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Abstract: This paper presents an indoor positioning system (IPS) by using fuzzy estimation technique. The research aims to
design an IPS with high stability, high accuracy and high reliability. The received signal strengths (RSS) sensed by ZigBee
wireless sensors were used to estimate the object’s position. All studies were experimented at a 10x10 square meters’ indoor
field. In all experiments, 361 positions (features) were estimated. From the experimental results shown, the fuzzy positioning
technique proposed has the high accurate estimation even RSS signals are unstable. It is also clearly found that the positioning
accuracy could be greatly improved when more wireless sensors are used in IPS.
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1. Introduction

In recent years, the positioning technique has been widely
used for the location-based services (LBS), such as navigation,
tourism, vehicle and military applications, etc. In order to
make LBS more efficient and accurate, the wireless
communication elements and techniques have been widely
employed in developing the positioning system. Global
Positioning System (GPS) is the most popular technique used
in outdoor positioning service. It is the worldwide
satellite-based radio navigation system. The system’s satellites
transmit the navigation messages to a GPS receiver which is
used to determine the target’s position. Generally, GPS uses
triangulation method to find the target’s position in
accordance with the distances between GPS hand-held
receiver and satellites [1-3]. Thus, it needs to obtain the
distance information at least three or four satellites. However,
GPS is a line-of-sight transmission system. The satellite
signals are easily deteriorated at indoor environment due to
the external interferences like obstacle, wall and electrical

equipment, etc. Therefore, GPS is seldom used in the indoor
positioning application.

The indoor positioning problem has attracted the
researchers’ interest recently. IPS has been employed into
many applications, such as the rescue operation, patient
monitoring, cargo management, public guiding system and so
on. IPS is able to provide the location information about the
persons or devices. Compare with the outdoor positioning
system, IPS is a positioning system which needs much higher
degree of accuracy to object’s position.

Figure 1 shows the example about the concept of IPS
application. The object’s coordinate needs to be determined is
(X0 ¥0)- A, B, and C are three wireless sensors and their
corresponding coordinates are, (x4, v4), (xz, yp) and (x¢, vo),
respectively. r4, rp and rc could be the distances or RSS
signals between the object and sensors [4]. The object’s
position (x,, y,) then can be estimated by using positioning
algorithm in accordance with the information ((x4, v4), (X3, V),
(xc, yc), r4, rp and r¢) of sensors A, B, and C.
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Figure 1. The relationship between unknown object and wireless sensors.

Basically, IPS consists of two important parts, i.e. the
sensing infrastructure and the position estimation algorithm.
The sensing infrastructure is mainly used to transmit or
receive the sensing signal that can be used by positioning
algorithm for estimating the object’s position. In IPS system,
the sensing infrastructure is composed of the wireless
communication hardware and technology.

Nowadays, many wireless communication technologies
such as wireless local area network (WLAN) [5-8], wireless
sensor network (WSN) [9-10], radio frequency identification
(RFID) [11-13], Bluetooth [14-15], ZigBee [16-17], etc. have
been wildly used in developing IPS. However, due to the
limitation of the function of sensing components, different
IPSs have different advantages while they are used in the
various positioning applications. Some IPSs even need to take
the trade-off between the performance and the real condition
of environment.

The positioning algorithm is about the software used for
estimating the object’s position. In the past decade, many
positioning algorithms have been proposed. In which, three
positioning algorithms, including triangulation, scene analysis
and proximity, are well-known methods used in IPS [18-23].
Basically, the values of RSS sensed from the known reference
nodes are usually taken to calculate the object’s coordinate
[24-26]. But, due to the influences of external factors such as
the disturbances of hindrance, noise and the diffraction of
electromagnetic wave, the proper positioning estimation
method is still a challenging topic in the research of IPS
application.

In this study, a fuzzy estimation algorithm is proposed for
the indoor positioning application. Based on RSS signals
sensed, the fuzzy estimator could accurately determine the
object’s position. The whole paper is organized as follows. In
Section 2, the indoor positioning system with ZigBee sensing
module is presented. Section 3 describes how the fuzzy
estimation algorithm is used for the positioning calculation.
Section 4 presents the relevant experiments and results of
fuzzy IPS proposed. At last, a conclusion is given in Section 5.

2. The Indoor Positioning System

The sensing infrastructure in this research is a ZigBee

A Fuzzy Indoor Positioning System with ZigBee Wireless Sensors

module produced by Texas Instruments (TI) Corporation as
shown in Figure 2 [4]. ZigBee is an IEEE 802.15.4-based
specification for a suite of high-level communication
protocols used to create personal area networks with small and
low-power digital radios. It is intended to be simpler and less
cost than other wireless personal area networks. This module
includes an 8-bit CPU core which is an enhanced version of
the industry standard 8051 core. The antenna is isotropic and
its working frequency is 2.4GHz. The RF chip is CC2430F128
/ CC2431.

The developed sensing module includes location dongle,
blind node, and reference node. The location dongle can
capture RSS between blind node and all reference nodes. The
application programming interface (API) provided by TI
allows user to obtain blind node’s location through the RSS
signals on ZigBee module. The RSS indicator (RSSI) is
usually measured in dBm and has the typical values within
interval [-40 dBm, -95 dBm]. The industry standard always
defines RSS value by 256 intervals. This research aims to
design an accurate IPS based on ZigBee sensing module. This
IPS is expected to have the better performance than current
positioning methods.
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Figure 2. Zigbee sensing infrastructure.

3. Fuzzy Positioning Algorithm

Fuzzy theory was initialized by Professor Lotfi Zadeh in
1965. It has been applied into many fields ranging from
control, signal processing, communications, and expert
systems to business, medicine, etc [27-33]. It is a theory to
formulate human knowledge in a systematic manner. Thus,
the fuzzy system is a knowledge-based and rule-based system.
The main knowledge base consists of many fuzzy IF-THEN
rules which are created based on expert’s experience.

Basically, a well- defined fuzzy system is composed of
four parts, i.e. fuzzifier, fuzzy rule base, fuzzy inference
engine and defuzzifier. Fuzzifer plays the role to map a
real-valued information to a fuzzy set. Contrary, defuzzifer is
a tool to map a fuzzy set to a crisp real value. The fuzzy rule
base consists of a set of fuzzy IF-THEN rules. It is
constructed based on the knowledge or experience of the
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expert. It plays the heart of the whole fuzzy system. The
fuzzy inference engine is a fuzzy logic principle which can
combine the fuzzy IF-THEN rules into a mapping from a
fuzzy set in fuzzifier to a fuzzy set of defuzzifier.

Figure 3 shows the standard fuzzy logic system. The fuzzy
system could provide a systematic procedure for
transforming a knowledge base into a nonlinear mapping.

—» Fuzzifier [ Illtert?nce —» Defuzzifier —»
engine

T

Rule base
v

Figure 3. The standard fuzzy logic system.

In our study, the coordinate of object will be estimated by
the fuzzy positioning algorithm proposed. At here, we use IPS
with 3 ZigBee sensors to be an example for interpreting the
whole fuzzy positioning algorithm. Let C be a set of class
vectors, i.e. IPS database, which is given by

((x1, 1), (RSS,, RSS, 5, RSS;3)),
C=1((x3,1,),(RSS,, RSS,,, RSS)3)), (1
e ((x,,,¥,,),(RSS,,,, RSS, ,, RSS, ;)

ml>

{(xl, Y1) (X0 V) es (X5 7, )} are the coordinates of
reference positions and {(RSS;;, RSS1», RSS}3),..., (RSS,.1,
RSS,», RSS,3)} are RSS signals sensed on the reference nodes.
Now, we assume RSS signal vector sensed at a blind node (x;,
¥p) is (RSS,), RSS,,, RSS,;), then the fuzzy rule base can be
constructed as the following m fuzzy IF-THEN rules.

Ru'™: IF RSS}, is RSSy, and RSS), is RSSy, and RSS; is
RSS13, THEN (xb=x1, yb:yl).

Ru®: IF RSS,, is RSS,, and RSS, is RSSy, and RSS;; is
RSS23, THEN (xb=x2, yb:y2)~
Ru™: IF RSS,, is RSS,, and RSS), is RSS,, and RSS; is
RSS,3, THEN (x,=Xm, ¥5=Vm)-

In this research, there are 361 points in the database, thus m
=1, 2, ..., 361. In our fuzzy mechanism, the fuzzifier is
Gaussian function which can be expressed by

J(RSS,.0)

- T -
o p[_ (RSS, RSSm,; O(JRSS,,,. RSSmi)}i:LZ’& ®)

where O is the smoothing parameter of Gaussian function.
The fuzzy inference engine is the combination of the
product inference engine with algebraic product for ~norm
operator. The final fuzzy relation inference value is computed
as
M(RSS,,0) = U(RSS,

ml>

0)* H(RSS,,,0)* (URSS,;,0) (3)

The center average defuzzifier is used to estimate the axes

of object position.

361

> X, H(RSS,,0)
X, =5 “)

> H(RSS,,0)
m=1

361

D VuH(RSS, . 0)
yb = m:31(,1 (5)
D" M(RSS,,,0)

m=1

4. Experiments and Results

In this research, a 10x10 square meter indoor field shown in
Figure 4 is used for all experiments. In order to test the indoor
positioning system developed, 3 to 8 sensors were
experimented. The installations of 3 to 8§ sensors are presented
in Figure 5(a) to Figure 5(f).
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Figure 5. The installations of sensors on 10x10 square meters.

For each experiment, 361 positions (features) were
measured twice at different time periods. First 361-point data
are treated as the database which has the correct information
about object’s positions. Second 361-point data are used to test
the accuracy of fuzzy positioning algorithm developed. The
mean absolute error (MAE) is used as the estimated
measurement for all experiments.

Table 1 lists the positioning errors for three different
sensing experiments (3, 4 and 5 sensors). Table 2 lists the
positioning errors for another three different sensing
experiments (6, 7 and 8 sensors). From the results shown, all
fuzzy positioning systems with 6=0.01 have the best
estimations. The best positioning errors could reach to
4.28615 cm and 4.4500656 cm when 7 and 8 sensors are used.
The results also show that the positioning accuracy could be
greatly improved when more wireless sensors are used.

Table 1. The positioning errors for 3 sensing experiments.

3 sensors 4 sensors 5 sensors
o Test MAE Test MAE Test MAE

(cm) (cm) (cm)
0.01 88.80103 38.176937 18.560503
0.02 116.33662 78.10107 51.36161
0.03 133.69957 102.70749 80.27438
0.04 149.9761 119.284255 99.08961
0.05 167.59096 135.38148 112.39689
0.06 185.90794 153.91508 124.0873
0.07 204.26816 174.38492 136.63463
0.08 221.77913 195.50444 150.7597
0.09 238.05418 215.79195 166.03413
0.1 252.66867 234.2117 182.00522

Table 2. The positioning errors for 3 sensing experiments.

6 sensors 7 sensors 8 sensors
a Test MAE Test MAE Test MAE

(cm) (cm) (cm)
0.01 15.955858 4.28615 4.4500656
0.02 36.81886 17.01670 13.558619
0.03 61.43962 41.54112 35.53836
0.04 77.02817 59.88475 55.314682
0.05 89.93386 73.09709 69.68032
0.06 102.85562 85.00864 81.859024
0.07 117.22324 97.08852 93.59841
0.08 133.8382 109.83302 106.0178
0.09 152.01962 123.767494 119.75758
0.1 170.66835 138.82343 134.70271

5. Conclusion

In this research, an IPS module with Zigbee sensors and
fuzzy estimation technique is developed. The whole wireless
sensing infrastructure is constructed by ZigBee sensors. The
received signal strengths sensed by ZigBee sensors were used
to estimate the object’s position. From the experimental
results shown, the high accuracy of positioning error could be
performed by the IPS system developed. That means the
positioning system we developed indeed has the potential in
real application. The low cost indoor positioning system
could be constructed due to the Zigbee sensors. However, in
our research, all experiments were implemented under the
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environment has no serious problem about the effects of
interference, diffraction or reflection. Thus, the real condition
of unstable environment is still a challenge topic and it will
be continuous in our future studies.
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