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Abstract—Left-handed materials (LHM) are engineered structures
that exhibit electromagnetic properties not found in nature. Real
applications of LHM need substrates with low loss, wide bandwidth
as well as stable mechanical characteristics. In this paper, we
summarize some experimental as well as numerical results of left-
handed materials with different configurations of rods and split-
ring resonators (SRRs). Hot-press technics utilized in PC board
manufacture are used to produce solid-state multi-layer left-handed
materials. Either mechanical or electromagnetic characteristics of LH
samples are notably improved.
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1. INTRODUCTION

Left-handed metamaterials (LHM) are engineered structures that
exhibit electromagnetic properties not found in nature. Early in 1968,
V. G. Veselago introduced the concept of left-handed (LH) materials,
and described their distinct properties, such as a reversed Doppler
effect, a reversed Snell refraction and a reversed Cerenkov radiation
[1]. In 2001, D. R. Smith et al. fabricated a metamaterial sample
by periodically arranging rods and split-ring resonators (SRR) into
an arrays, and for the first time verified the real existence of left-
handed material by observing a “negative” refraction of a microwave
beam transmitted through a prism-shaped sample [2]. Currently, many
possible applications of left-handed materials have been proposed, such
as flat lens [3], thin resonators [4], filters and antennas [5]. However,
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before these applications could be realized, low loss, wide bandwidth
left-handed materials with stable mechanical and electromagnetic
characteristics should be produced. This means that more work is
needed in the development of various structures or configurations of
left-handed materials in order to be able to choose the suitable ones for
different applications. In addition, proper manufacturing techniques
are also needed for mass production. In this paper, we describe some
experimental as well as numerical results of left-handed materials with
different configurations of rods and/or split-ring resonators (SRRs)
[6]. Hot-press technics utilized in PC board manufacture are used to
produce solid-state multi-layer left-handed materials. In this paper,
we report a solid-state sample exhibiting insertion losses of about
0.4-0.5dB per unit cell for a bandwidth up to 2.6 GHz. Such a
metamaterial could already be used for real applications.

2. METHODS

In this section, we describe the designing methodologies, the
experimental setups and the production technics utilized in our work.
The general steps we have adopted for the design of LHM are as follows:
first, we choose a structure of SRR, for which we calculate the resonant
frequency according to the dimensions and adjust it into X-band, where
our measurement capabilities are. Then we perform simulations and
experiments to not only verify the left-handed properties but also to
evaluate the performance of the material. The experiments are usually
carried out for power transmission, prism refraction, beam shifting
and focusing. In most cases, we use an HP8350B with a plug-in option
HP83592A as EM wave source, which can output 20 MHz to 20 GHz
microwave power of up to 17dBm at a fixed frequency or 15dBm in
frequency sweep scanning. The source is modulated by a 28.8 KHz
square wave to cooperate with a scalar network analyzer HP8756A.
The above source and network analyzer are of the same types as those
used in [2]. The detector is an HP11664A.

2.1. Obtaining Non-Normalized Plane Wave

The first step to perform our measurements on left-handed materials is
to obtain a proper incident beam for the experimental setup. In most
cases, a plane wave is the ideal input to evaluate the properties of left-
handed materials. In an experimental configuration, we therefore need
to eliminate intereferences from the environment as much as possible.
As has been used in [2], we also utilize a parallel plate waveguide
(PPW) with microwave absorber on the two lateral sides to generate
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Figure 1. Method to generate plane wave.

a non- normalized plane wave. Figure 1(a) shows a brief scheme of the
setup, in which the 3-cm rectangular waveguide adaptor 1 serves as the
source and the adaptor 2 serves as the detector. Figure 1(b) shows the
coupling method of the source, such that TEO1l mode is fed into the
PPW chamber. Figure 1(c) and 1(d) show the amplitude and phase
of the output EM wave, indicating that at each frequency, the output
EM beam is indeed a non-normalized plane wave, and its amplitude
distribution is similar to a Gaussian beam.

2.2. Power Transmission Experiment

Figure 2 shows the experimental setup for the measurement of
power transmission through a slab of metamaterial. Simulations
and experiments of the power transmission property of a possible
left-handed metamaterial is a basic but useful way to calibrate the
dimensions of the structure and verify its LH properties. In the
simulation, by observing the “backward” phase propagation, we can
ensure the left-handed status and hence determine the dimensions of
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Figure 2. Experimental setup for the measurement of power
transmission property.

the SRRs, rods and unit cell as well as the dielectric constant of the
substrate. Following this step, the real power transmission results can
be used to verify the simulation results, and to evaluate the insertion
losses and the frequency bandwidth over which left-handness occurs.

2.3. Prism Refraction Experiment

The prism experiment was first proposed in [2]. Figure 3(a) shows
the diagram and Figure 3(b) the setup we realized precisely according
to the description in [2]. Before the experiment, the empty setup
and a Teflon prism are measured to callibrate the measurements
and to ensure that all apparatuses work well. By observing if the
refracted beam is bent on the same side of the normal as the incident
beam, we can directly judge whether the sample exhibits left-handed

Microwawve obsorker

Detector

(a) (b)

Figure 3. Prism refraction experiment.
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properties at the working frequency and estimate its effective index of
refraction. The shortcoming of the prism experiment is that the beam
transmitted through the triangular-shaped prism does not experience
uniform losses, which influences the judgment of left-handed property
when the losses of the sample are large or when the negative refractive
angle is small [7]. This question could be solved by performing a beam
shifting experiment, as we shall detail next.

2.4. Beam Shifting Experiment

The experimental setup for measuring the additional shift of a beam
after transmitting through a slab-shaped sample [8-10] is depicted in
Figure 4. A parallelogram-shaped slab, which could be regarded as two
combined prisms as described in the previous section, is placed in the
PPW chamber. In this case refraction occurs twice at the interfaces of
the slab and the air [9, 10]. The beam shifts by a quantity d given by

0
d=wsinf;cosb; | 1 — o8 (1)

sin 67\ 2
no 1-— ( 1)
n2
where no represents the refraction index of the slab and 61, 85 represent
the incident and refraction angles, respectively. It is easy to see that

there exists a maximum value of the shift for a slab of material which
is not a left-handed, namely

dmax = W cos 01 sin 01 (2)
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Figure 4. Beam shifting experiment.
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Hence, if the width w and incident angle #; are known, the property
(left-handed or right-handed) of the sample can be known by simply
examining whether the beam shift is larger or smaller than dpax [10].
In the experiment, two or more measurements should be performed to
ensure the precision: one is performed after the sample is removed to
get the reference point O, another is performed when the sample is
placed in to get the beam shift d. Obviously, the refractive index can
also be calculated by virtue of (1) after d is measured.

Compared with the prism experiment, when the beam is
transmitted through the parallelogram-shaped sample, the loss is
uniform everywhere and the results are then more reliable.

2.5. Focusing Experiment Using One Dimensional Sample
and Radiate Source

Lenses may be one of the most promising applications of left-handed
materials.  Figure 5 shows the experimental setup for observing
the focusing of a radiate EM wave by a one dimensional sample.
A monopole is placed at the center of a PPW consisting of two
parallel circular Aluminum plates. The backward transmitted wave
is dissipated by the microwave absorbers, and the forward transmitted
wave is measured by the detector along the circular edges of the plates.
By measuring and comparing the width of the output beam before and
after a sample of left-handed material is placed in front of the antenna,
we can observe if the LH slab can focus a radiation pattern. A similar
experimental setup could also be used to observe the radiation pattern
sharpening by a slab of left-handed material, in which the monopole
is placed in the middle or touching the side edge of the slab, and to
observe if the main lobe of the monopole is sharpened.
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Figure 5. Radiation pattern sharpening experiment.
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Figure 6. Focusing experiment using 1-D metamaterial sample.

2.6. Focusing Experiment Using One Dimensional Sample
and Plane Wave Source

In [5], a focusing experiment is performed using a slab-shaped sample
and a radiate source, which is suitable for a 2-D isotropic metamaterial.
However, when testing a 1-D metamaterial, the setup of Figure 6 can
be adopted. In this case, a special shaped sample (a half concave lens
with a circular edge) and a plane wave source are used. Since the
refraction occurs at the curved interface, an input plane wave with
proper polarization meets the working conditions of a one dimensional
metamaterial. After a simple analysis we see that, if the refractive
index of the sample is negative, the focus will be located in the range
enclosed in the curved interface and the dashed lines. If the refractive
index of the sample is positive, the focus will be located beyond the
dashed lines. This experiment is an equivalent to the slab focusing
one.

3. EXPERIMENTS

In this section, we introduce three types of left-handed materials: a
symmetric ring structure, an €2-like resonator structure and an S-
shaped resonator structure.
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3.1. Symmetric Ring Structure
3.1.1. Structure and Dimensions

Figure 7(a) and (b) show the configuration of split-ring resonator,
which was initially used at infrared frequencies [11] and which has been
adapted to microwave frequencies. Compared with the SRRs/rods
configurations in [6], two rings of this particular structure now have
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Figure 7. Dimensions of the symmetric ring structure and the
photograph of a realized slab.
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the same size and are symmetric with each other. In our realization, the
related dimensions are: L = 5.0dmm, L1 = 2.4mm, L2 = 2.04 mm,
K =06mm, C = 024mm, D = 024mm, G = 0.24mm, W =
3.12mm, and the dielectric constant of the substrate is about 4.6. The
rod is placed on the opposite side of the substrate, and has a length of
12mm. Figure 7(c) shows a physically realized 1-D slab consisting of
10 x 60 unit cells. The substrate is 1-mm-thick FR4-type PC board.
All the PC boards are pasted on a frame with a lot of slots, which is
made of organic plastic.

3.1.2. Power Transmission Property

Figure 8(a) shows the experimental results of a SRRs only slab,
in which the rods array has been removed in order to observe the
forbidden band induced by the negative permeability. We see that,
there indeed exists a forbidden gap at about 8 GHz to 9 GHz. The
rising edge at about 6.5 GHz corresponds to the cut-off frequency
introduced by the 3-cm waveguide adaptator used in the setup. The
forbidden band is in agreement with Figure 8(b), which is a simulation
result for a 1-D slab consisting of 8 x 18 of the aforementioned SRRs
unit cells. The “backward” phase propagating direction can be clearly
observed in the simulation.

3.1.8. Prism Refraction Experiment

To further confirm that the metamaterial is indeed left-handed in this
frequency band, we performed a Snell refraction experiment using
a prism-like sample. The shape of the prism and the experimental
setup are the same as those in [2]. Figure 9 shows the 3D plot
of the experimental results. We see clearly that, in the frequency
band of about 8.2GHz to 8.7 GHz, there is a stand alone negative
peak, which corresponds to a refraction direction of about -30 degrees,
corresponding to a negative index range of 0 to —2. This result is also
in agreement with the simulations.

3.1.4. Beam Shifting FExperiment

Figure 10 shows the result of the beam shift experiment. In the
corresponding frequency band, the beam is shifted to the negative
direction, and the center of the beam is located at —34mm. The
measurements of the empty setup show that the reference point O
is located at —13 mm, therefore the net beam shift is then —21 mm,
corresponding to a refractive index of about —2. The measurements
of the Teflon show that the center of the beam is located at —16 mm,
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Figure 8. Power transmission property of SRRs only slab.
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Figure 9. Prism experimental result for the symmetric ring structure.

corresponding to a refractive index of about 1.5. Although the beam
shift experiment is not ideal for a one dimensional sample, the left-
handed phenomenon can still be observed.

3.1.5. Focusing Ezxperiment

Figure 11 shows the setup for observing the focusing phenomenon for
1-D left-handed material in the case of plane wave incidence. The
receiver port is driven to move in the X direction (see Figure 6) by a
motor, and the metamaterial is moved by hand in the Y direction.

Figure 12(a) shows the results for an operating frequency of
10 GHz, at which the metamaterial is still a right-handed material.
Figure 12(b) shows the results at 8.4 GHz, where the metamaterial
should be left-handed, according to our previous prism and power
transmission experiments. Compared with Figures 12(a) and (b) we
see that of 8.4 GHz the beam behaves like an expanded beam after
being transmitted through the metamaterial and in agreement with
the red line in Figure 1. However, the measurement resolution of
the experiment is not adequate. The continued experiment is still
in preparation.
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Figure 10. Beamshifting experimental result for the symmetric ring
structure.

Figure 11. Focusing experiment for the 1-D sample.
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Figure 12. Experimental results of focusing experiment at 10 GHz
(a) and 8.4 GHz (b).
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3.2. Q-like Resonator Structure

In this section, we introduce another configuration of left-handed
material, which is fabricated by -like metallic patterns and circuit
board substrates. In 1992, M. M. I. Saadoun and N. Engheta
introduced the concept of “€2 media”, which could be regarded as a
“pseudochiral” or bianisotropic [13]. C. R. Simovski et al. recently
concluded that such perfectly conducting Q-shape “particles” could
also be used to construct LH metamaterials [14]. Our realization of
) media is based on stacked 2-like metallic patterns and repeated
periodically [15]. Experimental results show that this configuration
has better performance. Further, as it shall be seen in the next section,
such a structure can be compressed using hot-compress techniques into
a solid-state-like material with reduced losses.

3.2.1. Structure and Dimensions

Figure 13 shows the dimensions of the basic unit cells and the
photograph of the finished anisotropic metamaterial in which three Qs
are stacked in series to form a basic unit. Two such units are placed
oppositely and closely in order to increase the coupling and avoid chiral
effects. Figure 13(a) shows the basic unit cells of the Q-like structure

L

Figure 13. Dimensions and realization of Omega media.



264 Ran et al.

with dimensions designated as a, b, ¢, R1 and R2. For the experimental
setup we have ¢ = 0.4mm, b = 1.5mm, ¢ = 29mm, Rl = 1 mm and
R2 = 1.4. Three s are conected in series to form the basic unit,
and a number of such units are placed side by side with a distance of
d = 4mm. The Qs are printed on both sides of an FR4-type PCB
substrate with a thickness of 0.4 mm. Placing many pieces of this type
of PC board side by side at a distance of 2.5 mm forms a rectangular
metamaterial.

3.2.2. Power Transmission Property

Figure 14 shows the experimental and simulation results of power
transmission through a metamaterial slab consisting of 10 x 80 unit
cells along x and y directions (see Figure 14), respectively. The beam
is incident from the z direction. The slab is placed between two
aluminum plates with microwave absorbers on the sides, yielding a
similar experimental setup as the one in [16]. Figure 14(b) shows
the experimental results. We clearly see that there is a pass band
located from 12GHz to 13.2 GHz. The frequency corresponding to
the peak value of the power is 12.6 GHz, related to a wavelength (in
the air) of about 24 mm. Therefore, the repeated length of the unit
cell in z (4mm) and z (3.4mm) directions are one sixth or less of the
wavelength and therefore the slab can be regarded as an approximately
homogeneous material at these frequencies. Figure 14(a) shows the
simulation results of the same structure. The simulation environment
is similar to the experimental setup. There also exists a pass band
between 12 GHz and 13 GHz. We see that the experimental results
agree well with the simulated ones.
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Figure 14. Power transmission characteristics. (a) Simulation result.
(b) Experimental result.
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3.2.8. Prism Refraction Experiment

Figure 15 shows the result of the Snell refraction experiment, in which
the experimental setup is similar to the one described in Figure 2
in [2]. Since the size of the basic unit cell in our metamaterial is
shorter than that in [2] (4mm X 2.5mm vs. 5mm x 5mm), the
angle of the hypotenuse and the longer side of the triangular prism
is about 15.46°, instead of 18.43° in [2]. When an incident beam is
introduced along the x direction, the incident angle at the hypotenuse
edge is then also 15.46°. Another important difference is that, in our
experimental setup, the distance between the two aluminum plates is
10 mm, indentical to the height of the prism. This means that the
two sides of the prism contact with the plates. However, this does not
mean that all the “arms” of the Qs are well electrically connected with
the plates.

Figure 15(a) shows the 3-D result of the experiment. We see
that there is a “negative” peak located around 12.6 GHz. The LH
band is up to 1.2 GHz, and agrees exactly with the pass band in the
power transmission experiment. The loss of the prism at 12.6 GHz
is smaller than —14dB, which is much less than the previous losses
recorded. Figure 15(b) shows a 2-D power-frequency plane extracted
from Figure 15(a) at 12.6 GHz. From this plane, we see that the
refracted beam is bent at an angle about —27°, corresponding to an
effective index of refraction of about —1.7.
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Figure 15. Snell refraction experimental results. (a) 3-D result with
the three axes representing detected power in mW, frequency in GHz
and angle in degree, respectively. (b) 2-D curve extracted from the
3-D result at 12.6 GHz.

Figure 16 shows the curve of the refractive index versus frequency.
We see that in the pass band from 12 GHz to 13.2 GHz, the index value
is negative, indicating that the “negative” band of the metamaterial
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Figure 16. Refractive index of the metamaterial. This curve is
calculated from Figure 3. The frequency bands of 6 GHz to 12 GHz
and 13.2 GHz to 16.5 GHz correspond to two stop bands, which are
represented by dashed lines. In the band of about 12 GHz to 13.2 GHz,
the refractive index is negative.

extends up to 1.2 GHz. Furthermore, our simulations demonstrate that
if the electrical contact of the “arms” of the 2s and the parallel plates
is improved, we can get a wider negative band and less losses. On the
contrary, the negative band is decreased and the loss is increased when
we slightly lift-up the top plate of the planar waveguide.

3.2.4. Focusing Experiment

In order to observe the focusing phenomenon by a one dimensional
sample, the system described in Figure 5 is setup. A monopole is
located at the center of the circular plate and serves as a radiating
source. We know that the radiation pattern of the magnetic field has
also a circular form. The 2 boards are disposed in a radial manner to
fit the incident EM wave. The setup is shown in Figure 17, and the
measured results are shown in Figure 18. Within the frequency band of
12 to 14 GHz, we clearly see a stand alone peak, which corresponds to
a focus of the original source, although it might not be the focus itself.
Further two dimensional measurement are in preparing to observe a
full image of the focusing procedure. Also we have tried to observe
the radiation pattern sharpening phenomenon by replacing the special
sample by a slab and placing the sample in touch with the antenna.
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Figure 17. A new shape so that the antenna(s) could be placed in
the center of the circular plate.

Angle (Degree)

Frequecny (GHz)

Figure 18. Experimental results correspond to Figure 17.
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Although we see the sharpening, we do not publish the data, because
the measurement is not strictly in far field.

3.3. Solid-State Multi-Layer Omega-Like Structure
3.8.1. Structure, Dimensions and Hot-Pressure Technique

Figure 19 shows the diagram for the production of a one-dimensional
multi-layer left-handed solid-state material. The hot-press technique
is a standard technic used in the manufacture of multi-layer printed
circuit boards. Here we use this technique to compress the PC boards
with and without metallic patterns together under high temperature
and press to obtain a left-handed material of solid-state form. The
material thus produced has more stable and better characteristics, both

Figure 19. Diagram of fabricating solid-state bianisotropic LH
metamaterial. The upper part shows pieces of (2-based metamaterial
and empty PC board substrates. By compressing them together, we
can get a solid state metamaterial, which has more stable LH properties
and is easier to be used in experiments and other possible applications.
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from a mechanical standpoint and an electromagnetic standpoint.

We use two series-stacked 2-like metallic patterns to serve as
the basic resonator unit to be printed on a PC board. Applying
the hot-press technique mentioned above, we produce a solid-state
metamaterial sample by compressing pieces of alternately stacked PC
boards with and without €2 patterns. The inner and outer radii of
the € pattern are 1.5 mm and 1.9 mm, respectively. The length of the
arm of the Q is 2.3mm. The gap between the two arms is 0.4 mm.
The width of the printed track is also 0.4mm. The {2 patterns are
printed on both sides of a 1-mm-thick standard PC board substrate
with reversed orientations in order to cancel chiral effects [14]. Each
unit cell occupies a 5-mm space. The boards without 2 patterns have
the same permittivity value as that printed with € patterns. The
pieces of the PC boards with and without €2 patterns are stacked and
compressed under a temperature above 380°C and a initial pressure
above 4 tons. Figure 20 shows the machine used to hot-compress the
samples and the photograph of original compressed sample. Figure 21
shows a piece of sample we used in the following experiments.

Figure 20. Producing solid-state omega media.

3.8.2. Power Transmission Experiment

In Fig. 22, the curve corresponding to the transmission property of a
metamaterial slab is represented by a solid line and has a passband with
a center frequency at 8.85 GHz and a bandwidth close to 1 GHz. The
detected peak value is —14.8 dBm at 8.85 GHz. In order to estimate the
insertion losses of the metamaterial slab, we measure the transmission
power in the same experimental setup after the metamaterial slab is
removed. The corresponding value at 8.85 GHz is —9.8 dBm, which
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Figure 21. The solid-state omega sample used in the experiments.
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Figure 22. Power transmission property of the solid-state sample.

can be approximated as the power incident upon the interface of the
slab and air. Thus, with a return loss at the incident interface, the
maximum insertion loss of the slab composed of 10 unit cells is less
than 5dB, which corresponds to less than 0.5 dB/unit cell.

3.8.8. Prism FExperiment

Fig. 23 shows the experimental results of the prism refraction
experiment, in which the horizontal axis represents frequency, the
vertical axis represents the refraction angle, and the contour lines
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Figure 23. Negative refraction of the solid-state Omega sample.

represent the detected power in dBm. In the experiment, the setup
is the same as that described in [2], and also has been tested with
a Teflon sample. We see that the frequency band bellow 8 GHz is a
stopband, where only noise power can be detected. The frequency
band from 8.3 GHz to 9.3 GHz shows a clear left-handed behavior, in
which the beam is bent toward negative angles. Again, in this area,
small losses are observed.

3.3.4. Beam Shifting Experiment

The principle of the beam shifting experiment has already been
exposed in Section 2.4. We report in Fig. 24 the results with
the solid state metamaterial. The experiment is performed in a
planar waveguide with microwave absorbers on the two sides. The
metamaterial sample, as well as a Teflon sample, are cut into a shape of
parallelogram. The thickness of the slab is 5 cm and the incidence angle
is about 18.4 degrees. A beam shift exceeding the location of —15mm
ensures that the slab consists of a left-handed material. Fig. 24 shows
the beam centers (determined from the peak value) in the cases of
air, Teflon, and the metamaterial sample. The centers are located
at 1mm, —3mm, and —23 mm, respectively, demonstrating that the
metamaterial sample is indeed a left-handed medium.
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Figure 24. Beam shift experimental results of the solid-state Omega
sample.

3.4. S-Shaped SRR Structure

In this section we study a metamaterial structure which is composed
of a series of S-shaped resonators [17] connected with each other. Such
a metamaterial has been shown to exhibit low losses and a left-handed
behavior over a large frequency band. A sample of the metamaterial is
shown in Fig. 25 and a prism-like sample is cut for the beam refraction
experiment. The three dimensional results of the beam refraction
experiment are shown in Fig. 26, where we clearly see that it has a wide
frequency band of negative refraction, about 2.6 GHz, from 10.9 GHz
to 13.5 GHz.

4. EQUIVALENT CIRCUIT ANALYSIS

In the study of various SRRs, we have found that all the configurations
of SRR proposed in the literatures [2,11,12,18] can be modeled as a
general equivalent circuit, from which the effective permeability of the
SRR structures can be calculated. A more complicated structure like
the newly proposed §2-like metamaterial [13], as shown in Fig. 27(a,b)
still can be modeled as an equivalent circuit, as shown in Fig. 27(c),
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Figure 25. Metamaterial composed of ‘S’-shaped SRR.
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Figure 26. 3-D illustration of the beam refraction experiment result.

The metamaterial exhibits a negative refraction over the frequency
range from 10.9 GHz to 13.5 GHz.

and the effective permeability can be calculated to be

F — F 2

2 9 1— I -

Fy+ F we—w -t —4 11174

( 1 2){ mO(Fl FQ) } ? (C)

—1- 3
Hetf w? — w2, +iX'(0) (3)
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JH() = jb + jr
Jr(0)=j,
Jr(m) = =j
Jb(0) = =j,
Jjb(m) =j,

a

N
.

p -d |
() (b) (c)

Figure 27. Fig. 27(a) Omega-like metamaterial [7]. The Omega-
like structures are printed on both sides of a substrate with reversed
orientations. The width of the circular ring is h, and the thickness
of the substrate is d. The dimensions of a unit cell are a in the y
direction, b in the x direction, and [ in the z direction. (b) Omega-
like metamaterial in xy plane. The solid line indicates the front
Omega, and the dashed line indicates the omega in opposite side. The
rectangular sketched means a unit cell of such periodic structure. So
S = ab is the total area of a unit cell in xy plane. The conductors of

_ 7'('7‘2

the Omega structure divided the unit cell into three parts: Fy = "o
is the fractional volume of the cell occupied by the interior of the
circular rings (Area I), I = M is the fractional volume of the
cell enclosed by the two arms of the omega but external to the rings
(Area II), and Fy = %=21¢ ig the fractional volume of the cell not
enclosed by the arms (Area III). Currents flow around the two loops
under magnetic induction. (c¢) Equivalent circuit model of the Omega-
like metamaterial. C is the capacitance between the two sheets of the
half circular ring in a unit length of z, o1, oo are the resistance per
unit length in each loop with unit of ohm/m. Uj, Uy are the sources
in the two loops that induced by the external field Hy. Li, Lo are
the inductance in the two loops, respectively. L), L, are the total
inductances of Loop 1 and Loop 2 in other units, respectively. And
Myq, Moo, Myy and Moyys are the mutual inductances between L,

Ly, L, and Lj.
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where

C = ()2
Ll = M()FlS/l
L2 == MoFQS/l

and W'(c), X'(o) are the loss components.
If we take the following values:

we can calculate the effective permeability as shown in Fig. 28.

a=b=5x10"m
r=15x10"3m
h=05x10"m
d=01x10"3m
[=25x%x10"3m
01 =0.1

g9 =0.1

I i
— Re(u) |
15
== Im(u)
ol 10
=%
[0}
=
< 5
3 /
R Pl |8
3 0 —
(¢}
Q
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<
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-15
0 6 8 10 12 14 16 18

Frequency (GHz)
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Figure 28. Effective permeability of omega structure with o1 =

0.1, 02 = 0.1.
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5. CONCLUSION

In this paper, we have reported experimental results obtained by
measuring several types of left-handed metamaterials. By using
different experiments and different shapes of samples, we have verified
that these samples do exhibit LH properties. Through the above
experiments, we conclude that the metamaterials samples constructed
by -like metallic patterns and S-shaped resonators, in solid-state
form, exhibit a clear left-handed behavior in a wide frequency band
and with very low losses, and have other stable electromagnetic and
mechanical characteristics. From the solid-state form, we can cut
the metamaterials into various shapes, plate metallic films on their
surfaces, and fix or install them into a device package. The insertion
losses of a solid-state €2 slab medium consisting of 5 unit cells are
smaller than 2.5dB, which is smaller than those of many microwave
devices. Thus it is now possible to use this material to produce various
microwave devices.
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