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A novel ACPW-fed quad-band hybrid
antenna for wireless applications

wang ren, li-juan zhang and shu-wei hu

This paper presents a novel asymmetric coplanar waveguide-fed quad-band hybrid antenna for wireless applications. The
proposed hybrid antenna combines a conventional monopole antenna and a zeroth-order resonator antenna to perform a
dual-mode operation. The first mode is generated by a slotted monopole antenna, supporting the two higher resonances at
about 3.5 and 5.8 GHz. The second mode is supported by loading a composite right-/left-handed transmission line unit
cell near the slotted monopole, contributing to the two lower resonances at about 1.6 and 2.5 GHz. It is printed on an
FR4 substrate with the overall dimensions of 40 mm × 24 mm × 1.6 mm. Experimental results demonstrate that it can
cover the global positioning system (1.57–1.59 GHz), wireless local area network (2.4–2.485, 5.15–5.35, and 5.725–
5.825 GHz), and worldwide interoperability for microwave access (2.5–2.69, 3.3–3.7, and 5.25–5.85 GHz) applications
with monopole-like radiation patterns and acceptable gains.
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I . I N T R O D U C T I O N

With the tremendous development of wireless personal com-
munications, smart portable devices have become an indispens-
able part of our daily lives. In order to make these devices more
competitive and attractive, designers are committed to the
enhancements and refinements to products with more func-
tions and smaller size. Thus, a multiband antenna which can
support the commonly used communication standards like
the global positioning system (GPS), wireless local area
network (WLAN), and worldwide interoperability for micro-
wave access (WiMAX) with a compact size is highly desired.

Many types of multiband antennas including inverted-F
antennas, monopole antennas, patch antennas, and slot anten-
nas, have been reported in recent literatures [1–10]. Adding
multiple radiating elements is a conventional method to
realize multiband characteristic [1–5]. Another popular way
to build multiband antennas is to insert slots in the radiating
element which will lead to various current paths resonating at
different frequencies [6–10]. While for most of the multiband
antennas, the resonance condition is dependent of the phys-
ical size of the radiating element which limits the antenna
miniaturization to a certain extent, especially for antennas
that cover very low-frequency band. Therefore, researchers
are seeking new solutions and ideas for miniaturized multi-
band antenna designs with persistent efforts. The zeroth-order
resonator (ZOR) antenna, as a typical metamaterial-based

antenna, along with its unique electromagnetic properties
[11] comes into the sight of researchers. The ZOR antenna
can be realized by a composite right-/left-handed transmission
line (CRLH-TL) architecture, and the resonance depends only
on the reactance of the CRLH-TL unit cell rather than the
electric length which always influences the antenna size espe-
cially at low-frequency band [12]. The particular merit makes
ZOR antenna a promising option for miniaturized antenna
design. However, the poor performance on broadband and
multiband of this technology becomes a stumbling block to
its further application that antenna designers attempt to
solve [13–17]. A compact ZOR antenna with bandwidth
enhancement is proposed in [13]. The Q-factor of the ZOR
can be considerably reduced by proper design of the inter-
digital capacitance, which will lead to a bandwidth extension.
In [14], a coplanar waveguide (CPW)-fed metamaterial-
inspired ZOR antenna which offers miniaturization and band-
width enhancement properties by loading electromagnetic
band gap structures is presented. In [15], a compact dual-band
and circularly polarized antenna is proposed by simultan-
eously exciting ZOR and first-order resonance (FOR) for
bandwidth enhancement. A low-profile antenna which pro-
vides a fractional bandwidth of 166% by increasing the
number of CRLH unit cells is studied in [16]. In [17], extended
bandwidth can be achieved using a large shunt inductance and
a small shunt capacitance. Obviously most recently reported
investigations on ZOR antennas focus on the bandwidth
enhancement, while how to achieve multiband is seldom
discussed.

In this paper, we work on finding a new method to improve
the bandwidth of ZOR antenna and providing an alternative
solution for multiband antenna design. Compared with
other ZOR antennas published recently, our design focuses
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on the combination of two types of antennas to extend the
antenna bandwidth. The proposed hybrid antenna has two
independent operating modes, namely, ZOR mode and mono-
pole mode. The ZOR mode is realized by loading a CRLH-TL
unit cell, which excites two lower resonances at 1.6 and
2.5 GHz. The monopole mode is generated by a dual-
resonance slotted monopole antenna, contributing to the
two higher resonances at about 3.5 and 5.8 GHz. These two
modes are complementary in the proposed hybrid antenna.
The ZOR mode liberates the proposed antenna from being
restricted by physical size at low bands which facilitates
antenna miniaturization, while the bandwidth shortage in
the ZOR mode can be made up for by the monopole mode.
Furthermore, an equivalent circuit model is established for
better understanding the operating mechanism of the
antenna. The authors make full use of the respective advan-
tages of ZOR antenna and monopole antenna to create a
novel miniaturized, broadband and multiband antenna.
Experimental results demonstrate that the proposed quad-
band hybrid antenna can cover the GPS/WLAN/WiMAX
applications with monopole-like radiation patterns, accept-
able gains, and compact size. Compared with the state-of-
the-art multiband antennas [2–8, 10], the proposed antenna
not only achieves more compact size, but also exhibits wider
bandwidth with acceptable gains. Moreover, compared with
the reported ZOR antennas [13–17], the proposed antenna
exhibits outstanding quad-band characteristic.

I I . A N T E N N A D E S I G N

A) Design evolution
The design process of the proposed antenna goes through four
steps with different configurations which are denoted in Fig. 1
as Ant_A, Ant_B, Ant_C, and the proposed antenna,

respectively. The first three antennas are printed on a
1.6 mm-thick FR-4 substrate (1r ¼ 4.3, tand ¼ 0.02) with
the same size of 40 mm × 30 mm and the final optimized
size of the proposed antenna is 40 mm × 24 mm. The simu-
lated reflection coefficients are carried out by HFSS and
plotted in Fig. 2.

Firstly, the design starts with a conventional CPW-fed
monopole antenna as depicted in Fig. 1(a). It consists of a
straight metal strip and a co-planar ground plane which are
printed on top side of the substrate. For Ant_A, as shown in
Fig. 2, a single band with the center frequency of 4 GHz is
excited.

Then, Ant_B is designed by adding an open-ended inverted
L-shaped slot to Ant_A as presented in Fig. 1(b). A dual-
frequency operation at about 3.8 and 5.6 GHz can be observed
as shown in Fig. 2. Since the introduction of the open-ended
inverted L-shaped slot slightly increases the length of the
current path, there is a frequency offset of about 0.2 GHz at
the first resonance compared with Ant_A. The total length
of the inverted L-shaped slot is about 8 mm which is equal
to a quarter wavelength (lg = l0/

������������

(1r + 1)/2
√

, l0is the free-
space wavelength) at 5.6 GHz. This illustrates that the second
resonant frequency of Ant_B is generated by the inverted
L-shaped slot at its fundamental l/4 resonant mode.

Third, ZOR antenna mode is established to excite two
lower frequency bands in pursuit of antenna miniaturization.
Empirically, two CRLH-TL unit cells are first employed on the
top portion of the slotted metal strip for Ant_C as shown in
Fig. 1(c). The main components of one CRLH-TL unit cell,
CR, CL, LL, and LR are marked. The required capacitance can
be generated by the gap between two strips and the inductance
can be realized by the metal meandered stub. Obviously, two
lower resonances ( f1 and f2) at around 1.6 and 2.6 GHz are
excited by loading the CRLH-TL unit cells, and the two
higher resonances ( f3 and f4) shift to 3.5 and 5.5 GHz, respect-
ively, compared with Ant_B. In order to better analyze the

Fig. 1. Design evolution of the proposed antenna.
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working mechanism of the CRLH-TL, the electric field distri-
bution of Ant_C is investigated as shown in Fig. 3. It is clear
that the antenna operates in an n ¼ 0 mode (in phase, ZOR) at
1.6 GHz and an n ¼ 1 mode (1808 out of phase, first-order
resonator) at 2.6 GHz. So far a quad-band hybrid antenna
prototype has been successfully achieved.

Lastly, some further modifications are made to optimize the
antenna performance based on Ant_C. On the one hand, for
better input-impedance matching, the CPW ground plane is
changed to asymmetric CPW (ACPW) ground plane and the
height of the ground plane at the bottom layer is also increased.
Hence, the antenna communication bandwidth has been broa-
dened to a certain extent. On the other hand, a more compact

size of 40 mm × 24 mm is ensured in the proposed antenna by
cutting one CRLH-TL unit cell. This remaining one CRLH-TL
unit could also successfully excite ZOR and FOR at 1.6 and
2.5 GHz and its corresponding components are marked in
Fig. 1(d). Along with some other minor adjustment, similar
quad-band communication performance is achieved. The
simulated results of reflection coefficients showed in Fig. 2 illus-
trate that the proposed quad-band hybrid antenna has a broad
operating bandwidth of 60 MHz (1.56–1.62 GHz), 460 MHz
(2.32–2.78 GHz), 800 MHz (2.95–3.75 GHz), and 1100 MHz
(5.15–6.25 GHz), fully covering the GPS, 2.4/5.2/5.8-GHz
WLAN and 2.5/3.5/5.5-GHz WiMAX applications.

B) Antenna geometry and current distribution
Figure 4 shows the geometry of the proposed ACPW-fed
hybrid antenna. It is fabricated on a 40 mm × 24 mm ×
1.6 mm FR4 substrate and composed of a slotted monopole,
a CRLH-TL unit cell, and an ACPW ground plane.

The working mechanism of the proposed antenna is inves-
tigated by means of surface current distribution analysis at 1.6,
2.5, 3.5, and 5.8 GHz as shown in Fig. 5. The surface current
distributions at 1.6 and 2.5 GHz showed in Figs 5(a) and 5(b)
mainly concentrate on the CRLH-TL unit cell. It indicates
that the two lower resonances are mainly controlled by the
CRLH-TL unit cell. The current distribution at 3.5 GHz shown
in Fig. 5(c) mainly concentrates on the metal strip as a con-
ventional monopole antenna. Figure 5(d) demonstrates that
the surface current at 5.8 GHz mainly distributes around the
inverted-L slot. Thus, the two higher bands are mainly deter-
mined by the design parameters of the slotted monopole
antenna.

Fig. 2. Simulated reflection coefficients of Ant_A, Ant_B, Ant_C, and the
proposed antenna.

Fig. 3. Electric field distribution of the ZOR antenna.
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C) Equivalent circuit model
The equivalent circuit model of antenna will help us better
understand its electrical characteristics, and more importantly,
an equivalent circuit can be integrated into the circuit-level
simulation of communication systems to predict its impact
and aid analysis. Since the multiband antenna contains multiple
resonances across a large band, a distributed equivalent circuit
model is established which consists of four parts corresponding
to ZOR antenna mode, FOR antenna mode, and the dual-band
monopole antenna mode, respectively. As shown in Fig. 6, the
equivalent circuit models of the ZOR mode and FOR mode
antennas are obtained by two CRLH-TL units; and a pair of
classic series RLC circuits is employed for constructing the
equivalent circuit model of the dual-band monopole antenna.
The determination of circuit parameters for each part is
similar. After we get the input impedance of the antenna at a
single point (usually at the resonant frequency) in one band,
a group of initial values can be set firstly. Then, these para-
meters are matched to other points in this band by using the

optimization function in ADS software. The final optimized
circuit parameters for the proposed hybrid antenna are listed
in Table 1 and the simulated S-parameter result of the equiva-
lent circuit using ADS is plotted in Fig. 8.

I I I . S I M U L A T I O N A N D M E A S U R E D
R E S U L T S

A photograph of the fabricated ACPW-fed quad-band hybrid
antenna is shown in Fig. 7. The simulation results have been
carried out by ANSYS HFSS and ADS (circuit model), and
then verified experimentally.

A) Antenna bandwidth
Simulated and measured reflection coefficients of the pro-
posed antenna are shown in Fig. 8. Good agreement can be
observed except a slight frequency shift which might be

Fig. 4. Geometry of the proposed antenna.

Fig. 5. Simulated surface current distributions.
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caused by the fabrication tolerance. As depicted in the figure,
four distinct frequency bands are successfully excited by two
different operating modes of the proposed antenna. For the
two lower bands with the resonant frequencies at about 1.6
and 2.5 GHz, the proposed antenna operates as a metamaterial
antenna. While for the two higher bands at 3.5 and 5.8 GHz,
it operates as a monopole antenna. The measured 210 dB
impedance bandwidths of the proposed antenna are 80 MHz
(1.54–1.62 GHz), 390 MHz (2.37–2.76 GHz), 620 MHz

(3.11–3.73 GHz), and 1090 MHz (5.06–6.15 GHz), meeting
the requirement of 1.575-GHz GPS, 2.4/5.2/5.8-GHz WLAN
(2.4–2.485, 5.15–5.35, and 5.725–5.825 GHz), and 2.5/3.5/
5.5-GHz WiMAX (2.5–2.69, 3.3–3.7, and 5.25–5.85 GHz)
applications.

B) Radiation patterns
Figure 9 displays the simulated and measured normalized co-
and cross-polar radiation patterns in xz- and yz-planes at 1.6,
2.5, 3.5, and 5.8 GHz. It is clear that the proposed antenna
shows bi-directional radiation patterns in xz-planes and
good omni-directional radiation patterns in yz-planes.
However, a considerable amount of cross-polarization is
found with the increased frequency, especially at 3.5 and
5.8 GHz. The relatively high cross-polarization level is
mainly caused by the CRLH-TL unit and ACPW ground
plane which contain both vertical and horizontal compo-
nents. Nevertheless, the proposed antenna is still desirable
for many applications such as mobile communication and
indoor communication where the orientation of handheld

Fig. 6. Equivalent circuit model for the proposed hybrid antenna.

Table 1. Optimal equivalent circuit parameters.

C1 0.33 pF L4 15.0 nH
C2 0.35 pF L5 10.0 nH
C3 0.40 pF L6 4.5 nH
C4 0.50 pF R1 0.3 V

C5 0.19 pF R2 36.2 V

C6 0.16 pF R3 11.0 V

L1 30.5 nH R4 11.0 V

L2 15.7 nH R5 45.0 V

L3 11.5 nH R6 55.0 V

Fig. 7. Photograph of the fabricated antenna: top side (left) and bottom side (right).
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devices is not fixed and the direction of arrival of the signal
varies randomly. In addition, because of difficulties in enab-
ling right-handed circularly polarization (RHCP) in small
devices, GPS antennas are generally linearly polarized for
the sake of design complexity, miniaturization, and cost.
Therefore, the proposed antenna with a frequency band at
1.6 GHz can be employed by the GPS application.

C) Gains and efficiency
The measured antenna gain and total radiation efficiency are
presented in Fig. 10. For the 1.575-GHz GPS band, the peak
gain is about 0.3 dBi. The antenna gain varies from 2.3 to
2.7 dBi for 2.4-GHz WLAN and 2.5-GHz WiMAX bands,
and varies from 2.6 to 2.7 dBi for the 3.5-GHz WiMAX
band. Over the frequency range of 5.15–5.85 GHz for 5.2/
5.8-GHz WLAN and 5.5-GHz WiMAX applications, the
gain changes from 2.4 to 3.0 dBi. The average radiation effi-
ciencies at the four bands are about 70, 82, 83, and 85%,
respectively.

D) Comparison results
Compared with the reported ZOR antennas [13–17], the pro-
posed hybrid antenna exhibits outstanding quad-band charac-
teristic, which makes it better suited for use in modern
communication systems. Moreover, a comparison with
other multiband antennas published recently [2–8, 10] in
terms of antenna size (l0 is the free space wavelength at
lowest resonant frequency), frequency range, bandwidth,
and peak gain is presented in Table 2. The comparison
results show that the proposed antenna not only achieves
more compact size, but also exhibits wider bandwidth with
acceptable gains.

Fig. 8. Simulated and measured reflection coefficients of the proposed
antenna.

Fig. 9. Simulated and measured radiation patterns: (a)1.6 GHz; (b) 2.5 GHz; (c) 3.5 GHz; (d) 5.8 GHz.
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I V . C O N C L U S I O N

An ACPW-fed quad-band hybrid antenna is presented by com-
bining a slotted monopole with a CRLH-TL unit cell. In this

paper, a new method to extend the bandwidth of ZOR
antenna is demonstrated. Different from existing methods
which mainly focuses on the optimization of ZOR antenna
itself [13–17], our design offers a novel method beyond that

Fig. 9. (continued)

Fig. 10. Peak gain and radiation efficiency.
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which combines two types of antennas to achieve bandwidth
extension. The proposed design makes full use of the respective
advantages of ZOR antenna and monopole antenna to create a
novel miniaturized, broadband and multiband antenna.
Moreover, an equivalent circuit mode is also provided for
better explaining the operating mechanism of the hybrid
antenna. The simulated and measured results show that two
operating modes are individually excited by two different
parts of the proposed antenna with a relative compact size of
40 mm × 24 mm. Along with the monopole-like radiation pat-
terns and adequate gains, the proposed antenna can be well
applied to GPS/WLAN/WiMAX communication systems.

A C K N O W L E D G E M E N T S

The authors would like to thank Professor K. S. Chen from the
College of Information Science and Electronic Engineering,
Zhejiang University, and Doctor C. Z. Hua from the School
of Electrical Engineering and Computer Science, Ningbo
University, for many useful discussions.

R E F E R E N C E S

[1] Li, J.L.; Shi, H.Y.; Li, H.; Zhang, A.X.: Quad-band probe-fed stacked
annular patch antenna for GNSS applications. IEEE Antennas
Wireless Propag. Lett., 13 (2014), 372–375.

[2] Wang, W.; Xing, M.J.; Guo, X.Y.: A novel design of quad-band com-
bination of circularly polarized microstrip antenna, in Progress in
Electromagnetic Research Symp., 2016, 4491–4494.

[3] Yang, Y.; Liu, Y.A.; Wu, F.: A quad-band compact diversity antenna
for mobile handset devices. Int. J. Future Gener. Commun. Netw., 9
(2016), 363–372.

[4] Cao, Y.-F.; Cheung, S.-W.; Yuk, T.-I.: A multiband slot antenna for
GPS/WiMAX/WLAN systems. IEEE Trans. Antennas Propag., 63
(2015), 952–958.

[5] Liu, H.-W.; Wen, P.; Zhu, S.-S.; Ren, B.-P.; Guan, X.-H.; Yu, H.:
Quad-band CPW-fed monopole antenna based on flexible
pentangle-loop radiator. IEEE Antennas Wireless Propag. Lett., 14
(2015), 1373–1376.

[6] Pushkar, P.; Gupta, V.R.: A metamaterial based tri-band antenna for
WiMAX/WLAN application. Microwave Opt. Technol. Lett., 58
(2016), 558–561.

[7] Boukarkar, A.; Lin, X.-Q.; Jiang, Y.; Yu, Y.-Q.: Miniaturized single-
feed multiband patch antennas. IEEE Trans. Antennas Propag., 65
(2017), 850–854.

[8] Chen, C.-C.; Sim, C.-Y.-D.; Chen, F.-S: A novel compact quad-band
narrow strip-loaded printed monopole antenna. IEEE Antennas
Wireless Propag. Lett., 8 (2009), 974–976.

[9] Du, Y.Y.; Zhao, A.P.: An internal quad-band printed monopole
antenna for oval-shaped mobile terminals. IEEE Trans. Magn., 48
(2012), 683–686.

Table 2. Performance comparison with other multiband antennas.

Ref Total size (l0) Frequency range (GHz) Bandwidth (MHz) Peak gain (dBi)

[2] 0.31 × 0.31 1.255–1.282 27 22.45
1.553–1.569 16 21.38
1.596–1.637 41 21.73
2.472–2.51 38 21.64

[3] 0.30 × 0.18 0.9–0.94 40 22.8
1.69–2.59 900 1.24
3.42–3.61 210 5.13
5.5–5.89 390 4.04

[4] 0.30 × 0.23 1.575–1.665 90 3.55
2.4–2.545 145 3.93
3.27–3.97 700 5.02
5.17–5.93 760 4.86

[5] 0.27 × 0.18 0.94–1.20 260 5.47
2.23–2.43 200 5.88
3.58–3.74 160 1.97
4.93–5.29 360 3.56

[6] 0.29 × 0.29 2.48–2.73 250 1.65
3.17–3.89 720 2.59
4.93–6.02 1090 3.94

[7] 0.40 × 0.40 3.04–3.065 25 2.36
3.83–3.855 25 1.43
4.83–4.869 39 2.11
5.76–5.801 41 2.39

[8] 0.29 × 0.13 0.89–1.066 176 21.8
1.66–2.035 375 0.9
2.35–2.62 270 2.5

[10] 0.53 × 0.32 1.57–1.59 20 0
2.39–2.77 280 5.0
3.09–3.47 380 5.0
5.15–5.35 200 2.5

Proposed antenna 0.21 × 0.13 1.54–1.62 80 0.3
2.37–2.76 390 2.7
3.11–3.73 620 2.7
5.06–6.15 1090 3.0

novel acpw-fed quad-band hybrid antenna for wireless applications 467

https://doi.org/10.1017/S175907871700143X Published online by Cambridge University Press

https://doi.org/10.1017/S175907871700143X


[10] Singh, H.S.; Agarwal, M.; Pandey, G.K.; Meshram, M.K.: A quad-
band compact diversity antenna for GPS L1/Wi-Fi/LTE2500/
WiMAX/HIPERLAN1 applications. IEEE Antennas Wireless
Propag. Lett., 13 (2014), 249–252.

[11] Caloz, C.; Itoh, T.: Electromagnetic Metamaterials, Wiley-IEEE
Press, Piscataway, Hoboken, NJ, 2005.

[12] Lai, A.; Itoh, T.; Caloz, C.: Composite right/left-handed transmission
line metamaterials. IEEE Microw. Mag., 5 (2004), 34–50.

[13] Chi, P.-L.; Shih, Y.-S.: Compact and bandwidth-enhanced
zeroth-order resonant antenna. IEEE Antennas Wireless Propag.
Lett., 14 (2015), 285–288.

[14] Sharma, S.K.; Gupta, A.; Chaudhary, R.K.: Epsilon negative CPW-fed
zeroth-order resonating antenna with backed ground plane for
extended bandwidth and miniaturization. IEEE Trans. Antennas
Propag., 63 (2015), 5197–5202.

[15] Liu, L.-Y.; Wang, B.-Z.: Compact circularly polarized ZOR and FOR
antenna employing CRLH transmission lines. Microwave Opt.
Technol. Lett., 58 (2016), 964–969.

[16] Sadeghzadeh, R.A.: Low profile antenna based on CRLH-TL with
broad bandwidth. Microw. Opt. Technol. Lett., 58 (2016), 27–31.

[17] Jang, T.; Choi, J.; Lim, S.: Compact coplanar waveguide-fed
zeroth-order resonant antennas with extended bandwidth and high
efficiency on vialess single layer. IEEE Trans. Antennas Propag., 59
(2011), 363–372.

Wang Ren received the Ph.D. degree in
Electrical Engineering from the Zhejiang
University, Hangzhou, China in 2008.
He joined Zhejiang Gongshang Univer-
sity in 2008 and is currently working
there as an Assistant Professor. His re-
search interests include antenna design
and microwave circuit.

Li-Juan Zhang received her B.E. degree
in Electronic Engineering from Hefei
Normal University, Hefei, China in
2016. She is currently studying for the
M.S. degree at the Zhejiang Gongshang
University and her research interests in-
clude wideband and multiband antenna
design.

Shu-Wei Hu received his B.E. degree in
Electronic Engineering from Anqing
Normal University, Anqing, China in
2015. He is currently studying for the
M.S. degree at the Zhejiang Gongshang
University and his research interests in-
clude wideband and multiband antenna
design.

468 wang ren, li-juan zhang and shu-wei hu

https://doi.org/10.1017/S175907871700143X Published online by Cambridge University Press

https://doi.org/10.1017/S175907871700143X

	A novel ACPW-fed quad-band hybrid antenna for wireless applications
	INTRODUCTION
	ANTENNA DESIGN
	Design evolution
	Antenna geometry and current distribution
	Equivalent circuit model

	SIMULATION AND MEASURED RESULTS
	Antenna bandwidth
	Radiation patterns
	Gains and efficiency
	Comparison results

	CONCLUSION
	Acknowledgements


