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AnHoTanus. Ha ocHOBaHHU YHCIICHHOTO MOJENTUPOBAHHS ONPEIENCHBl 3HAUCHUs IapaMeTPOB IOITIOMAIONIEH CTPYKTYpEL,
cocrosimed U3 npoBommux I1-00pa3HEIX 2IeMeHTOB, obecrednBaronMX (GOPMHPOBaHHE €IAa00 OTPaXKAIOIUX CTPYKTYP C
OJJHOBPEMEHHO CUJILHBIM HornomeHneM BoiH B CBU-uanazone. MHorokpurepuaibHas ONTHMHU3AIMS 1apaMETPOB MeTaMaTe-
puana ObLTa BHIIONHEHA C UCIONB30BaHHEM reHeTndeckoro anrroputMa MOGA, BetpoerHoro B Momyns DesignXplorer mpo-
rpammbel ANSYS Workbench. B kauecTBe BapbupyeMbIX (PaKTOPOB HCIIOJIB30BAINCH IIEPHOM CTPYKTYPHI, INHPHHA U TOJIIHHA
npoBozsiero cios I1-o0pasHeix 37eMeHTOB. B kayecTBe OTKIMKOB HCHOJIB30BAIUCH PE30HAHCHAS YaCTOTa M COOTBETCTBYIO-
mye 3HaueHUs K0d(Q(HUIMEeHTOB OTpakeHHs H KOd()GHUIIHEeHTOB MOIIONIEHNs MeTaMaTeprana. [l co3aHus IPOeKTa IIOTIIo-
LIAOIIEH CTPYKTYPBI M ONPE/CIICHHS 3HAUCHUI OTKIIMKOB OblIa ucrolib3oBana nporpamma ANSY'S HFSS. UucieHnslii dKcrie-
PHMEHT MPOBOJMIICS C UCIOJIB30BAHHEM BBIOOPKH, TOJYYSHHOW METOOM JIATMHCKHX TMIepky0oB B moayne DesignXplorer
nporpammMsl ANSYS Workbench. IIpoBeneno cpaBHeHHe mapaMeTpoB MeTaMaTepHala, MONYyIeHHBIX B pe3yIbTaTe ONTHMH3a-
LM, U TIAPaMETPOB, MOJYUYEHHBIX B PE3yJIbTaTe KOHEUHO-3JIEMEHTHOrO Mojenuposanus B nporpamme ANSYS HFSS. Makcu-
MaJlbHasi OTHOCUTEJbHAS TOIPELIHOCTh PE3YJIbTATOB, MOJY4YEHHBIX MPU UcIonb3oBanuu anroputma MOGA, He npebicuna 1%
IpU OHNpPEIENCHAN PE30HAHCHBIX YacTOT MAJalolero H3IydeHus, 6% Ipu ompeieneHuH Kod()(HUIMEHTOB IOTIOMCHUS
Mertamarteprana u 13% npu onpeneneHuy ko3(hGUIMEHTOB OTPaXKEHNS MeTaMaTepuania.

KuaioueBble ciioBa: memamamepuai, no2ioujeHue, ompasxcerue, MHo2okpumepuanvras onmumuzayus, MOGA, ANSYS.
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Abstract. On the basis of numerical simulation, the values of the parameters of an absorbing structure consisting of conductive
I1-shaped elements which ensure the formation of weakly reflecting structures with simultaneous strong absorption of waves in
the microwave range have been determined. Multicriteria optimization of the metamaterial parameters was performed using the
MOGA genetic algorithm built into the DesignXplorer module of the ANSYS Workbench program. The period of the structure,
the width and thickness of the conductive layer of I1-shaped elements were used as variable factors. The resonant frequency and
the corresponding values of the reflection and absorption coefficients of the metamaterial were used as responses. The ANSYS
HFSS program was used to design the absorbing structure and determine the response values. The numerical experiment was
carried out using a sample obtained by the Latin hypercube method in the DesignXplorer module of the ANSYS Workbench
program. The parameters of the metamaterial obtained as a result of optimization and the parameters obtained as a result of
finite element modeling in the ANSYS HFSS program were compared. The maximum relative error of the results obtained
using the MOGA algorithm did not exceed 1% when determining the resonant frequencies of the incident radiation, 6% when
determining the absorption coefficients of the metamaterial, and 13% when determining the reflection coefficients of the
metamaterial.
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BBenenue

I/ICCJ’IGHOB&HI/ISI MeTaMaTepuajioB obecreunBa-
0T BO3MOXXHOCTb CO3JaHUA 06T>CKTOB, CKPBITBIX B
3aJaHHOM JUAIa30HE 4YacCTOT, IIPpHU 3TOM MNPHUMCHE-
HHUE€ B Ka4Ye€CTBE€ DOJIEMEHTOB ME€TaMaTCpHuajlIoB

U METaloOBEPXHOCTEH YacCTHIl MPSIMOYTOJIBHON (op-
MBI TTO3BOJISICT PACIIUPUTH TEXHOJOTUYECKHE BO3-
MOJXKHOCTH 33 CUET MPUMEHEHHS BBICOKOI((EKTHB-
HBIX MeTOJIOB poTommrorpaduu [1]-[4].
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BaxxHbIM HampaBieHHeM MOBBIIIEHUS d(dek-
TUBHOCTH TPUMCECHCHHUSA MCTaMaTCpuajiOB SABJIACTCA
HaX0XKXACHUC OIITHUMAJIBHBIX 3HAYEHHI rnapamMeTpoB,
obOecrieunBaromux (HOpMUpPOBaHUS CJ1ab0  OTpa-
JKAIOUIUX CTPYKTYP C OJHOBPEMEHHO CHJIBHBIM IO-
TJIOLIEHUEM BOJIH B 3aJaHHOM JIMara3oHe 4acToT.

I'eHeTnyeckye anropuTMBbI SIBISIOTCS YaCTHBIM
CIIydaeM 3BOJIFOIIMOHHBIX METOJOB, KOTOPHIE IIPH-
MEHSIOT UMHTAIIIO €CTECTBEHHOTO 0TOOpa U obec-
MEYMBAIOT IMMOWCK JIYYIINX PEIIeHHH MPH MTOMOIIN
HACNICIOBAaHUS W YCHJIEHHS [OJIE3HBIX CBOWCTB
MHOXXECTBa OOBEKTOB B IpOIECCE MMHUTAIMU HUX
sposrounu [5], [6]. OnHuM 13 3G PEeKTUBHBIX I'eHe-
TUYECKHUX aJTOPUTMOB siBisgercs: anroputm MOGA
(Multi-Objective Genetic Algorithm) [6], [7]. Muo-
TOKpUTCpHUaJIbHAasd ONTUMH3AIUA — 3TO OJJHOBPCMCH-
Hasi ONITUMH3ALMS IBYX U OoJiee LesieBbIX (QyHKIuni,
a OJTHMM M3 METOJIOB PEICHUS JaHHbIX 3a/ad sBIIs-
eTcsl Olpe/ieNieHNe COBOKYITHOCTH ONTHMAIBHBIX MO
[Tapero peuienuii, He JOMUHHMPYIOIIMX JAPYT OTHO-
cutensHO apyra [8], [9].

B paborax [6], [8], [10]-[13] mpuBenens! pe-
3yJbTaThl MHOTOKPUTEPHUAIEHOW ONTHMHU3AIUH TIa-
PaMeTpoB TEXHOIOTHYECKHUX IPOLIECCOB M MapaMeT-
POB KOHCTPYKIHH C HCHOJB30BAHUEM T€HETHIECKO-
ro anroputMa MOGA.

B nanHO# paboTe mpu NOMOIIN T€HETHYECKOTO
anroputMa MOGA, peaqn30BaHHOTO B MOAYJIE
DesignXplorer mporpammer  ANSYS Workbench
[14], ycraHOBIEHBI 3HAUCHMs MApaMETPOB MeTaMa-
Tepuaja Ha OcCHOBe MaccuBa I1-oOpa3HBIX 3ieMeH-
TOB, oOecnieynBaromye GopMupoBaHUs ciabo oTpa-
JKAIOIIUX CTPYKTYP C OJHOBPEMEHHO CHIIBHBIM IIO-
riomenneM BoiH B CBY-nnamasone.

1 KoneuHo-3;1eMeHTHBIH aHAIN3

Jlns  ompeneneHuss 3HAYEHUW PE30HAHCHOM
YaCTOThI MAAIOIIETO U3IYUYCHUS W, K03 duiineHTa
orpaxeHust R 1 ko3 puLreHTa MOTJIOIEHNsT MeTa-
marepuasia 4 Oblla UCIOJIBb30BaHA IpOrpamMma Ko-
HevHo-3J1eMeHTHOro aHam3a ANSYS HFSS [14]15].

B mporpammMe ObUI TIOCTPOEH MPOEKT IIOTJIO-
MIAIOIIEro MeTaMaTephalia, COCTOSIIETO W3 IIPOBO-
namux [[-00pa3HBIX AIIEMEHTOB, PACTION0KEHHBIX
Ha JudJeKTpudeckoM cioe (pucyHok 1.1). Ctpyk-
TypHBIE TTapameTpsl 11-00pa3HBIX 371€MeHTOB yKa3a-
HBI Ha pucyHKke 1.1.

[TapameTpsi [1-o6pa3HbIX 2eMeHTOB b u d (pu-
cyHOoK 1.1) ObulM HaiiJieHbl 3apaHee C KMCIOJIb30Ba-
HHEM aHaJIMTUYECKOrO MOAXO0Ja JUIS ONpe/elIeHHs
MOJISIPU3YEMOCTEH  JTFOO0M  3JIEKTPHUUECKH  MaJion
YacTHIBl TPOU3BOJILHON (POPMBI, OIIMCAHHOTO B pa-
bote [16]. B pesynbraTe HCIONB30BaHHS JaHHOTO
M0JX0Jla M KOMIIBIOTEPHOTO MOJEIMPOBAHMS, Ha
OCHOBE METOJla KOHEUHBIX JJIEMEHTOB OBUIM OIIpe-
JIEJIeHBI Bce molsipu3yeMocTi 11-o06pa3Horo simeMeH-
Ta ¥ HaWJIEHBI €ro ONTUMallbHBIe TapameTpsl (b u d)
JUTSl pe30HAHCHOM 4acTOThl, paBHO# 1,95 I'T'm.

B nmanHO# KOHCTpYKUMH McHOnb3yroTcs I1-06-
pasHbIC PE30HATOPHI M3 MEIHOW (DOJIBIM TOJIIMHOMN
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t (MKM), pacIioJIO)KeHHbBIE Ha JUIJICKTPHUKE (CTEKIIO-
texkctoaut FR4). Takyio CTpyKTypy JETKO H3roTO-
BUTDb, UCIIOJIB3YS IUIAaHAPHBIC TCXHOJIOT'UU.

p/2 p

2p

2p

1 |

I | d
I

P — MEXdIIEMEHTHOE paccTosiHue, b — niuHa [1-

00pa3HBIX NIEMEHTOB, d — mmpuHa [1-00pa3HbIX

3JIEMECHTOB, W — IIUPHUHA HpOBO,Z[HH.ICﬁ ITIOJIOCKH

Pucynok 1.1 — ITpoekT norioraromniero
MeTamarepuana, COCTOSILETO U3 MPOBOISIINX
[1-00pa3HBIX 3IIEMEHTOB, PACIOI0KEHHBIX
Ha JUAJIEKTPUYECKOM CII0€

2 YucJieHHbII IKCIEPUMEHT

[Tpn peanmzanyy 4YUCIEHHOTO SKCIEPUMEHTA
OblTa MpUMEHeHa BBIOOpKa, CPOPMUpPOBAHHAS C HC-
M0JIb30BAaHWEM METO/ia JIATHHCKUX THIEPKyOOB B
moxyie DesignXplorer [17].

B cooTBeTcTBHM C ITAHOM 3KCIIEPUMEHTA BBI-
MONMHSUTACH  pacdyéTel st 20 KoMOMHAmuii Tpex
BXOJHBIX HapameTpoB (tabmuma 2.1): P1 — mepuox
CTPYKTYpBI p, P2 — mmpuHa MOJIOCE MPOBOISIIETO
cnost w, P3 — tommuua mpoBogsmiero cuos ¢ [lpu
3TOM ONPEAEISINCH CIEAYIOUINE BBIXOIHBIE Iapa-
METpBI: PE30HAHCHAsl 4acTOTa NaJarolero U3iyue-
HUS Wy, KO3hULKEHT oTpakeHusT R ¥ KO3 PuLu-
EHT TorJomieHuss Meramarepuaina A. Takum oOpa-
30M, MOJIENBI0 OOBEKTa MCCIIENOBAHUS SBISUIUCH
(YHKIIMM OTKJIMKA, CBA3BIBAIOLINE BBHIXOJHBIE ITapa-
MeTpsl (Wy, R, A) ¢ daxropamu (p, w, t). Ilpu cozna-
HUHM TIOBEPXHOCTH OTKJIMKA HCIIOJIB30BAJICS METOX
HenapaMmeTpHuuecKkoii perpeccun [17].

Tabnuua 2.1 — INapametpsi [1-06pa3Horo

MeTamMarepuaia
BxonHblie 3HayeHN BXOIHBIX
HapaMeTpBI napaMeTpOB
2,1,2,3;2,5;2,7;2,9; 3,1, 3,3, 3,5;
P1 (p, Mmm) 3739
P2 (w, aiv) 0,305; 0,315; 0,325; 0,335; 0,345;
’ 0,355; 0,365; 0,375; 0,385; 0,395
P3 (z, MkM) 18; 35
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25 < 03

3 . <o
p, mm 35 s

a) 0)
Pucynok 2.1 — 3aBUCHMOCTb P€30HAHCHOM YaCTOTHI NAAAIOIIET0 U3TyUEHUSs
OT IapaMeTpoB MeTamaTeprana p u w: a) t = 0,18 mxwm; 6) £ = 0,35 Mxkm

PucyHok 2.2 — 3aBucUMOCTb KO3 GHUIIMEHTA MOTJIOMIEHHS
OT HapaMeTpoB Metamatepuaia p u w: a) t = 0,18 mxwm; 6) ¢ = 0,35 MM

P, mm <o

PucyHok 2.3 — 3aBucuMOCTb K03 bHIIMEHTa OTPAKESHUS
OT MapaMeTpoB MeTamarepuana p u w: a) t = 0,18 mxwm; 6) t = 0,35 Mkm

Ha pucynkax 2.1-2.3 mpeacTaBiIeHBI 3aBUCHMO- koa(dduireHTa orpaxkeHus MeTamarepuaia R oOT
CTH PE30HAHCHOM YacTOThl NAJAIOIIEr0 W3JIy4eHUs HepHoja CTPYKTYPhl P M OT MIMPHUHBI MOJNOCH IIPO-
o, K03 dHIMEnTa TIOTIONIEH)s MeTamaTepuana A u BOJAILETO CJI0A W AJ1A TOJIMH IPOBOJALIETO CJ104 7,

paBHBIX 18 MKM 1 35 MKM.

58 Ipobnemvr pusuxu, mamemamuxu u mexuuxu, Ne 3 (52), 2022



Onmmuumuu}z napamempoeg no2iowarniux memamamepuailos Ha ocHose H—o6pa3ubtx oslemenmos

3 Omnpenenenne oNTUMAJIBHBIX apaMeTPOB
MOIJIOIIAIOIIEr0 MeTaMaTepuajla Ha OCHOBe
I1-00pa3HBIX 3JIeMEHTOB

[lpu npoBeneHUM ONTUMH3ALMU HPUMEHSUIICS
MHOTOKPUTEPUAIIBHBI ~ T€HETHYECKHH  aJlTOpUTM
MOGA monynst DesignXplorer mporpammsr ANSY'S
Workbench ¢ uuciiom WHAMBHIOB 3a HTEpAIHIO,
paBHpM 100, ¥ ¢ YHCIIOM WHAWBHIOB HAYaIbHON
nonyssinuu, pasHeiM 100.

OnTumu3anus OCyIEeCTBIISIIACH 0 KPUTEPHAM
MaKCHUMyMa 3Ha4YeHUIl KOA(pPHUIUEHTA TOTIOIIEHHS
A — max ¥ MHHUMyMa 3HauyeHHi koddduimenTa
oTpaxkeHUst R — min Ha PEe30HaHCHOW 4acTOTe MpH
TOJIIIIMHE IPOBOJSIIETO CJIOs f, paBHOW 18 MKM H
35 MkM. Pe3ynbpraThl ONTHMHU3ALMU NPUBEIEHBI B
tabmuue 3.1. B ckoOkax npuBeneHbI 3HAUCHHUS Ia-
paMeTpoB, MOJyYEHHbIE B pe3yJbTare KOHEYHO-
3JIEMEHTHOTO pacdeTa ¢ MCIIOJIb30BAaHHEM IIPOTpaM-
Ml ANSYS HFSS. MakcumanbHasi OTHOCHTENbHAS
MOTPEIIHOCTh PE3yJIbTAaTOB, IIOJyYEHHBIX IIPH HC-
nosnp3oBanny anroputMa MOGA, He nipeBbicnna 1%
IPY ONPEAEIEHUH PE30HAHCHBIX YacTOT MaIaroIero
W3Ty4eHus, 6% mpu onpeneneHnr Ko3QQHUINEeHTOB
noromeHust Meramatepuana u 13% npu onpenene-
HUH KOO PHULIMECHTOB OTPaXXEHHsI MeTaMaTepHaa.

Tabmuna 3.1 — Pe3ynbTarhl MHOTOKpPHTEpH-
IBHOHM ONTUMHU3ALMN

P1 p, Mm 3,6 2,6
P2 w, Mmm 0,376 0,397
P3 ¢, MkMm 18 35
wo, I'T1g 1,94 (1,92) 1,96 (1,97)
A 0,69 (0,70) 0,74 (0,70)
R 0,07 (0,08) 0,10 (0,11)
3akaouenune

B pabore ¢ mpuMeHEeHHEM I€HEeTHYECKOTO a-
roputMa MOGA BBINOJHEHa MHOTOKPUTEPUAIbHAS
ONITHUMH3AIM CTPYKTYPHBIX ITapaMETPOB MeTamare-
puana Ha ocHOBe MaccuBa [1-00pa3HBIX AJIEMEHTOB.
[IpoBeneHO cpaBHEHUE MTapaMeTPOB MeTaMaTepHala,
MOJYYCHHBIX B PE3yJbTaTe ONTHMH3ALUHU, W Iapa-
METpPOB, TOJIYYCHHBIX B pe3yjibTaTe KOHEYHO-
JJIEMEHTHOTO  MOJICNMPOBAHHWS B IMPOTpamMMe
ANSYS HFSS. B pesynpraTte onTHMH3aIUH OTIpeE-
JIeJIEHBI HaOOPHI IMapaMeTPOB, UCIIONB30BaHIE KOTO-
pBIX Ha TMpakTUKe obecrneduT GhopMUpoBaHHEe Ci1abo
OTpaXXaloOMMX CTPYKTYp Ha oOcHOBe MaccuBa II-
00pa3HBIX JJIEMEHTOB C OJHOBPEMEHHO CHIIBHBIM
norjomenueM BoiH B CBU-nmuanazone. Hcmosnb-
3yE€MbIII METOJl ONTHUMHU3aLUU IPOJEMOHCTPUPOBAI
BBICOKYIO TOYHOCTh HAaXOXJICHUS HAMIYYIIUX TpeE-
OyeMBIX TapaMeTpoB MeramaTepuana. CremoBa-
TEJNBHO, 3TOT METOJ] MOXKET IPUMCHSATHCS U B Jallb-
HEHINX MCCIEeTOBAHUAK, TApAIDICTFHO M HE3aBUCH-
MO OT IPYTHX METOIOB, I OCOOCHHO B TE€X CIIydJasx,
KOTJ]a WICTIOJIE30BaHHE OPYTHUX IOAXOIOB 3aTpyIHE-
HO B CHUTY Pa3JIMYHBIX IPHUYUH.
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