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Microstrip antenna arrays are proposed in this paper for the customer premise equipment (CPE) applications in the frequency
range 1 (FR1) of the 5™ generation (5 G) mobile networks. The proposed antenna arrays consist of three FR4 substrates. Antenna
elements and feeding networks are optimized separately through parameter studies and then combined to form the proposed
antenna arrays. Bandwidth-enhancing parasitic elements on the top substrate are broadside coupled to the microstrip antennas in
the middle substrate, which are probe-fed by the microstrip feeding network using Wilkinson power dividers realized in the
bottom substrate through the ground plane and the stud supporting air layer between the lower two substrates. Two antenna
arrays, with four and eight antenna elements, are proposed for different gain specifications, 10 dBi and 12 dBi, respectively.
Bandwidths of 10-dB return loss for both arrays fully covered the 5 G n78 frequency band (3.3-3.8 GHz). 20 dB isolation between
antenna elements can also be achieved using the proposed layouts with rotated elements. The dimensions, radiation gain, and
efficiency of the proposed antenna units, four-element array, and eight-element array are 65x65x11.4, 115x115x11.4, and
115%215x 11.4 mm?, 6.2, 10.5, and 13 dBi, 74%, 56%, and 50%, respectively. The proposed antenna arrays exhibit the advantages
of simple, low-cost, low-profile, and high-gain characteristics, which is potentially applicable to 5G CPE outdoor unit (ODU)-

related devices.

1. Introduction

The development of wireless communication systems has
progressed rapidly in recent decades. The fifth generation
new radio (5G NR) system has been proposed to further
enhance the bandwidth and capacity of the mobile com-
munication system, including three major application sce-
narios defined as enhanced mobile broadband (eMBB),
massive machine-type communications (mMTCs), and ul-
trareliable and low-latency communications (uRLLCs). To
achieve the bandwidth enhancement, higher operation
frequency bands were introduced, such as those in the sub-
6 GHz frequencies (frequency range 1, FR1) or those in the
even higher millimeter-wave frequencies (frequency range 2,
FR2). On the other hand, capacity expansion is accom-
plished by smaller cell sizes that reduce the power of base

stations to make frequency reuse more efficient and flexible.
Compared to predecessor systems, the density of base sta-
tions in 5G is significantly increased to complete the cov-
erage of a certain area. The concept of customer premises
equipment (CPE) is then proposed to ease the distribution of
base stations, especially in metropolitan areas, by in-
troducing customized, flexible, low-cost, and high band-
width outdoor and/or indoor units (ODUs/IDUs) that
bridge/route the 5G mobile signals and the wireless local
area networks (WLANs) without the need for wired
connection.

A wide range of antennas and arrays can be found in the
literature that are suitable for 5G FR1 CPE ODU applica-
tions. Dual polarized antennas and arrays in the sub-6 GHz
frequency bands can be used in cross polarized uplink/
downlink configurations [1-4]. A 3-4.6GHz dual
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polarization antenna has been proposed using two or-
thogonal magneto-electric dipole antennas with an L-shaped
feeding structure [1]. Isolation and half-power beamwidth
were increased by adjusting dipole spacing and chamfered
edge, respectively. 9 dBi peak gain and 20 dB front-to-back
ratio have been achieved for a dual-polarized radiation
pattern. A miniaturized microstrip antenna with a U-shaped
parasitic element using coupled feeding has been proposed
to decrease horizontal dimensions [2]. Broadside-coupled
parasitic elements at certain height above the antenna have
been proposed for the gain enhancement of a dual feed
microstrip 2 x2 antenna array [3]. A +45° dual-polarized
planar antenna array has been proposed for the applications
of 2G/3G base stations using four folded dipoles [4].

Various techniques have been proposed to increase
resonant modes, antenna gains, and directivities using
parasitic elements [5-18]. Multiple stacked parasitic ele-
ments between the patch antenna and its ground plane can
be used to achieve multipassband characteristics [5]. 8-dBi
peak gain and 14-dB front-to-back ratio over a wide fre-
quency band have been presented by adding parasitic ele-
ments around the patch antenna [6]. High-gain antennas
such as a three-layer stacked patch antenna with 8.2-dBi
peak gain and 21 dB front-to-back ratio in a small volume
[7], probe-fed three-layer stacked patch antenna with 9.55
average gain and 26.5% fractional bandwidth [8], and
a circularly polarized stacked patch antenna with 10.5 dBi
gain [9] have also been proposed. Slot-coupled circularly
polarized 2x2 antenna array with increased modes and
directivity using four parasitic elements achieved gain en-
hancement of up to 10.5 dBi [10]. 2 X 2 antenna arrays using
cross-shaped slot [11] and chamfered edge [12] for circular
polarization also presented high gain characteristics, 11.6
and 17 dBi, respectively, using parasitic elements above their
antennas. The gain increased from 18.7 to 20.5dBi in the
4 x 4 antenna array proposed in [13] by stacking three layers
of parasitic elements above its patch antenna array. Stacks of
multilayer parasitic elements are also found in millimeter-
wave antenna such as [14, 15] for high gain application.
Multiple parasitic elements placed on the periphery of patch
antenna have been proposed to form a 2 x 2 antenna array
[16] and a 1x 8 array [17]. A wideband patch antenna is
accomplished by placing a parasitic element in the elliptic
slot on the patch to increase the resonant modes and
bandwidth [18].

Antenna arrays are commonly used in high-gain ap-
plications. L-band feeding networks using conventional
Wilkinson power dividers with different dividing ratios from
2:1 to 16:1 have been proposed [19]. A low-profile 4 x4
high gain antenna array in [20] presented a 1 dBi gain within
a 1.6 mm thick substrate. 17 dBi gain is achieved in the 28-
GHz frequency band using a 4x4 antenna array with
vertical and horizontal half-power beamwidths 13.3° and
16.6°, respectively [21]. A left-hand circularly polarized
2 x 2 magneto-electric dipole array with a fractional band-
width of 27.6% and a peak gain of 14dBi at 29 GHz is
proposed in [22]. A 4 x 4 coupled-fed multilayered antenna
array using an L-shape feeding structure demonstrated
a peak gain of 19.65dBi [23]. Another 4 x4 antenna array
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has been proposed to lower the side lobe level from —11.9 dB
to —26.8 dB by adjusting the feeding network while main-
taining its gain degradation within 0.6 dB [24]. A Chebyshev
array has been proposed to minimize its side lobe level below
—23.8dB with a peak gain 24 dBi [25].

Research works related to the isolation between elements
of antenna arrays are also important when dealing with
miniaturization [26-30]. Decoupling vias are proposed in
[26] which increase element-wise isolation such that the
array size can be effectively reduced. A sequential phase feed
network is proposed to achieve wide bandwidths for both
impedance matching and axial ratio while reducing the
coupling between antenna elements [27]. Different isolation
structures such as electric bandgap structures, defected
ground structures, capacitive elements, and neutralization
lines have been studied in [28] to realize a MIMO antenna
system with an isolation as high as 65 dB. An antenna array
designed for the applications of base stations proposed in
[29] decoupled two linear polarized antennas in H-plane and
E-plane using metasurface such that the isolation levels were
increased by 15dB. Another base station antenna with
compact size and dual-polarized broadband characteristic
presented an isolation design using two symmetric shorting
pins with respect to the feeding cable that improved the
isolation between dual polarization to 40 dB [30]. A four-
element stringray-shaped MIMO antenna system using
rotated element and an isolation-improving structure at the
center has also been proposed with improved spatial di-
versity and reduced mutual coupling for UWB
applications [31].

Antennas and arrays for CPE applications in the sub-
6 GHz frequency band are also popular recently [32-35].
Ultra-wideband monopole antenna [32] and planar trape-
zoidal monopole antenna [33] were proposed with isotropic
radiation patterns for TVWS CPE. A dual-band antenna
system using a two-element slot meander patch antenna is
proposed to operate at 1.8 GHz and 2.6 GHz for LTE-WLAN
CPE [34]. Another dual-band CPE application in the sub-
6 GHz frequency band using slot antenna array can also be
found in [35]. A hybrid antenna-in-package (AiP) system
that covers multiple frequency bands in both sub-6 GHz and
millimeter frequencies using slot antenna and an 8 x 8 an-
tenna array, respectively, is presented for CPE IDU [36]. In
5G CPE applications, 45° linearly polarized antennas are
typically used. Dual polarized antennas with +45° linear
polarization are also proposed for diversity [37].

This paper proposes the design of simple, low-cost, and
low-profile antenna arrays for 5G CPE ODU applications
using microstrip antennas with parasitic elements and
feeding networks using Wilkinson power dividers, which
provide 10-13dBi gains in 5G FR1 n78 (3.3-3.8 GHz)
frequency band. Design of the proposed antenna is described
in Section 2, including a description of the structure and
parametric studies of the antenna element, the feeding
network, and the proposed arrays with the aid of 3-
dimensional full-wave solver Ansys HFSS. Comparison of
simulated results and experimental verification and further
discussion will be presented in Section 3, followed by a few
conclusion remarks in the last section.
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FIGURE 1: Layer stack up of the proposed antenna arrays (not in scale).
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FIGURE 2: Structure of the proposed antenna unit. (a) Three-dimensional view. (b) Layouts at each metal layer.

2. Design of the Proposed Antenna Arrays

The proposed antenna arrays are realized in a layered
structure consisting of three FR4 PCB substrate layers with
air gaps supported by Nylon posts between the adjacent
substrate layers, as shown in Figure 1. Four metal layers are
used for the layouts of the proposed antenna arrays. The first
metal layer, M1, on the upper side of the top substrate is used
for parasitic elements. The microstrip patch antenna ele-
ments are placed in the second metal layer, M2, on the upper
side of the center substrate. The third and fourth metal
layers, M3 and M4, are the upper and lower sides of the
bottom substrate, respectively. M3 is a fully covered metal
layer acting as the common ground plane for both the patch
antennas at M2 and the feeding network at M4. There are
also through vias from M4 to M2 to perform the probe
feeding from the feeding network to the antenna elements.
The layer stack up has been optimized by following a similar
procedure described in [38]. Design of the proposed antenna
arrays consists of three parts. The design of proposed an-
tenna units is presented first, followed by the design of
feeding networks. A configuration of 45° rotated antenna
units in the antenna arrays is also proposed to reduce mutual

(®)

couplings without increasing the sizes of the arrays. Design
results of the antenna unit with reduced mutual couplings
and the feeding networks are then combined to realize the
proposed antenna arrays.

2.1. Antenna Unit. As shown in Figure 2, the proposed
antenna unit is formed by a microstrip rectangular patch
antenna at M2 which broadside couples to another rect-
angular patch parasitic element right above it. The micro-
strip patch antenna is probe-fed using a cylindrical via
structure through the antipad aperture in the ground plane
(M3). The through via is then connected to a 50-Q
microstrip feeding transmission line at the bottom metal
layer (M4), which is terminated by a surface mount adaptor
(SMA) for experimental verification. The microstrip feeding
transmission line will come from one of the output ports of
the feeding networks in the design of antenna arrays. Related
dimensions of the probe feeding structure are designed in
a similar manner proposed by [38]. Parametric studies for
the key design parameters of the proposed antenna unit are
shown in Figures 3 and 4. Lengths of the microstrip patch
antenna and the parasitic element, £, and 7, respectively,
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FIGURE 3: Adjusting the resonant modes by changing the lengths of (a) the microstrip patch antenna and (b) the parasitic element.
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FIGURE 4: Adjusting the impedance matching by changing the separation between the microstrip patch antenna and its ground plane.

can be adjusted to control the lower and higher resonant
modes of the proposed antenna unit. The separation between
the antenna and its ground plane, h,, can then be tuned to
achieve impedance matching. The final design parameters
are listed in Table 1.

2.2. Feeding Network. The feeding network of the proposed
antenna arrays consist of successive power dividing stages.
The Wilkinson power divider shown in Figure 5 is used as
a basic building block, which are realized by following
conventional design procedures [39]. Each of the output
ports, port 2 and 3, is connected to another power divider in
the next stage. Two- and three-stage H-tree patterns can thus

be constructed for the feeding networks of the proposed 4-
element (2x2) and 8-element (4 x2) antenna arrays, re-
spectively. As shown in Figure 5, return loss more than
20dB, insertion loss less than 0.7 dB, and isolation below
25dB can be achieved throughout the entire n78
frequency band.

2.3. Antenna Array. The proposed antenna arrays are re-
alized by combining the previous design results. The
feeding microstrip lines of the antenna units are con-
nected to the output ports of the feeding structure. The
mutual coupling between antenna units can be reduced by
rotating individual antenna unit with respect to its feeding
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TaBLE 1: Final design parameters of the proposed antenna unit.

Parameter Value (mm)
hy 0.4
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FiGure 5: Wilkinson power divider used in the feeding network of the proposed antenna arrays. (a) Layouts and dimensions; (b) return loss;
(c) insertion loss; and (d) isolation.
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Ficure 7: Continued.
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FIGURE 7: (a) Photo of the proposed antenna and its simulated and measured (b) return loss, (c) gain, and (d) efficiency.
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FIGURE 8: Simulated and measured radiation patterns of the proposed antenna at different planes and frequencies.
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FiGure 10: Simulated and measured reflection coefficients of the proposed 4-element antenna array.

probe, as shown in Figure 6(a), the minimum edge-
to-edge distances between the units can be intuitively
increased by a factor of V2 while the spacing between
antenna units and the total sizes of the proposed arrays
remain approximately the same, and the mutual thus
coupling between adjacent units can be effectively re-
duced. Figure 6(b) shows that after a 45° rotation, the
mutual coupling between the antenna units become less
than 20 dB in the frequency range of interest.

3. Experimental Verification and Discussion

The proposed antenna unit, a four-element (2 x 2) array and
an eight-element (4 x 2) array were fabricated to perform
experimental verifications. Antenna gain and total efficiency
have been measured using an automated over-the-air (OTA)

compact antenna test range (CATR) measurement system
[40], which was calculated in the same way as mentioned in

[41-44]. The gain was calculated using Friss formula as
follows:

4nr p
G, (dB) = 20 log (—) +10log( 22) -G, (dB), (1)

10\ A 10 \ P
where G, and G, are the gains of the antenna under test and
reference antenna, respectively.  is the distance between the
antennas. A is the wavelength. P, and P, are the received and
transmitted power of the antenna under test and reference

antenna, respectively. Total efficiency is calculated by

Total efficiency = Radiation efficiency x (1 - 1Sy |2), (2)

where
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Figure 11: Simulated and measured (a) gain and (b) efficiency of the proposed 4-element antenna array.
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FIGURE 13: Photo of the proposed 8-element antenna array at (a) the top side and (b) the bottom side.
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FIGURE 14: Simulated and measured reflection coefficients of the proposed 8-element antenna array.
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Figure 15: Simulated and measured (a) gain and (b) efficiency of the proposed 8-element antenna array.
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Photos of the antenna unit and arrays as well as the
comparison between simulated and measured results, in-
cluding return losses, gain, radiation efficiency, and radia-
tion patterns are presented with brief discussions as follows.

3.1. Antenna Unit. Figure 7 shows the photo of the proposed
antenna and its simulated and measured return loss, gain, and
efficiency. The overall dimension is 65 mm X 65 mm X 11.4 mm.
As shown in the figure, bandwidth of 10-dB return loss
from 3.23 to 3.97 GHz or a fractional bandwidth of 20.6%
has been achieved. Compared to simulated data, sepa-
ration between the lower and higher resonant mode has
been enlarged, resulting a degradation of impedance
around 3.8 GHz, which could be attributed to the fabri-
cation error of slightly increased substrate spacing owing
to PCB warpage, which is in consistent with the parameter
study shown in Figure 4. 6.2 dBi gain and 74% efficiency
has been achieved in the entire n78 frequency band. The
measured peak gain 7.18 dBi and maximum efficiency of

82% around 3.4 GHz has been obtained. Good coherences
were also obtained in the radiation patterns, as shown in
Figure 8.

3.2. Four-Element Antenna Array. Figure 9 shows the photo
of the proposed 4-element antenna array. The overall di-
mension is 115 mm x 115 mm x 11.4 mm. The simulated and
measured return losses are shown in Figure 10. As shown in
the figure, bandwidth of 10-dB return loss from 3.22 to
3.92GHz, or a fractional bandwidth of 19.6% has been
achieved. Figure 11 shows that 10.5dBi gain and 56% effi-
ciency has been achieved in the entire n78 frequency band.
Measured peak gain 11 dBi around 3.8 GHz and maximum
efficiency of 82% around 3.5 GHz has been obtained. Good
coherences were also obtained in the radiation patterns, as
shown in Figure 12.

3.3. Eight-Element Antenna Array. Figure 13 shows the
photo of the proposed 4-element antenna array. The overall
dimension is 115mm x215mm X 11.4 mm. The simulated
and measured return loss is shown in Figure 14. As shown in
the figure, bandwidth of 10-dB return loss from 3.2 to
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40GHz or a fractional bandwidth of 22.2% has been
achieved. Figure 15 shows that a 12 dBi gain and 50% ef-
ficiency have been achieved in the entire n78 frequency
band. Measured peak gain 13.8dBi around 3.8 GHz and
maximum efficiency of 56% around 3.4 GHz has been ob-
tained. Good coherences were also obtained in the radiation
patterns, as shown in Figure 16.

4. Conclusions

A microstrip patch antenna with parasitic element has been
proposed to build two antenna arrays of different sizes for
CPE ODU applications in the n78 frequency band of 5 G NR
FR1. The antenna unit has achieved a bandwidth of 10-dB
return loss from 3.23 to 3.29 GHz which fully covered the
desired frequency band. 6.2 dBi gain and 74% efficiency have
been achieved in the entire n78 frequency band with a peak
gain of 7.18dBi and a maximum efficiency of 82%. Wil-
kinson power-divider-based feeding networks are used to
realize the proposed four-element and eight-element arrays.
Rotated antenna units with respect to their feeding points
were also proposed to reduce mutual coupling to below
—20 dB without increasing the separations between antenna
units and overall array sizes. The proposed four-element and
eight-element arrays exhibited average gains around 10.5 dBi
and 13 dBi, respectively, and more than 10dB return loss
throughout the entire n78 frequency band. The comparison
of key parameters and performance for different antennas is
listed in Table 2, where A is the wavelength at the first
resonance frequency of respective antenna element in free
space. The proposed method is easily extended for the re-
alization of array antennas with element numbers in the
powers of 2. For element numbers that are not multiples of 2,
n-way Wilkinson power dividers are also available but not as
trivial [39]. For large arrays the loss of the transmission line
segments in the FR4 substrate will significantly reduce the
gain of increasing element numbers, thus low loss substrates
must be used instead. The proposed antenna arrays have
demonstrated the advantages of simple, low-cost, low
profile, as well as high gain characteristics over the entire n78
frequency band, which is potentially applicable to 5G CPE
outdoor unit (ODU)-related devices.
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