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Abstract

This paper presents a technique to increase the bandwidth in substrate integrated waveguide
(SIW) cavity-backed antennas, inspired by the design of cavity filters. The proposed structure
consists of a slot antenna backed by two cavities, located one on top of the other and coupled
through a slot. To demonstrate the bandwidth increase, a standard cavity-backed SIW
antenna, with a rectangular slot etched in the top metal plane, has been designed, manufac-
tured, and measured. Subsequently, a similar antenna was developed, by doubling the sub-
strate thickness with the aim to improve the bandwidth. Finally, the new topology of two-
cavity SIW antenna has been implemented and compared with the two previous ones.
Simulation and experimental results show that the proposed two-cavity antenna exhibits a
bandwidth twice as large as the standard SIW cavity-backed antenna.

Introduction

In the last years, the advent of the Internet of Things (IoT) [1-3] and, more recently, of the
fifth generation of mobile networks (5G) [4, 5] is bound to change the scenario of wireless
components and systems. In fact, the development of a variety of new applications in the
microwave and millimeter-wave frequency range requires the implementation of a novel
class of circuits, able to integrate data transmission, wireless power transfer, and sensing cap-
abilities in a single wireless device. The success of these new applications relies on the several
concurrent features: on the one hand, it is fundamental to identify a technology that guaran-
tees high performance and, at the same time, low cost for mass production. Moreover, com-
pact size and system miniaturization are becoming increasingly important, with the aim to
develop seamless systems for wearable and low-impact applications. Finally, the constraints
of a short time-to-market impose the choice of easy manufacturing processes and effective
integration technologies.

Among the available implementation technologies that are good candidates for the devel-
opment of future IoT and 5G systems, the substrate integrated waveguide (SIW) plays a key
role [6, 7]. The SIW is a waveguide-like structure, based on a dielectric substrate laminated
with metal layers at both faces, where metal vias define the side walls of the waveguide. The
major advantages of SIW technology are the easy design and manufacturing, the low losses,
and the complete shielding. In addition, SIW structures can be conveniently integrated with
classical planar technologies (e.g. microstrip lines and coplanar waveguides), as well as with
active devices and microwave monolithically integrated circuits. A large variety of microwave
and millimeter-wave SIW components have been implemented in the last 15 years, ranging
from interconnects [8, 9] and filters [10, 11] to active antennas [12, 13]. Moreover, SIW tech-
nology allows integrating a complete system in a single dielectric substrate, according to the
system-on-substrate paradigm [14]: this approach permits to avoid any transition between
components developed by using different technologies, thus reducing losses and complexity.

Cavity-backed antennas represent a very interesting class of SIW radiating structures. In
fact, they are easy to combine and integrate with the microwave circuitry, for instance to obtain
antenna oscillators [13], where the operation frequency can be tuned by adopting varactor
diodes [12]. Moreover, they are particularly suitable to wearable applications, as they can be
simply integrated in clothes, and compared to patch antennas, they are relatively insensitive
to on-body operation [15]. Several works have been published on cavity-backed SIW antennas
[16-21]. One of the major limitations of these antennas is the small operation bandwidth,
which depends on their intrinsic feature of being a resonant cavity with a small radiating
aperture.

Besides, other antenna designs that adopt multiple coupled resonant elements to increase
bandwidth are possible, for instance stacked patch antennas. The use of parasitic patches to
increase antenna bandwidth was proposed in several papers [22, 23]. A recent work [24]
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provided a design strategy for physically connected prototypes
with 100% bandwidth. Despite of this interesting feature, patch
antennas do not exhibit the advantages of SIW antennas, as
previously emphasized.

This paper presents a technique to enhance the bandwidth
performance of cavity-backed SIW antennas. The presence of
the resonant cavity, which represents the reason of the intrinsic
narrow-band operation, is exploited to increase the bandwidth,
by adopting an approach inspired by the design of cavity filters.
In fact, by adding more cavities, filters with more transmission
poles can be obtained. Similarly, by connecting more cavities,
the bandwidth of SIW cavity-backed antennas can be increased.

This work is organized as follows: after introducing the stand-
ard configuration for cavity-backed SIW antennas with single and
double substrate thickness (sections “Design of single thickness
cavity-backed SIW antenna” and “Design of double thickness
cavity-backed SIW antenna”, respectively), the new two-cavity
SIW antenna is presented in section “Two-cavity SIW antenna”.
Simulations are compared with experimental results for all three
antenna topologies.

Standard cavity-backed SIW antennas

This section presents the design of two standard cavity-backed
SIW antennas: the former antenna consists of a rectangular
SIW cavity, with a microstrip line with two deep insets on one
side and a radiating rectangular slot on the other side, implemented
on a substrate with thickness h=0.76 mm (Fig. 1). The latter
antenna is similar to the previous one except for the substrate height
that is doubled (2 = 1.52 mm). The antennas have been designed
by using the commercial software Ansys HESS, to operate around
the central frequency f,=4 GHz, and to maximize the 10 dB
input matching bandwidth. The dielectric substrate used for both
antennas is Taconic TLX-9, with layer thickness h=0.76 mm,
relative permittivity £, = 2.5, and loss tangent tand = 0.0022.

Design of single thickness cavity-backed SIW antenna

The design of the standard cavity-backed SIW antenna with sub-
strate thickness h is presented first, to provide a reference for the
subsequent evaluation of the bandwidth enhancement.

The optimized antenna has cavity dimensions A =39 mm and
B =38 mm (Fig. 1), the diameter of each metal via is d = 1.5 mm
and the relative spacing between them is s=3 mm, to avoid

Fig. 1. Standard cavity-backed SIW antenna with substrate thickness h=0.76 mm:
photographs of the antenna feeding side (left) and of the radiating side (right).
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radiation leakage through the gaps [6]. The cavity is fed by a
50 Q microstrip line, characterized by the width w=2.1 mm
and the parameters g=1.8 mm and c¢=22 mm. On the radiating
side (right part of Fig. 1), the rectangular radiating slot has dimen-
sions a =28 mm and b=2.5mm, and is shifted of an offset e=
20.7 mm from the lower row of metal posts. By adopting these
dimensions, the antenna operates with the TM;,, mode (referred
to z, that is the direction of maximum radiation of the antenna)
of the resonant cavity, as shown in Fig. 2.

Simulation results of the antenna are shown in Fig. 3 (black
solid lines). The simulated antenna exhibits a bandwidth (defined
as [S11| < —10 dB) of 60 MHz (Fig. 3(a)) and a boresight gain of
3.24 dB at the frequency of 4.04 GHz (Fig. 3(b)), corresponding
to an antenna efficiency of 71%.

To validate the simulation results, a prototype has been fabri-
cated by using a LPKF ProtoMat E33 milling machine for defin-
ing the pattern of the top and bottom metal layers and to drill the
via holes. Subsequently, the lateral vias have been metalized with
the LPKF ProConduct conductive paste. The photographs of the
antenna feeding side and of the radiating side of the prototype are
shown in Fig. 1.

The input matching and the boresight gain of the antenna have
been measured in an anechoic chamber. The measured results are
reported in Fig. 3 (gray dashed lines). More specifically, the measured
values of the scattering parameter |S;;| versus frequency are shown in
Fig. 3(a): the measured antenna bandwidth results 65 MHz (com-
pared with 60 MHz from the simulations). In addition, Fig. 3(b)
reports measured antenna gain versus frequency: the measured max-
imum gain is 3.64 dB at the frequency of 4.02 GHz.

Design of double thickness cavity-backed SIW antenna

A common technique to broaden the operation bandwidth of
cavity-backed SIW antennas consists of increasing the thickness
of the dielectric substrate. For this reason, a second antenna has
been implemented, similar to the previous one but with double
substrate thickness (24 =1.52 mm). The optimized dimensions
for this configuration are A =39.1 mm, B=37.8 mm, w=4 mm,
a=30mm, b=2.5mm, g=1.9 mm, c=22 mm, d=1.5 mm, and
s=3 mm (see Fig. 1).

Similarly to the previous antenna, simulated scattering para-
meters |S;,| versus frequency are presented in Fig. 4(a) (black
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Fig. 2. Standard cavity-backed SIW antenna with substrate thickness h: amplitude of
the electric field of the TM;,, mode, resonating in the cavity at the frequency of
4 GHz.
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Fig. 3. Simulation and measurement of the standard cavity-backed SIW antenna with
substrate thickness h: (a) simulated and measured scattering parameter |S;;| versus
frequency; (b) simulated and measured gain versus frequency.

solid lines) around the frequency f, =4 GHz. In this case, the simu-
lated bandwidth (|S;;| <—10 dB) resulted 77 MHz. Therefore, as
expected, a small benefit in terms of bandwidth increase can be
achieved by doubling the substrate thickness. The simulated
antenna gain versus frequency is reported in Fig. 4(b) (black
solid lines), showing a boresight gain of 3.83 dB at the frequency
of 4.03 GHz, corresponding to an antenna efficiency of 85%.

The antenna has been manufactured by gluing two layers of
Taconic TLX-9, where unnecessary metal faces have been
removed by chemical etching.

The measured scattering parameters |Sy;| versus frequency are
shown in Fig. 4(a) (gray dashed lines), providing a bandwidth of
71 MHz (compared with 77 MHz from the simulations).
Moreover, the measured antenna gain versus frequency is shown
in Fig. 4(b), and the maximum measured gain is 2.85 dB at the fre-
quency of 4.02 GHz. A discrepancy between measured and simu-
lated gain is observed in Fig. 4(b), which is attributed to a
problem in the fabrication of the prototype, mainly due to a mis-
alignment of the two layers.

Two-cavity SIW antenna

A significant bandwidth enhancement can be achieved by using an
antenna topology with two stacked cavities (Fig. 5(a)). The idea is
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Fig. 4. Simulation and measurement of the standard cavity-backed SIW antenna with
substrate thickness 2h: (a) simulated and measured scattering parameter |S;;| versus
frequency; (b) simulated and measured gain versus frequency.

inspired by the cavity filters, which comprise resonant cavities
properly coupled through apertures. Each cavity allows to place
one pole in the frequency response of the filter, thus permitting
to tailor the pass band.

As shown in Fig. 5(a), a microstrip line in the bottom metal
layer feeds the first (lower) cavity, and a slot in the intermediate
metal layer couples the two cavities. Finally, another slot in the
top metal layer allows radiation from the second (upper) cavity.
In the proposed design, the two cavities have the same size and
are located one on top of the other, in such a way that the
metal vias of the two cavities are aligned. This assumption simpli-
fies the fabrication process.

The antenna is implemented by using two layers of Taconic
TLX-9, each of them with thickness /= 0.76 mm. The optimized
antenna has cavity dimensions A =43.65 mm and B = 37.78 mm,
whereas d = 1.5 mm and s = 3 mm. In the bottom metal plane, the
microstrip line has w=2.1 mm, g=2 mm, and ¢=22.1 mm. In
the intermediate metal plane, the rectangular slot coupling the
two cavities has dimensions a’ =29 mm, &' =2.14 mm, and the
offset from the side wall is ¢ =224 mm. Finally, in the
top metal plane, the radiating rectangular slot has a =28 mm,
b=2.37 mm, and the offset is e = 22.9 mm. In addition, a perturb-
ation post has been used in the upper cavity (with /= 4.8 mm and
m=3.5mm), in order to tune the resonance frequency of the
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Fig. 5. Two-cavity SIW antenna: (a) 3D view of the
structure (three overlapped metal layers); (b) photo-
graphs of the antenna bottom layer (left side), inter-
mediate layer (center), and top layer (right side).
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Fig. 6. Simulation and measurement of the two-cavity SIW antenna: (a) simulated and measured scattering parameter |S;;| versus frequency; (b) simulated and

measured gain versus frequency.
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Fig. 7. Amplitude of the electric field in the two-cavity SIW antenna (side view): (a) at
the frequency of 3.95 GHz, corresponding to the first pole; (b) at the frequency of
4.03 GHz, corresponding to the second pole.

Table 1. Simulated and measured bandwidth for the three antennas

Simulated Measured
bandwidth bandwidth
Standard antenna 60 MHz 65 MHz
with thickness h
Standard antenna 77 MHz 71 MHz
with thickness 2h
Proposed antenna with two 120 MHz 150 MHz

stacked cavities

upper cavity and optimize the frequency response of the antenna,
while keeping the same size for both upper and lower cavities.

Simulation results of the two-cavity SIW antenna are shown in
Fig. 6 (black solid lines). The simulated antenna exhibits a band-
width (|S1] < —10 dB) of 120 MHz (Fig. 6(a)), which is signifi-
cantly larger than the value achieved with the standard SIW
cavity-backed antenna (with both single and double thickness).
The boresight gain is 3.92 dB at the frequency of 4.02 GHz
(Fig. 6(b)), corresponding to an antenna efficiency of 81%.

To validate the design, this antenna has been fabricated by
using the same technique previously adopted for the other anten-
nas. The pictures of the prototype are shown in Fig. 5(b).
Measured results for the scattering parameter |S;;| are reported
in Fig. 6(a) (gray dashed line), showing a bandwidth of
150 MHz (120 MHz in the simulation). The measured gain versus
frequency is provided in Fig. 6(b): the measured maximum gain is
4.42 dB at the frequency of 4.03 GHz.

To better understand the operation principle of the two-cavity
SIW antenna, the amplitude of the electric field in the antenna is
sketched in Fig. 7, in the ideal case of lossless materials and no
radiation loss. At the frequency of 3.95 GHz, corresponding to
the first pole of the frequency response, the TM;,, modes in
the top and bottom cavities resonate out of phase (Fig. 7(a)).
Conversely, at the frequency of 4.03 GHz, corresponding to the
second pole of the frequency response, the TM;,, modes in the
top and bottom cavities resonate in phase (Fig. 7(b)). This effect
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clearly relates the operation principle of the proposed antenna
with the typical behavior of cavity filters.

In conclusion, the comparison of the three antennas is
reported in Table 1: while simulated and measured values for
the antenna bandwidth are always in reasonable agreement, the
solution based on two stacked cavities exhibits outstanding
performance.

Conclusion

A novel cavity-backed antenna with enhanced bandwidth has
been proposed. The antenna consists of two stacked SIW cavities,
coupled through a slot, and has been implemented by using two
dielectric layers with identical thickness h. The novel antenna as
well as two standard structures have been fabricated and tested
to demonstrate the bandwidth improvement. While the proposed
antenna maintain a low profile and small footprint, it exhibits
outstanding bandwidth performance over standard cavity-backed
SIW antennas, both with thickness h and 2k (150 MHz instead of
65 and 71 MHz). The proposed solution, inspired by the design of
cavity filters, can be potentially extended to a higher number of
cavities, to further improve the antenna bandwidth.
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