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Characterization of Metamaterials
Using a Strip Line Fixture
Leila Yousefi, Member, IEEE, Muhammed Said Boybay, Member, IEEE, and Omar M. Ramahi, Fellow, IEEE

Abstract—A method is introduced to measure the effective
constitutive parameters of metamaterials having negative permittivity, negative permeability, or negative permeability and
negative permittivity simultaneously. The method is based on the
strip line topology, thus offering low cost and low setup complexity
in comparison to other methods. The method proposed here is
validated by numerically simulating the measurement setup while
using different types of metamaterials. To validate the method
experimentally, a metamaterial having negative permeability
over a band of frequencies is characterized. Good agreement is
obtained between the experimental and numerical results.
Index Terms—Artificial magnetic materials, characterization,
fractal Hilbert curves, metamaterials, permeability, permittivity,
strip line fixture.

I. INTRODUCTION
ETAMATERIALS are artificial materials engineered
for specific electric and magnetic responses [1]–[5].
Since the first attempts for designing metamaterials [6], [7],
new applications of such materials have been proposed. In
addition to the extraordinary properties and applications of
metmaterials such as superlensing [5] and cloaking [8]; applications related to antenna technologies [9]–[12], near field
characterization methods [13] and sub-wavelength resonators
[14], have been reported. In order to efficiently realize these
applications, new metamaterial designs have been proposed to
increase the bandwidth and reduce the loss or the size of the
unit cell [15]–[18].
Characterization of the electric and magnetic properties of
metamaterials is crucial in the design and fabrication cycle. For
design verification, the electrical and magnetic properties of the
structure need to be measured. Since metamaterials are typically
inhomogeneous and anisotropic (except for some designs as in
[19], [20]), their characterization presents several challenges.
Several experimental methods have been reported for retrieval
of the constitutive parameters of metamaterials such as the resonator method [21], [22], the free-space method [23]–[25], the
waveguide method [26], [27], and the microstrip line method
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[28]. Each of these methods has its advantages and disadvantages [29].
The resonator method provides high accuracy but it is inherently narrowband, and an individual measurement setup should
be prepared for retrieval of the constitutive parameter at each
single frequency; therefore, it is not a good candidate for characterization of metamaterials which are dispersive in nature. The
free-space approach, on the other hand, provides good accuracy, however, at the cost of an expensive setup that involves
two horn antennas combined with lens assemblies to generate
plane waves [24]. Furthermore, in the free-space method, since
standard horn antennas have limited frequency bandwidth, different setups are needed to test metamaterials operating at different frequency bands (for example, an antenna used for testing
a structure which operates at 2 GHz cannot be used to test another structure which operates at 3 GHz). In the waveguide
method, the sample of the metamaterial is placed at the cross
section of a waveguide and its constitutive parameters are calculated from the reflected and transmitted waves [26], [27]. The
setup needed for this method is less costly when compared to
the free-space method, but to test metamaterials operating at
different frequency bands, different setups are needed (a disadvantage shared with the free-space method). Another severe
constraint on the waveguide method is that a large metamaterial
sample is required to fill the entire cross section of the waveguide. This would be costly when testing metamaterials that operate at lower microwave frequencies, (as an example, to test a
metamaterial operating at 500 MHz, the sample size would be
approximately 0.5 m 0.2 m).
The microstrip line method which was reported in [28], [30]
has the advantage of lower cost setup in comparison to the freespace or the waveguide methods, while having the capability to
extract the permeability and permittivity over a wide band of
frequencies (in comparison to the resonator method). However,
since the microstrip line method supports quasi-TEM mode, approximate equations based on conformal mapping techniques
are required for calculation of its characteristic impedance. As
shown in [30], these approximate formulas impose restrictions
when extracting negative permittivity or permeability values.
In this paper, a new method based on strip line topology is
presented for characterization of metamaterials. The proposed
method is suitable for characterization of all types of metamaterial structures including single negative and double negative
media. Comparing this method to the free-space method
[23]–[25], the method presented here has the advantages of
smaller sample size and inexpensive setup requirement. Unlike
the free-space method which needs an expensive setup of two
horn antennas combined with lens assemblies, the strip line
setup is simple and inexpensive. In this method a small sample
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of the metamaterial is required, while the free-space approach
needs a sample of the size of several wavelengths [23]–[25] to
be able to perform plane wave measurement.
In comparison with the rectangular waveguide method [26],
[27], the method presented here has the advantages of smaller
sample size requirement, inexpensive setup, and the capability
of TEM mode excitation. In the waveguide method, the TEM
mode is not supported leading to a non-uniform field in the cross
section, which consequently complicates the retrieval process
[26], [27]. In the rectangular waveguide method, the size of the
metamaterial sample should be at least half of the wavelength
at the resonant frequency due to the cutoff frequency restriction. Additionally, the rectangular waveguide method requires
standard coaxial to waveguide adaptors which add to the setup
cost and complexity. The parallel plate waveguide method [31]
supports the TEM mode and therefore provides more flexibility
in the sample size and easier retrieval process when compared
to the rectangular waveguide method. However; to be able to
excite a parallel plate waveguide with coaxial ports, a precise
tapering is required [31] which makes fabrication of the setup
both complex and expensive.
In comparison to the microstrip line method, the method presented here has the advantage of supporting a TEM mode which
avoids restrictions introduced by the quasi-TEM nature of the
fields in the microstrip line setup [30].
Various microstrip and strip line-based retrieval methods with
different configurations were reported in the literature for characterization of natural materials [32]–[39], but to the authors’
knowledge, no strip line-based method is reported for characterization of metamaterials which are typically anisotropic and
dispersive.
In the following sections, first the retrieval method is explained. Then in Section III, using numerical full wave analysis, the accuracy of the method is verified for various types of
metamaterials. Finally in Section IV, the method is used for experimental characterization of magnetic metamaterials with unit
cells of 3rd order fractal Hilbert configuration.

Fig. 1. The setup configuration for the strip line fixture used for extraction of
the permittivity and permeability of the metamaterial media.

Fig. 2. Transmission line model of the setup configuration shown in Fig. 1.

The transmission line model shown in Fig. 2 is used to analyze the behavior of the field in the substrate. In this model, three
transmission lines are used to represent the three regions of the
strip line fixture shown in Fig. 1. According to this model, the
voltage and current in all three regions are formulated by
(1)

II. RETRIEVAL METHOD
The setup configuration is shown in Fig. 1. The setup consists
of a two-port strip line fixture. The substrate of the strip line includes three parts: two double positive dielectric with known
constitutive parameters at sides next to the excitation ports, and
the metamaterial to be characterized placed in the middle. By
measuring the scattering parameters of this two-port strip line
fixture, the permittivity and permeability of the metamaterial
under test are extracted. Based on the coordinate system presented in Fig. 1, the component of the magnetic field and the
component of the electric field are the dominant field components in the strip line structure. Therefore this configuration can
be used for retrieval of
and .
The method used here shares the theoretical foundation with
the free-space approach [23]–[25] in the sense that the two
methods use reflection and transmission of waves from the
metamaterial sample to extract the constitutive parameters.
However, as explained in the introduction section, the method
presented here has several benefits over the free-space method
from the fabrication and measurement point of view.

(2)
(3)
(4)
(5)
(6)
where
and
are the propagation constant and characteristic impedance in the known dielectric (Regions I, and III in
Fig. 2), respectively. Since the known dielectric is nonmagnetic
and
can be written as [40]
and isotropic,
(7)
(8)
(9)
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where
is the width of the strip line, is the total height of
the substrate and is the relative permittivity of the known diand
are the propagation conelectric. In (3) and (4),
stant and characteristic impedance in the unknown metamaterial
sample, respectively. Since the metamaterial sample is in genfields should be
eral anisotropic, the direction of the and
considered when deriving , and
. In the stripline topology
shown in Fig. 1 the dominant component is in the direction
and the dominant component is in the direction. Therefore
, and
are formulated as
(10)
(11)
(12)
Fig. 3. The constitutive parameters of the sample under test (Frequency-dependent case).

where is the permeability in the direction, and is the permittivity in the direction. In order to express the permittivity
and permeability of the metamaterial in terms of the measured
S-parameters, (1)–(6) are solved by applying the boundary conand
yielding the following relationships:
ditions at

(13)

III. FULL WAVE NUMERICAL ANALYSIS
To investigate the accuracy of the method and to analyze the
effect of having anisotropic samples, full wave numerical simulation is used. Ansoft HFSS10, a commercial simulation tool
based on the three-dimensional finite element method, is used
for numerical analysis.
A. Isotropic Metamaterial Sample

(14)
(15)
(16)
(17)

The formulas presented for
(11) and
(8) are approximate [40]. Notice that the bracketed expressions in (11) and (8)
are identical since the width of the strip line and the height of
the substrate are the same for the dielectric part and metamaterial part. Therefore, when calculating the extracted parameters,
and , the bracketed parts of the expressions in
and ,
cancel out. As a result, the approximations embedded in
and
that relate to the line width and substrate height will not affect the extracted parameters
, and thus, the accuracy of
the method.
In the above equations, only the dominant electric and magnetic fields are considered. However, in the strip line structure,
the component of as well as the component of which
are ignored in (10) and (11) are present in the field distribution.
In the case of isotropic sample, the fact that the permittivity and
permeability are the same in all the directions does not affect
the accuracy of the results. However, in the case of anisotropic
metamaterials, neglecting the non-dominant field components
is expected to affect the accuracy of the extracted permittivity
and permeability. In Section III, using full wave numerical analysis, the effect of anisotropy is investigated and a solution is
proposed.

To test the method for metamaterial samples with frequencydependent constitutive parameters, a metamaterial with constitutive parameters shown in Fig. 3 is used as the sample under
test. In this section, we assume that the sample is isotropic. In
the next section we consider anisotropic samples. The parameters shown in Fig. 3 is generated using the Lorentz model [41]
for both permittivity and permeability
(18)
(19)
where the parameters in the above equations are selected as:
MHz,
MHz,
MHz,
MHz, and
MHz.
The constitutive parameters data shown in Fig. 3 includes
all possible cases: double positive, -negative, -negative, and
double negative. Therefore; by characterizing this sample, the
accuracy of method will be tested for all types of metamaterials. Using numerical simulations, the S-parameters are generated for the test material, and using (13)–(17), the constitutive
parameters are calculated. In Figs. 4 and 5, the superimposed
plots of the extracted parameters and the actual assigned parameters are presented. A strong agreement is observed between the
extracted parameters and the actual data. In this simulation, parameters of the strip line fixture (see Fig. 1) are chosen as folcm,
cm,
mm,
mm, the
lows:
host dielectric is Rogers RT/duroid 5880 with
, and
.
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Fig. 6. Results of simulation for anisotropic sample. Extracted permittivity
( ) is plotted versus actual value of permittivity ( ).

Fig. 4. Extracted permittivity for the data shown in Fig. 3.

Fig. 7. Results of simulation for anisotropic sample. Extracted permeability
( ) is plotted versus actual value of permeability ( ).

Fig. 5. Extracted permeability for the data shown in Fig. 3.

B. Anisotropic Metamaterial Sample and Curve Fitting
Usually metamaterial designs and applications involve
anisotropy in the structure. Therefore characterization of
anisotropic samples using the proposed method has a practical
importance. The equations used for extraction of permittivity
and
are derived by neglecting
and permeability from
the effect of non-dominant field components on the characteristic impedance and propagation constant. Therefore, we
expect some deviation between the extracted parameters and the
actual parameters when the sample is anisotropic. To present a
quantitative study on this deviation, we assume a sample with
the following permittivity and permeability tensors:
(20)

(21)

First we assume a frequency-independent sample with conand . Using the extraction procedure
stant values for
used in Section III.A, the constitutive parameters are calculated.
In Figs. 6 and 7, assigned values of constitutive parameters are
plotted as a function of extracted values. In this simulation, the
topological dimensions of the strip line fixture and the host dielectric are as in Section III.A.
The results presented in Figs. 6 and 7 show that the extracted
and .
values and are not equal to the assigned values
Notice that if the extracted and assigned values were equal, the
two curves in Figs. 6 and 7 would be straight lines with unity
slope. The reason behind this deviation for the anisotropic samples, as explained in Section II, is due to neglecting the nondominant components of and when deriving (10)–(17). In
order to address this problem, we propose a post-processing solution to compensate for the effect of anisotropy. In this solution,
first we obtain a function to describe the relation between the
extracted and assigned parameters. Then, we apply the derived
function to the measurement results to compensate the effect
of anisotropy. Using curve fitting tools in MATLAB, polynomial functions that represent the numerical results presented in
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Figs. 6 and 7 are derived. The fitted functions are also plotted in
Figs. 6 and 7. The formulas of the resultant polynomials are

(22)

(23)
The equations presented in (22) and (23) are not universal
equations and are dependent on the geometrical parameters of
the strip line fixture. We have performed a comprehensive numerical study to investigate the dependence of the derived equations on different geometrical and electrical specifications of the
designed strip line fixture. Our study shows that the results of
the extracted and are independent of each other. This implies that, for a specific value of permeability, changing the permittivity does not affect the extracted value of permeability and
vise versa. In addition our study shows that the extracted and
are independent of the value of the constitutive parameters in
and . On the other hand, the exthe propagation direction,
tracted and depend on the value of constitutive parameters
on the cross section of the strip line fixture, and , and on the
geometrical parameters of the strip line,
and . Since
and
are known, they all can be included in
the numerical simulation to update the fitting formulas (22) and
(23) for any strip line fixture.
When deriving the fitting formulas of (22) and (23), the simulation results for a homogeneous sample are used. Since small
unit cells constitute the metamaterial samples, their inhomogeneity is unavoidable; however, what of interest here is the
macroscopic properties of metamaterial structure which are the
average values of and [1]–[5]. Since the size of the unit cells
is much smaller than the wavelength, it is expected that the geometry of the unit cell does not change the non-dominant field
effects. Therefore, although the fitting formulas of (22) and (23)
are derived using a homogeneous sample, the formulas are expected to give a reasonable accuracy when used for the effective
permittivity and permeability of metamaterials with different
geometries. The good accuracy illustrated in the next section
for experimental characterization of metamaterials with fractal
Hilbert geometry validates this conclusion.
It should be noted that the fitting formulas of (22), (23) were
derived based on the special anisotropic case for metamaterials
as illustrated in (20), (21). In this type of anisotropy, the values
and
have been assumed to be equal to those of the
of
host dielectric on which the metamaterial structure is fabricated
(which are known frequency-independent constants). This assumption is valid for most metamaterial structures fabricated by
stacking planar printed circuit boards to provide three-dimensional substrates. For the three-dimensional isotropic metamaterial structures which provide the same frequency-dependent

Fig. 8. Results of simulation for anisotropic sample. Real part of extracted permeability before and after fitting is plotted and compared with the actual data.

Fig. 9. Results of simulation for anisotropic sample. Imaginary part of extracted permeability before and after fitting is plotted and compared with the
actual data.

parameters in all directions (reported in earlier works such as
[19], [20]), the stripline method reported here is expected to
work. However, if a three-dimensional metamaterial is designed
and but
in such a way that provides frequency-dependent
with different values from
and , then the fitting method reported here will not be suitable. The values of the constitutive
and , however, do
parameters in the propagation direction,
not affect the fitting formulas of (22), (23). Therefore, it is of
no consequence if they are assumed to be constant or frequency
dependent. As shown in the section on numerical and experimental validation, despite being a frequency-dependent parameter, the fitting method results in a good accuracy.
To verify the accuracy of the proposed fitting solution, we
consider an anisotropic sample with the constitutive parameters
shown in Fig. 3. The parameters shown in Fig. 3 are selected as
, and
. The extracted results before and after applying
the fitting formulas are shown in Figs. 8–11, and compared with
the actual data. As shown in these figures, after applying the fitting solution, the extracted parameters have acceptable agreement with the actual data.
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Fig. 12. Fractal Hilbert3 inclusion used for constructing magnetic metamaterial. l
mm, y
:
mm, x
z
mm.

=8

1 = 1 57

1 = 1 = 11

Fig. 10. Results of simulation for anisotropic sample. Real part of extracted
permittivity before and after fitting is plotted and compared with the actual data.

Fig. 13. A single strip containing 2 unit cells of inclusions fabricated using
printed circuit board technology.

Fig. 11. Results of simulation for anisotropic sample. Imaginary part of extracted permittivity before and after fitting is plotted and compared with the
actual data.

IV. EXPERIMENTAL VALIDATION USING FRACTAL
HILBERT3 INCLUSIONS
The accuracy of the proposed method is tested by experimentally characterizing an anisotropic magnetic metamaterial.
A metamaterial structure based on Fractal Hilbert3 inclusions
is designed to achieve a magnetic response with negative permeability [17], [42]. The unit cell of the structure is shown in
Fig. 12. The inclusion consists of a conducting trace having a
mm and separation between the traces is
width of
mm. This metamaterial was fabricated and characterized using the strip line fixture method.
Using printed circuit technology, strips with 2 unit cells of the
Fractal Hilbert3 inclusions were fabricated as shown in Fig. 13.
The substrate material is Rogers RT/duroid 5880 with
and
. A three-dimensional metamaterial substrate was assembled by stacking 33 of the fabricated strips in
the direction. Due to the thickness of the metal strips and imperfection in the procedure used to stack the strips, an average
air gap of 50 m develops between the strips. The air gap while
unavoidable in the fabrication process is nevertheless measurable. Therefore the effect of the air gap can be easily included
in the design. The fabricated metamaterial substrate has dimen, and directions,
sions of 5.5 cm, 4 cm, and 1.1 cm in the

Fig. 14. The fabricated strip line fixtures. (a) without the metamaterial sample
(this fixture is used as a reference), (b) with the metamaterial sample to be
measured.

respectively. The strip line fixture has dimensions of
cm,
cm,
mm,
mm. (see Fig. 1) The
fixtures used for characterization of the metamaterial substrate
are shown in Fig. 14(a), (b). The fixture shown in Fig. 14(a) is
used to measure the properties of the strip line without the metamaterial sample. These measurements are used to determine the
phase reference plane for the measurement results of the fixture with the meetamaterial sample. Using a vector network analyzer, the S-parameters of the fixture shown in Fig. 14(a) were
measured. These parameters are presented in Figs. 15 and 16.
The fabricated strip line fixture has the return loss of less than
dB and insertion loss better than 0.1 dB when the metamaterial sample is not present. Therefore, the transitions between
the connectors and the strip line provides sufficient accuracy
needed for extraction of constitutive parameters of the metamaterial substrate. Fig. 16 shows the phase of the measured
along with the phase shift expected in the case of a transmission line with a length of 20 cm. These results show that the
strip line without the sample can be modeled as a transmission
line with a physical length of 20 cm. The actual length of the
strip line fixture without the metamaterial sample is 18 cm. The
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Fig. 15. Magnitude of the measured S parameters of the reference fixture (see
Fig. 14(a)).
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Fig. 18. Phase of the measured S parameters of the fixture with the metamaterial sample (see Fig. 14(b)).

Fig. 19. The Extracted measured permeability after fitting (using (22)) is compared with numerical simulation results.
Fig. 16. Phase of the measured S21 of the reference fixture (see Fig. 14(a)).

Fig. 20. The Extracted measured permittivity after fitting (using (23)) is compared with numerical simulation results.
Fig. 17. Magnitude of the measured S parameters of the fixture with the metamaterial sample (see Fig. 14(b)).

extra phase delay is provided by the N-type connectors. The data
shown in Fig. 16 is used as a reference to determine the phase
reference plane for the measurement results when the metamaterial sample is placed in the middle of the strip line. Next,
the S-parameters of the fixture with the metamaterial sample
as shown in Fig. 14(b) is measured. The magnitude, and phase
of the measured S-parameters are presented in Figs. 17 and 18,
respectively.

Using the measured S-parameters and the extraction method
explained in Section II along with the fitting formulas in (22)
and (23), the constitutive parameters of the metamaterial sample
are extracted as shown in Figs. 19 and 20. In this extraction, the
of the reference fixture (shown in
phase of the measured
Fig. 16) is subtracted from the phase of the measured
and
after inserting the metamaterial sample. The subtraction is
necessary to eliminate the phase delay due to the two transmission lines before and after the sample. The results are compared
with the constitutive parameters extracted numerically.
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The numerical results are obtained using Ansoft HFSS10,
and the numerical setup reported in [17]. In the numerical
setup, a unit cell of the artificial material combined with periodic boundary conditions are used to mimic an infinite slab of
artificial materials. For numerically extraction of constitutive
parameters, plane wave analysis is used, and parameters are
extracted from the reflected and transmitted waves from the
unit cell [17]. The 50 m air gap was also included in the
simulation. As shown in Figs. 19 and 20, good agreement is
observed between the simulation and measurement results.
It should be noted that in the numerical analysis periodic
boundary conditions are used to mimic an infinite number
of unit cells. However, in practice we can realize only finite
number of unit cells. For example in the setup used in this
work (see Fig. 14), the fabricated substrate contains 33 unit
cells of inclusions in the direction, and only two unit cells in
the direction. Increasing the number of unit cells provides
higher homogeneity in the fabricated substrate, thus expected
to yield better agreement with measurements. However; on
the other hand, in a wide class of applications such as antenna
miniaturization, only few unit cells is used in the direction to
avoid high profile substrates [43], [44].
V. CONCLUSION
This work presented a new method for metamaterial characterization. The sample under test is used as the substrate of
a strip line structure and the permittivity and permeability of
the sample are extracted from the measured S-parameters. The
method is inexpensive, easy to build and does not require a
large sample. The method and the extraction theory are verified
numerically for isotropic single and double negative materials.
The method is also applied to the characterization of anisotropic
metamaterials by employing a fitting function that compensates
for the anisotropic behavior of the sample under test. To validate
the method experimentally, an anisotropic sample is designed
and fabricated. The strip line structure extracted the permittivity
and permeability of the fabricated sample with less then 3% shift
in the resonance frequency in comparison with the numerically
extracted parameters.
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