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Introduction
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• Wireless networks are at the basis of what we do, daily.
• In a few years, everything will be connected, with people, things, vehicles and 

robots seamlessly interacting over future networks.

The SIGNET research team is active on the SIGNal 
processing and NETworking research challenges, with a 
solid track record in the area of wireless networking.

Prof. Michele Zorzi is the supervisor of 6 PhD students, 3 post-
doctoral researchers and 1 engineer within the SIGNET group.

Future Wireless Nets Connecting Everything Underwater Networks

GOAL: Identify possible topics for MS final course projects and theses, 
internship, and other research opportunities in the areas of wireless networks.

http://signet.dei.unipd.it/
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Today’s meeting
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1.Presentation of active projects for your theses/internship
2.Presentation of our research topics:

a. Future Wireless Networks
o5G research
oLooking forward to 6G
oDEMO: the mmWave ray tracer

b.Connecting Everything
oTowards Internet of Things
oTowards Autonomous Cars
oDEMO: the CARLA simulator and the automotive sensors

c. Underwater Networks
oHow to communicate underwater?
oResearch activities
oReal field experiments

3.International opportunities for your theses
4.Question time
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Collaborations and active projects

Our group is currently collaborating with several industrial 
and academic partners

4
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Strong local support

• The theses/internships we propose are related to the daily 
research of the Ph.D. students and postdocs here in 
Padova
• they will support and coordinate your activities

• Many former master thesis students are now further 
developing their research as Ph.D. students, borsisti di 
ricerca

• Possibility for internships in Wireless & More
• spin-off founded by me and Prof. Lorenzo Vangelista
• underwater and IoT

5

http://www.wirelessandmore.it/

http://www.wirelessandmore.it/
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Future Wireless Networks
5G is a revolutionary technology that will be in your 
pocket in a few months
• the main novelty is the communication at 

millimeter wave frequencies (30-300 GHz)

The research community has already started studying 6G!

6
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MmWaves are great: large bandwidth, ultra-high data rates, 
but they also present a number of challenges
• High propagation loss, which can be compensated with directional 

transmissions, in which focused beams are used to increase the 
communication range

• The endpoints, however, need to point the beams in the 
same direction

• MmWave signals are easily
blocked

Drone with 
mmWave radio

1 -
lim

ited coverage
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Our 5G research
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Our 5G research

We study network solutions to overcome the limitations of 
mmWaves for cellular networks (3GPP NR) and public safety
• Multi-connectivity

Exploit links at different frequencies to make the network more robust

• Wireless backhaul
Re-use mmWaves also to relay traffic to the Internet

• Channel modeling
Accurate channel models are essential
for meaningful simulation
results

• Multimedia streaming
Study streaming 
performance on 
5G links

LTE

Multi-connectivity

NR

NR

Channel modeling

Wireless backhaul

Multimedia 
streaming

8
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Looking forward to 6G
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• From 1G to 5G, 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 (sixth) wireless generation
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Looking forward to 6G
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NR

Looking forward to 6G

11 of 13

Moving up: 
• 3D networks and integration of drones

and satellites in mobile networks
• Even higher frequencies: visible light 

and terahertz

Presentation of the Research Activities
Michele Zorzi (zorzi@dei.unipd.it) 11
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Satellites and mmWaves
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Synchronization Service 
continuity

Spectrum 
co-existence

Latency 
constraints

HARQ and 
modulation

MAC/RLC 
procedures
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Connecting Everything
It’s not all about cellular networks…
By 2035, there will be more that 35 BILLION connected devices…

How can we support such large-scale connectivity environment?
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Internet of Things (IoT)

14

Research on analytical tools and technologies to achieve Ultra-Reliable 
& Low-Latency Communications (URLLC) for monitoring and control in 
Industrial Internet of Things (IIoT) and future smart cities providing the 
reliable infrastructure to connect smart devices.

Healthcare

Smart Factory

Agritech

Smart Cities

And 
more...
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Wireless Intelligence
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Artificial Intelligence
Perception,
Speech and 

Object Recognition, 
Control and Planning...

Mobile Devices
UAVs, 
phones, vehicles, 
sensors...

Wireless Communications
URLLC, Extreme
Environments, Remote 
Areas...

Network Optimization
Reliability/Latency trade-off, 

Adaptive Coding 
and Modulation, 

Resource Allocation, 
Distributed and Federated 

Learning...
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Towards Autonomous Cars

16

Advances in the automotive industry have opened the potential for Connected and 
Autonomous Vehicles (CAVs) as a means to offer safer and more efficient driving. 3

EXTENDED SENSORS
(Sensor data sharing, video 

sharing, cooperative perception)

INFOTAINMENT
(Video streaming, AR/VR, online 

gaming, web browsing)

PLATOONING
(Cooperative driving, information 
sharing, remote driving control)

ADVANCED DRIVING
(Cooperative collision avoidance, 
object recognition/classification)

Network Cloud 
Operation Center

Fig. 1: Representation of the different use cases specified by the 3GPP in [32] for future CAVS systems.

whose requirements, although not yet fully specified, have
already been outlined in [32], as summarized in Fig. 1.

• Platooning refers to the set of services that enable the
vehicles to cooperatively travel in close proximity to one
another at highway speeds. Data rate up to 65 Mbps is
required, while the latency ranges from 10 ms to 500 ms
depending on the distance.

• Extended sensors enable the exchange of raw or processed
data gathered through local sensors, thereby enhancing the
perception range of the vehicles beyond the capabilities of
their on-board instrumentation. The data rate demands are
proportional to the resolution of the acquired sensory data
(and reach up to approximately 1 Gbps for high-quality
uncompressed camera images [34]), while the maximum
tolerable latency varies from approximately 3 ms up to
100 ms for lower degrees of automation.

• Advanced driving enables semi- or fully-automated driving
through persistent dissemination of perception data. The
required throughput is relatively low (i.e., less than 50
Mbps), while latency must be very small (i.e., less than
100 ms for high degree of automation) to ensure prompt
reactions to unpredictable events.

• Infotainment generically refers to a set of services that
deliver a combination of information and entertainment.
Data rate requirements are in the order of hundreds of
Mbps, while latency is reasonably tolerated.

Given the variety of automotive services and the heterogene-
ity of their requirements, it is unlikely that V2N communi-
cations will be supported by a single radio solution, rather
the orchestration of multiple technologies is recommended.
In this section we therefore overview the characteristics of
candidate radio interfaces currently being considered for V2N
communications, i.e., the LTE and the mmWave technologies.

Long Term Evolution (LTE). The LTE [35] cellular
technology, operating in the sub-6 GHz spectrum, offers
wide area coverage and long-lived connectivity [33], while
guaranteeing reliable data distribution through omnidirectional
transmissions [7]. However, its capability to support V2N
communications is still an open question since LTE’s network
architecture, that is configured to keep non-active terminals in
idle mode, may incur very long transition delays to connected
mode [36]. LTE offers also limited link capacity (i.e., below
100 Mbps in mobile scenarios), which might not be enough to

satisfy the requirements of some V2N applications.
Millimeter Waves (mmWaves). The mmWave frequencies,

combined with high-order modulation and Multiple Input
Multiple Output (MIMO) techniques, offer orders of magnitude
higher bitrates than legacy vehicular technologies [10]. More-
over, unlike in LTE, mmWave systems operate through highly
directional communications which tend to isolate the users and
deliver reduced interference. Security and privacy are also inher-
ently improved because of the short-range transmissions which
are typically established [37]. However, signals propagating in
the mmWave spectrum suffer from severe path and penetration
loss, thereby preventing long-range transmissions [11], [38].
Furthermore, directionality requires precise alignment of the
transmitter and the receiver and implies increased control
overhead. How to directly apply this technology to a V2N
deployment is still not clear and has become a research focus
in the area of intelligent automotive systems [39].

III. EVALUATION METHODOLOGY

In this section we review the methodology we use to assess
the performance of a V2N deployment. More specifically,
Sec. III-A briefly describes the ns-3 modules architecture,
Sec. III-B reviews the characteristics of the applications we
consider in our performance evaluation, Sec. III-C presents our
performance metrics and Sec. III-D introduces our system-level
parameters and overall simulation objectives.

A. The ns-3 Architecture
Our performance evaluation is conducted using ns-3, which

allows the simulation of complex networks with a very high
level of details. The ns-3 simulator features:

• An LTE module [40], which provides (i) a basic imple-
mentation of LTE devices, including propagation models,
PHY and MAC layers, (ii) Radio Resource Management
(RRM) of the data radio bearers, the MAC queues and the
Radio Link Control (RLC) instances, and (iii) full-stack
support for both uplink and downlik packet scheduling.
The path loss is based on pure geometric considerations
which deterministically evaluate whether the V2N link is
blocked by buildings or not, and is implemented following
the model in [41].

• A mmWave module, which builds upon the LTE module
and implements a 3GPP-like cellular protocol stack
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Research Challenges

17

LiDAR

VIDEO CAMERA

The number of sensors per vehicle is foreseen to rise to more than 200 by 2020 
N. Lu, et al., “Connected Vehicles: Solutions and Challenges,” IEEE Internet of Things Journal, vol. 1, no. 4, pp. 289–299, Aug 2014. 

THERMAL CAMERA

WHAT TO TRANSMIT?

WHERE TO TRANSMIT?

WHEN TO TRANSMIT?

HOW TO TRANSMIT?

Research 
Challenges
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HOW to Transmit?
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LIMITED DATA RATE VERY LARGE BANDWIDTH
BUT… will it work?

700 MHz 2 GHz 5 GHz ~ 30 GHz

NR V2X (Millimeter wave) spectrumLTE spectrum C-V2X/IEEE 802.11p spectrum

3 GHz 6 GHz1000 MHz

IEEE 802.11p spectrum
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WHAT to Transmit
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Sensor Fusion

Object Detection

Object Classification

Data Compression

Data Transmission

Value of Information

OPEN CHALLENGES

time
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WHAT to Transmit
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AUTONOMOUS DRIVING from the SKYAUTONOMOUS DRIVING
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Channel-Aware Autonomous Driving
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ENVIRONMENT MAP ENVIRONMENT RADIO MAP FUTURE of the ENVIRONMENT 
RADIO MAP

GET APPLICATION KPIs

EVALUATE QoSTAKE COUNTERMEASURES

Reroute

Change traffic
patterns

Change
scheduer

Change
frequency
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SCANLab

22

By extracting features from the old and the new image, 
decide whether to send or not the new acquisition.

Observations

Extended decision rule

Feedback
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Underwater Networks
Underwater sensors and vehicles cooperate to collect 
data 
• Communication in this environment is very 

challenging
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Military applications
•Coastal surveillance
•Anti-Torpedo systems 

Environment monitoring
•Tsunami prevention
•Seabed erosion
Industrial application
•Pipelines inspection
•Divers support

Overview
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Smartport
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RF communications undersea

WiFi works only for few centimeters
VLF (3 – 30 kHz) range up to 20 meters, 300 b/s
ELF (3 Hz – 300 Hz) range up to several miles, 1 b/s.
Drawback: the size..

VLF
2 km
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So… how to communicate?

Light propagates for few meters under the sea
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So… how to communicate?

Marine mammals are able to communicate within 
each other through sound up to several miles
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Communication Technologies
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Multimodal networks

Acoustics,
low frequency
Acoustics,
mid frequency
Acoustics,
high frequency

Optics
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Acoustic communications

A B C
1.5 km

Speed of sound = 1500 m/s
Propagation delay AàB = 1 s, BàC = 2 s
Carrier sense MAC layers ineffective
TDMA requires 2 s time guard between slots

3 km
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Acoustic communications

A B C

Propagation delay AàB = 1 s, BàC = 2 s
Packet duration = 0.5 s
Simultaneous transmissions without colliding!
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Research activities
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Analysis and design of network for:
• data collection in dense and low-cost networks
• security in underwater networks
• control of underwater vehicle swarm

Performance evaluation
•DESERT Simulator
•WOSS (ray-tracer)

Not only simulations…
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Research activities
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Real field experiments
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We have 8 7 
modems

Sea-trial/lake experiments
• Same code for simulations

and the real deployment
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German Test 2020

37
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German Test 2020

38
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International Opportunities
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Opportunities for your thesis abroad

We have several collaborations with international partners

Spend a period abroad for your master thesis 
and/or internship:
• in the last years, 3 students have spent 6 months in the 

U.S. for their theses at NIST (close to Washington, DC)
• New opportunity: Northeastern University in Boston 

Engage with them to:
• Discuss your research
• Use testbeds and experimental facilities remotely
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Northeastern University

Topics:
•Machine learning in networks
•Cellular networks (5G, mmWaves, terahertz)
• Flying networks

Availability of experimental facilities based on
software-defined radios and drones:
• Implement and test your thesis

on real LTE and 5G radios
• Access to some of the world’s

largest research testbeds
• On-site or remote collaborations

available

Close collaboration with UNIPD
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Northeastern University

Example: ARENA
• 24 radios that control 64 antennas distributed across

a building
• You can implement algorithms and communication

techniques through software in each radio
• You can start from WiFi, LTE, or develop whatever

you need
• MIMO and distributed beamforming studies
• For example, we studied how LTE, WiFi and

video encoding services can share the same
spectrum and computational resources

in the sub-6 GHz radio bands in an indoor realistic environ-
ment able to guarantee high-�delity, scale, and repeatability
of experiments. This is crucial for sub-6 GHz testing indoor
deployments such as o�ces, malls, and airports that are
characterized by fast-varying environment, spatially and
time-varying interference, signi�cant multi-path e�ect, and
continuous mobility of surrounding objects.
To address this need, in this article we discuss for the

�rst time Arena, an open-access wireless testing platform
based on an indoor 64-antenna ceiling grid connected to
programmable SDRs for sub-6 GHz 5G spectrum research.
Arena is located in the open-space laboratory on the fourth
�oor of the Northeastern University Interdisciplinary Sci-
ence & Engineering Complex. Its main contributions can be
summarized as follows:

• Real-time real-channel evaluationplatform:Arena
is an open-access testing platform that can be used to
run real-time experiments. It is accessible through the
Internet and it can be used to prototype, develop, and
experimentally evaluate new emerging technologies
running real-time experiments leveraging the testbed
SDRs and real indoor wireless channel characteristics.

• Fully-synchronized testbed: Arena employs a 24-
SDR rack driving a total of 64 transmit/receive an-
tennas deployed on a ceiling grid layout covering an
overall area of 2240�2. The radios are synchronized via
clock distributors and connected to the antennas using
identical equal-length cables, ensuring full symbol-
level synchronization throughout the whole testbed.
This enables applications such as massive MIMO, co-
operative multi-point MIMO, and synchronized dis-
tributed systems.

• Repeatable, �exible, and scalable indoor experi-
ments: Arena’s 64 antenna grid provides a plethora
of possible network topologies and the scale to fos-
ter new technology development. Its design ensures
unchanged locations throughout the experiments and
guarantees the integrity of the collected experimental
data. A server rack of 12 identical machines drives the
radios and guarantees the same computational power
to each one of them toward a fair evaluation. Arena’s
clean three-tier design made of the server rack, the
radio rack, and the ceiling grid addresses typical SDR
deployment issues such as antenna orientation, cable
non-linearities, and, ultimately, guarantees experiment
repeatability.

The rest of this paper is organized as follows. In Section 2,
we outline the testbed design and system architecture, while
we describe the Arena hardware and software components
in Section 3. In Section 4, we explain how to perform experi-
ments on the testbed, while Arena’s experimental capabilities
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Figure 1: Radio and server rack physical and logical
con�guration.

are described in Section 5. Finally, related work is surveyed
in Section 6, while Section 7 concludes our work.

2 TESTBED DESIGN AND SYSTEM
ARCHITECTURE OVERVIEW

Arena provides researchers with a software control frame-
work and radio hardware to evaluate wireless development
on a multitude of di�erent radio con�gurations, topologies,
and channel conditions. Furthermore, it o�ers the capability
of scaling up the testing environment by just changing a few
lines of code, with the ultimate guarantee of reproducible
experiments. Arena is based on a three-tiered architecture,
the server rack, the radio rack, and the antenna grid.

The Server Rack. The server rack consists of 12 servers
individually accessible through a top-of-the-rack gateway
responsible for authenticating users. The platform is accessi-
ble from inside the Northeastern University intranet, as well
as through the Internet via the College of Engineering (COE)
Gateway, which keeps an up-to-date list of allowed users.
Servers are in charge of driving the SDRs performing the
transmit and receive baseband processing operations. They
are identical to each other both on hardware capabilities,
kernel version, operating system, and installed software, to
guarantee uniform computational power and fair operations
across the whole testbed. Moreover, servers employ the Net-
work File System (NFS) protocol to mount user disk spaces
and to maintain consistency of new software deployments
and �les across the whole rack. Servers connect to SDRs
through a dedicated PCIExpress network card, o�ering two
additional network interfaces at 10Gbit/s each. They are also
connected to the gateway through standard 1 Gbit/s inter-
faces. Each server connects to radios in one of two possible
ways: one-to-one driving, and one-to-four driving, depending
on the model of the radio to be driven.

5ft
LTE eNB

LTE UE

Wi-Fi AP

Wi-Fi Client

1

2

3

4



For a list of all project/thesis/collaboration activities that we 
propose, and if you have any question, visit

https://docs.google.com/document/d/1Fx0rM5SMt-
iA9lx5ZXFasJ0PbrPSS-siptJ9PpSWCIs/edit?usp=sharing
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