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Perforated ground plane (PGP) structures have many inter-
esting properties, such as low-wave effect, suppression of
surface waves, high-impedance characteristics, and arbitrary
stopbands (passbands). In recent years, PGP structures have
attracted great interests in RF and wireless applications (such
as passive and active circuits, antennas, waveguides, and
packaging). PGP structures are created by assembling a
periodic or nonperiodic structure composed of elements in
ground plane which are small compared to the wavelength
of the propagating electromagnetic wave. As a consequence,
PGP structures alter electromagnetic waves propagate in the
RF and wireless system.

The objective of this special issue is to provide an in-
depth description of the state of the art of research and
development in this area. The themes include the new
challenges and recent applications in the field of PGP struc-
tures for RF and wireless components. Of 17 submissions, 8
papers are accepted for publication in this special issue. Each
paper was reviewed by at least two reviewers and revised
according to the reviewer’s comments. The accepted papers
cover the following topics: analysis of the microstrip patches
over ground planes with rectangular apertures, couplers
with defected ground structure (DGS) microstrip line, DGS
resonators, slotted magnetic-LC resonators, bandpass filter
(BPF) with slot spurline technique, reconfigurable antenna,
and heterostructure high-mobility transistors (HEMTs).

Microstrip patch antennas offer many attractive features
such as low profile, light weight, low cost, and ease for
integration with printed feeding networks and active circuits.

Themicrostrip patch antenna can be fed through an aperture
cut into a microstrip line ground plane. Several advantages,
such as the weak parasitic radiation, tunable impedance
and resonant frequency of antennas, have been obtained by
using this feeding configuration. However, the algorithms
developed for the analysis of these antennas should be able
to account for the effect of possible apertures existing in
the ground planes of the resonators. In A. Messai et al.’s
paper, the authors present a rigorous full-wave analysis of
high 𝑇

𝑐
superconducting rectangular microstrip patch over

ground plane with rectangular aperture in the case where
the patch is printed on a uniaxially anisotropic substrate
material. The dyadic Green’s functions of the considered
structure are efficiently determined in the vector Fourier
transform domain. The effects of uniaxial anisotropy in the
substrate on the resonant frequencies of different TM modes
of the superconducting microstrip antenna with rectangular
aperture in the ground plane are analyzed. The accuracy of
the analysis is tested by comparing the computed results
with measurements and previously published data for several
anisotropic substrate materials.

Microstrip lines with the defected ground structure
(DGS), namely, DGS microstrip line or DGS line, can raise
the realizable upper limit of the characteristic impedance
of a microstrip line to around 200Ω and can be used in
unequal power dividers and couplers. While there has been a
serious problem when they are packaged in metallic housing
because the bottom ground plane of the microstrip lines,
where DGS patterns are realized, makes direct contact with
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the metallic package, at this time, the advantageous effects of
DGS are removed. In J. Lim et al.’s paper, the authors adopt
a double-layered substrate structure to solve the ground
contact problem of DGS lines. In the proposed structure,
DGS patterns are realized on the ground plane of microstrip
lines as in previous cases. However, the second substrate,
of which dielectric material is exposed to the top plane, is
attached to the ground plane of the first substrate, where
the DGS patterns exist. Therefore, it is possible to remove
the ground contact problem of DGS, while the advantages of
DGS are preserved. At last, they have designed andmeasured
a 10 dB branch line hybrid coupler using DGS line.

Recently, microwave circuits are popularly designed on
the ground plane, such as defected ground structure (DGS)
resonator, which fully utilize the printed circuit board and
therefore reduce the overall circuit size, also with the high
power capacity. It provides a novel way to realizing the
microwave passive components. In this special issue, there
are two papers on the topic of the DGS resonator or its
application. In S. J. Lee et al.’s paper, the authors presented
a flexible microwave tag system using a frequency-scanning
type RFID with multiple DGS resonator. The DGS resonator
is spiral shaped and implemented on the rear side of a
transmission line, which has the advantages of excellent band
notch characteristics as well as bit-error avoidance from the
frequency selective reflection. In addition, the tag system is
designed on a thin flexible substrate in order to be applicable
for amorphous surfaces. In X. Guan et al.’s paper, the authors
designed a triple-mode bandpass filter using a dual-mode
DGS resonator and a microstrip resonator. The dual-mode
characteristic is achieved by loading a defected T-shaped
stub to a uniform impedance DGS resonator. A uniform
impedance microstrip resonator is designed on the top layer
of the DGS resonator and a compact bandpass filter with
three resonant modes in the passband can be achieved. The
authors have also given the coupling scheme and matrix for
the structure.

Split-ring resonators (SRRs), capacitive loaded (C loaded)
loops, folded stepped impedance resonators (SIRs), and their
complementary counterparts have been extensively used for
the implementation ofmetamaterials andmanydevices based
on them.Themagnetic-LC (MLC) resonator can be etched in
the ground plane of a single-endedmicrostrip or a differential
microstrip line. In J. Naqui et al.’s paper, the authors presented
the MLC-inspired circuits where the MLC units are loaded
in both single-ended microstrip and differential microstrip
transmission lines. By loading an MLC with the differential
microstrip line, for the differential mode, there is an electric
wall at the symmetrical plane, and thus the MLC can be
driven. Due to the symmetry property, the symmetrical plane
of this MLC-loaded single-ended microstrip transmission
line becomes amagneticwall, and theMLCcannot be excited.
They also demonstrated that the MLC resonators have many
potential applications such as the implementation of balanced
notch filters and stopband filters.

Dual-mode microstrip filters are widely used in wireless
communications systems, which are based on the coupling
of two degenerate modes and split by adding a perturbation
element in a geometrically symmetrical resonator. Recently,

resonator with slotline structure has attracted more attention
because of its compactness and high power capacity. InH. Liu
et al.’s paper, the authors proposed a miniaturized dual-mode
bandpass filter using slotline resonator, slot spur lines, and
sagittate stubs.The type of the filter characteristic (chebyshev
or elliptic) can be controlled by the location of the spur lines.
In addition, the filter achieves large reduction in overall size
by using the sagittate stubs instead of the traditional ones.

With advantage of multipattern and multipolarization,
the reconfigurable antennas are popular and timely to address
complex system requirements by modifying their geometry
and electrical behavior, which can increase the capabilities
of wireless integrated information systems, expand their
functionality, or widen their bandwidths, with efficient spec-
trum and power utilization. In A. Chen et al.’s paper, the
authors discussed different patterns and polarizations of
reconfigurable antennas according to current research work
in this area. The radiation pattern states of antennas include
beam direction, shape, and gain, and the polarization states
of antennas consist of horizontal/vertical linear, ±slant 45∘
linear, left-hand, or right-band circular polarized. Different
multi-pattern and multi-polarization antennas with various
structures and working mechanisms are compared and dis-
cussed in the paper.

By the great development of the material quality and
device processing techniques, AlGaN/GaN HEMT has been
much improved in both DC and RF performances. It will
become an ideal candidate for high-power, high-frequency,
and high-temperature electronic devices. There are many
researches about improving its DC and AC performances
by changing material or structure of epitaxial layer of
AlGaN/GaN HEMTs since the performances of mono-
lithic microwave integrated circuits (MMICs) are influenced
by the characteristics of active devices. In L. Jin et al.’s
paper, the authors presented the impact of layout sizes of
Al
0.27

Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaN HEMTs based on SiC
substrate on its characteristics that include the threshold
voltage, the maximum transconductance, characteristic fre-
quency, and the maximum oscillation frequency. The chang-
ing parameters include the gate finger number and the gate
width per finger. It is significant for designing AlGaN/GaN
HEMT with excellent performance.

These papers represent an exciting and insightful obser-
vation into the state of the art, as well as emerging research
topics, in this important field.
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A rigorous full-wave analysis of high𝑇
𝑐
superconducting rectangular microstrip patch over ground plane with rectangular aperture

in the case where the patch is printed on a uniaxially anisotropic substrate material is presented. The dyadic Green’s functions of
the considered structure are efficiently determined in the vector Fourier transform domain. The effect of the superconductivity of
the patch is taken into account using the concept of the complex resistive boundary condition.The accuracy of the analysis is tested
by comparing the computed results with measurements and previously published data for several anisotropic substrate materials.
Numerical results showing variation of the resonant frequency and the quality factor of the superconducting antenna with regard to
operating temperature are given. Finally, the effects of uniaxial anisotropy in the substrate on the resonant frequencies of different
TMmodes of the superconducting microstrip antenna with rectangular aperture in the ground plane are presented.

1. Introduction

Microstrip patch resonators offer many attractive features
such as low profile, light weight, low cost, and the ease with
which they can be integrated with printed feeding networks
and active circuits. They can be used either as antennas or as
components of oscillators and filters inmicrowave-integrated
circuits. When a microstrip patch resonator acts as an an-
tenna, the microstrip patch can be fed through an aperture
cut into a microstrip line ground plane. Several advantages
have been obtained by using this feeding configuration [1,
2]. Such advantages include weak parasitic radiation in the
useful direction with respect to conventionally fed antennas
and optimal performance for both the feeding network and
antenna element. In addition, the presence of aperture on
the ground plane adds new design parameters that can
be used to tune the antenna impedance and resonance
frequency, without modifying the patch itself. Since ground-
plane apertures can play a role in the design of microstrip
patch antennas, the algorithms developed for the analysis

of these antennas should be able to account for the effect
of possible apertures existing in the ground planes of the
resonators.

Since the discovery of the high 𝑇
𝑐
superconducting mate-

rials which have critical temperatures above the boiling point
of liquid nitrogen, the development of microwave application
of high 𝑇

𝑐
superconductors has been extremely rapid and

numbers of highly sophisticated subsystem level modules
have been generated. Superconducting passive microwave
devices such as antennas, filters, transmission line, and
phase shifters have shown significant superiority over cor-
responding devices fabricated with normal conductors such
as gold, silver, or copper due to the low surface resistance of
superconductors.The low surface resistance corresponds to a
large quality factor and improved performance such as higher
gain and lower insertion loss in passive microwave devices
[3–7].

Setting aside the topic of superconducting materials, in
the last few years, there has been a growing interest in
studying how the performance of microstrip antennas is
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Figure 1: Geometrical structure of a high 𝑇
𝑐
superconducting rec-

tangular microstrip patch over a ground plane with a rectangular
aperture in the case where the superconducting patch is printed on
an anisotropic dielectric substrate.

affected when anisotropic dielectrics are used as substrates of
those antennas [8–14]. We bear in mind that some dielectric
substances used as substrates of microstrip antennas exhibit
anisotropy due to their natural crystal structures or as the
result of their production processes. Isotropic substancesmay
also exhibit anisotropy at high frequencies.The overall results
of the previous studies indicate that operational behavior of
such structures may not be as expected especially at higher
millimetre wave frequencies when anisotropy of the substrate
material is ignored.

This paper presents a rigorous full-wave analysis of
high 𝑇

𝑐
superconducting rectangular microstrip patch over

ground plane with rectangular aperture. The rectangular
patch is printed on a uniaxially anisotropic substratematerial.
As far as the authors know, this subject has not been reported
in the open literature; the only published results on the full-
wave analysis of superconducting microstrip antennas with
apertures in the ground planes refer to isotropic substrates
[15]. This paper is organized as follows. In Section 2, the
dyadic Green’s functions of the considered structure are effi-
ciently determined in the vector Fourier transform domain.
The effect of the superconductivity of the patch is taken into
account using the concept of the complex resistive boundary
condition. Various numerical results are given in Section 3.
Finally, concluding remarks are summarised in Section 4.

2. Theory

The problem to be solved is illustrated in Figure 1. We have
a high 𝑇

𝑐
superconducting rectangular microstrip patch of

thickness 𝑒 over a ground plane with a rectangular aperture.
The substrate material is uniaxially anisotropic with the
optical axis being normal to the patch.The uniaxial substrate
is characterized by the free-space permeability 𝜇

0
and a

permittivity tensor of the form

𝜀 = 𝜀
0

[

[

𝜀
𝑥

0 0

0 𝜀
𝑥

0

0 0 𝜀
𝑧

]

]

, (1)

where 𝜀
0
is the free-space permittivity. Equation (1) can be

specialized to the isotropic substrate by allowing 𝜀
𝑥
= 𝜀
𝑧
= 𝜀
𝑟
.

All fields and currents are time harmonic with the 𝑒𝑖𝜔𝑡 time
dependence being suppressed.The transverse fields inside the
anisotropic region (0 < 𝑧 < 𝑑) can be obtained via the inverse
vector Fourier transforms as shown in [16]
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where F(k
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) is the kernel of the vector Fourier transform

[16], and

e (k
𝑠
, 𝑧) = [

𝑒
𝑒

(k
𝑠
, 𝑧)

𝑒
ℎ

(k
𝑠
, 𝑧)

] =
[
[
[

[

𝑖

𝑘
𝑠

𝜀
𝑧

𝜀
𝑥

𝜕𝐸
𝑧
(k
𝑠
, 𝑧)

𝜕𝑧

𝜔𝜇
0

𝑘
𝑠

�̃�
𝑧
(k
𝑠
, 𝑧)

]
]
]

]

,

h (k
𝑠
, 𝑧) = [

ℎ
𝑒

(k
𝑠
, 𝑧)

ℎ
ℎ

(k
𝑠
, 𝑧)

] =
[
[
[

[

𝜔𝜀
0
𝜀
𝑧

𝑘
𝑠

𝐸
𝑧
(k
𝑠
, 𝑧)

𝑖

𝑘
𝑠

𝜕�̃�
𝑧
(k
𝑠
, 𝑧)

𝜕𝑧

]
]
]

]

.

(3)

The superscripts 𝑒 and ℎ denote the TM and TE waves,
respectively, and 𝐸

𝑧
is the scalar Fourier transform of 𝐸

𝑧
. The

general form of 𝐸
𝑧
and �̃�

𝑧
is [17]

𝐸
𝑧
(k
𝑠
, 𝑧) = 𝐴

𝑒

𝑒
−𝑖𝑘
𝑒

𝑧
𝑧

+ 𝐵
𝑒

𝑒
𝑖𝑘
𝑒

𝑧
𝑧

,

�̃�
𝑧
(k
𝑠
, 𝑧) = 𝐴

ℎ

𝑒
−𝑖𝑘
ℎ

𝑧
𝑧

+ 𝐵
ℎ

𝑒
𝑖𝑘
ℎ

𝑧
𝑧

,

(4)

where𝐴𝑒, 𝐵𝑒,𝐴ℎ, and 𝐵ℎ are the field spectral amplitudes and
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𝑘
𝑒

𝑧
and 𝑘

ℎ

𝑧
are, respectively, propagation constants for TM

andTEwaves in the uniaxially anisotropic substrate [2]. After



International Journal of Antennas and Propagation 3

substitution of the expressions of 𝐸
𝑧
and �̃�

𝑧
given by (4) into

(3), we get [17]
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In (6), A, and B are two-component unknown vectors and
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Writing (6) in the planes 𝑧 = 0 and 𝑧 = 𝑑, and by eliminating
the unknowns A and B, we obtain the matrix form

[
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which combines e and h on both sides of the anisotropic
region as input and output quantities. Now that we have
the matrix representation of the anisotropic substrate, it is
easy to derive the dyadic Green’s functions of the problem.
Let J
0
(𝑥, 𝑦) be the surface current density on the ground

plane with rectangular aperture, and let J(𝑥, 𝑦) be the surface
current density on the superconducting rectangular patch.
Also, let E(𝑥, 𝑦, 0) and E(𝑥, 𝑦, 𝑑) be the values of the trans-
verse electric field at the plane of the aperture and at the
plane of the superconducting patch, respectively. Following
a mathematical reasoning similar to that shown in [16], we
can obtain a relation among J

0
(𝑥, 𝑦), J(𝑥, 𝑦), E(𝑥, 𝑦, 0), and

E(𝑥, 𝑦, 𝑑) in the vector Fourier transform domain given by

e (k
𝑠
, 𝑑) = G (k

𝑠
) ⋅ j (k

𝑠
) + Γ (k

𝑠
) ⋅ e (k

𝑠
, 0) , (10)

j
0
(k
𝑠
) = −Γ (k

𝑠
) ⋅ j (k

𝑠
) + Y (k

𝑠
) ⋅ e (k

𝑠
, 0) , (11)

where the 2 × 2 diagonal matrices G(k
𝑠
), Γ(k

𝑠
), and Y(k

𝑠
)

stand for a set of dyadic Green’s functions in the vector
Fourier transform domain. It is to be noted that G(k

𝑠
) is

related to the patch current and Y(k
𝑠
) is related to the aper-

ture field. The matrix Γ(k
𝑠
) represents the mutual coupling

between the patch current and aperture field. Considering
the superconducting effect, we need simply to modify (10) by

replacing G(k
𝑠
) by G

𝑠
(k
𝑠
) = G(k

𝑠
) − 𝑍
𝑠
⋅ I, where I stands

for the 2 × 2 unit matrix and 𝑍
𝑠
is the surface impedance

of the superconducting patch. When the thickness of the
superconducting patch is less than three times the zero-
temperature penetration depth (𝜆

0
), 𝑍
𝑠
can be expressed as

follows [7, 15]:

𝑍
𝑠
=

1

𝑒𝜎
, (12)

where 𝜎 is the complex conductivity of the superconducting
film. It is determined by using London’s equation and the
Gorter-Casimir two-fluid model as [7, 15]

𝜎 = 𝜎
𝑛
(
𝑇

𝑇
𝑐

)

4

− 𝑖
1 − (𝑇/𝑇

𝑐
)
4

𝜔𝜇
0
𝜆
2

0

, (13)

where 𝑇 is the temperature, 𝑇
𝑐
is the transition temperature,

𝜎
𝑛
is the normal state conductivity at 𝑇 = 𝑇

𝑐
, and 𝜔

is the angular frequency. Now that we have included the
effect of the superconductivity of the rectangular patch in
the Green’s functions formulation, the well-known Galerkin
procedure of the moment method can be easily applied to
obtain the resonant frequencies and quality factors of the
resonant modes of the high 𝑇

𝑐
superconducting rectangular

microstrip patch shown in Figure 1.
Using themomentmethod,withweightingmodes chosen

to be identical to the expansion modes, (10) and (11) are
reduced to a system of linear equations which can be written
compactly in matrix form as [17]

Z ⋅ C = 0, (14)

where Z is the impedance matrix and the elements of
the vector C are the modes expansion coefficient to be
sought [17]. The system of linear equations given in (14) has
nontrivial solutions when

det [Z (𝜔)] = 0. (15)

Equation (15) is an eigenequation for 𝜔, from which the
resonant frequency and quality factor of the structure of
Figure 1 can be obtained. In fact, let 𝜔 = 2𝜋(𝑓

𝑟
+ 𝑖𝑓
𝑖
) be the

complex root of (15). In that case, the quantity 𝑓
𝑟
stands for

the resonant frequency and the quantity 𝑄 = 𝑓
𝑟
/(2𝑓
𝑖
) stands

for the quality factor.

3. Numerical Results and Discussion

3.1. Comparison of Numerical Results. In this study, the con-
sidered mode is the TM

01
mode with the dominant current

in the 𝑦 direction (higher order TM modes are considered
only in Section 3.4). The basis functions considered here for
approximating the unknown current on the superconducting
rectangular patch are formed by the set of TM modes of
a rectangular cavity with magnetic side walls and electric
top and bottom walls. Also, the same basis functions are
used for approximating the magnetic current density on the
aperture in accordance with the concept of complementary
electromagnetic structures [1, 2].
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Figure 2: Resonant frequency and quality factor of the high 𝑇
𝑐
superconducting rectangular microstrip patch over ground plane with

rectangular aperture against operating temperature. The superconducting patch is printed on two different anisotropic substrate materials;
𝑎 × 𝑏 = 1630 𝜇m × 1870 𝜇m, 𝑎

𝑎
× 𝑏
𝑎
= 53 𝜇m × 187𝜇m, 𝑑 = 56.1 𝜇m, 𝜎

𝑛
= 10
6 S/m, 𝜆

0
= 140 nm, 𝑇c = 89K, and 𝑒 = 350 nm.

To check the correctness of our computer program, our
numerical results are compared with those obtained from the
magnetic-wall cavity model of Richard et al. [18], when there
is no aperture in the ground plane. Numerical evaluations
have been done with a patch of dimension 1.5 cm × 1 cm
printed on anisotropic substrates. The patch is fabricated
with a YBCO superconducting thin film with parameters
𝜎
𝑛
= 10
6 S/m, 𝜆

0
= 140 nm, 𝑇c = 89K, and 𝑒 = 350 nm.

The operating temperature is 𝑇 = 60K. Table 1 summarizes
our computed resonant frequencies and those obtained via
the magnetic-wall cavity model [18] for four different non-
magnetic anisotropic substrate materials. These anisotropic
materials are Sapphire, Epsilam-10, Pyrolytic boron nitride,
and PTFE. It is clear from Table 1 that the agreement between
our results and those obtained via the magnetic-wall cavity
model [18] is very good since the discrepancies between the
two sets of results are below 1%. Note that in order to make
the magnetic-wall cavity model of Richard et al. [18] able
to account for uniaxial anisotropy in the substrate, we have
associated with this model the electromagnetic knowledge
[13]. The idea is to determine effective parameters for the
uniaxially anisotropic substrate using [13, Equations (3) and
(4)], and then we use these parameters in the magnetic-wall
cavity model of Richard et al. [18].

We have also compared our results with experimental
data available in the literature [18]. Table 2 shows the com-
parison between our calculations and the theoretical and
experimental results reported in [18]. It is clear from Table 2
that our results are better than the theoretical values in
[18]. The previous comparisons show a very good agreement
between our results and those of the literature. This validates
the theory proposed in this paper.

3.2. Influence of the Temperature on the Resonant Frequency
and Quality Factor. Now, we investigate the influence of the

operating temperature on the resonant frequency and quality
factor of the superconducting rectangularmicrostrip antenna
with a rectangular aperture in the ground plane. The patch
of size 1630 𝜇m × 1870 𝜇m is made of 350 nm thick YBCO
thin film with a normal state conductivity at the transition
temperature 𝜎

𝑛
= 10
6 S/m, a zero-temperature penetration

depth 𝜆
0
= 140 nm, and a transition temperature 𝑇c = 89K.

The rectangular aperture has a size of 53 𝜇m × 187 𝜇m. The
resonant frequency and the quality factor of the supercon-
ducting antenna against operating temperature for two differ-
ent anisotropic substrate materials are shown in Figures 2(a)
and 2(b), respectively.Thefirst uniaxially anisotropicmaterial
has the pair of relative permittivities (𝜀

𝑥
, 𝜀
𝑧
) = (6.04, 7.35).

The second uniaxially anisotropic material is characterized
by an electric anisotropy of negative type [14] ((𝜀

𝑥
, 𝜀
𝑧
) =

(8.66, 7.35)). Each dielectric substrate has a thickness of
56.1 𝜇m. From the results of Figure 2(a) (Figure 2(b)), it is
found that the resonant frequencies (quality factors) obtained
when the superconducting patch is printed on the first
anisotropic material are higher (lower) than those obtained
when the superconducting patch is printed on the second
anisotropicmaterial because the effective relative permittivity
of the first uniaxial medium is lower than the one of second
uniaxial medium. Concerning the influence of the operating
temperature on the resonant frequency and quality factor of
the superconducting microstrip patch shown in Figure 1, it
can be seen that the effect of varying the temperature on the
resonant frequency and quality factor is significant only for
temperatures near the transition temperature. Note that the
steep change in the resonant frequency and quality factor at
temperatures near 𝑇c can be attributed to a change in the
magnetic penetration depth of the YBCO [18].

3.3. Influence of Uniaxial Anisotropy in the Substrate on the
Resonant Frequency. In Table 3, results are presented for the
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Table 1: Comparison of our calculated resonant frequencies with those obtained via the cavity model [18] combined with electromagnetic
knowledge [13] for various anisotropic substrate materials; 𝑎 × 𝑏 = 1.5 cm × 1 cm, 𝑎

𝑎
= 0, 𝑑 = 0.2mm, 𝜎

𝑛
= 106 S/m, 𝜆

0
= 140 nm, 𝑇

𝑐
= 89K,

𝑒 = 350 nm, and 𝑇 = 60K.

Anisotropic substrate Resonant frequency (GHz)
Error (%)Dielectric (𝜀

𝑥
, 𝜀
𝑧
) This work Cavity model [18] combined with

electromagnetic knowledge [13]
Sapphire (9.4, 11.6) 4.371 4.363 0.18
Epsilam-10 (13, 10.3) 4.631 4.620 0.24
Pyrolytic boron nitride (5.12, 3.4) 7.996 8.034 0.47
PTFE (2.88, 2.43) 9.428 9.515 0.92

Table 2: Comparison of our calculated resonant frequencies with the theoretical and experimental data reported in [18]; 𝑎 × 𝑏 = 1630 𝜇m
× 935 𝜇m, 𝜀

𝑟
= 23.81, 𝑑 = 254 𝜇m, 𝑎

𝑎
= 0, 𝜎

𝑛
= 10
6 S/m, 𝜆

0
= 140 nm, 𝑇

𝑐
= 89K, and 𝑒 = 350 nm.

Temperature (K) Resonant frequencies (GHz)
Our results Theoretical data [18] Experimental data [18]

50 28.764 28.906 28.660
87.4 28.634 28.744 28.380

resonant frequencies of rectangular microstrip patch over
ground planes with and without rectangular apertures in the
case where the high 𝑇

𝑐
superconducting patch is printed on

an anisotropic dielectric substrate, that is, Pyrolytic boron
nitride, which exhibits a negative uniaxial anisotropy. The
patch of size 1.5 cm × 1 cm is fabricated with a YBCO
superconducting thin film with parameters 𝜎

𝑛
= 10
6 S/m,

𝜆
0
= 140 nm, 𝑇c = 89K, and 𝑒 = 350 nm.The substrate has a

thickness of 1mm.The operating temperature is 𝑇 = 50K. In
Table 3, the results obtained for the high 𝑇

𝑐
superconducting

patch printed on anisotropic Pyrolytic boron nitride are
compared with the results that would be obtained if the
anisotropy of Pyrolytic boron nitride were neglected. In the
case where 𝑎

𝑎
×𝑏
𝑎
= 𝑎× 𝑏, the differences between the results

obtained considering anisotropy and neglecting anisotropy
are 5.45%. However, in the other considered cases, these
differences are much smaller with the maximum change
being 2.70%when 𝑎

𝑎
×𝑏
𝑎
= 0.75𝑎×0.75𝑏.Therefore, dielectric

anisotropy effect is especially significant when the size of the
aperture is similar to that of the high 𝑇

𝑐
superconducting

patch. This result agrees with that discovered theoretically
for perfectly conducting rectangular microstrip patches over
ground planes with rectangular apertures [2].

3.4. Effect of the Anisotropy on Different Modes of the Su-
perconducting Antenna. In Table 4, the effect of uniaxial
anisotropy in the substrate on the resonant frequencies of
superconducting rectangular microstrip patch over ground
plane with rectangular aperture is also investigated. In this
table, the considered dielectric is Sapphire, which exhibits a
positive uniaxial anisotropy. Unlike Section 3.3, both funda-
mental mode and higher order TM modes are considered.
The patch of size 1.5 cm × 1 cm is fabricated with a YBCO
superconducting thin film with parameters 𝜎

𝑛
= 10
6 S/m,

𝜆
0
= 140 nm, 𝑇c = 89K, and 𝑒 = 350 nm. The substrate

has a thickness of 2mm, and the aperture size is 2.1mm ×

1.4mm. The operating temperature is 𝑇 = 40K. For the

modes having the dominant current in the 𝑥 direction (TM
10

and TM
20
), the differences between the results obtained

considering anisotropy and neglecting anisotropy are smaller
compared to those of the other considered modes. It is also
seen from Table 4 that for the mode TM

02
, the difference

between the results obtained considering anisotropy and
neglecting anisotropy is 2.27%. However, in the other con-
sidered modes, these differences are much smaller with the
maximum change being 1.72% for themode TM

11
.Therefore,

dielectric anisotropy effect is especially significant for the
mode TM

02
.

4. Conclusion

We have described an accurate analysis of high 𝑇
𝑐
supercon-

ducting rectangular microstrip patch over ground plane with
rectangular aperture in the case where the superconducting
patch is printed on an anisotropic dielectric substrate. The
dyadic Green’s functions of the considered anisotropic struc-
ture have been efficiently determined in the vector Fourier
transform domain. The effect of the superconductivity of the
patch has been taken into account using the concept of the
complex resistive boundary condition. Galerkin’s method has
been used to solve for the surface current density on the
superconducting patch and the transverse electric field at
the aperture. The accuracy of the method was checked by
performing a set of results in terms of resonant frequencies
for various anisotropic substrate materials. In all cases, very
good agreements comparedwith the literature were obtained.
Numerical results show that the influence of the operating
temperature on the resonant frequency and quality factor of
superconducting rectangular microstrip patches over ground
planes with rectangular apertures in substrates containing
anisotropicmaterials is especially significant for temperatures
near the transition temperature. Other results also have
indicated that dielectric anisotropy effect is especially signif-
icant when the size of the aperture is similar to that of the
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Table 3: Resonant frequencies of high 𝑇
𝑐
superconducting rectangular microstrip patch printed on anisotropic Pyrolytic boron nitride over

ground planes with and without rectangular apertures; 𝑎 × 𝑏 = 1.5 cm × 1 cm, 𝑑 = 1mm, 𝜎
𝑛
= 10
6 S/m, 𝜆

0
= 140 nm, 𝑇

𝑐
= 89K, 𝑒 = 350 nm,

and 𝑇 = 50K.

Aperture size 𝑎
𝑎
× 𝑏
𝑎

Resonant frequencies (GHz) Fractional change (%)
Considering anisotropy (𝜀

𝑥
, 𝜀
𝑧
) = (5.12, 3.4) Neglecting anisotropy (𝜀

𝑥
, 𝜀
𝑧
) = (3.4, 3.4)

0 7.399 7.531 1.78
0.25𝑎 × 0.25𝑏 7.044 7.165 1.72
0.5𝑎 × 0.5𝑏 5.935 6.052 1.97
0.75𝑎 × 0.75𝑏 4.955 5.089 2.70
𝑎 × 𝑏 4.277 4.510 5.45

Table 4: Resonant frequencies of different TM modes of high 𝑇
𝑐
superconducting rectangular microstrip patch printed on anisotropic

Sapphire over ground plane with rectangular aperture; 𝑎 × 𝑏 = 1.5 cm × 1 cm, 𝑎
𝑎
× 𝑏
𝑎
= 2.1mm × 1.4mm, 𝑑 = 2mm, 𝜎

𝑛
= 10
6 S/m,

𝜆
0
= 140 nm, 𝑇

𝑐
= 89K, 𝑒 = 350 nm, and 𝑇 = 40K.

Mode TM
𝑛𝑚

Resonant frequencies (GHz) Fractional change (%)
Considering anisotropy (𝜀

𝑥
, 𝜀
𝑧
) = (9.4, 11.6) Neglecting anisotropy (𝜀

𝑥
, 𝜀
𝑧
) = (11.6, 11.6)

TM10 2.946 2.909 1.26
TM01 4.032 3.967 1.61
TM11 5.288 5.197 1.72
TM20 5.643 5.567 1.35
TM02 7.626 7.453 2.27

high 𝑇
𝑐
superconducting patch. This result agrees with that

discovered theoretically for perfectly conducting rectangular
microstrip patches over ground planes with rectangular aper-
tures [2]. Concerning the influence of uniaxial anisotropy in
the substrate on different TM modes of the superconducting
antenna, we have found that dielectric anisotropy effect is
especially significant for the mode TM

02
.
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A new defected ground structure (DGS) microstrip line that is free from the ground contact problem is described together with its
application example. The proposed DGS microstrip line adopts a double-layered substrate. The first layer contains the microstrip
line and DGS patterns on the top and bottom planes as with the conventional DGS line. The second substrate, of which upper
metal plane has already been removed, is attached to the bottom ground plane of the first layer. This structure prevents the ground
plane of the first substrate with DGS patterns frommaking contact with the metal housing. The proposed DGS microstrip line has
advantageous transmission and rejection characteristics, without the ground contact problem of DGS patterns, which has been a
critical problem of previous DGS lines. A 10 dB branch line hybrid coupler is designed and measured, as an example of application
of the proposed DGS microstrip line.

1. Introduction

Normal microstrip lines theoretically have all pass char-
acteristics. However, it has been extensively known that if
perforating patterns, such as photonic bandgap (PBG) and
defected ground structure (DGS), are inserted on the ground
plane, the transmission characteristics change severely from
those of normal transmission lines [1, 2].

The advantages of DGS described in previous studies
are the as follows. (1) It is easily performed to extract
the equivalent circuit model [3], (2) it is well applied to
RF/microwave circuits to reduce sizes or improve perfor-
mances [4], and (3) DGS raises the realizable upper limit of
the characteristic impedance of a microstrip line to around
200Ω [5–7]. According to previous works, 150Ω, 158Ω, and
207Ω microstrip lines have been realized due to DGS and
used in unequal power dividers and couplers. It should be
noted that the realizable limit of characteristic impedance of
normal microstrip lines is around 110Ω ∼ 120Ω [8].

However, in the previous microstrip lines with DGS,
hereinafter “DGS microstrip line” or “DGS line,” there has
been a serious problem when they are packaged in metallic

housing because the bottom ground plane ofmicrostrip lines,
where DGS patterns are realized, makes direct contact with
themetallic package.Then, it is definite that the advantageous
effects of DGS are removed, when the inner bottom of the
housing and the lower plane of microstrip lines make contact
with each other.

In this work, the DGS line that adopts a double-layered
substrate structure is described, in order to solve the ground
contact problem of DGS lines. In the proposed structure,
DGS patterns are realized on the ground plane of microstrip
lines as in previous cases. However, the second substrate,
of which dielectric material is exposed to the top plane, is
attached to the ground plane of the first substrate, where
the DGS patterns exist. Therefore, it is possible to remove
the ground contact problem of DGS, while the advantages
of DGS are preserved. As an example of application, a 10 dB
branch line hybrid coupler is designed and measured.

2. DGS Lines Using Double-Layered Substrate

Figure 1 shows the existing DGSmicrostrip line. Even though
it has advantages over normal microstrip lines, it has also
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Figure 1: Microstrip line having DGS on the ground plane.

1st substrate

2nd substrate

DGS
Microstrip line

1st substrate lower (ground) plane

2nd substrate upper plane

Via holes
2nd substrate lower (ground) plane

A

Figure 2: DGS line using the double-layered substrate. Area “𝐴”
completely contains the DGS patterns.

W1

WM

W2

Figure 3: Microstrip line having double-layered substrate and
rectangular DGS.

the critical problem that it cannot be inserted into a metal
housing. If the bottom ground plane is directly faced with
a metal box, the main characteristics of DGS immediately
disappear because the etched DGS patterns are compensated
for by the metallic bottom surface of the housing, so it
becomes a new normal microstrip line. Therefore, the DGS
plane should be separated from the metallic package for the
advantages of DGS to be preserved.

Figure 2 shows the DGS microstrip line with a double-
layered substrate in this work. It is easily understood that
the structure in Figure 2 prevents the DGS patterns from
directly contacting the surface of the metallic housing. In the
conventional DGS lines, DGS patterns are realized on the
ground plane of the first substrate. However in this work,
the second substrate is attached to the first substrate, so that
the DGS cannot directly face the metal housing. Basically,
the whole upper metal plane of the second substrate might
be removed. However; the specific area designated as “𝐴” in
Figure 2 may be selectively erased. It is important that area
“𝐴” should completely contain the DGS patterns.

It is important that the bottom planes of the first and
second substrates should be connected through lots of via-
holes for the same ground potential. Although it is preferred
that the thickness of the second substrate should be as thin as
possible, this is not critical because the top and bottommetal
planes of the second substrate are connected by a lot of via
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Figure 4: Electromagnetically calculated 𝑆-parameter of the DGS
line shown in Figure 3 (W1 = 20mm,W2 = 5mm,WM = 0.20mm).

ZDGS
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Zo

Zin (S11, Γ)

𝜃 = 𝜋/2

Figure 5: Equivalent circuit model to determine the characteristic
impedance of the DGS line.

holes for the same ground potential. It is easily understood
that the ground plane of the second substrate makes contact
with the inner bottom of the metallic housing.

3. Characteristic Impedance Analysis

Figure 3 shows the top view of the adopted DGS line in this
work, which consists of a microstrip line and rectangular-
shaped DGS on the bottom ground plane of the first sub-
strate. The second substrate is not shown here, even though
it is attached to the first substrate. “W1” and “W2” are
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Figure 6: Layout of the proposed 10 dBhybrid coupler usingDGS anddouble-layered substrate: (a) 2-dimensional view and (b) 3-dimensional
view.
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Figure 7: Simulated performances of the 10 dB branch line hybrid
coupler.

the dimensions of the rectangular DGS, and “WM” is the
width of the microstrip line on the top plane of the first
substrate.Thedielectric constant (𝜀

𝑟
) and thickness of the first

substrate in this work are 2.2 and 31mils, respectively. The
same substrate has been selected as the second substrate, for
convenience.

When the rectangular-shaped DGS is realized on the
ground plane of the first substrate, the effectively added
inductance highly increases, as has already been discussed in
many previous works, while the added effective capacitance
is relatively small. As the result, a microstrip line is obtained
with higher characteristic impedance than the normal one for
the same line width.

Figure 4 illustrates the electromagnetically simulated 𝑆-
parameter of the DGS line shown in Figure 3. The 𝑆

11
is

around −1.9 dB, which corresponds to 150Ω line impedance.
Figure 5 and (1)–(3) are useful for calculating the char-

acteristic impedance of the DGS line. Figure 5 shows the
transmission line model of the DGS line to determine the
characteristic impedance (𝑍DGS).When 𝜃 = 𝜋/2 at the center
frequency, the magnitude of the reflection coefficient (|Γ|) is
maximum, so it can be calculated from 𝑆

11
by (1). Once |Γ|

is known, 𝑍in is calculated by (2). Finally, 𝑍DGS is calculated
from (3):

𝑆
11
[dB] = 20 log |Γ| , (1)

𝑍in = 𝑍0
1 + |Γ|

1 − |Γ|
, (2)

𝑍DGS = √𝑍in𝑍0 = 𝑍0√
1 + |Γ|

1 − |Γ|
. (3)

4. Application to Branch Line Hybrid Couplers

A 10 dB branch line hybrid coupler having a conventional
1-layered DGS has already been proposed in [7]. Quarter-
wave microstrip lines with 150Ω and 47.4Ω of characteristic
impedances should be provided to design 10 dB hybrid
couplers. It is very difficult to realize 150Ω of microstrip line
using a reasonable aspect ratio of the conventionalmicrostrip
line. Furthermore, a serious ground problem exists in the
previous 150Ω DGS line.

Figure 6 shows the 2- and 3-dimensional views of the
designed 10 dB hybrid coupler using the proposed DGS line
structure. The rectangular DGS shown in Figure 3 is used for
the 150Ω line.

Figure 7 illustrates the simulated 𝑆-parameters of the
10 dB hybrid coupler. Electromagnetic (EM) simulations
have been performed on Ansoft HFSS and Agilent ADS
Momentum, and these two simulators produced the similar
results. The predicted 𝑆

21
and 𝑆
31
at the center frequency are

−0.6 dB and −10.3 dB, respectively.
Figure 8 shows circuit layouts of the fabricated 10 dB

hybrid coupler. DGS patterns are directly contacted with
the broadly exposed area (“𝐴”) of the second substrate. In
Figure 8(b), the other metal area remains, except “𝐴” in the
upper plane of the second substrate, as has been illustrated in
Figure 2.The dimensions of the rectangular-shapedDGS and
exposed area “𝐴” are “20mm× 5mm” and “26mm× 10mm,”
respectively.
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Figure 8: Photographs of the fabricated substrates of 10 dB hybrid coupler (a) first substrate and (b) second substrate.
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Figure 9: Fabricated 10 dB hybrid coupler inserted into a metal
housing.

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

S-
pa

ra
m

et
er

s (
dB

)

Frequency (GHz)

65
70
75
80
85
90
95
100
105
110
115

Ph
as

e d
iff

er
en

ce
 (d

eg
)

−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Phase difference
S11
S21
S31

S41

Figure 10: Measured 𝑆-parameters of the fabricated 10 dB branch
line hybrid coupler.

Figure 9 shows the fabricated 10 dB hybrid coupler
inserted in ametallic housing. In packaging the 10 dB coupler
into the housing, no ground contact problem of DGS occurs,
unlike the conventional DGS cases with single layer.

Figure 10 shows the measured 𝑆-parameters of the fab-
ricated 10 dB hybrid coupler. Even though some minor

discrepancies are observed, themeasured performances show
an excellent agreement with the predicted ones in matching,
inserting loss, and isolation characteristics. The measured
𝑆
21

and 𝑆
31

at center frequency are −0.45 dB and −11.5 dB,
respectively, which well prove the performances of the 10 dB
coupler.

5. Conclusions

In this work, a DGS line adopting a double-layered substrate
has been described that has no ground contact problem in
metallic packages. The DGS patterns have been separated
from themetallic housing, by adding a second substrate to the
conventional 1-layeredDGSplane.As an application example,
a 150Ω DGS line has been designed and applied to a 10 dB
branch line hybrid coupler.Themeasured performances were
in excellent agreement with the predicted ones.

It has been shown that the proposed DGS line with
double-layered substrate solved the ground contact problem
of the conventional DGS line, while the advantages of DGS
are preserved. Unlike the previous works, the realized 10 dB
hybrid coupler in this work has been inserted into a metallic
package and successfully measured. It is expected that the
proposed method can be applied to other RF/microwave
circuits that have perforated ground patterns, such as DGS
and PBG.

References

[1] V. Radisic, Y.Qian, R.Coccioli, andT. Itoh, “Novel 2-Dphotonic
bandgap structure for microstrip lines,” IEEE Microwave and
Guided Wave Letters, vol. 8, no. 2, pp. 69–71, 1998.

[2] C.-S. Kim, J.-S. Park, D. Ahn, and J.-B. Lim, “A novel 1-D
periodic defected ground structure for planar circuits,” IEEE
Microwave and Wireless Components Letters, vol. 10, no. 4, pp.
131–133, 2000.

[3] D. Ahn, J.-S. Park, C.-S. Kim, J. Kim, Y. Qian, and T. Itoh, “A
design of the low-pass filter using the novel microstrip defected
ground structure,” IEEE Transactions on MicrowaveTheory and
Techniques, vol. 49, no. 1, pp. 86–93, 2001.

[4] J.-S. Lim, J.-S. Park, Y.-T. Lee, D. Ahn, and S. Nam, “Application
of defected ground structure in reducing the size of amplifiers,”
IEEE Microwave and Wireless Components Letters, vol. 12, no. 7,
pp. 261–263, 2002.



International Journal of Antennas and Propagation 5

[5] J.-S. Lim, S.-W. Lee, C.-S. Kim, J.-S. Park, D. Ahn, and S. Nam,
“A 4:1 unequal Wilkinson power divider,” IEEE Microwave and
Wireless Components Letters, vol. 11, no. 3, pp. 124–126, 2001.

[6] J.-S. Lim, G.-Y. Lee, Y.-C. Jeong, D. Ahn, and K.-S. Choi, “A
1:6 unequal wilkinson power divider,” in Proceedings of the
36th EuropeanMicrowave Conference (EuMC ’06), pp. 200–203,
September 2006.

[7] J.-S. Lim, C.-S. Kim, J.-S. Park, D. Ahn, and S. Nam, “Design
of 10 dB 90∘ branch line coupler using microstrip line with
defected ground structure,” Electronics Letters, vol. 36, no. 21,
pp. 1784–1785, 2000.

[8] K. C. Gupta, Microstrip Lines and Slotlines, Artech House,
Norwood, Mass, USA, 1996.



Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2013, Article ID 415607, 7 pages
http://dx.doi.org/10.1155/2013/415607

Research Article
Flexible Microwave Tag System Based on
DGS Multiple Resonators

Seok-Jae Lee,1 Jongsik Lim,2 Dal Ahn,2 and Sang-Min Han1

1 Department of Information and Communication Engineering, Soonchunhyang University, Asan,
Chungnam 336-745, Republic of Korea

2Department of Electrical Engineering, Soonchunhyang University, Asan, Chungnam 336-745, Republic of Korea

Correspondence should be addressed to Sang-Min Han; auspice@ieee.org

Received 2 April 2013; Accepted 13 May 2013

Academic Editor: Haiwen Liu

Copyright © 2013 Seok-Jae Lee 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.

A new flexiblemicrowave tag system using a frequency-scanning type RFID is proposed withmultiple resonators based on defected
ground structures (DGSs). The proposed system achieves fully passive tag systems using multiple resonators with a spiral-shaped
DGS over a wide frequency range.The resonator implemented on the rear side of a transmission line has the advantages of excellent
band notch characteristics as well as bit-error avoidance from the frequency selective reflection. In addition, the tag system is
designed on a thin flexible substrate in order to be applicable for amorphous surfaces. The proposed microwave tags have been
implemented with wideband antennas at 3–7GHz on thick and thin flexible substrates.The flexibility of the thin substrate has been
evaluated in terms of cognitive capability for various radiuses of curvatures. From the experimental results in an anechoic chamber,
the excellent recognition of various multibits identification codes in a wireless transmission environment has been verified.

1. Introduction

Since the sensor network was issued with various short-range
wireless connectivity technologies, interest has been shown
in diverse applications for the recognition of identifications
(IDs) that can replace bar code systems. Conventional ID sys-
tems have developed from a contact type RFID at 13.56MHz
to a contactless type at a UHF band to increase code capaci-
ty. Because the recent RFID is used in variousways in collabo-
ration with mobile communication networks, it needs to be
of low cost, low power, and large data capacity. The near field
communication (NFC) and the chipless RFID become the
promising technology candidates for next generation ID
systems [1–3].

As the chipless RFID technology has pursued the fully
passive tag without semiconductor chips, the ID code should
be represented by another feature such as a signal response
[4, 5], phase/delay difference [6, 7], or spectral signature
[6, 8–10], that is, realized through electromagnetic reso-
nances. However, the conventional chipless RFID has been

implemented on a hard plate to maintain the shape of the
electromagnetic resonator. Moreover, the resonant circuits
shown on the same surface as the receiving and transmitting
antennas make a direct reflection of an interrogating signal,
which affects the spectral characteristics of the decoded
signals. The flexible fabrication of the microwave resonators
on the flexible PCBs [11] and textiles [12] has been issued for
patch antennas as part of the system components. However,
because the tag system should be fully integrated with all
circuit components, it is required to be designed on a flexible
media which is able to attach to amorphous shaped items.

In this paper, a fully integrated tag system is designed for
all passive components on a planar flexible thin substrate.The
system can be fabricated using a one-step printing technology
to achieve an inexpensive tag price, while the bendable circuit
on the flexible substrate can make it feasible for more various
applications of the identifications. Moreover, the architecture
of the tag is considered for isolated resonance and high
resolution. The multiple resonator circuit with a defected
ground structure (DGS) is designed with a spiral shape for
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Figure 1: Layout of the multiple resonator circuit using defected ground structures. (a) Multiple resonator circuits. (b) Spiral-shaped DGS
resonator.

band notch characteristics of a high Q-factor [13, 14]. In
addition, thanks to the etched ground structures on the back
sides of PCBs, the architecture can avoid direct reflection
phenomena. Therefore, the microwave interrogating system
can reduce the effect of interferences and achieve a long
cognitive distance compared with conventional RFIDs.

This paper is organized as follows. Section 2 introduces
the design of the flexible microwave tag systems on thick
and thin substrates. The system implementation is described
in Section 3. Section 4 shows the experimental results of
the system performance evaluations. Finally, the commercial
feasibility of the proposed system is mentioned in Section 5.

2. Design of a Flexible Tag with Multiple DGSs

In frequency scanning type chipless tag systems, an inter-
rogator exposes frequency-swept microwave signals with
constant amplitude and linear phase onto the tag surfaces.
The received frequency components experience the series
multiple resonant characteristics of the amplitude depth
and phase nonlinearity at the assigned resonant frequencies.
These variations can be recognized from a retransmitted
wideband signal at a reader system. In order to detect the
resonant bits clearly, the reader needs to receive the only
resonant characteristics from the tag. As the multiresonator-
based chipless tag has several resonators located on the same
surface with a receiving antenna [6, 8, 9], the wideband RF is
reflected by the resonant circuits that operate as a frequency
selective surface (FSS), producing a noisy interferer that
prevents fine decoding at a reader. Therefore, these types
of tag systems should be designed with consideration of
electromagnetic reflections.

In this section, multiple resonator circuits with DGSs and
planar wideband antennas are designed for the microwave
tag systems. Figure 1(a) presents the layout of the proposed
multiple resonator circuit. The resonator is designed with a
DGS on the rear side of a substrate, while a transmission
line is solely implemented on the front side on which the
wideband antenna is mounted. The separation distances

between each resonator are assigned for the isolation and
resolution, which are determined as 𝑑 = 12mm and 15mm
for thick and thin substrates, respectively. The DGSs are
designed as a spiral shape for the band notch characteristic
with excellent Q-factor and can be directly mounted on the
rear side of a microstrip line. The notch represents a digital
bit of “ONE,” whereas the code “ZERO” is recognized by the
frequency component without the notch.Therefore, the code
can be designed with the presence of resonators.

The multiple resonators are designed on two types of
substrates: a thick substrate for design feasibility and a thin
substrate for fabrication flexibility at 3–7GHz. Figure 1(b)
shows the spiral DGS layout. By considering the circuit size
and notch performance, theDGSs are designed as dual spirals
with a maximum of two windings. Each arm has a symmetric
square of height 𝐻 and length 𝐿. The line width 𝑤 and the
gap size 𝑔 are adjusted to control resonant frequencies and
Q-factors and are determined up to the fabrication limit to
achieve a Q-factor that is as high as possible.

For the implementation on the thick substrate, five types
of spiral-shaped DGSs have been designed for 5 bits with
more than 10 dB resolution at each center frequency (𝑓

𝑜
) of

3GHz, 3.45GHz, 4.25GHz, 5.2 GHz, and 6.2GHz, respec-
tively. The thick substrate employs FR4 with a thickness of
1mm and a dielectric constant of 4.4. The design perfor-
mances have been investigated using a commercial software,
the high frequency structure simulator (HFSS) of the ANSYS
lnc. Figure 2 presents the design results of the multiple
DGS resonators with code “11111.” Each DGS operates to a
well-matched performance with −30 dB to −40 dB resonant
characteristics and more than 10 dB resolution.

Flexible multiple resonators are designed on a thin sub-
strate of the RT/Duroid 5880 with a thickness of 5 miles and
a dielectric constant of 2.2. Four bits’ codes are realized with
resonant frequencies of 2.95GHz, 3.45GHz, 4.2 GHz, and
5.55GHz, respectively. Three types of codes are investigated
using the same method as that used on the thick substrate.
The design results are compared for various codes, as shown
in Figure 3. Each bit is evaluated to be clearly recognized
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Figure 3: Simulated results for frequency resonant bits on the
flexible substrate.

by differentiating amplitudes. Table 1 summarizes the design
parameters of the multiple resonators on thick and thin
substrates.

The tag antenna is designed at an ultrawideband of 2–
8GHz to cover the all resonant frequencies of total resonant
bits at 3–7GHz. It is designed as a planar monopole type to
be integrated on the same substrate as the multiple resonator
circuit [15–17]. Figure 4 presents the layout of the tag antenna.
Theplanar antenna consists of a radiation patch and a feedline
on a substrate with an etched ground plane. The feedline
𝑊
𝑓
×𝐿
𝑓
is implemented on amicrostrip linewith andwithout

a ground plane. The resonant frequency is determined by

W

Wp

Lp

L
g

GND

Wf

LGND Lf

Figure 4: Wideband monopole antenna layout.

Table 1: Design parameters of the multiple resonators (dimension:
mm).

𝑓
𝑜
(GHz) 𝐻 𝐿 𝑤 𝑔

Thick substrate

3.0 4.0 3.8 0.4 0.4

3.45 3.6 3.6 0.4 0.4

4.25 3.2 3.2 0.4 0.4

5.2 3.0 2.8 0.4 0.4

6.2 2.2 2.4 0.3 0.3

Thin substrate

2.95 4.2 4.2 0.3 0.3

3.45 4.4 4.4 0.4 0.4

4.2 4.0 4.0 0.4 0.4

5.55 3.0 3.0 0.3 0.3

Table 2: Design parameters of the wideband antennas.

𝑊 𝐿 𝑊
𝑃
𝐿
𝑃
𝑔 𝑊

𝑓
𝐿
𝑓
𝐿GND

Thick 31.2 44.2 14.0 17.0 2.0 1.9 20.2 18.2

Thin 33.5 46.7 12.3 16.5 1.0 0.4 20.2 19.2

the monopole patch design 𝑊
𝑝
× 𝐿
𝑝
. The ground size 𝑊 ×

𝐿GND and the gap 𝑔 between the antenna and the ground are
considered as the design parameters for a wide bandwidth.
The boundary of the ground plane becomes an important
matching parameter as well as a ground reflector. Table 2
presents the design results for both substrates.

As shown in Figure 5, the design and experimental results
cover the frequency band of tag systems. The wideband
antenna on a thick substrate presents the bandwidth of
2.6GHz to 8.0GHz, while that on a thin substrate shows
2.7GHz to 8.2GHz. The specification of the antenna is
satisfied with both the Tx. and Rx. tag antennas.
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Figure 5: Simulated and measured return losses of the UWB antenna.
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Figure 7: Interrogating system set up for wireless transmission tests.

3. Implementation of the Microwave
Tag System

The proposed flexible microwave tag system with DGSs has
been implemented on thick FR4 and thin flexible Teflon sub-
strates. The tags with various 4- or 5-bit codes are evaluated
for the recognition of the ID characteristics. The resonator
circuits and UWB antennas are integrated on a single PCB.
Thanks to the full passive architecture, the proposed tag sys-
tem can be implemented using a one-step printing fabrication
process.

The layout of the implemented tag system is presented
in Figure 6. In order to take the polarization diversity that
can prevent jamming signals and cross talks, the transmitting
and receiving antennas are mounted with an orthogonal
orientation to each other. The full tag dimensions are L

1
×

L
2
= 188.85 × 72.75mm2 for the thick substrate and L

1
× L
2
=

135.85 × 63.25mm2 for the thin substrate.
Figure 7 shows the interrogating system set up for

wireless transmission tests. The performances of the wireless
microwave tags have been evaluated in an anechoic chamber
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surrounded by electromagnetic absorbers to eliminate multi-
path effects. The microwave tag and Tx./Rx. reader antennas
are fixed on stands fabricated from acrylic and styrofoam
material. The Tx./Rx. reader antennas are connected to a
Vector Network Analyzer (VNA; E5071C, Agilent Technolo-
gies Ltd.) by coaxial cables. For the purpose of providing
sufficient transmitting power, a High Power Amplifier (HPA;
ZVE-3W-83+, Mini-Circuits Ltd.) is inserted between the
Tx. reader antenna and the VNA port. The HPA presents
a high gain of 40 dB and a large dynamic range of 𝑃

1dB =
33 dBm over 2–8GHz. The received RF signal at the Rx.
antenna passes the multiple resonator circuit and reradiates
via the Tx. antenna.The transmitted signal contains bit infor-
mation of frequency resonance such as amplitude varia-
tions and phase nonlinearities, which are compared at the
reader system. The detected information has been decoded
and analyzed using a laptop computer connected to the
VNA.

4. Performance Evaluation of the Proposed
Flexible Tag System

In this section, the performance of the proposed tag sys-
tem is evaluated from two experimental phases. While one
experimental phase involves cognitive capability tests that
correspond to the bent rate of the flexible thin tag, the other
experimental phase is the ID code recognition test on a
wireless transmission environment. Each ID code has been
presented by measuring the relative insertion losses. The
aggregator system organized by the VNA was calibrated to
enhance the bit resolution.The calibration was performed by
measuring a reference tag that has the same size and substrate
as those of the devise under test (DUT) tag without any
resonators. Because the reference tag represents the code of
“00000,” the codes of DUT can be more clearly detected by
comparing the measured results between the DUT and the
reference tag. The resonant ID codes have been recognized
by computing the calibrated datum. In this measurement, the
detection criteria are referred to the resolution of the 10 dB
amplitude difference.

Flexibility tests have been conducted in order to consider
the practical environments for which the flexible tag is
applied. Because the tag should be operated in the state
of wrinkled and bent shapes, performance variation can be
created in a resonant frequency and radiation, and so forth.
In this measurement, the proposed flexible tags were bent
on a styrofoam jig with a specified radius of curvature, r,
as shown in Figure 8. The flexible tags bent with various
radiuses of curvature were measured in an anechoic chamber
surrounded by electromagnetic absorbers.

Table 3 presents the measured relative insertion losses
at the expected resonant frequencies from most significant
bit (MSB) to least significant bit (LSB). The tag under the
test is designed using the code “1101.” Four conditions have
been tested: an ideal flat surface and radiuses of curvature
of 12mm, 10mm, and 8mm, respectively. The ideal flat is
considered for the reference values which present more than
a 30 dB difference. As the radius of curvature decreases,

Table 3: Bit resolution for radiuses of curvature of flexible tags (code
1101).

𝑟 1 (MSB) 1 0 1 (LSB)

Ideal −47.62 −40.41 −7.73 −41.51

12 −29.28 −15.40 −0.05 −13.60

10 −18.70 −22.99 −1.96 −11.01

8 −22.92 −4.36 −1.14 −10.15

the resolution becomes degraded. In the case of 𝑟 = 8mm,
the amplitude difference of code “1” and “0” is reduced to less
than 10 dB.Therefore, the flexible tag has a bending limitation
to resolve the resonant frequencies and radiation charac-
teristics in order to mount the applications on amorphous
materials.

Figure 9 presents the experimental results of the proposed
microwave tags using DGSs on the thick and thin flexible
substrates. In Figures 9(a) and 9(b), the code detections of
the microwave tags on thick substrates are presented for
“10101” and “11001,” respectively. In Figures 9(c) and 9(d),
the bit representations at the reader are shown for the tag
systems with codes of “1101” and “1011” on thin substrates,
respectively. The experimental results have presented good
agreement with the S21 values of the resonator circuit without
antennas. Even though some frequency shifts at the bit
position are found, these are determined to be detectable
for code recognitions. In addition, each bit represented by a
band notch is well recognized for wireless transmission tests.
Figure 10 shows photographs of the proposedmicrowave tags
fabricated on the thick FR4 and thin flexible Teflon subs-
trates.

5. Conclusions

In this paper, the multiple resonator-based microwave tag
system with DGSs has been proposed in flexible fabrica-
tion technology. The proposed architecture can avoid the
direct reflection from a reader antenna and present an
excellent resolution to realize the resonant bits. The res-
onant circuits have been implemented on the thick and
thin flexible substrates. The cognitive capabilities have been
experimented for various curvatures of flexible tags and
wireless transmission performances. From the measured
results, wireless transmission performances have presented
good agreement with the ideal resonant bit characteristics.
Additionally, the design limitation has been presented for a
radius of curvature of flexible tags.Therefore, compared with
a conventional UHF RFID system, the proposed microwave
tag system can be an excellent candidate for a contactless
ID tag system with low-cost and mass-productive merits.
It can overcome the limitation of conventional RFIDs by
fabricating a one-step process and mounting on amorphous
items.
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This paper is focused on magnetic-LC (MLC) resonators, namely, slotted resonators that can be considered the complementary
counterparts of the so-called electric-LC (ELC) resonators. Both resonators exhibit two symmetry planes (i.e., they are
bisymmetric), one of them being an electric wall and the other a magnetic wall at the fundamental resonance.Therefore, compared
to other electrically small resonators such as folded stepped impedance resonators (SIRs), split ring resonators (SRRs), and their
complementary counterparts, MLC and ELC resonators exhibit a very rich phenomenology. In this paper, single-ended microstrip
lines and differential microstrip lines loaded with MLC resonators are studied, and potential applications are highlighted.

1. Introduction

Split-ring resonators (SRRs) [1, 2] and their complementary
counterparts (CSRRs) [3] (Figure 1) have been extensively
used for the implementation of metamaterials and many
devices based on them [4]. SRRs can be excited by means
of a uniform axial (𝑧 direction) time-varying magnetic field
and/or by an electric field applied in the plane of the particle
(𝑦 direction); that is, the particle exhibits bianisotropy [5].
The distribution of charges at the fundamental resonance (see
Figure 1(a)) reveals that the symmetry plane of the SRR is an
electric wall at that frequency. From duality considerations, it
follows that the CSRR can be excited through an axial electric
field and/or amagnetic field applied in the 𝑦 direction, whose
symmetry plane behaves as a virtual magnetic wall at the
fundamental resonance [6]. Capacitively loaded (C loaded)
loops and folded stepped impedance resonators (SIRs), and
their complementary counterparts (Figure 2), exhibit a simi-
lar phenomenology when they are illuminated with properly
polarized radiation to drive the particles.

As long as SRRs, C-loaded loops, folded SIRs, and their
dual particles are electrically small, they can be used for
the implementation of effective media metamaterials. Specif-
ically, SRRs, C-loaded loops, and folded SIRs are useful for

the implementation of negative permeabilitymedia following
the Lorentz model [1, 7], whereas CSRRs, complementary
C-loaded loops, and complementary SIRs can be used as
building blocks for the implementation of negative permit-
tivity artificial media [3, 8]. However, resonant-type negative
permittivity media can also be achieved by means of metallic
particles, as it was pointed out by Schurig and co workers [9].
The particle reported in [9] and depicted in Figure 3 was
called electric-LC (ELC) resonator. It was argued that such
particle cannot be excited by means of a uniform axial mag-
netic field since the currents in both loops are opposite at the
fundamental resonance; namely, the instantaneous current is
clockwise in one of the loops and counterclockwise in the
other one.Thismeans that, at the fundamental resonance, the
ELC does not exhibit a net magnetic dipole moment in the
axial direction, and for such reason it cannot be driven by
means of a uniform axial time-varying magnetic field. How-
ever, an electric dipole moment appears in the orthogonal
direction to the electric wall (indicated in Figure 3), which
means that the ELC can be excited through a uniform time-
varying electric field applied to that direction. This is the
reason that explains the terminology used to designate this
particle, which prevents bianisotropy. Notice also that there is
another symmetry plane in the particle that acts as amagnetic
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Figure 1: Typical topology of an SRR (a) and aCSRR (b).A sketch of the currents and the distribution of charges for the SRRat the fundamental
resonance is also indicated (notice that the symmetry plane is an electric wall). From Babinet’s principle, it follows that the CSRR exhibits a
magnetic wall at the symmetry plane.

Electric 
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Figure 2: Typical topology of a capacitively loaded loop (a), a folded SIR (b), a complementary capacitively loaded loop (c), and a
complementary folded SIR (d).
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y
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Figure 3: Typical topology of an ELC resonator, indicating the
electric and magnetic walls and a sketch of the currents and the
charge distribution at the fundamental resonance.

wall at the fundamental resonance by virtue of the symmetry
in the currents and charges with regard to that plane.

The previous electrically small resonators, including the
ELC, can also be used as loading resonant elements in planar
transmission lines, where the fields are no longer uniform. In
particular, for the ELC, if the driving fields are not uniform,
it is also possible to magnetically drive the particle. This can
be achieved, for instance, by forcing opposite magnetic flux
lines in the loops of the ELC. According to this, the ELC can
be a very interesting and useful particle as a loading element
in planar transmission lines. However, the main focus in this
paper is the study of the dual particle of the ELC, that is, the
magnetic-LC (MLC) resonator. This is a slot resonator that
can be etched in the ground plane of a single-ended micro-
strip or a differential microstrip line. The analysis of this

particle as well as the potential applications in microstrip
configuration, is the main objective of the present work.

2. Magnetic-LC (MLC) Resonators

A typical topology of a square-shaped MLC resonator is
depicted in Figure 4(a). It is the negative image of the ELC.
Hence, by applying the Babinet’s principle, it follows that the
MLC can be excited by means of a time-varying magnetic
field applied in the plane of the particle (𝑦 direction), but
not by a uniform electric field normal to the particle plane
(which is the usual driving mechanism in CSRRs [3] and in
the complementary structures of Figure 2).

Like the ELC, the MLC exhibits two symmetry planes,
one being amagnetic wall and the other an electric wall at the
fundamental resonance. However, notice that the magnetic
and electric walls are rotated 90∘ compared to those of the
ELC. If the aspect ratio of the slot widths 𝑤

1
/𝑤
2
is high

enough, a quasistatic approximation can be made, and the
particle can be described by means of a lumped element-
equivalent circuit model, depicted in Figure 4(b). The induc-
tance 𝐿

𝑚
accounts for the inductive path connecting the

two inner metallic regions of the particle. This inductance is
parallel connected to the capacitances designated as 𝐶

𝑚
that

model the slots present between both inner halves of the
MLC. Finally, the edge capacitance of the external square-
shaped slot ring is called 𝐶

𝑔
, and it can be divided into the

capacitances of the two MLC halves, as depicted in Fig-
ure 4(b).
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Figure 5:Differentialmicrostrip line loadedwith anMLCwith the electric wall alignedwith the line (a) and frequency response (transmission
coefficient) for the common (𝑆
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) modes (b). The substrate is Rogers RO3010 with thickness ℎ = 1.27mm and

dielectric constant 𝜀
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= 11.2. The line dimensions are𝑊 = 1mm and 𝑆 = 5mm, corresponding to a 50 Ω odd-mode impedance without the

presence of the MLC. The MLC dimensions are 𝑤
1
= 4mm, 𝑤

2
= 𝑙
1
= 𝑠 = 0.2mm, and 𝑙

2
= 𝑙
3
= 10mm.

Compared to the other complementary structures shown
in Figures 1 and 2, which exhibit a magnetic wall at its unique
symmetry plane, the MLC exhibits not only a magnetic wall,
but also an electric wall, and this additional wall can be useful
in certain applications, as it is discussed in the next sections.

3. Single-Ended Microstrip and Differential
Microstrip Lines Loaded with MLCs

The unusual electric wall that the MLC exhibits at resonance
(in comparison to other slotted resonators) opens new
research lines. Let us now consider the MLC loading both
single-endedmicrostrip and differential microstrip transmis-
sion lines by assuming that the electric wall of the MLC is
aligned with the symmetry plane of the lines.

3.1. Differential Microstrip Lines Loaded with MLCs. Fig-
ure 5(a) depicts a differential microstrip line loaded with an
MLC with the electric wall aligned with the symmetry plane
of the line. For the common mode, the symmetry plane of
the line is a magnetic wall. Therefore, MLC excitation is not
expected for this mode. Conversely, for the differential mode,
there is an electric wall at the symmetry plane, and the MLC
can be driven. The vertical components of the electric field
generated by each individual line under differential mode
operation are contra directional (i.e., upwards in one line and
downwards in the other line of the pair).Therefore, as long as
each inner half of the MLC is below each line of the differ-
ential pair, the particle can be excited by the non uniform
electric field generated under differential mode excitation.
This behavior has been verified through the electromagnetic
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Figure 6: (a) Lumped element-equivalent circuit model of a differential microstrip line loaded with an MLC with the electric wall aligned
with the line; (b) circuit model for the even mode, where the symmetry plane is an open circuit; (c) circuit model for the odd mode, the
symmetry plane being a short circuit.

simulation of the structure depicted in Figure 5(a) by means
of the Agilent Momentum commercial software for both the
common and the differential mode (see Figure 5(b)). As
expected, the differential line is roughly transparent for the
common mode, but it exhibits a notch in the transmission
coefficient for the differential mode.

The circuit model of the structure of Figure 5(a) is
depicted in Figure 6, where the equivalent circuits for the odd
(or differential) and even (or common) modes are also
included. The model includes the elements describing the
MLC, plus the line inductance 𝐿 and capacitance 𝐶. Actually,
the former is the line inductance with the presence of the
MLC and the later accounts for the electric coupling between
the line and the MLC. As it can be appreciated, for the
commonmode there is no transmission zero even though the
shunt capacitance is modified. On the contrary, for the
differential mode, the resulting model is the same as that for
a CSRR-loaded microstrip line which exhibits a transmission
notch [10]. In order to validate the model for the differential
mode, we have considered the structure depicted in Fig-
ure 7(a) which is electrically smaller at resonance than that in
Figure 5(a) mainly by virtue of the higher aspect ratio 𝑤

1
/𝑤
2

(by enlarging the capacitor length 𝑙
1
also achieves an electrical

size reduction). Under these conditions, it is expected that the
model is valid in awider frequency range.Wehave performed
the full-wave electromagnetic simulation of the structure for
the differential mode, and we have extracted the elements

of that model by means of a procedure reported elsewhere
[10]. Qualitatively, that technique is based on measurable
characteristics of the transmission and reflection coefficients
provided by the electromagnetic simulation. Briefly, the
lumped elements are obtained by means of the following
conditions: (i) the transmission zero frequency corresponds
to the frequency that the shunt impedance nulls, (ii) the
frequency for which the shunt admittance vanishes is the res-
onant frequency of the parallel tank, (iii) the frequencywhose
phase of the transmission coefficient is 𝜋/2 is where the series
and the shunt impedances are conjugate, and (iv) the inter-
section between the reflection coefficient and the unit nor-
malized resistance circle gives the series impedance. The
electromagnetic simulation and the circuit simulation of the
equivalent circuit model using the extracted parameters are
depicted in Figure 7(b). As can be seen the agreement is good,
hence validating the proposed model of the MLC-loaded
differential microstrip line.

3.2. Single-Ended Microstrip Lines Loaded with MLCs. Let us
now consider the MLC loading a single-ended microstrip
transmission line, as depicted in Figure 8. Since the symmetry
plane is a magnetic wall, the MLC cannot be excited. The
proposed circuit model is depicted in Figure 9(a), which is
similar to that reported in [11] for folded SIR-loaded coplanar
waveguides. After applying the magnetic wall concept, this
circuit model can be simplified as Figure 9(b) illustrates;
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Figure 7: Layout (a) and differential mode frequency response (b) for a differential microstrip line loaded with an MLC with the electric
wall aligned with the line and for its circuit model of Figure 6. The dimensions and the substrate are the same as those given in the caption
of Figure 5, except for 𝑙

1
= 2mm and 𝑤
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= 8mm. The circuit parameters are 𝐿 = 6.07 nH, 𝐶 = 1.53 pF, 4𝐶
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Figure 8: Microstrip line loaded with anMLC with the electric wall
aligned with the line.The dimensions and the substrate are the same
as those considered in Figure 7.

that is, it is a transmission line model with modified shunt
capacitance. However, a notch in the transmission coefficient
is not expected according to this model.

The interest in these single-ended microstrip transmis-
sion lines loaded with MLCs may be the truncation of
symmetry, for instance, by means of a lateral displacement of
the particle. In this case, the symmetry planes are no longer
aligned, and the particle can be excited by the electric field
generated by the line. The effect of this symmetry truncation
by laterally shifting the MLC can be taken into account in
the model of Figure 9(a) by simply considering the coupling
capacitances (i.e., 𝐶

1
and 𝐶

2
) as variable capacitances. From

the circuit model viewpoint, these asymmetric values of
the coupling capacitances allow current flowing through the
MLC inductance and capacitance, and hence the particle is
electrically driven by the line. As reported in [11], such kind of
circuit can be useful for the implementation of displacement
sensors or radio frequency (RF) barcodes.

We have simulated the structure of Figure 8 by consid-
ering two different lateral displacements (0.5 and 2mm) of
the MLC. The results are depicted in Figure 10. In order to
extract the lumped element values of its circuit model, as a
starting point we consider the values given in the caption
of Figure 7 since the same dimensions and substrate are
considered. Afterwards, we have adjusted the variable cou-
pling capacitances by curve fitting the electromagnetic sim-
ulation, which depend on the amount of displacement. The
other elements of the circuit left nearly unaltered (a slight
optimizationmay be required), except for the line inductance
which is alsomodified by the position of the slotted resonator.
The circuit simulations, also depicted in Figure 10, are in good
agreement with the electromagnetic simulations. Therefore,
the proposed model is validated, and it is demonstrated that
the lateral shift of theMLCcan be basically taken into account
by modifying the coupling capacitances and the line induc-
tance.

4. Potential Applications

Etched in the ground plane of differential microstrip lines,
MLC resonators can be used for the implementation of
balanced notch filters and stop-band filters.This functionality
is clear to the light of the results depicted in Figure 7, where a
notch for the differential mode appears in the vicinity of the
fundamental resonance of the MLC. The rejection band can
be widened by etching further MLC resonators with slightly
different resonance frequency (as reported in [12] for the
design of SRR-based CPW stopband filters) or with identical
resonance frequency but separated by a small distance in
order to enhance interresonator’s coupling (as discussed in
[13] in reference to commonmode suppression in differential
lines by means of CSRRs).
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Figure 10: Frequency response for the structure of Figure 8 that results by laterally shifting the MLC 0.5mm (a) and 2mm (b) and for its
circuit model of Figure 9. The circuit parameters are 𝐿

𝑚
= 3.71 nH and 𝐶
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= 9.5 pF; for 0.5mm, 𝐿 = 9.48 nH, 𝐶
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With regard tomicrostrip lines loadedwithMLCs, we can
take benefit of the effects of a lateral shift (or another means
of symmetry truncation) in the transmission coefficient.
Namely, the line is transparent if the electric wall of the
MLC is perfectly aligned with the symmetry plane of the
line. However, a notch appears when the MLC is shifted in
the transverse direction, and the bandwidth and magnitude
of the notch increase with the displacement (see Figure 10).
Similarly, a notch is expected if the MLC is not displaced, but
it is nonsymmetrically loaded with a certain dielectric load.
Thus, the structure can be used for sensing purposes [14–17].
Furthermore, microstrip lines loaded with multiple MLCs
can be used as RF bar codes, where each bit is associated to
a certain resonator (and its resonance frequency), and the
logic states “1” or “0” are simply set by etching the MLCs
symmetrically or laterally shifted or by other means of
truncating the symmetry (RF bar codes not based on such

a symmetry approach were reported in [18]). As an example,
Figure 11(a) shows a photograph of a 3-bit bar code with the
central MLC aligned with the line and the external ones
laterally displaced (corresponding to the code “101”). The
frequency response is depicted in Figure 11(b) and exhibits
a transmission zero at the frequencies of the external res-
onators, in coherence with the considered codification. The
resonators were designed to achieve relatively narrow
notches, thus diminishing interference between adjacent
notches (this is a key issue to bits embedding and the
related spectral band efficiency). Even though the notch level
(intimately related to the bandwidth) is not very deep, this
is not a critical drawback in binary bar codes. It is also
interesting to mention that compared to CPW-based RF-bar
codes, implemented by means of folded SIRs or SRRs (they
also exhibit an electric wall at their symmetry plane) [11], the
proposed bar code is more simple since no parasitic modes
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tan 𝛿 = 0.0023. The line width is designed to minimize the insertion loss with the presence of the MLCs symmetrically etched, that is,
𝑊 = 3.13mm. The MLC dimensions are 𝑤

1
= 5.2mm, 𝑤

2
= 𝑠 = 0.2mm, 𝑙

1
= 1.9mm, 𝑙

2
(2.6GHz) = 6.32mm, 𝑙

2
(2.8GHz) = 6mm,

𝑙
2
(3GHz) = 5.72mm, and 𝑙

3
= 6mm. The distance between adjacent resonators is set to that for which interresonator coupling can be

neglected, that is, 3mm.The lateral displacement to set the logic state “1” is 1mm.

are generated by displacing theMLCs (in contrast, air bridges
were necessary in the CPW bar codes reported in [11]).
Alternatively, codification can be achieved by symmetrically
etching the MLCs and truncating symmetry in the required
resonator by adding adhesives with metallic or dielectric
loads.

5. Conclusions

In conclusion, it has been shown that the MLC is a slot
resonator that exhibits two symmetry planes, one being a
magnetic wall and the other one an electric wall at the funda-
mental resonance. Given that other related slot resonators do
not exhibit any electric wall, this paper focuses on such wall,
which brings a wider variety of applications. If the driving
fields of the particle are uniform, the MLC cannot be excited
by an electric field orthogonal to the particle plane, but by
means of a magnetic field in the plane of the particle.
However, it has been shown that, in single-ended microstrip
lines and differential microstrip lines, where the fields are no
longer uniform, the MLC can be electrically excited. Equiv-
alent circuit models of both differential and single-ended
microstrip lines loaded with MLCs with the electric wall
aligned with the symmetry plane of the lines have been
reported and validated. Finally, some applications have been
highlighted, including balanced notch filters, as well as sen-
sors and bar codes based on the truncation of symmetry.
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This paper presents impact of layout sizes ofAl
0.27

Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaNHEMTheterostructure high-mobility transistors
(HEMTs) on SiC substrate on its characteristics that include the threshold voltage, the maximum transconductance, characteristic
frequency, and the maximum oscillation frequency. The changing parameters include the gate finger number, the gate width per
finger. The measurement results based on common-source devices demonstrate that the above parameters have different effects on
the threshold voltage, maximum transconductance, and frequency characteristics.

1. Introduction

As the third typical semiconductor material, GaN has been
widely investigated for several years due to their wide gap
and high breakdown field. It will become an ideal candidate
for high-power, high-frequency, and high-temperature elec-
tronic devices [1–4]. By the great development of the mate-
rial quality and device processing techniques, AlGaN/GaN
HEMT has been much improved in both DC and RF
performances.

Performances of monolithic microwave integrated cir-
cuits (MMICs) are influenced by the characteristics of active
devices. There are many papers about improving its DC and
ACperformances by changingmaterial or structure of epitax-
ial layer of AlGaN/GaNHEMTs [5–8]. In recent years, a novel
structure Al

𝑥
Ga
1−𝑥

N/Al
𝑦
Ga
1−𝑦

N/GaN HEMT with low Al
composite inserting layer Al

𝑦
Ga
1−𝑦

N has been reported [9–
11] and MMICs based on AlGaN/GaN HEMT are designed
by our group [12].This paper will present the impact of layout
sizes of Al

0.27
Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaN HEMTs based
on SiC substrate on its characteristics.

2. Material Preparation and
Device Fabrication

The layer structure of the device proposed in the study is
grown on a SiC substrate. The epitaxial layer consists of an
unintentionally doped 1.5𝜇m GaN buffer layer, 1 nm AlN
spacer layer, 4 nm low Al component Al

0.04
Ga
0.96

N, and
a 20 nm Al

0.27
Ga
0.73

N barrier layer as shown in Figure 1.
Epitaxial layer structure of Al

0.27
Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/
GaNHEMT is proposed and optimized by combining theory
calculation andTCAD software; detail design process is given
in our previous papers [13, 14].

An averaged electron mobility of 1800 cm2/(v⋅s) and a
sheet carrier density of 1.0 × 1013/cm2 are obtained by room
temperature Hall measurement. The AlGaN/GaN HEMT
fabrication commences with metalizing by high-vacuum
evaporation in drain and source; the Ohmic contacts are
formed by depositing the metal Ti/Al/Ti/Au and then rapid
thermal annealing (RTA) at 870∘C for 50 s in N

2
ambient.

All these steps above result in a low ohmic contact resistance
of 0.6Ω⋅mm. Si

3
N
4
film used for passivation is grown by
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4 nm Al0.04Ga0.96N
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Figure 1: Cross section diagram of Al
0.27

Ga
0.73

N/AlN/
Al
0.04

Ga
0.96

N/GaN HEMT.
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Figure 2: Threshold voltage versus the gate width.

PECVD. Then, the T-shaped Schottky gate is formed by
Ni/Au evaporation and the subsequent lift-off process.

3. The Design of Layout and
Analysis of Results

Layout of Al
0.27

Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaN HEMT is
designed including 24 types of samples with different gate
fingers numbers and width of each finger. Total gate width
of device is supposed to be 𝑚 × 𝑛𝜇m (𝑚 = 2, 3, 4, 6, 8, and
10; 𝑛 = 40, 60, 80, and 100), where “𝑚” represents the finger
numbers and “𝑛” stands for width of each gate finger. The
space between gate and source is 1 𝜇m for all of devices.

3.1. Threshold Voltage. Figure 2 presents that threshold volt-
age of Al

0.27
Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaNHEMT changes
with its gate width. The threshold voltages of the device
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Figure 3: The maximum value of transconductance versus the gate
width.

almost do not changewith thewidth of each gate finger except
gate finger number of 10 and change from −3.8 to −4.3 V with
number of gate fingers.

3.2. Maximum Transconductance. Figure 3 presents that the
maximum transconductance (Gmmax) of the GaN HEMTs
changes with its gate width.The values of Gmmax reduce with
thewidth of each gate finger.When the number of gate fingers
is 8, downslope of the values of Gmmax is the largest of them
with the width of each gate finger from 215 to 196mS/mm.

3.3. Frequency Characteristics. 𝑆 parameters aremeasured on
line at the frequency from 500MHz to 24GHz. The current
gain (|ℎ21|) and the maximum available power gain (MAG)
are calculated from measured 𝑆 parameters as a function of
frequency. The values of characteristic frequency (𝑓

𝑡
) and

themaximumoscillation frequency (𝑓max) are determined by
extrapolation of the |ℎ21| and MAG data at −20 dB/decade.
Figures 4 and 5 present that the characteristic frequency
and the maximum oscillator frequency change with the
gate width, respectively. Both of 𝑓

𝑡
and 𝑓max reduce with

increasing the gate width. Both of 𝑓
𝑡
and 𝑓max are influenced

larger by the number of gate fingers than by the width of each
gate width.

4. Conclusion

A novel structure of Al
0.27

Ga
0.73

N/AlN/Al
0.04

Ga
0.96

N/GaN
HEMT with different sizes of layout is successfully designed
and fabricated. After measurement, the performances of
the threshold voltage, the maximum transconductance,
characteristic frequency, and the maximum oscillation fre-
quency with different gate widths of Al

0.27
Ga
0.73

N/AlN/
Al
0.04

Ga
0.96

N/GaN HEMT are analyzed carefully. It is
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significant for designing AlGaN/GaN HEMT with excellent
performance.
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A miniaturized dual-mode bandpass filter (BPF) with elliptic function response using slot spurline is designed in this paper. The
slot spurline can not only splits the degenerate modes but also determine the type of filter characteristic (Chebyshev or elliptic). To
miniaturize the resonator, four sagittate stubs are proposed. For demonstration purpose, a BPF operating at 5.75GHz for WLAN
application was designed, fabricated, and measured. The measured results are in good agreement with the full-wave simulation
results.

1. Introduction

Dual-mode microstrip filters have been widely used in
wireless communications systems because of their advantages
in microwave applications requiring high quality narrow-
band BPFs with features such as compact size, low cost, and
low loss [1–3]. The concept of the dual-mode is based on
coupling of the two degenerate modes in a geometrically
symmetrical resonator, which is achieved by adding a per-
turbation element to split the two orthogonal modes. Many
research works have been done on microstrip circular ring,
square loop, circular disk, and square patch. For example,
miniaturemeander loop resonator structures withmicrostrip
cut perturbation for a dual-mode filter is reported in [4, 5].
In [6], a novel dual-mode resonator with four arrow-shaped
patches was proposed. Some modified waveguide structures
based on defect ground structure (DGS) are reported to
realize bandpass filter (BPF), such as slotline with DGS stubs,
defected hairpin resonator, open-loop DGS, and defected
SIR [7, 8]. These BPFs with low cost and easy fabrication
exhibit excellent bandpass performances. However, dual-
mode characteristics of these waveguide structures are not
mentioned for circuit synthesis. In our previous work [9],
a pentagonal slotline resonator was proposed. The strength
and nature of the coupling between the degenerate modes
can be adjusted by the defected corner cut perturbation. The

drawback of this resonator is that it has a large circuit size. In
[10], a dual-mode bandpass filter using slotline resonator and
stubs was designed. The resonant frequency of this resonator
was reduced about 7% by loading slotline stubs.

Based on our previous work in dual-mode slotline res-
onator [9, 10], a miniaturized dual-mode BPF using slotline
resonator, slot spurlines, and sagittate stubs is proposed in
this paper. The type of filter characteristic (Chebyshev or
elliptic) can be controlled by the location of the spurlines.
However, in references [9, 10], the type of filter characteristic
is adjusted by changing the perturbation’s size. In this paper,
the filter can be miniaturized to a great extent by using
the sagittate stubs. The proposed resonator in this work
has a larger size reduction compared to the resonators in
[9, 10]. The miniaturization technique is discussed in detail.
Finally, this filter with elliptic characteristics is designed and
fabricated. Measurements and simulations are given.

2. Miniaturization Technique

A conventional square resonator consists of four 𝜆/4 trans-
mission lines with the same characteristic impedances, and
its size is determined by the guided wavelength of the
transmission line. It is possible to reduce the physical length
of a transmission line by using a 𝜋 equivalent topology.
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2𝜃1, 𝑍0

(a)

𝜃1, 𝑍0 𝜃1, 𝑍0
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𝐵𝑙

𝑌𝑖𝑛𝑙

(b)

Figure 1: (a) Conventional transmission line. (b) The length-
reduced transmission line with a reactance part.

Figure 1(a) shows a transmission line with characteristic
impedance 𝑍

0
and electrical length 2𝜃

1
, whereas Figure 1(b)

shows a transmission line (2𝜃
1
, 𝑍
0
) loaded by a stub with

reactance 𝐵
𝑙
. The admittance of the reactance is marked with

𝑌
𝑖𝑛𝑙
. To demonstrate size reduction of the transmission line,

ABCDmatrix is used to analyze equivalent circuitmodel.The
transmission characteristics of the equivalent circuit can be
presented by ABCD matrix that normalized to characteristic
admittance 𝑌

0
. Let characteristic impedance 𝑍

0
= 1/𝑌

0
and

the normalized admittance 𝑌
𝑖𝑛𝑙
= 𝑌
𝑖𝑛𝑙
/𝑌
0
; the normalized

ABCDmatrix is expressed as follows:

[
𝐴 𝐵

𝐶 𝐷
]
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cos 𝜃
1
𝑗 sin 𝜃

1

𝑗 sin 𝜃
1

cos 𝜃
1

] ⋅ [
1 0

𝑌
𝑖𝑛𝑙
1
] ⋅ [

cos 𝜃
1
𝑗 sin 𝜃

1

𝑗 sin 𝜃
1

cos 𝜃
1

]

=[

[

cos 2𝜃
1
+ (
𝑗

2
) ⋅ 𝑌
𝑖𝑛𝑙
⋅ sin 2𝜃

1
𝑗 sin 2𝜃

1
− 𝑌
𝑖𝑛𝑙
⋅ sin2𝜃

1

𝑗 sin 2𝜃
1
+𝑌
𝑖𝑛𝑙
⋅ cos2𝜃

1
cos 2𝜃

1
+(
𝑗

2
)⋅ 𝑌
𝑖𝑛𝑙
⋅ sin 2𝜃

1

]

]

.

(1)

Then, the 𝑆-parameter of the length-reduced transmis-
sion line can be obtained by matrix conversion as follows:

𝑆
21
=

2

𝐴 + 𝐵 + 𝐶 + 𝐷
. (2)

By substituting (1) into (2), we can get

𝑆21
 =



2

2 + 𝑌
𝑖𝑛𝑙



. (3)

The total electrical length of the length-reduced transmis-
sion line can be obtained by matrix conversion as follows:

𝜃
21
= arctan(

tan 2𝜃
1
− (𝑗/2) ⋅ 𝑌

𝑖𝑛𝑙

1 + (𝑗/2) ⋅ 𝑌
𝑖𝑛𝑙
⋅ tan 2𝜃

1

) . (4)

For getting a real 𝜃
21
,𝑌
𝑖𝑛𝑙
must be a pure imaginary in (4).

So, let 𝑌
𝑖𝑛𝑙
= 𝑗𝐵𝑌

0
and formula (4) can be simplified as

𝜃
21
= 2𝜃
1
+ arctan(𝐵

2
) . (5)

It can be found from (5) that when 𝐵 > 0 (𝑌
𝑖𝑛𝑙
> 0),

the absolute value of the 𝜃
21

is larger than that of 2𝜃
1
. The

Top layer

Substrate

Bottom layer Slot
Slotline spurline

Microstrip
feed line

Figure 2: Three-dimensional view of a slotline square resonator
with a pair of slot spurlines.

fact implies that the physical length of a transmission line
can be reduced by a reactance center loaded effectively. Thus,
compactness of the structure is achieved.

3. Dual-Mode Slot Filter Design

Figure 2 shows the three-dimensional view of a slotline
structure. It consists of two layers. On the bottom layer, a full-
wavelength (𝜆) slot square resonator with a pair slot spurlines
is etched on the backside metallic ground plane. On the top
layer, there is a pair of microstrip 50Ω feed lines.

Using spurlines perturbation to excite the degenerate
modes of microstrip square loop resonator is discussed in
this paper. A pair of spurlines are located in different corners,
the nature of the coupling between the degenerate modes will
present inductive (magnetic) or capacitive (electric), and the
frequency response characteristic will exhibit a Chebyshev
characteristic or an elliptic characteristic, respectively. Just
like microstrip square loop resonator, two different dual-
mode slotline resonators with slot spurlines are shown in
Figures 3(a) and 3(b). The two dual-mode slotline resonators
were simulated by Ansoft HFSS 10 and the results are given
in Figure 3(c). When the spurlines are embedded on the
corners A and C, seen in Figure 3(b), it exhibits a Chebyshev
characteristic. However, when the spurlines are embedded
on the corner B, seen in Figure 3(a), it exhibits an elliptic
characteristic, as confirmed by our simulations shown in
Figure 3(c).The reason is that the slot spurlines perturbation’s
location can change the nature of the coupling.

Current distributions of the dual-mode resonator are
depicted in Figures 4 and 5. Results show that the locations of
the higher and the lower density H-field distribution regions
ofMode-II (𝑓

2
) are rotated by 90 degrees from those ofMode-

I (𝑓
1
).
Based on the afore-mentioned analysis, a miniaturized

dual-mode slot filter is proposed by using a loaded stub. The
three-dimensional view of the miniaturized square resonator
is shown in Figure 6.The top view is shown in Figure 7.There
is a sagittate stub center loaded on each side of the square
slot resonator.The sagittate stub has the advantage of making
maximum use of the inner space of the square resonator.
Therefore, the sagittate stub can be used to reduce the size
of the square resonator to a great extent.
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Figure 6: The three-dimensional view of the miniaturized square
resonator.

4. Measurements

For demonstration purpose, a miniaturized dual-mode BPF
operating at 5.75GHz for WLAN application was designed.
The designed filter is designed on a Taconic RF-35A2 sub-
strate with a relative dielectric constant of 3.5, a thickness
of 0.76mm, and a loss tangent of 0.0011. Following the
afore-mentioned design method, the dimensions are given as
follows: 𝑤

1
= 0.6mm, 𝑤

2
= 0.2mm, 𝐿

1
= 8.4mm, 𝐿

2
=

0.8mm, 𝐿
3
= 0.3mm, and 𝐿

4
= 2.3mm. The overall size of

this filter is 8.4 × 8.4mm2 (about 0.175 𝜆
𝑔
by 0.175 𝜆

𝑔
, where

𝜆
𝑔
is the guided wavelength at the center frequency of the

passband).The size of the conventional resonator at 5.75GHz
is 12× 12mm2. It means that the proposed resonator has a size
reduction of 30% compared to the conventional resonator.
The simulated results are illustrated in Figure 10. Current
distributions of the miniaturized dual-mode resonator are
depicted in Figure 8.The phase difference of the high-density
distributions between two degenerate modes is about 90∘.
This is consistent with the previous analysis.

Figure 9 shows the photographs of the proposed minia-
turized dual-mode slot bandpass filter. The measured results
are illustrated in Figure 10. Results show that the passband of

Port 1

Port 2

𝐿1 𝐿2

𝐿3𝐿4

𝑤1

𝑤2

90
∘

Figure 7: Top view of the proposed 𝑡 miniaturized dual-mode
square filter.

the filter is centered at 5.785GHz with the fractional band-
width of 4%. The minimum insertion loss of the measured
result is 1.93 dB at the passband. The insertion loss is mainly
due to radiation loss of the slotline. In addition, there are
two transmission zeros on both sides of the passbands. They
are −61.2 dB/−78.7 dB at frequencies of 5.44GHz/6.56GHz
respectively. They are close to the passband edges and can
greatly improve the selectivity and stopband suppression.The
transition is usually required to have a flat group delay [11].
Figure 11 illustrates the group delays of the dual-mode filter.
The measured result shows that the filter has about 0.45-
ns peak-to-peak variation in the group delay. This raised
variation is caused by a tradeoff between rejection skirt in
S
21
-magnitude and linearity in phase [12]. Measured result

agrees well with the simulated one and proves the validity of
the introduced design principles to produce the dual-mode
characteristics.
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5. Conclusion

A miniaturized dual-mode slot bandpass filter using slot
spurline technique is presented in this paper.The type of filter
characteristic (Chebyshev or elliptic) can be controlled by the
location of the spurlines. Also, the miniaturization technique
is studied. The sagittate stub can make full use of the inner
space of the square resonator. Therefore, the filter can be
miniaturized to a great extent. A good agreement between
the simulated and experimental responses is obtained and
demonstrated. The presented compact dual-mode filter is
particularly suitable for communication systems.
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A novel triple-mode bandpass filter (BPF) using a dual-mode defected ground structure (DGS) resonator and amicrostrip resonator
is proposed in this paper. The dual-mode characteristic is achieved by loading a defected T-shaped stub to a uniform impedance
DGS resonator. A uniform impedance microstrip resonator is designed on the top layer of the DGS resonator and a compact
bandpass filter with three resonant modes in the passband can be achieved. A coupling scheme for the structure is given and the
coupling matrix is synthesized. Based on the structure, a triple-mode BPF with central frequency of 2.57 GHz and equal ripple
bandwidth of 15% is designed for the Wireless Local Area Network. Three transmission zeros are achieved at 1.48GHz, 2.17 GHz,
and 4.18GHz, respectively, which improve the stopband characteristics of the filter. The proposed filter is fabricated and measured.
Good agreements between measured results and simulated results verify the proposed structure well.

1. Introduction

Recent decades have seen the rapid development of wireless
technology; as a result, there is an increasing demand on high
performance microwave filters [1]. The appearance of dual-
mode resonators has found its way into the application of
filters and gained increasing popularity among themicrowave
filters for their capability to make a reduction of the numbers
of resonating components. Since amicrostrip ring dual-mode
bandpass filter (BPF)was firstly proposed byWolff in 1972 [2],
various forms of dual-mode microstrip resonators and filters
have been reported, including square patch resonators [3],
square loop resonators [4], triangular loop resonators [5], and
hexagonal loop resonators [6]. Degenerate modes are excited
by the perturbations within dual-mode resonators. Dual-
mode or triple-mode characteristics can also be achieved

by loading a stub to a resonator [7]. When changing the
size of loading stub, the even-mode resonant frequencies
can be easily controlled whereas the odd-mode resonant
frequencies keep almost unchanged. Recently, microwave
circuits are popularly designed on the ground plane [8–10],
such as slotline with defected ground structure (DGS) stubs
[11], defected resonator [12], and defected stepped impedance
resonator [13]. It provides a novel way for realizing dual-mode
filters and multimode filters by fully utilizing the printed
circuit board. Multimode filters can also be realized by using
dual-mode resonator doublets [14]. In our previous work
[15], a four-mode BPF is achieved by combination of two
dual-modemicrostrip resonators. By setting two stub-loaded
dual-mode resonators in parallel, a BPF with four poles is
realized. However, the resonators could be properly arranged
to minimize the circuit size.
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In this paper, a novel triple-mode bandpass filter is
proposed using a dual-mode defected structure resonator
and a microstrip resonator. A coupling scheme for the filter
is given and the coupling matrix is synthesized. The ideal
response of the filter agrees well with the simulated results.
Compared with traditional filter of the same characteristic,
the size of proposed filter reduces approximately 2/3. Three
transmission zeros are achieved at 1.48GHz, 2.17 GHz, and
4.18GHz in the stopband of the filter, which greatly improve
the selectivity and rejection of the filter. The proposed BPF is
simulated, implemented, and measured. Good agreement is
observed between simulated results and measured results.

2. Theoretical Analysis

2.1. Analysis of Filter Structure. Figure 1 is the 3D structure
of the proposed triple-mode filter. The filter structure can
be divided into three layers: the top layer is covered with
a microstrip open-loop resonator and a pair of microstrip
feed lines, the middle layer is the substrate, and the bottom
layer is metal ground that is loaded by a dual-mode DGS
resonator. The microstrip resonator on the top layer and the
DGS resonator in the bottom layer are both directly coupled
to the microstrip feed lines. Since the microstrip resonator
and the DGS resonator are located on different layer of the
circuit, the space of the circuit is fully utilized and the size of
filter is reduced.

The coupling scheme of the triple-mode filter is presented
in Figure 2. The dark circles and the white circles indicate
resonant modes of resonators and source/load, respectively.
Mode 1 is generated by the microstrip resonator; modes
2 and 3 are even and odd modes of the dual-mode DGS
resonator [16]. These modes are all directly coupled to both
the source and the load. The coupling between microstrip
resonator and source/load can be modified by changing
their distance and overlap length. The coupling between
dual-mode resonator and source/load also can be tuned
by changing the location of the resonator. Commonly, the
coupling between the microstrip resonator and source or
load and the coupling between the even mode of the dual-
mode DGS resonator and input or output are all positive.
The coupling between the odd mode of the dual-mode DGS
resonator and source is positive, while the coupling between
this mode and load is negative. The dashed line indicates
the coupling between source and load that is determined by
the gap between input and output microstrip line. Therefore,
the corresponding coupling matrix of the coupling scheme is
given by

𝑀 =

[
[
[
[
[

[

0 𝑀
𝑆1
𝑀
𝑆2
𝑀
𝑆3
𝑀
𝑆𝐿

𝑀
1𝑆
𝑀
11
0 0 𝑀

1𝐿

𝑀
2𝑆
0 𝑀

22
0 𝑀

2𝐿

𝑀
3𝑆
0 0 𝑀

33
𝑀
3𝐿

𝑀
𝐿𝑆
𝑀
𝐿1
𝑀
𝐿2
𝑀
𝐿3
0

]
]
]
]
]

]

. (1)

Due to symmetrical geometry of the proposed filter, the
coupling coefficients agree with 𝑀

𝑆1
= 𝑀
𝐿1
, 𝑀
𝑆2
= 𝑀
𝐿2
,

and 𝑀
𝑆3
= −𝑀

𝐿3
. A transmission zero is produced by

the coupling between source and load which improve the
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Figure 2: The coupling scheme of proposed triple-mode BPF.

selectivity of the proposed BPF. Therefore, the generalized
coupling matrix for the proposed BPF with central frequency
of 2.57GHz can be obtained on the basis of the approach of
synthesis in [17] as follows:

𝑀 =

[
[
[
[
[

[

0 0.6369 0.3645 0.7824 0.0282

0.6369 −1.5130 0 0 0.6369

0.3645 0 1.3070 0 0.3645

0.7824 0 0 0.5266 −0.7824

0.0282 0.6369 0.3645 −0.7824 0

]
]
]
]
]

]

. (2)

The synthesized scatting characteristic of the proposed
filter is shown in Figure 3. The solid line and the dashed
line indicate insertion loss and return loss, respectively.Three
transmission poles are clearly observed in the passband of
the filter. In addition, three transmission zeros are created
at 1.41 GHz, 2.17 GHz, and 4.18GHz, which improve the
selectivity in the transition band and attenuation in the
stopband.The return loss in the passband is larger than 20 dB
and the minimum insertion loss in the stopband is almost
greater than 20 dB.

2.2. Analysis of Transmission Zeros. Figure 4 shows the trans-
mission characteristics of the filter versus the length of
microstrip feed line. When the length of microstrip feed line
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𝐿 increases, that is, the coupling gap between input line and
output line decreases, the coupling between source and load
increases accordingly. Consequently, the third transmission
zero (TZ

3
) moves towards the passband, whereas the other

two transmission zeros almost remain unchanged. Thus,
it turns out to be convenient to realize filters with sharp
transition band. Simultaneously, increment of the length
of microstrip feed line may increase the coupling between
source/load and resonators, and the transmission zero (TZ

1
)

will shift to the passband.
To study the influence of the microstrip resonator on the

characteristic of the filter, frequency responses of triple-mode
BPF and dual-mode resonator are compared in Figure 5.
The dotted curve indicates the transmission characteristic
of DGS dual-mode resonator and the solid line indicates
the transmission characteristic of proposed structure. It is

DGS resonator
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Figure 5: The comparison of frequency responses between triple-
mode BPF and dual-mode resonator.

clearly observed that an additional transmission zero is
created at about 2.17 GHz when the microstrip open-loop
resonator is loaded. The phenomenon can be explained by
the fact that themicrostrip open-loop resonator adds an extra
transmission path to the circuit, and it will counteract with
signal from another path at certain frequency. In addition,
the first transmission zero TZ

1
almost keeps stable and the

transmission zero in the upper stopband of the filter shifts
away from the pass band, when the microstrip open-loop
resonator is added to the circuit.

Figure 6 gives the simulated transmission characteristics
of the filter versus 𝐿

8
. When 𝐿

8
increases from 4.5mm to

5.5mm, TZ
2
moves towards lower frequency and TZ

3
shifts

to higher frequency, while TZ
1
seems to keep unchanged.

When 𝐿
8
increases from 5.5mm to 6.5mm, three transmis-

sion zeros shift accordingly. It is obvious that the bandwidth
of the filter will enlarge with the increment of 𝐿

8
. Changing

𝐿
8
will modify the overlapping length between feed line and

microstrip resonator, and the coupling between source/load
and microstrip resonator will vary accordingly. Moreover,
resonant frequency of the microstrip resonator will change
with 𝐿

8
, so that 𝐿

8
influences not only the bandwidth of the

filter but also the location of the transmission zeros.

3. Simulation and Experimental Results

For the sake of validating above-mentioned theory, a com-
pact and high selectivity triple-mode BPF is designed and
fabricated. The designed filter has a central frequency of
2.57GHz and fractional bandwidth of 15% with equal ripple
of 0.0432 dB. A substrate with a relative dielectric constant of
3.5 and a thickness of 0.8mm is used in the design. Obtained
parameters of the filter shown in Figure 1 are as follows: L
= 19.5mm, 𝐿

1
= 15mm, 𝐿

2
= 3mm, 𝐿

3
= 1.8mm,

𝐿
4
= 1mm, 𝐿

5
= 5.5mm, 𝐿

6
= 3mm, 𝐿

7
= 16mm,
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𝐿
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= 5.5mm, 𝐿
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= 18mm, W = 1.5mm,

𝑊
1
= 0.5mm, 𝑊
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= 0.5mm, and 𝑊
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filtering performance ismeasured by usingNetworkAnalyzer
AV3926, and a comparison between EM simulated results
and measured results is shown in Figure 7. Solid lines and
dotted lines indicate the simulated and measured results,
respectively. The passband of the proposed filter is from
2.2GHz to 3.68GHz, and its passband return loss is larger
than 20 dB. Three transmission poles are clearly observed
at 2.31 GHz, 2.5 GHz, and 2.82GHz in the passband of the
filter. Three transmission zeros are generated at 1.48GHz,
2.17 GHz, and 4.18GHz, which improve the selectivity of the
filter. The simulated and measured maximum insertion loss
in the passband are 1 dB and 1.12 dB, respectively. Apart from
the frequency shift that may be caused by the discrepancy
of the dielectric constant between its nominal value and real
value, measured results agree well with the simulated results.
The photograph of the fabricated filter is shown in Figure 8.
The designed filter circuit occupies the overall size of about
30mm × 15mm.

4. Conclusion

A novel miniature microstrip triple-mode bandpass filter
is proposed in this paper. Three modes are obtained by
combination of a dual-mode DGS resonator and amicrostrip
resonator. The coupling matrix of proposed structure is
established to further explain the proposed design. Three
transmission zeros are realized in the stopband of the filter,
which greatly improve the selectivity and attenuation of
proposed filter. Measured results agree well with the sim-
ulated results, verifying the proposed structure and design
methodology.
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Figure 7: Comparison between EM simulated andmeasured results
of the proposed filter.

(a)
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Figure 8: Photographs of the fabricated filter: (a) top view and (b)
bottom view.
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In recent years, reconfigurable antennas, with the ability to radiate wave in more than one pattern and polarization, play a great role
in modern telecommunication systems. Compared with conventional antennas, multipattern and multipolarization antennas have
more advantages and better prospects. They can be used to improve system gain and security, satisfy system requirements, avoid
noisy environment, and adapt to the environment flexibly.This paper discusses different patterns and polarizations of reconfigurable
antennas according to current research work in this area. In the opinion of this paper, the radiation pattern states of antennas
include beam direction, shape, and gain.The polarization states of antennas include horizontal/vertical linear, ±slant 45∘ linear, left-
hand or right-hand circular polarized. Different multipattern and multipolarization antennas with various structures and working
mechanisms are compared and discussed. Multipattern and multipolarization antennas have been well applied for aerospace and
terrestrial applications, such as dynamic scenarios, adaptive beam scanning, andmultiple-input-multiple-output (MIMO) systems.

1. Introduction

Generally, as we know, theconventional antennas only can
work in one radiation pattern and polarization. When the
environmental conditions or system requirements change, we
need to reconfigure an antenna. It is inconvenient and costs
toomuch. Reconfigurable antennas are a solution to solve this
problem. They can change their radiation pattern and polar-
ization timely to address complex system requirements by
modifying their geometry and electrical behavior. Reconfig-
urable antennas can either increase the capabilities of wireless
integrated information systems, expand their functionality,
orwiden their bandwidths, with efficient spectrum and power
utilization.

Compared to today’s radio technology which depends on
incompatible communication systems with inflexible hard-
ware, the technology of reconfigurability will significantly
reduce the hardware complexity, the number of components,
and the cost. As described above, reconfigurable antennas
promise to bring a host of benefits to future generation of
wireless systems. Next-generation communication systems

will rely upon reconfigurable antennas, such as wireless sys-
tems in dynamic scenarios (e.g., satellite/terminal tracking),
adaptive beam scanning (e.g., radar/remote sensing), and
MIMO systems (e.g., active management of channel corre-
lation/diversity/interference). Among diversity of schemes at
antenna level, multipattern and multipolarization antennas
are important ones. They can be used to improve system
gain and security, satisfy system requirement, avoid noisy
environment, and adapt to the environment flexibly.

The concept of reconfigurable antenna was first presented
in 1983 [1] and further investigation and realization were
carried out and results were reported in [2]. In the recent
years, reconfigurable antennas attracted more and more
attention due to their capability of providing multipattern
and multipolarization. One of the important applications is
in aerospace and terrestrial wireless communication systems.

In the following sections, the classification of the mul-
tipattern and multipolarization antennas, the comparison
between the different antennas with various structures and
working mechanisms, the field of their application, and the
vision and goal are to be discussed.
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2. Classification and Technologies of
Reconfigurable Antennas

In this paper, the reconfigurable antennas (mainly multipat-
tern and multipolarization antennas here) can be classified
into three categories: multipattern antennas, multipolar-
ization antennas, and multipattern-multipolarization mixed
reconfigurable antennas.

The multipattern antennas are divided into three major
types achieved by changing the beam direction, beam
shape, and gain, as indicated in Figure 1. The beam direc-
tion includes the omnidirectional and directional direction.
Antennas which alter between omni-directional and direc-
tional radiation patterns [3–8] or vary the direction from
one side to another side [9–17] are called the beam direction
reconfigurable antennas. Beam shape reconfigurable anten-
nas can be achieved by changing the number of beams
(multiple beams) [18–21]. Finally, the gain reconfigurable
antennas are able to be realized by changing the shape of
beam’s main lobe and side lobe [22–24].

Themultipolarization antennas include linearly polarized
antennas and circularly polarized antennas, as shown in
Figure 2. A radiating structure that is able to change its
polarization (horizontal, vertical, and radiations, and ±slant
45∘) is called linear polarization reconfigurable antennas
[25–30]. Circular polarization reconfigurable antennas are
achieved by varying polarization between left-hand circular
and right-hand circular [31–39]. The antennas switching
between the linear polarization and circular polarization are
mixed polarization reconfigurable antennas [40–51].

Themultipattern-multipolarizationmixed reconfigurable
antennas are the antennas which combine multipattern with
multipolarization [52–61].

In order to realize various reconfigurable antennas, five
major technologies are introduced.

(i) Electronically tuned reactance: alter the capacitors
or inductors by varying the bias voltage. The com-
mon elements are varactor diodes and microelectro-
mechanical-system- (MEM-S) tunable capacitors/
inductors.

(ii) Radio frequency (RF) electrical switches: by control-
ling the voltage, achieve the switches to be “on” state or
the “off” state. PINdiodes, field effect transistor (FET)
switches, and MEMS are popularly used.

(iii) Photoconductive switches: activate the semiconduc-
tor material (silicon, gallium arsenide) by controlling
the laser light to realize the “on” state or the “off”
state. It results in exciting electrons from the valence
to the conduction band and thus creates a conductive
connection.

(iv) Exotic materials: a static applied electric/magnetic
field or voltage can change the relative material per-
mittivity/permeability.The smart materials which are
used in the substrate of the reconfigurable antennas
include nematic liquid crystals, nonlinear materials,
and ferroelectric films.

(v) Structural alteration: by altering the height, acreage,
and shape of antenna, the physical structural is able
to be modified. The altering structure is the antenna
radiating parts.

The multipattern and multipolarization antennas are
designed by implying the five major technologies to change
surface current distribution, and the feeding network, the
physical structure, the effective radiating aperture of anten-
nas. The different patterns or polarizations correspond to
different states caused by the technologies.

3. Multipattern Antennas

3.1. Beam Direction Reconfigurable Antennas. The conven-
tional antennas can only work in the omni-directional or
directional beam direction. The beam of omni-directional
antenna homogeneously directs all the direction. The beam
of directional antenna only directs in some range, but its
radiated effect is better than that the omni-directional antenn.
Consequently, we can choose the suitable type to meet the
need of communication system. For example, in the case
that the wireless access points distribute in different places
and are close to the antenna, we should choose the omni-
directional antenna. On the contrary that the wireless access
points are put together in one direction and long away from
the antenna, the directional antenna is our choice. So we
can see that the reconfigurable antenna with either omni-
directional or directional radiation pattern is very useful
in wireless system. In addition, when the target is unique
and always moves, for example, in the radar and terminal
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Figure 3: Radiation pattern reconfigurable antenna. (a) Side view.
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tracking system, the beamdirection of antenna should change
at the same time. The directional reconfigurable antenna fits
it well. Next, three different examples of beam direction of
reconfigurable antennas are described.

3.1.1. Beam Direction Reconfigurable Antennas with Omnidi-
rectional and Directional Characteristics. This type of anten-
nas can realize omni-directional and directional radiation.
The antenna shown in Figure 3 is a simple radiation pattern
reconfigurable antenna. The antenna is a combination of a
monopole antenna and a dipole antenna with reflector [3].
Three switches are inserted to control the radiation pattern
of antenna. The reconfigurable antenna can be operated as
either amonopole antennawith an omnidirectional radiation
pattern at the switches “on” state or a dipole antenna with
reflector, which has directional radiation pattern at the
switches “off” state. The antenna is compact and easy to
control.

3.1.2. Beam Direction Reconfigurable Antennas with Varied
Directional Characteristics. This is a type of complex radia-
tion pattern reconfigurable antennas. A reconfigurable leaky-
wave antenna capable of steering its radiation beam over
a wide range is discussed in [9]. The antenna system is
a microstrip composite right/left-hand (CRLH) leaky-wave
antenna composed by 25 cascaded metamaterial unit cells,
as shown in Figure 4. To achieve the CRLH behavior, insert
an artificial series capacitance and a shunt inductance into
a conventional microstrip line by means of an interdigital
capacitor and a shorted stub, respectively. By tuning the bias
voltage of varactor diodes𝐷S and𝐷SH separately, we can steer
the radiation beam from −55∘ to 50∘.

The fabricated antenna shown in Figure 5(a) is a planar
6× 6 fully reconfigurable array operating at 5.7 GHz, capable
of functioning both as a reconfigurable array lens and

a reconfigurable reflectarray [10]. The array element consists
of two varactor diode-loaded patches coupled by a varactor
diode-loaded slot, as shown in Figure 5(b). In the lens mode,
the antenna has a broadside directivity of 20.8 dBi and a
beam-scanning range of 50∘ by 50∘.The array as a reflectarray
can achieve a directivity of 19.4 dBi at broadside and a beam-
scanning range of 60∘ by 30∘.This array is able to demonstrate
full 2D beamforming with low cost and is easy to fabricate.

3.2. Beam Shape Reconfigurable Antennas. The antennas
which radiate multiple beams at the same time are called
multibeam antennas. Multibeam antennas are able to both
transmit signal in multiple directions at the same time with
high gain and achieve the low side lobe by controlling the
amplitude and phase of the feeds. To meet the different
demand of communication system, we can change the num-
ber and shape of beams. Beam shape reconfigurable antennas
are important and have been studied by many scientists.

Amultifunctional reconfigurable antenna (MRA) capable
of steering its radiation beam in the azimuth plane into one
of 4 and 8 directions with variable beamwidth is presented
in [20] (see Figure 6). The antenna is composed of a planar
array of electrically smallmetallic square-shaped pixelswhich
are interconnected byMEMS switches. By activating or deac-
tivating the interconnecting MEMS switches, the geometry
of the MRA dipole is changed. The antenna with optimum
performance is able to apply for a wireless communication
system.

3.3. Gain Reconfigurable Antennas. The beam makes up by
main lobe and side lobe. In general, to improve the gain of
antenna, we should increase the mainlobe level and lower the
side lobe level as far as possible.

A flexible microstrip patch antenna incorporates a novel
multilayer construction consisting of a liquid metal (eutectic
gallium indium) encased in an elastomer [24]. The antenna
is flexible and durable as its combined properties of the fluid
and the elastomeric substrate, as shown in Figure 7(a). Inject-
ing the metal into micro-fluidic channels provides a simple
way to define the shape of the liquid, which is stabilized
mechanically by a thin oxide skin that forms spontaneously
on its surface. In Figure 7(b), a multilayer patch antenna
is fabricated using specially designed serpentine channels
that take advantage of the unique rheological property of
the liquid metal alloy. And in Figure 7(c), by controlling the
shape of antenna static, curving a low dielectric mandrel with
a radius of 12.7mm, and curving around a similar mandrel
with a radius of 25.4 cm, separately, the antenna can realize
three different values of gain. The flexibility antenna is well
suited for conformal antenna applications.

4. Multipolarization Antennas

Comparing with classical antennas with single polarization,
the multipolarization antennas offer advantages of reduction
in installation space, low coupling effect, and low installation
cost. Their intrinsic polarization diversity advantage is very
useful in mitigating the multipath fading and increasing the
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channel capacity, especially in polarization-varied environ-
ment. Such antennas can switch between linear polarization
(LP) and circle polarization (CP), depending on the sys-
tem requirements. The kinds of linear polarization include
horizontal, vertical, and ±slant 45∘ polarization. The types
of circular polarization are right-hand circular polarization
(RHCP) and left-hand circular polarization (LHCP). In this
section, three different polarization reconfigurable antennas
to adjust the different propagation environment are presented
as examples.

4.1. Linear Polarization Reconfigurable Antennas. A polar-
ization reconfigurable slot antenna with compact feed is
presented in [27]. Fed by dual modes of coplanar waveguide,
dual orthogonal linear polarizations are excited in the slot and
controlled by two PIN diodes. The antenna is composed by a
rectangular slot, a coplanar waveguide (CPW), a capacitively
coupled strip, and two PIN diodes. The rectangular slot
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with the dimensions of 53× 50mm2 serves as the radiation
aperture, etched in the front side of FR4 (𝜀r = 4.4, tan𝛿= 0.01).
A switchable feed, including a C-shaped capacitively coupled
strip at the back side and a CPW at the front side through,
is controlled by two PIN diodes. The front side of fabricated
antenna topology is shown in Figure 8(a). The back side of
fabricated antenna structure is shown in Figure 8(b). The
bias circuit of the feed is shown in Figure 8(c). And the
geometry of the slot antenna is shown in Figure 8(d). When
PIN1 is “on” and PIN2 is “off,” the antenna is fed through the
C-shaped strip, which is capacitively coupled to the CPW.

As a result, the horizontal polarization of the slot is excited.
When PIN1 is “off” and PIN2 is “on,” the vertical polarization
is excited by typical CPW feed structure. Dual orthogonal
polarizations are achieved by dual orthogonalmodes of CPW
independently, making the feed structure compact.

4.2. Circular Polarization Reconfigurable Antennas. A circu-
larly polarized reconfigurable microstrip array antenna with
conical-beam radiation is shown in Figure 9 [39]. The array
antenna structure consists of four L-shaped patch elements
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arranged in a square-ring formation. Each patch is shorted
to the ground plane through conducting walls. With a top-
loaded monopole feed, two orthogonal resonant modes, loop
mode and monopole mode, can be excited simultaneously.
When the monopole mode and the loop mode are properly
coupled, the microstrip array can generate a CP radiation.
By controlling the frequency, the antenna can switch between
LHCP and RHCP. In addition the array has the characteristic
of omnidirectional radiation and conical beam.

4.3. Mixed Polarization Reconfigurable Antennas. A compos-
ite right/left-handed (CRLH) leaky-wave (LW) antenna with
flexible polarization is presented in [41]. The leaky trans-
mission line (TL) is a planar passive circuit built using the
substrate integrated waveguide technology. It consists of two
symmetrical waveguide lines loaded with series interdigital
capacitors which radiate orthogonal 45 linearly polarized
waves, as shown in Figure 10.The configuration of single radi-
ating element is shown in Figure 10(a). Two-element unit cell
of the whole structure is shown in Figure 10(b). The overall
LW antenna prototype is shown in Figure 10(c). Photograph
of the fabricated LW antennas is shown in Figure 10(d). The
antenna is able to generate arbitrary different polarization
states by changing the way of excitation, including LP and
CP. This leaky TL is fabricated by the standard printed-
circuit board process. Two broadband couplers are also
designed and fabricated for the specified excitation purpose.
Six different polarization states, including four LP cases
(horizontal, vertical, and ±slant 45∘) and two CP ones (left

hand and right hand), can be realized. The LW structure
shows some desirable merits, such as the simplicity in design,
low-cost fabrication, and beam-steering and polarization-
flexible capabilities, providing a high degree of flexibility for
the real application.

5. Multipattern-Multipolarization Mixed
Reconfigurable Antennas

This type of antennas realizes multipattern and multipolar-
ization characteristics by using one reconfigurable antenna. A
novel reconfigurable microstrip antenna with radiation pat-
tern selectivity and polarization diversity is discussed in [57].
As shown in Figure 11(a), A four-way power divider made
by three Wilkinson power dividers and interconnected with
switches (switch A and switch B) is designed to feed-four-
rectangular-radiating-patcheantenna. By controlling the state
of the switches, the antenna characteristics can be changed
into two modes. When switch A is closed and switch B is
open, the four rectangular radiating patches are excited by
four sources with equal amplitude and phase. A metama-
terial antenna with conical beam and linear polarization is
achieved. When switch A is open and switch B is closed,
four sources with equal amplitude but 90-phase difference
for each adjacent output lead to a wideband antenna with
broadside beam and circular polarization. The photographs
of measurement setup and fabricated antenna are shown in
Figure 11(b). This single-port antenna is useful for terrestrial
land mobile or other wireless applications.
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6. Comparison between Multipattern and
Multipolarization Antennas

As shown in Figure 12, multipattern and multipolarization
antennas described above can be divided into two types
according to the method of feed: connected feed or spatial
feed. The classification criteria are whether the feed of the
antenna is connected to the radiator or not. The reconfig-
urable reflectarray antennas and lens antennas, which are
classified as spatial feed, generally feed by horn antennas
or others, as described in [10, 13, 15, 25, 26, 29, 61]. Most
antennas presented in this paper have a connected feed.
Compared with the connected-feed antennas, the spatial-
feed reconfigurable reflectarray antennas and lens antennas
have the advantages of the gain of a reflector antenna
changeable with the flexibility of an array, feed losses and
layout problems eliminated through the use of a spatial feed,
and system amenable to closed-loop control. However, they
have limitations of scanning range, feed blockage, and profile.

The reconfigurable antennas with a connected feed
include planer antennas and nonplanar antennas. The non-
planar reconfigurable antennas in the form of waveguide

antenna and cubic antenna are discussed in [19, 36], respec-
tively. They are able to avoid outside interference and radi-
ation loss due to their simple closed structure. Nevertheless,
paralleling with planar reconfigurable antenna, they aremore
difficult to integrate with the circuit because of nonplanar
structure and are less popular in reconfigurable area due to
inflexible structure.

The planar reconfigurable antennas fed by coaxial or
coplanar waveguide are mainly made up of microstrip anten-
nas [7–9, 33–35, 37–39, 42–46, 48–52, 57–60], substrate
integrated waveguide (SIW) antennas [11, 12, 40, 41], and
monopole or dipole antennas [3–5, 16, 17, 20, 53, 55].
The microstrip antennas are widely used in reconfigurable
antennas with the advantages of small size, light weight,
low profile, and ease of integration. The SIW antennas have
both the microstrip antenna’s advantages of low profile and
being easy to integrate and the waveguide antenna’s merits of
low radiation loss and high efficiency. But, compared to the
microstrip-reconfigurable antenna, they are more difficult to
process and have lower flexibility. The monopole or dipole
antennas have flexible structure, but their ordinary is gain
lower than SIW antennas.
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7. Applications

The reconfigurable antennas with multipattern and multipo-
larization have been used in both aerospace and terrestrial
wireless communication to improve spectrum efficiency,
such as wireless systems in dynamic scenarios, adaptive beam
scanning, and MIMO systems. In dynamic scenarios, it is
necessary to reconfigure the antenna radiation pattern to
maintain high data rate, serve a new coverage zone, and
limit fading in rainy areas at all possible frequency bands
of operation. The dynamic scenarios including satellite and
terminal tracking are discussed in [26, 50, 62–64]. In the
adaptive beam scanning system, the antenna should auto-
matically change its radiation beam direction corresponding
to the various propagation environments or moving target,
such as in the system of radar and remote sensing [65–
68]. A MIMO system employs multiple antennas at both the
transmitter and receiver front ends. Pattern and polarization
reconfigurable antennas are widely studied and adopted in
MIMO systems for their intrinsic pattern and polarization
diversity advantage in mitigating the multipath fading and
increasing the channel capacity, especially in pattern and
polarization varied environments. The MIMO system with
reconfigurable antennas is able to actively manage channel
correlation, diversity, and interference [9, 17, 18, 27, 31, 59, 69,
70].

8. Vision and Goal

Even though the research on the multipattern and multipo-
larization antennas has got some achievements, we still have a
long way to go. Until now, the reconfigurable antennas which
have been studied and researched are not smart enough
that they are not completely multifunctional and software
controlled with machine. In addition, the antennas still only
play a role of the transducers. A very interesting goal is thatwe
can create field programmable antenna system which enjoys

the same flexibility as other field-programmable devices. In
the field-programmable antenna system, the reconfigurable
antennas can detect changes in their RF environment and
react accordingly. If such system is realized, the antennas are
evolved from simple transducers to advanced wave proces-
sors, along with the advantages of the utilization of radiation
pattern selectivity and polarization diversity to transmit over
already “busy” frequencies. And the reconfigurable antennas
will play more a important role in aerospace and terrestrial
applications.

9. Conclusion

This paper presents an overview on the multipattern and
multipolarization antennas. The concepts, characteristics,
and typical antennas of radiation patterns and polarizations
are introduced. A comparison between differentmultipattern
and multipolarization antennas with different structures and
working mechanisms are also discussed. The reconfigurable
antennas can be well applied to dynamic scenarios, adaptive
beam scanning, and MIMO systems. The goal in the future
work is to realize the field programmable antenna system to
evolve antennas from simple transducers to advanced wave
processors.
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