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Survey, Design and Evaluation of TGT-HC: A
Time-Aware Shaper MAC for Wireless TSN
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Abstract—Ultra-Reliable Low-Latency Communication
(URLLC) and Time-Sensitive Networking (TSN) are essential
for enhancing 5G and Wi-Fi 6/7 to support real-time industrial au-
tomation. However, our survey shows that existing Medium Access
Control (MAC) schemes still face unresolved latency issues. This
paper introduces the Transmission Gating Time Hyperchannel
(TGT-HC), a novel contention-free Carrier-Sense Multiple Access
(CSMA) scheme driven by a per-flow Time-Aware Shaper (TAS)
scheduler. Our analytical results, simulations, and prototyping
with the Universal Software Radio Peripheral (USRP) demonstrate
that TGT-HC achieves latency performance comparable to a First-
Come-First-Served (FCFS) single server for real-time cyclic traffic,
even under high frame error rates (FERs). Given its promising
performance, we advocate for reconsidering contention-free
CSMA as a viable MAC scheme in next-generation URLLC/TSN.

Index Terms—Ultra-reliable low-latency communication
(URLLC), time-sensitive networking (TSN), medium access
control (MAC), contention-free CSMA, transmission gating time
hyperchannel (TGT-HC), time-aware shaper (TAS), real-time
cyclic traffic, industrial wireless networks.

1. INTRODUCTION

N REAL-TIME industrial control applications, achieving
I ultra-reliable, low-latency wireless communication remains
a significant challenge. Wireless systems like 5G and Wi-Fi,
while promising, often fall short of wired reliability due to higher
latency and susceptibility to interference. To address these is-
sues, substantial research has been directed toward developing
new Time-Sensitive Networking (TSN) [1] and Ultra-Reliable
Low-Latency Communications (URLLC) [2] schemes for exist-
ing Medium Access Control (MAC) protocols [3]. While exist-
ing works focus on Time Division Multiple Access (TDMA) [2],
[4] and polling MAC schemes [1], [5], [6], we diverge by intro-
ducing a novel approach based on contention-free Carrier-Sense
Multiple Access (CSMA).
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As our survey reveals, contention-free CSMA offers shorter
channel access delays than TDMA due to its deterministic access
arbitration using small sensing slots. It also avoids the polling
overhead in polling MAC schemes. Specifically, we focus on
the Hyperchannel [7] scheme, a contention-free CSMA protocol
which assigns sensing slots based on fixed priorities. By enhanc-
ing it with a Time-Aware Shaper (TAS) [8] scheduler to assign
sensing slots based on transmission gating windows (TGWSs), we
achieved analytical, simulation, and prototyping results close to
the First-Come-First-Served (FCFS) single server, even at a 20%
frame error rate (FER).

The main contribution of this paper is the design and evalua-
tion of our Transmission Gating Time Hyperchannel (TGT-HC)
scheme. To our knowledge, no other wireless TSN MAC scheme
comes close to matching the ideal FCFS delay performance as
ours. This was achieved by restricting CSMA participation to
only the nodes with active TGWs at any given moment, and
employing specialized slotting sequences that allow flows in
overlapping TGWs to transmit immediately after one another
without arbitration. Additionally, we include a mini-survey
that identifies key challenges and solutions for integrating the
TAS with TDMA, polling-MAC and contention-based CSMA
schemes. We also compare the delay performances of various
contention-free CSMA protocols in handling cyclic traffic. Fi-
nally, the validation of our results with Universal Software Radio
Pheripheral (USRP) hardware represents perhaps the strongest
contribution of our paper.

The rest of the paper is structured as follows: Section II re-
views the TAS scheduler, presents the mini-survey, and describes
the Hyperchannel scheme that our work enhances. Section III
details the design of TGT-HC. Sections IV and V provide
analytical and simulation results. Section VI presents the USRP-
based prototyping results and compares them with results from
TSN-enabled Wi-Fi 6/7. Finally, Section VII summarizes the
key achievements and outlines future plans for this protocol.
This paper expands upon our earlier work [9] by adding a
mini-survey in Section II, a detailed explanation of the slotting
sequences in Section III, an analytical evaluation for non-zero
FER in Section IV, and the prototyping results alongside their
comparisons against Wi-Fi 6/7 in Section VI.

II. BACKGROUND SURVEY

A. TAS Scheduler & Related Works

In the IEEE TSN suite [3], the TAS scheduler [8] is the
component that ensures low-latency and reliable delivery of
real-time scheduled traffic. It is based on the Time-Triggered
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Fig. 1. TAS scheduler scheme.

Protocol (TTP) [10] where packet arrival times are assumed
known a priori. As a result, TDMA slots on each link in packet’s
route can be scheduled closely together, reducing its delay
through the network. But while the TTP is a channel access
protocol that schedules packet transmissions, the TAS operates
above these protocols by managing gates that control packets
from which queues are chosen for transmission.

To show how this works, consider two queues handling cycli-
cal traffic flows: packets arrive every 30 ms at Queue( and every
40 ms at Queuel (Fig. 1). Accordingly, the TAS opens and closes
gates in sync with the packet arrivals (Fig. 1(a)). Although in this
example the gating durations are half the arrival intervals, in re-
ality they depend on factors like physical transmission durations,
inter-frame gaps, acknowledgments, retries, maximum latency,
and packet lifetime.

The gating sequences are recorded in a Gate Control List
(GCL). Each entry in this list specifies the gating state and
duration for each queue in chronological order. The timespan
covered by this list is until the combined gating sequence of the
queues repeats, which is 120 ms in this case (Fig. 1(b)). This list
is used cyclically to permit or deny packet selection from the
queues for transmission (Fig. 1(c)).

To ensure the accuracy and timeliness of real-time data
streams across the entire network, each routing node must have
its GCL configured such that, as soon as a real-time packet is
completely received from the previous node, the corresponding
gating window opens in the current node to allow the packet to
be immediately transmitted to the next node. By scheduling the
gate openings and closings to align with the traffic flows as they
traverse the nodes, queuing delays are minimized, helping the
packets meet their strict deadlines.

Through various scheduling algorithms such as Fixed-Priority
Scheduling (FPS), Earliest Deadline First (EDF), and Rate
Monotonic Scheduling (RMS), the GCLs can also be configured
to transmit packets with tighter deadlines earlier. For instance,
consider a scenario where Queue(Q’s packets have a deadline
of 10 ms and arrive at the start of the GCL sequence, while
Queuel’s packets have a deadline of 5 ms and arrive at the 1 ms
mark. Assuming the packet transmission durations are longer
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than 1 ms, then based on the EDF algorithm, the first gating
window for the GCL will be configured to open at the 1 ms
mark for Queuel’s packets even though Queue(’s packets arrive
earlier, as Queuel’s packets have a shorter deadline.

To date, the TAS scheduler has been implemented on several
network simulation platforms [11]. Latency analyses have been
conducted comparing it to other schedulers such as TTE [12]
and Asynchronous Traffic Shaper (ATS) [13]. Its performance
in regulating real-time traffic for 5G digital Common Public
Radio Interface (CPRI) signalling [14] has also been evaluated.
Additionally, heuristic methods to generate GCLs with mini-
mal latency and jitter have been proposed [15]. Apart from
heuristics, deep reinforcement learning techniques such as Deep
Q-Learning (DQN) have also been shown to enhance flow
prioritization and scheduling [16], [17], suggesting that similar
approaches can also be applied to GCL configurations.

But the area most relevant to our research is the integration of
TAS with MAC protocols. Specifically, we focused on paramet-
ric optimizations, special modes or enhanced schemes that could
reduce the delays and overprovisioning of the gating windows,
especially over wireless protocols where retransmissions are
frequent. In this context, some relevant work has been conducted
within the 802.11be standardization group: In [18], simula-
tions of the TAS over the 802.11ax Trigger-Based (TB) Multi-
User (MU) protocol showed better latency Cumulative Density
Functions (CDFs) compared to Enhanced Distributed Channel
Access (EDCA). In [19], [20], pausing the EDCA contention
during the gating windows for real-time traffic and limiting its
TXOP window were considered. In [5], reducing the 802.11ax
trigger-based access overhead was identified as a long-term
goal. One approach was to send semi-persistent schedules (SPS)
in announcement frames only when uplink schedule changes
occur, rather than repeatedly sending instantaneous uplink (UL)
allocations on trigger frames before each UL transmission [6].
Outside the 802.11 standardization, a prototype TDMA protocol
with TAS-like scheduling on Software Defined Radios (SDRs)
was presented in [4]. While similar to our work, it is based on
TDMA whereas our design is based on contention-free CSMA.

B. TDMA Issues & Related Works

TDMA is commonly used in various industrial [21], [22] and
experimental [4], [23], [24] wireless systems. In this scheme,
nodes transmit in the timeslots within a repeating time inter-
val known as the superframe. Although not strictly TDMA,
LTE/5G [2] employs a similar slot and superframe scheme.
Consequently it also faces TDMA’s two main issues when
supporting TAS scheduling: The first issue arises when a TAS
gating window starts just after a slot boundary, making the next
available slot to be at least a whole slot away. To avoid this slot
boundary delay, the windows’ intervals and starting offsets can
be restricted to align to integral multiples of the slot [4]. However
this would also restrict the range of flow intervals and starting
offsets that can be supported. Another approach is to shorten
the timeslots by limiting the maximum number of transmission
symbols within and/or reducing the symbol duration, as done
for LTE/SG [25]. But this would require large packets to be split
over multiple slots, adding overheads such as PHY preambles
and MAC headers per segment. Shorter symbol durations also
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weaken multipath resilience, making it less viable for factory
scenarios. To avoid these setbacks, slot timings that match
packet arrival times and transmission durations were proposed
in [26], [27].

The other key issue with TDMA is that control messages are
required to change slot allocations. These control messages not
only introduce messaging delay but can also lead to slots being
unused during idle periods [28] or when slots are reserved for re-
transmission that do not occur. In LTE/5G systems, extra slots for
retransmissions are assigned via on-the-fly grant messages [29].
Initially, the round-trip time (RTT) between retransmission con-
trol messages was reduced by shortening the slot duration [30].
Later, it was more significantly reduced with the mini-slot
scheme [31], which allows uplink and downlink bursts within the
same slot. In [21], allocating slots for retransmissions is avoided
by provisioning them in the initial flow allocation itself. In [22],
multiple retransmissions are scheduled in the same slot over mul-
tiple available radio channels. In both these cases, the extra slots
are wasted if retransmission is not needed. To address this, [32]
suggested pooling SPS allocations for retransmissions among
multiple nodes, while [33] proposed statistical sharing of slots
among nodes without significantly increasing collision rates.

C. Polling MAC Issues & Related Works

The polling MAC scheme is utilized in several Wi-Fi stan-
dards, including the TSN-enabled IEEE 802.11be [1], [34], [35].
In this scheme, a node transmits a data frame only after receiving
a poll frame from a central node. If the node has no data to send,
it sends a null frame. The central node then polls the next node
in turn. In some variants, the polled node can send or resend
multiple data frames per poll, and concludes its turn by keeping
the channel idle for a specified duration. This scheme overcomes
the two main issues of TDMA: With poll frames properly timed
in advance, packets can be transmitted just as the gating windows
begin. Whereas in TDMA, this can only happen if the gating
windows and slots are synchronized. Additionally, the polled
node can terminate the granted airtime, allowing it to release the
channel for idle periods or extend it for retransmissions without
additional control messaging as required in TDMA.

This scheme faces two issues, with the first being the poll
frame overhead. In the TAS context, shortening the poll frame [6]
decreases the airtime needed for its transmission before each
gating window. This reduction allows the windows for con-
secutive flows to be packed more closely together. As the poll
frames are also prone to reception errors, reducing their length is
also crucial, especially when they have to be retransmitted. For
cyclic flows, polling can be significantly reduced: In [36] for
example, the “more data” bit in the 802.11 header allows a node
to transmit its next packet without needing another poll. In [1],
schedules were added to the trigger frame granting the node
to transmit in subsequent cycles. A single poll frame can also
address multiple nodes. For example, in IEEE 802.11ax/be, the
trigger frame assigns separate Orthogonal Frequency Division
Multiple Access (OFDMA) resource units (RUs) to multiple
nodes. Whereas in [37], the poll frame assigns TDMA slots to
multiple nodes. In [38], short OFDMA subcarrier signals were
utilized in place of the poll frame to further reduce overhead.
However, using a multi-node poll frame increases the likelihood

that at least one node receives it erroneously. For example, with
a 5% FER, a 4-node poll frame has an 18% chance of being
discarded by at least one node due to errors, compared to just
5% for a 1-node poll frame. As a result, more nodes will miss
transmitting within their gating windows, negatively impacting
the delay bound reliability. Furthermore, using RUs or TDMA
slots also brings about the TDMA issues described earlier.

The other key issue with this scheme arises when a node with
no data to send is polled. Besides wasting airtime, these ‘idle
polls’ also lead to increased access delays for subsequent nodes
that do have data to send. Several schemes have been proposed
that pause the polling of such nodes if they remain idle for a
number of polling rounds [39]-[41]. However, these approaches
can cause “post-idle” delays of one or more polling rounds if
the node resumes to have data to send before the pause duration
ends. To address this issue, rather than pausing idle polls, some
approaches [42], [43] move them to the end of the round. This
allows nodes that resume having data to send before the end of
the pause duration to transmit their data within the same round,
even if it is later in the round. In the TAS context, an analogous
approach would be to schedule the idle polls during the gaps
between gating windows. Other approaches suggest switching to
random access schemes [44], [45] to reduce this post-idle delay.

Other proposals addressing the idle poll issue include sending
requests for polls, such as through short TDMA slots before
each polling cycle [46] or Code Division Multiple Access
(CDMA) [47]. However, these methods add overhead if not
piggybacked on other data or control frames. Also, these requests
must be sent well in advance of real-time data frames to avoid
aggravating access delays. Thus, these schemes may benefit only
traffic flows with known or predictable idle/busy periods, such
as real-time video streaming [48].

D. Contention-Based CSMA Issues & Related Works

Contention-based CSMA was first proposed in [49]. Its most
popular form is CSMA with Collision Avoidance (CSMA/CA)
which is used in Wi-Fi [35]. In this scheme, nodes transmit
if the channel is idle for a short sensing duration; otherwise,
they defer randomly. This random deferment and the resulting
collisions hinder low-latency operations and have been the focus
of several studies. For instance, in [50], packets are deferred to a
virtual time corresponding to their actual generation times. The
virtual time advances only when the channel is idle, moving
at Rv times the speed of real time, but once it reaches the real
time, it follows the real time exactly. In this way, collisions are
avoided if the actual generation times differ by at least Rv times
the sensing duration. Switching to a contention-free protocol is
also used to prevent collisions, where in [51] contention-based
CSMA switches to contention-free CSMA when collisions oc-
cur, whereas in [52], a node uses the Request-To-Send/Clear-
To-Send (RTS/CTS) protocol to reserve recurring TDMA slots,
which other nodes avoid by maintaining a history of the chan-
nel’s idle/busy periods.

E. Contention-Free CSMA & Hyperchannel

Contention-free CSMA protocols are rare, with only the Hy-
perchannel [7] adopted for commercial use, while others remain
largely unexplored in the literature [53], [54]. These protocols
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slot types)

For each flow admitted to the
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v

Form flow index priority list Pnc with
indices of flows in Fagmit with active
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queued

MacTx_START_REQ
(Pne[j], slotTmEnd)

l—

END

Fig. 3. Flowchart for TGT-HC’s initial transmission CSMA routine.

involve nodes taking turns to sense the channel and transmit
in a conflict-free sequence. For instance, in the Hyperchannel,
after each busy period, the time is divided into idle slots which
are recurringly numbered {0, 1,2,..., N — 1} (see Fig. 2). In
each slot, a node with a matching index senses the channel.
To support multiple flows per node, we can use flow indices
{0,1,2,..., F — 1} instead. The slot assignment order can
then be expressed as a priority list P,. = {0,1,2,..., F — 1},
where Pj.[i] = i. The Hyperchannel access scheme can then be
expressed as an activation function ¢ that takes in P, its length
| Pc|, a flow index f, and the number of idle slots s that have
lapsed since the end of the busy period. The function returns 1
if a packet from flow f can be transmitted, else 0. Specifically,

1 if f = Py.[(s — 1) mod |Pp.]]

@hc(Phca |Phc| 8 3) = {0 otherwise

ey

III. TGT-HC

A. Contention-Free CSMA Routine for Initial Transmission

Fig. 3 illustrates the CSMA routine for TGT-HC’s initial
transmission. The process begins when a slot indication signal
is received (STEP00). If the slot is idle, then the next TGW start
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and end times for all flows admitted on the medium are calculated
(STEPO01). Each node must already have the flows’ start times,
cycle periods, and maximum allowed packet latencies, obtained
from the flow admission scheme [3]. These parameters are stored
in a flow descriptors list Fy, g,,+ as the flow’s first TGW start time
tgwTmBgn(0), cycle interval tgwIntv, and duration tgw Dur.
If a flow had started at ¢t = 0, its current or next TGW start time
at any subsequent time ¢ would be given by

t+tgwlntv — tgwO fs — tgwDur — IJ

tgwTmBgn'(t) = {

tgwintv
x tgwintv + tgwO fs 2)
where tgwO fs is the TGW offset relative to its interval:
tgwO fs = tgwTmBgn(0) mod tgwiIntv 3)

But since the flow actually starts at tgwTmBgn(0), the
TGW’s start time is therefore:

tgwTmBgn(t) = maz(tgwTmBgn'(t), tgwTmBgn(0))
“
Meanwhile, the TGW’s end time is simply:
tgwTmEnd(t) = tgwTmBgn(t) + tgwDur Q)
Once all TGWs are computed,F,, 4.+ 1s sorted by TGW
start/end time based on either FIFO or EDF policy (STEP02).

The priority list Py, is then created by selecting only the indices
of flows with TGWs active at the slot’s end time, i.e.,

tgwTmBgn(slotTmEnd) < slotTmEnd
< tgwTmEnd(slotTmEnd) (6)

Subsequently, a queued packet from flow f is transmitted at
the slot’s end time if f = Pj.[j], where j is the remainder of the
idle slot index divided by the length of P, (STEP03-04):

J = slotIdx mod |Pp| @)

Itis important to note that tgw Dur must be less than tgwIntv
for proper operation, but also longer than the maximum re-
transmissions duration max RetryDur to meet the reliability
guarantee, i.e.,

maxRetryDur < tgwDur < tgwIntv ®)
where max RetryDur is expressed as:
max RetryDur = (1 + max Retry).[dat Dur

+ sif Dur + ackDur + sif Dur] 9)

where datDur and ackDur are the maximum data and ac-
knowledgement frame durations, and sifDur is the dura-
tion between the frames. Flows with maximum latency below
max RetryDur should be rejected if their reliability guarantee
cannot be met. It is also preferable to have tgwDur closer
to max RetryDur rather than tguIntv to reduce the overlaps
between different flows” TGWs. This results in a shorter P, on
average and, therefore, areduced channel access delay. However,
to prevent a previously overlapping flow from robbing the next
flow’s chance to transmit/retransmit sufficiently, the overlap
should be added to tgwDur as shown in Fig. 4.

B. Slot Sequencing and Retransmissions

Six types of slots or interframe spacings are defined in TGT-
HC. The transmission (TX) slot spans the period when the PHY
layer is transmitting a frame, while the reception (RX) slot is
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Flow(j)’'s TGW

< »

L
No overlap: tgwDur(j) = maxRetryDur(j)

< QYEMIBRUK) s

Flow(k)’'s TGW

v

<
<
Overlap with flow(k)’s TGW: tgwDur(k) =
min(maxRetryDur(k) + overlap(j,k), a.tgwintv(k))

Fig. 4. Adjusting TGW duration for overlap between TGWs.

the period when it indicates the channel is busy, regardless of
whether a frame is received. The Short Interframe Space (SIFS)
and Distributed Interframe Space (DIFS) are based on IEEE
802.11’s definitions, except that SIFS is added after each TX/RX
slot, not just between the DATA and ACK frames. DIFS starts
after SIFS rather than a busy period, and is skipped if the previous
TX/RX slot is an ACK frame, identified by its shorter duration
compared to the shortest DATA frame.

After DIFS comes the 'next’ (NXT) slot, during which the
next active flow in the Phc can start transmitting once the current
one finishes. However, this bypass of the CSMA routine for
the initial transmission only occurs if the node owning the next
flow can discern the current flow’s index from one of its DATA
or ACK frames. Following the NXT slot are the IDLE slots,
during which the CSMA routine arbitrates the next flow to be
transmitted.

Fig. 5 shows an example of the slot and interframe spacing
sequence for initial transmission and retransmissions. In TGT-
HC, a node retransmits a SIFS and a DIFS after the previous
attempt if the recipient does not send an ACK. If the ACK is sent
but merely sensed or received corrupted, the node retransmits a
SIFS after receiving the ACK. The DIFS is set to ACK + SIFS so
that, regardless whether the ACK is sent, the next attempt starts
at the same time relative to the previous.

The sequence starts with no active TGWs, so Py, is null, and
the first idle slot has no index. Shortly after, flow5’s TGW starts,
making Py become {5}, and the next slotis indexed as *5’. With
flow5’s packet already queued, the owning node transmits it at
t = 40 ps after the slot is sensed idle. The node then waits for
a SIFS and a DIFS. As no ACK is received, the DIFS elapses,
and the packet is retransmitted at £ = 200 ps. This time, the
ACK is received, confirming packet delivery.

A SIFS later, at t = 360 ps, a NXT slot is entered because
the previous busy period was shorter than the minimum DATA
duration. As Py, is still {5}, the following idle slot is indexed
’5’. After this slot, flow1’s TGW starts, so P, becomes {5, 1},
and thereafter the idle slot indices cycle within {5,1}. At
t = 460 ps, flowl’s packet is transmitted as soon as the next
available idle slot indexed *1° ends. A SIFS later, an ACK is
received, confirming flow 1’s packet delivery. At £ = 620 us,
another NXT slot bypasses the DIFS. At this point, however,
flow3 is next to flow1 in Py, (now {5, 1,3}), so flow3’s packet
is transmitted right after the slot, skipping the CSMA routine.
A SIFS, an ACK and another SIFS later, another NXT slot is
entered. Now, Py, = {1, 3}, and the subsequent idle slot indices
cycle within {1, 3} since flow5’s TGW has ended. Eventually,
flow3 and then flow1’s TGWs also end, reducing P. and the
idle slot indices sequence to {1}, and finally to null.

C. Complexity Consideration

In TGT-HC, the flow sorting step (STEP2 in Section III-A) is
the most time-consuming, with a time complexity of O( flog f),
where f is the number of flows. The other steps are comparisons
and arithmetic operations with less significant time complexity
terms of O(f). This is not much different from TDMA or
polling MAC if they also need to sort flows based on TGWs
to support the TAS operation. In terms of space complexity, all
three schemes would require O( f) to keep track of all the flows’
parameters.

The key difference is however in where and how frequently the
algorithm is invoked: For TGT-HC, every node in the network
invokes the computation at the start of each idle slot. For TDMA
and the polling MAC, only the central controller needs to sort
the flows, likely at the start of the superframe or a new polling
turn, respectively. In this regard, TGT-HC is at a disadvantage if
deployed on resource-constrained wireless devices. To alleviate
this, it may be possible to limit TGT-HC’s sorting step to after
each flow has completed its transmission.

Nonetheless, as TGT-HC is based on contention-free CSMA,
it has significant advantages over the other two schemes with its
shorter access delay and less control overhead. Furthermore,
as we shall show in Sections V-B and VI-C, its latency is
significantly better compared to the TDMA-based RT-WiFi and
the polling-MAC based IEEE 802.11ax.

IV. ANALYTICAL EVALUATION

The single server FCFS and the TGT-HC MAC protocols
are modelled by a basic M/G/1/J/M queue plus a vacation.
The former MAC employs a modified exhaustive service for its
vacation model from the M/G/1 queue, while the latter employs
a modified gated service from the M/G/1 queue. The general
service, G, can model a deterministic service for a busy period
when the FER is zero or a truncated geometric service when it
is greater than zero with transmission retries.

A. Analysis of the TGT-HC MAC Protocol With FER = 0%

The TGT-HC MAC protocol with zero FER is modelled as
the above queue with a slot countdown delay. Its response delay,
T'Response» 1 given by [55]

MZ 1 Q;M-J)Z
1-Qo 0 1-Qo '
where J is the number of packet buffers, M is the number of
stations/population sources, 6 is a station’s traffic arrival rate,
Z is the average service period and Z2 is the second moment
of service period. Denoting A as a station’s traffic generation
period, a station’s arrival rate is given by

TResponse = (10)

b= (11)

M6 is the network’s total arrival rate. The average service period
is the busy period for transmitting a data and ACK frames with
their Short Interframe Spaces (SIFSs). Denoting Dp,, as its
busy period, we have

Z:DBusy:DD+DS+DA+D37 (12)
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Fig. 5. TGT-HC slot and retransmission sequence.

where Dp is the data frame time, D 4 is the ACK frame time
and Dy is the SIFS time. (); is the probability of j data packet(s)
in the network, and 5 = 0,1,2, ..., J. Itis given by

MQ;

L= — j=0,1,2,....,J—1, (13
9= 0= )00 + 302) 2
and
J-1
Qr=1- ZQJ" (14)
j=0
Q; is given by
QM
%:%,j:O,l,?,...,J—l, (15)
Yo @M
Q;VI is the distribution of queue length and it is given by
M-1 m
M _ _1ym—(M—j—1)
QM = ZDm(M_j_1>( 1) y
m=M-j—1
j=0,1,2,...,M—1, (16)
H; Y G )
Dj=—21=00 He i 0,1,2,...M—1, (17
ZM—I ( i, )
m=0 H,,
Hy =1, (18)
Hy= [ 2 (k6)/(1 - Z*(k6)),m > 1, (19)

k=1

where Z*(s = k@) is the Laplace-Stieltjes Transform of each of
the service period distribution function given by

Z*(s = kb) = e *7 = 707,

Futhermore, the average slot countdown prior to sending a data
frame, denoted by Dgj.ccp, is given by a modification for an
M/G/1 queue having a vacation model with gated service as [56]

(20)

Dsiotcp =V (M +2— MO(1 — Pp)Z)

/2(1— M6(1 — Pg)Z2), 21
where
o {Dszot, it M =1, )
[(Mfl)%t}'l]DSlot7 it M > 1,

Dgior 1s a time slot, Pp is the blocking probability of the
M/G/1/J/M queue and is given by

0Z(M —J)Q;

Py = -~ , 23
BT 1-Qo0Z(M - J)Q; =
and q is given by
o DVulDu'r‘
= R (24)

where Dy pyr 18 the vulnerable duration when a tagged data
frame is being sent. It is dependent on the number of data frames
in the queue before it is being sent. Thus, it is as follows.

Dy wipur
[JZ(1=Qo—Q1), IfJY(1—Qo— Q1)< Dy,
B {D if JY (1 = Qo — Q1) > Dim,
(25)
where
J-1
J=YiQ; (26)
=0

The probabilities )y and (); are subtracted from a probability
of one as the system has zero and one packet (tagged packet) in
the queue, causing no vulnerable duration. D,,, is the maximum
period for sending the data and ACK frames. In addition, note
that the term (M — 1)q is due to the average vulnerable duration
for a Binomial distribution Bino(M — 1, ¢). The delay variance
of the slot countdown, denoted by Dy, ,~p. is given by

v 172 72 Y/
Diorcp = (V2 =V7)/2V, (27)
and
W =
D101 it M =1,
|:(A[71)2<D%/12l2Dur>+2(M71)(DVuAlDur)+1 D%,
M2 it M >1.
(28)
D\2/ulDur

. {J2Z2(1 — Qo — Q1)2, lfﬁ(l — Qo — Ql) < Dm,
ok if JZ(1 = Qo — Q1) = D,
(29)
where the average service period’s second moment is given by
72 = D}y (30)
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Fig. 6.  Analytical versus simulation mean delays for TGT-HC and single-

server FCFS at 0% and 20 FER.

and

J-1
2= 5%Q;. (31)
j=0
The modification of the gated vacation model seems reasonable
as shown in the simulation and analytical results in Fig. 6. There-
fore, the total response delay of the TGT-HC MAC protocol,
denoted by D7o1a1Responses 1S given by

DTotalResponse = DResponse + Dg’lotCD + DSlotCD- (32)

The real response delay of the system is measured at the mo-
ment that the data frame is correctly received without waiting for
an ACK frame confirmation. Therefore, the average measured
delay of the TGT-HC MAC protocol with zero FER, denoted by
Drarae, s given by

DTGTHC = DTotalResponse - DACK_to- (33)

where the ACK frame’s timeout period D sc x o 1S given by

Dack to=Ds+ Da. (34)

B. Analysis of Single Server FCFS Queue With FER = 0%

The Single Server FCFS queue with zero FER is modelled
using the same queue with a SIFS slot duration delay. The
response delay can be determined from (10). Now, the average
SIFS slot countdown before transmitting a data frame, denoted
by Dgcp is given by a modification of a vacation model with
an exhaustive service of an M/G/1 queue [56] as

Dscp =U(M — MO(1 — Pg)Z)/2(1 — MO(1 — Pg)Z),

(35)
T 0, if M =1, 36)
= [(MABQH]DS7 WM > 1,
and r is given by
DVulDurQ
= —" 7
r YR (37)

where Dy, pqyro 1S the vulnerable duration when a tagged data
frame is being sent for the FCFS queue. It is dependent on the
number of data frames in the queue before it is being sent. Thus,

itis as follows.i B -
D [JZ(1 = Qo — Q1), if JY(1-Qo — Q1) <A,
VulDur2 = B
A, lfJY(].fQonl)ZA
(38)
The delay variance of the SIFS slot countdown, denoted by
DY p, is given by [56] as

v 772 772 TT
Diep = (U?-U")/20, (39)
where
W =
0, if M=1,
|:(A171)2 <D%/u;izDuTQ>+2(M71)(DV’U/£4DLLT2 )+1:| Dé
M2 , it M >1.
(40)
and
D\2/ulDu1"2

A2, it TZ(1- Qo — Q1) = A.
41
The modification of the exhaustive vacation model is reasonable
as shown in the simulation and analytical results of Fig. 6.
Therefore, the total response delay of the Single Server FCFS
queue, denoted by DrotaResonse,SSFCFS, is given by

A {ﬁz-z(l —Qo—Q1)% ifTZ(1— Qo — Q1) < A,

DTotalResponse,SSFCFS = -DResponse + DgCD + DSCD-
(42)

Therefore, the average measured delay of this queue with zero
FER, denoted by DAverageMeasured,SSFCFSa is given by
DAverageMeasured,SSFCFS = DTotalResponse,SSFCFS

—TAcK _to- (43)

C. Analysis of the TGT-HC MAC Protocol With FER > 0%

Next, the TGT-HC MAC protocol with FER > 0% is modelled
using the same queue plus a slot countdown delay again. The
data frame is re-sent when there is an error in the data frame and
ACK frame. The maximum number of retries is denoted as N .
The effective frame error rate for both the data and ACK frames,
denoted by F'E'Ry, is given by

FER,=1—-(1-FER)(1-FER). (44)
where F'E'R is the frame error rate of the data or ACK frame.
The average service period is given by
Z _ Zz]\;% FERZl (]- _FERl)(iDBusy_ns + DBusy)

S Ne FERi(1—FER;)
where Dpysy ns (=Dpusy + Dnx7) is the busy period when
the data frame is not successfully transmitted and needs to retry

again if its retry limit has not been exceeded. Furthermore, the
second moment of the average service period is given by

7 SN FER(1—FER)(iDBusy ns + Dpusy)®
S Nr FERi(1-FER;)

;» (45)

(46)
The delay is measured after receiving the first data frame cor-
rectly without waiting for the ACK frame timeout. This results
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TABLE I
ANALYTICAL EVALUATION SETTINGS
Parameter Value
IDLE/NXT slot duration, D gyt 20 ps
SIFS duration, Dg 10 ps
DATA frame duration, D p 250 pus
ACK frame duration, D 4 50 us
DIFS duration (ACK+SIFS) 60 us
Busy period, Dpysy 320 us
Busy period (unsuccessful), Dpysy_ns | 320 us

Maximum number of retries, Np 7

Frame error rate, FER {0,20}%
Packet interval, A 10 ms
Maximum latency (tgwDur), Dys 5ms
Number of packet buffers, J M-1

in saving of two types of additional delays. The first type of
delay is due to the saving of the ACK timeout duration and the
second type of delay is due to first receiving the correct data
frame without the correctly received ACK frame. For the first
type of delay, denoted by D1, it is given by

SN FER,(1—FER)(Dack 1)
S Ne FERi(1-FER,)
where F'E Ry is the effective frame error rate of a successfully

received data frame and an unsuccessful ACK frame. F'E'Rs is
given by

Dy =

N CY))

FERy, =1—(1—-FER)FER. (48)

Next, we consider the second type of delay. The additional
ACK timeouts at the ith retry are possible only if both the
data and ACK frames are successful at jth retry, where j =
0,1,2,...,Ng,and7 = 0,1,2,...,7.Inaddition, there are also
associated not successful busy periods that come with the ACK
timeouts. These additional delays at the sth retry is possible only
if both the data and ACK frames are successful at jthretry, where

7=0,1,2,...,Ng,and ¢ = 1,2, ..., 7. Thus, the second type
of delay, denoted by Ds, is given by
Dy

SN S G FER]T(1-FERy)(1- FERy)(Dack t0)

PG ZNR FERI™' (1—-FER,)(1-FERy)

S S FER[™(1-FER:)(1- FER)(Dpusy_ns)

+ N +1
S Nr SN FER]T(1-FER,)(1-FER,)

(49)

Note that the average service period and the Laplace-Stieltjes

transform of the distribution function of the service period cater

for the data frame retries due to errors. The average service

period is given by (45) and the Laplace-Stieltjes transform of
the distribution function of the service period is given by

ZZ_J\Q% FERi(l _ FERl)efk(’(iDBusws+DBu,sy)

Z*(s=kb) = - :
S Ne FERi(1— FERy)

(50)
By approximating the two types of busy periods to be of the same
duration, we can determine the average number of busy periods.
The mean number of busy period can be used to determine the
new vulnerable duration. We will exclude the tagged data frame
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TABLE II
SIMULATION AND PROTOTYPE EVALUATION SETTINGS

Parameter Value
‘Waveform 802.11g (20 MHz)
Modulation/coding QPSKY2 (12 Mbps)
IDLE/NXT slot duration 20 ps
SIFS duration 10 ps
DATA frame duration 250 ps
ACK frame duration 50 us
DIFS duration (ACK+SIFS) 60 us

Maximum retries 7

FER (emulated) {0,20}%
Number of flows {1,4,7,...,30}
Packet length 256 bytes

Packet interval 10 ms

Offset Random within {0, 10} ms
Maximum latency (tgwDur) 5ms

of a node first. Then, there is (M — 1) number of nodes that
can affect the vulnerable duration of the tagged data frame. Let
NBuysy denote the average number of busy periods from the angle
of the tagged data frame. By modelling the average number of
busy periods as the sum of (M — 1) geometric distributions, we
have

Z(]\I 1)(NR+1)(

M D FER, M D (1—FER,)M1

NBusy Z(M 1)(Nr+1) (
C1))

The new vulnerable duration and its second moment are given
by equations (52)—(53), respectively shown at the bottom of the
next page.

The second moment of the number of busy periods is given
by

ZEJ\/[l 1)(NR+1)( i—1 )FERif(J\lfl)(I_FERI)M,%.Q
SOV (1

2
NBusy

(54)

The response time is given by (10), the average slot countdown
before transmitting a data frame is given by (21), its variance
is given by (27) and their sum is given by (32). Finally, the
measured delay of the TGT-HC MAC protocol with FER >
0%, denoted by Drgrrc, is given by

DTGTHC = DTotalResponse - Dl - D2- (55)

D. Analysis of Single Server FCFS Queue With FER > 0%

Finally, we model the Single Server FCFS queue with
FER > 0% as an M/G/1/J/M queue plus an additional delay
due to the first slot time duration. The analysis is the same as
that for the TGT-HC MAC protocol with FER > 0%, except
that the delays due to the slot countdown is a SIFS slot time
duration if the node is transmitting as in the analysis for the
Single Server FCFS Queue with FFER = 0%. Furthermore, the
delay due to retries of unsuccessful packets up to its maximum
retry limit also applies here. Therefore, (35) to (42) and (44) to
(50) also apply here.

The new vulnerable duration and its second moment are given
by equations (56)—(57), respectively, at the bottom of the next

page.

VDFER, M D(1—FER)M-1

VYFER, M V(1—FER)M-1
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Therefore, the average measured delay of the Single Server
FCFS queue with FER > 0%, DAverageMeasured,SSFCFSs is
given by

DAverageMeasured,SSFCFS = DTotalResponse,SSFCFS
— D, — Ds. (58)

E. Numerical Results

Table I shows the parameters used in the simulation and
analytical results. The simulation results were obtained from
the OMNeT simulation described in the next section, while the
analytical results are obtained from the preceding sections. Fig. 6
shows the average delays of the simulation and analytical results
of the single server FCFS queue and the TGT-HC MAC protocol
with FER=0% and F'E'R=20%, respectively. The numerical
results show that they match well over most ranges of the number
of nodes. The numerical results show that very low latency can
be achieved using the TGT-HC MAC protocol that approaches
the single server first come first serve queue.

V. SIMULATIVE EVALUATION

A. Simulation Platform, Implementation and Test Setup

We pitted TGT-HC on OMNET INET4 [57] against several
protocols: Hyperchannel [7], Assigned Slot Listen Before Talk
(ASLBT) [53], Mini-Slotted Access Protocol (MSAP) [54],
CSMA with transmission guiding tracks (CSMA-TGT) [58],
Real-Time Wi-Fi (RT-WiFi) [23], IEEE 802.11 Distributed Co-
ordination Function (DCF) [35] and the FCFS. While DCF is
inbuilt with INET4, we implemented the other protocols by
replacing DCF’s Contention class with codes we wrote based
on the references. For RT-WiFi, we used the out-of-slot retry
mode since the number of maximum retries for the in-slot mode
was not specified. For the FCFS scheme, a global list was used
to track the current and next flows to be transmitted, based on
packet generation times. This allows the node with the next flow
to start transmitting it immediately after the current one finishes,
without any channel access arbitration. However, SIFS timings
were observed to account for PHY transmit/receive turnaround
times.

In the simulation, up to 30 wireless nodes were randomly
placed in a 300 x 300 m area, with an access point (AP) located
at one edge. Each node transmitted a flow of 256-byte packets
every 10 ms to an industrial controller connected to the AP via
1Gbps Ethernet. Received DATA/ACK frames were randomly

corrupted based on a FER parameter. Transmit powers were set
high enough (30 mW) to ensure no errors occurred at FER =
0% . Table II provides the settings used.

The simulation parameters were varied within 1,4,7...30
nodes and 0, 20% FER. For each setting, 30 trials were conducted
using different random generator seeds for node placement and
flow start times. Each trial continued until 100,000 packets were
transmitted, collecting end-to-end delays, retry counts, packet
losses and queue length statistics.

B. Simulation Results

Fig. 7 charts the 99.7th percentile end-to-end packet delay
results from the simulations. It shows that TGT-HC’s perfor-
mance is closest to the FCFES scheme’s, even matching it at 0%
FER. A closer look reveals that, at 0% FER, TGT-HC’s delay
of 2.7 ms for 25 nodes outperforms its closest rival, MSAP,
which has a delay of 4.6 ms. At 20% FER, TGT-HC’s delay also
remains significantly lower than MSAP’s: 5.5 ms versus 7.6 ms.
In terms of the number of supported flows, both TGT-HC and
MSAP support 29 flows at 0% FER, surpassing conventional
Wi-Fi (18) and RT-WiFi (22). At 20% FER, TGT-HC’s supports
16 flows, just one fewer than MSAP (17), but still far exceeding
RT-WiFi (7). For perspective, note that Wi-Fi could not support
any flows at all at this high FER.

VI. PROTOTYPE EVALUATION

A. Prototype Platform, Implementation and Test Setup

For hardware prototyping, we used National Instruments’
(NI) Labview Next Generation (NXG) and its IEEE 802.11a/ac
library [59], the Xilinx Integrated Software Environment
(ISE) Design Suite [60], and three NI USRP-2974 SDR
transceivers [61]. Our custom code consists of a Labview user
interface (UI) on the host PC, and VHDL code for the TGT-HC
MAC. This MAC interacts with NI's 802.11a/ac PHY/SDR and
Host-FPGA libraries on the USRP (Fig. 8). Within the TGT-
HC MAC are a clock drift and time synchronization module
(Tm), transmit/receive modules (Tx/Rx) for packet queuing and
selection, frame header and cyclic redundancy check (CRC)
processing, and a control module (Ctl) which implements the
TGT-HC algorithm.

To avoid external interference, the USRP antenna ports were
interconnected using RF cables, splitters, combiners and atten-
uators (Fig. 9). Initially, a noise generator was used to emulate

DV D _ {NBusyDBuSy_ns(lQOQl)a ifNBusyDBusy_ns(l7Q07Q1) < Dm; (52)
uer Dm7 ifNBusyDBusy_ns (1 - QO - Ql) > Dm-
D2 _ NBgusyDéusy_ns(]'iQoin)zﬂ ifNBuSyDBUSy_TLS(lfQO*Ql)<Dm7 (53)
VulDur D72na ifNBusyDBusyfns(l_QO_Ql) ZDm
D - NBusyDBusy_ns(l—QO_Ql)a ifNBusyDBusy_ns(l_QO_Ql) <A, (56)
Vulburz = A7 ifNBusyDBusyﬂs(l _QO _Ql) Z A.
D2 _ NBgusyDéusyﬂs(l _QO _Q1)27 ifNBusyDBusy_ns(l —QO —Ql) < A, (57)
VulDurz A27 ifNBusyDBusy_ns (]- _QO - Ql) Z A.
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Fig. 7. 99.7th Percentile Packet Delays versus number of nodes for TGT-HC and other protocols at 0% (left) and 20% FER (right).
HOST/CPU NI Labview NXG [ or ] TABLE III
[ v“:” T o] | OPTIMAL PROTOTYPE EVALUATION SETTINGS
USRP/FPGA
NI Host-FPGA FIFO/Register Interface I Parameter Value
MAC Cfg/Ctrl/Stats Interface § PHY/SOR Cfg Interface § Waveform 802.11a (20 MHz)
A JE— o Modulation/coding QPSKY2 (12 Mbps)
— Framework IDLE/NXT slot duration 9 us
Tm el T
uewmac || Fmsyn || HdrAdd MACPHY i SIFS duration 9 us
el = CrcAdd e, DATA frame duration 87.65 us
Rx ACK frame duration 47.65 us
Flolst 5‘:‘;:::” DIFS duration (ACK+SIFS) 56.65 us
CrcDel Maximum retries 11
FER (emulated) {0,20}%
Fig. 8. TGT-HC hardware prototyping architecture. Number of flows {10, 20, 30}
Packet length 32 bytes
Packet interval 10ms
Offset Random within {0, 10} ms
Maximum latency (tgwDur) 5 ms
USRPs to alternately transmit up to 30 flows, based on the
starting times of the flows’ current or next TGWs, while the third
USRP received and recorded the packet statistics. Although this
setup differs from the simulation setup which involved up to 30
nodes each transmitting a flow, we found that in simulation, this
3-node setup yielded identical latency results to those from the
) ) single flow per node setup (Fig. 7). Additionally, our debug logs
Fig. 9. Prototype evaluation setup.

frame errors, but the resulting FER values were difficult to
control and varied too much across the nodes to match the
settings used in the simulation. Therefore, we fell back to using
the method adopted in the simulation where codes were added to
randomly fail CRC checks at each node based on a FER setting
on the Ul Transmit powers were set high enough to eliminate
frame errors at FER = 0% . We note that this method may not
fully replicate the actual high FER scenario which may also
include frame detection errors. However, we found that even
at roughly 40% FER induced by an additive white gaussian
noise (AWGN) noise generator, the USRP’s frame detection rate
remained exceptionally high at 99.99% , with almost all frame
drops due to CRC failures.

Due to budget constraints, we only had three USRPs available.
As the test setup for the prototype, we assigned two of the

recorded the same slot sequences for both setups, confirming the
accuracy of this 3-node setup in approximating the single flow
per node setup.

As in the simulation, we varied the number of flows and FER
settings, conducting 30 trials per setting with different random
generator seeds for the flow start times. However, statistics were
only collected for 33,334 packets per trial as the Labview Ul
became sluggish with larger data sets.

B. Prototype Lab Evaluation Results

We first validated the prototype against the simulation using
the same test settings (Table IT). Under these same conditions, the
prototype achieved 99.7th percentile delays that closely matched
those of the simulation (Fig. 7). We then tested with smaller
packet sizes more typical of control applications, and reduced
the interframe and slot durations (Table III). Fig. 10 shows the
logCDF results obtained from the prototype and the simulated
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Fig. 10.  Packet latency 1ogCDFs for the TGT-HC prototype versus the FCFS simulation for 10, 20 and 30 flows of 32-byte packets at 10 ms interval, for 0%

(left) and 20% FER (right).

TABLE IV
TGT-HC PROTOTYPE LATENCIES VERSUS IEEE 802.11AC/AX’S (20 MHZ BANDWIDTH)

Comparison | Subchannels| MCS | Channel Condition | Flows | Packet Size | Interval | Gurantee | Latency | Loss Rate
802.11ac (experiment) [19] ] | _Adaptive | Office overnight 10m NLOS | |~ |  100B__ | 1 99.0% [ 3.0ms | 0.015%
TGTHC (prototype) | ' | QPSKI2 | 10% FER et 258 |0 ogg L 990 1 <0.0003%
802.11ac (theory) [18] | 64QAM Ideal 5 2568 Single | Unspecified | 1.0ms | Unspecified
TGT-HC (prototype) QPSK1/2 0% FER 10ms 99.7% 0.7ms 0%
802.11ax (theory) [18] 9 64QAM Ideal 10 2568 Single | Unspecified | 0.8ms | Unspecified
TGT-HC (prototype) | 1 | QPSKI1/2 | 0% FER | | | 10ms | 99.7% | 09ms | 0%
802.11ax (simulation) [20] 9 Unspecified TGn model E, 50m 9 100B Single 99.999% 1.0ms | Unspecified
TGT-HC (prototype) 1 QPSK1/2 10% FER 30 32B 10ms 99.999% 1.2ms | <0.0003%

FCFS scheme based on these optimized settings. With 30 flows
at 0% FER, the prototype’s 99.999th percentile packet latency
at 0.93 ms was somewhat higher than the FCES’s 0.74 ms. At
20% FER however, the figure rose to 5.0 ms, a full millisecond
higher than the FCFS’s 4.0 ms. With 10 flows, the results were
much closer, with the prototype recording 0.34 ms and 1.9 ms at
0% and 20% FER respectively, compared to the FCFS’s 0.30 ms
and 1.8 ms. Packet loss rates for the prototype and FCFS were
similar in all cases, recording 0% at 0% FER and approximately
0.0003% at 20% FER.

C. Comparison With TSN-Enabled 802.11ac/ax

For the same PHY bandwidth (20 MHz), our prototype out-
performed or was at least comparable to the TSN-enabled Wi-Fi
6/7 in terms of latency [18], [19], [20] (Table IV). This is
notable considering our prototype did not support simultane-
ous transmissions in multiple subchannels, and was only using
Quadrature Phase Shift Keying with half coding rate (QPSK1/2)
modulation and coding scheme (MCS). For instance, in [19], an
actual IEEE 802.11ac station (STA) was set up to alternately
transmit and receive a 100-byte packet every 10 ms to/from
an AP 10 m away, without MCS limit, in a non-line-of-sight
(NLOS) office environment overnight. Compared to this setup,
TGT-HC at 10% FER achieved better latency (0.9 ms versus
3.0 ms) even with larger packets (256-byte) and lower MCS
(QPSK1/2). For the same latency guarantee, it supported signif-
icantly more flows (16 versus 1).

In [18], the average latencies for IEEE 80211ac/ax STAs
each transmitting a single 256-byte packet to an AP using
64-Quadrature Amplitude Modulation (64QAM) MCS under
ideal channel conditions were derived theoretically. Compared
to the five IEEE 802.11ac STAs setup, TGT-HC’s latency for
the same number of nodes was somewhat better (0.7 ms versus
1.0 ms) despite using a much lower MCS (QPSK1/2). When
compared to the ten 802.11ax STAs setup which used nine
subchannels for simultaneous transmissions, TGT-HC’s latency
for ten nodes was only slightly worse (0.9 ms versus 0.8 ms)
despite using the much lower MCS and not utilising multiple
subchannels simultaneously.

Finally, in [20], simulation results were obtained for IEEE
802.11ax STAs, each transmitting a 100-byte packet to an AP
within a 50 m range using at least nine subchannels in a TGn
E channel model. For similar throughput (30x32 versus 9x100
bytes/ cycle) with the same latency guarantee (99.999% ), TGT-
HC’s latency was only slightly higher (1.2 ms versus 1.0 ms) at
10% FER despite not using multiple subchannels.

VII. CONCLUSION

In this paper, we presented a new TAS scheduler-driven
contention-free CSMA scheme. Our analytical, simulation and
prototype evaluations reveal its latency to be very close to that
of the FCFS scheme, even at high FERs. Comparisons with
TSN-enabled IEEE 802.11ac/ax also show promising despite
its current limitations. Moving forward, we hope to have the
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opportunity to upgrade it to support multiple subchannels, and
integrate it into future TSN-enabled Wi-Fi and/or 5G/6G proto-
cols, as well as validate its utility in actual deployments.
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