fabricated antenna. As can be seen from Figure 8, a good agree-
ment between the simulated and measured results is obtained.
However, there are some discrepancies between them that can
be attributed SMA connectors, measured environmental effects
and fabrication tolerances. It is observed from Figure 8 that the
fabricated antenna has UWB range of 2.85-12 GHz along with
two notch bands of frequencies 3.5 and 5.5 GHz.

Figure 9 shows measured radiation pattern in H-plane (x-y
plane) and E-plane (y-z plane) at 4.3 and 6.6 GHz. It can be
observed that the radiation pattern of H-plane is nearly omnidir-
ectional for both the frequencies. The E-plane pattern is bidirec-
tional in nature. The gain of the proposed UWB antenna with
and without notched bands are shown in Figure 10. The gain of
UWB antenna is nearly constant (3.6-5.6 dBi) in the entire
UWRB range. However, with the introduction of band notch ele-
ments at WiMAX and WLAN frequencies, the gain becomes
negative which shows the good band-notch performance of
UWRB antenna.

4. CONCLUSION

In this letter, a modified circular monopole UWB antenna with
noninteracting dual band notch characteristics is realized. The
band notch characteristics are obtained by an elliptical slot in
the radiating patch and a G-shaped slot in the ground plane
under the feed line. A relevant mathematical expression for the
length of half wavelength elliptical slot has been presented in
terms of notch band frequency, slot width and the substrate
thickness. The proposed UWB antenna can operate from 2.85 to
12 GHz with two rejection bands at 3.5 and 5.5 GHz. The pro-
posed antenna is fabricated on low cost FR4 substrate and meas-
ured. The designed antenna has a small size of 25 X 20 mm>.
The radiation pattern of the propose antenna is nearly omnidir-
ectional throughout UWB frequency range.
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ABSTRACT: A compact dual-antenna for the long term evolution
(LTE) operation in its high band of 1710-2690 MH: is presented for the
LTE tablet computer application. The dual-antenna occupies a small
volume of 10 X 45 X 0.8 mm® and comprises two back-to-back folded
loops separated by a m-shape grounded strip. Each folded loop is
directly fed to generate its half-wavelength mode at about 2.6 GHz, and
one arm of the m-shape grounded strip is parasitically excited to provide
a quarter-wavelength resonant mode at about 1.9 GHz. The two reso-
nant modes are formed into a wide operating band of about 1.7—

2.7 GHz, which covers the desired LTE high band. Furthermore, the
other arm of the m-shape grounded strip provides a resonant path to
direct the excited surface currents on the device ground plane. In this
case, the surface currents flowing along the top edge of the device
ground plane is greatly suppressed, thereby decreasing the coupling
between the two feeding ports of the dual-antenna. The dual-antenna
provides acceptable isolation better than about 10 dB and good antenna
efficiency better than about 55% over a wide operating band of larger
than 1 GHz. This leads to acceptable envelope correlation coefficient
(<0.3 for the proposed dual-antenna) obtained for the LTE high-band
(1710-2690 MHz) operation. Operating principle of enhanced band-
width and decreased coupling of the dual-antenna is described. Results
of the fabricated dual-antenna are presented, and the MIMO perform-
ance of the dual-antenna is also discussed. © 2015 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 57:104-111, 2015; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.28791

Key words: mobile antennas; dual-antenna systems, tablet computer
antennas; LTE antennas; wideband antennas,; small-size antennas

1. INTRODUCTION

Modern mobile terminal devices are generally required to sup-
port the long term evolution (LTE) operation for fourth-
generation communications. The LTE operation generally
includes the low band of 698-960 MHz and the high band of
1710-2690 MHz [1]. For either the LTE low-band or high-band
operation, the dual-antenna with wideband operation and wide-
band decoupling is required. Furthermore, owing to the limited
space available in the terminal device such as the smartphone
and tablet computer, the dual-antenna with a compact size is
demanded for practical applications.

Interesting techniques of achieving wideband operation and
decreased coupling for the dual-antenna have also been reported
in the literature [2—4]. These dual-antennas show decreased cou-
pling over a wide operating band. In [2], the technique of using
a T-shape protruded ground separating two printed antennas
achieves a wideband of 2.3-7.7 GHz with an isolation better
than 20 dB for the laptop network card application. In [3], the
use of a tree-like structure between two printed antennas
achieves an isolation better than 16 dB over the wideband of
3.1-10.6 GHz. In [4], the use of a neutralization-line technique
between two printed monopoles achieves an isolation better than
17 dB over the wideband of 2.4—4.2 GHz.
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Recently, the wideband dual-antennas that are promising to
cover the entire LTE low band [5] and LTE high band [6,7]
have also been reported. In [5], the dual-antenna with a volume
of 15 X 60 X 5 mm® in the mobile phone can have the full
coverage of the entire LTE low band with a port-to-port isola-
tion of better than about 11 dB. The wideband decoupling is
achieved using an inductor-loaded neutralization line [S]. To
achieve wideband decoupling for the LTE high-band (1710-
2690 MHz) operation, the techniques of using grounded
branches [6,7] have been applied for the wideband dual-antenna.
In [6], the dual-antenna uses two grounded branches and an
inverted-U-shape neutralization line and requires a clearance
region of 15 X 60 mm> The dual-antenna reports an isolation
of better than 15 dB in the 1.70-2.76 GHz band. In [7], four
grounded branches are used for the dual-antenna to achieve an
isolation of better than 15 dB in the 1.67-2.75 GHz band. How-
ever, the dual-antenna requires a clearance region of 17 X
60 mm?>.

It is noted that the wideband dual-antennas that have been
reported [2—7] show a high profile (15 mm or larger), which
limits their possible applications in modern mobile terminal
devices. This is because the spacing or ground clearance region
allowed for the embedded antennas therein is becoming very
narrow, which is generally 10 mm or even smaller. In addition,
it is also demanded that the antenna’s occupied ground clear-
ance be as small as possible, such that more antennas or dual-
antennas can be embedded inside the mobile terminal device.

To meet such application requirements, we present in this
article a compact wideband dual-antenna that can cover the
entire LTE high band of 1710-2690 MHz. The proposed dual-
antenna occupies a small ground clearance of 10 X 45 mm? and
is printed on a 0.8-mm thick FR4 substrate, making it promising
for applications in modern slim tablet devices, such as the tablet
computer. The dual-antenna comprises two back-to-back folded
loops separated by a m-shape grounded strip. For each antenna,
the wideband operation is obtained by two resonant modes
excited, respectively, by the folded loop and one arm of the n-
shape grounded strip. Also, the other arm of the n-shape
grounded strips can provide a resonant path to direct the surface
currents excited on the device ground plane, such that the sur-
face currents flowing along the top edge of the device ground
plane is greatly suppressed. This greatly decreases the coupling
between the two feeding ports of the dual-antenna. The pro-
posed dual-antenna has acceptable isolation better than about 10
dB and good antenna efficiency better than about 55% over a
wide operating band of larger than 1 GHz. The obtained enve-
lope correlation coefficient (ECC) is also less than 0.3 for the
proposed dual-antenna for the LTE operation in the 1710-2690
MHz band, which is acceptable for practical applications [8].
Details of the dual-antenna, including the operating principle of
enhanced bandwidth and decreased coupling between the two
antennas thereof, are described. Measured results of the fabri-
cated dual-antenna are presented, and its MIMO performance
[9] is also discussed.

2. PROPOSED DUAL-ANTENNA

2.1. Dual-Antenna Structure

Figure 1 shows the geometry of the compact dual-antenna for
the LTE tablet computer application. The dual-antenna is printed
on a 0.8-mm thick FR4 substrate of size 10 X 45 mmz, relative
permittivity 4.4, and loss tangent 0.024. To show the dual-
antenna structure more clearly for understanding, a photo of the
fabricated dual-antenna is presented in Figure 2. In the study for
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Figure 1 Geometry of the compact dual-antenna for the LTE tablet
computer. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

the tablet computer application, the dual-antenna is mounted at
the center of the top edge (short edge) of the device ground
plane, which has a size of 200 X 150 mm? The device ground
plane size is selected to fit for a 9.7-inch tablet computer.

The two antennas (antenna 1 and 2) in the proposed dual-
antenna are symmetric in structure and have same dimensions.
Antenna 1 and 2 are fed through port 1 and 2, respectively. The
dual-antenna is formed by two back-to-back folded loops (loop
1 and 2) and a m-shape grounded strip placed in-between. The
grounded strip has a first arm (section CDE, length 36 mm), a
second arm (section C’D’E, length 36 mm), and a central metal
strip (section DD’, length 11 mm). In this case, antenna 1 can
be considered to comprise loop 1 and the first arm, while
antenna 2 includes loop 2 and the second arm. Both loop 1 and
2 have a length of about 44 mm and are directly excited to gen-
erate a half-wavelength loop mode [10-12] at about 2.6 GHz.
Since the loop antenna has a closed resonant path, the electric
field of the loop resonant mode thereof will be weak. This prop-
erty can help decrease the coupling between port 1 and 2 in the
dual-antenna.

Furthermore, the m-shape grounded strip not only performs
as a radiator but also serves as an isolator to enhance the isola-
tion of the dual-antenna. When loop 1 is excited, the first arm
of the m-shape grounded strip is parasitically excited to provide
a quarter-wavelength resonant mode at about 1.9 GHz. The two
resonant modes at about 1.9 and 2.6 GHz are formed into a
wide operating band of about 1.7-2.7 GHz, which covers the
desired LTE high band. At the same time, the second arm of the
n-shape grounded strip and the central metal strip together can
provide a resonant path to direct the excited surface currents on
the device ground plane. This behavior is similar to the effect of
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Figure 2 Photos of the fabricated dual-antenna. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

using a protruded ground for isolation enhancement [13,14]. In
this case, the excited surface currents flowing along the short
edge from antenna 1 to antenna 2 can be effectively suppressed.
The proposed dual-antenna can hence have decreased coupling.

2.2. Operating Principle

To address the operating principle of enhanced bandwidth and
decreased coupling of the dual-antenna in more detail, Figure 3
shows the simulated S-parameters for the proposed dual-
antenna, the case with two folded loops only (Dual-antl), and
the case with two folded loops and the first and second arms of
the m-shape grounded strip only (Dual-ant2). The simulated
results are obtained using the full-wave electromagnetic field
simulator HFSS version 15 [15]. The shaded frequency region
in the figure indicates the desired LTE high band (1710-2690
MHz). For Dual-antl, only one resonant mode is excited at
about 2.6 GHz [see the §;; results in Figure 3(a)], which is con-
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tributed by the folded loop, and the bandwidth is far from cov-
ering the LTE high band. Note that for the simulated results, S,,
is the same as S;; and is not shown for brevity. For Dual-ant2,
a new resonant mode occurs at about 1.9 GHz, which is owing
to the presence of the first arm of the n-shape grounded strip. In
this case, with two resonant modes excited, a wide operating
band of about 1 GHz is obtained. When the central metal arm is
added to form the n-shape grounded strip, the impedance match-
ing for frequencies over the LTE high band is further enhanced.
In addition, as seen in Figure 3(b), the S»; is decreased for the
proposed dual-antenna. At 2500 MHz, compared to Dual-ant2, a
decreased of 10 dB in S,; is seen for the proposed dual-antenna.
Over the LTE high band, the S»; of about —10 to —13 dB is
obtained for the proposed dual-antenna.

The simulated surface current distributions at 1750, 2300,
and 2500 MHz for the proposed dual-antenna and Dual-ant2 are
also presented in Figure 4 for comparison. Note that the excited
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Figure 4 Simulated surface current distributions on the proposed dual-antenna and Dual-ant2. [Color figure can be viewed in the online issue, which
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Figure 5 Simulated antenna efficiency (mismatching losses included)
for the proposed dual-antenna and Dual-ant2. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

surface currents along the short edge between the two antennas
are decreased. This confirms that either arm of the =-shape
grounded strip and the central metal strip together can provide a
resonant path to direct the excited surface currents on the device
ground plane. In this case, the coupling between the two anten-
nas can be decreased.

Figure 5 shows the simulated antenna efficiency for the pro-
posed dual-antenna and Dual-ant2. The antenna efficiency
includes the mismatching losses. It is seen that the antenna effi-
ciency for the proposed dual-antenna is about 10% higher than
that of Dual-ant2, and the antenna efficiency is about 55-88%
over the LTE high band. Figure 6 shows the simulated ECC for
the proposed dual-antenna and Dual-ant2. The ECC is obtained
from the simulated electric-field patterns [9]. It is seen that,
compared to Dual-ant2, the simulated ECC of the proposed
dual-antenna is greatly decreased to be less than 0.3 over the
entire LTE high band. The obtained ECC indicates that the two
antennas in the proposed dual-antenna are loosely coupled,
which are acceptable for practical MIMO applications.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Experimental Results

The fabricated dual-antenna centerd at the short edge of the
device ground plane as shown in Figure 2 is tested. Figure 7
shows the measured and simulated S-parameters of the fabri-
cated dual-antenna. Good agreement between the measurement
and simulation is obtained. Over the LTE high band, the meas-
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Thalmmer 00 e
Q
0.4 |ommmmm e
0.2 F----Ng--mmmm e\
0 I
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Figure 6 Simulated ECC for the proposed antenna and Dual-ant2.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 7 Measured and simulated S parameters of the fabricated dual-
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

ured S;; is less than —6 dB (3:1 VSWR), indicating that the
proposed dual-antenna can cover the LTE high-band operation.
Also, within the operating band, the S, is less than about —10
dB, which can lead to acceptable ECC for the MIMO operation.
The calculated ECC from the measured results will be analyzed
with the aid of Figure 10 later.

Figure 8 shows the measured and simulated antenna efficien-
cies of the fabricated dual-antenna. The experimental results are
measured in a far-field anechoic chamber. The measured results
for portl and port2 excitation are presented. For the simulated
antenna efficiency, as the results for portl and port2 excitation
are the same, only those for portl excitation are shown for com-
parison. Results show that the measured antenna efficiencies
agree with the simulated results. The slight deviations of the
measured antenna efficiencies for portl and port2 excitation
may be owing to the fabrication errors and the measurement
misalignment. In general, the measured antenna efficiencies for
the fabricated dual-antenna are varied from about 52-84% for
frequencies over the LTE high band. The obtained antenna effi-
ciencies are acceptable for practical mobile communication
applications [16,17].

Figure 9 shows the measured radiation patterns of the fabri-
cated dual-antenna. Three frequencies at 1750, 2300, and 2500
MHz are shown. For brevity, only the results for portl excita-
tion are presented. At each frequency, the radiation patterns in
three principal planes are plotted, and the radiation intensities in
the three radiation patterns are normalized with respect to the

100
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Figure 8 Measured and simulated antenna efficiencies of the fabri-
cated dual-antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 9 Measured and simulated radiation patterns of the fabricated dual-antenna. [Color figure can be viewed in the online issue, which is available
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same maximum intensity. It is seen that in the x-y plane (azi-
muthal plane), the Ey and E, radiation at three frequencies are
all comparable. This is advantageous for practical applications,
mainly because the wave propagation environment for mobile
communication is usually complex. In the y-z plane (elevation
plane parallel to the device ground plane), the radiation patterns
are seen to be tilted to the —y direction. This is probably
because for portl excitation, antenna 1 of the dual-antenna is
excited, and antenna 1 is in the —y direction with respect to the
center of the short edge of the device ground plane. In the x-z
plane (elevation plane perpendicular to the device ground
plane), stronger radiation in the upper half-plane (+z direction)
is seen. This indicates that the device ground plane mainly acts
as a reflector for frequencies in the LTE high band [18-20].

3.2. MIMO Performance

The ECC, mean effective gain (MEG), and channel capacity
(CC) [9] are calculated to evaluate the MIMO performance of
the dual-antenna. The ECC and MEG are calculated from the
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measured three-dimensional electric-field patterns of antenna 1
and 2 of the fabricated dual-antenna with the assumption of uni-
form incident wave environment. In this case, both the angular
power functions in the 6 and ¢ polarizations of the incoming
wave are set to 1/4x in all directions, and the cross polarization
ratio of the incident wave is assumed to be 0 dB (that is, the
indoor propagation environment is assumed). Figure 10 shows
the simulated ECC obtained using HFSS version 15 [15] and
the calculated ECC from the measured electric-field patterns of
the fabricated dual-antenna. Results indicate that the calculated
ECC is less than 0.3 over the entire LTE high band, which satis-
fies the criterion of acceptable ECC (<0.5) [8]. The simulated
ECC in general agrees with the calculated ECC from the meas-
ured electric-field patterns. Some deviations between the two
curves in the figure are very probably owing to slight misalign-
ments of the antenna in the anechoic chamber during the experi-
mental testing for the three-dimensional electric-field patterns.
Figure 11 shows the calculated MEG of antenna 1 (portl
excitation) and antenna 2 (port2 excitation) from the measured
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Figure 10 Comparison of simulated ECC and calculated ECC from the
measured electric-field patterns of the fabricated dual-antenna. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com]

electric-field patterns of the fabricated dual-antenna. The MEGs
for portl and port2 excitation are varied from about —3.7 to
—6.0 dBi, and the differences of MEGs are less than 0.5 dBi for
frequencies over the LTE high band. The results indicate that
antenna 1 and 2 have comparable MEGs, which is good for
practical MIMO applications [6-9].

Ergodic CC for a 2 X 2 MIMO antenna system is calculated.
The condition of uncorrelated transmitting antennas and identically
and independently distributed (i.i.d.) channels with Rayleigh fad-
ing environment is assumed [21]. At each frequency, the capacity
is averaged over 10,000 Rayleigh fading realizations with a
signal-to-noise ratio of 20 dB at the mobile terminal. Figure 12
shows the ergodic channel capacities of the fabricated dual-
antenna. Note that the upper limit for a single-antenna with perfect
antenna efficiency (100%) is 6.25 bps/Hz, and that for a dual-
antenna with perfect antenna efficiency (100%) and perfect ECC
(0) is 12.5 bps/Hz. For the proposed dual-antenna with measured
antenna efficiency shown in Figure 8 and calculated ECC from
measured electric-field patterns shown in Figure 10, the obtained
capacities are varied from 10.3 to 12.0 bps/Hz, which are much
larger than the upper limit of a single-antenna and are close to
that of the perfect dual-antenna. The obtained results indicate that
the proposed dual-antenna is promising for MIMO applications.

4. CONCLUSION

A compact dual-antenna with a m-shape grounded strip for LTE
tablet computer application has been proposed. The compact
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Figure 11 Calculated MEG of antenna 1 and 2 from the measured
electric-field patterns of the fabricated dual-antenna. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 12 Ergodic channel capacities of the fabricated dual-antenna.
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structure of the dual-antenna is obtained using a mn-shape
grounded strip to enclose two folded loops fed by two feeding
ports. The m-shape grounded strip leads to enhanced bandwidth
and decreased coupling of the two antennas in the proposed dual-
antenna. For enhanced bandwidth, it is obtained owing to the two
arms of the m-shape grounded strip contributing additional reso-
nant modes in the desired operating band. In this study, the dual-
antenna can cover the LTE high band of 1710—2690 MHz with
a small size of 10 X 45 X 0.8 mm®. For decreased coupling, it is
because the n-shape grounded strip can effectively detour the sur-
face currents excited on the device ground plane. This leads to
acceptable isolation obtained for the dual-antenna, although the
two antennas thereof are very closely spaced. Acceptable ECCs
and MEGs of the dual-antenna in the LTE high band have also
been obtained. The calculated ergodic channel capacities are
about 10.3-12.0 bps/Hz with the assumption of uniform incident
wave environment and i.i.d. channels with Rayleigh fading envi-
ronments. With the compact size and acceptable MIMO perform-
ance, the proposed dual-antenna is promising for the tablet
computer application in the LTE high band.
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ABSTRACT: A compact novel coplanar waveguide-fed antenna with
square spiral-patch for multiband applications is presented. The antenna
consists of a square-spiral patch with two L-shape strips. With subjoin
square spiral the number of frequency resonance is increasing. Also by
introducing two L-shaped strips in the inside of square spiral, much
wider impedance bandwidth can be produced, especially at the higher
bands. The operating frequencies of the proposed antenna are 2.62/3.40/
4.42/5.92/8.32 GHz. Some key parameters affecting the antenna perform-
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ance have been analyzed using computer simulations. To validate the
simulation results, the prototypes of the proposed antenna are fabricated
on an inexpensive FR-4 substrate and tested. Good radiation character-
istics of the proposed antenna have been obtained. The simulated and
measured results are in good agreement. © 2015 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 57:111-115, 2015; View this article online
at wileyonlinelibrary.com. DOI 10.1002/mop.28783
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1. INTRODUCTION

In modern wireless communication systems, multiband antenna
has been playing a very important role for wireless service
requirements. Wireless local area network (WLAN) and world-
wide interoperability for microwave access (WiMAX) have been
widely applied in mobile devices, such as handheld computers
and intelligent phones. These two techniques have been widely
recognized as a viable, cost-effective, and high-speed data con-
nectivity solution, enabling user mobility. In practice, IEEE
802.11 WLAN standards consist of 2.4-GHz (2.4-2.484 GHz),
5.2-GHz (5.15-5.35 GHz), and 5.8-GHz (5.725-5.875 GHz) fre-
quency bands. WiMAX standards consist of 3.5-GHz (3.3—
3.6 GHz) and 5.5-GHz (5.25-5.85 GHz) frequency bands [1,2].
A lot of effort has been put into designing new antennas which
can satisfy the requirements of modern communication systems.
As a result of accelerating growth of wireless technology, there
has been a vast body of literature introducing novel antennas for
dual- and multiband applications and systems [1-12].

In this context, many articles have been introduced. For
instance in [1], a hybrid ring fractal printed monopole antenna
with a very compact size and good impedance and radiation
characteristics for WLAN/WIMAX applications presented. [4]
Proposes an antenna using coplanar waveguide (CPW)-fed tri-
band planar monopole antenna for WLAN/WiMAX applications.
The main aim of the article is to obtain an antenna with reduced
size. In [6], a triple-band planar antenna with a compact radiator
is proposed for 2.3/3.5/5.5 GHz WiMAX and 5.2/5.8 GHz
WLAN applications simultaneously. The proposed antenna con-
sists of an inverted-L-shaped radiating element and a parasitic
element in the ground plane to generate three resonant modes
for triple-band operations. Using two F-shaped slits into the rec-
tangular patch in [10] a novel CPW-fed monopole antenna is
introduced for WLAN and WiMAX applications. In [13], a
novel type of printed and doubled-sided dipole antenna for mul-
tiband operation is presented; the proposed antenna is fed by a
50-Q coaxial cable through a microstrip-to-twinline tapered tran-
sition. Moreover, other strategies to improve the impedance
bandwidth which do involve a modification of the geometry of
the planar antenna have been investigated [7-9,12].

In this article, compact novel CPW-fed antenna with square
spiral-patch for multiband applications has been presented. The
antenna consists of a square-spiral patch with two L-shaped strips.
With subjoin square spiral the number of frequency resonance is
increasing. Also by introducing two L-shape strips in the inside of
square spiral, much wider impedance bandwidth can be produced,
especially at the higher bands. With simple structure and small
size, the measured results show that the proposed antenna has
10-dB impedance bandwidths of 474 MHz (2.335-2.809 GHz),
214 MHz (3.362-3.540 GHz), 164 MHz (4.324-4.488 GHz), 176
MHz (5.811-5.987 GHz), and 492 MHz (7.994-8.486 GHz) to
cover all the 2.4/5.2/5.8-GHz WLAN and the 3.5/5.5-GHz
WiMAX bands, and good omnidirectional radiation characteristics
are obtained over the operating bands.
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