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ABSTRACT: A planar inverted-F antenna (PIFA) with a loop shorting
strip and a chip-capacitor-loaded feeding strip to achieve a small size
yet wideband operation for eight-band WWAN/LTE operation (698960/
17102690 MHz) in the mobile handset is presented. The antenna
occupies a small no-ground footprint of 15 x 35 mm® on the main
circuit board of the handset and is closely integrated with the
surrounding system ground plane to achieve compact integration inside
the handset. By applying the proposed shorting strip and feeding strip, a
dual-resonance excitation at about 800 MHz which forms the antenna’s
wide lower band to cover the LTE700/GSM850/900 operation is
obtained. Further, the proposed shorting strip and feeding strip lead to
the generation of additional higher-order resonant modes to assist in
forming a wide upper band for the antenna to cover the GSM1800/1900/
UMTS/LTE2300/2500 operation. The proposed antenna also shows good
radiation characteristics over the eight operating bands. The obtained
SAR values of the antenna are well less than the limit of 1.6 W/kg for 1-g
head tissue for practical handset applications. © 2011 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 53:1217-1222, 2011; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.25983
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1. INTRODUCTION

Planar inverted-F antennas with no back ground plane have
been shown to be very suitable to be directly disposed on the
no-ground portion of the main circuit board of the mobile hand-
set for penta-band wireless wide area network (WWAN) or
eight-band WWAN/LTE (long-term evolution) operation [1-7].
However, these internal antennas are generally required to
occupy the entire top or bottom edge of the main circuit board
of the handset, similar to many internal WWAN handset anten-
nas [8—14]. This is mainly because such antennas require enough
isolation space to nearby system ground plane to obtain negligi-
ble coupling effects between the antenna’s radiating portion and
the nearby system ground plane [15-20]. This design require-
ment limits the compact integration of the internal antenna with
nearby electronic components inside the handset. This also
causes an increase of the total occupied volume of the internal
antenna inside the handset.

In this article, we present an onboard internal WWAN/LTE
antenna with a small size (15 x 35 mm?) to closely integrate
with the surrounding ground plane of the handset. No isolation
space between the internal antenna and the surrounding ground
plane is generally required. That is, the total occupied board
space of the internal antenna is the same as the antenna’s metal
pattern disposed on the main circuit board. The small size and
wideband operation of the internal WWAN/LTE antenna is
achieved by applying a loop shorting strip and a chip-capacitor-
loaded feeding strip to replace the simple shorting strip and
feeding strip of the traditional planar inverted-F antenna. The
proposed shorting strip and feeding strip result in a dual-reso-
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nance excitation at about 800 MHz for the antenna to have a
wide lower band to cover the LTE700/GSM850/900 operation
(698960 MHz). In addition, additional higher-order resonant
modes are excited to assist in forming a wide upper band to
cover the GSM1800/1900/UMTS/LTE2300/2500 operation
(17102690 MHz). The antenna can hence cover eight-band
WWANY/LTE operation. Details of the planar inverted-F antenna
with the proposed loop shorting strip and chip-capacitor-loaded
feeding strip are described in the article. The antenna is also
fabricated and tested, and the obtained results are presented. The
antenna’s radiation characteristics including the specific absorp-
tion rate (SAR) values for 1-g head tissue [21] are also studied.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the proposed internal eight-
band LTE/WWAN handset antenna. The antenna comprises a
radiating strip, a loop shorting strip between points B and E,
and a chip-capacitor-loaded feeding strip between points A and
D. Note that Point B is the shorting point which is short
circuited to the main ground plane printed on the back surface
of the main circuit board. In this study, a 0.8-mm thick FR4
substrate of relative permittivity 4.4, loss tangent 0.02, and size
115 x 60 mm? is used to simulate the main circuit board of the
handset. The main ground plane has a size of 100 x 60 mm?>
and combines with the extended ground plane of size 15 x 25
mm? to form the system ground plane of the handset. The anten-
na’s metal pattern (radiating strip, shorting strip, and feeding
strip) is closely surrounded by the system ground plane. No iso-
lation space is generally required between the antenna and the
surrounding ground plane, which makes the antenna occupy a
small no-ground board space of 15 x 35 mm? on the main cir-
cuit board. With the proposed design, the extended ground plane
can be used to accommodate nearby electronic elements such as
the loudspeaker [22, 23], lens of the embedded digital camera
[15, 24], universal serial bus (USB) connecter [25, 26] as the
data port, and so on. This can lead to more degrees of freedom
in arranging the internal antenna inside the handset and more
compact integration of the internal antenna with the associated
electronic elements inside the handset.
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Figure 1 Geometry of the proposed internal eight-band LTE/WWAN
handset antenna. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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Figure 2 Photo of the fabricated antenna (handset casing not included
in the photo). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

The radiating strip of the antenna is selected to have a length
close to 0.25 wavelength at about 800 MHz. Note that to
achieve a small required footprint on the main circuit board, a
portion of the radiating strip of 3 mm in width is perpendicu-
larly mounted along the edge of the main circuit board. This
decreases the required no-ground portion on the main circuit
board to be 15 x 35 mm?® only. By using the chip-capacitor-
loaded feeding strip, which provides capacitive coupling to
excite the antenna, a dual-resonance excitation at about 800
MHz can be obtained. The chip capacitor used in the study is 1
pF, and the contributed capacitive coupling to the antenna is
similar to the reported coupled-fed internal handset antennas
using a distributed coupling feed [1-7, 27-29].

The capacitive coupling can decrease the high input imped-
ance level of the excited resonant mode at about 850 MHz.
When the distributed coupling feed with a long coupling length
is used, large decrease of both the real and imaginary parts of
the input impedance of the excited resonant mode at about 800
MHz (the antenna’s fundamental or lowest resonant mode) can
be obtained. This can lead to a dual-resonance excitation with
good impedance matching at about 800 MHz so that a wide
lower band for the antenna can be obtained. By using the chip
capacitor to replace the printed distributed coupling feed with a
long coupling length, the dual-resonance excitation of the anten-
na’s fundamental resonant mode can still be obtained. However,
the impedance matching of the excited dual-resonance cannot be
as good as that of using the distributed coupling feed with a
long coupling length [1-7, 27-29]. By further applying the loop
shorting strip between points B and E, much improved imped-
ance matching of the excited dual-resonance of the antenna’s
fundamental resonant mode can be obtained. This impedance
matching improvement is obtained largely because the loop
shorting strip leads to smoother distribution of the excited sur-
face currents on the shorting strip, which is helpful in decreasing
the input impedance level of the exited resonant mode. Hence,
by using both the chip-capacitor-loaded feeding strip and loop
shorting strip, a wide lower band to cover the desired 698960
MHz band is obtained for the antenna.

Also note that the loop shorting strip provides two long but
different paths to short-circuit the radiating strip to the main
ground plane. This leads to additional higher-order resonant
modes of the antenna excited to assist in forming a wide upper
band to cover the desired 17102690 MHz. This is an advantage
over the reported coupled-fed internal handset antennas using a
distributed coupling feed and a simple shorting strip [6, 7], in
which the obtained upper band cannot provide a very wide
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Figure 3 Measured and simulated return loss for the proposed
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

bandwidth of larger than 1 GHz to cover the desired GSM850/
900/1800/1900/UMTS operation. In addition, the proposed short-
ing strip can be very close to the surrounding ground plane, so
is the radiating strip whose front section is close to the sur-
rounding ground plane. This arrangement leads to compact inte-
gration of the proposed antenna with the surrounding ground
plane on the main circuit board. The reason for this attractive
feature is obtained largely because there are generally strong
excited surface currents on the shorting strip and the front sec-
tion of the radiating strip. Because strong surface currents gener-
ally leads to weak electric fields generated in the near-field
region [30], the coupling between the antenna and the surround-
ing ground plane will become small. In this case, close
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Figure 4 Comparison of the simulated return loss for the proposed
antenna, the case without the loaded chip capacitor and with a simple
shorting strip (R1), and the case with a simple shorting strip (R2).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 5 Simulated input impedance of the three antennas studied in
Figure 4. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

proximity of the antenna to the surrounding ground plane
becomes possible.

To simulate the practical handset casing in the experiment, a
plastic casing of thickness 1 mm, relative permittivity 3.0, and
conductivity 0.02 S/m is made to enclose the main circuit board
as shown in Figure 1. The photo of the fabricated antenna is
shown in Figure 2 (the handset casing is not included). To test
the antenna, a short 50-Q microstrip feedline is printed on the
front surface of the main circuit board, with one end connected
to the antenna at the feeding point (Point A) and the other end
connected to a 50-Q SMA connector on the back side of the
main circuit board. The obtained results of the fabricated
antenna are presented in Section 3.

3. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated return loss for the
proposed antenna. The simulated results are obtained using sim-
ulation software HSFF (high frequency structure simulator) ver-
sion 12 [31] and are in agreement with the measured data. Over
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the desired WWAN/LTE bands (shown by the two shaded fre-
quency ranges in the figure), the obtained input impedance is
better than 3:1 VSWR or 6-dB return loss, which is widely used
as the design specification for the internal WWAN/LTE handset
antenna.

To analyze the operating principle of the proposed antenna,
Figure 4 shows the comparison of the simulated return loss for
the proposed antenna, the case without the loaded chip capacitor
and with a simple shorting strip (R1), and the case with a simple
shorting strip (R2). For the case of R1, which uses a simple
feeding strip and a simple shorting strip, the excited resonant
mode in the desired lower band has a narrow bandwidth and is
far from covering the desired 698960 MHz band. The narrow
bandwidth is mainly owing to the very high input impedance
level of the excited resonant mode in the desired lower band
[see the simulated input impedance of R1 shown in Fig. 5(a)].

By loading a 1-pF chip capacitor in the feeding strip (the
case of R2), dual-resonance excitation of the resonant mode can
be obtained, although the impedance matching needs to be
improved. This behavior is owing to the decreased input imped-
ance level of the excited resonant mode in the desired lower
band [see the simulated input impedance of R2 shown in Fig.
5(b) compared to that of R1 in Fig. 5(a)]. In addition, some
improvement in the impedance matching for frequencies over
the desired 17102690 MHz band is obtained. By further apply-
ing the loop shorting strip, improved impedance matching of the
dual-resonance excitation in the lower band is obtained, which
results in a wide operating band obtained. This behavior is
owing to the much lowered input impedance level of the excited
resonant mode in the lower band [see the simulated input im-
pedance of R1 shown in Fig. 5(c)]. Further, additional higher-

4 ] I 100
= | | 1
g3 | |8
z Efficiency | B

15
g 60
G2 | .
g | <Gain 40 g
R GNP ogn s B IS
< |20 5
}ﬂ—LTE‘.’OO/GSMBSO/‘)OO—»! 5 =
0
650 700 750 800 850 900 950 1000
Frequency (MHz)
(a)
81— 100
. 2>
= Efficiency | 5
3 6 80 &
) 5
g 4| 1 I {60 i
E m :
g2 40 g
g | I 2
40 : GSM1800/1900/UMTS/ L]0 =
gl LTE2300/2500 L g ®

1600 1800 2000 2200 2400 2600 2800

Frequency (MHz)
(b)

Figure 6 Measured antenna gain and antenna efficiency (mismatching
loss included) for the proposed antenna. (a) The lower band (698960
MHz). (b) The upper band (17102690 MHz). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 53, No. 6, June 2011 1219



f=2400 MHz

Figure 7 Measured 3-D total-power radiation patterns for the proposed antenna. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

order resonant modes at about 2100 and 2700 MHz are excited
in the desired upper band [see Fig. 5(c)]. The additional reso-
nant modes make the antenna’s upper band have a wide band-
width of larger than 1 GHz to cover the desired 17102690 MHz
band.

The measured antenna gain and antenna efficiency for the
proposed antenna are shown in Figure 6. The antenna is tested
in a far-field anechoic chamber, and the measured antenna gain
and antenna efficiency include the mismatching loss. Over the
desired lower band shown in Figure 6(a), the antenna gain varies
from about 0.9 to 1.3 dBi, and the antenna efficiency varies
from about 53 to 61%. Although over the desired upper band
shown in Figure 6(b), the antenna gain is about 2.0 to 3.2 dBi,
and the antenna efficiency is about 60 to 92%. The measured
three-dimensional total-power radiation patterns at typical fre-
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quencies are presented in Figure 7. At 740 and 925 MHz in the
lower band, the radiation patterns are similar to those of the tra-
ditional half-wavelength dipole mode. At 1795, 2045, and 2400
MHz in the upper band, because there are surface current nulls
in the system ground plane, the radiation patterns are close to
those of the traditional higher-order dipole modes. Some nulls
or dips in the azimuthal plane (x—y plane) are seen, which are
different from the omnidirectional radiation seen at lower fre-
quencies. The obtained radiation patterns show no special dis-
tinctions to those of the traditional internal WWAN handset
antennas that have been reported [32].

Figure 8 shows the SAR simulation model and the simulated
SAR values for 1-g head tissue. The input power and return loss
at each testing frequency are also shown in the table. The SAR
simulation model is provided by SEMCAD X version 14 [33].
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Figure 8 SAR simulation model and the simulated SAR values for 1-
g head tissue. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

Note that since the related internal antennas with no back
ground plane is especially attractive to be placed at the bottom
edge of the handset to obtain decreased SAR values [1, 3, 6],
the proposed antenna is disposed at the corner of the bottom
edge of the handset as shown in the simulation model. The
simulated 1-g head tissue SAR values are listed in the table.
The results are well below the limit of 1.6 W/kg [21]. This indi-
cates that the proposed antenna is promising for practical hand-
set applications.

Finally, a parametric study for the loaded chip capacitor and
the loop shorting strip is conducted. Figure 9 shows the simu-
lated return loss for the proposed antenna as a function of the
capacitance of the loaded chip capacitor in the feeding strip.
Results for the capacitance varied from 0.47 to 1.5 pF are pre-
sented in the figure. There are large effects on the dual-reso-
nance excitation of the resonant mode in the lower band. When
the chip capacitor with a smaller capacitance is loaded (for
example, C = 0.47 pF in the figure), dual-resonance excitation
cannot be obtained for the resonant mode in the lower band. On
the other hand, when the chip capacitor with a larger capaci-
tance is loaded (C = 1.5 pF in the figure), good impedance
matching for the dual-resonance excitation of the excited reso-
nant mode cannot be achieved. By selecting a proper value of
the loaded capacitance (C = 1.0 pF in this study), acceptable
impedance matching for frequencies over the desired lower band
can be obtained. For the upper band, the effects of the loaded
chip capacitance are relatively small, as the impedance matching
over the desired 17102690 MHz band for the three cases studied
meets the design specification of 6-dB return loss.

Results of the simulated return loss as a function of the
length ¢ in the loop shorting strip are presented in Figure 10.

Return Loss (dB)
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Figure 9 Simulated return loss for the proposed antenna as a function
of the capacitance of the loaded chip capacitor in the feeding strip.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 10 Simulated return loss for the proposed antenna as a func-
tion of the length 7 in the loop shorting strip. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

Results for the length ¢ varied from 3.5 to 7.5 mm are shown.
Similar to the results in Figure 9, large effects on the impedance
matching of the lower band are seen, whereas the effects on the
impedance matching of the upper band are small. The results
shown in Figures 9 and 10 indicate that both the loaded chip ca-
pacitor and the loop shorting strip contribute significantly to the
good dual-resonance excitation of the resonant mode in the
lower band. For the upper band, although the presence of both
the loaded chip capacitor and the loop shorting strip are crucial
for obtaining a large bandwidth (>1 GHz), small variations in
the capacitance of the loaded chip capacitor and the length of
the loop shorting strip will not cause significant variations in the
obtained upper-band bandwidth. This feature is attractive as it
makes the fine adjustment of the required bandwidths of both
the lower and upper bands easy to achieve.

4. CONCLUSIONS

An on-board internal inverted-F antenna having a small footprint
of 15 x 35 mm? on the main circuit board of the handset and
two wide operating bands for eight-band WWAN/LTE operation
(698960/17102690 MHz) has been proposed. The wide band-
widths of the antenna are obtained by using a loaded chip ca-
pacitor in the shorting strip and a loop shorting strip replacing
the traditional simple shorting strip. Further, the antenna can be
closely integrated with surrounding ground plane with no isola-
tion space required. This feature leads to compact integration of
the antenna inside the handset and also efficient antenna and cir-
cuit layout planning on the main circuit board of the handset.
Acceptable radiation characteristics over the eight operating
bands of WWAN/LTE have also been obtained. The SAR values
for 1-g head tissue for the antenna disposed at the bottom edge
of the handset have also been studied. The simulated SAR
results are well below the limit of 1.6 W/kg, making the antenna
very promising for practical handset applications.
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ABSTRACT: Bluetooth ferrite antenna was fabricated on Co,Z
(Bas;CosFe»,04;) hexaferrite-glass composite substrate and
characterized. The fabricated antenna has a total volume of 36 mm® (3
x 8 x 1.5 mm’®) and showed wide bandwidth (390 MHz at VSWR < 2).
The maximum 3D peak-gain and radiation efficiency were measured to
be 3.32 dBi at 2.35 GHz and 77.7% at 2.3 GHz, respectively. The 3D
peak gain of 2.45 dBi and 3D average gain of —1.89 dBi were obtained
at the Bluetooth central frequency of 2.45 GHz. © 2011 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 53:1222-1225, 2011; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.25982

Key words: bluetooth; ferrite antenna; Co,Z hexaferrite; low magnetic
loss; broad bandwidth

1. INTRODUCTION

Small size and broadband GHz antennas have attracted great
attention for wireless communications including wireless LAN
and Bluetooth (2.4~ 2.483 GHz). Accordingly, dielectric anten-
nas have been developed and commercialized for Bluetooth
antenna [1]. However, the dielectric antenna shows narrower
bandwidth (BW) of 18% and lower radiation efficiency (RE) of
78% than magneto-dielectric antenna due to the capacitive cou-
pling between antenna and its ground plane [2], and embedded
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