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It is difficult to list all the current applications for microstrip
antennas; it could be said that they are the transducers that
control modern life. Yet, every year, new applications are
required which challenge the performance limits of current
designs. Some of those challenges are associated with con-
trolling the spectrum performance and continuing to seek
techniques to tailor the shape to the applications.

This special issue brings some of the latest thinking in
compact microstrip antenna design. However, the variety of
approaches presented in the papers shows the possibilities
that exist for future developments: this special issue is as
much about setting out possibilities as it is about presenting
new thinking.

The papers in this special issue are as follows. An
approach to design microstrip antennas is presented in
“Design of arbitrarily shaped planar microstrip antenna arrays
with improved efficiency” which considers improved radia-
tion efficiency. Focusing on the application areas of Blue-
tooth and WLAN, a dual-band planar inverted-E antenna
(PIEA) is presented in “Compact dual-band planar inverted-e-
shaped antenna using defected ground structure” with a novel
ground. A mesh grid structure planar wideband zero
index metamaterial (ZIM) antenna is presented in “Zero
index metamaterial for designing high-gain patch antenna”
that provides a bandwidth of 9.9GHz to 11.4 GHz.An arc
H-shaped slot on the radiating patch provides dual band-
notched characteristics which is discussed in “Design and
analysis of a novel dual band-notched UWB antenna.”

The paper entitled “Printed modified bow-tie dipole antenna
for DVB/WLAN applications” presents a printed modi-
fied bow-tie dipole antenna which consists of asymmet-
ric feed and inserted slots. A frequency range of 3.1–
10.6GHz is achieved by an antenna of only 30mm ×
36mm and is discussed in “A compact UWB diversity
antenna.” Amodified compact planar ultrawideband (UWB)
monopole antenna with triple controllable band-notched
characteristics is presented in “A compact planar UWB
antenna with triple controllable band-notched characteristics,”
which consists of a modified staircased V-shaped radiating
element and partial ground plane. The radiation pattern is
controlled using elliptical and rectangular patches, which is
discussed in “A compact size 4–19.1 GHz heart shape UWB
antenna with triangular patches.”
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A modified compact planar ultrawideband (UWB) monopole antenna with triple controllable band-notched characteristics is
presented in this paper. The proposed antenna consists of a modified stair cased V-shaped radiating element and partial ground
plane. The triple band-notched characteristics are achieved by embedding two different vertical up C-shaped slots with a vertical
down C-shaped slot in the radiating patch and in the ground plane, respectively. Besides, the bandwidth of each rejected band can
be independently controlled by adjusting the dimensions of the corresponding band notched structure.The proposed antenna with
rejected bands characteristics is successfully simulated, prototyped, and measured. The measured results show that the antenna
operates until upper 11 GHz for voltage standing wave ratio (VSWR) is less than 2, and exhibits bands rejection of 1.6–2.66GHz
(49.76%), 3-4 GHz (28.57%), and 5.13–6.03GHz (16.12%). Moreover, the proposed antenna shows a near omnidirectional radiation
patterns, stable peak gain, and with small group delay and transfer function variation on the whole UWB frequency range except
in the notched frequency bands, which makes it suitable for being used in the future UWB applications.

1. Introduction

Ultrawideband (UWB) is specified in the Federal Commu-
nication Commission (FCC) [1] as the frequency band that
ranges from 3.1 GHz to 10.6GHz, which is a 7.5 GHz band-
width (BW). Several planar UWBmonopole antennas, which
have the potential to meet such requirements, were reported
in [2–5]. Due to the overlap of the currently allocated UWB
frequency band with the communication systems such as
Wireless Local Area Network (WLAN) bands in the 2.4GHz
(2.4–2.484GHz), 5.2 GHz (5.15–5.35GHz), and 5.8GHz
(5.725–5.825GHz) bands, and the World Interoperability
for Microwave Access (WiMAX) system bands 2.5 GHz
(2.5–2.69GHz), 3.5 GHz (3.4–3.69GHz), and 5.8GHz (5.25–
5.825GHz) [6]. Now, many systems operate across several
frequency bands, requiring a band-notched or band-rejected
function. Thus, it is desirable to design UWB antennas with

band notch characteristics to avoid potential interferences
from the other frequency bands. To overcome problems
caused by this electromagnetic interference, several designs
of UWB antennas with single or multiple notch functions
have been proposed in recent literature [6–39]. Reviewing the
literature shows that there are few ways for monopole planar
antennas to achieve band-notched characteristics. The most
popular approach is cutting different shaped slots from the
radiating patch, from the ground plane, or from the feed line,
that is, U-shaped slot [7], a Hilbert-curve shaped slot [8],
cutting a wide line [9], T-shaped slot [10], defected ground
structure (DGS) [11], semicircular slot [12], a bent slot or
C-shaped slot [13–15], split ring in the ground plane [16],
and slot line in the feed line [17]). Another way consists of
loading diverse parasitic elements on the antenna, such as
parasitic elements rear or near the radiating element [18–23],
and near the feed line [24–33], to generate the band-notched

Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2014, Article ID 848062, 10 pages
http://dx.doi.org/10.1155/2014/848062

http://dx.doi.org/10.1155/2014/848062


2 International Journal of Antennas and Propagation

feature, which acts as resonator when the length of strip is
about a half or a quarter of the guided wavelength at the
desired notch frequency. In reference [31], a band-notched
characteristic has been achieved by coupling a pair of open-
loop resonators beside the feed line, in this reference, the
author just notched the band for WLAN system. In reference
[32], one set of band rejected structure with two C-shaped
slots has been adopted to reject the lowerWLAN band (5.15–
5.35GHz) and another onewith two splits inverted resonators
has been employed to reject the upper WLAN band (5.725–
5.825GHz). In reference [33], two splits rectangular ring
resonators have been placed close to the microstrip line to
reject the band 5.02–6.05GHz. Additionally, a straight line
slit has been etched on the radiating patch to reject the
band 2.52–3.66GHz; by using this technique, the control of
this rejected band is limited by few key design parameters,
and by the space restriction of the radiating patch to avoid
this drawback and to get more freedom in designing, it is
better to use another shape slit. In reference [34], only one
notched band centered at 5.5 GHz is achieved by etching a
partial annular slot in the lower portion of a ring radiator.
Most of UWB antennas have no more than two notched
bands, and few of them have three notched bands [35–37],
which reveal that potential interference from other narrow
bands may still exist. So, to design an antenna for UWB
applications with notching all the bands for WiMAX and
WLAN systems is necessary. In reference [35], three parasitic
resonant elements are placed near the ground plane to
generate three notch frequency bands 3.26–3.71 GHz, 5.15–
5.37GHz, and 5.78–5.95GHz; in this reference, the bands
2.4/2.5 GHz corresponding to WLAN and WiMAX have
not been rejected, and the use of parasitic resonators leads
to a more complex structure. In reference [36], a compact
UWB antenna with triple band rejected characteristics is
achieved with using a meander line split ring resonator,
with using this technique three bands 3.15–3.75, 4.85–6.08,
and 7.98–8.56GHz are rejected. The meander line split ring
resonator used in this reference is complex compared to a
conventional C-shaped slot structure. In reference [37], a pair
of spiral loop resonators have been merged with radiating
patch to create the first notched band in 3.3–3.7 GHz, in
addition, two integrated microstrip resonators have been
coupled with ground plane to generate the second and the
third-notched bands in 5.2–5.4GHz and 5.7–6GHz. All the
techniques can achieve good band notch characteristics, but
some of the notched band structures are complex and difficult
to design. In the designing of triple or multiband notch
antenna, it is difficult to adjust and to control the frequency
center of the notch bands in a limited space. Moreover,
strong couplings between the band-notched characteristics
designs for adjacent frequencies are the complication in
achieving efficient triple band-notched UWB antenna. There
are a lot of researches on UWB antennas with band-notched
characteristics [6–39], but how to obtain high efficient band-
notched characteristics is still a challenging issue. The main
problem of the band rejected function design is the difficulty
of controlling bandwidth and the shifting of the notched
band, especially for the case of antennas with several rejected
band structures, without infecting other rejected bands.
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Figure 1: Geometry of the proposed UWB antenna without band
rejected structure.

In the future, we expect that the shifting and the control
of the frequency center and the bandwidth of the band-
notched frequency can be both important and useful in
wireless communication systems. So, the aim of this paper
is to design a low cost and simple structure UWB antenna
with controllable triple band-notched characteristics and
an independent control of the width and the shifting of
the rejected bands. We propose a compact microstrip-fed
planar UWB antenna with modified stair cased V-shaped
radiating elements and partial ground plane. To simplify the
adjustment of the parameters of the rejected band structures
and to obtain high efficient band-notched characteristics,
three simple rejected band structures are investigated in this
paper. So, three frequency bands notched are achieved with
the investigation of these structures; the first rejected band
(1.6–2.66GHz) is achieved by inserting the vertical down C-
shaped slot in the ground plane, two others rejected bands
(3-4GHz and 5.13–6.03GHz) are realized by inserting two
vertical up C-shaped slots in the radiator patch. The desired
frequency notched bands can be easily achieved and flexibly
controlled by adjusting the total length of the corresponding
band-notched structure. The designed antenna with optimal
dimensions was prototyped and measured. A comparison
between experimental and simulated results of the voltage
standing wave ratio is achieved. The remaining of this paper
is organized as follows. Section 2 presents the configuration
of the proposed antenna; parametric study is investigated
in Section 3. The simulated and measured results are dis-
cussed in Section 4, and finally the conclusion is provided in
Section 5.

2. Antenna Configuration

Figure 1 shows the geometry of the proposed compact planar
UWB monopole antenna without rejecting band structures.
The proposed UWB antenna is located on the x–y plane
and the normal direction is parallel to 𝑧-axis. This antenna
is fabricated on a low-cost FR4 epoxy substrate with the
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Figure 3: The geometry of the proposed triple band-notched
antenna: (a) top view and (b) bottom view.

thickness of 1.6mm, relative dielectric constant of 4.4, and
loss tangent of 0.008. On the front surface of the substrate
of each UWB antenna, a modified stair cased V-shaped
radiating element is printed, fed by amicrostrip line 50Ωwith
3mm of width. The ground plane size is 31 × 11.5mm2, and
the distance between the radiating patch to the ground plane
printed on the back surface substrate is 0.5mm.

The simulated voltage standing wave ratio (VSWR) of the
reference UWB antenna without band-rejected is presented
in Figure 2. The parameters of the reference antenna are

Figure 4: Top and bottom view of the fabricated sample of the
proposed antenna.

optimized to get a VSWR that is less than 2 and to get
stable radiation characteristics throughout the frequency
band 2.1 GHz to upper than 30GHz.

To overcome the unwanted electromagnetic interferences
of UWB communication systems with WLAN and WiMAX
frequencies band, two half wavelength vertical up C-shaped
slots are inserted in the radiating patch with a half wave-
length vertical down C-shaped slot that is embedded in the
ground plane. The geometry of the proposed triple band-
notched antenna is depicted in Figure 3. The HFSS software
is employed to perform the design process.

The total length of each slot can be deduced by (1), which
is based on the author’s previous works like in [18]. The
slots resonate at the corresponding band notching frequency,
where its total length is equal to a half wavelength as follows:

𝐿Total =
𝑐

2𝑓notch√𝜀eff
, (1)

where

𝜀eff =
𝜀
𝑟
+ 1

2

. (2)

And 𝐿Total denotes the total length of the corresponding
slot; 𝜀eff is the effective dielectric constant of the substrate; and
𝑐 is the speed of light in free space.

3. Parametric Study

A parametric study of the proposed triple band-notched
UWB antenna was carried out in order to control the
band rejection operation. It is necessary to control the
notched bandwidths in practical application to obtain an
effective band-notchedUWBantenna.Therefore, the rejected
bandwidths based on the dimensions of the corresponding
notched band structure are studied. By adjusting the total
length of each slot to be about a half-wavelength at the desired
notched frequency, a destructive interference can take place,
and triple band-notched characteristics at 2.2/3.54/5.68GHz
frequencies center are achieved. Details of the influence of
each parameter on the proposed triple band-notched antenna
will be studied in this section. The discussed parameter is
changed, and the other parameters are kept unchanged.
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Figure 5: The simulated VSWR of the proposed antenna: effects of some parameters on the 2.2GHz band-notched function, (a) WS
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LS
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, (c) WS

11
.

3.1. Controlling the First Rejected Band Generated by the
Vertical down C-Shaped Slot. Figures 5(a), 5(b), and 5(c)
show the simulated VSWR with changing WS

13
, LS
11
, and

WS
11

on the 2.2GHz frequency center band. When WS
13

increases, the center of the first rejected band 2.2GHz shifts
slightly for lower frequencies side: from 2.37GHz for WS

13

= 2.5mm to 2.1 GHz for WS
13
= 4mm. We observe the same

effect when LS
11
increases: the center of the first rejected band

shifts slightly from 2.2GHz for LS
11
= 9.5mm to 2.16GHz for

LS
11

= 10.6mm. In addition, the lower rejected bandwidth
shifts slightly for lower frequencies sidewith increasingWS

11
:

from 2.2GHz for WS
11

= 13mm to 2GHz for WS
11

=
16.2mm. The first notched band width is decided by WS

13
,

LS
11
, and WS

11
. On the other hand, we can observe that the

parameters WS
13
, LS
11
, and WS

11
have small influences for

the two other rejected bands 3.54GHz and 5.68GHz.

3.2. Controlling the Second Rejected Band Generated by the
Upper Vertical up C-Shaped Slot. Figures 6(a), 6(b), and 6(c)
show the simulated VSWR with changing WS

21
, LS
21
, and

WS
23

on the second rejected band 3.54GHz. When WS
21

increases, the center of the second rejected band 3.54GHz
shifts for lower frequencies side: from 3.54GHz for WS

21
=

1.4mm to 2.6GHz for WS
21
= 5.9mm. We observe the same

effect when LS
21
increases: the center of the second rejected

band 3.54GHz shifts from 3.9GHz for LS
21

= 2.2mm to
3.54GHz for LS

21
= 4.7mm. In addition, the second rejected

bandwidth becomes wider when WS
23

increases, and the
center of the lower rejected band shifts for lower frequencies
side: the width of the lower rejected band increases from
0.45GHz for WS

23
= 10.8mm to 1GHz for WS

23
= 13.8mm.

From the discussion above, the parameters WS
21
, LS
21
, and

WS
23
are the most important parameters of second notched

bandwidth 3.54GHz, and it can be independently adjusted by
changing these three parameters. On the other hand, we can
observe that the parameters WS

21
, LS
21
, and WS

23
have very

small influences for the 2.2GHz and 5.68GHz rejected bands.

3.3. Controlling the Third Rejected Band Generated by the
Lower Vertical up C-Shaped Slots. Figures 7(a), 7(b), and
7(c) show the simulated VSWR with changing WS

31
, LS
31
,

and WS
33

on the third rejected band 5.68GHz. When WS
31

increases the center of the third rejected band shifts for
lower frequencies side: from 5.91 GHz for WS

31
= 2.4mm

to 5.48GHz for WS
31

= 3mm. We observe the same effect
when LS

31
increases: the center of the third rejected band

shifts from 5.82GHz for LS
31

= 0.65mm to 5.42GHz for
LS
31

= 1.55mm. In addition, the third rejected bandwidth
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Figure 6: The simulated VSWR of the proposed antenna: effects of some parameters on the 3.54GHz band-notched function, (a) WS
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Table 1: The optimized dimensions of the slots investigated in the proposed antenna.

Parameter WS13 LS11 WS11 WS21 LS21 WS23 WS31 LS31 WS33
Value (mm) 3.4 10 13 1.4 4.7 13.8 2.7 1.25 8.3

becomes wider when WS
33

increases, and the center of the
third rejected band shifts for lower frequencies side: thewidth
of the lower rejected band increases from 0.44GHz for WS

33

= 7.3mm to 1.18GHz forWS
33
= 8.3mm. From the discussion

above, we can control the shifted band-notched frequency
and the enhanced width of the third band notch 5.68GHz
by varying the parameters WS

31
, LS
31
, and WS

33
, and it can

be independently adjusted by changing these parameters. On
the other hand, we can observe that the parameters WS

31
,

LS
31
, and WS

33
have very small influences for the two lower

rejected bands 2.2GHz and 3.54GHz. In summary, the longer
the length of the slots and resonators gets, the lower the
notched band frequency becomes.

4. Results and Discussion

The proposed UWB antenna with triple band-notched char-
acteristics has been fabricated andmeasured.Thephotograph
of the prototyped antenna is shown in Figure 4. The opti-
mized dimensions of the band-notched structures used in
measurement are depicted in Table 1.

4.1. VSWR Measurement. Figure 8 shows the measured and
simulated voltage standing wave ratio (VSWR) results for
the proposed antenna with bands notched characteristics,
an excellent agreement between them is observed. It can
be seen that the measured notched frequencies and the
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Table 2: The rejected bands achieved with the proposed antenna.

Results Frequency bands
1st rejected band 2nd rejected band 3rd rejected band

Simulated 1.7–2.7GHz 3.04–4.04GHz 5.09–6.27GHz
Measured 1.6–2.66GHz 3-4GHz 5.13–6.03GHz
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Jsurf (A/m)
4.8594e + 002

2.6172e + 002

1.4095e + 002

7.5915e + 001
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2.2020e + 001

1.1860e + 001

9.9786e − 001

5.3742e − 001

2.8944e − 001

1.5589e − 001

8.3958e − 002
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Figure 9: The current distribution on the proposed antenna at (a) 2.2 GHz, (b) 3.54GHz, (c) 5.68GHz.

bandwidths for each of the notched band are very suitable to
suppress the disturbances fromWLANandWiMAX systems.
The measured frequency range covers commercial UWB
band (3.1–10.6GHz) and rejects three frequencies bands 1.6–
2.66GHz (49.76%), 3-4GHz (28.57%), and 5.13–6.03GHz
(16.12%); see Table 2.

4.2. Current Distribution. Figures 9(a), 9(b), and 9(c) show
the current distribution on our proposed antenna with
triple band-notched characteristics at frequencies 2.2 GHz,
3.54GHz, and 5.68GHz for the optimal design. A large
current distribution around the edges of the slots is observed.
In this case, destructive interference for the excited surface
currents in the antenna will occur, which causes the antenna
to be nonresponsive at those frequencies. At 2.2 GHz, a
large current that is distributed around the vertical down
C-shaped slot and a very small current that flowed along
the two other slots with vertical up C-shaped are seen,
which indicates that the changed dimensions of the vertical
down C-shaped slot embedded in the ground plane have no
effects on the two other upper rejected bands 3.54GHz and

5.68GHz. At 3.54GHz, the current distribution mainly flows
along the longest vertical up C-shaped slot embedded in the
radiating element, while the currents around the two other
slots are very small. In this way, the adjusted size for the
longest vertical up C-shaped slot embedded in the radiating
element does not affect the 2.2GHz and 5.68GHz frequency
bands. At 5.68GHz, the current distributions mainly flow
along the shortest vertical up C-shaped slot embedded in
the radiating element, while the currents around the other
two are very small. In this way, the adjusted size for the
shortest vertical up C-shaped slot embedded in the radiating
element does not affect the 2.2GHz and 3.54GHz frequency
bands.

4.3. Radiation Pattern. Figure 10 shows the normalized far-
field radiation patterns for the proposed antenna in two
principle planes at different operating frequencies 1.5 GHz,
4.5 GHz, 7.5 GHz, 8.5 GHz, and 10GHz. At higher frequen-
cies, the radiation pattern deteriorates because the equiv-
alent radiating area changes with frequency over UWB;
unequal phase distribution and significant magnitude of
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Figure 10: Radiation patterns at some frequencies: (a) x-z plane (H plane) and (b) y-z plane (E plane).
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Figure 11: Peak gain of the proposed antenna with and without
notched band structure.

higher order modes also play a part in the deterioration of
the radiation pattern. Omnidirectional characteristics and
radiation bandwidth can be improved if the ground plane
length is approximately the same size as that of the radiating
structure width. Also they can be further improved by
using a thin substrate or a substrate with low dielectric
constant [38].The proposed triple band-notched antenna has
nearly omnidirectional radiation characteristic in theHplane

copolar radiation pattern and becomes faintly directional
with increasing the frequency. The E-plane copolar radiation
patterns over operating frequencies are roughly symmetric
and have two main lobes. In addition, we can note that
the cross-polarization level plane increases marginally with
increasing the frequency.

4.4. Peak Gain. The comparison of the peak gain of the
proposed antenna with that of the one without band-notched
structures is shown in Figure 11. The peak gain of the
proposed triple band-notched antenna almost follows the
peak gain of the reference antenna without band-notched
structures over the UWB frequency band, except in the
notched bands.Three significant drops of the peak gain can be
observed in the operating frequency.The peak gain decreases
drastically to −6.23/−5.06/−3.20 dBi at around the notched
bands which demonstrates that the band-notched function is
good.

4.5. Group Delay and Transfer Function. Group delay is an
important parameter to characterize the degree of distortion
of the pulse signal for UWB impulse-based system. It is
desired that the group delay response is stable over the UWB
frequency band. In addition, the shape of the transmitted
pulse should not be distorted [39]. Two identical antennas are
arranged face to face at a distance of 30 cm which achieves
the far-field condition of the antenna. The group delay of
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Figure 13: Transfer function of the proposed triple band-notched
antenna.

the antenna system is shown in Figure 12. The group delay
variation of the proposed antenna is very small, which is less
than 1 ns in the pass band. However, in the notched bands,
the group delay exceeds 5.5 ns.The characteristic of the group
delay indicates that the phase of the antenna is linear in
the far field and the pulse signal is not distorted between
transmitting and receiving antennas in the pass band. The
magnitude of the transfer function has also little variation
over the operating band except in the notched bands, as
shown in Figure 13. Apart from the notched bands, the group
delay and transfer function show slightly small variations,
indicating that the proposed design is suitable for UWB
applications.

At last, in order to reduce potential interferences between
UWB systems with WiMAX and WLAN systems, we have
exploited three notched bands structures in a proposedUWB
antenna for rejecting three frequency bands and adjusting of
their parameters influencing only the related rejected band;
the rest of the UWB frequency band remains unaffected
which offers an autonomous selection and control of the
rejected band and bandwidth.

5. Conclusion

To minimize the potential interferences between the UWB
communication systems with the WiMAX and WLAN sys-
tems, simple, low cost, and compact printed monopole

antenna with controllable triple band-notched characteristics
is proposed and investigated. Two different vertical up C-
shaped slotswith a vertical downC-shaped slot are embedded
in the radiating patch and in the ground plane, respectively,
for rejectingWiMAXandWLAN frequency bands. By simply
adjusting the total length and width of the corresponding
band-notched structure, the rejected frequency bands can
be independently controlled. Finally, a UWB antenna with
controllable triple band rejected characteristics is successfully
simulated, prototyped, and measured, showing a near omni-
directional radiation pattern, a stable peak gain, and small
group delay and transfer function variation over the whole
band except in the notched frequency bands. Consequently,
the advantages of simple structure, compact size, easy to
fabricate, and excellent performances make this antenna a
good candidate for practical UWB applications.
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A novel ultrawide band (UWB) antenna with dual band-notched characteristics is presented. The first band rejection is provided
by an arc H-shaped slot on the radiating patch. The parametric study of the arc H-shaped slot shows that this structure enables
rejectband characteristic with improved control compared to traditional H-shaped slot. Based on the single band-notched UWB
antenna, the second notched band is realized by etching narrow slots on the ground plane. By tuning the parameters of these slots,
the proposed UWB antenna can operate from 2.9GHz to above 10GHz, except for the bandwidth of 3.3–3.6GHz for WiMAX
application and 5.1–5.9GHz for WLAN application. Simulated and measured results show that the proposed antenna provides
excellent band rejection and is a good candidate for future UWB application.

1. Introduction

Since commercial ultrawide band (UWB) systems which
work from 3.1 GHz to 10.6GHz are allowed by Federal Com-
munication Commission (FCC) [1], the technology of UWB
is concerned by academia and industry due to its candi-
date for various applications. As an essential part of the
UWB system, the UWB antenna, has drawn heavy attention
from researchers. Due to broad bandwidth, low cost, and
good radiation characteristic, the global approaches of UWB
antenna [2–4] are increasing quickly.

In order to avoid interference of service that work in the
UWBband, such as the subband 5.1–5.9GHz forWLANband
andWiMAXoperating in the 3.3–3.6GHz, theUWB antenna
with band-notched function is desirable. Various methods
for designing band-notched UWB antenna have been pre-
sented and reported. Designs of using parasitic stubs as
resonators to achieve band-notched function were presented
in [5–8]. In [5], single band-notched and multiband-notched
antennas have been implemented by integrating wideband
planar monopole antennas with various types of microstrip
resonator. In [6], band-notched function of the circle ring
antenna was achieved by introducing a tuning stub inside
the ring monopole. A monopole antenna with band-notched

function using a complex resonator was presented in [7]. A
printed monopole antenna with controllable band-notched
performance for UWB applications was presented in [8]. Its
band-notched characteristic is achieved by embedding two
shorted rectangular resonators.

In the designs above, the structure of these antennas
cannot be compact enough due to the use of parasitic
stubs as resonators. In order to make the structure of the
band-notched antenna more compact, etching slots such
as C-shaped, T-shaped, E-shaped, and H-shaped slots on
the radiating patch or on the ground plane were used to
achieve band-notched function [9–15]. Designs of single
band-notched UWB antennas were presented in [9–13]. In
[9], the characteristics of the on-ground band-notched struc-
tures were analyzed in detail providing designers with useful
information and flexibility for the realization of specialized
band-notched antennas. In [10], characteristic modes have
been used to analyze the behavior of an UWB antenna with a
narrowband slot embedded in its planar geometry. It has been
shown that the notched-band is caused by the slot resonance,
and the intensity of the rejection depends on how much
the current distribution of different antenna modes is dis-
turbed. By using a modified shovel-shaped defected ground
structure, a band-notched characteristic is achieved in [11]. A
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Figure 1: Geometry of the UWB antenna: (a) top view, (b) bottom view.
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frequency-reconfigurable planar antenna with two inverted
S-shaped slots was presented in [12]. This antenna can be
widely used in the dual-band WLAN systems and the UWB
systems. In addition, a complete designmethod for a compact
uniplanar UWB antenna with subband rejection capability
is presented in [13]. In order to avoid the interference from
services which work in different frequency band, dual band-
notched UWB antennas were presented [14, 15]. In [14], the
dual band-notched function was achieved by etching one
quasi-complementary split-ring resonator in the feed line. In
[15], by cutting two L-shaped slits and an E-shaped slot with
variable dimensions on the radiating patch dual band-notch
characteristics generated and also by inserting a V-shaped
strip on the groundplane, additional resonanceswere excited,
and hence much wider impedance bandwidth was produced,
especially at the higher band.

LH0

RH

a

LH1

Figure 3: Geometry of the arc H-shaped slot.

The designed antennas above feature wide operating
bandwidth and good band-notched function, but they lack
powerful control of tuning the centre frequency of the
notched-band. To overcome this weakness of the above
designs, a novel UWB antenna with dual band-notched char-
acteristics is proposed in this paper by employing an arc H-
shaped slot on the radiating patch and etching narrow slots on
the ground plane. The proposed antenna can operate within
an ultrawide band from2.9GHz to above 10GHz.At the same
time, the antenna can avoid the interference from WiMAX
and WLAN applications. The rest of the paper is organized



International Journal of Antennas and Propagation 3

8

6

4

2

VS
W

R

2 4 6 8 10 12

Frequency (GHz)

Figure 4: Simulated VSWR of the single band-notched antenna.

3.0000e + 002

2.7857e + 002

2.5714e + 002

2.3571e + 002

2.1429e + 002

1.9286e + 002

1.7143e + 002

1.5000e + 002

1.2857e + 002

1.0714e + 002

8.5714e + 001

6.4286e + 001

4.2857e + 001

2.1459e + 001

0.0000e + 000

Jvol [A per m2]

(a)

3.0000e + 002

2.7857e + 002

2.5714e + 002

2.3571e + 002

2.1429e + 002

1.9286e + 002

1.7143e + 002

1.5000e + 002

1.2857e + 002

1.0714e + 002

8.5714e + 001

6.4286e + 001

4.2857e + 001

2.1459e + 001

0.0000e + 000

Jvol [A per m2]

(b)

3.0000e + 002

2.7857e + 002

2.5714e + 002

2.3571e + 002

2.1429e + 002

1.9286e + 002

1.7143e + 002

1.5000e + 002

1.2857e + 002

1.0714e + 002

8.5714e + 001

6.4286e + 001

4.2857e + 001

2.1459e + 001

0.0000e + 000

Jvol [A per m2]

(c)

Figure 5: Surface current distribution of the antenna: (a) 3.2 GHz, (b) 3.7 GHz, and (c) 5GHz.
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as follows. In Section 2, the antenna design is first discussed.
The simulation is carried out using Ansoft High Frequency
Structure Simulator (HFSS). In Section 3, advantages of the
arc H-shaped slot compared with traditional H-shaped slot
are presented. In Section 4, simulation and measurement
results are presented to validate the performance of the
proposed antenna. Finally, the conclusion is provided in
Section 5.

2. Antenna Design

2.1. Single Band-Notched UWB Antenna Design

2.1.1. UWB Antenna. As shown in Figure 1. The referance
antenna [4] uses FR4 substrate with the dimensions of 35.5 ×
30× 1.6mm3, relative permittivity 𝜀

𝑟
= 4.4.The antenna is fed

by a CPW line which is designed for 50Ohm characteristic
impedance. Figure 1(a) shows the top view of the antenna; the
planar circular disc monopole is fabricated on the substrate.
The radius of the radiating patch is R (R = 10mm), and the
width of the feed line is𝑊

𝑔
(𝑊
𝑔
= 3mm). Figure 1(b) shows

the rear of the antenna; the length of the ground plane is 𝐿
1

(𝐿
1
= 15mm). The top corners with the parameter 𝐺 (𝐺 =

5mm) are removed to improve the bandwidth of the antenna
[4]. Two rectangular slots are removed to adjust the antenna
impedance and reduce the return loss [4]. 𝐻

𝑠
(𝐻
𝑠
= 3mm)

and 𝑊
𝑠
(𝑊
𝑠
= 5mm) denote the length and width of the

rectangular slots, respectively. The ground plane is reshaped
as letter “T”, for 𝑊

𝑡
= 12mm, 𝐻

𝑡
= 4mm. The simulated

VSWR result of the UWB antenna is shown in Figure 2; it can
be seen that the antenna could operate from 3.5GHz to above
12GHz with VSWR less than 2.

2.1.2. Single Band-Notched UWBAntenna. Before developing
the dual band-notchedUWBantennas, we need to investigate
the method generating the single notched band. In order to
achieve band-notched function, we employ an arc H-shaped

slot on the circular radiating patch. The arc H-shaped slot is
removed from the centre of the radiating patch. As shown in
Figure 3, the shape of the slot is designed as an arc letter “H.”
𝑅H denotes the radius of the outer circular arc. 𝐿H0 denotes
the distance between outer arc and inner arc. The simulation
is carried out using HFSS. The optimized slot dimensions
are as follows: 𝑅H = 8mm, 𝐿H0 = 3.2mm, 𝐿H1 = 2mm, and
𝛼 = 𝜋/4. It can be seen in Figure 4 that the simulated VSWR
of the antenna is larger than 2 from 3.2GHz to 4.2GHz
acting as a stopband, meaning that this antenna can avoid the
interference from IEEE 802.16 WiMAX application.

The simulated results of surface current distribution for
the antenna at the passband (3.2 GHz, 5GHz) and at the
rejectband (3.7 GHz) are given in Figure 5. It can be seen that
the surface current distribution is very strong at the feed line
and the surface current is highly concentrated at the arc H-
shaped slot in Figure 5(b), but the situations are different in
Figures 5(a) and 5(c). These clearly show the positive effects
of the slot upon obtaining the band-notched characteristics.
It is noted that theUWBantenna cannotwork at the stopband
(3.7 GHz) because of the effect of the arc H-shaped slot
resonator. The impedance 𝑍 of the antenna versus frequency
is given in Figure 6 to show the band-notched function of
this antenna. The input resistance should be around 50Ohm
and the input reactance should be around 0Ohm when the
antenna is operating at the passband. At the stopband, their
values largely deviate from the nominal values.

2.2. Dual Band-Notched UWB Antenna Design. The high
frequency band-notched function is designed to avoid the
other band such as WLAN operating from 5.1 to 5.9GHz. To
achieve this function, we etch a couple of narrow slots on the
ground plane. Figure 7 shows the geometry of the antenna;
the top view of this antenna and the slots on the ground plane
are given in Figures 7(a) and 7(b), respectively.The simulated
results show that the optimized slot dimensions are as follows:
𝑊
𝑑
= 0.5mm, 𝐿

𝑑
= 7.5mm, and 𝑆 = 0.2mm.TheVSWR result

is shown in Figure 8; it can be seen that the antenna could
not operate from 5.1 GHz to 6GHz as a stopband. The centre
frequency of the stopband, given the dimensions of the band-
notched feature, can be postulated as [16]

𝑓notch =
𝑐

4𝐿

√(𝜀
𝑟
+ 1) /2

. (1)

Let 𝐿 = 𝐿
𝑑
+ 𝑊
𝑑
; 𝜀
𝑟
is the effective dielectric constant,

and c is the speed of light. The lengths of the slot have great
effects on the band rejection performance and should be
tuned carefully. By varying the length of parameter 𝐿

𝑑
, we

could control the length of 𝐿 to tune the centre frequency of
the stopband.

Based on the single band-notchedUWBantenna, the dual
band-notched function is investigated, and the geometry of
the antenna is given in Figure 9. Figure 10 shows the simu-
lated VSWR result of the dual band-notched UWB antennap;
it can be observed that the proposed antenna bandwidth with
good stopband rejection, the band-notched characteristic
of low frequency formed by the arc H-shaped slot on the
radiating patch, and the band-notched characteristic of high
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Figure 7: Geometry of the high frequency band-notched antenna: (a) top view, (b) narrow slot on the ground plane.
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Figure 8: Simulated VSWR of the high frequency band-notched
UWB antenna.

frequency formed by the narrow slots on the ground plane
hardly interfere with each other. Figure 11 shows that the
centre frequency of the stopband shifts down as 𝐿

𝑑
increases.

The impedance 𝑍 of the dual band-notched UWB antenna is
displayed in Figure 12, which shows that the input resistance
and the input reactance keep the nominal value when the
antenna working on the passband. It shows that the proposed
antenna is suitable for UWB applications.

According to the impedance 𝑍 of the dual band-notched
UWB antenna shown in Figure 12, the approximate equiva-
lent circuit of the proposed antenna is presented in Figure 13.
The arc H-shaped slot on the radiating patch and narrow
slots on the ground plane can be modeled by two circuit-
resonance stubs at different positions in a transmission line
model. At the passband, neither of the stubs has any effect

Figure 9: Geometry of the proposed antenna.

in generating notched bands. On the 3.7GHz band-notched
characteristic, stub 1 makes the circuit resonate. Therefore,
stub 1 behaves as a parallel resonator with an unusual input
impedance 𝑍 (i.e., the input resistance is much larger than
50Ohm, and the input reactance is not equal to 0Ohm),
causing a total impedance mismatch between the feed line
and the radiating patch. As a result, VSWR of the antenna
in this frequency band becomes greater, and the first notched
band is created. On the 5.7GHz band-notched characteristic,
stub 2 works similarly as stub 1. The input impedance 𝑍
becomes unusual; stub 2 operates as a parallel resonator in
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Figure 10: Simulated VSWR result of the proposed antenna.
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Figure 11: Effect of length of the narrow slot.

the circuit. Essentially, the dual band-notched function is
achieved by these resonators.

3. Advantages of the Arc H-Shaped Slot

Traditional H-shaped slot is designed as follows. The geom-
etry and parameters of the H-shaped slot are shown in
Figure 14. Through the parametric study [17], the effects
of H-shaped slot parametric variation on stopband centre
frequency are presented in Table 1 [17]. It can be seen that
stopband centre frequency can be tuned effectively only by
varying parameter𝑊

𝑆1
.

In the proposed antenna, the first rejectband centre
frequency is mainly determined by the dimensions of the
parameters of the arc H-shaped slot. In order to show the
advantages of the arc H-shaped slot, the parametric effects
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Figure 12: Impedance 𝑍 of the proposed antenna versus frequency.
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Figure 13: Approximate equivalent circuit of the proposed antenna.
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Figure 14: geometry and parameters of the H-shaped slot.
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Figure 16: Effect of parameter 𝐿H0.

(𝑅H, 𝐿H0, 𝐿H1, and 𝛼) of the slot are analyzed to show the
advantages of the novel design.

On the 3.7 GHz band-notched characteristic, the effect
of parameter 𝑅H is simulated and shown in Figure 15. The
dimensions of the arc H-shaped slot are 𝐿H0 = 3.2mm, 𝐿H1
= 2mm, and 𝛼 = 𝜋/4; we can be informed that centre
frequency of the band changes from3.2GHz to 4.4GHzwhen
parameter 𝑅H varies from 7mm to 9mm. It can be seen
that the centre frequency of the stopband shifts down as 𝑅H
increases. The notch frequency is heavily dependent on this
parameter.

The slot dimension 𝐿H0, varies, for 𝑅H = 8mm, 𝐿H1 =
2mm, and 𝛼 = 𝜋/4. The simulated VSWR of Figure 16 shows
that frequency band notch varied from 3.7GHz to 4GHz
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Figure 17: Effect of parameter 𝐿H1.

10

8

6

4

2

Frequency (GHz)

VS
W

R

2 4 6 8

𝛼 = 𝜋/3

𝛼 = 𝜋/4

𝛼 = 𝜋/6

Figure 18: Effect of parameter angle 𝛼.

as 𝐿H0 increases. Relatively, the notch frequency shows light
dependence on 𝐿H0.

Figure 17 shows the simulated VSWR of the effect of
parameter 𝐿H1. It can be seen that the centre frequency varies
from 3.6GHz to 4.6GHz as 𝐿H1 varies from 2mm to 4mm.
The simulated VSWR in Figures 16 and 17 illustrate that the
slot dimension 𝐿H0 has a smaller effect on notch frequency
than the parameter 𝐿H1. It can be informed that the centre
frequency is heavily dependent on parameter 𝐿H1 (𝑅H =
8mm, 𝐿H0 = 3.2mm, and 𝛼 = 𝜋/4).

In addition, another important parameter 𝛼 is analyzed
below. The effect of angle 𝛼 is simulated and shown in
Figure 18. The slot dimension 𝛼, varies, for 𝑅H = 8mm, 𝐿H0
= 3.2mm, and 𝐿H1 = 2mm. It can be seen that the centre
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Figure 19: Photograph of the proposed antenna.
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Figure 20: Simulated and measured VSWR results of the proposed
antenna.

frequency of the stopband changes from 3.2GHz to 4.5GHz
as angle 𝛼 varies from 𝜋/6 to 𝜋/3. The simulated results
show that a large shift in notch frequency took place with no
other significant changes, so angle 𝛼 is also one of the most
important factors of tuning the centre frequency.

In conclusion, the effects of arc H-slot parametric varia-
tion on stopband centre frequency are presented in Table 2.
It can be seen that the band-notched frequency is heavily
dependent on parameters 𝑅H, 𝐿H1, and angle 𝛼 and is lightly
dependent on parameter 𝐿H0. It can be easy to observe that
the notch frequency can be tuned efficiently by changing
any parameter except 𝐿H0. Relative to the conventional H-
shaped slotwhich can only change the length of the parameter
𝑊
𝑆1

[17], the desirable notch frequency can be achieved
by varying one or more parameters of the arc H-shaped
slot. Due to the characteristics of the arc H-shaped slot, the

Table 1: The effects of H-shaped slot parametric variation on
stopband centre frequency [17].

Parameters Stopband centre frequency
𝐿
𝑆1

Light dependence
𝐿
𝑆2

Light dependence
𝑊
𝑆1

Heavy dependence
𝑊
𝑆2

No dependence

Table 2: The effects of Arc H-shaped slot parametric variation on
stopband centre frequency.

Parameters Centre frequency
changes per 2mm

Stopband centre
frequency

𝑅H 1.2 GHz Heavy dependence
𝐿H0 0.3 GHz Light dependence
𝐿H1 1 GHz Heavy dependence

𝛼
1.3 GHz (𝛼 varied
from 𝜋/6 to 𝜋/3) Heavy dependence

antenna provides easier tuning of the band-notched function.
Through the analysis of the parameters of the arc H-shaped
slot, advantages of the proposed antenna are presented.

4. Results and Discussion

The photograph of fabricated dual band-notched UWB
antenna is shown in Figure 19. A rectangular finite FR4
board is used for manufacture. The circular radiating patch
is supported by an SMA connector. Figure 20 shows the
simulated and measured VSWR results of the dual band-
notched UWB antenna, it can be seen that the measured
VSWR agrees well with the simulated result. The fabricated
antenna covers the frequency range for UWB systems from
2.9GHz to above 10GHz with rejection bands around 3.3–
4.2GHz and 5.2–5.9GHz. The discrepancy between the
simulated andmeasured results could bemainly due to errors
in processing and effect of the SMA connector. In order
to confirm the accurate VSWR for the designed antenna,
it is recommended that the manufacturing and measuring
process should be performed carefully.

The antenna is usually required to have an omnidirec-
tional radiation concerning the UWB applications. The sim-
ulated and measured radiation patterns at 3.2 GHz, 5GHz,
and 8GHz are illustrated in Figures 21(a), 21(b), and 21(c);
we can see that the measurements and the simulations
show good agreement. The main purpose of these radiation
patterns is to demonstrate that the antenna actually radiates
over a wide frequency band. At the passband frequencies
out of the notched bands, the antenna needs to have good
omnidirectional radiation patterns. As shown in the figure,
the radiation patterns in the 𝑦𝑧-plane look like an “8” shape
and in the 𝑥𝑧-plane they are nearly round-shaped. It is
noted that the proposed antenna gives nearly omnidirectional
radiation patterns in the H-plane (𝑥𝑧-plane) and E-plane
(𝑦𝑧-plane) at the passband.
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Figure 21: Measured and simulated radiation patterns of the proposed antenna: (a) 3.2 GHz, (b) 5GHz, and (c) 8GHz.

In addition, the total efficiency versus frequency of
the proposed antenna is given in Figure 22. The proposed
antenna should exhibit two sharp efficiency decreases at
3.7 GHz and 5.6GHz. According to the figure, the range of
the measurements is from 3GHz to 10GHz; the efficiency
decreases sharply at the notched frequency band because of
the resonators of the proposed antenna. At the passband, the
efficiency remains at high level. It is clear from the results that
the antenna cannot operate at the rejectband and can work
efficiently at the passband.

5. Conclusions

A novel UWB antenna with dual band-notched function has
been proposed and analyzed in this paper. The primitive

UWB antenna is fabricated on a FR4 substrate. An arc H-
shaped slot etched on the radiating patch and narrow slots
etched on the ground plane are used to achieve the dual
band-notched function. The parameters of the arc H-shaped
slot are analyzed to show the advantages of the proposed
antenna which provides improved control of tuning the
centre frequency of the rejectband. The bandwidth of the
low frequency band-notched antenna formed by the arc H-
shaped slot and the bandwidth of the high frequency band-
notched antenna formed by the narrow slots do not interfere
with each other. The results of surface current distributions
and the input impedance show that the designed antenna
bandwidth with good band rejection is presented. Nearly
omnidirectional radiation patterns and desirable efficiency of
the antenna which could be observed by the simulated and
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measured results are also presented to verify the satisfactory
performance of the proposed antenna.
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This paper presents a novel dual-band planar inverted-e-shaped antenna (PIEA) using defected ground structure (DGS) for
Bluetooth and wireless local area network (WLAN) applications. The PIEA can reduce electromagnetic interferences (EMIs) and
it is constructed on a compact printed circuit board (PCB) size of 10 × 5 × 4mm3. Experimental results indicate that the antenna
with a compact meandered slit can improve the operating impedance matching and bandwidths at 2.4 and 5.5GHz.The measured
power gains at 2.4 and 5.5GHz band are 1.99 and 3.71 dBi; antenna efficiencies are about 49.33% and 55.23%, respectively. Finally,
the good performances of the proposed antenna can highly promote for mobile device applications.

1. Introduction

In recent years, wireless local area networks (WLANs) have
tremendously advanced. The WLAN facilitates the wireless
connection between laptop computers, mobile devices, and
other equipment within a local area. Small volume antennas
are highly attractive for Bluetooth and wireless local area
network (WLAN)/worldwide interoperability mobile access
(WiMAX) applications [1–4]. Additionally, the frequency
bands located around 2.4GHz and 5GHz have been widely
used in Bluetooth and WLAN/WiMAX simultaneously. A
multiband antenna is thus more efficient than multiple
antennas specifically designed to operate on each frequency
band.

Dual-band antennas, composed of a pair of dipoles or
of a T-shaped monopole, have been presented to cover the
frequency band of 2.4 and 5GHz in [5, 6]. According to [7–
15], the meander slit antenna includes many basic folded ele-
ments in various patterns and it can produce various resonant
frequencies markedly lower than resonances frequency of a
single-element antenna under the same length. Apparently,
owing to the various current cancellation and reinforcements,
a larger number of higher resonances frequencies can occur
on a meander monopole antenna than on a simple monopole
of the same length [7–11]. The antenna with a meandered

slit can reduce the tag sizes. Moreover, meandered slit can
use open-end slots in the ground plane, generally located
under the radiating patch. The size reduction method is
highly promising for implementing practical antenna. Previ-
ous work [12–15] described the feasibility of using a slotted
ground plane for broadening the operational bandwidth of a
small terminal antenna.

Additionally, due to their small size, the planar inverted-
F antennas (PIFAs) or monopole antennas have a narrow
bandwidth, especially at 5GHz band. Numerous dual-band
designs have been developed for WLAN and Bluetooth
applications [16, 17]. Our previous studies have established
that dual-band F-shaped monopole antennas are character-
ized by a simple geometrical structure that assures a small
volume, a low cost, and a simple integration on a circuit
board, as required by the modern handset terminals [18, 19].
Recent studies have also demonstrated the effectiveness of
the WLAN antennas using an inverted-F strip integrated
on the circuit board of a communication device in further
reducing the antenna volume and decreasing the fabrication
cost. Therefore, owing to its sufficient bandwidth, radiation
efficiency, power gain, and electrostatic discharge (ESD) pro-
tection, the PIFA is highly attractive for WLAN applications
[20].
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Figure 1: Proposed dual-band meander inverted-e-shaped antenna.

This work presents a planar inverted-e-shaped antenna
(PIEA) based on a flaw earth structure to increase the band-
width of PIFA.The shape of the antenna resembles that of the
inverted alphabet e, explaining why the antenna is referred
to as an e antenna. The radiating part is shorted with the
ground plane to reduce the antenna size. Moreover, with its
satisfactory gain, the proposed PIEA can be accommodated
in small card shaped areas for different compact wireless
systems. The proposed antenna can also be considered as
a miniaturized and low-cost antenna model, applicable for
many small wireless systems requiring an omnidirectional
radiation pattern.

2. Antenna Design

Figure 1 shows the configuration of proposed dual-band
inverted-e-shaped antenna. All of the electromagnetic anal-
yses have been performed using a software package of Ansoft
high frequency structure simulator (HFSS), based on the
three-dimensional finite element method (3D FEM).The size
of a ground plane is 70 × 40mm2 considered as the printed
circuit board (PCB) of a practical handset, and the metal is
only printed on the front surface of an FR-4 substrate with
relative permittivity 4.6 and height of 0.8mm. The antenna
has a compact size of 10 × 5 × 4mm3. Figure 2 shows the
geometrical configuration with the designed shapes of L, U,
and e. Figures 2(a), 2(b), and 2(c) show the top view of the

designed antenna size, where𝑊
1
= 10mm,𝑊

2
= 9mm,𝑊

3
=

7.75mm,𝑊
4
= 7.15mm,𝐿

1
= 5mm,𝐿

2
= 3.5mm,𝐿

3
= 2.5mm,

𝐿
4
= 0.65mm, 𝑆

1
= 0.5mm, 𝑆

2
= 0.25mm, 𝑆

3
= 0.25mm, 𝑆

4

= 0.25mm, and 𝑆
5
= 0.7mm. In addition, the meander slit e-

shaped structure can obtain the resonance at 2.4 and 5.8GHz
in the small area. The structure causes the cancellation of the
current due to the length of the proposed antenna longer than
the quarter free-space wavelengths (31.25mm) at 2.4GHz,
which results the total length is 41mm. According to the
side view of the designed antenna shown in Figure 2(d), the
distance of 𝐷 between the feeding point and the shorting
point is 4.5mm, while the distance between the ground plane
and the radiating structure is 4mm.

The conventionalmeandered slit antenna produces a wire
configuration presenting capacitive and inductive reactance
effects, which mutually cancel out each other. Resonance
frequencies are therefore produced at markedly lower fre-
quencies than those in the case of straight wire antenna of
the same height at the expense of a narrow bandwidth and
low gain, especially when the antenna must be arranged in
a surface of few square centimeters. The proposed planar
inverted-e-shaped antenna (PIEA) uses a meander slit with
a DGS, in which an “e” folding of the meandered slit
confers to the radiating structure which differs from that of
a conventional straight dipole of the same length. Moreover,
the lowest resonant frequency can be tuned using the same
tuning elements.
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Figure 3: The geometry of the designed top view of proposed DGS.

As mentioned earlier, the proposed antenna consists of
an inverted-e-shaped meander slit with a rectangular DGS.
Figure 3 schematically depicts the proposed DGS. A previous
work [12–15] has shown that the size and shape of the chassis
could play a significant role in broadening the bandwidth
of a terminal antenna. This means that slits in a ground
plane could facilitate efforts to optimize the bandwidth of the
antenna.

Figure 4 shows the simulation S-parameters for the
various antenna shapes of L, U, and e. It is clearly observable

that the return loss is changed for three designs. In the U-
shaped structure, slit is added to lengthen the path of the
average current for the resonance frequency at 3 and 7.4GHz.
In the e-shaped structure, the small area can obtain the
resonance at 2.4 and 5.99GHz.

The simulated real and imaginary impedance of pro-
posed PIEA without DGS in the ground plane are shown
in Figures 5(a) and 5(b). In order to change the resonant
frequencies, we adjust the capacitor and inductor parameters,
in the antenna circuit. Moreover, the real and imaginary
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Figure 5: Simulation results of proposed slit shaped (a) real and (b) imaginary impedance.

impedance part of its admittance are approximately 50 and
0Ohm, respectively, according to simulation results.

The simulated results of the antenna are shown in Figure 6
by the tuned parameters of D in Figure 2(d) and Dw in
Figure 3, respectively. From Figure 6(a), we can see that
the optimal distance of D is 4.5mm to obtain the better
impedance matching. Moreover, the better bandwidth can be
achieved to adjust the distance of Dw at 1.5mm as shown in
Figure 6(b).

Figure 7 shows the simulated reflection coefficient 𝑆
11
of

proposed PIEA without DGS and with DGS in the ground
plane. According to this figure, the proposed antennawithout
DGSpresents two resonant peaks (see dotted line in Figure 7).
In particular, the first peak appears at about 2.45GHz with

a return loss of −11 dB, while the second peak appears at
5.99GHz where a return loss of about −27 dB is found.
From Figure 7 it appears that a bandwidth of 0.63GHz
(5.6–6.23GHz) is obtained only in the neighborhood of
5.99GHz. A different frequency behavior is observed for the
radiating structure equipped with DGS. In fact, in this case
the two peaks in the curve of the return loss (solid line in
Figure 7) are equal to about −14.9 dB at 2.4GHz and about
−18.2 dB at 5.62GHz, respectively. The bandwidths of these
frequencies are approximately 0.06 (2.39–2.45) and 0.9 (5.22–
6.12) GHz, respectively. Numerical results indicate a fairly
good impedance matching of the proposed PIEA with DGS,
excellent broadband characteristics, and enhanced resonant
performances.
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3. Results and Discussion

To demonstrate the performances of the proposed PIEA, a
prototype antenna which is performed by numerical simu-
lation has been realized as shown in Figure 8. Constructed
on a FR4 substrate having 𝜀 = 4.6 and height = 0.8mm,
the fabricated antenna was measured in 3D anechoic cham-
ber using the Agilent E5071C Network Analyzer. Figure 9
shows the simulated and measured reflection coefficients
𝑆
11
. The measured bandwidths at return loss of −10 dB

are 83 and 675MHz at the center frequency of 2.44 and
5.5GHz, respectively. This figure reveals that the measured
reflection coefficient of 𝑆

11
is rather close to the simulation

results of 𝑆
11
. Above results indicate that the antenna is well

matched to 50Ω presenting bandwidths that are adequate for
applications working at 2.4 and 5.5GHz.

Figures 10(a) and 10(b) display the surface current distri-
butions of the proposed antenna at the working frequency
of 2.4 and 5.5GHz, respectively. Figure 10 indicates that a
stronger current distribution in an inverted-e-shaped stub
than any other area implies, for the antenna impedance
matching, a closer relation of the voltage to the current at the
input to the antenna.

Figure 11 shows the measured 2D radiation power pat-
terns in the X-Z and X-Y plane at 2.402, 2.441, 2.45,
2.48, and 5.5GHz band. The proposed antenna has an
almost monopole-like of radiation pattern in the X-Z (cross-
polarization) and X-Y (co- and cross-polarization) plane
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Figure 8: Numerical simulation and experimental measurement return losses for the proposed PIEA with DGS.
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Figure 11: Continued.
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Figure 11: The measured 2D radiation patterns of the proposed antenna.

due to the meander slit of a full-wavelength radiator. The
antenna also exhibits a better directivity radiation power
gain pattern at X-Z (copolarization) plane. Our proposed
antenna is an asymmetric architecture from the current
distributions shown in Figure 10(a). The reference direction
is along the direction of maximum current in the radiating
structure and a stronger radiation pattern can produce on
the copolarization. The obtained radiation patterns are near
omnidirectional in X-Z plane, and the radiation patterns
exhibit monopole-like patterns in the X-Y plane. Above
experimental results indicate that the maximum antenna
power gains at 2.4 and 5.5GHz band are 1.99 and 3.71 dBi;
in addition, antenna efficiencies are 49.33 and 55.23%,

respectively. Measurement results demonstrate that the radi-
ation characteristics of the proposed antenna at the operating
frequencies of 2.4 and 5.5GHz are quite stable.Themeasured
peak gain and antenna efficiency for the e-shaped antenna
are plotted in Figure 12. The peak gain is about 2∼2.2 dBi
for the lower band and 0.9∼3.7 dBi for the upper band.
The antenna efficiency is about 40% for the lower band
and 40∼55% for the upper band. In general, the measured
radiation patterns of horizontally polarized omnidirectional
cover complementary space regions.Therefore, the proposed
antenna can provide pattern diversity in a wireless communi-
cation system.The proposed antenna can satisfy the required
specifications of fixed and mobile devices.
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4. Conclusion

A novel planar compact meander inverted-e-shaped antenna
with a DGS size of 10 × 5 × 4mm3 in the ground plane
has been presented. The proposed antenna with DGS can
enhance the antenna performance in terms of its suppressed
broadened impedance bandwidth. The measured antenna
efficiencies at 2.4 and 5.5GHz are about 49.33 and 55.23%,
respectively. Additionally, experimental results correlate well
with the simulation results. Moreover, desired characteristics
such as excellent radiation patterns, moderate antenna gain,
and low cost make the proposed antenna highly promising
for Bluetooth and WLAN/WiMAX applications.
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A compact printed ultrawideband (UWB) diversity antenna with a size of 30mm × 36mm operating at a frequency range of 3.1–
10.6GHz is proposed. The antenna is composed of two semielliptical monopoles fed by two microstrip lines. Two semicircular
slots, two rectangular slots, and one stub are introduced in the ground plane to adjust the impedance bandwidth of the antenna
and improve the isolation between two feeding ports. The simulated and measured results show that impedance bandwidth of the
proposed antenna can cover the whole UWB band with a good isolation of < −15 dB. The radiation patterns, peak antenna gain,
and envelope correlation coefficient are also measured and discussed.Themeasured results show that the proposed antenna can be
a good candidate for some portable MIMO/diversity UWB applications.

1. Introduction

Ultrawideband (UWB) communication systems attract great
attention in the wireless world because of their advantages,
including high speed data rate, extremely low spectral power
density, high precision ranging, low cost, and low complex-
ity, since the Federal Communication Commission (FCC)
allowed 3.1–10.6GHz unlicensed band for UWB communi-
cation [1]. Multiple input and output (MIMO) antennas used
in UWB systems can improve systems’ performance such as
providing increased data rates and making increased range
available through beam forming [2]. Antenna diversity is a
well-known technique to enhance the performance ofMIMO
systems by mitigating the multipath fading and cochannel
interference [3–5].Thus, aMIMO/diversity antenna covering
UWB band and having good radiation patterns and diversity
performance has become the focus of wireless communi-
cations [6–10]. However, the operating frequency of the
antennas in [6–10] cannot cover the whole band of 3.1–
10.6GHz and the size of the antenna in [6–8] is relatively
large. Recently, anUWBdiversity antenna covering thewhole
UWB and having a small size has been presented in [11]. The
proposed antenna has a size of 35mm × 40mm, and a good
isolation better than −16 dB has been achieved through a

tree-like structure introduced in the ground plane. However,
the size of the antenna in [11] is still relatively large and a
complicate tree-like structure should be designed to weaken
the mutual coupling between twomonopoles due to the close
distance between them.

In this paper, we propose a simple MIMO/diversity
antenna covering the whole UWB band and having a small
size of 30mm×36mmwhich is only 75 percent of the antenna
in [11]. The proposed antenna is designed by using two
semielliptical monopoles. By properly adjusting the distance
between two monopoles and introducing two semicircular
slots, two rectangular slots, and one stub in the ground
plane, the antenna can achieve a broad impedance bandwidth
covering the whole UWB with good isolation of < −15 dB.

2. Antenna Configuration and Analysis

2.1. Antenna Configuration. The specific geometry with
detailed dimensions of the proposed antenna is illustrated in
Figure 1(a), and the photograph of the proposed antenna is
shown in Figure 1(b). The antenna consists of dual semiel-
liptical monopoles which are aligned along 𝑦-axis with an
optimized distance of 15.3mm which is about a quarter
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Figure 1: Geometry and photograph of the proposed antenna (𝑑 = 15.3, dimensions, mm).

guided wavelengths at 3GHz.The guided wavelengths 𝜆
𝑔
can

be calculated by using

𝜆
𝑔
=

𝑐

𝑓√(𝜀
𝑟
+ 1) /2

, (1)

where 𝑓 is the frequency, 𝜀
𝑟
and √(𝜀

𝑟
+ 1)/2 are the rela-

tive permittivity and effective permittivity of the substrate,
respectively, and 𝑐 is the speed of light. The major radius
and the radius ratio of the semielliptical monopole are 8mm
and 1.1, respectively. Each monopole is fed by a 50Ω tapered
microstrip line with an upper width of 1.5mm, lower width
of 3mm, and height of 7mm. The monopoles are printed
on the upper part of a partially grounded FR4 substrate
with dimensions 30mm × 36mm × 1.6mm and relative
permittivity 4.6. On the back surface of the substrate, the
main rectangular ground plane of 36mm inwidth and 10mm
in length is printed. Note that two semicircular slots with
same radius of 2.6mm, one stub of 2mm in width, and
20mm in length in the middle of the ground plane and two
rectangular slots of 3.5mm in width and 4mm in length at
the bottom of the stub are introduced in the ground plane to
adjust the impedance bandwidth of the antenna and improve
the isolation between two feeding ports.

2.2. Antenna Analysis. By aligning two semielliptical
monopoles along 𝑦-axis with a proper distance between
them and introducing two semicircular slots, one stub,
and two rectangular slots in the ground plane in turn, the
proposed antenna can be designed conventionally.

To well understand the design mechanisms of the pro-
posed antenna, the scattering parameters of the proposed

antenna with or without the slots and stub are simulated
by using High-Frequency Structure Simulation (HFSS),
Version-12, software. Due to the symmetrical structure of the
proposed antenna, only the reflection coefficient |𝑆

11
| at port

1 and isolation |𝑆
21
| between two feeding ports are simulated.

The simulated results are shown in Figure 2.
As shown in Figure 2(a), one can observe that the

impedance bandwidth of the proposed antenna without all
slots and stub tends to cover the whole UWB band, and the
isolation between two feeding ports is very poor. In order to
enhance or adjust the impedance bandwidth of the antenna,
dual semicircular slots with a radius of 2.6mmare introduced
in the ground plane and the simulation results are shown in
Figure 2(b). The slots in the ground plane are achieved to
obtain the necessary interaction between this plane and the
radiator so that the proper matching impedance is received.
It can be observed from Figure 2(b) that the impedance
bandwidth of the antenna is enhanced and can cover the
whole UWB but a poor isolation is still achieved especially
in the upper band. To improve the isolation between two
feeding ports, a stub of 2mm in width and 20mm in length
in the middle of the ground plane is introduced and the
simulation results are shown in Figure 2(c). The stub can
be viewed as a reflector to reduce the mutual coupling
through separating the radiation patterns of two radiators.
As shown in Figure 2(c), it can be observed that a high
isolation is achieved by introducing the stub in the ground
plane. However, the impedance bandwidth of the antenna
around the 7 to 9GHz region ismismatched, and the isolation
around the 9 to 10.6GHz region is still a little poor.Thus, two
rectangular slots of 3.5mm in width and 4mm in length at
the bottom of the stub are introduced in the ground plane.
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Figure 2: Simulated reflection coefficient |𝑆
11
| and isolation |𝑆

21
| against frequency of the proposed antenna: (a) without all of the slots and

the stub in the ground plane, (b) without two rectangular slots and the stub in the ground plane, (c) without the stub in the ground plane,
and (d) with all of the slots and the stub in the ground plane, that is, the proposed antenna.

The rectangular slots in the ground plane are achieved to
not only obtain the necessary interaction between ground
plane and the radiators but also adjust the length of the
stub so that the proper matching impedance and a good
isolation are received. The simulation results of the proposed
antenna are shown in Figure 2(d); one can observe that a
broad impedance bandwidth covering the whole UWB with
good isolation of < −15 dB is achieved.

Additionally, the influence of the distance between two
feeding lines on the performance of the proposed antenna
is also simulated and the simulated results are shown in
Figure 3. It can be seen that by increasing or decreasing the
distance between feeding lines the isolation can be improved
or weakened as shown in Figure 3(b), and the impedance
bandwidth cannot cover the whole UWB with too far or
too close distance between the monopoles as shown in
Figure 3(a). Therefore, the distance between the monopoles
should be optimized with attention to the impedance band-
width and isolation.

Furthermore, unlike the antenna in [11], in our design two
semielliptical monopoles are aligned along 𝑦-axis back-to-
back as shown in Figure 1; the advantage of this configuration
is that the minimum distance between the monopoles is

almost equal to the distance between two feeding lines,
therefore, a more complicate structure such as a tree-like
one [11] to improve the isolation is not necessary in the
design; that is, fewer parameters need to be optimized and
the antenna can be designed simply.

3. Experimental Results and Discussion

Based upon the design dimensions shown in Figure 1, the
proposed UWB MIMO/diversity antenna was constructed,
measured, and analysed as follows.

3.1. Input Characteristic. Figure 4 shows themeasured reflec-
tion coefficient |𝑆

11
| and isolation |𝑆

21
| against frequency

of the proposed antenna. Note that, due to the symmetric
structures of the proposed antenna, the measured |𝑆

22
| is

almost the same as |𝑆
11
| and is thus not shown in the figure

for the sake of brevity. It can be observed from Figure 4 that
the obtained impedance bandwidth defined by |𝑆

11
| < −10 dB

can cover thewholeUWBof 3.1–10.6GHz. In addition, across
the whole UWB, a good isolation between two feeding ports
is obtained (|𝑆

21
| < −15 dB).
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Figure 3: Simulated 𝑆-parameters against frequency of the proposed antenna with different 𝑑: (a) reflection coefficient |𝑆
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| and (b) isolation
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Figure 4: Measured reflection coefficient |𝑆
11
| and isolation |𝑆

21
| against frequency of the proposed antenna.

3.2. Radiation Patterns. The radiation patterns at 4, 7, and
10GHz of the proposed antenna were measured in an
anechoic chamber. Figure 5 plots the radiation patterns for
the proposed antenna on the 𝑥-𝑧 (𝐸-plane), 𝑥-𝑦 (𝐻-plane)
plane, and 𝑦-𝑧 plane with port 1 excited and port 2 connected
to a 50Ω load. As shown in Figure 5, the radiation patterns of
the proposed antenna are relatively stable across the UWB. In
addition, due to the symmetric structures of two monopoles,
when port 2 is excited, with port 1 terminated, the patterns in
the 𝑥-𝑧 plane are similar to those in Figure 5, but the patterns
in the 𝑥-𝑦 and𝑦-𝑧 planes are mirror transformations about
𝑥-𝑧 plane of those in Figure 5. In other words, the radiation
patterns tend to cover complementary space regions, which
provide spatial diversity for the systemoperation to overcome
the multipath fading problem and enhance the system’s
performance.

The measured peak antenna gain for port 1 excitation
is shown in Figure 6. Due to the symmetric structures of
two monopoles, the measured peak antenna gain for port 2
excitation is about the same and not shown in the figure. The

result shows a gain level of about 6.9 dBi, with gain variations
less than 3.9 dBi across the operating band.

3.3. Diversity Performance. A diversity antenna is charac-
terised by the individual antenna gain and the overall diver-
sity gain. Diversity gain could be calculated using the analysis
in [12–14]. The measured far field radiation pattern can be
used for calculating the envelope correlations of the proposed
antenna using [15]

𝜌
𝑒
=

𝐴

𝐵𝐶

, (2)

where

𝐴 = (∮(XPR𝐸
𝜃1
(Ω) 𝐸
∗

𝜃2
(Ω) 𝑃
𝜃
(Ω)

+ 𝐸
𝜑1
(Ω) 𝐸
∗

𝜑2
(Ω) 𝑃
𝜑
(Ω)) 𝑑 (Ω) )

2

,
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Figure 5: Measured radiation patterns of the proposed antenna.

𝐵 = ∮(XPR𝐺
𝜃1
(Ω) 𝑃
𝜃
(Ω) + 𝐺

𝜑1
(Ω) 𝑃
𝜑
(Ω)) 𝑑 (Ω) ,

𝐶 = ∮(XPR𝐺
𝜃2
(Ω) 𝑃
𝜃
(Ω) + 𝐺

𝜑2
(Ω) 𝑃
𝜑
(Ω)) 𝑑 (Ω) ,

𝐺
𝜃
= 𝐸
𝜃
(Ω) ∗ 𝐸

∗

𝜃
(Ω) ,

Ω = (𝜃, 𝜑) .

(3)

𝐸
𝜃1
(Ω),𝐸

𝜃2
(Ω),𝐸

𝜑1
(Ω),𝐸

𝜑2
, (Ω), and𝑃

𝜃,𝜑
(Ω) are, respec-

tively, the vertical (𝜃) and horizontal (𝜑) polarized complex
patterns of the two semielliptical monopoles and the inci-
dent power spectrum of the different polarizations. Cross-
polar discrimination (XPR) is the time-averaged vertical-to-
horizontal power ratio.

The diversity gain at 1% of the cumulative distribution
functions and envelope correlation coefficient for the pro-
posed UWB MIMO/diversity antenna is larger than 9.6 dB
and below −17 dB, respectively, across the whole UWB of 3.1–
10.6GHz. These results indicate that the proposed antenna

has a gooddiversity performance and can be a good candidate
for an UWB system.

4. Conclusions

An UWB MIMO/diversity monopole antenna has been
presented. The antenna has a more compact size than the
antennas presented in the existing literature. The obtained
operating bandwidth of the proposed antenna can cover the
whole UWB of 3.1 to 10.6GHz. Across the UWB, the antenna
also shows good port isolation and stable radiation pattern,
and can provide spatial diversity to combat the multipath
fading problem. Thus, the proposed antenna is suitable for
some portable UWBMIMO/diversity applications.
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A design technique is described for an arbitrarily shaped planar microstrip antenna array with improved radiation efficiency.
In order to fully utilize the limited antenna aperture, several basic modules are proposed from which we construct the array. A
consideration of the aperture shape shows that with several practical examples a proper combination of these basic modules not
only allows the convenient design of arbitrarily-shapedmicrostrip array, but also helps to improve the aperture radiation efficiency.
To confirm the feasibility of the approach, a circular array with 256 elements was constructed and fabricated. Both computed and
measured aperture radiation results are compared and these demonstrate that the design technique is effective for arbitrarily-shaped
planar microstrip arrays.

1. Introduction

With the rapid deployment of wireless communications
systems during recent years, it is becoming imperative for
the radiofrequency subsystem to be multifunctional as well
as have smaller size. This is especially true for satellite
communications applications where weight and functionality
are at a premium. As one of main parts in the wireless system,
the antenna is required to perform at a high performance
level, whilst maintaining conformability with the remainder
of the system. Accordingly, making full use of the available
system space is very important in future antenna design for
on-board space communications due to space limitations.

Traditional parabolic or reflector antennas have a high
radiation efficiency, and they have been employed suc-
cessfully in current satellite communication systems [1, 2].
However, they have a large profile and high volume due to
their support structures. To utilize the system space more
effectively, a planar array antenna with a low profile has

significant potential for space saving: such antennas include
the radial line slot antenna (RLSA) array, the waveguide slot
antenna array [3–8], and planar microstrip antenna array
[9]. However, the RLSA is commonly suitable for a circular
space design, where the waveguide slot array antenna needs
an additional power divider, which may not be suitable for
the arbitrarily shaped array designs. By contrast, the planar
microstrip antenna array is more adaptable and more easily
made conformal with the system. For example, several special
shaped microstrip arrays have been proposed and designed
to be conformal in [10–14]. A circular array was designed in
[10] for mobile TV reception applications, where three kinds
of collinear subarrays are specially designed to be compatible
with the curved edge, and an extra feed network is added to
combine these subarrays together to provide a peak antenna
gain of 27.4 dBi. A commercial product for mobile satellite
communication in Ku-band, described in [13], adopts flat
antenna boards to chamfer shapes so that the antenna can
rotate mechanically in elevation without interfering with any
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Regular subaperture

Irregular subaperture

Figure 1: Layout of an arbitrarily shaped array.

radome of related structure. When combined together, the
three panels produce a receive gain of 29.5 dBi. A hexagon-
shaped 12-element array designed for dual polarizations was
reported in [12], to have a gain of <17.5 dBi at a frequency
of 15.4GHz. In [14], a symmetrical feed network composed
of multiple T-junctions was specially designed for a 3 × 2-
element array to achieve a gain of 17 dBi. All these antenna
design examples were based on the available system space,
but they exhibit no universality in either irregularity in
the geometry or employ complicated geometrical shapes.
Therefore, it is useful to investigate an arbitrarily shaped
antenna array for better utilizing the available space. In [15],
the authors gave a feed network layout of an 8 × 8-element
array; the array is divided into 32 2-element subarrays, which
are combined by a parallel and serial technique. A curved
microstrip line and 1 to 3 power dividers make this different
from reference [9–14]. Nevertheless the approach cannot be
used to design arbitrarily shaped arrays as the feed network
would be very complicated and the loss therein would be
significant. Another disadvantage of the available design
methods is that they all employ a single method to design the
whole array, which may contain both regular and irregular
subapertures, as shown in Figure 1.The traditional symmetry
method is preferred for a regular subaperture because the
symmetry network is beneficial in cancelling out spurious
radiation. However, a regular symmetrical network cannot
be applied to an irregular subaperture design due to the
constancy of its layout.

In this paper, we present a design technique for an
arbitrarily shaped antenna array. The array itself has a fixed
beam that is scanned mechanically. In contrast with existing
design methods, the regular and the irregular subapertures
are treated differently with alternative design methods in
order to achieve overall maximum gain. Moreover, small
subarrays are employed in the construction of the irregular
subaperture so that depending on the application it can be
integratedwith the regular subaperture.Thedesign technique
is easy to be realized with planar circuit fabrication; hence it
is applicable to most wireless communications systems.

The paper is organized as follows. Section 2 describes
an arbitrarily shaped array design approach, where several
basic modules are introduced. A design guideline is given in
Section 3 for the combination of the modules. In Section 4
a circular array is constructed and fabricated using the
described method. Measured results are then reported and
discussed to assess the theoretical design. Our conclusion is
given in the final Section.

2. Arbitrarily Shaped Array Design Principle

An arbitrarily shaped array can be divided into regular
and irregular subapertures as shown in Figure 1. For the
regular subaperture, the number of elements is chosen to be
2
𝑁
(𝑁 = 1, 2, 3 . . .), which can be designed by conventional

symmetrical methods. For example, in [9], a 4-element array
was first designed as a sub-array and then a 16-element
array was constructed by duplicating the sub-array twice
with an appropriate feed network. An identical strategy can
be employed to design a larger 2𝑁-element array. On the
other hand, for an array in their regular subaperture, the
antenna structure and the number of elements depend on the
aperture size and shape. In commonwith symmetrical arrays,
an irregular subaperture has two major attributes: element
distribution and a corresponding feed network.

Consider now an array element layout for the shape
in Figure 1. Assume that their regular subaperture contains
𝑀 elements. Figure 2 shows several basic modules for one,
two, and three elements. For a single element, there is
only one case, denoted by 𝑀

1
(see Figure 2(a)). For two

elements, two cases are possible based on the parallel and
serial feeds, respectively, denoted by 𝑀

2−1
and 𝑀

2−2
, as

shown in Figures 2(b) and 2(c). For three elements, there
are two kinds of distributions: one is linear and the other
is triangular. Moreover, each distribution has four structures
of feed network, as shown in Figure 2(d) to 2(k), which are
indicated by𝑀

3−1
to𝑀
3−8

.
The next module in the series, 𝑀

4
, can be expressed as

𝑀
4
= 𝑀
1
+𝑀
3
or𝑀
4
= 𝑀
2
+𝑀
2
; hence, it is not difficult to

construct 𝑀
4
using the previously mentioned modules M

1
,

M
2
, and M

3
. Using the same strategy,𝑀

𝑁
can be expanded

to𝑀
𝑁
= 𝑀
(𝑁−𝑋)
+𝑀
𝑋
(𝑁 > 𝑋).

The irregular subaperture of Figure 1 can also be formed
from a combination of the basic modules shown in Figure 2
as will be described in the next Section.

3. Design of Feed Network

3.1. Typical Structures. In order to suggest a general approach,
we describe firstly subapertures with notched and concave
boundaries. Figures 3 and 4 show notched concave rectangu-
lar apertures, respectively. Both spaces capable of 19 elements,
where the 3 elements (the irregular sub-aperture containing
the missing elements) are located next to a 4 × 4-element
square array (the regular sub-aperture). Each structure has
two cases: a vertical and a horizontal polarization feed
network. Here, we regard a 2 × 2-element array as the
basic unit, and the conventional method of feeding the basic
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Figure 2: Configuration of the basic array element modules (a)𝑀
1
(b)𝑀

2−1
(c)𝑀

2−2
(d)𝑀

3−1
(e)𝑀

3−2
(f)𝑀

3−3
(g)𝑀

3−4
(h)𝑀

3−5
(i)𝑀
3−6

(j)𝑀
3−7

(k)𝑀
3−8

.

unit is simply using the serial and parallel techniques, in
which multiple T-shaped power dividers are used. For the
irregular subaperture, the three special elements (denoted
by the dotted line) are commonly neglected in conventional
design.

To improve the efficiency of the antenna aperture, three
special elements designs need to be considered. Figures 3
and 4 show the corresponding two designs, namely, irregular
design 1 and irregular design 2. Design 1 confines the
feed network inside the area between regular and irregular
subapertures, whereas in design 2, it further divides the
irregular subaperture into several smaller modules.Themain
differences between the two designs are the topology of the
feed lines and the positions of feed junctions.

3.2. Simulated Results and Discussion. The array element
designs were carried out with CSTmicrowave studio (MWS).
Theywere all modeled in the size indicated in Figures 3 and 4.
Power is side fed through a waveguide port input.The adjust-
ment of the microstrip network is now described. Firstly,
all elements are tuned to have nearly uniform excitation.
Secondly, the current travelling to the irregular subaperture
is slightly reduced or increased until the gain of the complete
array reaches its maximum value. During this process, the
elements and the feed lines are matched throughout to
maintain a reflection coefficient less than −15 dB as shown
in Figure 5. For the notched array with vertical polarization,
array 2 exhibits a better return loss and a higher gain than
array 1. The feeding paths to module 𝑀

3
have almost the

same length in both configurations; hence, it was concluded
that in such cases the smaller module would be preferred.
In both designs, the feed line used to connect the regular

and irregular subapertures inevitably causes mutual coupling
with the adjacent elements, and, further, the coupling effect
is more severe as the currents become stronger. It is noted
that the coupling will cancel out part of original currents on
the element and cause the aperture efficiency to decrease. For
array 1, unfortunately, the feed line from A1 to 𝑀

3
couples

energy to adjacent elements along its path. Meanwhile, one
section of the feed line carries a strong current; hence, the
coupling is severe. By contrast, in array 2, 𝑀

3
is divided

into small modules so that the feed line current to each
module is reduced.Therefore, the feed line will have coupling
with the elements only when it is in the regular subaperture.
Hence, small modules help reduce coupling effects where
high aperture efficiency is required, as shown in Table 1. The
result for horizontal polarization is similar. Smaller modules
in array 4 give a better performance than in array 3. It should
be pointed out that in array 4𝑀

1
is not fed from the available

junctions, but from newly created ones (B1, B2, and B3) in the
feed lines, as illustrated in Figure 3(b).This is done to prevent
changes at the higher level junctions in the basic unit so as to
reduce the coupling effects.

For the concave array with vertical polarization, if 𝑀
3

is divided into the smaller modules, the feed network may
be too complicated; hence the two designs differ only in
feeding positions. Compared with array 5, array 6 has a
little low aperture efficiency, as seen in Table 1. It is caused
by three junctions in array 6, denoted by C1, C2, and C3,
where the power ratios are 7 : 4, 2 : 5, and 1 : 1 : 3, respectively,
according to the uniform distribution. It is difficult to
realize these power ratios accurately using the microstrip
line, and impedance matching will not be properly achieved
with the result that the loss with feed line increases and
aperture efficiency decreases. Instead, the elements in array
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Figure 3: Designs of notched array (a) vertical and (b) horizontal polarization.

5 are distributed evenly which facilities the design of power
dividers, where the power ratio in C4 is 3 : 4 : 4.

Similar to the notched array, array 7 has a crowded feed
line inside the basic sub-array unit. The strong coupling
decreases the antenna aperture efficiency.Array 8 has a higher
gain than array 7, but at the lower frequency, its gain falls
rapidly with frequency. This is because the modules 𝑀

1

and 𝑀
2
are serially fed from the basic unit. Nevertheless, it

performs much better than the combined case with𝑀
3
.

Based on the simulated results, the array performances
are compared in Table 1, where the total antenna efficiency is
given by

𝜂eff =
𝐺simulated
𝐺max
. (1)

𝐺simulated is the simulated gain and 𝐺max = 4𝜋𝐴/𝜆
2 is

the maximum gain for a uniform aperture with the same

aperture area A [16]. All irregular design arrays, containing 19
elements excited, have a gain of 0.5∼0.7 dB higher than that
of regular design array, which has only 16 elements excited,
and hence the aperture efficiency is improved from 74% to
83∼88.8%. The loss due to the feed line is determined by
the length and the reflection coefficient of junctions. Based
on the simulations the used substrate causes about 0.155 dB
power loss per wavelength. The feed loss for each sub-array
is estimated and the results have been compared. It is known
that the differences of aperture efficiency mainly come from
the aperture field distribution. For the regular design, the low
aperture efficiency is mainly due to the three special elements
that are not used although the remaining 16 elements are
uniformly excited. For the irregular design, the array 2, array
4, and array 8 designs have a relatively high efficiency. The
reason for this improvement was explained above. Not only
the resulting array designs have a good performance, but also,
as can be seen from the Figures, they have a very compact
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Figure 4: Designs of concave array (a) vertical and (b) horizontal polarization.

Table 1: Computed results of the subarrays.

Design Gain (dBi) S.L.L (dB) Cross-Pol. (dB) Loss with feed line (dB) Aperture eff. 𝜂eff

Regular design 19.30 ≤−13.4 ≤−45 ∼−0.69 74% 63.1%
Array 1 19.90 ≤−13.3 ≤−38 ∼−0.70 85.4% 72.7%
Array 2 20.05 ≤−13.4 ≤−38 ∼−0.70 88.4% 75.3%
Array 3 19.80 ≤−13.3 ≤−39 ∼−0.70 83.5% 71.2%
Array 4 20.05 ≤−13.4 ≤−43 ∼−0.71 88.8% 75.4%
Array 5 19.90 ≤−13.5 ≤−38 ∼−0.70 85.5% 72.7%
Array 6 19.75 ≤−13.6 ≤−42 ∼−0.72 83.0% 70.8%
Array 7 19.85 ≤−13.3 ≤−38 ∼−0.71 84.9% 71.9%
Array 8 19.95 ≤−13.5 ≤−39 ∼−0.72 86.8% 73.6%



6 International Journal of Antennas and Propagation

11.0 11.5 12.0 12.5 13.0 13.5 14.0

18.0

18.5

19.0

20.0

G
ai

n 
(d

Bi
)

Frequency (GHz)

Re
fle

ct
io

n 
co

effi
ci

en
t (

dB
)

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

19.5

Array 1

Array 2

(a)

0

−5

−10

−15

−20

−25

−30

−35

Re
fle

ct
io

n 
co

effi
ci

en
t (

dB
)

11.5 12.0 12.5 13.0 13.5

18.5

19.0

19.5

20.0

Frequency (GHz)

G
ai

n 
(d

Bi
)

Array 3

Array 4

(b)

0

−5

−10

−15

−20

−25

−30

−35

−40

Re
fle

ct
io

n 
co

effi
ci

en
t (

dB
)

11.5 12.0 12.5 13.0 13.5

18.5

19.0

19.5

20.0

Frequency (GHz)

G
ai

n 
(d

Bi
)

Array 5

Array 6

(c)

−5

−10

−15

−20

−25

−30

−35

−40

0

Re
fle

ct
io

n 
co

effi
ci

en
t (

dB
)

11.5 12.0 12.5 13.0 13.5

18.5

19.0

19.5

20.0

Frequency (GHz)

G
ai

n 
(d

Bi
)

Array 7

Array 8

(d)

Figure 5: The simulated reflection coefficient and gain of the notched array (a) V-polarization, (b) H-polarization and concave array, (c)
V-polarization, and (d) H-polarization.

layout, which is not constrained by the irregular shape of the
array.

3.3. Design Guideline. From the illustration of the design
and following discussion, it has been observed that all the
irregular designs which exhibit a good performance have
one trait in common; namely, the fewer changes to the main
part of the feed network in the regular subaperture the
better performance. In addition, the irregular subaperture
should be considered an extension of the regular subaperture.
This is reasonable because the regular subaperture plays the
key role in radiation. Therefore, a general design guideline
is that the layout must guarantee the performance of the
regular subaperture, and then the potential of the irregular
subaperture should be fully exploited without affecting the
regular subaperture significantly.

A practical guideline can be described as follows: first, the
arbitrarily shaped array is divided into two parts: a regular
subaperture and an irregular one. The regular subaperture

is designed using a symmetry technique. Then, according to
the element distribution, the irregular subaperture is divided
into several modules. Smaller modules are better. However,
small modules often require a complicated feed network,
so a tradeoff is needed to reach the highest antenna gain.
The feed line to the modules is connected to the lower level
junctions in basic unit of the regular subaperture to reduce
unwanted coupling. The power distribution can be realized
over a modest bandwidth (∼20%) with a quarter wavelength
transformer, which is adjusted as follows: the magnitude
of current to the irregular modules is slightly increased or
decreased until the gain of the array reaches its maximum
value.

4. Practical Array Design

The design technique outlined above was applied to obtain a
circular antenna array design over the bandwidth of 12.25–
12.75GHz. The diameter of the array is 325mm. The design
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Figure 6: The layout of the circular array.
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Figure 7: The array element design.

layout is illustrated in Figure 6. The aperture quadrant is
divided into regular and irregular parts as shown.The regular
subaperture was first filled based on a combination of parallel
and serial feeding techniques to reduce the length of the
feed line. The irregular subaperture was then composed of
three modules: two𝑀

3
and one𝑀

10
, and is further divided

as follows: 𝑀
3
= 3 × 𝑀

1
, 𝑀
3
= 𝑀
2
+ 𝑀
1
, and 𝑀

10
=

𝑀
4
+ 𝑀
3
+ 𝑀
3
; the small modules such as 𝑀

1
and 𝑀

2
are

individually connected to the regular subaperture, while the
modules separated from module𝑀

10
are connected to each

other since the𝑀
10
can be integrated with the 4 × 4-element

array of the regular subaperture directly.
For simplicity, a stacked patch antenna was selected for

the antenna element [17]. Figure 7 shows the configuration
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Figure 8: The reflection coefficient and gain of the element.

of the element, which consists of three substrate layers. All
substrates have the same dielectric constant of 𝜀

𝑟
= 2.55 and

thickness ℎ. The upper square patch with a side length of
𝑎
1
is printed on the upper substrate while the lower square

patch with a side length of 𝑎
2
is on the middle substrate. The

distance between these two substrates is ℎ
0
. The microstrip

feed network is printed on the bottom side of the substrate
and is isolated from the patches through a metal ground
plane, which frees up the design of feed network. The final
optimized geometry of the antenna element for the frequency
band of 12.25∼12.75GHz is listed in Table 2. The substrate
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Figure 9: The normalized farfield patterns of the element at (a) E plane and (b) H plane.
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Table 2: The parametric dimensions of the element (mm).

ℎ ℎ
0

𝑎
1

𝑎
2

0.762 1.3 3.5 3.5

material used is from Arlon AD255. It has a loss tangent of
0.0018 at 10GHz, and the conductor thickness is 0.035mm.

The simulated reflection coefficient of the antenna ele-
ment is better than −15 dB across the band as shown in
Figure 8.The far-field patterns are plotted in Figure 9, and the
half power beam widths are 66∘ and 73.5∘ for E and H planes,
respectively. The antenna element gain is 8.1∼8.3 dBi.

The antenna array spacing is 18mm (0.75𝜆
0,
where 𝜆

0
is

the wavelength in free space at 12.5 GHz). Mutual coupling
between elements is low at this distance, usually better
than −20 dB. Figure 10(a) shows the simulated reflection
coefficient of the arrays. All the reflection levels are below
−15 dB in the operational band. The simulated gains are
shown in Figure 10(b).

It is seen that the array with the regular design, employing
only 192 of the elements, has a gain about 29.4 dBi. The full
array with the irregular sub-array that uses 256 elements has
a gain about 30.5 dBi.Themaximumgain of the circular array
is about 32.6 dBi according to formula (1). As discussed above,
the antenna efficiency is mainly limited by two aspects: the
power loss of the feed network and the nonuniform aperture
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Figure 11: The measured far-field patterns at (a) 12.25GHz, E plane (b) 12.5 GHz, E plane (c) 12.75GHz, E plane (d) 12.25GHz, H plane (e)
12.5 GHz, H plane (f) 12.75GHz, H plane.

field distribution. The power loss of the whole feed network
with parallel and serial techniques is estimated to be about
1.7 dB, and therefore the aperture efficiency is about 90%.

As can be seen, the irregular subaperture is divided into
many small modules, and the topology of feed network is
compact. It is noted that the contribution of the feed network
is not only that it has a short feed line, but also it has mostly
protected the feed network of the regular subaperture.

To verify the design approach and the calculated results,
a circular array based on the irregular design was fabricated.
The resulting structure is shown in Figure 6. The reflection
coefficient was measured with an Agilent 8722ES vector
network analyzer (VNA) and the results are also shown
in Figure 10(a). Good agreement is observed between the
computed and measured results. The slight discrepancy may
be due to the imperfect fabrication and cable connections.

The radiation patterns of the experimental circular array
are shown in Figure 11 at various frequencies across the band.
It can be seen that the simulated and measured results are
in good agreement, except that the measured side lobes
at the low frequency (Figure 11(d)) are slightly higher than
those predicted, and the sidelobes in the E plane tend to
merge. Since the feed network is isolated by the ground, the
merging may be due to imperfections in the feed network
as well as imperfect antenna alignment in the measuring
process. All the side lobes are 13.2 dB or more below the peak
level. The array gain was also measured by comparison with

a standard horn antenna. The results obtained are plotted
in Figure 10(b) and it can be seen that the measured gain
agrees well with the computed result. The variation between
the two is thought due to fabrication tolerances, ohmic
loss, and assembly tolerances. A maximum gain of 30.3 dBi
was achieved at 12.5 GHz. Table 3 summarizes the radiation
performance over the band where antenna efficiency is given
by (1), except that 𝐺simulated is replaced by 𝐺measured, the
measured gain of the test array.The irregular design aperture
efficiency is obviously higher than the regular design, and it
causes very little cross-polarization component in the band.

5. Conclusion

A design technique for a high efficiency arbitrarily shaped
planar microstrip antenna array is described. In this design
technique, the shape of the array is treated as a combina-
tion of regular and irregular subapertures. For the regular
subaperture, a conventional symmetry technique is used to
obtain a high performance, and for the irregular subaperture,
smallmodules are used to construct the array.The selection of
modules as well as the topology of feed network is optimized
to increase the antenna gain. Based on this decomposition
of the array aperture, a circular aperture array was designed
and fabricated to demonstrate the approach. The agreement
between the computed and measured results verified the
effectiveness of the design technique.Thedesign approach for
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Table 3: The performance of the circular array.

Frequency
(GHz)

Simulated Measured
Regular design Irregular design Irregular deign

Gain (dBi) 𝜂eff X-Pol. (dB) S.L.L (dB) Gain (dBi) 𝜂eff X-Pol. (dB) S.L.L (dB) Gain (dBi) 𝜂eff S.L.L. (dB)
12.25 29.3 49.7% ≤−48 ≤−13.7 30.4 63.0% ≤−45 ≤−13.7 30.1 58.8% ≤−13.2
12.50 29.4 48.1% ≤−48 ≤−13.9 30.5 61.9% ≤−43 ≤−14.2 30.3 59.2% ≤−14.1
12.75 29.5 47.3% ≤−44 ≤−13.7 30.5 59.5% ≤−40 ≤−13.6 30.3 55.3% ≤−13.8

arrays ensures better utilization of the limited system space
available. In addition, the design technique is simple and
easily realized with planar circuit fabrication, making it very
suitable to various wireless communications applications.
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An ultrawideband antenna is designed, simulated, and realized. To overcome the narrow bandwidth characteristics of basic patch
antennas, the structure of the radiation pattern is optimized by the aid of elliptical and rectangular patches. Also triangular patches
are applied to the antenna edge in order to enhance the VSWR and gain properties. A typical VSWR of 1.5 (less than 2 in the whole
frequency range) and a typical gain of 2 dBi (mainly above 1 dBi in the whole frequency range) are observed.The simulations present
that the designed antenna has a bandwidth ratio of ∼5 : 1 within the frequency range of 4–19.1 GHz with compact dimensions of
25× 26mm2. It is fabricated on a 0.5mm thick, RO3035 substrate. The input impedance, gain, and radiation characteristics of the
antenna are also presented. With these properties, it is verified that, with its novel shape, the proposed antenna can be used for
various UWB applications.

1. Introduction

In last decades, the ultrawideband (UWB) technology is
developed widely and rapidly. There are many applications
employing UWB such as sensor networks [1], location track-
ing, and biomedical imaging [2]. UWB technology has also
become very popular in high speed short range communi-
cation systems. Since antenna has a major effect on the per-
formance of these systems, design of the compact antennas
has become more important and critical. As a result of
these, for broadband and ultrawideband (UWB) applications,
patch antennas are an attractive candidate due to their light
weight, low cost, wide bandwidth, compact size, and ease of
fabrication [3–10].

Here it should be also noted that, since the transmission
power in UWB is pretty low, the loss becomes an important
issue. Moreover, power loss due to the dielectric and conduc-
tor losses needs to beminimizedwith the selection of a proper
substrate.

In the work of Ojaroudi et al. [3], an ultrawideband
monopole antenna with inverted T-shaped notch in

the ground plane, operating from 3.12GHz to 12.73GHz, is
presented with a compact size of 12 × 18mm2. A monopole
antenna with ladder-shaped resonant structures is also
presented. This antenna has a dimension of 22 × 22mm2
with a bandwidth of 19.3 GHz [4]. Liu and Yang [5] presented
a hook-shaped UWB antenna operating from 3GHz to
10.7 GHz with a dimension of 10 × 10mm2. A microstrip-fed,
hexagonal wide slot antenna having 30 × 30mm2 area
exhibited UWB performance from 2.9GHz to 18GHz [6].
A printed circular ring antenna operating from 2.54GHz to
12.08GHz is also presented in the literature [7]. In the work
of Oudaya Coumar et al. [8], planar monopole antenna
operating between 1.8 GHz and 10.6GHz is studied with
an area of 25 × 30mm2. Symmetrical triangle-shaped [9]
and tapered-shaped slot antennas [10] with areas of 12 ×
38mm2 and 22 × 24mm2 presented operation frequencies
from 2.77GHz to 10.64GHz and from 3GHz to 11.2 GHz,
respectively.

To overcome the narrow bandwidth property of patch
antennas, different techniques have been investigated and
applied to cover the entire UWB frequency range [11–14].
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In this work, a “heart shape” slot antenna with enhanced
impedance bandwidth has been designed and fabricated.The
objective of the work is to enlarge the bandwidth of the
antenna while reducing the antenna dimensions to make it
appropriate for portable systems and electronic devices.With
the help of triangular patch and small segment of arc (as
shown in Figure 1 as “m2”) at the middle of the ground plane
[15–20], wide input impedance matching is achieved over the
entire 4–19.1 GHz band. The simulation and measurement
for the return loss and VSWR indicate that the proposed
structure exhibits an ultrawideband impedancematching and
offers an antenna gain greater than 1 dBi.

2. Antenna Configuration

UWB operation is basically defined as the operating frequen-
cies of 3.1 GHz to 10.6GHz and as 6GHz to 8.5Ghz with
the definition of U.S. FCC [21] and European regulations
(2007/131/EC) [22], respectively. On the other hand, a general
definition is also given with the equation

2 (𝑓
𝐻
− 𝑓
𝐿
)

(𝑓
𝐻
+ 𝑓
𝐿
)

> 0.2, (1)

where𝑓
𝐻
and𝑓
𝐿
are the upper and lower frequencies, respec-

tively [23].
The basic structure of a heart shape antenna consists of

a radiation element and modified ground plane as given in
Figure 1. The radiating element of the presented antenna is
designed with rectangular and elliptical patch. Rectangular
and elliptical shapes are well known antenna types, and they
have UWB characteristics with a wide frequency range. “V”
slot notch is one of the techniques which augments the gain
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Figure 2: Fabricated prototype (radiating patch (a), ground plane
(b)).
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and improves the impedance matching of the antenna. On
the other hand, triangular-shaped patches are also used at the
edge of rectangular patch in order to improve the impedance
matching. When we consider the whole frequency range of
the presented antenna, more than 100% BW improvement is
achieved in comparison to the UWB frequency range defined
by FCC [17].

The ground plane used here is also similar to the radi-
ating patch and it also consists of rectangular and elliptical
patches.The gain and bandwidth of the antenna are improved
by adding a small segment of arc at the middle of the
ground plane as also applied in the work of Liu et al. [15].
Modified ground plane of the heart shape UWB antenna
is shown in Figure 2. The dimension and the alignment
of the ground plane and radiation element are also con-
sidered. The proposed antenna has compact dimension of
25 × 26mm2 which is printed on RO 3035 substrate from
Rogers Corp. having 0.5mm thickness and relative dielectric
constant of 3.50. Since the dielectric substrate thickness is
0.5mm, antenna is flexible. Therefore, it may be also suitable
for applications where flexibility is necessary, for example,
wearable electronics.
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Figure 6: Comparison of simulated and measured return loss.

Table 1: Comparison of the proposed antenna with the recently
published selected antennas.

Work Bandwidth (GHz) Size (mm ×mm) Gain (dBi)
[3] 3.12–12.73 12 × 18 —
[4] 2.7–20 22 × 22 —
[5] 3–10.7 10 × 10 ∼1
[6] 2.9–18 30 × 30 ∼3
[7] 2.54–21.08 39 × 40 ∼0
[8] 1.8–10.6 25 × 30 —
[9] 2.77–10.64 12 × 38 ∼1
[10] 3–11.2 22 × 24 ∼2
This work 4–19.1 25 × 26 ∼1

3. Results and Discussion

In order to analyze the impact of the triangular patches on
radiation element and ground plane, a serial of simulations
are performed. It is clear fromFigures 3 and 4 that triangles on
the radiating element (on top) and the ground plane (on bot-
tom) influence the antenna performance in terms of VSWR
and gain. A better performance is achievedwhen triangles are
applied to both sides. Briefly, the designed antenna presents
VSWR below 2 and gain above 1 dBi from 4GHz and up to
19.1 GHz.

For the measurement and the characterization of the
antenna performance, a vector network analyzer from Agi-
lent is used. The simulated and measured VSWR and return
loss of the antenna are given in Figures 5 and 6. These results
illustrate impedance matching bandwidth between 4GHz
and 19.1 GHz range. As given in Figures 5 and 6,measurement
result is roughly similar to the simulation results. The slight
discrepancy is due to not only the effect of the SMAs used
but also the tolerances during fabrication. The VSWR is
measured to be below 2 (partially the measured VSWR is 2.3
close to the 14GHz), whereas the gain is achieved above 1 dBi,
typically.
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Figure 7: Normalized simulated radiation patterns of the antenna at (a) 3GHz, (b) 4.5GHz, (c) 6GHz, (d) 7.5 GHz, (e) 9GHz, (f) 10.5 GHz,
(g) 12GHz, and (h) 14GHz.

The presented antenna in this paper is compared with
the recently published antennas in Table 1 in terms of mainly
bandwidth and size and also gain and the radiation pattern.

The proposed antenna in this work exhibits a pretty high
bandwidth with its comparable size. It presents a moderate
gain with a uniform the radiation pattern.

The simulated and measured radiation patterns in the X–
Z and Y–Z planes, for frequencies 3, 4.5, 6, 7.5, 9, 10.5, 12, and
14GHz, are presented in Figures 7 and 8, respectively.

These radiation patterns show a reasonably good agree-
ment between simulations and measurements.

4. Conclusion

In this paper, a novel ultrawideband antenna named by us
as heart shape antenna was designed, simulated, fabricated,
and characterized. The structure of the radiation part is
designed with elliptical and rectangular patches. Also trian-
gular patches used at the edge of the antenna are analyzed
to enhance the VSWR and gain of the antenna. In addition,
modified ground of the presented antenna also consists of
elliptical patches with a small segment of arc at the middle
of the ground. With the help of the triangular patch on the
modified ground, enhanced gain and impedance matching
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Figure 8: Normalized measured radiation patterns of the antenna at (a) 3GHz, (b) 4.5GHz, (c) 6GHz, (d) 7.5 GHz, (e) 9GHz, (f) 10.5 GHz,
(g) 12GHz, and (h) 14GHz.

characteristics are achieved.Numerical simulation shows that
the antenna has a bandwidth ratio of 5 : 1 within the frequency
range of 4GHz–19.1 GHz with a 25 × 26mm2 heart shape
UWB antenna.

Briefly, a novel-shaped, flexibleUWBantenna providing a
VSWR less than 2 and gain of more than 1 dBi is achieved and
fabricated with a compact size of 25 × 26mm2 which makes
it attractive for mobile systems.
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A planar wideband zero-index metamaterial (ZIM) based on mesh grid structure is studied. It is demonstrated that the real part of
the index approaches zero at the wideband covering from 9.9GHz to 11.4GHz. Two conventional patch antennas whose operating
frequencies are both in the range of zero-index frequencies are designed and fabricated. And then, the ZIM is placed in the
presence of the conventional patch antennas to form the proposed antennas. The distance between the antenna and the ZIM cover
is investigated. Antenna performances are studied with simulations and measurements. The results show that the more directional
and higher gain patch antennas can be obtained. The measured results are in good agreement with the simulations. Compared to
the conventional patch antenna without the ZIM, it is shown that the beamwidth of antenna with the ZIM cover becomes more
convergent and the gain is much higher.

1. Introduction

In recent years, artificial electromagnetic metamaterials have
attracted growing interests. Based on the effective medium
theory, electromagnetic metamaterials can be characterized
by electric permittivity and magnetic permeability. Pendry
realized the artificially electric plasma using a metallic wire
whose permittivity is negative [1]. And then, Pendry dis-
covered the artificially magnetic plasma whose permeability
is negative [2]. Metamaterials open a door to realize all
possible material properties by designing different cellular
architectures and using different substrate materials [3–6].
Among the various, unusual material parameters provided
by metamaterials, zero permittivity/permeability/index is
a singular material parameter, which can lead to many
interesting phenomena and applications [7–22]. Jiang et al.
[7] and Jin and He [8] demonstrated that effective zero
index metamaterial (ZIM) can enhance uniform fields. Sil-
veirinha et al. [9–12] proposed that the electromagnetic wave
can tunnel through a zero electric permittivity metamaterial.
Nguyen et al. [13] and Hao et al. [14] investigated that ZIM
with defects can realize the total transmission or reflection of

the impinging electromagnetic wave. Therefore, ZIM struc-
ture can offer advances in shielding or cloaking technologies
without restricting the object’s viewpoint.

Recent studies show that ZIM may have paved a new
way for designing novel high-gain antennas due to its unique
properties. Based on Snell’s law, it is considered an incident
ray on an interface of the ZIM with grazing incidence that
comes from a source inside ZIM. A near-zero index ray in
the media will be refracted in a direction that is very close
to the normal. The lower the optical index is, the closer the
normal direction is. Enoch et al. [15] is the first to realize high
directive radiation by employingmonopole source embedded
in ZIM, thus confining the radiated energy to a small solid
angle. After the work of Enoch,Wu et al. [16] proposed a left-
handed metamaterial as a substrate for designing directional
radiation.Through the control of the structure’s geometry, the
zero index frequency can be tuned to the desired specification
to produce directional emission. In addition, other works
about directive radiations employing ZIM were also studied
[17–19]. However, in the previous references, the directive
antennas based on ZIM operate at a single frequency or
a narrowband frequency.
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Inspired by Enoch, in this paper, a planar wideband ZIM
is fabricated firstly. The resonant electromagnetic properties
present in the bandwidth of the planar ZIM can be up to
1.5 GHz. And then, two high-gain patch antennas (narrow-
band patch antenna and wideband patch antenna) based on
the ZIM cover are studied. The antennas’ performances are
studied with simulations and measurements. It is demon-
strated that gain and directivity of the proposed antennas can
be improved at the wideband frequencies compared to the
conventional patch antennas without the ZIM. In addition,
the electric field distributions are presented for explaining
physically the improvement of antenna performance. A
simple method for achieving a wideband high-gain patch
antenna is provided in the present work.

2. Zero Index Metamaterial

2.1. ZIM Design Principle. Pendry discovered that electro-
magnetic behaviors of arrays of periodical wires are similar
to those of metal [1]. Plasma is a system composed of a
large number of charged particles, which shows neutral. The
effective permittivity can be expressed as

𝜀 (𝜔) = 1 −

𝜔
2

𝑝

𝜔
2
,

(1)

where 𝜔
𝑝
is the plasma frequency and 𝜔 is the frequency of

the propagating electromagnetic wave.The plasma frequency
𝜔
𝑝
of the metal can be expressed as

𝜔
2

𝑝
=

𝑛
𝑒
𝑒
2

𝜀
0
𝑚eff
, (2)

where 𝑛
𝑒
is the charge density, 𝑒 is the electric quantity, 𝑚eff

is the effective mass, and 𝜀
0
is the permittivity in free space.

The plasma frequency 𝜔
𝑝
of the metal is in the frequency of

ultraviolet. Pendry proposed a mechanism for the depression
of the plasma frequency𝜔

𝑝
tomicrowave by employing arrays

of wires. Wires can depress 𝑛
𝑒
and increase 𝑚eff, resulting in

lowering the plasma frequency 𝜔
𝑝
. The plasma frequency 𝜔

𝑝

of the wires can be expressed as

𝜔
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𝑝
=

2𝜋𝑐
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𝑎
2 ln (𝑎/𝑟)

, (3)

where 𝑟 is the radius of the wires, 𝑎 is the lattice constant,
and 𝑐
0
is the speed of light in the free space. From (3), the

plasma frequency𝜔
𝑝
can be lowered by optimizing the lattice

constant 𝑎 and the radius 𝑟 of the wires. It can be concluded
that the permittivity is negative when the frequency is below
the plasma frequency.

Based on Pendry’s thought, we design the mesh grid
structure whose plasma frequency can be in the microwave
band by optimizing the parameters of the mesh grid struc-
ture. When operating at the plasma frequency, the effective
permittivity is zero, and hence it yields a zero index.

2.2. Fabrication and Experiment. Figure 1 shows the planar
ZIM consisting of arrays of mesh grid on each side of

the substrate with the thickness of 1.5mm and the effective
dielectric constant 𝜀

𝑟
of 2.65 (𝑡𝑔𝜃 = 0.009). The design idea

is inspired by [15]. However, in the present paper, we utilize
single-layer microstrip technology for realizing the planar
ZIM. Geometrical dimension of the unit cell presented in
Figure 1(a) are line width 𝑤 and lattice constant 𝑙. Zero index
frequency can be controlled by constructing the parameters𝑤
and 𝑙. In the present paper, the simulations were employed by
using German commercial software package CSTMicrowave
Studio on the basis of the finite integration method. Electro-
magnetic resonant behaviors of the planar ZIM for different
parameters 𝑤 and 𝑙 are studied. Figure 2 shows the resonant
behaviors for𝑤 = 0.2mm, 0.4mm, 06mm, and 0.8mmwith
constant 𝑙 = 14mm. Figures 2(a) and 2(b) show the trans-
mission spectrums and reflection spectrums. The calculated
permeability, permittivity, and index by using 𝑆-parameters
retrieval method [23] are presented in Figures 2(c), 2(d),
2(e), 2(f), 2(g), and 2(h). It is presented that the cutoff near-
zero index is 9.9GHz, 10.9GHz, 11.7 GHz, and 12.39GHz
corresponding to 𝑤 = 0.2mm, 0.4mm, 06mm, and 0.8mm.
The near-zero index shifts the higher frequency with the
increase of the parameter 𝑤. Meanwhile, the results show
that the imaginary parts of the permeability, permittivity, and
index are all small at the near-zero index.The electromagnetic
behaviors of the planar ZIM versus the parameter 𝑙 are also
investigated. The study shows that the near-zero index shifts
the lower frequency with the increase of 𝑙 (not shown here).

The planar ZIM structure was fabricated by using a
shadow mask/etching technique in this paper. The geomet-
rical dimensions of the unit cell are chosen as follows: line
width𝑤 = 0.6mm and lattice constant 𝑙 = 14mm. Deposited
copper thickness is 35 𝜇m.The fabricated planar ZIM sample
is shown in Figure 1(b). The experiments composed of two
standard horn antennas (8.2–12.4GHz) were carried out
with an AV3618 network analyzer (50MHz–20GHz) in an
anechoic chamber. The measured refractive index is shown
in Figure 2(g), where the real part of the index is near-zero at
the wideband frequencies.

3. High-Gain Patch Antennas with
the ZIM Cover

3.1. Antennas’ Design and Fabrication. Based on the wide-
band zero index, besides a conventional narrowband patch
antenna, a wideband patch antenna has also been designed
and fabricated. Antennas’ design is employed by CST
Microwave Studio and the fabrication is by using a shadow
mask/etching technique on the 1.5mm thickness substrate
with an effective dielectric constant 𝜀

𝑟
of 2.65 (𝑡𝑔𝜃 = 0.009).

The dimension of the radiation patch is 9.7mm× 7.8mm.
The ground plane size and substrate size are both
56mm× 56mm. A 50Ω coaxial probe which is used to
feed the antenna was situated at the centre of a rectangular
patch along the 𝑦-axis, and 2.3mm away from the 𝑥-axis in
the cartesian coordinate.The fabricated narrowband antenna
sample is shown in Figure 3(a). The simulated and measured
antenna reflections are presented in Figure 3(c). It shows
that the simulated −10 dB bandwidth is 0.846GHz covering
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Figure 2: The results for 𝑤 = 0.2mm, 0.4mm, 0.6mm, and 0.8mm with 𝑙 = 14mm, (a) the simulated transmission spectrums, (b) the
simulated reflection spectrums, (c) the simulated real parts of the permeability, (d) the simulated imaginary parts of the permeability, (e) the
simulated real parts of the permittivity, (f) the simulated imaginary parts of the permittivity, (g) the simulated and measured real parts of the
index, and (h) the simulated imaginary parts of the index.

from 9.914GHz to 10.76GHz, with the relative bandwidth of
8.184%. Whereas the measured −10 dB bandwidth is 0.8GHz
covering from 10.14GHz to 10.94GHz, with the relative
bandwidth of 7.6%. The measured frequency is slightly
higher than the simulated one. This discrepancy may be due
to the fabrication tolerance and the substrate material where
the actual dielectric constant is a little different from the
value used in the simulations.

In order to broaden antenna bandwidth, four parasitic
patches [24] with the dimension of 2.3mm× 7.8mm sur-
rounded by the radiation patch are added. The wideband

patch antenna prototype is shown in Figure 3(b). The
simulated −10 dB bandwidth is 1.212GHz covering from
9.884GHz to 11.096GHz, with the relative bandwidth of
11.55%. Whereas the measured −10 dB bandwidth is 1.2 GHz
covering from 10.05GHz to 11.25GHz, with the relative
bandwidth of 11.3%. The antenna bandwidth is wider by
0.4GHz than that of the narrowband patch antenna. The
operation frequency of the wideband antenna is still in the
range of zero index of the ZIM.

The prototype of the proposed antenna with the
ZIM cover is shown in Figure 4. It is demonstrated that
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Figure 4: The prototype of the proposed wideband antenna with the ZIM cover, (a) the setup for the numerical simulations and (b) the
proposed antenna sample.
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Figure 5: The performance of the proposed narrowband antenna with the ZIM cover for different distances ℎ, (a) the reflection coefficients
and (b) the antenna gains.
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Figure 6:The performance of the proposed wideband antenna with the ZIM cover for different distances ℎ, (a) the reflection coefficients and
(b) the antenna gains.

the distance ℎ between the patch antenna and ZIM cover
influences the antenna performances. Figure 5 gives the
simulated performances of the narrowband patch antenna
with the ZIM cover, which presents the optimum distance
ℎ = 9mm. The average gain of the narrowband antenna
with the ZIM is 10.17 dB at the working frequencies, and the
peak gain can be up to 10.59 dB at 10.5 GHz. Figure 6 gives
the simulated performances of the wideband antenna with
the ZIM cover. The optimum distance is also ℎ = 9mm.
The average gain of the proposed wideband antenna with

ZIM is 10.9 dB at the working frequencies, and the peak gain
is 11.6 dB at 10.9GHz. Therefore, in the present paper, we
fabricate the antenna samples with the optimum distance
ℎ = 9mm. In addition, the number of the ZIM layers versus
antenna performances is also investigated. The antenna
performances are listed in Table 1. The results show that the
antenna gain is improved with the increase of the ZIM layers.
When one layer ZIM is placed above the conventional patch
antenna, antenna beamwidth is convergent and the gain is
improved greatly. When two layers ZIM or muchmore layers
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Figure 7: The performances of the proposed narrowband antenna with the ZIM cover, (a) the reflection coefficients and (b) the radiation
patterns.
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Figure 8: The measured radiation patterns for the conventional narrowband antenna and the antenna with the ZIM cover.

ZIM are utilized, antenna gain is improved slowly. When the
ZIM cover is increased to seven layers, the antenna gain is
almost stable. In order to design the antenna with compact
volume and improved gain, the antenna based on one layer
ZIM with the optimum distance ℎ = 9mm is fabricated in
the present paper.

3.2. Performances of the Narrowband Patch Antenna with
the ZIM Cover. Figure 7 presents the performances of the
proposed narrowband high-gain antenna. The simulated
and measured antenna reflection coefficients are shown
in Figure 7(a), where the simulated −10 dB bandwidth is

0.71 GHz covering from 9.98GHz to 10.69GHz and the
measured −10 dB bandwidth is 0.63GHz covering from
10.26GHz to 10.89GHz. The proposed antenna radiation
patterns are shown in Figure 7(b). It shows that the simulated
half-power beamwidth (HPBW) in the 𝐸 plane and 𝐻 plane
are 45∘ and 51∘, respectively. The measured HPBW in the 𝐸
plane and𝐻 plane are 41∘ and 49∘, respectively.The simulated
gain is 10.48 dB and the measured one by using the gain
comparison method is 10.6 dB. The simulated and measured
aperture efficiencies are 24% and 23.7%, respectively. The
measured results are in good agreement with the simulated
ones.
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Figure 9:The comparative gains of the conventional narrowband antenna and the proposed antenna, (a) simulations and (b) measurements.
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Figure 10: The performances of the proposed wideband antenna with the ZIM cover, (a) the reflection coefficients and (b) the radiation
patterns.

To demonstrate the ZIM cover for improving antenna
performance, the comparative radiation patterns between the
conventional patch antenna and the proposed antenna are
presented in Figure 8. It shows that the measured HPBW in
the 𝐸 plane is reduced by 42∘, and HPBW in the 𝐻 plane is
reduced by 15∘ compared to the conventional patch antenna
without the ZIM. The side lobe is reduced and the forward
radiation is enhanced. As a result, the gain is improved. The
comparative gains are shows in Figure 9, which presents that
the measured average gain is improved by 4.23 dB compared
to the conventional antenna without the ZIM.

3.3. Performances of the Wideband Patch Antenna with the
ZIM Cover. Figure 10 presents the performances of the
proposed wideband antenna. The simulated and measured
antenna reflection coefficients are shown in Figure 10(a),
where the simulated −10 dB bandwidth is 1.192GHz cover-
ing from 9.908GHz to 11.1 GHz and the measured −10 dB
bandwidth is 1.18 GHz covering from 10.14GHz to 11.32GHz.
The proposed antenna radiation patterns are shown in
Figure 10(b). It shows that the simulated HPBW in the 𝐸
plane and 𝐻 plane are 36.4∘ and 37.2∘, respectively. The
measured HPBW in the 𝐸 plane and 𝐻 plane are 38∘ and
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Figure 11: The measured radiation patterns for the conventional wideband antenna and the proposed antenna at the frequencies of (a)
10.15 GHz, (b) 10.6GHz, (c) 10.8GHz, and (d) 11.3 GHz.
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Figure 12: The comparative gains of the conventional wideband antenna and the proposed antenna, (a) simulations and (b) measurements.
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Figure 13: The comparative electric field magnitude distributions of the antennas, (a) 10GHz and (b) 11.1 GHz.

Table 1: The performances of the antenna based on the different
ZIM layers.

Antennas Parameters
HPBW (𝜃

𝐸
) HPBW (𝜃

𝐻
) Gain (dB)

Patch antenna without ZIM 106∘ 90∘ 6.643
Antenna with 1 layer ZIM 45∘ 51∘ 10.33
Antenna with 2 layers ZIM 35∘ 40∘ 10.8
Antenna with 3 layers ZIM 31∘ 36∘ 11.3
Antenna with 4 layers ZIM 28∘ 32∘ 12.4
Antenna with 5 layers ZIM 26∘ 28∘ 13.0
Antenna with 6 layers ZIM 23∘ 24∘ 13.7
Antenna with 7 layers ZIM 20∘ 20∘ 13.9

43∘, respectively. The simulated gain is 11.63 dB and the
measured one is 11.3 dB at the center frequency.The simulated
and measured aperture efficiencies are 30.4% and 28.7%,
respectively.

The comparative antenna radiation patterns between the
conventional wideband patch antenna and the proposed
antenna are presented in Figure 11. The radiation patterns
at the frequencies of 10.15 GHz, 10.6GHz, 10.8GHz, and
11.3 GHz are all given in order to demonstrate that the antenna
performs good performances at the wideband frequencies.
It shows that HPBW in the 𝐸 plane is reduced by 49∘
and HPBW in the 𝐻 plane is reduced by 22∘ compared
to the conventional wideband patch antenna without the
ZIM cover. The comparative gains are presented in Figure 12,
which shows that the measured average gain is improved
by 4.37 dB compared to the conventional wideband antenna
without the ZIM cover.

3.4. Discussion. In order to explore physically the improve-
ment of antenna performance, simulated electric field dis-
tributions for the conventional wideband antenna and the
antenna with the ZIM cover at the lower frequency (10GHz)
and the upper frequency (11.1 GHz) are given in Figure 13.
The electromagnetic wave front presents a spherical wave for
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the conventional antenna without the ZIM cover at these two
frequencies. However, the electromagnetic wave front shows
a plane wave for the antenna with the ZIM cover. The planar
ZIM cover plays a role in controlling the electromagnetic
wave propagation direction, changing the spherical wave
radiated by the conventional antenna to the plane wave. In
the far-field view, the sideward radiation will be reduced, and
forward radiation can be enhanced in the radiation patterns.
As a result, a more directional and higher gain antenna can
be obtained. The similar electric field distributions can be
obtained for the conventional narrowband antenna and the
antenna with the ZIM cover.

It is known that the propagation phase can be defined as
Δ𝜙 = 𝑛𝑘

0
𝑑 when the electromagnetic wave transmits the

distance 𝑑 in the medium. For the ZIM, the index is zero.
Therefore, propagation phase is independent of propagation
distance. It is expected that the propagation phase is the
same at the interface between the medium and the free space
whenever excitation of radiation source in the ZIM is the
spherical wave or the plane wave. Hence, the form of the
electromagnetic wave front depends on the curvature of the
emergent surface when the electromagnetic wave transmits
through the ZIM. In this paper, the planar ZIM can be
employed for changing the spherical wave radiated by the
conventional antenna to the plane wave. As a result, the
directivity and gain of the antenna with the ZIM cover can
be enhanced.

In the present paper, the high-gain patch antennas based
on the ZIM cover are proposed. The planar ZIM structure
in our paper is fabricated by using a single-layer shadow
mask/etching microstrip technology, resulting in the merits
of simple and planar structure, low profile, low weight,
compact size, and easy fabrication. In addition, compared
to the reported patch antennas [25, 26], our proposed
patch antenna has the compact volume and a much better
aperture efficiency. In summary, the proposed antenna has
the advantages of more compact volume, better gain, and
higher aperture efficiency. Hence, we provide a method to
solve some limitations (low gain, low radiation efficiency) of
the conventional patch antenna. It is regarded that using the
planar ZIM to improve the gain of the conventional patch
antenna is significant in this paper.

4. Conclusions

In this work, a wideband planar ZIM is investigated. Accord-
ing to the zero index, two high-gain patch antennas based
on the ZIM cover are designed and fabricated. The optimal
distance between the patch and the ZIM cover and the
number of the ZIM layers are demonstrated.The antenna per-
formances are studied with simulations and measurements.
The results show that the energy radiated by the ZIM cover
antennas becomes more concentrate. As a result, the more
directional and higher gain antennas are obtained. The aver-
age gain for the narrowband proposed antenna is improved
by 4.23 dB. Besides the narrowband antenna, the antenna
performance is improved at the wideband frequencies when
the ZIM cover is placed above the wideband patch antenna.

The average gain for the proposed wideband antenna is
improved by 4.37 dB as compared with the antenna without
the ZIM cover.

It is significant that the wideband high-gain planar patch
antenna based on the ZIM cover is realized. It is expected that
the proposed high-gain antenna can be applied in the fields of
high-rate data transmission, high-resolution radar systems,
and among other fields. In addition, the ZIM has the merits
of simple structure, compact size, andmost importantly it can
improve the antenna performances greatly at the wideband
frequency. Furthermore, the planar ZIM cover can also be
used with the other antennas such as monopoles, dipole
antennas, leak-wave antennas, and aperture antennas.
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A printed modified bow-tie dipole antenna which consists of asymmetric-feed and inserted slots is presented to apply to the DVB
andWLAN systems.This antenna combines omnidirectional radiation pattern, broad bandwidth, and band rejection in an easyway
to fabricate. Experimental results of the constructed prototype indicate that the VSWR 2.5 : 1 bandwidths achieve 166.7%, 28.57%,
and 23.63% at 660MHz, 2450MHz, and 5500MHz, respectively.

1. Introduction

An increasingly popular paradigm for wireless communica-
tions considers clusters of cooperating networks, which offer
the user seamless access through a range of technologies
such as digital video broadcasting (DVB, UHF band: 470–
862MHz) and wireless local area network (WLAN, ISM
bands: 2.4–2.4835GHz and 5.15–5.825GHz) [1]. The inter-
working wireless technologies, such as WLAN with DVB
networks, provide the user with a return link for interactive
TV and high bandwidth asymmetric downlink for data
transfer to terminals operating in the heterogeneous roaming
environment. Therefore, the desired antenna design must be
able to cover both DVB and WLAN systems at the same
time and to include dual-band/broad bandwidth, simple
impedance matching to the feed line, and low profile. The
bow-tie dipole antenna has become the main candidate for
the above application since its bandwidth performances are
reasonably better than other alternatives [2]. However, it is
difficult for the traditional printed bow-tie dipole antenna
to meet multiband operation for respective communication
systems. The solution is to design a dual- or multiband
integrated antenna for wireless product applications. For this
purpose, in this paper, we introduce a printed modified bow-
tie dipole antenna which combines band-rejection slots and
asymmetric-feed structure to yield three operating bands

[3]. The printed modified bow-tie dipole arms adjustable in
position will yield an asymmetrical structure.The impedance
matching is obtained through tuning the shifted distance of
the arms [4].The band rejection is obtained by inserting some
slots in the dipole arms [5–9]. Details of the specification
of the proposed designs and the experimental results of
constructed prototype are presented and discussed in the
following sections.

2. Antenna Structure and Design

Figure 1 shows the proposed asymmetric modified bow-
tie dipole antenna for DVB and WLAN applications. The
presented antenna structure is composed of a modified bow-
tie dipole radiating element section of length L, width W,
flare angle 𝜃, and shifted distance D, which is printed on a
1.6mm thick FR4 glass epoxy substrate (the relative permit-
tivity is 4.3). The fundamental resonant mode of modified
bow-tie dipole is designed to occur at about 660MHz (the
center frequency of the lower operating band: 470–862MHz).
Thedipole length andwidth can be determined from the half-
and quarter-wave lengths of the resonant frequencies. Note
that the flare angle of modified bow-tie dipole is a function of
operating bandwidth. In general, the bandwidth of the lower
operating band increases with an increase in the flare angle.
By determining appropriate dimensions (L, W, D, and 𝜃)
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Figure 1: (a) Geometry of the original antenna. (b) Geometry of the proposed antenna. (c) Implemented prototype of the proposed antenna.
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Figure 2: (a)MeasuredVSWR against frequency of the original and proposed antenna. (b)Measured and simulated VSWR against frequency
of the proposed antenna.

of the antenna structure, good impedance matching of the
printed modified bow-tie dipole can be obtained across
an extended bandwidth. A parallel-strip feed excites the
modified bow-tie dipole arms with shifted distance D to be
of asymmetric structure as shown in Figure 1(a), denoted as
the original antenna. The shape of the original antenna is
designed for wideband operation. For fitting in with a 50Ω

feed system and to obtain an extended bandwidth, the shifted
distance D should be 𝜆/20 [4]. The band rejection of the
dipole structure is obtained by inserting some slots in the
dipole arms. Note that the size and number of the slots are
not identical. The impedance matching at UHF band (470–
862MHz) and dual ISM band (2.4GHz and 5.8GHz) can be
tuned by adjusting the size of the slots on the dipole arms.



International Journal of Antennas and Propagation 3

660MHz current distribution

(a)

1e + 001

9.3125e + 000

8.625e + 000

7.9375e + 000

7.25e + 000

6.5625e + 000

5.875e + 000

5.1875e + 000

4.5e + 000

3.8125e + 000

3.125e + 000

2.4375e + 000

1.75e + 000

1.0625e + 000

3.75e − 001

−3.125e − 001

−1e + 000

960MHz current distribution

Jsurf (A/m)

(b)

2450MHz current distribution

(c)

1e + 001

9.3125e + 000

8.625e + 000

7.9375e + 000

7.25e + 000

6.5625e + 000

5.875e + 000

5.1875e + 000

4.5e + 000

3.8125e + 000

3.125e + 000

2.4375e + 000

1.75e + 000

1.0625e + 000

3.75e − 001

−3.125e − 001

−1e + 000

1300MHz current distribution

Jsurf (A/m)

(d)

5500MHz current distribution

(e)

1e + 001

9.3125e + 000

8.625e + 000

7.9375e + 000

7.25e + 000

6.5625e + 000

5.875e + 000

5.1875e + 000

4.5e + 000

3.8125e + 000

3.125e + 000

2.4375e + 000

1.75e + 000

1.0625e + 000

3.75e − 001

−3.125e − 001

−1e + 000

3900MHz current distribution

Jsurf (A/m)

(f)

Figure 3: Simulated current density versus frequency on the modified bow-tie dipole arms.

3. Experimental Results and Discussion

In the experiment, the parallel-strip feed of the proposed
antenna is connected to a 50Ω SMA connector. By using
the described design procedure, the original antenna is
constructed to operate the VSWR ≤2.5 in the range of
450MHz to 6GHz, as shown in Figure 2(a), with modified
bow-tie dipole-arm’s size: length 𝐿 = 22.6 cm, width 𝑊 =
13.6 cm, flare angle 𝜃 = 120∘, and shifted distance 𝐷 =
2.1 cm [4]. Based on the experimental studies, the effects
of key parameters (e.g., slots location, slots sizes, and slots

numbers) are tested and optimized. In this paper, there
are three same size insertion slots on the dipole arms. The
slots are located at quarter-wave length of the undesired
frequencies from the feed point (i.e., about 78mm, 65mm,
and 57mm, resp., at 960MHz, 1150MHz, and 1300MHz).
The optimal length (𝑠) and width (𝑡) of the slots are 20mm
and 5mm, respectively. Figure 2(a) also shows the VSWR
plot of the multiband antenna as a result of this design.
Figure 2(b) shows the measured and simulated VSWR plot
of the proposed antenna and the VSWR ≤2.5 bandwidths
are 1100MHz (166.71%), 700MHz (28.57%), and 1300MHz
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Figure 4:Measured radiation patterns for the proposed antenna (-×- copolar.—cross-polar.). (a) 660MHz, (b) 2450MHz, and (c) 5500MHz.

(23.63%) at 660MHz, 2450MHz, and 5500MHz, whichmeet
the required bandwidths of the DVB and WLAN systems.
The simulated results are obtained by using the Ansoft
HFSS. We can also find that a good agreement between the
simulation and the measurement is obtained. The simulation
results of the current density on the proposed antenna are
shown in Figure 3. Because the impedance mismatching at
960MHz, 1300MHz, and 3900MHz results in the surface
current density being lower than 660MHz, 2450MHz, and
5500MHz, the slots are located at quarter-wave length of the
undesired frequencies from the feed point that has also been
verified.

Figure 4 presents themeasured radiation patterns for free
space in the 𝑦𝑧-plane (E-plane) and the 𝑧𝑥-plane (H-plane).

The maximum gains in the E-plane and H-plane are 0.13 dBi,
1.27 dBi, and 1.04 dBi and 0.09 dBi, 0.04 dBi, and 0.11 dBi,
respectively, at 660MHz, 2450MHz, and 5500MHz.The gain
response with frequency is shown in Figure 5, indicating that
the effect of band rejection is remarkable. Table 1 shows the
measured antenna gains and 3D pattern efficiency within
the operating bands of the proposed antenna. Stable radia-
tion patterns are observed. The total 3D pattern efficiency
is defined as (gain/directivity) × 100%, which was done
by using pattern integration employing the ETS-Lindgren
anechoic chamber. Acceptable radiation characteristic for the
practical applications is obtained for the proposed antenna.
The omni-directional feature of the proposed antenna can
also be observed from the horizontal plane. The operating



International Journal of Antennas and Propagation 5

Table 1: The measured antenna gains within the operating bandwidth of the proposed antenna.

Frequency (MHz) H-plane (zx-plane) E-plane (yz-plane) 3D pattern
Max. gain Avg. gain Max. gain Efficiency (%)

470 −2.37 −4.43 0.19 51.22
660 0.09 −3.77 0.13 56.56
860 0.91 −3.03 0.94 58.71
2400 0.06 −3.76 0.43 66.45
2450 0.04 −3.61 1.27 65.52
2500 0.06 −3.15 1.43 68.72
5150 1.01 −2.76 0.93 69.71
5500 0.11 −3.31 1.04 71.23
5850 1.09 −3.05 1.76 70.52
Max.: maximum and Avg: average.
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Figure 5: Measured antenna gain versus frequency.

bandwidth of the proposed antenna with usable broadside
radiation patterns is consistent with the specification of DVB
and WLAN systems.

The effect on the antenna performance by varying the
insertion-slot numbers and dimensions has been studied, and
the results are described below. The structure of insertion
slot is a rectangular slot, as shown in Figure 1(b). The
corresponding characteristics of resonant frequency, input
impedance, and bandwidth are a function of the geometrical
parameters of the insertion-slot structure. The experimental
results of varying insertion-slot numbers and sizes were
obtained by measurement, as shown in Figure 6. According
to the above analyses, it is obvious that the inserted slots
are used for the band rejection. Figure 6(a) shows impedance
characteristics with various numbers of inserted slots, which
control the operating bands. Measurement results show that
by inserting three slots, the desired operating bands can be
obtained. In the UHF band, an increase in the insertion-
slot length (𝑠) leads to an increase in impedance bandwidth.
Contrarily, the insertion-slot length (𝑠) has a negative effect
on impedance bandwidth in the dual-ISMband; themeasure-
ment results are shown in the Figure 6(b). On the other hand,
an increase in the insertion-slot width (𝑡) leads to a decrease
in impedance bandwidth in the UHF band, while in the dual-
ISM band, there is a positive relation between insertion-slot
width (𝑡) and impedance bandwidth, as shown in Figure 6(c).
The optimal slot sizes of length (𝑠) and width (𝑡) are 20mm

and 5mm, which will provide the appropriate operating band
for DVB and WLAN system applications.

4. Conclusion

It has been demonstrated that a printed modified bow-tie
dipole provides multiband operation. By correctly choosing
the width of the slots, three bandwidths, defined for a VSWR
lower than 2.5, achieving 166.71%, 28.57%, and 23.63%,
respectively, at 660MHz, 2450MHz, and 5500MHz, can be
obtained. The contribution of this paper is to implement
a simple and easy fabrication antenna for practical DVB
and WLAN applications. The locations of the inserted slots
on the dipole arms have been confirmed. The slots are
located at quarter-wave length of the undesired frequencies
from the feed point. Measurement results show that the
structure indeed offers broad bandwidth and band rejection
characteristics. Although this antenna was designed for DVB
and dual ISM-band applications, its design concept can be
extended to other frequency bands of interest.
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