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Abstract

In this paper, a Quasi-Yagi microstrip dipole antenna
with circular arc parasitic elements for wireless sensing
networks is presented. With the aim of being employed
in a multi-sector base-station (BS) of a Wireless Sensing
Network (WSN), the proposed antenna is designed and
optimised to operate in the 2.4 GHz ISM band. Specific
project requirements, such as: operating frequency, gain,
half power beam-width (HPBW) and, consequently,
Field of View (FOV) are taken into consideration when
dimensioning the antenna. After proper design optimization,
carried out with the aid of a full wave electromagnetic
solver (CST Microwave Studio), an antenna prototype has
been fabricated and experimentally characterized inside an
anechoic chamber. From the measurement results obtained
with the prototype, the antenna yields to a realised gain of
8.6dBi,an HPBW of64°and 42 °in the azimuth and elevation
planes, respectively, and a back-to-front ratio of 16.4 dB,
at 2.44 GHz. The measurement results are proved to be in
good agreement with the simulation ones.

Index Terms: Antenna, Quasi-Yagi, WSN, Base-Station,
Director, Circular Arc.

1. Introduction

ireless Sensor Networks (WSNs) are nowadays

widely implemented [1], often being offered as
a solution for monitoring networks, in particular for:
environment monitoring [2], [3], security [4], [5], health
monitoring [6], [7], agricultural [8], [9], hazard detection
[10], among many others. A WSN is typically arranged in a
pointto multi-point configuration, composed of acollection
of a large number of Sensor Nodes (SN) that are scattered
in a certain monitoring area [11] and, a Base Station (BS)
which collects the nearby environment data and forward
it to higher layer network or upload to a Cloud service for
further analysis.
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In the majority of WSN applications, it is desirable to
have a BS covering all its surroundings, typically requiring
a Field of View (FOV) of 360 degrees. Antennas that
exhibit an omnidirectional radiation pattern, e.g. dipole or
monopole antennas, can fit the purpose, offering however,
relatively low gains, which consequently impactthe dynamic
range of the system. To overcome this issue there are many
techniques known in the literature, as e.g. beamforming,
beamsteering and antenna sectorisation.

In particular, antenna sectorisation comprehends the
division of the area (cell) covered by the antenna radiation
pattern, in sub-sectors, so that higher directivity antennas
with lower FOV can be employed [12]. Ultimately, the
number of sectors depends on the half power beam-width
(HPBW) of a single element antenna [ 13].

To this extend, it is proposed in this paper a novel
microstrip quasi-Yagi antenna, based on the Yagi-Uda
antenna principle. These antennas typically present
relatively high gain, depending on the number of elements
used, and moderate front-to-back ratio [14], ideal for the
proposed application. In fact, Yagi-Uda antennas are very
well known and their design procedure is well established
from many years ago [15]. These end-fire antennas are
typically composed of parallel metallic rods acting as
reflector and directors of a driven element and, widely
used for terrestrial television broadcasting services, in the
HF, VHF and UHF bands [14]. Due to its popular design,
they have rapidly been adapted to microstrip technology,
by etching the directors and reflector directly in dielectric
substrates [16], [17]. In recent years, several authors have
been evolving this particular antenna design or constructed
new antennas based on its physical principle. For example
in [18], the authors have suggested a cloaked Yagi-Uda
design, by introducing novel radiator designs, capable of
being electromagnetically undetectable in another desired
frequency range. In [19], the authors recurred to Square-
Shaped Split Ring Resonators (SRRs) to reduce the width
ofplanar Yagi-Uda antennas. In [20], the authors developed
a wideband beam-switchable quasi-Yagi antenna array
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Figure 1. Proposed circular arc Quasi-Yagi antenna
layout: (a) top view and (b) bottom view.

operating at 28 GHz, for mobile handsets. The proposed
architecture consists of five quasi-Yagi antennas printed
on Rogers substrate. More recently in [21], the authors
have presented athree-port vertically polarized Quasi-Yagi
Multiple-Input-Multiple-Output (MIMO) with pattern
diversity for SG N78 band applications. In this paper,
it is proposed a novel quasi-Yagi antenna design based
on circular arc shaped directors and reflector. Design
guideline and simulation workout is presented for the
antenna operating in the 2.4 GHz band, aiming at least 9
dBi of gain, a HPBW of 60 degrees, and a back-to-front
ratio greater than 15 dB.

This paper is organised as follows: In Section II the
antenna layoutis thoroughly described. Section I11 presents
in detail the parametric simulation and subsequent antenna
optimisation, using a full wave electromagnetic solver
(CST Microwave Studio). In section 1V, the experimental
setup considered for antenna characterisation is described,
followed by subsequently analysis and discussion of the
experimental results obtained from the prototype. Finally,
in Section V the main conclusions are drawn.

2. Antenna Layout

The proposed antenna is depicted in Figure 1. It is based on
aYagi-Udaantennadesign applied to microstrip technology,
in which metallic parasitic elements are used as directors
and reflector, in order to focus the radiated energy in
one direction. The antenna is composed of a microstrip
dipole, a circular arc shaped reflector over a ground plane
(defined by gw) and, six circular arc shaped directors.
The circular arc shaped reflector and directors should be
seen as a quarter of a circle centred atx, with radius 7
and thickness ¢,, where i=0,1,2,... represents the number
of the of the reflector/director, as depicted in Figure 1.
The overall antenna dimensions are dictated by the
parameters W x L, . The feeding line width ( f, ) and length
( f;) dictates the input impedance of the antenna, while the
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Figure2. Simulated S11-parameter forseveral values

of dl, within the selected parametric range.

frequency of operation is defined by the dimensions of the
dipole arms (d, ). The dipole arms are perpendicular to the
feeding line thus, creating a 90° bend which can cause an
unnecessary signal reflection to the source. To overcome
this issue the bend was mitred, to reduce the capacitance of
the line, maintaining the desired impedance. The antenna
was designed in a double-sided FR4 substrate with €, =4.4,
a loss tangent of 0.014 and a thickness of #=1.6 mm. The
optimisation of the antenna dimensions and the number of
directors are further analysed and discussed next section.

3. Design and Optimisation

The proposed antenna design configuration was
dimensioned with the assist of a full wave electromagnetic
solver (CST MWS), in an iterative design approach. In
a first iteration, the feeding element, i.e. the microstrip
dipole was evaluated isolated (without directors and
reflector), in order study the impact of the length of the
dipole arm in S, performance and, find the optimum value
for antenna resonating at 2.44 GHz (target frequency).
Therefore, a parametric study was carried out on d,, with
the initial value being set at Ag/8 and by fixing gw at 32
mm, Lg =61 mm and f, = 52 mm. While Lg was defined
to accommodate at least the arms length (i.e. 2x 4g/8), f,
and gw were deliberately defined to further accommodate
the reflector shape. f/ was set at 3.1 mm corresponding
to a 502 impedance line for the proposed substrate. The
simulation results of the parametric study are depicted in
Figure 2. The parametric simulation run within the range
of 20.5 to 28.5 mm, with 2 mm step. From the results, it
is possible to observe that d, = 20.5 mm is the optimised
value for the desired resonance frequency (i.e. 2.44 GHz).
With the dipole arms length already defined, the next step
in the antenna design is to evaluate the impact of adding
the directors in antenna performance. Therefore, a single
director was added to the feeding antenna, at the position
x, =32 mm. At this point, no reflector has been considered.
The initial values of ¢, =8 mm and r, = 22 mm were
considered as starting point for the optimisation. The
addition of the director provoked two effects in the antenna
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Figure 3. Impact of the addition of a single direc-
tor in the antenna radiation pattern (in azimuth
plane), at 2.44 GHz.

performance: an increase in the overall gain (Figure 3)and an
undesirable deviation ofthe antenna’s resonating frequency,
aswell as an increase of the S, amplitude (Figure 4). While
the first effect was expected (in line with the concept of
Quasi-Yagi antenna), the latter is thought to be associated
with mutual coupling between the driven element (dipole)
and the added director. To correct this frequency shift, the
length of the dipole arms d, was optimised to 21.5 mm.

After ensuring the antenna was resonating at the
desired frequency, a parametric study was carried out
in all parameters of the circular arc director (r,, x, and
t;). The study aims to optimise the circular arc director
dimensions to achieve the greatest antenna gain possible,
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Figure 5. Radiation pattern in azimuth and
elevation planes, at 2.44 GHz, for the optimised
antenna with a single director.
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Figure 4. Impact of the addition of a single circular
arc shaped director in S11-parameter.

while ensuring the antenna is still operating at the target
frequency. From an extensive parametric study, it was found
that the results which best favour the antenna performance
in terms of gain are: x; =36 mm, ;=5 mm and », =21 mm.
From Figure 5, it is possible to observe that such values
yield a realised gain of 6.02 dBi, which mean an increase
of 1.65 dB, when compared to the antenna layout without
a director. Furthermore, different director shapes, such as
the typical rectangular and, inverted circular arc shape,
were also studied and optimised with the aid of several
parametric simulations (not included in this paper due to
space constraints). The simulated radiation patterns in the
azimuth plane for the mentioned shapes (also optimized),
are presented in Figure 6. When comparing the results,
is clear that the circular arc shapes slightly improve the
overall gain of the antenna, the addiction of a director with
the rectangular shape generated a gain of 5.6 dBi, whereas
for the inverted circular arc shape a gain of 5.86 dBi is
presented and, as previously mentioned, the circular arc
shape yields arealised gain of 6.02 dBi. The latter, not only

== Rectangula
== ‘Inverted Circular Arc
Circular Arc

270

Figure 6. Radiation pattern in azimuth
plane, at 2.44 GHz, for different optimised
director shapes.
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Figure 7. Variation of the realised gain against the

number of directors.

presents the highest gain but also the best back-to-front
ratio of 17 dB, therefore the circular arc shape was chosen.

Aiming to design an antenna with a higher gain,
the process of adding directors has been studied. Thus,
a parametric workout was carried out to access the gain
improvementagainstthe number of directors (with the same
dimensions). The directors were added progressively to the
layout, at the position x; = x;_; + 18 mm. The maximum
gain at the antenna boresight has been obtained, and it is
plotted against the number of directors (up to 8) in Figure
7. From the analysis of the results, it can be seen that
after the addition of 6 directors, the ratio between gain
and number of directors decreases. The difference from 6
to 8 directors is 0.81 dB, while the difference from 4 to 6
is 1.24 dB. Thus, for the best trade-off between antenna
dimensions and gain, it was opted for 6 director design
which achieves the target gain of 9.6 dBi. This represents
an additional gain of 3.6 dB, when comparing with the
configuration of a single director.

To further improve the front-to-back ratio of the
antenna (already considering 6 directors), an additional

== Elevation
— Azimuth ‘

circular arc shape was added to the design. The element
was added prior to the feeding line (at the position xp =8
mm), over the ground plane, acting as a reflector. The
dimensions of the reflector were also optimised using
CST MWS with the goal of improving the front-to-back
ratio. From the parametric workout, it was found that the
best front-to-back ratio is of 18.63 dB, achieved with r,=
34.5 mm, x,= 8§ mm, #,= 5 mm and g = 2 mm, as depicted
Figure 8, which improves 4.28 dB, from the case without
reflector (Figure 8a). However, this change came at the
expense of significantly increasing the side-lobe-levels,
as it can be observed from the radiation patterns of Figure
8b. This indicates that most of the energy being reflected
by the reflector is being re-radiated towards the side lobe
direction, instead of the boresight direction, thus justifying
the small increase of gain (only 0.1dB) of the main lobe.
Please note that if the intention was exclusively increasing
the gain of the main lobe, this could have been done by
slightly shaping the reflector, e.g. making it more parabolic.

Finally, after all the design optimisation performed
in this section, an antenna with an overall size of 175 x 61
mm?, and dimensions (in mm): Ly = 61, W= 175, f,= 52,
x,=8g=2,r,=345,t,=5,f,=3.1,t,=5,r=21,x,=
36, x, =54, x; =72, x,= 90, x; = 108, x, = 126, gw = 32
and d, = 21.5, presents a realised gain of 9.7 dBi,a total
efficiency of -0.55 dB (89%), a front-to-back ratio of 18.63
dBand,a HPBW (FOV) of 60 . The polarization is vertical
with the E-field parallel to the dipole arms

4. Experimental Characterisation

4.1. Setup

In order to experimentally characterise the proposed
antenna, the prototype depicted in Figure 9 was fabricated.
Firstly, antenna matching was evaluated by measuring the
S, ~parameter, using a Vector Network Analyzer (VNA)
(R&S ZVM). Subsquently, several antenna radiation
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Figure 8. Radiation pattern in azimuth and elevation planes, at 2.44 GHz, (a) without and

(b) with the reflector.
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Figure 9. Photography of the Quasi-Yagi micro-
strip dipole antenna with circular arc parasitic
elements prototype.

patterns, in the two main antenna planes, i.e. azimuth and
elevation, have been obtained. To this end, the setup of
Figure 10a was assembled inside an anechoic chamber
enabling experiments to be performed in a controlled,
electromagnetically quiet and reflection free radio
environment.

In particular, a well characterised Aaronia Hyperlog
30100 antennawas used as the Tx antenna (Figure 10b). Itis
connected to a Signal Generator (R&S SMR27) producing
a continuous wave (CW)), with a transmission power of
0 dBm. At the receiver end, a well characterised Aaronia
Hyperlog 60100 antenna was connected to a spectrum
analyser (Agilent E4407B) to be used as reference, later
replaced by the antenna under test (AUT). The antennas
were placed 3,5 meters apart, ensuring that the measurement
took place in the far-field region of the antennas. The Tx
antenna was kept fixed throughout the measurements,
while the AUT was rotated around its axis with the assist
of motorised pan/tilt head unit. The received power was
acquired for each angular step with 1 of resolution, within
the range defined between -180"and 180° (in the azimuth
plane). Both Tx and Rx antennas were further rotated 90 to
measure the radiation pattern in the elevation plane, using
the same physical setup. The received power acquisition
and movement control were executed in real-time and
post processed in MATLAB, using a software developed
for the effect.

4.2 Experimental Results

From the experimental §,,, depicted in Figure 11,
it is possible to observe that the measured results are in
good agreement with the simulated ones. Even though
the S, presents slightly difference around the resonance
peak at 2.4 GHz, antenna matching is still below -10 dB,
presenting a bandwidth of 390 MHz, defined between
2.12t0 2.51 GHz, in experiments, against a slightly larger
bandwidth of 420 MHz in simulations. Such discrepancy
can be associated to mismatched values of the permittivity
of the substrate between the real data and the one provided
by the manufacturer, accuracy issues associated with the
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Figure 10. Radiation pattern experimental
characterisation setup (a) diagram and (b)
photography

PCB production technique (produced in-house), and the
use of the SMA connector, not considered in simulations.

In terms of the radiation pattern obtained at 2.44
GHz, depicted in Figure 1 1band Figure 1 1 ¢ for the azimuth
and elevation planes, respectively, it can be observed a
good agreement in the shape, between the simulation and
measured results. According to experiments, the antenna
presents atotal gain of of 8.6 dBi,an HPBW of 64 in azimuth
and 42" elevation planes, respectively, and a back-to-front
ratio of 16.4 dB. This compares to simulations by having a
decrease of 1.1 dB in total gain and 2.2 dB in back-to-front
ratio. HPBW in simulations also decreases by 5 in both
azimuth and elevation planes.

5. Conclusions

A novel Quasi-Yagi Microstrip Dipole antenna with
circular arc parasitic elements is proposed in this paper.
The antenna is comprised of a microstrip dipole used as
the driven element, a circular arc shaped reflector and six
equal circular arc shaped directors. A parametric study on
several antenna parameters, including the shape and the
number of directors, is performed in order to meet specific
project requirements (operating frequency, gain, HPBW
and back-to-front ratio). After proper antenna optimisation
using CSTMWS, an antenna prototype designed to operate
at 2.44 GHz has been fabricated in FR4 substrate. The
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Figure 11. Simulated and measured results
for the (a) S11-parameter and, radiation
patterns at (b) azimuth and (c) elevation
planes.

antenna presents overall dimensions of 175%61 mm”. Further
experimental characterisation carried out inside an anechoic
chamber ensured a total gain of 8.6 dBi, abandwidth of 390
MHz (from 2.12 to 2.51 GHz), HPBW of 64 in azimuth
and 42 elevation planes, respectively, and a back-to-front
ratio of 16.4 dB. Giving its technical characteristics and
the end-fire radiation pattern, this antenna will enable the
development of compact multi-sector base stations using
circulararray, as opposed to multiple flat panels, typically of
large volumes, as the ones proposed in [22] and [23]. Further
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work will aim at antenna implementation in a multi-sector
WSN base-station, composed of 6 Quasi-Yagi elements,
which will be further tested in a real-world scenario, i.e.
implemented in a wireless sensing network.
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