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Abstract

One of the challenges present in healthcare is the management of assets. Hospital staff spend
much time looking for medical devices, when they could be helping patients. Hospitals also incur in
unneeded expenses by not being able to efficiently track equipment. These prevent hospitals from
working at maximum efficiency. In this work, we firstly try to understand how this challenge is affecting
the healthcare industry, and analyze the needs and limitations hospitals have by directly talking with
healthcare representatives. We also study existing asset management solutions available for healthcare
in order to find out the main improvement points. Considering all this information, we develop a
Minimum Viable Product, where we apply emerging technologies of the Internet of Things to Real
Time Locating Systems. The objective is to build a low cost solution, with low implementation efforts,
that is able to efficiently help hospitals face this challenge. Throughout the development of the solution,
many position estimation techniques are considered and evaluated experimentally. A Sigfox message
communication protocol is also developed to ease the communication from the assets to the cloud. In
this protocol several developed methods of compiling and compressing time, location and motion status
information of the device are used. A cloud platform is also developed, where users can manage and
configure the solution and track devices. A pilot test of the final solution MVP is done, with a real case
study, which validates the solution, where we achieved room-level location accuracy with 3% of error,
and could effectively track the location and motion status of objects throughout their operation.
Keywords: Internet of Things, Real Time Locating Systems, Indoor Location Systems, Healthcare,
Asset Management, Inventory Tracking

1. Introduction

The healthcare industry is not a business like any
other. Patients are no typical consumers as they
don’t always decide when they need to go to a hos-
pital. For healthcare providers, efficiency is not
merely a good practice, it must be a critical compo-
nent of their mission, providing quality services at
minimal cost. There are many challenges related to
asset management and locating in healthcare that
need to be addressed in order to increase health-
care efficiency. A wheelchair may have a relatively
low cost, but if hospital personnel is spending hours
a week looking for one, the cost is much more in-
creased. Regularly scheduled maintenance accord-
ing to manufacturers specifications must be ensured
by healthcare technicians, yet they may not be able
to do it efficiently if they cannot easily find the de-
vices. Internet of Things (IoT) paired with Real
Time Locating Systems (RTLS) solutions can be
the answer to solve these problems.

The main objective of this work is to propose a so-
lution to help address the challenge of asset manage-
ment in healthcare, by directly talking with health-

care representatives. With this in mind, firstly we
try to understand the challenge of asset manage-
ment in the healthcare and analyze the needs and
limitations that hospitals have. We also study exist-
ing asset management solutions for healthcare and
find out which are the main problems and improve-
ment points. Next we design and implement the
main objective of this thesis: a Minimum Viable
Product (MVP). To do that, we initially define key
features the MVP must have, accordingly to the
guidelines of end-users. Next we study, evaluate
and validate the suitable methods and technologies
that should be used to implement each one of those
features. The development and implementation of
the MVP is done through continuously validation
of the applied methods using experimental tests.
Finally, we assert if the MVP is suitable for the
challenge of asset management through a pilot test.

2. Problem Outline

Depending on the size of a hospital, there could be
a large number of medical devices to manage and
to keep track of. From infusion pumps and venti-
lators to wheelchairs, every piece of equipment is
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an important asset from which the hospital wants
to withdraw the maximum from its utilization rate,
improving the Return Over Assets (ROA). Finding
an efficient way to track these assets and obtain
small but useful data from them, can help to op-
timize the hospitals’ management and aid saving
lives.

We interviewd two healthcare representatives
with the goal of acknowledging the challenges hospi-
tals are afacing. This was achieved through the col-
laboration of Luz Saúde1 and José de Mello Saúde
(JMS)2.

Considering indoor location, a solution to locate
mobile devices is one of the representatives’ con-
cerns. In particular, the capacity to locate devices
by room-level. Since Wi-Fi is deployed over the
whole building, Luz Saúde has done experiments to
use it as a location system, but without much suc-
cess since access points are deployed and aligned
throughout the corridors, which isn’t ideal for the
purposes of indoor location.

Regarding the equipment frequency of use, JMS
and Luz Saúde don’t keep track of this parame-
ter, although they’re interested in stepping up and
implementing systems to do that. As an example,
given two devices of the same type, for the same
hours of use, the objective is to be able to com-
pare which equipment is in better shape. This has
strong implications when deciding which equipment
to buy, as they can better plan the investment made
and know what to expect from each equipment.

2.1. Proposed Solution

One of the main objectives of this work is to develop
a MVP who applies the recently emerging IoT tech-
nologies to RTLS, in order to solve the previously
described problem. The goal is to construct a low
cost solution, when compared to the ones available
in the market, which can be easily implemented on
site, improving on the existing solutions that re-
quire spending a lot of resources on its deployment.

The initial system will have two main features:
detecting where the asset is located and detecting
when it is moving. From the movement informa-
tion, one can infer if the device is being used or
not, depending on which devices are being tracked.
The location system is being constructed to achieve
a room-level accuracy. However, there is also in-
terest in knowing which is the accuracy error (in
centimeters) that the solution can achieve.

The common structure for this type of solutions is
composed by location beacons deployed throughout
the facility, tags attached to the assets, a communi-
cation technology for the tag to communicate with
the application back-end, the back-end where algo-

1More information at https://www.luzsaude.pt/pt/
2More information at https://www.josedemello.pt/

rithms and techniques are applied to retrieve asset
location, and the business application where users
can manage their assets. This structure is illus-
trated in figure 2.1. Essentially, the advertisements
from the location beacons are captured by the as-
set tag. Then, this data and the motion state of
the tag is sent to the application back-end through
a wireless communication link. The back-end ap-
plies algorithms to retrieve the location of the asset
and its state. In the application front-end, users can
retrieve information about the respective objects.

Figure 1: Architecture of the prototype to be im-
plemented.

Regarding the objects motion data, tags are
equipped with an accelerometer. The motion data
will be crucial to understand if the device is actu-
ally moving or not, and for how long it has been at
that state. Also, in order to extend the tags battery
lifetime, the tag can choose when it is the perfect
moment to spend battery in order to do a location
scan by knowing the motion status of the object.
This method can avoid spending battery with inef-
ficient location queries. Throughout this work, the
chosen methodologies for each one of the architec-
ture nodes will be explained.

3. Market Overview
There are many RTLS solutions for healthcare pro-
duced by companies such as Stanley Healthcare3,
Versus Technology4 or Zebra5. Some use existing
Wi-Fi infrastructure to implement the RTLS, with
extra deployment of hardware in zones where higher
accuracy is needed. Others use RFID as the under-
lying technology, with the need of deploying a lot
of hardwired hardware. Other technologies like Low
Frequency RF, UHF Active, Infrared or BLE ar also
used throughout the market.

When analyzing this solutions we concluded that
the value proposition of the products is not only
on the ability to track assets, but also by proactive
raising alerts or be able to help manage invento-
ries. Many solutions can make use of already exist-
ing infrastructure, which can be seen as an advan-
tage. In the healthcare industry, the encapsulation
of the tags can also be a tie-break factor. Many ob-
jects have to be submitted to harsh sterilization pro-

3https://www.stanleyhealthcare.com/
4http://www.versustech.com/
5https://www.zebra.com
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cesses, then there’s a major benefit in working with
tags that can handle these procedures. Tags with
buttons and telemetry sensors that can be config-
ured for the hospital different needs can also bring
great gains.

4. Technology Review
In this section we review the types of technology
that can be used in asset tracking, with a special
focus on RTLS and IoT communication technolo-
gies.

4.1. Real Time Locating Systems
Real time locating systems are commonly used to
find, track, manage and analyze where assets or
people are located. Essentially, the five main com-
ponents of an RTLS are tags, location sensors, lo-
cation engine, middleware and application [5].

Regarding tags, they can be passive, semi-passive
or active and have different characteristics depend-
ing on which location technology is used. Location
sensors have a known position and are used to find
the location of tags by using a physical parameter or
a measurement, such as being in line of sight with
the sensor or measuring the time it takes for the
signal to travel from the tag to the location sensor
[5].

The location engine is the software that deter-
mines the location of tags and reports it to the mid-
dleware and applications [5]. Commonly, the esti-
mation is done by combining ranging techniques, to
estimate the distance between the tag and the lo-
cation sensors, with position estimation techniques
that use the previous information to derive the posi-
tion of the tag. Ranging techniques commonly used
are Time of Arrival (ToA), Time Difference of Ar-
rival (TDoA) and Received Signal Strength Indica-
tion. Combining some of these ranging techniques
with algorithms like Trilatateration, Triangulation,
Fingerprinting or Proximity the position can be es-
timated. On this work we will use RSSI, Proximity
and Triangulation: from RSSI we can infer which is
the closer location sensor nearby (proximity) or es-
timate the distance from the asset to each location
sensor. Having three of this distances, triangulation
can be applied. This methodologies will be later ex-
plained.

The middleware is used to connect the pure
RTLS technology to the business application, mak-
ing make the application independent of the RTLS
technology used. The application is the most sig-
nificant component of the system, from the point of
view of the final user. It is composed by the soft-
ware that interacts with the middleware and the
end-user.

An RTLS solution can be built using one or more
underlying technologies, from which the location
engine can precise the location of the target. On

our solution we will be using Bluetooth Low En-
ergy, which is an IoT friendly low power version of
Bluetooth.

4.2. Internet of Things

For the final prototype of this work, IoT solutions
and models must be considered as it can be used
to establish a connection between medical devices
(something attached to them) to the cloud.

Even though there are many other IoT technolo-
gies, Low Power Wide Area Networks (LPWAN)
will be the main focus of this section. LPWAN of-
fer long range communications, optimized for great
power efficiency, at the cost of low bit rate being
well suited for IoT devices, that usually need to ra-
tionalize well their batteries, and don’t need to send
large amounts of data.

Sigfox is a LPWAN that operates in a publicly
available ISM radio band, using 868 MHz in Eu-
rope. In an urban setting it can achieve a range
up to 13 km. Messages are limited to 140 downlink
12-byte messages and 4 8-byte uplink messages per
day. The technology adopted is Ultra Narrow Band
(UNB), using just 100 Hz of bandwidth and a BPSK
modulation, achieving a bitrate of 100 bps. Users
must pay a license fee to use Sigfox and acquire a
certified communication device from one of the Sig-
fox partners. Sigfox is a great option to consider
as it is uncomplicated to implement solutions with
this technology. Devices are low cost, offering great
battery lifetime. By paying a license to the country
operator, the developers don’t need to worry about
deploying base stations and maintaining those in-
frastructures.

LoRa stands for Long Range and is a wireless
modulation optimized to create long range commu-
nication links [4]. It is an open protocol that aims
to support worldwide Internet of Things networks.
Several modulation techniques are used in LoRa in
order to achieve a high link budget, low power con-
sumption, long range, robustness to interferences,
while maintaining end nodes at a low cost. Like
what happens with Sigfox, a single LoRa gateway
can cover entire cities or hundreds of square kilo-
meters. While LoRa is the physical layer proto-
col that enables the long-range communication link,
LoRaWAN defines the communication protocol and
system architecture for the network. This technol-
ogy can be used to set up private networks, as it is
an open protocol which operates on ISM bands.

Table 1 summarizes the main features of Sigfox
and LoRaWAN.

5. Methodologies for the Real Time Location
System

In order to develop the RTLS of the proposed so-
lution, several methodologies and algorithms were
considered. Starting with the accuracy, the pro-
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Sigfox LoRa
Spectrum

Band
Unlicensed Unlicensed

Range
Outdoor

<13 km <11 km

Data Rate <100 b/s <11 kb/s
Battery Life >10 years >10 years
Device Cost ∼ $5 ∼ $10

Deployment
Network
Operator

Private
Network

Deployment
Costs

End-nodes

End-nodes
+

Network
Infrastructure

Subscription
Fee

Yes No

Over the Air
Updates

No Yes

Packet Suze
(Uplink)

12 Bytes
∼ 12 bytes

Defined by the user

Message
Periodicity

6 messages/hour

Transmission
time of

36 sec/hour
per sub-band

Devices per
access point

1 M 100 k

Security Low Moderate

Table 1: LPWAN technologies summary.

posed solution needs to be able to locate devices
at room-level, using proximity as the position tech-
nique. With that guaranteed, using trilateration,
there is also interest in understanding how accu-
rately the solution can estimate the position of the
mobile device.

In our solution, the location engine is composed
by BLE as the underlying RTLS technology, RSSI
as the ranging technique paired with proximity and
trilateration algorithms respectively for the room-
level location and to achieve the accurate location.
A network-based location technique is used, as the
position of the asset tag is calculated on the back-
end of the application, using the measurements
done by the asset tag. Figure 2 summarizes the
methology used for the RTLS system.

Bluetooth Low Energy was decided to be the un-
derlying technology for location and, consequently,
BLE beacons to be used as the location sensors,
as they are low power and can be easily deployed.
By deploying one of this beacons per room, we can
easily guarantee the room-level accuracy of the so-
lution.

LOCATION
ALGORITHM BLE SCAN RSSI FILTERING 

APPLICATION BACK END

BATCH OF 
RSSI VALUES

BEST RSSI  
VALUES

REPRESENTING  
SCAN 

ARE SENT 

SHOW POSITION IN
APPLICATION

IoT COMMUNICATION
SOLUTION

ASSET TAG

POSITION

Figure 2: After the BLE location scan at the asset
tag, RSSI filtering is applied. RSSI values best rep-
resenting the scan are then sent to the application’s
back end. Location algorithms are then applied.

5.1. BLE as the Underlying RTLS Technology

To develop this solution, there two things to be de-
fined: the BLE advertisement protocol, since lo-
cation beacons need to be uniquely identified, and
which beacons to use.

There are several BLE advertisement protocols
that have been commonly used throughout the in-
dustry. Between those, the more relevant ones are
iBeacon6, Eddystone7, AltBeacon8 and URIbea-
con9. In our solution, the beacon advertisement
protocol used is Eddystone. This is an open beacon
protocol developed by Google, which defines many
types of payloads. The payload type used on the
solution is Eddystone-UID. This payload defines a
10 byte Namespace and a 6 byte Instance ID. The
Namespace has the purpose of grouping a particular
set of beacons, while the Instance ID identifies the
beacon within the group. This division is used to
optimize BLE scanning strategies where scans are
filtered by the beacon’s Namespace. This is done
on the implemented solution: each asset tag is as-
signed to a Namespace, retrieving only information
from that Namespace. Each facility, and in our so-
lution, each Hospital has it’s unique Namespace.

There are a lot of beacon solutions in the market,
and nearly every solution is compatible with Eddy-
stone. Google compiles a list of devices Eddystone
that are compatible10. For the purposed solution
the beacons used are from Accent iBKS 10511 and
iBKS Plus12. When configured with an advertise-
ment frequency of 1 advertisement per second and
a transmission power of 0 dBm, iBKS 105 have a
estimated battery lifetime of 28 months and iBKS
Plus a lifetime of 90 months.

5.2. Filtering BLE RSSI Signal

Received Signal Strength Indication is a strong pa-
rameter to estimate the distance from a mobile
node to the advertiser. However, this parameter
as to be filtered as it is highly affected by many
phenomenons, especially in an indoor environment,
like multipath fading, hardware orientation, inter-
ference with other operating devices, human pres-
ence/absence, and different building types [2, 3].

Also, when using Sigfox or LoRaWAN as the
communication link, we’ve to shorten as much as
possible the information to send to the back-end.
For this purpose, we considered several filters, ap-
plied over the RSSI values retrieved from a scan, in
order to estimate the best single value representing
a BLE scan. The considered filters are average, me-

6https://developer.apple.com/ibeacon/
7https://developers.google.com/beacons/eddystone
8https://altbeacon.org/
9https://github.com/google/uribeacon

10https://developers.google.com/beacons/eddystone
11https://accent-systems.com/product/ibks-105/
12https://accent-systems.com/product/ibks-plus/
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dian, the average and the last value over the values
filtered by a Kalman Filter, and a standard devia-
tion filter, where the average is applied over all the
values excluding the ones above one standard de-
viation from the mean [6, 7]. Figure 5.2 shows the
filtered values using this methods to filter raw RSSI
data retrieved from an indoor room.
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Figure 3: Results of applying filters to the raw RSSI
data.

5.3. Location Algorithms
The purposed solution will have two locations
modes: room-level location and accuracy location.
For the room-level location, the location of the mo-
bile device corresponds to the room associated with
the beacon which was detected with higher RSSI.

Regarding the accuracy location, a radio propa-
gation model has to be first considered in order to
estimate the distance between the asset tag to the
beacons. There are many radio propagation mod-
els to accomplish this [8], but in our solution we’re
going to use log-distance path loss model [9].

Equation 1 describes the relationship between
RSSI and distance when applying the log-distance
path loss model. RSSI is the RSSI at the receiver for
the distance d, RSSId0 is the reference RSSI mea-
sured at a known distance d0, n is the path loss
exponent, which depends on the environment con-
ditions. Xσ is a zero-mean normal random variable
with standard deviation, reflecting the attenuation
caused by flat fading. Since RSSI is already being
filtered, and in order to simplify the model, this
parameter is being considered to be 0.

RSSI = RSSId0 − 10n× log10

(
d

d0

)
+Xσ (1)

Plotted in figure 5.3 is the RSSI-distance decay
with real data retrieved for an outdoor environ-
ment. In this example RSSId0 = −52 dBm (for
d0 = 100 cm), and the exponential path loss as a
value of n = 2, 7.
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Figure 4: RSSI decay as distance from the receiver
to the BLE beacon increases on an outdoor envi-
ronment.

After applying this method, and using the dis-
tances from three beacons, trilateration is applied.
In order to do this, consider (x, y) to be the esti-
mated position of the mobile device. Given a set of
N beacons detected by the mobile device, the dis-
tance from each beacon i, located at (xi, yi), to the
mobile device can be expressed as in equation 2.

d2
i = (x− xi)

2 + (y − yi)
2 (2)

For N detected beacons, we end up with the
equation system represented in equation 3.

d2
1 = (x− x1)2 + (y − y1)2

...
d2
N = (x− xN )2 + (y − yN )2

(3)

In theory, this system would have a single solu-
tion as the represented circles would intersect in a
single point. However, this doesn’t occur since the
distance from the beacon to the mobile device isn’t
accurately estimated due to the RSSI variations. In
order to solve this system, we firstly considered it as
an optimization problem [1]. One another method
we also lineazired the system to solve it using the
least squares method.

For the optimization problem, we cosidered two
error functions. Firstly, the one in equation 4, and
next, the one in equation 5, where we prioritize the
lower distances to beacons, since they have lesser
error. Boundaries of the room where it is a pri-
ori known where the device is located can also be
considered.

min
x∈R
y∈R

N∑
i=1

(
di −

√
(x− xi)2 + (y − yi)2

)2

(4)
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min
x∈R
y∈R

N∑
i=1

1

di

(
di −

√
(x− xi)2 + (y − yi)2

)2

(5)

For the least squares method, we linearized the
equation system 3, which can then be solved using
the least squared method x = (ATA)−1(AT b).

This methods will then be evaluated in a further
section in order to find out which is best suitable to
be applied in the MVP.

6. Connecting Asset Tags using Internet of
Things

For the solution MVP under construction, Sigfox
was decided to be used as the IoT communication
link. The reasons for this were mainly due to the
low effort on managing the network, where there
is no need to install extra communication infras-
tructure, like base stations in every new hospital,
allowing for a quick and low cost installation.

6.1. Message Protocol and Information Types
There is interest in sending the following data from
the device: beacon information (for location pur-
poses), movement information, battery and temper-
ature indications. For the battery and temperature
indications, 1 byte is reserved for each one.

First of all, for each beacon for the beacon ID,
we compressed it to use only 2-bytes, giving the
possibility for over 65000 unique beacons. Beacon
RSSI occupies 1 Byte. Regarding timestamps, they
are sent in time intervals in order to the message
send timestamp, occupying 4 bits, as explained in
figure 6. Assuming that location messages have a
periodicity T , considering a time interval value sent
x and that the message was received at the Sigfox
back-end at instant R, then the instant t where the
beacon was seen is between the interval defined in
equation 6.1.

R− (x+ 1)
T

16
< t < R− x

T

16
(6)

Send Timestamp

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Time interval between messages

Time interval where the beacon was seen time 

Transmitted time value

Figure 5: Implemented method to send intervals
where the detected beacon was seen by the mobile
device. In this example, the transmitted time value
is 12. The time interval where the beacon was seen
is represented.

In order to send the device movement history, a
similar solution is implemented. In this case, 12 bits
of payload are reserved for the device movement his-
tory, where each one represents an interval in order

to the send timestamp, like in figure 6.1. For a given
bit b, assuming motion messages have periodicity T ,
and considering messages are received at the Sigfox
back-end at instant R, then the instant t where the
device detected movement is between the interval
define in equation 7.

R− (b+ 1)
T

12
< t < R− b

T

12
(7)

Send Timestamp

time 

11 10 9 8 7 6 5 4 3 2 1 0

0 0 0 1 0 1 0 0 0 0 0 0

bit number

Time intervals where motion ocurred

Time interval between messages

Figure 6: Implemented method designed to send
time intervals were the device detected movement.
In this example, movement occurred in the time
intervals represented by bits 6 and 8.

Combining this information, we defined a mes-
sage protocol from the tag to the back-end.

7. Detecting Device Movement
In order to detect movement, asset tags are
equipped with an accelerometer. There two main
objectives for the movement detection: attribute a
status to each monitored asset - moving, stopped
or stationary - and to help the device decide when
it is the best moment to do a BLE location scan.
There is the need to define a movement criteria to
know if the tag is moving or not. Some initial ex-
periments, with the device that is going to be used
as the asset, tag were done in order to understand
the capabilities it’s accelerometer.

The device was firstly picked up and transported
to another room, experimenting with different ac-
celerometer threshold configurations, to simulate
someone transporting a device. It was also trans-
ported using an office chair. Some results for this
two experiments are shown in figure 7.

Based on this data, the chosen accelerometer
threshold was 0, 08gm/s2 and the movement cri-
teria defined as following:

• At least 5 accelerometer events need to happen
in 10 seconds

• Considering the timestamp of the last detected
accelerometer event tl, at least another ac-
celerometer event must be detected in the time
window between tl − 15 and tl − 10.

8. Bluetooth Beacon Signal Analysis
Several experiments were done to understand BLE
RSSI properties, using the same devices used on
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Figure 7: On the left, the device was attached to an
object. This object picked up and transported to
a table on another room. On the right, the device
was attached to a office chair. This chair was then
transported just like the previous experiment. The
accelerometer logs are shown.

the proposed solution: Accent Systems iBKS 105 as
BLE beacons and LOKA V2 as the receivers (which
will be further clarified, in a next section).

8.1. RSSI Over Time
Figure 8.1 present the RSSI when placing a bea-
con 2 meters away from the receiver in an indoor
corridor. The radio transmission power configured
on the beacon is 0 dBm with an advertisement in-
terval of 100 milliseconds. The mobile device was
configured to listen for BLE advertisements for 115
seconds.
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Figure 8: Values of RSSI for a beacon placed 2 me-
ters away from the receiver on an indoor environ-
ments. On the left of each image we can see the
RSSI fluctuation over time. On the right, an his-
togram for those values.

As expected, the BLE signal is varies through-
out the time. A standard deviation of 3, 77 dBm
was reported. The same experiment was done in an
outdoor environment where the standard deviation
was calculated as 1, 01dBm.

8.2. RSSI versus Distance
Following this initial experiment, experiments were
done in order to empirical understand how the RSSI
varies for different distances in the same environ-
ment conditions. We measured the RSSI for dif-

ferent distances, and different environments. From
this data, we applied the log-distance path loss
model, obtaining the results in figure 8.2. It can
clearly be seen the non linear relationship between
RSSI and distance, rapidly decreasing for low dis-
tance values, being hard to distinguish RSSI be-
tween distances, in higher distances.

0 200 400 600 800 1000 1200 1400
Distance (cm)

(80

(70

(60

(50

(40

(30

(20

RS
SI
 (d

Bm
)

Experimental measurements f r c rrid r
Fit with all p ints (n=2.39)
Experimental measurements f r standard r  m
Fit with all p ints (n=2.97)
Experimental measurements f r  utd  r
Fit with all p ints (n=2.72)

Figure 9: RSSI decay as the distance increases in
the different studied environments. Path loss ex-
ponent has a value of n = 2, 39 for the corridor,
n = 2, 97 for the indoor room and n = 2, 72 for
outdoor.

8.3. Interference with Human Body and Direction
of the Receiver Antenna

Two more phenomenons that can make RSSI val-
ues fluctuate are the interference with human bod-
ies and antenna direction. We reported an aver-
age 7 dBm difference in RSSI when a human body
is obstructing the line of sight between the beacon
and the receiver. An average difference of approx-
imately 5 dBm was also reported between position
of maximum and minimum direction gain of the re-
ceiver antenna.

9. Location Algorithms Assessment
Several experiments were done to find which algor-
tithms are better suitable to estimate the position
of the device.

9.1. RSSI Filtering Algorithms Assessment
As explained before, five filters were considered
to be applied over the RSSI measurements re-
trieved from the device: average over all RSSI val-
ues (AVG), median of the scan (MED), average
(AVGK) and last value (LSTK) over the RSSI val-
ues filtered by a Kalman Filter and excluding values
who are deviated by one standard deviation (con-
sidered outliers) from the mean value (STD). This
filters are evaluated when used to find the accurate
distance and the room-level distance.

To understand which method is the best for the
accurate location, we measured the RSSI for dif-
ferent distances and asserted which method better
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estimates the real distance. Figure 9.1 illustrates
the results of this experiment for an indoor envi-
ronment. Based on this, we decided to use aver-
age as the RSSI filter. We also did experiments to
find which would be the best beacon advertisement
frequency and device BLE scan interval to be con-
figured, in order to extend the battery life of the
devices while maintaining a good estimated error.
We found out a 10-second BLE scan combined with
1 advertsiment per second on the beacons would be
a good fit.
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Figure 10: Obtained estimation error for the dif-
ferent methods of estimating the distance from the
BLE beacon to the receiver in an indoor envriron-
ment.

A similar experiment was done for the room-level
location, where we divided a test site into several
sections, measured RSSI values from beacons placed
per room for each section, and calculated the loca-
tion errors. This experiment is illustrated in figure
9.1. The median turned out to be the best filter,
with 57 errors in a total of 540 location scans. We
also tested with different scan intervals and beacon
advertisement frequency, and chose to use a scan
interval of 10 seconds with a beacon advertisement
frequency of 1 advertisement per second, being the
parameters that extended battery life, while main-
taining a good location error.

Figure 11: Description of the test site. Each one of
the black circles represents the location each one of
the deployed beacons. The blue rectangles repre-
sent the division in section for each room and cor-
ridor.

9.2. Testing Accurate Location Algorithms
We tested the previous explained trilateration
methods in two different sites, where we placed sev-
eral BLE beacons, considering and not considering
room boundaries. The best method of solving the
trilateration turned to be the optimization with the
weighted error function, where we obtained an av-
erage error error as low as 229 cm. An example of
one of this experiments is described in figure 12.
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Figure 12: Example of the experiment done in Cen-
tral Pavilion of Tecnico Lisboa.

10. Development of the Minimum Viable
Product

The Minimum Viable Product was developed
throughout the work using LOKA13 as the asset
tag, Accent Systems BLE Beacons as the location
beacons and Sigfox as the IoT technology. The
application back-end and business application were
developed using Python14 and Django15. Figure 13
gives a general overview over the application archi-
tecture.

BLE Location 
Beacon - Accent Systems Asset Tag - LOKA V2 (C++)

BLE Advertisements 
- Eddystone BLE Advertisements 

- Eddystone

Sigfox - Communication Protocol

User
(Browser)

Application Backend (Python)
User Application (Django)

HTTPS

User
(Browser)

HTTPS

User
(Browser)

HTTPS

User
(Browser)

HTTPS

BLE Location 
Beacon - Accent Systems

HTTPS WebSocket API Calls

Application Middleware (Python)

HTTPS REST API Calls

Sigfox Backend
LOKA Backend

Application 
Permisses 

Figure 13: General overview over how the applica-
tion works and it’s architecture.

10.1. LOKA Asset Tags
This tags were programmed implementing the fur-
ther features in order to be attached to assets and

13https://loka.systems
14https://www.python.org/download/releases/3.0/
15https://www.djangoproject.com/
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operate as asset/location tags. Figure 14 illustrates
one of these tags.

Figure 14: Example of a LOKA used as asset tag on
the MVP. This devices are attached to the objects
or devices to locate.

In order for the tag to locate itself, two types of
scans were defined: an ACCURACY SCAN, where
the three strongest beacons and their RSSI are
saved (for trilateration), and a PROXIMITY SCAN
where the strongest beacon is saved, as well as the
scan timestamp (proximity algorithm).

Regarding the motion status, using the previ-
ously defined movement criteria the device asserts
its status, which can be: MOVING, STOPPED
(when the device stops for 60 seconds) and STA-
TIONARY (when the device stops for 15 minutes).

The communication protocol defined several mes-
sages such as: TURNED ON, being sent when de-
vice is turned on carrying accuracy scan data. AC-
CURACY LOCATION, sent every 2 hours carry-
ing ACCURACY SCAN, temperature and battery
data. STARTED MOVING, being sent when the
device starts moving. PROXIMITY LOCATION
and MOVING messages are sent every 15 minutes
after the device started moving, depending respec-
tively if the device status change to STOPPED or
not during that time interval, carrying location his-
tory and motion data. A STATIONARY message
is sent when the device status turns to STATION-
ARY, carrying ACCURACY SCAN data.

Figure 15 illustrates the state machine pro-
grammed in the asset tag.

INITIAL STATIONARY

TURNED ON MESSAGE ACCURATE LOCATION
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EVERY 2 HOURS

MOVEMENT 

START 

STARTED MOVING
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MOVEMENT
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MOVEMENT

STOP 

ACCURACY SCAN ACCURACY SCAN

AFTER 30 SECONDS 

MOVEMENT CRITERIA

AFTER 30 SECONDS

MOVEMENT CRITERIA 

STATIONARY MESSAGE ACCURACY SCAN

AFTER 15 MINUTES

MOVEMENT CRITERIA

MOVING MESSAGE

PROXIMITY LOCATION
MESSAGE

EVERY 15 MINUTES

OR

PROXIMITY SCAN

ACCURACY SCAN

Figure 15: State machine programmed in the asset
tag.

Regarding energy consumption, we considered a
case where the device on average sends 25 mes-
sages, performing 35 location scans throughout the

day, with 45 minutes of continuous movement, dis-
tributed throughout the day. The average consump-
tion would be 480µA and the estimated battery
lifetime is 295 days considering we would use two
1, 5 V Energizer Lithium Batteries with a capacity
of 3400 mAh16.

10.2. Application Back-end and Front-end
After messages are sent from the device through
the Sigfox network, they arrive at LOKA’s back-
end platform. From there, using a middleware
developed in Python, our application can retrieve
messages through a websocket connection. When
this connection is established, messages immedi-
ately flow from LOKA’s back-end to the middle-
ware as they arrive, being stored in MySQL17 and
a MongoDB18 instances for later treatment. For the
MVP, a simple user interface was also constructed
where users can manage the MVP as well as their
assets. Figure 16 illustrates an example of this in-
terface.

(a) Accurate location exam-
ple.

(b) Movement status exam-
ple.

Figure 16: Device info pages.

11. Minimum Viable Product Assessment
In order to evaluate the MVP, a pilot implemen-
tation was done in the Civil Pavilion of Tecnico
Lisboa. The objective was to locate two cleaning
trolleys that cleaning services use to transport ac-
cessories during their shifts. Figure 11 illustrates
the locations where beacons were placed, as well as
the defined accurate location zone, where four bea-
cons were placed for this purpose.

Several BLE location scans were done to evalu-
ate the positioning system. Regarding the room-
level location, we obtained an error ratio of 3%. In
the accurate zone, we obtained an average location
error of 3, 36 meters.

16http://data.energizer.com/pdfs/l91.pdf
17https://www.mysql.com
18https://www.mongodb.com
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Figure 17: Deployed beacons at the Civil Pavilion
of Tecnico Lisboa. An accurate location zone was
also defined, and four beacons were placed there for
accurate location purposes.

When tracking the cleaning services trolleys, the
locations retrieved using the MVP fitted the de-
scription done by the cleaning services, as what
were their path throughout the operation. Figure
18 exemplifies one of these experiments.
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Figure 18: One example of the path retrieved using
the MVP for one of the services done.

12. Conclusions

Throughout this thesis we developed a Minimum
Viable Product which is now ready to be deployed
in an healthcare facility to locate medical equip-
ment at the room-level, and retrieve it’s motion sta-
tus. This solution is essentially composed by loca-
tion beacons, location tags and a web-server appli-
cation where the users can manage their assets. For
this solution the deployment is effortless when com-
pared with other market solutions as, for example,
there is no need to run a large amount of Ether-
net cable or use power outlets. Location beacons
used by the MVP have a estimated battery lifetime
of 28 months, while the asset tag has an estimated
battery lifetime of 300 days, depending on the use
case.

Regarding our results, on the pilot test done, our
solution was able to locate devices at the room-level
with a low error rate as low as 3%. Accuracy loca-
tion zones can also be defined, where the solution
was able to locate the asset tag with an average

error of 3, 36 meters. When combining the loca-
tion data and the status data of the monitored de-
vices, our pilot test was able to track trolleys of the
cleaning services in the Civil Pavilion of Tecnico
Lisboa. The path done by the trolleys, detected by
the MVP, fits the pattern of operation described by
the cleaning services.

In future work, we first intend to do another pilot
to test the MVP in a healthcare facility. Through
this pilot, we will enter a continuous development
and validation cycle, where we will ımprove and up-
grade the solution using the end-user’s feedback.

We’re considering ways of improving the accu-
racy location estimation. An efficient framework of
setting up and calibrating location beacons for the
accurate location also needs to be developed. User’s
input is also one feature we’re considering by hav-
ing configurable buttons on the asset tag, as well
as ways of detecting if an asset is turned on/off.
The solution front-end is also set to be improved.
LOKA’s battery lifetime also needs some improved,
which can be one by optimizing the BLE location
scan.
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