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Abstract: This study presents a circularly-polarised substrate-integrated waveguide end-fire antenna and four-antenna arrays
for 5G beam-steering mobile devices at 28 GHz. Polarisation is achieved through implementation of a substrate-integrated
waveguide notched-septum polariser. It is then loaded with a dielectric lens to improve gain, axial ratio bandwidth, and circular
polarisation (CP) purity. To suppress the mutual coupling between array elements, vias are extended on either side of the lens. It
also improves the single-element axial ratio and front-to-back ratio. The antenna's performance is found to be resilient to typical
manufacturing tolerances for the lens and via extensions. The element and arrays are manufactured and measured. The
prototypes demonstrated an impedance bandwidth of 11.4% with a maximum array gain of 10.5dBi and a steering range of up
to +35° (with reduced performance when steered to +£45°). Within this range, the antenna array demonstrates a gain variation of
up to 3dB and very good CP purity within the radiation half-power beamwidths (HPBWSs). A wide single-element elevation
HPBW of 95° is also demonstrated. Given its performance and ease of manufacture in a printed circuit board process, the

proposed antenna could be a strong candidate for 5G millimetre-wave beam-steering systems.

1 Introduction

The proliferation of highly demanding services (such as high-
quality video streaming) and limited network capacities has led to
considerable interest in the next generation of mobile
communication (5G) [1, 2], with a focus on operating in higher
frequency bands around 28 and 38 GHz [3-5]. Research is
proposing different arrays of end-fire antennas for fan-beam
patterns [6—8]. These can be implemented on all edges of a mobile
terminal and used in conjunction with planar antennas to give full
coverage around the device. The appropriate arrays can be selected
and then steered. Several end-fire antenna arrays have been
proposed: dielectric-embedded dipoles [9, 10], magnetoelectric-
dipoles [11], mesh-grid patches [12], antipodal antennas [13], and
substrate-integrated waveguide (SIW) based [14]. These arrays,
however, have certain limitations: sensitivity to misalignment in
operation or lack of robustness to variations in manufacturing. The
antennas should be capable of more than just a linear polarisation,
for greater channel robustness through polarisation diversity as
proposed in [15-17]. Circular polarisation (CP) is thus a necessity
to limit polarisation loss. As for robustness to manufacturing
variation, given the high frequency of operation, any variation in
dimensions or dielectric properties will manifest in poorer gain,
patterns, impedance bandwidth, and axial ratio bandwidth.

To address the problems and requirements above, this study
presents a SIW-based antenna, with a notched-septum polariser for
CP generation, dielectric lens for improved radiation and axial ratio
performance, and via extensions alongside the lens for coupling-
suppression, improved front-to-back ratio, and axial ratio. Effects
on performance from manufacturing variations of the lens and via
extensions are also investigated. Four 4 X 1 arrays with a feeding
network and passive phase shifters are also designed and
manufactured to investigate the steering capability of the antenna
and its prospective use in beam-steering CP end-fire arrays.

This paper is organised as follows. The antenna element design,
evolution, and operation principle are described in Section 2.
Parametric studies are discussed in Section 3. In Section 4, arrays
of four elements of the aforementioned antennas are designed,
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followed by experimental results of the single-element antenna and
arrays in Section 5. Finally, this paper is concluded in Section 6.

2 Antenna element design

The final structure of the single antenna element is shown in Fig. 1
and associated dimensions are listed in Table 1. The element is
implemented with Rogers RO4350B substrates (¢, = 3.66 and
tand = 0.0037) with a total thickness of 3.7 mm. The structure
consists of two SIWs stacked on top of each other with a shared
broad wall. The shared wall ends as a notched-septum polariser for
circular-polarisation generation. While the two rectangular SIW
ports can be fed individually (for left-handed or right-handed CPs),
only the top one is used. On the other end, where the broad wall
ends in the polariser, the waveguides fuse and form a square
waveguide (port 3) to propagate both first transverse electric
modes. The dielectric lens matches the SIW to air and also
frequency shifts the axial ratio bandwidth. The via extensions on
either side of the lens act as horns and also coupling-reduction
mechanisms in array configurations. The antenna is oriented in the
x—y (azimuth) plane, pointing towards 0° (+x-axis), as shown in
Fig. 1a. The elevation plane is perpendicular to the azimuth, with
0° being at the +z axis. The antenna element design evolved in the
three stages shown in Fig. 2. At each step, performance is observed
through three metrics: impedance matching, radiation patterns, and
axial ratio. To ensure that simulation results are measurement-
relevant later, a transition from grounded coplanar waveguide
(GCPW) to SIW [18] and an subminiature push-on (SMP)
connector are implemented at port 1 in the simulation models.

The design process begins with the choice of the polarisation
mechanism. Rather than using multiple elements of orthogonal
polarisations (such as in [15, 19, 20]), the single antenna element
will incorporate the polarisation mechanism within it (similar to
[21]), thus making the structure compact. Specifically, it is a SIW
notched-septum polariser. While notched-septum polarisers
achieve narrower axial ratio bandwidths than other septum
polarisers [22-24], they are smaller in length and are thus more
suitable for mobile devices. While other waveguide polarisers
exist, they have not seen implementations in SIW due to
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Fig. 1 Structure of the open-ended SIW antenna with integrated polariser

(a) Isometric view, (b) Top view

Table 1 Parameters of the single antenna element
Parameter Dimension
Qg 4.50
d 1.00
p 1.20
L 2.50
We 1.80
L 3.60
W, 3.60
A 1.45
wy 0.15
d, 0.18
b 1.32
Wy 0.30
d 2.03

Fig. 2 Design stages of the SIW antenna element with integrated polariser
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Fig. 3 Operation of the SIW notched-septum polariser for horizontal,

vertical, and right-handed CPs

manufacturing complexity [25, 26]. Fig. 3 illustrates the operation
of the polariser. Ports 1 and 2 are designed to only guide the TE,,
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Fig. 4 Simulated reflection coefficient and axial ratio (versus frequency)
of a SIW notched-septum polariser
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Fig. 5 Simulated input impedances (Zio and Ziyy,) of the radiator with

and without a dielectric lens, and square SIW guided waves' impedances
(Zglo and ng)

mode, whereas port 3 is designed to guide both TE,, and TE,,.
Vertical fields are achieved at port 3 by exciting ports 1 and 2 with
equal amplitude, but 180° phase difference. Similarly, horizontal
fields are achieved at port 3 by exciting ports 1 and 2 with equal
amplitude and phase. The horizontal fields also demonstrate 90°
phase offset from the vertical fields from the previously-mentioned
method of operation. Given that a CP is a combination of vertical
and horizontal polarizations with 90° phase offset, a right-handed
CP from port 3 can be achieved by combining the two previous
methods of operation, i.e. by only exciting port 1. Fig. 4 shows the
simulated performance of the antenna at this step. A wide
impedance matching bandwidth is observed, and the 3 dB axial
ratio bandwidth is observed to be 1 GHz, centred at 28.5 GHz.

Fig. 5 presents (for the TE,, and TE,; modes) the open-ended
SIW input impedance in relation to the guided wave impedances of
the square SIW (following the polariser). The guided wave
impedance is dependent on the dielectric material and SIW width
as demonstrated in the following equation:

Z,= N S
& c )

& (2 ag- f )
where Z, is the guided wave impedance, Z, is the free space

impedance, c is the speed of light in free space, f'is the frequency
and qq is the effective dielectric-filled waveguide width. For the

TE,; mode, given that in that orientation the side walls are
continuous metallic walls, a4 is the total structure thickness. For the
TE,, mode, however, the side walls are implemented as vias and aq
is calculated using [27]

dz

aq = dsiw — m (2)

IET Microw. Antennas Propag.
© The Institution of Engineering and Technology 2020



0 T T T

— [ =2.5 mm
e

16k === === No Extension |

[solation (dB)

-50 L 1 1 L
25 26 27 28 29 30

Frequency (GHz)

Fig. 6 Simulated isolation between two elements in an array with no via
extension and with via extensions of l, of 2.5 mm
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Fig. 7 Simulated azimuth gain and axial ratio of four-element arrays with
no via extension and with via extensions of l, of 2.5 mm, with ports fed
appropriately for an RHCP beam at —30°
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Fig. 8 Simulated boresight axial ratios of a single-element antenna with
no lens and with a lens length of I, of 3.6 mm

where agy is the SIW width, d is the SIW vias diameter and p is the
SIW vias pitch, with all three dimensions as labelled in Fig. 1.
While the SIW was designed such that the effective width would
be identical to its thickness, there is a sufficient enough difference
to result in a difference in guided wave impedance between the two
modes, as seen in Fig. 5. For best power transfer and radiation,
there must be matching between the radiator input impedance and
the guided wave impedance of the two modes within the square
SIW. It is evident that this is not the case for the open-ended SIW
radiator. Flaring horn antennas [28] are not suitable radiation
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mechanisms for our application due to the narrow resultant
radiation patterns (thus smaller array steering range) and increased
element size. Several otherwise viable structures are not chosen
given their manufacturing complexity [29-32]. Instead, a dielectric
lens [33] is added to port 3 of the polariser. In Fig. 5, the input
impedances of the dielectric lens radiator are also shown. It is
observed that by extending the dielectric beyond the SIW into a
lens, the two modes' input impedances are increased sufficiently to
be within the close agreement to the guided wave impedances
within our band of interest, resulting in a better gain. Furthermore,
given that the individual modes' input impedances are identically
close to their respective guided wave impedances, the individual
modes are similarly matched, thus the radiated axial ratio would be
similar to that observed in the polariser structure.

While the single element after the previous step is sufficient as
a stand-alone antenna, its use in an array is limited due to mutual
coupling between adjacent elements. This coupling results in
poorer axial ratio performance. Thus, the next step is to improve
the element's performance within an array. Via extensions (as
straight horns) are introduced to suppress the surface waves from
propagating to nearby elements. Fig. 6 shows simulated isolation
performance for an array of two elements. It demonstrates that the
use of the via extensions results in 20 dB better isolation between
the two elements. The improved isolation between elements results
in significantly improved CP purity and reduced sidelobe levels.
These improvements are demonstrated in Fig. 7, which presents the
simulated azimuth gain and axial ratio of four-element arrays with
appropriate feed amplitudes and phases for a right-handed CP
(RHCP) beam at —30°. One array has no via extension, whereas
the other has via extensions of the nominal length /. of 2.5 mm. We
also demonstrate in Section 3 that the via extensions improve
single-element antenna performance: the front-to-back ratio (due to
the extensions acting as a horn) and axial ratio.

3 Parametric study

In this section, parametric studies are conducted to examine and
better understand the influence of several design dimensions on the
antenna's performance. Specifically, the dielectric lens length (1)
and via extensions' length (I,) are examined. The effects of the
parameters on the reflection coefficient, axial ratio, and gain are
studied. During each study, only one parameter is swept while the
others remain nominal (as given in Table 1).

3.1 Dielectric lens

Fig. 8 shows the axial ratio versus frequency for the antenna with
and without a lens. A shift in the axial ratio is observed when the
lens is added, allowing it to be used as a mechanism to fine-tune
the band of operation (to account for variations in € or
manufacturing). Thus, a parametric study is conducted on the lens
length (/) with values beyond 2.8 mm (44/2 at 28 GHz, where A4 is
the wavelength within the dielectric). Fig. 9 shows reflection
coefficient simulation results for /. from 0 to 4.8 mm. Impedance
matching improves with increasing /., but plateaus beyond 3 mm.
The absence of a lens demonstrates poor matching. As shown in
Fig. 10, with an increase in [, the antenna gain increases due to the
effect of the dielectric lens. As was the case with impedance
matching, only small improvement is seen beyond 3.5 mm. It is
also observed in Fig. 10 that increasing /; up to 3.6 mm results in
better axial ratio. However, the deviation in /; beyond that results in
poorer axial ratio performance. It can be seen that considering
typical printed circuit board (PCB) manufacturing tolerance of
+0.2mm for the lens length /;, only minimal variation in gain and
axial ratio performance would be seen.

3.2 Via extensions

The via extensions are crucial in reducing coupling between
adjacent elements. To find out the effects of this parameter on the
single-element antenna's radiation performance, a parametric study
is performed. The via extensions' length (L) is swept from 0 mm
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(i.e. no extension) up to 3.5 mm. This is to sweep over a decent
range around the initial assumption of 2.7 mm (4,/4 at 28 GHz,
where /1, is free-space wavelength). Fig. 11 shows that the axial
ratio performance is best for /. of 2.5 mm. It also demonstrates the
simulated front-to-back ratio at 28 GHz, with performance peaking
for [, of 2 mm. Thus, while its intended purpose was to improve
axial ratio performance within an array, it also improves single
element radiation and axial ratio performances. Furthermore, given
the typical tolerance of +0.2 mm, it is seen that such a variation in
l. would not result in a measurable difference in performance. This
parameter, however, does not affect the reflection coefficient much.
Just as for the dielectric lens, the use of the via extensions resulted
in a wider axial ratio bandwidth, better axial ratio within its
respective bandwidth and a shift to a lower frequency.

4 Four-element linear arrays
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Fig. 12 General structure of the four-element linear arrays

Table 2 Parameter values for each fixed phase shifter

Element 1 Element2 Element3 Element4
Angle a, p, n a, p, n a, p, n a, p, n

mm mm mm mm mm mm mm mm
0° — - — — - — — - — — - —
—15° — — — 038 2 6 12 2 6 15 2 5
-30° 1.3 2 4 15 2 6 — — — 14 2 4
—45° 0.7 2 4 14 2 6 — — — 13 2 6

Four 4 X 1 linear arrays of differing fixed beam directions are
designed to test the azimuth steering capability of the single
element. While the element phases can be applied externally, this
structure implements the steering internally. A general structure of
the four-element linear arrays is shown in Fig. 12. The element
spacing (D) is dictated by the via extensions to be 7.2 mm (0.67
4o). A transition from GCPW to SIW and a SMP connector are
implemented at the feeding port in the simulation models as was
the case for the single element. The power is split equally (and with
equal phase) through the 1-to-4 splitter. The splitter outputs are
coupled to their respective antenna element after passing through
passive phase shifters implemented with inductive posts. The
splitter and phase shifters are implemented on the top SIW layer,
and will thus feed port 1 of each element's polariser.

The intended angles of steering are 0° (element boresight),
—15°, —30° and —45°. Table 2 lists the parameter values of the
inductive posts in each phase shifter, where a is the post pitch to
the SIW wall, p is the posts' pitch to one another and n is the
number of posts. Dashes indicate absence of posts.

The larger-than-1/2 element spacing will result in grating lobes
appearing when steering the array; however, the angle at which
they appear will not limit our intended operation. Given the
element spacing chosen, the grating lobes will appear when the
beam is steered to +30°; however, they are not expected to be
considerable in size (within 3 dB of the main beam) until steered
further beyond that angle. This is seen when considering the
following equation:

0= sin’l(% - 1) 3)

where 6 is the steering angle.

5 Measurement

Prototypes of the single element and four-element arrays are
manufactured using the substrate mentioned previously. RO4450T
bondply (e, = 3.35) is used to bond the different layers within the
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Fig. 13 Photograph of a single-element prototype and one of the four-
element array prototypes
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Fig. 14 Measured and simulated reflection coefficients of a single-element
antenna
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Fig. 15 Measured and simulated reflection coefficients of 4 X 1 arrays
(steered to 0°, —15°, —30° and —45° in azimuth)

Fig. 16 Radiation measurement setup

structure. It is recommended by the manufacturer due to its
compatibility with RO4350B, and due to its ideal performance in
multi-layer structures (reduced reflow after curing). Despite the
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Fig. 17 Measured and simulated radiation patterns of a single-element
antenna at centre frequency
(a) Azimuth, () Elevation

higher resin content of RO4450T compared to other bondply
materials (thus a greater thickness variation of +15 um), we have
not seen, in simulations, discernable variations in impedance
matching bandwidth, gain or axial ratio (<60 MHz, <0.13 dB, and
<0.9 dB, respectively). Thus, any difference between simulation
and measurement is unlikely to be due to the bondply layers. As
discussed, a GCPW-to-SIW transition allows coupling to a surface-
mounted SMP connector. A single-element prototype and one of
the four-element array prototypes are shown in Fig. 13.

5.1 Reflection coefficient

Fig. 14 shows the measured and simulated reflection coefficients of
the single-element antenna. They are similar, but not in full
agreement. The simulated and measured impedance matching
bandwidths are 7.1% (26.5-28.5 GHz) and 11.4% (26.7-30 GHz),
respectively. The measured bandwidth includes a small increase to
—9dB at 28.2 GHz.

Measured and simulated reflection coefficients of the four
arrays are shown in Fig. 15. There are variations between the four
arrays, which can be attributed to the different passive phase
shifters used. In the simulation, wide bandwidths are seen,
especially for the —15° and —30° steering arrays. Similar
performances are seen in measurement, with a +300 MHz shift (as
was seen for the single-element antenna). These shifts are likely
due to differences of ¢, at 28 GHz from the datasheet value for 10
GHz.

5.2 Single-element antenna radiation patterns

The RHCP and left-handed CP (LHCP) radiation patterns of the
single-element antenna and arrays are measured in an NSI-MI
anechoic chamber (with standard gain probes) while mounted on
3D-printed holders. Measurements are taken in the azimuth and
elevation planes (of the main beam). A typical measurement setup
is shown in Fig. 16.

The measured and simulated radiation patterns of the single-
element antenna (in both planes) are shown in Fig. 17. A maximum
RHCP gain of 6.3 dBi is achieved in simulation and measurement.
An azimuth half-power beamwidth (HPBW) of 60° is achieved in
simulation, while it is slightly narrower in measurement. The
radiation beamwidths are wide enough in the azimuth plane for
wide azimuth steering when using it in an array. In the elevation
plane, simulated and measured HPBWs of 75° and 95° are
observed, respectively. Knowing that a cross-polarisation
discrimination of > 15 dB indicates an axial ratio of better than 3
dB, an azimuth 3 dB axial ratio beamwidth of 75° is achieved in
simulation. In measurement, it is a narrower 60°, due to the spike
in LHCP gain at 40°. In the elevation plane, a simulated and
measured 3 dB axial ratio beamwidth of 115° and 90° are observed,
respectively. Thus, within the azimuth and elevation HPBWs, the
beam demonstrates CP. Considering non-idealities due to
manufacturing and mounting in the chamber (including holders and
cable effects), the simulation and measurement results are in good
agreement.



00 Mea. - - -_150 Mea. -----_300 Mea. sEmERREEEn _450 Mea.
0° Sim. -15° Sim. -30° Sim. -45° Sim.
10 R
~ Pl l
g s “l“‘t"; R * s
& I ‘.--lc " / \~
=] ) s g .
g 0 R RARY PSR
&) s A NS =N
- > - L
-9 5 R
£ .10 “’?,.‘"\ / ! l )
~ T’/( I \70\ J
."".L‘ PR
oo | . .

Azimuth (%)

Fig. 18 Measured and simulated azimuth radiation patterns of four 4 X 1
arrays (steered to 0°, —15°, —30° and —45° in azimuth) at centre frequency

10—
N YTE
~ 8F :
) Wi
= | RFH
e 6 H
= o
& .
= 4
.<>t~< P |
2
0 1 1
-80 -60 -40 -20 0 20 40 60 80
Azimuth (°)
a
—()0 = = =150 300 sereessnnn 450

|

Funagnass

-

k]
-
T e s
A s

g,

Axial Ratio (dB)

0 20 40 60 80 100 120 140 160 180

Elevation (°)
b

Fig. 19 Measured axial ratio patterns of four 4 X1 arrays at centre

frequency
(a) Azimuth, (b) Elevation

10 T T T

= | Element 4x1 - 150 .......... 4x1 - 450
8 4x1-0° ==—=— 4x1 - 30° 1
6 Y

Axial Ratio (dB)

26.5 27 27.5 28 28.5
Frequency (GHz)
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5.3 Four-element arrays radiation patterns

The radiation properties of the four 4 x 1 arrays were measured in
a similar setup to that of the single-element antenna. The measured
and simulated azimuth radiation patterns are shown in Fig. 18.
Simulated and measured maximum gains of 11.5 and 10.5 dBi are
achieved for the 0° array, respectively. The gain is ~ 5 dB greater
than that of the single element. A similar maximum gain is
observed for the —15° array, while the maximum gain for the —30°
array is 8.4 dBi. A maximum gain of 6.9 dBi is achieved with the
—45° array, indicating a maximum gain variation of 4dB. An
average azimuth HPBW of 20° is achieved in simulation and
measurement for all arrays. This beamwidth is expected given the
single element HPBW of 60° and the number of elements in this
array. While grating lobes appear in simulation and measurement
for the —30° array, both are seen to be —8.4 dB relative to the main
beam. The simulated and measured grating lobes for the —45°
array are observed to be within 5 dB of the main beam.

The measured axial ratio patterns are shown in Fig. 19.
Azimuth 3 dB axial ratio beamwidths of 36°, 40° and 35° are
achieved for the 0°-, —15°-, and —30°-steering arrays, respectively.
The —45° array, however, shows a spike to 5 dB at its respective
beam direction. In the elevation plane, measured axial ratio
beamwidths of 125°, 90°, 80°, and 40° are observed for the 0°-,
—15°-, —=30°-, and —45°-steering arrays, respectively. Here a bump
to 4 dB at 85° is observed for the —45° array.

Fig. 20 presents the axial ratio (at boresight) versus frequency
performance of the four 4 x 1 arrays (and the single-element
antenna). It is observed that with the exception of the —45°-steered
array, wide 3 dB axial ratio bandwidths are achieved. The single-
element antenna demonstrates a bandwidth of 1.2 GHz. The 0°-
and —15°-steered arrays achieve 1 GHz axial ratio bandwidths,
while the —30°-steered array's bandwidth is > 1.2 GHz.

By testing the array at different steering angles, we examine the
single element's capability to operate in an end-fire beam-steering
system. Measured results for steering up to —30° are ideal. Beams
within this range demonstrate gains with (at most) 2 dB variance,
suggesting that the array could be steered further before a 3 dB
gain drop is observed. Within this range, proper axial ratio and
radiation beamwidth matchings are observed, indicating clean CP.
Azimuth beamwidths increase slightly as the beam is steered.
Given the symmetry of the array, and based on interpolation from
the measured gain and axial ratio results, the single-element
antenna is expected to perform adequately for steering up to +35°.
Within this range, the gain varies by 3 dB at most, and the axial
ratio is better than 3 dB. Employing such an array (with beam-
steering mechanism) on the four edges of a mobile device,
alongside planar arrays, is a viable option for beam-steering for 5G
mobile devices.

This work is compared to other millimetre wave (mmWave)
end-fire arrays in Table 3. The work presented in [15] allows for
linear and CPs; however, it requires four times as many elements in
an array, has a smaller impedance matching bandwidth and smaller
gain per element. While larger impedance matching bandwidths
and gains are demonstrated in [14, 19], and smaller dimensions are
demonstrated in [35, 36], these arrays lack CP and would thus
exhibit polarisation loss during most cases of operation. The
closest performing structures are those presented in [34, 37].
However, the structure presented in [34] achieves a narrower
impedance matching bandwidth and also a poorer 3 dB axial ratio
steering range of +25° (despite its wide +37° steering range with
3dB gain variance). Its larger demonstrated gain of 11 dBi is
resultant from its narrower elevation HPBW of 70°. Furthermore,
the structure presented in this study achieves a better radiation
efficiency of 69% (compared to 50% in [34]). While the structure
in [37] achieves similar performances with identical dimensions
(taking into account array size) as our work, the additional need for
metal machining downplays the benefit of SIW for PCB
manufacturing process integration. This added complexity is also
demonstrated in [15, 35] with the need for metal machining and a
plastic enclosure, respectively. The slightly reduced radiation
efficiency of our proposed array is as a result of losses from the
splitter (the single-element antenna radiation efficiency is 79%)
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Table 3 Comparisons of different end-fire arrays operating in mmWave

Ref. Array size, Structure Polarisation Gain 3dB AR f., Bandwidth, Maximum Element Maximum
WX LxH(A3) steering steering GHz % gain, dBi elevation radiation
range range HPBW, ° efficiency
[14] 4x1,2.4x0.9x%x0.2 SIW, linear +38° 0° 32.7 37.0 13.8 79 N.I.
metasurface
[15] 16x1,3.4x05x0.1 Yagi-Uda & linear, CP N.lLa N.I. 28 7.1 10 N.L. N.I.
metal
machining
[19] 8x1,6.1x1.2x0.5 magneto- dual linear +25° 0° \% \% V: 20 82%
electric (ME)-
dipole
59.3 20.9 16.1
H: H: H:
58.5 17.8 15.1
[34] 4x1,2.3x0.8%x0.7 SIW CcP +37° +25° 60 7.8 11.0 70 50%
[35] 4x1,21x06x04 Vivaldi linear +25° 0° 27.5 18.1 7 N.I. N.I.
[36] 4x1,2.0x0.2x0.1 folded slot linear +45° 0° 38.4 9.8 7.7 190 >81%
[37] 8x1,4.3 x>0.3x0.8  SIW, dipole CP +35° +35° 63.9 26 15.3 90 >90%
and metal
machining
this 4x1,2.9%0.8x0.3 SIW CP +35° +35° 28 1.4 10.5 95 69%

work
aNo information

and a feed that is lossy. While an SMP-to-waveguide transition at
the input would greatly improve radiation efficiency (as shown in
[37]), it does so at the expense of integration with other
components of a standard mobile device. In a realistic
implementation, an SMP connector would not be necessary.
Furthermore, the splitter could be implemented as a GCPW splitter,
with a less lossy GCPW-to-SIW design to the SIW antennas.
Therefore, the single-element antenna and arrays presented in this
study present desirable performance, without sacrificing size nor
compatibility with standard PCB processes, compared to the other
works listed.

6 Conclusion

A novel SIW-based CP end-fire antenna has been designed and
manufactured. The antenna consists of a notched-septum polariser
embedded between two rectangular SIWs, a dielectric lens, and via
extensions. The dielectric lens serves to improve radiation patterns
and CP purity, while the via extensions are implemented to
suppress coupling between adjacent elements when used in an
array. The via extensions also serve to improve the front-to-back
ratio and the axial ratio of the single-element antenna. The antenna
has been implemented in four different four-element arrays with
splitters and passive phase shifters. The arrays are used to test the
element's steering capability. The measured impedance bandwidth
is 11.4%. The measured element gain is 6.3 dBi, while the
measured array gains vary from 10.5 to 6.9 dBi depending on beam
direction. CP purity within the radiation HPBWs is achieved in
azimuth and elevation planes.

Given the +35° azimuth steering range demonstrated, the
antenna's compatibility with (and resilience to tolerances of)
standard PCB process and its low profile, the antenna is expected
to be a strong candidate for beam-steering mmWave systems. More
importantly, this antenna can be used in end-fire arrays, in
conjunction with planar arrays, for 3D beam coverage in 5G
mobile devices.
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