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Figure 6 Comparison of simulated and measured second passbands

losses are assumed to be attributable to not applying a housing
to the measurement.

Figure 6 shows the frequency responses of the simulated and
measured second passbands, which nearly coincide at 4.96 GHz.
Although showing some differences in the losses of the pass-
band, the simulated and measured results have very good agree-
ment and trend.

5. CONCLUSION

A novel SIR that can form the second passband further away
compared to the conventional SIR is proposed. In case of its
application to the coupled line BPF, the length of the coupled
line constituting the SIR can be extended intentionally, which
is very effective in implementing the gap of the coupled line
having tight coupling. In addition, design formulas of the
coupled line BPF applying the proposed SIR are derived. The
theoretical validity is proven by the proposed SIR BPF design
based on the presented formulas, simulation, fabrication, and
measurement.
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ABSTRACT: A combined-type triple-wideband tablet computer antenna
covering the long term evolution (LTE) operation in the 698-960 MH:z
(low band), 1710-2690 MHz (middle band), and 3400-3800 MHz (high
band) is presented. The antenna is formed by an inverted-F antenna
(IFA) covering the LTE low band and a coupled-fed loop antenna cover-
ing the LTE middle and high bands. The IFA (low-band antenna) and
coupled-fed loop antenna (middlelhigh-band antenna) are easily com-
bined into a compact structure to occupy a small ground clearance of
10 X 30 mm® and a thin thickness of 3 mm. Details of the antenna
structure are described in this study. Working principle of the antenna
to achieve the LTE triple-wideband operation through combining the
low-band antenna and the middle/high-band antenna is addressed.
Experimental results of the fabricated antenna are also presented and
discussed. © 2015 Wiley Periodicals, Inc. Microwave Opt Technol Lett
57:1262-1267, 2015; View this article online at wileyonlinelibrary.com.
DOI 10.1002/mop.29066

Key words: mobile antennas, tablet computer antennas; LTE antennas;
combined-type antennas, triple-wideband antennas; small-size antennas

1. INTRODUCTION

The combined-type antenna [1,2] has recently been shown to be a
promising antenna design to achieve the long term evolution
(LTE) dual-wideband operation in the 698-960 and 1710-2690
MHz bands with a small antenna size [3]. The combined-type
antenna is easily and conveniently formed by combining a low-
wideband antenna and a high-wideband antenna into a compact
structure. The low-wideband antenna covers the 698-960 MHz
band while the high-wideband antenna covers the 1710-2690
MHz band. The low and high widebands are covered by separate
antenna elements, making it easy in achieving dual-wideband
operation. In addition, it has been shown that the required ground
clearance for the combined-type dual-wideband antenna is as
small as 10 X 30 mm? and the thickness there of is 3 mm only
for the tablet computer application [2]. As the occupied ground
clearance of 10 X 30 mm? is small compared to many recently
reported LTE tablet computer antennas [4—15], the combined-type
antenna is attractive for practical LTE applications.

In this article, we demonstrate a triple-wideband combined-
type antenna to cover the LTE operation in the 698-960 MHz
(low band), 1710-2690 MHz (middle band), and 3400-3800
MHz (high band) [3,16,17]. The high band of 3400-3800 MHz
is a new LTE band allocated recently [3]. The proposed antenna
covers the complete LTE triple-wideband operation with a small
antenna size of 10 X 30 X 3 mm?® for the tablet computer appli-
cation. The occupied size of the proposed antenna is the same
as that in [2] for the combined-type dual-wideband antenna but
with an additional LTE high-band coverage.

The antenna is formed by combining an inverted-F antenna
(IFA) covering the LTE low band and a coupled-fed loop
antenna covering the LTE middle and high bands. The antenna
structure is described in detail in this study, and working princi-
ple of the antenna to achieve the LTE triple-wideband operation
is addressed. The antenna is also fabricated, and the experimen-
tal results are presented and discussed.
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Figure 1 Geometry of the combined-type triple-wideband LTE tablet
computer antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

strip 1

Ly=15nH
F
L~ 5.5nH

strip 2

E G D

Figure 2 Simplified structure for the antenna with circuit elements
embedded therein. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

2. PROPOSED ANTENNA

2.1. Antenna Structure

Figure 1 shows the geometry of the combined-type triple-wide-
band LTE tablet computer antenna. The total antenna volume is
10 X 30 X 3 mm’, and the antenna is mounted along the top

edge of the device ground plane with dimensions of 200 mm in
length and 150 mm in width. The ground plane dimensions are
selected to fit for a 9.7-in. tablet computer. To show the antenna
structure more clearly for understanding, Figure 2 shows a sim-
plified structure of the antenna with circuit elements embedded
therein. The antenna is obtained by combining a low-band
antenna and a middle/high-band antenna. The low-band antenna
is an IFA for covering the 698-960 MHz band [see the antenna
structure of Antl in Fig. 3(a)]. The middle/high-band antenna is
a coupled-fed loop antenna for covering the 1710-2690/3400—
3800 MHz bands [see the antenna structure of Ant2 in Fig.
3(b)]. Corresponding simplified structures of Antl and Ant2 are
also shown in Figure 3 for comparison. The two antennas share
a short-feeding strip (section AB) with a chip capacitor (C,) of
3.3 pF embedded therein. The capacitor C; is added for band-
width enhancement of Antl, and it generally does not affect the
achievable bandwidth of Ant2 because it contributes low-
capacitive reactance (1/jwC) at frequencies in the LTE middle
and high bands.

To have a small antenna size and a wide operating band for
Antl to cover the LTE low band, a bent metal plate for the
IFA’s main radiating arm (strip 1) is connected to the feeding
strip (section AB) and shorting strip (section EF) through a chip
inductor (L;) of 15 nH. The bent metal plate provides a wider
width for strip 1 to have an achievable wider bandwidth for
Antl. In the experimental study, the bent metal plate is cut from
a 0.2-mm thick copper plate. Other portions of the antenna
are printed on an FR4 substrate of thickness 0.8 mm, relative
permittivity 4.4, and loss tangent 0.024. In the shorting strip, a
distributed inductor (L,) is embedded [18,19], which combines
with the capacitor C; in the feeding strip to form a high-pass
matching circuit to widen the bandwidth of Antl. As the induc-
tor L, requires a relatively small inductance of about 5.5 nH, it
is formed in this study by printing a long narrow strip of length
18.6 mm and width 0.2 mm on the FR4 substrate. This simpli-
fies the fabrication of the antenna. Also, note that a short strip
(section BF) is used to connect the feeding strip and shorting
strip, so that the distributed inductor L, can be accommodated

strip 1

E G

The low-band antenna (Ant1)

Simplified structure of Ant1
(a)

CnEBYD/

_tc_strip 3 ‘strip 2

The middle/high-band antenna (Ant2)

Simplified structure of Ant2
(b)

Figure 3 (a) The low-band antenna (Antl). (b) The middle/high-band antenna (Ant2). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]
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fabricated antenna

—

“«—antenna

(a)

Figure 4 Photos of (a) the fabricated antenna and (b) the same
mounted at the top edge of the device ground plane for experimental
testing. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

in the space between section AB and EF. In this case, the short
strip of section BF can also contribute to provide a longer radi-
ating arm for Antl.

Ant2 comprises two main radiating sections of strip 2 (sec-
tion DD') and strip 3 (section BB’). Strip 2 has a length of
40 mm, which is capacitively excited by strip 3 with a length
of 13 mm. Strips 2 and 3 are formed as a coupled-fed loop
antenna [20-22], which can provide a very wide operating
band in this study to cover the LTE middle and high bands.
To feed the antenna in the experimental testing, a 50-Q
coaxial line is applied (see the antenna photos shown in Fig.
4). The central conductor and outer grounding sheath of the
coaxial line are connected, respectively, to point A (the feed-
ing point) and G (the grounding point). In the experiment, the
antenna is flushed to one corner of the top edge of the device
ground plane. The experimental results will be presented in
Section 3.

2.2. Working Principle

The simulated results obtained using the full-wave electromag-
netic field simulator HFSS version 15 [23] are presented to ana-
lyze the working principle of the proposed antenna. Figure 5
shows the simulated return loss for the proposed antenna, Antl,
and Ant2. It is clearly seen that Antl (an IFA as the low-band
antenna) has a wide operating band, that is, promising to cover
the LTE low band, with no operating bands excited at higher
frequencies. Conversely, Ant2 (a coupled-fed loop antenna as
the middle/high-band antenna) provides a very wide operating

——Proposed “~—

24 ©-o- Antl high
- band == Ant2 band
500 1500 2500 3500 4500
Frequency (MHz)

Figure 5 Simulated return loss for the proposed antenna, Antl, and
Ant2. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com]
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Figure 6 Simulated return loss for Antl without C; and L, (Antla),
Antl, and proposed antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

band and is promising to cover the LTE middle and high bands.
Ant2 also provides no operating bands at lower frequencies. The
proposed antenna, which is obtained by combining Antl and
Ant2, covers the LTE triple-wideband operation (698-960/
1710-2690/3400-3800 MHz).

To analyze the working principle of Antl, Figure 6 shows
the simulated return loss for Antl without C; and L, (Antla),
Antl, and proposed antenna. The corresponding results of the
simulated input impedance on the Smith chart for Antla (curve
1), Antl (curve 2), and proposed antenna (curve 3) in the low
band of 650-1000 MHz are shown in Figure 7. For Antla,
which is an IFA with a simple feeding strip and shorting strip, a
resonant mode is excited in the LTE low band, although the
IFA’s radiating arm (strip 1) has a length (36.5 mm, about 0.11-
wavelength at 900 MHz) much shorter than 0.25-wavelength at
900 MHz. This behavior is mainly owing to the embedded

-4+~ Antla
(curve 1)

=8 Antl
(curve 2)

-8-® Proposed
(curve 3)

frequency range: 650~1000 MHz
interval between marks: 50 MHz

Figure 7 Simulated input impedance on the Smith chart for Antla
(curve 1), Antl (curve 2), and proposed antenna (curve 3) in the low
band of 650-1000 MHz. [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 Ant2 without C; and section DD’
(Ant2a), Ant2 without C; (Ant2b), Ant2, and proposed antenna. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com]

inductor L;, which decreases the required resonant length of the
IFA’s fundamental mode. However, the impedance matching of
the excited resonant mode at about 900 MHz is very poor. From
the input impedance shown in Figure 7, both the real and imagi-
nary parts of the input impedance for Antl (see curve 1 in the
figure) are very small, compared to 50 €, which causes poor
impedance matching. When L, and C, are, respectively, embed-
ded in the shorting strip and feeding strip, an embedded high-
pass matching circuit is obtained, which leads to good imped-
ance matching of the excited resonant mode. As shown in
Figure 6, a wide bandwidth, that is, promising to cover the LTE
low band is obtained for Antl. From the input impedance shown
in Figure 7, it is also clearly seen that a large part of the input
impedance curve is shifted into the 3:1 VSWR circle (see curve
2 vs. curve 1 in the figure). Then, with Ant2 added to Antl to
form the proposed antenna (see the results in Figs. 6 and 7), the
antenna can provide a wide operating band to cover the desired
LTE low band. As Antl dominates the coverage of the LTE
low band, Antl is denoted as the low-band antenna in the pro-
posed design.

Working principle of Ant2 to cover the LTE middle and high
bands is analyzed with the aid of Figures 8 and 9. Results of the
simulated return loss for Ant2 without C; and section DD’ (Ant2a),
Ant2 without C; (Ant2b), Ant2, and proposed antenna are shown in
Figure 8. The corresponding results of the input impedance of
Ant2a and Ant2b are shown in Figure 9(a), and those for Ant2 and
proposed antenna are shown in Figure 9(b). For Ant2a, which is a
simple monopole antenna, a resonant mode is generated at about
3.0 GHz. By adding section DD’ to Ant2a (i.e., Ant2b is formed), a
coupled-fed loop antenna can be obtained [20-22]. Additional reso-
nant modes can occur at about 2.0 and 3.7 GHz, which are, respec-
tively, the 0.25-wavelength and 0.5-wavelength loop modes [24,25],
and a very wide operating band of about 2.1 GHz (from about 1.7

DOl 10.1002/mop

to 3.8 GHz), that is, promising to cover the LTE middle and high
bands is obtained. From the results of curve 2 for Ant2b versus
curve 1 for Ant2a shown in Figure 9(a), it is seen that curve 2
becomes a double-looped curve, indicating that multiple resonant
modes are generated for Ant2b. A much wider operating band can
be obtained for Ant2b.

With the presence of C; in section AB of Ant2b, Ant2 is
formed. As the capacitor C; (3.3 pF used in this study) contrib-
utes small capacitive reactance at higher frequencies, it causes
small variations on the impedance matching (see Ant2 vs. Ant2b
in Fig. 8). Similarly, by adding Antl to form the proposed
antenna, small variations on the impedance matching for frequen-
cies in the LTE middle and high bands are also seen. Both curve
3 for Ant2 and curve 4 for the proposed antenna still have a
double-looped characteristic as seen in Figure 9(b). The results
indicate that the very wide operating band of about 1.7-3.8 GHz
obtained for the proposed antenna to cover the desired LTE mid-
dle and high bands is mainly owing to Ant2. Ant2 is hence
denoted as the middle/high-band antenna in the proposed design.

—<>< Ant2a
(curve 1)

Ant2b
(curve 2)

frequency range: 1600~3900 MHz
interval between marks: 300 MHz

(@

/\: 1600 MHz*

—— Ant2
{curve 3)

-@-@- Proposed
(curve 4)

frequency range: 1600~3900 MHz
interval between marks: 300 MHz

(b)

Figure 9 Simulated input impedance on the Smith chart for the middle
and high bands of 1600-3900 MHz. (a) Ant2a (curve 1) and Ant2b (curve
2). (b) Ant2 (curve 3) and proposed antenna (curve 4). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com]
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Figure 10 Measured and simulated return losses of the fabricated
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

3. EXPERIMENTAL RESULTS

The proposed antenna was fabricated as shown in Figure 4. The
measured and simulated return losses of the fabricated antenna
are shown in Figure 10. The measured data agree with the simu-
lated results. From the measured data, the proposed antenna can
cover the LTE low, middle, and high bands with impedance
matching better than 6-dB return loss (3:1 VSWR). The meas-
ured and simulated antenna efficiencies of the fabricated
antenna are presented in Figure 11. The radiation characteristics
are measured in a far-field anechoic chamber, and the antenna
efficiencies include the mismatching losses. The measured effi-
ciencies also generally agree with the simulated efficiencies.
From the measured results, the antenna efficiencies are about
40-58% for the LTE low band, 60-78% for the LTE middle
band, and 70-83% for the LTE high band. The obtained antenna
efficiencies are acceptable for practical mobile communication
applications [16,17].

The measured radiation patterns of the fabricated antenna at
850, 2500, and 3600 MHz are plotted in Figure 12. Simulated
radiation patterns are also presented for comparison. Agreement
between the measurement and simulation is also seen. At each
frequency, the radiation intensities in the three principal planes
are normalized with respect to the same maximum intensity. At
850 MHz (a representative frequency in the LTE low band), the
Ey radiation in the x-y plane (azimuthal plane) is smoothly var-
ied in various ¢ directions and is close to near-omnidirectional.
While those in the x-y plane seen at 2500 MHz (a representative

® 8

 band | band

Antenna Efficiency (%)
& 8

| I ] 1
20 r -e-o- Simulated (HFSS) "]
| —— Measured
0L el ey
500 1500 2500 3500 4500
Frequency (MHz)

Figure 11 Measured and simulated antenna efficiencies of the fabri-
cated antenna. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 12 Measured radiation patterns of the fabricated antenna.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

frequency in the LTE middle band) and at 3600 MHz (a repre-
sentative frequency in the LTE high band) show large variations
in various ¢ directions. The different observations are owing to
the wavelength at 850 MHz being much larger than that at 2500
and 3600 MHz.

In the y-z plane (elevation plane parallel to the device ground
plane), asymmetric radiation patterns for the three frequencies
are seen. This is because the antenna is mounted asymmetrically
along the top edge of the device ground plane. In the x-z plane
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(elevation plane vertical to the device ground plane), strong
radiation in the lower half-plane (—z direction) is observed at
850 MHz. However, strong radiation in the upper half-plane
(+z direction) is seen at 3600 MHz. This behavior is largely
because the device ground plane contributes strongly to the radi-
ation at 850 MHz and, on the contrary, acts more like a reflector
at 3600 MHz. The observed radiation characteristics are similar
to those of the reported LTE tablet computer antennas [16,17].

4. CONCLUSION

A combined-type triple-wideband LTE tablet computer antenna
has been proposed. The antenna can cover the LTE low band
(698-960 MHz), middle band (1710-2690 MHz), and high band
(3400-3800 MHz) with a small size of 10 X 30 X 3 mm?. The
antenna is easily formed by combining an IFA with a coupled-
fed loop antenna, with the latter enclosed by the former to
achieve a compact structure. The IFA covers the LTE low band
while the coupled-fed loop antenna covers the LTE middle and
high bands. Operating principle of the IFA working as a low-
band antenna and the coupled-fed loop antenna working as a
middle/high-band antenna has been described. Experimental
results of the fabricated antenna also show acceptable radiation
characteristics for frequencies in the three wide operating bands
for the LTE operation. The proposed combined-type antenna
provides a convenient small-size antenna structure in achieving
the LTE triple-wideband operation for the tablet computer
application.
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