4. CONCLUSIONS

To improve the efficiency of the PBSV-DDM, we employ a set
of orthogonal polynomials to approximate the Robintype trans-
mission conditions. It was shown that, with the proposed
method, the computational cost and the memory requirements of
the PBSV-DDM can greatly be decreased. More importantly,
compared with the rank-revealing factorization, e.g., ACA,
based DDM, a remarkable feature of the proposed method is
that the compression of the PBSV matrix can be achieved with-
out obtaining the entire matrix in advance.
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ABSTRACT: A small-size wideband antenna suitable for the 11-band
WWAN/WLAN/WIMAX operation in the slim mobile phone is presented.
The wideband antenna has a simple structure and is formed by a printed
monopole closely coupled with a chip-inductor-loaded shorted strip. The
antenna occupies a small footprint of 15 x 20.5 mm® (~308 mm?) on
the system circuit board and can generate two wide operating bands for
the desired 11-band operation. The antenna’s upper band is mainly
contributed by the printed monopole and covers the GSM1800/1900/
UMTS operation (1710-2170 MHz), the 2.4/5.2/5.8 GHz WLAN
operation (2400-2484/5150-5350/5725-5875 MHz), and the 2.5/3.5/5.5
GHz WiMAX operation (2500-2690/3300-3800/5250-5850 MHz). The
lower band is contributed by the parasitic chip-inductor-loaded shorted
strip closely coupled by the printed monopole and covers the GSM850/
900 operation (824-960 MHz). Further, the antenna can be disposed on
the system circuit board of the mobile phone with a small thickness of 3
mm only, allowing the antenna very promising to be applied in the
modern slim mobile phone. Detailed results of the proposed antenna are
presented. The specific absorption rate results of the antenna, including
the case with the user’s hand presence, are also analyzed. © 2010
Wiley Periodicals, Inc. Microwave Opt Technol Lett 53:361-366, 2011;
View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.25712

Key words: mobile antennas; internal mobile phone antennas; WWAN
antennas;, WLAN antennas; WiMAX antennas

1. INTRODUCTION

It has been a continuous challenge in the design of wideband or
multiband internal antennas with the attractive features of small
size, simple structure, and easy fabrication for the mobile phone
applications. In addition, for applications in the modern slim
mobile phone, the applied internal antennas should also be of
thin thickness, which is generally required to be less than ~3
mm [1-5]. To achieve small size, easy fabrication, and wide-
band operation, the on-board printed internal antennas such as
the printed inverted-F antennas or shorted monopole antennas
using a coupling feed for five-band WWAN operation [6—10]
are attractive for the modern slim mobile phone applications.
These coupled-fed antennas are suitable to be directly printed on
the system circuit board of the mobile phone and are easy to
fabricate at low-cost. Two wide operating bands can also be pro-
vided to cover the five-band WWAN operation of GSM850/900/
1800/1900/UMTS (824-960/1710-2170 MHz).

However, to achieve decreased near-field emission for the in-
ternal WWAN antennas such that the decreased specific absorp-
tion rate (SAR) [11] can be obtained, it is proposed that the
antenna structure should be as simple as possible. This is
because generally the simpler structure of the antenna can lead
to smaller slope discontinuity in the excited surface current dis-
tributions of the antenna, which in turn can result in decreased
near-field emission [12]. For this purpose, we propose in this
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article, a wideband on-board internal mobile phone antenna that
not only occupies a small size on the system circuit board but
also shows a simpler structure than the reported wideband
coupled-fed WWAN mobile phone antennas [6—10]. The pro-
posed antenna is a simple printed monopole antenna closely
coupled with a parasitic chip-inductor-loaded shorted strip. The
antenna occupies a small footprint of 15 x 20.5 mm? on the
system circuit board and is easy to fabricate at low-cost as the
reported wideband coupled-fed WWAN mobile phone antennas
[6—10]. In addition, the antenna can generate two wide operating
bands covering not only the five-band WWAN operation but
also the three-band (2.4/5.2/5.8 GHz) WLAN operation (2400—
2484/5150-5350/5725-5875 MHz) [13-15] and the three-band
(2.5/3.5/5.5 GHz) WiMAX operation (2500-2690/3300-3800/
5250-5850 MHz) [16-19]. That is, the proposed antenna can
cover the 11-band WWAN/WLAN/WiIMAX operation. Further,
the antenna can be disposed on the system circuit board of the
mobile phone with a small thickness of 3 mm only, which
makes the antenna very promising to be applied in the modern
slim mobile phone.

Detailed operating principle of the proposed antenna is
described in this article. The antenna is also fabricated and
tested. The obtained results are presented and studied. Also, the
SAR values of the antenna, including the case with the user’s
hand presence [20-25], are also analyzed.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the small-size wideband monop-
ole antenna closely coupled with a chip-inductor-loaded shorted
strip for the 11-band WWAN/WLAN/WiMAX operation in the
slim mobile phone. The antenna with a footprint of 15 x 20.5
mm? (~308 mm?) is disposed on the no-ground portion of 15 x
28 mm? of the system circuit board of the mobile phone. Note
that owing to the antenna’s small size, it is not necessary for the
proposed antenna to occupy the entire edge of the system circuit
board, which is fabricated using a 0.8-mm thick FR4 substrate
of relative permittivity 4.4 and loss tangent 0.024 in this study.
In this case, the system ground plane printed on the back side of
the circuit board can have an additional protruded ground (15 x
22 mm?) located at the edge of the circuit board. This protruded
ground is connected to the main ground (50 x 100 mm?) and
can be used to accommodate the associated electronic compo-
nents in the mobile phone for more efficient board space plan-
ning of the system circuit board. This is an advantage over
many reported internal WWAN mobile phone antennas that are
required to be disposed at the entire edge of the system circuit
board [1-5, 26-28]. Also note that to minimize the effect of the
protruded ground on the performances of the antenna, a distance
of 7.5 mm between the antenna and the protruded ground is
required in this study (see Fig. 1).

With a small occupied size, the antenna also shows a simple
structure. The antenna is formed by a wideband printed monop-
ole antenna closely coupled with a parasitic chip-inductor-loaded
shorted strip. With the printed monopole alone, it can generate a
very wide operating band of >3 GHz to cover the desired
GSM1800/1900/UMTS (1710-2170 MHz), 2.4/4.2/5.8 GHz
WLAN bands (2400-5875 MHz), and 2.5/3.5/5.5 GHz WiMAX
bands (2500-5850 MHz). Then, by adding the chip-inductor-
loaded shorted strip (section BC in the figure) to be closely
around the printed monopole such that the shorted strip is
closely coupled and capacitively excited by the printed monop-
ole through the coupling gaps indicated in the figure. Although
the shorted strip has a length of ~52 mm only (~0.16 wave-
length at 900 MHz), a resonant mode with a large operating
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Figure 1 Geometry of the small-size wideband monopole antenna
closely coupled with a chip-inductor-loaded shorted strip for WWAN/
WLAN/WiIMAX operation in the slim mobile phone. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

bandwidth to cover the GSM850/900 (824-960 MHz) can be
generated. This behavior is attributed to the loaded chip inductor
of 12 nH, which effectively compensates for the increased ca-
pacitance with the decreasing resonant length of the antenna
[29-31]. Also note that the bent portion (3 x 20.5 mm?)
increases the width of the open-end section of the shorted strip
to be 4.5 mm, which helps enhance the bandwidth of the excited
resonant mode. With the bent portion, the antenna shows a thin
thickness of 3 mm above the system circuit board. This makes
the proposed internal antenna very promising to be applied in
the modern slim mobile phones.

3. RESULTS AND DISCUSSION

Based on the design dimensions shown in Figure 1, the pro-
posed antenna was fabricated and tested. The photos of the fab-
ricated antenna are shown in Figure 2(b), and the measured and
simulated results are presented in Figure 2(a). The simulated
results are obtained using Ansoft HFSS version 12 [32], and
good agreement between the measured data and the simulated
results is obtained. Two wide operating bands have been
obtained for the antenna. The measured bandwidth in the lower
band defined by 3:1 VSWR (6-dB return loss) is 140 MHz
(820-960 MHz), while the upper bands have a very wide band-
width of 4530 MHz (1710-6240 MHz). The obtained bandwidth
covers the five-band WWAN operation. Further, owing to the
large bandwidth and good impedance matching for frequencies
over the upper bands, the measured bandwidth defined by 10 dB
return loss is 3730 MHz (2210-5940 MHz) and can cover the
three-band 2.4/5.2/5.8 GHz WLAN operation and the three-band
2.5/3.5/5.5 GHz WiMAX operation. Hence, the proposed
antenna can cover the 11-band WWAN/WLAN/WiIMAX
operation.
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Figure 2 a: Measured and simulated return loss of the proposed
antenna. b: Photos of the fabricated antenna. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

To analyze the operating principle of the antenna, Figure 3
shows a comparison of the simulated return loss for the pro-
posed antenna, the wideband printed monopole only (Refl), and
the wideband printed monopole closely coupled with a simple
shorted strip (Ref2). Note that the corresponding dimensions of
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Figure 3 Simulated return loss for the proposed antenna, the wideband
printed monopole only (Refl), and the wideband printed monopole
closely coupled with a simple shorted strip (Ref2). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Refl and Ref2 are the same as those of the proposed antenna. For
Refl, a wide operating band is generated and generally covers the
desired upper band of the proposed antenna. By further adding a
simple shorted strip to form Ref2, a new resonant mode at ~1200
MHz is generated, with some degraded impedance matching
around 4 GHz in the upper band. This new resonant mode can be
seen more clearly from the simulated input impedance of Ref2
shown in Figure 4(a). However, the new resonant mode of Ref2
cannot cover the desired GSM850/900 operation. Then, with the
presence of the chip inductor of 12 nH in the shorted strip (the
proposed antenna), this new resonant mode can be shifted to
lower frequencies at ~900 MHz and cover the GSM850/900
operation [also see the input impedance of Ref2 and proposed
antenna shown in Fig. 4(b)]. This behavior confirms the discus-
sion in Proposed Antenna section for the operating principle of
the antenna. In addition, the degraded impedance matching
around 4 GHz in the upper band is also greatly improved to
achieve a very wide operating band for the antenna’s upper band.

Figure 5 shows the simulated surface current distributions for
the proposed antenna at 880 and 2200 MHz. At 880 MHz,
strong surface current distributions on the coupled shorted strip
are seen. This can also confirm that the lower band is mainly
contributed by the coupled shorted strip. For the surface current
distributions at 2200 MHz, strong surface currents are excited
on the printed monopole, which agrees with the observation that
the upper band is mainly contributed by the printed monopole
as shown in Figures 3 and 4.
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Figure 4 Simulated input impedance for the three antennas studied in
Fig. 3. (a) Refl and Ref2. (b) Ref2 and proposed antenna. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 5 Simulated surface current distributions for the proposed

antenna at 880 and 2200 MHz. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

Effects of the length s of the widened portion of the coupled
shorted strip are studied in Figure 6(a). Simulated results of the
return loss for the length s varied from 10.5 to 20.5 mm are pre-
sented. Other dimensions are the same as given in Figure 1.
When the length s is increased, the resonant mode for the anten-
na’s lower band is shifted to lower frequencies. Figure 6(b)
shows the effects of the loaded chip inductor. Simulated results
of the return loss for the inductance L varied from 9 to 15 nH
are presented. Again, the resonant mode for the antenna’s lower
band is shifted to lower frequencies for increasing inductance.
The results indicate that by adjusting the length s and the in-
ductance L, the antenna’s lower band can be easily controlled.

Figure 7 shows the effects of the width 7 of the wideband
printed monopole. Simulated results of the return loss for the
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Figure 6 Simulated return loss as a function of (a) the length s of the
widened portion of the coupled shorted strip and (b) the values of the
chip inductor L. Other dimensions are the same as given in Fig. 1.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 7 Simulated return loss as a function of the width ¢ of the
wideband printed monopole. Other dimensions are the same as given in
Fig. 1. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

width ¢ varied from 14.5 to 18.5 mm are presented. Large
effects on the antenna’s upper band are seen, especially at
higher frequencies of the upper band. The obtained bandwidth
of the upper band is decreased with a decrease in the width r.
This is mainly because the achievable operating bandwidth of
the printed or planar monopole is greatly dependent on the
width of the monopole, which is similar to the observations for
the ultra-wideband planar monopole antennas [33, 34]. To
achieve a very wide operating band for the antenna’s upper
band, a large width ¢ of 18.5 mm is selected in this study.

Effects of the distance d between the antenna and the pro-
truded ground are analyzed in Figure 8. Results of the simulated
return loss for the distance d varied from 1.5 to 7.5 mm are pre-
sented. When the distance d is decreased, the impedance match-
ing for frequencies over the antenna’s lower and upper bands is
degraded. Hence, an isolation distance of 7.5 mm is required in
this study to minimize the effects of the protruded ground on
the performances of the proposed antenna.

Figure 9 shows the measured three-dimensional total-power
radiation patterns for the fabricated antenna. At each frequency,
three radiation patterns seen in different directions are shown.
For the lower frequency at 859 MHz, the radiation patters are
similar to those of a conventional half-wavelength dipole
antenna. For higher frequencies, the radiation patterns become
more directive. In addition, as the antenna is disposed at one
corner of the system circuit board and is asymmetric with
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Figure 8 Simulated return loss as a function of the distance d between
the proposed antenna and the protruded ground. Other dimensions are
the same as given in Fig. 1. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 9 Measured three-dimensional total-power radiation patterns
for the fabricated antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

respect to the centerline of the system ground plane, the radiation
patterns also show some asymmetries with respect to the z axis.
The measured radiation efficiency and antenna gain are shown in
Figure 10. The measured radiation efficiency over the lower and
upper bands is, respectively, about 52-72% and 58-80%. The
measured gain is about —0.6 to 0.8 dBi and 1.2-5.0 dBi over the
lower and upper bands, respectively. Good radiation characteris-
tics are generally obtained for the proposed antenna.

The SAR results of the proposed antenna for the five-band
WWAN operation are studied using the SAR simulation models
provided by SEMCAD X version 14.2 [35]. Figure 11 shows the
SAR simulation model and the simulated SAR values. Both the
hand and head phantoms are considered, and the delivered
power for the lower band (859 and 925 MHz) and upper band
(1795, 1920, and 2045 MHz) is 24 and 21 dBm, respectively.
As it is well known that this kind of wideband internal antenna
without a ground plane on back is suitable to be positioned at
the bottom of the mobile phone to achieve decreased SAR val-
ues [7, 20, 27, 29], the proposed antenna in the SAR testing is
also positioned at the bottom of the mobile phone. The distance
between the system ground plane and the palm center of the
hand phantom is 35 mm. From the results, the obtained 1 g
SAR values for the head only are 0.49-1.41 W/kg for the five
WWAN operating bands and are lower than the limit of 1.6 W/
kg required for practical mobile phone applications [11]. When
the hand is present, small variations in the SAR values are seen
for the lower band. However, for the upper band, there are
strong effects on the SAR values. Notice that for the upper
band, the SAR values with the head and hand presence are three
times higher than those with the head only. This behavior needs
to be considered when the user’s hand is to be included in the
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Figure 10 Measured radiation efficiency and antenna gain for the fab-
ricated antenna. (a) The lower band (824-960 MHz). (b) The upper
band (1710-5875 MHz). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

distance between
palm center and
ground plane = 35 mm

antenna at the
bottom of the
mobile phone

Frequency (MHz) 859 925 1795 | 1920 | 2045
Delivered power (Watt) 24 dBm 21 dBm
1-gsar | headonly | 109 | 141 | 049 | 059 | 0.63
(Watt/kg) | headand |y 40 1 340 | 181 | 202 | 206
RetiEn head only 7.2 8.3 6.5 10.9 16.7
loss (dB) | headand | 450 | 104 | 86 | 13.0 | 184

Figure 11 SAR simulation model provided by SEMCAD X and the
simulated SAR values. The return loss shown in the table is the imped-
ance matching level at the testing frequency. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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SAR specifications for the internal mobile pone antennas in the
future [20].

4. CONCLUSION

A promising small-size internal mobile phone antenna suitable
for the 11-band WWAN/WLAN/WiMAX operation has been pro-
posed. The antenna has a simple structure and is formed by a
wideband printed monopole antenna closely coupled with a chip-
inductor—loaded shorted strip. The antenna provides two wide
operating bands for the desired 11-band operation, with the lower
and upper bands easily controlled by the printed monopole and
the shorted strip, respectively. In addition to the small size occu-
pied on the system circuit board, the antenna also shows a small
thickness of 3 mm only, which makes it very promising for mod-
ern slim mobile phone applications. Good radiation characteris-
tics over the operating bands have also been obtained. The simu-
lated 1 g SAR results for the proposed antenna positioned at the
bottom of the mobile phone with the head only are well below
the 1.6 W/kg limit, making the proposed antenna very promising
for practical mobile phone applications. However, when both the
head and hand are included in the SAR testing, the obtained SAR
values are three times higher than those with the head only for
operating in the GSM1800/1900/UMTS bands. When both the
head and hand are required for the SAR testing in the near future
[20], this behavior needs to be considered for the practical appli-
cations of the proposed antenna.
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