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 A B S T R A C T

The fast growth of mobile autonomous machines from traditional equipment to unmanned autonomous vehicles 
has fueled the demand for accurate and reliable localization solutions in diverse application domains. Ultra 
Wide Band (UWB) technology has emerged as a promising candidate for addressing this need, offering high 
precision, immunity to multipath interference, and robust performance in challenging environments. In this 
comprehensive survey, we systematically explore UWB-based localization for mobile autonomous machines, 
spanning from fundamental principles to future trends. To the best of our knowledge, this review paper stands 
as the pioneer in systematically dissecting the algorithms of UWB-based localization for mobile autonomous 
machines, covering a spectrum from bottom-ranging schemes to advanced sensor fusion, error mitigation, 
and optimization techniques. By synthesizing existing knowledge, evaluating current methodologies, and 
highlighting future trends, this review aims to catalyze progress and innovation in the field, unlocking new 
opportunities for mobile autonomous machine applications across diverse industries and domains. Thus, it 
serves as a valuable resource for researchers, practitioners, and stakeholders interested in advancing the 
state-of-the-art UWB-based localization for mobile autonomous machines.
1. Introduction

UWB technology has emerged as a leading solution for localiza-
tion [1], offering accuracy, robustness, and adaptability in complex 
environments [2]. Significant advancements in electronics and signal 
processing have driven UWB from research laboratories into commer-
cial applications [3,4]. Its deployment across various fields, such as 
industrial automation, robotics, and smart environments, highlights its 
versatility and paves the way for continued research and innovation [5–
7].

At the same time, the rapid development of mobile autonomous ma-
chines has created an urgent demand for advanced localization systems. 
From traditional vehicles and mobile equipment to the latest unmanned 
autonomous or remotely operated vehicles such as Unmanned Aerial 
Vehicles (UAVs), Unmanned Ground Vehicles (UGVs), and Unmanned 
Surface Vehicles (USVs) [8–12], these technologies are transforming 
industries such as transportation, logistics, agriculture, environmental 
monitoring, and defense [13–15]. The growing need for precise and 
reliable localization to ensure the safe and efficient operation of these 

machines has further accelerated the advancement and adoption of 
localization technologies [16–18].

Challenges for localization of mobile autonomous machines arise 
from the need to maintain precise position estimation in complex and 
unpredictable conditions [19,20]. Applications often place these ma-
chines in environments with dynamic and unstructured elements, such 
as moving obstacles or human activity, which create uncertainty and 
disrupt localization [21]. Non-line-of-sight (NLOS) scenarios [22], mul-
tipath effects [23], and environmental interference, such as signal dis-
tortion from metallic surfaces or absorption by liquids [24,25], further 
complicate accuracy. Outdoor operations must contend with weather 
changes and uneven terrains, while indoor settings amplify signal re-
flections and interference [26]. Additionally, sensor noise, synchroniza-
tion errors, and calibration difficulties pose significant hurdles [27], 
especially in large-scale or real-time applications.

The challenges necessitate the development of sophisticated error 
mitigation and optimization techniques to ensure accurate and reli-
able localization in real-world scenarios [28]. Continuously updated 
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research works have been providing valuable insights into the strengths 
and limitations of the technology [29,30]. The rapid advancement of 
UWB technology has ushered in a new era of localization capabili-
ties for mobile autonomous machines [31–33]. Table  1 summarizes 
the existing review literature for UWB-based localization in the past 
three years. These reviews, as well as the numerous research articles 
therein, demonstrate the current prosperity of UWB-based localization 
technology and the high demand for localization technology in various 
industries [1,4,34–47]. In Table  1, ‘‘Application Scenarios’’ documents 
specific application scenarios of localization the literature focuses on, 
while ‘‘Localization Object’’ records what kind of specific located ob-
jects the literature focuses on. Nevertheless, we feel that there is 
a lack of a comprehensive review focusing on mobile autonomous 
machines and summarizing how the evolving UWB-based localization 
technology contributes to mobile autonomous machines. A thorough 
understanding of the capabilities and limitations of existing UWB-
based localization techniques is essential for ensuring safe, efficient, 
and effective operations of mobile autonomous machines in real-world 
environments.

This paper endeavors to provide an exhaustive overview of UWB-
based localization techniques tailored for mobile autonomous ma-
chines, covering fundamental principles, ranging schemes, error miti-
gation and optimization methods, sensor fusion techniques, and future 
research directions. By shedding light on the advanced methods and 
their underlying principles, this paper serves as a guiding beacon for 
researchers, practitioners, and enthusiasts alike in the vibrant field 
of UWB-based localization. Fig.  1 illustrates a multi-layered circu-
lar framework summarizing the evolution of techniques related to 
UWB-based localization, showcasing their hierarchical and progressive 
relationships for various tasks in mobile autonomous machines. This 
hierarchical structure emphasizes the progression from basic UWB 
sensor technology to sophisticated applications in mobile autonomous 
systems, demonstrating the growing complexity and integration of 
UWB localization in various fields.

The remainder of this paper is organized as follows: Section 2 gives 
reviews of the fundamentals of UWB-based localization. The back-
ground, basic approaches of UWB-based localization techniques, advan-
tages, and limitations have been summarized. Section 3 presents some 
typical reviews of the latest advancements in UWB ranging schemes and 
their direct impact on improving localization accuracy and reliability 
for mobile autonomous machines. Section 4 explores the integration 
of Artificial Intelligence (AI) techniques with UWB-based localization 
systems, emphasizing how AI enhances navigation, obstacle avoid-
ance, and overall autonomy in mobile autonomous machines. Section 5 
gives reviews of techniques and algorithms designed to mitigate errors 
inherent in UWB-based localization systems, focusing on their effective-
ness in enhancing the robustness and precision of mobile autonomous 
machines. Section 6 discusses the synergies achieved by integrating 
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Fig. 1. The summary of the evolving techniques related to UWB-based localization and 
how they contribute to mobile autonomous machines.

UWB technology with other sensor modalities, highlighting how sensor 
fusion improves localization accuracy and supports diverse operational 
environments for mobile autonomous machines. Section 7 discusses 
some future research directions, and Section 8 concludes the paper.

2. UWB-based localization fundamentals

2.1. Background of UWB

UWB is a common Radio Frequency (RF) and perception technol-
ogy [48]. The application of UWB for radar, communications, elec-
tronic warfare, and RF weaponization can be traced back to the last 
century [49–52]. The Defense Advanced Research Projects Agency 
(DARPA) for the first time defined UWB radar as ‘‘any radar whose 
fractional bandwidth is greater than 0.25, regardless of the center 
frequency or the signal time-bandwidth product’’ or occupies 1.5 GHz 
or more of the spectrum [52,53]. The fractional bandwidth in the 
definition is defined by: 

𝐵𝑓 =
2𝑓𝐻 − 𝑓𝐿
𝑓𝐻 + 𝑓𝐿

, (1)

where 𝐵𝑓  is the fractional bandwidth, 𝑓𝐻  is the upper frequency of 
the −10 dB emission point, and 𝑓𝐿 is the lower frequency. Contrary to 
traditional Radio-Frequency Identification (RFID) systems that function 
Table 1
Summary of recent surveys on UWB-based localization: Comparison of sensors, review focus, applications, and target objects.
 Literature Sensor Review focus Application scenarios Localization object 
 Ridolfi et al. [34] UWB Self-calibration and collaborative localization N.A. N.A.  
 Obeidat et al. [35] Various Localization approach Indoor N.A.  
 Benouakta et al. [36] UWB Commercial evaluation boards and antenna influence Industry N.A.  
 Yang et al. [37] IR-UWB Human localization N.A. Human target  
 Elsanhoury et al. [4] UWB Localization approach Indoor N.A.  
 Sang et al. [38] UWB System models of specific schemes N.A. N.A.  
 Yu et al. [39] UWB Localization approach Industrial IoT Robots  
 Wang et al. [40] UWB Localization approach Indoor N.A.  
 Sesyuk et al. [41] Various Localization approach Indoor N.A.  
 Asaad et al. [42] Various Localization approach IoT N.A.  
 Rauf et al. [43] Various Filter-based localization approach N.A. UAVs  
 Coppens et al. [44] UWB Standards and organizations N.A. N.A.  
 Zhao et al. [45] UWB Personnel security management N.A. Human target  
 Zare et al. [46] Various Localization approach Underground mining N.A.  
 Panigrahi et al. [1] Various Localization approach N.A. Mobile robots  
 Yang et al. [47] Various Filter-based localization approach Indoor N.A.  
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within a single frequency band, UWB simultaneously sends signals 
across multiple bands of the radio spectrum [54].

In February 2002, the US Federal Communications Commission 
(FCC) for the first time ‘‘allocated 7.5 GHz (from 3.1 to 10.6 GHz [54]) 
of spectrum for unlicensed commercial UWB communication systems’’
[55] with the permission of technology commercialization. The issued 
ruling (FCC First Report and Order under Part 15 of the Commission’s 
Rules Regarding Ultra-Wideband Transmission Systems [56]) expanded 
the use of UWB technology to consumer data communication with, at 
that time, the most extensive bandwidth allocation for any commercial 
terrestrial system [57]. The document outlined four categories for 
permissible UWB applications and established corresponding radiation 
masks and limitations for them. Compared to the definition given by 
DARPA, the FCC document reduced the −10 dB fractional bandwidth 
in the UWB definition from 0.25 to 0.20. The minimum bandwidth 
limit for UWB devices was reduced from 1.5 GHz to 500 MHz. Since 
then, a series of working groups: IEEE 802.15.3a, IEEE 802.15.3b-
2006, and IEEE 802.15.4a-2007 [58–62] have been established by IEEE 
802 standards committee to update the standards for the debate and 
development of UWB applications [63].

The commercial implementations compliant with the evolved stan-
dards have been devoted to market use, such as the products manu-
factured by Ubisense [64,65], BeSpoon [66], Decawave (acquired by 
Qorvo in 2020) [67], and Humatics [68]. Table  2 summarizes the 
latest notable commercial UWB products as well as their features and 
performance insights. These commercial solutions are extensively em-
ployed to address localization requirements in daily life and industrial 
settings, serving as fundamental tools for further advancements in 
precise positioning and localization research. Numerous studies in the 
field of UWB and sensor-fusion-based localization utilize commercial 
UWB sensors as standard experimental methods [69–72]

2.2. Basic UWB localization workflow for mobile autonomous machines

Unlike global positioning technologies such as Global Navigation 
Satellite System (GNSS), UWB-based localization technology does not 
require a large amount of resources, but only relies on signal trans-
mission between multiple UWB sensors [29]. This feature makes UWB 
very suitable for flexible and versatile mobile autonomous machines. 
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The fundamental principle of UWB-based localization is to obtain the 
relative relationship between two UWB sensors through signal trans-
mission between them [54]. At this stage, different ranging schemes 
determine the content of the measurements of the UWB sensors, such 
as distance, angulation, hyperbolic distance difference [78,79]. The 
UWB sensor placed on the mobile autonomous machine that needs 
to be located is called a tag [80]. According to different application 
scenarios, tag localization can be further divided into fixed-anchored 
localization and anchor-less localization [81]. The former places many 
static UWB sensors in the environment around the tag, which are called 
anchors. Anchors, alternatively known as reference points or beacons, 
serve as stationary fixtures within the environment with pre-established 
coordinates [82]. They form the bedrock of the localization infrastruc-
ture, furnishing a stable spatial reference against which the positions 
of tags are globally located. On the other hand, in the case of anchor-
less localization, there are no longer known global localization anchors 
in the environment [83]. By analyzing the relationship between UWB 
sensors, the local localization between tags can be calculated.

The measurement results are then analyzed and integrated into the 
position of the target object. Widely used approaches include trilatera-
tion and fingerprinting-based methods [84]. The former computes the 
position of a tag by intersecting the spheres of known distances emanat-
ing from reference points. According to the different ranging schemes, 
the triangulation-based localization methods can be divided into lat-
eration and angulation techniques [85]. The latter, the fingerprinting-
based methods, pre-map signal strength patterns across space during 
the offline/training phase, and perform localization through pattern 
recognition during the online phase, akin to matching a fingerprint to 
a database of known prints [86]. Other UWB-based localization algo-
rithms applying to mobile autonomous machines include the centroid 
algorithm [78], the Smallest M-vertex Polygon (SMP) algorithm [54], 
the Nearest Neighbor (NN) method [87], the Multidimensional Scaling 
(MDS) [88,89], etc. The latest technology focuses on how to reduce 
errors in the integration process or fuse the results of UWB with those 
of other sensors.

2.3. Advantages and limitations of UWB for mobile autonomous machines

UWB technology offers numerous advantages that make it highly 
suitable for localizing mobile autonomous machines. Its unique impulse-
like signal structure supports precise Time of Flight (TOF) and Time 
Table 2
Overview of notable commercial UWB products: Comparison of features, applications, and performance insights.
 Manufacturer Product Name Features and applications Performance insights  
 
Ubisense

Series 7000 industrial tag [64] – Designed for industrial environments. 
– Used for tracking and localization of assets and 
personnel.

– Evaluated in industrial-like environments. 
– Offers reliable localization but prone to outliers 
in challenging conditions [66].

 

 Ubisense DIMENSION4 [65] – High-precision real-time tracking system 
– Suitable for both indoor and industrial 
applications.

– Known for accuracy and adaptability in 
industrial applications.

 

 BeSpoon SpoonPhone [66] – A smartphone integrated with UWB technology 
for localization and tracking. 
– First manufacturer that effectively incorporated 
the miniature IR-UWB system.

– Demonstrates good accuracy but slightly inferior 
to Decawave systems in industrial-like 
environments [73].

 

 Decawave (now 
Qorvo)

DW1000 [67] – High-precision UWB transceiver [73]. 
– Supports accurate localization in real-time 
systems. 
– Compliant to IEEE 802.15.4-2011.

– High accuracy for ranges over 1 m. 
– Economical, low price.

 

 Decawave (now 
Qorvo)

DW3000 [74] – Enhanced version of DW1000. 
– Designed for low-power applications with 
improved accuracy. 
– Compliant to both IEEE 802.15.4-2015 and IEEE 
802.15.4z.

– Higher accuracy in distances < 1 m compared to 
DW1000. 
– Lower power consumption compared to 
DW1000. 
– Robust performance in LOS and NLOS conditions 
[75].

 

 Humatics P440 [76] – Operates as a monostatic, bistatic, or multistatic 
radar. 
– High-precision product utilized for building 
comprehensive UWB datasets [68]. 
– Compliant to FCC Rule Part 15.519.

– Superior accuracy of < 2 cm and rates up to 
125 Hz [77]. 
– Expensive price.
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of Arrival (TOA) measurements, enabling high-accuracy position esti-
mation [54]. Such a signal structure also provides higher resistance 
to multipath fading compared to narrow-band signals, providing re-
liable performance in cluttered environments, such as warehouses or 
factories [90]. Comparing to the other standard protocols of short-
range wireless communications, such as Bluetooth, ZigBee, and Wi-
Fi [91–93], the UWB has been affirmed to offer shorter transmission 
times, larger data payload sizes, higher energy efficiency, and higher 
maximum data rates [3]. UWB’s low transmission power and mini-
mal interference with other wireless systems operating in the same 
frequency band make it ideal for energy-efficient and cost-effective 
deployments [94]. Unlike visual or optical localization methods, UWB 
eliminates the need for optical calibration and image processing [48], 
making it a robust solution in varying lighting and environmental 
conditions. Its short-duration pulses can also penetrate walls and equip-
ment [54], allowing consistent performance across diverse operational 
scenarios.

However, UWB-based localization is not without limitations, par-
ticularly when deployed in challenging environments often encoun-
tered by mobile autonomous machines. Dynamic and unstructured 
surroundings introduce constantly changing elements, such as moving 
objects and human activity, which can disrupt position estimation. 
UWB signals are particularly vulnerable to interference from metallic 
and liquid materials [54,94], leading to signal distortion and degraded 
performance in industrial or wet conditions. The NLOS scenarios and 
multipath reflections further complicate localization accuracy [48,95–
97]. Additionally, system-level challenges, such as clock drift [98], fre-
quency drift [99], antenna delay [100], and channel fading [101–103], 
add complexity, especially in large-scale operations requiring real-
time updates. Multi-user interference (MUI) [104] and susceptibility 
to malicious attacks, such as jamming or spoofing [105,106], further 
highlight the need for auxiliary measures [107–109].

To overcome the limitations of UWB technology in localizing mo-
bile autonomous machines, various complementary approaches are 
employed. Advanced ranging schemes enhance accuracy by address-
ing multipath interference and NLOS conditions. The AI techniques 
further compensate for environmental challenges by predicting and cor-
recting errors, optimizing parameters, and improving navigation and 
obstacle avoidance in dynamic settings. Error mitigation techniques, 
including filters and optimization algorithms, reduce noise and system-
level inaccuracies like clock drift and multipath effects. Additionally, 
sensor fusion frameworks integrate UWB with other sensor systems, 
combining their strengths to achieve precise, robust localization even 
in challenging environments. Together, these methods ensure reliable 
and high-performance localization for mobile autonomous machines 
in complex, dynamic environments. In the following sections, we will 
delve into the research advancements in these aspects.

3. ACCURACE: Improvement of UWB-base ranging schemes

As the foundation of UWB-based localization, calculating the rela-
tionship between two UWB sensors based on their signal transmission is 
crucial for achieving accurate localization. The latest advancements in 
UWB ranging schemes significantly enhance the localization accuracy 
and reliability of mobile autonomous machines. This section delves into 
the diverse array of UWB ranging schemes, and their contribution to the 
localization of mobile autonomous machines.

3.1. Conventional schemes & commercial applications

The conventional ranging schemes include assessing the attenuation 
of the emitted signal strength or the travel time [54]. The principle 
of the TOA is the simplest and most direct distance measurement 
method for the UWB sensor [110]. The TOA measures the one-way 
propagation time between the measuring unit and signal transmitter. 
The distance between the two items is then calculated according to 
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the product of propagation time and the propagation velocity of the 
electromagnetic wave [111]. Despite its simplicity, the TOA-based 
ranging scheme exhibits notable shortcomings: It has high requirements 
for synchronization between all the transmitters and receivers in the 
system, and strict requirements for a timestamp in the transmitting 
signal for the measuring unit to identify [112].

The Two-Way Ranging (TWR) technique, also known as the Round 
Trip TOF technique, measures the TOF of the signal traveling from the 
anchor to the target tag and back [54]. Compared to the TOA-based 
one-way range scheme, the TWR-based scheme reduces the clock syn-
chronization requirement [78]. The basic TWR-based scheme only uses 
one of the two UWB modules as the measuring unit. Therefore, it is also 
referred to as Single-Sided Two-Way Ranging (SS-TWR). The SS-TWR 
principle and its enhancements are presently the most prevalent UWB 
ranging strategy in use [113]. The most commonly used commercial 
UWB sensors for mobile machine localization, including the DW1000IC 
families, DW3000 IC families, and Humatics P440 Module, all support 
the TWR-based scheme.

The Time Difference of Arrival (TDOA) system is the foundation of 
the UWB-based localization, traced back to 2003 [114]. Currently, most 
of the commercial solutions of UWB-based localization systems are 
still equipped with TDOA-based ranging blocks, including the Ubisense 
Series, DW1000IC, DW3000IC, etc. The TDOA principle measures the 
time difference between the transmitter signal arriving at different 
reference points. Taking a 2-D space as an example, for each pair 
of reference points, the time difference of arrival restricts the pos-
sible transmitter positions to a hyperbola. The intersection of two 
or more hyperbolas measured via multiple pairs of reference points 
reveals the transmitter position [115]. The direct solutions to the hy-
perbolic TDOA equation require a large computational amount through 
nonlinear regression. The common calculation methods for TDOA es-
timation include the Generalized Cross-Correlation (GCC) [114], Least 
Squares (LS) method [116], Chan algorithm, and Taylor algorithm [54]. 
Compared with the TOA estimate, the TDOA estimate reduces the 
requirements for the synchronization of the mobile tag transmitter. 
Compared to the TWR techniques, the TDOA ranging is lower energy 
consuming and lower latency due to the one-way communication prop-
erty [78]. Ref. [117] adopts the TDOA-based localization algorithm as it 
is ‘‘the most widely used, simple, and no additional hardware required’’.

Besides the propagation time which would suffer from the multipath 
effect, another method to estimate the distance between UWB modules 
is based on the Received Signal Strength (RSS) [118]. The RSS-based 
methods are also referred to as signal attenuation-based methods. It 
uses the attenuation of emitted signal strength to calculate the signal 
path loss due to propagation [119].

The Angle Of Arrival (AOA) estimation is a specific technique used 
to determine the angle from which a signal arrives at a receiver. 
This involves measuring the angles of arrival in azimuth and possibly 
elevation. The task can be achieved using either directional antennas or 
an array of antennas [54]. Another similar concept is the direction of 
arrival. The AOA estimation does not require time synchronization be-
tween measuring units [120]. The power consumption is also relatively 
low. However, it requires more complex hardware. The localization 
accuracy would reduce as the target moves away due to shadowing, 
multipath reflections, and limitations in angle measurements [78]. The 
Ubisense Series offers the capability to measure the 2-axis AOA of UWB 
signals.

The phase of arrival estimation, also known as the received signal 
phase estimation [121], determines the target object’s location accord-
ing to the carrier phase or phase difference. In addition to supporting 
TWR and TDOA, the DW3000 family can also be employed in the Phase 
Difference Of Arrival (PDOA) system [122].

Table  3 summarizes and compares the performance of key UWB 
ranging schemes, including TOA, TWR, TDOA, RSS, and AOA, along 
with their respective advantages, disadvantages, and commercial ap-
plications.
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Table 3
Comparison of UWB-based ranging schemes: Advantages, disadvantages, and commercial applications.
 Method Advantages Disadvantages Commercial applications  
 TOA [110] – Simple and direct method for distance 

measurement. 
– Provides high accuracy if time synchronization is 
achieved.

– Requires precise synchronization between all 
transmitters and receivers [112]. 
– High timestamp precision required.

–  

 TWR [54] – Reduces clock synchronization requirements 
compared to TOA [78]. 
– Widely used in commercial systems. 
– Robust for real-world applications.

– Still requires synchronization, though less 
stringent. 
– Potential for high latency due to round-trip 
signal processing.

– DW1000 
– DW3000 
– Humatics P440

 

 TDOA [114] – Lower energy consumption and latency due to 
one-way communication. 
– Does not require synchronization of the mobile 
tag. 
– Widely used in commercial UWB systems.

– Requires complex calculation (nonlinear 
regression) to solve hyperbolic equations [116]. 
– High computational load.

– Ubisense DIMENSION4 
– DW1000 
– DW3000

 

 RSS [118] – Simple to implement. 
– Low power consumption. 
– Can operate in noisy environments.

– Susceptible to signal attenuation and multipath 
effects [119]. 
– Accuracy decreases with increasing distance.

–  

 AOA [120] – Does not require time synchronization. 
– Low power consumption. 
– Can provide directional information for 
additional accuracy.

– Requires complex hardware (e.g., directional 
antennas or antenna arrays). 
– Accuracy decreases with target distance.

– Ubisense Series  
3.2. Latest improved ranging schemes

For the popular and widely used ranging schemes, many targeted 
improvement and expansion plans have been proposed regarding their 
shortcomings. These solutions can have a direct impact on the accurate 
localization of mobile autonomous machines. For example, the TDOA 
technique heavily relies on precise and strict time synchronization 
between anchors. Ref. [123] uses a high-precision timer instead of 
initial synchronization to design a delay measurement-based TDOA 
ranging.

Another area that has received widespread attention and research 
is the TWR-based scheme. Specifically, the SS-TWR-based scheme con-
fronts a large challenge to determine the exact delay and processing 
time. Ref. [124] proposes CFO-Corrected Single-Sided Two-Way Rang-
ing (CC-SS-TWR), using the Carrier Frequency Offset (CFO) between the 
receiver and the transmitter to inherently estimate the relative clock 
offset, to reduce the ranging error of the SS-TWR scheme. The Sym-
metric Double-Sided Two-Way Ranging (SDS-TWR) scheme is another 
extension to mitigate the clock drift error [78]. Compared to the SS-
TWR principle, the SDS-TWR scheme is achieved by transmitting one 
more reply message after the round trip [63]. While the SDS-TWR 
scheme can effectively mitigate clock and frequency drift errors [125,
126], it is important to note that the assumption of equally symmetric 
reply delay is overly idealistic and challenging to implement [63]. 
The SDS-TWR-based system may also be impacted by the ‘‘frequency 
drift occur during the crystal warm-up phase’’ [78], which is mainly 
caused by the instrument itself. Moreover, the SDS-TWR technique 
requires a long processing time [127]. An Asymmetric Double-Sided 
TWR (ADS-TWR) is designed to overcome the ‘‘susceptibility of TWR 
to crystal offsets and the increased ranging delay of SDS-TWR’’ [128]. 
Ref. [70] adopts the ADS-TWR scheme in the Self-Localization (SL) 
procedure. It also discusses the ADS-TWR procedure in the presence of 
antenna delays. Similar improved algorithms have been mentioned as 
the Alternative Double-Sided Two-Way Ranging (AltDS-TWR) [63,78] 
and Enhanced Asymmetric Double-Sided Two-Way Ranging (EADS-
TWR) [127]. Ref. [129] proposes another alternative Double-Sided 
Two-Way Ranging (DS-TWR) scheme.

Besides the improvements, some conventional ranking schemes can 
also exert unexpected innovative effects based on their characteristics 
through targeted application: Ref. [130] adopts the TOA principle and 
implements it with the Ubisense UWB tag. With the single-way range 
measurement, any delay will be positive [131], which enables this work 
to propose its particle filter-based algorithm. Ref. [70] adopts the TDOA 
technique to localize the tags because the TDOA error eliminates the 
transmitting delay, leaving only the receiving antenna delay.
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4. Strengthened: AI-enhanced UWB techniques

AI encompasses a wide array of technologies and methodologies 
aimed at enabling machines to perform tasks that typically require 
human intelligence [132]. These tasks include learning from data, 
recognizing patterns, making decisions, etc. The combination of AI with 
UWB-based localization leverages the strengths of both technologies to 
enhance the capabilities of mobile autonomous machines. AI algorithms 
can process and analyze the vast amounts of data generated by UWB 
sensors, identifying patterns and making predictions that improve lo-
calization accuracy and reliability. Machine learning models can be 
trained to recognize complex signal behaviors and compensate for 
environmental factors that affect UWB signals [133–135].

4.1. Enhancing the fingerprinting localization

AI algorithms improve the precision and accuracy of UWB-based 
localization by learning from data and adapting to environmental 
changes. For example, the RSS-based ranging scheme often relies on 
site-specific theoretical and empirical models. The fuzzy logic algo-
rithms and AI algorithms help improve the performance of RSS-based 
localization. Besides the basic RSS indication, the wide bandwidth 
of UWB permits signal parameters with numerous degrees of free-
dom [136], leading to a sufficient database of evolving Channel Im-
pulse Response (CIR) statistics, such as energy, delay spread, first path 
TOA [86], path gains, path delays [136], path loss magnitude [137], 
etc. These inherent advantages of UWB make it more potential to 
generate sufficient databases, so AI-enhanced UWB will have more 
room for development in the fingerprinting localization fields [125,
133]. Despite its reliance on extensive calibration and environmental 
factors, such techniques excel in scenarios where traditional geometric 
methods falter, such as in complex indoor environments with numerous 
obstructions.

Compared to other localization tasks, the localization requirements 
for mobile autonomous machines are more likely to occur in complex, 
multi-interference, even unknown environments. In such challenging 
environments, AI-enhanced UWB techniques are quite suited for de-
terministic fingerprinting tasks [125,136], such as the NLOS detec-
tion, LOS/NLSO classification [125], error mitigation [138], and other 
tasks that can be attributed to classical AI classification, regression, 
and prediction problems [95]. The thriving AI-enhanced UWB tech-
niques have been widely applied to mobile autonomous machines, 
such as the feed-forward neural network [86], Support Vector Machine 
(SVM) [139], Multi-Class SVM (MC-SVM) [137], K-Nearest Neighbors 
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(KNN) [140], Decision Tree (DT) [141], Random Forests (RF) [142,
143], Convolutional Neural Network (CNN) [144–146], Long-Short 
Term Memory (LSTM) neural network [147,148], CNN-LSTM [149,
150], the probabilistic learning approach [151,152], etc.

In summary, AI techniques improve UWB-based fingerprinting local-
ization by leveraging large datasets of CIR statistics, enabling precise 
localization in complex environments. AI algorithms such as CNN, 
LSTM, SVM, and probabilistic learning approaches enhance tasks like 
LOS/NLOS classification and error mitigation, making UWB localiza-
tion highly adaptable to interference-prone settings.

4.2. Enhancing the mapping

For indoor environments where GPS signals are unreliable or un-
available, an ideal localization solution is to combine a high-precision 
UWB technology with a-priori available floorplan information [153]. 
Floorplan information provides a detailed map of the environment, in-
cluding walls, rooms, and fixed obstacles. By integrating this data with 
UWB-based localization, the system can more accurately determine the 
position of a mobile autonomous machine by cross-referencing UWB 
signal data with known structural elements of the environment [154]. 
A-priori floorplans also enable the development of efficient navigation 
routes, avoiding obstacles and optimizing paths. This is particularly im-
portant in applications such as warehouse management, where mobile 
autonomous machines need to move efficiently to maximize produc-
tivity [155]. Furthermore, the floorplan information helps the system 
differentiate between various environments and adapt its behavior 
accordingly.

The AI techniques enhance these mapping and localization sys-
tems in several impactful ways: AI algorithms excel at integrating and 
interpreting diverse data sources [156]. By combining UWB signal 
data with floorplan information, AI can create a comprehensive and 
highly accurate map of the environment. Machine learning models can 
be trained to understand the relationship between signal character-
istics and physical structures, improving localization accuracy [157]. 
Advanced algorithms can differentiate between static and dynamic 
obstacles, allowing mobile autonomous machines to plan safe and effi-
cient routes [158]. Moreover, as mobile autonomous machines navigate 
through an indoor space, AI can continuously update the localization 
model based on new data, ensuring that the system remains accurate 
even as conditions change.

A typical example of the AI technique contributing to UWB-based 
mobile autonomous machine localization is the concept of Virtual 
Anchor (VA). With the Multipath Components (MPCs) of the UWB 
signals and the a-priori available floorplan information [159], the 
mirror-image virtual anchors are formed according to the reflection 
signals from the room walls or other reflecting surfaces [160]. The 
position of the agent can then be computed from these range estimates 
using statistical techniques. The VA technique increases the robust-
ness and accuracy of the localization and reduces the requirements of 
LOS connection between anchors and target. The AI-enhanced UWB-
based localization systems can significantly improve the effectiveness 
and utility of virtual anchors to dynamically adjust to environmental 
changes, process signals more accurately, and integrate seamlessly with 
existing infrastructure. The resulting improvements in accuracy, relia-
bility, and scalability make AI-enhanced virtual anchors an invaluable 
tool for a wide range of applications, from indoor navigation and asset 
management to smart buildings and emergency response.

In a word, AI techniques enhance UWB mapping by integrating 
UWB signals with floorplan information for improved localization and 
navigation in GPS-denied environments. VAs based on MPCs use AI to 
dynamically adjust to environmental changes, enabling robust indoor 
navigation, obstacle avoidance, and route optimization in applications 
like warehouse management and emergency response.
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5. Robustness: Error estimation & optimization

Section 4 introduces many of the latest AI-enhanced UWB-related 
technologies, which utilize the classification and decision-making ca-
pabilities of AI to analyze and categorize UWB measurement data, 
such as error classification [144] and NLOS detection [161]. These 
techniques often pair classification results with corresponding error 
mitigation and correction methods [162]. AI-based approaches typi-
cally rely on large datasets for training and validation [163]. However, 
practical UWB applications demand higher robustness and flexibil-
ity in error estimation and compensation, especially in dynamic and 
unpredictable real-world environments [164]. Beyond the AI-driven 
judgment-correction paradigm, recent advancements have introduced 
a range of error mitigation techniques that do not require prior data 
collection or training [165,166]. These methods significantly enhance 
the applicability of UWB localization in complex and uncertain set-
tings [167]. For example, the Maximum Likelihood Estimation (MLE) 
has been applied to find the parameter values that maximize the like-
lihood of the observed UWB measurements given the model. It can be 
used to minimize the appropriate norm between the measuring distance 
and position difference for the triangulation method [138], or to form 
a Maximum A-Posteriori (MAP) estimator for the position-dependent 
channel estimation problem with prior floorplan information [159]. 
During this process, interference caused by the environment, such as 
the NLSO disturbance, can be considered as part of the estimation 
error. Recently, some more targeted error estimation and optimization 
techniques have been proposed for the UWB-based localization system 
in challenging environments.

5.1. Bayesian state–space estimation-based methods

The Bayesian state–space estimation, involving modeling the dy-
namics of a system using a state–space model, has been introduced 
to mobile target localization works. The model includes a dynamic 
process that describes how the state evolves and an observation model 
that relates the true state to the observed data. It combines Bayesian 
inference principles with the concept of a state–space model, making 
it a powerful approach for handling uncertainty and updating beliefs 
about the state of a system over time.

5.1.1. Kalman filter
The Kalman Filter (KF) and its improvements and extensions are 

widely used to estimate UWB measurement for mobile autonomous 
machines [160,168]. It recursively updates the estimate of the sys-
tem’s state based on the prior estimate, the dynamic model, and the 
observed measurements. The standard Kalman Filter originates from 
the recursive solution to the discrete data linear filtering problem in 
the 1960 s [169]. The employment of KF in the UWB-based localization 
system can be traced back to the 2000 s. It is particularly well-suited for 
linear systems with Gaussian noise [160,170]. The Kalman Filter works 
through a two-step recursive process: prediction and update [168,169]. 
In the prediction step, the filter uses the previous state estimate and the 
system’s dynamic model (e.g., motion equations) to predict the current 
state. This prediction provides an estimate of the state at the current 
time step and an error covariance matrix that represents the uncertainty 
of this estimate.
𝑥̂−𝑘 = 𝑨𝑘−1𝑥̂𝑘−1 + 𝑩𝑘−1𝑢𝑘−1, (2)

𝑷 −
𝑘 = 𝑨𝑘−1𝑷 𝑘−1𝑨T𝑘−1 +𝑸𝑘−1, (3)

where 𝑥̂−𝑘  is the predicted state at time step 𝑘, 𝑨𝑘−1 is the state transition 
matrix, 𝑥̂𝑘−1 is the state estimate at time step 𝑘− 1, 𝑩𝑘−1 is the control 
coefficient matrix, and 𝑢𝑘−1 is the control input, 𝑷 −

𝑘  is the predicted 
error covariance at time step 𝑘, 𝑷 𝑘−1 is the error covariance at time 
step 𝑘 − 1, and 𝑸  is the process noise covariance matrix.
𝑘−1
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Then in the measurement updating (correction) step, a new mea-
surement is incorporated into the a-priori estimate to obtain an im-
proved a-posteriori estimate.
𝑲𝑘 = 𝑷 −

𝑘𝑯
T
𝑘 (𝑯𝑘𝑷 −

𝑘𝑯
T
𝑘 +𝑹𝑘)−1, (4)

𝑥̂𝑘 = 𝑥̂−𝑘 +𝑲𝑘(𝑧𝑘 −𝑯𝑘𝑥̂
−
𝑘 ), (5)

𝑷 𝑘 = (𝑰 −𝑲𝑘𝑯𝑘)𝑷 −
𝑘 , (6)

where 𝑲𝑘 is the Kalman gain, 𝑯𝑘 is the measurement matrix, 𝑹𝑘 is the 
measurement noise covariance matrix, 𝑧𝑘 is the actual measurement 
at time step 𝑘, 𝑯𝑘𝑥̂−𝑘  is the predicted measurement, and 𝑰 is the 
identity matrix. The KF has the advantage of recursively conditioning 
the current estimate on all of the past measurements [169], which 
makes practical implementations much more feasible.

The classic KF can derive the optimal carrier state from linear 
stochastic difference equation. Nonetheless, practical localization sys-
tems inevitably exhibit varying degrees of nonlinearity, often arising 
from relationships such as the square or trigonometric functions within 
the state or observation equations [127]. In this case, Extended KF 
(EKF) is introduced to the UWB-based localization fields. The EKF is the 
KF that involves linearization of the current mean and covariance [169,
171]. Similar to the classic KF, EKF also consists of the time update 
equations and measurement update equations:
𝑥̂−𝑘+1 = 𝑓 (𝑥𝑘, 𝑢𝑘, 0), (7)

𝑷 −
𝑘+1 = 𝑭𝑘𝑷𝑘𝑭 T

𝑘 +𝑾𝑘𝑸𝑘𝑾 T
𝑘 , (8)

where 𝑭𝑘 and 𝑾𝑘 are the process Jacobians at step 𝑘, and 𝑸𝑘 is the 
process noise covariance at step 𝑘.

The EKFs are widely used in UWB-related localization solutions. 
Garcia et al. [172] use the EKF to mitigate NLOS. Benini et al. [69] 
adopted the EKF to improve the localization accuracy from the integra-
tion system based on IMU, UWB, and vision. Xu et al. [173] integrate 
the colored EKF and the colored Extended Unbiased Finite Impulse 
Response (EFIR) filter to reduce the colored measurement noise for 
UWB-based indoor localization.

Although the EKF algorithm relies solely on the first-order ap-
proximation within the Taylor expansion, it unavoidably introduces 
linearization errors [127]. Unscented KF (UKF) provides a more ac-
curate estimation of nonlinear systems without the need for explicit 
linearization [174]. It achieves this by using sigma points, capturing the 
nonlinearities more effectively, and enhancing the filter’s performance 
in complex and highly nonlinear systems [127]. Ref. [127] uses the 
UKF to couple the measurement of IMU and UWB for high-accuracy 
indoor localization and navigation. It also compares the performance 
between UKF and EKF. Ref. [175] uses the UKF to estimate the a-
posteriori Probability Density Function (PDF) and therefore model the 
localization uncertainty.

5.1.2. Particle filter
Particle Filter (PF) is another kind of Bayesian state–space esti-

mation-based method that is popular for UWB-based localization sys-
tems [176,177]. The PF uses a set of weighted particles to represent 
the posterior distribution and predicts the state forward in time. The 
PFs applied in the UWB-based localization field are mostly using Monte 
Carlo techniques [160]. Compared to the basic PF framework with 
Sequential Importance Sampling (SIS) form, the SMC form introduces 
additional techniques to address particle degeneracy issues and offers 
greater flexibility in resampling frequency. They are famous for pro-
viding a flexible and effective representation approach for nonlinear 
and nonGaussian dynamic systems [174,178]. Several other types of 
PFs and their variants also have extensive applications in the field 
of UWB-based localization. Meissner et al. [160] employ a Sampling-
Importance-Resampling (SIR) PF to perform position estimates based 
on the CIR. Leitinger et al. [159] design the SIR-PF with the con-
cept of Particle Swarm Global Optimization (PSO) to solve the highly 
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multi-modal and non-convex MLE problem for agent position. The PFs 
applied to the localization field also include: the Auxiliary Particle 
Filter (APF) [179], Implicit Unscented Particle Filter (IUPF) [180], Rao-
Blackwellized Particle Filter (RBPF) [181], Regularized Particle Filter 
(RPF) [182], etc.

5.2. Optimization based algorithms

UWB technology combined with optimization-based algorithms is 
another major category of technology that can make significant contri-
butions to mobile autonomous machines. Popular optimization-based 
algorithms, such as gradient-based optimization algorithms, convex 
optimization algorithms, and graph optimization methods, can all con-
tribute to the precise localization of mobile autonomous machines.

Graph optimization is a branch of optimization theory that deals 
with solving problems defined on graphs [183]. In large-scale mo-
bile autonomous machine systems with multiple sensors or objects, 
graph optimization techniques can be easily applied to design the 
network topology. This involves selecting the subset of sensors to 
be active, determining communication links, and optimizing network 
connectivity to achieve desired localization performance [113,184]. 
It is very easy to define the mobile agents as vertices (nodes) and 
the communication between two UWB sensors as edges (connections) 
of the graph. The graph optimization methods help to remove the 
dependence on the kinematic model and the requirement of receiving 
concurrent multiple range measurements in the mobile autonomous 
machine system. Combining with other optimization algorithms, graph 
optimization has been a trend for UWB-based localization of mobile 
autonomous machines [185,186].

The convex optimization methods improve the quality of local-
ization between mobile autonomous machines where the UWB esti-
mation can be formulated as a convex program. Fundamental con-
vex optimization techniques for UWB-based mobile agents localiza-
tion include the LS algorithm [96,187], the Weighted LS (WLS) algo-
rithm [188,189], etc. They are widely used in the triangulation local-
ization methods [127,190]. Recently, advanced convex optimization 
methods have contributed to the improvement of mobile autonomous 
machines’ UWB-based localization in more aspects: The Quadratically 
Constrained Quadratic Programming (QCQP) generally formulates the 
objective function and constraints using quadratic functions [191,192]. 
In the context of UWB-based localization where quadratic constraints 
naturally arise, QCQP can be used to formulate and solve optimization 
problems, providing a convex framework for efficient and reliable 
solutions [193,194]. The Second-Order Cone Programming (SOCP) is 
effective in handling problems with linear and second-order cone con-
straints [195–197]. It can be used to model distance constraints [198]. 
The Semidefinite Programming (SDP) [199,200] is particularly useful 
when dealing with non-convex constraints [201,202]. The convex opti-
mization provides guarantees of finding the global optimum for convex 
problems, but its application in UWB-based localization may be limited 
by the nature of the problem.

The Gradient-based optimization methods can be used to iteratively 
refine the estimates of the device’s position, leveraging information 
about the gradient of the objective function and quantifying the dis-
crepancy between the UWB measurements and the predictions of the 
localization model. Regarding the UWB optimization tasks, the fun-
damental gradient-based optimization algorithm, such as the Gradi-
ent Descent (GD) algorithm [148,203], Stochastic Gradient Descent 
(SGD) [204], and Conjugate Gradient (CG) [205], have recently been 
gradually replaced by other algorithms that are more suitable for par-
allel computing and non-convex operations [206]. The gradient-based 
optimization algorithms recently involved in the UWB-based localiza-
tion more as training algorithms for machine learning models [148,
207,208]. However, there are also some advanced gradient-based op-
timization algorithms being updated and improved to adapt to the 
increasing requirements of localization systems. For example, Nguyen 
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et al. [209] proposes a ‘‘Localization in Riemannian Manifold Using 
a Conjugate Gradient (LRM-CG)’’ for the Euclidean distance matrix 
completion technique for the IoT network localization.

The Quasi-Newton method is a kind of nonlinear iterative opti-
mization technique that has been continuously evolving for UWB-
based localization estimation. They approximate the inverse Hessian 
matrix without explicitly computing it, allowing for faster conver-
gence [210], which is suitable for the real-time localization of mo-
bile autonomous machines. Mary et al. [211] applied the iterative 
Davidon–Fletcher–Powell (DFP) Quasi-Newton algorithm to precision 
automobile parking application. They also verified its progressiveness 
compared with the direct method. Besides the DFP quasi-Newton 
method, the Broyden–Fletcher–Goldfarb–Shanno (BFGS) Quasi-Newton 
method [212] and Limited-Memory BFGS (L-BFGS) Quasi-Newton meth-
ods [213] are also widely used for UWB-based localization to improve 
the estimation accuracy and efficiency between the anchors and the 
autonomous mobile machines [214–216].

Other advanced gradient-based optimization methods can also con-
tribute to mobile autonomous machines’ UWB-based localization. For 
example, the Levenberg–Marquardt (LM) algorithm, the classical Gauss–
Newton method with the Levenberg–Marquardt correction [217,218], 
is often used in UWB-based localization to optimize the parameters 
involved in non-linear models. Ref. [219] adopts the LM method with 
a known Jacobian to solve the optimal state estimation problem that 
minimizes the covariance of the UWB range measurement and pro-
cessing noises to locate a flying robot with indirectly derived velocity 
constraints. The LM algorithm is famous for being stable, reliable, and 
rapidly converging, being particularly effective in situations where the 
Gauss–Newton method might encounter convergence issues [220,221]. 
Another example is the Newton–Raphson method [222]. It is suitable 
for well-behaved and smooth objective functions, which can be ap-
plied to enhance the UWB-based localization for mobile autonomous 
machines in scenarios where accurate second-order information is 
available [223,224].

Table  4 categorizes and summarizes the key optimization-based al-
gorithms, including graph optimization, convex optimization, gradient-
based methods, and Quasi-Newton methods. This table outlines their 
techniques, advantages, and applications, providing a clear reference 
to support the discussion on robustness and error estimation in UWB 
localization systems.

5.3. Threshold based outlier rejection

The outlier rejection techniques for UWB measurements are quite 
useful for mobile autonomous machine localization tasks, especially 
when considering mobile robots in extreme environments [170]. In 
addition to the AI-enhanced UWB technology introduced in Section 4, 
which can detect specific error circumstances, such as NLOS condition, 
another kind of advanced technique is the threshold-based outlier 
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rejection algorithm. Its advantages are flexibility and adaptability. 
For mobile autonomous machines, such outlier rejection techniques 
can be flexibly combined with other error mitigation, optimization, 
and integration processes. Widely used outlier identification methods 
include statistical measures such as mean, median, standard devia-
tion, or interquartile range to identify outliers [189]. Novelty outlier 
detection approaches have been proposed to improve the pure statis-
tical analysis-based outlier deleting algorithms [225]. A recent trend 
involves identifying and discarding particularly conspicuous outliers 
based on overarching optimization and filtering strategies. The thresh-
old can be fixed or dynamically adjusted based on factors such as signal 
strength or environmental conditions [226,227].

For instance, Nguyen et al. [228] calculate the variance of the UWB 
data in a sliding window as 

𝜎̂2𝑘 = 1
𝐾

𝑘
∑

𝑖=𝑘−𝐾+1
(𝑑𝑖 − 𝑑𝑘)2, (9)

where 𝐾 is the window size, 𝑑𝑘 is the mean value of 𝐾 samples. When a 
new data 𝑑𝑘+1 is received, if the new 𝜎̂𝑘+1 increases over a pre-defined 
threshold, the data is discarded.

Fang et al. [186] also employs a sliding trajectory window to control 
the number of constrained equations and introduces the threshold-
based outlier rejection algorithm for the NLOS conditions. Specifically, 
the newly obtained range measurement 𝑑𝑘+1 between the mobile target 
and one of the fixed anchors 𝑡𝑎𝑘+1 at time 𝑘+1 is considered as an outlier 
if the following condition is satisfied: 

|𝑡𝑘 − 𝑡𝑎𝑘+1|
2 − 𝑑𝑘+1 > 𝛾 ⋅

𝑣max
𝑓

, (10)

where 𝑡𝑁𝑘  is the estimated trajectory in the sliding window of time 𝑘, 𝛾
is the outlier rejection parameter, 𝑣max is the maximum velocity of the 
mobile target, and 𝑓 is the frequency of the UWB sensor.

Totally, threshold-based outlier rejection methods are not only ro-
bust but also highly adaptable to diverse applications. By leveraging 
dynamic thresholds and novel optimization techniques, these algo-
rithms enhance the reliability and precision of UWB-based localization 
systems, even in challenging environments.

6. Integral: UWB fused other sensors

On the one hand, UWB-based localization stands out for its high 
accuracy, low cost, and low hardware requirements. However, on the 
other hand, UWB-based localization relies on the relative distance 
between different UWB sensors, which makes it only able to provide 
relative local positions. To obtain global localization information for 
mobile autonomous machines, a UWB-based localization system either 
depends on the fixed anchors with known global locations, or fuses with 
other sensors. Sensor fusion in the localization of mobile autonomous 
machines refers to integrating data from multiple sensors to enhance 
Table 4
Summary of optimization-based algorithms: Techniques, advantages, and applications in UWB systems.
 Algorithm type Key techniques Advantages Applications  
 Graph Optimization 
[183]

– Defines agents as graph nodes [185]. 
– Edges represent communication links. 
– Optimizes network topology.

– Scalable for large systems [184]. 
– Reduces dependency on kinematic models. 
– Handles NLOS effectively.

– Multi-sensor systems. 
– Network design for localization 
[113].

 

 Convex Optimization 
[187]

– LS [96], WLS [188] 
– QCQP [194], SOCP [195], SDP [199]

– Global optimal for convex problems. 
– Effective for triangulation [190]. 
– Handles non-convex constraints [201].

– Distance-based localization 
[198].
– Large-scale UWB networks.

 

 Gradient-Based Methods 
[203]

– GD, SGD [204], CG [205] 
– LRM-CG [209] 
– LM [219], Newton–Raphson [222]

– Adaptable for non-linear models. 
– Suitable for real-time systems. 
– Parallel computing capabilities.

– Training ML models for UWB 
[148]. 
– Precise parameter optimization. 
– IoT network localization [209].

 

 Quasi-Newton Methods 
[210]

– Nonlinear iterative optimization technique. 
– DFP [211], BFGS [212], L-BFGS [213] 
Quasi-Newton

– Approximates the inverse Hessian matrix 
without explicit computation, enabling faster 
convergence. 
– Suitable for nonlinear iterative optimization.

– Precision automobile parking 
[211]. 
– Real-time localization [214].
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accuracy, reliability, and robustness [97,229]. Different sensors have 
their advantages and disadvantages. Effective sensor fusion can achieve 
localization effects that cannot be achieved by a single sensor. For 
dynamic mobile autonomous machines, UWB-based anchor-tag systems 
are often not enough for their localization requirements. To fully master 
their real-time dynamic tracking and localization, both the precise UWB 
data and the dynamic information from sensor fusion are indispensable. 
In this section, we will discuss the synergies achieved by integrating 
UWB technology with other sensor modalities, highlighting how sensor 
fusion improves localization accuracy and supports diverse operational 
environments for mobile autonomous machines. Table  5 summarizes 
the various UWB-related sensor-fusion solutions in mobile autonomous 
machine localization over the past three years. Mobile autonomous ma-
chines and mobile vehicles are studied as localization objects. Various 
application scenarios benefit from UWB-related sensor fusion, including 
underground mining, warehouses, multi-story buildings, and more. 
Different sensors and fusion solutions have been proposed to fit the 
specific requirements and challenges posed by the environment.

6.1. Fusion with dynamic information compensation

In addition to general localization methods, one major way to 
locate mobile autonomous machines is to use their real-time dynamic 
information for localization and state estimation. Sensors that can 
achieve this include inertial sensors, odometry systems, barometers, 
etc. They are all crucial components for the localization of mobile 
autonomous machines, functioning by recording dynamic real-time 
data, which is essential for estimating the machine’s position and 
movement over time. Inertial sensors measure acceleration and angular 
velocity, providing information on the mobile autonomous machine’s 
orientation and linear movement. Specifically, an Inertial Measurement 
Unit (IMU) provides measurements of specific force (acceleration) and 
angular rate (rotation) along three axes (𝑋, 𝑌 , 𝑍) [231,233,243]. 
Micro-Electro-Mechanical Systems Inertial Navigation System (MEMS-
INS) incorporates MEMS sensors for measuring the inertial proper-
ties of a moving object [244]. Odometry systems track the mobile 
autonomous machine’s displacement through wheel rotations or leg 
movements, translating these into distance traveled and changes in 
position [245]. Barometers measure atmospheric pressure to determine 
altitude changes, which can be critical for navigating varied terrains or 
multi-level environments [246].

These sensors are typically compact, lightweight, and can be in-
tegrated seamlessly into mobile robotic platforms. They offer high 
temporal resolution, ensuring continuous and precise tracking of the 
mobile autonomous machine’s movements. However, each type of sen-
sor is also subject to certain limitations, such as drift in inertial sensors, 
cumulative error in odometry, and sensitivity to environmental changes 
in barometers. By fusing with the UWB sensors, the overall accuracy 
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and reliability of localization can be efficiently improved. The UWB 
distance measurements are particularly valuable during the initializa-
tion process, providing accurate initial estimates of device positions 
relative to anchors before other sensors [230,233,247]. Furthermore, 
the UWB distance measurements can reduce the drift issues, leading 
to a localization system with higher accuracy. The fusion results are 
highly beneficial for mobile autonomous machines. Jao et al. [248] 
tightly coupling fused the IMUs, UWB modules, and barometers with 
a foot-mounted localization system. The integration of UWB beacons 
serves to confine the propagation of position errors in foot-mounted 
INS, obviating the necessity for beacon surveying. Xu et al. [249] adopt 
UWB-ranging results to correct the measurement errors of IMUs in the 
proposed tightly integrated model. Vandermeeren et al. [234] skillfully 
utilize the close relationship between shopping cart acceleration and 
stroller step length, combining the step detection algorithm, People 
Dead Reckoning (PDR) algorithm, and IMU measurement data. UWB 
ranging results and the PDR algorithm are then merged with the filter-
based optimization algorithms to complement each other when their 
localization quality declines. Si et al. [232] develop the UWB credibility 
factor to evaluate the UWB measurements and adjust the fusion weight 
of UWB information before fusing the IMUs’ and UWB measurements. 
Feng et al. [230] propose an SVM-base NLOS detection algorithm and 
assign different filter-based fusion solutions for the UWB and IMU to 
different environmental conditions. There are also Refs. [233,241,250] 
that adopt a similar detection-fusion framework.

In a word, dynamic information from sensors like IMUs, odometry 
systems, and barometers complements UWB localization. These sensors 
provide real-time data for position and movement estimation. Fusing 
their outputs with UWB mitigates sensor limitations (e.g., drift) and 
improves accuracy and reliability, particularly for dynamic positioning 
systems.

6.2. Fusion with SLAM

Simultaneous Localization and Mapping (SLAM) is particularly suit-
able for mobile autonomous machines due to its ability to concurrently 
build a map of an unknown environment while determining the mobile 
autonomous machine’s precise location within that map. This dual 
capability is essential for mobile autonomous machines operating in 
dynamic or unstructured environments where pre-existing maps are 
unavailable or unreliable [251]. SLAM algorithms utilize the visual 
information from visual sensors, such as kinds of cameras [235,252,
253], LiDAR (Light Detection and Ranging) [254], etc [81,236]. SLAM 
algorithms use this visual information to build and continuously update 
a map of the environment while simultaneously keeping track of the 
robot’s position within this map [229,255,256].

By combining SLAM with UWB, the strengths of both technolo-
gies are leveraged: SLAM’s ability to create detailed maps and han-
dle dynamic environments is complemented by UWB’s high-precision 
Table 5
Summary of recent localization solutions based on UWB-related sensor fusion: Comparison of sensor types, applications, and fixed base station usage.
 Literature Fused sensor types Localization objects Fixed BS 
 Feng et al. [230] UWB + IMU Mobile BS Yes  
 Li et al. [231] UWB + IMU Quadcopters N.A.  
 Si et al. [232] UWB + IMU Underground mobile equipment Yes  
 Sun et al. [233] UWB + IMU + Odometer Turtlebot3 Yes  
 Vandermeeren et al. [234] UWB + IMU + PDR Shopping cart Yes  
 Liu et al. [81] UWB + IMU + LiDAR UGVs Yes  
 Nguyen et al. [235] UWB + IMU + Monocular camera UGVs Yes  
 Gerwen et al. [229] UWB + IMU + SLAM camera + Sonar + ArUco markers UAVs N.A.  
 Nguyen et al. [228], Goudar et al. [236] UWB + VIO Quadcopters N.A.  
 Chen et al. [237] UWB + IR MSTAR dataset N.A.  
 Huang et al. [238] UWB + GNSS Mobile tag Yes  
 Niu et al. [239] UWB + RTK GPS USV Yes  
 Kang et al. [240] UWB + Laser-based depth camera Mobile robot N.A.  
 Gao et al. [241] UWB + MEMS-INS Vehicle N.A.  
 Brunacci et al. [242] UWB + Magnetic RS Quadcopters N.A.  
 Csik et al. [84] UWB + WiFi + ISM frequency band APs Yes  
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localization data. This fusion helps in mitigating errors and uncer-
tainties associated with each system, resulting in improved accuracy 
and reliability of the mobile autonomous machine’s localization [257]. 
The integration of UWB can also enhance SLAM’s performance in 
environments where traditional visual or LIDAR-based methods may 
struggle, such as in low-light or featureless areas. Thus, the synergy 
between SLAM and UWB provides a more comprehensive and resilient 
localization solution, essential for the effective operation of mobile 
autonomous machines in diverse and challenging environments [258]. 
Liu et al. [81] tightly-coupled fuse the LiDAR-Inertial Odometry (LIO) 
system with the UWB modules. The UWB technique helps the LIO 
system to correct long-term state drift. Specifically, the UWB ranging 
results are input into the anchor selection module to initialize the Iner-
tial Navigation System (INS). The estimation from the INS propagation 
algorithm is fed back for UWB modules’ outlier removal processing 
and the incorporation of the uncertainty-aware module. The latter 
provides accurate covariance in observation information, which enables 
the multimodal state estimation system to achieve reliable estimates. 
Nguyen et al. [235] fused the UWB with the state-of-art Visual-Inertial 
Odometry (VIO) system. They formulate an optimization problem over 
the data window to solve the UWB underutilized issue due to the data 
rate incompatibility issue with UWB-camera sensors.

In a word, SLAM enables mobile machines to map environments 
and localize simultaneously. Combining UWB with SLAM leverages 
UWB’s precision and SLAM’s adaptability to challenging environments 
(e.g., low light). This synergy improves localization in dynamic or 
unstructured spaces.

6.3. Fusion with GNSS

GNSS is crucial for mobile autonomous machines as it provides 
accurate and reliable global localization, enabling mobile autonomous 
machines to navigate large-scale outdoor environments with ease. The 
most well-known GNSS systems include: Global Positioning System 
(GPS), Global Navigation Satellite System (GLONASS), Galileo, BeiDou, 
etc [239,259]. GNSS provides global positioning information but can 
suffer from accuracy issues in urban environments, indoors, or under 
dense foliage where satellite signals may be obstructed or reflected.

By integrating UWB with GNSS, mobile autonomous machines can 
achieve improved localization accuracy and reliability across various 
challenging environments. UWB technology excels in providing precise 
distance measurements between devices, enabling robust localization 
even in GPS-denied areas or environments with multipath interference. 
The combination of GNSS and UWB allows mobile autonomous ma-
chines to leverage the global coverage of GNSS for initial positioning 
while refining their location estimates with UWB’s precise distance 
measurements. This fusion approach enhances the overall localization 
system’s accuracy, robustness, and capability to operate seamlessly in 
diverse and challenging real-world scenarios, making it well-suited for 
a wide range of mobile robotic applications. Rapinski et al. [216] utilize 
the UWB sensors as the ground-based nodes located in the vicinity of 
the receiver to form an augmentation network for the GNSS.

In summary, GNSS provides global positioning but struggles in 
environments like urban areas or indoors. UWB complements GNSS 
by refining positioning with precise distance measurements, offering 
robust performance in GPS-challenged conditions. This fusion enhances 
accuracy and reliability for diverse outdoor and indoor applications, 
benefiting large-scale navigation tasks.

7. Future trend

The future of mobile autonomous machines is increasingly inter-
twined with the advancements in UWB technology and its related tech-
niques, promising significant contributions across various domains. As 
the UWB technology continues to evolve, several emerging trends are 
shaping the future of UWB-based localization for mobile autonomous 
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machines. These trends hold promise for enhancing accuracy, effi-
ciency, and scalability in diverse application scenarios. In this section, 
we highlight some of the key trends that are expected to drive advance-
ments in UWB-based localization for mobile autonomous machines in 
the coming years.

7.1. Trend 1: Integration of machine learning and artificial intelligence

One of the most significant trends in UWB-based localization for mo-
bile autonomous machines is the integration of machine learning and AI 
techniques. Machine learning algorithms enhance localization accuracy 
and robustness by adapting to dynamic environments. AI, particularly 
large generative AI (GenAI) models, is expected to improve decision-
making and adaptability in localization systems, enabling autonomous, 
self-evolving networks [260]. The advent of 6G technologies, includ-
ing THz communications and reconfigurable intelligent surfaces, will 
further advance UWB localization in critical applications such as emer-
gency response [261]. Additionally, the integration of AI with fog 
computing will enhance real-time data processing and energy efficiency 
for mobile autonomous systems [262].

7.2. Trend 2: Edge computing and distributed processing

Another emerging trend is the adoption of edge computing and 
distributed processing architectures for high-precision localization. By 
leveraging computational resources at the network edge, localization 
computations can be offloaded from centralized servers to distributed 
nodes, reducing latency and improving responsiveness in real-time 
applications. This is particularly important for clustered mobile au-
tonomous machines, as it can increase the flexibility and mobility of 
individuals in the cluster. The integration of 6G technologies, such 
as network function virtualization and intelligent edge modules, is 
expected to further enhance scalability and support complex multi-
agent operations in dynamic environments [263]. Edge computing also 
enables efficient data aggregation, processing, and decision-making 
closer to the source, enhancing scalability and reliability in large-scale 
deployment scenarios [264].

7.3. Trend 3: Multi-modal fusion and sensor integration

The integration of multiple sensor modalities, including UWB, in-
ertial sensors, vision systems, and environmental sensors, is becoming 
increasingly prevalent in UWB-based localization systems [265]. Multi-
modal sensor fusion techniques enable complementary information 
from different sensors to be combined synergistically, improving lo-
calization accuracy, robustness, and reliability in challenging environ-
ments. The target is to fuse diverse sensor data and achieve higher 
levels of accuracy and resilience across a wide range of operating 
conditions [266].

7.4. Trend 4: Standardization and interoperability

With the growing adoption of UWB technology in various industries 
and applications for mobile autonomous machine localization tasks, 
there is a growing need for standardization and interoperability to 
ensure compatibility and seamless integration across different plat-
forms and ecosystems [267]. Standardization efforts, such as those 
led by industry consortia and standards organizations, aim to define 
common protocols, interfaces, and data formats, facilitating interop-
erability and enabling broader adoption in the marketplace [268]. 
Furthermore, the development of federated learning and explainable AI 
models will help automate processes, optimize performance, and reduce 
overhead, contributing to the future standardization of UWB-based 
mobile localization systems [269].
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7.5. Trend 5: Privacy, security, and ethical considerations

Future trends in UWB-based localization for mobile autonomous 
machines will emphasize privacy, security, and ethical considerations. 
As these systems become more integrated into everyday applications, 
there is an increasing focus on safeguarding sensitive data collected by 
UWB technology. Advances in privacy-enhancing technologies, such as 
differentially private algorithms, will be crucial in safeguarding data 
in dynamic environments. Research in differential privacy, such as the 
use of time-varying noise and stochastic approximation methods, high-
lights the importance of balancing privacy with system accuracy [270,
271]. Moving forward, the development of advanced security protocols, 
privacy-enhancing technologies, and clear ethical guidelines will be 
essential to guarantee the responsible and secure deployment of UWB-
based localization in mobile autonomous machines. These efforts will 
promote secure, transparent, and ethical use in real-world applications, 
mitigating potential privacy risks.

In conclusion, these emerging trends are set to shape the future 
of UWB-based localization for mobile autonomous machines, driving 
improvements in accuracy, efficiency, scalability, and ethical consider-
ations. By embracing these trends and adopting advanced technologies, 
UWB-based localization systems can unlock new possibilities and tackle 
challenges across various application domains.

8. Conclusion

In this paper, we have provided a comprehensive survey of UWB-
based localization techniques for mobile autonomous machines. Begin-
ning with an introduction to UWB technology and its historical context, 
we delve into the fundamental principles of UWB-based localization, 
exploring its advantages and disadvantages in various applications. 
We explore the latest advancements in UWB ranging schemes, high-
lighting how these innovations have significantly enhanced localization 
accuracy and reliability, thereby supporting more precise navigation 
for autonomous machines. The integration of AI with UWB systems 
is examined in detail, demonstrating how AI can substantially im-
prove navigation, obstacle avoidance, and overall autonomy, trans-
forming UWB-based localization from a precise localization tool into 
an intelligent navigation solution.

Furthermore, we review various optimization techniques designed 
to address and mitigate errors within UWB-based localization systems. 
These techniques are crucial for enhancing the robustness and precision 
of localization, ensuring that mobile autonomous machines can operate 
effectively even in challenging environments. The survey also delve 
into sensor fusion, where UWB technology is combined with other 
sensor modalities such as LiDAR, cameras, and IMUs. This integration 
creates a more resilient and accurate localization system capable of 
supporting diverse operational environments.

Lastly, we discuss future research directions, identifying key areas 
that hold promise for further advancements in UWB-based localiza-
tion and its applications in mobile autonomous machines. The poten-
tial for continued innovation in this field is vast, driven by ongoing 
developments in AI, sensor technology, and optimization algorithms.

In conclusion, this survey paper offers a comprehensive overview of 
UWB-based localization techniques for mobile autonomous machines, 
encompassing various aspects ranging from fundamental principles to 
advanced optimization strategies. By synthesizing existing research and 
highlighting key advancements and challenges in the field, we hope 
to provide valuable insights for researchers and practitioners aiming 
to develop and deploy UWB-based localization solutions in real-world 
applications.
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