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Abstract—A compact quad-band hybrid antenna for Com-
pass/ WiMAX/WLAN applications is proposed. The hybrid antenna
is designed based on the method of combining a composite right /left-
handed transmission line (CRLH-TL) unit cell with a meandered
monopole and wide multi-band characteristics are achieved by merg-
ing some of resonance frequencies of the CRLH-TL unit cell and me-
andered monopole together. Coplanar waveguide (CPW) is used as
a parallel excitation for both the CRLH-TL unit cell and meandered
monopole. A prototype of the proposed hybrid antenna has been con-
structed and experimentally studied. The measured results show that
four distinct operating bandwidths with 10dB return loss are about
30 MHz (1.25-1.28 GHz), 290 MHz (2.44-2.73 GHz), 650 MHz (3.17—
3.82 GHz) and 1130 MHz (5.03-6.16 GHz), covering the Compass B3,
2.5/3.5/5.5 GHz WiMAX and 5.2/5.8 GHz WLAN bands. Further-
more, the antenna has a single-layer planar structure with a small
volume of only 31 x 21 x 2mm3. Acceptable radiation patterns and
peak realized gains are obtained over the operating bands.

1. INTRODUCTION

With the blooming of modern wireless communication technologies,
the demand for smaller wireless devices to work in different standards
has increased significantly. = Compact antennas with multi-band
and wideband operations are vital for future wireless system [1].
Many kinds of multi-band antenna have been designed for the
wireless local area network (WLAN) application in the 2.4 GHz
(2.4-2.484 GHz) /5.2 GHz (5.15-5.35 GHz) /5.8 GHz (5.725-5.825 GHz)
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operating bands or the worldwide interoperability for microwave
access (WiMAX) application in the 2.5 GHz (2.5-2.69 GHz)/3.5 GHz
(3.3-3.8GHz)/5.5GHz (5.25-5.85 GHz) operating bands, such as
monopole antenna with multiple resonance strips [2,3] or parasitic
elements [4, 5], slot antenna [6,7], PIFA [8], fractal antenna [9], and
dipole antenna [10-12], etc.. Although a great variety of studies
about multiband antenna meeting the demands of WLAN or WiMAX
applications have been reported, the subject about quad-band antenna
for Compass B3 (1.256-1.278 GHz) or GPS, WiMAX and WLAN
applications is seldom proposed. In [13], a paper-based inkjet-
printed tri-band U-slot monopole antenna is proposed to cover the
GPS/WIMAX/WLAN, but gain of the lowest frequency for GPS is
only —6dBi. In [14] and [15], two slot antennas are presented to
support quad-band operation for GPS/WiMAX/WLAN applications.
But they also have the drawbacks of large size and complicated
structures with double metallic layers.

The novel electromagnetic properties of metamaterials have been
widely applied to RF device and antenna. Recently, there has
been a great effort on miniaturized [16-18], multi-band [19-21] or
leaky-wave [22-24] antennas based on the concept of metamaterials.
Nevertheless, from the authors’ point of view, the multi-band and/or
multifunction antennas based on combination of the metamaterials
and monopole antenna have not been fully explored. In this paper,
a compact quad-band hybrid antenna for Compass/WLAN/WiMAX
applications is proposed. The proposed antenna is implemented by
combining a composite right/left-handed transmission line (CRLH-TL)
unit cell with a meandered monopole and using coplanar waveguide
(CPW) as its parallel excitation port. By carefully optimizing the
gap width between radiating sections and CPW ground, length of
the meandered monopole and dimensions of the CRLH-TL unit cell,
preferable quad-band characteristics (1.25-1.28 GHz, 2.44-2.73 GHz,
3.17-3.82GHz and 5.03-6.16 GHz) can be achieved. The proposed
antenna also shows acceptable radiation characteristics and peak
realized gains over the operating bands.

2. ANTENNA DESIGN AND SIMULATION

The geometry of the proposed compact quad-band hybrid antenna for
Compass/WLAN/WiMAX applications is illustrated in Figure 1. The
proposed antenna is printed on a low-cost FR4 substrate with thickness
(h) of 2mm, relative permittivity (&,) of 4.4, and loss tangent of 0.02.
The volume of the proposed antenna is only 31 x 21 x 2mm?. The

hybrid antenna is designed by combining a composite right /left-handed
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Figure 1. Geometry of the proposed CPW-fed quad-band hybrid
antenna.
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Figure 2. Equivalent circuit model of the CRLH-TL unit cell.

transmission line (CRLH-TL) unit cell with a meandered monopole.
A 50Q coplanar waveguide (CPW) is used as a parallel excitation
for both the CRLH-TL unit cell and meandered monopole. The
CPW feeding mechanism has a signal strip width of Wy = 2.5mm
and a gap distance of S = 0.3mm between the signal strip and
the CPW ground. As for the CRLH-TL unit cell, its equivalent
circuit model is shown in Figure 2. The series capacitance (Cf)
has been implemented through an interdigital capacitor connected
to the CPW feeding mechanism, while the shunt inductance (L)
has been obtained through a meandered-line strip placed between
the interdigital capacitor (IDC) and the extended CPW ground.
Moreover, the digits of the interdigital capacitor contribute the series
inductance (Lg), while the shunt capacitance (Cr) can be found in the
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coupling between the interdigital capacitor and the extended CPW
ground as well as the spacing of the meandered lines. To maintain
miniaturization, the meandered monopole is used with a total length
of 62.5 mm, which corresponds to 0.26 wavelengths at 1.27 GHz.

For detailed design, Ansoft HF'SS based on finite element method
(FEM) has been employed to analyze and optimize the electrical
properties and radiation characteristics of the antenna. Via iterative
design process, the proper parameters for optimal quad-band operation
of the proposed antenna are set as follows: G; = 2.5mm, W; = 1.5 mm,
Wy = 0.5mm, Ws = 0.25mm, Wy = 2.75mm, I, = 16.5mm,
Ly = 62mm, L3 = 15.75mm, Ly = 4.75mm, L; = 4.75mm,
L, = 10.5mm.

Figure 3 shows a comparison of the simulated return losses for
the proposed hybrid antenna, the case with the meandered monopole
antenna only, and the case with the CRLH-TL based antenna only.
Results clearly show that the CRLH-TL based antenna generates
two narrow operating bands resonated at 3.2/3.5 GHz with a poor
impedance matching resonant frequency at 2.8 GHz. Analogously,
the meandered monopole antenna generates four narrow operating
bands resonated at 1.5/2.55/3.45/6.4 GHz. The bandwidths of the
two cases are too narrow to meet the requirements of practical
applications. However, with the combination of the CRLH-TL unit
cell and the meandered monopole, a quad-band hybrid antenna is
achieved. The CRLH-TL unit cell and meandered monopole share
the same CPW feeding mechanism (see Figure 1). The resonant
frequencies of the proposed hybrid antenna are named of fi, fo ... fo,
respectively, as shown in Figure 3. And dotted arrows are used to
mark the corresponding relationships between f1, fo ... fg, fo and the
resonant frequencies generated by the meandered monopole antenna
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Figure 3. Comparison of the simulated return losses for the proposed
hybrid antenna, the case with the meandered monopole antenna only,
and the case with the CRLH-based antenna only.
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only and the CRLH-TL based antenna only. For example, the resonant
frequency of the proposed hybrid antenna at fs corresponds to the one
at 2.55 GHz generated by the meandered monopole antenna only. It
can be obviously observed that the hybrid antenna merges both the
resonant frequencies of CRLH-TL unit cell and meandered monopole
together to generate three wide operating bands, ranging from 2.47
to 2.92GHz (f2 and f3), 3.16 to 3.83GHz (f4, f5 and fs), and
5.11 to 6.23GHz (f7, fs and fg). The three wide operating bands
cover 2.5/3.5/5.5 GHz WiMAX and 5.2/5.8 GHz WLAN applications.
Because of electromagnetic coupling between the CRLH-TL unit cell
and the meandered monopole, the lowest resonant frequency (1.5 GHz)
of the meandered monopole antenna shifts down to f; = 1.27 GHz to
satisfy the demand of Compass B3 operating bands. In this case, the
quad-band hybrid antenna for Compass B3, 2.5/3.5/5.5 GHz WiMAX
and 5.2/5.8 GHz WLAN applications is obtained.

The gap G1 between the radiating sections and CPW ground is
a critical parameter to control the impedance bandwidth, as shown
in Figure 4(a). Clearly, as the decrease of G, the bandwidths of the
second and third band tend to be narrow, but the last one becomes wide
with improved impedance matching. For covering the desired quad-
band operation, G is selected to be 2.5 mm in this study. Figure 4(b)
shows the results of the simulated return losses as a function of the
length of meandered monopole L. As expected, L; mainly affects the
operating frequencies f1, fa, f¢ and f9 generated by the meandered
monopole. As the decrease of GGy, all the operating frequencies fi, fo,
fe and fg shift toward the higher frequency. The operating frequency
at fi is the meandered monopole’s quarter-wave mode and the other
operating frequencies at fo, fg and fg are the meandered monopole’s

0 0
— — 5t
/M /m
S 10p e A D T N [ X
Z | i j of O
Q L I
; et | VA
I = 1 Ve ™
%20 G.‘ ——G,=3.5mm 2 2011 f :fs A ——L,=145mm7s J
~ ——G,=2.5 mm (hrdposed) ® o5t S~ 1ssmm
30 : T Gi=tSmm . 30 Ly g b 165w Gropostd)
1 2 3 4 5 6 1 2 37 4 5 6
Frequency [GHz] Frequency [GHz]
(a) (b)
Figure 4. Simulated return losses of the proposed antenna with
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higher order modes. In order to meet the application of Compass B3
operating band (1.258-1.278 GHz), the optimal value of L; is 16.5 mm.
Figure 5 shows the results of the simulated return losses of the
proposed antenna with different parameters of the CRLH-TL unit cell.
As expected, Lo and L3 mainly affect the operating frequencies f3,
f1 and f5 generated by different parts of the CRLH-TL unit cell and
also have a great effect on f7, fg and fo. With the increase of the
parameters Lo and Ls, all the operating frequencies fs3, f1, f5, f7, fs
and fg shift toward the lower frequency. Results show that when the
length Lo and L3 are chosen to be 6.2 mm and 15.75 mm, respectively,
preferable quad-band characteristics with good impedance matching
for Compass B3, 2.5/3.5/5.5 GHz WiMAX and 5.2/5.8 GHz WLAN
applications are achieved for the proposed hybrid antenna.
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Figure 5. Simulated return losses of the proposed antenna with
different parameters of the CRLH-TL unit cell (a) Ly and (b) Ls.

In order to further demonstrate the operation mechanism, surface
current distributions on the whole proposed antenna at the resonant
frequencies are shown in Figure 6. It can be clearly seen that
the current has different distributions along the antenna in different
resonant frequencies. In Figures 6(a)—(d), the surface currents are
mainly concentrated at the meandered monopole. It confirms that the
resonant frequencies at f1, fo, fg and fg are excited by the meandered
monopole. Furthermore, from the current path in Figure 6(a), it can
be seen that fundamental mode (quarter-wave mode) of the meandered
monopole at f; is excited with a 0.26 wavelengths current length. In
Figures 6(b)—(d), there is at least one current null in the meandered
monopole, which confirms that the resonant frequencies at fs, fg and
fo are the higher-order mode excited by the meandered monopole. In
Figures 6(e)—(g), the surface currents are mainly concentrated at the
different parts of the CRLH-TL unit cell. It confirms that the resonant
frequencies at f3, f4 and f5 are excited by different parts of the CRLH-
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Figure 6. Simulated surface current distributions of the proposed
antenna at (a) f1 = 1.27GHz, (b) f2 = 2.53 GHz, (c¢) fs = 3.66 GHz,
(d) fo = 6.13GHz, (e) f3 = 2.82GHz, (f) fi = 3.29GHz, (g)
f5 = 3.49GHz, (h) f7 = 5.48 GHz, (i) fs = 5.91 GHz.

TL unit cell. In Figures 6(h)—(i), the surface currents are distributed at
both the meandered monopole and the CRLH-TL unit cell, indicating
that electromagnetic coupling between the meandered monopole and
the CRLH-TL unit cell generate the resonances at fr and fg.

3. EXPERIMENTAL RESULTS AND DISCUSSION

A fabricated prototype of the proposed quad-band hybrid antenna has
been experimentally studied, as depicted in Figure 7. As the CRLH-
TL unit cell, meandered monopole and CPW feeding mechanism are
implemented on the same plane, fabrication of the proposed antenna
is very easy to use a single-layer metallization process. The return loss
of the proposed hybrid antenna was measured with Agilent E5071C
ENA network analyzer. The measured and simulated return losses
against frequency for the proposed antenna are presented in Figure 8.
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Figure 7. Photograph of the Figure 8. Measured and sim-
fabricated quad-band hybrid an- ulated return losses for the pro-
tenna. posed antenna.

From the measured results, four distinct operating bandwidths with
10dB return loss are about 30 MHz (1.25-1.28 GHz), 290 MHz (2.44-
2.73 GHz), 650 MHz (3.17-3.82 GHz) and 1130 MHz (5.03-6.16 GHz),
corresponding to an impedance bandwidth of 2.4%, 11.2%, 18.6% and
20.2% with respect to the center frequency, respectively. And it is easy
to cover the required bandwidths for Compass B3, 2.5/3.5/5.5 GHz
WiMAX and 5.2/5.8 GHz WLAN bands. Good agreement between
the simulation and measurement can be observed, although the second
operating band is narrow than the simulated result. However, the
reasons attributed to the differences are believed 1) the manufacturing
tolerances about the related pivotal physical parameters, such as S,
Wy and Ws; 2) the uncertainty of the dielectric constant of the FR4
substrate, ranging from 4.2 to 4.6; and 3) the coupling between the
SMA connector and various parts of the antenna.

The radiation patterns of the proposed hybrid antenna were
measured in a SATIMO StarLab microwave anechoic chamber.
Figure 9 shows the measured and simulated far-field normalized
radiation patterns in the FE-plane (z-z plane) and H-plane (y-z
plane) of the proposed antenna. For the E-plane, the co-polarization
component corresponds to FEjy, whereas the cross-polarization one
corresponds to E; for the H-plane, the co-polarization component
corresponds to E,, and the cross-polarization one corresponds to
Ey. As expected, H-plane tends to be omnidirectional, whereas
FE-plane shows the monopole-like pattern. The y-directed currents
along the horizontal sections of the meandered-line strip and the
meandered monopole have a contribution to the cross-polarization in
the E-plane, which make the co- and cross-polarization components
have comparable magnitude, especially at 1.27 GHz, 2.6 GHz and
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3.55 GHz. Nevertheless, this radiation characteristic is still acceptable
because in modern wireless communications, the orientation of the
handset or portable computer is not fixed, and the incoming signals
are depolarized due to multiple reflections and scattering in the
propagation channel. It is, therefore, important that the antenna
should be capable of receiving both the co- and cross-polarization
components [25]. A good agreement between the measured and
simulated radiation patterns are observed, especially in H-plane. The
slight differences are mainly due to the spurious reflections from RF
cable that is not incorporated in the simulation. Having taken the
impedance mismatch into account, the measured and simulated peak
realized gains of the proposed antenna are depicted in Figure 10. The
measured minimum gains in the operating bands of 1.25-1.28 GHz,
2.5-2.7 GHz, 3.3-3.8 GHz and 5.15-5.85 GHz are —4.88dBi, 2.82dBi,
1.84dBi and 1.78 dBIi, respectively. Due to large dielectric loss of the
FR4 substrate at high frequencies, the measured gains in the last band
are relatively small compared with the simulated results. However,
the gains of the proposed antenna still satisfy the requirement of some
actual applications.

The performances of the proposed antenna are compared with
those of the recently reported antennas [13-15,26] for the Compass
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Figure 10. Measured and simulated peak realized gains.

or GPS, WLAN and WiMAX applications in Table 1. Although the
proposed antenna is realized with a relatively compact size, it still
provides competitively enhanced bandwidths covering the Compass
B3, 2.5/3.5/5.5GHz WiMAX and 5.2/5.8 GHz WLAN bands. The
gain of the first mode (resonant frequency) is larger than reference [13]

and [15].

Moreover, it is easy to be fabricated and low cost owing
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Table 1. Comparison results of the proposed and reference antennas.

Reference | Proposed [13] [14] [15] [26]
Size 31 x 21 40 x 38 36 x 42 60 x 53 30 x 30
(mm?) X2 x0.44 x1 x0.8 x1.6
Layer Single Double Double Double Single
. 1.25-1.28 1.54-1.70 1.515-1.625 1.17-1.58
Operating 1.53-1.58
2.44-2.73 2.38-2.76 2.332-2.495 2.40-2.70
bands 2.75-3.65
3.17-3.82 3.20-3.77 3.42-3.70 3.40-3.69
(GHz) 4.25-6.12
5.03-6.16 5.12-6.25 5.05-5.94 4.70-5.50
Gain of
he fi
the first ~0.88 -6 1.84 -1 0.507
mode
(dBi)

to the single-layer. Because of the appropriate return loss in the
four operating bands and acceptable far-field characteristics, the
proposed antenna is suitable for Compass, WiMAX and WLAN
wireless communication system applications.

4. CONCLUSION

A compact CPW-fed quad-band hybrid antenna has been presented
and studied. By combining the CRLH-TL unit cell with a
meandered monopole, four distinct operating bands which can
meet the requirements for Compass B3, 5.2/5.8 GHz WLAN and
2.5/3.5/5.5 GHz WiMAX applications are obtained, ranging from
1.25-1.28 GHz, 2.44-2.73GHz, 3.17-3.82GHz and 5.03-6.16 GHz,
respectively.  The proposed antenna has the advantages of easy
fabrication, low cost, and compact size, showing good quad-
band operating bandwidths and acceptable radiation characteristics.
Consequently, the proposed antenna is expected to be a good candidate
for Compass/WiMAX/WLAN wireless communication systems.
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