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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
3GPP NR-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.

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. INTRODUCTION

Vehicle manufacturers are currently transitioning towards
electrically autonomous vehicles, where vehicles are
autonomous and independently driven [1]. Autonomous
automobiles rely heavily on communication technology to
interact with their surroundings [2]. Dedicated short-range

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],
and long-term evolution (LTE) cellular V2X (C-V2X), based
on third-generation partnership project (3GPP) LTE under
release 14 [4] are the most common technologies used for
the V2X systems based on licensed spectrum. Both radio
access technologies were designed primarily to operate at the
5.9 GHz band. C-V2X and DSRC enable communication up
to 1 km with data rates of 2-6 Mbps for DSRC and 100 Mbps
for C-V2X. However, the study in [5] investigated why the
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DSRC and 4G cellular systems are insufficient for supporting
high data rates, low latency, and sharing raw sensor data on a
large scale for future connected vehicles. Hence, researchers
in [5] proposed three possible ways to exploit mmWave
in future vehicular wireless systems, namely 5G cellular,
a modified version of IEEE 802.11ad, or a dedicated new
standard. Furthermore, the authors found that side infor-
mation derived from out-of-coverage sensors is a crucial
component of mmWave V2X systems. As a result, several
studies indicate that more wireless resources are urgently
needed to meet the increasing demands of the next-generation
cellular and V2X systems [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14]. The mmWave technology could be a potential
solution to meet the extremely high bandwidth requirements
by supporting the mmWave spectrum between (30-300 GHz)
[6], [7], [8], [9], [10]. In response to these requirements,
developments in technologies (e.g., IEEE 802.11, DSRC, and
C-V2X) gave rise to technologies enhancing the performance
and providing the ability to support mmWave bands, such as
IEEE 802.11ad, IEEE 802.11bd, and 3GPP NR-V2X [6], [8],
[11], [12], [13], [14], [15].

In this regard, IEEE 802.11ad is the wireless local area
networks (WLANSs) standard introduced as an amendment
to IEEE 802.11 [16]. The protocol extends the operation of
Wi-Fi networks to address the mmWave spectrum through
new features at the medium access control (MAC) layer
and physical (PHY) layer with the capability of support-
ing multiple gigabit wireless gigabit alliance (WiGig) [17].
Interestingly, WIGig has been developed based on the
IEEE 802.11ad and IEEE 802.11ay standards and is ded-
icated to developing and enhancing wireless personal and
WLANS in the 60 GHz band with backward compatibil-
ity of 24G Hz and 5 GHz with the ability to handle
about 7 Gbps [16], [17], [18], [19], [20]. The use of IEEE
802.11ad to support multi-gigabit wireless vehicular com-
munications has been investigated and evaluated in several
studies [21], [22], [23], [24], but challenges associated with
using the mmWave technology persist [21], [23]. Accord-
ingly, to achieve robust and reliable IEEE 802.11ad-based
mmWave vehicular communication, challenges related to
using the mmWave technology need to be addressed, includ-
ing beam training overhead, frequent link blockage, beam
misalignment, short communication range, delay, and unsta-
ble connectivity [21], [22], [23], [24], [25], [26].

Therefore, to cope with these challenges, we provide an
overview and an illustrative example of the most common
technical challenges that need to be addressed in order to
realize a robust and reliable mmWave V2X system.

Among the above challenges, beam alignment and beam-
forming are among the most common technical challenges
that need to be addressed associated with the usage of
mmWave spectrum in IEEE 802.11ad in particular, and
mmWave V2X technology in general [21], [22], [23], [24],
[26], [27], [28], [29]. Notably, beamforming and directional
transmission are essential components in mmWave systems
to compensate for the high path loss and to maximize
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beamforming gains [22], [30], [31]. In the initial beam align-
ment, to establish the mmWave link, the transmitter and
receiver should align their beams. In this context, establishing
perfect beam alignment requires prior knowledge of chan-
nel information, for instance, angle-of-arrival (AoA) and the
angle-of-departure (AoD); however, without channel knowl-
edge, most existing beam training methods rely on exhaustive
beam search (EBS) where the transmitter and receiver scan
all possible angular space, for all 360° x 360° beam pairs
in order to obtain the optimal beam pairs [17], [18]. Unfor-
tunately, these solutions are constrained by vehicle speed in
addition to obstructions [30], [32]. Furthermore, the delay
in implementing exhaustive beam sweeping is an additional
challenge due to the large number of beam candidates that
need to be searched [29].

Fig. 1 (a) shows an illustrative example of beam alignment-
based IEEE 802.11ad mmWave V2V. As demonstrated in
Fig. 1 (a), through the initial beam alignment, the source vehi-
cle (SV) and the intended vehicle (IV) should scan all possible
beam directions to find the optimal beam pairing. Neverthe-
less, such a method may take several milliseconds [32]. While
Fig. 1 (b) shows an illustrative example of a mmWave V2X
network topology and signal propagation and demonstrates
the IEEE 802.11ad challenges associated with link blockage,
high path loss, and low signal penetration. Accordingly, sev-
eral studies have indicated that blockage by surrounding vehi-
cles or obstacles can be a significant challenge in mmWave
systems due to the low penetration and high path loss in
free space [22], [25], [26], [33]. Fig. 1 (b), illustrates LOS
signaling and link blockage in a dense urban environment
based on different vehicle sizes and types where SV can
communicate with V3, V4, V5, V9, and V10 over the LOS
link. In contrast, the LOS link between the SV and V2, V6,
V7, and V8 is blocked by neighboring vehicles (NVs). In the
same context, the short communication range of mmWave
systems is another technical challenge associated with IEEE
802.11ad and other mmWave V2X technologies. According
to [26], in a WiGig system, when the average throughput is
above 1 Gbps, the average transmission range is about 20 min
outdoor environments. Therefore, the IV could easily get out
of the SV coverage area by moving a few meters. As a result,
short communication transmissions may result in frequent
disconnected and out-of-coverage scenarios. As depicted in
Fig. 1 (b), despite the short distances between the SV and
NVs V2, V6, V7, and V8, which is approximately a few
meters, however, LOS links between them are blocked by
adjacent vehicles V3, V4, V5, V9, and V10. Along with the
previous challenges, Fig. 1 (c) illustrates short transmission
range problems where the IV is out of coverage of the SVina
range over 200 m, or the IV may disconnect by moving a short
distance away from the SV, resulting in the SV being unable
to send data packets (DP) to the IV. Beam misalignment
caused by surrounding moving vehicles is a further challenge
that needs to be addressed by vehicular communication-based
IEEE 802.11ad. In IEEE 802.11ad, although initial beam
alignment has been successfully established, the combination
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Typical extensive beams search

(a) MmWave V2V beam training through exhaustive beam
searches.

(b) MmWave V2V channel prop-
agation.
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FIGURE 1. lllustrative examples of common technical challenges associated with mmWave vehicular communication.

of high vehicle mobility and narrow beams results in fre-
quent beam misalignment [22], [30]. Thus, in order to re-
establish the link, the two nodes need to search through all
possible antenna beam configurations to establish the con-
nection again, which results in additional delay and over-
head [24]. The final problem outlined in this paper is the
impact of delay, whether caused by the challenges discussed
above or by scheduling schemes based on the request-to-send
(RTS)/clear-to-send (CTS) handshaking mechanism [21].
In fact, low latency is crucial for ensuring high reliability
and better performance [11], [13], [22]. Therefore, this paper
briefly highlights some causes of end-to-end delays and then
offers solutions.

In this regard, in order to improve wireless network capac-
ity, and system performance, both 3GPP NR-V2X [13] and
IEEE 802.11bd [11] are designed to incorporate interoper-
ability of conventional frequencies below sub-6 GHz along-
side mmWave bands. The 3GPP has published its release
16, which features the first V2X standard based on the 5G
new radio (NR) air interface [13]. The aim of designing the
NR-V2X s not to replace the LTE C-V2X, but to complement
it with support for use cases that the LTE C-V2X cannot meet,
such as high reliability and low latency [15]. High reliability
and low latency, however, require a large amount of radio
bandwidth [14]. To this end, the NR-V2X features capability
for operation at two frequency ranges, FR1, under sub-6 GHz,
and FR2, for the mmWave bands [13]. Also, the develop-
ments in DSRC resulted in the development of the task group
(TGbd) IEEE 802.11bd created to replace the IEEE 802.11p,
with the PHY layer offering up to 40 MHz channel bandwidth
and the flexibility to support sub-6 GHz and, optionally, in the
frequency range from 57 GHz to 71 [11], [12]. However,
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to the best of our knowledge, IEEE has not yet published
specifications for mmWaves bands, except for a proposal to
migrate portions of the MAC and PHY layers from IEEE
802.11ad/ IEEE 802.11ay [11]. Accordingly, the basis for the
IEEE 802.11bd design relies on existing IEEE 802.11 stan-
dards and associated IEEE 802.11ad/ IEEE 802.11ay [12].
Thus, there is an open discussion about how to overcome the
technical challenges of exploiting the mmWaves spectrum in
IEEE 802.11bd [5].

Even though current existing mmWave vehicular technolo-
gies vary, such as IEEE 802.11ad, IEEE 802.11bd, NR-V2X,
etc., their whole protocol stack challenges may remain the
same due to the unique characteristics of mmWave bands [2],
[15], [21], [22], [23], [24], [25], [28], [29]. Consequently,
a successful protocol development to solve such challenges is
essential for IEEE 802.11bd for the possible use of mmWave
V2X communication and as a complement to 3GPP NR-V2X.

A. RELATED WORK

We classified the literature into two research trend categories.
In the first category, in order to simplify and speed up adaptive
channel estimation and beamforming, researchers in [34]
provided that a location-aided beamforming strategy can sig-
nificantly speed up initial access. While Wang et al. in [35]
proposed a Low-complexity beam searching and beam selec-
tion approach by exploiting the angle information extracted
from the beam codewords of the previous serving base station
(BS) to minimize the size of the beam searching space of
the target BS. To further minimize the number of beams
to search and to reduce the beam alignment overhead, the
authors in [36] exploited user equipment (UE) locations and
potential reflection points. On the other hand, to mitigate
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beam misalignment problems and reduce the beamforming
overhead. loannis et al in [37], developed a smart motion-
prediction beam alignment that exploits the broadcast infor-
mation to estimate the vehicle’s position and predict its
motion. In the same context, to reduce the excessive com-
plexity and obtain the lowest training latency of exhaustive
beam search schemes based on IEEE 802.11ad/ay protocols,
the authors designed a new transmission frame structure that
adjusts a small number of training beams and frames [35].

The second category is latency and reliability of mmWave
V2V networks under relay selections as well as link blockage
avoidance [38], [39], [40], [41]. Based on mmWave signal
propagation, network topology, and traffic density, in [38],
the authors exploited the location information of vehicles and
the adjacent distance to improve the performance of mmWave
V2V multi-hop transmission latency and reliability. In order
to minimize the effects of link blockage, LV et al. in [39]
proposed blockage avoidance and optimal relay selection
scheme-based mmWave V2V multi-hop sensor data dissem-
ination, which allows for faster dissemination and minimizes
transmission delays by using vehicle positions and utility
functions. Along these lines, the literature in [40] proposed
the proper selection of the next-hop relay nodes in high-
density networks. This research develops a hybrid relay node
selection by exploiting the features of message dissemina-
tion, including message accessibility, delay, and bandwidth.
In order to improve outage probability and average total rate
performance, the reference in [41] proposed using multi-
relays, where an unlimited number of sources transmitted
their messages to the target destinations through multi-relays,
in which the relay decision relied on the measured SINR
while planning tools are used to identify the best places for
the relays. The study also demonstrates that the selection
of relays significantly impacts system interference and that
careful selection can enhance overall performance. In line
with the research presented in [41], Liu et al. In [42] proposed
using the resources of vehicles around the requested vehicles.
Instead of requesting vehicles only to offload tasks to service
vehicles as relay nodes. Therefore, request vehicles can use
service vehicles as relay nodes to offload tasks beyond one-
hop communication ranges. To achieve better performance
of mmWave MAC for V2V communications and reduces
the control overhead and delay. Reference [43] proposed to
decouple the control and data planes utilizing a configura-
tion of IEEE 802.11ad tailored to vehicular communications.
By design a MAC using IEEE 802.11p for the control plane
and IEEE 802.11ad for the data plane.

B. CONTRIBUTION
In this paper, we propose a novel solution for mmWave V2X

communication protocols-based IEEE 802.11bd by enhanc-
ing IEEE 802.11ad in terms of

o Using offline location information (OLI) based on
offline HD mapping-based localization for better beam
alignment, fast beam acquisition, minimizing channel
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training overhead, and selecting the optimal relay vehi-
cles (RVs) and dedicated vehicle stations (DVS) among
addressed N'Vs.

« Using independent position estimation (IPE) and net-
work topology lists (NTLs) to minimize end-to-end
transmission delays and complexity.

« Using RVs to overcome link blockages and extend com-
munication coverage.

« Using DVS for enhanced coverage and communication
with vehicles beyond the coverage area.

o Using the diversity of selecting RVs to mitigate the
effects of dynamic beam misalignment caused by mov-
ing vehicles and narrow beams.

We briefly discussed the challenges associated with using
mmWave bands in V2X networks. Afterward, we offer pos-
sible solutions to overcome these challenges.

The authors propose a novel solution to overcome these
challenges based on classic, cooperative, and extension pro-
tocols for IEEE 802.11bd to accommodate both (In/Out)
cellular coverage scenarios.

In the classic protocol, two-stage algorithms were pro-
posed to overcome the limitations of the beam-sweeping-
based beam alignment method and enhance the beam align-
ment performance of mmWave V2V networks under different
scenarios. In the first stage, a location-aided beamforming
strategy is employed to narrow the beam search space of
the target. While in the second stage, only the narrow beam
search space is scanned to find beam pairings with the highest
received signal strength (RSS).

In the cooperative protocol, we propose a multi-hop coop-
eration request (MHC-REQ) Beacon messages to overcome
link blockage and enhance the communication range.

In the extension protocol, we propose a DVS approach to
expand the communication coverage range of the mmWave
V2X channel and enable communication with vehicles out-
side the coverage range.

In the overall protocol, we propose an accurate method for
selecting RVs and DVS according to IPE and NTLs algo-
rithms. Therefore, RVs and DVS are not selected randomly,
but accurately based on their locations relative to SV, IV, NVs,
and associated RSS. In this solution, the SV is responsible for
choosing the most efficient RVs and DVS among the NVs
candidates to maximize the likelihood of LOS in the current
network topology.

In order to speed up decision-making and reduce end-to-
end transmission delays, we propose IPEs and NTLs mech-
anisms. In IPE, we develop an accurate and independent
location estimation algorithm by considering the vehicle sta-
tus and the estimation error as inputs. Moreover, IPE catego-
rizes vehicles based on their status into static and dynamic
categories.

In the static status, the vehicle estimates its position inde-
pendently based on the current position, speed = 0; delay
before transmission start = #,, and random estimation error e;..
While in the dynamic status, the vehicle predicts its location
according to the current position, speed = s, transmission
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FIGURE 2. IEEE 802.11ad beacon interval structure and channel access.

delay ¢;, and random estimation error e,. However, OLI is
used to estimate the current position.

The strength of the IPE method lies in the fact that each
vehicle within the intended communication range can inde-
pendently and accurately estimate its location and then send
the location information to the SV. Therefore, we frame
the solution as an accurate and fast collaborative teamwork
process.

In NTLs, we propose a framework to facilitate and
speed up the selection of an appropriate protocol among
the three proposed, depending on the current network
topology.

Finally, we propose a diverse RVs selection based on the
proposed cooperative protocol to mitigate the potential of
blocking some of the selected RVs during the data package
delivery (DPD) mechanism. Therefore, diverse RVs can min-
imize the probability of frequent beam misalignments in a
highly dynamic environment.

Il. A BRIEF OVERVIEW OF THE IEEE 802.11AD
STANDARD

A. IEEE 802.11ad- BASED mmWave V2X
COMMUNICATION SYSTEM

The IEEE 802.11ad standard defines a common framework
for multi-Gbps communications at 60 GHz and enhances
the performance of V2X communications [16], [17]. In the
mmWave bands, however, the link degrades more signif-
icantly than in the traditional under the sub-6 GHz band
when passing through obstacles. A directional antenna is
employed in IEEE 802.11ad to compensate for the high path
loss observed in the mmWave bands.

The RTS/CTS handshaking mechanism is applied
in an exhaustive sector-sweep manner during beacon
exchange [21], [44]. Direct communication between the
transmitter and receiver is possible if the connection link
satisfies the transmission conditions. However, since the
receiver location is unknown, exhaustive sector sweeping
is used as part of the handshaking mechanism based on
the quasi-omnidirectional to identify the optimal antenna
sector, resulting in a high overhead and low link budget [20],
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[33]. In IEEE 802.11ad, beamforming is implemented during
beacon intervals (BIs), and the channel access is divided into
several BIs. As shown in Fig. 2, the BI consists of a beacon
header interval (BHI) and a data transmission interval (DTI).
Furthermore, the BHI comprises the beacon transmission
interval (BTI), association beamforming training (A-BFT),
and announcement transmission interval (ATT) [16], [43]. The
(Bis) in IEEE 802.11ad is divided into several sub-intervals,
as described in Fig. 2. [21], [45], [46], [47], [48]:

e Beacon transmission interval (BTI): In this sub-interval,
the transmitter transmits DMG beacon frames across different
antenna sectors to announce the network.

e Association beamforming training (A-BFT): In this sub-
interval, beamforming is performed between the transmitter
and responder by using a headshake mechanism.

e Announcement transmission interval (ATI): In this sub-
interval, the transmitter and responder are managed and trans-
mitted by the exchanged (REQ) and (ACK) frames.

e Data transmission interval (ATI): In this sub-interval,
the contention-based access period (CBAP) and scheduled
service period (SP) are exchanged between the transmitter
and the responder for data transmission.

B. mmWave SYSTEM BEAM ALIGNMENT

In mmWave systems, antenna beamforming is employed at
the transmitter and the receiver with the precise alignment of
the beams for establishing a reliable and highly directional
transmission link. However, quick beam pairs and low-
complexity beam alignment are essential components for reli-
able mmWave V2X networks. The IEEE 802.11ad standard
defines the so-called exhaustive beam sweeping, in which
beams are scanned sequentially and evaluated to determine
the optimal alignment beam pair [49]. Unfortunately, since
location information is unknown, exhaustive beam sweeping
at both transmitter and receiver leads to significant delays and
associated communication overheads [25], [27], [46], [49].

lll. SYSTEM MODEL

Based on an evolution of an IEEE 802.11p standard, the
proposed system model enhances the IEEE 802.11ad, which

VOLUME 10, 2022



R. 1. ABD, K. S. Kim: Protocol Solutions for IEEE 802.11bd by Enhancing IEEE 802.11ad

IEEE Access
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FIGURE 3. mmWave V2X network topology.

is one of the common V2X standards for DSRC. The key
objective of our work is to overcome challenges faced by
operating mmWave bands based on IEEE 802.11bd. In gen-
eral, obstacles, mobility, and density are the main parameters
affecting the mmWave V2X network topology and its perfor-
mance. In the system model, we consider a mmWave V2V
communication network where each vehicle is equipped with
mmWave transceivers and operates with transmit power Py, .
Furthermore, the effective communication range is set to Ry.
Those vehicles within the range of communication of the SV
can communicate directly with the SV if the RSS meets the
transmission requirements.

Fig. 3, demonstrates an illustrative example of the pro-
posed system model by incorporating different types and
sizes of vehicles in proportion to realistic urban environ-
ments. In which N vehicles move in the same direction Vy =
Vi, Vo, V3, Vg, ..., V,,, where the SV is located behind the IV
with a distance of d,, and N'Vs are in the position of blocking
the LOS link between SV and IV.

The proposed system model acknowledges that NVs may
act as obstacles to the association of LOS between SV and 1V,
but at the same time, they may facilitate signal transmission.
Therefore, if the LOS is blocked and the RSS falls below the
predefined threshold, the SV must communicate with the IV
through selected RVs. In order to provide reliable and timely
communication between the SV and IV, RVs are carefully
selected based on the IPE. Additionally, if the LOS signal is
blocked and RVs have been assigned for message forwarding,
only transmission from the SV to selected RVs, and then
from RVs to the 1V, is allowed. All other vehicles within
the communication range not addressed by the SV remain
silent. Upon receiving the message from the SV, the selected
RVs transmit the received DP to the IV. Carrier-sense mul-
tiple access with collision avoidance (CSMA/CA) [50] can
use for shared wireless channels across nodes in a network.
Further, to mitigate interference, the SV sensors the channel,
and refrains from sending packets over busy channels [51].
As soon as the channel becomes accessible for transmission,
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requests to send and clears to send are used to initiate data
transmission. Vehicle detection and location information are
critical components of the proposed solution that provide
the system with the current local topology [30], [52], [53].
Overall, in the case of link blockage, the proposed protocol
is appropriate for passing the signal to NVs following the
same trajectory. We assume that the proposed protocol can
specify where the vehicle of the intended recipient is located,
and which of the N'Vs are closest to the IV to transmit the
data packet (DP) [53]. By tagging the intended recipient’s
vehicle information with an awareness message, each vehicle
in the group becomes aware of the IV. We also assume that
each vehicle in the connection region can identify the SV and
IV location and identify its location concerning NVs in the
current network topology.

As shown in Fig. 3, despite the fact that the vehicles V7,
Vo, and V3 are in a position that blocks the LOS signal
between SV and IV, they are also located in places where
they are highly likely to reach the IV via LOSs. Therefore,
it will be more efficient to use obstruction vehicles as a
(medium/relay) to achieve the desired LOS link. As shown
in Fig. 3, SV selected the obstruction vehicles Vi, V;, and V3
as relays to transmit DP to the IV.

A. CHANNEL MODEL

A hybrid MIMO architecture is considered for the mmWave
V2X system in order to reduce power consumption and
achieve an inexpensive system architecture [46], [48], [54],
[55], [56]. At the Vi, side, the signal is preceded using
a hybrid beamforming vector, and the received signals
are combined according to the hybrid combiner vector at
the V,, side. The vector f represents a hybrid precoder
employed on the V|tx], while a hybrid combiner vector w
combines the received signals at V.. According to [48]
and [54], the received signal at time ¢ in the vehicle is given
by

Y =wlHfS + w'n 1)
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We assumed each vehicle has the same antenna array and
RF chains. Therefore, the communication channel matrix link
H between the Vi, and V,, can be exemplified as H €
CNoxNex | f — Frpfgp denotes the hybrid precoder, where
Frp € CNoxLu and fgg € CE™xX! gre RF and baseband
precoder, respectively. Where w = Wgpwpg € CNoxl g
the hybrid combiner vector with Wrg € CNoxLex and wyp €
CLex1 are the RF and baseband combiner, respectively. S
are the transmitted symbols, and n is the additive is white
Gaussian noise.

The mmWave narrowband frequency-flat channel can be
modeled by [55] and [56].

L
Ny, Nv,,
H= === > aay, O)at, (¢) 2)
=1

where Ny, and Ny, are the transmit and receive antenna
arrays size, respectively. p is large-scale pathloss and L
denotes the number of paths. a denotes the complex path
gains of the 1 th path. ay, (6;) and a{f[ r((;31) are the antenna
array response vectors. The array response vectors at the
transmitter and receiver can be formulated by

1
ay,(p) = NN
X [1,4% cos¢ . ’eiUVvtfl)% Cosd)iIT’
ay _(0) = 1 3)
X [1,61'%“”9, . ,ei(Nvml)¥coseT

IV. PPOPOSED SCHEME

A. VEHICLE LOCALIZATION BASED ON OFFLINE
LOCATION INFORMATION (OLI)

The main components of connected and autonomous vehicles
are positioning and sensors. These include radar, lidar, and
cameras [5], [39], [57].

The global positioning system (GPS) and global naviga-
tion satellite system (GNSS) allow positioning and tracking;
however, they cannot always provide accurate positioning,
especially in urban environments with buildings, multipath,
and signal obstructions [58], [59], [60].

Combining GNSS and inertial navigation (INS) systems
can improve localization performance. Nevertheless, this
technology cannot accurately detect the surrounding environ-
ment [60].

5G NR-V2X introduces opportunities for vehicular posi-
tioning and tracking based on the estimation of the angle
of arrival (AoA), angle of departure (AoD), and time of
arrival (ToA). Unfortunately, the multipath propagation of
wireless signals in an urban environment result in parameter
ambiguities [13], [61].

The simultaneous localization and mapping (SLAM) tech-
nique is defined to achieve accurate autonomous vehicle
localization without using GNSS and real-time kinematics
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(RTK) but based on sensors such as cameras, radar, and
lidar [62], [63]. Therefore, the perceived environment real-
ized by the map representation is computed simultaneously
for the given setting. However, SLAM-based sensor tech-
niques require high computing power [63].

High-definition (HD) maps integrated with sensors are
widely used to demonstrate the environment and aid in accu-
rate localization [64], [65], [66], [67]. HD maps provide high-
precision environmental features based on a real map. A key
advantage of HD maps is their ability to provide precise nav-
igation and localization out of cellular coverage. Therefore,
Google, Apple, and HERE supply high-definition maps for
autonomous vehicles such as Tesla’s [65].

Previously built map technology can provide accurate vehi-
cle locations without GNSS/GPS and is robust to changes
in weather conditions. A unique feature of offline preloaded
maps is their ability to operate in areas without coverage.
However, since roads and places do not change quickly, reg-
ular offline mapping updates can occur when a vehicle enters
a coverage area. Therefore, in this model, we aim to leverage
the features of preloaded high-definition maps and automated
vehicle sensors such as radar, lidar, lasers, and cameras
to speed up adaptive channel estimation and beamforming
in/out-of-coverage environments, so-called OLI. However,
recent studies have relied on offline-built maps to solve the
vehicle localization problem presented in [66] and [67].

Therefore, we aim to use offline-built maps and a multi-
sensor fusion approach to estimate the vehicle pose concern-
ing the map by performing a map-matching algorithm [68].
Thus, locating vehicles is possible by matching semantic
features with existing maps. Subsequently, we intend to
apply a cooperative localization protocol to V2V commu-
nications [69], which allows vehicles to exchange loca-
tion information with surrounding vehicles for location
estimation.

B. VEHICLE-BASED CURRENT STATUS

Our approach classifies vehicles into two categories: static
and dynamic. Static vehicles, such as those stopped at a
traffic light or on crowded streets, whereas dynamic vehicles
are vehicles that are in continuous movement. For a precise
location estimation, it is necessary to consider the vehicle’s
status. Accordingly, if the vehicle is in static status, the loca-
tion estimation is derived from the current OLI, speed = 0,
and the linear ratio of the normal static error. In dynamic
status, accurate location estimation relies on the current OLI,
current speed, and delay to start transmission, in addition to
the proportion of normal dynamic error.

In static status, the estimated vehicle position equation is
given by Vs ~ Veur + log N (i, osz). In dynamic status, the
estimated position of the vehicle is computed according to,
Vb ~ Veur + Vpre + log N (u, 0’5), where Vcyrr represents
the current position of the vehicles based on offline HD map-
based localization, log NV (i, crsz) denotes the normal static
error, Vpre indicates the predicted position based on current
speed and delay to start transmission, and log NV (u, 03) is
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the normal dynamic error. /mu and /sigma are the mean and
standard deviation of the normal distribution, respectively.

C. INDEPENDENTLY POSITION ESTIMATION (IPE)

Fast selection of optimal relays and beams relies heavily on
a collaborative approach to exchange a set of information
between vehicles within the range of communication. Accu-
rate and fast estimation of vehicle location parameters is a
critical component of network topology.

In our solution, once the vehicles have successfully
received location requests from the SV, each vehicle esti-
mates its current location independently based on static and
dynamic statuses and associated factors.

Vehicles that successfully estimate their position send their
position estimation information to the SV. However, inde-
pendent location estimations can help reduce the complexity
of position estimation at the SV and minimize end-to-end
transmission delays.

D. RE-UPDATE OLI AND IPE

Due to the rapid changes in the local topology of the vehicle
environment, a continuous update of the surrounding envi-
ronment information is necessary. However, GPS information
for updating the local topology in vehicular environments has
been investigated [70]. This approach proposes re-updating
OLI and IPE frequently. Frequent updates of the local topol-
ogy of each vehicle in the connection group are vital for
obtaining precise vehicle locations over time. The OLI is
updated based on the current vehicle position in the net-
work topology, whereas the IPE is updated based on the
current OLI and vehicle status. Accordingly, in our approach,
we assumed that all vehicles in the network topology were
able to update their OLI and IPE frequently every second.

E. LOCATION INFORMATION AIDED CHANNEL
ESTIMATION

Beam-alignment methods assess the beam combinations of
each vehicle before transmitting data, and the link is estab-
lished based on the beam pair that achieves the highest refer-
ence signal receive power (RSRP) [71].

A codebook-based analog beamforming method has been
proposed to simplify the configuration and alignment of
arrays. However, the set of predefined beams in the codebook
requires unacceptably high latency plus overhead [72]. Due
to the uncertainty of target location information, achieving
rapid beamforming is challenging in a mobile environment.
Conventional beam sweeping solutions have a high overhead
since beamforming occurs via a traditional exhaustive beam
search, which takes several milliseconds [27], [28], [71].

Typically, estimating receiver location information can sig-
nificantly accelerate beam sweeping and initial access time,
which further reduces beamforming overhead [34], [34], [34],
[35], [36].

Therefore, we aim to exploit location information derived
from sensors effortlessly to reduce the required beam search
space in/out-of-coverage environments. However, optimizing
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estimation performance metrics could be achieved if prior
vehicle position information is available.

In our approach, position-aided beam training can be sum-
marized as follows: Beam training starts with the SV send-
ing the training request IPE-REQ beacon message to NVs.
Responders then respond with an acknowledgment contain-
ing their position information and IPE-Vn beacon messages.
The IPE obtained from vehicles can be converted into infor-
mation on angle-position coordinates. Subsequently, the SV
exploits position information to determine a narrow list of
optimal beam directions and alignment accuracy. Next, the
transmitter scans the selected narrow angle on the receiver
side to obtain the optimal beam pair. Then the optimal weights
and adjusting the magnitude and phase of the signals are
determined. These weights are then applied to the transmit
signal to direct the beams towards the targets [73]. However,
the training data for a limited budget include the position, the
orientation, and the RSS measurements for all combinations.
Therefore, the proposed solution meets its design objectives
by achieving precise beam alignment and accelerating opti-
mal beams coupled with the highest RSS.

F. PROPOSED Ty, Rx ARCHITECTURE WITH SIDE OFFLINE
LOCALIZATION INFORMATION
The perspective of the design objectives in this section is
to reduce search space by leveraging location information.
We formulate the possible AoA/AoD ranges as a function
of transmitter and receiver location information coordinates.
The position matrix P € R>*V contains the two-dimensional
location coordinates, where P, = [py,, py,,]T denotes the
location information coordinates of the nodes. According to
the studies in [35] and [36], the estimated location informa-
tion can speed up beam alignment and reduce the search time
as follows:

Let’s assume P; refers to the location information matrix
that contains the coordinate information of the transmitter and
receiver, and  # is the number of the node.

Pi=[p07p]""7pN71]7 (4)
n=1[0,...,N —1],
where
P fori = RX,
po={ ™ o ®)
PRX fori = TX,

The current location information Py can be referred to
as current transmitter location information pry when the
receiver observer, and current receiver location information
Prx when the transmitter observer. Moreover, the inde-
pendent location information model of the transmitter and
receiver can be formulated in the following manner:

{i’TX =Prx + E1x,

N (6)
Prx = Prx + Erx,

where Ptx and Pryx refers to the current location estimation
or location prediction between the transmitter and receiver
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based on the current status (static/dynamic). Etx and Erx
are the matrices that indicate the random location estimation
errors associated with given x and y coordinates for the
transmitter and receiver, respectively [74].

X TX X

ETXZ[eO ie]’ 7"'5eN_]]9 (7)
RX _RX RX

Egrx = [ > €1 cos eyl

The estimated angle in the Euclidean plane between the
x-axis and the point (X, y) for the transmitter and receiver is

given by
/\TX A
X, — XTX
o =\ tx =~ |-
Y — YTX

/\RX A
X, — ARX
R = | sjd = )

& — IJRX

®)

where xTx and yrx are the estimated x and y coordinates
of the transmitter due to its uncertain position. Similarly,
Xrx and yrx are the estimated x and y coordinates of the
receiver over its uncertain position. Based on estimated loca-
tion information at the transmitter and receiver, the associated
AOD/AOA can be calculated as follows:

qAﬁ,, = % — arctan(ary ),
. )

b4
0, = 7 arctan(ogy),

Therefore, based on the location information available at
the receiver, the AOA of the m-th path to the receiver can be
evaluated.

Where gy and ygx are the estimated x and y coordinates
of the receiver since its position is uncertain.

The following are the estimated distances between the
transmitter and receiver

ATX A A
X = Jerx — %9 — (rrx — ST,
~RX ~ ~ ~ ~
d,” = \/(xRX — iRX)2 — (Grx — IRX)2,

The proposed coordinate beam alignment algorithm uses
estimated location information and estimated location infor-
mation error. However, the transmitter and receiver jointly
search the beam vectors in a narrow beam search area during
the beam alignment phase. The transmitter selects the beam
steering vector S7X,, that corresponds to the obtained AOD
and transmits it to the receiver, after which the receiver selects
a combining vector CrX, that is nearest to the estimated
AOA, which can be calculated as follows:

S1Xn = frx(én).
CrXn = frx(6h),

It is worth noting that the extremely high accuracy of beam
search angle estimation is not essential for our method,
as shown in Fig. 4 (a). In the first step, the aim is only to
narrow the angle of the beam search. In the next step, the
very accurate transmission angle is obtained by performing
a sweeping mechanism through a predefined narrow search

(10)

Y
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angle. Thus, the narrow-predefined search angle and the
physical angle have some disparity.

As depicted in Fig. 4 (a), the orange beams represent
conventional exhaustive beam search, while the blue beams
indicate the pre-selected narrow search angle, and the red
beam denotes the selected beam.

G. BEACONS DEFINITIONS

In this section, we outline an overview of the types of bea-
con messages exchanged during the proposed channel access
period as follows:

e Independent position estimation (IPE), low latency
beacon messages are exchanged and updated periodically
between the SV and NVs. There are two kinds of IPE bea-
con messages: (1) Independent position estimation request
(IPE-REQ) is sent within the DMG beacons during the initial
access in one packet by SV. (IPE -REQ) carries information
such as IDs, SV IPE, IPE-REQs, etc.

2 Independent position estimation-feedback
(IPE-feedback), low-latency messages containing IPE infor-
mation, transmitted in a single packet with SSW frames by
NVs.

e Multi-hop cooperative (MHC) Beacon messages are
conditional, low-latency messages sent by SV. The MHC
carries information concerning the SV, IV, and selected
RVs such as MAC, position, identification ID, SP access
period, etc. However, there are three kinds of MHC beacon
messages.

(1) Multi-hop cooperative-Request (MHC-REQ) Beacon
messages are sent by the SV to the selected RVs notifying
them of the desire to transfer the DP to the IV using the
cooperative protocol.

(2) Multi-hop cooperative-Feedback (MHC-Feedback)
Beacon messages are sent by selected RVs to the SV to report
the ability to send the DP and start sending the DP.

(3) Multi-hop cooperative-Acknowledge (MHC-ACK)
Beacon messages are transmitted by selected RVs to the SV
to acknowledge that the DP transmission is complete.

e Extending the communication range (ECR) Beacon mes-
sages are conditional, low-latency messages sent by SV. The
ECR carries information concerning the SV, IV, and selected
DVS, such as MAC, position, identification ID, SP access
period, control packet, type of transmission protocol, etc.
However, there are three kinds of ECR beacon messages.

(1) Extending the communication range-Request
(ECR-REQ) Beacon messages are sent by the SV to the
selected DVS informing of the desire to transfer the DP to
the I'V using the extension protocol.

(2) Extending the communication range-Feedback
(ECR-Feedback) Beacon messages are sent by selected DVS
to the SV to inform the possibility of DP transmission and
start sending the DP.

(3) Extending the communication range-Acknowledge
(ECR-ACK) Beacon messages are sent from the selected
DVS to the SV to acknowledge the completion of the DP
transmission.

VOLUME 10, 2022



R. 1. ABD, K. S. Kim: Protocol Solutions for IEEE 802.11bd by Enhancing IEEE 802.11ad

IEEE Access

Typical extensive beams search
<————— . Potential beams search
<——— | Selected beam

(a) Ilustrative example of the SV searching for an op-
timal beam pair with the IV by scanning a predefined,
narrow search angle.

FIGURE 4. lllustrative examples of the proposed solutions.

H. NETWORK TOPOLOGY LISTS (NTLs)

The NTLs indicate the vehicular network topology informa-
tion in the current environment based on location and the
corresponding RSS. The RSS measures the received signal
strength of the reference signals within predefined thresh-
olds. However, the RSS value of a single receiver antenna is
recorded periodically during the measurement period.

In the initial phase of the beacons exchange, dur-
ing the (BTI/A-BFT) access periods, as soon as the
(DMG/TPE-REQ) and (SSW/IPE) Beacon frames exchange
are completed, the SV generates NTLs immediately.

The NTLs consist of the classic list, cooperative list, and
extension list in the following sequence:

(1) A classic list is used to store the IPE of the SV and IV in
order to identify the narrow steering angle, locate configura-
tion information from peer vehicles with its corresponding
RSS, and store/map the best transmit and receive antenna
sectors candidates based on the classic protocol.

(2) the cooperative list is used to store, map, and locate RV
candidates with their corresponding RSS from NVs in the list.

(3) the extension list is used to store, map, and locate
DVS candidates with their corresponding RSS and store the
associated selected protocol for the final DPD mechanism.

Following the creation of the NTLs, the SV analyses and
compares the information in the three lists in order to deter-
mine the type of protocol used for the DPD mechanism.

The SV selects one of the three lists of NTLs based on the
availability of information in the lists and the order among
the three lists.

For instance, assuming the information is available in all
three lists simultaneously, the SV gives priority to the classic
list, next to the cooperative list, and finally to the extension
list sequentially.
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(b) This example illustrates the SV’s (©)
ability to transmit DP to the IV out of
the coverage area by selecting DVS.
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mmWave V2V signal propagation
based on the diversity of RVs

It is worth noting that any of the NVs that have success-
fully received (DMG/ IPE-REQ) frames could be a candidate
member of the three lists at once, depending on their position
within the network topology.

However, each vehicle from the NVs can join the NTLs
candidates if the following conditions are satisfied: (1) NVs
that have successfully received (DMG/IPE-REQ) Beacon
frames. (2) N'Vs that share the same range of communication
with SV and I'V. (3) NVs that successfully detect the existence
of the IV within its communication range. (4) N'Vs that have
the same trajectory as SV and I'V. (5§) NVs with the capability
to identify the type of protocol used in the DPD mechanism.

NVs that have successfully met the requirements to join the
NTLs are responsible for: (1) search for the IV within their
coverage area, (2) determine its position relative to the SV
and I'V. (3) find the narrow beam angle towards IV, determine
the corresponding RSS relative to SV/IV, and join the classic
list. (4) select RVs candidates, determine the corresponding
RSS relative to SV/IV, and join the cooperative list. (5) select
DVS candidates, determine the corresponding RSS relative
to SV/1V, specify a final DPD mechanism among broadcast,
classic, or cooperative protocols, and join the extension list.

Addressed NVs can join all or some of the list based on
their position in the current network topology, after which the
SV adopts one of the proposed transmission protocols based
on a list of criteria.

I. COMMUNICATION RANGE EXTENSION

In vehicular networks, communication range relies on sev-
eral parameters (e.g., frequency band, transmission power,
obstacles, and environment). DSRC can theoretically achieve
a communication range of 1000 meters on the freeway under
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sub-6 GHz. Unfortunately, dynamic physical obstructions in
urban environments can reduce the communication range to
less than 100 meters [75].

Since path loss varies inversely with wavelength, mmWave
systems are subject to higher attenuation, thus having
a smaller transmission range than conventional technolo-
gies [21], [22]. The mmWave communication channels are
theoretically possible at ranges less than 200 m in most
measured links [8]. However, in dense urban environments,
the actual transmission range of mmWave channels is well
below 200 meters.

We propose an enhanced solution for extending the trans-
mission range of the mmWave V2X channel in actual
dense environments by allowing the SV to communicate
with the IV through DVS beyond its coverage, as shown in
Fig. 4 (b).

Specifically, the proposed protocol is divided into two
stages, one for listing DVS candidates and the other for select-
ing the best DVS from among lists. A DVS is chosen precisely
midway between the SV and IV communication range to
manage and transmit the DP simultaneously to the further
selected RVs in the next hop for the final DPD mechanism,
as shown in Fig. 4 (b). However, the final DPD-based DVS
is restricted to broadcast, classic, and cooperative protocols.
Thus, the DVS cannot use the expansion protocol for the DPD
mechanism.

If a DVS uses the classic protocol for the final DPD, then
the DVS steers its beam toward the IV directly based on IPE.

In the case of cooperative protocols, the selected RVs of
the second network synchronize the transmitting time and
frequency according to a control packet transmitted by the
DVS.

The control packets are used to synchronize and trigger
the transmitting time of RVs on one hop if the cooperative
protocol is employed. Once the control packet is received
successfully at RVs, the DP containing the IV address and
encoding is transmitted simultaneously.

J. DIVERSITY RV/DVS VEHICLES

Cooperative and extension protocols may fail due to fre-
quent changes in the location of the RV/DVS caused by
continuous movement in the vehicular environment. That
results in the effect of so-called link misalignment or link
re-establishment problems [30]. Therefore, to achieve high
reliability and improve the performance of the mmWave V2X
channel, we proposed a diversity in the selection of RV/DVS
based on the IPE and NTLs. As shown in Fig. 4 (c), the
SV can choose more than one RV depending on the location
of the RV relative to the SV and IV in the current network
topology. In general, the diversity of RV/DVS aims to reduce
the effects of dynamic obstacles and address the potential for
blocking some RVs/DVSs. As shown in Fig. 4 (c), the SV
communicates with the IV through diverse RVs V3, V4, and
V5. However, the SV can choose more than one RV/DVS
from among RV/DVS candidates in NTLs.
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K. LOW-LATENCY NETWORK

In this section, we propose a novel framework that blends
IPE with an intelligent selection of RVs/DVS, along with
selecting the appropriate protocol from among the three pro-
tocols based on current network topology to dynamically and
efficiently pair vehicles, reduce the end-to-end latency, and
increase the throughput. This is achieved by jointly consid-
ering IPE-based channel state information and NTLs-based
automatic list selection when establishing a mmWave V2V
channel. Therefore, considering its design objectives, the
proposed low latency scheme is comprehensive and considers
several factors that directly affect packet delivery latency,
including location, beam alignment delay, feedback delay,
blockages, density, beam misalignment, decision-making
time, and beam coherence time. In summary, the low latency
approach can be summarized as follows:

« With OLI, the beam searching space can be reduced, thus
minimizing the beam alignment delay.

« IPE allows vehicles to estimate their location indepen-
dently and transmit IPE information to the SV. There-
fore, the SV can reduce computational complexity by
speeding up the needed time for perceiving the surround-
ing environment, locating obstacles concerning the IV,
and making decisions based on choosing RVs/DVSs.

« Based on NTLs, the SV can reduce delays caused by the
make-decision time of selecting the appropriate protocol
for the current network topology.

« Based on the cooperative protocol, the SV can reduce
the delay associated with link blockage and repeat the
link re-establishment mechanism.

« Based on the extension protocol, the SV can reduce
the delay associated with vehicles frequently leaving
coverage areas.

« Based on the diversity of RVs/DVSs, SV can reduce
delays associated with frequent beam misalignments.

V. PROPOSED PROTOCOL

The proposed solution introduces three access protocols:
classic, cooperative, and extension protocols. SV selects the
type of access protocol based on the availability of infor-
mation in NTLs, and the order of the list in NTLs. When-
ever the SV wants to transmit DP to an IV, it initiates by
broadcasting (DMG/IPE-REQ) Beacon frames to all NVs.
However, (DMG/IPE-REQ) beacon frames are sent across
different antenna sectors in order to (1) announce the network,
(2) request IPE, (3) provide synchronization, (4) transmit
BI structure information, (5) transmit SV/IV information,
(6) provide training, and (7) announce the starting of creating
NTLs.

An overview of the classic, cooperative, and extension
protocols is outlined below:

Classic protocol: In this protocol, we assume there are no
obstacles between the SV and IV, and the RSS measurement
meets the predefined threshold. As a result, their channel is
adequate for transmission. However, in all protocols, during
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FIGURE 5. Proposed beacon interval structures.

initial communication, the SV transmits (DMG/IPE-REQ)
Beacon frames from different antenna sectors to NVs, while
NVs receive by a quasi-omnidirectional. NVs successfully
addressed by (DMG /IPE-REQ) Beacon frames immediately
respond to the SV by sending (SSW / IPE-n) frames. The
exchanged beacon frames between them comprise MAC
addresses, antenna sector identification, and a countdown
(DOWN), among other information. Once the initial beacon
message exchange is completed, the SV instantly creates
classic, cooperative, and extension lists. However, none of the
three lists record any information if the addressed NVs do not
meet the requirements for membership. For instance, no data
is recorded in the classic list if the received RSS level falls
below the predefined threshold.

In contrast, if the RSS measurement exceeds or equals
the predefined threshold, then the SV creates a classic list.
Thus, the classic list information is used to establish channel
access between the SV and IV, and then the classic protocol
is applied for the DPD mechanism.

In this scenario, SV determines the narrow steering angle
based on information in the classic list. The SV then scans
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the selected narrow angle and identifies the best transmit and
receive antenna sectors according to the receiver address in
the MAC header. Finally, the SV steers its beam toward the
selected antenna sector.

As demonstrated in Fig. 5 (a), the SV transmits the SSW
feedback frame to the IV after the SV selects the optimal
antenna sectors. The IV uses the best sector to send the
(SSW-ACK) frame to the SV. Once the SV successfully
receives the (SSW-Ack) frame, the link establishment is com-
plete, and the DP transmission begins. Upon completing the
above steps, the DP is transmitted using the classic protocol,
and the SV erases all data stored in NTLs.

Cooperative protocol: this protocol assumes obstacles have
blocked the link between the SV and IV. Thus, the RSS level
drops below the predefined threshold. As a result, no infor-
mation will be available on the classic list. Therefore, the SV
will switch to using the cooperative list, which is listed as a
second list in the order of NTLs.

In the same manner as in the classic protocol, once the SV
wants to transmit DP to the IV, the communication initiates
by exchanging (DMG/IPE-REQ) and (SSW/IPE-n) Beacon
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messages. Thus, classic, cooperative, and extension lists are
created simultaneously.

A cooperative list contains information about RVs candi-
dates, such as their location relative to SV/IV paired with their
RSS, SSW, MAC, ID, IPE, etc.

If the SV chooses the cooperative protocol to send the DP,
the SV then analyzes and compares the information in the
cooperative list to select the most suitable RVs from the list
of candidates.

The trade-off for selecting the best RVs from among the
RV candidates is given to the candidate with the highest
probability of LOS linking with the IV, as well as if its RSS
level relative to SV is satisfied.

Once the optimal RVs are selected, the SV directs its beams
towards the selected RVs over a narrow angle based on the
IPE and transmits the (MHC-REQ) frames. The (MHC-REQ)
frames carry various information such as IPE, ID, MAC
address, transmission duration time, synchronization, and
SO on.

AllNVs are aware of the transmission information between
the SV and IV through the (MHC-REQ) frames. When the
selected RVs successfully receive the (MHC-REQ) frame,
they respond with the MHC-Feedback (MHC-FBCK) frame
to the SV. The SV starts DP transmission after receiving
the (MHC-FBCK) frame. Under the cooperative protocol,
the SV can establish an MHC transmit link through selected
RVs rather than using the direct path, which is blocked by
obstacles. As soon as the SV aligns its beam toward the
selected RVs, it begins transmitting a DP. Selected RVs can
broadcast or direct their beams towards the IV over the IPE.
Upon receipt of the DP by the RVs, the IV sends an acknowl-
edgment (MHC-ACK) frame to the RVs to confirm receipt of
the DP. RVs then forward the (MHC-ACK) frame to the SV.
Once the MHC-ACK) frame is received, the DP transmission
is completed, and the SV erases the data stored in the NTLs.

Extension protocol, In this scenario, the IV is assumed
to be out of the coverage of the SV. As a result, the SV
cannot obtain any information about the IV. Therefore, the SV
requests N'Vs to locate and provide information about the IV
within their coverage area. Eventually, the SV selected and
requested the DVSs to communicate and deliver the DP to
the IV.

Similarly, upon completing an exchange of
(DMG/TPE-REQ) and (SSW/IPE-n) Beacon messages, valu-
able information is gathered that enables the SV to choose the
appropriate protocol for given network topology. However,
the vehicle location within the network topology, correspond-
ing RSS, NV candidate location relative to the SV and 1V,
and MAC addresses are essential components of the protocol
selection mechanism.

Once the initial beacon message exchange is com-
plete, NTLs are created instantly. Any NV addressed by
(DMG/IPE-REQ) Beacon frames and could not locate the
IV within its coverage range is out of competition and does
not communicate with the SV. The SV sends the DP via an
expansion protocol if the information is unavailable in both
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the classic and cooperative lists. Each NV can be a member
of one or more lists simultaneously, depending on its position
in the network topology and associated RSS.

However, SV uses the extension protocol when it cannot
use the classic and cooperative protocols. After creating a
DVS candidates list, the SV analyzes and compares the infor-
mation in order to select the best candidate to be a DVS.
However, the trade-off strategy that the SV uses for selection
depends on the protocol used by the DVS candidate for the
final DPD mechanism and the corresponding RSS. In this
regard, the selection priority is given to candidates that adopt
the classic protocol and then the cooperative protocol in
conjunction with the corresponding RSS.

After the optimal DVS is chosen, the SV directs its beams
toward the selected DVS using the IPE and starts to transmit
the (ECR-REQ) frames. The (ECR-REQ) frames contain
vital information regarding IPE, ID, MAC address, trans-
mission time, synchronization, etc. The NVs are aware of
the transmission information between the SV and IV over
(ECR-REQ) frames. After the selected DVS receives the
(ECR-REQ) frame, it responds by sending the (ECR-FBCK)
frame to the SV to initiate a DP transmission. Using the
selected DVS, the SV can establish the ECR transmission
link with an IV that is out of coverage. The DVS can send
DP to the IV via broadcast, classic or cooperative protocols.
IV notifies DVS that the DP has been received by sending
the (ECR-ACK) frame. Afterward, the DVS forwards the
(MHC-ACK) frame to the SV. After a frame (ECR-ACK) is
received, the DP transmission is completed, and SV deletes
the data stored in NTLs. Extending protocols can avoid mis-
alignment problems by selecting a diverse set of DV Ss.

Across all proposed protocols, countdown (CDOWN),
antenna sector ID, MAC address, and IPE are mandatory
exchanged beacon messages. Meanwhile, MHC-REQ and
ECR-REQ are conditional beacon messages.

Fig. 5 (a) and (b). illustrates an example of channel
access and beacon intervals under the proposed scheme.
Where (DMG/IPE-REQ) frames take place in the BTI inter-
val, whereas A-BFT slot, association beamforming training,
IPE, SSW frames, and SSW feedback take place in A-BFT
intervals.

As depicted in Fig. 5 (a) and (b), BRP is performed in
the DTT interval and consists of multiple sector IDs (MIDs),
beam combining (BC), and beam refinement transactions
(BRTs).

Following is a description of the proposed channel access
and beacon interval as described in Fig. 5 (a) and (b):

Beacon Transmission Interval (BTI): As depicted in
Fig. 5 (a) and (b), in the initiator sector-level sweep (SLS),
DMG beacons are encapsulated within IPE-REQs frames in
one packet with other information and then broadcast to NVs
within the intended communication range.

Association Beamforming Training (A-BFT): As shown
in Fig. 5 (a) and (b), in the A-BFT, the transmitter trains
its antenna sectors to communicate with respondents based
on received SSW frames associated with IPE. A-BFT uses
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IPE while selecting an A-BFT slot to contend for the training
opportunity based on sector sweep frames.

Announcement Transmission Interval (ATI): As illus-
trated in Fig. 5 (a) and (b), during the ATI access period,
the SV manages the tire exchange process related to the
pairing with the IV. The frames transmitted during the ATI
access period are optional, such as (frame management, REQ,
ACK, MHC-REQ, MHC-FBCK, MHC-ACK, ECR-REQ,
ECR-FBCK, ECR-ACK, etc.). Consequently, ATI has indi-
cated in the associated current (DMG/ IPE-REQ) Beacon
frames.

Data Transmission Interval (DTI): As reported in
Fig. 5 (a) and (b), DTT includes contention-based access peri-
ods (CBAPs) and scheduled service periods (SPs), which
allow the SV and IV to exchange data frames. Furthermore,
SP comprises a specific time interval intended for exclusive
communication.

A. CHANNEL ACCESS AND BEAMFORMING TRAINING
Beamforming training is designed by training a bidirectional
transmission frame to determine the optimal receiving and
transmitting antenna sectors based on the received IPE. The
transmitters and responders train their TX sectors during
the sector-level sweep phase. The responders sent a training
request along with its context information and the latest IPE
to the SV. Thus, the SV recommends an optimal narrow beam
sweep list to scan the responder antenna sector.

The sector-level sweep phase consisted of three parts:

1) Initiator Sector Sweep (ISS): ISS, is the initial step of
BF, during the BTI period. The ISS sub-phase sends training
(DMG/IPE-REQ) Beacon frames to the receiver comprising
the sector ID associated with the antenna sectors and IPE
request.

2) Responder Sector Sweep (RSS): RSS is the second
sub-phase procedure in the BF training, which occurs during
the A-BFT period. After successfully receiving the packets
of (DMG/IPE-REQ) Beacon frames sent by the transmitter
and based on the measured SNR for each received frame, the
optimal sector ID of each associated ISS is determined by the
transmitter.

3) Sector Sweep Feedback (SSW-FBCK): Once the
transmitter has successfully transmitted its SSW frames,
it transmits SSW-Feedback on the optimal transmission sec-
tor to the receiver. The transmitter selects the optimal beam
pair based on the strength of the received signal on the
receiver side. Upon completion of the SSW feedback, the
responder sends the SSW ACK.

B. IEEE 802.11ad VS THE PROPOSED PROTOCOL
The objective of this section is to demonstrate the key advan-
tages of the proposed solution and to point out the main
differences between the proposal and the IEEE 802.11ad
standards.

IEEE 802.11ad, in the BTI interval, the initiator transmits
starting with DMG Beacon frames, whereas the proposed
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method initiator transmits starting with (DMG/IPE-REQ)
Beacon frames. In IEEE 802.11ad, responders respond with
SSW frames, while in the proposed solution, responders
respond with SSW and associated IPE-n frames. As demon-
strated in Fig. 2, IEEE 802.11ad does not support prior loca-
tion information, while the proposed solution does.

Our solution uses IPE coordinates to reduce beam search
space and minimize beam training overhead. IPE coordinates
are also used to select the optimal RVs/DVSs based on the
current network topology.

In the absence of obstructions, the IEEE 802.11ad beam
pair mechanism has demonstrated high overhead and latency
due to the combination of handshaking and exhaustive scan-
ning methods.

While, in the absence of obstructions, the proposed solu-
tion reduced system overhead and latency by exploiting
OLI/IPE based on classic protocol. Moreover, we introduce
a robust and fast location-aided beam alignment framework
to exhibit resilience concerning this problem. Location-aided
beam alignment formulated the optimum beam alignment as
the solution based on OLI/IPE coordinates.

During the ATT access period, IEEE 802.11ad uses a single
protocol to implement channel access. Thus, if the link is
blocked or the RSS measurements fall below a predefined
threshold, the SV repeats the handshake mechanism until the
RSS measurements meet the transmission requirements.

In contrast, the proposed solution uses three protocols dur-
ing the ATI access period: classic, cooperative, and extension
protocols that contribute to addressing most of the expected
limitations scenarios based on mmWave V2X.

In IEEE 802.11ad, the communication range is limited to
obstructions, distance, transmission power, etc. As a result,
vehicles out of range are unable to communicate with the SV.

Meanwhile, our solution incorporated an extension proto-
col to overcome the limited coverage area associated with
using the mmWave channel based on the extension protocol.

In IEEE 802.11ad, if the established link is blocked by a
dynamic obstacle and RSS drops below a predefined thresh-
old. In this manner, for link re-establishment, IEEE 802.11ad
repeats the beam sweeping through exhaustive searching until
the RSS satisfies the conditions for transmission, which is a
high source of delays.

In contrast, our solution eliminates dynamic link blockage
and link re-establishment problems (beam misalignment) by
selecting diverse RVs/DVSs within the group. As a result,
if one of the relay vehicles is blocked, the other relay vehicles
can provide a connection to the IV.

In IEEE 802.11ad, link establishment, re-transmissions,
link blockage, and beam misalignment introduce random
latency, which is exacerbated as the number of vehicles in
the network increases.

In contrast, several promising approaches are included in
the proposed solutions to minimize system overhead and
latency, including IPE, NTLs, MHC-REQ and ECR-REQ,
and diverse RVs/DVSs.
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VI. RESULTS

A. SIMULATION SCENARIOS

We performed exhaustive numerical simulations to com-
pare the proposed solution with conventional mmWave
V2V communications in the out-of-coverage environment.
MATLAB, ray tracing, and additional simulation tools have
been used to evaluate the performance of the proposed
solution and path loss model. Furthermore, different types
of propagation paths have been considered. Performance
was measured using simulations at the 60GHz band and
2.16GHz channel.

We investigate the effects of obstructing vehicles on V2X
networks with different vehicle types and densities in a
mobile environment. Simulations are being conducted to
investigate the impact of obstructions on mmWave V2V
communications and verify the proposed model. Each vehi-
cle is equipped with a proposed protocol, with a 50ms
data exchange interval between the transmitter and receiver,
which supports the use of periodic cooperative awareness
beacons [10].

The SV transmits the DP within the intended communi-
cation range of a 300 m circle radius. In this approach, the
effect of link obstruction was analyzed for each time instant,
whereas the position of the SV serves as a reference for
identifying vehicles in the intended communication range,
as well as the IV in LOS, and NLOS scenarios. Furthermore,
the position and status (static/dynamic) of all vehicles in the
communication range were recorded at each time instant,
regardless of whether they were in the LOS or NLOS. The
simulations were performed on an urban scenario of 2 km
long with four-lane and traffic intersections. To simulate
realistic vehicular densities in Jamsil County, Seoul, a road
surveillance camera (RSC) was used to record the approx-
imate number of vehicles in the case of low, medium, and
high-density scenarios.

Based on map layouts derived from OpenStreetMap, realis-
tic environments comparable to those found in the Jamsil area
were generated in the simulation, such as buildings, lakes,
trees, vehicles, etc. Then the simulation of urban mobility
(SUMO) [76] was used to perform the traffic simulation of
the simulated topology with specific vehicle types, length,
height, and width. SUMO is capable of automatically build-
ing simulation topologies and simulating vehicle motions.
After obtaining the actual road topology of Jamsil County
from OpenStreetMap, the mobility traces were converted to
SUMO and then imported into Wireless inSite for evaluating
the model performance. The final performance was evaluated
using MATLAB simulations by comparing IEEE 802.11ad
against the proposal. The simulation evaluated several param-
eters that significantly affected performance, including the
probability of outages, SINR, data rate, throughput, adaptive
channel estimation time, and packet delivery ratio. Addi-
tionally, to assess the performance of the proposed proto-
col, the RSRP threshold value was set at -115 dBm in the
simulation.
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B. CHANNEL CHARACTERISTICS

Knowledge of the channel characteristics is crucial for
designing mmWave V2X communication channels. Accord-
ingly, blockages, path losses, and large-scale/small-scale
fading characteristics are substantial factors for accurately
representing channel conditions and determining the link
budget [9], [77].

However, in this study, the propagation characteristics were
designed separately for LOS and NLOS scenarios owing
to the propagation characteristics of the vehicular network
topology, which are highly dependent on the LOS and NLOS
links. Moreover, the RSRP at the RX-based IV was used
to evaluate the link’s performance based on the LOS and
NLOS links. We investigated the proposed methodology on
urban roads where blockage, path loss, and small/large fading
effects strongly influence the mmWave V2X channel perfor-
mance. Naka gaming-based path loss and fading models were
used to classify the statistics of signals over a multipath fading
channel and under different fading conditions according to
the probability distribution [78].

C. NUMERICAL RESULTS

In Fig. 6 (a), we evaluated the outage probabilities of the pro-
posed and conventional protocols as a function of densities.
Generally, an outage occurs when the signal switches from
LOS to NLOS, and the RSS level drops below a predefined
threshold. Therefore, distinguishing between LOS/NLOS
propagation is critical to computing outage probability.

As observed in Fig. 6 (a), the outage probability is directly
proportional to traffic density. That is because a high number
of vehicles causes more obstruction. Therefore, obstructing
LOS and NLOS vehicles leads to significant attenuation and
packet loss, resulting in increased outage probability.

However, the proposed protocol guarantees that the prob-
ability of the RSS is higher than a predefined threshold.
As aresult, compared to the traditional solution, the proposed
solution maintains continuous connectivity throughout all
scenarios, including harsh ones.

According to [46], the SINR value is influential in deter-
mining signal quality and is strongly affected by distance
and blockages. In this paper, we analyzed the distribution
of instantaneous SINR based on blockage probability and
considered the path loss model as a function of traffic density.
In Fig. 6 (b), the simulation results show the cumulative
distribution function (CDF) as a function of SINR in the
three density scenarios low, medium, and high. However,
IEEE 802.11ad at 60 GHZ showed the lowest SINR in the
case of blockage. It was observed that the SINR values of
the conventional IEEE 802.11ad deteriorated significantly
owing to harsh obstacles, which led to the worst propaga-
tion loss. The SINR values increased gradually as traffic
density decreased, and vice versa. As a result, a significant
disparity was observed in the SINR values of conventional
IEEE 802.11ad for medium and high density. Meanwhile, the
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FIGURE 7. Simulation results.

proposed solutions exhibited a relatively small variation in the
SINR value in most comparison scenarios. This is due to the
truth that most of the received RSS values for the proposed
protocol have exceeded a predefined threshold despite the
difference in traffic density.

Interestingly, the proposed scheme is superior to the con-
ventional approach regardless of traffic density, distance, and
vehicle sizes. This superiority occurred because RVs sought
to improve the link rather than block it by acting as an
intermediary between SV and IV during transmission time.

As exemplified, IEEE 802.11ad SINR performance is
about (15-50) dB lower than the proposed solution. The SINR
of the conventional protocol drops rapidly when obstacles
block the link. This is because signal fading may occur due to
fading variations caused by blocked LOS and variations in the
TX and RX antenna positions. However, random variations
in the location of the TX and RX antennas lead to random
variations in the received power. As a result, the SINR is
strongly affected by frequent changes in vehicle location
resulting in the state changing from LOS to NLOS.

Simulation results demonstrate that even with the strict
limitations of the mmWave propagation, the SINR perfor-
mance of the proposed solution is near comparable to that
of the ideal solution.

The average achievable data rate in mmWave systems is
heavily influenced by LOS and NLOS, which in turn are
affected by vehicle densities, sizes, and distance.
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Fig. 6 (c) shows the CDF of the proposal and IEEE
802.11ad as a function of data rates and densities. Typi-
cally, when vehicle density increases, blockage probabilities
increase, and data rates decrease, which is consistent with
common sense. The simulation shows that under all scenarios
of different densities, the proposed protocol exhibits a slight
decrease in data rate performance compared to the conven-
tional protocol.

According to Fig. 6 (c), the proposed protocol can boost
data rates by 50.9.

Since the proposed MHC minimizes the distance between
transmitter and receiver by exploiting NVs such as RVs. As a
result, high power is likely to be received with lower path
losses than IEEE 802.11ad.

The CDF-based throughput for both IEEE 802.11ad and
the proposed MHC is described in Fig. 7 (a). We show the
impact of different vehicle densities on the throughput of both
schemes.

The difference in throughput is mainly a result of the
impact of obstacles, which leads to low channel quality.
The mmWave link achieves almost zero throughputs, or they
get outages in a heavy-density environment even at a close
distance [28].

Observations indicate that throughput performance signif-
icantly improved with the proposed scheme. This is mainly
because the proposed solution reduces the effects of the obsta-
cles. It is worth mentioning that IEEE 802.11ad has a lower
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throughput performance in the case of high traffic density,
about 80% of the vehicles are in an outage, and only around
20% can achieve an acceptable rate.

Consequently, if the number of vehicles increases, the
probability of a blockage increases dramatically, and network
throughput decreases. Therefore, the throughput of the IEEE
802.11ad is acceptable in the case of low traffic density. It is
noticeable that even when the LOS and NLOS links of the
transmitter are blocked, the proposed system exhibits higher
performance and less deterioration. Observations have shown
that, in most traffic environments, the proposed protocols
perform better than the conventional protocol by up to (75.

In order to evaluate the performance of the proposed
classic protocol based on the beam acquisition, Fig. 7 (b)
demonstrates a comparison between the proposed protocol
and the IEEE 802.11ad from the perspective of the aver-
age channel estimation time against the distance. However,
in the simulation, a communication range is assumed to be
200 meters, and the propagation model is performed under
the LOS link without obstacles between nodes for accurate
results. As expected, when the channel location is unknown,
the channel estimation takes the longest time and is unaf-
fected by distance. As reported in Fig. 7 (b), in IEEE
802.11ad-based LOS and EBS, the average channel estima-
tion is approximately constant with distance. This is due
to the fact that exhaustive beam searches blindly examine
all possible beam pairs to determine the best beam pairs.
In contrast, the proposed solution-based LOS and IPE showed
a gradual decrease in channel estimation time as separa-
tion increased. This is because, with increasing separation
distance, AOD/AOA range becomes narrower, resulting in
narrow-sounding channels.

Finally, Fig. 7 (c) illustrates the effective measurement of
the packet delivery ratio (PDR) in light of varying vehicle
densities for the proposed extension protocol against IEEE
802.11ad. As demonstrated in the simulation, traffic density
significantly impacts the performance of the overall protocol.
According to Fig. 7 (¢), the proportion of packets delivered by
the proposed protocol increases as vehicle density increases.
This is because, as vehicle density increases, the number of
NVs within the communication range increases. Thus, more
NVs candidates can be obtained as DVS, and at the same
time, more NVs candidates can be selected as RVs by DVS
if a cooperative protocol is adopted for the final DPD. While
under all density scenarios, the IEEE 802.11ad achieved zero
PDR measurements. This is because the IV is beyond the
coverage area of the SV. Thus, the SV is not capable of
communicating and sending a DP to the I'V.

VII. CONCLUSION

We proposed a novel solution based on classic, cooperative,
and extension protocols for mmWave V2X with or without a
cellular network, which can achieve better performance than
conventional approaches. Moreover, we provide an outlook of
proposed enhancements for IEEE 802.11ad and its adaptabil-
ity to IEEE 802.11bd or other mmWave V2X technologies.
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Extensive simulation results demonstrate that channel con-
ditions are adequate to guarantee contentment, signal qual-
ity, and sufficient signal spread even when considering an
extremely harsh environment. Overall, the perspective of the
proposed design objective is to provide potential solutions
to several technical challenges that significantly affect the
operation of V2X-based mmWave frequencies in terms of
improved beam alignment, achieving accurate beam acqui-
sition, mitigating the effect of link obstruction, mitigating
the impact of misalignment, increased the effective cov-
erage range, and minimized end-to-end latency. Therefore,
our approach can be a radical solution and achieve robust
and reliable V2X-based mmWave vehicular communications.
In future work, the proposed solution will be compared with
the case of a random choice of the next relay to simplify the
algorithm, e. g relay selection based on the Poisson field of
nodes.
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