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Background
Motivation:

Participation in the Google Smartphone Decimeter 
Challenge 2023–2024

Research Goal:

Develop smartphone positioning program by myself
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Post processing

Horizontal positioning errors



Data Collection
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Smartphone Types:
Three major brands were used for data collection:

For data collection, GSDC used a car and fixed several 
smartphones near the front windshield using a special holder. 
To make sure all phones were in the same position each time, 
using 3D-printed parts and a robot arm to measure and check 
smartphone location carefully.

Pixel 6 pro



Technical Objectives
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1. Multi-Sensor Fusion
2. Differential GNSS
3. Carrier-Phase Differencing (TDCP)
4. Kalman Filter Design
5. IMU Denoising with Butterworth Low-Pass Filter
6. AI-Based Stop Detection



Performance Objective & Theoretical 
Contribution

Performance Objective

Reduce the average 2D positioning error from over 30 meters to less than 7 meters (2DRMS) on 
the GSDC dataset, and ensure the system works in real time for various urban scenarios.

Theoretical Contribution

Provide theoretical support and real-world experiments to push forward the use of AI-enabled 
GNSS/IMU systems for smartphones.
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GNSS-Based 
Positioning 
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GNSS Data Preprocessing

Differential GNSS Algorithms for Position 
Estimation

Doppler and TDCP Velocity Fusion Strategy for 
Velocity Estimation

Suspect Satellite Removal

GNSS position-velocity integration Positioning 
Algorithm



GNSS positioning framework
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Differential GNSS Algorithms for Position 
Estimation
Differential GNSS Processing Framework
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Suspect Satellite Removal
Mitigation of Suspect Satellites Using Pseudorange Residuals

Mitigation of Suspect Satellites Using Doppler Residuals

10

Fr
eq

u
e

n
cy

Pseudorange

Doppler

Pseudorange

Doppler

-40 35 -10 10

Fr
eq

u
e

n
cy

-20 15 -20 -10

90th = ±7.78 m
95th = ±10.42 m

90th = ±5.67 m
95th = ±6.97 m

90th = ±1.83 HZ
95th = ±2.84 HZ

90th = ±1.50 HZ
95th = ±2.34 HZ



① Doppler and TDCP for Velocity Estimation
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Velocity Decision

③ GNSS position-velocity integration Positioning Algorithm

Velocity Fusion Strategy

observation equationKalman Filter

(Lat,Lon,alt)

Positioning Result

② Mitigation of Suspect Satellites
GNSS signals 

sometimes are 
missing. If we can 

detect stop by IMU 
the result could be 

improved



IMU-Based 
Optimization 
and Integration 
Method
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Data Source and Characteristics 

Synchronization and Resampling

Low-Pass Filter

Threshold-Based Stop Detection 
Algorithm



Data Source and Characteristics 
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Synchronization and Resampling
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Raw IMU Data Structure After Synchronization and Resampling (100HZ)

1. Sliding Window Averaging Resampling
2. Linear Interpolation for Missing Data



Low-Pass Filter
Butterworth low-pass filter
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Threshold-Based Stop Detection Algorithm

The algorithm defines adaptive thresholds based on the minimum observed standard deviation values. A time 
point t is considered a potential stop if all of the following conditions are satisfied:
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Threshold-Based Stop detection performance

Improve?



AI-Based IMU 
Stop Detection 
Method
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Data Source and Label Generation

Model Architecture & Residual Dilated 
Convolution & Receptive Field

Training Result and Stop Performance



Data Source and Label Generation
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The ground truth trajectories are provided at a frequency of 1 Hz. Serve as the label y.

Labeling rule: If position is nearly unchanged for at least 5 seconds, it’s labeled as "stop"; 
otherwise, "move".

Feature Design: 
Six channels from the IMU: AccelerateX, AccelerateY, AccelerateZ and GyroscopeX, GyroscopeY, GyroscopeZ. 
Frequency of 100 Hz. Serve as the input tensor x.



Model Architecture & Residual Dilated 
Convolution& Receptive Field
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CompressedTCN model

The window is centered at each 1Hz ground 
truth timestamp

Python 3.12. PyTorch 

Receptive Field Design

Dilated convolutions and receptive field

Receptive field calculation for each layer in CompressedTCN 

Final output result is classification ‘stop’ or ‘move’

Temporal Convolutional Network 



Training Result and Stop Performance
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Classification Report on Validation Set

AI-based Stop detection performance



Stop Detection Method Comparison
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Experimental Results and Evaluation
Data: 14 different trajectories in the training dataset

representative trajectory: 2021-12-08-18-52-us-ca-lax-b
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Program Setting
The trajectory located in the San Fernando Valley area of Los Angeles, California, USA. 
The route begins near Highway 101.



Positioning results showing 2DRMS distribution
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Initial DGNSS DGNSS + Remove suspect satellites Kalman Filter

Kalman Filter + Threshold-Based Stop 
detection 

Kalman Filter + AI-Based Stop 
detection 

2DRMS 31.1 m
2DRMS 13.2 m

2DRMS 7.1 m

2DRMS 6.2 m 2DRMS 6.5 m



14 trajectories Horizontal positioning errors
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Average (excluding 2022-01-11-18-48-us-ca-mtv-n):           3.618                             3.495                             3.385    

3.880



Failure Case Analysis

25

AI-based 

stop 

detection 

freezes the 

position at 

starting and 

prevents 

Kalman filter 

from 

adjusting the 

positioning. 

Without stop 

detection, the 

Kalman filter 

gradually 

corrects the 

position using 

continuous 

GNSS 

velocity 

updates. 

Initial DGNSS positioning contain a large offset. 

AI stop detection Without stop detection



Conclusion
This study I build up a simple positioning system for smartphones by myself, shows my exploration and learning in the 
GNSS field.

•On the GNSS side, DGNSS, remove suspect satellites, and combine TDCP and doppler velocity estimation to get position 
and velocity. Kalman filter achieves GNSS position-velocity integration.

•On the IMU side, synchronization and resampling, Butterworth low-pass filter remove noise. At first, I use a Threshold-
Based Stop detection. After, an AI model CompressedTCN helps make the recall more reliable.

Tests on real data show that these methods together can reduce positioning errors to 2-4 meters.
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Limitations
1. Sensor Bias

2. Limited Dataset Scope

3. Kalman Filter Architecture

4. Lack of IMU data integrate in Model

5. Assumption of Spherical Earth

6. Positive Stop Detection
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Future Work
1. Modeling sensor IMU bias

2. Using more different datasets

3. improving the of AI models through domain adaptation and semi-supervised learning

4. exploring EKF and FGO integration methods

5. implementing IMU GNSS integration

6. replacing hard stop constrained with soft unconstrained baseline estimates
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Thank You!
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