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Experimental investigation of reflection
characteristics of left-handed metamaterials

in free space

K. Aydin and E. Ozbay

Abstract: The transmission and reflection characteristics are presented of a one-dimensional (1D)
left-handed metamaterial (LHM) and its constituents, split ring resonator and thin wire arrays. A
well-defined left-handed transmission band with a peak value of —7.2 dB is obtained at frequencies
where effective permittivity and permeability are both negative. A sharp dip (—34.5 dB) at the
reflection spectrum of 1D ordered LHM is observed. The frequency of ultra-low reflection
did not change considerably for another LHM with a different thickness, meaning that the low
reflection is not because of the thickness resonance but rather the impedance-matching of LHM
at the surface. Disorder in LHM structures is shown to affect the reflection characteristics.

1 Introduction

Left-handed metamaterials (LHMs) have become a
remarkable research area in recent years and have received
a considerable amount of interest due to their exotic electro-
magnetic (EM) properties. Veselago, in his pioneering
theoretical work, pointed out that a material exhibiting
negative values of dielectric permittivity (¢) and magnetic
permeability (u) would subsequently have a negative
index of refraction [1]. The name left-handed material is
used because the electric, magnetic and wavevector com-
ponents all form an LH coordinate system in such media.
Generally, € and u are both positive for ordinary materials.
However, by taking advantage of artificially constructed
periodic structures, one can have negative values of £ and
w. Periodically arranged thin metallic wires are used as
negative effective permittivity (e.g) media, since dielectric
permittivity is less than zero below plasma frequency [2, 3].
An array of split ring resonators (SRRs) is shown to exhibit
a negative effective permeability (w.s) for frequencies close
to the magnetic resonance frequency (w,) of the SRR
structures [4]. The first experimental realisation of LHMs
was achieved by arranging periodic SRRs (i.e. u(w) <0
media) with the thin wire arrays (i.e. &(w) < 0 media)
[5, 6]. Experimental verification of negative refraction
was reported shortly after supporting the existence of
Negr < 0 medium [7—10]. Then, different designs and con-
figurations of LHMs were reported, in which their trans-
mission properties were studied in detail [11-14].

One of the rich physical properties of LHMs is the perfect
lens behaviour. Provided that the impedance is matched,
LHMs can restore the amplitude of evanescent waves
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and therefore enable subwavelength focusing [15].
Subwavelength resolution was experimentally verified for
negative index materials made of photonic crystals (PCs)
[16] and LH transmission-line lenses [17]. In recent work,
it has been experimentally shown that it is also possible to
overcome the diffraction limit and therefore obtain flat-lens
focusing with conventional LHMs utilising a common
approach of SRR-wire geometry [18]. The structure is
shown to exhibit a narrow frequency region with a very
low reflection; the impedance is therefore matched at the
air-LHM interface [19].

In this paper, we investigate the transmission and reflec-
tion characteristics of ordered and disordered LHMs. The
emphasis should be placed on reflection properties since
the transmission characteristics are studied in detail both
theoretically and experimentally, but the reflection properties
are quite unexplored. In addition to the studies on
the reflection spectra of SRR-only and wire-only media
[11, 13], there is also experimental evidence of impedance-
matched metamaterial [19]. In this paper, we aim to study
LHMs that exhibit very low reflection, or impedance-
matched materials and their constituents in detail. First, we
present the transmission and reflection spectra of SRR-only
and wire-only media to provide a clear understanding of
how our particular designs respond to EM waves. Then,
the reflection spectra of LHM should be provided. There is
a narrow frequency region with very low reflection within
the LH transmission band. We have shown that the observed
behaviour is not because of the thickness resonance since
the impedance-matched frequency range did not change
considerably. We have finally investigated how the reflection
characteristics change when a disorder is introduced into the
LHM structure.

2 Experimental procedure

In this section, the experimental procedure will be explained
in detail. First, the design and parameters of the structures
that were used in the experiments will be provided. Then,
the experimental setup for measuring the transmission and
reflection spectra will be explained in detail.

89



2.1 Structures

LHMs are usually fabricated as periodic structures of alter-
nating layers of SRRs and wires. Here, we follow this
common design for obtaining a LHM structure. Metallic
patterns are printed on FR4 dielectric printed circuit
boards (PCBs). Fig. 1 shows a schematic drawing of SRR
unit cell. The dark patterns belong to metal and the lighter
patterns belong to dielectric board. The metal used for depo-
sition is copper and has a thickness of 30 wm. The thickness
of the dielectric board is t = 1.56 mm. The dielectric board
has dielectric constant of £ = 3.85. The radii of the inner
and outer rings as depicted in Fig. 1 are r; = 1.6 mm,
7, = 2.5mm, 3 = 2.7 mm and r, = 3.6 mm. The width of
the splits are d = 0.2 mm.

The periodicity in the two directions (x and y) is achieved
by printing 2D-arrays of SRR patterns on planar dielectric
boards as depicted in Fig. 2a. The periodicity in the
x- and y-directions are equal and a, = a, = 8.8 mm. The
periodicity in the z-direction is achieved by stacking a
large number of such patterned planar substrates. The
planar SRR boards are stacked with a lattice constant of
a, = 6.5 mm. Notice that there is a 4.94-mm air region
between the neighbouring SRR boards. The number of
unit cells along the x, y and z directions are N, = 10,
N, =20 and N, = 25.

Similarly, a thin wire array is fabricated as shown
in Fig. 2b. The length and width of the continuous
thin wire structures are L =19cm, and w = 0.9 mm,
respectively. The number of unit cells and periodicities
along the x- and z-directions are same with that of
SRR arrays. Since the wire structure is continuous
along the y-direction, there is no such periodicity in this
direction.

The LHM structure is obtained by patterning SRR array
(Fig. 2a) on the front side of the PCB board and the wire
array (Fig. 2b) on the back side of the PCB board. The
structure is a one-dimensional (1D) LHM structure and
composed of N, =10, N, =20, and N, =25 unit cells,
with lattice spacings a, = a, = 8.8 mm and a. = 6.5 mm.
In this paper, we have also investigated the effect of
disorder on the reflection characteristics of LHM. For this
purpose, we have introduced disorder into the LHM
system, by destroying the periodicity of SRR array along
x- and y-directions, randomly (Fig. 2c¢). The disorder
is introduced as follows: each SRR on the board with
lattice point, 7, where ¥=xi+yj, is displaced with
¥, + 8,.. Here &, is the randomness parameter and we
choose it as [6,| = a/9, where a = a, = a, = 8.8 mm is
the lattice constant on periodic SRR board. Then, the
disordered LHM structure is obtained by arranging
disordered SRR arrays (Fig. 2¢) with the ordered wire
arrays (Fig. 2b) with the same number of unit cells along
all directions.

-
-

Fig. 1 Schematic drawing of the unit cell of SRR structure on a
dielectric board of thickness t
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Fig. 2 Schematic drawings of single layer of boards with SRRs
and wire structures

a Ordered SRRs

b Ordered thin wire structures

¢ Disordered SRRs

2.2 Experimental setup

Transmission and reflection measurements are performed in
free space rather than a waveguide environment. The experi-
mental measurement setup consists of a HP 8510C network
analyser and standard high-gain microwave horn antennas.
The incident EM wave propagates along the x-direction,
whereas E is along the y-direction and H is along the
z-direction (see Fig. 2a for the directions). Transmitter and
receiver horn antennas with aperture sizes of 6.5 cm, are
connected to the HP-8510C network analyser as shown in
Fig. 3. Solid line in Fig. 3 depicts the setup for transmission
measurements. The transmission spectrum in free space is
measured and set as calibration data for the network
analyser. Then, the structure is inserted between the horn
antennas, in which the transmission measurements are
performed. The distance between the horn antennas is
maintained at 35 cm.

For the reflection measurements, two horn antennas were
placed close to each other by keeping the angle between the
antennas very small. This setup is given by the dashed lines
in Fig. 3. The transmitter horn antenna sends the EM wave to
the first surface of the structures and the receiver antenna
measures the amplitude of the reflected EM waves. For
calibration purposes, we placed a thick slab of metal (since
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Fig. 3 Experimental setup for measuring transmission-amplitude
(solid) and reflection-amplitude (dashed) of the structures

metals reflect all of the incident EM waves) 12 cm away from
the antennas. Then, the structures are placed at the same dis-
tance away from the antennas and reflection data are taken.

3 Results and discussion

3.1 Transmission and reflection properties of
SRRs and wire structures

An SRR is a strongly resonant structure and even a single
unit cell of SRR has a magnetic response to the incident
EM field [20, 21]. The resonance is due to the splits
which imitate magnetic poles [4]. Arranging SRR structures
periodically in all directions increases the coupling between
the SRRs; a wider band gap in the transmission spectrum is
therefore observed compared to the measured frequency
response (transmission coefficient) of single SRR [22].
Fig. 4 shows the measured transmission (dashed line) and
reflection (solid line) spectra of periodic SRR structure.
There is an EM band gap between the frequencies 3.55
and 4.05 GHz. This band gap is due to the magnetic reson-
ance of SRR structures and therefore at this frequency range
Mer 18 negative [14]. The measured reflection at this band
gap is close to unity so that SRR structures almost perfectly
reflect the EM waves at the . < 0 region.

The periodic arrangement of thin wire structures is
previously shown to have plasma frequencies at microwave
frequencies [2, 3]. The measured transmission (dashed) and
reflection (solid) of periodic thin wire structures between
3.0 and 5.0 GHz are shown in Fig. 5. Throughout this
frequency range, the wire structure does not transmit EM
waves, and it nearly reflects the entire incident EM wave.
The average reflection is around —2.5 dB at this frequency
range. Therefore, the periodic wire structure behaves like a

power, dB

30 35 40 45 50
frequency, GHz

Fig. 4 Measured transmission (dashed) and reflection (solid)
spectra of ordered SRR structures
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Fig.5 Measured transmission (dashed) and reflection (solid)
spectra of periodic thin wire structures

low-pass filter and at this frequency range and down to zero
frequency, .4 is negative [14].

3.2 Transmission and reflection properties of
ordered LHMs

Fig. 6 shows the measured transmission (dashed line) and
reflection (solid line) spectra of a 1D LHM between 3.0
and 5.0 GHz. The periodic SRR structure is responsible
for the negative permeability at the frequency range of
3.55-4.05 GHz. The periodic wire medium has negative
effective dielectric permittivity covering this frequency
region. The condition for the formation of LH transmission
band is that the effective € and w should both be negative
simultaneously. A transmission band is observed between
3.60 and 4.00 GHz, where the effective parameters of the
LHM (i.e. o4 and pweg) are both negative. The transmission
peak is measured to be —7.2 dB at 3.83 GHz.

The reflection spectrum of 1D LHM is provided with the
solid line in Fig. 6. At the frequency 3.77 GHz, a dip in the
reflection spectrum is observed. The value of this dip is
measured to be —34.5 dB. Therefore the EM waves inci-
dent to the LHM structure around this specific frequency
are nearly transmitted through the LHM without being
reflected at the surface. This ultra-low reflection can be
attributed to either matched impedance at the interface or
to the thickness resonance of the slab. At this specific
frequency, the impedance is matched to the free space.
To check whether this resonance is due to thickness, we
performed reflection measurements on an LHM sample
with a different thickness along the propagation direction.
The results are provided in the following section.

3.3 Effect of the number of layers on the reflection
properties of LHMs

We have constructed another LHM structure with N, =5
layers along the propagation direction. Reflection spectra
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Fig. 6 Measured transmission (dashed) and reflection (solid)
spectra of ordered LHM arranged by stacking layers of ordered
SRRs and ordered wires consecutively
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Fig. 7 Measured reflection spectra of ordered LHMs with
N =10 (solid), and N =5 (dash-dotted) number of layers along
the propagation direction

of two different numbers of layers are plotted in Fig. 7. The
solid line is the reflection spectrum of 10 layers, whereas the
dash-dotted line corresponds to that of a 5-layered LHM
structure. The dip at the reflection spectrum of LHM with
five layers is measured to be at 3.79 GHz with a dip value
of —31.2 dB. The frequency where the reflection dip is
observed nearly did not change although the structure’s
thickness is reduced by half. Therefore the impedance-
matching cannot be due to the thickness resonance.

We can claim that this very low reflection from the
surface LHM is due to the impedance-matching between
air and LHM. The impedance of LHM will be equal to
that of free space if the real parts of £ and w are equal
[15]. As seen in Fig. 7, the impedance-matched frequency
range (low-reflection regions) is narrow. It is not surprising
to have such a small range for an impedance-matched
frequency region, since pegy of SRRs is known to vary
rapidly between the magnetic resonance (w,,,) and mag-
netic plasma frequencies (wpyp), although e of wires
varies slowly throughout the frequency spectrum [4, 23].

3.4 Effect of the disorder on the reflection
properties of LHMs

Recently, the studies concerning LHMs have been geared
towards optical frequencies [24, 25]. The disorders that
can occur during fabrication, or the stacking of these struc-
tures, can affect the transmission and reflection properties of
LHMs. The transmission characteristics of such disordered
LHMs are investigated in detail, recently [22]. The effects
of disorder need to be investigated for determining the
restrictions imposed on the impedance-matching of
LHMs. We aim to close this gap by studying the influence
of introducing disorder on the reflection properties of 1D
LHM.

Fig. 8 plots the reflection (solid line) and transmission
(dashed line) characteristics of a disordered LHM structure.
This structure was explained in detail in Section 2.1. As
explained in the work of Aydin et al. [22], the transmission
peak is reduced to —16.1 dB and the transmission band
become narrower. We were unable to observe a narrow
frequency region as in the case of ordered LHMs, where
almost none of the incident waves is reflected. Instead, a
wider reflection band is observed where the minimum
value of the reflection is around —7dB (Fig. 8).
Therefore it is clear that the disorders influence both the
reflection and transmission properties of LHM structures.
Single SRR is a strongly resonant structure [22]. When
several SRRs are arranged periodically, we obtain a
frequency band with a negative permeability. Introducing
disorders into the split ring array does not change the
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Fig. 8 Measured transmission (dashed) and reflection (solid)
spectra of disordered LHM arranged by stacking layers of
disordered SRRs and ordered wires consecutively

band gap drastically [22]. However, when SRRs are
combined together with the wire media to obtain an LH
medium, disorders play an important role. They affect the
coupling between the SRRs and wires, and therefore the
resulting LHM structure’s characteristics are changed.
Therefore the periodicity is important to achieve high trans-
mission and low reflection from an LH material.

Careful designs and fabrications are needed in order to
prevent such disadvantages of disorders, since disorder
will be a more significant problem for submicron scale
structures, which is required for operations in the near and
far infrared. It is noteworthy that the disordered LHM struc-
ture has the same thickness as the ordered one. This is
another fact that the observed ultra-low reflection through
an ordered LHM is indeed due to the impedance-matching,
but not due to the thickness resonance of LHMs.

4 Conclusion

In conclusion, we have investigated the transmission
and reflection characteristics of 1D SRRs, thin wires and
LHM structures experimentally in free space. An LH trans-
mission band is observed where both effective permittivity
and effective permeability are simultaneously negative. We
have observed a very sharp dip in the reflection spectrum.
The reflection is very low at 3.77 GHz with a dip value of
—34.5 dB, and therefore all of the incident EM waves can
propagate inside the LHM structure. One may argue that
this behaviour is indeed due to the thickness resonance of
LHM structures. We have confirmed by using a different
number of layers that the frequency of low reflection did
not change considerably; hence, this characteristic cannot
be attributed to thickness resonance. The influence of
disorder on the reflection properties of LHMs was also
investigated. The disorder was shown to influence the
characteristics of LHMs by reducing the transmission and
destroying the low reflection in the LH transmission band.

The observed low reflection is due to the impedance-
matching between the air and LHM interface. This is an
important advance in metamaterial development, as when
e and p are equal and both negative, we obtain a well-
matched, negative index material. Impedance-matching
at the surface of a metamaterial is desired, since it
reduces the complications of the front-face reflections and
assures that the negatively refracted beam is not the result
of any experimental artifacts. Hence, much more energy
will be transferred inside the LHM at the impedance-
matched frequencies. Therefore the higher transmission
(—7.2 dB) can be explained by way of better impedance-
matching between the free space and LHM for our particu-
lar design.
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