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Abstract—A simple approach is proposed for retrieving the forward
and backward wave impedances of lossless and lossy bianisotropic
metamaterials. Compared with other methods in the literature, its
main advantage is that forward and backward wave impedances can
be uniquely and noniteratively extracted. It has been validated for
both lossless and lossy bianisotropic metamaterials by performing a
numerical analysis. The proposed approach can be applied for checking
whether the metamaterial structure shows the bianisotropic property
by monitoring forward and backward wave impedances, since the
forward and backward wave impedances of a metamaterial structure
depend on different polarizations of the incident wave.

1. INTRODUCTION

Material characterization is an important issue in many material
production, processing, and management applications in agriculture,
food engineering, medical treatments, bioengineering, and the concrete
industry [1]. In addition, microwave engineering requires precise
knowledge of electromagnetic properties of materials at microwave
frequencies since microwave communications are playing more and
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more important roles in military, industrial, and civilian life [1]. For
these reasons, various microwave techniques have been proposed to
characterize the electrical properties of conventional materials with
consideration of the frequency range, required measurement accuracy,
sample size, state of the material (liquid, solid, powder and so
forth), destructiveness and non-destructiveness, contacting and non-
contacting, etc. [2–37].

In 1968, Veselago [38] developed the concept of a material with
a negative refractive index, which simultaneously exhibits negative
relative permittivity (εr) and negative permeability (µr) [39]. These
materials are referred to as either double negative metamaterials or
left-handed materials and obey the left-hand rule. They extend
the concept of conventional materials on account of properties
engineered through artificially fabricated structures instead of chemical
composition as in conventional electromagnetic properties [40]. Pendry
et al. proposed two composite components for the construction of
such materials as: a) arrays of thin metal wires giving a negative
εr [41, 42] and b) arrays of split-ring resonators (SRR) resulting in
negative µr [43].

Although, at a given frequency, any material supporting only one
propagating mode will generally exhibit a well-defined refractive index,
n, whether the material is continuous or not [44, 45], it is generally
not possible to assign a normalized impedance, z, to a non-continuous
material, since z strongly depends on surface termination or overall size
of the material [44]. However, if the wavelength of the wave is much
larger than the spacing between the composite components (scatterers)
and the size of respective components of the metamaterials [39], then it
is possible to consider the metamaterials as continuous materials and
to obtain a non-ambiguous z [46].

While it is possible to completely specify the metamaterials in
terms of n and z [44], it is often more convenient to choose a second
set of analytic variables that carry a direct material interpretation,
εr = n/z and µr = nz. In order to seek such effective constitutive
parameters, there are three methods [39]. The first method is to
numerically calculate the ratios of the electromagnetic field inside
metamaterials [42]. It is appropriate for numerical simulations but
not in experimental situations. The second method obtains the
constitutive parameters by using approximate analytical models [47].
This method, however, is not much feasible for complex structures.
The final method is to extract the parameters from scattering (S-)
parameters [44], which is suitable for both numerical simulation and
experimental point of view.

Due to asymmetry of the geometrical arrangement of the
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components such as SRRs [47, 48], most metamaterials possess
intrinsically anisotropic behavior. However, for one wave propagation
in a given direction, they can be considered as isotropic materials.
Therefore, the well-known Nicolson-Ross-Weir technique can be
utilized to extract the constitutive parameters of metamaterials
provided that they show continuous media property [2–6, 49–51]. There
are some severe problems in the retrieved values of z and n using this
technique. For example, extracted z and n values using the technique
are seriously affected by inaccuracy in the sample thickness [4, 44]
and uncertainty associated with low-value S-parameters [4, 5, 50]. In
addition, because of the presence of complex exponential in the
expressions of S-parameters, a unique retrieval for n is generally a
tricky issue, although some methods can handle such a problem [1, 19–
26]. Another problem is the presence of undesired and inaccurate
ripples in the extracted z values. The method proposed in [51] can
be utilized as a remedy for most of the problems discussed above.

In some configurations, metamaterials could also exhibit
bianisotropic properties, aside from anisotropic property, depending
on the shape of inclusions or wave polarization [47, 52, 53]. Chen
et al. [54] extracted effective constitutive parameters of bianisotropic
metamaterials from S-parameters for various wave polarizations. They
proposed a numerical approach for a plane wave polarized in the
z direction ( ~E//

_
z ) and incident in the x direction (~k//

_
x). In the

remainder of the manuscript, such a wave is specified by the triplet
{kx,−Hy, Ez} for right-handed coordinate system. Containing both
Hy and Ez components, the incident wave induces an electric dipole in

(a) (b) 

Figure 1. (a) Structure of the planar SRR and (b) a homogeneous
bianisotropic material slab with thickness d suspended in air and S-
parameters used in the determination of the forward and backward
wave impedances.
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the z direction and a magnetic dipole in the y direction (see Fig. 1(a)
below). Since unknown complex variables for characterizing the
problem are three (µy ξ0, and εz), they utilized forward reflection and
transmission complex S-parameters supplemented by data obtained
from other polarizations. In addition, in their approach, extracted
effective parameters must be obtained from a numerical method. To
eliminate the need for obtaining/measuring S-parameter for other
polarization and to obtain a noniterative result for the same problem,
Li et al. [39] have proposed a noniterative approach using forward
and backward reflection and transmission S-parameters for only
{kx,−Hy, Ez} wave polarization. Although it eliminates the necessity
of using a numerical approach and enables one to obtain the effective
parameters using only {kx,−Hy, Ez} wave polarization, retrieval of
effective constitutive parameters requires a prior knowledge of the
correct branch for the natural logarithm of the complex transmission
factor and the sample thickness as well. In addition, the method in [39]
does not show whether the wave impinging the bianisotropic structure
is a {kx,−Hy, Ez} wave polarization without assigning the correct
branch value. In this research paper, we propose an approach for
determining the polarity of the impinging wave without the necessity
of finding the correct branch for the real part of refractive index and
without knowing the sample thickness.

2. SCATTERING PARAMETERS

The problem of determining the wave impedance for forward and
backward directions, Z+ and Z−, without assigning a correct branch
value is shown in Fig. 1(a). In the figure, a plane wave polarized
in the z axis propagates along the x direction and is incident upon
a metamaterial structure consisting of SRRs. The SRR structure in
Fig. 1(a) has a bianisotropic property, since the electric field in the z
direction induces a magnetic dipole in the y direction due to asymmetry
of the inner and outer rings, while the magnetic field in the y direction
also induces an electric dipole in the z direction [39].

By assuming that the medium is reciprocal [55] and that the
harmonic time dependence is e−jωt, implying that ε′′r ≥ 0 and µ′′r ≥ 0
simultaneously at all frequencies (for the remainder of the paper, we
use primes and double primes for denoting real and imaginary parts of
a quantity) the constitutive relations can be written (E–H or Tellegen
representation [53]) as

~D = ε · ~E + ξ · ~H, (1)
~B = µ · ~H + ζ · ~E, (2)



Progress In Electromagnetics Research, Vol. 112, 2011 113

where

ε = ε0

(
εxx 0 0
0 εyy 0
0 0 εzz

)
, µ = µ0

(
µxx 0 0
0 µyy 0
0 0 µzz

)
, (3)

ξ =
1
c

( 0 0 0
0 0 0
0 −jξ0 0

)
, ς =

1
c

( 0 0 0
0 0 jξ0

0 0 0

)
(4)

In (3) and (4) ~E, ~H, ~D and ~B are, respectively, the electric and
magnetic field intensities and flux densities; and ε0 and µ0 are,
respectively, the permittivity and permeability of the vacuum; c is
the speed of light in vacuum; and other quantities are dimensionless
and are unknowns. In the present study, we will only deal with the
determination of forward and backward wave impedances entailed by
εzz, µyy, and ξ0, since other unknown four quantities (εxx, εyy, µxx,
and µzz) are not related to the bianisotropic structure in Fig. 1(a)
when a plane wave with a polarization in the z direction is incident in
the x direction.

From Maxwell’s curl equations [55] and using (3) and (4), we find

∂2Ez

∂x2
+ k2

xEz = 0,
∂2Hy

∂x2
+ k2

xHy = 0, (5)

Z+ =
−E+

z

H+
y

= Z0
µyy

(n + iξ0)
, Z− =

E−
z

H−
y

= Z0
µyy

(n− iξ0)
, (6)

z+ = Z+
/
Z0, z− = Z−

/
Z0, (7)

where

k2
x =k2

0

(
εzzµyy − ξ2

0

)
, Z0 =

√
µ0/ε0, kx = nk0, n = ∓

√
εzzµyy − ξ2

0 .

(8)
Here, Ez and Hy are, respectively, the z and y components of ~E and ~H;
kx and k0 are, respectively, the wave number of the wave propagating
in the x direction and in free-space; Z+ and Z− are, respectively, the
wave impedances inside the medium for forward (+x̂) and backward
(−x̂) propagations; z+ and z− are normalized (or nondimensionalized)
wave impedances in respective directions; Z0 is the wave impedance
(or intrinsic impedance) in air; and n is the refractive index of the
sample. It is seen from (5)–(8) that the important feature of a
bianisotropic metamaterial is that wave impedances are different for
waves propagating in forward and backward directions [39, 46].

For the derivation of S-parameters, we utilize the schematics of a
homogeneous bianisotropic material slab with thickness d suspending
in air as shown in Fig. 1(b). Writing incident, reflecting (if any),
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and transmitting wave fields in each region in Fig. 1(b) and imposing
the boundary conditions of continuous electric and magnetic field
transverse components at x = 0 and x = d, we derive the forward
and backward reflection and transmission S-parameters in compact
form as

S11 =
ΓA

(
1− T 2

)

1− ΓBT 2
, S21 = S12 =

ΓCT

1− ΓBT 2
, S22 =

ΓD

(
1− T 2

)

1− ΓBT 2
, (9)

where

ΓA =
z+ − 1
z+ + 1

=
µyy − (n + iξ0)
µyy + (n + iξ0)

, T = eikxd, (10)

ΓB =
(z+ − 1) (z− − 1)
(z+ + 1) (z− + 1)

=
(n− µyy)

2 + ξ2
0

(n + µyy)
2 + ξ2

0

, (11)

ΓC =
2 (z+ + z−)

(z+ + 1) (z− + 1)
=

4µyyn

(µyy + n)2 + ξ2
0

, (12)

ΓD =
z− − 1
z− + 1

=
µyy − (n− iξ0)
µyy + (n− iξ0)

. (13)

Substituting the expressions for ΓA, ΓB, ΓC and ΓD in (10)–(13)
into (9), we obtain the same expressions for S11, S21 and S22 as
in [39, 54]. The advantage of using compact form expressions instead
of explicit ones in [39, 54] will become clearer when we obtain the
forward and backward wave impedances noniteratively. In addition,
having determined the wave impedance for the metamaterial under
investigation, the Nicolson-Ross-Weir method [2–6, 27–37] or Smith-
Schultz-Markos-Soukoulis method [44] can directly be applied to
retrieve the remaining constitutive parameters.

Assuming that the bianisotropic behavior of the metamaterial
under investigation for the specific {kx ,−Hy, Ez} wave propagation
evanishes, one can assume z+ = z− = z. Incorporating this condition
into (9), we obtain

S11 = S22 =
Γ (1− T )
1− Γ2T 2

, S21 = S12 =
T

(
1− Γ2

)

1− Γ2T 2
, (14)

where
ΓA = Γ =

z − 1
z + 1

, ΓB = Γ2, ΓC = 1− Γ2. (15)

Therefore, determining the forward and backward wave impedances of
a metamaterial will give an insight on whether it has bianisotropy.
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3. RETRIEVAL OF WAVE IMPEDANCES FROM
SCATTERING PARAMETERS

Although the Nicolson-Ross-Weir method [2–6, 27–37] or Smith-
Schultz-Markos-Soukoulis method [44] is suitable for the retrieval of εr

and µr of metamaterials, it is not appropriate for composite materials
that possess reflection asymmetric structures (S11 6= S22) [33–37]. As a
result, one should resort to other approaches for the problem depicted
in Fig. 1.

It is clear from (10)–(13) that out of the four quantities ΓA, ΓB,
ΓC and ΓD, two of them give the remaining pair. For instance, the
pair ΓB and ΓC is obtained from ΓA and ΓD as ΓB = ΓAΓD and
ΓC = (1 + ΓA) + (1 + ΓD)− (1 + ΓA)(1 + ΓD). Our aim is to eliminate
T in S11, S22 and S21 from (9), which produces a multiple-solutions
set [29, 31]. To this end, using S11 in (9), we find

T 2 =
S11 − ΓA

ΓBS11 − ΓA
, T = ∓

√
S11 − ΓA

ΓBS11 − ΓA
. (16)

Then, substituting T 2 in (16) into S21 in (9), we find

S2
21

(
1− z+

)
=

[
(S11 + 1) + (S11 − 1) z+

] [
1− S11

(
z− − 1
z− + 1

)]
. (17)

Next, using S11 and S22 in (9), we find a relation between z− and z+

as

z− =
pz+ + 1
z+ + p

, p =
S11 + S22

S11 − S22
. (18)

Finally, incorporating z− from (18) into (17), we derive an equation of
z+ only

λAz+2 + λBz+ + λC = 0, (19)

where

λA = S2
21 − (1− S11) (1− S22) , λB = 2 (S11 − S22) , (20)

λC = (1 + S11) (1 + S22)− S2
21. (21)

When S11 = S22 (anisotropic metameterial) the general Equation (19)
reduces to

z+ = ∓
√

S2
21 − (1 + S11)

2

S2
21 − (1− S11)

2 , (22)

from which z+ = z− = z can be readily determined. We note that
the equation in (22) is identical to the expression for the normalized
impedance obtained from the inversion of the equations for the
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transmission and reflection coefficients in [44], which shows the validity
of the derived expressions (forward and inverse problems).

Although (19) gives two solutions for z+, only one of them is valid
for a passive medium by satisfying the following requirements based on
causality z+′ ≥ 0 (and z−′ ≥ 0). After z− can be uniquely determined
from (18). However, a unique solution for εzz, µyy, and ξ0 cannot
be obtained for one thicker slab material and a given frequency, since
complex T contains multiple branch values.

4. VALIDATION OF THE DERIVED EXPRESSIONS FOR
FORWARD AND BACKWARD WAVE IMPEDANCES IN
A BIANISOTROPIC METAMATERIAL

In the inverse problem (retrieval for z+ and z− using S11, S22, and S21),
we utilize constitutive parameters similar to those in [54] to examine
lossless and lossy bianisotropic metamaterials. Using the following
coefficients

C1 = 1.5, C2 = 1.0, C3 = 2.0, C4 = 0.5, f0 = 5.0 GHz, (23)

we find the constitutive parameters for a lossless bianisotropic medium
as

εxx (f)=C1, εyy (f)=1, εzz (f)=εxx (f)+C2κ, κ=1/
(
(f0/f)2−1

)
,(24)

µxx (f) = µzz (f) = 1, µyy (f) = 1 + C3κ, ξ0 (f) = C4 (f0/f)κ. (25)

In a similar fashion, using the following coefficients

C1 = 2.0, C2 = 1.0, fe = 6.0 GHz, fm = fξ = 5.0 GHz, (26)
Fe = Fm = 0.4, Fξ = 0.15, γe = γm = γξ = 0.4 GHz, (27)

we find the constitutive parameters for a lossy bianisotropic medium
as

εxx (f) = C1, εyy (f) = C2, εzz (f) = 1− Fef
2
/(

f2 − f2
e + iγef

)
, (28)

µxx (f) = µz (f) = C2, µyy (f) = 1− Fmf2
/(

f2 − f2
m + iγmf

)
, (29)

ξ0 (f) = 1− Fξf
2
/(

f2 − f2
ξ + iγξf

)
. (30)

Figs. 2 and 3 illustrate the dependence of the magnitudes and phases of
forward and backward reflection and transmission S-parameters over
frequency range 3–7GHz for the above lossless and lossy bianisotropic
metamaterial samples each with d = 7 mm. The chosen value of d is
consistent with the size of SRRs (typically a square with 4 mm to a
side) operating in the 3–7 GHz frequency range (see Figs. 2–5). Other
values for d could equally be used provided the spacing between SRRs
be kept much smaller than the operating wavelength.
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(a) (b)

Figure 2. (a) Magnitudes (dB) and (b) phases (radians) of forward
and backward reflection and transmission S-parameters for the lossless
bianisotropic metamaterial with d = 7mm (|S11| = |S22|).

(a) (b)

Figure 3. (a) Magnitudes (dB) and (b) phases (radians) of forward
and backward reflection and transmission S-parameters for the lossy
bianisotropic metamaterial with d = 7mm.

Figure 4. Analytical and retrieved values of normalized forward
and backward wave impedances (ohm) for the lossless bianisotropic
metamaterial.
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(a) (b)

Figure 5. (a) Forward and (b) backward anaytical and retrieved
normalized wave impedances (ohm) for the lossy bianisotropic
metamaterial.

Applying our proposed method, we extracted forward and
backward wave impedances for both sample, as shown in Figs. 4 and
5. It is seen from Figs. 4 and 5 that our proposed method is in good
agreement with the analytical formulae in (7). Since ε, µ, and ξ0 for
lossless materials in (23)–(25) are real functions, we note that z+′ and
z−′ (Fig. 4) overlap at the same value µyyn

′/(|n|2 + ξ2
0) (|·| designates

the absolute value of a quantity), an expression readily derived from
(6) and (7). But, we see that z+′′ and z−′′ are symmetric about the
frequency axis with corresponding values −µyy(n′′ ± ξ2

0)
/

(|n|2 + ξ2
0)

with µyyξ0 < 0 at all frequencies.
On the other hand, the lossy metamaterial (Fig. 5) shows two

different impedances for opposite directions on the propagation axis.
At frequencies close to the resonance (in our case, f = 5.0GHz),
the SRR medium exhibits asymmetric and inhomogeneous features.
However, up to f = 4.3GHz, the impedances are essentially the
same (z+′ ≈ z−′ and z+′′ ≈ −z−′′), implying that away from the
resonance the medium is much like a homogeneous material. In this
regard, Lorentz description for the constitutive parameters ε, µ, and
ξ0 in expressions (28)–(30) with resonant behavior are consistent with
the polarization considered. Upon exciting the resonant oscillation,
the electric field makes the current circulate inside the SRR and
hence couples to the magnetic resonance. As result, the SRR
exhibits a magnetoelectric coupled response which cannot be described
embodying only permittivity and permeability tensors [47, 52].

While the explicit forms for the S parameters (cf. Equations (5)
and (6) in [2]) require that the sample thickness be known, the
formalism developed here makes the specification of such a parameter
unnecessary. In fact, we note that the sample thickness d is explicitly
incorporated in equation (10) for the propagation factor T , which in
turn has been eliminated by combining S11, S21, and S22 from (9) to
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give relation (17) independent of T . This is consistent with the fact
that the impedance of a homogeneous slab of material does not depend
on its thickness.

5. CONCLUSION

A retrieval method has been proposed for extracting the forward
and backward wave impedances of lossless and lossy bianisotropic
metamaterials. The underlying expressions of forward and backward
reflection and transmission S-parameters are derived in a compact form
to able to noniteratively and unambiguously determine the forward
and backward wave impedances of bianisotropic metamaterials. The
proposed method has been validated for a lossless and a lossy
bianisotropic metamaterial by performing a numerical analysis. It
can be applied for checking whether the metamaterial structure
shows the bianisotropic property by monitoring forward and backward
wave impedances, since the forward and backward wave impedances
of a metamaterial structure manifest themselves at a specific wave
polarization.

ACKNOWLEDGMENT

One of the authors, U. C. Hasar (Mehmetcik), would like to
thank The Scientific and Technological Research Council of Turkey
(TUBITAK) Münir Birsel National Doctorate Scholarship and Master
of Science Scholarship, The Higher Education Council of Turkey
(YOK) Doctorate Scholarship, The Outstanding Young Scientist
Award in Electromagnetics of Leopold B. Felsen Fund, Binghamton
University Distinguished Dissertation Award, Binghamton University
Graduate Student Award for Excellence in Research, and Ataturk
University Science Encouragement Award for Publications for the year
2009, for supporting his studies.

REFERENCES

1. Chen, L. F., C. K. Ong, C. P. Neo, V. V. Varadan, and
V. K. Varadan, Microwave Electronics: Measurement and
Materials Characterization, John Wiley & Sons, West Sussex,
England, 2004.

2. Nicolson, A. M. and G. Ross, “Measurement of the intrinsic
properties of materials by time-domain techniques,” IEEE Trans.
Instrum. Meas., Vol. 19, No. 4, 377–382, 1970.



120 Hasar and Barroso

3. Weir, W. B., “Automatic measurement of complex dielectric
constant and permeability at microwave frequencies,” Proc. IEEE,
Vol. 62, No. 1, 33–36, 1974.

4. Baker-Jarvis, J., E. J. Vanzura, and W. A. Kissick, “Improved
technique for determining complex permittivity with the trans-
mission/reflection method,” IEEE Trans. Microw. Theory Tech.,
Vol. 38, No. 8, 1096–1103, 1990.

5. Boughriet, A. H., C. Legrand, and A. Chapoton, “Noniterative
stable transmission/reflection method for low-loss material
complex permittivity determination,” IEEE Trans. Microw.
Theory Tech., Vol. 45, No. 1, 52–57, 1997.

6. Chalapat, K., K. Sarvala, J. Li, and G. S. Paraoanu, “Wideband
reference-plane invariant method for measuring electromagnetic
parameters of materials,” IEEE Trans. Microw. Theory Tech.,
Vol. 57, No. 9, 2257–2267, Sep. 2009.

7. Zhang, H., S. Y. Tan, and H. S. Tan, “An improved method
for microwave nondestructive dielectric measurement of layered
media,” Progress In Electromagnetics Research B, Vol. 10, 145–
161, 2008.

8. Le Floch, J. M., F. Houndonougbo, V. Madrangeas, D. Cros,
M. Guilloux-Viry, and W. Peng, “Thin film materials characteri-
zation using TE modes,” Journal of Electromagnetic Waves and
Applications, Vol. 23, No. 4, 549–559, 2009.

9. Wu, Y. Q., Z. X. Tang, Y. H. Xu, and B. Zhang, “Measuring
complex permeability of ferromagnetic thin films using microstrip
transmission method,” Journal of Electromagnetic Waves and
Applications, Vol. 23, No. 10, 1303–1311, 2009.

10. Challa, R. K., D. Kajfez, J. R. Gladden, et al., “Permittivity
measurement with a non-standard waveguide by using TRL
calibration and fractional linear data fitting,” Progress In
Electromagnetics Research B, Vol. 2, 1–13, 2008.

11. Wu, Y., Z. Tang, Y. Yu, and X. He, “A new method to
avoid crowding phenomenon in extracting the permittivity of
ferroelectric thin films,” Progress In Electromagnetics Research
Letters, Vol. 4, 159–166, 2008.

12. He, X., Z. X. Tang, B. Zhang, and Y. Q. Wu, “A new deembedding
method in permittivity measurement of ferroelectric thin film
material,” Progress In Electromagnetics Research Letters, Vol. 3,
1–8, 2008.

13. Hasar, U. C., “Unique retrieval of complex permittivity of low-loss
dielectric materials from transmission-only measurements,” IEEE
Geosi. Remote Sens. Lett., Vol. 8, No. 3, 561–563, 2011.



Progress In Electromagnetics Research, Vol. 112, 2011 121

14. Hasar, U. C., “Accurate complex permittivity inversion from
measurements of a sample partially filling a waveguide aperture,”
IEEE Trans. Microw. Theory Tech., Vol. 50, No. 2, 451–457, 2010.

15. Hasar, U. C., “A generalized formulation for permittivity ex-
traction of low-to-high-loss materials from transmission measure-
ment,” IEEE Trans. Microw. Theory Tech., Vol. 58, No. 2, 411–
418, 2010.

16. Hasar, U. C., “A new microwave method for electrical
characterization of low-loss materials,” IEEE Microw. Wireless
Compon. Lett., Vol. 19, No. 12, 801–803, 2009.

17. Hasar, U. C., “A new calibration-independent method for
complex permittivity extraction of solid dielectric materials,”
IEEE Microw. Wireless Compon. Lett., Vol. 18, No. 12, 788–790,
2008.

18. Kharkovsky, S. N., M. F. Akay, U. C. Hasar, and C. D. Atis,
“Measurement and monitoring of microwave reflection and
transmission properties of cement-based specimens,” IEEE Trans.
Instrum. Meas., Vol. 51, No. 6, 1210–1218, 2002.

19. Rodriguez-Vidal, M. and E. Martin, “Contribution to numerical
methods for calculation of complex dielectric permittivities,”
Electron. Lett., Vol. 6, No. 16, 510, 1970.

20. Ness, J., “Broad-band permittivity measurements using the semi-
automatic network analyzer,” IEEE Trans. Microw. Theory Tech.,
Vol. 33, No. 11, 1222–1226, 1985.

21. Ball, J. A. R. and B. Horsfield, “Resolving ambiguity in
broadband waveguide permittivity measurements on moist
materials,” IEEE Trans. Instrum. Meas., Vol. 47, No. 2, 390–392,
1998.

22. Xia, S., Z. Xu, and X. Wei, “Thickness-induced resonance-
based complex permittivity measurement technique for barium
strontium titanate ceramics at microwave frequency,” Rev. Sci.
Instrum., Vol. 80, No. 11, 114703-1–4, 2009.

23. Hasar, U. C., “Unique permittivity determination of low-loss
dielectric materials from transmission measurements at microwave
frequencies,” Progress In Electromagnetics Research, Vol. 107, 31–
46, 2010.

24. Buyukozturk, O., T.-Y. Yu, and J. A. Ortega, “A methodology
for determining complex permittivity of construction materials
based on transmission-only coherent, wide-bandwidth free-space
measurements,” Cem. Concr. Compos., Vol. 28, 349–359, 2006.

25. Varadan, V. V. and R. Ro, “Unique retrieval of complex



122 Hasar and Barroso

permittivity and permeability of dispersive materials from
reflection and transmitted fields by enforcing causality,” IEEE
Trans. Microw. Theory Tech., Vol. 55, No. 10, 2224–2230,
Oct. 2007.

26. Ghodgaonkar, D. K., V. V. Varadan, and V. K. Varadan, “A free-
space method for measurement of dielectric constants and loss
tangents at microwave frequencies,” IEEE Trans. Instrum. Meas.,
Vol. 38, No. 3, 789–793, Jun. 1989.

27. Hasar, U. C., “A fast and accurate amplitude-only transmission-
reflection method for complex permittivity determination of lossy
materials,” IEEE Trans. Microw. Theory Tech., Vol. 56, No. 9,
2129–2135, Sep. 2008.

28. Hasar, U. C. and O. Simsek, “An accurate complex permittivity
method for thin dielectric materials,” Progress In Electromagnet-
ics Research, Vol. 91, 123–138, 2009.

29. Hasar, U. C. and C. R. Westgate, “A broadband and stable
method for unique complex permittivity determination of low-loss
materials,” IEEE Trans. Microw. Theory Tech., Vol. 57, No. 2,
471–477, Feb. 2009.

30. Hasar, U. C., “A new microwave method based on transmission
scattering parameter measurements for simultaneous broadband
and stable permittivity and permeability determination,” Progress
In Electromagnetics Research, Vol. 93, 161–176, 2009.

31. Barroso, J. J. and A. L. de Paula, “Retrieval of permittivity
and permeability of homogeneous materials from scattering
parameters,” Journal of Electromagnetic Waves and Applications,
Vol. 24, No. 11–12, 1563–1574, Aug. 2010.

32. Hasar, U. C. and E. A. Oral, “A metric function for fast and
accurate permittivity determination of low-to-high-loss materials
from reflection measurements,” Progress In Electromagnetics
Research, Vol. 107, 397–412, 2010.

33. Hasar, U. C., “Procedure for accurate and stable constitutive
parameters extraction of materials at microwave frequencies,”
Progress In Electromagnetics Research, Vol. 109, 107–121, 2010.

34. Hasar, U. C., “A microwave method for accurate and stable
retrieval of constitutive parameters of low- and medium-loss
materials,” IEEE Microw. Wireless Compon. Lett., Vol. 20,
Dec. 2010.

35. Hasar, U. C., “A microwave method for noniterative constitutive
parameters determination of thin low-loss or lossy materials,”
IEEE Trans. Microw. Theory Tech., Vol. 57, 1595–1601,
Jun. 2009.



Progress In Electromagnetics Research, Vol. 112, 2011 123

36. Hasar, U. C., C. R. Westgate, and M. Ertugrul, “Noniterative
permittivity extraction of lossy liquid materials from reflection
asymmetric amplitude-only microwave measurements,” IEEE
Microw. Wireless Compon. Lett., Vol. 19, No. 6, 419–421,
Jun. 2009.

37. Hasar, U. C., “Thickness-independent automated constitutive
parameters extraction of thin solid and liquid materials
from waveguide measurements,” Progress In Electromagnetics
Research, Vol. 92, 17–32, 2009.

38. Veselago, V. G., “The electrodynamics of substances with
simultaneously negative values of ε and µ,” Sov. Phys. USPEKHI,
Vol. 10, No. 4, 509–514, Jan.–Feb. 1968.

39. Li, Z., K. Aydin, and E. Ozbay, “Determination of the effective
constitutive parameters of bianisotropic metamaterials from
reflection and transmission coefficients,” Phys. Rev. E, Vol. 79,
026610-1–7, 2009.

40. Barroso, J. J., P. J. Castro, and J. P. Leite Neto, “Experiments on
wave propagation at 6.0 GHz in a left-handed waveguide,” Microw.
Opt. Technol. Lett., Vol. 52, No. 10, 2175–2178, Oct. 2010.

41. Pendry, J. B., A. J. Holden, W. J. Stewart, and I. Youngs,
“Extremely low frequency plasmons in metallic mesostructures,”
Phys. Rev. Lett., Vol. 76, No. 25, 4773–4776, Jun. 1996.

42. Pendry, J. B., A. J. Holden, D. J. Robbins, and W. J. Stewart,
“Low frequency plasmons in thin-wire structures,” J. Phys.:
Condens. Matter, Vol. 10, No. 22, 4785–4809, Jun. 1998.

43. Pendry, J. B., A. J. Hold, D. J. Robbins, and W. J. Stewart,
“Magnetism from conductors and enhanced nonlinear phenom-
ena,” IEEE Trans. Microw. Theory Tech., Vol. 47, No. 11, 2075–
2084, Nov. 1999.

44. Smith, D. R., S. Schultz, P. Markos, and C. M. Soukoulis,
“Determination of effective permittivity and permeability of
metamaterials from reflection and transmission coefficients,”
Phys. Rev. B, Vol. 65, 195104-1–5, 2002.

45. Notomi, M., “Theory of light propagation in strongly modulated
photonic crystals: Refractionlike behavior in the vicinity of the
photonic band gap,” Phys. Rev. B, Vol. 62, No. 16, 10696–10705,
Oct. 2000.

46. Smith, D. R., D. C. Vier, T. Koschhy, and C. M. Soukoulis, “Elec-
tromagnetic parameter retrieval from inhomogeneous metamate-
rials,” Phys. Rev. E, Vol. 71, No. 3, 036617-1–11, 2005.

47. Marques, R., F. Medina, and R. Rafii-El-Idrissi, “Role of bian-



124 Hasar and Barroso

isotropy in negative permeability and left-handed metamaterials,”
Phys. Rev. B, Vol. 65, No. 14, 144440-1–6, Apr. 2002.

48. Katsarakis, N., T. Koschny, M. Kafesaki, E. N. Economou, and
C. M. Soukoulis, “Electric coupling to the magnetic resonance of
split ring resonators,” Appl. Phys. Lett., Vol. 84, No. 15, 2943–
2945, Apr. 2004.

49. Markos, P. and C. M. Soukoulis, “Transmission properties
and effective electromagnetic parameters of double negative
metamaterials,” Opt. Express, Vol. 11, No. 7, 649–661, Apr. 2003.

50. Ziolkowski, R. W., “Design, fabrication, and testing of double
negative metamaterials,” IEEE Trans. Antennas Propag., Vol. 51,
No. 7, 1516–1529, Jul. 2003.

51. Chen, X., T. M. Gregorczyk, B.-I. Wu, J. Pacheco, Jr., and
J. A. Kong, “Robust method to retrieve the constitutive effective
parameters of metamaterials,” Phys. Rev. E, Vol. 70, 016608-1–7,
2004.

52. Grzegorczyk, T. M., X. Chen, J. Pacheco,, J. Chen, B.-I. Wu,
and J. A. Kong, “Reflection coefficients and Goos-Hanchen
shifts in anisotropic and bianisotropic left-handed metamaterials,”
Progress In Electromagnetics Research, Vol. 51, 83–113, 2005.

53. Chen, X., T. M. Grzegorczyk, and J. A. Kong, “Optimization
approach to the retrieval of the constitutive parameters of a slab
of general bianisotropic medium,” Progress In Electromagnetics
Research, Vol. 60, 1–18, 2006.

54. Chen, X., B.-I. Wu, J. A. Kong, and T. M. Grzegorczyk,
“Retrieval of the effective constitutive parameters of bianisotropic
metamaterials,” Phys. Rev. E, Vol. 71, 046610-1–9, 2005.

55. Constantine, A. B., Advanced Engineering Electromagnetics, John
Wiley & Sons, 1989.


