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NC

TSN TSN TSN

TSN TSN

Time-Sensitive Networking
= real-time Ethernet Standards

(IEEE TSN Working Group)

per Output Port:

FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

FIFO 
Queue
Prio. 4

Strict 
Priority

Strict 
Priority

Strict 
Priority

Strict 
Priority

…

Time-Sensitive Networking
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TSN Scheduler
• Credit-Based Shaper (CBS)

• Asynchronous Traffic Shaping (ATS)

• Time-Aware Shaper (TAS, also often TT)

• Combinations

per Output Port:

FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

FIFO 
Queue
Prio. 4

Strict 
Priority

Strict 
Priority

Strict 
Priority

Strict 
Priority

…

CBS
TAS-
CBS ATS-

CBS
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Survey

Maile, L. and Hielscher, K. and German, R.,
‘Network Calculus Results for TSN: An Introduction’, 2020

Information Communication Technologies Conference
• common notation?
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Credit Based Shaper per Output Port:

FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

FIFO 
Queue
Prio. 4

CBS CBS Strict 
Priority

Strict 
Priority

…

Credits:

Transmission: 1 2 1

Prio 1 Frame

Prio 1 Frame
Prio 2 Frame

Arrivals:

𝑉𝑉(1) = 𝑡𝑡1 � 𝑆𝑆(1)

𝐼𝐼 2

𝐼𝐼 1

idle time (or traffic from other queues)

𝑆𝑆(1)

𝑡𝑡1𝑡𝑡0

𝑡𝑡

𝑉𝑉(2) = 𝑡𝑡1 � 𝐼𝐼(2)

CBS
TAS-
CBS ATS-

CBS
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Credit Based Shaper

𝐼𝐼(𝑋𝑋)

t

bits

𝑉𝑉𝑤𝑤𝑤𝑤
(𝑋𝑋)

𝐼𝐼(𝑋𝑋)

Slope Parameter:

service curve for class X:

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 𝑡𝑡 = 𝐼𝐼𝑋𝑋 ∗ (𝑡𝑡 −
𝑉𝑉𝑤𝑤𝑤𝑤𝑋𝑋

𝐼𝐼𝑋𝑋
)

time to reach worst-case
idle credit of queue

R. Queck [1]
J. A. R. De Azua and M. Boyer [2]

L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [3]

0

Credits:

Transmission: 1 2 1

𝑉𝑉(1) = 𝑡𝑡1 � 𝑆𝑆(1)

𝐼𝐼 2

𝑆𝑆(1)

𝑡𝑡1𝑡𝑡0

𝑡𝑡

𝑉𝑉(2) = 𝑡𝑡1 � 𝐼𝐼(2)

𝐼𝐼 1
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Credit Based Shaper

𝐼𝐼(𝑋𝑋)

t

bits

𝑉𝑉𝑤𝑤𝑤𝑤
(𝑋𝑋)

𝐼𝐼(𝑋𝑋)

Slope Parameter:

service curve for class X:

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 𝑡𝑡 = 𝐼𝐼𝑋𝑋 ∗ (𝑡𝑡 −
𝑉𝑉𝑤𝑤𝑤𝑤𝑋𝑋

𝐼𝐼𝑋𝑋
)

worst-case idle credit of queue 1 (𝑉𝑉𝑤𝑤𝑤𝑤1 ): 

0

Credits:

𝐼𝐼 1

𝑡𝑡0

𝑡𝑡

Transmission:

𝑉𝑉𝑤𝑤𝑤𝑤1 = 𝑡𝑡1 � 𝐼𝐼 1 =
𝐿𝐿>1

𝐶𝐶
� 𝐼𝐼 1

> 1 (𝐿𝐿>1)
𝑡𝑡1

time to reach worst-case
idle credit of queue

R. Queck [1]
J. A. R. De Azua and M. Boyer [2]

L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [3]

1
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Credit Based Shaper

𝐼𝐼(𝑋𝑋)

t

bits

𝑉𝑉𝑤𝑤𝑤𝑤
(𝑋𝑋)

𝐼𝐼(𝑋𝑋)

Slope Parameter:

service curve for class X:

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 𝑡𝑡 = 𝐼𝐼𝑋𝑋 ∗ (𝑡𝑡 −
𝑉𝑉𝑤𝑤𝑤𝑤𝑋𝑋

𝐼𝐼𝑋𝑋
)

time to reach worst-case idle credit of queue

worst-case idle credit of queue 2 (𝑉𝑉𝑤𝑤𝑤𝑤2 ): 

0

Credits:

> 2 (𝐿𝐿>2)

𝑆𝑆 1

𝑡𝑡1𝑡𝑡0

𝑡𝑡

Transmission: 1 1 (𝐿𝐿1)
𝑡𝑡2 𝑡𝑡3

𝐼𝐼2

𝐶𝐶

𝑉𝑉𝑤𝑤𝑤𝑤2 = 𝑡𝑡3 � 𝐼𝐼 2 =
𝐿𝐿>2

𝐶𝐶
+
𝐿𝐿1

𝐶𝐶
+

𝑉𝑉𝑤𝑤𝑤𝑤1

−𝑆𝑆(1) � 𝐼𝐼 2
𝑉𝑉𝑤𝑤𝑤𝑤1
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Control Data Traffic (CDT) per Output Port:

FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

FIFO 
Queue
Prio. 4

Strict 
Priority CBS CBS Strict 

Priority

…

= higher prioritized queue

• CBS queues cannot send while CDT queue sends

• time that CDT sends until time t: 𝑡𝑡∆(𝑡𝑡)

• change CBS service curve to:

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶_𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋 𝑡𝑡 = 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 𝑡𝑡 − 𝑡𝑡∆(𝑡𝑡)

• with 𝑡𝑡∆(𝑡𝑡) determined by the output of the CDT queue 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶∗ (𝑡𝑡) and the link rate 𝐶𝐶

𝑡𝑡∆(𝑡𝑡) ≤ 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶
∗ (𝑡𝑡)
𝐶𝐶

= (𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶 ⊘𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶)(𝑡𝑡)
𝐶𝐶

• with 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑏𝑏 + 𝑟𝑟𝑟𝑟 and 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶 � 𝑡𝑡 − 𝐿𝐿>1

𝐶𝐶

t

bits

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 (𝑡𝑡)

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 (𝑡𝑡 − 𝑡𝑡∆(𝑡𝑡))
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Time Aware Shaper (TAS) and CBS per Output Port:

t1: 10010000
t2: 01100000
t3: 00001111

…

…FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

FIFO 
Queue
Prio. 4

Time-Triggered
Gate

Time-Triggered
Gate

Time-Triggered
Gate

Time-Triggered
Gate

Strict 
PriorityCBS CBS Strict 

Priority

t

bits

𝐼𝐼𝑋𝑋

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑋𝑋

𝐼𝐼𝑋𝑋

• CBS queues cannot send while gate is closed or during guard band 𝑡𝑡𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(𝑡𝑡)
• change CBS service curve to:

𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇_𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋 𝑡𝑡 = 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 (𝑡𝑡 − 𝑡𝑡𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(t)) .

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋

𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇_𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋

gate closed and guard band (depending on integration mode)

CBS
TAS-
CBS ATS-

CBS
H. Daigmorte, M. Boyer, and L. Zhao [7]
L. Zhao, P. Pop, Z. Zheng, and Q. Li [8]

L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [9, 10]



t

bits

𝐼𝐼𝑋𝑋

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑋𝑋

𝐼𝐼𝑋𝑋

per Output Port:

…FIFO 
Queue
Prio. 1

FIFO 
Queue
Prio. 2

FIFO 
Queue
Prio. 3

Strict 
PriorityCBS CBS Strict 

Priority

Interleaved 
Regulators

Interleaved 
Regulators

Interleaved 
Regulators

Interleaved 
Regulators

FIFO 
Queue
Prio. 4

13Queueing Hardware Application End-to-End

Maile, Lisa: Network Calculus Results for TSN - An Introduction

Asynchronous Traffic Shaping (ATS) 
and CBS

• interleaved regulators come for free
(for the overall worst-case delay of all flows in a queue)

• service curve:
𝛽𝛽ATS_𝐶𝐶𝐶𝐶𝐶𝐶
𝑋𝑋 𝑡𝑡 = 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶𝑋𝑋 (𝑡𝑡)CBS

TAS-
CBS ATS-

CBS
E. Mohammadpour, E. Stai, M. Mohiuddin, and J. Le Boudec [11]
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Further Curves
• also consider effect of link shaping

• strict service and shaping curves

• for CBS and TAS-CBS

• by assuming credit of queue at t=0 

is either the min. or max. value

• non-greedy shaping curve 𝜎𝜎, output is upper bounded:

𝛼𝛼∗ = min{𝛼𝛼 ⊘ 𝛽𝛽,𝜎𝜎}
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Class- vs. Flow-Based
• all results are class-based

• service curves are defined for FIFO systems, so no strictness required

• so the residual (flow-based) service curve for flow 𝑗𝑗 is:

𝛽𝛽𝑗𝑗𝜃𝜃(𝑡𝑡) = 𝛽𝛽 𝑡𝑡 − �
∀𝑘𝑘 | 𝑘𝑘≠𝑗𝑗

𝛼𝛼𝑘𝑘(𝑡𝑡 − 𝜃𝜃)
+

• 𝜃𝜃 can be optimized:

𝛼𝛼𝑗𝑗∗ = inf
0≤𝜃𝜃≤𝑡𝑡

𝛼𝛼𝑗𝑗 ⊘ 𝛽𝛽𝑗𝑗𝜃𝜃

• care: ATS can change the per-flow delay

 interesting future work

Le Boudec, J.Y., Thiran, P. [12]
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Propagation Delay

• delay bases on cable length 𝑠𝑠 and propagation speed of medium 𝑣𝑣

• Ethernet propagation speed 𝑣𝑣 = 2 � 108 𝑚𝑚
𝑠𝑠

• max. Ethernet cable length 𝑠𝑠 = 100𝑚𝑚

• worst-case propagation delay:

𝑑𝑑𝑝𝑝𝑝𝑝 ≤ 0.5𝜇𝜇𝜇𝜇

max. 100𝑚𝑚

Lee, K.C., Lee, S. [13]
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Transmission Delay

• after 𝑑𝑑𝑝𝑝𝑝𝑝 only one bit arrives

• also called: serialization, sending or reading delay

• transmission delay: whole serialized packet arrives

• in NC, this can be modeled with packetizer

• changes service curves to:
𝛽𝛽′ 𝑡𝑡 = 𝛽𝛽 𝑡𝑡 − 𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

for “store-and-forward”

for “cut-through” this is 𝑙𝑙ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
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Processing Delay

• few works deal with processing delays in forwarding devices

• for an estimation, [14] proposes to use:

• number of instructions 𝑖𝑖

• number of memory lookups 𝑚𝑚

• average memory access time 𝑡𝑡

• processor clock frequency 𝑓𝑓

estimation from [14]

TSN switch (TQ STKLS1028A)
Ramaswamy, R., Ning Weng, Wolf, T. [14]
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Processing Delay

= 4693

= 947

= 4𝑛𝑛𝑛𝑛

= 1.3 𝐺𝐺𝐺𝐺𝐺𝐺

𝑑𝑑𝑝𝑝𝑝𝑝 =
4693

1.3𝐺𝐺𝐺𝐺𝐺𝐺 + 947 � 4𝑛𝑛𝑛𝑛 = 7.4𝜇𝜇𝜇𝜇

• few works deal with processing delays in forwarding devices

• for an estimation, [14] proposes to use:

• number of instructions 𝑖𝑖

• number of memory lookups 𝑚𝑚

• average memory access time 𝑡𝑡

• processor clock frequency 𝑓𝑓
Ramaswamy, R., Ning Weng, Wolf, T. [14]
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Application Delay
• open research question: How to create TSN applications?

• we highlight possible scenarios and discuss their worst-case delays

• for guarantees, we need an upper bound on traffic that an application creates

• arrival curve, e.g. 𝑏𝑏 and 𝑟𝑟 are required

• can be derived e.g. by code analysis or observation/measurement of the application



23Queueing Hardware Application End-to-End

Maile, Lisa: Network Calculus Results for TSN - An Introduction

Unshaped

Application Level

Sending Time

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

• 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is highly variable

• bandwidth-intensive tasks:

up to 140𝜇𝜇𝜇𝜇 [15, Linux 2.6.9]

• worst-case is similar in RT-Linux

• file-intensive tasks: 

up to 11𝑚𝑚𝑚𝑚 [15] 

Liu, M., Liu, D., Wang, Y., Wang, M., Shao, Z. [15]
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Time-Triggered Operating System (TTOS) [15]

Application Level

Sending Time

• mainly for Time-Triggered 

communication

 future work: OS scheduling 

configuration

Operating System

𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑛𝑛𝑛𝑛

𝑑𝑑𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

Kopetz, H. [16]
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TSN scheduler & Class Measurement Interval (CMI)

t

bits
𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇

𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇_𝐶𝐶𝐶𝐶𝐶𝐶

𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎

• handle application to link delay as first hop

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑑𝑑𝑁𝑁𝑁𝑁
 future work: 

• service curve for ATS

• service curve for CMI 

(how to implement this?)

𝑑𝑑𝑁𝑁𝑁𝑁
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Delay at Receiver
• receive packet (packetizer)

𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶
• trigger interrupt

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
• process information

𝑑𝑑𝑝𝑝𝑝𝑝
• complete delay at receiver:

𝑑𝑑𝑟𝑟 =
𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶
+ 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑑𝑑𝑝𝑝𝑝𝑝



27

1.2. 2.3. 3.

4.

Queueing Hardware Application End-to-End

Maile, Lisa: Network Calculus Results for TSN - An Introduction

1. Queueing Delay
2. Hardware Delays
3. Application Delay
4. End-to-End Delay

- TSN schedulers, service and shaping curves
- transmission, propagation, processing delays
- arrival curve, interrupt latency
- overview, effect

Overview
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End-to-End Delay

23%

20%57%

Application
Hardware
Queueing

140𝜇𝜇𝜇𝜇 140𝜇𝜇𝜇𝜇 + 7.4𝜇𝜇𝑠𝑠0.5𝜇𝜇𝜇𝜇 0.5𝜇𝜇𝜇𝜇7.4𝜇𝜇𝑠𝑠120𝜇𝜇𝜇𝜇
100𝑀𝑀𝑀𝑀/𝑠𝑠

720𝜇𝜇𝜇𝜇
100𝑀𝑀𝑀𝑀/𝑠𝑠

120𝜇𝜇𝜇𝜇
100𝑀𝑀𝑀𝑀/𝑠𝑠

Idle Slope 1: 30 Mb/s
Idle Slope 2: 20 Mb/s

Prio. 2



29Queueing Hardware Application End-to-End

Maile, Lisa: Network Calculus Results for TSN - An Introduction

End-to-End Delay

140𝜇𝜇𝜇𝜇 140𝜇𝜇𝜇𝜇 + 7.4𝜇𝜇𝑠𝑠0.5𝜇𝜇𝜇𝜇 0.5𝜇𝜇𝜇𝜇7.4𝜇𝜇𝑠𝑠𝟏𝟏.𝟐𝟐𝝁𝝁𝝁𝝁
𝟏𝟏𝟏𝟏𝟏𝟏/𝒔𝒔

𝟔𝟔𝟔𝟔𝝁𝝁𝝁𝝁
𝟏𝟏𝟏𝟏𝟏𝟏/𝒔𝒔

• measured: 

• sending to receiving without queueing delay ≤ 3𝜇𝜇𝜇𝜇

• application to application without queueing delay ≤ 300𝜇𝜇𝜇𝜇 81%

2%
17% Application

Hardware
Queueing

𝟏𝟏.𝟐𝟐𝝁𝝁𝝁𝝁
𝟏𝟏𝟏𝟏𝟏𝟏/𝒔𝒔

Idle Slope 1: 300 Mb/s
Idle Slope 2: 200 Mb/s
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