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Toward	5G	vehicular	networks

The	automotive industry is undergoing key technological transformations,	
more	and	more	vehicles are	connected to	the	Internet	and	to	each other,	

and	advance toward higher automation levels.	

Future	automated vehicles will have to	rely not only on	their own sensors,	but also on	
those of	other vehicles,	and	will need to	cooperate	with	each other.	

These trends	pose	significant challenges to	the	underlying communication system
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Objective	of	the	tutorial
• To	provide	a	general	view	of	connected	vehicles	and	the	relation	

with	autonomous	vehicles
• To	illustrate	wireless	enabling	technologies	for	connected	vehicles
• To	provide	a	vision	on	the	road	to	future	5G	vehicular	networks
• To	show	some	recent	research	results	on	connected	vehicles
• To	provide	useful	references	for	future	personal	researches
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Who	we	are
Researchers	at	CNR-IEIIT

@Wilab (Univ.	of	Bologna,	CNR-IEIIT,	Unife)
Wilab

Wireless	communication	lab
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Outline
Part	I:	Introduction	and	applications
• Toward	autonomous	vehicles
• Present,	future	and	visionary	applications	for	the	vehicular	networks
• Standardization	bodies	and	main	technologies	for	the	connected	vehicles

Part	II:	IEEE	802.11p/ITS-G5
• Large	scale	experiments
• Standards	overview
• Performance	

Pat	III:	LTE-V2V
• Why	LTE-V2V
• LTE-V2V	standard	overview
• LTE-V2V	vs. IEEE	802.11p

Part	IV:	Towards	5G
• Introduction	to	5G
• Full	duplex	radios	and	the	possible	impact	on	vehicular	communications
• Complementary	technologies	for	the	Internet	of	vehicles:	visible	 light	communication
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Autonomous	
vehicles

and	(or	vs.?)	
connected	vehicles
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When	vehicles	will	talk	to	each	other

• http://spectrum.ieee.org/cars-that-think/transportation/self-
driving/autonomous-driving-experts-weigh-5g-cellular-network-against-
shortrange-communications-to-connect-cars
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Toward	5G	vehicular	networks

• We	have	a	great	talking	about	robo-cars
• We	think	about	travelling	on	an	autonomous	
vehicle

• But	we	still	no	have	connected	vehicles

Can	a	vehicle	be	fully	autonomous	without	
connectivity?
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AUTONOMOUS
VEHICLES

CONNECTED
VEHICLES

Autonomous and connected vehicles are now running on parallel highways

Autonomous	and	(or	vs?)	connected	
vehicles
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AUTONOMOUS
VEHICLES

CONNECTED
VEHICLES

Autonomous	vehicles
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Autonomous	vehicles
In	order for	a	car	to	drive	itself,	

it needs to	be	able to	see the	world	around it.
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The main drivers for automated driving are:

•Safety: Reduce accidents caused by human errors.
•Comfort: Enable user’s freedom for other activities when automated systems are active.
•Social inclusion: Ensure mobility for all, including elderly and impaired users.
•Accessibility: Facilitate access to city centers.
•Efficiency and environmental objectives: Increase transport system efficiency and 
reduce time in congested traffic. Smoother traffic will help to decrease the energy 
consumption and emissions of the vehicles

ERTRAC Automated Driving roadmap, July 2015
http://www.ertrac.org/uploads/documentsearch/id38/ERTRAC_Automated-Driving-2015.pdf

Why	autonomous	vehicles
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Driver	1:	Safety

- driver	error is a	factor in	94	percent of	crashes [FutureStructure2017]
- “as few as 5	percent of	vehicles being automated and	carefully

controlled,	we can	eliminate	stop-and-go	waves caused by	human	
driving behavior”	[University of	Illinois	College	of	Engineering]

Source:	 Mercedez-Benz
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Driver	2:	Comfort

Source: Adient
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Driver	3:	Social	inclusion

Source:	 google

Driver	4:	Accessibility

suggests capacity gains of up to 80% on highways and of up to 40% on urban
roads compared to today if all vehicles on the roadwere fully autonomous.

B.	Friedrich,	VerkehrlicheWirkungAutonomer Fahrzeuge,	in:	M.	Maurer,	J.	C.	Gerdes,	B.	Lenz,	H.	
Winner (Eds.),	Autonomes Fahren,	Springer-Verlag,	Berlin,	2015,	Ch.	16,	pp.	331–350.	
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Driver	5:	Efficiency

But before coming to	full	capacity,		autonomous vehicles couldmeanmore	traffic:	If
nondrivers,	seniors,	and	people with	medical conditions could access automatedmobility,	
Samaras’	research shows,	U.S.	vehicle miles traveled could	increase 14	percent.	

http://spectrum.ieee.org/transportation/self-driving/the-big-problem-with-selfdriving-
cars-is-people

Optimize	the	transport	system	and	reduce	pollution

According to	Daniel	Work	- University of	Illinois,	with	as few as 5	
percent of	vehicles being automated,	we can	eliminate	stop-and-go	
waves caused by	human	driving behavior.”
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

SAE	classification

http://www.sae.org/misc/pdfs/automated_driving.pdf

Society	for	Automotive	Engineers
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

http://www.sae.org/misc/pdfs/automated_driving.pdf
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

http://www.sae.org/misc/pdfs/automated_driving.pdf

Ex:	anti-lock brake systems (ABS),	
electronic stability control	(ESC)
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

http://www.sae.org/misc/pdfs/automated_driving.pdf

The	 vehicle is capable of	controlling the	
steering,	 throttle,	 and	brakes—think
adaptive cruise	 control	and	lane	 keeping—
but again it's the	human's job	to	maintain
situational awareness.	 Ex:	 Tesla	 and	its
Autopilot
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

Things start	to	get really interesting

Under	 defined sets	 of	conditions (like being on	a	divided
lane	 highway or	within a	well-mapped,	 geofenced area),	the	
car	can	do	it all,	 including monitoring its environment for	
other cars,	 hazards on	the	road.	
But the	 human	 still has to	be	in	the	 loop as a	fall-back	 in	
case	 there's a	system failure or	the	conditions for	
autonomous driving come	 to	an	end	(say,	 leaving that
highway and	reentering two-way	 traffic).

http://www.sae.org/misc/pdfs/automated_driving.pdf
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Audi	Level	3
Things start	to	get really interesting

Under	 defined sets	 of	conditions (like being on	a	divided
lane	 highway or	within a	well-mapped,	 geofenced area),	the	
car	can	do	it all,	 including monitoring its environment for	
other cars,	 hazards on	the	road.	
But the	 human	 still has to	be	in	the	 loop as a	fall-back	 in	
case	 there's a	system failure or	the	conditions for	
autonomous driving come	 to	an	end	(say,	 leaving that
highway and	reentering two-way	 traffic).

https://arstechnica.com/cars/2017/07/bosch-took-us-for-a-ride-in-its-level-3-autonomous-car/
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Audi	A8	Sedan	Level	3
The	new	A8	will be	the	world's first	production	level 3	autonomous car	in	2018

All-wheel steering.	Adaptive air	suspensionthat uses optical cameras to	read the	road	ahead.	A	lidar,	
radar,	and	camera-enabled level 3	autonomous drivingmode	for highway traffic jams.	An	all-new	
"black panel"	cockpit	with	a	new	version of	the	multimedia	interface (MMI)	infotainment system.	
The	rear seats can	even give you a	foot massage!
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

http://www.sae.org/misc/pdfs/automated_driving.pdf

Beyond	 level 3	are	what we think of	as completely autonomous
cars;	 you give it your destination and	it takes you there with	no	
human	 input.	 Level	 4	autonomous cars will still only do	that in	
certain use	cases—again,	 think well-mapped geofenced areas
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Bosh	AI	for	level	4	autonomous	vehicles

https://blogs.nvidia.com/blog/2017/03/16/bosch/

Artificial Intelligence	(AI)	provides:

•Detection:	understanding the	world	
around the	vehicle

•Localization:	using what’s perceived to	
create	a	detailed local map

•Occupancy grid:	building	a	real-time	
3D	environment around the	vehicle

•Path planning:	determining how to	
proceed along the	mapped route

•Vehicle dynamics:	calculating how to	
drive	smoothly

Level	4	capabilities promised by	
the	end	of	2018
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SAE levels of vehicle automation
January 2014, SAE international’s J3016 

Classification	of	“Automation”	in	
vehicles

http://www.sae.org/misc/pdfs/automated_driving.pdf

Level	 5	is the	 full	"go	anywhere,	 let me	 just	sleep or	watch
movies and	tell me	when we've arrived"	robotic vehicles
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example:	 adaptive	 cruise	
control,	 automatic	
emergency	 braking

example:	 cruise	 control

human	 ready	 for	
intervention	

not	all	 cases...
for	example:	max	speed,	
good	weather

”hands	 on”

”hands	 off”

”eyes	off”

”mind	off”

”wheel	optional”

http://www.sae.org/misc/pdfs/automated_driving.pdf

Levels	of	Automation
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Deals,	investments,	partnerships,	and	
new	entrants

35Strategy&

Exhibit 8
The supply side of connected cars: Deals, investments, partnerships, and new entrants

Technologies Enabling services

Adaptive driver 
assistance 

systems

Infotainment Human–machine 
interface

Communications, 
computing,  
and cloud

Connected  
vehicle services

Connected  
device services

OEMs (major automakers)

Acquisition
Audi/Daimler/BMW:  
Here (2015)

GM: Cruise Automation 
(2016)

Investment
Volvo: Peloton (2015)

Partnership
Audi & Nvidia  
(since 2005)

Bosch & TomTom 
(2015)

GM & Mobileye (2015)

VW & Mobileye (2015)

BMW & Intel & 
Mobileye (2016)

Hyundai & Cisco (2016)

Investment
Ford: Livio (2013)

Partnership
Audi & Nvidia (since 
2005)

Partnership
Daimler & Qualcomm 
(2015)

Hyundai & Cisco (2016)

Toyota & KDDI (2016)

Partnership
Ford & State Farm 
(2012)

BMW & Pivotal (2015)

Ford & Microsoft Azure 
(2015)

Volvo & Microsoft 
(2015)

Nissan & Microsoft 
Azure (2016)

Acquisition
Daimler: Mytaxi (2014)

GM: Sidecar (2016)

Investment
BMW: RideCell (2014)

BMW: Zendrive (2014)

GM: Telogis (2014)

BAIC: Didi Chuxing 
(2015)

Ford: Pivotal (2016)

GM: Lyft (2016)

Toyota: Uber (2016)

VW: Gett (2016)

Partnership
BMW & Baidu (2015)

BMW & Microsoft Azure 
(2016)

Seat & Samsung & SAP 
(2016)

Toyota & Microsoft Azure 
(2016)

Traditional suppliers

Acquisition
Continental: Elektrobit 
(2015)

Delphi: Ottomatika 
(2015)

ZF: TRW (2015)

Continental: ASC 
(2016)

Investment
Delphi: Quanergy 
(2015)

Bosch: AdasWorks 
(2016)

Partnership
Valeo & Mobileye 
(2015)

Acquisition
Harman:  
Aha (2010)

Harman:  
S1nn (2014)

Continental: Elektrobit 
(2015)

Harman: Symphony 
Teleca (2015)

Partnership
Harman & Luxoft (2011)

Harman & Microsoft 
(2016)

Acquisition
Continental: Elektrobit 
(2015)

Partnership
Valeo & Safran (2013)

Acquisition
Bosch: ProSyst (2015)

Valeo: Pelker (2015)

Acquisition
Harman: Redbend SW 
(2015)

Harman: TowerSec 
(2016)

Partnership
Valeo & Capgemini 
(2015)

Acquisition
Harman: Aditi (2015)

(continued)

Source:	 Connected-car-report-2016.pdf

August	2017:	FCA	agreement	 with	 BMW-Intel-Mobyeye

Convergence	of	
the	automotive	

world	and	
information	
systems
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Deals,	investments,	partnerships,	and	
new	entrants

Source:	 Connected-car-report-2016.pdf

36 Strategy&

Technologies Enabling services

Adaptive driver 
assistance 

systems

Infotainment Human–machine 
interface

Communications, 
computing,  
and cloud

Connected  
vehicle services

Connected  
device services

New entrants from outside automotive

Acquisition
Panasonic: Ficosa 
(2014)

Google: FCA (2016) 

Nvidia: AdasWorks 
(2016)

New entrants
AdasWorks, Baselabs, 
Vector, Velodyne, Wind 
River

New entrants:
Apple, Baidu, Google

Investment
Intel: Omek (2013)

New entrants
Atmel, Fujitsu, Kyocera, 
LG, Toshiba

Acquisition 
Cisco/NXP: Cohda 
Wireless (2013)

New entrants
Cohda Wireless, 
Kymeta, Veniam

Investment
Verizon: Hughes (2012)

Partnership
Airbiquity & Arynga 
(2016)

New entrants
Airbiquity, Allstate, 
Fleetmatics, Pivotal, 
Progressive, SiriusXM, 
Trimble, Verisk

Partnership
Daimler Moovel  
& IBM (2014)

Airbiquity & Arynga 
(2016)

New entrants
Airbiquity, Apple, 
Contigo, Dash, 
Google, iTrack, Lyft, 
MyCarTracks, Uber

Key: A colon is an 
acquisition or investment 
where the company 
listed first is dominant. 
An ampersand is a 
partnership. 

Source: Strategy& analysis



ISWCS	 28-08-2017Toward	5G	vehicular	networks

Autonomous	car	forecasts

M.	Fiore	- IEEE/IFIP	WONS	
2014

31

http://www.driverless-
future.com/?page_id=384

The	number of	cars with	
various levels of	autonomy
will grow to	a	total of	150	
million vehicles by	2025
https://blogs.nvidia.com/blo
g/2017/03/16/bosch/
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Autonomous	cars	forecasts

A	recent study by	Bosch	
suggests that autonomous
driving is going to	be	a	big	
selling point for	customers in	
the	future—54	percent of	the	
6,000	people the	
company surveyed said it
would increase their interest
in	buying a	new	vehicle

http://www.driverless-
future.com/?page_id=384
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Autonomous	cars	forecasts
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http://www.reuters.com

Where	we	are

Other	interesting	readings:

http://thinkinghighways.com/a-
driverless-future/

:https://www.driverless.id/news
/definitive-guide-levels-
automation-for-driverless-cars-
0176009

Ethical questions:
Should your driverless car	kill
you if it means saving five
pedestrians?
Legal questions:	which is the	
guilty part	in	case	of	accident?
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Summarizing	Autonomy

• It	is	all	about	on	board	sensors	and	Artificial	
Intelligence	(AI)

• They	are	not	autonomous,	 they	are	automated	
vehicles

BUT

• They	do	not	see	around	the	corner
• They	cannot	receive	or	transmit	updated	info
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Remember…
In	order for	a	car	to	drive	itself,	

it needs to	be	able to	see the	world	around it.
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…Hence

Source:	 automotivenews.com

Connectivity	becomes	essential

Connectivity	can	improve	safety	and	efficiency	of	autonomous	vehicles
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AUTONOMOUS
VEHICLES

CONNECTED
VEHICLES

Connected	vehicles
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http://www.5gamericas.org/files/2914/7769/1296/5GA_V2X_Report_FINAL_for_upload.pdf

V2X	communications
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Why	V2X	communications
• Improve	safety
• Improve	traffic	efficiency
• Introduce	entertainment
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• Improve	safety
• Improve	traffic	efficiency
• Introduce	entertainment

https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication/812332

More than 30000 deaths a year in the USA

Why	V2X	communications
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Why	V2X	communications
• Improve	safety
• Improve	traffic	efficiency
• Introduce	entertainment

• About 1.25 million people die each year worldwide as a result of road crashes.
• Road traffic injuries are the leading cause of death among people aged between 

15 and 29 years.
• Road traffic crashes cost most countries 3% of their gross domestic product.

Source: http://www.who.int/mediacentre/factsheets/fs358/en/ (updated May 2017)

Safety applications enabled by	V2V	and	V2I	could eliminate	or	mitigate	the	
severity of	up	to	80	percent of	(non-impaired)	crashes,	including crashes at
intersections or	while changing lanes.	[Source:	NHTSA]
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V2X	for	safety:	requirements
• Low	latency,	real	time	information

– Direct	V2V	communications
– Dedicated	channels
– Reliable	wireless	systems
– Interaction	with	on	board	sensors

• Also	low	data	rate
– Small	but	frequent	amount	of	data

• High	data	rate	for	delay	tolerant	applications
– Ex:	transmission	of	a	video	of	a	crashAcident

warning!

Automatic	
braking

Collision Ahead,
drive with caution 

warning.

Breakdown, accident, 
Sudden stop, etc

Collision 
Ahead, drive 
with caution 

warning.
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Why	V2X	communications
• Improve	safety
• Improve	traffic	efficiency
• Introduce	entertainment

• Over	70%	of	transport greenhouse gas	emissions,	39%	of	NOxand	13%	of	particulate
matter

• Updated information in traffic and optimal routes can reduce the travel time
- Annual delay	per	peak period:	47	hours	
- Economic cost:	$63.1	billion a	year

• Road transport is responsible for the bulk of transport emissions, in terms of
greenhouse gases and air pollutants

Antonella Molinaro - Laboratoire de Recherche en Informatique (LRI), Gif-sur-Yvette - 27 March 2017

Congestion arises at high load
� Throughput and delay performance degrades quickly as network 

load increases (high density)
� heavy packet collisions, especially if one channel only

� Can multi-channel operation mitigate the problem?

Source: A European strategy on Cooperative Intelligent Transport Systems, a milestone towards cooperative, connected
and automated mobility , 30-11-2016
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V2X	for	efficiency:	requirements
• Updated	information	(not	real	time)

– Optimal	route

• Data	rate	and	bandwidth	depending	on	the	application
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Why	V2X	communications
• Improve	safety
• Improve	traffic	efficiency
• Introduce	entertainment

Internet	access
Internet	backbone
Social	networking
Video	streaming
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V2X	for	entertainment:	requirements

• High	data	rate
– Video	streaming	
– Social	gaming
– Internet	access

• Latency	not	high
– V2V	communications	(social	gaming)
– Not	priority	apps
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The	roadmap	of	applications

Source:	 5gpp	white	paper
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The	roadmap	of	applications

Source:	 5gpp	white	paper

Perception
My	status My	environment

Planning
My	intentions Our	plan
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Phase	1:	vehicles	
disseminate	 their	
status	
information,	
allowing	other	
vehicles	 to	
become	 aware	of	
their	presence	
and	of	eventual	
hazards	detected	
on	 the	 road.	

Phase 2	allows
various traffic
participants to	
provide
additional
information,	
gained through
various on-
board sensors
like cameras
and	radar.	

Phase 3	allows
vehicles to	share	
their intentions,	 and	
so	provide them
with	a	glimpse into
the	 individual future	
of	each vehicle.

Phase 4:	vehicles
are	autonomously
driven through
almost all situations
and	able to	
exchange and	
synchronize driving
trajectories among
each other.	

The	roadmap	of	applications
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Mapping	connected	on	autonomous	vehicles

Source:	 5gpp	white	paper
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In	summary…
Future	(especially	safety)	applications	are	based	on	the	awareness	of	the	
environment

Page 23 of 67

and apply the appropriate action without prior coordination. Different individual actions might 
lead to additional collisions or uncontrolled situations. Hence, all involved vehicles should 
undertake to compute the optimal collision avoidance actions and apply them in a cooperative 
manner.

3. High Density Platooning

High Density Platooning, i.e., the creation of closely spaced multiple-vehicle chains on a highway, 
has multiple benefits, such as fuel saving, accident prevention, etc. However, this requires 
cooperation among participating vehicles in order to form and maintain the platoon in the face of 
dynamic road situations. High Density Platooning will further reduce the current distance 
between vehicles down to 1 meter. Since on-board sensors are not able to cope with such short 
distances (they measure them and then react to changes), vehicles within a platoon will 
constantly exchange their kinematic state information in real time. This will allow following 
vehicles to implement throttle and brake controls, keeping the distance constant.

2.3.2 Road safety and traffic efficiency services

When closely looking at the majority of current V2X use cases, they all focus on increasing the 
drivers’ awareness of what is happening around and in front of them on the road. All these V2X 
use cases rely on the principle that connected vehicles periodically provide either status 
information (e.g., position, speed, acceleration, etc.) or event information (e.g., traffic jam, icy 
road, fog, etc.). This information is usually packed into stateless, individual messages or probes 
which are either locally disseminated to neighboring vehicles, or sent to a central point (base 
station, backend) where it can be aggregated and then again disseminated to other vehicles to 
make use of it.

Figure 3. Collective knowledge through collective perception
Source:	 5G-PPP-White-Paper-on-Automotive-Vertical-Sectors.pdf	
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What	we	need	to	have	connected	(and	
autonomous	cars)

• Awareness
• Local	awareness	(in	vehicles)

• Environment	 awareness
• Out-of-vehicle	(obstacles,	nearby	cars,	…)

• Collective	awareness
To	achieve	awareness,	vehicles	have	to	exchange	short	and	frequent	messages	

(beacons)	about	their	status	(ID,	position,	speed,	acceleration,	etc.)
This	way,	each	vehicle	can	build	a	cooperative	vision	of	the	environment
More	frequent	the	beacons,	better	the	knowledge	of	the	environment

More	frequent	the	beacons,	higher	channel	load	and	performance	degradation
à tradeoff
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Present,	future	and	
visionary	

applications
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Present	apps:	on	board	sensors
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Present	apps:	eCall

GSMA Connected Living programme: mAutomotive

February 2012 Version 1.0

22
2025 Every Car Connected:  
Forecasting the Growth and Opportunity

The rest of this section provides a brief summary of the future trends for each type of service.

5.1.1. Safety
SBD has conducted over 30 end-user surveys across 10 key markets analysing the changing consumer 
attitudes towards different connected car services. Safety services such as Emergency Call (eCall) 
always rank relatively high for many consumers as it taps into their basic concerns about crashing in 
an isolated location. However, whilst eCall services have been available for many years, the high cost 
of hardware and services has so far deterred a significant proportion of drivers from opting for eCall in 
many markets.

This has started to change over the last few years, aided in part by the launch of ultra low-cost 
solutions such as PSA’s €290 eCall solution in Europe. PSA recently announced the sale of its 1 
millionth eCall-equipped vehicle, and has used eCall as a strong tool to improve its branding amongst 
safety-conscious drivers. 

In the USA, consumers are believed to be more concerned about safety, and vehicle manufacturers 
such as GM and Ford have been able to capitalise on this in order to offer competitive safety  
and security services as standard on many models.

Figure 12. eCall: How It Works

Emergency Call
An emergency call (eCall) is made 
automatically by the car as soon as 
on-board sensors (e.g. the airbag 
sensors) register a serious accident. 
By pushing a dedicated button in the 
car, any car occupant can also make 
an eCall manually. 

Emergency call centre
The eCall's urgency is recognized, the 
accident's location can be seen on a screen.
A trained operator tries to talk with the 
vehicle's occupants to get more information. 
If there is no reaction, emergency services are 
sent off without delay. 

1

4

3

Provisioning
Via satellite positioning and mobile 
telephony caller location, the accurate 
position of the accident scene is fixed and 
then transmitted by the eCall to the 
nearest emergency call centre. More 
information is given in the eCall, e.g. the 
direction of travel and the vehicle type. 

2

Quicker help
Due to the exact knowledge of 
the accident's location, the 
emergency services (e.g. 
ambulance, fire fighters, police) 
arrive much quicker at the crash 
site. Time saved translates into 
lives saved.

Source: European Commission
V2I	cellular	communication
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Present/future	app:	smart	navigation

Cellular	
BS

V2V



ISWCS	 28-08-2017Toward	5G	vehicular	networks

E->W:		40.3%	saved time
W->E:		44.5%	saved time

NW->SE:		12.9%	saved time
SE->NW:		29.2%	saved time
NE->SW:				4.0%	saved time
SW->NE:				0.0%	saved time

N->S:		13.1%saved	time
S->N:		49.0%	saved time

- 10%	of	connected vehicles
- Information	transmitted from	vehicles to	control	center	(uplink)	every 10	s
- Information	transmitted from	the	control	center	back	to	vehicles (downlink)	every 20s	or	60s
- Up	to	50%	of	saved time	(if an	alternative	route exsists)

Impact	of	smart	navigation

13636	road	segments,	 600	km
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Increasingly

Platooning

Present/future	app:	Fleet	
management

V2V	with	extremely	low	latency

vehicles within a	platoonwill constantly
exchange their kinematic state	
information	in	real time	
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Future	apps:	alert	messages	and	safe	
overtaking

V2V	and	V2I	communications
See	around	the	corner Safe	overtaking

A	fully autonomous self-driving car	will need to	
perform overtake maneuvers not only on	highways
(unidirectional travel)	but also on	 two-way	 roads,	
where oncoming vehicles may be	well beyond the	
range of	its sensors and	 approaching very quickly.	
Performing such maneuvers safely will require
cooperation among vehicles on	multiple	 lanes.	
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22 1133

44

11

33

22

44

11

33

22

Started with	Radar
Soon with	V2V

Future apps: Driving assistance and 
cooperative driving
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Internet	backbone	on	
the	move

Future app: Internet access
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Future app: See through

Source:	 Samsung

This use case requires a very high reliability and availability (it should work 
even out of coverage and even if the network is loaded with other services), a 
low latency (a few tens of ms) and a high data rate to share all relevant data 

with vehicles and pedestrians in the neighborhood. 
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Future/visionary	app:	Virtual	Traffic	Light

Source:	 Carnegie	 Mellon	 University Source:	 Slash	 Gear

All	vehicles	must	be	equipped	with	V2V	communication	interface
Better	with	backup	on	V2I

- Only 0.5%	of	over	50	millions of	crossing points in	USA	are	equippedwith	traffic lights
- Operative	costs (per	year)	for	traffic lights :	780	milions of	dollars
- It is impossibile	to	have all crossingpoints equipped by	traffic lights
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At	intersections without a	physical traffic light,	V2V	communications to	exchange
the	priorities at the	crossing with	a	distributed control

Why is VTL	important?
- Only 0.5%	of	over	50	millions of	crossing points in	
USA	are	equipped with	traffic lights
- Operative	costs (per	year)	for	traffic lights :	780	
milions of	dollars
- It is impossibile	to	haveall crossing points
equipped by	traffic lights

VTL	equipment

Key-characteristics:
wireless,	efficient,low	cost

Basic	rule:
ony	one	car	at	a	time	can	pass	
the	crossing	point

Future/visionary	app:	Virtual	Traffic	Light
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Future/visionary	app:	Virtual	Traffic	Light
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Standardization	
bodies	and	main	
technologies	
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Despite	much	effort	in	the	last	10+	years,	not	much	more	on	field	...

• Auxiliary	services	and	emergency	help	(eCall in	Europe)	through	cellular

• Several	projects	with	hundreds	to	thousands	of	vehicles

...	but	things	might	change	soon	...

• Mandate	expected	for	V2V	in	USA	(for	new	vehicles,	by	late	2019/early	2020?)

• In	Europe:	Strategy	adopted	by	EC	in	November	2016	to	make	connected	vehicles	possible	in	
2019.

Where	we	are

 

EN    EN 

 
 

 
EUROPEAN 
COMMISSION  

Brussels, 30.11.2016  
COM(2016) 766 final 

  

COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN 
PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL 

COMMITTEE AND THE COMMITTEE OF THE REGIONS 

A European strategy on Cooperative Intelligent Transport Systems, a milestone towards 
cooperative, connected and automated mobility 
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EU	intentions	and	priorities

Antonella Molinaro - Laboratoire de Recherche en Informatique (LRI), Gif-sur-Yvette - 27 March 2017

Day 1: V2X communication

Local Perception Sensors

V2X Communication 
Red ego-vehicle 
additionally knows about 
V2X vehicles within the 
communication range 
Vehicles broadcast 
Cooperative Awareness 
Messages (CAMs) 

“My status”

Phase 1
Awareness Driving

Status data: position, 
speed, events…

Source: Wolkswagen
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EU	intentions	and	priorities

Antonella Molinaro - Laboratoire de Recherche en Informatique (LRI), Gif-sur-Yvette - 27 March 2017

Day 4: Coordinating intentions

Phase 1
Awareness Driving

Status data: position, 
speed, events…

Phase 2
Sensing Driving

Sensor data: objects, 
field-of-view…

Phase 3
Cooperative Driving

Intention data: intentions, 
trajectories..

Phase 4
Synch. Cooperative 

Driving

Coordination data: 
synchronized 
trajectories..

“Our plan”

Source: Wolkswagen

Collective Perception 

V2X Communication 

Intention planning

4
Coordinating Intentions
Vehicles are autonomously driven 
through almost all situations (levels 
4 and 5) and are able to exchange 
and synchronize driving trajectories 
among each other.

3
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International	 Telecommunications	 Union

Institute	 of	 Electrical	 and	Electronics	 Engineers	
The	Internet	 Engineering	 Task	Force	

Joint	standard	development for	Cooperative	IntelligentTransport Systems	C-ITS
http://its-standards.info/

European
Telecommunications
Standards Institute

International	
Electrotechnical
Commission

Standard	Development	Organizations (SDOs)

Society	of	Automotive	 Engineers
US	SDOs

Governmental SDOs
EU	SDOs

Non	governmental SDOs
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Other	important	organizations

US

EU	
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17

European projects:

The European Union has a long history of funding collaborative research projects contributing 
to the development of automated driving. The following graph is giving an overview of projects, 
which are being funded partially or fully by the EU. The projects are illustrated for the period of 
last ten years of research and sorted in four different categories: a) Networking and Challenges, 
b) Connectivity and Communication, c) Driver Assistance Systems and d) highly automated 
urban transport systems. A complete overview of these projects is listed in the Annex containing 
also additional information on duration, significant results and the focus of realised research.

A number of EC-funded projects gave remarkable results in the field of vehicle automation 
contributing to an overall traffic safety and security. One of the pioneer projects was the 
EUREKA PROMETHEUS project that contributed enormously to the development of radar 
technology. In recent years, SARTRE demonstrated advantages of platooning, HAVEit delivered 
a temporary auto pilot and interactIVe  designed and developed intelligent vehicle systems (IVS). 
Furthermore, CATS and CityMobil demonstrated successfully the application of robotic vehicles 
for shuttle services in protected environments.

Figure 6:  An overview of the EC funded projects that support development of automated 
driving. The analysis has been done for the period of last ten years. Red arrows, 
completed projects are shown and with green ones, the projects that are still running. 
See Annex for detailed list of all projects.

4. STATE OF THE ART

EU	investments
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Source: “5G Americas V2X Cellular Solutions”
http://www.5gamericas.org/files/2914/7769/1296/5GA_V2X_Report_FINAL_for_upload.pdf

Dedicated	frequencies	for	V2X	worldwide
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•Highly	dynamic	topology:	Due	to	relative	speed	of	cars,	that	in	some	cases	can	be	very	high,	
the	time	interval	in	which	two	cars	can	communicate	can	be	extremely	small.

• Frequently	disconnected	network	and	variable	device density

•Sufficient	availability	of	energy	and	storage:	devices	are	installed	on	cars	there	are	no	power	
or	memory	constrains.	
•Geographical addressing: unicast and broadcast, are no longer sufficient. Some applications,
e.g., alert the drivers in a certain area of a possible hazard, require the ability, known as
geocasting, to address only the nodes in a specific geographic area.

•Different	communication	environments:	wireless	technologies	have	to	work	in	very	different	
propagation	scenarios	(urban,	highway,	country,	…)

•High	speed	(doppler,	quickly variable	channels)

•Heavy	multi-path

•For	safety purposes:	latency and	errors with very stringent requirements

• Particular importance	of	security (in	particular authentication,	integrity,	and	no	ripudiation)

• Need for	international agreements

Peculiarities	 of	vehicular	scenarios
(where	technologies	have	to	work)
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•Highly	dynamic	topology:	Due	to	relative	speed	of	cars,	that	in	some	cases	can	be	very	high,	
the	time	interval	in	which	two	cars	can	communicate	can	be	extremely	small.

• Frequently	disconnected	network	and	variable	device density

•Sufficient	availability	of	energy	and	storage:	devices	are	installed	on	cars	there	are	no	power	
or	memory	constrains.	
•Geographical addressing: unicast and broadcast, are no longer sufficient. Some applications,
e.g., alert the drivers in a certain area of a possible hazard, require the ability, known as
geocasting, to address only the nodes in a specific geographic area.

•Different	communication	environments:	wireless	technologies	have	to	work	in	very	different	
propagation	scenarios	(urban,	highway,	country,	…)

•High	speed	(doppler,	quickly variable	channels)

•Heavy	multi-path

•For	safety purposes:	latency and	errors with very stringent requirements

• Particular importance	of	security (in	particular authentication,	integrity,	and	no	ripudiation)

• Need for	international agreements

Peculiarities	 of	vehicular	scenarios
(where	technologies	have	to	work)

Which	technology	can	better	perform	
in	a	so	challenging	scenario?
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•Highly	dynamic	topology:	Due	to	relative	speed	of	cars,	that	in	some	cases	can	be	very	high,	
the	time	interval	in	which	two	cars	can	communicate	can	be	extremely	small.

• Frequently	disconnected	network	and	variable	device density

•Sufficient	availability	of	energy	and	storage:	devices	are	installed	on	cars	there	are	no	power	
or	memory	constrains.	
•Geographical addressing: unicast and broadcast, are no longer sufficient. Some applications,
e.g., alert the drivers in a certain area of a possible hazard, require the ability, known as
geocasting, to address only the nodes in a specific geographic area.

•Different	communication	environments:	wireless	technologies	have	to	work	in	very	different	
propagation	scenarios	(urban,	highway,	country,	…)

•High	speed	(doppler,	quickly variable	channels)

•Heavy	multi-path

•For	safety purposes:	latency and	errors with very stringent requirements

• Particular importance	of	security (in	particular authentication,	integrity,	and	no	ripudiation)

• Need for	international agreements

Peculiarities	 of	vehicular	scenarios
(where	technologies	have	to	work)

Which	technology	can	better	perform	
in	a	so	challenging	scenario?

To	answer	we	also	need	to	know	the	
requirements

As	example,	those	of	NHTSA,	ETSI,	
3GPP
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NHTSA	requirements

safety (*)

traffic management (**)

infotainment (***)
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NHTSA	requirements

safety (*)

traffic management (**)

infotainment (***)
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ETSI	requirements

safety (*)

traffic management (**)

infotainment (***)
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ETSI	requirements

safety (*)

traffic management (**)

infotainment (***)
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3GPP	requirements

safety (*)

traffic management (**)

infotainment (***)
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Summary	of	first	“wave”	requirements

• Periodic	broadcast	of	beacon	messages	every	1-
10	Hz
– Beacons	are	typically	small	packets	of	~200-500	bytes

• Latency	lower	than	~100	ms
• 90%	of	reception	success	within	~100-300m
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Incoming	5G	(more	challenging)	
requirements	

• End-to-End	Latency:	5ms
• Beacon	Periodicity:	10Hz	(adaptive?)
• Reliability:	99.999%
• Communication	Range:	up	to	1Km
• Positioning	Accuracy:	less	than	0.5m

Source:	Metis-II
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Summary	of	first	and	second	“wave”	
requirements

Before	5G	requirements
• Periodic	broadcast	of	beacon	messages	every	1-10	Hz

– Beacons	are	typically	small	packets	of	~200-500	bytes
• Latency	lower	than	~100	ms
• 90%	of	reception	success	within	~100-300m

5G	of	requirements
• Adaptive	beaconing?

– Beacon	frequency	adapted	to	the	reliability	of	the	app	and	to	the	channel	load
• Latency	lower	than	5-10	ms (1ms	for	platooning)
• 99%	of	reliability
• High	data	rate	(e.g.,	exchange	of	video	captured	onboard	for	see	

thorough)
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V2X	Enabling	technologies
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V2X	Enabling	Technologies
• WAVE/IEEE	802.11p	in	USA	and	ETSI	ITS	G5	in	EU

• Widely	 tested	 and	commercial	 devices	 available
• Reliability:	 random	access	 is	prone	to	collisions
• Unclear	 business	model	
• Not	 diffused

• LTE-V2X,	defined	in	the	Release	14	of	3GPP

• Exploitation	 of	existing	 infrastructure/system
• Standardized	 May	2017)
• Sketches	 the	 road	to	5G	vehicular	 networks

• Visible	light	communication	(VLC)	– IEEE	802.15.7

• Exploitation	 of	existing	 infrastructures	 (LED	 lamps)
• Exploitation	 of	vehicles	 lights
• Vehicles	 must	 be	in	visibility

• 5G

• Still	to	be	clearly	 defined
• Very	 high	performance

&
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Dedicated	short	range	communications	(DSRC)	in	the	USA
Wireless	access	in	vehicular	environments	(WAVE)	protocol stack

includes IEEE	802.11p	and	IEEE	1609.x

Cooperative-ITS	(C-ITS)	in	Europe
includes ETSI	ITS-G5	and	other ETSI	and	ISO	standards

IEEE	802.11p	and	ETSI	ITS	G5

5G Automotive Vision

October 20, 2015

Executive Summary

The automotive industry is currently undergoing key technological transformations, as more and
more vehicles are connected to the Internet and to each other, and advance toward higher 
automation levels. In order to deal with increasingly complex road situations, automated vehicles 
will have to rely not only on their own sensors, but also on those o f other vehicles, and will need 
to cooperate with each other, rather than make decisions on their own. These trends pose 
significant challenges to the underlying communication system, as information must reach its 
destination reliably within an exceedingly short time frame – beyond what current wireless 
technologies can provide. 5G, the next generation of mobile communication technology, holds 
promise of improved performance in terms of reduced latency, increased reliability and higher 
throughput under higher mobility and connectivity density. In this White Paper, representatives 
from both the automotive and the telecom industry provide their vision on how 5G will enable 
the next generation of connected and automated driving and new mobility services, identi fy the 
limitations of present wireless technologies, and describe the key research and innovation areas 
that need to be explored and advanced in order to realize this 5G automotive vision.



ISWCS	 28-08-2017Toward	5G	vehicular	networks

Frequency	allocation	in	USA	and	EU

- U.S.	FCC	allocates 75	MHz	in	1999	for	ITS,	from		5.850	GHz	to	5.925	Ghz
- 7	channels:	one control	channel (178),	6	service	channels
- Practically	the	same	frequencies	in	EU
- But	two	channels	still	not	used	in	EU
- The	frequency	of	the	control	channel	is	different

safetynon-safety
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But	consider that:

•The	system	also relies	on	road	side units (RSUs),	which are	not	currently deployed.	

• At	the	physical layer,	several inefficiencies arise	due	for	example to	the	asynchronous nature	of	the	
system,	resulting in	reduced performance,	such as	

Ø access overhead

Ø high	error rate	in	heavy congested trraffic scenarios	IEEE	802.11p/DSRC/ITS	G5A:	long	in	
development,	still to	be	deployed at large	scale	

•In	the	long	run,	there is no	evolutionary path (or	IEEE	802.11	standards	activities)	to	enable
improvements in	the	DSRC	physical/MAC	layers with respect	to	range,	robustness and	reliability.	

•Lack of	a	clear business	model.

DSRC	challenges	

DSRC	provide:
• Event drivenmessage,	always triggered by	application
• Event position,	event type,	event duration,	event related information.	
• 1-10	Hz	beacon	transmission (also known as CAM	messages in	802.11p).	
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“LTE and fifth-generation (5G)
cellular systems have the potential
of supporting not only existing DSRC
use cases, but also the more
challenging and futuristic use cases
that require low-latency, high
reliability or high bandwidth.
Cellular V2X could also complement
DSRC communications to enhance
V2X communications capabilities.”

Source: http://www.5gamericas.org/files/2914/7769/1296/5GA_V2X_Report_FINAL_for_upload.pdf

LTE-V2X
• While the	ITS	community	has spent 15	yearsdeveloping future	C-ITS	systems,	

and	had still not made	any significant commercial	implementations,	the	world	
of	mobile	communications has sprinted forward.

LTE-V2V
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LTE-V2X
• Study started end	of	2014	in	3GPP	
• Normative	specification June 2017	
• Products expecetd in	~	2018	
• Key advantage is ability to	leverage the	whole cellular ecosystem &	

capability set	
• reusing	MNOs’	network	infrastructure	
• One	chip	for	all	(also	vehicle-to-pedestrian	enabled!)

• Open	the	road	to	5G	vehicular networks

16

5G expected to come in phases, alongside continued LTE evolution (incl. LTE V2V/V2X)

5G - timeline
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DSRC	or	LTE-V2X	(or	5G)
• Proponentsof DSRC point out	that it can	accommodate all necessary V2V	and	V2I	

communications in	modules that are	already commercially available (General	
Motors will install them in 2017	Cadillacs)

• Regulators in	Europe	and	the	U.S.	embraced DSRC	until 2016
• But the	anticipated arrival	of	5G (opened by	LTE-V2X)	has led	others to	argue that

automakers ought to	wait to	run cars on	next-generation cellular networks.	

Source:	 Spectrum,	 May 2016

Which	one	will	win	the	battle?
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DSRC	or	LTE-V2X	(or	5G)
Before	5G	requirements
• Periodic	broadcast	of	beacon	messages	every	1-10	Hz

– Beacons	are	typically	small	packets	of	~200-500	bytes
• Latency	lower	than	~100	ms
• 90%	of	reception	success	within	~100-300m

5G	requirements
• Adaptive	beaconing?

– Beacon	frequency	adapted	to	the	reliability	of	the	app	and	to	the	channel	load
• Latency	lower	than	5-10	ms (1ms	for	platooning)
• 99%	of	reliability
• High	data	rate	(e.g.,	exchange	of	video	captured	onboard	for	see	

thorough)

Can	be	
targeted	by	
both	IEEE	

802.11p	and	
LTE-V2X

Limitations	
of	802.11p	
Targeted	by	
LTE-V2X	and	

5G
(specific	

apps	by	VLC)
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DSRC	and	LTE-V2X

- They	could	cooperate
- DSRC	could	be	used	for	channel	access	and	LTE	for	data	transmission
- …

Source:	Qualcomm
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Source:	 “Market	 Penetration Analysis	 for	VSC-A	Safety Benefit	Opportunities Estimation”,	Discussion Document,	 James	Chang,	
Noblis,	 June 8,	2010	

The	importance	of	a	business	model	to	
make	the	revolution	happen

Vehicle Safety Communications	 – Applications	 (VSC-A)


