It consumes 24 mA from a 1.2-V supply and has a 9-GHz 3-dB
bandwidth.
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ABSTRACT: By connecting a bypass radiating strip to the radiating
portion of a coupled-fed on-board printed PIFA (planar inverted-F
antenna), significant bandwidth enhancement can be obtained. The
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bypass radiating strip provides a bypass for the excited surface currents
of the printed PIFA, which leads to more uniform surface current
distributions on the printed PIFA. This behavior can result in slow
variations in the antenna’s input impedance over the operating bands,
which makes it very promising to achieve improved impedance
matching; thus, enhanced bandwidths of the printed PIFA are obtained.
In this study, with a small footprint to be printed on the no-ground
portion of 15 x 48 mmy in the system circuit board of the mobile
phone, the proposed on-board printed antenna is especially suitable for
slim mobile phone applications and can generate two wide operating
bands to respectively cover the LTE700/GSMS850/900 operation (698—
960 MHz) and the GSM1800/1900/UMTS/LTE2300/2500 operation
(1710-2690 MHz). The proposed antenna held by the user’s hand and
attached to the user’s head is also tested for its SAR values over the
eight operating bands. Measured and simulated results are presented.
© 2010 Wiley Periodicals, Inc. Microwave Opt Technol Lett 52: 2059—
2065, 2010; Published online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/mop.25406

Key words: mobile antenna; handset antenna; printed antenna;
coupled-fed PIFA; bandwidth enhancement

1. INTRODUCTION

The internal antennas that can be directly printed on the system
circuit board are easy to fabricate at low cost; moreover, as such
on-board printed internal antennas show negligible thickness
above the circuit board, they are very suitable for slim mobile
phone applications [1-5]. Promising on-board printed antennas
with a small printed area on the system circuit board for
WWAN (wireless wide area network) operation covering the
GSM850/900 bands (824-960 MHz) and GSM1800/1900/UMTS
bands (1710-2170 MHz) in the mobile phone have also been
reported very recently [6-24]. These on-board printed WWAN
antennas include using the 4/8 printed PIFA (planar inverted-F
antennas) [6], 4/8 printed monopole [11, 12], A/4 printed slot
[15-18], and A/4 printed loop [22-24] to achieve reduced
antenna size yet wide operating bands.

Among the reported on-board printed antennas, the small
size and wideband operation for the printed PIFA are obtained
using the coupling feed [25-27], which can result in improved
impedance matching for the antenna, mainly in the 900 MHz
band, to achieve a wide lower band to cover the GSM850/900
operation. This behavior on lower-band bandwidth enhancement
is a significant advantage over the traditional PIFA using a
direct feed [25, 28]. For the upper-band bandwidth, however,
the bandwidth enhancement is not significant by using the cou-
pling feed alone for the coupled-fed printed PIFA.

In this article, we present a coupled-fed on-board printed
PIFA with a bypass radiating strip connected to the antenna’s
radiating portion to achieve a very wide upper band as well as a
wide lower band. The bypass radiating strip does not increase
the occupied size of the printed PIFA, and the obtained wide
lower and upper bands can respectively cover the LTE700/
GSM850/900 operation (698-960 MHz) and the GSM1800/
1900/UMTS/LTE2300/2500 operation (1710-2690 MHz). That
is, an eight-band LTE/WWAN on-board printed antenna for
slim mobile phone applications can be obtained. Notice that the
LTE operation in the 700, 2300, and 2500 MHz bands are
recently introduced [29], which can provide better mobile broad-
band and multimedia services than the existing GSM and
UMTS mobile networks [28] and will become very attractive
for the mobile users. It is hence expected that the eight-band
LTE/WWAN operation for the mobile phone will be demanded
in the near future. In the study, effects of the bypass radiating
strip on the bandwidth enhancement of the proposed on-board
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(a) Geometry of the proposed on-board printed PIFA using a bypass radiating strip for bandwidth enhancement to cover eight-band LTE/

GSM/UMTS in the slim mobile phone. (b) Dimensions of the printed PIFA. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com]

printed PIFA are analyzed. The radiation characteristics includ-
ing the SAR (specific absorption rate) values [30-32] of the pro-
posed antenna held by the user’s hand and attached to the user’s
head are also studied.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed on-board printed
PIFA using a bypass radiating strip for bandwidth enhancement
to cover eight-band LTE/GSM/UMTS in the slim mobile phone.
Detailed dimensions of the printed PIFA are given in Figure 1(b).
Notice that in Figure 1, the mobile phone housing is not consid-
ered; in this case, a top bent portion (size 3 x 40 mm?) is added
in the antenna’s radiating arm to lead to some impedance match-
ing improvement in the antenna’s lower band (see the results
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shown in Figure 8). With the presence of a plastic mobile phone
housing (relative permittivity 3.0 and conductivity 0.01 S/m) as
shown in Figure 8(a), the proposed printed PIFA without the top
bent portion shows similar return-loss results as that of the printed
PIFA with the top bent portion shown in Figure 1. This indicates
that for practical mobile phone applications, the proposed antenna
can be with an all-printed structure on the system circuit board of
the mobile phone.

The proposed PIFA is printed on a no-ground portion (size
15 x 48 mm?) on the 0.8-mm thick FR4 substrate (size 110 x
60 mm?>, relative permittivity 4.4, loss tangent 0.024), which is
treated as the system circuit board of the mobile phone. On its
back side, a system ground plane is printed and comprises a
main ground (size 100 x 60 mm?) and an extended ground (size

DOI' 10.1002/mop
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Figure 2 Measured and simulated return loss for the proposed printed
PIFA. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com]

12 x 15 mm?). The printed PIFA is short-circuited to the main
ground through the shorting strip (section CD) and uses a cou-
pling feed, which consists of a feeding strip (section AB) and a
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Figure 3 Comparison of (a) the simulated return loss and (b) the
simulated input impedance of the proposed antenna and the case without
the bypass matching strip. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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Figure 4 Simulated return loss as a function of (a) the length a and
(b) the length b of the bypass radiating strip. Other dimensions are the
same as given in Figure 1. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

coupling strip (section CE), both separated by a coupling gap
(g) of 0.3 mm. The front end of the feeding strip is at point A,
which is connected to a 50-Q microstrip feedline of short length
(about 20 mm) printed on the front side of the circuit board to
test the fabricated antenna in the experiment. The use of the
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Figure 5 Simulated return loss as a function of the coupling gap g in
the coupling feed. Other dimensions are the same as given in Figure 1.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Figure 6 Measured three-dimensional (3-D) radiation patterns for the proposed antenna and simulated surface current distributions on the system
ground plane. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

coupling feed can lead to dual resonance in the antenna’s 900
MHz band to achieve a wide lower band to cove the GSM850/
900 operation (824-960 MHz) [7] or LTE700/GSM850/900
operation (698-960 MHz) in the proposed design, whose
detailed operating principle has been documented in [25-27].
However, without the bypass radiating strip (section FG), this
kind of coupled-fed PIFA with a single radiating strip is difficult
to have a wide upper band as shown in Figure 3(a).

In the proposed antenna, the simple bypass radiating strip of
length 26 mm (a + b in the figure) provides a bypass for the
excited surface currents on the antenna’s radiating arm, which
leads to more uniform excited surface current distributions. This
behavior results in slow variations in the antenna’s input imped-
ance over the operating bands, especially over the antenna’s
upper band. This results in improved impedance matching for
frequencies over the antenna’s upper band. A large bandwidth
of about 1 GHz (from about 1.7 to 2.7 GHz) can hence be
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obtained for the antenna’s upper band to cover the GSM1800/
1900/UMTS/LTE2300/2500 operation (1710-2690 MHz). With
the dimensions given in Figure 1, the proposed antenna is fabri-
cated and tested.

3. RESULTS AND DISCUSSION

Figure 2 shows the measured and simulated return loss for the
proposed printed PIFA shown in Figure 1. The simulated results
are obtained using the simulation software HFSS version 12
[33]. The measured data agree well with the simulated results.
Two wide operating bands are obtained. The antenna’s lower
and upper bands have respectively larger bandwidths, based on
3:1 VSWR widely used in practical mobile phone applications,
of 395 MHz (695-1090 MHz) and 1010 MHz (1690-2700
MHz). This allows the proposed antenna to cover the eight-band
LTE/WWAN operation.

DOI 10.1002/mop
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Figure 7 Measured antenna gain and radiation efficiency for the pro-
posed antenna. (a) The lower band. (b) The upper band. [Color figure
can be viewed in the online issue, which is available at
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Figure 3 shows the comparison of the simulated return loss
and input impedance of the proposed antenna and the case with-
out the bypass matching strip. As seen in Figure 3(b), the varia-
tions in the real and imaginary parts of the input impedance for
frequencies over the desired upper band become smaller for the
proposed antenna in which the bypass radiating strip is added.
This leads to significant improvement in the impedance match-
ing seen in Figure 3(a), and a much larger bandwidth for the
antenna’s upper band is thus obtained. In addition, the presence
of the bypass radiating strip also leads to improved impedance
matching over the antenna’s lower band, and a wider lower-
band bandwidth is obtained.

A parametric study of the bypass radiating strip is also con-
ducted. Figure 4 shows the simulated return loss as a function
of the length a and b of the bypass radiating strip. Other dimen-
sions are the same as given in Figure 1. In Figure 4(a), the
results indicate that the length a should be larger than 14 mm
such that acceptable impedance matching (3:1 VSWR) over the
desired upper band can be obtained. While in Figure 4(b), it is
shown that the length b should be larger than 4 mm to meet the
3:1 VSWR impedance matching over the desired upper band.
From these obtained results, it can be concluded that the total
length (a + b) of the bypass radiating strip should be at least
20 mm in the proposed antenna. Also, relatively very small var-
iations in the impedance matching for frequencies over the
lower band are seen in Figure 4(a) and 4(b).

Effects of the coupling gap between the coupling strip and
feeding strip are also analyzed. Figure 5 shows the simulated
return loss for the coupling gap g varied from 0.2 to 0.5 mm.

DOI' 10.1002/mop

When larger coupling gaps (¢ = 0.4 and 0.5 mm) are used, sig-
nificant effects on the impedance matching over the lower band
are seen; in this case, the obtained lower-band bandwidth is
quickly decreased. Also, for the upper band, the upper-edge fre-
quency with 3:1 VSWR is also quickly decreased for the cases
of ¢ = 0.4 and 0.5 mm. When the coupling gap is too small (g
= 0.2 mm), good excitation of the resonant mode at about 730
MHz in the lower band cannot be obtained. Based on the
obtained results in Figure 5, the coupling gap in the proposed
antenna is selected to be 0.3 mm.

Figure 6 shows the measured three-dimensional (3-D) radia-
tion patterns for the proposed antenna and the simulated surface
current distributions on the system ground plane. At lower fre-
quencies (740 and 925 MHz), omnidirectional or near-omnidir-
ectional radiation in the azimuthal plane (x-y plane) is obtained
for the proposed antenna; this is owing to the domination of the
excited surface currents on the system ground plane of the mo-
bile phone in the radiation. Whereas at higher frequencies
(1795, 2045, and 2400 MHz), dip or null radiation in the
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Figure 8 (a) Geometry of the proposed antenna without the top bent
portion and enclosed by a 1-mm thick plastic mobile phone housing. (b)
Comparison of the simulated return loss for the proposed antenna (with-
out a plastic housing) and the case without the top bent section (with a
plastic housing). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]
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Figure 9 SAR simulation model (SEMCAD [34]) and the simulated SAR values for 1-g head/hand tissue for the proposed antenna. The return loss
given in the table shows the impedance matching level at the testing frequency. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com]

azimuthal direction is seen. This is related to the nulls of the
excited surface currents seen at about the center of the system
ground plane.

Figure 7 shows the measured antenna gain and radiation effi-
ciency for the proposed antenna. Measured results for the lower
and upper bands are respectively shown in Figure 7(a) and 7(b).
The radiation efficiency is all better than 50% for frequencies
over all the operating bands. The antenna gain is about —0.7 to
0 dBi over the lower band and about 1.0-3.0 dBi over the upper
band. The radiation performances are acceptable for practical
mobile phone applications.

Notice that the proposed antenna shown in Figure 1 is with-
out the mobile phone housing. The condition for practical appli-
cations with the mobile phone housing is studied in Figure 8.
The geometry of the proposed antenna without the top bent por-
tion and enclosed by a 1-mm thick plastic mobile phone housing
is shown in Figure 8(a). The housing in the study is made of
plastic materials of relative permittivity 3.0 and conductivity
0.01 S/m. The comparison of the simulated return loss for the
proposed antenna (without a plastic housing) and the case with-
out the top bent section (with a plastic housing) is presented in
Figure 8(b). It can be seen that when the mobile phone housing
is present, the top bent portion used for bandwidth enhancement
of the proposed antenna is not necessary. This indicates that the
geometry of the proposed antenna shown in Figure 1 can be fur-
ther simplified and become an all-printed structure for practical
applications. In this case, the proposed on-board printed PIFA is
especially suitable for thin mobile phone applications.

The SAR values of the proposed antenna are also tested using
SEMCAD X version 14 [34]. Both the effects of the user’s head
and hand are considered. The simulation SAR model with the pro-
posed antenna held by the user’s hand and attached to the user’s
head is shown in Figure 9. Notice that the proposed antenna is
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mounted at the bottom of the mobile phone [7, 12, 20, 23] for its
promising practical applications with decreased SAR values. The
distance between the palm center and main ground plane of the
mobile phone is set to 33 mm [31]. The obtained SAR values are
tested using input power of 24 dBm for GSM850/900 operation
(859, 925 MHz) and 21 dBm for GSM1800/1900 operation (1795,
1920 MHz), UMTS operation (2045 MHz) and LTE operation
(740, 2350, 2595 MHz); the results are given in the figure. The
return loss given in the figure shows the impedance matching level
at the testing frequency when only the user’s head is present or
both the user’s head and hand are present. Results show that the
SAR values for the cases with and without the user’s hand are
about the same over the lower band. Conversely, much larger
SAR values owing to the presence of the user’s hand are seen
over the upper band. However, it is observed that over the eight
operating bands, the obtained SAR values are all well below the
SAR limit of 1.6 W/kg for the 1.0-g head/hand tissue [30]. The
results suggest that the proposed antenna is promising for practical
mobile phone applications.

4. CONCLUSION

An on-board printed PIFA with small size yet large operating
bandwidths in both its lower and upper bands has been proposed
and studied. The wide lower band is mainly owing to the use of
the coupling feed, whereas the wide upper band is owing to the
use of the bypass radiating strip. The obtained bandwidths of
the antenna’s lower and upper bands are respectively larger than
698-960 MHz and 1710-2690 MHz, allowing the proposed
antenna very promising to cover the eight-band LTE/WWAN
operation. Good radiation characteristics for frequencies over
the eight operating bands have also been observed. The obtained
SAR values considering both the user’s head and hand are found
to be well below 1.6 W/kg for 1-g tissue. From the obtained
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results, the proposed antenna is very suitable for practical appli-
cations, especially in the slim mobile phones.
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ABSTRACT: In this article, a novel square monopole antenna for ultra
wideband applications with variable frequency band-notch characteristic
is presented. By using T-shaped slots, additional resonances are excited
and hence, the fractional bandwidth is increased up to 150%. A
modified T-shaped conductor-backed plane is used to generate the
frequency band-stop performance. © 2010 Wiley Periodicals, Inc.
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1. INTRODUCTION

Commercial ultra wideband (UWB) systems require small low-
cost antennas with omnidirectional radiation patterns and large
bandwidth [1]. It is a well-known fact that planar monopole
antennas present really appealing physical features, such as sim-

ple
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structure, small size, and low cost. Due to all these
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