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Abstract – Recent advances in cooperative driving hold the po-
tential to significantly improve safety, comfort and efficiency on 
our roads. An application of particular interest is platooning of 
trucks, where it has been shown that keeping a minimum inter-
vehicle distance results in considerably reduced fuel consump-
tions. This, however, puts high requirements on timeliness and 
reliability of the underlying exchange of control messages be-
tween platoon members. The European profile of IEEE 802.11p, 
recently adopted by ETSI, defines two message types to this end, 
periodic beacons for basic cooperative awareness (CAM) and 
event-triggered decentralized environmental notification messag-
es (DENM), both using the common control channel. The IEEE 
802.11p employs a random medium access protocol, with exces-
sive delays that may prevent proper functionality of a platooning 
application. To mitigate the effects of this, ETSI standardizes a 
decentralized congestion control algorithm to, e.g., lower the 
CAM frequency when needed. Some service channels with less 
strict requirements on send rates, data traffic types or medium 
access methods are available. In this paper we compare the per-
formance of decentralized, standard-compliant inter-platoon 
communication using IEEE 802.11p on the control channel with 
a solution based on a service channel, which combines a random 
access phase for DENM with a centralized, scheduled access 
phase for CAM. A dedicated service channel for platooning ap-
plications enables us to always guarantee timely channel access of 
CAM packets before a specified deadline and our simulations 
show that this is achieved at very small sacrifices in DENM dis-
semination delay. 

I. INTRODUCTION 
A multitude of emerging cooperative traffic safety applica-
tions are based on the exchange of status updates. These are 
typically broadcasted periodically and contain basic infor-
mation like vehicle position, direction and speed. Consider a 
platoon of trucks driving on a highway at relatively high 
speed, keeping a fuel-efficient inter-vehicle gap of 5 m or less. 
Periodic status updates must in this case be considered highly 
safety-critical as the control loop needed to keep the platoon at 
a safe distance at any time and quickly adapt to changes, re-
quires a frequent, timely and reliable exchange of status up-
dates within the platoon. Very high requirements on timing 
and reliability are also put on the dissemination of event-
driven messages within the platoon in case of an incident. The 
delay between event detection (e.g., the leading vehicle in the 
platoon detecting the end of a traffic jam or a vehicle suddenly 
breaking) and the point in time when the entire platoon suc-
cessfully received the warning must be minimized. In Europe, 
ETSI has standardized two messages types Cooperative 
Awareness Messages (CAM) [1] and Decentralized Environ-
mental Notification Messages (DENM) [2], corresponding to 

status updates and hazard warnings, respectively. However, 
recent decisions within ETSI move away from the strictly 
periodic nature of CAMs towards an on-demand approach 
where CAMs are sent only when the change in vehicle status 
(i.e., position, heading or speed) is above a certain threshold. 
The strict timing requirements of platooning applications are 
not easily met, especially if we consider the premises dictated 
by the recently adopted IEEE 802.11p standard [3] for short-
range vehicular ad-hoc networks (VANETs), coupled with the 
European requirement to use one common 10 MHz control 
channel (CC) shared by both CAMs and DENMs. Further, 
IEEE 802.11p employs a random access protocol for medium 
access control (MAC), which may cause excessive delays 
preventing proper functionality of a platooning application [4]. 
Alternatively, the required safety distance between members 
in a platoon may have to be extended such that the desired 
gains in fuel efficiency may no longer be achievable. 
In previous work [5], we evaluated the co-existence of CAMs 
and DENMs over the shared CC in a network consisting of 
both a platoon and surrounding non-platoon vehicles. The goal 
of this paper is to compare such a fully standard-compliant 
implementation of a platooning scenario based on CAMs and 
DENM transmitted on the CC with a solution implementing 
the platooning application using one of the available service 
channels. Using a service channel (SC) allows us to deviate 
from the specifications of ETSI and IEEE 802.11p in terms of 
message types, send rates and also MAC protocol. However, 
according to European standard, all vehicles must listen to the 
CC at all times. This implies that an extra transceiver is need-
ed and the question is if the additional hardware cost implied 
by a transceiver tuned to a service channel is justified. Using a 
SC has several advantages. Firstly, a SC can be used by pla-
toon members only and does not have to be shared by other 
vehicles. As both time-triggered control data and event-driven 
warnings are more critical within a platoon due to the highly 
reduced inter-vehicle distance, it is desirable not to share the 
channel with less safety-critical data traffic from a potentially 
high number of surrounding vehicles. Secondly, the use of a 
SC enables us to tune the send rates of CAMs and DENMs to 
the specific timing requirements of the platooning application 
without limitations from the standard. Thirdly, we are able to 
select a centralized MAC method coordinated by the platoon 
leader that has been shown to better match the demands from 
safety-critical real-time applications than the IEEE 802.11p 
random access protocol [6]. The performance of the two solu-
tions is evaluated both in terms of the CAM up-to-dateness 
(UTD) as well as the DENM dissemination delay (DD). 



The rest of the paper is organized as follows: Section II intro-
duces the prerequisites from standardization and provides an 
overview of related research. The real-time MAC protocol is 
presented in Section III, while the results from the comparison 
are discussed in Section IV. Section V concludes the paper. 

II. BACKGROUND AND RELATED WORKS 

In this section we introduce relevant details of the IEEE 
802.11p standard and the European profile defined by ETSI. 
Furthermore, we survey some related works. 

A. Prerequisites from Standardization 
The amendment IEEE 802.11p [3] defines physical and MAC 
layer details for short to medium range communication in a 
VANET. ETSI has standardized a profile of IEEE 802.11p 
adapted to the 30 MHz frequency spectrum at the 5.9 GHz 
band allocated in Europe [7] and considers two types of mes-
sages, periodic status updates, CAMs [1] and event-triggered 
warning messages, DENMs [2]. One dedicated control chan-
nel is reserved for data exchange in traffic-safety applications 
and shared between CAMs and DENMs. Recent decisions 
within ETSI move away from the strictly periodic nature of 
CAMs towards an on-demand approach where CAMs are sent 
only when the changes in vehicle status (i.e., position, heading 
or speed) are above a certain threshold.  
The MAC layer of IEEE 802.11p uses CSMA/CA, where a 
node attempts to transmit only if the channel is sensed free 
during a certain time period (Arbitration Inter Frame Spacing, 
AIFS). If the channel is busy or if it becomes busy during the 
AIFS, the node randomizes a backoff time, which is counted 
down only during time periods when the channel is sensed 
free. When the backoff value reaches zero, the node transmits 
directly without any further delay. Since messages are broad-
casted, no acknowledgements are used and thereby no colli-
sion detection is possible. Therefore, the contention window is 
never extended as in traditional IEEE 802.11 and maximum 
one backoff procedure is invoked. IEEE 802.11p defines four 
priority levels characterized by the length of the AIFS and the 
parameters of the backoff window. This way, DENMs can e.g. 
be given prioritized channel access over CAMs. Due to the 
random nature of the 802.11p MAC protocol, a control chan-
nel utilization level (Channel Busy Time, CBT) of 25% or less 
is recommended by ongoing ETSI standardization [4]. This 
implies that as soon as a node discovers that the CBT exceeds 
25%, it will use a predefined decentralized congestion control 
algorithm to e.g. lower the CAM frequency.   

B. Related Works 
The performance of the IEEE 802.11p MAC method has been 
subject to several recent studies [4][5][8] where its limitations 
to support delay-sensitive data traffic have been pointed out. 
One way to deal with this issue is to improve the chance of 
successful channel access through congestion control mecha-
nisms, e.g., adapting the send rate to the current channel con-
ditions [9] or adjusting the output power [10-12]. While con-
gestion control increases the probability of timely channel 
access, strict timing guarantees can still not be provided.  
The concept of dividing the bandwidth into two parts: a colli-
sion-free and a contention-based part to support safety and 

non-safety data traffic respectively in vehicular networks is 
evaluated in [6],[13],[14]. Both [13] and [14] present a cen-
tralized, infrastructure-based multi-channel protocol with a 
centrally controlled collision-free phase for safety data ex-
change and an ad-hoc mode where nodes may switch to a 
service channel for non-safety services. The approach in [6] 
uses a single channel, and adopts a combined decentral-
ized/centralized MAC approach consisting of a contention-
based phase (CBP) using CSMA/CA and a collision-free 
phase (CFP) based on centralized scheduling. Next, real-time 
schedulability analysis is used to adapt the CFP/CBP ratio to 
the current data traffic requirements. The solution targets a 
system with infrastructure support and the timely delivery of 
safety-critical data in the presence of best-effort services on 
the same channel. The idea is extended in this paper to the 
case where the platoon leader takes on the role as central co-
ordinator in place of the road-side infrastructure. The idea of 
using multiple channels for differentiated services in a vehicu-
lar network has been discussed by several authors [13],[14], 
[15]. These multi-channel proposals, however, aim at provid-
ing non-safety critical data over service channels, while the 
control channel is used for safety data exchange. Our approach 
is rather to make use of the design freedom a service channel 
offers in terms of packet send rates and MAC design to sup-
port data traffic with particularly high timing and reliability 
requirements that are not fully supported by the control chan-
nel. For example, we argue that, for the high sampling rates 
required by the platooning control algorithm, periodic CAM 
updates with a high frequency are more suitable than the on-
demand updates currently considered by ETSI. Similarly, the 
feature of reducing the CAM report rate during channel con-
gestion is not desirable for a platooning application. 
Kaul et al. [9] identified the age of periodic status updates in 
vehicular networks as an important performance metric and 
propose a rate control algorithm to improve its properties. The 
effects of channel load (a combination of the number of com-
municating nodes and their CAM and DENM send rates) on 
both CAM UTD and DENM DD performance has been stud-
ied in previous work [5] for a decentralized, IEEE 802.11p 
compliant model. To the best of our knowledge this is the first 
study of the use of two MAC phases: decentralized random 
access and centralized real-time collision free access to match 
the requirements of highly safety-critical cooperative driving 
applications as platooning based on CAM and DENM.  

III. REAL-TIME MAC: PROTOCOL DETAILS 
We propose a combination of a contention-based MAC phase 
(CBP) utilizing CSMA/CA, a random access scheme where 
packet collisions are possible and timing guarantees cannot be 
provided and a collision free phase (CFP) where channel ac-
cess is centrally governed and pre-scheduled by the platoon 
leader such that guarantees can be given that a packet will be 
granted channel access before its specified deadline. Time is 
divided into superframes (SF) and one SF consists of a CFP 
and a CBP. The CFP is initiated by a beacon sent out by a 
dedicated platoon member (typically the platoon leader), stat-
ing the channel access schedule for the upcoming CFP, the 
start of the CBP and the end of the entire SF.  



The CFP is suitable for periodic data with relatively stable and 
predictable data traffic patterns. The number of platoon mem-
bers changes rarely compared to the length of a SF. At the 
same time, the exchange rate of periodic beacons can be con-
sidered fixed and even if the CAM send rate is be adapted to 
e.g. what role within the platoon a certain vehicle maintains at 
the moment or the overall channel conditions, these context-
aware changes still do not happen frequently. This makes 
CAMs the perfect candidate for the scheduled MAC protocol 
used in the CFP. The CBP, on the other hand, suits event-
based DENM traffic. Channel access during the CBP is decen-
tralized and based on the CSMA/CA MAC protocol defined 
by the IEEE 802.11p standard. This is most suitable for non-
periodic data with an unpredictable traffic pattern. When an 
event is detected (by e.g. the leading vehicle in the platoon), 
DENMs are typically flooded backwards in the platoon ac-
cording to some dissemination model until all platoon mem-
bers can be expected to have received a warning. All DENMs 
compete for channel access and despite the collision avoid-
ance mechanism defined for CSMA/CA, packet collisions are 
still possible and, just as in the CC case, timing guarantees 
cannot be provided. However, as the CBP on the SC is used 
by DENMs only, the probability of packet collisions is lower 
than in the CC case where the channel is shared by CAMs 
both from platoon members and from other vehicles. 

A. Dynamic Superframe Adaptation 
The sizes of both CFP and CBP, and thereby the duration of a 
SF, is adapted to the number of vehicles in the platoon and 
current application requirements (e.g. worst-case CAM UTD 
required by the control application). This is done in two steps, 
together determining the size of the SF suitable for the current 
platoon length, as well as the proper CFP/CBP ratio support-
ing timely delivery of CAMs and a low DENM DD: 

Step 1: Choice of CBP size 

A safety-critical event requires a fast dissemination of warning 
messages. The size of the CBP must be chosen with this re-
quirement in mind and can be based on simulation results or 
intelligent algorithms learning from input from real platoons 
on the road or a combination of both.  
a) Choice of dissemination method - To determine a suitable 
CBP size, the typical DENM DD should be known. To do this, 
we first select a suitable DENM dissemination model from 
[5], based on the number of platoon members, the radio condi-
tions (i.e. current transmission range), inter-vehicle spacing 
etc. Next, we use this model in a simulator to get the DD.  
b) Choice of CBP size – Note that an event may be detected at 
the end of a CBP. If then the CBP size is selected based on the 
length of the DENM DD, we know that the DD would be at 
most two SF. Alternatively, if the SF is very long, the DD can 
be reduced if the CBP size is selected as half the DENM DD.  

Step 2: Choice of CFP size 
Having selected the CBP size, we can now apply real-time 
schedulability analysis to the platoon size at hand to determine 
the minimum CFP size required to support the specified CAM 
settings. Note that the smallest CFP allowed by the schedula-
bility analysis is able to guarantee that all generated CAM 

packets get channel access before their specified deadlines, 
and is also the best from a DENM DD perspective. Details on 
the real-time schedulability analysis are provided below. 

B. Real-time Schedulability Analysis 
The kind of real-time schedulability analysis that our analysis 
is based upon was first introduced in [17] for processor sched-
uling. Two conditions have to be fulfilled to ensure that 
enough bandwidth is reserved for the CFP so that no real-time 
deadlines are missed. Firstly, the utilization of the wireless 
channel must not exceed one, and secondly, the workload 
function, i.e., the sum of the transmission times for all packets 
with an absolute deadline less than or equal t, must be less 
than or equal to t, [18]. For our platooning scenario, assume Q 
different, logical real-time channels (RTC), one per platoon 
member, representing its CAM packet flow. A RTC is defined 
by its source, destination, period, Pi, packet length, Li, and 
deadline, Di, where i = 1, 2,…, Q. To be implementable on top 
of IEEE 802.11p, we assume that any transmission is preceded 
by an AIFS included in the total packet transmission time, Ti: 
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i

i AIFS
L

T T
R

= +  (1) 

where R is the data rate. A superframe of length TSF, consists 
of a CBP of predetermined length, TCBP, and a CFP of a dura-
tion, TCFP, still to be determined by the RT analysis. The very 
beginning of a CFP is occupied by the beacon of duration 
Tmax, used to distribute the schedule and it is assumed to have 
the longest available packet length. Further, towards the end 
of the TCFP, there might not be enough time for a full packet to 
be scheduled. This is accounted for in the real-time analysis 
by reducing TCFP by a blocking time, i.e., again corresponding 
to the transmission time of the longest possible packet, Tmax. 
The fraction of CFP actually usable for CAM packets is thus: 
 max2 .usable CFPCFP T T= −  (1) 

Expressed as the usable fraction of the entire SF this is: 

 .usable
CFP

SF

CFP
F

T
=  (1) 

The original transmission time of a packet, Ti, is thereby 
adapted into an experienced transmission time Ti’: 

 .i
i

CFP

T
T

F
′ =  (1) 

To extract the pure scheduling deadline, Di is reduced to Di’ 
by subtracting the worst-case delay until the CBP starts: 

 max2i i CBPD D T T′ = − −  (1) 

The actual analysis is done in two steps. A necessary but not 
sufficient condition is that the utilization U of the wireless link 
must never exceed one. According to EDF scheduling theory 
[19], the utilization of periodic traffic is calculated as: 
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where Q is the number of vehicles, i.e. the number of RTCs.  
For the second step, the workload function, h(t) is the sum of 
the transmission times of all packets of all RTCs with an abso-



lute deadline less than or equal to t, where t signifies the num-
ber of time units elapsed since the beginning of the hyperperi-
od [17, 18]. A hyperperiod is defined as the least common 
multiple of all periods of all RTCs: 
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For a known CBP duration, the “minimal” CFP size that sup-
ports all the required RTCs can be found by choosing a CFP 
of 2Tmax and increasing it gradually until schedulable. 

IV. SIMULATION EVALUATION 
A comparison between the standard-compliant CC case (co-
existing CAM and DENM as well as potential non-platoon 
traffic using IEEE 802.11p MAC) and the proposed central-
ized approach using the real-time MAC approach over a SC 
was conducted in Matlab and performance in terms of CAM 
UTD and DENM DD was evaluated. 
We assume that the leading vehicle has a coordinating role in 
the platoon, such that DENMs often originate from the leading 
vehicle for dissemination backwards in the platoon. As it can-
not be presumed that all platoon members are within radio 
range of each other, DENMs need to be relayed or re-
broadcasted either periodically or upon reception. We consider 
a platoon of 4-20 vehicles with a vehicle spacing of 30 m 
(antenna to antenna) and a radio range of approximately 500 
m. This implies that, in the case of 15 platoon members or 
more, DENMs have to be relayed/re-broadcasted by interme-
diate vehicles to reach those in the back of the platoon. The 
choice of both radio range and line-of-sight (LOS) channel 
model stems from results from field trials conducted in [16]. 
Further, we model shadowing by other vehicles (obstructed 
LOS) by multiplicative Rayleigh fading and reduce the proba-
bility of LOS for each vehicle that is located in-between the 
sender and the receiver (for the first vehicle, we reduce the 
probability of LOS to 20% and for each additional vehicle that 
is located in-between the sender and the receiver, we reduce 
the probability another 5%). To model a busy highway situa-
tion with data traffic from additional co-existing applications, 
we add non-platoon vehicles to some of the simulated use 
cases using the CC. In these cases, all vehicles continuously 
send CAMs while DENMs are only transmitted by and in-
between platoon members. Following ETSI standard, we use 
400 byte packet sizes (for CAMs, DENMs and the beacon sent 
out by the MAC coordinator to start a SF and distribute the 
access schedule) and a data rate of 6 Mbit/s. The AIFS and 
backoff window sizes are based on a slot time of 13 µs, and 
we employ the highest defined priority class for DENMs and 
the second highest for CAMs to give warning messages priori-
ty over status updates. Each test case is run 500 times. 
In accordance with the steps described in section III, the con-
struction of a schedule for the centralized SC approach is 
divided into two steps: a step that determines an appropriate 
CBP length and a second step using real-time schedulability 
analysis to produce the proper CFP length and complete SF 
settings. The comparison between the standard-compliant CC 
setup and the centralized SC version considers a set of differ-

ent schedules for the SC. Two different types of metric: CAM 
UTD and DENM DD are used to evaluate performance.   
DENM dissemination delay - The DENM DD denotes the time 
that passes from the generation of the first DENM (as a reac-
tion to some safety-critical event) by the leading vehicle of the 
platoon until every platoon member has received a warning. 
Each of the 500 simulated runs results in a DENM DD value. 
Note that, given the same settings, the same simulated values 
for DENM DD are used for evaluating both the CC-based 
approach as well as the SC-based approach. However, for the 
latter, the start of the DENM (the time when the platoon leader 
sends its first DENM) is randomized 1000 times, uniformly 
distributed over the entire SF, to cater for the probability of 
the DENM dissemination starting during a CFP or a CBP.  
CAM up-to-dateness - We measure this metric in terms of the 
worst-case CAM UTD, i.e. the worst-case inter-arrival time 
between CAMs a vehicle received from a specific neighbor. 
For simplicity, we only monitor the CAMs generated by pla-
toon members and received from the neighbor in-front. In the 
SC case, a CAM is always guaranteed channel access before a 
predefined deadline. We assume the CAM deadline to be 
equal to the point in time when the next CAM is generated, 
both in the CC and in the SC case. Due to the provided timing 
guarantees, the worst-case CAM UTD with the SC approach 
will never exceed one period (assuming an error free channel). 
When CAMs coexist with other traffic classes using 
CSMA/CA as MAC scheme, as is the case on the shared CC, 
packet collisions and long backoff times while the channel is 
busy can lead to CAM UTD values of several periods, jeop-
ardizing the platooning application and the safety of platoon 
members as a vehicle remains invisible to its neighbors. For 
the CC case, the CAM UTD is determined by simulation 
where each simulated run produces one worst-case CAM UTD 
value for each vehicle that has an in-front neighbor (i.e., not 
the leading vehicle). This is then used to determine the aver-
age worst-case CAM UTD for the entire run. Note that in the 
SC-based solution, the CAM UTD is based on strict calcula-
tions (no simulation is needed as access is guaranteed), and 
thus to make the comparison fair, we assume that no packet 
errors occur for CAMs in either of the compared cases.  
Determining the CBP size 
The first step is to determine a suitable CBP size by running 
the simulator for different platoon sizes with DENM traffic 
only. The DENM dissemination model and send rate is chosen 
based on what was successfully applied to a similar platooning 
scenario in [5]. Consequently, a DENM send rate of 100 Hz is 
adopted, which is higher than the maximum allowed on the 
CC. As DENM dissemination from the platoon leader back-
wards throughout the platoon is assumed, the selected dissem-
ination strategy allows vehicles to repeat a DENM periodical-
ly only until a warning about the same event is received from 
a vehicle situated further back in the platoon. In this case it is 
assumed that the information has successfully spread past the 
vehicle in question and that its DENMs are not needed any-
more to ensure a full platoon warning. Details about the suita-
bility of this strategy for platooning are found in [5].  
 
 



                                                                                             

Figure 1 shows the resulting cumulative distribution function 
(CDF) for the DENM DD. The DD for a platoon of 20 vehi-
cles shows that the entire platoon was warned after 4 ms in 
75% of our 500 test runs, whereas it took almost 7 ms to reach 
a CDF of 0.99, i.e. a successful platoon warning in 99% of the 
rest runs. These simulation results give a good indication on 
the suitable CBP size to apply to the SC case. For each pla-
toon size we therefore choose the DENM DD that showed a 
99% success rate as input to step 2, the determination of the 
CFP size by the help of real-time schedulability analysis.  
Determining the CFP size 
Given the CBP size, number of platoon members (and thereby 
RT channels) and their corresponding communication re-
quirements (packet length, period, deadline), we can use real-
time schedulability analysis to determine how long the CFP 
(and thereby the entire SF) needs to be. Figures 2 and 3 show 
the resulting SF sizes for platoons of 4-20 vehicles and differ-
ent CAM send rates (10, 25, 50 and 100 Hz). Figure 2 uses the 
CBP sizes determined by the DENM DD in the previous step 
whereas in Figure 3 the CBP sizes are set to half of the DENM 
DD. The drawback is that in this case, the dissemination pro-
cess is spread over at least two SFs adding the duration of 
intermediate CFPs to the total DD. However, shorter, more 
frequently occurring CBPs also reduce the time until the 
DENM dissemination can be started. Figure 2 shows that, for 
send rates of 10 and 25 Hz, all CAMs are schedulable within 
SF sizes of 13 ms or below. More specifically, consider a 
platoon of 10 vehicles. With a predefined CBP size of 3.8 ms, 
the RT analysis arrives at a CFP size of roughly 1.8 ms as the 
smallest possible still to guarantee timely channel access for 
all CAM packets. Given a transmission time of approx. 0.6 ms 
per packet, three out of the ten CAMs can be scheduled in 
each CFP. In the worst case when all 10 vehicles generate 
their CAMs at the same time, all ten packets are granted chan-
nel access within four SFs, i.e. 5.6 ms. Figure 2 further shows 
that a CAM send rate of 50 Hz is still feasible but, in the case 
of long platoons of 20 vehicles, only schedulable within an 
extremely long SF of around 500 ms. This is not desirable 
from a DENM dissemination point of view where a 500 ms SF 
and a 6.8 ms CBP for 20 vehicles translates into a worst case 
delay of >490 ms in case the dissemination process is inter-
rupted by a CFP. Cutting the CBP in half improves the situa-
tion considerably, as can be seen in Figure 3. Here CAMs 
from 20 vehicles with a send rate of 50 Hz can be scheduled 
within a SF of 20 ms. With a CAM send rate of 100 Hz, on the 
other hand, it is only possible to produce schedules for short 
platoons. No schedule could be found for long platoons due to 
the large amount of data traffic. We therefore consider CAM 
send rates of 10, 25 and 50 Hz as the most interesting cases for 
our further investigations.  

Performance comparison: control channel vs. service channel 
For the performance comparison of the CC-based and SC-
based approaches, we consider a DENM send rate of 100 Hz 
and varying CAM send rates. In the CC case, we also assume 
the presence of non-platoon vehicles sending CAMs on the 
CC. Figures 4-10 shows the DENM DD for different settings. 
For the SC case, DENM dissemination takes place in the CBP 
part of the SF only. If an event happens during the CBP and 

Figure. 3: SF and CFP sizes determined through RT analysis 
with half the CBP size 

 

Figure. 2: SF and CFP sizes determined through RT analysis 
with full CBP size (full view and zoomed in view)  

  

Figure. 1: DENM DD to find CBP size for diff. platoon sizes 
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there is enough time left for the entire dissemination process 
to finish before the next CFP starts, no further delays have to 
be added. If, on the other hand, an event is detected outside 
the CBP, the idle time until the start of the next CBP has to be 
added as additional delay to the DENM dissemination. Alter-
natively, if the dissemination process continues over more 
than one CBP, the delay due to intermediate CFPs has to be 
considered.  
The results for the DENM DD in the presence of different 
CFP sizes can be found in Figures 4-10. Figures 4 and 5 em-
ploy the relatively low CAM send rate of 10 Hz. The DENM 
DD for the centralized SC-based approach shown in Figure 4 
can be compared to the decentralized CC approach in Figure 
5. No other traffic is interfering with the DENM transmissions 
during the CBP (Figure 4), leading to an overall quicker chan-
nel access. For platoons of short to medium length, this ad-
vantage is canceled out by an overall increase in DENM DD 
due to the presence of CFPs. Compare to the delay over the 
continuously shared CC (Figure 5), we can conclude that the 
worst case DEMN DD only increases slightly for shorter pla-
toons (e.g. from 6 ms to 8 ms for 10 vehicles), while we even 
see a reduced dissemination delay for long platoons of 18 and 
20 vehicles. The competition for channel access from an in-
creasing number of CAMs over the shared CC clearly impacts 
the DENM dissemination for that MAC approach, leading to 
worst case delays of 14 ms while the corresponding delay for 
the centralized PC-based approach remains below 10 ms. 
Similar results were found for a CAM send rate of 25 Hz. 
Figure 6 shows the DENM DD for the SC approach that can 
be compared to the CC case in Figure 7. While the DENM DD 
is increased on average in Figure 6, it reaches a CDF of 1 
faster, which means that a shorter worst-case dissemination 
delay could be achieved compared to the results in Figure 7.  
Figure 8 shows the DENM DD for the SC approach with a 
CAM send rate of 50 Hz. As could be seen in Figure 2, the 
amount of CAMs that had to be scheduled during a CAM 
period for long platoons in the case of CAM rates of 50 Hz 
lead to considerably increased CFP sizes. For 18 vehicles a 
CFP of 30 ms was needed, whereas for 20 vehicles the re-
quired CFP duration was close to 500 ms. This, of course, 
does not translate well for the DENM DD. In Figure 9, we 
therefore test the more favorable CFP lengths the RT analysis 
produced for a shortened CBP size (as could be seen in Figure 
3) and see a clear reduction in the DENM delay for long pla-
toons. (Simulations for half the regular CBP size were also run 
for CFP settings corresponding to lower CAM send rates but 
no significant effect on the DENM DD could be reported 
there.) Compared to the CC case in Figure 10, however, the 
increase in DENM DD stemming from the DENM-free CFPs 
in the SC approach is still obvious. We conclude that the ratio 
of DENM and CAM traffic in the network is a key factor for 
the SC approach. As long as the amount of CAM traffic that 
has to be scheduled in the CFPs is small enough to produce a 
CFP and CBP of about the same size, the DENM DD is af-
fected positively by centralized SC approach compared to 
competing for shared access on the CC. High CAM send rates, 
and thereby considerably longer CFPs, on the other hand, lead 
to a starvation of DENM traffic with unreasonable delays as a 
consequence.   
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Figure. 5: CC - DENM DD with 30 extra vehicles and for 
CAM send rate 10 Hz  
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Figure. 8: SC- DENM DD, based on full CBT size and CFP 
for CAM send rate 50 Hz 

  

Figure. 7: CC - DENM DD with no extra vehicles and for 
CAM send rate 25 Hz 
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Figure. 6: SC - DENM DD, based on full CBT size and CFP 
for CAM send rate 25 Hz 

  



The CAM performance is evaluated in terms of CAM UTD in 
Figures 11-13. CAM traffic scheduled during the CFP in the 
SC approach is guaranteed channel access before a new CAM 
is generated, i.e. a worst-case CAM UTD of one period will 
never be exceeded. In case of the shared CC employing the 
CSMA/CA random access MAC protocol, the simulator is run 
with CAM rates of 10, 25 and 50 Hz for different platoon 
lengths. The channel is always shared with DENMs assigned 
the highest priority settings provided by the standard while 
CAMs operate at the second highest priority settings. As in the 
DENM DD evaluation, CAM traffic from 30 surrounding non-
platoon vehicles is added at send rates of 10 Hz to simulate a 
situation where the CC is shared with other road users. An 
increased CAM UTD can be observed for long platoons for all 
CAM send rates. Figure 11 shows that in approx. 75% of the 
test runs with a platoon of 20 vehicles and a CAM send rate of 
10 Hz, the worst-case CAM UTD is one period, while the 
remaining 25% have a worst-case CAM inter-arrival time of 
two periods, indicating that a CAM packet was delayed be-
yond its deadline and discarded. At a higher CAM send rate of 
50 Hz, the SC case still guarantees a CAM UTD of one peri-
od, i.e. 20 ms, while the shared CC with its random access 
scheme shows worst-case CAM UTDs of ten times that num-
ber or more for long platoons. It becomes obvious that the 
CSMA/CA MAC scheme is not able to handle the large 
amount of channel access attempts while the SC approach is 
able to successfully adapt the CFP size to the required traffic 
requirements. While the RT analysis always finds SF settings 
that suit the periodic CAM traffic and leads to considerably 

improved CAM UTD values as seen in Figures 11, 12 and 13, 
increased CFP durations have a negative effect on the DENM 
DD. There is a clear tradeoff between supporting a high fre-
quency of CAMs and leaving enough bandwidth for DENM 
dissemination with reasonable delays.  

V. CONCLUSION 

The random access MAC method defined by the IEEE 
802.11p standard for inter-vehicle communication coupled 
with the shared resources of the 10 MHz control channel for 
traffic-safety messages provides insufficient support for highly 
delay-sensitive applications as platooning. In order to maintain 
an inter-vehicle gap of 5 m or less for increased fuel efficien-
cy, it is vital that both periodic status updates and event-driven 
warning messages can access the channel with low delay and 
high probability. In this paper, we presented a service channel 
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Figure. 10: CC - DENM DD with no extra vehicles and for 
CAM send rate 50 Hz 
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Figure.9: SC - DENM DD, based on half CBT size and CFP 
for CAM send rate 50 Hz 

  

Figure. 11: CAM UTD with coexisting DENM traffic on the 
control channel (platoon and non-platoon vehicles) 
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Figure. 13: CAM UTD with coexisting DENM traffic on the 
control channel (platoon vehicles only) 
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Figure. 12: CAM UTD with coexisting DENM traffic on the 
control channel (platoon vehicles only)  

  



based alternative to the standard-compliant approach using the 
control channel. On a dedicated service channel, we can use 
part of the bandwidth to employ a centralized, collision-free 
MAC scheme for periodic data traffic, scheduling resources 
and thereby guaranteeing channel access before a certain 
deadline. Those collision-free phases are interleaved with 
contention-based phases based on the decentralized random 
access MAC method used in IEEE 802.11p. During the con-
tention-based phase unpredictable event-triggered traffic gets 
a chance to access the channel. We present a way to determine 
the proper duration of both phases to support both traffic types 
and compare our service channel based approach with the 
standard-compliant use of 802.11p over the shared control 
channel. Simulation studies of the inter-arrival time of status 
updates show that the control channel approach is unable to 
support the amount of periodic updates produced by long 
platoons using high update rates, while our service channel 
solution is able to successfully adapt the size of the collision 
free phase to the required traffic requirements. A comparison 
of the dissemination delay of event-triggered hazard warnings 
shows that, for CAM send rates of 10 and 25Hz, this is ac-
complished without increasing the worst case warning dissem-
ination delay. For long platoons, the worst case dissemination 
delay was even decreased by several milliseconds. 
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