PTP (IEEE 1588) and TSN Evolution Guide

Foreword: The Time Revolution of Industrial
Networks — From Coarse Synchronization to
Precision Coordination

With the in-depth implementation of Industry 4.0, the full-scale rollout of intelligent
manufacturing, and the surging real-time communication requirements in automotive,
rail transit and other scenarios, the "best-effort" transmission mode of traditional
Ethernet can no longer meet microsecond/nanosecond-level coordination demands.
As the underlying core support for distributed systems, digital twins, and closed-loop
motion control, time synchronization has achieved a technological leap from
millisecond-level coarse synchronization to nanosecond-level precision
synchronization. Time-Sensitive Networking (TSN), relying on the standardized
Ethernet architecture of the IEEE 802.1 series, deeply integrates high-precision time
synchronization with deterministic data transmission, becoming the core
infrastructure to break the barriers between IT and OT networks and build open
intelligent factories. This guide strictly complies with the official specifications of IEEE
1588v2.1, IEEE 802.1AS and TSN sub-standards, deeply analyzes the core technical
principles of PTP, clock architecture differences and the strategic industrial value of
TSN, and fully restores the evolution context of industrial network time

synchronization technology.

1. The Leap from NTP to PTP: Precision

Evolution from Milliseconds to Nanoseconds

1.1 Traditional Synchronization Bottleneck:
Performance Boundaries of NTP

Network Time Protocol (NTP) is a universal time synchronization solution for the
Internet, implemented based on application-layer packet interaction and software

timestamping. Its core positioning is to meet time alignment requirements in ordinary



networks and non-real-time scenarios.

Synchronization Precision: Millisecond-level (1-10ms) in LAN, and further
degrades to tens of milliseconds in WAN scenarios, unable to support

microsecond/nanosecond-level coordination scenarios;

Timestamp Mechanism: Application-layer software timestamping, greatly
affected by operating system scheduling, network congestion and forwarding delay,

with uncontrollable delay jitter;

Architecture Features: Peer-to-peer communication mode, no hierarchical
clock optimization mechanism, serious accumulation of synchronization errors in

multi-hop networks;

Applicable Scenarios: Office networks, ordinary servers, non-real-time data

acquisition and other scenarios with loose time precision requirements.

The core shortcomings of NTP lie in link delay uncertainty and synchronization
precision ceiling. In harsh scenarios such as industrial motion control, power

system high-frequency sampling, relay protection, and automotive domain control
coordination, it will directly cause equipment coordination out-of-sync, data timing

disorder, and control command failure.

1.2 Precision Time Protocol: Technological
Breakthroughs of IEEE 1588 PTP

IEEE 1588 (Precision Time Protocol, PTP) is a high-precision synchronization
standard designed by IEEE specifically for distributed measurement and control
networks. After three iterations and optimizations: IEEE 1588-2002 (v1), IEEE 1588-
2008 (v2), and IEEE 1588-2019 (v2.1), it achieves sub-microsecond to nanosecond-
level end-to-end synchronization precision through four core mechanisms: hardware
timestamp capture, master-slave hierarchical architecture, two-way delay
compensation, and BMCA clock optimization. It completely breaks through the
performance boundary of NTP and has become the benchmark synchronization

protocol in industrial, power and automotive fields.

1.2.1 Core Precision Advantages (Hardware-Assisted

Scenarios)



Synchronization Precision: Up to within 10ns in single-hop networks, and
stably maintained at sub-microsecond level in multi-hop networks after clock
optimization, meeting harsh scenarios such as industrial control, power sampling and

automotive communication;

Timestamp Mechanism: Physical layer/MAC layer hardware timestamping,
completely avoiding delay errors caused by software scheduling and protocol stack

processing, with jitter-free timestamp capture;

Delay Compensation: Adopts two-way interaction (Sync/Follow_Up,
Delay_Req/Delay_Resp) mechanism to accurately measure link one-way delay and

clock offset for dynamic compensation;

Clock Election: Relies on BMCA (Best Master Clock Algorithm) to
automatically elect the optimal Grandmaster clock, construct a hierarchical

synchronization topology, and improve system robustness.

1.2.2 Core Indicator Comparison Between NTP and PTP

Core Indicators NTP (Network Time PTP (IEEE 1588v2)
Protocol)

Synchronization Millisecond-level (1- Nanosecond ~ Sub-

Precision 100ms) microsecond-level (<1us)

Timestamp Location Application Layer Physical Layer/MAC
(Software) Layer (Hardware)

Network Architecture Peer-to-Peer Mode, No Master-Slave Hierarchy,

Hierarchical Optimization = Supports BC/TC Clock

Extension
Delay Processing Rough Estimation, No Two-Way Measurement,
Precise Compensation Precise Residence Time
Correction
Applicable Scenarios Non-Real-Time General Industrial Control, TSN,
Networks Power, Automotive, Test

& Measurement



The large-scale deployment of PTP protocol marks that network time synchronization
has officially shifted from coarse alignment in general IT scenarios to precise
coordination in industrial OT scenarios, and also provides an indispensable

underlying time benchmark for deterministic transmission in TSN networks.

2. Core PTP Clock Architecture: Principles of
Transparent Clock (TC) and Boundary Clock
(BC)

In multi-hop cascaded Ethernet scenarios, the forwarding of packets by ordinary non-
PTP-aware switches will introduce uncontrollable residence delay and phase jitter,
leading to the gradual accumulation of synchronization errors and sharp degradation
of precision. To address this pain point, the IEEE 1588 standard specifically defines
two extended clock architectures: Boundary Clock (BC) and Transparent Clock
(TC). These architectures solve the problem of multi-hop network synchronization
attenuation through hardware-level delay correction and clock relay, serving as the

core carriers for achieving global nanosecond-level synchronization.

2.1 Boundary Clock (BC): Hierarchical Relay

Synchronization Node

2.1.1 Core Definition and Architecture

BC is a network switching device (industrial switch, router) integrated with multiple
PTP communication ports, adopting a hierarchical relay architecture of "one slave
port for synchronization, multiple master ports for distribution™: a single uplink
port is configured as a slave port to synchronize the upstream Grandmaster clock or
superior boundary clock; the remaining downlink ports are configured as master ports
to distribute calibrated time signals to downstream slave devices and end nodes,

realizing clock hierarchical relay and error isolation.

2.1.2 Working Principle

Clock Isolation: Each port independently executes the PTP protocol, blocking
the transmission of upstream synchronization errors to downstream and avoiding

error accumulation in multi-hop networks;



Local Clock Calibration: BC has a built-in local oscillator, calibrates local
frequency and phase by synchronizing the superior clock through the slave port, and

then distributes them downstream;

BMCA Adaptation: Participates in the global Best Master Clock election,
supports clock redundant switching, and improves the reliability of the

synchronization system;

Applicable Scenarios: Large campuses, multi-level network topologies,

scenarios requiring both clock hierarchy and redundant backup.

BC is essentially a "clock regeneration and relay node", which blocks the
transmission of upstream errors downstream through a hierarchical architecture,
adapting to long-distance and multi-level topology synchronization deployment;
however, due to its built-in local oscillator, clock precision is constrained by crystal

oscillator performance, introducing trace local phase and frequency errors.

2.2 Transparent Clock (TC): Transparent Delay

Correction

2.2.1 Core Definition and Classification

TC is a PTP-aware transparent transmission device that does not participate in the
BMCA Best Master Clock election or maintain a local clock source. Its core function
is to perform hardware-level residence time measurement and correction value
injection on PTP event messages, allowing packets to pass through the device
transparently and retain the original time benchmark of the Grandmaster to the
greatest extent. According to the delay correction mode, TC is divided into two
categories: End-to-End (E2E TC) and Peer-to-Peer (P2P TC), both compliant with
the IEEE 1588v2.1 standard:

E2E Transparent Clock: Measures the total residence time of PTP packets
inside the device, fills the correction value into the CorrectionField field of the packet,

and performs unified compensation at the slave clock;

P2P Transparent Clock: In addition to measuring residence time, it additionally
calculates link delay and completes delay correction directly during packet forwarding,

with higher synchronization precision, suitable for industrial real-time scenarios.



2.2.2 Working Principle

No Clock Regeneration: TC does not generate local clock signals, only acts as

a "delay corrector", completely eliminating errors caused by local oscillators;

Precise Residence Measurement: Hardware-level capture of packet ingress
and egress timestamps, calculation of microsecond-level residence time with

accurate correction values;

Packet Transparency: Does not change the original timing and master-slave
relationship of PTP packets, maintaining a single Grandmaster clock across the

network for stronger synchronization consistency;

Applicable Scenarios: High-density, short-distance industrial buses, TSN sub-

networks, scenarios pursuing ultimate synchronization precision.

2.3 Selection Comparison Between BC and TC

Features Boundary Clock (BC) Transparent Clock (TC)

Clock Role Master-Slave Relay, Pure Correction Node,
Participates in BMCA Does Not Participate in
Election Election

Local Clock Built-in Oscillator, No Local Clock, Zero
Requires Calibration Additional Error

Error Control Hierarchical Isolation, Transparent Correction,
Exists Local Error Precision Close to Single-

Hop Network

Topology Adaptation Multi-Level Complex Flat Topology, Pursues
Topology, Supports Ultimate Precision
Redundancy

3. TSN (Time-Sensitive Networking): The

Strategic Cornerstone of Industry 4.0



3.1 TSN Standard System and Core Positioning

Time-Sensitive Networking (TSN) is a deterministic Ethernet standard cluster led
by the IEEE 802.1 Working Group. Its core goal is to build an integrated transmission
channel with low latency, low jitter, zero congestion packet loss and global high-
precision synchronization on top of the general Ethernet physical layer, breaking the
closed proprietary architecture of traditional industrial buses and realizing the
seamless integration of IT and OT networks. TSN is not a single protocol, but a
complete technical system with IEEE 802.1AS (gPTP, a general PTP optimized
based on IEEE 1588v2.1) as the core time synchronization, combined with sub-
standards such as traffic scheduling, frame preemption, redundant backup and

resource management.

The core industrial value of TSN: realize multi-level traffic transmission over a
shared standard Ethernet network, with time-scheduled scheduling of real-
time control flows, non-real-time data flows and audio/video streams,
completely solving the industrial site pain points of coexisting multiple protocols,
poor equipment interoperability, high network expansion costs and complex

operation and maintenance.

3.2 Strategic Significance of TSN for Industry 4.0

3.2.1 Building the Time Foundation for Digital Twins

The core of Industry 4.0 is digital twins and closed-loop control, requiring real-time
alignment between physical equipment and digital models. Relying on IEEE 802.1AS
(end-to-end synchronization precision within £500ns), TSN achieves nanosecond-
level time alignment of field equipment, sensors and actuators, providing a unified
time benchmark for high-frequency data acquisition, dynamic simulation and precise

control, and solving the timing disorder problem of distributed systems.

3.2.2 Realizing Deep Integration of IT/OT Networks

In traditional factories, the OT layer (PLC, robots) adopts closed industrial buses,
while the IT layer (MES, ERP) uses general Ethernet, resulting in severe data silos.
Based on the standard Ethernet architecture, TSN realizes the shared transmission

of real-time control traffic and non-real-time data traffic through mechanisms such as



traffic scheduling (802.1Qbv), traffic shaping (802.1Qcr) and frame preemption
(802.1Qbu). It not only ensures the deterministic transmission of control commands,
but also takes into account data acquisition and operation and management

requirements, greatly reducing network deployment and operation costs.

3.2.3 Supporting Deterministic Coordination for Intelligent

Manufacturing

Scenarios such as flexible production lines, autonomous driving and precision
assembly have extremely strict requirements for command delay and jitter
(microsecond-level). TSN provides bounded low latency, zero congestion packet loss
and redundant transmission (802.1CB) capabilities to ensure the on-time arrival of
control commands and safety signals, avoiding equipment downtime and production
failures, and improving production line efficiency and product yield. At the same time,
TSN supports interoperability of multi-vendor equipment, breaking the industrial
equipment ecological barrier and accelerating the flexible upgrading of production

lines.

3.2.4 Building an Open Ecosystem for the Industrial

Internet

TSN is a core component of the IEC/IEEE 60802 industrial automation standard.
Combined with the OPC UA protocaol, it forms an open industrial Internet architecture
of "TSN + OPC UA", realizing end-to-end interconnection from field equipment to
cloud platforms. This open standard system supports compatible upgrading of old
equipment (brownfield deployment), helping enterprises promote digital
transformation at low cost, and promoting the evolution of industrial networks from

closed proprietary to open general.

3.2.5 Enabling Full-Scenario Industrial Innovation

The deterministic transmission and high-precision synchronization capabilities of
TSN are not only suitable for traditional intelligent manufacturing, but also extend to
smart grids, automotive Ethernet, rail transit, aerospace and other fields, becoming a
cross-industry general real-time communication infrastructure. Relying on TSN,
industrial systems can realize advanced functions such as remote control, predictive

maintenance and global monitoring, promoting the upgrading of industrial production



from automation to intelligence and unmanned operation.

4. Conclusion: Collaborative Evolution Logic of
PTP and TSN

PTP (IEEE 1588v2.1) is the core time synchronization engine of TSN networks,
solving the global phase and frequency alignment of distributed equipment; TSN is
the industrial scenario extension and ecological carrier of PTP technology,
deeply binding high-precision synchronization and deterministic transmission to build
an open Ethernet architecture suitable for Industry 4.0. The collaborative evolution of
the two has driven industrial networks to complete the technological transformation
from "coarse synchronization + non-deterministic transmission" to "nanosecond-level
synchronization + deterministic transmission", becoming the underlying technical
support for intelligent manufacturing, digital industry, smart grids and automotive
Ethernet.

In the future, with the large-scale deployment of IEEE 1588v2.1 and the continuous
improvement of TSN sub-standards (802.1Qbv, 802.1CB, 802.1Qbu, etc.),
synchronization precision, transmission reliability, cross-vendor compatibility and
deployment flexibility will be further enhanced, continuously promoting the deeper

evolution of industrial digitalization and intelligence.
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