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Retrieval of the effective constitutive parameters of bianisotropic metamaterials
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We propose a method to retrieve the effective constitutive parameters of a slab of bianisotropic metamaterial
composed of split-ring resonators from the measurement oStharameters. Analytical inversion equations
are derived for homogeneous lossless bianisotropic media, and a numerical retrieval approach is presented for
the case of lossy bianisotropic media. The method is verified both analytically and numerically, and it is shown
that the results for various split-ring resonator metamaterials qualitatively corroborate the conclusions found in
published papers. The proposed retrieval method can be used as a valuable tool for the study of anisotropic and
bianisotropic properties of metamaterials.

DOI: 10.1103/PhysRevE.71.046610 PACS nuni$)erd1.20.Jb, 42.25.Bs, 78.20.Ci

I. INTRODUCTION The retrieval methods published so far deal with isotropic

Left-handed materials have been realized as metamatef€rmittivities and permeabilities. However, it is known al-
als, which most commonly consist of infinite metallic wires réady that the metamaterials are intrinsically anisotropic be-
and split-ring resonator¢SRR$ [1-3]. While the infinite ~ cause of the orientations of the rings and rods in space, and
metallic wires behave like a plasma, thus providing a negathat they are also possibly bianisotropic because of the spe-
tive permittivity (e), periodic arrays of SRRs give a negative cific properties of their split rings. For example, it has been
permeability(). Since the metamaterials present bulk prop-shown in[5,6] that the original concentric split ring exhibits
erties when the spacing between the rings is much smalled bianisotropic behavior, directly due to its geometry. Con-
than the wavelength, it is justified to look for their effective sequently, the existing retrieval algorithms need to be im-
constitutive parameters. The constitutive parameters can kh@oved to take into account these additional properties.
obtained either by numerically calculating the ratios of the In this paper, we extend the work presentedid] and
electromagnetic fieldg4], which is easy to use in numerical present a methodology to retrieve bianisotropic parameters
simulation but hard to apply in an experimental situation, oras well. Although our approach is general, we derive it here
by some approximate analytical modé¢Bs-7], which give for the specific retrieval of the bianisotropic term expected
insight into the relationship between the physical propertie§rom the original concentric split-ring resonafi@], shown
and geometrical properties of the metamaterial but are ndn Fig. 1(a). The SRR structure is made of two concentric
straightforward to use in metamaterials with complicatedrings, each interrupted by a small gap. For convenience, we
structures. Another common method to retrieve the constiturefer to this SRR structure as the edge-coupled $RRIt
tive parameters is to use the reflection and transmission cdvas been pointed ou6,12] that this structure presents bi-
efficients(or S parametens[8—11], which can be applied to anisotropy: A magnetic field in thg direction induces an
both simple and complicated structures, and can use bottlectrical dipole in the direction due to the asymmetry of
numerical and experimental data. the inner and outer rings, and an electric field in Zrdirec-
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FIG. 1. Unit cell of a metamaterial composed of the edge-coupled SRR upon which six incidences are used to dbizamnatmeters
from finite-difference time-domain simulation@) Structure of the edge-coupled SRR: The unit cell is a cube of edge25 mm. The
parameters of the SRR age=d=0.125 mm,c=0.25 mm, andv=3.75 mm. The background medium is free spdbgModes of multiple
incidences: When the wave is incident normally on the unit cell, the unit cell is periodically repeated in the plane perpendicular to the
incidence direction, thus forming a slab.
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TABLE I. Dispersion relationship, redefined impedance, and redefined refractive index for each incidence

of Fig. 1(b).
Case Dispersion relationship z n Solved components
TE1 k§= kgey,ux N € Gey;,bx €y, My
T™1 kizkg(fxluy_ Ex/ ezg(z)) €x \“Jex/‘«y_ ex/ Ezgé €x
. ) foﬂy_ Ex/ Ezfé ’
TE2 k=Kol €arty = &) My Vey—&
) Vepy= &tk J
T™M2 Ky =Koeymz Vel u, Ve, €y My
TE3 ké: k(zjfxﬂz Vil € Vet €x, Mz
™3 K=Kl pux/ py ) & Vo= px/ yés &

_
/ 2
N7 /‘«x//‘«ygo

tion, producing an unbalanced current distribution in the Although the retrieval method proposed in this paper is

rings, induces a magnetic dipole in thelirection. Suppos- used to retrieve the constitutive parameters of media with the

ing that the medium is reciprocpb,13—-15, the constitutive  bianisotropy in theyz position[see Eq(3)], it can be easily

relationships can be written as generalized to retrieve the constitutive parameters of a me-

_ _ dium with the bianisotropy coupling other field components.

D=€e-E+¢&-H, (1) Therefore, a general analysis tool can be constructed for the
study of bianisotropic properties of metamaterials.

B=j-H+{E )
Il. RETRIEVAL METHODS
where

In this section, we present the retrieval equations for me-
& 0 O ue 0 O dia described by Eq3) from the knowledge of th& param-
E=e| 0 ¢ O, j=uml 0 u, 0] eters. Two main cases are identified: if the medium is lossless
or if it is lossy. In the former case, the retrieved constitutive
parameters can be obtained analytically while in the latter
case, although the equations are analytical, their solution has
0 0 O 00 O to be obtained numerically. Among the six incidences we
0 00 i& ]|, (3)  need as shown in Fig(ll), three are TE modes and three are
0 —ig 0 00 0 TM modes. Note that th& parameters are defined in terms
0 of the electric and magnetic fields for the TE and TM inci-
wheree, and u, are the permittivity and permeability of free dences, respectively. We see from E@s.and(3) that only
space respectively, araglis the speed of light in free space. they component ofH contributes toD, and similarly only

Note thatey, ey, &, ux, py, 1z and &, are all dimensionless the z component of contributes taB. Thus, among the six
quantities. Since there are seven complex unknowns to Bgcidences, only TM1, TE2, and TM3 see the bianisotropy,
determined, at least seven equations are required. In order {gnjje the other three waves are propagating as if the material
obtain these, we resort to multiple incidences as shown igere isotropic. The incidence TE2, containing béth and

Fig. 1(b), where each incidence gives two complex equa+, js more complicated than all the other incidences and the
tions, one for reflectiotS;;) and and the other one for trans- yetrieval method in this case has to be studied independently.
mission(S,,).

We propose a method to retrieve the above-mentioned
constitutive parameters of a homogeneous material from the
measuredS parameters. The analytical inversion equations As mentioned above, the incidence TEZ2 is very particular,
are proposed for homogeneous lossless bianisotropic mediand we shall study it in the next section. We show here that
and a numerical retrieval approach is presented for the casdl the other incidences share the same retrieval equations,
of lossy bianisotropic media. Both methods are verified byupon properly defining the effective impedance and the re-
numerical examples, where analyticglu, and & are sup- fractive index. For each incidence, the dispersion relation-
posed and are retrieved from tleparameters. Finally, we ship, together with the redefined impedance and refractive
use the retrieval method to study the properties of varioundex, is listed in Table I.

SRR-based metamaterials. The retrieval results corroborate Since the incidences TE1, TM2, and TE3 do not contain
the conclusions found in previously published work H, or E, components that cause the bianisotropy, they behave
[5,6,12,16. as if the medium were isotropic. In order to retrieve the
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A. Incidences other than TE2
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constitutive parameters in these cases, we use the previously (ko = pay)? + &5 i
published retrieval methods that deal with isotropic media - (kKo + 1)2+ & gl
[8-11]. The S parameters for a plane wave incident normally S = X ,uy2 2° ) (7b)
on a slab of an isotropic medium are expressed13/17 _ (kiko = py)* + foeiZkXd
_ (Ko + pay)? + &5
_ Ryy(1 - &) : : - o
S = 1 Réleizn"od , (48 wherek, is the wave number in the incidence direction inside

the medium, and the dispersion relationship is given in Table
I. In general, we cannot define an impedaz@nd a refrac-
(1- Rgl)e‘“"od tive indexn in order to simplify Eq.(7a and(7b) and solve
1= W (4b)  z andn analytically, as in the cases of incidences TM1 and
1 TMS3. Therefore, we resort to a numerical approach to solve
. . for u, and &, in Eq. (7@ and(7b).
wherek denptes the_ wave number of thg incident wave in ASy mentioned previously, using six incidences yields 12
free spaced is the thickness of the slal, is the refractive o4 aions for seven unknowns to be solved. Five of the un-
index, Ry, =(z=1)/(z+1) is the half-space reflection coeffi- \\,ns are therefore solved twice in this overdetermined
cient, andz is the |mpedance and'the admlttr_;mce for TE a”dproblem. We see from Table | that, e, and u, are each
TM waves, respectively. The retrieval equations [drH] retrieved twice. Also since, is obtained from the incidence

TM3, we solve foru, and §, twice using the following two

_ (1+8)°-S, methods.
SR NCECWEREA o

1. Method 1
i ] From the incidences TM1 and TM3, we obtain the expres-
inkod — l1 _ 2 ’
e =X£iV1 =X, Gb  sions ofu, and &;
whereX=1/2S,,(1-S,+S5,). The sign in Eq(5a) and(5b) s
is determined by the conditions for passive media, My = —6 2 ) (8)
zZ“TM1
Z =0, (6a)
€.
§§=ezuy(1— > ) (9)
N=0, (6b) Mx£Tv3

where zyy3 denotes the redefined impedance in the case of

where(-)’ and (:)” denote the real part and imaginary partincidence TM3(other variables with the incidence mode in
operators, respectively. The issues of the effective boundarigbe subscript are defined similaxlyThere exist two roots of
and the branch cut of the real partrofire solved in the way &, and the one that yields a better match between the calcu-
described i 11]. lated[by Eq.(7a) and(7b)] and the measure@r simulated

For incidences TM1 and TM3, we use the method pro-S parameters is identified as the corregt value of the
posed in[18—2(Q to calculate thes parameters, and find that medium.
they take the same form as in the isotropic case, provided
that the impedance and the refractive inder are properly 2. Method 2

redefined as shown in Table I. Consequentlyand n for Wi L . .
T . . e use an optimization approach to obtgnFor a given
incidences TM1 and TM3 can also be retrieved using quo, we have the following relationship from the incidence

(5a) and(5b). T™3:

2
B. Incidence TE2 & (10)

My = _ .
Since the incidence TE2 contains bdth inducing an el - (sl
electric dipole in the direction, andg, inducing a magnetic  Thys, theS parameters for the case TE2 can be calculated
dipole in they direction, it shows stronger bianisotropy than ysing Eq.(7a and (7b) for the given&,. The value ofg, is

the incidences TM1 and TM3. Th8 parameters for inCi-  gptained by optimizing its real and imaginary parts so that
dence TE2 can be obtained by using the method presented iRe calculatedS parameters match the measured simu-

[18,19, and their analytical expressions are as follows:  |ateq ones. The optimization method we are using here is
the differential evolution algorithrh21].
My~ Kk —1&o 1 - d2d While method 1 uses the TM1, TE2, and TM3 incidences
_ pytklko+ i§0( ) to '_solve foruy, and &, method 2 uses (_)nly TE2 and TM_3
1= (kfko— )2+ & (78 incidences. Yet we expect these two different mathematical
_X—'“u; i2k,d approaches to yield the same retrieval results, which will be
(kKo + pay)* + & shown later in the numerical verification.
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C. Incidence TE2: Lossless media DC'-B' D2
It is worth mentioning that there is an analytical approach z= A 4 (143

to solve for u, and &, in a special case. When the wave
numberk, and the constitutive parameters are real numbers,

: ) L . 1
which refers to a propagating wave inside a lossless medium, Z'=-D, (14b)
it can be shown that th& parameters in Eq.7a) and (7b) 2
reduce to where
_ Ryl -€) =28, - (41—
S = W' (119 A=2S,-(S;+1-S3, (153
2 ainkgd B= 28_I.1+ (§1+ 1 _gl)! (15b)
(1~ [Rose
$1= TR 22k (11b)
~[Roil%e C=%,+S,-1, (150
where the refractive inder and the impedance are rede-
fined as in Table I. For convenience, we call the retrieval _A'B'-A'B" (150)
method in this case a lossless retrieval, while the retrieval TA'CT+A'C
method in the previous section is referred to as a lossy re- ) ) ) o
trieval. In what follows, we solve fon andz by inverting Oncezis obtainedn can be solved via Eq13). Similarly
Eq. (118 and(11b as to the lossy case, we have two different methods to solve for
uy and &, in the lossless case.
Su_ inkod _ inkod Ro1
S (¢ € )|R01|2— 1’ (123 1. Method 1
The component, is calculated from the incidences TM1
1 = ginkod 1 (ginked — grinkod) 1 (12b) and TM3, as shown in Eq8). Fromzg, listed in Table |, we
Sy |Roa2-1 obtain
Eliminating e"kod—enkod, we find 1 py
&= o\ 5~ €re2)- (16)
gt = R =S (13 ™
SZlROl
Substituting Eq.(13) into Eq. (128, and using |Ry|? 2. Method 2
=Ry1R,1, We eventually obtain the value afas From the results for the cases TE2 and TM3, we get
B R ﬁ:&;llynzll c’l = Anafyt!cal T4 )
20 ‘1o RetriZthed efl 1 ..: mgﬁjﬁ””
‘ : |_©_Retrieved ¢} © Retrieved y;
10| S T ‘| = Retrieved p,
Retrieved pi
_lo _m ,,,,,
201 - —40
I T ;315 mé G lngi ¢ 63 R l:_tfs n © 1-51251 6 6&5
e roaueney FIG. 2. Comparison of the analytical and the
retrieved results for a lossless homogeneous me-
@)e, (®) 12y dium. The curves withd andO are the retrieval
results using method 1, and the curves wih
—Analytical & and + are from method 2. Note that the markers
| =~ Analytical &5}...4 in the figure are hard to distinguish because the
o Retrieved £ . .
o Retrieved &/ results are almost identical for the two methods.
» Retrieved & |
o Retrieved £

5 35 4 45 5 55 6 65
Frequency {GHz)

©é&
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wency (GHz) ency [GHa] FIG. 3. Comparison of the analytical and the
retrieved results for a lossy homogeneous me-
()¢, ) py dium. The curves witli] andO are the retrieval
results using method 1, and the curves wih
N Analytcal & and + are from method 2. Note that the markers
, uﬁgﬁfvﬁ]g" in the figure are hard to distinguish because the
° Remevedg‘?' results are almost identical for the two methods.
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© &
_ MieathZivs &N =) = pdf) =1,
My = T (17
z where the coefficients are chosen arbitrarily to®e=1.5,
Consequently, the value @f is calculated using Eq16). C,=1.0,C3=2.0,C4=0.5, andf;,=5.0 GHz.
The constitutive parameters are retrieved using the loss-
1. NUMERICAL VALIDATION less retrieval method presented in the previous section. For

the nondispersive components, the retrieval results agree ex-
The retrieval equations presented in the previous sectioACtly with the above given values. For the dispersive compo-
have first been validated using analytical models. In this pronents, the retrieved results are compared with the analytical
cess, a slab of a given thickness is assigned the constitutines in Fig. 2. The retrieval results near the resonance are
parameters of Eq:3), where each component of the consti- divergent and become numerically unstable; thus they are not
tutive tensors is described by a frequency dispersive modé&hown here. Slightly away from this resonant region, how-
(or by a positive constant in some casesither lossy or €ver, the retrieved results are in perfect agreement with the
lossless. Th& parameters are computed analytically, and ardnput functions, which validates the proposed lossless re-
used as input to the retrieval algorithms. The retrieved patrieval method.

rameters are obviously expected to match exactly the input
functions. B. Retrieval for lossy media

A Retrieval for lossless media In order to prove the validity of the proposed retrieval

method for lossy media, we retrieve the constitutive param-
For a lossless medium, the constitutive parameters areters of the following homogeneous lossy bianisotropic me-
chosen to follow the form proposed 6] (note the differ-  dium

ence in the coordinate systems used in this paper affl)in

(f)=C4,
e(H=Cy, “(0=6

&) = 6+ CofyP2- 1), A = LRI o ined)
py(F) = 1 +Cy(fYf2 - 1), py(F) = L =Frof (£ = £+ i),
&(f) = Cof/f(F3F2 - 1), &(f) = 1 =F (2= f2+i,f),
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FIG. 4. Retrieval results for a lossless edge-coupled SRR metamaterial whose unit cell is shown(ia Rigirlg a retrieval method not
considering the bianisotropy. The retrievad (a) and ¢, (c) show negative imaginary parts around the resonance, which violates physical
laws [15] and therefore indicates that the results are not reliable in the corresponding region. Those results difficult to read within the

resonance band are not showr{é@and(f). The shaded region indicates the frequency range where the mismatch ofugithres, exceeds
the thresholdMz>0.25.

1

qufemy [GHz]S 0 2—7 6 8 10 FIG. 5. Retrieval results for a lossless edge-
Frequency [GHz] coupled SRR metamaterial whose unit cell is
shown in Fig. 1a), using lossless retrieval for
bianisotropic media. The subscripts 1 and 2 de-
o b e. X ¢

note the results obtained from the proposed meth-
ods 1 and 2, respectively. Those results difficult
to read within the resonance band are not shown
here. The shaded region indicates the frequency
range where the mismatch of eithey or &, ex-
ceeds the thresholdMg>0.25.
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ey(f) = uy(f) = u(f) = C,. TABLE II. Frequency rangeén GHz) of unsatisfactory match
for the retrieveduy, €, and &,

Here we choose arbitraril¢;=2.0,C,=1, f.=6.0 GHz,f,,

=f;=5.0 GHz, ¥.=0.4 GHz, y,=0.2 GHz, ¥,=0.6 GHz, For For e, or & Total range
andFe=F,=F,=0.4.

The constitutive parameters are retrieved using the lossyFig. 4 6.9-9.3 6.6-8.5 6.6-9.3
retrieval method proposed previously. For the dispersiveFig. 5 7.2-7.9,8.1-85 7.2-7.5,8.1-85 7.2-7.9,8.1-85
components, the retrieved results are compared with the anagig. 6 3.9-4.8 4.1-45 3.9-4.8
lytical ones in Fig. 3, where a perfect agreement can be seergjg 7 59-6.7 6.0-6.5 5.9-6.7

It is worth mentioning that the losses avoid the divergence of
€, 1y, and &, which is advantageous for the retrieval

algorithm. ponent of the magnetic field produces an electric dipole in
the Z direction and the component of the electric field pro-
duces a magnetic dipole in tHedirection, the bianisotropy
terms in Eq.(3) cannot be neglectgd]. It is no surprise to
see the unsuccessful retrieval ef and u,, since ¢, is

The edge-coupled SRR-based metamaterial shown in Figoupled with both of them in the incidences TM1, TE2, and
1(a) has been studied and proven to exhibit bianisotropyTM3 (see Table)l
[5,6], which has been corroborated by the studiekliz 16 When a lossless retrieval for bianisotropic media is ap-
In this section, we apply our retrieval method to a metamaplied, the retrievedu,, u,, €, ande, are identical to the ones
terial composed of edge-coupled SRRs in order to quantifghown in Fig. 4, while the retrieved, u,, and&; are shown
rigorously the magnitude of the bianisotropic term as a funcin Fig. 5. Unlike in the situation when an anisotropic re-
tion of frequency. The retrieval results show that the edgetrieval is used, we observe a good match between the two
coupled SRR structure indeed presents a strong bianisotropgtrieved values for bot, and ¢,, except around the reso-
while a slight modification of it exhibits no bianisotropy, nance frequencies, a range known to be hard to deal with in
which agrees with the conclusion found|i5,6]. the retrieval of metamaterial paramet¢f®,11]. To show
quantitatively a better match in Fig. 5, we define the relative
mismatch(Mg) of u, as
'

IV. RETRIEVAL RESULTS FOR SRR-BASED
METAMATERIAL

A. Why bianisotropy is needed

In order to illustrate the necessity of using a retrieval . |Mx1| "'|sz|
. . o . - . ; 0 if < a,
method in which bianisotropy is considered, we first retrieve 2

the effective constitutive parameters of an edge-coupled SRR M
metamaterial shown in Fig.(d) using the isotropic retrieval
method[11]. Each component of the permittivity and the
permeability tensor is retrieved exactly twice since an isotro- L
pic retrieval is carried out for each of the six incidences, (18)
where theS parameters are obtained using the periodic finite-

difference time-domain metho[R22]. The retrieved results where o is a small positive number. The smalldtg, the

are shown in Fig. 4. While we observe good agreements ibetter the matching between the two results. The relative
the retrievedu,, u,, €, ande, (except around the resonance mismatch fore, and & can be defined similarly. We refer to
there is a noticeable mismatch between the two retrievathe frequency wherdly is larger than a constag as the
methods for the parametees and u,, which indicates that unsatisfactory matching frequency. For the parameters
the anisotropic model is not sufficient to describe the homo=0.25 andB=0.25, the unsatisfactory matching frequency
geneity of an edge-coupled SRR metamaterial shown in Figanges foruy, €, in Fig. 4 andu,,&, in Fig. 5 are listed in
1(a). Therefore, a better model is needed. Sinceyttvwm-  Table Il. The total unsatisfactory frequency ranges in which

R(My) =3 |Myl - ILLy2|

1 otherwise,
5(|My1| + |/-Ly2|)

4 s T 2
P s—a &, :
-0 & A
l »--x &2 H “":“ "
o] Pt FIG. 6. Retrieval results for a lossy edge-
TS S-0 404 i, {0-$-6-0-0:9-0 coupled SRR metamaterial, whose unit cell is the
o same as that in Fig.(d) except that the back-
-1 : f.‘“f‘f‘f“" i ground material is lossgr=0.042 S/mg,=3.4).
e : e The shaded region indicates the frequency range
2 3 4 5 6 B T T S S S— where the mismatch of eithgi, or & exceeds
Frequency [GHz] Frequency [GHz] the thresholdMg>0.25).
(@) py () &
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4 7 os -
] . —a {y, i
2 i ; } ] *-o L0 ;
4 »em o i B . .
: : i 00 i FIG. 7. Retrieved results for a broadside-
000000 00— J £ y coupled SRR metamaterial, where a negligigje
= ] 4 : ' is observed(except around the resonance 5.9
2l e-epn & GHz-6.7 GHz; see Table }JIThose results diffi-
- "t‘i',z : : : cult to read within the resonance band are not
P Lailat - : 05 i 8 ' shown here. The shaded region indicates the fre-

10 4 10

p,.eq,fe"cy [GH,]S quency range where the mismatch of eitpgror

&, exceeds the threshold1z>0.25.

6 8
Frequency [GHz]

(@) py ®) &

either u, or ¢, (or &) does not match well are also given in retrieve a zero or negligible bianisotropy term using the pro-
Table II. We find that the unsatisfactory matching frequencyposed retrieval method.
range in Fig. 5 is narrower than that in Fig. 4. Since there is no loss in the system, we apply the lossless
Compared tg5,6], we see that the shapes of the retrievedretrieval method to obtain the results shown in Fig. 7. It is
uy and e, agree with the models proposed[#,6], but that  seen that the retrieve is close to zero in most frequencies
the resonances @f andu, are not equal to each othge, at  except around the resonance, which agrees with the argu-
7.5 GHz, ¢, at 8.0 GH2. The fact that the two retrieval ment in [5,6] that the broadside-coupled SRR does not
results now match well for botlx, and &, and that the re- present bianisotropy due to the symmetry of the electric
trieved &, is not negligible proves the existence of the bi- charges and the currents. The successful retrieval results

anisotropy in the edge-coupled SRR metamaterial. show that although the proposed retrieval method was ini-
tially constructed for the retrieval of bianisotropic media, it
B. Lossy retrieval can also be applied to anisotropic media.

Next, we apply the lossy retrieval method to retrieve the
effective constitutive parameters of a lossy metamaterial.
The SRR structure and the unit cell are same as shown in A useful tool is proposed to study the properties of bi-
Fig. 1(a), but the whole unit cell is filled with a lossy mate- anisotropic metamaterials by retrieving their effective consti-
rial with the relative permittivitye, =3.4 and the conductivity tutive parameters from measurements of §parameters.
0=0.042 S/m(yielding an imaginary part o€ of 0.0le; at  Analytical inversion equations are proposed to retrieve the
7.5 GHz, the resonance frequency of the SRR structurgonstitutive parameters of homogeneous lossless bianisotro-
which is shown in Fig. b The retrieval results are shown in pic media, while a numerical approach is proposed for lossy
Fig. 6, where we observe a good match between the twbianisotropic media. Both methods have been validated first
retrieved values for botl, and &, (except around the reso- using analytical functions as input values for the constitutive
nance 3.9-4.8 GHz; see also Tablg We also see notice- parameters and second, using simula&@qzhrameters of real

V. CONCLUSIONS

able imaginary parts in the retrieved parameters. split-ring structures. The retrieval results qualitatively cor-
roborate the conclusions of previously published articles,
C. Retrieval of broadside-coupled SRR metamaterial proving the existence of bianisotropy in edge-coupled

i i , SRR metamaterials, but not in broadside-coupled SRR
The proposed retrieval method is a tool for studying not

. - : ) . “'metamaterials.
only the properties of bianisotropic media, but also aniso-

tropic media in which the retrieved bianisotropic term is ex-

pected to be close to zero. We retrieve here the effective

constitutive parameters of a broadside-coupled SRR This work was sponsored by the Department of the Air
metamaterial, which is anisotropic as propose@5is]. The  Force under Air Force Contract No. F19628-00-C-0002,
edge-coupled SRR shown in Fig(@l can be slightly modi- DARPA under Contract No. N00014-03-1-0716, and the
fied to be a broadside-coupled SR&ee Fig. 3. of 6]) by = ONR under Contract No. N00014-01-1-0713. Opinions, in-
increasing the inner SRR to the size of the outer one and bterpretations, conclusions and recommendations are those of
separating the two rings by a certain distafi@d.25 mm in  the author and are not necessarily endorsed by the United
our simulation. For this anisotropic structure, we expect to States Government.
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