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Abstract—Time-Sensitive Networking (TSN) ensures reliable
traffic delivery in industrial automation, multimedia, and au-
tomotive systems. While effective in wired networks, wireless
TSN (WTSN) faces challenges like delays and interference,
complicating traffic scheduling. This paper presents a data-driven
approach to improve WTSN management by addressing the
residual service time (RST) problem, which increases link latency.
Tested in a Wi-Fi TSN-based environment, the proposed WTSN
digital twin framework preserves TSN traffic guarantees while
significantly reducing RST and hence link latency.

Index Terms—wireless time-sensitive networking, time syn-
chronization, scheduling, openwifi, IEEE802.11.

I. INTRODUCTION

For many emerging technologies, including industrial, ve-
hicular, and professional audio-video systems, a delayed frame
can be as problematic as a dropped one. In these applications,
a reliable and predictable network service is essential. To
achieve this, deterministic networking has been proposed. Due
to its characteristics, network determinism is particularly use-
ful for maintaining guarantees at maximum network capacity.
This helps reduce network oversizing, energy consumption,
and required capacity [1].

Wireless networks, with their inherently lower and variable
capacity compared to wired networks, are strong candidates
for determinism. The shared channel and changing conditions
require continuous adaptation to maintain quality of service,
which can not always be achieved. Introducing determinism
can enable applications demanding mobility and reliable ser-
vice guarantees. Wireless Time-Sensitive Networking (WTSN)
aims to adapt wired TSN standards to wireless networks [2].

As WTSN evolves, the shift from non-TSN to TSN devices
will be gradual, with end devices being the last to adopt
TSN. Non-TSN devices may produce unsynchronized data,
leading to frames misaligned with the TSN schedule, as shown
in Figure 1. This mismatch causes frames to remain in the
transmission queue for varying periods, known as Residual
Service Time (RST), resulting in higher latency and jitter [3].

For time-triggered, periodic, and highly time-sensitive traffic
flows, high latency and jitter are unacceptable, making a
solution necessary. Our proposed approach addresses this issue
by capturing traffic frame arrivals, analyzing their genera-
tion patterns, predicting future arrival times, and using this
information to continuously update the WTSN transmission
schedule.
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Figure 1. Residual Service Time (RST)

II. DESIGN AND IMPLEMENTATION

This work presents a wireless TSN-focused framework
comprising traffic monitoring, a pre-processing and modeling
stage, and a scheduling and configuration procedure.

A. Traffic Monitoring

The proposed control loop framework starts with the traffic
monitoring at the WTSN node. Traffic monitoring has two
components. The first, at the node driver level, filters frames
from the monitored traffic flow and timestamps their arrivals
just before transmission. These timestamps are then pushed to
userspace, collected in batches, and encoded as d = [tyy, —
thprev sty — tarry s - - — tarry,_, ), Where M represents
the total number of captured arrival timestamps. This encoding
reduces size and simplifies the modeling process in the WTSN
Controller.
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B. Pre-processing and Modeling

Once the traffic flow frames timestamps differences d, arrive
at the WTSN Controller, they are first pre-processed in order to
scale them using the minimum and maximum value in d. Then,
assuming the arrival timestamps differences follow a linear
relationship as d =X B, where d represents the predicted
frame arrivals, while [ are the learning coefficients. and X
the design matrix X = [1 2 3 ]VI]T.

To estimate the 3 coefficients, the well-known least squares
estimator is used: § = (X7 X)~1X7Td. Using this, the next
d differences can be predicted, allowing for the estimation of
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C. Schedule Calculation and Setting

Predicted arrival timestamps enable optimal placement of
transmission slots within the cycle. Their offsets are computed
using mod(t,., cycle), and slot positions are chosen based on
percentile values reflecting required service levels (SL). The
scheduler then programs the WTSN node accordingly. If slots
from multiple clients overlap, the scheduler retains the higher-
priority slot and shifts the other to the next available position;
for equal priorities, a first-come, first-served rule applies.

III. DEMO SETUP

The proposed WTSN traffic pattern modeling scheduling
method was tested using our in-house WTSN Evaluation Kit
(EK), built on the openwifi IEEE 802.11/Wi-Fi baseband
chip and FPGA design [4]. As shown in Figure 2, the setup
includes a Xilinx Zedboard with an AD-FMCOMMS4-EBZ
transceiver as the STA and a Xilinx ZC706 board with an
AD-FMCOMMS4-EBZ transceiver as the AP. Both devices
connect via Ethernet to a service switch for control and
configuration.

Two Intel NUC nodes are connected to the service switch,
one managing CNC Centralized Network Controller (CNC)
and Centralized User Configuration (CUC) functions and the
other serving as a monitoring dashboard. The EK also includes
TSN features like Precision Time Protocol-based synchroniza-
tion and a TSN gating system within the wireless nodes [5].

The network control and configuration links use a ZeroMQ
PUB/SUB model with agents in all WTSN nodes’ userspace.
This setup serves three functions: i) transmitting time-sensitive
traffic arrival data to the WTSN controller, ii) applying the
schedule defined by the WTSN scheduler, and iii) measuring
wireless link latency in traffic flows. Furthermore, retransmis-
sions are disabled across all nodes to prevent interference with
latency measurements.
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Figure 2. Hardware Setup

IV. MEASURING PROCEDURE AND RESULTS

The testing traffic flow is generated at the End
Node by an unsynchronized traffic generator using the
time.per f_counter() Python function with a generation cycle
of 8192 us. To evaluate the effectiveness of the proposed

framework, the real-time end-to-end link latency is recorded
and displayed on a dashboard, as shown in Figure 3.

Since the TSN schedule is also set to 8192 us, given the
described RST, the latency fluctuates between 0 and 8192 us
when the controller is inactive. However, when the controller
is active, a 96.7% reduction in end-to-end latency is achieved
at the 90th percentile.
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Figure 3. Dashboard end to end latency real time plotting

V. CONCLUSION

This work demonstrates how a traffic pattern learning
framework based on linear regression can predict the optimal
wireless TSN schedule for non-synchronized traffic flows. The
framework was developed and tested using our openwifi setup,
where a central CUC/CNC unit collects traffic behavior data,
models it, and makes scheduling decisions. Simultaneously,
the wireless end-to-end latency is measured and displayed in
real-time on a dashboard, allowing a clear comparison between
scenarios with and without the mechanism active.
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