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Abstract—Device localization is a common issue on connected
objects and persons. Relative localization is a particular case
where one don’t care about an absolute position, but about
knowing how far and in which direction an object is from a
reference point in an approximate manner. This work makes
part of a larger project which aims to track groups of children
for preventing hazards. In this paper we present a relative
localization system in the form of a distributed multi-hop
routing algorithm deployed on a set of wearable Bluetooth Low
Energy devices. This paper introduces the distributive algo-
rithm, describes its implementation, and presents performance
results which permit to validate the approach and identify the
system limitations.
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I. INTRODUCTION

This paper addresses the problem of relative localization
of mobile nodes, being part of a network of multiple
mobile wireless sensor nodes. GPS-based solutions, which
is a typical high-end localization solution, is generally not
suitable to establish indoor locations, since microwaves are
attenuated by buildings, affecting thus the required coverage
for receivers by at least four satellites. Therefore, other
solutions have been proposed, based on the proximity to
WiFi access points, by using magnetic positioning, dead
reckoning, and Bluetooth beacons.

The spatial localization of a physical object is a techno-
logical challenge that has been tackled since several decades.
Many techniques have been adopted each targeting specific
problem constraints, performance limitations, and cost. In
most cases, the different localization techniques require an
important infrastructure to be deployed in order to permit an
accurate position estimation. Landmarks have been a com-
mon resource for localization. Before the existence of Global
Positioning Systems based on satellites, aircrafts and ships
were using active landmark-based system to compute their
position. These, and more recent localization approaches are
mostly based on the use of a well established infrastructure
(e.g., GPS satellites, fixed antennas) and, although they
provide a reliable global estimation of the absolute position
of any point within the area covered by the landmarks, they
have the drawback of being dependent of the existence on

a costly and complex infrastructure.
The work described in this paper targets a low-cost and

low-consumption solution with the final goal of tracking the
presence and relative localization of a group of children (a
node in our case). We don’t care about the absolute position
of a node but we want to know whether the node is present
or not, and we want to know which nodes are close to each
other in order to reconstruct the topology of the network.
This will allow to track groups of children and generate an
alert when one gets lost.

Our proposal is based on Bluetooth LE, which is not
suitable for precise localization but is commonly used as
an indoor proximity indicator [1]. Besides developing the
required hardware and firmware, the challenge is to come-
up with the appropriate algorithms for ”range-free” relative
localization of the nodes [2]. Contrary to ”range-based”
localization, where one assumes that the inter-node distances
can be accurately measured by special ranging hardware,
in range-free localization, one relies on hop-count schemes,
assuming that hop-count can be related to the Euclidean
distance between the nodes. However, except in simple
cases, the hop count depends on the chosen path from the
source to the sink and is therefore a function of the routing
method employed by the network.

We propose to enrich a hop-count scheme with a hop-
by-hop propagation of messages indicating the proximity of
the sensors to other sensors of the network. Thus, a given
node will broadcast messages advertising its relative distance
to the main node (i.e., its depth), the list of other sensors
nearby, and relaying the messages of its proximate nodes to
a higher level.

This paper is structured as follows: section II introduces
the notion of relative localization, and resumes several
approaches adopted to address this problem, section III intro-
duces the distributed localization algorithm to be proposed
in this paper, section IV describes the implementation of
the algorithm in the form of a BLE based ad-hoc network,
section V presents the experimental setup for validating our
algorithm deployment and the obtained results, and finally
section VI concludes and discuss further improvements of
the system.
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II. RELATIVE LOCALIZATION

Several alternatives to the use of fixed infrastructures like
GPS have been proposed in the field of sensor networks.
Localization is important in wireless sensor networks be-
cause the physical position of each individual node allows
to make sense of the data they report. SHARP [3], for
instance, is a localization system working in two steps. It
uses a first step of relative localization for defining the
position of some nodes called “anchors”. These nodes are
then used in a second step to absolutely locate the rest
of the nodes in the network. Mobile robotics is another
field where alternative approaches for localization have been
explored. Satizábal et.al. [4] proposed a system for relatively
locating points of interests common to a swarm of robots.
They created a virtual gradient of vicinity to the targets
within the population, and used this information to allow
any robot in the swarm to effectively navigate to any target.
Cui et.al. [5] created a similar system, but they additionally
ensured that the group attained dynamically stable ad-hoc
connectivity for communicating the information needed to
reach the targets.

For achieving the realization of such type of localization
systems several ingredients are required: ad-hoc wireless
networks based on a variety of wireless protocols and tech-
nologies, well adapted distributed localization algorithms,
and wearable devices able to support them are the key
elements for building robust localization systems. The next
paragraphs briefly describe the state of the art on these
aspects specially focuse on the localization problem.

1) Ad-hoc communications: Communication systems are
highly dependent on infrastructure (e.g., satellites, anten-
nas). Nonetheless, modern telephones have the necessary
resources for sharing information even when disconnected
from the usual links given by fixed antennas. Some recent
works have tried to leverage these somehow “misused”
properties of mobile phones by providing alternative meth-
ods to create ad-hoc networks of devices able to transport
information outside of the traditional infrastructure in a
transparent manner. An example of such an approach is
the Serval Project [6] which aims to providing infrastruc-
ture for direct connections between cellular phones through
their WiFi interfaces, without the need of a mobile phone
operator. Another example is the SPAN project [7], an
open source implementation of a generalized Mobile Ad-
Hoc Network framework. The project’s goal is to bring
dynamic mesh networking to smart phones and connected
wristband devices and to explore the concepts of Off-Grid
communications.

The possibility of communicating beyond the limits of the
installed infrastructure has lots of advantages and therefore,
these recent ideas already have some applications. UEPPA 1

is the first outdoor safety app, that allows users to alert for

1http://www.ueppa.ch

rescue from anywhere, including from remote areas with no
mobile coverage. It targets hikers that frequently go to areas
with no GSM coverage (e.g., mountains, canyons). In this
application, the location of the users is shared automatically
with other users in range so that users position is relayed
to rescue teams even from places where there’s no mobile
network at all.

2) BLE beacons: Bluetooth low energy (Bluetooth LE
or BLE), also known as Bluetooth Smart, is a technology
specified in the version 4.0 of Bluetooth. It is a part of
several wireless personal area network (WPAN) technologies
defined by the IEEE802.15 working group. The distinctive
feature of Bluetooth LE is its low power consumption.
The use of Bluetooth LE is conceived as an “always-on”
experience, allowing mobile and battery-operated devices to
communicate for extended periods of time.

BLE beacons have appeared in different flavors as com-
petitors to Near Field Communications (NFC). iBeacon,
Eddystone, nearables are a few exemples of BLE beacon
protocols, currently supported by most of smartphones op-
erating systems. BLE beacons advertise a universal unique
identifier (UUID) responsible for defining a “region”. Mo-
bile applications sign-up to monitor known UUIDs, allowing
the mobile device to identify its location based on the
received signals.

3) Distributed localization Algorithms: The problem we
are dealing with is quite particular: we consider an ensemble
of potentially moving wearable devices capable of local
communication and sensing, and we want to verify if a
master module keeps in contact with all the devices. Such
functionality shall not need a direct device-master communi-
cation. The system has to allow the indirect communication
between any device and the master by the collaborative work
of several intermediary devices.

Given that we are dealing with devices capable of
local communication and sensing, we can consider our
system a wireless sensor network (WSN).In WSN there
are several”range-based” localization algorithms, where one
assumes that the inter-node distances can be accurately
measured by special ranging hardware, and “range-free”
localization algorithms, where one relies on hop-count
schemes (i.e., the number of intermediary nodes required
to communicate with the master node), assuming that hop-
count can be related to the Euclidean distance between
the nodes [8]. The approach we propose to study and
develop will be presented in section III. Similar to these
approaches, it integrates some of the previously described
“ingredients”: hop-count and gradient message flooding.
However, our problem is different in that our sensing devices
are potentially in motion, and in that we do not target precise
localization.



III. THE DISCOVERYTREE ALGORITHM

Beacon based localization of objects is already a common
gadget in the form of everyday object finders like Chipolo2

or Tile3. These products are nothing but beacons constantly
advertising an ID allowing to identify a certain object. The
user can thus fix it to his wallet, keyring, or whatever
object they want to track. The tracking is typically done by
generating alerts on your smartphone based on the detection
or not of the beacon. This can be an important limitation
when tracking a group of children making difficult to keep
them at a distance visible by an RF link at all time.

The main goals of Weazard project is to tackle this limi-
tation by extending the visible range of the RF device. One
solution is to increase the transmission power. According to
the BT standard the transmission range can attain up to 100
m, in practice the maximum distance is usually limited to
around 20 m. The main reason for this limitation is power
consumption and environmental conditions (obstacles), in-
creasing the distance implies a quadratic increase on power
consumption, dramatically reducing battery life-time. This
is the reason why we are adopting a different approach.
We will use beacons for relaying other beacons advertising,
increasing in this manner the visible range as depicted in
figure 1.

Figure 1: Each beacon-like device can communicate directly
with neighboring nodes, but also indirectly with the master
node by hop-by-hop propagation of information.

Retransmitting advertisements may be enough for identi-
fying a lost node, but not enough for locating him. In our
algorithm each node transmits information about the relative
location of the beacon. This relative location is given by
the neighbors, which are visible in range. When the loss
of the beacon is detected, the supervisor could receive an
immediate alarm: “Dan got lost, he was seen the last time
by Tom and Clara”.

2https://chipolo.net/
3https://www.thetileapp.com/

In our case, every wearable device will operate as an
advertiser and a scanner. Because the algorithm allows to
identify nearby sources, received signals can be used to
pinpoint neighbors.

The DiscoveryTree algorithm assumes nodes are located
at different distances from the supervisor or master node.
Each node can be associated to a different “depth” or an
onion-like layer. At the beginning each node is unaware in
which layer it is, every node broadcasts periodically in an
asynchronous manner its observations until convergence of
a stable distributively built topology.

Every beacon in the network will constantly recompute
its own tree view by executing the DiscoveryTree algorithm
defined as follows:

loop
ScanBeacons(ScanPeriod)
if master then

depth = 0
else

depth = getdepth(ReceivedBeacons)
end if
myTree = myID
for all received Beacons do

if Beacon.depth > depth then
myTree.append(beacon.tree)

end if
end for
Advertise(mydepth,myTree, advertise freq)

end loop
This algorithm is composed of a main loop performing

periodically a scan of the different beacons advertising
around. After some seconds of scanning, a tree computations
is launched. Initially, each node computed it’s depth on the
tree respective to the master node: after parsing every visible
node, it defines the depth as the lowest observed depth +1.
Afterwards, the node builds the tree by including itself at
the root, and further every sub-tree observed from every
other node with higher depth. Finally, the node defines a new
advertisement message containing its depth and the observed
tree. Avoiding the inclusion of nodes being at lower or the
same depth permits to avoid infinite loops when building the
tree.

As example let’s assume the three node of figure 2, which
are initially unconnected and at the end will converge to a
Master node which sees the slave A, who retransmits it has
seen the slave B.
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Figure 2: Tree before and after the propagation sequence

Master Slave A Slave B

D:255, T: A D:255, T: A

D:0, T: A

D:255, T: A

D:1, T: A(B) D:1, T: A(B)

D:0, T: A(B)

D:2, T: B

Figure 3: DiscoveryTree execution example (D and T the
depth and the tree data for each broadcasting node)

The Figure 3 shows an example of message exchange
between nodes :

• At the beginning SlaveA hasn’t seen anyone, it as-
sumes it is not seen by anyone and broadcasts its
observed depth of 255 (which is the highest possible
value). Both Master and node B receive the message,
now the master knows SlaveA is close.

• The second message is broadcasted by the master. It
states that it has seen SlaveA and has a depth of 0
(master). SlaveA receives the message, and can update
its depth to 1 since it knows it is one hop away from
the master. SlaveB is far away enough for it not to
receive the message.

• The third message is sent by SlaveB that has so far
received only the first message, which is not enough
for estimating it’s position. Because of this, it keeps its

depth at the initial value of 255 (reserved for wondering
devices). However, SlaveA knows SlaveB is close and
will announce it later.

• The forth message, sent by SlaveA, announces its
depth is 1 and has seen SlaveB, with a higher depth.

• After the forth message being received by the Master
and SlaveB, everyone knows the topology. The master
broadcast it allowing SlaveA to be acknowledged
about the update.

• SlaveB knows it’s depth 2. It doesn’t announces
SlaveA since one node only include in their topology
other nodes with a depth strictly higher than itself.
Therefore, it will only announce itself, and eventually
further nodes presented at higher levels.

IV. SYSTEM IMPLEMENTATION

The implementation of the above-described algorithm is
separated on three main parts: device hardware, device
firmware, and network topology visualization.

A. Hardware

Part of the project is a wearable device in the form of an
embedded system equipped with a micro-controller CC2650
from Texas Instruments. The electronic board contains also
sensing capabilities like a 6-axis motion sensor and a gal-
vanic skin response (GSR) sensor, both included for future
use. The whole system is powered using lithium-ion battery
that can be recharged using a wireless charger supporting
the Qi standard. Figure 4 shows the device connected with
the battery and the planar coil used to recharge the device.

Figure 4: Wearable system composed of a BLE enabled
electronic board, a lithium-ion battery and a plannar coil
for the inductive recharge of the battery. Scale in [cm]

B. Firmware and protocol implementation

The implementation of the Bluetooth 4.0+ stack on the
CC2650 micro-controller is done with a real-time operating
system (TI-RTOS). One of the constraints imposed by the
project was the possibility of using the BLE device in



3 operation modes simultaneously: it must (1) send BLE
advertisements, (2) scan for BLE Advertisements and (3)
permit to be connected as a BLE slave device from a
smartphone. The flexibility of the stack provided by the chip
manufacturer allowed this edge use case.

In our implementation of the algorithm, a device scans
for Advertisements for 8 seconds before it updates its own
Advertisement with new data. A device must see at least
one Advertisement of a given node in order to include it in
its Topology. The packet is thrown away once it is parsed.

1) Data structures: The DiscoveryTree protocol imple-
mentation uses only Bluetooth LE Advertisement for its
communication and is implemented over a beacon protocol.
Different beacon protocols coexist on the market, such as
iBeacon, AltBeacon and Eddystone. It is the latter that has
been selected for the project as it contains a variety of
Frames such as UID, URL or EID. 4. The DiscoveryTree
protocol uses an Eddystone-EID frame in order to send its
data. The total size of the DiscoveryTree protocol is 18 Bytes
and its specification is described by table I

Byte offset Field name Description
0 Group ID Id of a network.
1 Device ID Id of a Node. 5 bits (0..31)
2 Depth Number of hops from the master

3 ..17 Tree Topology of observed devices

Table I: DiscoveryTree fields specifications within the
Eddystone-EID payload

2) Tree Representation: The following describe how a
network topology is coded taking into account the limitation
of 15 Bytes and a maximum of 32 nodes in a given network.
The first thing that needs to be addressed is the serialization.
It will be achieved by a left to right parsing. parenthesis will
represent going down the tree ”(” and going up the tree ”)”.
Thus figure 5 can be written as : Emitter(12(34)). Now to
encode the serialized tree, a Huffman coding will be used. 2
bits for parenthesis (11 and 10) and 6 bits for IDs (0 through
31). Since the ID of the emitter is included in another field,
it is not included into the tree. Therefore the tree in figure 5
in its binary form is 000001 000010 11 000011 000100 10.

This representation allow us to encode a tree containing
up to 19 nodes in the best case (wide tree without single
parenthesis) or up to 15 odes in the worst case (deep tree
with many parenthesis) assuming we can leave at the end
unclosed parenthesis. More optimized encoding schemes are
possible, but it remains out of the scope of this paper.

C. Network topology visualization

We have developed an Android application allowing to
visualize the resulting network observed by the master
device.For the Bluetooth connection it use the standard

4https://github.com/google/eddystone/blob/master/protocol-
specification.md

Figure 5: An example of a tree

Bluetooth API provided by Android. To visualize the tree
we use a Javascript library called D35 inside a Android
WebView component.

V. EXPERIMENTAL SETUP AND RESULTS

We setup two scenarios to test our protocol, these scenar-
ios are illustrated by the Figure 6. The main goal of these
scenarios was to validate how reliable was our network in
order to identify present nodes and estimate nodes localiza-
tion based on the observed topology.

Figure 6: Scenarios experimented

A. 1st experiment: Link Validation

In our model, whenever two nodes are close, we assume
they are able to read each others advertisements. This
assumes there is not congestion, no communication errors,
sending and receiving BLE channels are the same, and a
perfect synchrony when one advertises, the other scan, and
viceversa. Unfortunately, it is not as simple as this, and in
order to be sure an advertisement message is received it must
be sent several times. This first experiment was meant to get
a first idea of the reliability between two nodes. Nodes scan

5https://d3js.org/



during 8 seconds, after this they rebuild the tree with all the
messages they’ve received. Advertisements are performed
at higher frequencies in order to have more chances to get
received by scanners. The setup is run several times with a
different advertisement frequencies, table II summarizes the
obtained reliabilities for each frequency.

Frequency samples lost total samples reliability
1.07 [Hz] 17 143 88.11%

1.6 [Hz] 38 369 89.70%
3.2 [Hz] 9 303 97.03%
6.4 [Hz] 4 351 98.86%

Table II: Results for the first experiment

As expected, The greater the frequency, the more reliable
it becomes. It must be said also that the energy consumption
of a device also gets increased with the with the increase of
the frequency.

B. 2nd experiment: Deep Tree

This last experiment was to test the reliability of the
protocol in the case we have several nodes distributed on
a straight line without direct view from the master to every
node. The master can only observe a single node who will
include in its tree the remaining nodes according to the
topology depicted in figure 6. The results can be seen in
the Table III.

Visibility from M samples lost total samples reliability
A 6 342 98.24%
B 17 342 95.02%
C 21 342 93.85%

Table III: Results for the second experiment.

The setup for this experiment was to position each device
at around 8 meters of one another. The results show how
many times a device was lost during a period of 8 seconds.
We can clearly see a decrease in reliability the further it
gets away from the master, which is the expected behaviour.
Pn = Pn

1

VI. CONCLUSION

In this paper we presented a solution for the relative
localization of a set of connected devices. The solution has
the form of a BLE enable embedded system which may be
integrated in a wristband or any other object. It is based on a
multi-hop beacon approach where every beacon announces
not only itself, but also other nodes which are farther away
from a master device.

This paper mainly focused on the distributed algorithm
deployed on a set of BLE devices. We assumed a theoretical
model in which a device is a node on a graph, and the
proximity between nodes is represented like a link between
nodes, which has been validated by the results of the

experiments presented in section V. These results show that
links doesn’t display a reliability of 100% but of up to
98% according to our measurements (table II). Increasing
this reliability is possible by increasing the frequency of
advertisements, reducing the battery lifetime of the device.
A second experiment validates the multi-hop approach, table
III shows that multi-hop beacons are operational and keep a
good reliability (more of 90%), despite the cumulative errors
after 3 hops.

Further work in the framework of the Weazard project
include real test on group of children in both outdoor and
indoor environments, as well as the inclusion of information
from sensors in the advertisement message.
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