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ABSTRACT This paper presents a new phased array of substrate integrated waveguide (SIW) monopoles,
characterized by simple structure, high gain, and large coverage, resulting as a good candidate for next 5G
mobile handsets. The design consists of eight monopoles printed on a Rogers RO4003 substrate. In particular,
four antennas are located on top of the PCB to cover the area behind the structure and four in the bottom
to scan the space in front. Moreover, a high-permittivity dielectric is placed below the elements to stop the
surface currents flowing along the ground plane and adjust the beam pointing. The simulations, including
three different antenna array combinations, prove that the angle of over 180◦ can be covered with a peak gain
of 12.3 dBi at 30 GHz. The prototype is fabricated, and passive measurements are performed in the anechoic
chamber. The results are in accordance with the simulations and confirm the effective benefit given by the
dielectric to the radiation performance of the antenna array.

INDEX TERMS Mobile terminal antennas, phased antenna array, multibeam antenna array, high gain,
30 GHz.

I. INTRODUCTION
To meet the increasing demands to achieve higher data
rates, the upcoming fifth generation (5G) mobile commu-
nication system requires wider bandwidth [1], that supports
higher capacity and massive device connectivity and guar-
antees lower end to-end latency and better user experience.
A promising solution is to move up to the millimeter wave
bands [2], [3], resulting though in increased free-space path
loss, according to the Friis Transmission Equation [4]. How-
ever, the large loss can be compensated exploiting higher-gain
antennas, but the downsides are narrow radiation beamwidth
and consequent reduced coverage. Therefore, as reported
in [5], beam-steerable directional phased arrays are adopted
to achieve multiple beams and high gain at both the base
station and the mobile device in the new 5G systems.

Different antenna array configurations have been investi-
gated in recent years for mm-wave applications. Initially the
attention has focused on developing phased array consisting
of planar antennas. Quasi-Yagi antennas [6], [7] and printed
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dipoles [8]–[11], for example, have captured the interest
thanks to the features of wide bandwidth and high efficiency,
with the disadvantage though of large size.

Later, the advent of the substrate integrated waveg-
uide (SIW) technology [12] allowed to realize components
with lower loss and negligible parasitic cross-coupling, mak-
ing thus the SIW antenna more attractive than conventional
planar integrated antenna. For these advantages, SIW tech-
nology is considered a suitable candidate for the design of
mm-wave antenna, because of simple fabrication, easy inte-
gration and low manufacturing cost [13]–[16]. Nevertheless,
the dimension and complex configuration represent still a
limit in the use of SIW components, as confirmed by the
research efforts in [17]–[20].

This paper presents a SIW multibeam antenna array oper-
ating at 30 GHz for future 5G mobile devices. Compared
with the state-of-the-art prototypes, the design proposed in
this paper is characterized by smaller clearance, that allows
to optimize the space occupied on the PCB. Eight monopoles
are selected as the main radiating elements for the array and,
to achieve a lowmutual coupling, a microstrip stub is inserted
between two adjacent antennas. Three beams with different
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TABLE 1. Dimensions of the 5G antennas parameters (Units: mm).

directions can be generated to cover the angle range of around
180◦ with peak gain of 12.3 dBi, which guarantee high gain
over a omnidirectional coverage.

The paper is organized as follows. The design of the
structure is described in Section II. Section III presents the
analysis conducted on the simulated prototype and deals with
the optimization of the radiation performance of the antenna
system. Section IV shows the results of the measurements run
on the realized component, followed by a comparison with
the results obtained from the simulations. Finally, Section V
concludes the paper.

II. STRUCTURE OF THE SIW MONOPOLE
ANTENNA ARRAY
In the proposed antenna package, shown in Fig. 1, eight
monopoles, spaced half wavelength from each other, are
printed on both sides of a Rogers RO4003 substrate, with per-
mittivity εr = 3.55 and loss tangent δ = 0.0027. In particular,
the first four monopoles, placed on the top of the PCB, radiate
towards the back of the structure (0◦ < φ < 180◦) and the
other four, located in the bottom, point their beam to the front
(−180◦ < φ < 0◦). Each monopole is fed by a SIW, which
plays an important role for the bandwidth and radiation char-
acteristics. The length of the SIW is not a critical parameter,
so it is chosen to be 2λ, the minimum distance that guarantees
that themmpx connectors are far enough from the monopoles
to not affect their radiation pattern. The substrate has length
130 mm, width 70 mm and thickness 1.524 mm. The other
dimensions are listed in Table 1. A significant advantage is
offered by the short length of the monopoles, which allows
to minimize the clearance to 3 mm. Finally, the grounded
parallel plates beside adjacent elements aim to reduce the
mutual coupling that occurs between them.

III. ANTENNAS PERFORMANCE
The structure is analysed using the electromagnetic simulator
CST Microwave Studio 2019. Since the curves representing
the S-parameter characteristics of the array elements are sim-
ilar, Fig. 2 reports only the ones related to the two middle ele-
ments, antenna 4 on the top side of the PCB and antenna 5 in
the bottom. The simulated 10 dB bandwidth is 28− 31 GHz
around the resonant frequency of 30 GHz, which is in inverse
proportion to the length of the monopoles. In fact, looking at
the results of the parametric simulations carried out over the
length of the monopoles and plotted on the graph in Fig. 3(a),
it is possible to observe that a reduction of the length increases
the return loss, enlarges the bandwidth and moves up the res-
onance frequency. Same considerations apply to the outcome

FIGURE 1. (a) Perspective and (b) frontal view of the geometric structure
of the proposed SIW monopole antenna array for 5G mobile-phones.

FIGURE 2. Comparison of the simulated and measured S-parameter
characteristics of the two middle elements of the proposed antenna
package. The reflection coefficient of the other antenna elements closely
matches S44 and S55.

of the parameterization of the width of the SIW, as shown
in Fig. 3(b), where, in addition, the curves highlight that
a narrower SIW is responsible for a more evident ripple.
Finally, the contribution given by the parallel plates placed
beside the monopoles is evaluated and the data are reported
in Fig. 4. Whereas the isolation between the neighbouring
elements is over 20 dB, when using the plates, removing
them means increasing the mutual coupling to −10 dB and
loosing the impedance matching, with consequent alteration
of the radiation properties. The benefit given by the parallel
plates can be verified comparing the flow of the currents
generated by antenna 4 in the case without (Fig.5(a)) and with
them (Fig.5(b)). In fact, when these are removed, the current
is spread along the short edge of the ground plane to the

73158 VOLUME 7, 2019



C. Di Paola et al.: SIW Multibeam Antenna Array at 30 GHz for 5G Mobile Devices

FIGURE 3. Simulated S-parameter characteristics of the first antenna
element varying (a) the length Lm of the monopole and (b) the width
WSIW of the SIW.

FIGURE 4. Simulated S-parameter characteristics of antenna 4 and 5,
when the parallel plates are removed.

FIGURE 5. Coupled current on the neighbouring elements, when port 4 is
excited, in the configuration (a) without and (b) with the parallel plates.

neighbouring elements. In addition, the mutual coupling is
particularly visible looking at the effects on the connectors
beside that of the radiating element and to a small extent
also on the other elements. On the other hand, exploiting the
parallel plates, the current generated by antenna 4 has minor
influence on antennas 3 and 5 and negligible effect on the
others.

Figure 6 shows the 3D radiation characteristic of the ref-
erence antennas at 30 GHz. As expected, antenna 4 on top
radiates towards the direction (0◦ < φ < 180◦), whereas
antenna 5 in the bottom scans the portion of area where
(−180◦ < φ < 0◦). However, looking at Fig. 6(a), apart
from the main beam pointing at φ = 60◦ with a realized
gain of 6 dBi, significant components are visible also where
φ < 150◦. The same applies to antenna 5 in Fig. 6(b) but,

FIGURE 6. Simulated 3D-radiation patterns of (a) antenna 4 on top and
(b) antenna 5 in the bottom at 30 GHz. For φ varying from 0◦ to 360◦ the
corresponding value along θ has been plotted.

FIGURE 7. Surface currents generated by (a) antenna 4 and (b) antenna 5.

in this case, themain beam is directed down, while the desired
area is covered with approximately 3 dBi.

Therefore, in order to investigate the source of this
unwanted radiation, the surface currents related to the refer-
ence antenna elements are calculated and reported in Fig. 7.
In both cases, it is evident that the current generated by the
antenna flows down along the ground plane. However, con-
sidering antenna 4 in Fig. 7(a), the presence of the connectors
limits the current strength, which results reduced compared to
antenna 5 in Fig. 7(b).

A. HIGH PERMITTIVITY DIELECTRIC TO BLOCK THE
SURFACE CURRENTS
The aim of the proposed solution is to place a high permittiv-
ity dielectric below the monopoles on both sides of the PCB,
as shown in Fig. 8, with the function to absorb the current
flow radiated by the antenna elements. The substrate chosen
for this purpose is Duroid 6010, with dielectric constant εr =
10.2, Lp = 3 mm long and Tp = 1.24 mm thick, with a
metalization Ls = 0.5 mm long on top, grounded in the
antenna ground plane. The new component does not affect
the impedance matching.
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FIGURE 8. (a) Perspective and (b) frontal layout of the proposed SIW
monopole antenna array with high permittivity dielectric placed below
the monopoles.

FIGURE 9. Effects of the high permittivity dielectric on the surface
currents propagation. Currents generated by (a) antenna 4 and
(b) antenna 5.

As depicted in Fig. 9, most of the current generated by the
two reference antennas is spread along the dielectric and only
a minor part flows down through the surface of the ground
plane. The benefit obtained can also be seen after compar-
ison with the previous Fig. 7. With the solution adopted,
the realized gain of each array element increases of 1 dB,
compared to the original case. Moreover, a broader coverage
with a scanning angle wider than 60◦ is guaranteed by both
antennas. In particular, the radiation patterns result almost
symmetric and, above all, cover only the desired part of the
space, as Fig. 10 proves.

FIGURE 10. Simulated 3D-radiation patterns of (a) antenna 4 on top and
(b) antenna 5 in the bottom at 30 GHz, when the high permittivity
dielectric is placed on both sides of the PCB. For φ varying from 0◦ to
360◦ the corresponding value along θ has been plotted.

FIGURE 11. Simulated 3D-radiation patterns at 30 GHz of (a) phased
array made up of the 4 antenna elements on top, (b) phased array made
up of the 4 antenna elements in the bottom and (c) phased array made
up of the 8 antenna elements, when the high permittivity dielectric is
placed on both sides of the PCB. For φ varying from 0◦ to 360◦ the
corresponding value along θ has been plotted.

B. PHASED ARRAY OF SIW MONOPOLE ANTENNAS
In order to cover the area of 180◦ with high gain, three
different phased array are required. The first is made up of the
four monopoles on top (antennas 1 − 4 in Fig. 1) combined
with phase shift α = 0◦ and scans the space in front of
the antenna. The second consists of the four elements in the
bottom (antennas 5 − 8) and points to the back. Finally,
to guarantee the desired coverage above the structure, all the
antennas are exploited.

Comparing the radiation pattern related to the top and bot-
tom arrays, represented in Figs. 11(a) and 11(b) respectively,
with that generated by the corresponding antenna element
in Fig. 10, a significant reduction of the beamwidth along θ
from 70◦ to 20◦ can be observed, which allows to achieve
higher gain, as expected.

The 2D-coverage property of the antenna system at 30GHz
is reproduced in Fig. 12(b). The curve representing the
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FIGURE 12. Comparison of the spherical coverage at 30 GHz of (a) every
single monopole and (b) the phased arrays obtained by three different
combinations of the antenna elements with phase shift α = 0◦.

FIGURE 13. Simulations including (a) right hand and (b) double hand to
evaluate the user influence on the efficiency and radiation performance
of the SIW monopole antenna array.

envelope shows that it is possible to steer the beam from
−100◦ to 100◦ with a gain higher than 7 dBi. In particular,
the eight elements array covers an area of 20◦ with maximum
gain of 7.5 dBi at 0◦, whereas the top and bottom array scan
each 90◦ with peak gain of 12.3 and 11.7 dBi respectively
at 70◦ and −60◦. Moreover, the curves representing the cov-
erage of the top and bottom arrays have the same trend as
the corresponding single elements in Fig. 12(a)), but show a
realized gain 6 dB higher.

In Table 2 the proposed design is compared with previous
studies on SIW antenna array both in terms of structural
characteristics and based on key performance metrics. It turns
out that, due to the small clearance occupied by the radiating
elements and the wide coverage achieved with high gain,
the SIW monopole antenna array represents a good trade-off
between dimensions and performance.

C. INVESTIGATION OF THE USER IMPACT
The investigation of the user influence on the radiation per-
formance of the proposed SIWmonopole antenna array, with
and without the high permittivity dielectric, is carried out
through simulations in data mode considering the right hand
and both hands, as represented in Fig. 13(a) and Fig. 13(b)

FIGURE 14. (a) Fabricated SIW monopole antenna array on a Rogers
RO4003 substrate (top and bottom layer), (b) with high permittivity stick
glued on top and bottom and (c) measurements setup in the anechoic
chamber.

respectively. Considering the antenna only, the results show
that the single hand has the same effect as adding the high
permittivity dielectric, i.e. blockage of the flow of the surface
currents towards the bottom of the PCB. However, the pres-
ence of the hand causes a reduction of 1.5 dB in efficiency,
which is more significant when the structure is hold with two
hands. On the other hand, the total efficiency of the antenna
with the high permittivity dielectric is not altered by the hand,
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TABLE 2. Comparison of the proposed design with previous work.

which decreases though the gain of the three beams of 1 dB
on average. Negligible effect is given instead by the two
hands.

IV. MEASUREMENTS RESULTS AND DISCUSSION
Figure 14(a) shows the fabricated SIW monopole antenna
array prototype. The S-parameter characteristics of the two
reference elements, evaluated with the Keysight N5227A
Power Network Analyzer (PNA) are reported in Fig. 2. The
trend of the simulated and experimental return loss curves
matches each other and the bandwidth is confirmed to be
3.5 GHz. Nevertheless, the resonance frequency of the real-
ized component is shifted 500 MHz backward, possibly due
to the longer length of the printed monopoles, as proved by
the parametric study in Fig. 3(a). The shift in frequency is
visible also comparing the curves representing the mutual
coupling between the two ports. However, the measured iso-
lation, higher than 20 dB over the whole bandwidth, confirms
the effective benefit given by the metal plates beside the
monopoles.

The radiation performance of the realized component are
measured in the anechoic chamber located at the Antenna,
Propagation and mm-Wave Systems (APMS) section at Aal-
borg University. In Fig. 14(c) the antenna under test (AUT)
is suitably positioned on the measurements setup. The test
equipment consists of a dual polarized test probe, which
allows to evaluate the gain at each selected point over the
φ-axis, when θ = 90◦. The power is recorded for the test
probe for both polarizations and the procedure is repeated
until the interval −135◦ < φ < 135◦ is measured, rotating
the AUT by 5 degrees per time. The choice of φ is justified
by the dimension of the setup, that would be placed between
the test probe and the AUT, compromising thus the results.
The measurements are carried out in the frequency interval
26− 35 GHz.
The 2D-coverage properties of the simulated and real-

ized antenna 4 and 5 at 30 GHz are reported in
Figs. 15(a) and 15(c) respectively. From the comparison of
the curves, it is possible to state that the measured results
closely match the simulations and the expected beam steering
is obtained. However, it is possible to notice a decrease in
gain of 2 dB on average, caused by the different impedance
matching between the simulated and realized prototype.

FIGURE 15. 2D-radiation pattern at 30 GHz for the reference antenna
(a) 4 and (c) 5 and impact of the dielectric mounted on both sides of the
substrate on the radiation performance of antenna (b) 4 and (d) 5. For φ

varying from −135◦ to 135◦ the corresponding realized gain has been
plotted for both simulations and measurements.

Moreover, to investigate the effective impact of the dielec-
tric on the radiation performance, two pieces of Duroid 6010,
with the same design characteristics as in the simulations,
are glued on both sides of the PCB, as shown in Fig. 14(b).
In this case, looking at the curves of the reference ele-
ments in Figs. 15(b) and 15(d), it is possible to notice a
more significant decrease in gain of the measured struc-
ture compared to the simulated one. In fact, the reduction
is approximately 3 dB and can be ascribed to the actual
positioning of the dielectric and the contribution of the glue.
However, the main objective is achieved, the surface currents
are blocked and it is possible to observe that the gain drops
when φ > 90◦ for antenna 4 and φ < −90◦ for antenna 5.

V. CONCLUSION
This work proposes a new antenna array for the upcoming 5G
mobile communication systems. The design consists of eight
SIW monopoles, suitably placed on both sides of the short
edge of the mobile device PCB. The radiation performances
are optimized exploiting a high permittivity dielectric below
the antenna elements, that reduces the impact of the surface
currents and allows to achieve the desired beam pointing.
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Moreover, three arrays obtained by different combinations of
the monopoles scan an area wider than 180◦, with peak gain
of 12.3 dBi at 30 GHz. The structure is fabricated and then
measured in the anechoic chamber. The results are evaluated
in terms of 2D-radiation pattern of the single elements, with
particular focus on the contribution of the high permittivity
substrate. The radiation properties of the realized prototypes
and the benefits given by the dielectric are confirmed, despite
a reduction in gain of 2 and 3 dB is measured for the original
and enhanced structure respectively. Future work aims to
improve the proposed design, in order to realize a wide beam
scanning also along theta and obtain 3D-coverage.
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