
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 59, NO. 2, FEBRUARY 2011 363

Compact Coplanar Waveguide (CPW)-Fed
Zeroth-Order Resonant Antennas With

Extended Bandwidth and High Efficiency
on Vialess Single Layer

Taehee Jang, Student Member, IEEE, Jaehyurk Choi, and Sungjoon Lim, Member, IEEE

Abstract—This paper presents the design and analysis of com-
pact coplanar waveguide (CPW)-fed zeroth-order resonant (ZOR)
antennas. They are designed on a CPW single layer where vias
are not required. The ZOR phenomenon is employed to reduce
the antenna size. The novel composite right/left-handed (CRLH)
unit cell on a vialess single layer simplifies the fabrication process.
In addition, the CPW geometry provides high design freedom,
so that bandwidth-extended ZOR antennas can be designed. The
antenna’s bandwidth is characterized by the circuit parameters.
Based on the proposed bandwidth extension technique, symmetric,
asymmetric, and chip-loaded antennas are designed. The ZOR
characteristic and bandwidth extension are verified by a com-
mercial EM simulator. Their performances are compared with
those of previously reported metamaterial resonant antennas.
They provide further size reduction, higher efficiency, easier
manufacturing, and extended bandwidth.

Index Terms—Co-planar waveguide (CPW), composite
right/left-handed transmission line, metamaterials, small antenna.

I. INTRODUCTION

M ETAMATERIALS have been widely studied for mi-
crowave circuit and antenna applications [1]–[7]. They

have unique properties in comparison with conventional nature
materials, such as anti-parallel phase and group velocities, and a
zero propagation constant [1]–[5] and can be realized by means
of split-ring resonators (SRRs) or composite right/left-handed
(CRLH) transmission lines (TLs). Especially, the CRLH TL is
able to easily achieve left-handed (LH) metamaterial properties
by way of the circuit parameters [6]. By using the features of
the anti-parallel phase and group velocities, CRLH TLs can
be applied to dominant mode leaky-wave antennas radiating
in the backward and forward directions [7]. In addition, due to
the zero propagation constant inherent in the LH metamaterial
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properties, the resonator has an infinite wavelength and its
resonant frequency is independent of the size of the resonator.
Therefore, the zero propagation constant properties of resonant
antennas enable them to be more compact than conventional
half-wavelength antennas [8]–[10]. Although they offer the
advantage of size reduction, it is difficult to apply them to
modern wireless communication systems because of their
narrow bandwidth.

Recently, many researchers have attempted to solve the
bandwidth problem of zeroth-order resonant (ZOR) antennas
[11]–[15]. To accomplish this, a metamaterial ring antenna
was reported in [11]. This antenna was implemented on a
multi-layer structure in which a thick substrate with low per-
mittivity is additionally employed. The substrate is supported
by holding brackets and its bandwidth is increased up to 6.8%
by means of a sleeve balun. Alternatively, the bandwidth of the
ZOR antenna is increased by a strip matching ground [12]. In
this case, the fractional bandwidth of the antenna was enhanced
by up to 8%. It is also built on multiple substrates where a thin
substrate with high permittivity is stacked on a thick substrate
with low permittivity. The other method is to have two resonant
frequencies close to each other [13]. Such an antenna consists
of two resonators whose resonant frequencies are slightly
different. The bandwidth is increased by up to 3.1%.

This paper presents novel compact coplanar waveguide
(CPW)-fed zeroth-order resonant antennas. Three types of
antennas are proposed whose bandwidths are extended by up to
8.9% and they are built on a single layer without a via process.
The size of the proposed antenna can be reduced, due to their
infinite wavelength, while keeping a high radiation efficiency.
According to [6], the Q-factor of the ZOR mode is determined
by the shunt inductance and capacitance. In other words, the
antenna’s bandwidth can be increased by manipulating its
shunt reactance. Especially, since a CPW structure gives a lot
of design freedom, it provides the benefits of easy design to im-
plement the desired circuit parameters. Moreover, the use of a
via free and single layer process results in a simpler fabrication
process compared with that of the broad metamaterial resonant
antennas proposed in [10]–[12].

This paper is organized as follows. Sections II and III demon-
strate the principle of the CPW-based ZOR antenna and the
bandwidth extension through the design parameters rather than
the material properties. The input impedance, internal energy,
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Fig. 1. Illustration of (a) equivalent circuit model of the CRLH unit cell and
(b) its dispersion curve.

and quality (Q) factor are analyzed. In this paper, three antenna
configurations are presented employing the proposed idea. The
three antennas, viz. symmetric, asymmetric, and chip inductor-
loaded antennas, are proposed in Section IV. In Section V, their
performances are compared with those of previously reported
metamaterial resonant antennas. Finally, our conclusions are
drawn in Section VI.

II. ZOR ANTENNA THEORY

As shown in Fig. 1, a general CRLH TL is composed of se-
ries capacitance and inductance as well as a shunt
capacitance and inductance [1]. It is designed in a
periodic configuration by cascading unit cells. The immit-
tances of a lossy CRLH TL are given by

(1)

(2)

where and are the series resistance and shunt conductance
of the lossy CRLH TL, respectively [17], [20]. The series and
shunt resonant frequencies are given by

(3)

(4)

Thus, the complex propagation constant and characteristic
impedance are

(5)

(6)

Because the CRLH TLs have periodic boundary conditions,
the Bloch-Floquet theorem can be applied and its dispersion re-
lation is determined by

(7)

where and are a sign function and the differential
length, respectively.

For instance, and can be unequal in the dispersion
diagram of the unbalanced LC-based CRLH TL as shown in
Fig. 1(b). At these resonant frequencies, where , an in-
finite wavelength can be supported. According to the theory of
the open-ended resonator with the CRLH TL [6], its resonance
occurs when

(8)

where , and are the physical length of the resonator, mode
number, and number of unit cells, respectively. When is zero,
the wavelength becomes infinite and the resonant frequency of
the zeroth-order mode becomes independent of the size of the
antenna, while the shortest length of the conventional open-
ended resonator is one half of the wavelength. Thus, an antenna
with a more compact size can be realized.

As depicted in Fig. 1(b), for the unbalanced CRLH TL, two
resonant frequencies, and , with are observed
with a matched load. Considering the open-ended TL, where

, the input impedance seen from one end of the
resonator toward the other end is given by

(9)

where is the admittance of the CRLH unit cell.
Since, from (9), the input impedance of the open-ended

resonator is equal to times of the unit cell,
the equivalent , , values are equal to , ,
and , respectively [18]. Regardless of , the resonant
frequency of the cascaded open-ended ZOR circuit is deter-
mined by the resonant frequency originating from the shunt LC
tank . Thus, the open ended ZOR antenna’s resonant
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frequency is given by (4), so that it depends only on the shunt
parameters of the unit cell.

III. PROPOSED BANDWIDTH EXTENSION TECHNIQUE

A. Bandwidth Extension of ZOR Antenna

Considering that the open ended resonator is only dependent
on of the unit cell, the average electric energy stored in
the shunt capacitor, , is given by

(10)

and the average magnetic energy stored in the shunt inductor,
, is

(11)

where is the current through the inductor.
Because resonance occurs when is equal to , the

quality factor can be calculated as follows:

(12)

Therefore, in the open ended case, the fractional bandwidth
of the resonator is given by

(13)

Although this equation does not consider the impedance
matching at the input terminals, it provides an intuitive concept
by means of which the bandwidth can be efficiently increased.

Generally, ZOR antennas are known to have a narrow band-
width problem compared to conventional resonant antennas.
This is because the Q-factor of a ZOR antenna is only related to

and . For example, in a microstrip structure, and
are realized by the shorting pin (via) and parallel plate between
the top patch and bottom ground. Since in a microstrip
line (MSL) depends on the length of the via, the microstrip
structure limits the value of . In addition, since the thickness
and size of the substrate determine the capacitance of the
parallel plate, the MSL has a large . According to (13), the
narrow bandwidth is originated from the small and large

. Therefore, the ZOR antenna in microstrip technology has
a narrow bandwidth due to the structural problem. In order to
extend the bandwidth of the microstrip structure, a thick sub-
strate with low permittivity is generally utilized. However, this
causes fabrication difficulties and reduces the design freedom.

Fig. 2. Configuration of the proposed CRLH TL based on the CPW structure.
(a) Unit cell design. (b) Dispersion diagram of symmetric and asymmetric unit
cells.

In this paper, we focus on antennas with a large and small
, which result in improved bandwidth without degrading

the efficiency, due to the shunt conductance . Moreover, we
suggest a structure which can be easily fabricated and offers
more design freedom. Fig. 2(a) shows the proposed unit cell of
the CPW-type CRLH TL. Through the parameter extraction of
the proposed unit cell [20], the physical dimensions shown in
Fig. 3 are determined. Based on the extracted parameters and
(7), the dispersion diagrams for the symmetric and asymmetric
unit cells are presented in Fig. 2(b). In addition, the values of
the circuit parameters are extracted from
the s-parameter results. The shunt parameters of the proposed
CPW-type structure are obtained from the shunt capacitance be-
tween the top patch and CPW ground, and the shunt inductance
of the shorted meander lines. When the unit cell is realized in
the symmetric configuration, the total shunt inductance, , is
equal to one half of the inductance of the meander line. This
is because the two meander lines are connected in parallel

. Since this CPW TL provides more design
freedom for the reactive parameters compared with the MSL,



366 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 59, NO. 2, FEBRUARY 2011

both a wider bandwidth and smaller size can be achieved by
using a proper design. Therefore, the meander lines facilitate
the realization of a short stub, as well as a large total .
Because the top patch is positioned far from the CPW ground,

is smaller than that of the microstrip structure, which also
enables the bandwidth to be extended.

The inductance can be increased in proportion to the length
of the shorted stub line. Therefore, the meander line enables
a large to be realized in a limited space. In addition, the
signal and ground planes are placed on the co-plane so that the
shunt capacitance between the top patch and CPW ground patch
can be easily adjusted. Thus, the CPW technology and meander
lines provide a means of changing the shunt parameters very
easily.

In addition, in order to match the impedance, a stub on the
top of the substrate and a partial bottom patch are also utilized.
Both the width and length of the stub on the top play impor-
tant roles in impedance matching. The bottom patch is placed
under the top patch. Moreover, the bottom patch can be placed
under the top patch to match the impedance. From Fig. 4(a), the
larger overlapping area of and results in
higher coupling capacitance in the feed network. In addi-
tion, when the size of the bottom ground patch is
increased as shown in Fig. 4(b), the value of is increased.
Therefore, good impedance matching can be obtained by ad-
justing the size and position of the bottom ground.

IV. ANTENNA REALIZATION

In this section, the three configurations of zeroth-order an-
tennas are realized. Each antenna has two unit cells and their
resonant frequencies are determined by the shunt parameters.

A. Symmetric & Asymmetric Antenna Design

The proposed CPW based ZOR metamaterial antennas are
illustrated in Fig. 3. They are composed of top metallic patches,
shorted meander lines, a CPW ground plane, and bottom patch.
The proposed ZOR antennas are realized by cascading the
CPW-type unit cell periodically. In order to realize the ,
the meander lines are connected between the top patch and
the CPW grounds as the shorted stub. Fig. 3(a) shows the
configuration of the symmetric antenna. The meander lines of
the ZOR antenna are symmetrically aligned on both sides of the
CPW GND. The bottom patch is placed under the top patch for
the sake of impedance matching. In order to further reduce the
resonant frequency of the antenna without changing the size,
one side of the meander lines is removed, as shown in Fig. 3(b).
Therefore, the meander lines in the unit cell are asymmetrically
placed on only one side of the CPW GND.

Since the shorted meander lines are connected in parallel, the
shunt inductance of the antenna is approximately twice that of
the symmetric case. Thus, the resonant frequencies of the sym-
metric and asymmetric antennas are given by

(14)

Fig. 3. Configuration of the proposed CPW-type ZOR antenna. (a) Top of sym-
metric unit cell. (b) Top of asymmetric unit cell. (c) Bottom of symmetric and
asymmetric unit cells.

(15)

where is the inductance of the shorted meander line, and
and are the resonant frequencies of the

symmetric and asymmetric antenna, respectively.
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Fig. 4. Schematic explanation for the function of the bottom patch (a) the re-
lationship between � and � (b) the relationship between� and � .

Fig. 5. Prototype of (a) top and bottom view of the symmetric antenna, (b) top
view of the asymmetric antenna.

B. Symmetric & Asymmetric Antenna Performance

The proposed ZOR antennas are fabricated on Rogers RT/
Duroid 5880 substrates with a dielectric constant of 2.2 and
thickness of 1.6 mm. A CPW feeding line of 50 and prox-
imity coupling are used as the feed network so that the input
impedance is matched to 50 . The resonant frequency of the
proposed antenna is determined by and between the
top patch and CPW ground. By changing the length of the me-
ander line, the is changed so that the resonant frequency is
altered. These antennas are built in the CPW configuration and
printed on the top and bottom of a substrate without vias. Thus,

Fig. 6. Simulated and measured reflection coefficients of the proposed CPW-
type ZOR antennas: (a) symmetric antenna, (b) asymmetric antenna.

the proposed antennas provide the features of easy fabrication
and low profile configuration.

The symmetric antenna’s dimensions are (unit: millimeter):
, , , , , ,

, , as shown in Fig. 3(a).
With these dimensions, the extracted values for the unit cell
consist of a of 0.62 pF, of 9.26 nH, and of 0.0007.
The fabricated prototype is shown in Fig. 5(a). The proposed
antenna is designed to have its zeroth-order mode at 2.03 GHz.
The electrical size of the unit cell of the antenna is

at 2.03 GHz. The overall area of the radiating aperture
is approximately

. Fig. 6(a) shows the simulated and mea-
sured reflection coefficients where both resonant frequencies of
the zeroth-order mode are 2.03 GHz. Moreover, the measured
10 dB bandwidth and radiation efficiency are 6.8% and 62%,
respectively. Fig. 7 shows the simulated and measured radiation
patterns on the Y-Z (E-plane) and X-Z (H-plane) planes at 2.03
GHz. Figs. 7(a) and (b) show the electric field distribution of
the symmetric ZOR antenna in the and modes,
respectively. The electric field distribution of the mode
is 180 out of phase along the aperture. As shown in Fig. 8(b),
the electric field distribution for the is in-phase.
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Fig. 7. Simulated and measured radiation patterns of the symmetric antenna at
2.03 GHz: (a) y-z plane (E-plane), (b) x-z plane (H-plane).

Fig. 8. Electric-field distribution of the symmetric antenna: (a) � � ��mode,
(b) � � � mode.

The asymmetric configuration can be implemented with a
single meander line in each unit cell, while the symmetric one
has two meander lines. Its dimensions are (unit: millimeter):

, , , , , ,
, , . The fabricated prototype

is shown in Fig. 5(b). It is designed to have the zeroth-order
mode at 1.5 GHz. The electrical size of the unit cell of the an-
tenna is at 1.5 GHz. The overall area of the
radiating patch is approximately

. In Fig. 6(b), the simulated and
measured reflection coefficients are shown, where the resonant

Fig. 9. Simulated and measured radiation patterns of the asymmetric antenna
at 1.5 GHz (a) y-z plane (E-plane), (b) x-z plane (H-plane).

Fig. 10. Electric-field distribution of the asymmetric ZOR antenna (a) � � ��
mode and (b) � � � mode.

frequency of the zeroth-order mode is observed to be 1.5 GHz
and the 10 dB bandwidth is 4.8%. Figs. 9(a) and (b) show the
simulated and measured radiation patterns on the Y-Z (E-plane)
and X-Z (H-plane) planes at 1.5 GHz, respectively. The mea-
sured radiation efficiency is 42.5%. As shown in Fig. 10(a),
the electric field distribution in the mode is 180 out
of phase. Fig. 10(b) shows that the electric field distribution is
in-phase at .

The overall antenna performances of the proposed antennas
are compared with those of the previously reported ZOR an-
tennas [10]–[12] in Table I. Although the proposed antennas are
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TABLE I
ANTENNA MEASUREMENT SUMMARY AND COMPARISON RESULTS OF PROPOSED AND REFERENCE ANTENNAS

Fig. 11. (a) Configuration of the proposed chip-loaded ZOR antenna, (b) Top
view of the fabricated prototype.

realized on a single layer without vias, they provide compet-
itively enhanced bandwidths and high efficiencies. Moreover,
they are smaller size than the conventional ZOR antenna [10]
and are easy to fabricate owing to the vialess single layer.

C. Chip-Loaded Zeroth-Order Antenna

The configuration and prototype of the proposed chip-loaded
antenna are shown in Fig. 11. The chip-loaded antenna is de-
signed with lumped elements (chip inductor) instead of shorted

Fig. 12. Simulated and measured reflection coefficients of the chip-loaded
ZOR antenna.

stubs. Because this antenna is able to have a high shunt induc-
tance, it is suitable for low frequency applications.

It is realized with high frequency chip inductors having an
inductance of 8.2 nH. This antenna has a zeroth-order resonant
frequency at . The measured radiation efficiency
at was approximately 77.8%. The proposed
chip-loaded antenna is fabricated on a Rogers RT/Duroid 5880
substrate with a dielectric constant of 2.2 and thickness of 1.6
mm as well. Its dimensions are (unit: millimeter): ,

, , , , , ,
.

It is also built with a CPW configuration and the shorted me-
ander lines are replaced by the chip inductors. Thus, the resonant
frequency can be tuned by changing the inductance values. The
electrical size of the unit cell of the antenna is
at 2.38 GHz. The overall area of the antenna is approximately

.
The simulated and measured reflection coefficients are shown
in Fig. 12. The reflection coefficient is lower than 10 dB over
the entire frequency range of 2.29–2.50 GHz so that a 10 dB
bandwidth of 8.9% is achieved. Fig. 13 shows the measured
and simulated radiation patterns on the Y-Z (E-plane) and X-Z
(H-plane) planes at 2.38 GHz. The cross-polarization was lower
than 11 dB.
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Fig. 13. Simulated and measured radiation patterns of the chip-loaded ZOR
antenna at 2.38 GHz (a) y-z plane (E-plane), (b) x-z plane (H-plane).

TABLE II
MEASUREMENT SUMMARY AND COMPARISON

RESULTS FOR THREE PROPOSED ANTENNAS

V. SUMMARY AND COMPARISON

The overall antenna performances of the three proposed an-
tennas are compared in Table II. Their overall physical sizes are
identical, except that the shorted meander lines of the unit cell

are differently designed. In other words, the values of , ,
and in two of the models are the same and only the value of

is varied.
The asymmetric antenna is designed by removing one side of

the meander line of the unit cells from the symmetric antenna.
Since the of the asymmetric antenna is higher than that of
the symmetric antenna, its resonant frequency is decreased from
2.03 GHz to 1.5 GHz. Therefore, its electrical size can be further
reduced in the asymmetric geometry. As a trade-off, the radia-
tion efficiency is degraded due to the electrically smaller aper-
ture size of the asymmetric antenna. Furthermore, the coupled
slot mode originating from the discontinuity of the asymmetric
antenna affects its radiation efficiency. The measured efficien-
cies of the symmetric and asymmetric antennas are 62% and
42.5%, respectively. In addition, their measured peak gains are
1.35 dBi and 2.15 dBi, respectively.

The chip-loaded antenna is designed by replacing the me-
ander lines by chip inductors. Since the chip inductance is
easily adjustable, it has the advantage of easy realization at
the desired frequency. However, the value of the chip induc-
tance is not acceptable at high frequencies. The chip-loaded
antenna shows the highest efficiency of 77.8% and its peak
gain is 1.54 dBi at 2.38 GHz. The radiation efficiencies are
obtained by measuring the total radiation power versus the
input power.

The symmetric, asymmetric, and chip-loaded antennas pro-
vide extended 10 dB bandwidths of 6.8%, 5%, and 8.9%, respec-
tively. Although the asymmetric antenna has a higher , its
bandwidth is decreased. This is because the balancing of
is not achieved and G is decreased.

In terms of the radiation mechanisms of the proposed
antenna, the magnitudes of the magnetic current densities in
each patch edge are not equivalent. The dominant magnetic
current source is from one slot which is located at the feeding
line. The magnetic current sources from the other three slots
are weaker because the signal plane is far from the ground
plane. Therefore, the proposed antenna looks like an ideal
magnetic dipole rather than the magnetic loop antenna de-
scribed in [10].

At the zeroth-order resonant frequency, the resonant condi-
tion is independent of the aperture dimension. Fig. 14(a) clearly
demonstrates that the resonant frequencies remain almost con-
stant as the aperture dimension is increased. In a conventional
resonant antenna, it is obvious that the resonant frequency is
decreased as its size is increased. Fig. 14(b) shows the relation-
ship between the gain and the number of unit cells. As shown in
Fig. 14(a) and (b), the frequencies of these antennas do not vary
much while their gains become higher as the number of the unit
cells increases.

Furthermore, the measured radiation patterns show that the
cross-polarization levels of the proposed antennas are higher
than the simulated ones. These differences are due to the fab-
rication limitation resulting from the fine meander lines and
the measurement error resulting from the much smaller size
of the aperture compared with that of the RF cable in the test
environment.
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Fig. 14. Comparison of the symmetric, asymmetric, and chip-loaded antennas
(a) relationship between the frequency and the number of unit cells and (b) re-
lationship between the gain and the number of unit cells.

VI. CONCLUSION

In this study, we demonstrated the extended bandwidth of the
proposed CPW-fed ZOR antennas. The size of the proposed
ZOR antennas can be reduced, due to their zeroth-order reso-
nance. When the ZOR antennas are realized using CPW tech-
nology, they allow for the design freedom of the shunt param-
eters in the equivalent circuit model. Thus, when a high shunt
inductance and small shunt capacitance are realized, the sym-
metric and asymmetric ZOR antennas exhibit extended band-
widths of 6.8% and 5%, respectively.

Alternatively, when chip inductors are applied to the proposed
CPW ZOR antenna, its bandwidth can be improved by up to
8.9%. In order to analyze the principle of this bandwidth en-
hancement, the equivalent-circuit models were derived and ana-
lyzed. The proposed theory and experimental results show good
agreement with each other. In addition, the proposed design has
the advantages of easy fabrication, due to the via free structure,
as well as a single layer process. Therefore, due to their features,
the symmetric, asymmetric, and chip-loaded antennas are suit-
able for use in mobile wireless communication systems.
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