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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 of theS parameters. 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.
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I. INTRODUCTION

Left-handed materials have been realized as metamateri-
als, which most commonly consist of infinite metallic wires
and split-ring resonatorssSRRsd f1–3g. While the infinite
metallic wires behave like a plasma, thus providing a nega-
tive permittivity sed, periodic arrays of SRRs give a negative
permeabilitysmd. Since the metamaterials present bulk prop-
erties when the spacing between the rings is much smaller
than the wavelength, it is justified to look for their effective
constitutive parameters. The constitutive parameters can be
obtained either by numerically calculating the ratios of the
electromagnetic fieldsf4g, which is easy to use in numerical
simulation but hard to apply in an experimental situation, or
by some approximate analytical modelsf5–7g, which give
insight into the relationship between the physical properties
and geometrical properties of the metamaterial but are not
straightforward to use in metamaterials with complicated
structures. Another common method to retrieve the constitu-
tive parameters is to use the reflection and transmission co-
efficientssor S parametersd f8–11g, which can be applied to
both simple and complicated structures, and can use both
numerical and experimental data.

The retrieval methods published so far deal with isotropic
permittivities and permeabilities. However, it is known al-
ready that the metamaterials are intrinsically anisotropic be-
cause of the orientations of the rings and rods in space, and
that they are also possibly bianisotropic because of the spe-
cific properties of their split rings. For example, it has been
shown inf5,6g that the original concentric split ring exhibits
a bianisotropic behavior, directly due to its geometry. Con-
sequently, the existing retrieval algorithms need to be im-
proved to take into account these additional properties.

In this paper, we extend the work presented inf11g and
present a methodology to retrieve bianisotropic parameters
as well. Although our approach is general, we derive it here
for the specific retrieval of the bianisotropic term expected
from the original concentric split-ring resonatorf2g, shown
in Fig. 1sad. The SRR structure is made of two concentric
rings, each interrupted by a small gap. For convenience, we
refer to this SRR structure as the edge-coupled SRRf5g. It
has been pointed outf6,12g that this structure presents bi-
anisotropy: A magnetic field in theŷ direction induces an
electrical dipole in theẑ direction due to the asymmetry of
the inner and outer rings, and an electric field in theẑ direc-

FIG. 1. Unit cell of a metamaterial composed of the edge-coupled SRR upon which six incidences are used to obtain theS parameters
from finite-difference time-domain simulations.sad Structure of the edge-coupled SRR: The unit cell is a cube of edgea=5.25 mm. The
parameters of the SRR areg=d=0.125 mm,c=0.25 mm, andw=3.75 mm. The background medium is free space.sbd Modes 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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tion, producing an unbalanced current distribution in the
rings, induces a magnetic dipole in theŷ direction. Suppos-
ing that the medium is reciprocalf6,13–15g, the constitutive
relationships can be written as

D̄ = e% · Ē + j% · H̄, s1d

B̄ = m% · H̄ + z% · Ē, s2d

where

e% = e01ex 0 0

0 ey 0

0 0 ez
2, m% = m01mx 0 0

0 my 0

0 0 mz
2 ,

j% =
1

c10 0 0

0 0 0

0 − ij0 0
2, z% =

1

c10 0 0

0 0 ij0

0 0 0
2 , s3d

wheree0 andm0 are the permittivity and permeability of free
space respectively, andc is the speed of light in free space.
Note thatex,ey,ez,mx,my,mz, and j0 are all dimensionless
quantities. Since there are seven complex unknowns to be
determined, at least seven equations are required. In order to
obtain these, we resort to multiple incidences as shown in
Fig. 1sbd, where each incidence gives two complex equa-
tions, one for reflectionsS11d and and the other one for trans-
missionsS21d.

We propose a method to retrieve the above-mentioned
constitutive parameters of a homogeneous material from the
measuredS parameters. The analytical inversion equations
are proposed for homogeneous lossless bianisotropic media,
and a numerical retrieval approach is presented for the case
of lossy bianisotropic media. Both methods are verified by
numerical examples, where analyticale ,m, and j0 are sup-
posed and are retrieved from theS parameters. Finally, we
use the retrieval method to study the properties of various
SRR-based metamaterials. The retrieval results corroborate
the conclusions found in previously published work
f5,6,12,16g.

Although the retrieval method proposed in this paper is
used to retrieve the constitutive parameters of media with the
bianisotropy in theyz positionfsee Eq.s3dg, it can be easily
generalized to retrieve the constitutive parameters of a me-
dium with the bianisotropy coupling other field components.
Therefore, a general analysis tool can be constructed for the
study of bianisotropic properties of metamaterials.

II. RETRIEVAL METHODS

In this section, we present the retrieval equations for me-
dia described by Eq.s3d from the knowledge of theSparam-
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
to be obtained numerically. Among the six incidences we
need as shown in Fig. 1sbd, three are TE modes and three are
TM modes. Note that theS parameters are defined in terms
of the electric and magnetic fields for the TE and TM inci-
dences, respectively. We see from Eqs.s1d and s3d that only

the y component ofH̄ contributes toD̄, and similarly only

the z component ofĒ contributes toB̄. Thus, among the six
incidences, only TM1, TE2, and TM3 see the bianisotropy,
while the other three waves are propagating as if the material
were isotropic. The incidence TE2, containing bothHy and
Ez, is more complicated than all the other incidences and the
retrieval method in this case has to be studied independently.

A. Incidences other than TE2

As mentioned above, the incidence TE2 is very particular,
and we shall study it in the next section. We show here that
all the other incidences share the same retrieval equations,
upon properly defining the effective impedance and the re-
fractive index. For each incidence, the dispersion relation-
ship, together with the redefined impedance and refractive
index, is listed in Table I.

Since the incidences TE1, TM2, and TE3 do not contain
Hy or Ez components that cause the bianisotropy, they behave
as if the medium were isotropic. In order to retrieve the

TABLE I. Dispersion relationship, redefined impedance, and redefined refractive index for each incidence
of Fig. 1sbd.

Case Dispersion relationship z n Solved components

TE1 kz
2=k0

2eymx
Îmx/ey

Îeymx ey,mx

TM1 kz
2=k0

2sexmy− ex/ ezj0
2d ex

Îexmy− ex/ ezj0
2

Îexmy− ex/ ezj0
2 ex

TE2 kx
2=k0

2sezmy−j0
2d my

Îezmy−j0
2+ ij0

Îezmy−j0
2

TM2 kx
2=k0

2eymz
Îey/mz

Îeymz ey,mz

TE3 ky
2=k0

2exmz
Îmz/ex

Îexmz ex,mz

TM3 ky
2=k0

2sezmx− mx/myj0
2d ez

Îezmx− mx/myj0
2

Îezmx− mx/myj0
2 ez
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constitutive parameters in these cases, we use the previously
published retrieval methods that deal with isotropic media
f8–11g. TheSparameters for a plane wave incident normally
on a slab of an isotropic medium are expressed byf13,17g

S11 =
R01s1 − ei2nk0dd
1 − R01

2 ei2nk0d , s4ad

S21 =
s1 − R01

2 deink0d

1 − R01
2 ei2nk0d , s4bd

wherek0 denotes the wave number of the incident wave in
free space,d is the thickness of the slab,n is the refractive
index, R01=sz−1d / sz+1d is the half-space reflection coeffi-
cient, andz is the impedance and the admittance for TE and
TM waves, respectively. The retrieval equations aref11g

z= ±Îs1 + S11d2 − S21
2

s1 − S11d2 − S21
2 , s5ad

eink0d = X ± iÎ1 − X2, s5bd

whereX=1/2S21s1−S11
2 +S21

2 d. The sign in Eq.s5ad ands5bd
is determined by the conditions for passive media,

z8 ù 0, s6ad

n9 ù 0, s6bd

where s·d8 and s·d9 denote the real part and imaginary part
operators, respectively. The issues of the effective boundaries
and the branch cut of the real part ofn are solved in the way
described inf11g.

For incidences TM1 and TM3, we use the method pro-
posed inf18–20g to calculate theS parameters, and find that
they take the same form as in the isotropic case, provided
that the impedancez and the refractive indexn are properly
redefined as shown in Table I. Consequently,z and n for
incidences TM1 and TM3 can also be retrieved using Eq.
s5ad and s5bd.

B. Incidence TE2

Since the incidence TE2 contains bothHy inducing an
electric dipole in theẑ direction, andEz inducing a magnetic
dipole in theŷ direction, it shows stronger bianisotropy than
the incidences TM1 and TM3. TheS parameters for inci-
dence TE2 can be obtained by using the method presented in
f18,19g, and their analytical expressions are as follows:

S11 =

my − kx/k0 − ij0

my + kx/k0 + ij0
s1 − ei2kxdd

1 −
skx/k0 − myd2 + j0

2

skx/k0 + myd2 + j0
2ei2kxd

, s7ad

S21 =

S1 −
skx/k0 − myd2 + j0

2

skx/k0 + myd2 + j0
2Deikxd

1 −
skx/k0 − myd2 + j0

2

skx/k0 + myd2 + j0
2ei2kxd

, s7bd

wherekx 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 impedancez and a refrac-
tive indexn in order to simplify Eq.s7ad ands7bd and solve
z andn analytically, as in the cases of incidences TM1 and
TM3. Therefore, we resort to a numerical approach to solve
for my andj0 in Eq. s7ad and s7bd.

As mentioned previously, using six incidences yields 12
equations for seven unknowns to be solved. Five of the un-
knowns are therefore solved twice in this overdetermined
problem. We see from Table I thatex,ey, and mz are each
retrieved twice. Also sinceez is obtained from the incidence
TM3, we solve formy andj0 twice using the following two
methods.

1. Method 1

From the incidences TM1 and TM3, we obtain the expres-
sions ofmy andj0:

my =
exmxzTM3

2

ezzTM1
2 , s8d

j0
2 = ezmyS1 −

ez

mxzTM3
2 D , s9d

wherezTM3 denotes the redefined impedance in the case of
incidence TM3sother variables with the incidence mode in
the subscript are defined similarlyd. There exist two roots of
j0

2, and the one that yields a better match between the calcu-
latedfby Eq. s7ad ands7bdg and the measuredsor simulatedd
S parameters is identified as the correctj0 value of the
medium.

2. Method 2

We use an optimization approach to obtainj0. For a given
j0, we have the following relationship from the incidence
TM3:

my =
j0

2

ezf1 − ez/smxzTM3
2 dg

. s10d

Thus, theS parameters for the case TE2 can be calculated
using Eq.s7ad and s7bd for the givenj0. The value ofj0 is
obtained by optimizing its real and imaginary parts so that
the calculatedS parameters match the measuredsor simu-
latedd ones. The optimization method we are using here is
the differential evolution algorithmf21g.

While method 1 uses the TM1, TE2, and TM3 incidences
to solve formy and j0, method 2 uses only TE2 and TM3
incidences. Yet we expect these two different mathematical
approaches to yield the same retrieval results, which will be
shown later in the numerical verification.
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C. Incidence TE2: Lossless media

It is worth mentioning that there is an analytical approach
to solve for my and j0 in a special case. When the wave
numberkx and the constitutive parameters are real numbers,
which refers to a propagating wave inside a lossless medium,
it can be shown that theS parameters in Eq.s7ad and s7bd
reduce to

S11 =
R01s1 − ei2nk0dd
1 − uR01u2ei2nk0d , s11ad

S21 =
s1 − uR01u2deink0d

1 − uR01u2ei2nk0d , s11bd

where the refractive indexn and the impedancez are rede-
fined as in Table I. For convenience, we call the retrieval
method in this case a lossless retrieval, while the retrieval
method in the previous section is referred to as a lossy re-
trieval. In what follows, we solve forn and z by inverting
Eq. s11ad and s11bd as

S11

S21
= seink0d − e−ink0dd

R01

uR01u2 − 1
, s12ad

1

S21
= eink0d + seink0d − e−ink0dd

1

uR01u2 − 1
. s12bd

Eliminating eink0d−e−ink0d, we find

eink0d =
R01 − S11

S21R01
. s13d

Substituting Eq. s13d into Eq. s12ad, and using uR01u2
=R01R01

* , we eventually obtain the value ofz as

z8 =ÎDC9 − B8

A8
−

D2

4
, s14ad

z9 =
1

2
D, s14bd

where

A = 2S11 − sS11
2 + 1 −S21

2 d, s15ad

B = 2S11 + sS11
2 + 1 −S21

2 d, s15bd

C = S11
2 + S21

2 − 1, s15cd

D =
A9B8 − A8B9

A9C9 + A8C8
. s15dd

Oncez is obtained,n can be solved via Eq.s13d. Similarly
to the lossy case, we have two different methods to solve for
my andj0 in the lossless case.

1. Method 1

The componentmy is calculated from the incidences TM1
and TM3, as shown in Eq.s8d. FromzTE2 listed in Table I, we
obtain

j0 =
1

2i
S my

zTE2
− ezzTE2D . s16d

2. Method 2

From the results for the cases TE2 and TM3, we get

FIG. 2. Comparison of the analytical and the
retrieved results for a lossless homogeneous me-
dium. The curves withh ands are the retrieval
results using method 1, and the curves with3
and + are from method 2. Note that the markers
in the figure are hard to distinguish because the
results are almost identical for the two methods.
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my =
nTE2

2 mxzTM3
2

ez
2 . s17d

Consequently, the value ofj0 is calculated using Eq.s16d.

III. NUMERICAL VALIDATION

The retrieval equations presented in the previous section
have first been validated using analytical models. In this pro-
cess, a slab of a given thickness is assigned the constitutive
parameters of Eq.s3d, where each component of the consti-
tutive tensors is described by a frequency dispersive model
sor by a positive constant in some casesd, either lossy or
lossless. TheSparameters are computed analytically, and are
used as input to the retrieval algorithms. The retrieved pa-
rameters are obviously expected to match exactly the input
functions.

A. Retrieval for lossless media

For a lossless medium, the constitutive parameters are
chosen to follow the form proposed inf6g snote the differ-
ence in the coordinate systems used in this paper and inf6gd,

exsfd = C1,

ezsfd = ex + C2sf0
2/f2 − 1d−1,

mysfd = 1 +C3sf0
2/f2 − 1d−1,

j0sfd = C4f0/fsf0
2/f2 − 1d−1,

eysfd = mxsfd = mzsfd = 1,

where the coefficients are chosen arbitrarily to beC1=1.5,
C2=1.0, C3=2.0, C4=0.5, andf0=5.0 GHz.

The constitutive parameters are retrieved using the loss-
less retrieval method presented in the previous section. For
the nondispersive components, the retrieval results agree ex-
actly with the above given values. For the dispersive compo-
nents, the retrieved results are compared with the analytical
ones in Fig. 2. The retrieval results near the resonance are
divergent and become numerically unstable; thus they are not
shown here. Slightly away from this resonant region, how-
ever, the retrieved results are in perfect agreement with the
input functions, which validates the proposed lossless re-
trieval method.

B. Retrieval for lossy media

In order to prove the validity of the proposed retrieval
method for lossy media, we retrieve the constitutive param-
eters of the following homogeneous lossy bianisotropic me-
dium

exsfd = C1,

ezsfd = 1 −Fef
2/sf2 − fe

2 + igefd,

mysfd = 1 −Fmf2/sf2 − fm
2 + igmfd,

j0sfd = 1 −Fjf
2/sf2 − fj

2 + igjfd,

FIG. 3. Comparison of the analytical and the
retrieved results for a lossy homogeneous me-
dium. The curves withh ands are the retrieval
results using method 1, and the curves with3
and + are from method 2. Note that the markers
in the figure are hard to distinguish because the
results are almost identical for the two methods.
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FIG. 4. Retrieval results for a lossless edge-coupled SRR metamaterial whose unit cell is shown in Fig. 1sad, using a retrieval method not
considering the bianisotropy. The retrievedmx sad andex scd show negative imaginary parts around the resonance, which violates physical
laws f15g and therefore indicates that the results are not reliable in the corresponding region. Those results difficult to read within the
resonance band are not shown insed andsfd. The shaded region indicates the frequency range where the mismatch of eithermy or ez exceeds
the thresholdsMR.0.25d.

FIG. 5. Retrieval results for a lossless edge-
coupled SRR metamaterial whose unit cell is
shown in Fig. 1sad, using lossless retrieval for
bianisotropic media. The subscripts 1 and 2 de-
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 eithermy or j0 ex-
ceeds the thresholdsMR.0.25d.
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eysfd = mxsfd = mzsfd = C2.

Here we choose arbitrarilyC1=2.0, C2=1, fe=6.0 GHz, fm
= fj=5.0 GHz, ge=0.4 GHz, gm=0.2 GHz, gj=0.6 GHz,
andFe=Fm=Fj=0.4.

The constitutive parameters are retrieved using the lossy
retrieval method proposed previously. For the dispersive
components, the retrieved results are compared with the ana-
lytical ones in Fig. 3, where a perfect agreement can be seen.
It is worth mentioning that the losses avoid the divergence of
ez,my, and j0, which is advantageous for the retrieval
algorithm.

IV. RETRIEVAL RESULTS FOR SRR-BASED
METAMATERIAL

The edge-coupled SRR-based metamaterial shown in Fig.
1sad has been studied and proven to exhibit bianisotropy
f5,6g, which has been corroborated by the studies inf12,16g.
In this section, we apply our retrieval method to a metama-
terial composed of edge-coupled SRRs in order to quantify
rigorously the magnitude of the bianisotropic term as a func-
tion of frequency. The retrieval results show that the edge-
coupled SRR structure indeed presents a strong bianisotropy,
while a slight modification of it exhibits no bianisotropy,
which agrees with the conclusion found inf5,6g.

A. Why bianisotropy is needed

In order to illustrate the necessity of using a retrieval
method in which bianisotropy is considered, we first retrieve
the effective constitutive parameters of an edge-coupled SRR
metamaterial shown in Fig. 1sad using the isotropic retrieval
method f11g. Each component of the permittivity and the
permeability tensor is retrieved exactly twice since an isotro-
pic retrieval is carried out for each of the six incidences,
where theSparameters are obtained using the periodic finite-
difference time-domain methodf22g. The retrieved results
are shown in Fig. 4. While we observe good agreements in
the retrievedmx,mz,ex, andey sexcept around the resonanced,
there is a noticeable mismatch between the two retrieval
methods for the parametersez and my, which indicates that
the anisotropic model is not sufficient to describe the homo-
geneity of an edge-coupled SRR metamaterial shown in Fig.
1sad. Therefore, a better model is needed. Since they com-

ponent of the magnetic field produces an electric dipole in
the ẑ direction and thez component of the electric field pro-
duces a magnetic dipole in theŷ direction, the bianisotropy
terms in Eq.s3d cannot be neglectedf6g. It is no surprise to
see the unsuccessful retrieval ofez and my, since j0 is
coupled with both of them in the incidences TM1, TE2, and
TM3 ssee Table Id.

When a lossless retrieval for bianisotropic media is ap-
plied, the retrievedmx,mz,ex, andey are identical to the ones
shown in Fig. 4, while the retrievedez,my, andj0 are shown
in Fig. 5. Unlike in the situation when an anisotropic re-
trieval is used, we observe a good match between the two
retrieved values for bothmy andj0, except around the reso-
nance frequencies, a range known to be hard to deal with in
the retrieval of metamaterial parametersf10,11g. To show
quantitatively a better match in Fig. 5, we define the relative
mismatchsMRd of my as

MRsmyd =50 if
umy1u + umy2u

2
, a,

umy1 − my2u
1

2
sumy1u + umy2ud

otherwise, 6
s18d

where a is a small positive number. The smallerMR, the
better the matching between the two results. The relative
mismatch forez andj0 can be defined similarly. We refer to
the frequency whereMR is larger than a constantb as the
unsatisfactory matching frequency. For the parametersa
=0.25 andb=0.25, the unsatisfactory matching frequency
ranges formy,ez in Fig. 4 andmy,j0 in Fig. 5 are listed in
Table II. The total unsatisfactory frequency ranges in which

FIG. 6. Retrieval results for a lossy edge-
coupled SRR metamaterial, whose unit cell is the
same as that in Fig. 1sad except that the back-
ground material is lossyss=0.042 S/m,er =3.4d.
The shaded region indicates the frequency range
where the mismatch of eithermy or j0 exceeds
the thresholdsMR.0.25d.

TABLE II. Frequency rangessin GHzd of unsatisfactory match
for the retrievedmy,ez, andj0.

For my For ez or j0 Total range

Fig. 4 6.9–9.3 6.6–8.5 6.6–9.3

Fig. 5 7.2–7.9, 8.1–8.5 7.2–7.5, 8.1–8.5 7.2–7.9, 8.1–8.5

Fig. 6 3.9–4.8 4.1–4.5 3.9–4.8

Fig. 7 5.9–6.7 6.0–6.5 5.9–6.7
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eithermy or ez sor j0d does not match well are also given in
Table II. We find that the unsatisfactory matching frequency
range in Fig. 5 is narrower than that in Fig. 4.

Compared tof5,6g, we see that the shapes of the retrieved
my and ez agree with the models proposed inf5,6g, but that
the resonances ofez andmy are not equal to each othersmy at
7.5 GHz, ez at 8.0 GHzd. The fact that the two retrieval
results now match well for bothmy and j0 and that the re-
trieved j0 is not negligible proves the existence of the bi-
anisotropy in the edge-coupled SRR metamaterial.

B. Lossy retrieval

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
Fig. 1sad, but the whole unit cell is filled with a lossy mate-
rial with the relative permittivityer =3.4 and the conductivity
s=0.042 S/msyielding an imaginary part ofe of 0.01e0 at
7.5 GHz, the resonance frequency of the SRR structure,
which is shown in Fig. 5d. The retrieval results are shown in
Fig. 6, where we observe a good match between the two
retrieved values for bothmy andj0 sexcept around the reso-
nance 3.9–4.8 GHz; see also Table IId. We also see notice-
able imaginary parts in the retrieved parameters.

C. Retrieval of broadside-coupled SRR metamaterial

The proposed retrieval method is a tool for studying not
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
metamaterial, which is anisotropic as proposed inf5,6g. The
edge-coupled SRR shown in Fig. 1sad can be slightly modi-
fied to be a broadside-coupled SRRssee Fig. 3. off6gd by
increasing the inner SRR to the size of the outer one and by
separating the two rings by a certain distances0.125 mm in
our simulationd. For this anisotropic structure, we expect to

retrieve a zero or negligible bianisotropy term using the pro-
posed retrieval method.

Since there is no loss in the system, we apply the lossless
retrieval method to obtain the results shown in Fig. 7. It is
seen that the retrievedj0 is close to zero in most frequencies
except around the resonance, which agrees with the argu-
ment in f5,6g that the broadside-coupled SRR does not
present bianisotropy due to the symmetry of the electric
charges and the currents. The successful retrieval results
show that although the proposed retrieval method was ini-
tially constructed for the retrieval of bianisotropic media, it
can also be applied to anisotropic media.

V. CONCLUSIONS

A useful tool is proposed to study the properties of bi-
anisotropic metamaterials by retrieving their effective consti-
tutive parameters from measurements of theS parameters.
Analytical inversion equations are proposed to retrieve the
constitutive parameters of homogeneous lossless bianisotro-
pic media, while a numerical approach is proposed for lossy
bianisotropic media. Both methods have been validated first
using analytical functions as input values for the constitutive
parameters and second, using simulatedS parameters of real
split-ring structures. The retrieval results qualitatively cor-
roborate the conclusions of previously published articles,
proving the existence of bianisotropy in edge-coupled
SRR metamaterials, but not in broadside-coupled SRR
metamaterials.
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FIG. 7. Retrieved results for a broadside-
coupled SRR metamaterial, where a negligiblej0

is observedsexcept around the resonance 5.9
GHz–6.7 GHz; see Table II.d Those results diffi-
cult to read within the resonance band are not
shown here. The shaded region indicates the fre-
quency range where the mismatch of eithermy or
j0 exceeds the thresholdsMR.0.25d.
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