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Abstract—Ultra-Reliable Low-Latency Communication5
(URLLC) and Time-Sensitive Networking (TSN) are essential6
for enhancing 5G and Wi-Fi 6/7 to support real-time industrial au-7
tomation. However, our survey shows that existing Medium Access8
Control (MAC) schemes still face unresolved latency issues. This9
paper introduces the Transmission Gating Time Hyperchannel10
(TGT-HC), a novel contention-free Carrier-Sense Multiple Access11
(CSMA) scheme driven by a per-flow Time-Aware Shaper (TAS)12
scheduler. Our analytical results, simulations, and prototyping13
with the Universal Software Radio Peripheral (USRP) demonstrate14
that TGT-HC achieves latency performance comparable to a First-15
Come-First-Served (FCFS) single server for real-time cyclic traffic,16
even under high frame error rates (FERs). Given its promising17
performance, we advocate for reconsidering contention-free18
CSMA as a viable MAC scheme in next-generation URLLC/TSN.19

Index Terms—Ultra-reliable low-latency communication20
(URLLC), time-sensitive networking (TSN), medium access21
control (MAC), contention-free CSMA, transmission gating time22
hyperchannel (TGT-HC), time-aware shaper (TAS), real-time23
cyclic traffic, industrial wireless networks.24

I. INTRODUCTION25

IN REAL-TIME industrial control applications, achieving26

ultra-reliable, low-latency wireless communication remains27

a significant challenge. Wireless systems like 5G and Wi-Fi,28

while promising, often fall short of wired reliability due to higher29

latency and susceptibility to interference. To address these is-30

sues, substantial research has been directed toward developing31

new Time-Sensitive Networking (TSN) [1] and Ultra-Reliable32

Low-Latency Communications (URLLC) [2] schemes for exist-33

ing Medium Access Control (MAC) protocols [3]. While exist-34

ing works focus on Time Division Multiple Access (TDMA) [2],35

[4] and polling MAC schemes [1], [5], [6], we diverge by intro-36

ducing a novel approach based on contention-free Carrier-Sense37

Multiple Access (CSMA).38
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As our survey reveals, contention-free CSMA offers shorter 39

channel access delays than TDMA due to its deterministic access 40

arbitration using small sensing slots. It also avoids the polling 41

overhead in polling MAC schemes. Specifically, we focus on 42

the Hyperchannel [7] scheme, a contention-free CSMA protocol 43

which assigns sensing slots based on fixed priorities. By enhanc- 44

ing it with a Time-Aware Shaper (TAS) [8] scheduler to assign 45

sensing slots based on transmission gating windows (TGWs), we 46

achieved analytical, simulation, and prototyping results close to 47

the First-Come-First-Served (FCFS) single server, even at a 20% 48

frame error rate (FER). 49

The main contribution of this paper is the design and evalua- 50

tion of our Transmission Gating Time Hyperchannel (TGT-HC) 51

scheme. To our knowledge, no other wireless TSN MAC scheme 52

comes close to matching the ideal FCFS delay performance as 53

ours. This was achieved by restricting CSMA participation to 54

only the nodes with active TGWs at any given moment, and 55

employing specialized slotting sequences that allow flows in 56

overlapping TGWs to transmit immediately after one another 57

without arbitration. Additionally, we include a mini-survey 58

that identifies key challenges and solutions for integrating the 59

TAS with TDMA, polling-MAC and contention-based CSMA 60

schemes. We also compare the delay performances of various 61

contention-free CSMA protocols in handling cyclic traffic. Fi- 62

nally, the validation of our results with Universal Software Radio 63

Pheripheral (USRP) hardware represents perhaps the strongest 64

contribution of our paper. 65

The rest of the paper is structured as follows: Section II re- 66

views the TAS scheduler, presents the mini-survey, and describes 67

the Hyperchannel scheme that our work enhances. Section III 68

details the design of TGT-HC. Sections IV and V provide 69

analytical and simulation results. Section VI presents the USRP- 70

based prototyping results and compares them with results from 71

TSN-enabled Wi-Fi 6/7. Finally, Section VII summarizes the 72

key achievements and outlines future plans for this protocol. 73

This paper expands upon our earlier work [9] by adding a 74

mini-survey in Section II, a detailed explanation of the slotting 75

sequences in Section III, an analytical evaluation for non-zero 76

FER in Section IV, and the prototyping results alongside their 77

comparisons against Wi-Fi 6/7 in Section VI. 78

II. BACKGROUND SURVEY 79

A. TAS Scheduler & Related Works 80

In the IEEE TSN suite [3], the TAS scheduler [8] is the 81

component that ensures low-latency and reliable delivery of 82

real-time scheduled traffic. It is based on the Time-Triggered 83
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Fig. 1. TAS scheduler scheme.

Protocol (TTP) [10] where packet arrival times are assumed84

known a priori. As a result, TDMA slots on each link in packet’s85

route can be scheduled closely together, reducing its delay86

through the network. But while the TTP is a channel access87

protocol that schedules packet transmissions, the TAS operates88

above these protocols by managing gates that control packets89

from which queues are chosen for transmission.90

To show how this works, consider two queues handling cycli-91

cal traffic flows: packets arrive every 30 ms at Queue0 and every92

40 ms at Queue1 (Fig. 1). Accordingly, the TAS opens and closes93

gates in sync with the packet arrivals (Fig. 1(a)). Although in this94

example the gating durations are half the arrival intervals, in re-95

ality they depend on factors like physical transmission durations,96

inter-frame gaps, acknowledgments, retries, maximum latency,97

and packet lifetime.98

The gating sequences are recorded in a Gate Control List99

(GCL). Each entry in this list specifies the gating state and100

duration for each queue in chronological order. The timespan101

covered by this list is until the combined gating sequence of the102

queues repeats, which is 120 ms in this case (Fig. 1(b)). This list103

is used cyclically to permit or deny packet selection from the104

queues for transmission (Fig. 1(c)).105

To ensure the accuracy and timeliness of real-time data106

streams across the entire network, each routing node must have107

its GCL configured such that, as soon as a real-time packet is108

completely received from the previous node, the corresponding109

gating window opens in the current node to allow the packet to110

be immediately transmitted to the next node. By scheduling the111

gate openings and closings to align with the traffic flows as they112

traverse the nodes, queuing delays are minimized, helping the113

packets meet their strict deadlines.114

Through various scheduling algorithms such as Fixed-Priority115

Scheduling (FPS), Earliest Deadline First (EDF), and Rate116

Monotonic Scheduling (RMS), the GCLs can also be configured117

to transmit packets with tighter deadlines earlier. For instance,118

consider a scenario where Queue0’s packets have a deadline119

of 10 ms and arrive at the start of the GCL sequence, while120

Queue1’s packets have a deadline of 5 ms and arrive at the 1 ms121

mark. Assuming the packet transmission durations are longer122

than 1 ms, then based on the EDF algorithm, the first gating 123

window for the GCL will be configured to open at the 1 ms 124

mark for Queue1’s packets even though Queue0’s packets arrive 125

earlier, as Queue1’s packets have a shorter deadline. 126

To date, the TAS scheduler has been implemented on several 127

network simulation platforms [11]. Latency analyses have been 128

conducted comparing it to other schedulers such as TTE [12] 129

and Asynchronous Traffic Shaper (ATS) [13]. Its performance 130

in regulating real-time traffic for 5G digital Common Public 131

Radio Interface (CPRI) signalling [14] has also been evaluated. 132

Additionally, heuristic methods to generate GCLs with mini- 133

mal latency and jitter have been proposed [15]. Apart from 134

heuristics, deep reinforcement learning techniques such as Deep 135

Q-Learning (DQN) have also been shown to enhance flow 136

prioritization and scheduling [16], [17], suggesting that similar 137

approaches can also be applied to GCL configurations. 138

But the area most relevant to our research is the integration of 139

TAS with MAC protocols. Specifically, we focused on paramet- 140

ric optimizations, special modes or enhanced schemes that could 141

reduce the delays and overprovisioning of the gating windows, 142

especially over wireless protocols where retransmissions are 143

frequent. In this context, some relevant work has been conducted 144

within the 802.11be standardization group: In [18], simula- 145

tions of the TAS over the 802.11ax Trigger-Based (TB) Multi- 146

User (MU) protocol showed better latency Cumulative Density 147

Functions (CDFs) compared to Enhanced Distributed Channel 148

Access (EDCA). In [19], [20], pausing the EDCA contention 149

during the gating windows for real-time traffic and limiting its 150

TXOP window were considered. In [5], reducing the 802.11ax 151

trigger-based access overhead was identified as a long-term 152

goal. One approach was to send semi-persistent schedules (SPS) 153

in announcement frames only when uplink schedule changes 154

occur, rather than repeatedly sending instantaneous uplink (UL) 155

allocations on trigger frames before each UL transmission [6]. 156

Outside the 802.11 standardization, a prototype TDMA protocol 157

with TAS-like scheduling on Software Defined Radios (SDRs) 158

was presented in [4]. While similar to our work, it is based on 159

TDMA whereas our design is based on contention-free CSMA. 160

B. TDMA Issues & Related Works 161

TDMA is commonly used in various industrial [21], [22] and 162

experimental [4], [23], [24] wireless systems. In this scheme, 163

nodes transmit in the timeslots within a repeating time inter- 164

val known as the superframe. Although not strictly TDMA, 165

LTE/5G [2] employs a similar slot and superframe scheme. 166

Consequently it also faces TDMA’s two main issues when 167

supporting TAS scheduling: The first issue arises when a TAS 168

gating window starts just after a slot boundary, making the next 169

available slot to be at least a whole slot away. To avoid this slot 170

boundary delay, the windows’ intervals and starting offsets can 171

be restricted to align to integral multiples of the slot [4]. However 172

this would also restrict the range of flow intervals and starting 173

offsets that can be supported. Another approach is to shorten 174

the timeslots by limiting the maximum number of transmission 175

symbols within and/or reducing the symbol duration, as done 176

for LTE/5G [25]. But this would require large packets to be split 177

over multiple slots, adding overheads such as PHY preambles 178

and MAC headers per segment. Shorter symbol durations also 179
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weaken multipath resilience, making it less viable for factory180

scenarios. To avoid these setbacks, slot timings that match181

packet arrival times and transmission durations were proposed182

in [26], [27].183

The other key issue with TDMA is that control messages are184

required to change slot allocations. These control messages not185

only introduce messaging delay but can also lead to slots being186

unused during idle periods [28] or when slots are reserved for re-187

transmission that do not occur. In LTE/5G systems, extra slots for188

retransmissions are assigned via on-the-fly grant messages [29].189

Initially, the round-trip time (RTT) between retransmission con-190

trol messages was reduced by shortening the slot duration [30].191

Later, it was more significantly reduced with the mini-slot192

scheme [31], which allows uplink and downlink bursts within the193

same slot. In [21], allocating slots for retransmissions is avoided194

by provisioning them in the initial flow allocation itself. In [22],195

multiple retransmissions are scheduled in the same slot over mul-196

tiple available radio channels. In both these cases, the extra slots197

are wasted if retransmission is not needed. To address this, [32]198

suggested pooling SPS allocations for retransmissions among199

multiple nodes, while [33] proposed statistical sharing of slots200

among nodes without significantly increasing collision rates.201

C. Polling MAC Issues & Related Works202

The polling MAC scheme is utilized in several Wi-Fi stan-203

dards, including the TSN-enabled IEEE 802.11be [1], [34], [35].204

In this scheme, a node transmits a data frame only after receiving205

a poll frame from a central node. If the node has no data to send,206

it sends a null frame. The central node then polls the next node207

in turn. In some variants, the polled node can send or resend208

multiple data frames per poll, and concludes its turn by keeping209

the channel idle for a specified duration. This scheme overcomes210

the two main issues of TDMA: With poll frames properly timed211

in advance, packets can be transmitted just as the gating windows212

begin. Whereas in TDMA, this can only happen if the gating213

windows and slots are synchronized. Additionally, the polled214

node can terminate the granted airtime, allowing it to release the215

channel for idle periods or extend it for retransmissions without216

additional control messaging as required in TDMA.217

This scheme faces two issues, with the first being the poll218

frame overhead. In the TAS context, shortening the poll frame [6]219

decreases the airtime needed for its transmission before each220

gating window. This reduction allows the windows for con-221

secutive flows to be packed more closely together. As the poll222

frames are also prone to reception errors, reducing their length is223

also crucial, especially when they have to be retransmitted. For224

cyclic flows, polling can be significantly reduced: In [36] for225

example, the “more data” bit in the 802.11 header allows a node226

to transmit its next packet without needing another poll. In [1],227

schedules were added to the trigger frame granting the node228

to transmit in subsequent cycles. A single poll frame can also229

address multiple nodes. For example, in IEEE 802.11ax/be, the230

trigger frame assigns separate Orthogonal Frequency Division231

Multiple Access (OFDMA) resource units (RUs) to multiple232

nodes. Whereas in [37], the poll frame assigns TDMA slots to233

multiple nodes. In [38], short OFDMA subcarrier signals were234

utilized in place of the poll frame to further reduce overhead.235

However, using a multi-node poll frame increases the likelihood236

that at least one node receives it erroneously. For example, with 237

a 5% FER, a 4-node poll frame has an 18% chance of being 238

discarded by at least one node due to errors, compared to just 239

5% for a 1-node poll frame. As a result, more nodes will miss 240

transmitting within their gating windows, negatively impacting 241

the delay bound reliability. Furthermore, using RUs or TDMA 242

slots also brings about the TDMA issues described earlier. 243

The other key issue with this scheme arises when a node with 244

no data to send is polled. Besides wasting airtime, these ‘idle 245

polls’ also lead to increased access delays for subsequent nodes 246

that do have data to send. Several schemes have been proposed 247

that pause the polling of such nodes if they remain idle for a 248

number of polling rounds [39]-[41]. However, these approaches 249

can cause “post-idle” delays of one or more polling rounds if 250

the node resumes to have data to send before the pause duration 251

ends. To address this issue, rather than pausing idle polls, some 252

approaches [42], [43] move them to the end of the round. This 253

allows nodes that resume having data to send before the end of 254

the pause duration to transmit their data within the same round, 255

even if it is later in the round. In the TAS context, an analogous 256

approach would be to schedule the idle polls during the gaps 257

between gating windows. Other approaches suggest switching to 258

random access schemes [44], [45] to reduce this post-idle delay. 259

Other proposals addressing the idle poll issue include sending 260

requests for polls, such as through short TDMA slots before 261

each polling cycle [46] or Code Division Multiple Access 262

(CDMA) [47]. However, these methods add overhead if not 263

piggybacked on other data or control frames. Also, these requests 264

must be sent well in advance of real-time data frames to avoid 265

aggravating access delays. Thus, these schemes may benefit only 266

traffic flows with known or predictable idle/busy periods, such 267

as real-time video streaming [48]. 268

D. Contention-Based CSMA Issues & Related Works 269

Contention-based CSMA was first proposed in [49]. Its most 270

popular form is CSMA with Collision Avoidance (CSMA/CA) 271

which is used in Wi-Fi [35]. In this scheme, nodes transmit 272

if the channel is idle for a short sensing duration; otherwise, 273

they defer randomly. This random deferment and the resulting 274

collisions hinder low-latency operations and have been the focus 275

of several studies. For instance, in [50], packets are deferred to a 276

virtual time corresponding to their actual generation times. The 277

virtual time advances only when the channel is idle, moving 278

at Rv times the speed of real time, but once it reaches the real 279

time, it follows the real time exactly. In this way, collisions are 280

avoided if the actual generation times differ by at least Rv times 281

the sensing duration. Switching to a contention-free protocol is 282

also used to prevent collisions, where in [51] contention-based 283

CSMA switches to contention-free CSMA when collisions oc- 284

cur, whereas in [52], a node uses the Request-To-Send/Clear- 285

To-Send (RTS/CTS) protocol to reserve recurring TDMA slots, 286

which other nodes avoid by maintaining a history of the chan- 287

nel’s idle/busy periods. 288

E. Contention-Free CSMA & Hyperchannel 289

Contention-free CSMA protocols are rare, with only the Hy- 290

perchannel [7] adopted for commercial use, while others remain 291

largely unexplored in the literature [53], [54]. These protocols 292



IE
EE P

ro
of

4 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 0, NO. 0, 2025

Fig. 2. Hyperchannel slotting sequence.

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

involve nodes taking turns to sense the channel and transmit293

in a conflict-free sequence. For instance, in the Hyperchannel,294

after each busy period, the time is divided into idle slots which295

are recurringly numbered {0, 1, 2, . . . , N − 1} (see Fig. 2). In296

each slot, a node with a matching index senses the channel.297

To support multiple flows per node, we can use flow indices298

{0, 1, 2, . . . , F − 1} instead. The slot assignment order can299

then be expressed as a priority list Phc = {0, 1, 2, . . . , F − 1},300

where Phc[i] = i. The Hyperchannel access scheme can then be301

expressed as an activation function ϕ that takes in Phc, its length302

|Phc|, a flow index f , and the number of idle slots s that have303

lapsed since the end of the busy period. The function returns 1304

if a packet from flow f can be transmitted, else 0. Specifically,305

ϕhc(Phc, |Phc| , f, s) =
{

1 if f = Phc[(s− 1) mod |Phc|]
0 otherwise

(1)

III. TGT-HC306

A. Contention-Free CSMA Routine for Initial Transmission307

Fig. 3 illustrates the CSMA routine for TGT-HC’s initial308

transmission. The process begins when a slot indication signal309

is received (STEP00). If the slot is idle, then the next TGW start310

and end times for all flows admitted on the medium are calculated 311

(STEP01). Each node must already have the flows’ start times, 312

cycle periods, and maximum allowed packet latencies, obtained 313

from the flow admission scheme [3]. These parameters are stored 314

in a flow descriptors listFadmit as the flow’s first TGW start time 315

tgwTmBgn(0), cycle interval tgwIntv, and duration tgwDur. 316

If a flow had started at t = 0, its current or next TGW start time 317

at any subsequent time t would be given by 318

tgwTmBgn′(t) =
⌊
t+tgwIntv − tgwOfs− tgwDur − 1

tgwIntv

⌋

× tgwIntv + tgwOfs (2)

where tgwOfs is the TGW offset relative to its interval: 319

tgwOfs = tgwTmBgn(0) mod tgwIntv (3)

But since the flow actually starts at tgwTmBgn(0), the 320

TGW’s start time is therefore: 321

tgwTmBgn(t) = max(tgwTmBgn′(t), tgwTmBgn(0))
(4)

Meanwhile, the TGW’s end time is simply: 322

tgwTmEnd(t) = tgwTmBgn(t) + tgwDur (5)

Once all TGWs are computed,Fadmit is sorted by TGW 323

start/end time based on either FIFO or EDF policy (STEP02). 324

The priority list Phc is then created by selecting only the indices 325

of flows with TGWs active at the slot’s end time, i.e., 326

tgwTmBgn(slotTmEnd) ≤ slotTmEnd

< tgwTmEnd(slotTmEnd) (6)

Subsequently, a queued packet from flow f is transmitted at 327

the slot’s end time if f = Phc[j], where j is the remainder of the 328

idle slot index divided by the length of Phc (STEP03-04): 329

j = slotIdx mod |Phc| (7)

It is important to note that tgwDur must be less than tgwIntv 330

for proper operation, but also longer than the maximum re- 331

transmissions duration maxRetryDur to meet the reliability 332

guarantee, i.e., 333

maxRetryDur ≤ tgwDur < tgwIntv (8)

where maxRetryDur is expressed as: 334

maxRetryDur = (1 +maxRetry).[datDur

+ sifDur + ackDur + sifDur] (9)

where datDur and ackDur are the maximum data and ac- 335

knowledgement frame durations, and sifDur is the dura- 336

tion between the frames. Flows with maximum latency below 337

maxRetryDur should be rejected if their reliability guarantee 338

cannot be met. It is also preferable to have tgwDur closer 339

to maxRetryDur rather than tgvIntv to reduce the overlaps 340

between different flows’ TGWs. This results in a shorter Phc on 341

average and, therefore, a reduced channel access delay. However, 342

to prevent a previously overlapping flow from robbing the next 343

flow’s chance to transmit/retransmit sufficiently, the overlap 344

should be added to tgwDur as shown in Fig. 4. 345

B. Slot Sequencing and Retransmissions 346

Six types of slots or interframe spacings are defined in TGT- 347

HC. The transmission (TX) slot spans the period when the PHY 348

layer is transmitting a frame, while the reception (RX) slot is 349
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Fig. 4. Adjusting TGW duration for overlap between TGWs.

the period when it indicates the channel is busy, regardless of350

whether a frame is received. The Short Interframe Space (SIFS)351

and Distributed Interframe Space (DIFS) are based on IEEE352

802.11’s definitions, except that SIFS is added after each TX/RX353

slot, not just between the DATA and ACK frames. DIFS starts354

after SIFS rather than a busy period, and is skipped if the previous355

TX/RX slot is an ACK frame, identified by its shorter duration356

compared to the shortest DATA frame.357

After DIFS comes the ’next’ (NXT) slot, during which the358

next active flow in the Phc can start transmitting once the current359

one finishes. However, this bypass of the CSMA routine for360

the initial transmission only occurs if the node owning the next361

flow can discern the current flow’s index from one of its DATA362

or ACK frames. Following the NXT slot are the IDLE slots,363

during which the CSMA routine arbitrates the next flow to be364

transmitted.365

Fig. 5 shows an example of the slot and interframe spacing366

sequence for initial transmission and retransmissions. In TGT-367

HC, a node retransmits a SIFS and a DIFS after the previous368

attempt if the recipient does not send an ACK. If the ACK is sent369

but merely sensed or received corrupted, the node retransmits a370

SIFS after receiving the ACK. The DIFS is set to ACK + SIFS so371

that, regardless whether the ACK is sent, the next attempt starts372

at the same time relative to the previous.373

The sequence starts with no active TGWs, so Phc is null, and374

the first idle slot has no index. Shortly after, flow5’s TGW starts,375

makingPhc become {5}, and the next slot is indexed as ’5’. With376

flow5’s packet already queued, the owning node transmits it at377

t = 40 µs after the slot is sensed idle. The node then waits for378

a SIFS and a DIFS. As no ACK is received, the DIFS elapses,379

and the packet is retransmitted at t = 200 µs. This time, the380

ACK is received, confirming packet delivery.381

A SIFS later, at t = 360 µs, a NXT slot is entered because382

the previous busy period was shorter than the minimum DATA383

duration. As Phc is still {5}, the following idle slot is indexed384

’5’. After this slot, flow1’s TGW starts, so Phc becomes {5, 1},385

and thereafter the idle slot indices cycle within {5, 1}. At386

t = 460 µs, flow1’s packet is transmitted as soon as the next387

available idle slot indexed ’1’ ends. A SIFS later, an ACK is388

received, confirming flow 1’s packet delivery. At t = 620 µs,389

another NXT slot bypasses the DIFS. At this point, however,390

flow3 is next to flow1 in Phc (now {5, 1, 3}), so flow3’s packet391

is transmitted right after the slot, skipping the CSMA routine.392

A SIFS, an ACK and another SIFS later, another NXT slot is393

entered. Now,Phc = {1, 3}, and the subsequent idle slot indices394

cycle within {1, 3} since flow5’s TGW has ended. Eventually,395

flow3 and then flow1’s TGWs also end, reducing Phc and the396

idle slot indices sequence to {1}, and finally to null.397

C. Complexity Consideration 398

In TGT-HC, the flow sorting step (STEP2 in Section III-A) is 399

the most time-consuming, with a time complexity of O(flogf), 400

where f is the number of flows. The other steps are comparisons 401

and arithmetic operations with less significant time complexity 402

terms of O(f). This is not much different from TDMA or 403

polling MAC if they also need to sort flows based on TGWs 404

to support the TAS operation. In terms of space complexity, all 405

three schemes would require O(f) to keep track of all the flows’ 406

parameters. 407

The key difference is however in where and how frequently the 408

algorithm is invoked: For TGT-HC, every node in the network 409

invokes the computation at the start of each idle slot. For TDMA 410

and the polling MAC, only the central controller needs to sort 411

the flows, likely at the start of the superframe or a new polling 412

turn, respectively. In this regard, TGT-HC is at a disadvantage if 413

deployed on resource-constrained wireless devices. To alleviate 414

this, it may be possible to limit TGT-HC’s sorting step to after 415

each flow has completed its transmission. 416

Nonetheless, as TGT-HC is based on contention-free CSMA, 417

it has significant advantages over the other two schemes with its 418

shorter access delay and less control overhead. Furthermore, 419

as we shall show in Sections V-B and VI-C, its latency is 420

significantly better compared to the TDMA-based RT-WiFi and 421

the polling-MAC based IEEE 802.11ax. 422

IV. ANALYTICAL EVALUATION 423

The single server FCFS and the TGT-HC MAC protocols 424

are modelled by a basic M/G/1/J/M queue plus a vacation. 425

The former MAC employs a modified exhaustive service for its 426

vacation model from the M/G/1 queue, while the latter employs 427

a modified gated service from the M/G/1 queue. The general 428

service, G, can model a deterministic service for a busy period 429

when the FER is zero or a truncated geometric service when it 430

is greater than zero with transmission retries. 431

A. Analysis of the TGT-HC MAC Protocol With FER = 0% 432

The TGT-HC MAC protocol with zero FER is modelled as 433

the above queue with a slot countdown delay. Its response delay, 434

TResponse, is given by [55] 435

TResponse =
MZ̄

1−Q0
− 1

θ
− QJ(M − J)Z̄

1−Q0
, (10)

where J is the number of packet buffers, M is the number of 436

stations/population sources, θ is a station’s traffic arrival rate, 437

Z̄ is the average service period and Z̄2 is the second moment 438

of service period. Denoting A as a station’s traffic generation 439

period, a station’s arrival rate is given by 440

θ =
1

A
. (11)

Mθ is the network’s total arrival rate. The average service period 441

is the busy period for transmitting a data and ACK frames with 442

their Short Interframe Spaces (SIFSs). Denoting DBusy as its 443

busy period, we have 444

Z̄ = DBusy = DD +DS +DA +DS , (12)
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Fig. 5. TGT-HC slot and retransmission sequence.

where DD is the data frame time, DA is the ACK frame time445

and DS is the SIFS time. Qj is the probability of j data packet(s)446

in the network, and j = 0, 1, 2, . . . , J . It is given by447

Qj =
MΩj

(M − j)(Ω0 +MθZ̄)
, j = 0, 1, 2, . . ., J − 1, (13)

and448

QJ = 1−
J−1∑
j=0

Qj . (14)

Ωj is given by449

Ωj =
ΩM

j∑J−1
i=0 ΩM

i

, j = 0, 1, 2, . . ., J − 1, (15)

ΩM
j is the distribution of queue length and it is given by450

ΩM
j =

M−1∑
m=M−j−1

Dm

(
m

M−j−1

)
(−1)m−(M−j−1),

j = 0, 1, 2, . . .,M−1, (16)

Dj =
Hj

∑M−1
m=j

(M−1
m )

Hm∑M−1
m=0

(M−1
m )

Hm

, j = 0, 1, 2, . . .,M − 1, (17)

H0 = 1, (18)

Hm =

m∏
k=1

Z∗(kθ)/(1− Z∗(kθ)),m ≥ 1, (19)

where Z∗(s = kθ) is the Laplace-Stieltjes Transform of each of451

the service period distribution function given by452

Z∗(s = kθ) = e−sZ̄ = e−kθZ̄ . (20)

Futhermore, the average slot countdown prior to sending a data453

frame, denoted by DSlotCD, is given by a modification for an454

M/G/1 queue having a vacation model with gated service as [56]455

DSlotCD = V̄ (M + 2−Mθ(1− PB)Z̄)

/2(1−Mθ(1− PB)Z̄), (21)

where456

V̄ =

{
DSlot, if M = 1,
[(M−1)q+1]DSlot

M , if M > 1,
(22)

DSlot is a time slot, PB is the blocking probability of the 457

M/G/1/J/M queue and is given by 458

PB =
θZ̄(M − J)Qj

1−Q0 + θZ̄(M − J)Qj
, (23)

and q is given by 459

q =
DV ulDur

A
, (24)

where DV ulDur is the vulnerable duration when a tagged data 460

frame is being sent. It is dependent on the number of data frames 461

in the queue before it is being sent. Thus, it is as follows. 462

DV ulDur

=

{
J̄ Z̄(1−Q0 −Q1), ifJY (1−Q0 −Q1) < Dm,

Dm, ifJY (1−Q0 −Q1) ≥ Dm,

(25)
where 463

J̄ =

J−1∑
j=0

jQj . (26)

The probabilities Q0 and Q1 are subtracted from a probability 464

of one as the system has zero and one packet (tagged packet) in 465

the queue, causing no vulnerable duration. Dm is the maximum 466

period for sending the data and ACK frames. In addition, note 467

that the term (M − 1)q is due to the average vulnerable duration 468

for a Binomial distribution Bino(M − 1, q). The delay variance 469

of the slot countdown, denoted by Dv
SlotCD, is given by 470

Dv
SlotCD = (V 2 − V

2
)/2V , (27)

and 471

V 2 =⎧⎪⎨
⎪⎩
D2

Slot, if M=1,[
(M−1)2

(
D2

V ulDur
A2

)
+2(M−1)

(
DV ulDur

A

)
+1

]
D2

Slot

M2 , if M>1.

(28)

D2
V ulDur

=

{
J2 Z2(1−Q0 −Q1)

2, if JZ(1−Q0 −Q1) < Dm,

D2
m, if JZ(1−Q0 −Q1) ≥ Dm,

(29)
where the average service period’s second moment is given by 472

Z2 = D2
Busy, (30)
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Fig. 6. Analytical versus simulation mean delays for TGT-HC and single-
server FCFS at 0% and 20 FER.

and473

J2 =
J−1∑
j=0

j2Qj . (31)

The modification of the gated vacation model seems reasonable474

as shown in the simulation and analytical results in Fig. 6. There-475

fore, the total response delay of the TGT-HC MAC protocol,476

denoted by DTotalResponse, is given by477

DTotalResponse = DResponse +Dv
SlotCD +DSlotCD. (32)

The real response delay of the system is measured at the mo-478

ment that the data frame is correctly received without waiting for479

an ACK frame confirmation. Therefore, the average measured480

delay of the TGT-HC MAC protocol with zero FER, denoted by481

DTGTHC , is given by482

DTGTHC = DTotalResponse −DACK_to. (33)

where the ACK frame’s timeout period DACK_to is given by483

DACK_to = DS +DA. (34)

B. Analysis of Single Server FCFS Queue With FER = 0%484

The Single Server FCFS queue with zero FER is modelled485

using the same queue with a SIFS slot duration delay. The486

response delay can be determined from (10). Now, the average487

SIFS slot countdown before transmitting a data frame, denoted488

by DSCD is given by a modification of a vacation model with489

an exhaustive service of an M/G/1 queue [56] as490

DSCD = U(M −Mθ(1− PB)Z̄)/2(1−Mθ(1− PB)Z̄),

(35)

U =

{
0, if M = 1,
[(M−1)r+1]DS

M , if M > 1,
(36)

and r is given by491

r =
DV ulDur2

A
, (37)

where DV ulDur2 is the vulnerable duration when a tagged data492

frame is being sent for the FCFS queue. It is dependent on the493

number of data frames in the queue before it is being sent. Thus,494

it is as follows. 495

DV ulDur2=

{
J̄ Z̄(1−Q0 −Q1), if J̄ Ȳ (1−Q0 −Q1) < A,

A, if J̄ Ȳ (1−Q0 −Q1) ≥ A.

(38)

The delay variance of the SIFS slot countdown, denoted by 496

Dv
SCD, is given by [56] as 497

Dv
SCD = (U2 − U

2
)/2U, (39)

where 498

U2 =⎧⎨
⎩
0, if M=1,[
(M−1)2

(
D2

V ulDur2
A2

)
+2(M−1)

(
DV ulDur2

A

)
+1

]
D2

S

M2 , if M>1.

(40)

and 499

D2
V ulDur2

=

{
J2Z2(1−Q0 −Q1)

2, if JZ(1−Q0 −Q1) < A,

A2, if JZ(1−Q0 −Q1) ≥ A.

(41)

The modification of the exhaustive vacation model is reasonable 500

as shown in the simulation and analytical results of Fig. 6. 501

Therefore, the total response delay of the Single Server FCFS 502

queue, denoted by DTotalResonse,SSFCFS , is given by 503

DTotalResponse,SSFCFS = DResponse +Dv
SCD +DSCD.

(42)

Therefore, the average measured delay of this queue with zero 504

FER, denoted by DAverageMeasured,SSFCFS , is given by 505

DAverageMeasured,SSFCFS = DTotalResponse,SSFCFS

− TACK_to. (43)

C. Analysis of the TGT-HC MAC Protocol With FER > 0% 506

Next, the TGT-HC MAC protocol with FER> 0% is modelled 507

using the same queue plus a slot countdown delay again. The 508

data frame is re-sent when there is an error in the data frame and 509

ACK frame. The maximum number of retries is denoted as NR. 510

The effective frame error rate for both the data and ACK frames, 511

denoted by FER1, is given by 512

FER1 = 1−(1−FER)(1−FER). (44)

where FER is the frame error rate of the data or ACK frame. 513

The average service period is given by 514

Z =

∑NR

i=0 FERi
1(1−FER1)(iDBusy_ns +DBusy)∑NR

i=0 FERi
1(1−FER1)

, (45)

where DBusy_ns (=DBusy +DNXT ) is the busy period when 515

the data frame is not successfully transmitted and needs to retry 516

again if its retry limit has not been exceeded. Furthermore, the 517

second moment of the average service period is given by 518

Z2 =

∑NR

i=0 FERi
1(1−FER1)(iDBusy_ns +DBusy)

2∑NR

i=0 FERi
1(1−FER1)

.

(46)

The delay is measured after receiving the first data frame cor- 519

rectly without waiting for the ACK frame timeout. This results 520
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TABLE I
ANALYTICAL EVALUATION SETTINGS

in saving of two types of additional delays. The first type of521

delay is due to the saving of the ACK timeout duration and the522

second type of delay is due to first receiving the correct data523

frame without the correctly received ACK frame. For the first524

type of delay, denoted by D1, it is given by525

D1 =

∑NR

i=0 FERi
1(1−FER1)(DACK_to)∑NR

i=0 FERi
1(1−FER1)

, (47)

where FER2 is the effective frame error rate of a successfully526

received data frame and an unsuccessful ACK frame. FER2 is527

given by528

FER2 = 1−(1−FER)FER. (48)

Next, we consider the second type of delay. The additional529

ACK timeouts at the ith retry are possible only if both the530

data and ACK frames are successful at jth retry, where j =531

0, 1, 2, . . . , NR, and i = 0, 1, 2, . . . , j. In addition, there are also532

associated not successful busy periods that come with the ACK533

timeouts. These additional delays at the ith retry is possible only534

if both the data and ACK frames are successful at jth retry, where535

j = 0, 1, 2, . . . , NR, and i = 1, 2, . . . , j. Thus, the second type536

of delay, denoted by D2, is given by537

D2

=

∑NR

j=0

∑j
i=0FERj+i

1 (1−FER1)(1−FER2)(DACK_to)∑NR

j=0

∑NR

i=0 FERj+i
1 (1−FER1)(1−FER2)

+

∑NR

j=0

∑j
i=1FERj+i

1 (1−FER1)(1−FER2)(DBusy_ns)∑NR

j=0

∑NR

i=0 FERj+i
1 (1−FER1)(1−FER2)

.

(49)

Note that the average service period and the Laplace-Stieltjes538

transform of the distribution function of the service period cater539

for the data frame retries due to errors. The average service540

period is given by (45) and the Laplace-Stieltjes transform of541

the distribution function of the service period is given by542

Z∗(s=kθ) =

∑NR

i=0FERi
1(1−FER1)e

−kθ(iDBusy_ns+DBusy)∑NR

i=0FERi
1(1−FER1)

(50)

By approximating the two types of busy periods to be of the same543

duration, we can determine the average number of busy periods.544

The mean number of busy period can be used to determine the545

new vulnerable duration. We will exclude the tagged data frame546

TABLE II
SIMULATION AND PROTOTYPE EVALUATION SETTINGS

of a node first. Then, there is (M − 1) number of nodes that 547

can affect the vulnerable duration of the tagged data frame. Let 548

NBusy denote the average number of busy periods from the angle 549

of the tagged data frame. By modelling the average number of 550

busy periods as the sum of (M − 1) geometric distributions, we 551

have 552

NBusy=

∑(M−1)(NR+1)
i=1

(
i−1
M−2

)
FER

i−(M−1)
1 (1−FER1)

M−1i∑(M−1)(NR+1)
i=1

(
i−1
M−2

)
FER

i−(M−1)
1 (1−FER1)M−1

.

(51)

The new vulnerable duration and its second moment are given 553

by equations (52)–(53), respectively shown at the bottom of the 554

next page. 555

The second moment of the number of busy periods is given 556

by 557

N2
Busy=

∑(M−1)(NR+1)
i=1

(
i−1
M−2

)
FER

i−(M−1)
1 (1−FER1)

M−1i2∑(M−1)(NR+1)
i=1

(
i−1
M−2

)
FER

i−(M−1)
1 (1−FER1)M−1

.

(54)

The response time is given by (10), the average slot countdown 558

before transmitting a data frame is given by (21), its variance 559

is given by (27) and their sum is given by (32). Finally, the 560

measured delay of the TGT-HC MAC protocol with FER > 561

0%, denoted by DTGTHC , is given by 562

DTGTHC = DTotalResponse −D1 −D2. (55)

D. Analysis of Single Server FCFS Queue With FER > 0% 563

Finally, we model the Single Server FCFS queue with 564

FER > 0% as an M/G/1/J/M queue plus an additional delay 565

due to the first slot time duration. The analysis is the same as 566

that for the TGT-HC MAC protocol with FER > 0%, except 567

that the delays due to the slot countdown is a SIFS slot time 568

duration if the node is transmitting as in the analysis for the 569

Single Server FCFS Queue with FER = 0%. Furthermore, the 570

delay due to retries of unsuccessful packets up to its maximum 571

retry limit also applies here. Therefore, (35) to (42) and (44) to 572

(50) also apply here. 573

The new vulnerable duration and its second moment are given 574

by equations (56)–(57), respectively, at the bottom of the next 575

page. 576
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Therefore, the average measured delay of the Single Server577

FCFS queue with FER > 0%, DAverageMeasured,SSFCFS , is578

given by579

DAverageMeasured,SSFCFS = DTotalResponse,SSFCFS

−D1 −D2. (58)

E. Numerical Results580

Table I shows the parameters used in the simulation and581

analytical results. The simulation results were obtained from582

the OMNeT simulation described in the next section, while the583

analytical results are obtained from the preceding sections. Fig. 6584

shows the average delays of the simulation and analytical results585

of the single server FCFS queue and the TGT-HC MAC protocol586

with FER=0% and FER=20%, respectively. The numerical587

results show that they match well over most ranges of the number588

of nodes. The numerical results show that very low latency can589

be achieved using the TGT-HC MAC protocol that approaches590

the single server first come first serve queue.591

V. SIMULATIVE EVALUATION592

A. Simulation Platform, Implementation and Test Setup593

We pitted TGT-HC on OMNET INET4 [57] against several594

protocols: Hyperchannel [7], Assigned Slot Listen Before Talk595

(ASLBT) [53], Mini-Slotted Access Protocol (MSAP) [54],596

CSMA with transmission guiding tracks (CSMA-TGT) [58],597

Real-Time Wi-Fi (RT-WiFi) [23], IEEE 802.11 Distributed Co-598

ordination Function (DCF) [35] and the FCFS. While DCF is599

inbuilt with INET4, we implemented the other protocols by600

replacing DCF’s Contention class with codes we wrote based601

on the references. For RT-WiFi, we used the out-of-slot retry602

mode since the number of maximum retries for the in-slot mode603

was not specified. For the FCFS scheme, a global list was used604

to track the current and next flows to be transmitted, based on605

packet generation times. This allows the node with the next flow606

to start transmitting it immediately after the current one finishes,607

without any channel access arbitration. However, SIFS timings608

were observed to account for PHY transmit/receive turnaround609

times.610

In the simulation, up to 30 wireless nodes were randomly611

placed in a 300 × 300 m area, with an access point (AP) located612

at one edge. Each node transmitted a flow of 256-byte packets613

every 10 ms to an industrial controller connected to the AP via614

1Gbps Ethernet. Received DATA/ACK frames were randomly615

corrupted based on a FER parameter. Transmit powers were set 616

high enough (30 mW) to ensure no errors occurred at FER = 617

0% . Table II provides the settings used. 618

The simulation parameters were varied within 1,4,7...30 619

nodes and 0, 20% FER. For each setting, 30 trials were conducted 620

using different random generator seeds for node placement and 621

flow start times. Each trial continued until 100,000 packets were 622

transmitted, collecting end-to-end delays, retry counts, packet 623

losses and queue length statistics. 624

B. Simulation Results 625

Fig. 7 charts the 99.7th percentile end-to-end packet delay 626

results from the simulations. It shows that TGT-HC’s perfor- 627

mance is closest to the FCFS scheme’s, even matching it at 0% 628

FER. A closer look reveals that, at 0% FER, TGT-HC’s delay 629

of 2.7 ms for 25 nodes outperforms its closest rival, MSAP, 630

which has a delay of 4.6 ms. At 20% FER, TGT-HC’s delay also 631

remains significantly lower than MSAP’s: 5.5 ms versus 7.6 ms. 632

In terms of the number of supported flows, both TGT-HC and 633

MSAP support 29 flows at 0% FER, surpassing conventional 634

Wi-Fi (18) and RT-WiFi (22). At 20% FER, TGT-HC’s supports 635

16 flows, just one fewer than MSAP (17), but still far exceeding 636

RT-WiFi (7). For perspective, note that Wi-Fi could not support 637

any flows at all at this high FER. 638

VI. PROTOTYPE EVALUATION 639

A. Prototype Platform, Implementation and Test Setup 640

For hardware prototyping, we used National Instruments’ 641

(NI) Labview Next Generation (NXG) and its IEEE 802.11a/ac 642

library [59], the Xilinx Integrated Software Environment 643

(ISE) Design Suite [60], and three NI USRP-2974 SDR 644

transceivers [61]. Our custom code consists of a Labview user 645

interface (UI) on the host PC, and VHDL code for the TGT-HC 646

MAC. This MAC interacts with NI’s 802.11a/ac PHY/SDR and 647

Host-FPGA libraries on the USRP (Fig. 8). Within the TGT- 648

HC MAC are a clock drift and time synchronization module 649

(Tm), transmit/receive modules (Tx/Rx) for packet queuing and 650

selection, frame header and cyclic redundancy check (CRC) 651

processing, and a control module (Ctl) which implements the 652

TGT-HC algorithm. 653

To avoid external interference, the USRP antenna ports were 654

interconnected using RF cables, splitters, combiners and atten- 655

uators (Fig. 9). Initially, a noise generator was used to emulate 656

DV ulDur =

{
NBusyDBusy_ns(1−Q0−Q1), ifNBusyDBusy_ns(1−Q0−Q1)<Dm,

Dm, ifNBusyDBusy_ns(1−Q0−Q1)≥Dm.
(52)

D2
V ulDur =

{
N2
BusyD

2
Busy_ns(1−Q0−Q1)

2, ifNBusyDBusy_ns(1−Q0−Q1)<Dm,

D2
m, ifNBusyDBusy_ns(1−Q0−Q1)≥Dm.

(53)

DV ulDur2 =

{
NBusyDBusy_ns(1−Q0−Q1), ifNBusyDBusy_ns(1−Q0−Q1)<A,

A, ifNBusyDBusy_ns(1−Q0−Q1)≥A.
(56)

D2
V ulDur2 =

{
N2
BusyD

2
Busy_ns(1−Q0−Q1)

2, ifNBusyDBusy_ns(1−Q0−Q1)<A,

A2, ifNBusyDBusy_ns(1−Q0−Q1)≥A.
(57)
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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).

Fig. 8. TGT-HC hardware prototyping architecture.

Fig. 9. Prototype evaluation setup.

frame errors, but the resulting FER values were difficult to657

control and varied too much across the nodes to match the658

settings used in the simulation. Therefore, we fell back to using659

the method adopted in the simulation where codes were added to660

randomly fail CRC checks at each node based on a FER setting661

on the UI. Transmit powers were set high enough to eliminate662

frame errors at FER = 0% . We note that this method may not663

fully replicate the actual high FER scenario which may also664

include frame detection errors. However, we found that even665

at roughly 40% FER induced by an additive white gaussian666

noise (AWGN) noise generator, the USRP’s frame detection rate667

remained exceptionally high at 99.99% , with almost all frame668

drops due to CRC failures.669

Due to budget constraints, we only had three USRPs available.670

As the test setup for the prototype, we assigned two of the671

TABLE III
OPTIMAL PROTOTYPE EVALUATION SETTINGS

USRPs to alternately transmit up to 30 flows, based on the 672

starting times of the flows’ current or next TGWs, while the third 673

USRP received and recorded the packet statistics. Although this 674

setup differs from the simulation setup which involved up to 30 675

nodes each transmitting a flow, we found that in simulation, this 676

3-node setup yielded identical latency results to those from the 677

single flow per node setup (Fig. 7). Additionally, our debug logs 678

recorded the same slot sequences for both setups, confirming the 679

accuracy of this 3-node setup in approximating the single flow 680

per node setup. 681

As in the simulation, we varied the number of flows and FER 682

settings, conducting 30 trials per setting with different random 683

generator seeds for the flow start times. However, statistics were 684

only collected for 33,334 packets per trial as the Labview UI 685

became sluggish with larger data sets. 686

B. Prototype Lab Evaluation Results 687

We first validated the prototype against the simulation using 688

the same test settings (Table II). Under these same conditions, the 689

prototype achieved 99.7th percentile delays that closely matched 690

those of the simulation (Fig. 7). We then tested with smaller 691

packet sizes more typical of control applications, and reduced 692

the interframe and slot durations (Table III). Fig. 10 shows the 693

logCDF results obtained from the prototype and the simulated 694
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Fig. 10. Packet latency logCDFs 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)

FCFS scheme based on these optimized settings. With 30 flows695

at 0% FER, the prototype’s 99.999th percentile packet latency696

at 0.93 ms was somewhat higher than the FCFS’s 0.74 ms. At697

20% FER however, the figure rose to 5.0 ms, a full millisecond698

higher than the FCFS’s 4.0 ms. With 10 flows, the results were699

much closer, with the prototype recording 0.34 ms and 1.9 ms at700

0% and 20% FER respectively, compared to the FCFS’s 0.30 ms701

and 1.8 ms. Packet loss rates for the prototype and FCFS were702

similar in all cases, recording 0% at 0% FER and approximately703

0.0003% at 20% FER.704

C. Comparison With TSN-Enabled 802.11ac/ax705

For the same PHY bandwidth (20 MHz), our prototype out-706

performed or was at least comparable to the TSN-enabled Wi-Fi707

6/7 in terms of latency [18], [19], [20] (Table IV). This is708

notable considering our prototype did not support simultane-709

ous transmissions in multiple subchannels, and was only using710

Quadrature Phase Shift Keying with half coding rate (QPSK1/2)711

modulation and coding scheme (MCS). For instance, in [19], an712

actual IEEE 802.11ac station (STA) was set up to alternately713

transmit and receive a 100-byte packet every 10 ms to/from714

an AP 10 m away, without MCS limit, in a non-line-of-sight715

(NLOS) office environment overnight. Compared to this setup,716

TGT-HC at 10% FER achieved better latency (0.9 ms versus717

3.0 ms) even with larger packets (256-byte) and lower MCS718

(QPSK1/2). For the same latency guarantee, it supported signif-719

icantly more flows (16 versus 1).720

In [18], the average latencies for IEEE 80211ac/ax STAs 721

each transmitting a single 256-byte packet to an AP using 722

64-Quadrature Amplitude Modulation (64QAM) MCS under 723

ideal channel conditions were derived theoretically. Compared 724

to the five IEEE 802.11ac STAs setup, TGT-HC’s latency for 725

the same number of nodes was somewhat better (0.7 ms versus 726

1.0 ms) despite using a much lower MCS (QPSK1/2). When 727

compared to the ten 802.11ax STAs setup which used nine 728

subchannels for simultaneous transmissions, TGT-HC’s latency 729

for ten nodes was only slightly worse (0.9 ms versus 0.8 ms) 730

despite using the much lower MCS and not utilising multiple 731

subchannels simultaneously. 732

Finally, in [20], simulation results were obtained for IEEE 733

802.11ax STAs, each transmitting a 100-byte packet to an AP 734

within a 50 m range using at least nine subchannels in a TGn 735

E channel model. For similar throughput (30x32 versus 9x100 736

bytes/ cycle) with the same latency guarantee (99.999% ), TGT- 737

HC’s latency was only slightly higher (1.2 ms versus 1.0 ms) at 738

10% FER despite not using multiple subchannels. 739

VII. CONCLUSION 740

In this paper, we presented a new TAS scheduler-driven 741

contention-free CSMA scheme. Our analytical, simulation and 742

prototype evaluations reveal its latency to be very close to that 743

of the FCFS scheme, even at high FERs. Comparisons with 744

TSN-enabled IEEE 802.11ac/ax also show promising despite 745

its current limitations. Moving forward, we hope to have the 746
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opportunity to upgrade it to support multiple subchannels, and747

integrate it into future TSN-enabled Wi-Fi and/or 5G/6G proto-748

cols, as well as validate its utility in actual deployments.749

ACKNOWLEDGMENT750

Dedicated to the first author’s mother, Tan Gee Too. The751

second author thanks the late Prof. Jon W. Mark, Prof. Kin Mun752

Lye and Prof. Kee Chaing Chua for their queueing and network753

courses. Many thanks to National Instruments Singapore for754

technical support rendered during the project. Thanks also to755

Bo Jin, Yugang Ma, Leng Meng Goh and Wang Cho Cheng for756

their support during the project.757

REFERENCES758

[1] E. Khorov, I. Levitsky, and I. F. Akyildiz, “Current status and directions of759
IEEE 802.11be, the future Wi-Fi 7,” IEEE Access, vol. 8, pp. 88664–88688,760
2020.761

[2] R. Ali, Y. B. Zikria, A. K. Bashir, S. Garg, and H. S. Kim, “URLLC for 5G762
and beyond: Requirements, enabling incumbent technologies and network763
intelligence,” IEEE Access, vol. 9, pp. 67064–67095, 2021.764

[3] T. Adame, M. Carrascosa-Zamacois, and B. Bellalta, “Time-sensitive765
networking in IEEE 802.11be: On the way to low-latency WiFi 7,” Sensors,766
vol. 21, no. 15, Jul. 2021, Art. no. 4954.767

[4] O. Seijo, I. Val, and J. A. Lopez-Fernandez, “w-SHARP: Implementation768
of a high-performance wireless time-sensitive network for low latency and769
ultra-low cycle time industrial applications,” IEEE Trans. Ind. Inform.,770
vol. 17, no. 5, pp. 3651–3662, May 2021.771

[5] D. Cavalcanti, M. Rashid, L. Cariou, G. Venkatesan, and R. Stacey, “Con-772
trolling latency in 802.11,” document IEEE 802.11-18/1160r0, Jul. 2018.773

[6] X. Zuo et al., “Use of uplink persistent allocation for RTA,” document774
IEEE 802.11-19/1538r1, Sep. 2019.775

[7] I. Chlamtac and W. R. Franta, “Message-based priority access to local776
networks,” Comput. Commun., vol. 3, no. 2, pp. 77–84, Apr. 1980.777

[8] IEEE Standard for Local and Metropolitan Area Networks-Bridges778
and Bridged Networks-Amendment 25: Enhancements for Scheduled779
Traffic, IEEE Standard 802.1Qbv-2015 (Amendment to IEEE Standard780
802.1Q-2014), pp. 1–57, Mar., 2016.781

[9] R. J. Jayabal et al., “TGT-HC: A time-aware shaper scheduled hyperchan-782
nel protocol for wireless time sensitive networks (TSNs),” in Proc. 94th783
IEEE Veh. Technol. Conf., 2021, pp. 1–6.784

[10] H. Kopetz and G. Grunsteidl, “TTP - A time-triggered protocol for fault-785
tolerant real-time systems,” in Proc. 23rd IEEE Int. Symp. Fault-Tolerant786
Comput., 1993, pp. 524–533.787

[11] D. Krummacker and L. Wendling, “TSN simulation: Time-aware shaper788
implemented in NS-3,” in Proc. Workshop Next Gener. Netw. Appl., 2020,789
pp. 16–17.790

[12] V. Eramo, T. Fiori, F. G. Lavacca, and F. Valente, “High-bandwidth tech-791
nologies for next-generation launcher networks: A comparative analysis792
between TTethernet and time sensitive networking (TSN),” in Proc. Int.793
Astronautical Congr., 2023, pp. 1–14.794

[13] A. Nasrallah et al., “Performance comparison of IEEE 802.1 TSN time795
aware shaper (TAS) and asynchronous traffic shaper (ATS),” IEEE Access,796
vol. 7, pp. 44165–44181, 2019.797

[14] S. Bhattacharjee, R. Schmidt, K. Katsalis, C. Y. Chang, T. Bauschert, and798
N. Nikaein, “Time-sensitive networking for 5G fronthaul networks,” in799
Proc. IEEE Int. Conf. Commun., 2020, pp. 1–7.800

[15] M. Barzegaran, N. Reusch, L. Zhao, S. S. Craciunas, and P. Pop, “Real-time801
traffic guarantees in heterogeneous time-sensitive networks,” in Proc. 30th802
Int. Conf. Real-Time Netw. Syst., 2022, pp. 46–57.803

[16] X. Yuan et al., “A DQN-based frame aggregation and task offloading804
approach for edge-enabled IoMT,” IEEE Trans. Netw. Sci. Eng., vol. 10,805
no. 3, pp. 1339–1351, May/Jun. 2023.806

[17] X. Yuan et al., “A MEC offloading strategy based on improved DQN and807
simulated annealing for Internet of Behavior,” ACM Trans. Sensor Netw.,808
vol. 19, no. 2, pp. 1–20, Dec. 2022.809

[18] D. Cavalcanti, J. Perez-Ramirez, M. M. Rashid, J. Fang, M. Galeev,810
and K. B. Stanton, “Extending accurate time distribution and timeliness811
capabilities over the air to enable future wireless industrial automation812
systems,” in Proc. IEEE, vol. 107, no. 6, pp. 1132–1152, Jun. 2019.813

[19] D. Cavalcanti, M. Rashid, G. Venkatesan, L. Cariou, and R. Stacey, 814
“Time-aware shaping (802.1Qbv) support in the 802.11 MAC,” document 815
IEEE802.11-18/1892r0, Nov. 2018. 816

[20] D. Cavalcanti, G. Venkatesan, L. Cariou, and C. Cordeiro, “TSN support 817
in 802.11 and potential extensions for TGbe,” document IEEE 802.11- 818
19/1287r1, Jul. 2019. 819

[21] W. Liang et al., “WIA-FA and its applications to digital factory: A wireless 820
network solution for factory automation,” in Proc. IEEE, vol. 107, no. 6, 821
pp. 1053–1073, Jun. 2019. 822

[22] M. Rentschler et al., “IO-link wireless: The new standard for factory 823
automation,” in Proc. 15th Wireless Congr.: Syst. Appl., 2018, pp. 14–15. 824

[23] Y. H. Wei, Q. Leng, S. Han, A. K. Mok, W. Zhang, and M. Tomizuka, “RT- 825
WiFi: Real-time high-speed communication protocol for wireless cyber- 826
physical control applications,” in Proc. IEEE 34th Real-Time Syst. Symp., 827
2013, pp. 140–149. 828

[24] M. Luvisotto, Z. Pang, and D. Dzung, “High-performance wireless net- 829
works for industrial control applications: New targets and feasibility,” in 830
Proc. IEEE, vol. 107, no. 6, pp. 1074–1093, Jun. 2019. 831

[25] A. Damnjanovic, W. Chen, S. Patel, Y. Xue, K. Hosseini, and J. Montojo, 832
“Techniques for enabling low latency operation in LTE networks,” in Proc. 833
IEEE Globecom Workshops, 2016, pp. 1–7. 834

[26] K. I. Pedersen, G. Berardinelli, F. Frederiksen, P. Mogensen, and A. 835
Szufarska, “A flexible 5G frame structure design for frequency-division 836
duplex cases,” IEEE Commun. Mag., vol. 54, no. 3, pp. 53–59, Mar. 2016. 837

[27] R. Costa, J. Lau, P. Portugal, F. Vasques, and R. Moraes, “Handling real- 838
time communication in infrastructured IEEE 802.11 wireless networks: 839
The RT-WiFi approach,” J. Commun. Netw., vol. 21, no. 3, pp. 319–334, 840
Jun. 2019. 841

[28] X. Meng, J. Li, D. Zhou, and D. Yang, “5G technology requirements 842
and related test environments for evaluation,” China Commun., vol. 13, 843
pp. 42–51, 2016. 844

[29] S. A. Ashraf, I. Aktas, E. Eriksson, K. W. Helmersson, and J. Ansari, 845
“Ultra-reliable and low-latency communication for wireless factory au- 846
tomation: From LTE to 5G,” in Proc. 21st IEEE Int. Conf. Emerg. Technol. 847
Factory Automat., 2016, pp. 1–8. 848

[30] S. Nagata, L. H. Wang, and K. Takeda, “Industry perspectives,” IEEE 849
Wireless Commun., vol. 24, no. 3, pp. 2–4, Jun. 2017. 850

[31] 3GPP, “NR; physical channels and modulation (release 15),” 3GPP TR 851
38.211, Dec. 2017. 852

[32] R. Abreu, P. Mogensen, and K. I. Pedersen, “Pre-scheduled resources 853
for retransmissions in ultra-reliable and low latency communications,” in 854
Proc. IEEE Wireless Commun. Netw. Conf., 2017, pp. 1–5. 855

[33] Y. Chen, H. Zhang, N. Fisher, and G. Yin, “Probabilistic per-packet real- 856
time guarantees for wireless networked sensing and control,” IEEE Trans. 857
Ind. Inform., vol. 14, no. 5, pp. 2133–2145, May 2018. 858

[34] D. J. Deng et al., “IEEE 802.11ax: Highly efficient WLANs for intelli- 859
gent information infrastructure,” IEEE Commun. Mag., vol. 55, no. 12, 860
pp. 52–59, Dec. 2017. 861

[35] IEEE Standard for Information Technology-Telecommunications and In- 862
formation Exchange Between Systems Local and Metropolitan Area 863
Networks-Specific Requirements-Part 11: Wireless LAN Medium Access 864
Control (MAC) and Physical Layer (PHY) Specifications, IEEE Standard 865
802.11-2016 (Revision of IEEE Standard 802.11-2012), Dec., 2016. 866

[36] Z. Lu, Z. Khan, and M. A. Iqbal, “Fast polling mechanism for baseline 867
BAN MAC (802.15. 6) of body area networks,” Procedia Comput. Sci., 868
vol. 19, pp. 944–949, Jan. 2013. 869

[37] R. Y. Lam, V. C. Leung, and H. C. Chan, “Polling-based protocols for 870
packet voice transport over IEEE 802.11 wireless local area networks,” 871
IEEE Wireless Commun., vol. 13, no. 1, pp. 22–29, Feb. 2006. 872

[38] J. Lin, W. Liang, P. Zeng, H. Yu, and Y. Xiao, “Polling in the frequency 873
domain: A new MAC protocol for industrial wireless network in factory 874
automation,” Int. J. Ad Hoc Ubiquitous Comput., vol. 20, no. 4, pp. 211–22, 875
Jan. 2015. 876

[39] B. P. Crow, I. Widjaja, J. G. Kim, and P. T. Sakai, “IEEE 802.11 wireless 877
local area networks,” IEEE Commun. Mag., vol. 35, no. 9, pp. 116–126, 878
Sep. 1997. 879

[40] Y. J. Kim and Y. J. Suh, “Adaptive polling MAC schemes for IEEE 880
802.11 wireless LANs supporting voice-over-IP (VoIP) services,” Wireless 881
Commun. Mobile Comput., vol. 4, no. 8, pp. 903–916, Dec. 2004. 882

[41] J. Son, H. Choi, and S. C. Park, “An effective polling MAC scheme for 883
IEEE 802. 11e,” in Proc. IEEE Int. Symp. Commun. Inf. Technol., 2004, 884
pp. 296–301. 885

[42] J. Zheng and E. Regentova, “I-poll: Improved polling scheme for augment- 886
ing voice support in IEEE 802.11 PCF,” IEICE Trans. Commun., vol. 89, 887
no. 6, pp. 1964–1967, Jun. 2006. 888



IE
EE P

ro
of

JAYABAL et al.: SURVEY, DESIGN AND EVALUATION OF TGT-HC: A TIME-AWARE SHAPER MAC FOR WIRELESS TSN 13

[43] H. V. Prabhu and G. S. Nagaraja, “Quality of service guaranteed delay889
sensitive polling algorithm for WiMax network: PQ_Poll,” in Proc. 2nd890
Int. Conf. Elect., Comput. Commun. Technol., 2017, pp. 1–6.891

[44] A. Kopsel and A. Wolisz, “Voice transmission in an IEEE 802.11 WLAN892
based access network,” in Proc. 4th ACM Int. Workshop Wireless Mobile893
Multimedia, 2001, pp. 24–33.894

[45] E. Avdotin, D. Bankov, E. Khorov, and A. Lyakhov, “Enabling massive895
real-time applications in IEEE 802.11be networks,” in Proc. 30th IEEE896
Annu. Int. Symp. Pers., Indoor Mobile Radio Commun., 2019, pp. 1–6.897

[46] Y. Lv et al., “Request-based polling access: Investigation of novel wireless898
LAN MAC scheme for low-latency e-health applications,” IEEE Commun.899
Lett., vol. 23, no. 5, pp. 896–899, May 2019.900

[47] J. H. Ko, S. Kwon, and C. Kim, “A polling method using orthogonal901
signalling for wireless local area networks,” in Proc. 34th IEEE Conf.902
Local Comput. Netw., 2009, pp. 130–136.903

[48] M. A. Al-Maqri, M. Othman, B. M. Ali, and Z. B. Hanapi, “Feasible HCCA904
polling mechanism for video transmission in IEEE 802.11e WLANs,”905
Wireless Pers. Commun., vol. 85, no. 3, pp. 899–924, Dec. 2015.906

[49] L. Kleinrock and F. Tobagi, “Packet switching in radio channels: Part I-907
carrier sense multiple-access modes and their throughput-delay character-908
istics,” IEEE Trans. Commun., vol. 23, no. 12, pp. 1400–1416, Dec. 1975.909

[50] M. L. Molle and L. Kleinrock, “Virtual time CSMA: Why two clocks910
are better than one,” IEEE Trans. Commun., vol. 33, no. 9, pp. 919–933,911
Sep. 1985.912

[51] T. Nute, “HCSMA- a nearly conflict-free hybrid CSMA protocol with high913
utilization,” in Proc. IEEE Comput. Netw. Symp., 1984, pp. 75–84.914

[52] S. Singh, P. A. K. Acharya, U. Madhow, and E. M. Belding-Royer,915
“Sticky CSMA/CA: Implicit synchronization and real-time QoS in mesh916
networks,” Ad Hoc Netw., vol. 5, no. 6, pp. 744–768, Aug. 2007.917

[53] L. W. Hansen and M. Schwartz, “An assigned-slot listen-before-918
transmission protocol for a multi-access data channel,” IEEE Trans. Com-919
mun., vol. 27, no. 6, pp. 846–857, Jun. 1979.920

[54] L. Kleinrock and M. Scholl, “Packet switching in radio channels: New921
conflict-free multiple access schemes,” IEEE Trans. Commun., vol. 28,922
no. 7, pp. 1015–1029, Jul. 1980.923

[55] T. Takine, H. Takagi, and T. Hasegawa, “Analysis of an M/G/1/K/N queue,”924
J. Appl. Probability, vol. 30, pp. 446–454, 1993.925

[56] D. Bertsekas and R. G. Gallager, Data Networks, 2nd. ed. Englewood926
Cliffs, NJ, USA: Prentice Hall, 1992.927

[57] OMNeT Community, “OMNeT: Discrete event simulation environment,”928
Accessed: Aug. 2024. [Online]. Available: https://omnetpp.org/929

[58] R. J. Jayabal et al., “CSMA-TGT: Carrier-sense multiple access with930
transmission guiding tracks,” in Proc. IEEE VTS Asia Pacific Wireless931
Commun. Symp., 2019, pp. 1–5.932

[59] National Instruments, “Labview NXG,” Accessed: Aug. 2024. [Online].933
Available: https://www.ni.com/en/shop/labview/labview-nxg.html934

[60] Xilinx Inc., “ISE design suite,” Accessed: Aug. 2024. [Online]. Available:935
https://www.xilinx.com/products/design-tools/ise-design-suite.html936

[61] National Instruments, “USRP-2974 high performance embedded SDR,937
10 MHz-6GHz, 160MHz bandwidth,” Accessed: Aug. 2024. [Online].938
Available: https://www.ettus.com/all-products/usrp-2974/939

Raymond J. Jayabal (Member, IEEE) received the940
BEng and MSc degree from University Malaya,941
Malaysia, and the PhD degree from Nanyang Tech-942
nological University, Singapore. He is a Principal943
Scientist with the Institute for Infocomm Research,944
A*STAR, Singapore, specializing in time-sensitive945
MAC, hardware-in-the-loop simulation (HIL) and946
link scheduling optimization for ad hoc networks.947

948

David Tung Chong Wong (Senior Member, IEEE) 949
received the BEng and MEng degrees from the Na- 950
tional University of Singapore, and the PhD degree 951
from the University of Waterloo, Canada. His main 952
research focus is on MAC protocols. He has served 953
on numerous conference Technical Programme Com- 954
mittees (TPCs), been a Lead Editor for an MDPI 955
journal special issue, and authored over 100 publica- 956
tions including journals, conference papers and book 957
chapters. He has also published a book on Wireless 958
Broadband Networks by John Wiley and Sons. 959

960

Lee Kee Goh received the BEng, MEng, and PhD 961
degrees from the National University of Singapore. 962
He is a Principal Research Engineer with the Commu- 963
nications and Networks Department of the Institute 964
for Infocomm Research, A*STAR, Singapore. His re- 965
search interests are in multiprocessor systems, paral- 966
lel and distributed systems, energy-aware scheduling, 967
and wireless networks. 968

969

Xiaojuan Zhang (Member, IEEE) received the BS 970
degree in electrical engineering from the Huazhong 971
University of Science and Technology, Wuhan, 972
China, in 2003 and the PhD degree from Nanyang 973
Technological University, Singapore, in 2010. Cur- 974
rently, she serves as a Senior Scientist with the In- 975
stitute for Infocomm Research, A*STAR, Singapore, 976
specializing in Internet of Things (IoT), integrated 977
sensing and communications (ISAC), MIMO systems 978
and information theory. 979

980

Chin Ming Pang received the BEng degree from the 981
National University of Singapore. He is a Senior Prin- 982
cipal Research Engineer with the Communications & 983
Networks Department of the Institute for Infocomm 984
Research, A*STAR, Singapore. His work interests 985
spans various areas in wireless communications tech- 986
nologies, FPGA hardware prototyping and embedded 987
systems. 988

989

Sumei Sun (Fellow, IEEE) is Executive Director of 990
the Institute for Infocomm Research, A*STAR, Sin- 991
gapore. She is a fellow of the Academy of Engineer- 992
ing, Singapore. Her research spans signal process- 993
ing and optimization for wireless communications, 994
currently focusing on Industrial Internet of Things 995
(IoT), 5G/6G technologies and beyond technologies, 996
and deep learning applications in wireless communi- 997
cations. 998

999

https://omnetpp.org/
https://www.ni.com/en/shop/labview/labview-nxg.html
https://www.xilinx.com/products/design-tools/ise-design-suite.html
https://www.ettus.com/all-products/usrp-2974/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


