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Abstract—Cortina is a distributed Real-Time Location System
(RTLS) designed to track assets or people moving indoors. Our
solution leverages a low-cost, low-powerWireless Sensor Network
(WSN) based on the IEEE 802.15.4 radio standard. The network,
which consists of wall-plugged sensor nodes, is designed to be
self-configuring, self-healing and self-calibrating, thus reducing
deployment and maintenance costs. Assets and people are tracked
using small battery operated wireless tags that collect Received
Signal Strength (RSS) measurements from nearby sensor nodes.
The tags also include an accelerometer for activity recognition,
and a barometric pressure sensor to accurately detect the floor
plan. We have conducted experiments over a2000m2 area
instrumented with eighteen sensor nodes. Our initial results show
that the system can track people in real-time with an average
error of 2.8m.
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I. I NTRODUCTION

In the past few years, indoor positioning has received a
great deal of attention both from the research community and
the industry [4], [5]. Several solutions are available to enable
location awareness in environments with insufficient GPS
reception. For example, applications demanding high accuracy
can leverageUltra-Wide Band(UWB) systems based onTime
Difference of Arrival(TDoA). Lower cost applications can be
supported byReal-Time Location Systems(RTLS) based on
existing infrastructure such as WLANs and cellular networks.
Previous research has demonstrated that these solutions can
locate users with low error, typically two to three meters,
when the systems are calibrated by collectingfingerprinting
data (e.g. [3], [6]).

Cortina is an indoor RTLS that exploits an inexpensive
sensor network in the attempt to further optimize the trade-
off between performance and cost. The aim of this work is
to describe our system and outline technical details that can
facilitate implementation of other future RTLS’s.

II. D ESIGN PRINCIPLESAND SYSTEM ARCHITECTURE

In designing Cortina we have strived to create an RTLS
that is 1) low-cost, 2) easy to deploy, and 3) accurate.
These design goals are achieved by leveraging theWireless
Sensor Network(WSN), a new computing paradigm that has
gained popularity in the past years and already counts many
applications in civilian and military domains [2].

A WSN consists of a group of low-cost radio devices
enabled with sensors and/or actuators. These units are capable
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ABSTRACT 
Cortina is a distributed Real-Time Location System (RTLS) 
designed to track assets or people moving indoors. Our solution 
leverages a low-cost, low-power Wireless Sensor Network (WSN) 
based on the IEEE 802.15.4 radio standard. The Cortina 
infrastructure, which consists of wall-plugged sensor nodes, is 
designed to be self-configuring, self-healing and self-calibrating, 
thus reducing deployment and maintenance costs. Assets and 
people are tracked using small battery operated wireless tags that 
collect Received Signal Strength (RSS) measurements from the 
nearby sensor nodes. The tags also include an accelerometer for 
activity recognition, and a barometric pressure sensor to 
accurately detect the floor plan. We have conducted experiments 
over a 2000sqm area instrumented  with eighteen sensor nodes. 
Our initial results show that the system can track people in real-
time with an average error of 2.8 meters. 

1. INTRODUCTION 
Current smart phones feature a rich set of sensors and include 
GPS receivers. The ability to sense the phone’s environment and 
its position has enabled a multitude of context-aware and Location 
Based Services (LBS). These applications already assist us in 
many of our everyday operations. But even more powerful 
services and business opportunities can be created by extending 
the range of interaction with the physical world. Users will soon 
have the need to gather knowledge from their surroundings, 
interact with a variety of consumer electronic devices, and obtain 
accurate location information, both outdoors and indoors. 

Cortina is a research project that leverages low-power, mesh 
Wireless Sensor Networks (WSNs) to instrument indoor spaces. 
The long-term goal is to provide a platform to develop novel 
context-aware applications that interact with a large number of 
sensors and actuators embedded in the user’s environment. Our 
short-term efforts have focused on using this distributed sensing 
infrastructure to implement a Real-Time Location System (RTLS) 
to track people or assets. Possible applications for our system 
include elderly and children monitoring, offender tracking, 
security guards supervision, and tracking of test equipments and 
IT assets. We aim to demonstrate that the WSN approach is not 
only feasible, but also competitive with respect to other 
positioning technologies. 

1.1 Indoor Positioning Using WSNs 
In the past few years, indoor positioning has received a great deal 
of attention both from the research community and the industry 
[12]. At the moment, no solution has emerged as a clear winner in 
the RTLS arena. For example, Ultra-Wide Band (UWB) systems 
based on Time Difference of Arrival (TDoA) provide high 
accuracy but also require expensive infrastructures. Systems that 
use signals transmitted by Wi-Fi routers or cellular towers have 
the advantage of leveraging existing infrastructures. But they rely 
on networks that are not designed to support positioning; therefore 
they are not easy to expand and can only provide coarse 

resolution, unless they are calibrated using extensive measurement 
campaigns. 

Cortina uses an inexpensive sensor network to overcome some of 
the limitations of traditional systems. Our design principles are 
described in Section 2. We have strived to create an RTLS that is 
accurate, but also low cost, easy to deploy and easy to maintain. 
Our RTLS is based on wireless sensor nodes that plug in the 
available power outlets present in a building (see Fig. 1). The 
system is self-configuring, self-healing, and self-calibrating. It 
also implements a novel RFID-based solution that enables the 
plugged sensors to automatically detect their positions. Units can 
be added or removed from the network at any time without 
requiring manual reconfiguration. 

People and assets are tracked using small battery-operated radio 
tags that measure the Received Signal Strength (RSS) from the 
fixed units. RSS-based approaches have gained popularity 
because they can be implemented with simple hardware, but at the 
same time they need calibration, and their performance degrades 
if the radio environment changes. Cortina removes the need for 
calibration by implementing a collaborative approach that uses 
the fixed nodes to continuously monitor the radio channel. This 
approach reduces the deployment cost, and it is also robust to 
changes in the propagation of the radio signal.  

Other solutions implemented in Cortina include the use of tags 
with accelerometers and barometric pressure sensors. The inertial 
measurements are used to conserve battery energy by adapting the 
duty cycle of the location updates: tags wake up when they are 
being moved around and go to sleep when stationary. Barometric 
pressure readings are used to enable accurate 3D positioning of 
tags moving in multi-floor buildings. 

Figure 1: On the right, one of the sensor nodes of the Cortina
positioning system. On the left, a web page that displays real-
time position of the user.  

Fig. 1. On the right, one of the wall-plugged nodes of the Cortina positioning
system. On the left, a web page that displays real-time position of the user.

of organizing themselves into an ad-hoc, multi-hop wireless
network that enables data collection and dissemination. In
Cortina, the WSN is used to create the fixed infrastructure
of our RTLS. More specifically, the WSN is formed by small
and inexpensive wireless sensor nodes designed to be plugged
in the available power outlets (see Fig.1). These sensor nodes,
which are compliant with the IEEE 802.15.4 radio standard,
are programmed to automatically create a mesh network. Units
can be added or removed at any time without requiring manual
configuration from the user.

The WSN infrastructure interacts with small battery-
poweredWireless Tags(WTAGs) that can be worn by people
or attached to asset (see Fig.2). When a WTAG arrives
in proximity of the Cortina WSN, it starts measuring the
Received Signal Strength(RSS) of beacons transmitted by
the fixed nodes. The RSS values are transmitted back to the
WSN and then forwarded to a central server that estimates
the WTAG’s position. Figure3 shows a block diagram of the
system architecture and its building blocks.
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In a tracking system, the tag briefly wakes up to transmit beacons 
to the fixed units. These units intercept the messages and forward 
the information to a central server where the measurements are 
used to estimate the target position. Since the tag only wakes up to 
transmit a few messages, power consumption and hardware 
complexity are kept to a minimum. On the down side, all the fixed 
sensors have to relay the measurements to a central point; 
therefore the network bandwidth can limit the number of units that 
can be tracked, especially if the tags frequently wake up to update 
their positions. 

In a navigation system, message transmission follows the reverse 
path. The fixed nodes transmit reference messages that are used 
by the mobile unit to compute its position. This is the same 
approach used by the GPS. Since the mobile nodes have to 
compute their own location, these devices are more complex and 
more power consuming than tracking tags. On the up side, once a 
navigation system is in place, an arbitrary number of users can be 
supported. 

Cortina initially adopted a tracking architecture, but we realized 
that the bandwidth of the IEEE 802.15.4 radios, 250Kbit/s, could 
limit the number of targets that can be tracked. Our latest 
firmware reduces the bandwidth usage by exploiting a hybrid 
approach that shares some of the traits of a navigation system. The 
information used to localize the target is transmitted by the fixed 
sensors at a rate of one beacon every TB time units - currently TB = 
1 sec. When a target needs to update its position, the tag uses a 
navigation approach: the radio is turned on for a few seconds to 
measure the RSS from the nearby sensors. The wake up time is 
controlled by the TW parameter - currently TW = 4 sec. At the end 
of the wake up period, the available RSS measurements are 
packed into a few messages and transmitted back to the network. 
Since these packets contain all the information measured by 
target, significant bandwidth savings can be achieved. Only one 
copy of the WTAG messages needs to be forwarded to the 
coordinator.  

Figure 5 shows the result of a simulation used to evaluate the 
bandwidth usage of our system. We assume 50 fixed sensor nodes 
deployed in a common area where every node is in radio range of 
every other node. The bandwidth usage is computed for an 
increasing number of targets that update their position every five 
seconds. 

4.2.3 Routing Scheme 
The hybrid mode implemented in Cortina required some tweaking 
of the underlying protocol layers. In a standard IEEE 802.15.4 
network, devices taking part in the communication are required to 
join a common PAN. With the Jennet stack in place, this 
operation normally takes between seven and ten seconds. This 
delay is not problematic for fixed nodes that only need to join the 
network once, but it is inacceptable for a wireless tag that often 
goes to sleep. To reduce the delay, we have developed a custom 
WTAG firmware that bypasses the JenNet stack and part of the 
IEEE 802.15.4 layer. The WTAG radio is programmed to operate 
in promiscuous mode, basically acting as a packet sniffer that 
intercepts all the messages on its radio channel. Since no 
association is required, RSS measurements can begin almost 
instantaneously after waking up the WTAG. The wake-up time for 
the JN5139 radio is 2.75ms.  

Operating WTAGs in packet sniffing mode reduces latencies but 
also makes it more difficult to communicate with the sensors. 
Since the mobile devices are not associated to the PAN, the 
WTAGs have to assemble packets that resemble standard 
JenNet/IEEE 802.15.4 messages. These packets have the same 
header information as packets originated from other nodes that 
have already joined the network. 

To achieve the bandwidth usage shown in Fig. 5, we also had to 
implement a custom routing protocol that avoids flooding the 
network with indiscriminate packet retransmissions. The hybrid 
approach implemented in Cortina is effective only if RSS 
information collected by the WTAG is transmitted back to the 
coordinator along a single routing path. To limit the number of 
packets transmitted, we have developed a distributed scheme that 
only requires retransmission from the closest sensor. The WTAG 
messages contain RSS measurements from the nearby sensors. 
When these packets are transmitted back to the network, each 
receiving node reads the message content to determine if its 
beacons were the ones with strongest RSS. If this condition is 
satisfied, the sensor assumes to be the closest unit to the WTAG 
and forwards the message to the coordinator. This simple scheme 
has proven effective in routing the WTAG packets with a 
minimum number of retransmission and good reliability. 

4.3 Activity Recognition Firmware 
The firmware on the WTAGs implements an algorithm that 
detects human body activity in real-time using a single tri-axial 
accelerometer. Activity recognition allows us to gather additional 
information about the people being monitored, (e.g. children or 
elderly) and also allows the WTAG to save battery energy by 
reducing the frequency of the location updates when the person is 
not moving. 

Our firmware recognizes four main activities: i) Motionless, ii) 
Fidgeting, iii) Walking, and iv) Running.  The code for data 
acquisition, data processing, feature extraction, and activity 
classification is executed on the WTAG. Since only few bytes of 

IEEE 802.15.4 PHY BANDWIDTH 

Figure 7: Examples of WTAG worn in different positions.  

Figure 6: Simulation of bandwidth usage for an RTLS that 
uses a tracking approach and our Cortina implementation. 

Fig. 2. Examples of WTAG worn in different positions.
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Fig. 3. Architecture of the Cortina system.

III. OVERVIEW OF NOVEL SOLUTIONS

The Cortina RTLS exploit a sensor network to implement
an infrastructure that is both inexpensive and easy to maintain.
In addition to the WSN, we have implemented many custom
solutions aiming at further reducing the deployment costs
and improving performance. In the following sections we
provide an high level overview of some of the features and
implementation choices for the hardware, the firmware, and
the positioning algorithms.

A. Sensor Nodes

The sensor node’s design is centered around the Jennic
JN5139 [1], a module that features a2.45GHz transceiver
compatible with the IEEE 802.15.4 standard. The nodes (see
Fig 4-left) use this radio to communicate with other units and
the WTAGs. Eventually the data generated within the network
are routed to a central server by thecoordinator,a special node
equipped with an Ethernet interface (see Fig.4-center). All
nodes implement features that facilitate indoor deployment.

1) High Power Radios: Since sensor nodes are plugged
into power outlets, we have chosen the high power version
of the JN5139 module. With an output power of19 dBm and
a receiver sensitivity of−100 dBm, this radio can provide
coverage up to 4 kilometers in open space. Indoors we have
successfully established communication between nodes with
distances in excess of 70 meters. The use of radios with high
link budget ensures reliable communications over large areas.
In addition, high power transmissions increment the number
of beacons received by each WTAGs. Since these messages
are used to compute the tag’s location, an higher number of
message improves the localization results.

2) RFID for Sensor Self-Positioning: At any given time,
the system needs to know the location of the fixed nodes.
To simplify deploy and maintenance, each sensor node is
equipped with aNear Field Communication(NFC) chip ca-
pable of reading standard RFID tags. Before deploying the
Cortina WSN, we have attached RFID tags on the power
outlets in our building and recorded their physical locations

in a database table. This is a one-time operation that can be
performed before deploying the system, or, ideally, carried out
at the time the edifice is built.

Every time one of the sensors is plugged into a power
outlet, the RFID code read by the NFC chip is transmitted
to the central server and resolved into a location. Eliminat-
ing the need to manually maintain the node locations has
proven effective in reducing deployment efforts and also avoid
system malfunctioning due to misplaced nodes. The RFID-
based scheme enables true plug-n-play operations, allowing
the system to be maintained by non-skilled personnel.

B. Wireless Tags

The WTAG shares some of the same electronics used on
the sensors (see Fig.4-right), but the components have been
chosen to reduce size and power consumption. The WTAG
features the standard version of the JN5139, a module that
consumes about37mA when in RX/TX mode, and just2.6μA
when in sleep mode. The use of a low-power radio makes
it possible to extend the battery lifetime, which is a critical
factor to reduce maintenance costs when tags are used for
asset tracking. In addition to the use of low power radios,
each WTAG is augmented with a Bosch BMP085 barometric
pressure sensor and a Bosh BMA150 three-axis accelerometer.

1) Use of Pressure Readings for Floor Detection: The
pressure sensors mounted on the WTAGs were included to
improve 3D localization when tracking targets in multi-floor
buildings. While many applications can tolerate errors of a
few meters in the horizontal plane, similar errors along the
vertical dimension can position a target in the wrong floor.
Barometric pressure readings represent a viable solution to
reduce the occurrence of this type of error. Figure5 shows the
output of the Bosh BMP085 sensor when riding the elevator
from the sixth floor to the basement.

The data in Fig.5 suggest that accurate floor detection is
possible using barometric pressure measurements. Some of the
fixed sensor nodes are equipped with the same sensors and
provides baseline values. These values are use to compensate
for variation in pressure due to different weather conditions.
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the number of sensors installed can be large, even in low-budget 
applications.  

Managing a large sensor network, however, can be a challenging 
task. That is especially true in an RTLS: since the nodes act as 
reference devices, the system needs to know the location of each 
of them. During the initial phase of Cortina, we soon realized that 
keeping the information updated represents a significant burden, 
especially if the devices are frequently moved. System 
malfunctioning will be experienced if the positions are not kept 
updated, or if the sensor nodes are inadvertently misplaced. This 
is a problem that we have addressed using a novel RFID based 
self-positioning scheme that allows the system to detect the 
location of any new plugged sensor. The remainder of this paper 
will discuss our RFID solution together with other novel 
approaches, such as the use of inertial and barometric pressure 
sensors on the tracking tags, and the self-calibrating positioning 
schemes. 

3. SYSTEM OVERVIEW 
Cortina is an RTLS that tracks assets and people moving within 
an indoor space instrumented with a WSN. The targets to track are 
equipped with small Wireless Tags (WTAGs) that interacts with 
sensor nodes plugged into the power outlets. Periodically, each 
WTAG wakes up and measures the RSS of the beacons 
broadcasted by the surrounding nodes. The RSS data is 
aggregated in a few packets and transmitted back to the WSN. 
Finally, this information is relayed to a central server where it is 
used to estimate the target position. 

Figure 2 shows the abstract view of the Cortina system and its 
three main components: 1) the wireless sensor network, 2) a 
collection of software services and diagnostic tools, and 3) user 
interfaces. Each of these subsystems is discussed in the following 
sections. 

3.1 Wireless Sensor Network  
The wireless sensor network includes both the fixed sensors and 
the WTAGs used to track assets and people. Our WSN is based on 
the IEEE 802.15.4, a communication standard that has become 
popular for implementation of low-power, low-rate sensor 
networks and Personal Area Networks (PANs). Numerous 
hardware vendors produce transceivers that are compliant with the 
IEEE 802.15.4 specification in the 868/915MHz and the 2.45GHz 
bands. Additionally, several upper layer protocols such as ZigBee, 
WirelessHART, 6LoWPAN, and TinyOS can be implemented 
using IEEE 802.15.4 networks.  

As mentioned earlier, the devices in our WSN belong to two main 
categories: sensor nodes and wireless tags. 

3.1.1 Sensors Nodes 
Sensor nodes implement the fixed infrastructure of our RTLS. 
Each node is a small radio unit designed to be plugged into a 
power outlet (see Fig. 3-left). Given the simplicity of the hardware 
used, we envision that these units can be mass produced with a 
cost of around ten dollars per unit.  

Each sensor node operates continuously according to a schedule 
that includes three main activities:  

1) Beaconing. Sensors broadcast short beacon messages that 
serve as reference signals for the WTAGs. Beaconing also 
enables our self-calibrating positioning algorithms.  

2) RSS Measurements. Each sensor node constantly listens for 
beacons transmitted by neighboring nodes. Every time a 
beacon is received, the receiving node updates a table that 
keeps tracks of the transmitter’s RSS, the number of messages 
received, and other statistics useful to evaluate the quality of 
the radio channel. Every five minutes, these neighborhood 
tables are transmitted to the central server where they are used 
to recalibrate the positioning models. 

3) Packet Routing. Sensor nodes also listen for measurement 
messages generated by the WTAGs and other nodes. 
Depending on their location, they can help forward this data to 
a special sensor that serves as the network coordinator. 

The WSN coordinator is a special node that connects to a remote 
server using an additional hardware interface. In our 
implementation the coordinator is connected to the server via 
Ethernet (see Fig. 3-center), but other interfaces such as Wi-Fi, 
EVDO, 1xRTT can be used. The coordinator follows a beaconing 
schedule similar to the other nodes. It also works as a sink for the 
entire network: it collects the information originated within the 
WSN and transfers the data to remote server for further 
elaboration.  

3.1.2 Wireless Tags (WTAGs).  
WTAGs are small battery-operated radio devices that exchange 
information with the sensor nodes (see Fig. 3-right). The WTAGs 
can be attached to assets or worn by people. Once a tag become in 
proximity of the Cortina WSN, it starts collecting RSS 
information from surrounding nodes. This information is 
eventually transmitted back to the coordinator and used to 
estimate the position of the tag. 

Figure 3: left) One of our sensor nodes plugged into a power outlet; center) a detail of the Ethernet module used on the
coordinator to support LAN connectivity; right) one of our wireless tags (WTAG). Fig. 4. left) One of our sensor nodes plugged into a power outlet; center) a detail of the Ethernet module used on the coordinator to support LAN connectivity;
right) one of our wireless tags (WTAG)
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4.1.2 Wireless Tag 
The wireless tags share some of the same electronics used on the 
sensors (see Fig. 3c), but the components have been chosen to 
reduce size and power consumption. The WTAG features the 
standard version of the JN5139, a module with output power of 
+2.5dBm and on-board ceramic antenna. The current consumption 
is about 37mA when in RX/TX mode, and reduces to just 2.6 A 
when radio and MCU are in sleep mode. The communication 
range is limited to 20-30m indoors, which is sufficient because the 
tag only needs enough power to transmit to the closest sensor.  

The use of a low-power radio makes it possible to extend the 
battery lifetime, which is a critical factor to reduce maintenance 
costs when tags are used for asset tracking or are deployed in 
areas that are not easily accessible. Applications that use the same 
type of radio have shown that a lifetime in the order of months or 
years can be achieved by reducing the duty cycle of the device 
[9].  

Additional hardware on the WTAG includes the Bosh BMP085, 
the same pressure sensor used on the wall sensors, and the 
OceanServer OS-4000T [3], an inertial navigation unit with a 
three axis, tilt compensated digital compass, and a three-axis 
accelerometer. The OS-4000T is interfaced to the JN5139 via 
TTL UART. Finally, each WTAG module is powered by a 
610mAh Li-Po battery and includes circuitry for battery charging. 

4.1.3 Barometric Pressure Reading 
The barometric pressure sensors mounted on the fixed nodes and 
the WTAGs were included to improve 3D localization when 
tracking targets in multi-floor buildings. While many applications 
can tolerate errors of a few meters in the horizontal plane, similar 
errors along the vertical dimension can position a target in the 
wrong floor. We found that barometric pressure readings 
represent a viable solution to reduce the occurrence of this type of 
error. Figure 5 shows the output of the Bosh BMP085 sensor 
mounted on one of WTAG when riding the elevator from the sixth 
floor to the basement. 

This preliminary data suggests that accurate floor detection is 
possible using barometric pressure measurements. Additionally, 
we plan to use the readings collected by the fixed sensor nodes to 
calibrate the system and account for variation in pressure that 
occur daily due to different weather conditions. 

4.2 Network Firmware 
The firmware installed on the nodes, coordinator and wireless tags 
controls the network formation, the exchange of messages 
between the units, and the collection of RSS measurements. This 
data is eventually transferred to a central server where it is 
converted into position estimates. Our firmware, which is 
implemented in C, interacts with the lower layers of the radio 
stack. This section first discusses the functionalities supported by 
these layers, and then explains the custom solution implemented 
in Cortina. 

4.2.1 IEEE 802.15.4 Communication Stack 
Cortina implements a wireless sensor network based on the 
popular IEEE 802.15.4 standard. The specification defines both 
the physical (PHY) and the Medium Access Control (MAC) layer.  
The PHY layer controls properties of the signals transmitted such 
as frequency, modulation, synchronization, etc., while the MAC 
layers regulates the access to the channel and the network 
formation. 

In the IEEE 802.15.4 standard, devices willing to communicate 
must first join a PAN. The personal area network is established by 
the coordinator that selects the radio channel and broadcasts a 
unique PAN ID. Other devices can join the same network by 
scanning all the available radio channels and searching for the 
particular PAN ID. 

While the IEEE 802.15.4 enables communication between devices 
within their radio range, the implementation of multi-hop network 
topologies requires upper layer protocols such as ZigBee or 
6LoWPAN. To implement our WSN, we have chosen to use 
JenNet [11], a network protocol provided by Jennic, the 
manufacturer of the radios used in our system. After evaluating 
different alternatives, the JenNet stack seemed to provide the best 
tradeoff between complexity and functionality. 

JenNet implements a collection tree protocol that runs on top of 
an IEEE 802.15.4 network. From an application point of view, it 
makes it easy to transfer information to the coordinator. It also 
provides a solution that is scalable, easy to deploy, and robust. 
Devices running the JenNet stack dynamically select the most 
reliable route to the coordinator and are able to react to changes in 
the network topology. For example, if a radio link fails, the 
affected nodes can automatically find alternative routes to the 
coordinator (self-heal). Additionally, new units can be added at 
any time by simply deploying them within the radio range of any 
arbitrary sensor that has already joined the network (self-
configuration). 

4.2.2 RSS Measurements Collection 
An essential component of Cortina is the firmware that controls 
the collection of RSS measurements. RSS data is used both to 
calibrate the position models and to estimate the location of each 
target. While signal strength can be easily measured by 
exchanging radio beacons, different collection protocols are 
possible. The next section discusses two alternatives and the 
solution implemented in Cortina. 

4.2.2.1 Tracking vs. Navigation 
Most systems implement one of two main positioning paradigms: 
tracking or navigation. In both cases, the mobile units interact 
with nodes at known position, but there are differences in the 
transmission and reception of the signal used for positioning. 
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Figure 5: Barometric pressure readings collected when riding
the elevator from the sixth floor of QRC to the basement. On
the way down, the elevator was briefly stopped on each floor.

Fig. 5. Barometric pressure readings collected when riding the elevator from
the sixth floor of QRC to the basement. On the way down, the elevator was
briefly stopped on each floor.

2) Activity Recognition: The readings from the three-
axis accelerometer are processed in real-time by an activtiy
recognition module running on the WTAG. The firmware
recognizes four main activities:i) Motionless, ii) Fidgeting,
iii) Walking, and iv) Running. The code for data processing,
feature extraction, and activity classification is executed on the
WTAG without requiring external communications.

The ability to detect the WTAG’s activity is beneficial for
three reasons. First, power consumption can be optimized
by adjusting the duty cycle of the tag: The frequency of
the location updates can be increased when movement is
detected, and reduced to a minimum when the tag is stationary.
Second, if the tag remains stationary, it is possible to average
the measurements collected over longer periods of time to
improve the location accuracy. This is particularly important
to exactly pinpoint the location of static WTAGs that might
be located in some remote area of a building. Finally, activity
data provide valuable information when monitoring people,
especially children or elderly.

C. Positioning Algorithms

Cortina implements an RSS-based positioning system that
is attractive because it only requires simple hardware, both
on the fixed and mobile nodes. As discussed in the previous
sections, simplebeaconingfrom the sensors is sufficient to
collect the RSS data used to localize the WTAGs. The RSS
values are converted into position estimates using two different
algorithms: the first one is based on trilateration; the second
one uses RSS maps. Here we outline some of the solutions
used to improve the results of both algorithms.

1) Automatic Algorithm Calibration: Since signal propa-
gation varies widely from building to building, many RTLS’s
leverage fingerprint models that are periodically recalibrated
by measuring the RSS at known locations [4].

Cortina avoids the need for manual calibration by adopting a
collaborative approach that uses RSS measurements collected
by the fixed nodes. Each node continuously monitors the
RSS of the messages transmitted by the other nodes and
periodically transmits aggregate statistical values to the server.
For the trilateration algorithm, the RSS values are used to
update the coefficients of a polynomial regression model that
relates signal strength to distance. For the RSS map approach,
the RSS values are linearly interpolated to create 2D maps of
the signal strength in the building. The maps are then used by
algorithm similar to a fingerprinting scheme.

The collaborative approach not only alleviates the deploy-
ment cost, but also makes the system more robust to changes
in the environment. For example, people moving in and out of
conference rooms, or relocation of big pieces of equipment,
causes significant fluctuations in the RSS that are automati-
cally taken into account by the recalibration process.

2) Accounting For Unknown Receiver Gain: The posi-
tioning algorithms are also designed to compensate for the
variability in RSS caused by transceivers with uncalibrated
output power and different antenna gains. In particular, the
propagation model is calibrated using measurements among
sensor nodes that share the same type of transceiver and the
same type of antenna. The RSS measured by the WTAGs are
always attenuated due to the reduced antenna dimension and
different polarization. In our experiments, we have measured



QTech Forum 2010  June 2 – 4, 2010 

Qualcomm Proprietary  1.1-11 

such as humidity, ambient light can be integrated in our platform 
with minimal hardware changes. 

Our preliminary tests have shown the soundness of our approach 
in designing a self-configuring, self-calibrating RTLS capable of 
tracking people and assets with an average error of approximately 
two to three meters. This level of accuracy is sufficient to 
correctly detect the room or the corridor where the target is 
moving without requiring filtering algorithms that use knowledge 
of the floor plan to correct the position estimates. 

As part of our future research work we plan to perform a more 
exhaustive set of experiments to characterize the position error of 
our system and the accuracy of the activity recognition firmware 
running on the WTAG. We also plan to further investigate the 
following topics: 

 Propagation Models and Positioning Algorithms. Currently 
we are using a simple propagation model based on polynomial 
interpolation of the available RSS data. We realize that many 
models have been proposed in the literature to estimate the 
path loss of indoor radio communication. Some of them take 
into account the number of walls between any two units and 
the attenuation introduced by specific building materials. We 
plan to evaluate some of these models and their applicability 
to our problem. 

 3D Localization. Our initial experiments with BMP085 have 
shown promising results in detecting the floor using 
barometric pressure readings. In the near future we plan to 
deploy our WSN on multiple floors of the QRC building and 
enable 3D target tracking. We will also update our interfaces 
to display real-time positions in 3D. 

 Data Mining. Cortina is currently collecting a large amount of 
information about the location of people moving in our 
building. We plan to use the available data to extract 
knowledge about the users’ behavior and their environment. 
One immediate application is the autonomous creation of floor 
plan maps using the location traces of the wireless tags. By 
monitoring the position of several people over time, the 
system can learn the location of corridors and offices when a 
floor plan is not available. 

 Tracking of inGeo devices. We are currently working on 
enabling tracking of Qualcomm inGeo devices. The inGeo 

reference design provides a platform to implement GPS 
tracking devices that report their location through the cellular 
network. Since the reference design of the inGeo also includes 
an IEEE 802.15.4 compliant radio, it can be tracked indoors 
using a Cortina RTLS. We are currently porting the firmware 
running on our WTAGs to the inGeo device.  
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Figure 15: left) AJAX web page that displays real-time information about the position of a target – the page can be accessed using
a computer or a smart phone; center) web page that displays location traces describing the movement of a target over a period o
time; right) Google Earth real-time visualization of the target’s position. 

Fig. 6. left) AJAX web page that displays real-time information about the position of a target - the page can be accessed using a computer or a smart phone;
center) web page that displays location traces over a period of time; right) Google Earth real-time visualization of the target’s position.
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a map that accurately describes how the signal propagates within 
the deployment area, we could determine the target position by 
comparing the measured RSS values to the map. As already 
discussed, such a map is difficult to compute a-priori, but it can be 
approximated by taking RSS measurements at different fixed 
points. This approach is used in many fingerprinting localization 
schemes (e.g. [8]) that use maps created by measuring the RSS 
form WiFi route  rs or cell towers.  

Fingerprinting schemes are popular because they are 
computationally simple and they do not require propagation 
models. On the other hand, collecting the measurements to create 
the initial maps is time consuming task that need to be repeated if 
new transmitters are added to the infrastructure or the propagation 
environment changes. 

Our second positioning scheme bears similitude to a 
fingerprinting scheme, but our maps are automatically computed 
using the values collected by the sensor nodes. Every time a 
sensor node i at location (xi,yi) transmits a beacon, the RSS is 
simultaneously measured by all the nodes that are in its radio 
range. For each node, we create an RSS map using a 2D linear 
interpolation algorithm that takes into consideration the available 
RSS values. Figure 10(left) shows one of these maps. Note that 
the radio signal for the node in the figure does not propagate 
symmetrically: the presence of long corridors favors the 
propagation of the signal in the direction North to South. 

Let RSS_Mi(x,y) be the function that describes the map for node i 
at various locations of our deployment. If the WTAG had the 
same antenna gain as the other devices, we could estimate its 
position by comparing the RSS values with those of the maps. In 
practice, the WTAG introduces an unknown attenuation that need 
to be compensated. To remove the influence of this unknown 
gain, we compute the target position by minimizing an error 
function that takes into account the differences in RSS between 
pairs of nodes i and j: 

),(
minarg)ˆ,ˆ(
yx

yx
                                                

ji
jiji yxMRSSyxMRSSRSSRSS 2)),(_),(_()( (7)

 
where RSSi and RSSj are the signal strength values measured from 
two nodes, and RSS_Mi(x,y), RSS_Mj(x,y) are the maps for the two 
nodes. Since the function compares differences in RSS between 
two fixed units, the absolute gain of the receiver does not affect 

the computation. Figure 10-right shows an example of the values 
assumed by the error function. 

5. RESULTS 
Our WSN has been running continuously for more than 8 months, 
collecting about 14 millions of RSS measurements that are stored 
in our database. Except for hardware failures of a few nodes due 
to unfiltered surges in the power outlets, the WSN has worked 
reliably without requiring maintenance. The next few sections 
report results of some of our tests and show some of the interfaces 
we created to make location data accessible to the final user. 

5.1 Mobile Target Tracking 
One of the main goals of Cortina is to demonstrate target tracking 
capabilities using our WSN. This section reports the result of a 
controlled experiment used to evaluate the output of our 
positioning algorithms. We marked 56 locations on the sixth floor 
of the QRC building. One of our collaborator moved from point to 
point holding one of the WTAG in her hand. The WTAG was 
programmed to collect RSS measurements for approximately 5 

Figure 11: Tracking error for a target moving on the sixth 
floor of the QRC building. The green dots are the true target 
positions, the red dots are the position estimates. The blac  
dots represent the fixed nodes. 

Figure 12: Cumulative error distribution for the estimated 
positions shown in Fig. 11.  

Figure 10: left) one of the RSS maps computed using the signal
strength values measured by the sensor nodes; right) heat map
computed by comparing the WTAG’s measurements to the
available RSS maps. The true target position (green dot) is
close to the minimum of the error function. 

Fig. 7. Tracking error for a target moving on the sixth floor of the QRC
building. The green dots are the true target positions, the red dots are the
position estimates. The black dots represent the fixed nodes.

an attenuation of approximately 20 to30 dBm when the
WTAG is used to measure the RSS. The two algorithm
implemented in Cortina are both designed to leverage the RSS
collected from multiple sensor nodes and compensate for the
receiver gain. In the trilateration approach, all the distance
estimates are treated as arbitrarily biasedpseudo-ranges. In
the RSS map scheme, the values used in the computation are
differential readings between pairs of nodes, thus eliminating
the effect of unknown gains. These solutions not only enable
effective tracking of etherogeneous wireless devices, but also
mitigate the error due to the human body attenuation.

IV. RESULTS

As part of our research, we have deployed 18 nodes over
an office area measuring approximately2000m2. The Cortina
RTLS has been running continuously for more than 14 months,

tracking in real time the location of about ten volunteers who
offered to wear the one of the WTAGs.

In one of our tests, we marked 56 locations on the sixth floor
of our building. One of our collaborator moved from point to
point wearing one of the WTAGs. Figure7 shows the results
of such test. The green dots are the true locations, while the
red dots are the positions estimated by averaging the output
of the trilateration and RSS map schemes. The error in this
controlled test is comprised between 0.38 and5.95m, with an
average error equal to2.88m. In eighty percent of the cases,
the error is below4.25m.

More in general, our tests have shown the soundness of the
WSN approach in designing a self-configuring, self-calibrating
RTLS capable of tracking people and assets with an average
error of approximately two to three meters. This level of
accuracy is sufficient to correctly detect the room or the
corridor where the target is moving without requiring filtering
algorithms. During our tests with the system we particularly
appreciate the simplicity of deployment and maintenance. The
RFID-enabled, wall-plugged sensors make it easy to extend
the network or replace defective units. The ability to plug
additional sensor nodes is also important to improve the
accuracy of the system. Some of our latest research directions
within the Cortina project are described in [?].
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