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Multiband Inverted-F Antenna with Independent

Bands for Small and Slim Cellular Mobile
Handsets

Hattan F. Abutarboush, R. Nilavalan, T. Peter and S. W. Cheung

Abstract— The design of a small ultra-thin Printed Inverted-F
Antenna (PIFA) with independent control on the resonant
frequency bands is proposed. The antenna consists of a slotted
radiator supported by shorting walls and a small ground plane.
The structure is designed and optimized to operate at 2.09, 3.74
and 5 GHz with achievable bandwidths of 11%o, 8.84% and 10%,
respectively. These three bands cover the existing wireless
communication frequency bands from 1.5 - 6.8 GHz. Each of the
three bands can be controlled independently without affecting
the other two bands. The 2.09 GHz band can be controlled to
operate between 1.5 - 2.09 GHz (33.33%), the 3.74 GHz band can
be controlled over the range of 3.57 — 4.18GHz (15.76%) and the
5 GHz band can be controlled to cover the band from 5.00 — 6.80
GHz (30.50%0). Results of intensive investigations using computer
simulations and measurements show that the ground plane and
the feed locations of the antenna have marginal effects on the
performance of the antenna. The effects of the user’s hand and
mobile phone housing on the return loss, radiation patterns,
gains and efficiency are characterized. The measured peak gains
of the prototype antenna at 2.09, 3.74 and 5GHz are 2.05, 2.32
and 3.47 dBi, respectively. The measured radiation efficiencies
for the corresponding three bands are 70.12, 60.29 and 66.24 %
respectively.

Index Terms— PIFA, PIFA Ground Plane, Independent
control, Small PIFA, Thin PIFA, Antenna for Mobile phone, The
effect of User's Hand

I. INTRODUCTION

LANAR Inverted-F Antennas are widely used in a variety
of communication systems especially in mobile phone
handsets due to low profile, light weight, easy integration
and manufacturability [1-3]. In recent years, there have been a
number of PIFA designs with different configurations to
achieve single and multiple operations by using different
shapes of slots [2] - [11]. Truncated corner technique [12],
meandered strips [13] and meandered shapes [14-15] have
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been used to create multiple band operations. Branch line slit
has been used to achieve dual-band operations [16].
Broadband multi-resonant antennas utilizing capacitive
coupling between multiple conductive plates was claimed in a
patent [17]. These antennas are generally designed to cover
one or more wireless communications bands such as the
Global System for Mobile Communications (GSM900 and
800), Personal Communication System (PCS 1800 and 1900),
Digital Communication Systems (DCS), Global Position
System (GPS), Universal Mobile Telecommunications System
(UMTS), Wireless Local Area Networks (WLAN) and
Worldwide Interoperability for Microwave Access (WiMAX),
etc.

The ground plane of a PIFA can play an important role to
enhance the performance of the antenna [18]. For example, for
low frequency operation such as for the GSM 900/800 bands,
the ground plane has to be used as a radiating part. However,
if the ground plane also acts as a radiating part, the effect of
the user’s hand is likely to degrade the antenna performance
when the antenna is fitted inside the mobile phone. This
causes several practical engineering problems [19] - [22]. In
some designs, the location of the antenna on the substrate is
also an important factor to be considered as it can enhance the
bandwidth of the antenna by few more percentages [23].

Some work has been done to achieve frequency independent
control for a small-size and thin antenna. For example in [24],
a Planer Inverted-F Antenna (PIFA) was thoroughly studied to
control three resonant frequencies for GSM/DCS/DMB with
an overall size of 105 x 30 x 9 mm®. However, the structure of
the antenna could not provide a wide-independent control for
the three resonant frequency bands and the large ground plane
also affected the frequency bands. In [25], a switchable design
for dual bands at (1.9 GHz, 5.2 GHz) and (1.9 GHz, 3.5 GHz)
was presented with some tuning capability for a
reconfigurable system. In [26], a double U-Slot patch antenna
was proposed to independently control three WiMAX bands.
However, the control ranges of the three bands were limited to
only few percentages. In the patent reported in [27], a multi-
frequency band antenna, capable of tuning the low-band
portion to a low frequency band and the first high-band
portion to a first high frequency band, was introduced for use
in mobile handsets applications.

In this paper, the design of a relatively small and ultra-thin
PIFA that can support three frequency bands at 2.09 GHz,
3.74 GHz and 5 GHz with achievable bandwidths of 10%,



Wireless Networks and Communications Centre( WNCC), Brunel University, UK 2

W
i\ + hi=157mm Ls
‘\‘w3 z %’v
W, X
L L,
Ws
L;
A
2 Ld
N 32] \
50 Ohm, 5mm -— -— -—
Feeding Point S, S, S,

(a) (b)

Fig.1The layout of the proposed antenna (a) 3D View and (b) detailed dimensions

TABLE I: DETAILED DIMENSIONS OF THE PROPOSED ANTENNA (IN MILLIMETER)

Parameter W W, W, W3 W, W5
Dimension 40 6 2 2 11.6 4
Parameter L L, L, Ls Ly Ls
Dimension 40 25.6 25.6 20 20 12
Parameter S: S; Ss Ss Ground Plane
Dimension 2 3.57 4 3 40 x 40

8.8% and 11%, respectively is proposed and presented. The
effects of different ground plane dimensions, locations of the
antenna on the substrate and physical heights of the antenna
from the ground plane are studied. The three bands can be
independently designed over a wide range and also re-
designed to any other bands between 1.5 GHz to 6.8 GHz.
The proposed antenna satisfies the return loss, bandwidth,
gain and efficiency requirements for applications within the
frequency range from 1.5 GHz to 6.8 GHz. The measured
reflection coefficient, radiation pattern, gain and radiation
efficiency are characterized. The effects of a user's hand
model and the mobile phone housing model on the return loss,
gain, radiation pattern and efficiency are also studied.

II. DESIGN OF SMALL AND THIN PIFA

A. Antenna Configuration and (S;;) Measurements

Fig. 1 (a) shows the structure of the proposed antenna with
detailed dimensions given in Fig. 1(b) and Table I. The
proposed antenna consists of a main radiator with an irregular
shape, a rectangular slot, shorting walls, and a ground plane.
The material used is FR-4 substrate with a dielectric constant
of 4.4, a loss tangent of 0.02 and a substrate height of
1.57mm. The proposed antenna has a very small size and is
physically thin. The total volume of the radiator with feed
point is 25.6 x 26 x 3.57 mm®, while the overall volume of the
antenna including the ground plan is 40 x 40 x 3.57 mm’. The

EM software, High Frequency Structure Simulator (HFSS)
V.11.4 package, is used for full wave analysis of the antenna
and material losses is taken into account in the simulation
studies.

To validate the simulated results, the proposed antenna is also
fabricated on a FR-4 substrate with the same characteristics
used in simulation. The thickness of the copper used in the
prototype is 0.15 mm. The simulated and measured reflection
coefficient (S;;) of the proposed antenna is presented in Fig 2
(a) and the prototype is shown in Fig. 2(b). It can be seen that
the simulated and measured results are in good agreements.
The little discrepancies might be due to many factors such as
the soldering proficiency and accuracy of cutting the edges of
the copper. The results in Fig. 2(a) show three distinct bands
are generated at 2.09 GHz, 3.74 GHz and 5 GHz. The
corresponding bandwidths defined by -6 dB for the three
bands are 11 % (1.978-2.2 GHz) for the 2.09 GHz band, 8.84
% (3.571 =3.9 GHz) for the 3.74 GHz band and 10 % (4.887—
5.391 GHz) for the 5 GHz band. These bandwidths satisfy the
requirements for most of the wireless applications. The
antenna achieves a wider bandwidth, smaller ground plane
size and thinner structure than the designs reported in [24] and
[25].

B. Radiation Mechanism and Current Distributions

Further understanding of the antenna behaviour can be
observed from the current distribution plots shown in Fig 3 (a)
- (¢). These current distribution plots can be used to identify
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Fig. 2 (a) Simulated and measured S, for the proposed antenna (b) prototype antenna
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Fig. 3 Currents distribution for the proposed antenna at (a) 2.09 GHz (b) 3.74 GHz and (c) 5 GHz

the electrical lengths for the first, second and third resonant
frequencies, f;, f, and f3, at 2.09 GHz, 3.74 GHz and 5 GHz,
respectively. It can be seen in Fig. 3 (a) that there are two
major current paths on the radiator generating the 2.09 GHz
band. The first current path is along L; and W, whereas the
second current path is along L, and W, of Fig. 1(b). Both
paths have an electrical length of about a quarter wavelength
at 2.09 GHz. At 3.74 GHz, Fig. 3 (b) shows that there is only
one major current path concentrated along L; and W3 on the
radiator. This path has an electrical length of about a quarter
wavelength at 3.74 GHz. In Fig. 3 (c), there are two major
current paths on the radiator. The first path is formed around
W, and (L, - W,) whereas the second path is formed around
L, and W,. The electrical lengths for both paths are about a
quarter wavelength at 5 GHz. Thus by varying these
parameters, the current paths for the first, second and third
resonances can be independently controlled over a wide range,
which is further elaborated in the next section.

(b) (c)

C. Parametric Analysis and Independent Control over a Wide
Range

To design an antenna with multiple band operation, it is
desirable to have an independent frequency control on two or
more separate frequencies. Achieving this option is very
challenging. Very often, when one parameter is changed, all
the other frequencies are affected [28]-[29] and the antenna
needs to be completely re-designed for other bands.

The idea proposed in this paper to achieve an independent
frequency control on different frequencies of a single antenna
is to find out the radiation elements of the antenna responsible
for individual bands. From the current distribution discussions
in section II.B, we can identify the key radiation elements by
observing the current paths for each resonant frequency, so we
can control each band independently. For example, the current
path along L, and W, is for the 2.09 GHz band. Increasing the
length of L, in the X-direction moves the lower order mode
resonance (at 2.09 GHz) toward the lower frequencies as
shown in Fig. 4 (a) and Table II. The 2.09 GHz band can be
controlled over 33.33% between 1.5 — 2.09 GHz. Similarly,
the current path for 3.74 GHz is along L; and W; , so by
changing the size of the width of W; in the X-direction
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Fig. 4 Parametric studies showing independent control for each band over wide range (a) 2.09 GHz band (b) 3.74 GHz band and (c) 5 GHz band

TABLE I
INDEPENDENT CONTROL RANGE IN THREE BANDS
Frequency Band 2.09 GHz 3.74 GHz 5 GHz
Control Range (MHz) 1500 - 2090 3570-4188 5000 - 6800
Control Range (%) 33.33 15.76 30.50

(without changing the parameters (L; and W))), the 3.74 GHz
band can be tuned to a lower or higher frequency, as shown in
Fig. 4 (b) and Table II. Here, we can tune the 3.74 GHz band
over 15.75% between 3.57 — 4.188 GHz. For the 5 GHz band,
the current path is formed along L, and W,. By varying the
length and the width simultaneously, we can tune the 5 GHz
band over 30.50% between 5 — 6.8 GHz without affecting the
2.09 GHz band and the 3.74 GHz bands, as shown in Fig. 4
(c) and Table II. It should be noted that the 2.09 GHz and 5
GHz bands have one common current path around L; and W,
so by changing the length or the width of L;, these two bands
can be controlled without affecting the 3.74 GHz band. Since
these three bands can be controlled independently over wide
frequency ranges (compared with the design reported in [24]
and [26]), the antenna can be designed easily for other
applications.

III. SIGNIFICANCE OF SOME PARAMETERS ON ANTENNA
PERFORMANCE

The effects of the ground plane size, the antenna location and
the height of the PIFA on the performance of the antenna are
examined and further elaborated in this section

A. Ground Plane Effect

The side and geometry of a ground plane in a PIFA are known
to affect the antenna performance. In [30], slots were added to
the ground plane to significantly improve the bandwidth
performance of the antenna. In [24], it was shown that varying
the ground plane size would affect S;;. An antenna can be
designed to couple more energy to the ground plane, making
the ground plane a radiating part and resulting in a wider
impedance bandwidth. However, this makes the ground plane
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Fig. 5 The effects of (a) ground plane size (b) antenna location and (c) physical height of the PIFA on S;; performance.

quite sensitive. Since our proposed antenna is designed for use
in the mobile phone systems which require a relatively narrow
width, there is no need to use the ground plane to increase the
bandwidth. Moreover, there are many advantages of having a
less sensitive ground plane. For example, with an insensitive
ground plane, the antenna performance will not be affected by
other electronic components and circuits nearby. When
multiple antennas are integrated together, there will be strong
isolation between antennas, allowing easy optimization of
antennas positions. The antenna can be used in mobile phones
with different ground plane sizes without changing the
performance. The user’s hand will not affect the matching of
the bands and also the radiation efficiency [31]. For these
reasons, we should design the antenna to have the ground
plane as less sensitive as possible so that the performance
mainly depends on the structure alone and not the surrounding
elements [19, 22]. For our proposed antenna, results in Fig.
5(a) show that varying the length of the ground plane from 40
x 40 mm to 40 x 100 mm does not affect the matching or the
bandwidth of the antenna, indicating that the ground plane
effect is quite small. Similar observation was also reported in

[23]. However, this will not be the case if the ground plane is
used as part of the radiating part as in [24] and [30].

When the size of the ground plane changes the current
distribution on the main radiator and the ground plane for the
three bands do not significantly change. Also the gain and the
radiation efficiency have been observed when changing the
size of the ground plane. No significant changes in the gain
and the radiation efficiency have been noticed at the three
bands

B. Antenna Location

The location of the antenna can also affect the performances
[23]. However, in our proposed antenna, results in Fig. 5(b)
shows that changing the location of the proposed antenna
along the substrate does not affect the matching or bandwidth
of the bands. More results have also shown that this would
not change the gain and the shape of the radiation pattern.

C. Height of the PIFA (hy)

Figure 5(c) shows the effects of the height (h,) of the PIFA
above the ground plane on the bandwidth of the antenna. It
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can be seen that, at a smaller value of h,=1 mm, the reflection 5 80
coefficient is larger at the high frequency band and & 70
significantly lower at only 5 dB in the lower frequency band. 3 o
This is because the radiator was too close to the substrate base &0
to resonate at low frequency. At the heights of h,=5, 6 and 9 . 50
mm, the return loss is larger than 10 dB (S;; <-10 dB) in the §
low frequency band, but less than 5 dB in the high frequency “3
bands. With h,=2 mm, the return losses of the three bands are e 30 E
larger than 10 dB which satisfies many applications. Since the »
objective of this research is to design a small antenna with a  E -5 _
. . = Measured 511 in dB
thin structure, we have selected the heights h)=2 mm from the 3 oo Measured Peak Gain in dBi 10
substrate and 3.57 mm from the ground plane for further 20 L —Measured Efficiency in % "
studies. With these dimensions, the proposed antenna can 1 2 3 a 5 6
operate in the UMTS, m-WiMAX and 5 GH WLAN bands Freq. GHz

with a bandwidth wide enough to cater for these applications.
More results have also shown that changing h, does not alter
the radiation efficiency and gain of the antenna significantly
enough to affect the performance, except at 5 GHz for h, =9
mm, where the efficiency changes slightly.

IV. SIMULATION AND MEASUREMENTS

A. Measurements Setup

The antenna is measured using the antenna measurement
equipment, StarLab, manufactured by Satimo [31]. Before any
measurement is done, calibration is carried out by using the
standard antennas provided. For radiation pattern and gain
measurements, it is just like other antenna measurement
equipment. For power efficiency measurement, the equipment

Fig. 7 Measured S, peak gain and radiation efficiency

first measures the gain, radiation intensity and reflection
coefficient of the antenna and computes the directivity using
the radiation intensity. The efficiency of the antenna is then
computed using the equation:

Efficiency = M(1 - |1"|2)
D(6,9)
where I' is the voltage reflection coefficient, G(6,¢) and
D(68,p) are the gain and directivity, respectively, of the

antenna and are functions of spherical coordinate angles €
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TABLE III: SIMULATED AND MEASURED GAIN AND EFFICIENCY WITH AND WITHOUT THE MATERIAL LOSSES

(f1) (f2) (fa)
Parameters 2.09 GHz 3.74 GHz 5 GHz
Gain (dBi) Measured with 0.02 FR-4 losses 2.05 2.32 4.47
Simulated with Lossless material 2.24 3.70 5.53
Efficiency (%) Measured with 0.02 FR-4 losses 70.12 60.29 66.24
Simulated with Lossless material 99.8 96.5 99.6

/\

Main Radiated
Parts

Ground Plane

o

Human Hand Model
(Direct touch the ground plane)

(2)
Fig. 8 The proposed antenna with (a) Hand (b) mobile phone housing and hand

and ¢ . The directivity is calculated by using the radiation
intensity [32].

B. Simulated and Measured Radiation Patterns and Its
Relationship with Current Distribution

The simulated and measured radiation patterns for co- and
cross- polarizations in the E-plane and H-plane at the
frequencies of 2.09, 3.74 and 5 GHz are shown in Figs. 6 (b) -
(d). Tt can be observed the radiation patterns are quite stable
throughout the UMATS, m-WiMAX and WLAN bands. To
relate the X-Y-Z orientation of the antenna in Fig. 1 to the E-
and H-planes in Fig. 6, we use the current directions of Figs. 3
(a) - (c) on the radiator in the individual frequency bands. Fig.
3(a) shows that the current direction for the first band at 2.09
GHz is in the X-direction, so the E- and H-planes in Fig. 6 are
the X-Z and Y-Z planes, respectively, in Fig. 1. The current
direction for the second band at 3.74 GHz is in the Y-direction
as shown in Fig.3 (b), indicating that the E- and H-planes are
the Y-Z and X-Z planes, respectively. Here, a high cross-
polarization level is found at 3.74 GHz. This might be due to
high current concentration around the feed and the end of L,
as shown in Fig.3 (b). Finally, the current direction for the 5
GHz band in Fig.3 (¢) indicates that the E- and H-planes are
the Y-Z and X-Z planes, respectively. To conclude these, at
3.74 GHz and 5 GHz, the currents have the same direction and
their E-planes are the Y-Z plane, whereas at 2.09 GHz, the
current has a different direction and the E-plane is the X-Z
plane.

Main Radiated
Parts

Ground Plane

Mobile Phone Housing

{Direct touch the ground plane)
F:

Human Hand Model [

(Direct touch the mobile phone
Housing

(b)

C. Measured Gain and Radiation Efficiency

Simulations and measurements on the peak gain and radiation
efficiency of the antenna have been carried out. Results have
shown that, in the 2.09 GHz, 3.74 GHz and 5 GHz bands, the
simulated peak gains are 2.14 dBi, 2.4 dBi and 5 dBi,
respectively, and the corresponding measured peak gains 2.05
dBi, 2.32 dBi and 4.42 dBi, as shown in Fig.7. The measured
radiation efficiencies for the three bands is 70.12 %, 60.29 %
and 66.24 %, respectively, as shown in Fig. 7. These results
have taken into account the loss of the FR-4 substrate. If the
loss is neglected, the gains and the radiation efficiencies in the
three-band are higher, as shown in Table III.

V. EFFECTS OF MOBILE PHONE HOUSING AND USER'S HAND
ON ANTENNA'S GROUND PLANE

The effects of a human hand model and a mobile phone
housing model on the reflection coefficient S;;, radiation
patterns, gain and efficiency of the antenna have also been
investigated. Fig.8 (a) shows the simulation model of the
antenna with the human hand model. The fingers and the
palm are attached directly to the ground plane and the main
substrate, respectively. When the mobile phone housing
model is used as well, the simulation model is shown in Fig. 8
(b), where the mobile phone housing model is in direct contact
with the antenna. The relative permittivity and conductivity of
3.5 and 0.02 S/m, respectively, for the mobile phone housing
model [33] and of 54 and 1.45 S/m, respectively, for human
hand model [34] have been used in simulations. The results in
Fig. 9 show that the human hand and mobile phone housing
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Fig. 11 Simulated Results of the proposed antenna with human hand model and mobile phone housing (a) peak gain and (b) radiation efficiency

increase the return losses in the two lower frequency bands
and slightly increase it in the higher frequency band.

With the human hand and mobile phone housing in place, the
radiation patterns at 2 GHz are shown in Fig. 10. It can be
seen that the shape of the radiation patterns do not change
much. The simulated peak gain and radiation efficiency are
shown in Fig.11. At 2 GHz, Fig. 11(a) shows that the mobile
phone housing and the hand increase the peak gain by 2 dB.
But if only the human hand is attached directly to the ground
plane, the peak gain is decreased by almost 1 dB. This can
also be observed in the radiation pattern of Fig.10 where the
antenna loses some energy in the direction of the ground plane
and gain from its maximum value. At 3.74 GHz and 5 GHz,
the gains drop by approximately 1 dBi, yet maintaining the
shape of the radiation patterns. There is no significant change
in radiation efficiency when both the human hand model and
mobile phone housing are present, as shown in Fig. 11 (b).

These results indicate that the ground plane of the proposed
design is not too sensitive to the hand and mobile phone
housing, thus the antenna has a low ground plane effect.

VI. EFFECT OF USER’S HAND AT DIFFERENT POSITIONS ON
ANTENNA

It is also essential to examine the effects of the hand at
different positions on the return loss, gain and efficiency of
the antenna. In [35], results of studies showed a dual-band of
the antenna was significantly affected by a hand placing on
the top of the radiator with 1 cm gap between them. Here, the
performances of the antenna with the hand in three different
positions, positions 1, 2 and 3, as shown in Figs. 12 (a) - (c),
respectively, are studied. In position 1, the hand (palm) is
placed 1 mm above the top of the radiator and the fingers are
touching the ground plane on the other side. The results in
Fig. 13 (a) show that the first and the third resonances at 2.09
and 5 GHz remain about the same. The second resonance at
3.74 GHz slightly moves to 3.69 GHz. The return losses of the
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Fig. 12 Simulation model for different positions of user’s hand (a) User’s hand covering radiator, (b) User’s hand partly covering radiator and (c) User’s hand
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Fig. 13 Effect of different positions of user’s hand on (a) The reflection coefficient (S;;) (b) gain (c) radiation efficiency

three bands are still greater than 6 dB (S;;<-6 dB), which is
different from the results reported in [35]. In position 2, where
the hand is at the centre of the antenna and the palm of the
hand partially covering the radiator with 1 mm gap between
them as shown in Fig.12 (b), the results in Fig. 13 (a) show
that the three resonant frequencies again remain about the
same. In position 3, where the hand model is relatively far
from the radiator as shown in Fig.12 (c), the three resonances
again remain about the same, as indicated in Fig. 13 (a).

The simulated results on the gain and radiation efficiency for
the three different positions are shown in Fig 13 (b) - (c). It
can be seen that, when the hand moves closer to the radiator,
the gain drops by almost 0.7 dBi compared with that when the
antenna in free space. The radiation efficiency drops to 63%
when the hand moves closer to the radiator.

These results indicate that, in these 3 positions, the
performance of the antenna is not very much sensitive to the
user’s hand. The best position, in terms of maximum
efficiency and gain, is when the user is holding the mobile
phone from the bottom, i.e., position 3. When the user’s hand
gets closer to the radiator, the gain and the radiation efficiency
drop slightly compared with the case when the antenna is in
free space. Even for the worst case scenario where the user’s
hand is completely or partly covering the radiator with 1 mm
gap between them, as in positions 1 and 2, the simulation
results show that it still can attain above 60% efficiency which

is considered quite acceptable for mobile phone applications
unlike the design reported in [33] where the radiation
efficiency is about 28% at 1795 MHz when the hand is
covering the radiator. The gain only drops by 2.2 dBi in the
first band of 2.09 GHz and by smaller amounts in the other
bands.

VII. CONCLUSIONS

The design of a compact multiband PIFA having
independent controls of the resonant bands for UMTS, m-
WiMAX and 5 GHz WLAN over a wide range have been
presented and proposed. The key controlling parameters of the
antenna have been studied using the current distributions on
the radiator. The antenna has a small size and is thin, making
it a good choice for modern mobile phones. Simulation and
measurement results have shown good performances in terms
of return loss, gain, radiation efficiency and radiation. The
ground plane of the antenna has minimal effects on the
antenna performance and the performance is not too sensitive
to the human hand and the mobile phone housing used in the
studies. This feature allows the nearby electronic components
to be placed closed to the antenna, making the overall size the
mobile phones even more compact and thin.



Wireless Networks and Communications Centre( WNCC), Brunel University, UK 10

(1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

Z. Ying, "Some important antenna innovations in the mobile terminal
industry in the last decade, “First European Conference on Antennas and
Propagation EuCAP 2006, vol., no., pp.1-5, 6-10 Nov. 2006.
P. S. Hall, E.Lee, C. T. P. Song, "Planar Inverted-F Antennas",
Chapter7, Printed Antennas for wireless Communications Edited by R.
Waterhouse, John Wiley & Sons, Ltd, 2007.
Thomas G. Moore, "multiband PIFA antenna for portable devices",
Application number: 9/814,171 Publication number: US 2002/0135521
Al Filing date: 21 Mar 2001.
L. Duixian, B. Gaucher, "A branched inverted-F antenna for dual band
WLAN applications", IEEE International Symposium Antennas and
Propagation Society, 2004, vol. 3, pp. 2623- 2626, June 2004.
J. Byun, J. Jo, B. Lee, "Compact dual-band diversity antenna for mobile
handset applications", Microwave and Optical Technology Letters, vol.
50, no. 10, pp. 2600-2604, 2008.

Y. Ge, K.P. Esselle, and T.S. Bird, "Compact diversity antenna for
wireless devices", Electron Letters, vol. 41, pp. 5253, 2005.

C.H. See, R. A. Abd-Alhameed, D. Zhou, and P.S. Excell ,"Dual-
Frequency Planar Inverted F-L-Antenna (PIFLA) for WLAN and Short
Range Communication Systems", IEEE Transactions on Antennas and
Propagation, vol. 56, no. 10, pp. 3318-3320, Oct. 2008.
A. Azremi, N. Saidatul, R. Ahmad, P. Soh, "A parametric study of
broadband Planar Inverted F antenna (PIFA) for WLAN application,”
International Conference on Electronic Design ICED 2008. vol., no.,
pp.1-6, 1-3 Dec. 2008.

D. Nashaat, H. Elsadek, H. Ghali, "Dual-band reduced size PIFA
antenna with U-slot for Bluetooth and WLAN applications," IEEE
International Symposium Antennas and Propagation Society 2003. vol.2,
no., pp. 962- 965 vol.2, 22-27 June 2003

Y. J. Cho, Y. S. Shin, and S. O. Park, "Internal PIFA for 2.4/5 GHz
WLAN applications", Electrons Letters 42, 8—10, 2006.

Pekka Salonen, Mikko Keskilammi, Markku Kivikoski, "New slot
configurations for dual-band planar inverted-F antenna", Microwave and
Optical Technology Letters, Volume 28, Issue 5, pages 293-298, 5
March 2001.

C.-Y.-D Sim, "Dual and triple-band PIFA design for WLAN
applications", Microwave and Optical Technology Letters, Volume 49,
Issue 9, pages 2159-2162. 2007.
P.W Chan, H. Wong, E. Yung, "Wideband planar inverted-F antenna
with meandering shorting strip," Electronics Letters , vol.44, no.6,
pp-395-396, March 13 2008.
P.W Chan, H. Wong, E. Yung, "Dual-band printed inverted-F antenna
for DCS, 2.4GHz WLAN applications," Loughborough Antennas and
Propagation Conference, LAPC 2008, vol., pp.185-188, 17-18 March
2008
W.P. Dou and Y.W.M.Chia, “Novel meandered planar inverted- F
antenna for triple frequency operation”, Microwave Optical Technology
Letter Vol.27, pp.58-60, 2000.

Fu-Ren Hsiao, Hong-Twu Chen, Tzung-Wern Chiol, Gwo-Yun Lee,
Kin-Lu Wong, "A dual-band planar inverted-F patch antenna with a
branch-line slit", Microwave and Optical Technology Letters Volume
32, Issue 4, pages 310-312, 20 February 2002.
Z. Ying and A. Dahlstroem, "Antenna for mobile communication
device", patent No  WO2003047031-A; US2003098812-Al;
WO02003047031-A1.
M.C. Huynh, and W. Stutzman, "Ground Plane Effects on Planar
Inverted-F Antenna (PIFA) Performance", IEE Proceeding Microwave
Antennas Propagation, Vol. 150, no. 4, pp. 209-213, August 2003.
Y. Chi, and K. Wong, "Internal Compact Dual-Band Printed Loop
Antenna for Mobile Phone Application", IEEE Transactions on
Antennas and Propagation, vol. 55, no. 5, pp. 1457-1462, May 2007.
Yi Huang, and Kevin Boyle, "Antennas: From Theory to Practice", John
Wiley & Sons, ISBN: 978-0-470-510"t28-5, 2008.
K. Wong, S. Su, C. Tang, and S. Yeh, "Internal shorted patch antenna
for a UMTS folder-type mobile phone", IEEE Transactions on Antennas
and Propagation, vol. 53, no. 10, pp. 3391- 3394, Oct. 2005.
Z. Chen, Terence S. See, and X. Qing, "Small Printed Ultrawideband
Antenna with Reduced Ground Plane Effect", IEEE Transactions on
Antennas and Propagation, vol. 55, no. 2, pp. 383-388, Feb. 2007.
Steven R. Best, "The Significance of Ground-Plane Size and Antenna
Location in Establishing the Performance of Ground-Plane-Dependent

Antennas", IEEE Antennas and Propagation Magazine, vol. 51, no. 6,
pp- 29-43, Dec. 2009.

D. Kim, J. Lee, C. Cho, and T. Lee, "Design of a Compact Tri-Band
PIFA Based on Independent Control of the Resonant Frequencies",
IEEE Transactions on Antennas and Propagation, vol. 56, pp. 1428-
1436, 2008.

J.H. Lim, G.T. Back, Y.I. Ko, C.W. Song, T.Y. Yun, "A Reconfigurable
PIFA Using a Switchable PIN-Diode and a Fine-Tuning Varactor for
USPCS / WCDMA / m-WiMAX / WLAN", IEEE Transactions on
Antennas and Propagation, vol.58, no.7, pp.2404-2411, July 2010.

H. F. AbuTarboush, R. Nilavalan, D. Budimir, and H.S. Al-Raweshidy,
"Double U-slots patch antenna for tri-band wireless systems",
International Journal of RF and Microwave Computer-Aided
Engineering, vol. 20, no. 3, pp. 279-285, 2010.

Z. Ying, “Multi frequency-band antenna,” Patent No WOO01/91 233,
May 2001. Z. Ying and A. Dahlstroem, "Multi frequency band antenna
for mobile telephone", patent No WO0200191233-A; EP1168491-A;
WO0200191233-A1.

R. Sujith, V. Deepu, D. Laila, C. Aanandan, K. Vasudevan, P. Mohanan,
"A compact dual-band modified T-shaped CPW-fed monopole antenna",
Microwave and Optical Technology Letters, vol. 51, no. 4, pp. 937-939,
2009.

S. Lee, H. Park, S. Hong, and J. Choi, "Design of a Multiband Antenna
using a Planner Inverted-F Structure," The 9th International Conference
on Advanced Communication Technology, vol. 3, pp.1665-1668, Feb.
2007.

M. Abedin, M. Ali, "Modifying the ground plane and its effect on planar
inverted-F antennas (PIFAs) for mobile phone handsets", IEEE
Antennas and Wireless Propagation Letters, vol. 2, pp. 226- 229, 2003.
http://www.satimo.com/

C.A. Balanis, “Antenna Theory - Analysis and Design” John Wiley &
Sons, (3rd Edition), 2005.

Yun-Wen Chi, and Kin-Lu Wong, "Internal Compact Dual-Band Printed
Loop Antenna for Mobile Phone Application", IEEE Transactions on
Antennas and Propagation, vol. 55, No. 5, pp. 1457-1462, 2007.

D. Zhou, R.A Abd-Alhameed, C.H. See, A.G. Alhaddad, and P.S.
Excell, "Compact Wideband Balanced Antenna for Mobile Handsets",
IET Microwave Antennas and Propagation Journal, vol. 4, pp. 600 - 608,
2010.

[35] Zi Dong Liu, P.S Hall, D. Wake, "Dual-frequency planar inverted-F
antenna," IEEE Transactions on Antennas and
Propagation, vol.45, no.10, pp.1451-1458,
Oct 1997.

[24]
[25]
[26]
[27]
(28]
[29]

[30]

[31]
[32]

[33]

[34]

Hattan F. AbuTarboush (M’07) received the B.Sc
(Eng) degree in Electrical Communications and
Electronics Engineering from Greenwich and MSA
University, London, UK in 2005 and the MSc
degree in Mobile Personal and Satellite
Communication from the department of Electrical
Y. and  Electronics  Engineering, = Westminster
University, London, UK in 2007. His master’s thesis was about the design of
integrated antenna-filter for mobile WiMAX applications. Currently, he is
pursuing the Ph.D. degree at Brunel University, West London, UK. He has
published several journal articles and conference papers. He is a member of
IEEE and IET and a reviewer for several Journals and international
conferences.
His current research interests lie in the design of reconfigurable antennas,
antennas for mobile phones, miniaturized antennas, multiple antennas, smart
antennas, antenna  arrays, EBG and
RF/microwave circuit design.

R. Nilavalan (M”05, SM’10) received the B.Sc.
Eng in Electrical and Electronics Engineering
from University of Peradeniya, SriLanka in
1995 and PhD in Radio Frequency Systems
from University of Bristol, Bristol, UK in 2001.
From 1999 to 2005 he was a researcher at the
Centre for Communications Research (CCR) at University of Bristol, UK. At
Bristol, his research involved theoretical and practical analyses of post
reception synthetic focussing concepts for near-field imaging and research on
numerical FDTD techniques.




Wireless Networks and Communications Centre( WNCC), Brunel University, UK 11

Since 2005, he has been with the Electronics and Computer Engineering
subject area, Brunel University, where he is currently a lecturer in wireless
communications. ~ His main research interests include antennas and
propagation, microwave circuit designs, numerical electromagnetic modelling
and digital video broadcast techniques. He has published over 70 papers and
articles in international conferences and journals in his research area.
Dr. Nilavalan was a member of the European commission, Network of
= \ Excellence on Antennas (2002 - 2005) and a member of
the IET.

Thomas Peter received his M. Eng degree in Electrical
Engineering from University Technology Malaysia
(UTM), Malaysia in 2007. He is currently pursuing the
PhD degree in Electronics and Computer Engineering at
Brunel University, West London, UK. His current
research interest include UWB antennas and communications, semi-planar
antennas for high gain, body centric antennas, antennas for Green
Technology, and Low Detection antennas for Stealth. In January to March
2011, he will be a visiting researcher at the University of Hong Kong to
develop transparent green antennas for UWB applications as part of a
collaborative research effort. Mr. Thomas was awarded a VC’s travel prize by
the Graduate School of Brunel University in Nov 2010 to present his research
paper on the development of a Green UWB antenna at the ISAP2010
conference in Macau.

Dr Cheung received the BSc degree with First Class
Honours in Electrical and Electronic Engineering from
Middlesex University, U.K. in 1982 and the PhD degree
from Loughborough University of Technology, U.K. in
1986. From 1982 to 1986, he was a research assistant in
the Department of Electronic and Electrical Engineering
at Loughborough University of Technology, where he
collaborated with Rutherford Appleton Laboratory and
many UK universities to work a project for new
generations of satellite systems. During the period from 1986 and 1988, he
was a post-doctorate research assistant with the Communications Research
Group of King's College, London University, working on research for future
generations of satellite systems. In 1988, he joined the Radio and Satellite
Communications Division in British Telecom Research Laboratories (now
British Telecom Laboratories), as an assistant executive engineer. Dr Cheung
is an Associate Professor at the University of Hong Kong. His current research
interests include 2G, 3G and 4G mobile communications systems, antenna
designs, MIMO systems and satellite communications systems, predistortion
of high power amplifiers and e-learning. He has published over 120 technical
papers in international journals and conferences in these areas. He also has
served as reviewer for different international journals and conferences in the
areas of mobile communications, antennas and propagation. He is a senior
member of the IEEE. Currently, he is the Chairman of the IEEE Hong Kong
Joint Chapter on Circuits and Systems and Communications.




