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Abstract

With the development of transmission technologies and the increase in appli-
cation scenarios, Time-Sensitive Networking (T'SN) has attracted widespread
attention from various sectors. This paper first introduces the development
history and technical content of TSN; then, it presents some important mech-
anisms in the TSN standard protocols, and focuses on reviewing the research
status of TSN both domestically and internationally in recent years, analyzing
the application characteristics in different scenarios; finally, it points out the
possible future development directions of T'SN.
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Abstract: With the development of transmission technology and the increase
in application scenarios, Time-Sensitive Networking (TSN) has attracted
widespread attention across various sectors. This paper first introduces the
development history and technical content of TSN, then elaborates on several
important mechanisms in TSN standard protocols, with a focused review
of recent research progress on TSN both domestically and internationally,
analyzing application characteristics across different scenarios. Finally, it
points out potential future development directions for TSN.
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With continuous technological advancement, new information technologies are
emerging incessantly, such as 5G, Internet of Things, autonomous driving, next-
generation audio/video transmission, and industrial control. In these appli-
cation scenarios, certain data flows require deterministic transmission, posing
significant challenges to traditional transmission technologies [?]. Conventional
data transmission technologies suffer from issues including complex equipment,
numerous protocols, proprietary technologies, and poor compatibility between
different vendors and solution providers, making widespread deployment and
equipment upgrades difficult. To meet the demands of various applications for
low latency, low jitter, congestion-free, lossless, and high-robustness data trans-
mission, Time-Sensitive Networking (TSN) has emerged as a solution [?].

How to efficiently and accurately handle deterministic data transmission has
always been a critical concern in network technology development. As a novel
approach to solving deterministic data transmission, TSN has garnered exten-
sive attention from both academia and industry. The core of TSN consists of
a series of supplementary protocols proposed by IEEE for 802.1 bridged net-
works, supporting mixed transmission of best-effort traffic and time-sensitive
traffic on the same physical medium—i.e., converged network transmission. The
IEEE TSN protocol standards specify fundamental frameworks for mechanisms
including time synchronization, transmission scheduling, path control, resource
reservation, and reliability.

TSN primarily operates at the data link layer, with its advantage being the
establishment of universal standards for deterministic data transmission in con-
verged networks, providing clear direction for new technology development and
enhancing compatibility among various Ethernet-based solutions. Currently,
TSN products are gradually entering the market, such as testbeds and switch
chips supporting TSN standard protocols. This paper introduces relevant work
on TSN, summarizes its development background, key mechanisms, research
hotspots, and application status, and discusses its future development trends.

1.1 Development Background of Time-Sensitive Network-
ing

Nowadays, the demand for deterministic, low-latency, and high-robustness data
transmission is increasing, particularly in control systems, industrial internet,
5G fronthaul, and in-vehicle networks. Some critical traffic flows are highly
sensitive to timeliness and require timely and accurate delivery. For instance,
in industrial control networks, failure consequences are more severe compared
to traditional internet, with higher requirements for stability and determinism.
These networks often transmit relatively short data packets with round-trip
times between 250 s and 10ms [?]. In 5G transmission, the URLLC (ultra-
reliable and low latency) use case has been proposed, which demands extremely
high stability, latency, and reliability. For example, data latency in the user
plane must not exceed 1ms, latency in the control plane must not exceed 20ms,
and the success rate of transmitting 32-bit protocol unit data within 1ms must
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be no less than 99.999% [?].

To address such data transmission challenges, academia and industry have pro-
posed numerous solutions, evolving from fieldbus to industrial Ethernet, and
then to real-time industrial Ethernet. Furthermore, open interconnection, open-
source, integration, standardization, and software-defined capabilities are major
trends in current technology development. Through standards formulated by
relevant organizations, more participants can engage in technical discussions,
facilitating rapid technology development and breaking down technical barriers
between different solutions.

1.2 Challenges Faced by Traditional Technologies

Current widely-applied solutions for deterministic data transmission include
FlexRay [?] in the automotive domain, ARINC664 p7 [?] in avionics, and
PROFINET [?], EtherCAT [?], and Powerlink [?] in industrial control—all of
which are Ethernet-based real-time control transmission systems.

However, with technological evolution, numerous new technologies such as au-
tonomous driving, industrial automation, and ADAS (advanced driver assis-
tance systems) have emerged, demanding extremely high bandwidth and low
latency. For example, autonomous driving devices contain numerous sensors,
requiring massive data transmission within extremely short timeframes—the
higher the system transmission rate, the better. Generally, image processing
requires at least 100Mbps transmission rate, while CAN’ s transmission rate
does not exceed 1Mbps and FlexRay’ s does not exceed 10Mbps [?], making
them unable to meet requirements.

Moreover, beyond specific technical details, these solutions share common prob-
lems: First, although all are based on fieldbus or Ethernet technologies, various
solutions differ at every level from software to hardware, with some being pro-
prietary protected technologies. Second, with continuous development in indus-
trial control, various sensors, processors, memory units, and actuators need to
be mutually compatible to achieve intercommunication and collaborative work.
Finally, the convergence of IT (information technology) and OT (operational
technology) is the future trend, with the goal of establishing a data link between
manufacturing execution systems (in industrial fields) and operation manage-
ment systems (in offices) and integrating them on a unified information platform
to achieve synergy in production management, operation decision-making, and
manufacturing execution, thereby comprehensively improving work efficiency.

1.3 New Solution—Time-Sensitive Networking

To address these issues, Time-Sensitive Networking emerged. In 2006, the IEEE
802.1 working group established the Audio Video Bridging (AVB) task group,
focusing on solving time synchronization, low latency, and bandwidth reserva-
tion issues in audio/video transmission. AVB requires data transmission delay
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not to exceed 2ms within 7 hops [?]. AVB technology research provided foun-
dational support for TSN development—in fact, TSN technology’ s predecessor
was AVB technology.

However, due to its limited technical scope and relatively single application
scenario, AVB could not meet data transmission requirements across different
scenarios. IEEE improved upon AVB, expanding its vision to various indus-
trial control systems, and established the TSN working group in 2012. TSN
represents a supplement and enhancement to IEEE 802.1 standards, aiming to
specify universal deterministic transmission mechanisms.

Table 1 lists the officially released TSN-related standards. TSN application
scenarios involve complex large-scale networks with limited bandwidth, multiple
nodes, and simultaneous generation and transmission of traffic with diverse QoS
requirements. For example, the TEC/TEEE 60802 TSN industrial automation
profile specifies that for synchronous traffic, the maximum packet length is 100
bytes with end-to-end delay not exceeding 2ms; for cyclic traffic, the maximum
packet length is 1000 bytes with delay between 2 and 20ms [?]. The latest
standard IEEE Std 802.1Qcp-2018 [?] was released by IEEE in 2018, primarily
adding support for YANG data models. TSN standardization work continues,
with Table 2 listing standards currently under revision.

Table 1: TSN Related Standards

Standard
IEEE Std 802.1Qav-2009 [?]

Description

Enhanced forwarding and queuing for
time-sensitive streams

Stream Reservation Protocol

Path control and reservation
Enhancements for scheduled traffic
Frame preemption

Cyclic queuing and forwarding
Per-stream filtering and policing

IEEE Std 802.1Qat-2010 [?]
IEEE Std 802.1Qca-2015 [?]
IEEE Std 802.1Qbv-2015 [?]
IEEE Std 802.1Qbu-2016 [?]
IEEE Std 802.1Qch-2017 [?]
IEEE Std 802.1Qci-2017 [?]

IEEE Std 802.1Qcc-2018 [?]
IEEE Std 802.1Qcp-2018 [?]
IEEE Std 802.1BA-2011 [?]
IEEE Std 802.1AS-2011 [?]

IEEE Std 802.1CB-2017 [?]

IEEE Std 802.1CM-2018 [?]

Stream reservation protocol enhancements
YANG data model

AVB systems

Timing and synchronization for
time-sensitive applications

Frame replication and elimination for
reliability

TSN for fronthaul

Table 2: On-going TSN Projects
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Project Description

P802.1Qcj Automatic attachment to Provider
Backbone Bridging (PBB) services

P802.1Qcr Asynchronous traffic shaping

P802.1Qcw YANG data model for scheduled traffic,
frame preemption, per-stream filtering and
policing

P802.1Qcx YANG data model for connection fault
management

P802.1Qcz Resource allocation protocol

P802.1Qdd Enhancements to 802.1AB standard

P802.1Qdj YANG data model for LLDP

P802.1ABcu Support for multi-frame protocol data units

P802.1ABdh Supplement /enhancement to 802.1CB
standard

P802.1CBcv YANG data model for per-stream filtering
and policing

P802.1CBdb Extended stream authentication for
per-stream filtering and policing

P802.1CMde Enhancements to fronthaul profiles

IEC/IEEE 60802 TSN profile for industrial automation

P802.1CS Link-local registration protocol

P802.1CQ Multicast and local address allocation

P802.1DC QoS provision for network systems

P802.1DF TSN profile for service providers

P802.1DG TSN profile for in-vehicle Ethernet
communication

P802.1AS-Rev Link aggregation revision

IEEE 802.1AS [?] represents further development and application of the IEEE
1588 protocol [?] at the data link layer. The clock synchronization domain is
called the gPTP (generalized precision time protocol) domain, where all devices
are time-sensitive, including bridges and end stations, and can support multiple
heterogeneous networks. In the gPTP domain, any device containing a clock
source can be selected as the grand master (GM) through the BMCA (best mas-
ter clock algorithm). The elected grand master transmits time synchronization-
related information to other nodes, which use this information to adjust their
time to achieve synchronization. The 802.1AS time synchronization mechanism
primarily consists of three parts: path delay measurement, BMCA algorithm,
and synchronization time adjustment.

2.1.1 Principle of Path Delay Measurement

Path delay measurement aims to measure the delay between adjacent nodes.
In transmission delay measurement, one party is the initiator and the other is
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the responder. As shown in Figure 1 [Figure 1: see original paper|, measure-
ment is achieved through the exchange of PdelayReq, PdelayResp, PdelayResp-
FollowUp messages and timestamps. The transmission delay can be calculated
using Equation (1).

L) —(t =)
2

2.1.2 BMCA Algorithm

The BMCA algorithm is used to determine the grand master in the gPTP
domain. Clock information for synchronization is transmitted to every node in
the system through a spanning tree structure. The election of the best master
clock is implemented through the propagation of Announce messages in the
system. Announce messages contain status information of each node. Initially,
the roles of nodes and their ports are undetermined, but the algorithm can select
the best master clock within a finite number of steps and determine the status
of each node port [?].

The BMCA algorithm consists of numerous state machines that coordinate with
each other to achieve best master clock selection and port role confirmation
through the transmission of various internal vectors, as shown in Figure 2 [Figure
2: see original paper].

2.1.3 Transmission of Clock Synchronization Information

In the gPTP domain, all devices must synchronize with the master clock. There-
fore, each clock needs to transmit its synchronization information and adjust
its parameters based on information from other clocks. For example, assuming
three nodes A, B, and C, time synchronization information needs to be transmit-
ted from A through B to C, as shown in Figure 3 [Figure 3: see original paper].
The system continuously updates the correctionField and rateRatio through the
transmission of Sync and FollowUp messages.

Where preciseOriginTimestamp is the time when the master clock initiates syn-
chronization information, which remains unchanged during information trans-
mission. rateRatio is used to correct differences in clock frequencies, calculated
using Equation (2):

frequencypg

rateRatio =
frequency 4

correctionField is used to correct transmission delay and node processing delay
during transmission. Nodes farther from the master clock have larger correction
values, while closer nodes have smaller values, calculated using Equation (3). As
information gradually propagates throughout the entire synchronization time
spanning tree, each node achieves synchronization with the master clock.
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2.2 Transmission Scheduling Mechanism

The transmission scheduling mechanism is one of TSN’ s core technologies, en-
abling converged network transmission while guaranteeing performance require-
ments. Key mechanisms include CBS (credit-based shaper), TAS (time-aware
shaper), and frame preemption.

2.2.1 CBS Mechanism

IEEE 802.1Qav [?] provides performance guarantees for time-sensitive, loss-
sensitive real-time audio/video applications. This standard specifies priority
regeneration algorithms and controlled bandwidth queue depletion algorithms,
but most importantly defines the CBS mechanism for traffic shaping to pre-
vent high-priority traffic from occupying bandwidth for extended periods and
interfering with other streams. The CBS algorithm is queue-specific, providing
a method for shaping queue output traffic based on “credit” values. For any
queue using the CBS mechanism, data can only be output when its credit value
is greater than or equal to 0; otherwise, no output occurs.

When data is being transmitted (i.e., when credit value > 0), the queue’ s credit
value decreases at the sendSlope rate. When data is not being transmitted (i.e.,
when credit value < 0, or when higher-priority queues are transmitting), the
credit value increases at the idleSlope rate. If credit is positive and no data
is being transmitted, credit is immediately set to zero. Both sendSlope and
idleSlope are measured in bits per second. The credit value is bounded, ranging
between hiCredit (maximum value) and loCredit (minimum value), as shown in
Figure 4 [Figure 4: see original paper].

2.2.2 TAS Mechanism

In the IEEE 802.1Qbv [?] standard, TSN provides a TDM-like converged trans-
mission solution called Time-Aware Shaper (TAS). TAS operates based on time
synchronization from 802.1AS. According to the protocol, up to 8 different prior-
ity queues can be used for transmission, with each queue’ s scheduling operating
independently. 802.1Qbv adds a special gating mechanism where each queue
corresponds to a transmission gate. The gate status determines whether a queue
can transmit data frames—data can be transmitted when the gate is open, but
not when closed. All transmission gates combined form the Gate Control List
(GCL), as shown in Figure 5 [Figure 5: see original paper] (status 0 represents
closed, status 1 represents open).

Each output port has its own GCL to control output queues within that port.
The transmission gate has final authority over transmission—even if a data frame
is selected by certain transmission selection algorithms and has sufficient trans-
mission time, it cannot be transmitted if the gate is closed. To prevent interfer-
ence between data during status transitions, a “guard band” exists between state
switches, during which, except for queues that have already started transmis-
sion, all other queues are prohibited from transmitting. Time-sensitive data is
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only transmitted when the port is idle, ensuring transmission quality. The TAS
mechanism is one of TSN’ s most core functions, enabling mixed transmission
of different traffic types and deterministic transmission of time-sensitive traffic.

2.2.3 Frame Preemption Mechanism

Frame preemption during transmission is specified in IEEE 802.1Qbu [?] and
IEEE 802.3br [?]. Frame preemption is primarily used for emergency frame
transmission in networks and can only be used when both receiving and trans-
mitting devices support it. The system uses the LLDP (link layer discovery
protocol) and Ethertype values to determine whether the current link supports
frame preemption.

The frame preemption mechanism allows higher-priority data to interrupt lower-
priority data transmission once or multiple times. After high-priority data
transmission completes, lower-priority data resumes transmission. Key aspects
include preempting current frames and preventing preempted frames from con-
tinuing transmission [?]. In the 802.3br protocol, frame preemption occurs in the
MAC aggregation sublayer, which divides the MAC layer into eMAC (express
MAC) and pMAC (preemptable MAC). eMAC handles time-sensitive traffic
transmission, while pMAC handles ordinary traffic transmission, with eMAC
having higher priority than pMAC.

When a preemptable frame is being transmitted, if no preemption occurs, it
passes directly through pMAC. If preemption occurs, the data to be transmitted
is cached in the MAC aggregation sublayer. For multiple preemptions, each
frame segment has FCS (frame check sequence) verification. The frame structure
of each preemptable frame [?] is shown in Figure 6 [Figure 6: see original paper].
Frame preemption can be applied independently or in combination with other
mechanisms, often jointly used with CBS and TAS.

2.3 Path Control Mechanism

OSPF (open shortest path first) is a routing protocol designed for TCP/IP,
while IS-IS (intermediate system-to-intermediate system) is a routing protocol
designed for OSI (non-TCP /IP) architectures. IS-IS is commonly used in large-
scale networks (e.g., carriers and banks) and transmits packets at the data link
layer. Compared to OSPF, IS-IS is simpler and more stable, resulting in higher
processing efficiency under massive data information conditions [?].

Traditional IS-IS uses shortest-path transmission, whereas IEEE 802.1Qca [?]
allows establishing explicit trees that can accurately route traffic to predeter-
mined paths, increasing network resilience and reducing congestion. Compared
to SPB (shortest path bridging), 802.1Qca offers more functionality, providing
explicit path control, bandwidth reservation, and redundancy improvements
for data flows. The protocol details bridging methods for unicast and multi-
cast frames on explicit paths and specifies protocols for determining multiple
dynamic topologies.
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The protocol provides explicit path control, enabling non-shortest-path usage,
and integrates tools for bandwidth reservation and stream reservation on for-
warding paths. 802.1Qca provides redundancy control mechanisms, supporting
IS-IS to carry control information for synchronization and scheduling functions.
It evolved from RSTP (rapid spanning tree protocol), MSTP (multiple spanning
tree protocol), and SPB, offering multiple dynamic topologies and specifying
explicit paths for data forwarding. The protocol includes built-in mechanisms
such as SP (shortest path), ECT (equal cost tree), IST (internal spanning tree),
MSTI (multiple spanning tree instance), and ET (explicit tree).

2.4 Resource Reservation Mechanism

The Stream Reservation Protocol (SRP) IEEE 802.1Qat [?] specifies an admis-
sion control framework for accepting or rejecting streams based on resource
reservation requirements and available network resources. It also defines frame-
works for reserving network resources and broadcast streams in packet-switched
networks with full-duplex Ethernet links. SRP meets real-time transmission
requirements by reserving transmission resources on communication links. The
protocol determines required bandwidth based on different stream types. For
AVB-compliant switches, 75% of bandwidth resources are allocated to AVB
data transmission, with the remaining 25% for best-effort traffic. SRP utilizes
a combination of three protocols: MMRP (multiple MAC registration protocol),
MVRP (multiple VLAN registration protocol), and MSRP (multiple stream
registration protocol), all based on the underlying MRP (multiple registration
protocol).

IEEE 802.1Qcc [?] enhances SRP by improving mechanisms to support more
streams, enabling configurable SR (stream reservation) classes and streams.
Additionally, Qcc provides better stream characterization, supports Layer-3
streams, features deterministic stream reservation convergence, and includes
a User Network Interface (UNI) for routing and reservation.

2.5 Reliable Transmission Mechanism

The FRER (frame replication and elimination for reliability) specified in IEEE
802.1CB [?] aims to increase the delivery probability of specific packets. When
applied on fixed-topology and congestion-protected paths, it effectively reduces
packet loss caused by equipment failures. The standard’ s transmission modes
include unicast from one initiator to one receiver and multicast from one initia-
tor to multiple receivers. IEEE 802.1CB improves reliability and reduces packet
loss by replicating data packets of each stream with sequence numbers, send-
ing multiple copies from the source, and finally reassembling and eliminating
duplicates at one or more nodes, as shown in Figure 7 [Figure 7: see original
paper].

IEEE 802.1CB deployment is flexible, applicable at both end stations and in-
termediate nodes. It achieves redundancy through packet replication and elim-
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ination, works for both unicast and multicast, and supports intermittent and
bulk stream transmission. FRER does not address transmission path creation,
stream reservation, or in-order packet delivery—these functions are implemented
by other protocols.

3 Research Status of Time-Sensitive Networking

As technology continues to develop, TSN has gained widespread academic atten-
tion as a new method for solving deterministic network data transmission. Re-
cent research hotspots focus on scheduling analysis and implementation, network
delay analysis, redundancy and fault-tolerant networks, fronthaul networks, and
time-sensitive software-defined networking. This research includes exploration
of new algorithms, improvement of existing mechanisms, and simulation tech-
nology studies.

3.1 Research on Scheduling and Routing

Traditional Ethernet transmission mechanisms lack determinism because frames
in switch output port queues must wait due to same-priority and higher-priority
frames during transmission, causing delays and uncertainty. TEEE 802.1Qbv
defines a time-triggered communication mode TAS where output port queues
transmit frames strictly according to GCL timing. A key challenge in imple-
menting TSN is traffic scheduling and routing.

a) Traffic Scheduling Computation: For the TAS mechanism in IEEE
802.1Qbv, the standard only specifies the framework without providing con-
crete implementation methods. Craciunas et al. [?] proposed an implementation
method for IEEE 802.1Qbv scheduling, summarizing network parameters into
device capability parameters and queue configuration parameters, representing
network topology with directed graphs. For time-sensitive traffic, they added
TAS mechanism constraints on top of deterministic Ethernet transmission con-
straints. The core of scheduling was summarized as frame offset calculation and
transmission queue allocation. Constraints were divided into basic deterministic
network transmission constraints and IEEE 802.1Qbv-specific constraints, con-
verting the problem into solving for the minimum number of queues required to
transform an unschedulable system into a schedulable one, using SMT (satisfi-
ability modulo theories) methods.

Oliver et al. [?] proposed a solution for GCL computation in IEEE 802.1Qbv,
analyzing the suitability of using first-order array theory to formalize system
constraints, discussing scheduling optimization problems, and employing
SMT/OMT-based solvers for scheduling computation. Results showed that
first-order array theory is appropriate, particularly effective for small and
medium-sized networks.

b) Traffic Routing Computation: Using CSPF (constrained shortest path
first) as a routing method, similar to traditional shortest path algorithms, may
cause congestion affecting time-sensitive stream transmission. Mubarak et al. [?]
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proposed novel routing algorithms LB-DRR and CR-DRR. LB-DRR achieves
load balancing across different links and can create multiple transmission paths
for replicated streams; CR-DRR can recalculate transmission paths for streams
when link congestion occurs. Both improve link load compared to traditional
shortest-path and load-balancing routing.

¢) Joint Routing and Scheduling Computation: GCL computation is an
NP-complete problem. Pahlevan et al. [?] argued that existing solutions ig-
nore the interaction between scheduling and routing, are computationally slow,
not scalable, and fail to consider multicast streams, internal stream correla-
tions, and distributed systems. They proposed a genetic algorithm-based joint
routing-scheduling algorithm, comparing it with schedule-based methods. This
approach simultaneously considers routing and scheduling constraints, reduces
guard band quantity, and improves scheduling capability and transmission effi-
ciency for time-triggered traffic.

A key advantage of TAS is enabling converged network transmission—simulta-
neously transmitting time-sensitive and ordinary data traffic. To achieve this,
different data traffic types require temporal or spatial separation. Falk et al. [?]
argued that “customized” approaches lead to low correctness and high complex-
ity, while ILP (integer linear programming) methods offer mature approaches
with fast computation. They implemented a joint routing-scheduling algorithm
using ILP and explored problem scalability. Experiments showed the method’
s runtime is sensitive to stream quantity, transmission cycle occupancy, and
network topology.

d) Stability-Aware Joint Routing and Scheduling: Ethernet timing char-
acteristics heavily depend on traffic scheduling and routing. Mahfouzi et al. [?]
argued that stability considerations (maximum tolerable delay and jitter) should
be incorporated during routing and scheduling computation. They used SMT
to model the joint routing-scheduling problem, considering stability under real-
time transmission, control data transmission, and worst-case scenarios. Based
on routing subsets and time-slicing concepts, they employed heuristic algorithms
to solve the problem, improving overall computational efficiency.

e) AVB-Aware Joint Routing and Scheduling: Gavrilut et al. [?] ad-
dressed the common issue of routing and scheduling algorithms considering only
TT traffic while ignoring AVB traffic. They proposed an AVB-aware scheduling
algorithm that reduces worst-case delay for AVB traffic while ensuring schedula-
bility of time-triggered traffic. The algorithm combines KSP (K-shortest paths)
and GRASP (greedy randomized adaptive search procedures). Through three
experimental groups evaluating TT traffic schedulability, GCL computation un-
der routing impact, and joint routing-scheduling with AVB traffic consideration,
results demonstrated that only by considering AVB traffic can schedulability re-
sults for both TT and AVB traffic be obtained.

chinarxiv.org/items/chinaxiv-202009.00123 Machine Translation


https://chinarxiv.org/items/chinaxiv-202009.00123

ChinaRxiv [$X]

3.2 Research on Network Delay Analysis

A core characteristic of TSN is low-latency data transmission. Network delay
analysis involves calculating delays under various conditions to determine upper
or lower bounds for system performance evaluation or verification.

a) Worst-Case Delay Analysis: TSN traffic can be categorized by impor-
tance as TT traffic, AVB traffic, and BE traffic. TT traffic is scheduled accord-
ing to GCL with the strictest delay requirements, followed by AVB traffic, while
BE traffic has minimal requirements. Zhao et al. [?] analyzed worst-case delay
for AVB traffic in networks, discussing both preemptive and non-preemptive
modes while considering TT traffic impact on AVB traffic. Using network cal-
culus theory, they derived service curves for AVB Class A and Class B traffic and
proved that AVB credit values in CBS mechanism do not overflow. This method
provides more accurate worst-case delay estimates than existing approaches.

Zhang et al. [?] used network calculus to analyze upper bounds for time-sensitive
traffic in industrial automation scenarios. Different traffic types are shaped
through CBS and strict priority mechanisms. By calculating worst-case delay
upper bounds, they demonstrated that common industrial automation latency
requirements can be met through reasonable parameter configuration.

Determining end-to-end delay upper bounds is crucial. Benammar et al. [?] ar-
gued that traditional analysis methods such as CPA (compositional performance
analysis), FA (forward end-to-end delay analysis), and TA (trajectory approach)
produce overly large end-to-end delay estimates. They proposed a solution com-
bining FA with CBS, dividing E2E delay into fixed and variable components.
Analysis of linear and clustered topologies effectively reduced end-to-end delay
estimation ranges.

b) Best-Case Delay Analysis: Rivera-Verduzco et al. [?] argued that in TSN
analysis, both worst-case and best-case response times are important, though
best-case response time has been less studied. Their method considers that
bursty traffic using CBS scheduling may be scheduled earlier when transmission
conflicts occur, providing calculation methods for conflict-free best-case frame
transmission times.

c) Delay Analysis with CDT Traffic: In practical scenarios, TSN networks
simultaneously transmit CDT (control data traffic), AVB data, and BE data,
where CDT data has strict timing requirements similar to TT data. Maxim et
al. [?] noted that while AVB traffic delay analysis is relatively mature, research
on AVB delay analysis containing CDT is limited. They established network
models based on single and multiple guard windows and traffic models, con-
ducting local analysis of AVB frames. Results showed that burst transmission
is limited by CBS mechanisms, and worst-case transmission delay is bounded
within a certain range.

d) TSN System Feasibility Analysis: As TSN systems mature, feasibil-
ity analysis becomes increasingly important. Zhang et al. [?] proposed a TSN
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feasibility analysis method based on real-time calculus, decomposing TSN sys-
tems into data models, resource models, and component models. The method
considers delay bounds for critical traffic, node storage bounds, and transmis-
sion resource utilization, using frame preemption to resolve conflicts between
different priorities.

3.3 Research on Redundancy and Fault-Tolerant Networks

To ensure data transmission success rates and link stability, redundant transmis-
sion mechanisms must be designed. TSN proposes the IEEE 802.1CB mecha-
nism, specifying the fundamental framework for seamless redundant frame trans-
mission.

a) Analysis and Simulation of Seamless Redundant Transmission: Tan
et al. [?] implemented redundant path transmission for data traffic in different
network environments using Core4dINET modules in OMNeT++ 5.0, analyzing
redundancy’ s impact on delay. Experiments showed that implementing redun-
dancy increases data transmission delay to some extent, and frames with longer
transmission paths always experience a one-transmission-cycle delay.

Qian et al. [?] conducted detailed analysis of IEEE 802.1CB in network topology,
redundancy marking, sequence generation functions, sequence recovery func-
tions, timing mechanisms, and potential error detection. Through functional
testing at multiple test points using Visual Studio and CppUTest for simulation,
experiments demonstrated that applying 802.1CB to specific network topologies
reduces packet loss rates without relying on higher-layer transmission protocols.
This transparent characteristic enhances network seamless redundancy.

Simulation provides a low-cost, high-efficiency method for protocol verification,
yet mature simulation models for implementing TSN timing and non-timing
characteristics are lacking. Based on the Riverbed simulation framework, Pahle-
van et al. [?] proposed a simulation model for timing characteristics and re-
dundancy management, incorporating error injection mechanisms to evaluate
system stability. Experiments showed that systems using IEEE 802.1CB can
eliminate transient link faults and provide bounded end-to-end delay and zero
packet loss under permanent link failure conditions.

b) Optimization of Redundant Transmission: The redundant transmis-
sion framework proposed in IEEE 802.1CB allows implementation at any switch-
ing or end node in the transmission network. Smirnov et al. [?] argued this cre-
ates excessive implementation space, requiring trade-offs between redundancy,
network load, transmission timing, and hardware costs. They proposed two
SAT-decoding-based routing algorithms for generating feasible redundant mes-
sage routes, extending to multi-objective routing optimization. Experimental
comparisons demonstrated significant advantages, enabling automatic system
stability optimization.

c) Fault-Tolerant Topology and Routing Computation: For safety-
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critical real-time systems, Gavrilut et al. [?] used UBS (urgency-based
scheduler) traffic types to establish a fault-tolerant topology with redun-
dant links to meet routing overhead reduction, fault tolerance, and timing
requirements. They compared heuristic algorithms, GRASP, and constraint
programming-based models, finding all significantly reduced overhead. GRASP
performed particularly well, producing results within reasonable runtime with
good scalability.

3.4 Research on Fronthaul Networks

Fronthaul networks have the highest bandwidth requirements and most strin-
gent latency demands in 5G transport networks. CPRI (common public radio
interface) used in fronthaul is a standardized protocol [?] defining digital in-
terfaces between radio equipment control (REC) and radio equipment (RE)
in wireless infrastructure base stations, enabling interoperability between dif-
ferent vendor equipment and reducing software investment for wireless service
providers. Traditional CPRI technology suffers from high cost, large bandwidth
consumption, and static configuration, making Ethernet-based solutions (CPRI
on Ethernet, CoE) an attractive alternative.

a) Jitter and Delay Analysis for CoE: Chitimalla et al. [?] encapsulated
CPRI data in Ethernet frames, analyzing jitter under different conditions and
proposing jitter elimination algorithms achieving microsecond-level jitter. They
implemented the algorithm in Verilog on FPGA. For multi-hop transmission
within several kilometers in fronthaul networks, CoE encapsulation introduces
acceptable minimal delay. Experimental results showed encapsulating fixed-
size CoE frames requires tens of microseconds, and redundant transmission can
reduce jitter by up to 1 s.

b) M2M Delay Analysis in Fronthaul Networks: 5G networks require
converged network transmission—simultaneously carrying fronthaul data and
M2M (machine-to-machine) data—which can be implemented using TAS mech-
anisms. However, TAS exhibits low bandwidth utilization and high delay for
low-priority traffic, as GCL continues running even without high-priority traffic.
Hisano et al. [?] proposed an improved TAS algorithm called GS-TAS, attaching
a GS-frame after fronthaul streams. When a bridge receives a GS-frame, high-
priority gate status changes from open to closed, and low-priority status changes
conversely. Experimental results showed GS-TAS enables converged data trans-
mission, reducing M2M data delay by 50% while maintaining fronthaul data
delay.

¢) Comparative Analysis of IHON and TSN: 5G fronthaul has strict re-
quirements for delay and jitter, where any bridging may introduce additional
delay that must be eliminated or reduced. Bjornstad et al. [?] argued that for
various jitter elimination and delay reduction methods, complexity and appli-
cability are most important—excessive complexity or poor applicability hinder
practical implementation. Through detailed analysis of transmission mecha-
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nisms in ITHON (integrated hybrid optical networks) and TSN, they concluded
that IHON has the lowest jitter and minimal complexity, while TSN has lower
delay.

3.5 Research on Time-Sensitive Software-Defined Networking

Software-Defined Networking (SDN) is a current research hotspot, fostering
new network architecture models. Its core concept involves hardware standard-
ization and separation of control and forwarding planes to enhance network
programmability through device abstraction. TSN can combine with SDN’ s
centralized control and management to realize Time-Sensitive Software-Defined
Networking (T'SSDN).

a) Integration of SDN and TSN: Nayak et al. [?] utilized the TSSDN con-
cept to implement time-triggered and non-time-triggered traffic transmission
on the same SDN network, using a logically centralized controller to compute
global scheduling problems and ILP methods to solve routing and scheduling
problems, enabling end devices to execute user-plane packet processing frame-
works with high precision. Simulation revealed that under specific topologies,
TSSDN provides deterministic transmission delay with end-to-end delay within
14 s and jitter within 7 s.

Hackel et al. [?] argued that TSN networks can leverage SDN’ s centralized con-
trol advantages to achieve network elasticity, security, and adaptability. They
combined TSN’ s real-time communication with SDN control plane programma-
bility, mapping and registering TSN streams in SDN controllers and implement-
ing them through OpenFlow. Analysis showed that with appropriate protocol
mapping, SDN control overhead does not introduce additional delay, maintain-
ing real-time performance while leveraging SDN advantages.

To adapt and maintain TSN networks, technicians require clear understanding
of network devices and data flows, along with configuration and simulation tools,
making related work complex. Ben H. S. et al. [?] utilized SDN’s centralized con-
trol characteristics to instantiate the control model proposed in IEEE 802.1Qcc,
discussing how to use SDN to accelerate network configuration processes using
IEEE 802.1AS configuration as an example.

To reduce queuing delay for traffic in TSSDN, Haur et al. [?] proposed a time-
sensitive traffic scheduling algorithm that effectively reduces time complexity
while guaranteeing scheduling quality. Compared with scheduling under un-
constrained routing, shortest-path routing, and fixed-path routing, the method
demonstrated significant performance improvements.

b) TSSDN Performance Evaluation: SDN’ s centralized control facilitates
admission control and network reconfiguration in TSN scenarios, but time over-
head must be evaluated due to high delay requirements. Thiele et al. [?] modeled
and analyzed the CPA (compositional performance analysis) framework for time-
sensitive Ethernet, experimentally evaluating different protocols. Tests showed
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that in worst-case scenarios, system transmission delay does not exceed 50ms,
demonstrating SDN’ s viability for Ethernet admission control and network
reconfiguration scenarios.

c) SDN-Based TSN Delay Measurement: For the TAS mechanism in
IEEE 802.1Qbv, obtaining delay between adjacent nodes is crucial. Jia et al. [?]
defined Time-Sensitive Network Delay (TSND), quantifying the impact of clock
synchronization and packet size on TSND measurement, and proposed an SDN-
based TSN delay measurement scheme. Experiments showed TSND can effec-
tively predict reception time slots, with maximum measurement error controlled
within two time slots. For streams with large packet length variations, using
time slots calculated from large delays yields smaller jitter. The proposed TSND
measurement method can effectively establish delay databases between adjacent
nodes.

3.6 Research on TSN Switches

To ensure network throughput, delay, jitter, and packet loss rate, all nodes in the
network must provide deterministic services for time-sensitive traffic. However,
implementing TSN standards on high-port-density and high-interface-speed de-
vices is relatively difficult. Pruski et al. [?] proposed an implementation struc-
ture for ASIC or FPGA, designing TSN-capable switching nodes by discussing
buffer structures and memory bandwidth requirements. The design supports
frame preemption, CBS, and TAS mechanisms while effectively reducing hard-
ware overhead.

Due to TSN’ s high determinism, reliability, and bandwidth, it can serve as
the core network for industrial IoT. However, such core networks must process
large volumes of real-time data, and current mature TSN switches can only de-
terministically schedule up to 1024 real-time streams. Jin et al. [?] addressed
this limitation by proposing a method supporting more real-time streams. They
used SMT to formulate packet transmission processes and OMT for optimiza-
tion, designing heuristic algorithms for scheduling conflicts. Compared with
existing algorithms, this method requires only 1/20 of the schedule entries for
scheduling the same streams.

4 Application Status of Time-Sensitive Networking
4.1 Automotive Domain

With continuous progress in information technology, advanced concepts such
as intelligent transportation, vehicle networking, and autonomous driving have
gradually emerged. In-vehicle electronic systems are becoming increasingly im-
portant. For example, the widely-discussed ADAS system requires massive data
transmission and processing [?]. ADAS systems analyze driving environments
inside and outside the vehicle through various sensors installed on the vehi-
cle, collecting and analyzing data during operation to implement emergency
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braking, prevent accidental collisions and lane departure, and enable assisted
parking, adaptive cruise control, and driver fatigue detection. These functions
impose strict requirements on in-vehicle network data transmission quality.

Traditional in-vehicle network technologies include CAN bus, LIN, FlexRay,
and MOST [?]. CAN bus is primarily used for braking, engine, and suspension
systems; LIN for lighting, doors, and remote control; FlexRay for engine control,
ABS, and suspension; and MOST as the preferred protocol for in-vehicle multi-
media. With the development of automotive electronics, these networks’ short-
comings—incompatibility, limited bandwidth, high latency, and jitter—have be-
come increasingly prominent. As an Ethernet-based interconnection technology,
TSN offers high flexibility and scalability, gradually becoming a new solution.
Using TSN as a universal in-vehicle network can simplify different in-vehicle
network architectures while guaranteeing performance, latency, and bandwidth,
ensuring that control information, audio/video information, and entertainment
information all receive good quality of service.

Currently, TSN-enabled in-vehicle devices are gradually entering the market.
For example, Marvell’ s 88Q5050 automotive Ethernet switch chip is an 8-
port, high-security automotive gigabit Ethernet switch chip fully compliant with
IEEE 802.3 and 802.1 standards, supporting IEEE 802.1Qav and Qbv functions
in TSN protocols and enabling supervision and rate limiting of AVB streams
at input ports. Broadcom has also launched the BCM5316x series switch chips
supporting IEEE 802.1AS, 802.1Qbv, 802.1Qav, 802.1Qci, and other protocols,
primarily targeting unmanned vehicles, drones, robots, and Level 3 autonomous
driving.

4.2 Industrial Control Domain

Industry is paramount to national development. The United States proposed
the Advanced Manufacturing Partnership (AMP) program in 2011, Germany
introduced the Industry 4.0 concept at the 2013 Hannover Messe, and China
launched the Made in China 2025 initiative in 2015 [?]. These industrial de-
velopment plans envision smarter, more advanced future manufacturing with
improvements in production systems, logistics management, human-machine in-
teraction, and quality monitoring. With network technology development, we
have entered the information age, and integrating industry with internet tech-
nology is the general trend.

Many industrial control applications require high real-time performance, deter-
minism, and robustness. Ethernet-based TSN technology not only meets these
requirements but also provides solutions for connecting industrial Ethernet to
data centers. TSN enables efficient real-time decision-making information and,
compared to existing industrial Ethernet technologies, is an open standard that
facilitates equipment upgrades, reduces costs, and achieves better compatibil-
ity. Traditional control technologies are proprietary to various manufacturers
and equipment providers, with different control systems potentially incompat-
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ible and difficult to upgrade. TSN addresses these issues in industrial control
transmission protocols.

Currently, many renowned IT and automation vendors have begun adopting
TSN technology, establishing numerous cooperation organizations. At the 2018
Hannover Messe in Germany, over 20 well-known organizations and vendors in-
cluding the Avnu Alliance, Alliance Industrial Internet (AIT), Edge Computing
Consortium (ECC), Huawei, Schneider Electric, National Instruments, B&R,
and TTTech released a TSN+OPC UA smart manufacturing testbed. The
testbed integrates TSN technology and OPC UA standards, enabling scenarios
including predictive maintenance networks, motor synchronization, plotting mo-
tion control, and OPC UA over TSN. TSN facilitates IT and OT convergence,
improving industrial equipment connectivity and universality, creating broad
pathways for further industrial development.

4.3 Telecommunications Domain

With smartphone popularization and development, mobile data demand is in-
creasing with higher requirements. 4G communication cannot meet user needs
in many scenarios, making 5G networks the focus. 5G networks offer high
transmission rates for massive data transmission applications, featuring low la-
tency, large network capacity, high traffic density, and high connection density.
Fifth-generation mobile communication has become a key focus for industry
and academia. 2019 was called the “first year of 5G,” and in June 2019, China’
s Ministry of Industry and Information Technology officially issued 5G com-
mercial licenses to China Unicom, China Mobile, China Telecom, and China
Broadcasting Network, marking the critical moment for 5G commercial deploy-
ment.

At the end of 2018, IEEE released the TSN standard for fronthaul networks—
IEEE 802.1CM [?]—primarily addressing fronthaul network construction using
Ethernet. Main application scenarios include cloud-based radio access networks
and 5G small cell networks, connecting cellular radio equipment with remote
controllers. Traditional fronthaul solutions use CPRI interfaces for equipment
connection, but CPRI deployment is costly, bandwidth-intensive, and only stat-
ically configurable. Using Ethernet-based solutions to build fronthaul networks
reduces costs and facilitates configuration, making Ethernet-based CPRI a new
solution. The CoE solution, combined with TSN technologies, can meet CPRI
interface’ s strict delay and jitter requirements.

5 Development Trends of Time-Sensitive Networking

As a highly promising technology, TSN uses combinations of multiple standard
protocols to address traditional Ethernet’ s deficiencies in deterministic trans-
mission, attracting widespread attention from academia and industry. However,
TSN technologies are still developing, with new standards being drafted and dis-
cussed. This paper analyzes and summarizes currently released TSN standard
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protocols and introduces industry application status. While existing TSN tech-
nologies have solved time-sensitive stream transmission problems to some extent,
many issues remain before full deployment. TSN research should focus on the
following aspects:

1)

Engineering Application and Implementation: Some TSN mecha-
nisms only provide technical framework standards without detailed imple-
mentation specifications. How to configure and implement these standards
is a direct research direction. This requires analyzing application scenar-
ios to clarify required mechanisms for specific problems and exploring new
methods for configuration scalability research. As an emerging technology
just entering the market, extensive work is needed from theory to prac-
tice, including implementation methods, performance analysis, simulation
technology, and product prototyping.

Enhanced Interconnectivity: With technological development, com-
puting, communication, and control technologies will converge in CPS
(cyber-physical systems). Currently, TSN is often applied in relatively
closed LAN scenarios lacking methods to connect closed TSN networks
with external networks. The software-defined interconnection technology
proposed by the National Digital Switching System Engineering Research
Center [?] enables software-definable architecture and processing nodes,
transforming rigid devices into flexible ones under high energy efficiency.
Supporting software-definable interconnection protocols, port types, topol-
ogy structures, bandwidth allocation, and interconnection modes, it can
serve as a solution for future TSN interconnection with homogeneous or
heterogeneous networks.

Enhanced Security and Reliability: TSN application scenarios de-
mand extremely high system transmission security and stability. The
IEEE 802.1 TSN working group and 802.1 security working group have
begun related research to enhance TSN security. As TSN interconnectiv-
ity improves, open networks expose TSN systems to common attacks. If
a node on the transmission path fails, end-to-end flow control character-
istics may become impossible. Therefore, TSN networks require research
on threat detection and node migration technologies. The cyberspace
mimic defense concept proposed by Wu Jiangxing et al. [?] transforms non-
traditional security threats into classic reliability and robustness problems
through dynamic heterogeneous redundancy characteristics of mimic sys-
tems, providing endogenous security mechanisms for information systems
and offering a solution for enhancing security and reliability.

6 Conclusion

TSN technology has been applied in automotive networks, industrial control,
professional A/V, and communication networks, achieving deterministic data
stream transmission while leveraging traditional Ethernet’ s high bandwidth
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and low cost. TSN enables time-sensitive data streams and best-effort data
streams to transmit on the same medium, simplifying numerous devices and
interfaces and gaining tremendous industry attention. However, TSN is a rela-
tively new technology requiring continued improvement and innovation in many
aspects, necessitating collaborative efforts between academia and industry. This
paper introduced TSN’ s development history, analyzed its key technologies in
detail, elaborated on current research status, and provided future development
prospects. It is hoped that this summary and organization can provide reference
and assistance for researchers in related fields.
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