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* Intro to network convergence
 What, why, how?

* Multi-dimensional convergence
* Service/space dimension
* Networking dimension
* Ownership dimension
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What is convergence?

* Merriam-Webster definition applied to technology:

“the mer ing of distinct technologies, industries, or devices
into a unified whole”

A better definition: what does Google thinks about it? Search
results for “network convergence”

MOBILE I INTERNET
A
TV

FIXE

Telco heads perspective: IP heads perspective: Telco vendors perspective:
triple/quadruple play and convergence of packet-optical convergence
voice/data (also Wikipedia) distributed protocols

CONNECT 4
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e Our research community (e.g., conferences... up to
standardisation — apologies for any bias :)

Disaggregated/Virtualized [ Disaggregated/Virtualized Mobile Edge
RAN EPC Services

XOS (Service Orchestration)

Flat optical core

OpenStack  RAN/EPC Control Agent | VTN | Control APPs
| Nowa || Collometer || Neutron | ONOS (networking)

Convergence of fixed and Convergence of networking Convergence of access

mobile networks functionalities and services and metro networks
into Data centre (e.g., NFV)

e ...please tell me more

CONNECT :
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* Look back at all definitions:
* It’s about making one network or system do multiple things...
e ...without loss in performance!

» Save capital costs:
 use less infrastructure (more efficiently)

e Save operational costs :
* number of personnel with different skills,
 training involved
e cross-domain experts,...

Converged Wired / Wireless Access —
Benefits — Overview

Network wide Consistent Maximum Scale with
platform for visibility for security and resiliency with ~ distributed wired
wired and faster Quality of Service fast stateful and wireless
wireless troubleshooting control recovery data plane

105, s W

CONNECT

Unified Access - One Policy | One Management | One Network
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Enhanced Mobile Broadband ICapacity Enhancement

Gigabytes in a second

3D Video - 4K screens

Work & play in the cloud

e We have all seen this: S

Augmented reality

Voice

Sensor NW
/@60

Massive loT Low Latency
I Massive Connectivity I Ultra-high reliability & Low Latency

Industrial & vehicular automation

Mission critical broadband

Self Driving Car

(Source: ETRI graphic, from ITU-R IMT 2020 requirements)

 Of course Enhanced mobile broadband is where we see the
capacity challenge coming from...

* ... but the low latency and ultra reliability is the real challenge
especially at intersection with mobile broadband

e ...indeed itis recognised by NGMN as the part that can
generate new revenue for the network

. : NGMN Alliance White Paper, 5G Prospects. Key Capabilities to Unlock Digital Opportunities. July 2016, available at:
C 0 NN E CT https://www.ngmn.org/uploads/media/160701 NGMN_BPG Capabilities Whitepaper vl 1.pdf 7
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* Think real-time high capacity...

CONNECT :



Peak data User experienced
rate (Gbit/s) \/_\/ data rate (Mbit/s)
eMBBM IMT-advanced
Avrea traffic™ ~_ Spectrum
capacity 10 efficiency
(Mbit/s/m?) X (x times)
N
N
x100 500
Energy efficiency Mobility (km/s)
(x times) p

uRLLC

7 N

100 < —=\1

mMTC / j \

Connection density | Latency (ms)
(devices/km?) |

IMT-2020 = eMBB + mMTC + uRLLC

Source: IMT Vision - Framework and overall objectives
of the future development of IMT for 2020 and beyond
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5G£24G + 1G
5G = convergence

5G is the full integration of end-
user applications and network,
and the network is a seamless
convergence of different
communications technologies,
fixed and wireless!

Even ITU has realized that!

ITU’s secretary-general, Houlin Zhao,: “Air interfaces and radio access networks are
progressing rapidly, but there is a need to devote more attention to the networking
aspects of IMT-2020. Wireline communications will transform significantly in support of
IMT-2020, and the coordination of ITU’s standardization and radiocommunication arms
will ensure that the wireline and wireless elements of future networks develop in unison.”

CONNECT
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e What is it about?

e Capacity: a lot of it and and reconfigurable
e Higher performance: low latency, low jitter

* It is an immense task:
* We barely managed convergence before 5G when the
KPl were much more relaxed

* We really only managed to put voice and data together...
...and even then not so much (think how many time skype, conf
call system provide unsatisfactory service, but even see VolLTE)

 Now we want convergence with many more applications
and much more restrictive parameters

.ECT
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The Converged Network

Edge processing: 1G to 100G

5G: 100Mto 10 G

Large business: 400G

3 Full protection
SME: 100M to 7G (48 \ /
Spot ‘

Metro-Area Node

Dual-home i Metro-Area Node -
E=mprotection !

Home: 10M to 1G TR
HH NFV
SDN

:0to5Tb/s

. —y

Home: 10M to 200M

e

M2M, IoT *

Sensor,
etc...

Smart City Apps Spot

——

Large DC: 10-50 Tb/s

* Capacity:
* dense wireless access point deployment

» Performance: heterogeneous data storage/processing locations
» Reliability and cost-effectiveness: dynamic end-to-end resource orchestration

CONNECT ;
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* Multi-dimensional convergence
* Service/space dimension
* Networking dimension
* Ownership dimension

CONNECT ,
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Multi-dimensional convergence

NFV/CORD

Fibre ODF

Gl

Operator 2

Operator 1
Operator 1 —{ 3

M. Ruffini, Metro-Access Network Convergence, Proc. of Optical Fibre
Communications conference (OFC), March 2016, invited tutorial Th4B.1

Networking dimension

M. Ruffini, Multi-Dimensional Convergence in Future 5G Networks.
IEEE/OSA Journal of Lightwave technology, Vol. 35, No. 3, March 2017

& (g";(@gw\g 'g*

m<<<<<<n>>>>>> 5
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Consolidation: service/space dimension

NFV/COR

~-

Commodity Servers, Storage, Switches, and I/O

Service/Space
dimension

COPNECT. .
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e Qur previous work on spatial consolidation in EU FP7
DISCUS:

* Extend optical access reach to reach core: reach up to >100Km
Optical Core

Extend the PON reach  Metro

_F

M. Ruffini, L. Wosinska, M. Achouche, J. Chen, N. J. Doran, F. Farjady, J. Montalvo, P.
Ossieur, B. O’Sullivan, N. Parsons, T. Pfeiffer, X.-Z. Qiu, C. Raack, H. Rohde, M. Schiano,

P. Townsend, R. Wessaly, X. Yin, D. B. Payne, DISCUS: An end-to-end solution for 15
ubiquitous broadband optical access. IEEE Com. Mag., vol. 52, no. 2, February 2014
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Flat optical core

_—
l M‘ Outer Core
Access / Metro )&",’.".
e \).:'&dP
/$

‘ -l
— N =
g “‘\ Study carried out for UK

E network, using 75 MC nodes

g 60
— — = migration-5-40G
50
flat
40 — twolevel-5

Flat core becomes the cheaper
option when traffic is above a
given threshold

30

1000 ICU

0 5 10 15 20 25 30 35

1 Mb/s per customer
[} ]
C 0 | I | E CT C. Raak et al., Hierarchical Versus Flat Optical Metro/Core Networks: A Systematic Cost and Migration Study, ONDM 2016
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* Fronthaul poses latency constraints restricting optical

reach.

 Spatial convergence more confined to the metro area

Multi-tech mobile cells:
LTE, WiFi, M2M, and more

Micro DC ;
ere Large business
P ) %
NG-POI\Q% >~T>SME ‘ :/ Premises
7 protection
Micro DG Power
splitters 400G channel| 4

RF bagkhaul/
midhay

i {
win 7
in_7

XG.FAST

)

PtP fibre

Local

Optically
switched access-
7 metro node

<-->

2
4
Optically-switched
Dual-home Access-metro Node
protection : —
I Optical add/drop multiplexer I
nsponders Core
f fl rid
fibers
( :)Pe

<--->

Flex grid connection

231ms 3deds |eanndo Suiyd0)q-uoN _o‘
pue

SIPON Jap1Aoid 3dIAIS
dI ‘s;utod Suuaad 4 (2100

$53208) SAYDILMS JU0N)2 £1/71

- g ' fronthau Stadium
———— [ I
:Multlplel l I -
i 100/400
n » M2M, |Oa 1 G TRx _
CONNECT L2T2 Focman 17
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NFV and service convergence

AT&T and On.Lab OpenCORD — Central Office Re-
architected as Datacentre

- VRouter
vRouter

Source: http://opencord.org/

Residential CORD
(R-CORD)

Simple CPE

Commodity hardware <>

C 0 N l\\ {| E CT Source: white paper Central Office Re-architected as Datacentre (CORD), wiki.opencord.org
s ¥ N
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* OpenCORD progressing fast.. First heard in 2015,
now at v3.0

 Started between AT&T and ON.Lab and now involves all
major telco industry

Collaborators

Partners
S Po i Aelern aifhop G . MEF MMC ey S ®XRAN
AT\-&T Chinc o cwna COmmUnlCQhOnS LLLLLLLLLLLL
unicompEkiE
WARGELA /\rlcent | NEC Netcracker N TRONCIME ng4 "
othefure  BROADCOM. S

vl W &
cIsco COMCAsT  FUJITSU

A | N
a%r%%jbond C4 CO"X @cAva REpmETEAST G (Y F UPEQ_&!EACE

Go g|€ (intel)‘ W;\lﬂgc &T Quortus®

Z s
Celestica. COBHAM KAISE" Q Sprint
- , Tech Felefonica ubuntu®
NOKIA Grrremmman: TQAAISYS. _rF . . [HOooEoooE [ Mahindra 777

EQUINIX

@usignite . V1AV VA

SAMSUNG ¢’>  verizon’ flex IXiQ ..

C 0 I E b I wmdstreum vV ‘A XILlNX

Source: http://opencord.org/
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vOLT
]
o8] o I

SDN Control Plane- ONOS | NFVI Orch- XOS

Broadband
Network Ethernet
Gateway Aggregation

PON Splitter

Spine
Switches

Leaf
Switches
Metro
Core
Link
Access

Link

Commodity Hardware

Source: http://opencord.org/

20
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Traditional Architecture Target Architecture

SGi '-"‘e"??‘
eNB -
-~~~ Control Signal
RU/DU integrated Control /data plane
eNBsg Integrated EPC —— User Traffic

with proprietary boxes & solutions

BBU/EPC

Control Application BBU MME SGW-C PCRF

Control Platform

PSRN
TN
- ~
PV <

i} ~

(( )) . ’ 1 ~
£ - ’ L _
‘fa PR I 5 Sy
’ ‘ —— +"_ Disaggregate: SN
’f% ) Vlrt::Illjzed v GwW (SGVlv-U) \ oL
L Y Disaggregated Int R
. i SGW-U — gw(PGW-U) ~ Internet.
Remote ,, @5 ) . Virtualized / (/ ) - —
radio unit A_ﬁé BBU
(RRU) SGW-U =

Control /data plane
Disaggregated EPC

Virtualized BBU

with commodity H/W & open source/open API

Resource Scheduling, MVNO, ...

| Mobile Services: Analytics, SON, Radio

SDN Control Plane - NFV Orchestration
ONOS w/X0S

[

\/\]

Programmable
RRUs

Virtualized
BBUs

1 R
he Futur

CONNEC

OpenStack i ntra R
| 7 s = Centralized
d EPC

Source: http://openCéJ:rld.org/
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Enterprise-CORD

Current State of the Art g E-CORD in Metro
Branch entgpr?sfst:ssepgwi:s’\‘tzd Enterprise
Office @ Regional Office

s
Firewall
£25* A

Public Cloud

~“| Expensive and vertically
integrated equipment

Enterprise HQ

WAN
Accelerator

Enterprise Central Office
regional HQ

Service provisioning
takes weeks to months

Enterprise
Regional Office

o &

HQ

Virtual Network
On-Demand

Customer Control Enterprise WAN Services

Access CORD Controller (XOS) Metro

Central

. A H H i
Leaf-Spine —— — —_— i i Metro Network Office
- = . P H i

-

Fabric ‘/‘:2, 2 i ROADM
= = ==
2.8 - - s = S H H
£ T — " Central ROADM ROADM
White Box White Box White Box White Box White Box White Box H Office e
H entral §
e sox J e x i sox J e JI e sox J e s J o

I

C 0 m. E CT Source: http://openzcgrd.org/

a Networks of the Future
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CORD convergence

* You migth have noticed that R-CORD, M-CORD, E-
CORD are base on similar components...

* CORD converging R/M/E-CORD into one?

SDN Control Plane - NFV Orchestration
ONOS w/X0S

........................................................................................................................
oooo

Leaf-Spme
i Fabric

210D

Commodity servers, switches and network access

C 0 :W E CT Source: http://opencord. org/‘j 23
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Standards

2014
Release 12
||
Release 13

Release 14
Release 15

Release 16
NG-PON2

XGS-PON
||

Beyond NG-PON2 ?
i i
802.11ax
|| ||
Next Generation 60G (NG60)
|| ||
802.3ca (100G-EPON)
|| ||

P1914.1
N
NFV R1
NFV R2

ONF: constant new releases on OpenFlow, v 1.3.x, 1.4.x, 1.5.x; Of-Config 1.2, SDN architecture...

CONNECT

a Networks of the Future
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Multi-dimensional convergence

NFV/CORD

Networking dimension

25

CONNECT
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Why fixed/mobile/DC convergence?

Service delivery to end users Data storage and app processing

k9950758 www.fotosearch.com

Provide cost-effective
connectivity of dense
end points

Provide high-performance:
flexible high-capacity
routing (cloud on demand)

End-to-end reliability, repeatability (haptic feedback, front/X-hauling)

CONNECT 26
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Placing Base Band Unit (BBU) at different location than the Remote Radio Unit (RRU).

I”

A well-known interface for this “Fronthau

transmission is the Commmon Public Radio Interface (CPRI) CPRI

This gave the idea to move the BBU further out giving raise to the Cloud RAN concept

Examples of Fronthaul architectures

One virtual BBU to many RRU

LA LLIATS e (LB T

CONNECT  ggy

BBU pooling BBU cloud 27
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Problems: Qualtllzsation Freq:\z:cy Lineact?cc)iing
1. Highcapacity: B=R; x N xN, xtﬁ X R xIE{I
Sampling  Antennas Word
rate control ratio
Examples:

* Take a macro cell: 8x8 MIMO, 3 sectors, 5 x 20MHz channels
=>» backhaul rate (64-QAM): 9 Gb/s =¥ fronthaul rate 148 Gb/s
e Take a small cell: 2x2 MIMO, 1 sector, 20 MHz channel
=» backhaul rate (64-QAM) 150 Mb/s =» fronthaul rate 2.5 Gb/s

This is independent of usage... it’s a sustained rate!

2. Strict latency requirements, 3 ms due to HARQ

=» considering this is the total latency budget, typically only a few
hundreds micro seconds left for optical transport = 20-40Km max

NNECT 28
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Issues arise when the fronthaul capacity goes above
10G (also the max capacity of CPRI)

* Solution 1: compression

Raw CPRI Data Rate vs. MIMO and Carrier Aggregation (per Sector) 35 35
(without 8B/10B or 64B/66B Encoding; Scale Final Rates by Appropriate Encoding Factor) 848 MIMO Starting Bit Width: 16 bits
5x LTE-20
0.0 2X Compression 3.0 = Theoretical Mu-Law 30
350 [ 3X Compression \ = Measured Mu-Law
. 8x8 MIMO ?E 25 === EVM Floor 25
AxLTE20 g Compression Ratio 2
30.0 ~'== =
S 20 20 §
= ‘@
50 | IS 8x8 MIMO 2 a
2 > g
Data Rate e aho £ 15 B
(Ghps) 200 4x4 MIMO = «— =
4x4 MIMO I (TE20 =
15.0 2x LTE-20 10 10
o 2x2MIMO
100 8x8 MIMO 5 [TE-20 05 05
1x LTE-20
2x2 MIMO
5.0 2] 22 MIMO 2% 1TE-20 00 2
WEDM’;\ TXLTE-20 5 7 9 1 13 15
0.0 4 Number of Bits after Compression
$ Optics NA 2 4 8 10 16 20 32 40

Number of LTE-20 Equivalent Carriers

Compression will introduce some latency. Typically lossy compression is used

CONNECT N
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 Solution 2: Analogue radio over fibre

* Especially when considering massive MIMO cases:
* E.g., 64x64 MIMO with 200MHz bandwidth for 3 sectors would
give 2.4 Tb/s in CPRI-equivalent rates

* 32 x 200MHx channels over single wavelength were
demonstrated (equivalent of 400Gb/s CPRI)

X. Liu et al., Efficient Mobile Fronthaul via DSP-Based Channel Aggregation, JLT, VOL. 34, NO. 6, March 2016

Centralized BBU pool Mobile Fronthaul Antennas
. \WDM WDM -
BBU Aggregation |- ( Z Z Z ) Aggreg;tlon RR
baseband and — — an RRU
processing| De-aggregation |« Optical fiber link DML{DAC De-aggregation RRU

(a)

“m‘“"“’ﬁﬂrlm i m e A .

-10

-s——; ffffffffffffff "mmwul'""*-wﬂﬂwq mﬂ 'm!

-15

-20

Power (dB)

-25

-30 l

-35 Mvw
I I [ I
-40
) 1. - E .

CONNECT R 30
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* Solution 3: the split can be done in different parts,

in the PHY (split-PHY) or in the MAC (Split-MAC)
FH bandwidth scales with load FH bandwidth is load independent
Midhaul restores oo :
relation between e [ we Lme - e 1 aue || wosowe | Jom] [, 0] foe ]
Ce” Utl ||Zat|0n Uplink max. 0.2 * Bepg, | few 100 psec I e::‘,i:e >
and optical sgnalfiow
transport rate ] POOP [+ ME [+ MG e FEC R T e Y7 T 8 T

encode J
Pl

to
CPRI

< Layer 2 (MAC) and above | I Layer 1 (PHY) and below >

< e | | —_ > Source: Thomas Pfeiffer, Next Generation Mobile Fronthaul
q—— d b d and Midhaul Architectures. IEEE/OSA JOCN 7(11), Nov 2015.

* One issue that arises is that the closer the split is to
the MAC the less information | send, and some
types of Coordinated Multipoint (CoMP) cannot be
done (e.g., MIMO)

C 0 LN N E CT NGMN tech document, Backhaul Provisioning for LTE-Advanced & Small Cells, Oct 2015, available at
https://www.ngmn.org/uploads/media/150929 NGMN_P-SmallCells Backhaul for LTE-Advanced and Small Cells.pdf
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* However solutions are already coming up

* It was demonstrated that MIMO could be carried out
effectively from this split, showing SNR penalties of less

v
™~
S
T
Downlink Q-
signal flow
iFFT BB
| QAM+ | Resource | [ |
—» PDCP —— RLC {MAC %—» FEC Hprecoding —> mapping > Cl:in —-{ P/S 'tzc;! >
encode
to .
Uplink CPRI
signal flow
receive
- CP out RF
| | . | | processing Resource | a
<+— PDCP « RLC 4{ MAC « FEC! (e.g.QAM"‘__' demapping - F;r <+«—— S/P <-|— ;o; F
equaliz.)
encode J
- t
< Layer 2 (MAC) and above | | Layer 1 (PHY) and below > “ cp?u

K. Miyvamoto et al., Performance Evaluation of Ethernet-Based Mobile Fronthaul
and Wireless CoMP in Split-PHY Processing. JOCN VOL. 9, NO. 1, Jan 2017

CONNECT .
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1. The PON canbe
sc: 1phene 3 \wavele
 Simila o

@e%cla%b acng)unt -to- pomt system,

IS assig to a frc nel
- Large busmess 400G Metro- Area Node
) L0 1€ protection o

== ww

>

o
C

SME: 100M to 7G . /'
2. If fron N3u. i M Tower tha A
ol e _(; D om(i:e
Home: 1%& = ' ’\.= rgegaw
E :: \ v NFV
4c: o iR capacity allocation could be used (se\d ic

men /) — but more work regii

= ¥ 7
= un i nn » /
Ry fLun g =u 4 / A
« / _
P ' S ol
L} “ul "
% "W . X
o8 U q -
[
. 2 s

Itk hlaul, since itproduces traffic f the
A ‘mamw would make SRge 0o | h
ASS|gn , Smart City Apps ||||||
* Multipl Xia’ i different C&IIEV i imtancether =
business us x efficiency
M2M, loT, Large DC: 10-50 Tb/s
Sensor,
etc...
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* MIMO systems with large bandwidth driving the
need for PON access > 10 Gb/s

* For TDM PON:

X. Liu and F. Effenberger, Emerging Optical Access Network Technologies for 5G Wireless [Invited]
JOCN, VOL. 8, NO. 12, Dec 2016
CoMPARISON OF DOWNSTREAM MODULATION AND DETECTION OpTIONS FOR PON

Option Modulation at OLT Detection at ONU Pros Cons

1 NRZ (EML, DML)" Analog DD (APD) + Cost effective — Low bandwidth efficiency
— Low dispersion tolerance
— O-band operation only for

25% Gb/s
2 Optical duobinary Analog DD (APD) + Higher dispersion tolerance than — MZM needed
(Laser+MZM) Option 1 (by ~2.5x) (more expensive)
— High modulation

loss (optical booster
amplifier needed)

3 DSP-assisted NRZ/ DSP-assisted DD  + Higher dispersion tolerance than — High-speed DAC/ADC/
PAM-4 (EML, DML) (linear APD) Option 1 (by ~2.5%) DSP needed
+ Higher bandwidth efficiency than — Linear APD needed

Option 1 (by ~2x)
— DSP power consumption

an issue
4 DSP-assisted DMT DSP-assisted DD  + Higher dispersion tolerance than — High-speed DAC/ADC/
(linear APD) Option 1 (by ~2.5%) DSP needed
+ Higher bandwidth efficiency — Linear APD needed
+ Flexible modulation formats — DSP power consumption an issue
5 1Q modulation 1Q-MZM) DD (APD) + Dispersion precompensation — High cost due to IQ-MZM
+ Bandwidth-efficient modulation — DAC/ADC/DSP needed for

advanced formats

NN ‘EML, electro-absorption modulated laser; DML, directly modulated laser.
COMNNECT 34
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Fronthaul rate is fixed, independently of mobile user requirements
However if we dynamically change the wireless bandwidth we can

change the sampling frequency
=» Fronthaul rate can be made dependent on actual usage

SDN
Controller .
. - SDN orchestration of converged

LTE/PON network:
BBU reports effective capacity to SDN
SDN reduce wireless bandwidth accordingly

SDN reduces PON bandwidth to fronthaul
following reduction in I/Q samples

Saved capacity re-used by other PON users

35




Terminal
©® O pedrogpedro-small: ~

Number of PRBs: 1 3000

Transport block s!
Type new PRB index and press Enter
Seconds 1

Bytes: 123000, R cqds

T8S: 1800

STATSQ 1495627625.325119 apprate=0.98 [

Bytes: 126000, Rate:1.01, Seconds: 1 uSeconds 1 [ 10] Interval
[ 3]

STATSQ 1495627026.325120 apprate:

Seconds: 1 uSeconds 7708 [ 3] WARN

palvarezovn:
3000

T8S: 1800 0.0-60.0
=1.01 [ 3] sent 2501 dauw.ws
: ) : ING arzal 1] tf
/w‘!uv/s:r u oo

Bytes: 126000, Rate:1.00
18S:

STATSQ 1495627627.332820 apprates1.00
Bytes: 126000, Rate:1.00, Seconds: 1 uSeconds 8028 -

STATSQ 1495627028.346848 apprate=1.60
Bytes: 126606, Rate:1.60, Seconds: 1 uSeconds 8612

T8S: 1800
STATSQ 1495627029.348860 apprate=1.00

6
Modulation type: 16QAM ST e e e
tze ) Client connecting to 127.6.6.1, t 2000
: : X 1 u |sending 3006 byte datagrams I
UoP buffer size: 208 Keyte (defaul

%[ 3] local 127.0.8.1 port 46194 (onne(tcd -.mu 127.0.0. x port 2000

T8S: 1860 Client connecting to 127.6.0.1,
sending 3060 byte datagrams
UOP buffer size: 208 Kayte (ue'aull)

i 3] local 127.0.0.1 port 32808 connected with 127.6.6.1 port 2000

¥ % nu @0 e 257 &

PDSCH - Equalized Symbols Channel Response - Magnitude Sample Rate

Yranslcr Bandwidth
740 Kbits/sec

UDP port 2000

Quadrature

tinestanp=1495620977.649552, msg=STATSQ 1495626977.649140 apprate=1.00 cell 10 °
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tinestanp=1495627622. 311208 s 6 3

tinestanp=1495627623. 324051 14 n PHICH Length:  Nornal D R ——.

tinestanp=1495627623. 32496 - PHICH Resources: 1/6 T3 2 A 1 2 0 6 80 10 120
' 3 In-phase Index

timestanp=1495627623.375091, msg=NetEvent 1495627623.374256 CIR_120Mbps_Co

mplete
tinestanp=1495627624.325526, msg=STATSQ 1495627024.325118 apprate=1.3:
msg=channel:enodeb1 1495627624.325863 setprb

timestanp=1495627624.326623,
006 cell

timestanp=1495627624.353853, msg=NetEvent 1495627624.353110 CIR_86Mbps_Con Mot porta 1
plete 43 Normal
timestanp=1495627625.325495, msg=STATSQ 1495627025.325119 apprat s 6
timestanp=1495627626.325489, msg=STATSQ 1495627026.325120 apprate=1.01 PHICH Length:  Normal
timestanp=1495627627.333162, msg=STATSQ 1495627027.332820 apprate=1.08 PHICH Resources: 1/6
timestanps1495627628.341191, msgaSTATSQ 1495627028.340848 apprates1.00 FN: 12
timestanps1495627629.349224, msgeSTATSQ 1495627029.348860 apprates1.00 m-muea MIB. SFN: 32, offset: 2

Decoded MIB. SFN: 32, offset:

CFO: +0.64 kHz, SNR:

Trying to decode MIB

Trying to decode MIB 1, 1
°

1
28.0 dB, POCCH-Miss: 45.83%, POSCH-BLER: 5.06%
PSS Cross-Corr abs value

PDCCH - Equalized Symbols

Quadrature
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First we transmit a small
amount of traffic

1 o
In-phase
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« Seamless connectivity of data centres in the access/metro convergence
* DCs have already moved to the metro to reduce latency and core traffic

* 5G will see a mix of different size DCs from large to micro caches, it could also
include home storage

* Transparent optical connection directly to DC cluster or rack

DataCentre Metro-Access network

Intra-DC To/from Dc: ) )
I / Optical space switch
|
: L Y
A

= |:> 1
- .E::' .\ I Core Aggregation ?O )T P2R fibre
| | | transmission tch >
: = 1 : |
DC cluster 3 3| f——T / A
ur == PON fibre <
: [ Large DC
|
Massi
DC rack | \ M?l;nges
: Core fibre YRR
720 ;
a7 7 AN\
’ 4
Macro cell X @ @
Home  Small cell Stadium
Core network Micro-DC

COMNNECT  source: SFI/NSF project “Agile cloud service delivery using integrated photonics networking?”
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Multi-dimensional convergence

NFV/CORD

Shared Apartment/Home

Fibre

ODF

Operator 2

Service/Space /g
di . (0)
imension

Networking dimension

~ p-poi abi

Drop-po

! S )
CONNECT | o gP g *
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PONs can offer very large capacity but requires substantial effort (cash
and resources)

Large operators can afford (typically only in urban areas) installation of
a fibre access network.

Risk of creating de-facto monopoly
Can vertically-integrated operators support the diversity fostered by 5G??

Open access.

Benefit from fast dynamics and innovation brought by

CONNECT fully open market



* Virtual Network Operator (VNO)

— Operate, control, and manage its own virtual networks

.}?ﬁ

— Run/Re-design customized protocol in its own virtual A

networks

— Provide specific and customized service through its own
virtual networks

@ r # g J/ switch RED?Rgr
VANI-Z

— VNO saves deployment cost of network infrastructure

EeaV] TRINITY
P B COLLEGE
&>’ DUBLIN

Vlrtual Aff'fss — ST 'é.utavsé'\fézgss —

,‘ ; Ug‘l o‘_E
; VANZ-1
switc
%‘ € vagz

@_ Source: Alcatel-Lucent
. ' Geel 4'“£\3\\\ Subs a[c/\ cess
* Infrastructure Provider (InP) & __,_4\ e
. . . . mods S/AJM
— Own and maintain physical networking resources g
— Enable physical resource virtualization and carry out the u\?ztg-ﬁ e
virtualization o SAN2
Uﬁ‘@n@,_.-»— RESES,

— Provide virtual resource controlling APl to VNP/VNO
— InP gets revenue from resource leasing

Source: Bruno Cornaglia (Vodafone) 2014 Broadband Forum presentation: “Fixed Access

Network Virtualization”

BroadBand Forum WT-370, Fixed Access Network Sharing (FANS) - Architecture and

CO

ECT

Nodal Requirements, Dec. 2016

40
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Virtual Slices

VNO ) Ofﬁce
vOLT >
e Central Offige . o e . Ny %
vDBA S . n :~-
2 \\- » :::
~_~\~ ~ | S
Q . ~
vDBA . . . Residential
VNO : R OLT Building
vOLT - a” =3 DBA
vDBA . . ) ) "4
J = —
. . —
i< InP
.g. OpenCORD architect | S — X
e.g. Open architecture . ~ Houses

Virtual ¢EEEEE) pHY "N,

o P!n : !! **%  The O’'SHARE project
'- “ ‘ "~ — An open-access SDN-driven architecture enabling multi-operator and

“‘ BBE  multi-service convergence in shared optical access networks
www.oshare.ie

CON EECT 41
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Operated by

VNO1 VNOm VNOMm

o ~ VDBAw
(software??)
Virtual BMap Virtual BMap Virtual BMAp
|
QM
Operated by aring E
InP PHY BMa
(Hardware??)
DBR
litter
ONU"|| ONU: ONUN
| 125 ps |
time
. . Amr Elrasad, Nima Afraz, and Marco Ruffini, Virtual Dynamic Bandwidth Allocation Enabling True
C 0 I E CT PON Multi-Tenancy. Proc. of Optical Fibre Communications conference (OFC), March 2017 42
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e There is much more that | haven’t discussed and
involves:

* new services: how to bring more revenue to the system

* infrastructure virtualisation and sharing: create virtual

end-tn-end netwaorks an demand, possibly on a per-
5G: Another Next-Generation
Disappointment?

The forthcoming 5G standard sounds impressive, but it seems o .
unlikely to reinvigorate the telco business. nectivity and bit per second
Source: lightreading SpEEG ¢

Ericsson: SG Heralds 'New' New Economy

By MARI SILBEY, Senior Editor, Cable/Video, 1/12/2017
. S Just as the Internet ushered in a new digital economy in the
late 20th century, Ericsson CTO Ulf Ewaldsson believes the

¥ advent of 5G wireless connectivity will fundamentally change business models once again.

Source: lightreading

CONNECT "
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* End users will pay more if a service is personalized
and it works (requires end-to-end guarantee)

* The value (and willingness to pay) is not in the Gb/s

but in service delivery

Airflow Sensor Electrocardiogram Sensor
(B (ECG)

Electromygraphy Sensor
Blood Pressure Sensor (EMG)
(Sphygmomanomete
\cceleromy )

Pulse and Blood Oxygen Sensor
(SPOS)

Body Temperature Sensor

I

High value peArA Abitw
COMNNECT

Patient Position Sensc
(Accelerometer

Sl i S S S

Low value per bit

45



Move from the m o@
iTunes

current model:

'LUVEFILM=
"hulu

To a service-driven model: .

N

» 7\ B LOVEFILME

C3|Tunes

N NETFLIX
CO: NECT Example: Amazon Kindle 3G -h U i U e
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Thank you for your attention!

Prof. Marco Ruffini

CONNECT / The centre for future networks and
communications

The University of Dublin, Trinity College, Ireland
marco.ruffini@tcd.ie, www.marcoruffini.com
skype: ruffinim

CONNECT .
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