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Abstract—Platooning has been identified as a promising ve-
hicular traffic management strategy to improve road capacity,
energy efficiency, and on-road safety in intelligent transportation
systems (ITS). Inter-vehicle communications within a platoon
and among multiple platoons can assist platoon control by
maintaining a constant inter-vehicle distance, which in turn
enhances road safety. An efficient method of sharing inter-vehicle
information successfully and timely is critical to many platooning
applications. In this paper, a resource allocation (RA) approach
is proposed to support inter-vehicle communications underlaying
cellular network for a multiplatooning (a chain of platoons)
scenario. By applying the evolved multimedia broadcast multicast
services (eMBMS) in the Evolved Node B (eNB), the transmission
delay for intra-platoon and inter-platoon communications can be
reduced. Then, using the proposed subchannel allocation and
power control schemes, the number of required subchannels and
the transmission powers of each vehicle and the eNB can be
minimized. Numerical results show that the proposed approach
outperforms the candidate RA scheme in terms of transmission
delay, especially in a multiplatooning scenario with a large
number of vehicles.

Index Terms—Multiplatooning; Inter-vehicle communication;
Subchannel allocation; Power control; D2D communication.

I. INTRODUCTION

Platooning, as a vehicular traffic management strategy, has
been identified as a promising framework in intelligent trans-
portation systems (ITS) [1]. Grouping autonomous vehicles on
the same lane into a platoon, i.e., keeping each vehicle moving
at a constant speed and following one another in a train-like
manner with a small constant inter-vehicle spacing ahead [2],
[3], can improve the driving safety of autonomous vehicles
and reduce traffic congestion, fuel consumption, and exhaust
emissions [3]. Instead of one big platoon, a multiplatoon,
i.e., a chain of platoons that follow one-another, as illustrated
in Fig. 1, is considered when the number of vehicles on
the road is large [4]. In a multiplatoon, each platoon is led
by a leader vehicle. With the help of leader vehicles, lower
management complexity and higher traffic flow are achieved
by a multiplatoon than by a single large platoon, especially in
a highly dynamic highway scenario [4], [5].

Inspite of the potential benefits, forming and maintaining
a multiplatoon, referred to as platoon control, is not an easy
task and has drawn substantial attention from researches [6].
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The most common objectives in platoon control are string
stability and driving safety [1], [2], especially when a vehicle
moves in or out of a platoon. The string stability refers to
the amplification of the spacing error in inter-vehicle distances
within a multiplatoon. This amplification occurs as the spacing
error propagates towards the tail of each platoon and the end
of the multiplatoon [2]. Due to the spacing error propagating
among multiple platoons, maintaining the string stability in
a multiplatoon becomes more challenging and significant.
One promising solution is to enable communications among
vehicles to assist platoon control based on the inter-vehicle
information sharing [1], [2], [7]. It has been shown that the
string stability of the multiplatoon can be guaranteed with a
constant spacing policy [2], which is widely used in vehicular
platoon control [7]. However, inter-vehicle communications
are required for constant spacing policy, where the lead vehicle
and each member vehicle need to share their velocity and
acceleration information to all the vehicles in the platoon and
to its following vehicle, respectively. Additionally, from [1],
sharing each vehicle’s braking information to the following
vehicles in the multiplatoon can enhance on-road safety. When
a vehicle leaves or enters a platoon, sending an alerting
message to its following vehicles in the multiplatoon can allow
simultaneous reactions, and thus enhance platoon control and
on-road safety. An efficient method on inter-vehicle commu-
nications for sharing information, including vehicle’s velocity,
acceleration, braking, and/or leaving information, successfully
and timely is critical to multiplatoons.

One potential technology that can enable inter-vehicle com-
munications is cellular network, which can provide high data
rate and low latency to vehicular users [8], [9]. Recently, much
attention has been paid to the applicability of Long Term Evo-
lution (LTE) to support communications in vehicular environ-
ments. The 3rd generation partnership project (3GPP) group
has established a new working item to study the feasibility of
LTE supporting inter-vehicle communications [10]. Different
from general vehicular application scenarios, local informa-
tion, such as velocity and acceleration, and global information,
such as braking or leaving platoon, are simultaneously needed
in the multiplatoon [1], [2]. Relaying by the eNB is better for
reducing transmission delay of global inter-vehicle information
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exchange while it may also increase the transmission delay of
local inter-vehicle information. On the other hand, a higher
vehicle density is allowed in the multiplatooning scenario,
resulting in a larger number of communication links, and
therefore, more cellular resource is needed if each vehicle
communicates with the eNB. Considering the rapid growth
of mobile data traffic and the limited resources in cellular
networks, device-to-device (D2D) communications have been
extended to support vehicular communications [11]. With D2D
communications, vehicles can communicate directly with each
other over the D2D links while remaining controlled by the
eNB [12], [13]. In [14], a resource allocation (RA) approach
has been proposed by applying D2D-unicast communications
underlaying cellular system to support inter-vehicle communi-
cations. However, only consecutive vehicles can communicate
with each other in [14], which results in a higher transmission
delay for sharing inter-vehicle information among multiple
platoons.

In this paper, we study how to efficiently apply cellu-
lar network services to share inter-vehicle information in
the multiplatooning scenario. Combining evolved multimedia
broadcast multicast services (eMBMS) and D2D communica-
tion technologies, the communication models for inter-vehicle
information sharing are proposed to reduce the number of
communication hops. Then, a resource allocation approach,
including subchannel allocation and power control, is proposed
to reduce the number of required subchannels and minimize
the transmission power of each vehicle. Numerical results
show that, the proposed resource allocation approach achieves
a shorter transmission delay, especially in the multiplatooning
scenario with a large number of vehicles, compared with the
existing resource allocation approach in [14].

The remainder of this paper is organized as follows. Firstly,
the multiplatooning scenario and communication models are
described in Section II. Then, Section III presents the resource
allocation scheme, including subchannel allocation and power
control schemes. Section IV is devoted to numerical results of
the proposed resource allocation scheme. Finally, in Section
V, we conclude this work and highlight our future research.

II. SYSTEM MODEL

In this section, the multiplatooning scenario is described
first, then we present the proposed communication models.

A. Multiplatooning

Consider a multiplatoon located within the coverage area of
the eNB, as illustrated in Fig. 1. The length of the highway
segment within the coverage area of the eNB is 2D,. The
middle point of this highway segment, denoted by O, is the
origin of the three-dimensional coordinates. The eNB, with the
communication range of R, is located at the vertical center line
of the highway segment. The distance between the eNB and
the highway segment is D,; and the height of the eNB is D..
Assume the transceiver of the eNB is located on its top point,
point A, which can be described as (0, D,, D, ). As shown in
Fig. 1, the multiplatoon under consideration is a chain of n

connected platoons, traveling on the same lane in a straight
multi-lane highway. The n platoons are labeled with platoon
IDs P, P2 ... pr=1)_ p®) Define platoon size, m, as
the number of vehicles in one platoon.

A vehicle in the multiplatoon under consideration can be
one of two types: a leader vehicle or a member vehicle.
A leader vehicle is the ﬁrst one in a platoon that leads its
member vehicles. Denote V () as the ith vehicle in the platoon,
P, and V(J) is the leader vehicle, where 1 < j < n.
The position of Vi(j) is described as (£§])7070): then in the
highway segment under consideration, —D, < xfj ) < D,.
Define the intra-platoon space D, as the distance between two
consecutive vehicles in a platoon, i.e., the distance between
the middle points of one vehicle and its preceding vehicle;
D, is denoted as the inter-platoon space, i.e., the distance
between the middle points of the first vehicle in a platoon and
the last vehicle in the precedmg ;S)latoon e.g., the distance
between vehicles V(] 1 and Vm Note that, the position
of one vehicle is same as the position of its transceiver,
which is located on its middle point. Vehicles within platoons
follow a specified driving strategy [5]. We call the vehicles not
belonging to any platoon as free vehicles, which are regarded
as candidates for the multiplatoon. All of the vehicles in the
multiplatoon are assumed to be identical autonomous vehicles.

B. Communication Model

Information shared among vehicles in a multiplatoon can be
one of two types: velocity and acceleration (VaA) information,
and braking and leaving (BaL) information. To reduce the
transmission delay of each vehicle’s Bal information and
leader vehicles’ VaA information, we assume the eMBMS
technology is applied in the eNB [15] for relaying information,
as shown in Fig. 2(a). Then, member vehicles can get the
multicast information from the eNB directly, including the
VaA information of the leader vehicle and the BaL. information
of the vehicles in other platoons. Fig. 2(b) illustrates the
communication model within platoon P() for sharing each
member vehicle’s VaA information to its following vehicle
(the blue solid arrows) and for sharing member vehicle’s Bal
information to the leader vehicle (dashed arrows). In Fig. 2(b),
vehicle k is the boundary vehicle in one platoon indicating the
boundary between the vehicles communicating with the leader
vehicle in multi-hops and the vehicles communicating with the
leader vehicle directly.

Considering the limited spectrum resources and potential
traffic overload issue in current cellular networks, we assume
the wireless communication links established among vehicles
used for sharing the above two types of information share
a subchannel set, ¥ = {1,2,...,F} with |F| orthogonal
subchannels, where | -| denotes the cardinality of a set. The F
subchannels are assigned to the above communication links by
the eNB using a standard packet scheduling procedure [16].
To find a way to allocate the limited F' subchannels to the
above communication links and simultaneously to guarantee
the delay performance for multiplatooning communications,
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Figure 2: Illustration of communication models in platoon P(/)

subchannel allocation and power control schemes will be both
studied in Section III.

III. RESOURCE ALLOCATION

From Section II, the transmission delay of member vehicle’s
VaA information is the delay of one D2D link and the delay
of leader vehicles’ VaA information is two hop delay. For
vehicle’s BaL information, the transmission delay is propor-
tional to the number of the communication hops from the
source to the destination with a given transmission rate on each
communication link. To guarantee the transmission delay of
vehicle’s BaLL information, it is critical to reduce the number of

transmission hops for vehicle’s BaL. information and minimize
the transmission power while guaranteeing the signal power
and signal-to-interference-and-noise-ratio (SINR) [17] at each
receiver.

From Fig. 2(b), among vehicles within one platoon, the
number of transmission hops of V,,,’s BaL information, which
depends on the position of the boundary vehicle Vj, is the
biggest one. Thus, we restrict k to the second half of the m—1
member vehicles in each platoon, i.e., [m; 21 <k <m, and
combine subchannel allocation and power control schemes to
achieve the above two objectives.

A. Subchannel Allocation

1) Subchannel allocation for leader vehicles: Similar to
[18], full-duplex (FD) communications are applied in each
node (vehicles and the eNB) to enable simultaneously multiple
transmissions and/or receptions over the same or different sub-
channels. Denote l,% as the communication link from Vg(J ) to
Vlgj ), ZEJ ) as the communication link from Vl(j ) to eNB, ZSZ) as

the communication link from eNB to Vi(] ), where 1 < j <n
and 1 < g,w,i < m. As shown in Fig. 2(a), assume the
leader vehicle Vl(] ) uses one subchannel to communicate with
the eNB through 19 2, and the eNB multicasts the information
to V;(j ) in another subchannel through lijz) (1 <i<m).Due
to the long distance between Vi(j ) and the eNB, the subchannel
occupied by [ EJ i and lg Z) can not be reused by any other links.
Thus, 2n subchannels are needed for the n leader vehicles in
a multiplatoon with n platoons.

2) Subchannel allocation for member vehicles: The
communication links among member vehicles and leader ve-
hicles are called as intra-platoon communication links. There
are n x (2m — 3) intra-platoon communication links in the
multiplatoon under consideration. Assume F) subchannels are
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shared by these links. Due to the inter-platoon space, D,
there is at least D, spatial separation between intra-platoon
communication links in one platoon and in another platoon.
Thus, the subchannel allocated to the intra-platoon communi-
cation link in one platoon can be reused in other platoons. The
two following schemes are designed for allocating these F}
subchannels among the 2m — 3 intra-platoon communication
links in one platoon and in the multiplatoon. They aim to
reduce the number of required subchannels, F}.

Self-interference experienced at a vehicle can be sufficiently
suppressed by applying existing self-interference cancellation
methods, such as the distributed linear convolutional space-
time coding scheme proposed in [19]. However, co-channel
interference depends on the transmission power of and distance
to the interfering source. Therefore, the following scheme is
designed to reduce co-channel interference experienced at a
receiver by carefully arranging the transmission of interfering
sources.

Scheme 1: Denote the subchannel that is allocated to léjzu
1<g,w<m1<j5<n)as fg w- For the intra-platoon
communication links in platoon P\, there is

. if2<i<k
2= f“ o (1)
f“ 1, ifk<i<m,.

Based on scheme 1, the subchannel allocation results for
intra-platoon communication links in platoon PU+1), f;ﬁ b
(1 < g,w < m), can be obtained. In order to improve the
power efficiency of vehicles in the considered multiplatoon,
scheme 2 is designed.

Scheme 2: Subchannel f(ﬁl) (1 < g,w < m) can be
allocated to the intra-platoon communication links in platoon
PU) according to

12 = K5 @
and
(+1) . ,
f(]i_;,_%% i1 if2<i1<2k—m
=19 if2k—m<i<k (3

i+(m—k),i+(m—k)—1°
owgzl, if k< i<m.

Note that, the communication links from the leader vehicle
to member vehicles are already considered in the subchannel
allocation for leader vehicles, thus, fl(j; is not considered in
this scheme.

For the transmission in [, ,, in a random platoon, denote
both pg and p; as the transmission powers of vehicle g to
guarantee the received SINR at vehicle w over A, in presence
of background additive white Gaussian noise (AWGN) o only
and in presence of background AWGN o and interference I
generated by other co-channel transmission. Then the follow-
ing theorem, the proof of which is omitted here, demonstrates
the property of Scheme 2.

Theorem I: The value of (p;
length of this link, dg ., and

VA
— o= —(dyw)?
P1— Do |h0|2( g )

— po) is proportional to the

; “

where, (3 is the path-loss exponent over a D2D link between
two vehicles, A is the received SINR threshold.

Theorem 1 indicates that the power efficiency of vehicles
can be improved if larger interference experienced at a vehicle,
which is the receiver of multiple links, corresponds to the
transmission over the shorter link.

B. Power Control

A received signal power threshold, 7, is set for each
vehicle with the SINR threshold, A. In order to guarantee the
received signal power and the SINR at the receiver over their
thresholds while minimizing the transmission power of each
vehicle, power control should be performed. Taking vehicles
in platoons P) and PU+1) as examples, the power control
schemes for the eNB and each vehicle are as follows.

1) Power control for the eNB: When multicasting packets
to V(] ) (1 <1¢ < m), the transmission power of the eNB is
denoted by p(J ). Then the received signal power and SINR at
vehicle V; ) (1 <4 < m) are given as follows,

RY) =Y - hol* - (dF)) ™, 5)

and
(7) - |ho ‘2 (d(7))—a

g

s = , ©6)
respectively, where |ho|? - (dEJZ))_” is the channel gain of the
communication link from the eNB to vehicle V,7) [14]; d”

is the distance between point A and Vi(j ) , which can be given
by

d(]) \/(x(J) +(D,)2 + (D.)?

@)
— /e — (i = 1)(Cy + D) + (D)2 + (D.)?
where (z; () ,0,0) represents the position of vehicle V(] )
Among the m vehicles in platoon PU), max d(J) = d(J )

when 1[mC, + (m — 1)D,] < 2 < D,, and maxd(J)
d¥), when —D, < 27 < 3ImC, + (m — 1)D,]. Thus,
to guarantee the received signal power and SINR at each
vehicle in platoon P), the minimum pgj ) can be expressed
as equation (8).

2) Power control for the leader vehicles: In the considered
multiplatoon, each leader vehicle needs to unicast packets to
the eNB over one subchannel. Denote pg as the transmission
power of Vl(] ) when it unicasts packets to the eNB. To
guarantee the received signal power and SINR at the eNB,

the minimum pgj ) can be expressed as

| d)" xo (d2)”
e { 200 2 ()

€)
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n(d)* Ao (d9))"

) — max{i\hqf TR b
¢ {0 Aoty
AU o2 0 T Thol?

3) Power control for the member vehicles: Due to the
short distance of the link between two consecutive vehicles,
only interference generated by the transmission in lz(jl) 1<
1 < k) is considered when sharing the F; subchannels among
the intra-platoon communication links in P%). In the consid-
ered multiplatoon, the value of k impacts the subchannel allo-
cation results among the intra-platoon communication links
in platoons P and PU+D). The interference experienced
at Vl(J+1), generated by the transmission in léjklm,l when
V;J_JFICIJ)FQ transmitting packets to Vl(J +1) 2 <i<2k—m),
is the largest interference experienced at vehicles in one
platoon generated by its preceding platoon. A small k£ means
a small number of member vehicles that communicate with
their leader vehicle with multi-hops, and therefore, increasing
the transmission delay of these member vehicles’ BaL. infor-
mation. However, a small k can reduce the distance between
V;,g)_m and Vl(J ™) which decreases interference experienced

at Vl(j fl), and therefore, resulting in low transmission powers
of ngjj_z and V2(]g)_m to guarantee their receivers’ received
signal power and SINR thresholds. In order to get an optimal
k which minimizes the transmission powers of Vn(mjj—ljj-Z and
Vz(,z)_m While guaranteeing signal power thresholds at Vl(] 1)
and V") and SINR threshold at V;"™) a power control
problem for member vehicles, PCM, is formulated as follows,

: (4) (j+1)
Hlkln p2k—m + pm—k+2

subject to
S lhol[(2k — m — 1)(C, + D) 77 > 1, (10a)
pUT o lholP[(m — K+ 1)(Cy + D)) P >, (10b)
P ealbollm =k + DCo+ DI
0+ 05 |hol2[2(m — k)(Cy + Dy) + Dyl =7
m+2§k§m, (10d)

Through solving PCM, the optimal &, £, can be obtained,
V(j +1)

k2 and

which minimizes the total transmission power of
(4)
V2k—m'
IV. NUMERICAL RESULTS

In the considered multiplatooning communication scenario,

the values of all related parameters are given in Table I.

Fig. 3 describes the values of prf:}g)JrQ p;]k)_m, and
pgf:ﬁﬂ—l—pé]k)_m with different k, i.e., the transmission powers
of vehicles VrffjkllQ and V;,ﬁlm, and the sum of them. For

vehicle VQ(,QW since the distance between it and its receiver
()

2k—m
decreases when £ increases

Vl(] ) increases with k, its transmission power p. increases.

yUth (G+1)

For k42 the value of Don_ kg2

%[va +(m—1)D,] < xgj) <D,, ®

}, if =D, <2 < L[mC, + (m —1)D,].

Table I: Related parameters values

Parameter Value || Parameter Value
De 50 m R 500 m
D, 100 m D, 487.34 m
D, 5m Cy 3m

m 20 Dy 40 m

F 24 n 5

B 4 e 3

n —100 dBm || ho CN(0,1)
E[L] 2048 bits || A 100

W 2 MHz o —110 dBm

from 11 to 15 since dgt?—x—m = (m — k + 1)D, decreases

with k. However, the distance between Vl(j +1) and VQ(,g)_m
decreases with k, resulting in a larger interference experienced

at Vl(j +1), and therefore, the value of pff:lklrz increases when
k increases from 15 to 18. When 18 < k < 20, pgf:}c)w
decreases again, which can be explained by theorem 1. Based
on pfﬁbfi)ﬁ + pg]k)im as shown in Fig. 3, the optimal k equals

14 with platoon size 20.

-10
E-20t
m
<
5-30f
2
15
=%
= -40}
.S
£-501
w1
g (3+1) (5)
J J
= -60} —6— Pm_i+2 T Pak_m,
(4)
p2k—m
_70 L n n L
10 12 14 16 18 20

k
Figure 3: The transmission powers with different k.

We compare the transmission delay of the proposed RA
approach with a candidate RA approach proposed in [14],
in which only communication links between two adjacent
vehicles are considered. For fair comparison, the FD mode
is considered at each vehicle when it shares its VaA or BaL
information as in [14], links between two adjacent vehicles,
ie., ZE,Ji)-Q—l and lz(i—)l.i’ are allocated one of the m subchannels.

Fig. 4 and Fig. 5 show the effect of the platoon size,
m, on the delay for sharing leader vehicle’s VaA informa-
tion and member vehicle’s BalL information. The considered
transmission delay of member vehicle’s Bal. information is
defined as the delay for sharing the mth member vehicle’s Bal.
information to the mth member vehicle in one of its following
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platoons. From these two figures, the transmission delay in
the proposed approach is always less than that in [14], for the
following reasons, (i) for the proposed approach, the applied
eMBMS technology maintains the number of transmission
hops of leader vehicle’s VaA information to be two; and
the communication model shown in Fig. 2(b) further reduces
the number of communication hops for member vehicle’s
BaL information; (i) for the approach in [14], the numbers
of transmission hops of both VaA and BaL information are
proportional to m. Furthermore, the value of k,,; increases
with m, resulting in more vehicles that communicate with the
leader vehicle with multi-hops, and therefore, the transmission
delay of member vehicle’s BaL. information increases with m
in our approach.

3 ; ; ;
o
* Proposed approach o
2.5} o 1
g ¢ Approach in [14] o %
= 2t o 1
) o0
[
< 15} o 1
15 o
2 4l o ]
8 o
£ 050 o 1
& x * k ¥ * *k ¥k k x ¥k *k ¥ * * ¥ * x
O n n n
5 10 15 20
m

Figure 4: Effect of the platoon size m on the transmission
delay of leader vehicle’s VaA information.
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2 4t . |
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= ol 7
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0 . = n
S 10 15 20
m

Figure 5: Effect of the platoon size m on the transmission
delay of member vehicle’s BaL. information.

V. CONCLUSIONS

In this paper, we have proposed a RA approach to support
inter-vehicle communications underlaying cellular networks
for a multiplatooning scenario. Numerical results have demon-
strated that the number of transmission hops for sharing
vehicle’s information can be reduced significantly while mini-
mizing the transmission powers of vehicles. On the other hand,

the proposed RA approach outperforms the existing approach,
in terms of transmission delay for sharing two types of inver-
vehicle information. The proposed approach can be used in a
multiplatoon with a large platoon size to improve the road ca-
pacity. For our future works, we will investigate the impact of
multiplatooning communication delay on the platoon control.
Additionally, we will apply other communication technologies
to support inter-vehicle communications for multiplatooning
scenarios.
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