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Abstract

This paper proposes a dual-polarised cavity backed patch antenna for next generation
phased arrays for mobile handsets. The antenna exhibits multi-band performance,
allowing to cover the 5G bands n257 (26.5-29.5 GHz), n258 (24.25-27.5 GHz), n261
(27.5-28.35 GHz) and a portion of band n260 (37-40 GHz). Two orthogonal modes are
excited in the substrate integrated waveguide (SIW) cavity and show similar impedance
matching and symmetric radiation patterns. A parasitic element is introduced on top of
the cavity and shifted off-centre to improve the port-to-port isolation and guide the main
beam. A parametric study of the antenna dimensions is conducted to verify the multi-
resonance operating mechanism. The design is validated by the measurements of the
fabricated four-element array. The array scanning angle is from —35° to 38° for V-pol
and from —29° to 31° for H-pol at 28 GHz, where the realised gain raises from 8 to
12 dBi.

Mobile; AAU young talent programme

1 | INTRODUCTION

The millimetre-wave bands provide wide bandwidths that can
support higher speed data transfer and massive device con-
nectivity required by the upcoming fifth generation mobile
communication system (5G) [1-4]. However, by increasing the
operating frequency, the propagation loss becomes more sig-
nificant, according to the Friis transmission equation [5].
Therefore, high gain antenna systems are proposed to be
embedded in mobile terminals to compensate the larger path
loss, transmission loss, shadowing loss and user blockages
[6,7]. Since high gain leads to narrow radiation beamwidth,
beam-steerable phased arrays result good candidates, thanks to
their ability to realise beam forming and achieve a large
coverage range [8—10]. Moreover, due to the limited space
reserved in mobile handsets for the antenna, beam-steerable
phased arrays are required to be compact in size.

Planar and low-profile antennas have contributed
significantly towards miniaturisation, for example microstrip
patch antennas. However, microstrip patch antennas suffer
from narrowband impedance matching, resulting from the
small separation between the patch and the ground plane,

and low gain, due to the surface waves that distort the

radiation pattern [11,12]. Therefore, to make them suitable
radiators for the emerging technologies, the patch antenna is
buried into a metallic cavity [13]. This technology has the
potential to widen the limited bandwidth of the conventional
patch antenna, by increasing the volume under the patch.
Additionally, the cavity enhances the antenna gain and
radiation efficiency, as it is very effective in suppressing
surface waves and backlobes, typical of finite ground plane
patch antenna, improves cross-polar levels in radiation
patterns and reduces mutual coupling between antenna ele-
ments [14-16]. The extensive study in Reference [17] ana-
lyses the influence of every design parameter on the cavity
backed antenna performance. A low profile cavity backed
antenna realised by multilayer printed circuit board (PCB)
structure is first presented in Reference [18], in which the
cavity is constructed by two rows of vias connecting upper
and lower ground plane. In Reference [19], a cavity backed
antenna is first developed using the substrate integrated
waveguide (SIW) technology, where the cavity is emulated
using array of plated through via holes and the entire
structure is fabricated on a single layer substrate. Low-pro-
file SIW cavity-backed antennas are proposed in References
[20-24], to realise bandwidth enhancement in X-band,
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Ku-band, mm-wave and 60 GHz band, respectively. More-
over, they are implemented in References [25,26] for dual
linear polarisation applications. In fact, over the past years,
dual-polarised antenna arrays have drawn antenna engineers
attention, as they allow to cope with the unpredictable
polarisation of incoming signals and guarantee a better
connection with base stations. Overall, the 5G millimetre-
wave system demands dual-polarised antenna arrays, able to
operate over a wide bandwidth.

In this paper, a dual-polarised cavity backed stacked patch
antenna, with multi-band and high gain performance, and its
array of four elements are proposed to cover the bands of the
5G spectrum [27]. The antenna is fed by two orthogonal
microstrip lines, exciting two orthogonal modes in the SIW
cavity. The initial design suffers from low port-to-port isola-
tion and titled radiation patterns at certain frequency bands,
due to the impact of the cavity. Therefore, a novel design on
the parasitic patch element is proposed in this work. Different
from conventional stacked patch antenna [28], the parasitic
patch element, placed on top of the cavity, is shifted off-centre,
to increase the cross-polarisation isolation and direct the main
beam towards the normal direction. In the final design, the
orthogonal modes exhibit the same impedance matching and
symmetric radiation patterns.

The paper is organised as follows. The design of the
structure is presented in Section II. In Section III, the per-
formance analysis is conducted, followed by the parametric
study in Section IV, performed with the electromagnetic
simulator CST Microwave Studio 2019. The simulated and
measured results of the fabricated array are compared and
discussed in Section V. Finally, conclusion is provided in
Section VI.

To avoid potential confusion, the main beam is radiated
towards the +z direction; the vertical polarisation (V-pol) and
the horizontal polatisation (H-pol) correspond to the 8 and ¢
polarisation, respectively.

2 | ARRAY ELEMENT STRUCTURE

The array element structure in Figure 1 consists of a three-
layers of stack-up PCB. Two layers of Rogers RO4003C
(thickness = 0.406 mm, €, = 3.55, tang = 0.002) and a layer of
Rogers RO4350B (thickness = 0.101 mm, €, = 3.60,
tans = 0.0037) are connected by two prepreg layers of Rogers
RO4450F (thickness = 0.202 mm, €, = 3.52, tans = 0.004), as
shown in Figure la. Four rows of metallised vias, connecting
upper and lower layers, form the sidewalls of the square SIW
cavity. Buried in the centre of the cavity, the radiating square
patch (M2) is printed at the bottom of the second layer of
Sub.1. The ground plane (M3) follows below, placed on top of
Sub.2. Two orthogonal microstrip lines (M4), located on the
bottom of the cavity (bottom of Sub.2), are connected to the
patch through plated vias, to excite two orthogonal modes.
Waveguide ports 1 and 2 are selected for the V- and H-mode,
respectively. In particular, the feeding points are off-centre,
that is the V-mode is excited near the right edge of the patch,
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FIGURE 1 Geometric structure of the proposed cavity backed patch
antenna for 5G mobile-phones. (a) Exploded and (b) cross sectional view,
and (c) layers in detail

and the H-mode is fed near the down edge of the patch,
resulting in a tilted radiation pattern. To face the problem, a
parasitic element, a square plate (M1) is added on top of the
cavity (top of first layer of Sub.1), and shifted 0.3 mm diago-
nally from the centre to the upper left corner. The structure of
each layer is presented in detail in Figure 1c, and the depth of
feeding and cavity vias is shown in the cross section view in
Figure 1b. Dimensions are listed in Table 1.
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TABLE 1 Dimensions of the antenna parameters (Units: mm)
Par. Value Par. Value Par. Value
d; 0.3 7 0.6 w, 2.6
d, 0.2 75 0.4 Wpar 1.9
d, 1.3 73 0.4 We ext 6.5
dy 0.5 pin 0.2 We ine 4.5
d, 0.425 7y 0.34 Z, 0.303

3 | ANTENNA ELEMENT
PERFORMANCE

In this section, the antenna operation mechanism will be
explained first, and then, the effect of shifting the parasitic
element off-centre will be illustrated.

3.1 | Cavity impact

To prove the bandwidth enhancement of the proposed

design, the impedance bandwidth of the equivalent patch
antenna (see point 1 in Figure 2a) and cavity backed antenna

(@)

1) patch antenna 2) cavity backed patch

antenna

/3) + parasitic element

4) + SHIFTED parasitic element
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FIGURE 2 (a) Design evolution of the proposed cavity backed patch

antenna and (b) corresponding simulated S-parameters. Due to the
symmetric structure, Sy, is similar to §j;

(see point 2 in Figure 2a) are juxtaposed in Figure 2b. The
first step is to bury the patch into a cavity (point 2 in
Figure 2a), exciting a cavity mode close to the resonance of
the patch. The surface current distribution evaluated at the
resonance frequency of 25.5 GHz in Figure 3a highlights
that the patch is responsible of the first mode, while the
second mode depends on the cavity, as proved by the
current distribution at 28.7 GHz in Figure 3b. The advan-
tages given by the cavity in terms of radiation performance
can be observed comparing Figure 5ab. The radiation
pattern of the patch antenna results distorted by the surface
waves induced on the substrate and exhibits low realised
gain of 6 dBi. The presence of the cavity is very effective in
suppressing the surface waves, and thus focus the radiated
beam towards the + z direction, shaping a narrow radiation
pattern with peak gain of 8.4 dBi

3.2 | Impact of the parasitic element

The second goal is to improve the impedance matching
Therefore, a parasitic element is placed on top of the cavity in
the centre (point 3 in Figure 2a), and another mode is excited
at 37 GHz (solid black curve), as confirmed by the surface
currents distribution in Figure 3c. The realised gain also
benefits from the parasitic element that allows to achieve 9 dBi
(Figure 5c). However, this configuration suffers from low
isolation between the two ports at 28 GHz (dashed black
curve). Moreover, as the feeding is off-centre of the cavity. The
radiation pattern at 28 GHz leans to one side, as illustrated
in Figure 5c.

33 |

Shifted parasitic element

Tilted radiation pattern and low port-to-port isolation are
solved by shifting the parasitic element off-centre (point 4 in
Figure 2a). To demonstrate the benefit for the isolation from
the shift, the surface current distribution in the configurations
with central and shifted parasitic element is compared in
Figure 4. With the plate shifted, the current transferred to port
2 (H-mode), when port 1 (V-mode) is fed, is much lower than
in the central placement. Figure 5d proves the effectiveness of
the shift on the radiation pattern, resulting in the main beam
pointing the normal direction. Therefore, the final design
achieves a —10 dB impedance matching from 24.2 to
30.7 GHz, covering the 5G bands n257, n258, n261 and from
37 to 37.8 GHz, which is a portion of band n260, with port-to-
port isolation better than —15 dB.

Figure 6 shows the radiation characteristic of the two
polarisation modes at 28 GHz. In the vertical plane (yoz), the
co-polarised gain of the V-mode is 8.7 dBi, of the H-mode 8.9
dBi and the cross-pol level is more than 10 dB lower than the
co-pol for both modes (Figure 6a). Observing the results in the
horizontal plane in Figute 6b, co-pol and cross-pol of V-mode
and H-mode are symmetric to the opposite polarisation in the
vertical plane.



DI PAOLA ET AL.

283

(a) (b)

o

0.1 1

10 40 A/m

FIGURE 3 Current distribution evaluated at the resonant frequency points of the red curve in Figure 2b: (a) 25.5 GHz, (b) 28.7 GHz and (c) 37 GHz
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FIGURE 4 Current distribution on the microstrip feeding line two
(zoomed), evaluated at 28 GHz in the configurations with (a) central and
(b) shifted parasitic element, when port one is fed

4 | PARAMETRIC STUDY

To verify the multi-resonance operating mechanism of the
antenna and how the dimensions influence the bandwidth
petformance, a parametric study is performed using CST.
When one parameter is studied, the others are kept to the
optimised values. As seen in Figure 2b, three modes are
excited.

The dimensions of the patch determine the first reso-
nance and the impedance matching. In fact, as demon-
strated in Figure 7a, the patch dimensions are inversely
proportional to the resonant frequency and highly affect
the impedance matching in low band, that is bigger patch
deteriorates the impedance matching, while the high band
results unaltered. It can be seen that the optimised value
allows to achieve the desired coverage, from the beginning
of band n258.

As is widely known, the variation of operational bandwidth
is influenced by the distance between the patch and the ground

plane. A reduced distance leads to a narrower bandwidth, and
the effect is visible in Figure 7b. The value selected represents a
trade-off between the bandwidth in low band and the
impedance matching in high band.

Though the operating frequency of the proposed antenna
is primarily determined by patch size, cavity dimension is an
important tuning element to achieve the optimum impedance
matching. From Figure 7c, it can be observed that II and III
modes are in inversely proportion to cavity dimensions, that is,
as cavity size is increased, both modes shift down, leading to a
better impedance matching but reduced bandwidth. So, the
dimensions of the cavity are adjusted to the appropriate value
that guarantees the desired coverage bandwidth with a good
impedance matching.

The parasitic element size is another critical parameter,
whose effects on resonant frequency and bandwidth are shown
in Figure 7d. It results that I and III modes are sensitive to its
dimensions, and, in particular, a smaller plate determines a
higher resonance for both modes. The chosen value guarantees
good impedance matching in low and high bands and allows to
cover the whole band n257.

A deeper investigation is conducted on the parasitic
element shift, evaluating both return loss and port-to-port
isolation. The selected value is compared with different
values of shift from the central. Considering the central
position as a reference, the progressive shift of the plate
determines a better matching in low band and consequently
wider bandwidth, as shown in Figure 8a. As previously
demonstrated, the patch influences the third mode and, in
particular, a further shift generates a higher resonance.
Concerning the negative shift, that is moving the plate
closer to the feeding points, poor impedance matching is
achieved in low band, whereas the resonance in high band
overlaps the one given by the same shift in the opposite
direction. Comparing the curves in Figure 8b, it results that
the selected shift and the smaller one allow to increase the
isolation in the interval 28.5-30 GHz, while keeping
—15 dB in the bands of interest. The selected shift gua-
rantees both better isolation and good impedance matching
till the upper limit of band n257.
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(c) (d) v

FIGURE 5 Comparison of the simulated
radiation pattern at 28 GHz of (a) the patch antenna
with (b) the cavity backed patch antenna. In (c), the
patasitic element is added in central position and in
(d) is shifted off-centre

(a) 0%0 4B (b) 0%0 4B FIGURE 6 Simulated realised gain at 28 GHz
-302 5 30° -302 5 30° (a) in the vertical plane (yoz) and (b) in the horizontal
0 0 plane (xoz)
-60% - 60° -60% 60°
-90' 90° -90' 90°
120 L\ ]~ V-mode Co 120 [\ |]— V-mode Co
AN V-mode X A V-mode X
5 AP H-mode Co 5 PV H-mode Co
-150 43 —— H-mode X -150 > |——H-mode X
180 180
5 | ANTENNA ARRAY AND each eclement, with consequent misalighment between

MEASUREMENTS RESULTS

The array of four elements is simulated using the stacked
substrate with the length of 35 mm and the width of 70 mm.
The element distance is 5.65 mm, which is close to half
wavelength of 28 GHz. The array configuration requires the
microstrip line feeding the V-pol to be rearranged, in order to
place the MMPX connectors, breaking thus the symmetry of

the current distribution on the feed and the polarisation for the
V-mode case. In order to evaluate if the rearrangement of the
V-mode feeding line impacts on the radiation characteristics,
array element 4 is simulated with the V-pol feeding line both
orthogonal and parallel to the H-pol feeding line. However, the
results demonstrate that the placement of the feeding line does
not alter the radiation pattern generated by the V-mode. On
the other hand, as opposed to the

single element
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FIGURE 7 §; of the proposed antenna versus
(a) patch size, (b) patch position, (c) cavity
dimensions and (d) parasitic element dimensions

FIGURE 8 (a) S;; and (b) Sz of the proposed
antenna versus parasitic element shift

FIGURE 9 Fabricated antenna array (a) top and
bottom view and (b) measurements setup in the
anechoic chamber

characteristics, V] and H; in Figure 10a, representing the
reflection coefficients of the V-pol and H-pol ports of array
element 1, respectively, are slightly different from each other,
and another resonance is generated at 31 GHz. Simulations
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results prove that other offsets of the parasitic patch (d;) can
provide better cross-polarisation isolation, but the offset value
d; = 0.3 mm is still selected for the fabricated prototype to
ensure the peak radiation pointing towards the normal
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FIGURE 10 Comparison of the simulated and
measured (a) return loss and (b) mutual coupling of
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—— V1H1 Meas ----V1V2 M
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simplicity. In (a), the return loss of array element 1
with bigger patch is reported to justify the
discrepancy between simulations and measurements
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direction, while providing decent isolation performance over
the entire bandwidth.

Figure 9a shows the fabricated prototype. S-parameters are
measured using the Keysight N5227A PNA Microwave
Network Analyser and compared with full wave simulated re-
sults as shown in Figure 10. Simulated and measured curves of
the return loss (Figure 10a) follow the same trend, even though
the second mode generated by the cavity and the one in band
n260 related to the parasitic element are not matched
below — 10 dB. Based on the parametric study conducted in
Section 4, simulations with different parameters dimensions
are performed, in order to investigate the discrepancy. It turns
out that the realised component has a bigger patch, responsible
of the degraded impedance matching, as confirmed by the
return loss of the V-mode of antenna 1, simulated with
w, = 2.7 mm, juxtaposed in Figure 10a. The measured isola-
tion between the V-pol and the H-pol ports, V H; in
Figute 10b, is in agreement with the simulated. V;V, and

Hz]

FIGURE 11 Comparison of the simulated and
measured 3D radiation pattern of array element 1 at
28 GHz. (a) Simulated and (b) measured V-mode.
(c) Simulated and (d) measured H-mode. The other
array elements have similar performance, so the
results are omitted for simplicity

"
270

360

H\H,, the coupling between the V-pol ports and H-pol potts,
respectively, of array element 1 and 2, are both below —15 dB.

Figure 9b shows the measurements setup in the anechoic
chamber located at Aalborg University. The antenna under test,
mounted on the short edge of the phone ground plane to
emulate a realistic scenario, is installed on a platform that ro-
tates 360° along ¢, while a mechanical arm, where a measuring
probe is fixed, turns from 0° to 150° along 6. Each antenna
element is measured at a time, and the rest of the elements
are loaded with 50 Q. The 3D far-field radiation patterns of V-
and H-modes measured at 28 GHz are depicted in Figure 11.
The measured radiation patterns match the simulated, and the
beam scanning along € and ¢ is confirmed, despite a decrease
in gain of approximately 3 dB is observed for both modes, that
can be ascribed to the impedance mismatch at the selected
frequency point, due to the antenna mockup fabrication issues,
as explained above, as well as to extra ohmic loss in the pro-
totype of about 1.5 dB compared to the simulations.
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FIGURE 12 Simulated scanning patterns in the (a) (b)
horizontal plane (xoz) of (a) V-mode and (b) H-mode
at 28 GHz. For ¢ varying from 180° to 360°, the = 0° Co = 0° Co
corresponding value at 8 = 90° is plotted =) +;' Zgﬂ go k=2 +j’ de go
+/-60° Co +/-60° Co
£ +-90° Co| g +-90° Co
(6] +/-120° Co| (D +/-120° Co)
° 0° X o 0° X
Q +£-30°X | § +-30° X
T +-60°X | G +-60° X
) +-90°X | @ +-90° X
o w1200 x | LV w +-120° X
90 90 -60 -30 0 30 60 90

The resulting simulated beam-steering envelope in the H-
plane at 28 GHz is shown in Figure 12. The envelope is obtained
by the realised gain of nine beams, generated by the progressive
phase shifts of 0°, £30°, £60°, £90° and £120°. If we define the
scanning angle as a relative range to the peak value, 12 dBi, the V-
mode can cover from —35° to 38° and the H-mode from —29°
to 31° with 4 dB degradation. The envelope of the H-mode in
Figure 12b is homogeneous, and the gain decreases gradually
from the peak value at 0°. On the other hand, the envelope of the
V-mode in Figure 12a shows three peak values at 0° and 25°.
The presence of three peaks in the array pattern is justified by the
three peaks in the element pattern, as shown in Figure 11a, since
the array pattern is the product of element pattern and array
factor. The distorted scanning pattern generated by the V-mode
is due to the placement of the array elements along the V-
polarisation, which determines a stronger impact from the
neighbouring array elements on each element radiation pattern
and further results into the distortion on the beam scanning
pattern, as can be observed in Figure 12a.

6 | CONCLUSION

A cavity backed patch antenna, with dual-polarization and multi-
band performance, is proposed to cover the 5G bands from
24.25 to0 29.5 GHz and from 37 to 37.8 GHz. Novel component
of the design is the parasitic element, shifted off-centre on top of
the cavity, that improves the isolation between the two polar-
isations and addresses the main beam to the normal direction. A
four-element array is implemented with the proposed antenna as
array elements. The measured far-field radiation patterns ate in
accordance with the simulations, though a decrease in gain of
3 dB on average is detected. The array scanning angle is from
—35° to 38° for V-pol and from —29° to 31° for H-pol, where
the realised gain reaches 12 dBi at 28 GHz. Future work aims to
exploit different technologies to minimise the antenna profile,
while keeping wideband and high gain performance.
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