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Abstract—In this paper, we have proposed a co-located and
folded slots antenna for multiband applications. The proposed
antenna consists of three radiating slots, arranged on a compact
square columnar structure. By properly tuning the dimensions
and the positions of the co-located slots, the proposed antenna
operates in penta-band, including DCS, PCS, UMTS, 2.5-GHz,
and 3.5-GHz WiMAX bands. Additionally, omnidirectional radiation patterns are provided in the azimuthal plane for all the
operating bands. The overall volume of the proposed square
columnar antenna is only 50 10 10 mm , which is suited for
volume-limited systems. A prototype of the proposed antenna is
fabricated and tested, to validate the design idea. The measured
data, including S parameter, radiation pattern, and gain, agree
well with the simulation results.
Index Terms—Antenna radiation patterns, multifrequency antenna, slot antennas.

I. INTRODUCTION

A

NTENNA designs with multiple operating bands and
omnidirectional radiation patterns are widely studied and
adopted in modern wireless communication system, especially
for the portable base stations and access points. By using the
multiband antennas, more wireless services can be integrated
to a single system. And the omnidirectional radiation patterns
in the azimuthal plane are also in demand for the large area
coverage. Due to these reasons, numerous antenna researchers
and engineers are working on this topic.
In recent publications, different antenna design methods are
adopted to achieve omnidirectional radiation patterns in the
multiple operating bands. First, the monopole antenna with a
ground is an acceptable candidate [1]–[10], with the intrinsic
Manuscript received June 14, 2013; revised August 26, 2013; accepted
November 13, 2013. Date of publication November 25, 2013; date of current
version January 30, 2014. This work was supported by the National Basic
Research Program of China under Contract 2013CB329002, in part by the
National High Technology Research and Development Program of China (863
Program) under Contract 2011AA010202, in part by the National Natural
Science Foundation of China under Contract 61301001, in part by the National
Science and Technology Major Project of the Ministry of Science and Technology of China 2013ZX03003008-002, and in part by the China Postdoctoral
Science Foundation funded project 2013M530046.
Y. Li, Z. Zhang, and Z. Feng are with State Key Laboratory on Microwave
and Digital Communications, Tsinghua National Laboratory for Information
Science and Technology, Department of Electronic Engineering, Tsinghua University, Beijing, 100084, China (e-mail: zjzh@tsinghua.edu.cn).
M. F. Iskander is with HCAC, University of Hawaii at Manoa, Honolulu, HI
96822 USA (e-mail: iskander@spectra.eng.hawaii.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TAP.2013.2292517

omnidirectional radiation pattern in the azimuthal plane. Multiple bands can be achieved by adopting multiple branches
with different electrical lengths [1], [2], and parasitical loading
[3]–[5] tuning the basic and higher modes. The ultra-wide
band (UWB) concept is also used on monopole for multiband
coverage, with 2-D [6], [7] or 3-D [8]–[10] structures. Second,
we can use dipoles with two symmetrical arms to generate
the azimuthal omnidirectional radiation patterns [11]–[14].
Due to the symmetrical structures, the dipoles are feasible to
be arranged as array to achieve higher gain in the azimuthal
plane [14]. Metamaterial is the third method to achieve omnidirectional patterns for multiple bands application. Periodically
arranged metallic posts are adopted to build an omnidirectional
radiated mode in [15], [16]. Left-handed loadings are integrated
with the loops in [17] and the monopoles in [18]. However,
the impedance bandwidth of the metamaterial based omnidirectional antenna is needed to be enhanced. Besides these
three methods, other feasible designs are also used to achieve
the azimuthal omnidirectional radiation patterns [19]–[22].
For example, a dual-band series-fed antenna using continuous
transverse stub (CTS) technology is well designed and fabricated in [19]. In the [20], a dual-band Alford loop antenna
is designed to achieve horizontally polarized omnidirectional
radiation pattern. We also can employ several directional antennas to form the omnidirectional radiation pattern, such as
back-to-back arranged Yagi antennas [21] and slot antennas
[22]. However, this design strategy makes the overall antenna
volume large.
For the volume-limited systems, such as the portable base
stations and access points, 3-D structured antenna with compact dimension is preferred more. Compared with planar 2-D
structure, 3-D structured antennas have smaller aspect ratio and
more compact volume. In the published literatures, wideband
monopoles can be folded to 3-D columnar structure for antenna
miniaturization [8]–[10]. A planar ground is needed as the
other pole for the monopole type antenna. However, in some
circumstances, small-volume equipment cannot provide such
large planar grounds. For this reason, other types of antennas
without extra ground are required.
In this paper, a penta-band omnidirectional radiated antenna
without extra ground is proposed. This antenna consists of three
folded slots, which are arranged on a square columnar structure.
Omnidirectional radiation patterns are achieved in penta-band,
including the digital cellular system (DCS: 1.71–1.88 GHz),
the personal communication system (PCS: 1.85–1.99 GHz), the
universal mobile telecommunication system (UMTS: 1.92–2.17
GHz), the 2.5-GHz worldwide interoperability for microwave
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TABLE I
DETAILED DIMENSIONS (UNIT: MM)

Fig. 2. Referenced antennas and the proposed antenna (a) Ref. Antenna 0,
(b) Ref. Antenna 1, (c) Ref. Antenna 2, and (d) Proposed Antenna.

Fig. 1. Geometry and dimensions of the proposed antenna: (a) 3-D view;
(b) expanded view.

access (WiMAX: 2.5–2.69 GHz), and 3.5-GHz WiMAX
(3.4–3.69 GHz). The overall volume of the proposed antenna
is only 50 10 10 mm (
is the wavelength in free space at 1.71 GHz), which is much
smaller than the reference designs. A prototype of the proposed
antenna is built to validate the design idea. It is worth mentioning that, the antenna can also be built using double-side
soft circuit around a cylinder or a square columnar dielectric
die. The operating principle and the optimization method are
the same.
The manuscript is arranged as follows. In Section II, the
working principle and detailed design strategy of the proposed
antenna are described and discussed. The fabrication is then
described and the results of the measured reflection coefficient, gain, and radiation patterns are shown and discussed in
Section III. Conclusions are presented in Section IV.
II. ANTENNA DESIGN
Fig. 1 shows the geometry and the dimensions of the proposed
antenna. As shown in the 3-D view in Fig. 1(a), the proposed antenna is supported by a center-hollowed square columnar substrate. The substrate is made of FR4
,
with thickness
mm. The proposed antenna consists of
four sides (named as Side1, Side2, Side3, and Side4), which
are marked on Fig. 1(a). There are three slots (named as Slot1,

Slot2, and Slot3) cut from the four sides of the proposed antenna, and are also marked on Fig. 1(a). Slot1 is on the middle
of the proposed antenna. The expanded view of Side1 to Side4
is shown in Fig. 1(b). The short ends of Slot1 are on Side2.
The short ends of Slot2 and Slot3 are on Side4. A 50- openended microstrip line is arranged on the inner side of the substrate, expressed using the dark area. The microstrip line is used
to feed Slot1 directly, and cross over the short ends of Slot3.
Slot1, Slot2, and Slot3 are with the lengths of
, and with the uniform width of
. The
values of each parameter are optimized by using the Ansoft
High-Frequency Structure Simulator (HFSS) software. The detailed values are listed in Table I. The volume of the proposed
antenna is
mm .
A. Operating Mechanism
In order to discuss the operating mechanism of the proposed
antenna, another three reference antennas are utilized and shown
in Fig. 2. Ref. Antenna 0, 1, and 2 are with the same dimension
as the proposed antenna. Ref. Antenna 0 is with the feeding
microstrip line and no slots. Ref. Antenna 1 is only with Slot1
and Ref. Antenna 2 is only with Slot1 and Slot2. The simulated
reflection coefficients of four antennas (including the proposed
antenna) are illustrated in Fig. 3.
For Ref. antenna 1, the
-dB bandwidth of the reflection
coefficients is from 1.91 GHz to 2.79 GHz, generated by the
slot mode. Slot1 is excited by the microstrip line and operates
at half wavelength mode. The length of Slot1 determines the
working frequency. For Ref. antenna 2, Slot2 is added based
on Ref. antenna 1. As shown by the dash curve in Fig. 3, a
new resonant frequency appears at approximately 3.3 GHz. This
parasitic frequency can be tuned by changing the value of ,
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Fig. 3. Simulated S11 of the referenced antennas and the proposed antenna.

but without impedance matching. The
-dB bandwidth of the
reflection coefficients is from 1.89 GHz to 2.59 GHz, succeeded
from Ref. antenna 1.
For the proposed antenna, Slot3 is added base on Ref. antenna 2. There are two important functions of Slot3. One is
adding another resonant frequency at approximately 2.55 GHz
with good impedance matching. This resonant frequency is
determined by the length of Slot3. The other one is the defected
ground structure (DGS) by adding Slot3. As shown in Fig. 1(b),
the short ends of Slot3 are on Side4, with the width
narrower
than the width
of the microstrip feeding line. Seen from the
port, the input impedance is on longer 50 Ohm. By adding Slot3,
the radiating impedance of Slot1 and Slot2 are well matched
with enhance bandwidth. Therefore, the simulated
-dB
bandwidth of the reflection coefficients is from 1.66 GHz to
2.37 GHz (lower band), from 2.48 GHz to 2.70 GHz (middle
band), and from 3.20 GHz to 4.01 GHz (higher band), covering
five bands of DCS (1.71–1.88 GHz), PCS (1.85–1.99 GHz),
UMTS (1.92–2.17 GHz), 2.5-GHz WiMAX (2.5–2.69 GHz),
and 3.5-GHz WiMAX (3.4–3.69 GHz).
The mechanism of the penta-band operation can be deduced
using “adding slot by slot” way as discussed above. However,
we cannot conclude directly that each operating band is provided by a certain slot. The triple slots of the proposed antenna
are treated as a whole for multiple band operation. In order to
examine the working mechanism more clearly, the complex current magnitude distributions of 2 GHz, 2.6 GHz, and 3.5 GHz
are shown in Figs. 4, 5, and 6, respectively. The vector electric
field distributions in the slots are also illustrated in Fig. 7. We
snapped the phase with maximum magnitude of electric field in
the slots.
For the lower band, the radiation is mainly contributed by
Slot1. As shown in Fig. 4, the current along the edge of Slot1
is the strongest. The slot operates at half wavelength mode with
peaks on the short ends and null in the middle, as illustrated in
Fig. 7(a). For the middle band shown in Fig. 5, the radiation
is mainly contributed by Slot3, with strongest current along the
edges of Slot3. The current along Slot2 is also strong. Slot2 also
plays an important role for the middle band. From Fig. 7(b),
we can see that the resonant fields in Slot2 and Slot3 are not
synchronized. For higher band shown in Fig. 6, the radiation is

Fig. 4. Complex current magnitude distribution of the proposed antenna at
2 GHz. (a) Side2 and Side3; (b) Side1 and Side4.

Fig. 5. Complex current magnitude distribution of the proposed antenna at
2.6 GHz. (a) Side2 and Side3; (b) Side1 and Side4.

mainly contributed by Slot2. The currents along the edges of
Slot1 and Slot3 are weaker than Slot2. As shown in Fig. 7(c),
Slot2 also operates at half wavelength mode. As a more reasonable explanation, Slot2 leads to the creation of a parasitic
metal loop ring on the top of the column. As shown in Fig. 6,
the currents along the opposite edges of Slot2 are asymmetrical.
The current along the upper edge is stronger. The parasitic loop
ring also operates at half wavelength mode, which determines
the operating frequency. More detailed tuning strategy is introduced in Part C of this section.
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Fig. 8. Simulated radiation pattern of
in the azimuth plane (XY-plane) at
the frequencies of 2 GHz, 2.6 GHz and 3.5 GHz. (Unit of left legend: dB).
TABLE II
GAIN VARIATIONS
Fig. 6. Complex current magnitude distribution of the proposed antenna at
3.5 GHz. (a) Side2 and Side3; (b) Side1 and Side4.

Fig. 9. Simulated S11 of the proposed antenna with different
Fig. 7. Vector electric field distribution of the proposed antenna at different
operating frequency. (a) 2 GHz, (b) 2.6 GHz, and (3) 3.5 GHz.

B. Omnidirectional Radiation Pattern
Another important characteristic of the proposed antenna is
the omnidirectional radiation pattern in the azimuthal plane in
all the operating bands. The azimuthal omnidirectional pattern is
achieved by folding the slots along the slender columnar structure. By properly tuning the values of
, and , the gain
variation between the maximum and the minimum can be controlled. However, as mentioned above, these values are also
used for impedance matching. Therefore, there is a tradeoff between the omnidirectional patterns and impedance matching in
the parameter optimization.
The simulated radiation patterns at 2 GHz, 2.6 GHz, and
3.5 GHz in the azimuthal plane (XY-plane) are shown in Fig. 8,
using the dimensions list in Table I. The gain variations for these

.

three frequencies are 1.05 dB, 0.55 dB, and 0.89 dB, which are
listed in Table II. The results illustrate good omnidirectional performance of the proposed antenna.
C. Parameter Study
In this section, key parameters are studied to validate the design strategy. As mentioned above,
is an important parameter for impedance matching. As shown in Fig. 9, with the decrease of , the length of Slot3 increases with the middle frequency band shifting lower. The bandwidths of the lower and
higher frequency bands are wider. However, small value for
will be affected by the fabrication error. Therefore, 0.4 mm is
chosen for this reason.
The values of and are also very sensitive to the frequency
response of the proposed antenna. Fig. 10 shows the simulated
reflection coefficients of the proposed antenna with different .
The variation of leads to different width of the parasitic loop
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Fig. 10. Simulated S11 of the proposed antenna with different

Fig. 11. Simulated S11 of the proposed antenna with different
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.

.

ring, which affects the resonant frequency of the higher band.
With the decrease of , the resonant frequency of the middle
and higher bands shift closer. The bandwidth of lower band is
wider. In order to tuning the ratio between the different frequency bands,
mm is selected.
Fig. 11 shows the simulated reflection coefficients of the proposed antenna with different . Due to the DGS effect, is
sensitive to the impedance matching for all the frequency bands.
With the increase of , the dual peaks in lower band shift further from each other. The bandwidth of higher band is enhanced.
The value of
is also related to the impedance matching of
middle band. For the comprehensive consideration,
mm
is selected.
Fig. 12 shows the simulated reflection coefficients of the proposed antenna with different . The length of the microstrip line
is another important parameter for impedance matching, especially for the lower band. By tuning , dual-resonant with wide
impedance bandwidth is achieved. We select
mm, and
the lower band covers the DCS, PCS, and UNTS bands.
The shorting positions of the triple slots are discussed here.
The Slot1 is directly fed through the microstrip line on Side4.
The shorting position of Slot1 is selected on Side2. Slot3 is
adopted for DGS impedance matching, and its shorting position
is selected on the same side of the microstrip line. Slot2 is fed

Fig. 12. Simulated S11 of the proposed antenna with different

.

Fig. 13. Antenna application with the additional ground (equipment) with different ground dimension.

by coupling current on the column, indirectly by the microstrip
line. Therefore, the shorting position of Slot2 can be selected on
Side2 or Side4 with identical radiating pattern and impedance
bandwidth.
D. Ground Effect Analysis
As discussed in the introduction, the proposed antenna is
employed without using large ground. In order to validate this
assumption and further emphasize this advantage, the proposed
antenna was simulated with different ground plane dimensions.
As shown in Fig. 13, the proposed antenna is mounted on
different metal boxes (e.g., main body of nearby equipment)
with a distance of 5 mm. Three different dimensions of the
metal boxes are used here: ground 1 (10 10 10 mm ) in
Fig. 13(a), ground 2 (40 20 10 mm ) in Fig. 13(b) and
ground 3 (100 50 10 mm ) in Fig. 13(c).
Fig. 14 shows the simulated reflection coefficients of the proposed antenna when placed near metal boxes of different dimensions. As it may be seen, the performance of the proposed
antenna continued to be acceptable (i.e., maintained excellent
penta-band coverage) even with the presence of nearby metal
equipment. The monopole antenna in [8]–[10], on the other
hand, cannot operate without a large ground, especially for the
situation of ground 1 in Fig. 13(a). The proposed antenna can
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Fig. 16. Measured and simulated S11 of the proposed antenna.

Fig. 15. Photograph of the proposed antenna.

be designed separately without considering the dimensions of
associated transmitting or receiving equipment.
III. EXPERIMENTAL RESULTS
In order to prove the design strategy, a prototype of the proposed antenna was built and measured, as shown in Fig. 15.
The antenna prototype consists of four printed circuit boards
(PCBs), and the seams between four PCBs are covered using
foil. Folding the soft PCB is also an acceptable way to build
the antenna. The antenna prototype was fed by 50- coaxial cables. As we know, the feeding coaxial cables can be treated as an
extension of the metal ground. To avoid the radiating of the current along the feeding coaxial cables, a series of magnetic beads
are used to choke the surface current on the feeding cables. The
detailed connection figure is also shown in Fig. 15. The inner
conductor of the coaxial cable is soldered with the feeding microstrip line. The outer conductor is soldered with the metal on
Side4.
The measured results of reflection coefficient are illustrated
in Fig. 16, and compared with the simulated results. The
dB bandwidths of the reflection coefficient are 1.69–2.37 GHz
for the lower band, 2.47–2.72 GHz for the middle band and

Fig. 17. Simulated and measured normalized radiation patterns of the proposed
antenna at 2 GHz. (a) XY-plane; (b) YZ-plane; (c) XZ-plane.

3.23–4.09 GHz for the higher band. Once again, wide bandwidth is achieved in a small volume of 50 10 10 mm
(
is the wavelength in free
space at 1.71 GHz), without using extra ground.
The measured normalized radiation patterns at 2 GHz,
2.6 GHz, and 3.5 GHz are shown in Figs. 17, 18, and 19,
also compared with the simulated results. It is clearly seen
that the omnidirectional radiation patterns are achieved for
co-polarization in the azimuthal plane (XY-plane) at all the
three frequencies, and agree well with the simulated ones.
In XZ-plane and YZ-plane, the radiation patterns are nearly
“ ”shaped with the nulls at
axis. Due to the undesired
radiation and reflection from the feeding cables, the crosspolarization level is higher than the simulated results. The
difference between simulation and measurement is acceptable,
given the small values of the cross-polarization powers.
Fig. 20 shows the measured gain of the proposed antenna in
the azimuthal plane, and compared with the simulation results.
In the band of DCS, PCS, and UMTS, the measured gain fluctuates between 1.95 dBi and 2.55 dBi. In the band of 2.5-GHz
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Fig. 20. Simulated and measured gains of the proposed antenna.

Fig. 18. Simulated and measured normalized radiation patterns of the proposed
antenna at 2.6 GHz. (a) XY-plane; (b) YZ-plane; (c) XZ-plane.

plane for all the operating bands, due to the compact square
columnar structure. The overall volume of the proposed antenna
is only 50 10 10 mm , which is suited for the volume-limited systems. The measured gains of each operating bands are
also acceptable for the application in the portable base stations
and access points.
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