open-circuit coupled line. Therefore, the admittance inverters J;,
and J,3 of the transmission lines Z,, and the even- and odd-
mode coupled line admittances Yy, and Yy, can be expressed as

Jio =J34 = Yrcscl, (D
Yoe J23

Toe 1 20000 2

A A cot 03 2
Yoo I

=1+ —cotl 3

a + 2 cot b3 ©)]

where Y;’s are the inverse of Z;’s and Y3 is the corresponding
admittance of the symmetrical open-circuit coupled line.

For the simplified filter, center frequency, ripple and frac-
tional bandwidth are set as 2 GHz, 0.01 dB, and 5%, respec-
tively. Here, the electrical lengths 0, 6; and impedance Z; are
set as an example with 68.7°, 19.1°, and 10.1 Q, respectively.
Then, the impedances Z, Z,, Zy., and Z,, and electrical length
0, of the simplified bandpass filter are obtained as 17.78 Q, 76.4
Q, 10.51 Q, 9.72 Q, and 26°, respectively.

These theoretical values are converted to dimensions of the
wide-stopband bandpass filter, which is designed on the sub-
strate Rogers RO4003 whose dielectric constant, loss tangent,
and thickness are 3.38, 0.0027, and 0.508 mm, respectively. Fig-
ure 3 shows the comparison of results between EM simulation
and theoretical prediction for the wide-stopband microstrip
bandpass filter. In the EM simulation, the larger harmonic
appears at the frequency band of 20 GHz, which may extend the
stopband to 10f, while the insertion loss is greater than 28 dB.
To achieve a very wide stopband, patterned ground plane is uti-
lized to design a bandpass filter.

By using patterned ground plane, a wider stopband will
appear. In Figure 4, the patterned ground plane causes the stop-
band to extend to 50 GHz while the insertion loss greater than
18 dB. Moreover, the increased transmission-line impedance by
patterned ground plane can also shift the center frequency of the
passband downward.

3. EXPERIMENTAL RESULTS

A new microstrip bandpass filter has been developed to generate
a very wide stopband. The center frequency, fractional band-
width, and ripple of this bandpass filter are set at 1 GHz, 18%,
and 0.01 dB, respectively. The dimensions of this filter, as shown
in Figure 1, are: L; = 11.9 mm, L, = 4.45 mm, L3 = 3 mm,
Ly = 1.4 mm, Ls = 445 mm, Lg = 0.8 mm, L; = 8.4 mm, and
L =33 mm, W, = 2 mm, W, = 0.2 mm, W3 = 0.4 mm,
Wg=03mm, G =02 mm, §; = 6.2 mm, S, =54 mm, S5 =
12.3 mm, and S, = 5.2 mm. Moreover, the photograph of the
new filter and a comparison of the measured and EM simulation
responses are shown in Figure 5.

Figure 5(b) points out that the measured stopband of the
bandpass filter extends to 50 GHz with the insertion loss greater
than 23.5 dB, and the harmonic frequency of the proposed band-
pass filter shifts to over 50 times of the fundamental frequency fp.
This feature is applicable to both the EM simulation and measure-
ment. In addition, Figure 5(b) indicates that within the passband
of 0.9-1.1 GHz the measured insertion loss is less than 0.6 dB
while the measured return loss is greater than 17 dB.

4. CONCLUSION

A new approach to generate a very wide stopband, from 1.53 to
50 GHz, in the microstrip bandpass filter is proposed. The meas-
ured harmonic suppression of the bandpass filter is more than
23.5 dB. The fabricated filter demonstrates the potential for har-
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monic suppression with the assistance of patterned ground plane.
Moreover, excellent agreement between theoretical and meas-
ured results validates the proposed structure.
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ABSTRACT: A small-size on-board 7-band WWAN/LTE antenna
formed by a coupled-fed loop antenna connected with a chip-inductor-
loaded strip is presented. The antenna is disposed on a small board
space of 15 x 25 mm® (375 mm’) on the system circuit board and
provides two wide operating bands to respectively cover GSM850/900
(824-960 MHz) and GSM1800/1900/UMTS/LTE2300/2500 (1710-2690
MH:z) for the 7-band operation in the mobile phone. The antenna’s
upper band is contributed by the coupled-fed loop antenna operated at
its 0.5-wavelength resonant mode. The generation of the lower band is
owing to the chip-inductor-loaded strip connected to the coupled-fed
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loop antenna to form a coupled-fed shorted monopole antenna operated
at its 0.25-wavelength resonant mode. In addition, the antenna’s lower
and upper bands can be respectively controlled, making it easy in fine-
tuning the desired operating bandwidths in practical applications.
Further, the proposed antenna can be in compact integration with its
nearby ground plane on the system circuit board; that is, small isolation
distance between the antenna and the nearby ground plane can be
achieved for the proposed antenna. This leads to efficient board space
planning on the system circuit board of the mobile phone. Details of the
proposed antenna are described in the article. © 2010 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 52:2847-2853, 2010;
View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.25619

Key words: mobile antennas; handset antennas; small antennas,
WWAN antennas; compact integration with nearby ground plane

1. INTRODUCTION

Internal antennas that can be directly disposed on the system cir-
cuit board of the mobile phone by printing or etching are attrac-
tive for its ease in fabrication at low cost for practical applica-
tions. Some promising internal on-board antennas for the penta-
band WWAN (wireless wide area network) operation in the
824-960 and 1710-2170 MHz bands have also been available
[1-12]. To achieve wideband operation with a small size, these
on-board WWAN antennas are required to be disposed on the
no-ground board space of the system circuit board. Further, it is
noted that, to accommodate the required size of these WWAN
antennas (about 600 mm? or less), they usually occupy the
whole top or bottom edges of the system circuit board, espe-
cially at the bottom edge of the circuit board such that decreased
SAR values can also be achieved to meet the 1.6 W/kg SAR
limit for practical mobile phone applications [10-14].

In this article, we present a novel small-size on-board mobile
phone antenna to have wide operating bands to cover the 7-band
operation including the WWAN operation in the GSM850/900/
1800/1900/UMTS bands (824-894/880-960/1710-1880/1850—
1990/1920-2170 MHz) and the LTE (long term evolution) oper-
ation [15, 16] in the LTE2300/2500 bands (2300-2400/2500—
2690 MHz). The antenna is disposed on a small no-ground por-
tion of 15 x 25 mm? (375 mm?) and occupies only a fractional
portion at either the top edge or bottom edge of the system cir-
cuit board. Further, the antenna can be in compact integration
with the nearby ground plane at the same edge of the system
circuit board. In this study, only a small isolation distance of 1
mm is needed between the antenna and the nearby ground plane
on which associated electronic components in the mobile phone
can be accommodated. This not only results in compact integra-
tion of the internal on-board antenna on the system circuit
board, but also leads to more efficient board space planning on
the system circuit board of the mobile phone.

The proposed antenna is formed by a coupled-fed loop
antenna connected with a chip-inductor-loaded strip. The anten-
na’s lower band is formed by the excited 0.5-wavelength reso-
nant mode contributed by the coupled-fed loop antenna. While
the generation of the antenna’s upper band is resulted from the
chip-inductor-loaded strip connected to the coupled-fed loop
antenna to form a coupled-fed shorted monopole antenna oper-
ated at its 0.25-wavelength resonant mode. Owing to the chip
inductor loading, which compensates for the increased capaci-
tance with the decreasing resonant length of the monopole
antenna [6, 9, 17, 18], the required length of the connected strip
to generate a resonant mode at the desired 900-MHz band can
be reduced; this also leads to the small size of the proposed
antenna for the 7-band WWAN/LTE operation in this study.
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Figure 1 (a) Geometry of the proposed on-board small-size 7-band
WWAN/LTE2300/2500 antenna for mobile phone application. (b)
Dimensions of the proposed antenna. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

Also, easy tuning of the antenna’s lower and upper bands to
respectively cover the 824-960 and 1710-2690 MHz bands can
be achieved for the proposed antenna, which is attractive for
practical applications. Detailed operating principle of the pro-
posed antenna is described in the article. Results of the fabri-
cated prototype of the proposed antenna are presented and dis-
cussed. The radiation characteristics of the proposed antenna,
including its radiation efficiency and SAR (specific absorption
rate) [13, 19, 20] results with the presence of both the user’s
head and hand, are analyzed.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed on-board small-
size 7-band antenna for the WWAN/LTE2300/2500 operation in
the mobile phone. Detailed dimensions of the proposed antenna
are shown in Figure 1(b). Owing to the small size, the antenna
is disposed on one corner only, without occupying the entire
edge, of the system circuit board. 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. On the back side of the FR4
substrate, a ground plane of length 100 mm and width 50 mm is
printed to serve as the system ground plane or main ground
plane of the mobile phone. An extended ground plane of length
(f) 15 mm and width 25 mm connected to the main ground
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Figure 2 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]

plane is also printed, which is placed close to the proposed
antenna with a small isolation distance of 1 mm only. This
extended ground plane can be used to accommodate associated
components in the mobile phone, thereby increasing the effec-
tive size of the total ground plane in the mobile phone and also
leading to efficient board space planning of the system circuit
board. Detailed effects of the length 7 of the extended ground
plane on the performances of the antenna are also studied with
the aid of Figure 5 in the next section.

The antenna is mainly disposed on the no-ground portion of
size 15 x 25 mm? by printing; except that the widened end sec-
tion of the chip-inductor-loaded strip (section DE) is obtained
by connecting a 0.2-mm thick metal plate of length 13.5 mm
and width 3 mm to the printed end section of width 1 mm. This
widened end section can lead to slight decrease in the resonant
frequency of the excited resonant mode for the antenna’s lower
band. Notice that when a plastic housing (typical relative per-
mittivity 3.0) [5, 11, 12, 21-23] is added to enclose the system
circuit board to simulate as the mobile phone housing in practi-
cal applications, which can also cause some resonant frequency
decrease in the excited resonant modes of the antenna, the end
section in the proposed antenna is no longer required to be wid-
ened; that is, the added metal plate of length 13.5 mm and width
3 mm is not required. In this case, all the metal pattern of the
proposed antenna can all be directly printed on the no-ground
portion, making it easy to fabricate at low cost.

The antenna can be discomposed into two antenna elements:
one is the coupled-fed loop antenna and the other is the
coupled-fed shorted monopole antenna. The coupled-fed loop
antenna comprises a T-shape feeding strip and a coupled loop
strip (section CDB). The front terminal (point A) of the T-shape
feeding strip is the antenna’s feeding point. The coupled loop
strip has a length of about 56 mm and is capacitively excited by
the feeding strip through a coupling gap of 0.3 mm; this forms a
coupled-fed loop antenna with a resonant loop path (ACDB path)
of about 62 mm, which leads to the excitation of a 0.5-wave-
length loop resonant mode at about 2.2 GHz. Further, this reso-
nant mode can have a dual-resonant behavior [24-26] to achieve
a very wide bandwidth of larger than 1 GHz to cover the desired
operating band of 1710-2690 MHz. Also note that the performan-
ces of the coupled-fed loop antenna are strongly affected by the
spacing d (1 mm in the proposed design) between the front sec-
tion and end section of the loop antenna. Detailed effects of the
spacing d are analyzed in Figure 4 in the next section.

For the coupled-fed shorted monopole antenna, it is formed
by adding the chip-inductor-loaded strip to the coupled-fed loop
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antenna at point D. The chip inductor in the proposed design
has a size of 0.5 x 0.5 x 1.0 mm® and an inductance of 12 nH.
The coupled-fed shorted monopole antenna consists of a radiat-
ing strip of section CDE, a T-shape coupling feed, and a shorted
strip of section BD. Through the coupling gap of 0.3 mm, the
monopole antenna also provides a resonant path of ACDE,
which has a length of about 79 mm in this study. A 0.25-wave-
length resonant mode can be generated by the coupled-fed
shorted monopole antenna to form the antenna’s lower band
centered at about 925 MHz to cover the desired 8§24-960 MHz
band. Also notice that, as discussed in Section 1, the loaded
chip inductor of 12 nH effectively decreases the excited resonant
mode to cover the desired operating band. The detailed effects
of the loaded chip inductor are studied in the next section with
the aid of Figure 3.

With the desired lower and upper bands respectively con-
trolled by the coupled-fed loop antenna and the coupled-fed
shorted monopole antenna, it is also found that the obtained two
wide operating bands can be easily fine-adjusted respectively.
This makes it easy for the proposed antenna to obtain the
desired wide operating bands in practical mobile phone
applications.

3. RESULTS AND DISCUSSION

The proposed antenna was fabricated and studied. Figure 2
shows the measured and simulated return loss for the fabricated
antenna. The measured data are seen to agree with the simulated
results obtained using Ansoft simulation software version 12
[27]. From the results, two wide operating bands are obtained.
The lower band has a measured 3:1 VSWR (6-dB return loss)
bandwidth of 220 MHz (815-1035 MHz), while the upper band
has an even larger bandwidth of 1065 MHz (1670-2735 MHz).

0 -
% 10}
3
&
g 20
7 — Proposed Simulsted
30-,...|,...1,.,.l..,.|..,.
500 1000 1500 2000 2500 3000
Frequency (MHz)
Refl Ref2
Ref3

Figure 3 Simulated return loss for the proposed antenna, the case
with the coupled-fed loop antenna only (Refl), Refl with a simple strip
connected (Ref2), and Refl with a chip-inductor-loaded strip connected
(Ret3). Corresponding 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 4 Simulated return loss as a function of the spacing d between
the front section and end section of the coupled-fed loop antenna; other
dimensions are the same as in Figure 1. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]

The lower and upper bands respectively cover the GSM850/900
operation and the GSM1800/1900/UMTS/LTE2300/2500 opera-
tion; that is, the 7-band operation is obtained. Also notice that the
3:1 VSWR is widely used as the design specification of the inter-
nal mobile phone antenna for the WWAN and LTE operation.
The operating principle of the proposed antenna is analyzed
in Figure 3. Results of the simulated return loss for the proposed
antenna, the case with the coupled-fed loop antenna only (Refl),
Refl with a simple strip connected (Ref2), and Refl with a
chip-inductor-loaded strip connected (Ref3) are shown in the fig-
ure. Notice that Refl, Ref2, and Ref3 have the same correspond-
ing dimensions as given in Figure 1 for the proposed antenna.
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Figure 5 Simulated return loss as a function of the length 7 of the
extended ground plane; other dimensions are the same as in Figure 1.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

For the four antennas studied in the figure, small variations in
the antenna’s upper band are seen. This behavior also confirms
that the upper band is mainly controlled by the coupled-fed loop
antenna (Refl). However, the desired antenna’s lower band can-
not be excited by Refl. When a simple strip is connected to
Refl to form Ref2, a resonant mode at about 1500 MHz is gen-
erated. By further loading a chip inductor of 12 nH (Ref3), this
resonant mode can be shifted to lower frequencies at about 1000
MHz. By widening the end section of the connected strip as
seen in the proposed antenna, slight decreasing in the resonant
frequency of this resonant mode to cover the desired operating
band of 824-960 MHz can be achieved. It is also interesting to
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Figure 6 Measured three-dimensional (3-D) radiation patterns for the fabricated antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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traditional half-wavelength dipole antenna. For higher frequen-
cies at 1840 and 2560 MHz, the obtained radiation patterns
become more directive and also asymmetric with respect to the
z axis. This behavior is related to the proposed antenna disposed
on only one corner of the system circuit board and the presence

Figure 7 Measured radiation efficiency and antenna gain for the fabri-
cated antenna. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

notice that the antenna’s upper band is almost not affected by of the extended ground plane in the close proximity of the
the connected chip-inductor-loaded strip to the coupled-fed loop antenna. Effects of this asymmetric structure on the antenna’s
antenna. This behavior is mainly because the loaded chip induc- radiation characteristics become significant at higher frequen-
tor contributes large inductance at frequencies in the upper cies, which contribute to the asymmetric radiation patterns seen
band, which makes the chip inductor functions like an open cir- at higher frequencies. The measured results of the radiation effi-
cuit for frequencies in the upper band; thus, the connected strip ciency and antenna gain are presented in Figure 7. The meas-
will show small effects on the coupled-fed loop antenna oper- ured radiation efficiency is respectively about 53-81% and 60—
ated in the antenna’s upper band. 90% for frequencies over the lower band [Fig. 7(a)] and the
Effects of the spacing d between the front section and end upper band [Fig. 7(b)].

section of the coupled-fed loop antenna are studied in Figure 4. The measured antenna gain is about 0.1-1.8 dBi and 0.6-4.0
Simulated results of the return loss for the spacing d varied dBi over the lower and upper bands, respectively. Notice that
from 1 to 12 mm are shown in the figure. For d = 12 mm, it over the upper band as seen in Figure 7(b), the antenna gain
indicates that the end section of the loop antenna is straight in increases with increasing frequencies. This is related to the
shape, whereas d = 1 mm is the case shown in Figure 1 for the asymmetric radiation patterns seen in Figure 6 at higher
proposed antenna. It can be seen that there are large effects on frequencies.

TABLE 1 Simulated Results of the Return Loss, Radiation Efficiency and, SAR for the Proposed Antenna in Free Space, with the
Head Only, and with the Head and Hand

Free space Head only Head and hand
Frequency (MHz) RL (dB) Effi. (%) RL (dB) Effi. (%) SAR (W/kg) RL (dB) Effi. (%) SAR (W/kg)
859 8.9 79 8.4 22 1.53 9.3 5 1.68
925 8.2 76 6.6 21 1.45 6.5 4 1.56
1795 16.9 88 12.2 40 1.10 13.8 11 1.23
1925 9.3 81 7.9 38 0.93 9.4 12 1.30
2045 6.6 73 5.7 35 0.76 6.5 12 1.14
2350 6.7 73 5.3 37 0.69 4.9 14 0.85
2595 7.0 69 6.2 39 0.70 6.7 17 1.24

Results are obtained using SEMCAD [28] and based on the simulation models given in Figure 8.
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distance between the
sxstem ground plane and
the palm center = 30 mm

Figure 8 SAR simulation models provided by SEMCAD for two cases
of the head only and the head and hand. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]

Finally, the SAR results of the proposed antenna are studied
using the SAR simulation models provided by SEMCAD ver-
sion 14 [28]. Both the user’s head and hand presence are consid-
ered, and the 1-g SAR values for the head only and the head
and hand are given in Table 1. The simulated results of the
return loss obtained by SEMCAD for the proposed antenna in
free space, with the head only, and with the head and hand are
shown in Figure 9 for comparison. The corresponding results of
the return loss and radiation efficiency (mismatch considered) at
the testing frequencies for the SAR values are also listed in Ta-
ble 1. Also note that in the SAR testing, the antenna is mounted
at the bottom of the mobile phone as shown in Figure 8 for
decreased SAR results [10—14], and the grip of the hand phan-
tom on the mobile phone is shown in the figure, with the dis-
tance between the system ground plane and the palm center set
to 30 mm, which is reasonable distance as studied in [13]. The
input power for the SAR testing is 24 dBm at 859 and 925
MHz for the GSM850/900 operation and 21 dBm at 1795, 1925,
2045, 2350, and 2595 MHz for the GSM1800/1900/UMTS/
LTE2300/2500 operation.

From the results shown in Figure 9, small variations in the
obtained return loss are seen for the presence of the head and
hand phantoms. However, as seen in Table 1, large effects on
the radiation efficiency are observed. For the head only, the
radiation efficiency is decreased by about 5.5 dB at lower fre-

2
=]
- L
5 20F — free space
s [+ with head only
[ | -ee with head and hand
30l . ) . SEMCAD
500 1000 1500 2000 2500 3000

Frequency (MHz)

Figure 9 Simulated return loss (SEMCAD) for the proposed antenna
in free space, with the head only, and with the head and hand. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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quencies (859 and 925 MHz) and about 2.5-3.5 dB at higher
frequencies (1795-2595 MHz). For both the head and hand pres-
ence, much larger decrease in the radiation efficiency is seen;
the radiation efficiency is decreased by about 12.0-12.8 dB at
lower frequencies and about 6.0-9.0 dB at higher frequencies,
compared with those in free space. The large decrease in the
radiation efficiency is because the user’s head and hand are both
lossy materials, which can absorb large radiated power of the
antenna in the mobile phone.

For the 1-g SAR values, they are slightly higher for the head
and hand than for the head only. The SAR value at 859 MHz for
the head and hand is also slightly higher than the SAR limit of
1.6 W/kg. This needs to be considered for practical applications
of the proposed antenna, when the user’s hand is required to be
included in the SAR testing in the near future. However, notice
that the mobile phone housing which is made from the lossy plas-
tic materials is not included in the SAR testing here. Smaller SAR
values than those obtained in the paper can hence be expected.
However, at higher frequencies, although some increases in the
SAR values for the head and hand are also obtained than those
for the head only, all the obtained SAR values for both the head
only and the head and hand are well below the SAR limit of
1.6 W/kg. The obtained SAR results suggest that the proposed
antenna is promising for practical mobile phone applications, even
for the case of the user’s hand included in the SAR testing.

4. CONCLUSION

An on-board 7-band WWAN/LTE mobile phone antenna with
small occupied board size and compact integration with the
nearby ground plane has been proposed. The antenna has been
fabricated and studied. Although occupying a small board space
of 15 x 25 mm? (375 mm?) on the system circuit board of the
mobile phone and closely spaced to the nearby ground plane
extended from the system ground plane, the antenna provides
two wide operating bands to respectively cover the GSM850/
900 and the GSM1800/ 1900/UMTS/LTE2300/2500 operations.
In addition, acceptable radiation characteristics for frequencies
over the seven operating bands have been obtained. The SAR
results for the 1-g head only and the 1-g head and hand have
also been studied. The results suggest that the proposed antenna
is promising to meet the required 1-g SAR limit of 1.6 W/kg for
practical mobile phone applications.
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