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Abstract. The IEEE 802.1Qbv standard has proposed the Time Aware Shaper (TAS)
mechanism that meets the stringent deterministic end-to-end delay requirements. Al-
though the database of delay between the adjacent nodes is critical for the TAS schedul-
ing, we have not found an automatic and reliable measurement scheme to build a delay
database dedicated to the TAS scheduling yet. In this paper, different from the delay in
IP networks, we define the Time-Sensitive Network Delay (TSND) dedicated to the TAS
scheduling and propose an SDN-based TSND measurement scheme using a time-triggered
mechanism. Moreover, to apply TSND in different network environments, we derive for-
mulas to quantify the impact of the clock synchronization accuracy and packet size on the
TSND measurement. We then implement the scheme, based on the POX SDN controller
and the multi-core network processor, and build an experiment scene with the above e-
quipment. The experiment shows: the TSND is effective for predicting the receiving slot;
the maximum error of the TSND caused by the clock synchronization accuracy can be
kept within two slots as long as the clock offset is less than slot length; if the size of the
packet in the Time-Triggered (TT) flow differs significantly, forwarding the TT flow in
the slot calculated by the larger TSND can achieve less jitter, at the expense of increasing
the delay. The experiment results are in good agreement with the formulas. Furthermore,
the TSND measurement scheme is dedicated to building a delay database of the adjacent
TSN nodes, which may be suited as a starting point for the TAS scheduling.
Keywords: Time-sensitive network, Network delay, Time aware shaper, TSN schedul-
ing, Time-triggered

1. Introduction. With the rapid development of real-time applications such as au-
tonomous driving, AR/VR, we demand a network transmission control mechanism to
support deterministic Ultra-Low Latency (ULL) [1]. When it comes to the deterministic
latency system, the DTM project [2] is a typically excellent job. In the DTM, each second
is divided into 8000 cycles, and each cycle is subdivided into slots. However, since the
arrival time of the packet is unknown, the DTM system assigns the slot randomly. So the
packet has to be buffered in the queue if the packet arrives earlier or later than its slot.
In this case, the maximum queuing delay may be 125 microseconds at one node, which
is not tolerable for ULL. To reduce delay and save the switch buffer, precise allocating of
the slot is required according to the arrival time of the packet.
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The IEEE 802.1Qbv [3], which has been standardized by the Time-Sensitive Network
(TSN) Task Group, has proposed the Time Aware Shaper (TAS) mechanism that meets
the stringent end-to-end latency and jitter requirements [4]. In IEEE 802.1Qbv, there are
eight priority queues for each port of the TSN node. Notably, the priority seven is for the
Time-Triggered (TT) flow. The frames in different queues are selected according to the
transmission gate control list. The state of the transmission gate (0 for close, 1 for open)
determines whether or not queued frames can be selected for transmission. Although the
TAS scheduling is critical work, it is not in the scope of the IEEE 802.1Qbv standard.
Different from the traditional event-triggered mechanism, the time-triggered mechanism

forwards the packet at a pre-configured time no matter the packet arrives early or late.
So before scheduling, we need to know the arrival time of the TT flows. Only with the
delay database between the adjacent nodes could we get the flow arrival time on each
node once the sending time on the starting node is determined. As one can see that the
database of delay is critical for the TAS scheduling, nonetheless, there are few descriptions
or discussions on delay measurement schemes.
The network delay including One-Way Delay (OWD) and Round-Trip Time (RTT)

is the crucial parameter for IP Performance Metrics (IPPM). Consequently, the existing
work of delay measurement mainly focuses on IP networks. Although there are simi-
larities between the delay for the TAS scheduling and the IP network delay, they differ
in some significant aspects. The IP network delay is the packet delivery time between
any two network nodes in the Wide Area Network (WAN), whereas the delay for the
TAS scheduling is the packet delivery time between two adjacent nodes in the Local Area
Network (LAN). The legal regulation of the Internet is governed by the layers principle
[5]. The lower layers should not handle the protocol of the higher layers. That is, the
Internet Control Message Protocol (ICMP) or other higher layer protocols which are used
to measure network delay should not be introduced into the TSN switch directly. Besides,
although the schemes like [6] increase measurement accuracy to sub-microseconds based
on ICMP, they neither consider nor take good advantage of the characteristics of the TSN.
Related work: In the latest research of the TAS scheduling, although most contri-

butions mention or rely on network delay, we have not found an automatic and reliable
measurement scheme to build a delay database dedicated to the TAS scheduling yet.
NW-PSP [7] defines the cumulative network delay between adjacent nodes as an essential
parameter for no-wait packet scheduling problem. The flow reception windows of [4] have
to be adjusted on the whole path to account for the cumulative delay per link. Howev-
er, the cumulative delay is only a conceptual idea including transmission, processing, and
propagating delays, under simulated or emulated scenarios. Craciunas et al. [8] also define
the delay parameters and discuss the effect of delay on the TAS scheduling. Still, there is
no discussion on how to measure the delay. Gavrilut and Pop [9] get the transmission time
of a frame between two nodes via theoretical calculations rather than measurement. As
one can see that most contributions of the TAS scheduling are concerned with algorithm
design, there are few descriptions or discussions on delay measurement schemes.
Furthermore, as early as the TSN proposed, there has been much work [10, 11] on the

Time-Triggered Ethernet (TTEthernet). In the TTEthernet, there is a network-schedule
for defining transmission and reception time windows for each time-triggered frame being
transmitted between nodes. However, in a distributed system, the network-schedule is
typically built offline which is not flexible. Besides, building the network-schedule on-
line [12] would increase the computing load of the system and lead to convergence and
scalability issues.
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Contributions: In this paper, by making good use of the characteristics of the TSN,
we propose an SDN-based Time-Sensitive Network Delay (TSND) measurement scheme
for the TAS scheduling. Our key contributions can be summarized as follows.

• For the first time to our best knowledge, we introduce delay measurement into the
time-sensitive network as a critical step for the TAS scheduling. Different from the OWD
and RTT in the IP network, we define the TSND dedicated to the TAS scheduling and
prove that TSND is effective for the TAS scheduling.

• Instead of using traditional timestamp mechanism [6], we propose an SDN-based
measurement scheme using a time-triggered mechanism. We implement the scheme based
on Protocol Oblivious Forwarding (POF), which can easily support new protocols on the
data plane. Different from pure software simulation, we build an experimental scene,
based on Cavium multi-core network processor and POX (open source SDN controller),
which could be closer to the real network environment.

• The clock synchronization deviation and the size difference between the TT flow
packet and the TSND measurement packet would affect the TSND to predict the receiving
slot accurately. To apply TSND in different network environments, we derive formulas
to quantify the impact of clock synchronization accuracy and packet size on the TSND
and verify it via experiment. In this case, the formulas provide a good reference for the
application of TSND in the TAS scheduling.

The remainder of this paper is structured as follows. We introduce the basic concepts
and theoretical analysis of the TSND in Section 2. The design of the TSND measurement
scheme is discussed in Section 3. We implement the scheme and present the evaluation
results in Section 4. At last, we discuss and summarize our work in Sections 5 and 6.

2. Basic Concepts and Theoretical Analysis.

2.1. TSND definition. The delay for the TAS scheduling is used to evaluate the flow
arrival time on each node while the sending time on the starting node is determined. We
notice that the clock is synchronized and the scheduling cycle T is the same between the
TSN nodes. Therefore, as Figure 1 shows, we define the TSND between two TSN nodes:
the relative time offset of the receiving slot and the sending slot in a scheduling cycle T .

0 T 2T

TSND

2TT0

Global 

Clock

TSN node  Y

Sending slot 

Receiving slot TSN node  X

Figure 1. The schematic diagram of TSND definition

Further, as shown in Figure 1, in each TSN node, the transmission cycle T is divided
into N slots, and each slot is wide enough for an MTU-sized packet to transmit (N can
be different in different nodes). In general, we divide T into N slots on average, so that
the slot length ℓ is T/N . In the TSN node X, the sending slot is tx and the slot length is
ℓx. The receiving slot in the TSN node Y is ty, and the slot length is ℓy. We use Equation
(1) to evaluate the TSND.

TSND = (ℓy ∗ ty + T − ℓx ∗ tx)%T (1)
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Notably, when the slot number of two TSN nodes is the same, Equation (1) can be
simplified to Equation (2) where d is the TSND in units of the slot. To simplify the
following analysis, we assume that the slot number of the TSN nodes is N and we use d
to represent the TSND. If we have measured the d, we could get the arrival slot ty of the
packet by (tx + d)%N while the sending slot tx on the previous node is determined.

TSND = d ∗ ℓ = (ty +N − tx)%N ∗ ℓ (2)

2.2. TSND analysis.

2.2.1. Clock synchronization accuracy. As we mentioned above, the TSND is not the pre-
cise network delay but the relative offset of the sending and receiving slot in the scheduling
cycle T , so that the clock of the TSN nodes should be synchronized. For that clock syn-
chronization accuracy is platform-dependent, before we apply the TSND measurement
method to different platforms, we need to analyze the impact of clock accuracy on the
TSND measurement.
As Figure 2 shows, the clock offset of the receiver relative to the sender, which could

be positive or negative, is denoted as ε. Due to space limitations, we only analyze the
situation where ε < 0 in detail. We denote ℓ as slot length, ty as the receiving slot with
the clock fully synchronized, and p as the packet arrival time in the ty. We know that
|ε|/ℓ can be expressed by |ε|/ℓ = k ∗N +m+ r, where k is a positive integer (k ≥ 0), m
is an integer less than N , and r is a decimal (0 ≤ r < 1). In this case, the receiving slot
t′y we get with ε < 0 can be expressed by Equation (3).

t′y =

{
(ty −m)%N (p ≥ r)

(ty −m− 1)%N (p < r)
(3)

ε
d

0 N

Nm

r

tx

d´

Sending slot

Receiving slot (�<0) 
p

ty´

(  p �  r )

d´

0 N

Receiving slot (�=0)

(  p < r )

tx

tx

ty´

ty

Figure 2. The TSND measurement with synchronous clock offset (ε < 0)

Moreover, TSND value d′ can be expressed by d′ = (t′y − tx)%N , where tx is denoted
as the sending slot on TSN node X. With the clock fully synchronized, the TSND value
d could be expressed by d = (ty − tx)%N . Especially, d is just a reference value that we
use to illustrate the effect of clock offset ε on the TSND value d′. Then, according to
Equation (3), we can get the relationship of d and d′ when ε < 0 by Equation (4), as
shown in Figure 2. Similarly, the relationship of d and d′ can be expressed by Equation
(5) when ε ≥ 0.

d′ =

{
(d−m)%N (p ≥ r) (ε < 0)

(d−m− 1)%N (p < r)
(4)

d′ =

{
(d+m+ 1)%N (p ≥ (1− r)) (ε ≥ 0)

(d+m)%N (p < (1− r))
(5)
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It can be known from Equation (4) and Equation (5). Firstly, the TSND value d′

eventually approaches the exact value d as m decreases. Secondly, the error between d
and d′ is mainly determined by the symbol of the offset ε and the value of m and r. When
the |ε| is less than ℓ, m is 0, and the maximum error between d and d′ can be kept in
two slots. Moreover, since the TT flow arrival time is unchanged in the TSN, while the r
changes only within a small range, the TSND value d′ would be stable.

2.2.2. Measurement packet size. TSND contains the processing delay (dp) for deciding
on which port to forward an incoming packet, the propagation delay dg of the signal
propagating on the link, and the transmission delay (dt) to serialize the packet on the
wire. The dp and dg are independent of the packet size. The transmission delay depends
on the packet size and port rate. Usually, when the switch is determined, the port rate
is also determined. That is, when we use different sizes of the packet to measure TSND,
the result would be different. We denote L and M as the size of packets used to measure
TSND. Port rate is B for all ports of the TSN node. So the TSND value d (measured
with the packet L) and d′ (measured with the packet M) can be expressed by Equation
(6): {

d = ⌈(L/B + dp + dg)/ℓ⌉%N

d′ = ⌈(M/B + dp + dg)/ℓ⌉%N
(6)

{
(L/B + dp + dg)/ℓ = n+ r (0 ≤ r < 1)

(M/B + dp + dg)/ℓ = m+ z (0 ≤ z < 1)
(7)

As Equation (7) shows, (L/B + dp + dg)/ℓ equals n slots plus r slots, where n is a
positive integer, and r is a decimal (0 ≤ r < 1). So do the m and z. Therefore, the
difference (∆d) between d′ and d can be expressed by Equation (8) where ∆L = M − L.

∆d = (∆L/(B ∗ ℓ) + r − z)%N (8)

As the port rate and slot length increase, the ∆d caused by ∆L decreases gradually.
Notably, when the value of the (B ∗ ℓ) is much larger than ∆L, the maximum ∆d can be
limited to one slot (since |z − r| ≤ 1). Also, when ∆d = 0, the range of ∆L change can
be expressed by Equation (9). It is worth noting that (z − r) is not a value but a range
of [0, 1) changes with M and L, so that when k is determined, the TSND value may be
the same while the size of measurement packet changes within a range [0, B ∗ ℓ).

∆L = (B ∗ ℓ)((z − r) + k ∗N) (∆d = 0) (9)

We allocate the sending slot of the TT flows based on the receiving slot calculated by
the TSND and the sending slot on the previous node, so the delay and jitter of the TT
flows are closely related to the TSND measurement. We denote D as the cumulative
network delay of a packet (M) over one TSN node, which contains transmission delay
(dt), processing delay (dp), and queueing delay (dp). Same as [7], the time intervals
for propagation, processing, queuing, and transmission of each packet are ordered strictly
sequentially and do not overlap since we assume a store-and-forward behavior for switches
rather than cut-through forwarding. In this case, D = (dq + dp + dt), where dt = M/B.
As Figure 3 shows, dq can be expressed by Equation (10) where d is the TSND value that
we measured with the packet L. With the constraints of (∆L/(B ∗ ℓ)+r−z) ≤ N , D can
be expressed by Equation (11). D is related to the relative size of the transmitted packet
and the measurement packet rather than the size of the transmitted packet. We can infer
that D would have a significant change around the point where M = L. Moreover, while
the measurement packet (L) is determined and the size of transmitted packet (M) is less
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Figure 3. The impact of the TSND measurement on the network queuing delay

than L, z would be the only cause of jitter. Since 0 ≤ z < 1, the maximum jitter of D is
2 ∗ ℓ.

dq =

{
(∆d+ 1− z) ∗ ℓ (M ≤ L)

(N −∆d− z) ∗ ℓ (M > L)
(10)

D =

{
dp + L/B + (1 + r − 2z) ∗ ℓ (M ≤ L)

dp +N ∗ ℓ+ L/B + (r − 2z) ∗ ℓ (M > L)
(11)

3. TSND Measurement Scheme.

3.1. TSND measurement process. In this paper, we choose a new networking para-
digm: Software-Defined Networking [13] (SDN), which effectively decouples the control
plane with the data plane and provides a globally optimized resource configuration. Before
the measurement of the TSND, the controller has to generate the Link Layer Discovery
Protocol (LLDP) [14, 15] flow table and TSND flow table so that the switch can handle
the LLDP packet and TSND packet. The event of adding a new TSN switch will trigger
the TSND measurement process. As shown in Figure 4, the flow table process and link
topology discovery are in the light-colored font. The controller generates a flow table with
the prior knowledge of the LLDP and TSND configuration, and then sends the flow table
message to switch by the southbound interface protocol, e.g., OpenFlow, POF. The SDN
switch stores the flow table in the shared memory that both the management element
and forwarding element of the switch can access.
As Figure 4 shows, the solid arrow indicates the processing of the TSND measurement.

Topology and Delay Management Information Base (TD-MIB) is responsible for managing
and providing the TSND and the topology information for the TAS scheduling. Once the
TD-MIB detects that a new TSN switch has joined, the TSND measurement module will
be triggered to send a TSND Request packet to the switch. Notably, there are two kinds of
the TSND packet: the TSND Request packet from the controller and the TSND Measure
packet from the adjacent TSN switch. The SDN switch generates the TSND Measure
packet according to the TSND Request packet. Then the TSND Measure packet will be
added to the output queue and wait to be scheduled by the TAS engine. Meanwhile,
the switch will receive the TSND Measure packet from the adjacent TSN switch. The
TSND handler encapsulates the input port, receiving time and other required information
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Figure 4. The flow chart of the TSND measurement process
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of the TSND measurement in Packet-In message and sends the message to the controller.
The controller parses the Packet-In message, calculates the TSND and adds the TSND
information to the TD-MIB.

3.2. TSND measurement frame structure. We design the structure of the TSND
measurement frame, as Figure 5 shows, the TSND data encapsulated in an Ethernet
frame contains a TSN header and a TSND Data Unit (TSNDDU).

The IEEE 802.1Qbv mentions that frames are selected for transmission by the traffic
classes, but the TSN frame structure has not been defined yet. There are many ways
to distinguish the TSN flow under consideration currently. Craciunas et al. [8] point out
that, in particular, a TSN flow is defined by the Priority Code Point (PCP) field and
VLAN ID (VID) within the 802.1Q VLAN tag in the Ethernet header. The PCP field
and VID are assigned based on the application associated with the flow. Reference to
the IEEE 802.1Q [16], the VID value 0x000 indicates that the frame does not carry a
VLAN ID. In this case, the 802.1Q tag specifies only a priority (in PCP fields) and is
referred to as a priority tag. Therefore, for implementation and experiment, we design
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that individual frames belonging to TT flows are identified by VID value 0x000 and PCP
value 7 of VLAN-tagged frames.
Furthermore, if the frame belongs to TT flow, the destination MAC will convert to

the flow ID. We use flow ID to identify the kind of the TSND packet. The flow ID T-
SND REQUEST indicates the TSND Request packet which comes from the controller.
The flow ID TSND MEASURE indicates the TSND Measure packet which comes from
the adjacent switch. Nonetheless, the specific value of the TSND REQUEST and T-
SND MEASURE depends on the developing and implementation of the TSN standard.
Given that the function of the TSND may be enhanced as TSN standard is developed

and ratified, the TSNDDU is designed as some Type-Length-Value (TLV) structures
which contain a required TLV, an optional TLV and an end of TSNDDU TLV. The TLV
format is compatible with the LLDP [17] where: type indicates the kind of information;
length indicates the length of the information string in octets; value is the specific data
of information.
Primarily, the time slot TLV, which is contrasted against other TLVs and trailer fields

via a shading in grey, is exclusive required TLV for the TSND measurement that contains
the receiving slot used to calculate the TSND. As an optional TLV, the time clock TLV
is used for precise network delay measurement so that the network developer can use
different time format to measure TSND flexibly.
It is worth noting that the sender chassis ID, output port ID, sending slot, receiver

chassis ID, and input port ID are not included in the TSNDDU. The receiver of the TSND
Measure packet will send Packet-In message to the controller which contains information
such as the receiver chassis ID, input port ID. The network topology is already stored in
the TD-MIB, from which we can get the sender chassis ID and output port ID by the
receiver chassis ID and port ID. Besides, as for the sending slot, which is configured by
the controller, there is no need to tell controller again by the TSND Measure packet.

3.3. TSND measurement scheme based on POF. OpenFlow [13] is a widely used
southbound interface protocol for the SDN controller and switch. However, the definition
of matching field and instruction of the OpenFlow is protocol-specific, which severely
impacts the flexibility and programmability of the data plane. Regarding the issues above,
Huawei proposed Protocol Oblivious Forwarding [18], as an improvement and extension of
the OpenFlow. The POF removes the protocol specific configurations on the forwarding
elements by using {offset, length} tuple to define the matching field, where offset indicates
the skipped bits from the current cursor within the packet (or metadata) and length
indicates the number of bits that should be included in the key starting from the offset
position. The POF makes the data plane easily support new protocols and forwarding
requirements in the future. Considering that the function of the TSND may be enhanced
as the TSN standard is developed and ratified, we choose the POF as an ideal southbound
interface protocol in our scheme.
The POF switch processes the TSND measurement in collaboration with the controller.

A POF logical switch consists of one or more flow tables, which perform packet lookups
and forwarding. Matching starts at the first flow table and may continue to additional
flow tables of the pipeline. If a matching entry is found, the instructions associated with
the specific flow entry are executed [19]. At the initial stage, the controller sends the TSN
configuration and flow tables to switch. The TSN configuration contains Flow Config
and TAS Config. The Flow Config contains the mapping of the flow ID and the output
queue number which is used to direct the packet to the corresponding output queue. The
TAS Config is the gate control list that contains the mapping of the slot, port ID, and
output queue. There are two kinds of the flow table used by the TSND measurement:
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Figure 6. The POF flow table and pipeline of TSND measurement process

First Table and TSN Table. All packets need to be processed in the First Table. The
First Table is used to distinguish between TSN flows and non-TSN flows, as Figure 6(a)
shows. The TSN Table is used to handle the TSN flows including TSND Request flow,
TSND Measure flow, and other TT flows, as Figure 6(b) shows.

The controller sends a TSND Request packet with the flow ID TSND REQUEST to
switch in the Packet-Out message. To simplify the data plane, the controller can instruct
the switch to submit the packet to the First Table by setting the output port to OFP-
P TABLE in Packet-Out message. Therefore, the TSND Request packet can be treated
as if it was received via any of the switch’s “normal” ports and is handled by POF process
pipeline instead of developing a dedicated TSND module.

TSND Request pipeline. As Figure 6(c) dotted arrow shows, the TSND Request
flow will match flow entry 1. The SetField instruction will be executed and the flow ID of
the packet will be set to TSND MEASURE. After that, the packet will be added to the
output queue by executing OutPut instruction. In TSN Switch, the OutPut instruction
does not send the packet out of switch but buffers the packet to the output queue. We can
get the queue number from the TAS Config by the flow ID in the header of the packet.
Notably, for the flow ID TSND REQUEST, there would be multiple queues that map to
each port. In this case, the packet is effectively cloned and added to each queue. The
output engine gets a packet from the queue, which is indexed by the port ID and current
slot, and sends the packet out through the TAS mechanism.

TSND Measure pipeline. As Figure 6(c) solid arrow shows, the TSND Measure
flow matches the flow entry 2. The packet will be added to the Packet-In queue (one
kind of output queue). Then we get the current slot from the TAS mechanism, add it to
the TSND Measure packet, and send the Packet-In message to the controller. It is worth
noting that packets have to be buffered in the output queue before the TAS engine can
schedule them so that we record the packet arrival time after the packet has been buffered
in the Packet-In queue. The controller gets the receiver chassis ID, port ID and receiving
slot by parsing the Packet-In message. Based on the above information, the controller
can also get the sender chassis ID, port ID from the TD-MIB since the link topology has
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already been recorded. Until now, we get all of the information needed by the TSND,
and we can calculate the TSND by Equation (1).

4. Implementation and Evaluation.

4.1. Implementation. The development environment is shown in Table 1. We develop
the TSND measurement controller in Python language based on the PCTRL [20], a POF
controller extending from the POX [21].

Table 1. The TSND measurement development environment

SDN device Support Software Platfrom Language
POF

controller
TSND/flow table

configure
PCTRL Linux python

TD-MIB manage 4.15 2.7

POF switch TSND measure/PTP PTPv2.0 Cavium OCTEON CN6880 C
flow classifier/meter (32 cnMIPS II CPU @1.2GHz)

In the data plane, we develop a POF switch based on multi-core network processor
Cavium OCTEON CN6880, which contains 32 dual-issue superscalar cores implementing
the MIPS64 instruction set and each core has several choices for runtime environment,
including Simple Executive standalone mode and Linux mode. We enable one core running
in Linux mode to process flow table management and communicate with the controller.
We enable three cores running in Simple Executive standalone mode, one for the traffic
classification, one for the Precision Time Protocol (PTP) clock synchronization, and one
for the TAS scheduling.

4.2. The experiment of TSND measurement. Figure 7 shows the typical TSND
measurement scenario. In our experiment, we use the flow ID 0xFFFFFFFFF0 to indicate
the TSND Request flow. After the TSND Request pipeline processing in switch 1, the
flow ID is set to 0xFFFFFFFFF1 and sent out in the slot 3. The switch 2 identifies the
TSND Measure flow by the flow ID 0xFFFFFFFFF1 and adds the packet to Packte-In
buffer, after which the switch 2 adds the current slot (such as, slot 9) to the TSND packet
and sends a Packet-In message to the controller.
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Figure 7. The typical TSND measurement scenario
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Figure 8. The TSND with different PTP clock offset

4.2.1. PTP clock synchronization. The Precision Time Protocol (PTP) clock synchroniza-
tion is required between the TSN nodes before the TSND measurement starts. Figure 7
shows the experimental environment. During the convergence of offset between the PTP
master clock and slave clock, we record the TSND results at different PTP clock offset
(ε). As Figure 8 shows, the X-axis is the PTP clock offset (ε) and the Y-axis is the TSND
value with the clock offset (ε). As Figure 8(a) shows, with the |ε| decrease, the TSND
value begins to decrease. It is in line with our analysis in Section 2.2.1 that the TSND
value d′ decreases as |ε| decreases and eventually approaches the exact value d. As we
have demonstrated in Section 2.2.1, when the |ε| is less than ℓ, the error can be kept in
two slots. In our experiments, the slot length ℓ is two microseconds. We zoomed in the
TSND value while the offset ε is less than two microseconds (Figure 8(b)). It can be seen
that the TSND delay changes between slot 6 and 7 and tends to be stable if the ε only
changes in a small range (in Figure 8(b), where |ε| < 250 ns).

As we discussed in Section 2.2.1, the higher the clock synchronization accuracy is, the
more stable the TSND value will be. However, the high-precision clock synchronization
also increases the computational overhead and expensive hardware costs. So we may need
to make a trade-off between performance and overhead.

4.2.2. Different TSND measurement packet size. The TSND contains the transmission
delay which depends on the packet size and port rate. Usually, when the switch is de-
ployed, the port rate is also determined. That is, when we use different sizes of the packet
to measure the TSND, the result would be different. Figure 7 shows the experimental
environment. Our switch port rate is 1Gbps so that the transmission delay of the 70-byte
packet and 1295-byte packet has a maximum difference of 9.8 microseconds. As Figure 9
shows, the TSND varies from 6 to 12 slots while the packet size changes from 70 to 1295
bytes. In our experiment, the slot length is two microseconds, the TSND measurement
error caused by packet size is 12 microseconds (6 slots), which is reasonable with one slot
error (as the PTP clock offset |ε| < 300 ns). Further, we notice that the TSND is not
a linear growth but a step-growth with the packet size increase. It is in good agreement
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Figure 9. The TSND with different measurement packet sizes
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Figure 10. The experimental environment of delay and jitter test

with our analysis in Section 2.2.2 that the TSND value may be the same while the size
of measurement packet changes within a small range.

4.3. The experiment of delay and jitter. As Figure 10 shows, the Delay Test System
(DTS) is used to generate TT flows and record the network delay. The Packet Generator
constructs the TT flows and buffers the flow to the output queue, and then the TAS engine
sends the flow out and returns the timestamp 1 to the Delay Statistics module. Then
the TT flow will be processed by the POF pipeline and sent out in the pre-configured
slot on the Switch. The DTS records the timestamp 2 and directs the flow to the Delay
Statistics module when the returned TT flow arrives. The delay between timestamp 1
and timestamp 2 contains the delay over one TSN switch (D) and two propagation delay
(dg). Since our experimental scene is determined, the dg is a constant and small enough
that we can ignore.

4.3.1. The TSND evalution. The TSND is used to predict the receiving slot based on
the sending slot and make the optimal assignment of forwarding slot. As Table 2 shows,
the TSND is 6 slots between the DTS and the POF Switch, measured with the 70-byte
packet, while |ε| < 300 ns and the slot length is two microseconds. As shown in the third
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Table 2. The data of TSND evaluation

Sending TSND Receiving slot Receiving slot
slot (slots) (calculate) (experiment)
8 6 14 14
13 6 19 19
18 6 24 24
23 6 29 29

Figure 11. The delay of TT flows forwarding in different slots

column of Table 2, we obtain the theoretical receiving slot (marked as “calculate”) by the
equation: Receiving slot = (Sending slot+ TSND)%100. Then we construct 60 TT flows
and send out the flows in the same slot on the DTS. On the Switch, we forward each flow
in different slots (from 3 to 62, 0 to 2 reserved for special purposes such as PTP). The
delay of each TT flow is shown in Figure 11. The X-axis is the forwarding slot of each
TT flow on the Switch. The point on each line represents a TT flow. The different line
styles represent a different sending slot on the DTS. We find that every line has the lowest
point and we show the forwarding slot of the minimum delay point in the fourth column
of Table 2 (marked as “experiment”). The delay is minimum for forwarding packets in
the slot in which the packet arrives, since that the queuing delay is minimum. So we can
speculate that the forwarding slot of the lowest delay point is the actual receiving slot of
the packet in the current experimental environment. By comparing the third column with
the fourth column of Table 2, we find that the receiving slots calculated by the TSND are
consistent with the receiving slots we obtain from the experiment.

Furthermore, if the TT flow just misses its forwarding slot when it arrives at the switch,
the TT flow may need to wait for nearly one TAS cycle (N−1 slots). In our experimental
scenario, when we send the TT flow in the slot 8 (first line in the legend) on the DTS
and forward the flow in the slot 13 on the Switch, the delay is the highest. Moreover,
the difference between the highest point and the lowest point is 197.636 microseconds,
(in our experimental environment, the cycle is 200 µs), which also proves that the actual
receiving slot is 14. That is, the TSND is effective for predicting the arrival slot of the
TT flows.
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Figure 12. The jitter of TT flow with different packet sizes

4.3.2. Test of delay and jitter. As we mentioned in Section 2.2.2, the delay and jitter are
closely related to TSND measurement packet size. From Figure 9, we can get the TSND
value 6, 9, and 12 (slots) measured by the 70-byte, 700-byte, and 1295-byte packet,
respectively. We construct a TT flow with 50 packets by Packet Generator of DTS; the
packet size increases from 70 bytes to 1295 bytes. On the DTS, we send out the flow in
slot 3; on the Switch, we forward the flow in slot 9, slot 12, and slot 15, respectively. As
Figure 12 shows, the X-axis is the size of the packet, and the Y-axis is the delay of each
packet in the TT flow. The point on each line represents a packet. The different line
styles represent a different forwarding slot on the Switch. It can be seen that the delay
over the Switch changes significantly around the point where the packet size is 120 bytes
and 750 bytes. As we discussed in Section 4.3.1, when the size of the transmitted packet
(e.g., 200 bytes) is much larger than the measurement packet (e.g., 70 bytes), the packet
arrival slot is no longer 9, but 10, and the packet needs to wait for slot 9 of next cycle
before it can be sent, which leads to nearly one TAS cycle delay (in our experimental
scenario: 200 microseconds). Unlike the first line and the second line, the third line is
very flat. Since all packet sizes of the TT flow we construct are less than 1295 bytes, the
actual arrival slot of the TT flow will not exceed the arrival slot (slot 15). In this case,
delay jitter would be smooth since all of the packets do not need to wait for an extra
cycle.
It is worth noting that the turning point of delay does not appear at the point where the

X-axis is 70 or 700 (bytes), but at the point where the X-axis is 120 and 750 (bytes). As
discussed in Section 2.2.2, the TSND value may be the same while the size of measurement
packet changes within a small range. Besides, from Figure 9 we can also know that the
TSND change does occur around the 120 and 750 (bytes).

5. Discussion.

5.1. The advantage of TSND scheme. The scheme proposed in this paper has limita-
tions that the node performing the TSND measurement needs to support the TSN mech-
anisms, especially, the precise time synchronization mechanism and the TAS mechanism.
Still, by making good use of the characteristics of the TSN, there are some advantages of
the scheme.
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• The scheme is based on a new networking paradigm: Software-Defined Networking
(SDN) which unloads the computational load of the data plane to the controller and
provides a globally optimized resource configuration.

• Instead of adding extra delay measurement module like [6], the scheme takes ad-
vantage of TAS time-triggered mechanism. The measurement flow can be processed and
transmitted as a normal TT flow, in which case, the processing delay of TSND mea-
surement flow is almost the same as the TT flows, and the delay measurement can be
performed online at any time.

• The sending slot can be pre-configured, and the measurement packet could be sent in
any cycle rather than at a fixed time point so that neither does the measurement packet
have to carry sending timestamp nor do we need to send an extra packet to carry the
sending timestamp, which reduces the difficulty of implementation.

5.2. The application of TSND. Although we do not discuss the TAS scheduling in this
paper, we would like to discuss how to choose the appropriate forwarding slot based on the
TSND. From the experiment 4.3.1, we verified that the TSND is effective for predicting
arrival slot. Nonetheless, we do not suggest forwarding the TT flows in the arrival slot
calculated by the TSND. Since if the packet arrives at the end of the slot, forwarding this
packet will encroach on the next slot, which would affect the TT flow of that slot. Besides,
in Section 4.2.1, we verified that as long as the |ε| is less than slot ℓ, the accuracy of the
TSND measurement can be kept within two slots. That is, in a real network environment
where clock synchronization errors exist, the arrival slot may be two slots (maximum)
earlier or later than the slot calculated by TSND. Therefore, it is recommended to take
the two slots caused by the clock synchronization error into account. For example, if the
receiving slot calculated by the TSND is 10, we should set the forwarding slot to 12. In
other words, we can reduce the jitter caused by the clock synchronization at the expense
of increasing the delay.

Furthermore, in experiment 4.3.2, although the jitter of the third line is minimum, the
delay is the longest before the turning point (120 bytes and 750 bytes). In general, if
the packet size is uniform, we can get both low delay and low jitter at the same time
by allocating slots according to the TSND measured by the average or larger packet.
However, if the size of the packet in the TT flow differs significantly, inevitably, we need
to make a trade-off between low delay and low jitter.

6. Conclusion and Outlook. In this paper, we defined the time-sensitive network delay
and proposed an SDN-based TSND measurement scheme. Instead of developing the
measurement module separately, the scheme is based on the time-triggered mechanism,
which makes good use of the TAS characteristics. Moreover, to apply the TSND in the
real network environment effectively, we derived formulas to describe the impact of the
clock synchronization accuracy and packet size on TSND measurement. Further, we also
discussed how to choose the appropriate forwarding slot based on the TSND and suggested
making a trade-off between low delay and low jitter according to the network environment
and target application.

However, due to the limitation of experimental environments, we just performed the
functional verification of TSND measurement under light load conditions, without intro-
ducing the influence of background flows. With the establishment of a deterministic delay
channel, we will further study how to improve the performance of the TSND in complex
network scenarios.
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