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This bachelor’s thesis examines what a software engineer should know about Bluetooth 6
and its relevance in smart home and other smart indoor environments. The study is conducted
as a literature-based review and focuses on the evolution of Bluetooth technology from
traditional Bluetooth to Bluetooth Low Energy, as well as the role of BLE in Internet of
Things systems and smart home communication architectures.

Particular attention is given to the new capabilities introduced with Bluetooth 6, especially
Bluetooth Channel Sounding. The thesis explains the principles of Channel Sounding and
discusses its two main ranging methods, Phase-Based Ranging (PBR) and Round-Trip Time
(RTT), together with their advantages and limitations in indoor environments. In addition,
the study examines how more accurate ranging may support smart home applications such
as indoor positioning, proximity-based automation, and security-related access control.

The results indicate that Bluetooth 6 introduces important improvements for future smart
environments, particularly in situations where reliable distance estimation between devices
is needed. At the same time, challenges such as multipath propagation, environmental
interference, and implementation complexity remain relevant. The thesis concludes that
software engineers should understand not only the communication benefits of BLE, but also
the practical implications of Bluetooth 6 ranging features for the design of future smart home
systems
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Tassd kandidaatinty0ssa tarkastellaan, mitd ohjelmistokehittdjin tulisi tietdd Bluetooth 6:sta
ja sen merkityksestd dlykodeissa sekd muissa dlykkaissa sisdymparistoissd. Tyo on toteutettu
kirjallisuuskatsauksena, ja sen painopiste on Bluetooth-teknologian kehityksessé, Bluetooth
Low Energyssé sekd BLE:n roolissa esineiden internetin ja dlykotien ratkaisuissa.

Tyossd keskitytddn erityisesti Bluetooth 6:n uusiin ominaisuuksiin, joista tdrkein on
Bluetooth Channel Sounding. Ty6ssd kuvataan Channel Soundingin toimintaperiaate seka
sen kaksi keskeistd etdisyysmittausmenetelméd, Phase-Based Ranging (PBR) ja Round-Trip
Time (RTT). Lisdksi arvioidaan, miten tarkempi etdisyysmittaus voi tukea élykotien
sovelluksia, kuten sisdpaikannusta, 1iheisyyteen perustuvaa automaatiota ja padsynhallintaa.

Tulokset osoittavat, ettd Bluetooth 6 tarjoaa uusia mahdollisuuksia dlykkaisiin ymparistoihin
erityisesti silloin, kun laitteiden vilinen etdisyyden arviointi on tarkedd. Samalla ty6 osoittaa,
ettd haasteet, kuten monitie-eteneminen, ympériston héiridt ja toteutuksen monimutkaisuus,
sédilyvit edelleen merkittavind. Tyon perusteella ohjelmistokehittdjdn on tirkedd ymmartda
myo6s Bluetooth 6:n kdytdnnon merkitys tulevien dlykotijarjestelmien suunnittelussa.
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SYMBOLS AND ABBREVIATIONS

Abbreviations

BCS Bluetooth Channel Sounding

BLE Bluetooth Low Energy

FFT Fast Fourier Transform

IoT Internet of Things

ISM Industrial Scientific and Medical

MVDR Minimum Variance Distortionless Response
PBR Phase-based Ranging

RSSI Received Signal Strength Indicator

RTT Round-Trip Time
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1 Introduction

The rapid development and growth of digital technologies have led to the emergence of the
Internet of Things (IoT), in which everyday devices are connected to the internet and can
communicate with one another. IoT systems enable the collection, processing, and exchange
of data between various devices such as sensors, appliances, and mobile devices. These
technologies are increasingly used in areas such as healthcare, industrial automation,

transportation systems, and residential environments (Barua et al., 2022).

One particularly important application area of [oT is smart home technology. A smart home
environment integrates multiple connected devices such as lighting systems, heating
systems, security cameras, and household appliances into a unified network that can be
monitored and controlled automatically or remotely by the user. Smart home systems rely
heavily on wireless communication technologies to enable efficient communication between

devices (Haznedar et al., 2023).

Among the available wireless communication technologies, Bluetooth Low Energy (BLE)
has become one of the most widely used solutions for [oT applications. BLE was introduced
as part of the Bluetooth 4.0 specification and was specifically designed for devices that
require low power consumption and long battery life. Compared to traditional Bluetooth
technology, BLE offers significantly lower energy consumption while maintaining sufficient
data transmission capabilities for many loT applications. This makes it particularly suitable

for battery-powered devices, such as sensors and wearables (Barua et al., 2022).

BLE technology operates in the 2.4 GHz industrial, scientific, and medical (ISM) frequency
band and is widely supported by modern smartphones, tablets, and computers. This
compatibility makes BLE an attractive communication protocol for IoT systems, as many
consumer devices can already interact with the BLE-enabled devices without requiring
additional hardware. Research has shown that BLE can provide energy-efficient
communication and improved performance compared to some alternative wireless

technologies used in IoT systems (Galinina et al., 2015).

Another important advantage of Bluetooth technology is its relatively low cost and ease of

configuration. In smart home environments, Bluetooth-based networks can connect various



appliances such as lighting systems, security devices, and home entertainment systems into
a unified network. These networks allow devices to communicate with each other and enable

automation and remote control of household functions.

Despite these advantages, several challenges remain in the use of BLE in [oT environments.
These include issues related to network scalability, device discovery, security
vulnerabilities, and communication efficiency when a large number of devices are connected
simultaneously. As the number of IoT devices continues to grow rapidly, understanding the
capabilities and limitations of BLE technology becomes increasingly important (Barua et al.,

2022).

For these reasons, Bluetooth Low Energy has become a widely studied communication
technology in the context of IoT systems and smart home applications. Understanding the
architecture, advantages, and limitations of BLE technology is essential when evaluating the
suitability of newer Bluetooth standards, such as Bluetooth 6, in future IoT and smart

environment deployments.

1.1 Objectives and Scope

The main objective of this thesis is to examine the role of Bluetooth Low Energy technology
in Internet of Things systems, with particular emphasis on its use in smart home
environments. The study aims to provide an overview of the fundamental principles of BLE

communication and to analyse how this technology can be applied in practical loT systems.

The thesis focuses specifically on the communication aspects of BLE technology in 1oT
systems. The goal is to understand how BLE enables communication among sensors,
devices, and gateways in smart environments and to assess its advantages and limitations

relative to other wireless communication solutions.

In order to keep the scope of the thesis manageable, certain limitations are defined. The
thesis focuses primarily on the communication architecture and applications of BLE in IoT
environments, rather than the detailed hardware implementation of Bluetooth devices. In
addition, the study focuses on smart home systems as a representative area of IoT

applications.



The research is conducted as a literature-based study, where existing scientific publications
and academic research articles are analysed. The study therefore does not include
experimental implementation or prototype development but instead focuses on analysing

previously published research and technological solutions.

1.2 Structure

The structure of the thesis is organized as follows.

Chapter 2 presents a literature review of Internet of Things technologies and Bluetooth Low
Energy communication. The chapter examines the basic principles of IoT systems, the
characteristics of BLE technology, and previously published research related to BLE-based

communication systems.

Chapter 3 describes the emerging capabilities introduced in Bluetooth 6, with particular
emphasis on Bluetooth Channel Sounding and its ranging techniques such as Phase-Based
Ranging (PBR) and Round-Trip Time (RTT). Subsequently, the chapter examines the

applications of the Channel Sounding techniques in Smart Home environments.

Chapter 4 discusses the main findings of the study, their implications for software engineers,
and the limitations of the reviewed literature. Finally, Chapter 5 presents the conclusions of

the thesis and summarizes the relevance of Bluetooth 6 for smart home environments.



2 Literature Review

2.1 Internet of Things

The Internet of Things (IoT) refers to a network of physical devices connected to the internet
that can collect, exchange, and process data. These devices can include sensors, smart
appliances, wearable devices, industrial machines, and other embedded systems. The goal
of [oT systems is to enable communication among devices and automate processes through

data collection and intelligent decision-making (Atzori et al., 2010).

IoT technologies have experienced rapid growth in recent years. Advances in wireless
communication technologies, cloud computing, and embedded systems have enabled the
development of large-scale loT ecosystems. In these systems, devices are often equipped
with sensors that collect environmental data such as temperature, motion, or location. This
data can then be transmitted to other devices or centralized systems for further processing

(Al-Fuqgaha et al., 2015).

One of the most common application areas of IoT technology is the smart home
environment. Smart homes consist of interconnected devices such as lighting systems,
heating systems, smart locks, and security cameras. These devices communicate with each
other via wireless technologies and can often be controlled remotely via mobile applications
or centralized control systems. IoT technologies allow smart home systems to automate
household functions, improve efficiency, and increase user convenience (Galinina et al.,

2015).

However, IoT systems also present several technical challenges. These include issues related
to device interoperability, network scalability, data security, and energy efficiency. Since
many loT devices operate using batteries, low-power communication technologies are
particularly important for ensuring long operational lifetimes. As a result, selecting suitable

wireless protocols is a critical design decision in [oT systems (Barua et al., 2022).



2.2 Bluetooth Technology

Bluetooth is a wireless communication technology designed for short-range data exchange
between devices. It operates in the 2.4 GHz industrial, scientific, and medical (ISM) radio
band, which is widely used in many wireless communication technologies. Bluetooth was
originally developed as a replacement for wired connections between devices such as mobile

phones, headsets, and computers (Sriskanthan et al., 2004).

Traditional Bluetooth technology supports relatively high data transfer rates and enables
communications between devices within a limited range. In a typical Bluetooth network,
devices form a small network known as a piconet, where one device acts as the master and
the other devices operate as slaves within the network. This architecture allows multiple
devices to communicate with each other through coordinated communication protocols

(Sriskanthan et al., 2004, p. 457).

Bluetooth technology has several advantages, including relatively low implementation costs,
widespread hardware support, and ease of configuration. Because Bluetooth chips are
integrated into many consumer devices, it has become one of the most commonly used short-

range wireless communication technologies (Barua et al., 2022).

Bluetooth has also been explored as a communication solution for home automation systems,
where various household appliances can be connected into a network. In such systems,
devices such as lighting systems, security devices, and home appliances can communicate
with one another and be controlled through a centralized system. This enables automation
and remote management of home environments (Galinina et al., 2015; Sriskanthan et al.,

2004).

Despite its advantages, traditional Bluetooth technology was not originally optimized for
devices that require extremely low power consumption. This limitation led to the

development of a new Bluetooth standard designed specifically for IoT devices.

2.3 Bluetooth Low Energy

Bluetooth Low Energy (BLE) was introduced as part of the Bluetooth 4.0 specification to

address the energy consumption limitations of traditional Bluetooth technology. BLE was



designed specifically for applications that require low power consumption, small data

transmissions, and long battery life (Galinina et al., 2015).

Compared to classic Bluetooth, BLE significantly reduces energy consumption by using
shorter communication events and optimized data transmission protocols. This makes BLE
particularly suitable for devices that operate on small batteries, such as sensors, wearable

devices, and other IoT components (Barua et al., 2022).

BLE communication typically occurs between a central device and one or more peripheral
devices. Peripheral devices, such as sensors or wearable devices, periodically transmit small
amounts of data to the central device. The central device may be a smartphone, computer, or
gateway that collects and processes the data received from peripheral devices (Galinina et

al., 2015).

BLE is widely used in IoT applications due to its low energy consumption and efficient
communication capabilities. Research has shown that BLE can provide energy-efficient
communication between loT devices while maintaining sufficient data transmission

performance for many practical applications (Barua et al., 2022; Haznedar et al., 2023).

2.4 Bluetooth Low Energy in Smart Home Systems

In smart home environments, wireless communication technologies play a central role in
enabling communication between sensors, appliances, and control systems. Bluetooth Low
Energy has emerged as one of the key communication technologies used in these
environments due to its energy efficiency and widespread hardware support (Galinina et al.,

2015).

Smart home systems often consist of multiple sensors and devices that communicate with a
central hub or gateway. These devices may include motion sensors, temperature sensors,
lighting controllers, and other smart appliances. BLE allows these devices to transmit small

amounts of data efficiently while maintaining long battery life (Haznedar et al., 2023).

BLE-based communication architectures typically involve a gateway device that acts as a
central node for the smart home network. The gateway collects data from BLE sensors and

devices and may transmit the data to cloud services or mobile applications for monitoring



and control. This architecture enables scalable smart home systems where many devices can

be connected and managed simultaneously (Galinina et al., 2015).

BLE also provides advantages in terms of installation and usability. Because BLE devices
are relatively simple to configure and require minimal infrastructure, they are well suited for
residential environments where users may not have extensive technical expertise

(Sriskanthan et al., 2004).

2.5 Challenges of BLE in IoT Systems

Although BLE offers many advantages for [oT communication, several technical challenges
remain. One challenge is related to device discovery and connection management,
particularly in environments where many BLE devices operate simultaneously. Efficient
discovery mechanisms are required to ensure that devices can locate and connect to each

other without excessive delays or energy consumption (Seo and Han, 2021).

Another important challenge concerns security and privacy. Because IoT devices often
transmit sensitive data, protecting communication channels from unauthorized access is
critical. BLE communication systems must therefore implement appropriate security
mechanisms such as encryption and authentication to prevent potential attacks (Barua et al.,

2022).

Scalability is also an important issue in large IoT networks. As the number of connected
devices increases, managing communication between devices becomes more complex.
Efficient network architectures and communication protocols are required to maintain

reliable performance in large-scale IoT systems (Luo et al., 2021).

For these reasons, ongoing research continues to explore methods for improving the

efficiency, reliability, and security of BLE-based communication systems.



3 Bluetooth 6 and Emerging Capabilities

Bluetooth technology has continuously evolved to address the growing requirements of
wireless communication systems. Early Bluetooth versions were primarily designed for
cable replacement and short-range data exchange between consumer devices such as mobile
phones, computers, and audio peripherals. With the growth of the Internet of Things, newer
Bluetooth standards have increasingly focused on improving energy -efficiency,

communication reliability, and device connectivity.

Bluetooth Low Energy (BLE), introduced in Bluetooth 4.0, represented a significant step
towards supporting low-power devices such as sensors and wearables. Later versions,
including Bluetooth 5, and Bluetooth 5.x, introduced improvements such as extended range,
higher data rates, and enhanced advertising capabilities. These developments significantly

expanded the applicability of Bluetooth technology in IoT systems and smart environments.

More recently, the Bluetooth standard has continued to evolve with the introduction of
Bluetooth 6, which aims to improve the capabilities of wireless devices in areas such as
positioning, device discovery, and communication efficiency. One of the most important
innovations associated with Bluetooth 6 is Bluetooth Channel Sounding, a technology

designed to enable accurate distance estimation between devices.

3.1 Bluetooth 6 and Channel Sounding

Bluetooth Channel Sounding is a technique that enables devices to estimate the distance
between each other by analysing the properties of transmitted radio signals. In this approach,
devices exchange signals and measure characteristics such as signal phase differences or
propagation delay. These measurements allow the system to estimate the distance between
devices with improved accuracy compared to traditional signal strength-based methods such
as Received Signal Strength Indicator (RSSI), which are often unreliable due to
environmental interference and signal fluctuations in indoor environments. (Nikodem et al.,

2025)



Bluetooth Channel Sounding was introduced in Bluetooth 6 to improve ranging and
positioning capabilities in wireless systems where accurate distance estimation is required
(Wieme et al., 2025). Such capabilities are particularly important in Internet of Things (IoT)
and smart home environments, where devices may need to determine proximity, enable
location-based automation, or support secure interactions between devices. By enabling
more precise distance estimation between BLE devices, channel sounding provides a

foundation for more reliable indoor positioning and proximity-based services (Santra et al.,

2024).

The two primary methods used in Bluetooth Channel Sounding are Phase-Based Ranging
(PBR) and Round-Trip Time (RTT) (Wieme et al., 2025, Section 3). These methods estimate
the distance between devices using different signal measurement techniques, and together
they form the basis of the ranging mechanisms defined for Bluetooth Channel Sounding.

(Santra et al., 2024; Wieme et al., 2025)

3.1.1 Phase-Based Ranging (PBR)

Phase-Based Ranging (PBR) is one of the primary techniques used in Bluetooth channel
sounding to estimate the distance between devices. The method relies on measuring the
phase shift of radio signals as they propagate between two Bluetooth Low Energy devices.
When a signal travels through space, its phase changes depending on the distance it has
travelled. By analysing this phase shift, it is possible to estimate the distance between

transmitting and receiving devices. (Santra et al., 2024, Section 1).

In Bluetooth channel sounding, a device transmits signals at different radio frequencies. The
receiving device measures the phase of the incoming signals, which includes the phase shift
caused by the propagation delay between the devices. The measured signal can be
represented as a complex exponential function where the phase component depends on the
signal frequency, the propagation distance, and the speed of light. By analysing the phase
differences across multiple frequencies, the distance between devices can be estimated with

improved accuracy. (Santra et al., 2024, Section 3).
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Figure 1. Principle of phase-based ranging in Bluetooth Channel Sounding (adapted from
Bluetooth SIG, 2026).

Figure 1 illustrates the principle of phase-based ranging in Bluetooth channel sounding. As
a radio signal travels between two devices, the phase of the received signal shifts relative to
the transmitted signal. This phase difference depends on the propagation distance.
Measurements at multiple frequencies allow the system to resolve phase ambiguity and

accurately estimate the distance between devices.

A key challenge in phase-based ranging is the phase ambiguity problem. Because phase
measurements repeat every wavelength, a single frequency measurement cannot uniquely
determine the distance between the devices. To overcome this problem, Bluetooth Channel
sounding systems perform measurements across multiple frequency channels. By comparing
phase differences between several frequencies, the system can resolve the ambiguity and

estimate the correct distance. (Santra et al., 2024, Section 3, Figure 3)

Bluetooth Low Energy supports measurements across many narrow frequency channels in
the 2.4 GHz band, which allows the system to average multiple measurements and improve
ranging accuracy. Research has shown that PBR can provide significantly better accuracy
than traditional signal strength-based approaches such as received signal strength indicator

(RSSI) methods (Wieme et al., 2025). In experimental studies, PBR has achieved distance



estimation errors on the order of approximately 1.2 meters in indoor environments (Santra

et al., 2024, Section 5).

Despite its advantages, PBR is sensitive to environmental conditions. In indoor
environments, signal reflections from walls, furniture, and other objects can create multipath
propagation effects that distort phase measurements. These reflections may introduce errors
in distance estimation and require additional signal processing techniques. To evaluate the
performance of Bluetooth channel sounding in different environments, researchers often
apply signal processing algorithms to estimate the distance between devices. Two commonly
used approaches are Fast Fourier Transform (FFT)-based ranging and Minimum Variance
Distortionless Response (MVDR) processing. FFT-based methods convert frequency-
domain measurements into time-domain impulse responses to detect signal propagation
delays, while MVDR is a more advanced technique that suppresses noise and multipath

reflections to improve distance estimation accuracy.
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Figure 2. Positioning accuracy in outdoor and indoor environments using FFT- and MVDR-

based algorithms (adapted from Santra et al., 2024).



Figure 2 shows the positioning accuracy achieved using both FFT-based and MVDR-based
algorithms. As discussed earlier, indoor environments introduce significant multipath
reflections from walls, furniture, and other objects, which negatively affect ranging

accuracy.

Despite these challenges, PBR remains the primary mechanism used in Bluetooth Channel
Sounding due to its ability to provide significantly higher ranging accuracy than traditional

RSSI-based approaches.

3.1.2 Round-Trip Time (RTT)

Another technique used for distance estimation in wireless communication systems is
Round-Trip Time (RTT) ranging. RTT estimates the distance between two devices by
measuring the propagation time of a signal travelling from the initiating device to the
responding device and back again (Wieme et al., 2025, Section 3A). The basic principle is
based on the known propagation speed of radio signals, which is approximately equal to the

speed of light (Santra et al., 2024).

In RTT-based ranging, a device transmits a signal to another device, which then immediately
sends a response signal back to the original transmitter. The transmitting device measures
the total time required for the signal to complete the round trip. Because the signal travels
the distance twice, the one-way distance between the devices can be calculated by
multiplying the measured Round-Trip Time by the speed of light and dividing the result by
two (Wieme et al., 2025, Section 3A).

RTT-based methods are conceptually simple and do not require phase measurements across
multiple frequencies. However, they require extremely precise time measurements because
radio signals travel very quickly. Even small timing errors can lead to significant

inaccuracies in the estimated distance.

In practice, RTT-based ranging can suffer from reduced accuracy in complex indoor
environments. Multipath reflections and interference may cause delays or distortions in the
received signal, which affects the measured propagation time. Studies have shown that RTT-
based distance estimation may perform poorly in environments with significant multipath

effects compared to PBR approaches. (Santra et al., 2024; Wieme et al., 2025)



RTT measurements are primarily used to establish a distance bound and to support security
mechanisms, as their accuracy is limited due to clock drift and processing delays. (Wieme

etal., 2025)

For this reason, modern Bluetooth Channel Sounding research often focuses on phase-based
ranging techniques, which generally provide higher accuracy for indoor localization
applications (Santra et al., 2024; Wieme et al., 2025). Nevertheless, RTT remains an
important conceptual approach to wireless distance estimation and provides a useful
comparison for understanding the different ranging techniques used in Bluetooth Channel

Sounding systems.

3.1.3 Comparison of Phase-Based Ranging and Round-Trip Time

Bluetooth Channel Sounding defines two main approaches for estimating the distance
between devices: Phase-Based Ranging (PBR) and Round-Trip Time (RTT). While both
methods aim to determine the distance between two Bluetooth Low Energy (BLE) devices,
they rely on different physical properties of radio signals and therefore exhibit different
performance characteristics and limitations. PBR estimates distance by analysing the phase
difference of signals transmitted across multiple frequencies, whereas RTT estimates
distance by measuring the propagation time required for a signal to travel between devices

and return to the initiating device. (Wieme et al., 2025)

One of the main differences between the two techniques concerns measurement accuracy.
RTT-based ranging determines the distance using the time-of-flight of a signal combined
with the speed of light, which requires extremely precise time measurements (Wieme et al.,
2025, Section 3). Even a very small timing error can introduce large distance estimation
errors due to the high propagation speed of radio signals. Experimental evaluations reported
by Wieme et al. (2025) show that RTT measurements may produce relatively large errors,
sometimes exceeding several meters in short-distance scenarios, which limits their

usefulness for high-precision localization applications.

In contrast, PBR techniques estimate distance by measuring phase shifts across multiple
signal frequencies. By analysing the phase differences between signals transmitted at

different frequencies, the system can resolve phase ambiguity and derive more accurate



distance estimates (Santra et al., 2024, Section 3). Research on BCS has demonstrated that
phase-based methods can achieve significantly better ranging accuracy than traditional
signal-strength-based approaches and can reach approximately meter-level accuracy in
indoor environments when appropriate signal processing techniques are applied (Santra et

al., 2024).

Another important difference between the two techniques concerns their sensitivity to
environmental conditions. RTT measurements are particularly vulnerable to multipath
propagation effects, where signal reflection from walls, furniture, or other objects introduce
delays that distort the measured propagation time. In indoor environments, these effects can
significantly degrade the accuracy of RTT-based ranging. PBR methods are also affected by
multipath propagation, but advanced signal processing approaches, such as filtering and
super-resolution algorithms, can help mitigate these effects and improve distance estimation

accuracy (Santra et al., 2024; Wieme et al., 2025).

Despite its relatively lower accuracy, RTT remains an important component of Bluetooth
Channel Sounding systems because it can provide a distance bound used for security
verification. In Bluetooth Channel Sounding implementations, RTT measurements can be
used to detect abnormal delays introduced by relay attacks or other malicious interference.
For this reason, modern Bluetooth Channel Sounding implementations often combine RTT
and PBR measurements to create a more secure and robust ranging system. (Wieme et al.,

2025).

Table 1. Comparison of Phase-Based Ranging and Round-Trip Time methods

Feature Phase-Based Ranging (PBR) Round-Trip Time (RTT)

Measurement principle Phase differences across multiple | Signal propagation time
frequencies

Required precision Frequency and phase measurement Extremely precise timing

Accuracy High (= meter-level in indoor | Lower accuracy
environments)

Sensitivity to multipath Moderate (Can be mitigated with | High
signal processing)

Typical use in Bluetooth CS Primary ranging technique Security distance bound




3.2 Applications of Bluetooth Channel Sounding in Smart Home Environments

Bluetooth Low Energy has already been widely used as a communication technology in
smart home environments due to its low power consumption, relatively low cost, and
suitability for short-range wireless communication between devices. In typical smart home
architectures, BLE-based wireless sensor networks connect household devices such as
lighting systems, environmental sensors, security devices, and smart appliances to a central
management unit that coordinates monitoring and control operations. (Collotta and Pau,
2015). Indoor positioning and proximity-aware services are increasingly important for IoT
based environments, as location information can support context-aware automation,
tracking, and navigation functions in indoor spaces where GPS is not effective. (Farahsari et

al., 2022)

These systems enable various automation functions, including energy management, device
scheduling, and remote monitoring within residential environments. However, many current
BLE-based smart home systems rely on relatively simple proximity or signal strength
measurements, such as Received Signal Strength Indicator (RSSI), to estimate device
distance or presence. RSSI-based methods can be unreliable in indoor environments because
signal strength is often affected by obstacles, interference, and multipath propagation, which

reduces localization accuracy and stability.

Bluetooth Channel Sounding aims to address these limitations by enabling more accurate
distance estimation between devices through Phase-Based Ranging and Round-Trip Time.
By improving the precision of device localization and proximity detection, channel sounding
has the potential to enhance smart home applications, including device automation, indoor
positioning, and context-aware services (Santra et al., 2024; Wieme et al., 2025). Although
the technology is still emerging, it provides a promising foundation for more reliable smart

home interaction and device coordination.

3.2.1 Indoor Positioning and Localization

One of the most important potential applications of Bluetooth Channel Sounding in smart

home environments is indoor positioning and device localization. In IoT-based indoor



systems, location information can support tracking, navigation, and context-aware services
in environments where GPS is ineffective or unavailable. Indoor positioning is therefore
considered an important enabling capability for modern IoT services, especially in enclosed
spaces such as homes, hospitals, offices, and other intelligent indoor environments.

(Farahsari et al., 2022).

Bluetooth Low Energy has already been widely used in indoor localization systems because
it offers low power consumption, relatively low cost, ease of deployment, and compatibility
with common smart devices. However, many BLE-based positioning systems rely on
Received Signal Strength Indicator (RSSI) measurements, either through trilateration or
fingerprinting methods. A major limitation of RSSI-based localization is that measured
signal strength often fluctuates significantly due to multipath propagation, shadowing, and
dynamic obstacles, which reduces localization accuracy and stability in indoor

environments. (Li et al., 2026).

Research on BLE indoor positioning has shown that improving localization accuracy often
requires more advanced signal processing, parameter optimization, or machine learning
techniques. For example, BLE 5.1-based indoor positioning systems have used direction-
finding features and calibration methods to improve location accuracy, while other BLE
localization approaches have applied multidomain feature extraction and information fusion
to compensate for RSSI instability. These findings suggest that traditional BLE positioning
often requires significant algorithmic support in order to achieve reliable indoor localization

performance. (Li et al., 2026; Philips et al., 2023).

Bluetooth Channel Sounding is relevant in this context because it introduces a more direct
and precise way to estimate distance between devices. Instead of depending mainly on signal
strength, Channel Sounding uses signal phase and propagation-time measurements through
PBR and RTT methods. This provides a stronger technical foundation for indoor localization
in smart home systems, where devices may need to determine not only whether another
device is nearby, but also its more precise spatial relationship within the environment.
Experimental research on Bluetooth Channel Sounding indicates that such ranging methods
can provide substantially better accuracy than traditional RSSI-based approaches,

particularly when supported by appropriate processing methods.(Santra et al., 2024)



In smart home environments, more accurate indoor localization could improve several
practical functions. Smart hubs could determine which room a device is located in, wearable
or portable devices could be localized more reliably within the home, and automation rules
could be triggered based on more precise proximity information rather than coarse signal-
strength estimates alone. As a result, Bluetooth Channel Sounding has the potential to
strengthen indoor positioning capabilities in future smart home systems, even though its

adoption in consumer smart home products is still emerging.

3.2.2 Proximity-based Automation

Another important smart home application of Bluetooth Channel Sounding is proximity-
based automation. In indoor IoT environments, proximity-based services allow the system
to react when a device or user enters a defined area or comes sufficiently close to another
device. Indoor positioning research identifies proximity detection as one of the core service
types in indoor systems, alongside tracking and navigation, and such services are particularly
relevant in context-aware environments where system behaviour depends on the user’s

location or nearness to a point of interest. (Farahsari et al., 2022).

In existing smart home systems, proximity-based automation is often implemented using
Bluetooth Low Energy communication, motion sensing, or RSSI-based distance estimation.
BLE-based wireless sensor home area networks can already support a range of smart home
functions, including lighting control, smart energy management, security and safety
monitoring, and remote control of household devices. In these systems, devices
communicate with central controller or management unit, allowing actions to be triggered

when certain sensor conditions or user interactions are detected. (Collotta and Pau, 2015).

However, RSSI-based proximity estimation is limited in indoor environments because as
mentioned in the previous chapters, signal strength can significantly vary due to walls,
furniture, interference, and multipath propagation. As a result, the same physical distance
may produce inconsistent signal-strength readings, which makes automation based only on
RSSI less reliable. Indoor localization research has repeatedly identified signal fluctuation
and environmental sensitivity as key weaknesses of RSSI-based BLE positioning, especially

when accurate and stable proximity detection is needed (Santra et al., 2024).



Bluetooth Channel Sounding is relevant here because it can provide more precise ranging
information through its RTT and PBR methods. It can support a more accurate estimate of
whether another device is nearby and, to some extent, how far away it is. In smart home
environments, this could make automation logic more robust by reducing false triggers and
improving the consistency of location-aware actions. For example, lights, climate controls,
or media systems could respond more reliably to actual user proximity rather than fluctuating

RSSI thresholds alone. (Collotta and Pau, 2015; Farahsari et al., 2022; Wieme et al., 2025).

More generally, proximity-based automation is valuable because it allows smart home
systems to move from simple connectivity toward context-aware interaction. Instead of
merely reacting to manual commands, devices can respond to presence, movement, or
relative position of users and other devices inside the home. Bluetooth Channel Sounding
therefore has the potential to improve smart home automation by making proximity
information more accurate and dependable, although the full consumer adoption of such

capabilities is still at an early stage. (Farahsari et al., 2022; Wieme et al., 2025)

3.2.3 Security and Access Control

Security and access control form another important application area for Bluetooth Channel
Sounding in smart home environments. In IoT-based indoor systems, location information
is not only useful for navigation and automation, but also for determining whether a user or
device is genuinely close enough to be granted access to a service, space, or connected
device. Indoor positioning literature identifies security and safety as important application
domains of localization technologies, especially in environments where access decisions

depend on proximity or presence. (Collotta and Pau, 2015; Farahsari et al., 2022).

Traditional Bluetooth-based access control methods often rely on coarse proximity
estimation, for example through signal-strength thresholds. However, RSSI-based proximity
detection is vulnerable to signal fluctuation, interference, and multipath effects, which can
reduce reliability in indoor environments. As a result, signal strength alone may not always
provide a dependable basis for determining whether a device is actually close to a smart lock,
access point, or other protected system inside the home. (Farahsari et al., 2022; Li et al.,

2026).



Bluetooth Channel Sounding is relevant in this context because it introduces ranging
methods that can provide a more accurate estimate of physical distance between devices. In
particular, Bluetooth Channel Sounding combines Phase-Based Ranging and Round-Trip
Time, and RTT has been described as especially useful for establishing a distance bound and
supporting security mechanisms. Research on Bluetooth Channel Sounding on commercial
hardware notes that RTT was primarily introduced as an additional security mechanism to
define the maximum allowable distance, while the combination of RTT and PBR helps

create a more secure ranging system. (Wieme et al., 2025)

In smart home environments, this capability could support more reliable access-control
scenarios. For example, smart locks, alarms, or protected control panels could use more
accurate proximity verification before granting access or triggering sensitive actions. Instead
of relying only on whether a Bluetooth device is detected somewhere nearby, the system
could make decisions based on more precise ranging information. This would be particularly
valuable in situations where proximity is intended to function as a form of authorization or
confirmation of user presence. (Collotta and Pau, 2015; Farahsari et al., 2022; Wieme et al.,

2025)

Although Bluetooth Channel Sounding is still an emerging technologys, its security relevance
is one of its most important implications for software engineers working with smart home
systems. More accurate ranging does not replace other security mechanisms such as
authentication and encryption, but it can complement them by improving the reliability of
proximity-based access decisions. For this reason, Bluetooth Channel Sounding can be seen
as a promising development for future smart home access control and device security.

(Farahsari et al., 2022; Wieme et al., 2025)

3.3 Limitations and Implications of Bluetooth Channel Sounding

Although Bluetooth Channel Sounding introduces important improvements for device
ranging and indoor localization, its performance is still influenced by several technical
limitations. One of the main challenges is the complexity of indoor radio environments. In
enclosed spaces, radio signals are affected by multipath propagation, shadowing, and
interference caused by walls, furniture, human movement, and other obstacles. These factors

can distort measurements and reduce ranging accuracy, even when more advanced



positioning techniques are applied. Indoor positioning research has consistently identified
these environmental effects as major sources of localization error in BLE-based systems.

(Farahsari et al., 2022; Li et al., 2026).

This limitation is also visible in research specifically focused on Bluetooth Channel
Sounding. Studies on Channel Sounding performance in complex indoor environments show
that phase-based measurements are sensitive to reflections and non-line-of-sight effects,
which can distort the measured signal phase and introduce distance estimation errors. For
this reason, researchers often apply additional signal processing methods, such as FFT-based
ranging or MVDR processing, in order to reduce noise and mitigate multipath effects.
However, the need for such processing also indicates that accurate ranging cannot always be

achieved by the raw measurements alone. (Santra et al., 2024).

Another limitation concerns the differences between the two main ranging methods used in
Bluetooth Channel Sounding. Phase-Based Ranging generally offers better ranging
accuracy, but it is still sensitive to phase ambiguity and indoor interference. Round-Trip
Time is conceptually simpler, but it depends on extremely precise timing and is more limited
in accuracy due to clock drift, processing delay, and propagation-time measurement errors.
Experimental evaluations on commercial hardware have shown that RTT is more suitable
for establishing a distance bound and supporting security-related mechanisms than for highly

accurate indoor localization on its own. (Wieme et al., 2025).

From the perspective of smart home systems, another practical limitation is that Bluetooth
Channel Sounding is still an emerging capability. Existing BLE-based smart home systems
are already widely used for communication, control, and automation, but many of them rely
on simpler approaches such as RSSI-based presence detection or conventional sensor
triggers. This means that although Channel Sounding offers a promising technical
foundation for more accurate proximity-aware interaction, its adoption in consumer smart
home products and software ecosystems is still at an early stage. (Collotta and Pau, 2015;

Wieme et al., 2025).

Despite these limitations, Bluetooth Channel Sounding has important implications for
software engineers. First, it suggests that future smart home applications may increasingly
rely on more accurate ranging information instead of coarse signal-strength estimates alone.

This can affect how software engineers design automation logic, indoor positioning features,



access-control systems, and context-aware interaction between devices. Second, the
literature shows that ranging accuracy is closely tied to the surrounding environment and to
the signal-processing methods used, which means that software developers must understand
that localization performance depends on the interaction between wireless measurements,
device capabilities, algorithms, and deployment conditions. (Farahsari et al., 2022; Li et al.,

2026; Philips et al., 2023; Santra et al., 2024).

Overall, Bluetooth Channel Sounding should not be understood as a complete solution that
automatically guarantees precise indoor positioning in all smart home scenarios. Rather, it
should be seen as a significant technical advancement that expands what Bluetooth-based
systems can potentially achieve. For software engineers, the most important implication is
the need to understand both the opportunities and the constraints of Bluetooth 6 ranging
features when designing future smart home applications and services. (Farahsari et al., 2022;

Wieme et al., 2025).



4 Discussion

4.1 Main Findings

The findings of this thesis indicate that Bluetooth technology has evolved from a short-range
communication solution primarily designed for cable replacement into a broader platform
that supports low-power IoT systems and smart home environments. In particular, Bluetooth
Low Energy has become an important communication technology for smart environments
due to its low power consumption, low cost, and wide support in consumer devices. These
characteristics have made BLE especially relevant in smart home systems, where sensors,

appliances, and control units need efficient short-range wireless communication.

A central finding of the thesis is that Bluetooth 6 extends the role of BLE by introducing
more advanced ranging capabilities through Bluetooth Channel Sounding. Earlier BLE-
based systems have often depended on Received Signal Strength Indicator (RSSI)
measurements for estimating proximity or location, but the literature review in this thesis
shows that RSSI-based approaches are often unstable in indoor environments because signal
strength is influenced by multipath propagation, interference, and environmental obstacles.
As a result, traditional BLE localization methods may require additional optimization,

filtering, or machine learning support to achieve reliable results.

The thesis also shows that Bluetooth Channel Sounding is important because it introduces
more direct ranging methods based on signal phase and propagation-time measurements.
The two main methods, Phase-Based Ranging (PBR) and Round-Trip Time (RTT), differ in
both purpose and performance. The reviewed literature suggests that PBR is generally the
more accurate method for indoor ranging, whereas RTT is especially useful for establishing
a distance bound and supporting security-related functions. Together, these methods expand
the potential for Bluetooth-based systems beyond simple wireless connectivity toward more

accurate spatial awareness.

Another key finding is that these ranging improvements are particularly relevant in smart
home environments. Based on the reviewed literature, more accurate distance estimation

could support indoor positioning, proximity-based automation, and security-related access



control. Although these application areas are still emerging in consumer smart home
systems, the technical direction is clear: future smart environments may increasingly rely on

more accurate ranging information instead of coarse signal-strength estimates alone.

4.2 Implications for Software Engineers and Smart Home Systems

From the perspective of software engineering, the findings of this thesis suggest that
Bluetooth 6 should not be understood only as a protocol update, but also as a development
that may influence application logic, system design, and device interaction in smart
environments. If ranging information becomes more accurate and more widely available,
software engineers may need to design systems that respond not only to connectivity events,
but also to relative distance, proximity, and location context. This changes the type of logic
that smart home applications can implement. Instead of relying only on fixed rules or simple
sensor triggers, applications may increasingly use location-aware and context-aware

behaviour.

This is particularly important in smart home systems, where many existing automation
functions are based on relatively simple input conditions. More accurate ranging could
improve the reliability of features such as room-level localization, presence-aware
automation, and access control. For example, a system could distinguish more reliably
whether a user is merely within Bluetooth range or actually close enough to trigger an action.
In practice, this could improve the robustness of device interaction and reduce dependence
on unstable RSSI thresholds. However, the literature also shows that the performance of
such systems still depends heavily on environmental conditions and on the algorithms used

to interpret wireless measurements.

An important implication for software engineers is therefore that Bluetooth 6 ranging
features should not be treated as automatically solving indoor positioning or smart home
coordination problems. Instead, engineers need to understand the relationship between
wireless protocol capabilities, physical deployment conditions, and application-level
requirements. This makes Bluetooth 6 relevant not only to low-level communication design,

but also to software architecture and system behaviour in practical smart home applications.



4.3 Limitations of the Study and Emerging Nature of the Technology

This thesis has several limitations that should be acknowledged. First, the study is literature-
based and does not include experimental implementation or direct testing of Bluetooth 6
devices. As a result, the conclusions are based on previously published research rather than
on original empirical measurements. This is appropriate for a bachelor's thesis, but it also
means that the findings should be interpreted as a synthesis of current knowledge rather than

a direct validation of real smart home deployments.

Second, Bluetooth Channel Sounding is still a relatively new feature, and the number of
available academic studies is still limited compared with older BLE research areas such as
RSSI-based indoor localization. Because of this, the smart home implications discussed in
this thesis are partly based on connecting recent Channel Sounding research with the broader
literature of BLE, indoor positioning, and smart home systems. This makes the argument
academically reasonable, but it also means that some of the application-oriented discussion

remains forward-looking rather than based on widespread commercial adoption.

Third, the literature reviewed in this thesis shows that indoor ranging accuracy is strongly
influenced by environmental complexity. Multipath propagation, interference, non-line-of-
sight conditions, and device placement remain important challenges even when more
advanced ranging techniques are used. For this reason, the benefits of Bluetooth Channel
Sounding should be understood as significant but not unlimited. The technology improves
the ranging foundation of Bluetooth-based systems, but it does not remove the practical

difficulties of indoor wireless environments.

Overall, the discussions suggest that Bluetooth 6 is an important development for future
smart environments, but its practical value depends on how well software systems, ranging
algorithms, and deployment conditions are aligned. For software engineers, the key lesson
is that understanding Bluetooth 6 requires not only knowledge of new protocol features, but
also awareness of how these features interact with realities of indoor systems and smart home

design.



5 Conclusion

This thesis examined what a software engineer should know about Bluetooth 6 and its
relevance in smart home and other smart indoor environments. The study was conducted as
a literature-based review focusing on the development of Bluetooth technology, the role of
Bluetooth Low Energy in IoT and smart home systems, and the new ranging capabilities

introduced with Bluetooth 6.

The findings show that Bluetooth Low Energy has already become an important
communication technology in smart environments because of its low power consumption,
relatively low cost, and wide support in consumer devices. At the same time, traditional
BLE-based smart home systems often rely on signal-strength-based methods such as RSSI

for proximity and localization, which can be unreliable in indoor environments.

A central conclusion of the thesis is that Bluetooth 6 extends the role of BLE by introducing
Bluetooth Channel Sounding, which provides more advanced ranging capabilities through
Phase-Based Ranging and Round-Trip Time. Based on the reviewed literature, these
methods offer a more accurate foundation for estimating distance between devices than
conventional RSSI-based approaches. This is particularly important in smart home
environments, where more precise ranging could improve indoor positioning, proximity-

based automation, and security-related access control.

From a software engineering perspective, the thesis suggests that Bluetooth 6 is relevant not
only as a communication standard, but also as a technology that may influence how future
smart home systems are designed. More accurate ranging can support more context-aware
and location-aware application logic, but its practical usefulness still depends on
environmental conditions, implementation choices, and the ability of software systems to

interpret ranging data effectively.

The thesis also shows that Bluetooth Channel Sounding should not be viewed as a complete
solution to indoor localization challenges. Factors such as multipath propagation,

interference, and implementation complexity remain important limitations. In addition,



because Bluetooth 6 Channel Sounding is still an emerging capability, its adoption in

consumer smart home ecosystems is still limited.

Overall, the thesis concludes that software engineers should understand both the
opportunities and the constraints of Bluetooth 6. Knowledge of BLE communication alone
is no longer sufficient in all cases. Future smart home systems may increasingly depend on
more accurate ranging, which means that software engineers should also understand how
Bluetooth 6 features affect automation, proximity detection, indoor localization, and secure

device interaction.
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