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Abstract—With the significant population growth in megacities
everywhere, traffic congestion is becoming a severe impediment,
leading to long travel delays and large economic loss on a global
scale. Platooning is a promising intelligent transportation frame-
work that can improve road capacity, on-road safety, and fuel
efficiency. Furthermore, enabling inter-vehicle communications
within a platoon and among platoons (in a multiplatoon) can
potentially enhance platoon control by keeping constant inter-
vehicle and inter-platoon distances. However, an efficient resource
allocation (RA) approach is required for the timely and successful
delivery of inter-vehicle information within multiplatoons. In
this paper, subchannel allocation scheme and power control
mechanism are proposed for LTE-based inter-vehicle commu-
nications in a multiplatooning scenario. We jointly consider the
evolved multimedia broadcast multicast services (eMBMS) and
device-to-device (D2D) multicast communications to enable intra-
and inter-platoon communications such that a desired trade-
off between the required cellular resources and the imposed
communication delay can be achieved. Simulation results are
given to demonstrate that the proposed approaches can reduce
the communication delay comparing to D2D-unicast based RA
scheme, especially in a multiplatoon scenario with a large number
of vehicles.

Index Terms—Multiplatooning; Resource allocation; D2D com-
munication; Cellular network; Autonomous vehicle.

I. INTRODUCTION

The fast growing of metropolitan areas has caused an
increasing influx of vehicular traffic to and from big cities.
As a result, urban roads and highways are plagued by traf-
fic accidents, resulting in serious socio-economic problems.
Platooning has been identified as a promising vehicle traffic
management strategy to increase road traffic capacity, improve
traffic safety, and reduce fuel consumption and exhaust emis-
sions [1]-[4]. In platooning, autonomous/semi-autonomous
vehicles on the same lane are grouped into a platoon', such
that each vehicle moves at the same speed and maintains a
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I'The platooning considered here is different from vehicle clustering. The
latter is a network management strategy, in which near-by vehicles are grouped
into different clusters[5].

constant small inter-vehicle distance from a head®. Recently,
the popularization of autonomous vehicles (e.g., the Google’s
driveless car [8]) and the mature advanced traffic management
system (ATMS) introduce new prospects for platooning. They
have motivated the establishment of several projects dedicated
to research and development (R&D) in platooning, including
both state-funded pilot deployment projects [9], [10] and
privately-funded projects by auto-mobile manufacturers [6],
[11].

Despite the potential benefits of platooning, controlling the
platoon (i.e., controlling the speed and acceleration of the
vehicles in the platoon) to maintain a constant speed and inter-
vehicle spacing is a very challenging task, especially in highly
dynamic highway scenarios [12], [13]. The key of platoon
control is to maintain string stability, i.e., ensure that the inter-
vehicle spacing error does not amplify upstream from vehicle
to vehicle within the platoon [14]. The inter-vehicle spacing
error amplifies significantly when the number of vehicles
increases in the platoon [14], which result in maintaining
string stability becomes more challenging and, therefore only
small number of vehicles are allowed in a platoon [6]. A
multiplatoon, i.e., a chain of platoons that follow one-another,
is considered when the number of vehicles on the road is large
[7], [15]. Each platoon is led by a leader vehicle, enabling
a lower management complexity and a higher road traffic
capacity [7], [16]. In a multiplatoon, both intra- and inter-
platoon control are required. Maintaining the string stability in
a multiplatoon becomes more challenging as the inter-vehicle
spacing error propagates among vehicles and across platoons.
Enabling the prompt exchange of vehicle information within
a multiplatoon through wireless communications is a promis-
ing approach to assist platoon control in maintaining string
stability [2], [6], [17]-[19]. Sharing the leader and preceding
vehicles’ velocity and acceleration information is a necessary
condition for intra-platoon control [17]. Furthermore, when a
vehicle leaves/enters a platoon, sending a message to alert its
following vehicles in the multiplatoon can allow simultaneous
reactions, thus preventing an increase in spacing error and
enhancing platoon control [2].

In this paper, we study how to efficiently combine the
evolved multimedia broadcast multicast services (eMBMS)
and device-to-device (D2D) communications to support mul-
tiplatooning of autonomous vehicles. In a multiplatoon, the
information required for platoon control includes not only

2The inter-vehicle distance in a platoon can be kept at a value much smaller
than the suggested safety distance corresponding to the 2-second rule [6], [7].
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that in a basic safety message, such as velocity and accelera-
tion, but also platoon-specific information, such as join/leave
the platoon and platoon membership information. Therefore,
multiplatooning communications of platoon-specific informa-
tion can benefit from wide-range and low-latency multi-
cast/broadcast LTE services. On the other hand, preceding
vehicle’s velocity and acceleration information is needed only
by its following vehicle and can, therefore, be shared via
D2D communications. With D2D communications, vehicles
communicate directly and effectively with each other over the
D2D links while remaining under the control of the Evolved
Node B (eNB) [20]-[22]. The transmit power of the D2D
link can be adjusted according to the distance between the
two vehicles [23], [24]. As a result, the same cellular radio
resources (allocated subchannels) can be reused by different
D2D links, increasing the spectral efficiency [25]. However,
the higher the spatial reuse of the allocated subchannels, the
higher the interference among concurrent D2D links. This
trade-off calls for a resource allocation (RA) method for
efficient multiplatooning communications while minimizing
the burden of multiplatoon data traffic on the cellular network,
such that it can accommodate the existing data traffic load
from its legacy cellular users. Considering the potential data
traffic overload in the cellular network and the requirement
for communication delay in a multiplatoon scenario [2], we
present efficient RA approaches for LTE-based inter-vehicle
communications in a multiplatooning scenario, to balance
the trade-off between the needed cellular resources and the
communication delay. The main contributions of this paper
are summarized as follows:

1) Using eMBMS and D2D communications, the commu-
nication models required for sharing vehicle and platoon
information within the multiplatoon are proposed to re-
duce the number of required transmission hops;

2) Leveraging the trade-off between the number of required
subchannels and the interference of concurrent D2D links,
subchannel allocation scheme is proposed to increase the
amount of spatial reuse of cellular radio resources while
maintaining low interference;

3) Power control scheme is presented to guarantee the
transmission rate of each D2D link while minimizing the
transmission power of each vehicle.

The rest of this paper is organized as follows. Section II
studies the literature of inter-vehicle communications in pla-
toons, and Section III describe the system model. Section IV
presents the subchannel allocation scheme for the communi-
cation links in the considered multiplatoon. Power control for
each vehicle is designed in Section V. Then, the multiplatoon
communication performance in terms of transmission rate and
communication delay is analyzed in Section VI. Section VII
is devoted to simulation results of the proposed subchannel
allocation and power control schemes. Finally, in Section VIII,
we conclude this work and highlight our future research.

II. RELATED WORK

To enable inter-vehicle communications in platooning, two
potential technologies, i.e., dedicated short range communica-
tions (DSRC) and cellular technologies [26], can be utilized.

The DSRC technology uses the IEEE 802.11p amendment of
the legacy WiFi standard [27]. Due to its low cost, the DSRC
technology has been proposed for platoon communications
in both academia ([17]-[19], [28]) and industry [6]. For
example, an IEEE 802.11p-based model was proposed for
multiplatooning scenario in [28], in which intra- and inter-
platoon communication models were designed for information
sharing within one platoon and among platoons. However,
for vehicles that are within different and far platoons, more
communication hops are needed when DSRC technology is
applied, and therefore, resulting in long communication delay
which is against to the requirement for communication delay
in a multiplatoon scenario.

Recently, much attention has been paid to the feasibility
of utilizing the cellular technology for enabling inter-vehicle
communications [29]-[31]. Cellular networks provide an off-
the-shelf potential solution for inter-vehicle communications,
which can make use of a high capacity, large cell coverage
range, and widely deployed infrastructure [26]. Furthermore,
there is more appetite from auto-mobile industry to deploy a
mature technology, such as cellular networks, which eases the
implementation and accelerates the deployment of connected
vehicle services in such lucrative and competitive global mar-
ket [26]. The 3rd generation partnership project (3GPP) group
has recently established a new working item specifically to
study the feasibility of LTE support for inter-vehicle commu-
nications and to investigate enhancements to existing cellular
services, e.g., eMBMS and D2D communications, to enable
reliable inter-vehicle communications [32]. Furthermore, [2]
indicates that cellular technology can be used for sharing in-
formation in multiplatooning scenarios. However, [2] focuses
on discussing which kinds of communication information
structure and content should be shared among vehicles in
platooning, and very few works have studied how to utilize
cellular technology to enable inter-vehicles communications
in multiplatooning.

III. SYSTEM MODEL

This section describes the multiplatooning scenario, the
proposed communication models, and the channel model. The
important symbols defined in this work are summarized in
Table L.

A. Multiplatooning

Consider a multiplatoon on one of the highway lanes located
within the coverage area of an eNB, as illustrated in Figure
1. The eNB is positioned with distance D, from the middle
point of the highway segment, which is defined as the origin
of three-dimensional coordinates, O. The origin point divides
the highway segment to two halves, where the length of each
half is defined by D, (i.e., the length of the highway segment
within the coverage area of the eNB is 2D,). Let R denote
the communication range of the eNB in meters and D, the
height of the eNB. Therefore, the position of the top point
on the eNB, point A, has the coordinates (0, D,, D.). The
multiplatoon under consideration is composed of n equal-
sized connected platoons, traveling on the same lane in a
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Table I: Summary of important symbols

Symbol || Description
9D The length of the highway segment within the
e coverage area of the eNB
D¢ The height of the eNB
m Platoon size
n The number of platoons in the multiplatoon
p) Platoon ID of the ith platoon
Vi(] ) Vehicle ID of the ith vehicle in the platoon P
(z17,0,0) || The position of vehicle V)
D, Distance headway
DT.’ Inter-platoon spacing
Vk(J ) Boundary vehicle in platoon pl)
F Subchannel set
« Path-loss exponent for links between the eNB and vehicles
B Path-loss exponent for D2D links
He,i Channel gain for a link between the eNB and vehicle %
Hg,w Channel gain for the D2D link between vehicles g and w
ho The complex Rayliegh fading channel coefficient
19, Communication link from V37 to V;$/’
l gj i Communication link from V1(J> to eNB
(J ) The subchannel allocated to link lg{ 21,

straight multi-lane highway. Let m denote the platoon size
in terms of the number of vehicles in the platoon. The
n connected platoons in the multiplatoon are labeled with
platoon IDs P, P ... p(=1) p() where P is the
leading platoon and P is the last following platoon. A
vehicle in the multiplatoon can be either a leader vehicle or
a member vehicle. A leader vehicle is the first vehicle in a
platoon which is responsible of

a) forming and managing the platoon with the help of ATMS,
such as controlling the number of vehicles in its platoon;

b) collecting information from and transmitting information
to its member vehicles;

¢) relaying information to or from the eNB.

A member vehicle, on the other hand, is a non-leader vehicle
within the platoon. Vehicles within platoons follow a specified
driving strategy [16]. Vehicles not belonging to any platoon
are referred to as free vehicles, and are regarded as candidates
for joining the multiplatoon.

Let V;”) denote the vehicle ID of the ith vehicle in the
platoon PUY), for 1 <i < m and 1 < j < n. That is, V(]) i
the ID of the leader vehicle in platoon P\Y) for 1 < j < n.
Note that, the ATMS has the multiplatoon’s membership
information, i.e., platoon ID and vehicle ID, collected durin.
the platoon formation period. The position of vehicle V('7
is defined as the middle point on vehicle with coordlnates
(x; (7) ,0,0), where —D, < xz(-J) < D,. All vehicles in
the multlplatoon are assumed to be identical autonomous
vehicles. Let D, be the vehicle’s distance headway, which
is the distance between the middle points on two consecutive
vehicles on the same lane. Let D,, be the inter-platoon spacing
defined as the distance between the middle points on the leader
vehicle in a platoon and the last following vehicle in the
preceding platoon. We assume that the position of a vehicle
is the same as the position of its transceiver, and the eNB’s
transceiver is located at point A.

B. Communication model

In a multiplatoon, vehicles share two types of information:
velocity and acceleration (VaA), and braking and leaving
(Bal) information.

a) VaA information: When the constant-spacing policy is used
[17], VaA information from the leader and member vehicles
needs to be shared to guarantee the string stability of each
platoon. In a platoon, the leader vehicle shares its VaA in-
formation with all member vehicles, and each member ve-
hicle shares its VaA information only with its following ve-
hicle. For example, in platoon PU ), V(J ) shares its VaA in-
formation with vehicles {V2]) V(J ) V;(J ), . .,V}Sf )},
while Vi(j ) shares its VaA 1nf0rmat10n w1th vehicle Vl(i)l,
V2<i<m.

b) BaL information: Platoon control and road safety can be
enhanced if a vehicle shares its BalL information with its
following vehicles in the multiplatoon [2].

The eNB is utilized to multicast leader vehicle’s VaA
information within one platoon or relay BalL information
among platoons, while only D2D unicast communications are
utilized for sharing member vehicle’s VaA information. This
can be explained as follows:

a) When only LTE unicast transmissions are utilized, every
member vehicle needs to communicate with the eNB
directly, thus limiting the spatial reuse of the orthogonal
subchannels within a multiplatoon;

b) For short range communications, such as that required
within a platoon, D2D communications can improve the
utilization of the cellular radio resources due to spatial
reuse within the multiplatoon [33];

c) The eNB can be utilized to relay information among
different platoons, thus reducing the number of required
transmission hops for both VaA and BaL. information.

We refer to a direct transmission between two nodes (ve-
hicle or eNB) as one-hop transmission. A vehicle shares its
BaL information with vehicles in the following platoons by
transmitting it to the leader vehicle and the eNB first, which
then relay the BaL information to the vehicles in the following
platoons. Consider the transmission of Bal. information of
vehicle Vi(] ) to vehicles in platoon PU+YD (1 < j < n). The

transmission includes the following steps:

) via D2D com-

a) V(] ) transmits its BaL information to Vi
mumcatlons,

b) V{?) delivers this BaL information to the eNB using LTE
unicast communication or D2D multicast cotpmunication;

¢) the eNB delivers this BaL. information to V(] ) V1< <
mand j < j < n usmg eMBMS, or dehvers this BaL
information to V1 , Vj < j' < n, using LTE-unicast
first, which is then relayed by every lead/er vehicle Vl(J ),
j < j' < n, to every member vehicle Vzgj ) Y1 < <m,
via D2D multicast communications.

In addition to relaying the BaL information to the eNB, a
leader vehicle also needs to share its VaA information with
all member vehicles in the same platoon. Two communication
models are established for the eNB and the leader vehicle to re-
duce the number of required transmission hops for transmitting
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Figure 1: Illustration of a multiplatoon on one of the highway lanes.

the vehicle’s VaA and BaL information, as shown in Figure
2 (a) and (b). The first model is an eMBMS based model,
where the eMBMS technology is used by the eNB to multicast
aggregated information to member vehicles as illustrated in
Figure 2(a) [34]. The aggregated information received by
member vehicles from the eNB includes VaA information of
the leader vehicle and the BaL information of vehicles in
other platoons. We assume that the member vehicles have
already subscribed to the multicast service during the platoon
formation, and do not consider latency and control signaling
overhead associated with the join and leave procedures of
creating a multicast group in the eMBMS service®. The second
model is D2D-multicast based model as illustrated in Figure
2(b). Each leader vehicle shares information with the eNB
and its member vehicles via D2D multicast communications.
Upon receiving the Bal information of vehicles in other
platoons from the eNB, the leader vehicle aggregates the
BaL information with its VaA information and multicasts the
aggregated information to the member vehicles.

To share the information of a member vehicle, only D2D
communication is applied since a member vehicle needs to
transmit its VaA and BaL information only to the following
vehicle and its leader vehicle, respectively. Figure 2(c) illus-
trates the proposed communication model within platoon P()
for each member vehicle to share its VaA information with the
following vehicle (the blue solid arrows) and its BaL informa-
tion with the leader vehicle (dashed arrows). Within a platoon
PU), only member vehicles VQ(] ) , VB(J ), cey Vk,(J ) communicate
directly with the leader vehicle, the rest of member vehiclf;s
communicate in a multi-hop fashion. We refer to vehicle Vk(] )

3Since platoon dynamics are relatively low compared to that of regular
vehicle traffic, the platoon membership remains constant for a relatively long
time and, hence, the effect of joining/leaving the multicast eMBMS group is
neglected [35].

as the platoon’s boundary vehicle and indicates the boundary
between the vehicles communicating with the leader vehicle
in multi-hops and the vehicles communicating with the leader
vehicle directly. The calculation of the value & is discussed in
details in Section IV.

The wireless communication links established among vehi-
cles share a subchannel set, 7 = {1,2, ..., F'} with F' = |F]|
orthogonal subchannels. The F' subchannels are assigned to
these communication links by the eNB using a standard
packet scheduling procedure. Full-duplex (FD) communica-
tions are applied in each vehicle and the eNB to enable
simultaneous multiple transmissions and/or receptions over the
same or different subchannels [33], [36]. The self-interference,
experienced at the eNB or a vehicle resulting from their
transmission to their reception over the same subchannel, can
be sufficiently suppressed by using existing self-interference
cancellation methods, such as the distributed linear convolu-
tional space-time coding (DLC-STC) scheme proposed in [36].
The eNB assigns the subchannels based on the received Bal
information and the membership information, and then sends
the radio resource control (RRC) connection setup to each
communication link on the physical downlink control channels
[37]. To meet communication delay requirements, subchannel
allocation scheme and power control scheme are proposed in
Sections IV and V, respectively.

C. Channel model

Consider a large scale fading channel model [38]. Since
the eNB and vehicles can have different antennas types and
different line-of-sight (LOS) components of radio propagation
may be experienced at the receivers [25], two types of path-
loss exponents are considered. Let « and 3 denote the path-
loss exponents for a link between the eNB and a vehicle and
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Figure 2: Illustration of communication models in platoon
PG,

for a D2D link, respectively. Let H. ; denote the channel gain
for a link between the eNB and vehicle 4, and H, ,, denote the
channel gain of the D2D link between vehicle g and vehicle
w. The channel gains are given by

A
Hei:

=y

lhol? - (de,i) ™ (1)

and

A _
= [hol? - (dgw) ™"

where d. ; is the distance between the eNB and vehicle i, dg .,
is the distance between vehicle g and vehicle w, and hg is
the complex Rayliegh fading channel coefficient. All channel
gains under consideration are assumed to be reciprocal [38],
i.e., /He,i = ’H@e and ’H%w = Hwy.

How 2

IV. SUBCHANNEL ALLOCATION

For the communication models discussed in Section III, the
end-to-end transmission delay of a packet carrying member
vehicle’s VaA information is the delay of a one-hop D2D
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unicast communication 4. On the other hand, the end-to-end

transmission delay of a packet carrying the leader vehicle’s

VaA information is the delay of a two-hop communication in

the eMBMS based model and that of a one-hop communica-

tion in the D2D-multicast based model. For a packet carrying
the BaL information, the end-to-end transmission delay is the
delay to transmit this packet from the source to the destination
in the multiplatoon and is proportional to the number of
transmission hops for a given transmission rate. Since a stable
transmission rate depends on the signal-to-interference-and-
noise-ratio (SINR) [39], we have the following two objectives:

a) reducing the number of transmission hops for transmitting
BaL information;

b) reducing interference caused by subchannel reuse and
minimizing the transmission power of each vehicle while
guaranteeing the received signal power and SINR at each
receiver.

Figure 2(c) indicates that the maximum number of transmis-
sion hops for the BaL information occurs in the last vehicle
of platoon P, and the value of the maximum transmissiqn
hops depends on the position of its boundary vehicle, Vk(J ),
Thus, to achieve the first objective, k is restricted to the second
half of the m — 1 member vehicles in each platoon, i.e.,
[mT“] < k < m. Then, combining subchannel allocation
and power control schemes to achieve the second objective.
It should be noted that, in proposed subchannel allocation
scheme, the global view of the network (with all the com-
munication links) is considered while the link-level local view
is considered in our power control approach.

A. Subchannel allocation for leader vehicles

Let léjzu, lgjg, liji denote the communication links from
V(J) to V.5, from V(J) to eNB, and from eNB to V(]),
respectively, where 1 < 7 < n and 1 < g,w < m. For
the two communication models described in Subsection I1I-B,
the leader vehicles in the multiplatoon apply the following
subchannel allocation methods: .

1) eMBMS based model: The leader vehicle V7’ com-
municates with the eNB in one subchannel, and the eNB
multicasts the aggregated VaA and BaL information to Vi(j )
(1 <7 < m) in another subchannel,

2) D2D-multicast based model: The communication links,
established when the eNB unicasts a packet to a leader vehicle
or when this leader vehicle multicasts a packet to its member
vehicles and the eNB (i.e, links lgj 2 , lgj 33 and [, G i, where 1 <
1 < m), use only one subchannel. Since each leader vehicle
multicasts a packet to the eNB and its member vehicles, and

the packet transmitted in lgj 2 (1 < < 'm) is the same as that

in lgj 2 Therefore, there is no co-channel interference between
these two communication links.

To reduce co-channel interference experienced at each vehi-
cle, the subchannels occupied by communication links in the
eMBMS based model and D2D-multicast based model cannot

*In this work, the packet arrival rate is modeled as constant and less than the
transmission rate in each communication link. Thus, the queuing and access
delays are neglected.
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be reused by any other links. Thus, for n leader vehicles, 2n
and n subchannels are needed for the eMBMS based and the
D2D-multicast based models, respectively.

B. Subchannel allocation for member vehicles

Denote F; as the number of subchannels that can be
reused by the n x (2m — 3) intra-platoon communication
links shown in Figure 2(c). Due to the inter-platoon spacing,
D, there is at least D,, spatial separation between two intra-
platoon communication links in one platoon and in another
platoon. Thus, the subchannel allocated to an intra-platoon
communication link in a platoon can be reused in other
platoons. Scheme 1 is designed for allocating the minimum
number of F; subchannels among the 2m — 3 intra-platoon
communication links in a platoon, and scheme 2 is designed
for allocating these Fy subchannels in the multiplatoon. Let

(7). denote the subchannel that is allocated to link 13/}, where
1<gw<mand 1 <j<n.

Scheme 1 intra-platoon subchannel allocation: For the
intra-platoon communication links in platoon P/), the sub-
channel allocation is given by

b 9 if2<i<k

Jachup
TR, ik <i<m.

t,i—17

3)

From (3), links ll 1. andl

2 < 1 < k; and links lij )1 y and 1 use the same subchannel
when k£ < ¢ < m. This des1gn can be explained as follows.
First, suppose that the DLC-STC scheme is used in each
transmitter [36], and then the self-interference experienced at
a vehicle can be sufficiently suppressed and neglected [40].
The co-channel interference (due to subchannel reuse by other
links) depends on the transmission power of and the distance
to the interfering source. Reducing co-channel interference
experienced at a receiver always affects the transmission in
its interfering source. Thus, in addition to scheme 1, the
followrng choice can be considered: when 2 < i < K,

use the same subchannel when
l(])

lfj 1, and Z/Z)H use one subchannel, and l 1 uses another
subchannel; and when k£ < i < m, ll(])1 ; and Z(J i11 use one

subchannel while lfi)l ; and ZZ(JZ) . use another subchannel.
However, it is clear that the number of required subchannels
in scheme 1 is fewer than that in thrs choice. Furthermore

due to interference experienced at V ) generated by lt 1,

()

(2 < i < m) and interference experrenced at V;; generated

by Zfi_)l ; (k <i < m), the total interference experrenced at
vehicles in this choice is larger than that in scheme 1.

Based on scheme 1, we can get the subchannel allocation
results for member vehicles in platoon PUTD | je., fgj +1)
where 1 < g, w < m. Then, scheme 2 can be described as
follows.

Scheme 2 inter-platoon subchannel allocation: The sub-
channels allocated for the intra-platoon communication links
in platoon PU) are related to those in platoon PU*1) accord-

ing to

£ = gt )

and
s s if2<i<2k—m
fi(i)r,i = fl(j__(‘;i kit (m—k)—1° if2k—m<i<k (5
f((rJnTQ))—z‘ 1 if k<i<m.

Based on scheme 2, l(71 and l,(frll?f

when i = 2; l,(J_)l 4 and l&i?) i1

+1
2 < i< 2k—m 1Y, and lfi(m) g5 m -

subchannel when 2k — m < i < k; and 1 )1 ; and l&ﬁ%) i
use one subchannel when k£ < ¢ < m. Scheme 2 can be
explained by the following theorem, proved in Appendix A.

Theorem 1: In a random platoon, the transmission power of
an intra-platoon communication link, required to guarantee an
SINR threshold A at its receiver, is proportional to the distance

of this link, i.e.,

use one subchannel
use one subchannel when

, use one

A
|hol?
where py is the transmission power of vehicle g in the presence
of a background additive white Gaussian noise (AWGN), p;
is the transmission power of vehicle g in the presence of a
background AWGN of the same power spectral density and
interference I; generated by other transmissions that use the
same subchannel.

Theorem 1 indicates that the power efficiency of multipla-
tooning communications can be improved if the interference
experienced at a vehicle (which is the receiver of multiple
links) is largely corresponding to the transmission over the
shorter link. According to scheme 1 and scheme 2, the
value of F) can be reduced to m — 1. An example for
reusing subchannels within two consecutive platoons, PU)
and PUTD s illustrated in Figure 3, where m = 7, k = 6,
F} = 6, and the numbers on the arrows indicate the subchannel
IDs of the F} subchannels. It should be noted that, when
F} > m — 1, the impact of co-channel interference on the
multiplatooning communication performance is reduced and
the designed subchannel allocation scheme can be adjusted
accordingly. On the other hand, when F} < m — 1, we
can combine scheme 1 and scheme 2 with the subchannel
allocation scheme proposed in [25] to support multiplatooning
communications.

P1—Po = (dg,w)g (6)

V. POWER CONTROL

To guarantee fairness among different links that share the
same subchannel, a minimum received signal power threshold,
7, and a minimum received SINR threshold, A, are set for
each receiver. In order to achieve a received signal power over
n and an SINR over \ at the receiver while minimizing the
transmission power, a power control scheme is proposed in this
section. Taking platoons P() and PU*1) as an example, the
proposed power control schemes for the eNB, leader vehicles,
and member vehicles are as follows.

A. Power control for eNB

1) eMBMS based model: Denote p(J) as the transmission
power of the eNB when it multicasts a packet to the vehicles
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in platoon P(j ). The received signal power and the SINR at

vehicle V (1 < ¢ < m) are given by
and
o fhof? (d9)
e = () (®)
g

In (7) and (8), o is the value of AWGN, d ) s the distance

€,1

between point A and vehicle Vi(J ) and is given by

a.ll = \/ [0~ =)D 4 D+ (D2 ©

where (x; @ 0, 0) is the position of vehicle V(]
Among the m vehicles in platoon P/, max d(J)

when 1(m —1)D, < x(lj) < D,, and maxd(]) = dg,)n when
-D, < mgj ) §(m 1)D,,. Thus, to guarantee the received
signal power and SINR for each vehicle in platoon P, i.e.,
R(W > 1 and S(] > )\ (1 < i < m), the minimum pé)
the eMBMS based model can be expressed as equation (10).
2) D2D-multicast based model: The eNB only unicasts
packets to leader vehicle Vl(] ) in this model. To guarantee the
received signal power and the SINR at Vl(j ),

pgj ) can be expressed as
2 (49)" 3o (42)
lhol> 7 |hol?

_ d(j)

the minimum

pg)' = max

(11

B. Power control for leader vehicles

1) eMBMS based model: Denote p(] ) as the transmission
power of V(] ). As mentioned in Subsection III-C, all channel
gains are assumed to be reciprocal. Thus, based on eMBMS,
the minimum p(j ) to guarantee the received signal power and
the SINR at the eNB, i.e., p(J) , is the same as pt’ in the
D2D-multicast based model and is given by (11).

2) D2D- multlcast based model: As mentioned in Section
IV, for platoon P (1 < j < n), same packets are transmitted
over 193 (I <i<m)and 15)2, and the self-interference in

each vehicle can be neglected. Thus, for vehicle Vi(j) (1<
1 < m), only interference generated by the transmission in lgj %
is considered. When receiving packet from Vl(j ), the received
signal power and SINR at Vi(j ) (1 <% <'m) can be expressed
as

, . N\ -8
RE) = 7 [hol? (df)) (12)

~ \\
=2

P(j+l) s
| 2 3 4 57
D D2 @D <3 mp<’ b <+oD

V7(J'+1) Vs(j+l) V5(1'+1) V4 (i+1) V3(J+1) V2(1+1) Vl(j+1)

and

()
) _ Rii

1,2

13)

respectively, where p((gj ) is given by (11), pgj ) is the transmis-

sion power of Vl(j ), and dg] z) is the distance between Vl(j ) and

Vi(j ) and can be calculated by

d) = (i —1)D,. (14)
Let p(J ) denote the minimum transmission power of Vl(j )
to guarantee the signal power threshold, 7, at each member
vehicle. Since S > 0, according to equations (12) and (14),
9 ) is given by

B

~) _ nl(m—1)D,]
Py = DM = )7l (15)

! |hol?

Let pg ) denote the minimum p(J ) to guarantee the SINR
threshold, A, at each member Vehlcle Equations (9) and
(13) show that the value of S is related to xgj ) and is
different from member vehicles when Vl(] ) multicasts a packet
to its member vehicles with transmission power pgj ). For a

given xgj ), the power control problem for leader vehicles is

formulated as
. N\ —B
A lhol? (42)

min S{Y) = —
' o +p |ho|2 ( )
subject to
29 =29 i -1)D, (16a)
d(f} =(i—1)D, (16b)
AN 2
G) Wgﬂ) +(Do)? + (D,)? (16¢)
- D, <) < D, (16d)
1<i<m. (16¢)

By solvmg the above power control problem, the minimum
S; J / among the m — 1 member vehicles can be obtained.

From the above discussion, the minimum transmission
power of V(J to guarantee the received signal power and
SINR at the eNB and member vehicles is given by

5. 5}

Gy )P B (17)

py’”" = max {pg

V7( )]

Figure 3: An illustration for subchannel reuse when employing scheme 1 and scheme 2 for intra-platoon communication links

within two consecutive platoons with m =7 and k£ = 6.
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AN o (d@)* _
_ max 4 ~ ‘heg’llz , \(hoel’; , if %(m -1)D, < acgj) <D,
P = oa2)" re(a) G 1 1o
max ol TR , if =Dg <ay”’ < 5(m —1)D,.
C. Power control for member vehicles subject to
Subchannels are reused among intra-platoon communication péjk) wlho2[(2k —m — l)Dv]fﬁ > (18a)
links within a single platoon and among that within multiple G+ 12 i -8
; ; —k+1)D,| "~ > 18b
platoons. In platoon PU+1) scheme 1 indicates that lz(jfll) Pm— k;fj) ol*[(m )D.] jﬁn (18b)
and ll(ﬁlll) use subchannel £V when k < i < m; and ll(] L pm k+2|h0| [(m —k+1)D,] - (18¢)
and l(J) reuse subchannel f(j'H) when 1 < i < k. Among U+p2k mlhol|? [2(m — k) D, +Dp]_6
the intra-platoon communication links in platoon P(), l(] ). m+2 <k<m (18d)

(1 < i < k) is a link between two consecutive vehicles w1th
link distance D,, which is small compared to that of l

Hence, the transmission power of the transmitter in ll( 1. (1 <
i < k) is relatively small. Therefore, for the transmissions in
intra-platoon communication links in PY) which reuse f; (@+1)
(1 < ¢ < k), only interference generated by l( is considered.

According to scheme 2, the value of k 1mpacts the sub-
channel allocation results among intra-platoon communication
links in platoons PG and PUtD. In (4) and (5), links
Z(f(';) k) it (m—k)—1 and l(j ) _, are between two consecutive
vehicles when 2k —m < ¢ § k and k£ < 7 < m. Furthermore,
the transmission power in these two links are small and
the proposed subchannel allocation scheme avoids allocating
a subchannel to two adjacent communication links. Thus,
interference experienced at V(] ) , generated by the transmission

in lz(f(jn k)it (m—k) )1 2k —m < i < k), and 1nterfer§:r;ce
j+1 j

experienced at ;""" generated by the transmission in lLiia
(k < i < m), are negligible. Considering the distance between
a receiver and its interfering source, the largest interference
experienced at VUt g generated by the transmission in
l(k m,1 When Vj ,42 transmits a packet to V(jH) 2 <
1 < 2k — m). Th1s is also the largest interference experienced
at a platoon, which is generated by its preceding platoon.

From the above discussion, a large k means a short distance

between V;,glm and Vl(jﬂ), ie., a small 2(m — k)D, + D,,
which indicates large interference experienced at Vl(] H), that

(7)

is generated by the transmission in I m,1- Thus, result-

ing in high transmission powers of V(] ki2 and Vz(k) m

guarantee the signal power and SINR thresholds at thelr
receivers. However, a large k£ can reduce the number of
member vehicles communicating with the leader vehicle in
multi-hops, and therefore, reduce the delay for transmitting
the BalL information of these member vehicles. Thus, the
power control problem for member vehicles is formulated

L . (5+1) ()
to minimize the transmission powers of V", , and V,;”

while guaranteeing the received signal powers at Vl(j 1 and
V) over the threshold 7, and the received SINR at V"
over the threshold A. The power control problem for member
vehicles can be represented as follows,

(3+1)

min p), + Py s

where (18a) and (18b) guarantee the signal power thresholds
at V(j +1) and Vl( (18c) guarantees the SINR threshold at
V(] H), and (18d) indicates that fewer than half of member
vehicles communicate with the leader vehicle in multi-hops.
The optimal k, kop:, can be obtained by solving the above
power control problem, which minimizes the sum of the
transmission powers of 1/ 222 nd V)

As proved in Appendlx B, the above power control problem
can be simplified according to the following theorem.

Theorem 2: The power control problem for member vehi-
cles can be simplified to the following

min {A(E"), QK" }

subject to
A(K*) =Ty (k) + Do (k¥) (19a)
Q(k) = Ti (') [1 + T3(k")] + Ta (k') (19b)
To(k*) > Ty (k") (k*) + Ty (k) (19¢)
To(k') < Ty (K)T3(K") + T4 (k) (19d)
m;2§k K <m (19)
where T’y (k), T's(k), T3(k), and T'y(k) are
(k) = U
(k) hol? [(2k — m — 1)D,]
_ n
Fa(k) = lho|2 [(m — k + 1)Dy] "
_ AR(m—k)D, + D, " 0
t = o kD
Ty (k) = oA

[ho[2 [(m — k+1)D,] "

VI. MULTIPLATOONING COMMUNICATION ANALYSIS

In Sections IV and V, we have proposed subchannel alloca-
tion and power control schemes for vehicles in a multiplatoon,
which can guarantee the received signal power and SINR of
each communication link. In this section, the multiplatooning
communication performance, in terms of the transmission rate
and transmission delay, is analyzed.

1) Transmission rate: Section V shows that the received
SINR in each communication link is guaranteed to reach the

0018-9545 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2017.2723430, IEEE

Transactions on Vehicular Technology

SINR threshold. Thus, the achievable transmission rate in a
communication link, denoted by 7, satisfies

r > Wloga(1 + ) (21)

where W is the subchannel bandwidth.

2) Transmission delay: Define E[L] as the average size of
the packet carrying the VaA or BaL information. As mentioned
in Subsection III-B, each leader vehicle needs to share its
VaA information with all member vehicles in the same platoon
and each member vehicle needs to share its VaA information
with its following member vehicle. According to the commu-
nication model and the proposed subchannel allocation and
power control schemes, the end-to-end transmission delay for
a packet carrying the member vehicle’s VaA information is
the delay of a D2D link and can be expressed as

L Bl
= Wloga(1+N)

(i) In the eMBMS based model: As illustrated in Figure 2(a),
the leader vehicle unicasts its VaA information to the eNB
first, then the eNB multicasts this information using eMBMS
to the member vehicles in the same platoon. Thus, the end-
to-end transmission delay for a packet carrying the leader
vehicle’s VaA information, Ty ,4,, is the delay of the two-
hop communication, which can be expressed as

E[L) 2E[L]
<
r = W-loga(1+X)’

When a member vehicle in a platoon shares its BaL infor-
mation with the member vehicles in other platoons, the BaL
information needs to be relayed by the leader vehicle and the
eNB. Thus, when k = k,,;, the end-to-end transmission delay
for a packet carrying the BalL information in the eMBMS
based model is proportional to the number of transmission
hops and can be expressed as

ElL

TVG,AIM = (22)

Tvaa, =2 (23)

2 < 7—BaLl < (m - kopt + 3)@ (24)
where Tpar, = 2E[L] when vehicle Vl(") shares its BalL
information with the member vehicles in platoon P(") and
TBar, = (Mm— kopt+3)E[L] when vehicle V,\Y) shares its BaL
information with the vehicles in platoon p), 1< u<n.

(ii) In the D2D-multicast based model: As illustrated in
Figure 2(b), a leader vehicle multicasts its VaA information
aggregated with the BaL information from other platoons to
its member vehicles directly. Thus, based on a D2D multicast
communication, the end-to-end transmission delay for a packet
carrying the leader vehicle’s VaA information, 7y 44,, is the
delay of a D2D link, same as 7y q,4,,. As in the eMBMS
based model, when a member vehicle in a platoon shares its
BaL information with member vehicles in other platoons, this
BaL information needs to be relayed by the leader vehicle and
the eNB. Thus, the end-to-end transmission delay for a packet
carrying Bal information in the D2D-multicast based model
can be expressed as

ElL) < TBaL, < (M — kopt + 4)@ 25)

VII. SIMULATION RESULTS

To demonstrate the multiplatooning communication perfor-
mance with the proposed subchannel allocation and power
control schemes, this section presents the simulation results
for the proposed power control scheme, evaluates the end-to-
end transmission delay of vehicle’s VaA/BaL information, and
compares the results with the performance of a D2D-unicast
based RA approach (proposed in [25]).

We consider a multiplatooning communication scenario
with a set of parameters listed in Table II. For the D2D-
unicast based RA approach proposed in [25], only commu-
nication links between two adjacent vehicles are considered.
In addition, the communication links within the multiplatoon
are divided into n individual groups, where the n groups reuse
m subchannels and each group represents the communication
links within the same platoon (including that from the leader
vehicle to the last member vehicle in the preceding platoon).
For a fair comparison, FD mode is considered at each vehicle
when it shares its VaA/BaL information using the approach in

[25], and links between two adjacent vehicles, i.e., [; ) ; and

RN
Z(J ). are allocated the same subchannel.

i+1,3°
Table II: System parameters values

Parameter Value || Parameter Value
R 500 m De 50 m
D, 100 m Dg 487.34 m
Dy 8 m D, 40 m
m 20 n 5
F 24 a 3
B 4 n —~100 dBm
A 100 E[L)] 2048 bits
o —110 dBm w 2 MHz

A. Power control results

Figure 4(a) shows the transmission powers of the eNB
when it multicasts packet to V; @) based on eMBMS and
unicasts packet to V(J ) in the D2D-multicast based model.
The transmission power of the eNB can be adjusted according
to the position of the leader vehicle to guarantee a received
SINR threshold at each vehicle. From the red curve 1n Figure
4(a), it can be seen that the smaller the value of |:rlj | is, the
less transmission power the eNB needs in the D2D-multicast
based model. That is because on the hrghway segment within
the coverage area of the eNB, a smaller |331 | implies a shorter
distance between the leader vehicle and the eNB, and the eNB
only needs to guarantee the received signal power and SINR at
the leader vehicle in the D2D-multicast based model. However,
in the eMBMS based model, the eNB needs to guarantee
the received signal power and SINR at the vehicle with the
largest distance to the eNB in each platoon, i.e., the leader
vehicle when :rg 7) > 77.5m or the last member vehicle when

27 < 77.5m. Furthermore, when z{") < 77.5m, the distance
between the eNB and the last member vehicle in one platoon
is always longer than that between the eNB and this platoon’s
leader vehicle. Thus, the transmission power of the eNB in the
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D2D-multicast based model is less than that in the eMBMS
based model when asgj ) < 77.5m, as shown in Figure 4(a).
Figure 4(b) shows the transmission power of a leader vehicle
when it communicates with the eNB or its member vehicles
according to the eMBMS and D2D-multicast based models.
Regardless of the leader vehicle’s position, the leader vehicle’s
transmission power pgj) in the D2D-multicast based model
is always larger than that in the eMBMS based model. This
is because the leader vehicle needs to multicast packets to
its member vehicles in the D2D-multicast based model while
unicast packets to the eNB in the eMBMS based model.
Moreover, due to the increase of the distance between the
leader vehicle and the eNB, pgj ) increases with the value
of \xgj )| in the eMBMS model. In the D2D-multicast based
model, pgj ) tends to decrease first, then increase, and then

decrease again. p(lj ) tends to decrease because péj ) decreases

with xgj ) when zgj ) < 0; since pgj ) increases with xgj)
when xgj ) > 0, pgj ) increases to guarantee the received

SINR at V,S ). However, the distance between the eNB and
the last member vehicle V,/) increases with mgj ). resulting in
interference reduction that gradually counteracts the increased

péj ) and eventually decreases the value of pg] ),

-5 ; : .
—— eMBMS based model

—6&— D2D-multicast based model

Figure 5(a) plots the transmission powers of vehicles
stjkljﬂ and VQ(,g)_m, and the sum of them, i.e., pgf:}f)ﬂ,

p;],;)_m, and pg:}c)w + p;],;)_m, for different & values (mTJr2 <
Vi, and

k < m). A large k means a large distance between

= (m — k 4+ 1)D, decreases with k, the

j+1
Viltides

the received signal power and SINR at Vl(j +1), decreases when
k increases from 11 to 15. On the other hand, the value of
2(m—k)D,+ D,, decreases with k, resulting in the increasing
of the interference experienced at Vl(j 1) generated by VQ(j )

k—m>
i+1) . .
and therefore, pff: k)+2 increases when k increases from 15 to

18. When 18 < k < 20, pgf}ﬁ)ﬁ decreases again, which can
be explained by Theorem 1. The optimal %k values for different
platoon sizes, 5 < m < 20, are shown as in Figure 5(b).

Vl(] ), thus resulting in a high transmission power of
J+1)

m—k+2,1
transmission power of vehicle

Since d

required to guarantee

B. Transmission delay

In this subsection, the performance of our proposed ap-
proaches in terms of the transmission delay is compared with
that in [25]. We focus on BaL information and leader vehicle’s

_10 b 4
E 15| -
S Z o —*— eMBMS based model |
= A S —©— D2D-multicast based model
_20 E 4
_10 k 3
251 1 20} ]
_30 L L L L L _30 L L I L L
-400 -200 0 200 400 -400 -200 0 200 400
(a) The power contrbl results for eNB. (b) The power control results for leader vehicles.
Figure 4: The power control results for the eNB and leader vehicles.
-10 14 —t
*
-201 12+ * ¥ 1
e *
g -30} 10} * % ]
) *
2 =
g -40f S8 * K 1
g *
2 =50+ . 6f * % ]
g —%— Pii,t}c>+2 .
g (G+1) ()
£ -601 —o— Pp—kt2 T Pok_m — ) - |
I pgjk)— m *
-70 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
10 12 14 16 18 20 5 10 15 20
- K les YU () m
(a) The transmission powers of vehicles Vm_k+2 and V7 (b) The kopt vs. platoon size.

with different k.

Figure 5: The k,p; for different platoon size.
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VaA information transmissions only, since the transmission
delay for sharing member vehicle’s VaA information is the
delay of a D2D communication link. On the other hand,
when one vehicle shares its BaL or VaA information with
different destination vehicles, the number of transmission
hops may differ, resulting in different transmission delays.
Since the transmission delay of each transmission between
the source and destination vehicles is important to multi-
platooning applications, the maximum end-to-end delay of
Bal./VaL information, which defined as the end-to-end delay
between two vehicles which need the maximum number of
transmission hops for a packet carrying Bal./VaA information,
are analyzed in this section. According to the communication
models shown in Figure 2, the maximum end-to-end delay
of BaL information can be defined as the interval between
the time that a packet carrying BaL information is dispatched

2
g 3 ‘
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(a) For leader vehicle’ s VaA information.

from the mth member vehicle and the time that it is received
by the mth member vehicle in one of the following platoons.
The maximum end-to-end delay of VaA information can be
defined as the interval between the time that a packet carrying
VaA information is dispatched from a leader vehicle and the
time it is received by the member vehicles in the same platoon.

Figure 6 shows the effect of the platoon size, m, on the
maximum end-to-end transmission delays for sharing VaA and
BaL information. Considering 3 < m < 20, we can see that
the end-to-end transmission delays of the proposed approaches
are always less than that in [25], especially the one according
to the D2D-multicast based model. The reasons can be summa-
rized as follows: (i) the numbers of transmission hops required
for sharing the leader vehicle’s VaA and BaL information are
reduced by applying the utilized D2D multicast and eMBMS
communication technologies in our proposed approaches; and
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6: Effect of the platoon size m on the maximum end-to-end transmission delay for VaA and BaL information.
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Figure 7: Effect of the subchannel bandwidth W on the maximum end-to-end transmission delay for VaA and BaL information.

0018-9545 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2017.2723430, IEEE

Transactions on Vehicular Technology

the intra-platoon communication model shown in Figure 2(c)
further reduces the number of transmission hops required
for member vehicles’ BaL information; (¢4) the numbers of
transmission hops for both VaA and BaL information are
proportional to m in [25], since only the communication links
between two adjacent vehicles are considered. Furthermore,
the value of £, increases with m, resulting in more vehicles
communicating with the leader vehicle directly (single-hop).
Moreover, from Figure 6, it can be seen that the transmission
delay in the D2D-multicast based model is less than that in the
eMBMS based model when sharing the leader vehicle’s VaA
information, while the eMBMS based model outperforms the
D2D-multicast based model when sharing BalL information.
Note that since the difference between the analysis result
and simulation result is very small, as shown in Figure 6,
only simulation results are discussed in the remainder of this
section.

Figure 7 shows the effect of the subchannel bandwidth W
on the delay performance for the three approaches. As the
subchannel bandwidth W increases, the maximum end-to-end
transmission delays of these three approaches decrease. How-
ever, with the same subchannel bandwidth W, the maximum
end-to-end transmission delays of our proposed approaches
are smaller than that of the approach in [25]. Furthermore,
Figures 6 and 7 show that the proposed approaches outperform
the approach in [25], especially for a large platoon size and a
small subchannel bandwidth.

The benefits of our proposed approaches come at the cost
of the amount of subchannels and transmission power needed.
This is shown in Figure 8. More subchannels are needed in
our proposed approaches compared to that of [25], especially
in the eMBMS based model. However, the difference in the
number of required subchannels among these three approaches
decreases with m. On the other hand, the results in Figure 8(b)
show that more transmission power is needed in the proposed
approaches, especially in the D2D-multicast based model. This
is due to the longer-distance single-hop transmissions utilized
in the intra-platoon communication model (in Figure2(c)),
which leads to a relatively higher transmission powers on
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some vehicles, and therefore, resulting in a higher average
transmission power.

VIII. CONCLUSIONS

In this paper, we have proposed subchannel allocation and
power control schemes that utilize D2D multicast and eMBMS
communications to support inter-vehicle communications in
a highway multiplatooning scenario. We have analyzed the
achievable transmission rate and delay of the proposed RA
approaches. In order to evaluate the performance of the
proposed RA approaches, we compare them to an existing
D2D-unicast based RA scheme. The simulation results have
demonstrated that the proposed RA approaches outperform
the existing one, in terms of transmission delay for sharing
vehicle and platoon information. For the future work, we will
investigate the impact of communication delay on the mul-
tiplatoon control, compare the multiplatooing communication
performance between the DSRC and the LTE technologies,
and ultimately design an efficient DSRC-LTE hybrid approach
for multiplatooning communications.

APPENDIX A
PROOF OF THEOREM 1

Proof: According to equation (2) in Subsection III-C, the
received SINR at V,, can be expressed as

_ p0|h0|2(dg,w)_ﬁ
g

Spo — ) (26)

and

_ plhol*(dgw)~”

S = =\
9w o+ 1

27
respectively, where the equation (26) is the received SINR at
V. in presence of background AWGN o, and the equation (27)
is the received SINR at V,, in presence of background AWGN
o and the interference I;. Then, one can get the transmission
powers pg and p; as follows,
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(b) The average transmission power for BaL information.

Figure 8: Effect of the platoon size m on the number of required subchannels and the average transmission power for Bal

information.
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Ao
Po = (dgw)’ (28)
Mo+ 1T
p1= W(dg,w" : (29)

Thus, the value of p; — pg can be calculated as,

Mo+ 1T Ao
P1—Po = (721)( g,w)ﬁ - ﬁ(dg,w)
Aol Aol
AT (30)
— o (g
g2
Theorem 1 is proved. ]
APPENDIX B

PROOF OF THEOREM 2

Proof: According to the constraint equations (18a) and

(20), the transmission power of VQ(,z)_m can be given by

0> n
P2=m = Jnof2[(2k — m — 1)D,] P
> Iy (k).

€2V

According to the constraint equations (18b) and (20), the

.. I+1 .
transmission power of ngklz can be given by

CRE N U]
Pm—kt2 = 1 2(6m — k + 1)D,] P
> Ty (k).

(32)

According to the constraint equations (18c) and (20), one
can get

A2(m — k)D, + Dp]_ﬂ
[(m —k+1)D,] P

n oA (33)
[hol?2[(m — k + 1)D,] 7

> pl) Ta(k) + Tu(k).

Substitute equations (31), (32), and (33) back into the opti-
mization objective function and constrain equations (equation
(18a)-(18d)) of the power control problem for member vehi-
cles, then, the relationship among the optimization objective
function and the constrain equations (31), (32), and (33) can
be described as Figure 9 for a given k (mT“ < k < m).
Thus, the power control problem for member vehicles can be
simplified and theorem 2 is proved.

(G+1) (7)
pyi—k+2 Z 2]k—m,
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