
MHz. The excited voltage at the transmitting antenna is a series of
modulated Gaussian pulses as defined in Eq. (3).

vt�t� � �
n�0

14

sin��2��3.35 � 109 � n � 0.5

� 109��t�exp���t � 10�n � 1�

� �2� (3)

The received waveform in multiband schemer for head to head
scenarios is shown in Figure 8.

It is clearly observed that the envelope of the envelope received
pulses correspond well to the shapes of S21 showed in Figure 2.
The envelope of the received pulses in the first eleven sub-bands is
relative flat. The last four pulses, spectral of which occupied
8.6–10.6 GHz band, may not be detected properly due to the low
received power. With flat amplitude of S21, the received signals in
all the sub-bands can be detected well. In contrast, the uneven S21

will lead to unequal amplitude of received pulses, thus results in
different signal to noise ratio in the sub-bands [4]. So the double
printed UWB dipole antenna is suitable to 3.1–8.6 GHz UWB
application.

4. CONCLUSION

Characteristics of a double printed UWB dipole antenna with
U-shaped arms have been studied by using transfer functions
experimentally and numerically. Flat amplitude and linear phase
responses are observed from the transmitting antenna transfer
function over the frequency range from 3.1 to 8.6 GHz. Impulse
responses for both single band and multiband schemers are ob-
tained based on the frequency domain results. The double printed
UWB dipole antenna is suitable to 3.1–8.6 GHz UWB applica-
tions.
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ABSTRACT: A printed planar inverted-F antenna (PIFA) with a novel
coplanar coupling feed for GSM850/900/1800/1900/UMTS penta-band
operation in the mobile phone is presented. The proposed PIFA is
printed on one surface of the system circuit board of the mobile phone
with an occupied area of 10 � 60 mm2 only, making it promising for
practical applications. In addition, the PIFA is easily fabricated at low
cost and can be bent by half, such that it occupies a small volume of
5 � 5 � 60 mm3 or 1.5 cm3 inside the mobile phone. The coplanar
coupling feed allows the PIFA to generate two wide operating bands for
covering GSM850/900 and GSM1800/1900/UMTS operations, respec-
tively. Detailed effects of the coplanar coupling feed on the perfor-
mances of the proposed PIFA are studied. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 50: 3181–3186, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.23906

Key words: internal mobile phone antennas; mobile antennas; PIFA;
coupling feed; penta-band operation

Figure 7 The pulse waveforms in single band schemer

Figure 8 The received waveforms in multiband schemer
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1. INTRODUCTION

For enhancing the operating bandwidth of the internal mobile
phone antenna such as the planar inverted-F antennas (PIFAs) [1]
for operating in the 900 and 1800 MHz bands, the techniques of
adding an external matching circuit [2–6] or additional resonators
[7–10] have been commonly applied. With the use of the external
matching circuit [2–6], however, additional ohmic loss usually
occurs, which will lead to some decrease in radiation efficiency of
the antenna. The matching circuit will also occupy some valuable
board space on the system circuit board. On the other hand, adding
additional resonators [7–10] usually complicate the antenna struc-
ture and increase the occupied volume, especially for enhancing
the operating bandwidth in the 900 MHz band to cover GSM850
(824�894 MHz) and GSM900 (880�960 MHz) operations.

Recently, it has been demonstrated that by using a coupling
feed as an internal and integral part of the antenna [11], bandwidth
enhancement of the 900 and 1800 MHz bands for covering
GSM850/900 and GSM1800/1900 (1710�1880/1850�1990
MHz), respectively, can be achieved. This technique of using a
coupling feed requires the two coupling sections of the coupling
feed to be printed on two opposite surfaces of the dielectric
substrate, hence very accurate alignment of the two coupling strips
is required. To ease the problem, we report in this article a printed
PIFA with a coplanar coupling feed, different from the coupling
feed in Ref. 11, to provide two wide operating bands for covering
GSM850/900 and GSM1800/1900/UMTS (1710�1880/1850�1990/
1920�2170 MHz) in the mobile phone for penta-band operation
[12]. With the use of the coplanar coupling feed, its two coupling
sections can be easily printed on the same surface of the dielectric
substrate or the system circuit board. In addition, the total area of
the proposed printed PIFA is as small as 10 � 60 mm2 only,
making it promising for practical applications. The proposed PIFA
can also be bent by half, resulting in an occupied volume of 5 �
5 � 60 mm3 or 1.5 cm3 inside the mobile phone. Detailed design
considerations of the proposed PIFA are described in the article.
Effects of the coplanar coupling feed on enhancing the operating
bandwidths of the PIFA for GSM850/900/1800/1900/UMTS
penta-band operation are studied. The proposed PIFA is also
fabricated and tested, and the obtained results are presented.

2. PROPOSED PRINTED PIFA WITH A COPLANAR
COUPLING FEED

Figure 1(a) shows the geometry of the proposed printed PIFA with
a coplanar coupling feed for GSM850/900/1800/1900/UMTS op-
eration in the mobile phone. Dimensions of the proposed PIFA in
its planar structure are given in Figure 1(b). A 0.8-mm thick FR4
substrate of length 110 mm and width 60 mm is used as the system
circuit board of the mobile phone in this study. On the back surface
of the circuit board, there is a printed system ground plane of
length 100 mm and width 60 mm, leaving a no-ground region of
10 � 60 mm2 at the top of the system circuit board. The proposed
PIFA is printed on the no-ground region and then bent by half by
following the bending line shown in Figure 1(b) to achieve a
compact occupied volume of 5 � 5 � 60 mm3 inside the mobile
phone. Also, note that the dimensions of the system circuit board
and ground plane studied here are practical for general smart
phones or PDA (personal digital assistant) phones [13, 14].

The PIFA comprises two radiating strips (Strips 1 and 2), an
inverted-L shorting strip and a coplanar coupling feed. Strip 1
starting from point G supports a resonant path to generate a wide
operating band at about 1900 MHz for the antenna’s upper band to
cover GSM1800/1900/UMTS operation. Strip 2 starting from
point G supports a longer resonant path for providing a wide
operating band at about 900 MHz for the antenna’s lower band to

cover GSM850/900 operation. The inverted-L shorting strip short
circuits the two radiating strips to the system ground plane through
a via-hole at point B. This short circuiting is the same as that used
in the conventional PIFAs to allow good excitation of quarter-
wavelength resonant modes. Both the two radiating strips of Strips
1 and 2 have a widened end portion (4 mm for Strip 1 and 3 mm
for Strip 2), which can achieve a more uniform excited surface
current distribution on the radiating strips and is helpful in im-
proving the impedance matching of the proposed PIFA [15, 16].
However, it should be noted that the wide operating bandwidths of
the two excited resonant modes at about 900 and 1900 MHz
supported by Strips 2 and 1, respectively, cannot be effectively
achieved without the use of the coplanar coupling feed in this
study.

In between point G and A is the coplanar coupling feed, which
mainly consists of two coupling sections of CD and EF . Point A
is the feeding point of the PIFA and is connected to a printed 50-	
microstrip feedline for testing the PIFA in the experiment. The two
coupling sections are spaced with a coupling gap g of 0.2 mm. The
length of the coupling section CD is fixed as 20.5 mm, and its
width b is 0.3 mm. For the coupling section EF, its length a is 19
mm, and its width c is 0.5 mm. By adjusting the dimensions a, b,
c, and g in the coplanar coupling feed, the contributed capacitance
to the antenna’s input impedance can be effectively controlled.
With proper dimensions selected for the coplanar coupling feed, a
dual-resonance excitation for the antenna’s lower band at about
900 MHz and a wide operating band for the upper band at about
1900 MHz can be achieved, allowing the proposed PIFA to cover

Figure 1 (a) Geometry of the proposed printed PIFA with a coplanar
coupling feed for GSM850/900/1800/1900/UMTS operation in the mobile
phone. (b) Dimensions of the proposed PIFA in its planar structure. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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GSM850/900/1800/1900/UMTS operation. Detailed effects of the
parameters a, b, c, and g in the coplanar coupling feed are studied
in Figures 4 and 5 in the next section.

3. RESULTS AND DISCUSSION

The proposed PIFA was fabricated and tested. Figure 2 shows the
measured and simulated return loss for the fabricated prototype.
Two wide operating bands at about 900 and 1900 MHz are excited
with good impedance matching. The measured data agree with the
simulation results obtained using Ansoft HFSS (High-Frequency
Structure Simulator) [17]. For the lower band at about 900 MHz,
a dual-resonance excitation is seen and the impedance bandwidth
defined by 3:1 VSWR reaches 190 MHz (820�1010 MHz), which
easily covers GSM850/900 operation. The upper band at about
1900 MHz shows a much larger bandwidth of 470 MHz
(1700�2170 MHz), wide enough for covering GSM1800/1900/
UMTS operation. Also, note that the resonant mode seen at about
1.65 GHz, although with good impedance matching, is a spurious
resonant mode, which shows poor radiation efficiency and cannot
be applied for practical applications. This spurious resonant mode
will disappear when the PIFA is unbent into a planar structure
(results are discussed in Fig. 6).

Figure 3 shows a comparison of the simulated return loss and
input impedance of the proposed PIFA and the reference PIFA (the
proposed PIFA with g � 0 in Fig. 1; that is, a direct feed is used).
In Figure 3(a), it is clearly seen that without the use of the coplanar

Figure 2 Measured and simulated return loss for the proposed PIFA.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 3 Comparison of the simulated (a) return loss and (b) input
impedance of the proposed PIFA and the reference PIFA (the proposed
PIFA with g � 0 in Fig. 1; that is, a direct feed is used). [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com]

Figure 4 Simulated return loss as a function of (a) the length a and (b)
the coupling-gap width 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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coupling feed, the impedance matching becomes very poor for the
lower band at about 900 MHz for the reference PIFA. A much
smaller bandwidth is also obtained for the upper band for the
reference PIFA than for the proposed PIFA. From the input im-
pedance seen in Figure 3(b), the real (Re) and imaginary (Im) parts
of the input impedance are greatly lowered for the proposed PIFA
compared with the reference PIFA, especially for the desired lower
band at about 900 MHz. This behavior is mainly owing to the use
of the coupling feed in the proposed PIFA.

Effects of the length a and the coupling-gap width g in the
coupling feed are studied in Figure 4. The results for the length a
varied from 21 to 17 mm are presented in Figure 4(a); other
dimensions are the same as given in Figure 1. By adjusting the
length a of the coupling section EF, good impedance matching of
the dual-resonance excitation for the lower band at about 900 MHz
to achieve a wide bandwidth can be achieved. For the upper band,
however, the length a shows a relatively smaller effect. In Figure
4(b), the results for the coupling-gap width g varied from 0.3 to 0.1
mm are shown, and other dimensions are the same as given in
Figure 1. In this case, strong effects on the antenna’s lower and
upper bands are seen, indicating that the width g should be very
carefully selected for the coupling feed in the proposed PIFA.

Figure 5 shows the effects of the width b of the coupling
section CD and the width c of the coupling section EF in the
coupling feed. Results of the width b varied from 0.5 to 0.1 mm are

presented in Figure 5(a). In this case, relatively larger effects on
the antenna’s upper band are seen. For the lower band, the effects
are small, and good impedance matching can also be obtained for
various widths of b. In Figure 5(b), results for the width c varied
from 0.7 to 0.3 mm are presented. In this case, small effects on
both the lower and upper bands are seen. From the results in
Figures 5(b) and 4(a), it can be concluded that for the coupling
section EF , it is more effective in adjusting its length a than its
width c in achieving good impedance matching for frequencies
over for the two desired lower and upper bands of the proposed
PIFA.

Figure 5 Simulated return loss as a function of (a) the width b of the
coupling section CD and (b) the width c of the coupling section EF 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]

Figure 6 Comparison of the simulated return loss of the proposed PIFA
and its unbent case. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

Figure 7 Measured radiation patterns at 859 MHz for the proposed
PIFA. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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Figure 6 shows a comparison of the simulated return loss of the
proposed PIFA and its unbent case. It can be seen that the spurious
resonant mode at about 1.65 GHz is disappeared for the unbent
case. Also, note that all the dimensions of the two cases are the
same, except for the two dimensions a and g, which are adjusted
to be 24 and 0.5 mm for the unbent case. From the results, the
obtained bandwidths for the proposed PIFA in its unbent case can
still cover GSM850/900/1800/1900/UMTS penta-band operation.

Radiation characteristics of the proposed PIFA studied in Fig-
ure 2 are also studied. Figures 7 and 8 plot the measured radiation
patterns at 859 and 925 MHz and center frequencies of the
GSM850 and GSM900 bands. Monopole-like radiation patterns
are seen, and good omnidirectional radiation in the azimuthal plane
(x–y plane) is obtained. Measured radiation patterns at 1795, 1920,
and 2045 MHz, center frequencies of the GSM1800, GSM1900,
and UMTS bands are also plotted in Figures 9, 10, and 11,
respectively. Although more variations in the radiation patterns
when compared with those at 859 and 925 MHz are seen, similar
patterns at 1795, 1920, and 2045 MHz are obtained. This indicates
that stable radiation patterns are obtained over the upper bands for
GSM1800/1900/UMTS operation. The obtained radiation patterns
also show no special distinctions to those of the conventional PIFA
with a direct feed [1] and are suitable for practical applications.

Figure 12 shows the measured antenna gain and simulated radia-
tion efficiency for the proposed PIFA. In Figure 12(a), results over
the lower band for GSM850/900 operation are presented. The
antenna gain varies from about 0.2 to 1.9 dBi, whereas the radia-
tion efficiency ranges from about 55 to 80%. Over the upper band
for GSM1800/1900/UMTS operation shown in Figure 12(b), the
antenna gain varies from about 1.5 to 2.7 dBi. Larger antenna gain
is obtained, which is mainly owing to the relatively larger varia-
tions in the radiation patterns over the upper band. For the radia-
tion efficiency, it is varied from about 52 to 73% and is good for
practical applications.

4. CONCLUSION

A GSM850/900/1800/1900/UMTS printed PIFA with a coplanar
coupling feed for application as an internal mobile phone antenna
has been proposed, fabricated, and tested. The proposed PIFA is
suitable to be directly printed on one surface of the system circuit
board of the mobile phone, making it easy to fabricate at low cost.
The printed PIFA can further be bent by half to achieve a compact
volume of 5 � 5 � 60 mm3 or 1.5 cm3 only inside the mobile
phone. By using the coplanar coupling feed in place of the con-
ventional direct feed, the proposed PIFA can provide two wide
operating bands at about 900 and 1900 MHz to cover GSM850/

Figure 8 Measured radiation patterns at 925 MHz for the proposed
PIFA. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

Figure 9 Measured radiation patterns at 1795 MHz for the proposed
PIFA. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

Figure 10 Measured radiation patterns at 1920 MHz for the proposed
PIFA. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

Figure 11 Measured radiation patterns at 2045 MHz for the proposed
PIFA. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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900 and GSM1800/1900/UMTS operations, respectively. Good
radiation characteristics for frequencies over the operating bands
have also been obtained. Detailed effects of the coplanar coupling
feed on the antenna performances have also been analyzed.
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ABSTRACT: In coordinate-transformation-based approaches to elec-
tromagnetic concealment (“cloaking”) of objects, use of higher-order
(quadratic) mappings has been proposed as an effective device to obtain
satisfactory responses without the use of magnetic materials that are
complicated to synthesize at optical frequencies. In this article, we ex-
plore a new higher-order algebraic transformation, which allows, in
principle, for a broader range of applicability and further parametric
optimization. Via full-wave numerical studies of near- and far-field observ-
ables, we assess its performance by comparison with various reference
cases (nonreduced parameters, quadratic transformation, no cloak). © 2008
Wiley Periodicals, Inc. Microwave Opt Technol Lett 50: 3186–3190, 2008;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.23905

Key words: electromagnetic cloaking; transformation optics; metamate-
rials; scattering

1. INTRODUCTION

During the past few years, transformation optics [1–3] has
emerged as one among the most promising and active fields in
optical and materials engineering, with the perspective of offering
unprecedented control in the electromagnetic (EM) response of
devices and components. Among the most exciting developments,
besides the celebrated “invisibility cloaking” [4], it is worth men-
tioning “wormholes” [5], concentrators [6, 7], rotators [8], direc-
tive radiators [9], and optical devices [10–13].
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Figure 12 Measured antenna gain and simulated radiation efficiency for
the proposed PIFA. (a) The lower band for GSM850/900 operation. (b) The
upper band for GSM1800/1900/UMTS operation. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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