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KUE: WL, AR AMIERE, ARG

PACS: 41.20.Jb, 42.25.Bs, 41.20.—q
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REM R IR AN G I 1, WA 20 5] N AR HE B B AR
i B Ok R A ik LR R AR ) LR T 0 R
18 1 S 2 305 32 3R B R v A 5 7R A A A o B v
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V x H = jweE, (1)
Vx E=—-jwuH, (2)

Horpw AR, (1) F(2) A s SR 5 2
EES SIS

e=coen— i (3)
2= +ivef ]’

Fom
K= Ho <,U'b - 2 - fgm +j7m,f> ) (4)

Horr, o M po 70 )2 28 S R BN BE . (3)
KNS e, foer foe, Ve 5 HILH MG
B R, (4) KPS E s, fom, fom Mym 5
BE AT B SRR AR R RAT 6. K (1) A1 (2)
T4 5y ) B RO VR R E T MV R M
Hl

J = jweE, (5)
M = jwuH. (6)

M (5) F1(6) KT LU H, HLit 5 ik d s A RL L oo
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P (5) A1 (6) X, HerH FLIL R BE I AT RE AL B M
55 H

J. = hJ = jwehE, (7)
M, = hM = jwuhH, (8)
(7) F1(8) AAIAR LN

Js = jwehE, (9)
My = jwphH. (10)

A (7) F1(8) 5K, (1) A1 (2) AT LSy
V x H = Js/h, (11)
V x E=—-Mg/h. (12)

A1) A (12) FRTEAAS Y, A3 g R ARG O]
B0 @ T [ Ay 5 R AT T, U T H A T
T 2 73 ) 5 Tl 7 i B A P 37 9 R W P58 A I B
H B REARZE DS 2R K, AT BLsE

E = jaM,, (13)
H = —jals. (14)

W (13) A1 (14) AP B R B a R 2 AR S
AL W 1R, R B AR A AR T
SN A R B TT N+ 7 A, ANINEE R
TN +y 718, ¥ Eo R Ho 43 51 28 FL 37 56 B R0 R
I P (O P52, R £ L3 02 A HL 37 5 T
A HLIA 2 RN, W3 AN IR 5 T PR AR R
Wz A R

E = Ey + jalML, (15)
H = Hy — joJs. (16)
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[ g ¥ (22)
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(23) AP RIBE E (D) = en B, (24)
P REE 3 (B) = pay H. AR (23) 71 (24) R,
AT DAFR S 1 340 RO 25 1 350 368 5 FE 5 41 in 3
S EE A DIRG9 G 2R I T X

(D) et Sett E, ’ (25)
(B) Ceft Heft ) \ Ho

(25) 2 I AR A BE U8 I8 R eotr, Eotr, Cofry Mot
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Eav
- , 26
T T 022 g o (26)
QEay faywd
_ : 27
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awdeay fay
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Cotf = 7 ey i (28)
Heft = Pav (29)

1+ a2w2d?e,y play
WL AR S MR AR T FE N

(D) _ (€eff feff) (E> ‘ (30)
B Coft pofi) \H

(30) KM BLAE I /E R F BE R Akl Xk
A T4k, RIFEHL, PEREIA AR R B B A AR Ak SR
At d, B EL I A3 (B R A2 28 XA X PG
B AR R IR [r) [F] PR o R 1, DR kb 2 22
H ectt, Eotty Cotty pest VIS ET HE 58 5 Hh i IR 1 Fof
T FO R A R AR ) R R . R R 2 T
], W37 5 LY y J71m), R

E = Fe,, (31)
H = He,. (32)
0) bR EAN TR S SR EMIF R

30)
Ceti€zey Lefi€zey | [ ey 33
Ceff€y€s [loff€yey He,

RN

i A2
D = (ecttE + EotcH ) €4, (34)
B = ((ettE + peitH) €. (35)
2 v e B 7 PR S e R
V x H = jwD, (36)
V x E = —jwB. (37)

W M3 42 77 AL & B TR B E =
Ee e, H = He *2e,, kAL A MR
HIAEREHEL. K (34) F1(35) BN (36) AT (37)
BRI G £

— jEke e,

= jw (CettE + peteH) e e, (38)
jHEe e,

= jw (&‘effE + feffH) efjkzea;. (39)
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(38) 1 (39) 24 il fiFe AL R & ey, Fl ey, 1] LATH
BRI E TR, SR ER MRS IEE E
CIURCE

k —w Eavuav
1+ a2e, playw2d?”
*ETE k= nko, EEP ko = Wy/Eo o %%%E@Yﬁi&, EE
(40) AT LS B 5 14T 5 26

(40)

1 Eavllay
" \/m\/ 1+ a%equpiaye®d?’
T LA A5 BT L o A 3917 23 I HE 9126 7
AR, U (41) 58, TR 90 P 25 0 8
%5y 10

(41)

Sin @ _ ]- 5avuav
2 ) Veomo \ 1+ aPeaypavw?d?
«(9). (42)

Fodr ) B2 J 3 1 e A S A R I A% AL
B nege N A A VE WG HE R A B M R BT T O 2R AR g
B = konesr, FIFT (42) A negr, AT

o . Eavuav
Teff = —— arcsin

1
kOd (\/ EoMo \/]- + O42{':aV//’aV("}QdQ

< (59)). -

M(21), (22) F1(43) ATELE H, HABEEE e 1Y
HE T AR R 3 260 o AT e AP g RS 8 R 300 42 s
e EEATRL, AR 2 ey 5 FH B e 2
FHE p WA R o T AH] (spatial dispersion)
T kod Z [MAFAEAE SR O BRBUR R T AR S A% Y
K 9% 5 9 NATT o3 W T R 5 R A R S 3T A
FRAFE A5 7 T S A EE A B AR A

& 48 1 LT B AR AN, AR T B R A
B A RO 5 R 58 20 B SRR JT 7, /D
n = \/Hott€er, 152 AN & fi 18 W 84S & B
FORLT SRR AL B 23 B AT N o R B
1) T FARR BB AR F RS PE AN A R LR
BONA R T 298, 55 XSS e M cetr
AR, BEWILSHE R B o f K, 2) 2K
PEVRE T B FEE AR 47 S A0 E AL R
(spatial dispersion) HiE[ kod.

3 L ARG AT AT A R R R
544
T Rl (43) SR IERHYE, FA LR 2 (a)

Bt 7 B[R 3R SRRAE 4 8 Ik o AR, H 451 5 4
r1 = 0.65 mm, ro = 0.85 mm, r3 = 0.9 mm,
ry = 1.1 mm, g = 0.5 mm; &I E 2 (b) i~
) 5 V5 38 ELC W 3R 28 1F v S IR JofF, H 45
ZHa = 02 mm, b = 2.2 mm, ¢ = 0.4 mm,
p = 0.02mm, e = 0.19 mm, e & H oA T
2z AR B (WL =4EE 2 (c)); B2 (c) HHIHETT
e R G A BT E () T AE L EE L, R G ARG T
()-SR REY 94, LR B9 0.017 mm; B2 (d)
FE K H S # 1 B 4% (high frequency structure
simulator, HFSS) FR1F ) — M H i Sl A kL 5T
BB, IuEd = 3 mm, 38 AI1E 7%
J7 il 2 (d) Fras. A S A s G 0 B HESS
13 6] FL 7o A1 MR 70 A1 44 1l R T P AR 5 A R i AT
T, MR SCHR 2, 5] S SRR T L
A EM R AT 5 2, B 3 2t ofn B LS 28 533l
ST T ST ZE A B AL P10 S 308 AR e 35 I 401 2 (1) 73 A it 2k
M3 T LRI, 1 HE R G R S 6 SR Y 4
HUEAE 15.8—16.3 GHz S 6 F 9/ T, R
HL R G A B 122 TG & — P e A Rk

=

e = k

K2 RS EMRITREE  (a) BT (b) BT
5 (c) BICAERIRE TG M4, (d) —ANHE R & R iR
FIGH HFSS i & E
WA (43) 20, FIFHAEZR ML BOARS T 3 42
I 1A S0 (B 3 WP A fsie k) AT &, W T
(3), (4), (21), (22), (43) XH e, fre, foer Yes Hb,
fom, foms Ym, h M o ZESHHUE, WK1 5. F
MR 1S5, ARG R RS (43) K,
A LA 22 ) R B AR AT S R S M R R AR
KA ZL, 7300 Bl 3 W s (B &R,
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#1 (2), (3), (21), (22) f1 (43) RS HHE

ep Jpe/GHz  foo/GHz  p,  fpm/GHz

fom/GHz  ~./GHz  ~m/GHz « l/mm

4.13 6.31 15.94 1.24 5.43

15.67 0.0322 0.0465 0.4869 1.8

M 3 TTLLE H, To1e 477 55 2 S B0 A2 K 48,
HER i £ 5 3 07 B S 56 B AR U ih 28 75 &
BRI, X Ul A SCHE S R A AR BE S R A R
(26)—(29) M7 5 24 2 (43) 2 B 0% 155 6 38 1
HUR A PR P AR

4
—— AR
3t — R
2;~#~H/////ﬂ - - SRR
------ MR
1F
0

|

3

+

=

ESEERE
—2}
—3}

4 1 1 1
14 15 16 17 18
BiZR /GHz

3 TR AR O AR FASAE AT P HUE 28

4 AR TUF 5 I FE vE N i S EY
B

¥ 21 BT A B 2 BOBUE 2 o ARON (26)—(29)
2, T LA PR R A R Rk I A A B R D
MWD eor, oty Cotr, florr 5 L AFAZE 1) 0 5
2R RSO LR G R R I AR R R R SR B 2
PRG-IV, 9 7 B s th 26 2 3L, A
SO IX Y A 1 2 5 43l B DA DU AN B o, /EoRo,
VEoRo, po JEMEJNAALR, tnE 4 —B 7R, A
Bl4—K 7R UKL, WO AR Z80H — AL F
R, A R 0 I A0 25 A A P M R A X S AR A
M FEAR /N, AN ELC W 9% 2% 2H /i 1) 56 6k 4 k)
I LB e o P R S A0 28 A8 A P RS R 5 S AR
A FE AR 2, [RRE M, 614X B SRR 2H B35 5 6
TR A I 5 26 g P R 315 8 00 26 A8 A0 1) S 8E 5 5
AR IR BB LT A BT X — TS 4
Bl 7 A Z AR OR, JR R 3 2 4E T ELC # R 25 1 SRR
Z R AFAE BRI REEAR A M (26)—(29) AT B
B3, R AERERIGERFRAME (AR
o — 0), HELC R & F1 SRR 418 51 41 5 %

MEREAN Z B Cope M Cope N, DI 5 R A
R HLHE B e o NI RG220 ) HH ELC 9%
25 197 350 8 BORT SRR P 01 5 R e, B
Eoff = Eav, Mot = Hav. XA IARAE A RS TS
LR, ote FH proge 0 S350 R R 340 48 14 i 82 AH 240X —
EEPPRL LRI R 2] BRI, TR (41) SETAL A
N = \/Eavlav/\/E0H0 = \/Eettllett//Eofo. X IEAE
S OGEIR RS S

14 15 16 17 18
B /GHz

B4 eese/eo BRI

Oboo e e
—0.5F
S -10f
L
T 151
Y — i
—20} e
—2.5 L 1 L
14 15 16 17 18
Wi /GHz
5 Eesr//Eopo FIAR I B
2.5
2.0}
> 15}
&
< 10}
S

0.5}

- ,
14 15 16 17 18
SR /GHz

6 Soft/\/Eofto AR

044101-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 4 (2015) 044101

1.0

et/ o
e
ot

(=)

70_K 1 1 1
14 15 16 17 18
Eﬁ%/GHZ

T oge/ 1o TIARAR M B

A LA LA SR BT B A B S S 80T T
5, BATR A ) AN ERIONE, %%
AAFFEFETCR AT R B 2 3, 1108 S H0T
IRANT 2 2) (LS 1R BUT %, 7 B AREL
PEMEHOR, 11 S ZHOTIEMA T, 3) A&
SEWOTE, WLAGEL S 2805 3R B RS A A
BHRHTI R, 110 S S HU5 R 7 2SR I 41,
I EFRUT )T — AL AR BT, A B0 AT
R, MERBUNELL SZHOTEEE R/EZ. XX
FIE RO SR U5 i B SR UG AR A AR
WANAKISH, TS 20T E DGR BUCHE Fo i &
RPN A 25, Rl Ui 3R P AR 75 R Y
AR R AR ).

5 %

F FL T IR 70 A R R VS IR o A 2 1) HE B
FIEEARE (2 FARL), BT iR T AL 1 ik oo
P Z TR A2 SR 5 (B0 Ut HL 37 G 37 2 TR A2 S
), XL r A A LR IO LA 0 [
PE. BRIER 7 R B8 BT R 3 2 A A
SR, I WL S A PN A S5
Eote A Cope 74 AE 76 E 1L 480 38 T vEL R 5 FEEE R 11 P TR
Frtk. S ZH05 02 i AT R K S 4R L
Jiid, AT R RESREY BT A 280 v B A
Bl 3 RN A SR, 5 2, IR IT iR A e
WA AR S M R S5 0k S 805
T2 AE R AR S B RS R I M S S SR X B
SRIEAGIE R, AN DI I 1 ) v A I

LS AN 2 [5G B, AREL T R Ak
ORI RFE R o DY A S RO R S B R R 5 A
MARRPER G BOR, -0 T L AR & AR A
WSRO E RIS S BU7 2%, 53] 794
SR B 2R, TR T o A AN AR R AR
PR L RERF I B AT AR . 940, W R
FHRHT S 2 B AR i 26 5 5 T 07 1 Se I HE 1R
AL th £ 2 TR ZEAR VDN, X BRAIE 1 SR 3 57 (R 3T 5
AR FE R Z A 18 2 U IR
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Abstract

The constitutive parameters of single negative (only electric permittivity or only permeability less than zero) meta-
materials and wires-split ring resonator metamaterials can usually be retrieved by the S parameter method. Due to the
cross polarization phenomenon in magnetoelectric coupling metamaterial, only two constitutive parameters of permit-
tivity and permeability cannot accurately describe the electromagnetic characteristics of the magnetoelectric coupling
metamaterial. The traditional S parameter retrieval method starts with the assumption that the metamaterial has only
two constitutive parameters of permittivity and permeability, so the method to retrieve the constitutive parameters
of magnetoelectric coupling metamaterials is obviously restricted. In this paper, the electric component and magnetic
component in a magnetoelectric coupling metamaterial cell are treated as being equivalent to the surface current and
surface magnetic flow, respectively. By deriving the relationship of the average electric flux density and the average
magnetic flux density to the external electromagnetic field, we obtain a constitutive parameters matrix (2 x 2) of the
magnetoelectric coupling metamaterial, and find analytical formulas for the relationship between these four constitutive
parameters of the magnetoelectric coupling metamaterial and the parameters such as the permittivity of the electric
component, permeability of magnetic element, spatial dispersion, and coupling coefficient, and then deduce the refrac-
tive index formula. We use the refractive index formula to nonlinearly fit retrieval refractive index curves, and find very
good agreement between the refractive index values theoretically predicted by analytical formulas and those obtained
from numerical retrievals based on full-wave simulations, thereby verifying the proposed constitutive matrix analytic
formula and the refractive index expression. According to the fitting results, we obtain the frequency response curves of
the four electromagnetic parameters in constitutive matrix. The proposed method of retrieving the constitutive matrix
parameters will provide an important theoretical reference for the researchers engaged in analyzing and studying the

coupling phenomenon between electric component and magnetic component in a magnetoelectric metamaterial cell.

Keywords: magnetoelectric coupling, metamaterials, constitutive matrix, nonlinearly fitting
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