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ABSTRACT A multi-gigabit (WiGig) system is designed based on IEEE 802.11ad standards by exploiting
millimeter-wave (mmWave) bands to achieve extremely high data rates. Recently, IEEE 802.11bd and
3GPPNR-V2X technologies adopted new specifications for the next generation vehicle-to-everything (V2X)
network with the ability to support mmWave bands. However, mmWave bands could be the solution for the
high throughput and low latency. Still, the instability of blockages is a substantial challenge in mmWave
bands, rendering mmWave ineffective in vehicular networks. Typically, technologies capable of operating
at mmWave bands, such as IEEE 802.11ad, IEEE 802.11bd, NR-V2X, etc., share the same technical
challenges due to the unique characteristics of the mmWave band. As a result, to achieve the aspirations
of next generation connected mmWave V2X vehicles. This paper proposes novel classic, cooperative, and
extension protocols for IEEE 802.11bd by enhancing IEEE 802.11ad. The proposed solution aims to mitigate
some of the most common technical challenges associated with using mmWave bands in V2X networks,
such as beam training overhead, link blockage, beam misalignment, limited coverage range, and delay.
Simulation results demonstrate that the proposed approach effectively reduces the beam training overhead,
achieves accurate beam alignment, increases the probability of line-of-sight (LOS), overcomes link blockage/
misalignment, extends the coverage range, and achieves low latency. Further, the proposed enhancement
achieves significantly higher performance against the conventional solution and shows more link stability
despite continuous changes in the density of the vehicles.
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INDEX TERMS mmWave V2X communication, offline HD map-based localization, relay nodes, beam
acquisition, beam alignment, beamforming, links blockage, beam misalignment, coverage range, latency.

I. INTRODUCTION20

Vehicle manufacturers are currently transitioning towards21

electrically autonomous vehicles, where vehicles are22

autonomous and independently driven [1]. Autonomous23

automobiles rely heavily on communication technology to24

interact with their surroundings [2]. Dedicated short-range25

The associate editor coordinating the review of this manuscript and

approving it for publication was Marco Martalo .

communication (DSRC), standardized by IEEE 802.11p [3], 26

and long-term evolution (LTE) cellular V2X (C-V2X), based 27

on third-generation partnership project (3GPP) LTE under 28

release 14 [4] are the most common technologies used for 29

the V2X systems based on licensed spectrum. Both radio 30

access technologies were designed primarily to operate at the 31

5.9 GHz band. C-V2X and DSRC enable communication up 32

to 1 km with data rates of 2-6 Mbps for DSRC and 100 Mbps 33

for C-V2X. However, the study in [5] investigated why the 34

100646

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 10, 2022

https://orcid.org/0000-0002-7739-3215
https://orcid.org/0000-0003-4918-0818


R. I. ABD, K. S. Kim: Protocol Solutions for IEEE 802.11bd by Enhancing IEEE 802.11ad

DSRC and 4G cellular systems are insufficient for supporting35

high data rates, low latency, and sharing raw sensor data on a36

large scale for future connected vehicles. Hence, researchers37

in [5] proposed three possible ways to exploit mmWave38

in future vehicular wireless systems, namely 5G cellular,39

a modified version of IEEE 802.11ad, or a dedicated new40

standard. Furthermore, the authors found that side infor-41

mation derived from out-of-coverage sensors is a crucial42

component of mmWave V2X systems. As a result, several43

studies indicate that more wireless resources are urgently44

needed tomeet the increasing demands of the next-generation45

cellular and V2X systems [4], [5], [6], [7], [8], [9], [10], [11],46

[12], [13], [14]. ThemmWave technology could be a potential47

solution to meet the extremely high bandwidth requirements48

by supporting the mmWave spectrum between (30-300 GHz)49

[6], [7], [8], [9], [10]. In response to these requirements,50

developments in technologies (e.g., IEEE 802.11, DSRC, and51

C-V2X) gave rise to technologies enhancing the performance52

and providing the ability to support mmWave bands, such as53

IEEE 802.11ad, IEEE 802.11bd, and 3GPP NR-V2X [6], [8],54

[11], [12], [13], [14], [15].55

In this regard, IEEE 802.11ad is the wireless local area56

networks (WLANs) standard introduced as an amendment57

to IEEE 802.11 [16]. The protocol extends the operation of58

Wi-Fi networks to address the mmWave spectrum through59

new features at the medium access control (MAC) layer60

and physical (PHY) layer with the capability of support-61

ing multiple gigabit wireless gigabit alliance (WiGig) [17].62

Interestingly, WIGig has been developed based on the63

IEEE 802.11ad and IEEE 802.11ay standards and is ded-64

icated to developing and enhancing wireless personal and65

WLANs in the 60 GHz band with backward compatibil-66

ity of 2.4G Hz and 5 GHz with the ability to handle67

about 7 Gbps [16], [17], [18], [19], [20]. The use of IEEE68

802.11ad to support multi-gigabit wireless vehicular com-69

munications has been investigated and evaluated in several70

studies [21], [22], [23], [24], but challenges associated with71

using the mmWave technology persist [21], [23]. Accord-72

ingly, to achieve robust and reliable IEEE 802.11ad-based73

mmWave vehicular communication, challenges related to74

using the mmWave technology need to be addressed, includ-75

ing beam training overhead, frequent link blockage, beam76

misalignment, short communication range, delay, and unsta-77

ble connectivity [21], [22], [23], [24], [25], [26].78

Therefore, to cope with these challenges, we provide an79

overview and an illustrative example of the most common80

technical challenges that need to be addressed in order to81

realize a robust and reliable mmWave V2X system.82

Among the above challenges, beam alignment and beam-83

forming are among the most common technical challenges84

that need to be addressed associated with the usage of85

mmWave spectrum in IEEE 802.11ad in particular, and86

mmWave V2X technology in general [21], [22], [23], [24],87

[26], [27], [28], [29]. Notably, beamforming and directional88

transmission are essential components in mmWave systems89

to compensate for the high path loss and to maximize90

beamforming gains [22], [30], [31]. In the initial beam align- 91

ment, to establish the mmWave link, the transmitter and 92

receiver should align their beams. In this context, establishing 93

perfect beam alignment requires prior knowledge of chan- 94

nel information, for instance, angle-of-arrival (AoA) and the 95

angle-of-departure (AoD); however, without channel knowl- 96

edge, most existing beam training methods rely on exhaustive 97

beam search (EBS) where the transmitter and receiver scan 98

all possible angular space, for all 360◦ × 360◦ beam pairs 99

in order to obtain the optimal beam pairs [17], [18]. Unfor- 100

tunately, these solutions are constrained by vehicle speed in 101

addition to obstructions [30], [32]. Furthermore, the delay 102

in implementing exhaustive beam sweeping is an additional 103

challenge due to the large number of beam candidates that 104

need to be searched [29]. 105

Fig. 1 (a) shows an illustrative example of beam alignment- 106

based IEEE 802.11ad mmWave V2V. As demonstrated in 107

Fig. 1 (a), through the initial beam alignment, the source vehi- 108

cle (SV) and the intended vehicle (IV) should scan all possible 109

beam directions to find the optimal beam pairing. Neverthe- 110

less, such amethodmay take several milliseconds [32].While 111

Fig. 1 (b) shows an illustrative example of a mmWave V2X 112

network topology and signal propagation and demonstrates 113

the IEEE 802.11ad challenges associated with link blockage, 114

high path loss, and low signal penetration. Accordingly, sev- 115

eral studies have indicated that blockage by surrounding vehi- 116

cles or obstacles can be a significant challenge in mmWave 117

systems due to the low penetration and high path loss in 118

free space [22], [25], [26], [33]. Fig. 1 (b), illustrates LOS 119

signaling and link blockage in a dense urban environment 120

based on different vehicle sizes and types where SV can 121

communicate with V3, V4, V5, V9, and V10 over the LOS 122

link. In contrast, the LOS link between the SV and V2, V6, 123

V7, and V8 is blocked by neighboring vehicles (NVs). In the 124

same context, the short communication range of mmWave 125

systems is another technical challenge associated with IEEE 126

802.11ad and other mmWave V2X technologies. According 127

to [26], in a WiGig system, when the average throughput is 128

above 1Gbps, the average transmission range is about 20m in 129

outdoor environments. Therefore, the IV could easily get out 130

of the SV coverage area by moving a few meters. As a result, 131

short communication transmissions may result in frequent 132

disconnected and out-of-coverage scenarios. As depicted in 133

Fig. 1 (b), despite the short distances between the SV and 134

NVs V2, V6, V7, and V8, which is approximately a few 135

meters, however, LOS links between them are blocked by 136

adjacent vehicles V3, V4, V5, V9, and V10. Along with the 137

previous challenges, Fig. 1 (c) illustrates short transmission 138

range problems where the IV is out of coverage of the SV in a 139

range over 200m, or the IVmay disconnect bymoving a short 140

distance away from the SV, resulting in the SV being unable 141

to send data packets (DP) to the IV. Beam misalignment 142

caused by surrounding moving vehicles is a further challenge 143

that needs to be addressed by vehicular communication-based 144

IEEE 802.11ad. In IEEE 802.11ad, although initial beam 145

alignment has been successfully established, the combination 146
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FIGURE 1. Illustrative examples of common technical challenges associated with mmWave vehicular communication.

of high vehicle mobility and narrow beams results in fre-147

quent beam misalignment [22], [30]. Thus, in order to re-148

establish the link, the two nodes need to search through all149

possible antenna beam configurations to establish the con-150

nection again, which results in additional delay and over-151

head [24]. The final problem outlined in this paper is the152

impact of delay, whether caused by the challenges discussed153

above or by scheduling schemes based on the request-to-send154

(RTS)/clear-to-send (CTS) handshaking mechanism [21].155

In fact, low latency is crucial for ensuring high reliability156

and better performance [11], [13], [22]. Therefore, this paper157

briefly highlights some causes of end-to-end delays and then158

offers solutions.159

In this regard, in order to improve wireless network capac-160

ity, and system performance, both 3GPP NR-V2X [13] and161

IEEE 802.11bd [11] are designed to incorporate interoper-162

ability of conventional frequencies below sub-6 GHz along-163

side mmWave bands. The 3GPP has published its release164

16, which features the first V2X standard based on the 5G165

new radio (NR) air interface [13]. The aim of designing the166

NR-V2X is not to replace the LTEC-V2X, but to complement167

it with support for use cases that the LTEC-V2X cannot meet,168

such as high reliability and low latency [15]. High reliability169

and low latency, however, require a large amount of radio170

bandwidth [14]. To this end, the NR-V2X features capability171

for operation at two frequency ranges, FR1, under sub-6 GHz,172

and FR2, for the mmWave bands [13]. Also, the develop-173

ments in DSRC resulted in the development of the task group174

(TGbd) IEEE 802.11bd created to replace the IEEE 802.11p,175

with the PHY layer offering up to 40MHz channel bandwidth176

and the flexibility to support sub-6 GHz and, optionally, in the177

frequency range from 57 GHz to 71 [11], [12]. However,178

to the best of our knowledge, IEEE has not yet published 179

specifications for mmWaves bands, except for a proposal to 180

migrate portions of the MAC and PHY layers from IEEE 181

802.11ad/ IEEE 802.11ay [11]. Accordingly, the basis for the 182

IEEE 802.11bd design relies on existing IEEE 802.11 stan- 183

dards and associated IEEE 802.11ad/ IEEE 802.11ay [12]. 184

Thus, there is an open discussion about how to overcome the 185

technical challenges of exploiting the mmWaves spectrum in 186

IEEE 802.11bd [5]. 187

Even though current existing mmWave vehicular technolo- 188

gies vary, such as IEEE 802.11ad, IEEE 802.11bd, NR-V2X, 189

etc., their whole protocol stack challenges may remain the 190

same due to the unique characteristics of mmWave bands [2], 191

[15], [21], [22], [23], [24], [25], [28], [29]. Consequently, 192

a successful protocol development to solve such challenges is 193

essential for IEEE 802.11bd for the possible use of mmWave 194

V2X communication and as a complement to 3GPPNR-V2X. 195

A. RELATED WORK 196

We classified the literature into two research trend categories. 197

In the first category, in order to simplify and speed up adaptive 198

channel estimation and beamforming, researchers in [34] 199

provided that a location-aided beamforming strategy can sig- 200

nificantly speed up initial access. While Wang et al. in [35] 201

proposed a Low-complexity beam searching and beam selec- 202

tion approach by exploiting the angle information extracted 203

from the beam codewords of the previous serving base station 204

(BS) to minimize the size of the beam searching space of 205

the target BS. To further minimize the number of beams 206

to search and to reduce the beam alignment overhead, the 207

authors in [36] exploited user equipment (UE) locations and 208

potential reflection points. On the other hand, to mitigate 209
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beam misalignment problems and reduce the beamforming210

overhead. Ioannis et al in [37], developed a smart motion-211

prediction beam alignment that exploits the broadcast infor-212

mation to estimate the vehicle’s position and predict its213

motion. In the same context, to reduce the excessive com-214

plexity and obtain the lowest training latency of exhaustive215

beam search schemes based on IEEE 802.11ad/ay protocols,216

the authors designed a new transmission frame structure that217

adjusts a small number of training beams and frames [35].218

The second category is latency and reliability of mmWave219

V2V networks under relay selections as well as link blockage220

avoidance [38], [39], [40], [41]. Based on mmWave signal221

propagation, network topology, and traffic density, in [38],222

the authors exploited the location information of vehicles and223

the adjacent distance to improve the performance ofmmWave224

V2V multi-hop transmission latency and reliability. In order225

to minimize the effects of link blockage, LV et al. in [39]226

proposed blockage avoidance and optimal relay selection227

scheme-based mmWave V2V multi-hop sensor data dissem-228

ination, which allows for faster dissemination and minimizes229

transmission delays by using vehicle positions and utility230

functions. Along these lines, the literature in [40] proposed231

the proper selection of the next-hop relay nodes in high-232

density networks. This research develops a hybrid relay node233

selection by exploiting the features of message dissemina-234

tion, including message accessibility, delay, and bandwidth.235

In order to improve outage probability and average total rate236

performance, the reference in [41] proposed using multi-237

relays, where an unlimited number of sources transmitted238

their messages to the target destinations through multi-relays,239

in which the relay decision relied on the measured SINR240

while planning tools are used to identify the best places for241

the relays. The study also demonstrates that the selection242

of relays significantly impacts system interference and that243

careful selection can enhance overall performance. In line244

with the research presented in [41], Liu et al. In [42] proposed245

using the resources of vehicles around the requested vehicles.246

Instead of requesting vehicles only to offload tasks to service247

vehicles as relay nodes. Therefore, request vehicles can use248

service vehicles as relay nodes to offload tasks beyond one-249

hop communication ranges. To achieve better performance250

of mmWave MAC for V2V communications and reduces251

the control overhead and delay. Reference [43] proposed to252

decouple the control and data planes utilizing a configura-253

tion of IEEE 802.11ad tailored to vehicular communications.254

By design a MAC using IEEE 802.11p for the control plane255

and IEEE 802.11ad for the data plane.256

B. CONTRIBUTION257

In this paper, we propose a novel solution for mmWave V2X258

communication protocols-based IEEE 802.11bd by enhanc-259

ing IEEE 802.11ad in terms of260

• Using offline location information (OLI) based on261

offline HD mapping-based localization for better beam262

alignment, fast beam acquisition, minimizing channel263

training overhead, and selecting the optimal relay vehi- 264

cles (RVs) and dedicated vehicle stations (DVS) among 265

addressed NVs. 266

• Using independent position estimation (IPE) and net- 267

work topology lists (NTLs) to minimize end-to-end 268

transmission delays and complexity. 269

• Using RVs to overcome link blockages and extend com- 270

munication coverage. 271

• Using DVS for enhanced coverage and communication 272

with vehicles beyond the coverage area. 273

• Using the diversity of selecting RVs to mitigate the 274

effects of dynamic beam misalignment caused by mov- 275

ing vehicles and narrow beams. 276

We briefly discussed the challenges associated with using 277

mmWave bands in V2X networks. Afterward, we offer pos- 278

sible solutions to overcome these challenges. 279

The authors propose a novel solution to overcome these 280

challenges based on classic, cooperative, and extension pro- 281

tocols for IEEE 802.11bd to accommodate both (In/Out) 282

cellular coverage scenarios. 283

In the classic protocol, two-stage algorithms were pro- 284

posed to overcome the limitations of the beam-sweeping- 285

based beam alignment method and enhance the beam align- 286

ment performance ofmmWaveV2V networks under different 287

scenarios. In the first stage, a location-aided beamforming 288

strategy is employed to narrow the beam search space of 289

the target. While in the second stage, only the narrow beam 290

search space is scanned to find beam pairings with the highest 291

received signal strength (RSS). 292

In the cooperative protocol, we propose a multi-hop coop- 293

eration request (MHC-REQ) Beacon messages to overcome 294

link blockage and enhance the communication range. 295

In the extension protocol, we propose a DVS approach to 296

expand the communication coverage range of the mmWave 297

V2X channel and enable communication with vehicles out- 298

side the coverage range. 299

In the overall protocol, we propose an accurate method for 300

selecting RVs and DVS according to IPE and NTLs algo- 301

rithms. Therefore, RVs and DVS are not selected randomly, 302

but accurately based on their locations relative to SV, IV, NVs, 303

and associated RSS. In this solution, the SV is responsible for 304

choosing the most efficient RVs and DVS among the NVs 305

candidates to maximize the likelihood of LOS in the current 306

network topology. 307

In order to speed up decision-making and reduce end-to- 308

end transmission delays, we propose IPEs and NTLs mech- 309

anisms. In IPE, we develop an accurate and independent 310

location estimation algorithm by considering the vehicle sta- 311

tus and the estimation error as inputs. Moreover, IPE catego- 312

rizes vehicles based on their status into static and dynamic 313

categories. 314

In the static status, the vehicle estimates its position inde- 315

pendently based on the current position, speed = 0; delay 316

before transmission start= ts, and random estimation error er . 317

While in the dynamic status, the vehicle predicts its location 318

according to the current position, speed = s, transmission 319
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FIGURE 2. IEEE 802.11ad beacon interval structure and channel access.

delay ts, and random estimation error er . However, OLI is320

used to estimate the current position.321

The strength of the IPE method lies in the fact that each322

vehicle within the intended communication range can inde-323

pendently and accurately estimate its location and then send324

the location information to the SV. Therefore, we frame325

the solution as an accurate and fast collaborative teamwork326

process.327

In NTLs, we propose a framework to facilitate and328

speed up the selection of an appropriate protocol among329

the three proposed, depending on the current network330

topology.331

Finally, we propose a diverse RVs selection based on the332

proposed cooperative protocol to mitigate the potential of333

blocking some of the selected RVs during the data package334

delivery (DPD) mechanism. Therefore, diverse RVs can min-335

imize the probability of frequent beam misalignments in a336

highly dynamic environment.337

II. A BRIEF OVERVIEW OF THE IEEE 802.11AD338

STANDARD339

A. IEEE 802.11ad- BASED mmWave V2X340

COMMUNICATION SYSTEM341

The IEEE 802.11ad standard defines a common framework342

for multi-Gbps communications at 60 GHz and enhances343

the performance of V2X communications [16], [17]. In the344

mmWave bands, however, the link degrades more signif-345

icantly than in the traditional under the sub-6 GHz band346

when passing through obstacles. A directional antenna is347

employed in IEEE 802.11ad to compensate for the high path348

loss observed in the mmWave bands.349

The RTS/CTS handshaking mechanism is applied350

in an exhaustive sector-sweep manner during beacon351

exchange [21], [44]. Direct communication between the352

transmitter and receiver is possible if the connection link353

satisfies the transmission conditions. However, since the354

receiver location is unknown, exhaustive sector sweeping355

is used as part of the handshaking mechanism based on356

the quasi-omnidirectional to identify the optimal antenna357

sector, resulting in a high overhead and low link budget [20],358

[33]. In IEEE 802.11ad, beamforming is implemented during 359

beacon intervals (BIs), and the channel access is divided into 360

several BIs. As shown in Fig. 2, the BI consists of a beacon 361

header interval (BHI) and a data transmission interval (DTI). 362

Furthermore, the BHI comprises the beacon transmission 363

interval (BTI), association beamforming training (A-BFT), 364

and announcement transmission interval (ATI) [16], [43]. The 365

(Bis) in IEEE 802.11ad is divided into several sub-intervals, 366

as described in Fig. 2. [21], [45], [46], [47], [48]: 367

• Beacon transmission interval (BTI): In this sub-interval, 368

the transmitter transmits DMGbeacon frames across different 369

antenna sectors to announce the network. 370

• Association beamforming training (A-BFT): In this sub- 371

interval, beamforming is performed between the transmitter 372

and responder by using a headshake mechanism. 373

• Announcement transmission interval (ATI): In this sub- 374

interval, the transmitter and responder are managed and trans- 375

mitted by the exchanged (REQ) and (ACK) frames. 376

• Data transmission interval (ATI): In this sub-interval, 377

the contention-based access period (CBAP) and scheduled 378

service period (SP) are exchanged between the transmitter 379

and the responder for data transmission. 380

B. mmWave SYSTEM BEAM ALIGNMENT 381

In mmWave systems, antenna beamforming is employed at 382

the transmitter and the receiver with the precise alignment of 383

the beams for establishing a reliable and highly directional 384

transmission link. However, quick beam pairs and low- 385

complexity beam alignment are essential components for reli- 386

able mmWave V2X networks. The IEEE 802.11ad standard 387

defines the so-called exhaustive beam sweeping, in which 388

beams are scanned sequentially and evaluated to determine 389

the optimal alignment beam pair [49]. Unfortunately, since 390

location information is unknown, exhaustive beam sweeping 391

at both transmitter and receiver leads to significant delays and 392

associated communication overheads [25], [27], [46], [49]. 393

III. SYSTEM MODEL 394

Based on an evolution of an IEEE 802.11p standard, the 395

proposed system model enhances the IEEE 802.11ad, which 396
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FIGURE 3. mmWave V2X network topology.

is one of the common V2X standards for DSRC. The key397

objective of our work is to overcome challenges faced by398

operating mmWave bands based on IEEE 802.11bd. In gen-399

eral, obstacles, mobility, and density are the main parameters400

affecting the mmWave V2X network topology and its perfor-401

mance. In the system model, we consider a mmWave V2V402

communication network where each vehicle is equipped with403

mmWave transceivers and operates with transmit power Ptx .404

Furthermore, the effective communication range is set to Rd .405

Those vehicles within the range of communication of the SV406

can communicate directly with the SV if the RSS meets the407

transmission requirements.408

Fig. 3, demonstrates an illustrative example of the pro-409

posed system model by incorporating different types and410

sizes of vehicles in proportion to realistic urban environ-411

ments. In which N vehicles move in the same direction VN =412

V1,V2,V3,V4, ....,Vn, where the SV is located behind the IV413

with a distance of dx , and NVs are in the position of blocking414

the LOS link between SV and IV.415

The proposed system model acknowledges that NVs may416

act as obstacles to the association of LOS between SV and IV,417

but at the same time, they may facilitate signal transmission.418

Therefore, if the LOS is blocked and the RSS falls below the419

predefined threshold, the SV must communicate with the IV420

through selected RVs. In order to provide reliable and timely421

communication between the SV and IV, RVs are carefully422

selected based on the IPE. Additionally, if the LOS signal is423

blocked and RVs have been assigned for message forwarding,424

only transmission from the SV to selected RVs, and then425

from RVs to the IV, is allowed. All other vehicles within426

the communication range not addressed by the SV remain427

silent. Upon receiving the message from the SV, the selected428

RVs transmit the received DP to the IV. Carrier-sense mul-429

tiple access with collision avoidance (CSMA/CA) [50] can430

use for shared wireless channels across nodes in a network.431

Further, to mitigate interference, the SV sensors the channel,432

and refrains from sending packets over busy channels [51].433

As soon as the channel becomes accessible for transmission,434

requests to send and clears to send are used to initiate data 435

transmission. Vehicle detection and location information are 436

critical components of the proposed solution that provide 437

the system with the current local topology [30], [52], [53]. 438

Overall, in the case of link blockage, the proposed protocol 439

is appropriate for passing the signal to NVs following the 440

same trajectory. We assume that the proposed protocol can 441

specify where the vehicle of the intended recipient is located, 442

and which of the NVs are closest to the IV to transmit the 443

data packet (DP) [53]. By tagging the intended recipient’s 444

vehicle information with an awareness message, each vehicle 445

in the group becomes aware of the IV. We also assume that 446

each vehicle in the connection region can identify the SV and 447

IV location and identify its location concerning NVs in the 448

current network topology. 449

As shown in Fig. 3, despite the fact that the vehicles V1, 450

V2, and V3 are in a position that blocks the LOS signal 451

between SV and IV, they are also located in places where 452

they are highly likely to reach the IV via LOSs. Therefore, 453

it will be more efficient to use obstruction vehicles as a 454

(medium/relay) to achieve the desired LOS link. As shown 455

in Fig. 3, SV selected the obstruction vehicles V1, V2, and V3 456

as relays to transmit DP to the IV. 457

A. CHANNEL MODEL 458

A hybrid MIMO architecture is considered for the mmWave 459

V2X system in order to reduce power consumption and 460

achieve an inexpensive system architecture [46], [48], [54], 461

[55], [56]. At the Vtx side, the signal is preceded using 462

a hybrid beamforming vector, and the received signals 463

are combined according to the hybrid combiner vector at 464

the Vrx side. The vector f represents a hybrid precoder 465

employed on the V[tx], while a hybrid combiner vector w 466

combines the received signals at Vrx . According to [48] 467

and [54], the received signal at time t in the vehicle is given 468

by 469

Y = wHHf S+ wHn (1) 470
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We assumed each vehicle has the same antenna array and471

RF chains. Therefore, the communication channel matrix link472

H between the Vtx and Vrx can be exemplified as H ∈473

CNtx×Nrx , f = FRFfBB denotes the hybrid precoder, where474

FRF ∈ CNtx×Ltx and fBB ∈ CLTX×1 are RF and baseband475

precoder, respectively. Where w = WRFwBB ∈ CNrx×1 is476

the hybrid combiner vector withWRF ∈ CNrx×Lrx and wBB ∈477

CLrx×1 are the RF and baseband combiner, respectively. S478

are the transmitted symbols, and n is the additive is white479

Gaussian noise.480

The mmWave narrowband frequency-flat channel can be481

modeled by [55] and [56].482

H =

√
NVrxNVtx

ρ

L∑
l=1

αlaVrx (θl)a
H
Vtx (φl) (2)483

where NVtx and NVtx are the transmit and receive antenna484

arrays size, respectively. ρ is large-scale pathloss and L485

denotes the number of paths. a denotes the complex path486

gains of the l th path. aVrx (θl) and a
H
Vtx (φl) are the antenna487

array response vectors. The array response vectors at the488

transmitter and receiver can be formulated by489 

aVtx (φ) =
1√
NVtx

×

[
1, ej

2πd
λ

cosφ
, · · · , ej(NVtx−1)

2πd
λ

cosφ
]T
,

aVrx (θ ) =
1√
NVrx

×

[
1, ej

2πd
λ

cos θ
, · · · , ej(NVrx−1)

2πd
λ

cos θ
]T
,

(3)490

IV. PPOPOSED SCHEME491

A. VEHICLE LOCALIZATION BASED ON OFFLINE492

LOCATION INFORMATION (OLI)493

The main components of connected and autonomous vehicles494

are positioning and sensors. These include radar, lidar, and495

cameras [5], [39], [57].496

The global positioning system (GPS) and global naviga-497

tion satellite system (GNSS) allow positioning and tracking;498

however, they cannot always provide accurate positioning,499

especially in urban environments with buildings, multipath,500

and signal obstructions [58], [59], [60].501

Combining GNSS and inertial navigation (INS) systems502

can improve localization performance. Nevertheless, this503

technology cannot accurately detect the surrounding environ-504

ment [60].505

5G NR-V2X introduces opportunities for vehicular posi-506

tioning and tracking based on the estimation of the angle507

of arrival (AoA), angle of departure (AoD), and time of508

arrival (ToA). Unfortunately, the multipath propagation of509

wireless signals in an urban environment result in parameter510

ambiguities [13], [61].511

The simultaneous localization and mapping (SLAM) tech-512

nique is defined to achieve accurate autonomous vehicle513

localization without using GNSS and real-time kinematics514

(RTK) but based on sensors such as cameras, radar, and 515

lidar [62], [63]. Therefore, the perceived environment real- 516

ized by the map representation is computed simultaneously 517

for the given setting. However, SLAM-based sensor tech- 518

niques require high computing power [63]. 519

High-definition (HD) maps integrated with sensors are 520

widely used to demonstrate the environment and aid in accu- 521

rate localization [64], [65], [66], [67]. HDmaps provide high- 522

precision environmental features based on a real map. A key 523

advantage of HD maps is their ability to provide precise nav- 524

igation and localization out of cellular coverage. Therefore, 525

Google, Apple, and HERE supply high-definition maps for 526

autonomous vehicles such as Tesla’s [65]. 527

Previously built map technology can provide accurate vehi- 528

cle locations without GNSS/GPS and is robust to changes 529

in weather conditions. A unique feature of offline preloaded 530

maps is their ability to operate in areas without coverage. 531

However, since roads and places do not change quickly, reg- 532

ular offline mapping updates can occur when a vehicle enters 533

a coverage area. Therefore, in this model, we aim to leverage 534

the features of preloaded high-definition maps and automated 535

vehicle sensors such as radar, lidar, lasers, and cameras 536

to speed up adaptive channel estimation and beamforming 537

in/out-of-coverage environments, so-called OLI. However, 538

recent studies have relied on offline-built maps to solve the 539

vehicle localization problem presented in [66] and [67]. 540

Therefore, we aim to use offline-built maps and a multi- 541

sensor fusion approach to estimate the vehicle pose concern- 542

ing the map by performing a map-matching algorithm [68]. 543

Thus, locating vehicles is possible by matching semantic 544

features with existing maps. Subsequently, we intend to 545

apply a cooperative localization protocol to V2V commu- 546

nications [69], which allows vehicles to exchange loca- 547

tion information with surrounding vehicles for location 548

estimation. 549

B. VEHICLE-BASED CURRENT STATUS 550

Our approach classifies vehicles into two categories: static 551

and dynamic. Static vehicles, such as those stopped at a 552

traffic light or on crowded streets, whereas dynamic vehicles 553

are vehicles that are in continuous movement. For a precise 554

location estimation, it is necessary to consider the vehicle’s 555

status. Accordingly, if the vehicle is in static status, the loca- 556

tion estimation is derived from the current OLI, speed = 0, 557

and the linear ratio of the normal static error. In dynamic 558

status, accurate location estimation relies on the current OLI, 559

current speed, and delay to start transmission, in addition to 560

the proportion of normal dynamic error. 561

In static status, the estimated vehicle position equation is 562

given by VS ∼ VCurr + logN (µ, σ 2
s ). In dynamic status, the 563

estimated position of the vehicle is computed according to, 564

VD ∼ VCurr + VPre + logN (µ, σ 2
d ), where VCurr represents 565

the current position of the vehicles based on offline HD map- 566

based localization, logN (µ, σ 2
s ) denotes the normal static 567

error, VPre indicates the predicted position based on current 568

speed and delay to start transmission, and logN (µ, σ 2
d ) is 569
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the normal dynamic error. /mu and /sigma are the mean and570

standard deviation of the normal distribution, respectively.571

C. INDEPENDENTLY POSITION ESTIMATION (IPE)572

Fast selection of optimal relays and beams relies heavily on573

a collaborative approach to exchange a set of information574

between vehicles within the range of communication. Accu-575

rate and fast estimation of vehicle location parameters is a576

critical component of network topology.577

In our solution, once the vehicles have successfully578

received location requests from the SV, each vehicle esti-579

mates its current location independently based on static and580

dynamic statuses and associated factors.581

Vehicles that successfully estimate their position send their582

position estimation information to the SV. However, inde-583

pendent location estimations can help reduce the complexity584

of position estimation at the SV and minimize end-to-end585

transmission delays.586

D. RE-UPDATE OLI AND IPE587

Due to the rapid changes in the local topology of the vehicle588

environment, a continuous update of the surrounding envi-589

ronment information is necessary. However, GPS information590

for updating the local topology in vehicular environments has591

been investigated [70]. This approach proposes re-updating592

OLI and IPE frequently. Frequent updates of the local topol-593

ogy of each vehicle in the connection group are vital for594

obtaining precise vehicle locations over time. The OLI is595

updated based on the current vehicle position in the net-596

work topology, whereas the IPE is updated based on the597

current OLI and vehicle status. Accordingly, in our approach,598

we assumed that all vehicles in the network topology were599

able to update their OLI and IPE frequently every second.600

E. LOCATION INFORMATION AIDED CHANNEL601

ESTIMATION602

Beam-alignment methods assess the beam combinations of603

each vehicle before transmitting data, and the link is estab-604

lished based on the beam pair that achieves the highest refer-605

ence signal receive power (RSRP) [71].606

A codebook-based analog beamforming method has been607

proposed to simplify the configuration and alignment of608

arrays. However, the set of predefined beams in the codebook609

requires unacceptably high latency plus overhead [72]. Due610

to the uncertainty of target location information, achieving611

rapid beamforming is challenging in a mobile environment.612

Conventional beam sweeping solutions have a high overhead613

since beamforming occurs via a traditional exhaustive beam614

search, which takes several milliseconds [27], [28], [71].615

Typically, estimating receiver location information can sig-616

nificantly accelerate beam sweeping and initial access time,617

which further reduces beamforming overhead [34], [34], [34],618

[35], [36].619

Therefore, we aim to exploit location information derived620

from sensors effortlessly to reduce the required beam search621

space in/out-of-coverage environments. However, optimizing622

estimation performance metrics could be achieved if prior 623

vehicle position information is available. 624

In our approach, position-aided beam training can be sum- 625

marized as follows: Beam training starts with the SV send- 626

ing the training request IPE-REQ beacon message to NVs. 627

Responders then respond with an acknowledgment contain- 628

ing their position information and IPE-Vn beacon messages. 629

The IPE obtained from vehicles can be converted into infor- 630

mation on angle-position coordinates. Subsequently, the SV 631

exploits position information to determine a narrow list of 632

optimal beam directions and alignment accuracy. Next, the 633

transmitter scans the selected narrow angle on the receiver 634

side to obtain the optimal beam pair. Then the optimal weights 635

and adjusting the magnitude and phase of the signals are 636

determined. These weights are then applied to the transmit 637

signal to direct the beams towards the targets [73]. However, 638

the training data for a limited budget include the position, the 639

orientation, and the RSS measurements for all combinations. 640

Therefore, the proposed solution meets its design objectives 641

by achieving precise beam alignment and accelerating opti- 642

mal beams coupled with the highest RSS. 643

F. PROPOSED Tx , Rx ARCHITECTURE WITH SIDE OFFLINE 644

LOCALIZATION INFORMATION 645

The perspective of the design objectives in this section is 646

to reduce search space by leveraging location information. 647

We formulate the possible AoA/AoD ranges as a function 648

of transmitter and receiver location information coordinates. 649

The position matrix P ∈ R2×N contains the two-dimensional 650

location coordinates, where Pn = [pxn ,pyn ]
T denotes the 651

location information coordinates of the nodes. According to 652

the studies in [35] and [36], the estimated location informa- 653

tion can speed up beam alignment and reduce the search time 654

as follows: 655

Let’s assume Pi refers to the location information matrix 656

that contains the coordinate information of the transmitter and 657

receiver, and n is the number of the node. 658{
P i = [p0,p1, . . . ,pN−1],
n = [0, . . . ,N − 1],

(4) 659

where 660

P0 =

{
PTX for i = RX,
PRX for i = TX,

(5) 661

The current location information P0 can be referred to 662

as current transmitter location information pTX when the 663

receiver observer, and current receiver location information 664

pRX when the transmitter observer. Moreover, the inde- 665

pendent location information model of the transmitter and 666

receiver can be formulated in the following manner: 667{
P̂TX = PTX + ETX,

P̂RX = PRX + ERX,
(6) 668

where PTX and PRX refers to the current location estimation 669

or location prediction between the transmitter and receiver 670
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based on the current status (static/dynamic). ETX and ERX671

are the matrices that indicate the random location estimation672

errors associated with given x and y coordinates for the673

transmitter and receiver, respectively [74].674 {
ETX = [eTX0 , eTX1, , . . . , e

TX
N−1],

ERX = [eRX0 , eRX1, . . . , e
RX
N−1],

(7)675

The estimated angle in the Euclidean plane between the676

x-axis and the point (x, y) for the transmitter and receiver is677

given by678 
αTX =

(
x̂TXn − x̂TX
ŷTXn − ŷTX

)
,

αRX =

(
x̂RXn − x̂RX
ŷRXn − ŷRX

)
,

(8)679

where x̂TX and ŷTX are the estimated x and y coordinates680

of the transmitter due to its uncertain position. Similarly,681

x̂RX and ŷRX are the estimated x and y coordinates of the682

receiver over its uncertain position. Based on estimated loca-683

tion information at the transmitter and receiver, the associated684

AOD/AOA can be calculated as follows:685 
φ̂n =

π

2
− arctan(αTX ),

θ̂n =
π

2
− arctan(αRX ),

(9)686

Therefore, based on the location information available at687

the receiver, the AOA of the m-th path to the receiver can be688

evaluated.689

Where x̂RX and ŷRX are the estimated x and y coordinates690

of the receiver since its position is uncertain.691

The following are the estimated distances between the692

transmitter and receiver693  d̂TXn =
√
(xTX − x̂TXn )2 − (yTX − ŷTXn )2,

d̂RXn =
√
(x̂RX − x̂RXn )2 − (ŷRX − ŷRXn )2,

(10)694

The proposed coordinate beam alignment algorithm uses695

estimated location information and estimated location infor-696

mation error. However, the transmitter and receiver jointly697

search the beam vectors in a narrow beam search area during698

the beam alignment phase. The transmitter selects the beam699

steering vector STXn that corresponds to the obtained AOD700

and transmits it to the receiver, after which the receiver selects701

a combining vector CRXn that is nearest to the estimated702

AOA, which can be calculated as follows:703 {
STXn = fTX(φ̂n),
CRXn = fRX(θ̂n),

(11)704

It is worth noting that the extremely high accuracy of beam705

search angle estimation is not essential for our method,706

as shown in Fig. 4 (a). In the first step, the aim is only to707

narrow the angle of the beam search. In the next step, the708

very accurate transmission angle is obtained by performing709

a sweeping mechanism through a predefined narrow search710

angle. Thus, the narrow-predefined search angle and the 711

physical angle have some disparity. 712

As depicted in Fig. 4 (a), the orange beams represent 713

conventional exhaustive beam search, while the blue beams 714

indicate the pre-selected narrow search angle, and the red 715

beam denotes the selected beam. 716

G. BEACONS DEFINITIONS 717

In this section, we outline an overview of the types of bea- 718

con messages exchanged during the proposed channel access 719

period as follows: 720

• Independent position estimation (IPE), low latency 721

beacon messages are exchanged and updated periodically 722

between the SV and NVs. There are two kinds of IPE bea- 723

con messages: (1) Independent position estimation request 724

(IPE-REQ) is sent within the DMG beacons during the initial 725

access in one packet by SV. (IPE -REQ) carries information 726

such as IDs, SV IPE, IPE-REQs, etc. 727

(2) Independent position estimation-feedback 728

(IPE-feedback), low-latency messages containing IPE infor- 729

mation, transmitted in a single packet with SSW frames by 730

NVs. 731

• Multi-hop cooperative (MHC) Beacon messages are 732

conditional, low-latency messages sent by SV. The MHC 733

carries information concerning the SV, IV, and selected 734

RVs such as MAC, position, identification ID, SP access 735

period, etc. However, there are three kinds of MHC beacon 736

messages. 737

(1) Multi-hop cooperative-Request (MHC-REQ) Beacon 738

messages are sent by the SV to the selected RVs notifying 739

them of the desire to transfer the DP to the IV using the 740

cooperative protocol. 741

(2) Multi-hop cooperative-Feedback (MHC-Feedback) 742

Beacon messages are sent by selected RVs to the SV to report 743

the ability to send the DP and start sending the DP. 744

(3) Multi-hop cooperative-Acknowledge (MHC-ACK) 745

Beacon messages are transmitted by selected RVs to the SV 746

to acknowledge that the DP transmission is complete. 747

• Extending the communication range (ECR) Beacon mes- 748

sages are conditional, low-latency messages sent by SV. The 749

ECR carries information concerning the SV, IV, and selected 750

DVS, such as MAC, position, identification ID, SP access 751

period, control packet, type of transmission protocol, etc. 752

However, there are three kinds of ECR beacon messages. 753

(1) Extending the communication range-Request 754

(ECR-REQ) Beacon messages are sent by the SV to the 755

selected DVS informing of the desire to transfer the DP to 756

the IV using the extension protocol. 757

(2) Extending the communication range-Feedback 758

(ECR-Feedback) Beacon messages are sent by selected DVS 759

to the SV to inform the possibility of DP transmission and 760

start sending the DP. 761

(3) Extending the communication range-Acknowledge 762

(ECR-ACK) Beacon messages are sent from the selected 763

DVS to the SV to acknowledge the completion of the DP 764

transmission. 765
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FIGURE 4. Illustrative examples of the proposed solutions.

H. NETWORK TOPOLOGY LISTS (NTLs)766

The NTLs indicate the vehicular network topology informa-767

tion in the current environment based on location and the768

corresponding RSS. The RSS measures the received signal769

strength of the reference signals within predefined thresh-770

olds. However, the RSS value of a single receiver antenna is771

recorded periodically during the measurement period.772

In the initial phase of the beacons exchange, dur-773

ing the (BTI/A-BFT) access periods, as soon as the774

(DMG/IPE-REQ) and (SSW/IPE) Beacon frames exchange775

are completed, the SV generates NTLs immediately.776

The NTLs consist of the classic list, cooperative list, and777

extension list in the following sequence:778

(1) A classic list is used to store the IPE of the SV and IV in779

order to identify the narrow steering angle, locate configura-780

tion information from peer vehicles with its corresponding781

RSS, and store/map the best transmit and receive antenna782

sectors candidates based on the classic protocol.783

(2) the cooperative list is used to store, map, and locate RV784

candidates with their corresponding RSS fromNVs in the list.785

(3) the extension list is used to store, map, and locate786

DVS candidates with their corresponding RSS and store the787

associated selected protocol for the final DPD mechanism.788

Following the creation of the NTLs, the SV analyses and789

compares the information in the three lists in order to deter-790

mine the type of protocol used for the DPD mechanism.791

The SV selects one of the three lists of NTLs based on the792

availability of information in the lists and the order among793

the three lists.794

For instance, assuming the information is available in all795

three lists simultaneously, the SV gives priority to the classic796

list, next to the cooperative list, and finally to the extension797

list sequentially.798

It is worth noting that any of the NVs that have success- 799

fully received (DMG/ IPE-REQ) frames could be a candidate 800

member of the three lists at once, depending on their position 801

within the network topology. 802

However, each vehicle from the NVs can join the NTLs 803

candidates if the following conditions are satisfied: (1) NVs 804

that have successfully received (DMG/IPE-REQ) Beacon 805

frames. (2) NVs that share the same range of communication 806

with SV and IV. (3) NVs that successfully detect the existence 807

of the IV within its communication range. (4) NVs that have 808

the same trajectory as SV and IV. (5) NVs with the capability 809

to identify the type of protocol used in the DPD mechanism. 810

NVs that have successfully met the requirements to join the 811

NTLs are responsible for: (1) search for the IV within their 812

coverage area, (2) determine its position relative to the SV 813

and IV. (3) find the narrow beam angle towards IV, determine 814

the corresponding RSS relative to SV/IV, and join the classic 815

list. (4) select RVs candidates, determine the corresponding 816

RSS relative to SV/IV, and join the cooperative list. (5) select 817

DVS candidates, determine the corresponding RSS relative 818

to SV/IV, specify a final DPD mechanism among broadcast, 819

classic, or cooperative protocols, and join the extension list. 820

Addressed NVs can join all or some of the list based on 821

their position in the current network topology, after which the 822

SV adopts one of the proposed transmission protocols based 823

on a list of criteria. 824

I. COMMUNICATION RANGE EXTENSION 825

In vehicular networks, communication range relies on sev- 826

eral parameters (e.g., frequency band, transmission power, 827

obstacles, and environment). DSRC can theoretically achieve 828

a communication range of 1000 meters on the freeway under 829
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sub-6 GHz. Unfortunately, dynamic physical obstructions in830

urban environments can reduce the communication range to831

less than 100 meters [75].832

Since path loss varies inversely with wavelength, mmWave833

systems are subject to higher attenuation, thus having834

a smaller transmission range than conventional technolo-835

gies [21], [22]. The mmWave communication channels are836

theoretically possible at ranges less than 200 m in most837

measured links [8]. However, in dense urban environments,838

the actual transmission range of mmWave channels is well839

below 200 meters.840

We propose an enhanced solution for extending the trans-841

mission range of the mmWave V2X channel in actual842

dense environments by allowing the SV to communicate843

with the IV through DVS beyond its coverage, as shown in844

Fig. 4 (b).845

Specifically, the proposed protocol is divided into two846

stages, one for listingDVS candidates and the other for select-847

ing the best DVS from among lists. ADVS is chosen precisely848

midway between the SV and IV communication range to849

manage and transmit the DP simultaneously to the further850

selected RVs in the next hop for the final DPD mechanism,851

as shown in Fig. 4 (b). However, the final DPD-based DVS852

is restricted to broadcast, classic, and cooperative protocols.853

Thus, the DVS cannot use the expansion protocol for the DPD854

mechanism.855

If a DVS uses the classic protocol for the final DPD, then856

the DVS steers its beam toward the IV directly based on IPE.857

In the case of cooperative protocols, the selected RVs of858

the second network synchronize the transmitting time and859

frequency according to a control packet transmitted by the860

DVS.861

The control packets are used to synchronize and trigger862

the transmitting time of RVs on one hop if the cooperative863

protocol is employed. Once the control packet is received864

successfully at RVs, the DP containing the IV address and865

encoding is transmitted simultaneously.866

J. DIVERSITY RV/DVS VEHICLES867

Cooperative and extension protocols may fail due to fre-868

quent changes in the location of the RV/DVS caused by869

continuous movement in the vehicular environment. That870

results in the effect of so-called link misalignment or link871

re-establishment problems [30]. Therefore, to achieve high872

reliability and improve the performance of the mmWave V2X873

channel, we proposed a diversity in the selection of RV/DVS874

based on the IPE and NTLs. As shown in Fig. 4 (c), the875

SV can choose more than one RV depending on the location876

of the RV relative to the SV and IV in the current network877

topology. In general, the diversity of RV/DVS aims to reduce878

the effects of dynamic obstacles and address the potential for879

blocking some RVs/DVSs. As shown in Fig. 4 (c), the SV880

communicates with the IV through diverse RVs V3, V4, and881

V5. However, the SV can choose more than one RV/DVS882

from among RV/DVS candidates in NTLs.883

K. LOW-LATENCY NETWORK 884

In this section, we propose a novel framework that blends 885

IPE with an intelligent selection of RVs/DVS, along with 886

selecting the appropriate protocol from among the three pro- 887

tocols based on current network topology to dynamically and 888

efficiently pair vehicles, reduce the end-to-end latency, and 889

increase the throughput. This is achieved by jointly consid- 890

ering IPE-based channel state information and NTLs-based 891

automatic list selection when establishing a mmWave V2V 892

channel. Therefore, considering its design objectives, the 893

proposed low latency scheme is comprehensive and considers 894

several factors that directly affect packet delivery latency, 895

including location, beam alignment delay, feedback delay, 896

blockages, density, beam misalignment, decision-making 897

time, and beam coherence time. In summary, the low latency 898

approach can be summarized as follows: 899

• WithOLI, the beam searching space can be reduced, thus 900

minimizing the beam alignment delay. 901

• IPE allows vehicles to estimate their location indepen- 902

dently and transmit IPE information to the SV. There- 903

fore, the SV can reduce computational complexity by 904

speeding up the needed time for perceiving the surround- 905

ing environment, locating obstacles concerning the IV, 906

and making decisions based on choosing RVs/DVSs. 907

• Based on NTLs, the SV can reduce delays caused by the 908

make-decision time of selecting the appropriate protocol 909

for the current network topology. 910

• Based on the cooperative protocol, the SV can reduce 911

the delay associated with link blockage and repeat the 912

link re-establishment mechanism. 913

• Based on the extension protocol, the SV can reduce 914

the delay associated with vehicles frequently leaving 915

coverage areas. 916

• Based on the diversity of RVs/DVSs, SV can reduce 917

delays associated with frequent beam misalignments. 918

V. PROPOSED PROTOCOL 919

The proposed solution introduces three access protocols: 920

classic, cooperative, and extension protocols. SV selects the 921

type of access protocol based on the availability of infor- 922

mation in NTLs, and the order of the list in NTLs. When- 923

ever the SV wants to transmit DP to an IV, it initiates by 924

broadcasting (DMG/IPE-REQ) Beacon frames to all NVs. 925

However, (DMG/IPE-REQ) beacon frames are sent across 926

different antenna sectors in order to (1) announce the network, 927

(2) request IPE, (3) provide synchronization, (4) transmit 928

BI structure information, (5) transmit SV/IV information, 929

(6) provide training, and (7) announce the starting of creating 930

NTLs. 931

An overview of the classic, cooperative, and extension 932

protocols is outlined below: 933

Classic protocol: In this protocol, we assume there are no 934

obstacles between the SV and IV, and the RSS measurement 935

meets the predefined threshold. As a result, their channel is 936

adequate for transmission. However, in all protocols, during 937
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FIGURE 5. Proposed beacon interval structures.

initial communication, the SV transmits (DMG/IPE-REQ)938

Beacon frames from different antenna sectors to NVs, while939

NVs receive by a quasi-omnidirectional. NVs successfully940

addressed by (DMG /IPE-REQ) Beacon frames immediately941

respond to the SV by sending (SSW / IPE-n) frames. The942

exchanged beacon frames between them comprise MAC943

addresses, antenna sector identification, and a countdown944

(DOWN), among other information. Once the initial beacon945

message exchange is completed, the SV instantly creates946

classic, cooperative, and extension lists. However, none of the947

three lists record any information if the addressed NVs do not948

meet the requirements for membership. For instance, no data949

is recorded in the classic list if the received RSS level falls950

below the predefined threshold.951

In contrast, if the RSS measurement exceeds or equals952

the predefined threshold, then the SV creates a classic list.953

Thus, the classic list information is used to establish channel954

access between the SV and IV, and then the classic protocol955

is applied for the DPD mechanism.956

In this scenario, SV determines the narrow steering angle957

based on information in the classic list. The SV then scans958

the selected narrow angle and identifies the best transmit and 959

receive antenna sectors according to the receiver address in 960

the MAC header. Finally, the SV steers its beam toward the 961

selected antenna sector. 962

As demonstrated in Fig. 5 (a), the SV transmits the SSW 963

feedback frame to the IV after the SV selects the optimal 964

antenna sectors. The IV uses the best sector to send the 965

(SSW-ACK) frame to the SV. Once the SV successfully 966

receives the (SSW-Ack) frame, the link establishment is com- 967

plete, and the DP transmission begins. Upon completing the 968

above steps, the DP is transmitted using the classic protocol, 969

and the SV erases all data stored in NTLs. 970

Cooperative protocol: this protocol assumes obstacles have 971

blocked the link between the SV and IV. Thus, the RSS level 972

drops below the predefined threshold. As a result, no infor- 973

mation will be available on the classic list. Therefore, the SV 974

will switch to using the cooperative list, which is listed as a 975

second list in the order of NTLs. 976

In the same manner as in the classic protocol, once the SV 977

wants to transmit DP to the IV, the communication initiates 978

by exchanging (DMG/IPE-REQ) and (SSW/IPE-n) Beacon 979
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messages. Thus, classic, cooperative, and extension lists are980

created simultaneously.981

A cooperative list contains information about RVs candi-982

dates, such as their location relative to SV/IV pairedwith their983

RSS, SSW, MAC, ID, IPE, etc.984

If the SV chooses the cooperative protocol to send the DP,985

the SV then analyzes and compares the information in the986

cooperative list to select the most suitable RVs from the list987

of candidates.988

The trade-off for selecting the best RVs from among the989

RV candidates is given to the candidate with the highest990

probability of LOS linking with the IV, as well as if its RSS991

level relative to SV is satisfied.992

Once the optimal RVs are selected, the SV directs its beams993

towards the selected RVs over a narrow angle based on the994

IPE and transmits the (MHC-REQ) frames. The (MHC-REQ)995

frames carry various information such as IPE, ID, MAC996

address, transmission duration time, synchronization, and997

so on.998

All NVs are aware of the transmission information between999

the SV and IV through the (MHC-REQ) frames. When the1000

selected RVs successfully receive the (MHC-REQ) frame,1001

they respond with the MHC-Feedback (MHC-FBCK) frame1002

to the SV. The SV starts DP transmission after receiving1003

the (MHC-FBCK) frame. Under the cooperative protocol,1004

the SV can establish an MHC transmit link through selected1005

RVs rather than using the direct path, which is blocked by1006

obstacles. As soon as the SV aligns its beam toward the1007

selected RVs, it begins transmitting a DP. Selected RVs can1008

broadcast or direct their beams towards the IV over the IPE.1009

Upon receipt of the DP by the RVs, the IV sends an acknowl-1010

edgment (MHC-ACK) frame to the RVs to confirm receipt of1011

the DP. RVs then forward the (MHC-ACK) frame to the SV.1012

Once the (MHC-ACK) frame is received, theDP transmission1013

is completed, and the SV erases the data stored in the NTLs.1014

Extension protocol, In this scenario, the IV is assumed1015

to be out of the coverage of the SV. As a result, the SV1016

cannot obtain any information about the IV. Therefore, the SV1017

requests NVs to locate and provide information about the IV1018

within their coverage area. Eventually, the SV selected and1019

requested the DVSs to communicate and deliver the DP to1020

the IV.1021

Similarly, upon completing an exchange of1022

(DMG/IPE-REQ) and (SSW/IPE-n) Beacon messages, valu-1023

able information is gathered that enables the SV to choose the1024

appropriate protocol for given network topology. However,1025

the vehicle location within the network topology, correspond-1026

ing RSS, NV candidate location relative to the SV and IV,1027

and MAC addresses are essential components of the protocol1028

selection mechanism.1029

Once the initial beacon message exchange is com-1030

plete, NTLs are created instantly. Any NV addressed by1031

(DMG/IPE-REQ) Beacon frames and could not locate the1032

IV within its coverage range is out of competition and does1033

not communicate with the SV. The SV sends the DP via an1034

expansion protocol if the information is unavailable in both1035

the classic and cooperative lists. Each NV can be a member 1036

of one or more lists simultaneously, depending on its position 1037

in the network topology and associated RSS. 1038

However, SV uses the extension protocol when it cannot 1039

use the classic and cooperative protocols. After creating a 1040

DVS candidates list, the SV analyzes and compares the infor- 1041

mation in order to select the best candidate to be a DVS. 1042

However, the trade-off strategy that the SV uses for selection 1043

depends on the protocol used by the DVS candidate for the 1044

final DPD mechanism and the corresponding RSS. In this 1045

regard, the selection priority is given to candidates that adopt 1046

the classic protocol and then the cooperative protocol in 1047

conjunction with the corresponding RSS. 1048

After the optimal DVS is chosen, the SV directs its beams 1049

toward the selected DVS using the IPE and starts to transmit 1050

the (ECR-REQ) frames. The (ECR-REQ) frames contain 1051

vital information regarding IPE, ID, MAC address, trans- 1052

mission time, synchronization, etc. The NVs are aware of 1053

the transmission information between the SV and IV over 1054

(ECR-REQ) frames. After the selected DVS receives the 1055

(ECR-REQ) frame, it responds by sending the (ECR-FBCK) 1056

frame to the SV to initiate a DP transmission. Using the 1057

selected DVS, the SV can establish the ECR transmission 1058

link with an IV that is out of coverage. The DVS can send 1059

DP to the IV via broadcast, classic or cooperative protocols. 1060

IV notifies DVS that the DP has been received by sending 1061

the (ECR-ACK) frame. Afterward, the DVS forwards the 1062

(MHC-ACK) frame to the SV. After a frame (ECR-ACK) is 1063

received, the DP transmission is completed, and SV deletes 1064

the data stored in NTLs. Extending protocols can avoid mis- 1065

alignment problems by selecting a diverse set of DVSs. 1066

Across all proposed protocols, countdown (CDOWN), 1067

antenna sector ID, MAC address, and IPE are mandatory 1068

exchanged beacon messages. Meanwhile, MHC-REQ and 1069

ECR-REQ are conditional beacon messages. 1070

Fig. 5 (a) and (b). illustrates an example of channel 1071

access and beacon intervals under the proposed scheme. 1072

Where (DMG/IPE-REQ) frames take place in the BTI inter- 1073

val, whereas A-BFT slot, association beamforming training, 1074

IPE, SSW frames, and SSW feedback take place in A-BFT 1075

intervals. 1076

As depicted in Fig. 5 (a) and (b), BRP is performed in 1077

the DTI interval and consists of multiple sector IDs (MIDs), 1078

beam combining (BC), and beam refinement transactions 1079

(BRTs). 1080

Following is a description of the proposed channel access 1081

and beacon interval as described in Fig. 5 (a) and (b): 1082

Beacon Transmission Interval (BTI): As depicted in 1083

Fig. 5 (a) and (b), in the initiator sector-level sweep (SLS), 1084

DMG beacons are encapsulated within IPE-REQs frames in 1085

one packet with other information and then broadcast to NVs 1086

within the intended communication range. 1087

Association Beamforming Training (A-BFT):As shown 1088

in Fig. 5 (a) and (b), in the A-BFT, the transmitter trains 1089

its antenna sectors to communicate with respondents based 1090

on received SSW frames associated with IPE. A-BFT uses 1091
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IPE while selecting an A-BFT slot to contend for the training1092

opportunity based on sector sweep frames.1093

Announcement Transmission Interval (ATI): As illus-1094

trated in Fig. 5 (a) and (b), during the ATI access period,1095

the SV manages the tire exchange process related to the1096

pairing with the IV. The frames transmitted during the ATI1097

access period are optional, such as (framemanagement, REQ,1098

ACK, MHC-REQ, MHC-FBCK, MHC-ACK, ECR-REQ,1099

ECR-FBCK, ECR-ACK, etc.). Consequently, ATI has indi-1100

cated in the associated current (DMG/ IPE-REQ) Beacon1101

frames.1102

Data Transmission Interval (DTI): As reported in1103

Fig. 5 (a) and (b), DTI includes contention-based access peri-1104

ods (CBAPs) and scheduled service periods (SPs), which1105

allow the SV and IV to exchange data frames. Furthermore,1106

SP comprises a specific time interval intended for exclusive1107

communication.1108

A. CHANNEL ACCESS AND BEAMFORMING TRAINING1109

Beamforming training is designed by training a bidirectional1110

transmission frame to determine the optimal receiving and1111

transmitting antenna sectors based on the received IPE. The1112

transmitters and responders train their TX sectors during1113

the sector-level sweep phase. The responders sent a training1114

request along with its context information and the latest IPE1115

to the SV. Thus, the SV recommends an optimal narrow beam1116

sweep list to scan the responder antenna sector.1117

The sector-level sweep phase consisted of three parts:1118

1) Initiator Sector Sweep (ISS): ISS, is the initial step of1119

BF, during the BTI period. The ISS sub-phase sends training1120

(DMG/IPE-REQ) Beacon frames to the receiver comprising1121

the sector ID associated with the antenna sectors and IPE1122

request.1123

2) Responder Sector Sweep (RSS): RSS is the second1124

sub-phase procedure in the BF training, which occurs during1125

the A-BFT period. After successfully receiving the packets1126

of (DMG/IPE-REQ) Beacon frames sent by the transmitter1127

and based on the measured SNR for each received frame, the1128

optimal sector ID of each associated ISS is determined by the1129

transmitter.1130

3) Sector Sweep Feedback (SSW-FBCK): Once the1131

transmitter has successfully transmitted its SSW frames,1132

it transmits SSW-Feedback on the optimal transmission sec-1133

tor to the receiver. The transmitter selects the optimal beam1134

pair based on the strength of the received signal on the1135

receiver side. Upon completion of the SSW feedback, the1136

responder sends the SSW ACK.1137

B. IEEE 802.11ad VS THE PROPOSED PROTOCOL1138

The objective of this section is to demonstrate the key advan-1139

tages of the proposed solution and to point out the main1140

differences between the proposal and the IEEE 802.11ad1141

standards.1142

IEEE 802.11ad, in the BTI interval, the initiator transmits1143

starting with DMG Beacon frames, whereas the proposed1144

method initiator transmits starting with (DMG/IPE-REQ) 1145

Beacon frames. In IEEE 802.11ad, responders respond with 1146

SSW frames, while in the proposed solution, responders 1147

respond with SSW and associated IPE-n frames. As demon- 1148

strated in Fig. 2, IEEE 802.11ad does not support prior loca- 1149

tion information, while the proposed solution does. 1150

Our solution uses IPE coordinates to reduce beam search 1151

space and minimize beam training overhead. IPE coordinates 1152

are also used to select the optimal RVs/DVSs based on the 1153

current network topology. 1154

In the absence of obstructions, the IEEE 802.11ad beam 1155

pair mechanism has demonstrated high overhead and latency 1156

due to the combination of handshaking and exhaustive scan- 1157

ning methods. 1158

While, in the absence of obstructions, the proposed solu- 1159

tion reduced system overhead and latency by exploiting 1160

OLI/IPE based on classic protocol. Moreover, we introduce 1161

a robust and fast location-aided beam alignment framework 1162

to exhibit resilience concerning this problem. Location-aided 1163

beam alignment formulated the optimum beam alignment as 1164

the solution based on OLI/IPE coordinates. 1165

During the ATI access period, IEEE 802.11ad uses a single 1166

protocol to implement channel access. Thus, if the link is 1167

blocked or the RSS measurements fall below a predefined 1168

threshold, the SV repeats the handshake mechanism until the 1169

RSS measurements meet the transmission requirements. 1170

In contrast, the proposed solution uses three protocols dur- 1171

ing the ATI access period: classic, cooperative, and extension 1172

protocols that contribute to addressing most of the expected 1173

limitations scenarios based on mmWave V2X. 1174

In IEEE 802.11ad, the communication range is limited to 1175

obstructions, distance, transmission power, etc. As a result, 1176

vehicles out of range are unable to communicate with the SV. 1177

Meanwhile, our solution incorporated an extension proto- 1178

col to overcome the limited coverage area associated with 1179

using the mmWave channel based on the extension protocol. 1180

In IEEE 802.11ad, if the established link is blocked by a 1181

dynamic obstacle and RSS drops below a predefined thresh- 1182

old. In this manner, for link re-establishment, IEEE 802.11ad 1183

repeats the beam sweeping through exhaustive searching until 1184

the RSS satisfies the conditions for transmission, which is a 1185

high source of delays. 1186

In contrast, our solution eliminates dynamic link blockage 1187

and link re-establishment problems (beam misalignment) by 1188

selecting diverse RVs/DVSs within the group. As a result, 1189

if one of the relay vehicles is blocked, the other relay vehicles 1190

can provide a connection to the IV. 1191

In IEEE 802.11ad, link establishment, re-transmissions, 1192

link blockage, and beam misalignment introduce random 1193

latency, which is exacerbated as the number of vehicles in 1194

the network increases. 1195

In contrast, several promising approaches are included in 1196

the proposed solutions to minimize system overhead and 1197

latency, including IPE, NTLs, MHC-REQ and ECR-REQ, 1198

and diverse RVs/DVSs. 1199
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VI. RESULTS1200

A. SIMULATION SCENARIOS1201

We performed exhaustive numerical simulations to com-1202

pare the proposed solution with conventional mmWave1203

V2V communications in the out-of-coverage environment.1204

MATLAB, ray tracing, and additional simulation tools have1205

been used to evaluate the performance of the proposed1206

solution and path loss model. Furthermore, different types1207

of propagation paths have been considered. Performance1208

was measured using simulations at the 60GHz band and1209

2.16GHz channel.1210

We investigate the effects of obstructing vehicles on V2X1211

networks with different vehicle types and densities in a1212

mobile environment. Simulations are being conducted to1213

investigate the impact of obstructions on mmWave V2V1214

communications and verify the proposed model. Each vehi-1215

cle is equipped with a proposed protocol, with a 50ms1216

data exchange interval between the transmitter and receiver,1217

which supports the use of periodic cooperative awareness1218

beacons [10].1219

The SV transmits the DP within the intended communi-1220

cation range of a 300 m circle radius. In this approach, the1221

effect of link obstruction was analyzed for each time instant,1222

whereas the position of the SV serves as a reference for1223

identifying vehicles in the intended communication range,1224

as well as the IV in LOS, and NLOS scenarios. Furthermore,1225

the position and status (static/dynamic) of all vehicles in the1226

communication range were recorded at each time instant,1227

regardless of whether they were in the LOS or NLOS. The1228

simulations were performed on an urban scenario of 2 km1229

long with four-lane and traffic intersections. To simulate1230

realistic vehicular densities in Jamsil County, Seoul, a road1231

surveillance camera (RSC) was used to record the approx-1232

imate number of vehicles in the case of low, medium, and1233

high-density scenarios.1234

Based onmap layouts derived fromOpenStreetMap, realis-1235

tic environments comparable to those found in the Jamsil area1236

were generated in the simulation, such as buildings, lakes,1237

trees, vehicles, etc. Then the simulation of urban mobility1238

(SUMO) [76] was used to perform the traffic simulation of1239

the simulated topology with specific vehicle types, length,1240

height, and width. SUMO is capable of automatically build-1241

ing simulation topologies and simulating vehicle motions.1242

After obtaining the actual road topology of Jamsil County1243

from OpenStreetMap, the mobility traces were converted to1244

SUMO and then imported into Wireless inSite for evaluating1245

the model performance. The final performance was evaluated1246

using MATLAB simulations by comparing IEEE 802.11ad1247

against the proposal. The simulation evaluated several param-1248

eters that significantly affected performance, including the1249

probability of outages, SINR, data rate, throughput, adaptive1250

channel estimation time, and packet delivery ratio. Addi-1251

tionally, to assess the performance of the proposed proto-1252

col, the RSRP threshold value was set at -115 dBm in the1253

simulation.1254

B. CHANNEL CHARACTERISTICS 1255

Knowledge of the channel characteristics is crucial for 1256

designing mmWave V2X communication channels. Accord- 1257

ingly, blockages, path losses, and large-scale/small-scale 1258

fading characteristics are substantial factors for accurately 1259

representing channel conditions and determining the link 1260

budget [9], [77]. 1261

However, in this study, the propagation characteristics were 1262

designed separately for LOS and NLOS scenarios owing 1263

to the propagation characteristics of the vehicular network 1264

topology, which are highly dependent on the LOS and NLOS 1265

links. Moreover, the RSRP at the RX-based IV was used 1266

to evaluate the link’s performance based on the LOS and 1267

NLOS links. We investigated the proposed methodology on 1268

urban roads where blockage, path loss, and small/large fading 1269

effects strongly influence the mmWave V2X channel perfor- 1270

mance. Naka gaming-based path loss and fading models were 1271

used to classify the statistics of signals over amultipath fading 1272

channel and under different fading conditions according to 1273

the probability distribution [78]. 1274

C. NUMERICAL RESULTS 1275

In Fig. 6 (a), we evaluated the outage probabilities of the pro- 1276

posed and conventional protocols as a function of densities. 1277

Generally, an outage occurs when the signal switches from 1278

LOS to NLOS, and the RSS level drops below a predefined 1279

threshold. Therefore, distinguishing between LOS/NLOS 1280

propagation is critical to computing outage probability. 1281

As observed in Fig. 6 (a), the outage probability is directly 1282

proportional to traffic density. That is because a high number 1283

of vehicles causes more obstruction. Therefore, obstructing 1284

LOS and NLOS vehicles leads to significant attenuation and 1285

packet loss, resulting in increased outage probability. 1286

However, the proposed protocol guarantees that the prob- 1287

ability of the RSS is higher than a predefined threshold. 1288

As a result, compared to the traditional solution, the proposed 1289

solution maintains continuous connectivity throughout all 1290

scenarios, including harsh ones. 1291

According to [46], the SINR value is influential in deter- 1292

mining signal quality and is strongly affected by distance 1293

and blockages. In this paper, we analyzed the distribution 1294

of instantaneous SINR based on blockage probability and 1295

considered the path loss model as a function of traffic density. 1296

In Fig. 6 (b), the simulation results show the cumulative 1297

distribution function (CDF) as a function of SINR in the 1298

three density scenarios low, medium, and high. However, 1299

IEEE 802.11ad at 60 GHZ showed the lowest SINR in the 1300

case of blockage. It was observed that the SINR values of 1301

the conventional IEEE 802.11ad deteriorated significantly 1302

owing to harsh obstacles, which led to the worst propaga- 1303

tion loss. The SINR values increased gradually as traffic 1304

density decreased, and vice versa. As a result, a significant 1305

disparity was observed in the SINR values of conventional 1306

IEEE 802.11ad for medium and high density. Meanwhile, the 1307
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FIGURE 6. Simulation results.

FIGURE 7. Simulation results.

proposed solutions exhibited a relatively small variation in the1308

SINR value in most comparison scenarios. This is due to the1309

truth that most of the received RSS values for the proposed1310

protocol have exceeded a predefined threshold despite the1311

difference in traffic density.1312

Interestingly, the proposed scheme is superior to the con-1313

ventional approach regardless of traffic density, distance, and1314

vehicle sizes. This superiority occurred because RVs sought1315

to improve the link rather than block it by acting as an1316

intermediary between SV and IV during transmission time.1317

As exemplified, IEEE 802.11ad SINR performance is1318

about (15-50) dB lower than the proposed solution. The SINR1319

of the conventional protocol drops rapidly when obstacles1320

block the link. This is because signal fading may occur due to1321

fading variations caused by blocked LOS and variations in the1322

TX and RX antenna positions. However, random variations1323

in the location of the TX and RX antennas lead to random1324

variations in the received power. As a result, the SINR is1325

strongly affected by frequent changes in vehicle location1326

resulting in the state changing from LOS to NLOS.1327

Simulation results demonstrate that even with the strict1328

limitations of the mmWave propagation, the SINR perfor-1329

mance of the proposed solution is near comparable to that1330

of the ideal solution.1331

The average achievable data rate in mmWave systems is1332

heavily influenced by LOS and NLOS, which in turn are1333

affected by vehicle densities, sizes, and distance.1334

Fig. 6 (c) shows the CDF of the proposal and IEEE 1335

802.11ad as a function of data rates and densities. Typi- 1336

cally, when vehicle density increases, blockage probabilities 1337

increase, and data rates decrease, which is consistent with 1338

common sense. The simulation shows that under all scenarios 1339

of different densities, the proposed protocol exhibits a slight 1340

decrease in data rate performance compared to the conven- 1341

tional protocol. 1342

According to Fig. 6 (c), the proposed protocol can boost 1343

data rates by 50.9. 1344

Since the proposed MHC minimizes the distance between 1345

transmitter and receiver by exploiting NVs such as RVs. As a 1346

result, high power is likely to be received with lower path 1347

losses than IEEE 802.11ad. 1348

The CDF-based throughput for both IEEE 802.11ad and 1349

the proposed MHC is described in Fig. 7 (a). We show the 1350

impact of different vehicle densities on the throughput of both 1351

schemes. 1352

The difference in throughput is mainly a result of the 1353

impact of obstacles, which leads to low channel quality. 1354

The mmWave link achieves almost zero throughputs, or they 1355

get outages in a heavy-density environment even at a close 1356

distance [28]. 1357

Observations indicate that throughput performance signif- 1358

icantly improved with the proposed scheme. This is mainly 1359

because the proposed solution reduces the effects of the obsta- 1360

cles. It is worth mentioning that IEEE 802.11ad has a lower 1361
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throughput performance in the case of high traffic density,1362

about 80% of the vehicles are in an outage, and only around1363

20% can achieve an acceptable rate.1364

Consequently, if the number of vehicles increases, the1365

probability of a blockage increases dramatically, and network1366

throughput decreases. Therefore, the throughput of the IEEE1367

802.11ad is acceptable in the case of low traffic density. It is1368

noticeable that even when the LOS and NLOS links of the1369

transmitter are blocked, the proposed system exhibits higher1370

performance and less deterioration. Observations have shown1371

that, in most traffic environments, the proposed protocols1372

perform better than the conventional protocol by up to (75.1373

In order to evaluate the performance of the proposed1374

classic protocol based on the beam acquisition, Fig. 7 (b)1375

demonstrates a comparison between the proposed protocol1376

and the IEEE 802.11ad from the perspective of the aver-1377

age channel estimation time against the distance. However,1378

in the simulation, a communication range is assumed to be1379

200 meters, and the propagation model is performed under1380

the LOS link without obstacles between nodes for accurate1381

results. As expected, when the channel location is unknown,1382

the channel estimation takes the longest time and is unaf-1383

fected by distance. As reported in Fig. 7 (b), in IEEE1384

802.11ad-based LOS and EBS, the average channel estima-1385

tion is approximately constant with distance. This is due1386

to the fact that exhaustive beam searches blindly examine1387

all possible beam pairs to determine the best beam pairs.1388

In contrast, the proposed solution-based LOS and IPE showed1389

a gradual decrease in channel estimation time as separa-1390

tion increased. This is because, with increasing separation1391

distance, AOD/AOA range becomes narrower, resulting in1392

narrow-sounding channels.1393

Finally, Fig. 7 (c) illustrates the effective measurement of1394

the packet delivery ratio (PDR) in light of varying vehicle1395

densities for the proposed extension protocol against IEEE1396

802.11ad. As demonstrated in the simulation, traffic density1397

significantly impacts the performance of the overall protocol.1398

According to Fig. 7 (c), the proportion of packets delivered by1399

the proposed protocol increases as vehicle density increases.1400

This is because, as vehicle density increases, the number of1401

NVs within the communication range increases. Thus, more1402

NVs candidates can be obtained as DVS, and at the same1403

time, more NVs candidates can be selected as RVs by DVS1404

if a cooperative protocol is adopted for the final DPD. While1405

under all density scenarios, the IEEE 802.11ad achieved zero1406

PDR measurements. This is because the IV is beyond the1407

coverage area of the SV. Thus, the SV is not capable of1408

communicating and sending a DP to the IV.1409

VII. CONCLUSION1410

We proposed a novel solution based on classic, cooperative,1411

and extension protocols for mmWave V2X with or without a1412

cellular network, which can achieve better performance than1413

conventional approaches.Moreover, we provide an outlook of1414

proposed enhancements for IEEE 802.11ad and its adaptabil-1415

ity to IEEE 802.11bd or other mmWave V2X technologies.1416

Extensive simulation results demonstrate that channel con- 1417

ditions are adequate to guarantee contentment, signal qual- 1418

ity, and sufficient signal spread even when considering an 1419

extremely harsh environment. Overall, the perspective of the 1420

proposed design objective is to provide potential solutions 1421

to several technical challenges that significantly affect the 1422

operation of V2X-based mmWave frequencies in terms of 1423

improved beam alignment, achieving accurate beam acqui- 1424

sition, mitigating the effect of link obstruction, mitigating 1425

the impact of misalignment, increased the effective cov- 1426

erage range, and minimized end-to-end latency. Therefore, 1427

our approach can be a radical solution and achieve robust 1428

and reliable V2X-basedmmWave vehicular communications. 1429

In future work, the proposed solution will be compared with 1430

the case of a random choice of the next relay to simplify the 1431

algorithm, e. g relay selection based on the Poisson field of 1432

nodes. 1433
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