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• From 1G to 5G, passing through UMTS and LTE innovations, each generation of mobile 
technology has tried to meet the needs of network operators and final consumers

• The rapid development of data-centric and automated processes may exceed even the 
capabilities of emerging 5G systems, thereby calling for a new wireless generation

time

1G

Voice calling
Massive broadband 
Internet of Things

1-10 Gbps

1980

in
no

va
ti

on

64 Kbps

SMS

1990

Internet

2 Mbps

2000

Internet of 
Applications

100-1000 Mbps

2010 2020

2.4 Kbps

2G
3G

4G

5G

6G

2025-2030

Towards a Fully Digital and Connected World



Fare clic per modificare stile

6G: Towards a Fully Digital and Connected World 
6G Wireless Summit, 26th March 2019

Introduction and Motivations

4

5G is always associated with trade-offs: 6G will contribute to fill the gap between beyond-2020 
societal and business demands and what 5G (and its predecessors) can support

• Consider potential applications for future connected systems and estimate the key 
requirements in terms of throughput, latency, connectivity and other factors.

• Identify use cases beyond the performance of 5G systems under development today. 

• Survey emerging technologies that are not available in networks today but have significant 
promise for future 6G systems (including developments at all layers of the protocol stack)

Disruptive Technologies Energy Efficiency

Artificial Intelligence

Disaggregation/ virtualization

Cell-less Networks

New Spectrum
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Massive Scale 
Communication

Tactile Internet

Autonomous Driving

Virtual Reality

Industry 4.0

Smart Cities

E-Health

High-Speed Mobility

Holographic Telepresence
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INDOOR COVERAGE

• 80% of the mobile traffic is generated indoor

• 5G current cellular networks never really targeted indoor coverage
Ø High-frequencies cannot penetrate solid material
Ø 5G densification through femtocells (proposed as a solution) presents scalability 

issues and high deployment and management costs for operators

6G should target cost-aware indoor connectivity 
solutions autonomously deployed by end-users 

and managed by the network operators 
(e.g., wireless relays coupled with 

indoor communications)

6G
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MASSIVE SCALE COMMUNICATIONS 

• 5G networks are designed to support more than 1’000’000 connections per km2

• Mobile traffic will grow 3-fold from 2016 to 2021, pushing the number of connected devices to 
the extreme (> 500 billion connected things worldwide by 2030)

• This will stress already congested networks, which will not guarantee the required QoS

6G targets capacity expansion to offer high 
throughput and continuous connectivity, 

even when civil communication 
infrastructures may be compromised 
(public safety is main requirement)

6G
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eHEALTH

• OBJECTIVE: revolutionize the health-care sector, e.g., eliminating time and space barriers 
through remote surgery and guaranteeing health-care workflow optimizations. 

• Current communication technologies cannot be applied in future health-care
Ø high cost and lack of real-time tactile feedback 

Ø mmWaves can support low-latency, but do not guarantee connection continuity.

6G enhancements will unleash the potential 
of eHealth applications through innovations 
like mobile edge computing, virtualization 

and artificial intelligence 

6G
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INDUSTRY 4.0 and ROBOTICS 

• OBJECTIVE: digital transformation of manufacturing through Cyber Physical Systems (CPS) 
and Internet of Things (IoT) services. 

• Enabling, among other things, Internet-based diagnostics, maintenance, operation, and direct 
Machine to Machine (M2M) communications in a cost-effective, flexible and efficient way.

• CPS will break the boundaries between the physical factory and the cyber space computation.

6G will foster the Industry 4.0 revolution 
through new semiconductor and IC 
innovations (e.g., terahertz scale 
electronic packaging solutions)

6G
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SMART CITY 

• OBJECTIVE: life quality improvements, environmental monitoring, traffic control and city 
management automation 

• Current cellular systems have been mainly developed for broadband applications

• Smart city applications build upon data generated by low-cost and low-energy consuming 
sensors, which efficiently interact with each other.

6G will seamlessly include support for user-
centric M2M communication, promoting 

ultra-long battery lifetime combined 
with energy harvesting approaches 

6G
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HOLOGRAPHIC TELEPRESENCE

• OBJECTIVE: remotely connect with an increasing amount of digital accuracy 

• ISSUE: raw hologram, without any optimization nor compression, with colors, full parallax, 
and 30 fps, would require a daunting 4.32 Tbps data rate. 

• ISSUE: latency requirement will hit the sub-millisecond, and thousands of synchronized view 
angles will be necessary (2 tiles for 4K/8K HD, and 12 tiles for VR/AR)

6G will develop architectures and network 
designs able to digitalize and transfer all the 

5 human senses, increasing the 
overall target data rate

6G
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UNMANNED MOBILITY (Autonomous Driving)

• OBJECTIVE: fully autonomous connected and intelligent transportation systems, offering safer 
traveling, improved traffic management, and support for infotainment applications (>7000B$)

• Unprecedented levels of communication reliability and low end-to-end latency, even in 
ultra-high mobility scenarios (up to an impressive 1000 km/h). 

• Sensors (more than 200 per vehicle by 2020) will demand increasing data rates (in the order 
of terabytes per driving hour), saturating the capacity of traditional technologies.

6G will pave the way for the coming era of 
connected vehicles through hardware and 

software advancements and new 
technologies to eliminate typical 5G 

latency/reliability/throughput trade offs

6G
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Disruptive Communication Technologies – Terahertz
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Fig. 3: Pathloss for sub-6 GHz, mmWave and terahertz bands, and received power for Visible Light Communications (VLC). Notice that the
limits of the axis and the legends are different in each frequency band, to better illustrate the differences and the possible scenarios in which
each band could be exploited. The sub-6 GHz and mmWave pathloss is computed using 3GPP models and considers both Line-of-Sight
(LOS) and Non-Line-of-Sight (NLOS) conditions, while LOS-only is considered for terahertz (with the model from [8]) and VLC (using
the model described in [9]).

mature than that on terahertz communications, also thanks
to a lower cost and higher availability of experimental
platforms. A standard for VLC (i.e., IEEE 802.15.7 [1])
has also been defined; however, this technology has never
been considered so far for inclusion in a cellular network
standard. As reported in Fig. 3, VLC have limited cover-
age range, require an illumination source and suffer from
shot noise from other light sources (e.g., the sun), thus
can be mostly used indoors [12]. Moreover, they need
to be complemented by RF for the uplink. Nonetheless,
VLC could be used to introduce cellular coverage in
indoor scenarios, which, as mentioned in Sec. II, is a
use case that has not been properly addressed by cellular
standards. In indoor scenarios, VLC can exploit a very
large unlicensed band, and be deployed without cross-
interference among different rooms and with relatively
cheap hardware.

Besides the new spectrum, 6G will also transform wireless
networks by leveraging a set of technologies that have been
recently enabled by advancement in physical layer and circuits
research, but are not part of 5G. The following will be key
enablers for 6G:

• Integration of full-duplex capabilities in the com-

munication stack. With full-duplex communications,
the transceiver in base stations and User Equipments
(UEs) will be capable of receiving a signal while also
transmitting, thanks to self-interference-suppression cir-

cuits [13]. This enables continuous downlink transmission
with uplink acknowledgments or control messages (or
vice versa), to increase the multiplexing capabilities and
the overall system throughput without using additional
bandwidth. Nonetheless, 6G networks will need careful
planning in the design of allowed full-duplex procedures
and deployments to avoid interference, and novel designs
of the cellular network schedulers [13].

• Novel channel estimation techniques (e.g., out-of-band

estimation and compressed sensing). The channel esti-
mation for Initial Access (IA) and beam tracking will be a
key component of ultra-high frequencies communications
in a cellular context, as for mmWaves. However, it is
difficult to design efficient procedures for directional
communications, considering multiple frequency bands
and possibly a very large bandwidth. Therefore, 6G
systems will need new channel estimation techniques.
Recently, out-of-band estimation (e.g., for the angular
direction of arrival of the signal) has been proposed to
improve the reactiveness of beam management schemes,
by exploiting the omnidirectional propagation of sub-
6 GHz signals and mapping the channel estimation to
mmWave frequencies [14]. Similarly, given the sparsity
in terms of angular directions of mmWave and terahertz
channels, it is possible to exploit compressive sensing to
estimate the channel using a reduced number of samples.

• Sensing and network-based localization. The usage of
RF signals to enable simultaneous localization and map-

• Frequency bands between 100 GHz and 1 THz à bring to the extreme the potentials and 
challenges of high-frequency communications. 

• Huge data rates (possible to allocate contiguous chunks of up to 200 GHz of spectrum)

PROPAGATION LOSS (compensated using directional 
antenna arrays, also enabling spatial multiplexing 
without increasing the interference)

MOLECULAR ABSORPTION (it is important to choose 
deployments in frequency bands not severely affected 
by molecular absorption)
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Fig. 3: Pathloss for sub-6 GHz, mmWave and terahertz bands, and received power for Visible Light Communications (VLC). Notice that the
limits of the axis and the legends are different in each frequency band, to better illustrate the differences and the possible scenarios in which
each band could be exploited. The sub-6 GHz and mmWave pathloss is computed using 3GPP models and considers both Line-of-Sight
(LOS) and Non-Line-of-Sight (NLOS) conditions, while LOS-only is considered for terahertz (with the model from [8]) and VLC (using
the model described in [9]).

mature than that on terahertz communications, also thanks
to a lower cost and higher availability of experimental
platforms. A standard for VLC (i.e., IEEE 802.15.7 [1])
has also been defined; however, this technology has never
been considered so far for inclusion in a cellular network
standard. As reported in Fig. 3, VLC have limited cover-
age range, require an illumination source and suffer from
shot noise from other light sources (e.g., the sun), thus
can be mostly used indoors [12]. Moreover, they need
to be complemented by RF for the uplink. Nonetheless,
VLC could be used to introduce cellular coverage in
indoor scenarios, which, as mentioned in Sec. II, is a
use case that has not been properly addressed by cellular
standards. In indoor scenarios, VLC can exploit a very
large unlicensed band, and be deployed without cross-
interference among different rooms and with relatively
cheap hardware.

Besides the new spectrum, 6G will also transform wireless
networks by leveraging a set of technologies that have been
recently enabled by advancement in physical layer and circuits
research, but are not part of 5G. The following will be key
enablers for 6G:

• Integration of full-duplex capabilities in the com-

munication stack. With full-duplex communications,
the transceiver in base stations and User Equipments
(UEs) will be capable of receiving a signal while also
transmitting, thanks to self-interference-suppression cir-

cuits [13]. This enables continuous downlink transmission
with uplink acknowledgments or control messages (or
vice versa), to increase the multiplexing capabilities and
the overall system throughput without using additional
bandwidth. Nonetheless, 6G networks will need careful
planning in the design of allowed full-duplex procedures
and deployments to avoid interference, and novel designs
of the cellular network schedulers [13].

• Novel channel estimation techniques (e.g., out-of-band

estimation and compressed sensing). The channel esti-
mation for Initial Access (IA) and beam tracking will be a
key component of ultra-high frequencies communications
in a cellular context, as for mmWaves. However, it is
difficult to design efficient procedures for directional
communications, considering multiple frequency bands
and possibly a very large bandwidth. Therefore, 6G
systems will need new channel estimation techniques.
Recently, out-of-band estimation (e.g., for the angular
direction of arrival of the signal) has been proposed to
improve the reactiveness of beam management schemes,
by exploiting the omnidirectional propagation of sub-
6 GHz signals and mapping the channel estimation to
mmWave frequencies [14]. Similarly, given the sparsity
in terms of angular directions of mmWave and terahertz
channels, it is possible to exploit compressive sensing to
estimate the channel using a reduced number of samples.

• Sensing and network-based localization. The usage of
RF signals to enable simultaneous localization and map-
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Disruptive Communication Technologies – Visible Light Communications

• Frequency bands between 430 GHz and 770 THz à complement RF communications by 
piggybacking on the wide adoption of LED luminaries 

• VLC devices can switch between different light intensities to modulate a signal

• More mature research than THz (standard for VLC – IEEE 802.15.7 – has been defined)
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Fig. 3: Pathloss for sub-6 GHz, mmWave and terahertz bands, and received power for Visible Light Communications (VLC). Notice that the
limits of the axis and the legends are different in each frequency band, to better illustrate the differences and the possible scenarios in which
each band could be exploited. The sub-6 GHz and mmWave pathloss is computed using 3GPP models and considers both Line-of-Sight
(LOS) and Non-Line-of-Sight (NLOS) conditions, while LOS-only is considered for terahertz (with the model from [8]) and VLC (using
the model described in [9]).

mature than that on terahertz communications, also thanks
to a lower cost and higher availability of experimental
platforms. A standard for VLC (i.e., IEEE 802.15.7 [1])
has also been defined; however, this technology has never
been considered so far for inclusion in a cellular network
standard. As reported in Fig. 3, VLC have limited cover-
age range, require an illumination source and suffer from
shot noise from other light sources (e.g., the sun), thus
can be mostly used indoors [12]. Moreover, they need
to be complemented by RF for the uplink. Nonetheless,
VLC could be used to introduce cellular coverage in
indoor scenarios, which, as mentioned in Sec. II, is a
use case that has not been properly addressed by cellular
standards. In indoor scenarios, VLC can exploit a very
large unlicensed band, and be deployed without cross-
interference among different rooms and with relatively
cheap hardware.

Besides the new spectrum, 6G will also transform wireless
networks by leveraging a set of technologies that have been
recently enabled by advancement in physical layer and circuits
research, but are not part of 5G. The following will be key
enablers for 6G:

• Integration of full-duplex capabilities in the com-

munication stack. With full-duplex communications,
the transceiver in base stations and User Equipments
(UEs) will be capable of receiving a signal while also
transmitting, thanks to self-interference-suppression cir-

cuits [13]. This enables continuous downlink transmission
with uplink acknowledgments or control messages (or
vice versa), to increase the multiplexing capabilities and
the overall system throughput without using additional
bandwidth. Nonetheless, 6G networks will need careful
planning in the design of allowed full-duplex procedures
and deployments to avoid interference, and novel designs
of the cellular network schedulers [13].

• Novel channel estimation techniques (e.g., out-of-band

estimation and compressed sensing). The channel esti-
mation for Initial Access (IA) and beam tracking will be a
key component of ultra-high frequencies communications
in a cellular context, as for mmWaves. However, it is
difficult to design efficient procedures for directional
communications, considering multiple frequency bands
and possibly a very large bandwidth. Therefore, 6G
systems will need new channel estimation techniques.
Recently, out-of-band estimation (e.g., for the angular
direction of arrival of the signal) has been proposed to
improve the reactiveness of beam management schemes,
by exploiting the omnidirectional propagation of sub-
6 GHz signals and mapping the channel estimation to
mmWave frequencies [14]. Similarly, given the sparsity
in terms of angular directions of mmWave and terahertz
channels, it is possible to exploit compressive sensing to
estimate the channel using a reduced number of samples.

• Sensing and network-based localization. The usage of
RF signals to enable simultaneous localization and map-

INTERFERENCE (limited coverage range, require an 
illumination source and suffer from shot noise from 
other light sources)

MULTI-CONNECTIVITY: need to be 
complemented by RF for the uplink
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Fig. 3: Pathloss for sub-6 GHz, mmWave and terahertz bands, and received power for Visible Light Communications (VLC). Notice that the
limits of the axis and the legends are different in each frequency band, to better illustrate the differences and the possible scenarios in which
each band could be exploited. The sub-6 GHz and mmWave pathloss is computed using 3GPP models and considers both Line-of-Sight
(LOS) and Non-Line-of-Sight (NLOS) conditions, while LOS-only is considered for terahertz (with the model from [8]) and VLC (using
the model described in [9]).

mature than that on terahertz communications, also thanks
to a lower cost and higher availability of experimental
platforms. A standard for VLC (i.e., IEEE 802.15.7 [1])
has also been defined; however, this technology has never
been considered so far for inclusion in a cellular network
standard. As reported in Fig. 3, VLC have limited cover-
age range, require an illumination source and suffer from
shot noise from other light sources (e.g., the sun), thus
can be mostly used indoors [12]. Moreover, they need
to be complemented by RF for the uplink. Nonetheless,
VLC could be used to introduce cellular coverage in
indoor scenarios, which, as mentioned in Sec. II, is a
use case that has not been properly addressed by cellular
standards. In indoor scenarios, VLC can exploit a very
large unlicensed band, and be deployed without cross-
interference among different rooms and with relatively
cheap hardware.

Besides the new spectrum, 6G will also transform wireless
networks by leveraging a set of technologies that have been
recently enabled by advancement in physical layer and circuits
research, but are not part of 5G. The following will be key
enablers for 6G:

• Integration of full-duplex capabilities in the com-

munication stack. With full-duplex communications,
the transceiver in base stations and User Equipments
(UEs) will be capable of receiving a signal while also
transmitting, thanks to self-interference-suppression cir-

cuits [13]. This enables continuous downlink transmission
with uplink acknowledgments or control messages (or
vice versa), to increase the multiplexing capabilities and
the overall system throughput without using additional
bandwidth. Nonetheless, 6G networks will need careful
planning in the design of allowed full-duplex procedures
and deployments to avoid interference, and novel designs
of the cellular network schedulers [13].

• Novel channel estimation techniques (e.g., out-of-band

estimation and compressed sensing). The channel esti-
mation for Initial Access (IA) and beam tracking will be a
key component of ultra-high frequencies communications
in a cellular context, as for mmWaves. However, it is
difficult to design efficient procedures for directional
communications, considering multiple frequency bands
and possibly a very large bandwidth. Therefore, 6G
systems will need new channel estimation techniques.
Recently, out-of-band estimation (e.g., for the angular
direction of arrival of the signal) has been proposed to
improve the reactiveness of beam management schemes,
by exploiting the omnidirectional propagation of sub-
6 GHz signals and mapping the channel estimation to
mmWave frequencies [14]. Similarly, given the sparsity
in terms of angular directions of mmWave and terahertz
channels, it is possible to exploit compressive sensing to
estimate the channel using a reduced number of samples.

• Sensing and network-based localization. The usage of
RF signals to enable simultaneous localization and map-
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Disruptive Communication Technologies – Full-Duplex

• The transceiver in base stations and UEs will be capable of TX a signal while also TX

• Continuous downlink transmission with uplink acknowledgments or control messages à
increase multiplexing and system throughput without using additional bandwidth. 

• IDEA: leverage channel state information acquired at a lower frequency as a form of side 
information on a higher frequency channel.

• Need to define a “transformation function” to relate 
the spatial correlation matrix derived at one 
frequency to another at a much different frequency 

Disruptive Communication Technologies – OBB channel estimation

11

Gaussian or truncated Laplacian), and the complex coefficients ↵rc,i according to a suitable

fading model (e.g., Rayleigh or Ricean).

III. SYSTEM AND CHANNEL MODEL

We consider a multi-band MIMO system shown in Fig. 1, where ULAs of isotropic point

sources are used at the TX and the RX. The ULAs are considered for ease of exposition, whereas,

the proposed strategies can be extended to other array geometries with suitable modifications. We

assume that the sub-6 GHz and mmWave arrays are co-located, aligned, and have comparable

apertures. Both sub-6 GHz and mmWave systems operate simultaneously.FOR SUBMISSION TO IEEE 14
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Fig. 1: The multi-band MIMO system with co-located sub-6 GHz and mmWave antenna arrays.
The sub-6 GHz channel is H and the mmWave channel is H.

A. Sub-6 GHz system and channel model

The sub-6 GHz system is shown in Fig. 2. Note that, we underline all sub-6 GHz variables

to distinguish them from the mmWave variables. The sub-6 GHz system has one RF chain per

antenna and as such, fully digital precoding is possible. We assume narrowband signaling at sub-

6 GHz. Extending the proposed approach to wideband sub-6 GHz systems is straight forward

because only the directional information is retrieved from sub-6 GHz, which is not expected

to vary much across the channel bandwidth. We adopt a geometric channel model for H based

on (1). The MIMO channel matrix for sub-6 GHz can be written as

H =

s
MRXMTX

⇢
pl

CX

c=1

RcX

rc=1

↵rcp(�⌧ c � ⌧ rc)aRX(✓c + #rc)a
⇤
TX(�c

+ '
rc
), (3)
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Disruptive Communication Technologies – Channel Sparsity

• Estimating the mmWave channel is equivalent to estimating the parameters of the channel 
paths, i.e., the AoA, the AoD, and the gain of each path.

• IDEA: exploit the poor scattering nature of the mmWave channel to formulate the mmWave 
channel estimation problem as a sparse compressed sensing problem: the channel power is 
concentrated in a few entries of a virtual channel matrix 

• It is sufficient to estimate the AoAs and AoDs
of the dominant paths to be resolved.

6

(a) Grayscale of angular-delay domain (b) Surface plot of angular-delay domain

Fig. 4. An illustration of a 6-path SFW channel, where M = 128, N = 128, d/�c = 0.5, fs/fc = 0.2, and SNR = 10dB.

D. Sparse Channel Representation and Angular-Delay Or-

thogonality

Define the vectorizing SFW channel hp , vec(Hp) as

hp =

Lp�1X

l=0

↵p,l

⇥
vec (⇥( p,l)) � vec

�
a( p,l)b

T (⌧p,l)
�⇤

=

Lp�1X

l=0

↵p,ldiag(vec(⇥( p,l))) (b(⌧p,l)⌦ a( p,l))

,
Lp�1X

l=0

↵p,lp( p,l, ⌧p,l) 2 CMN⇥1, (18)

where p( p,l, ⌧p,l) , diag (vec (⇥( p,l))) (b(⌧p,l)⌦ a( p,l))
is the corresponding item and serves as the basis vector for
spanning hp. The following theorem proved in Appendix C
indicates the orthogonality of the basis vectors of hp.

Theorem 2: When M ! 1, N ! 1, the following
property holds

lim
M,N!1

1

MN
p( 1, ⌧1)

H
p( 2, ⌧2) =

(
1  1 =  2, ⌧1 = ⌧2

0 otherwise
.

(19)

Based on Theorem 2, if any two users do not share the
same path (paths with both the same DOA and the same time
delay), then their vectorized SFW channels are asymptotically
orthogonal. This phenomenon is called the angular-delay

orthogonality, which indicates the orthogonality for users at
different locations, or for users at the same location but with
different path delays. Interestingly, as shown in Fig. 4, two
squares in Fig. 4(a) corresponding to two different paths may
partially overlap with each other, which, however, does not
break the angular-delay orthogonality in terms of Theorem 2
unless the two squares locate at the exact identical position.

An important application of Theorem 2 is in channel esti-
mation and user scheduling. By exploiting the angular-delay
orthogonality, orthogonal users in angular-delay domain can

be simultaneously scheduled without pilot contamination or
mutual interference, as demonstrated in the next section.

IV. CHANNEL ESTIMATION FOR DUAL-WIDEBAND
MMWAVE MASSIVE MIMO SYSTEMS

The above discussion has demonstrated that the SFW
channel model of the massive MIMO system is not just an
extension of the traditional MIMO channel model. This crit-
ical difference demands for redesign of most communication
strategies, such as channel estimation, signal detection, beam-
forming, precoding, user scheduling, etc. Due to the space
limitation, we present a simple channel estimation algorithm
in this section to deal with the dual-wideband effects by the
aid of array signal processing.

A. Preamble for Initial Uplink Channel Estimation

In the preamble phase, we apply the conventional least
square MIMO-OFDM channel estimation algorithm [39] for
each antenna at the BS. Denote bHp as the uplink preamble
channel between the pth user and the BS. The main purpose
of the preamble is to obtain the initial DOA and the time
delay of each path for each user and facilitate the subsequent
uplink and downlink channel estimations with a small number
of pilot resources.

B. Extracting Angular-Delay Signature

From Theorem 1, #p,l, ⌧p,l, and Lp can be immediately
obtained from the non-zero square of bGp = F

H

M
bHpF

⇤
N

.
However, when M and N are finite in practice, the region
of the non-zero square will be expanded due to the power
leakage effect [15], [31]. Hence, #p,l, ⌧p,l, and Lp should be
obtained by a more sophisticatedly designed way.

Denote

 M (� p,l) = diag
⇣
1, ej� p,l , . . . , ej(M�1)� p,l

⌘
(20)

Example of 6 dominant paths (the location of each 
square reflects the AoA and time delay of each path)

B. Wang, et al., "Spatial- and Frequency-Wideband Effects in Millimeter-Wave Massive MIMO Systems," in IEEE Trans. Sig. Proc., vol. 66, no. 13, pp. 3393-3406, Jul. 2018.
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Innovative Network Architectures  – Disaggregation/virtualization

• IDEA: decouple network/control plane (CP) and forwarding/user plane (UP).
Ø SDN offers network programmability and centralization of the control

Ø SDN is agile and responsive (traffic flow meets fluctuating needs and demands).

Ø SDN is standards-based (e.g., OpenFlow) and vendor-neutral. 

• IDEA: replace network services provided by dedicated hardware (e.g., network 
switches) with virtualized software.

Ø NFV saves capital and operating expenses

• C. J. Bernardos et al., "An architecture for software defined wireless networking," in IEEE Wireless Communications, vol. 21, no. 3, pp. 52-61, June 2014.
• R. Mijumbi, et al., "Network Function Virtualization: State-of-the-Art and Research Challenges," in IEEE COMST, vol. 18, no. 1, pp. 236-262, 2016

NFV and SDN are complementary technologies
(SDN executes on an NFV infrastructure)
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Innovative Network Architectures  – Access/Backhaul integration

• Massive 6G data rates technologies à
adequate growth of the backhaul capacity 

• THz and VLC deployments will call for a massive 
increase in the density of access points, which should 
be provided with backhaul connectivity to the core network à expensive

• IDEA: deploy a fraction of BSs with traditional  fiber-like backhaul capabilities and the rest 
of the BSs connecting to the fiber infrastructures wirelessly.

• 6G deployments will introduce new challenges and opportunities
• The networks will need higher autonomous configuration capabilities
• Out-of-band IAB can be realized to increase the overall network throughput.

• M. Polese, et al. , "End- to-End Simulation of Integrated Access and Backahul at mmWaves,” to appear on IEEE CAMAD, Sep. 2018.
• M. Polese, et al., "Distributed Path Selection Strategies for Integrated Access and Backhaul at mmWaves", to appear on IEEE GLOBECOM, Dec. 2018
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Integrating Intelligence in the Network – Learning

• BACKGROUND: the signal received at multiple BSs renders a defining signature for the user 
location and its interaction with the surrounding environment. 

• BACKGROUND: UEs typically move through predefined paths, and some movements are 
impossible due to the presence of obstacles, e.g., buildings, walls. 

• IDEA: account for previous access statistics and use machine learning  tools to predict the 
network behaviors (e.g., by remembering/observing consequences of previous decisions).

SUPERVISED LEARNING
The amount of data generated 
will be massive, thus labeling
the data may be infeasible. UNSUPERVISED LEARNING

Does not need labeling, used to 
autonomously build complex 

network representations
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Integrating Intelligence in the Network – Knowledge sharing and learning 

• 5G: At high frequency, the massive bandwidth and spatial degrees of freedom are 
unlikely to be fully used by any one cellular operator. Spectrum can be shared, in 
time and in space, with several performance and energy benefits:
§ Reducing deployment costs, if operators share bands and infrastructures

§ Inter-operators access and interference coordination 

• 6G: operators and users may also be interested in sharing learned 
representations of specific network deployments and/or use cases
§ Speed up the network configuration in new markets

§ Better adapt to new unexpected scenarios which may emerge during network operations

Controllers

Reference Planner

Mission Planning

Behavioral Planner

Perception

Lane 
Centering

ACC 
Controller

Merge 
Assist

Fig. 3: The proposed behavioral planning framework

III. BEHAVIORAL PLANNING FRAMEWORK

As discussed in Section II, there are shortcomings of
both the current hierarchical and parallel robot decision
making architectures. Due to real-time constraints, the mo-
tion planner cannot consider the effects of imperfect vehi-
cle controllers or cooperation between cars. In this paper,
we propose a novel behavioral planning framework that
combines the strengths of the hierarchical and parallel ar-
chitectures. It is based on the hierarchical architecture so
that fully autonomous driving with high-level intelligence
can be achieved. However, it also uses the independent
controllers as in the parallel autonomous vehicle architecture
to ensure basic performance and driving quality. The design
greatly reduces the necessary search space for the motion
planner without sacrificing any performance due to coarser
granularity. The proposed framework is shown in Figure 3.

A. Mission Planning
The mission planning module takes charge of decompos-

ing driving missions such as “go from point A to point B”
into lane-level sub-missions such as which lane we should be
in, whether we need to stop at an intersection, etc. It takes a
human drivers desired destination and computes the shortest
path to it from the robots current position. It outputs a set
of future lane-level sub-missions which describe the desired
lane and turn of the vehicle at each intersection. In addition,
this module also controls the transition of goals. When the
vehicle completes the current lane-level sub-mission, it will
automatically send the next set of goals to the lower layers.
When there are intersections with stop signs, traffic lights
or yielding requirements, this module directly talks to the
perception system to decide whether the car can proceed to
the next sub-mission.

B. Traffic-free Reference Planning
The reference planning layer takes the lane-level sub-

missions, and outputs a path and speed profile for the
autonomous vehicle to drive [5]. In this layer, the planner
assumes there is no traffic on the road. It uses non-linear
optimization to find a smooth and human-like path and speed
with consideration of the kinematics and dynamics of the
autonomous vehicle, as well as the geometry of the road.

Fig. 4: Reference planners result: the desired path cut corners
at the turn to minimize path length and generate better
handling

Candidate Strategy Generation

Prediction Engine

Cost function-based Evaluation

Best Strategy

Multiple candidate strategies

Predicted surrounding
traffic scenarios

Progress Comfort Safety
Fuel 

Consum
-ption

Fig. 5: The block diagram of Prediction- and Cost-function
Based algorithm (PCB)

For example, if the road is not straight, as shown in Figure
4, instead of driving exactly in the center of the road, a
human driver will drive slightly offset from the center line to
minimize the required steering maneuver, which is emulated
in this module. In addition, traffic rules such as speed limits
are applied in this layer.

C. Behavioral Planning

Since the road geometry has been considered in the
previous layer, the behavior planner focuses on handling on-
road traffic, including moving obstacles and static objects.
It takes the traffic-free reference, moving obstacles and
all road blockages as input. It outputs controller directives
including lateral driving bias, the desired leading vehicle
we should follow, the aggressiveness of distance keeping,
and maximum speed. In this module, a Prediction- and
Cost-function Based (PCB) algorithm is implemented [17].
There are three primary steps: candidate strategy generation,
prediction, and cost function-based evaluation, as shown in
Figure 5.

In the PCB algorithm, the world is abstracted as shown
in Equation 1. V Shost is the state vector for the host
vehicle and surrounding vehicles, with station (longitudinal
distance along the reference path), velocity, acceleration and
lateral offset information. V Sother is the state vector for
each surrounding vehicle. Compared with V Shost, it has
additional information about the intention and probability of
intention. Sroad is the state vector of the reference path with
maximum speed information at each of M stations. SPCB

is the state vector for the behavioral planner.



Fare clic per modificare stile

6G: Towards a Fully Digital and Connected World 
6G Wireless Summit, 26th March 2019

6G Challenges

23

5

Disaggregated and virtualized RAN
The networking equipment will not require dedicated hardware

Cell-less architecture
The UE connects to the RAN 
and not to a single cell

Extreme multi-connectivity
Exploit THz, VLC, mmWave and 
sub-6 GHz links

Efficient and low-power network operations
Energy will be at the core of 6G protocols design 
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Fig. 4: Architectural innovations introduced in 6G networks.

ping has been widely studied [15], but such capabilities
have never been deeply integrated with the operations and
protocols of cellular networks. 6G networks will exploit
a unified interface for localization and communications
to (i) improve control operations, which can rely on
context information (without the need for exchanging
GPS coordinates with the user) to control beamforming
patterns, reduce interference, predict handovers; and (ii)
offer innovative user services, e.g., for vehicular and
eHealth applications.

B. Innovative Network Architectures

The disruption brought by the communication technologies
described in Sec. III-A will require new 6G network architec-
ture, but also potentially require structural updates with respect
to current mobile network designs. For example, the density
and the high access data rate of terahertz communications will
create constraints on the underlying transport network, which
has to provide both more points of access to fiber and a higher
capacity than today’s backhaul networks.

The main architectural innovations that 6G will introduce
are described in Fig. 4. In this context, we envision the
introduction and/or deployment of the following architectural
paradigms:

• Cell-less architecture and tight integration of multiple

frequencies and communication technologies. 6G will
break the current boundaries of cells, with UEs connected
to the network as a whole and not to a single cell.
This will guarantee a seamless mobility support, without
overhead due to handovers (which might be frequent
when considering systems at terahertz frequencies), and
will provide Quality of Service (QoS) guarantees even in
challenging mobility scenarios such as vehicular ones.

The overcoming of the cell concept will also enable
a tight integration of the different 6G communication
technologies. The users will be able to seamlessly tran-
sition among sub-6 GHz, mmWave, terahertz or VLC
links without manual interventions or configurations in
the device, which will automatically select the best avail-
able communication technology. Finally, according to the
specific use case, the UE may also concurrently use dif-
ferent network interfaces to exploit their complementary
characteristics, e.g., the sub-6 GHz layer for control, and
terahertz link for the data plane.

• Disaggregation and virtualization of the networking

equipment: from the physical layer to NFV. Networks
have recently started to transition towards the disaggre-
gation of once-monolithic networking equipments: for
example, 5G networks base stations can be deployed
with distributed units with the lower layer of the protocol
stack, and centralized units in data centers at the edge.
Following this direction, 6G networks will adopt an even
more disruptive architecture, where the units deployed
on the ground will contain just the physical antennas and
the lowest amount of processing units possible. Moreover,
virtualization will be brought to the extreme, thanks to
the advances in the capabilities of general purpose pro-
cessors: 6G will virtualize additional components, such
as those related to the Medium Access Control (MAC)
and Physical (PHY) layers, which currently require ded-
icated hardware implementations. The virtualization will
decrease the costs of networking equipment, making a
massively dense deployment economically feasible.

• Advanced access-backhaul integration. The massive
data rates provided by the new 6G access technologies
will require an adequate growth of the backhaul capacity.

• Circuit design, high propagation loss 
• Limited coverage, need for RF uplink
• Need for reliable frequency mapping 

• Scheduling, need for new network design 
• Scalability, and interference management

• Slower network operations/security concerns
• CU/UP functions are tightly coupled

• Integrate energy characteristics in protocols 
• Energy vs. high-deployment / MIMO
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