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Time-Sensitive IIoT Flows over Wi-Fi: a Network Calculus Approach

Carlos Barroso-Ferndndez, Jorge Martin-Pérez, Constantine Ayimba,
and Antonio de la Oliva Senior member, IEEE

Abstract—Real time control of connected industry devices such
as mobile robots constituting Industrial Internet of Things (IIoT)
has made time-sensitive communications over Wi-Fi increasingly
important. In order to provide support for time-sensitive ser-
vices over Wi-Fi, key features of the IEEE 802.11 standard
such as restricted Target Wake Time (rTWT) and multi-user
Orthogonal Frequency Division Multiple Access (OFDMA) can
be exploited. However, even with rTWT and OFDMA, Time-
Sensitive Networking (TSN) over Wi-Fi is still a challenge given
the unpredictability of wireless channels and the increasing
number of Wi-Fi-enabled devices. In this paper, we present
a comprehensive network calculus-based analysis of the delay
bounds achievable in Wi-Fi networks, leveraging these IEEE
802.11 enhancements alongside synchronized priority queuing via
IEEE 802.1Qbv. We propose PONTE, a novel Fully Polynomial
Time Approximation Scheme (FPTAS) scheduler that guarantees
strict non-violation probabilities (e.g., 99.99%) for inelastic, time-
critical traffic over an 802.11 wireless network. Our extensive
analysis and simulations in an IIoT scenario demonstrate that
PONTE effectively manages dense, mixed traffic flows, achieving
TSN objectives with minimal impact on fairness. Our approach
is two orders of magnitude faster than the state-of-the-art.

Index Terms—Network calculus, stochastic scaling, optimiza-
tion, time-sensitive networks, rTWT, Wi-Fi, Industrial Internet
of Things

I. INTRODUCTION

The use of collaborative robots (cobots), that operate in the
same environment as human workers, has been on the rise
recently given the considerable improvements in efficiency
they bring to the IIoT. The latter is due to the synergy obtained
when routine or repetitive tasks such as pick/place are done
by robots (e.g., robotic arms) and unconventional ones are
left to humans — see Fig. 1. However cobot deployment is
dependent on the operational health and safety standards they
can guarantee owing to the risks of injury to humans [1].
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Fig. 1. Exemplary IIoT scenario with people and robots collaborating. The
Wi-Fi Access Point provides connectivity to the time-sensitive flows of the
camera, forklift and robotic arms (highlighted icons).

Typically, the cobot is designed to cease operation when a
human is close to it [2].

The safety distance depends on the reaction time of the
cobot once a human is detected. The faster the reaction time,
the better the safety of workers on the factory floor and the
shorter the distance allowed meaning that the robot can keep
working uninterrupted for longer in close proximity to humans.
Recent advances in Al-aided computer vision and control
promise to facilitate this tolerance. Such systems require the
use of high capacity compute resources beyond those embed-
ded in the cobot. This creates the need for highly reliable,
low latency networks to enable the transmission of video
streams and sensor data to the compute resources (ideally on
the network edge) and the delivery of control directives back
to the cobots.

Moreover, Flexible Manufacturing Systems require reliable,
real-time communication that allow for timely updates to
connected machines (constituents of the IIoT) to dynamically
change production rates in a synchronized manner [3].

In scenarios with fixed/static robots, this is reliably achieved
using wired Time-Sensitive Networking (TSN) but in those
with mobile cobots performing such tasks as pick and place,
wireless TSN over Wi-Fi (IEEE 802.11) networks is the more
feasible option [4]-[8]. The latter poses unique challenges
given the unpredictability of the Wi-Fi channel and its band-
width constraints. Video streams (non-TSN flows) and periodic
sensor data (TSN flows) from the same cobot need to be
properly scheduled in the uplink to ensure that the correct
control directives (TSN flows) from the control systems are
generated and delivered in the downlink to the cobots in a
timely manner.

Recent Wi-Fi amendments — such as 802.11ax, 802.11be
and 802.11bn — have introduced key enabler features for
TSN. For instance, (¢) rTWT to restrict the channel access
during given time windows; (i7) 802.11ax OFDMA to have
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multiple concurrent transmissions at different frequencies;
and (¢72) 802.1Qbv to control the time at which queues of
different priorities transmit packets. However, the design of
a Wi-Fi scheduler for TSN flows (considering packet loss,
retransmissions, and prioritization) is still an open challenge.

Gaps in the Literature: Recent studies recognize the
complexity of scheduling time-sensitive traffic over Wi-Fi,
as detailed in Sec. II. Existing solutions have utilized TWT
scheduled channel access, 802.11ax OFDMA scheduling, and
prioritization at egress queues to achieve bounded latency.
However, the literature often overlooks the necessary jitter
tolerance and reliability levels (e.g., 99.99% of packets arrive
before the deadline) required for TSN flows. Furthermore, no
existing work fully integrates these three key features—tTWT,
OFDMA scheduling, and prioritization—into a cohesive solu-
tion for TSN over Wi-Fi. To address this gap, we propose
PONTE, a Polynomial-based Network Calculus Solution for
Time-Sensitive traffic over Wi-Fi. PONTE leverages rTWT
scheduled access and 802.11ax OFDMA to prevent contention
and ensure reliability, while also using traffic prioritization and
playout buffers to achieve near-zero jitter.

PONTE: key features. Our work uses stochastic scaling
curves [9] and Network Calculus [10] to determine the reli-
ability (percentage of packets successfully received within a
given delay and jitter bound) achieved by a rTWT session in
the presence of packet loss, as discussed in Sec. V-C. The
obtained reliability bound results in a polynomial whose sign
indicates whether the reliability levels are met, taking into
account packet errors, retransmissions, and the presence of
multiple priority queues within the Stations (STAs). Using
this polynomial, PONTE schedules OFDMA transmissions
of multiple STAs across the available 802.11ax Resource
Units (RUs). Additionally, PONTE achieves near-zero jitter
by employing a playout buffer [11, Chapter 9.2] at the Access
Point (AP).

Challenges. Though rTWT and OFDMA are key enablers
to achieve determinism in Wi-Fi networks, any solution relying
on such features has to jointly tackle the following challenges:
() determine the adequate rTWT session duration and pe-
riod accounting for traffic requirements of each STA; (it)
schedule packet transmissions of concurrent rTWT sessions
accross multiple RUs to avoid contention; (¢:¢) guarantee high
reliability, accounting for packet losses and the impact of
retransmissions in exacerbating delays and (¢v) ensure near-
zero jitter regardless of the unpredictability of the wireless
channel.

Contributions. Our work advances the state of the art by
providing analytical insights into scheduling time-sensitive
traffic in the Wi-Fi Uplink (UL). Our key contributions are
as follows:

(C1) We devise a reliability bound for traffic scheduled with
rTWT using network calculus and stochastic scaling. We
propose a procedure that determines whether Wi-Fi time-
sensitive traffic meets reliability requirements, given: ()
the number of retransmissions; (¢¢) traffic profile; and
(#41) violation requirement.

(C2) We formulate the joint rTWT and OFDMA scheduling
problem for TSN traffic over Wi-Fi, proving its NP-hard

nature by reducing it to a classical optimization problem.

(C3) We propose PONTE, an FPTAS algorithm with
(2 + €)-approximation guarantees and polynomial run-
time. The proposed algorithm specifies: (i) different
rTWT session durations/periods; (i2) OFDMA scheduling
across RUs; and (i¢2) jitter mitigation through playout
buffers.

(C4) We evaluate and validate PONTE in an IIoT scenario with
TSN flows or robots, vehicles and interactive video.

To the best of our knowledge, PONTE is the first algorithm
using stochastic network calculus — in particular stochastic
scaling — to jointly exploit rTWT and OFDMA scheduling for
time-sensitive traffic in Wi-Fi, thus guaranteeing strict traffic
reliabilities.

The rest of the paper is organized as follows: In Sec. II,
we highlight the related work and point out how our solution
advances the state-of-the-art. In Sec. III, we briefly introduce
the key concepts essential to our approach. In Sec. IV we in-
troduce our model. Thereafter in Sec. V, we derive expressions
for arrival and service curves, considering retransmissions due
to packet errors. In Sec. VI, we present the joint rTWT and
OFDMA scheduling problem and provide proof of its NP-
hardness. We provide a detailed description of PONTE in
Sec. VII and subsequently in Sec. VIII, present the results
of its performance. Sec. X provides conclusions and future
research.

II. RELATED WORK

To begin with, we briefly review relevant literature to
contextualize and motivate our work. For readers unfamiliar
with certain background concepts, we refer them to Section III.

Recent standardization work by the IEEE 802.1 TSN task
group resulting in mechanisms such as 802.1AS, 802.1Qbyv,
802.1Qch has motivated the research community to devise
scheduling solutions to meet the requirements of time-sensitive
traffic. Techniques including Cyclic Queuing and Forward-
ing [12] or Gate Control Lists (GCLs) [13], [14] have been
proposed. Heuristics [12], [14] and AI [15] using these stan-
dard enhancements to achieve negligible jitter and bounded
delay also feature in the literature.

To deliver time-sensitive traffic over Wi-Fi, 802.11 features
such as TWT have been proposed to schedule channel access
and mitigate contention. Existing works propose deciding
the TWT listening interval [16], [17] of STAs, slicing [18],
[19] every TWT session among STAs, or using ML for
traffic clasification to schedule periodic TWT sessions [20].
Approaches presented in [17], [19] study TWT scheduling to
meet the per-packet deadlines, but only [19] is designed for
time-sensitive traffic whereas [17] does not consider traffic
classes or priorities. However, none of these works assess
OFDMA scheduling or provide reliability guarantees.

Works tackling the 802.11ax OFDMA scheduling prob-
lem [21]-[24] have as their objective the maximization of the
throughput in the Wi-Fi channel. But the proposed solutions
do not accommodate time-sensitive traffic and also disregard
the traffic reliability. Only recent works as [25], [26] exploit
the idea of using 802.11ax OFDMA to schedule time sensitive
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Fig. 2. Schematic of technologies used in this work. With rTWT (left) the AP schedules periodic sessions for the STA to have restricted channel access.
802.1Qbv (middle) periodically opens gates of TSN and non-TSN queues to control packet exit, giving priority to TSN packets. 802.11ax MU OFDMA (right)

schedules RUs to different STAs to send traffic at the same time.

traffic. In particular, [25] proposes a scheduling algorithm for
haptic control, and [26] just provides guidelines on how to
blend OFDMA with TWT to meet time-sensitive requirements.
Still, none of the existing works provide a solution that blends
OFDMA with rTWT and 802.1Qbv. Moreover, they do not
provide scheduling guarantees on delay or reliability.

To the best of our knowledge, the only works that provide
delay and reliability guarantees are those scheduling URLLC
traffic in 3GPP cellular networks. Concretely, recent works
leverage stochastic network calculus [27] to bound the traffic
delay of URLLC services [28], [29]. The work in [30] extends
this to vehicular networks.

III. BACKGROUND

In this section we present the IEEE 802.1 and 802.11 fea-
tures used by PONTE, our proposed scheduler for IloT TSN
flows over Wi-Fi. We then briefly introduce basic concepts of
network calculus that are essential to our analysis.

A. Technologies

(r)TWT: The IEEE 802.11be standard [31] introduced a
new version of a scheduling system called Target Wake Time
(TWT), known as restricted Target Wake Time (f'TWT). TWT
is a feature that allows Wi-Fi devices (called STAs) to follow a
schedule that tells them when to be active and when to sleep
— see Fig. 2 (left). This feature was originally designed to
save battery life, however, it has also been found useful for
improving Wi-Fi performance in crowded networks. Each STA
in a TWT session follows two key settings:

e Minimum TWT wake duration: the shortest time a
STA stays awake before going back to sleep — see the
colored boxes from Fig. 2; and

e TWT Wake interval: how often the STA wakes up
to communicate — the time between the start of the first
and second blue boxes from Fig. 2.

These settings are decided through a negotiation between the
AP and the STAs.

To further improve TWT, the 802.11be amendment intro-
duces an important feature to protect channel access. Trans-
missions of rTWT-compliant STAs cannot cross the beginning
rTWT wake interval, hence contention is reduced. However:
(¢) STAs still contend for channel access right after the start of
the rTWT wake interval; and (i) longer rTWT wake intervals
do not always result into larger throughput [32].

IEEE 802.1Qbv: IEEE 802.1Qbv, developed by The IEEE
802.1TSN Task Group [33], introduces a scheduling system

that prioritizes network traffic by using gates at the egress
queues, where outgoing data is processed before transmission
— see Fig. 2 (middle). Devices use a GCL, which periodically
opens these gates to allow specific types of traffic to be
sent at scheduled times. In case gates of different queues
are opened concurrently — as in Fig. 2 (middle) — 802.1Qbv
first dispatches the high priority packets of e.g. TSN traffic.
Priorization and scheduled gate openings ensure that high-
priority data is transmitted without delays caused by other
network activity. It was revinitially introduced to be applied
over 802.3 wired networks, but it can be also applied over any
IEEE 802 networks, such as Wi-Fi.

Multi user OFDMA: As noted by [34], OFDMA is a
key technology that improves time-sensitive communication
in Wi-Fi networks. Introduced in Wi-Fi 6 (802.11ax) [35],
MU OFDMA allows multiple STAs to send or receive data at
the same time, making network performance more efficient.
OFDMA divides the channel into smaller sections called RUs
— see how yellow and blue STAs send their packets at the same
time in Fig. 2 (right). The number and size of these RUs can
be adjusted by the AP depending on the available bandwidth
and the number of devices connected.

To manage uplink transmissions, where STAs send data to
the AP, the AP first schedules transmissions by sending a
Trigger Frame. This frame tells each STA which RU to use,
and all scheduled STAs then transmit their data at the same
time within a special MU OFDMA frame — see Fig. 2 (right).
For downlink transmissions, where the AP sends data to STAs,
the process is even trimmer: the AP assigns RUs and sends
the data within a single OFDMA frame — see Fig. 2 (right).
Even though OFDMA improves network efficiency, it still
operates within the conventional Wi-Fi channel access mech-
anism known as Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA). This mechanism ensures that STAs
listen before transmitting to avoid data collisions. However,
the AP can adjust certain parameters to increase its chances
of gaining access to the channel when necessary, further
optimizing performance [36].

Technologies integration. In this work we integrate rTWT,
802.1Qbv and MU OFDMA to schedule uplink TSN traffic.
We exploit the technology integration proposed in [26, Fig. 1]
to schedule TSN uplink transmissions in three steps:

1) the AP schedules periodic rTWT sessions for every STA;

2) each STA uses 802.1Qbv at the wireless interface and

opens TSN and non-TSN queue gates during the whole
rTWT session; and

3) the AP issues OFDMA uplink trigger frames in every
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rTWT session. The trigger frames assign RUs to STAs
transmitting in the rTWT session.

B. Fundamentals of network calculus

Based on [10], we define an arrival curve A(¢) to specify the
cumulative amount of traffic that arrives at a queue by time ¢
and a service curve B(t) to specify the cumulative amount of
traffic served by the Wi-Fi channel by time ¢. Both curves are
wide-sense increasing functions: A(t') < A(t") & ¢ < ¢/,
analogously with B(t).

In this work we assume known IIoT traffic profiles [13],
[37]-[40]. Consequently, we upper bound the arrival curve
A(t) with a strict affine arrival curve [10, 1.2.1] v¢(t) =
C't+b. Similarly, we lower bound the service curve B(t) with a
strict rate-latency curve [10, 1.3.2] 3, 5(¢) = r[t — 6]* (where
[]T is equivalent to max{0,x}). Thus, we have o (t) >
A(t) for all ¢ and S, () < B(t) for all t.

The experienced delay d(t), resulting from the arrival and
service curves, is itself bounded by the horizontal deviation

h(vep, Br.s)

d0) < 100, 5rs) = sup { it (100(6) < Brals + )}
s>0 u>0
(D

as shown in Fig. 3. Using (1), we obtain the maximum delay
of time-sensitive traffic. Notice that delay bound in (1) may
go to co. We refer the reader to Appendix A for a detailed
explanation over this particular case.

IV. SYSTEM MODEL

In this section we describe the considered system that we
model, an IIoT facility with Wi-Fi TSN flows — see Fig. 4.
Then, we mention the working principles of the AP to schedule
uplink traffic. Later, we motivate the election of the chosen
technologies and, lastly, we introduce the notation used in our
system throughout the rest of the paper.

System description. Our system models the uplink traffic
exchanged in an IIoT scenario formed of an AP and STAs —
see Fig. 4. Each IloT device corresponds to an STA exchang-
ing TSN and non-TSN wireless uplink traffic with the AP. The
STAs have dedicated 802.1Qbv queues at the wireless interface
to prioritize TSN traffic over non-TSN traffic. All STAs in the
system are rTWT, 802.1Qbv and 802.11ax compliant.

Working principles. We now explain how the AP works in
the considered system leveraging Fig. 4 illustration. First, the

Freq.
= OFDMA
5 % trigger frame RUI
30 [
[ N 1 .............................
E= | =
®o2| B RU2
= .
Time
[l |
! rTWT wake interval
T wake duzationl

rTWT wake duration rTWT wake duration

VTS:EI?%O/ ?'-X‘mr o—d o-

o=
w2 o d
STA1 - o—
non-TSN Open
queue gate

I ?—é o \’J
STA 2 <

Fig. 4. Example of the considered system: the robot arm and forklift use
Wi-Fi to send uplink data to the AP in scheduled rTWT sessions. Both
devices use IEEE 802.1Qbv to (z) synchronize gate openings at queues with
rTWT; and (47) prioritize TSN traffic against non-TSN. The robotic arm first
TSN transmission is corrupted due to a poor channel in the RU1 band. It is
retransmitted successfully within the wake duration.

AP negotiates and schedules periodic rTWT sessions for the
robotic arm and forklift. Second, the robotic arm and forklift
set the period and opening time of all their 802.1Qbv gates
to match the rTWT session parameters. In Fig. 4 we observe
how the TWT wake duration of each STA matches the
802.1Qbv gate opening time, and the TWT wake interval
matches the 802.1Qbv gate opening periods. Third, the AP
sends OFDMA trigger frames during rTWT sessions to sched-
ule MU transmissions so the robotic arm and forklift transmit
in separate RUs.

The robotic arm dispatches packets of its 802.1Qbv queues
upon MU transmissions. Even though its gates (of TSN and
non-TSN traffic) are both opened, 802.1Qbv prioritizes the
transmission of packets from the TSN queue — see the dark
blue packet 1 in Fig. 4. If there is a transmission error in the
TSN packet — as in Fig. 4 —, the packet is retransmitted in the
next scheduled MU transmission. Hereof, the transmission of
the non-TSN packet (light blue) is delayed by the retransmis-
sion of the TSN packet and is transmitted at the last TTWT
session illustrated in Fig. 4.

Technologies motivation. The motivation behind using
rTWT in the considered scenario is two-fold: () it prevents
that other STAs contend for channel access during a rTWT
session with TSN flows; and (i7) it serves as a mechanism to
align 802.1Qbv gate openings with periodic rTWT sessions.
The motivation behind using OFDMA is to allow concurrent
packet transmissions across RUs and mitigate contention. The
motivation behind using 802.1Qbv is to ensure TSN flows
have priority over non-TSN flows — thus meeting TSN latency
requirements.

Note that solutions using only OFDMA use Enhanced
Distributed Channel Access (EDCA) among different Access
Categories (ACs) — e.g. TSN and non-TSN traffic. Thus, non-
TSN traffic may win the contention and transmit even if there
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TABLE I
NOTATION
Symbol ‘ Description
Qu List of queues of STA w.
Ly, Minimum wake duration of STA w.
Tu Doze time of STA wu.
Oy Time until the first wake period of STA w.
Tu,r Whether STA/user u is assigned to RU r.
Pu,r Profit of assigning STA u to RU 7.
C Rate of the channel.
N Number of maximum retransmissions.
w Maximum timeout for a packet.
p Packet loss probability.
Cyq Arrival rate at queue q.
CéTOt) Total arrival rate at queue g with RTX.
bq Maximum burst at queue q.
b((ZTOt) Maximum total burst at queue g with RTX.
Aq(t) Traffic arrival curve at queue q.
Y, (t) Strict affine arrival curve with rate C' and burst b.
Br,s5(t) Strict rate-latency service curve: rate 7, latency 9.
Dy(t) Traffic departing curve at queue q.
1L« Maximum packet size at queue q.
lmax Maximum packet size.
oz((li)(t) rTWT strict affine arrival curve of queue ¢, < ¢ RTXs.
a((zTOt) () rTWT strict affine arrival curve of queue q.
éi) () rTWT strict service curve of queue g for < ¢ RTXs.
B3 (1) rTWT strict service curve of queue g.
S(m) Packet transmission scaling curve.
S () Packet transmission stochastic scaling curve.
é Violation probability of the stochastic scaling curve.
dq(t) Experienced delay at queue q.
Jq Experienced jitter at queue gq.
h(a((ITOt)7 B;) | Delay bound.
Ay Delay requirement of queue q.
Jyq Jitter requirement of queue q.
1—¢g4 Reliability requirement of queue g.

is queued TSN traffic. That is, with only OFDMA we cannot
guarantee prioritizing TSN flows over non-TSN traffic when a
STA transmits in a RU. Hence, we cannot ensure TSN latency
requirements. Lastly, we also remark existing solutions [17]
based on plain broadcast TWT suffer from packet contention.
Hence, plain TWT solutions cannot guarantee latency nor
reliability requirements.

Notation. We now describe the notation used throughout
the paper, which is summarized in TABLE 1. With v we refer
to an IIoT device/STA with a list of queues @Q,. For queues
are governed by 802.1Qbv, we use ¢’ < ¢ to denote a queue
q € Q. with TSN traffic has priority over another queue with
non-TSN traffic ¢ € Q,,.

We resort to network calculus to model the arriving and
service traffic at each queue g € QQ,, — recall Sec. III-B. We
use A,(t) to denote the arriving traffic at queue ¢ by time ¢.
To bound the arriving traffic we use strict affine arrival curves
~vo,p(t) of rate C' and maximum burst of size b. Concretely, the

rTWT strict affine arrival curve of each queue is a((]TOt) (t) =

Voiron yiron (t), being CS7Y b{"°" the total arrival rate and
burst size entering queue g considering packet retransmissions.
We use ozt(f)(t) to refer to the strict affine arrival curve at a
queue counting packets with < ¢ retransmissions.

With B, (t) we denote the served traffic at queue ¢ by time ¢.
To bound the served traffic we use strict rate-latency service
curves (3, 5(t) with 7,0 the rate and latency of the service
curve. Specifically, the rTWT strict service curve [y (t) at
queue ¢ is a strict rate-latency service curve with rate and
latency parameters specified later on in Corollary 1. Again, we
use ﬂéz) (t) to refer to the rTWT strict service curve offered
to packets at their < ¢ retransmission.

The traffic departing at each queue is referred as D,(t), and
we denote the maximum packet size at each queue as [;**.
Hence, we say [™®* is the maximum packet size among all
queues.

Every queue has different traffic requirements by means of
delay A, jitter J, and reliability 1—¢,. In particular, the delay
dq(t) and jitter j, experienced by each queue must be smaller
than A, and J,, respectively. In this work we leverage the
network calculus horizontal deviation h(a((,TOt), ;) to upper
bound the experienced delay at each queue g. Corollary 3
provides an expression for the delay bound.

The delay experienced by TSN flows depends on the
scheduled periodic rTWT sessions, hereof the 802.1Qbv gate
openings. We use L,, to refer to the Min TWT wake time
and denote with 7T, the doze time of an STA. Consequently,
L, + T, is precisely the TWT wake interval. Addition-
ally, we use J,, to know the first wake instant of an STA with
a scheduled periodic rTWT session.

As shown in Fig. 2 (right), to perform OFDMA transmis-
sions the AP schedules RUs to different STAs with overlapping
rTWT sessions. In the OFDMA trigger frame the AP specifies
which RU to use, hereafter we denote with z,,, = 1 that STA
u is scheduled RU r during the uplink transmission. Similarly,
we denote with p,, ,. > 0 the profit achieved if STA w transmits
at RU r. Given the OFDMA frequency assignment, we denote
with C the data rate offered to an STA.

Lastly, we remark that packet transmissions may not suc-
ceed despite the scheduled channel access in the considered
system. In particular, packet transmission may fail due to
channel impairment, thereby leading to < N retransmissions.
We use p to denote the packet loss probability and W to denote
the time it takes to realize a packet is lost (e.g. ACK timeout),
hence to put a packet back in the queue for retransmission.
To capture the probabilistic nature of transmission errors, in
this work we use the scaling process S(-) to denote that S()
out of 7 packets are successfully transmitted — see Sec. V for
further details. Moreover, we use the stochastic scaling curve
S¢(7) to upper bound the scaling process S(7). That is, to
claim that S¢(7) out of 7 packets are successfully transmitted
with probability 1 — €.

V. RTWT DELAY MODEL WITH NETWORK CALCULUS

This section models the rTWT delay and reliability through
network calculus and stochastic scaling. We first obtain the
1TWT service curves f(;(t) in Sec. V-A. Then, Sec. V-B
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presents the rTWT arrival curves a((JTOt) (t) accounting for

Wi-Fi retransmissions. Finally, Sec. V-C combines the service
and arrival curves to determine the reliability bound of traffic
scheduled with rTWT.

A. rTWT Service Curves

The departure rate of any periodic slotted process (e.g.,
rTWT, Time Division Multiple Access (TDMA) or 802.1Qbv)
can be represented using the following service curve [41]

t t

with C' being the transmission rate, L the length of the
transmission opportunity and 7'+ L the duration of the period.
In (2) the left/right term of the max operator represents the
served traffic when ¢ falls within/outside the transmission
oportunity.

To simplify the operations, we use the lower bound of (2)
which can be expressed as

C-L

t
Br,rs(t) = ToI

with & the first time instant at which traffic is served in a
periodic slotted process with service curve By, r(t).

We use (3) to lower bound the service curve offered by a
rTWT session with wake duration L, transmission rate
C, and a wake interval of length 7"+ L that happens
for the first time at time §. That is, 6 = 17.033 ms means
the first wake interval of the rTWT session occurs at 17.033
ms.

From (3) we know the service rate offered by a rTWT ses-
sion is lower bounded by C'7=. If just one 802.1Qbv queue
opens its gates during the Whole rTWT wake duration,
its service rate is also lower bounded by C775 + +. The latter
holds for it is the gate alignment assumption taken in both
Sec. III-A and Sec. IV. However, if multiple 802.1Qbv queues
with different priorities open their gates during the whole
TWT wake interval, the service rate that rTWT offers
to a 802.1Qbv is not necessarily lower bounded by C'7+ + 7. In
Corollary 1 we derive the service curve that a rTWT session
offers to every 802.1Qbv queue that opens its gate during the
whole wake interval. The result is an extension of [42]
and shows the service rate offered by rTWT to a 802.1Qbv
queue is decremented by the arriving rate of higher priority
traffic from other 802.1Qbv queues.

[t —ol" 3)

Corollary 1 (‘TWT service curve). Consider a STA u that
opens the gates of all 802.10bv queues during the whole
rTWT wake duration. The rTWT session has parameters
Ly, Ty, 0y If each queue q € Q. has a strict affine arrival
curve o, b,» then it has a strict service curve

+
Brt)=|{Ru— Y _ Cylt — |Rubu + lmax +Y_ bg|| @)
q'<q q'<q
with R, C' the Wi-Fi transmission rate and lpax =

- T, +L ’
maxqum{lmw} the max packet size of lower priority queues.
Note that (4) is a strict rate-latency service curve. The left

parenthesis is the rate offered to a STA u, which is impacted
by the rate of queues of higher priority. The right parenthesis
is the delay of the rate-latency curve, that increases based on
the maximum packet size and burst of higher priority queues.

Proof. We mimic the proof of [10, Proposition 1.3.4]. Take
the affine lower bound of queue ¢ as the rate-latency function
(3). Consider s’ the start of the busy period, that is, s’ < s
with s the start of the backlog period. In the interval (s',¢],
queue ¢ departing traffic D,(t) — see Fig. 5 — satisfies:

Dq(t)—Dq(S/) > Bq(t_s Imax— Z Dy ) 4)
a'<q
Notice that for any queue g, by definition, D, (t) —Dy(s") > 0

due to they are wide-sense increasing functions, and D, (s’) =
Aq(s' ), given that at s’ there is no backlog. Then, for the strict
arrival curve for higher priority queues ¢’

<90, b, (t—=5") (6)

Now, we plug the above inequality in (5) to obtain
Dq(t) = Dy(s") = Dy(t) — Ag(s")

> e, =5 D

q'<q

> B, (t—5")

- max

Unraveling 3,(t) and YC,yr by (t) we obtain

Dy(t) = Ay(s)

+
| Ru[(t = 8")=0u)" = lnax — Y _ (Cyr(t — 5') + by)
q'<q
®)
Depending on the difference (¢ —s’), (8) changes. If (t —s') <
du, We have
Dy(t) > Ay(s), Wt —s) <3, ©)
With (t—s') > 6, we have [(t — s')—4,]" = (t—s')—d, and,

ordering the expression in function of (¢t — s’), (8) becomes

Dy(t) > Ag(s) + | [Ru =D Cy | (£ &)
q'<q
n
- (Ruéu +lmax + Y by
q'<q
=Ay(s)+ B3t —5"), V(t—s)>0d, (10)
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Retransmissions
J(Tot)
success
a-,Y%q q q
o W@

Fig. 5. Diagram flow of Sec. IV delay model. Top and bottom queues ¢/, g
have high and low priority, respectively. Each queue has a service curve
By that accounts for aligned 802.1Qbv and rTWT schedules. The departing
traffic Dy traverses a scaling process S(7) that captures transmission errors
(retransmissions) and success. Retransmissions are added to the incoming

traffic at each queue ¢, b, and yields an aggregated arrival curve a,(lTUt).

We now prove whether D, (t) > A, ® 3;(t) holds. First, we
compute the min-plus convolution [10] of A,(t) and 3 (t):

Ay B(t) = inf_ {A,() + Bt — )}
- Mug {Agls)) + 55t~ )}
A inE (A + Byt = o))
- O<Sig£ A =Y Al {A4,())
= ol A B inf (A4()

Y

with A denoting the minimum operator.
Second, we claim the following about D, (t), the departing
traffic

Dy(t) = sup{Aq(s') + By (t — 5')} V sup{Ay(s")}

s'1(t—s")>8, s':(t—s")<by
> inf{A,(s") + B;(t — &)} ANinf{A,(s")}
S/:(tis,)>5u S,Z(tfsl)gtsu
—A®B(H) (12

with V the maximum operator and the first inequality holding
given (9) and (10).

Overall, we can tell that the departing flow at the queue ¢
satisfies Dy (t) > A,® 55 (t), with 37 (t) being the rate-latency
service curve. Hence, network calculus concludes that 37 (t)
is a strict service curve for D,(t). O

Remark: In Sec. III-A, Sec. IV and Corollary 1 we assume
all gates of 802.1Qbv queues open during the whole rTWT
wake duration. If we remove such assumption, the service
rate offered by rTWT to a unique queue within STA « would
be lower bounded by quT 74— Being w, € [0,1] the
fraction of time the gate of the 802 1Qbv queue ¢ is opened
within the rTWT wake duration. Thus, Corollary 1 proof
and the following Corollaries should be revisited accordingly
to consider the impact of higher priority queues. In particular,
the R, term in Corollary 1 proof should be queue dependent
and replaced by Ry, = wqRR,.

B. rTWT Arrival Curves with Wi-Fi Retransmissions

We now present Corollary 2 to derive the affine arrival curve
of an STA using rTWT. To this end, We consider that S(r)

out of 7 packet transmissions fail and lead to retransmissions
— see Fig. 5. Following the approach in [9], [43] we define
the scaling process S(m) = Y ., X;, X; id Bernoulli(p),
where p represents the packet loss probability. The Bernoulli
distribution allows us to reduce the scaling process to an affine
curve. In fact, using [9, Theorem 1] we state that the number
of failed transmissions, S(7), is bounded by the stochastic
scaling curve

S5 ()

=pr+1-¢ (13)

with probability 1 — ¢ and the following holds:

p( sup {S(a) -

() = SFb—a)} < o) >1-¢ (14)
0<a<b
In other words, the number of failed transmissions S(m) is
smaller than S(7) with probability 1 — . We remark from
now on we use S(7) instead of S(7) to derive the proof of
Corollary 2 and subsequent expressions. The rationale is two-
fold: (7) its simplicity; and (z¢) its probabilistic guarantee on
the packet loss bound.

Corollary 2 'TWT aggregated arrival curve). Consider a STA
u that opens the gates of all 802.10bv queues during the whole
rTWT wake duration. The rTWT session has parameters
L,,T,, b, and queue q € Q,, with a strict affine arrival
curve yc, b, lake a Wi-Fi channel with up to N retransmis-
sions, and packet loss bounded by S¢(n) = pr + 1 — &. The
aggregated arrival curve at queue q is the affine curve

O‘gTOt) (t) = Yeren yeron ( (15)

N
t) = Z fijqubq,j‘oc (t)
7=0

with C{gTOt) = Z;-V:Oijq and b,(JTOt)
aggregated rate/burstiness, and

N
= > j—0 bqj 0 the total

j—1
bg,joo =P’ Cy ZTmﬂﬂb +(1-8) > p'+ip’ C W (16)
=1 =0

being the burstiness associated to the ™ retransmission, where
W is the Wi-Fi timeout to issue a retransmission. Additionally,
Tioo = fieet t((%) ! where A; is the matrix A with the i" column
replaced by the vector ¢ = ($1, ..., dn). Matrix A and vector

¢ are defined as:

di ax a3 aN—1 an
az dy a3 aN-1 an

A= |as a3z d3 aN—1 an (17)
aN aN an ay dn

"Here det(A) denotes the determinant of the matrix A.
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WYY —ac, Zp (18)
a <q
a; :—CqZpi (19)
i=5
N
;= Rubu + lmax + 3 05 40,5 pf
q’<q i—j
N-1
+(1-9 Z Zp —l—CWZZp‘ (20)
k=j—11=0

with R, = T T L the transmission rate of the rTWT session,
C the Wi-Fi transmission rate and lyay, = maxgrs ({19, }
the max packet size of lower priority queues. Overall, the
rTWT aggregated arrival curve (15) is an affine curve whose
rate and burst size corresponds to the sum of original packet

transmissions and retransmissions.

Proof. We base our proof on the results presented in [9], which
models the arrival curve at a queue using a wireless channel
with packet losses. As in [9], we denote with aff )( t) the arrival
curve for packets coming from queue ¢ that are retransmitted
j times — hence aqo) = Y0, by Wlth 5q (t) we refer to the
service curve that rTWT offers to i retransmissions at queue
q. Note we use 7, j to refer to retransmission indices.
Having this in mind we first proceed and derive the service
curve for packets that have been retransmitted ¢ times. Then,
we derive the arrival curve ozt(f )(t) of packets that have
been retransmitted j times. Afterwards, we explain how to
compute a,(f ) (t). Lastly, we explain how to compute the total

aggregated arrival curve aéTOt) (t).

Service curve for i™" retransmissions ﬂéi) (t). As in [9],
we assume a packet that is retransmitted for the third time has
priority over: a packet that is transmitted for the first time, or a
packet that is retransmitted for the second and first time. Con-
sequently, the service curve offered for packets retransmitted 4
times is Béi)(t) = [B;(t) — Z;V i+ 04((1 (t)]". In other words,
the service curve offered for i retransmissions is decremented
by the arrival rate of ¢ + 1,4,..., N retransmissions.

Arrival curve for j™ retransmissions a(j )( t). We now
compute in three steps the arrival curve of packets that require
the j™ retransmission at queue ¢ — termed as 04((1] )(t). First,
we recall from [10] that (ago) %) ﬂéo))(t) specifies’ the amount
of original traffic (j = O retransmissions) that traverse the
wireless channel.

Second, we remark that some packets may fail their wireless
transmissions due to channel impairment. To consider lost
packets we leverage the stochastic scaling curve (13), which
bounds the amount of lost packets. Thus, we bound the amount
of original transmlsswns that need to be retransmitted for the
first time with S5((al” @ B)(1).

Third, we account for the fact that the STA having queue ¢
will take W time units to realize a packet transmission failed.

ZMin-plus deconvolution is defined as f @ g(t) = sup,>o{f(t +u) —
g9(u)}- -

To capture that, we use the burst-delay function [10]:

S (1) = {0’

o0,

=W @n
otherwise

Concretely, using S¢((a” ﬂ(o))) © Ow (t) we obtain the
arrival curve of packets coming back to queue ¢ for their j = 1
retransmission. Note the deconvolution with oy (¢) delays by
W time units the entrance of the first retransmissions to the
queue q.

We now generalize how to compute the arrival curve of
packets requiring a j" retransmission. Concretely, we obtain

] N
50 = |50 = el o =90,
- ];1 —
B =180 =Y aP |, al) =5 2 BP) @ ow
- JZQ o4
BD = (Bit) =Y aP |, o =5V @ BY) @ ow
j=3

N) _ px N) _ qé( (N—1 N-1
B =80, oV =8V 0 BNTY) 0w
and substituting the expressions for ﬂqi) (t) we obtain the
general expressions for at(f)(t):

a,go) = C,,bq
all) = §° (agO> oB;oaN 2aP o 0aM* ) @ dw

al? =S¢ (ag” oB;oaP 0P o0 agN>]+) @ dw

o™ = 5% (al¥ D 2 [5; 0 ™)) @ 6w

In the above expressions we should use the rTWT service
curve 37 (t) specified in Corollary 1. Concretely, we should
use Corollary 1 considering traffic arriving at a queue is the
addition of original flows and packet retransmissions — as
shown in Fig. 5. That is, in Corollary 1 statement we must
replace vc,, b, (t) (Tol) () for high priority queues —
hence Cy, by by C(E,TOt), bé?Ot). The expressions for the latter
terms are given at the last step of our proof.

Computing a(j )( t). We now explain how to compute the
arrival curve of packets requlrm% the i retransmission. In
the expressions above we see aq is self-dependant for it
appears in both the left and right- hand side of the equality.
Thus, we have to solve a fixed point iteration problem that —
according to [9] — reduces to solving a system of equations
presented in (22).

Note at queue ¢ the rate of packets that come for a ;"
retransmission is p’C,,. Thus, to compute the arrival rate of
4™ retransmissions agj)(t) = YpiCy,be,. (1) all we need to
know 1is its burst size — termed as 5;7j700 inline with [9]
notation. According to [9, Sec. IV.C.2)], the burst size is (16).
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To compute the T; , terms present in the burst size expression
in (16), we have to solve the following system of equations

7TN,<>o)t = ¢

with the matrix A and vector ¢ defined in [9, Sec. IV.C.2)]
replacing R by R, — Y, -, C5'*" and RT by R0y +lnax+
(Tot) (Tot) (Tot)
> g=qby - Note, Cg b are the rate and burst of the
total aggregated rate, given in the last step of our proof.

The above modifications on A, ¢ are because [9] does
not consider an rTWT service curve but a rate-latency
curve 3(t) = R[t — T]*. Nevertheless, the rTWT ser-

vice curve f3;(t) is also a rate-latency service curve with

rate Ry — 3., C;/TOt) and latency term (R0, + lmax +
Zq/<q bE]Tot)>/(Ru _ qu<q Cé,TOt))~

We solve the system in (22) following the approach in [9,
Sec. IV.C.2)] Specifically, we use the Cramer’s Rule and get
T; 0o = det(Ay)/det(A), with A; being the matrix that
replaces with ¢ the column ¢ of matrix A. As a result, the
expression for 04(] )( t) is precisely the one presented at the end
of [9, Sec. IV.C.2)]. That is, we have o) = VpiCy by g0 (t)
with b, ; o the expression presented in (16).
Computing a((,TOt) (t). To conclude the proof, we recall
agTOt) (t) is the addition of original traffic and packet retrans-
missions at queue q. Concretely, we have

N
) =D VpiCy by ()
j=0

Since the addition of affine arrival curves is [10] an
affine arrival curve whose rate and burst size is the sum of
the additive arrival curves, we have E;V:O Vpi gy oo (t) =
VY, 09 C S, bajoo The latter is precisely the aggregated ar-

rival curve presented in (15), with CéTOt) = Z;.V:O p Cy and
bl(ITOt) — ZN

7=0 bQ»j7OO

A x (Tl,ooa T2,oo> A (22)

N .
alfol (@) =Y " ad(t
7=0

(23)

O

Remark: To compute the aggregated arrival curve a(TOf) (t)

of queue ¢, we first need to compute the arrival curves of
higher priority queues ¢’ < ¢. Note C (,TOt),b((fOt) appear
in (18) and (20), respectively.

Remark II: It is worth mentioning that in order to apply
Corollary 2, it is mandatory to meet the stability condition
claimed in [9, (4)], which in our case translates to:

(Tot) Tot
R, =Y C, " > cfren

q'<q

(24)

In other words, the service rate offered by the rTWT service
curve 3;(t) (left side), should be greater than the total arrival
rate (right side).

C. rTWT Delay/Reliability Bounds with Wi-Fi Retransmis-
sions

Given the rTWT service and arrival curves in Corollaries 1
and 2, we now resort to network calculus to bound the delay
and reliability experienced by STAs using rTWT. In particular,
we compute the delay and reliability bounds considering

packet retransmissions, which are bounded by the stochastic
scaling curve S (7) presented in (13).

To compute the maximum delay experienced by an STA
using ITWT we leverage the horizontal deviation [10] between
the service £ (t) and arrival curve o} °*(t) — as depicted in
Fig. 3. We now present Corollary 3, which provides a bound
of the maximum delay experienced by an STA given its -TTWT

parameters.

Corollary 3 (‘TWT delay bound). Consider a STA u that
opens the gates of all 802.1Qbv queues during the whole
rTWT wake duration. The rTWT session has parame-
ters Ly, Ty,0,; and queue q € Q., with a strict affine
arrival curve ~yc,p,. Take a Wi-Fi channel with up to N
retransmissions, and packet loss bounded by S°(r). The delay
experienced by queue q is upper bounded by h(ozéTOt), B3)
with probability larger than (1 — &)V, being

(Tot) Tot)
b +R5 +Zrnax+zq<q q’

h( (Tot) 6)
Ry~ Y2, OV

(25)

Intuitively, the delay bound (25) is the time it takes to transmit
the maximum burst size (numerator) given the rate offered by
the rTWT session (denominator).

Proof. First, we note that the strict service curve 37 (t) for
queue q is a rate-latency service curve [10] given by Corol-
lary 1. In other words, we express the strict service curve as
Ba(t) = r[t — o]" with

=R,— Y. CJ" 5

q'<q

_ Budu+ lnax + Xy b

(Tot)
Ru - Zq/<q Cq/

(26)

Second, we remark that traffic arriving at queue ¢q is upper
bounded by the affine arrival curve [10] a(TOt) (t) = C’,gTOt)tJr
b(TOt) specified in Corollary 2. Both its terms unroll as

N
ZPJC(O :qu,j,oo
=0

Lastly, we recall [10, 1.4.1], the delay bound considering
an afﬁne arrival curve and a rate-latency strict service curve
ba 4. Hence, substituting (27) in (26), leads to (25).

To conclude, we proceed as described in [9, (5)] to en-
sure (25) is satisfied with probability (1 — )V That is, (25)
holds if the bound for the number of packet errors S¢() is
satisfied in each of the NV retransmissions. [

Tot Tot
piret)

27)

Note that the preceding analysis only considers successfully
transmitted/re-transmitted packets. To obtain the reliability
of rTWT we must compute the percentage of packets that
arrived on time, considering that lost packets do not arrive
on time. In Corollary 4 we specify the confidence that a
packet is successfully transmitted within the delay bound from
Corollary 3.

Corollary 4 (‘TWT reliability bound). Consider an STA
scheduled with rTWT in the conditions stated in Corol-



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

lary 3. Any packet of queue q is successfully transmitted in
h(a((]TOt), B;) seconds with probability larger than

1-pV*Ha-on (28)

The above probability is precisely the chances of having a
successful transmission in N + 1 attempts (left term), and the
probability of satisfying the delay requirement (right term).

Proof. We consider the joint probability of a successful trans-
mission and having a delay d(t) smaller than h(oa,gTOt), B3):

P (Tx success A d(t) < h(alTo) B*))

q 1 7gq

q
> [1-pVt (1 -8 (29

= [1 — P(IN Tx errors)] P (d(t) < h(agTOt)7 5*))

The last equality holds given the stochastic scaling curve
S¢(7) and Corollary 3. O

VI. WI-FI TIME SENSITIVE SCHEDULING PROBLEM

In this section we formulate the problem of scheduling
time-sensitive traffic with rTWT and 802.11ax OFDMA.
For each STA, we determine the adequate 1TWT
parameters: (i) TWT Wake interval, L,; (i)
Minimum TWT wake duration, L, + T, and (i)
first session offset J,. Additionally, for each OFDMA
transmission we must decide which STA w is assigned to
each RU r, which we denote as z,, € {0,1}.

The decisions L,,, T, 0y, T,,» must be made such that the
delay A, jitter J,, and reliability 1 — ¢, constraints are met
for the traffic present in each STA queue, i.e. Vg € @,. Note
€4 refers to the violation tolerance for both the delay and jitter
constraints of traffic in queue gq.

Problem 1 ({'TWT & OFDMA Scheduling). Consider STAs u
with queues Q. Each queue q € Q,, has delay A, jitter J,
and reliability 1 — e, requirements. Decide the RU assignment
Ty, and rTWT setup L., T, 6, to meet traffic requirements,
and maximize the scheduling profit.

Ty 7-%3§u76u Z Z‘TU’T * Pu,r (30)
, rcR u
St-Za’; i<1 Vr e R G1)
8 w,r T+ L, = ,

P(dy(t) S Ag) >1—¢gq, Vtu,qg€eQn (32)
IEJJ(]q S Jq) Z 1- 5qa vuaq € Qu (33)

where j, is the real jitter experienced by queue q and p,, , the
profit of assigning STA u to RU r.

Constraint (31) ensures that the fraction of time of rTWT
sessions does not exceed 100%, while (32) and (33) ensure that
delay and jitter constraints are met with the given reliability
level 1 —¢,.

Note the profit values p, , are defined by the owner of
the Wi-Fi AP device. For example, if STAs u,u’ have time-
senstive and best effort traffic, respectively, setting p, , >

Du’ ., V7 prioritizes time-sensitive traffic over best effort traffic.
In Sec. VIII, we use the following profit function

Puyr = 1+ max {oqnelg?i{cngOt)lgnam}? 79/ qrggi{Aq}}

(34)
to trade-off high throughput traffic (6 > 0) against time-
sensitive traffic (8 < 0). Concretely, if § > 0 the profit is
proportional to the product of the rate and maximum packet
size among all queues. Whereas if § < 0 the profit is
inversely proportional to the tightest delay requirement among
all queues. We remark that Problem 1 is complex and cannot
be solved easily — as detailed in the next proposition.

Proposition 1. Problem 1 is NP-hard.

Proof. To prove that Problem 1 is NP-hard, we show that it
can be an instance of the Generalized Assignment Problem
(GAP) [44, (10.7)], which is NP-hard [45].

Consider a problem instance in which the violation tolerance
is e, = 1, Vq. Hence, delay (32) and jitter (33) constraints are
always met. Assume also that rTWT parameters L., T, d,
are given for a sufficiently large number of STAS uq,...,up;.
Also consider that the AP can only split the bandwidth into
two RUs r, 7’ in OFDMA transmissions. Lastly, assume STAs
rate requirements are much smaller than that provided by each
RU, ie. G, > O v

Clearly, the solution of the instance detailed above consists
in just taking OFDMA decisions x,, ., Vu to set STAs at either
of the RUs, ie. x4 + 247, < 1,Vu. Thus, the described
instance of Problem 1 is an instance of the GAP with: STAs
u as items with weights ﬁ, RUs r, ' as bins with capacity
1; and profits p,, ..

O

VII. PONTE

In this section, we propose PONTE, a solution to Problem 1
that exploits 802.1Qbv, multi user OFDMA transmissions
and rTWT. PONTE stands for POlynomial-based Network
calculus solution for Time senstivE traffic. In the following we
detail step by step how PONTE solves Problem 1, a schematic
of which is depicted in Fig. 6.

Step 1: rTWT/802.1Q0bv period specification. PONTE sets
the TWT Wake interval L, + T, for every STA u, and
fixes the periodicity of 802.1Qbv GCL to match L, + T, —
i.e. PONTE aligns rTWT and 802.1Qbv. Specifically, PONTE
specifies a common period L, + T, = 7 = min,{A,/2},Vu
that is half the strictest delay requirement among all time-
sensitive flows.

Step 2: ensure rTWT reliability. PONTE finds the adequate
stochastic scaling curves S% () to ensure the rTWT reliability
— see Corollary 4 — meets the requirement 1—¢, of every queue
g. Hence, PONTE sets £, of the stochastic scaling curve to
ensure the rTWT reliability (28) is greater than/equal to the
time-sensitive reliability requirement, i.e. it sets
1—-¢,

TN (35)

Step 3: rTWT/802.1Qbv session duration. Third, PONTE
specifies the rTWT Minimum TWT wake duration L,
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Set TWT wake interval Ensure reliability
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Fig. 6. PONTE step by step. (1) PONTE starts by setting the TWT period and
(2) finds a scaling curve to ensure reliability. (3) It then finds the polynomial
root to set an adequate rTWT session duration that meets delay requirements.
Lastly, (4) it asserts the OFDMA scheduling and (5) when necessary, mitigates
jitter with playout buffers.

and sets the same value for 802.1Qbv GCL gate opening
time. In particular, PONTE selects L,,, Vu to meet the delay
requirement A,,.

PONTE takes the stochastic scaling curve S%i(7) of the
previous step; sets the 1% rTWT session offset §,, = T, Vu;
and looks for a session duration L, to satisfy inequality
h(agT‘)t),B;) < A,. From (25) we know h(oz,(zTOt),B:;) is
fully determined except for the rTWT rate for STA w, i.e.
R, = L%fT“u with C, the rate of each RU. Hence, PONTE
looks for the smallest rate R,, to satisfy the delay requirement.
It transforms the delay inequality into a polynomial p(R,, d,,)
whose sign determines whether the delay requirement is met
— see (40) and (41) in Appendix B.

Given 6, = T,, we know p(R,,d,) is a polynomial of
degree N + 1 on R,. From empirical evidence, we observe
that p(R,,T,) is monotonically increasing for any value of
R, < () satisfying the stability constraint (24), i.e. for any
value in the interval

N
I=(Io, 1] = ( Sl 1,3 1 o (36)
0

q'<q i=

Using Rolle’s theorem [46], polynomial p(R,,, T,,) has a single
root R, 0 € I, and PONTE runs Brent’s method [47] to
find it. Finally, it takes the computed root to obtain the
Minimum TWT wake duration:

Ly = RyoT/Ch. (37)

In case the polynomial p(R,,T,,) is not finite, or has same
sign at both extremes of the interval I (e.g. p(lo,T,) < O
and p(I1,T,) < 0), it is not possible to meet the delay
requirement (32). Hence, PONTE sets L, > 7T to prevent
STA u from being scheduled in the next step.

Step 4: 802.11 OFDMA scheduling. PONTE assigns which
RU r is used by each STA u in OFDMA transmissions — i.e.,

PONTE sets z,,,. To decide the OFDMA scheduling z,, ,, it
reduces Problem 1 to the GAP — as specified in the proof of
Proposition 1. That is, PONTE creates a GAP instance with
user-defined profits p,, ,; bins (RUs) of capacity 1; and item
(STAs) weights L, /T — with L, obtained as detailed in (37).

To solve the GAP, PONTE leverages the FPTAS proposed
in [48, Algorithm 2], a dynamic programming approach that
sequentially solves the single knapsack problem [44] using
the FPTAS Lawler algorithm [49]. Concretely, it invokes [48,
Algorithm 2] repeatedly until no item (STA) assignment is
found or all items are assigned. As a result, it specifies the
OFDMA scheduling z,, , of every STA w.

Step S: jitter mitigation. Lastly, PONTE checks whether
the jitter requirement (33) is met. By construction and Corol-
lary 4, PONTE election of L., T}, dy, %y, fully determines
the delay CDF Fy(xz) = P(d(t) < x). Consequently, it
is possible to obtain the average delay [50, (A.9)] and its
standard deviation j, (itter [11]) with the density function
Jaw(x) = %Fd(t)(m). If the computed jitter j, is stricter
than the requirement J,, PONTE passes the received traffic
from queue ¢ to a playout buffer [11, Chapter 9.2] that
dispagches packets at a rate that matches the packet period,
ie. 22 seconds. PONTE meets the jitter requirement (32)

with piobability 1 — g, since the playout buffer guarantees®
a zero delay variance between two packets with probability
1—¢g4.

Thanks to the GAP reduction from Step 4, PONTE provides
the following guarantees.

Proposition 2. Denote € as the granularity of Lawler’s
algorithm, R as the number of RUs, and U the number of
STAs to schedule. PONTE scheduler is an FPTAS algorithm
with (2 + €)-approximation guarantee, and computational
complexity of O(R?U log % + 13—42) worst case run time.

Proof. PONTE complexity is governed by Step 4, in which it
solves the OFDMA scheduling problem as the GAP. As spec-
ified in Step 4, PONTE repeatedly invokes [48, Algorithm 2]
using Lawler [49] algorithm. Just a single invocation of [48,
Algorithm 2] guarantees a (2+ ¢)-approximation; and a worst-
case run time O(RU 1og% + E%) — see [48, Sec. I].

By construction of [48, Algorithm 2], its result ensures that
the last bin (RU) has no more room for any item (STA).
However, there may be room for more items in the other bins
(RUs) e.g. if the dynamic programming approach may have
moved an item from the first to the last bin. Hence, PONTE
issues, at most, R invocations of [48, Algorithm 2] in case
it exhausts the capacities of all bins (RUs). Consequently, the
worst case run time is O(R*U log 1 + }j—f)

Finally, PONTE guarantees reliability, delay and jitter re-
quirements for time-sensitive traffic by construction of Step 2,
3 and 5 respectively. O

VIII. RESULTS

We first validate the delay/reliability bounds (Sec. VIII-A),
then we benchmark PONTE against a state of the art solu-

3Tt is possible to obtain the exact jitter jq using Corollaries 3 and 4.
However, we omit it for brevity given j4 has an order of magnitude of 1018
at the exit of the playout buffer.
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TABLE 11
CONSIDERED IIOT SCENARIO [13], [37]-[40]

traffic | period pkt size delay reliability jiter =~ STAs

Robot 8ms 50B 8ms 99.99% 2ms 5

Vehicle 100 ms 100B 20 ms 99.99% 5Sms 3

Interactive | y;mg  1500B  SOms 9%  1Sms 2
g 3 £q =103
= £ =1074 _e_
‘g 2 gq=107% —&—
[8a} 1 -
>
= 0 N o
8 K— ™
0.01
PER

Delay Error [ms]

S = N W

Delay Error [ms]

PER

Fig. 7. Error of our delay bound h(ozt(]Tot)7 ;) for Robot traffic. We consider
an STA with Robot and Interactive Video flows, different violation tolerance
€q> PERs p and retransmissions: N = 1 (top), N = 2 (middle) and N = 3
(bottom).

tion through an extensive simulation campaign (Sec. VIII-B).
The experiments consider an IIoT scenario with traffic flows
of Robots, Vehicles and Interactive Video [13], [37]-[40].
Table II summarizes the traffic profiles of each traffic flow.

A. Validation of delay & reliability bounds

We consider an 802.11ax Wi-Fi setup with a single STA and
AP. The STA has two queues governed by 802.1Qbv GCL: one
for Robot traffic (high priority) and the other with Interactive
Video traffic (low priority) — see TABLE II.

As considered by [34] and PONTE (Steps 1, 3), we assume
rTWT sessions are aligned with 802.1Qbv GCL. We conduct
OMNET++ Wi-Fi emulations using the INET framework
implementation of 802.1Qbv with different PERs p. To derive
the PERs we use MATLAB simulations of an 802.11ax chan-
nel [51] with 20 MHz bandwidth, a 3/4 coding rate, 64-QAM
MCS, and diferent Bit Error Rates (BERs). The election of
the small bandwidth and coding rate is motivated by the small
bitrate — see Table II — and robustness considerations [52].

In the validation we consider increasing PERs p, retrans-
missions [V, and the following violation tolerances g, =
1073,1074,107° for the Robot traffic — see Table II. Note
that these parameters are given by the scenario at hand,
the quality of wireless link and the type of traffic; they are
not configuration variables in PONTE. We then obtain the
adequate stochastic scaling curve parameter £, — see (35) —
and compute the delay bound A(al" ", Bi).-

Fig. 7 shows the difference of our bound h(agwt), B;) with
respect to the 1 — ¢, delay percentile from 100 OMNET++
emulations (dopp,1-¢,), €ach comprising 80 seconds of Robot
traffic and Interactive Video flow. The error is computed

(tot) * 43
as h(ag ,Bq) — dopp,1—¢,, hence positive errors means our
bounds remain conservative. In the experiments we set the
802.1Qbv GCL - hence the corresponding rTWT parameters
—to L, = 1ms and 7;, = 5ms. Lines with markers stop in
Fig. 7 when the delay violation requirement (32) is not met
for a specific PER.

In Fig. 7 we observe how the bound error increases with
strict violation tolerances e, and number of retransmissions
N. Nevertheless, more retransmissions increase the chance of
a packet reaching the destination, thus of meeting the delay
violation requirement (32) at higher PERs — see the proof of
Corollary 4. In particular, in Fig. 7 (top) we observe that the
delay violation requirement ¢, = 1072 is met with N = 1
retransmission for PERs above the 1%. Whilst with N = 3
retransmissions the delay violation requirement £, = 1073 is
met for PERs above the 10% — see Fig. 7 (bottom).

Fig. 7 also shows that our bound is conservative (positive
error), and remains smaller than 3 ms for a reasonable number
of retransmissions N < 3. In brief, we effectively bound the
maximum delay of Robot traffic with a 99.999% reliability.

B. Numerical results

We now assess PONTE’s performance using a Python-
based packet simulator* that mimics 802.1Qbv, rTWT, and
802.11ax OFDMA transmissions. As with the validation, we
use a 20 MHz bandwidth, 3/4 coding rate, 64-QAM MCS, and
up to N = 2 retransmissions. We consider OFDMA uplink
transmissions and splits the available bandwidth into up to
R =4 RUs.

In the simulations, we consider the industrial scenario
from TABLE II, which specifies the traffic characteristics and
number of STAs of each traffic type. Unless specified, we
run PONTE with granularity e = 0.01 and the profit function
specified in (34), with § = 0.02 to slightly foster bandwidth
demanding flows as Interactive video. The granularity is set
to € = 0.01 for higher granularities took longer without
improving the result. Lastly, as in the validation, simulations
comprise a time lapse of 80 seconds.

Benchmarks. We compare PONTE against TASPER [19],
a solution to schedule time-critical IloT traffic using TWT.
TASPER does not consider multi-user OFDMA nor 802.1Qbv
queues. For the sake of a fair comparison we enhance TASPER
to use multi-user OFDMA transmissions and manage multiple

“https://github.com/MartinPJorge/rtwtruscheduler
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TASPER RO —»—
PONTE RO —»—

TASPER VE —6—
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Fig. 8. Delay violation probability vs. BER for Robot (left), Vehicle (middle) and Inter. Video (right) traffic.
queues of a STA using 802.1Qbv. The enhanced version of TABLE III

TASPER repeats over and over the next steps. In step I
TASPER finds the RU that has been idle for longer. Then,
in step 2 TASPER computes the transmission rate of such RU
and schedules a rTWT session for the STA that dispatches
its oldest buffered packet faster. Lastly, in step 3 TASPER
opens the gates of all 802.1Qbv queues within the STA for
which it scheduled the rTWT session. With these three steps
TASPER benefits from concurrent OFDMA transmissions and
802.1Qbv priority scheduling. Thus, the enhanced version
avoids packet collisions and minimizes the delay of time-
critical traffic. Lastly, it is worth mentioning that the enhanced
version of TASPER implementation also uses a neighborhood
of 11 TWT sessions when looking for buffered packets in
step 2. As in [19], packets buffered for more than 11 TWT
session are discarded. We also compare PONTE against the
optimal solution “OPT”, which is devised through exhaustive
search to solve Problem 1.

BER stress test. Obviously, the ideal channel has 0 BER,
but it is almost impossible in practical scenarios. For that
reason, in Fig. 8 we try out different BERs — representing
channels with different qualities — in the 802.11ax channel
conditions. The objective is to study the impact of the channel
quality on PONTE and TASPER delay violation probability.
Results show that PONTE does not exceed the maximum
violation tolerance sgo = eyi = 1074, ey; = 1072 of each
traffic type — see TABLE II reliabilities. Namely, Fig. 8 shows
how PONTE stops scheduling traffic (line stops) in high BERs
situations to not exceed the tolerable violation probabilities.
Conversely, TASPER schedules traffic despite the high BERs
because it does not take into account the channel conditions.
Moreover, TASPER always exceeds the maximum violation
requirement ey; = 1072 for Interactive Video traffic because
it eagerly schedules traffic with tighter delay bounds (Robot,
Vehicle).

STAs stress test. We now stress PONTE to schedule an
increasing number of STAs. From now on, we use 1x traffic
multiplier to denote that the considered scenario has the
number of STAs specified in TABLE II. Fig. 9 shows the
impact of increasing the traffic multiplier in steps of 0.25x.

In Fig. 9a we observe that higher granularities (smaller €)
achieve a larger normalized objective, matching the optimal
solution. Above 2. 5x traffic multiplier, TASPER achieves a
greater objective for it schedules more STAs than PONTE.
However, TASPER schedules more STAs for it pitfalls into a

SCHEDULED STAS PER PROFIT PARAM 6 AND TRAFFIC MULTIPLIER X

o —-107' —-1072 —-107% 0 1073 1072 10!
nx
3x 26 26 26 26 27 27 28
4x 34 34 34 34 34 35 28
5x 41 41 41 41 42 36 28

20%-25% of VI delay violations — see Fig. Oe.

The key of PONTE is its ability to perform admission
control, traffic whose requirements cannot be met is rejected.
Fig. 9d shows that PONTE decreases the admission of VE
and VI packets for traffic multipliers above 2.5x to pre-
vent violating their time-sensitive requirements. In particular,
PONTE rejects the admission of VE and VI STAs setting
Zve,r = @vir = 0, Vr. Such admission control applied to large
traffic volumes, leads to a drop in the Jain’s Fairness [53] as
depicted in Fig. 9c.

In Fig. 9f we observe that PONTE ensures a near-zero
jitter thanks to the use of the playout buffers. Moreover,
Fig. 9b shows that PONTE runs two orders of magnitude faster
than TASPER even with fine grained settings as € = 0.001.
Moreover, PONTE is invoked only once to set the periodic
rTWT schedules, whereas TASPER is invoked to schedule the
traffic of every single TWT session. Hence, a single execution
of 12sec (a warm-up) is enough for PONTE to schedule a
persistent periodic exchange between STAs and AP.

In Fig. 10 we observe that TASPER schedules more VI and
VE STAs for 3x and 5x traffic multipliers, at the expense
of violating (Fig. 9e) the delay reliability requirement of
VI traffic. Fig. 11 provides more insights into the delay
experienced by each traffic class with a traffic multiplier 1x.
We observe that the delay requirement (32) is always met with
PONTE whereas TASPER violates it for VI traffic.

Profit impact. We recall the definition of the profit is a
network administration decision. All results up to this point
were optimal using a profit function (34) with 6 = 0.02.
However, we remark that PONTE may schedule more STAs by
setting € appropriately. To this end, we carry out a sensibility
analysis of the impact of 6 on large traffic multipliers the
results of which are shown in TABLE III. They suggest that an
adequate setting of # may lead to scheduling significantly more
STAs (14 more STAs for the 5x traffic multiplier). Given the
results, we set the order of magnitude for the absolute value
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Fig. 9. Impact of the traffic multiplier on PONTE and TASPER performance. Fig. 9a and 9b show PONTE performance with different granularities e. Fig. 9¢
to 9f show the impact of TASPER and PONTE (e = 0.01) scheduling decisions on Robot (RO) Vehicle (VE) and Interactive Video (VI) time-sensitive traffic.

of the profit parameter |#| smaller than 103, Such parameter
election guarantees a stable admission regardless the traffic
volume — see Table III.

IX. IMPLEMENTATION LIMITATIONS

To the best of our knowledge, Openwifi [54] is the only
open-source solution to configure the Wi-Fi behaviour in com-
modity software defined radio hardware. At the time of writing
this manuscript the open-source version of Openwifi does
not offer rTWT, MU OFDMA nor 802.1Qbv as open-source
features. Such features are implemented in the openwifi+
subscription’, specifically, the latter implements: (i) UL
OFDMA with one user; (i¢) a configurable OFDMA scheduler;

Shttps://openwifi.tech/subscriptions/openwifi

and (ii7) rITWT & enhanced EDCA. Moreover, there is another
subscription offering a TSN evaluation kit® that implements
(iv) 802.1Qbv scheduling.

We identify the following limitations/challenges to imple-
ment PONTE with openwifi subscriptions:

(L1) openwifi+ supports UL OFDMA for just a single user,
whereas PONTE performs RU assignment for multiple
STAs.

(L2) It is not clear to which extent the OFDMA scheduler is
configurable with openwifi+ subscription, i.e. whether
it is possible to implement a custom algorithm as PONTE
or just to configure policies as e.g. proportional fairness.

Ohttps://openwifi.tech/subscriptions/w- tsn-evaluation-kit
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Fig. 10. Scheduled STAs vs the traffic multiplier for PONTE with granular-
ities € = 0.9,0.001, TASPER and optimal (OPT) solution.
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Fig. 11. Delay CCDF P(d(t) > x) of TASPER and PONTE for Robot (RO),
Vehicle (VE) and Int. Video (VI) traffic with a traffic multiplier 1x.

(L3) openwifi+ does not specify whether it implements MU
OFDMA transmissions within rTWT sessions.

(L4) openwifi+ TSN evaluation kit does not specify to
which extent it is possible to configure the 802.1Qbv
scheduling, concretely if the GCL can be aligned with
the rTWT sessions as PONTE does.

On top of the aforementioned limitations, PONTE per-
formance guarantees hold in IloT environments in which
every STA implements rTWT, 802.1Qbv, and 802.11ax MU
OFDMA. Heterogeneous IlIoT environments with e.g., a STA
that does not implement rTWT would result in potential
collisions within the rTWT sessions scheduled by PONTE for
other STAs thereby resulting in reliability/delay violations.

In summary, the open-source and subscription versions of
openwifi are not yet ready to support PONTE. Additionally,
PONTE is a solution that works in IIoT scenarios with every
STA implementing, at least, -TWT.

X. CONCLUSIONS

This work provides worst case bounds with a degree of
reliability for IEEE 802.11 networks implementing 802.1Qbv,
OFDMA and rTWT, promising enablers for wireless TSN.
Our analysis — carried out within the framework of Network
Calculus — captures the unpredictable nature of wireless net-
works.

Consequently, we present PONTE, a FPTAS algorithm that
leverages our analysis and schedules TSN transmissions in
time and frequency using rTWT sessions and multi user

OFDMA. PONTE also employs playout buffers to satisfy the
tight jitter requirements of TSN traffic. We use OMNET++ to
validate the analytical reliability bounds, and compare PONTE
with a reference solution in a rigorous simulation campaign.
Results show that PONTE is 100x faster and meets the tight
reliability constraints 99%, 99.99% which are significantly
violated by the reference state-of-the-art solution.

In future work we plan to perform a thorough sensibility
analysis of the €, 6 parameters of PONTE to: (7) provide an
optimality-runtime trade-off; and (¢7) understand how to adapt
the profit 6 to upon demand changes. We also plan to extend
PONTE to decide when each 802.1Qbv queue opens its gate
within the rTWT session. Thus, we will also compute the
service curve offered to each queue when not all 802.1Qbv
gate openings are alligned within the rTWT session — as
assumed in Corollary 1.

APPENDIX A
ARRIVAL RATE BOUND

Note the delay bound in (1) goes to oo if the rate of the strict
affine arrival curve ¢ 3 (t) is greater than the service rate, i.e.
if C' > r. To check whether C' > r, we use the expression
of the strict affine arrival curve of a queue with incoming
retransmissions due to packet errors — see Corollary 2. In
particular we get C' = Zilio p'Cy, being p the packet loss
probability; N the maximum number of retransmissions; and
C, the arrival rate of e.g. interactive video at the queue —
which is Cy = £2¢ = 500 pps according to TABLE II. For
each interactive video packet of 50B, in a scenario with no
retransmissions (/N = 0) we have C' < r as long as the service
rate is 7 > 6 Mbps. Hereof, the delay bound in (1) is finite.
In case C' > r = 6, the flow cannot be attended with delay
guarantees and is not accepted by the solution we propose in
Sec. VIIL

APPENDIX B
DELAY POLYNOMIAL

In this appendix we define a polynomial p(R,,d,) whose
sign determines whether the delay constraint (32) is met or
not. The idea is to unroll the inequality h(« TOt), B;) <A

First of all, we check what is the Zév:o by,j,00 term present

in h(agTOt),ﬁ*) — see (29).

N
z(:)bq,jm = det Zp]C' Zdet
o

1—pN+l  1-¢ N1
P e i <N_p(p ))

1—p 1—p p—1 .
fa(N)
NpNFTL — (N +1)pN +1
+ C,Wp
’ (1-p)?
Then, h(a,gTOt), B;) < A, unrolls — using (25) — as
det prc Zdet i)+ fol )+Ru5u+;gg>;{lﬁm}
+ Z b < Ag(Ry — 3 Ty (38)
a'<q 7'=<q
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Finally, we define our polynomial as

P(Ruy0,) = — det(A>{Aq<Ru — Y0y ) = SN

q'<q

N J
" (Tot) j
~Rubu-mas{ii) — S0 0 }+Z PO, det(4)
q’'<q 7=0 i=1
(39
Consequently, we ensure the delay constraint (32) is met if
the following holds
P(Ru,0y) <0, ifdet(4) >0 (40)
p(Ry,0,) >0, ifdet(A) <0 (41)
To speed up the computation of both det(A), >, det(4;)

we provide closed-form expressions for both in in Appen-
dices C and D, respectively.

APPENDIX C
EXPRESSION FOR det(A)

To calculate the determinant of matrix A from Corollary 2
one can rely on the properties of the determinants.

Subtracting the first row to the others will leave the deter-
minant unchanged

dl as as an
az—dy dy—as 0 0
det(A) =|asz — dl a3z — ag d3 —as 0
ay —di any —as dy —an
(42)

Now, it is possible to make zeros in the first row using
multiples of the others. What remains is the determinant of
a triangular matrix, that can be calculated by multiplying the
elements of its diagonal. Hence,

N N
det(A) = [ dy — Z(ai - d)K; H(di —a;)

with the K; term fully determined as follows

N
ai—2 i (aj—ai) K
di—a; ’

2<i< N
ax i1=N

dy—an’

K; =

APPENDIX D
EXPRESSION FOR ) det(A;)

Let {a1,as2,as,...,any—1,an } be the columns of A, where
A is defined in Corollary 2. Then, A; = {ai,...,a;-1,9,
@j41,...,aN—1,an }, for ¢ defined in Corollary 2.

Notice that

det(A;) + det(As) = |¢, aq, ...,an| + |a1, @, ...,an]| =
|p, ag,y...,an| — |, a1, ...,an| = |d, a2 — a1, ...,an]|,
and,
det(Ay) + det(As) + det(As) = |¢, a2 — a1, as, ...,an |+
lay,as, @, ...,an| = |¢, a2 — a1, as, ...,an|—
|p, as,a1,...,an| = |¢,a2 — a1, as,...,an|—
|p, a9 — a1, a1, ...,an| = |¢, a2 — a1,as — aq, ...,an|.

By induction, is easy to prove that
N
Zdet(Aj) = |p,az —ay,a3 — ay,...,ay—1 — ar,ay — a1
Jj=1

which is lower triangular but the first column. Knowing that a
matrix and its transpose has the same determinant, the above
expression is equivalent to (42), but substituting the first row
by ¢. Hence, the expression can be simplified as:

N N
det(A) = | ¢1 — Z(ai —d1) K] H(dz = a;)
=2 i=2

with the K term fully determined as follows

N
¢i_2j=i+1(a1_ai)Kﬁ'
difai ’

2<i< N
i=N

K{ - N

dy—an’
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