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1 Introduction

Bluetooth Channel Sounding has emerged as a key technology for high accuracy ranging, positioning,
and environment sensing. Unlike classical Bluetooth RSSI-based techniques, channel sounding leverages

phase / amplitude measurements across multiple frequencies and antenna paths.

While the principles are straightforward, practical implementation faces substantial challenges regard-
ing quality, consistency, robustness, and variability of input data that is provided by the Bluetooth stack

to an algorithm for the calculation of distances.
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This whitepaper outlines the major technical obstacles in handling Channel Sounding input data for algo-
rithms and provides context on why addressing these challenges is essential for reliable, scalable, and

high-performance ranging systems.

2 Flexibility in Input Data Dimensionality

2.1 Modes and Submodes

On a basic level Bluetooth channel sounding offers two modes: phase-based ranging (PBR) and round-
trip time (RTT). But algorithms also need to be able to handle different timing configurations defined in
Step Mode 0-3 which can be enhanced by using additional submodes.

2.2 Variable Number of Input Frequencies

The number of available tones differs across the configuration, the devices and the environments. Blue-
tooth Channel sounding allows configurations between 15-72 different frequencies. Depending on the
use case an application wants to optimize accuracy with more tones when precision is required or save
measurement time / energy by using fewer tones when conditions are favorable. Some devices like for

examples Phones may skip frequencies when channels are blocked.

Robust processing requires adaptive algorithms that can reliably handle a reduced number of frequen-

cies and missing frequencies.

2.3 Variability in Antenna Paths

Bluetooth devices exhibit significant diversity in antenna path configurations. From single-antenna low-
cost devices, common in loT hardware, to high-performance 4 antenna path designs. Some devices like
Smartphones may have only 1 or 2 antennas available (at a time) for Channel Sounding, depending on
form factor and chipset.

3 Device-Specific Signal Properties

3.1 TX/RX Asymmetries

Many mobile devices display asymmetric TX and RX chains, leading to gain inconsistencies, frequency-

dependent phase offsets and calibration challenges.

These asymmetries complicate the interpretation of two-way ranging data and require compensation

strategies.
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3.2 Tone-Level Coherency / Symmetry

Inside tones on one frequency, a strong phase coherency can be expected, which can be exploited to
improve robustness and enhance interference suppression. However, tone-level coherence is not always
guaranteed — or has different accuracy. Frequency-dependent phase offsets or gain variations can cause

coherence and/or symmetry to break down, so algorithms must detect and adapt to this.

Lambda:4 developed patented methods to use tone-level coherency for better robustness.

3.3 PLL Jitter and Phase Noise

Oscillator (PLL) behavior introduces frequency-dependent jitter, phase noise and temporal drift. These
might degrade phase accuracy significantly on single frequencies and limit resolution unless properly
filtered or modeled.

Lambda:4 can detect typical behaviors of PLL (e.g. disturbances on overtones from the crystal) and com-
pensate it.

4 Ambiguity Resolution

Two-way channel sounding inherently contains ambiguities, especially in the phase-based measure-
ments. A robust system must be able to solve ambiguities whenever possible, detect them when they
cannot be solved and fall back to safe, conservative estimates.

In coherent PLL systems coherency should be detected and used to reliably solve this challenge.

Coherency generally can improve ranging for specific use cases by allowing to reduce the number of
necessary tones without affecting robustness. In particular one antenna path systems strongly benefit

from coherency.

5 Movement-Induced and Environmental Distortions

5.1 Motion-Induced Phase Shifts

Movement of either device can introduce phase rotations that mimic path-length changes. Systems
must detect such motion and compensate for its effects. This can be motion of the devices itself but also

motion in the vicinity of the devices.

Due to the random order of frequencies, there is a varying correlation between the effects of distance
and speed on the measured phases. This must also be considered in the calculation to obtain good re-

sults.
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5.2 Harsh Propagation Environments

Real-world situations often contain difficult environmental conditions with many (>10) similarly strong
signal paths in the channel. Reflections are often stronger than the direct path and / or dynamic block-
ers and scatters affect the measurements. This makes unambiguous shortest path detection extremely

important.
Matrix based super resolution methods are a good strategy to mitigate these challenges.

Lambda:4 has a strong patent on using Matrix based super resolution methods for Channel Sounding.

5.3 Long-Range (>75 m) Measurements

At long distances, ambiguities and weak signals increase dramatically. RTT (Round-Trip Time) infor-
mation can help resolve these ambiguities but must be fused carefully with phase data.

But at the end the algorithms must handle input data without RTT measurements as well.

54 Interference Detection

Interference can mimic or distort the channel response. Reliable systems require careful use of TQl val-
ues (if available) and frequency-domain consistency checks. Detecting interference in early stages of the

algorithm prevents ranging errors.

6 Algorithmic and Memory Constraints

6.1 Multi-Level Algorithm Architecture

Different use-cases and scenarios require different algorithmic strengths. Use cases may require fast,
coarse estimation in simple environments but high-precision resolution in complex conditions. Fallback
mechanisms when ambiguity is unresolved are needed in any scenario. To guarantee optimal results un-
der all conditions an algorithm needs to support different algorithm levels that are configured to ad-

dress the different scenarios as good as possible and can be switched on the fly.

Different “input-data” requires different algorithm strategies. The input-data for matrix based super res-
olution methods needs to have a certain internal structure to be processed (e.g. all frequencies or every

second etc.).

6.2 Computing-Time Optimization
Some methods—especially advanced matrix-based ones—can be computation-intensive.

If the use-case requires super resolution methods for accuracy and robustness, efficiency is crucial for

real-time responsiveness and battery-powered devices. Lambda:4 has developed patented technology
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to optimize calculations with large matrices and is able to offer the fastest known algorithms on the

market without the need for extra mathematic hardware accelerators.

6.3 Memory Limitations

Embedded SRAM is expensive and limited. The algorithm must handle things like variably sized input

data, multi-path matrices, tone extension features and intermediate buffers for interference analysis.

Memory-efficient design is a fundamental requirement for embedded applications like in the automo-

tive area.

7 Neural Network Fusion

Neural networks can fuse results from multiple algorithmic stages to produce an optimized ranging esti-

mate.
Their advantages include:

e Best fitting ranging results for diverse use cases (like access or localization)
e Resilience to noise and asymmetry
e Result quality indication: The possible deviation of the computed distance or a senseful distance

range

But they require extensive training data, model size optimization and real-time inference capability on
constrained hardware. Lambda:4 has developed its own use case specific Neural Networks optimized to
run on small, embedded devices. We have a database of millions of test cases that we use for training of

use case dependent Neural Network.

Lambda:4 has a strong patent on a Neural Network fusing spectral data for use case specific distance

calculations.

8 Conclusion

Bluetooth Channel Sounding offers outstanding potential for precise positioning and environmental
sensing, but practical deployment demands robust handling of highly variable and sometimes unreliable

input data.

From hardware asymmetries to environmental multipath, from PLL noise to computational constraints,

the challenges are widespread and interconnected.

A successful Bluetooth channel sounding implementation requires algorithms that carefully handle all

these challenges.
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