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Abstract—In the article, we show the influence of three
different electronically steerable parasitic array radiator
(ESPAR) antenna radiation patterns on the overall direction of
arrival (DoA) estimation accuracy when power-pattern cross-
correlation (PPCC) algorithm, relying on received signal strength
(RSS) values, is used for the estimation. The ESPAR antenna
designs were obtained for three optimization goals, which resulted
in different radiation patterns. To check the applicability of every
ESPAR antenna to wireless sensor network (WSN) applications,
we have verified their achievable DoA estimation accuracy in
numerical tests. The results indicate, that it is possible to provide
an ESPAR antenna design for WSN applications, which have
narrow radiation pattern and also provide acceptable DoA
estimation accuracy.

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

I. INTRODUCTION

Direction of arrival (DoA) is an important technique
frequently used in modern communication systems [1]. One of
the most popular methods to obtain highly accurate DoA
estimation relies on digital beamforming involving many digital
signal processing (DSP) units. However, such approach not only
provide high resolution results, but also increases the overall
energy consumption and costs [1], [2].

Electronically steerable parasitic array radiator (ESPAR)
antennas provide more energy efficient alternative for DoA
estimation as they are single-input structures, hence do not
require multi-chain DSP units [3]. The first ESPAR antenna
based DoA estimation algorithms were using a single active
element surrounded by a number of parasitic elements that are
connected to corresponding varactor diodes as electronically
tunable reactances [4]. By applying correct bias voltages to the
diodes, it is possible to shape a directional radiation pattern and
rotate it around the active element and in consequence also
estimate DoA of a signal impinging the antenna by recording
received signal strength (RSS) values of the signal for different
ESPAR antenna radiation patterns [4]. Unfortunately, to change
bias voltages applied to varactor diodes in the concept proposed
in [4], six digital-to-analog converters (DAC) within a DSP-
based controller to provide six bias voltages with 12-bit
resolution has been used. As a result, the expected energy
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consumption of such ESPAR antenna will be too high for
inexpensive and energy efficient wireless sensor network
(WSN) nodes.

To implement ESPAR antenna concept that is easily
applicable to WSN nodes, one has to simplify the way the
directional radiation patterns are formed and steered. To this
end, based on the concept, in which parasitic elements were
soldered to the ground plane or left open [5], variable
impedances close to open or short circuit were proposed instead
of varactor diodes [6], [7]. By such simplification in beam
forming and beam steering process, it is possible to change
ESPAR antenna configuration by steering RF switches that are
connected to the required parasitic elements’ loads (close to
open or short circuit). In consequence, the proposed design can
be used to provide DoA estimation or localization functionality
in inexpensive WSN nodes equipped with ESPAR antennas [8],

[9].

The shape of ESPAR antenna radiation patterns influence
the overall DoA estimation accuracy. In the design proposed in
[4], radiation patterns may be tuned by changing varactor
diodes’ voltage values. However, if ESPAR antenna with
simplified beam steering will be chosen, one has to optimize the
design with care as, after being produced, its radiation patterns
cannot easily be tuned [8], [9]. Moreover, the influence of
ESPAR antenna radiation patterns on DoA estimation accuracy
has not been investigated so far in the available literature.

In this article, we propose three different ESPAR antenna
designs with simplified beam steering and we show, how their
radiation patterns shapes influence the resulting DoA estimation
accuracy. To this end, we compare ESPAR antennas having
maximized gain with an antenna having maximum gain in the
horizontal direction and with an antenna having the lowest side
lobe level (SLL). Consequently, presented results can be used
by other researchers to provide ESPAR antenna designs better
aligned with wireless sensor networks (WSN) nodes and their
planned applications.

II. ESPAR ANTENNA DESIGNS

In the ESPAR antenna concept with a simplified beam
steering [8], shown in Fig. 1, a single active monopole is fed by
an SMA connector and is surrounded by twelve parasitic
elements. Each of the parasitic elements is connected to the
ground or opened by a corresponding SPDT (single-pole,
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double-throw) switch connected to the elements’ ends at the
bottom layer of the structure. Because every parasitic element
connected to the ground becomes a reflector, while elements
opened become directors, ESPAR antenna’s radiation pattern
can be configured electronically by an external microcontroller
via corresponding SPDT switches. As a result, the antenna
configuration can be unambiguously denoted using the steering
vector V=[v;, v, ..., vi2 ], where v, denotes the state of each
parasitic element: v,=0 for n-th parasitic element connected to
the ground and / for opened.

The considered antenna concept has been designed in FEKO
electromagnetic simulation software tool to work in WSN
applications within the most popular industrial, scientific and
medical (ISM) radio frequency band. To this end, the antenna
has been optimized at the frequency 2.484 GHz using three
different optimization goals with respect to its radiation patterns.
In all designs, 1.7 mm height FR4 laminate with top layer
metallization as its ground plane has been used.

ESPAR antenna parameters that have been optimized using
the Simplex (Nelder-Mead algorithm) were distances R4, R, and
elements’ heights h,, hy,. In the first design, the optimization
goal was to maximize the value of total gain, while the
maximum value of total gain for 6 = 90° was set as the
optimization goal in the second one. In the third design,
optimization goals included the lowest side lobe level.

The resulting values of ESPAR antenna dimensions for all
the considered designs are gathered in table I, while the resulting
parameters for five consecutive parasitic elements opened are in
table II. The first design has considerably bigger ground plane
dimensions than the two others, which influences the elevation
angle value for which the maximum gain is achieved.
Additionally, it can easily be noticed that the third design has
considerably lower SLL levels for 8,,,, and 8 = 90°.
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Fig. 1. Dimensions of the designed ESPAR antenna together with numbering
of its parasitic elements (see text for explanations).

TABLE I
THE RESULTING VALUES OF ESPAR ANTENNA DIMENSIONS FOR THREE
DIFFERENTLY OPTIMIZED DESIGNS (SEE TEXT FOR EXPLANATIONS)

Dimension’s values [mm]
ha hy R R p r

Design #1 27.45 29.31 74.59 105.82 1.00 2.66
(0.223) | (0.24)) | (0.60%) | (0.85%) | (0.01A) | (0.2120)

Design #2 25.79 33.07 48.74 79.97 1.00 2.66
’ (0.212) | (0.27A) | (0.39%) | (0.64)) | (0.01A) | (0.21%)

Design #3 24.08 30.17 44.97 76.20 1.00 2.66
’ (0.192%) | (0.241) | (0.36)) | (0.61%) | (0.01A) | (0.21%)

TABLE II
ESPAR ANTENNA’S PARAMETERS FOR THREE DIFFERENT DESIGNS
SIMULATED IN FEKO AT THE CENTER FREQUENCY 2.484 GHZ

Design #1 | Design#2 | Design #3
Maximum gain 10.22 dBi 9.00 dBi 8.31 dBi
(0max=45°) | Omax=65°) | (Bnax=61°)
Gain at 6=90° 2.44 dBi 7.58 dBi 6.43 dBi
3dB beamwidth at Omax 66° 63° 76°
3dB beamwidth at 6=90° 39° 60° 72°
SLL at Omax -9.41 dB -10.56 dB | -16.33 dB
SLL at 6=90° -4.08 dB -11.53dB | -18.43dB

In the proposed ESPAR antenna with simplified beam
steering 12 identical radiation patterns shifted by the multiple of
30° can be generated by setting five consecutive parasitic
elements opened and then applying a circular shift to the steering
vector V' [8]. Hence, to compare the resulting radiation patterns
one has to inspect them for the same steering vector in the
chosen horizontal directions, which has been shown in Fig. 2.

III. DIRECTION-OF-ARRIVAL ESTIMATION USING POWER-
PATTERN CROSS-CORRELATION METHOD

In order to determine, which of the considered ESPAR
antenna designs enables the highest DoA estimation accuracy in
WSN applications, obtained radiation patterns have to be used
within a preferable DoA estimation scheme. Because simple and
inexpensive RF transceivers used commonly in WSN nodes do
not allow for both amplitude and phase measurements, one has
to choose a method that relies on received signal strength (RSS)
measurements, which can be gathered for different main beam
directions. In the considered simplified beam steering case, there
are 12 possible main directional beam directions @, =
{90°,120°, ...,60°} associated with the corresponding steering
vectors {2k o, Vi2ax «r Virl,} [8]. To obtain the main beam at
PLax =90° one has to set the steering vector Vi, =
[1,1,1,1,1,0,0,0,0,0,0,0] as shown in Fig. 2. Then by
applying circular shift to V,},, the main beam direction will be
shifted by 30°. Hence, for V,2,, = [0,1,1,1,1,1,0,0,0,0,0, 0]
one obtains @2, = 120°, while for iz =
[1,1,1,1,0,0,0,0,0,0,0,1] one gets @12, = 60°[8].

The power-pattern cross-correlation (PPCC) algorithm, first
proposed in [4] and then adopted to be easily implementable in
standard RF transceivers that are commonly used in WSN nodes
[8], [9], relies only on RSS values recorded at the ESPAR
antenna’s output port. The PPCC algorithm relies on correlation
coefficient that is calculated between ESPAR antenna radiation
patterns, measured prior to the actual DoA estimation in an
anechoic chamber, and RSS values recorded for the different
main beam directions. In the considered case, the PPCC
estimator takes the following form [8]:

Z}li1(P (Viax.9) Y(Vrﬁax))

I'(p) =
JZ}[2:1 P(Viax®)? \/2312:1 Y (Viax)?

(M

where {Y (V1.,.), Y (V2 ..., Y (V12,)} are output power values
recorded during the actual estimation process for different
steering vectors WV Vi, V2 while
{PWVkax» ©), PV,2asr ©), s P(Via2,, @)} are ESPAR antenna’s
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radiation pattern values measured beforechand for all
corresponding steering vectors with the angular step precision
A@. Because the estimator ['(¢) is a correlation coefficient
between vectors {P(V,1. @), P(V.igs @), ..., P(VE2,, )} and
{Y(Vra), Y(V20), .., Y(Vii2 )}, the estimated DoA angle @
corresponds to the highest value of T'(¢p) [4], [8].
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Fig. 2. ESPAR antenna’s radiation patterns (in dBi) for three designs
considered in the paper. In every case, main beam’s direction @3, = 90° is
aligned with y axis and has been obtained for the steering vector V1., =
[1,1,1,1,1,0,0,0,0,0,0, 0] (see text for explanations).

6 T T T T
Design #1
X % M X
[ [ I
4l [\ I I\ [\ A" ¥ i
I | I I { il
I I T I S O ||
2 R T A A [
| | | i | ‘ \ | |
‘ T I
ot | S T I T LI B ¥

N
—

DoA estimation error [degrees]
>
X
f
X

»

&

l

%

I 4

100 120 140 160 180 200 220 240 260 280 300 320 340 360
Test signal arrival angle [degrees]

o
N
o
IS
=
@
=}
3
o

2
Design #2

DoA estimation error [degrees]

ook ! 1
80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Test signal arrival angle [degrees]

40 60

2
Design #3

DoA estimation error [degrees]
- o

!
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Test signal arrival angle [degrees]

Fig. 3. DoA estimation error for three ESPAR antenna designs proposed in this
paper. The results were obtained from numerical simulations using PPCC DoA
estimation algorithm for SNR=10 dB (see text for explanations).

IV. NUMERICAL SIMULATIONS

To verify, how ESPAR antenna radiation pattern shape
influence the resulting DoA estimation accuracy when PPCC
algorithm is used, numerical simulations were conducted. To
this end, every antenna design has been simulated in a
computational electromagnetic program (FEKO) to generate its
radiation  patterns for  considered steering  vectors
VE s Vi2axs oo, Vi, 3 with 1° angular step precision. As a
result, 12 ESPAR  antenna  radiation  patterns
{PWVkare» ©), PV2as @), e, P(VA2,, 0)} associated with
twelve main beam directions, were generated at 2.484 GHz for
each of the antenna designs.

In every DoA Matlab simulation, the power of a test signal
impinging the antenna has been set to 10dBm, and the possible
signal’s directions has been considered with a discreet angular
step equal to 5°, which is a good compromise between coarse
10° step used in [4] and very fine 1° step implemented in [9].
During the simulation, for each of 72 directions of impinging
signal ¢, € {0° ,5°,...,355° }, twelve output power values
{Y(Vra), Y (G20, ., Y (Vii2. )} were recorded for the steering
vectors {VX ., ViZasr oo s Vii2, } corresponding to directional main
beam radiation patterns. Moreover, to easily compare results
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with those obtained in [4] and [9], for every considered direction
10 snapshots were generated and additive white Gaussian noise
has been added to all recorded output power values to generate
a specific signal-to-noise ratio (SNR).

Results presented in Fig. 3 and in table III show, that ESPAR
antenna radiation pattern shape has an influence the resulting
PPCC algorithm DoA estimation accuracy. In the first design,
error levels reach the highest value and the precision do not drop
below 5° even for very low SNR. In the second and third
designs, the errors have considerably lower values, but only
when the third design is used, it is possible to obtain very low
errors for very low SNRs. It means that, in order to provide
highly accurate results, one has to design ESPAR antenna
radiation patterns having very low SLL and monotonically drop
from the maximum value. However, in some WSN applications
DoA estimation errors obtained for the design #2 are acceptable.
In such situations, one can provide ESPAR antennas for WSN
nodes that have more narrow radiation patterns and 1 dB better
gain by using the second design (see table II for comparison).

V. CONCLUSIONS

In the article, it has been shown, how radiation patterns of
ESPAR antennas with simplified beam steering designed for
WSN nodes influence the overall DoA estimation accuracy of
an impinging signal. We have proposed three different ESPAR
antenna designs, which were obtained for three different
optimization goals. Performed numerical tests indicate, that the
design with the highest gain do not provide the best DoA
estimation results as in order to provide highly accurate DoA
results, one has to provide a design having very low side lobe
level. Moreover, as we have shown, it is possible to provide
ESPAR antenna designs for WSN applications that have DoA
estimation accuracy at the acceptable level and simultaneously
provide radiation patterns having lower 3 dB beamwidths and
higher gains.
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TABLE III
DOA ESTIMATION ERRORS CALCULATED FOR THE PROPOSED ESPAR
ANTENNA WITH SIMPLIFIED BEAM STEERING USED TOGETHER WITH PPCC
ALGORITHM (SEE TEXT FOR EXPLANATIONS)

Parameters of absolute error values
SNR
[dB] mean| rms | std |precision
5 | 3.11° | 3.66° | 1.93° 6°
. 10 | 3.10° | 3.68° | 2.00° 6°
pe 15 | 3.08° | 3.73° | 2.11° 6°
%o 20 | 3.03° | 3.70° | 2.14° 5°
e 25 |3.01° | 3.70° | 2.16° 5°
30 |3.00° | 3.70° | 2.18° 5°
5 | 1.06° | 1.41° | 0.95° 3
~ 10 | 0.92° | 1.18° | 0.75° 2
T 15 | 0.79° | 1.01° | 0.63 2
%D 20 | 0.68° | 0.86° | 0.53 2
° 25 | 0.68° | 0.83° | 0.47 1
30 | 0.67° | 0.82° | 0.47 1
5 1.06 | 1.45 | 1.01 3
- 10 | 076 | 1.09 | 0.78 2
ped 15 | 0.40 | 0.63 | 0.49 1
%D 20 | 022 | 047 | 0.42 1
° 25 | 011 | 033 | 032 1
30 0 0 0 0
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