avoid the additional matching networks and reduce the loading
effect. Measured results reveal that the proposed circuit achieves
a compact size, good passband response, and simple design, and
all of these make the proposed four-channel diplexer attractive
in wireless communication systems.
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ABSTRACT: This article proposes the design of microstrip patch
antennas to improve low-elevation gain for controlled reception pattern
antenna (CRPA) applications. The proposed antenna consists of a main
resonant patch and a subpatch that are electromagnetically coupled
with each other to operate as a two-element array whose bore-sight
direction points toward low-elevation angles. The array factor is then
enhanced by inserting a ceramic substrate with a high dielectric con-
stant to maximize the electrical distance between the patches. As a
result, the average gain at 0 = 75° is enhanced by 1.2 dB, which demon-
strates that the proposed antenna is suitable to be used for the individ-
ual elements of CRPA arrays with the improved radiation gain at low-
elevation angles. © 2016 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 58:170—174, 2016; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29517

Key words: global positioning system antenna, controlled reception pat-
tern antenna array antenna,; microstrip patch antennas

1. INTRODUCTION

Controlled reception pattern antenna (CRPA) arrays have been
proposed to mitigate the effects of interferences in the global
positioning system by steering nulls toward interference sources.
For more successful null steering operation, the individual ele-
ments of CRPA arrays should have circular polarization (CP),
uniform pattern, and high gain, especially at low-elevation
angles [1]. The low-elevation gain is important for CRPA arrays
because the array simultaneously receives satellite signals during
the null steering operation that often takes place at low-
elevation angles [2,3]. Although, this low-elevation gain is one
of the key design considerations of CRPA arrays, most of the
previous studies focused on improving the bore-sight gain [4]
and CP properties by adopting asymmetric structures [4-8] and
external chip couplers [9,10]. Thus, more sophisticated research
has been required to improve low-elevation gain for enhanced
CRPA performance.

In this article, we propose a design of a microstrip patch
antenna that enhances the low-elevation gain for CRPA applica-
tions. The low-elevation gain is improved by inserting an addi-
tional subpatch above a main patch that is fed by a coaxial
cable. The subpatch is then electromagnetically coupled to the
main patch, which allows the antenna to operate as a two-
element array. The array factor is further enhanced by inserting
a ceramic substrate with a high dielectric constant between the
two patches to increase their electrical distance. To demonstrate
the suitability of the proposed antenna, it is fabricated and its
antenna characteristics, such as reflection coefficients, gains,
patterns, and axial ratio (AR), are measured in a full anechoic
chamber. The results prove that the proposed antenna is suitable
for an individual element of CRPA arrays with the enhanced
low-elevation gain.
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2. DESIGN APPROACH AND PROPOSED ANTENNA

Figure 1 shows our design approach for enhancing the radiation
gain at low-elevation angles, which is an important design con-
sideration for individual elements of CRPA arrays. The conven-
tional microstrip patch antenna, illustrated in Figure 1(a), has a
maximum directivity at 0 =0° and is less directive in the azi-
muth direction (0 =90°) due to its low-profile characteristics.
Thus, we insert an additional patch above the existing patch to
use an array factor in the azimuth direction for increased direc-
tivity at low-elevation angles, as shown in Figure 1(b). In our
design, the two patches are electromagnetically coupled with
each other to induce currents on the upper patch and operate as
a two-element array so that the broad-side direction of their
array factor lies in the azimuth plane. To maximize the directive
gain of our design at low-elevation angles, the current density
of the upper patch should be maintained as high as the lower
patch, and the phase difference of the induced currents between
the two patches should be minimized. For further improvement,
we place a high dielectric ceramic substrate between the two
patches to increase their electrical distance by about a square
root of the dielectric constant. Figure 1(c) shows a comparison
of radiation patterns in the E-plane, which explains that the gain
of the proposed antenna structure can be improved at low-
elevation angles by the additional patch.

Figure 2 illustrates the geometry of the proposed antenna
structure, which consists of a main patch and a subpatch. The
edge length of the main patch is w,, which is designed to be
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Figure 2 Geometry of the proposed antenna (a) top view and (b) side view

TABLE 1 Optimized Values of the Proposed Antenna
Parameters Value
wy 25.9 mm
Wy 26.6 mm
w3 4.9 mm
N 50.0 mm
Ix 34.7 mm
fy 25 mm
Sx 24.4 mm
Sy 19.0 mm
hy 3.14 mm
hy 6.28 mm
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approximately a half wavelength in the L1 band, and the patch
is printed on a ceramic substrate (CER10 from Taconic,
& =10.0, tan ¢ = 0.0035) with a thickness of %, and an edge

Reflection coefficient (dB)

—— Measurement \ 4
-16F : 5 W P4 4
= == Simulation D
-18 L L .
1.45 I3 1.55 1.6 1.65
Frequency (GHz)

Figure 3 Reflection coefficients of the proposed antenna
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Figure 5 AR of the proposed antenna

length of w,. The patch is fed by a coaxial probe, denoted as a
feed pin, and the feeding position is determined with f; and fi.
The two corners of the patch are truncated by w; to obtain CP
characteristics, and the CP bandwidth is improved by connecting

Gain (dBic)

6} i
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8 — —— Simulation 1
-10 . 1 . . L
0 60 120 180 240 300 360
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Figure 6 Radiation gain at 0 =75°
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Figure 7 Two-dimensional patterns of the proposed antenna (a) zx-plane
and (b) zy-plane

the patch to the ground via a short pin expressed by s, and s,.
Then, the subpatch is designed to be electromagnetically
coupled with the main patch for inducing currents in the same
direction as the main patch, and the coupling strength is
adjusted by the width of the subpatch (w;) and the thickness of
the upper substrate (/7).

To further improve the antenna performances, the proposed
antenna structure is optimized by a genetic algorithm [11] in
conjunction with the FEKO EM simulator [12], and the final
dimensions are shown in Table 1. As expected, the optimized
edge length of the main patch is about a half of the effective
wavelength, and the subpatch is optimized to be slightly smaller
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Figure 8 Equivalent circuit model (a) circuit model and (b) input impedance

than the main patch. For electromagnetic coupling, the subpatch
is placed close to the main patch to induce high-density currents
with the same phase.

3. MEASUREMENT AND ANALYSIS

To verify the antenna characteristics, such as reflection coeffi-
cients, gains, patterns, and AR, the proposed antenna is fabri-
cated and mounted at the center of a circular ground platform
with a diameter of 140 mm. Figure 3 shows a comparison of the
reflection coefficients between the simulation and the measure-
ment, which are represented by dashed and solid lines, respec-
tively. The measured reflection coefficient of the antenna is
—11.2 dB at 1575 MHz, and the 10-dB matching bandwidth is
65 MHz (IS, < —10 dB, 1515-1580 MHz). Figure 4 exhibits
the measured bore-sight gain compared with the simulation. The
simulated data are presented by a dashed line and the measured
data are specified by “+” marks. Both results show good agree-
ment with the peak values of 5.1 dBic for the measurement and
5.7 dBic for the simulation. Figure 5 illustrates the AR as a
function of the frequency, which is provided to demonstrate the
CP characteristics of the antenna. The antenna shows the mini-
mum AR of 0.69 dB at 1545 MHz with a 3-dB AR bandwidth
from 1535 to 1555 MHz, which is similar to the simulated value
of 20 MHz from 1542 to 1562 MHz.

Figure 6 represents radiation patterns in the azimuth direction
at 0 = 75°. The proposed antenna shows an average gain of —1.7
dBic with a minimum value of —2.9 dBic, and the pattern is uni-
form with a gain deviation of less than 2.9 dB. Figures 7(a) and
7(b) show measured radiation patterns at 1575 MHz that are com-
pared with the simulation. The antenna exhibits a half-power
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beamwidth (HPBW) of 160° in the zx-plane and 170° in the zy-
plane, which agrees well with the simulation whose HPBWs are
155° and 165°, respectively. The results demonstrate that the
improved low-elevation gain also results in broad HPBWs of
greater than 100° without any serious pattern distortions.

To interpret the operating principle of the proposed antenna
from the circuit point of view, an equivalent circuit model is
built by a data-fitting method, and each component of the
antenna, such as the feed pin, the short pin, the main patch, and
the subpatch, is specified in the circuit. The circuit and its
detailed parameters are shown in Figure 8(a), and the input
impedance of the circuit is illustrated in Figure 8(b) in compari-
son with that of the EM simulation. The antenna has an input
resistance of about 50 Q at the resonant frequency, and its react-
ance value is close to 0 Q for both results. In addition, a small
fluctuation around the resonant frequency is caused by the short
pin, which broadens the matching bandwidth due to the reduced
slope of the reactance curve.

To analyze the gain enhancement at low-elevation angles,
the amplitude, and the phase of the induced current density on
the two patches are observed, as illustrated in Figure 9(a). The
amplitude and phase information of the main patch are specified
by circles, and those of the subpatch are marked with rectangles.
The current amplitudes of the two patches are 15.5 and 8.0 A/m
at 1575 MHz, and their phase difference is less than 5°, which
results in increased directivity of 1.2 dB at low-elevation angle
(0="15°), as shown in Figure 9(b). The curve is calculated as
the gain enhancement 6 = 75° of the proposed antenna compared
with the conventional antenna structure, which demonstrates that
our design approach is capable of improving the low-elevation
gain.
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amplitude and phase of the induced current and (b) gain enhancement at
0="15°

4. CONCLUSION

We investigated the design of a microstrip patch antenna with
improved low-elevation gain for CRPA applications. The pro-
posed antenna is composed of the main patch and a subpatch, and
the two patches were designed to be electromagnetically coupled
for the same direction current by adjusting the size of the subpatch
and the substrate height. The proposed antenna was fabricated and
mounted on a 140-mm circular ground platform to measure its
antenna characteristics. The measured reflection coefficient was
—11.2 dB at 1575 MHz with a bore-sight gain of 5.1 dBic, and the
average gain at 0 = 75° was — 1.7 dBic with an average HPBW of
165°. The results proved that the proposed antenna is suitable to
enhance the low-elevation gain and can be used as the individual
element of CRPA arrays.
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ABSTRACT: Using the quad-antenna linear (QAL) array as a building
block, the 8-antenna and 16-antenna arrays for the 3.5-GHz long term
evolution multiple-input multiple-output (MIMO) operation in the smart-
phone are demonstrated. The QAL array has a planar structure of narrow
width 3 mm (0.0352) and short length 50 mm (0.582), with A being the
wavelength at 3.5 GHz. For the 8-antenna array, two QAL arrays are dis-
posed along two opposite side edges (denoted as Array A) or the same
side edge (denoted as Array B) of the system circuit board of the smart-
phone. The obtained envelope correlation coefficient values of the anten-
nas in Array A and B are shown. The calculated channel capacities for
Array A and B applied in an 8 X 8 MIMO system are also analyzed. The
16-antenna array formed by four QAL arrays disposed along two opposite
side edges (denoted as Array C) is then studied. For operating in a 16 X
16 MIMO system, the calculated channel capacity of Array C can reach
about 66-70 bps/Hz with a 20-dB signal-to-noise ratio. The obtained
channel capacity is about 5.7-6.1 times that (11.5 bps/Hz) of the upper
limit of an ideal 2 X 2 MIMO system with 100% antenna efficiency for
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