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ABSTRACT Scalable and beam-steerable phased antenna array prototype for the wireless backhaul
communication is presented for the 28 GHz. The 16-element phased array consists of low-loss waveguide
power division network, waveguide-to-PCB transitions, phase shifters on PCB, and horn antenna elements
fed from the PCB. The paper presents a state-of-the-art design where the electronically controlled phase
shifters are implemented on the PCB right in the immediate proximity of the radiating elements. Thus,
the transmission losses are kept as low as possible, even though each element has their specific PCB-mounted
electronics. The design is scalable so that element-specific parts on the PCB do not consume more area than
the antenna element. Furthermore, novel matching steps with easy manufacturing are presented in the power
division network. The simulated and measured results show good agreement. The measurement results show
that the grating-lobe free beam-steering range is±20◦ in both azimuth and elevation. The measured antenna
gain at broadside is 11.3 dBi after element phase adjustment, and the majority of the losses are due to the
implemented electronics, i.e., the phase shifters.

INDEX TERMS 5G, phased arrays, beam steering, phase shifters, power dividers, waveguide transitions.

I. INTRODUCTION
Global mobile data traffic is predicted to increase 46% annu-
ally between 2017 and 2022, mainly due to increased video
streaming, and by 2022 smartphone traffic will exceed PC
traffic [1]. The existing mobile networks cannot meet the
capacity demands of the increasing data traffic.

Therefore, the fifth generation mobile communication net-
works (5G) have been intensively developed during the past
few years [2] and the new standardized systems are expected
to come into use by 2020. Generally accepted ways to
increase the capacity and lower the latency include wider
spectral band, denser networks with more cells, and higher
spectral efficiency [3]–[6]. More spectrum and wider band-
widths are available at frequencies higher than those conven-
tionally used for mobile communications.

Millimeter-wave frequencies such as 28, 38, 60 GHz,
and 71–76/81–86 GHz (E-band) have been proposed to be
used in 5G communications [6]. However, at the proposed
millimeter-wave frequencies, the intrinsically high free space
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propagation loss needs to be compensated with highly direc-
tive antennas. Further, lower latencies necessitate denser net-
work which consequently result into great number of base
stations needed. Due to these reasons, base stations and their
antennas need to be inexpensive, low-power, and small in size
for discrete installation. In addition, the new networks should
support wireless backhauling, as the wired connections to the
antennas would restrict the installation and be costly. The
requirements and challenges for wireless millimeter-wave
backhauling are discussed in [7].

The high efficiency necessitates that the radiated power
by the backhaul antenna is appropriately directed to the 5G
access points and base stations. Therefore, the beam direction
must be reconfigurable so that it can focus capacity where
it is required. Furthermore, high antenna gain is required to
maximize the range [8].

The electrical beam steering at mm-waves can be facili-
tated in several ways: e.g., with beam switching networks,
reconfigurable high impedance surfaces, phase shifting, and
time-delay networks. Several antenna types with electrical
beam steering have been proposed. These include: integrated
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lens antennas [9], passive beam-forming networks like the
Rotman lens [10], leaky wave antennas [11], reconfigurable
reflectarrays [12], [13], and phased arrays [14]. The men-
tioned antennas have been studied extensively and only a
limited number of the studies are referenced. However, none
of these solutions can simultaneously offer all the desired fea-
tures like low profile, beam steering in 2-D, high efficiency,
and high gain.

The beam of an antenna array can be steered by separately
controlling the phase of each array element. Phase shifters
can be utilized for this, but they are often mounted on the
printed circuit boards (PCB) and at higher frequencies the tra-
ditional transmission lines on PCB are prone to heavy losses.
For example, a planar realization with element-specific elec-
tronics and beam-steering capabilities at 28 GHz have been
presented in [15] and [16], and while the performances are
otherwise very good, the transmission losses are high.

To avoid great transmission losses, the transmission
lines and antenna elements could be designed to be
waveguide-based as e.g. in [17]. Other possibility to
make antennas with efficient transmission could be by
utilizing gap waveguides [18], [19] or substrate integrated
waveguides [20], [21].

One potential antenna array for 5G backhaul links has been
previously presented for E-band in [22]. In this type of an
array, the phase shifters are mounted on the PCB near the
antenna elements, and the transmission lines and antenna
elements are waveguide-based. This results in a low-loss
antenna design that requires compact transitions between
the waveguide structures and the PCB. However, the previ-
ously presented E-band antenna array has fixed phase shifters
and thus the beam steering is not immediate. In this paper,
we present an antenna array with electronically controlled
phase shifters that can be used to steer the beam in real-time.

The antenna presented in the following is designed to
operate at an important 26–30 GHz 5G band. The utilized
phase shifters are commercially available and the antenna can
be fedwith regularWR-28waveguide. The presented antenna
is scalable in a way that the number of elements can be easily
increased as the element-specific phase shifter is fitted on
the same area on the PCB that the antenna element occupies.
In addition, the antenna has potentially low losses, low pro-
file, wide beam-steering range, and high gain. To the authors’
knowledge this is the first realization of an antenna where a
low-loss power division network and antenna elements are
integrated with PCB-mounted, electronically configurable,
element-specific integrated circuit components that can be
controlled in real time.

Furthermore, this antenna array improves the previously
presented power division network by introducing novel
matching steps inside it. The introduced steps can be easily
fabricated with milling or 3D-printing and they provide sim-
ulated reflection coefficient less than -18.5 dB for the whole
band. Only limitation for this waveguide-based antenna is
that the element spacing is more than λ/2 at the observed
frequency band, e.g., 0.74λ at 28 GHz. This limitation is

dictated by the waveguide size in H-plane that is required for
the correct cut-off frequency and thus it cannot be reduced.

The rest of the paper is organized as follows: Section II
explains the antenna design in detail, Section III presents
the measurement results, and Section IV discusses the
future improvements and capabilities of the antenna. Finally,
the paper is concluded in Section V.

II. ANTENNA COMPONENTS
The presented antenna has four main parts: the waveguide-
based power division network, waveguide-to-PCB transi-
tions, the PCB on which the electronically controlled phase
shifters are embedded, and horn antenna elements. These
parts are discussed in detail in the following. The waveguide
parts, as well as all the parts of the horn antenna prototype are
manufactured from brass by milling. 3D-printing or plastic
injection molding could be considered in mass production.
Manufactured antenna with element numbering and antenna
orientation is presented in Fig. 1.

FIGURE 1. Manufactured antenna with element numbering and antenna
orientation.

A. POWER DIVISION NETWORK
Power division network provides uniform signal strength
for each phase shifter. It consists of two separate parts: the
primary and secondary part. The primary network is pre-
sented in Fig. 2a and the secondary one in Fig. 2b. Table 1
lists the optimized dimensions for the both structures. Both
parts divide the incoming wave to four branches. However,
the main difference between two power division networks
is that in the primary divider, the electromagnetic wave is
divided in E-plane, whereas in the secondary one it is divided
in H-plane. For each output of the primary network, there is
a secondary network, i.e. the power division network is con-
structed from one primary network and from four secondary
networks. Thus, the single input is divided equally in power
to 16 antenna elements.

The primary power division network is basically con-
structed from several consecutive T-junctions. The matching
of the T-junctions is usually done with matching pins, ridges
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FIGURE 2. Feeding network: (a) primary divider, (b) secondary divider.

TABLE 1. Optimized dimensions of the waveguide power division
network (All dimensions are in mm).

or both as reported in [23]. However, these pins might be
infeasible due to the manufacturing limitations. To overcome
this problem, the novel matching steps are introduced: three
different type of steps with varying heights (T1–T3) and
lengths (W1–W3) are used tomatch the single input branch for
two outputs and thus reduce the reflections back to the input.
Unfortunately, using the matching steps in the secondary
network is not possible due to the design architecture, and
the matching there is done utilizing matching ridges (t1–t3)
and varying slot sizes (E1–E6) for output branches.
Antenna is fed with an HP R281A coaxial-to-waveguide

transition connector (2.4 mm coaxial to WR-28 waveguide).
Hence, a short transition, (L = 10 mm) where the waveguide
dimensions are narrowed to match the adapter, is required
before the primary feeding network. Note that the waveguide
dimensions used elsewhere in the antenna do not exactly
match with those of WR-28.

FIGURE 3. Simulated S-parameters of the power division network.
Structure is fed from port 17.

The simulated S-parameter results are shown in Fig. 3.
As the input signal is divided for 16 antennas uniformly, each
antenna should have ideally−12 dB transmission coefficient.
The simulations show that this is achieved fairly well and the
power division network has quite stable performance over
the observed frequency band with transmission coefficient
varying from −11.9 dB to −12.6 dB. Furthermore, because
there are small differences in the secondary network outputs,
the results differ from each other slightly. In addition, it can
be seen that the elements fed from the same branch of the
secondary network, e.g. the elements 1, 5, 9, and 13, have
similar performance as expected. These elements have also
the same initial phase before phase shifter adjustment which
differs from the other branches - the initial phase of each
branch is affected by the different electrical lengths in the
secondary divider. Furthermore, because the primary network
outputs are not completely identical, the elements do not
have completely identical transmission coefficients. This is
because the innermost outputs differ from the outer ones
slightly. Thus, the innermost elements and the outermost have
identical results with themselves, e.g. elements 1 and 13 have
identical performance, so do elements 5 and 9, etc.

B. WAVEGUIDE-TO-PCB TRANSITIONS
The feeding network and the horn antenna are based on
the rectangular waveguide (RWG). The phase shifters are
IC elements to be mounted on a multilayer PCB, thus the
transitions are required from the waveguide to the PCB and
from the PCB to the antenna. For the sake of simplicity,
the microstrip line is chosen to be used as a transmission
line structure on PCB over the other planar transmission line
structures. Transitions utilizing the microstrip line as a probe
in the rectangular waveguide have been researched and they
are commonly used, see e.g., [24], [25]. The main goal is
to design maximally efficient transitions with the simplest
microstrip-line structure possible.

The transition outlines from the side are presented in Fig. 4
and from the top in Fig. 5. Basically, there are two transitions

VOLUME 7, 2019 90047



M. K. Leino et al.: Waveguide-Based Phased Array With Integrated Element-Specific Electronics for 28 GHz

FIGURE 4. Side view of the transition structure.

FIGURE 5. Top view of the transition structure.

in one element branch. The inbound signal is fed through the
RWG and coupled to a microstrip probe that continues as the
microstrip line on the PCB. The phase is adjusted on the PCB
by the corresponding phase shifter and, thereafter, the signal
is transferred to the horn antenna by coupling the microstrip
line to the RWG feed of the antennawith themicrostrip probe.

The rectangular waveguides in both transitions are identi-
cal in dimensions and material. Waveguides are also shorted
at both transitions. Essentially, both transitions and their oper-
ation principles are very similar with an exception that the
probe is on the shorted side in the first transition and on the
open waveguide side in the second transition. Subsequently,
the electric field must propagate through the substrate in the
first transition from the feeding network to the PCB which
is not necessary in the second transition where the main part
of the field can couple straight to the antenna output. Thus,
the transitions have different parameter values when their
performance is optimized. Of the several parameters affecting

the transitions, the microstrip length inside the waveguide
d1 = 1.66mm and d2 = 1.62mm and the microstrip distance
from the shorted end of the waveguide h1 = 1.25 mm and
h2 = 1.85 mm are the most sensitive ones. A sensitivity
analysis is performed to these parameters. d1 and d2 can vary
about ±60 µm and h1 and h2 can vary about ±100 µm from
the optimized valueswithout affecting to the overall transition
performance more than −0.4 dB.
To further improve the transition, the part of the PCB

that is left inside the waveguide is cut away except the
RF-substrate. Thus, a cavity is formed underneath the PCB.
Moreover, the cavity is edge-plated with metal to ensure
electrical connection through the structure. Except the cavity,
the rest of the lowest layer of the PCB is metallized so the
waveguides of feeding network part are properly connected to
it. With the metal-plated cavities and the vias in the substrate,
the waveguide structures can remain continuous and in gal-
vanic connection through the whole structure. Furthermore,
this ensures that the electromagnetic field is well confined
and not leaked to adjacent branch through the PCB.

FIGURE 6. Simulated transition reflection and transmission coefficients
without phase shifter.

The simulated S-parameters with the optimized transition
values and without the phase shifter in between the transitions
are shown in Fig. 6. The S-parameter results include both
transitions combined and confirm the reflection coefficient
is below −10 dB for the whole band and the transmission
coefficient is mostly above −0.4 dB.

C. PHASE SHIFTERS AND PCB DESIGN
Element phases are controlled with 5-bit TGP2100 phase
shifters from Qorvo designed to operate at 28–32 GHz [26].
The phase shifter in question is of digital type with 32 phase
shifter states nominally offset by 11.25◦ discrete steps. Each
phase shifter requires six digital dc-voltage lines (0 V or 5 V)
to control the component. One is used for biasing the phase
shifter and other five are utilized to determine the phase state.

The bottom of the phase shifter chip provides its dc- and
RF-ground. Because of this, there is a milled cavity for the
phase shifter so it can be mounted directly to the PCB ground
plane. RF-signal pads and the control-voltage pads on the
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phase shifter are wirebonded to corresponding lines on the
PCB. Thus there should be enough space above the phase
shifter and the PCB for the bondwires. The available space for
the phase shifters is determined by the element spacing i.e. the
horn antenna aperture size. The height of both waveguides
are tapered around the PCB to have more space for the phase
shifter. For similar reasons the adjacent waveguides share
their boundary walls with each other.

FIGURE 7. PCB outline from the side presenting the different layers.

Careful PCB design is required to ensure the proper tran-
sition performance and to control the phase shifter. Fig. 7
presents the design. Multi-layer PCB is designed to work in
the following way: the 1st i.e. the top layer is where the tran-
sition microstrip lines are located and where the wirebonding
for the phase shifter is done. The 2nd layer is the ground
plane for the microstrip line and phase shifter is directly
attached to the plane. The 3rd and 4th layers have routing for
the control voltages of the phase shifters i.e. they are called
control layers. They are designed so that one layer provides
control for two antenna columns as there is not enough space
for all the control lines in one layer. The 5th layer has routing
for the biasing voltages and is called biasing layer. The 6th
i.e. the bottom layer is attached to the waveguide structure.

The PCB structure is scalable: by increasing the number of
layers, the number of antenna columns can be increased as
each new control layer provides the control lines for two new
antenna columns and the supply layer can support multiple
columns. Antenna rows can be simply increased by increas-
ing the physical size of the PCB as in that direction there are
no limitations for the control line routing.

The simulated reflection and transmission coefficient
results when the phase shifter is added in between the tran-
sitions are presented in Fig. 8a and 8b. The phase shifter
S-parameters are provided by the manufacturer and they
show that the reflection and the transmission are dependent
on the used phase shifter state. In Fig. 8a and 8b the area
on which the coefficients vary are highlighted. In addition,
the average coefficient values of the phase shifter states and
transitions are shown with the average values obtained from
the phase shifter states. The bond wires are also included in

FIGURE 8. Simulated reflection and transmission coefficients of both
transitions and the phase shifter with bond wires: (a) reflection and
(b) transmission coefficient. The variation for all the phase shifter states
is highlighted.

FIGURE 9. CST-simulation model illustrating the discrete 50-� ports to
which the S-parameter presentations of the phase shifter states are
connected.

the CST-simulation model (see Fig. 9): they are gold wires
with a diameter of 25 µm. In simulations their height is
0.1 mm and they are connected to a ground plane of the PCB
with discrete 50-� ports.

Simulation results show that the main losses in the tran-
sition are due to the phase shifters. Especially transmission
coefficient results clearly show how the transmission losses
with the phase shifter are more than 6.5 dBwhen compared to
the results without the phase shifter. Furthermore, the match-
ing is poorer at the lower frequencies of the chosen band
which is expected as the main operation range of the phase
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shifter is from 28 GHz to 32 GHz. In addition, the bond wires
are not perfectlymatchedwhich increases the reflections. The
phase shifter losses would be overcome by using the phase
shifting functionality in conjunction with active components,
such as those used in [15], [16].

D. HORN ANTENNA ARRAY
The array is constructed from pyramidal horn antenna ele-
ments in 4 by 4 configuration. The aperture size of a single
element is 7.8 mm in both E- and H-planes. The maximum
gain of the lossless 16-element array can be expected to be
20.4 dBi towards broadside. In reality, the realized gain of
the array can be expected to be considerably less. As shown
in Fig. 8b, the average transmission losses due to phase
shifters and transitions are 7 dB. Addition to that, there will
be ohmic losses in waveguide structures and losses due to the
surface roughness in microstrip lines. Thus, it is reasonable to
expect the realized gain to be around 11.0–12.5 dBi towards
broadside at 28 GHz.

Furthermore, due to the large element spacing (7.9 mm
which corresponds to 0.74λ at 28 GHz) the grating lobes
can be expected to rise quite fast when the main beam is
steered: already after 20◦ beam steering according to simu-
lations. However, it is impossible to reduce element spacing
as the aperture dimension in H-plane is dictated by the cut-off
frequency of the waveguide.

III. MEASUREMENTS
The far-field pattern of the antenna is acquired from the planar
near-field measurements that are done using an open-ended
WR-28 waveguide as a near-field measurement probe. Fur-
thermore, the near-field measurement software makes the
probe correction to the measurement results so that the effect
of themeasurement probe is not affecting the far-field pattern.
The measurement cable is connected to the antenna under test
with the R281A coaxial-to-waveguide transition connector.
The R281A S-parameters are also measured verifying negli-
gible reflection and insertion losses. Thus, it does not affect
the antenna performance.

Antenna beam is steered in elevation, azimuth, and diag-
onal directions. Broadside is defined to be at 0◦ and the
steering angle can be both negative and positive. Antenna
beam steering is done based on the simulation results: the
initial phase of each element is taken from the simulations
at the center frequency 28 GHz, and element 1, see Fig. 1,
is used as a reference element against which the other element
phases are adjusted.

A. BEAM-CONTROL EQUIPMENT
The phase shifters are controlled using NI-USB 6509
DAQ-device with R100-50-50 cable. The device outputs
100 signal lines which are divided by the cable to the two
50-pin connectors. The output is 0 V or +5 V voltage for
each line.

The device is controlled using Data Acquisition Toolbox in
MATLAB. Six signal lines are required to control each phase

shifter and corresponding digital channels are programmed
with MATLAB so that each phase shifter can be controlled
with similar commands.

B. BEAM-STEERING MEASUREMENTS
First, the field intensity of the antenna aperture is calculated
from the measured near-field data. The produced hologram
image is evaluated to inspect that all the elements are working
as intended. The field intensity is very low on the lower left
corner as seen in Fig. 10, which shows that element number
13 does not work. Since the element in question is a corner
one, its malfunctioning does not result into grating lobes but
only decreases the overall gain. According to the simulations,
the defective element lowers the gain by 0.3 dB which is
consistent with the array theory.

FIGURE 10. Measured field intensity at the antenna aperture with
broadside beam at 28 GHz.

Further evaluations suggest that the problem with the ele-
ment 13 is related to the phase shifter and the PCB.Additional
near-field measurements have also been conducted of the
antenna structure without the PCB in place i.e., the power
division network waveguides are directly connected to the
antenna elements. The results show that power is received
through every element and the power division network is
working as intended. Furthermore, the similar field intensity
results for the other elements can be acquired by turning
off their corresponding phase shifters, meaning that the bias
voltage is not fed to them. However, it is not certain where the
problem is exactly: malfunction in element 13 can be due to
PCBwith broken bias or control lines, defective phase shifter,
or broken or faulty bond wire.

The measurements show that the beam steering works as
intended and the realized gain of the antenna is 10.7 dBi
towards broadside, which is reasonable when taking into
account the transmission losses and the defective element.
Furthermore, the gain measurement uncertainty is few tenths
of decibel, as the gain is determined by the gain comparison
using a reference horn antenna. The beam steering in azimuth
direction is shown in Fig. 11 and in elevation direction
in Fig. 12. In both directions the steering is shown from+20◦

to−30◦ to demonstrate steering in all directions. Due to small
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FIGURE 11. Measured beams in azimuth direction at 28 GHz.

FIGURE 12. Measured beams in elevation direction at 28 GHz.

mutual coupling between the elements, the beam does not
steer as much as it would with an ideal array. However, beam
could be steered evenmore using other than progressive phase
coefficients. Further, the beam shape with elevation steering
does not stay fully coherent and the grating lobes rise earlier
than compared to the azimuth steering. As suggested by the
simulations the grating lobes start to rise after ±20◦ steering
angles which can especially be seen in the elevation gain
patterns. The realized gain of the antenna can also be seen
varying with the beam-steering angle but this is expected as
some power is lost to the rising side lobes.

The measured and simulated reflection coefficients of
the antenna system are presented in Fig. 13, for the

FIGURE 13. Comparison of the measured and simulated antenna
reflection coefficients with broadside beam.

broadside beam. These results show good overall agreement
between the simulations and the measurements. The simu-
lated reflection coefficients are shown both with the wire-
bonding and without it. This is done to demonstrate the effect
of the wirebonding, which slightly deteriorates the matching.
Differences between the simulations and measurements can
be explainedwith the uncertainty of the bondwires: eachwire
differs slightly in length and landing positions and they are
not identical as in the simulations.

TABLE 2. Simulated and measured (uncalibrated) antenna characteristics
for different beam-steering angles at 28 GHz.

Table 2 shows the comparison between the simulated and
measured antenna characteristics. The simulated values take
into account the wirebonding. The measured realized gain
results are in all cases slightly less than the simulated ones.
The lower gain can be explained with the uncertainty in the
phase shifter operation, the wirebonding, material and surface
roughness losses at 28 GHz, and the initial phase of each
element. Based on these measured and simulated results,
and considering the matching losses, defective element, and
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measurement uncertainties, it is fair to assume that the losses
due to waveguide structure are no more than 1 dB.

C. ELEMENT PHASE CALIBRATION
The phase of each element is calibrated at 28 GHz. Calibra-
tion is worthwhile as the phase shifter may have some phase
error over the evaluated frequency band. The initial phase of
each element is measured using near field scanner right in
front of the element in question while the other elements are
turned off. These results provide the initial phase from the
feed network without any phase shifting. The measurement
results are then used to calculate the required phase shifts for
each beam-steering angle. The effect of the antenna calibra-
tion is shown in Fig. 14 for the broadside beam.

FIGURE 14. Effect of the antenna calibration in broadside at 28 GHz.

There is a slight increase in the realized gain of ≈ 0.6 dB
due to the calibration, resulting the 11.3 dBi gain. The mea-
sured results indicate that the simulated results of the initial
phase are quite accurate. Most of the phase shifters require
state change of 1 or 2 steps from the values that are optimal
in the simulations. However, at other beam-steering angles
the calibration could potentially provide significant increase
in the measured gain and decrease sidelobe level. Further
calibrations would require the phase measurements of the
each element with every possible phase state at each fre-
quency. These results could then be utilized to realize optimal
beamforming for each steering angle. Furthermore, active
impedance of each element depends on the beam-steering
angle. Active impedance variations could be mitigated with
the phase shifters to some extent.

IV. DISCUSSION
The results show that the designed phased-array antenna
operates well and that the concept could be used to real-
ize millimeter-wave access or backhaul in base stations.

However, there are still some issues to be solved before the
antenna could be taken into commercial use.

Milling the antenna from brass is not ideal manufactur-
ing method for mass production. Plastic injection molding
or 3D printing with metal coating might be possible
solutions. We verified with the commercial manufacturer
that the current antenna structure can be manufactured
in stereolithography 3D printing process followed by
metal plating. Plastic injection molding has also been
proved to be possible way to produce millimeter-wave
antennas [27].

The measured reflection coefficient peaks above −10 dB
between 26.5–28.5 GHz for the broadside beam. The transi-
tions have been designed without the phase shifter in between
them i.e. they have been replaced by the microstrip line.
The matching could be improved significantly by taking into
account the phase shifter already in the transition design.
Finally, the matching of the bond wires could be improved
– we learned after the PCB-manufacturing that in order to
compensate the inductance of the bond wires, larger pads
would be required at the end of the microstrip lines from
which the wires are bonded to the chip.

The grating lobes arise already at relatively small steer-
ing angles because of relatively large element spacing. The
current spacing is dictated by the cut-off frequency of the
waveguide which affects its size in H-plane. The spacing is
kept the same in E-plane due to the symmetry and so that
the phase shifters have enough space for mounting them. The
element spacing could be reduced for example with dielectric
filling inside the waveguides to scale down their dimensions.
Of course, as a trade-off this would introduce more losses.

The prototype has relatively low gain for 5G networks but
the number of the elements in the realized array could be
scaled up to result in higher gain. Increasing the element num-
ber would necessitate redesigning the feed network, which is
relatively straightforward especially for the primary network.
In addition, the proposed PCB design supports scalability up
for several rows of the array. However, the large number of
control lines needed would first limit increasing the element
number massively. Each antenna element necessitates 6 con-
trol lines, which are challenging to fit. This issue might be
solved by using microcontrollers to control subsets of phase
shifters.

The utilized phase shifters also set challenges in real
applications. The phase shifter losses are too high at the
moment to be used in a realizable 5G antenna array. Instead,
the array would require additional amplifiers or vector mod-
ulator based phase shifters with active gain in order to com-
pensate the losses. Active IC elements might require cooling.
It could be possible to realize the horn antenna part from
metal, in which case it might passively radiate the heat out.
However, even with the lossy phase shifters, the losses in
the presented solution are far less inferior compared to the
existing solutions where the similar structure would be imple-
mented on the PCB, as the waveguide structures provide very
low losses.
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V. CONLUSIONS
A scalable, beam-steerable phased antenna array for future
5G wireless backhaul communications is designed, manufac-
tured, andmeasured. The antenna provides±20◦ grating-lobe
free beam-steering range both in elevation and azimuth. The
measured realized gain at 28 GHz is 11.3 dBi towards broad-
side direction and the measurement results are well in line
with the simulation results. The maximum gain of the lossless
array would be 20.4 dBi and the simulations show that the
average losses due to phase shifters and transitions are already
7 dB. After taking into account the matching losses, defective
element, and measurement uncertainties, it is fair to assume
that the losses due to waveguide structure are no more than
1 dB in themeasured antenna. These are very low-losses com-
pared to the planar antenna realizations at millimeter-wave
frequencies.

The antenna structure itself exhibits very low losses and
majority of the losses are caused by the phase shifter. To the
authors’ knowledge this is the first realization of an antenna
where a low-loss waveguide power division network and
antenna elements are integrated with PCB-mounted element-
specific phase shifters, which can be controlled electronically
and in real time. The prototype has proven that this kind of
antenna array could potentially be feasible for future 5G com-
munications and these preliminary results are very promising.
The concept is clearly an option for the future 5G networks.
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