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ABSTRACT Angle-of-arrival (AOA) estimation is an important factor in various wireless sensing appli-
cations, especially localization systems. This paper proposes a new type of AOA estimation sensor node,
known as AOA-estimation system (AES) where the received signal strength indication (RSSI) frommultiple
radiation pattern reconfigurable (RPR) antennas are used to calculate the AOA. In the proposed framework,
three sets of RPR antennas have been used to provide a coverage of 15 regions of radiation patterns at
different angles. The salient feature of this RPR-based AOA estimation is the use of Fuzzy Inferences
System (FIS) to further enhance the number of estimation points. The introduction of a modified FIS
membership function (MF) based on Gaussian function resulted in an improved 85% FIS aggregation
percentage between the fuzzy input and output. This later resulted in a low AOA error (of less than 5%)
and root-mean- square error (of less than 8◦).

INDEX TERMS Angle-of-arrival (AOA), fuzzy inferences system (FIS), radiation pattern reconfig-
urable (RPR) antenna, membership function (MF).

I. INTRODUCTION
Angle of Arrival (AOA) estimation for direction finding has
been actively investigated throughout the past few decades.
Historically, the direction-finding technique is found in elec-
tronic surveillance applications. In recent days, direction
finding is fundamental to wireless sensor networks (WSN),
which in turn can be integrated into applications such as
patient monitoring systems and localization systems.

The motivation of this work is the deployment of received
signal strength indication (RSSI) information as mecha-
nism to the AOA estimation system. AOA is defined as the

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

angle between transmitter and receiver with reference direc-
tion, known as orientation. AOA estimation system (AES),
which has become an essential demand in WSNs, can
be performed by either phased arrays [1], or steerable
antenna aid by mechanical elements [2] or assisted by multi-
antennas [3], [4]. The phase antenna arrays usually tracks
the angle by the amplitude and phase of the incoming
signals [5]–[8]. These information are further processed for
AOA estimation using a complex digital signal processor
and signal processing algorithms such as least mean square
(LMS), Recursive Least Square (RLS) and MUltiple Signal
Classification (MUSIC) [9]–[11]. However, in less complex
systems proposed recently [4], [12]–[15] in only the RSSI
is needed to successfully estimate AOA. In other words,

VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 145477

https://orcid.org/0000-0002-9235-7132
https://orcid.org/0000-0003-3870-6773
https://orcid.org/0000-0002-1577-4047
https://orcid.org/0000-0003-1756-4315
https://orcid.org/0000-0002-6394-5330


M. I. Jais et al.: Fuzzy-Based AES Using RPR Antenna and Modified Gaussian MF

the reduced processing of complex signal information eventu-
ally reduces the overall computational complexity of theAOA
estimation system.

Besides this, various approaches to realize AOA estima-
tion system. The AOA estimation systems may use multiple
static or array antennas known as smart antennas with signal
processing units for AOA estimation. The most common
method is using antenna arrays to measure the signals time
of-arrival (ToA) differences at different receivers [16], [17].
Authors in [18] have proposed the use of two antennas to
estimate the AOA at a receiver node using measured RSSI.
Another method uses antenna arrays and RSSI measurements
on each antenna, where the AOA can be estimated using
the RSSI ratio [19]–[21]. An AOA systems can also utilize
radiation pattern-reconfigurable (RPR) antennas [22]–[25].
The use of these RPRs on stationary systems enables radi-
ation pattern reconfiguration without any physical impact
towards the antennas. This can be performed by controlling
each antenna on or off states using algorithms [24]. In this
paper, the AOA estimation uses RPR antennas controlled
by RF Pin diode as switches. The main advantage of RPR
antenna approach is the reduced number of antennas and the
improved coverage angles. The authors in [12] proposed a
system of 12 static antennas to cover the full 360◦ direc-
tion, whereas this work uses only three RPR antennas for
the same coverage. Moreover, the ability of the AOA esti-
mation method using the RPR antennas in this work are
enhanced using an embedded Fuzzy Inferences System (FIS)
[26]–[29]. The main contributions from the proposed tech-
nique are: (i) improved AOA estimations using minimal
number of antennas with less complexity and (ii) improved
accuracy of the AOA estimation with FIS framework which
uses modified Gaussian membership function (MF).

The rest of the paper is organized as follows: Section II
explains the theoretical background of the fuzzy approach,
followed by the detailed hardware configuration in
Section III. The conventional estimation algorithm and asso-
ciated experimental data are presented in Sections IV and V,
while the improved algorithm and experimental results are
presented in Section VI. Finally, conclusion remarks for this
work are provided in Section VII.

II. THEORETICAL BACKGROUND OF FUZZY APPROACH
An adaptive switching algorithm is required in the proposed
AES to properly select the beam forming direction of the
RPR antenna when an incoming RSSI is effectively traced.
To facilitate such adaptive switching, a fuzzy inference sys-
tem is introduced which uses the radiation pattern switch
condition (either left or right) as the input variables.

A conventional crisp logic set represent the degree of
membership of any object in the set is either 0 or 1. This is
similar to digital logic circuit, which differentiates elements
into two extreme categories, such as good or bad, yes or no
and black or white. For instance, consider the RSSI indicator
which consists of two scenarios, −50 dBm and below can
be considered as weak signal strength and beyond −50 dBm

FIGURE 1. Triangular membership function.

as strong signal strength. If the RSSI level is expressed as a
binary-valued crisp set, 0 is the crisp value for any RSSI level
below−50 dBm, and 1 is the crisp value for RSSI level above
−50 dBm. This will lead to increase angle estimation error.
The fuzzy membership function (MF) set further refines the
concept of crisp set by extending binary value sets to multi
value sets. The degree of membership (known as membership
value) in a fuzzy set X is characterized by real value either
0 or 1. In general, the fuzzy set X in a universe of discourse
U (X: U [1, 0]), can be defined as follows:

X = {u,µx(u)|u ∈ U (1)

where µx(u) is the membership function (MF) of u in X. The
fuzzification is the process mapping the real input toMF form
input. TheMF is associated with the fuzzy set and maps a real
input value to an appropriate membership value. The trian-
gular membership function and the trapezoidal membership
function [30] are two types of membership functions which
commonly used in most of applications with the advantage
of simplicity [31]. Figure 1 shows the triangular membership
function, which is defined by:

µy (x) =

 (x-b)+1, a ≤ x ≤ b
(b-x)+1, b ≤ x ≤ c
0, elsewhere

 (2)

The trapezoidal membership function depicted in Fig-
ure 2 is given by [30]:

µy (x) =



x − a
b− a

, a ≤ x ≤ b

1, b ≤ x ≤ c
d − x
d − c

, c ≤ x ≤ d

0, elsewhere


(3)

Both the triangular-MF and the trapezoidal-MF are deemed
unsuitable for this proposed system. This is due to the aim of
this work, which is to map the radiation pattern as the fuzzy
input (membership function), whereas their fuzzy abilities
will be utilized in the decision-making process.

The Gaussian-MF is deployed to achieve this objective.
The Gaussian-MF can be defined by:

µx (u) = exp
−(x-c)2

2σ2 (4)
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FIGURE 2. Trapezoidal membership function.

FIGURE 3. The AOA estimation system. (a) RPR A, (b) RPR B, (c) RPR C,
(d) WiFi module, and (e) Raspberry-Pi.

where x represents crisp value, c is the center of the Gaussian-
MF and σ represents the width of Gaussian-MF. In this work,
the direction angle is the crisp value. The modified MF based
on Gaussian curves named as a PatternMembership Function
(Pattern- MF) will be presented in this paper, in Section
V. The FIS related work has been performed using SciKit
library toolbox with Python version 2.7. The comparison and
analysis of FIS aggregation are performed with various types
of membership function as discussed earlier.

III. HARDWARE, SOFTWARE AND EXPERIMENT SET-UP
This section discusses the hardware and software implemen-
tation involved in this proposed AES. The proposed AOA
Estimation System (AES) prototype is developed using three
major components: A Single Board Computer (SBC), Wi-Fi
Module, and Radiation Pattern Reconfigurable (RPR) anten-
nas as depicted in Figure 3. Figure 4 depicts the schematic
layout of the system. It shows that each RPR antenna is
connected with a Wi-Fi module (SZ05). This module is the
main gateway for the collection of RSSI and AOA estima-
tion purposes. This module bridges the Raspberry-Pi and
three RPR antennas to complete the AES, as illustrated

FIGURE 4. System layout of the proposed AES.

FIGURE 5. RPR Antenna (a) Front and (b) Back.

in Figure 3. An UART controller circuit is required to allow
three sets of Wi-Fi modules share a same GPIO pin the
Raspberry-Pi.

Figure 5 shows the structure of the RPR antenna developed
for the use of the AES system. The antenna consists of a
driven element and two parasitic elements that can enable
beam steering with the use of RF switches (BAR50-02V PIN
Diodes). The related dimension of the antenna is illustrated
in Figure 6. The antenna is fabricated using Taconic substrate
with a relative permittivity of 2.2, a substrate height of 1.6 and
loss tangent of 0.0009. Four RF switches are used to control
the radiation pattern reconfiguration for each RPR. The con-
nections of the RF switches from the RPR antennas to the
Raspberry-Pi is shown in Figure 4, whereas the respective
switching connections to the GPIO of the Raspberry-Pi are
tabulated in Table 1. On the other hand, the switching condi-
tions and related beam characteristics are tabulated in Table 2.
Each antenna has an average gain of 7.5 dBi and an average
efficiency of 80 %.
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FIGURE 6. Layout of the RPR (a) Front and (b) Back.

TABLE 1. RF Switches connections with related GPIO header for each
RPR antenna.

TABLE 2. Beam pattern characteristics of RPR antenna.

The single board computer (SBC) used in this work is
a Raspberry-Pi to detect and process the incoming RSSI
values and as a switch controller for the RPR antennas.
In this research, the source codes are tested on Raspberry-Pi
developed using Python version 2.7. The Python code in this
work is used to capture and process the incoming RSSI, and
to control RF switches of RPR antennas. This code is also
used to develop FIS assisted by SciKit library, that used to
perform the decision-making process of AOA estimation with
enhanced and improved the number of estimation points.

Figure 7 illustrates the radiation pattern of the three RPR
antennas shown in Figure 5, covering an angle of about 360◦.
Each antenna is capable of reconfiguring its beam to the three
main directions, at −30◦, 0◦, and +30◦. This enables the
three antennas to provide nine regions of AOA estimation.

FIGURE 7. The radiation patterns of the three RPR antennas with all
mode configurations.

FIGURE 8. The polar plot of the proposed AES.

The polar plot of the radiation pattern of the AES for 360◦

AOA estimation coverage is shown in Figure 8.

IV. PRELIMINARY EXPERIMENTAL AOA ESTIMATION
The measurement of proposed AES illustrated is conducted
in a free space environment. It functions as a receiver (Rx) to
measure reference RSSI (RSSI r, θ ) from different directions
and at distances of 1 m, 5 m and 10 m from a 2.4 GHz trans-
mitter. To establish a good line-of-sight (LOS) between the
proposed AES and transmitter (Tx), both sides are properly
aligned to be at the same heights, with the absence of physical
obstacles. Incoming RSSI values are obtained at every 10◦

and the measurement is repeated 10 times.
Figure 9 shows the maximum incoming RSSI values

from all three RPR antennas based on each activated mode.
This preliminary experimental results allow the setup of
RSSI(r, θ) as the reference to further calculate the AOA
estimation error.

The flow to collect the incoming RSSI values from the
receiver for AOA estimation purpose is described as fol-
lows: (i) Tx is first aligned to have line-of-sight (LOS)
with the AES; (ii) the AES scans for maximum RSSI val-
ues in each region; (iii) comparison between the incom-
ing RSSI is performed by Python within the Raspberry-Pi
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FIGURE 9. References AOA estimation for different TX and Rx gap.

FIGURE 10. Flowchart of the development and implementation of AOA
estimation system (AES).

SBC; (iv) the SBC then activates the Pin-Diode on RPR
antennas for AOA estimation based on the highest received
RSSI value.

Figure 10 summarizes the overall proposed AES process
and implementation. It demonstrates that the overall code
or command flow to execute the proposed system, starting
form scanning the incoming RRSI until the proposed system
decides on the direction where the strongest RSSI is coming
from. This code first scans the incoming RSSI for all config-
uration for each RPR antennas. The RSSI value recorded and
use as references value to estimated location of Tx (based on
higher RSSI). Figure 8 shows the measured AOA (RSSIm, θ )
values compared to the reference AOA estimation (RSSIr, θ )
with a 5 m distance between Tx and Rx. It is validated that
each RPR antenna generated three different regional coverage
areas, depending on the Pin diode configuration, denoted in

FIGURE 11. Measured AOA estimation (RSSIm, θ) vs reference AOA
estimation (RSSIr, θ).

TABLE 3. Region of RPR antennas without FIS.

this work as mode. Table 3 summarizes these modes and the
regions covered by each RPR antenna in different modes.

Both measured AOA estimation (RSSIm, θ ) and reference
AOA estimation (RSSIr, θ ) agreed to each other as shown
in Figure 11. The mode I of RPR antenna covered small
region show almost the location of maximum RSSI value for
both measured and reference AOA estimation.

On other hand, wide regions covered by mode II and III
shown the maximum RSSI value point for RSSI m, θ is
slightly differ from RSSI r, θ .

Thus, the AOA estimation error for mode I less than mode
II and III of RPR antenna. This scenario has happened to each
RPR antenna. TheAOA estimation error occurs especially the
maximum incoming RSSI comes from regionmode II and III.

V. EXPERIMENTAL ESTIMATION ADOPTING FUZZY
INFERENCES SYSTEM (FIS)
The simple algorithm for AOA estimation from the previous
section is conducted by continuously switching the beams
of the RPR antenna to detect maximum RSSI. Once this
is determined, the AOA can be estimated according to the
maximum-detecting beam. For instance, a maximum RSSI
obtained at RPRAwhen operated in mode I indicate the AOA
region from −150◦ to 150◦. However, the exact region could
not be streamlines with limited number of estimation points.
Therefore, an adaptive switching algorithm is required in the
AOA estimation system to properly select the direction of
reconfigurable antenna beam pattern when incoming RSSI
is traced. To enable such adaptive switching, a fuzzy logic
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FIGURE 12. Basic structure of fuzzy inferences system (FIS).

controller, which uses the radiation pattern and scanning
switch condition (either left or right) as the input variables,
is proposed. Using the FIS system, additional AOA estima-
tion regions are added by subdividing each RPR radiation
patterns into five regions for a total of 15 regions.

The general structure of FIS consists of three basic parts:
the fuzzification process (fuzzifier) at the input terminal, the
FIS core consist the inference engine which is built on the
fuzzy logic control rule base, and the defuzzification pro-
cess (defuzzifier) at the output terminal, as shown in Fig-
ure 12 [32]. The fuzzy engine contains a set of fuzzy
rules. These rules control the operation of the whole fuzzy
inferences system (FIS). These fuzzy operators execute the
(AND), (OR) and (NOT) operations which are used to formu-
late the IF-THEN rules. The IF-THEN rules test any consider-
ations from the input in the fuzzy engine before responding at
defuzzifier as its output. The concept of the IF-THEN rules is
almost similar with if-else rules in programming, but involves
a larger scale of considerations and is capable to operate in
multiple-value sets.

The fuzzifier locates the membership function (MF),
whereas the inference engine obtains the output terms accord-
ing to the input terms from the fuzzifier and the rule base.
Finally, the defuzzifier converts the fuzzy inference results
to a crisp value to present the decision. In other words,
defuzzification is realized by a decision-making algorithm
that selects the best crisp value based on a fuzzy set. In this
work, the defuzzified value, Xmom is obtained using the mean
of maximum (MOM)method since all operations in FIS-AES
depends on the maximum value of RSSI. The Xmom obtained
using MOM method is given as follows:

Xmom =

∑
xi∈M xi
|M |

, M =
{
xi
∣∣µy (xi) = µmax

}
(5)

where Xmom is obtained when µy (xi) reaches its maximum
µmax and M is the cardinality .
To accommodate the three modes from each RPR antenna,

the Pattern-MF is modeled by modifying the existing
Gaussian-MF. The proposed Pattern-MF is provided as
follows:

µ (x)

= amode_II exp
(xmode_II−cmode_II)

2

2σ2mode_II

+amode_Iexp
(xmode_I−cmode_I)

2

2σ2mode_I + amode_IIIexp
(xmode_III−cmode_III)

2

2σ2mode_III

(6)

FIGURE 13. Proposed input membership function named as pattern-MF.

where amode_I,amode_II andamode_III is the amplitude of
the Pattern-MF from each RPR antenna; cmode_I, cmode_II
and cmode_III represent the center of each Pattern-MF
and σmode_I,σmode_II and σmode_III is the width of each
Pattern-MF. For modes II and III, it is expected that
cmode_II < cmode_I and cmode_I < cmode_III so that the
maximum value at the respective MF falls in cmode_II
and cmode_III. Important Gaussian-MF parameters such as
cmode_II, cmode_III,σmode_II and σmode_III are optimized based
on the radiation patterns from each proposed RPR antenna
illustrated in Figure 7.

The proposed Pattern-MF is depicted in Figure 13. Each
RPR consists of three inputMFs as shown in Figure 13, thus a
total of nine input MFs are available in the proposed FIS. It is
expected that the proposed Pattern-MF (resulting from the
modified Gaussian MF) will improve the AOA estimation by
reducing the error. Apart from that, the proposed Pattern-MF
is expected to reduce the overall system complexity, so that
only three MFs are assigned for each RPR antenna for rea-
sonably accurate estimation. In addition to that, if the number
of beams from each RPR antenna is different from the three
beams in this proposed system, optimization then needs to
be performed according to the new number of beams and the
maximum angles from each beam originating for each RPR
antenna. This optimization will require that parameters c and
σ of the Gaussian function to be adapted for use based on
the new number and characteristics of the new beam patterns
originating from each RPR antenna.

To ensure that the proposed Pattern-MF is useful for this
AOA system, the radiation pattern of the RPR antenna is
subdivided into five regions as shown in Figure 14 and
Table 4. The five regions of the steering mode and angles
covered by each RPR antenna are used for AOA estima-
tion when adopting the FIS. Each region covers an area of
approximately less than 30◦, which decreases the potential of
AOA estimation error. Adopting FIS by knowing the range of
angle at each region, the AOA can be obtained by finding the
smallest difference in ratio between the RPR antenna patterns
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FIGURE 14. The radiation patterns of the RPR antennas for all modes and
regions determined by FIS.

TABLE 4. Region of RPR antennas with FIS.

for the corresponding region, as illustrated in Figure 14.
Figure 15 shows theworking principle of themethod based on
the assumption that the maximum RSSI is received by RPR
A in mode II.

The FIS can improve the decision making of the RF
switches of the RPR antennas using selected fuzzy rules. The
FIS-AES rules are applied to determine the regions of the
AOA estimation, with the rules applied in each RPR antenna
is summarized in Table 5. For instance, when RPR A is
activated, i.e., the following rule (R) is applied:
‘‘IFRPR A is ON and Input1 is Low or Mid and

Input2 High and Input3 is Low or Mid THEN the Mode I
RPR A is ON and the coverage region from −14◦ to 15◦’’

As a result, the coverage region of the AOA estimation is
obtained, and in the Raspberry-Pi, the related GPIO are trig-
gered to activate the respective RF switches. Generally, each
activated RPR antenna applies the same rules. For instance,
for the case described in Figure 15, R3 (refer to Table 5) is
applied.

However, the output of each rules is different due the varia-
tion of the initial location of each RPR antenna. For instance,
when the FIS-AES rule No.3 is applied, the coverage area

FIGURE 15. The region verification process.

TABLE 5. Fuzzy rules for each activated RPR antenna.

of the AOA estimation for the activated RPR antenna A is
−14◦ to 15◦, for RPR antenna B is 106◦ to 135◦, and for
RPR antenna C is from −106◦ to −135◦. In other words,
when each antenna is initially activated to scan the RSSI for
the 360o coverage, these rules are applied and the related
coverage regions are defined for each rule, depending on the
activated antenna.

The unique feature of the proposed FIS-AES is its ability
to scan additional AOA regions, especially when the edge
region is covered using two RPR antennas. For instance,
in the bordering region (v) for RPR A and region (i) for
RPR B is estimated by the FIS based on the IF-THEN rule
sets formulated by the fuzzy inference engine. The additional
rules are presented in Table 6. An example rule is given as
follows:

‘‘IF RPR A is ON and Input1 is High at Mode II and
RPR C is ON and Input3 is High at Mode III is High
THEN the Mode II RPR A is ON and the region coverage
−61◦ to −82◦’’

VOLUME 7, 2019 145483



M. I. Jais et al.: Fuzzy-Based AES Using RPR Antenna and Modified Gaussian MF

FIGURE 16. AOA Estimation adopted FIS vs reference AOA estimation. (a) Tri-MF. (b) Tramp-MF. (c) Gauss-MF. (d). Pattern-MF.

TABLE 6. Fuzzy rules for estimation between beam edges of two RPR
antennas.

The fuzzy rules are applied to the AOA estimation process
to differentiate each region, as shown in Figure 16. Take note
that each RPR consists of five regions with the use of FIS. The
five regions are shown in Figure 14. To show the advantage
of the proposed pattern MF, the FIS-AES system is also oper-
ated using Triangular MF (Tri-MF), Trapezoidal MF (Tramp-
MF) and Gaussian MF (Gauss-MF). Figure 16(a) indicates
that five AOA directions have been accurately detected by

the AOA estimation with Tri-MF. The successfully detected
AOAs are shown by the true AOAs line. The true AOA
lines are drawn at the successful detection angle when the
detected angle is similar for both maximum measured RSSI
(RSSIm_max) and the maximum reference RSSI (RSSIr_max).
All AOA estimations are compared with the reference AOA
estimations that are illustrated in Figure 9. Using similar
approach, seven accurate AOA estimations were achieved
by the Tramp-MF and Gauss-MF, respectively as shown
in Figure 16(b) and 16(c). Finally, Figure 16(d) indicates that
nine AOA directions were obtained by this AOA estimation
method when applying Pattern-MF. It clearly shows that the
proposed AES with Pattern-MF obtain the most accurate
AOA estimation points. Further comparison is carried out in
following section to indicate the performance of the proposed
AOA estimation using Pattern-MF.

VI. RESULT AND DICUSSION
This section compares the AOA estimation result with refer-
ence at a distance of 3m to obtain estimation error and esti-
mation root-mean-square error (RMSE). Whenever required,
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FIGURE 17. Experimental average of the AOA estimation absolute error
result.

FIGURE 18. Experimental average of the AOA estimation RMSE result.

a simple linear interpolation is used to determine both param-
eters. Figure 17 shows the average AOA estimation error
for each RPR antenna. For instance, RPR C which provides
coverage from 60◦ to 180◦ shows no AOA estimation error
for both Gauss-MF and Pattern-MF. The average estimation
error for n = 10 is obtained using the following:

Avg_eAOA =
1
n

n∑
m,r=1

θRSSIm_max − θRSSIr_max (7)

where θRSSIm_max and θRSSI r_max is the angle at the RSSIm_max
and RSSIr_max, respectively. The measurement is repeated for
the 360◦ angles enclosed by all three RPRs.

To show the error performance clearly, average RMSE
is calculated for the AOA estimation. Figure 18 shows the
overall RMSE comparison between all the AOA estima-
tion schemes for each RPR antenna, which is calculated as
follows:

Avg_RMSE =

√√√√1
n

n∑
m,r=1

(
θRSSIm_max − θRSSIr_max

)2 (8)

FIGURE 19. Experimental comparison of the FIS aggregation MF for each
RPR antenna.

The simple AOA estimation method will result in the
highest RMSE value. This is due to the wide angle that
needs to be covered, resulting in a small number of accurate
AOA estimations. Note that such simple AOA estimation is
able to work without the assistance of FIS, as it selects the
AOA based on the maximum received RSSI, as explained in
Section IV. Thus, it has only nine AOA estimation points.
Through the analysis conducted in this work, it could be
noticed that adopting the FIS algorithm, the RMSE value
achieved below 10◦ for all types of MFs. Specifically, the FIS
constructed using the modified Gaussian-MF or Pattern-MF
yields the lowest error for all RPR antennas, thus considered
to be the most accurate.

Figure 19 depicts FIS aggregation for all trained MF.
The Tri-MF shows the lowest aggregation of between
60% and 70%. Aggregation of FIS is increased to 70%
to 75% and 75% to 80% by applying Tramp-MF and
Gauss-MF. Although FIS using conventional MF was able
to improve the FIS aggregation, the proposed MF in this
work exclusively further enhances the FIS aggregations.
This can be validated when the Pattern-MF successfully
achieved the maximum FIS aggregation of between 80%
and 85%. This is due to the algorithm which is developed
based on Gauss-MF and inspired by radiation pattern of
RPR antenna.

Table 7 summarizes the performances of the available AOA
estimation using RSSI-based approaches. It can be noticed
that most previous approaches achieved 360◦ coverage with
the use of mechanical assistance. This may result in high
power consumption of the mechanical components, the need
of regular maintenance of the rotary system and beam scan-
ning speed limitation. In contrast, the approach proposed in
this work reduced the required number of antennas to pro-
vide 360◦ coverage for AOA estimation. Most importantly,
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TABLE 7. Comparison of the proposed AoA estimation method using RSSI
with previous researches.

the proposed work also integrates for the first time, RPR
antennas with the FIS to result in a more accurate AOA
estimation.

It is important to note that the proposed system has only
been assessed for scenarios with line of sight (LOS) inci-
dence. For non-LOS (NLOS) environment, it is expected that
the proposed RPR system will still steer the beam to towards
the direction where it receives the strongest RSSI, regardless
of the type of incident waves (including waves from reflec-
tions). Thus, the estimated angle will consistently depend
on the direction where the strongest RSSI is originating
from.

VII. CONCLUSION
An AOA estimation system based on incoming RSSI is pre-
sented in this paper. The system is able to estimate AOA
using 15 AOA regions with only using three sets of radi-
ation pattern reconfigurable antennas. Each RPR antennas
is controlled by a RF-PIN diode as switch. The proposed
AOA estimation system using FIS is capable of increasing
the number of AOA estimation points and consequently min-
imize estimation errors, to less than 10◦ for all MF. For this
AOA system with three RPR antennas, a new Pattern-MF is
introduced to increase percentage of response between the
input (fuzzifier) and the output (defuzzifier) in FIS. Approx-
imately 80% to 85% FIS aggregation is obtained by Pattern-
MF, which is the highest compared to the existing MF. The
accuracy of this proposed system only is comparable with
AOA estimation systems which adopts pattern reconfigurable
antennas, switchable antennas and multiple antennas. In the
current work, there are 15 estimation regions, indicating that
its resolution is limited to approximately 30◦. This can be
considerably improved by applying RPR antennas with more
than three switchable main beams in the radiation pattern,
and by modifying their corresponding Pattern-MF to further
enhance the overall AES performance.
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