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In recent years, the possibility of taking advantage of the
unusual properties of the so-called metamaterial technology
has led to a great deal of research activity. These structures
can be engineered to realize novel electromagnetic properties
and to achieve behaviors that are not found in naturally
occurring materials. For instance, many efforts have been
aimed at improving the performances of novel metamaterial
arrangements in terms of equivalent circuit descriptions,
metamaterial modeling, functionality, miniaturization and
reconfigurability.

The principal goal of this special issue on metamaterials
is to provide an in-depth description of the state of the art of
research and development in this area. In particular, it high-
lights contributions intended to stimulate newmetamaterial-
inspired designs and practical applications.

P. Vélez et al. successfully present the design of broadband
microstrip bandpass filters based on the use of a novel
compact metamaterial-concept based cell, the so-called open
complementary split ring resonator (OCSRR). After present-
ing the new proposed resonator, a design procedure of two
different bandpass filters is shown, which are then manufac-
tured and measured. Experimental results fully validate the
two band pass filter designs.

H.-M. Lee and H.-S. Lee describe a method to extend the
bandwidth of metamaterial absorber using multiresonance
structure (a periodic arrangement of an electric-LC resonator
and a square loop structure). Numerical simulations and
experimental results show the efficiency of the method,
demonstrating excellent performance. The authors increase

the absorption area of a metasurface based on geometrical
variations of a unit cell.

Z. Hao et al. report on amodelingmethod to characterize
metamaterial structures integrated with active and tunable
components based on both FDTD and SPICE methods. The
authors remark along the paper the advantages of their hybrid
method versus the conventional FDTD method.

Y. Zhang et al. explain the optical and electrical properties
of different materials via chemical reaction, which has the
potential to metamaterial preparation, such asMie resonance
type structures.

Y.-l. Geng proposes an analytical method for computing
the electromagnetic scattering from a three-dimensional
(3D) conducting sphere coated with a uniaxial anisotropic
single-negative (SNG) medium. This is achieved by using
a spherical vector waves. Numerical results were obtained
using this technique. Those results have been compared with
Mie theory, and the two were found to be in good agreement.

G. I. Sajin and I. A. Mocanu present two novel antennas.
These antennas are based on zeroth-order resonant (ZOR)
millimeter wave composite right/left-handed (CRLH) copla-
nar waveguide (CPW) structures. The antennas were fabri-
cated on silicon substrates. They were designed, processed
and electrically characterized in order to operate on two
different frequencies in the mm-wave domain (i.e., 𝑓

1
=

27GHz and 𝑓
2
= 38.5GHz).

J. J. Yang et al. provide an interesting and informative
review of various different forms of metamaterial sensor. The
article is detailed and well written. It contains an extensive
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list of references and is excellent reference material for any
individual wishing to gain more knowledge of the subject
area.

G. Expósito-Domı́nguez et al. propose a design in order
to suppress the surface wave propagation modes and con-
sequently to reduce the mutual coupling between radiating
elements in low permittivity substrates.This structure, which
is an improvement of the mushroom electromagnetic band
gap (EBG) one by means of double metallic layer design and
edge via location, leads to a size reduction factor of about
30%.

H. N. B. Phuong et al. propose a design based on fractal
Sierpinski Gasket patterns in order to synthesize both broad-
and dual-band gap media. These designs are experimentally
characterized by means of the suspended microstrip method
and compared to the performances of conventional mush-
room like structures.

V. Sanz et al. propose a new equivalent circuit in order
to model a coplanar wave guide (CPW) loaded by split
ring resonators. This approach, by taking into account the
additional capacitive coupling occurring through the CPW,
leads to a broadband description that includes both the left-
handed and right-handed propagation bands.

The papers received for this special issue present a mix-
ture of exciting new developments and authoritative reviews.
The quality and breadth of topics covered by the papers is
impressive. This special issue will be of considerable interest
to students, academics, and industry experts alike. We would
like to thank all authors and reviewers for making this special
issue in Metamaterials possible.

Alejandro Lucas Borja
James R. Kelly

Fuli Zhang
Eric Lheurette
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A novel electromagnetic bandgap (EBG) structural design based on Fractal geometry is presented in this paper. These Fractals,
which are the Sierpinski triangles, are arranged to repeat each 60∘ to produce the hexagonal unit cells. By changing the gap between
two adjacent Sierpinski triangles inside EBG unit cell, we can produce two EBG structures separately that have broadband and
dual bandgap. By using the suspending microtrip method, two arrays 3 × 4 of EBG unit cells are utilized to investigate the bandgap
of the EBG structures. The EBG operation bandwidth of the broadband structure is about 87% and of the dual-band structure is
about 40% and 35% at the center bandgap frequencies, respectively. Moreover, a comparison between the broadband EBG and the
conventionalmushroom-like EBGhas been done. Experimental results of the proposed design showgood agreement in comparison
with simulation results.

1. Introduction

Recently, an intensive interest in metamaterials, such as high
impedance surface (HIS) composed of metallic or dielectric
unit cells, can be observed due to their unique characteristics
in antennas andmicrowave circuits applications [1]. In gener-
al,HIS has twounique properties included of electromagnetic
bandgap (EBG) and artificial magnetic conductor (AMC).
One of the most important properties of EBG structure
is to prohibit the propagation of the surface wave [2, 3].
Practical applications of EBG structure usually have difficulty
in accommodating its physical size, because the period of
EBG lattices has to be a half-wavelength at the bandgap
frequency. This problem had not been solved until the
mushroom-like EBG was proposed by Sievenpiper et al. [4].
Then, several of novel EBG structures were presented such
as spiral EBG, uniplanar compact EBG (UC-EBG), and
fork-like EBG. These structures have several advantages,
such as compact size low loss. However, due to their resonant

property, all of those structures are narrowband whichmakes
them not practical for use in broadband applications. It is a
real challenging task to create an EBG with wide bandwidth.

Several broadband EBG structures were found in the
literature. Typically, there have been two approaches aiming
to obtain EBG structures with wider bandwidth: the use
of EBGs with via-holes [5] (with the inconveniences of
complex and expensive manufacturing process) and the
adoption ofmultilayered FSSs over ametallic ground plane or
multiperiod mushroom-like structure [6] (which yields less
compact designs and is rather expensive). Recent research
efforts focus on the development of planar EBG that does
not need vias and that can be integrated antenna to enhance
the gain and reduce the backward radiation and increasing
efficiency [7–9].

As [10], several of Fractal shapes can be used for antennas
includes: (1) the von Koch curve, (2) the Minkowski curve,
(3) the Hilbert curve, (4) the Fractal tree, (5) the Sierpinski
(gasket and carpet) Fractals, and (6) the Cantor set. These
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geometries also can be used in order to create EBG structures.
However, only the Fractal shapes that are used for multiband
antennas are able to form broader bandgap EBG. Actually,
when an EBG structure has multiband, the broadband can be
done by overlapping the different single-band to each other.
In literature, Sierpinski (gasket and carpet) structures are
widely used to create multi-band antenna [10]. From the idea
of this design that is produced a hexagonal EBG with Fractal
geometry, due to the characteristic of an equilateral triangle,
Sierpinski gasket is chosen as ametal patch on the top surface
in order to create the hexagonal EBG.

In this paper, the advantage of the novel hexagonal EBG
structure was found by investigating in case of changing
the gap between two adjacent Sierpinski triangles inside EBG
unit cell. As a result, two structures are proposed; in which
one structure introduces broad bandwidth and the others
introduce dual bandgap.Thedesign of EBG structures involv-
ing the mode-2 Sierpinski Gasket triangles (see Figure 1) and
without via-holes or multilayer substrate is presented. The
proposed EBG structureswere simulated andmeasured using
the method of suspended microstrip, which is recommended
in [11] and a comparison between the measured results and
simulated results has been carried out.

The rest of this paper is organized as follows. In Section 2,
the detailed designs of the novel EBG structures are present-
ed. By using the suspending microstrip method, the scatter
parameters of the proposed EBG structure based on Sierpin-
ski triangle that is formed by different steps, are characterized
and simulated in Section 3. Besides, the bandgap of the
conventional EBG structure is also determined for verifying
the broader bandwidth of the proposed EBG structure.
Next, the measurement of the proposed EBG structures in
fabrication and discussions are also utilized in Section 4,
while the conclusion is provided in Section 5.

2. Hexagonal EBGs Design

The resonance frequency and the bandwidth of an EBG
structure depend on the unit-cell geometry together with
substrate’s relative dielectric permittivity and thickness. Each
unit cell implements a distributed parallel network having
one or more resonant frequencies. The resonance frequency
of a parallel circuit is defined as follows:

𝑓
𝐶
=
1

2𝜋√𝐿𝐶
. (1)

The bandwidth is also an important consideration and is
given by

𝐵𝑊 =
1

𝜂
√
𝐿

𝐶
, (2)

where 𝜂 is the free space impedance, which is 120𝜋.
The designed unit cell geometry exhibits six symmetry

planes, which makes it polarization-angle independent. The
proposed EBG structures are shown in Figure 2, which are
printed on an FR4 dielectric slab with dielectric constant of
4.4 and thickness of 1.6mm and loss tangent of 0.02. Dark

Step 1 Step 2

Step 3 Step 4

Figure 1: Four steps to form a mode-2 Sierpinski gasket structure.

𝑊

𝐻

Metallic ground
plane

(a) (b)

(c)

(d)

𝐺1𝐺1

𝐺2

𝑊
1

𝑊1

𝑊
1

𝑊2

𝑊3 𝑊4

Figure 2: Unit cell geometries: (a) BEBG, (b) DEBG, (c) detailed
Sierpinski gasket triangles, and (d) slide view of BEBG. Detailed
dimensions:𝑊

4
= 𝑊
1
/8;𝑊

3
= 𝑊
1
/4;𝑊

2
= 𝑊
1
/2;𝑊

1
= 𝑊 − 2(𝐺

2
+

𝐺
1
)/√3, 𝐺

2
= 0.5mm, 𝐺

1
= 1mm.

parts in this figure represent the metallic periodic structure,
which is etched on a dielectric substrate. Unit cell dimension
is𝑊 = 10mm, and the metallization thickness is 18 𝜇m.

The Sierpinski gasket is a well-known Fractal. The way
it can be constructed and its main properties can be found
in [12–14]. In [15], it is shown that the Sierpinski gasket is a
special case of a wider class of Fractals that can be derived
from the well-known Pascal’s triangle. This class of Fractals
can be derived in the following way. Consider an equiangular
triangular grid whose rows shall be labelled by 𝑛 = 1, 2, 3, . . ..
Each row contains 𝑛 nodes, and to each node a number
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Suspended
microstrip line Mushroom-like

EBG

Dielectric support
layer

Dielectric substrate

(a)

Proposed
EBG

Suspended
microstrip line

Dielectric support
layer Dielectric substrate

(b)

Figure 3: Geometry of 3 × 4 EBG arrays: (a) mushroom-like EBG array, and (b) proposed EBG array.

is attached. This number is the coefficient of the binomial
expansion of (𝑥 + 𝑦)𝑛−1. Now delete from this grid those
nodes that are attached to numbers that are divisible by 𝑝,
where 𝑝 is a prime number.The result is a self-similar Fractal
that will be referred to as the mod - 𝑝 Sierpinski gasket [13].

In this paper, The Sierpinski gasket triangle is formed by
the following process (see Figure 2). Firstly, create an equi-
lateral triangle patch with length edge of 𝑊

1
. The second

step of this Fractal EBG is constructed by etching out the
center equilateral triangle of length edge 𝑊

2
inside the

patch and subtracting it from the patch. The next stage is
achieved by subtracting additional three equilateral triangles
of length edge𝑊

3
of the center triangles that follows the same

technique adopted to realize the mode-2 Sierpinski gasket
geometry (see Figure 2(c)).

From this design, the Sierpinski gasket triangles are
arranged to repeat each 60∘. The aim of this work allows
modifying the resonance frequencies and the EBG operation
bandwidth by changing the width and the gap 𝐺

1
between

the hexagonal lattices. Moreover, by changing the gap 𝐺
2

between Sierpinski triangle units, two EBG structures are
formed separately. The first one, which is called broadband
EBG structure (BEBG), has a broader bandgap with the value
of 𝐺
2
greater than 0mm. The second one, which is called

dual-band EBG structure (DEBG), has dual bandgap when
the value of 𝐺

2
is set at 0mm. These structures are shown in

Figures 2(a) and 2(b), respectively.

3. The Bandgap Characteristics

In this section, the bandgap characteristics of two hexagonal
EBG structures, which are formed by the Sierpinski triangle
at 𝐺
2
= 0 and 𝐺

2
= 0.5mm, are investigated. Besides, the

bandgap of the conventional mushroom-like EBG is also
determined in comparison with the proposed EBG struc-
tures. In order to analyze the bandgap properties of these EBG
structures with finite unit number, an experiment concerning
transmission through the above structures has been carried
out. A 3 × 4 conventional EBG structure and proposed
EBG structures have been simulated using the method of
suspended microstrip, which is proposed by Fan to measure
the bandgap characteristic of the EBGs, as shown in Figure 3
[11]. The operating frequency is set at 7GHz, and the 50Ω
microstrip line is placed on a dielectric support layer with
the thickness of 0.5mm. The bandgap bandwidth will be

defined with 𝑆
11

above −5 dB and 𝑆
21

below −30 dB at the
same time.

3.1. EBG Structures at Different Steps. The hexagonal EBG
structures with Sierpinski triangles at different steps are
investigated in case the value of 𝑊 is fixed at 10mm while
the value of 𝐺

2
is set at 0mm and 0.5mm. The simulation

results of the EBG structures based on the Sierpinski triangle
at step 1, step 2, and step 3 are shown in Figures 4, 5, and 6,
respectively. In case of step 1, as can be seen in Figure 4(a), the
EBG structure introduces a bandgap, which is ranging from
5.07GHz to 7.58GHz, as 𝐺

2
is equal to 0.5mm. However, the

bandgap was not found in case of 𝐺
2
value is equal to 0mm

(see Figure 4(b)). As can be seen from Figure 5(a), the EBG
structure based on the Sierpinski triangle at step 2 has a lower
bandgap than the one in the case of step 1. The bandwidth of
this bandgap covers from4.22 to 6.88GHz. Two bandgaps are
defined in Figure 5(b) when the value of 𝐺

2
is set at 0mm.

The lower bandgap covers from 2.25GHz to 2.96GHz, and
the higher one spans from 4.14GHz to 5.34GHz. In this case,
both bandgaps are defined not clearly, because the ranges
of frequencies of 𝑆

11
, which are up to −5 dB, are not flat.

As can be obversed from Figure 6(a), the bandgap of EBG
structure in step 3 is larger than the ones in the case of step
2 as 𝐺

2
is set at 0.5mm. This bandgap spans the frequencies

from 4.32 to 7.92GHz. Moreover, when 𝐺
2
is equal to 0mm

the bandgaps are defined easier than the one in the case of
step 2. From Figure 6(b), the curve of S11 is quite flat in two
bandgaps. The first bandgap spans the frequencies from 2.15
to 3.02GHz; the second one has the bandwidth that is covered
from 3.81 GHz to 5.20GHz. Next, the bandgap properties of
the EBG structures at step 4 are considered by investigating
the effect of parameters such as the size of unit cell 𝑊, and
the gap between two adjacent unit cells𝐺

1
to the bandgaps in

both cases of DEBG and BEBG.

3.2. Broadband EBG (BEBG). In general, in order to obtain a
wider EBG operation bandwidth, it is necessary to increase
𝐿 and reduce 𝐶. Equivalent inductance 𝐿 can be increased
using a thicker dielectric substrate and also including in
the geometry narrow and long strips (lines). Equivalent
capacitance 𝐶 can be reduced by reducing substrate’s relative
dielectric permittivity and increasing the gap between the
metallization edge and the unit cell edge (and so the gap
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Figure 4: Operation bandwidth of hexagonal EBG structure based on Sierpinski triangle at step 1: (a) 𝐺
2
= 0.5mm and (b) 𝐺
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= 0mm.
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Figure 5: Operation bandwidth of hexagonal EBG structure based on Sierpinski triangle at step 2: (a) 𝐺
2
= 0.5mm and (b) 𝐺

2
= 0mm.

between adjacent unit cells). Moreover, the thickness of
substrate has to be adopted in order to obtain both compact
size and broad EBG operation bandwidth.

In the EBG design procedure, if the dielectric material
and its thickness have been chosen in this analysis, the
total equivalent inductance 𝐿 cannot be altered. Therefore,
only capacitance 𝐶 can be changed. Regarding the total
equivalent 𝐶 of the unit cell, the contribution due to the
gap between adjacent EBG cells (coplanar 𝐶) varies as the
distance between unit cells reduces (which increases 𝐶)
and also the distance between the Sierpinski triangles in

the EBG unit cells (which decreases coplanar 𝐶). More
important, in addition, the contribution due to the capac-
itance between unit-cell metallization and the unit-cell
ground plane (parallel plates) is reduced for smaller unit-cell
size (𝑊).

Finally, the wider EBG operation bandwidth for smaller
unit-cell size (𝑊) of this novel design is due to more signif-
icantly decreased 𝐶 values of the parallel equivalent circuit.
Moreover, the EBG operation bandwidth is also increased by
reducing the relative dielectric permittivity for a given unit-
cell size.
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Figure 6: Operation bandwidth of Hexagonal EBG structure based on Sierpinski triangle at step 3: (a) 𝐺
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In order to analyses the effect of the parameters of
dimension on the total equivalent capacitance 𝐶, the unit-
cell (𝑊) and the gap between adjacent EBG units (𝐺

1
) are

investigated while other parameters are constant. The unit-
cell size (𝑊) is very important parameter to take effect on the
bandgap, which affects the equivalent capacitance of the LC
resonant circuit of the EBG structure. Firstly, we investigate
the bandgap of the EBG structure with different values of
𝑊. The unit cell size is increased from 2mm to 10mm
while other parameters of the EBG structure are unchanged.
The bandgap moves to lower frequency region with patch
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Figure 8: BEBG operation bandwidth variations versus the gap
between adjacent EBG cells (𝐺

1
) while the unit-cell (𝑊) is fixed at

4mm.

size increasing, and the bandgap becomes narrow. From
Figure 7, we can see that the equivalent capacitance dimin-
ishedwhen the patch size increases, so the resonant frequency
is decreased. Since the bandgap width is proportional to 𝐿/𝐶,
the bandgap becomes narrow. The detail of this is shown in
Table 1.

Moreover, the effect of distance between adjacent EBG
cells (𝐺

1
) on the width of the bandgap is also investigated,

and the simulated results are shown in Figure 8. As can
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2
is equal to 0mm and

𝑊 is equal to 4mm while the other parameters are fixed.
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Figure 10: Simulated results of scatter parameters of conventional
mushroom-like EBG structure (𝑊 = 10mm).

be observed from Figure 10, the EBG operation bandwidth
becomes wider by increasing the gap 𝐺

1
between adjacent

EBG cells and the bandgap moves to the higher frequency
area. It is shown that the coplanar 𝐶 is increased with the
higher values of 𝐺

1
.

3.3. Dual-Band EBG (DEBG). In this section, the gap 𝐺
2

between two adjacent Sierpinski triangles inside the EBGunit
cell is also investigated while other parameters are constant.
FromFigure 9, it can be observes that two bandgaps are deter-
mined by transmission coefficient. The unique characteristic

Table 1: Parametric analysis of EBG unit cell.

Reference
Unit cell
size
(mm)

Thickness
(mm) 𝜀

𝑟

Bandwidth
(%)

Resonance
frequency
(GHz)

This paper

2 (𝜆/6.4) 1.6 (𝜆/8) 4.4 49 23.50
4 (𝜆/5.2) 1.6 (𝜆/13) 4.4 65 14.05
6 (𝜆/4.9) 1.6 (𝜆/5) 4.4 76 10.06
10 (𝜆/4.0) 1.6 (𝜆/4) 4.4 87 7.20

Table 2: Relative operation bandwidth of EBG structure for various
𝑊 while 𝐺

2
is Fixed at 0mm and 0.5mm.

Unit cell size
𝑊 (mm)

𝐺
2
= 0.5mm 𝐺

2
= 0mm

Bandgap
(GHz)

Bandgap 1
(GHz)

Bandgap 2
(GHz)

2 17.74–29.25 10.77–14.47 18.80–21.95
4 9.48–18.62 5.51–7.73 10.20–12.33
6 6.23–13.88 3.72–5.07 6.72–8.53
10 4.05–10.35 2.06–3.08 3.71–5.26

Table 3: Operation bandwidth of proposed EBG structures with
𝑊 = 10mm.

Methods

BEBG
(𝐺
2
= 0.5mm) DEBG (𝐺

2
= 0mm)

Bandgap (GHz)
(bandwidth (%))

Bandgap 1
(GHz)

(bandwidth (%))

Bandgap 2
(GHz)

(bandwidth (%))

Simulated 4.05–10.35
(87)

2.06–3.08
(40)

3.71–5.26
(35)

Measured 4.15–10.00
(83)

2.17–2.97
(32)

3.58–5.32
(39)

of this design that is the structure can be transformed the
bandwidth of broadband into dual bandgap when𝐺

2
is equal

to zero. When the unit cell size 𝑊 is set at 4mm, the first
bandgap spans from 5.51 GHz to 7.73GHz. The bandwidth
of the second one is spreading from 10.20GHz to 12.18GHz.
This can be indicated more clearly in Table 2.

It can be observed from Table 2 that these bandgaps
move forward to the lower frequency regions. It is clear that
when the value of 𝐺

2
is up to zero, two above bandgaps are

moving to overlap each other and the broader bandgap can
be obtained.

3.4. Conventional Mushroom-Like EBG. In order to verify
the bandgap characteristic of the broadband EBG structure
(BEBG), an array of 3 × 4 unit cells of hexagonal mushroom-
like EBG is investigated (see Figure 3(a)). This EBG is also
constructed on a dielectric substrate with a relative permit-
tivity of 4.4 and thickness of 1.6mm.The unit cell dimension
is fixed at 10mm. The simulated result of transmission
coefficient is shown in Figure 10. The bandgap is center at
6.77GHz, and the bandgap bandwidth is from 5.22GHz to
8.32GHz, achieve the bandgap bandwidth about 46%. As
can be observed from Table 1, the bandgap bandwidth of
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(a) (b)

Figure 11: Photos of the proposed structures with suspended microstrip: (a) array of 3 × 4 DEBG cells and (b) array of 3 × 4 BEBG cells.
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Figure 12: EBG operation bandwidth (𝑊 = 10mm): (a) BEBG and (b) DEBG.

the BEBG structure at𝑊 = 10mm is larger than that of the
conventional EBG at the same dimension of the unit cell.

4. Results and Discussions

Both schematics of proposed EBG structures were simulated
and taken into comparison with the measurement of the
fabrication. The microstrip lines are soldered with SMA
connector to measure the scatter parameters. The measured
results of scatter parameters of the arrays are performed by
Anritsu 37369D network analyzer. Photos of the proposed
EBG structures are shown in Figure 11.The simulated and the
measured results of the parameters of BEBG structure and
DEBG structure are shown in Figures 12(a) and 12(b), respec-
tively. It is very efficient to determine the bandgap by the
transmission curves. From the measurement of 𝑆

11
with the

criteria of −5 dB, the operation bandwidth can be determined
easily when the transmission coefficient 𝑆

21
is below −30 dB.

As can be observed from Figure 12(a), the BEBG introduces
a bandgap between the frequencies 4.15 GHz–10GHz with

the criteria of −30 dB, from that the electromagnetic wave
cannot propagate.The bandgap bandwidth is about 83%.The
reason is that the surface impedance of the EBG structure
becomes very high within the bandgap. From Figure 12(b),
two distinct bandgaps of DEBG structure are defined in
which the first bandgap is ranging from 2.17 to 2.97GHz and
the bandwidth of the second bandgap is spreading from 3.58
to 5.32GHz.The bandgap bandwidths of the DEBG structure
are 32% and 39%, respectively. It can be observed fromTable 3
that the measured results show good agreement with the
simulated results.

5. Conclusion

A novel EBG design is presented using Sierpinski gas-
ket triangles, which are arranged to repeat 60∘ to form
the hexagonal EBGunit cell. Two EBG structures, which have
broadband and dual bandgap, are proposed by setting the
value of the gap between two adjacent Sierpinski inside the
unit cell is equal to 0mmand greater than 0mm, respectively.
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The suspending microstrip method is used to simulate the
scatter coefficients of the EBG structure. The bandwidth of
BEBG structure is much larger than that of the conventional
EBG. The results show a good agreement between simula-
tions and measurements. Due to several advantages of the
structures such as using inexpensive dielectric substrate FR4
and planar structure, the EBG structures are promising for
low profile and low cost antennas in broadband or multiband
applications.
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Metamaterials have attracted a great deal of attention due to their intriguing properties, as well as the large potential applications
for designing functional devices. In this paper, we review the current status of metamaterial sensors, with an emphasis on the
evanescent wave amplification and the accompanying local field enhancement characteristics. Examples of the sensors are given to
illustrate the principle and the performance of the metamaterial sensor. The paper concludes with an optimistic outlook regarding
the future of metamaterial sensor.

1. Introduction

Metamaterials are manmade media with all sorts of unusual
functionalities that can be achieved by artificial structuring
smaller than the length scale of the external stimulus [1].They
have provided many possibilities for exploring unknown
physical phenomena such as reverse Vavilov-Cherenkov
effect [2], negative refraction [3], cloaking [4–7], concen-
trator [8], perfect lens [9], and negative compressibility
[10]. In recent years, sensing applications of metamaterials
have attracted a great deal of attentions. It is well known
that conventional optics suffer from Abbe diffraction limit,
since they are only capable of transmitting the propagating
components, and the maximum resolution in the image can
never be greater than half a wavelength. In a pioneer work,
Pendry [9] demonstrated that phase of propagating waves
and the amplitude of the evanescent states could be restored
by the perfect lens made up of materials with negative index
of refraction and thus giving rise to a resolution below
the diffraction limit. The essence of the perfect lens lies in
the evanescent wave amplification induced by the negative
refraction materials. It has been achieved experimentally by
Grbic and Eleftheriades [11] using transmission line meta-
materials. For the metamaterial slab with thickness of 𝑑 and
loss of 𝛿, the resolution will be Δ = 2𝜋𝑑/ ln(2/𝛿) [12]. If the
loss approximated zero, infinite resolution could be realized.
Although the loss metamaterials cannot be eliminated, and

perfect lens does not change the decaying character of eva-
nescent wave, the idea of far field perfect imaging through
converting evanescent waves to propagating waves has been
proposed and demonstrated experimentally [13, 14]. On the
other hand, the amplification of evanescent wave has been
shown to be able to enhance the interaction between wave
and mater and then increase the sensitivity of sensors [15].
A large number of researches about metamaterial sensors
have emerged over the last several years. Schueler et al.
[16] reviewed the metamaterial inspired composite right/left-
handed transmission line microwave sensors. Chen et al.
[17] reviewed metamaterials application in sensing with an
emphasis on split ring resonator-based sensors. Our group
has been dedicated to the study of metamaterial sensors for
a long time, and a great portion of works have been done
[15, 18–29]. Zheludev [30] analyzed the future development
of metamaterials and pointed out that sensing application
represents a growing area.

In this paper, we make a review of the metamaterial
sensors with an emphasis on evanescent wave amplification
and the concomitant effects. In Section 2, the generation of
surface wave at the boundary between negative and positive
materials is revisited, and examples of metamaterial planar
waveguide sensors and surface whispering gallery mode sen-
sors are given to illustrate phenomenon of evanescent wave
amplification for sensing application. In Section 3, sensors
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based on planar metamaterial arrays with enhanced sensi-
tivity for the detection of mechanical deformation, graphene
atomic layer, and for label-free image of biochemical samples
are introduced. In Section 4, examples of sensors based on
stacked metamaterial structures are given to illustrate the
subwavelength imaging characteristic. Section 5 focuses on
the metamaterial sensors based on a single metamaterial
particle with the advantages of fabrication simplicity and
experimental robustness. In Section 6, the other kinds of
metamaterial sensors such as the sensors based on squeezing
and tuning effect of epsilon near zero materials and the open
cavity are illustrated. In the last section, a conclusion is given.

2. Evanescent Wave Amplification

In 2000, Pendry [9] found that negative refraction makes
a perfect lens due to the amplification phenomenon of
evanescent wave. To give a vivid picture of this phenomenon,
we revisit the slab waveguide model shown in Figure 1(a).
In the case of time harmonic field and lossless, that is, both
𝜀 and 𝜇 are all real numbers, suppose that magnetic field
𝐻 is polarized along the 𝑦-axis and TM wave travels in
the 𝑧-direction. When a layer of metamaterials is covered
on the surface of the guiding layer as shown in Figure 1(b),
evanescent wave at the boundary between the metamaterial
layer and the cladding layer will be amplified. This can be
proved by deriving the dispersion equation of this structure.
Figure 2 shows the distribution of 𝐻

𝑦
(𝑥) along the 𝑥-axis of

the simulationmodel. It can be seen that the evanescent wave
in cladding layer is enhanced by metamaterial layer [15].

2.1. PlanarWaveguide Sensor. Waveguide sensors have found
a wide range of applications such as the detection of harmful
gases [31] and chemical analytes [32]. Such sensors are also
known as evanescent wave sensors because of the evanescent
wave entering into the analyte whose refractive index is to
be measured. Due to the interaction of the analyte and the
evanescent wave, changes can be observed in the absorption
or phase shift of the light propagating through the waveguide,
giving an indication of the concentration of refractive index
of the analyte. The amplification of evanescent wave forms
the basis for increasing the sensitivity. Many researchers have
attempted to increase the penetration depth and strength
of evanescent wave by bending or tapering the optical
fiber [33–37] and altering the light launching angle [38].
Horváth et al. [39, 40] have shown that penetration depth
of evanescent wave can be increased by using reverse sym-
metry configuration that the refractive index of the aqueous
cladding is higher than that of the substrate material. Taya
et al. [41] investigated the sensitivity of asymmetrical optical
waveguides with nonlinear cladding and substrate, of which
the permittivity displays a Kerr-type response. They show
that sensitivity of the nonlinear planar asymmetrical optical
waveguide sensor is higher than that of the conventional
asymmetrical optical waveguide sensor. Through inserting a
layer ofmetamaterialswith negative permittivity andnegative
permeability between the cladding and the guiding layer,
they found that the sensitivity of the waveguide sensor
can be dramatically enhanced [42]. We [18] studied the

0
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Substrate

(a)

0
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Metamaterial

Guiding layer
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Figure 1: Simulationmodel of the traditional planar waveguide sen-
sor (a) and the planar waveguide sensor covered with a layer of met-
amaterials (b).

dispersion equation of TM mode planar optical waveguide
with metamaterial layer and showed that the sensitivity of
this waveguide was much higher than that of traditional
TM mode planar optical waveguide sensor. Recently, the
nonlinear planar optical waveguide sensor withmetamaterial
layer is proposed by our group [19, 20], and both the TE and
TM mode dispersion equations are derived and analyzed in
detail. We demonstrated that metamaterials combined with
nonlinear waveguide will further enhance the sensitivity of
the optical waveguide sensors.

Figure 3(a) shows the schematic diagramof a four-layered
waveguide sensor model. It is supposed to be infinite in both
the 𝑧- and 𝑦-direction.The waveguide consists of four layers,
from the top to the bottom, which are semi-infinite nonlinear
cladding, metamaterial layer, guiding layer, and semi-infinite
nonlinear substrate, respectively. Thickness of the guiding
layer and the metamaterial layer is denoted as 𝑑

1
and 𝑑

2
,

respectively. Permittivities of the four layers are 𝜀nlc, 𝜀𝑚, 𝜀𝑔,
and 𝜀nls. The TM mode nonlinear cladding and substrate
are supposed to be Kerr type. Normalized magnetic fields
of the nonlinear planar waveguide sensor with and without
the metamaterial layer are simulated and compared in
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Figure 3(b). We can clearly observe that there is a sharp
increase of evanescent field at the boundary between the
metamaterial layer and the nonlinear cladding.Themagnetic
field intensity at the surface of the metamaterial layer is about
2.46 times that of the waveguide without the metamaterial
layer. For the TE mode nonlinear planar waveguide, the
evanescent application phenomenon can also be obtained.

Sensitivity (𝑆
𝑚
) of the sensor depends on the modal

effective index (𝑁) change rate with respect to the change
of cladding index (𝑛

𝑐
), that is, 𝑆

𝑚
= (𝜕𝑁/𝜕𝑛

𝑐
). Through

differentiating the dispersion relation of the nonlinear planar
waveguide sensor, the sensitivity can be obtained. Sensi-
tivity versus 𝑑

1
for the nonlinear optical waveguide sensor

with metamaterials (𝑆
𝑚
) and without metamaterials (𝑆nm)

is plotted in Figures 4(a) and 4(b). In the case of normal
symmetry (𝑎

𝑠
> 𝑎
𝑐
), sensitivity increases with guiding layer

thickness and reaches a maximum value at a point around
𝑑
1
= 200 nm and then decreases gradually. Here, 𝑎

𝑠
= 𝜀
𝑠
/𝜀
𝑔

and 𝑎
𝑐
= 𝜀
𝑐
/𝜀
𝑔
are the asymmetry parameters. In the case

of reverse symmetry (𝑎
𝑠
< 𝑎
𝑐
), the sensitivity decreases

monotonously with 𝑑
1
. Comparing the two figures, we can

conclude thatmetamaterials can improve the sensitivity of the
optical waveguide sensor, and the optical waveguide sensors
with metamaterials in reverse symmetry mode has much
higher sensitivity. For TM and TE mode optical waveguide
sensors with metamaterials, the sensitivity as a function of
𝑑
1
is simulated and shown in Figures 4(c) and 4(d). In the

case of normal symmetry shown in Figure 4(c), an optimal
guiding layer thickness is observed at around 60 nm for TE
mode,while the optimal guiding layer thickness for TMmode
sensor is about 220 nm. In the case of reverse symmetry

shown in Figure 4(d), sensitivity decreases gradually with 𝑑
1
,

and the thinner the guiding layer, the better the performance
of the sensor. Therefore, the sensitivity of TM waveguide
sensor in reverse symmetry configuration possesses much
higher sensitivity than TE waveguide sensor.

2.2. Surface Whispering Gallery Mode. From the previous
analysis, we can conclude that the sensitivity of the planar
waveguide sensor can be greatly enhanced by metamaterials
due to the amplification of evanescent wave. Interestingly, we
find that when the dielectric slab coveredwith a layer ofmeta-
materials with negative permittivity and/or permeability is
bent over to form a four-layer cylindrical waveguide as shown
in Figure 5(a), the evanescent wave can also be amplified
[21]. Figure 5(b) shows the cross-section of the cylindrical
waveguide structure. Electric field distribution in the cross-
section of the dielectric waveguide coated with a layer of
metamaterials at the eigenfrequency of 𝑓

𝑒
= 165.664THz is

plotted in Figure 5(c). Figure 5(d) displays the electric field
distribution in the cross-section of a conventional dielectric
waveguide. It is clear that for the metamaterial-assisted
microring,maximumelectric field ofWGMmoves to the sur-
face of the metamaterial layer. This is named as surface whis-
pering gallery mode (SWGM). It exposes a strong evanescent
field to the surrounding, and thus this region will be quite
sensitive in dielectric environment. Besides, SWGM can also
be generated on the inner surface of a hollow dielectric
waveguide and the surface of a circular or elliptical dielectric
cylinder when coated with a metamaterial layer [22–24].

The SWGM sensor has been demonstrated to have much
higher sensitivity than that of conventional WGM sensor. To
give a quantitative illustration for the sensitivity of the SWGM
sensor, resonant frequency, frequency shift, and 𝑄 factor of
the SWGM in dielectric sensing are simulated and compared
with the traditional WGM sensor, as shown in Table 1 [21].
For the WGM sensor, the average frequency shift to an
increase of 0.02 in substance permittivity is only 13.25GHz,
and the sensitivity (defined as resonance wavelength shift
over the refractive index change unit) is about 1.4 nm/RIU.
For the SWGM sensor, the response to an increase of 0.02
in substance permittivity is a significant resonant frequency
downshift of 187GHz in average, and the sensitivity is
about 29 nm/RIU, which is more than 20 times that of the
WGM sensor. This is due to the amplification of evanescent
field which ensures a strong interaction between light and
substance. Interestingly, the sensitivity of the SWGM sensor
can be further enhanced by increasing the thickness of
the metamaterial layer. Figure 6 shows the relation between
resonant frequency and substance permittivity for different
metamaterial layer thickness (𝑡). When the thickness of
metamaterial layer is 0.05𝜇m, the average frequency shift
in response to a 0.02 increase in substance permittivity
is about 42GHz, and the sensitivity is 5 nm/RIU. When
the thickness of metamaterial layer is 0.2 𝜇m, the average
frequency shift will be 204GHz, and the sensitivity can be
increased up to 50 nm/RIU. This is because much more
power is transferred to SWGMwith increasing metamaterial
thickness. Recently, we have demonstrated theoretically that
when a layer of Au film is deposited on the microring instead
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Figure 3: (a) Schematic diagram of a cross-sectional view of the nonlinear planar waveguide sensor with a metamaterial layer. 𝑑
1
= 500 nm,

𝜀
𝑐
= 2, 𝜀

𝑠
= 2.2, 𝜀

𝑔
= 4, 𝜀

𝑚
= −2, 𝑑

2
= 80 nm, 𝑛 = −0.6, and 𝜆 = 1550 nm. (b) Normalized magnetic field 𝐻

𝑦
distribution along the

𝑥-direction of the nonlinear planar waveguide sensor without (dotted blue line) and with the metamaterial layer (solid red line) [20].

Table 1: 𝑄 factor, resonant frequency, and frequency shift of WGM
sensor and SWGM sensor [21].

Sensor 𝜀s
1.02 1.04 1.06 1.08 1.1

WGM
𝑄 15718 15661 15777 15718 15658
𝑓
𝑟
(THz) 198.248 198.235 198.221 198.208 198.195
Δ𝑓
𝑟
(GHz) 13 14 13 13

SWGM
𝑄 16930 16922 16923 17083 17072
𝑓
𝑟
(THz) 165.474 165.286 165.097 164.911 164.725
Δ𝑓
𝑟
(GHz) 188 189 186 186

of the metamaterial layer, SWGM can also be excited when
the excitation frequency is lower than plasma frequency [45].

3. Planar Metamaterial Array

Planar metamaterials consisting of subwavelength resonators
have been proposed for thin dielectric film sensing. To
achieve higher sensitivity, the sensor needs to have a sharp
resonance in its frequency response and a high concentration
of electric field to enable the detection of small changes in
dielectric environment. When analyte is deposited on the
surface of the resonators, the effective permittivity at the
gap of each resonator is increased. Then, the gap under-
goes a significant change in the charge distribution and
capacitance, which can be observed from the transmission
resonance. This sensing mechanism has been demonstrated
experimentally and successfully applied to a range of planar
metamaterial sensors [43, 44, 46–51]. For example, Melik
et al. [48] demonstrated that the metamaterial-based strain
sensors are highly sensitive to mechanical deformation, due
to the large transmission dips and high quality factors. The
detection of a single atomic layer of graphene was realized

by Papasimakis et al. [49] based on the metamaterial sensor
made up of an array of asymmetrically split ring resonators.
Liu et al. [51] showed that the metamaterial sensor fabricated
using gold film may serve as a highly efficient localized
surface plasmon resonance sensor in the near-infrared with
sensitivity of 588 nm/RIU.

An intracellular plasmonic label-free imaging by excit-
ing multimode resonances in spilt-ring resonators is pro-
posed by Lai et al. [43]. Figure 7 shows the SEM images
of the designed SRR samples which were fabricated by
standard e-beam lithographic and lift-off processes. One
sample contains 10 × 10 unit cells, and each unit cell
consists of 5 × 5 SRRs. All SRR unit cells contain exactly
identical SRR pattern from cell to cell. To demonstrate the
performance of the planar metamaterial sensor, bioimage
of human bone marrow-derived mesenchymal stem cells
(hMSCs) based on the fundamental resonance signal of SRR
at the wavenumber of 1850–2400 cm−1 was conducted and
comparedwith conventional imaging technology. Figure 8(a)
shows the conventional optical microscopic image of the
hMSCs grown on the SRRs samples. The black part in the
background refers to the SRRs structure. In this case, any
detail of the inner nucleus and organelles cannot be revealed
without the labeling process. Figure 8(b) shows the confocal
fluorescent opticalmicroscopic image of the hMSCs, inwhich
the nuclei of the hMSCs can be observed. However, such a
labeling process is typically expensive and time consuming,
impeding the practical application of real-time diagnosis.
Figure 8(c) displays the intracellular image of the hMSCs by
the SRR platform. It does not require the labeling process
but directly detects the change of plasmonic resonance of the
SRR fluctuated by the local attachment of the targeting bioa-
gents. In the experiment, transmission and reflection were
characterized by a Fourier-transform infrared spectrometer
equipped with an infrared microscope in the wavenumber
range of 400–8600 cm−1, and the corresponding mid-IR
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images were captured by a focal planar array detector. All
measured spectra have been normalized with respect to the
reflection spectra of an aluminum mirror. In Figure 8(c),
the region colored in red represents the nucleus. This is
corresponding to the greatest shift of Resonant frequencies
and the strongest reflection intensity. The other colored
parts mainly refer to the cytoplasm, corresponding to the
smaller shift of resonant frequencies. In short, this study
demonstrated the feasibility of using SRRs for constructing
the refractive index distribution of hMSCs to obtain images of
the target cells.The SRR platform possesses many advantages
beyond other optical microscopy such as label-free and real-
time diagnosis.

A metamaterial-based terahertz (THz) sensor for thick-
ness measurements of subwavelength thin materials and

refractometry of liquids is proposed by Reinhard et al. [44].
The sensor operates in reflection geometry and exhibits a
strong frequency shift of a sharp Fano-type resonance min-
imum in the presence of a dielectric sample. The magnitude
of this shift depends on both the refractive index and the
thickness of the sample. The unit cell is a square with an edge
length of 140 𝜇m, consisting of four metallic crosses on top
of a 10 𝜇m thick dielectric matrix with a relative permittivity
𝜀
𝑟
= 2.67. Each of the crosses is titled by an angle of

22.5∘. Details about the geometry parameters are shown in
Figure 9(a). When excited by a horizontally polarized THz
wave, the distribution of currents and charge is shown in
Figure 9(b). Figure 9(c) is a microscope image of the fabri-
cated metamaterials. In order to experimentally prove the
capability of the sensor of measuring the thickness of thin
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Figure 7: The SEM images of the fabricated planar SRRs. The sam-
ple consists of 5 × 5 SRRs as a unit cell through standard e-beam
lithographic and lift-off processes [43].

sample materials, silicon layers (𝑛 = 3.4) with thicknesses
between approximately 50 nm and 1𝜇m were evaporated
on top of the metamaterial sensor, and the reflection spec-
tra were measured using THz time-domain spectroscopy.
Figure 10(a) shows the variation of the Resonant frequency
of the sensor as a function of silicon thicknesses. The sensi-
tivity of the sensor has a maximum value of approximately
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Figure 8: (a) The unlabeled optical microscopic image of hMSCs on the SRR substrate. (b) The confocal fluorescent microscopic image of
the hMSCs. (c) The intracellular image of the hMSCs by the SRR platform [43].
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Figure 9: Geometry parameters of the metamaterial unit cell. 𝑎 = 140 𝜇m,𝑤 = 15 𝜇m, 𝑔 = 4 𝜇m, and 𝜃 = 22.5∘. Themetamaterial consists of
gold (Au) crosses on top of a BCB film. (b) Distribution of charges (+, −) and currents (arrows) at resonance when excited by a horizontally
polarized incident THz wave. (c) Microscope image of a fabricated metamaterials [44].
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0.4 THz/𝜇m for very small layer thickness, and the thickness
resolution is 12.5 nm, which corresponds to approximately
1/16000 of the THz wavelength. To demonstrate the effec-
tiveness of the metamaterial structure as a liquid sensor,
resonant frequencies in the presence of different liquid
sample substances are measured as shown in Figure 10(b).
The refractive index sensitivity is 0.43 THz per refractive
index unit.

In the previous cases, the sample substances that
deposited on the surface of the metamaterial give rise to a
shift in resonant frequency due to the change of capacitance.
In a recent work, Kenanakis et al. [46] studied the sensing
capability of a metamaterial structure made of a pair of
square metal slabs as shown in Figure 11.The whole structure
contains 10 × 10 unit cells. Each side of the pair is printed on
a separate FR-4 boards placed facing each other at a distance
𝑑, with the printed metallic structures facing outwards. The
space of thickness 𝑑 between the two FR-4 boards is filled (or
partially filled) with the materials of interest. To demonstrate
the sensing capacity of the metamaterial structure, trans-
mission spectrum for air, low density polyethylene (LPDE),
FR-4, and p-type silicon are measured and compared with
numerical simulation, as shown in Figure 12. Aside from the
very good agreement between simulations and experiments,
we can observe in Figure 12 a quite large shift of the magnetic
resonance to lower frequencies as the permittivity of the
dielectric between the slab pair changes from 1.0 (air) to
11.90 (silicon). Besides, the metamaterial structure is also
applicable for measuring the thickness of thin dielectric layer
placed between the slabs of the pairs.The experimental results
show that a very thin layer of LDPE with thickness of 0.1mm
can lead to a Resonant frequency shift as large as 0.5 GHz,
indicating the large sensitivity of the design.

4. Stacked Metamaterial Structure

Unit cells of metamaterials are usually stacked together to
make novel electromagnetic devices [1, 37–39]. Besides, it has
been demonstrated that the stack of metamaterial particles
or particle arrays is capable of increasing the interaction
between wave and matter and then enhancing the sensitivity
of sensors [52]. Liu et al. [53] experimentally demonstrated
a nanoplasmonic analogue of electromagnetically induced
transparency using a stacked optical metamaterials. Results
show that plasmonic structures enable large field strengths
within small mode volumes, and this may pave the way
towards ultracompact sensorswith extremely high sensitivity.
Seo et al. [54] reported the experimental observations of
trapped mode resonances in stacked symmetric electric
ring resonators separated by dielectric inserts. This opens
an alternative way of forming sharp resonances in a sym-
metric metamaterial structure which may have potential
applications in sensor design. Han et al. [55] studied the
transmission properties of stacked SRR arrays, and sharp
resonance coupled with field concentration phenomenon,
which satisfy the requirement of an effective senor were
observed. Aylo et al. [56] investigated the transmission and
reflection spectra of periodic and random stacks comprising
positive index materials and negative index metamaterials

l

Figure 11: Schematic of the slab pair structure. A magnification
of one unit cell of the slab pair structure (red shadowed area) is
presented. 𝐸, 𝐻, and 𝑘 correspond to electric field, magnetic field,
and the wave vector, respectively [46].

based on transfer matrixmethod, and the effectiveness of this
structure as a pressure sensor was demonstrated.

On the other hand, the stack of metamaterial structures
has been demonstrated to be able to realize perfect lens
and to enhance the resolution of sensors [57, 60–63]. For
example, an impedance-matched, low loss negative index
metamaterial superlens was reported by Aydin et al. [62]. It is
capable of resolving subwavelength features of a point source
with a 0.13 wavelength resolution. Yang et al. [63]. studied
the potential of quantum metamaterial for subwavelength
imaging applications in the mid-infrared. FDTD numeri-
cal simulations demonstrated the negative refraction along
an air/metamaterial interface, and a sub-diffraction-limited
image of a structure that is ten times smaller than the incident
wavelength. A novel microwave nondestructive evaluation
sensor based on a negative index material lens constituted
of stacked SRR structures for detection of material defects
was proposed and fabricated by Shreiber et al. [57]. A sketch
of the sensor system is illustrated in Figure 13(a). The lens
is made up of a stack of double split resonators. Simulation
models of the 1D and 2D lenses are shown in Figures 13(b)
and 13(c). The author investigated the performance of the
metamaterial lenses for the detection of material defects
whichwere small relative towavelength. In the sensor system,
the sample is positioned at the focus spot of the lens. The
defect in the sample will induce some significant changes
in the energy density detected by the monopole. Ideally, the
same monopole could be used to detect the reflected signal,
but because themetamaterial is lossy, an additionalmonopole
was placed on the other side of the lens to detect the reflected
signal from the sample. Experimental results show that both
the 1D and 2D lenses are capable of detecting a 3mm (0.037 𝜆)
diameter through a hole in a fiberglass material sample based
on analyzing the receiving power of the monopole, but the
image obtained with the 2D lens is much sharper. Figure 14
shows a comparison of the focusing spot size obtained for the
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Figure 12: Simulation ((a) solid lines) and experimental results ((b) dotted lines) regarding the transmission of the slab pair structure enclos-
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Figure 13: (a) Sketch of the nondestructive evaluation sensor system. (b) 2D unit cell models. (c) 1D unit cell models [57].

1D and 2D lenses.The 1D lens yielded a focus spot size of 0.7 𝜆,
whereas the focus spot for the 2D lens is about 0.48 𝜆. On
the other hand, due to the influence of metamaterial loss, the
transmittance of the 2D lens ismuch lower than that of the 1D
one, and then the 1D lens allows for a longer sample standoff
distance and higher transmission. Therefore, the choice of
the lens to be used in a sensor is prescribed by the specific
requirements of the testing system.

5. Sensors Based on a Single
Metamaterial Particle

In a pioneering work, Fedotov et al. [64] demonstrated that
the “trapped mode” resonances could be excited by crossing
the symmetry of double split resonators. Metamaterials of
this type are known to show Fano antisymmetric resonant
lines in transmission with enhanced local fields that appear
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“trapped” in the gap of the unit cells. Based on this charac-
teristic, a metamaterial particle-assisted thin film sensor was
proposed and demonstrated experimentally by Al-Naib et al.
[58]. It consists of a single mode rectangular waveguide and a
single asymmetry double split resonator (aDSR), as shown in
Figure 15(a). In this device, the excitation of “trappedmodes”
leads to an extremely sharp resonance. Then, at the resonant
state, the electric field concentrates in the gap of the ring (see
Figure 15(c)), and this region becomes sensitive in dielectric
environment. To evaluate the performance of the sensor, the
aDSR was coated with a 17.8 𝜇m thick layer of photoresist in
four degrees of coverage, and the transmission coefficient was
measured as shown in Figure 16. The circular aDSR features
a resonance shift of 9, 24, and 48MHz for the single-covered
square, the two covered squares, and the full coverage, respec-
tively, demonstrating the enhanced sensitivity of the sensor.
Since only a single aDSR is required, the design of such a res-
onant sensor is quite flexible. Besides, the aDSR is located in
the waveguide and shielded against environmental influence,
so that the measurement is robust and highly reproducible.

Following the work of Al-Naib et al., great efforts have
been dedicated to study the sensors based on single meta-
material particles. For example, He et al. [65] proposed and
demonstrated the implementation of tip-shaped split ring
resonator in microwave thin film sensing. An evanescent
microwave probe composed of a single SRR excited by a
simple rectangular loop is proposed by Ren et al. [66].
It has the advantages of simple fabrication and low cost.
Numerical and experimental results show that the presence
of the single SRR enhances the evanescent field concentration
in the close proximity of the probe, and then the sensitivity of
the probe is improved substantially. Our group [25] reported
a double negativematerial particle-assistedmicrowave sensor
and demonstrated that when a pair of Ω-shaped particles is
located in a rectangular waveguide, the transmission can be
greatly enhanced, and such a novel sensor possesses much
higher sensitivity than that of traditional microwave sensor.

Besides, we investigated the influence of shape and asymmet-
ric parameters of the aDSR on the performance of the sensor
[26]. Results show that the spectral response and the𝑄 factor
of the sensor can be flexibly tailored to design requirements
by adjusting the asymmetry parameter or the topological
structure of the resonator. Recently, we reported an optimized
design concept for a microwave resonant sensor based on
stereocomplementary asymmetric split resonator (CASR)
[27]. In terms of its special structure characteristic, the stereo-
CASR can be perforated on a copper sheet, and thus the
influence of the substrate losses on𝑄 factor can be eliminated.
Figures 17(a) and 17(b) show the electric field distribution
and the corresponding power flow on the surface of the
resonator at the resonant state. We supposed that the sample
substance was deposited in the low gap of the structure
and the spectrum was simulated, as shown in Figure 17(c).
It is seen that the spectrum moves to the lower frequency
side with the increase of sample permittivity. The average
frequency shift with respect to a small change of 0.1 in sample
permittivity is about 123MHz.The relation between resonant
frequency and sample permittivity plotted in Figure 17(d)
reveals a good linearity of the sensor.Moreover, the simplicity
of such sensing structure enables its utilization in a wide
frequency range by simple rescaling, which opens up avenues
toward flexible designing of sensors with superior sensitivity.

6. The Other Kinds of Metamaterial Sensors

The other kinds of metamaterial sensors include sensors
based on the squeezing and tunneling effect, combined
right/left-handed metamaterial transmission lines (CRLH)
[16], metamaterial probe [67], and open resonator [28]. The
CRLH sensor is a popular concept for the microwave region.
It utilizesmetamaterial transmission line unit cells as building
blocks and can be exploited to allow for different sensor
applications, such as the measurement of mass flow [68],
level [69], permittivity [70], strain [71], and the velocity
of granular materials on belt conveyor systems [72]. More
details relating to this kind of sensors can be found in
the review article of Schueler et al. [16]. The metamaterial
probe proposed by Boybay and Ramahi [67] consists of a
rectangular waveguide with a layer of single negative or
double negative metamaterials covered at one end. Due to
the application of evanescent wave, it is capable of sensing
the target object such as cracks on aluminum plates with
subwavelength resolution. The open resonator was firstly
proposed by Notomi [73] based on the ray theory in 2000.
It consists of two homogenous double negative metamaterial
(DNM) squares in the air. Later, the resonating modes in the
open resonator were demonstrated numerically by He et al.
[74] using the finite-difference time-domain method. Open
resonator has been widely applied in dielectric sensing and
laser cavity. Recently, we designed and fabricated a novel open
resonator using metamaterial transmission line medium
[28]. The open resonance effect which is generated by
multiple negative reflections is demonstrated experimentally.
Figure 18(a) shows the schematic graph of the open res-
onator. The two DNM squares are colored in blue. Effective
permittivity and permeability of the background double
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negative media (DPM) are equivalent to those of the air.
A photograph of the open resonator designed based on LC
network is depicted in Figure 18(b). The unit cell of the DPM
region consists of four surface-mounted inductors in series
and one capacitor in shunt to the ground, while the unit
cell of the DNM region consists of four surface-mounted
capacitors in series and one inductor in shunt to the ground,
as shown in the amplified view of Figure 18(b). Simulation

results of note voltage distribution obtained based on the
software ADS are shown in Figure 18(c). The concentration
of voltage at the junction of the DPM square confirms the
open resonant characteristic of the structure. Figure 18(d)
displays themeasurement results of note voltage distribution.
Compared with Figure 18(c), the discrepancies are most
likely due to tolerances and components losses introduced
in fabrication.Thefield concentration phenomenon observed
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at the resonant state reveals the highquality characteristics of
the metamaterial open resonator, which may provide many
possibilities for designing sensorswith superior performance.

The squeezing and tunneling effect of electromagnetic
waves transmission through narrow channels filled with
epsilon (𝜀) near zero (ENZ)metamaterials was demonstrated
theoretically by Silveirinha and Engheta [75]. Since the
wavelength of radiation inside the ENZ metamaterials is
extremely large, waves propagate inside the ENZ material
with no relevant reflection losses at abrupt bends or junctions.
The theory of energy squeezing and tunneling through an
ultranarrow rectangular metallic waveguide was experimen-
tally verified by Edwards et al. [76] using a microwave setup
consisting of three distinct regions in a rectangularwaveguide
with a narrow channel. Alù et al. [59, 77] showed that the
phenomenon of energy squeezing and tunneling through a
narrowwaveguide channel can be used for accurate dielectric
sensing application. Figure 19 shows the simulation model
of the permittivity sensor, which consists of an ultranar-
row rectangular channel connecting the two sections of a
waveguide. In this way, the ENZ-related supercoupling effects
can be achieved using conventional materials filling in the
channel. The infinite phase velocity of the mode near its cut-
off results in a uniform and a strongly enhanced electric field

along the channel. As a consequence, a small cavity region
with permittivity 𝜀cav located in the channel will perturb
the tunneling effect clearly and then introduce a significant
shift in ENZ-related tunneling frequency. The transmission
spectra are shown in Figure 20. From left to right, the curves
correspond to thematerials with relative permittivity varying
from 1 to 2. The peak at about 1.8 GHz is a Fabry-Perot
resonance, which is strongly dependent on the length of the
channel. Additionally, the squeezing and tunneling effect is
independent on the shape of the waveguide. We [29] studied
the tunneling of electromagnetic field through a 3D coaxial
waveguide channel filledwith ENZmaterials and showed that
the varying of sample permittivity from 1 to 3 will result in a
frequency shift of 100MHz on average.

7. Conclusions

With the development ofmetamaterial science, sensing appli-
cation of metamaterials has attracted more and more atten-
tion. The amplification of evanescent wave at the boundary
between positive and negative refractive index materials not
only allows for subwavelength resolution in optical imaging,
but also increases the sensitivity of the planar waveguide
sensors and the whispering gallery mode sensors due to the
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Figure 19: Geometry model of the permittivity sensor [59].
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enhancement of the interaction between wave and matter.
Sensors-based metamaterial arrays and particle(s) utilize
the local field enhancement and resonant characteristics of
metamaterials to achieve high sensitive detection. Besides,
simply rescaling the size of metamaterial particles allows for
the design of sensors from microwave to optics. Although
metamaterial loss cannot be eliminated, reducing the size of
metamaterial arrays and using the stereoparticles instead of
the planar ones are all effective measures for reducing the
impact of losses on sensor performance. We believe that with
the development of the research of evanescent wave and the
concomitant effects, sensors with excellent sensitivity and
subwavelength resolutionmight be brought bymetamaterials
in the future.
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1 Radiation Group, Department of Signals, Systems and Radio Communications, University of Madrid, 28040 Madrid, Spain
2 Department of Signal Theory, Telematics and Communications, University of Granda, Granda 18071, Spain

Correspondence should be addressed to Gonzalo Expósito-Domı́nguez, gexposito@gr.ssr.upm.es

Received 3 September 2012; Accepted 13 December 2012

Academic Editor: Eric Lheurette

Copyright © 2012 Gonzalo Expósito-Domı́nguez et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Double layer and edge-location via techniques are combined for electromagnetic band gap (EBG) size reduction. The study of
the required number of elements and their dimensions is carried out in order to suppress the surface wave propagation modes
and consequently to reduce the mutual coupling between radiating elements in low-permittivity substrates. By applying these
techniques, the size of the EBG mushroom is reduced by 30%; however, the bandwidth operation maintains its value, and these
structures can be integrated between radiating elements in broad bandwidth antennas.

1. Introduction

Low-profile integrated antennas are demanded to be small
[1]. In order to reduce the size of the antenna or to increase
the working frequency band, high-permittivity substrates are
used. However, with this type of substrates, surface wave
propagation modes are enhanced, and there is strong mutual
coupling [2]. In array antennas, the separation between
elements should not be higher than 0.8 λ0 in order to avoid
grating lobes and to get high directivity. This last condi-
tion regarding the separation between radiating elements
increases the mutual coupling because the elements are closer
and they have stronger interaction.

The most common mutual coupling reduction tech-
niques are cavity structures [3], nonuniform feeding distri-
bution [4], unequally space distribution [5], and defected
ground plane (DGP) [6], but lately, (EBG) structures are
being used. The introduction of several rows of EBG
structures between two printed antennas has been proved to
increase the isolation [7]. However, when low-permittivity
substrates are used in order to enhance the radiation effi-
ciency, the size of the printed antenna elements increases, and
the available space between radiating elements is not suffi-
cient to introduce the necessary number of EBG rows.

Patch antennas are found to have very strong mutual
coupling due to the severe surface waves on thick and high-
permittivity substrates. In the literature, it can be found a
variety of works which apply metamaterials for the reduction
of this effect. In [7], four rows of EBG mushrooms are
inserted between the patch antennas in εr = 10.2 and thick-
ness (h = 2 mm) substrate. With this configuration, 8 dB of
mutual coupling reduction is obtained. In [8], different
substrates are combined; radiating elements are suspended
over a thick foam layer in order to increase the bandwidth,
and meanwhile, EBG structures are printed in a thin high-
permittivity substrate for size reduction and surface wave
suppression. In [9], by using edge-located vias, the size
of mushroom-type EBG is reduced by 20%. Among other
strategies, in [10], a fork shape is used. The area occupied by
the fork-like structure is less than 25% of the mushroom-like
structure. Besides, microelectromechanical systems (MEMS)
are used, and reconfigurable stop band is obtained. Another
studied technique is the use of metal strips. Basically, the
idea is to combine the EBG concept with soft surfaces. A
comparison of mushroom-type EBG surfaces and corrugated
and strip-type soft surfaces is shown in [11]. This stripe-type
is used in [12, 13] to reduce mutual coupling. Finally, dual
band planar soft surfaces are developed in [14]; two sizes of
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Figure 1: High impedance surface and its model with parallel resonant LC circuit. The substrate is transparent in order to get better
visualization of metallic vias.
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Figure 2: Layer and top views of traditional EBG structures (a) and multilayered F structure (b).

strips are mixed in order to get dual forbidden band. Thanks
to its frequency selective feature, these EBG structures can
be used as a filter. By applying three elements as a ground
plane for a microstrip line, in [15], isolation levels higher
than 55 dB in the first frequency band (2.1 GHz) and 40 dB
in the second one (2.45 GHz) are achieved.

The main goal of this work is to combine multilayer tech-
nique with edge-location via [16] to find a new solution for
EBG size reduction when using thick and low-permittivity
substrates (in this case mushroom type [17]). By applying
multilayered structure, different shapes, and edge-location
via, the effective size is reduced by 30%, and EBG structures
fit in between printed antennas. This paper is organized
as follows. An overview of the EBG materials theory is
provided in Section 2. Section 3 is devoted to study different
solutions to obtain surface wave suppression characteristics.
In Section 4, different EBG topologies, sizes, and number of
periods are simulated and constructed in order to reduce the
size of the mushroom to place it between radiating elements.
Finally, in Section 5, the conclusions are drawn.

2. EBG Theory Fundamentals

EBG technique appears as an application of truncated
frequency selective surfaces (FSSs) [17]. These structures
consist of array patches printed in a substrate, which are
short circuited to the ground plane with vias and can be
visualized as mushrooms protruding from the surface, as
shown in Figure 1.

When the period is small compared to the wavelength of
interest, it is possible to analyze the material as an effective
medium with a surface impedance (metamaterial with elec-
trical properties [18]). These “mushrooms” present very high

impedance values for vertical and horizontal propagation
modes at certain frequencies. In Figure 2, on the left hand
side, traditional mushrooms are shown, and meanwhile, on
the right hand side, a multilayered mushroom structure is
presented.

The behavior of this structure is similar to an LC
circuit in (1). Below the resonance frequency, the surface is
inductive, while above resonance frequency, the surface is
capacitive. Consider

ω0 = 1√
LC

. (1)

Nearby ω0, the surface impedance (Zs) is much higher
than the impedance of free space, as (2) depicts. Therefore,
no vertical or horizontal propagation modes are allowed.
Consider

Zs = jωL

1− ω2LC
, (2)

where the capacitance C is provided by the proximity of the
metal plates, according to (3) [19] as follows:

C =
[
wε0(εeff)

π

]
cosh−1

(
2w
g0

)
, (3)

and the inductance L (4) is related to the thickness of the
structure, because its value is due to the length of the via as
follows:

L = μ0t. (4)

Analytically, it can be noticed that the band gap operation
band is proportional to

√
L/C. Thus, for a fixed separation of
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the metal plates, the value of the capacitance is set, and the
working bandwidth can be increased by increasing the length
of the via and therefore the thickness of the substrate, which
is adequate for wideband antennas.

Finally, EGB structures can be seen as bend corrugations,
where the length of the corrugation is the sum of the via and
the patch multiplied by two, as it is depicted in Figure 2. The
band gap operation of the corrugations starts and finishes
when the length is similar to λ/4 and λ/2, respectively, which
yields a frequency octave [20].

3. Surface Wave Suppression

Thanks to the high surface impedance, horizontal or vertical
modes are not allowed in the mushroom structures at certain
frequencies. In order to find the allowed frequencies for
each wave vector, a single unit cell with periodic conditions
is simulated. The x-axis represents the dimensions inside
the unit cell in which the boundary conditions are fulfilled
at certain frequencies for the transmission modes of the
structure. In Figures 3(a) and 3(b), the unit cell is symmetric
with respect to the via; thus, only three traces have to be
computed. However, for the F shape case in Figure 3(c), the
EBG structure does not have the same dimensions in x and y.

Therefore, five traces have to be analyzed to describe all the
possible propagation modes for these boundary conditions.

All the studied structures are developed in a low-
permittivity substrate εr = 2.17 and thickness of 1.143 mm.
For the traditional mushroom, the size of the original patch
in X band (7.25–8.4 GHz) is 3 mm × 3 mm, while on the
other hand, for double layer mushroom 2.8 mm × 2.8 mm
size is used. For this last configuration, two stacked substrates
of 0.762 mm and 0.381 mm thickness are used.

The electric field is described in terms of an eigenvalue
equation, which is solved numerically. In Figures 4, 5, and 6,
the mode solutions that satisfy the boundary conditions are
shown. The abscissa value represents the wave number which
fulfils the requirements at a certain frequency. The lowest line
is the TM mode, while the second and third lines are TE
modes. A frequency band gap (dashed lines), in which the
surface does not support surface wave propagation of either
polarization, horizontal nor vertical, extends from the top of
the TM band to the point where TE band crosses the light
line. The comparison between original shape and double
layer mushrooms yields the result of 2 GHz bandwidth for
the original shape and 1.2 GHz for the multilayer solution.

In this work, the combination of multilayer structure
[17] and edge-location via [16] for mushroom size reduction
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is discussed. In order to keep the frequency working band
(15%) and radiation efficiency, the same substrate (εr = 2.17
and thickness of 1.143 mm) is used. As long as the inductance
depends on the substrate thickness, which is fixed already,
the only available parameter is the capacitance C. In order to
increase this parameter, a multilayered structure with edge-
location via is presented. The dimensions of the patches are
2.1 mm × 3.6 mm (this value means 30% size reduction in
the critical direction). The Brillouin diagram for this config-
uration is presented in Figure 6. In this case, the bandwidth
keeps its value, but significant size reduction is noticed.

4. Mutual Coupling Reduction

The size of the mushroom patches and the necessary number
of periods for mutual coupling reduction are higher than
the available space between radiating elements for low-
permittivity substrates. For example, for steering arrays
antennas, separation must not be higher than 0.6 λ0 in order
to avoid grating lobes. To study this effect, a simulation

scheme for S21 analysis is proposed in Figure 7. In this sim-
ulation, different topologies (original, double, or F shape),
size of the mushroom w, gap size g, and number of elements
n are tested in order to obtain the surface wave suppression
behavior.

In order to validate the whole process, prototypes of four
and seven rows are built. Six prototype transmission lines
(TLs) with EBG ground plane are mounted in Figure 8. On
the left hand side, the two circuits are single layered, the two
circuits in the middle are double layered, and the last two
circuits on the right hand side combine double layer with
edge-location via (F shape).

All the substrates used have permittivity of εr = 2.17.
However, four different thickness values are used. The TLs
impedance is 50Ω, and those TLs are printed in a 0.254 mm
thick substrate. Mushroom in single layer case are printed
in a 1.143 mm thick substrate, while in double layer case
is printed in 0.762 mm (bottom layer) and 0.381 mm thick
(upper layer) substrates. Therefore, total thickness value
maintains its value as it can be seen in Figures 9(a) and 9(b).
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Figure 13: |E| field simulation of two round patches with dual circular polarization.
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In Figures 10, 11, and 12, comparisons between the sim-
ulated structures and the measured prototypes are shown.
Difficulties due to the small size of the circuits (size circuit
approximately 1 cm) add some differences between simula-
tions and measurements. However, the overall behavior of
an LC filter in a certain frequency band is observed. It can
be noticed, comparing the figures, that traditional mush-
rooms have larger frequency operation band than F shape
mushrooms. However, F shape ones keep fulfilling the band-
width and isolation requirements.

Finally, the tradeoff solution between isolation and avail-
able space is carried out, being the necessary number of peri-
ods for surface wave suppression: n = 4. In Figures 9(a) and
9(b), the chosen topology is shown. With final dimensions
of 2.1 × 3.6 mm, four elements, double-layered structure
and edge-location via, fulfil the requirements of available
space (10.2 mm) between 2 printed antennas separated 0.6 λ0

in εr = 2.17 and 1.143 mm thick substrate. A bandwidth
operation in X band, from 7.1 GHz to 8.2 GHz (15%) and
10 dB of isolation, is obtained.

In order to prove this solutions four rows of double-
layered edge-located via, EBG mushrooms are introduced
between two round patches with double circular polariza-
tion. The radiating elements are integrated in the same
substrate, and they are circular polarized. The elements are
fed by a 90◦/3 dB branch line coupler in order to get the
double circular polarization.

In Figure 13(a), |E| field simulation for the two patches
is shown for left-handed circular polarization (LHCP). In
Figure 13(b), it can be seen graphically how |E| field value
decays quicker when using double layer edge-location via
EBG structures.

5. Conclusion

This paper presents and proposes a combination of double
layer and edge-location via techniques for EBG size reduc-
tion. With these techniques, a 30% of size reduction in com-
parison to the original mushroom shapes is achieved. This F
shape mushrooms maintain the broad bandwidth operation,
and these are used in order to suppress the surface wave
modes and consequently to reduce the mutual coupling
between radiating elements in low-permittivity substrates.
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We propose an accurate analytical method to compute the electromagnetic scattering from three-dimensional (3D) conducting
sphere coated uniaxial anisotropic single-negative (SNG) medium. Based on the spherical vector wave functions (SVWFs) in
uniaxial anisotropic medium, the electromagnetic field in homogeneous uniaxial SNG medium and free space can be expressed
by the SVWFs in uniaxial SNG medium and free space. The continued boundary conditions of electromagnetic fields between the
uniaxial SNG medium and free space are applied, and the tangential electrical field is vanished in the surface of conducting sphere,
the coefficients of scattering fields in free space can be derived, and then the character of scattering of conducting sphere coated
homogeneous uniaxial SNG medium can be obtained. Some numericals are given in the end.

1. Introduction

Recently, the development of metamaterials, which was first
introduced by Veselago in 1968 [1], has attracted more and
more attention in the physical and engineering communities.
Metamaterials, which are a kind of new artificial media, have
been studied intensively since the concept of perfect lenses
was proposed by Pendry in 2000 [2] and the negative index of
refraction was experimentally verified by Smith et al. in 2001
[3]. Another breakthrough in metamaterials happened in
2006, when a method for controlling electromagnetic (EM)
fields was proposed using inhomogeneous and anisotropic
metamaterials [4] and the reduced invisible cloak was
successfully realized using metamaterials at microwave fre-
quencies [5]. Since then, more and more researchers have
investigated the properties and applications of anisotropic
metamaterials.

The EM scattering problem for penetrable objects is very
important to study material properties and arbitrary dielec-
tric lenses. There are many classical methods for analysing
traditional two-dimensional (2D) and three-dimensional
(3D) dielectric scattering problems [6–11]. In recent years,
there have also been many theoretical investigations on
the study of EM characteristics for double-negative (DNG)

media [12–15], where both the permittivity and permeability
are negative.

However, “single-negative” (SNG) materials in which
only one of the material parameters, not both, has a negative
real value may also possess interesting properties when they
are paired in a conjugate manner. These media include the
epsilon-negative (ENG) media, in which the real part of
permittivity is negative, but the real permeability is positive,
and the mu-negative (MNG) media, in which the real
part of permeability is negative, but the real permittivity is
positive. For instance, the idea of constructing an effective
metamaterials by having layers of SNG media has been
explored by Fredkin and Ron in [16], and some works
have been done by Alù and Engheta [17–19]. It is well
known that the negative medium is not isotropic; it is
anisotropy; some works have been done between acoustic or
electromagnetic waves and anisotropic metamaterials [20–
22], and this paper discusses the scattering by a conducting
sphere coated uniaxial anisotropic SNG medium.

Based on the spherical vector wave functions in uniaxial
sphere [11] and uniaxial sphere of left-handed material [13],
electromagnetic fields in homogeneous uniaxial anisotropic
single-negative medium can be expressed as the addition
of the first and second SVWFs in uniaxial SNG medium.
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Figure 1: Geometry of a plane wave scattering by a plasma
anisotropic spherical shell.

Applying the continued boundary conditions of electro-
magnetic fields, and the tangential electric field vanishing
in the interface of the conducting sphere, the scattering
coefficients of scattering fields in free space can be derived.
The numerical results between the present method in this
paper and Mie theory of scattering by a conducting sphere
coated isotropic SNG medium are given, a good agreement
is obtained as we expected, and some new numerical results
are given in this paper.

In the subsequent analysis, an exp(−iωt) time depen-
dence is assumed for electromagnetic field quantities but
suppressed throughout the treatment.

2. Formulas

Let us consider a conducting sphere coated homogeneous
uniaxial SNG medium illuminated by an incident plane
wave. As illuminated in Figure 1, the coated sphere with
outer radius a1 and inner radius a2 is located at the
coordinate origin. On the surface of the inner conducting
sphere, the uniaxial SNG medium with permittivity tensor
(ε) and permeability tensor (μ) is coated with thickness d(=
a1 − a2). It is assumed that the incident wave propagates
in the +ẑ direction, the incident electric field has unity of
amplitude, and is polarized in the +x̂ direction.

The electric field vector wave equation in such a source-
free uniaxial anisotropic SNG medium can be written in the
following form [6, 11]:

∇×
[
µ−1 · ∇ × E(r)

]
− ω2ε · E(r) = 0, (1)

where E denotes the electric field, while ε and μ represent the
permittivity tensor and the permeability tensor of uniaxial
SNG medium; the expression are [11, 13]

ε =
⎡
⎢⎣
εt 0 0
0 εt 0
0 0 εz

⎤
⎥⎦, µ =

⎡
⎢⎣
μt 0 0
0 μt 0
0 0 μz

⎤
⎥⎦. (2)

Some works were done about this negative medium in
the past years [21, 22], and in this paper, either of the per-
mittivity or permeability is negative; that is, the permittivi-
ty ε is negative while the permeability μ is positive, or on the
contrary, the permeability μ is negative while the permittivity
ε is positive. Using Fourier transform [6, 11], the expansion
of plane wave factors in terms of spherical vector wave
functions in isotropic medium [23], and the properties of
spherical Bessel functions [24], the electromagnetic fields in
the uniaxial anisotropic SNG medium can be obtained as
follows:

E =
2∑
l=1

2∑
q=1

∑
mnn′

F(l)
mn′q

∫ π

0

[
Ae
mnq(θk)M(l)

mn

(
r, kq

)

+ Be
mnq(θk)N(l)

mn

(
r, kq

)

+ Ce
mnq(θk)L(l)

mn

(
r, kq

)]

× Pm
n′(cos θk)k2

q sin θkdθk,

(3)

H =
2∑
l=1

2∑
q=1

∑
mnn′

F(l)
mn′q

∫ π

0

[
Ah
mnq(θk)M(l)

mn

(
r, kq

)

+ Bh
mnq(θk)N(l)

mn

(
r, kq

)

+ Ch
mnq(θk)L(l)

mn

(
r, kq

)]

× Pm
n′(cos θk)k2

q sin θkdθk,

(4)

where n′ and n are summed up both from 0 to +∞ while m
is summed up from −n to n, and r is pointing to the (θ,φ)-

direction in the spherical coordinates. The coefficients, F(l)
mnq,

are unknown, as in [11, 13]. A
p
mnq(θk), B

p
mnq(θk), C

p
mnq(θk)

(where p = e or h), and kq are functions of θk and they have

been derived in [11, 13]. The vector wave functions, M(l)
mn,

N(l)
mn, and L(l)

mn are spherical vector wave functions and they
are also shown in [11, 23].

The incident electromagnetic fields (designated by the
superscript inc) can be expanded in an infinite series in
isotropic spherical vector wave functions [11, 23]:

Einc =
∑
mn

[
axmnM(1)

mn(r, k0) + bxmnN(1)
mn(r, k0)

]

× [δm,1 + δm,−1
]
,

(5)

Hinc = k0

iωμ0

∑
mn

[
axmnN(1)

mn(r, k0) + bxmnM(1)
mn(r, k0)

]

× [δm,1 + δm,−1
]
,

(6)
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where the expansion coefficients are defined as:

axmn =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

in+1 2n + 1
2n(n + 1)

, m = 1,

in+1 2n + 1
2

, m = −1;

(7)

bxmn =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

in+1 2n + 1
2n(n + 1)

, m = 1,

−in+1 2n + 1
2

, m = −1;

(8)

δs,l =
{

1, s = l,

0, s /= l.
(9)

According to the radiation condition of an outgoing wave
(attenuating to zero at infinity) and the asymptotic behavior

of spherical Bessel functions, only h(1)
n should be retained

in the radial functions; therefore, the expansion of scattered
fields (designated by the superscript s) are

Es =
∑
mn

[
As
mnM(3)

mn(r, k0) + Bs
mnN(3)

mn(r, k0)
]

, (10)

Hs = k0

iωμ0

∑
mn

[
As
mnN(3)

mn(r, k0) + Bs
mnM(3)

mn(r, k0)
]

, (11)

where the coefficients, As
mn and Bs

mn (n varies from 0 to
+∞ while m changes from −n to n), are unknowns to be

determined, M(l)
mn(r, k0) and N(l)

mn(r, k0) denote the spherical
vector wave functions defined in [11, 23], and
k0 = ω(ε0μ0)1/2 identifies the wave number of free space,
respectively.

Applying the boundary conditions at the surface of
uniaxial anisotropic SNG medium, for example, when r =
a2, the expansion coefficients of electromagnetic fields
in uniaxial anisotropic medium can be obtained by the
following equations:

2∑
l=1

2∑
q=1

∞∑
n′=0

F(l)
mn′q

∫ π

0
Ae
mnqz

(l)
n

(
kqa2

)

× Pm
n′(cos θk)k2

q sin θkdθk = 0,

(12)

2∑
l=1

2∑
q=1

∞∑
n′=0

F(l)
mn′q

∫ π

0

⎧⎨
⎩Be

mnq
1
kqr

d

dr

(
rz(l)

n

(
kqr
))

+ Ce
mnq

z(l)
n

(
kqr
)

r

⎫⎬
⎭
r=a2

× Pm
n′(cos θk)k2

q sin θkdθk = 0

(13)

and r = a1 and can be obtained the following expression:

2∑
l=1

2∑
q=1

∞∑
n′=0

F(l)
mn′q

∫ π

0
Q(l)

mnqP
m
n′(cos θk)k2

q sin θkdθk

= [δm,1 + δm,−1
]
axmn

i

(k0a1)2 ,

(14)

2∑
l=1

2∑
q=1

∞∑
n′=0

F(l)
mn′q

∫ π

0
R(l)
mnqP

m
n′(cos θk)k2

q sin θkdθk

= [δm,1 + δm,−1
]
bxmn

i

(k0a1)2 ,

(15)

where expansion coefficients axmn and bxmn can be expressed

in (7) and (8), and z(l)
n (where l = 1, 2, 3, and 4) denotes

an appropriate kind of spherical Bessel functions, jn, yn,

h(1)
n , and h(2)

n , respectively. Q(l)
mnq and R(l)

mnq have the following
expression:

Q(l)
mnq =

⎧⎨
⎩Ae

mnq
1
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d
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,

(16)
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1
k0r

d

dr
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n (k0r)
)
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(
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mnq

z(l)
n

(
kqr
)

r

⎤
⎦

· h(1)
n (k0r)

}
r=a1

.

(17)

The integral in (12) to (15) can be easily calculated by
Gauss integral [24], and from (12) to (15), it shows that

(i) firstly, the unknown coefficients (F(l)
mn′q) of elec-

tromagnetic fields in the uniaxial anisotropic SNG
medium can be obtained;

(ii) secondly, the coefficients (As
mn, Bs

mn) of scattered
fields in region 0 (free space) are calculated; and

(iii) lastly, the far scattering field of electromagnetic fields
from a conductor sphere coated uniaxial anisotropic
SNG medium by a plane wave and the radar cross-
section are thus obtained.

3. Numerical Results and Discussion

In the last section, we have presented the necessary theoreti-
cal formulation of the electromagnetic fields of a plane wave
scattered by a conducting sphere coated uniaxial anisotropic
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Figure 2: Radar cross sections (RCSs) versus scattering angle θ (in
degrees): results of this paper (solid curve) and of Mie theory (black
round).

SNG medium. To gain more physics insight into the problem,
we will provide in this section some numerical solutions to
the problem of electromagnetic scattering by a conducting
sphere coated uniaxial anisotropic SNG medium.

Numerical computations have been performed by apply-
ing the theoretical formulae derived earlier in the previous
sections. Since there are no numerical results of scattering
by a conducting sphere coated uniaxial anisotropic SNG
medium, in order to check the accuracy of the newly
obtained numerical results, we performed one trial; that
is, we calculated the radar cross-sections using the present
method and the Mie theory (scattering by a conducting
sphere coated homogeneous isotropic SNG medium). The
results are shown in Figure 2, where electric dimensions of
outer and inner spherical surfaces are k0a1 = 1.1π and k0a2 =
π, while the permittivity and permeability tensor elements
are εt = εz = 2ε0, μt = μz = −2μ0, respectively, (where and
subsequently, ε0 and μ0 stand for the free space permittivity
and permeability, resp.).

From Figure 2, it is seen apparently that the radar cross
sections calculated by using the two methods (i.e., the present
method in this paper and Mie theory) are in very good
agreement in both the E- and H-planes, where the maximum
number of n′ used in (12) to (15) is only 6 to achieve
the convergence. It partially verifies the correctness and
applicability of our theory as well as the Fortran program
codes.

After this, we obtain some new results unavailable
elsewhere in the literature. Three examples are considered
herein, and their radar cross sections are plotted in Figures
3, 4, and 5.

Figure 3 represents radar cross sections of a conducting
sphere coated uniaxial anisotropic SNG medium of more
general uniaxial medium, where the permittivity and per-
meability tensor elements are characterized by εt = −2ε0,
εz = −3ε0, and μt = 3μ0, μz = 2μ0, and the electric size
of the uniaxial anisotropic SNG spherical shell is chosen as
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Figure 3: Radar cross-sections (RCSs) versus scattering angle θ (in
degrees) in the E-plane (solid curve) and in the H-plane (short-
dashed curve).
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degrees) in the E-plane (solid curve) and in the H-plane (short-
dashed curve).

k0a1 = 2.1π and k0a2 = 2π. The maximum number n′ in
(12) to (15) to achieve a good convergence is found to be 16.

Figure 4 gives a numerical result of scattering by a
conducting sphere coated loss uniaxial SNG medium. The
electric size of the uniaxial anisotropic SNG spherical shell is
chosen as k0a1 = 3π and k0a2 = 2π under the illumination
by an incident plane wave. The permittivity and permeability
tensor parameters used for this case are εt = (1 + 0.001i)ε0,
εz = (2 + 0.001i)ε0, and μt = (−2 + 0.001i)μ0, μz =
(−1 + 0.001i)μ0. As the electric dimension of the sphere
is increased, the maximum number of n′ used in (12) to
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The parameters of the uniaxial SNG coating of the conducting
sphere are assumed to be εt = −1.5ε0, εt = −3ε0, μt = 3μ0, and
μz = 1.5μ0, respectively.

(15) must be significantly increased to 22 to achieve the
convergence.

Later in this section, monostatic RCSs are given; for
example, the forward RCS (the scattering angle θ = 0)
and the back RCS (the scattering angle θ = π) are given
in Figure 5. The parameters of the coated uniaxial SNG
medium are εt = −1.5ε0, εz = −3ε0, and μt = 3μ0, μz =
1.5μ0, and the electric size of conducting sphere is k0a2 =
1.5π, and the change of coated uniaxial SNG medium is
from 0.1λ to 1.25λ (λ is the wavelength of incident wave in
free space) at the interval of 0.025. From this Figure, the
forward RCS of the core-shell system almost increases as the
thickness of the uniaxial SNG coating increases. However,
it is interesting to note that the back scattering will be
oscillating. The RCS in the forward direction is always larger
than that in the back direction.

4. Conclusions

The spherical vector wave function expansion solution to the
plane wave scattering by a conducting sphere coated uniaxial
anisotropic SNG medium is obtained analytically in this
paper. The solution has only one-dimensional integral which
can be calculated by Gauss integral [24] easily. Numerical
results are obtained using the present method and compared
with Mie theory and a fairly good agreement is observed.
It is shown that the obtained solution is stable even for
almost isotropic scatterers, since the proposed solution is an
analytical one of a conducting sphere coated uniaxial SNG
medium, and the result of the Mie theory is a special case of
the present method. The general numerical results, including
the conducting sphere coated lossy uniaxial SNG medium

and resonance region, are given and are found reducible to
those of spacial cases. The present analysis is believed to be
useful in antenna and wave propagation.
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The paper presents two composite right/left-handed (CRLH) coplanar waveguide (CPW) zeroth-order resonant (ZOR) antennas
which were designed, processed, and electrically characterized for applications in the millimetric wave frequency range. Two CRLH
antennas were developed for f = 27 GHz and f = 38.5, GHz, respectively. The CRLH antenna on f = 27 GHz shows a return
loss of RL < −18.78 dB at f = 26.88 GHz. The −3 dB radiation characteristic beamwidth was approximately 37◦ and the gain was
Gi = 2.82 dBi. The CRLH antenna on f = 38.5 GHz has a return loss of RL < −38.5 dB at f = 38.82 GHz and the −3 dB radiation
characteristic beamwidth of approximately 17◦. The gains were Gi = 1.08 dBi at f = 38 GHz and Gi = 1.2 dBi at f = 38.6 GHz.
The maximum measured gain was Gi = 1.75 dBi at f = 38.2 GHz. It is, upon the authors’ knowledge, the first report of millimeter
wave CRLH antennas on silicon substrate in CPW technique for use in mm-wave monolithic integrated circuit.

1. Introduction

In recent years the area of metamaterials has been getting
a lot of attention from the scientific community. Although
Veselago enunciated the theory of left-handed (LH) materials
more than 50 years ago [1], structures mimicking these
properties were developed only about 10 years ago [2].

Considering the transmission line (TL) parameters,
metamaterials were introduced as the concept of Composite
Right/Left-Handed (CRLH-TL). The CRLH is an artificial
TL that can be obtained by combining the RH behavior of the
classical TL modeled by a transmission line loaded with series
connected inductors and parallel grounded capacitors, with
the LH behavior modeled by series connected capacitors and
parallel connected grounded inductors. Such a transmission
line exhibits both right-handed (RH) and left-handed (LH)
behavior. The first presentation of this type of transmission
line and of devices made on this basis is done in [3].

This particular frequency characteristic of the CRLH TL
has been exploited in the development of many types of
devices such as coupled-line directional couplers, filters and
resonators and various types of antennas [4–14].

A complete description of the most practical leaky wave
and ZOR antennas was done in [4].

The current trend in electronics shows that there is
a need of devices with reduced size planar topology and
easily integrable with active components in microwave and
mm-wave integrated circuits. Although hundreds of anten-
nas configurations on metamaterials have been reported
in literature, almost all are demonstrators processed on
soft materials for frequencies up to 10 GHz–12 GHz. Very
few antennas have been manufactured on semiconductor
materials, [6–8, 15, 16], in the mm-wave frequency range,
[8, 15–17], and ever the less have been built for use in
practical microwave and millimeter wave integrated circuits
[17–21]. In the quest of more efficiency when allocating the
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frequency bandwidths, countries like Australia and Canada
have chosen to use the 27 GHz spectrum and 38 GHz
spectrum, respectively, for broadband wireless services and
for a wide variety of fixed service applications. So, there is the
need for using antennas designed to work on this frequencies.

CRLH antennas presented in this paper were processed
in coplanar waveguide (CPW) configuration on silicon sub-
strate and have been designed to be used in practical applica-
tions. The CPW technology was preferred due to an easier
technological approach and also due to a straightforward
measurement procedure using an on-wafer characterization
installation. It is, upon the authors’ knowledge, the first
realization of a millimeter wave CRLH antennas on silicon
substrate for effective use in mm-wave integrated circuits.

2. CRLH Antenna Structure

The devices cf. [15, 16] designed in this paper are zeroth-
order resonance (ZOR) antennas consisting of an open-
ended array of CPW CRLH transmission lines cells. Each cell
has a T circuit topology made of two series connected CPW
interdigital capacitors and two parallel conected short-ended
CPW transmission lines as inductive stubs. Unlike microstrip
antenna, using CPW transmission lines allows obtaining
much smaller circuit area because no large patch area and
no vias to the ground are needed. The elementary CRLH
cell used in antenna construction is depicted in Figure 1(a)
while in Figure 1(b) equivalent circuit of the CRLH cell is
presented.

Here 2CL and LR/2 are the equivalent capacitance and
the equivalent inductance of the series capacitor, while LL is
the equivalent parallel inductance of the two CPW inductive
stubs and CR is the equivalent parallel capacitance. The
parallel capacitance CR includes, also, the equivalent parallel
capacitance to the ground of the interdigital capacitors. It
is important to point out that the LR/2 and CR are strongly
related to 2CL and LL values. A similar CRLH topology was
presented for a leaky-wave antenna in [4].

The design was made for obtaining a balanced CRLH
structure for which 1/

√
LLCR = 1/

√
LRCL. The starting point

in designing the capacitor is to choose: (i) the operating
resonance frequency fsh = 1/2π

√
LLCR; (ii) the length of

the capacitor fingers so that the overall length of the CRLH
cell would be much smaller comparing to the operating
wavelength; (iii) the geometry of the interdigital capacitor
allowed by the technological limitations.

3. Antenna Design and Processing on
Silicon Substrate

Two devices working at the frequencies f = 27 GHz
and 38.5 GHz, respectively, were designed, technologically
processed, and electrically characterized. In the following,
antenna at 27 GHz will be termed as Antenna #1 and antenna
at 38.5 GHz will be termed as Antenna #2.

3.1. 27 GHz Antenna Design. A CPW CRLH ZOR antenna
at the frequency f = 27 GHz was designed, technologically

processed, and electrically measured. It is considered to be
used in broadband wireless systems for the 27 GHz spectrum
in Australia. The device was made of three resonant CRLH
cells made on a 5 kΩcm silicon wafer. The values of the
elements of the CRLH equivalent circuit have been computed
for ZC = 50Ω.

The obtained values for CRLH elementary cell compo-
nents (see Figure 1(b)) are: LR = 0.6 nH, LL = 0.13 nH,
CR = 267 fF, and CL = 26 fF. For these values the computed
resonant frequency is fsh = 27 GHz.

In order to obtain the antenna radiating structure in
CPW configuration, the following geometrical dimensions of
CRLH cell layout (capacitors, inductors, and cell dimension)
are obtained (see Figure 1(a)):

(i) for the inductive CPW stub: lL = 212μm; wL =
42μm; sL = 10μm;

(ii) for the interdigital capacitors: wC = 10μm; sC =
5μm; lC = 250μm and gC = 65μm; the number of
digits was 10.

The length of the CRLH cell is p = 690μm fulfilling the
condition p � λg where λg = 4370μm is the wavelength
at f = 27 GHz. The surface occupied by the radiant
antenna structure composed of 3 CLRH cells is approx.
2 mm× 1.2 mm ∼= 2.4 mm2. To compare, a patch microstrip
antenna processed on silicon using the same technology,
working on the fundamental mode at the same frequency
has a surface of approx. 2.2 mm × 1.44 mm ∼= 3.17 mm2.
One may see that the CRLH antenna allows a surface size
reduction of approximately 25% that is very important in the
management of the mm-wave circuit planar dimensions.

The antenna input is made of a feeding line of 3400 μm
length and the geometry computed to match the 50Ω char-
acterisctic impedance of the mm-wave circuit. This geometry
allows antenna structure mounting on a dedicated test fixture
for radiation characteristic and gain measurement.

3.2. 38.5 GHz Antenna Design. Using the same design condi-
tions as for the previous described antenna, a CPW CRLH
ZOR antenna on the frequency f = 38.5 GHz was designed,
processed, and measured. This type of antenna is considered
to be used in the point to point systems in the 38 GHz
spectrum in Canada. The elementary CRLH CPW cell has
the same layout as it was presented in Figure 1. The antenna
is formed also of three resonant CRLH cells processed on
the same kind of silicon wafer. The computed values of
interdigital capacitors and the inductive CPW lines for a
frequency f = 38.5 GHz are the following: LR = 0.4 nH, LL =
0.08 nH, CR = 210 fF, and CL = 18 fF. For these values the
resonant frequency computed with (1) give fsh = 38.8 GHz.

The physical dimensions necessary to obtain a CRLH
cell with the previous capacitor and inductor values are the
following (see Figure 1(a)):

(i) for the inductive CPW stub: lL = 212μm; wL =
40μm; sL = 8μm;

(ii) for the interdigital capacitor: lC = 250μm, wC =
7μm, sC = 8μm, gC = 65μm and number of digits:
10.



International Journal of Antennas and Propagation 3

wL

wC

sL

IL

gC

sC

lC

p

(a)

2CL 2CLLR/2 LR/2

CR
LL

(b)

Figure 1: CPW CRLH elementary cell used in antenna construction (a) and the equivalent circuit (b).

Also at this frequency, the length of the CRLH cell is well
under the wavelength fulfilling the condition p = 690μm
� λg = 3110μm.

The antennas were processed on a 400 μm thick silicon
wafer (εr·Si = 11.9) with a resistivity of 5 kΩcm. On the
silicon surface was grown through thermal oxidation a 1 μm
thick SiO2 layer (εr·SiO2 = 3.9). The metallization was
obtained by evaporation of 4.000 Å Au/500 Å Cr. By using
silicon, the possibility of integration with active devices in a
functional circuit is left open.

Two technological processing methods were tried: (i)
standard wet etching photolithography and (ii) laser abla-
tion.

3.3. Technological Approach. Standard photolithography as
technology for antenna processing consists of photoresist
deposition, masking, exposure, developing, wet etching;
photoresist remains removal.

A quarter of a silicon wafer supporting some CRLH
antenna structures with a Süss Microtec on-wafer 67 GHz
probe-tip contacting an antenna feeding line in order to
measure the resonant frequency and return loss is presented
in Figure 2(a). In Figure 2(b), the layout of a CRLH cell
interdigital capacitors and inductor lines is presented.

Concerning photolithography, this technology is able to
provide excellent layouts for microwave devices. A drawback
is the tendency of metallic lines over-etching. During our
experiments there was necessary to apply a correction factor
in the device mask design in order to keep the ratio
10 μm/5 μm between metallic finger width and space between
the metallic fingers

In order to obtain devices by laser ablation, a two-
step technological process was applied. The first step was

the removal by a standard photolithographic process of
the metal from the large areas, such as the gaps between
the signal line and the ground planes. For this, a mask
without the interdigital capacitors was designed. The second
step consisted of tracing the fine details of the interdigital
capacitors gaps by laser ablation.

A direct laser writing (DLW) method was implemented
to microprocess the Au/Cr layers evaporated on silicon. The
samples were laser ablated by tightly focusing a femtosecond
laser with 200 fs pulse duration, 775 nm wavelength, tens
of nanojoules pulse energy, and 2 kHz repetition rate. The
2D structures were generated according to a computer
controlled algorithm by precisely translating the sample with
resolution below 1 μm.

Figure 3(a) shows the antenna layout after photolithog-
raphy in the first step. There can be observed the grounded
lines forming the inductive stubs and the areas where the
interdigital capacitors are to be processed through laser
ablation. Figure 3(b) shows the same area after the capacitors
were processed through the laser ablation method. A good
definition of the lines could be observed: the lines were
straight and the rounding at the corners was minimal. The
geometry was accurately kept.

By applying these two steps process, we can benefit
from the fast and cost-effective standard photolithographic
process which maintains good accuracy for larger geometries
(tens or hundreds of microns) and the highly accurate but
time consuming laser ablation process in order to obtain fine
details (micronic and submicronic geometries).

However, this technology was not retained due to the
following drawback: during the laser ablation a cloud of
removed metallic material is spread all over the interdig-
ital capacitor structure, including the space between the
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(a) (b)

Figure 2: Silicon wafer with antenna structures (a) and optical microscopy photo showing one of the CRLH cell (b).

(a) (b)

Figure 3: The CRLH antenna after the first step (a) and a SEM image of the CRLH cell after the second step of the laser ablation technology
(b).

two digits. These metallic particles may be observed in
Figure 3(b) as well as white dots in SEM image in Figure 4.
This contamination dramatically increases the device’s losses.

After obtaining the antenna structures and on wafer
measurement of the resonant frequency and return loss, the
silicon wafer was diced with an abrasive diamond wheel
tool, thus obtaining separate antenna chips. These discrete
structures were mounted on dedicated test fixtures in order
to measure antenna’s directivity characteristic and gain. Two
such diced CRLH antennas are presented in Figure 5(a) while
in Figure 5(b) two structures mounted on the test fixtures
can be seen.

It should be noted that antennas are used in applications
requiring absence of metallic layer on the back of the
silicon wafer. At the same time, mounting the silicon wafer
on the Süss Microtec working chuck as well as mounting
the antenna structures on the test fixtures may excite the
CPWG mode instead of CPW, due to the presence of metal
underneath the antenna acting as ground plane. The line
impedance in the CPW mode is 47.12Ω while the line

impedance in the CPWG mode is 44.85Ω. This difference of
2.27Ω does not dramatically affect the device measurement’s
results.

4. Measurements and Experimental Results

4.1. Measurement Techniques. As electrical characteristics of
CRLH antenna, the return loss, the resonant frequency, the
radiation characteristic, and the gain were measured.

Return loss and the resonant frequency were measured
on-wafer using a 37397D vector network analyzer from
Anritsu, equipped with PM5 set-up from Süss Microtec. In
Figure 2(a) it can be seen a Süss Microtec on-wafer 67 GHz
probe-tip contacting a CRLH antenna feeding line in order
to measure the resonant frequency and return loss.

The radiation characteristics were measured with a fre-
quency generator Agilent E8257D and a spectrum analyzer
Anritsu MS2668SC, both having full capabilities in the
CRLH antennas frequency range. The measuring planes were
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Figure 4: Technological drawbacks: metallic particles spread in the
ablated area.

(a)

(b)

Figure 5: Discrete CRLH antenna structures after cutting (a) and
after the mounting on a specialized test fixture (b).

the transversal plane (θ) and the longitudinal plane (ϕ) as
they are defined in Figure 6.

The measuring setup comprises, also, an antenna holder
as is shown in Figure 7 having the possibility to rotate
between −90◦ and +90◦ in transverse (θ) and longitudinal
(ϕ) planes. The emitting device was the CRLH antenna and
as receiving device were used two frequency appropriate horn
antennas connected to the spectrum analyzer. The distance
between the emitting CRLH antenna and the aperture plane
of the receiving horn antenna was 100 mm. The measured
power at reception was averaged over 50 measurements.

θ

ϕ

+−

Figure 6: The transverse (θ) and the longitudinal (ϕ) measurement
planes.

Figure 7: Measuring setup for CRLH antenna: detail of the meas-
uring arrangement.

The antenna gain was obtained using the De Friis relation
for two identical antennas (1):

Pr
Pt
= G2

i

(
λ

4πR

)2

, (1)

where Pt = power transmitted by emitting antenna, Pr =
power at the receiving antenna, Gi = antenna gain with
respect to isotropic; λ = wavelength, R = distance between
emitting and receiving antenna. In this situation the emitting
and the receiving antennas are identical so that the gain of
both devices are the same, Gi. The gain in (dBi) is expressed
by:

G(dBi) = 10 log10

(
4πR
λ

√
Pr
Pt

)
. (2)

The gain measurement setup shown in Figure 8 uses the
same instruments utilized for the previous characterization,
the arrangement of antennas holders being adapted for using
the De Friis relation (2).

4.2. Experimental Results for 27 GHz CRLH Antenna. The
simulation of reflection loss of Antenna #1 which was
made with the IE3D Zeland software in the 24 GHz–30 GHz
frequency band on the previously obtained geometry is
presented in Figure 9. The simulation results indicate a
return loss of S11 = −17.94 dB at the frequency f =
27.1 GHz.

The measured results for resonance frequency and return
loss of CRLH Antenna #1 sample are presented in Figure 10.

From Figure 10 it may be seen that the return loss and the
resonant frequencies are S11 = −18.78 dB at f = 26.88 GHz.
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Figure 8: Measuring setup for CRLH antenna gain.
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Figure 9: Simulation of return loss of the CRLH Antenna #1 in the
24 and 30 GHz frequency domain.

The frequency is slightly lower than the simulated one and
the return loss is smaller as well. Also, the antenna bandwidth
is larger than simulated.

Radiation characteristic in transversal plane (θ) of the
27 GHz CRLH antenna is shown in Figure 11 where the
received power at different angles was normalized to the
maximum received power value. From Figure 11 one may see
that the −3 dB beam width of the radiation characteristic is
between approximately +21◦ and − 16◦ for meaning beam
width of 37◦.

The secondary radiation lobes have amplitudes lower
than 0.3 of the main radiation lobe maximum value and
occurs at the angles of approximately ± 40◦.

In order to complete the characterization of the antenna’s
radiating capability, the radiation characteristic in longitu-
dinal plane (ϕ) was, also, measured. The results are shown
in Figure 12 where the radiated power at different angles in
the (ϕ) plane between −70◦ and +90◦ was plotted. All the
measured power values P(ϕ) were rated to the value P(0◦)
that is the measured power in a point located on the line
normal on the antenna center at ϕ = 0◦.

From Figure 12 one may find that the radiation char-
acteristic in the longitudinal plane is tilted in the forward
direction, the maximum radiated power occurring at an
angle ϕ ∼= +14◦. The radiated power decreases in the
backward direction having a secondary radiation lobe at ϕ ∼=
−35◦.
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Figure 10: Measured return loss of CRLH Antenna #1 for frequency
sweep between 24 GHz and 30 GHz.
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Figure 11: Radiation pattern in transversal plane (θ) of the CRLH
Antenna #1 sample at f = 26.88 GHz.
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Antenna #1 sample at f = 26.88 GHz.
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The CRLH antenna gain was evaluated at f = 27 GHz,
the measured data being: λ = 11.11 mm, R = 100 mm,
power at the emitting antenna: Pt = 0.45 mW, power at the
receiving antenna Pr = 1.29E − 04 mW. By applying relation
(2), the results show Gi = 2.82 dBi. It is to worth noting that,
due to the longitudinal radiation characteristic tilting in the
forward direction, the antenna alignment in measuring setup
(see Figure 8) was adjusted to make the maximum radiation
of both antenna face each other.

4.3. Experimental Results for 38.5 GHz CRLH Antenna. The
simulation of reflection loss of the CRLH Antenna #2 in
the 35 GHz–45 GHz frequency band was made with the CST
dedicated software. The simulation presented in Figure 13
indicate as working frequency f = 38.77 GHz, where the
antenna’s return loss is S11 = −17.86 dB.

Measurements of the resonant frequency, return loss,
radiation characteristics, and gain were made using the
same setups and methods previously presented. The return
loss and the resonant frequency were measured on-wafer
and the radiation characteristic and the gain, by mounting
the antenna structure on specialized test fixture, as in
Figure 5(b).

The measured S11 in 35 GHz–45 GHz frequency range is
presented in Figure 14.

It may be observed that the return loss is S11 = −38, 5 dB
at resonant frequency 38.82 GHz denoting a very good
matching of the radiating structures. Besides, values of the
S11 parameter lower than −20 dB are observable in a rather
large frequency bandwidth extending from 36.12 GHz to
41.08 GHz.

The radiation characteristics in the transversal (θ) plane
is presented in Figure 15 where the received powers at
different angles were normalized to the maximum power
value in the domain θ ∈ (−90◦–+90◦).

The −3 dB beamwidth is approx. 17◦ and the side lobes
appear at approx. ±50◦ with amplitudes lower by ∼6 dB
compared to the main lobe.
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Figure 14: Return losses S11 versus frequency for two CRLH
Antenna #2 sample.
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Figure 15: Radiation pattern in transversal plane (θ) for CRLH
Antenna #2 sample at f = 38.82 GHz.

Measurements were, also, made at f = 38.8 GHz in the
longitudinal plane (ϕ) of the CRLH Antenna #2 sample. The
results are shown in Figure 16 where the radiated power at
different angles were plotted. All the received power values
were rated to the value P(0◦) meaning the measured value of
the received power in a point located on the line normal on
the antenna center at ϕ = 0◦.

Antenna #2 gain was obtained as previously using the
De Friis relation (2), the measurement setup being the same
as in Figure 8. The gain was evaluated in the frequency
domain 38 GHz-39 GHz. In this frequency domain the gain
was Gi = 1.08 dBi at 38 GHz and Gi = 1.2 dBi at 38.6 GHz.
The maximum obtained value was Gi = 1.75 dBi at f =
38.2 GHz where: λ = 7.78 mm, R = 100 mm, power at the
emitting antenna: Pt = 0, 278 mW, power at the receiving
antenna Pr = 2.39E − 05 mW. Comparing with the data
obtained for Antenna #1 (27 GHz) the matching is better, the
directivity is higher, and the beam-width is smaller. However,
the measured gain of Antenna #2 is smaller than of Antenna
#1 due to the increased losses at higher frequencies in the
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Figure 16: Radiation pattern in longitudinal plane (ϕ) of CRLH
Antenna #2 sample at f = 38.8 GHz.

emitting as well as in the receiving antenna on the measuring
chain.

5. Conclusion and Comments

Two ZOR millimeter wave CRLH CPW antennas on silicon
substrate on two different frequencies in the mm-wave
domain ( f = 27 GHz and f = 38.5 GHz) were designed,
processed, and measured as part of two integrated circuits.

5.1. Results for the 27 GHz CRLH CPW Antennas. The
measured return-loss and resonant frequency for Antenna
#1 sample were: S11 = −18.78 dB at f = 26.88 GHz
demonstrating good agreement with the simulated data. The
3 dB beam width of radiation lobe is approx. 37◦. Concerning
the gain, the values computed from the measured data using
De Friis relation give Gi = 2.82 dBi at f = 27 GHz.

5.2. Results for the 38.5 GHz CRLH CPW Antennas. For the
38.5 GHz CRLH Antenna #2 sample, the measured return-
loss was S11 = −38.5 dB at f = 38.82 GHz showing a good
conformity with the simulated data and denoting, also, a very
good matching of the radiating structures. Return loss values
lower than −20 dB are observable in a frequency bandwidth
extending from 36.12 GHz to 41.08 GHz. The −3 dB beam
width of radiation lobe is approx. 17◦.

The gain in the frequency domain is Gi = 1.08 dBi at
f = 38 GHz and Gi = 1.2 dBi at f = 38.6 GHz. Also, the
gain is approx. constant in the 38 GHz–38.6 GHz frequency
domain. A maximum gain value of Gi = 1.75 dBi was
obtained at f = 38.2 GHz.

For both the CRLH antenna samples there is a small
frequency difference between the computed resonant fre-
quency and the measured one for the best return loss in
the working frequency band. These differences are due to
the metallic layer over etching in the device processing step.
These differences were eliminated in a second technological
run by appropriately changing the mask layout. Also, some
differences occur due to the fact that the return loss and res-
onant frequency of CRLH antenna structures were measured

on-wafer and the gain and the radiation characteristic were
evaluated with the antenna structures mounted on the test
fixture. The mechanics and the antenna structure contacting
to the test fixture connector generate this slight frequency
displacement. However, the results to be retained are those
obtained from on-wafer measurements because the antenna
will work integrated on silicon substrate and not as separately
encapsulated device.
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Broadband bandpass filters based on open complementary split ring resonators (OCSRRs) coupled through admittance inverters,
and implemented in microstrip technology, are reported. As compared to other broadband filters based on open split ring
resonators (OSRRs), ground plane etching is not necessary in the proposed filters. The selectivity of the filters at the upper
transition band is improved thanks to the presence of a controllable transmission zero. To demonstrate the potential of this
approach, two illustrative prototype devices have been designed and fabricated.

1. Introduction

Metamaterials have been a subject of increasing interest in
the last decade. Soon after the synthesis of the first left-
handed metamaterial based on a combination of metallic
posts and split ring resonators (SRRs) in 2000 [1], the
first works devoted to extend the properties and concepts
of metamaterials to the design of microwave circuits in
planar technology came into the scene [2–5]. In particular,
it was demonstrated in [5] that a coplanar waveguide (CPW)
transmission line loaded with SRRs [6] and shunt metallic
strips exhibits a bandpass functionality with backward (or
left-handed) wave propagation in the first allowed band. The
CPW-based structure reported in [5] was the planar analog
of the bulk structure reported in [1] and was the seed for
further design of microwave filters based on SRRs, on their
complementary counterparts (the complementary split ring
resonator—CSRR [7]), or on other metamaterial resonators
[8–18].

The filters reported in [8–18] are based on closed
resonators (SRRs or CSRRs) coupled to a host line. However,
filters based on electrically small open resonators, like
the open split ring resonator (OSRR) [19], or the open
complementary split ring resonator (OCSRR), [20] have also
been reported [21–25]. As compared to SRRs/CSRRs, the

open resonators (OSRRs/OCSRRs) are electrically smaller by
a factor of two [19, 20, 26]. Moreover, OSRRs and OCSRR
are intrinsically wideband resonators (the reason for that is
that, as compared to SRRs or CSRRs, OSRRs and OCSRRs
exhibit high C/L and L/C ratios, resp., due to their topology,
and this favors broadband responses); therefore, these open
resonators are of interest for the implementation of moderate
and wideband bandpass filters. It is remarkable that order-
3 [27], order-5 [28], and order-7 [29] Chebyshev bandpass
filters based on a combination of OSRRs and OCSRRs have
been designed and fabricated. In such filters, the OSRRs
and the OCSRRs are described by means of series and
parallel resonators, respectively. Despite the fact that some
parasitics must be introduced in the model in order to
adequately describe the resonators loading a host line, the
effects of these parasitics are not meaningful, and the filters
exhibit the intended Chebyshev responses to a very good
approximation.

In this paper, OCSRRs are used for the implementation
of broadband bandpass filters in microstrip technology. The
filters are similar to those filters reported in [20], that
is, shunt connected OCSRRs coupled through admittance
inverters. However, the filters in [20] are implemented in
CPW technology, whereas the filters proposed in this paper
are implemented in microstrip technology. As compared
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Figure 1: Typical topology of the OCSRR (a) and equivalent circuit model (b). The two terminals—ports—of the open resonator are
indicated.

to the filters based on OSRRs and also implemented in
microstrip technology, the advantage of our approach is
that ground plane etching is not necessary. Moreover, the
new proposed filters exhibit a transmission zero above the
passband of interest that can be used to improve the filter
selectivity above the pass band.

The paper is organized as follows. In Section 2, we will
review the OCSRR for completeness, since this resonator is
the key building block of the proposed filters. The design
of the proposed broadband filters, including the simulation
and measurement of the filter responses, are reported in
Section 3. Finally, the main conclusions are highlighted in
Section 4.

2. Open Complementary Split Ring
Resonators (OCSRRs)

The OCSRR is the open version of the CSRR. The typical
topology and circuit model of the OCSRR is depicted in
Figure 1. For the OCSRR, the particle terminals (or ports)
are indicated in the figure. Between these ports, there is an
electric short through the metal between the inner and outer
slot rings forming the particle, but there is also capacitive
connection through the capacitances across the slots. Thus,
according to this, the circuit model of the particle is an
open parallel resonant tank, as Figure 1(b) illustrates. The
inductance of the particle, Lo, is the inductance of the
metallic strip between the ring slots, and the capacitance,
Cc, is identical to the capacitance of the CSRR, that is, the
capacitance of a disk of radius ro − c/2 (where ro = rext − c −
d/2 is the averaged radius) surrounded by a metallic plane at
a distance c of its edge [30] (notice that this means that the
capacitance is identical to that of a slot ring with slot width
c and average radius ro, as it is justified in [30]). Since the
inductance of the CSRR is Lo/4 [30], it is expected that the
resonance frequency of the OCSRR is one half the resonance
frequency of the CSRR. The detailed calculation of Cc is
reported in [30], whereas Lo is the inductance of the circular
CPW structure that results from the OCSRR topology.

The previous model can be improved by considering the
inductive effect of the metallic strip connecting the inner

region of the particle and the metallic region in contact
to port 2. This introduces an inductance in series with the
parallel resonator, as reported in [29], and the effect of this
inductance/strip is the presence of a short between ports
1 and 2 at a finite frequency (i.e., above the resonance
frequency of the OCSRRs). In the bandpass filters based
on OSRRs and OCSRRs reported by the authors, where
the OCSRR is shunt connected to the host line, this short
produces a transmission zero above the filter pass band.
This improves the filter selectivity at the upper band and
this strategy will be considered in the filters reported in this
paper. However, in a first order approximation, the circuit of
Figure 1(b) can be used for design purposes.

Let us now consider that the OCSRR is shunt connected
to a microstrip transmission line. To effectively connect
the resonator to ground, vias are required, as depicted in
Figure 2(a). The structure is properly described by means
of a shunt connected parallel resonant tank, as revealed by
the reflection coefficient, represented in a Smith Chart in
Figure 2(b) (notice that the reflection coefficient is always on
the unit conductance circle, as expected from a reactive load
in parallel to the 50Ω impedance of the port). Figure 2(c)
indicates that the resonance frequency of the OCSRR is
roughly 1.5 GHz, where total transmission (reflection zero)
appears since the shunt branch is opened at this frequency.
Notice that for this particular OCSRR topology, the strip
connecting the inner region of the OCSRR and the host line
is wide, and the inductive effect can be neglected, at least
in the frequency region shown in the figure (the structure
is adequately modeled by means of a parallel resonant tank
in such region).

3. Bandpass Filters Based on
OCSRRs and Results

The proposed bandpass filters are implemented by means of
shunt resonators coupled through admittance inverters (see
Figure 3), following the theory reported in [31]. The first
prototype device filter is an order-3 Chebyshev band pass
filter with central frequency fo = 2 GHz, ripple of 0.01 dB,
and fractional bandwidth of 30%. For these specifications,
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Figure 2: Topology (a), Smith Chart (b), and frequency response (magnitude) (c) of the electromagnetic and circuit simulation of a shunt
OCSRR in microstrip technology with rext = 2.7 mm, c = 0.2 mm, and d = 1.2 mm. The considered substrate is the Rogers RO3010
with thickness h = 0.254 mm and dielectric constant εr = 10.2. The element values of the shunt resonator in reference of Figure 1(b) are:
Lo = 2.02 nH and Cc = 5.25 pF.
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Figure 3: Bandpass filter network with admittance inverters and shunt LC resonators.

considering identical resonators with a value of inductance
and capacitance of L = 1.4 nH and C = 4.5 pF, respectively,
the characteristic admittance of the inverters are found to
be J01 = J34 = 0.023 S, and J12 = J23 = 0.021 S. The
considered L and C values are those extracted from the
layout of the isolated resonator, which gives the required
central frequency. The inverters are implemented by means
of λ/4 lines (λ being the wavelength at the filter central

frequency). The filter topology is depicted in Figure 4, where
the main relevant dimensions are indicated (the filter has
been fabricated following a standard photo/mask etching
technique). The filter response, including the circuit simu-
lation, the electromagnetic simulation (inferred by means
of the Agilent Momentum commercial software), and the
measured response (obtained by means of the Agilent PNA
N5221A vector network analyzer) are depicted in Figure 5.
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Figure 4: Topology (a) and photograph (b) of the proposed
bandpass filter of the first example. The substrate is the Rogers
RO3010 with thickness h = 0.254 mm and dielectric constant
εr = 10.2. For the OCSRRs, rext = 2.7 mm, c = 0.37 mm, and
d = 1.63 mm. The width of the transmission line inverters is w1 =
0.33 mm for the external ones and w2 = 0.28 mm for the internal
ones.
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Figure 5: Frequency response of the filter of Figure 4. The circuit
simulation has been achieved by means of Agilent ADS, considering
lumped resonators coupled through 90◦ at the central frequency.

The agreement between the electromagnetic simulation and
measurement is remarkable. Notice that the measured filter
selectivity at the upper edge of the band is much better
than that obtained by the circuit simulation. The reason is
the presence of the transmission zero above the passband,
tailored by means of the width of the connecting strip
between the inner region of the OCSRRs and the host line.
Since the considered ripple is so small, the filter exhibits a
quasi-Butterworth response, with a single reflection zero in
the pass band. Filter performance is good, with a measured
insertion loss smaller than 1.7 dB and return loss better than
−10 dB between 1.68 GHz and 2.21 GHz. The filter upper
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Figure 6: Topology (a) and photograph (b) of the proposed
bandpass filter of the second example. The substrate is the Rogers
RO3010 with thickness h = 0.635 mm and dielectric constant εr =
10.2. For the OCSRRs, rext = 3 mm, c = 0.16 mm, and d = 2 mm.
The width of the transmission line inverters is w1 = 0.503 mm for
the external ones and w2 = 0.335 mm for the internal ones.

stop band reveals that rejection is better than−10 dB up to at
least 5 GHz.

Notice that the filter (measured) bandwidth is smaller
than the bandwidth of the ideal response since the invert-
ers strictly exhibit their functionality at the central filter
frequency. This aspect is well known and can be solved
by considering a larger nominal bandwidth. However, this
is not relevant for our purposes, since the main aim is
to demonstrate the potential of OCSRRs for the design of
broadband microstrip filters based on admittance inverters,
as an alternative to OSRR-based microstrip filters.

The second example is an order-3 Chebyshev band pass
filter with central frequency fo = 2 GHz, ripple of 0.1 dB, and
fractional bandwidth of 30%. For these specifications, L =
1.4 nH and C = 4.5 pF, and the characteristic impedance of
the inverters is J01 = J34 = 0.0184 S, and J12 = J23 = 0.0156 S.
The topology and photograph of this filter are shown in
Figure 6 and the frequency response in Figure 7. In this case,
the pass band exhibits three reflection zeros and the return
loss is better than −20 dB between 1.77 GHz and 2.25 GHz.
Insertion loss is smaller than 0.9 dB within this frequency
interval.

4. Conclusions

In conclusion, novel broadband microstrip bandpass filters
based on OCSRRs coupled through admittance inverters
have been proposed. The reported filters represent a sig-
nificant progress as compared to other microstrip filters
based on OSRRs, where ground plane etching in the region
occupied by the OSRRs is necessary. The two designed filters
exhibit good performance, and filter selectivity has been
improved by the transmission zero inherent to the OCSRRs.
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We present a method for extending the bandwidth of a metamaterial absorber (MMA) with multiresonance structure. The basic
unit cell of the MMAs consists of a periodic arrangement of an electric-LC (ELC) resonator and a square loop structure. The
absorption bandwidth of an MMA is effectively extended by combining five unit cell structures with different geometric dimen-
sions into a coplanar unit cell. Experimental results show that the fabricated MMA is 0.8 mm (0.0026 λ0) thick with a peak
absorption rate of 93% at 10 GHz and a full width at half maximum (FWHM) bandwidth of 970 MHz.

1. Introduction

Nowadays, the microwave absorbers are interested in mil-
itary and civil application to reduce the electromagnetic
interference among microwave components or electronic
circuits mounted on the same platform. One of conventional
absorbers is Salisbury screen, and its mechanism is explained
well in [1]. This type of absorber involves the use of a resistive
sheet and a metallic ground plane to cancel out reflections
from the screen. Recently, absorber technology has seen
several advancements with the use of artificially structured
metamaterials (MTMs) for creating a high-performance
absorber for the microwave, terahertz, and near infrared
frequency regimes [2–5]. According to the effective medium
theory, MTMs can be represented by the complex values of
electric permittivity εeff(= ε′eff + jε′′eff) and magnetic perme-
ability μeff(= μ′eff + jμ′′eff). This permittivity and permeability
can be independently controlled by varying the dimensions
of the electric and magnetic components. Additionally, by
tuning the electric and magnetic resonances, an MTM can
be impedance-matched to free space. As a result, 100%
absorbance is theoretically possible. Compared to the tradi-
tional microwave absorber, metamaterial structure can give
some solutions to improve traditional absorber. First, the
thickness of resonant metamaterial absorber (MMA) is much
thinner than the traditional absorber which has quarter
wavelength thickness [6]. Second, the fabrications of MMA

are low cost and simple. However, most of the MMA struc-
tures are based on strong electromagnetic resonances to
effectively absorb the incident electromagnetic wave; the
absorbance bandwidth of MMA is quite narrow. This narrow
bandwidth characteristic of MMA limits absorber applica-
tions, so the method for extending the absorbance band-
width of MMA is needed. In recent years, MMAs with dual-
band [7] and multifrequency resonator [8, 9] have been
reported, but these types of MMAs show multiple absorption
peaks at the different frequency bands. In addition, the
absorption bandwidth of these designed MMAs is narrow,
typically no more than 10%. This narrowband width feature
limits the device applications of the resonant type of MMA.

In this paper, we propose an efficient method to extend
the absorbance bandwidth of an MMA. By combining five
unit cell structures with different geometric dimensions into
a coplanar unit cell, we obtain the superposition of the
five different absorption peaks. Various array configurations
of five unit cells with different geometric dimensions are
investigated in order to expend the bandwidth of MMA. The
3D field simulation tool, CST MWS (Micro Wave studio), is
used for the design of the proposed MMA structure.

2. The Design of an MTM Absorber Unit Cell

Geometry of the proposed basic MMA unit cell is shown in
Figure 1. The unit cell is designed on the front and back side
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Figure 1: Geometry of the basic absorber unit cell (a1 = 5.8 mm,
a2 = 5.8 mm, w1 = 4.1 mm, w2 = 4.3 mm, g = 0.9 mm, t1 =
0.3 mm, t2 = 0.4 mm); (a) front-view; (b) bottom-view.

of FR-4 substrate (εr = 4.6, loss tangent = 0.025), and the
thickness of FR-4 substrate is 0.8 mm. The unit cell consists
of an electric-LC (ELC) resonator and a square loop element.
Many kinds of ELC structure are reported in [10]. A polar-
ization insensitive ELC structure, as shown in Figure 1(b),
is selected in this design.

ELC resonator exhibits a resonant electric response when
the electric field is polarized vertically or horizontally along
the gaps of an ELC, and the circulating displacement currents
which are generated between ELC and loop arms exhibit a
resonant magnetic response. Overall size of the basic MMA
unit cell is 5.8 mm × 5.8 mm × 0.8 mm including FR-4 sub-
strate. The metallic pattern size of an ELC and a square
loop structure are 4.3 mm × 4.3 mm and 4.1 mm × 4.1 mm,

respectively. The gap length of ELC structure is 0.9 mm and
the width of two metallic patterns is 0.3 mm.

We use frequency domain solver Microwave Studio by
CST, and the program simulated a single unit cell with appro-
priate periodic boundary conditions (PBCs). A unit cell of
the structure is placed inside a waveguide with PBC walls
and a vertically polarized transverse electromagnetic (TEM)
wave impinges upon this structure. The perfect electric
conductor (PEC) boundary conditions are applied to the top
and bottom walls of the waveguide, whereas perfect magnetic
conductor (PMC) boundary conditions are applied to the
side walls of the waveguide. The other two opposite sides of
the waveguide are assigned as waveguide ports. The simu-
lated frequency range is from 9.0 GHz to 11 GHz. This struc-
ture generates antiparallel circulating current between the
vertical arms of the ELC and the loop resulting in magnetic
response, as shown in Figure 2(d). By tuning each of the
resonances it is possible to match the impedance to space and
minimize the reflectance. Figure 2(e) shows the simulated
power loss densities in the ELC resonator structure at
10.12 GHz. The strongest electromagnetic energy absorption
can take place where the electric field is confined in the vicin-
ity of the dielectric substrate. This result indicates that the
absorption does not homogeneously occur in the MTM unit
cell.

Figure 3 shows the simulation results for the proposed
MTM absorber, through the plotting of absorption rate
A(ω), reflectance R(ω), and transmission T(ω). The scatter-
ing parameters of this MTM unit cell were simulated, and
the absorption was calculated by the equation A = 1 −
|S11|2 −|S21|2 = 1−R(ω)−T(ω). It can be observed that the
reflectance and transmission of the absorber sharply reduce
to a minimum at 10.12 GHz, which also shows a peak
absorption rate of 92%. Based on absorption rate of 80%,
it has bandwidth of 220 MHz and the full width at half
maximum (FWHM) bandwidth of 425 MHz.

In Figure 2, we present the distributions of the simulated
electric field for both TE (Figure 2(a)) and TM polarizations
(Figure 2(b)), and magnetic field (Figure 2(c)), along with
the surface current (Figure 2(d)) for the proposed MTM
absorber unit cell in normal incidence at resonance fre-
quency of 10.12 GHz. From the electric field distribution
shown in Figures 2(a) and 2(b), one can observe that the
four orthogonal gaps of the ELC element can confine the
electric field owing to accumulated opposite charges both
TE and TM polarizations. Hence, capacitance is produced in
these gaps and the ELC element acts as an electric resonator.
Meanwhile, the induced magnetic field for TE polarization is
stronger in the regions close to the vertical arms of the ELC,
as shown in Figure 2(c).

3. Arrangement Configuration for
Extending Bandwidth of MMA Cells

The feasibility of a broad bandwidth MMA can be achieved
by overlapping the absorption peaks of the five cells when
their peaks closed to each other. To extend the bandwidth
of MMA five MTM unit cells with different geometric
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Figure 2: Simulated results of the proposed unit cell at 10.12 GHz; (a) electric field distribution for TE incidence; (b) electric field
distribution for TM incidence; (c) magnetic field distribution for TE incidence; (d) surface current distribution for TE incidence; (e) the
simulated average power loss densities of the absorber unit cell at two resonant frequencies.
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Figure 3: Calculated transmission (T), reflection (R), and absorp-
tion (A) of the basic MMA unit cell from simulated S-parameters.

Table 1: Geometrical parameters of five different unit cells.

Cell type
Geometrical parameters (mm)

f0 (GHz)
a1 a2 w1 w2 g t1 t2

K1 5.8 5.8 4.0 4.1 1.5 0.7 0.4 10.50

K2 5.8 5.8 4.0 4.2 1.1 0.4 0.4 10.47

K3 5.8 5.8 4.1 4.3 0.9 0.3 0.4 10.12

K4 5.8 5.8 4.2 4.4 0.6 0.2 0.4 9.96

K5 5.8 5.8 4.2 4.4 0.7 0.2 0.4 9.69

dimensions were designed. We select five different resonant
unit cells with different scaling factors as shown in Table 1
and simulate various array configurations of five unit cells
with a different arrangement, as shown in Table 2. We define
the type of K3 as the basic unit cell sample, and some
geometric dimensions of other four units are scaled up or
down, as shown in Table 1. In addition, we also simulate the
five single unit cells by changing the periodic array direction
of the unit cells.

Figure 4 shows the calculated absorption characteristics
comparison of five different single unit cells with different
arrangement and array directions. To overlap the single res-
onant absorption peak of five single unit cells with different
dimensions, the five single unit cells are periodically arrayed
in order of K1-K2-K3-K4-K5 (Case 1), K2-K5-K3-K1-K4
(Case 2), and K5-K2-K1-K3-K4 (Case 3), respectively.

The simulated results show that the absorption band-
width of the horizontal array configurations (cells are arrayed
in x-axis) is narrow compared to vertical array configurations
(cells are arrayed in y-axis) except in Case 2. Although peak
absorption value of vertical arrayed unit cells in Case 1 is
slightly lower compared to that of in Case 3 configurations,
it shows the widest absorption bandwidth. The FWHM
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Figure 4: Comparison of the calculated absorption characteristics
with five different single unit cells with different arrangement and
array directions: (a) horizontal array; (b) vertical array.

Table 2: Three different types of arrangement with five different
unit cells.

Type Arrangement

Case 1 K1-K2-K3-K4-K5

Case 2 K2-K5-K3-K1-K4

Case 3 K5-K2-K1-K3-K4

bandwidth of vertical array configuration (Case 1) extended
up to 770 MHz.

As the differences of scaling factors between cells are
decreased, the five single resonant absorption peaks will
overlap together. This is mainly due to the combination of
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five different geometric dimensions of unit cell results to
shift of the resonance frequency to lower or higher values,
depending on the capacitive or inductive nature of the cou-
pling. When the five single unit cells are periodically arrayed
in order of K1-K2-K3-K4-K5 (Case 1), it shows the smallest
differences of scaling factors between cells. In this mixture of
five unit cells with different geometric dimensions, the five
single resonant absorption peaks will overlap together, and
the bandwidth of an MMA is extended. On the other hand,
increasing the differences of scaling factors between cells
results to splitting of the five single resonant absorption
peaks will single resonance into five distinct resonances. As
a result, the five single unit cells are periodically arrayed in
different order (Case 2 and Case 3), it shows the lowered
absorption bandwidth compare to Case 1. Further broaden-
ing of the absorption bandwidth is also possible by increasing
the number of different geometric dimensions of unit cell
with proper combination.

Figure 5 shows the perspective view of the proposed
MMA structure and the comparison of the calculated
absorption for periodic array of single unit cell (K3 type)
and five different single unit cells arrayed in vertical direction
with different arrangement (Case 1). It is observed from
Figure 5 that the absorption bandwidth of five different sin-
gle unit cells array configuration increases compared to the
single unit cell array configuration. The FWHM absorption
bandwidth is extended from 470 MHz to 770 MHz by using
five unit cell structures with different geometric dimensions.
This extended absorption bandwidth of the MMA is mainly
due to the electromagnetic field coupling between the neigh-
bour unit cells [11]. Figure 6 shows the simulated electric
field distributions of the five different absorber unit cells
arrayed in vertical direction (Case 1).

At different resonant frequencies, two or three neigh-
bouring unit cells exhibit strong electric field in the area
between ELCs, indicating a capacitive coupling. As a result,
the proposed MMA structure no longer shows single-
resonant characteristics. By combining five unit cell struc-
tures with different geometric dimensions, some of resonant
peaks closely positioned absorber unit cells are overlapped.
Thus, the bandwidth of an MMA can be expended due to the
multiresonance effect.

The nature of this absorption can be understood from
Figure 7, which shows the simulated power loss densities of
the absorber unit cell at three different resonant frequencies;
9.69, 10.12, and 10.5 GHz. At different resonant frequencies,
the power loss is concentrated strongly in the vicinity of the
open gaps and two or three neighbouring ELCs unit cells. In
the proposed MMA structure, the strongest electromagnetic
energy absorption, as shown in Figure 7, takes place where
the electric field is confined in the vicinity of the dielectric
substrate, as shown in Figure 6.

4. The Fabricated Absorber
Measurement Results

We fabricated a prototype absorber for experimentation.
Photographs of the fabricated two-layer metallization MTM
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Figure 5: (a) Perspective view of the proposed MMA structure; (b)
comparison of the calculated absorption for periodic array of single
unit cell (K3 type) and five different unit cells arrayed in vertical
direction.

absorber sample are shown in Figure 8. The sample was
etched on an FR-4 substrate (relative dielectric constant εr =
4.6, loss tangent δ = 0.025, and thickness t = 0.8 mm) using
standard photolithography techniques. In order to verify the
effectiveness of the MTM absorber cells, a planar array of
absorber unit cells (40 × 45) etched on both sides of an
FR-4 substrate was mounted on an acryl substrate frame
for measurement. The interelement spacing between the two
absorber cells was set to 0.2 mm, and the total size of the
planar absorber was 243.6 mm × 249 mm. We experimen-
tally verified the behaviour of the absorber by measuring the
S-parameters of a planar array of unit cells. Figure 9 shows
the schematic of the test setup for reflection and transmission
measurement of the fabricated absorber sample.

We used a vector network analyzer and two X-band
microwave rectangular horn antennas. Measurements were
taken over a frequency range from 9 to 11.0 GHz. Before
starting the characterization measurements, we performed
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Figure 7: Simulated average power loss densities of the absorber
unit cell at three different resonant frequencies.

a through-reflect-line (TRL) calibration. The reference plane
is located at the surface of the sample. The reflection meas-
urement has been calibrated by replacing the sample with
an aluminum plate of same size at the reference plane.
The transmission measurement has been calibrated with no
sample.

As shown in Figure 9(a), a pair of horn antennas were
used to transmit the EM wave on the sample absorber sheet
and receive transmitted signals to obtain the S21 parameters
for normal incidence. Microwave absorbing material is
placed between two horns and surrounding the sample sheet

249 mm

243.6 mm

(a)

249 mm

243.6 mm

(b)

Figure 8: Photographs of the fabricated prototype absorber.

to eliminate unwanted edge scattering. To obtain the S11

parameters, two horns were focused on the sample sheet
on the same side, as shown in Figure 9(b). The height of
the horn antennas is maintained at 1.2 m and the distance
between horns and sample sheet is 0.6 m to eliminate near-
field coupling effects. Figure 10 shows a comparison of the
simulated and measured absorption of the proposed MMA
using measured magnitudes of the S11 and S21 parameters. A
slight increment in the measured bandwidth in comparison
with that of the simulated result is attributed to the fabrica-
tion tolerances and experiment setup for the proposed
MMA. In addition, the experimental absorption frequency
band is shifted approximately 60 MHz higher when com-
pared to the simulated results. The measured FWHM band-
width is extended from 470 MHz to 940 MHz compared
to the single unit cell array configuration. The proposed
absorber shows a peak absorption rate of 93% at 10 GHz.

5. Conclusion

This paper presents an efficient approach for achieving the
extended absorbance bandwidth of an MMA. The proposed
MMA unit cells, which consist of an ELC resonator and a
square loop structure, are etched on both sides of the FR-4
substrate. The simulated results of the basic unit cell show
a peak absorption rate of 92% at 10.12 GHz, and FWHM
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Figure 9: (a) Schematics of reflection and transmission measure-
ment test setup for normal incidence and (b) oblique incidence.
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Figure 10: Comparison of simulated and experimented absorption
of five unit cells with different dimensions arrayed in vertical
direction (Case 1).

bandwidth of 470 MHz. By combining five unit cell struc-
tures with different geometric dimensions, their resonant
peaks are overlapped. In addition, by placing the arrange-
ment direction of the cells in vertically, the FWHM of the
proposed MMA is extended up to 100% experimentally. This
proposed configuration is an efficient method for extending
the bandwidth of a MMA. The proposed layout can be easily
extended to work for more compact, thinner backplane-
less planar absorber designs for millimetre and terahertz
frequency applications and can be applied for EM wave
absorbing materials and microwave devices.
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A new equivalent circuit for a coplanar waveguide loaded with split ring resonators is presented. The traditional circuits that
model these devices are only able to characterize the left-handed propagation band, and their response is very similar to the real
one within a very limited bandwidth. In contrast, this proposed broadband equivalent circuit is able to portray not only the left-
handed propagation band, but also the right-handed one that occurs at higher frequencies. Besides, the response of this kind of
basic cells can be adjusted with the proposed circuit model in a bandwidth close to a decade.

1. Introduction

Many publications, regarding the design of very compact
filters based on Coplanar Waveguide (CPW) lines loaded
with Split Ring Resonators (SRRs), can be found in scientific
literature. Different examples of such filter designs are [1–
5]. These filters are designed based on an equivalent circuit
where the value of the different components can be linked in
a very direct way to the physical dimensions of the rings and
the line [5–7]. Therefore, using this circuit model—that is
relatively easy to calculate—, it is possible to design complex
filters formed by the concatenation of various basic cells
[8, 9]. This equivalent circuit provides a very good starting
point, so that an appropriately configured optimization
algorithm can converge to an acceptable solution.

Initially, the equivalent circuit of [5] was able to
characterize the upper right-handed bands. However, in a
later publication the authors modified their own equivalent
circuit [6]. The new proposal provided a more accurate
characterization of the coupling and propagation physical
phenomena of the real circuit made with CPW and SRRs, but
unfortunately, this modified circuit was not able to model
the upper right-handed bands. In this paper a modification

of the equivalent circuit of [5–7] is proposed. This new
equivalent circuit preserves the rigorous description of the
physical mechanisms of the real circuit and, at the same time,
is able to simultaneously model the left- and right-handed
transmission over a bandwidth close to a decade.

The paper is organized as follows. Section 2 discusses
the equivalent circuit derivation. Section 3 presents a specific
design and the associated results. The performance is also
compared with the traditional equivalent circuit. Finally, in
Section 4, the main conclusions of the study are outlined.

2. Equivalent Circuit

The basic cell used for the filters of [1, 2, 4, 8] can be seen in
Figure 1 and its equivalent circuit in Figure 2.

In order to simplify the circuit, the symmetry along the
CPW longitudinal axis has been applied, so in this equivalent
circuit, only half cell needs to be portrayed.

Since the electrical size of the cell is quite small, the
CPW line can be modeled using a series inductor and a
parallel capacitor. If symmetry had not been applied, these
inductance and capacitance values could have been com-
puted simply by multiplying the inductance and capacitance
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Figure 1: Basic cell geometry. Black is metal on bottom layer; gray
is metal on top layer.
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Figure 2: Equivalent circuit.

per unit length of the CPW, Lline and Cline, by the line
length, ll. However, since a symmetry simplification has
been considered, the inductance must be multiplied by 2.
Therefore, the line inductor will become 2Ll = 2Llinell.
Correspondingly, the capacitance must be divided by the
same factor. So the line capacitor will be now Cl/2 = Clinell/2.

Furthermore, as can be clearly seen in Figure 1, the CPW
is longitudinally divided by a direct connection of the central
line and the ground planes. This connection can be modeled
with an inductor, Lp. Since only half a circuit is considered
because of the symmetry applied, this inductor is, indeed,
equal to 2Lp.

The central inductor requires that the line be divided into
2 halves. Each half can be modeled with a serial inductor,
whose value is Ll = Llinell, and a parallel capacitor equal to
Cl/4 = Clinell/4.

Finally, it should not be forgotten that the equivalent
circuit must be excited with an adapted port. The char-
acteristic port impedance must be equal to 2Z0, because
the complete coplanar line has been designed with a
characteristic impedance equal to Z0.

As far as the ring is concerned, it is simply a resonator.
Initially [5], it was modeled as an isolated parallel LC tank.
But in this model, the inductor is magnetically coupled with
the CPW and that coupling excites the ring, and, since the
line is broken into two parts by Lp, the ring must be divided
as well. Therefore, the ring inductance is divided into two

series-connected inductors, and every half of the ring has to
be coupled to the appropriate half of the CPW.

This ring model is valid for an isolated ring [10]. Even
other more complicated circuit models like, for example,
the model presented in [11], presume an isolated ring as
well. However, in the basic cell of Figure 1, one can see that
these rings cannot be considered in isolation. The line acts
as a ground plane that, in this case, is very close to the
rings. This ground plane produces an additional capacitive
coupling between the rings. This coupling is clearly different
from the direct capacitive coupling which is modeled by Ca/2
(see Figure 2).

In order to take this new capacitive coupling into
consideration, it is necessary to slightly modify the circuit
that models the ring. This modification can be explained
from the physical process responsible for the ring resonance.

Within the SRR, first, the current only flows along one
of the rings. As this current flows alongside this first ring it
progressively crosses to the second one due to their mutual
capacitive coupling. When the current reaches the slot in
the first ring, it entirely flows along the second ring so
that it is not interrupted. From this moment onwards the
process inverts itself. The current flows along the second ring
and then, due to the capacitive coupling, it is progressively
transferred to the first ring. Finally, when the current reaches
the second ring slot, it flows, again, entirely along the first
ring, just as it did at the beginning of the process.

A circuit that literally models this phenomenon can be
seen in Figure 3.

(i) The first ring can simply be replaced by an inductor.

(ii) Then, a series capacitor would replace the capacitive
coupling that transfers the current to the second ring.

(iii) Of course the second ring is also modeled by
an inductor. Since the second ring is the current
destination, it must be connected to the previous
capacitor.

(iv) Next, another capacitor can model the capacitive
coupling that brings the current back to the first ring.

(v) Finally, the ring inductances are separated into two
series inductors in order to perform an appropriate
coupling to the line divided by Lp, just as explained
before.

Obviously, this ring model is exactly the same as Figure 2.
However, when the rings are explicitly separated, it is

possible to incorporate to the model the capacitive coupling
through the line. In order to do that, an additional capacitor,
Cg , connecting the rings, is added to the circuit, as can be
seen in Figure 4.

3. Results

In order to test the validity of the proposed new equivalent
circuit a specific prototype cell has been designed.

This cell has been implemented over a Rogers 4003C
substrate of 1.524 mm thick and designed to show a left-
handed transmission band of around 3 GHz and an input
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Figure 4: Final equivalent circuit.

impedance of Z0 = 50Ω. The physical dimensions of the
circuit have been calculated by applying the expressions
found in [10]. Then, this basic cell has been simulated by
using the commercial software Ansoft HFSS and was slightly
modified in order to tune the response exactly at 3 GHz.
These modified dimensions are shown in Table 1.

Similarly, following the recommendations of [10], the
components and the coupling coefficient of the original
equivalent circuit (Figure 2) have been computed. These
values can be seen in the first row of Table 2.

Finally, the values have been modified by optimization in
order to make the HFSS response and the equivalent circuit
match around the passband. The optimized values are very
similar to the original ones. This fact clearly validates this
equivalent circuit.

In Figure 5(a), the HFSS and the equivalent circuit
responses are compared and, as mentioned in the introduc-
tion, both responses are virtually identical around 3 GHz.
Unfortunately, the right-handed band that clearly appears in
the HFSS response around 7 GHz is completely missing in
the equivalent circuit response.

In Figure 5(b) the new equivalent circuit response
(Figure 4) and the HFSS-simulated response are compared.
The results, at this stage, are clearly better than the results
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Figure 5: (a) Original equivalent circuit (Figure 2) versus HFSS and
(b) equivalent circuit without considering frequency dependence
versus HFSS.

of the original equivalent circuit (compare Figure 5(b) with
Figure 5(a)).

In fact, the response of this new model and the real
response are almost identical under 6 GHz. Unfortunately,
the equivalent circuit response progressively degrades, as
the frequency is increased. Even so, the right-handed band,
originally missing, now clearly manifests itself. The afore-
mentioned progressive discrepancy is due to the fact that
the dispersive behavior of the CPW line has been completely
ignored. Therefore, it is necessary to consider the frequency
dependence of the CPW per-unit-length inductance and
capacitance if a more accurate response is desired. On
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Table 1: Basic cell dimensions.

wc (mm) gc (mm) rr (mm) wr (mm) gr (mm) wl (mm)

10 0.64 3.83 0.4 0.4 1

Table 2: Equivalent circuit elements.

Ll (nH) Cl (pF) ll Lp (nH) La (nH) Ca (pF) k

1.793 0.65 2rr 0.2 18.45 0.299 0.271

1.793 0.65 2rr 0.2 18.96 0.299 0.246
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Figure 6: (a) Optimized equivalent circuit (Figure 4) versus HFSS,
(b) Results versus HFSS.

the other hand, since the coupling factor depends on the
per-unit-length inductance of the line [10], this makes it
frequency dependent too.

Figure 7: Fabricated prototype.
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Figure 8: Dispersion diagrams.

To achieve a better characterization of the actual behavior
of this kind of cells, it has been decided to take into account
the frequency dependency of these parameters. To simplify
the characterization of the above-mentioned frequency
dependency, it has been assumed that it is basically linear.
Therefore, to fully characterize this frequency dependencies
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Table 3: Frequency dependency of some elements of circuit of Figure 4.

3 GHz Slope Optimized slope

Ll 1.793 nH 0.0531 nH/GHz 0.115 nH/GHz

Cl 0.65 pF −0.003 pF/GHz −0.003 pF/GHz

k 0.246 0.0039 GHz−1 0.033 GHz−1

it is sufficient to establish the value of these parameters for
a specific frequency, in this case 3 GHz, and determine the
slope.

These parameters have been estimated by using the HFSS
port solver. The resulting values are reflected in Table 3
(columns “3 GHz” and “slope”).

The capacitor modeling the capacitive coupling of the
rings through the CPW, Cg , has been considered a design
parameter. By performing a parametric analysis, an initial
value for this capacitor has been computed. Specifically Cg =
0.125 pF has been selected as the starting value.

Once the initial values have been calculated, the response
of the circuit has been optimized. In this case only the slope
of the frequency dependences of for the different parameters
and Cg has been optimized. The rest of values are identical
to those obtained after optimizing the original equivalent
circuit (Table 2). The optimized slopes can be seen in the last
column of Table 3 and, finally, Cg = 0.14 pF.

The results obtained with this new equivalent circuit are
quite similar to the HFSS results (see Figure 6(a)). This fact
validates the proposed broadband equivalent circuit.

Finally, a prototype of this cell has been built. In order
to be able to measure the cell, a taper and a connector have
been added to the input and output ports. A photograph of
this prototype (top and bottom) can be seen in Figure 7.

Next, in Figure 6(a) a comparison between the scattering
parameters given by HFSS and the measured ones is shown.

In the figure, it can be seen how the experimental results
are slightly displaced upwards in frequency. This is basically
a consequence of the fabrication process. The prototype has
been made using a milling machine. It is impossible to adjust
the milling depth with total accuracy. Therefore, prototypes
are always slightly overmilled. The main consequence of this
overmilling is this upward frequency displacement that can
be noticed in the measurements.

Finally, in Figure 8 one can see a comparison of the
dispersion diagrams of the equivalent circuit, HFSS results,
and experimental data. The dispersion diagrams have been
calculated from (1) as explained in [12]:

βll = cos−1
(

1− s11s22 + s12s21

2s21

)
. (1)

If the frequency displacement of HFSS results is not taken
into account, one can say that the dispersion diagrams
really resemble each other. It can be noticed that a left-
handed transmission band appears around 3 GHz and a
right-handed transmission band around 7 GHz.

4. Conclusions

The traditional equivalent circuit that models an SRR-
loaded CPW has been accordingly modified in order to
take into account the additional capacitive coupling that
happens through the CPW. When this additional coupling
is considered, the circuit is able to characterize not only
the left-handed propagation throughout the cell, but also
the right-handed propagation. This right-handed band could
not be modeled with the previous equivalent circuit. If the
right-handed propagation can be modeled by the equivalent
circuit, the design of balanced cells with this structure will be
notably easier. Wider bandwidths will thus be achieved, and
the application range of these devices will be improved.
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A powerful time-domain FDTD-SPICE simulator is implemented and applied to the broadband analysis of metamaterials
integrated with active and tunable circuit elements. First, the FDTD-SPICE modeling theory is studied and details of interprocess
communication and hybridization of the two techniques are discussed. To verify the model, some simple cases are simulated
with results in both time domain and frequency domain. Then, simulation of a metamaterial structure constructed from periodic
resonant loops integrated with lumped capacitor elements is studied, which demonstrates tuning resonance frequency of medium
by changing the capacitance of the integrated elements. To increase the bandwidth of the metamaterial, non-Foster transistor
configurations are integrated with the loops and FDTD-SPICE is applied to successfully bridge the physics of electromagnetic
and circuit topologies and to model the whole composite structure. Our model is also applied to the design and simulation of a
metasurface integrated with nonlinear varactors featuring tunable reflection phase characteristic.

1. Introduction

In recent years, the subject of metamaterials integrated with
electronic circuits, nonlinear elements, and non-Foster tran-
sistor configurations have been drawing significant atten-
tion in research communities. Metamaterials are typically
periodic structures created by array of resonant elements
which are small and stationary compared to the wavelength
of electromagnetic wave. The combination of metamaterials
with circuit elements can bring novel and tunable charac-
teristics to these materials. For instance combining loop-
based metamaterials with varactors provides a means to
electronically tune the performance by applying a DC voltage
or a high-power signal without modifying the structure [1–
4]. Alternatively, a non-Foster transistor configuration can
be introduced to enhance the metamaterial bandwidth [5].
Active components can be also integrated with transmission
line metamaterials to compensate the loss [6], and finally
metasurface can be integrated with circuit elements to tailor
their reflection phase performance [7].

The complexity of the structure requires a powerful
computational technique to bridge the physics of electro-
magnetic metamaterial with circuit configuration. In this

paper, the Finite Difference Time Domain (FDTD) technique
is combined with SPICE-like software to provide a capable
numerical technique for time-domain full wave analysis
of the composite structure. The technique is applied to
the design and simulation of metamaterials integrated with
circuit elements. Broadband performance is obtained with
the focus on bandwidth and tunable behavior engineering.

Section 2 provides the details of FDTD-SPICE hybridiza-
tion and shows the validation through some examples. In
Section 3, the following three applications are explored: (a)
loop-based metamaterial integrated with lumped capacitors
to tune the resonance performance, (b) metamaterial inte-
grated with non-Foster transistor configuration for band-
width manipulation, and (c) a metasurface combined with
varactors featuring tunable reflection phase.

2. FDTD-SPICE Computational Model

2.1. Hybridization of FDTD with SPICE. As a major compu-
tational electromagnetic modeling scheme, Finite Difference
Time Domain technique can tackle problems by providing
a full wave solution in time. It is a capable method for
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Figure 1: Circuit model for Ampere’s Law equation that connects
FDTD and SPICE.

modeling a variety of scientific and engineering problems [8,
9]. On the other hand, the general-purpose analog electronic
circuit simulator, SPICE [10], can solve complex circuit
topologies in time domain. It makes great sense to combine
FDTD with SPICE to feature a powerful numerical engine for
solving metamaterials integrated with circuit configurations.

FDTD uses Maxwell’s equations (1) and (2) in time
domain to recursively calculate the electromagnetic fields at
each position in three-dimensional space:

ε
∂E

∂t
+ J(E) = ∇×H , (1)

μ
∂H

∂t
+ M(H) = ∇× E. (2)

While both equations can provide the coupling between
FDTD and SPICE according to reference [8], the first equa-
tion is used in this paper. After some simple manipulations,
Ampere’s Law of (1) can be written as [11]

C
dV

dt
+ I(V) = I. (3)

Equation (3) describes a circuit model as shown in Figure 1,
where C = εA/dl is a capacitance that abstracted from the
model (note that hereC is not the intrinsic lattice capacitance
of FDTD cell), dl is the cell size, and A is the area of one
FDTD unit cell. I(V) = A∗J(E) is the current across the
SPICE element, and V = E∗dl is the voltage across the
element, I = A∗∇ × H is the whole current of the current
source. Thus, for the cell containing SPICE element, instead
of using (1) to update the electric field, SPICE can carry out
(3) and obtain the voltage across the element and then pass
it to FDTD program. From the voltage, it is easy to obtain E
field afterward.

To determine the voltage across the corresponding
element, SPICE software needs to run a transient simulation
for a period of Δt, which should be the same as FDTD time
step. Then, in the next time step, regular FDTD method will
update all the fields except the cell with SPICE element. For
the SPICE element, SPICE program needs to run another Δt,
starting from where it stopped last time. Before each run of
SPICE, FDTD sends data that contains circuit information
to SPICE. After each time step of SPICE simulation, it
passes results back to FDTD. In this way, the FDTD and
SPICE engines run alternatively until the end of the whole
simulation time. With the help of SPICE, FDTD is ready

to simulate any complex integrated configuration as long as
it is provided in SPICE’s library. Since conventional FDTD
can only model very simple circuit elements, SPICE function
adds a big advantage to FDTD.

The SPICE software used here is SPICE3f5. It has an
interactive mode that can receive commands from and send
results back to the interface. It also has “stop” and “resume”
commands that can set a breakpoint after running some time
steps in a transient simulation and then resume it. These
features make it very suitable to be connected to FDTD.

To exchange data between FDTD and SPICE, interpro-
cess communication should be developed. Figure 2 presents
a complete picture of our FDTD-SPICE model. When a
simulation begins, FDTD main program calls fork function
which spawns two processes: the son process that will run
SPICE, and the parent process which is the original FDTD
process itself. Two sockets: Socket[0] and Socket[1], are
created in the main program before it forks so that both of
the two children have access to the sockets. Here these sockets
act like two-way pipe, where FDTD process sends SPICE
commands to Socket[0] and reads results from Socket[1],
while SPICE process reads message from Socket[0] and sends
results back to Socket[1]. FDTD process will be waiting for
SPICE outputs while SPICE process is running and vice
versa. These two processes then communicate through the
two sockets at each time step until the end of the simulation.

While DC solution is needed in SPICE for many cases
but not very trivial to be obtained with FDTD, literature
[12, 13] addressed DC solution problem by separating the
AC and DC components, which is helpful for the metasurface
simulations of diode varactors with bias that presented in
Section 3.

Our FDTD code has been written in a very powerful
manner and it has many features such as modeling periodic
structures and linear dispersive metamaterials [14]. By
applying auxiliary differential equation (ADE) method [15],
it can also model nonlinear dispersive materials as well as
gain materials. The absorbing wall is based on CPML [16]
where one can truncate the computational domain very close
to the structure. The code has been applied successfully to a
variety of metamaterials composites [9, 17–19].

2.2. Test Results. Two cases are studied to validate the FDTD-
SPICE model. All simulations in this paper use uniform
gridding and are run on Sun Ultra45 workstation with 2 GHz
CPU and 4 GB memory.

In the first case as depicted in Figure 3(a), one parallel
RLC circuit is connected to a Gaussian pulse voltage source
in order to obtain the impedance. There are about 8000 time
steps in the calculation with each time step Δt = 0.2 ps,
cell size Δx = 0.15 mm. Including CPML boundary, the
whole computational domain is modeled by 26 × 26 × 26
Yee’s cells. The FDTD process takes 456 seconds, while, since
the circuit is simple, SPICE process takes only 10 seconds.
Figure 3(b) shows both the FDTD-SPICE results and the
analytical calculation for the real and imaginary parts of the
impedance Z, which agree well with each other.
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Figure 2: Flowchart for FDTD-SPICE simulation.

In the second case as shown in Figure 4(a), one
BFG403W transistor from Discrete Semiconductor is utilized
in a single frequency simulation with a sinusoidal voltage
source. The BJT has a saturation current IS = 5.554 aA
and the forward active current gain is BF = 145. The
calculation has 18000 time steps with each time step Δt =
54.82 fs and cell size Δx = 30μm. Because of the complex
property of BJT circuit, the cell size and time step are much
smaller than those used in previous simulation. The whole
computational domain has a size of 25 × 37 × 32 Yee’s
cells. FDTD and SPICE processes take 1734 seconds and 41
seconds, respectively. Figure 4(b) shows the comparison for
the waveform of voltage across resistor R2 in time domain,
between FDTD-SPICE and complete SPICE simulation. An
excellent agreement is demonstrated.

3. Applications on Metamaterials

This section presents applications of FDTD-SPICE method
to some recent metamaterial designs, namely, loop-based
composite metamaterial with capacitors, metamaterial inte-
grated with non-Foster circuits, and nonlinear elements
loaded metasurface. In all of the cases, uniform gridding,
perfectly matched layers, and periodic boundary conditions
are used. Since they all deal with plan wave incidence, total
field/scattered field method is also utilized [17].

3.1. Metamaterial Loops Integrated with Passive Elements. A
periodic structure made from metallic loops can artificially
create a medium with permeability characteristics (posi-
tive and negative) [19]. The metamaterial structure to be
simulated here is shown in Figure 5(a). It is a four-layer

structure in x direction where each layer has loops periodic
in y-z directions and the loops are terminated to capacitor
Cp. The unit loop dimension is 4.8 mm and 1.8 mm in
x and z directions, respectively. The excitation is a plane
wave that has Ez/Hy components and propagates in −x
direction with a Gaussian signature. A transmission line
analogy can be obtained for plane wave propagation through
the medium [19], which is embedded with a loop that has a
self-inductance Lp and is terminated to a lumped capacitor
Cp. By changing the circuit elements (Lp and/or Cp) in the
equivalent transmission line model, the effective parameter
of the medium can be tuned, as well as the property of the
metamaterial.

FDTD-SPICE method is applied to model the structure
and obtain the transmission coefficient as shown in Fig-
ure 5(b). The loops are modeled in FDTD and the capacitors
in SPICE. There are 15700 time steps in the calculation with
each time step Δt = 0.2 ps, cell size Δx = 0.15 mm. The
whole computational domain has a size of 216 × 8 × 20
Yee’s cells. FDTD and SPICE processes take 1669 seconds
and 1319 seconds, respectively. Because of the multiple-port
interprocess communication, SPICE process needs consider-
able simulation time, which may be improved by introducing
batch data communication between processes. Figure 5(b)
shows 4 simulation results. The red dots represent results
from pure FDTD simulation with Cp = 2.1 pF (Cp is also
modeled in FDTD). Then the blue line comes from FDTD-
SPICE simulation with the same parameter, and it matches
well with red dots, which show the accuracy of our model.
Changing the capacitor Cp allows tuning the resonance and
as well as the equivalent permeability of the metamaterial.
Figure 5(b) also shows the transmission coefficients for
the metamaterial loops terminated to Cp = 4.2 pF and
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Figure 3: (a) RLC circuit configuration and (b) its impedance Z
behavior. Great comparison between FDTD results and analytical
model is illustrated.

Cp = 8.4 pF lumped capacitors, depicted in black and
magenta, respectively. Doubling capacitance would half the
resonance frequency. As can be seen from Figure 5(b),
the resonance frequency is shifted from 1.1 GHz down to
0.78 GHz and 0.55 GHz, respectively, according the value of
capacitors.

3.2. Integration with Non-Foster Circuit Elements. Non-
Foster elements have recently attracted significant interests
due to their novel properties in offering negative impedance
performance and successfully engineering the frequency dis-
persion characteristics of antennas, transmission lines, and
metamaterials towards the goals of interests [20–23]. A non-
Foster element can be realized using a Negative Impedance
Converter (NIC) circuit by translating a given positive load
into a negative one. NIC circuit is made from transistor
elements and one would need a comprehensive modeling
scheme to characterize them while they are integrated with
metamaterials. It is also worth mentioning that the design of
NIC circuit involves several challenging issues such as noise,
biasing, and stability and special care must be taken to obtain
a wideband performance for non-Foster circuit. The NIC
stability (which is not the subject of this paper) has also been
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Figure 4: (a) Transistor circuit configuration. (b) Output voltage
waveform in time. The FDTD-SPICE simulation matched very well
with pure SPICE simulation.

checked with the help of pole-zero analysis to ensure that the
system has absolutely no pole in the Right-Half-Plane (RHP)
of the complex S-plane.

Here we explore the integration of NIC circuit with
metamaterial loops [5] and its FDTD-SPICE simulation
to investigate the bandwidth enhancement of the struc-
ture. A two-layer loop-based composite metamaterial with
capacitors as shown in Figure 5(a) is utilized. The loops
are terminated to capacitors Cp and inductors L(4 nH).
By integrating NIC designs offering −2 nH inductance, we
reduce the effect of the positive inductance and enhance the
bandwidth. The NIC circuit used in this paper is based on
Linvill’s model [24], and it is an example of Voltage Inversion
NIC (VINIC). As shown in Figure 6(a), the circuit consists of
two N-type BJTs and a lumped passive inductor L1 = 2 nH
as the load. After adding the non-Foster circuit to the loop,
the equivalent circuit model [19] for the transmission line
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Figure 5: (a) Metamaterial constructed from array of loops
terminated to capacitors Cp and (b) its transmission coefficient.

is depicted in Figure 6(a), where the NIC configuration is
included in a negative inductor Ln.

The simulation has 11600 time steps with each time
step Δt = 0.274 ps, cell size Δx = 0.15 mm. The whole
computational domain has a size of 128 × 8 × 20 Yee’s
cells. FDTD and SPICE processes take 686 seconds and 133
seconds, respectively. Because of the complexity of the NIC
circuit model, SPICE needs more time than the test examples
from previous section. Here three cases are performed.
Firstly, metamaterial with loop terminated to capacitor Cp =
0.13 pF and lumped inductor L = 4 nH is simulated. As
depicted by the blue curve in Figure 6(b), it has a resonance
around 2.4 GHz. Secondly, to broaden the bandwidth, a
NIC circuit Ln = −2 nH is added to inductor L = 4 nH,
making the whole inductance 2 nH. In order to make a fair
comparison, the capacitor is made Cp = 0.2 pF so that
the two simulations have the same resonance. As can be
observed from the red curve in Figure 6(b), the metamaterial
integrated with non-Foster element has a wider bandwidth
than the case without it (blue curve). Increasing the value
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Figure 6: (a) Basic non-Foster element: NIC configuration based
on Linvill’s design and equivalent circuit model for the loop-
based metamaterial integrated with NIC negative inductor. (b)
Transmission coefficient for metamaterial of loops terminated with
(i) Cp = 0.13 pF, L = 4 nH; (ii) Cp = 0.2 pF, L = 4 nH, NIC circuit
Ln = −2 nH; (iii) Cp = 0.2 pF, L = 2 nH.

of −Ln can enable a wider bandwidth performance (as has
been comprehensively detailed in [5]). Lastly, to validate the
results of the second case, NIC circuit Ln = −2 nH together
with inductor L = 4 nH is replaced by one lumped inductor
L = 2 nH. As shown in Figure 6(b), the black curve follows
the behavior of the second case.

At the end we want to mention that the reason we have
considered a positive 4 nH inductor in series with the −2 nH
non-Foster element is to make sure the time-domain SPICE
modeling is stable (the equivalent total inductance is positive,
+2 nH).

3.3. Metasurface Integrated with Varactor Diodes. Metasur-
faces have great potential for making low profile antennas
[25], and achieving an electronically tunable reflection phase
is of remarkable interest in this regard. This section presents
the simulation for a structure of metasurface integrated with
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Figure 7: (a) Metasurface structure with periodic square metal
patches and its unit cell that loaded with varactor diodes. (b)
Reflection phase for the metasurface. Controlling the bias of the
diode tunes the resonance frequency.

varactors. The metasurface used in this paper is similar to the
one in [7], which is designed to act as an artificial magnetic
conductor (AMC) and uses active NIC circuits as negative
elements to increase the bandwidth. Here varactor diodes
are integrated in the metamaterial and make the metasurface
tunable in resonance frequency.

Figure 7(a) shows a metasurface structure consisting of
periodic square metal patches and PEC ground plane with
dielectric slab in between. It also presents the unit cell of
the metasurface loaded with varactor diodes. The structure
is periodic in y and z directions and the incidence plane
wave is −x direction. The FDTD-SPICE method is applied
to simulate the structure. There are 7000 time steps in the
calculation with each time step Δt = 0.953 ps, cell size
Δx = 0.5 mm. The whole computational domain has a size
of 45 × 21 × 21 Yee’s cells. FDTD and SPICE processes
take 386 seconds and 8 seconds, respectively. Figure 7(b)
shows the reflection coefficient phase for the metasurface
without varactor diodes, as well as those with diodes that
have different biases. The green line, as a reference frequency
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Figure 8: Performance data for SMV1232 Diode Varactor.

response, represents the one without varactor diode, while
the others are for results that have diode with different
bias. The varactor diode model used here is Skywork’s
SMV1232-079 Hyperabrupt Tuning Varactors [26]. When
the diode is added to the structure, it increases the total
capacitance therefore decreases the resonance frequency of
the metasurface. As can been seen from Figure 8, typical
capacitance values of the varactor diode decrease when the
reverse bias voltage increases. The capacitance is a maximum
while there is no reverse bias voltage. Thus for reverse bias
with smaller voltage it should give larger shift in resonance
frequency, which agrees well with the simulation results.

4. Conclusion

This paper develops a hybridized FDTD-SPICE model and
applies it to the simulations of some novel metamaterials
integrated with electronic circuits. The Maxwell’s equations
are linked with SPICE through the interchange between
electromagnetic fields and voltages across the SPICE element
nodes. Interprocess communication technique with socket
is used as it is crucial for FDTD and SPICE to exchange
data at proper running time. Diagrammatic flowchart is
discussed that demonstrates the detail of the execution
process as well as the data exchanging with the help of
sockets. To show the validity of the model, two simple
cases that have analytical solution or pure SPICE results are
investigated. Then, three kinds of metamaterial are studied
and modeled by the FDTD-SPICE engine. First, loop-
based metamaterial with lumped capacitor is investigated
where changing the capacitance can vary the resonance
frequency. Then, integration of metamaterial with non-
Foster circuit element, which provides negative impedance
and increases the bandwidth, is studied and characterized.
Lastly, metasurface simulation with integrated nonlinear
varactor elements shows a tunable reflection phase property
for this metamaterial. The technique is very powerful and its
accuracy is validated well. We expect our scheme to be of
great engine for comprehensive simulation of metamaterials
integrated with active and nonlinear circuits and allow
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exploring new artificial materials combined with a lot of
potential complex circuits.
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We have successfully prepared Cu–Al–O films on silicon (100) and quartz substrates with copper and aluminum composite target
by using radio frequency (RF) magnetron sputtering method. We have related the structural and optical-electrical properties of
the films to the sputtering area ratio of Cu/Al for the target (rCu/Al). The deposition rate of the film and rCu/Al can be fitted by an
exponential function. rCu/Al plays a critical role in the final phase constitution and the preferred growth orientation of the CuAlO2

phase, thus affecting the film surface morphology significantly. The film with main phase of CuAlO2 has been obtained with rCu/Al

of 45%. The films show p-type conductivity. With the increase of rCu/Al, the electrical resistivity decreases first and afterwards
increases again. With rCu/Al of 45%, the optimum electrical resistivity of 80Ω·cm is obtained, with the optical transmittance being
72%–79% in the visible region (400–760 nm). The corresponding direct band gap and indirect band gap are estimated to be 3.6 eV
and 1.7 eV, respectively.

1. Introduction

Transparent conducting oxide (TCO) films have been widely
used in the fields of flat panel displays, solar cells, touch
panels, and other optoelectronic devices owing to their
high electrical conductivity and optical transmittance in
visible region [1–3]. Up to now, however, most of the TCOs
obtained are characterized by n-type conductivity. The lack
of p-type TCOs restricts the development of p-n junction
based device. Therefore, developing stable p-type TCOs
becomes the hot research topic [4, 5]. Kawazoe et al. [6]
investigated delafossite-structured CuAlO2 and successfully
prepared CuAlO2 films using pulse laser deposition (PLD)
method in 1997. The obtained films are good p-type TCO
materials, with room temperature electrical conductivity
being 0.095 Scm−1, optical transmittance being 80% and
direct band gap being 3.5 eV. Alternatively, Gao et al. [7]

had fabricated p-type transparent CuAlO2 thin films by spin-
on technique and reported the film had a conductivity of
2.4 Scm−1 with the optical band gap being 3.75 eV. Due to the
excellent optical-electrical properties, CuAlO2 film is attracts
increasing research interest for the potential applications
ranging from p-n junction to invisible circuits.

So far, various deposition techniques have been
employed to fabricate highly transparent conductive
CuAlO2 thin films, including chemical vapor deposition
(CVD) [8], pulsed laser deposition (PLD) [9, 10], sol-gel
[11], and sputtering [12, 13]. Among these techniques,
RF magnetron sputtering takes the advantage of strong
adhesion between film and substrate, large area deposition,
low substrate temperature, and good compatibility with
current microelectronics. However, various deposition
parameters such as oxygen partial pressure, the variety of
sputtering target, and sputtering power may influence the
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properties of the films. Furthermore, most of the CuAlO2

films deposited by RF sputtering method are always using
high-cost CuAlO2 ceramic target. In this work, we simplify
the preparation process by using the low-cost copper and
aluminum composite target instead of CuAlO2 ceramic
target. We investigate the influence of sputtering area ratio
of Cu/Al for the target (rCu/Al) on the properties of obtained
films. We elucidate the underlying mechanisms between the
film structure and the optical band gap.

2. Experimental

Cu–Al–O films were deposited on silicon (100) and quartz
substrates, respectively, by RF magnetron sputtering method
at room temperature (∼22◦C). High purity of 99.999%
copper and aluminum composite target was used as the
sputtering materials. The composition of the film was
controlled by changing the sputtering area ratio rCu/Al of Cu
and Al for the target. Pure argon and oxygen were used as
sputtering gas and reactive gas, respectively. The substrates
were cleaned ultrasonically in 5% (volume content) HF,
acetone and ethanol for silicon, in acetone, and ethanol
for quartz before being loaded into the chamber. The
HF solution was stored in closed plastic container, and
it was used following the safety rules [14, 15], such as
wearing special respirator and gloves to prevent the HF
from contacting our skin. Before deposition, base pressure
of the chamber was evacuated to 4 × 10−4 Pa by rotary and
molecular pump. During deposition process, the working
pressure was maintained at 0.3 Pa and sputtering power was
fixed at 80 W. We varied the rCu/Al over the range 20%–55%
to ensure the composition changed from Al being excessive to
Cu being excessive. The thickness of the films was controlled
being 300± 10 nm via the deposition duration time. Before
characterized the properties, the samples were annealed in
GSL-1400X tubular furnace with argon ambience for 3 h.

The thickness of the films was measured by UVISEL
ER wide spectral range Ellipse leaning meter. The structural
character was identified by using X’Pert Pro MPD X-ray
diffractometer with Cu Kα (λ= 0.15406 nm) radiation. The
surface morphology and chemical compositions were char-
acterized by ZEISS-SUPRA-55 scanning electron microscope
(SEM) and OXFORD INCA PentaFET×3 energy dispersive
spectrometer (EDS). An X-ray photoelectron spectroscopy
(XPS) apparatus (PHI-5400) was employed to determine
the chemical valence of the elements. The conductivity type
was identified by HMS-7077 measurement system. Room
temperature resistivity of the films was investigated by the
four-probe method in Agilent 4155c measurement system.
UV-3150 spectrophotometer was used to measure the optical
transmittance of the films.

3. Results and Discussion

The deposition rate RD is one of the most important parame-
ters of the deposition process, which plays an important role
in the structure and the properties of the films. It can be
obtained through dividing the thickness by deposition time.

Figure 1 illustrates the effect of rCu/Al on the deposition rate
RD of the Cu–Al–O films on Si (100) substrate. RD increases
from 1.13 nm·min−1 to 1.46 nm·min−1 with the increase of
rCu/Al from 20% to 55%. The results can be fitted by an
exponential function as

RD = 1.5-2.3 exp(−0.1 · rCu/Al). (1)

The deposition rate RD increases with the increase of
rCu/Al is mainly due to that the sputtering yield of Cu is higher
than that of Al. In addition, the sputtered Cu atom possesses
more energy than Al, thus favoring the formation of defect
and nucleation center on the substrate. This also contributes
to the increase of RD.

Figure 2 plots the X-ray diffraction spectra of Cu–Al–
O films deposited with different rCu/Al. When rCu/Al is 20%,
the diffraction peaks corresponding to CuAlO2 (104), (015),
(009), (116) and Al2O3 (113), (306) are observed, indicating
an excess of Al element exists in the film. When rCu/Al

increases to 45%, the CuAlO2 (018) peak grows remarkably
while Al2O3 peaks tend to reduce. CuAlO2 becomes the main
phase of the film. The change may be due to the following
reaction [16]:

Al2O3 + Cu2O −→ CuAlO2 (2)

When the rCu/Al reaches 55%, a new peak at 36.4◦ which
is identified to Cu2O (111) emerges, suggesting the surplus
of Cu element in the film.

The rCu/Al also plays an important role in the preferred
growth orientation of CuAlO2 diffraction peaks. As seen
from Figure 2, with rCu/Al of 20%, CuAlO2 phase shows
strong peak along (104) and (015) crystal planes, while the
X-ray diffraction peak of (018) is weak. With rCu/Al increases
to 45%, the peak of CuAlO2 (018) increases significantly
and becomes the strongest, suggesting that the preferred
growth orientation of CuAlO2 is (018) with this rCu/Al.
When the rCu/Al is 55%, (018) peak of CuAlO2 weakens and
the preferential growth changes into (104). Although the
surface energy of (001) crystal plane might be the lowest in
delfossite structure CuAlO2 crystal, the kinetic parameters,
for instance, annealing treatment, may also play a role in the
selection of the preferred growth orientation.

The grain size can be estimated from the full-width half-
maximum intensity of XRD peak by using Scherrer’s relation
[17]:

d = kλ

β cos θ
, (3)

where k is a constant of 0.89 for Cu target, λ= 0.15406 nm,
θ and β are the Bragg diffraction angle and half intensity
width. The calculated grain sizes of the films are estimated
to be 12.6 nm, 14.1 nm, 17.4 nm, and 15.2 nm for rCu/Al of
20%, 30%, 45%, and 55%, respectively.

Figure 3 displays the typical SEM images and the
corresponding EDS spectra of the films deposited with
different rCu/Al on Si (100) substrate. With rCu/Al being 20%,
a large amount of globular precipitation phases have been
observed, as shown in Figure 3(a). Figure 3(b) illustrates the
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Figure 1: Deposition rate RD of the films as a function of sputtering
area ratio of Cu/Al for sputtering target (rCu/Al).

EDS spectrum of the globular phases, showing the atomic
ratio of Al:O is around 2 : 3. This suggests that the globular
phase is Al2O3. Figure 3(c) demonstrates the image of the
film deposited with rCu/Al being 45%. The film shows a
uniform microstructure with well-defined grain boundaries,
no impurity is observed. EDS spectrum of the film signifies
the atomic ratio of Cu : Al : O is about 1 : 1 : 2, confirming
the XRD analysis that CuAlO2 is the main phase of the
film. When the rCu/Al increases to 55%, a nonfaceted phase
is observed. EDS analysis of this phase shows that the
atomic ratio of Cu : Al : O is about 12 : 1 : 5, indicating the
precipitation phase is mainly composed of copper oxide,
which is consistent with the XRD result.

To further identify the chemical compositions and
valences of the elements, we performed XPS analysis to the
films deposited on Si (100) substrate. Figures 4(a)–4(c) show
the typical XPS spectra of the Cu–Al–O film obtained with
rCu/Al = 45% after the calibration using C 1s position of
carbon. As shown in Figure 4(a), the “shake-up” peak of
the Cu2+2p3/2 at around 943 eV is not observed, indicating
that no Cu2+ presents in the film. Figure 4(b) shows the
Cu 2p3/2 peak together with the two separated peaks by
using the multipeaks fitting. The peak at the low binding
energy of 931.7 eV is corresponding to Cu+ in CuAlO2,
while the high binding energy 932.8 eV is corresponding
to Cu2O. The intensity of the low-energy peak (931.7 eV)
is remarkably higher than that of the high-energy peak
(932.8 eV), suggesting Cu+ mainly exists in CuAlO2 phase.
The Al 2p peak region, shown in Figure 4(c), consists of Al
2p peak of Al3+ (around 74.2 eV), Cu 3p3/2 (around 75.3 eV),
and Cu 3p1/2 (77.1 eV) peaks of Cu+, which is similar to the
result reported by Cai et al. [16].

The Cu 2p spectra of the other films are similar to
that shown in Figure 4(a) where no Cu2+ peaks have been
observed. This is consistent with the XRD results: no CuO or
CuAl2O4 diffraction peak is observed in the XRD patterns.
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Figure 2: XRD patterns of Cu–Al–O thin films deposited with
different rCu/Al on Si (100) substrate.

The conductivity type of the films deposited on quartz
substrate was measured by Hall effect measurement and the
electrical resistivity (ρ) at room temperature was studied
by four-probe method. Prior to the investigation, four Au
electrodes were deposited on the film surface.

Figure 5 shows the electrical resistivity (ρ) of the films
formed with different rCu/Al and the inset demonstrates the
relation between current and voltage for the film deposited
with rCu/Al of 45%. From the inset I-V curve, it can be
seen the linear dependence is obtained, which indicates
ohmic contact has been achieved between Au electrode
and the film. With rCu/Al being 20%, the sample shows
a high electrical resistivity due to the existence of large
amount of insulating Al2O3 in the film [18]. When rCu/Al

increases from 20% to 45%, the electrical resistivity (ρ)
decreases from 243Ω·cm to 80Ω·cm. The reason may be
that the improvement of crystallization quality reduces the
scattering and trapping of charge carriers, leading to the
enhancement of Hall mobility. Furthermore, the increment
of CuAlO2 increases the carrier concentration of the film.
With rCu/Al being 55%, the electrical resistivity (ρ) increases
to 156Ω·cm. In this case, surplus copper element exists in
the film and the copper vacancy which can produce hole
carrier concentration decreases. In addition, the emergence
of Cu2O impurity strengthens the scattering and trapping of
charge carriers, decreasing the Hall mobility.

Figure 6 presents the optical transmittance spectra of
the Cu–Al–O thin films deposited with different rCu/Al on
quartz substrate. As can be seen, the film deposited with
rCu/Al of 20% exhibits the highest transmittance (77%–84%)
in the visible region (400–760 nm). It may be due to the
large amount of Al2O3 precipitation phase, which has quite
high transmittance in the visible range, existing in the film.
With rCu/Al being 30%, a decrease (58%–76%) in the film
transmittance was observed. When rCu/Al increases to 45%,
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Figure 3: SEM micrographs and EDS spectra of Cu–Al–O thin films obtained with different rCu/Al: (a) and (b) rCu/Al = 20%; (c) and (d)
rCu/Al = 45%; (e) and (f) rCu/Al = 55%.

the transmittance of the film increases to 72%–79% in the
visible region (400–760 nm) due to that the CuAlO2 becomes
the predominant phase. In addition, the decrease of defect
density and crystallization improvement of the films also
contribute to the improvement of optical transmittance.
When rCu/Al reaches 55%, the transmittance decreases again,
mainly because the coexistence of Cu2O phase strengthen the
scattering effect, lowering the optical transmittance [18].

To further investigate the optical properties, we evaluated
the optical band gap (Eg) of the Cu–Al–O thin films.
The optical absorption coefficient (α) of the films can be
calculated using the following equation:

α = 1
d

ln
(

1
T

)
, (4)
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Figure 4: XPS spectra of Cu–Al–O thin films obtained with rCu/Al

of 45%: (a) Cu 2p spectra; (b) fitting spectra of Cu 2p3/2; (c) fitting
spectra of Al 2p and Cu 3p.

where d is the film thickness and T is the transmittance of the
film. The relation between optical absorption coefficient (α)
and optical band gap (Eg) can be written as

(αhν)1/n = A
(
hν− Eg

)
, (5)

where A is the absorption edge width parameter and hν
means the incident photon energy. The exponential n is 1/2
or 2 for direct allowed transition (Egd) or indirect allowed
transition (Egi).

Figure 7 shows a typical linear fitting process of Eg for
the Cu–Al–O thin film deposited at rCu/Al = 45%. Egd and
Egi are obtained from the intercept on hν axis in the plots of

(αhν)2-hν and (αhν)1/2-hν, respectively. Figure 8 compares
the Egd and Egi values of the films deposited with different
rCu/Al. The Egd decreases from 5.3 eV to 3.6 eV with increase
of rCu/Al from 20% to 45%, afterwards, it increases to 4.7 eV
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with rCu/Al reaching 55%. Egi varies in the range of 1.6–1.9 eV
and achieves the minimum with rCu/Al of 45%.

Egd and Egi may be influenced by the phase constitution
of the films. With rCu/Al of 20%, the film is composed of
Al2O3 and CuAlO2 phases, hence, the optical band gap of
the film can be evaluated by the superposition of pure Al2O3

and CuAlO2, whose Egd are 9.0 eV [19] and 3.5 eV [6, 20],
respectively. The direct band gap of the film which consists
of Al2O3 and CuAlO2 is assumed to be in the range of 3.5–
9.0 eV. This is in agreement with our result 5.3 eV. For the
film deposited with rCu/Al of 45%, the main crystal phase of
the film is CuAlO2 and the estimated Egd (3.6 eV) is close to
the Egd of pure CuAlO2 (3.5 eV) [6, 20].
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Moreover, quantum size effect may also affect the band
gap, which can be described by the following equation [20]:

Eg = π2�2

2R2

[
1
me

+
1
mh

]
− 1.8e2

ε2R
+
e2

R

∞∑
n=1

αn

(
S

R

)2n

, (6)

R is the radius of the semiconductor particle and the first
term is the quantum energy of localization for both electron
and hole. The second term is the Coulomb attraction
and the third term represents the band gap of the bulk
semiconductor. As is shown in the model, the change
tendency of Eg and R is reverse, that is, Eg should be smaller
for larger R. The estimated results show that with the largest
grain size 17.4 nm (rCu/Al = 45%), the Egd achieves the
minimum value 3.6 eV, while with the minimum grain size
12.6 nm (rCu/Al = 20%), the Egd obtains the maximum value

5.3 eV, indicating our results is consistent with the model.
This suggests that quantum size effect resulted from the nano
size grain structure may play a role in the optical band gap of
the film.

4. Conclusions

Cu–Al–O thin films have been deposited on Si (100) and
quartz substrates by RF magnetron sputtering technique.
The sputtering area ratio of Cu/Al for the sputtering target
(rCu/Al) plays an important role in the structure, optical-
electrical properties and optical band gaps of the films.
The deposition rate RD increases with the increase of
rCu/Al mainly because of the higher sputtering yield of Cu
than Al. With rCu/Al of 20%, CuAlO2 and Al2O3 phases
coexist in the film due to the surplus Al element. CuAlO2

becomes the main phase of the film when rCu/Al reaches
45%. Whereas when rCu/Al increases to 55%, as well as the
CuAlO2, Cu2O diffraction peak also be detected. Cu+ in the
films deposited with different rCu/Al exists in the form of
CuAlO2 or Cu2O, no Cu2+ has been observed. The films
show stable p-type conductivity. With the increase of rCu/Al,
the electrical resistivity first decreases afterwards increases.
With rCu/Al of 45%, the film shows the optimum optical-
electrical properties. The electrical resistivity is measured
to be 80Ω·cm with the transmittance being 72%–79% in
the visible region(400–760 nm). The estimated Egd is in the
range of 3.6–5.3 eV and Egi in the range of 1.6–1.9 eV which
depends on rCu/Al.
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