
Authorized licensed use limited to: TU Delft Library. Downloaded on July 06,2010 at 12:28:54 UTC from IEEE Xplore.  Restrictions apply. 



GU et al.: A SURVEY OF INDOOR POSITIONING SYSTEMS FOR WIRELESS PERSONAL NETWORKS 17

Fig. 5. Proximity Positioning Technique

As shown in the Figure 5, E2 and E3 are the tracked targets.
A proximity area of the detector D is specified and shown
by the dotted square in the Figure 5. E2 and E3 are located
by monitoring whether they are in the proximity area or not.
Thus the target E2 is in the area of D and E3 is not. Thus the
proximity location sensing technique can not give absolute or
relative position estimations as with the other three positioning
techniques. The proximity location information provided is
useful for various location-based services and applications. For
example, a sensing area of a location measuring element is a
room. Thus proximity sensing can accurately specify whether
a tracked target is in the room or not.

The vision analysis estimates a location from the image
received by one or multiple points [10] as shown in Figure 6.
Vision positioning [84]-[87] brings the comfort and efficiency
to the users, since no extra tracked devices are needed to
be carried by the tracked persons. Usually, one or multiple
cameras are fixed in the tracking area of an IPS to cover
the whole place and take real-time images. From the images,
the tracked targets are identified. The observed images of the
targets are looked up in the pre-measured database to make the
position estimations. In addition, vision positioning technique
can provide useful location context for services based on
the captured images. For example, in Figure 6, the vision
positioning technique can observe that the girl is sitting on
her sofa and using her laptop.

The location algorithms are specifically designed to specify
how to calculate the position of a target object. For example,
in the triangulation technique, when the distance between a
target object and each reference point is obtained, the location
algorithm calculates the location of the object. Researchers
have developed various location algorithms to improve the
accuracy of location calculation. The accuracy of the location
information depends on whether the location data, such as
the distance between a target object and each reference point,
contains errors or not. If the initial location data includes a
mix of correct and erroneous data, a priori knowledge of an
IPSs behaviors and the properties of the coverage area are
needed to improve the accuracy.

E. How to Classify Indoor Positioing System?

The IPSs can be categorized according to different criteria.
One way to classify them is based on whether an IPS uses an
existing wireless network infrastructure to measure the posi-
tion of an object. The IPSs can be grouped as network-based
approach and non-network-based approach. The network-
based approach takes advantage of the existing network
infrastructure, where no additional hardware infrastructure
is needed. For cost reasons, the network-based approach

Fig. 6. An Example of Image used in Vision Positioning Technique

is preferred. However the non-network-based approach uses
dedicated infrastructure for positioning and has the freedom
of physical specifications by the designers, which may offer
higher accuracy.

Another way of classifying IPSs is on the system ar-
chitecture. There are three kinds: self-positioning architec-
ture, infrastructure positioning architecture and self-oriented
infrastructure-assisted architecture. Self-positioning calculates
the positions by the targets themselves and takes advantage of
the infrastructures of positioning systems, which provide high
security and privacy. The infrastructure positioning estimates
the positions of the targets using the infrastructures, which
can automatically track the position of devices if they are
in the coverage positioning area. In the self-oriented and
infrastructure-assisted architecture, a tracked target sends a
request to the positioning system to start the position measure-
ments, and then gets its location information from the system.
The key point of the third architecture is that unless the device
allows a positioning system to track it, no positioning activities
for the device can be carried out.

In this article, we classify the IPSs based on the main
medium used to determine location, which include six cat-
egories: IR signals, ultrasound waves, radio frequency, elec-
tromagnetic waves, vision-based analysis and audible sound.
In Section III, we will explain and compare the advantages
and disadvantages of these media used in indoor positioning.
And numerous IPSs in each category will be introduced.

F. What are the Criteria of Evaluating Indoor Positioning
Systems for PNs?

To evaluate the IPSs for PNs, various important system per-
formance and deployment criteria are proposed and described
in this section. These criteria are proposed fully focusing on
user preference and experience, and are used to evaluate if
IPSs can meet the need of users in PNs.

1) Security and Privacy: Security and privacy [24]-[28]
are important issues for IPSs in PNs, because PNs focus on
the needs of users. private and social activities, who want to
have full control of the usability of their personal location
information and history. The user cares if someone tracks
him/her and gets his/her history of all past activities. Control-
ling access to the location information [29] and distribution
of the information [11] can improve the privacy in IPSs. The
enhancements of security and privacy could be carried out
from the software side and system architecture side [23]. For
example, self-localized position system architecture [11] can
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ensure the privacy by performing location estimations in the
target device. Unless the target device gives its location infor-
mation to an entity, no one can access the information. Thus
IPSs with self-localized location computation architecture can
offer a high degree of security and privacy for the users in
PNs.

2) Cost: The cost of an IPS contains several parts: the cost
of the infrastructure components, the cost of a positioning
device for each user and the cost of system installation and
maintenance. Some positioning systems, such as GPS, have
a large infrastructure to support the location measurement,
which is expensive and complex. Some IPSs reuse the ex-
isting infrastructures such as WLAN, are more cost-effective,
because there is no extra cost incurred by the infrastructure
of IPSs. The cost of every positioning device at the user’s
side contains the device and maintenance cost, which are
important for an individual person. Often, the device cost is
specified when a person buys the device and starts to use
the service of an IPS. But the users do not consider much
about the device maintenance cost such as the battery cost
and life time. For example, a device with longer battery life
time needs less frequency of changing the batteries and lower
maintenance cost. Positioning devices with self-positioning
calculation ability are preferred to offer privacy of the end
users, which raise the price of the devices and decrease the
battery life time duration, because the devices are responsible
for more complex positioning calculations. In addition, the
cost of a positioning system installation and maintenance
needs to be addressed for the long-term use of the system.
Some IPSs include extra infrastructure to be installed such
as sensor-based positioning systems, which need complex and
expensive installations of fixing various sensors in different
places in indoor situations. And some IPSs need professional
engineers to support the operation of the IPS, which brings
the cost of system maintenance higher.

The cost of the system can be addressed in different ways.
Time and space costs are also factors indicating the efforts
for the operation of an IPS. The time cost involves the time
requirements of system installation and the time length of the
positioning system in case of the system fails to work because
of some serious faults. Space cost contains requirements of
the size and the place, where the installed infrastructure
components and user devices occupy. A large positioning
device is not convenient for a user to carry it in his/her daily
lives.

3) Performance: The accuracy and precision are two main
performance parameters to evaluate an IPS, where the ac-
curacy means the average error distance, and the precision
is defined as the success probability of position estimations
with respect to predefined accuracy. Moreover, the delay of
an IPS is another performance aspect, which contains the
delay of measuring, calculating positions of estimated target
and forwarding position information to the requesting parts.
There are two reasons: one is that the tracked target may
move quickly; another one is that indoor environments are
also dynamically changing. Scalability, defined as the number
of objects that an IPSs can locate with a certain amount
of infrastructure devices and within a given time period, is
another issue of the performance evaluations for IPSs. A

stable IPS, which can simultaneously locate a large number of
objects, is preferred. For example, the orientation calculation
of an object is required in a motion tracking application, which
needs at least three, non-collinear, located targets mounted
on the object to perform orientation calculation. Thus the
deployed IPS needs to simultaneously locate, at least, three
targets and offers higher scalability for the location sensing
and location-based applications.

The performance of an IPS should be evaluated in order
to examine whether it meets the requirements of the location-
based services and applications in PNs or not. For example, an
application for PNs in the home only needs room level accu-
racy. So the positioning system should offer the information,
in which room person A is. Some indoor spaces cover only
one floor, but others may have multiple floors. A positioning
system offering 2-D position estimations can not meet the
requirements of giving specifications of which floor the target
is. Depending on the needs of users, 3-D positioning systems
are preferred in some cases.

Usually, there is a trade-off between the price and the
performance of an IPS. A system has higher performance
also has higher cost. For example, the accuracy of an IR
positioning system can be improved by adding filters to reduce
the influence from florescent light and sunlight. However, the
price of the whole system is increased because of these extra
filters [11].

4) Robustness and Fault Tolerance: A robust IPS should
be able to keep on operation even in some serious cases
such as some devices in the system are malfunctioned, or a
mobile device runs out of battery energy. For example, the IR
positioning technique needs line-of-sight signal transmission
between the emitters and the tags. In the Active Badge system
[11], a user wears an active badge. If the badge is covered by
his/her thick clothes, it can not get location information from
the system, since the line-of-sight communications are not
possible between the active badge and the emitters. Thus for
these serious situations and faults in the system, the position-
ing system should still offer positioning services. In a sensor-
based positioning system, if some sensors in a public area
are stolen, the positioning system should still provide position
information, which may have a lower accuracy, because the
number of sensors in the measurement is reduced. In addition,
the services and applications design for PNs needs to consider
the situation that the location information of users and devices
are not available, and the location related components do not
stop functioning and can work in another way to support the
demands of the users.

5) Complexity: An aspect of the complexity of IPSs is
about the human intervention/efforts during the deployment
and maintenance of the IPS. For IPS deployment, a rapid
set-up of a system is required with a low number of fixed
infrastructure components and easily used software platform
for the users. Another issue during the IPS deployment is
to enable optimum performance, such as accuracy, in each
part of the entire deployment space [30]. For example, the
WLAN-based IPSs reuse the existing access points (APs) of
WLAN as reference locations and positioning measuring units,
which do not need much infrastructure installation. Proper
signal coverage should be offered by an IPS to cover all the
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desirable area, so that the performance can be ensured over
all the coverage area [30].

Another aspect of the complexity indicates the required
computing time of the device carried by the user to determine
his/her position. Because of the limited CPU processing and
battery power of the mobile devices, an IPS uses positioning
methodology with lower calculation complexity is desired.

Using positioning system in a large space requires the
system to be scalable with the increasing size of working
area. For example, a positioning system deployed in a large
building having many floors should not contain a large number
of infrastructure devices and need time-consuming installation
and maintenance. If the number of tracked components is
large, an IPS should have the ability of offering precise
location measurements for these elements at the same time.
In addition, the sensing rate of positioning systems should
be enough for the fast moving devices in complex indoor
environments.

6) User Preference: Since personal networks are defined
and developed for the needs of users, the IPSs should consider
the users’ requirements of the tracked devices, infrastructures
and software. For the comfort of the users, the devices should
be wireless, small, light weight, lower power consumption and
computational powerful to offer rapid, accurate and real-time
positioning services. For example, in some IPSs, tags are taken
by persons to track their positions. Thus these tags should be
easily wearable and fulfil the requirements described above.
In addition, the infrastructure components and software used
by people should be easily learnt and user interface friendly.

7) Commercial Availability: Among the existing IPSs,
some are commercially available, and others are research-
oriented, which are not available in the market. For the
commercially available products, we can buy their devices
and deploy the positioning systems. The designers consider
and address multiple aspects of an IPS to make it popular
in the market. But most of the companies keep the work-
ing principles of their commercial IPSs as secrets due to
the competition among companies. For the research-oriented
positioning systems, we can know their design details clearly,
which is valuable for the future improvement of IPSs.

8) Limitations: Although the proposed IPSs have achieved
various valuable improvements, they still have some limi-
tations due to the positioning technology and other issues
in the systems. One of the fundamental limitations is the
medium used in position sensing. For example, using WLAN
technology in positioning systems leads to great interest in
the design of IPSs, because the system can reuse the existing
infrastructure of WLAN and reduce the cost of positioning
services. However, the radio frequency based positioning has
multi-path and reflection effects resulting in a relatively higher
error range. Another kind of limitations is the scope provided
by the positioning systems. For example, some positioning
systems only cover a short range. For large areas, these
systems are not scalable. Another example is that some posi-
tioning systems are designed for a small number of persons
or devices simultaneously using the positioning estimation
services, which can not afford a large number of targets. In
addition, some potential limitations should be considered in
the evaluation of the positioning systems. For instance, using

a positioning system may influence the performance of other
wireless communications systems.

III. INDOOR POSITIONING SYSTEMS FOR PERSONAL
NETWORKS

Many positioning systems have been developed over the
years for indoor location estimations. We introduce a variety
of IPSs in this section. The location technology and technique
used in each IPS are addressed to give a scientific overview of
the system. Since the evaluation of these IPSs is focusing on
the need of users in PNs, these IPSs are explained according
to the criteria and requirements as specified in the subsec-
tion II-F. Thus we can know the advantages and limitations
of these IPSs from the view of users in PNs.

A. Infrared (IR) Positioning Systems

Infrared (IR) positioning systems [30]-[41] are the most
common positioning systems, because IR technology is avail-
able on board of various wired and wireless devices, such
as TV, printer, mobile phones, PDAs, etc. An IR-based po-
sitioning system, which offers absolute position estimations,
needs line-of-sight communication between transmitters and
receivers without interference from strong light sources [30].
Thus the coverage range per infrastructure device is limited
within a room. In this section, we describe some IR-based
IPSs.

Active Badge: The Active Badge system [32]-[35] is one
of the first indoor badge positioning systems designed at
AT&T Cambridge in 1990s, which covers the area inside
a building and provides symbolic location information of
each active badge such as the room where the active badge
is. The Active Badge system uses diffuse IR technology to
realize location sensing [32]. By estimating the location of
the active badges taken along with the persons, the Active
Badge system can locate persons in its coverage area. An
active badge transmits a globally unique IR signal every 15
seconds [32]. In each located place such as a room, one
or more sensors are fixed and detect the IR signal sent by
an active badge. The position of an active badge can be
specified by the information from these sensors, which are
connected with wires and forwards the location information
of the tracked active badges to a central server. Based on
the location information, some location-aware applications can
be designed. For example, a location tracking application for
helping a telephone receptionist has been proposed in [32].
Using the measured location of the employees in the building,
the application displays a table onto a PC, which contains the
names of these employees, their location (room numbers) and
the nearest telephone. Thus, using the location information
from the application, the user, a telephone receptionist, can
forward the phone call to the expected employee.

Although the price of active badges and networked sensors
are cheap, the cables connecting sensors raise the cost of the
Active Badge system. The active badges taken by persons to
locate themselves are light weight and have acceptable size. If
the transmission frequency of an active badge is about every
15 seconds, the battery life time is half to one year, which is
convenient for the users.
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Fig. 11. WhereNet’s Real Time Locating System

equipment to support indoor and outdoor real-time positioning.
RFID technology is employed in WhereNet IPS to identify
various located units, called tags, which can be mounted
on the target located objects, such as a device or a person.
WhereNet IPS uses sophisticated differential time of arrival
(DTOA) algorithm [55] to calculate the locations of these tags.
WhereNet IPS produces absolute location information of tags,
which can be used by a number of location-based applications.
For example, the Visibility Server Software, a location-based
application, provides the visibility of the tracked tags and
efficiently uses the location information from the WhereNet
IPS.

WhereNet’s Real Time Locating System (RTLS) [54], [55]
consists of the following parts: tags, location antennas, loca-
tion processors, servers, and Where Ports, which are shown
in Figure 11. Tags are attached to their objects such as
persons, devices, etc., so that it is possible to track location.
In Figure 11, long range spread spectrum radio beacons are
sent by tags with a unique identification number with respect
to each tag to identify and locate them. Location antennas
mounted on the ceiling at fixed positions receive signals from
tags and forward the data to a location processor. The location
processor uses the information from the location antennas
to perform location calculation and can simultaneously track
many tags. A location processor can connect with up to
8 location antennas via coaxial cable. Location processors
transmit the calculated location information of tags to the
server, where the location information can be saved and used
by location-based services such as real-time tracking services.
Where Ports fixed in different locations send low frequency
electromagnetic signals to the tags to indicate the required
behaviors of the tags based on the users’ applications. For
example, a Where Port offers specifications of the transmission
frequency of the tags based on the location and the needs of
the location-based services.

WhereNet tag III, which is a kind of tags [55] used in
WhereNet IPS, is a small and convenient device for users. It
has the size of 6.6 cm × 4.4 cm × 2.1 cm and the weight of
53 g. The tags are powered by batteries, which can last up to 7
years depending on the transmission rate of the tags. Based on
the decision of the Where Ports, the transmission frequency of
the tags is varying from every 5 seconds to one hour. However,
the WhereNet offers an error range around 2 m to 3 m,

which is not very accurate in indoor situations. The system
is complex with numerous infrastructure components fixed in
different locations. Thus the installation of these devices is
time consuming.

Summary of RFID Positioning Systems: The RFID technol-
ogy is not only for the indoor positioning applications, but also
provides many potential services for the demands of users. The
advantage of an RFID positioning system is light and small
tags that can be taken by people to be tracked. The RFID
system can uniquely identify equipment and persons tracked
in the system. However, the proximity and absolute positioning
techniques need numerous infrastructure components installed
and maintained in the working area of an RFID positioning
system.

2) WLAN: WLAN technology is very popular and has been
implemented in public areas such as hospitals, train stations,
universities, etc. WLAN-based positioning systems reuse the
existing WLAN infrastructures in indoor environments, which
lower the cost of indoor positioning. The accuracy of location
estimations based on the signal strength of WLAN signals is
affected by various elements in indoor environments such as
movement and orientation of human body, the overlapping
of APs, the nearby tracked mobile devices, walls, doors,
etc. The influence of these sources and their impacts have
been discussed and analyzed in the literature [57]-[61]. In
this section, some WLAN-based IPSs are introduced and
discussed.

RADAR: RADAR [57] positioning system was proposed
by a Microsoft research group as an indoor position tracking
system, which uses the existing WLAN technology. RADAR
system employs signal strength and signal-to-noise ratio with
the triangulation location technique. The multiple nearest
neighbors in signal space (NNSS) location algorithm was
proposed, which needs a location searching space constructed
by a radio propagation model. The RADAR system can
provide 2-D absolute position information and thereby enable
location-based applications for users.

In the experiments of the RADAR system, 3 PCs are used
as APs and one laptop is tracked as the target object. The
system was tested on a floor inside a building, which is a
typical indoor environment. The three APs measure the signal
strength of the RF signals from the target. These measurements
are used to calculate a 2-D position of the object. The system
achieves an accuracy of about 4 m with about 50% probability.

The major advantages of RADAR system are that the
existing indoor WLAN infrastructures are reused and it re-
quires few base stations to perform location sensing. Thus
the RADAR system is easy to be set up. However, the
limitation is that the located object needs to be equipped with
WLAN technology, which is difficult for some lightweight
and energy-limited devices. There is also no consideration
of privacy issues in the design of RADAR system, where a
person using a device with WLAN interface may be tracked,
even he/she does not want any one know his/her location. In
addition, the RADAR system suffers from the limitations of
RSS positioning methodology [50].

Ekahau: The Ekahau positioning system [58] uses the
existing indoor WLAN infrastructures to continually moni-
tor the motion of WiFi devices and tags. The triangulation
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and controller. The sensors are connected through wires to the
RF transmitter, which is carried by the tracked person. The
RF transmitter can connect up to 20 sensors and transmits
the measured data to the base station. Finally, the base station
calculates the position and orientation of sensors and transfers
the measured data to the user’s computer through RS232
or Ethernet interface. These estimated data can be used for
animation and tracking applications.

The error range of the static position estimating is about
1 cm. The update rate of the position measurements is up
to 120 measurements per second. The sensors carried by a
tracked person are small (2.54 cm × 2.54 cm × 2.03 cm) and
light weight (21 g), which are highly portable and comfortable
wearing devices. These mounted sensors are connected via
wires with the back pack RF transmitter, which has the size
of 17.5 cm × 14 cm × 4.54 cm and the weight of 0.99 kg.
However, the disadvantage of the Motion Star system is that
the magnetic trackers are quite expensive. The battery life time
for continuous motion tracking is around 1 hour or 2 hours,
which is a short period for daily position estimations. And
the performance of the Motion Star system is influenced by
the presence of metal elements in the positioning estimating
area. In addition, the coverage range of each transmitter is
limited within 3 m, which is not scalable for large indoor
public applications and services.

Summary of Magnetic Positioning Systems: The magnetic
sensors are small in size, robust and cheap, which bring ben-
efits for positioning estimations in indoor environments. The
magnetic-based positioning systems can offer higher accuracy
and afford multi-position tracking at the same time. However,
the limited coverage range is a drawback for the performance
of the magnetic IPSs. Thus increasing the coverage range of
each magnetic transceiver or using various magnetic infras-
tructures to cover enough area for indoor use needs further
study, design and development.

E. Vision-based Positioning System

Vision-based positioning is a way of tracking the locations
and identifying persons or devices in a complex indoor envi-
ronment [84]-[86]. The vision-based positioning does not need
the tracked person carrying or wearing any device. And vision
can easily provide some location-based information such as
person A is drinking wine and sitting on his/her sofa. In
this section, an example of vision-based positioning system is
explained, and the pros and cons of vision-based positioning
are discussed.

Easy Living: Microsoft research group designed the Easy
Living positioning system based on vision-based location
techniques [87]. Vision-based location techniques can capture
the motion of the targets with data from a single perspective or
multiple perspectives. Easy Living systems use the multiple-
perspective vision-based location technique with two cameras
covering the whole measuring area. The location estimation in
Easy Living system combines color and depth from the two
cameras to provide position sensing and target identification
services.

The components of the Easy Living system are demon-
strated in Figure 17. In the evaluation of the Easy Living

Fig. 17. Easy Living System Components [87]

system, two stereo cameras are mounted on the ceiling of
a room. Thus every part of the room is covered by at least
one camera. Two real-time 3-D cameras are responsible for
covering the measured area and providing updated visions,
which are raw data to be used in the position estimations. To
reduce the influence of changes in the background, depth and
color pixels are used in the modeling of the background. Then
PCs running the stereo module receive the images taken by the
cameras and process these raw data. To identify each tracked
person, Easy Living system defines a ”person creation zone”,
which is normally near the entrance of the room. Thus, when
a person enters the room, in this ”person creation zone”, the
stereo module creates the vision instance of the person. Then
the stereo model tracks the motion of the person and keeps
the location history of the person. Using the saved location
information of the person, the Easy Living system can correct
some mistaken location estimations.

Although Easy Living system is very convenient for the
users, there are still some disadvantages of the system. The
Easy Living system needs substantial processing power to
process the images taken by the stereo cameras, because image
processing is complex. And the system’s accuracy can not
be guaranteed due to the interference of dynamic changing
environment to the vision data.

Summary of Vision-based Positioning Systems: In vision-
based positioning systems, a low price camera can cover
a large area. The users do not need to carry any location
device, and can be located by the vision-based IPS. However,
these systems still have some drawbacks. Firstly, the privacy
of people is not provided by the vision-based positioning.
Secondly, the system is not reliable in a dynamic changing
environment. Since the position estimations are based on the
saved vision information in a database, which needs to be
updated due to the changing in the environment such as
changing the place of your desk in your office. The vision-
based positioning is influenced by many interference sources
such as weather, light, etc. For example, the turning on and off
a light in a room reduces the accuracy of tracking a person.s
motion. In addition, tracking multiple persons moving round at
the same is still a challenge for the vision-based positioning,
which needs higher computational ability of the positioning
system.
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TABLE I
SUMMARY AND COMPARISON OF IPSS IN SECURITY AND PRIVACY, COST, PERFORMANCE AND ROBUSTNESS

System Name Security Cost Performance Robustness
and
Privacy

Active Badge [32]-[35] No Resonable price with cheap Room level accuracy Line of sight requirements and influence
tags and sensors from light source

Firefly [36], [37] No A tag controller and 32 tags Error range below 3.0 mm; Influence from light source
cost $27,500 high positioning frequency;

short delay