IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 28, 2019, accepted March 8, 2019, date of publication March 22, 2019, date of current version April 5, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2905106

A Cavity-Backed Shorted Annular Patch (SAP)

Array for Mid-Range V-Band

Backhauling Applications

EMILIO ARNIERI™, (Member, IEEE),

GIANDOMENICO AMENDOLA, (Senior Member, IEEE),

AND LUIGI BOCCIA ", (Member, IEEE)

DIMES, Universita della Calabria, 87036 Rende, Italy

Corresponding author: Emilio Arnieri (emilio.arnieri @unical.it)

ABSTRACT This paper presents a new improved gain array configuration well suited for mid-range V-band
backhauling applications. The proposed solution is based on a cavity-backed shorted annular patch (SAP)
antenna loaded with a parasitic patch element for gain maximization. This solution is proved by designing
and measuring a 4 x 4 array which presents a reflection coefficient bandwidth covering the frequencies
from 58.7 to 63.25 GHz (7.6% at 60 GHz). The experimentally validated array gain is equal to 18 dBi
corresponding to 37.9% of aperture efficiency. The antenna and array configurations presented in this
paper are optimized to minimize the manufacturing cost and complexity. This result is achieved through
a novel beamforming network (BFN) configuration, implemented using a dual-layer substrate-integrated
waveguide (SIW) technology, and partly integrated on the array aperture. The achieved results demonstrate
how the performance of the cavity backed SAP array is comparable to the ones achieved with more complex

and expensive solutions.

INDEX TERMS 5G mobile communication, antenna arrays, substrate integrated waveguide (STW).

I. INTRODUCTION

Backhauling links are employed to implement the intercon-
nections between the network core and the base stations.
Into the hierarchy of the modern network infrastructures,
they play a crucial role which will be further augmented
with the forthcoming fifth generation mobile communication
system that is referred to as 5G. Indeed, the need to face
higher data rate per cell and the new frequency allocation
of the 5G system will require the deployment of a higher
number of cells. The capability to efficiently transfer the
data from these pico-cells to the network core is regarded as
one of the main cost drivers to be faced by operators. For
this reason, several wireless systems operating at millime-
ter wave frequencies have been developed for backhauling
applications [1]. The V band unlicensed spectrum provides
an interesting opportunity as it offers up to 9 GHz of band-
width around 60 GHz thus allowing multi-gigabit data rates.
Several industrial and academic research efforts have been
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devoted to the development of V-band antenna. For medium
to long range applications requiring peak antenna gains of
more than 25 dBi parabolic reflectors, transmit-arrays [2],
lens antennas [3], slot-waveguide arrays [4] or substrate
integrated waveguide (SIW) arrays [5] have been proposed.
In the case of shorter link distances, several investigations
have been conducted on medium gain (10-20 dBi) antenna
configurations [6]. The smaller gain value, makes the use of
planar technologies preferable due to their ease of integra-
tion with the chipsets, lower manufacturing and installation
costs. For instance, in [7] a 6x6 array on LTCC with a gain
of 19 dBi is reported. A SIW slot configuration in printed
circuit board (PCB) technology is presented in [8] where an
array of 12x 12 elements exhibits a gain of 22 dBi. The use of
dense dielectric patch antennas allows in [9] the achievement
of a gain of 16.5 dBi in a 4x4 array arrangement. The
typical approach to increase the radiation efficiency is to
limit the losses in the beam forming network (BFN) and to
increase the gain of the array elements. An example of highly
directive elements is shown in [10] where a SIW distribu-
tion network is used to feed cavity backed patch elements.
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This configuration, which requires an aluminum plate to real-
ize the cavities, reaches a gain of 19.6 dBi with 16 elements.
Another approach has been demonstrated in [11] where a
combination of a one-wavelength bowtie and a double loop
antenna are employed in a reflector-backed arrangement
achieving a gain of about 20 dBi.

In this work, a new array configuration based on Shorted
Annular Patch (SAP) antenna elements for V-band applica-
tions is presented [12]. This type of antenna has been studied
in the past for its surface waves inhibition properties and
due to its capability to provide higher gain if compared to
a patch antenna element. Thanks to these properties, the SAP
antenna has found application in global navigation satellite
system (GNSS) applications [13]-[15] for low multipath
applications. In [16] an all-metal SAP has been demonstrated
as a parabolic reflector feed for Ku-band SatComs applica-
tions, while in the lower millimeter wave band, SAP antennas
have been demonstrated for dual band operation [17].

The solution proposed in this work is obtained combin-
ing some of the aforementioned concepts to achieve a new
architecture where in a four layer PCB stack-up are embed-
ded cavity-backed SAP antennas fed using a dual-layer SIW
beam forming network. Stacked SAP elements loaded with
a parasitic ring are employed to improve the bandwidth and
to increase the gain. The idea of loading a SAP element
with a parasitic patch has been already proved in [18] where
two shorted rings suspended though an aluminum solid block
were employed for S band for satellite applications. At vari-
ance of this work, the intended approach is entirely based
on standard PCB technology and it expands upon the feasi-
bility study presented in [19]. The entire radiating element
is embodied within a metal cavity which serves to enhance
the gain. The proposed concepts are validated through the
design and the experimental validation of a 4 x4 array whose
BFN is built using a two layer SIW network as described
in Section III. Results of the experimental evaluation are
illustrated and discussed in Section IV.

Il. ANTENNA DESIGN

One of the key features of the proposed design is that the
overall array structure can be fabricated using a low cost
PCB process. As it can be observed in figure 1, the stack-
up employed in this work makes use of four metal layers
assembled using a sequential build-up procedure. The inter-
connections between the different layers and the shielding
cavity requires the use of two metallized via typologies,
namely a through via between M2 and M3 and a blind via
between M1 and M2. D1 and D2 are used to implement
the SIW BFN and the SAP elements, including the backing
cavity. A foam layer, D3, acts as a spacer for the stacked patch
which is printed on D4. The manufacturing process exploits a
fusion bonding technique developed by Nuova Eurotar S.r.1.,
Italy. This approach allows to bond the different dielectric
layers through high pressure and temperature thus allowing
to avoid the use of prepreg materials. Therefore, a straight-
forward implementation of complex multilayer stack-ups is
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Matirial Tickness
D4 Rogers 5880 hy
M4 Copper 18 um
D3 Foam h;
M3 Copper 18 um
D2 Through Via Rogers 5880 h,
M2 Copper 18 um
D1 Blind Via Rogers 5880 h,
M1 Copper 18 pm

FIGURE 1. Side view of the PCB stackup. h; = 0.254 mm, h, = 0.508 mm,
h; = 1.9 mm, hy = 1.295 mm. Conductor layers are depicted in black,
dielectric substrates in gray.
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FIGURE 2. Representation of the shorted circular patch antenna printed
on a multilayer PCB. (a) Exploded view; (b) feeding SIW; (c) ground with
feeding slot; (d) shorted patch; (e) parasitic circular patch. d; = 1.64 mm,
dy =2.49 mm, dy = 2.87 mm, dj = 3.4 mm, d5 = 1.4 mm, | = 1.85 mm,
w = 0.18 mm, wgpy = 2.1 mm.

made possible through a sequential build-up process which
allows to have a through via type between M2 and M3 with
a diameter dviazz equal to 0.2 mm.

The geometry of the stacked SIW SAP radiator is shown
in figure 2. A circular patch having diameter d; is printed on
M3 and it is short circuited through a concentric ring having
a diameter equal to d;. The shorter inner border is realized
through a set of vias from M2 to M3. The SAP element
is surrounded by a matching ring implemented through a
0.09 mm annular ring with an outer diameter of d3. As it
will be shown in the following paragraphs, this parasitic
ring serves to enlarge the matching bandwidth. The entire
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FIGURE 3. Simulated reflection coefficient and gain of the single antenna:
the performance of the geometry presented in figure 2 is compared with
the case without parasitic patch and without matching ring.

SAP structure, including the matching ring, is surrounded
by a cavity formed by a cage of metallized via holes dis-
tributed along a concentric circle having a diameter equal
to d4. The via cage around the patch is helpful to improve
the element gain and to minimize the mutual coupling effects
thus limiting the insurgence of side lobes. A foam spacer of
height h3 is used to couple a parasitic circular patch whose
diameter, ds, can be optimized to further increase the gain
of the cell. A wxl slot etched on M2 provides the electro-
magnetic coupling between the SAP cavity and a feeding
SIW fabricated in the lower dielectric, D1. The feeding SIW
has a width equal to Wgrw and it is fabricated using blind
vias having a diameter equal to dviaj =0.25mm. The SAP
antenna can be designed by selecting the outer radius and
then optimizing the inner radius to excite the radiator at the
desired frequency. For the case at hand, the design procedure
started with the selection of the SAP outer radius, d,, which
was fixed to half a free space wavelength, i.e. 2.49 mm.
This value provides high gain while avoiding grating lobes
generated by the single array element. A first guess of the
inner diameter, di, was analytically calculated as suggested
in [20] (equation 2) obtaining a value of 1.71 mm. A finite
element method (FEM) analytical model was implemented
including all the antenna components as presented in the
geometry shown in figure 2. Ansys HFSS [21] was used for
the full-wave simulation and optimization. The height of the
foam layer was fixed to 1.9 mm that is the thickness of a
foam slab after the completion of the stack-up fabrication.
The diameter of SAP cavity, d4, was fixed at 0.68A¢, with Aq
the free space wavelength. As it will be discussed in the next
section, this choice is essential to have enough spacing for
the array beam forming network. Each geometrical parameter
was fine tuned to match the manufacturing constrains and to
optimize the bandwidth and gain performance of the antenna.
The optimized antenna, has a maximum gain of 9.6 dBi at
60 GHz that is about 30% higher with respect to the SAP
gain without parasitic patch, as shown in figure 3. It is worth
noticing that the two gain values was achieved adjusting each
antenna configuration to its optimal performance. A similar
comparison was done to evaluate the effect of the matching
ring. This element creates an additional resonance in the cav-
ity which, for the case at hand, was tuned to about 57.5 GHz
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FIGURE 4. Representation of the proposed 4 x 4 array. The
electromagnetic wave flows from the feed port to each array element as
shown by the red arrows.

thus enlarging the bandwidth of the unloaded SAP antenna
from 7.9% to 10%.

Ill. ARRAY DESIGN

The single element presented in the previous section was
employed to design a 4 x4 array using the same PCB stackup
reported in figure 1. The designed array is shown in figure 4.
One of the objectives of the proposed antenna configuration
is to reduce the complexity of the stack-up by limiting the
number of layers. For this reason, the array BFN is partly
embedded in D2, which is the same substrate where the cavity
backed SAP antennas are implemented. Specifically, the BEN
is composed by a two layer full-corporate feeding network
in SIW technology. The electromagnetic wave flows through
the antenna array as shown by the red arrows in figure 4.
The array is fed through a microstrip line printed in M1 that
is slot coupled to the core part of the BFN which is a SIW
integrated in D2. To accommodate this part of the BFN,
the central elements of the array are spaced 5.3 mm apart
while the inter-element spacing of the other radiators is equal
to 4.8 mm (0.961¢).

The SIW section in D2 serves to direct the signal toward
the center of the array where a broadwall coupler is used to
couple the RF power downward into a SIW corporate feeding
network integrated in D1. Due to the structure symmetry,
the signal distribution across the array elements is uniform
in amplitude and phase. H shaped power dividers are used
in the corporate feeding network. Each power divider is the
combination of three T-junctions. The coupling between the
corporate BFN and each SAP cavity is achieved through a
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fabricated on D2 while the other vias are located on the lower level (D1).
The vias shared with the SAP back-cavity are circled in red. The H slot is
etched on M2. Physical dimensions can be extrapolated using the
provided scale.
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FIGURE 6. Simulated S-parameters of the broadwall cross coupler.

longitudinal slot etched in M2. It is worth noticing that the
use of an additional dielectric layer, albeit it would increase
the production costs, it would allow a further optimization
of the antenna performance as a larger back-cavity could be
employed thus increasing both gain and bandwidth.

The broadwall coupler is the key component for the vertical
RF power transmission in the proposed multilayered struc-
ture. Figure 5 shows the geometry of the proposed coupler.
The curved shape of the couplers in D2 serves to create room
for the antenna’s circular cavities. Indeed, the couplers and
the SAP back-cavity share a sub-set of vias (see red circled
vias in figure 5). The broadwall coupler was simulated includ-
ing in the full-wave model two crossed SIWs, the central
H shaped slot and three ports. The distance between the H slot
and the end of the upper SIW is about A¢/4 (A, is the guided
wavelength). The metalized hole located at the junction of
each T-branch is used for matching purposes. The width of the
two SIWs is fixed to 1.9 mm in D2 and 2.2 mm in D1, to make
sure that only the fundamental mode propagate within the
waveguide. Simulated S parameters for the broadwall coupler
are shown in figure 6.

The feeding network total losses are about 3dB. This value
has been evaluated from simulations, considering the whole
path followed by the electromagnetic wave from the input
microstrip in M1 to the antenna input slot (see red arrows
in figure 4). The maximum simulated gain of the array is
19.5 dBi at 63Ghz, at the same frequency the directivity is
20.85 dBi (76.3% of radiation efficiency).
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(a)
FIGURE 7. Manufactured 4x4 array. (a) Bottom view. (b) Internal layer M3.
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FIGURE 8. Simulated and measured antenna parameters: gain and
reflection coefficient.

IV. MEASUREMENT

Figure 7 shows the photograph of the fabricated 4 x4 array
which is fed exciting the microstrip line through an MMPX
connector, visible in figure 7 (a) which reports the bottom
side of the array. Figure 7 (b) shows the internal M3, before
the integration of the upper dielectric layers (D3 and D4).
The size of the radiation aperture is 17.9x18.5mm. The
measured and simulated S11 of the whole structure are com-
pared in figure 8 along with the array gain. The simulated
antenna bandwidth (—10dB) covers the frequencies from
58.7 to 63.25 GHz which corresponds to almost 7.6% at
60 GHz. The bandwidth is comparable with the one of the
isolated array cell as the BFN bandwidth is significantly
higher.

The small difference between simulated and measured
results can be ascribed to fabrication tolerances and, in partic-
ular, to alignment issues between layers. It has been verified
that, although in the order of tens of microns, they might
degrade the array performance. The measured array peak
gain, observed at 63 GHz, is equal to about 18 dBi while
the simulated one was equal to 19.5 dBi. The increased gain
losses in the prototype are attributed to manufacturing losses
and to additional losses caused by the BFEN or by the con-
nector itself whose effect was not de-embedded. The proper
behavior of the array is confirmed by the cross-polar radiation
levels which remain below —28 dBi over the entire band.
Figure 9 presents the simulated and measured radiation pat-
terns for the proposed array in the two main planes. The beam
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TABLE 1. Comparison between proposed and reported 60 GHz antennas arrays.

Impedance

- Feeding No. Of . . Max gain Aperture
Ref. Tipology Size (mm?) bandwidth > . o)\
Network Element (-10dB) % (dBi) efficiency (%)
Slot coupled patch s
[7] (LTCC) Stripline 6x6 25%25 n.a. 19 25.3
[8] SIW Slot Array (PCB) SIW (series) 12x12 30.7x30.7 4.1 22 41.2
Microstrip
9] Patch (PCB) Line (parallel) 4x4 18%20 23.7 16.5 24.7
[10] Cavity backed patch gy (o ratlel) 4x4 16.3x17.1 22.6 19.6 65.1
(PCB)
Loop-loaded Dipole Microstrip
[11] (PCB) Line (series) 14 20%20 22.1 20.1 50.9
[22] Cavity (LTCC) SIW (parallel) 64 24.6x31 17.1 22.1 42
Microstrip Patch -
[23] (LTCC) Stripline 2x2 10.1x8.5 27.3 10.5 26
[24)  Ridge Gap Waveguide RGW 8x8 33.6x33.6 17 27 88
(all metal)

[25] Microstrip Patch Microstrips 4x4 18x18 22 15.98 24

This Cavity backed SAP
Work (PCB) SIW (parallel) 4x4 17.9x18.5 7.6 18 37.9

*Calculated using the published size and gain values.

Normalized Gain (dBi)

Theta (deg)

Theta (deg)
(a) (b)

FIGURE 9. Measured (square) and simulated (continuous line) radiation
patterns of the 4 x 4 antenna array at 61GHz. Also simulated pattern at
59GHz (dashed line) and 63GHz (dotted line) are shown. (a) E plane

(b) H plane.

width measured at —3 dBi is about 8 degrees thus in good
agreement with the simulated values. As it can be observed,
a small asymmetry in the side lobes is visible in the E plane.
This effect is generated by the BFN core branch embedded in
D2 and it could be easily avoided by metallizing the M3 layer,
outside the SAP cavities.

For comparison purposes, Table I reports the key parame-
ters of some of the most recent works on a similar subject.
As it can be observed, the most relevant scientific publi-
cations on planar V-band arrays for mid-range applications
include configurations based on LTCC [7], [22], [23], hybrid
PCB-metal [10] arrangements, metallic waveguides [24] and
standard PCB [8], [9], [11], [25]. LTCC and PCB-metal
solutions can provide better performance while having higher
manufacturing costs. The increased costs are due to the inher-
ently higher manufacturing costs in the case of LTCC. On the
other hand, the use of different technologies, although simple
for a limited number of prototypes is diriment in the case of
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mass production where the integration and assembly costs
should be minimized. In this regard, the technology which
is most suitable for massive production is PCB that is being
currently used in a wide variety of applications having a
wide diffusion. The performance of PCB arrays presented
in Table I are worst than the previously proposed elements
with the exception of the loop loaded dipole reported in [11].
This work exhibits an excellent behavior in terms of gain
and bandwidth but it has a critical limiting aspect. Indeed,
the radiating elements are suspended over a foam layer and
the feeding microstrip lines are placed on the array aperture.
As a consequence, their integration with the front end, usually
located on the array back-side, would require a through via
across a foam layer that is not compatible with currently
available standard PCB processes.

V. CONCLUSIONS

A new highly integrated multilayer array based on SIW
technology in V-band has been presented in this work. The
proposed design is based on a SIW fed cavity backed shorted
circular patch (SAP) antenna. The geometry of this radiator
has been tailored to simplify the array design and fabrication
process while maximizing its gain. To this end, a parasitic
element placed above the driving SAP has been used to
further increase its gain. A 4x4 array has been fabricated
and measured. The array is fed through a two layer corporate
SIW network which is partly embedded on the same dielectric
layer where the array elements lie. This solution, although not
allowing a full exploitation of the cavity backed SAP charac-
teristics in terms of gain and bandwidth, it allows to limit the
number of layers employed in the array manifold. The pro-
posed array shows good matching over a 7.8 % bandwidth and
a gain of about 18 dBi over the entire operational bandwidth.
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The whole structure is compact and easy to build using stan-
dard PCB manufacturing process.
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