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Figure 7 Radiation pattern (with defect) at frequency =10 GHz.
Directivity Abs (Phi =90) Theta/Degree vs. dBi. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

entire bandwidth, the VSWR is reported to be <2. From this
graph, the bandwidth calculated is about 1.2 GHz. The simu-
lated radiation pattern for the antenna structure with defected
ground at frequencies 10 GHz is shown in Figure 7. The polar
plot of the radiation pattern is shown for directivity Abs
(Phi = 90) between Theta/degree vs. dBi for the resonant fre-
quency. At resonant frequency of 10 GHz (for Phi = 90), the
antenna shows gain is 8.7 dBi in the main lobe direction 0.0°.
Within 3-dB angular width in the direction 68.1° the side lobe
level is —20.1 dB. The radiation pattern shows that a good
antenna gain is obtained with improved radiation characteristics.

From all the above results, the simulated and experimentally
measured return loss variation with the frequency and input
impedance variation with the frequency for the DGS, it can be
concluded that with the introduction of defect in the ground plane
the impedance bandwidth increases with good impedance match-
ing. The DGS is also very helpful in the overall size reduction of
the antenna structure. With this, the radiation properties of the
defected ground antenna structure are also improved to a very
good extent as compared to the normal antenna structure.

4. CONCLUSION

A novel defected ground microstrip circular patch antenna is pre-
sented and tested. It has been observed that using the defected
ground geometry and optimizing antenna parameter results in
good impedance matching with high impedance bandwidth. The
measured results are in good agreement with the experimental
one. The designed antenna operates in the X-band in the fre-
quency range 8—12 GHz giving a wide impedance bandwidth. It
is also observed that a good antenna gain is obtained by introduc-
ing the defected ground plane. The bandwidth of the antenna
enhanced, which is very good for wideband applications. The
proposed antenna is applicable for various wideband communica-
tion systems especially working in the X-band.
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ABSTRACT: An onboard printed WWAN/LTE antenna of simple struc-
ture disposed in a small clearance of 8 X 36 mnt’ in the ground plane
of shaped circuit board in a slim handset is presented. The shaped cir-
cuit board has a large rectangular notch such that the battery of the
handset can be embedded therein to decrease the thickness of the hand-
set. It is shown that, compared to the traditional simple circuit board,
the shaped circuit board can lead to much enhanced bandwidth of the
antenna disposed thereon. This is mainly because stronger surface
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currents on the ground plane of the shaped circuit board can be excited,
which greatly helps improve the operating bandwidth of the antenna dis-
posed thereon. By properly short-circuiting the metal enclosing of the
battery and the metal midplate that can be used to provide the handset
with structural support, stronger excited surface currents on the ground
plane of shaped circuit board can still be obtained. The proposed design
makes a simple, small-size printed inverted-F antenna capable of provid-
ing two wide operating bands to cover the GSMS850/900 bands (824-960
MHz) and GSM1800/1900/UMTS/LTE2300/2500 bands (1710-2690
MH:z). Further, the proposed design can provide good antenna efficiency
and meet the specific absorption rate regulations of less than 1.6 Wikg
for 1-g head tissue as well. Detailed results of the proposed design are
presented and discussed. © 2013 Wiley Periodicals, Inc. Microwave

Opt Technol Lett 55:2254-2261, 2013; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.27835

Key words: handset antennas; mobile antennas, shaped circuit board
for bandwidth enhancement; wireless wide area network antennas; long
term evolution antennas

1. INTRODUCTION

Slim profile has been a trend for the handsets, especially for the
smartphones. The slim handsets are generally with a thin profile
of less than 10 mm. For the slim handset, the system circuit
board therein may have a large rectangular notch or slot to

accommodate the battery to decrease the total required thickness
of the handset. In such cases, the shape of the ground plane on
the system circuit board is varied accordingly. As it is well
known that the ground plane on the system circuit board is also
a part of the radiator [1-3], especially for the embedded antenna
operated at lower frequencies [e.g., at about 900 MHz for the
wireless wide area network (WWAN) operation], it is expected
that the operating bandwidth and radiation efficiency of the
antenna will be strongly affected by the shaped system circuit
board in such slim handsets. In this study, we demonstrate that
large bandwidth enhancement of an antenna disposed on the
shaped system circuit board can be obtained, compared to that
disposed on the traditional simple system circuit board.

In the proposed design, a battery generally having a metal
enclosing is disposed in the large notch of the shaped circuit board.
A metal midplate, which is used to provide the handset with struc-
tural support (e.g., the midplate can be used to support the display
of the handset) [4], is also included in the proposed design. By con-
necting both the battery and metal midplate at proper locations to
the ground plane of the shaped circuit board, large bandwidth
enhancement for a small-size antenna can still be obtained.

The antenna used in this study is a simple, small-size printed
inverted-F antenna, which can be disposed in a small clearance
of 8 X 36 mm? in the ground plane of the shaped circuit board.
In the proposed design, stronger surface currents excited on the
ground plane of the shaped circuit board, compared to those on

0.8-mm thick FR4 substrate

metal midplate
(60 x 105 mm?) E

(a)

as shaped circuit board,
a ground plane on back side

printed antenna (8 X 36 mm®)

a 0.5-mm thick plastic casing
enclosing a metal box
as battery element

(45 % 50 x 3 mm’)
i 115 >
21 e
o E
side view seeing from edge DE
(b)

shorting pin2
shorting pinl

Figure 1 Proposed WWAN/LTE handset antenna with shaped circuit board, battery, and metal midplate. (a) Exploded view. (b) Side view. (c) Front
view. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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radiating arm (section AB) AS: shorting strip

50-ohm microstrip line

. chip capacitor, C = 3.3 pF

shorting point

\ T
'\ 36 >
ground plane

simple antenna model S A
= capacitor

Figure 2 Dimensions of the metal pattern of the antenna (printed
PIFA with a folded radiating arm). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

the ground plane of a corresponding simple circuit board, are
observed. This behavior leads to enhanced bandwidth of the
small-size antenna. Two wide operating bands are generated to
cover the GSM850/900 bands (824-960 MHz) and GSM1800/
1900/ UMTS/LTE2300/2500 bands (1710-2690 MHz). That is,
the WWAN and LTE (long term evolution) [5—7] operation can
be covered using a simple, small-size onboard printed inverted-
F antenna. The proposed design also shows good antenna effi-
ciency and meets the specific absorption rate (SAR) regulations
of less than 1.6 W/kg for 1-g head tissue [8,9] as well. Details
of the proposed design are described. The proposed design was
implemented, and obtained results are presented and discussed.

shaped circuit board

o Mmoo ou o m

2. PROPOSED DESIGN

Figure 1 shows the geometry of the proposed design. As shown
in Figure 1(a), there are three parts in the proposed design, which
include a shaped circuit board with an onboard printed inverted-F
antenna disposed thereon, a battery, and a metal midplate. The
shaped circuit board is modeled using a 0.8-mm thick FR4 sub-
strate of relative permittivity 4.4 and loss tangent 0.024. The
width and length of the circuit board are, respectively, 60 and 115
mm, which are reasonable dimensions of practical smartphones. A
ground plane is printed on the back side of the shaped circuit
board. A large notch of size 45 X 50 mm? is cut in the circuit
board to accommodate the battery of the handset. Note that the
battery can have many different sizes (length, width, and thick-
ness), depending on various battery lifetimes required for the
handset. In practical cases, the notch size can be adjusted to
accommodate the battery with various sizes, or the battery size
can be adjusted to fit in the notch in the shaped circuit board. In
this study, the shaped circuit board with a notch size which is rea-
sonable for some practical handset batteries can have stronger sur-
face currents excited on the ground plane thereof, compared to
those on the ground plane of a corresponding simple circuit board.
The simulated results of the excited surface currents on the ground
plane will be discussed with the aid of Figure 9 in Section 3.

The antenna is printed on a small clearance of 8 X 36 mm>
at the bottom edge of the shaped circuit board. As shown in Fig-
ure 2, the antenna has a folded radiating arm of length 66 mm
(section AB) and a shorting strip of length 10 mm (section AS).
The open-end portion of the radiating arm is widened (3-mm
wide) to achieve better impedance matching for the antenna,

metal midplate

front view

(b)

back view

Figure 3 Photos of the fabricated prototype. (a) Shaped circuit board, battery element, and metal midplate. (b) Front view seeing from the battery
side. (c) Back view seeing from the midplate side. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 4 Measured and simulated return losses of the antenna. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

while other portions are with a width of 0.5 mm, except that (1-
mm wide) near feeding point A. The portions of the shorting strip
near feeding point A and shorting point S are also with a width of
1 mm, with other portion having a width of 0.5 mm. The portions
with 1-mm width can decrease the fabrication errors for soldering
in the experiment, whereas those with 0.5-mm width can increase
the effective length of the radiating arm and shorting strip. A chip
capacitor of 3.3 pF is added at feeding point A, which mainly
compensates for large inductance for frequencies at about 900
MH?z to achieve improved impedance matching for the antenna in
this study. With the proposed design, two wide operating bands
can be provided to cover the WWAN/LTE operation in the 824—
960 and 1710-2690 MHz bands, although the antenna has a small
size of 8 X 36 mm? only.

The battery is modeled as a metal box enclosed by a 0.5-mm
thick plastic casing. The metal box is also short-circuited at the
location GB to the ground plane of shaped circuit board. The
location GB is at the edge of the battery opposite to the embed-
ded antenna on the shaped circuit board. The selected location
GB can make the excited surface currents on the ground plane
of shaped circuit board slightly affected such that enhanced
bandwidth of the antenna can still be obtained, when the battery
is embedded in the notch of shaped circuit board.

The metal midplate is also considered in the proposed
design. The midplate is usually added to provide the handset
with structural support and can be used to support the display of
the handset. In this study, the midplate is considered to be a
metal plate and has a size of 60 X 105 mm?, which is large
enough for supporting the display (note that the display can be
attached to the surface of the midplate that is opposite to the
battery. To achieve a slim profile for the handset, a small dis-
tance of 2 mm between the midplate and the ground plane of
shaped circuit board is selected. It should be noted that the 2-
mm spacing between the midplate and the ground plane can be
used to accommodate associated modules and circuits in the
handset. The configuration of the proposed design can be seen
more clearly in Figures 1(b) and 1(c). As the midplate is very
close to the ground plane of shaped circuit board, it may cause
large effects on the excited surface currents on the ground plane
and decrease the operating bandwidth of the antenna. By prop-
erly selecting the shorting positions (G1, G2, and G3 in this
study) to connect the midplate to the ground plane, the excited
surface currents on the region of the midplate facing the battery
(i.e., facing the notch of shaped circuit board) can be sup-
pressed. Note that more shorting pins along the two edges of the
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notch as shown in Figure 1(c) will cause similar effects as
obtained in this study. Hence, only three shorting positions of
G1, G2, and G3 are used in the proposed design. This can lead
to small effects on the excited surface currents on the ground
plane of shaped circuit board. Hence, enhanced bandwidth can
still be obtained for the small-size antenna in this study.

3. RESULTS AND DISCUSSION

The proposed design was implemented. The photos of the fabri-
cated prototype are shown in Figure 3. In Figure 3(a), three parts
in the proposed design are shown. The front and back views of the
proposed design are shown in Figures 3(b) and 3(c), respectively.
Figure 4 shows the measured and simulated return losses of the
antenna. The simulated results are obtained using full-wave elec-
tromagnetic field simulator HFSS version 14 [10], and agreement
between the simulation and measurement is seen. The obtained
lower and upper bands of the antenna cover the WWAN
(GSM850/900/1800/1900/UMTS) operation in the 824-960/
1710-2170 MHz bands and the LTE2300/2500 operation in the
2300-2690 MHz bands. Over the operating bands, the impedance
matching is better than 3:1 VSWR or 6-dB return loss, which is
the design specification widely used for the internal WWAN/LTE
handset antennas [11-13].

The measured antenna efficiency is shown in Figure 5. The
antenna efficiency includes the mismatching loss. Over the
lower band (824-960 MHz), the antenna efficiency is better
than about 60%, whereas that over the upper band (1710-2690
MHz) is better than about 65%. The measured antenna efficien-
cies are good for practical handset applications. Figure 6 shows
the measured three-dimensional total-power radiation patterns.
Note that the antenna is disposed at the bottom edge of the
shaped circuit board. This arrangement is generally applied in
most smartphones to achieve decreased SAR values [14-16],
which will be discussed with the aid of Figure 7. For the radia-
tion patterns at lower frequencies (859 and 925 MHz), dipole-
like patterns with omnidirectional radiation in the azimuthal
plane (x-y plane) are seen. For frequencies in the upper band
(1795, 2045, and 2595 MHz), more variations in the radiation
patterns are seen and, however, strong radiation in the azimuthal
plane is still observed. The observed radiation characteristics are
acceptable for practical handset applications.

Figure 7 shows the SAR simulation model and the simulated
SAR values for 1-g head tissue. The SAR simulation model is
based on the SPEAG simulation software SEMCAD X version
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Figure 5 Measured antenna efficiency with mismatching loss. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 6 Measured three-dimensional total-power radiation patterns of the antenna. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]

14 [17]. The handset with the proposed design is attached to
right cheek of the phantom head (the dashed line indicates the
possible casing for the handset), and the 3-mm spacing is
between the metal midplate and the phantom head. The 3-mm
spacing can be considered as the thickness of the display
attached to the metal midplate. The testing power and the return
loss of the antenna at the testing frequencies are also given in
the figure. The return losses at the testing frequencies are all
better than 6 dB, when the phantom head is attached to the
handset with the proposed design. It is seen that the obtained 1-
g SAR values at representative frequencies all meet the SAR
regulation of less than 1.6 W/kg [8].

Figure 8 shows the simulated return loss for the case with a
simple circuit board (Antl), the case with a shaped circuit board
(Ant2), the case with a shaped circuit board and a metal mid-
plate (Ant3), and the proposed design. The antenna dimensions
are the same in all cases, while the notch size in Ant2 is
adjusted to be 35 X 50 mm?, different from those (all 45 X 50
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mm?) in the proposed design, Antl and Ant3, to achieve optimal
impedance matching in each case to have a fair comparison.
Results indicate that for Antl, its lower-band bandwidth is small
and far from covering the GSM850/900 bands. For Ant2 with
the shaped circuit board, enhanced bandwidths in the antenna’s
lower and upper bands are obtained. This behavior may be
explained from the excited surface current distributions shown
in Figure 9, in which it is seen that strong surface currents on
the portion adjacent to the notch in the longitudinal direction
are seen for Ant2, especially at lower frequency (925 MHz).
This behavior leads to enhanced bandwidth for Ant2. It is also
noted that Ant2 has a much widened upper-band bandwidth
with the frequencies therein having improved impedance match-
ing. The first mode at about 1.6 GHz in Ant2’s upper band is
related to the resonant mode at about 1.9 GHz in Antl’s upper
band, which is a higher-order mode of the printed inverted-F
antenna. The frequency shifting is due to the presence of the
notch in the shaped circuit board. The second mode at about
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Frequency | Testing power SARiq Return loss
(MHz) (dBm) (W/kg) (dB)
859 24 1.35 24.5
925 24 1.26 8.0
1795 21 0.45 9.7
1920 21 0.42 9.2
2045 21 0.38 8.5
2350 21 0.37 6.1
2595 21 0.46 12.0

Figure 7 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]
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Figure 8 Simulated return loss for the case with a simple circuit board
(Antl), the case with a shaped circuit board (Ant2), the case with a
shaped circuit board and a metal midplate (Ant3), and the proposed
design. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

DOl 10.1002/mop

.10

5

0
Joat (A/m)
f=925 MHz

Ant2 in Fig. 8 Antlin Fig. 8
ground plane of ground plane of
shaped circuit board simple circuit board
(a)

/=1920 MHz

Ant2 in Fig. 8
ground plane of
shaped circuit board

®)

Antl in Fig. 8
ground plane of
simple circuit board

Figure 9 Simulated surface current distributions on the ground plane
of shaped circuit board (Ant2 in Fig. 8) and on the ground plane of sim-
ple circuit board (Antl in Fig. 8). (a) f=925 MHz. (b) f= 1920 MHz.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

2.2 GHz in Ant2’s upper band is very likely related to an efficient
resonant path along the ground portion around the notch being cre-
ated, which greatly enhances the antenna’s upper-band bandwidth.
For Ant3 with the metal midplate added and connected to
the ground plane at proper positions, effects on the excited sur-
face current distributions on the ground plane of shaped circuit
board can be minimized. By further adding the battery to be
embedded inside the notch of shaped circuit board and connect-
ing the metal enclosing of the battery at a proper position to the
ground plane to form the proposed design, strong surface cur-
rents on the portion adjacent to the notch in the longitudinal
direction can still be obtained. Hence, widened bandwidth in the
lower band is also obtained for Ant3 and proposed design, as
compared to the bandwidth of Antl. This can also be explained
by using the excited surface current distributions shown in
Figure 10 for the proposed design, in which it is seen that both
the battery’s metal enclosing and the region of the metal mid-
plate facing the battery show very weak current distributions. In
this case, on the ground plane of shaped circuit board, strong
surface currents on the portion adjacent to the notch in the lon-
gitudinal direction are still obtained. This leads to wider
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Figure 10 Simulated surface current distributions on the ground plane
of shaped circuit board, battery’s top metal surface and metal midplate
for the proposed design. (a) f= 925 MHz. (b) f= 1920 MHz. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

bandwidth obtained for the proposed design, especially for the
lower-band bandwidth. Also note that, in Figure 8, the higher-
order mode of the printed PIFA at about 1.9 GHz is not shifted
(Ant3 and proposed design vs. Antl), which is probably because
with the metal midplate added, a complete circuit board is seen
at higher frequencies for the antenna and thus, makes the anten-
na’s higher-order mode show similar behavior as that of Antl.
However, a resonant mode at about 2.6 GHz is seen for Ant3
and proposed design. This additional resonant mode is related to
the metal midplate connected at proper positions to the ground
plane.

Effects of different connections between the metal midplate
and ground plane are also analyzed. Figure 11 shows the simu-
lated return loss for the case with a floating metal midplate
(Ant4), the case with the metal midplate short-circuited at its
four corners to the ground plane of shaped circuit board (Ant5),
and the proposed design. For Ant4 and Ant5, it is seen that the
obtained bandwidths, especially the lower-band bandwidth, are
greatly decreased, as compared to the proposed design. This is
mainly because, when there are no connections or the connec-
tion positions are not properly selected, the excited surface cur-
rents on the ground plane of shaped circuit board will be greatly
varied, which will lead to degraded impedance matching for fre-
quencies in the desired operating bands. The operating band-
width of the antenna will hence be greatly decreased.
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Figure 11 Simulated return loss for the case with a floating metal
midplate (Ant4) and the case with the metal midplate short-circuited at
its four corners to the ground plane of shaped circuit board (Ant5), and
the proposed design. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

Finally, it is shown in Figure 12 that the chip capacitor of
3.3 pF added at the feeding point of the antenna can effectively
compensate for the large inductance seen around 900 MHz in
the antenna’s lower band. With the chip capacitor added, it is
seen that the peak value of the real input resistance at about 900
MHz decreases to be close to 50 Q. This helps in obtaining

200

100

=100 | ¢ =33 pF (Proposed) w/o chip capacitor (Ant6)

Input Impedance (Ohm)
[an)

—— Resistance —A— Resistance
- 3 - Reactance - £2 - Reactance
-200
500 1000 1500 2000 2500 3000
Frequency (MHz)

Ant6

Figure 12 Simulated return loss for the antenna with and without a
chip capacitor at the feeding point. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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improved impedance matching for frequencies in the desired
operating bands of the proposed design.

4. CONCLUSION

A simple, small-size printed inverted-F antenna has been shown
to provide wide operating bands to cover the WWAN and LTE
operation in the 824-960 and 1710-2690 MHz bands for the
slim handset application. The antenna is disposed in a small
clearance of a shaped circuit board, and the wideband operation
is obtained mainly owing to the ground plane on the shaped cir-
cuit board excited to be an efficient radiator. To make it more
promising for practical slim handset application, a battery
embedded in the notch of the shaped circuit board and a metal
midplate for the structural support of the handset are added and
connected at proper positions to the ground plane of shaped cir-
cuit board. The proposed design can still have the ground plane
of shaped circuit board excited as an efficient radiator to greatly
enhance the operating bandwidth of the antenna. Good far-field
radiation characteristics for frequencies in the operating bands
have also been obtained. In addition, the simulated SAR values
for 1-g head tissue are all less than 1.6 W/kg, meeting the SAR
regulation for practical handset applications. The proposed
design is especially suitable for the slim handset application.
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ABSTRACT: In this article, simple and efficient closed-form Green’s
function representations for various inhomogeneously-filled (layered)
stripline structures are derived in terms of cylindrical and spherical
waves for a horizontal electric dipole source. The method is based on a
two-level approximation of the spectral-domain Green’s function. After
using a fast pole-location method to extract the surface-wave modes that
are guided by the dielectric slabs and the parallel-plate modes that are
trapped by the two ground planes, we first use a method that is similar
to the first step in the traditional two-level discrete complex image
method (DCIM). This step provides a good approximation to the
spectral-domain Green’s function for large values of the spectral varia-
blek,, thus accounting for the fields at near and intermediate distances
from the source. The remainder (smaller values of k,) of the spectral-
domain Green’s function is approximated using a few poles and residues
by using the total least squares algorithm, which requires much less
computational resources as compared to the vector fitting method or
DCIM. This portion of the Green’s function accounts well for the fields
that are further away from the source. Our proposed method provides
an efficient and accurate means for representing Green’'s functions in
layered stripline structures both near and far from the source. The
results are verified by comparing with those obtained using the tradi-
tional two-level DCIM as well as direct numerical integration of the
spectral-domain Green’s function. © 2013 Wiley Periodicals, Inc. Micro-
wave Opt Technol Lett 55:2261-2265, 2013; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.27815

Key words: Green’s function; stripline structure; total least squares
algorithm

1. INTRODUCTION

The mixed potential integral equation (MPIE) formulation is
often used together with the method of moments to solve for
electromagnetic fields in layered microstrip and stripline struc-
tures. The evaluation of the spatial-domain Green’s function
plays a critical role in the MPIE method. Various methods have
been developed for evaluating the Green’s function in the past
several decades. Among these methods, there are numerical
methods like the generalized weighted average and double expo-
nential methods, and analytical methods like the discrete
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