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ABSTRACT A compact, circularly-polarized (CP), end-fire, 4 x 1 continuous beamsteering antenna array
implemented using substrate-integrated waveguides for 5G mobile terminals is proposed in this paper. The
purpose of this system is to complement the radiation patterns of planar phased arrays on the faces of
a typical mobile terminal. The proposed system seamlessly integrates previously-presented antennas and
polarizers, with adjustable phase shifters and a feeding network in a multi-layered, single stack, printed
circuit board (PCB) for continuous beamsteering in a compact package. Through the use of forward and
reverse couplers, and the stacking of the phase shifters on top of the feeding network, a compact form
factor of 7.6 x 4.1 x 0.38)% is achieved. The system was fabricated and assembled through standard
PCB processes. The measurements illustrated that the system can achieve a continuous beamsteering
range of +35° with an axial ratio better than 3 dB and a gain variation less than 3 dB. A measured
impedance bandwidth (BW) of 8.9% at 28 GHz is also demonstrated. Given its performance, size, ease
of manufacture, integrated control lines and single RF feed, the proposed system is a good candidate for
5G millimeter-wave continuous beamsteering in mobile terminals.

INDEX TERMS 5G, antenna arrays, beamsteering, circular polarization, compact, end-fire, fifth generation,
millimeter-wave, mobile device, mobile terminal, reflection-type phase shifter, substrate-integrated
waveguide.

I. INTRODUCTION

N ORDER to better meet the ever-growing demand for

faster handheld mobile communication, several major
core technologies have been proposed for the fifth gen-
eration of cellular communication (5G) [1]. One of those
solutions is the use of wide spectrum available in millimeter-
wave (mmWave) frequencies [2], [3], [4], [5], such as
the 850 MHz free band at 28 GHz [6]. At those higher
frequencies, beamsteering antenna arrays are used so as
to compensate for unavoidably-high path loss (due to

smaller antenna apertures) [7]. One of the major benefits
of beamsteering is that it provides greater user coverage
through less spatial interference with other users. Further
improvement in performance can be achieved in 5G systems
through the use of circularly-polarized (CP) antennas as they
reduce multipath interference, enable polarization diversity
and eliminate polarization mismatch loss (for same polar-
ization rotation sense) [8], [9].

While large beamsteering mmWave CP systems are not
difficult to implement at base stations, such solutions in
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mobile terminals present several limitations including power,
space, compatibility with standard printed circuit board
(PCB) processes, and detrimental effects of the user’s hand
and head on the radiation. Compatibility with standard
PCB processes can be achieved through designing a fully
substrate-integrated waveguide (SIW) system, with benefits
such as easy manufacturing and low loss [10], [11], [12],
[13], [14]. To mitigate the effects of the user on radiation
patterns, one solution can be to place antenna arrays,
with end-fire radiation pattern, on the edges of a mobile
terminal [15], [16]. These arrays can be used alongside
planar antenna arrays to ensure spherical coverage around a
mobile terminal.

Recently, many end-fire arrays for use in 5G mobile
applications have been presented [17], [18], [19], [20].
Unfortunately, these arrays do not incorporate a beamsteering
mechanism and thus cannot be implemented in mobile
terminals yet. These arrays are in contrast to surface-
emitting arrays (such as that presented in [14], which is
additionally also not CP and also does not demonstrate
continuous beamsteering capabilities). There are, however,
several beamsteering arrays that share some or all of this
paper’s goals (compact form factor, circular polarization and
continuous beamsteering) [21], [22], [23], [24], [25], [26].
Specifically, we consider a system to be compact if its length
and width are <10A, and its height is <0.5A. While the
beamsteering array in [26] is composed of a compact SIW
structure, it does not lend for easy integration due to the
need of screws/mounts, the use of active devices on both
sides of the board, and the lack of an integrated biasing
network (or control lines). In addition, the antennas are
linearly-polarized (LP), thereby limiting their applications
in 5G mobile terminals. Finally, while it is presented as
a 5G system, it is a misnomer as it is a 5 GHz WiFi
system, thus it may not scale well to mmWave frequencies
especially when considering the phase shifters. The array
in [25] achieves compactness through the use of switches to
adjust passive elements in the vicinity of the active antenna
element. However, it demonstrates a really wide azimuth
beamwidth and limited pre-defined beam-directions which
will result in interference with nearby users. Furthermore,
an actual switching mechanism has not been demonstrated.
Finally, the antennas are LP and it is unclear if the system
will translate well to arrays with circular polarization. The
designs in [21], [22], [23], [24] present beamsteering arrays
with identical feeding and phase shifting networks. From
these works, only the designs in [22] and [24] are CP end-
fire systems, yet they only have fixed pre-defined beam
directions and also lack a mechanism for beam switching. It
is therefore tough to integrate them within mobile terminals
in their current state.

This paper will present a compact end-fire 4 x 1 beam-
steering system with circular polarization in SIW, for the
purpose of enabling 5G mmWave communication in mobile
terminals. This builds upon our work in [20], [27], by
introducing continuous beamsteering in a compact package,

whereas previously we only demonstrated arrays with fixed
beam directions, hardwired in the PCBs for demonstration
only. The technical challenges to designing and fabricating
such a system are two-fold: how does one fit the beam-
steering and circular polarization capabilities within a small
package, and how does one ensure that the proposed design
can be consistently manufactured and easily integrated within
a mobile terminal. The contribution and features of this paper
are as follows:

o Multi-layered system architecture with a volume of only
11.8)3, using forward and reverse couplers.

« Proposing a monolithic system architecture in standard
PCB technology for repeatable fabricated performance
similar to simulations, and for ease of integration in
mobile terminals.

« Continuous beamsteering range of +35° with circular
polarization axial ratio and gain variation of < 3 dB.

« Having a bandwidth (BW) of 8.9% at 28 GHz -
appropriate for the FCC-allocated n261 band (27.5 to
28.35 GHz).

The proposed system architecture is presented in Section II.
In Section III, the blocks of the system, including the
phase shifter, feeding network, antennas, and polarizers,
are demonstrated. Measurement results are presented in
Section IV, alongside a comparison with other designs.
Finally, conclusions are provided in Section V.

Il. BEAMSTEERING SYSTEM ARCHITECTURE

While beamsteering with circular polarization is not as
complex to achieve on the faces of a standard mobile
terminal, the same cannot be said for beamsteering from a
terminal’s edges. In order to address the resulting lack in
beam coverage, the proposed architecture must meet several
key requirements:

o Circular polarization

« Compact

« Continuous steering

o Edge-radiating

« Integrated control lines

o Manufacturable in standard PCB processes
« mmWave

« Single RF feed

Based on the requirements above, we propose a compact
SIW, CP, edge-radiating 4 x 1 beamsteering system that
is designed in a stack of three substrates of RO4350B
with thicknesses of 0.5 mm (substrate 1), 1.8 mm (substrate
2) and 1.8 mm (substrate 3), with metal layers in between,
for a total thickness of 4.1 mm. A block diagram of the
proposed system is shown in Fig. 1, with enclosing boxes
depicting which substrate layers each block is implemented
in. The structure consists of one 1-to-4 power splitter with
a transition from grounded coplanar waveguide (GCPW) to
SIW in substrate 2, four reverse couplers from substrate 2
to substrate 1, four reflection-type phase shifters (RTPSs)
in substrate 1, four forward couplers from substrate 1 to
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FIGURE 1. Block diagram of the proposed end-fire, CP, SIW 4 x 1 beamsteering
y , with the pied substrate layers of each block shown.

substrate 2, four polarizers in substrates 2 and 3, and four
radiating elements in substrates 2 and 3. An exploded view
of the beamsteering system is shown in Fig. 2, illustrating
how the different blocks shown Fig. 1 are stacked and
arranged. The four radiating elements are spaced with a
pitch of 0.67X, (7.2 mm at 28 GHz, where A, is 10.7 mm),
to reduce coupling between elements, at the expense of
grating lobes appearing at large steering angles. Sections of
SIWs are also included between the splitter and RTPSs,
and between the RTPSs and polarizers to ensure equal
delays for all four antennas despite the positioning of
the phase shifters. The beamsteering system is designed
with PCB limitations such as via sizes, annular rings and
adhesive layers in mind, and is thus manufacturable without
the need of screws to combine the layers together. This
also ensures repeatability and closeness of measurements to
simulations.

lll. SUPPORTING SYSTEM BLOCKS

While the overall architecture is the novelty of this paper,
the individual blocks in the beamsteering CP system
must be properly designed and characterized. To ensure
that the system is monolithic and fully integrated, all
blocks are designed using the same dielectric: Rogers
RO4350B with relative permittivity of 3.66 and loss tangent
of 0.0037.

A. PHASE SHIFTER

In a beamsteering array, the ideally required phase shift range
is dictated by the incremental phase shifts between elements
needed to steer the beam over its pointing range. For an
array with element spacing d = 7.2 mm, the incremental
phase shift is found using the following equation [28§]

Substrate 2~

Substrate 3~y

FIGURE 2. Exploded view of the proposed end-fire, CP, SIW 4 x 1 beamsteering
system.

_360° - d - sin6y
_ -

8 ey
where & and 6; are, respectively, the incremental phase shift
and intended azimuth beam direction in degrees, and A, is
the free-space wavelength. Incremental phase shifts of 0°,
+40°, £80°, +£120°, and £160° are required for steering
up to +£40° with steering steps of 10°. Specifically, for
steering to +20° and +30°, their respective incremental
phase shifts results in a maximum array element phase
shift of 240°. Additionally, the phase shifter needs to
meet the following requirements: continuous phase control
(for continuous steering), low insertion loss (IL) variation
with voltage sweep, adequate impedance matching BW,
single substrate layer SIW with elements on one side
only, integrated biasing circuitry, small size, and low cost.
Therefore, a single substrate layer SIW reflection-type phase
shifter (RTPS), demonstrated in [29], [30], with a substrate-
integrated biasing network for a continuously tunable phase
shift of close to 240° is sufficient for +30° beamsteering,
which is the goal of this paper.

The layout of the proposed RTPS is shown in Fig. 3
and its dimensions are listed in Table 1. The RTPS consists
of a single substrate layer SIW 3 dB hybrid coupler with
two of its adjacent ports being coupled to SIW reflective
loads. The reflective loads are designed identically. They
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FIGURE 3. Layout of the proposed single substrate layer SIW RTPS with integrated
biasing network, where V1 and V2 are varactor diodes, C1 and C2 are DC block
capacitors, C3 is an AC short capacitor, and R1 is a resistor. V1, V2, C1, C2 and R1 are
present at both reflective loads.

TABLE 1. Dimensions of the proposed single substrate layer SIW RTPS with
integrated biasing network.

Parameter  leoup  lioad  Lsiot lpad  lshort P d
Value (mm) 6.0 24 5.8 3.6 1.9 0.8 04
Parameter Wsiwy  Wload Wslot  Wpad
Value (mm) 4.4 6.7 0.15 1.3

are both wider than the SIW lines that they are coupled to.
Varactors for phase shifting are soldered across the slots at
the positions shown, with cathodes being connected to the
DC island, i.e., the metal patch between the varactors. The
same reverse bias voltage is applied at both DC islands and
hence four varactors, through the biasing network consisting
of capacitors and resistors. In a mobile terminal, the bias
lines would be coupled to the appropriate control system if
it is implemented on the same substrate stack. In this paper,
the DC paths are coupled to headers for easier use with DC
power supplies; however, a real-life application in a mobile
terminal could see the DC paths coupled to integrated circuits
on the same PCB for voltage control, and thus beamsteering.

In order to characterize the proposed SIW RTPS’s
performance, it is manufactured on a 0.5-mm-thick RO4350B
substrate. The reverse bias control voltage, which is equal
across all varactors, is swept from O V to 16 V with
0.5 V intervals. Fig. 4(a) presents the measured reflection
coefficients of the phase shifter as the voltage is swept. An
impedance matching BW of >13% at 28 GHz is achieved.
Fig. 4(b) demonstrates the achievable measured phase shift
range of the phase shifter over frequency. The maximum
phase shift is 219° at 28 GHz with a small slope of
—0.04°/MHz. For our beamsteering application, it is also
important to know what control voltage is required to achieve

Reflection
Coefficient (dB)

50 . . . . . . .
26 26.5 27 27.5 28 28.5 29 29.5 30

Frequency (GHz)
(@)

250 T

200

150

100

Normalized
Phase Shift (°)

50

26 26.5 27 27.5 28 28.5 29 29.5 30
Frequency (GHz)
(b)

FIGURE 4. Measured performance of the proposed SIW RTPS against frequency.
(a) Reflection coefficient for control voltages 0 to 16 V with 0.5 V steps. (b) Phase shift
for control voltages 1 to 16 V with 2.5 V steps.
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FIGURE 5. Measured phase shift and IL variation of the proposed SIW RTPS with
control voltage at 28 GHz.

TABLE 2. Dimensions of the splitter and the GCPW-to-SIW transition for the
beamsteering system.

Parameter 1 lo I3 w1 wo w3 w4  wWs
Value (mm) 2.5 26 100 25 14 01 07 53
Parameter  wg w7 51 s2  s3 s4 di do

Value (mm) 54 90 20 35 25 72 04 07

a specific phase. Presented in Fig. 5 are the normalized phase
shift and IL variation of the phase shifter at 28 GHz versus
control voltage.

B. SPLITTER

The next block to consider is the splitter. Given that a 4 x 1
beamsteering array is being designed, the splitter will be
used to split the input power equally with the same phase to
four outputs. The 1 x 4 splitter is implemented on a 1.8-mm-
thick multi-layered substrate as two stages of T-junctions
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FIGURE 6. Layout of the splitter and the GCPW-to-SIW transition for the
beamsteering system.
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and L-bends [31] to accommodate the antennas with the
pitch of 7.2 mm. Furthermore, the input will incorporate
a GCPW-to-SIW transition to measure the performance of
the system. The transition is implemented as wide slots on
the metal to match the GCPW impedance of 50 Q to that
of the SIW [32]. The layout of the splitter and GCPW-to-
SIW transition is shown in Fig. 6 while the dimensions are
provided in Table 2. The simulated results of the splitter
with the transition are shown in Fig. 7. The input is port 1
while the outputs plotted are ports 2 and 3. Ports 4 and 5
have similar results to ports 3 and 2, respectively, due to
symmetry. The impedance BW is 10.7%. The transmission
coefficient is —7.2 dB at all outputs indicating an IL of
1.2 dB due to the transition and SIW splitter.

C. ANTENNA AND POLARIZER

Arguably, the design of the polarizers and antennas is one
of the most crucial parts of the beamsteering system as
those two components dictate the axial ratio (AR) and

| —|
,1FO —@oe
Notch 1 1Y ﬁ: %9
Notch 2 r
|
Port | A H 1l L
Port 2 ‘Iw!-‘ IV
o 9o
@) i 00
e | 1] 8
Via Extension a
™ W,
Dielectric Lens \ "T
(@) (b)

FIGURE 8. Layout of the polarizer and antenna for the beamsteering
system [20], [27]. (a) Isometric view. (b) Metal between substrates 2 and 3 are shown.

TABLE 3. Dimensions of the polarizer and antenna [20], [27].

Parameter a d p d1 da I l2
Value (mm) 4.50 1.00 120 0.18 203 145 132
Parameter la ly w1 w2 Wq Wy
Value (mm) 3.60 250 0.15 030 3.60 1.80

elevation gain beamwidths, and the maximum azimuth
beamsteering range, both in gain and AR. For good coverage,
single element azimuth and elevation beamwidths of £35°
are sought. Furthermore, as with the other blocks, the
structure needs to be compact. The proposed system will
thus incorporate compact SIW notched-septum polarizers
and dielectric lens antennas which we have previously
demonstrated [20], [27].

The layout of the polarizer and antenna is shown in
Fig. 8. An isometric view of substrates 2 and 3 and the
metal layer between those substrate layers are shown. Some
metal layers are not shown in the isometric views for
clarity. Dimensions are provided in Tables 3. Two notches
of appropriate dimensions are etched into the metal between
substrates 2 and 3 in order to polarize the vertical TEjg
mode fields from the rectangular SIW input port into TEp;
mode horizontal and TEjy mode vertical fields with 90°
phase offset at the square SIW open end, thereby resulting
in CP radiation. A cubic dielectric lens is introduced to
the open-ended SIW, forming the radiation mechanism. On
either side of the radiating element are extensions of the
vias, improving isolation between adjacent elements in an
array, thereby resulting in greater CP purity and reduced side
lobe levels.

To demonstrate the antenna’s ability to radiate with
circular polarization at a wide range of azimuth steering
directions, three 4x1 arrays are manufactured for three fixed
beam directions (0°, 15° and 30°), using the splitter described
previously, and vertical posts within the appropriate SIWs
to generate the delays required for those fixes beams. Fig. 9
presents the measured normalized right-handed CP (RHCP)
and left-handed CP (LHCP) radiation patterns of the 4x1
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FIGURE 9. Measured normalized RHCP (co-polarization) and LHCP
(cross-polarization) radiation patterns of the 0° azimuth steering fixed beam array at
27.9 GHz. (a) Azimuth plane. (b) Elevation plane.
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FIGURE 10. Measured normalized RHCP (co-polarization) and LHCP
(cross-polarization) radiation patterns, in the azimuth plane, of the fixed beam arrays
at 27.9 GHz. (a) 15° array. (b) 30° array.

array with fixed 0° azimuth steering in azimuth and elevation,
while Fig. 10 presents the measured normalized RHCP and
LHCP radiation patterns for the 4x1 arrays for fixed beam
directions of 15° and 30°, as measured and presented in [27].
The radiation patterns demonstrate that the polarizer and
antenna designs meet our requirements for CP and wide
enough azimuth range. The arrays’ efficiency was measured
to be 69% [27]. These presented arrays are, however, not yet
suitable for practical applications since they, each, radiate in
only one specific azimuth direction. Using the SIW phase
shifter presented earlier, rather than fixed vertical posts
within the SIW would make the beam steerable.

D. COUPLERS

As mentioned in the introduction and to be discussed in
greater detail in Section II, compactness is achieved through
the stacking of the different blocks in a multi-layered system.
Thus, it is important to design couplers to transfer power
from the splitter on a 1.8-mm-thick substrate layer to the
phase shifter on a 0.5-mm-thick substrate, and also from the
phase shifter to the input of the polarizer on a 1.8-mm-thick
substrate. Specifically, two types of couplers are required:
forward couplers where the SIWs on the two layers flow in
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00—, 40
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00
PS— @
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FIGURE 11. Layout of the couplers for the ing syst tric views

and the metal between substrates 1 and 2 are shown. (a) Forward coupler. (b) Reverse
coupler.

TABLE 4. Dimensions of the forward coupler for the beamsteering system.

Parameter ay az 1 w1 S1 S92 P1 d1

Value (mm) 44 45 33 02 05 10 27 04

TABLE 5. Dimensions of the reverse coupler for the beamsteering system.

Parameter al as 151 w1 s1 DY p1 d1

Value (mm) 44 53 33 02 05 10 28 04

one direction, and reverse couplers when the fields in the
SIWs propagate in opposite directions. The stack consists
of three substrate layers with metal layers between each
substrate layer and at the top and bottom of the stack. The
layouts of the two couplers are shown in Fig. 11. Some metal
layers are not shown in the isometric views for clarity. Slots
couple energy from one SIW to the other while inductive
posts in substrate 1 allow for better matching. Dimensions
are provided in Tables 4 and 5. The SIW widths are chosen
to match the SIW widths of the blocks being coupled: splitter
& RTPS for the reverse coupler, and RTPS & polarizer for
the forward coupler.

As seen by the simulation results in Fig. 12, an impedance
BW of 9.9% and an IL of 0.7 dB are achieved by the forward
coupler while an impedance BW of 9.3% and an IL of
0.5 dB are observed for the reverse coupler.

IV. MEASUREMENT AND DISCUSSION
The beamsteering system is manufactured and assembled
in order to characterize its performance, as shown in
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FIGURE 12. Simulated S-Parameter magnitudes of the couplers. (a) Forward
coupler. (b) Reverse coupler.
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FIGURE 13. Photograph of the end-fire, CP, SIW 4 x 1 beamsteering system
prototype.

Fig. 13. Five header pins are included, with four being
individually used for the control voltages of the four
phase shifters, while the fifth being for DC ground.
Additionally, RF chokes and decoupling capacitors are also
present at the headers to reduce any noise from the power
supplies.

A. MEASUREMENT

Before the system’s radiation is characterized, its input
impedance matching is measured. It is shown in Fig. 14
that the simulated impedance BW is 9.1%. A measured

0 : ; " — —
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30 . . 1 s . . .
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Frequency (GHz)
FIGURE 14. Measured and simulated impedance hing of the b ing

system. The vertical lines indicate the 850 MHz 5G band at 28 GHz.
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FIGURE 15. Anechoic chamber setup to measure the radiation performance of the
beamsteering system. (a) Overview showing the probe, the beamsteering system, and
a DC power supply. (b) Closeup of the beamsteering system setup in the elevation
orientation.

TABLE 6. B ing system control voltages for desired beam directions.
() Vi (V) Va(V) Va(V) Vi(V)
0 16.0 16.0 16.0 16.0
17 16.0 10.8 6.5 0.8
35 10.3 0.0 16.0 6.5

impedance matching BW of 8.9% is achieved, sufficiently
covering our intended band of operation of 27.5 GHz to
28.35 GHz.

The system’s gain and AR are measured in an NSI-MI
anechoic chamber with a 3D-printed holder for proper align-
ment and stability, as shown in Fig. 15. Variable DC power
supplies are used to control the phase shifters to achieve
the desired beam directions. We conducted measurements
for the following azimuth steering angles: 0°, 17°, and 35°.
Using (1) and the measured phase shifter voltage-phase curve
from Fig. 5, we obtained the required control voltages for
the four phase shifters for the desired beam directions at
28 GHz. The control voltages, with subscripts 1 to 4 for
elements 1 to 4, are listed in Table 6.

Fig. 16 presents the measured and simulated normalized
right-handed CP (RHCP) and left-handed CP (LHCP)
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FIGURE 16. Normalized RHCP (co-polarization) and LHCP (cross-polarization)
radiation patterns of the proposed beamsteering system with 0° azimuth steering at
27.9 GHz. (a) Azimuth plane (simulated). (b) Elevation plane (simulated). (c) Azimuth
plane (measured). (d) Elevation plane (measured).

radiation patterns of the proposed beamsteering array in
azimuth and elevation at 0° azimuth steering. The simulated
and measured radiation patterns in the elevation plane are
similar. The measurement demonstrates ripples, which can
be attributed to radiation from the GCPW-to-SIW transition
slots. An elevation half-power beamwidth (HPBW) of 72°
is measured, which is 10° smaller than the simulated one.
The simulated and measured RHCP peaks are both detected
14° below the azimuth plane. The manufactured prototype
demonstrated a front-to-back (F/B) ratio of 10.9 dB com-
pared to the simulated F/B ratio of 6.3 dB. Similar peaks
in the LHCP radiation patterns are observed in the forward
direction thus reducing the AR at those angles. However, as
shown by Fig. 16(b), the angles of maximum gain in LHCP
and RHCP measured elevation patterns do not coincide.
Besides the spikes in LHCP gain at those narrow angles,
the simulated and measured elevation 3 dB AR beamwidths
are both a little under 120°. An azimuth HPBW of 10° is
measured, which is half that expected from simulations. This
difference could be attributed, to some degree, to the ripples
in the elevation plane which are in return likely resultant from
reflections from the measurement setup and radiation from
the GCPW-to-SIW slots. Not illustrated in the normalized
plot, but also measured, is the maximum measured gain of
1.9 dBi. This lower gain can be easily compensated with a
low-cost power or low-noise amplifier for transmit or receive
paths, respectively.
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FIGURE 17. Normalized RHCP (co-polarization) and LHCP (cross-polarization)
radiation patterns, in the azimuth plane, of the proposed beamsteering system when
steered beyond 0° at 27.9 GHz. Steering angle: (a) 17° (simulated). (b) 35° (simulated).
(c) 17° (measured). (d) 35° (measured).

The capability to electronically steer the beam in azimuth
is illustrated by the normalized radiation patterns in Fig. 17.
Figs. 17(a) and (c) demonstrate azimuth steering to 16°
in simulation, and 17° in measurement. A HPBW of 22°
is achieved in both measurement and simulation. Within
the RHCP main beam, the LHCP levels are low for both
results. There are slight differences however. The first
side lobe in measurement is at —14° at —4.1 dB, while
in simulation the first side lobe is at 50° at —3.9 dB.
Furthermore, more side lobes of around —2.5 dB are seen
at +=80° in measurement, while in simulation more side
lobes appear at £120° at —4.1 dB. While different, both
measured and simulated side lobe levels can be attributed to
the difference in the gain for different phase shift settings,
i.e., the array is not a uniform linear array. Figs. 17(b)
and (d) demonstrate the radiation patterns for the intended
azimuth steering to 35°. The realized steering in azimuth
is 32° in measurement and 36° in simulation. An azimuth
HPBW of 19° is measured. Besides the reduced AR
performance resulting from the peaks in LHCP at 27° and
38¢, the measured 3 dB AR beamwidth adequately covers
the radiation HPBW. This is similarly observed in simulation,
albeit with smaller LHCP peaks and thus better AR. A
grating lobe of —3.7 dB is detected in measurement at —66°
implying that the beamsteering system could be steered
further in azimuth before interference due to side lobe levels
of —3 dB.
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FIGURE 18. Measured normalized RHCP (co-polarization) radiation patterns in the
azimuth plane at the lower (f, = 27.8 GHz) and upper (f, = 28.2 GHz) edges of a
probable 400 MHz user channel band. Steering angle: (a) 0°. (b) 17°. (c) 35°.

While the phase shifters’ non-flat delays versus frequency
could theoretically result in different beam directions on
user channel band edges, that is unlikely since the array
will operate within 5G channel band sizes of 50 MHz to
400 MHz [33]. When operated in smaller user BWs, the
phase shifters’ control voltages can be appropriately chosen
for the center of those channel bands, rather than for the
center frequency of the total BW of the system. This is
demonstrated, in Fig. 18, by the measured azimuth radiation
patterns at 27.8 GHz and 28.2 GHz. Despite being at the
edges of the maximum user channel BW of 400 MHz, the
worst-case difference in beam direction is only 3° (15% of
the HPBW), indicating that the phase shifters’ performance
is sufficiently flat.

Fig. 19 demonstrates that the AR performance over
frequency of measurements and simulations are identical.
For 0° steering, the 3 dB AR BW is measured to be
from 27.7 GHz to 28.3 GHz, compared to 27.7 GHz to
28.7 GHz in simulation. The measured 3 dB AR BW for 17°
steering is from 27.2 GHz to 28.3 GHz, while in simulation
it is from 27.1 GHz to 28.6 GHz. Finally, for 35°, the
measured and simulated 3 dB AR BWSs are both from
27.6 GHz to 28.0 GHz. From 28.0 GHz to 28.35 GHz, at
35° steering, the AR is still observed to be better than
5.7 dB in measurement and better than 4.8 dB in simulation.
The beamsteering system thus demonstrates reasonable AR
performance within the intended 5G band of operation
of 27.5 GHz to 28.35 GHz. The larger AR values at the
edges of the band are attributed to the phase error versus
frequency. However, this is not a big concern given real-life
implementation would see relatively smaller channel BWs
as discussed in the previous paragraph.
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FIGURE 19. AR of the proposed beamsteering system in frequency for several
azimuth steering angles. The vertical lines indicate the 850 MHz 5G band at 28 GHz.
(a) Measured. (b) Simulated.

B. COMPARISON TO LITERATURE

In order to compare our proposed beamsteering system
with other recent beamsteering solutions in literature, their
performances and characteristics are tabulated in Table 7.
While the systems in [21] and [22] are capable of achieving
greater than £30° steering in azimuth, they do not produce
CP patterns, are large, and require additional space for a
mechanism to select the beams, rendering them less useful
for 5G mobile applications. The systems in [23] and [24]
address the shortcomings of the previous two designs in
terms of polarization by creating CP patterns with AR of
better than 3 dB up to +30° and £25°, respectively. They
still suffer from large footprints that are made even larger
through the need of a mechanism to switch between beams.
The structure presented in [25] is tiny in size although it
still requires additional structures to switch beams. While
it has a wide azimuth steering range of +90°, it lacks the
ability to generate CP radiation. Additionally, it demonstrated
wide azimuth beamwidths of at least 45° and as large as
75° in its various steering states making it likely to result
in interference. Finally, it is not as simple to implement
in mobile terminals since it is not monolithic (requiring
an additional dielectric block). A common limitation of the
systems in [21], [22], [23], [24], [25] are their switched
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TABLE 7. Comparison of different SIW beamsteering systems.

This Work [18] [21] [23] [24] [25] [26]
4x1 SIW, 4x1 SIW, 4x1 SIW, 3x1 SIW,
8x1 SIW, 15x1 SIW, . . . 4x1 SIW,
RTPS, . Butler Matrix, Butler Matrix, Switched
Structure N Butler Matrix, Rotman Lens, . . . RTPS,
Septum Polarizer, . Septum Polarizer, Septum Polarizer, Parasitics,
K A ME-Dipole Leaky-Wave . . Patches
Dielectric Lens Dielectric Lens Open-Ended Monopoles
Size
LxWxH 7.6x4.1x0.38 19x10.9x0.44 10.4x8x0.13  17.5x5x0.38 8.6x3.8x0.7 1.2x1.6x0.23 3.3x2.6x0.18
No®)
fe (GHz) 28 60 24 375 60 28 5.5
BW (%) 8.9 16.4 42 29.3 7.8 >25 16.1
3 dB
Gain Variation >+35° >435° +33° +38° +37° >490° +45°
Steering Range
3 dB AR
. +35° N/A N/A +30° +25° N/A N/A
Steering Range
CP v v v
Compact v v v
Conti
on 1.nuous v Y
Steering
Edge-Radiating v v v v v
Integrated
nesrate v N/A N/A N/A N/A
Control Lines
mmWave v v v v v v
Multi-Layer,
Single Stack v v v v v
PCB Only
Single RF Feed v v v

N/A: Not Applicable
Compact: Both length and width are <10\, and height is <0.5A

beam nature which means only pre-defined beam patterns
are possible, thus resulting in more interference with other
users, and reducing gain and signal-to-noise ratio due to
limited beam direction options. That is not the case for
the continuous beamsteering system in [26], which is also
presented in a small package with a wide gain steering range
of +£45°. It, however, does not generate CP patterns and is
not monolithic, requiring screws and mounts. Furthermore,
the structure requires active elements on its underside
as well, rendering integration into mobile terminals less
straightforward. Finally, its performance is not necessarily
translatable to our higher frequency of operation where
varactors become lossier. Our proposed system’s size and
BW fall within the range of those of the other presented
designs. It achieves similar azimuth gain steering range to
most of the other designs (£35°) while, unlike all the other
designs, also providing 3 dB AR within that range and being
capable of continuous steering. The simple fabrication and

the lack of the need for additional steering mechanisms mean
that our system can be easily integrated within a typical
mobile handset.

V. CONCLUSION

In this paper, a compact, CP, end-fire 4 x 1 continuous
beamsteering system in SIW is designed for 5G mobile
terminals. The array addresses the challenges of fitting
beamsteering and circular polarization functionality in the
limited space in a mobile terminal, and of ensuring that
the design can be consistently manufactured and easily
integrated within standard mobile terminal technology. The
designed system seamlessly integrates antennas, polarizers,
variable phase shifters, and a feeding network in a compact
multi-layered PCB (7.6 x 4.1 x 0.3812). The beamsteering
system’s compactness is achieved through the stacking of
the phase shifters on top of the feeding network, and
through the use of forward and reverse couplers. Ease of
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integration is resultant from the multi-layer, single stack
PCB design, integrated control lines and single RF feed. The
measurements illustrate a continuous CP beamsteering range
of £35° and an impedance BW of 8.9% at 28 GHz. Given its
performance, size, and ease of manufacture and integration,
the proposed beamsteering array is a good candidate for 5G
mmWave continuous beamsteering in mobile terminals. This
array, when introduced on each edge of a mobile terminal,
can be used alongside planar antenna arrays to ensure
spherical coverage around the terminal, thereby ensuring
communication link integrity at any orientation and rotation.
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