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Abstract—This paper proposes an enhanced C-V2X mode 4
resource selection scheme for CAV platoons to support reliable
intra-platoon message delivery. The enhanced scheme intro-
duces three enhancement mechanisms, which aim to address
merging collisions and hidden-node collisions in intra-platoon
message delivery and enhance the sensing-based semi-persistent
scheduling (SPS) scheme standardized by 3GPP. A resource
partition mechanism is introduced to avoid merging collisions
among vehicles moving in opposite directions; an intra-platoon
cooperative mechanism is introduced to enable the leader of a
platoon to know the resource occupation status on the hidden
nodes of the platoon and thus avoid hidden-node collisions; and
a packet collision detection mechanism is introduced to enable
a non-platoon vehicle to detect and avoid merging collisions
due to lane-change maneuvers. Simulation results demonstrate
that compared with the standardized SPS scheme, the enhanced
scheme can improve the efficiency of intra-platoon message
delivery in terms of the intra-platoon packet delivery ratio.

Index Terms—resource selection scheme, intra-platoon message
delivery, merging collision, hidden-node collision, C-V2X network

I. INTRODUCTION

Connected and Automated Vehicle (CAV) platoons are
considered one of the most promising Intelligent Transporta-
tion System (ITS) applications for increasing road capacity
and alleviating traffic congestion [1]. Within a platoon, the
platoon leader (PL) is responsible for broadcasting safety-
related messages to its platoon members (PMs) [2]. C-V2X
(cellular vehicle-to-everything) supports various V2X scenar-
ios including V2V (vehicle-to- vehicle) communications [3].
The Third Generation Partnership Project (3GPP) specified
two V2V communication modes in Release 14, i.e., mode 3
and mode 4 [4]. In mode 3, a base station allocates frequency-
time resources to vehicles in a centralized manner. In mode
4, a vehicle performs frequency-time resource selection by
using a standardized sensing-based semi-persistent scheduling
(SPS) scheme [4], which enables different vehicles to indepen-
dently select their frequency-time resources in a decentralized
manner, within or outside cellular coverage. Due to space
limitation, readers are referred to [4] for more details on the
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sensing-based SPS scheme. Therefore, mode 4 is considered
more suitable for safety-related message delivery in a platoon
because it requires no cellular infrastructure. However, the
sensing-based SPS scheme is insufficient to support highly
efficient intra-platoon message delivery (MD) because it is
challenged by two types of potential packet collisions, i.e.,
hidden-node collisions and merging collisions [5,6]. Since the
sensing-based SPS scheme does not have the ability to address
the two types of potential packet collisions, an enhancement
to the sensing-based SPS scheme in this respect will help
improve the efficiency of intra-platoon message delivery.

In the context of resource selection, considerable work has
been conducted to support efficient V2V communication in
C-V2X networks [7-10]. In [7], Molina- Masegosa et al.
proposed a geo-based resource scheduling scheme, where
vehicles form a virtual queue based on the location information
obtained through exchanging beacons with their neighbours,
and a vehicle selects its frequency- time resources based on
its order in the queue. In [8], Shehata et al. proposed inter-
UE coordination frameworks, where a receiving vehicle acts
as an assisting vehicle so that a transmitting vehicle can use
the assistance information reported by a receiving vehicle for
its resource selection. In [9], Heo et al. proposed a hybrid
V2X (H-V2X) scheme, which adaptively controls the settings
of a C-V2X system to ensure reliable cooperative awareness
message delivery, and uses DSRC when the C-V2X perfor-
mance requirements are met. In [10], Zhang et al. proposed
a distributed counter value selection approach to improve the
efficiency of the SPS, in which the counter and the offset
information are added to the remaining storage space of the
sidelink control information. To our best knowledge, however,
no work has been conducted to enhance the standardized SPS
scheme for improving efficient intra-platoon message delivery
in a C-V2X network.

In this paper, we propose an enhanced C-V2X mode 4
resource selection scheme to address merging collisions and
hidden-node collisions in intra-platoon message delivery. To
this end, three mechanisms are introduced: a resource partition
mechanism is introduced to divide frequency-time resources
in a selection window into two sets in order for vehicles
(both platoon and non-platoon vehicles) moving in opposite



directions to select different resources and thus avoid potential
merging collisions; an intra-platoon cooperative mechanism is
introduced to enable the PL of a platoon to know the resource
occupation status on the hidden nodes of the platoon, which
is collected and reported to the PL by the last PM of the
same platoon, thereby avoiding hidden-node collisions; and a
packet collision detection mechanism is introduced to enable
a non-platoon vehicle to detect the status of the resources
it currently occupies after the non-platoon vehicle changes a
lane and thus avoids potential merging collisions among non-
platoon vehicles due to lane-change maneuvers. Simulation
experiments were conducted to demonstrate the efficiency of
the proposed scheme.

II. SYSTEM MODEL

Consider a multilane highway road scenario with ny west-
bound lanes and nj eastbound lanes, as shown in Fig. 1. A
westbound lane is denoted by W; and an eastbound lane is
denoted by E; (I =1,2,--- ,nr). There are a random number
of CAV platoons moving on each lane, which are denoted
by ®; (i = 1,2,---). The PL of platoon ®; is denoted by
v}, and the last PM of platoon ®; is denoted by v}, . The
number of PMs in platoon ®; is denoted by n;. There are also
a random number of non-platoon vehicles moving on each
lane. Let d; denote the distance between adjacent lanes or
centerlines. Moreover, we make the following assumptions:
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Fig. 1. Highway road scenario.

1) The number of PMs in platoon ®; (n;) is uniformly
distributed in [R5}, npaf] (2 < nBip < npif), where n'Biy}
and n'54f denote the minimum number and maximum number
of PMs allowed in a platoon, respectively. n’55f ensures that
the intra-platoon message delivery can be achieved via a PL’s

one-hop broadcast. Obviously, we have
\_Rs/dmznj ) (1)

where d,,;, denotes the minimum safe braking distance,
and R, denotes the carrier sensing range of a vehicle. The
vehicles in platoon ®; follow an equidistant distribution with
intra-platoon spacing d;, which is uniformly distributed in
2) CAV platoons on each lane follow a Poisson distribution
with density Ag. Given the current level of autonomous driving
technologies, it is assumed that all platoon vehicles move at a
constant speed, and do not execute lane-change maneuvers.
3) Non-platoon vehicles are generated uniformly on each
lane with density A,. Let u; (j = 1,2,---) denote a non-

max

npy =

platoon vehicle. In a multilane scenario, a non-platoon vehicle
may change its speed and execute a lane-change maneuver.
The speed of a non-platoon vehicle follows a normal dis-
tribution with mean p and variance o. A larger value of o
means a larger speed difference between different non-platoon
vehicles and thus more non-platoon vehicles may change lanes
to ensure safe driving. A non-platoon vehicle is not allowed
to join a platoon.

4) The data packet transmission rate of a vehicle is 7, and
we have r € {10pps, 20pps, 50pps} [4].

5) Each vehicle has a global navigation satellite system
(GNSS) device, which provides the position and moving
direction of the vehicle. Before transmitting a data packet, a
vehicle adds information on its position and moving direction
in the packet. By receiving SCI messages and data packets
from all its neighbours, a vehicle can maintain a neighbour
list that contains information on the positions and moving
directions of all its neighbours. A vehicle updates its position
and moving direction information every 1 ms, and updates its
neighbour list every time it receives a data packet.

For ease of elaboration, a Cartesian coordinate system will
be used subsequently with a typical vehicle as the origin of
the system.

III. AN ENHANCED C-V2X MODE 4 RESOURCE
SELECTION SCHEME FOR CAV PLATOONS

A. Resource partition mechanism

The resource partition mechanism is used to partition all
CSRs in a selection window into two sets of CSRs from
different subchannels, which are respectively used for vehicles
moving in opposite directions, as shown in Fig. 2. By using
this mechanism, vehicles moving in opposite directions will
not select the same CSR for data transmission. Let ¢y and
g denote a set of CSRs that can be used by vehicles
moving westwards and a set of CSRs that can be used by
vehicles moving eastwards, respectively. If we assume that the
number of CSRs in ¢y and that in ¢ are equal, we have
|w| = |¢g|. Thus, vehicles moving in opposite directions
can select CSRs from 1y and those in g separately so that
their transmissions will not collide with each other when they
move close to each other.

Selection Window

[6,t+0] i

Frequency ‘

[ 1ms-subframe Y
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Fig. 2. Illustration of the resource division mechanism.



B. Intra-platoon cooperative mechanism

The intra-platoon cooperative mechanism is used to avoid
hidden-node collisions in intra-platoon MD through cooper-
ation between the PL and the last PM of a platoon. To this
end, the last PM of a platoon needs to collect the resource
occupation information on the hidden nodes of the platoon
and report the collected information to the PL. Specifically,
the last PM needs to add the collected information into a data
packet to be transmitted so that the PL can make use of this
information for its CSR selection. In this mechanism, only
the PL and the last PM need to select and reserve CSRs for
data transmissions. The intra-platoon cooperative mechanism

Process 1 Information reporting process for the last PM of a
platoon

When the last PM of platoon ®; (v,.,) needs to report
resource information it collects on the hidden nodes to the
PL of platoon ®; (vé) at time ¢ and the value of its reselection
counter reaches zero, v}, . will execute the following steps:
S1: Check the SCI messages received from its neighbours and
measure the reference signal received power (RSRP) on each
CSR where the SCI messages are transmitted.

S2: Add the following information into its next data packet to
be transmitted:

e v},.,’s neighbour list obtained according to the infor-
mation contained in the SCI messages and data packets
received from all its neighbours;

« The CSRs that need to be excluded due to v}, ,’s half-
duplex constraint.

S3: Exclude the CSRs occupied by its neighbours from all
CSRs in the selection window [t,t+¢] and create list £; jq5¢ to
store the available CSRs that v, can reserve within Yy /¢ g
if it is moving westwards/eastwards. § denotes the maximum
transmission delay allowed for a data packet.

S4: If N;jqst > €- N, go to S5, where Nj ;4. denotes the
number of CSRs in list £; j,s¢; N denotes the total number of
CSRs in the selection window; and € is a predefined constant.
Otherwise, go to S3 with the RSRP threshold (denoted by
Orsrp) being increased by 3 dB.

S5: Measure the average RSSI (denoted by RSSI) of each
CSR in L; 45 and sort the CSRs in L; ;45 in an ascending
order by RSST to create list Ei7last~

S6: Create list ﬁi,zast, which is used to store the first (¢ - N)
CSRs in list £; 1.

S7: Select a CSR randomly from ﬁi,last and reserve the
selected CSR for v}, _,’s next krc CAM packet transmissions,
where kpc denotes the initial value of vj,,’s reselection
counter and is randomly selected according to the data packet
transmission rate of v;ast‘

consists of two processes, which are respectively executed by
a platoon’s PL and last PM to cooperate with each other.

1) The information reporting process for the last PM of a
platoon

The information reporting process for the last PM of a platoon

is executed to collect and report to the PL the resource

occupation information on the platoon’s hidden nodes. As
shown in Fig. 3, a platoon’s hidden nodes are all located within
the carrier sensing range of the last PM. In another word,
a platoon’s hidden nodes are all included in the last PM’s
neighbour list. Thus, the last PM needs to add its neighbour
list into its data packet in each transmission so that the PL can
be informed of the CSRs occupied by the hidden nodes of the
platoon. Process 1 describes the main steps of the information
reporting process for the last PM of a platoon.
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Fig. 3. Illustration of hidden nodes of platoon ®;.

2) The resource selection process for the PL of a platoon
The resource selection process for the PL of a platoon is exe-
cuted to select an appropriate CSR for broadcasting a message
within the platoon. In CSR selection, the PL should exclude
the following CSRs from all CSRs in a selection window based
on the information contained in the SCI messages received
from other vehicles within its carrier sensing range and the
information contained in the data packets received from the
last PM of the platoon:

o The CSRs that are occupied by the PL’s neighbours;

o The CSRs that need to be excluded because of the PL’s
half-duplex constraint;

o The CSRs occupied by the platoon’s hidden nodes.

To prevent the PL of a platoon from over-excluding CSRs,
a series of “boundary segments” are introduced for the PL.
Each “boundary segment” is of length s and is on one of
the opposite lanes of the PL within the last PM’s carrier
sensing range, as shown in Fig. 3. Accordingly, the CSRs used
by vehicles moving on the PL’s boundary segments should
be added into the list of available resources during resource
exclusion in order to prevent the PL from over-excluding
CSRs. The PL determines whether a vehicle is located on one
of its boundary segments by comparing its position and the
last PM’s neighbour list in a data packet received from the last
PM. Fig. 3 gives an example to illustrate a boundary segment
for the PL v} of platoon ®;. In this example, the platoon ®;
is moving westwards, while a vehicle uj is moving eastwards
and is about to move out of the last PM v}, ,’s carrier sensing
range. Therefore, v} will add the CSR occupied by wuy into
list £;o based on the position obtained from v{’s GNSS
device and the neighbour list received from v}, _, because uy’s
remaining transmissions will cause no interference with the
intra-platoon message delivery of ®;.

For a PL moving on a westbound lane W,
(I = 1,2,---,nr), each of its boundary segments is



located between the point at
((nidi—&— VRI—(m+ 112 & —s),(m+1-1) -dL)
and the point at
((mdi VR (mt -1 &), (m+1—1) ~dL),
where m = 1,2,--- ;min{ng, (|Rs/dr] — 1+ 1)}, and s
denotes the length of a “boundary segment”. Similarly, for a
PL moving on an eastbound lane E; (I =1,2,--- ,ny), each
of its boundary segments is located between the point at
((s—nidi—i—\/R§—(m+l—1)2~d%),(1—m—l)-dL)
and the point at
((—nidi VR =t -1 &), (1-m—1)- dL),
where m = 1,2,--- ,min{nr, (|Rs/dr] =1+ 1)}.

Process 2 describes the main steps of the resource selection
process for the PL of a platoon.

Process 2 Resource selection process for the PL of a platoon

When the PL of platoon ®; (vj) has a new data packet to
transmit at time ¢ and the value of its reselection counter
reaches zero, v} will execute the following steps:

S1: Check the SCI messages received from its neighbours and
measure the RSRP on each CSR where the SCI messages are
transmitted.

S2: Exclude the following CSRs from all CSRs in [t,¢ + J]:

« The CSRs occupied by v§’s neighbours according to the
sensing results in S1;

o The CSRs that need to be excluded because of v§’s half-
duplex constraint;

« The CSRs excluded by v ,, which are obtained from
the neighbour list contained in the data packets received
from v}, ,.

S3: Create list £; o to store the following CSRs:

o The CSRs that are not excluded in S2 and are within
Yw g if v} is moving westwards/eastwards;
o The CSRs that are occupied by vehicles located on one
of v}’s boundary segments.
S4:If N; o > €- N, go to S5, where N, o denotes the number
of CSRs in list £; o. Otherwise, increase s by A (in meters)
and go to S3.
S5: Measure the RSSI for each CSR in £; and sort the
CSRs in L; in an ascending order by RSST to create list
Lio.
$6: Create list £; o, which is used to store the first (¢ - N)
CSRs in list Zi,o-
S7: Select a CSR randomly from Ei,O and reserve the selected
CSR for v§’s next krc consecutive transmissions.

C. Packet collision detection mechanism

The packet collision detection mechanism is used by a
non-platoon vehicle to detect whether there is a merging
collision after a lane-change maneuver and start a new resource
selection process if a merging collision is detected. According
to [4], in C-V2X mode 4, a vehicle selects a CSR for its data
transmissions in a distributed manner and uses the same CSR
for a random number of consecutive data transmissions. In a

multilane road scenario, if a non-platoon vehicle decides to
change speed (slow down or speed up) in order to perform
a lane-change maneuver, the relative positions of the non-
platoon vehicle and its surrounding vehicles may change. In
this case, most of the records in the non-platoon vehicle’s
neighbour list need to be updated. If the non-platoon vehicle
continues to use the current CSR for its remaining transmis-
sions, a merging collision with its new neighbours may occur.
In this case, the packet collision detection mechanism will be
triggered if the following two conditions are met:

v #, 2)
©"—6f<c, 3)

where y denotes the last-updated y-coordinate of the non-
platoon vehicle; y’ denotes the current y-coordinate of the
non-platoon vehicle; © denotes the last-updated neighbour list
of the non-platoon vehicle; ©’ denotes the current neighbour
list of the non-platoon vehicle; and c is a pre-defined constant.
| Frequency instead of the current CSR (i.c., the
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Fig. 4. Illustration of hidden nodes of platoon ®;.

In the packet collision detection mechanism, a non-platoon
vehicle performs CSR selection for its kg consecutive trans-
missions in a sequence of time windows (TWs) (i.e., TW7,
TWy, -+, TWipe), as shown in Fig. 4. If the mechanism is
triggered in TWy, (k=1,2,--- ,krc — 1), a temporary CSR
will be selected and used for data transmission in TWj,1, as
shown in Fig. 4. The temporary CSR is randomly selected
from available CSRs in ¢y /t¢)p according to the sensing
results in TWj. In TWy,, the non-platoon vehicle will
transmit its data packet on the temporary CSR instead of the
current CSR (i.e., the one used in T'W}), which addresses the
half-duplex constraint and thus enables the non-platoon vehicle
to detect the status of the current CSR. If there is a packet
collision detected on the current CSR, it means that at least
another vehicle is also using the CSR. In this case, the non-
platoon vehicle will set the value of its RC to zero and start
a new resource selection process. Otherwise, it will continue
to use the current CSR for its remaining data transmissions.

Process 3 describes the main steps of the resource selection
process for a non-platoon vehicle.

IV. PERFORMANCE EVALUATION
In this section, we evaluate the performance of the proposed
scheme through simulation results. Simulation experiments
were carried out on OMNeT++-5.4 with a C-V2X mode 4 re-
lated extension module, OpenCV2X [11]. Table I summarizes
the parameters used in the simulation experiments. The road
scenarios considered in the evaluation were generated using



Process 3 Resource selection process for a non-platoon vehicle

When a non-platoon vehicle (u;) has a new data packet to
transmit at time ¢ and the value of its RC reaches zero, u;
will execute the following steps:

S1: Check the SCI messages received from its neighbours and
measure the RSRP on each CSR where the SCI messages are
transmitted.

S2: Exclude the CSRs occupied by its neighbours from all
CSRs in the selection window [t,t + d].

S3: Exclude the CSRs that need to be excluded because of its
half- duplex constraint.

S4: Create list £, to store the available CSRs that u; can
reserve within ¢y /g if u; is moving westwards/eastwards.
S5: If N, > ¢+ N, go to S6, where N,, denotes the number
of CSRs in list £,. Otherwise, go to S2 with Orsrp being
increased by 3 dB.

S6: Measure the RSST for each CSR in £, and sort the CSRs
in £, in an ascending order by RSST to create list L.

S7: Create list £,,, which is used to store the first (e-N) CSRs
in list £,,.

S8: Select a CSR randomly from L., and reserve the selected
CSR for u;’s next krc consecutive transmissions.

S9: If both Eq.(2) and Eq.(3) are met, go to S10. Otherwise,
repeatedly perform S9 during its kg data transmissions. After
krc transmissions, go back to S1.

S$10: If the current time window is TWj, and k € [1, (krc —
1)], go to S11. Otherwise, go to S12.

S11: In TWy 1, randomly select an available CSR for tem-
porary data packet transmission from )y /1 g if it is moving
westwards/eastwards according to the sensing results in T'Wj.
If an SCI message is received from another vehicle on u;’s
current CSR, i.e., the CSR selected in S8, go to S1. Otherwise,
go to S12.

S12: Continue to use the CSR selected in S8 for its remaining
data transmissions.

SUMO-1.8 [12]. For performance evaluation, we introduce the
intra-platoon packet delivery ratio as the performance metric,
which is defined as the ratio of the number of successfully
received data packets to the total number of data packets
broadcast by all PLs generated in a simulation experiment.
Here, a packet broadcast by the PL of a platoon is considered
successfully received if all PMs in the platoon successfully

receive the packet.
TABLE 1
PARAMETER SETTINGS

Parameter Value Parameter Value
Channel bandwidth 10 MHz Pre-defined constant (g) 0.1
Carrier frequency 6 GHz Lane spacing (dr,) 5m
Number of subchannels 4 Number of lanes each 5
Sensing threshold -90.5 dBm | direction (ny)

Vehicle speed 80 km/h Pre-defined constant (c) 5
Data packet size 190 B Pre-defined constant (A) 0.1 m
Tranmission power 10 dBm

Fig. 5 shows the impact of the deviation of a non-platoon
vehicle’s speed (o) on the intra-platoon packet delivery ratio
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(pg) with the standardized scheme and the enhanced scheme,
respectively. It can be seen that as o increases, pg first
decreases and then remains approximately unchanged. This is
because as o increases, the speed difference between different
non-platoon vehicles increases. To ensure safe driving, a non-
platoon vehicle moving at a speed much larger or smaller than
its surrounding vehicles may execute a lane-change maneuver.
However, when o continues to increase, more and more non-
platoon vehicles need to change lanes. In this case, it is safer
for these vehicles to change their speeds instead of changing
lanes. Moreover, more lane-changing vehicles lead to more
packet collisions and thus, a smaller value of pg. On the other
hand, as ¢ increases, pg with the enhanced scheme is always
larger than that with the SPS scheme. This is because the
enhanced scheme is able to address packet collisions caused
by the vehicles” movement and hidden nodes.

Fig. 6 shows the impact of A\, on pe with the SPS scheme
and the enhanced scheme, respectively. It can be observed
that as )\, increases, pg decreases. This is because increasing
A, leads to more non-platoon vehicles, i.e., more interference
vehicles for platoons and more lane-changing vehicles, which
cause more packet collisions and thus a smaller value of pg.

Fig. 7 shows the impact of Ay on pg with the SPS scheme
and the enhanced scheme, respectively. It is seen that as A\g
increases, pg first increases and then tends to be relatively
stable. This is because as \¢ increases, the number of lane-
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change maneuvers decreases, which leads to fewer packet
collisions and thus a larger value of pg.

Fig. 8 shows the impact of n’54f on ps with the SPS scheme
and the enhanced scheme, respectively. It can be observed that
as n'pif increases, pg decreases. This is because as npjf
increases, the number of PMs in a platoon increases, which
leads to a smaller pg.

Fig. 9 shows the impact of d,,,;,, on pg with the SPS scheme
and the enhanced scheme, respectively. It can be observed that

as d,n increases, pg decreases. This is because the increase
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Fig. 9. Po VS dmin
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of d,.in leads to a larger intra-platoon spacing, i.e., smaller
received signal power at the receiving PMs, and thus a reduced

Pa.

V. CONCLUSIONS

In this paper, we proposed an enhanced C-V2X mode 4
resource scheduling scheme to support reliable intra-platoon
message delivery. The enhanced scheme is intended to address
merging collisions and hidden-node collisions in intra-platoon
communication. A resource division mechanism is introduced
to address merging collisions caused by the movement of
vehicles towards each other; an intra-platoon collaboration
mechanism is introduced to reduce hidden-node collisions
in intra-platoon message delivery; and a packet collision
detection mechanism is introduced for a vehicle to detect and
reselect appropriate resources after its lane-changing maneuver
to alleviate merging collisions. The simulation results show
that the enhanced scheme can effectively improve the reliabil-
ity of intra-platoon message delivery in terms of the average
successful broadcast probability of a PL as compared to the
standardized sensing-based SPS scheme. In future work, we
will consider the uneven traffic distribution on different lanes
and a dynamic division of resources in a selection window.
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