used to construct a discrete model of a real object. There is currently no
unified method for partitioning into finite elements, and the most effective partitioning method is the
experience and understanding of the physics of the described object.

Step 10. Selecting the type of analysis. In this case, we are interested in analysis in the frequency
domain. Let us move on to choosing the frequency analysis range and the number of frequency points.

Step 11. Calculation of Y-parameters. As a result of the calculation, we have a large set of solutions
in terms of the number of degrees of freedom (DOF) for each parameter (3 components of mechanical
displacement (Fig. 5b)) and potential taking into account the degree of finite element discretization.
Internal means, you can go to the device parameters of interest, in our case it is the admittance, for
example, these are the real and imaginary parts of the admittance. Ultimately, it is necessary to obtain a
complete set of Y-parameters.

Step 12. “Post-processing”. Transition from a set of Y-parameters to a set of S-parameters. A two-
port device is conveniently described not as a set of Y-parameters, but as elements of a scattering matrix
or S-parameters, since the performance characteristics of the device (for example, frequency response)
are described by similar characteristics. The physical meaning of S11 is the reflection coefficient at the
input, 821 is the complex transfer coefficient. Most often, S-parameters are determined in a path with a
characteristic impedance ZO = 50 Ohm.

Step 13. Display and analysis of the performance characteristics of the device (frequency response,
group delay, etc.) for compliance with technical requirements. The results of the calculated frequency
response are shown in Fig. 6a.
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Fig. 6. Frequency response: a — calculated without “parasitic” LC-elements;
b — calculated with “parasitic” LC-elements and experimental

Experiment

The manufactured SAW DL consisted of two transducers. The input is a bidirectional transducer with
A/4 electrodes, operating on the fundamental mode, the output is a split-electrode transducer with an
electrode width of 3A/8, operating at the 3™ harmonic. The delay line operates at 1.5 GHz. The device is
made on a 128° YX-cut lithium niobate. The input IDT consists of 6 pairs of electrodes. The output IDT
— 4. The absolute value of the metallization thickness is /=75 nm, the relative value is Hm/X =29%.
Fig. 7 shows a circuit with “parasitic” LC elements, the inclusion of which made it possible to compare
the theoretical and measured frequency responses shown in Fig. 6. The DL has a center frequency of
1.5 GHz and a bandwidth of 112 MHz or 7.46 % (for attenuation level of —3 dB). Insertion loss was
—22.2 dB. The results showed good agreement between numerical simulation and experiment.

Discussion

The practice of using the COMSOL for modeling SAW devices allows us to draw some conclusions.
The considered approach based on numerical analysis of FEM in the COMSOL Multiphysical modeling
may be required to design SAW devices, since it provides greater accuracy of calculations. The main dis-
advantage is accounting for a variety of parameters in 3D modeling of real full-aperture devices leads to
a dramatic increase in requirements for computing resources and an increase in analysis time. Therefore,

Cop
| |
L; I L,
*— Y Y\ SAW %JW\_.
Cy _ bL (&)
L L
Lg

Fig. 7. Scheme with “parasitic” LC elements
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this approach is more suitable for analyzing devices at the final stage of development, where we can replace
a real experiment with high-quality multiphysical modeling. In addition, there are combined approaches
that allow you to get results much faster and are used, as a rule, for preliminary evaluation of characteris-
tics at the synthesis stage and topology adjustments. A feature of calculations with combined approaches
is the need to find the model parameters beforehand. Within the framework of the combined approach,
the necessary parameters can be extracted from simple test cells [28] using FEM. This combined approach
includes the advantages of a fast analytical model with the accuracy obtained when calculating the entire
device only with FEM.

Some of the complexities and disadvantages inherent in the software in full 3D mode are compensated
by high calculation accuracy, as well as the ability to solve particular problems, for example, in truncated
models.

Conclusion

The paper showed the state of the art and the main features of the SAW DL simulation using the third
harmonic based on the FEM in the COMSOL Multiphysics. The calculated values of the set of Y-param-
eters made it possible to determine the S-parameters, for example, the frequency response. The results
obtained show a good agreement between the simulation and experimental results.

The difference in responses in the passband does not exceed 0.7 dB, in the stopband — 4 dB. The dif-
ferences of the calculated and experimental results can be due to more complex circuit the parasitic in-
ductances and capacitances of the connecting wires, contact buses, and housing, and also the presence of
wave diffraction in the real DL. The DL has a center frequency of 1.5 GHz and a bandwidth of 112 MHz
or 7.46 %, insertion loss —22.2 dB, stopband attenuation —20 dB. The use of the COMSOL Multiphysics
makes it possible to accurately evaluate the characteristics of the devices being developed without making
a physical prototype.
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AnHoTamus. TexHOJIOrMYeCKuUiA TIPOIIECC BOCCTAHOBUTEJIBHOM IJIABKM KPEMHUS B PyTHO-TEP-
muyeckoii neuu (PTIT) umMeeT 0coOOEHHOCTH, MPEMITCTBYIOIINE OCYLIECTBICHUIO aeKBATHOTO
KOHTPOJIS 32 yIIPaBIEHUEM BCEM TEXHOJIOTMIECKIM ITpolieccoM. Bricokas TemIiepaTypa 1 pe3Kue
U3MEHEHUs €€ 3HAUCHUs 3aTPYAHSIOT MPOLEAYpPY MOIyuYeHUsI OObEKTUBHBIX TaHHBIX O MapaMe-
Tpax IMJIaBKU U COCTOSIHMM paciuiaBa B rieun. OCHOBHOI (haKTop, 00YCIOBIMBAIOLINIA CTOKHOCTh
KOHTPOJISI 3a YIIpaBJIeHUEM TIPOIeCCOM — 00pa3oBaHMe OOJBITNX 00OBEMOB MTOOOYHBIX KOMIIO-
HEHTOB. BBIOPOCHI yrOIBHOM U KPEMHE3EMHOM MBUTH € OTXOASIIMMU razamu gocturatot 40—50 %
OT KOJIMYECTBA TOTOBOTO MPOAYKTA — TEXHUUECKOTO KpeMHHMsI. CTaThs MOCBSIIIICHA aHAIN3Y 3a-
BUCUMOCTHU TeMIIepaTypbl oTxonsmiux ra3oB PTII kpeMHMeBOro nMpon3BOACTBa OT KOHIIEHTpA-
LIMM TBEPIBIX YACTHUII B HUX TTOCPEICTBOM KOMITBIOTEPHOTO MoeaupoBaHust. OTIMCaHO pellieHre
CJeAyIOINIUX 3a/1ay: peABapUTeIbHAas OlIeHKA BIUSHUS KOHLIEHTPAIIUU TBEPAbIX YaCTUI] HA TEM-
nepaTypy AMCIEPCHOI cpelbl; pa3paboTKa MOJEIN BeIUMCIUTEbHOU ruapoauHaMuku (CFD)
moaenu razootBoasuiero Tpakrta PTII ¢ momombio ITO ANSYS Fluent; moaenrnpoBaHue MoBe-
IEeHUS OTXOISIINX Ta30B IIPH pa3INUHBIX KOHIIEHTPALIMIX MUKPOCHINKHU. B pesynbrare aHanmmsa
PE3YyIBTaTOB MOACITMPOBAHMS MOJIydeHa MOJMHOMUHAIbHAS 3aBUCUMOCTD TEMIIEPaTyPhl OTXO-
namux u3 PTII ra3oB oT KOHIEHTpalMK B HUX MUKPOCUIIMKH.
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Abstract. The technological process of carbothermic silicon reduction in an ore-thermal
furnace (OTF) has features that hinder adequate monitoring and control of the entire technological
process. High temperature makes it difficult to obtain objective data on melting parameters in the
furnace. The main factor contributing to the difficulty of controlling the process is the formation
of large volumes of by-product components. Coal and silica dust emissions in the flue gases
reach 40—50 % of the finished product — technical silicon. The article is devoted to analysis of
dependence of temperature of exhaust gases of OTF silicon production on concentration of solids
in them by means of computer simulation. The paper describes the solution of the following
tasks: a preliminary assessment of the effect of the concentration of solids on the temperature of
the dispersed medium; development of a computational fluid dynamics (CFD) model of the gas
exhaust duct of OTF using the ANSYS Fluent software; simulation of the behavior of exhaust
gases at different concentrations of silica fume. As a result of analysis of the simulation results, a
polynomial dependence of the exhaust gas temperature on the concentration of silica fume in the
exhaust gas from the OTF was obtained.

Keywords: silicon production, ore-thermal furnace, gas cleaning, CFD model, ANSYS Fluent,
temperature, silica fume

Citation: Bazhin VY., Masko O.N. Evaluating the effect of particulate matter concentration in
the furnace exhaust duct on temperature change using a computational fluid dynamics model.
Computing, Telecommunications and Control, 2022, Vol. 15, No. 1, Pp. 51—63. DOI: 10.18721/
JCSTCS.15105

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/
licenses/by-nc/4.0/).

Beenenue

BoccraHoBuTenbHas TU1aBKa KpeMHUsI B pynHo-Tepmudeckoii nmeun (PTIT) mpeacrasasier onpene-
JIEHHBIEC CJIOKHOCTH JUTSI KOHTPOJIST M 2 (PEKTUBHOTO YIIPaBICHUS TTPOIIECCOM M3-3a KPUTUUYECKOI 3a-
MBUIEHHOCTH pabodeif cpebl M BEICOKOM TeMITepaTyphl rmpoliecca. MakKTUIeCcKH, IPOoIIece MPeacTaBiIseT
CO00I1 «UepHBIi SIIUK», TIe KOHTPOJIUPYIOTCS TOJBKO JaHHbBIE HA BXOIAX 1 BbIXOJAX U3 MeYr 1 ra300T-
BOJISIIIETO TPaKTa.

Ilenb paboThl — MOUCK CIOCOOOB KOHTPOJISI BLIOPOCOB MUKPOCUIIMKU B TIPOU3BOJICTBE TEXHUUECKOTO
KPEeMHUS yepe3 KOCBEeHHbIE MapaMeTphl.

HaunbGonee ynoOHbIM criocoO0M i1l TOMCcKa HEOOXOIUMBbIX 3aBUCUMOCTEN SIBJIIETCSI KOMITBIOTEPHOE
MojenupoBaHue. Mcnonb3oBaHre HU(POBLIX MOeel, afeKBaTHO MOJESIUPYIOIIUX MTPOlecC BOCCTa-
HOBUTENbHOI M1aBku KpeMHust B PTII u pacnpeneneHue temrepaTyp B CUCTeMe OTBOAA OTXOISIIMX
ra3oB, TO3BOJISIET OIPEACTUTh TapaMeTphl PETYJIMPOBAHUS TIPOIlecCa BOCCTAHOBICHUS KPEMHUS 1O
orpesieIeHHO Mapku 0e3 TTPOBEJAEHMUSI psiia JOPOTOCTOSIIIMX MTPOMBIIIJIEHHBIX 3KCepUMeHTOB [ 1—3].

© Bazhin V.Y., Masko O.N., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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Takum ob6pa3oM, ISl JOCTUXKEHUS OCTABJICHHOM 11€JIM HEOOXOAMMO PEIIUTh CISAYIONINE 3a1auM: CO-
3nanue CFD-mopenu razoorBomsiiero tpakra PTII, nmpoBegeHue mudpoBhIX 9KCIEPUMEHTOB C pa3-
JIMYHON KOHLIEHTpaluMreld MUKPOCUJIMKU B OTXOASIIMX ra3ax JJIsl ONpeaejeHUs 3aBUCUMOCTU OT Hee
TEMIIEpATYPbl JUCIIEPCHOM Cpedbl.

IIpumeneHne UM@POBBIX MOALIACH pealbHbIX TEXHOJIOITMYECKMX MPOLIECCOB MO3BOJISIET PELIUTD PSI
Ba)KHEWIIIMX MPOU3BOJCTBEHHbIX 3a/1a4, B TOM YKCIIe U JUISl IPOU3BOJACTBA KpeMHUsI. CylecTBYIOT pa3-
JIMYHbBIE MOAXO/bI U1 MOJAEIUPOBAHUS IMTOJOOHBIX CPEI.

1. BepTukanbHas ¥ TOpU30HTaIbHASI CUCTEeMHAs MHTETPaLlysl.

MopaenupoBaHue UCTTONb3YEeTCs 7151 OCYLIECTBAEHUSI BEPTUKAJIbHON U TOPU3OHTAJIbHOI UHTErpalluu
CUCTEM U 000PYIOBaHMSI, KOTOPOE MOXKHO IIPUMEHSITh JJISI IPOCKTUPOBAHUSI, TECTUPOBAHMS U OLIEHKU
MHTETPUPOBAHHBIX CUCTEM.

2. Hudposas Mojesib TakkKe MOKET MCIOJIb30BaThCs ISl aHAIM3a JaHHbBIX JUISl AMarHOCTUKMU, MPO-
THO3MPOBAHUS U aHAIM3a MPUHSTHIX PEIICHUIA.

AHanu3 OTKJIOHEHUM M HEAOCTATKOB IOCPEACTBOM MMMTALIMOHHOTO MOJEINPOBAHUS KOHKPETHO-
ro arperata jJaeT IpejacTaBjeHUe O MPUYMHAX MperoaraeMbIX OCTaHOBOK Mpou3BojcTBa. Ha ocHoBe
aHajmM3a HaKOIUIEeHHOro MaccuBa JaHHbIX (BigData) Mmoaesb MoXeT UMUTUPOBATH JIO0ObIC U3MEHEHUS],
BO3HHUKAIOIIME B TEXHOJIOTUYECKOM IIPOIIECCE, BCIEACTBUE IIPOU3OIICAIINX B CUCTEME COOBITUI 1 cOO-
€B, U OTBETUTb Ha BOIIPOCHI O IPUUMHE U3MEHEHUI.

3. Ludposbie Moaean GU3MIECKUX arperaToB TakxKe pa3padaThiBalOTCs 111 00ydeHMsT 00CTyK1Ba-
IOIIEro MepcoHaa JIjis yCTOMYMBOI pabOThl 000PYHOBAHMS, B TOM YUCE IJISI KOPPEKTUPYIOIIUX A~
CTBUIi OIEepaTOpOB aBTOMAaTU3MPOBAHHBIX CHUCTEM YIpaBJeHUsI TeXHoJornyeckum mpoueccom (ACY
TII) [4-6].

IIpu ocymiecTBaeHUM pabOTHI B YCIOBUSIX arpeCCUBHOM Cpeabl KOHTPOIb BBHIIOJIHEHUST ITPOU3BO/I-
CTBEHHBIX OIepaliuii 3aTpyaHeH. M3-3a HerocTaTOUHON TOCTYITHOCTH KOHTPOJIS Mpoliecca MepcoHany
MPUXOIUTHCS PabOTaTh HA YPOBHE MHTYULIMM WJIM C OOJIBIIMM KOJMYECTBOM PYYHBIX 3aMEpPOB Iapa-
METpPOB, YTO HEPEIKO IPUBOAUT K CEPhE3HBIM MOJOMKAM JOPOrOCTOSIIEIO 000PYAOBaHUS, K YIIEPOY
310pOBbsl paOOTHUKOB. B tTaHHOM cityyae 1iMcpoBast MoJesb IMO3BOJIsIeT U30eKaTh MHOXKECTBA ITPooJIeM,
UMUTHUPYS TOCAEACTBUS IPUHSTUS PELIEHUI 10 TPOTHO3HOU MOIeIN.

KonTpoJib coaep:kaHnss MUKPOCHJIMKH B cucTeMe razoounctku PTII

B nporuecce BocctaHoBaeHUs KpeMHUs B PTII mporcxoaut BBIHOC OOIBIINX OObEMOB LIEHHBIX KOM-
IMMOHEHTOB (MUKPOCUIUKI), 00BbEM KOTOPBIX HE KOHTpOJIupyeTcs. B Tad. 1 peacraBieH yecpeaHEHHbII
cocTaB MbLIeBbIX BbIOpocoB 3A0 «KpemHuii» [7—9].

CucreMbl KOHTPOJISI BLIOPOCOB B MPOM3BOJCTBE KPEMHUSI CTAIKMBAIOTCS ¢ MpoOJjeMaMu, BbI3BaH-
HBIMM arpeCcCUBHOCTBIO paboueli cpeabl. Bricokas Temneparypa (6osee 500 °C) u cKopocTh TeUeHUsI Ta-
30B, KpUTUYECKAsl 3aMbLIEHHOCTh MTPUBOST K MCKAKEHUIO Pe3yJIbTaTOB U3MEPEHUsI 1 ObICTPOMY U3HOCY
obopynoBanust [10—12].

ITpuHuMasi BO BHUMaHKWE ONMCAHHBIE YCIOBUS TEUEHUS B aTMOC(eEpe MeUn U B CUCTEME Ta30X010B
1o ['OY, Bo3HUKaeT BOMPoc 00 OLIEHKE BIUSHUS BEJIMUMHBI MbLIEBBIX BBIOPOCOB Ha CKOPOCTHBIE U TEM-
neparypHbie moss [13—17].

OTxopsiiue ra3bl SBJASIOTCS AUCTIEPCHON CUCTEMOM, KOTOpasi, B 3aBUCUMOCTU OT KOHIIEHTpaLlMK Ya-
CTULL MUKPOCUJIMKH, UMEET Pa3IMUHYI0 TerioéMKocThb [18, 19].

Tak kak nucrnepcHasi CUCTeMa COCTOMT M3 YaCcTHUIl U CPEbl, TO O0Iee KOIUYECTBO TETJIOTHI, Tlepe-
JIAHHOI CHUCTE€ME, paBHO CyMME TEIUIOThI, MEepEeIaHHOM YacTUIIaM U CaMOM ITUCIIEPCUOHHON Cpeaoi.
Toraa Ten10€ MKOCTb IUCTIEPCHOM CUCTEMBI OyIeT paBHa:

. _CuM,AT+c -M, AT
" M, -AT ’

(1)
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rae M}1C — Mmacca cuctembl, Kr; AT — usmeHeHue Temmnepatypbl, K; ¢, — TemioéMKocTh YacTuil,
JIx/kr*K; Mq — Macca YacTHll, Kr; € — TETIJIOEMKOCTb ra3oBoii cmecu, JIxk/kr*K; MF — Macca ra3oBou
CcMecH, KT

KorogeBoii mokasaresb Uil TeMI0EMKOCTH TUCTIEPCHON CUCTeMbI — MAcCOBasl IOJIST TBEPILIX YACTHIL
B CUCTeMe, KOTopasi TPaKTUUYECKH SIBJSIETCS HEKOHTPOJIMPYeMbIM MapameTpom [20, 21]:

0 = ®)
M, +M,

Takum oO6pa3oM, 3aBUCUMOCTD TEIJIOEMKOCTU OUCIIEPCHOM CUCTEMbI OT MAacCOBOM TOJM YacTUIL B
cUCTeMe MOXeT AaThb Mpe/cTaBlIeHre O TeKyIlleil CuTyaluu rnpoliecca:

C.=C,e, +C (1-¢,). (3)

KocBeHHBIM TapaMeTpOM KOHTPOJISI MACCOBOM JOJIM YacCTUIL BLICTYITAeT TeMIiepaTypa cpeabl. Omnpe-
JIeJINB TIOTepU TeIla Ha YYacTKe OTBOJISIIErO ra3oIpoBoia, MOXHO OIPeAe/IUTh BEIUUYMHBI BLIOPOCOB
MUKPOCUJIMKHU, a TAKKE CTETNIEHb YIIPABJISIOLIETO BO3IECICTBUS IJIsl pEryJIMPOBAaHUS TAapaMeTPOB.

KomnbioTepHoe MojieiupoBanue ruApOJMHAMUKH MbIJIETA30BOT0 MOTOKA

CyTb 9KCNeprMMeHTa 3aKJII04aeTcss B MOIEIMPOBAHUM TEMIEPATYPHOIO TOJISl MbLUIEra3oBoil cMecu
TIPY PA3TUIHBIX KOHIIEHTPALUSIX TBepabIX yacTull oT 0 1o 20 % mpu BBIXO/E WX M3 IeYX U BO BpeMsI Ha-
XOXKIIEHUS B Ta30X0OMHOM cucTeme 10 yiaaBiauBaHus B cucteMe 'OY B ajiekTpoduibTpax.

st mpoBeneHMsT 3KCcIepruMeHTa BbeIOpaiu mporpaMMubiid makeT ANSYS Fluent, pa3paboTaHHBII
JUISI pellieHUsT 3a7a4 TUIpora3oAMHaMUuKu. JlaHHbII MOyJIb 00J1aaeT BHICOKO TOYHOCTBIO U TTO3BOJISIET
COXpaHSITh 3HAUYEHUS MOTOKA Ojarofapsi METOy KOHEUHBIX 2JIEMEHTOB, UCTOJb3yeEMOMY IIJIsI PEIIEHUS
YPaBHEHUN.

[TocKOJIbKY Te4eHUE CUJIbHO TypOyJIEHTHOE, IJISI MOIEJIMpOBaHUsI BhIOpanu pematesib ANSYS
Fluent 1o gaBieHuIO 1 JIOKAJbHYIO MOJeJb BUXpeBoii Bsa3kocTu Wall-Adapting Local Eddy-Viscosity
(WALE). WALE yuyutbiBaeT HeCTallMOHAPHOCTh TYPOYJIEHTHBIX TEUCHUM M agalTUPOBaHA IJIsI yIeTa
MPUCTEHOYHbBIX MOTOKOB.

B kauecTBe MCXOAHBIX KOMIIOHEHT UMEIOTCS CJIEAYIONIMEe TPAHUYHBIE YCIOBUS U1 MONEIUPOBAHUS
cuctemsbl razootBoga PTII, a uMeHHO CTalbHBIX Ta30X0I0B, YKa3aHHbIEC B Ta0I. 1—3.

Ta6bnuua 1
YepeaneHHblil cOCTaB NMbLIM KpeMHHEBOTO npou3BoacTBa 3A0 «Kpemuwuii» [23—25]
Table 1
Average composition of silicon dust produced by CJSC “Silicon” [23—25]
Xunrieckiit Si0, | ALO, | Fe,0,| CaO | MgO | C | NaO | SO, | P,O,| K,0 | TiO, | SiC
KOMITOHEHT ;
% 85,41 | 0,46 | 0,30 | 1,50 | 1,24 | 6,09 | 0,08 | 0,16 | 0,12 | 0,31 | 0,02 | 5,03

Pa3paboranHass CFD-Mozmenb Mo3BosIsIeT OLIEHUTD BIMSIHIE KOHIIEHTPALIMY ITbIEBBIX YaCTUIL B CMe-
CH Ha pacIipeie/ieHe CKOPOCTHBIX U TeMITePaTyPHBIX MTOJIe, M YCTAHOBUTH MapaMeTphl PeTryJIUPOBaHMS
ra30BbIM [IOTOKOM U TEMIIEPATYPHBIM PEXXUMOM.
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Tab6nauua 2
Hcxoanbie JaHHbIE 1151 MOJEH
Table 2
Source data for the model
O61Bém (razoB), Hv?/u 250 000
Temrmepatypa ra3oB Ha Bbixoze u3 neuu, “C 500
Hasnenue, klla 450
Temnepatypa, °C 35—45
Tabauua 3
Cpennumii cocTaB 0TXO0AANIMX ra3os [22]
Table 3

Average composition of exhaust gases [22]

KowMmroHeHT cmecn %
CcO 88,61
Co, 4,81
CH, 1,42
N, 2,52
H, 2,67

MozeJb ra3oxo1a 0e3 BOASHOIO OX.JI1aKIEHUS

Mogenvpyemast 4acTb CUCTEMbI FA300TBOSIIETO TPAKTa COCTOUT U3 YIACTKOB Ia30X0I0B C XKECTKUM
CTaTbHBIM KapKacoM W IMMOEepPHON 3aCIOHKM, KOTOpas BBITIONHSIET (PYHKILIMIO PETYIATOpPa CKOPOCTH
ra3oBOro MOTOKa M pacriojiaraeTcsi B MeCTe COeIMHEeHUS Ta30X00B (MCXOAHbIE JaHHbIE MOJEIU Mpel-
cTaBjieHbl B Ta0. 4). JlaHHas1 4yacTb IpeAcTaBiIsieT HauOOJIbIIUI UHTEPEC I MOACIMPOBAHUS U T10-
CJICMYIOIIero aHaIM3a, TOCKOJIbKY MMEHHO 31eCh TIPOTHO3MPYETCs HAJTNIne YCTOMUMBBIX 30H [26—28],
U BO3MOXHAa YCTaHOBKA MTPUOOPOB JIJIs1 KOHTPOJISI U YIIPaBJIEHUSI BCEM Ia30BbIM MOTOKOM MPU MOMOIIU
PEryJIMpyeMoro aBTOMaTU3MPOBAHHOTO TIPUBO/IA 3aCJIOHKU.

Mognens TypoyiaenTHOCTH WALE TpeOyeT BhicOKOro KadectBa ceTku (puc. 1). KomnaecTBo anemeH-
TOB CETKH JI0JKHO ObITh HE MEHEe MUJUTMOHA, TAKKe JIJISI MOACIMPOBAaHUsI TOTPAHUYHOTO CJIOS TOJKHA
MpuUMeHsIThes orius inflation. B mpoTuBHOM ciydyae B pe3y/braTe YUCICHHOTO MOACIUPOBAHUS OyIyT
MTOJTy9eHBI HEKOPpEeIMpOBaHHBIC TaHHEIE.

B mudpoBoii (pacyeTHOI) Moaen HacuuThiBaeTcs 2 739 629 snemMeHTOB ceTKH. CeTKa IoCTpoeHa ¢
onuueit inflation, MMeeT mpuemsIeMoe JIJIsI pacdeTHOIM MOJIEIN CpelHee OpToroHajibHoe KadyecTBo 0,79,
YTO TTO3BOJIAET UCITOIb30BaTh TAHHYIO MOMIETb.

Jns ydyera U3MeHEHUsl TUIOTHOCTU Ta30BOM CMECH B 3aBUCUMOCTH OT TeMIlepaTypbl MPUMEHUIN
ypaBHeHUe peayibHoro raza Coape-Pennnxa-KBoHra.

JI1st MogenupoBaHus TBEpAOH (pa3sl (4acTUL MUKPOCWINKM) B otxoasimux u3 PTII razax ncnons3o-
BaH MeTox Jlarpamxa [29, 30]. MoaenupyroTcs 4acTULLI MUKPOCUJINKI, MMelolure nuaMeTp 250 MKM 1
teronpoBogHocTh 0,09 Bt/(M*K).
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Puc. 1. IlapameTpbl ceTKM MOJIEIN ra30X010B
(1, 2 — massflow_inlet, 3 — mmbepHas 3acioHKa, 4 — pressure_outlet)

Fig. 1. Mesh parameters of the gas duct model
(1, 2 — massflow_inlet, 3 — sliding shutter, 4 — pressure_outlet)

Tabnuua 4
Ipanuunbie ycaoBus Moaean
Table 4
Boundary conditions of the model
ITapameTpnl Bxon Brixon

Tun rpaHUYHBIX YCTOBUIA massflow_inlet pressure_outlet

TuppaBnuueckuii nuaMeTp, M 3 2,7
MaccoBbIit pacxo, KT/c 15,54 -
W36biTOuHOE gaBneHue, [1a — 0
Temmnieparypa, °C (Ha BXoJe B CTaJbHYIO YaCTh ra30X0/I0B) 430 —
Kpurepmii Re 117255,6 266330
HMHTEeHCMBHOCTD TYpOYJIEHTHOCTH TTOTOKA, % 3,72 3,35

TakuMm oOpa3om, OajaHC CUJI, IeHCTBYIOIINX Ha YaCTUILY, IIPOTHO3UPYET TPACKTOPUIO YaCTULL JUC-
KpeTHOI (ha3bl MyTeM MHTEIPUPOBAHMS OallaHCca CUJI HA YACTUILLY, KOTOPBII 3aUChIBAETCS B CUCTEME
oTcueTa 1o Jlarpanxy. DTOT 6ajlaHC CUJIBI YPaBHUBAET BEJTMUMHY MHEPIIUU C CUJIAMU, TeCTBYIOIIMU
Ha YacTHILy, U MOXET ObITh MpeAcTaBieH (1JIs1 HallpaBJIEHUS B JeKapTOBOI CUCTeMe KOOPAMHAT) KakK
[31, 32]

du g.-(p.—p)
1=F(U-U,)+22 4
dt °( “)+ P, @)

rae F, (U - Uq) — CHJIa COTIPOTUBIIEHNS Ha eIMHUILY Macchl yacTUIbl; U — CKOPOCTh IUCIIEPCUOHHOM
cpensbl, M/c; Uq — CKOPOCTb YaCTHIIbI, M/C; P, — IUIOTHOCTb JAUCIIEPCUOHHOM Cpelbl, Kr/M%; p — MJoT-
HOCTb YACTHIIbL, KT/M’; & — YCKOPEHUE CBOOOIHOTO ManeHus, M/C’,

Puc. 2 oTpaxkaeT pacrnpeaejieH1e MbUIEBBIX YaCTULL B 00bEME ra30X0IHON CUCTEMBI.

Ha rpadukax pacrnpeneneHust TeMIieparyp, peacTaBIeHHbIX Ha PUC. 3, BUAHO, YTO TeMIIEpaTypa Ha
BBIXOJIE M3 TAa30X0/1a MOBBIIIAETCS TIPA POCTE OOILETO COMEPKAHMUS TBEPIBIX YACTUII. 3aBUCUMOCTh TEM-
TepaTypbl OTXOASAIINX Ta30B OT KOHIIEHTPALIMK TBEPIBIX YaCTHII ITpeICcTaBicHa Ha rpaduke (puc. 4).
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Puc. 2. TpaexTopust A1BUKEHUS TBEPABIX YACTUII B TOTOKE raza
Fig. 2. Trajectory of particulate matter in the gas stream
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Puc. 3. PacnipeaeneHue TeMmnepaTypHbIX TTOJIei Ha BBIXOJIE M3 Ta30XxoAa
MPY Pa3IMYHBIX KOHIEHTPALIMSX TBEPABIX YACTUILI B OTXOASIIMX Ta3ax oT 0 1o 20 %

Fig. 3. Distribution of temperature fields at the gas outlet at different
concentrations of particulate matter in flue gases from 0 to 20 %

Ha rpacdwuke npeacraBieHa NOJIMHOMUHANIbHAS 3aBUCUMOCTD TeMIIepaTyphbl OT KOHIIEHTPALIUU, Bbl-
paxkeHHasl ypaBHEHHUEM:

T =0,008C> —0,2286C* +2,3714C +649,97. (5)

DTO moATBepKAACT MPEIIOXKEHHYIO TUITOTE3Y O BIMSHUY TEIUIOEMKOCTH ITBIJIETa30BOM CMECH Ha 13-
MEHEeHUe TeMIIepaTypbl B TA30BOM TPaKTe MEeUH.

BbiBoapI

[ToBbieHue 3(pHeKTUBHOCTU TTPOU3BOACTBA MeTa/typruueckoro kpeMuusi B PTIT Hanpsimyio 3a-
BUCHUT OT OOBEMOB ITbLIEBBIX BHIOPOCOB LIEHHOM TSI MPEANPUSITUSI U TYOUTEIbHOMI IJIs1 OKpYsKarolei
cpelbl U 310pOBbsI Ue0BeKa MUKPOCUIMKU. HempepbIBHBIM KOHTPOJIb KOHIEHTPALIMU TBEPAbIX YACTUIL
B OTXOJISIIIIMX ra3ax BbI3bIBAET 3aTPYIHEHUSI BBULY arpeCCUBHOCTU Cpeibl (BbICOKas TeMIIepaTypa U Kpu-
TUYecKas 3arblIeHHOCTh) [33—35].
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T K /
T=0,008C-0,2286C2 + 2,3714C + 649,97
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Puc. 4. 3aBUCMMOCTD TeMIIEPATYPhl OTXOASIIINX ra30B OT COACPKaHUS TBEPIBIX YACTHIL
Fig. 4. Dependence of flue gas temperature on particulate matter content

s moaTBepXKaAeHUs BO3MOXHOCTH KOCBEHHOI OLIEHKM 3TOr0 MoKa3saresisi TOCPeACTBOM KOHTPOJIS
TEIUIOBBIX MOTEPh HA YYACTKAX OTBOASIILETO TazornpoBoaa nposeaecHo CFD-MomennpoBaHue ra30Xo0n0B
PTIT B ANSYS Fluent.

C nomoltblo Meroda JlarpaHxa mojiydeHbl TeMIlepaTypHble Mpo(uad OTXOASIIUX Ira30B MPU pas-
JIMYHBIX KOHLIEHTpaLusx TBepabix yactull (ot 0 1o 20 %), B pe3ysbTaTe 4ero BbIBeAeHA IOIMHOMMUHAb-
Hasl 3aBUCUMOCTb, TTO3BOJISIIOIIAST ONTPEACIUTD BIUSIHAE KOHLIEHTPALMM MUKPOCUJIMKU Ha TeMIepaTypy.
JlaHHast 3aBUCUMOCTD JAET BO3MOXHOCTb OCYILECTBISITh HEMPEePbIBHbIN KOHTPOJIb BHIOPOCOB MUKPOCH -
JINKY TIOCPEICTBOM M3MEPEHUSI KOCBEHHOTO MapaMeTpa — TeMIIepaTyphl.
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Annoramus. HelipoceTeBble MOIEN UCTTBITHIBAIOT CJIOKHOCTH ITPU HEOOXOTUMOCTHU pabOTHI C
pa3pexXeHHbIMU KaTeropuajibHbIMU MPU3HAKaMU. BiaoxeHus SIBASI0TCS CIOCOOOM yMEHbIIEHUS
pasMEepHOCTH TaKMX IMPHU3HAKOB paayd MOBBIIICHUS IIPOM3BOAUTEIBHOCTH Momeian. CorracHo
TPAIUIIMOHHON COBMECTHOI (DUIBTpAIlMM, MCIIOJAb3YeTCs CKaIsIpHOE MPOU3BENCHUE I Mepa
CXOJICTBa IIJisI 0OObeAUHEHNS ABYX WK OoJsiee BaoxeHui. Kak npaBuio, MmaTpuyHas hakropusa-
LU SIBJSIETCS] TIPOCTEUIIUM TIPUMEPOM MOJIENIM BIOXKeHUs1. B craThe paccMoTpeHa HelipoHHas
coBMmecTHas ¢puiabrpauus (NCF) pis nporHo3upoBaHusl pe3yJibTaTOB OLIEHKU TOBApOB U OTO-
OpaxxeHUusl peKOMEHIALMi TTOJb30BaTEISIM Ha JEKTPOHHBIX KOMMEPUYECKUX TI0IIAAKaX. AJro-
PUTM HEMPOHHOI COBMECTHOI (pMIABTpAllMM Ha OCHOBE JIMHEWHON M KBaApaTUYHON METPUKU
MOKAa3bIBAET MPEUMYILECTBO TMepea APyruMu MetogaMu. MoxHo npuMeHsTh anroput™m NCF B
peKOMeHaTebHOI CUCTEME, UCTOIb3YIOIIEe MOAEIb IITyOOKOTro 00yYeHUsI.

KioueBbie ciioBa: MallimHHOE o0ydyeHue, HepOHHasl CeThb, CUCTEMA PEKOMEHIAluU, TIIy0OoKoe 00y-
YeHMe, HeMpOHHAsI COBMECTHAST (DYUIBTPALIMST

Jlng uutuposanug: Van V., Gruzdev A.S., Nguyen Q.T., Nguyen N.T. Comparison of recommenda-
tion systems based on machine learning methods // Computing, Telecommunications and Control.
2022. T. 15, Ne 1. C. 64—72. DOI: 10.18721/JCSTCS.15106

CraTbs OTKpBITOTO noctyna, pacnpoctpansiemas no guieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

Recommender Systems (RSs) were developed for the internet trading with the purpose to build the
automatic systems that can provide valuable information or items for users. For example, Ebay, Amazon,
MovielLens have a recommender system for their business. In general, there are two main approaches
for the traditional RS: content-based and collaborative filtering. Besides, hybrid approach is also used
in order to bring the effective results for RSs.

The content-based (CB) approach [1, 2] as its name suggests, is a method mainly based on content
and characteristic of items. We can calculate the similarity between two items based on feature vectors
of items. When a user u gives a rating for an item ij, the system will find the items 7, 7,, ... that have a
feature vectors similarity with item ij, in order to recommend them for user #. The advantage of CB is
the users’ possibility to receive fitting recommendation about items by calculating the similarity of items
with each other, rather than equating similar preferences of all users. The disadvantage lies in the limited

content to base the recommendations for users on.
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The collaborative filtering (CF) [3, 4] approach is mainly based on the similarity of the users them-
selves. When a user u, provides rating for an item iin a rating matrix R, for each u, the system will define
a community of users Uy, Uy, ... SO that they similar to user #, based on the feature vectors of users. After
determining the community for user u, the system will give the recommendation about the items this
community gives high ratings to. Recently, researchers tend to work with collaborative filtering method.

In addition, following the collaborative filtering-based approach, there are two main research di-
rections: memory based and model based. The memory based direction [5] collects rating data in the
system and uses it to calculate the ratings for new items. This direction can be implemented in two ways:
user based or item based. However, the memory based direction is limited by several disadvantages. The
model based direction [6] sets up a model that trains and predicts users’ unknown ratings.

Previous studies focused on applying other methods, such as Support Vector Machine, Singular Value
Decomposition [7], Matrix factorization |8, Neural network [9], etc.

The target of the work is comparison of recommendation systems based on machine learning meth-
ods. Comparison of algorithms will be made on the developed metrics.

Related works

Recently, researchers tended to use deep learning for RSs. In Neural Collaborative Filtering (NCF)
method, fully connected embedding layers project the sparse representation to a dense vector. These
embedding vectors are the input of a multi-layer neural network (neural collaborative filtering), while
NCF maps these embedding vectors and ratings. Each layer of NCF can adjust to explore the latent
structure between users and items.

Let y be a target variable (y is true) and j/ui is a prediction variable () is pre) of the model.

The prediction model can be presented in the form [9]:

Bu=f(PV, 0V VP, 0,0,), (1)

where P e RM** and Qe R denote latent matrices of users and items respectively.
With u being the user, and i the item, 0 fdenotes the parameters of the model in the interaction func-
tion f. Because function fis defined as a multi-layer network, f can be formed as follows:

£(P, 0 )=, (@X (- 2. (@, (P, 0 )))) @)

where vftj and vl.l are feature vectors that describe user u and item i, respectively; &, and &, re-
spectively denote the mapping function for the output layer and x" neural collaborative filtering (CF)
layer, and there are X neural CF layers in total [9].

In NCE, the model tries to learn user-item interactions through a multi-layer perceptron (MLP). For
MLP, such activation functions as Sigmoid, Hyperbolic tangent (tanh), Rectified linear unit (ReLU),
etc. are used. The activation function simulates the rate of impulse transmission across the axon of a
neuron. In an artificial neural network, the activation function acts as the linear component at the out-
put of the neurons [10].

For MLP model, NCF uses two vectors to model users and items, then combines them into one
vector via the concatenation. This structure was also widely used in multi-model deep learning [11, 12].
If we use additional hidden layers in the concatenated vector, the MLP model in NCF is defined as [9]:

legl(pu, qi):{pu:|: 3)

i
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@,(z,)=a,(W)z,+b,), (4)

@, (z,,)=a,(W/ z,,+b,), (5)

ba=f(0D,(Z.)), (6)

where Wx, bx and a_denote the weight of matrix, bias vector, and activation function for xth layer’s per-
ceptron.

Proposed NCF model for recommender systems

In this paper, we choose the activation function ReLU f{x) = max(0, x). The ReLU function simply
filters the values under 0. Looking at the formula, we easily understand how it works (see Fig. 1).
Fig. 2 represents the architecture of NCF that we used in this paper as shown below.

1.0-
0.5~

0.0

-5.0 -2.5 0.0 2.5 5.0

Fig. 1. Graph of ReL.U function
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Fig. 2. Architecture of Neural Collaborative Filtering (NCF)
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Cost function and evaluation metrics
Cost function
The cost function (loss function) for the entire training dataset:
1 A \2
eui :;Zu,[(Rui _Rui) 4 (7)
where Rm_ is observed value; Iém is the predicted value; e _is the mean square error (cost function).
Gradient Descent algorithm to optimize the cost function as follows:
1. Choose an initial point 0 = 0.
2. Update 0 until we get acceptable result:
Ozeo—nVOJ(B), (8)

where V ,J (9) is the derivation of the cost function at 0; 0 is a set of variables that we need for the up-
date; m is learning rate, it’s a positive number.
In this paper, we use Adam (short for Adaptive Moment Estimation) update rule [13]:

m, =Blmt—1+(1_Bl)gt’ (9)

v, = BZVt—] +(1_B2)g;29 (10)
l_ t

n, =n—“lﬁf, (11)
_Bl

0 = (12)

t t-1 t >
v +¢€

where ¢ indexes the current training iteration; m_and v are exponential moving average (EMA) of
g, and the EMA of gt2 respectively; g is the gradient at current iteration; Bl and [32 are smoothing
parameters, typical values are B1 = 0:9; B2 = 0:999 respectively; € is a small scalar (e.g. 10~%) used to
prevent division by 0.

Evaluation metrics

There are several types of metrics to evaluate the effectiveness of the CF approach [14, 15]. In this
paper, we use two evaluation metrics, Mean Absolute Error (MAE) and Root Mean Square Error
(RMSE) to measure the accuracy.

The MAE metric is defined as [7]:

MAE:LZM R,-R

ui ui

) (13)

| test

where R ; denotes prediction rating of a user u for item i and Rtm denotes the number of ratings in the

experiment.
The RMSE metric is defined as [7]:
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RMSE = ! . (14)

Rtest v Zm- (Rui - Iéui )2

From the definitions, we obviously see that a smaller MAE or RMSE value means better accuracy.

Experiment

For the dataset, we used available Olist Ecommerce data on Kaggle [17]. We were only interested in
several features such asid_customer, id_product and rating. The ratings ranged from 1 to 5 stars given by
the users for the corresponding items. The dataset has more than 100k lines of data that are interactions
between users and items. After preprocessing the dataset, we got the following results:

Table 1
Dataset after preprocessing
Dataset Interactions Items Users Sparsity, %
Olist Ecommerce 7064 4886 3271 99.955

We divided the dataset into 3532 lines for training and 3532 for testing. The experiment was based
on the Neural Collaborative Filtering model proposed above. For the learning process in the NCF al-
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Test concatnate Loss
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Fig. 3. Illustrating the convergence of several methods by using NCF algorithm
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gorithm, beside concatenation we also used some other methods such as multiplication and addition.
The RMSE output of the NCF algorithm via concatenation, multiplication, and addition is shown in

Table 2.

RMSE metric obtained by using several methods

Table 2

Method RMSE
Concatenate 0.23

Multiply 1.7085

Add 0.7681

Fig. 3 shows the convergence of concatenation, multiplication, and addition methods on train and
test set by using the NCF algorithm.
Based on the RMSE metrics on test set shown in Table 3, the concatenation method of NCF gives the
best result of 0.23 with RMSE. Besides, we used support library [16] to evaluate and compare our NCF
model with the other algorithms such as ME, NME, SVD, etc. Fig. 4 shows the RMSE metrics of several
algorithms in the form of column graph.

Table 3
MAE and RMSE metrics of several algorithms

Test MAE Test RMSE Algorithm
1 1.3953 1.5242 SVD
2 1.3415 1.4668 SVD++
3 1.5283 1.6858 KNN Basic
4 1.0312 1.3768 KNN with Mean
5 1.338 1.563 NMF
6 1.5413 1.68 MF
7 0.1566 0.23 NCF

1.8

1,6

0 ‘ |
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Fig. 4. MAE and RMSE metrics of several algorithms (column graph)
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Looking at Fig. 4 above, with an RMSE metric being 0.23, our NCF method has intuitively outper-
formed the other algorithms. The RMSE metrics of the remaining algorithms are much higher meaning
that the accuracy of the recommendation is lower.

Conclusion

Neural collaborative filtering combined with deep learning model has an advantage over other meth-
ods. We used the Olist data for our experiment to create a system of recommendations based on joint
filtering with a large and sparse dataset. We have obtained better results than those produced by other
methods.

The Neural collaborative filtering method gives a noticeable advantage in processing speed in both
linear and quadratic metrics. This method gives the value of a quadratic metric of 0.23 and 0.1566 in the
case of a linear metric. This value is several times less than the other methods considered.
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