To make the device accessible and measurable by a vector
network analyzer (VNA), transitions between SIW and a stand-
ard SMA connector were added at every port. The transition is
the same for all ports and can be either a SIW-microstrip-SMA
junction or a direct SIW-SMA one. The former can be designed
by following the guidelines shown in [12] while the latter,
which is the implemented solution, can be designed following
the procedure presented in [13]. To space SMA connectors suf-
ficiently to accommodate the VNA cables, optimally mitered
90° curves were also added on four ports. It is worth noting that
the inclusion of the transitions to coaxial cables and mitered
curves does not change the phase relationships among the output
signal given that the double symmetry is maintained.

The final coupler is shown in Figure 2. The size of the board
is 90 X 70 mm?, while the core of the circuit shown in Figure 1
is only 40 X 32 mm? Diameter of the vias is 0.6 mm, whereas
the spacing among them is in the range 1.0-1.3 mm, depending
on the length of the waveguide to be realized. This spacing is
sufficient to avoid energy leakage through lateral walls.

The simulated scattering parameters are shown in Figures 3
and [4]. Return loss and isolation are higher than 15 dB in the
band 11.0-12.4 GHz and higher than 20 dB in the band 11.2—
12.3 GHz. The transmission coefficients are well balanced,
within 1 dB variation in the band 10.7-12.3 GHz. The reso-
nance at high frequency deteriorates the response above
12.5 GHz. However, it is above the band of interest for the
application the coupler was designed.

3. EXPERIMENTAL RESULTS
A prototype was built (Fig. 5) and measured using an Agilent
8510C VNA.

Experimental results are in good agreement with simulations,
as shown in Figures 6 and [7]. Most of the degradation of the
return loss can be imputed to connectors. The resonance at
12.85 GHz is confirmed by measurements.

The measured phase difference ¢, — ¢4 (Fig. 8) satisfies the
Eq. (3) with a deviation of +5°/—8° in the band where the
return loss is 13 dB. Figure 9 shows the phase balance of the
transmission coefficients of the prototype built. This single
graph shows the phase differences ¢,y — @ 5. Pog— P15, P35— P15
(curves with triangles, X and asterisks, respectively), the phase
difference ¢35—¢, (curve with diamonds), and finally the
phase difference ¢3,— ¢4 (curve with squares). All these quan-
tities should be ideally zero. As can be seen there are variable
results, from a minimum of 3° to a maximum of 10° of phase
unbalance. The spike at 12.85 GHz is due to the resonance.

Finally, the measured total insertion loss, computed as
10 - logyo(Pin/Pout), is close to 0.75-0.8 dB in the band of inter-
est, as shown in Figure 10.

4. CONCLUSION

A compact six-port directional coupler made in SIW technology
has been designed and experimentally characterized. The input
power is equally divided into three output ports while other two
ports are isolated. The final device has been assembled and
measured. Experimental results show good agreement with sim-
ulations. The device can be used stand-alone of inside more
complex circuits, by removing the SIW-SMA transitions. Its
performance promises a number of actual applications.
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ABSTRACT: A hybrid dual-antenna formed by an inverted-F antenna
(IFA) and an open-slot antenna (OSA) for the 3.6-GHz LTE operation
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(3.4-3.8 GHz) in the tablet computer is presented. The dual-antenna is
printed on a 0.8-mm thick FR4 substrate and has a compact planar struc-
ture of 4 X 30 mni®. The dual-antenna comprises a clearance region
wherein the IFA is disposed and a metal pad wherein the OSA is embed-
ded. The IFA’s shorting strip is grounded through the metal pad to the
device ground plane, so that an integrated compact dual-antenna structure
is obtained. As the IFA and OSA have different excitation mechanisms
(electric-current excitation on the IFA vs. magnetic-current excitation on
the OSA), the two antennas are expected to have different near-field char-
acteristics, thereby leading to decreased coupling. The proposed dual-
antenna has a measured isolation of better than about 12 dB over the oper-
ating band. The IFA and OSA have measured antenna efficiencies of about
72%—-86% and 57%—78%, respectively. Good envelope correlation coeffi-
cient of less than 0.1 is obtained. Over the operating band, the ergodic
capacity of the dual-antenna is calculated to be about 9.8-10.6 bps/Hz.
Details of the proposed dual-antenna are presented. © 2015 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 55:2592-2598, 2015; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29387

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

1. INTRODUCTION

The dual-antenna formed by integrating two similar or same
antennas into a compact configuration [1-6] is attractive for the
diversity or MIMO (multiinput multioutput) operation in the
mobile communication device. To achieve compact configura-
tion with a small size for mobile device applications, the two
antennas are generally spaced very close to each other. In this
case, the technique of using a neutralization line (NL) [1-3] or
multiple NLs [4,5] or an inductor-loaded NL [6] connected
between the two antennas has been shown to be useful to
achieve acceptable isolation for the dual-antenna. However, the
design process for selecting proper dimensions of the NL such
as its width and length is usually tedious. This makes it incon-
venient in achieving a compact dual-antenna structure for practi-
cal applications.

Other techniques for enhancing the isolation of two closely
spaced antennas have also been reported. The techniques include
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Figure 1 Geometry of the proposed hybrid dual-antenna formed by an
IFA and an open slot antenna (OSA) for the 3.6-GHz LTE operation in
the tablet computer. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 2 Simulated S parameters of (a) the proposed design (open slot
therein extending away from the IFA) and (b) the case with the open
slot therein extending toward the IFA (Case I). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

disposing a protruded ground pad between two antennas [7-9],
or placing quarter-wavelength strip resonators in the clearance
region between two antennas [10—12], or embedding a quarter-
wavelength slot resonator in the device ground plane between
two antennas [13,14], and so forth. In these cases, the two
antennas are not connected to each other, which are different
from the dual-antenna connected with the NL [1-6] to achieve
an integrated and compact structure.

In this article, we propose a hybrid dual-antenna formed by
an inverted-F antenna (IFA) and an open-slot antenna (OSA).
The application of the proposed dual-antenna for the 3.6-GHz
LTE operation (3.4-3.8 GHz band) [15,16] in the tablet com-
puter is studied. The IFA and OSA are integrated to achieve a
compact structure by connecting the IFA’s shorting strip to the
metal pad wherein the OSA is embedded. In this case, the dual-
antenna has a low profile of 4 mm and can be disposed on a
thin dielectric substrate of 4 X 30 mm?® As the IFA and OSA
are excited based on different excitation mechanisms (electric-
current excitation for the IFA and magnetic-current excitation
for the OSA), it is expected that the isolation of the dual-
antenna can be decreased. The measured results in this study
show that the hybrid dual-antenna has an isolation of better than
about 12 dB over the operating band between the IFA and OSA.
The simulated results also indicate that the isolation of the pro-
posed dual-antenna is better than that of the cases with two
same IFAs or two same OSAs.
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Figure 3 Simulated surface current distributions on the proposed design and Case I shown in Figure 2. (a) Proposed with IFA excited, (b) proposed
with OSA excited, (c) Case I with IFA excited, and (d) Case I with OSA excited. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Details of the proposed hybrid dual-antenna are described in
the study, and its working principle is addressed. Results of the
hybrid dual-antenna are compared with those obtained for
the dual-antenna formed by two same IFAs or two same OSAs.
The hybrid dual-antenna is also fabricated, and the experimental
results are presented. In addition, the MIMO performance of the
hybrid dual-antenna is discussed.

2. PROPOSED DAUL-ANTENNA

2.1. The Hybrid Dual-Antenna Structure

Figure 1 shows the hybrid dual-antenna formed by an IFA and an
OSA for the 3.6-GHz LTE operation (3.4-3.8 GHz) in the tablet
computer. The dual-antenna is mounted along and flushed to the
left corner of the long edge of the device ground plane, which is
selected to have dimensions of 150 X 200 mm? in this study. The

f = 3.6 GHz E (V/m) == 18000
I 3000
= 500
IFA OSA IFA OSA
0OSA excited, IFA excited,
IFA terminated to 50-C) load OSA terminated to 50-( load
(a) (b)

Figure 4 Simulated electric-field distributions inside the slot region of
the OSA and the clearance region of the IFA for the proposed design.
(a) OSA excited and (b) IFA excited. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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selected ground plane size fits for the 9.7-inch tablet computer. The
dual-antenna has a planar structure and is printed on a 0.8-mm thick
FR4 substrate of relative permittivity 4.4 and loss tangent 0.024.
The dual-antenna occupies a size of 4 X 30 mm2, wherein the IFA
is disposed in a clearance region of 4 X 15.5 mm? and the OSA is
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Figure 5 Simulated S parameters of the proposed dual-antenna, the case
with the IFA only, and the case with the OSA only. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 6 Simulated antenna efficiencies (mismatching loss included)
of the proposed dual-antenna, the case with the IFA only, and the case
with the OSA only. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

embedded in a metal pad of 4 X 14.5 mm?. The metal pad is electri-
cally connected to the device ground plane.

The IFA and OSA are, respectively, excited at port 1 and
port 2 through 50-Q microstrip feedlines. Their detailed dimen-
sions are shown in the figure. The shorting strip of the IFA is
connected to the metal pad through a via-hole at point S. The
length of the IFA’s radiating arm from point A to the open end
thereof 18 mm, about 0.22 wavelength at 3.6 GHz. The OSA’s
slot length is 14 mm, about 0.17 wavelength at 3.6 GHz.
Owing to the loading effects of the FR4 substrate, the required
antenna’s resonant length, especially for the OSA with a
quarter-wavelength slot mode excitation [17,18], can be
decreased. In this design, both IFA and OSA can generate a
wide resonant mode to cover the desired 3.6-GHz LTE
operation.

2.2. Working Principle and Antenna Performance

The working principle of the proposed hybrid dual-antenna is
first studied. The open slot embedded in the metal pad is
arranged to be extended away from the IFA. A comparison of
the simulated S parameters of the proposed dual-antenna (open
slot therein extending away from the IFA) and the case with
the open slot therein extending toward the IFA (denoted as
Case I in this study) is presented in Figure 2. The simulated
results are obtained using the full-wave electromagnetic field
simulator HFSS version 15 [19]. The dimensions of the open
slot are the same for both cases. The IFA dimensions are also
the same in both cases. With the selected antenna dimensions,
the S;; (IFA) and S5, (OSA) of the proposed dual-antenna are
less than —6 dB or 3:1 VSWR in the 3.4-3.8 GHz band. Simi-
larly, the S;; and S5, of Case I are also less than —6 dB. That
is, both cases are acceptable to cover the 3.6-GHz LTE band
[16]. It is noted that the S,; of the proposed case is less than
about —14 dB for the proposed case shown in Figure 2(a) and
is better than that (less than about —9 dB) for Case I shown in
Figure 2(b). The results suggest that the IFA-OSA arrangement
in the proposed case can have better isolation between the two
antennas.

It is also seen that the IFA’s impedance matching (S;; curve)
in Case I is enhanced, as compared with the corresponding Sy,
curve in the proposed design. Conversely, the OSA’s impedance
matching (S», curve) is degraded for Case I, as compared with
the proposed design. This is very likely because in Case I,
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owing to the open slot extending away from the IFA, the Sec-
tion SC [see the antenna structure inset in Fig. 2(b)] will func-
tion like an additional radiating arm for the IFA in the 3.6-GHz
band. In this case, a m-shape IFA is formed [20], which leads to
impedance matching enhancement for frequencies in the 3.6-
GHz band. In addition, as the Section SC is excited by port 1 of
the IFA, it is expected that the coupling between IFA and OSA
in Case I will be enhanced. Also, with the undesired coupling
through Section SC, the impedance matching of the OSA
excited by port 2 is degraded [see the Sy, curve in Fig. 2(a) vs.
that in Fig. 2(b)]. This behavior can be seen more clearly in Fig-
ure 3, in which the simulated surface current distributions on
the proposed design and Case I are presented. Figure 3(a) and
3(b) show the results for the IFA excitation or OSA excitation
for the proposed design, while Figure 3(c) and 3(d) show the
corresponding results for Case 1. When the IFA is excited,
strong surface current distributions on Section SC of the metal
pad where the open slot is embedded are observed [see Fig.
3(c)]. When the OSA is excited, through the coupling of Section
SC, the surface current distribution on the IFA is stronger for
Case I than the proposed design [see Fig. 3(d) vs. Fig. 3(b)].
Based on the results shown in Figures 2 and 3, the hybrid dual-
antenna with the proposed IFA-OSA arrangement is selected in
this study.

To further confirm that the slot resonant mode is excited for the
OSA, Figure 4 shows the simulated electric-field distributions
inside the slot region of the OSA and the clearance region of the
IFA for the proposed design. Results for the proposed design with
the OSA-excitation case and the IFA-excitation case are presented.
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Figure 7 Simulated S parameters of (a) the case with two same IFAs
(Case II) and (b) the case with two same OSAs (Case III). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 8 Photos of the fabricated dual-antenna. (a) front view, (b) back
view, and (c) dual-antenna with the device ground plane. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com]

When the OSA is excited [see Fig. 4(a)], the electric-field distribu-
tion is about uniformly strong from the open end to across the feed-
line and then becomes null at the closed end. This indicates that the
open slot is strongly excited [21]. While for the IFA-excitation case
[see Fig. 4(b)], the electric-field distribution along the two side
edges of the clearance region is not symmetric, which is different
from that in Figure 4(a). The electric-field distribution in the middle
part of the clearance region is also much weaker, as compared with
that in the slot region shown in Figure 4(a) for the OSA-excitation
case. Due to some coupling from the IFA excitation, weak electric-
field distribution in the open slot is also seen in Figure 4(b). Based
on the different electric-field distributions observed in Figure 4(a)
and 4(b), it can be confirmed that different resonant modes are
excited for the OSA and IFA in the proposed design.
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Figure 10 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 S parameters of the fabricated dual-
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]

Effects of integrating the IFA and OSA into the proposed
design are also studied. Figure 5 shows the simulated S param-
eters of the proposed dual-antenna, the case with the IFA only,
and the case with the OSA only. The IFA shows improved
impedance matching (see S;; curves) due to the OSA presence.
Similar results are observed for the OSA (see S,, curves) with
the presence of the IFA. This indicates that no degradation
effects on the impedance matching are seen for the OSA
presence to the IFA and the IFA presence to the OSA as well.
This makes it convenient in the design of the proposed dual-
antenna.

The simulated antenna efficiencies of the proposed dual-
antenna, the case with the IFA only, and the case with the
OSA only are shown in Figure 6. The antenna efficiency
includes the mismatching loss. Although, there are some cou-
pling between the two antennas (see the S,; curve in Fig. 2),
the improved impedance matching seen in Figure 5 makes the
antenna efficiency of the two antennas slightly decreased or
about the same, as compared with the IFA-only and OSA-only
cases.

2.3. Comparison with Two Same IFAs and Two Same OSAs
Results of the cases with two same IFAs and two same OSAs are
also studied. Figure 7 shows the simulated S parameters of the
case with two same IFAs (Case II) and the case with two same
OSAs (Case III). For Case II, the two IFAs have same dimensions
as in the proposed design, and they are placed back-to-back with
their shorting strips connected to a small protruded ground. The
total size of Case Il is 4 X 33 mm?, which is slightly larger than
that of the proposed design. With acceptable impedance matching
in the 3.6-GHz band obtained for the two IFAs, the S5, is less than
about —10 dB over the operating band [see Fig. 7(a)]. That is,
Case II has worse isolation than the proposed design (less than
—14 dB shown in Fig. 2).

For Case III shown in Figure 7(b), the two OSAs also have
same dimensions as in the proposed design, and the distance
between their open ends is selected to be 5 mm. In this case, Case
IIT has a size of 4 X 30 mm?, same as the proposed design. The
impedance matching of the two OSAs are both better than —6 dB,
and the S, is less than about —8 dB, which is also worse than the
proposed design. The results shown in Figure 7 indicate that the
proposed hybrid dual-antenna has better isolation that the cases
with two same IFAs and two same OSAs.
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Figure 11 Measured and simulated radiation patterns of the fabricated
dual-antenna. (a) Measured 3D radiation patterns, (b) 2D radiation pat-
terns for the IFA, and (c) 2D radiation patterns for the OSA. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Experimental Results
Figure 8 shows the photos of the fabricated dual-antenna with
the device ground plane cut from a 0.2-mm thick copper plate.
The measured and simulated S parameters of the fabricated
dual-antenna are shown in Figure 9. The measured S;; and Sy,
are similar to those of the simulated results. The measurement
confirms that both the IFA and OSA can cover the 3.6-GHz
band. The measured S,; also generally agrees with the simulated
results and is less than about —12 dB over the operating band.
Figure 10 shows the measured and simulated antenna efficien-
cies of the fabricated dual-antenna. The antenna efficiencies were
measured in a far-field anechoic chamber. The measured efficien-
cies of the IFA and OSA are, respectively, about 72-86 and 57—
78%, which are acceptable for practical mobile communication
applications [16]. It is observed that the measured efficiencies are
slightly less than the simulated results. This may be related to the
material loss of the FR4 substrate used in the experiment. In the
simulation study, the loss tangent of the FR4 substrate is set to
be 0.024. The used FR4 substrate in the 3.6-GHz band may have
a larger loss tangent than that used in the simulation study.
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Figure 11 shows the measured and simulated radiation patterns of
the fabricated dual-antenna. The measured three-dimensional radia-
tion patterns [see Fig. 11(a)] of the IFA and OSA are seen to be quite
different or independent to each other. This behavior is largely owing
to the different excitation mechanisms of the IFA and OSA and is
advantageous to achieve a lower envelope correlation coefficient
(ECC) for the MIMO operation [22]. The 2D radiation patterns at
3.6 GHz for the IFA and OSA are also shown in Figure 11(b) and
11(c). Radiation patterns in the three principal planes [x-y plane (azi-
muthal plane), y-z plane (elevation plane parallel to the device ground
plane), and x-z plane (elevation plane orthogonal to the device ground
plane)] are plotted. The radiation intensities in the three planes are
normalized with respect to the same maximum intensity. The meas-
ured patterns are seen to generally agree with the simulated results. It
is interesting to note that the radiation in the lower half-plane (see the
y-z and x-z planes in the —z direction) is weaker than that in the upper
half-plane (see the y-z and x-z planes in the +:z direction) for the
OSA. This indicates that the device ground plane mainly functions
like a reflector for the OSA. Conversely, strong radiation in both the
lower and upper half-planes of the elevation planes for the IFA is
observed. This suggests that the device ground plane, although its
dimensions are smaller than the operating wavelength at 3.6 GHz,
still contributes to the radiation at 3.6 GHz for the IFA. This behavior
may also lead to large differences seen in the 3D patterns for the [FA
and OSA seen in Figure 11(a).

3.2. MIMO Performance
The ECC of the fabricated dual-antenna is studied with the aid of
Figure 12. The calculated ECC from the measured 3D radiation
patterns [22] is shown in the figure. The simulated ECC obtained
from the HFSS version 15 [19] is also shown for comparison. For
the ECC calculation, the indoor propagation environment is
assumed, and the 0 and ¢ polarized power functions of the inci-
dent wave are both set to 1/4m in all directions. From the
obtained results, the simulated ECC is very small, close to 0. The
ECC calculated from the measured radiation patterns is also
small, less than 0.1, which is good for the MIMO operation [22].
Figure 13 shows the calculated MEG from the measured radi-
ation patterns, and the simulated MEG obtained from the HFSS
version 15 is also shown for comparison. The calculated and
simulated MEGs show similar results. The differences between
the calculated MEGs for the IFA and OSA are seen to be less
than 2 dB, which is acceptable for practical applications [9].
Figure 14 shows the calculated channel capacities of the fabri-
cated dual-antenna in a 2 X 2 MIMO system. For the capacity cal-
culation, the condition of uncorrelated transmitting antennas and
i.id. (independently, identically distributed) channels with Rayleigh
fading environment is assumed. The obtained capacities are aver-
aged over 10,000 Rayleigh fading realizations with a SNR (signal-
to-noise) ratio of 20 dB for each frequency. The results show that
the capacity for the proposed dual-antenna can reach about 9.8—
10.6 bps/Hz, which is close to the upper limit of a 2 X 2 MIMO
system with the two antennas thereof having perfect antenna effi-
ciencies of 100% and a perfect ECC of 0. The obtained capacity is
also much larger than the upper limit (5.75 bps/Hz) of a single-
antenna (SISO, Single-input Single-output) with a perfect antenna
efficiency of 100%. The results suggest that the proposed hybrid
dual-antenna is promising for the MIMO application.

4. CONCLUSION

A hybrid dual-antenna formed by combining an IFA and an OSA
into a compact structure for the 3.6-GHz LTE operation in the tab-
let computer has been proposed. The dual-antenna occupies a small
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Figure 12 Calculated ECC from the measured radiation patterns and
simulated ECC from the HFSS. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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Figure 13 Calculated MEG from the measured radiation patterns and
simulated MEG from the HESS. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

planar size of 4 X 30 mm?, and acceptable isolation between the
IFA and OSA has been obtained. The two antennas also show
acceptable antenna efficiencies and the calculated ECCs from the
measured radiation patterns are less than 0.1 over the operating
band. The calculated capacities are also close to the upper limit of
the 2 X 2 MIMO system. From the obtained results, the proposed
hybrid dual-antenna is promising for the MIMO application.
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Figure 14 Calculated channel capacities of the fabricated dual-
antenna in a 2 X 2 MIMO system. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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