head phantom

(b)

Figure 6 Measured peak EIRP for the design integrated in a function-
ing Bluetooth headset attached to a head phantom: (a) test setup; (b) 3D
EIRP patterns in Channel 39. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

a compact wireless device where the system circuit board is
small and short, and the layout therein does not tolerate further
extra matching circuit.
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ABSTRACT: In this study, a simple uniplanar printed PIFA occupying
a small area of 10 x 40 mm’ for achieving multiband operation in the
clamshell mobile phone is presented. The proposed PIFA is formed by a
simple shorted radiating strip coupled-fed by a simple feeding strip and
is mounted at the hinge of the clamshell mobile phone; further, the
upper ground plane is connected to the main ground plane using an
extended connecting strip. With the coupling feed and the connection
arrangement between the main and upper ground planes, the proposed
PIFA itself is not only an efficient radiator, it can also excite the two
ground planes of the clamshell mobile phone as an efficient radiator
(dipole-like resonant modes are excited). Thus, with a small occupying
area and a simple structure for the proposed PIFA, two wide operating
bands at lower and higher frequencies can be provided to cover
GSM850/900/1800/1900/UMTS bands for WWAN operation. The
antenna also meets the 1-g SAR specification of 1.6 W/kg required for
practical applications. © 2009 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 51: 2805-2810, 2009; Published online in Wiley
InterScience (www.interscience.wiley.com). DOI 10.1002/mop.24756

Key words: antennas; mobile antennas, handset antennas; PIFA;
multiband antennas

1. INTRODUCTION

Because of the rapid development in the mobile communication
systems, multiband operation, especially the pentaband operation
of GSM850/900/1800/1900/UMTS, for wireless wide area net-
work (WWAN) communications has been demanded for many
modern mobile phones. To meet the multiband operation
requirement, the conventional planar inverted-F antennas
(PIFAs), such as in [1-6], that are promising to be applied in
the mobile phone as the internal antennas often require the use
of at least two resonant strips or patches for obtaining more res-
onant modes to cover the desired multiband operation. As a
result, the occupied volume of the multiband PIFAs is usually
increased as additional resonant strips or patches are added. The
increasing volume makes such conventional multiband PIFAs
less attractive for practical applications in the modern mobile
phones.

In this article, we present a small-size PIFA capable of gen-
erating two wide operating bands at lower and higher freq-
uencies to cover GSM850/900 (824-894/880-960 MHz) and
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Figure 1 Geometry of the proposed coupled-fed PIFA for a clamshell
mobile phone in the open state (talk condition). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]

GSM1800/1900/UMTS (1710-1880/1850-1990/1920-2170 MHz)
operations in the clamshell mobile phone. Note that the clamshell
or folder-type mobile phone [7—-15] is attractive for mobile users
because of its capability of accommodating a large display for
multimedia communications. The proposed PIFA has a simple
uniplanar structure formed by a single radiating strip coupled-fed
by a feeding strip and is easily printed on a small area of 10 x
40 mm? only. By applying the proposed PIFA at the hinge of the
clamshell mobile phone, whose two ground planes (the upper
and main ground planes) are connected through an extended con-
necting strip of proper length, both the PIFA and the two ground
planes can be efficient radiators. Efficient dipole-like resonant
modes (0.54 and 1.0Z modes) can be excited and fine-adjusted to
be at about 900 and 1700 MHz for covering GSM850/900/1800
operations. Also note that the excited 0.54 dipole-like resonant
mode at about 900 MHz has a dual-resonant behavior caused by
the use of the coupling feed, hence resulting in a wide operating
band capable of covering GSM850/900 operations.

With the excited dipole-like resonant modes contributed by
the two ground planes of the clamshell mobile phone, the pro-
posed PIFA is only required to provide a resonant mode for cov-
ering GSM1900 and UMTS bands. For this reason, only one
short resonant strip for the proposed PIFA is required, which is
about 50 mm only, in this study. This behavior leads to a small
printed area of 10 x 40 mm? required for the proposed PIFA. In
addition to the small size, the proposed PIFA is easy to fabri-
cate, because of its much less complicated structure when com-
pared with those of the conventional multiband PIFAs [1-6].
Moreover, when the clamshell mobile phone is in the idle condi-
tion where the upper ground plane is parallel to the main ground
plane (the closed state), different from the talk condition (o0 =
15° in Fig. 1, the open state), the proposed PIFA is still promis-
ing to cover WWAN operation over the five operating bands
with acceptable radiation efficiency. The specific absorption rate
(SAR) [16-18] results in 1 g of head tissue from exposure to
the antenna radiation of the studied clamshell mobile phone are
also tested. The obtained SAR results meet the specification of
1.6 W/kg required for practical applications. Details of the pro-
posed antenna and obtained results are presented and discussed.

2. PROPOSED COUPLED-FED PIFA

Figure 1 shows the geometry of the proposed coupled-fed PIFA
for a clamshell mobile phone in the open state (talk condition).
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In this case, the upper ground plane as the cover of the clam-
shell mobile phone has an angle of o = 15° to the main ground
plane of the clamshell mobile phone. In this study, the upper
ground plane is fabricated using a 0.2-mm-thick copper plate;
the main ground plane is printed on a 0.8-mm-thick FR4 sub-
strate treated as the main circuit board of the clamshell mobile
phone studied here. The two ground planes have the same
dimensions of 40 x 100 mm® and are connected through a
1-mm wide extended connecting strip of length 5 mm at the
hinge and 36 mm (¢) printed on the main circuit board. Through
point C in the main circuit board, the connecting strip connects
the upper ground plane to the main ground plane. By selecting a
proper length ¢ (36 mm here) of the connecting strip, the 0.54
and 1.04 dipole-like resonant modes contributed by the two
ground planes at about 900 and 1700 MHz can be excited.
Detailed results of the connecting strip are analyzed in Section 3
with the aid of Figure 3.

The proposed PIFA is printed on the small area of 10 x
40 mm? on the top portion of the main circuit board and is at
the hinge of the clamshell mobile phone. The PIFA is formed
by a simple inverted-L radiating strip coupled-fed by a simple
feeding strip. The radiating strip is short-circuited to the top
edge of the main ground plane through point B and provides a
resonant path of about 50 mm. Through a small coupling gap of
0.3 mm (g), the radiating strip is capacitively excited by the
feeding strip of length 21 mm (d) and width 0.5 mm, which is
connected to the 50-Q microstrip feedline of width 1.5 mm
printed on the front surface of the main circuit board for testing
the antenna in this study. Because of the use of the coupling
feed, the large inductive reactance of the input impedance
observed for frequencies at around 900 MHz is compensated.
Furthermore, the large resistance of the input impedance at
around 900 MHz can also be decreased to be close to 50 Q.
This behavior is similar to the coupled-fed PIFA applied to the
bar-type mobile phone studied in [19, 20] and leads to the
dual-resonant excitation of the 0.5/ dipole-like resonant mode in
this study. Hence, a wide operating band of about 300 MHz for
the antenna’s lower band to cover GSMS850/900 operations is
obtained in this study. Detailed results are presented in Figures
4 and 5 and will be discussed in the next section.

The proposed PIFA also generates a wide operating band at
about 2.3 GHz for covering GSM1900/UMTS operations. The
open-end section of the radiating strip is widened for achieving
bandwidth enhancement in the excited resonant mode, which
has been known to be an effective design in improving the
bandwidth [6, 21]. The resonant mode contributed by the PIFA
itself also shows a dual-resonant behavior and hence provides a
wide operating band for the desired GSM1900/UMTS opera-
tions. This resonant mode incorporating the 1.04 dipole-like res-
onant mode contributed by the two ground planes forms a very
wide operating band of larger than 1 GHz for the antenna’s
upper band to cover GSM1800/1900/UMTS operations.

3. RESULTS AND DISCUSSION

The proposed antenna was fabricated and tested. Figure 2 shows
the measured and simulated return loss for the fabricated proto-
type in the open state. Good agreement between the measured
data and the simulated results obtained using Ansoft HFSS [22]
is observed. From these results, two wide operating bands are
obtained. The lower operating band is formed by a dual-resonant
mode and has a large 3:1 VSWR bandwidth of 290 MHz (750—
1040 MHz), allowing the antenna to easily cover GSM850/900
operations. A very large bandwidth of about 1.2 GHz (1580-

DOI' 10.1002/mop



—_ . TR S _JIVSWR __ _ ¢ |
[aa]
Z o730 1580 2790
_]C 1040
E 20F i
5 Open state (talk condition)
- Measured
=26 Simulated (HFSS)
30 i L I I
500 1000 1500 2000 2500 3000

Frequency (MHz)

Figure 2 Measured and simulated return loss for the proposed antenna
in the open state (« = 15°). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

2790 MHz) is also obtained for the upper operating band to
cover GSM1800/1900/UMTS operations. Note that the band-
width definition of 3:1 VSWR (6-dB return loss) is generally
used for internal WWAN mobile phone antennas in practical
applications.

To analyze the effects of the coupling feed and the connect-
ing strip in the proposed antenna, the simulated return loss for
the reference antenna (corresponding PIFA with a direct feed
shown in the figure) as a function of the connecting-strip length
¢t is first studied. All the dimensions are the same as given in
Figure 1, except that the reference antenna uses a direct feed.
Results for the length r = 0, 31, 36, and 41 mm are presented in
Figure 3(a). Except for the case of 1 = 0, there are three resonant
modes excited (Modes 1, 2, and 3 shown in the figure). It is
observed that the variations in the length ¢ show very small effect
on the Mode 3; this behavior is reasonable, since the Mode 3 is
mainly contributed by the PIFA itself, not the two ground planes
of the clamshell mobile phone. For the Mode 2, it cannot be
excited for the case of r = 0. With the proper length ¢ selected,
the Mode 2 can be excited (see the cases of t+ = 31, 36, and
41 mm). This is largely because the connecting strip can perturb
the surface current distributions excited on the two ground planes
such that the null or very small currents no longer exist at around
the hinge position or in-between the two ground planes [see the
excited surface current distribution at 1700 MHz shown in
Fig. 3(b)]; in this case, the 1.04 dipole-like resonant mode is
promising to be excited. This behavior is similar to that used for
achieving a wideband monopole antenna for DTV/GSM operation
in the mobile phone in [23]. Further, a longer connecting strip can
increase the effective resonant length of the 1.04 dipole-like
mode, which makes the Mode 2 shifted to lower frequencies with
increasing length ¢ as shown in the figure. This shifting in fre-
quency is also observed in Figure 3(a) for the Mode 1 (the 0.54
dipole-like mode), whose excited surface current distribution for
the case of = 36 mm is shown in Figure 3(b).

By further application of the coupling feed to the reference
antenna (that is, the proposed antenna in Fig. 1), dual-resonant
excitation for the Mode 1 at about 900 MHz can be excited to
achieve a wide operating band covering GSM850/900 opera-
tions. To demonstrate this result, Figure 4 presents the simulated
return loss and input impedance for the proposed antenna stud-
ied in Figure 2 and the reference antenna with + = 36 mm stud-
ied in Figure 3. From these results, small effects on the Modes
2 and 3 are seen. For the Mode 1, the coupling feed effectively
decreases the large input resistance and reactance, which is simi-
lar to those observed in [18, 19]. Small variations in the input
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resistance and reactance for frequencies at around the Mode 1
are also seen [see Fig. 4(b)]. These results lead to good dual-res-
onant excitation for the Mode 1, and enhanced bandwidth is
hence obtained.

Detailed effects of the parameters of the coupling feed are
studied in Figures 5 and 6. The simulated return loss for the
proposed antenna as a function of the coupling-gap width g is
presented in Figure 5, in which the results for the width g varied
from 0.2 to 0.6 mm are shown. Large effects on the Mode 1 are
seen, whereas relatively very small effects on the Modes 2 and
3 are observed. Figure 6 shows the simulated return loss for the
proposed antenna as a function of the coupling-strip length d,
and results of the length d varied from 17 to 21 mm are pre-
sented. Similar behavior as in Figure 6 is seen. The results indi-
cate that by adjusting the width g and the length d in the cou-
pling feed, the coupling effects can be effectively controlled and
good dual-resonant excitation of the Mode 1 can be obtained.

Figure 7 shows the measured three-dimensional (3D) radia-
tion patterns at 859, 925, 1795, 1920, and 2045 MHz (central
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Figure 3 (a) Simulated return loss for the reference antenna (corre-
sponding PIFA with a direct feed) as a function of the connecting-strip
length ¢. (b) Simulated surface current distributions at 900 and 1700
MHz for the reference antenna with ¢+ = 36 mm. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com]
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Figure 4 Simulated (a) return loss and (b) input impedance for the
proposed antenna studied in Figure 2, and the reference antenna with ¢
= 36 mm studied in Figure 3. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

frequencies of the five operating bands) for the proposed
antenna studied in Figure 2. Dipole-like radiation patterns at
859, 925, and 1795 MHz are seen, which are operating frequen-
cies over the Modes 1 and 2 (0.54 and 1.04 dipole-like resonant
modes) as discussed in Figures 3 and 4. For 1920 and 2045
MHz (operating frequencies over the Mode 3), more variations
in the obtained radiation patterns are seen and are different from
that for 1795 MHz. This is reasonable, since the operating char-
acteristics of the Mode 3 are different from that of the Mode 2.
The measured radiation efficiency and antenna gain for the
proposed antenna are studied in Figure 8. Over the GSM850/
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Figure 5 Simulated return loss for the proposed antenna as a function
of the coupling-gap width g. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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Figure 6 Simulated return loss for the proposed antenna as a function
of the coupling-strip length d. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

900 bands shown in Figure 8(a), the radiation efficiency is var-
ied in a small range of about 77-89%. Small variations of less
than 1 dB in the antenna gain (about 1.6-2.5 dBi) are also
observed. For the GSM1800/1900/UMTS bands shown in Fig-
ure 8(b), the radiation efficiency ranges from about 60-92%, and
the antenna gain is varied from about 2.0-3.6 dBi. The obtained
radiation characteristics are good for practical applications.

For the clamshell mobile phone, it is noted that the ground-
plane condition varies greatly when it is in the open state (talk
condition) and the closed state (idle condition). Hence, the
antenna performances for the clamshell mobile phone in the
closed state should be studied. Figure 9 shows the comparison
of the measured return loss for the proposed antenna in the open
state (¢ = 15°) and the closed state (¢« = 180°). Over the five
operating bands, the measured return loss is generally better
than 6:1 VSWR (3-dB return loss), which is acceptable for inter-
nal WWAN antennas in the idle condition of the clamshell mo-
bile phone applications. Figure 10 also shows the comparison of
the measured radiation efficiency for the proposed antenna
in the open state (¢ = 15°) and the close state (o« = 180°). Over
the GSM850/900 bands in Figure 10(a), the radiation efficiency
in the closed state is varied from about 33-56%, decreased by
about 1.4-3.5 dB when compared with that in the open state.
For the GSM1800/1900/UMTS bands in Figure 10(b), the radia-
tion efficiency in the closed state ranges from about 30-54%
and is lowered by about 1.0-3.3 dB than that in the open state.
The obtained results indicate that the proposed antenna is

1.8 dBi N 2208
ﬂ"""""'";l‘j\y "\h—'/j‘

f=859 MHz

I3dBi ERE ;-

- | A
f= 1920 MHz f=2045 MHz

Figure 7 Measured 3D radiation patterns for the proposed antenna
studied in Figure 2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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Figure 8 Measured radiation efficiency and antenna gain for the pro-
posed antenna studied in Figure 2. (a) The GSM850/900 bands and (b)
the GSM1800/1900/UMTS bands. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

promising for the clamshell mobile phone application in both
the open and closed states.

The SAR results of the proposed antenna were also studied.
Figure 11 shows the SAR simulation model provided by SEM-
CAD [24]. The upper ground plane is spaced 5 mm to the phan-
tom head for considering the housing of the clamshell mobile
phone. The obtained SAR results in 1 g of head tissue from ex-
posure to the antenna radiation are listed in Table 1. At 859 and
925 MHz, the SAR is tested using 24 dBm (2-W continuous
input power with a user channel being 1/8 of a time slot),

=
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Figure 9 Comparison of the measured return loss for the proposed
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Figure 10 Comparison of the measured radiation efficiency for the
proposed antenna in the open state (¢« = 15°) and the close state (¢ =
180°). (a) The GSM850/900 bands and (b) the GSM1800/1900/UMTS
bands. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com]

whereas at 1795, 1920, and 2045 MHz, the SAR is tested using
21 dBm (1-W continuous input power with a user channel being
1/8 of a time slot at 1795 and 1920 MHz and 0.125-W continu-
ous input power at 2045 MHz). The obtained SAR results are
all much smaller than the 1-g SAR specification of 1.6 W/kg
required for practical applications.

]
ivertical line
I

Figure 11 SAR simulation model (SEMCAD [24]) for the proposed
antenna with the user’s head. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

antenna in the open state (« = 15°) and the closed state (x = 180°).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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TABLE 1 Simulated SAR in 1-g Head Tissue Obtained from
SEMCAD [24] for the SAR Simulation Model in Figure 11

Simulated SAR

Frequency (MHz) 859 925 1795 1920 2045
1-g SAR (W/kg) 0.70 0.72 0.53 0.56 0.50

4. CONCLUSIONS

In this study, a uniplanar printed PIFA with simple configuration
and small size (10 x 40 mm?) for pentaband WWAN operation
in the clamshell mobile phone has been proposed and studied.
The proposed antenna successfully uses the two ground planes
of the clamshell mobile phone as an efficient radiator for cover-
ing the lower frequencies of the desired pentaband operation,
while the printed PIFA itself is for generating a resonant mode
for covering only the higher frequencies. This leads to a small
printed area required for the proposed antenna. Good radiation
characteristics over the five operating bands have also been
obtained for the proposed antenna applied in the clamshell mo-
bile phone in the open state (talk condition) and the closed state
(idle condition) as well. The obtained SAR results in 1-g head
tissue from exposure to the radiation of the proposed antenna
are found to be less than 0.8 W/kg, much less than the SAR
limit of 1.6 W/kg required for practical applications.
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ABSTRACT: In this article, we propose a new compact defected
ground structure (DGS) bandstop filter with broad pass-band, low
insertion loss in the stop-band, and sharp transition from pass- to stop-
band. The bandstop filter structure is simple as it is composed of a pair
of octagonal DGS slots and open stubs as a compensated microstrip
capacitance. The filter is realized as a multiplayer structure with wide
lossless stop-band. The behavior of the filter has been investigated using
EM as well as lumped-element equivalent circuit model simulations. The
design equations are derived using an equivalent circuit model of a
parallel L-C resonator. The proposed filter has been optimized,
fabricated, and measured. The agreement between the simulated and
measured results confirms the effectiveness of the proposed concept.
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1. INTRODUCTION

Wave propagation in periodic structures has been studied in the
area of applied physics for a long time [1]. Recently, periodic
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