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VEHICULAR NETWORKING:
HISTORICAL PERSPECTIVE
Guglielmo Marconi, 1902:
“… The system is a handy thing for automobiles 
in general. I had a breakdown in England and 
was able to send a wireless message to my base 
asking that dinner be kept hot. …”
[The Cosmopolitan, May 1902]
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OUTLINE

• Why vehicular networking?
• How and what to communicate?
• Technological and scientific challenges

for vehicular networking
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EU GREENHOUSE GAS EMISSIONS
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2017 GREENHOUSE GAS EMISSIONS
EU TRANSPORT (25% OF TOTAL)
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AVERAGE ANNUAL HOURS SPENT IN CONGESTION PER VEHICLE (2018) 

16 | Transport in the EU: Current Trends and Issues 

every year. The countries with the highest 

congestion levels are Malta, the United Kingdom, 

Belgium, Italy and Luxembourg (see figure 8).  

Bearing in mind that current budgetary 

limitations do not allow for substantial 

investments, there is still scope for improvement 

in the way the existing infrastructure is actually 

used. A tool for fostering a more efficient use of 

roads is time-differentiated congestion 
charging. However, its application on EU roads 

today is marginal. Only five cities impose a 

congestion charge for accessing the city centres. 

On interurban roads, time-differentiated charges 

are applied to all vehicles only on a handful of 

short stretches of motorways in France and 

Spain, as well as on one motorway stretch in the 

United Kingdom. Czechia also charges a higher 

toll on Friday evenings, but it applies only to 

heavy goods vehicles. While these schemes have 

proven to be effective in limiting peak-hour 

congestion, their coverage is insufficient to 

reduce the overall burden of congestion in the EU. 

 

Figure 8: Average annual hours spent in congestion per vehicle (2018)  

Data source: European Commission, Joint Research Centre, based on TomTom data. Data for Cyprus include Nicosia agglomeration on 

both sides of the demarcation line. For methodological reasons, the data for Malta are of limited comparability with the ones for the 

other countries studied. 

 

3. IDENTIFICATION OF POLICY 

LEVERS TO ADDRESS THE 

CHALLENGES 

Addressing the gaps in the Single European 

Transport Area is expected to improve transport 

services in Europe. As such it constitutes a prime 

policy lever for addressing the identified 

challenges. Studies suggest that for rail 
transport it primarily means:  

x completing market opening;  

x introducing the principle of competition for 

public service contracts;  

x ensuring non-discriminatory access to 

infrastructure;  

x reducing technical and regulatory barriers for 

market entry;  

x implementing the single signalling system; 

x introducing common passenger rights with 

fewer national exemptions;  

x harmonising of technical standards across 

Europe;  

x and fair working conditions.40  

                                                 

40 EPRS (2014) The Cost of Non- Europe in the Single Market in 

Transport and Tourism. I - Road transport and railways. 
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FATALITIES IN EU ROAD TRAFFIC

8

EU FATALITIES AND TARGETS !2010"2020# 
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The road safety situation differs widely between 
Member States. Some of them report substantial 
progress, while others are still performing signifi-
cantly below the EU average. However, the gap 
between the worst- and the best-performing EU 
Member States has been narrowing year a%er 
year. In 2017, none of the Member States regis-
tered a fatality rate higher than 100 deaths per 
million inhabitants, and eight of them recorded 
a fatality rate lower than 40 deaths per million 
inhabitants. 

In 2017, the EU’s best road-safety performers 
were Sweden (25), the UK (27), the Netherlands 
(31), Denmark (32), Estonia (36) and Ireland (33). 
On the other hand, the highest fatality rates were 

registered in Romania (98) and Bulgaria (96), fol-
lowed by Croatia (80). From the beginning of the 
decade, the highest drops in the number of road 
deaths were recorded in Greece (-41 %), Estonia 
(-39 %), Latvia (-38 %) and Lithuania (-36 %). 
The EU average decrease was 20 %.

In 2017, on average only about 8 % of road fa-
talities occurred on motorways; 37 % happened 
in urban areas and 55 % on rural roads. 

Car occupants accounted for the largest share of 
victims (46 %). Together, vulnerable road users, 
including pedestrians, cyclists and motorcyclists 
accounted for the same proportion and were 
particularly exposed in urban areas. 21 % of all 
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THE POTENTIAL OF 
AUTONOMOUS DRIVING



VEHICULAR 
NETWORKING:
INCREASING 
ROAD SAFETY

[Photo: Continental AG]
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VEHICULAR 
NETWORKING:
INCREASING 
ROAD 
EFFICIENCY [Photo: Bart Klaassen]
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VEHICULAR 
NETWORKING:
REDUCING 
EMISSION [Photo: Volvo Group]
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OUTLINE

• Why vehicular networking?
• How and what to communicate?
• Technological and scientific challenges

for vehicular networking
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CREATING AWARENESS: 
BEACONING 12



SHARING SENSOR DATA: 
GEOCASTING
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COOPERATION:
SHARING INTENTION 
AND COORDINATION 
MESSAGES

[Photo: (CC) Kipp Jones]
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TOWARDS 
COOPERATIVE 
AUTOMATED 
DRIVING
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OUTLINE

• Why vehicular networking?
• How and what to communicate?
• Technological and scientific challenges

for vehicular networking
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TECHNOLOGY:    5G vs G5

• 3GPP C-V2X
(Cellular Vehicle-to-everything)

• based on LTE / 5G
• Infrastructure-based,

direct V2V possible via 
sidelink (PC5),
w/w.o. eNodeB control

à 5G-V2X

• ETSI ITS G5
(Intelligent Transport Systems)

• based on IEEE 802.11p
• Fully distributed V2V,

V2I via road-side units 
possible

à 802.11bd
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VEHICULAR NETWORKING 
RESEARCH CHALLENGES
• Providing extreme reliability
• (Distributed) resource management for a wide 

range of critical applications
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DCC Architecture at ETSI 

2 CAR 2 CAR Forum, Nov. 29, 2017 ETSI Facilities DCC   

The Wireless Vehicular 
Radio Channel has limited 
resource 

WiFi is only best effort 
In Ad-hoc (OCB): requires 
coordinated access 

 
DCC controls the load with 
various mechanisms 

Adjust Tx Rate – DCC 
FAC 
Adjust Tx Power – DCC 
NET 
Adjust Modulation (MCS) – 
DCC FAC 
Adjust Sensing Threshold 
– DCC ACC 
Offloading on different 
channels – DCC MGMT 

RESOURCE 
MANAGEMENT 19
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VEHICULAR NETWORKING 
RESEARCH CHALLENGES
• Providing extreme reliability
• (Distributed) resource management for a wide 

range of critical applications
• mmWave beam control
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E want to communicate with their neighbors, 
but their antenna configuration (quasi-omni and 
directional, respectively) does not allow them 
to identify/sense whether their neighbors have 
active mmWave links or not.

Scheduling: V2V usually requires the use of 
distributed scheduling schemes. These schemes 
generally rely on the sensing capabilities of 
the vehicles to coordinate the access to the 
medium. For example, 802.11p uses CSMA/
CA, and the vehicles access the channel when 
they sense it is idle for a while. The distribut-
ed scheduling in C-V2X mode 4 [1] also uses 
a sensing scheme for vehicles to identify which 
radio resources are not being used by other 
vehicles. The use of sensing-based scheduling 
in mmWave vehicular communications is chal-
lenging. Fig. 1c represents the same scenario 
as Fig. 1b. In this case, vehicle C cannot detect 
the transmissions from vehicles A and D due to 
its reduced sensing range (Fig. 1b). It then con-
siders the wireless medium as idle and starts a 
mmWave transmission to D. However, its data 
will not be received by D wich is busy transmit-
ting to F. Vehicle E does not detect the active 
A-B link due to its directional sensing range (Fig. 
1b), and starts a mmWave transmission to B. 
The transmissions from A and E collide at B. 
These examples illustrate the need for alterna-
tive distributed mmWave scheduling schemes. 
These schemes should also take advantage of 
directional beams to support multiple simul-
taneous transmissions between different pairs 
(referred to as spatial sharing or reuse).

Beamwidth-Aware Scheduling: mmWave 
may trade-off beamwidth (and antenna gain) for 
coverage area at no reliability cost if vehicles are 
close and under LOS. This flexibility could be 
exploited to schedule a mmWave transmission 
to several receivers at the same time by config-
uring the beamwidth (Fig. 1d). In this case, the 
challenges include: identifying the proximity of 
the receivers; adjusting the beamwidth so that 
the intended receivers can be addressed simul-
taneously while the antenna gain is sufficient to 
guarantee a reliable transmission; and integrating 
the adjustment of the beamwidth into the sched-
uling mechanism.

Relaying: Relaying could help overcome the 
mmWave link budget and blockage challenges, 
and extend the coverage range. In this case, a 
tight coordination between the mmWave schedul-
ing and relaying processes is needed as illustrated 
in Fig. 1e. In the example, such coordination is 
needed to decide when vehicle B should be con-
figured as a receiver for the A-B link (first hop), 
and when it should be configured as a transmitter 
for the B-C link (second hop).

SUB-6GHZ ASSISTED MAC FOR 
MMWAVE VEHICULAR COMMUNICATIONS

This work proposes a sub-6GHz assisted mmWave 
MAC designed to address some of the challenges 
discussed previously. The proposed MAC decou-
ples the mmWave data and control planes, and 
offloads mmWave control functions to sub-6GHz 
V2X technologies such as DSRC, ITS-G5 or C-V2X. 
This work proposes to exploit the longer range, 
and broadcast and omnidirectional transmissions 
of sub-6GHz V2X to improve the operation of 
the mmWave MAC. In particular, the proposed 
scheme offloads the beamforming, link availability 
identification, and scheduling mmWave control 
functions to the sub-6GHz band. Without loss of 
generality, this study focuses on mmWave V2V 
communications.

SUB-6GHZ ASSISTED MMWAVE BEAMFORMING AND  
LINK AVAILABILITY IDENTIFICATION

Following the proposal in [4] for V2I, this work 
uses sub-6GHz V2V communications to support 
the mmWave V2V beam alignment process. In 
particular, our implementation utilizes the status 
information (location, speed, acceleration and 
heading direction) transmitted in the sub-6GHz 
beacons to identify the location of neighboring 
vehicles. mmWave transmitter and receivers use 
the location information to select the beams that 
point toward each other. This significantly reduces 
the overhead of the beam alignment defined in 
802.11ad. We also utilize sub-6GHz beacons to 
identify available links, that is, neighboring vehi-
cles under LOS conditions. To this aim, vehicles  
use the information transmitted in the beacons, in 
particular, the vehicles’ location and dimensions.

Figure 1. MAC challenges of mmWave vehicular communications: a) link availability and identification of neighbors; b) quasi-omni and 
directional carrier sensing; c) scheduling; d) beamwidth-aware scheduling; e) relaying.

MMWAVE
BEAM 
CONTROL

[From: B. Coll-Perales, J. Gozalvez, M. Gruteser, "Sub-6GHz Assisted MAC for Millimeter 
Wave Vehicular Communications", IEEE Communications Magazine, March 2019.]
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VEHICULAR NETWORKING 
RESEARCH CHALLENGES
• Providing extreme reliability
• (Distributed) resource management for a wide 

range of critical applications
• mmWave beam control
• Joint modelling of wireless network and 

coordinated control
• Dealing with and exploiting extreme amounts of 

data
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SUMMARY:
• Towards Cooperative Automated Driving
• Vehicular Networking:

an essential ingredient for Intelligent Transportation Systems
• Many interesting research challenges
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[Photo: Kasjan Farbisz]
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