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Two-Row ESPAR Antenna with Simple
Elevation and Azimuth Beam Switching

M. Rzymowski, Member, IEEE and L. Kulas, Senior Member, IEEE

Abstract—In this letter, we propose a two-row electronically
steerable parasitic array radiator (ESPAR) antenna designed for
direction of arrival (DoA) estimation in Internet of Things (IoT)
applications relying on simple microcontrollers. The antenna is
capable of elevation and azimuth beam switching using a simple
microcontroller-oriented steering circuit, and provides 18
directional radiation patterns, which can be grouped in 3
distinctive sets having different directions in the elevation. For
each elevation direction, there are 6 different beam configurations
that cover 360 degrees in the horizontal plane. Measurements of
the realized antenna prototype carried out in an anechoic chamber
show good agreement with numerical simulations. The antenna
prototype provides low side lobe level (SLL), low half power beam
width (HPBW) in both elevation and horizontal directions, and
exhibit monotonous drop from the maximum value for all 18
radiation patterns. Therefore, the antenna is a good candidate for
IoT nodes capable of DoA estimation in situations when radio
frequency (RF) signals are impinging the antenna from different
directions in elevation.

Index Terms—Switched-beam antenna, electronically steerable
parasitic array radiator (ESPAR) antenna, direction-of-arrival
(DoA), received signal strength (RSS), wireless sensor network
(WSN), internet of things (IoT).

I. INTRODUCTION

In many modern Internet of Things (IoT) applications,
information about position of IoT nodes or direction of received
radio frequency (RF) signals is required to improve the network
operation with respect to a number of aspects such as energy-
efficiency, connectivity, security and privacy [1]-[4]. The
increasing number of applications requires localization of
objects that are moving or are located on different heights and
distances within the same area. The most practical and relevant
examples include industrial sites [5], [6] and drone applications
[7], [8], in which the relative height between a localized object
and a base station may vary. For this reason, dedicated
reconfigurable antenna systems are being developed and
integrated within final applications [5], [7], [9], [10]. The main
requirements with regard to these solutions are to provide the
highest possible direction of arrival (DoA) estimation accuracy,
while keeping energy consumption and total costs, which are
related to fabrication, deployment, and system maintenance, at
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Fig. 1. Designed and realized two-row ESPAR antenna prototype together
with its dimensions and numbering of its passive elements.

the minimal level.

One of the most promising reconfigurable antenna concepts
that can be integrated with a simple low-cost wireless sensor
network (WSN) node is electronically steerable parasitic array
radiator (ESPAR) antenna originally proposed in [11]. Such
antennas have a number of passive elements, which are
connected to electronically steerable reactances, surrounding a
single active element in the center. Therefore, by setting the
reactances to specific values, low-cost and energy-efficient
realizations of ESPAR antennas can provide electronic beam
steering capability for currently available on the market
commercial off-the-shelf (COTS) transceivers, which have only
a single RF chain, to create a WSN node with DoA estimation
capability [9].

In the available literature, there is a number of DoA
estimation experiments conducted with ESPAR antennas [9],
[11]-[14] showing that it possible to obtain a single degree
accuracy during DoA estimation when all considered RF
signals are coming from the horizontal plane (i.e. 8 = 90°).
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Fig. 2. Normalized antenna parameters in function of array elements (a) — (d) and groundplane radius (e) (see text for explanations): (a) maximum angular
separation between radiation patterns in elevation, (b) antenna maximal gain, (c) HPBW and SLL in elevation, (d) HPBW and SLL in azimuth, (¢) maximum
angular separation between radiation patterns in elevation in function of groundplane radius.

However, when different elevation angles of incoming RF
signals impinging the antenna are considered, DoA estimation
accuracy deteriorates for low 6 angles [15]-[17], which is
related to the conical radiation pattern of ESPAR antenna
having a directional beam. In consequence, one may expect
higher DoA estimation errors underneath the antenna in many
practical situations, e.g. when base stations are mounted on
different heights across industrial sites [5], [6] or are placed on
inspection drones [7], [8], in which the relative height between
a localized object and a base station may dynamically change.

To increase DoA estimation accuracy for all elevation angles,
one might introduce variable inclination of the main directional
beam in the elevation plane, which can be achieved by
introducing an additional row of passive elements. So far,
available designs of ESPAR antennas having an additional row
of passive elements provide dual-band operation [18]-[21],
better radiation parameters in the horizontal plane [22] or
improved connectivity [23]. However, according to the authors
knowledge, such concept has never been used for beam
switching in elevation in order to increase DoA estimation
accuracy in situations, where incoming RF signals are
impinging the antenna from different directions in the elevation
plane.

In this letter, we propose ESPAR antenna with additional row
of switched parasitic elements for the radiation pattern steering
in the elevation plane. The antenna was designed in such a way
that all available directional radiation patterns have low side
lobe level (SLL), low half power beam width (HPBW) in both
elevation and horizontal directions, and exhibit monotonous
drop from their maximum value, which is crucial to provide
DoA estimation with high accuracy [24]. The realized antenna
prototype has 18 different configurations of its radiation
patterns, which can be grouped in 3 distinctive sets having
different directions in the elevation. For each elevation
direction, 6 directional beam configurations in the horizontal
plane are possible, which was proven to reduce complexity and

cost of the switching circuit [25] together with time necessary
for the DoA estimation process [16] without a critical impact
on the overall DoA estimation accuracy in the horizontal
direction [16], [25].

II. ANTENNA DESIGN

In the proposed antenna concept shown in Fig. 1, the centrally
located quarter-wave active monopole is surrounded by N = 12
passive elements equally arranged in two circular rows, each
containing M = N/2 = 6 passive elements. All elements are
located on the metal groundplane realized as a top layer of a
dielectric substrate. The active element in the middle is fed by
an RF signal, while the neighbouring passive elements can be
opened or shorted to the ground by low-current single-pole
double-throw (SPDT) switches. In ESPAR antennas, beam
steering is realized by proper configuration of the passive
elements that in case of being shorted to the ground become
reflectors and when opened act as directors [26], [9], [11].
Therefore directional radiation patterns can be configured
digitally by a simple external microcontroller connected to the
SPDT switches. In consequence, every radiation pattern can be
associated to a steering vector V = [vy, V5, ..., Vs, ..., V12, in
which vs denotes the state of the sth passive element: vs=1 for
opened passive element, and vs=0 is for the shortened one.
During the first step of the design process, a simplified
antenna model was created in EM FEKO simulation
environment for center frequency 2.44 GHz to verify all
possible configurations of passive elements and to find two
similar directional beams with different inclination angle. It was
assumed that at least two distinctive sets of directional radiation
patterns having different main beam inclination to the antenna
groundplane can be created using two-row ESPAR antenna.
Therefore, in this design step, the antenna was optimized to
achieve the highest possible difference in the elevation
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Fig. 3. Simulated and measured antenna radiation patterns at 2.44 GHz in the elevation plane (for ¢ = 0) and in the horizontal plane for three configurations (see
text for explanations): (a) Vions gown = [101000010010] (maximum at 8,4y gown = 56°), (b) Vepns mia = [010000100000] (maximum at 8,4y mig = 52°),

and (c) Vs vp = [110100010001] (maximum at Gy o = 46°).

direction between radiation patterns that can be expressed as:

max(Aemax) = max(|9max_up - gmax_downD @)

where 0,54 gown and Opqx 4p are directions of the main beam
in elevation corresponding to 2 steering vector configurations,
for which the antenna directional radiation patterns reach their
maximum values in elevation and have the same direction in
azimuth. In parallel, additional optimization goals were set to
maximize the directivity for both configurations and to
minimize their SLLs. Moreover, for every optimization run the
number of elements in the both rows was set to a specific value
M € (6,11) to verify how the total number of passive elements
N = 2M have influenced Af,,,, and key radiation pattern
parameters. The initial optimizations were performed with a
combination of grid search method to find the proper
configuration of switches and genetic algorithm to achieve the
expected radiation parameters. Values less than M = 6 have not
been examined due to the insufficient discrete angular step in
azimuth that could affect the DoA estimation accuracy in the
horizontal direction [16], [25].

The results presented in Fig. 2 show that selection of the total
number of elements is a compromise between the maximum tilt
in elevation, radiation patterns parameters, structure
complexity, which grows with N, and discrete angular step in
the horizontal plane equal 360°/M. The radiation pattern is
improved in the horizontal plane for higher N but at the expense
of angular separation in elevation Af,,,,, which is one of the
main criteria of the project. It can also be seen that the impact
of the number of the passive elements on HPBW and SLL
values is significantly lower in case of the elevation plane
(Fig.2c) then in the horizontal one (Fig.2d).

Taking the above into account, M = 6 has been chosen as the
optimal value with respect to the design goals, and then the
influence of the ground plane radius on A6,,,, has additionally

been investigated. The results presented in Fig. 2e show that the
groundplane size has a direct influence on the angular
separation in elevation A8,,,,, which reaches the highest value
when the groundplane radius is around A.

In the final step, the antenna was fine-tuned with global
response surface method (GRSM) to find the additional
configuration, for which a set of 6 antenna directional radiation
patterns reach the maximum value in elevation for 8,4, miq
that is a 6 angle fulfilling the condition that 6,4y gown <
Omax_mia < Omaxup- To this end, a detailed full-wave 3D
antenna model involving 1.55mm height FR4 laminate with
metalized top layer with proper loads extracted from available
S parameters of NJG1681MD7 SPDT switches, which were
used as switching circuits located on the bottom layer of PCB,
has been realized and tuned with respect to the abovementioned
optimization goals. In consequence, numerical results produced
in EM FEKO simulation environment for the final antenna
design indicate that it has been possible to get three different
radiation patterns sets having 0,45 gown = 56° Omax mia =
52°, and Opgxp =46° obtained for Vclonf_down =
[101000010010], Vcl,mf_ml-d =[010000100000], and
Voons up = [110100010001]  respectively.
applying circular shift to these vectors, it is possible to rotate
each beam in the horizontal plane by 360° with a discrete
angular step of 60°.

Moreover, by

III. REALIZATION AND MEASUREMENTS

To wverify the simulation model, the antenna has been
fabricated and measured. The realized antenna is presented in
Fig. 1. It has been realized on 1.55mm height FR4 laminate with
metalized top layer. The switching circuits realized with
NJG1681MD7 SPDT switches are located on the bottom layer
of PCB underneath each of the passive elements as shown in
Fig. 4. The proposed switching circuits have been chosen due
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Fig. 4. Switching circuit realized on the antenna bottom layer together with its
corresponding schematic layout.
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Fig. 6. Values of |S11| for all three considered configurations: Vcl,mf_dnwn,
Voons mia » and Vegnr o (see text for explanations).
to low insertion losses, high isolation and low energy
consumption when comparing to PIN diodes or other switches
available on the market. They are powered and steered via an
external controller with 3.3V voltage. To indicate the actual
state of the switch, a dedicated LED indicator circuit has been
introduced. The diode emits light when the steering signal is
high and the circuit is in the open state. A decoupling capacitor
and ESD protection coil have been located close to the switch
to guarantee its proper operation. The antenna has been
measured in the anechoic chamber and the resulting radiation
patterns are presented in Fig. 3 and Fig. 5, while the associated
numerical values are gathered in Table I.

The realized antenna provides three groups of radiation
patterns that can be switched in order to point three different
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TABLE 1
TwoO-ROw ESPAR ANTENNA PROTOTYPE PARAMETERS
MEASURED AT F=2.44 GHz

Config. | 6, [°]] HPBW, )] HPBW, [°] | SLLe [dB]| |S11|[dB]| Guax [dB]
up 46 45 88 10 20.9 7.7
down 56 46 93 12 8.8 8.1
mid 52 43 100 10 105 7.8

elevation directions with the maximum angular separation
ABp, 4 = 10° between them (see Fig. 3 and Fig. 5). The |S11]
simulation and measurement results for all three configurations,
which are presented in Fig. 6, show that achieving reasonable
impedance matching for all configurations is feasible. The
values of SLL, HPBW in both directions, maximal gain and S11
presented in Tablel are similar for all the considered
configurations and well aligned with the initial design goals and
the overall assumptions. The observed differences between
simulated and measured results in Fig. 3 are not significant with
respect to the main direction angle values for each configuration
and beamwidth in the both planes. Some discrepancies related
to sidelobe levels (SLL) in elevation and backward radiation
have been noticed and it has been assumed that they are caused
by the imperfect switching circuits model used in the simulation
and non-ideal antenna realization with respect to the passive
rods.

IV. CONCLUSIONS

In this letter, an ESPAR antenna with two rows of passive
elements for simple elevation and azimuth beam switching has
been proposed. Different configurations have been examined
and analyzed to achieve the most optimal design for future DoA
applications. The final antenna prototype, measured in an
anechoic chamber, has 18 different configurations that can be
grouped in 3 distinctive sets having directional radiation
patterns with different inclination in the elevation plane to
provide 10° switching range in the elevation, which has not
been earlier achieved for this kind of antenna. Moreover, every
radiation pattern having the maximum at 6,5, gown = 56°,
Omax_mia = 52° or Oy 4 = 46° can be switched by 360° in
the azimuth with 60° discrete step to provide 6 directional beam
configurations in the horizontal plane. As each of the radiation
patterns has low SLL, HPBW in both elevation and horizontal
directions, and exhibit monotonous drop from the maximum
value, the proposed antenna may be used to improve DoA
estimation accuracy in the horizontal plane when impinging RF
signals come from different directions in elevation.
Additionally, because the antenna relies on simple switching
concept that can easily be integrated with low-cost WSN nodes,
the proposed two-row ESPAR antenna can also be used to
improve connectivity in IoT applications.
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