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EXAMENSARBETE

Performance Evaluation of Ultra-wideband-based
Indoor Positioning Systems

Sammanfattning

Ultra-Wideband (UWB) dr en radioteknik for noggrann inomhuspositionering. Denna studie
utvirderar hur olika uppsittningar paverkar positioneringsnoggrannheten i ett UWB-system,
med Localino v4-enheter i en verklig labbmiljé pa Hogskolan Vist. Tester genomfordes dar
ankarnas hojd, antal ankare, antal taggar, taggens placering, batteriniva och Wi-Fi-storningar
andrades for att se hur dessa faktorer paverkar noggrannheten. Fel beriknades genom att
jimfora uppmatta koordinater med kinda referenspunkter pa en skalad karta.

Resultaten visade att hur man sitter upp enheterna har stor paverkan pa noggrannheten.
Bista resultatet (10 cm fel) uppnaddes nir bade tagg och ankare var pa 1 meters hojd. For
hégt placerade ankare (2,5 m) eller blandade héjder gav simre resultat. Overraskande nog
gav 3 ankare bittre noggrannhet dn 4 vid sparning av en tagg, men 4 ankare fungerade bittre
med flera taggar. Nir taggar placerades nira aktiva Wi-Fi-enheter 6kade felet med 8 cm, och
lig batteriniva ledde till fler avvikelser med upp till 33 cm fel. Taggar pa golvet gav bast
resultat nir ankare ocksa satt lagt, vilket visar hur viktig vertikal placering ar.

Studien ger praktiska tips for effektiv uppstillning av UWB-system utan att anvindaren be-
héver gora egna tester.
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Performance Evaluation of Ultra-wideband-based
Indoor Positioning Systems

Abstract

Ultra-Wideband (UWB) is a radio technology used for accurate indoor positioning. This
study evaluates how setup factors affect UWB localization accuracy using Localino v4 de-
vices in a real lab environment at University West. Tests were performed by changing anchor
height, number of anchors, number of tags, tag placement, battery level, and by introducing
Wi-Fi interference to evaluate their effects on accuracy. Positioning errors were calculated
by comparing measured coordinates with known reference points on a scaled map.

The results showed that localization accuracy is dependent on setup options. The best accu-
racy (10 cm) was achieved when both anchors and tag were placed at 1 meter height. Placing
anchors too high (2.5 m) or at mixed levels led to reduced accuracy. Contrary to expectations,
using 3 anchors gave better accuracy than 4 in single-tag setups, but 4 anchors performed
better when multiple tags were active. Tags placed near active Wi-Fi devices got an 8 cm
increase in error, and low battery voltage caused more inconsistent readings and errors up to
33 cm. Placing tags on the floor gave better results when anchors were also placed low,
proving that vertical alignment plays a significant role.

These findings highlight the importance of setup design in UWB systems and offer practical
recommendations for users aiming to deploy UWB systems efficiently without running their

own experiments.
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IPS Indoor Positioning System
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Wi-Fi Wireless Fidelity
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NS Nanoseconds
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1 Introduction

The demand for accurate indoor positioning has quickly increased with the growth of
ML, Al connected IOT devices and robotics shaping smart indoor environments like
smart buildings, factories, safety, hospitals, and logistics centers. Because of this safety
systems also needed to increase. GPS has proven to be good for outdoor positioning
but inadequate indoors due to its signals bouncing off buildings, walls, or other surfaces.
Which is why alternative technologies, like UWB, Wi-Fi, or Bluetooth, are used for
indoor positioning. UWB surfaced as a leading choice having advantages such as low
latency and energy, centimeter-level accuracy, and robustness in NLOS conditions [2].

UWB uses short radio pulses over a wide frequency range, enabling precise time-of-
flight (TOF) or two-way ranging (TWR) measurements. This makes it suitable for con-
ditions where LOS may be obstructed. It performs better against dynamic factors like
human movement or changing layouts compared to other radio technologies like Wi-
Fi or Bluetooth [1].

Even with these advantages, UWB shares spectrum with other wireless technologies,
like Wi-Fi 6E and Wi-Fi 7 which can lead to interference. This is "Because Wi-Fi is
higher-powered and can employ 320 MHz channels, it can drown out UWB radios op-
erating in the 6 GHz band and interfere with ranging." [1]. This is specifically important
in environments where both UWB and high-power Wi-Fi operate in the 6 GHz band.
Figure 1 shows how the power spectrum of Wi-Fi overlaps with UWB, especially in the
6 GHz band, where Wi-Fi’s higher transmission power can potentially interfere with
UWB signals:

Bluetooth, ZigBee
Wi-Fi
802.11b/g/n/ax

GPS

Power Spectral Density

16 24 34 5 106
f (GHz)

Figure 1: Spectrum overlap Wi-Fi’s higher power spectral overlaps that of UWB [1].
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Recent research has pointed out the role of the setup variables in determining UWB
performance [24]. These studies have shown that positioning accuracy is not only de-
termined by the algorithm used, but also by factors like anchor layout and height, num-
ber of anchors, and the presence of obstacles.

With UWB's massive potential and the raising need for precise indoor positioning, the
question remains: how can users reliably reach high accuracy in real-world environ-

ments? Although the technology is promising, is the performance strongly dependent
on how the system is set up?

While manufacturers and prior research provide guidelines regarding the setup, our
study explores whether following these guidelines actually hold up in real-world envi-
ronments? or if, in some cases, the opposite might be true.

1.1 Study Objective

This thesis aims to base its findings on such insights by performing a structured calcu-
lation of how setup variables affect UWB accuracy. Using Localino v4 devices in a
controlled environment, we methodically adjust factors such as anchor quantity, height,
number of tags, and obstacles. The goal is to generate useful guidelines for users who
want to install a UWB system but have no time for many experiments. This involves
identifying setup combinations that grant centimeter-level accuracy and identifying con-
ditions that reduce performance. The findings will be valuable for engineers, develop-

ers, and researchers who want to achieve a robust UWB setup for indoor localization.

1.2 Limitations

Although this study has valuable findings, a number of limitations should be acknowl-
edged:

e NO UWB FINGERPRINTING: This study exclusively investigated ranging-
based positioning techniques. Other approaches such as UWB fingerprinting,

which could offer different findings, were not explored.

e NO TDOA: TDoA method which will be introduced in the next section, was
not examined in this work. This study focused only on TWR, in alignment with

Localino’s guidelines to achieve higher accuracy.

e NO OPEN-SOURCE FIRMWARE: The Localino Frontend platform used in this
project does not support open-source firmware for the hardware used for po-

sitioning (anchors and tags).

e NO 3D: Although anchor height was one of the examined variables, the analy-
sis was limited to the X and Y coordinates of the tags. The vertical (Z-axis)

component and the Z value was not measured.
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e PRECISION LIMIT DUE TO PIXEL ROUNDING: The reference points used
for accuracy evaluation were created on the map using Paint and Python, with
a fixed pixel/meter scale of (0. 0.0228726 m/pixel). This meant that in the worst
cases (reference points) an error of less than 1.1 cm (or less than half a pixel)
were expected. Therefore, the pixel value was sometimes rounded up or down

during CSV creation.

2 Background

Due to the technical nature of UWB technology, the following concepts need to be
introduced to the reader for a better understanding of this subject.

2.1 Indoor Positioning Systems (IPS)

Indoor Positioning Systems (IPS) are needed to determine the whereabouts of an object
or an individual within a building or confined space. Unlike GPS, which helps with
outdoor navigation, IPS is designed to overcome the challenges posed by signal block-
age and multipath effects normally encountered indoors. IPS technologies are broadly
used across smart buildings, hospitals, warehouses, factories, and logistics centers, in
which real-time tracking and positioning of an asset, a person, or a robot are crucial for

safe and efficient operations [2].

A few technologies, such as Wi-Fi, Bluetooth, and UWB, are used for indoor position-
ing. However, the first two weren’t designed for accurate real-time localization. Figure
2 provides an overview of commonly used indoor positioning technologies based on

their accuracy and coverage:

Coverage Graphic: Rainer Mautz
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Figure 2: Overview of indoor positioning technologies in dependence on accuracy and

coverage from [2]
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Indoor positioning is typically achieved using anchors (fixed reference points) and tags
(mobile devices), using signal-based techniques like fingerprinting, time-of-flight (ToF),
or received signal strength (RSS) to determine the exact position of tags in a defined
space [3]. These methods are based on the measurement of signals between the devices
to determine distance and positioning. Fingerprinting compares the signal strength at
specific position with a pre-built database to calculate position, while Time-of-Flight
(ToF) determines the distance based on how long a signal takes to travel between de-
vices, offering very accurate results. Figure 3 illustrates a simplified ToF trilateration
diagram, where a tag’s location is estimated based on its distance from multiple nearby

anchots:

Figure 3: Simple ToF Trilateration diagram, anchors locating tag using the time it takes

for signals to travel between them.

RSSI estimates distance by analyzing the strength of the received signal from anchors
to tags. While Time-of-Flight (ToF) offers higher accuracy, it can be more complicated
to implement and it’s a more expensive alternative. In contrast, RSS is a simpler and

cheaper method, but it may not provide the same level of accuracy as ToF [3].

2.2 UWB-based Indoor Positioning System

UWAB is a radio technology based on the IEEE 802.15.4a and 802.15.4z standard [3]. A
typical UWB-based IPS setup uses a minimum of three anchors placed strategically
around the coverage area and are connected to a PoE network switch that powers them.
This switch is connected to a router/AP which connects to a PC forming an internal
network linking all devices. Figure 4 shows a typical UWB system setup, including an-

chors, tags, and the network components used for communication and data processing:
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Anchor Anchor
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L) L
° Y

Ethernet
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PoE switch

|epepee |~
|

router

Laptop

Figure 4: A typical UWB-based setup with 4 anchors, 1 tag, PoE switch, a router and a

laptop.

These anchors, equipped with UWB transceivers, send and receive short radio pulses

to estimate positions of tag. The small battery-powered tags emit signals received by

the anchors. The PC collects data from the anchors and calculates the tag’s position.

Using various software (e.g. Localino Frontend) this could be displayed, edited and

synchronized to achieve accurate measurements.

UWB stands out as one of the top technologies for indoor positioning for the follow-

ing reasons:

1.

HIGH ACCURACY: UWB-based IPS can achieve centimeter-level accuracy, 100
times more accurate than BLE and Wi-Fi as it uses very short pulses (only 2 ns
wide) [4], which allows it to keep the quality of the signal even in the occurrence
of multipath interference (which is when signals reflect off surfaces). Because
of its wide bandwidth and quick rises and falls, UWB is highly protected against
noise and can accurately measure the arrival time of signals, making it ideal for
precise distance measurements (within 5-10 cm) indoors. UWB has all that com-
bined with “a latency that is 50 times lower than the Global Positioning System
(GPS) and 3,000 times lower than that of standard beacons” [4]. This low la-
tency makes the real-time positioning part possible. according to Samsung [5]

UWB takes measurements every 100 milliseconds.
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2. Low ENERGY: UWB consumes substantially less power than other positioning
technologies like Wi-Fi or Bluetooth, making it the right choice for battery-

powered tags in real-time tracking.

3. ROBUSTNESS IN NLOS CONDITIONS: UWB can penetrate obstacles like
walls and furniture which enables it to function in dense environments. By send-
ing very short pulses and using multiple frequencies simultaneously, UWB be-
comes less affected by multipath interference, as shown in Figure 1. If the cause

of NLOS is metal error was found by [28] reaching over 1 meter.

4. SCALABILITY AND INTEGRATION: UWB’s low power consumption, high ac-
curacy, and robustness make it highly scalable for many IoT devices. For in-
stance, Apple integrated UWB into some of their products, particularly in the
iPhone 11 and later models [6]. This can be a key step to mass adoption of this

technology worldwide.

2.2.1 How UWB Indoor Positioning Works?

A UWB-based IPS measures ToF, which is a method for calculating the distance be-
tween two radio devices like tag and anchor by multiplying the ToF of the signal by the
speed of light. Based on this principle, UWB technology can be used in different meth-
ods based on the need of the user. These methods are Two Way Ranging (TWR), Time
Difference of Arrival (TDoA), or Phase Difference of Arrival (PDoA).

2.2.2 Topologies for UWB-based IPS
In this section, the different topologies of UWB are presented.

2.2.2.1 Two-way ranging (TWR)

This method relies on two-way communication between two radio transceivers. During
the communication, these devices also calculate the ToI" of the UWB RF signal between
them. By multiplying the round-trip time of the signal by the speed of light, and then
dividing by 2, you can find the real distance between these two devices.

Poll
.
Response : . ‘
59 Final n ELocaling®
. > ) = |
et Report results e o

¢ 2 DU R GAHET “e—

Figure 5: UWB Two-Way-Ranging process



Performance evaluation of Ultra-wideband-based indoor positioning systems

As shown in Figure 5, authors of [7] describes the process as, “T'he fag wonld initiate the
communication with each anchor with a ‘poll”, the anchor will reply with a “response” message, the
tag replies with a “final” message, then finally, the anchor reports the distance calenlation in a “result”

message back to the tag.”

If the TWR method is applied, the distance (D) will be calculated between them. This
also enables the 2D or 3D position of a tag by measuring the distance between the tag
and several fixed and pre-configured anchors. This technique is called triangulation,
where the distances to three anchors form three theoretical circles, and their area of
intersection is used to find out the tag's exact location. This approach is known as tri-
angulation, as it typically uses three reference points—often UWB modules—to accu-

rately locate the position of the tag [8].

Figure 6 illustrates the TWR-based triangulation process, how distance measurements

from multiple anchors create intersecting circles locating the tag:

/ \

; Anchor 2 1

| % |

~
~

W=

\

Anchor 1 \(’ Anchor 3

/N

\ /
e AR 5

Figure 6. Triangulation process, 3 anchors locating 1 tag with TWR from [9]

['WR is the method used in this work because according to manufacture guidelines it

has higher accuracy and robustness compared to TDoA method.

2.2.2.2 Time difference of arrival (TDoA)
The Time Difference of Arrival (TDoA) method is like GPS, the time-synchronized

anchors are used to pinpoint the position of a tag. The tag regularly sends a beacon
signal, and when the anchor receives the signal, it will also timestamp it. These
timestamps are then sent to a central location engine, which is referred as “fusion center’
in [10] which uses algorithms to calculate the X, Y, Z coordinates of the tag. This

method relies on the difference in arrival times of the beacon signal at each anchor.
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Figure 7 illustrates the TDoA positioning process, in which synchronized anchors
timestamp the arrival of a signal from the tag, then a central engine calculates the tag's

position based on the variation in time:

Blinks from Tags

— — Data Backhaul
(Can be UWB, Ethernet,
Wi-Fi or other)
Anchor Sync Frames
-~ AN (UWB or Wired)

Note: Image shows 1 tag for
simplicity. UWB applications
can support many tags.

Figure 7. TDoA synchronized anchors use time differences to locate the tag, from [4]

According to Localino guidelines this method consumes less energy than TWR. Battery
lifetime can extend up to 7 years and can manage very high density of tags, in the thou-
sands. There are also two more topologies: Reverse TDoA and Phase difference of

arrival (PDoA), however, these are not very relevant to the scope of this study.

2.2.3 Real-World Applications of UWB-based IPS

UWB is becoming the leading indoor positioning technology because of its high accu-
racy, low power consumption, and ability to operate effectively even in NLOS. To pro-

cess data in real-time is something that is needed by intelligent services in three areas:

* The what: this is about the action, what is happening, and for that we have

SENsofrs.

* The when: this is about the time, and for that we have super accurate system

clocks.
* The where: this one is not as served as the two previous dimensions.

Some of UWB applications across industries include:

SPORTS

It’s been long known that the American NFL uses UWB to track player movements to
generate player statistics [11] but since The Qatar World Cup 2022 included tags inside
the footballs for faster and more accurate referee decisions [12] a new era is entered.

This is because of the popularity of the sport and size of the FIFA organization. Figure
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8 (a-b) shows the placement of a UWB tag inside a football, as implemented in NFL
[13] and the 2022 FIFA World Cup [14] in Qatar.

SMART BUILDINGS AND HOMES
UWB allows smooth interaction in connected homes. For instance, users can unlock

doors or disarm alarms just by holding a UWB-enabled device against the keypad.

Figure 8 (c) from [15] shows an example of this functionality, in which a smartphone is
used to unlock a door using UWB-based proximity detection.

LOGISTICS AND WAREHOUSING
UWB helps improve inventory control and real-time positioning of goods and even
workers. Forklifts, instruments, and containers can be monitored, reducing latency

and enhancing productivity.

Figure 8 (d) from [16] shows how UWB is applied in a warehouse environment to

track items and forklifts in real time.

(b) UWB-based IPS in FIFA 2022 [14]

(c) UWB-based IPS in loT [15] (d) UWB-based IPS in a Warehouse [16]

Figure 8: Examples of the applications of UWB-based Indoor Positioning in multiple mar-
kets.
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HEALTHCARE
As demonstrated in recent biomedical research published in 2022 [17] UWB has proven

highly effective in allowing non-contact, real-time monitoring of various vital physio-
logical and behavioral parameters. UWB impulse radar systems have been used to meas-
ure heartbeat patterns, breathing movements and rates, and physical posture of the
body, all without having to place any physical sensors on the patient. This makes UWB

suitable for emergency response, elderly care, and home-based healthcare.

In an earlier study [29] published in 2019 they placed UWB-based body sensors were
placed on a patient’s body to measure vital signs like ECG, blood pressure, breathing,
and temperature. These sensors sent data to a central node on the patient’s body for
health monitoring. Figure 9 from [29] shows the setup with four UWB sensors and

one central node mounted on the patient:

| . Node 1 Central Node

Figure 9: A patient who has four sensors and central node on his body from [29]

FUTURE

In the future, as the Internet of Things (IoT) continues to expand, UWB is expected to
play a big role in shaping smart cities, self-driving vehicles, and wearable devices that
require high-accuracy indoor localization. “Consumer electronics companies in China, Japan,
and India are incorporating UWB into smartphones and smartwatches for precise location tracking

and device connectivity.” [18]

10
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2.2.4 Factors Affecting the Accuracy of UWB-based IPS
The accuracy of IPS can be affected by different factors depending on technology (e.g.

the signal strength in the case of Wi-Fi fingerprinting). In the case of UWB can these

key factors influence accuracy:

ANCHOR PLACEMENT: The number of anchors and their arrangement signif-
icantly impact the accuracy of UWB systems. Too few anchors or poor place-

ment may result in bigger errors, as this recent paper provides proof for [19].

ANCHOR HEIGHT: The height at which anchors are placed can also influence
accuracy. Some research claimed that elevated position of anchors leads to bet-
ter accuracy and better LOS [20]. This is also what the manufacture guidelines

recommend.

OBSTACLES: Such as walls, people, and furniture, can block or influence UWB
signals, leading to a higher margin of error. However, the distinction between
LOS and NLOS accuracy in UWB systems differs considerably from other
technologies like Wi-Fi and Bluetooth, due to UWB's superior resistance to
multipath effects and its higher time resolution.

This study examined the influence of concrete pillars on the accuracy of UWB.
They evaluated two scenarios, “In the first scenario, each anchor was provided a clear
communication path between each other while in the latter some direct communication paths
between the anchors were obstructed by concrete pillars. The evalnation kits were configured to
allow maxinum range and data rate. Intuitively, the first scenario should perform much better
than the latter. However, the experiments showed the contrary in some situations. Moreover,
the overall performance, in terms of error distances and R95 values, of the first scenario did
not outperform significantly as expected.” [21]

TAG POSITIONING: If the tag is at head level or foot level affects the accuracy
of the positioning. In some cases, it was found that increased height difference
between anchors and the mobile tag (called MT in this paper) improves accu-
racy.[22]

TWRvs. TDOA: According to Localino guidelines, TWR offers slightly higher
accuracy and does not require time synchronization between anchors. In con-
trast, TDoA supports longer battery life and a greater number of tags in an area
but requires time sync. What to choose hangs on whether accuracy or scalability
is prioritized. This paper found that “TWR achieves a distance measurement accuracy

with an error of less than 10 cm, while dynamic positioning methods ensure an error margin
of less than 30 cm.” [23]

WI-FI TRAFFIC: Even though UWB operates in its own frequency range,
nearby high-bandwidth wireless (like Wi-Fi) activity can introduce interference,
specifically in overlapping bands like 6 GHz [30]. In such cases accuracy can be

affected due to timing noise or signal masking.

11
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3 Related Work

UWB-based indoor positioning has been investigated a lot, particularly about improv-
ing accuracy. This is demonstrated by the many results found when searching for white
papers about this subject online (e.g. through Google Scholar). The following studies
highlight different approaches and focus areas, and are described below to show how
this work builds upon or differs from prior research:

In [19], Jungmin Cho and Byoungkil Lee (2024) conducted based their entire experi-
ment on four anchors and never tested 3-anchor setups. They state that using four
anchors instead of three leads to lower errors and they cite other studies [25] which

found higher errors when using 3 anchors compared to 4.

They performed their testing in a controlled and empty lab, unlike our study which
focuses on real-world complexity (e.g., Wi-F1 interference, furniture, people).

Their goal is ideal 3D placement, and we focused on 2D positioning.

In [24], the authors focus on algorithm performance using advanced filtering techniques
and applied exclusively the TDoA, to show how much filtering algorithms matter for
accuracy of both 2D and 3D positioning under TDoA.

Similarly to their work we placed 4 anchors at mixed heights and evaluated performance
across several positions. While their study involved fixed mixed anchor heights, we sys-
tematically tested anchor height as an independent variable and observed how it affects
the accuracy. Figure 10 from [24] shows how they deployed anchors at different heights
as part of their setup:

Figure 10: Mixed-height anchors used in TDoA testing, from [24]
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In [9], the authors also used Localino hardware from the same manufacturer and a
similar setup of 4 anchors. But their work focused only on four scenarios with different
levels of LOS and only a metal CNC machine as the obstacle causing the NLOS. Their
ground truth was based on a laser tracker, and they found that the accuracy was about
10 times worse in the worst-case scenario (87.64 cm) compared to the best-case sce-

nario (6.07 cm).

Our work expands this by also analyzing factors such as different anchor heights and
number of anchors, Wi-Fi interference, and tag placement. In the conclusion they men-
tion: “In addition, evaluation of the influence of the anchor heights, was not investigated in detail in
this excperiment.”’ [9] And so we wanted to add to their findings by researching a broader
range of setup configurations and their implications for the UWB positioning.

In [26], Umek and Kos used Localino v2.0 (with DecaWave DW1000), which is very
similar to our Localino v4 and they also used TWR, not TDoA. Their focus was on
dynamic tracking of a moving person (tennis player) in outdoor LOS conditions, using
only two anchors, positioned on facing ends of a tennis court at player head level. They
focused also only on 2D trilateration. In contrast we focused on indoor environments

and focused on static positioning, testing 3 and 4 anchors at varied heights.

Figure 11 (a and b) from [20] shows images from their setup, including the placement
of tags on the head of the player (Figurel0 a) and anchors across the tennis court
(Figurell b):

UWB tag antenna
QTM rigid body

(a) Tags on the head of the (b) Anchors across the tennis
player [26] court [26]

Figure 11: Outdoor tracking using Localino v2.0, with anchors placed across a tennis
court and tag on the head of the player. Source: [26]
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4 Methods

This section explains the methodology followed to achieve the objectives of this study.
All testing was conducted in Block D at University West in room D204. It’s a lab room
containing furniture, an access point, racks with routers and switches. Both Python
codes that we generated for this study is available in Appendix A and B.

This is an experimental study, where a UWB-based indoor positioning system was con-
figured and tested under different conditions to evaluate how different system setups

affect localization accuracy.

In this study Localino v4 devices were employed for collecting UWB position data by
placing tags at several predefined reference points throughout the testing. The X and Y
coordinates of the tags were collected by software called Localino Frontend and ex-
ported to the connected PC and saved in an excel sheet. They are then compared to
ground truth positions marked on the map of the D204 room. Python scripts were used
to automate the calculation of error and its analysis, converting measured and reference
coordinates from pixels to centimeter using a known scale. This allowed for a systematic
evaluation of how anchor height and number, and environmental factors affected po-
sitioning accuracy.

4.1 Required Resources

In this chapter the resources that are required to take measurement of accuracy and
perform analysis is presented:

A LAPTOP: The laptop is connected to the router, and runs the Localino frontend
software, through which the laptop receives real-time position data from the anchors
and tag over the local network, storing them as CSV files for later analysis.

The laptop is also used for post-processing and error analysis using Python code that is
executed on the laptop. The code is used to analyze CSV files and compare UWB meas-
urements with reference points and calculate positioning errors in pixels and centime-

ters.

LocCALINO FRONTEND: This Software [27] is the official graphical interface provided
by Heuel & Loher GmbH & Co. KG and it allows the user to to manage, visualize, and
configure UWB devices. It allows the user to define anchor positions and start meas-
urements and allows anchors and tags to be connected over the local network. It dis-
plays the map of the room and the live location of the tag, allowing accurate mapping
of reference points in pixel format. Finally, this software is used for data logging, by
exporting tag’s calculated positions and timestamps into a CSV file to the PC. These
files will later be used by Python for error analysis against ground truth points.

Figure 12 shows the Localino Frontend interface as viewed on a laptop screen, display-
ing the map of the room, ogrigin point (blue) anchor placed in corners (red) and what
is called “Zones” to the right:
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Figure 12: Localino Frontend app viewed from a laptop screen.

THE MAP: Figure 13 shows the map of Block-D room D204, which was scaled, and
was Initially acquired from the property manager at University West.

QUL
03

Figure 13: The map of room D204 before manipulation.

The length of the room was measured (wall to wall) to 9.86 m, using a meter band
(manually measured). Room D204 also has a sections of racks where several networking

devices are installed (as shown in Figure 15).
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Figure 14: Actual photo of D204.

Figure 15: Racks for networking devices in D204.

PAINT When placing the mouse anywhere, Paint shows its X and Y coordinates on
screen on bottom left corner. Using the arrow keys on the keyboard one can actually
move one pixel at a time in both X and Y directions, which allows for highly accurate
placement and reading of reference points. Figure 16 shows how Microsoft Paint shows
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the X and Y pixel values of where the mouse is, in the bottom-left corner, enabling

precise reference point extraction.
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Figure 16: Y and X pixel values of a point that is at 100 in both axels

The ground truth reference points were marked on the scaled map, and their pixel val-

ues were extracted from Paint manually. These values were then recorded in an Excel

sheet alongside their corresponding reference point labels.
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Figure 17: The map after manipulation in Paint
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Since Paint always has (0,0) at the top-left corner, the image was flipped vertically and
then horizontally so that the origin point in Paint matches the Localino's origin, which
is located bottom-left and cannot be moved. To accurately compare the UWB-meas-
ured coordinates (in meters) with the reference points (in pixels), a conversion scale was

established. This was done by identifying two points, also wall to wall:
e Point A = (30, 149)
e Point B = (461, 149)

This shows a horizontal distance of 431 pixels, which corresponds to 9.86 meters. This

gives a scale of:
431 pixels + 9.86 meters = 43.701824 pixels/meter or 0.43701824 pixels/cm
Therefore 1 pixel = 2.287260533 cm
This scale was used for all error conversions:
e To convert pixels to meters: meters = pixels +~ 43.701824
e To convert meters to pixels: pixels = meters X 43.701824

EXCEL SHEET: it contains Y and X values which are pixel values extracted from Paint

as shown in Figure 18 below:

Xval Y val
30 171
52 171
74 171
95 171
118 171
139 171
161 171
183 171
205 171
227 171
248 171
270 171
292 171
314 171

Figure 18: Y and X values of one of the lines (horizontal movement)

CSV FILE: This file is a plain text format that stores tabular data by separating entries
with commas. In this study, CSV files had an important role in data analysis and inte-

gration with Python.

A CSV version of the Excel sheet containing ground truth reference points was created
to ensure compatibility with Python code. This allowed Python to conduct a compati-

son between reference positions and the UWB-measured coordinates.
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Additionally, the Localino Frontend stored all calculated tag positions in its own CSV
output. Each row in this file included a timestamp, the tag's unique ID, and the calcu-
lated X, Y, Z coordinates in meters. These values were then matched to the reference

points marked on the scaled map.

Figure 19 shows a CSV file exported from the Localino Frontend, containing

timestamped position data for each tag:

Extrahera

M Alla bokmiirken

positions_20250425135918 00000 - Anteckningar

Ariv Redigera Format Visa Hjalp
2025-84-25T13:59:21.4465727,46900F592AE2,4.484

,-9.530,0.800
2025-84-25T1 59.275364Z,495F6EF38BDD,2.218, -8.

resultat

2025-84-25T14:00:22.7718627,46908F592AE2,4.517

,-8.540,8.008
20825-84-25T14:01:84.920663Z ,495F6EF38BDD,2.167,-8.121,0.0200
I 2025 -04-25714:01: 24. 1469027, 46900F 59242, 4.529, -0.544,0.000
2025-84-25T14:61:49. 9616987, 46908F5924E2,0.481, -8.121,0.800
20825-84-25T14:01:50.5003197 ,46900F592AE2,0.333,-0.121,0.2090
2025-84-25T14:01:51.08331637,46900F592AE2,0.236,-0.121,0.0800
2025-84-25T14:61:51. 5813567, 46998F5924E2,8.173, -8.121,0.800
2025-84-25T14:081:52.151626Z ,46900F592AE2,0.131,-08.121,0.200
2025-84-25T14:81:56.5116267 ,46908F592AE2,8.104,-08.121,0.000
2025-84-25T14:62:10. 5335692, 495F6EF38B0D, 2. 230, -0.121,0. 660
a ?A75-A4-75T14:A2 4R AARTA9AR7 ARARAFSO2AF? 13 ARS -A . A7R. 1 5583

Rad 3, kol 1 100%  Macintosh (CR) UTF-8
¢ Kl

@ Skapa bild

Figure 19: Example of a CSV file exported by the Localino Frontend, showing timestamped

tag measurements with corresponding tag ID and calculated X, Y, Z coordinates in meters.

The highlighted line in Figure 19 is saying:

At 13:59:59 on April 25, 2025, the tag with ID 495F6EF38BDD was estimated to be at
position of (X = 2.218, and Y = -0.121) meters on the map, with a Z-value of 0.000,

indicating a 2D measurement.

THE HARDWARE included:

The hardware used are shown in Figure 20, and is as follows:
e Four Localino v4 Anchors, powered via a PoE switch.
e Three Localino Tags, moved to different test positions.

e A Wi-Fi router/access point, forming a private LAN for all devices.
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Figure 20: Localino v4 hardware with 4 Anchors and 3 Tags, a PoE switch and a Wi-Fi

router/access point.

4.2 Experimental Design

The following factors were systematically examined to meet the goal of this study,

namely, to investigate what could influence UWB localization accuracy.

NUMBER OF ANCHORS: 3 vs. 4 anchors was compared, to observe if more anchors
always result in better accuracy. This part relates to [19] and [25]

ANCHOR HEIGHT: All four anchors were mounted at three different heights: floor-
level (~0Om), ~1 m and ~2.5 m. Figure 21 shows images of the anchors at these heights,

illustrating the variations used in the experiments.

(a) Anchor at ~0 m height. (b) Anchor at ~1 m height. (c) Anchor at ~2.5 m height.

Figure 21: The Anchors at three different heights.
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OBSTACLE PRESENCE: In this case clothes and plastic covering the tag deliberately
to test NLOS effects.

Wi-FI INTERFERENCE: By placing the tag between two laptops running zoom video
call while testing.

TAG HEIGHT: The tag was placed at head level (1,6 m) and at foot level (0 m) to ex-

amine the impact of tag height on positioning performance.

Figure 22 shows the tag positioned at head height (1,6 m height) during one of the

scenarios.

Figure 22: Tag at head-level height (1,6 m) for testing
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4.3 Summary of Planned Tests:

Table 1 summarizes the planned scenarios applied to investigate factors influencing

UWB indoor positioning accuracy. Each experiment was tested 10 times, and the aver-

age localization error was recorded, resulting in more than 140 measurements. For an-

chors “varied heights” here means (0 m, 1m, 2.5 m and mixed).

Table 1: Planned tests to be taken

Scenario Variable
Tested

1.Anchor Height = Anchor height

(Tagat 1 m)

2. Tag on Tag height

Ground

3. LOS vs NLOS

Signal obstruc-

tion
4. Single vs 3 Number of
Tags tags
5. Number of Anchor count
Anchors (3 vs 4

6. Wi-Fi Interfer-

€nce

7. Battery Level

RF load

Tag power

level

Anchor Setup

4 anchors at varied
heights

4 anchors at varied

heights

4 anchors at 2.5 m

3 anchors, 4 anchors

3 or 4 anchors at 2.5

m

4 anchors at 2.5 m

4 anchors at 2.5 m

Tag Setup

Fixed at 1 m

On ground (0

m)

At 1 m, with
and without

obstacles

1 tag vs 3 tags

Single tag or
3 tags

Between 2 ac-
tive Zoom

laptops

Tagat1m
(3.91V vs

1.62V)

4 test points were chosen having the following X and Y coordinates:

Test Point 1: (3, 3.9)
Test Point 2: (7, 3.9)
Test Point 3: (3, 7.9)
Test Point 4: (7, 7.9)

evenly spread around the room to achieve a symmetrical placement.
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Purpose

Identify optimal an-
chor height

Evaluate perfor-
mance for ground-

level assets

Assess effect of line-

of-sight obstruction

Investigate effect of
number of tags and

anchors on accuracy

Compare effect of
anchor count on

single/3-tag setup

Test impact of
nearby Wi-Fi activ-
ity

Examine accuracy

under different bat-

tery conditions
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4.4 Data Collection

When all devices are connected, configured to use TWR and the system is up, data
will be collected from UDP communication, and logged as CSV files on PC.

Figure 23 shows the backend communication interface used for data transmission and
logging. Localino Frontend stores these measurements automatically:

[e3] CAWindows\system32\cmd.exe

000001 | service | 2025-85-23T16:38:37.889377Z [info] - Starting
©00002 | main | 2025-85-23T10:38:38.027616Z [info] - Initializing localino-backend (demo) v3.3.0.1feel7101493
000003 | main | 2025-85-23T10:38:38.827616Z [info] - We have 4 anchors on 1 levels
208004 | database-postgres | 2825-85-23T10:38:38.827616Z [info] - Connecting to PostgreSQL database...
geooes | database-postgres | 2025-05-23T10:38:40.847501Z [error] - Failed to connect to database: could not connect to s
erver: Connection refused (©x©800274D/16061)
Is the server running on host "127.0.0.1" and accepting
TCP/IP connections on port 54327

@00006 | licensing | 2025-85-23T10:38:40.847501Z [info] - Licensing: checking 1 licenses for mats.lejon@hv.se.

2080807 | licensing | 2025-85-23T10:38:40. Z [info] Licensing: checking license © validity...

@eeee8 | licensing | 2025-85-23T10:38:40. Z Licensing: license © is VALID.

000009 | licensing | 2025-85-23T10:38:40. Z Licensing: issued by 'Steffen Heuel'.

208010 | licensing | 2025-85-23T10:38:40. Z Licensing: valid until 2030-81-01760:00:007

000011 | licensing | 2025-85-23T10:38:40. Licensing: limiting to 10 tags

208012 | API | 2825-85-23T10:38:40.294704Z [info] - Initializing REST API without authentication

©00013 | rssi-statistics | 2025-85-23710:38:40.310323Z [warning] - Loading RSSI statistics 'C:\Users\almoh\AppData\Roami
ng\localino\backend\stats.rssi_stats' failed: [json.exception.type_error.302] type must be number, but is array

208014 | pipeline | 2825-85-23T10:38:48.310323Z [info] - Using TWR pipeline: prefilter-smart -> gatherer-twr -> position
ing-ceres -> postfilter-alphabeta

208015 | pipeline | 2825-85-23T10:38:40.310323Z [info] - Using BLE pipeline: prefilter-null -> gatherer-ble -> positioni
ng-ceres -> postfilter-alphabeta

000016 | pipeline | 2825-85-23T10:38:40.310323Z [info] - Using GNSS pipeline: gnss-mapper -> postfilter-null -> pathmapp
er-null

000017 | pipeline | 2025-85-23T10:38:40.310323Z [info] - Using publishers: publisher-postgres, publisher-simple, publish
er-csv, rssi-statistics, publisher-ws

000018 | proximity-mapper | 2025-85-23T10:38:40.310323Z [warning] - no configuration found, using defaults

000019 | APT | 2025-05-23T710:38:40.310323Z [info] - Starting REST API server at http://127.0.6.1:8088/

208020 | main | 2825-85-23T10:38:48.310323Z [info] - Starting pipeline

Figure 23: Backend communication interface used for collecting tag data in real time.

These files included rows with a timestamp, tag 1D, and the tag's estimated X, Y, and
Z coordinates in meters. Localino Frontend stores these measurements automatically.

Reference points were mapped on the image of the room in Paint, and their pixel co-

ordinates were logged and stored as a CSV file for compatibility with Python.

The first Python code was used to visualize these reference points on the map. The
code loads the map image, reads the CSV file, and marks each reference point with a
black circle (as shown in Figure 24) to verify correct placement and mapping alignment.
This helped ensure that the ground truth positions were accurate before error analysis

began.
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Figure 24: Visualization of reference points marked on the scaled room map using a Py-

thon. Black circles represent manually extracted ground truth positions.

A conversion scale of 1 meter = 43.701824 pixels was applied to convert pixel posi-

tions into real-world coordinates for precise error calculation.

As shown in Figure 25, another Python code was written to process the data and cal-
culate localization errors. In the figure, black dots representing ground truth positions,
red dots representing Localino’s estimated positions. This second code does the follow-
ing tasks:

1. Reading the pixel coordinates from the CSV file called: referencepoint.csv,
containing ground truth position.

2. Loading measured data placed in localino.csv file. containing timestamped X,
Y, Z values in meters for each tag reading.

3. The code compares the estimated (X, Y) position to the nearest reference
point (from referencepoint.csv) by finding the nearest ground truth point and

calculates the Euclidean distance between them. The Euclidean distance is cal-
culated using this formula:
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error = \/(xmeasured_ xtrue)2 + (Ymeasured_ ytrue)z

and this distance is the error for that measurement.
4. Each (X,Y) that Localino calculated is displayed on the room map next to its

nearest reference point for visual comparison.

The script visually links each estimated position to its nearest reference point with a
green line (black dots representing the ground truth positions and red dots representing

Localino’s estimated positions).
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Figure 25: Python code visualizing error after one tag-on-floor test

What is shown in these figures above, is the outcome of one test only. Each configu-
ration (e.g. tag-on-floor) was tested ten times, then results were averaged to ensure a

result that represent that particular configuration.

25



Performance evaluation of Ultra-wideband-based indoor positioning systems

5 Results

This section presents the results of multiple experiments performed using the Localino
v4 UWB positioning system. All experiments were performed in a controlled indoor
environment, at room D204 in University West. Each experiment was tested 10 times,
and the average localization error was recorded. In the case of anchor height “Mixed-
height setup” is referring to one anchor being at 0 m, another at 1m and 2 anchors at

2.5 m height. Six scenarios are presented below:

5.1 Impact of Anchor Height (Tag at 1 Meter)

This scenario shows how anchor height impact positioning accuracy when the tag was
fixed at a height of 1 meter. Four anchor setups were tested, and each setup was evalu-
ated over 10 times. Only the calculated average localization error, which is expressed in

meters, is presented below.
ANCHOR CONFIGURATIONS
e Configuration A: All 4 anchors at 2.5 meters
e Configuration B: All 4 anchors at 1 meter
e Configuration C: All 4 anchors on the ground (0 meters)
e Configuration D: Mixed-height setup
SCENARIO RESULTS

As shown in Figure 26 the most accurate configuration is B (1 meter), with an average
error of 10.64 cm, and the least accurate is configuration D (Mixed), with an average
error of 23.83 cm.

Effect of Anchor Height on Localization Accuracy
(Tag at 1 Meter Height)
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Figure 26: Localization accuracy changes across anchor height configurations with one
tag at 1 m height
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Configuration C (0 m) showed a higher average of error, 14.84 cm, compared to con-
figuration B. In contrast, configuration A (2.5 m) showed a similar error to mixed
height at 23.62 cm.

5.2 Impact of Anchor Height (Tag at 0 Meter)

In the second scenario, the tag was placed directly on the ground (0 meters). Four dif-
ferent anchor height configurations were evaluated, similarly to the first scenario but

now the tag is on the ground.
ANCHOR CONFIGURATIONS
o Configuration A: All 4 anchors at 2.5 meters
o Configuration B: All 4 anchors at 1 meter
e Configuration C: All 4 anchors at 0 meters (ground level)
e Configuration D: Mixed anchor heights
SCENARIO RESULTS

As shown in Figure 27, the most accurate configuration is C (0 meters), with an aver-
age error of 14.62 cm, while the least accurate is configuration A (2.5 meters), with an
average error of 26.65 cm. Configuration B (1 meter) produced a moderate error of
19.54 cm, and configuration D (Mixed) resulted in a high error of 25.95 cm.

Effect of Anchor Height on Localization Accuracy
(Tag on the Ground)
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Figure 27: Localization accuracy changes across anchor height configurations with

the tag on the ground.
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5.3 Impact of LOS vs NLOS on Tag Localization

The third scenario examined the impact of NLOS conditions on localization accuracy.
The tag was positioned at 1 m height, while 4 anchors were mounted at 2.5 meters.

Two test cases were conducted:
e LOS (Line-of-Sight): The tag was visible to all 4 anchors.

e NLOS (Non-Line-of-Sight): The tag was first enclosed in a plastic container,
then covered with clothing.

SCENARIO RESULTS

As shown in Table 4 and Figure 28, the average localization error under LOS condi-
tions was 23.62 cm, while NLOS conditions involving plastic and clothing produced a
slightly higher average error of 26.89 cm. The difference between the two scenarios

was approximately 3 cm.

Effect of LOS vs NLOS Conditions on Localization Accuracy
(Tag at 1 Meter, Anchors at 2.5 Meters)
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Figure 28: Visualization of average error between LOS and NLOS (plastic + clothing)

5.4 Impact of Tag Quantity: Single vs 3 Tags

This scenario investigates the outcome of tracking 3 tags at the same time, on localiza-
tion accuracy. Anchors were placed at a height of 2.5 meters, and tags at 1 meter. 4

setups were tested.
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SCENARIO RESULTS

As shown in Table 5 and Figure 29, the most accurate setup was 1 tag with 3 anchors,
showing an average error of 16.81 cm. Attaching a fourth anchor to the single-tag
setup increased the error to 23.62 cm. The configuration with 3 tags and 3 anchors
produced the highest error of 28.05 cm, while using 4 anchors with 3 tags decreased
the error to 24.22 cm.

Effect of Tag Quantity and Anchor Count on Localization Accuracy
(Anchors at 2.5m, Tags at 1m)

_ 301 28.1
£
L
S 25f 23.6 24.2
&
c 201
£ 16.8
S
2 15}
o
o
|
o 10F
(=]
c
P
z or
0 ‘ S I S I S I S
¢ v ¢ ¢
3 AnCh© 4 P 5,3 P 5, 8 hn®
l'(aq‘ 1"39' 3169 : 3139 !

Configuration

Figure 29: Visualization of localization accuracy across different tag and anchor configu-

rations.

5.5 Impact of Wireless Interference

In this scenario, 4 anchors were mounted at a height of 2.5 meters and one tag was
placed at 1 meter height, between two laptops running Zoom video calls at the same
time, producing a continuous bi-directional data stream over 2.4 GHz and 5 GHz Wi-
Fi bands.

SCENARIO RESULTS

As shown in Table 6 and Figure 30, the average localization error under normal LOS
conditions without interference was 23.62 cm. in contrast when the tag was placed be-

tween two active laptops, the error increased to 31.83 cm.
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Impact of Wireless Interference on Localization Accuracy
(Anchors at 2.5m, Tag at 1m)
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Figure 30: Visualization of increased localization error when the tag is positioned be-

tween two active laptops emitting Wi-Fi signals.

5.6 Impact of Tag Battery Level

This scenario examined the effect of the tag’s power level on UWB positioning per-
formance under otherwise same conditions. Four anchors were positioned at a height

of 2.5 m and one tag was placed at 1 meter height in LOS.

Two battery voltage levels were tested:
e Tull Battery: 3.91 volts

e Low Battery: 1.62 volts

SCENARIO RESULTS

As shown in Figure 31, the tag with a charged battery (3.91 V) produced a lower aver-
age error of 23.62 cm. The low battery tag (1.62 V) resulted in a higher error of 33.01
cm.
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Impact of Tag Battery Level on Localization Accuracy
(Anchors at 2.5m, Tag at 1m, LOS)
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Battery at 3.91V Battery at 1.62V
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Figure 31: Visualization of accuracy degradation and measurement variability caused by
low battery levels in the tag.

6 Discussion

This section discusses and analyzes the results from all tests conducted with Localino
v4 UWB system under six distinct scenarios. Each test was conducted to evaluate spe-
cific variables e.g. anchor- and tag height, number of anchors and tags, LOS/NLOS
setup, Wi-Fi traffic interference, and the impact of battery level on positioning accu-

racy.

6.1 Anchor Height (Tag at 1 Meter)

The first scenario calculated how changing the height of 4 anchors impacts position-
ing accuracy when the tag is fixed at 1 m. The results showed that mounting anchors
at 1 meter provided the highest accuracy, with an average error of 10 cm. This sug-
gests that mounting anchors at the same height as the tag optimizes the geometric lay-

out for trilateration and minimizes vertical distance.

31



Performance evaluation of Ultra-wideband-based indoor positioning systems

Table 2: Anchor height error with one tag at I m height of tag:

Configuration Avg. Error (cm)
A (2.5 m) 23.62
B (1 m) 10.64
C (0 m) 14.83
D (Mixed) 23.83

On the other hand, the mixed-height setup, in which anchors were placed at 0 m, 1 m,
and 2.5 m, gave the least accurate outcome, with an error of 23 cm. This is probably

because of geometric distortion and irregularity in signal arrival angles.

When anchors were mounted at ground level (0 m) the average error was 14 cm,
showing some degradation compared to the 2.5 m height setup which is supposed to
be the optimal setup according both earlier work and manufacture guidelines. The 2.5
m height setup showed a similar error to the mixed setup (23 cm), perhaps because of
increased vertical ambiguity in range assessment. These results suggest the significance
of maintaining horizontal symmetry and matching tag-anchor heights for precise posi-

tioning.

6.2 Anchor Height (Tag at 0 Meter)

When the tag was placed directly on the ground (0 m), the results shifted from the
previous scenario. The best accuracy now became when the anchors were also at
ground level, producing an error of 14 cm. This indicates that minimizing vertical
gaps between anchors and tags leads to decreased ranging error and better position-
ing. The worst performance occurred when anchors were placed at a height of 2.5
meters, which resulted in an error of 26 sm. In this case, the major vertical disparity
likely introduced complex signal paths and increased multipath distortion. Mixed-
height and 1-meter anchor setups also underachieved, suggesting that vertical align-

ment remains important even when the tag is placed lower in the environment.
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Table 3: Average localization error for different anchor height configurations with the tag

placed at ground level (0 m):

Configuration Avg. Error (cm)
A (2.5 m) 26.65
B (1 m) 19.54
C(O0m) 14.62
D (Mixed) 25.95

6.3 LOS vs NLOS

The average error in LOS was 23 cm, while in NLOS it increased slightly to 26 cm.
The 3 cm difference is insignificant, indicating that lightweight, non-metallic obstruc-
tions like plastic and fabric have almost no impact on UWB signal accuracy. These
findings show that Localino system is capable of maintaining reasonable localization
performance under light NLOS conditions, making it suitable for indoor environ-

ments where tags might be covered inside clothing or safety helmets.

Table 4: Average localization error under LOS and NLOS (plastic + clothing):

Condition Avg. Error (cm)
LOS — unobstructed 23.62
NLOS (Plastic + Clothing) 26.89

6.4 Impact of Tag Quantity: Single vs 3 Tags

This scenario examined how the number of tags and anchors influence accuracy. The
best result was obtained with 1 tag and 3 anchors, giving an average error of 16 cm.
Counter to earlier work we found that adding a fourth anchor in this case increased
the error to 23 cm, showing that additional anchors can introduce complications if

not geometrically optimized.

When tracking 3 tags, the system showed reduced accuracy due to increased signal
congestion. The worst result came from 3 tags with 3 anchors (28 cm of error), while

adding a fourth anchor improved the result to 24 cm. These findings suggest that
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multi-tag scenarios introduce communication delays, especially in TWR-based systems
where tags take turns exchanging signals with anchors. Without coordination this can

lead to reduced accuracy.

Table 5: Average localization errors for varying combinations of tags and anchors:

Configuration Avg. Error (cm)
1 Tag, 3 Anchors 16.81
1 Tag, 4 Anchors 23.62
3 Tags, 3 Anchors 28.05
3 Tags, 4 Anchors 24.22

6.5 Wireless Interference

This scenario tested how Wi-Fi traffic near the tag affects accuracy. The baseline
(LOS, no interference) resulted in an error of 23 cm. When the tag was placed be-
tween two laptops running Zoom video calls, the error became 32 cm, a clear degra-

dation.

Table 6: Localization accuracy comparison between normal LOS conditions and scenarios

with nearby Wi-Fi interference:

Condition Avg. Error (cm)
LOS — No interference 23.62
Between Zoom traffic 31.82

Although UWRB signals typically avoid interference from Wi-Fi, this result shows that
strong, nearby RF signals, especially from 2.4 and 5 GHz devices, can introduce noise
or affect timing synchronization. This highlights the need to avoid placing tags near
high-bandwidth wireless devices, particularly in environments like offices, hospitals,

or production facilities.

6.6 Tag Battery Level

This final scenario tested whether battery power affects accuracy. With a 3.91 V,
which is pretty charged (fully charged is 4.20 V), the error was 23 cm, while the same
tag at lower voltage (1.62V) had a higher error of 33 cm.
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Also, the low-battery tag showed more irregular readings, including occasional
dropped timestamps: This suggests that low power can reduce signal quality or delay

response timing in the ranging handshake process, which is critical in TWR.

Maintaining fully charged tags is therefore essential for reliable operation, especially in

systems requiring continuous or long-term tracking.

Table 7: Comparison of average localization error between high battery and low battery
tag conditions:

Condition Avg. Error (cm)
Full Battery (3.91V) 23.62
Low Battery (1.62 V) 33.01

7 Analysis

This study aimed to evaluate the performance of a UWB-based indoor positioning
system in a real-world environment, using Localino v4 devices and a structured exper-
iments. By systematically altering variables such as anchor and tags height and quan-
tity, battery level, presence of obstacles, and Wi-Fi1 interference, we aimed to find how

these variables affect positioning accuracy.

The results show that system setup has a clear impact on positioning accuracy.
Matching anchor height to tag height clearly improves accuracy, with the best
performance observed when both were at 1 meter. We found that accuracy decreased
when anchors were placed too high (2.5 m) or at mixed levels, challenging findings
from earlier studies and commonly accepted guidelines. Similarly, placing the tag on
the floor showed improved results when anchors were also near the ground
proving the significance of vertical alignhment between tags and anchors.

Contrary to earlier studies [25] that claim that 4 anchors always provide better accu-
racy, our findings showed that with a single tag, using 3 anchors showed less aver-
age error compared to 4 anchors. This challenges the assumption that more an-
chors inherently result in better precision. However, in multi-tag cases, adding a
fourth anchor reduced the error, suggesting that while 3 anchors may suffice for sin-

gle-tag tracking, 4 anchors enhance robustness when multiple tags are active at the
same time.
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8 Conclusion

Testing multiple tags showed that increased traffic could lead to higher errors in TWR
systems due to collisions or delayed responses. Wi-Fi traffic produced an increase of
~8 cm in error, proving that strong RF activity in overlapping bands can interfere
with UWB signals. Lastly, low battery voltage produced not only higher error but
more variability in measurements, suggesting that signal quality and timing consistency

degrade with lowered tags battery power.

Across all tests, localization accuracy ranged from as low as 10.6 cm in ideal condi-

tions to as high as 33 cm in more challenging setups.

FUTURE WORK could focus on extending this study to involve TDoA-based setups
and full 3D positioning with Z-axis testing in larger environments using larger num-

ber of anchors and tags. In contrast to Localino another system could be examined.
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A. First Python Code (Reference point)

import cv2

import csv

# Load the floor plan image
img = cv2.imread(karta-D204.png") # Your map image

# Display the image size
height, width = img.shape[:2]
print("Image Size (W,H):", width, height)

# Load reference points from CSV and draw black circles
with open('referncepoint.csv', 't") as file:
reader = csv.reader(file)
for row in readet:
# Skip empty lines, short lines, or header
if not row or len(row) < 3 or row|[0].Jlower() == "id"

continue

try:
x = int(row][1])
y = int(row[2])
except ValueError:
print("Skipping invalid row:", row)

continue

# Draw a black circle at the reference point
cv2.circle(img, (x,), 3, (0, 0, 0), 2) # Black color

# Show the result
cv2.imshow('Reference Points Map', img)
cv2.waitKey(0)

cv2.destroyAllWindows()
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B. Second Python Code (Error)

import pandas as pd
import numpy as np
import cv2

import csv

import math

# Load the floor plan image

img = cv2.imread('karta-D204.png")
height, width = img.shape[:2]
print("Image Size (W,H):", width, height)

# Pixel to meter scale (23 pixels = 0.5 meters)
scale = 0.5 / 21.851 # meters per pixel

# - Load real positions from referencepoint.csv ---
real_positions_list = ]

with open('referncepoint.csv', 't") as file:
reader = csv.reader(file)
for row in reader:
if not row ot len(row) < 3 or row|[0].lower() == "id"
continue

try:
x_pixel = int(row[1])
y_pixel = int(row|2])

except ValueError:
print("Skipping invalid row:", row)

continue

# Convert pixel to meter

x_meter = x_pixel * scale

y_meter = y_pixel * scale

real_positions_list.append({'x_pixel" x_pixel, 'y_pixel": y_pixel, 'Real_x" x_meter,
'"Real_y": y_meter})

# Convert real positions to DataFrame
real_positions = pd.DataFrame(real_positions_list)

# --- Load estimated positions (Localino output) ---
estimated_positions = pd.read_csv('localino.csv', header=None, names=|"timestamp',
'tag_id', 'Estimated_x', 'Estimated_y', '2])

# Convert x and y to numeric

estimated_positions|'Estimated_x"] = pd.to_numeric(estimated_positions[' Estimated_x],
errors='coerce’)
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estimated_positions|'Estimated_y'] = pd.to_numeric(estimated_positions|'Estimated_y"],
errors='coerce’)

# Drop invalid rows
estimated_positions.dropna(subset=['Estimated_x', 'Estimated_y'"], inplace=True)

# Function to calculate Euclidean distance between two points
def calculate_distance(p1, p2):
return math.sqrt((p1[0] - p2[0])**2 + (p1[1] - p2[1])**2)

# --- Find nearest reference point and calculate error ---
errors = ||
for idx, row in estimated_positions.iterrows():
estimated_x = row['Estimated_x']
estimated_y = row|['Estimated_y'|

# Find the nearest reference point in real_positions
nearest_distance = float('inf’)
nearest_real_position = None

for _, real_row in real_positions.iterrows():
real_x = real_row|['Real_x']
real_y = real_row['Real_y'|

# Calculate the distance between the estimated point and the reference point
distance = calculate_distance((estimated_x, estimated_y), (real_x, real_y))

if distance < nearest_distance:
nearest_distance = distance
nearest_real_position = real_row

# Record the error (distance) between the estimated point and the nearest reference
point
errors.append({
'Estimated_x": estimated_x,
'Estimated_y": estimated_y,
'Nearest_Real_x" nearest_real position|'Real_x'],
"Nearest_Real_y': nearest_real_position|Real_y'],
'Error (m)": nearest_distance

})

# --- Visualization: Mark nearest real and estimated positions, connect with a line ---
nearest_real_x_pixel = int(nearest_real position|['x_pixel'])
nearest_real_y_pixel = int(nearest_real position['y_pixel'])

estimated_x_pixel = int(estimated_x / scale)
estimated_y_pixel = int(estimated_y / scale)

# Draw a black dot for the nearest real position
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cv2.circle(img, (nearest_real_x_pixel, nearest_real_y_pixel), 4, (0, 0, 0), -1) # Black for
real

# Draw a red dot for the Localino estimated position
cv2.circle(img, (estimated_x_pixel, estimated_y_pixel), 4, (0, 0, 255), -1) # Red for esti-
mated

# Draw a line between the real and estimated positions
cv2.line(img, (nearest_real_x_pixel, nearest_real_y_pixel), (estimated_x_pixel, esti-
mated_y_pixel), (0, 255, 0), 2) # Green line

# Convert errors to DataFrame
error_df = pd.DataFrame(errors)

# Print the results
print(error_df)
print("\nAverage Localization Error: {:.2f} meters".format(error_df['Error (m)'].mean()))

# --- Show the image with points and lines ---
cv2.imshow('Reference Points vs Estimated Points with Lines', img)
cv2.waitKey(0)

cv2.destroyAllWindows()
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