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ABSTRACT: An on-board small-size printed two-strip monopole
antenna integrated with a universal series bus (USB) connector and
generating two wide operating bands to cover penta-band wireless wide
area network operation in the 824-960/1710-2170 MHz bands is
presented. The two strips of the antenna are respectively printed on two
small no-ground portions of 15 x 25 and 15 x 15 mm® (total size 600
mm?). In-between the two printed strips, there is a protruded ground of
15 x 10 mm® to accommodate a USB connector, which serves as the
data port of the mobile phone. Also, easy control of the antenna’s two
wide lower and upper bands can be achieved by respectively adjusting
the longer and shorter strips of the printed monopole antenna. That is,
the antenna is easy to fabricate and also easy to fine-tune in practical
applications. Details of the proposed antenna are presented and
discussed. The radiation characteristics of the antenna, including the
specific absorption rate results with the presence of the user’s head and
hand, are also studied. © 2010 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 52:2523-2527, 2010; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.25537
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1. INTRODUCTION

The printed two-strip monopole antenna has an attractive feature
of simple structure and has been applied in the mobile phone
for achieving penta-band wireless wide area network operation
(WWAN) operation in the GSM850/900/1800/1900/UMTS
bands [1-3]. These reported printed monopole antennas for
WWAN operation are mainly disposed on the no-ground portion
of the system circuit board of the mobile phone; they are espe-
cially attractive to be positioned at the bottom of the mobile
phone such that decreased specific absorption rate (SAR) results
[2-9] can be obtained to easily meet the 1.6 W/kg limit of 1-g
tissue [10-12]. However, for such applications, there is usually
a conflict between the printed WWAN antenna and the universal
series bus (USB) connector [13], which is usually mounted at
the bottom of the system circuit board as a data port for the mo-
bile phone. This causes a big design issue for accommodating
the printed WWAN antenna in the mobile phone.

To solve the problem and to achieve compact integration of the
internal WWAN antenna with the USB connector, we present in the
article a promising two-strip printed monopole antenna capable of
integration of the USB connector at the bottom of the mobile phone.
The two radiating strips of the printed monopole antenna are printed
on two separate no-ground portions at the bottom edge of the system
circuit board. In-between the two no-ground portions, there is a pro-
truded ground of 15 x 10 mm? in size to flush with the bottom edge
of the circuit board. The size of the protruded ground is large
enough to accommodate a USB connector in the mobile phone.
This arrangement provides a promising solution to integrate the in-
ternal WWAN printed monopole antenna with the USB connector.
Further, the printed monopole antenna can provide two wide lower
and upper bands to respectively cover the GSM850/900 operation
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(824-960 MHz) and the GSM1800/1900/UMTS operation (1710—
2170 MHz). With wideband operation obtained, the total size of the
two no-ground portions used to accommodate the printed monopole
antenna is 600 mm? only, which is comparable with those required
for the reported traditional printed penta-band WWAN antennas
that cannot be integrated with the USB connector [1-3]. In this
study, details of the proposed on-board printed monopole antenna
are described. Design considerations of the antenna are discussed,
and results of the fabricated prototype of the antenna are presented.
Radiation characteristics of the antenna and its SAR values when
the user’s head and hand are present are analyzed.

2. DESIGN CONSIDERATIONS OF PROPOSED ANTENNA

Figure 1(a) shows the geometry of the on-board printed mono-
pole antenna integrated with a USB connector for penta-band
WWAN mobile phone, and detailed dimensions of the antenna
are given in Figure 1(b). A 0.8-mm thick FR4 substrate of
length 115 mm and width 50 mm is used as the system circuit
board of the mobile phone in the study. The FR4 substrate is of
relative permittivity 4.4 and loss tangent 0.024. On the back
side of the FR4 substrate or the circuit board, the main ground
and the protruded ground are printed. The main ground has a
size of 100 x 50 mm?, whereas the protruded ground has a size
of 15 x 10 mm? and its one edge is flushed with the bottom
edge of circuit board. A USB connector of size 9 x 7 x 3 mm®
[13] is mounted on the protruded ground as shown in the figure;
the mounted USB connector can be seen more clearly in the
photos of the fabricated antenna shown in Figure 2, in which a
practical USB connector is mounted on the protruded ground.

The printed monopole antenna is disposed on the two no-
ground portions on the two sides of the protruded ground.
Notice that the two no-ground portions are of different sizes.
The larger one has a size of 15 x 25 mm” and is used to
accommodate the longer radiating strip (strip 1, section BD) of
length 40 mm. To generate a resonant mode at about 900 MHz
for the GSM850/900 operation, a chip inductor of inductance L
= 22 nH is added at about the front point B of the longer strip.
This chip inductor can contribute additional inductance to com-
pensate for the increased capacitance resulting from the
decreased length of the radiating strip [2, 3, 14-16]. Hence,
with the embedded chip inductor, the longer strip can generate a
resonant mode at about 900 MHz with a length of 40 mm only
(about 0.12 wavelength only, much less than that required for
the quarter-wavelength resonant mode). With the length reduc-
tion in achieving the desired resonant mode, wideband operation
can also be obtained for the antenna’s lower band to cover the
desired 824-960 MHz band. More detailed effects of the embed-
ded chip inductor on the printed monopole antenna are presented
in Figure 5, which will be discussed in the next section.

On the other hand, the smaller no-ground portion of 15 x 15
mm? accommodates the shorter radiating strip (strip 2, section
CE) of length 32.5 mm. The shorter strip can generate a reso-
nant mode at about 1900 MHz for the antenna’s upper band to
cover the desired GSM1800/1900/UMTS operation (1710-2170
MHz). In this case, the length of the shorter strip is about 0.21
wavelength of the frequency at 1900 MHz, which is less than
that required for the quarter-wavelength resonant mode owing to
the substrate loading effect of the circuit board.

Both the longer and shorter strips have a narrow width of 1.5
mm and are excited through the asymmetric 50-Q T-microstrip
feedline, whose one end (point A) is the feeding point of the
antenna. In the experiment, point A is further connected to a
short 50-Q microstrip line printed on the front side of the circuit
board, which is then connected to a 50-Q SMA connector on
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Figure 1 (a) Geometry of the on-board printed monopole antenna
integrated with a USB connector for penta-band WWAN mobile phone.
(b) Dimensions of the antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

the back side of the circuit board (not shown in the figure) to
connect to a signal source for testing the antenna in this study.
The asymmetric T-microstrip feedline is arranged in the study
such that it occupies less board space on the circuit board;
hence, more board space can be used for the associated circuit
layout on the circuit board.

printed monopole
front view

UsB corqnector
back view

Figure 2 Photos of the fabricated antenna. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 Measured and simulated return loss for the fabricated
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 4 Simulated return loss for the proposed antenna and the two
cases with strip 1 only and strip 2 only. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]
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Figure 5 Simulated return loss as a function of (a) the inductance L
and (b) the position ¢ of the chip inductor. Other dimensions are the
same as given in Figure 1. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 6 Simulated return loss for the proposed antenna and the case
without the USB connector. Other dimensions are the same as given in
Figure 1. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

3. RESULTS AND DISCUSSION

The proposed antenna was fabricated (see Fig. 2). Results of the
measured and simulated return loss for the fabricated antenna
are presented in Figure 3. The simulated results are obtained
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using Ansoft simulation software HFSS version 12 [17]. The
measured data agree with the simulated results. Based on the
3:1 VSWR (6-dB return loss), which is widely used as the inter-
nal WWAN antenna design specification, the antenna provides
two wide operating bands for the desired penta-band WWAN
operation in the 824-960/1710-2170 MHz.

The operating principle of the proposed antenna is analyzed.
Figure 4 shows the simulated return loss for the proposed antenna
and the two cases with strip 1 only and strip 2 only. From the
results, it is clearly seen that the antenna’s lower and upper bands
are contributed by strip 1 (the longer strip) and strip 2 (the shorter
strip), respectively. Effects of the embedded chip inductor are
studied in Figure 5. Results for different inductances of the chip
inductor are presented in Figure 5(a). When the embedded chip in-
ductor is replaced by a simple strip (i.e., L = 0), the antenna’s
lower band occurs at about 1.55 GHz. With increasing inductance,
the lower band contributed by the longer strip is quickly shifted to
lower frequencies. In the study, with L = 22 nH, the lower band
can cover the desired 824-960 MHz band. Also notice that the
antenna’s upper band is almost not affected by the embedded chip
inductor. This confirms that the upper band is mainly dominated
by the shorter strip in the proposed antenna.
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Figure 7 Measured three-dimensional (3D) total power radiation patterns for the proposed antenna. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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Figure 8 Measured antenna gain and radiation efficiency for the proposed
antenna. (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 wileyonlinelibrary.com]

Effects of the position ¢ of the chip inductor are analyzed in
Figure 5(b), in which the results for the position ¢ varied from 1
to 9 mm are shown. Again, small effects on the antenna’s upper
band are seen. On the other hand, the lower band is shifted to
higher frequencies when the position ¢ increases (i.e., the chip
inductor is moved away from the front point B of the longer
strip). This behavior is largely related to the excited surface cur-
rents on the longer strip; the surface currents are generally stron-
ger on the position closer to the front point of the radiating strip.
Hence, the effective inductance contributed by the chip inductor
to the input impedance of the antenna will be larger when the
chip inductor is embedded closer to the front point of the longer
strip. This leads to the differences in shifting the lower band to
lower frequencies.

Results of the simulated return loss for the proposed antenna
and the case without the USB connector are studied in Figure 6.
Notice that the corresponding dimensions of the two antennas
studied in Figure 6 are the same. Results indicate that effects of
the loaded USB connector on the protruded ground are small.
From the results, it can be expected that when other associated
electronic components or modules are placed on the protruded
ground, their effects on the proposed antenna will also be small.
This suggests that with the protruded ground integrated with the
proposed antenna in this study, other associated elements in the
mobile phone can also be integrated with the proposed antenna.
This provides additional alternatives for the proposed antenna in
practical mobile phone applications.
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Figure 7 shows the measured three-dimensional (3D) total-
power radiation patterns for the proposed antenna. Four radia-
tion patterns seen from different directions (front, back, top,
and bottom views) at each frequency are shown in the figure.
For lower frequencies at 859 and 925 MHz in the antenna’s
lower band, the radiation patterns looks like those of the tradi-
tional half-wavelength dipole antennas. Although for higher
frequencies at 1795, 1920, and 2045 MHz in the upper band,
more variations or deviations from the dipole-like radiation
patterns are seen. However, null radiations in the top and bot-
tom directions are observed, which are similar to those at
lower frequencies. The radiation patterns seen at higher fre-
quencies are hence related to those of the higher-order modes
of the traditional dipole antennas. This is similar to those
observed for the known internal WWAN mobile phone anten-
nas that have been reported [18]. Figure 8 shows the measured
antenna gain and radiation efficiency for the proposed antenna.
The radiation efficiency for the lower band [Fig. 8(a)] and
the upper band [Fig. 8(b)] is about 55-88% and 62-94%,
respectively, whereas the antenna gain is about 0.4-2.3 dBi
and 2.7-4.6 dBi, respectively.

The SAR results for the proposed antenna are also ana-
lyzed. Figure 9 shows the SAR simulation model provided by
SEMCAD version 14 [19] and the simulated 1-g SAR values
for the proposed antenna. As stated earlier, the antenna is posi-
tioned at the bottom of the mobile phone to achieve decreased
SAR values. Two cases with the presence of the head phantom
and head/hand phantoms are studied. The SAR results are
given in the table in the figure. The return loss provided at
each testing frequency in the table is the impedance matching
level at that frequency. The testing frequencies are the central
frequencies of the five operating bands in this study. The grip
of the hand phantom on the mobile phone is shown in the fig-
ure, and the distance between the palm and the ground plane
of the mobile phone is 35 mm, which is reasonable for testing
the SAR values with the user’s hand presence [12]. The testing

| head phantom
e

hand phantom

antenna at the
bottom position

palm-to-ground distance, d = 35 mm

Frequency (MHz) 859 925 | 1795 | 1920 | 2045

1-g SAR head only 1.30 | 1.28 | 0.80 | 0.76 | 0.65
(W/k9) | headand hand | 1.31 | 1.30 | 0.90 | 0.87 | 0.76
RiskiiFii head only 144 | 110 | 154 | 133 | 8.3
loss (dB) | head and hand | 22.1 7.2 | 322 | 123 | 9.4

Figure 9 SAR simulation model and the simulated 1-g SAR values for
the proposed antenna. The return loss given in the table is the impedance
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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Figure 10 Simulated 1-g SAR distributions on the head and hand
phantoms. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

power is 24 dBm (2-W continuous input power with a user
channel being 1/8 of a time slot) at 859 and 925 MHz for the
GSM operation, and 21 dBm at 1795, 1920, and 2045 MHz (1-
W continuous input power with a user channel being 1/8 of a
time slot at 1795 and 1920 MHz for the GSM operation and
0.125-W continuous input power at 2045 MHz for the UMTS
operation). The obtained 1-g SAR values for all the testing fre-
quencies are all well below the 1.6 W/kg limit [10] for both the
head only and head/hand cases. It is also interesting to note that
the SAR values are higher for the head/hand case than the head
only case. This can be seen more clearly from the simulated
SAR distributions on the head and hand phantoms shown in Fig-
ure 10. For lower frequencies at 859 and 925 MHz in the lower
band, the maximum SAR is located on the head phantom. Con-
versely, for higher frequencies at 1795, 1920, and 2045 MHz in
the upper band, the maximum SAR occurs on the head phantom
(the thumb of the hand phantom). This causes a larger increase
of the SAR value at higher frequencies than at lower frequen-
cies. This behavior needs to be considered when the user’s hand
is included in the SAR specifications for the internal mobile
pone antennas [12].

4. CONCLUSIONS

A small-size two-strip monopole antenna suitable to be printed
on the system circuit board of the mobile phone and capable of
integration with the USB connector therein has been proposed,
fabricated, and tested. The on-board printed antenna is easy to
fabricate at low cost and can provide two wide operating bands
to respectively cover the GSMS850/900 and GSM1800/1900/
UMTS operations; that is, penta-band WWAN operation is
achieved. Good radiation characteristics for frequencies over the
five operating bands have also been observed. The 1-g SAR val-
ues for the two cases of head only and head/hand presence are
well below the 1.6 W/kg limit, making the proposed antenna
very promising for practical mobile phone applications. In addi-
tion, owing to its on-board printing characteristic [20-23], the
proposed antenna is especially suitable for slim or very slim mo-
bile phone applications.
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