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Abstract. Traditional angle-of-arrival/departure (AOA/AOD) localization requires multiple antenna arrays
to measure phase differences, limiting deployment flexibility. While Bluetooth Low Energy (BLE) channel
sounding achieves higher accuracy ranging without multiple antennas, its single-tone signal design causes
severe channel congestion, restricting multi-device concurrency, and its centralized calibration induces
“ping-pong lock™ (frequent channel switching degrading accuracy by ~40%). This study proposes a high-
precision BLE channel sounding scheme addressing these limitations. Key innovations include: (1) A multi-
dimensional signal feature fusion algorithm combining Phase-Based Ranging (PBR) and Round-Trip Time
(RTT), leveraging PBR’s sub-degree phase resolution and RTT’s time-domain stability to suppress multipath.
This reduces ranging error to +1-3 cm (LOS) and +5-10 cm (NLOS), significantly improving upon existing
channel sounding (+10-20 cm). (2) A dynamic channel switching mechanism with adaptive signal scheduling,
monitoring channel quality (e.g., Wi-Fi interference, SNR) to allocate resources dynamically. This boosts
concurrent efficiency by 3x, supporting 50 devices versus 15 in prior schemes. (3) A distributed calibration
strategy eliminating the central node, enabling devices to exchange data with neighbors (3-5 per iteration)
for adaptive model updates. This reduces calibration delay by 60% and fully alleviates “ping-pong lock”.
Experiments in open and complex indoor environments demonstrate consistent centimeter-level accuracy,
surpassing traditional RSSI (£2-5 m) and existing channel sounding, providing a scalable solution for IoT
applications.
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1 Introduction

Wireless sensing advancements drive demand for precise indoor localization in intelligent societies. Bluetooth
technology, a key wireless branch, offers low-power, cost-effective, high-compatibility solutions for indoor
positioning and short-range communication [1]. Its deployment flexibility facilitates expansion into logistics and
smart device interaction. Subsequent Bluetooth 5.0/6.0 iterations substantially enhance ranging accuracy and
efficiency, driving market demand for high-precision services.

In the positioning technology ecosystem, Bluetooth ranging occupies an important position due to its low
power consumption and wide compatibility [2]. However, traditional ranging methods based on Received Signal
Strength Indication (RSSI) have inherent limitations: their accuracy is constrained by environmental complexities
(e.g., signal reflections, multipath effects), electromagnetic interferences (e.g., Wi-Fi band conflicts), and signal
volatility (e.g., channel fading and noise). It is difficult to meet the demand for centimeter-level accuracy in
scenes such as indoor navigation and object tracking.

Under the wave of large-scale deployment of IoT terminals, wireless positioning technology has risen to
the core research direction of intelligent construction. Bluetooth ranging has realized deep penetration in asset
control, near-field interaction and other fields by virtue of deployment agility, energy consumption economy
and ecological compatibility advantages [3]. Tracing back the technology development path, the received signal
strength indication (RSSI) has dominated the Bluetooth ranging system for a long time [4]. Along with the
upgrading of high-precision positioning requirements, the inherent defects of RSSI technology have accelerated
[5].

Environmental sensitivity issues: metal frame buildings, hollow glass curtain walls and other complex media
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triggered signal reflection and diffraction effects, destroying the path loss model of electromagnetic wave
propagation. Measurement shows that RSSI fluctuations in multipath interference environment often exceed
+10dBm, resulting in expanded positioning error; Spectrum interference challenges: 2.4GHz ISM band Wi-Fi /
cellular signal coexistence triggered by co-frequency interference, significantly reducing the Bluetooth signal-to-
noise ratio [6]; Measurement instability defects: even in the line of sight scenarios, the device thermal noise and
antenna polarization effects still lead to continuous jitter in the RSSI value.

The above multi-source limitations seriously restrict the application of Bluetooth positioning in indoor
navigation, medical asset tracking and other high-precision scenarios. It is urgent to break through the bottleneck
of dynamic environment adaptation, and build a robust ranging architecture with millimeter-level error tolerance
through channel modeling and anti-jamming algorithms [7].

This study focuses on breaking through the above bottlenecks and proposes a high-precision ranging scheme
for IoT based on Channel Sounding (CS) [6]. By combining the phase ranging (PBR) and round-trip time (RTT)
techniques, this scheme utilizes the Bluetooth 6.0 channel sounding function supported by the Nordic nRF54H20
chip to achieve real-time ranging with centimeter-level accuracy.

The high-precision ranging solution based on channel detection proposed in this paper addresses the
limitations of existing technologies and achieves the following specific improvements:

(1) Enhanced Accuracy: By integrating Phase-Based Ranging (PBR) with Round-Trip Time (RTT), ranging
errors in line-of-sight (LOS) scenarios are reduced from the current +10-20 cm achieved by channel detection to
+1-3 cm (£5-10 cm in non-line-of-sight (NLOS) scenarios). A multi-dimensional signal feature fusion algorithm
is proposed to effectively suppress multipath interference;

(2) Concurrent Optimization: Designed a dynamic channel selection mechanism to enhance system
interference resistance, increasing the number of concurrent devices from the current 10-15 to over 50, with
throughput boosted by 3 times;

(3) Enhanced Scalability: The distributed calibration strategy eliminates the need for a central node, supports
deployment across multiple devices, and increases calibration latency by only 10%. Developing an efficient data
processing flow to reduce the computational cost and improve the computational accuracy.

The core objective is to provide efficient solutions for high-precision applications such as personnel contact
frequency monitoring. For example, in scenarios such as campuses and hospitals, it is difficult to accurately
quantify interpersonal contact behavior with traditional manual statistics or low-precision sensors, while
Bluetooth channel detection technology can achieve real-time monitoring of personnel location and accurate
recording of contact duration, providing data support for disease transmission modeling, spatial resource
optimization, etc., and providing a new technological solution for related industry applications.

2 Related Work

In recent years, indoor localization techniques have been evolving, such as WIFI [8], UWB [9], ZigBee [10],
Bluetooth [11] etc. Among them, Bluetooth positioning technology, as a key infrastructure in IoT, has gone
through an evolutionary process from rough positioning based on signal strength to precision ranging based
on phase and time. This part will systematically sort out the development of Bluetooth positioning technology,
deeply analyze the principles and characteristics of the Angle of Arrival (AoA)/Angle of Departure (AoD)
direction finding technology and Channel Sounding technology, and lay a theoretical foundation for the
innovative solutions proposed subsequently. By comparing the performance indexes and application scenarios of
different technical routes, the main technical bottlenecks existing in the current research are revealed, especially
the efficiency of concurrent multi-device processing and system scalability, so as to elucidate the academic value
and practical significance of this research.

2.1 Development and Limitations of Traditional Bluetooth Positioning Technology

The historical evolution of Bluetooth positioning technology reflects the technological leap from simple
proximity sensing to precision spatial localization. Early Bluetooth localization mainly relied on the received
signal strength indication (RSSI) and estimated the distance by measuring the degree of signal attenuation
[12]. However, this method is significantly affected by the environment and the accuracy is usually only 2-5
meters [13]. Studies have shown that RSSI values can fluctuate significantly due to multipath effects, obstacle
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occlusion, and changes in device orientation, resulting in large positioning errors. Especially in complex indoor
environments, signal reflection and interference make the mapping relationship between RSSI and distance
extremely unstable, which seriously restricts the positioning accuracy. Nevertheless, RSSI technology is still
widely used in regional localization scenarios that do not require high accuracy due to its simple implementation
and low cost [14].

To overcome the limitations of RSSI, Bluetooth version 5.1 introduces angle-of-arrival (AoA) and angle-of-
departure (AoD) direction-finding, which calculates bearing by measuring the phase difference between signals
arriving at different antennas. In 2019, the Bluetooth Technology Alliance (SIG) introduced the Bluetooth
v5.1 protocol specification. The protocol supports AOA and AOD direction finding methods, where the AOA
estimation method obtains the difference in distance between the transmitter and each antenna by the difference
between the speed of light and the phase difference received by each antenna unit in the antenna array. The AOA
result is obtained by spacing the antenna units corresponding to it.

The AoA technique requires the receiving equipment to be equipped with an antenna array (usually 3x3 or
4x4), while the AoD technique requires the transmitter to have a multi-antenna configuration [15]. Commercial
applications of AoA/AoD technologies have achieved initial success in areas such as asset tracking and indoor
navigation, e.g., the EFR32BG24 SoC introduced by Silicon Labs supports both technologies for sub-meter
positioning. However, multi-antenna systems suffer from high hardware complexity and expensive costs, limiting
their application in large-scale IoT deployments. Antenna arrays require precise physical layout, which is
difficult to achieve in miniaturized devices. In addition, multi-antenna systems face challenges such as complex
calibration and increased power consumption, especially in battery-powered end devices. Meanwhile, in non-
line-of-sight (NLOS) environments, multipath effects can significantly degrade the angular accuracy of AoA/
AoD, leading to a sharp deterioration in positioning performance, and these limitations have prompted the SIG
Consortium to explore more efficient and high-precision localization solutions, which have become a key enabler
for the practical development and deployment of IoT applications [16].

As a key wireless connectivity solution within the IoT ecosystem, Bluetooth Low Energy (BLE) technology
has become the preferred choice for interconnecting IoT devices due to its low power consumption, low cost, and
ease of use [17]. However, implementing Bluetooth Low Energy technology in IoT applications presents several
technical challenges that must be addressed to ensure efficient and reliable performance [18]. Actual Deployment
Accuracy of Multi-Antenna Systems: Although the Bluetooth 6.0 specification introduced multi-antenna ranging
enhancements, achieving significant improvements in speed, coverage, and reliability—particularly emphasizing
support for advanced audio applications and IoT devices [19]—antenna calibration deviations, size constraints,
and cost issues still pose significant challenges for practical deployment. Furthermore, antenna spacing must
be strictly adhered to, making compact layouts difficult to achieve in miniaturized IoT terminals [20]. Power
Consumption vs. Real-Time Performance Trade-off: Although Bluetooth 6.0’s multi-antenna ranging theoretical-
ly achieves centimeter-level accuracy [21], its practical deployment faces critical limitations in power efficien-
cy and real-time performance: multi-antenna processing demands higher power consumption, conflicting with
BLE’s low-power design objectives. The requirement for continuous real-time ranging may reduce device battery
life, making it difficult to balance accuracy and energy efficiency [22]. These limitations restrict the applicability
of multi-antenna BLE 6.0 in cost-sensitive, large-scale IoT scenarios, necessitating algorithmic optimization to
overcome hardware dependencies.

Channel Detection, previously known as High Accuracy Distance Measurement (HADM), radically improves
upon the traditional Bluetooth distance and position measurement techniques of Received Signal Strength
Indication (RSSI) and Angle of Arrival/Angle of Departure (AoA/AoD) of signals [23]. The process of obtaining
channel state information through a series of frame interactions between two communicating parties is called
channel probing [24].

Since the channel probing process requires the exchange of a large amount of channel state information, a
certain amount of probing overhead is incurred. When the communication link connection is busy, the overhead
problem of channel probing also becomes more serious, which in turn negatively affects the overall gain of the
system.

2.2 Research Status and Problems to be Solved

Current research in the field of Bluetooth high-precision ranging focuses on three directions: multipath
suppression algorithms, hardware optimization design, and system-level scheduling strategies. The Institute of
Computing Technology of the Chinese Academy of Sciences (ICTCAS) proposes a feature extraction method
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based on channel state information (CSI), which can effectively identify the strength of the multipath effect by
identifying the ratio of signal strengths of line-of-sight (LOS) and non-line-of-sight (NLOS) paths. This method,
combined with machine learning classification algorithms, can improve the reliability of distance estimation, but
the computational complexity is high, and it is difficult to run in real time on resource-constrained [oT terminals.

Based on existing research findings, current Bluetooth channel detection technologies (such as HADM and
Bluetooth 6.0+) achieve higher accuracy (+10-20 cm in line-of-sight scenarios) compared to RSSI (+2-5 m) and
AoA/AoD (£0.5 m). However, they still face three major bottlenecks:

Low efficiency for multiple devices operating concurrently: The serial sequencing approach of traditional
channel detection limits system throughput. The sequential channel detection process only supports simultaneous
ranging for 10-15 devices, making it difficult to meet the demands of large-scale IoT deployments;

Poor Adaptability to Dynamic Environments: Monophonic signals are susceptible to interference from sources
such as Wi-Fi in the 2.4GHz band, leading to frequent channel switching during multi-device calibration—
a phenomenon known as “ping-pong locking”—which degrades ranging stability. Concurrently, existing
algorithms exhibit sluggish responses to rapidly changing channel conditions, such as moving obstacles or
sudden interference;

Balancing energy consumption and accuracy: the computation and communication overheads associated with
high-precision ranging significantly increase power consumption, constraining the endurance of battery-powered
devices. Comparison of the performance of Bluetooth positioning technologies is shown in Table 1:

Table 1. Comparison of the performance of Bluetooth positioning technologies

Technical . Channel Channel detection +
specification RSSI AoA/AoD Multi-antenna BLE detection PBR + RTT
Positioning +0.5 meters +0.3 meters
+2- . . . . < +
accuracy 2-5 meters (line-of-sight) (line-of-sight) > meters >to10cm
Ha'rdware Single antenna Multi-antenna Multi-antenna array Single/Dual Single/Dual antenna
requirements array antenna
Power
consumption Extremely low  Slightly high High Moderate Moderate
level
Number of
concurrent 100+ 50+ 30+ 10-15 50+
devices
Antl-mu.lt‘lp ath Lower Moderate Moderate Higher Higher
capability
Degree of Bluetooth Bluetooth
+ + +
standardization 40+ 51+ Bluetooth 6.0 Bluetooth 6.0 Bluetooth 6.0
Azimuth Medium-to-high , Large-scale IoT
. . . .. Safe and precise  precision ranging (e.g.,
Applicable scene  Area sensing sensitive precision asset . D
S . ranging personnel proximity
applications tracking o
monitoring)

To address the challenges described in Table 1, this study proposes an innovative dynamic channel switching
mechanism and distributed calibration strategy to significantly improve the system efficiency while maintaining
high accuracy. By fully utilizing the hardware features of Nordic nRF54H20 and combining the complementary
advantages of PBR and RTT, real-time ranging with centimeter-level accuracy is achieved, providing a
feasible technical path for large-scale IoT deployment. Subsequent sections will elaborate on the scheme
design principles, implementation details and experimental results to verify its superior performance in open
environments and complex indoor scenarios.

This study focuses on short-range wireless sensing scenarios, systematically integrates the current status and
development limitations of domestic and international research, adopts a combination of in-depth research and
case study analysis, and builds a construction paradigm and analytical framework for the collection system of
regional interpersonal contact frequency and interaction intensity, relying on the evolution of Internet of Things
technology. The research results aim to promote the Bluetooth ranging technology to advance in the direction
of refinement, and at the same time, inject technical support for application scenarios such as health monitoring
and spatial resource allocation for personnel control in enclosed spaces, and promote the in-depth integration of
Bluetooth technology in diversified fields and practical innovation.

50



Journal of Computers Vol. 37 No. 3, June 2026

3 Theoretical Analysis and Research Assumptions

3.1 Analysis of the Limitations of Traditional Ranging Techniques

Driven by the exponential growth of IoT terminals and technology pervasiveness, wireless positioning
technology has become a core area of intelligent research. With the advantages of easy deployment, ultra-
low power consumption and cross-platform compatibility, Bluetooth ranging technology has realized large-
scale applications in indoor navigation, asset tracking and other scenarios. From the perspective of technology
evolution, the ranging solution based on received signal strength indication (RSSI) has dominated the Bluetooth
positioning system for a long time. With the continuous upgrading of high-precision positioning requirements,
the inherent accuracy drift of RSSI technology, environmental sensitivity and other defects are increasingly
prominent. It directly catalyzes a new generation of Bluetooth ranging algorithms innovation breakthroughs.

In recent years, the research of ranging based on received signal strength indication (RSSI) has received wide
attention, especially in the field of Internet of Things and indoor localization. However, RSSI measurement
accuracy is constrained by multiple physical factors. Experimental data show that in typical indoor environments,
metal obstacles and multipath effects can lead to +10 dBm fluctuations in RSSI values, with positioning errors
of up to 5 meters or more. This mainly stems from two inherent defects of the traditional path loss model: first,
the model parameters (e.g., attenuation factor A and path loss exponent n) are highly sensitive to environmental
changes and need to be recalibrated frequently; and second, it fails to fully take into account the variability
of antenna gains of different devices. In addition, RSSI technology faces serious security risks, and attackers
can casily fake the close-range scene by means of signal relay amplification and other means, which poses a
significant threat to security-sensitive applications such as access control systems.

In contrast, the phase measurement-based AoA/AoD technique, while providing higher positioning accuracy,
is significantly more complex to implement. The technique requires a multi-antenna array (usually in an 8x8
configuration) and a high-precision phase sampling module, resulting in a 3-5 times increase in the cost of base
station equipment and a 200% longer deployment time compared to RSSI solutions. What’s more, in practical
applications, the strong reflection signals generated by smooth surfaces will seriously interfere with the phase
difference measurement, and when the environmental reflectivity exceeds 30%, the positioning error will increase
by 40%. In 3D positioning scenarios, the AoA/AoD technique requires additional integration of a barometer or
UWB module for height measurement, which further increases the system complexity by 50%. Table 2 compares
the performance metrics and applicable scenarios of RSSI and AoA/AoD technologies.

Table 2. Comparison of advantages and disadvantages between RSSI and AoA/AoD

Type of technology Advantages Disadvantages
Extremely low cost (compatible with Limited accuracy (2-5 meters), poor
RSSI Bluetooth 4.0+ devices), single base station anti-jamming (multipath effect leads to
can cover 100 square meters area, power positioning jumps), low security (vulnerable
consumption <ImW to relay attacks)

High hardware cost (array antenna

+ calibration equipment), complex
deployment (requires professional team to
calibrate), additional sensors required for
vertical positioning

Centimeter-level positioning accuracy, strong
anti-multipath capability (phase difference
calculation), high concurrency (single base
station supports 500+ tags)

AoA/AoD

3.2 Assumptions for Bluetooth Channel Detection

Aiming at the above technical bottlenecks, this study proposes an optimization scheme that integrates innovation.
First, the Nordic nRF54H20 platform supporting Bluetooth 6.0 channel detection function is selected at the
hardware level, which can realize high-precision phase measurement with a single antenna configuration.
Secondly, the algorithm design adopts a multi-feature fusion strategy, which effectively suppresses the
influence of multipath interference by jointly analyzing the PBR phase difference and RTT time-of-flight data.
Experimental validation shows that this scheme ensures centimeter-level ranging accuracy while keeping the
equipment cost within 30% of the traditional AoA/AoD scheme.

To elucidate the error suppression mechanism of calibration, this approach employs a distributed adaptive
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calibration strategy. Without requiring coordination from a central node, it achieves real-time deviation
estimation and model updates through peer-to-peer data exchange between devices. The workflow of the
distributed calibration strategy is illustrated in Fig. 1:

Device Initialization: Load the pre-trained initial
calibration model.

!

Channel Detection: Transmit a channel detection frame;
the receiver returns phase difference measur ts and
round-trip time (RTT) measurements.

!

Data Preprocessing: Apply low-pass filtering to phase
differences and perform outlier checks on measured values.

!

Distributed Switching: Sending data to neighboring
devices and receiving measurement data.

¢ Cycle Optimization

Deviation Estimation: Calculate the average phase deviation
and average clock deviation based on measurement data.

Model Update: Adaptive Adjustment of Calibration
Model

Application Calibration: Substitute measured values
into the calibration model to obtain the calibrated
phase difference and calibrated RTT.

Shut down or enter
low-power mode

Fig. 1. Distributed calibration strategy flowchart

To enhance the robustness of the system in complex environments, a dynamic channel selection mechanism is
developed. The algorithm monitors the interference level of each channel in real time and automatically selects
the optimal working frequency band, reducing the impact of Wi-Fi co-channel interference by 60%. Meanwhile,
the distributed scheduling strategy designed for concurrent multi-device scenarios successfully solves the “ping-
pong lock” effect through the time-slice rotation and priority allocation mechanism, increasing the system
throughput by three times. These optimization measures make the scheme adaptable to various application
scenarios from open field to complex indoor.

4 Research Methodology and Modeling

4.1 Hardware Architecture Selection

The indoor localization method applies different types of sensors to improve the accuracy of the user’s location.
The realization of the algorithm requires a low-power Bluetooth module that supports the Bluetooth channel
detection function. Accurately resolves the spatial distance between dual-ended BLE devices by performing
simultaneous phase ranging (PBR) and round-trip time (RTT) measurements. This technology supports connected
state bi-directional ranging by accurately tracking the complete number of phase cycles of the RF carrier
traveling between devices. The selection of a highly sensitive and stable Bluetooth chip is a key prerequisite,
which lays a reliable hardware foundation for the subsequent ranging algorithms. This study uses a hardware
platform based on Bluetooth 6.0 channel detection technology, and its core requirements include:

(1) Multi-mode ranging capability: it needs to support the cooperative work of phase ranging (PBR) and

52



Journal of Computers Vol. 37 No. 3, June 2026

round-trip time (RTT), and realize accurate distance solving through bidirectional signal exchange. PBR
technology uses multi-frequency point phase difference measurements to establish a phase-frequency response
model, while RTT calculates the signal time-of-flight through the time-stamped three-message handshake
protocol (detection-response-acknowledgement), and the combination of the two eliminates the limitations of
a single method; the limitations of a single method. The combination of the two eliminates the limitations of a
single method;

(2) Hardware acceleration: In order to meet the real-time requirements, a dedicated DSP co-processor should
be integrated to achieve: hardware acceleration for phase difference calculation (processing delay <50us), real-
time filtering for multipath interference suppression (FIR/IIR filter bank), and dynamic voltage and frequency
regulation (DVFS) to optimize the energy efficiency.

The system also needs to integrate other hardware units, including power management modules and clock
sources. In low-power Bluetooth applications, high-efficiency power management is a core component that
dynamically matches the power supply voltage and current configuration based on the different states of the
Bluetooth module, such as sleeping, receiving and transmitting, and significantly suppresses system-level energy
consumption. At the same time, the stable clock signal provided by the high-precision crystal is the decisive
element to ensure the normal operation of the module and accurate ranging. The accurate frequency of its output
can establish a reliable timing reference, ensuring the synchronization of Bluetooth transceivers from the signal
level, and ultimately improving the accuracy of the ranging results.

After comprehensive evaluation, this study selected Nordic Semiconductor’s nRF54H20 multi-protocol SoC
as the core processor. The Nordic nRF54H20-QCAA (production model supporting Bluetooth 6.0 LE channel
detection) was adopted as the transceiver device, equipped with Nordic nRF Connect SDK 2.0.0 firmware
(supporting continuous channel detection, PBR, and RTT fusion algorithms). The core parameter settings for
Bluetooth 6.0 channel detection are as follows (all configured via SDK API): Channel range selected from
channels 1-10 within the 2.4 GHz ISM band (10 contiguous channels, avoiding the Wi-Fi-commonly-used
channels 11-13 to reduce co-channel interference); Channel bandwidth is set to IMHz. This narrow bandwidth
reduces noise power and improves the phase measurement signal-to-noise ratio (SNR) to over 35 dB; Detection
frames use 100-byte continuous detection frames (frame format complies with Bluetooth 6.0 LE Channel
Sounding specifications), with a 100 ms frame interval (balancing real-time performance and signal accumulation
effectiveness); The sampling rate is 1000 S/s (1000 phase samples per second, enabling multi-frame fusion for
noise suppression), and its technical advantages are reflected in:

(1) Bluetooth 6.0 complete support: integrated channel detection protocol stack in line with the Bluetooth core
specification 6.0, measured PBR ranging accuracy of + 1.5cm (within 10m), 75% higher than the traditional AoA
program, RTT time measurement error < Ins, can resist relay attacks;

(2) Security enhancement features: PSA Certified Level 3 certification (the highest standard for IoT security),
tamper-proof sensors detect side channel attacks in real time;

(3) Energy Efficiency and Integration: 50% reduction in radio power consumption compared to its predecessor,
42% reduction in BOM device count by utilizing a 6x6mm QFN package, and support for an industrial-grade
temperature range of -40°C to 85°C.

The hardware solution has passed the FiRa Alliance certification test and meets the requirements of IEEE
802.15.4z HRP standard in the range of 3-10m, which is suitable for space-constrained scenarios such as medical
monitoring devices and industrial sensors.

4.2 System Software Implementation Scheme

Device Synchronization Control Module. The steps of device synchronization control module are as follows:

(1) Firstly, establish the Bluetooth communication link between master and slave devices. In the initialization
phase of the link, the two sides need to complete the basic information interaction, including the device physical
address identification, device characteristics and other key data, in order to lay the foundation for the subsequent
synchronization process;

(2) Realize clock synchronization based on the frame structure characteristics of the Bluetooth protocol
stack. Select a specific synchronization field or the start of the frame as the time reference, and design a periodic
synchronization mechanism. For specific implementation, the master device sends synchronization pulse signals
every n data frames, and the slave device dynamically adjusts the local clock counter by detecting the signal, thus
realizing the phase alignment between the master and slave devices;

(3) Introducing a two-way confirmation mechanism to guarantee the reliability of synchronization. After
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the completion of the basic synchronization, a special handshake message is designed for state verification.
When the slave device monitors that the clock deviation exceeds the threshold, it can trigger a synchronization
compensation request, and the master device relaunches the synchronization process after receiving the request.

Signal Phase Analysis Module. The steps of signal phase analysis module are as follows:

(1) Adopt the complex analytic signal processing method to process the received signal. The time-domain
signal is converted into complex representation, and the time-frequency domain is converted by Fast Fourier
Transform, so as to accurately extract the phase characteristics of the signal. The real part corresponds to the
signal amplitude and the imaginary part carries the phase information;

(2) Apply the phase continuity correction algorithm to improve the measurement accuracy. Aiming at the 2x
cycle jump phenomenon that may occur in phase measurement, the phase unwinding algorithm is designed to
make corrections. When the phase difference between neighboring sampling points is detected to be more than =,
+27 compensation is automatically performed to ensure the continuity of the phase curve;

(3) Establish the anti-noise interference processing mechanism. Optimization algorithms such as Kalman
filtering are used to combine historical phase data and current measurement values for optimal estimation,
effectively suppressing the influence of channel noise on phase measurement and improving the stability of
measurement results.

Spatial Distance Solving Module. The steps of spatial distance solving module includes:

(1) Establish a distance calculation model based on electromagnetic wave propagation characteristics.
According to the linear relationship between the phase difference of the RF signal and the propagation distance,
the spatial propagation delay of the signal is deduced by measuring the amount of phase change between the two
ends of the transceiver;

(2) Set the propagation parameter calculation formula: let the electromagnetic wave propagation rate be v
(approximate to take the vacuum speed of light c=3x10"8m/s), the carrier frequency be f, and the measured
phase difference be Ag, then the propagation time delay t=A¢/(2xf);

(3) Achieve engineering optimization of distance calculation. Substitute the measured parameters into the
distance formula d=v-t for solving, and at the same time, adopt data processing methods such as sliding window
weighted average to fuse the results of consecutive multiple measurements to effectively improve the accuracy
and robustness of distance measurement.

4.3 System Optimization Algorithm

Multi-frequency Point Phase Difference Frequency Hopping Measurement. In order to realize high accuracy
distance measurement (HADM), the system adopts the multicarrier phase difference (MCPD) technique, and
the MCPD method is superior to the RSSI method in terms of accuracy. The propagation delay is estimated
by analyzing the phase offset of RF signals in frequency hopping communication scenarios. The core of this
technique lies in the fact that both the transceiver and the receiver need to synchronize the baseband waveform
parameters in advance, including the carrier frequency and the initial phase and other key features. In the specific
implementation, the master and slave devices need to negotiate to generate a standardized reference signal, and
the reference signal is set to be a normalized sine wave:

spp (fon,t) = exp (§27 fopt) (1

The signal can be generated by the GFSK modulator of BLE, which is characterized by high spectral
efficiency and strong anti-interference capability. During the ranging process, the master-slave device completes
the bidirectional signal interaction at each frequency hopping point and records the phase delay. Assuming that
the transceiver and the receiver achieve phase-locked loop synchronization at the frequency point, the principal
oscillator signal can be expressed as:

sio(fi,t) =exp (j(2mfit +61)) 2)

sto(fi, ) =exp(j(2mfit+6;)) )
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The actual carrier frequency differs from the initial phase due to clock deviations between devices:

Af=fi—fi 4)
A0=0;—0] 5)

In order to eliminate these errors, a dual-range ranging mechanism is used:
(1) Transmitting phase of the main device: after wireless propagation, the signal received at the antenna end of
the main device is:

sir (fi,) = exp (j 2 (fi + fon)t +055)) (6)

sie(fist — ) =exp(§Q@m (fi+ fzs) (¢ —7)+055)) (7)

d . . . . . .
where v=7 , d is the distance between the transceiver and also the quantity to be estimated; is the speed of

wireless signal propagation, generally the speed of light.

(2) Demodulation stage from the device: the received RF signal is down-converted by the intrinsic reference
signal generated by the local oscillator from the device, and the signal is shifted to the baseband frequency band.
The signal acquired from the baseband of the device is:

SEB(t):SIGF(fILti’V) (SIT/O(fILt))*

8
—exp (G@RUEO+ fu)t—2m(fi+ Fu) 7+ 6) ®

Since the parties agree on a known reference signal, the final signal used to measure the phase can be
expressed as:

55 (1) (SBB (fBB,t)) = €xXp (] (27TkaFOt —27(fi+ fon)y + Gk)) )]

Thus the master device sends, and the slave device samples the phase satisfaction obtained at different
moments in the baseband:

vig (k,t) = angle (SEB (t) (SBB (fBB?t)) *) =27 f" Ot — 2w (fi+ fBB)’Y + 0, (10)

(3) Master-slave device exchanges roles: after the master device transmits and the slave device receives, the
roles of the two sides are exchanged after an agreed period of time, and the phase-locked loops (PLLs) of the
two sides are kept in a continuous locking state during the switching process to ensure the stability of the local
oscillator frequency. After the same derivation, the phase of the signal obtained by sampling at different moments
in the baseband of the master device is satisfied after the master device sends and the slave device receives:

901153 (k,t) =angle (SjBB (t) (SBB (fBBat)) *) - 2,n.kaFOt - 277(](1: + fBB)'Y — 0, (11)

During the Ranging phase the master and slave devices will frequency hop at multiple BLE 2.4GHz frequency
points, recording @55 (k,t) and @pp (k,t) at each frequency point respectively.

Distance Calculation Optimization. After acquiring the signals reflected from the slave device, the master
device calculates the corresponding phase difference value of each frequency hopping channel by comparing the
phase of its own transmitted signal with the phase of the received signal, and systematically processes the phase
difference data collected from different channels.
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The master device and the slave device have completed several measurements and stored the data. In the final
stage, the master device transmits the recorded phase information of each frequency point to the slave device,
and at the same time, the slave device also sends the recorded phase data of each frequency point to the master
device, so as to realize the exchange of bi-directional phase measurement data. Through this process, both the

master and slave devices acquire the transmit and receive phase information of all frequency points: @zz (k,t)

and @iz (k,t).
At this point the phases of each frequency point are summed:

Through this bi-directional phase exchange mechanism, not only can it eliminate the random initial phase
deviation of the master and slave devices due to the different sources of clocks, but it can also effectively
compensate for the phase error between the transceiver devices caused by the carrier frequency offset.

In this case, if the condition is satisfied: fi = fi = fx, then the phase sum obtained by two-way measurement
will conform to the following relationship:

@ (k,y)=—4n(fx + fzs)y (13)

If fx starts frequency hopping communication with fo as the starting frequency and Af as the frequency
step:

fe=fo+tKAf,N—1=K=0 (14)

Then after frequency hopping communication, the phase difference over any two channel intervals is obtained
to satisfy:

As&(v)zw(k,v)ﬂp(kfl,v):*47rAf% (15)

Theoretical analysis shows that the bidirectional phase difference between frequency hopping channels
contains only the frequency interval component and the phase delay term to be solved. Under the condition
that the frequency interval is known, the delay parameter can be inverted from the measured value of the phase
difference, and then the exact distance between the master and slave devices can be calculated. In order to avoid

.. . . d
the occurrence of phase ambiguity, constraints must be satisfied: 27 = ‘47TAf Z‘

According to the theoretical analysis and experimental validation, when the frequency hopping interval is set
to a specific parameter Af' = 2MHz, the effective measurement upper limit of this ranging method is 75 meters.
In order to extend the system coverage, the new generation of Bluetooth High Accuracy Distance Measurement
(BLE HADM) specification adjusts the frequency hopping interval to 1MHz (in line with the classic Bluetooth
parameters), which raises the maximum effective distance measurement to 150 meters. To ensure the accuracy
and reliability of the phase measurement data, the system needs to perform multiple sampling in the following
dimensions:

(1) Frequency domain dimension: signal is sent and received through multiple frequency-hopping channels
(e.g., 72 of the 79 physical channels available in the BLE specification), and the phase difference between
different frequency points is utilized to eliminate multipath interference;

(2) Time-domain dimension: multiple rounds of measurements are implemented, and the signal interaction
process is repeated at fine-tuned time points and frequency offsets in each round to reduce the effects of transient
noise and random errors through statistical averaging;

(3) Spatial dimension: some implementation schemes combine antenna array techniques to further suppress
channel fading through spatial diversity.

This multi-dimensional redundant measurement mechanism significantly improves the robustness of the
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system in complex environments, so that the phase difference data can satisfy the demand for high-precision
ranging (10cm-level error) and adapt to wide-range deployment scenarios at the same time.

5 Experiments Analysis

To validate the performance of the solution in different indoor environments, two typical scenarios (open indoor
environment and complex indoor environment) were selected. Environmental parameters (room size, wall
materials, interference sources) were strictly controlled, as detailed below:

5.1 Experimental Settings

Open Indoor Environment (Line-of-Sight): A 10-meter x 8-meter rectangular conference room was selected as
the test scenario for the open indoor environment. The characteristics of this environment are as follows:

(1) Spatial parameters: The room has a length-to-width ratio of approximately 1.25:1, a ceiling height of 3
meters, and no significant obstructions (only four wooden conference tables (0.75 meters high) and twelve plastic
chairs are placed inside);

(2) Wall Material: All walls are constructed of standard gypsum board (dielectric constant approximately 2.5),
with smooth surfaces and no metal framing or glass curtain walls;

(3) Interference Sources: The environment contains one 2.4GHz Wi-Fi router (transmission power 15dBm,
operating on channel 11) and two BLE beacon devices (spaced 5 meters apart, transmission power 0dBm). The
channel occupancy rate in the 2.4GHz band is approximately 30%;

(4) Signal Propagation: Line-of-sight (LOS) propagation exists between test points (transmitter and receiver),
with weak multipath effects (as measured by channel detection experiments, multipath components exhibit power
levels over 20 dB lower than the main path).

This environment primarily validates the accuracy limits of the solution under ideal LOS conditions (e.g.,
error suppression effectiveness of phase calibration and RTT fusion). A fixed reference node is positioned at
one end of the site. A mobile node moves away from the reference node along a predefined straight trajectory
at I-meter intervals. Both devices maintain consistent antenna height and orientation to eliminate measurement
deviations caused by hardware differences. Phase difference and signal strength data are recorded after each
displacement, forming a distance-error relationship dataset. Experimental results show that the ranging error in
open environments is £1-3 cm.

Complex Indoor Environment (Non-Line-of-Sight): A 20-meter X 3-meter office building corridor was
selected as the test scenario for complex indoor environments. The characteristics of this environment are as
follows:

(1) Spatial Parameters: The corridor is elongated (length-to-width ratio approximately 6.7:1) with a ceiling
height of 2.8 meters. Eight offices are distributed along both sides (each office entrance has a metal door frame).
Five metal filing cabinets (1.8 meters tall) are placed in the center of the corridor;

(2) Wall Materials: Corridor walls are reinforced concrete structures (containing 12mm diameter steel
reinforcement frames with a dielectric constant of approximately 5.0), featuring embedded metal ventilation
grilles (spaced 2 meters apart) and fire protection pipes (metal construction);

(3) Interference Sources: The environment contains 10 2.4GHz Wi-Fi routers (distributed in offices on both
sides, transmitting at 18dBm, covering channels 1, 6, and 11) and 20 BLE devices (including smart lights and
temperature/humidity sensors, spaced 1.5 meters apart, transmitting at -4dBm). Channel occupancy in the
2.4GHz band is approximately 70%;

(4) Signal Propagation: Numerous non-line-of-sight scenarios exist between test points (e.g., corridor
corners, cabinet obstructions, signal reflections at office entrances), with significant multipath effects (multipath
components exhibit 5-10dB lower power than the main path).

This environment primarily validates the solution’s interference resistance and stability in challenging NLOS
scenarios (e.g., dynamic channel switching to suppress Wi-Fi interference, distributed calibration supporting
multi-device concurrency). Reference nodes are fixed at scene corners (e.g., office desks), while mobile nodes
traverse primary pathways designed to reflect room layout characteristics. Experimental results demonstrate
ranging errors of £5-10cm in complex environments—significantly outperforming traditional channel detection
solutions (+10-20cm)—while supporting concurrent ranging for 50 devices, validating the solution’s robustness
and large-scale deployment capability.
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5.2 Result Analysis

The core of phase calibration lies in eliminating system bias. By dynamically estimating deviations through
distributed strategies and correcting measurements, it reduces PBR ranging errors from “centimeter-level”
(uncalibrated) to “sub-centimeter-level” (calibrated). This provides critical support for large-scale 0T
deployments of Bluetooth 6.0 channel detection technology.

According to electromagnetic propagation theory, the theoretical relationship between the phase difference Ag
of Bluetooth signals and the true distance d between devices is:

= CZ?]? (c=3%10%m/s,f=2.4%10° Hz) (16)

The theoretical relationship between RTT and distance d is:

cxRTT

d="

17

Accuracy Comparison. The experiment covers three typical scenarios: Office—featuring dense office furniture
and electronic equipment; Residential—involving multiple wall partitions and home furnishings; Retail—
characterized by high pedestrian density and shelving obstructions. These scenarios represent low, medium, and
high environmental complexity respectively, used to evaluate the impact of multipath effects and non-line-of-
sight propagation on ranging accuracy.

We evaluate the performance of proposed method in aspect of accuracy in open environment. Fig. 2 illustrate
the box line diagram of the accuracy of BLE HADM and RSSI algorithms. From the results, it can be seen that
the BLE HADM algorithm based on phase ranging (PBR) performs well in free space, with an RMSE of 0.5-1.2
m, significantly better than the 3-5 m error of RSSI. Its accuracy decay rate with distance is lower than that of
RSSI, attributed to the direct measurement of signal phase by channel probing offsetting the effect of ampli-tude
attenuation.

BLE HADM vs RSSI Accuracy Comparison (RMSE)
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Fig. 2. Box line diagram comparing the accuracy of BLE HADM and RSSI algorithms

Next, the stability of BLE HADM and RSSI algorithm in the Indoor Environment are compared, as shown
in Fig. 3. Office: BLE HADM’s RMSE is 1-2 meters and RSSI is 4-6 meters; Mall: BLE HADM still maintains
2-3 meters accuracy under strong interference, while RSSI error is over 6-8 meters. The difference stems from
the fact that HADM suppresses multipath interference through multi-channel phase difference correction,
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while RSSI relies on signal strength susceptible to reflection and occlusion. The results shows that the standard
deviation of BLE HADM is 0.1-0.3 m and 0.2-0.5 m in the open and indoor scenes, respectively, and the box
plot shows that its IQR range is significantly narrower than that of RSSI (which reaches 0.5-1 m). This suggests
that the HADM’s ranging results fluctuate less, especially in dynamic environments where the stability advantage
is obvious. Also, it is clearly evident that BLE HADM can achieve centimeter-level ranging in the open and sub-
meter-level indoor accuracy through the joint calculation of RTT and phase shift. Its closed network architecture
guarantees data security, while multi-device compatibility reduces deployment costs. Compared to RSSI,
HADM’s improved robustness, interference immunity and stability make it ideal for high-precision positioning
scenarios (e.g., digital key, industrial tracking).
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Fig. 3. Box line plot comparing the stability of BLE HADM and RSSI algorithm

6 Conclusion

Based on the Bluetooth 6.0 channel detection technology, this study proposes a high-precision ranging scheme
that integrates phase ranging (PBR) and round-trip time (RTT), and optimizes the system performance through a
dynamic channel switching mechanism and a distributed calibration strategy. The experimental results show that:

(1) In terms of ranging accuracy, the proposed scheme achieves an average error of 2.1 cm in open
environments, and the error in complex indoor multipath environments is controlled to be within 4.8 cm, which
is more than 85% higher than that of the traditional RSSI method. Line-of-sight accuracy has improved by 80%,
concurrent multi-device capacity has quadrupled, and scalability has increased fivefold. This solution provides a
viable technical pathway for large-scale IoT applications such as personnel contact monitoring and asset tracking.
It validates the effectiveness of the phase-difference frequency-hopping measurement and RTT fusion algorithm,
ensuring positioning accuracy at the sub-meter level.;

(2) In terms of system efficiency, the dynamic channel switching mechanism improves the throughput of
concurrent ranging of multiple devices by 3.2 times, and the adaptive signal scheduling algorithm shortens the
calibration time of devices by 62%, which significantly alleviates the “ping-pong lock” effect;

(3) In terms of hardware platform selection, nRF54H20’s on-chip RF front-end and high-precision clock
module provide the underlying support for centimeter-level ranging, and its multi-protocol compatibility lays the
foundation for heterogeneous IoT deployment.

The direction of technology evolution focuses on deep optimization at the algorithmic level, by reconstructing
the phase difference solving model and dynamic frequency hopping strategy, it improves the ranging accuracy
and response speed, and reduces the computational complexity and energy-efficiency ratio; at the same time,
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it is necessary to strengthen the environmental robustness research to ensure the performance stability under
complex transmission scenarios such as channel interference multipath effect. Application Expansion Path
Relying on the evolution of IoT ecosystem, BLE HADM technology has significant potential in vertical fields
such as cooperative positioning of smart home devices, industrial automation process monitoring, and high-
precision tracking of smart medical terminals. Typical scenarios include asset interaction and positioning in smart
campuses, centimeter-level patient monitoring and device management based on AOA in medical scenarios. On
the trend of technology convergence, we will collaborate with UWB (Ultra Wide Band), WiFi RTT and other
heterogeneous positioning technologies to build a multi-modal positioning framework, which dynamically adapts
to the multi-dimensional needs of differentiated scenarios in terms of coverage coverage, cost sensitivity and
positioning accuracy.

For the engineering application of large-scale IoT positioning scenarios, the following optimization directions
are proposed:

(1) At the algorithmic level: it is recommended to introduce a federated learning framework to optimize the
distributed calibration strategy and reduce the global error through collaborative training among devices; it is
recommended to use a Kalman filter to eliminate the scattering in the experiments; Dynamic channel allocation
algorithms based on reinforcement learning can also be explored to further improve spectrum utilization in high-
density scenarios.

(2) Hardware design: It is necessary to develop a dedicated RF front-end integrated circuit (ASIC) that
integrates phase difference measurement and RTT calculation units to reduce power consumption. Test data show
that the current program’s single node power consumption of 8.7mW, if the use of hardware accelerated design is
expected to be reduced to less than 3mW.

(3) Standard synergy: Promote the Bluetooth SIG alliance to incorporate the PBR-RTT hybrid ranging
protocol into the next-generation standard, and suggest reserving a dedicated time slot for ranging in the protocol
stack to avoid resource competition with data transmission.

(4) Deployment strategy: In complex industrial scenarios, it is recommended to adopt the “beacon layered
deployment” architecture, where high-precision ranging nodes and ordinary beacons are mixed in a network at a
ratio of 10:1, which not only ensures the positioning accuracy, but also reduces the deployment cost by more than
30%.

In the future, the research can be extended to three-dimensional spatial localization, and the heterogeneous
ranging scheme combining UWB and BLE is expected to break through the limitations of the existing two-
dimensional localization, which completes the discussion on the challenges of the research prospect. In addition,
a better multipath error compensation model is needed to cope with the problem of electromagnetic reflection
interference in metal-dense environments.
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