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Abstract — A new asymmetrical zeroth-order resonant
antenna with improved efficiency and widened
impedance bandwidth is proposed. It comprises a
rectangular patch, two shorted stub and coplanar
waveguide (CPW) feed to have composite right/left
handed (CRLH) features and easy fabrication process.
The asymmetry helps to combine three resonance
frequencies and extends the bandwidth up to 31%. The
efficiency of the proposed antenna is greater than 94%
over the entire bandwidth of 4.2 to 6.2 GHz. The
proposed antenna has compact size, which can provide
omnidirectional radiation pattern suitable for wireless
applications. The proposed antenna has also a low
frequency miniaturized resonance at GPS standard
1.57 GHz, while the second frequency band covers
802.11a/h/j/n/ac and 802.11p WLAN, dynamic frequency
selection (DFS) and transmit power control (TPC)
applications.

Index Terms — Composite right/left-handed transmission
line (CRLH TL), multiband antenna, zeroth-order
resonant antenna (ZORA).

L. INTRODUCTION

In recent years, introducing metamaterials (MTMs)
opened the way for many researcher groups to enhance
the antenna performances [1]-[4]. Due to unique
electromagnetic properties, MTMs have been widely
considered in microstrip antennas to improve their
performance; however, the narrow bandwidth of the
proposed structures is the main limiting factor for their
engineering applications. In addition to these resonance
structures, some researchers proposed the other type of
MTMs known as composite right/left handed (CRLH)
structures which is based on an equivalent circuit
approach, [5]. The most famous CRLH resonator is a
mushroom structure which employs a patch and via as a
unit-cell [6]. Although, periodicity is preferred for
computational convenience, applying an element such as
unit cell of MTM in antenna structure as a metamaterial-
inspired antenna have been proposed and unusual
properties of MTM have been achieved [7]-[10]. Based
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on CRLH resonator theory, 2N-1 resonance frequencies
are expected from an N-cell mushroom resonator [11]. In
the case of one unit-cell, it is expected to have only
zeroth-order mode (ZOR); however, the TM1o mode of
the patch is excited in addition to zeroth-order
metamaterial inspired resonance frequency [12].
Although, the TM1o mode occurs at a frequency above
zeroth-order mode and does not satisfy metamaterial cell
size criteria, this is useful especially in one-unit cell
mushroom resonator due to dual band operation.

In [8-9] and [12]; the theoretical aspects of CRLH
single cell patch antenna is discussed. Here the main
focus of the paper is to optimize these designs to have a
miniaturized/broadband low-profile antenna. Thus at
first the antenna structure is described very briefly, and
after that two conventional method to have broadband
structure is applied to the proposed antenna, i.e., stepped
and tapered structures. In this paper, a new asymmetrical
zeroth-order resonant antenna with improved efficiency
and widened impedance bandwidth is proposed. It
comprises a rectangular patch, two shorted stub and
coplanar waveguide (CPW) feed to have CRLH features
and easy fabrication process. The asymmetry helps to
combine three resonance frequencies and extends the
antenna bandwidth. These features are verified by CST
Microwave Studio and compared with experimental
results.

II. DESIGN PROCEDURE

TL discontinuities are common in microwave
circuits and microstrip antennas [13]. T-junction
equivalent circuit is nearly similar to CRLH structure. A
CRLH unit cell may be achieved just by paralleling the
capacitance of the T-junction with the total inductance of
the junction and stub, and also introducing a capacitance
(Cy) series with RH inductance (Lg). As ground planes are
coplanar in CPW, it facilitates easy shunt as well as
series. The shunt elements are provided by connecting
the stub of the T-junction to CPW ground as a shorted
stub. The total inductance of the junction and stub
becomes parallel with the total capacitance of the
structure.
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In addition, the gap existence between CPW central
strip and main line of the T-junction introduces a LH
capacitance C.. Three different configuration of a single
cell uni-palanar mushroom CRLH resonant antenna
based on T-junction discontinuity and ungrounded CPW
feed are realized. In the case of one unit cell there is
neither left-hand capacitance nor negative—order modes.
Nonetheless, zeroth-order and TMj, modes are
achievable and dual-band operation is applicable.
Asymmetrical configuration provides another resonance
frequency below both the zeroth-order and TM1o modes;
therefore, tri-band functionality is provided. We
consider step and linear taper in the main line of the T-
junction to combine zeroth-order and TMio modes and
enhance the antenna bandwidth.

A. Zeros order mode

Zeroth-order resonance frequency can be achieved
by the following:

1
- : 1)
wsh TCR

where L. and Cg are the left-hand inductance and
right-hand capacitance, respectively. The right-hand
capacitance is achieved through the gap between the
rectangular strip and CPW ground planes. Left-hand
inductance which is introduced by the means of shorted
stub is determined by the width and length of the stub.
These are influential parameters in ZOR frequency.

B. Positive- and negative-order modes

In contrast to zeroth-order mode, both positive- and
negative-order modes are affected by the cells number,
[11]. Simulations show that the number of resonance
frequencies for these right- and left-handed regions are
dependent on the number of cells, cell types and feeding
configuration.

In general, CRLH structure is a band-pass filter due
to the lowpass nature of the right-handed (RH) elements
and the highpass nature of the LH elements. In a periodic
CRLH TL net rejection commonly occurs from the
structure, due to satisfaction of Bragg condition at both
ends of the Brilluoin zone. In a periodic CRLH
resonator, the resonance frequencies obtained by [11]:

Prp="0 (1=0£1..4N), @)

where n is the mode number and N is the number of unit
cells. Therefore, 2N+1 resonances (i.e., N RH, N LH and
one as zeroth-order mode) may be achieved in a CRLH
resonator. When |n|=N, the dispersion diagram reaches to
the edges of Brillouin zone where the period of the
structure is equal to |A/2|. Thus, there is a potential to
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satisfy Bragg condition with in-phase reflections from
unit cells with sizes of |4/2]. In this condition no energy
transmits to the structure and consequently the
corresponding resonances, known as Bragg frequencies,
are eliminated. Generally, there are two Bragg
frequencies in a multi-cell CRLH resonator, a resonance
occurred in RH region and the other is located in LH
region. Therefore, 2N-1 resonance frequencies may be
obtained. By reducing the number of cells, in-phase
reflections from the adjacent cells will become
progressively weaker. Eventually, in a single-cell CRLH
resonator due to periodicity elimination, there is not any
in-phase reflection from the adjacent cells and it causes
to disappear Bragg gaps, which is consequently leads to
obtain two additional resonance frequencies. It is worth
nothing that the amount of bandgap decreasing at the RH
region is greater than LH which is due to harmonic
nature of the structure.

Simulation shows that this condition is much
sensitive and strongly dependent to cell-types and
feeding structure. As a result, a single-cell CRLH
resonant antenna performs tri-band characteristic while
occupying less area than a multi-cell CRLH resonant
antennas and further miniaturization is achievable
without missing multiband functionality.

In [9] it is shown that the ZOR frequency which is
derived from dispersion diagram is equal for a single-cell
and multi-cells CRLH resonators. Although zeroth-order
resonance frequency in an open-ended CRLH resonator
is independent of the series elements, any changes in
shunt elements will shift all negative-, zeroth- and
positive-order resonance frequencies. The width and
location of the stub have determinative role in resonance
frequencies, due to changes in shunt capacitance/
inductance values.

III. ANTENNA REALIZATION

A. Simple T-antenna

To have preferable impedance matching condition,
a 50 Q input impedance ungrounded CPW line is
designed. The widths of the main line and central strip of
the CPW have major effect on antenna matching. In
order to achieve more coupling and better matching
condition, the central strip of the CPW is designed wider
at the end of the line (W>>Wh). To realize shunt elements,
the stub of the junction is connected to the CPW ground
plane. Shorted stub and gap dimensions between main
line of the T-junction and CPW ground plane determine
shunt parameter values and ZOR frequency of the
structure. The schematic of the proposed CRLH resonant
simple T-antenna and the manufactured prototype are
shown in Fig. 1 (a).
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Fig. 1. Schematic of the proposed single-cell: (a) simple, (b) step tapered, and (c) linear tapered T-shape CRLH
resonant antenna based on the T-junction discontinuity and CPW feed structure. Photograph of the manufactured
prototype. All dimensions are (in mm): W=L=20, W;=5.15, W>=8, g91=02=04=0.2, W4=0.6, Ws=2.375; for simple type
antenna: W5=2.375, L1=4, L,=2, Ls=6, L4=1, L5=6.8, g3=0.2; for step tapered T-antenna: W3=1.575, L1=2, L,=6, L3=1,

L4=3.42, Ls=3.16, g3=0.22, for linear tapered antenna: Ws=1.

To show the effects of the shorted stub and the
CRLH characteristics of the proposed structure,
simulated impedance diagram of the simple T-antenna is
compared with a CPW-fed simple patch without shorted
stub (Fig. 2). According to this figure, the fundamental
resonance frequency of a simple rectangular patch
antenna is obtained around 5.8 GHz, while the proposed
simple T-antenna has a little shift to upper frequencies at
this mode and provides two additional resonances below
this TMyo mode. Figure 3 demonstrates the simulated and
measured reflection coefficient of the proposed T-
antenna. However, zeroth-order mode of the proposed
antenna is obtained at approximately 4.22 GHz. The
measured asymmetry and TM;o modes occurred at 1.72
and 5.8 GHz, respectively. At the asymmetry mode the
overall antenna dimensions is 20mmx20mmx0.508mm
(0.112x0.112x0.0031). The measured -10 dB bandwidth
at asymmetry, zeroth-order and TM1o modes are 3.08%,
15.17% and 8.33%, respectively. In order to delineate the
tri-band functionality of the proposed structure, the
tangential electric field distribution of the proposed
simple T-antenna at asymmetry, zeroth-order and TMg
modes are depicted in Fig. 4. It seems that there is a
strong coupling between CPW feed and the radiating T-
shape patch at all three modes that preserves the
efficiency of the antenna. Owing to asymmetry of the
patch, asymmetrical electric field distribution in CPW
feed region are clearly observed at both asymmetry and
zeroth-order modes while it is more symmetrical in TM1g
mode.

Impedance [2]
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Fig. 2. Comparison of input impedance of the proposed
single-cell CRLH resonant T-antenna with the simple
rectangular patch without shorted stub.

o

e Simulation
""""" Measurement

IS, | @8]

-20

-25

Frequency [GHz]

Fig. 3. Simulated and measured reflection coefficients of
the proposed single-cell CRLH resonant T-antenna.
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Fig. 4. Electric-field distribution of the simple T-
antenna: (a) n=-1 mode, (b) n=0 mode, (c) n=+1 mode;
asymmetrical electric field distribution in CPW feed
region at both n=-1, 0 modes and symmetrical electric
field distribution in n=+1.

B. Step tapered T-antenna

Accordant to impedance diagram of the simple T-
antenna, Fig. 2, there is a great potential to combine
zeroth-order and TM1o modes with small changes in the
orginal structure. One common way to improve
matching condition is to use reactive elements. It is well-
known that microwave discontinuities can introduce
reactive elements. Multiple step discontinuities with
different length and width, generally used to improve
impedance matching [14]. The schematic of the
proposed step tapered single-cell uniplanar mushroom
resonant antenna and its manufactured prototype are
shown in Fig. 1 (b). The return loss diagram of the
proposed antenna is shown in Fig. 5. Here, the
miniaturization band or assymetry mode reduced to 1.57
GHz. At this frequency, the antenna dimension is
approximately 0.14x0.14x0.0026, while the measured
bandwidth is about 31.4 MHz.
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Fig. 5. Simulated and measured reflection coefficients of
the single-cell step tapered CRLH resonant T-antenna.
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Fig. 6. Measured gain and simulated efficiency of the
single-cell step tapered CRLH resonant T-antenna: (a)
miniaturized lower, and (b) higher frequencies.

With the aid of two step discontinuities zeroth-order
and TMs modes became closer together and combined
with significant 30.8% measured impedance bandwidth.
The proposed antenna has -1.3 dB gain and considerable
70.8% total efficiency in miniaturization band due to
integrated structure. Antenna dimension in the middle of
its upper band is 0.31x0.31x0.0077 with increased
efficiency and extended bandwidth. The measured gain
and simulated efficiency of the proposed antenna are
plotted in Fig. 6.

The CST-predicted and measured far-field radiation
patterns of the proposed tri-band single-cell uni-planar
mushroom resonant antenna are also shown in Fig. 7 at
f=1.5 and 4.2 GHz. To measure the antenna radiation
pattern, the sleeve balun is used which is designed and
fabricated to measure the radiation at a single resonance
frequency due to its narrowband behavior [9]. For the
sake of brevity we omit the results, however for all three
types of proposed antenna the measurements have done
using sleeve balun as described and depicted here. As
expected, the results show that the proposed antenna has
fairly good omnidirectional radiation patterns at the XZ-
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plane (p=0) and YZ-plane (¢=90). schematic of the proposed linear tapered CRLH resonant
antenna and the manufactured prototype are shown in
Fig. 1 (c). The zeroth-order mode shifted up to 4.5 GHz.
Reflection coefficient diagram of the proposed linear
tapered T-antenna shows better impedance matching in
the frequency range between zeroth-order and TMyg
modes, Fig. 8, and in upper band, remarkable 37.97%,
for -10 dB measured impedance bandwidth is achieved.
The measured antenna bandwidth at the miniaturized
frequency is about 44 MHz where the antenna dimension
is 0.11Ax0.11A%x0.003A.

Table 1 shows the overall performance of the
proposed step tapered T-antenna in comparison with the
recently reported ZOR antennas [15], [16], [17], [18].
Deficiencies of the reference antennas are highlighted in
the table. In [15] and [16] two and three unit cells are

P
ol (Meas)

== Sarsm | AL e ) used, respectively while dipole-like pattern is achieved.

—o— co-pol (Meas)

= The proposed single-cell ZOR antenna in [17] suffers
. from narrow bandwidth. Although, another single-cell
(b) ZOR antenna is presented in [18], the proposed antenna
becomes 3-dimensional and bulky due to folded

Fig. 7. Comparison of CST-predicted and measured  mushroom structure.
radiation patterns, XZ-Plane (left) and YZ-Plane (right),
for dualband step tapered CRLH resonant T-antenna: (&) ————
1.5 GHz and (b) 4.2 GHz. st Measuroment |

0

Because the size of the proposed antenna in the 1o
highest resonance frequency is less than 0.5 (about
0.38)), omnidirectionality of radiation patterns is
preserved in the entire impedance bandwidth at all three
modes.

According to the applications of the proposed
miniaturized tri-band antenna in mobile communication a0l
systems, the level of cross-polarized radiation pattern is
not critical. R
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C. Linear tapered T-antenna
Continuous step discontinuities with differential Fig. 8. Simulated and measured reflection coefficients of
length and width extension transform to tapered line. The the single-cell linear tapered CRLH resonant T-antenna.

Table 1: Summary of antenna performances for the proposed and reference antennas

Step Tapered T-Antenna [15] [16] [17] [18]
Frequency Lower band Upper band 203 278 267 358
(GHz) (1.57) 4.2-6.2 (f=4.59) ' ) ) )
; Antenna 0.1x0.1x0.0026 | 0.3x0.3x0.007 | 0.17x0.14x0.01 | 0.46x0.24x0.01 | 0.22x0.33x- | 0.36x0.23x0.18
ootprint (Ao)
Number of cells 1 2 3 1 1
Antenna type Miniaturized Low profile Low profile Low profile Low profile | 3-Dimensional
Bandwidth (%) 2 30.8 6.8 70.5 0.6 68.3
Efficiency (%) 70.8 94 62 82 - >80
Gain (dB) -0.59 2.9 1.35 2 1.22 >3
Pattern type Omni- Omni- Dipole- Dipole- Omni- Omni-
directional directional like like directional directional
IV. CONCLUSION strip and ungrounded CPW feed has been proposed.

A new asymmetrical uni-planar resonant antenna Using step and linear tapered structures, a dual-band
which comprises of simple patch, shorted rectangular ~ antenna which has a miniaturized lower-band resonance
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frequency, at GPS standard 1.57 GHz, as well as
wideband upper-band frequencies, from 4.2 to 6.2 GHz,
have been proposed. The effects of unit cell number on
the zeroth-order bandgap and the number of resonance
frequencies in a CRLH resonator is illustrated here. It is
shown that reducing the number of cells does not have
considerable effects on the zeroth-order mode. In the
other word, to design a miniaturized single-cell CRLH
resonant antenna, someone may assume a periodic
boundary condition, in order to extract the relative
dispersion diagram and zeroth-order resonance
frequency. To address simultaneously a compact
multiband CRLH resonant antenna with high efficiency,
a single-cell T-junction based CPW-fed antenna
is proposed. In contrast to other ZORAs, a good
impedance matching in all resonances is achieved while
the antenna efficiency is high. The proposed antenna is
implemented on a single layer thin substrate without via
process resulting in a simple fabrication. Based on
mentioned theoretical concepts, two types of proposed
structure have been utilized, i.e., tri-band and dual-band
CRLH resonant antennas.
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