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ABSTRACT: An antenna array comprising a main antenna for eight-
band LTE/WWAN operation and an auxiliary antenna to combine with
the main antenna for LTE MIMO operation in the mobile phone is
presented. Both the main and auxiliary antennas are disposed at the
bottom edge of the system circuit board of the mobile phone and
separated by a protruded ground. The main and auxiliary antennas can
respectively fit in two small no-ground regions of 15 x 30 mm’ and 15
x 20 mm® on the system circuit board, while the protruded ground in-
between the two antennas has a width of 10 mm for mounting a USB
data port. The main antenna covers the 704-960/1710-2690 MHz bands
for eight-band LTE/WWAN operation, and the auxiliary antenna covers
the 704-787/2300-2690 MHz bands such that the main and auxiliary
antennas together can perform LTE MIMO operation in the LTE700/
2300/2500 bands. The proposed antenna array is fabricated and tested.
Results are presented and discussed. © 2011 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 53:1569-1573, 2011; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.26038

Key words: mobile antennas; handset antennas; LTE antennas; WWAN
antennas, multi-input multi-output operation

1. INTRODUCTION

Recently, the long-term evolution (LTE) system [1] is introduced
to provide better mobile broadband and multimedia services than
the existing wireless wide area network (WWAN) mobile net-
works. Some promising internal antennas for applications in the
mobile communication devices including the mobile phones and
notebook computers to cover eight-band LTE/WWAN operation
in the 704-960/1710-2690 MHz bands have also been demon-
strated [2—6]. Further, to achieve a much higher channel capacity
over the traditional wireless system with a single antenna [7-11],
the MIMO (multi-input multi-output) operation of the LTE sys-
tem in the LTE700 (704-787 MHz), LTE2300 (2300-2400 MHz)
and LTE2500 (2500-2690 MHz) bands is also demanded. For
achieving LTE MIMO operation, two or more LTE antennas are
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required to be used in the mobile communication devices. This
causes a design challenge for the internal LTE antennas to be
applied in the mobile communication devices, especially in the
mobile phones, because of the very limited internal spaces avail-
able in the mobile phones for using the internal antennas.

In this article, we present a promising design of a mobile
phone antenna array comprising a main antenna for eight-band
LTE/WWAN operation and an auxiliary antenna covering three-
band LTE700/2300/2500 to perform LTE MIMO operation with
the main antenna. Both the main and auxiliary antennas are dis-
posed at the bottom edge of the system circuit board of the mo-
bile phone and separated by a protruded ground, which can
accommodate a universal serial bus (USB) connector [12] as the
data port for the mobile phone. Note that with the internal
WWAN antennas mounted at the bottom edge of the mobile
phone, decreased SAR (specific absorption rate) values to meet
the limit of 1.6 W/kg for 1-g head tissue [13] for practical appli-
cations can be obtained for the mobile phone [14-17].

The main and auxiliary antennas are both in the form of a
coupled-fed loop antenna connected with a chip-inductor-loaded
strip [18]. The antenna’s upper band is contributed by the coupled-
fed loop antenna operated at its 0.5-wavelength resonant mode,
while the lower band is mainly owing to the chip-inductor-loaded
strip connected to the coupled-fed loop antenna to form a coupled-
fed shorted monopole antenna operated at its 0.25-wavelength res-
onant mode. In addition, such internal mobile phone antennas can
be in compact integration with nearby system ground plane on the
system circuit board. With this advantageous feature, the main and
auxiliary antennas obtained based on this kind of internal mobile
phone antenna can respectively fit in two small no-ground regions
of 15 x 30 mm?” and 15 x 20 mm? at the bottom edge of the system
circuit board and also separated by a protruded ground for accom-
modating a USB data port. The proposed antenna array is fabri-
cated and tested. Experimental and simulation results of the fabri-
cated antenna array are presented and analyzed.

2. PROPOSED ANTENNA ARRAY

Figure 1(a) shows the configuration of the proposed internal mo-
bile phone antenna array comprising a main antenna and an aux-
iliary antenna. The antenna array is mounted at the bottom edge
of the mobile phone and their detailed dimensions are given in
Figure 1(b). A plastic casing with relative permittivity 3.0 and
loss tangent 0.02 to simulate a practical mobile phone casing is
also included in the study. The proposed antenna array was also
fabricated and tested, and the photo of the fabricated antenna
array is shown in Figure 2. Note that a practical USB connector
is added on the protruded ground in-between the two antennas.
Both the main and auxiliary antennas apply the design tech-
nique of the coupled-fed loop antenna connected with a chip-in-
ductor-loaded strip [18] to achieve two wide operating bands
with a small size. The main antenna is disposed on a no-ground
board space of 30 x 15 mm? at one of the corners of the bottom
edge. The feeding point at point A; is considered as Port 1 in
the antenna array. Point B, is the shorting point of the coupled-
fed loop antenna in the main antenna, which contributes a 0.5-
wavelength loop resonant mode [19-21] to form a wide upper
band covering the GSM1800/1900/UMTS/LTE2300/2500
(1710-2690 MHz) operation. At point C;, the chip-inductor-
loaded strip is connected to the coupled-fed loop antenna to
form a coupled-fed shorted monopole antenna which contributes
a wide lower band to cover the LTE700/GSM850/900 (704-960
MHz) operation. The chip inductor used in the main antenna has
an inductance of 8.2 nH (L;), which compensates for the
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Figure 1 (a) Configuration of the internal mobile phone antenna array
comprising a main antenna for eight-band LTE/WWAN operation and an
auxiliary antenna to perform LTE MIMO operation with the main antenna.
The antenna array is mounted at the bottom edge of the mobile phone. (b)
Dimensions of the main and auxiliary antennas. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

increased capacitance with decreasing resonant length of the
monopole antenna and thus effectively decreases the required
length for generating the 0.25-wavelength monopole resonant
mode [22-27]. The widened end section of the chip-inductor-
loaded strip is for widening the lower-band bandwidth of the
main antenna. The operating principle of the antenna has been
discussed in [18]. However, the obtained lower-band bandwidth
for the main antenna is wider than that obtained in Ref. 18, in
which the lower-band bandwidth can cover only the GSM850/
900 (824-960 MHz) operation.

The auxiliary antenna requires a smaller no-ground board
space of 15 x 20 mm® and can provide a lower band for cover-
ing the LTE700 (704—787 MHz) operation and an upper band for
covering the LTE2300/2500 (2300-2690 MHz) operation. The
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upper band is contributed by the coupled-fed loop antenna in the
auxiliary antenna, with point A, as the feeding point and point B,
as the shorting point. Point A, is considered as Port 2 in the
antenna array. Similar to the main antenna, the lower band is con-
tributed by the chip-inductor-loaded strip connected to the
coupled-fed loop antenna at point C,. The chip inductor with an
inductance of 15 nH (L,) is used in the auxiliary antenna. This
chip inductor also leads to a smaller strip length required for gen-
erating a 0.25-wavelength monopole resonant mode at about 700
MHz for the lower band of the auxiliary antenna.

Note that the protruded ground of size 10 x 15 mm? in-between
the main and auxiliary antennas not only can be used for accommo-
dating a USB connector of size 9 x 7 x 4 mm® (see the photo of
the fabricated antenna in Figure 2, which is usually located at the
bottom edge of the mobile phone, but also can enhance the isolation
between the main and auxiliary antennas. With enhanced isolation,
better envelope or pattern correlation coefficient p, computed from
the S parameters as shown in Eq. (1) [28] can be obtained.

B 157,812 + S3.5m [
(1= (IsuP+isaiP)] [1 = (1s2P+1s12P) |

The obtained correlation coefficient p. is less than 0.12 over the
LTE700/2300/2500 bands between Port 1 and 2 in the proposed
design, which is acceptable for MIMO applications [29, 30].
Detailed results are discussed in Section 3.

3. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated S parameters (S,
S>1, S2o) for the fabricated antenna array shown in Figure 2. For
the measurement of the main antenna, it is excited with the aux-
iliary antenna terminated to 50 Q, and vice versa for the auxil-
iary antenna, which is excited with the main antenna terminated
to 50 Q. The simulated results are obtained using simulation
software high frequency structure simulator (HESS) [31]. The
measured data of the S parameters agree with the simulated
results. From the S;; results, the bandwidth of the main antenna
covers the desired 704-960 and 1710-2690 MHz bands for
eight-band LTE/WWAN operation. Although from the Sy,

B,, B,: shorting point

/)
; -./_-Hg/“”]h._

Figure 2 Photo of the fabricated antenna array (mobile phone casing not
included in the photo). (a) Measured and (b) simulated S parameters (Sy;, S>1,
S5,) for the proposed antenna array. The main (auxiliary) antenna is excited
with the auxiliary (main) antenna terminated to 50 Q. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 (a) Measured and (b) simulated S Parameters (S, S,;, S»»)
for the proposed antena array. The main (auxiliary) antena is excited with
the auxiliary (main) antena terminated to 50 Q. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

results, the bandwidth of the auxiliary antenna covers three-band
LTE (704-787/2300-2690 MHz) operation. The measured isola-
tion (S,,) between the main and auxiliary antennas for LTE MIMO
operation in the LTE700 and LTE2300/2500 bands is less than
about —11 dB and —22 dB, respectively. From the measured S pa-
rameters, the envelope correlation coefficient p. is computed and
shown in Figure 4. Over the LTE700 band, the maximum coeffi-
cient p. is 0.12 only. On the other hand, over the LTE2300/2500
bands, very small coefficient p. is obtained, which is nearly zero.
The obtained envelope correlation coefficient indicates that the
proposed antenna array is promising for LTE MIMO operation.
Figure 5 shows the measured three-dimensional total-power
radiation patterns at 750, 1940, and 2500 MHz for the main

=
(=3

i
%o

o
o

Envelope
Correlation Coefficient

o
S

0.12 at 704 MHz
0.0008 at 2300 MHz

o
to

500 1000 1500 2000 2500 3000 3500
Frequency (MHz)

Figure 4 Envelope correlation coefficient p. obtained from the meas-
ured S parameters in Figure 3. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 5 Measured three-dimensional total-power radiation patterns
for the main antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

antenna. The measurement is conducted in a far-field anechoic
chamber. At 750 MHz in the lower band, dipole-like radiation
pattern is seen. Although at 1940 and 2500 MHz in the upper
band, more variations in the radiation patterns are observed. The
measured radiation patterns are similar to those of the reported
internal WWAN or LTE/WWAN mobile phone antennas [3-6],
and there are no special distinctions. The measured radiation
patterns at 750 and 2500 MHz for the auxiliary antenna are
shown in Figure 6. Similar characteristics of the radiation pat-
terns for frequencies in the lower and upper bands as those for
the main antenna are observed.

The measured antenna efficiency including the mismatching
loss for the main antenna is presented in Figure 7. Over the
lower band (704-960 MHz) and upper band (1710-2690 MHz),
the antenna efficiencies are about 48—60% and 63-82%, respec-
tively. For the auxiliary antenna (results shown in Fig. 8), the
antenna efficiency in the lower band (704-787 MHz) and upper
band (2300-2690 MHz) are, respetcively, about 42-48% and
50-70%. The obtained antenna efficiencies over the operating
bands are reasonable for practcial mobile phone applications.

Finally, the S parameters for the cases of the main and auxil-
iary antennas mounted at opposite edges of the system circuit
board are studied. Two cases are analyzed. The first case is for
the two antennas located at diagonal corners of the system cir-
cuit board as shown in Case A in the figure. The second case is
for the two antennas located at adjacent corners as shown in
Case B in the figure. Similar as the proposed design studied in
Figure 3, the obtained S;; and S, results for the two antennas
cover the desired operating bands. However, from the S5,
results, Case A and B show degraded isolation between the two
antennas in both the lower and upper bands as compared to
those obtained for the proposed design in Figure 3. This behav-
ior can be attributed to the reason that the system ground plane
on the system circuit board is also an efficient radiator for the
mobile phone, especially in the lower band [32-34], and the
antenna performances are greatly dependent on the length of the
system ground plane. Hence, when the main antenna is excited
at the bottom edge, there are still strong excited surface currents

750 Milz 3500 Miiz

| T F mee.
. .15 -7 1(dBi) -15 -6 3(dBi)
hit

By
i,

[front view (see into -x direction) for auxiliary antenna|

Figure 6 Measured three-dimensional total-power radiation patterns
for the auxiliary antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 7 Measured antenna efficiency (mismatching loss included) for
the main antenna. (a) The lower band (704-960 MHz). (b) The upper
band (1710-2690 MHz). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

at the top edge of the system ground plane, which leads to
degraded isolation between the two antennas. On the other hand,
although the two antennas show a small distance in-between in
the proposed design, better isolation can be obtained. This is
because the shorter edge or the bottom edge of the system ground
plane is not at resonance, and hence acceptable isolation between
the two antennas in the proposed design can be achieved. From
the obtained results, the proposed design for the two antennas
located at the same edge (bottom edge here) of the system circuit
board is most promising for practical mobile phone applications.

4. CONCLUSIONS

An internal mobile phone antenna array for LTE/WWAN and
LTE MIMO operations has been proposed. The antenna array
comprises a main antenna and an auxiliary antenna, both show-
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650 700 750 8002200 2400 2600 2800
Frequency (MHz)

Figure 8 Measured antenna efficiency (mismatching loss included) in
the lower band (704-787 MHz) and upper band (2300-2690 MHz) for
the auxiliary antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 9 Simulated S parameters for the main and auxiliary antennas
mounted at opposite edges of the mobile phone. (a) Case A (the two
antennas located at diagonal corners). (b) Case B (the two antennas
located at adjacent corners). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

ing small size and suitable to be disposed at the bottom edge of
the system circuit board of the mobile phone. The main antenna
can cover eight-band LTE/WWAN operation, while the auxiliary
antenna can cover three-band LTE operation. In-between the
two antennas, a USB connector can also be mounted to serve as
the data port of the mobile phone, leading to compact integra-
tion of the proposed antenna array inside the mobile phone.
Good radiation characteristics of the two antennas have also
been observed. Acceptable isolation and envelope correlation
coefficient between the main and auxiliary antennas have been
obtained, which makes it promising for the main and auxiliary
antennas to perform LTE MIMO operation over the LTE700/
2300/2500 bands.
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ABSTRACT: This paper presents a simple method to design a tri-band
bandpass filter (BPF) using asymmetric stepped-impedance resonators
(SIRs) with one-step discontinuity. Only two SIRs are needed in the filter
structure. The tri-band passband responses can be achieved by properly
selecting the length ratio (u) and the impedance ratio (R) of the asymmetric
SIRs. The performances can be further well tuned by the lengths of two
enhanced coupling structure and gap of two asymmetric SIRs. A filter
example for the applications of GSM at 1.8 GHz, WiMAX at 3.5 GHz and
WLAN at 5.2 GHz was designed and fabricated. The measured results are in
good agreement with the full-wave simulation results. © 2011 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 53:1573-1576, 2011; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26037

Key words: tri-band; bandpass filter; stepped impedance resonator

1. INTRODUCTION

Recently, the development of multiservice wireless system and

mobile communication
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system are attractive in academic
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