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Abstract—Many applications related to the Internet-of-Things,
such as tracking people or objects, robotics, and monitoring
require localization of large networks of devices in dynamic,
GPS-denied environments. Ultra-WideBand (UWB) technology
is a common choice because of its precise ranging capability.
However, allowing access and effective use of the shared UWB
medium with a constantly changing set of devices faces some
particular challenges: high frequency of ranging measurements
by the devices to improve system accuracy; network topology
changes requiring rapid adaptation; and decentralized operation
to avoid single points of failure.

In this paper, we propose a novel Time Division Multiple
Access (TDMA) algorithm that can quickly schedule the use of
the UWB medium by a large network of devices without collisions
in local network neighborhoods and avoiding conflicts with
hidden terminals, all the while maximizing network usage. Using
exclusively the UWB radio network, we realize a decentralized
system for synchronization, dynamic TDMA scheduling, and
precise relative positioning on a multi-hop network. Our system
does not have special nodes (all nodes are equal) and it is
sufficiently scalable for real-world applications. Our method
can be applied to implement device localization services in a
large spaces without GPS and complex topologies, like malls,
museums, mines, etc. We demonstrate our method in simulation
and on real hardware in an underground parking lot, showing
the effectiveness of its TDMA schedule for relative localization.

Index Terms—TDMA, multi-hop network, distributed localiza-
tion, Ultra-WideBand, mobile ad-hoc network (MANET)

I. INTRODUCTION

NDOOR localization and tracking have the potential to

unlock a plethora of new concepts and applications for
public space enhancement [1].

The rapid development of hardware and software technol-
ogy needs to address a higher demand for accurate localization
services, such as person tracking, crowdsensing, and device
localization [2], [3]. In particular, a scalable system with few
or no dependencies on fixed infrastructure is highly desirable,
allowing for faster deployment and reduced effort for users.
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While many paths have been explored, it is still very chal-
lenging to deploy a scalable system with mobile and dynamic
nodes [4]. Accurate tracking can be acquired with expensive
sensors (e.g. multiple cameras, LiDARs, radars, etc.), but their
cost limits their applicability for the Internet-of-Things (IoT).
Building infrastructure support to provide localization based
services is the most common approach: satellite-based GPS
or from cellular systems (5G, LoRa) are mostly for outdoor
use and can have low localization accuracy depending on
the environment. Camera arrays and radio beacon setups can
provide indoor localization, but can be expensive and labor-
intensive to set up, limiting their scalability.

EM-based localization is usually lower cost and more
suitable for IoT devices. Wifi, Bluetooth, and RFID have
respective techniques for indoor positioning, however with
limited accuracy [3]. Ultra-Wide Band (UWB) is also used for
localization, using ultrashort pulses to achieve very accurate
and high-frequency ranging as well as transmitting data, which
makes it an ideal choice for indoor localization.

Anchor-based UWB localization has been widely commer-
cialized [5], [6]. However, commercial systems mainly use
Time Difference of Arrival (TDOA), a technique which re-
quires nanosecond clock synchronization between anchors [7].
This limits the scalability of the system as a high level of syn-
chronization accuracy is hard to maintain in distributed system.
In addition, the positions of agents are usually calculated by
a server in centralized fashioned, requiring an available low-
latency communication infrastructure. To maximize scalability,
we target a distributed system with minimal infrastructure
support.

Two way ranging (TWR) [8] is a more flexible ranging
solution, enabling arbitrary pairs nodes to perform distance
measurements at any time. The key challenge with TWR
is the access control to a shared medium, i.e. the UWB
communication channel. Ranging using TWR takes signifi-
cantly longer than simply broadcasting a message, requiring
a medium access control (MAC) mechanism to coordinate
the measurements across all devices at a given location.
Time Division Multiple Access (TDMA), Frequency Division
Multiple Access (FDMA), and Code Division Multiple Access
(CDMA) are general strategy for MAC in many networks [9].
TDMA allows several devices to share the UWB channel
by dividing the medium access into different time slots. For
accurate localization, we want to maximize the number of
ranging measurements, therefore requiring high utilization of
the available time slots.

Our requirement of high channel usage for the system
prevents the use of a contention-based TDMA [10] as the
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potential of collisions is very high. Another major category of
distributed TDMA algorithms is based on request and response
negotiations [11]. However, these techniques usually require
several iterations to converge, which makes them difficult
to apply in dynamic networks where the topology changes
frequently. In this paper, we propose a novel distributed
TDMA algorithm that allows conflict-free scheduling with
almost full channel usage. In addition, our method supports
multi-hop networks, where slots can be multiplexed and used
by nodes that are two hops apart. Another major advantage
of our method is that scheduling can be obtained and updated
iteratively, making it suitable for dynamic networks of mobile
devices. Without loss of generality we apply our TDMA
algorithm to a UWB network.

The mobility of devices poses challenges not only for
TDMA scheduling, but also for the localization of nodes in
the network. Cooperative localization can help improve the
localization performance for a large scale network [12]. In our
system, each node cooperates with its neighbors to construct a
local topological map, which is broadcast to recover the global
map of the network, allowing for the localization of multi-hop
device network.

The constraints of our application scenario (1. without fixed
calibrated anchors , 2. large distributed network management,
and 3. dynamic network topology) call for a new approach
to the MAC control of UWB channels. One that optimizes
UWRB access to grant the best localization accuracy from high
measurement rates. Our contributions can be summarized as:

« a scalable decentralized network management to be used
for relative localization in mobile ad-hoc networks;

« a novel TDMA algorithm that allows fast convergence
and full channel usage;

« a neighborhood topological map construction algorithm
to be used for global cooperative map recovery.

II. RELATED WORK

UWB technology has attracted substantial attention due to
its high ranging accuracy. Beside the centralized usage of
anchor-based systems [13], [14], point-to-point ranging started
receiving more attention [4], [15]-[17]. These results show
the advantage of UWB for multi-agent systems, but due to
the small number of UWB nodes in the experiments, network
usage has not yet been explored. Ridolfi et al. [18] analyzed the
scalability of UWB-based localization and showed the huge
impact of the coordination protocol on scalability. Qin et al. [7]
designed a BLAS system that uses UWB for the localization
of a multi-agent system. They divided the agents into parent
and child groups: the parent agents act as moving anchors and
create a coordinate frame for the system. They proposed a
distributed clock synchronization in parent agents to maintain
a high clock precision. This enables the child group to get the
position by time-of-arrival (TOA) measurements. The biggest
advantage of this system is the number of child agents is
theoretically unlimited because they only passively receive
the pings from the parents. Although the child nodes have no
conflicts, the communication between parent agents still needs
to be coordinated. Qin et al. use round-robin as distributed

TDMA to achieve collision-free broadcasting from parent
agents. However, this solution assumes all the parent agents
are fully connected, which limits the scalability of the system.
Macoir et al. [19] also uses an anchor-based TDOA strategy,
but it is designed for relatively large scale networks. The
authors divided the network into multiple small cells to cover
large areas. Unlike the passive child nodes from [7], Macoir
et al [19] schedule active slots for mobile tags to broadcast
messages and use a server connected with the anchors to
calculate the positions. The server is also responsible for slot
assignment and thereby forming a centralized system.

Zhu and Kia [20] proposed a negotiation-based dynamic
TDMA algorithm across the UWB network, G.M. ter Horst [4]
developed an anarchic TDMA algorithm based on the
DESYNC algorithm [21]. Both methods only consider one-
hop collisions, so that collision can occur for hidden nodes at
neighborhood boundaries.

The most widely used MAC control on UWB is the
IEEE802.15.4-2011 protocol [22], integrated with the De-
cawave 1000 [8] chip, which is the most popular commercial
UWB chip on the market. The protocol uses Carrier Sense
Multiple Access with Collision Avoidance (CSMA-CA) or
slotted ALOHA [10], [23] to avoid collisions. However, these
two strategies are only applicable to lightly loaded networks
that have a small probability of collisions. In our case, we want
to maximize channel usage for accurate localization. To the
best of our knowledge, this work is the first to apply dynamic
TDMA for UWB localization in multi-hop ad-hoc networks
with mobile devices.

Compared to the some TDMA techniques available for com-
munication networks, our application has several additional
requirements: 1) the maximization of channel usage to increase
the localization frequency; 2) rapid time slot scheduling to
account for dynamic topologies; 3) decentralization to avoid
the need for fixed infrastructure.

The TDMA slot assignment in a wireless network can be
seen as an extension of the vertex colouring problem in graph
theory, with the additional constraint of needing to avoid
collisions in 2-hop neighborhoods [24]. The problem was
proven to be NP-complete [25], and several heuristic solutions
were proposed [24]-[26] to get the near-optimal results with
full knowledge of the network topology.

When considering a distributed system where nodes only
receive messages from neighbors, some works (FPRP [11],
DRAND [27], DICSA [28], PCP-TDMA [29]) propose
negotiation-based algorithms to find the smallest frame with
conflict-free scheduling. After scheduling, all nodes in a
network need to agree on the same frame size to execute
the slot schedule with the same frame reference. We believe
that this strategy is not the best strategy for a highly dynamic
network, as it would require fast global consensus of the frame
size across the network. Furthermore, when a node makes a
proposal during negotiation, it has to wait for the feedback of
all neighbors, potentially leading to long convergence times
if the neighborhood size is large or the network topology is
complex. For similar reasons, practical mobile networks use
fixed-length frames such as USAP [30] for military telephone
networks and VeMAC [31] for vehicular ad-hoc networks



IEEE INTERNET OF THINGS JOURNAL, VOL. , VOL. 14, NO. 8, AUGUST 2020

(VANETS).

Since the size of the frame should be larger than the
total number of nodes in the network, these protocols may
have several unused time slots. Researchers found a balance
between frame size stability and channel usage by doubling
or halving the frame size, such as in USAP-MA [32] and
Dynamic-TDMA [33]. Cao and Lee proposed VAT-MAC [34],
a VANET with a changing frame size, relying on a roadside
unit (RSU) infrastructure. In our method, we use a fixed frame
size that equals the total number of nodes allowed in the
system. Despite this static allocation, we have high channel
usage since we always allocate all the available time slots to
the neighborhood’s devices.

The overall goal of our system is to localize nodes within
the network. We use least square optimization to find the
coordinate of the nodes by carefully selecting reference nodes
to do trilateration [35] and iterative multilateration [36], [37]
with located nodes. However, considering the distributed and
dynamic characteristics of our network, applying two-way
ranging between all nodes in the network in real-time can
be challenging [38], [39]. Therefore, we propose a two-
stage strategy: we create a local relative localization map and
then merge the local maps to get the whole network spatial
information.

III. SYSTEM OVERVIEW

With the goal of accurate localization in a dynamic UWB
ad-hoc network, we developed a fully decentralized system
that does not require any fixed infrastructure. By designing
a novel MAC protocol, nodes can make full use of the
channel to get ranging measurements across the network. Our
system includes four main modules: synchronization (to align
the frame boundaries), distributed TDMA (to get collision-
free slot assignments), relative localization, and global map
merging.

Synchronization and distributed TDMA are related to the
MAC protocol of the UWB network, while relative localiza-
tion and global map merging combine the devices’ ranging
measurements and are executed in the time slots assigned by
the MAC protocol.

Fig. 1 shows the system architecture from the perspective of
a node with ID . All nodes are identified by a unique ID, are
considered equal in the network, and run the same software.
The overall localization runs in a cycle with n time slots,
where n is the total number of nodes in the network. This
choice is without loss of generality: this number is usually
known for a given application, and not all devices need to be
active or present.

Each node is automatically assigned the slot with the same
ID as the node. At the beginning of each frame, each node
checks its synchronization with the node with the lowest ID
in range, ensuring that all frames start at the same time.

All the time slots in a frame can be divided into: own time
slot, extra time slots, and passive time slots. The purpose of
distributed TDMA is to find conflict-free extra slots to improve
node’s localization capability. Every time a device is in its own
slot (predefined as the ID of the device), the node broadcasts

TDMA scheduling packets. Nodes listen to the network during
passive slots.

Finally the devices use relative localization to build a topo-
logical map of their neighborhood. Distributed TDMA helps
nodes to gain extra slots, which enables them to do ranging
and broadcast these measurements. Each node constructs the
local map from its own ranging measurements as well as
the measurements received from its neighborhood. Each node
broadcasts its local map and merges the other nodes’ maps
when received, progressively converging to the global map.
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Fig. 1. System architecture of a node. Synchronization is checked at the
beginning of each frame period. Distributed TDMA allows each node to be
assigned with slots for ranging and broadcasting range measurements. Each
node constructs a local node map from its own ranging measurements and
the measurements received from its neighborhood.

Own time slot Extra time slot

IV. FRAME-BASED SYNCHRONIZATION

Synchronization is usually needed for systems with pure
TDMA scheduling [40]: nodes need to have the same clock
to wait for the time of their own slot. Considering that the
network might be large and highly dynamic, it is not easy to
effectively synchronize the entire system. In our case, we let
the nodes synchronize the beginning of each frame instead of
the true clock. We use two techniques to achieve distributed
synchronization:

« Each node broadcasts the time offset to the starting of its
frame;

« Each node listens to the offset of its neighbors and adjusts
its offset using the neighbor with the smallest ID as
reference.

The data usage used by transmitting an offset is less or
at least not greater than for transmitting the clock. Using a
reference (the lowest ID node in the neighborhood in our case)
can also improve the synchronization speed with respect to a
peer-to-peer gradient time synchronization setup [41].

V. DISTRIBUTED TDMA

As long as all nodes in a neighborhood have the same frame
start reference, the slot ID can be used as an index of the
unique time period for controlling the access to the shared
medium. Nodes also collect information from two-hop neigh-
bors to avoid conflicts at the interface of the neighborhood.



IEEE INTERNET OF THINGS JOURNAL, VOL. , VOL. 14, NO. 8, AUGUST 2020

Many TDMA algorithms [42], [43] use two-hop neighborhood
information to assign unallocated slots: our main contribution
is a strategy to quickly allocate all these free slots with
minimal conflicts in a distributed manner. To describe our
algorithm, we define valuables as shown in Table I.

TABLE I
NOTATIONS THROUGH THE PAPER

n the largest ID in the system.

the set of node IDs.
U={ulueN1<u<n}

the k-hop neighbor set, consisting of the IDs of
i nodes exactly at k hops from node <.

the all neighbor set, consisting of the IDs of
nodes at most at k hops from node 3.

k .
aNF = N/
i=1

the send slots set, consisting of the IDs of slots
assigned to node 1.
the free slots set, consisting of the IDs of slots
that are not assigned to node <.
fSi =U\sS;
the candidate slots set, consisting of the IDs of
cS; slots that are not assigned to any node in aNiQ.
cSi= () fS;

jEaN?
the sibling neighbor set, consisting of the IDs
of nodes sharing the same candidate slot sets in
2-hop range of node 1.
sN; : {jleS; = ¢S, Vj € aN2,i # j}
the shared slots set, consisting of the IDs of
shared candidate slots of node ¢ that are within
2 hops but 1) are not in sN; 2) are in ¢S; that
is not a superset of ¢S;.
shdS; = [ ¢S;

jeQ

Q : {klk € (aN? \ sN;), ¢S, P cSi}

sS;

fSi

SNi

shdS;

A. Frame structure

Each frame contains two cycles of communication slots, one
for immediate neighbors, and one for two-hop neighbors. The
number of slots in each cycle is equal to the maximum number
of nodes allowed in the system. This represents the lower
bound of the frame size if all nodes are to communicate in a
fully connected network [25]. We believe that this constraint is
not critical as our system can assign arbitrarily large numbers
of slots to each device and fully use the available bandwidth,
as well as guaranteeing that all devices get at least one
communication slot.

Frame Structure

Slots:| 1 l 2 l 3 l

G AN J
Y Y
Cycle A Cycle B

e[ 2[5 = [=]~

Fig. 2. The frame structure of the system. Each frame includes two cycles of
slots from 1 to n. n is the maximum number of nodes allowed in the system.

As shown in Fig. 2, each frame has a two-cycle structure.
Each cycle has n slots, with n is the maximum number of
nodes that the system can support.

By default in each cycle, node ¢ takes slot 7, i.e. the
slot with the same ID (called own slot). This ensures a

lower bound of two slots per frame when all nodes share
the same neighborhood, meaning we have a fully connected
network. When a node moves and leaves some other nodes’
communication range, certain time slots become idle. When
idle slots are detected, the nodes dynamically assign these slots
to improve their update frequency, as described in Section V-C.

The reason why we use two cycles (A and B) in each frame
is to have a stable propagation of information of 2-hop nodes.
Each node broadcasts its own ID, used and potential slots in its
slot of cycle A, and the information of its neighbors in its slot
of cycle B (see Fig. 3). Using this two-cycle broadcasting, each
node acquires the latest two-hop neighborhood information at
each frame. This information is fed into the distributed TDMA
scheduler for conflict-free scheduling. As the slots schedule
for two cycles are the same, we explain frame as n slot for
simplicity.

B. Data packet format

We use different packet formats for the own slots in cycle A
and B, as well as for extra slots. For own slots in cycle A the
broadcast packet contains node ID, candidate slots (¢S), and
send slots (s5). Every node reached by the broadcast collects
the information in its local memory. For own slots in cycle B,
the packets contain every neighbor’s ¢S and sS, effectively
propagating 2-hop information across the network.

Own slot in cycle A

lseffi>: i [ cs, | s, |

Own slot in cycle B

|SelfID: i [Neib.D:j| ¢S, [ sS; | eee
Extra slots

ISeIfID: i I i I j IRanging meas.]]Ranging age]]

Fig. 3. Communication data packet format used in the three types of time
slots in the system.

The extra slots are used for ranging with neighbors. After
the ranging task is completed, each node broadcasts a times-
tamped ranging result. This transmission avoids repeating the
same measurement from two directions and provides global
knowledge of inter-node distance across a neighborhood.

C. Scheduling

With the goal to improve channel usage through rapid
scheduling, we propose an algorithm that solves the scheduling
problem in small number of iterations. By listening to the
data broadcast by neighbors in their own time slots, each node
knows the free slots it can take over. The key idea behind how
we solve the assignment is to first find the unique free slots
set for the node itself, and then evenly distribute the free slots
with neighbors. As shown in Fig. 4 where two nodes ¢ and j
have candidate slots ¢S; and ¢S; respectively. The idea is that
i takes {ele € ¢S;,e ¢ ¢S;}; j takes {ele € ¢S;, e ¢ ¢S;}, and
then ¢ and j evenly share the remainder {e|e € ¢S;,e € ¢S;}.

However, when considering a real deployment with many
nodes in a complex network topology, this is difficult to
achieve. We propose Alg. 1, that can safely and quickly
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(C

Fig. 4. Our approach to the assignment problem: the two ellipses stand for
the free candidate time slots ¢S; and cS; for nodes ¢ and j respectively. ¢
takes {ele € ¢S, e ¢ cS;}; j takes {e|e € cSj,e ¢ ¢S;}, then ¢ and j
evenly share {ele € ¢S;,e € cS;}.

complete the allocation of all free slots. We show a complex
but representative example of four nodes with four different
candidate time slots in Fig. 6.

The input of the algorithm is the received packets from all
neighbors. The packets include ¢S and sS for all neighbors
in 2-hop range. As described in Section V-A, this information
is guaranteed to be received in one frame. This scheduling
algorithm is executed once at the start of every frame based
on the information received in last frame.

The algorithm has two key concepts among all definitions
above: the sibling neighbor set (sN;) and shared free slots
(shdS;). sN; of a node i contains the neighbors within 2 hops
which have the same candidate slots as as ¢ (as previously
defined). One example of sibling neighbors are nodes placed
in close proximity that share the same neighbors and 2-
hop neighbors. shdS; are slots to be assigned, either shared
between sibling neighbors or to 7.

(step 1-c)

(step 2)

Fig. 5. Slots scheduling process corresponding to Alg. 1. The candidate slots
set of four nodes (n;,n;,nk,np) are shown as ellipses with color, marking
the possible intersections between the ellipses with letters from A to G. The
disappeared color means the slots in the set are assigned after a step (step O
— stepl — step2).

The process is formalized by Algorithm 1, which is also

represented graphically in Fig. 5. This algorithm is fully
decentralized, and it is executed by every node independently
(for this reason, Algorithm 1 omits the subscript notation for
the sets). After listening for neighbors (line 1 in Alg. 1) for
one frame, each node stores the received messages, including
candidate slots, send slots of its 1-hop and 2-hop neighbors.

Fig. 5 shows the ¢S sets of four nodes (n;, n;, i, ny) as el-
lipses, marking the possible intersections between the ellipses
with letters from A to G. Each intersection set represents a set
of time slots.

Algorithm 1: TDMA Schedule for slots distribution.

input : rcvPackets
output: cS, sS
listenNeighb(rcvPackets);
sS <= 0;
cS <={1,2,3,...,n};
aN? < N'UN?;
forall ele € aN? do
| ¢S < cS\elesS
end
shdS < self.cS;
forall ele € aN” do
if self.cS == ele.cS then
| sN.add(ele);
end
else if self.cS ¢ ele.cS then
| shdS < shdS\ (self.cSNele.cS);
end
end
if size(sN) > 0 then
| sS <« distribute(shdS)
else
| sS <= sSUshdS
end
cS < cS\ shdS
broadcast(cS, sS)

Lo R W N =

SRS [ - =
SRREBEEZSISnEZRE=

We call this initial state of the system step 0. Alg. 1 proceeds
with the initialization of some variables, including the creation
of an empty set of sending slots (s5, line 2), a candidate slots
set (¢S, line 3) initialized with all slots from 1 to n ( with
n the total number of nodes in the network), and a set that
includes all 1-hop and 2-hop neighbors (a N2, line 4). Then
the ¢S is updated by removing all the send slots (sS) of its
neighbors and 2-hop neighbors. The remaining elements in ¢S
are the free slots, which initialize shared slots (shdS, line 8).

The next loop identifies sibling neighbors and shared slots.
Going through all neighbors, if a node finds a neighbor ele
with the same ¢S, it adds ele to the sS (lines 10-11). If
the neighbor is not a sibling and its ¢S is not a superset
of the node’s ¢S, the node removes the common candidate
slots elements (i.e. the intersection) from shdS (lines 13-15).
This rule makes sure the nodes can find unique shared slots
to allocate. Take node % in Fig. 5 as an example: as no other
node has the same ¢S, ny does not have sibling neighbors.
The ¢Sy, of ny are {C, D, E, G}, which are used to initialize
shdSy. When nj compares its c¢Sj with those of n; and
n,, the intersection {C, D, E} is removed from shdSj. The
comparison with n; does not have any effect since the ¢S; of
n; ({B, C, D, E, F, G}) is a superset of ny’s ({C, D, E, G}).
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Similarly for n;, its shdS; is {F} after removing {B, C, D,
E, G} as intersections. Doing so for each node leads to unique
shdS: {A} for nj, {F} for n;, {G} for ny, and {E} for n,,.

After performing the above operations, the elements in
shdS are safe to use for each node. Each node shares its
shdS with its sibling neighbors if it has any (lines 18-19), or
else adds shdS to its own sS (lines 20-21). Then each node
updates ¢S by removing the remaining shdS. The new sS and
¢S are broadcast in the next frame. At this point, some slots
are still not assigned, like slots in {B, C, D}. These slots are
assigned in the next frame.

After each node broadcasts its information in its own time
slot, all nodes receive the results from step O and reach the
state as shown in step 1 in Fig. 5. In step 1, following the
same procedures for step 0, nodes n; and n; become sibling
neighbors as they all have the same ¢S {B, C, D}. After
checking for intersections ny and n, (that are not siblings),
have shdS={B}, as step 1-a of Fig. 5 shows in orange. The
sibling neighbors distribute their shared slots evenly (line 19),
which means both n; and n; get part of {B} without collisions.
Shared slots can be distributed by fairness, ID, or other rules,
as long as the rule allows for unique assignments from local
decisions. nodes ny, and n,, still do not have sibling neighbors
and therefore they just do the intersection check: nj ends with
shdS={C} at step 1-b and n,, with shdS={D} at step 1-c. All
free slots are assigned and no candidate slots are left in step 2.

A major advantage of our algorithm is that we can quickly
and safely assign all free slots, no matter how many slots in
each set from A to G. This allows our system to have a fast
response to dynamic topology changes.

Let us consider a specific example of a multi-hop network in
Fig. 6: the four nodes (n;,n;,ng,np) are within each other’s
communication range and form a cluster connected by solid
black lines. Other surrounding nodes with ID 1 to 6 are 2-
hop neighbors for the cluster. The dotted line between two
nodes means they are in 2-hop range or that they are a hidden
node [9] for each other. Node 1 is connected with n;, and
broadcasts in time slot 1 (its own slot). Therefore, n; must be
silenced in time slot 1, otherwise the node between n; and 1
would detect a collision. As the Fig. 6 illustrates, there exist
candidate slots {2, 3, 4, 5, 6} for n;, {1, 2, 3, 4} for n;, {3, 4,
5, 6} for ny, and {4, 5} for n,,. It takes 3 iterations to allocate
all candidate slots as listed in Tab. II.

It can happen that the shdS becomes empty after removing
intersections with the ¢S of neighbors. This situation can cause
a deadlock: we let the node aggressively takes all the ¢S when
detecting no changes in ¢S for more than 3 frames to break
the deadlock.

D. Node arrival and departure

Algorithm 1 allocates all free slots, which means that in
any 2-hop sub-graph, the shared channel medium is fully used.
Therefore, when a new node enters the 2-hop neighborhood
of a cluster of nodes, it generates unavoidable conflicts: at a
minimum, its sending slot collides with the schedule of the
cluster. We provide a two-step solution to quickly resolve the
collision. Suppose node ¢ enters the range of a cluster B, the

— In range
------ In 2 hops range

| In:(2,3,4,5,6]

Dnj:{1,2,3,4}

Fig. 6. Example of the candidate slots of four nodes (n;,n;,nk,np) in a
multi-hop network. The number sets at the bottom are the candidate slots. A
black solid line indicates that nodes are in direct communication range, and
the blue dotted line indicates they are at 2-hop distance.

TABLE II
SLOTS DISTRIBUTION PROCESS FOR EXAMPLE IN FIG. 6
Step0 Stepl Step2 Step3
ne S || {23456} [ {23456} | {234} 0
v sS; {si} Sq {s:,2} {s:,2}
oSy [ {1234F [ {12347 | {2347 )
7855 {s;} {s;.1} {1} | {s;.1}
n ¢Sy {3.4,5,6} {3.4,5,6} {3.4} 1]
ko s {sx} {516} {5£:6,3} | {s£,6,3}
n cSp {4,5} {4,5} {4} [
P sSp {sp} {sp5} {sp54} | {sp.54}

first step is to have B release ¢’s own slot. As we do not
have precise clock synchronization, it is likely for nodes in B
to receive a message from i. When a node in B receives a
message from ¢, it adds ¢ to its neighbor list and propagates
its presence to the rest of B, freeing ¢’s own slot.

A second step is to avoid collisions between the extra slots
of 7 and B. We set that the node with the larger number of
send slots must release the slots causing collisions. After ¢ is
allocated its own slot, ¢ broadcasts its ¢S; and sS; and receives
the same information from neighbors. When ¢ finds it shares
a slot s from sS; with a 1- or 2-hop neighbor j (assume
node j € B, and ¢ # j), namely s € (sS5; N sS;), ¢ checks
the number of its sS;: if it has more slots in sS; than the
conflicting neighbor, it removes s from sS;. Conversely, if j
has more sS; than ¢, j releases s. If both nodes have the same
number of send slots, the node with the lowest ID releases s:

sS; if card(sS;) < card(sS;)
S 55; if card(sS;) = card(sS;) and i > j 0
’ sS; \'s if card(sS;) = card(sS;) and ¢ < j
sSi\ s if card(sS;) > card(sS;)

With this solution, collisions can be solved in one frame.
Note that the collision-free part of the previous scheduling
result is maintained, which allows the system to adapt to a
new schedule. This behavior is replicated if multiple nodes
join the neighborhood at the same time.

If a node leaves the neighborhood, its slots should be
reassigned. When a node ¢ stops receiving messages from a
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neighbor j, ¢ removes j from its neighbor list, as well as
releasing all slots assigned to j. These time slots become can-
didate slots and participate in TDMA scheduling as described
in Section V-C.

E. Fairness and extra slots

Considering n number of slots in one frame, to guarantee
a fair slot allocation, if a node 7 has a number of send slots
size(sS;) > 2n/size(aN?), meaning more than twice the av-
erage allotment of its neighborhood, n; releases as many slots
as needed to reach size(sS;) = n/size(aN?). The released
slots become candidate slots for its 2-hop neighborhood and
follow the scheduling algorithm in Section V-C.

The role of the extra slots depends on the application. For
our localization purposes, each node performs two tasks in the
extra slots:

1) ranging with one of its neighbors;

2) broadcast the ranging measurement.

Every node maintains an age list of its neighbors and selects
the ranging target which has the oldest ranging measurement.
It is worth noting that the measurements are also updated
from the neighbors’ measurement broadcast, avoiding repeated
mutual ranging in short intervals.

VI. RELATIVE LOCALIZATION

Some wireless sensor network localization systems use an-
chors or landmarks with known positions, and use centralized
control to propagate the position results [44]. We propose a
collaborative localization system based on ranging using UWB
sensors [37].

The proposed TDMA algorithm maximizes the use of the
UWB channel, allowing ranging measurements between all
nodes at high frequency. Using the ranging information, each
node can construct a local topological map of its neighbors’
positions. By broadcasting, receiving, and fusing the local
maps, the nodes can converge towards a global map.

In this work, we consider the 2D localization for the
nodes in the system. Node i has a neighbor set N}, and
it creates a graph of its surroundings as G;(V;, E;) where
Vi={wlt=tiorte N}}and E; = {eylk,j € Vi,i # j}.
For construction of a local map M;, the goal is to find:

M; = {X;|X; = (zj,y;) € R?, j € Vi}

Similarly, for the recovery of the global map, the goal is to
find:
ME = {X;|X; = (x;,y;) €R?, j € W}

where W= (J Vj.
JEN;

A. Local map construction

To build the nodes’ local maps, we use a similar method
as the initialization stage of our previous work [37]. The
difference in this work is that each node estimates the map
locally. Given our hypothesis of a highly dynamic system,
waiting for all ranging measurements to be propagated to build
a global map as in [37] can introduce significant errors due

to the use of outdated measurements. Therefore, each node
creates a local map using the latest ranging measurements
(which is therefore always up-to-date), and then merge the
local maps at a later stage.

To build a local map, each node selects two neighbors
as reference nodes to initialize the coordinate frame. The
choice of reference nodes can greatly influence the localization
accuracy. Yang [35] proposed the idea of the quality of
trilateration to find appropriate reference nodes from nodes
with known positions. Priyantha [12] proposed a relative
localization algorithm by first selecting five reference nodes,
and then applying an optimization process. In our case, the
nodes do not have any neighbor with known positions. We
propose a reference node selection that considering the ex-
pected trilateration performance, the number of neighbors, and
the timestamps of the ranging measurements.

O Trilateration nodes
O Multilateration nodes

O Origin node

O Axis seeds

Fig. 7. Local map construction with nodes of different roles. The origin node
and axis seeds (reference nodes) are used to create the coordinate frame.
Nodes that have measurements to the reference nodes use trilateration to get
their position. The rest estimate their position by multilateration to the nodes
that already localized.

As showed in Algorithm 2, the system includes two parts:
local map construction (lines 1-19) and global map recovery
(lines 20-24).

Each node creates a map of its neighbors based on its own
ranging measurements (named rangeMeas) as well as received
measurements (named receivedMeas).

In Alg. 2, rangeMeas[tID, range, age] indicates an ego
ranging measurement to the target neighbor tID, and receive-
dRange[sID, tID, range, age] indicates the received range
measurement from node sID to node tID. All these range
measurements are timestamped to allow the node to use the
latest measurements.

The construction of the local map is divided into three
stages. Consider a node 4: the first stage is to find reference
nodes to create the coordinate system (lines 1-5). Node ¢ uses
its position as the origin of the coordinate frame (line 1). @
then identifies another node X Seed to define its x axis. The
selection of X_Seed is based on three criteria (line 2):

1) the number of common neighbors with node ¢ should be

large, which is found by sorting size(N;' N N}), where
j €Nk
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Algorithm 2: Map construction for relative localization

input : neighbList, {rangeMeas[tID, range, age]},
{receivedMeas[sID, tID, range, age]}, receivedMaps

output: localMap, globalMap

Origin <= (0,0);

2 X_Seed < Top(sortedCommonN eighb(Origin) N

e ® N & n oA

sortedRange(Origin) N sortedRangeAge());
Y_Seed < Top(sortedCommonN eighb(Origin) N
sortedRange(Origin, X_Seed) N sorted RangeAge());
CS < coordinate Frame(Origin, X_Seed,Y _Seed);
locatedNodes.add(Origin, X_Seed,Y _Seed);
suspendSet < () ;
for ele € neighbList \ locatedNodes do
if rangeTo(Origin, X_Seed,Y _Seed)exist then
elePos < trilateration(Origin, X _Seed,Y _Seed);
locatdNodes.add(ele Pos);
else
| suspendSet.add(ele) ;
end
end
for ele € suspendSet do
elePos <= multilateration(ele, located N odes);
locatdNodes.add(ele Pos);
end
globalOptimization(locatedNodes, range Pairs);
for map € receivedMaps do
if overlayVertex Num(global M ap, map) > 3 then
globalGrap < Merge(global Mraph, map);

end

end

2) the node should be as far as possible from ¢, which is
selected by sorting e;;, where j € N; , e;; € rangeMeas;

3) the measurement should as recent as possible, which is
selected by sorting the ages of e;;, where j € N;, e;; €
rangeMeas.

Then node ¢ uses similar criteria to select another node Y_Seed
to define the y axis. Suppose node ¢ select node j as X_Seed
and k£ as Y_Seed. The mutual distances between i, j, and k
are [d;j, djx, d;x]. @ calculates the coordinates of j and £ as:

X;= (O7O)a
X, = (di;,0),
@242 — 2 2+ -2\ @
Xk- _ ik 1] ik + d2 _ ik 17 Jk
2d;; ’ ik 2d;;

which corresponds to line 4 in Alg. 2. Note that we use the
positive value for the Y coordinate of Xj. Then X_Seed and
Y_Seed are added to locatedNodes with their coordinates.

In a second stage, each node localizes the remaining neigh-
bors with respect to the itself and the two reference nodes
by trilateration (lines 6-14). Sometimes neighbors do not have
ranging measurements to all reference nodes, or the ranging
measurements are outdated. In this case, the node cannot
perform trilateration and it is added to suspendSet (line 12)
to be reexamined at a later stage. The nodes with successful
trilateration are put into locatedNodes (line 10).

In a third stage, each node attempts to localize the nodes j
with j € suspendSet using the existing ranging measurements

using least squares multilateration (lines 15-17) [37]:

Yo (= = X,

k€locatedNodes

‘X"i*

3)

= arg n}(ljn
with X the computed coordinates of node j. Following this
procedure, a node can acquire the coordinates of all neighbors
that can be located in the local map. These nodes are added
to locatedNodes. However, these coordinates do not consider
the error model of the ranging sensor.

UWB sensors have two-way ranging error that depends
on many factors [45]. Lederberger et al. [46] introduce a
Gaussian process error model for UWB ranging. However,
this model requires knowledge of the relative angle between
UWB antennas, making it impractical for our system. We
apply a least square optimization to the coordinates of all
nodes except for the origin and the y coordinate of X_Seed
(that are all zero). Equ. 4 shows the globalOptimization step
of line 19 in Alg. 2: all mutual distance measurements for
nodes in locatedNodes are used to find the optimal coordinate
estimations. The coordinates from the previous stages are used
as the initial value for the least square optimization.

>

i,jElocated N odes
Ty , X5, ], t € locatedNodes \ X_Seed
X_Seed t

X* = m/’\ifn (dij — |1 X — Xj”)2

4
X*

B. Global map recovery

Once a node ¢ has built its local map M;, it broadcasts it to
its neighbors. When a node 7 receives a map from a neighbor
J, it merges j’s map M; to its local map M; if the maps share
common nodes.

The key to merge different maps is to estimate translation,
rotation and reflection with respect to a given axis [47], [48].
In our case, reflection on the x axis might be induced since
nodes always select the positive value for the Y coordinate
of the Y_Seed node. Therefore, compared to a classical 2D
transformation, we add an extra parameter related to reflection
to the transformation matrix. Suppose node ¢ has its own map
M; and receives map M; from node j. The goal is to find
the transformation '77 = [R, T, F] from j to i in to place the
nodes that only exist in M; in ¢’s coordinate frame:

7; =R, T,F]
[ cos(f) sin(0) o

R= |—sin(f) cos(0) 0 € (=pipi
[ 5

T = t“”},tx,tye]R ®)
Lty
10

F = 0 ’J ,Yy=1lor —1

where [R,T,F] correspond to the rotation, translation, and
reflection matrices, respectively.

A node can start merging two maps if the maps have more
than three common vertices (lines 20-24 in Alg. 2). We use
V(M;NM;) to indicate the common vertices between M; and
M;. We use a least squares optimization to find the optimal
transformation 7 *:
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(X{ - (R-F-X{ - T))’
tevs, (6)
where V, =V (M; N M;).

X! stands for the coordinates of node ¢ in node i’s coordinate
frame. With 7, the node can transform the vertices in V(M \
M;) to its coordinate frame to get a merged map M

mj; = {X|t € V(M;\ M;),X; =R-F-X] - T}

(7
MZ-G = M; Umj,

where m\; indicates the transformed map in n;’s coordinate
frame consisting of the vertices that are unique to M;.

VII. EXPERIMENTS
A. Simulations

We perform a set of simulations to assess the scalability
of the proposed algorithm. The algorithm is run in a custom
simulator written in Python and run on a laptop with 16GB
of memory and an Intel i7-6700HQ processor. We simulate
different numbers of nodes in an arena with a size of 50m x
50m. The communication range between nodes is 5m. The
nodes are randomly distributed in the arena, as shown in Fig. 8.
We use three different orders of magnitude (10, 100, 1000)
for the number of nodes in the system to simulate different
deployment densities. We allow a maximum of 50 frames for
the TDMA scheduling. The length of each time slot (as ts;o¢)
is defined as 3 ms (the time for an UWB raging operation [4]).

Fig. 9 shows the scheduling process for a system with a
distribution of 100 nodes in Fig. 8, meaning there are 100 slots
in a frame. Each node starts with a send slots set with only
its own slot, and they have an average of 78 candidate slots
available to assign. The number of candidate slots decreases
quickly over time, which means the slots are assigned. All
candidate slots are assigned around the 6th frame and each
node is given 27 slots on average. The initial peak in the send
slots suggests some form collision. Collisions are resolved in
one frame (by releasing slots) and therefore the number of
send slots quickly decreases.
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Fig. 8. Random distribution of 100 nodes in a area of 50m*50m arena.
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Fig. 9. Scheduling process of a system with 100 nodes, distributed in an
area of 50m*50m. The average number of send slots and candidate slots are
plotted. At the start, each node has 1 send slot and an average around 79
candidate slots. Around frame 6, all the candidate slots are assigned and each
node got around 27 on average.

The distribution with 1000 nodes is quite dense as shown in
Fig. 11. Using the same setup for the arena and slot size, we
run each experiment 30 times and show the aggregate results
in Fig. 10 and Table III.

Fig. 10 also plots the average number of frames needed to
assign all the candidate slots (“frames” in the plot). We can see
the increase in the number of frame iterations is fundamentally
linear even for an exponential increase in the number of nodes.
The average number of send slots increases significantly from
10 to 100 nodes, but due to the increase in density, it is
basically unchanged from 100 to 1000 nodes.

In Table III, N_Frame_cy is the number of slots in a cycle of
one frame, which has the same value of the number of nodes
(n) in the network, and N_Neighbors is the average number
of neighbors of each node. Density is the ratio between the
“communication area” occupied by all nodes and the total area
of the arena [49], as shown in Equ. 8. As the size of the arena
is fixed, it is linearly related to the number of nodes.

N xR?
Density = *Lig (8)
where R =5 and L = 50 in our experiment.
The average (Avg) and standard deviation (Std) for frame
iterations (Frames) and resulting send slots (sS) listed in
Table III correspond to Fig. 10.

Finally, we report some additional measurements:

T_Frame_cy = tg;,¢ - N_Frame_cy
avg_T_Frame_cy = 2 - Avg_Frame - T_Frame_cy
Avg_sS
N sS=——"— 9
-5 T_Frame_cy ©)
LN_sS = (1 + N_Neighbors) - N_sS

Total_N_sS = N_sS - N_Nodes

T_Frame_cy is the time taken for each frame cycle;
Avg_T_Frame is the average time needed for scheduling
considering two cycles; N_sS is the average number of slots
per node per second, which indicates the number of range each
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TABLE III
SCALABILITY STUDY
10 nodes | 100 nodes | 1000 nodes
N_Frame_cy , N_Nodes 10 100 1000
N_Neighbors 0.28 2.29 28.73
Density 0.31 3.14 31.41
Avg_Frames 1.00 6.41 20.76
Std_Frames 0.0 1.25 9.46
Avg_sS 7.89 27.01 28.28
Std_sS 0.89 1.71 8.66
T_Frame_cy 0.03 s 0.30 s 3.0s
Avg_T_Frame 0.06 s 3.84 s 124.8 s
N_sS 263 90.03 9.43
LN_sS 336.4 296.2 280.3
Total_N_sS 2630.0 9003.33 9433.33

node can measure per second; LN_sS is the total number of
slots used by a local neighborhood per second, including the
node and its neighbors; Total N_sS is the total number of
slots per second across the whole network, indicating the total
number of ranging measurements can be made in the system.

From Table III, we can see the number of frames used
in scheduling (Avg_Frames) does not increase significantly
between 100 and 1000 nodes. However, the time duration
(Avg_T_Frame) is still large compared to a 100 nodes con-
figuration: this result is acceptable considering the extremely
high density of devices (see Fig. 11 for an intuition).

In terms of network usage, N_s.S is equal to 1/t5,¢ (=333.3)
when there are no neighbors. For the 10 nodes configuration,
which is quite sparse, the average number of slots (N_sS) for
each node is 263. The slots used by local neighborhoods on
average (LN_sS) is 336.4. This is because the average number
of neighbors (N_Neighbors) is only 0.28.

For the other configurations, the LN_sS have a similar
value. This is due to the fact that some of the slots are used by
two-hop neighbors. To find the maximum of Total_N_sS, we
give consider the maximum number of nodes N,,., allowed
in the arena without any intersections of their communication
ranges, i.e. when each node can make full use of the channel:

L? _50-50
TR?2  7-5-5
Npaz 1S less than the ratio between the
and the communication area. Therefore,
Total_N_sS can not be larger than N,,q, - 1/t50¢, Which is
10600. We can see in the configurations of 100 and 1000
nodes, the results are close to full channel usage.

Niaz < =31.8 (10)

area of the arena
the maximum of

B. Hardware setup

We test the system with a physical implementation with 12
nodes, as shown in Fig. 12-b. Except for the unique ID of each
module, all modules are identical. Each module consists of a
Raspberry Pi 3 A+ with a Decawave 1000 [8§] UWB module
from Pozyx [5] as its ranging and communication sensor. All
processing is performed on-board, with the exception of the
global map construction, which is done on a separate computer
used by the system operator. All communication between
nodes is implemented through the UWB channel, while a
802.11 network is used for control and debugging. Please
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Fig. 10. Scalability study with 10, 100, and 1000 nodes. Frames stands for the
average number of frames used before all the candidate slots are distributed.
Send slots shows the average number of result slots each node gets.
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Fig. 11. Random distribution of 1000 nodes in a area of 50m*50m arena.

note that since the ceramic antenna of the Pozyx modules is
directional, we place the modules upright as shown in Fig. 12-
a to minimize orientation-related issues.

We conduct 3 sets of experiments to validate the system. To
evaluate the performance of TDMA scheduling and reschedul-
ing, we consider three situations: new nodes joining, nodes
leaving, and multi-hop scenarios.

To show the fast response of our system to changes in high-
traffic conditions, we test the effect of joining and leaving
nodes in a static, fully connected scenario, by placing the
nodes in proximity and turning on/off the nodes that are
joining/leaving.

We also test our algorithm in a dynamic environment by
moving the nodes from a fully connected network to a multi-
hop network. This result shows the conflict-free scheduling
and slot multiplexing usage in a complex network topology.

Finally, we conduct a comprehensive experiment to test the
spatial map construction for a dynamic network with mobile
devices. This last experiments shows that the system can
localize the devices using ranging in the assigned time slots.
Each node can construct its own local spatial map and recover
the global map using local communication.
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Pozyx UWB module |

Fig. 12. The hardware modules used as nodes in our experiments. Each
module consists of a battery, a Raspberry Pi 3 A+, and a Pozyx module
based on the Decawave 1000 UWB chip. All the processing is done onboard
and all the communication between nodes passes through the UWB channel.

C. New nodes joining

Without TDMA (or with Carrier Sense [22]), the system
may encounters a large number of collisions since all nodes
attempt to achieve high channel usage.

We place twelve modules together on a desk as shown in
Fig. 12-b. Starting the nodes in sequence, we can emulate new
nodes joining the network. We start nodes 1, 3, 4, and 5 at first.
After two minutes, we start nodes 6, 8, 12, and 13. Finally,
we start the remaining nodes: 7, 9, 10, and 15.

The scheduling process results are shown in Fig. 13. The
numbers from O to 29 on the x axis represent the slot IDs.
We use 30 slots in our system (with slot 0 is reserved the
processing of TDMA algorithm). We select the 30 to have a
more visible scheduling result to show. The system can be
viewed as system supporting a maximum of 30 nodes, but
only 12 nodes are studied. Each slot had a duration of 50
milliseconds due to firmware limitations of the Pozyx module.
Ter Horst et al. [4] show that a 3 ms slot is enough to perform
ranging measurements using the same Decawave 1000 UWB
chip, but for a different type of module. Our system could be
set to similar values on different hardware.

Having 30 slots of 50 ms means each frame is 3 seconds
due to our organization of two cycles per frame (see Fig. 2).
On the x axis, we show the 30 slots of the first cycle (cycle
A) of the frame as the scheduling is identical for both cycles.
Considering 12 nodes and 50 ms slot size, each node can be
assigned at least 2 slots per frame (one own slot and one extra
slot). Therefore, the lower bound slot use for each node is 4
slots every 3 seconds. The y axis is the frame count, increasing
in time, meaning that the plane forms a grid showing the
assignment of slots in time with colours assigned according
to the assigned node identity. This reporting is a general way
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Fig. 13. TDMA scheduling results for a system with new nodes joining.
Nodes group {1, 3, 4, 5}, {6, 8, 12, 13} and {7, 9, 10, 15} are started
gradually. This result is from the perspective of node 4, but it is the same
for everyone in the network as they are fully connected. The X-axis is the
slot ID and the Y-axis is the frame iteration, representing the time. A total
of 30 slots are configured. We can see that when a new group of nodes join
the system near frame 35 and 53, the system can quickly adapt to the new
schedule. All slots are occupied all the time to have full channel usage.

to show the scheduling speed, and it is independent from the
slot size, which can differ based on the system configuration.

From Fig. 13, we can see that slot scheduling can quickly
adapt to network changes and obtain a conflict-free schedules
with full slot use in two to three frames. During the first 3
frames, almost all slots except slots 3, 4, and 5 are assigned
to the node with ID 1 (gray color). This is because when the
first 4 nodes are started, they first synchronize. However, since
the ID of node 1 is the smallest in the neighborhood, node 1
enters the TDMA scheduling phase directly, while the other
three nodes synchronize to node 1 instead.

Therefore, node 1 does not receive any candidate slots or
sending slots information from the other nodes and takes all
idle slots. Note that node 1 does not occupy slots 3, 4, 5 since
its neighbors still broadcast heartbeat messages (i.e. they notify
node 1 of their presence) during synchronization. After the slot
usage fairness check described in Section V-E, node 1 releases
some slots for its neighbors: nodes 3, 4, and 5 can get these
extra slots after they are synchronized. One can see that node 3
gets slot {6, 10, 14, 18, 22} as extra slots starting from frame
3. Node 4 and 5 get {7, 11, 15, 19, 23 } and {8, 12, 16, 20, 24
}, respectively. All the remaining slots are occupied by node
1. The four nodes share from slots 6 to 25 periodically: this
is because they are sibling nodes, and get a shared slot set of
{6-25} during scheduling.

Around frame 35, we turn on four additional modules with
ID 6, 8, 12, and 13. We can see that once the new nodes
are detected, their own slots {6, 8, 12, 13} are released
immediately. As the number of neighbors increase, the older
nodes notice they are using too many slots during their fairness
check and begin to release slots. The change of slot owner
is reflected with color changes for columns {9, 17, 21, 25,
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TABLE IV
SLOT DISTRIBUTION FOR NEW NODES MERGING SCENARIO

ID Stage 1 Stage 2 Stage 3
1 1,2,9,13,17,21,25,26,27,28,29 1,2,28,19 1,2,29
3 3,6, 10, 14, 18, 22 3,9,10,14,18,22 3,11,22
4 4,7, 11, 15, 19, 23 4,7,11,15,17,19,23 | 4,14,19
5 5, 8, 12, 16, 20, 24 5,16,20,21,24 5,16,24
6 6,25 6,1,25
8 8,26 8,20,26
12 12,27 12,27,28
13 13 13

7 7,18
9 9,21
10 10,23
15 15

26, 27}. Some collisions do occur during scheduling on these
slots, which are indicated by the colored dots next to the
columns. We can see that the collisions are resolved within
five frames (mostly in two frames), leading again to full slot
usage. Following a similar process, we turn on the remaining
four nodes, which reach a new schedule after 3 frames. The
resulting schedule for each node during the three stages of the
experiment is shown in Table IV. Please note some slots have
a short white gap: this is due to the initial synchronization of
the newly added nodes.

D. Nodes leaving

We tested the system with the same setting as the nodes
joining experiment, but starting with all modules turned on,
after which we turn off two groups of 4 nodes in sequence.
First, nodes with ID 7, 9, 10, 15, followed by nodes 1, 3, 4,
5. The scheduling results are shown in Fig. 14, with the same
axes and content format as Fig. 13.

We can see that the slots are always fully used for the three
stages: the system adapts to the new schedule as soon as the
nodes detect the departure of a set of nodes. The free slots
are allocated by the remaining nodes and reach a conflict-free
schedule. The scheduling result of each node in every stage is
listed in Table V.

Please note that the white gaps are mainly caused by the
nodes leaving the system: we have set a timeout of 3 frames
without messages from a node before considering that it has
left the neighborhood to avoid rescheduling due to network
noise. A short gap can also be caused by synchronization
induced by the departure of the node with the smallest ID
(which is used as a reference). This happens during the
transition from stage 2 to stage 3, when the node 1 is turned
off. In this scenario, node 13 took three frames to synchronize
with the new reference node 6, leading to the gap for slot 13.

E. Multi-hop TDMA scheduling

We tested the system in the indoor parking lot at Poly-
technique Montreal as shown in Fig. 15. The parking lot has
very thick walls and makes it easy to set up a multi-hop
network. We first put all modules together in one parking spot
as depicted in Fig. 16-a. They form a fully connected network
with a TDMA schedule shown at the bottom of Fig. 16-a in
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Fig. 14. Scheduling result of experiment that nodes leave the network. Starting
from all modules powered on, we first turn off nodes with the ID of 7, 9, 10,
15 near the frame 10, and then turn off nodes 1, 3, 4, 5 near frame 30. This
plot is based on the logs from node 13. We can see when nodes left near
frame 10 and 30, the released slots are allocated by the rest nodes and reach
a conflict-free schedule.

TABLE V

SLOT SCHEDULE FOR NODES LEAVING SCENARIO
D Stage 1 Stage 2 Stage 3
6 6,17,28 6,17,28 1,5,6,14,17,24,28,29
8 8,19 8,19 2,7,8,16,19,25
12 12,22 12,22 3,10,12,20,22,26
13 13,23 9,13,15,18,23 4,9,11,13,15,18,21,23,27
1 1,2,24,29 | 1,2,7,10,20,21,24,29
3 3,11,25 3,11,25
4 4,14,26 4,14,26
5 5,16,27 5,16,27
7 7,18
9 9
10 10,20,21
15 15

Fig. 15. Multi-hop experiment test field at parking place.

the column “Stage 1” of table VI. We can see they reach a
conflict-free schedule.

In a second stage of the experiment, we move the modules
to other parking spots, forming a multi-hop network topology
as shown in Fig. 15. The connectivity graph of the nodes is
shown in Fig. 16-b with lines between nodes indicating a data
and ranging connection.

The scheduling result is displayed in the color block of
Fig. 16-b, as well as listed in the column “Stage 2 in Tab. VI.
The slot schedule shown in Fig. 16 is plotted using the log
of each node, which includes its own time slot and the slot
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Fig. 16. Multi-hop network TDMA experiment. Twelve modules are moved
from (a) to (b). The slots scheduling is shown with the color block under the
graph. In sub-figure (a), all nodes have the same scheduling as they are fully
connected. When moving nodes to form the topology in (b), they build a multi-
hop network. The bottom part of the figures shows the slot assignment (1 to
29) of a cycle. The boxes colors follow the tags colors (circles). For instance,
in slot 1 of (b) node 8 (green) and 1 (gray) use the channel simultaneously.
This is possible as they are three hops apart in the topology map.

TABLE VI
SLOT DISTRIBUTION FOR MULTI HOP NETWORK
1D Stage 1 Stage 2
10 10, 22 10,21,22
5 5,26,29 4,5,6,26,29
13 13,14,25 9,13,14,24,25
3 3,16,17 3,16,17
8 8,19 1,8,11,18,19,28
12 12,23 2,12,15,20,23
7 7,27 7,27
6 6,24 6,7,14,24,26
9 9,21 9,13,25,29
4 4,18,20 | 4,8,12,18,19,20,23
15 15,28 15,28
1 1,2,11 1,2,11

schedule received from its neighbors.

Taking the top line as an example, node 10 receives the
slot assignment of all its neighbors, namely neighbors 5, 13,
3, 8, 12. Compared with the following row, node 5 only has
neighbors 10 and 13. The advantage of our algorithm can be
seen from nodes that are three hops away: as an example,
nodes 5 and 6 share slot 26 (there are two colors on column
26 of Fig. 16-b) without collisions (the nodes are 3 hops apart,
see the graph in Fig. 16-b).

For this schedule, 21 slots out of 29 are multiplexed (shared
among multiple nodes), leading to full channel utilization.
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F. Map construction

So far, we have proved that our system can effectively per-
form real-time TDMA scheduling with full channel usage. In
this experiment, we explore the relative localization capability
of the system.

In a first stage, we put all nodes in a fully-connected grid
formation, as shown in Fig. 17 and in Fig. 18-a. Using all
available ranging measurements, the nodes can easily recover
their local map. We show the map constructed by 4 randomly
selected nodes (all the remaining maps are similar) in Fig. 19.
We can see that they all have the same relative structure, but
with different coordinates as each node uses its own coordinate
frame.

Fig. 17. Node distribution at the start of map construction experiments. Nodes
are placed in a grid formation occupying an area around 8*12m.

When the nodes are moved to the configuration in Fig. 18-
b, the network topology changes and the nodes rescheduled
the TDMA assignment with the same logic as in the previous
experiments. For this new configuration, we randomly select
3 nodes on the left side and 3 nodes on the right side to show
their local map in Fig. 20. We can see they are able to construct
the correct relative map. Using the local map from node 5 and
1, node 8 can recover the global map as shown in Fig. 21.

VIII. CONCLUSION AND FUTURE WORK

In this paper, we proposed a novel distributed TDMA algo-
rithm that allocate all the idle time slots quickly to maximize
the communication and ranging channel usage on mobile
networks. For us, this high channel usage grant the required
high rate of measurement from UWB device to reach good
localization accuracy. Our fast scheduling strategy also makes
the system suitable for a network with changing topology. We
presented a fully decentralized system that is able to build a
topology map in a UWB-only network. We split the local-
ization problem in the network into local relative localization
and global map merging. Although our system is designed for
UWB localization, our TDMA algorithm can also be applied
to any networks requiring high channel usage, with static or
mobile nodes. We acknowledge that our system is limited
by the fixed size of the slots required in its frame structure
initialized at the start. It limits the TDMA scheduling process
to the update rate of a frame cycle. In future works, we will
implement an adaptive frame size to improve the scheduling
update rate. Furthermore, our neighborhood topological map
may fail if a node is moving fast with respect to our TDMA
cycle. To address this limitation and improve the localization
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Fig. 18. The experiment involves two stages, corresponding to sub-figure
(a) and (b). All nodes start in a grid formation (a), the network is then fully
connected. They are then moved to configuration (b), showing a maximum of
three hops.
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Fig. 19. Local map construction of nodes 6, 1, 13, and 10. They build their
own coordinate system and get the relative localization for other nodes. As
they are fully connected, the relative localization is the same, which is also
the same for the rest nodes.

and tracking performance, we will fuse measurements from
different sensors, such as Inertial Measurement Units (IMUs)
or cameras.
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Fig. 20. Local map construction of nodes 12, 1, 6, 8, 5, and 4 at stage 2.
Every node build a relative location for its neighbors. We can see the map
shows part of the map in Fig. 18-b.

Fig. 21. Global map recovery for node 8 when receiving local maps from
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