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Abstract. A stacked patch antenna with balanced feed
operating in millimeter-wave band is proposed in this
paper. Initially, a single balanced-fed patch antenna is
designed in three layers. Simulation results show that the
proposed antenna enhances the cross-polarization and the
radiation gain of the conventional aperture coupled patch
antenna. A maximum gain of 6.8 dBi is achieved with
a bandwidth of 2 GHz around 26 GHz. The stacked patch
antenna was fabricated using 0.65 mm ARI000 and
0.787 mm RO5880 substrates. Measurement results of
return loss agreed with the simulations and showed wide
bandwidth, which is required for future 5G communication
terminals. To further increase the gain, we propose
an integrated 8-element antenna array based on an 8-way
Wilkinson power divider. The proposed design achieves
a maximum gain of 14.1 dBi at 26 GHz with greatly re-
duced grating lobes and cross-polarization. The proposed
antenna array represents a potential solution for the
emerging 5G wireless applications.

Keywords

Patch antenna array, 5G, aperture feed, Wilkinson
power divider, 26 GHz band, balanced feed

1. Introduction

Wireless data traffic has grown rapidly in the past few
years and this trend is expected to continue over the next
decade with the frequent use of videos and the release of
the Internet of Things (IoT). To satisfy this demand, the
fifth generation (5G) of mobile technology is being inves-
tigated. Number of frequency bands, especially in the mil-
limeter wave band (mm-wave), were proposed as candidate
frequencies to allow high-speed communication due to the
large available bandwidths [1]. However, mm-wave com-
munication suffers from some propagation issues, such as
large path loss and shadowing, which can be overcome by
directional and adaptive radiation pattern antennas.
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Many research works were proposed at different
levels from the device to the radio system and network
architecture to support the communication in mm-wave fre-
quency bands [2]. In [3], a mm-wave phased array trans-
ceiver for 5G fixed wireless access applications was devel-
oped for a frequency band around 30 GHz. In this RF-
front-end, four key building blocks were addressed: high
Power Amplifier (PA), Low Noise Amplifier (LNA), am-
plitude invariant phase shifter and phase invariant Variable
Gain Amplifier (VGA). In [4], the authors presented
a compact CMOS receiver front-end for multiband 5G
massive multiple input multiple output (MIMO). Meas-
urement results showed broadband operation ranging from
24.5 to 43.5 GHz.

To deliver Gb/s data to multiple users with low la-
tency and to achieve acceptable link budgets, 5G base
stations and user equipment will rely on high performance
antenna arrays. Microstrip patch antennas have been
widely used because of their low profile and ease of fabri-
cation. However, they showed some drawbacks, such as
low gain and narrow bandwidth. Various techniques have
been proposed to enhance antenna gain including the use
of Substrate Integrated Waveguide (SIW) technology,
superstrate layers, Electromagnetic Bandgap Structures
(EBG) and antenna arrays [5—7]. In [5], quasi-annular SIW
corrugated antenna is presented. A high gain up to 21.4 dBi
with a bandwidth of 2 GHz is achieved for 30 GHz band.
In [6], a five-element patch array with a superstrate layer is
proposed. A maximum gain of 13.4 dBi and a bandwidth of
5.4 GHz ranging from 25.1 GHz to 30.5 GHz are achieved.

For size reduction purpose, antennas are generally
fabricated in a multilayer structure. In [8], a dual-band
stacked coupled patch antenna with bend parasitic elements
is presented. It achieves a peak gain of 7.14 dBi in the
lower band 25.75-30.25 GHz and 6.44 dBi in the higher
band 36.5-41.5 GHz.

In this paper, we focus on the design of new stacked
patch antenna topology with balanced feed operating in
26 GHz band. The proposed design is intended to reduce
antenna size and side lobe interference. Then, in order to
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Fig. 1. Cross view of (a) aperture coupled patch antenna, (b) balanced-fed patch antenna.
improve the antenna directivity and gain, we propose an 8- _entl en—1 4)

element antenna array fed by two out-of-phase 8-way
power dividers.

The paper is organized as follows. In Sec. 2, the the-
ory of the balanced-fed patch antenna and its advantages
are given. Section 3 reports the stacked patch antenna to-
pology and design followed by simulation and experi-
mental results. The design and simulation results of the
proposed 8-element balanced-fed patch antenna array are
reported in Sec. 4. Lastly, Section 5 concludes this paper.

2. Balanced-fed Patch Antenna Theory
and Advantages

The microstrip patch antenna is a narrow band struc-
ture. One of the keys to improving bandwidth is the use of
aperture feed. While microstrip antennas are typically lim-
ited to bandwidths of 2%—5%, aperture coupled antennas
have demonstrated bandwidths of up to 30-50% with
a stacked patch configuration [9]. The geometry of the
aperture coupled patch antenna is shown in Fig. 1(a). The
radiating microstrip patch antenna is etched on the top of
the antenna substrate (&1, /), and the microstrip feed line
is etched on the bottom of the feed substrate (&, /). The
two substrates are separated by a slotted ground plane.

The patch antenna length L, and width W, are
calculated using the following formulas [10]:
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where £, is the antenna substrate thickness, &, is the effec-
tive dielectric constant and /Ay is the free-space wavelength
at the resonant frequency.

The slot width Wj affects the coupling level between
the feed line and the patch. The ratio of slot length L; to its
width W;is about 0.1 [9].

The balanced-fed aperture coupled patch antenna
topology is shown in Fig. 1(b). In this topology two 180°
out-of-phase lines excite the patch antenna differentially
through two slots in the ground plane. The positions of the
slots, leading to impedance matching, can be determined as
[11]:
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where X; is lower than L,/2.

The condition for the excitation of the fundamental
mode depends on the ratio of distance between the driving
points to the free-space wavelength Ay, which is given by
[11]:

XXy, ®)
Ao

In order to compare the radiation performance of the
two antenna topologies in Fig. 1, we have simulated their
radiation gains at 26 GHz. The simulations were performed
by finite element method (FEM) based on Ansoft HFSS
software. Figure 2 shows the simulation results. As shown
in Fig. 2, with one side feeding, the antenna features a direc-
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Fig. 2. Simulated radiation gains at 26 GHz of the aperture
patch antenna with one side feeding (a) in the plane
(yoz), (b) in the plane (xoz) and with balanced feeding,
(c) in the plane (yoz), (d) in the plane (x0z).

Maximum Maximum cross- | Maximum cross-
ain [dBi] polar [dBi] in the | polar [dBi] in the
g plane (yoz) plane (xo0z)
One side 6.7 -16.95 24.53
feeding
Balanced 7.71 4021 -39.93
feeding

Tab. 1. Summary of the radiation gains.

tional radiation pattern with a maximum gain of 6.7 dBi
and a maximum cross-polarization of —16.95 dBi. With
balanced feeding, the antenna features a directional radia-
tion pattern with a maximum gain of 7.71 dBi and a cross-
polarization of —39.93 dBi. The radiation properties of the
two topologies are summarized in Tab. 1.

We conclude about the balanced-fed antenna ad-
vantages, that it greatly enhances the cross-polarization and
the radiation gain of the conventional aperture coupled
patch antenna.

3. Balanced-fed Stacked Patch
Antenna Design

This section reports the stacked patch antenna design
followed by simulation and experimental results.

3.1 Antenna Design

The configuration of the proposed antenna is shown
in Fig. 3. It consists of two layers of dielectric substrates
and one metal layer. With the benefits of low dielectric
constant and low loss tangent and to achieve a wide band-
width, a 0.787 mm ROS5880 (g,;=2.2 and tan ¢ = 0.0009)

Patch

Ground

h2

100 Ohm resistance

Wilkinson power divider + 180°
phase shift

Fig. 3. Proposed stacked patch antenna topology.
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Fig. 4. Layout of the Wilkinson power divider plus the 180°
phase shifter.

Parameter | Optimized value (mm)
L, 3.25
W, 4
L 2.5
Wy 0.25

Wb 10
L 12
We 0.57
AL 2.2
W7() 0.2
Lo 5.4

Tab. 2. Optimized parameters of the balanced-fed stacked
patch antenna.

is used for antenna design. To reduce the feeding loss and
to fulfill the miniaturization of the circuit, a 0.65 mm
AR1000 (e,=10 and tan 0 =0.003) is used. Two slots
etched on the ground plane are used as coupling apertures.

In order to split the power equally between the two
opposite slots and to ensure the balanced feed, a Wilkinson
power divider with a 180° phase shifter is used to meet the
design requirements. We have chosen the Wilkinson power
divider because it provides better isolation between output
ports and lower insertion loss than T-junction type splitter

[9].

Figure 4 displays the design of the Wilkinson power
divider with the 180° phase shifter using Ansoft HFSS
software. As illustrated, the power divider consists of three
ports numbered P1, P2 and P3. It has a characteristic
impedance 50 Q. Ports 2 and 3 are composed of two quarter
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guided wavelength at the center frequency of the operating
band (A,/4) transmission lines with a characteristic imped-
ance of 70.7 Q ended with 50 Q lines. The difference be-
tween the output transmission lines must be a half wave-
length to ensure 180° phase shift. The output resistance
100 Q is used to isolate output ports.

Table 2 depicts the optimized parameters for the
Wilkinson power divider and the proposed balanced-fed
patch antenna. AL refers to the difference between the
output transmission lines of the phase shifter and W, and
Ly, refer to the substrate width and length, respectively.

3.2 Simulation Results

This section reports the simulation results of the pro-
posed stacked patch antenna. First, S-parameter simula-
tions of the Wilkinson power divider with the phase shifter
are analyzed, then, the overall performance of the proposed
antenna is presented. Figure 5 displays the S-parameters of
the Wilkinson power divider with the 180° phase shifter.
As shown, the circuit shows a good performance in terms
of insertion loss, matching and isolation over the band
frequency 24.5-26.5 GHz. The S11 is about —12.5 dB at
26 GHz. The S22 and S33 are better than —15dB. The in-
sertion losses (S21, S31) are better than —4.9 dB and the
isolation between the output ports is better than —15 dB at
26 GHz.
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———813[dB]
— $12 [dB]
m-10r ———822[dB]
E: —$33[dB]
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Fig. 5. S-parameters of the Wilkinson power divider plus the

180° phase shifter.
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Fig. 6. Output phase shift of the Wilkinson power divider plus
the 180° phase shifter.
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Fig. 7. Return loss of the balanced-fed stacked patch antenna.
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Fig. 8. Polar and cross-polar radiation pattern at 25.7 GHz in
(a) the yoz plane, (b) in the xoz plane.

Figure 6 shows the phase shift between the Wilkinson
power divider output ports. As depicted, the phase shift
between the output ports of the Wilkinson power divider
plus the 180° phase shifter is about 179.5+5° along the
band 23.5-26.8 GHz.

The return loss and the radiation gain of the proposed
antenna are shown in Fig. 7 and Fig. 8, respectively.
According to the simulation results, the proposed patch an-
tenna is well matched at 25.7 GHz and covers a bandwidth
of 2.06 GHz ranging from 24.66-26.72 GHz.

The antenna achieves a gain up to 6.86 dBi and
a maximum cross-polarization of —1.1 dBi and —8.67 dBi
respectively in the (x0z) and (yoz) planes.

3.3 Fabrication and Measurement Results

In order to validate the simulated results, a prototype
of the proposed antenna is fabricated and measured. Fig-
ure 9 illustrates the fabricated antenna structure. Fig-
ures 9(a) and 9(b) are photographs of the top and bottom
layers respectively. The two layers were stacked up. Ap-
propriate alignment and stacking of the layers are essential
to achieve good performances. The measured return loss of
the antenna was performed with the Rohde and Schwarz
ZVA Vector Network Analyzer.

Figure 10 shows the simulated and measured return
loss of the proposed stacked patch antenna. The 10-dB
bandwidth of the proposed patch antenna is measured and
it is from 23.5 to 29 GHz (21.15%) resulting in a wide band-
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(b)

Fig. 9. Photo of the fabricated antenna (a) top view,
(b) bottom view.
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Fig. 10. Simulated and measured return loss of the balanced-
fed stacked patch antenna.

width which is required for future 5G communication ter-
minals. The frequency shift can be due to the manufactur-
ing process that can cause an increase in the thickness of
the substrate, a change in the effective permittivity and
an air gap problem when stacking the layers.

To further improve the cross-polarization level and
the peak gain of the proposed patch antenna, we have built
a 1x8 patch antenna array which will be discussed in the
next section.

4. Fed-balanced Stacked Patch
Antenna Array Design

Based on the single element designed in the previous
section and for the purpose to build a compact integrated
antenna array to achieve higher gain with reduced grating
lobes and back radiation, we built an 8-element antenna
array. In this section, we will start by evaluating the bal-
anced feed performance, then, the 8-way Wilkinson power
divider will be analyzed. Finally, we will present the sim-
ulated radiation gains in the E and H planes of the 8-ele-
ment antenna array.

4.1 Balanced Feeding Simulation

In order to simulate the antenna array with balanced
feed, 16 feed ports (P1 to P8 and P1’ to P8’) were con-
sidered with equal amplitudes as presented in Fig. 11. Each

X
P1' P2 P3' P4’  P5' PG P7' P8
P1 P2 P3 P4 P5 P6 P7 P8

Fig. 11. Aligned balanced-fed patch antenna array.
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Fig. 12. Isolation and matching parameters of the balanced-fed
patch antenna array.

opposite port must be 180° out-of-phase. The distance
between the antennas is selected to be 6 mm (0.52 4, at
26 GHz). With this choice, the maximum gain is achieved
in the normal direction § = 0°. The designed array is shown
in Fig. 11. Figure 12 shows the simulated return loss over
all ports, the coupling and the isolation between them.
A good matching Sii (i =1,...,8, i=1°,...,8”) is obtained for
all the ports. The strong coupling between two opposite
ports (Sii’) can be resolved by using two separate 8-way
Wilkinson power dividers, one for the i ports (1, 2,...,8)
and another for the i’ ports (17, 2°,...8”).

The two dividers must be 180° out-of-phase to have
the maximum gain in the direction #=0°. The isolation
between nearest two ports (Pi and P(i+ 1) or Pi’ and
P(i*+ 1)) is more than 20 dB within a wide bandwidth.

4.2 8-way Wilkinson Power Divider Design

Figure 13 shows the proposed 8-way Wilkinson
power divider designed at 26 GHz, in which the input port
is split up into 8 branches of impedance transformer. The
divider is printed on a 0.65 mm AR1000 substrate and has
9 ports with port 1 as input port and ports from 2 to 9 as
output ports. All the ports are matched to a characteristics
impedance of Z, =50 Q. The characteristic impedance
transformer is Z; = 70.7 Q and its length is a quarter-guided
wavelength at the center frequency of the operating band.
The value of the resistor is R =100 Q. The distance be-
tween two adjacent output ports is the same as between
two adjacent elements of the antenna array. The optimized
parameters of the 8-way power divider are summarized in
Tab. 3. The simulated S-parameters of the 8-way power
divider are shown in Fig. 14. The return loss at the input
port P1 is below —10 dB at 26.3 GHz.
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The return loss at the output ports Pi (i =2,...,9) are
below —10 dB across a frequency band ranging from 26.24
to 26.5 GHz. The circuit achieves insertion losses Sl1i,
i=2,..,9 better than —10.2 dB across the frequency band
26-27 GHz. Moreover, the circuit features a good isolation
between the adjacent ports below —15 dB in a frequency
band ranging from 25-27.7 GHz.

Figures 15 and 16 show the phase and amplitude im-
balance between the divider output ports, respectively. The
phase difference is lower than 5° at 26 GHz. From 23 GHz

P2 d P3 P4 P5 P6 P7 P8 P9

R=100 Ohm

5

Fig. 13. 8-way Wilkinson power divider layout.

Parameter Value (mm)
L1l 2
L2 1.32
L3 3.05
L4 4.11
L5 10
d 6

Tab. 3. Optimized parameters of the 8-way power divider.
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Fig. 14. S parameters of the 8-way power divider.
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Fig. 16. Amplitude imbalance between the power divider
output ports.

to 29 GHz, the amplitude imbalance between two different
output ports is lower than 0.05 dB. The highest phase error
is observed at 26.5 GHz with 6.9°.

4.3 Antenna Array Simulation Results

Based on the balanced antenna array and the 8-way
Wilkinson power divider designed previously, we built the
integrated eight-element antenna array shown in Fig. 17,
where ports 1 and 2 are 180° out-of-phase. The 8-way
power divider and the antenna are printed on the same
AR1000 and RO5880 Rogers substrates used to design the
balanced-fed single antenna. The antenna array occupies a
volume of 45 mm x 36 mm x 1.542 mm.

Figure 18 shows the co-polar and cross-polar pattern
gain in the H-plane and E-plane at 26 GHz of the proposed
integrated antenna array.

Patch antenna

8way Wilkinson power
divider

Fig. 17. Geometry of the integrated fed-balanced patch antenna
array.
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Fig. 15. Phase imbalance between the power divider output
ports.

300 60
270 90
240 120
150 210 150 210
180 ——Co-polar 180
(@) Cross-polar (b)
Fig. 18. Simulated radiation pattern at 26 GHz of the fed-

balanced stacked patch antenna array (a) in the plane
(x02), (b) in the plane (yoz).
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Ref. Frequency Number Gain SLL Cross- . .
[GHz] Antenna topology of [dBi] [dBi] polar Size [mm] Complexity
elements [dBi]
[12] 26 Vivaldi antenna array 1x8 11.32 —-10 NA 60 x 28.57 x 0.787 moderate
[13] 30 Slot array with SIW 4 x4 15.9 -10 NA 45 x 165 moderate
[14] 27-29 A palm-sized antenna 4x4 9 ~2 NA 70 x 40 x 0.254 moderate
[15] 30 SIW based monopoles 8 12.3 NA NA 23 x 49 x 1.524 simple
[16] 28 SIW dual-slot-fed patch 4x4 19.1 s | 25 ~30 x 30 x 1.51 complex
structure

This 26 Stacked antenna array with 8 14.1 03 40 45 x 36 x 1.542 moderate
work double excitation

Tab. 4. Comparison with state of the art antenna array in mm-wave band.

As can be seen, we obtain good performances in
terms of the main beam, the back radiation and the side
lobe levels. The integrated eight element antenna array
achieves a high gain of 14.1 dBi. The back radiation is
about —4.45 dBi, the maximum side lobe level is lower than
0.3 dBi and the maximum cross polar is lower than —40 dBi
which makes the antenna array very efficient to focus in
one direction for mm-wave bands. Moreover, the proposed
antenna array offers a narrow beam width of 13°, which is
an advantage for point-to-point communications.

Table 4 presents a comparison of the proposed an-
tenna array performances with recently published works in
mm-wave band. The 8-element antenna proposed in [12]
achieves low gain of 11.32 dBi in comparison to our work.
Despite the use of a large number of radiating elements (16
elements) in [13], the antenna array achieves only 15.9 dBi.
In [14], a palm sized antenna is proposed clutched by four
multiple-input-multiple-output chip antennas and achieves
a gain of 9 dBi. In [15], authors used monopole antenna to
yield a compact configuration (23 mm x 49 mm x 1.524 mm)
at 30 GHz but the 8-element antenna achieves only a gain
of 12.3 dBi compared with our work. Although the antenna
array developed in [16] achieves a high gain with reduced
side lobe level (SLL) and cross-polarization, the proposed
antenna seems relatively complex. Thanks to the balanced
feed, better gain and cross-polar radiation performances are
achieved in this work compared to others works in the
same field. These promising features make the proposed
antenna array a viable solution for 5G applications. There-
fore, designing a large antenna array using the balanced
feed can produce desirable radiation performance for prac-
tical deployment.

5. Conclusion

In this paper, a novel stacked patch antenna with bal-
anced feed is proposed in 26 GHz band while maintaining
good performances of bandwidth, gain and cross polar
radiation. The antenna bandwidth is about 2.06 GHz
(24.66-26.72 GHz) and shows a compact size of
10 x 12 mm?*.Measurement results of return loss agreed
with the simulation and show wide bandwidth which is
required for future 5G mobile phones. Based on the de-
signed patch antenna, we proposed an integrated 8-element

antenna array. The proposed topology achieves a maximum
gain of 14.1 dBi while maintaining reduced secondary side
lobes level and back radiation. The proposed array antenna
could be a good candidate for the future 5G applications
and can integrate beam-scanning capability.
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