2025 Fifteenth International Conference on Mobile Computing and Ubiquitous Networking (ICMU)

HILS: A UWB-Based Hybrid Indoor Localization
Scheme for Multi-Drone Environments

Juwon Hong
Department of Computer Science & Engineering
Sungkyunkwan University
Suwon, Republic of Korea
Email: hongju2024 @skku.edu

Abstract—This paper presents a Hybrid Indoor Localization
Scheme (HILS) for drones operating in indoor environments,
utilizing Ultra-Wideband (UWB) technology to provision a high
positioning accuracy to the drones. The proposed system com-
bines Time Difference of Arrival (TDoA) for initial absolute
position estimation and Two-Way Ranging (TWR) for precise
relative distance measurements between a pair of drones. After
computing their absolute positions via TDoA, the inter-drone
distances derived from these positions are compared against
TWR-measured distances. The discrepancies are iteratively re-
duced by particle filtering to enhance the positional accuracy of
drones in indoor environments. This fusion approach leverages
the complementary strengths of TDoA and TWR to reduce lo-
calization errors. Experimental results in simulation demonstrate
that HILS significantly improves the localization accuracy of a
scalable TDoA-based system.

Index Terms—TDoA, TWR, Ultra-Wideband, particle filter,
indoor localization

I. INTRODUCTION

With the growing adoption of drones in commercial and
industrial domains, their applications have expanded from
outdoor surveillance to complex indoor missions such as
inventory tracking, facility inspection, and multi-agent collab-
oration in global navigation satellite system (GNSS)-denied
environments. These tasks require not only autonomy but also
precise navigation capabilities. In indoor settings, where GPS
signals are absent, traditional localization methods fall short
in supporting real-time, accurate position tracking. As indoor
drone operations increase in scale and complexity, the need
for a dependable positioning system becomes paramount for
ensuring both safety and mission success [1], [2].

Among various indoor localization technologies, includ-
ing vision-based Simultaneous Localization and Mapping
(SLAM), Wi-Fi fingerprinting, and Ultra-Wideband (UWB)-
based positioning, UWB 1is notable for its high precision
due to its robustness against multipath interference. Its two
representative techniques, Time Difference of Arrival (TDoA)
and Two-Way Ranging (TWR), offer a distinct trade-off [3].
TDoA provides excellent scalability with low communication
overhead but requires precise anchor synchronization, as clock
offsets can introduce significant positioning errors. Conversely,
TWR delivers accurate ranging via bidirectional communica-
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tion but incurs substantial overhead, which limits its scalability
in multi-agent systems [4].

This paper aims at the problem of enhancing indoor multi-
drone localization by developing a hybrid UWB-based posi-
tioning system. The system estimates initial drone positions
using TDoA, and then refines those estimates by comparing
inter-drone distances obtained via TWR. A particle filter
minimizes the discrepancies between the two data types to iter-
atively improve positioning accuracy. The scenario is particu-
larly relevant in cooperative drone missions where maintaining
relative spatial awareness is essential for collision avoidance
and task coordination. The proposed system is quantitatively
evaluated in simulation-based experiments to assess its perfor-
mance compared to the standalone implementations of TDoA
and TWR [5], [6].

The main contributions of this paper are as follows.

o A Hybrid Indoor Localization Scheme (HILS) is devel-
oped by integrating Time Difference of Arrival (TDoA)
for global positioning and Two-Way Ranging (TWR) for
accurate inter-drone distance measurement.

o A particle filter is utilized to minimize discrepancies
between TDoA-based position estimates and TWR-based
distances, thereby enhancing the localization accuracy of
the scalable TDoA approach.

o The results show a significant localization accuracy im-
provement over the highly scalable TDoA approach,
while demonstrating a practical trade-off compared to the
high-overhead TWR approach.

II. RELATED WORK

Improving the localization accuracy of UWB-based sys-
tems has been explored through various approaches such as
hardware calibration, filtering techniques, sensor fusion, and
algorithmic refinement.

Accurate hardware calibration significantly affects system
reliability. [7] developed a second-order compensation algo-
rithm that leverages inter-anchor distance constraints to refine
positioning accuracy. Their method yielded a root mean square
error (RMSE) of approximately 6cm, demonstrating consistent
improvements in anchor-based localization even in the absence
of external calibration references.
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Fig. 1. Overview of the Proposed Hybrid Indoor Localization Scheme (HILS)

Advanced filtering methods, particularly integrating multi-
ple sensing modalities, have enhanced robustness in complex
environments. [8] proposed a fusion of UWB with LiDAR-
SLAM using Factor Graph Optimization (FGO), coupled with
a grey prediction model for correcting NLoS-induced errors.
Their approach achieved a planar localization accuracy of
8.6 cm and remained effective under challenging geometric
anchor configurations.

Multi-sensor fusion has also emerged as a reliable strat-
egy for comprehensive spatial awareness. [9] combined
UWRB ranging with dual barometric sensors to support high-
resolution 3D localization. The use of Kalman filtering enabled
the system to reach a height accuracy of £0.05 m and an
overall 3D RMSE of 0.074 m.

Other research has focused on eliminating the need for
anchor synchronization while maintaining both high accuracy
and scalability. [10] developed a Virtual Two-Way Ranging
(V-TWR) scheme that allows an unlimited number of tags
to achieve localization by passively overhearing anchor-to-
anchor message exchanges. This method effectively removes
the synchronization requirement typical of TDOA systems
and avoids the collision issues of TWR systems, reporting a
median accuracy of 10.5 cm.

III. PROPOSED METHOD

To achieve a practical balance between localization accu-
racy and system scalability for multi-drone operations, we
propose a Hybrid Indoor Localization Scheme (HILS). This
scheme integrates Time Difference of Arrival (TDoA) for scal-
able absolute positioning with Two-Way Ranging (TWR) for
resource-efficient, high-precision relative distance correction.
An overview of this architecture is presented in Fig. 1, which

illustrates the virtual layout of the system and the algorithmic
data flow. The core of HILS is a cooperative, two-stage
particle filter framework that synergistically fuses data from
both methods of TDoA and TWR. The key innovation lies in
its sequential, cooperative particle weighting process, which
efficiently leverages both TDoA and TWR measurements. The
process is executed in two main stages for each drone k.

A. Stage 1: Candidate Selection via TDoA Likelihood

First, a primary likelihood assessment is performed for all
particles of drone k using the global TDoA measurements
from the fixed anchors. For each particle py, its consistency
with the measured TDoA data is evaluated. The expected
TDoA value for a particle’s position between a pair of anchors
(an anchor j and a reference anchor r) is calculated as:

I LY | TR} "
where a; and a, are the positions of the anchors and c is the
speed of light.

The TDoA-based likelihood, Lpoa (P ), is then determined
by comparing these expected values with the actual measured

TDoA values, Tli‘;?’as, under a Gaussian noise model:
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where opoa_time 1 the standard deviation of the TDoA mea-
surement noise.

Based on these likelihood scores, a candidate set of the most
promising particles (denoted as S}) , is formed by selecting
the top 10% of particles. This initial step effectively filters
out improbable position hypotheses and focuses computational
resources on a high-probability region.

B. Stage 2: Weight Refinement via Inter-Drone TWR

Subsequently, a second weighting step is performed exclu-
sively for the particles within the candidate set S}, using the
precise inter-drone TWR measurements. A crucial aspect of
this stage is the use of a dynamically refined reference position
for the paired drone j. Instead of using a potentially stale past
estimate, its reference position, p;f, is actively calculated as
the centroid of its own set of top 10% TDoA-ranked particles,
53

.1
P} = 157 >op 3)
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This provides the most current and probable peer location for
the TWR evaluation. The TWR likelihood for a candidate

particle pr, € S}, is then calculated using this refined peer
position:
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where di¥® is the measured distance between drones & and
J, and oTwR_drone 18 the standard deviation of the TWR inter-
drone measurement noise.
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Fig. 2. Simulated 3D Trajectories for the Two UAVs in the LoS Environment

Finally, the definitive weight wy, for each particle of drone
k is determined. Particles in the candidate set S} have their
weights refined by multiplying their TDoA likelihood by
the TWR likelihood. All other particles outside this set are
discarded by receiving a weight of zero:
if py ¢ S§.

_ {L
W = 0
o)

This cooperative and sequential weighting strategy tightly
couples the estimation processes of the drones, leveraging
the most reliable TDoA information to refine TWR-based
corrections. This approach enhances accuracy while focusing
computational resources on the most promising particles.
This architecture’s efficiency is also evident in terms of its
communication overhead. While a conventional TDoA system
requires only a single message per update and a Double-Sided
Two-Way Ranging (DS-TWR) system with four anchors needs
approximately 12 messages, HILS strikes a practical balance
by using only four messages—one ’blink’ for TDoA and a
three-message TWR exchange with a single paired drone.
After the weighting step, a resampling process is performed if
needed, and the final position is computed from the highest-
scoring particles.

TDoA(pk‘) . Hj;ékA,paircd LTWR?drone(pky p;) if py € SZ»

IV. PERFORMANCE EVALUATION

This section details the simulation environment and presents
a comparative performance analysis of the proposed HILS
against standalone TDoA and TWR localization schemes.

A. Experimental Setup

The simulation environment and all localization schemes
were implemented in MATLAB, utilizing the UAV Toolbox
for drone dynamics and trajectory modeling, and the Com-
munications Toolbox for simulating UWB signal propagation
[11]. The simulation was conducted in a 15 x 15 X 5 meter
indoor environment, representative of industrial space. The
UWRB transceivers used in this system operate in compliance
with the IEEE 802.15.4z standard [12], transmitting at a center
frequency of 6.5 GHz in High Pulse Repetition Frequency

(HPRF) mode. Five UWB anchors were deployed at the
corners and ceiling center of the space to ensure robust 3D
coverage. To evaluate the system’s performance in multi-tag
scenarios, two drones were deployed along pre-defined 3D
trajectories with distinct altitude bands. Each drone followed
a grid-like path consisting of waypoints, covering the full
area in 500 time steps. These flight trajectories were designed
to reflect realistic inspection or mapping patterns and are
visualized in Fig. 2.

This anchor configuration introduces signal propagation
delays that vary based on the relative positions of drones
and anchors. For TDoA measurements, the propagation delay
between an anchor ¢ and a drone j is calculated as 7;; = %,
where d;; represents the Euclidean distance between them and
c is the speed of light. While real-world indoor environments
introduce further complexities such as multipath propagation,
this study focuses on a Line-of-Sight (LoS) scenario to es-
tablish a foundational performance baseline. To incorporate a
degree of realism into this baseline, key measurement errors
were modeled. Specifically, a synchronization error reflecting
minor clock drift was introduced for TDoA, where the arrival
time of each signal was perturbed by a random error drawn
from a Gaussian distribution with a standard deviation of 1 ns,
and the standard deviation for TWR-based ranging estimates
in the filter’s measurement model was set to 0.03m.

B. TDoA-Only Baseline

The TDoA-only baseline is implemented to serve as a direct
performance comparison against our hybrid approach. In this
configuration, a drone’s position is estimated using only TDoA
measurements received from the fixed anchors.

Within the particle filter framework, the weight of each par-
ticle is updated based solely on the TDoA likelihood function,
as defined in (2). The process for calculating the expected
TDoA value 7;;(p;) for each particle also follows the model
described in (1). This baseline isolates the performance of the
traditional TDoA approach within our simulation environment,
serving as a benchmark for scalability.

C. TWR-Only Baseline

The TWR-only baseline serves as a benchmark for high-
precision localization. In this approach, a drone’s position is
estimated using direct distance measurements to each of the
fixed anchors, obtained via DS-TWR [6]. The particle filter’s
weights are updated using a likelihood function that evaluates
the consistency between the measured anchor distances and
the calculated distances from each particle’s position to the
anchors. While highly accurate, this method’s scalability is
limited by its high communication overhead.

D. Testing Results

Each experimental scenario was repeated 50 times using
the predefined drone trajectories to ensure statistical reliability.
The performance of HILS was compared against standalone
TDoA and TWR methods in terms of localization accuracy,
measured by RMSE and statistical error metrics.
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Fig. 3. RMSE Comparison Over Time in LoS Environment

TABLE I
LOCALIZATION ERROR STATISTICS IN LOS ENVIRONMENT
Method | Mean (m) | Max (m) | Min (m) | Std Dev (m)
TDoA 0.469 1.590 0.051 0.236
TWR 0.178 0.528 0.069 0.054
HILS 0.345 1.285 0.029 0.167

Fig. 3 and Table I present the results in the LoS environ-
ment. The TWR-only baseline achieved the highest accuracy
with a mean RMSE of 0.178 m, establishing the ‘gold stan-
dard’ for precision. However, its requirement for bidirectional
communication with multiple anchors makes it impractical for
large-scale drone deployments due to high network overhead.
At the other end of the spectrum, the TDoA-only baseline
offers excellent scalability but showed the highest mean error
of 0.469 m.

Our proposed HILS method has successfully addressed this
trade-off. By using inter-drone TWR to correct the TDoA
estimates, HILS reduced the mean localization error to 0.345
m, which is a 26.4% improvement over the TDoA baseline.
This demonstrates that HILS provides a substantial accuracy
enhancement while preserving the fundamental scalability of
TDoA, offering a practical and effective solution for multi-
drone systems.

V. CONCLUSION

This paper proposed a hybrid indoor localization scheme
(HILS) that enhances the accuracy of a scalable TDoA system
by incorporating precise, peer-to-peer TWR measurements
within a particle filter framework. Simulation-based evalua-
tions demonstrate that HILS reduces the average localization
error by 26.4% compared to a standalone TDoA system in LoS
environments. While a TWR-only system provides higher ac-
curacy in LoS, it is unsuitable for scalable deployments due to
its high communication overhead. HILS effectively leverages
the complementary strengths of both techniques, establishing a
robust and practical solution that balances the critical demands
of localization accuracy and system scalability for multi-drone
operations. As future work, we will explore adaptive inter-
drone ranging strategies and advanced filtering techniques.

We will also pursue real-world deployment to validate our
system’s performance, particularly in challenging Non-Line-
of-Sight (NLOS) environments.
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