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Abstract
Distributed control applications enabled by wireless networks are becoming
more and more frequent. The advantages of wireless access are many, as control systems become mobile, autonomous and connected. Examples include
platooning and automated factories. However, distributed control systems have
stringent requirement on both reliability and timeliness, the latter in terms of
deadlines. If the deadline is missed, the packet is considered useless, similarly
to a lost or erroneous packet in a system without deadlines. In addition, wireless channels are, by nature, more exposed to noise and interference than their
wired counterparts. Consequently, it implies a considerable challenge to fulfill
the deadline requirements with sufficient reliability for proper functionality
of distributed control applications. However, by taking advantage of cooperative communications, increased reliability can be achieved with little or no
additional delay.
Reducing the delay until a message is successfully received is a two-fold
problem: providing channel access with a predictable maximum delay and
maximizing the reliability of each transmission, once granted by the medium
access method. To this end, this thesis proposes a framework that provides
a bounded channel access delay and handles the co-existence of both timetriggered and event-driven messages encountered in distributed control applications. In addition, the thesis proposes and evaluates an efficient message
dissemination technique based on relaying that maximizes the reliability given
a certain deadline, or alternatively determines the delay required to achieve a
certain reliability threshold for both unicast and broadcast scenarios. Numerical results, which are verified by Monte-Carlo simulations, show significant
improvements with the proposed relaying scheme as compared to a conventional scheme without cooperation, providing more reliable message delivery
given a fixed number of available time-slots. It also becomes clear in which
situations relaying is preferable and in which situations pure retransmissions
are preferable, as the relay selection algorithm will always pick the best option.
The relay selection algorithm has a reasonable complexity and can be used by
both routing algorithms and relaying scenarios in any time-critical application
as long as it is used together with a framework that enables predictable chani
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nel access. In addition, it can be implemented on top of commercially available
transceivers.
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Chapter 1

Introduction
1.1 Motivation
Over the last few years, a new class of distributed control applications enabled
by wireless networks has emerged. Distributed control systems have stringent
requirement on both timeliness and reliability. Take the example of platooning,
i.e., autonomous driving in road trains. In platooning, the air drag is reduced
by forming a road train of heavy duty vehicles, which enables significant fuel
reductions [1]. Platooning applications rely not only on in-vehicle sensors but
also inter-vehicle communications, where e.g., the leading vehicle sends information needed to enable automatic speed control of the trailing vehicles [2].
Therefore platooning applications have concurrent requirements on reliable
and time-critical, so-called real-time, communications.
In real-time communications, each message has a deadline to meet, and
if the deadline is missed, the packet is considered useless (similarly to a lost
or erroneous packet in a non-real-time system). Given the nature of the data
traffic and the corresponding communication requirements of distributed control systems, traditional performance measures, like throughput, are of less
importance. Instead, measures like data age, response time and deadline miss
ratio are typically considered. Although wireless networks have several advantages, wireless channels are, by nature, exposed to noise and interference,
which implies a considerable challenge to fulfill the real-time constraints.
Employing wireless communication offers significant advantages to distributed control systems, in terms of e.g., fully mobile operation, flexible installation and rapid deployment, and in some cases it is the only option, as in the
case of platooning. Hence, providing reliable real-time communications in wireless networks also has great significance for another application area, namely
industrial automation. Since the data traffic in industrial networks typically
constitutes data from digital controllers, sensors and actuators, the communication requirements, also in this case, are timeliness (deadlines) and high
reliability. The main difference between vehicular networks and industrial net-
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works is that the latter typically have slowly moving or even stationary nodes.
Further, most data packets in industrial networks are short, in the order of
a few bytes, and due to constraints on cost or form factor there is an almost
mandatory need to use standardized protocols and existing single antenna
chipsets [3]. The short data packets make the use of capacity approaching
codes like e.g., turbo codes for increased reliability less tractable since these
typically require very large interleavers to converge. Also, the requirement on
single antenna chipsets eliminates the possibility of using multiple input multiple output (MIMO) antenna systems to increase reliability without causing
excessive additional delay.
In the last decade, cooperative communications have been drawing considerable attention [4, 5, 6] as a promising strategy to exploit the space diversity
in wireless environments to increase reliability, range or throughput. By taking
advantage of surrounding relay nodes to assist the transmission to the final
destination, increased reliability can be achieved with little or no additional
delay. If designed correctly, relaying is also implementable on top of existing
standards like IEEE 802.11 [7] or IEEE 802.15.4 [8] and requires only a single
antenna. However, very few publications consider relaying in a real-time setting. The main target in this thesis is to investigate the use of relayers to attain
the concurrent requirements on timeliness and reliability in wireless networks.

1.2 Problem Formulation
Distributed control systems have high requirements on reliability, but also
on maximum delay and sometimes jitter. The maximum delay, i.e., the delay
between the time of message creation in the transmitter until the message is
successfully received (without errors) at its intended receiver(s), is the sum
of the delay at the transmitter (the channel access delay), the delay implied
by the channel (the transmission delay) and the delay at the receiver (the
decoding delay), [9]. The decoding delay is always unbounded due to noise
and interference encountered on the wireless channel. However, depending on
the particular medium access control (MAC) method used, the channel access
delay (i.e., the delay until channel access is granted by the MAC method)
can be random or upper-bounded. To support real-time deadlines, the MAC
method should be predictable such that the maximum delay before granting
channel access is known and upper-bounded. Thus, reducing the delay until a
message is successfully received is a two-fold problem: providing channel access
with low delay (and to meet real-time constraints, a predictable maximum
delay is required) and to maximize the reliability of each transmission, once
granted by the MAC method.
Relaying is an approach able to increase reliability without causing excessive additional delay. It can also be used in single-antenna systems and it
has relatively low complexity [10]. Hence, this thesis deals with how to design
relaying strategies to increase data reliability in distributed control systems us-
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ing wireless networks, given a certain maximum delay, a deadline. In addition,
the relay scheme must be used in a framework which provides a predictable
channel access delay.
Hence, this research work addresses the two following questions:
1. How can the probability of successful message delivery in a wireless distributed control system be increased, without causing additional delays?
2. How can the proposed approach be incorporated into a solution which
provides predictable channel access and uses standardized chipsets of
reasonably low complexity?

1.3 Summary of Contributions
The thesis proposes a solution that increases the reliability of message delivery in wireless distributed control systems subject to real-time deadlines. In
particular:
• Paper I proposes a framework for reliable and timely exchange of information in platooning applications. Platooning needs both time-triggered
and event-driven data dissemination, and the framework allows coexistence of both message types, without one causing performance degradation to the other one. The framework uses time-slots, provides a bounded
channel access delay and can be implemented on top of IEEE 802.11p
transceivers. Moreover, the framework includes a message dissemination
strategy using relaying to enhance the reliability, given a certain number
of available time-slots, or alternatively, to reduce the delay, in terms of
time-slots, required to achieve a certain target error probability. Hence, a
message, originating from any platoon member, is supported by a set of
distinct relayers which increases the reliability at the targeted receiver(s).
Both the case with one targeted receiver and the case when the message
should be received by all platoon members is considered.
• Paper II is an improvement of the dissemination strategy proposed in
Paper I where a more robust relay selection algorithm that minimizes
the probability of error at the targeted receiver(s), given a limited set
of time-slots, is derived. The relaying algorithm can be used for unicast
as well as broadcast. In addition, a full analysis of the resulting error
probability and delay of the proposed relaying approach is given. The
relay selection algorithm in paper II actually has a broader application
area, rather than only platooning as it can be used for most distributed
control applications requiring timely and reliable message delivery using
relaying as well as routing.
• Paper III relaxes the constraint of distinct relayers that was used in Papers I andII. This implies that it is also beneficial for irregular wireless
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network structures, e.g., as can be found in industrial automation or
process control. Analytical expressions for how to select the set of relay nodes, such that the resulting error probability is minimized at the
targeted receiver(s), are derived. The relaying scheme is useful for timetriggered as well as for event-driven messages, and considers unicast as
well as broadcast. To be appropriate for real-time systems, however, it
needs to be used together with a framework that provides predictable
channel access delays, such as the one proposed in Paper I. An additional
insight can be gained by the proposed relay selection scheme: since the
constraint on distinct relayers is removed, the selection algorithm will
always select the best set of relayers regardless of whether this implies
cooperation or not. In other words, it becomes clear in which situations
relaying is preferable and in which situations pure retransmissions are
preferable. Several research papers have considered the problem of selecting appropriate relayers based on their position [11, 12] but using
simulations only.

1.4 List of Publications
Publications related to the scope of this thesis are listed below. (The main author is underlined. The co-authors contributed through normal supervision.)
Paper I
L.-N. Hoang, E. Uhlemann, and M. Jonsson, “A framework for reliable exchange of periodic and event-driven messages in platoons,” in Proc. IEEE Int.
Conf. Commun. Workshops 2015 (accepted for publication), Jun. 2015.
Paper II
L.-N. Hoang, E. Uhlemann, and M. Jonsson, “An efficient message dissemination technique in platooning applications,” IEEE Commun. Lett., p. to appear,
2015.
Paper III
L.-N. Hoang, E. Uhlemann, and M. Jonsson, “A Simple Relaying Scheme to
Guarantee Timeliness and Reliability in Wireless Networks,” to be submitted.

Chapter 2

Distributed Control Systems
Applications using distributed control are becoming ubiquitous. For such applications to be fully functional, information must be interchanged in a timely
and reliable manner among distributed controllers, actuators and sensors in
a communication network. Traditionally, most distributed control systems are
based on wired networks, e.g. fieldbus systems [3, 13] such as the CAN bus or
PROFIBUS. Employing wireless communications offers significant advantages
to distributed control systems, and in some cases it is the only option, e.g.,
in areas requiring mobility, flexibility and scalability [3, 14]. However, implementing distributed control systems over wireless networks is a challenging
task [15]. Due to fading, a signal transmitted on a wireless channel is more affected by interference than what is typical on a wired channel, such as the one
used by the CAN bus. In addition, the signal strength is time varying and distance dependent. Wireless communications are therefore more unreliable, more
unpredictable and packets get lost or corrupted more frequently compared to
wired fieldbuses. The usual approach when packets are lost or corrupted, is to
retransmit them. However, the deadline constraint limits excessive retransmissions. Concurrent requirement on reliable and timely communications thereby
constitutes an additional challenge that has not previously needed to be addressed for wireless networks.
Control traffic with real-time constraints typically come in two flavors:
time-triggered and event-driven messages. Time-triggered messages are the
foundation of most distributed control applications and their performance is
generally improved by providing timely channel access, increased reliability,
increased update rate and/or reduced jitter. Jitter is the variation of the interarrival time between two successive periodic messages. When the jitter is zero,
all messages arrive periodically with the same inter-arrival time as the update
rate and the process becomes easier to control as all updates are regular. On
the other hand, the communication requirements of event-driven messages are
typically quite different, as jitter is of no interest, but instead a low delay and
of course high reliability and timely channel access. Event-driven messages are
5
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less common in the area of distributed control systems. This is due to systems
with event-based sampling being much harder to analyze than systems with
periodic sampling, since the time varying nature of the closed loop system can
not be avoided [16]. Nonetheless, they are becoming more frequent since many
emerging applications are systems of intelligent and/or autonomous systems,
as opposed to traditional control systems where all intelligence is placed in
a central controller. Events can therefore be initiated from any node in the
distributed control system.
This thesis deals with two examples of distributed control applications: platooning and industrial automation. The two application areas have in common
that they need real-time communications, i.e., messages have deadlines, and
that they require quite high reliability, i.e., low packet error rate. The main
difference is that a platoon has a rather static line-network structure and the
whole network moves, whereas in industrial automation, nodes are typically
scattered in a two-dimensional space and individual nodes may move with
respect to one-another. The two application areas are further described below.

2.1 Platooning

...
Figure 2.1: Forming a platoon of heavy duty vehicles can decrease fuel consumption
considerably.

Platoons of trucks constitute a first step towards fully autonomous driving.
By forming a road train of heavy duty vehicles with small inter-vehicle gaps
as illustrated in Fig. 2.1, platooning has received much attention both from
the research community and from the vehicle manufacturers as a promising
method to lower the fuel consumption by reducing the air drag [1]. Platooning applications rely not only on in-vehicle sensors, but also on inter-vehicle
communications, where, e.g., the leading vehicle sends information to other
members of the platoon to enable automatic control of the speed of the trailing
vehicles [2]. Excessive delays may violate proper functionality of the platoon
application or, alternatively, the inter-vehicle gaps may have to be expanded
to the point where fuel reductions are no longer possible. As concluded in [1],
an inter-vehicle distance of as low as 10 m is required to obtain benefits in fuel
consumption; at a speed of 80 km/h, this distance implies a total delay (including both the control system and the communication network) of less than
450 ms. Therefore, intra-platoon communications generate delay-sensitive data
traffic with high requirements on reliability.

2.2. INDUSTRIAL AUTOMATION
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Platooning is one example in a set of applications and services enabled by
cooperative intelligent transport systems (C-ITS). Many C-ITS based applications will use IEEE 802.11p [7] for short to medium range communications in
vehicular ad hoc networks (VANETs). IEEE 802.11p uses carrier sense multiple access (CSMA), which has been shown to have problems with unbounded
channel access delay and multiple consecutive packet drops [17, 18]. One way to
tackle this is through different congestion control mechanisms, e.g., [19, 20, 21].
However, while congestion control may increase the probability of timely channel access, guarantees on the maximal delay can still not be provided.
European standardization on C-ITS specifies two types of messages: timetriggered cooperative awareness messages, so-called beacons, and event-driven
notification messages [22, 23]. Events may originate not only from the central
control unit (usually the leading vehicle in a platoon) but also from other
members of the platoon, e.g., if a vehicle malfunctions and needs to perform
emergency breaking. Depending on the type of event, the resulting message
could either target a specific receiver within the platoon, e.g., an emergency
breaking message targeting the last vehicle in the platoon which needs to start
braking first, or inform all members of the platoon, e.g., the central control
unit adjusting the beacon update rate. Beacons and event-driven messages
must likely co-exist on the same channel, without degrading the performance
of each other. Co-existence strategies for beacons and event-driven messages
have therefore been considered in [24, 25] for platooning applications. However,
all existing strategies aim to keep the overall network load of beacons below
a certain threshold such that a large part of the bandwidth is made available
for event-driven messages.

2.2 Industrial Automation
There has been a growing trend of using wireless technologies in the automation industry over the last few years [14]. The major motivation for this trend
is that wireless networks offer easier and less costly installation and maintenance than traditional wired ones. In addition, wireless solutions provide more
flexibility as information can be gathered from where it previously has been
economically unfeasible with wired setups. Yet, since erroneous packets and
deadline misses can lead to damage of expensive equipment or even danger to
human life in certain critical situations, wireless networks must first fufill all
requirements that today are met by current wired fieldbuses, i.e., guarantee
sufficient levels of reliability and timeliness. However, wireless communications
degraded by many moving and vibrating objects and metallic clutter found in
industrial environments. Therefore, providing both timeliness and reliability
for wireless networks in industrial settings is an important remaining challenge
[14].
Communications for industrial applications are mainly constituted by exchanges of sensor readings towards a common controller or gateway, together

8

CHAPTER 2. DISTRIBUTED CONTROL SYSTEMS

with actuator commands from the controller. Periodic data traffic is therefore most common, even if event-driven data traffic may become more widely
spread in a close future as more nodes become mobile. In addition, broadcast is less frequent and instead all sensors typically target one common final
destination; the central controller.
Open standards will make customers less reluctant to employ wireless solutions in their industrial applications, as it reduces the risk of being locked
in by one single equipment supplier. Most existing standards aimed for use in
industrial wireless sensor networks (IWSN) are therefore based on the IEEE
802.15.4 [8] standard, e.g. WirelessHART [26] and ISA 100.11a [27]. The main
reasons for this is that 802.15.4 has comparably low energy consumption and
also that there are low-cost chipsets available from several different vendors.
However, 802.15.4 is also based on CSMA and thereby has problems with
random and unbounded channel access delays. Since data traffic in industrial
applications is mostly periodic, TDMA is often used on top of IEEE 802.15.4,
e.g. as in WirelessHART and ISA100.11a, to provide predictable channel access
delays. The information carried in each packet is only valid until the time of
the next sensor update, and thus, the deadline for each packet often equals its
period. To enhance the reliability, WirelessHART divides the available timeslots in the TDMA hyperframe between direct transmissions, retransmissions
and forwarding packets through alternative routes using intermediate nodes.
If a packet retransmission is not needed, the time-slots allocated for it will be
empty since a specific transmitter-receiver pair is pre-assigned to each timeslot. Due to this, the thesis targets solutions that are implementable on top of
commercially available IEEE 802.15.4 chipsets.

Chapter 3

Real-time Communications
Data traffic from distributed control systems have real-time requirements. A
real-time system is characterized by interaction with some form of physical
system and therefore the result of its execution needs to be presented in a
timely fashion. This implies that it is not only the result itself that is of importance, but also when in time it is presented. Therefore, an application with
real-time requirements has one or more deadlines to meet, which is dictated
by the physical system it interacts with. Thus, in real-time communications,
a message needs to be delivered to its intended receiver(s) before a predefined
deadline [28] and late delivery of information, i.e., received after the deadline,
often has the same effect as lost or erroneous information. The consequences
of a missed deadline vary with application. Either it is critical that the message reaches its intended recipient(s) before a particular time instant as with
event-driven messages, or the deadline simply means that the message has now
expired and is no longer of interest, possibly due to a newer version now being available as with time-triggered messages. If a real-time system is used to
control the airbag in a car, it does not matter if a correct result is presented,
i.e., the airbag is correctly triggered – if it is not presented on time. In other
cases, a missed deadline will only imply reduced quality. If a hazard warning
for an imminent traffic accident is not delivered before the deadline (the actual
crash) it is more severe than if a periodic position message misses its deadline
(the generation of the next updated position message).
Besides the level of importance, real-time messages are also classified as
having hard or soft deadlines [28]. A message with a hard deadline becomes
useless when the deadline has passed, whereas with a soft deadline the importance of the result degrades with time after the deadline has passed. Periodic position messages have hard deadlines because it is useless to transmit
a position message if there is already another more recent position message
available to transmit. Hazard warnings, on the other hand, have soft deadlines,
even though the message as such is more critical. The reason is that it is still
relevant to inform about a hazard even if it is too late for the driver to avoid
9
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the incident – the problem might be mitigated by the driver or, if an accident
had already occurred, other drivers may be able to avoid the hazard.
From a communications perspective, the real-time constraints imply a nonergodic channel. In general, most communication channels are ergodic, meaning that if given enough time, the channel will eventually return to a previously
experienced state. However, given a deadline, this may not happen. This in
turn implies that the channel capacity is zero since there is a probability that
the transmitted data rate cannot be supported by the channel. This is termed
information-outage probability [29]. Therefore the real-time constraint constitutes a noteworthy challenge that has not previously been addressed for
wireless networks.
In this thesis, a probabilistic view of fulfilling the real-time constraints in
wireless networks is exploited, i.e., by providing a sufficiently high probability
of delivering correct information before the deadline. Different applications
will have different requirements on the level of reliability needed. In addition,
an event-driven message will in general require a higher reliability level than
a time-triggered message, unless the event is repeated periodically. Similarly,
a higher level of reliability can be required for a time-triggered message that
missed its deadline in a previous instance. This way, consecutive errors may
be reduced.
Recall that the maximum delay, i.e., the delay between the time of initiating a message at the transmitter to the point in time that the message is
successfully received (without errors) at its intended receiver(s), is the sum
of the delay at the transmitter (the channel access delay), the delay implied
by the channel (the transmission delay) and the delay at the receiver (the decoding delay) [9]. The channel access delay, i.e., the delay until channel access
is granted, depends on the particular MAC method in use. While the transmission delay is bounded and depends on the modulation and coding scheme
(MCS) as well as the distance (the propagation delay), the decoding delay is
always unbounded due to noise and interference encountered on the wireless
channels.

3.1 Medium Access Control (MAC)
The role of the MAC protocol is to regulate access to the common medium
by dividing the resources among users. In applications with real-time constraints, the chosen MAC method should provide predictable channel access
delay. Based on the real-time criteria, MAC methods can be divided into random access and guaranteed access schemes [30].
A widely accepted example of random access scheme is CSMA. Before initiating a transmission in CSMA, the sender tries to detect whether another
transmission is in progress or not by sensing the channel during a predetermined listening period. If the channel is sensed busy, the node will defer its
access. In the worst case, a packet with real-time constraints could therefore be
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dropped before having an opportunity to access the medium. In other words,
channel access delay is not upper-bounded. Therefore, real-time deadlines cannot be guaranteed with CSMA.
Guaranteed access schemes avoid contention and resources can be reserved
in advance for each node. In TDMA for example, each node is assigned a
number of time-slots within a certain time period and channel access can be
made fair and predictable. For this reason, most distributed control applications use MAC methods based on TDMA to ensure an upper-bound on the
channel access delay and to minimize jitter. However, TDMA is a centralized MAC method and thus some sort of central entity is required to divide
the time-slots among the different users. In WirelessHART, this problem is
solved by pre-scheduling all time slots to specific transmitter-receiver pairs.
The particular schedule used depends on the deadline and the period of the
messages, as well as the amount of redundancy required. The pre-scheduling
also avoid the problem of the central controller constituting a single point of
failure. Although scheduling and the specific choice of MAC method is out of
the scope of this thesis, it is important to note that the particular choice of
MAC method affects the channel access delay and also the amount of interference encountered once channel access has been granted. However, even if
the channel access delay is bounded with TDMA, and the jitter can be set to
zero, the delay until a message is successfully received (i.e., without errors) is
still unbounded (either since the message cannot be decoded in which case the
decoding delay is infinite, or in case of retransmissions, due to an arbitrary
high number of retransmissions taking place).

3.2 Reliability
In order to mitigate the effects of shadowing, multipath fading and interference
encountered in wireless channels, a large variety of error control strategies exists. These can roughly be divided into retransmission-based automatic-repeatrequest (ARQ) and forward-error-correction (FEC) schemes. ARQ schemes
perform well until the probability of packet errors becomes too large. In this
case, ARQ will lead to numerous retransmissions, such that packet deadlines
can be missed. Consequently, in systems with real-time constraints, the number of allowed retransmissions is usually limited by the deadline. FEC is the
best choice when the number of bit errors is moderate and especially when
there is no feedback channel available. However, for very challenging wireless
channels where errors appear in bursts that are longer than the error correction capability of the code, FEC is less useful. In the last years, FEC techniques such as turbo codes and iterative decoding algorithms that can operate
close to information-theoretical limits were developed. Unfortunately, optimal
transmission strategies typically lead to inhibiting complexity and thus the
usefulness of these codes for distributed control applications is often limited.

12

CHAPTER 3. REAL-TIME COMMUNICATIONS

Consequently, error control methods that increase reliability without causing additional, random or unpredictable delays is needed to increase the probability that a message is delivered at its intended receiver before the deadline.

3.3 Performance Measures
A central concept for information theory is the capacity C, characterized by the
maximum reliable throughput between two terminals, representing the boundary between the physically possible and impossible [31]. However, for wireless
real-time communications, capacity or throughput is of less importance, since
high reliability rather than high transmission rates is required. Turning to research on real-time communications, the performance measure “deadline miss
ratio” is typically used, in which a lost message is regarded as having infinite
delay and hence this measure captures both the delay and the probability of
losing messages.
In control theory, performance of applications based on time-triggered messages is generally improved by providing timely channel access, increased reliability, increased update rate and reduced jitter. Kaul et al. [32] identifies the
age of periodic messages as an important performance metric as it captures
the effects of channel access delay, packet error rate (PER), update rate and
potential congestion – all in one measure. In contrast, the communication requirements of event-driven messages are typically quite different, as jitter is of
no interest, but instead a low dissemination delay is. The dissemination delay
is defined as the delay between event detection (e.g., the leading vehicle in the
platoon detecting an upcoming traffic jam) and the point in time when the
entire platoon successfully received the warning [25]. Note that the dissemination delay therefore includes both the channel access delay as well as the delay
due to packet errors and retransmissions.
The performance measures message age and dissemination delay are used
in this thesis to evaluate the performance of time-triggered and event-driven
messages, respectively. A bounded channel access delay implies that the worst
case channel access delay is known, congestion is avoided and the message age
depends only on the selected periodic update rate and the packet error rate,
as the jitter can be set to zero. For event-driven messages, a bounded channel
access delay implies that there is a predictable worst-case delay before data
transmission can be initiated, but the worst-case delay until the event-driven
message is successfully received at its intended receiver(s) is still unbounded
and depends on the packet error rate.

Chapter 4

Cooperative Communications
In the last decade, cooperative communications or relaying networks have
drawn significant attention to research communities [4, 5, 6] as a promising
strategy to increase reliability, range or throughput. The key idea of cooperative schemes is to employ the assistance of relay nodes during the transmission from the source node to the final destination, to gain diversity in wireless
environments. In particular, a set of relayers is deployed to support the transmission in two separate phases. In the first phase, the source broadcasts to
both the destination and the relayers and during the second phase, the original transmission will be repeated by the relayers to the final destination. A
relaying scheme attains maximal diversity gain when the channel between the
source node and the destination is stochastically independent of the channel
between the relay node and the destination, i.e., the probability of the instantaneous channel gains of the two links being in deep fading at the same time is
lower [33]. Depending on the processing capabilities at the relay nodes, relaying strategies can be categorized into two main schemes: amplify-and-forward
(AF) and decode-and-forward (DF). For the AF scheme, the information symbol received at the relay node is simply amplified according to the adopted
average transmit power, before being forwarded to the destination node in the
next phase. On the other hand, the DF strategy requires the relay to first
attempt to decode the received signal, and then re-encode it and forward it
to the final destination. When implementing relaying in wireless distributed
control systems, i.e., on top of the standards IEEE 802.11 or 802.15.4, only
the DF scheme is feasible.
In industrial networks, relaying is of particular interest, as the source nodes
often are battery-powered sensors that need to limit the number of transmitted
packets to conserve energy. Furthermore, the placement of relay nodes can be
decided entirely based on the qualities of the involved channels, whereas the
placement of sensor nodes is constrained by the application and the machine
setup.
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4.1 Relaying in Communications Theory
Most of the studies in this field have concentrated on the physical layer and
Shannon rate regions, i.e., considering unbounded packet delays, continuous
data flows and infinite symbol lengths [4, 5, 6, 34]. Hence, the results and
strategies derived are not applicable to distributed control systems, due to
the presence of real-time deadlines, the short packet sizes and the standardized chipsets preventing concurrent transmissions. However, considering cooperative communications as forming many nodes into cooperating groups,
also introduces complex medium access interactions. Focusing on the selection
of a single relayer to support a given source-destination link, the authors of
[35, 36, 37] show that cooperation on the MAC layer exhibits performance
gains in terms of throughput and delay. Furthermore, the cooperative protocol
proposed in [38] reveals that by opportunistically selecting relayers, all nodes
in the network can significantly attain performance gains. However, none of
these publications consider relaying with real-time constraints or target the
performance measures message age and dissemination delay.

4.2 Relaying for Distributed Control
Only a few publications consider cooperative communications in a real-time
setting. In [39], a protocol named MMSPEED is proposed, providing multiple
desirable quality of service levels of timeliness and reliability, while DGRAM
in [40] is an integrated MAC and routing protocol. However, both protocols in
[39] and [40] are operating in a multi-hop manner based on the geographical
information. Under the constraint of deadlines, the authors of [41] consider
the problem of joint routing and multi-hop scheduling, aiming for reliable realtime communication. Nonetheless, multi-hop is only a special case among all
available relaying strategies. In [42] and [43] the problem of relay nodes being
a sparse resource in industrial automation is considered. Two strategies based
on networks coding and packet aggregation are proposed, to allow each relay
node to help more than one source node in each transmission. Finally, in [44],
a TDMA-based scheduling problem is introduced, in which relayers overhear
each other and are selected to minimize the average number of packets missing
their deadlines. The suggested solution in [44] of formulating a Markov decision
process is however complicated and considers only unicast.

Chapter 5

Overview of the Appended
Papers
The main thesis contribution is two-fold: a framework that handles the coexistence of both time-triggered and event-driven messages encountered in
distributed control applications and provides timely channel access and an
efficient message dissemination technique based on relaying that maximizes
the reliability given a certain deadline, or alternatively that determines the
delay required to achieve a certain reliability threshold for both unicast and
broadcast scenarios. The relaying scheme has relatively low complexity and
can be used on top of commercially available transceivers e.g., IEEE 802.11 or
IEEE 802.15.4.. Note that the proposed relay selection algorithm actually has
a quite broad application area, as it can be used by e.g., routing algorithms
and relaying scenarios in any time-critical application.

5.1 Paper I
The contribution of this paper is two-fold, a framework that reliably handles
the co-existence of both time-triggered and event-driven control messages in
platooning applications and an efficient message dissemination technique. The
framework consists of a time-slotted medium access scheme, which, e.g., could
be placed on top of the IEEE 802.11p access layer. While centralized medium
access schemes such as TDMA are impractical for most VANET applications,
they can be formed and managed quite easily in platoons due to the highly
regular network topology.
A subset of all available timeslots in the TDMA frame are reserved for timetriggered messages, and, using a hyperframe structure, all platoon members
can broadcast their beacons once in each hyperframe. This yields a bounded
channel access delay for time-triggered messages, which results in a message
age only depending on the beacon update rate and the packet error rate, as
the jitter can be set to zero.
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While much research work has focused on minimizing the age of periodic
messages, state-of-the-art for disseminating event-driven messages is still to
let all nodes repeat all messages and focus on mitigating broadcast storms.
To minimize the delay until dissemination of event-driven messages can commence, the time-slots used for beacons are evenly distributed within the hyperframe. This can be done without loss of performance in terms of message
age for periodic messages. Event-driven messages originating from any platoon
member, are then supported by a set of distinct relayers. Both the case with
one targeted receiver and the case when the message should be received by all
platoon members are considered. The resulting message dissemination strategy
uses relaying and has a bounded channel access delay. Relayers are selected
such as the distance between the source and the final destination is divided
evenly among the set of available time-slots, i.e., if a message is to be sent from
node 1 to node 10 using three time-slots, the selected transmitters are node 1,
node 4 and node 7. We can therefore evaluate the error probability at the targeted receiver(s) after a fixed transmission delay. Simulation results indicate
that the proposed dissemination policy significantly enhances the reliability
for a given number of available time-slots, or alternatively, reduces the delay,
in terms of timeslots, required to achieve a certain target error probability.

5.2 Paper II
The relayers in Paper I were selected based on a best-effort algorithm which
tried to divide the total distance between the message originator and the final
destination into even pieces for each assigned relay slot. The main contribution
of Paper II is a relay selection algorithm that minimizes the PER at the targeted receiver(s), given a limited set of time-slots. It works for broadcast as well
as unicast. Note that this approach is different from relay-selection algorithms
intended for general application cases, as these either allow concurrent transmissions (which would require more expensive, non-standardized transceivers)
and aim to maximize diversity, or as in [38] focuses on minimizing the average
delay (whereas Paper II considers the case when the delay is strictly bounded).
Also, Paper II focuses on maximizing the reliability at the targeted receivers
before a given deadline, whereas [38] focuses on stable throughput. Paper II
assumes that each messages is supported by a set of time-slots for increased
reliability. The problem of how to maximize the reliability of real-time messages given a certain deadline can then be reformulated as how to make best
use of the set of available time-slots. The proposed relay selection algorithm is
optimal in the sense that it selects the set of relay nodes that minimizes the
PER at the targeted receiver(s). A full analysis of the resulting error probability and delay, when relayers, selected by the proposed algorithm, are used
to disseminate a message within a certain deadline. Numerical results, which
are verified by Monte-Carlo simulations, show that the benefits of using the
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proposed relay selection algorithm increase as more time slots are allowed and
also for longer platoons.

5.3 Paper III
The main contribution of paper III is to relax the constraint of distinct relayers
that was used in Paper II. This implies that the same relay node can appear
more than once in the set of selected relay nodes. This is beneficial for irregular
wireless network structures, and in particular for sparse networks. However,
this also has other implications. In particular, Paper III targets distributed
control systems in general and not only platooning. Paper III thus proposes
and evaluates a relay selection strategy which minimizes the error probability
at the targeted receiver(s) and derive analytical expressions for how to select the best set of relayers among all source nodes. Numerical results show
significant improvements with the proposed relaying scheme as compared to
a conventional scheme without cooperation, providing more reliable message
delivery given a fixed number of time-slots. It also becomes clear in which
situations relaying is preferable and in which pure retransmissions are preferable, as the relay selection algorithm will always pick the best option. Several
research papers have considered the problem of selecting appropriate relayers
based on their position [11, 12] but by using simulations only. However, it
should be noted that in order to have an upper bound on the delay until a
message is successfully received, the relay selection algorithm must be used
together with a MAC scheme which has an upper bound on the channel access
delay, such as TDMA.

Chapter 6

Conclusions and Future Works
Over the last few years, several distributed control applications enabled by
wireless networks have emerged. Employing wireless communications to distributed control systems offers significant advantages, in terms of e.g., fully
mobile operation, flexible installation and rapid deployment, and in some cases
it is the only option, as in the case of platooning. However, distributed control systems have stringent requirement on both timeliness and reliability, and
wireless channels are, by nature, more exposed to noise and interference than
their wired counterparts. Consequently, it implies a considerable challenge to
fulfill the real-time requirements with sufficient reliability for proper functionality of distributed control applications.
While the maximum delay, i.e., the delay between the time of message
creation in the transmitter until the message is successfully received (without
errors) at its intended receiver(s), is always unbounded due to noise and interference encountered on the wireless channel, the delay at the transmitter
(the channel access delay) depends on the MAC method in use. Thus, reducing the delay until a message is successfully received is a two-fold problem:
providing channel access with low delay (and to meet real-time constraints, a
predictable maximum delay) and maximizing the reliability of each transmission (once granted by the MAC method).
The thesis addresses this problem and provides a two-fold contribution: a
framework that provides timely channel access and handles the co-existence
of both time-triggered and event-driven messages encountered in distributed
control applications and as well as an efficient message dissemination technique based on relaying that maximizes the reliability given a certain deadline,
or alternatively determines the delay required to achieve a certain reliability
threshold for both unicast and broadcast scenarios. As the proposed framework has a bounded channel access delay, the resulting error probability at the
targeted receiver(s) after a fixed transmission delay can be evaluated. The thesis thus derives analytical expressions for how to select the best set of relayers
among all source nodes. Numerical results which are verified by Monte-Carlo
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simulations, show significant improvements with the proposed relaying scheme
as compared to a conventional scheme without cooperation, providing more
reliable message delivery given a fixed number of time-slots. It also becomes
clear in which situations relaying is preferable and in which situations pure retransmissions are preferable, as the relay selection algorithm will always pick
the best option.
The proposed relay selection algorithm has a reasonable complexity and can
be used by both routing algorithms and relaying scenarios based on TDMA
in any time-critical application. In addition, it can be implemented on top of
commercially available transceivers.
As future work, it would be interesting to consider more complex packet
structures in which relay nodes are allowed to aggregate packets or to use
network coding. In addition, it would be intriguing to allow more constraints
such as providing energy efficiency and achieving fairness.
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Abstract—Platooning is widely considered a promising approach to decrease fuel consumption by reducing the air drag.
However, in order to achieve the benefits of aerodynamic efficiency, the inter-vehicle distances must be kept short. This
implies that the intra-platoon communication must not only
be reliable but also able to meet strict timing deadlines. In
this paper, we propose a framework that reliably handles the
co-existence of both time-triggered and event-driven control
messages in platooning applications and we derive an efficient
message dissemination technique. We propose a semi-centralized
time division multiple access (TDMA) approach, which e.g., can
be placed on top of the current standard IEEE 802.11p and
we evaluate the resulting error probability and delay, when
using it to broadcast periodic beacons and disseminating eventdriven messages within a platoon. Simulation results indicate
that the proposed dissemination policy significantly enhances
the reliability for a given number of available time-slots, or
alternatively, reduces the delay, in terms of time-slots, required
to achieve a certain target error probability, without degrading
the performance of co-existing time-triggered messages.

I. I NTRODUCTION
In platooning, the air drag is reduced by forming a road train
of heavy duty vehicles, which enables considerable fuel reductions [1]. Platooning applications rely on in-vehicle sensors
but also inter-vehicle communications, where e.g., the leading
vehicle sends information needed to enable automatic speed
control of the trailing vehicles [2]. Delay-sensitive data traffic
with requirements on high reliability is thereby generated.
Platooning applications is an example in a set of applications and services enabled by cooperative intelligent transport
systems (C-ITS). Many C-ITS based applications will use
IEEE 802.11p for short to medium range communication in
vehicular ad hoc networks (VANETs) [3]. IEEE 802.11p uses
carrier sense multiple access (CSMA), which has been shown
to have problems with unbounded channel access delay and
multiple consecutive packet drops [4, 5]. Excessive delays
may prevent proper functionality of a platooning application
or, alternatively, the required inter-vehicle distances between
members in a platoon may have to be extended to the point
where fuel reductions are no longer possible. One way to
tackle this is through different congestion control mechanisms,
e.g., [6–8]. However, while congestion control may increase
the probability of timely channel access, channel access guarantees can still not be provided.
This work is funded by the Knowledge Foundation (KKS) through the
ACDC project and by the ELLIIT network.

For applications with high requirements on timely and
reliable communications, centralized networks based on time
division multiple access (TDMA) are often preferred as resources can then be scheduled to ensure an upper bound on
the channel access delay, as in e.g., industrial control networks
like WirelessHART[9]. While centralized access schemes are
impractical for most VANET applications, they can be formed
and managed quite easily in platooning due to the highly
regular network topology. Even in networks based on IEEE
802.11p, TDMA can be adopted by, e.g., placing a time-slotted
scheme on top of CSMA [10]. However, even if timely access
to the channel is provided, the communications requirements
of platooning applications are still challenging.
Standardization on C-ITS specifies two types of messages; time-triggered position messages, so-called beacons,
and event-driven hazard warnings [11, 12]. Time-triggered
messages are the foundation of most distributed control applications, but, since a platoon consists of a system of intelligent
systems, event-driven messages will also be needed. Events
may originate not only from the leading vehicle (the central
control unit) but also from trailing vehicles, e.g., if a vehicle malfunctions and needs to perform emergency breaking.
Depending on the type of event, the resulting message could
either target a specific receiver within the platoon, e.g., the
platoon leader or an emergency breaking message especially
targeting the last vehicle which needs to start braking first, or
concern all members of the platoon, e.g., the platoon leader
adjusting the beacon update rate. Beacons and event-driven
messages must likely co-exist on the same channel, without
causing performance degradation to one-another.
Rather than tackling the problems that CSMA implies,
we take advantage of the rather stationary network topology
within a platoon and propose to use a time-slotted medium
access scheme, which, e.g., could be placed on top of the IEEE
802.11p access layer. We reserve a subset of all available timeslots for periodic beacons, and adopt a hyperframe structure,
such that all platoon members broadcast their beacons once in
each hyperframe. This yields a bounded channel access delay
for beacons, which results in a message age only depending
on the beacon update rate and the packet error rate, as the
jitter can be set to zero. Further, given a certain number of
available time-slots, e.g., the set available in-between two
successive beacon slots in the hyperframe, we propose an
efficient message dissemination strategy especially tailored to

platooning applications. We consider two types of event-driven
messages; the type that should be propagated to a specific
receiver and the type that needs to be correctly received by
all platoon members. The message itself can originate from
any platoon member. The resulting message dissemination
strategy is based on relaying, has a bounded channel access
delay and we evaluate the error probability at the targeted
receiver(s) after a fixed transmission delay. We benchmark the
performance of our proposed scheme against a scheme where
the message originator itself uses all time slots to repeat its
own message. Simulation results indicate that the proposed
dissemination policy significantly enhances the reliability for
a given number of available time-slots, or alternatively, reduces
the delay, in terms of time-slots, required to achieve a certain
target error probability. Our framework can thus be used both
to broadcast periodic beacons and to disseminate event-driven
messages within a platoon, without one message type causing
performance degradation to the other.
II. R ELATED WORKS
European standardization on C-ITS specifies two types of
messages; periodic and event-driven [11, 12]. Particularly for
platooning, a high beacon update rate is required in order
to maintain short inter-vehicle gaps and quickly react to
variations in the surrounding environment. Performance of
applications based on time-triggered messages is generally
improved by providing timely channel access, increased reliability, increased update rate and reduced jitter. Kaul et. al.
[13] identifies the age of periodic status updates in vehicular
networks as an important performance metric and propose a
rate control algorithm to improve its properties. If the medium
access control (MAC) algorithm has a bounded channel access
delay, the message age is purely a function of the beacon
update rate and the packet error rate (PER). If event-driven
messages should co-exist with beacons, the update rate should
be as low as possible while still providing enough data to
control the process. The beacon update rate should then be
adjusted based on the current PER [14].
In contrast, the communications requirements of eventdriven messages are typically quite different from those of
time-triggered messages. Jitter and message age is of no
interest, but instead a low dissemination delay. A common
approach to increase the reliability and reduce the dissemination delay of event-driven messages is to let all nodes
repeat all messages and focus on mitigating broadcast storms.
Different ways of mitigating broadcast storms associated with
message dissemination within a certain geographical area in
IEEE 802.11p based VANETs have been evaluated in [15] and
in [16] where several selective broadcast algorithms are compared from an application perspective using simulations. An
overview of information dissemination protocols for VANETs
is given in [17]. In [14], the dissemination delay in platooning
is considered as a performance measure, i.e., the delay between event detection (e.g., the leading vehicle in the platoon
detecting an upcoming traffic jam) and the point in time when
the entire platoon successfully received the warning.

Fig. 1: Hyperframe structure for a platoon of N trucks.

In order to maintain fuel-efficient inter-vehicle gaps within
the platoon while providing the required levels of traffic safety,
the need for efficient dissemination strategies of event-driven
messages co-existing with high update rate beacons on the
same channel emerges. Co-existence strategies for beacons and
event-driven messages have been considered previously, both
for VANETs in general in [7] and in platooning applications
specifically in [14, 18]. All existing strategies aim to keep
the network load of beacons below a certain threshold such
that the remaining part of the bandwidth is made available
for event-driven messages where, in turn, the main focus is
to mitigate broadcast storms. In [18], a combined decentralized/centralized access approach is adopted, using real-time
schedulability analysis to determine the ratio of bandwidth
required for beacons and event-driven messages, respectively.
The event-driven messages are, however, still using CSMA
and the performance in terms of dissemination delay is not
enhanced further, except to mitigate broadcast storms.
III. S YSTEM M ODEL
We consider a platoon consisting of N vehicles, labeled
by the integers 1, 2, ..., N , communicating through an ad
hoc network as shown in Fig. 1. We adopt the use of a
periodic hyperframe structure with time slotted medium access
such that all platoon members broadcast their beacons once
in each hyperframe. The channel gain hij between a pair
of nodes (i, j) is real-valued, independent but not identical
distributed (i.n.i.d.), characterized by its probability density
function fhij (hij ). We assume that each packet is transmitted
in exactly one time-slot, every node transmits with power Pt
and the noise power level at each node is N0 . Defining gth as
the correct decoding threshold, the probability that a message
sent, directly from node i, cannot be successfully decoded at
node j is derived as
 Z gth N0

√
Pt
fhij ( xij )
Pt |hij |2
≤ gth =
dxij . (1)
pi,j = Pr
√
N0
2 xij
0
The channel packet error rates are represented by an N ×N
matrix P, in which each element pi,j denotes the error
probability on the link from node i to node j. We further
assume that fhij (hij ) is known or can be estimated, and
remains unchanged for the set of time-slots considered. This
assumption is motivated by noting that the path loss and the
slow fading characteristics will remain virtually unchanged, as
long as the network topology and the inter-vehicle distances
do not change.

IV. P ROPOSED F RAMEWORK
We adopt the use of TDMA and a periodic hyperframe
structure such that all platoon members broadcast their beacons once in each hyperframe, Fig. 1. This enables a bounded
channel access delay. It should be noted that even though the
channel access delay (i.e., the delay until channel access is
granted by the MAC method) is bounded with TDMA, the
delay until a message is successfully received (i.e., without
errors) at its intended receiver(s) is still un-bounded. This
is due to noise and interference encountered on the wireless
channels. Therefore, to reduce the delay until a message is
successfully received, it is not enough that the channel access
delay is bounded – the reliability of each transmission (once
granted by the MAC method) must also be maximized.
To ensure full reliability, a separate frequency channel is
required to avoid interference from non-platoon vehicles using
CSMA [18]. Using a separate channel for platooning has
several advantages. The channel can be restricted to platoon
members only and does not have to be shared by other
vehicles. It enables adjusting the beacon update rate more
freely as the overall traffic load is lower and thereby less
affected by congestion control policies. In addition, a MAC
method with guaranteed access such as TDMA can be used
to avoid random channel access delays and packet collisions.
However, according to European standard, all vehicles must
listen to the control channel at all times. This implies that an
extra transceiver would be needed if a separate platooning
channel is to be used. The question is if the additional
hardware cost implied by having a transceiver tuned to a
separate channel at all times is justified. Two things indicates
that the extra cost is well worth it. Firstly, in [18] it has
been shown that the interference from non-platoon members
is considerable. Secondly, platooning is now considered an
extremely important application for the truck manufacturers
as initial field trials have shown that platooning can reduce
fuel costs considerably. The cost benefits of the fuel savings
in combination with the problems displayed by pure CSMA
of IEEE 802.11p have triggered serious discussions of using
separate frequency channels for platooning, despite the risk of
having to install twice the amount of hardware in the truck.
Further, the TDMA scheme can be coordinated centrally by a
platoon leader which also can grant entrance to new platoon
members, by receiving requests sent by interested candidates
using CSMA on another channel, e.g., the control channel.
A. Time-Triggered Messages
We assume that a subset of the available time slots is
dedicated to periodic beacon messages. Each such message
needs to be received reliably at least by the vehicle immediately behind, but likely also by the vehicle in front. If a
high update rate can be kept, this implies a shorter intervehicle distance (i.e., better performance). The age of periodic
status updates in vehicular networks has been outlined as an
important performance metric as it captures the effects of
channel access delay, packet error rate, beacon update rate
and congestion – all in one measure. We define the data
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Fig. 2: Eight vehicles are assigned slots for initiation of event-driven
messages scheduled according to round robin. In this example, only
vehicle 3 utilizes its opportunity.

age as the duration from the generation instance of the last
correctly received beacon from a specific node, to the next
beacon generation instance correctly received from the same
node. If one time-slot is scheduled for each platoon member in
each message period, the jitter is zero and the channel access
delay is known and constant, Fig. 1. If the beacon update rate
changes, the message period will change and thus the slot
assignment and the hyperframe length needs to be updated.
This is done by the platoon leader issuing an event-driven
message targeting all platoon members, which contain the new
slot assignment for time-triggered messages.
B. Event-driven messages
If a subset of all available time-slots is reserved for periodic
beacons, the remainder of the slots in a cyclic hyperframe can
be used for disseminating event-driven messages. The total
number of time-slots available for dissemination thus depends
on the number of platoon members, the beacon up-date-rate
and the size of the messages/time slots. To minimize the delay
until dissemination of event-driven messages can commence,
we let the time-slots used for beacons be evenly distributed
within the hyperframe similar to [18] and as shown in Fig. 1.
This can be done without loss of performance in terms of
message age for periodic messages. We consider two types of
event-driven messages. The first type is a message that needs
to be propagated from one end of the platoon to the other.
The second type is a message that originates from one node
and needs to be received by the entire platoon. Note that the
message itself can originate from any platoon member.
In platooning, the dissemination delay, i.e., the delay between event detection (e.g., the leading vehicle in the platoon
detecting an upcoming traffic jam) and the point in time
when the entire platoon successfully received the warning,
is particularly important. The aim here is to maximize the
probability that the intended destination(s) correctly receive(s)
each event-driven message, given a certain limited number of
time slots that can be used for dissemination.
In each slot, not occupied by a beacon or an already
initiated dissemination of an event-driven message, a specific
vehicle (scheduled according to round-robin) is allowed to
initiate dissemination of its event-driven message as shown
in Fig. 2. Each such event-driven message, transmitted from
a source node (message originator) to its final destination(s),
is pre-assigned a set of K + 1 time-slots where the value
of K depends on the application requirements on delay and

Algorithm 1: The relay selection algorithm
UNICAST
R0 ← Source ; D ← Destination; R0 6= D;
K + 1 ← Number of time slots;
/* dxe is the ceil function of x
if R0 > D then
m
l

for i = 1 to K do Ri = S − i
else
l
for i = 1 to K do Ri = S + i

R0 −D
K+1

;

R0 −D
K+1

m
;

BROADCAST

*/

R0 ← Source ; N ← Platoon length;
K + 1 l← Number of mtime slots;

0 −1)K
KL = (RN
− 21 ; KR = K − KL ;
−1
i = 1; Ks = min(KL , KR );
while i ≤ Ks do l
m
l
m
−R0
R0 −1
R2i−1 = R0 + i N
KR +1 ; R2i = R0 − i KL +1 ;
i + +;
if KL 6= KR then
for j = 2Ks + 1 to K do
l
m

−R0
if KL = Ks then Rj = R0 + j N
KR +1
m
l
R0 −1
;
else Rj = R0 − j K
L +1

;

reliability for that particular type of event. The K + 1 slots
can be granted since other vehicles, despite being scheduled
for possible initiation of event-driven messages in a certain
slot, are not allowed to interrupt an ongoing dissemination
procedure. The first time slot is always allocated to the source
R0 , while the remaining K time slots are allocated to a set of
K distinct relays R1 , R2 , ..., RK . After overhearing an eventdriven message in the time-slots numbered 0, 1, ..., k −1, relay
Rk will transmit in time-slot k or, if it did not manage to overhear the message, remain quiet. We select the members for the
set of K distinct relays, according to the Algorithm 1. The goal
of Algorithm 1 is to to get the relay nodes evenly distributed
in the space between the source and the destination(s). In the
unicast case, Algorithm 1 simply divides the number of hops
in-between the source and the destination with the number
of relay slots allowed (e.g., from node 1 to node 5 there are
four hops and with two slots allowed, this gives two sets –
hence node 1 and node 1 + 2 = 3 get the relay slots). In the
broadcast case, a similar reasoning is used, but the slots are
divided among the two directions, in front of the source and
behind the source. The number of slots given to each direction
depends on the position of the message originator (hence, if
the source is the first or the last vehicle, broadcast is equal to
unicast).
Note that the unicast algorithm should be used for eventdriven messages that need to be propagated to a specific
receiver, whereas the broadcast algorithm targets a message
that needs to be received by the entire platoon. Finally, note

that new relay nodes need to be selected using the broadcast or
the unicast algorithm whenever something happens that affects
the channel matrix P, e.g., the platoon speed or intra-platoon
distances change, or the slot assignment, e.g., the number of
platoon members changes or the beacon frequency changes.
The total dissemination delay until a target PER has been
achieved depends on the channel access delay and the number
of time-slots required. The message dissemination delay once
channel access is granted depends only on the number of
time slots required to achieve a certain level of reliability
(packet error probability). The channel access delay, in turn,
depends on the number of ongoing events in the platoon,
the preferred number of relay slots for each such event
and the number of time-slots available for dissemination in
the hyperframe (which primarily depends on the update rate
of time-triggered messages). Consequently, for event-driven
messages, the channel access delay is not constant, since it
depends on the number of events that are active at the same
time, but the worst case is known and occurs when all vehicles
have an event and each such event is followed by a set of
time slots for relaying. Hence, if the maximum number of
relay slots allowed per event is known (centrally decided), the
maximum channel access delay is known and thus bounded.
V. P ERFORMANCE E VALUATION
To evaluate our framework, we use a Monte-Carlo simulator
implemented in Matlab with the channel characteristics from
[19]. The channels are represented by the pathloss exponent
γ = 2.32 and a distance-dependent parameter m in the
Nakagami-m distribution [19]. The probability density function of Nakagami-m distribution is
fX (x) =

−mx2
2mm x2m−1
exp ω ,
m
ω Γ(m)

(2)

where ω = δPγt and δ is the distance between the transceivers.
We use the parameters suggested in [3] and [20] , i.e., transmit
power 20 dBm, noise floor −99 dBm and decoding threshold 8
dB, in our simulation to determine the matrix P. The antennato-antenna distance between two subsequent vehicles is 25
meters, corresponding to an average truck length of about
18 meters. Given the characteristics of the matrix P, we run
20 million trials to get sufficient confidence in the simulation
results.
In Fig. 3, we present the probability of success as a
function of the number of time-slots used for disseminating event-driven messages which are transmitted from node
1 to different receivers. Success is defined as the targeted
destination correctly receiving the message. We compare the
performance of our relaying scheme to a simple repetition
scheme, in which the source R0 uses all K +1 time-slots. Note
that both schemes will select the same relayer (the message
originator) if only one time slot is allowed. It can be seen
that for platoon lengths above eight vehicles, the relaying
scheme improves performance considerably, i.e., the success
probability is 0.949 after two time-slots with relaying, but only
0.924 with repetition when the platoon length is 12.
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Fig. 3: Success probability of an event-driven message reaching a
certain destination (unicast), given a set of assigned time-slots and a
platoon with 12 members.

Fig. 5: Success probability of an event-driven message originating
from node 1 reaching all platoon members (broadcast), given a set
of assigned time-slots and a platoon with 12 members.

Fig. 4: Success probability of an event-driven message originating
from node 1 reaching all platoon members (broadcast), given a set
of assigned time-slots and a platoon with 8 members.

Fig. 6: Success probability of an event-driven message originating
from node 4 reaching all platoon members (broadcast), given a set
of assigned time-slots and a platoon with 12 members.

In Fig. 4, we present the resulting probability of success for
event-driven messages originating from node 1, the leading
vehicle, to all platoon members, i.e., broadcast. Results are
presented for a different set of time-slots ranging from one
to four and the success probability is measured in each node
as indicated on the x-axis. When three or more time-slots are
used to disseminate the message, the success probability is
approaching 1 for all platoon members. For two time-slots,
we see an anomaly for node number 5 after the second timeslot. This is due to node 5 being selected as the relayer and
hence its own performance is not improved. The selected relay
nodes are {1,4,6} for three and finally {1,3,5,7} for four timeslots. From Fig. 4 we can also derive the message age for
time-triggered messages. The relaying scheme using only one
time-slot is the same as broadcasting periodic beacons to the
entire platoon. The average message age can be obtained by
dividing the time between two successive beacon transmissions
with the success probability. We can see from the figure that
beacons are transmitted reliably to neighbors located two hops

away. For longer distances the message age will be higher than
the beacon period.
In Fig. 5 we can also see the success probability of a
message broadcasted from the leading vehicle to the entire
platoon, but for 12 platoon members. It can be seen from
Fig. 5 that the increased platoon length affects the success
probability at several nodes, since the preferred relay node for
two time-slots has moved from node 5 to node 7. In addition,
we see that the success probability degrades linearly with the
number of hops in the platoon, with two exceptions: after node
3 and after node 8. These distances correspond to the instances
where the distance dependent parameter m in the Nakagami-m
distribution changes.
In Fig. 6, the resulting success probability when broadcasting an event-driven message from node 4 to the entire platoon
with 12 members is shown. We can see similar trends here as
in Fig. 4–5, i.e., the success probability is close to one for for
two nodes on each side of the message originator, even after
one slot, and then performance reduces considerably for nodes

three hops away. Thereafter it degrades linearly again for
nodes three to seven hops away, before the next considerable
reduction at nodes located eight hops away. However, if four
time slots are allowed for relaying, the success probability is
close to one for all nodes.
The worst case channel access delay for event-driven messages is when a vehicle k generates an event right after its
dedicated event-slot and all platoon members have events to
disseminate. As illustrated in Fig. 2, the next opportunity for
vehicle k does then not occur until all N − 1 vehicles have
generated and sent their events, which all need to be followed
by a set of relay slots. The maximum number of time-slots that
can ever be assigned to an event is N − 1, i.e., each platoon
member except the last one, relays the message e.g., to change
the beacon update rate. Also note that event-driven messages
and relay slots can only take place in slots not already used
by time-triggered messages. We use the following numerical
example: assume that the beacon update rate is 10 Hz, i.e., one
periodic message is sent from each vehicle each 100 ms, and a
time slot is 100 µs. This implies that the hyper frame consists
of 1000 slots and for a platoon length of N = 10 vehicles,
a periodic message appear every 100 slot. If an event-driven
message is generated in node 2 just after node 2’s designated
event-slot, the worst case is that node 3–10 and node 1 all
have event-driven messages of the worst kind i.e., N − 1 = 9
slots. Then nine nodes will each use nine time slots, resulting
in 81 slots before it is node 2’s turn again. In the worst case
one periodic message also appears, i.e., the worst case channel
access delay becomes 82 slots, resulting in 8.2 ms when each
slot is 100 µs.
VI. C ONCLUSIONS
In this paper, we have proposed a framework for reliable
exchange of periodic and event-driven control messages in
platooning applications together with an efficient message
dissemination technique. We use a semi-centralized TDMA
scheme, that can be placed on top of IEEE 802.11p, which
includes designated time-slots for periodic beacons by all
platoon members, evenly spread in a hyperframe, and inbetween, a number of consecutive time-slots which can be
used by event-driven messages. This yields a bounded channel
access delay for beacons, which results in the message age
only depending on the beacon update rate and the PER,
and where the jitter can be set to zero. In our proposed
dissemination algorithm, event-driven messages originating
from any platoon member, are supported by a set of distinct relayers. We consider both the case with one targeted
receiver and the case when the message should be received
by all platoon members. The resulting message dissemination
strategy uses relaying and has a bounded channel access delay.
We can therefore evaluate the error probability at the targeted
receiver(s) after a fixed transmission delay. Simulation results
indicate that the proposed dissemination policy significantly
enhances the reliability for a given number of available timeslots, or alternatively, reduces the delay, in terms of timeslots, required to achieve a certain target error probability. Our

framework can be used both to broadcast periodic beacons
and to disseminate event-driven messages within a platoon,
without one message type causing performance degradation
to the other.
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An Efficient Message Dissemination Technique in
Platooning Applications
Le-Nam Hoang, Elisabeth Uhlemann, and Magnus Jonsson

Abstract—Autonomous driving in road trains, a.k.a. platooning, may reduce fuel consumption considerably if the intervehicle distances are kept short. However, to do this, the intraplatoon communication must not only be reliable but also able
to meet strict deadlines. While time-triggered messages are the
foundation of most distributed control applications, platooning
is likely to also require dissemination of event-driven messages.
While much research work has focused on minimizing the age
of periodic messages, state-of-the-art for disseminating eventdriven messages is to let all nodes repeat all messages and focus
on mitigating broadcast storms. We derive an efficient message
dissemination scheme based on relay selection which minimizes
the probability of error at the intended receiver(s) for both
unicast and broadcast, without degrading the performance of
co-existing time-triggered messages. We present a full analysis of
the resulting error probability and delay, when relayers, selected
by our algorithm, are used to disseminate messages within a
platoon. Numerical results indicate that the proposed relaying
policy significantly enhances the reliability for a given delay.

I. I NTRODUCTION
Platooning, i.e., forming a road train of heavy duty vehicles with small inter-vehicle gaps, is considered a promising
method to decrease fuel consumption by reducing the air drag
[1]. Platooning applications rely on in-vehicle sensors, but
also inter-vehicle communications, where, e.g., the leading
vehicle sends information to the trailing vehicles to enable
automatic control of the speed of the platoon [2]. Intra-platoon
communication therefore requires delay-sensitive data to be
transmitted and received with high reliability. While timetriggered messages, or so-called beacons, are the foundation
of most distributed control applications, platooning is likely to
also require dissemination of event-driven messages. Events
may originate not only from the leading vehicle (the central
controller) but from any platoon member. Depending on the
type of event, the resulting message could either target a specific receiver within the platoon (e.g., an emergency breaking
message targeting the last vehicle which needs to brake first) or
concern all members of the platoon (e.g., the platoon leader
adjusting the beacon update-rate). Beacons and event-driven
messages must likely co-exist on the same channel without
affecting the performance of one another, as proposed by ETSI
[3, 4].
Platooning is one example in a set of applications enabled
by cooperative intelligent transport systems (C-ITS). Most
This work is funded by the Knowledge Foundation (KKS) through
the ACDC project and by the ELLIIT network. The authors are with
CERES, Halmstad University, Halmstad, Sweden. Email:{le-nam.hoang,
elisabeth.uhlemann, magnus.jonsson}@hh.se. E. Uhlemann is also with
Malardalen University, Västerås, Sweden.

C-ITS based applications requiring short to medium range
inter-vehicle communication will use IEEE 802.11p [5], operating in so-called vehicular ad hoc networks (VANETs).
802.11p uses carrier sense multiple access (CSMA), which
has shown problems with unbounded channel access delay
and multiple consecutive packet drops [6, 7]. For platooning,
excessive delays may jeopardize the safety of the platoon or,
alternatively, the inter-vehicle gaps may have to be extended
to the point where fuel reductions are no longer possible.
Rather than tackling the problems implied by CSMA, we
use a time division multiple access (TDMA) approach, which
is placed on top of the CSMA scheme of 802.11p [8]. While
centralized schemes such as TDMA are impractical for most
VANET applications, they can be formed and managed quite
easily in platoons due to the highly regular network topology.
However, to ensure full reliability, a separate frequency channel is likely required to avoid interference from non-platoon
vehicles using CSMA. Even though the channel access delay
(i.e., the delay until channel access is granted by the MAC
method) is bounded with TDMA, the delay until a message is
successfully received (i.e., without errors) is still unbounded.
This is due to noise and interference encountered on the
wireless channels. To reduce the delay until a message is
successfully received, it is not enough with an upper bounded
channel access delay, the reliability of each transmission (once
granted by the MAC method) must also be maximized.
If a subset of all available time-slots is reserved for periodic
beacons, the remainder of the slots in a cyclic hyperframe can
be used for disseminating event-driven messages. The problem
of how to maximize the reliability of event-driven messages,
given a fixed deadline, can then be reformulated as how to
make best use of a set of available time-slots. Given a certain
number of available time-slots, we select a set of relayers
to aid the dissemination such that the probability of error is
minimized at the targeted receiver(s) for broadcast as well
as unicast. Our algorithm can also be used to determine the
maximum delay required (in terms of time-slots) to achieve a
certain reliability. We show that our proposed relaying policy
significantly enhances the probability of receiving event-driven
messages, without jeopardizing the performance of periodic
beacons. To the best of our knowledge, our approach is the
first of its kind as state-of-the-art for dissemination of eventdriven messages is to simply let all nodes repeat all eventdriven messages and focusing on mitigation broadcast storms.
II. R ELATED WORKS
Performance of applications based on beacons is generally
improved by providing timely channel access, increased reli-
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Fig. 1: Hyperframe structure for a platoon of N trucks.
ability, increased update rate or reduced jitter. The communications requirements of event-driven messages are typically
quite different, as jitter is of no interest, but instead a low dissemination delay. Kaul et al. [9] identifies the age of periodic
beacons in vehicular networks as an important performance
metric and propose a rate control algorithm to improve its
properties. In [10] several information dissemination protocols for VANETs in general are reviewed and in [11], the
dissemination delay in platooning is specifically considered.
The dissemination delay is defined as the delay between event
detection (e.g., the leading vehicle in the platoon detecting
an upcoming traffic jam) and the point in time when the
entire platoon successfully received the warning. Note that
the dissemination delay therefore includes both the channel
access delay as well as the delay due to packet errors. Different
ways of mitigating broadcast storms associated with message
dissemination within VANETs have been evaluated in [12]
and in [13] where several selective broadcast algorithms are
compared from an application perspective using simulations.
Co-existence strategies for beacons and event-driven messages are considered in [14] for VANETs in general and
in [11, 15] for platooning applications. In [15], a combined
decentralized/centralized channel access approach is adopted,
using real-time schedulability analysis to determine the ratio
of bandwidth required for beacons and event-driven messages,
respectively. The event-driven messages are, however, still
using CSMA and performance in terms of dissemination delay
is not enhanced further, except to mitigate broadcast storms.
In addition, [15] compares the performance of a platooning
application by itself on a service channel, to a platooning
application co-existing with other C-ITS based applications on
the control channel. Interference from non-platoon members
on the control channel is evident. Consequently, all existing
strategies aim to keep the overall network load of beacons below a certain threshold such that a large part of the bandwidth
is made available for event-driven messages where, in turn,
the main focus is to mitigate broadcast storms.
III. S YSTEM M ODEL
Consider a platoon of N vehicles, labeled by the integers
1, 2, . . . , N , communicating through an ad hoc network, as
in Fig. 1. We use a periodic hyperframe structure with time
slotted MAC such that all platoon members broadcast their
beacons once in each hyperframe. The number of time-slots remaining for disseminating event-driven messages thus depends
on the number of platoon members, the beacon update-rate and

the size of the messages/time slots. To minimize the delay until
dissemination of event-driven messages can commence, we let
the time-slots used for beacons be evenly distributed within the
hyperframe according to [16] and as seen in Fig.1.
The channel gain hij between a pair of nodes (i, j) is independent but not identical distributed (i.n.i.d.), characterized
by its probability density function fhij (hij ). We assume that
each packet is transmitted in exactly one time-slot, every node
transmits with power Pt and has the noise power level N0 .
Defining ηth as the correct decoding threshold, the probability
that a message sent directly from node i cannot be successfully
decoded at node j is derived as
 Z ηth N0

√
Pt
fhij ( γij )
Pt |hij |2
≤ ηth =
dγij . (1)
Pi→j = Pr
√
N0
2 γij
0

The channel error rates are represented by an N × N matrix
P, in which each element Pi→j denotes the error probability
on the link from node i to node j. We assume that fhij (hij ) is
known or can be estimated, and remains unchanged during the
set of time-slots considered. This assumption is not unreasonable as the path loss and the slow fading characteristics will
remain virtually unchanged, as long as the network topology
and the inter-vehicle distances do not change.
In each slot, not occupied by a beacon or an already
initiated event-driven message, a specific vehicle (pre-allocated
through round-robin) is allowed to initiate dissemination of
its event-driven message. Each such event-driven message,
transmitted from a source node (message originator) to its
final destination(s), is pre-assigned a set of K + 1 time-slots
where the value of K depends on the application requirements
on delay and reliability for that particular type of event. The
K + 1 slots can be granted since other vehicles, despite being
pre-allocated for possible initiation of event-driven messages
in a certain slot, are not allowed to interrupt an ongoing
dissemination procedure. Time-slot 0 is always allocated to
the source R0 and the remaining K time-slots to a set of
K distinct relayers R1 , R2 , ..., RK . After overhearing in the
time-slots numbered 0, 1, . . . , k − 1, relay Rk will transmit at
time-slot k or, if it did not manage to overhear the message,
remain quiet. Our aim is to select members of the set of K
relayers, given a certain limited number of time-slots.
IV. M ESSAGE D ISSEMINATION I N P LATOONS
Denoting the event

T if Ri transmits at time-slot i
ei =
Q if Ri remains quiet at time-slot i,

we consider the probability of a sequence of K consecutive
K
K
events e = {ei }i=1 ∈ {T, Q} , and apply the chain rule
K
Y




Pr ∩K
Pr ek | ∩k−1
i=0 ei = Pr [e0 ]
i=0 ei .

(2)

k=1

The probability that relay Rk transmits in its designated time
slot, conditioning on {ei }k−1
i=0 , is determined by
Y


k−1
Pr ek = T | ∩i=0 ei = 1 −
PRl →Rk ,
(3)
l∈ΦT (e)
l<k

3

l∈ΦT (e)
l<k

Defining the complimentary set ΘQ (e) = {j|ej = Q} of time
slots where the corresponding relay nodes remain quiet, the
sequence of events e occurs with probability as follows
!
Y
Y
Pr [e] =
PRl →Rk 1 −
PRu →Rl ,
(5)
∀l∈ΦT (e)
k∈ΘQ (e)
k>l
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Note that (6) can be used for two types of event-driven
messages. The first type is a message that needs to be sent
to a specific receiver. We then calculate the resulting error
probability at this receiver after a certain number of time-slots.
Alternatively, we can use (6) to calculate the delay, in terms of
time-slots, required to achieve a certain target error probability.
The second type of event is a message that originates from one
node and needs to be received by the entire platoon. In this
second scenario, (6) is used to calculate the resulting error
probability for all platoon members, except the relayers. To
calculate the final error probability at a relay node Rk after
K + 1 time-slots, 1 ≤ k ≤ K, we note that


K
Pr eK+1 = Q| ∩k−1
(7)
i=0 ei ∩ {ek = T } ∩i=k+1 ei = 0,


K
Pr eK+1 = Q| ∩k−1
e
∩
{e
=
Q}
∩
e
i
k
i
i=k+1
i=0


= Pr eK+1 = Q| ∩K
i=k+1 ei . (8)

Equation (7) means that it is impossible that a relay node
transmits in its designated time-slot, k, but then does not
possess a correct copy of the packet after K + 1 slots. On the
other hand, equation (8) indicates that a relay node remaining
quiet in its assigned relaying slot k has the opportunity
to receive the packet by overhearing in time-slot k + 1 to
time-slot K. Finally, note that new relay nodes need to be
selected using (6) – (8) whenever something happens that
affect the channel matrix, e.g., the platoon speed or intraplatoon distances change, or the slot assignment, e.g., the
number of platoon members change or the beacon frequency
change.
V. N UMERICAL R ESULTS
To evaluate our solution, we use the channel characteristics
from [17] to numerically calculate the elements in (1). The
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Fig. 2: Probability of error at a certain destination, given a set
of assigned time-slots and a platoon with 12 members.
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assuming that PRu →Rl = 0 when l = 0, u < l. The event
eK+1 = Q, i.e the destination cannot receive the packet after
K + 1 transmission attempts, has the probability
X
Pr [eK+1 = Q] =
Pr [eK+1 = Q|e]Pr [e]
X

0

10

Probability of Error

where ΦT (e) = {0} ∪ {i|ei = T } is the ordered set of all
time-slots in which transmissions take place. Assuming that
{ei }k−1
i=0 is defined, the probability that relay Rk remains quiet:
Y


Pr ek = Q| ∩k−1
PRl →Rk .
(4)
i=0 ei =
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Fig. 3: The dissemination delay in a platoon with 12 nodes.
channels are represented by the path loss exponent γ = 2.32
and a distance-dependent parameter m in the Nakagami-m
distribution [17]. The Nakagami-m distribution is
f {x; m, ω} =

−mx2
2mm x2m−1
exp ω ,
ω m Γ(m)

(9)

where ω = dPγt , Pt is the transmitted power and d is the
distance between the transceivers. We use the parameters
suggested in [18] and [5], i.e., transmit power 20 dBm, noise
floor −99 dBm and decoding threshold 8 dB in our simulation
to determine the matrix P. We use this channel model both in
the analytical expressions from Section IV and, to verify its
correctness, in a Monte-Carlo simulation using MATLAB.
In the following numerical example, we consider a platoon
where the antenna-to-antenna distance between two subsequent vehicles is 20 meters, corresponding to an average
truck length of about 15 meters. In Fig. 2, we present the
resulting probability of error as a function of the number of
time-slots for a platoon with N = 12, when messages are
sent from the leading vehicle to a specific destination, i.e.,

4

TABLE I: Performance comparisons for different platoon lengths N

Number
of
timeslots

1
2
3
4
N −1

ES
0.0695
4.4e-6
7.8e-11
9.3e-14
1.5e-18

N =6
R
0.0695
0.0048
3.4e-3
2.3e-5
1.6e-6

GS
0.0695
4.4e-6
7.8e-11
2e-12
1.1e-13

ES
0.0986
0.0054
1.6e-7
2.4e-10
1.3e-20

N =8
R
0.0986
0.0097
1e-3
9.4e-5
9e-8

vehicle 8 or vehicle 12. We compare the performance of our
Exhaustive Search (ES) scheme to that of two other schemes:
“Retransmission” (R), in which the source R0 uses all K
time-slots, and “Greedy Search” (GS) which selects the best
relay node for one time-slot at the time. Note that all schemes
will select the same relayer (the message originator) if only
one time slot is allowed. From the plot, we can see that a
transmission from the first to the last vehicle in a platoon
of 12 vehicles can reach an error probability of 2 × 10−4
when using three time-slots. In this case, our ES algorithm
employs nodes 4 and 9 to relay the message in time slots 2
and 3, respectively. As can be seen from Fig. 2, the analytical
expressions perfectly match the simulations.
In Table I, we compare the performance of our ES scheme
with R and GS for different number of time slots allowed and
different platoon lengths. As can be seen, the performance
advantage of the ES scheme increases for longer platoons and
when more relaying time slots are allowed.
Finally, Fig. 3 illustrates the result in the second dissemination scenario in which the message originator needs to
broadcast information to the entire platoon. Fig. 3 shows that
our proposed solution is efficient for broadcast as well as
unicast dissemination of event-driven messages in platoons.
VI. C ONCLUSIONS
In this paper, we have proposed a relay selection policy
suitable for platooning applications using a TDMA-based
setting. The overall TDMA scheme includes designated timeslots for periodic beacons, sent by all platoon members, evenly
spread in a hyperframe, and in-between, a limited number
of consecutive time-slots which can be used by event-driven
messages. In our proposed algorithm, event-driven messages
originating from any platoon member, are supported by a set
of distinct relayers. We have derived analytical expressions for
how to select the set of relayers among the platoon members,
such that the resulting error rate is minimized at the targeted
receiver(s). We consider both the case with one targeted
receiver and the case when the message should be received by
all platoon members. Numerical results show that the benefits
of using our algorithm increase as more time slots are allowed
and also for longer platoons. Consequently, using our proposed
relaying algorithm implies a lower delay when delivering
emergency event-driven messages in platooning applications,
or alternatively, provides more reliable dissemination of eventdriven messages, given a fixed number of time-slots. In
addition, the dissemination of event-driven messages do not
compromise the timely transmission of beacons.

GS
0.0986
0.0054
0.3e-3
2.4e-8
5.5e-13

ES
0.2019
0.017
1.9e-6
1.7e-8
2.9e-22

N = 10
R
0.2019
0.0407
8.2e-3
1.7e-3
5.6e-7

GS
0.2019
0.017
1.9e-6
9e-8
3.7e-14

ES
0.2338
0.0264
0.2e-3
2.2e-7
1.5e-23

N = 12
R
0.2338
0.0547
0.0128
3e-3
1.1e-7

GS
0.2338
0.0264
0.2e-3
3.8e-6
7.5e-13
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A Simple Relaying Scheme to Guarantee
Timeliness and Reliability in Wireless Networks
Le-Nam Hoang, Elisabeth Uhlemann, and Magnus Jonsson

Abstract—Many emerging applications based on wireless networks involves distributed control. This implies high requirements on reliability, but also on maximum delay and sometimes
jitter. The total delay depends on the packet error rate and the
time until channel access is granted. With e.g., TDMA, channel
access is upper-bounded and the jitter zero. To reduce the packet
error rate given a certain deadline (a set of TDMA time-slots),
we propose a simple relaying scheme, including a full analysis
of its resulting error probability and delay. Numerical results
show that the proposed relaying strategy significantly improves
reliability given a certain message deadline.

I. I NTRODUCTION
Many emerging applications enabled by wireless networks
rely on some kind of distributed control system and thus have
concurrent requirement on reliable and time-critical, so-called
real-time communications. By real-time communication, we
mean that each message has a deadline to meet, and if the
deadline constraint is violated, the packet is considered useless
(similarly to a lost or erroneous packet in a non-real-time
system). The maximum delay, i.e., the delay between the time
of message creation in the transmitter until the message is successfully received (without errors) at its intended receiver(s),
is the sum of the delay at the transmitter (the channel access
delay), the delay implied by the channel (the transmission
delay) and the delay at the receiver (the decoding delay), [1].
The channel access delay, i.e., the delay until channel access is
granted by the medium access control (MAC) method, depends
on the particular MAC method in use. With e.g., CSMA, the
channel access delay is random and unbounded, whereas with
e.g., TDMA, the channel access delay is known, and the jitter
can be set to zero. For this reason, most distributed control
applications use centralized MAC methods like TDMA, as
resources can be scheduled in advance to ensure an upper
bound on the channel access delay, e.g., as in WirelessHART
or ISA 100.11a [2]. While the transmission delay is bounded
and depends on the modulation and coding scheme (MCS)
as well as the distance (the propagation delay), the decoding
delay is always unbounded due to noise and interference
encountered on the wireless channels. Consequently, even
if the channel access delay is bounded with TDMA, the
delay until a message is successfully received (i.e., without
errors) is still unbounded (either since the message cannot be
decoded in which case the decoding delay is infinite, or in
This work is funded by the Knowledge Foundation (KKS) through
the ACDC project and by the ELLIIT network. The authors are with
CERES, Halmstad University, Halmstad, Sweden. Email:{le-nam.hoang,
elisabeth.uhlemann, magnus.jonsson}@hh.se. E. Uhlemann is also with
Malardalen University, Västerås, Sweden.

case of retransmissions, due to an arbitrary high number of
retransmissions taking place). Thus, reducing the delay until
a message is successfully received is a two-fold problem:
providing channel access with low delay (and to meet realtime constraints, a predictable maximum delay is required) and
to maximize the reliability of each transmission (once granted
by the MAC method).
To ensure correct delivery of packets within their given
deadlines, industrial control systems based on WirelessHART
schedules extra time-slots for retransmissions. Several research
papers have considered the problem of how to efficiently
employ these extra time-slots to minimize the probability that a
packet misses its deadline [3], [4]. This paper gives a simple
solution to the problem introduced in [4]. We assume that
each message is supported by a set of time-slots for increased
reliability. The problem of how to maximize the reliability of
real-time messages given a fixed deadline can then be reformulated into how to make best use of a set of available timeslots. We propose a relay selection algorithm that maximizes
the reliability at the targeted receiver before a given deadline
and we derive analytical expressions for how to select the set
of relayers, such that the resulting error rate is minimized at
the targeted receiver(s). Note that our proposed relay selection
algorithm is applicable to unicast as well as broadcast and
maximizes the reliability given a bounded maximum delay (in
terms of timeslots), or alternatively determines the maximum
delay required to achieve a certain reliability. Our contribution
is different from existing relay-selection algorithms, as these
either allow concurrent transmissions and aim to maximize
diversity as in [5]–[8], or as in [9], focuses on minimizing the
average delay and achieving stable throughput, which is not
relevant for real-time applications.
II. R ELATED W ORKS
In the last decade, cooperative communications has drawn
significant attention to research communities as a promising
strategy to exploit space diversity in wireless environments to
increase reliability, range or throughput [5]–[7] . Most of the
studies in this field have concentrated on the physical layer
and Shannon rate regions, i.e., considering unbounded packet
delays, continuous data flows and infinite symbol lengths [5]–
[8] which is not applicable to distributed control systems.
However, considering cooperative communications as forming
many nodes into cooperating groups, also introduces complex
medium access interactions. Focusing on the selection of a
single relayer to support a given source-destination link, the
authors of [10]–[12] show that cooperation on the link layer
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exhibits performance gains in terms of throughput and delay.
Furthermore, the cooperative protocol proposed in [9] reveals
that by opportunistically selecting relayers, all nodes in the
network can improve stable throughput. Still, very few publications consider cooperative communications in a real-time
setting. In [13], a protocol named MMSPEED is proposed,
providing multiple quality of service levels of timeliness and
reliability while DGRAM in [14] is an integrated MAC and
routing protocol. However both protocols in [13] and [14]
are operating in a multi-hop manner based on geographical
information. Under the constraint of deadlines, the authors
of [15] consider the problem of joint routing and multihop scheduling, aiming for reliable real-time communications.
Nonetheless, multi-hop is only a special case among all
available relaying strategies. In [4], a TDMA-based scheduling
problem is introduced, in which relayers overhear each other
and are selected to minimize the average number of packets
missing their deadlines. The suggested solution in [4] of
formulating a Markov decision process is however complicated
and considers only unicast. Finally, in [16], a similar relay
selection policy is derived – however it is assumed that each
relay node can appear only once. This makes the approach
in [16] appropriate only for line networks such as platooning,
and not for wireless networks in general.
III. S YSTEM M ODEL
We consider a fully connected network consisting of N
source nodes. Depending on if unicast or broadcast is used,
the destination is either one of the nodes, or the entire set
of nodes. Without loss of generality, we assume that time is
slotted and each packet is transmitted in exactly one timeslot. Each message transmitted from a source node i to its
destination is assigned a set of K time-slots, where the value
of K depends on the requirements on delay and reliability for
that particular type of message. The time-slots may or may
not be consecutive. The first time-slot a0 in the set is always
allocated to the source node (the message originator) and the
remaining K − 1 time-slots are dedicated for relaying, noting
that the source node and the relayers in previous time-slots can
be reused. After overhearing in the time-slots a0 , a1 , ..., ak−1 ,
relay Rk will transmit in time-slot ak or, if it did not manage
to overhear the message, remains quiet. Our aim is to select
members of the set of (not necessarily distinct) relayers, given
a certain limited number of K time-slots.
The channel gain gij between a pair of nodes (i, j) is independent but not identical distributed (i.n.i.d.), characterized by
its probability density function fgij (gij ). Every node transmits
with the power Pt , while the noise power level is N0 at
each node. Defining ηth as the correct decoding threshold, the
probability that a message sent directly from node i cannot be
successfully decoded at node j is derived as [17]:

pi,j

ηth N0


ZPt
√
fgij ( γij )
Pt |gij |2
≤ ηth =
dγij .
= Pr
√
N0
2 γij


or can be estimated, and remain fixed for all considered timeslots, the reception process does not depend on the average
state pi,j but instead the instantaneous gain gij (t) on the
channel.
IV. P ROPOSED STRATEGY AND A NALYSIS OF THE
RESULTING PROBABILITY OF ERROR

Whithout loss of generality, we consider one packet which
is assigned K time-slots and derive the probability that the
destination β cannot receive a correct copy of it. We define
• ak (k = 0, 1, . . . , K −1) as the time-slots in which relayer
Rk is assigned; at a pseudo time-slot a−1 , the packet
transmission has not been initiated yet (none of the nodes
has the packet), while the source R0 transmits the packet
in time-slot a0 ;
• Lk such that time-slot aLk is the previous time-slot prior
to ak in which Rk is used; Lk = −1 if Rk is scheduled
for the first time, Lk = 0 if Rk = R0 ;
• ek indicating the event taking place in time-slot ak ,

1 if Rk transmits in time-slot ak
ek =
0 if Rk remains quiet in time-slot ak ;

evu as the sequence of events that take place in time-slots
au , au+1 , au+2 , ..., av .
Note that a relay node Rk remains quiet in time-slot ak
only if it has not received a correct copy of the packet after
overhearing in the k previous time-slots, including time-slot
a0 . Therefore, if relay node Rk successfully received the
packet before time-slot aLk , it must transmit the packet in
time-slot ak ,
h
i
h
i
Pr ek = 0 eLk = 1 = 0 and Pr ek = 1 eLk = 1 = 1. (2)
•

However, if Rk did not receive a correct copy of the packet
before aLk , it still has opportunities listening in time-slots
aLk +1 , aLk +2 , . . . , ak−1 and thus,
h
i
h
i
Lk −1
Pr ek = 0 ek−1
= Pr ek = 0 ek−1
Lk +1 , eLk = 0, e0
Lk +1
=

k−1
Y

pRj,Rk

j=Lk +1

h

Lk −1
and Pr ek = 1 ek−1
Lk +1 , eLk = 0, e0

=1−

i

e j

(3)

h
i
= Pr ek = 1 ek−1
Lk +1

k−1
Y

j=Lk +1

pRj,Rk

e j

.

(4)

It should be noted that, if Rk is scheduled for two subsequent time-slots, it either transmits or remains quiet in both,
h
i
Pr ek = eLk Lk = k − 1, k 6= 0 = 1
(5)
h
i
and Pr ek 6= eLk Lk = k − 1, k 6= 0 = 0.
(6)

Eqs. (2)–(6) can be represented by a simplified expression as
(1)

0

Note that although the channel gain and the additive noise
processes are stationary, i.e. the channel coefficients are known

h
i
Pr ek ek−1
=
0

k−1
Y

pRj,Rk

j=Lk +1

ej (1−eLk )
+I{ek = eLk }−1 ,

(7)
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Fig. 1. Performance at node 6, when node 1 is the source, comparing the
ES, GS and “Without Cooperation” schemes.

where I{ek = eLk } is the indicator function for the event
ek = eLk , i.e.,

1 if ek = eLk
I{ek = eLk } =
0 if ek 6= eLk .

Noting that e0 = 1 and applying the chain rule, the event
eK = 0, i.e., the destination cannot receive the packet after K
transmission attempts, has the probability
h
i 
X

Pr [eK = 0] =
Pr eK = 0 eK−1
Pr e0K−1
0

10

1

2

3
4
Number of time−slots

5

6

Fig. 2. Performance of the unicast scenario in the line network.

noise (AWGN). The channel gain gij is characterized by an
i.n.i.d. Nakagami-m distribution, which has the probability
density function
!
m
2m −1
2
2mij ij gij ij
mij gij
fgij (gij ) =
exp
−
,
(9)
m
ωij
ωij ij Γ(mij )

2
where ωij = E{gij
} and Γ(mij ) is the Gamma function. It
should be mentioned that this distribution can also represent
a wide range of channels experiencing multipath fading, e.g.,
the Rayleigh distribution by setting mij = 1. The Nakagamim distribution fits well with land-mobile and indoor-mobile
∀eK−1
∈{0,1}K−1
1
h
i K−1
i multi-path propagation, as well as ionospheric radio links [17].
X
Y h
Firstly, we consider a network of six nodes where all nodes
=
Pr eK = 0 eK−1
Pr ek ek−1
0
0
are in a straight line, the distance between node i and node
k=1
∀e1K−1
j is dij and mij = 0.5, ∀i, j. The distances from node 1
∈{0,1}K−1
K−1
to node j = 2; 3; 4; 5; 6 are 100; 300; 400; 800; 1000 meters,
Y
X
e k
respectively. These irregular distances have been selected on
pRk,β
= pR0,β
purpose, to better highlight the benefits of different relay
∀eK−1
∈{0,1}K−1 k=1
1
positions. In Fig. 1 we consider the probability that a message,
k−1
Y
ej (1−eLk )
pRj,Rk
+ I{ek = eLk } − 1 . sent from node 1, cannot be decoded successfully at node
6, as a function of the number of time-slots. We compare
j=Lk +1
(8) the benefit of using our proposed Exhaustive Search (ES)
scheme to two others: “Without Cooperation”, in which the
Eq. (8) can be used to determine the optimum schedule
source, node 1 employs all available time-slots, and “Greedy
of relayers, both for unicast and broadcast. For the unicast
Search” (GS) in which the best relayer is selected for each
scenario, we can calculate the resulting error probability
time-slot independently. To verify the correctness of (2)– (8),
at the destination after a certain number of time-slots, or
we also conduct Monte-Carlo simulations using Matlab. It can
alternatively, we can use (8) to calculate the delay, in terms of
be seen in the figure that the analytical expressions perfectly
time-slots, required to achieve a certain target error probability.
match the simulations. Further, it can be seen in Fig. 1 that the
For broadcasting, (8) is used to calculate the resulting error
packet can attain an error probability of about 10−3 using our
probability for all nodes.
ES strategy for six given time-slots, but without cooperation,
the additional time-slots implies only a minor improvement.
V. N UMERICAL RESULTS
Note that with this network setup, it is most of the time not
In this section, we present the numerical results to illus- possible for node 1 to communicate directly with node 6 using
trate the performance of the proposed strategy. We use the only one time-slot.
The probability of error when transmitting messages from
parameter setting suggested by the empirical results in [18],
i.e., the pathloss exponent is 3, while Pt = 1 mW, N0 = −99 each source node to one destination, node 6, using the ES
dBm, and ηth = 11 dB for QPSK modulation and code rate algorithm is represented as different curves in Fig. 2. The
3/4. For any pair of nodes (i, j), we assume a channel with results show that the best option for node 5 is to not use
Nakagami-m fading, together with additive white Gaussian cooperation, but keep retransmitting in all available time-slots.
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Fig. 4. Performance of the broadcast scenario in the grid network.

Fig. 3. Performance of the broadcast scenario in the line network.

This can be explained from (8) since p5,6 < p5,i , ∀i < 5, and
thus, given K time-slots,
K−1
h
i 
Y

Pr eK = 0 e0K−1 = 0 Pr eK−1
= 0 ≥ p5,6
p5,Rk
0
k=1

≥ (p5,6 )K .

1

(10)

Fig. 3 illustrates the resulting probability of error when
using the ES algorithm to broadcast messages originating from
one node to the whole line network. We can see that for this
specific setting, messages originating from node 5 have the
highest probability to broadcast to all other nodes when more
than 3 time-slots are available as it has a beneficial position
in close proximity to several strategic neighbors.
Finally, Fig. 4 represents the probability of error when
broadcasting a message in a grid network of nine nodes
ordered 3 × 3 and numbered row-wise starting in the top-left
corner. The shortest distance between two nodes is 200 m.
Due to the symmetry of this setting, there are three groups
of nodes having the same performance (1, 3, 7, 9), (2, 4, 6, 8)
and (5). In Fig. 4, one node from each group is shown. For
node 1, the selected relay nodes are {1,1,5,8,7} for five and
{1,1,2,5,6,2} for six time-slots. The result indicates that the
best option for broadcasting a message is that the center node
(node 5) keeps retransmitting the message.
VI. C ONCLUSIONS
In this paper, we have proposed and evaluated a relay
selection strategy which minimizes the error probability at the
targeted receiver(s) and we have derived analytical expressions
for how to select the best set of relayers among all source
nodes. Numerical results show significant improvements with
our proposed relaying scheme as compared to a conventional
scheme without cooperation, providing more reliable message
delivery given a fixed number of time-slots. For future work,
it can be intriguing to extend the problem by allowing more
constraints such as conserving energy and achieving fairness.
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