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Level set-based topology optimization method
for the design of dielectric metamaterials
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Electromagnetic metamaterials are artificial materials with extraordinary physical proper-
ties not available in nature, such as a negative refractive index, that is, negative permittivity and
permeability. This paper proposes a level set-based topology optimization method for the struc-
tural design of negative permeability dielectric metamaterials. The purpose of the optimization
problem is to find the optimal layout of dielectric metamaterials that achieves negative perme-
ability. The presence of grayscale areas in the optimal configurations significantly affects the
performance of metamaterials. However these grayscale areas are impractical to manufacture, so
an optimization method in which the boundaries of optimal configurations are clearly expressed
is desirable, such as those provided by topology optimization methods utilizing level set-based
boundary expressions. In this paper, first, the level set-based topology optimization method
is explained, and the optimization problem that addresses the design of negative permeability
dielectric metamaterials is then formulated. Finally, several numerical examples are provided to

confirm the utility and validity of the proposed method.
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Fig.l1 Fixed design domain D and level set function

¢

THBENDB. AWML TR, WSO HE D
£oE, F37 7 OEMLEE T TR O E
k% 435,

. B 1 2
it Fa(ad) = [ fxxad+ [ Srivororan

subject to  G(xa) = / xdQ — Vinax <0,
D

(4)
ZIT, rREMEDOEENERTNTA-ATH 5.
Rz, TOBGELMEL T T Y RERBOEE M
WTHERFMEICESMR S, 205, R i
BUTFoRTREINS.

igf FR(XQ,QZ)):/Df(x)XQdQ-i-/\G

Loy
+ [ grivera @

ZIZT, FriZ75vox7 v, NI 75 v Vk
ERHERT.

X5z ERoERAZ W TR 72 K ¢ 2 8 A
U, milifb 2 R AR AR % < I E &
A5, Thbb, RALZRTESIT, LRX)Vey b E
BOEMMRT 7S50 IVT VDESN Frlllkhl 5%
DEREL, REFERABNZENT 5.

06 _
o = K@F%, 6)

ZIT, K(¢p) >0 3HhlERHZRT. X (5) 2K (6) I
RAL, BEREZMEFL LT, MREIBIZTDIREINT
WAHRBRIZIET4V 2 VEREZMGE25 X, ThUHNO
BT, B EGHHIEAEP S O TR W L %
KRBT LD, /A VEREEE2525. DELD,
RADORIGIEB ARV BF SN S.

9 _ AP o

g(;——K(Qﬁ)(—dXQ TV¢)

o9 _ 7

o =0 on 9D\ oDy  (7)

=1 on 0Dy,

Fixed design domain

1
L., -
X

Fig.2 Fixed design domain and boundary condi-

tions

ZIT, F=F4+XG& ULk, ERXROKGHEGRER
BRI EITLD, mEMEEZRT L)Ly FEK
ERDB. 22T, LERCBWTFOEE2 bKRo
VANTINTF4TEUTEZDERELT WS, T
mhb, FORBREZ, HEEE o TBELU TRkD 2K
1 dF [dxg & 75 CVBYEY) 2 k() 221
DpRIBTLE —1<o<1DHNERMEZI R VD,
BHABEOZEATYy S ITBWT, R (7) 2V EIC
—1<¢p<1,HBLEDpDEBEEZIT>TWVWS. FHMIZ
ik CY 2z .

2.2 FEARXAYTTY TIEREREE ZZ T,
HORMBHELERTEIFERAZIT VT VD
DOFEFHMBEIIZODVWTERS. £7, AZXFUTI
DENBWMEE2TEBLITNIRADMEIZTEEE%
EZB. ZohE, BNEEERERNMLEIES =Y
MeVERDZREZFEEE LTER LI ND.
NIZH LT, 7 —F v 7R EREDOHFTIZE VT,
BENEWMREDIFEOMICHATEI N BE LR
5. 0BG, EOENMEMELRTI=y ML
rRkorFHIHMEL LTERMEEI NS,

B2 IZ 3Gt e R &M 2 RT. MIZRLAELD
2, FEEBIEA XA TUTLOI=y b RLEL, B
MBEREOR/NME - BIE(LEE RS20, FEHHEEOD
EMlEy TMEXAGFTZ2E0L L, ETFERIX &
Mg s kS5, AMEREGEEZHVEZ. 20L&
ERWMARRE, v~ 72V RRE, 8B LV
WG EEEF S 2 /o8 LT, FBE I R
LERARD ZRITEDANLLFILY HREAX RS, 22
T, JIEEEBEAL, w dAREK, t IRETH 5.

V(& 'VH.) +kiH. =0 (8)

ERITBWVWT, 6 FHFER H, Tz HAOM#E %2 %
T, k77, ko BEHHEMTORKERL, EE P 0H
B e CBWHE po VT, ko = wyeopo TRIN



5. THUT, Wik, EREEOLKEREZ L L

7. BREHEEFUATORNTEZONS.
n-VH, + jkoH, = 2jkoH’ on Iy 9)
n-VH, + jkoH, =0 on I’y (10)
HZ|F3 = HZ|F47 (11)

IIT, nBRERRZ MLV, H IZASHES2ET. 7
B, X (9)(10) DBEFR &ML, Mur O 1 RN SR 54
TH5. —HIIZIE, PML BRI RS2 EA R W

ZEDNHSNTVWEY, HEOBRGMELIHIZX IO
2SI Z T EROBEREMGZ2 A VT,

2.3 BAWEMEROELAE Z 2Tk, EHkt
INEMEREEZRDLZZ2DDEM AT A -XERT
EZD2WTRS, BIEFEFTIZ, W 20D HERD
REINTHD, KlT5L, STTFHIOKREILSKD B
F3 B~00) o=y N VOB % T L TRD
550D cprens. SHEMORELS KD B S
BT, STTHAORBMTHIEERFTREERBEHEK
FOENFERLENEHEEL L RO B HET, Smith
etal Pz kniEEIh, ZOHK, FH—Hma=v b
CLEMOEA D &S kEI T WS M, Chen et
al. 1) 1%, Smith et al. '3 0 iz D E TR DO E
HOREN—BIIEED HEERELTVWS., £z,
Lubkowski et al. 19 (&, #FHE K ¢ BRHEO W% KL —
TETNEH—-VVYYETFILVEREL, TOHRKEHR
BT BT, AHFERLENEHEEELRD 2 Sk
ERELTWVWS. ZHITHLT, 2=y b EILVADYE
EEHMLTRkD B HEID Tk, 2=y hELAT
Moo~ Az VAERBAZHAWT, BREELE
%, MKREELHEBOMB LY, BHFELLAENE
WRERDTWDE. AMIETIE, HLEoRGMEL, X
i BlfE %2135 2 2 HIW 2 U T Smith et al.(*Y)
DERMICHSESEYBEREREZA LTS, bbb,
ENEWR peg TUATOARTRD SN S

Left = 2N (12)

TIT, ZRBAVE—X VA, nXEITEREXRLMT
DARTEZLNS.

(1+ S1)(1 + So2) — S35,
7= 13
\/(1—511>(1—522>—S§1 (19
el (B A
n—cos (50) (14)
X501, BRUFORTERONE.
B =14 511522 — S3;. (15)

ZZT, Sii, So, S TFToRTEZONS.
Jy, (B1 — E}) - Ejdr

Sll = B B (16)
Jr, Ei - Eidl
E: - E{dl’
szﬁii—i— (17)
Jr, Ei - Eidl
E, — E}) - Eidll
Sop = fFQ( 2 2) B (18)

fr2 Eé : Eédr

ZIZT, B BERT ICEBGE 2 AR L 2G5
NBEIFNT FLVT,E 3R, ICESEL 2 A4 L
EEEIZBONIEBERIIVTHS. £, S ik
BARAT, CEBE 2 AN LA E0BERAT, BT 5
KERETH D, S IR, ICES Ell AH L 7=
CEDHAT POBER T ~DFE BRI, Soo IFHH
D CESE, 2 AW LALEOBRT, 2B 2 KH
R THB.

™ KEHMEDS S, E.=H,=H,=0T&",
IHERI7AVINVARROT URT7TOEAMVH=
—O(E)/Ot iIZB\WT, BEEMNKEKT S 2/
LT, AEBERICERLEZRL VBN S, BUTFD
E:HOBEBRA,

~1 OH.

* = Jwe 0y (19
1 9H,

"= e Bw (20)

EHWT, XAB) DX AN 2B NTHE SN H, &
DE %Kk, X(16)-(18) EHWTS NI A —XEHT
T3, ULidoT, Sy ld H, DB S;(H,) £ 5.

7%E, X (12)-(15) DA E@EE O XTI, Su,
So1 IZHMZ Saa Z FAWVT, Sip & Sa 2K LT, FR&
BBEITERNMET D T LT, MRS BOEN G
shdEoHEELTWSE MW v agad s,

2.4 BWEWMESR/NMLEE Tk, BRE
WRE2R/NMLT2MEEZEZS. Z0BE, TEOH
BEIZBWTHNEEROERE BNMLT 2HED D
5. M3(a) iz, —MMZE R ER RO ™ BT E R
T.22T, Moy &y BENENENEREDE
WEeEHERT. MICRT L, AERRDOERI
BHIEE -2 EMEL, TOREIRY — 2 THER B
RPBNERDAOENBHRVEHTEEL 5. L
PUBRAS, M EICEI) 2 HIREEED, TOK
HIREBEH L HERARBEOMIIH 2548, T2bbH
3(a) DFNT B VT, H R A LR A & 0 K
WG, AMEMROET 2 EHEENERICKRET S
&, HWBEBPBMNT 2 ARICIE L bty b EEA
B I ez, KILIRE KRB EHEERE L — &
TEHMICREF RN EET, REEEERD D Z
EWEEEE RS, HlAIE, R3(b)ITRT kDT, HEE
BB EMOFMTRTEKBEEREL, FHE#E
DEREEERNMLIE2HEZEZS. ZohE, M
IZRT &SI, EOY— 2 REMIZBEThIEENE
WROELMNHED T B0, FOY—2BNEICKRET



Optimum solution not
directly reachable

2

= — 4
g j,,/\ — 4
[«5)

£

g \ Negative
2 permeability
g

=

L

Frequency [Hz]

(a)

Target frequency

Effective permeability

Frequency [Hz]

(b)

Fig.3 (a) A typical effective permeability curve; (b) effective permeability curve when real part of effective

permeability is minimized directly

Target frequency
> :
= --—- 4" Initial
2 == /" Optimized
[«5)
E =
= :
o
[«5)
=
1=
D
=
w H
Frequency [Hz]
(a)

Target frequency

2
= ---- 4 Initial
S = // Optimized
5]
=
)
o
)
=
3]
D
=
(] i
Frequency [Hz]
(b)

Fig.4 (a) imaginary part of effective permeability is minimized during first step; (b) real part of permeability

is then minized during second step of two-step optimization process
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