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ABSTRACT: Surface-mount chip antenna with a thin thickness of 3
mm and a small volume of 3 x 4 x 50 mm® (0.6 cm®) for eight-band
long term evolution/wireless wide area network (LTE/WWAN) operation
in the slim mobile phone is presented. The antenna is a simple two-strip
shorted monopole, yet it can provide two wide operating bands of at
least 698-960/1710-2690 MH: to cover the three LTE bands (LTE700/
2300/2500) and five WWAN bands (GSM850/900/1800/1900/UMTS). The
antenna is suitable to be mounted on the no-ground board space of the
system circuit board of the mobile phone. Wideband operation is
achieved by incorporating an on-board feeding structure formed by a
short shorting strip and a chip capacitor—loaded feeding strip, both are
of 8 mm in length and disposed on the no-ground board space, to the
proposed chip antenna. Details of the antenna including the on-board
feeding structure are presented. © 2010 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 52:2554-2560, 2010; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.25543

Key words: mobile antennas; handset antennas, surface-mount chip
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1. INTRODUCTION

Surface-mount chip antennas have been applied in the mobile
phone as internal antennas for wireless wide area network
(WWAN) operation [1-4]. Such surface-mount WWAN anten-
nas are mainly mounted on the no-ground portion of the system
circuit board of the mobile phone and can decrease the packag-
ing cost of the internal antenna in the mobile phone. Recently,
owing to the slim mobile phone becoming attractive for mobile
users, the internal WWAN antennas to be embedded inside the
mobile phone are required to have a thin profile [5-8]. In addi-
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tion, wideband operation to cover the existing five WWAN
operating bands (GSM850/900 and GSM1800/1900/UMTS,
824-960 and 1710-2170 MHz bands) and the new long term
evolution (LTE) operation [9] in the LTE700 (698-787 MHz),
LTE2300 (2300-2400 MHz), and LTE2500 (2500-2690 MHz)
bands is required for some modern mobile phones. With both
the WWAN and LTE operation, better and more seamless mo-
bile broadband and multimedia services can be provided for
the mobile users. Hence, eight-band LTE/WWAN operation in
the 698-960/1710-2690 MHz bands will be demanded for the
standard mobile phones in the very near future.

In this article, we present a promising wideband surface-mount
chip antenna with a thin profile of 3 mm and a small footprint of
4 x 50 mm?® for eight-band LTE/WWAN operation in the slim
mobile phone. With 3-mm thickness, the proposed antenna can be
easily embedded not only in the slim mobile phone but also in
many modern mobile communication devices. For obtaining wide-
band operation and small volume, the proposed chip antenna uses
a simple metal pattern of two-strip shorted monopole and a simple
feeding structure formed by a short shorting strip and a chip ca-
pacitor—loaded feeding strip disposed on the no-ground portion of
the system circuit board. Details of the chip antenna and the on-
board feeding structure are introduced and the operating principle
is discussed. Results for the antenna performances are also pre-
sented. The specific absorption rate (SAR) [10, 11] values for the
proposed antenna with the presence of both the head and hand
phantoms are also given.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed wideband sur-
face-mount chip antenna for eight-band LTE/WWAN slim mobile
phone. The detailed dimensions of the antenna and the on-board
feeding structure are given in Figure 1(b). The chip antenna has a
total volume of 3 x 4 x 50 mm® or 0.6 cm® only and is supported
by a foam base whose relative permittivity is close to unity in the
study. A 0.8-mm-thick FR4 substrate of relative permittivity 4.4
and loss tangent 0.024 is used as the system circuit board of the
mobile phone in the experiment. A ground plane of length 100
mm and width 50 mm is printed on the back surface of the circuit
board as the system ground plane, and a no-ground board space of
size 12 x 50 mm? on one edge of the circuit board is allocated for
the chip antenna and the on-board feeding structure. To simulate
the mobile phone housing, a plastic housing fabricated using a 1-
mm-thick plastic slab of relative permittivity 3.0 and conductivity
0.01 S/m encloses the circuit board in the experiment.

The metal pattern of the chip antenna is unfolded as shown
in Figure 1(b). The antenna is a simple two-strip monopole. The
longer radiating strip has a length of 79 mm, while the shorter
radiating strip has a length of 19 mm. Notice that in the longer
radiating strip, there is a notched section for tuning the fre-
quency ratio of the antenna’s first two resonant modes such that
the lowest mode is at about 850 MHz and the highest mode is
at about 1900 MHz. Also, there is an embedded narrow slit of
length (s) 17 mm and width (w) 0.5 mm to incorporate the sim-
ple shorting strip (section BD, length 8 mm) printed on-board to
form an inductive shorting strip (section BD and DE) [12] for
the antenna to achieve good dual-resonance excitation of the
lowest mode contributed by the longer radiating strip. The chip
capacitor (1.8 pF used in this study) loaded in the feeding strip
also greatly helps to improve the impedance matching of the
excited dual-resonance mode, which can have a wide operating
band to cover the LTE700/GSM850/900 bands (698-960 MHz).

On the other hand, the shorter radiating strip contributes a
resonant mode at about 2400 MHz, which incorporates the one
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Figure 1

(a) Geometry of the proposed wideband surface-mount chip antenna for eight-band LTE/WWAN slim mobile phone. (b) Detailed dimensions

of the antenna and the on-board feeding structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

generated by the longer radiating strip to form a wide operating
band to cover the GSM1800/1900/UMTS/LTE2300/2500 bands
(1710-2690 MHz). That is, the proposed chip antenna with the
on-board feeding structure can provide two wide operating
bands for eight-band LTE/WWAN operation (698-960/1710—
2690 MHz). Note that the on-board feeding structure used in
this study is much simpler than those applied in the coupled-fed
planar inverted-F antennas or shorted monopoles that have been
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Figure 2 Measured and simulated return loss of the proposed antenna.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 3 Simulated return loss for the proposed antenna, the corre-
sponding antenna with a direct feed and a simple shorting strip (Refl),
and the corresponding antenna with a direct feed and an inductive short-
ing strip (Ref2). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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Figure 4 Simulated return loss of the corresponding antenna with an
inductive shorting strip and a chip capacitor—loaded feeding strip (Ref3).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

reported for WWAN mobile phone applications [13-18]. In
addition, widened bandwidths are further achieved for the pro-
posed chip antenna for eight-band LTE/WWAN operation.

3. RESULTS AND DISCUSSION

The proposed chip antenna was fabricated and tested. Results of
the measured and simulated return loss are shown in Figure 2.
The simulated results are obtained using Ansoft simulation soft-
ware HFSS version 12 [19], and good agreement between the
measurement and simulation is seen. The wide lower and upper
bands for the proposed antenna are obtained. The lower band
shows a wide bandwidth of 380 MHz (690-1070 MHz), while
the upper band has an even wide bandwidth of 1040 MHz
(1710-2750 MHz). The two wide operating bands can cover the
desired eight-band LTE/WWAN operation in the 698-960/
1710-2690 MHz bands. Notice that the bandwidth definition of
3:1 VSWR (6-dB return loss) is widely used as the design speci-
fication for the internal WWAN mobile phone antennas.

To analyze the operating principle of the proposed antenna
and the on-board feeding structure, the comparison of the simu-
lated return loss for the proposed antenna, the corresponding
antenna with a direct feed and a simple shorting strip (Refl),
the corresponding antenna with a direct feed and an inductive
shorting strip (Ref2), and the corresponding antenna with an in-
ductive shorting strip and a chip capacitor-loaded feeding strip
(Ref3) is presented in Figures 3 and 4. Notice that Ref2 is Ref1
with an inductive shorting strip, and Ref3 is Ref2 with a chip
capacitor—loaded feeding strip. The configurations of Refl,
Ref2, and Ref3 are also shown in the inset of Figures 3 and 4.
From the results, it can be seen that Refl shows three resonant
modes excited; however, the lowest one is at about 1000 MHz
and with poor impedance matching, while the other two modes
cannot be formed into a wide upper band for the antenna. With
the inductive shorting strip formed for Ref2, the impedance
matching for the lowest mode (the fundamental mode contrib-
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uted by the longer radiating strip) at about 1000 MHz is
improved, although it still cannot cover the desired lower band
of 698-960 MHz. The other two modes are formed into a wide
upper band for the antenna, and the obtained upper-band band-
width is close to the desired bandwidth of 1710-2690 MHz.
This impedance matching improvement for the three excited res-
onant modes can be explained more clearly from the simulated
input impedance of Refl and Ref2 as shown in Figure 5(a), in
which the lower impedance level that causes poor impedance
matching for the three excited resonant modes is increased for
Ref2. This is mainly because the embedded slit in the longer
radiating strip for forming the inductive shorting strip also
changes the shorting position of the chip antenna from point D
to point E. Hence, the real and imaginary parts of the input
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Figure 5 Comparison of the simulated input impedance for the anten-
nas studied in Figures 3 and 4. (a) Refl and Ref2. (b) Ref2 and Ref3.
(c) Ref3 and proposed antenna. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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Figure 6 Simulated surface current distributions for the proposed antenna at (a) 750 MHz, (b) 1000 MHz, (c) 1900 MHz, and (d) 2400 MHz. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

impedance of the three excited resonant modes can both be
increased to improve their impedance matching.

In Figure 4, it is seen that good dual-resonance excitation of
the lowest mode is achieved for Ref3. This is mainly because
the embedded chip capacitor of 1.8 pF in the feeding strip com-
pensates for the large inductive reactance seen for Ref2 [see the
results in Fig. 5(b)]. However, some effects on the other two
modes are also observed, which slightly decrease the obtained
bandwidth of the antenna’s upper band. By further introducing a
simple notched section in the longer radiating strip (see Fig. 1),
as seen in Figure 5(c), the resonance (zero reactance) of the sec-
ond mode (the higher-order mode contributed by the longer radi-
ating strip) is shifted to lower frequencies, while that of the third
mode contributed by the shorter radiating strip is generally not
affected. This leads to a widened bandwidth for the antenna’s
upper band to cover the desired 1710-2690 MHz band.

The simulated surface current distributions for the proposed
antenna are also shown in Figure 6. At 750 and 1000 MHz, sim-
ilar surface current distributions on the longer radiating strip are
seen, which confirm that the two resonances in the antenna’s
lower band are both contributed by the longer radiating strip. At
1900 MHz, there is current null in the surface currents on the
longer radiating strip; this confirms that the second mode is the
higher-order mode of the longer radiating strip. At 2400 MHz,
strong surface currents on the shorter radiating strip are seen,
which indicate that the third mode is mainly contributed by the
shorter radiating strip.

DOI 10.1002/mop

Effects of the length s and width w of the embedded slit in
the longer radiating strip are studied in Figure 7. Results of the
simulated return loss for the length s varied from O to 21 mm
are shown in Figure 7(a), while those for the width w varied
from 0.2 to 0.8 mm are shown in Figure 7(b). It is seen that the
length s greatly affects the impedance matching for frequencies
over the three excited resonant modes. On the other hand, the
width w mainly affects the impedance matching on the first
mode (the lowest mode), and results indicate that the width w
should not be too small such that the coupling between the em-
bedded slit and the longer radiating strip can be ignored. From
the parametric study, the preferred length s and width w are
selected to be 17 and 0.5 mm, respectively, in the study.

Effects of the length ¢ of the shorter radiating strip are shown
in Figure 8. Results for the length ¢ varied from 14.5 to 22.5
mm are presented. It is clearly seen that the third mode is
strongly controlled by the length f; the third mode is shifted to
higher frequencies with a decrease in the length z. This also con-
firms that the third mode is contributed by the shorter radiating
strip.

The radiation characteristics of the fabricated antenna are also
studied. Figure 9 plots the measured three-dimensional total-power
radiation patterns. For lower frequencies (750 and 925 MHz), half-
wavelength dipole-like radiation patterns are seen. For higher fre-
quencies (1795, 2045, and 2500 MHz), there is a dip seen in the
azimuthal plane (x-y plane), and the radiation patterns are close to
those of the dipole antenna at its higher-order modes. This also
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Figure 7 Simulated return loss as a function of (a) the length s and
(b) the width w of the embedded slit for forming the inductive shorting
strip. 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]

suggests that the ground plane greatly controls the radiation pat-
terns of the antenna, similar to those observed for the traditional
internal WWAN mobile phone antennas [20]. Figure 10 shows the
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Figure 8 Simulated return loss as a function of the length ¢ of the
shorter 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
wileyonlinelibrary.com]

measured radiation efficiency and antenna gain of the fabricated
antenna. The radiation efficiency for the lower and upper band is
about 50-83% and 60-96%, respectively, while the antenna gain
is about —1.0-1.5 dBi and 2.0-4.8 dBi, respectively.

The SAR results of the antenna are studied using the SAR
simulation model provided by SEMCAD [21] as shown in Fig-
ure 11. The simulated SAR values for 1-g head and 1-g head/
hand tissues are also given in the figure. The return loss at the
testing frequency is also given. Note that the antenna is posi-
tioned at the bottom of the mobile phone, which has been
shown to be a promising arrangement for practical applications
of such antennas with no background plane to achieve
decreased SAR values [11, 22-24]. The grip of the hand phan-
tom on the tested mobile phone is shown in Figure 11, and
the distance between the palm center and the housing is
selected to be 30 mm; the distance is reasonable for testing
the SAR values [11]. The input power for testing the SAR is
24 dBm for the GSM850/900 bands (859 and 925 MHz) and
21 dBm for the GSM1800/1900 bands (1795 and 1920 MHz),
UMTS band (2045 MHz), and LTE bands (740, 2350, and

(dBi)
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-30.0
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Figure 9 Measured three-dimensional (3D) radiation patterns for the proposed antenna. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]
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2595 MHz). For the case of head only, the obtained SAR val-
ues over the operating bands all meet the limit of 1.6 W/kg
[10]. When the hand phantom is present, small variations in
the SAR values are seen for frequencies (740, 859, and 925
MHz) in the lower band. Small variations are also seen at
1795 and 1920 MHz. When the testing frequency increases
further, the SAR values start to rapidly increase, especially at
2350 and 2595 MHz. The SAR values with the head and hand
are three times higher than those with the head only. This is
probably because the operating wavelengths of the higher fre-
quencies become comparable to the dimensions of the fingers
of the hand phantom, thus resulting in larger power absorption
of the antenna. When the user’s hand is required to be consid-
ered in the SAR testing for the mobile phone in the near
future, the decrease in the SAR values for 1-g head/hand tissue
at higher frequencies will be needed for the proposed antenna
in practical applications.

4. CONCLUSIONS

A thin surface-mount chip antenna occupying a small volume of
0.6 cm® for eight-band LTE/WWAN operation in the slim mo-
bile phone is presented. The chip antenna incorporates an on-
board feeding structure formed by a shorting strip and a chip ca-
pacitor—loaded feeding strip to generate two wide operating
bands to cover, respectively, the LTE700/GSM850/900 opera-
tion and the GSM1800/1900/UMTS/LTE2300/2500 operation.
The operating principles of the antenna and the on-board feeding
structure have been discussed, and good radiation characteristics
for frequencies over the eight operating bands have been
observed. The simulated SAR values for the proposed antenna
positioned at the bottom of the system circuit board of the mo-
bile phone and with the presence of the head and hand phan-
toms have also been analyzed.

ntenna at the

mobile phone

Frequency (MHz) | 740 | 859 | 925 | 1795 | 1920 | 2045 | 2350 | 2595
1-gsar | eadonly | 0.65 | 1.35 | 1.54 | 1.01 | 0.98 | 0.81 | 0.71 | 0.65
(W/kg) he::n‘:,"d 0.56 | 1.55 | 1.58 | 1.15 | 0.87 | 0.98 | 2.68 | 2.06
Return | Meadonly | 128 | 84 |10.8 | 10.7 | 27.1 | 104 | 13.2 | 7.2
loss (dB) he::nznd 111 | 9.6 [11.0| 16.3 | 16.7 | 9.0 | 13.6 | 7.2

Figure 11 SAR simulation model and the simulated SAR values for the proposed antenna. The return loss given in the table is the impedance match-
ing level at the testing frequency. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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ABSTRACT: A novel multiway rectangular waveguide power divider
using coaxial probe array has been presented. The model of the entire
power divider has been introduced, and the effect of the higher order
modes generated in the power divider has been discussed. A Ku-band
eight-way rectangular waveguide power divider has been designed and

fabricated. Good agreement between the simulated response and

measurements was demonstrated. The measured 15-dB return loss and
1-dB insertion loss bandwidth of the power divider are all found to be
about 7 GHz. The power divider developed is suitable for various
applications of wide bandwidth. © 2010 Wiley Periodicals, Inc.
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Key words: multiway, rectangular waveguide; power divider;
broadband; Ku-band

1. INTRODUCTION

The power amplifier is a key element in microwave communica-
tion systems. The amplifier’s bandwidth, output power, and effi-
ciency drive the communication system’s link performance,
power budget, and thermal design. The traveling-wave tube am-
plifier, because of its high power capability and high efficiency,
is widely used in microwave systems for radar, satellite commu-
nication, and wireless communication. However, motivated by
benefits such as low supply voltage, small size, low develop-
ment cost, and a wide commercial technology base, there is con-
siderable interest in developing broadband, efficient, solid-state
power amplifiers as an alternative to vacuum tube technology.

However, the individual solid-state devices produce less
power and operate at lower efficiency as compared with individ-
ual vacuum tube devices. The power combining technique can
integrate a large amount of amplifiers to obtain high output
power and has been investigated actively [1-10].

In the previous studies, we developed a broadband multiway
radial waveguide power divider/combiner. The design was ela-
borated upon [11, 12]. Based on equivalent-circuit approach, the
electromagnetic modeling and design method of the power di-
vider have been presented. The reported multiway radial power
divider/combiner exhibits characteristics of small size, wide
bandwidth, low loss, and good efficiency. However, higher order
modes may be generated in the radial power dividing/combining
cavity due to discontinuities, and cannot be suppressed
effectively.

In this article, we presented a broadband mutliway power di-
vider that employed a coaxial probe array and several rectangu-
lar waveguides. When the width and height of the rectangular
waveguides satisfy the propagating conditions of the lowest
order waveguide-type mode, the higher order modes are usually
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