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Abstract

In recent years, the Global Positioning System (GPS) has been commonly employed
for outdoor positioning and location tracking. On the other hand, there has also been
growing interest in developing indoor location tracking systems. Advancements in radio
frequency identification (RFID) technology make it a promising technology for use in
indoor location tracking systems. While RFID technology has been designed for
identification purposes, it can also be used for location tracking purposes. In this
research, we present an RFID-based location tracking system using a peer-to-peer (P2P)
network architecture and investigate location estimation methods for the system, which
can provide flexibility for system implementation and cost-effectiveness for system
maintenance. The proposed system employs active RFID technology to estimate the
location of users/objects, and ZigBee to build a P2P network for communication
purposes. It can be used for various purposes, such as asset management and customer
relationship management. In summary, this research makes four major contributions.
First, the proposed system using a P2P architecture can facilitate system setup and
management. Second, a communication protocol for ZigBee and RFID is presented. Third,
we investigate some position estimation methods using radio signal strength, reference

tags, and a simple formula with dynamic parameters calibration for the positioning



system. Lastly, we present experimental results, which give valuable insights into the

design of an RFID-based position estimation system.
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deployed in different industries or areas of application and location information would

be one of the important advance functions to improve those applications such as [25].

While RFID has been designed for identification purposes, it can also be employed for

location tracking or position estimation purposes [26].

Fig. 1 Active RFID reader

Fig. 2 Active RFID tag
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2.2. Location techniques

To perform location estimation, there are many different mechanisms and one of
the most commonly used methods is based on the distance estimation. With the
estimated distances, location can be also estimated using trilateration. To estimate the
distance, Time of Arrival (TOA), Time Difference of Arrival (TDOA), and Received Signal
Strength Index (RSSI) are commonly used. The remaining of this section will introduce
those mechanisms which also include other mechanisms such as based on Angle of

Arrival (AOA) and Fingerprint.

2.2.1. TOA

Time of Arrival (TOA) [7] is based on the time taken for a radio signal transmitted
between transmitters and receivers. Since radio signals are electromagnetic signals, their
speed are the same as the speed of light which is approximately 3 x 108 meters per
seconds. Thus we can estimate the distance between the transmitter and receiver
directly by timing information. By applying the concept of trilateration using three sets
of distance data, the location of an object can be estimated. In TOA, the result depends

highly on the accuracy of the time measurement and the synchronization of the system.
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2.2.2. TDOA

One problem faced by TOA is that it requires a synchronized time between receivers

and transmitters, which is particularly problematic for mobile devices. The problem is

significant because a small error in time measurement would lead to a very large error

because of the high signal propagation speed (e.g., a nanosecond error will cause

around 0.3 meter error in the distance estimation).

Time Difference of Arrival (TDOA) [7] differs from TOA which synchronized time

source is not required. Instead of TOA, TDOA makes use of the relative time

measurements [27]. In TDOA, time synchronization is only required between the

receivers which will receive the signal with an unknown starting time. The concept is

depicted in Fig.3 below. When the source object X transmits a message, this message

reaches receivers A, B, and C with the recorded time Ta, Teand Tc respectively. TDOAg-a

represents the time difference of arrival between A and B. We can then conduct the

difference of distance between A and B which could form a hyperbola with foci at A and

B. Another hyperbola with foci at A and C can be formed similarly. Finally, the

intersection of two hyperbolas provides an estimated location of the source object. This

is also called hyperbolic lateration.
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Fig. 3 Time Difference of Arrival

2.2.3. RSSI

Another approach for location estimation does not involve time measurement. For

example, Received Signal Strength Index (RSSI) [7] can also be used to perform lateration

to estimate the target object’s location [28]. According to the physical property of radio

waves, we can apply a common path loss model of radial propagation. In wireless

communication, path loss normally represents the loss in signal strength of a radio wave

transmitting through free space, while RSSI is the received signal strength index of the

signal when it is received and measured by a receiver. In the path loss model, we have to

consider all the related parameters such as frequency of the radio wave, transmission
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output power, cable loss, antenna gain and etc. We can then estimate the distance

according to the corresponding RSSI value and apply trilateration to estimate the object

location.

2.2.4. AOA

Angle of Arrival (AOA) [29] is also known as Direction of Arrival (DOA). It uses the

angle of incidence when the signal reaches the receiver to determine the source device.

By forming two lines of bearing (LOBs) from each receiver, the location of source device

can be estimated (refer to Fig. 4). This is known as triangulation. However, AOA requires

directional antennas which would make the system become less convenience.

A®

Fig. 4 Angle of Arrival
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2.3. Location tracking system

Some location estimation mechanisms are introduced in the previous section. Some
of them have been already used to develop a prototype or preform testing by
researchers. We shall now discuss some representative location tracking systems and

approaches.

2.3.1. Outdoor location tracking using RSSI

In [30], a new approach is proposed for locating and tracking object base on RSSI.
Three approaches are proposed to be used (three base stations, five base stations and
seven base stations respectively) with three propagation models (Okumura-Hata model
[31], UMTS-30.03 macro model [32] and Long-distance model [33]) for estimating the
location of the RFID tag. In the simulation, an active tag was attached to the person or
object which is going to be tracked. By measuring the RSSI from the tag, the location of
the tag can be estimated. The proposed system was applied to a security application and
studied as an example. It allows security officers to track and monitors the tagged
person or object in Mosul university campus. In the study, a series of simulation was
performed to locate lost object’s location around a base station. Their simulations

suggested that the result measured by 7-BS’s with macro model can provide the lowest

22



rms-error. Thus, it is concluded that macro model with more base stations could give

better location estimation results. One of the key conclusions of this research is the

rms-error can be improved by using more base stations.

2.3.2. RADAR

RADAR [34] is a RF based location tracking system for an indoor environment which

has a similar concept with the Fingerprint because it has to collect several data before

performing location estimation. In the RADAR system, it includes two phases, off-line

phase and real-time phase (see Fig. 5). Off-line phase is the data collection phase which

records the radio signal information including the location, signal strength, and time.

During the real-time phase, same kinds of data will be collected and be used to

comparing with the database, hence tracking the location of the target object after

series of processes.

For each data collection, each base station will measure the signal strength of the

radio signal and record the timestamp. Thus, each dataset includes three major data,

base station, signal strength and timestamp. The clock of the base station and mobile

source are required to be synchronized since the timestamp is one of the data to be

collected. In the experiment, there are seventy locations during the off-line phase and
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data is record in four different orientations (one of east, south, west and north).

Therefore, two hundred and eighty sets data are recorded.

Off-line Phase

Nearest Neighbour(s) in B Estimated

Signal Space Location

Real-time Phase

Fig. 5 Estimation flow chart of RADAR

During analysis, author uses the nearest neighbour(s) in signal space (NNSS) as the

technique to search and pick location as the estimation which best matches with the

recorded real-time data. Although RADAR can estimated the location of the tracked

object, the data collection phase and synchronized time would be the difficulty of this

system.
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2.3.3. LANDMARC

A prototype of location sensing system inside buildings for locating object using

RFID technology called LocAtioN iDentification based on dynaMic Active Rfid Calibration

(LANDMARC ) is presented in [35] which would be the first indoor location system using

active RFID. LANDMARC improved the overall accuracy of the location estimation using

the reference tags method. Previously, more readers should be used to improve the

accuracy. However, as a reader is more expensive than a tag which make the location

tracking system become less cost-effective. Thus, instead of readers, tags are proposed

to be used for providing support to calibrate the estimation. In LANDMARC, several tags

are placed at different reference points which act as landmarks. Those reference tags

experience the same effect by environmental factors as normal tags experienced. Those

data from the reference tags can provide a helpful reference offset to the received data

of tracking tags. The research in [35] also pointed out that the placement of reference

tags and readers will effectively affect the overall accuracy. In the experiment, it is

concluded that some of the environmental factors can be calibrated with the

LANDMARC but it is not guaranteed that all the RFID tags are being affected equally by

the dynamic environment which is still one of the major reasons leading a measurement

error.
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2.3.4. Improved LANDMARC

Based on the concept of LANDMARC, another team of researchers from the
Cheng-Shiu University introduced a new methodology with higher accuracy based on the
same set of equipment but using fewer reference tags. They proposed that by adding a
weighting to the reference could improve the accuracy [36] which can also reduce the
guantity of reference tags. Sixteen reference tags are used in LANDMARC, but they are
now placed in larger area than previously (twenty meters by twenty meters instead of
four meters by nine meters). Using the principle of geometry, it can reduce the possible

estimated ranges of the tracked tag. As an example, refer to the following Fig. 6

Fig. 6 Weighting reference tag method

If a tracked tag T falls in the region bounded by 4 reference tags: A, B, C, and D, a

weighting value is computed according to distance between tracked tag and reference
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tags. Suppose the data shows that the distance between T and four reference tags are

denoted by TA, TB, TC, and TD respectively, where TD > TC > TB > TA. A rectangle ABDC

can be drawn out which represents the region of the tracked tag is believed to be

located. To minimize the size of this region in order to provide a more accurate position

of the tracked tag T, it is proposed to draw a diagonal between B and C which reduces

the area by half (refer to Fig. 7). After that, draw another diagonal between A and D

which reduces the area by half again (refer to Fig. 8). Thus, the estimated region could

be reduced to one fourth.

Fig. 7 Diagonal BC reduces the area into half
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Fig. 8 Diagonal AD reduces the area into half again

2.3.5. VIRE

Since LANDMARC approach has two important drawbacks which are the multi-path

effects and the high cost for improving the accuracy, a new approach called Virtual

Reference Elimination (VIRE) is proposed in [37] which can overcome those drawbacks.

The idea was to add some virtual reference tags inside the coverage area based on the

LANDMARC approach. Each area was bounded by four physical reference tags (see Fig. 9)

and further divided into n by n equal sized grid cells (see Fig. 10). The coordinates of

each grid cells can be found using the coordinates of four physical reference tags. After

that, those virtual reference tags are assigned with RSSI values using linear interpolation

algorithm. Finally, the testing results showed that VIRE approach can enhance the
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performance from the range of seventeen to seventy three percent compared to

LANDMARC approach.

Physical Reference Tag Physical Rﬁence Tag
J =
gl ]

Bounded area
[ [ ])
| |
Physical Reference Tag Physical Reference Tag
Fig. 9 Area bounded by four physical reference tags
Physical Reference Tag Physical Rﬁence Tag
] |
\ _L-l s
__.l l__
= [
Physical Reference Tag Physical Reference Tag

Fig. 10 Further divide the bounded area
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Chapter 3. System overview

In traditional active RFID systems, most of the communications can be set up by
connecting them with cables such as LAN cables or Comport cables. Since physical
connection may increase the implementation cost and difficulty. In recent years, active
RFID systems have also been implemented using a Wi-Fi-based infrastructure. IEEE
802.11b/g is one of the most common standards being used for wireless connection
which can make use of the advantage of WLANSs. Also, web interface is always a common
interface for setting up the wireless connection which is similar to the router set-up. In
general, this set-up method has to be done on every reader individually. This kind of
system set-up progress is still complex for users which always need the system provider
to provide set-up and maintenance service. In another word, this kind of wireless reader

cannot reduce the cost of the system significantly.
In this research, we present a more flexible active RFID system using a P2P network

architecture. No more physical cable and complex set-up process are needed. The

proposed system can be set-up those a few simple steps.
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3.1. General architecture

The system architecture of the RFID-based location system makes use of a 2.4GHz
ZigBee to build the P2P network architecture. Fig. 11 shows the general architecture of
the system. This architecture includes three major elements: master, node and tag. The
tag is a 2.4GHz active tag, which has a reading range around 50 meters and will be
attached to a tracking object. Each node is an active RFID reader that communicates
with the tags and the master. All the nodes will be placed and fixed in the tracking region
for reading the RFID tags. The master is a gateway that works as a backend server. It is
connected to the computer and performs data collection and network management.
Also, it can be moved within the tracking area which can connect to one of the nodes.

The node and master have same reading range with is about 80 meters.

Master connected to a computer

Person with an active tag Mode
: .
- T

e

", Asset with an active tag
Person with an active tag N

| | Person with an active tag

Fig. 11 General system architecture
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With this architecture, physical cables can be minimized and installation procedures
can be simplified. Also, the system coverage can be easily expanded by adding more

nodes. The next sub-section contains an introduction of how to set up the network.

3.2. Communications protocols

The communications protocol for the P2P network is presented in this sub-section.
In the P2P RFID-based location tracking system, an Active RFID reader with ZigBee
communications capability serves as a node in the P2P network. In other words, this
reader contains not only an RFID module but also a ZigBee module. Different from a
node, the master only contains a ZigBee module since it only communicates with a node
through the ZigBee-based communication protocol. We denote T; as the tag i, N; as
the node j, and M as the master. According to the communication flow as shown in Fig.
12, tags communicate with nodes using RF packets while nodes communicate with the
master using ZigBee packets. When the nodes transfer an RF packet to the master, the
nodes have to repack the RF packet into a ZigBee packet. However, the original RF packet
does not need to be modified or changed during the repacking process. The RF packet is
directly fitted into the ZigBee packet. This also makes it possible for the system to be

compatible with various active RFID systems.
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As shown in Fig. 12, two major types of ZigBee data packets are used in the P2P

RFID-based location tracking system. Using these two types of packets, the RF module

can interface with the ZigBee module while the ZigBee module can transmit these

packets through the ZigBee communications protocol.

Active RFID Tag

I / RFDamPacket /

ZigBee Module

2.4GHz ZigBee Communication Protocol

ZigBee Module

Computer

Fig. 12 Basic communications protocol
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Referring to Fig. 12, ZigBee data packets basically allow users to manage and

communicate with each node in the network using a specific RF data packet. The RF data

packet can be customized by the developer, which means that it can be used to support

various active RFID systems. Note that the original RF data packet of the RFID system can

be directly fitted into the ZigBee data packet without any modifications. That means, for

example, company A has its own RF data packet X; while company B has its own RF

data packet X,. Both of them can insert X; or X, into the ZigBee data packet without

modifying the original structure. Apart from ZigBee data packets, ZigBee command

packets (see Fig. 12) are used for system/network control purposes. In particular, various

commands can be defined for the Node Discovery and Neighbour Discovery processes.

These are two important processes that will be discussed in the next section. In

summary, active RFID tags communicate with the nodes using a specific RF data protocol.

Nodes and the master communicate using the ZigBee communications protocol.

Essentially, RF data packets are embedded inside ZigBee packets for data transfer

purposes. The master can also control the nodes through various commands, which are

conveyed through the P2P network using ZigBee packets.
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3.3. Peer-to-peer network

Once the master and the nodes are powered up, two commands are used to set up

the network:

Node Discovery

Find all nodes within the master’s reading range

Neighbour

Discovery

Ask the nodes to report the neighbour nodes that lie within their

own reading range

Node Discovery helps users find all nodes within the master’s coverage area. Once

the master discovers all of the nodes around itself, the master can ask each node to

report their neighbour nodes by sending the Neighbour Discovery command. This step

also helps to ensure that no node is missing when the network is so large such that some

nodes are out of the master’s coverage.

Fig. 13 shows an example of a network. In Fig. 13, the master is connected to a

computer and there are five nodes (i.e., Ny, N,, N3, N4, and Ns). Suppose that the master

only discovers N;, N,,and N3, which are connected with red dashes. In order to

connect with other nodes (i.e., N, and Ng), a Neighbour Discovery command should be

sent to N;,N,,and N3. Thus, N; should discover N, and N,, which in Fig. 13 are
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connected by blue dashes. Similar to N;, N,, N3, N4, and N5 should discover their

neighbours. Finally, a full network relationship is found and shown in Fig. 14.

Master connected to a computer
- ¥ ) Node N,

-

\
“ Node Ny
Ls ]
’ L) Node N
Master connected to a computer
= o = - I — . = -
- - o I - — -
& v i
T L] |
Node N; Node N, Node N;
¥ g -7
- - ~ -~
g e e o (i
- - ~ -
N A&
| N -
Node N5 Node N,

Fig. 14 Network Relationship
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The Node Discovery and Neighbour Discovery are compulsory steps for setting up

the P2P network and for adding more nodes to the system. After the network is set up,

the nodes initially stay in the idle mode (i.e., they will not identify the tags). To start

identifying the tags, the master should send a “Start Read” command, which will be

propagated to every node. Once a node receives the command, it will shift to the

listening mode. During the listening mode, a node will listen to RF data (i.e., identifying

the tags) and make appropriate measurements (e.g., RSSI values). Periodically, each

node will pass the tag information to the master through the P2P network. Having

obtained all of the tag information from the P2P network, the master/computer will

perform distance estimation and location estimation. Fig. 15 shows a summary of the

aforementioned process.

Fig. 15 Process Overview
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Chapter 4. Location tracking mechanism

Major RFID location tracking mechanisms include RSSI, TOA, TDOA, and fingerprint
methods to perform distance estimation. With the estimated distances, the location can
be calculated by means of the trilateration method (see Fig. 16). Specifically, given three
distances d,, d,, and d; from corresponding origins (xq,y;), (x2,v,), and (x3,y3),

there could be an interception point (h,k), such that,

(h— x1)2 + (k- J’1)2 = (d1)2 (1)
(h— xz)z + (k- }’2)2 = (dz)z (2)
(h—x3)*+ (k—y3)* = (d3)* (3)

TOA basically measures the travelling time of the radio signal to perform distance
estimation. Note that the velocity of the radio signal is known as the speed of light,
which is 3 x 108 m/s. However, TOA requires time synchronization in all of the devices.
As an enhancement, TDOA was developed as an alternative to TOA. In essence, TDOA
measures the time difference of the radio signal. By doing so, there is no need to

synchronize the sender and receiver to facilitate implementation.
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Fig. 16 2D Trilateration

Another location tracking method is based on RSSI. In this method, the assumption

is that there is a relationship between radio signal strength and distance. For example,

using the Free Space Path Loss (FSPL) model of electromagnetic wave propagation, the

distance can be estimated based on RSSI. Hence, similar to the process described above,

the location of a tag can be determined by the aforementioned trilateration method [38]

using the estimated distances. A more accurate location tracking technique is the

fingerprint method [39]. However, a training phase is required to obtain measurements

for fingerprint method. In this project, we use RSSI method for distance estimation and

the reference tag method for calibration.
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RSSI values can be affected by environmental conditions such as multi-path effects,

distortion by obstacles etc. However, the reference tag method can provide information

on the effect of the environment to calibrate the system, it is used to calibrating the FSPL

model in the proposed system. In the system, there are tracking tags, reference tags,

nodes, and the master. Tracking tags are active RFID tags which are tagged on any

objects or humans. Reference tags are also active RFID tags which are same as the

tracking tags, but used to provide data for calibrating the system. At least two reference

tags and three nodes are required in the proposed system to perform estimations. To

estimate the location of the tracking tag, reference tags can provide information for

calibrating the system. The estimated distance between the tracking tag and each node

can then be obtained. With the estimated distance and the locations of the nodes, the

estimated location of the tracking tag can be computed. Fig. 17 shows the flow of the

estimation. Details of the methodology are given in the remainder of this section.

o and f N Distance N Location
calibration estimation estimation

Fig. 17 Estimation flow
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4.1. Methodology

In the FSPL model [40], an electromagnetic wave or signal will propagate uniformly
in free space. Hence, its energy will radiate in the form of a sphere. According to the law
of the conservation of energy, the power density of the electromagnetic wave will be
inversely proportional to the square of the distance from the transmitting source. Thus,
the distance can be computed by the FSPL using the Friis transmission equation [41] if

the propagation path is in a free space.

Based on [40], defining F as the ratio of the transmitted power to the received

power, we have

o (4ncdf>2 (5)

where d denotes the distance between the transmitter and the receiver

f denotes the frequency of the RF signal

c denotes the speed of light

Ps denotes the transmitted power

P4 denotes the received power.
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Also, we have

N

P
1010g10(F) = 1010g10 (P_d>

1010g10(Pd) = RSSI = 1010g10(PS) - 1010g10 (F)

From (5), we have

4mdf\*
10log,o F = 1010g10( )

10log,o F = 20log,o(4mdf) — 201log;o(c)
Substituting (7) into (9), we have
RSSI = —20log,o(d) + K
where

K = 10logy(P;) — 20logyo(47f) + 201og0(c)

(6)

(7)

(8)

(9)

(10)

(11)

This means that, theoretically, RSSI should have a linear relationship with log(d).

antenna gain).

Note that, in practice, we also need to take into consideration other factors (e.g.,

In order to test whether RSSI has a linear relationship with log(d) several indoor and

42

outdoor experiments were conducted. The results are compared and shown in Fig. 18



(i.e., RSSI is plotted against log(d)). The results show that (12) can provide a reasonable
relationship between RSSI and log(d):
RSSI = alogyod + B (12)
where a and 8 are constants.

In the proposed system, the values of o and 8 may vary due to environmental
effects and they are calibrated before conducting location estimation. By determining
the values of a and 8, the distance can be estimated. After obtaining the estimated
distances from three readers, the location of a tag can be estimated by applying the

trilateration method.

-30
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-40

y =-20x - 40.046

E
=)
3 60 —
@
2 .
[ ]
®
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-70
-80 [ ]
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[ ]
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Fig. 18 RSSI Value Comparison
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4.1.1. Distance Estimation

Fig. 18 and (12) shows a linear relationship between the RSSI value of the signal
from the tag and the logarithm of the distance between the tag and the node. Although
FSPL is only valid in a free space environment, the testing result in Fig. 18 shows that (12)
provides a reasonable estimation in general. In (12), a and 8 are basically dependent on
the frequency of the RF signal, the speed of light, the transmitter antenna gain, the

receiver antenna gain, and possibly various environmental factors.

In the proposed approach, the reference tag method is used to calibrate the value
of a and 8. For each distance estimation of tracking tag i, a group of reference tags
provides important RSSI values for the system to calibrate the value of o and 8. For
estimating the distance between node j and tracking tag i, a;; and f;; are defined as a
specific set of a and 8 values for node j to apply in (12). Thus, (12) can be rewritten as:

Yij = @;j 10810 05 + Bij (13)

where y;; is the RSSl value of tracking tag i received by node j

6;; is the distance between tracking tag i and node j.
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Since the RSSI value of reference tag k is measured by node j and the distance
between node j and reference tag k is known, a and f are two remaining unknown
values in (12). The simplest method for computing the values is to solve the
simultaneous equations by using two reference tags to provide two sets of RSSI values
and distances, which are represented as follows:

{ij = Opqj 10810 Ppj + Wpqj (14)

Tqj = Opqj 10810 Pqj + Wpqj

where T, ; is the RSSI value of reference tag p corresponding to node j,
¢, is the distance between reference tag p and node j,

0. is the a value of node j corresponding to reference tags p and g,

paj

Wpq; 1s the B value of node j corresponding to reference tags p and g.

To obtain more data for the calibration process, more reference tags should be used.
For n reference tags, the value of @ and 8 of node j will depend on two vectors 7; and
q>]-, which are represented as follows:
T = (le,rzj, ...,‘L'nj) (15)
& = (1), P2/ s Dnj) (16)
In the next part of this section, three approaches are introduced to make use of T;

and ¢; for calibrating the value of a and 6.
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4.1.1.1. Averaging Algorithm
For each pair of reference tags p and g, a set of corresponding values (6qu, wqu)
can be computed by (ij, logloqbpj) and (rq}-, logloqbqj). If n reference tags are

used in the system, the C}' set of (§, w) can be obtained. By taking the average, the

following are obtained:

1 n—-1 n
@ij = Fz z Opqj (17)
2 p=1, q=p+1

1 n—1 n
By = FZ Z Wpqj (18)
2 p=1 q=p+1

Details are shown in Algorithm 1.
Algorithm 1: algorithm for calibrating a and 8 for estimating the distance using
Averaging Algorithm
Input: locations of nodes
locations of n Reference tags (Ry, R, ..., Ry)
RSSI values of reference tags

Output: a and f of the node (aqpg, Bavg)

1 declare a database table table_ref to store the data of reference tags

2: declare columns TaglD, RSSI, Location, and Distance for the database table
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N

10:

11:

12:

13:

14:

15:

16:

17:

table_ref
declare a list list_AB to store temporary « and S value
declare variables a4y4, Bavg
update table_ref column Distance using the location of the reference tags
and node
for each reference tagin table_ref do
select reference tag RT_A from table_ref
for each reference tagin table_ref do
select reference tag RT_B from table_ref where RT_A not same as RT_B
use RT_A and RT_B to form a simultaneous equation according to
equation (14)
solve the simultaneous equation to obtain temporary @ and [ value
store temporary a and f value into list AB
end for
end for
compute the average a and [ value from list AB

store the result in ag,4, Bavg

output upg, Bavg
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4.1.1.2. Trendline Algorithm

As the RSSI of the tags and its corresponding distance can perform a linear trend as
shown in (12), it is assumed that the data set (z; ,log;( ¢;) can also perform a linear
trend with slope §; and y-intercept w; such that:

T]- = 5] loglo (i)}. + (Uj (17)

According to [42], let

n
A= "zh 1(1081o¢hj X Tpj) (19)
n n
B = z logo¢n; X z Tgj (20)
h=1 k=1
n 2
C= "zh 1(10g10¢hj) (21)

2

D= (ZZ=110g10¢hj) (22)

Thus, slope §; can be obtained by:

§=(A-B)/(C-D) (23)
Then, let
n
E = Tkj (24)
k=1
n
F= 5,-2 log10®n; (25)
h=1

Therefore, y-intercept w; can be computed by:
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wj=(E—F)/n (26)

By substituting a;; =6; and B;; = w; into (13), the distance 6;; between

tracking tag i and node j can be estimated. Details can refer to Algorithm 2.

Algorithm 2: algorithm for calibrating o« and 8 for estimating the distance using
Trendline Algorithm
Input: locations of nodes
locations of n Reference tags (R1, Ry, ..., Ry)
RSSI values of reference tags

Output: a and B of the node (aqpg, Bavg)

1 declare a database table table_ref to store the data of reference tags

2: declare columns TaglID, RSSI, Location, Distance for table_ref

3: declare columns temp_1 and temp_2 for table_ref

4: declare variables a;;, By

5: update table_ref column Distance using the location of the reference tags
and node
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compute a trendline using the logarithm of distance and RSSI value in
table_ref

store the slope in @g4,, and y-interceptin By

output Auyg. Pavg
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4.1.1.3. Looping Algorithm
The Looping Approach is based on the Averaging Approach and the Trendline
Approach. In the previous two approaches, all of the reference tags will be counted in
computing the corresponding a and 8 values. However, some reference tags may not
provide beneficial information for calibration. Thus, those reference tags should not be
counted. Fig. 19 shows the flow of the Looping Approach. To make the decision not to
count a reference tag, in the Looping Approach the a and 8 values are first computed
using all reference tags, such that we have ayand f,. As the actual distances between
the reference tags and the nodes can be calculated, @y and B, can be used to
estimate the distance of the reference tags. The estimation error of each reference tag
can then be sorted out, and the decision made on whether a particular reference tag
should be excluded. Thus,
RSSI; = aglogyo die + Bo (27)
error; = d;, — d;e (28)
where RSSI;, di,, d;., and error; denote the RSSI value, actual distance,
estimated distance, and distance error for tag i, respectively. Note that i =

(1,2,3..1)
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Fig. 19 Flow of the Looping Approach
According to the value of erroriz, the reference tag with greatest error can be
sorted out and excluded in the next loop. In the first loop, the new values of o and 8 can
be computed by repeating the estimation by selecting other reference tags. By repeating
the above steps, at most n-2 loops can be performed such that n-2 sets of o and 8 values
can be obtained. A comparison of the results using different approaches will be given in
Chapter five. The detail steps of algorithm are shown in Algorithm 3.
Algorithm 3: algorithm for calibrating a and 8 for estimating the distance using
Looping Algorithm based on Averaging Algorithm or Trendline Algorithm
Input: locations of nodes
locations of n Reference tags (Ry, R, ..., Ry)
RSSI values of reference tags
minimum loop number
accepted error

Output: a and S of the node (@150p, Bioop)
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10:

11:

12:

13:

14:

15:

16:

declare a database table table_ref to store the data of reference tags
declare columns TaglD, RSSI, Location, Distance, Estimated Distance, Error,
and Error? for table_ref
declare columns temp_1 and temp_2 for table_ref
declare variables aj50p, Bloop
for less than minimum loop number or error less than accepted error do
run Algorithm 1 or Algorithm 2
store output in &0, Bloop
for each tagin table_ref do
compute the Estimated Distance using joop, Bloop
compute the Error by subtracting Distance with Estimated Distance
compute the Error?
end for
sort table_ref in descending order of column Error?
delete first data record in table_ref

end for

output a;,0p, ﬁloop
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4.1.2. Location Estimation
4.1.2.1. Enlarge and Diminish Method (EDM)
While all distances are estimated, the location of the corresponding tracking tag can
be also estimated using the concept of trilateration.
Consider that the tracking tag located at coordinate (h, k) is detected by three
nodes located at (x;,y;), (x3,y2), and (x3,y3;) with distances d;, d,, and ds

respectively, such that we can have the simultaneous equation:

(h = x1)* + (k = y1)* = (dy)?
(h— x2)2 + (k - J’Z)Z = (dz)z (29)
(h—x3)* + (k — y3)* = (d3)?

However, (29) is an ideal case that there is only one interception (h , k). Realistically,
there are many different cases that have no interception or more than one interception.
One method of checking the number of interception points is to compare the distances
between nodes with the sum of the corresponding estimated distances d;, d,, and d;.

For example,

(dy +dy) —+/ (o1 — %)% + (71 — ¥2)2 (30)

If the result of (30) is greater than zero, there should be two interceptions. If the

result of (30) is equal to zero, there should be only one interception. There should be no
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interception if the result of (30) is less than zero. Some cases of no interception were
found during the testing and an example is shown in Fig. 20. Besides those cases, there
may be some cases that have not yet been discovered. To simplify the process of
location estimation, the Enlarge and Diminish Method (EDM) is proposed. In essence,
EDM is a method that enlarges or diminishes the value of d;, d,, and d5. This method
will first be employed to choose the maximum d,,,,, and minimum d,,;;, from d;, d,,
and d;, hence to enlarge or diminish them according to the ratio of d,,4, and din
such that the corresponding distance between the nodes is equal to the sum of d;,
and d,,;,- The aim is to make the largest circle intercept with the smallest one. While
the largest circle intercepts with the smallest one, the third circle must intercept with

either circle. For the result of EDM, please refer to Fig. 20.

Assume dqx = dq and d,i, = d3, such that

(dy +d3) — \/(x1 —x3)2+ (y; —¥3)2 <0 (31)

According to EDM, dj:d5:dj = dq:dy:d, and note that dy,,, =di and d,,;, =

d;, thus:

(dy +d3) = \/(x1 —x3)% + (y1 — ¥3)?
d, (32)
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By solving (32), we can obtain:

d,
& = (G = T 5= () 9
1 (\/( 1 3) 01 —y3) ) d; + ds (33)
And
d, d;
d, =—dj =—d; 34
2 dl 1 d3 3 ( )
ds; ds
d; = —dj =—d, 35
3 dl 1 d2 2 ( )
Al
® { @
u / i f! k|
& Y / f " '\
s Al ]
' ® o ®
F i L‘1 i !
s,
xX: b i R: X N R:
R 0 10 |[3 | e 0 | [0 [5.30330085¢
Green Cirdle 0 o |4 I GreenCircle 0 |lo | 7071067811
BiECicE |10 IC |5 | BGECEE 10 |lo | |8:83883476¢

Fig. 20 Example of no interception and result of EDM
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4.1.2.2. Least Square Distance Error (LSDE)

Least Error Square (LES) [43] is a common algorithm used for solution
approximation. Least Square Distance Error (LSDE) is an algorithm based on LES. Firstly,
for each coordinates (x,y) inside the tracking area, the distances d; ,,y from each
node j can be obtained. After all distances between the tracking tag k and all nodes are
estimated (i.e. dgq,dkz, .-, drm), the distance error square of coordinate (x,y) for

node j can be obtained by:

2 _ 2
ey = (dj ey = dij) (36)

Next, we can compute the sum of the error square for all nodes at coordinate

(x,y) by:

m

€sum xxy) = Z ejz(x,y) (37)
j=1

Finally, the coordinate (x,y) with the least of the error e, () Will be selected

as the estimated location of the tracking tag k.
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4.1.2.3. Least Square Ratio Error (LSRE)

Least Ratio Error Square (LSRE) is another algorithm based on LES. Different from
LSDE, LSRE is an algorithm which selects the coordinate according to the least square
error of ratio instead of distance. To compute the ratio, two nodes p and g will be

considered at each time such that:

d di\*

2 p (x,y) kp

e = —-— (38)
pa () <dq *y) qu)

And the sum of the error square of coordinate (x,y) will be computed by:
m m
— 2
Csum (x.y) = z z €pq () (39)

p=1q=1,q*p

By sorting esym (x,y) for all coordinates (x,y), the least egy;, (x,y) can be found

and the corresponding coordinate will be the estimation result.
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4.1.2.4. 2-D Bisection

LSDE and LSRE are introduced previously. However, the progress is not efficient for

checking every coordinates in the tracking area. Thus, Bisection method is proposed to

improve LSDE and LSRE. Bisection method is used to compute an approximate root of a

function when calculation and graphical method are not available or too complex. It

improves the converging methods rapidly to get a rough approximation to the solution.

[44] In the proposed location tracking system, Bisection could be apply to both

x-coordinate and y-coordinate, so it is named 2-D Bisection.

For a quadrilateral on a coordinate system with four known vertexes shown in Fig.

21, it could be divided into four sub-quadrilateral by the mid-point of its height and

width which shown in Fig. 22. By using 2-D Bisection, the estimated region will be

reduced into one-fourth of the original.
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Fig. 21 2-D Bisection
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Fig. 22 2-D Bisection result
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In the system calculation, the centre of each region is used to represent the region
itself. During the i-th loop, a region bounded with coordinates (X,,in, Ymax) (Xmax> Ymax),
( Xmino Ymin), and (Xpmax, Ymin) Will be divided into four sub-regions A;, B;, C;, and D;.
Secondly, the centres of each regions Cy4;, Cp;, Cc; and Cp; will be computed. Next,
distances between the centres and nodes can be calculated. By subtracting the result
will the estimated distance respectively, the error of each region e,, e;,, e., and e4
can be computed. After that, one of the regions with the least error square e,?, ep?,
e.2, and ez will then be sorted out. By repeating above process until specific loops or
the error becomes less than a target, the estimated location can be represented by the
centre of that region. To compute the errors, there are two algorithms outlined in
pervious section which are LSDE and LSRE. The details of the 2-D Bisection algorithm

using LSDE or LSRE are shown below:

Algorithm 4: algorithm for estimating the location of tracking tag using 2-D Bisection
with LSDR or LSRE
Input: area range (Xmax Xmin» Ymaxr Ymin)
estimated distances (dy, d5, d3)

locations of nodes (P;, P, P;)
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10:

11:

12:

13:

minimum loop number

accepted error

Output: estimated location (X,g¢, Yest)

declare variables e,, e, €., eq, Xe, Ve
calculate three ratio 1y,,773,753 by dq,d,, d;
for less than minimum loop number or error less than accepted error do
divide the region into 4 sub-region A;, B;, C;,and D;
compute the centers of sub-region Cy;, Cgi, Cc;i and Cp;
for each center of region do
calculate the distance between each center (Cy;, Cpi, Cci and Cp;)
and each note (P, P,, P3)
compute the error according LSDE or LSRE
store the errorin e,, e, €., e,
end for
if e,2 isthe smaller than e,?, e.2, and e;? then

store coordinate of Cp; in Xegr, Vest

replace area range by Xin, (Xmax + xmin)/z » Ymaxr Ymax + ymin)/2
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14.

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

end if
if e,? isthesmallerthan e,?, e.?, and e;? then

store coordinate of Cg; in Xegt, Vest

replace area range by (Xmax + Xmin)/2, Xmax Ymax» Vmax + Ymin)/2
end if
if e.2 isthe smaller than e,?, e,?, and e;? then

store coordinate of Cg; in Xegt, Vest

replace area range by X;in, (Xmax + Xmin)/2, Vmax + Ymin)/ 2, Ymin
end if
if e;2 isthe smaller than e,?, e,?, and e.? then

store coordinate of Cp; in Xggt, Vest

replace area range by (X4, + xmin)/z » Xmaxr Vmax + ymin)/2 » Ymin)

end if

end for

output X.s:, Vest
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Chapter 5. EXPERIMENT AND EVALUATION

To evaluate the position estimation algorithms, many experiments have been
conducted based on the system prototype. In this section, some representative results
are presented to discuss the major findings. The experiments were conducted in a
semi-open area using approaches similar to experiments conducted in the previous
literature. Unless otherwise specified, there are nine reference tags and three nodes.
The aim of the experiments is to verify the functionalities of the protocol, compare the
performance of the position estimation methods: Averaging, Averaging with EDM,
Trendline, Trendline with EDM, Averaging with LSDE, Averaging with LSRE, Trendline with

LSDE, and Trendline with LSRE and conduct further analysis on the best method.

Distance estimation has been the first consideration since location cannot be
estimated with distance information. So, distance estimation algorithms have been
proposed firstly. After testing the algorithms with the trilateration, EDM is needed to
improve the location estimation and first experiment is conducted to evaluate the
performance of distance estimation algorithms and EDM in an area measuring three

meters by three meters.
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However, the results of second experiment using those algorithms are not satisfied
in a larger area which is nearly eight meters by four meters. Thus, LSDE, LSRE, and
2D-bisection are proposed. In this chapter, two experiment results mentioned in above

will be presented.

5.1. First experiment setup

Three distance estimation algorithms using the reference tag method were
proposed in the last chapter. To study the performance of the proposed algorithms,
testing was conducted in an indoor environment as shown in Fig. 23. In the testing
process, nine reference tags and three nodes were used and placed in an area measuring

three meters by three meters. Details of the placement are presented in Fig. 24.

Fig. 23 Environment of first experiment
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Fig. 24 Placement of first experiment

5.2. Second experiment setup

Similar tests are conducted in a larger area with different environment conditions.
Fig. 25 shows a testing environment of second experiment. During the test, there are

also nine reference tags and three nodes which are same as pervious test.
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Fig. 25 Environment of second experiment
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5.3. Result analysis

Many test cases have been conducted to verify the functions of the system and the

aforementioned protocols. The tests confirmed the correct operation of the system.

Figure 26 shows the system interface of one of the test cases. We have also conducted

many tests to evaluate the RSSI distributions. Fig. 27, 28 and 29 which show the RSSI

values at different positions during the first testing while Fig. 30, 31 and 32 which show

the RSSI values at different positions during the second testing.
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Fig. 26 User interface of the prototype system for testing basic system functions
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Magnitude of RSS1 (dBrm)

hWagnitude of RSS1 (dBrm)

Fig. 27 RSSI perceived by the node at (5,0)

Fig. 28 RSSI perceived by the node at (-5,0)

69



Magnitude of RZZ] (dBEm)

Magnitude of RSSI (dBm)

Fig. 29 RSSI perceived by the node at (0,5)

Fig. 30 RSSI perceived by the node at (12,24)
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Fig. 31 RSSI perceived by the node at (12,-30)

Fig. 32 RSSI perceived by the node at (-12,-30)
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It shows that, depending on the case, the RSSI values can have different variations.
For example, there can be greater variations in the middle or at the edges of the area.
After testing the system operations, we conducted experiments to compare the

performance of the aforementioned position estimation algorithms.

0.8

T

£ 06 u
I Al : [ ‘i‘
i ey A A e~ Averaging
= 2 *,,,f" " -4 Averaging+EDM
e “ﬁ/" -#-  Averaging+L.SDE
o -#-  Averaging+L.SRE
.y :
pEy --+-  Trendline
p”, - —-*-  TrendlinetEDM
A —x—  Trendline+LSDE
i -w - Trendline+LSRE

Figure 12 shows the CDF of errors for the different position estimation algorithms.

It shows that, in general, the trendline approach can perform better than the averaging

approach.

E=Y

Error (meters)

8

Fig. 33 Comparison of the different position estimation algorithms

72



T T T T T
1+ - s
e —*
E il
e PR
----- - /*_-7-
0.81 e w
J)F /’*’
# _ K
¥ g "
Fa o
By i N
S # *
] # A
= # *
a ¥ /‘:/
# I
& § -
0.4 } -
/ o
i P
# *
0.2 . *
" o *—  Mean Average
F —+-  Mean Trendine
W
¥ -
0 | Il I 1 Il 1 1
0 1 2 3 4 5 6 i

Error (meters)

Fig. 34 Comparison of the averaging and trendline approaches

Mean Average Mean Trendline
25 percentile 1.788 1.088
50" percentile 3.079 1.625
75% percentile 4.658 2.824
100%™ percentile 7.755 6.183

Fig. 35 Comparison of the averaging and trendline approaches using Mean value

Fig. 34 and 35 give a clearer picture by computing the mean values of the trendline

methods as well as the averaging methods. For example, it shows that 50% of the tags

can be detected within an error of 1.6 m for the trendline methods as compared to 3.1
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m for the averaging methods (i.e., a difference of about 100%). Among all of the

methods, it can be seen from Fig. 33 that Trendline with LSRE provides the best

performance. Hence, we shall focus on studying this method in the subsequent analysis.

In general, it is found that LSRE can outperform LSDE. Under ideal conditions, both LSRE

and LSDE give the same result (i.e., the intersection of the three circles by means of

trilateration). However, in practice the active RFID tags may not give a constant signal

strength. Indeed, from the experiments, it was found that the signal strength of a tag

may be reduced or distorted by a certain percentage due to environmental effects

and/or noise. As the readers receive the same signal from the tag, they get a similar

effect (i.e., the received signal strength is reduced by a certain percentage). As a result,

LSRE can give a better performance. Let us use a simplified example to explain this

finding more clearly.
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0,3 13
° 2
0,1
0,0 1,0
Reader x y
R1 1 -1
R2 -1 2
R3 4 4

Point LSDE LSRE LSDE with
(x,y) without/ 20% RSSI

with 20% reduction

RSSI

reduction
1(0,0) 3.43 2.88 3.41
2(1,0) 2.90 4.12 2.81
3(2,0) 2.00 2.32 2.14
4(3,0) 1.18 0.91 1.98
5(0,1) 333 1.39 3.11
6(1,1) 2.33 1.06 2.03
7(2,1) 121 0.50 1.08
8(3,1) 0.00 0.00 1.18
9(0,2) 3.40 1.18 3.14
10(1,2) 2.18 0.80 1.84
11(2,2) 1.22 0.56 0.99
12 (3,2) 122 0.61 1.54
13 (0,3) 3.15 1.12 3.09
14 (1,3) 2.22 0.96 2.13
15 (2,3) 1.86 0.90 1.89
16 (3,3) 2.40 0.96 2.61

Fig. 36 Example to compare LSDE and LSRE

As shown in Fig. 36, under an ideal situation, both LSDE and LSRE can provide the

correct position. However when the estimated distances are reduced or distorted by

20%, LSDE provides an incorrect position but LSRE can still provide the correct position.
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Fig. 37 CDF of error of nine and five reference tags using Trendline Algorithms with LSRE (a)

Fig. 37 shows the expected result, which is that by using nine reference tags rather

than five reference tags, a better performance can be achieved. The figure also indicates

that there are two effects or advantages of using more reference tags. First, the mean

error can generally be reduced or there are more tags with fewer errors. Second, the

largest error can also be reduced. Note that in our proposed system, the reference tags

do not need to be placed according to a certain geometric or structural pattern. In other

words, they can even be placed randomly (e.g., more reference tags can be placed in

areas requiring a higher degree of calibration, such as areas affected by adverse
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environmental conditions). Of course, while it is better to place more reference tags for

calibration purposes, there is also a cost issue (i.e., tradeoff).
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Fig. 38 CDF of error of Trendline Algorithms with LSRE and different loops

Fig. 38 shows the effect of looping. Note that, on the one hand, with more loops
accuracy can be enhanced by eliminating the less accurate reference tags. However, on
the other hand, there will be fewer reference tags for performing calibration, which also
affects accuracy. Hence, there is a tradeoff, which depends on many factors. Therefore,
in general it is difficult to determine the optimal number of loops. For example, in one of

the cases, Fig. 38 shows that with six loops (i.e., fewer reference tags), while the mean
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Probability

Probability

error can be slightly improved, the largest error also increases. In Fig. 38, it can be seen

that if there are fewer reference tags, the largest error will also increase.

T T T
i e
T =
T
----------- Pl
e
S
0.8 | S
_—:’.(- *
o
-,
A
Pt
06+ -
oA
o5
'y
'y
Y
0.4 y
*
-
4e
!4
0.2 b4
’ ! b --e—-  Five reference tag loop 0
u?’./ --+-  Nine reference tag loop 4
,,,,, -
[ s
O 1 1 1 | 1
0 1 2 3 4 5
Error (meters)
Fig. 39 CDF of error of same sampling size five
T T T
1 R >
_______ B -
e AN
rf”'-
e
0.8 = s
e
I g
»
R
.
ks
06+ # e
F
P2
0.4
*
,’ : -
0.2 » 5
} -+ Five reference tag loop 1
- --&-  Nine reference tag loop 5
o &
O . . 1 ! Il |
0 1 2 3 4

Error (meters)
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Fig. 39 shows the interesting result that the CDF of error for five reference tags with

no loop is the same as that for nine reference tags with four tags because, in both cases,

there are five reference tags. Fig. 40 shows another similar situation (i.e., they both have

four reference tags).

79



Chapter 6. CONCLUSION AND FUTURE WORK

In conclusion, an active RFID-based position estimation system using a peer-to-peer
network architecture has been presented. The proposed system makes use of active
RFID technology for identifying and tracking people and objects. A P2P network with
RFID readers is formed based on ZigBee. In other words, the readers communicate using
the 2.4GHz ZigBee protocol. The P2P network can be formed using the command Node
Discovery and Neighbour Discovery. The communications protocol can be used for the
proposed system to transfer data and commands between tags, nodes, and the master.
Using a P2P network architecture can greatly facilitate system setup and maintenance.
We have also presented some position estimation algorithms for the RFID-based system.
Experiments have also been conducted to study the algorithms. The Trendline with LSRE
method was found to provide the best performance. To the best of our knowledge,
while there are some works on using LSDE-related methods for RFID-based positioning
systems, using LSRE is a relatively new approach. The results provide valuable insights

into the design and performance of the RFID-based system.
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For future work, it is of interest to consider using intelligent computing techniques

(e.g., fuzzy logic) for positioning estimation purposes. While we have verified the basic

operation of the P2P system through a working prototype, more work can also be

conducted on different location-aware applications.

To enhance the system, studies still need to be conducted on how to improve the

real case implementation, reliability, and on devising more accurate location estimation

methods.
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Appendices

A. More Figures of the experiment result and comparison
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