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Abstract— Cooperation and information exchange will al-
low autonomous vehicles to increase their sensing range and
maneuver coordinately, thereby greatly enhancing their safety
and efficiency. The combination of autonomous driving and
vehicular communications will enable Cooperative Autonomous
Driving Systems (C-ADS) with stringent requirements. We
present two new multi-hop forwarding algorithms specially
suited to the dissemination of information in C-ADS: (i)
Greedy Broadcast Forwarding, aimed to the distribution of
packets within a geographical area, and (ii) Greedy Multicast
Forwarding, which delivers packets only to the members of
a vehicle group. A performance comparison of the proposed
schemes with the broadcast forwarding algorithms defined
in the ETSI GeoNetworking standard shows that Greedy
Broadcast Forwarding achieves the highest reliability, while
Greedy Multicast Forwarding yields the lowest traffic overhead
in the considered scenario. These results indicate that the
proposed forwarding algorithms are promising candidates to
enable multi-hop communications in future C-ADS.

I. INTRODUCTION

Autonomous Driving Systems (ADS), where automated
vehicles take over the task of driving from the human driver,
have attracted the attention of the R&D community in the
last years due to their numerous potential benefits and high
societal impact. Most ADS currently in development are
based on perception and control subsystems. The perception
subsystem consists of on-board sensors such as camera,
radar or lidar, and allows the vehicle to build a Local
Environmental Map (LEM) of its surroundings. The control
subsystem comprises algorithms that govern the longitudinal
and lateral motion of the vehicle. This approach yields
two potential drawbacks: first, the limited perception range
of on-board sensors, which only allow detecting adjacent
vehicles, constrains the extension of the LEM; second, delays
and errors in the detection of other vehicles contribute to
inaccuracies in the LEM. These two factors may lead to
erroneous maneuvering decisions by the control subsystem.

These drawbacks threaten to hamper the development of
fully autonomous vehicles with a safety guarantee and a high
traffic efficiency. However, they may be overcome by the
combination of autonomous driving and vehicular commu-
nication, leading to Cooperative Autonomous Driving Sys-
tems (C-ADS). In a C-ADS, nearby cooperative autonomous
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vehicles create vehicle groups that exchange information by
means of a Vehicular Ad-hoc Network (VANET). This coop-
eration enables two key features of C-ADS: (i) cooperative
sensing, which increases the sensing range of autonomous
vehicles by means of the mutual exchange of sensed data,
and (ii) cooperative maneuvering, which allows a group of
autonomous vehicles to drive coordinately according to a
common decision-making strategy. The coordinated control
of vehicle groups can be performed either in a purely de-
centralized manner (such as in C-ACC, where every vehicle
decides its maneuvers independently) or with a more central-
ized control scheme (such as in platoons, where the platoon
leader may transmit maneuvering commands to the platoon
members). The application of vehicular communications to
implement C-ADS is being researched in the R&D projects
AutoNet2030 [1] and i-GAME [2].

VANETs have been a prominent research topic in the
last decade [3]. The physical and MAC layers of VANETs
are specified in the IEEE 802.11p standard, which is now
integrated into the IEEE 802.11-2012 WLAN standard. At
higher layers, standardization efforts are being carried out in
Europe [4] and the USA [5], leading to new protocol stacks
for VANETs. In particular, the ETSI Technical Committee in
Intelligent Transport Systems (ITS) has recently published
the GeoNetworking protocol series EN 302 636 [6]. The
ETSI GeoNetworking protocol defines several forwarding
algorithms for packet transport in multi-hop vehicular com-
munications.

In order to guarantee the highest level of safety, an
autonomous vehicle requires up-to-date information about
other vehicles in its environment, such as their current
positions, speeds, and planned maneuvers. This results in
very stringent requirements for the vehicular communication
mechanisms. However, current VANET protocols (such as
ETSI GeoNetworking) have been developed with the aim
to add cooperative capabilities to manually-driven vehicles,
such as to provide safety warnings, road traffic information
and infotainment to the human driver. Therefore, it is not
clear whether the current schemes will be able to satisfy the
stricter requirements of C-ADS.

For this reason, we propose Greedy Broadcast Forward-
ing (GBF) and Greedy Multicast Forwarding (GMF), two
novel forwarding algorithms which are particularly suited
for the dissemination of information in C-ADS. With a
performance evaluation by simulation, we find that both
proposals significantly improve the reliability, latency and
traffic overhead of the forwarding algorithms defined in the
ETSI GeoNetworking protocol.



Fig. 1. Packet delivery ratio as a function of the distance between the
transmitter and receiver vehicles, for different values of transmitted power.

The remainder of this paper is organized as follows.
Sec. II outlines the state-of-the-art of multi-hop forwarding
for VANETs. Sec. III derives requirements on the commu-
nication performance in C-ADS. Sec. IV and V present the
two novel forwarding algorithms for packet distribution in
vehicle groups. Sec. VI compares the performance of the
new forwarding protocols with the standardized ones. Finally,
Sec. VII concludes the paper.

II. MULTI-HOP FORWARDING FOR VANETS

In this section, we argue for the need for multi-hop
wireless communications for packet transport in VANETs
and review related work in broadcast multi-hop forwarding
algorithms for vehicular communications.

The communication range with IEEE 802.11p is very
dependent on the environment and channel conditions. Fig. 1
illustrates the packet delivery ratio (PDR), i.e., the percentage
of transmitted packets successfully delivered to the receiver,
of a communication link between two vehicles, as a function
of the distance between them. The results are obtained by
simulations (details may be found in Sec. VI), considering a
log-distance channel model with Nakagami fading, obtained
empirically from measurements in a highway scenario [7],
and a transmission power varying between 10 and 20 dBm.
The PDR decreases sharply as the distance between the
vehicles increases. In this highway scenario, the average
communication range varies from 250 to 400 m, but distances
as low as 80 m have been reported in urban scenarios, where
buildings hamper the propagation of wireless signals [8].

Furthermore, since the PDR is 100% only for distances
below 50 m (see Fig. 1) and broadcast transmissions do
not use acknowledgments, the sender has no certainty of
the correct message delivery. The packet retransmissions
of multi-hop forwarding offer vehicles a chance to receive
a message via multiple paths and potentially circumvent
disturbed links.

In short, multi-hop forwarding is needed in safety-critical
vehicular communication applications for two main reasons.
First, in groups with a large number of vehicles, where
messages need to traverse multiple hops to reach vehicles
located further away than the communication range of a
vehicle. Second, to improve the reliability of safety-critical
transmissions among vehicles within communication range.

These two arguments hold for VANETs in general and also
for C-ADS specifically.

It is commonly accepted that existing routing protocols
designed for mobile ad-hoc networks, such as Ad-hoc On-
demand Distance Vector (AODV) or Optimized Link State
Routing (OLSR), do not adapt well to the high mobility and
variable vehicle density in VANETs [9]. For instance, for
low densities, some vehicles may need to store packets until
a suitable next hop is found (store-carry-n-forward), whereas
for high vehicle densities, selectively dropping packets may
be required to avoid the broadcast storm problem [10]. The
research efforts to design multi-hop forwarding algorithms
for VANETs are based on the use of geographical routing,
which makes use of the vehicle positions to select the next
hop. Most approaches focus on reducing the number of
collisions to prevent broadcast storms, either by introducing
delay timers before the packet retransmissions [11], [12],
[13] or limiting the retransmissions to vehicles within a
certain sectorial area [14], [15].

The reliability of the broadcast dissemination may be
improved by means of RTS/CTS control frames, but this may
hamper the protocol performance [16]. Moreover, several
broadcast forwarding algorithms based on the exchange of
periodic beacons have been proposed, e.g., [17], [18], which
minimize the packet overhead introduced in the network.

A. GeoNetworking Broadcast Forwarding Algorithms

The main ideas of the existing broadcast protocols for
VANETs have been considered in the standardization of
the three broadcast forwarding algorithms in the ETSI
GeoNetworking protocol (standard EN 302 636 [6]). These
algorithms can be summarized as follows (more details are
found in the standard):

Simple GeoBroadcast (S) is a packet flooding scheme
that restricts the packet re-broadcasting to the geographical
target area, i.e., every node inside the area retransmits the
packet once immediately after reception.

With Contention-based forwarding (CBF), whenever the
sender broadcasts a packet, the receiving neighbors buffer it
and start a timer whose value is inversely proportional to
the distance between sender and forwarder. When the timer
expires, the packet is re-broadcasted. If the packet is received
a second time before the timer expires, the timer is stopped
and the packet is regarded as a duplicate and discarded.

Advanced forwarding (AF) combines CBF with a greedy
forwarding scheme, where the sender selects the next hop as
the neighbor closest to the destination position in order to
avoid the forwarding delay caused by the CBF timer.

To the best of our knowledge, all broadcast forwarding
algorithms to date have been designed for the distribution
of packets to manually-driven vehicles. Since cooperative
autonomous vehicles are envisaged to drive at closer inter-
vehicle distances (e.g., in platoons) than manual vehicles,
they will have stricter requirements in terms of latency,
reliability, and other metrics. Moreover, since the broadcast
forwarding algorithms aim at the distribution of packets
to all vehicles within a geographical area, they are not



Fig. 2. Platoons of cooperative autonomous vehicles driving in a freeway.

primarily designed for packet transport within a group of
vehicles, which may not be enclosed in a geographical area;
however, no multicast forwarding algorithms are defined in
the standardized ETSI GeoNetworking protocol.

III. MAIN REQUIREMENTS IN COOPERATIVE
AUTONOMOUS DRIVING SYSTEMS

C-ADS consist of vehicle groups which perform two main
tasks cooperatively: (i) environment sensing to build a local
environmental model of the vehicles’ neighborhood, and (ii)
automatic lateral and longitudinal control of the vehicles. In
order to achieve these functions, cooperative autonomous ve-
hicles periodically exchange information among themselves,
such as their current position and speed.

A typical example of C-ADS are platoons, i.e., groups of
cooperative autonomous vehicles driving together in a single
lane to a common destination, typically along a freeway.
Fig. 2 depicts two platoons driving in a freeway with two
lanes per direction, next to other manually-driven and non-
cooperative vehicles. In such tight formations with a short
safety distance between vehicles, small changes in the speed
or acceleration of a single vehicle may cause string instability
leading to the appearance of traffic waves, which are one of
the main causes of traffic jams and accidents [19].

Therefore, information sharing among the platoon vehi-
cles is needed to ensure a smooth traffic flow and avoid
potential accidents. The platoon leader, usually the first
vehicle in the platoon, coordinates the information sharing
and joint maneuvering of the platoon vehicles. Platoons
of cooperative autonomous vehicles have been extensively
investigated and demonstrated in public roads in the R&D
project SARTRE [20].

Due to their high vehicle speed and low inter-vehicle
distance, platoons represent one of the most challenging C-
ADS for the design of vehicular communication protocols.
Therefore, we take this scenario as the basis case example to
identify the main communication requirements for C-ADS:

Reliability: In platoons, a single lost message (e.g., an
emergency braking maneuvering command) has the potential
to cause a traffic accident. Therefore, vehicular communica-
tions need to be extremely reliable, i.e., guarantee the correct
delivery of messages to all the destination vehicles, to allow
for safe driving conditions.

Latency: Platoon vehicles driving at a high speed and
low inter-vehicle distance will have a very short time gap
between them (a few hundreds of milliseconds). Therefore,
a very short and bounded communication latency will be
required to reduce the vehicle reaction time and avoid the
risk of collisions with other platoon vehicles and guarantee
the platoon stability.

Traffic overhead: Since cooperative vehicles are con-
tinuously transmitting messages, the wireless channel can
become quickly congested in scenarios with a high density
of vehicles, such as in a traffic jam. In order to avoid channel
congestion, which greatly degrades the communication per-
formance, the number of transmitted packets must be kept as
low as possible, but still meet the application requirements.
Communication protocols with low traffic overhead make
an efficient use of the available channel bandwidth by
minimizing the number of transmitted packets needed to
deliver a packet to its intended recipients.

These requirements will be used to define the performance
metrics for the evaluation and comparison of the forwarding
algorithms in Sec. VI.

IV. GREEDY BROADCAST FORWARDING (GBF)

GBF is a novel broadcast forwarding algorithm designed
to enable reliable and low-latency communications in C-
ADS. A typical scenario where this algorithm may be
used is in information dissemination within vehicle groups
(e.g., platoons), where a group member distributes relevant
information among all other group vehicles. Similarly to
the GeoNetworking protocol, GBF assumes that all group
vehicles know their own position (e.g., by means of GPS)
and have a location table with the ID’s and positions of
the neighboring vehicles. The main features of the GBF
algorithm can be summarized as follows:

1) The source node selects a next hop by Greedy Forwarding
(GF), i.e., the neighbor with the highest forward progress
towards the destination, and forwards the packet to this node.
The destination is defined as the geographical position at the
opposite edge of the geographical area. The selected GF next
hop will in turn forward the packet by GF as well. If no next
hop is found, the packet is discarded.
2) Other nodes within the communication range which
overhear the transmission also process the packet. At the
same time, they start a retransmission timer whose value is
proportional to their distance to the GF next hop (the exact
value will depend on the scenario). This way, in the case that
the GF next hop does not receive the packet, other nodes are
able to retransmit it.
3) If a node overhears a packet for the second time, it means
that the packet has already been retransmitted by another
node. Then, the node cancels its retransmission timer and
discards the packet.
4) If the retransmission timer expires and no further trans-
mission has been observed, it means that the node is respon-
sible to retransmit the packet. The node calculates its GF
next hop and forwards the packet by GF.



1: procedure PACKET TRANSMISSION()
2: inout← FUNC(posL, area)
3: if inout then . Vehicle in the area
4: if p in B then . p queued for retx
5: Remove p from B
6: Stop timer
7: Discard p
8: else . New packet
9: if AddrD = AddrL then

10: AddrNH ← GREEDY(p)
11: Transmit p
12: else . Overheard packet
13: Add p to B
14: to← k1 + k2DIST(posL, posNH)
15: Start timer(to)
16: end if
17: end if
18: else . Vehicle not in the area
19: Discard p
20: end if
21: end procedure
22: procedure TIMER EXPIRATION()
23: if timer(to) expires then
24: Fetch p from B
25: AddrNH ← GREEDY(p)
26: Transmit p
27: end if
28: end procedure

Fig. 3. Pseudo-code of the Greedy Broadcast Forwarding algorithm.

Using this algorithm, the packets are broadcasted to all
nodes within the geographical area with a low delay, since
packets are forwarded to the node within communication
range with the highest forward progress. Furthermore, ve-
hicles overhearing a packet transmission exploit the infor-
mation about their position compared to the GF next hop in
order to set their retransmission timers to much lower values
compared to generic broadcast routing protocols, such as
contention-based forwarding, which sets the retransmission
timer as a function of the distance to the previous forwarder
only [6]. This mechanism allows for very fast retransmissions
in case of a collision in the GF transmission, which result in
a low end-to-end delay even in unfavorable scenarios.

A simplified pseudo-code of the GBF algorithm is shown
in Fig. 3. The meaning of the variables and functions is
as follows. area is the target geographical area and inout
indicates whether the local vehicle is inside the target area.
GREEDY denotes the GF algorithm and p the packet to
be forwarded. AddrL/AddrNH and posL/posNH are the
local/next hop addresses and positions, respectively. DIST
calculates the Euclidean distance between two positions.
AddrD is the destination address carried in p. B denotes
the buffer of packets to retransmit and to is the timeout that
triggers the packet retransmissions. Finally, k1 and k2 are
constants for the timeout calculation.

There are two main differences between the GBF algo-
rithm and the AF scheme in ETSI GeoNetworking. First,
overhearing vehicles calculate their timeout calculation based
on the distance to the GF next hop (line 14 in the pseudo-
code), instead of the distance to the sender vehicle as in
AF. This change allows selecting shorter values for the
timer duration, since the overhearing vehicle can estimate
how many vehicles are competing to retransmit the packet.
Second, when the timer of an overhearing vehicle expires, the
packet is retransmitted by GF (line 25), which allows the next
hop to forward the packet immediately and avoid the delays
introduced by the CBF algorithm used in AF. These features
of GBF aim to reduce the latency and the total number of
retransmissions during the forwarding process.

V. GREEDY MULTICAST FORWARDING (GMF)

GeoNetworking broadcast forwarding protocols are de-
signed to distribute a packet among all nodes in a geo-
graphical area. In some cases, such as vehicle groups, this
forwarding scheme appears to be inadequate, since it may
not be possible to define a geographical area covering all
the group members (e.g., platoon 2 in Fig. 2, where the
platoon members are overtaking a non-cooperative vehicle).
In such a scenario, a multicast forwarding protocol is needed
to distribute a packet only among the group members.

We propose GMF, a variation of the GBF algorithm de-
scribed in Sec. IV, which allows for a multicast distribution
of packets within a vehicle group. The main differences of
GMF with respect to GBF are:
• Every vehicle belonging to a vehicle group broadcasts its

group membership information periodically to its immedi-
ate neighbors. For instance, the group identifier could be
included in the Cooperative Awareness Messages (CAM),
such as it is proposed in the AutoNet2030 project.

• Whenever a vehicle is added to the location table, infor-
mation about its group membership (if any) is stored.

• When a packet is to be forwarded by greedy forwarding,
only those neighbors being members of the vehicle group
are considered as potential next hops.

• As opposed to the GeoBroadcast forwarding algorithms,
no geographical area is defined. Instead, vehicles which
do not belong to the same vehicle group as the packet
source, do not forward the packet.
In short, GMF restricts the packet forwarders to those

vehicles belonging to the same group, avoiding retrans-
missions by other nearby vehicles. An advantage of such
a multicast forwarding algorithm is that it only needs to
be implemented in the vehicles belonging to the vehicle
group. This allows a high flexibility to implement specific
forwarding algorithms adapted to the needs of diverse groups
of vehicles. Furthermore, reducing the number of potential
forwarders may also result in a lower traffic overhead.

VI. PERFORMANCE EVALUATION

Next, we quantify the performance of the described rout-
ing protocols, evaluated in terms of the communication
requirements defined in Sec. III: reliability, latency and



TABLE I
SIMULATION PARAMETERS

Parameter Values

Freeway length 1 km (3 lanes)
Vehicle density 5–80 vehicles/km/lane (3 lanes)
PHY / MAC protocol ITS-G5 (802.11p)
Data rate / Transmit Power 6 Mbit/s / 20 dBm
Channel bandwidth 10 MHz at 5.9 GHz
Simulation runs / duration 10 / 20 s
CAM interval / size 0.5 s / 512 bytes
DENM interval / size 1 s / 512 bytes
Timeout constants k1 = 10−2, k2 = 1.8 · 10−4

traffic overhead. The three standardized broadcast forwarding
algorithms in ETSI GeoNetworking, i.e., Simple GeoBroad-
cast (S), Contention-based Forwarding (CBF) and Advanced
Forwarding (AF) are compared with Greedy Broadcast For-
warding (GBF) and Greedy Multicast Forwarding (GMF).
The scenario contains a number of cooperative vehicles
randomly distributed along a 3-lane freeway with a length
of 1 km. The vehicle speed is adapted to their density,
which varies from 5 vehicles/km/lane (very light traffic) to
80 vehicles/km/lane (traffic jam). One third of all vehicles
belong to a vehicle group; the group leader disseminates peri-
odically Decentralized Environmental Notification Messages
(DENM, EN 302 637-3) with information relevant for the
group (e.g., the group speed) among all the group members.
In addition, all vehicles broadcast Cooperative Awareness
Messages (CAM, EN 302 637-2) periodically.

The vehicle mobility traces are generated with the traffic
simulator SUMO [21]. The facility-layer components for
CAM and DENM, as well as the forwarding algorithms, have
been implemented in the network simulator ns-3.19 [22].
Each simulated vehicle is equipped with a single transceiver
and all vehicles operate on the same channel. The radio
propagation model considered is a log-distance path loss
model with Nakagami fading, which has been validated
experimentally [7] and yields a highly stochastic commu-
nication range, as previously shown in Fig. 1. The main
parameters of the simulation are summarized in Table I.

The reliability of a message dissemination in a vehicle
group can be measured by means of the Node Coverage Ratio
(NCR), defined as the ratio between the number of vehicles
which receive a message and the total number of vehicles
in the group. Fig. 4 (top) shows the average NCR for all
the transmitted DENMs. We observe that the highest NCR
corresponds to the GBF (black line) and AF (green line)
algorithms, which have an average NCR over 99.5% for all
vehicle densities thanks to the MAC layer retransmissions of
the greedy forwarding scheme. CBF (blue line) shows a high
NCR as well, which only decreases slightly for the highest
vehicle density due to channel congestion. The multicast
algorithm GMC (yellow line) only relies on the group
vehicles to forward packets; therefore, its NCR decreases
significantly for low vehicle densities since there are not

Fig. 4. Comparison of the performance metrics of the forwarding
algorithms as a function of the vehicle density. All results are shown as
the average of 10 simulation runs with 95% confidence intervals.

enough available forwarders. Finally, the NCR of S (red
line) decreases for low vehicle densities because all vehicles
retransmit immediately, causing a broadcast storm and many
collisions. However, for high vehicle densities, the NCR of S
is high despite the broadcast storm, due to the high number
of potential forwarders.

Next, we consider the performance of the forwarding algo-
rithms in terms of latency. Fig. 4 (middle) shows the average
end-to-end delay for all DENM transmissions, defined as the
time between the packet transmission and its reception by
each of the vehicles in the group. In this case, S shows the
best performance among all algorithms, since all vehicles
retransmit the packets immediately after receiving it. Next
come GBF and GMF, which use greedy forwarding with
short retransmission timers to keep an average end-to-end
delay in the order of 10 ms for all vehicle densities. The
end-to-end delay of GMF is slightly shorter than GBF since
only the group vehicles are competing to retransmit the
packets, which reduces the channel contention. CBF shows
the longest delay, since every retransmission introduces a
delay of up to 100 ms before the retransmission timer expires.



The delay of AF, being a hybrid algorithm with greedy
forwarding and retransmission timers, stays between those
of CBF (based on retransmission timers) and GBF (based on
greedy forwarding). In general, we observe that the end-to-
end delay does not have a strong dependence on the vehicle
density; in other words, these forwarding schemes scale well
in terms of delay as the number of vehicles increases.

Finally, we evaluate in Fig. 4 (bottom) the traffic overhead,
defined as the average number of packets transmitted from
the network layer to the MAC layer per DENM, which
corresponds to the total number of transmissions required
to forward a packet to all vehicles in the group. We clearly
see that S has a huge traffic overhead even for low vehicle
densities, due to the broadcast storm that results in a high
number of redundant transmissions. Furthermore, we observe
that the greedy forwarding algorithm helps to reduce the
traffic overhead considerably. Therefore, GBF and GMF
show the lowest traffic overhead, followed by AF and finally
CBF. GMF is the most suitable algorithm to minimize the
traffic overhead; this is again due to the fact that it only
considers the group vehicles as potential forwarders instead
of all the vehicles in the geographical area.

VII. CONCLUSIONS

Cooperative autonomous driving systems (C-ADS) will
allow groups of vehicles to increase their sensing range and
maneuver coordinately thanks to the exchange of information
by means of vehicular communication. This paper has pre-
sented two new multi-hop forwarding algorithms for C-ADS:
Greedy Broadcast Forwarding (GBF), for the distribution of
packets to all vehicles within a geographical area, and Greedy
Multicast Forwarding (GMF), which delivers packets only to
the members of a vehicle group. These algorithms combine
the greedy forwarding protocol to select the next hop with
the overhearing of packets by neighbor nodes and selective
retransmissions to increase the reliability.

The performance of the proposed schemes is compared
with the broadcast forwarding algorithms defined in the
ETSI GeoNetworking standard. The results show that GBF
achieves the highest node coverage ratio and lower traffic
overhead, while maintaining an end-to-end delay below
15 ms. Furthermore, GMF results in the lowest traffic over-
head with a similarly low end-to-end delay; however, its
reliability suffers for low vehicle densities. Based on these
results, GBF is suitable for broadcast multi-hop communi-
cations in C-ADS, whereas GMF is specially well-suited for
congested traffic scenarios, where minimizing the number of
packet transmissions is key to mitigate channel congestion.
Both schemes are regarded as promising candidates for
release 2 standardization on C-ADS in ETSI TC ITS.

Our future work will consider the performance of the
forwarding algorithms in urban areas, which present further
challenges such as worse channel conditions and greater
location uncertainty. Furthermore, future technologies such
as 5G cellular systems based on new waveforms and device-
to-device communications will allow to further reduce the la-
tency of the message distribution down to a few milliseconds;

therefore, hybrid cellular/WLAN vehicular communications
may enable more advanced C-ADS in the near future.
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