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Abstract—In this work, the design of an ultra-wideband (UWB) fork monopole antenna based on
a substrate integrated waveguide (SIW) resonator has been proposed. The SIW resonator not only
improves the antenna bandwidth and its performances, but also permits to reduce the antenna size and
weight. An antenna prototype has been designed, fabricated, and experimentally assessed. The obtained
results are quite satisfactory, and they demonstrate the potentialities of the proposed geometry.

1. INTRODUCTION

In the past decades, wireless systems and handy devices such as mobile phones and tablets were able to
provide different services and tools which require high bandwidth and channel capabilities [1,2]. The
recent development of digital transformation and industry 4.0 lead to a dramatic evolution and diffusion
of wireless sensors. One of the critical points of any wireless devices is the antenna since it must be
compact, broadband, and characterized by a high gain. Ultra-wideband (UWB) techniques permit
to manage the frequency spectra efficiently and to obtain high spatial resolutions; moreover, UWB
antenna structures are well known in scientific literature and simple to fabricate [3-7]. They have been
successfully adopted in different practical applications such as radar systems able to provide fine spatial
resolution for range measurements, through the wall applications for homeland security [8], microwave
imaging systems, non-invasive monitoring of heartbeat and breath, and other interesting biomedical
applications [9]. However, as stated above, the modern wireless system requires a continuous progress
in terms of miniaturization, efficiency, and band occupation [10-12]. UWB multiple input multiple
output (MIMO) antennas permit to obtain high efficiency and optimal use of the wireless channel.
However, they usually require different antenna elements and strong miniaturization which cannot be
easily achieved [13,14]. Attempts to obtain compact antenna structures have been made by considering
fractal geometries. Even though the good results in terms of miniaturization are obtained for fractal
antenna geometries, they are problematic from the point of view of the fabrication due to mechanical
constraints [15]. Recently, the use of substrate integrated waveguide resonators [16-22] could solve
the problem of antenna miniaturization in an easy way. Substrate integrated waveguide (SIW) can
be easily integrated into a planar structure like microstrip line, rectangular antenna patch as well as
into a nonplanar structure like waveguide thus combining the advantages of both structures [23,24].
Thanks to SIW technique, classical waveguide structures or resonators (characterized by a very high-
quality factor) can now be fabricated in microstrip technology by simply using metallized vias or holes
in dielectric substrates. SIW not only has the advantages of classical microstrip circuit such as low cost,
easiness of fabrication, and compact size but also provides high performances, in terms of the quality
factor, which up to now can be only offered by waveguides, which are bulky and expensive metallic
structures. One of the first integrations of a passive SIW component was proposed for the design of a
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microwave filter based on inductive-post, which allows higher quality factor with respect to microstrip
technology [25]. Chipless radio-frequency identification (RFID) tags based on a set of SIW resonators
have been proposed. The obtained experimental results demonstrated the positive effects of the SIW
cavity use. The obtained antenna prototype is compact, cheap, and shows very good performances in
the whole considered frequency range. The paper is organized as follows. Section 2 presents a detailed
description of the proposed antenna design and its optimization procedure based on a customized version
of a particle swarm optimizer PSO. In Section 3, an experimental antenna prototype, obtained with the
design methodology previously described is numerically and experimentally assessed. Finally, Section 4
reports the conclusions.

2. DESIGN OF THE ANTENNA STRUCTURE

The UWB antenna structure is reported in Fig. 1. A fork monopole antenna with a microstrip feeding
line of width wy is proposed, according to [26]. The ground plane is printed on the back side of the
dielectric substrate, and it consists of a strip of copper of height and width hg and wy + Ss 4+ S3 with
reference to Fig. 1, respectively. The fork monopole is backed with a surface integrated waveguide
SIW cavity obtained with a set of metallized vias. The SIW cavity is aimed at improving the antenna
performances in terms of return loss of S71. With reference to Fig. 1 the SIW cavity consists of sixteen
metallized holes of diameter D; the inter-element hole space is Sy; and the distance of the two holes
rows from the fork monopole arms is S;. The resonance frequency of the SIW cavity is provided by the

following relation [22-25]:
g = G J(m N Y )
Thmos = 5 2\ \Weg Lo

where €, is the dielectric permittivity of the considered dielectric substrate; Cj is the light velocity; m
and ¢ represent the two indexes of the transverse electric propagation mode.
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where Sy is the distance between via centres, D the via diameter, N the via number, and the term
((N —1) Sy + D) represents the length of the SIW cavity. In the considered structure, the SIW resonator
is directly excited by the structure of UWB antenna; therefore, empirical tuning of parameters D, Sy, and
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Figure 1. Antenna geometry.



Progress In Electromagnetics Research C, Vol. 103, 2020 189

w1 is mandatory. In order to obtain a high performance antenna, all the geometrical parameters reported
in Fig. 1 must be accurately tuned. In order to accomplish this task, an unsupervised methodology based
on an evolutionary algorithm, namely the particle swarm optimizer (PSO) has been considered. The
antenna design, based on microstrip technology, has been formulated as an optimization problem [27-29].
The process goals are fixed with reference to the impedance matching at the antenna input port (S1;
values). In particular, an |S11| < —10[dB] in the frequency range 3GHz < f,, < 11 GHz has been
considered as objective for the optimization procedure, where f,, is the working frequency. The antenna
structure is uniquely identified by considering the following geometrical parameters (with reference to
Fig. 1) X = {wq, w1, ws, So, S1,S2, 53, ho, h1, ha, D}. In order to meet the requirements, a suitable cost
function reported in the following relation has been defined:

mAf, X) - ‘Sll‘req }
|S11|req

P (X) = Z2, max {o; e (4)
where Af is the considered frequency step in the operative range 3GHz < f,, < 11 GHz, and [S11|req
represents the return loss constraints expressed in dB. The term 9 (mAf, X) represents the return
loss value obtained at frequency mAjf when a trial antenna geometry defined by the vector X is
considered. It is worth noticing that relation in Eq. (4) represents the difference between the return
loss requirements and the performances of a trial antenna geometry. In order to obtain an optimized
antenna relation Eq. (4) is minimized with a customized version of PSO. To estimate the characteristics
of trial antennas, provided by the term (mAf, X), a suitable geometrical generator combined with a
commercial electromagnetic simulator (namely ADS by Keysight) is considered. The minimization of
the relation in Eq. (4) is obtained with a set of trial solutions X k where k =1, ..., Kmax is the iteration
number, and J is the trial solution index. The set of trial solutions is constructed following the PSO
rules. The optimizer continues to tune the geometrical parameters X ? until the stopping criteria related

to the maximum iteration number &k = K.« or a threshold on the cost function I' (K ﬁqj < n is reached.
When the optimizer reaches a satisfactory solution, the optimal geometrical parameters defined as
X" = arg {min [I" (X,)]} are stored and used to fabricate the antenna. In particular, the optimization
procedure based on the PSO optimizer has been initialized with a population of M = 5 particles (which
are aimed at encoding the trial antenna geometrical parameters) randomly initialized and used as a
starting point for the optimizer. Concerning the other specific PSO parameters a threshold on the
fitness of n = 1073, a maximum number of iterations K.x = 100, and a constant inertial weight
Iyeight = 0.4 were used. The remaining PSO parameters have been chosen according to the guidelines
reported in the reference literature [30]. It is worth noticing that the optimization procedure has been
initialized with completely random values as in [30]. The antenna geometry has been optimized by
using a serial machine equipped with 16 Gigabyte of memory and four processors. Each iteration of the
optimization procedure required about 40 seconds and the whole design about one hour. To simulate the
antenna structure, a commercial electromagnetic simulator, namely ADS from keysight company, which
permits to simulate complex structures with a high degree of accuracy and a very limited computational
time. The optimized geometrical parameters obtained after the design procedure are reported in Table 1.
H; and W; reported in Table 1 represent the total height and width, respectively. An experimental
prototype has been fabricated considering the geometrical parameters reported in Table 1 and a ceramic
dielectric substrate namely ARLON 25N, ¢, = 3.38, tan (§) = 1073, and thickness t = 0.8 mm. The
main body of the antenna, consisting of a fork dipole, has been obtained by using a CNC miling machine
with an accuracy § = 0.02 mm. The realization process of the SIW cavity is summarized in Fig. 2, and
it requires the creation of metallized vias, covering the internal surface of the holes with copper. In
particular, to implement the metallization process, the antenna prototype was covered with a dry film

Table 1. Geometrical antenna parameters obatined after the optimization procedure. A ceramic
dielectric substrate of ARLON 25N, ¢, = 3.38, tan () = 1073, and thickness + = 0.8 mm has been
considered.

Parameter wo w1 w9 So 51 52 53 ho h1 h2 D h3 Ht Wt
[mm] 1.91 5.00 991 250 1.01 16.80 10.09 7.55 0.45 2.00 1.5 16.80 27.00 28.80
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Figure 2. Copper vias metalization procedure, (a) original antenna fabricated by CNC milling, (b) dry
film lamination, (c) process of removal of protective sheet, which removes also the dry film above the
holes, (d) after copper evaporation, (e) dry film removal, (f) hole metallization seen from antenna
bottomside.

layer on the front side and then heated at 120°C for 1 minute to improve the dry film adhesion. After
cooling, the dry film protective cover was removed, also removing the dry film above the holes. The
antenna prototype was then inserted in an evaporation chamber supported by a 6-inch silicon wafer and
firmly attached to it with adhesive Kapton tape. A copper film of a nominal thickness of 1.5um was
deposited by e-gun evaporation under vacuum at room temperature. The antennas were then detached
from the support and immersed in a KOH concentrated (10%) solution in order to remove the dry
film and the copper above it by lift-off. Photos of the top and bottom sides of the antenna prototype,
equipped with a sub-miniature type A (SMA) coaxial connectors, are shown in Fig. 3.

3. EXPERIMENTAL ASSESSMENT

In order to assess the antenna capabilities in terms of return loss and beam pattern, an experimental
setup has been arranged inside an anechoic chamber. The antenna |S11| has been measured by means of a
Vector Network Analyser (VNA). Fig. 4 reports the experimental data with those obtained by simulation
using ADS software. An antenna prototype without the SIW structure has also been measured to
evaluate the effect of the SIW cavity. As can be noticed, |Si;1| of the prototype equipped with the
SIW cavity (green dotted line) meets the initial requirements: in particular the return loss for the
whole considered frequency band is found to be well below the initial requirements of about —10dB.
The dotted black line represents the reference level. For the sake of comparisons, the measurements
have been compared with numerical data obtained with the ADS commercial software. As can be
noticed from the data reported in Fig. 4, the agreement between numerical and experimental data is
quite satisfactory. There is only a strange spike in the numerical data located near a frequency of
f = 2.8 GHz, and the spike is not present in the experimental measurements. It is worth noticing that
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Figure 3. Photos of the UWB antenna prototype.
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Figure 4. Numerical versus measured antenna return loss Si1.

the simulation has been performed without considering the SMA coaxial connector, and a hypothesis
of the absence of the spike at f = 2.8 GHz in the measurements could be the presence of the SMA
coaxial connector. The measurement obtained without the SIW cavity (red dotted line) shows lower
performances than the prototype equipped with the SIW cavity. In particular, in the frequency range
between 9 and 10 GHz the return loss is higher, and it reaches a value up to 5dB, for the prototype with



192
90
mulated 60
*  Measured 1
150 30
180
210 330
270
(a)
90
1
Simulated 60
% Measured 0.8
150 06 30
0.4
0.
180
210 330
240 300
270
Simulated

% Measured

150

180

210

240

90
1
Simulated 60
% Measured 0.8
150 06 30
0.4
0.2
0 180
210 330
240 300
270
90
1
‘
% Measured 0.8
150 0.6 30
0.4
0 180
210 330
X X
X
240 300
270
(e)
90
60 Simulated
1 X Measured
30
0.5
0 180
330 210
300 240
270

(@)

Donelli et al.

90
Simulated 60
% Measured 1
150 30
0.5
0 180 0
210 330
X
240 300
270
(c)
90
1
:
% Measured 08
150 0.6 30
0 180 0
210 330
240 300
270
90
1
60
0.8
30
0
330
300

270

(h)

Figure 5. Simulated vs. measured antenna beam patterns, (a) E-plane (b) H-plane 3 GHz, (c) E-plane
(d) H-plane 4 GHz, (e) E-plane (f) H-plane 5 GHz,(g) E-plane (h) H-plane 6 GHz. The E and H planes
correspond to the xz and xy planes respectively.
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Figure 6. Simulated vs. measured antenna beam patterns, (a) E-plane (b) H-plane 7GHz, (c¢) E-
plane (d) H-plane 8 GHz, (e) E-plane (f) H-plane 9 GHz,(g) E-plane (h) H-plane 10 GHz. The E and
H planes correspond to the xz and zy planes respectively.



194 Donelli et al.

the SIW cavity. The antenna beam pattern has been measured in both the F and H-planes for 3 GHz,
4 GHz, 5 GHz, 6 GHz, 7 GHz, 8 GHz, 9 GHz, and 10 GHz. The antenna prototype has been placed on a
mechanical pedestal, and the beam pattern has been estimated by considering an angular step of ten
degrees. The measurements have been compared with the numerical results obtained with ADS, and
the data are reported in Figs. 5 and 6. As can be noticed from the data of Figs. 5 and 6, which report
the normalized electric fields in the horizontal and vertical planes, the agreement between simulated
and experimental data is very good. The obtained beam patterns are not omnidirectional; therefore,
this antenna is not particularly suitable for mobile phone applications, but it can be efficiently adopted,
to provide links between sensor nodes in wireless sensor network applications. It is worth noticing that
the main requirement of the Federal Communication Commission (FCC) for an UWB antenna is that
it must have an operative bandwidth of at least 500 MHz. Sy versus frequency reported in Fig. 7
shows that the antenna bandwidth is about 8.5 GHz; therefore, it perfectly accomplishes the Federal
Communication Commission requirements for UWB.

The values of antenna gain versus frequency are reported in Fig. 7. The antenna gain has been
estimated in the anechoic chamber with the three antenna method. In particular the gains, with and
without the SIW structure, are numerically and experimentally measured and compared in Fig. 7. As
can be noticed the introduction of the SIW structure improves the gain about 3 dBi demonstrating the
effectiveness of the two via rows. The numerical estimation of the radiation efficiency versus frequency
is reported in Fig. 8. The data reported in Fig. 8 demonstrate the efficiency of the antenna always
between 80% and 100% in the frequency band of interest, and the introduction of the SIW structure
produces only a slight improvement of the antenna radiation efficiency especially at higher frequency.
For the sake of completeness, the current distributions as in [31-34] for six different working frequencies
are reported in Figs. 9(a)—(f). It is quite evident how the current is able to correctly flow through the
microstrip feeding line, demonstrating the good matching, then the current flow along the fork arms
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Figure 7. Antenna gain vs. frequency, simulated and measured values estimated with and without the
SIW structure.
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Figure 9. Current distribution on the antenna surface, (a) 2.0GHz (b) 4.0GHz, (c¢) 6.0 GHz,
(d) 8.0 GHz, (e) 10.0 GHz, (f) 12.0 GHz.
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permits a good propagation of the electromagnetic waves in the wireless channel. Figs. 9 are freeze
snapshots of the surface current propagation animation produced by means of the ADS software. No
current reflected back is observed during the simulation demonstrating the good antenna matching.

4. CONCLUSION

In this work, the design of a UWB antenna based on a SIW resonator has been designed, fabricated,
numerically and experimentally assessed. The obtained antenna prototype provides good radiation,
return loss characteristics, and a bandwidth in the range from 3 GHz to 11 GHz. The agreement between
measured and simulated data is very good. The antenna size is very small, confirming that it is a good
candidate for modern handheld UWB systems.
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