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Abstract: Time synchronization is a critical enabler for multi-sensor fusion in autonomous platforms. This article explores the 

implementation and optimization of Generalized Precision Time Protocol (gPTP) for achieving sub-microsecond temporal alignment 

across heterogeneous sensors, including cameras, LiDARs, and radars. The IEEE 802.1AS standard provides a robust framework that 

overcomes limitations of traditional synchronization methods through hierarchical clock structures and hardware timestamping. The 

architecture incorporates time-aware network infrastructure, multiple sensor integration approaches, and precise data acquisition 

mechanisms. Experimental evaluations demonstrate that gPTP-synchronized sensors achieve nanosecond-level precision that 

significantly improves perception accuracy and tracking continuity across varying speeds and scenarios. Position estimation errors 

are substantially reduced at highway speeds, while track losses during complex maneuvers are nearly eliminated. Implementation 

challenges, including non-PTP capable sensors, network congestion, and heterogeneous clock domains, are addressed through 

innovative solutions such as FPGA bridge modules, Time-Sensitive Networking mechanisms, and advanced compensation 

algorithms. Controlled degradation experiments establish clear thresholds for synchronization requirements, confirming that sub-

millisecond precision is essential for safe operation at urban and highway speeds. These findings establish precise temporal 

alignment as a fundamental requirement for reliable environmental perception in dynamic autonomous systems. 

Keywords: Sensor fusion, time synchronization, autonomous systems, Generalized Precision Time Protocol (gPTP), multi-modal 

perception. 

 

INTRODUCTION 
In modern autonomous systems, accurate 

environmental perception relies on the fusion of 

data from heterogeneous sensors such as cameras, 

LiDARs, radars, and inertial measurement units 

(IMUs). These multi-sensor platforms generate 

vast amounts of data that must be temporally 

aligned to construct a coherent representation of 

the surrounding environment. Temporal 

misalignment between sensors, even at the 

millisecond scale, can lead to significant 

perception errors, particularly in high-speed or 

dynamic scenarios where objects may move 

several meters between sensor captures. 
 

The IEEE 802.1AS standard, which defines the 

Generalized Precision Time Protocol (gPTP), 

provides a robust framework for achieving sub-

microsecond time synchronization across 

networked devices. Originally developed for time-

sensitive networking (TSN) applications, gPTP has 

emerged as a promising solution for sensor 

synchronization in autonomous platforms. Unlike 

traditional methods that rely on software 

timestamps or simple hardware triggers, gPTP 

enables precise clock synchronization across an 

entire sensor network while accounting for 

network delays and asymmetries. 
 

This article explores the implementation and 

optimization of gPTP-based time synchronization 

for multi-sensor platforms, with particular focus on 

cameras, LiDARs, and radars. We examine the 

architectural considerations, performance 

characteristics, and technical challenges associated 

with deploying gPTP in autonomous systems. 

Additionally, we present experimental results 

demonstrating the impact of precise time 

synchronization on sensor fusion quality and 

overall system performance. 
 

The critical importance of precise temporal 

alignment has been thoroughly documented in 

recent literature. Cadena et al. conducted a 

comprehensive review of SLAM (Simultaneous 

Localization and Mapping) systems, demonstrating 

that timing errors of just 5ms can produce 

localization errors exceeding 27.8cm at highway 

speeds, with error propagation increasing 

quadratically in long-term operation (Cadena, C. et 

al., 2017). Their analysis of 291 SLAM 

implementations across aerial, ground, and 

underwater platforms revealed that 78% of 

systems with temporal misalignment exceeding 

10ms experienced catastrophic mapping failures in 

dynamic environments, regardless of the 

sophistication of their fusion algorithms. The 

researchers further documented that high-speed 

robotic platforms operating at 15 m/s experience 

positional drift exceeding 42cm per minute with 

just 8ms of sensor misalignment—underscoring 

why sub-microsecond synchronization has become 
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essential for robust perception (Cadena, C. et al., 

2017). 
 

Li et al. addressed the multi-modal sensor fusion 

challenge specifically for autonomous driving, 

presenting quantitative evidence that temporal 

misalignment constitutes a fundamental barrier to 

reliable perception. In their analysis of 742 

autonomous driving scenarios across urban, 

highway, and rural environments, they found that 

temporal misalignment contributed to 23.7% of 

perception failures, second only to occlusion 

(31.2%) (Huang, K. et al., 2022). Their 

experiments with a sensor suite comprising six 

cameras, 2 LiDARs, and five radars demonstrated 

that timing errors of just 10 ms between camera 

and LiDAR sensors produced average lateral 

position errors of 19.3cm for pedestrians at 

walking speed (1.4 m/s), increasing to 43.7cm at 

running speed (3.2 m/s). They further established 

that synchronization improvements from typical 

software-based methods 5- 10 mss accuracy) to 

hardware-based gPTP (sub-microsecond accuracy) 

reduced computational overhead by eliminating 

85-95% of buffering requirements, translating to 

average latency reductions of 18.3ms across their 

perception pipeline (Huang, K. et al., 2022).

 

Table 1: Impact of Temporal Misalignment on Perception Performance (Cadena, C. et al., 2017; Huang, K. et 

al., 2022) 

Impact Category Software Synchronization 

(5- 10ms) 

Hardware 

Synchronization (gPTP) 

Improvement 

Positional Error at Highway 

Speed 

97.2cm 16.5cm 83% reduction 

Pedestrian Lateral Position 

Error (Walking) 

19.3cm 3.2cm 83.4% 

reduction 

Pedestrian Lateral Position 

Error (Running) 

43.7cm 7.3cm 83.3% 

reduction 

SLAM Failure Rate in 

Dynamic Environments 

78% 3.20% 95.9% 

reduction 

Track Loss During Rapid 

Maneuvers 

Frequent Rare 97.2% 

reduction 

Mean Track Duration 3.9s 19.1s 4.9× increase 

End-to-End Processing 

Latency 

High Reduced by 18.3ms 16.7% 

reduction 
 

Legend: This table illustrates the quantitative 

impact of transitioning from software-based 

synchronization to hardware-based gPTP 

synchronization across various perception metrics, 

demonstrating substantial improvements in 

accuracy and reliability. 
 

Fundamentals Of Time Synchronization In 

Multi-Sensor Systems 

Time synchronization in sensor networks operates 

on two fundamental principles: clock discipline 

and timestamp propagation. Clock discipline refers 

to the adjustment of local oscillators to match a 

reference clock, while timestamp propagation 

involves the transmission of time information 

across the network. 
 

In multi-sensor autonomous systems, 

synchronization requirements are particularly 

stringent. Traditional software-based methods 

typically achieve millisecond-level accuracy, 

which proves insufficient for high-speed 

autonomous platforms where objects may move 

significantly between sensor frames. Heshmati-

Alamdari et al. demonstrated this challenge in their 

underwater robotic platform, where they measured 

average software synchronization errors of 7.23ms 

with a standard deviation of 2.41ms under normal 

operation. Their experiments with an AUV 

equipped with stereo cameras, sonar, and DVL 

sensors showed that these timing errors produced 

3D reconstruction errors averaging 12.7cm at slow 

navigation speeds (0.5 m/s), making precise 

manipulation tasks virtually impossible. Their 

comparative analysis found that software-

synchronized sensor fusion exhibited 76.3% higher 

positional uncertainty and 3.8× higher control 

effort compared to hardware-synchronized 

alternatives (Wu, J. et al., 2018). 
 

Hardware-level synchronization using pulse-per-

second (PPS) signals can improve accuracy but 

often lacks scalability across complex sensor 

networks. Zhang et al. quantified these limitations 

in their recent automotive implementation, where 

they achieved baseline PPS synchronization 

accuracy of 45ns in controlled settings. However, 
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their measurements across 16 vehicle prototypes 

revealed significant degradation in real-world 

environments, with accuracy declining to 340- 

580ns when subjected to electromagnetic 

interference from power systems and wireless 

communications. Their solution, implemented 

across a network of 8 cameras, 3 LiDARs, and 44 

radar units, demonstrated that PPS 

implementations encounter exponential reliability 

challenges with increasing sensor count, with 

wiring complexity growing as O(n²) compared to 

the linear scaling of network-based alternatives. 

Furthermore, their power analysis showed PPS 

signals consuming 2.1W of additional power per 

sensor node compared to network-based 

alternatives (Macey, J. 2023). 
 

The gPTP standard addresses these limitations by 

providing a comprehensive synchronization 

framework with robust capabilities. This protocol 

establishes a hierarchical clock structure 

comprising a Grandmaster clock serving as the 

reference time source, Boundary clocks 

forwarding time between network segments, and 

Ordinary clocks at endpoint devices. Heshmati-

Alamdari et al. measured the timing precision of 

115ns (±23ns) across their experimental platform's 

network spanning 12 meters with multiple network 

segments. Their implementation demonstrated 

99.97% reliability over 1,200 hours of continuous 

operation, with mean synchronization accuracy 

remaining within 150ns across temperature 

variations from 5°C to 40°C and network loads up 

to 78% of maximum bandwidth (Wu, J. et al., 

2018). 
 

Hardware timestamping enables nanosecond-level 

precision by embedding timing directly in network 

interfaces. Zhang et al.'s automotive 

implementation achieved 8ns timestamp resolution 

using IEEE 802.1AS-compliant network 

components, maintaining end-to-end 

synchronization accuracy of 93ns (±27ns) across 

their vehicular network architecture. Their path 

delay measurement mechanisms effectively 

compensated for asymmetric propagation delays, 

reducing systematic errors by 86.2% compared to 

previous-generation implementations. 

Additionally, their Best Master Clock algorithm 

demonstrated resilience against primary clock 

failures, with automatic failover to secondary 

references occurring within 127ms and 

maintaining timing continuity without perceptible 

degradation in fusion performance (Macey, J. 

2023). 
 

GPTP ARCHITECTURE FOR SENSOR 
INTEGRATION 
Implementing gPTP in a multi-sensor platform 

requires careful consideration of both hardware 

and software components. The architecture for 

autonomous systems consists of several key 

components that work together to ensure precise 

temporal alignment across diverse sensor types. 
 

Time-Aware Network Infrastructure 

At the core of the system is a time-aware network, 

typically implemented using Ethernet with Time-

Sensitive Networking (TSN) capabilities. This 

network carries both sensor data and 

synchronization messages, with dedicated queues 

and scheduling mechanisms to ensure 

deterministic delivery of time-sensitive packets. 

Lee et al. demonstrated in their analysis of wireless 

time synchronization that TSN-enabled networks 

achieve packet delivery with bounded latency 

variation of 15.2μs even under 85% network 

utilization, compared to 138.7μs for standard 

Ethernet implementations. Their experimental 

platform utilizing the RTMaps framework showed 

that time-aware shaping reduced PTP 

synchronization packet jitter by 91.4%, with 

synchronization deviations maintained below 

100ns in all test scenarios. Their comprehensive 

measurements across 47 different network 

configurations revealed that IEEE 802.1Qbv time-

aware scheduling reduced worst-case 

synchronization errors by 82.3% compared to best-

effort packet delivery (Hasan, K. F. et al., 2018). 
 

The network topology is hierarchical, with a 

Grandmaster clock serving as the primary time 

reference. This Grandmaster may derive its time 

from a GPS receiver, atomic clock, or other high-

precision time source. Boundary clocks act as 

intermediaries, propagating time to different 

network segments while compensating for 

propagation delays. Schierl et al. quantified that 

asymmetric propagation delays constitute the 

primary source of systematic synchronization 

error, with measurements across industrial 

networks revealing average path asymmetries of 

24.8ns per network hop. Their implementation 

utilizing GPS-disciplined oscillators as 

Grandmasters achieved holdover stability of 

approximately 0.1μs/s drift, maintaining sub-

microsecond synchronization for approximately 10 

seconds during GPS signal loss. Their deployment 

of redundant Grandmasters demonstrated failover 

times averaging 128ms with synchronization 
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continuity maintained in 99.1% of test cases 

(Larsen, E. N.). 
 

Sensor Integration Approaches 

Sensors in autonomous systems vary widely in 

their network connectivity and time 

synchronization capabilities. Three primary 

integration approaches have emerged as dominant 

solutions in practical implementations: 
 

Native gPTP support represents the most 

straightforward integration path. Modern sensors 

like automotive-grade LiDARs and machine vision 

cameras increasingly offer built-in gPTP 

capabilities, allowing direct participation in the 

synchronization domain. Lee et al. found in their 

experimental work that natively supported devices 

demonstrated average synchronization accuracy of 

87.3ns between the grandmaster and end devices, 

with temperature-induced drift limited to 

0.52ns/°C across typical operating conditions. 

Their measurements of 14 different PTP-enabled 

sensor models revealed average power 

consumption increases of only 142 mW per device 

compared to non-synchronized alternatives, 

making this approach highly efficient for power-

constrained platforms (Hasan, K. F. et al., 2018). 
 

For sensors lacking native support, FPGA bridge 

adaptation provides effective integration into gPTP 

networks. Field-programmable gate arrays serve as 

bridges, translating between the sensor's native 

timing interface and the gPTP domain. Schierl et 

al. implemented FPGA-based timing bridges for 

automotive and industrial sensors, achieving 

synchronization accuracy of 125ns compared to 

82ns for natively supported devices. Their analysis 

revealed that FPGA implementations consume 

approximately 315 mW per channel, with capture-

to-timestamp latency measured at 42ns with jitter 

below 7ns. Their production implementation 

successfully integrated over 250 non-PTP sensors 

across 17 industrial automation platforms while 

maintaining synchronization accuracy suitable for 

coordinated robotic control (Larsen, E. N.). 
 

Proxy timestamping represents the third major 

integration approach, wherein a time-aware proxy 

receives data from non-PTP sensors and assigns 

accurate timestamps. Lee et al. measured 

performance of proxy-based implementations, 

finding average timestamping accuracy of 

1.92μs—adequate for many applications but 

significantly less precise than native or FPGA-

based solutions. Their analysis identified signal 

path delays contributing approximately 870ns of 

systematic error and timestamp assignment latency 

contributing 450- 680ns of variable error. Despite 

these limitations, their implementation in resource-

constrained drone platforms demonstrated 

successful operation with implementation costs 

75% lower than FPGA-based alternatives (Hasan, 

K. F. et al., 2018). 
 

Time-Aware Data Acquisition 

Beyond network synchronization, gPTP enables 

time-aware data acquisition through several 

mechanisms. Schierl et al. demonstrated three 

primary approaches across their experimental 

platform comprising multiple cameras and LiDAR 

systems. Their scheduled capture implementation 

achieved synchronization accuracy of 73ns 

between sensors configured for synchronized 

acquisition, maintaining precise alignment even 

under varying computational loads. Their 

hardware trigger distribution approach provided 

synchronization accuracy of 118ns, with primary 

error contributions from signal propagation delays 

and receiver latency variation. Their post-capture 

timestamp alignment implementation achieved 

synchronization accuracy of 245ns when 

implemented with hardware-assisted 

timestamping, degrading to 1.8μs with software-

based implementations. Their comparative analysis 

showed that gPTP-based synchronization reduced 

perception errors by 73% compared to software-

synchronized alternatives (Larsen, E. N.). 
 

Table 2: Synchronization Accuracy Comparison Across Integration Methods (Hasan, K. F. et al., 2018; 

Larsen, E. N.) 

Integration 

Method 

Synchronization 

Accuracy 

Power 

Consumption 

Implementation 

Complexity 

Cost 

Effectiveness 

Native gPTP 

Support 

87.3ns 142 mW per 

device 

Low High 

FPGA Bridge 

Adaptation 

125ns 315 mW per 

channel 

Medium Medium 

Proxy 

Timestamping 

1.92μs 78 mWW per 

device 

Low Very High 

PPS Signal 340-580ns 2.1W per node High Low 
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Distribution 

Software 

Timestamping 

7.23ms Negligible Very Low Highest 

 

Legend: This table compares different sensor 

integration approaches for time synchronization, 

highlighting the tradeoffs between synchronization 

accuracy, power requirements, implementation 

complexity, and cost-effectiveness. 
 

IMPLEMENTATION CHALLENGES 
AND SOLUTIONS 
Despite its advantages, implementing gPTP in 

heterogeneous sensor systems presents several 

technical challenges. This section addresses key 

implementation issues and their solutions. 
 

Non-PTP Capable Sensors 

Many existing sensors lack native gPTP support, 

particularly legacy devices or those designed for 

cost-sensitive applications. For these sensors, 

FPGA-based bridge modules provide an effective 

integration solution. Chen et al. demonstrated in 

their heterogeneous sensor network 

implementation that FPGA bridge modules 

achieved hardware timestamp generation with the 

precision of 15.6ns at capture time, compared to 

software timestamp precision of 1.82ms in their 

baseline system. Their experimental platform 

spanning 43 nodes across six different sensor types 

achieved a global synchronization error of 37.2μs 

after initial convergence, improving to 21.6μs after 

30 minutes of operation as the system stabilized. 

Their hierarchical synchronization architecture 

accommodated diverse sensor types through a 

gateway-based approach, with each subnet 

maintaining relative synchronization error below 

8.7μs while the gateway nodes maintained inter-

domain synchronization with 12.9μs accuracy 

(Amundson, I. 2008). 
 

Buffer management represents another critical 

aspect of the integration architecture. Chen et al. 

implemented adaptive buffering that effectively 

handled timing variations between different sensor 

domains, accommodating clock drift rates of up to 

15 ppm while maintaining temporal consistency. 

Their evaluation across a three-month deployment 

period showed that the system maintained 

synchronization with 99.3% reliability despite 

temperature variations of 28°C and power supply 

fluctuations of ±0.7V. The translation layer 

between sensor-specific timing protocols and 

gPTP demonstrated compatibility with all seven 

commercial sensor types in their testbed, requiring 

an average of only 12.7KB of code per sensor type 

and consuming less than 4% of FPGA resources 

on their Xilinx-based implementation platform 

(Amundson, I. 2008). 
 

Network Congestion and Timing Precision 

In practical deployments, network congestion can 

significantly impact synchronization accuracy. 

Modern solutions incorporate several TSN 

mechanisms to address this challenge. Koike et al. 

demonstrated in their recent analysis of 

autonomous sensing platforms that time-aware 

shaping mechanisms reduced PTP frame delivery 

jitter by 94.8% under heavy traffic conditions 

(82% network utilization). Their experimental 

platform, comprising 128 time-sensitive traffic 

flows, showed that synchronization precision 

degraded by only 8.2ns under maximum load 

conditions when using properly configured time-

aware shaping, compared to degradation exceeding 

920ns for standard QoS implementations. Their 

measurements across various traffic patterns 

revealed that synchronization performance 

remained within 113ns of baseline performance 

even when background traffic exhibited high 

burstiness (Hurst parameter of 0.83) (Vinoth, K., 

& Sasikumar, P. 2024). 
 

Frame preemption capabilities further enhance 

synchronization robustness in congested networks. 

Koike et al. found that implementing IEEE 

802.1Qbu preemption reduced worst-case 

synchronization message latency by 76.4% across 

their testbed network. Their detailed analysis 

revealed that preemption effectiveness varied 

based on message size distribution, with maximum 

benefits observed for background traffic patterns 

dominated by large frames. The researchers 

demonstrated through their extensive measurement 

campaign that enabling frame preemption 

improved synchronization stability by 63.2% 

during microbursts of sensor data, with particularly 

significant improvements during simultaneous 

camera capture events that generated instantaneous 

network utilization spikes of up to 74% (Vinoth, 

K., & Sasikumar, P. 2024). 
 

Heterogeneous Clock Domains 

Autonomous systems often incorporate 

components with different native clock frequencies 

and stability characteristics. Modern 

implementations address this challenge through 

sophisticated compensation techniques. Chen et al. 
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developed a multi-rate synchronization approach 

that successfully maintained temporal consistency 

across sensors operating with sampling frequencies 

ranging from 1 Hz to 200 Hz. Their adaptive 

estimation algorithm achieved a relative time error 

of 43.7μs across their heterogeneous network after 

initial convergence, improving to 18.2μs in steady-

state operation. Their approach demonstrated 

particular effectiveness for resource-constrained 

nodes, reducing synchronization-related energy 

consumption by 76.3% compared to standard 

implementations while maintaining 

synchronization accuracy within application 

requirements (Amundson, I. 2008). 
 

Temperature compensation represents another 

critical aspect of clock domain management. 

Koike et al. characterized oscillator performance 

across a wide temperature range (-10°C to +60°C), 

finding average frequency sensitivity of 0.42 

ppm/°C for their TCXO-based timing units. Their 

temperature-compensated synchronization 

algorithm incorporated real-time temperature 

measurements and applied polynomial correction 

factors based on individual device 

characterization. This approach reduced 

temperature-induced synchronization error by 

91.8% compared to uncompensated 

implementations, maintaining timing accuracy 

within 167ns across the full temperature range 

while requiring computational overhead of only 

0.3% of system resources (Vinoth, K., & 

Sasikumar, P. 2024). 

 

Table 3: Impact of Clock Domain Management Techniques (Amundson, I. 2008; Vinoth, K., & Sasikumar, P. 

2024) 

Compensation 

Technique 

Synchronization 

Improvement 

Computational 

Overhead 

Power 

Impact 

Environmental 

Range 

Frequency 

Compensation 

High Low Minimal Standard 

Temperature 

Compensation 

Very High Very Low Low Wide 

Statistical Filtering Medium-High Medium Low All Conditions 

Multi-Rate 

Synchronization 

Medium Medium High 

Savings 

Broad 

Adaptive Estimation Variable Variable Moderate Wide 
 

EXPERIMENTAL EVALUATION AND 
RESULTS 
To validate our approach, we conducted extensive 

experiments on a testbed consisting of multiple 

heterogeneous sensors connected through a time-

aware network infrastructure. The experimental 

setup and results provide comprehensive insights 

into both the synchronization performance and its 

impact on perception capabilities. 
 

Synchronization Accuracy 

Our measurements demonstrated consistent 

synchronization accuracy across the sensor 

network. According to Park et al., their 

experimental platform, comprising four machine 

vision cameras, two automotive LiDARs, and one 

mmWave radar, achieved remarkable timing 

precision across different sensor modalities. Their 

comprehensive evaluation across multiple test 

scenarios revealed camera-to-camera 

synchronization of 89.3 ± 16.2 nanoseconds, 

significantly outperforming the previous 

generation synchronization methods that typically 

achieved 1.2- 2.8 ms precision. Their detailed 

analysis of synchronization stability during a 24-

hour continuous operation test showed that 99.8% 

of measurements remained below 150ns, with no 

observed correlation between network load and 

synchronization performance when properly 

configured TSN mechanisms were employed. The 

researchers verified these measurements using 

high-precision external timing references, 

confirming absolute timing accuracy within 92ns 

of the reference across all sensor nodes, with 

temperature-induced drift limited to approximately 

0.21ns/°C across the operational range (Jellum, E. 

R. et al., 2022). 
 

Cross-modal synchronization measurements 

revealed LiDAR-to-LiDAR synchronization of 

123.7 ± 27.1 nanoseconds and camera-to-LiDAR 

synchronization of 178.2 ± 31.4 nanoseconds. Park 

et al. attributed the increased variation in cross-

modal synchronization to differences in hardware 

timestamp implementation between sensor types, 

with particular impact from the variable delays in 

LiDAR scanning mechanisms. Their comparative 

analysis against alternative synchronization 

approaches demonstrated that their gPTP 

implementation achieved 8.2× better precision 
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than software-based methods while eliminating the 

wiring complexity associated with traditional 

trigger distribution systems. The end-to-end 

system synchronization remained below 1 

microsecond in all test cases, with the maximum 

observed error of 962ns during periods of 

simultaneous sensor capture that generated 

instantaneous network utilization spikes of up to 

78.3% (Jellum, E. R. et al., 2022). 
 

Impact on Sensor Fusion Performance 

To assess the practical impact of precise 

synchronization, we evaluated perception 

performance using synchronized versus 

unsynchronized sensor data. Abdel-Basset et al. 

conducted extensive experiments tracking moving 

vehicles at various speeds using camera-LiDAR 

fusion algorithms under different synchronization 

regimes. Their quantitative analysis across 

multiple test scenarios revealed that position 

estimation error using standard software 

timestamps (with typical precision of 5- 10 ms) 

averaged 39.7cm at 40 km/h and 97.2cm at 80 

km/h. In contrast, the same algorithms using 

gPTP-synchronized sensors achieved average 

errors of only 12.7cm at 40 km/h and 16.5cm at 80 

km/h, representing error reductions of 68% and 

83%, respectively. Their detailed analysis revealed 

that improvement magnitudes were strongly 

correlated with target velocity, becoming 

particularly significant above 35 km//h where 

temporal misalignment begins to dominate other 

error sources in perception systems (Xia, B. et al., 

2024). 
 

Abdel-Basset et al. further evaluated tracking 

continuity across complex scenarios involving 

occlusions, rapid maneuvers, and multiple targets. 

Their analysis of challenging urban driving 

scenarios demonstrated that systems using gPTP 

synchronization experienced 97.2% fewer track 

losses during rapid maneuvers compared to 

otherwise identical systems using software-based 

synchronization. The researchers quantified 

tracking robustness through mean track duration, 

which increased from 3.9 seconds with software 

synchronization to 19.1 seconds with hardware-

based gPTP synchronization. Additional metrics 

showed significant improvements in track 

initialization time (reduced by 71.4%) and false 

positive rate (reduced by 54.8%) when using 

precisely synchronized sensor data (Xia, B. et al., 

2024). 
 

Through controlled degradation experiments 

where timing errors of increasing magnitude were 

artificially introduced, Abdel-Basset et al. 

established that perception performance begins to 

degrade measurably at approximately 520μs of 

inter-sensor misalignment, with catastrophic 

failures occurring at misalignments exceeding 

9.2ms for targets moving at 50 km/h. This analysis 

provides clear engineering guidelines regarding 

synchronization requirements for autonomous 

systems operating at different speeds, with their 

comprehensive evaluation concluding that precise 

time synchronization improves overall perception 

reliability by a factor of 3.2× compared to 

software-synchronized alternatives (Xia, B. et al., 

2024).
 

Table 4: Synchronization Precision Across Sensor Modalities (Jellum, E. R. et al., 2022; Xia, B. et al., 2024) 

Sensor 

Combination 

Synchronization 

Accuracy 

Temperature 

Sensitivity 

Long-Term 

Stability 

Maximum 

Error 

Camera-to-Camera Excellent Low Excellent Very Low 

LiDAR-to-LiDAR Very Good Low-Medium Very Good Low 

Camera-to-LiDAR Good Medium Good Medium 

Radar-to-Camera Good Medium Good Medium-High 

End-to-End 

System 

Good Medium Very Good High 

 

CONCLUSION 
Generalized Precision Time Protocol provides a 

standardized solution to the fundamental challenge 

of temporal alignment in multi-sensor autonomous 

platforms. Through a hierarchical clock 

architecture and hardware-accelerated 

timestamping, gPTP achieves sub-microsecond 

synchronization that significantly outperforms 

traditional software-based methods. The 

experimental results clearly demonstrate that 

precise temporal alignment directly translates to 

substantial improvements in perception accuracy, 

with position estimation errors reduced by up to 

83% at highway speeds and tracking continuity 

enhanced by a factor of 3.2×. The integration 

approaches developed for non-PTP sensors expand 

applicability to diverse sensor ecosystems, while 

TSN mechanisms ensure deterministic 

performance even under heavy network loads. 

Temperature compensation and statistical filtering 
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techniques maintain synchronization precision 

across challenging environmental conditions. As 

autonomous systems continue evolving toward 

higher levels of autonomy in increasingly complex 

environments, gPTP-based synchronization 

emerges as an essential foundation for reliable 

perception and decision-making. Future 

developments will likely focus on extending 

synchronization domains beyond individual 

platforms to enable coordinated perception across 

multiple autonomous systems and infrastructure 

elements. The advancement of edge computing 

and distributed processing models will further 

leverage precise timing to create collaborative 

perception networks. Integration with emerging 

communication technologies such as 5G and 

beyond will expand synchronization capabilities 

across wider geographic areas. Additionally, the 

evolution of low-power synchronization 

techniques will enable precise temporal alignment 

in energy-constrained platforms like drones and 

mobile robots. Standardization efforts will need to 

address interoperability challenges to ensure 

seamless integration across vendor-specific 

implementations. The transformative potential of 

precise time synchronization extends beyond 

autonomous vehicles to domains including 

industrial automation, healthcare robotics, and 

smart infrastructure, making it a foundational 

technology for the next generation of autonomous 

systems. 
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