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Abstract. Cooperative driving in platooning applications has received much at-
tention lately due to its potential to lower fuel consumption and improve safety 
and efficiency on our roads. However, the recently adopted standard for vehicu-
lar communication, IEEE 802.11p, fails to support the level of reliability and 
real-time properties required by highly safety-critical applications. In this paper, 
we propose a communication and real-time analysis framework over a dedicat-
ed frequency channel for platoon applications and show that our retransmission 
scheme is able to decrease the message error rate of control data exchange with-
in a platoon of moderate size by several orders of magnitude while still guaran-
teeing that all delay bounds are met. Even for long platoons with up to seven-
teen members the message error rate is significantly reduced by retransmitting 
erroneous packets without jeopardizing the timely delivery of regular data traf-
fic. 
 
Keywords: Platooning, real-time communication, vehicular communication, re-
transmission scheme, real-time scheduling analysis. 
 

1 Introduction 

Intelligent Transport Systems (ITS) in general and cooperative driving in particular 
have received much attention from both researchers and media recently. Enabled by 
sensing and communication capabilities, as well as recent international standardiza-
tion efforts, the introduction of cooperative driving shows great potential for in-
creased safety and efficiency on our roads. The basic building blocks of a variety of 
ITS application are the exchange of status information [1] within a concerned group 
of vehicles, making it possible for the driver or the system itself to e.g. adjust to sud-
den changes in the current traffic situation. These changes usually need to be per-
formed within a strict deadline and with high demands on reliability.  

An application area where real-time and reliability demands are particularly obvi-
ous is platooning. It has been shown that a considerable reduction in fuel consumption 
can be achieved for trucks driving in platoons with reduced vehicle-to-vehicle spacing 
[2]. Additionally, the controlled and thereby more predictable behaviour of trucks on 
a highway increases the overall road safety not only for platoon members but for all 
surrounding road users. To enable a distance between platoon vehicles of 10 meters or 
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less control data has to be exchanged within the platoon at a regular basis and with a 
high and predictable success probability.  

The recently approved IEEE 802.11p standard for inter-vehicle communication [3] 
defines two message types, periodic status updates and event-triggered warning mes-
sages, that are allowed to share the dedicated ITS control channel in the 5.9 GHz ITS 
frequency band. To access that shared communication resource the standard employs 
CSMA/CA, a random access Medium Access Control (MAC) method, which by defi-
nition does not support the reliable and timely exchange of safety-critical and highly 
deadline-dependent control data needed for platoon control applications. Furthermore, 
there is no support for retransmissions to tackle the potentially high message error rate 
found in highly mobile wireless communication networks. Measurements of the pack-
et reception ratio for different scenarios using IEEE 802.11p are reported in [4].  

In this paper we therefore propose two enhancements used on top of the unaltered 
IEEE 802.11p standard in form of real-time functionality containing a deterministic, 
polling-based MAC approach as well as a transport layer retransmission scheme over a 
specific service channel dedicated to inter-platoon communication only. Both concepts 
are explained in detail in Chapter 2 and 3 in the context of a platooning scenario. Our 
approach improves the packet error rate (PER) in the platooning use case by several 
orders of magnitude while still maintaining a reasonable platoon size and is based on 
earlier work on infrastructure supported communication [5]. The inadequacy of IEEE 
802.11p to obtain the level of reliability required in platoon control applications was 
recognized by [6] where infrared is suggested as a complementary communication 
technology for increased reliability. This adds additional hardware costs that our IEEE 
802.11p-based approach manages to avoid. A polling-based MAC scheme similar to 
ours was presented in [7]. The lack of a real-time schedulability test, however, fails to 
provide timing guarantees. The authors of [8] show how to obtain strict priorities in 
802.11p, but collisions among equal-priority packets can still appear. STDMA has 
been suggested as a promising alternative to the 802.11p MAC method [9], but even 
though the medium access delay is bounded, there still remains a possibility of colli-
sion. Studies on how to increase quality of service through retransmissions have been 
presented before. The combination of retransmissions with deadline-dependent traffic, 
however, is studied less thoroughly. [10] presents a retransmission scheme where 
packets only are retransmitted in case their deadline has not already passed, but the 
lack of any queuing analysis might imply the fact that the worst case delay of packets 
cannot be upper-bounded. [11] provides guarantees for timely treatment of real-time 
traffic, but lacks timing details and uses an analysis method shown to result in lower 
network utilization as the analysis method used in our approach [12]. For more general 
information and surveys on vehicular communication, see, e.g., [13-15]. 

2 Protocol Details 

Imagine a platoon of trucks driving at reduced inter-vehicle distance at relatively high 
speed. To maintain that distance, every platoon member has to be well informed of 
the behaviour of its surrounding platoon neighbours, especially in case sudden chang-
es in speed call for immediate actions performed by the vehicles’ control systems. It 
can be assumed that one particular vehicle within the platoon assumes a central role in 
collecting the necessary status information, processes it and spreads the necessary 



control data to the platoon members. This role often fall the first vehicle in the pla-
toon, the platoon leader. Furthermore, our proposed MAC method is based on a poll-
ing scheme administered by one node in the system in a master-slave fashion. As the 
length of a platoon easily can exceed the transmission radius of the platoon, we assign 
that role to a vehicle in the middle of the platoon, ensuring the best platoon coverage. 

As the ITS control channel only allows the aforementioned IEEE 802.11p message 
to be transmitted, the polling messages our MAC approach relies on are not accepted 
on that channel. Due to the frequent and highly deadline-dependent data traffic need-
ed to make a platoon function properly and safely it is reasonable to expect that a 
second transceiver will be available in platoon members, dedicated to platoon safety-
related data exchange. Besides the ITS control channel there are several service chan-
nel available that can be used for that purpose. By using a service channel, we are not 
restricted to a specific message type and, at the same time, we are able to use the en-
tire bandwidth of that service channel for platooning purposes while still listening to 
and participating in the data exchange with other road traffic users over the ITS con-
trol channel. 

2.1 Medium Access Control 

In the MAC protocol defined for e.g. IEEE 802.11a/b/g used for Wireless Local Area 
Networks (WLAN) the bandwidth is divided into Contention-Based Phases (CBPs) 
and Collision-Free Phases (CFP). The former is based on CSMA/CA random access 
where nodes compete for channel access and packet collisions are possible and, in the 
case of heavy channel utilization, even likely. The latter uses a polling-based scheme 
granting a specific node undivided access to the channel for a given period of time. 
As a slimmed version of the original IEEE 802.11 protocol suit, 802.11p does not 
offer collision-free channel access, despite the fact that many of its applications are 
safety-critical and put very high requirements on the timeliness and reliability. As 
proposed in previous work [16] [17], we reintroduce the possibility to use the CFP 
and propose a polling scheme administered by the master vehicle by placing a real-
time layer on top of the IEEE 802.11p MAC layer. Admission control comprises a 
real-time schedulability test that insures the timely treatment of safety-critical data. 

Time is divided into superframes (see Fig. 1) consisting of a CFP and a CBP, in-
cluding a beacon frame, where channel access during the CBP is simply handled by 
IEEE 802.11p MAC in its random access fashion. Depending on the types of data 
traffic present in the network, the CBP can either be exploited by non-real-time pack-
ets in case those are present or reduced to zero (except for the beacon frame), freeing 
all bandwidth for safety-critical real-time traffic handled during the CFP. The beacon 
is used for synchronization purpose, but can also be used for, e.g., special short-
message services [18] coordinated by the master. The transport layer hands down 
packets in Earliest Deadline First (EDF) [19] order and only at a point in time when 
the polling mechanism can ensure that the medium is available, thereby ensuring a 
deterministic treatment of the packet. 

The master utilizes a polling scheme to grant the other vehicles access to the medi-
um during the CFP. Knowing real-time traffic demands in the network, the polling 



scheme schedules traffic according to EDF. In case data traffic is to be sent from a 
vehicle to the master, the master will poll the vehicle and allow it exclusive access to 
the medium. In case the data traffic flow is from the master to any other vehicle, the 
master will allocate time for its own transmission, including an ACK answer from the 
receiving vehicle. The polling protocol enables deterministic medium access during 
the CFP for real-time communication necessary for the platooning application. 

 

Fig. 1. Superframe structure 

2.2 Real-Time Transport Layer 

In order to make it possible to decide upon retransmissions on a message level, the 
transport layer added to the protocol stack implements EDF scheduling of both ordi-
nary transmissions and retransmissions, and a real-time ARQ (Automatic Repeat Re-
quest) scheme. The ARQ scheme allows us to retransmit erroneous packets before 
their deadline expires and without negative interference with other real-time data 
traffic. This scheme has been proven successful by the authors in other types of net-
works (industrial networks [20] [21] and infrastructure-based vehicular networks [5]) 
and is here applied to the specific requirements of a platooning scenario. 

Real-time data traffic in the network is modelled as periodic real-time channels 
(RTCs) called τi (with i = 1, 2,…) and defined as τi  = {Si, Ri, Pi, Li, Di}, where Si is the 
sending node, Ri the receiving node, Pi the period, Li the packet length, and Di the 
relative transport layer deadline of the traffic flow. In order to have time for retrans-
missions before the end of the deadline, Di is divided into two components: the dead-
line for the ordinary transmission (Dord,i), and the deadline for retransmission(s) 
(Dretr,i). Retransmissions are modelled as retransmission real-time channels (ReRTCs) 
and defined by τre,i  = { Pre,i, Lre,i, Dre,i}. The period is a predetermined system parame-
ter indicating the minimum interval possible between two retransmissions on the 
ReRTC and by that upper-bounding the bandwidth dedicated to retransmissions. The 
length specified is the maximum packet length in order to accommodate any retrans-
mission packet, and the deadline is the maximum time allowed for the current re-
transmission.  

Retransmission of a data packet from the master is triggered if no ACK is received 
directly following the data packet, i.e., before time out. In case the master does not 
receive a packet it polled for, it will simply schedule a retransmission of its polling 
packet (no link layer acknowledgements or retransmissions from the underlying 
standard are used). This mechanism leads to that merely the master has to make the 
decisions about retransmissions. Regular vehicular nodes only need packet queues for 



ordinary transmission and a possibility to store packets in case they need to be re-
transmitted. However, all packets can be discarded after their deadline. ACKs are sent 
directly upon the reception of a correct data packet (after the predefined highest-
priority arbitration interframe spacing (AIFS). Erroneous packets are detected at the 
MAC layer and not handed to the transport layer at all. 

The master vehicle will schedule all ordinary transmissions and retransmissions in 
the form of EDF queues of polling and data packets. No packet can be sent before 
knowing how long it would take to transmit (Twait), as no transmission can be initiated 
if Twait is longer than the time remaining in the current CFP. These times are different 
for polling (Twait,poll,i) and data packets (Twait_data,i) and are calculated as follows: 
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where 

 TprocM = processing time at the master before the start of the packet transmission 
 TAIFS = Highest-priority arbitration interframe spacing (always needed) 
 Tpoll = Lpoll / r = transmission time of a polling packet, where Lpoll denotes the 

length of a polling packet and r the bit rate 
 Tprop = maximum propagation delay 
 TprocS = processing time at the slave after reception of packet 
 Tdata,i = Li / r = transmission delay of a data packet of RTC i 
 TprocM_CRC = processing time at the master for error checking in data packet 
 Tmargin = time margin compensating for, e.g., other protocol delays 
 TprocS_CRC = processing time at the slave for error checking in data packet 
 TACK = LACK / r = transmission time of ACK, LACK being the ACK packet length 

Having sent a data or polling packet, the master waits the calculated waiting time 
before moving on to the next packet in the EDF queue. However, at the end of the 
waiting time, the master’s transport layer will first check for a data or ACK packet 
handed up from the MAC layer. In case the received data packet was erroneous or no 
ACK arrived, the possibility of retransmissions has to be investigated. A packet can 
only be retransmitted a predefined number of times (Nattempt). Moreover, a ReRTC has 
to be available, i.e., it must not have been used during the length of one retransmis-
sion period Pre. Only if both checks are positive, a retransmission can be scheduled in 
the EDF queue, otherwise the packet has to be discarded. 



3 Real-Time Analysis 

In the following, a timing and feasibility analysis is described, adapting the analysis 
framework introduced in [22] [23] to work with this platooning single-hop star topol-
ogy network with a central master node as defined above. 

3.1 Timing Parameters 

We are assuming superframes consisting of one CBP of length TCBP and one CFP of 
length TCFP. Data traffic with real-time demands will only be sent during the CFP. 
Considering a worst-case situation, not the whole CFP can be utilized for transmis-
sions, as the last interval left during this phase might be too short to schedule the next 
packet from the queue. The length of this interval is called blocking time and denoted 
Tb. In our worst case analysis, Tb corresponds to the time it would take to transmit the 
longest packet pertaining to any of the traffic flows in the network, i.e., 

     , ,max max , maxb wait_poll i wait_data i
i i

T T T . (3) 

In consequence, the length of the reduced CFP, TrCFP, is calculated as: 

 rCFP CFP bT T T  . (4) 

As real-time traffic can only be sent during the length of the reduced CFP, we 
model the bit rate for the real-time traffic as an experienced bit rate re, i.e., we scale 
down the actual bit rate r by the ratio of the reduced CFP and superframe length, i.e., 
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This leads to a scaling down also of the waiting times defined in Eq. 1 and 2: 
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3.2 Timing Analysis 

For the analysis we are assuming that the number of RTCs in the network is Q, while 
there are M ReRTCs available. In conjunction with admission control (if not done 
offline during design stage), the master uses the real-time schedulability analysis de-
scribed in the next chapter to only admit data traffic for which required delays can be 



guaranteed. One of the parameters needed in this analysis is the maximum queuing 
delay that any packet can experience, and which can be calculated knowing the 
transport layer deadline Di and the worst case delay the packet can experience. As Di 
is divided into Dord,i and Dretr,i,  the worst case delay consists of two components, dord,i 
and dretr,i, respectively. For the highest priority packet this will occur if the packet 
arrives to the EDF queue just as the transmission of a lower priority packet starts and 
if after the completion of this transmission the interval left in the CFP is just too short 
for the delayed packet to be sent. The worst case delay experienced by that packet 
would in this case comprise two waiting times plus a complete CBP and consequently 
the maximum queuing delay can be calculated as: 

  max ,ordM2S ord,i CBP wait_data,i wait_data,i wait_poll,id D T T T T    , (8) 

  max ,ordS2M ord,i CBP wait_poll,i wait_data,i wait_poll,id D T T T T    . (9) 

When calculating the maximum queuing delay for packets using retransmission 
channels, dretr, we assume the retransmission deadline Dretr,i to be the same for all 
values of i, i.e., we can set Dretr,i = Dretr. Additionally, Dretr has to be divided between 
all of the allowed retransmission attempts: 

 retr
re

attempt

D
D

N
 . (10) 

The maximum queuing delay for retransmission packets can then be calculated as: 

  max ,retrM2S re CBP wait_data,i wait_data,i wait_poll,id D T T T T    , (11) 

  max ,retrS2M re CBP wait_poll,i wait_data,i wait_poll,id D T T T T    . (12) 

3.3 Real-Time Scheduling Analysis 

In the admission control, the master uses a real-time schedulability analysis originally 
developed for EDF scheduling of periodic tasks on a uniprocessor [19] in order to 
check the feasibility of the real-time traffic allocation as proven possible in [24]. The 
check is implemented in two stages, a utilization check and a workload check, and is 
only done when a new RTC is to be allocated. In case both checks are positive, the 
deadline for the checked traffic flow can be guaranteed. 

The utilization check calculates the bandwidth utilization U of all RTCs and 
ReRTCs during the CFP and ensures it to be no bigger than 1. The calculation is done 
as follows: 
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Greek lettering indicates the number of traffic flows in the different summations. 
While α is the numbers of RTC from the master to the slaves, β denotes RTCs in the 
opposite direction, and α + β = Q. γ and δ are the number of ReRTCs from master to 
slave and slave to master, respectively, where γ + δ = M. Te,wait_retr_poll and Te,wait_retr_data 
are defined in the same manner as Te,wait_poll and Te,wait_data, and only introduced here to 
help understanding. 

The second check calculates the workload that is put onto the network by all ac-
cepted RTCs. It is done by the means of a workload function, h(t), in which all trans-
mission times of all packets of all traffic flows (including the retransmission flows) 
with a deadline before time t are summed up. Time starts at the start of a hyperperiod, 
i.e., when all traffic flows’ periods start simultaneously. Hyperperiods continue until 
the periods start at the same time again. Using the workload check during one hyper-
period has been shown to constitute the worst case scenario [25-27]. The h(t) function 
is calculated as follows, where summands one and two calculate the workload im-
posed by RTCs and summands three and four that of the ReRTCs: 
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For the workload check to hold, the following demand has to hold: 

  h t t t  . (15) 



According to [28], this computationally heavy computation (due to the complexity 
introduced by the notion of continuous time) can be simplified to only include the 
following points in time at which the workload function has to be evaluated: 
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and 

 1; busyt P   . (17) 

The busyperiod Pbusy is the length of time between the start of a hyperperiod until the 
the link becomes idle the first time. Here Pbusy denotes the first busyperiod, i.e., the 
busyperiod that starts at the beginning of the first hyperperiod. 

4 Performance Evaluation 

We evaluated the performance of our framework by simulating a series of platooning 
test cases and present the results from two representative cases in this chapter. The 
simulator was implemented in MatLab. The bit rate is set to be 6 Mbps and the frame 
durations are calculated and set according to IEEE 802.11p. A polling packet has 
aduration of 154 μs, corresponding to a packet length of 80 bits plus MAC and physi-
cal layer headers and highest priority AIFS. ACKs are assumed to have the same du-
ration as polling packets, while beacon frames have a duration of 370 μs, comprising 
200 bytes including MAC and physical layer headers and highest priority AIFS. The 
corresponding values for data packets are 642 μs and 400 byte. To account for a dete-
rioration of the channel quality due to fading and shadowing (by vehicles situated in-
between sender and receiver), the simulated packet error rate is calculated as: 

 0.05hopPER N   (18) 

where Nhop = 1 if the sending and receiving vehicle are direct neighbors, Nhop = 2 if 
there is one vehicle in-between etc.  

In this performance study, we compare our retransmission scheme to a case with-
out retransmissions. For each simulation setup, the average performance is based on 



250 simulations runs of a duration of 1000 hyperperiods. An initial real-time feasibil-
ity check determines whether the timing requirements of a given task set can be met. 
Each vehicle is assumed to have one RTC for transmission to the master (middle ve-
hicle), while the master has one RTC to the platoon leader and a RTC has a period 
and deadline of 50 ms. Due to the broadcast nature of the transmissions, every vehicle 
can overhear and make use of all data traffic sent within its reception range. Only the 
single destination RTCs described in Chapter 3, however, are simulated and consid-
ered for evaluation.  

In the first simulated case, Case 1, we have a superframe length of 25 ms and a 
CBP length of 5 ms (including beacon). There are M = 4 retransmission RT channels, 
each having a period of Pre,i = 25 ms. The maximum number of retransmission at-
tempts is set to Nattempt = 2. The deadline for the retransmission RT channels is always 
calculated automatically to the minimum possible value by using the workload func-
tion and the real-time analysis backwards. With this configuration, the real-time anal-
ysis showed that a maximum of seventeen vehicles could be supported without dead-
line misses. Fig. 2 shows the experienced message error rate (MER) without ARQ, 
after maximum one or, if required, two retransmission attempt. As the number of 
vehicles (and RTCs) increases, the retransmission RTCs become a bottleneck and 
retransmission attempts must be rejected. Moreover, the PER increases with distance. 
Disregarding that fact in a simulation with a distance-independent PER (not shown 
here) we could still see a higher average MER in longer platoons. As seen in Fig. 2, a 
MER below 10-3 can be achieved with only a few vehicles in the platoon, while the 
MER reaches 6.3×10-2 for 17 vehicles, still a considerable reduction compared to the 
case without retransmissions. Fig. 3 shows the MER for the master only, reaching 
0.13 for 17 vehicles and a reduction of one to two orders of magnitude for moderate-
sized platoons. Fig. 4 shows that the channel busy time, i.e. the percentage of time 
when the medium is occupied, in most cases stays below 25% and that penalty intro-
duced by retransmissions is moderate. The average delay (not shown) for all platoon 
lengths remains below 2.2 ms and thereby far below the stated guarantee. 

In the second simulated case, Case 2, we have a superframe length of 50 ms and no 
CBP. There are M = 9 retransmission RTC, each with a period of Pre,i = 20 ms. The 
maximum number of retransmission attempts is set to Nattempt = 3. According to the 
real-time analysis, this configuration allows for a maximum of 15 vehicles in the pla-
toon. Fig. 5 compares the MER without retransmissions and to cases of up to three 
retransmission attempts where a reduction by roughly two and three orders of magni-
tude can be achieved for longer and shorter platoons, respectively. 



 

Fig. 2. Message error rate for Case 1 

 

Fig. 3. Message error rate for master to leading vehicle in Case 1 
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Fig. 4. Channel busy time for Case 1 

The MER for the master sending to the leading vehicle is shown in Fig. 6. For 15 
vehicles the reduction in MER is more than one order of magnitude. For shorter pla-
toons an improvement of several orders of magnitude can be achieved. The average 
delay (not shown) is below 1.3 ms for all platoon sizes, while the channel busy time 
(not shown) reaches 30 % for a platoon length of 15 vehicles and 25% for 13 vehicles, 
respectively. 

5 Conclusion 

In this paper we presented an enhancement to the IEEE 802.11p standard for the reli-
able and timely exchange of safety-critical control data in platooning applications. 
The framework combines guaranteed delay bounds with the possibility of retransmit-
ting erroneous packets. Although we showed that our retransmission scheme signifi-
cantly reduces the experienced message error rate, our simulation studies even shed 
light on the overall effect of the number of platoon members on the reliability that can 
be achieved. For moderate sized platoons, a reduction in message error rate by several 
orders of magnitude could be achieved. 
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Fig. 5. Message error rate for Case 2 

 

Fig. 6. Message error rate for master to leading vehicle in Case 2 
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