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Abstract—Platooning has been identified as a promising frame-
work to improve road capacity, on-road safety, and energy ef-
ficiency. Enabling communications among vehicles in platoons
is expected to enhance platoon control by keeping constant in-
tervehicle and interplatoon distances. Characterizing the perfor-
mance of intra- and interplatoon communications in terms of
throughput and packet transmission delays is crucial for validat-
ing the effectiveness of information sharing on platoon control.
In this paper, we introduce an IEEE 802.11p-based communica-
tion model for multiplatooning (a chain of platoons) scenarios.
We present a probabilistic performance analysis of distributed-
coordination-function-based intra- and interplatoon communi-
cations. Expressions for the transmission attempt probability,
collision probability, packet delay, packet-dropping probability,
and network throughput are derived. Numerical results show that
the performance of interplatoon communications is affected by
the transmissions of the first and last vehicles in a multiplatoon.
This effect is reduced with an increase of the platoon number in
the multiplatoon. In addition, the communication performance for
three typical multiplatooning application scenarios is investigated,
indicating that the IEEE 802.11p-based communication can sup-
port the timely delivery of vehicle information among platoons for
diverse on-road applications.

Index Terms—Autonomous vehicles, intervehicle communica-
tion, multiplatooning, performance analysis, 802.11p distributed
coordination function (DCF).
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I. INTRODUCTION

RAFFIC jams represent a serious problem for commuters

every day, leading to long traveling delays and economic
losses [2]. A potential approach to solving traffic jams on high-
ways is platooning [3]. Platooning is a vehicle traffic manage-
ment strategy in which autonomous/semiautonomous vehicles
organize themselves, on the same lane, into a set called a
platoon.! Each platoon is led by a leader vehicle (detailed defini-
tion of leader vehicle is given out in Section II-A). Grouping ve-
hicles in the same lane into a platoon can keep them moving at
a constant speed, following one another in a train-like manner,
and having small constant intervehicle spacing ahead [5]{7]. In
the future, the autonomous platooning system in each vehicle is
expected to take over steering, braking, and accelerating, allow-
ing the driver to carry out other activities, such as reading books,
using laptops, and chatting with friends. Platooning has been
identified as a promising framework in intelligent transportation
systems (ITS) [8]. In addition to reducing traffic jams, platoon-
ing helps improve on-road safety and reduce fuel consumption
and exhaust emissions [7]. Furthermore, recent technological
advances in vehicle automation (e.g., Google’s driveless car [9])
are opening a new prospect for platooning and multiplatooning.
When the number of vehicles increases, a chain of platoons that
follow one another, which is referred to as multiplatooning, as
shown in Fig. 1, is considered instead of one big platoon [3],
[10]. With the help of the leader vehicle in each platoon, a
multiplatoon enables higher vehicle traffic flow and lower man-
agement complexity than a single large platoon, particularly in
a highly dynamic scenario [3], [11].

Despite the potential benefits of platooning, forming and
maintaining a multiplatoon, as vehicles join and leave it, are
not easy tasks. Maintaining constant intraplatoon/interplatoon
spacing is a key issue in platoon control. When a vehicle moves
in/out of a platoon, the platoon control system (such as the
autonomous cruise control (ACC) system [12] and cooperative
ACC [13]) in the following vehicle causes it to accelerate/
decelerate to account for the spacing change (error). However,

!"The platooning considered here is different from node clustering. The latter
is a network management strategy that groups nearby vehicles into different
clusters as they appear in vehicle traffic patterns [4].
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Fig. 1. Multiplatoon in a single lane.

a serious problem called string instability’ can occur. String
instability becomes more significant in a multiplatoon as the
spacing error propagates among multiple platoons. A promising
solution to this problem is to enable communications among
vehicles, leading to a potential for vehicular ad hoc networks
(VANETS) [6], [14]{21]. In a platoon, a vehicle can wirelessly
transmit its velocity and acceleration information (acquired
from on-board sensors) to the leading and/or following vehicle
in the same/preceding platoon. Existing studies show that the
information exchange within a platoon and among platoons can
help in preventing the spacing error from amplifying [6] and,
hence, maintaining string stability [16]. Additionally, sharing
braking information (from the vehicle’s autonomous system)
among vehicles in the multiplatoon can enhance platoon control
[20]. When a vehicle leaves/enters a platoon, it sends a message
to alert its platoon members and other platoons, thus allowing
simultaneous reactions that enhance platoon control and road
safety. A successful and timely delivery of the platoon messages
(containing velocity, acceleration, braking, and/or leaving in-
formation) is critical in platoon control [6], on-road safety [20],
and platooning applications. This calls for an efficient method
of communications among vehicles in a multiplatoon.

In October 1999, the U.S. Federal Communications Commis-
sion allocated 75 MHz of radio spectrum in the 5.9-GHz band
to be used for dedicated short-range communication (DSRC)
by ITS. There are seven 10-MHz channels in the DSRC spec-
trum, i.e., one control channel (CCH) and six service channels
(SCHs). An amendment of the IEEE 802.11 Wi-Fi standard
has been approved for wireless access in vehicular environ-
ment [22]. Currently, the IEEE 802.11p medium access control
(MAC) protocol is the only standard MAC for VANETS, which
uses an enhanced distributed coordination function (DCF).
For a road scenario that lacks roadside infrastructure support,
DSRC becomes the only way for intervehicle communications.
However, the dynamic nature of vehicular traffic on a highway
can affect the communication performance [23]. The DCF
operation in a vehicular environment can result in packet
transmission failures, increasing packet transmission delay, and
inducing low throughput. The analysis of communication per-
formance determines the effectiveness of VANETS to support
platoons [6], [20]. This calls for an analytical model that stud-
ies the DCF performance (in terms of the transmission colli-

2The string instability of a multiplatoon refers to the problem of amplifi-
cation of the spacing error in intervehicle distances within the multiplatoon.
This amplification occurs as the spacing error propagates toward the tail of the
platoon and the end of the multiplatoon [6].

sion probability, transmission attempt probability, packet delay,
packet-dropping probability, and throughput) for multiplatoon-
ing communications. Despite the importance of the analytical
model, ideal communication performance has been assumed
in providing timely delivery of all required information for
platoon control and road safety [6], [17], or the performance
has been evaluated through simulations [20].

In this paper, we present an IEEE 802.11p-based communi-
cation model for multiplatooning, including the intraplatoon/
interplatoon communications. To evaluate whether the DSRC
can support platoons, a general probabilistic performance
analysis of multiplatooning communications is proposed. The
performance of DCF for intraplatoon/interplatoon communi-
cations is analyzed based on Markov chains. Specifically, for
interplatoon communications, we derive expressions for the
transmission attempt probability, packet transmission collision
probability, packet delay, packet-dropping probability, and net-
work throughput. Numerical results show that the performance
of interplatoon communications is affected by the first and last
vehicles in the multiplatoon, and the effect reduces with an
increase of the platoon number in the multiplatoon. Addition-
ally, the average end-to-end delay of a packet transmitted from
the first platoon to the last platoon in a multiplatoon can be
reduced by adjusting the contention window size and maximum
backoff stage. Furthermore, we analyze the end-to-end delay of
the multiplatoon communication for three different application
scenarios. Numerical results indicate that multiplatooning com-
munications based on DCF can satisfy the delay requirements
of platoon control and on-road safety.

II. SYSTEM MODEL
A. Multiplatooning Scenario

Consider a multiplatoon, i.e., a chain of n connected pla-
toons, traveling on the same lane in a multilane highway. Fig. 1
shows the multiplatooning scenario under consideration. Label
the n platoons with platoon IDs P, P, ..., P,_1, P,, where
P, is the leading platoon, and P, is the last following platoon in
the chain. Denote V; as the vehicle ID of the ith vehicle in the
Jjth platoon, i.e., P;, and m; as the number of vehicles in pla-
toon P;, where 1 < j < n. Let my,ax be the maximum number
of vehicles in a platoon, i.e., m; < Mmpax, and the value of
Mmax Should be determined to soft guarantee one-hop com-
munications among any two vehicles in the same platoon
(further discussed in Section III-A). This is to reduce the in-
fluence from uncertain transmission delays within one platoon
[24] and the disturbance between any two adjacent platoons [25].
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A vehicle in the considered multiplatooning scenario can be
one of three types: a leader vehicle, a tail vehicle, and a member
vehicle. A leader vehicle is the vehicle that leads other vehicles
in one platoon, e.g., vehicle V7 is the leader vehicle of platoon
P;. A leader vehicle can 1) create and manage the platoon
with the help of an advanced traffic management system, e.g.,
control the number of vehicles in its platoon and inform a newly
joined vehicle to use which SCH for data transmission, and
2) collect and transmit information to and from other vehicles
(vehicles in the same platoon and in other platoons). A tail
vehicle is the last following vehicle in a platoon, which is
responsible for communicating with the leader vehicle in the
following platoon. The tail vehicle of platoon P; is vehicle V,%J .
We refer to the set of leader and tail vehicles in the multiplatoon
as backbone vehicles. A member vehicle is a vehicle within the
platoon that is a nonleader vehicle. Vehicles within platoons
follow a specified driving strategy. The vehicle that does not
belong to any platoon and in the same lane is regarded as a
candidate for the multiplatoon, and we call it as a free vehicle.
As shown in Fig. 1, define the intraplatoon spacing as the
distance between two consecutive vehicles in a platoon, i.e.,
the distance from the bumper of one vehicle to the rear of its
preceding vehicle. Interplatoon spacing is the distance between
the bumper of the leader vehicle in a platoon and the rear of the
tail vehicle in the preceding platoon, e.g., the distance between
Vf“ and VJ ,where 1 < j < n.

Tnj 4

B. Communication Model

We assume that all vehicles within a platoon are one-hop
neighbors, and vehicles communicate with vehicles in other
platoons via one-hop or multihop communications. To reduce
the interference between intraplatoon and interplatoon commu-
nications, each vehicle in the multiplatoon is equipped with two
radio-frequency transceivers, i.e., transceiver 1 and transceiver 2.
Transceiver 1 is used for one-hop intraplatoon communica-
tions, and transceiver 2 is used for multihop interplatoon
communications, as shown in Figs. 2(a) and 3(a). Based on
IEEE 1609.4 [26], which is a standard for wireless access
in vehicular multichannel environments, let transceiver 1 and
transceiver 2 synchronously alternate operation on the CCH and
one SCH, respectively. Here, the common time base used in
the synchronization function is the coordinated universal time,
which can be obtained from the vehicle’s global positioning
system receiver [27]. We assume that each transceiver is allo-
cated one of the SCHs, such that the SCH used for interplatoon
communication is different from that used for intraplatoon
communications. This can be achieved by a channel negotiation
process during the CCH (i.e., when the transceiver is tuned to
the CCH) that can select which SCH to be used for data trans-
mission [28]. Data transmissions among vehicles in the multi-
platoon occur during the SCH interval of each transceiver. In the
rest of this work, we will focus on the analysis of communica-
tion during an SCH interval. Time is divided into equal time
slots with duration p.

We focus on analyzing the communication performance in
a multiplatoon, including the single-hop intraplatoon commu-
nications and the multihop interplatoon communications. An
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Fig. 2. Intraplatoon communication model in multiplatooning. (a) Intraplatoon
communications. (b) Single-hop intraplatoon communications.

intraplatoon communication model of platoon P; is shown in
Fig. 2(b), and the interplatoon communication model for a
multiplatoon with n platoons is shown in Fig. 3(b). Note that
only the backbone vehicles in the multiplatoon engage in inter-
platoon communications. For convenience, we relabel the 2n
backbone vehicles (n leader vehicles and n tail vehicles) with
IDs 1 to 2n, as shown in Fig. 3(b), and refer to the backbone
vehicle 7 as vehicle i for short, where 1 < ¢ < 2n. In addition
to providing each vehicle with the required information for
platoon control and road safety, information sharing among
vehicles in the multiplatoon can support other applications.

Take the interplatoon communications as an example.
Transceiver 2 is used to access an SCH according to the IEEE
802.11p DCF protocol [29]. To reduce data packet transmission
collisions, DCF uses a backoff mechanism before attempting
retransmission, where the backoff time is uniformly chosen from
0, w—1), and w is the contention window size. At the first
transmission attempt of a packet, w is set to the minimum con-
tention window W = CW,;,. After each unsuccessful trans-
mission, w is doubled, up to a maximum value CWy,.x =
2M CWonin, and M is the maximum backoff stage. The re-
transmission limit is reached when the number of transmission
failures of a packet reaches M + 1 and the packet is dropped.
Here, we analyze the multiplatooning communications under
a practical SCH condition, i.e., a packet can encounter trans-
mission errors caused by channel impairments with probability
pe. The data traffic condition is unsaturated. Let ¢, be the
probability that a vehicle has at least one packet waiting to be
transmitted on transceiver 1 in a given time slot and ¢; be the
probability that vehicle ¢ has at least one packet waiting to be
transmitted on transceiver 2 in a given time slot.
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Fig. 3. Interplatoon communication model in multiplatooning. (a) Interplatoon communications. (b) Multihop interplatoon communications.

C. Vehicle Mobility Model

Vehicles in the multiplatoon move according to the intelli-
gent driver car-following model (IDM) [30]. Consider the ith
vehicle, i.e., V;, in a platoon at a certain time slot ¢. Denote
Sx(t) and T} as the desired gap to the preceding vehicle V;_q
and the desired time headway.> At time slot ¢, let S;(t), v;(t),
a;(t), and Av;(t) be the intraplatoon spacing, the velocity, the
acceleration, and the velocity difference to V;_; for vehicle V;,
respectively. The IDM can be expressed by the following two
relations [30]:

S;(t) = so + vi(t)To + %\/g(t) 0
- u®)\' [(Si0)\?
a;i(t) =a 1—( % ) - <5—(t)> )

where vy and sg are, respectively, the maximum speed and
minimum intraplatoon spacing, a is the maximum acceleration,
and b is a comfortable deceleration.

III. MULTIPLATOONING COMMUNICATIONS ANALYSIS

Here, we first present platoon analysis, and then, based on the
multiplatooning communication model shown in Figs. 2(b) and
3(b), we study the performance of DCF in each vehicle’s SCH
interval for unsaturated data traffic. The performance analysis
focuses on transmission attempt probability, collision probabil-
ity, packet delay, packet-dropping probability, and throughput
for both intraplatoon communications and interplatoon commu-
nications. Here, the transmission delay of a packet is referred
to as packet delay. Some related definitions are as follows:
Transmission attempt probability is the probability that a vehi-
cle transmits a packet in a randomly chosen time slot. Collision
probability is the probability that a packet transmission collides
on the SCH. The packet collisions are assumed to be indepen-

3The time headway is the elapsed time of the passage of identical points on
two consecutive vehicles, e.g., V; and V;_1.

TABLE 1
NOTATIONS IN MULTIPLATOONING COMMUNICATIONS

Description of notations intra-platoon inter-platoon
communications | communications

transmission attempt probability |7 T

maximum backoff stage My, M

minimum contention window Wp w

collision probability Pe,p Pe,; for vehicle 4

transmission failure probability Pf.p Py, for vehicle 4

average packet delay E[Dy] E[D;] for vehicle 4

dent of transmission errors. Transmission failure probability is
the probability of a transmission failure seen by a packet due
to a collision or a transmission error. Important notations in
multiplatooning communications are summarized in Table L.

A. Platoon Analysis

Based on the system model, the intraplatoon spacing, platoon
size, and interplatoon spacing are analyzed as follows.

1) Intraplatoon Spacing: According to (1) and (2), the in-
traplatoon spacing is given by [11]

so + v;(t)To + 7“(2?&%(“ 3

Si(t) =
- ()"

In the rest of this paper, we consider that each vehicle in the
multiplatoon is at equilibrium point e [11] at a single time slot,
where a;(t) = 0, Av;(t) = 0. Let v, and s, be the equilibrium
velocity and equilibrium intraplatoon spacing, respectively;
then, the intraplatoon spacing can be rewritten as [11]

so + velp
v 4 .

- (5)
2) Platoon Size: The number of vehicles in one platoon is
defined as the platoon size. To guarantee single-hop communi-

cations among any two vehicles in one platoon, the maximum
number of vehicles in one platoon, i.e., myax, should satisfy

“)

Se —
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MmaxLo + (Mmax — 1)se < Ry, where Ly is the length of
each vehicle, and R is the fixed minimum transmission range
of each vehicle. Therefore

RT + Se
< |—].
Mmax > \\LO + SeJ (5)

To facilitate further discussion, we assume that the sizes of all
these n platoons are equal to m,, that is, m; =mo =--- =
Mp—1 = My = My < I_(RT + Se)/(LO + Se)J-

3) Interplatoon Spacing: Since each vehicle is at equilib-
rium point e, the interplatoon spacing is constant, which is
denoted by D,,. A constant D, is guaranteed by adopting the
constant-spacing controller [6]. Considering that the constant-
spacing controller depends on the velocity and acceleration
information of the tail vehicle in the preceding platoon, D,
should not be too large to guarantee connectivity between two
consecutive platoons. On the other hand, the value of D,, cannot
be too small to avoid collision between V; ' and V;i . Based
on these two constraints, we set the interplatoon spacing, i.e.,
D, range to

RT - (mv - 1)(86 + LO) é Dp é RT~ (6)

B. Performance Metrics of Intraplatoon Communications

We focus on the performance evaluation of the 802.11p DCF
in the intraplatoon communications in this section.

1) Transmission Attempt and Collision Probabilities: A ve-
hicle transmits its data packets to other vehicles in the same
platoon via single-hop communications, as shown in Fig. 2(b).
Packets generated from vehicles in the same platoon have the
same transmission attempt probability, i.e., 7, and collision
probability, i.e., p. . The transmission failure probability for a
packet transmitted via intraplatoon communications, i.e., py,p,
can be calculated by

prp=1—(1=pep)(l —pe). (7

Based on the Markov chain model in [31], which is based on
[32], while considering that the packet is dropped after the
retransmission times reach the maximum backoff stage and
considering an unsaturated data traffic condition, the transmis-
sion attempt probability for a packet generated from vehicle Vj
in platoon P; is given by

2(1 - pr,p)
(1 =2ppp)(Wp + 1) +pyp Wy (1 — (2pf,p)Mp)

On the other hand, since the platoon size of P; is m, and the
probability p. , that a transmitted packet encounters a collision
is the probability that at least one of the remaining vehicles in
the platoon transmits packets in the same slot time on the same
channel, then, for the intraplatoon communications in platoon
P;, we can get

®)

Tp =

-1 )

According to (7), (8), and (9), we can obtain 7, and p., in
terms of the transmission attempt probability and collision
probability.

Pep=1—(1—qrp)"™
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2) Packet Delay: Let E[X,] be the average number of time
slots required for successfully transmitting a packet and E[s;]
be the average length of a time slot. Then, the packet delay
of intraplatoon communications, i.e., E[D,], provided that this
packet is not dropped during the intraplatoon communications,
is given by

E[Dy] = E[X,] - Esi] (10)

where F[X,,] and E[s;] are given by [31]

W(17(2pf’7’)(Mp+1))(lfpfyp)+(1*2pf:p)(lf(Pfyp)Mp-H)
2((1-2py,)(1-pys,p)
(f.p) Mp D [W, (2Mp+H1-1) (M, +1)]
o 2

Elsi| = p(q(1 = 1) + (1 = q)) + Tsmpprp
+Ts7p(1 = pysp)

E[Xp] =

(1)

where T is the average time duration that the channel is sensed
busy due to a packet transmission collision or a transmission
error, and 7T is the average time period that the channel is
sensed busy because of a successful transmission.

C. Performance Metrics of Interplatoon Communications

Consider an interplatoon communication model between two
backbone vehicles, e.g., V;' and VT%J where 1 <i,j <n, as
shown in Fig. 3(b). Next, we analyze the performance of the
IEEE 802.11p DCF in interplatoon communications.

1) Transmission Attempt and Collision Probabilities: Con-
sider the multihop interplatoon communication model shown
in Fig. 3(b). Packets from different backbone vehicles can
be received by a different number of backbone vehicles. For
example, only one vehicle can receive packets from vehicle 1
and vehicle 2n. Denote by {71, 72, 73, ..., Ton } and {pc,1, P2,
De,3, - - > De,2n ) the transmission attempt and collision proba-
bilities for packet transmission from these 2n backbone ve-
hicles, respectively. Then, the values of 7; and p.; can be
calculated through the following steps, where 1 < i < 2n.

First, by adjusting the bidimensional discrete-time Markov
chain in [32] to model the behavior of the DCF backoff timer in
interplatoon communications for these 2n backbone vehicles,
we have (12), wherein py ; is the transmission failure probabil-
ity of packets from vehicle 4, the relationship between py ; and
Peiispsi =1 — (1 —pei)(1 — pe), and p is the transmission
error probability. The following equations indicate that 7; is
related to p ;:

o= 2(1-2py.1)

L= =2p; ) (WH1)+ps,1 W (1-(2p;,1) ™)
T = 2(1-2py.2)

27 (d2ps2)(WHL) +ps,2W(I—(2ps,2) ™)

o 2(1-2pys 3

T3 = T=2p,2) WH1)+pssW(1—(2ps,5)™)
- o 2(1-2ps.on—2)

n-2 = (1-2pf,2n—2)(WH1)+pf 2n—2W(1—(2pf 2n—2)M)
- _ 2(1-2ps on—_1)

2n-1 (1-—2pfon—1)(WH1L)+pson—1W(A-2pf2n—1)M)
Top = 2(1—210f,2n§

T (0=2ps,20) WHL)+p5,20 W (1= (2P7,20) ) "

12)
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Second, a vehicle can only communicate with up to two other
vehicles via direct interplatoon communications, as shown in
Fig. 3(b). Let T}, be the channel time that a transceiver spends
on transmitting one packet over the air. For vehicle 1 (similar
to vehicle 2n), its packets can only be received by vehicle 2.
If packets from vehicle 1 are successfully received at time ¢,
vehicle 2 should not send any packet at the same time, which
occurs with probability (1 — g272). Meanwhile, to avoid the
transmission collision of packets from vehicle 3, vehicle 3
should not send any packets to vehicle 2 in the duration [t —
T,,t+ T,], which occurs with probability (1 — g373)%7#/?.
Therefore, vehicle 1’s packets are sent and received success-
fully with probability (1 — ga7s)[(1—q373)%7#/*]. For vehicle 2
[similar to vehicle (2n — 1)], it can send packets to vehicle 3
and vehicle 1. Let « be the probability that vehicle ¢ is the
destination of vehicle ¢ + 1’s packet, where 3 < ¢ < (2n —2).
The probability that vehicle 3 is the destination of vehicle 2’s
packet and this packet is successfully received by vehicle 1 is
a(l — g1 71). Consequently, the probability that vehicle 3 is the
destination of vehicle 2’s packet and this packet is successfully
received by vehicle 3 is (1 — )(1 — g373)[(1 — qa74)?™»/7].
For vehicle ¢, where 3 < ¢ < (2n — 2), we assume that the des-
tinations of its packets are vehicle ¢ — 1 and vehicle ¢ + 1 with
probabilities o and 1 — «, respectively. Then, we can get the
probabilities that vehicle i’s packets are received successfully
by these two backbone vehicles, being (1 —q(;—1)7(;-1))[(1 —
Qi-2)T(i-2))*T?/P] and (1 — a)(1 Q)T+ (1 —
Qit2)T(i+2)) T%/?]. As a result, we can get 2n equations, as
shown below in (13).

Without loss of generality, we assume that ¢ = ¢, = ¢1 =
G2 =q3 =+ = Q2n—_1 = Q2. Then, based on (12) and (13),
we can find that the equations related to vehicles i and 2n + 1 —
1 are the same. That is, the interplatoon communication model
has symmetry, and the performance of DCF in vehicles ¢ and
2n + 1 — ¢ (which have symmetrical positions in this model
with respect to a virtual line that splits the multiplatoon into two
halves with an equal number of platoons) is the same. There-
fore, we have (14), shown below. According to (12)—«(14), we
can calculate the values of {71, 72, 73, ..., T2, } and {pc. 1, Pc,2,
De,3s - - - » Pe,2n }» Tespectively, as

2Tp
Peqg =1—(1—qam2) {(1 - Q3T3)7}
Pe2=1—a(l —qm) — (1 —a)(l — g373)

{(1 —(J4T4)?
pe3=1—a(l —qm) [(1 —qm)%} -(1-a)

2Tp

(1 —qaa) [(1 - Q5T5)7}

Pean-2=1—a(l = q2n-372n-3) {(1 - QQn—47'2n—4)%
—(1—a)(1 — g2n-172n-1) {(1 - qznrzn)%j
Pean-1 =1 =a(l = g2n—2T2n-2) {(1 - Q2n737—2n73)27p}
—(1=a)(1 — g2n72n)
2Tp

Pean =1 = (1 — q2n—1T2n-1) {(1 — 2n—2T2n—2) *

13)
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Pec,1 = Pe,2ny T1 = T2n

Deji = Pe2nt+l—i> Ti = Ton+41—i (14)

Pe,n = Pe,n+15 Tn = Tn41-

2) Packet Delay: Consider vehicle ¢ undergoing an interpla-
toon communication and let E[D;] denote the average one-hop
transmission delay of packets transmitted from vehicle 4, then
the average end-to-end packet delay for a packet transmitted from
the first backbone vehicle 1 to the last backbone vehicle 2n is
given by

2n

E[D] = ZE[Di] (15)

where F[D;] can be calculated by E[D;] = E[X;] - E[s;] [31],
and E[X;] is the average number of time slots required for
successfully transmitting a packet. The mean values E[X;] and
E[s;] are given by

W(1=(2p; ) M+D)(1—ps i) +(1-2p;:) (1-(py,) MH1)
ElX] = 202070 (0P p.0)
(pf,i)(M-H)[W(2M+1—1)+(M+1)T
o 2
Elsil=p((1 =) + (1 = 75)) + Tymipys,its

+Tsqimi(1 — pyi)-

(16)

3) Packet-Dropping Probability: When a packet experiences
a collision or a transmission error, it is retransmitted until
reaching the retransmission limit. This packet is dropped after
its last retransmission. Let p4 ; be the probability that a packet
from vehicle ¢ is dropped. Since a packet is dropped if it en-
counters M + 1 failures, the value of p, ; can be described as
pai=r)M =1 - (1 —pe) (1 —p))M. A
The average packet-dropping probability for a packet trans-
mitted from the first backbone vehicle 1 to the last backbone
vehicle 2n via interplatoon communications is defined as the
average end-to-end packet-dropping probability, i.e., pg, which
is given by

2n

pa=1-]]1-pays)

i=1

2n

—1-] {1 — 1= (1= pea)(1 —pe) M.

i=1

(18)

4) Throughput: Let E'[L] denote the average packet payload
size. In a time slot, vehicle ¢ does not send a packet if it has no
packets or it has packets but does not attempt to transmit them.
The probability of vehicle ¢ not sending a packet is (1 — ¢;) +
¢i(1 — 7). The probability that vehicle ¢ fails to transmit
a packet is ¢;7;pyr s, whereas the probability that vehicle i
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transmits a packet successfully is ¢;7;(1 — py ;). Therefore, the
one-hop throughput of vehicle ¢ can be calculated as

o — qiri(1 = ps.i) E[L]
(=) + a(1=7)] p + aimipgi Ty + aimi(1=pgi)Ts
19)
According to [32], we define the multihop throughput of the
interplatoon communication model (from the first backbone
vehicle to the last backbone vehicle) as ® = ZZQLLI ®;. Hence,
® is given by (20), shown at the bottom of the page.

D. Analysis of DCF Parameters

Intraplatoon communications is similar to that in a star
network, and there are many existing research works focused
on their performance analysis [31], [33], [34]. Thus, the rest of
the analysis in this section is focused on the impact of DCF
parameters (specifically, the maximum backoff stage M and
the minimum contention window W) on the packet delay and
throughput in interplatoon communications.

1) M = 0: The backoff time for each packet is chosen from
(0, CWnin ), and the 2n backbone vehicles are more likely to
contend to access the SCH in interplatoon communications. In
this case, (12) can be rewritten as

2
(W+1)
According to (21) and the previous assumption that ¢; = g2 =

- = @an-1 = Q2n, = @, We can rewrite (13) as

TL =T2 =" ""=Ton-1 = Ton = (21)

DPc,1 = Pe,2n
ﬂ
(1 ) [(w%) P ]
2T
=1 (1 QW2+1)(1+ ’ )
DPec,2 Pec,2n—1
=l-a (1 _qw2+1) (1-a) (1 _qW+1)

1422
:1_(1_(]%—’_1)( p)

2491

TABLE 11
RELATED PARAMETER VALUES
Parameter  Value || Parameter Value
W =W, 64 E[L] 2048 bits
M = M, 5 Ty 246.18 s
p Bus || 7o 297.63 us
Tp 15 p @ 0.5

Combining (21) and (22), when M =0,¢=1,n, or ¢ = 3,4,
5,...,(2n —3),(2n — 2), (16) can be rewritten as
ElX;]) =1

=55 (1= (1 =pei)(1 = pe))
(+22)
— 1w [1_(1—pe)(1—qWL+1) ]
— 2 ) p4 2ps T+ 72 (1 — pya) T,
wW+i ) P Wpr, W Dri)ls
W+1) p+ W+1
x |1—(1=-pe) (1 —q—W'ZH)

)(“%)

1+22)

2
Ty + W~qH

S

x [(1—pe) (1—qWLJrl
(23)

For M =0,i=2,2n — 1, (16) becomes

BIX) = 5% (1= (1= pei)(1 = pe))

:%ll—(l—pe)[ (1_W+)
—a) (1)

Elsi] = (1 - WQL) p+ —wzilpf,in + L (1= pri)Ts
(1_ W+1) P via W+1

X [1—(1—}76) a(l—WQ—jlrl)

- (1=5)" |
xTy + W+1 [(1 _pe) o
(- )ro (1-) 7 ||

(24)

When M = 0, the throughput can be calculated according to
(19) and (20). For a given value of minimum contention window
W, we can get the values of E[D] and @ for interplatoon
communications.

2) M = oo: Since the contention window is doubled before

= De,1 = Pe,2n- a packet is retransmitted and the new backoff time is chosen
(22) from the doubled contention window, vehicles tend to back off
2n
o BIL Y2, q:mi(1 = pra)

2
pZiﬁl

(1 —qi)+q(l —m)]+ Ty 2521 qiTipfi + T Z?gl qimi(1

(20)
- pf,i)
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Fig. 4. Interplatoon communication performance of each vehicle with six platoons (12 vehicles). (a) Transmission attempt probability. (b) Collision probability.

(c) Packet delay (us). (c) Throughput (Mb/s).

when they are undergoing an interplatoon communication. For
M=o0candi=1,2,3,...,(2n — 1),2n, (12) becomes

2(1-2ps.;) .
T = {(12Pf,i)(W+f1)+pf,iW’ if pri <05

0, if py; > 0.5.

(25)

To facilitate the following analysis, the expression of 7; for
Py, < 0.5 can be rewritten as

(26)

e E—
271W +1

——

Pri

When py,; changes from 0 to 0.5, the value of 1/(2 — (1/(1 —
py,i)) isin [1,00), and 7; ranges in (0,2/(W + 1)]. Therefore,
in the rest of this section, the performance analysis focuses on
the following two cases of 7;:

2
7= WA
0,

Similarly, substituting (27) and ¢q1 =¢q2 = - = qan-1 =
g2n = q into (13), we can analyze p.; based on (13), as well
as the analysis results of E[D] and ®.

if 0<psi<05

. (27)
if 0.5<p;; <1.

i) When O < py; < 0.5: The value of 7; is the same as that
when M = 0, and the analysis of collision probability,
packet delay, and throughput is the same as previously
discussed.

ii) When 0.5 < py; < 1: From (27), 7; =0, and p.; = 0,
where i=1,2,3,...,(2n — 2), (2n—1),2n. According

to (16), when M = oo, 7; = 0, and p.; = 0, the value
of F[X;] approaches oo, and E[s;] = p, which means
that the packet delay tends to oo in such a situation. On
the other hand, based on (19), the throughput ®; of each
vehicle in the interplatoon communications tends to 0.

IV. NUMERICAL RESULTS

This section presents the numerical results of multiplatoon-
ing communication performance in terms of the transmis-
sion attempt probability, collision probability, packet-dropping
probability, packet delay, and throughput. We consider a mul-
tiplatooning scenario with parameters set based on the DCF in
the IEEE 802.11p standard [29] and existing studies [24], [32].
The values of the related parameters are shown in Table II.

A. Communication Performance

Figs. 4 and 5 show the interplatoon communication perfor-
mance metrics of each vehicle in the multiplatoon for ¢ = 0.8,
pe = 0.1, p. = 0.2, and p. = 0.3 with 6 and 12 platoons, res-
pectively. According to the analysis in Section III-C, the values
of the transmission attempt probability, i.e., 7;, and the collision
probability of a packet from backbone vehicle 7, i.e., p.;, are
different from other backbone vehicles, resulting in different
values of packet delay E[D;] and throughput ®;.
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Fig. 5. Interplatoon communication performance results of each vehicle with 12 platoons (24 vehicles). (a) Transmission attempt probability. (b) Collision

probability. (c) Packet delay (us). (d) Throughput (Mb/s).

From Fig. 4, we observe the following: 1) For the first and last
backbone vehicles in the multiplatoon (vehicle 1 and vehicle 12),
since they can only send their packets to their only neighboring
backbone vehicle viainterplatoon communications(i.e., vehicle 2
and vehicle 11), the packet collisions from vehicles 2 and 3
increase the collision probability of packets transmitted from
vehicle 1 [as shown in Fig. 4(b)]. 2) For some backbone vehicles
at the two ends of the multiplatoon (such as vehicles 2 and 11),
their packet collision probabilities are lower since there is no
collision from hidden vehicles when they send their packets to
vehicle 1 or vehicle 12, as shown in Fig. 3(b). On the other hand,
asmall p. ; leads to a shorter backoff time and, therefore, higher
transmission attempt probabilities, smaller packet delays, and
higher throughputs [see Fig. 4(a)—(d)]. 3) For middle backbone
vehicles (vehicles 3, 4, 5, 8, 9, and 10), their packet collision
probabilities are high, due to the impact from the first and last
backbone vehicles in the multiplatoon. 4) It is noted that the
first and last backbone vehicles of the multiplatoon have a sig-
nificant impact on the communication performance metrics of
other backbone vehicles. However, in Fig. 4, with an increase of
the platoon number in the multiplaoon, this impact wears off for
the middle backbone vehicles in the interplatoon communication
model. As a result, the backbone vehicles from 7 to 18 in the
multiplatoon have similar performance, as shown in Fig. 5.

The effect of the channel condition variabilities, represented
by pe, on the interplatoon communication performance is also

shown in Figs. 4 and 5, respectively. A larger p. value results in
more transmission errors and, hence, the following: 1) increased
backoff times of a packet transmission, leading to a lower value
of 7;; 2) fewer packets being received by backbone vehicles,
due to a reduced impact from hidden nodes and a decrease in
De,i; and 3) a longer packet delay and a lower throughput.

Fig. 6 shows the interplatoon communication performance
metrics of each vehicle in a multiplatoon with six platoons
forp. =0.2, ¢ = 0.7, ¢ = 0.8, and ¢ = 0.9. A smaller ¢ value
leads to a lesser number of transmissions, which reduces the
communication load for SCH, decreases the collision prob-
ability [as shown in Fig. 6(b)], and, therefore, increases the
transmission attempt probability [as shown in Fig. 6(a)]. The
higher attempt probability and lower collision probability de-
creases the packet delay, as shown in Fig. 6(c). On the other
hand, a smaller g value results in a lower payload in SCH, which
decreases the throughput [as shown in Fig. 6(d)].

B. Impact of Platoon Number

Fig. 7 shows the average end-to-end packet delay, i.e., E[D],
and the throughput, i.e., @, for different platoon numbers, i.e.,
n, in the interplatoon communication model with p, = 0.2 and
q = 0.8. The larger the platoon number in the multiplatoon, the
larger the number of backbone vehicles in the interplatoon com-
munication model, which results in more packets successfully
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Fig. 6. Interplatoon communication performance of each vehicle with six platoons (12 vehicles). (a) Transmission attempt probability. (b) Collision probability.

(c) Packet delay (us). (d) Throughput (Mb/s).
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Fig. 7. Effectofthe platoon number oninterplatoon communication performance.

transmitted in one time slot and, therefore, a higher ® value.
With an increase of n, the more hops that a packet needs to
be transmitted from the first backbone vehicle to the last back-
bone vehicle and, therefore, the higher the end-to-end packet
delay E[D].

C. Impact of DCF Parameters

Here, we consider a multiplaoon with p. = 0.2, ¢ = 0.8, and
n = 12. Fig. 8 shows the average end-to-end packet delay of

Inter-platoon communication model with 12 platoons
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Fig. 8. End-to-end delay of interplatoon communication versus W and M.

the whole interplatoon communication system, i.e., F[D]. In
line with the analysis results in Section III-D, for a fixed M, the
relationship between E[D] and W is nonlinear. It can be seen
that E[D] increases with increasing W and M. For example,
E[D] =79.8 us when W =2 and M = 0, whereas E[D] =
98.87 ms for W = 256 and M = 7. This is because smaller W/
and M values reduce the average backoff time for one packet
transmission, resulting in a smaller E[D;] value. These analysis
results indicate that, via adjusting W and M values, E[D] can
be minimized.
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Fig. 9 shows the average end-to-end packet-dropping proba-
bility, i.e., pq, for the interplatoon communications. The results
show that small W and M values result in a larger p; value,
which is opposite to the impact on E[D]. As previously men-
tioned, a packet contending to access the SCH with smaller W
and M values has a smaller average backoff time for one packet
transmission and, therefore, a higher collision probability, i.e.,
De,i- According to Section III-C, the average end-to-end packet-
dropping probability, i.e., pg, increases with an increase of p. ;.
Figs. 8 and 9 show that, although smaller W and M values
result in a lower E'[D] value, they also increase p,4. For a packet
transmitted from the first platoon to the last platoon, to ensure it
is successfully transmitted with a probability larger than 80%,
for example, the shortest E[D] is 43.38 ms when W = 32
and M =17.

Fig. 10 shows the throughput of the whole interplatoon
communication system, i.e., ®. The results show that ® reaches
apeak value of 37.99 Mb/s whenn = 12, M = 5,and W = 16,
wherein E[D] = 21.68 ms. For a fixed W, ® first increases and
then decreases with an increase of M. For a fixed M, when
W increases, P first increases and then decreases. These results
indicate that 1) a higher ® value can be achieved by adjusting
W and M; 2) a smaller W value leads to a higher collision
probability for packets transmitted from each vehicle in the
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Fig. 11. Average end-to-end delay for transmitting the braking/leaving infor-
mation in the multiplatoon.

system and, therefore, a lower ® value; and 3) for a small W
value, a larger M value increases the number of retransmission
times for each packet, and therefore, ® increases.

D. Results for Different Multiplatooning
Application Scenarios

In Section ITI-A and C, we have calculated the packet delay of
intraplatoon communications, i.e., F [Dp], and the end-to-end
packet delay of the interplatoon communication between the
first and last backbone vehicles, i.e., E[D]. Here, we investigate
the end-to-end packet delay of the multiplatoon, denoted by
E[D,,] and defined as the transmission delay of a packet
transmitted from a member vehicle in the first platoon to a
member vehicle in the last platoon of the multiplatoon. That
is, E[D,,] is the average time interval from the time that the
packet is transmitted from V! until this packet is received by
Vj", where 2 <1 < mq, 2 < j < m,. Hence, the end-to-end
packet delay of the multiplatoon can be calculated by E[D,,] =
2E[D,] + E[D], where E[D,] and E[D] can be got from (10)
and (15). Consider the following three multiplatoon application
scenarios: 1) braking/leaving information [20]; 2) velocity and
acceleration (V&A) information [6]; and 3) other information,
e.g., vehicle destination information. Since E[D,,] is important
in multiplatooning applications, we present numerical results to
evaluate whether the DSRC can satisfy the delay requirements
for these applications. In the following, we set sp =3 m,
Ve =25m/s, Ty = 1.5s,v9 =30m/s, Ry =450m, Ly =3 m
[11], and s, = 56.3 m, mmuax = 8 (based on the analysis in
Section III-A).

1) Braking/Leaving Information: A vehicle shares its braking/
leaving information to its following vehicles in the multiplatoon
[20], which means that the value of « in the interplatoon
communication model is equal to 1. Fig. 11 shows the value
of E[D,,] versus the platoon size, i.e., m,, and the platoon
number, i.e., n, in the multiplatoon. The results show that, for a
fixed m,, F[D,,] increases with the increase of n. For a fixed
n, E[D,,] also increases with the increase of m,. At m, =
Mmax = 8 and n = 12, we have E[D,,] = 46.21 ms, which is
a small fraction of the tolerable delay of 6.72 s (with braking
force 10000, vehicle weight 1800 kg, and intraplatoon spacing
56.3 m) from the braking force perspective [20].
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Fig. 13. Average packet delay for transmitting the V&A information by a
leader or member vehicle in the multiplatoon.

2) Velocity and Acceleration (V&A) Information: The re-
search results in [6] show that, using the constant-spacing
policy to guarantee the string stability of each platoon in the
multiplatoon, sharing V&A information between the lead and
the following vehicles is needed. Each leader vehicle shares its
V&A information with its member vehicles, and each vehicle
shares its V&A information with its following vehicles. As the
information for leader vehicle V71" is the V&A information
from tail vehicle V%j, the value of « here is 1. The value of
average packet delay is dependent on the vehicle’s role in the
platoon. For a leader or member vehicle ¢, it transmits its V&A
information to other vehicles via intraplatoon communications;
for a tail vehicle 7, it transmits its V&A information to the
leader vehicle in its following platoon via interplatoon commu-
nications, which can be calculated according to the analysis in
Section III-B and C.

Fig. 12 shows the average packet delay for transmitting the
V&A information by a tail vehicle. With the increase of n, the
average packet delay of packets from the tail vehicles first de-
creases and then tends to remain constant. For the intermediate
backbone vehicles in the interplatoon communication model,
the impact from the first and last backbone vehicles is weakened
when n increases. Fig. 13 shows the average packet delay for
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Fig. 14. Average end-to-end packet delay for transmitting other information in
the multiplatoon.

transmitting the V&A information by a leader (or a member)
vehicle. The average packet delay is related to the value of
m,. A larger m, value means that more vehicles contend
for accessing the same SCH for intraplatoon communications,
which results in a higher collision probability for each packet
and, therefore, a longer packet delay. Additionally, based on
the simulation results in [10], V&A updates can operate under
an upper bound delay, which is much higher than 6.7 ms (the
average delay of DSRC in [10]), while continuing to ensure the
string stability of platoons. The numerical results in this section
show that the packet delay for transmitting V&A is in the range
of [12.5] ms, and the maximum delay under this situation is less
than 6.7 ms. Furthermore, according to the analysis results in
[35], the string stability can be guaranteed for 7y > 0.1 s when
the communication delay is less than 2.5 ms, which means that
the intraplatoon spacing can be reduced to s, = 7.64 m, and the
platoon size increases to m,, = 43, considering the string stabil-
ity of platoons.

3) Other Information: In a multiplatoon, via sharing desti-
nation information among vehicles, the vehicles that have the
same destination can join the same platoon to maintain the pla-
toon’s membership. On the other hand, sharing each vehicle’s
available entertainment information and rejoining a new pla-
toon, a vehicle can get the required entertainment information
from another vehicle in the same platoon. This can enhance
the effectiveness of resource sharing among vehicles in the
multiplatoon. Fig. 14 shows E[D,,,] for transmitting such infor-
mation when o = 0.5. The results show that, comparing with
the end-to-end packet delay for braking/leaving information,
E[D,,] for transmitting such information is slightly shorter. Un-
der the condition m,, =my.x =8 and n= 12, we have E'[D,,| =
46.21 ms for braking/leaving information and E[D,,] =
45.71 ms for other information.

It should be noted that, in our analysis, we have only con-
sidered interplatoon communications among backbone vehicles
on a single SCH. However, a more general communication for
some multiplatooning scenarios is the end-to-end communica-
tion between a random source—destination vehicle pair (i.e.,
possibly nonbackbone vehicles). In this case, calculating the
end-to-end throughput becomes very challenging. When the
source and destination vehicles are not in the same platoon,
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data transmission from the source vehicle to the destination
vehicle requires a mix of intraplatoon and interplatoon com-
munications. As a result, analyzing the end-to-end throughput
depends on the communications on two SCHs, rather than one,
which requires further investigation.

V. CONCLUSION

In this paper, we have presented a probabilistic analysis
of the communication performance with IEEE 802.11p DCF
in a multiplatooning scenario. We have analyzed the com-
munication performance in terms of the transmission attempt
probability, collision probability, packet delay, packet-dropping
probability, and throughput. The numerical results show that,
when adopting IEEE 802.11p DCF for multiplatoon communi-
cations, the first leader vehicle and the last tail vehicle in the
multiplatoon dominate the interplatoon communication perfor-
mance, and the end-to-end delay can be reduced by adjusting
the contention window size and maximum backoff stage. Ad-
ditionally, we have analyzed the multiplatoon communication
performance for three different application scenarios. Numer-
ical results show that the IEEE 802.11p-based communication
in multiplatooning can satisfy the delay requirement to improve
road safety. For future work, we will investigate the multihop
intraplatoon communications to find the optimal platoon size
that can balance road capacity and end-to-end packet delay;
ultimately, we will design an effective IEEE 802.11p-based
platoon communication protocol for autonomous vehicles.
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