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ENHANCED OUT OF BOUNDARY UWB BASED LOCALIZATION
FOR INDUSTRIAL DIGITAL TWINS

SUMMARY

By combining data-driven decision-making, advanced analytics, and real-time analysis,
Industry 4.0 is fundamentally transforming traditional industrial processes. Change
starts from manual systems to connected and intelligent edge device networks that
can respond to dynamic parameters. This revolution changes many sectors like
manufacturing, logistics, and healthcare improving productivity and efficiency.

The fundamentals of this industrial revolution are based on many cutting-edge
technologies. The Industrial Internet of Things (IloT) provides communication
between machines and systems by enabling continuous data flow. Big Data analytics
finds meaningful insights from large datasets. Furthermore, wireless communication
technologies, such as Bluetooth(BLE), WiFi and Ultra-Wideband (UWB), offer
low-latency data transmission required to support real-time applications and asset
tracking solutions.

Another important concept in Industry 4.0 is the Digital Twin. A Digital Twin is a
digital representation of a physical object or system. Digital Twins(DT) are dynamic,
continuously updated through data flows from real-world twins. Digital Twins creates a
synchronized environment where people can monitor processes in real time, simulate
possible scenarios, and predict possible maintenance operations. Therefore, Digital
Twins are very important tools for enhancing performance and anticipating failures
before they occur.

The power of Digital Twin technology significantly increases together with localization
systems. Ultra-Wideband (UWB) technology is a good companion technology with
DT, becuase UWB offers centimeter-level precision in indoor where other positioning
systems like GPS fall short. UWB uses pulses over a wide frequency spectrum, making
it resistant to interference and highly accurate.

Time Difference of Arrival (TDoA) algorithm is one of the most popular among the
many localization methods. TDoA estimates the position of a transmitter by calculating
the differences in signal arrival times. All receiver devices should be synchronized to
achieve these time differences. It requires only one signal from the transmitting device,
which reduces power consumption and simplifies the hardware requirements. TDoA is
particularly effective in real-time applications where low latency and high update rates
are critical.

When UWB-based TDoA localization is integrated into Digital Twin systems, it
strengthens the DT capabilities. Since TDoA require less signal to calculate a position
for a transmitter device, this reduces to bandwidth usage for each device. Thanks to
TDoA based UWB, one network can support more transmitter devices.
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This work focuses on advancing TDoA-based position estimation by addressing
key challenges that arise in practical scenarios. One significant issue occurs when
transmitters are located outside the geometric boundaries formed by the receiver nodes.
In such cases, traditional localization algorithms can suffer from degraded accuracy and
increased computational costs.

To overcome these issues, this study introduces optimization techniques such as
error weighting and hyperbola selection. Error weighting assigns different levels
of importance to measurements based on their estimated reliability. Error weighting
aims to achieve more reliable and accurate estimation of the transmitter device. which
is outside the region of the receiver devices.

Hyperbola selection involves choosing the most informative and geometrically correct
hyperbolic curves generated by the TDoA measurements, which enhances the stability
and reduce the computational costs of the localization process. To achieve this, the
simulation map was divided into equal regions of 5 m x 5 m. For each area, best
hyperbola pairs have been selected. These best hyperbola pair were used to solve
the TDoA equations. This reduced the computational costs greatly. Because this
approaches removes most of the hyperbolas that are geometrically hard to intersect each
other, which increases the errors and computational time.

Finally, all methods were compared, and simulated error heatmaps were created and a
comparison table for inner, middle and outer areas of the simulated map. Weighted error
method has increased the stability and correctness on the estimated transmitter location
compared to classic approaches. On the other hand, Hyperbola Selection drastically
reduced the computational cost while maintaining accuracy.
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ENDUSTRIYEL DiJITAL IKIZLER iCIN ALICI ALANIN
DISINDA UWB TABANLI KONUMLANDIRMA IYILESTIRMESI

OZET

Endiistri 4.0, biiyiik veri analizi ve gercek zamanlh analizler sayesinde geleneksel
endiistrilerdeki ezberleri degistiriyor. Degisim sadece iiretim hatlarinda degil lojistik
ve saglik gibi diger sektorlerde de kendini gosteriyor. Daha gelismis sistemler ve
daha iyi analizler sayesinde isletmeler daha karli ve verimli hale geliyorlar. Bu
doniisiimiin temelinde Endiistriyel Nesnelerin Interneti, Biyiik Veri Analizi ve gelisen
gercek zamanli konumlandirma teknolojileri yatiyor. Bu teknolohileri harmanlayan
sirketler, veri dayali insan miidahalesine ihtiya¢ duymayan veya en aza indiren sistemler
olusturuyor.

Endiistri 4.0’ en 6nemli parcalarindan birisi olan Dijital Ikiz (Digital Twin) teknolojisi,
fiziksel diinyada bulunan cihazlarin ve kisilerin, siireclerin dijital kopyalarini yaratir ve
gelecek olasi senaryolar i¢cim simule eder. Bu simulasyon senaryolar1 acil durumlarda
insanlarin egitiminde ve acil durum protokollerin gelistirilmesinde kullanilir. Bir tiretim
bandinin simiilasyonlari ise verimliligi arttirmak i¢in incelenebilir.

Dijital ikizlere, Endiistriyel nesnelerin interneti sayesinde gercek zamanli sistem
takibi de eklenebiliyor. Endiistriyel nesnelerin interneti tiretimde bulunan makineleri,
forkliftleri, paletleri ve insanlar1 takip edip bu verileri ger¢cek zamanli olarak dijital
twine aktarabiliyor. Ger¢ek zamanli veri analizleri sayesinde anlik olarak toplanan
bu verilerden otomatik kararlar alinabilir veya insan miidahalesi en aza indirilebilir.
Dijital ikiz ve Endiistriyel nesnelerin interneti ile entegre olmus bir iiretim yerinde,
tiretim makineleri titresim sensorleri ile takip edilip liretim esnasinda iiretilen tirtinde bir
yanliglik olup olmadigini ya da iiretim cihazlarinin bakima ihtiyacinin olup olmadigini
takip edebilir. Hatta iiretim makinelerinin titresimlerini takip ederek bakim zamanlar
tahmin edilip ve gelecek olasi arizalar 6ngoriilebilir. Bu arizalarin iiretimi aksatmasina
engel olunur. Ayn1 zamanda iiretim makinesinin ne zaman yanlig bir iiretim yaptigini
belenip iiretim ve iirlin kalitesini arttirilir.

Bunun yaninda iiretim yerindeki forkliftlerin ve ¢aligsanlarin giin icerisinde izledikleri
rutinleri takip edip, sonuncunda biiyiik veri analiziyle forkliftlerin ve insanlarin
hareketlerini ve rutinlerini, tiretimi ve iiretimin kalitesini arttirmak i¢in daha iyi rutinler
ve yollar sunmada kullanilir. Uretimde bulunan forklift ve insanlarin davranislarini
takip edebilmek icin gercek zamanli konumlandirma sistemleri kullanilir. Bu sistemler
genellikle kablosuz haberlesme aglar1 tizerinden yapilir. Bunlara en giizel 6rnekler
arasinda WiFi, Bluetooth ve Ultra Wide-band teknolojileri vardir.

Gercek zamanli konumlandirma sistemlerinin digerlerinden ayiran giiclii ve zayif
yonleri vardir. Bunlardan ilki Wi-Fi’dir. Wi-Fi konumlandirma sistemlerinde genellikle
sinyal giicli lizerinden konumlandirma gercgeklestilir. Bu method ilk jenerasyon
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konumlandirma servislerinde ¢ok kullanilsa da giiniimiizde popiilerligini yitirmistir.
Bunun en biiyiik nedenlerinden bazilari ise Wi-Fi ile ¢alisan sistemlerin diger sistemlere
gore daha cok giig tiiketmesidir. Ozellikle mobil olan verici ve alici cihazlar batarya
tizerinden ¢aligirlar. Bu cihazlarin muadillerine gore daha sik sarj edilmeleri gerekir.
Bu da sistemin kapali kalmasi ya da gereginden daha fazla mobil cihaza gereksinim
duymas1 demektir.

Bluetooth konumlandirma ¢oziimleri ise bahsedilen ve giiniimiizde popiiler olan bir
diger sistemdir. Muadillerine gore daha az gii¢ tiiketen bu sistemlerin mobil cihazlari
bir pil veya batarya ile aylar boyunca ¢alisabilir. Bu cihazlar hala giinlimiizde en cok
kullanilan sistemlerdendir. Alict ve verici maaliyetlerinin diisiik olmasi1 sebebiyle diger
yaklagimlarin 6niindedir. Ama bir ¢ok yeni endiistri uygulamasina gore bu sistemler
yeterince dogru konum bulamamakta olup biitiin sistemlerin verimliligini etkiler.

Ultra Wide-band konumlandirma sistemleri, hassas konumlandirma ihtiyaci olan
dijital twin sistemlerinde, dogrulugu sayesinde diger sistemler arasinda daha ¢ok
tercih edilebiliyor. Gii¢ tiiketiminin az olmasiyla pil veya batarya ile ¢alisgan mobil
cihazlarda daha uzun ¢alisma saatleri sunuyor. Bu sayede bir dijital ikiz uygulamasinda
konumlandirma dogrulugu ve uzun kullanim siireleriyle sistemin verimliligini attirtyor.
Ayrica hem calisan hem de igveren icin daha giivenli ¢alisma ortamlarina olanak
saghiyor. Konum tahminlerindeki dogrulugu sebebiyle bu arastirma UWB temelli
sistemleri temel alan algoritmalar tercih edildi ve onlar iizerinde odaklanildi. UWB
haberlesme protokoliinii kullanarak gerceklestirelen konumlandirma ¢éziimlerinde bir
cok yaklagim ve cesitli algoritma bulunmaktadir. En yaygin olan algoritmalar merkez
cihaz ve mobil cihaz arasindaki uzakliga gore mesafe bulma (Two Way Ranging), gelen
sinyalin agisina gore konumlandirma (Angle of Arrival) ve gelen sinyalin farkli alicilara
geldigi zamanlarin farklarina gére konumlandirma (Time Difference of Arrival) olarak
siralanabilir.

Two Way Ranging methodu merkez-sabit ve mobil cihaz arasinda sinyallerin karsilikli
gonderilmesi, bu sinyallerin ugus zamanlarinin hesaplanmasiyla gerceklesir. Oncelikle
her sistemde ilk sinyal gonderimini yapacak bir cihaz secilir. Ilk cihaz bir mobil
cihaz ya da merkez cihaz da olabilir. Alic1 cihaz gonderilen ilk sinyalin antenine
geldigi zaman tutar, ve kendisinin analog front-end, back-end isleme siirelerini de
katip sinyalin anteninden ¢ikacagi zamani hesaplar. Gonderdigi sinyalde bu zaman
bilgisini de kars1 taraf ile paylasir. Bu igslem sonuncunda ilk sinyal gonderen cihazda,
elektromanyetik sinyalin yol aldig1 siire ve ortamdaki hizi kullanilarak 2 cihaz arasindaki
uzaklik hesaplanir. Bu igslem c¢evredeki biitiin cihaz ciftleri i¢in yapilarak cihazlarin
arasindaki bagimli uzakliklar bulunur. Bulunan uzakliklari kullanarak konumlandirma
algoritmlar1 ¢aligtiritlip mobil cihazin konumu tahmin edilebilir. Yontemde merkez
cihazlarin kendi arasinda ya da mobil cihazlarla senkronize olmasi gerekmemektedir.
Ama 2 boyutlu bir diizlemde ¢aligan konumlandirma algoritmalar1 i¢in 3 uzaklik bilgisi
gerekiyor ve 3 uzaklik bilgisi 6 sinyal izerinden hesaplanir. Bu algoritmanin bir mobil
cihaz i¢in haberlesme agini 6 kere kullanmas1 gereken bu algoritma, ozellikle ¢ok
cihazl biiyiik haberlesme aglarinda elektromanyetik girisime ve agin bant genisliginin
yetmemesine sebebiyet verebilir.

Angle of Arrival algoritmas ile ¢aligsan sistemlerde, gelen sinyalin acilar1 ve agilarin
kesisimleri kullanilarak vericinin yeri saptanir. Bu sistemde genelde alicilar merkez
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cihaz olarak, vericiler ise mobil cihazlar olarak tanimlanirlar. Alic1 cihazlarda sirali
anten sistemleri kullanilir. Bu sayede antenlere gelen bir sinyal hangi antene ne
kadar once geldigine bakilarak baska bir deyisle gelen sinyalin antenler arasindaki
faz farklarina bakilarak gelen sinyalin yonii hesaplanir. Sirali anten tasarimlarina gore
gelen sinyalin acis1 2 boyutta ya da 3 boyutta hesaplanabilir. Boylece verici cihazdan
gonderilen bir sinyal ile alicilarda hesaplanan agilarin kesisimleri kullanilarak mobil
cihazin konumu tahmin edilebilir. Ama bu yontemde yeralan sirali anten tasariminin
karmasiklig1 ve maaliyetleri, kullanilacak alict ve verici yariiletkenlerin maaliyetleri
oldukca yiiksektir.

Time Difference of Arrival(TDoA) algoritmasi alicilara gelen sinyalin gelig zamanlarimin
farklarindan yola c¢ikarak hesaplanan hiperbolleri kullanir. Hiperbollerin kesisiminleri
ile verici cihazin konumunu tahmin eder. Bu yontemde merkez cihazlar alic1 ve
mobil cihazlar verici olarak gorev alirlar. Biitiin alici-merkez cihazlarin kendi
iclerinde senkronize olmalar1 gerekmektedir. Boylece gelen sinyallerin farklart ayni
baz iizerinden hesaplanabilsin. Bu sistemlerdeki zorlayict meselelerden biri de bu
senkronizasyonu yapabilmektir. Senkronizasyonu saglayabilmenin 2 yolu vardir. Tlk
yol biitiin alicilarin ayn1 zaman diizlemini paylagsmasidir. Biitiin alicilarin merkez bir
referans sinyaline baglh calismasi gerekir. Bu alic1 cihazlar arasinda referans zaman
sinyallerinin yiikselen kenarlarinin alicilara ayni anda gelmesi ve biitiin alicilarinin
bu referans sinyaline gore sinyal islemesi anlamina gelir. Zamanlama hassasiyeti
icin merkez zaman sinyali iireten cihazdan alicilara kadar olan yollarda gecen iletim
gecikmesi hesaplanir ve bu gecikmeler esitlenmesi i¢in merkez zaman sinyalinin farkli
kanallarina farkli sinyal geciktirme bloklar1 eklenebilir. Bu yontem ciddi zaman sinyali
dagitic1 sistemleri sayesinde gerceklebilir. Bu sistemler olduk¢a pahali ve gelistirmesi
kompleks sistemlerdir. Bu yilizden 2. yontem yanii kablosuz olarak senkronizasyon
tercih edilebilir. Kablosuz senkronizasyonda ise cihazlarin kendi icerisinde bulunan
zaman kristallerinin hata yiizdeleri bulunmaktadir. Bu hatalar kablosuz bir sekilde
senkron olmus alic1 cihazlarin zamanla senkronizasyonun bozulmasina neden olur. Bu
nedenle alici cihazlarinin belli araliklarla kablosuz olarak senkton olmasi gerekmektedir.
Bu arastirmada kablosuz senkronizasyonun neden oldugu bu zaman kaymalarini 1 ns
icerisinde normal dagilim yapacak sekilde alici cihazlarin sinyal gelis zamanlarina
eklendi. Gelen sinyallerinden farklarindan hiperboller hesaplanip bu hiperbollerin
kesisimlerinden ise verici cihazin yeri farkli yontemlerle de eklenerek tahmin edildi.

Bu yontemler 2 gruba ayrilabilir. Klasik yontemler sirasiyla, biitiin hiperbolleri
kullanarak konum tahmini, en kii¢iik varig zamanlar ile olusturulan 3 hiperbolu ile
konum tahmini, ger¢cek konumu ve hiperbollerin uzakliklarini kargilastirip en yakin 4
hiperbolu kullanarak konum tahmini ve olusan hiperbolleri alic1 alaninin ortasina olan
uzakliklarina gore siralayip en yakin 4 hiperbol ile konum tahmini gerceklestirilmesi
seklinde siralanabilir. Bu arastirmada onerilen ilk yontem agirlikli hata yonetimi olarak
adlandiriliyor. Alict ve verici cihazlar tizerinden tiretilen uzaklik farkliliklarinin kiiciik
kareler yonetiminde optimize edilen hataya birer kat say1 olarak eklendigi bu yontem,
uzaklik farklar kii¢iik olan hiperbollerin 6neminin artmasini saghiyor. Bu yontem ile
geometrik olarak daha dogru sonu¢ vermesi beklenen hiperbollerin etkisi arttirilmis
oluyor. Klasik yontemlere kiyasla bu yontem sayesinde tahmin edilen konumlardaki
istikrarin ve dogrulugun arttigin1 goézlemliyoruz. Bu arastirmada ikinci 6nerilen yontem
ise hiperbol secimi. Hiperbollerin Ozellikle alic1 alanin disinda geometrik olarak stabil
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hiperboller arasindan secilmesi onemli bir etkendir. Bu ¢calismada 6nceden simule edilen
alan1 Smx5m parcgalara boliip her bir alan i¢in o alanda en iyi sonuglar veren hiperbol
cifti kaydedilmis. Daha sonra bu hiperbol ciftinin performans: diger yontemlerle
kargilastirilmigtir. Sonuglar bize hiperbol se¢me algoritmasi agirlikli hata yontemi
kadar iyi sonu¢ vermese de diger klasik yontemlerin bircoguyla ayn1 dogrulukta verici
konumunu tahmin edebildigini ve rakiplerine kiyasla cok hizl bir sekilde yapabildigini
gostermistir. Bu 1yilesmenin 6zellikle ¢ok vericili biiyiik dijital ikiz uygulamalarinda
islem gereksinimlerini ciddi bir bi¢imde diisiirdiigiinii gézlemliyoruz.

Sonug olarak, onerdigimiz UWB TDoA agirlikli hata algoritmasi bahsi gecen diger
algoritmalara karg1 ozellikle orta alanda daha iyi sonuclar verdi. Bir diger onerilen
hiperbol secme algoritmasi ise hata oranini ¢ok arttirmadan islem hizim1 10 kat
hizlandirdi. Gergek bir uygulamada bu iki algoritma beraber kullanilabilir. Agirlikli
hata yontemi ile baglayip vericinin hangi alanda bulundugu anlasilip daha sonrasinda
daha hizli konum bulmak i¢in hiperbol secme algoritmasi tercih edilebilir.
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1. INTRODUCTION

The fourth industrial revolution will make industries more optimized in many ways.
With Industry 4.0, industrial processes will be more intelligent and interconnected by
combining data-driven decision-making, artificial intelligence, and real-time analysis.
Industry 4.0 helps improve workflows, make better decisions, and reduce costs in sectors

like manufacturing, logistics, and energy [1].

Combining different technologies like Big Data, the Industrial Internet of Things (IIoT)
and robust wireless technologies is a key factor of this transformation. While the IIoT
collects real-time data , Big data analytics creates meaningful insights from massive
data streams. Proven wireless networks like Wi-Fi, Bluetooth, and Ultra-Wideband
(UWB) provide an easy infrastructure for data transmission. All these technologies
together play a big role in applications where real-time responses and accurate tracking
of assets, devices, or personnel are important for operational perfection. Digital Twin
(DT) is an innovative solution that makes big IloT systems easy to manage. It creates
systems’ virtual clones of the psychical world in the digital environment [2]. So, it
enables real-time simulation, monitoring, and optimization. These systems can predict
potential issues, improve resource allocations, and test the new optimized ideas without

interrupting real-world operations.

There are some strengths and weaknesses in the real-time positioning systems mentioned
that distinguish them from others. Positioning can be performed via signal strength in
WiFi-based positioning systems. Although this method was widely used in the early
generations of positioning services, it has lost its popularity today. The main reasons
for this are that the receiver and transmitter devices of systems working with Wi-Fi are
more expensive and consume more power than the other mentioned systems. Especially
mobile transmitter and receiver devices work on batteries. These mobile systems need
to be recharged more frequently than their counterparts. This means that the system

remains closed or requires more mobile devices than necessary.



Bluetooth-based positioning solutions are another commonly used system today. The
mobile devices of these systems, which consume less power than their counterparts,
can work for months with a battery or batteries. These devices are still among the most
used systems today. They are also ahead of other approaches in terms of receiver and
transmitter costs. However, according to many new industry applications, these systems

cannot find a sufficiently accurate location, affecting the efficiency of all systems.

Digital Twin applications for warehouse management and manufacturing workflows
often require accurate tracking of assets or personnel. Among the various localization
technologies, Ultra-Wideband stands out for its precise positioning capabilities.
Enhancing the digital twins with UWB’s localization power, these applications can

achieve real-time sub-meter locations of the assets and personnel [3].

Thanks to the fact that the receiver and transmitter costs and power consumption are
low enough to meet the requirements, it increases the efficiency of the system with
positioning accuracy in a digital twin application. It also allows for safer working
and production environments for both the employee and the employer thanks to more
accurate positioning. This research has studied algorithms based on UWB based systems

due to their accuracy in location estimations.

There are some popular approaches to create tracking solutions with UWB, such
as Two Way Ranging(TWR), Time of Arrival (ToA), Angle of Arrival (AoA), and
Time difference of Arrival (TDoA). TDoA distinguishes itself among these algorithms
with low communication requirements and less complicated hardware and system
synchronization design. Especially being able to calculate the location with one
signal, prevents many signal collisions and allows managing more devices in the
same area [4]. TDoA needs clock synchronization between Rx devices, which is
a crucial and complex topic. lJitters in the clock distribution or skews in the clock
synchronization systems, have a really big impact on the location estimation algorithms.
Since these clocking errors multiply with the speed of light. Real-time localization
systems require efficient processing of TDOA data, often demanding high-performance
computing resources. The importance of optimization in algorithms increases when

the transmission device number in the network increases. Also, this problem affects



systems’ real-time performance, like minimizing the latency and maintaining big DT

applications.

1.1 Purpose of Thesis

This paper focused on enhancing the location estimation where the Tx device is out
of Rx devices’ boundaries. The nature of the hyperbolas coming from the TDoA
calculation increases the complexity of the location estimation at out of the boundaries.

Our contribution can be summarized as:

e We propose a Weighted Error approach to enhance location estimation when the Tx
device is out of the boundary of the Rx devices. This approach uses the difference of

distance to weigh the error in the Least Square method.

e We propose a Hyperbola Selection method to optimize the computational costs
and decrease the latency in big DT systems that have many devices connected. To
optimize the run time this approach uses a pre-simulated best hyperbola pair and

uses Powell’s method to find the intersection point of the hyperbolas.

e We evaluate the proposed methods with the classical approaches for different zones in
the map. By creating heat maps we analyze the geometrical response and estimation
reliability. With the error table, we compare each approaches performances in the

different zones based on their estimation accuracy and computational costs.

1.2 Literature Review

This section examines the current state-of-the-art advancements in UWB-based
localization and its applications. The studies in [5,6] offers an affordable solution
without necessitating additional hardware by using cellphones of the vulnerable users
as beacon sources. Despite the recent advanced safety systems utilizing expensive
equipment such as Lidar or high resolution cameras, detecting vulnerable users in the
blind-spots is a challenging task specially when LoS obstructed. To rectify this issue,
this letter propose ultra-wide-band based outdoor localization to detect motorcyclists
and cyclists in blind spots as well as a simulation architecture combining vehicle and

traffic dynamics with wireless communication models. at the end of the process early



simulation results show that UWB-based method locates motorcyclists with a similar

accuracy when compared to expensive equipment such as LiDAR in LoS scenarios.

Furthermore, the work presented in [7] explores the integration of UWB beacons into
mobile equipment to facilitate faster and more efficient beam alignment. Their proposed
approach reduces beam search time, particularly in dynamic and mobile scenarios. [8]
proposes a novel Parametric Three-Stage Weighted Least Squares (P3WLS) algorithm to
address the ill-conditioned problem in TDoA-based localization, improving positioning

accuracy in environments with synchronized anchors.

Moreover, [9], explores the limitations of the TDoA algorithm in passive localization
scenarios, highlighting its sensitivity to noise and the resulting estimation errors. The
Time Difference of Arrival (TDOA) algorithm may be significantly affected by noise,
leading to high errors in estimating the position of the signal source; Nevertheless,
a cumulative approach can help minimize its impact. To handle this situation, this
paper introduced an approach based on iterations of Chan’s method. Also, the research
throughly investigated and compared different TDOA methods, such as hyperbolic
intersection, least squares (LS), and especially Chan. Through computer simulations,

this paper propose that this approach provides higher accuracy than other methods.

[10] investigates TDoA-based localization for non-cooperative radio frequency
transmitters, addressing challenges such as signal degradation due to low SNR,

multipath interference, and NLOS conditions.

[11] proposes a system architecture using industrial Internet of Things and digital twin
technologies to fulfill spatial temporal traceability and visibility with seamless cyber
physical synchronization for finished goods logistics in the workshop. The factory
lacks tools for monitoring and controlling a single product during the process, leading
to extended stays in various locations without attention, and perhaps resulting in late
deliveries and inferior levels of service. This study proposes an IIoT and DT-based and
deep learning (DL)-enabled positioning (IDeePos) system to track finished goods in
real time and provide smart LBSs to enhance operational efficiency By on-site tests, the

genetic indoor-tracking algorithm outperforms other DL-based positioning algorithms



in terms of location accuracy, responsiveness, and energy efficacy in the long run. It

achieves a location precision of about 2 m at 98.12% of the time.

[12] addresses the challenges posed by unevenly distributed edge service providers
(ESPs) in Industrial Internet of Things (IlIoT) systems. The performance of IIoT
systems can be hindered by unevenly distributed edge service providers (ESPs). To
resolve this matter, this letter introduces a DT-enabled dynamic alliance game resource
allocation algorithm for ESP resources in smart manufacturing and propose an optimized
embedded system for edge intelligence and smart manufacturing, leveraging digital twin
(DT) technology. The approach enhances resource utilization, particularly in large-scale

scenarios, using embedded system based 10T.

[13] mentions about enhancing manufacturing efficieny with real-time location
systems(RTLS) enabled digital twin systems. This integration also helps to detect
bottlenecks and reduce waste with updating digital twin parameters dynamically. This
leads to better decision-making and ensures workplace safety in hazardous areas. An

example of the DT application with RTLS can be shown in Figure 2.1.

Different from these works, this paper proposes Weighted Error in LS and the Hyperbola
Selection method. Weighted Error method aims to reduce the error on the estimated
location by multiplying the error on Least Square method by the hyperbolas’ geometrical
reliability. Hyperbola Selection method saims to select the best hyperbola pair to
make the location algorithm faster and reduce computational costs in large systems
by creating the best hyperbola pairs for different zones in the map and using these

previously simulated hyperbola pairs to estimate location.
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2. DESIGN AND IMPLEMENTATION

2.1 UWB

There are many approaches and various algorithms in positioning solutions using the
Ultra-Wideband communication protocol. The most common algorithms can be listed
as finding the distance according to the two-way distance between the central device
and the mobile device (Two Way Ranging), positioning according to the angle of the
incoming signal (Angle of Arrival) and positioning according to the differences in
the times when the incoming signal arrives at different receivers (Time Difference of

Arrival).

The Two Way Ranging method is realized by sending signals between the central and
mobile device and calculating the flight times of these signals. First, a device is selected
in each system to send the first signal, this can be a mobile device or a central device.
The receiver device records the time when the first signal reaches its antenna, and
calculates its own analog front-end and back-end processing times and sends this signal
with a time information. As a result of this process, the distance between the two devices
is calculated with the signal processing time and the speed of electromagnetic waves
in the environment. Propagation of the signals can be visualized as Figure 2.1. This
process is done for all device pairs in the area, and the dependent distances between all
devices are determined and positioning algorithms makes the calculations from these
distances. In this method, the central devices do not need to be synchronized with each
other or with the mobile devices. However, for positioning algorithms that work in 2
planes, 3 distance information is required and these 3 distance information is calculated
over 6 signals. This shows that this algorithm uses the communication network 6 times
for a device. Especially in large communication networks with many connected devices,

it can cause electromagnetic interference and insufficient network bandwidth.
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Figure 2.1: Simple Signal Propagation

In systems that work with the Angle of Arrival algorithm, the location of the transmitter
can be determined by taking the intersections of the angles of the incoming signal. In
this system, receivers are generally defined as the central device and transmitters as the
transmitter devices. Antenna array systems are used in receiver devices. In this way,
the direction of the incoming signal can be calculated by determining which antenna
received the signal and when, using the time difference between antennas. Antenna
array designs, the angle of the incoming signal can be calculated in 2 or 3 dimensions.
Thus, the location can be estimated by the intersections of the angles calculated in the
receivers around it from a signal sent from the transmitter device. However, in this
method, the complexity-costs of the antenna array design and the costs of the receiver

and transmitter semiconductors to be used are high.

2.2 Time Difference of Arrival

The Time Difference of Arrival (TDoA) algorithm estimates the location of the
transmitter device by using the intersections of the hyperbolas calculated based on

the differences in the arrival times of the signal the receivers. In this method, the



central devices act as receivers and the mobile devices as transmitters. All receiver
devices must be synchronized internally so that the differences of the incoming signals
can be calculated on the same basis. One of the main challenges in these systems
is synchronization. There are two ways to achieve synchronization. The first way is
for all receivers to share the same time domain. In other words, all receivers must
operate in relation to a central reference signal. This means that the rising edges of
the reference clock between the receiver devices arrives at the same moment and all
receivers process the signal according to this reference clock. For timing precision, the
transmission delay from the device generating the central time signal to the receivers is
calculated and different signal delay blocks can be added to different channels of the
central time signal to equalize these delays. This method can be realized with dedicated
reference clock distribution systems. These systems are quite expensive and complex
to develop. Therefore, the second method, namely wireless synchronization, can be
preferred. Wireless synchronization has error percentages in the time crystals within
the devices. These errors cause a central device that is synchronized wirelessly to lose
synchronization over time. Therefore, central devices must be synchronized wireless at
certain intervals. In this research, these time shifts caused by wireless synchronization
were added to the signal arrival times of the receiver devices to simulate a normal
distribution with a standard deviation of 1 ns. Hyperbolas were calculated from the
differences of the incoming signals and the location of the transmitter device was

estimated by using different methods based on the intersections of these hyperbolas

On the other hand, localization accuracy is highly dependent on the receivers’ positions.
For example, along a straight line or in closely located receivers. Hyperbolas may
intersect at large angles or nearly parallel alignments, leading to high uncertainty and

huge errors in localization estimation.

Furthermore, as the number of receivers increases, the number of hyperbolas also
grows, which requires an additional computational cost to solve the equations. This
complexity increases the intersection points while increases the requirement of the
system. To minimize errors and computational costs, receivers should be carefully

placed to optimize hyperbola intersections.



Let’s define the distance difference between the transmitter and receivers, which are

mentioned as anchors in this paper:

d; = ||Rx;—Tx]||

di=\/ (=2 + (i —y)hi=1,2,3,4 (1)

where the

RXi - (xiayi)vTX = (X,y)

And if we calculate the signal receive time with ¢ as the propagation speed of the
electromagnetic signals in space which is the speed of light, f time offset, and §; as the

synchronization error between anchors.

1 = (di/c)+to—|—6,' 2)

We have receive time for our Rx devices, now we can use equation 2, time differences,

and known relative distance between anchors to create hyperbolas.

Atij =t; —t (3)

At = ((difc) +1to+ ;) — ((dj/c) + 10+ 6)) 4)
Atij = ((di/c)+6;) — ((dj/c)+ 9)) (5)
di—d;= (Atjj— 8+ 8j) xc (6)

And since equation 1, We can achieve the hyperbola equation

V=07 + 0= = (5 =)+ (35 —)?
= (Al‘ij— 6,'—{-51') *C

(7)

We can name this hyperbola as 4;;, and since these hyperbolas are dependent on
two different Rx devices, if n is equal to the anchor number, there are (g) different

hyperbolas.
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Figure 2.2: TDoA Hyperbolas for inside and outside area of the RX devices

Since equation 8 is a nonlinear equation, it makes it more complicated to calculate the
location than the linear ones like TWR and ToA. There are several approaches to solve
this problem. Least Square method (LS) and Powell’s conjugate direction method are
very popular for solving nonlinear equations. For these methods, the error that will be

optimized, can be shown as.
This error parameter can be represented as:

V=324 0=y =/ (5 =)+ (5-3)

—(Atjj — 8;+ 6;) xc = errjj

8)

This paper proposes a WLS algorithm to enhance the estimated location accuracy and
propose Hyperbola selection method to reduce computational costs. These 2 proposed

logarithms are compared with different classic methods used for the TDoA.

2.2.1 All hyperbolas

The first method is using all hyperbolas to estimate the location. Each tower pairs
have one time difference and each time difference equals to a hyperbola. Example
tower pairs and hyperbolas can be shown in the Figure 2.2 for both inner area and outer
area. For these reasons, there are (’;) different hyperbolas used in the Least Square
method to estimate the Tx device’s location where the n is number of the anchors in the
network. Ideally, the intersection of these hyperbolas would show the exact location

of the transmitter device. However, due to syncronization errors the hyperbolas do not

11



intersect at a single point. So, the Least Squares method is used to find the position that
best fits all hyperbolas by minimizing the total squared error between measured and

estimated TDoAs.

2.2.2 3 hyperbolas

Second method can be named as 3 Hyperbolas method which is developed based on
min receive time on the devices. The device has the min Rx time is become the base
device. Only this Rx device based hyperbolas have been selected for the LS. This will
increase affect of the the closest anchors’ importance to estimate the Tx device Location.
Hyperbola number will limited with the (n-1). This method tries to increase importance
of the closest anchor. This method emphasizes the closest anchor’s hyperbolas will have
less error due to geometrical nature of the hyperbolas. Compared to the first method,
the number of hyperbolas used in LS is reduced from (;) to (n—1). This also decreases

the computational costs while still keeps the localization performance.

2.2.3 Selection with known tx location

In TDoA applications time synchronization is a very curial topic. Even 1 ns
synchronization error means 30 centimeter with the speed of light. In the calculations,
synchronization error represented as d for Rx devices. Even though this error can
not eliminated completely, This approaches is the best filter we propose in this paper.
Because it actually sorts the hyperbolas according to real Tx Device location. To
increase the better synchronized anchors weights, only 4 best hyperbolas are included
into LS. Since this case is not suitable for the real world. In this approach sorting

variable can be shown as:

VaI‘,'j = }(HTXreal —RX,'H — ”TXreal — RXJH) — (d,' —dj)| (9)

Sorting can be described as:

sorted;; = Sort({err;; | i € {1,...,n},j € {l,...,m}}),

12



where the function Sort arranges the set {sorted;;} in ascending order. From this set,

the best 4 values are selected:

1 2 3
ijs var; ., var;

_ 4
Besty = {var ij,var;;, var;; },

where Var?j referred as 4-th smallest element of the sorted list.

2.2.4 Iteration-sort

The fourth approach uses a similar approach to [9] but the paper uses sequential
signals to reduce noise, this method uses the same signals, to enhance the power
of the hyperbola sorting algorithm. The first iterations start with sorting hyperbolas
according to distances from the center of the network. In the next iterations, it uses the
previous iteration’s estimated Tx location to sort hyperbolas again similar to Sorting
with known Tx location. This is also another method to select geometrically best
hyperbolas selection for LS optimization.

Xi

Let the four anchors be: A; = [

c%(l[;“ib[;‘z]%;“ﬂ%iﬂ)

SortingVar = {|[|c— A;|| — [[c— A|| — Ad| : (A;,A},Ad € Hyperbolas}

} Then, the center point ¢ is calculated as:

Sorting process descriptions are very similar to previous methods.

2.2.5 Weighted least square

The first proposed approach in this paper uses Weighted Least Square (WSL). As
previously mentioned there will be (g) different hyperbola where the n is anchor
number in the system. For the 4 Anchor system all hyperbolas are shown in the Figure
2.3. Some of the hyperbolas are hard to optimize due to their nature, which is increases
the geometrical error in the LS. In this optimization technique, we are giving more
importance to hyperbolas that have small d; +d ;. Because there is a correlation between

this difference and geometrical errors coming from the convergence algorithms. So this

13
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Algorithm gave more importance when the hyperbolas had less geometrical error. In

this approach, the optimization parameter for LS can be shown as:

weighted_err;j = errij* (d;+d,) (10)
2.2.6 Hyperbola selection

TDoA can support many Tx devices. When the number of Tx devices is increased in
big DT systems, this increases the computational costs. The second proposed solution
focuses on this problem. It creates a best-hyperbolas list with previous simulation data

to find the best hyperbola pair for the location estimation algorithm.

Firstly, the map shown in the Figure 2.4 has been divided into Smx5m areas. Then every
possible hyperbola pair in the system has been used with 2 different algorithms. In each
area hyperbolas are sorted according to their mean errors and number of failures because
of the noise in the system. Firstly, LS has been try to adapt this method. Then finding
the intersection points will be possible since there is only 2 hyperbolas in this approach.

Powell’s conjugate direction method has been adapted to minimize the error described

#samples in Outer Area
#total Samples x avgError

in Equation 8. Sorting variable for this method can be defined as:

In real-life scenarios, this method can coexist with the Weighted Error method to
optimize both accuracy and computational cost according to the system requirements.

Or today’s tracking solutions include many different data and sensors. Tx devices’

14
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location can be estimated from the inertial navigation system. According to this location,

Tx device’s region can be decided which is 25m?.
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3. SIMULATION RESULTS

3.1 Environment

Firstly, a simulation environment has been created that simulates the signal propagation,
through the space and analyzes the performance of the different algorithms and filters
based on Least Square (LS) optimization and Powell’s method. 4 transmitter devices
are located in the as shown in the Figure 2.4. Simulations developed in the Python

environment and all methods pseudo codes added to the appendix.

For evaluating the proposed methods, a small network has been created with 4 Rx
devices that have a static place and 1 mobile Tx device. According to Tx device location
and distance difference between Rx devices and Tx device, receive time was calculated.
Then the synchronization error is added to these receive times. Time synchronization

error among the anchors is defined as:

§=4(0,1%1077)

which gives a normal distribution error which has 1 ns standard deviation with the mean
zero. These errors are independent each other. Based on previous calculations anchors
receive the signals from Tx device. Then based on these time differences hyperbola

equations are defined. All simulation parameters given in the Table 3.1.

Table 3.1: Simulation Parameters

Parameter Value

Area Bounds 23x23 m
Filtered Bounds 73%x73 m

Node Placement Granularity 0.1m

Accuracy Levels [0-10 m]

#Runs for Granules 10
Synchronization Error 0 =4(0, 1ns)
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3.2 Results

All mentioned approaches have been evaluated with the same Rx times for each anchor,
and Tx devices move across the whole map to generate an error heatmap. All regions’
errors are going to be calculated and compared with each other additionally, location
geometry can be analyzed with these heatmaps. Some of the methods have advantages

for different geometrical shapes.

3.2.1 All hyperbolas

The first method uses all hyperbolas in the system and there are (g) The number
of hyperbolas increases drastically if we increase the anchor number in the network.
This increases the computational cost. On the other hand, since we are selecting all
hyperbolas this increases the error due to the geometrical error mentioned above. Only
74.2% of the estimations are remained after the filtering. This filter affect also can seen
in the heatmap Figure 3.1. In the heatmap there are black granules. These points are
where the estimated Tx location is out of the filtered zone. Also, geometrical response

of the algorithm is symmetrical.

Simulation results can be summarize in the Table 3.2. In the inner area and middle
area this method has average accuracy performance, but in the outer area it has the
best accuracy performance among the evaluated methods. On the other hand, it has
the second biggest run time for all areas. This is expected since all the hyperbolas in
the system have been tried to optimized with the Least Square. Only 74.2% of the
estimations remained after the filtering. This shows that this method is the least stable

method among the others.

3.2.2 3 hyperbolas

In the second approach, 3 hyperbolas are used by selecting the smallest Rx time and
choosing this Rx device as the base device to create 3 hyperbolas. Location estimation
error heatmap for this method at Figure 3.2. This heatmap shows that estimations on the
corners area have stable results, but this approach decreased the stability on the middle

of the edges.
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Figure 3.1: All Hyperbolas Method’s Heatmap

Even though location estimation performance in the middle and outer area is not the
best, performance in the inner area is quite competitive compared to other methods. In
the computational cost, these methods hold the second best place because it is using

only 3 hyperbolas in the LS to estimate location.

87.6% of the estimations remained after the filtering. This score has made this approach

second most stable method.

3.2.3 Sorting with known tx location

The third approach is based on sorting hyperbolas according to the actual Tx device
location and uses the 4 closest hyperbolas. Evaluation solutions confirm that even
though the closest hyperbolas can be chosen due to the convergence of the hyperbolas,
there is still an error. This shows how the geometrical error affects the LS results. Only
76.3% of the estimated results were inside of the filtered region. This makes it second

least stable method evaluated in this research.

In the runtime, this methods has a slightly higher computational cost in the inner and

outer area than the other 3 hyperbolas method because this method uses 4 hyperbolas.

19



N
w

N
~

[N
-

N
o

=
w

=
o

-
=}

=
=Y

=
v

=

-
w

=
N

—
-

=
o

o N W kB U O N @ ©

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 3.2: First Signal Heatmap

Location estimation error heatmap for this method at Figure 3.3 and error table at Table

3.2.

3.2.4 Iteration-sort

The iteration-sort method enhances the hyperbola sorting importance and sorts
hyperbolas at first with the center distance and 2 times according to the previous

estimated Tx location which is a result of the best 4 hyperbolas with LS.

Location estimation error heatmap for this method at Figure 3.4. This heatmap gives a

very symmetrical result.

According to the result when the first Tx estimate has large errors, Average errors get
higher than the other results. So even though this method uses several LS steps there
is no improvement in the accuracy compared to the 3 hyperbola method in the inner
and middle regions. 81.4% of the estimated location results were inside of the filtered

region.
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Figure 3.3: Sorting with Known Tx Heatmap

As expected since the LS method was used several times in this method computational
cost is very high compared to other methods. This method can create extra latency in

the big DT systems that have many devices. Simulation errors can be shown in the

Table 3.2.

3.2.5 Weighted least square

Weighted Error with distance method uses the distance differences between Tx device
and Rx devices and the total distance difference uses as a weight parameter in the LS

optimization. This is the first proposed solution in the work for increasing the accuracy.

According to Error table Table 3.2, This method has the best performance for 99.9%
estimating the Tx location in the filtered area. which makes it most stable method
among the others. For every region, it has the best location estimation performance
over the other methods except Sorting with Known Tx location which is not a real-life

scenario.

In the run time, even though this method uses all possible hyperbolas it has a very

similar run time to the Sort-Tx method which uses 4 hyperbolas. This seems adding
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Figure 3.4: Iteration-Sort Heatmap

weight to the Least Square method made the convergence process faster and more

accurate.

Error heatmap can shown as Figure 3.5. Having the best stability can be clearly seen
in this heatmap. Almost it has no black granules over the heatmap. The heatmap is
symmetrical, which shows that this method gives the same performance for around the

receiver area.

3.2.6 Hyperbola selection

The second proposed solution in this paper is Hyperbola selection from previously
simulated results’ hyperbola tables created. In this approach, Tx device’s location can
be estimated with a region that is 25m?. This method uses Powell’s methods to find the
intersection point between 2 hyperbolas. As shown in Table 3.2run time of the method
has decreased drastically compared to other algorithms. Because this method uses a
different approach to estimate location only with one pair of hyperbolas. This method
was able to find 87.4% of the estimated location inside of the filtered region. It has the

almost same After-Filter score with the second best method.
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Figure 3.5: Weighted Error Heatmap

When we compared the accuracy even inner and outer regions’ accuracy, middle area
accuracy is the second best in the evaluated methods. This method will be efficient
with its low computational requirements, on large networks with multiple Tx devices.
If we look at the Figure 3.6, estimated location accuracy can vary between different
5x5m regions. this heatmap shows that, stability of the estimations can be improve by

selecting the geometrically best hyperbola pair.

During the simulation, hyperbola sorting parameters can be optimized according to
application, environment or system requirements. For example system can be integrated

with more accuracy or more frequent estimated locations.
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Figure 3.6: Hyperbola Selection Heatmap
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4. CONCLUSIONS AND FUTURE WORKS

In this work, we presented the Weighted Error and Hyperbola Selection methods.
Weighted Error improves the location estimation, especially at the middle region
which is described in the work. Hyperbola Selection decreases the computational
time drastically since this method uses Powell’s method and only 2 hyperbolas to
estimate Tx device location which can decrease the latency in the big DT systems that

have many assets to track.

Industry 4.0 is changing industrial processes. The main technologies in this change are
the Industrial Internet of Things (IIoT), big data analytics, and advanced positioning
systems, which together create systems that rely on data and require minimal human
intervention. Digital Twin is powered by these features, which involves creating digital
replicas of physical devices, people, and processes to simulate different scenarios and
improve system efficiency. Digital Twins can receive real-time data from machines,
forklifts, pallets, and workers thanks to the Industrial Internet of Things and real-time
positioning systems. This enables automated decision-making and reduced human

involvement.

We began our researching by comparing the real-time positioning systems for the
digital twins.We explore advantages and disadvantages of the Wi-Fi, Bluetooth and
Ultra-Wideband real-time positioning systems. UWB has distinguished thanks to it’s

positioning accuracy. Then we compared the UWB’s positioning algorithms.

Experimental results demonstrate that the Weighted Error method achieves superior
accuracy, especially in central regions, while the Hyperbola Selection algorithm
performs comparably to classical methods, but offers up to 10x faster computation.
Therefore, in practical applications, a hybrid strategy can be adopted: starting with the
Weighted Error method to determine the general region of the transmitter, followed by

the Hyperbola Selection algorithm for rapid and efficient fine localization.
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These findings indicate that integrating accurate UWB-based TDoA localization
with Digital Twin systems can enhance operational safety, efficiency, and predictive
maintenance in modern industrial settings. In future works, we will work on dynamically
switching between localization algorithms to increase location estimation stability
and reduce the computational costs. Integrating Inertial Navigation System(INS) to
real-time positioning systems will be integrated. Advanced accelerometer could be
attached to manufacturing machine to track their behavior. With the collected data these
machine’s maintenance schedules could be organized to avoid unexpected failures in
the manufacture. And all these systems will work on together for a more efficient digital

twins.
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Appendix A: Pseudo codes for the Evaluated TDoA Methods

Algorithm 1: Hyperbola Error calculation for LS.

1 Function EvalHyperbolicError (x, tower_pairs, Ady) :
errors < [ |
foreach (cy,c;),Ad in tower_pairs and Ad do
di < |lx—ci
dy  |x—ca
error < |(d) —dp) — Ad|
Append error to errors
end
return errors
end

o X Q9 N AW

p—
>

Algorithm 2: Hyperbola Error calculation for LS.

1 Function A1 1Hyperbolas (rx_times, towers, tx_device) :
c+3x108
tower_pairs <— all combinations of 2 towers
Adg <[]
foreach (i, j) in index combinations of towers do
At < rx_times[i] — rx_times|j]
Append c - At to Ad,
end
Xinit <— average of towers
res < LSmin EvalHyperbolicError (x,tower_pairs,Ads) from x;,j
estimated_location < res
err < ||tx_device — estimated_location||
return err, estimated_location
end

=R - Y B O

—
N =D

o
= @
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Algorithm 3: Estimate Transmitter Location Using TDOA Reference Tower

Approach

1 Function Est imateTx (rx_times, towers, tx_device) :
2 ¢ <+ index of minimum value in rx_times

3 Pe < towers|c]

4 | 1o < rx_times|c]

5 all_p; + towers with /" row removed

6 all_t; + rx_times with ¢’ entry removed

10
11
12
13
14

// Define error function to minimize
Function EvalSolution (x):

| return ||x— pc| —||x—all_pi|| +c- (all_t; — 1)
Xinit <— average of towers
res < LSmin EvalSolution (x) from x;,;
multi_res < res
err < |[tx_device — multi_res||
return err, multi_res
end
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Algorithm 4: Estimate Transmitter Location Using Best N Hyperbolas

1 Function EstimateTxKnownTx (rx_times, towers, tx_device) :
2 | c«3x108
3 N <+ 4
// Number of best hyperbolas to select
// Generate all possible hyperbolas
tower_combs < all 2-combinations of towers
cl_list,c2_list,Ad_list < [],[],[]
foreach (i, j) in tower_combs do

1 < towersli]

¢y < towers|j|

Ad <+ c- (rx_timesli| — rx_times|])
10 Append c1, ¢, and Ad to their respective lists
11 end
// Evaluate true error of each hyperbola
12 | errors <[]
13 for i < 1 to length of Ad_list do

AT EEN U

14 c1,¢2,Ad < cl_list[i], c2_list[i], Ad_list[i]
15 e < |||tx_device — c1|| — ||[tx_device — c3|| — Ad|
16 Append e to errors
17 end
// Select N best hyperbolas
18 sorted_indices < argsort(errors)

19 best_hyperbolas < | |
20 fori< 1toN do

2 idx < sorted_indicesli

22 Append (c1_list[idx|,c2_list[idx],Ad_list[idx]) to best_hyperbolas
23 end

24 Xinit <— average of towers

25 res < LSmin EvalSolution (x,best_hyperbolas) from x;,j

26 estimated_location < res

27 err < |[tx_device — estimated_location||

28 return err, estimated_location

29 end
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Algorithm 5: Iterative Estimation Method

1 Function EstimateTxIter (rx_times, towers, tx_device) :
2 | c+3x108

3 N+ 4

// Number of best hyperbolas to select
// Generate all hyperbolas

4 tower_combs <+ all 2-combinations of indices of rowers
5 | hyperbolas < ||
6 | foreach (i,j) in tower_combs do
7 c1 < towersi]
8 ¢y  towers|j]
9 Ad < c- (rx_timesli| — rx_times|j])
10 Append (cy,c2,Ad) to hyperbolas
11 end

// Iterative refinement
12 Xinit — average of towers
13 for iter <+— 1 to 3 do

// Evaluate hyperbolic errors

14 errors < [ |
15 foreach (c1,cp,Ad) in hyperbolas do
16 di < ||Xinir — c1|
17 dy < || Xinit — 2|
18 Append |dy — d, — Ad| to errors
19 end
20 sorted_indices < argsort(errors)
21 best_hyperbolas < | ]
22 fori < 1toN do
23 idx < sorted_indicesli|
24 Append hyperbolaslidx] to best_hyperbolas
25 end
26 res < LSmin EvalSolution (x,best_hyperbolas) from x;,j
27 Xinit < res
28 end
29 estimated_location < res
30 err < ||tx_device — estimated_location||
31 return err, estimated_location
32 end
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Algorithm 6: Estimation Using Weighted Errors

1 Function Est imateTxWeights (rx_times, towers, tx_device) :
2 | c+3x108

// Generate tower pairs and delta distances
towerPairs <— all 2-combinations of towers

Adg + [ ]

foreach (i, j) in index combinations of towers do

X 9 & U B W

10

At < rx_timesl[i] — rx_times|j]
Append c - At to Ad,

end

// Initial guess

Xinit <— average of towers

Function EvalWithWeights (x, towerPairs, Ady) :

1 errors < [ |

12 weights < | |

13 foreach ((c1,c2),Ad) in (towerPairs,Ady) do
14 dy + [[x—ci1]|

15 dy  ||x—c2|

16
17
18
19
20
21

22
23
24
25
26
27
28

end

return weightedErrors

res <— LeastSquaresMinimize EvalWithWeights (x, towerPairs, Ady)

from x;,;
estimatedLocation < res
if tx_device is provided then

| err < |tx_device — estimatedLocation||

else
‘ err < None
end
return err, estimatedLocation

Append |d| — dr — Ad)| to errors
Append (d; + d») to weights

weightedErrors <— errors - weights
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Algorithm 7: Estimation Two Selected Hyperbolas

1 Function EstimateTx2Combs (rx_times, towers, tx_device,
hyperbola_id) :

2 c+3x108
3 tower_pairs <— all combinations of 2 towers
4 | Adg<1]
5 foreach (i, j) in index combinations of towers do
6 At < rx_times(i] — rx_times| |
7 Append ¢ - At to Ad;
8 end
// Select two hyperbolas based on ID
9 ids < all combinations of indices of tower_pairs taken 2 at a time
10 i, j < ids[hyperbola_id|
1 hyperbola_pairs < [tower_pairsli|,tower_pairs|[j]]

12 Adhyp A [Ads[i]aAds []H
13 Function SystemOfEquations (x):

14 eql < ||x — hyperbola_pairs|0][0]|| — ||x — hyperbola_pairs[0][1]|| —
Adhyp [O]

15 eq2 < ||x — hyperbola_pairs[1][0]|| — ||x — hyperbola_pairs[1][1]|| —
Adyyp[1]

16 return [eq1,eq?2]

17 Xinit <— average of towers

18 estimated_location < solve SystemOfEquations (x) from X,

19 | err < |tx_device — estimated_location||

20 return err, estimated_location

21 end
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