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Ultra Capacity x 1000

Ultra High Rate x 100

Ultra Low Latency =10

Massive Connectivity x 100 (x 1000 ?)
Ultra Low Energy Consumption <+ 1000

Mass MIMO
Spatia 1 It ;l "
Full Duplex Improve ” \pu Polar Code
(Duplex Made) (Channel Coding)
Improve Throughput Improve Reliabdity 0 .
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Mobile 8 SCMA F-OFDM - loT
Internet Universal : ' ‘leJ\':lplr: Ac cess) A(}Fle,&u: '-'-'.i‘;:.‘iu"'!li : Ulira Low Latency _ Massive
Ultra High Throughput Improve connections apt Different Services & High H liabllity ~ Connection

Shorten Latency
One air interface fits many applications with high ﬂGlelllty at least 3X spectrum effic ency improvement

Extracted from HIRP Journal, June 2015
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//'E’-’Ef}'”‘i”'éi on Mobile & %verything Connected *Every Function Virtualized
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Internet of Things and 5G
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5G

Scalable service experience anytime
and everywhere

‘massive mobile data’

‘voice, video and data’

Research

‘high quality voice and SMS’

Zero latency and GB experience - )
when and where it matters Integrated, harmonized and

complementing each other

New Requirements
A Software Defined Network
A New Air Interface » A network of networks




Pr erto Verdon
www.robertoverdone.or
etworks

Internet of Things and 5G

Sensors

Objects Machines




Prof. Roberto Verdone
N www.robertoverdone.org
etworks

Internet of Things and 5G

Objects

objects equipped with RFid Tags:

* |dentification
* Passive
* No computing capabilities
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Things

Sensors

lnjg.r:\el\ Wirgless Sensor Nework
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& Sensor Noch' -. Target
(embedded) devices equipped with sensors: R AN
* Sensing I
* Battery or energy grid enerey —\ U\
 Some computing capabilities l

sensor
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Machines
machines equipped with sensors / actuators: AN
* Sensing & Actuation
* Industrial Control SESETIRES _m

* High computing capabilities <

actuator
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Internet of Things and 5G

Sensors

Objects Machines

The loT intends to connect to the Internet, wirelessly,

unmanned devices

of very different nature, complexity and capabilities.
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Internet of Things
Sensors

Objects Machines

The loT intends to control through the Internet, wirelessly,

unmanned devices

of very different nature, complexity and capabilities.
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Internet of Things and 5G

Sensors

Objects Machines

control plane

5G
Networks

Internet

data plane




Prof. Roberto Verdone
www.robertoverdone.or;

etworks

Internet of Things and 5G
Takeaways

One Size Does Not Fit All

The 10T is more than just Connected Things
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loT Application Areas

Application Areas of the early ages:

 Smart Buildings
e Smart Cities
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loT Application Areas

Application Areas of the early ages:

 Smart Buildings

Energy

Gas

Water
Surveillance
Maintenance
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Application Areas of the early ages:

 Smart Buildings
* Smart Cities

Public Lighting

Energy /
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loT Application Areas (Verticals)

Application Areas of the early ages:

 Smart Buildings
* Smart Cities

Public Lighting
Energy
Wastes

Traffic
Surveillance
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loT Application Areas

Many actors are currently looking into the crystal ball
analysing and categorising loT verticals
and their business potentials:

5GPPPIA
GSMA
loT fora/projects

... (startups...)
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Main Parameters

Use Case

Macro Group Latency Energy | Data Stream | Multicast | Channel Category Name GSMA Group
Automotive Cooperative Driving n.a.
Group 0 <10ms ) ) ) ) Industrial Machine Control Type 3
Smart Cities Smart Lighting Type 4
Automotive Infotainment n.a.
Group P >10 ms Unlimited - - - Healthcare Robotics n.a.
Smart Cities Smart Grid Type 3
Other Vending Machines Type 4
Precision Agricolture Stationary Monitorin Type 3
Consumer White Goods Type 3
Industrial Asset Tracking Type 2
Precision Agricolture Animal Tracking Type 2
Group B+ >10ms Limited Up + Down - - Industrial Tank Safety Monitoring Type 2
Consumer Wearable Type 1
Consumer VIP /Pet/Object Tracking Type 1
Smart Cities Smart Parking Type 3
Smart Buildings Home Automation Type 3
- . Healthcare Remote Patient Monitoring Type 1
Group BHMID | 10ms - 10s | Limited Up Absent Dynamic Smart Buildings Smoke Dotector Type 2
Group BHMIS | 10ms - 10s | Limited Up Absent Static Environmental Event Monitoring (fires) Type 2
. . Consumer Smart Bicycle Type 1
Group BDTD >10s Limited Up Absent Dynamic Smart Cities Waste Management .
Smart Buildings Gas&Water Metering Type 3
Group BDTS >10s Limited Up Absent Static Smart buildings Microgeneration Type 2
Environmental Static Monitoring Type 2
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Zero Latency

Main Parameters Use Case
Macro Group Energy | Data Stream | Multicast | Channel Category Name GSMA Group
Automotive Cooperative Driving n.a.
) ) ) ) Industrial Machine Control Type 3
Smart Cities Smart Lighting Type 4
Automotive Infotainment n.a.
Group P >10 ms Unlimited - - - Healthcare Robotics n.a.
Smart Cities Smart Grid Type 3
Other Vending Machines Type 4
Precision Agricolture Stationary Monitorin Type 3
Consumer White Goods Type 3
Industrial Asset Tracking Type 2
Precision Agricolture Animal Tracking Type 2
Group B+ >10ms Limited Up + Down - - Industrial Tank Safety Monitoring Type 2
Consumer Wearable Type 1
Consumer VIP /Pet/Object Tracking Type 1
Smart Cities Smart Parking Type 3
Smart Buildings Home Automation Type 3
- . Healthcare Remote Patient Monitoring Type 1
Group BHMID | 10ms - 10s | Limited Up Absent Dynamic Smart Buildings Smoke Dotector Type 2
Group BHMIS | 10ms - 10s | Limited Up Absent Static Environmental Event Monitoring (fires) Type 2
. . Consumer Smart Bicycle Type 1
Group BDTD >10s Limited Up Absent Dynamic Smart Cities Waste Management .
Smart Buildings Gas&Water Metering Type 3
Group BDTS >10s Limited Up Absent Static Smart buildings Microgeneration Type 2
Environmental Static Monitoring Type 2
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Zero Latency

Macro Group Main Parameters % Case
Energy | Data Stream | Multicast | Channel Category J
Automotive ¢
) i ) ) Industrial o
Smart Cities
Automotive \
Group P >10 ms Unlimited - - - Healthcare
Smart Cities
Other
Precision Agricolture
Consumer
Industrial
Precision Agricolture
Group B+ >10ms Limited Up + Down - - Industrial Tank Safety Monitoring Type 2
Consumer Wearable Type 1
Consumer VIP /Pet/Object Tracking Type 1
Smart Cities Smart Parking Type 3
Smart Buildings Home Automation Type 3
- . Healthcare Remote Patient Monitoring Type 1
Group BHMID | 10ms - 10s | Limited Up Absent Dynamic Smart Buildings Smoke Dotector Type 2
Group BHMIS | 10ms - 10s | Limited Up Absent Static Environmental Event Monitoring (fires) Type 2
- . Consumer Smart Bicycle Type 1
Group BDTD >10s Limited Up Absent Dynamic Smart Cities Waste Management .
Smart Buildings Gas&Water Metering Type 3
Group BDTS >10s Limited Up Absent Static Smart buildings Microgeneration Type 2
Environmental Static Monitoring Type 2
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Delay Constrained

Main Parameters

Use Case

Macro Group Latency Energy | Data Stream | Multicast | Channel Category Name GSMA Group
Automotive Cooperative Driving n.a.
Group 0 <ms ) ) ) ) Industrial Machine Control Type 3
Smart Cities Smart Lighting Type 4
Automotive Infotainment n.a.
Group P Unlimited - - - Healthcare Robotics n.a.
Smart Cities Smart Grid Type 3
Other Vending Machines Type 4
Precision Agricolture Stationary Monitorin Type 3
Consumer White Goods Type 3
Industrial Asset Tracking Type 2
Precision Agricolture Animal Tracking Type 2
Group B+ imited Up + Down - - Industrial Tank Safety Monitoring Type 2
Consumer Wearable Type 1
Consumer VIP /Pet/Object Tracking Type 1
Smart Cities Smart Parking Type 3
Smart Buildings Home Automation Type 3
- . Healthcare Remote Patient Monitoring Type 1
Group BHMID | 10ms™ 10s | Limited Up Absent Dynamic Smart Buildings Smoke Detector Type 2
Group BHMIS | 10ms - 10s | Limited Up Absent Static Environmental Event Monitoring (fires) Type 2
. . Consumer Smart Bicycle Type 1
Group BDTD >10s Limited Up Absent Dynamic Smart Cities Waste Management .
Smart Buildings Gas&Water Metering Type 3
Group BDTS >10s Limited Up Absent Static Smart buildings Microgeneration Type 2
Environmental Static Monitoring Type 2




loT Application Areas

Prof. Roberto Verdone
www.robertoverdone.org

Delay Constrained

Macro Group Main Parameters Use Case
Latency Energy | Data Stream | Multicast | Channel Category =
Group 0 <10 ms . ] . i Automo‘?ive Cooperative Driving
N Industrial
Smart Cities #
Automotive
Group P Unlimited - - - Healthcare
Smart Cities
Other
Precision Agricolture
Consumer
Industrial
Precision Agricolture | ¢  Animal
Group B+ imited Up + Down - - Industrial Tank Safety Monitor
Consumer Wearable
Consumer VIP /Pet/Object Track
Smart Cities Smart Parking
Smart Buildings Home Automation
Group BHMID | 10m&% 10s | Limited Up Absent | Dynamic Healthcare Rem Ly onitc
Smart Buildings Smoke Defector
Group BHMIS | 10ms - 10s | Limited Up Absent Static Environmental Event Monitoring (fir
. . Consumer Smart Bicycle
Group BDTD >10s Limited Up Absent Dynamic Smart Cities Waste Managemen
Smart Buildings Gas&Water Meterings
Group BDTS >10s Limited Up Absent Static Smart buildings Microgeneration

Environmental

Static Monitoring [
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Delay Tolerant

Main Parameters

Use Case

Macro Group Latency Energy | Data Stream | Multicast | Channel Category Name GSMA Group
Automotive Cooperative Driving n.a.
Group 0 <10ms ) ) ) ) Industrial Machine Control Type 3
Smart Cities Smart Lighting Type 4
Automotive Infotainment n.a.
Group P >10 ms Unlimited - - - Healthcare Robotics n.a.
Smart Cities Smart Grid Type 3
Other Vending Machines Type 4
Precision Agricolture Stationary Monitorin Type 3
Consumer White Goods Type 3
Industrial Asset Tracking Type 2
Precision Agricolture Animal Tracking Type 2
Group B+ >10ms Limited Up + Down - - Industrial Tank Safety Monitoring Type 2
Consumer Wearable Type 1
Consumer VIP /Pet/Object Tracking Type 1
Smart Cities Smart Parking Type 3
Smart Buildings Home Automation Type 3
- . Healthcare Remote Patient Monitoring Type 1
Group BHMIDE| 10ms - 10s Y\ Limited Up Absent Dynamic Smart Buildings Smoke Detector Type 2
Group BHM 10ms - 10s imited Up Absent Static Environmental Event Monitoring (fires) Type 2
. . Consumer Smart Bicycle Type 1
Group BDT >10s imited Up Absent Dynamic Smart Cities Waste Management .
Smart Buildings Gas&Water Metering Type 3
Group BDT >10s Limited Up Absent Static Smart buildings Microgeneration Type 2
Environmental Static Monitoring Type 2
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loT Application Areas (Verticals)

Delay Tolerant

Main Parameters
Data Stream

Macro Group Use Case

Latency Energy Moulticast | Channel GSMA Group

Name
Cooperative Driving n.a.

Category
Automotive

Group 0 <10 ms - - -

Industrial

Machine Control

Type 3

Smart Cities

Smart Lighting

Type 4

Automotive

Infotainment n.a.

Group P >10 ms Unlimited - - -

Healthcare i
Smart Cities
Other
Precision Agricolture
Consumer
Industrial
Precision Agricolture
Industrial
Consumer
Consumer
Smart Cities
Smart Buildings
Healthcare
Smart Buildings ’
Environmental
Consumer
Smart Cities
Smart Buildings
Smart buildings
Environmental

Group B+

>10ms

Limited Up + Down - -

Group BHMIDE| 10ms - 10s Y\ Limited Up Absent

Absent
Absent

Dynamic

10ms - 10s
>10s

imited Up Static

imited Up Dynamic

>10s

Limited Up Absent Static
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loT applications might even be categorised wrt node mobility

- Static Things
- Nomadic Things
- Mobile Things
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loT Application Areas (Verticals)

loT
Network

Sllces loTVIM
I
I
SDIoTN
Controller

SDIoTN
Domain

VIoTNF VIOTNF
" ~—
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loT Application Areas (Verticals)
Takeaways

Most loT applications will require
non-zero latency

Most Things will be static or nomadic

Some loT applications deserve a vertical approach,
not all!
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Radio Technologies

Traditional options:

 802.15.4 w Zigbee

 802.15.4 w 6lowPAN / 6TiSCH

* WIiFi

* GPRS

« 3G /4G

* ... many others (WMBUS, BT-LE, etc)
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Radio Technologies

Most successful ones:

 802.15.4 w Zigbee
 802.15.4 w 6lowPAN / 6TiSCH

Short Range Low Rate Low Power

100 m
Coordinator ‘ '
 — — 8 —®
-
-
-

100 Kbit/s
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Radio Technologies

Most successful ones:

 802.15.4 w Zigbee
 802.15.4 w 6lowPAN / 6TiSCH

Short Range Low Rate Low Power

100 m

Coordinator ' ’

SRR - CED <, ¢
Network ‘\’,\.\.'
®

100 Kbit/s
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Radio Technologies

Emerging options:

 LoRA
e SIGFOX

Low Power Wide Area Network

10 Km

 ——

Gateway Base

NS

————

Gateway

‘_

$ /.

10 Kbit/s
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Radio Technologies

Emerging options:

 LoRA
e SIGFOX

Low Power Wide Area Network

10 Km

>

0 Gateway Base
- @DE»

‘f/.

10 Kbit/s

Mobile

Internet

Network
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Radio Technologies
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New options:

Low Power Wide Area Network

Based on LTE

————————————

. LTE Cat.0
. 3GPP: Rel.12
v

LTE-M
3GPP: Rel.13

a.k.a. eMTC

Based on 2G

EC-GSM

(Enhanced Coverage)

New Interface

NB-10T
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Radio Technologies

New options:

Low Power Wide Area Network

NB-I1O0T
) 10 Km -
. F
Internet Mobile ’
Network . - ©®
e ®

100 Kbit/s
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Radio Technologies / LoRa

» Data Block Duration vs Receiver Sensitivity

LoRa Burst Time on Air

Receiver Sensitivity [dBm]
(SX1272)

BW[kHz] BW][kHz] BW[kHz]
125 250 500

10 20 30 40 50 60 70 80 90 100
Payload Size [byte]

0 s [ |
@
E 8 |
l:
n -130 -128 122
+ Bw-125kHz -133 -130 -125
—— BW=250 kHz
.................................................................................................................... -135 132 -128
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Radio Technologies / LoRa

> Path Loss vs Distance

impossibile visualizzare Immagine. La memoria del computer potrebbe essere insufficiente per aprire I'immagine oppure immagine potrebbe essere danneggiata. Riawiare il computer e aprire di nuovo il file. Se viene visualizzata di nuovo

la x rossa, potrebbe essere necessario eliminare 'immagine e inserirla di nuovo

N

11 km
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Radio Technologies / LoRa

> Path Loss vs Distance

Pathloss (dB)

150
145
140
135
130
125
120
115
110
105
100

95

pathloss vs Distance

Distance (km)

® Measure SF12
® Measure SF9
Measure SF7
= Okumura_Hata
= % = Measures Best Fit
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Radio Technologies / LoRa

> Inter-code interference (same SF)

Success Rate

-z

Signal to Interference Ratio (dB)

_e=—=——=—f—=0

=

=@ = sf7

sf12
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Radio Technologies / LoRa

> Inter-code interference (different SF, synchronous)

0,8
8
© = @= sf7-sf9
ﬁ 0,6
o —l— sf7-sf12
[S)
S = A= sf9-sf12
0,4
——sf9-sf7
== sf12-sf9

Signal to Interference Ratio (dB)
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Radio Technologies / LoRa

> Performance

3 x 125 kHz channels (sub band 868MHz G1)

Traffic:,
Rural Scenario
Deployment area: side

Number of Devices: from 10k to 50k

Network Throughput [B/s]

12

10

|
-@- SF7 confirmed
- SF7 unconfirmed
~4A— SF12 confirmed
- ¢- SF12 unconfirmed

T

i
--"
-

SF12 = High Channel
Utilization |
10000 20000 30000 40000 50000
Number of Nodes
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Radio Technologies / LoRa

» Performance With S#>10 All
nodes are
always covered

Gateway Number =1

Range with
SF=7

Gateway Number =7




Radio Technologies / LoRa

Prof. Roberto Verdone
www.robertoverdone.org

> Performance

Average Success Rate [%]

100

80

60

40

20

SF,=7, No ACK

The gain is mainly due to the
better geografical coverage
provided by multiple cells

2 3 4 5 6

Number of Gateways

All the transmission
are with SF7
(Coverage depends on
number of Cells) Y,

N=33k, SF0=7, Mtype=Unconf
—@®— N=167k, SFO=7, Mtype=Unconf
=@ N=334k, SF0=7, Mtype=Unconf

==@®-- Geometrical Coverage (SF=7, Uplink)
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Radio Technologies / LoRa

> Performance

SF,=12 o
All the transmission are
with SF12
(All devices are always
100 d)
—e covere )
& 80 /
% 60 N=33k, SF0=12, Mtype=Conf
?o —8— N=33k, SF0=12, Mtype=Unconf
g —8—N=167k, SFO=12, Mtype=Unconf
Z 40
The improvement is due to the
20 highest probability of receiving at
least one packet with a good SIR
’ 0 1 2 3 4 5 6 7 8

Number of Gateways
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Radio Technologies / NB-IOT

Technology Comparison

HloRa [ENB-IOT

Throughput [kbps]

Network Capacity [kNodes] Range [km)]

Two different
Targets

Battery Life [y] Latency [s]
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> Radio Resources

- out of band
- guard bands

. PRB  PRB | PRB |
- in band .

LTE User 2

LTE User 4
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Radio Technologies / NB-IOT

» Radio Frame Structure (15 kHz)
Type 1

Type 1 Frame

Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub-

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
) ) ) ) ) L L ) L L L ) ) ) ) ) ) L L )
> 6 0o o o o o o o o o o o o o o o o o o
(Vp] (Vs (Vs (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (Vp] (V)] (V)] (V)] (V)] (V)] (V)]

10 ms
(10 Sub-Frames/20 Slots)

\ 4
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Radio Technologies / NB-IOT
» Radio Frame Structure (3,75 kHz)

Type 1
Type 1 Frame
Slot Slot Slot Slot Slot
2 ms
10 ms

(5 Slots)
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> Radio Resources

Subcarriers

Slots per

NPUSCH Subcarriers g hols per Resource Band Time on
per LTE er slot Resource REsource Elements Occupation Air
format band P Unit

3.75 kHz 48 1 16 112 3.75kHz | 32 ms

1 16 112 15 kHz 8 ms

1 3 3 168 | 45kHz | 4ms

(Data) | 15kHz 12

7 6 4 168 90 kHz 2 ms

12 2 168 180 kHz 1 ms

2 3.75 kHz 48 1 4 28 3.75 kHz 8 ms
(Control) | 15 kHz 12 1 4 28 15kHz | 2ms

3.75 kHz: only single tone RUs, 2 ms Slot Duration
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Radio Technologies / NB-IOT

> Radio Resources

|:| =1 subcarrier x 1 slot (7 SC-FDMA symbols) (15kHz x 0.5ms)

H

4

h

Frame

Frame

I]= 1 subcarrier x 1 slot (7 SC-FDMA symbols) (3.75kHz x 2ms)




RN™.
Radio Technologies / NB-1OT

» Radio Resources: Assignment

- 10 ms >

| A
NPUSCH e e LY

(6 tones) (6 tones) = N

X

o

_________________________________ 2
v

NPUSCH, single-tone

Type 1 Frame

4+
o
(%5

Slot
Slot
Slot
Slot
Slot
Slot
Slot
Slot

=
[

Slot
Slot
Slot
Slot
Slot
Slot
Slot
Slot

)
n
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» Expected Performance

Se
e ReDOrt TR
* Node Number 45.82

< 50k nodes per LTE band
* Throughput
Uplink: 250 kbps — 20 bps (128 repetitions)
Downlink: 250 kbps — 35 bps (512 repetitions)
* Coverage
MCL: 170 dB (max repetitions) (LTE + 30 dB)
* Battery Life
10 year (200 B per day)




Radio Technologies
Takeaways

About 20 options
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Network Architectures / Traditional

802.15.4 w Zigbee / 6lowPAN / 6TiSCH

IP Capillary /
non IP WSN

Multi-Hop

EPC
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Network Architectures / Emerging

IP Capillary /
non I[P WSN

LoRa / SigFox EPC

LPWAN

Single-Hop
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Network Architectures / Next Step

IP Capillary /

non IP WSN

EPC —
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e
'l,’ | \ A
5G Cellular - s.ng|e+l;p.\,:

IP Capillary /
non I[P WSN

NB-IOT ¢ Q‘A
. ¢ EPC
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Network Architectures / DTN

5G Cellular

IP Capillary /
non I[P WSN

EPC —

Delay Tolerant
Networking
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Network Architectures

> Latency

5G Cellular

IP Capillary /
non IP WSN

NB-IOT

LPWAN

Delay Tolerant
Networking
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Network Architectures

Latency
5G Cellular 1 ms
IP Capillary /
non I[P WSN 10 ms

1s

1s

Delay Tolerant
Networking
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_____________________ Latency
Zero Latency Appll\gg?\ ns . . L me
IP Capillary /
non I[P WSN 10 ms
__________________________ ls
1ls

Delay Tolerant
Networking
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Network Architectures
Latency

Zero LatencyAppIij{;étions e, \\‘

1 ms

Delay Constraine

Applications 10 ms
Delay Constrained

Applications*.  *  ° 1s
Delay Constrained

Applicatior 1s

Delay Tolerant
Networking .
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Network Architectures
Latency

Zero LatencyAppIij{;étions e, \\A

1 ms

Delay Constraine

Applications 10 ms
Delay Constrained
Applications*.  *  ° 1s
Delay Constrained

1ls

Application

Delay Tolerant
Applications .
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Network Architectures / Multi-Hop

End-to-End Throughput of Ad Hoc Multi-Hop
Networks Through Path Level Markov Chains

Chiara Buratti, Roberto Verdone

-
—_—
—_——
-
-

-~
-~
-~
-~
-~
-~
0.08 -~

Normalised Throughput, S
o
=)
(@)}

0.04

0.02

~——_
3 hop =~ _

O Il I Il I Il Il
02 04 0.6 0.8 1

Node density, p m?]
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How to keep latency under control?

Delay Constrainec

Applications

EPC —
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Network Architectures / Multi-Hop

Full separation

Delay Constrained , * % ¢ \\A
Applications

Distributed Control

EPC —
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Network Architectures / SDWN

Controller

SDIoTN

Controller 1

Centralised control

EPC —
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Network Architectures / SDWN

Static Things

SDIoTN

Controller 1
*A
i EPC
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Network Architectures / SDWN

Application

UDP

SDN ZIGBEE 6lowPAN

Adaptation
Layer

IEEE 802.15.4 MAC
|EEE 802.15.4 PHY

SDIOTN 7% o i W b
Controller L) Sl PR
B ll i

I0T/IPGW | | ﬁ
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Network Architectures / SDWN

90
80
70
60
50
40
30
20
10

Average RTT [ms] = 2 * Latency + ¢

20 Bytes payload

B SDWN

M Zigbee

B 6LowPAN

1 hop 2 hop 3 hop
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Network Architectures / SDWN

Overhead
One Hop Two Hops
SDWN 2.5 5.5
Zigbee 6.5 11.5
6LowPAN 10.5 16.5
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Network Architectures / SDWN

SDIoTN

Controller 1

EPC
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Network Architectures / SDWN - SDN

SDIoTN

Controller
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Network Architectures / SDN

SDN
Controller

Cloud RAN

SDN: Centralised control
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SDN
Controller

SDIoTN

Controller
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Controller

SDIoTN
e o Controller
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VNF Manager (VNFM) and NFV Orchestrator (NFVO)

HTTP REST
L

ONOS HTTP REST ) |
/ i ‘
| Cloud (emulated) .

OMoOs OpenFlow |- §%

SDN | S——
& el o JoT TR
Controller | = } Network
|___‘ ________ > /| = L_‘J'J_ b
SDIoTN | ; (af _ ne g
9’ — = — w_“l%?ﬁﬂr
Controller §
 10T/IPGW ) { H J
m— Control/Management Plane = ._[‘ . | ,__7JJ‘__._ NI f— L
—  Data Plane
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Average RTT [ms] = 2 * Latency + ¢

90

SDN (control pl.):
80" | 20 Bytes payload 516 — 545 ms
70

M SDN (data pl.)
B SDWN

M Zigbee

B 6LowPAN

60
50
40
30
20
10

1 hop 2 hop 3 hop




Network Architectures
Takeaways

SDN can efficiently reduce latency
for Delay Constrained Applications
with Static or Nomadic Things

DTN can be applied
for Delay Tolerant Applications
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Future Scenarios for B5G
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Future Scenarios / D2D

SDN
Controller
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Future Scenarios / Multi-Hop D2D

SDN
Controller
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Future Scenarios / DTN

5G —

Delay Tolerant R I R \\A
Networking s - )
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Future Scenarios / DTN

What Kind of Roaming Router / Gateway?

5G —

Delay Tolerant  + 3§ .'/,/”m \\A
Applications N R
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Future Scenarios / DTN

What Kind of Roaming Router / Gateway?

In the city centre of Bologna

60% of buildings can be connected

to any other within 4 hours

exploiting pedestrian and bus mobility

and their WiFi.

Delay Tolerant R .’m
Applications N R

5G —
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The solution might be in the sky

In the city centre of Bologna
there are 1000 pigeons per sqKm
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Future Scenarios / DTN

Cost/Speed Analysis of Mobile Wireless DTNs
under Random Waypoint Mobility

Riccardo Cavallari*, Roberto Verdone*, and Stavros ToumpisT

vo =13.9 m/s, A =0.001 m~2, ry = 0.1 s7*

C [cost/m]
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SENSE, ACT, COMMUNICATE

Future Scenarios / DTN

Croce Rossa Italiana
COMITATO DI BOLOGNA
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Future Scenarios / DTN

Croce Rossa Italiana
COMITATO DI BOLOGNA

11:09 7 39% @

dev.idesio.qwince.com © \ﬁ -+ @

La Repubblica.it - News in tempo reale - Le notizie e. IDESIO Platform

Q o

IDESIO
bining the use of drones

Bateways, ground sensors nd web application;
s
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Albatross




Prof. Roberto Verdone

| ||
D E SI ( & www.robertoverdone.org

EEEEEEEEEEEEEEEEEEEEE




EEEEEEEEEEEEEEEEEEE

Future Scenarios / DTN




RNo L% e foberto verdone
Future Scenarios / UAV-Aided Networks

SDN
Controller




Pr erto Verdon
www.robertoverdone.or
etworks
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* Delay Tolerant
Networking
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SDN
Controller H ::'"

. covey
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SDN
Controller
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SDN
Controller

* Network
Flexibility
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SDN
Controller

e Post-disaster

<
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Future Scenarios / UAV-Aided Networks

Small cells and their currently serving links

X [ TOoXTX T T ST 1 Lo, Yl AR R . ¢ X™
PRI . X by, Xe UEs in outage due to SIR low X
y . w e yxvx_. ¥ X X ‘. 0 ¥ UEsin outage due to SNR low X
. X *p i X TKT R % A X UEs with no RUs % to overload of the best BS [<
¢ C ; . * . o X b4
50000% . ) LXK _ REEAR LRI . X
X AR C N
% Xx.. Xy : ’ \.:3 -v ' N N .
% C X kAU A RERIACATCS Co
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Small cells and their currently serving links
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Future Scenarios / UAV-Aided Networks

« 1010 Sum Throughput

L,
0
8T k=100
@ —— k= 1000
6.6 -
651 1
6.4l -
¥ . > ¢
6.3 : :
0 5 10 15

P [dBm]

tx,drone
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Total outage rate

04 T T
0.39f o o
—— No UAV
0.38 | ——vy=0mis | |
v=3mls
0.37 —¥—v=12m/s|
v=25m/s
L 0367 T
o
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MSSNet

Static Network Controller Mobile Network Controller

VNF VNF VNF VNF VNF

Network Slices Network Slices

RP1

Static Logical Virtual Resources Mobile Logical Resources

Static Physical Resources

1 |
1 1
1 ]
1 1
1 ]
1 1
1 1
1 1
1 1
1 ]
1 ]
1 1
1 1
1 1
1 ]
— MANO ——
1

1

1

1

1

1

1

1

1

! Mobile Physical Resources
1

1

RP2 / RP2 \

Drone Network Controller -e-- Drone Network Controller

B0 T AT
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Main Takeaways / 1

From the POV of Network Architectures
there are three main loT Application Categories:

a) Industrial and Automotive loT
with “zero latency” constraints

b) Delay Constrained loT
c) Delay Tolerant loT
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Main Takeaways / 1a

a) Industrial and Automotive loT.

The solution is in 5G networks
We just need to wait
Two verticals for 5G networks

Two network slices?
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Main Takeaways / 1b

b) Delay Constrained loT

The solution is already out there ...

We just need good business models
and use the right technology option

Implementation of SDN solutions
will allow better control
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c) Delay Tolerant loT

The solution might be in the sky...




Prof. Roberto Verdone
N . www.robertoverdone.org
l etworks
adio

Main Takeaways / 1c

c) Delay Tolerant loT

The solution might be in the sky...
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