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» Classical broadband evolution: From DSL to FTTH
» From generic broadband service to 5G and beyond

> SDN and virtualisation
> From SDR to ORAN
> PON virtualisation

» Network convergence
» Wireless-PON convergence
» PON capacity evolution
» Adding edge computing
» Extending to metro

» Open and intelligent systems
» Open optical systems
» Mininet-Optical
» Testbed experimentation
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branching
Drop points, copper cable

branching

FTTH

Active cabinet with ptp fibre

Power splitters

PtP Ethernet

Large business
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Street cabinets, \copper cable
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Core or Backbone
network

N. Afraz, F. Slyne, H. Gill and
M. Ruffini. Evolution of
Access Network Sharing and
Its Role in 5G Networks.
Applied Sciences. 2019;
9(21):4566

epending on size/role, the central office hosts
numerous functions and network boxes

BRAS, PE Router
SGSN/GGSN (Mobile)

1G/10G Ethernet,
ADSL/VDSL

SDH DPI

GPON/EPON DSLAM

POTS Carrier-grade NAT
MPLS

BRINGING PHOTONICS 10 LIFE


https://www.mdpi.com/2076-3417/9/21/4566

Capacity increase

Shannon—Hartley theorem

C=B-1 1
049> +N

C = capacity [b/s]
B = bandwidth [Hz]
S/N = Signal to noise ratio [linear]

ADSL
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Copyright 2007 Internode Systems Pty Ltd
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How to increase Bandwidth and SNR:
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Attenuation of Guided Media

» Reduce copper distance, as loss increases at 301 Tvsted paic
high frequency (thus reducing signal power and : .| 38” consia
ability to use higher bandwidths) .
» Introduce noise cancellation in copper (i.e., E Optical
vectoring) to improve SNR (for cross-talk) e
. . . 0.3
» Use fibre, whose loss is low and independent of
frequency within a given band (also the W em em  Sm  OWes
transmission line does not generate noise) ‘
VDSL - G.FAST XG.FAST
700
= —=— CAT5e 2 pair TDD
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g Migher dersity than | Higher speed & s 6
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100 i T * i \’:
Source: http://www.pipelinepub.com/ ——
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» There are both IEEE (EPON and 10GEPON) and ITU-T (GPON, XG-PON, XGS-PON) for FTTH
» |EEE PON standards are typically used in Asia, while ITU-T is used in Europe and US.

Local Exchange/

backhaul/metro
network

Power splits

OLT Aggregation
backplane

|

» The protocol is based on TDM/TDMA

» Downstream the OLT broadcasts data to every ONU, and each ONU filters out the data
destined to it.

» Upstream is different as all data will converge into the same link to the OL

o =2 A MAC needs to be implemented for the upstream transmission
COZ INECT © Trinity College Dublin, 2021
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»The concept is the same as the TDM-PON, but now multiple wavelengths are
used over the fibre

OLTs have tunable lasers

|

backplane

( OLT Aggregation

backhaul/metro
network

ONUs have tunable lasers and tunable filters Local Exchange \

» ONUs can tune laser and receiving filter to select a different OLT
» For example if one OLT is congested, ONUs can be moved to a different OLT
» Or one ONU can be linked to a dedicated OLT (logical PtP) for the time required to complete a service (e.g.,

10G bandwidth-on-demand - BoD)
> Passive splitters and tunable end point is the most flexible solution as it can offer very different capacity, on

] demand, to different type of users
CONNECT - ,
| © Trinity College Dublin, 2021
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» In WDM-PON each user is served by a separate wavelength channel and a WDM splitter is placed in the
cabinet to separate the wavelengths into different fibres
» Logically it is a point-to-point connection as each user is served by a different wavelength channel
» The channel would normally use 1GE or 10GE
» The issue is that a wavelength is fixed to a destination, so there is little room for more arbitrary capacity
allocation
» Also, not exploiting statistical multiplexing gains that is typical in access networks
WDM
Multiplexer
One fibre o | ¢
Separate fibres gbg
or | %2
<8
WDM o5
Multiplexer OITL2
IN ESEN S e e
. o e ::-':; backhaul/metro
- network
Local Exchange
*IPIC
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ITU-T <

IEEE <

hYS

» |EEE P802.3ca recently published 25G and 50G PON (the latter based on two wavelength channels).

N

Standard

GPON
G.984

XG-PON
G.987

XGS-PON
G.9807

NG-PON2
G.989

EPON
802.3ah

10G-EPON
802.3av

2008

2012

2016

2015

2004

2009

Typical Rate

DS/US [Gb/s]

2.5/1.25

10/2.5

10/10

10/10 x 4 PON +
10/10 x 4 PtP

1.25/1.25

10/1.25-10

Power
budget [dB]

21-31

29-31

29-35

20-33

20-33

Max 64,
typical 32

Max 256,
Typical 64

128
Max 256,
Typical 64

Typical 32

Typical 32

Logical/
Differential/
Fibre reach

60/20/10-20
km

60/40/10-40
km

.
60/40/20-40

--/10/10-20

--/10/10-20

» ITU-T recently published 25G and also looking at 50G (using NRZ)

DS

Wavelength

1480-1500

1575-1580

1596-1603

1480-1500

1575-1580

us

Wavelength

1260-1360

1260-1280

1524-1544

1260-1360

1260-1280

> G.9804.1. providing the requirements https://www.itu.int/rec/dologin_pub.asp?lang=e&id=T-REC-G.9804.1-201911-I!|PDF-E&type=items
» G.hsp.X series of working groups/standards —i.e., G.hsp.50Gpmd (now G.9804.3) for single channel 50G operations
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» Research is ongoing for higher rates of 100G and beyond (how to tackle dispersion, the lower power budget, always considering cost

- constraints of access networks)
CONNECT

© Trinity College Dublin, 2021

D. Zhang, et al Progress of ITU-T higher speed passive optical network

(50G-PON) standardization. JOCN, vol. 12, no. 10, October 2020.
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> This is a copper technology. But it utilizes a coaxial cable instead of a twisted copper pair!

» The cable network is different from the telephone network, as cable in not point-to-point, but is

shared among a number of houses.

» The standard for cable broadband is called DOCSIS (Data Over Cable Service Interface Specification).

» Different version of DOCSIS have been released over time, providing higher speed, but also requiring a
shorter cable loop (i.e., the fibre termination was progressively brought closer to the homes)

CONNECT
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Version Year Max DS DS DS rate Max US uUs US rates
channels Modulation [Mb/s] LENGES Modulation | [Mb/s]
1.0 1 6 1

1997 64/256 QAM  42.88 0.2-3.2 QPSK/ 10.24
160AM
2.0 2001 1 6 64/256 QAM  42.88 1 6.4 QPSK/ 30.72
8-128QAM
3.0 2006 32 6 64/256 QAM  1372.16 8 6.4 QPSK/ 245.76
8-128QAM
3.1 2013 2-5 25/50KHz 64- 10 Gb/s 2 25/50KHz QPSK/ 1,000
OFDM 40960AM OFDMA 8-4096QAM
192MHz 96MHz
block block

»The European version EuroDOCSIS has different channel bandwidth
(8MHz instead of 6 for the 1.0 to 3.0 versions)

» The full-duplex DOCSIS 3.1 (renamed DOCSIS 4.0 provides symmetric
10Gb/s and uses up to 1.8GHz of bandwidth in the cable)

CONNECT N _
| © Trinity College Dublin, 2021
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» From generic broadband service to 5G and beyond

> SDN and virtualisation
> From SDR to ORAN
> PON virtualisation

ECT
© Trinity College Dublin, 2021
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» Much of FTTH deployment as focused on residential and small business
services.

» Broadband speed is important, but today’s FTTH and DOCSIS seem
satisfactory for the foreseeable future.

»However, one of the key vision for 5G was to go beyond generic increase in
capacity -> 6G will only exacerbate that

» Especially high-performance and reliable network is something that was
never there before.. That’s where you want to look for new use cases

-
\ECT © Trinity College Dublin, 2021 |P|C
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» Private networks will likely play a leading role in this area

» Attract new users/businesses by providing new unprecedented features:

Autonomous
Surface Vehicles
)

» Likely to be driven by Industry 4.0

» Innovation is required also in user
devices (e.g., AR/VR goggles, etc.)

»>Till the day we'll be

fully immersed in the
CONMECT digital world...

© Trinity College Dublin, 2021
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Summary

» Classical broadband evolution: From DSL to FTTH
» From generic broadband service to 5G and beyond

> SDN and virtualisation
> From SDR to ORAN
> PON virtualisation

» Network convergence
» Wireless-PON convergence
» PON capacity evolution
» Adding edge computing
» Extending to metro

» Open and intelligent systems
» Open optical systems
» Mininet-Optical
» Testbed experimentation

i 14
CONNECT *IP
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» Move from a system where routers run independent (but converging
algorithms) to a system where all routes are decided by a central entity

Centralised Path
Computation

Routing alg.

Switch fabric

»Advantages: BT ¢ e o
» More flexibility in deciding routes ; { \X
»The system opens up and facilitates 1.1
development of integrated software \/K b=

X N\

CONNECT -
! © Trinity College Dublin, 2021 IpEIC
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» The control plane (controller) becomes
the Operating System for the network.

» Programmability requires well defined APPLICATION LAYER |
and standardized interfaces:
» Southbound interface to send

instructions to network devices Northbound
(think of hardware drivers) CONTROL LAYER SDN
> Northbound APIs are used by S

applications (e.g., the entity setting
. - Southbound
up a service) to express their intent

INFRASTRUCTURE LAYER

Business Applications

API

Control Data Plane interface
(e.g., OpenFlow)

» The controller transforms abstract, high- _ :
level intents into physical layer
.commands
COZ INECT © Trinity College Dublin, 2021 1|P|C



Virtualisation

Virtualisation gives the illusion of obtaining control of a physical entity

or resource.
=

Server virtualisation

Network virtualisation

Virtual instance 1
1.5G

Virtual instance 2

-

V\\‘\

i 17
CONNECT N _
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»NFV moves functions from dedicated hardware to software running on
commodity servers

» Software Defined Radio is an early example: GNU radio

7 amet Software Defined Radio
-
) . r | e
i T SN ey BN Cneretrten > “,; =
-“4"'7 h'::" v '.w;:n.v- ‘ h:::\'.. ‘h‘;;:m.-.
G| oac g Cormversion | . D e L
I L I | «— .+ AgCs "“"’"n’” N —
V Cortrol o
s e X s J < s 2
v
RF/IF AD Digital Base Band
D/A Front End Processing
ANTENNA
Waveform
“RF ~
3 [ : [ Modem | | [ Network
{:AMPLIFIER b A'rD - Emor  {—jEncryption —{ Routing U
| FuTER /A | comectio an
H | e PR ER 7
[o fo) @ s Y v
s HARDWARE SOFTWARE
» Advantages:
gE€S:

» flexibility of adapting transmission format to environment and application
» coordination with other radios (either distributed or centralized)
» Integration with other software components...
CONNECT

18
© Trinity College Dublin, 2021
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»The NFV concept applies to several other telco functions:

»Firewall: in VMware NSX it’s integrated in each VM, for better customization, flexibility,
security. ~

»In general all functions that require packet processing and switching are good
candidates:
»Service Gateway (vSG): e.g., route the request to the specific service provider

»Broadband Network Gateway (vVBNG o vBRAS): aggregates incoming access
connections, enforces QoS, provides layer 3 (IP) connectivity

» Customer Premises Equipment (VCPE): operates routers, firewalls, VPNs, NAT

C ] -
COZ INECT © Trinity College Dublin, 2021 lPIC
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»SDR today stronger than ever:

» C-RAN based on SDR =2 srsLTE, Amarisoft, Flexran, OpenAirinterface, OpenLTE, or
the implementations based on GNU radio,..

» Enabling flexibility in resource allocation, statistical multiplexing,...

» Also, integration with other elements for convergence with other technologies, joint
orchestration,...

Remote Radio Unit (RRU) centralised RAN
Distributed RAN

Metro DC

Optior?)1 7-3)

Hardare baseband

unit (BBU) Edge cloud node i
Optiorle7—2)
High- High- High- High- High- High- Low-
"l i o H RLC H RLC |_>| MAC H MAC H PHY H PHY H RF I_> 4" RRe POCP RLC | MAC VAC phY |T| phY |_I|\<F
! oo Downlink _» bota Downlin}
LLCLCLTerD e (:_) tion 1 Option 2 Option 3 Option 4 Option s Option 6 Option 7 Option 8 E Cyclic Prefix Insertion
|I|Hh |l| High- |l| High {Option &) (ERF
gl High- ig High- Low- High- Low- igh- Low-
4_l i | o RLC RLC |‘7| MAC MAC PHY PHY |‘7| RF <_l i el RLC RLC | MAC | MAC PHY PHY F
Unlink Uplink
D BBU functions i e ’
Source: Next Generation Mobile Network (NGMN) alliance. NGMN

Overview on 5G RAN Functional Decomposition. Feb., 2018
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» The different pieces (functions) of the mobile stack can be
disaggregated and placed in different locations

(R)
RU . .
T LLS is the low latency interface, between RRU and DU
@)
ARu
@) |
v MEC \ . .
- A RU[™ bpu High Layer Split (HLS) Low Layer Split (LLS)
@ \
ARy UPF
MEC Distributed Unit (DU)
) . .
Centralised Unit (CU) ,
éURU \ NG ) \__ Remote Radio Unit (RRU or RU) /
v Y PDC PDC Y
< P-C P-U
—»| RRC | POCP | o | < | e | . | (oot | Low-PHY I R —
(== —J l l l l l l l l Downlink
Tier 2 site Tier 3 site —.: Data -~ Option 1 Option 2 Option 3 Option 4 Option € Option 6 Option 7 Option §
Tier 1 site
Radio resource control Radio link control

Relative number of sites 1000

Transport latency (1-way) 0.6 ms 1.2ms 4.2 ms Packet data convergence prOtOCOI

Estimated 5G latency (RTT) 9.2 ms [eMBB] 10.4 ms [eMBB] 16.4 ms [eMBB]

C= control plane; U=user plane
2.2ms [URLLC] 3.4 ms [URLLC] 9.4 ms [URLLC]

21
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» Split 7.2 being standardised, so you can go and buy an RU and then install the rest

dS opensource software

» 0O-RAN is providing standardisation of several interfaces, so the system can be

fully open

Design | Inventory | Policy | Configuration RAN Intelligent Controller (RIC) non-RT
Orchestration & Automation (e.g. ONAP): MANO, NMS

Service Management and Orchestration Framework

Non-Real Time RIC o1

Near-Real Time RAN

Intelligent Controller (RIC)

E2 :btw RIC near-RT and CU/DU

Multi-RAT
CU Protocol Stack

. E2
NFVI Platform: Virtualization layer and COTS platform ‘ F1 Open Fronthaul M-Plane Fl-c

0-DU: RLC/MAC/PHY-high

I Open Front Haul

E .

CONNECT N _
| © Trinity College Dublin, 2021

X2-c

X2-u
NG-u

Xn-u
Xn-c
NG-c

BRINGING PHOTONICS 10 LIFE



. TRINITY
g COLLEGE
z DUBLIN

» Entry barrier: if I'm interested in developing one element (say the Radio
Intelligent Controller - RIC), | need the full system for performance testing,...

> Open source implementation of the standard components is important!
RAN: OAIl, SRS; Core: OAIl, Magma, Open5GS...

»OpenSource is a means for faster products development.. We want to focus»
on real value (network automation, intelligent control, etc..) and spin off! ib

NN 8 2
COZ ECT © Trinity College Dublin, 2021 lPIC
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» Getting SDN and NFV into the central office:

Featur
SDN Control Plane- ONOS I NFVI Orch- XOS

Spine
Switches

Broadband
Network Ethernet
Gateway Aggregation

il

i uf

Leaf
Switches

::::::::

Access
Link

» Latest architecture called “SDN Enabled Broadband Access (SEBA)”

» Being trialed by several operators world-wide
»E.g., AT&T recently carried out trials on XGS-PON using OLT white boxes

24
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Now also including edge cloud...

We see here also a movement from the public network (central office) towards more

dedicated (private) solutions i , Y
p Aether Management Platform
® | _cveo | Montoring |
L A=T H=— \—““‘"' )
+ E@E o @ _ mor @D ( ROC i
n amA A=TH=R QETHER Runtime Operational Control
loT Connected Edge Central "“ e
®00 ! )
sensor ! Ll Il il so-con=
opmwps 43,._1-5
p P ' i S—Rlcsm( ONOSISm /P4
“I “I Small Cell . Edge Apps I dren Dt G "' o
CBRS or loT AI/ML &.u| Enterprise R )
Surveillance Licensed Band PIatform(s) I = Control Portal
so-=2Ar I Aether Control . ; :
1) ETT Where is Edge? Edge is Everywhere!
Open RAN | and Management
. Mobile Core 8 Central loT \‘A’)
: g Controller User Plane | Platform Mobile Core Al/ML Apps
Multimedia Control Plane 10Ks 1000s 100s
A e (L T\ N - @ e @ Telco Core/
| -« . I Far Edge Near Edge Rackoe
“ i ‘ Aether Edge [ Central Cloud Access e
Employees I
I _ Edge 1000s 100s .
- @« = Distributed Mobile Core User Plane Shared Mobile Core Control Plane in central cloud ESEVEIVRHIELE Ed : c h. ; d A Ed : P. t f """ At
‘ ‘ ‘ provides local breakout at all | supports all Aether Edge sites = a°n‘2§ei“ senies Eafes;‘,'?c? R:gilocnslzognesore
remote Aether Edge sites I (=a0)
o Small Cell
Visit =
isitors 000 - B E‘
""""""""""" (@) Billions
...... ....
I0T/Connected ~ On-premises ReFlail Stores, gfrramh
. Devices actories ices..
Source https://aetherproject.org/platform O Google Cloud
J

CONNECT
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Summary

» Classical broadband evolution: From DSL to FTTH
» From generic broadband service to 5G and beyond

» SDN and virtualisation
» From SDR to ORAN
> PON virtualisation

» Network convergence
» Wireless-PON convergence
» PON capacity evolution
» Adding edge computing
» Extending to metro

» Open and intelligent systems
» Open optical systems
» Mininet-Optical
» Testbed experimentation

CONNECT ° FIPIC
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»Going well beyond the |
CORD/SEBA concept as the ou
entire MAC is also

VNOM

~ VDBAm

/
virtualised
»The DBA is virtualized into L0 N
multiple instances to |
enable multi tenant and C”SSZ?QZZ’?'
service operation vDBA model

ONUN

» Work on DBA virtualization to enable fine-grained control to different tenants.
» Also other use cases: e.g., for service differentiation, for mobile front haul (more on this later)

> Also included in BBF TR-402 “PON Abstraction Interface for Time-critical Applications” and
recentlv in TR-370i2 “Fixed Access Network Sharing (FANS)”

Amr Elrasad, Nima Afraz, and Marco Ruffini, Virtual Dynamic Bandwidth Allocation Enabling True PON Multi-Tenancy. OFC, paper M31.3, March 2017 27
CO ] E CT M. Ruffini, et al. The Virtual DBA: Virtualizing Passive Optical Networks to Enable Multi-Service Operation in True Multi-Tenant Environments. JOCN, No.4, Vol.12, April 2020. . lpl C
© Trinity College Dublin, 2021 s i
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Traffic Generator

......................... . VOLT Upstream User-Plane
fowsplit : | OLT Transmission DoHighsplief :f . _._._.
From Phy H Convergence Fme PhV XGS-PON f Check for Control-plane Frames 1
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3 R e e T ==
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Hostsidas® ONU Traffic : J 4 WMAP Ic1
FPGA/ return :a Simulation PON PLOAM omal Qos & Traffic [ | !’acket-?ype info VLAN L 5°urce. 1 Eth Rx
ONU Phy vOLT Platform PON ot Mgt e"ls : : Management| | inspection |'| "~ [I'lProcesy | MACfilter led(vF)
Layer ;' XGS TX * Combine | Control Plane J res
6th PON N (Eth | ks e XGEM | Encrypt & Handle
Sim) |: Frame Frame| | crc regen
ele
OLT Transmission 4050
freen, Convergence NOd-SOX vOLT Downstream User-Plane

o ©a e

US-LS| US-LS US-LS

(core W coe W core

DS-LS | DS-LS | DS-LS || ppa

Downstream

Unused

Results for low level split
on Xeon D-2100

Everything turned on,
including FEC, encryption...

S —— |

Coe W X
USLS USLs ustls ([

—
Poel o X e

DS-LS = DS-LS| DS-LS VNO2

F. Slyne et al., Experimental Demonstration of multiple Disaggregated OLTs with Virtualised Multi Tenant DBA,
CO NN ECT over General Purpose Processor. OFC 2020. 28

-
! © Trinity College Dublin, 2021 lplc




» Disaggregate the OLT, using software
functions

»The DBA is also software, so it can be
modified, depending on the application

Included in BBF TR-402 standard “PON Abstraction
Interface for Time-critical Applications”

June-Ichi Kani et al., Flexible Access System Architecture (FASA) to Support Diverse

TRINITY
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FASA OLT
Service achieved by combining
i Software modules | modularized functions
iy th
&= e
§ 8., eleng
S E
N S
S o | [Bandwidth :
= 8 i OAM  [Multicast
Q S
[=))]
S £ | [ Common hardware

L External module e i
Replace depending on the
requirement

Access network

(ex. PON)

I@ﬁn%;i[:.

Fixed Broadband Service
(Internet and IP-TV)

IViobile Service

Enterprise
(small cell backhaul/fronthaul)

FASA OLT

Common hardware

Requirements and Agile Service Creation. JLT, April 2018.

COMNNECT o :
| © Trinity College Dublin, 2021

External module

FASA OLT FASA OLT

1+ Advanced
security

Common hardware ]

External module

PON

L

(PON)




E2Iv] TRINITY
. Pl COLLEGE
@’ DUBLIN

Why would competing VNOs not claim usage of their full capacity, every frame?

...thus killing PON bandwidth sharing advantage? (VNOs are in charge now)

Sellers Frame N Buyers
VNO 1 e VNO 3
InP (Auctioneer ) ——
VNOs with excess (I Excess ) ( ) (-——) VNO with excess

capacity can sell it in \ Merging demand can buy it
VNO 2 o
the market B Ex \ m Bandwidth Man from the market
< o)

04

» Market properties:
» Multiple traders (sellers, buyers)
on both sides
» Roles changing on each frame

- N. Afraz and M. Ruffini. A Sharing Platform for Multi-Tenant PONs. IEEE/OSA Journal of
Lightwave Technology, Vol. 36, No. 3, Oct. 2018

- Nima Afraz, A. Elrasad, Marco Ruffini, DBA Capacity Auctions to Enhance Resource Sharing
across Virtual Network Operators in Multi-Tenant PONs. Proc. of Optical Fibre
Communications conference (OFC), paper Th.1B.3, March 2018

i 30
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|deal case :
M ore ty p ICa I Scheduling Layer
VNOI Auction Mechanism - BWMap BB 10 ONU1
S & OLT == @
% ( wo2 ) O ~
) Services ( VNO, ) Auction Smart Contract @—@—@—@ @
Verification Layer
2
Infrastructure 107 ]
. Infra structure Infra structure - | —+— Maximum Latency ]
Provi d er Provi d er —e— Average Latency )

L | —#— Minimum Latency

—
o
—

> Fault Tolerant distributed record-
keeping

—_
(e}
=)
+

o
—

- N. Afraz, M. Ruffini. 5G Network Slice
Brokering: A Distributed Blockchain-
based Market. IEEE EUCNC, June 2020

- N. Afraz and M. Ruffini. A Distributed
Bilateral Resource Market Mechanism
for Future Telecommunications
Networks. Proc. of IEEE Globecom,
December 2019

4

Transaction Latency (Sceconds)

> Distributed ledger technology 107150 100 150 200 250 300 350 400
> Manipulation-proof distributed 1 Send fate (tp9)
Auction BT T T T e o .-
» Smart contract technology g zzz S . :80 ;.;
» We make use of the Hyperledger gm AN
fabric, which deals with private z 00 —— Thuouahout ()] | g z
| B I OC kc h a i n 5050 l(I)O 150 2(I)O QL;)O 3(I)0 3&%0 4()(?0 31

CONNECT N _
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» From generic broadband service to 5G and beyond

» Network convergence
» Wireless-PON convergence
» PON capacity evolution
» Adding edge computing
» Extending to metro

ECT
© Trinity College Dublin, 2021
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» We mentioned that access networks are also key to support 5G, especially the small cell
densification aspect.

» As of today, the availability (and cost) of fibre is the main impediment to small cell
deployment/densification

Dublin (The, (-:C‘D) R 3Arena #*

I [

Aviva Stadium &

» PONs can provide a low-cost access point
» It can also match the statistical multiplexing aspect of small cells
» smaller coverage areas (small cells) have much higher load fluctuation

» There are however some issues to fix
» Latency and jitter in the upstream (due to the multipoint-to-point MAC protocol - DBA)

- » Capacity (Small cells, especially in Lol Layer Split, consume high capacity) 25
CONNECT o | *IPIC
| rinity College Dublin, 2021



» PON and C-RAN both need to run their own upstream MAC protocol.

» Typically they work independently, (in sequence), so incoming packets get
queued at the ONUs, until the PON protocol enables transmission.

CONNECT

awn

(o)

remote ONU

site

DBRu

BWMap

© Trinity College Dublin, 2021
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I

—t

Latency'due to the PON protoco

Slot scheduling message

-

DBA
processing

34
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* Synchronise BBU scheduling and OLT DBA (this is optical/wireless

TRINITY
COLLEGE
BDUBLIN

convergence...) . o
(( )) OLT intercepts the message and use its information
PR for the DBA (i.e., as if it were a DBRu)
[ ] . .
ONU OLT - Standardised in ITU-T G.989.3Am1
Mobil i
remote BBUs SCh:dLﬁng Proposed DBA scheme —_—
site Slot scheduling message 5001 g o |17 35 caa
conversion arrival period allocation
D Estimatior?
| , sasatos:
/ . ONU '\fjoal:!e A4_L>’”val eriod Allocation!
r CeSSIng packet \i . period
Data BWMap P
RRH
o Scheduling information Mobile signal }
3 — UE ¥ it
D
\ -
g 20 Number of RRHs: 4
v z
< :
3 :
PON protocol runs in parallel to C-RAN = 0 —_
0 50 100 150 250
Measured uplink latency on MFH [us]
(b) With proposed DBA
CON I ECT Source: H. Uzawa, et al. Practical Mobile-DBA Scheme Considering Data Arrival Period for 5G Mobile Fronthaul with TDM-PON. ECOC 2017. 35
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» Evolution from Data centre standards (e.g., the 25Gx4 of the 100GE)
» PAM-4 would enable 50G on 25GBaud, but receiver penalty of 8-9dB too high for PONs
=>» NRZ is preferred choice

» 50G APD difficult to produce at low cost point
» Use of 25G APD receivers with Electrical Duo Binary — EDB (reduces the bandwidth of an NRZ signal)
» DSP for equalization required to counteract low bandwidth of receiver

» Chromatic dispersion is also a problem (the requirement is of 1dB penalty over 20km

D. van Veen, V. Houtsma, Strategies for economical next-generation

d |Sta nCE) 9 74 pS/n m 50G and 100G passive optical networks. JOCN, Jan. 2020
» EBD can just meet this requirement

» Example work using DSP for Clock recovery, equalization, LDPC (soft or hard decodlng)

BER Power Penalty

O P S ——

50G-NRZ Tx PRBS Generation ,—> FEC Coder -—» Upsample and Filter (» Download data to DAC i

_______________________________________________________

Soft- Decodlng thre shold

|
~

______________

| Real-time |, Re- | Clock- || FFE [, | Post |,| Simplified + FEC Decoder i Enables 20 km
' Scope . | Sampling Recovery Filter | | MLSE(or BCJR) |Pre-FEC Counting I transmission distance

____________

50G-NRZ
DSP-Rx

Pre-FEC BER
&

M. Tao et al., Improved Dispersion Tolerance for 50G-PON Downstream Transmission via Receiver-Side Equalization. OFC 2019

..: s 24 23 22 21 20 19 O%% 17 16
CONNECT . [

© Trinity College Dublin, 2021 Receiyedopticalpover (dBm)
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» Single channel on direct detection very difficult due to severe chromatic dispersion and

power budget

» Use of multiple wavelengths is an option and that will need to be used, but each channel
should still deliver as much capacity as possible.

» However, one big question is whether coherent technology could be used.
» Cost has decreased over time and now we see coherent in the metro (about <$10k for a 200G Tx/Rx)

» Advantages:

» Use of 25Gbaud technology, with higher modulation formats

» Compensate dispersion (and overall equalization) through DSP

» Improve in power budget due to increase in sensitivitv

» Faster receiver tuning

D. van Veen, V. Houtsma, Strategies for
economical next-generation 50G and 100G

passive optical nhetworks. JOCN, Jan. 2020

CONNECT

Capacity [Gb/s]

4 o

100 o &

Y DP-QPSK [32] ————

50G APD —

Potential COH gain (PAM-4) [5]

..-' O @

° Simplified 25G
10 & COH APD

EIShot -noise —_(NRZ)

1= —limit

27{assumed DP-QPSK
_||at BER=1e-2

I I I
-60 -50 -40 -30 -20
Receiver Sensitivity [dBm]

© Trinity College Dublin, 2021

-10 0

80

60

40

20

/100G
COARSE ONU MODULE COST Full

coherent

50G/100G
Simplified
coherent

506G
506G
EDBNRZ EQ
10G/ 25G/ 2255‘3/ 256 ZSG l
106 106 = B
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Cost driven by the coherent receiver:

2 x polarization beam splitters (for polarization diversity)
2 x 90° optical hybrids (for phase diversity)

4 x balanced photodetectors

4 x analog-to-digital converters (ADC)

1 x local oscillator laser (LO).

Concept of coherent reception: local oscillator beats
coherently with signal to extract phase information

CONNECT

Homodyne: LO same frequency as signal and LO is frequency
stabilized

Heterodyne: LO at different frequency of LO signal and LO is
frequency stabilized

Intradyne: LO same frequency as signal but LO is free running.
Phase error is compensated for digitally

D Lavery et al., Opportunities for Optical Access Network
Transceivers Beyond OOK, JOCN, Feb. 2019.

© Trinity College Dublin, 2021
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Signal o —
'c l——
PBS =2 *
8
T A |83
o 28
. | S 0
o * L
o
= 3
8 AN |38
o U —i3
S AH of-
8
LO Laser _|PBS| T * _>
* < I—
| | T
= |
%
Full coherent receiver
Heterodyne Homodyne Intradyne
Analog optical Analog optical Digital phase
PLL + DSP PLL + DSP compensation +
(frequency - (frequency - DSP
stabilized LO) stabilized LO) (free -running LO)
High multiplicity High multiplicity Low multiplicity
=y i 0 f IF f
Optical Fiber Telecommunications Systems 38
and Networks A. 6th Edition, 2013 * IPIC
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For access networks, the idea is to reduce cost by simplifying the receiver:
* Use polarization insensitive architectures to remove the 90° optical hybrid
* (Quasi-coherent detection: use LO to improve sensitivity, but only detect envelope (not

suitable for higher-order modulation formats) Dov;vgtrjanr_,_/$1>_ > |
Ignai Vi Lo o)
 Use the same laser for LO and for upstream transmission A
e Reduce complexity of the ADC (lower resolution) TS\ Lacor
— | EAM | *

However, they suffer from reduced sensitivity, higher bandwidth and still require expensive LO.
A different approach is to maintain the complexity of the receiver (with all its benefits), but

reduce the number of electronic/digital components.
Take advantage of photonic circuit integration (exploit integration of silicon and IlI-V).

D Lavery et al., Opportunities for Optical Access Network Transceivers Beyond OOK, JOCN, Feb. 2019.

NN »
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OLT-TX(6-10,16-20,26-30,...... ,986-990,996-1000)

OLT TX (996-1000)

OLT-TX(1-5,11-15,21-25,...... ,981-985
(@
OLT TX (991-995)

DMV PHD-ZHD0S

OLT TX (11-15)

OLT TX (1-5)

O TX(14-

OLT:TX(6:

=

spuuey) ppe)

991-995)

n

DAC

High Bandwidth

OLT TX

vy

Dual-Pol.
D 1Q Mod.

0000,

C1C2 C3C4Cs

PS-QPSK, 7.5Gb/s, 30 dB
e 200 channels upstream with TDM
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1
& «—» 1:5 -1 v '
g Q ~+1Ch.DLB2B 3 ~+-DL.Ch.63
gg £ bNUs (1-5) @) %1 Ch. DL 40km (b) | ‘ -#-DL. Ch.502
04 — > ~#1000 Chs. DL w/. UL 40km 2 T : ot
g5 A l_’ Z 1000 Chs. DL wio UL 40km = i 1
g .o 12 3 i -%-DL.Ch.504
&2 —D S J 1 =2 5 - DL.Ch.938
= g° } ;
ONUs (991-995) —~4 ; i =
12.5_GHz NU -6 T T T i -5 T T T 7 {
AdA ol i 44 -2 40 38 36 -34 44 42 40 38 36 34
Uplink i | 1:5 Recei ved power (dBm) Receivedpower (dBm)
(CoLTRx1 _J}— % s s (6- \ '
£ 5 olE PN = Downstream performance
> g a = 0 -1
OLT-RX200 ODN ONUs (996-1000) @) ~+-1Ch. UL B2B ® ~-UL.Ch.4
1 ~#-1Ch. UL 40km 2 -#-UL. Ch.99
2 ~#-200 Chs. UL w/. DL 40km 2 \ UL. Ch.100
o 2 200 Chs. UL w/o DL40km =k UL.Ch.101
* 1000 individual wavelength channels downstream %‘3 %4 Ry
. -4
DP-QPSK, 5GHz spacing 10Gb/s, C band, 28dB = =
) N
-6 | -6 !
-44 -42 -40 -38 -36 34 -43 -41 -39 37 35
Recei ved power (dBm) Receivedpower (dBm)
12.5GHz spacing, DP-QPSK, 10 Gb/s, L band Upstream performance
Real-time bidirectional coherent ultra-dense TWDM-PON for 1000 ONUs. J. LI et al., Optics Express, Sept. 2018.
40
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» Coherent and multi-wavelength (tunable) are expensive (consider low
popularity of NG-PON2 for the multi-wavelength aspect)...

> ... but here we are not talking about residential services, but business 5G

(i.e., fronthaul).
»A $1-2K ONU is a fraction of a small cell deployment

» In any case much cheaper option than ptp fibre leasing..
» PtP wavelength over PON also being considered, but TWDM can be more flexible and

take advantage of statistical multiplexing

» A new issue arising with inclusion of edge computing (MEC nodes), as it
modifies the requirements on the access topology

*IPIC

COMNNECT o _
| © Trinity College Dublin, 2021
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»There is a large amount of
computation, for which you need
either external support... (cabled
device)

»Or can do without PC and cable,
sacrificing some performance

> Or wait for this...

Object recognition

...ahd offload your
computation elsewhere

[N . - = == e — ,\‘
CO: INECT © Trinity College Dublin, 2021 lPIC



There is much research happening now on removing heavy computation
altogether, i.e. offloading computation to the edge.

TRINITY
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0.8
»Example of object recognition 506 |
laptop S04 H -
- :

(( )) <o.2f H ! :

ﬁ [I4 Layers l2 Layers[_]1 Layer|

0 | N I B B B N N =

4 Q\“'ﬁﬁ\ O 0°Q¢~?2 ’*"°<'o"‘\2¢>e’{~

D
Average time: 2.537s vs. 0.191 S

'm\*

A. Galanopoulos, et al. Improving loT Analytics through Selective Edge Execution, in proc. of IEEE ICC, 2020
Average Precision

10 : 608 | 0.41 0.47 05 0.52
e A\ Ve N @ |[FToe -3
E gl uop g a0l
- Capture Image JPEG Decoding - £30 512 | 0.43 0.48 0.5 0.52
>
i v § 6 % 251
JPEG Encoding Re(c);’;?ttion £ e 20 320 | 0.42 0.44 0.45 0.45
-‘7) 4 L 'g
g 15} 256 | 0.38 0.4 0.4 0.4
Overlay Results € Send Results 2 ol ga
Q10+
N / JE | | | e 128
Client 20 40 60 80 100 5 : : ‘ ; ‘
Edge cloud Server Encoding rate(%) 200 ;t')qol tltog 500 600 25 50 75 100
. nput Size Encoding rate (%)
CONNECT A. Galanopoulos, et al. Measurement-driven Analysis of an Edge-Assisted Object Recognition System, in proc. of IEEE ICC, 2020 - IPIC
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»PONs can carry the info back to the
central office and can work for many

I [ t .
Where is Edge? Edge is Everywhere!
#
10K 1000 100
........................ (oo ceaacna Jnooananoan( Jaoesonos Telco Core/
Far Edge Near Edg Backbonk
A (CO)
1000s 100s &
........... O e
Edge Caching and servi Edge Points of Public Cloud Core
odes resence Regions/Zones
(POPs)
B H [
000 Bz b=
L OL Lo DR C IO L0 00 [@=n) Billions
...... (Yoccoonsoons( Joousgaocogs( PEECEEEREE( Bagonoc
10T/C d On-prem Retail Stor Branch
Factories Offi

&) Google Cloud

> For lower Iatencx
nodes... that’s w
invented

there are MEC

y they were

» But traffic to edge nodes requires
handling of direct end points
communications (EAST-WEST)

> This is also crucial for mobile

CONMECT runctional split

© Trinity College Dublin, 2021

Traffic direction is NORTH-SOUTH
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cloud
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Using active networks, with Ethernet switches at every splitter not a
preferred option... so

PON solutions:

extension ports neighboring
T ¢ l cluster (ODN)
L 5 1 = T OTU ONU
= | S 2
o = i s 3 =
TR =
) 9 j=2 (= 3
s | | Tl
— ;__' 7, Jr— o N 4o ONU . .
3 o ot ® —‘I ~ 5 Fully passive solution
o =& | ONU
5 l 2 ONU
il 7
ONU
S 8
extension ports
Th. Pfeiffer, “Converged heterogeneous optical % L ]
metro-access networks,” ECOC 2010, paper Tu.5.B.1 Mg s o, < ,"ﬁ - e . ] )
gy S O.-0-@- Less flexibility in direct links, more
. Y 6 @-0 ) suitable for macro to small cell
112, I K RS o . .
s ' O @4 communications
oLT :

. " -
COZ INECT © Trinity College Dublin, 2021 IPIC



Use of passive star coupler

Focused on mobile base station connectivity.
Fully passive solution, but limited scalability

J. Li and J. Chen, “Passive optical
network based mobile backhaul
enabling ultra-low latency for
communications among base
stations,” IEEE/OSA Journal of
Optical Communications and
Networking 9, 855— 863 (2017).

CONMECT

[] oLT : Passive components
obile corel
network : Central office

© Trinity College Dublin, 2021
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oIl oo
Uplink packets
back to ONU-eNB

MME
Serving GW
alved packet cort ]

C. Ranaweera, E. Wong, C. Lim,
and A. Nirmalathas, “Next

(N+1) x (N+1) generation optical-wireless
" I

star coupler |, | NB#1 converged network architectures,”

3

. = IEEE Network 26, 22—-27 (2012).
OoLT 1 oLr 2 o
Ay
Ayt Uplink wave length >
Ap: Downlink wave length Ap
_)
(_a
Ay ONU-eNB#N

Passive solution: use of additional fibre to
link splitters on same stage,

Difficult to reuse wavelengths, so some
scalability issues.
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» Fully passive components are great but limit scalability.

» Proposing use of actively controlled component (i.e., tunable optical
reflectors) can help improve scalability and control over slices.

CO-OLT Edge Fixed
From To
.Splitter—l 1) .Splitter—3 OLT Tl . .
X’u\ i P JH é <%?§ble » Example use of Fibre Bragg Gratings
62776 \‘\WPFl i i i i \':xLB)\siE WlPF? ixed | [Tunable . .
7 VL'_”I L; e |z + » Power loss going through splitter, but OK for

%r:ﬁmll E;X_id |aSt StagE.
ONUj&\_Q“nable » Higher stage splitter might need amplifier

Tx-2

Rt integrated with FBG.

Other technologies could be investigated...

ocadential  Sinall Gell ONUs e

—==> )¢ ONU : _
M s | e (g e.g., power/wavelength re-configurable splitters
<= Y, AR, AR, N, <—-2¢ |[|[Rx | |Tx

- S. Das, M. Ruffini. PON Virtualisation with EAST-WEST Communications for Low-Latency Converged Multi-
Access Edge Computing (MEC). OSA Optical Fiber Communications Conference (OFC), March 2020 -
IPIC
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»The core aspect is our virtualization technology (virtual DBA)
» Creation of dynamic slices with different group of end points.

»The MEC node can be located anywhere (at any PON end point)
‘ > EIOLT ﬁMa.croCe]l

(i)
RRU
Level-2

Splitter Cloud Edge
Processing Node

ONU Generating
Burst mode traffic
at 10.3125 Gbps Cloud

d yd \d \d
i Caai Backscattering FBG tuned at Central Office AT»A2> A3, AL >
A = 1546 nm

Level-1
Splitter

RTTRTTR
AN

EDFA with
output gain control

4—83‘ + Si‘

Vaerle optical B a vPON Slice

attenuator T - g with OLT1
Burst mode Reception, — \ c T (ol

BER measurement

E_'...-
Ridsddd B>

\v.lan[[ds Jomod

& ONU+DU

at Small cell
. = |- 5 Residential
%E%?ﬂ%l % 50% vl oo

MODMEL__Einach PN Pileenry Psbmnrt e inter-PON ONUs d ;“,/ - geb?{?entml
~ Largely unaffected by signal reflections

S. Das, F. Slyne, A. Kaszubowska and M. Ruffini. Virtualised EAST-WEST PON Architecture Supporting Low-Latency communication for Mobile

CONNECT Functional-Split Based on Multi-Access Edge Computing. OSA Journal of Optical Communications and Networking, No 10, Vol 12, October 2020 - lpl C
! © Trinity College Dublin, 2021
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» Orchestration of transparent
optical connections across the
access and metro

» Flexibility in orchestrating
computing (edge, CO and
central)

» Flexibility in serving end points
(cells and fixed users)

» Need for open optical
networks for full
programmability and flexibility

No strict latenCy

CONMECT

Macro cell

# Y

(

— o —— —

“ Optical switch ™~
{ white box fabric |

No strict latency

'y

Small cell 1

Strict latency
© Trinity College Dublin, 2021

Strict latency

Edge cloud

Small cell 2

white box fa ( .
I : : | {§torage/ computatlon\ il 1 I
I I =- - I !
} - —
: ' 1! | !
I I | I
\ I Iy ! )
S~ele e o’ PHYOLT __’_..-_,
T e SRS
\\
Strict latency: transparent bypass of cloud CO

Strict latency

3

node

Central Data Centre
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» From generic broadband service to 5G and beyond

» Open and intelligent systems
» Open optical systems
» Mininet-Optical
» Testbed experimentation

ECT . :
© Trinity College Dublin, 2021
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» With CORD, etc. the NFV paradigm was pushed down to the MAC layer of optical technologies
(e.g., in PON with the VOLTHA)..

» ..and for wireless technologies down to the physical layer (software radio implementation of LTE)

» The optical layer has also started the disaggregation process:

Multi-vendor Control, Integration, Support

Single-vendor Control, Integration, Support

S / \ ............. S / Q\ .............

i Terminal i Mux/ Mux/ i Terminal | i Terminal i Mux/ Mux/ | Terminal |
i system i demux demux | System | i _system i demux demux | System i
= / \ L §
It ' | |
a erminalLine Amp Termil | | P reminaitine Amp Terminal i
i i Amp  (LA) Amp : i E i Amp  (LA) Amp ! !
L i (TA) (TA) leecececmceee i e i (TA) (TA) e i

» What it means:
» Mix and match transponders, amplifiers, ROADMs, control loops, optical control plane ...

CONNECT »
| © Trinity College Dublin, 2021 i‘PIC



Pros:
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» Open market of component from multiple vendors brings cost down

» No vendor lock-in, faster network upgra

des

> Possibility of full integration with other control layers to achieve dynamic, fast, end-

to-end optical re-configurability and programmability

Challenges:

» Building an end-to-end analog system
» How to do end-to-end system
optimization with components whose
behavior is not well known?
» Avoid use of large margins

Optical Network

COMNNECT o :
| © Trinity College Dublin, 2021

BW Calendaring
SDN-IP

VPLS

Carrier Ethernet 2.0
L3VPN

Logically Centralized Control

ControlApps  Config Apps  Mgmt Apps 1. Optimize resource usage

2. Dynamic traffic provisioning

3. Multi-layer resiliency

Open Network Operating System

ONOS Summary

86
308

Packet Network
P
MPLS
VLAN

344

Disaggregated Transport Network
1. Reduces CAPEX & OPEX
2. Eliminates vendor lock-in

OTN - & o0 g o Allows rightsizing and
| ® e ® S o2 i 5 . g
WDM - — e = " s 9 piece-wise upgrades
Fiber switching ) o2 3 o ® s el 7@ = 9@
m— s 06 — @ b9
-t

Source: https://www.opennetworking.org
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/ P, Core Network cost variation
* Meaning of effect on margins: ) i,
100 :‘é 150%
- Effect on cost of coreand | |%
aol. regional network shown o = =S .
£ 70 to be substantial due to e L R L L o R N
a . . Regional Network cost variation
5 60| | low available margins -
o —=—10 nodes Reg#1 —— 15 Nodes Reg#1 —— 20 Nodes Reg#1
8 50+ 100% .,:\\\ — o 10 nodes Reg#2 —« 15 Nodes Reg#2 — - 20 Nodes Reg#2
é 40 § = : \\‘:‘\\\ N\ Independent Open
o E . o \\‘ Functional Line
3 30f : 53 e
a $ 0% =
20t : : oo . %
1ol | &4 Attempted paths i i | e
AA Successful paths ; \ e O = - -
O s | 1 I I
More Conservative More aggressive o Metro network cost variation against margin efosbj\y.:::w lraf—ﬁyce:e'dods —
. h' . ) ' . Effect on metro though is g — |
. .. : ndependen Open
X axis: how conservative are the margins negllglble, as the metro % ,: Functional Line
Alan A. Diaz-Montiel et al. Performance Analysis of QoT Estimator in SDN- . -
Controlled ROADM Networks. Proc. of Optical Network Design and Modeling has Iarger margins =k °P§:sf:;°s
conference (ONDM), May 2018 e = =S |

Source: M. Bleanger, M, O’Sullivan and P, Littlewood. Margin requirement of disaggregating the lgngM
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ROADM5

WSS
drop

ROADM1  70km VOA ROADM?2 70km ROADM3 70km ROADM4
WSS — WSS | WSS H - WSS [ WSS | — WSS F— | WSS
add drop| add drop| add drop| add
1X4 90-channel W. Mo, et al., Deep Neural Network Based Wavelength Selection and Switching in ROADM Systems. JOCN Vol. 10, No 10, 2018.
Coupler Comb Source
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Deep learning (left) shown to accurately predict optical signal power which is

main determinant of signal quality,
© Trinity College Dublin, 2021
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Using gradient descent on input parameters of

QoT prediction using random forest ML algorithm , _
QoT tool to reduce uncertainty on margins.

Dependency on training set size

09 z 227 0.3 T
o 08 / épé .".. ’
507 / == - 90000 0.2 - - Without learming
7 v :
;é gg - ——— 10000 ‘_>_,~ 0.1 ‘-—Wlth learning
o (I === 1000 = 0.2 -
So03 0,/ == 100 g AP=0dB
= )
or ] o - . NF_ =6dB
.0 T e Dummy 8 0 = ol
0 010.203040506070809 1 o 'N. =600
False Positive Rate y d
Relevance of different features N
CONSIDERED FEATURE SUBSETS 1 2
S1 S2 S3 S4 S5 S6 S7 SNR error (dB)
Number of links v v v/
Lightpath length v v Vv Vv VvV V
I’Een?gh OfllongESt link ; ; 5 4 v / Source: E. Seve, et al. Learning process for reducing uncertainties on network
rarnc volume . .
Modulation format J v A parameters and design margins. OFC 2017.
Guardband, modulation format, v
and traffic volume of nearest left
and right neighbor

Source: C. Rottondi, et al. Machine-learning method for quality of transmission

prediction of unestablished lightpaths. JOCN Vol. 10, No. 2, Feb. 2018

> There are still issues:

» Scalability for large network systems need to be addressed, black box
ML not a good option

CONNECT

© Trinity College Dublin, 2021

» Data collection, storage and sharing is still the main problem
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Real network infrastructure is bestl!... but

1) Only available to operators (or large vendor/ service provider)
» Private network, only usable by owner
»|If large scale, then part of production network, so very limited research/test
»If dedicated just for experiments then it’s typically of limited size

2) | can use public (academic) experimental academic infrastructure
e i.e., COSMOS (NY-US), Openlreland (Dublin)

Small cells iz
ORAN 7.2 split N/
om
x outdoor R
34— SGPZ“?anggl =
HEAnet
Internet

mall cells Optical fibre
Fully flexible .. Labs fiber to 6-Cells indoor switch:
frontend

UUUUU

enStac
1

[server |

[ server |

1 [Tserver |
Time Sensitive Ethernét

erver
| Berers  exsenvers

COMNNECT - :
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» We have created Mininet-Optical: an SDN emulator that uses Mininet and
additional physical layer optical simulation to emulate optical devices, such as
ROADMs, amplifiers, transceivers, fibre propagation (including nonlinearities), etc.

SDN an R B &
Controller | DBM | RWA QoT-E [ sBI | =
» Now you can test an 2
/ Mininet-Optical 18

SDN control plane also 2

~
=16

1 H H ical networ ' P SDN

on optical devices (i.e., (ROADMs Tramseotvors, Tore spane, EOFAS, MM (RCates: rancoovers pive | convolaP) | 1A
S 14

20

Emulated packet network

O N OS) O n I a rge S Ca I e tra:';):iis?ion f;f.igf{f;ﬂu'ii Python API CcLI (packet switches, 12
simulation propagation Ethernet links, hosts)
networks

OPMs) I spans, EDFAs, OPMs) (OpenFlow)

Networking subsystems:
network namespaces (netns), Open vSwitch (OvS), virtual ethernet (veth), 8
traffic control (tc), network emulation (netem)

Mininet-Optical \
w— Mininct-Optical SRS-CHI \
®* = ¢ Mininet-Optical SRS-C1145 \
w== +  Mininet-Optical SRS-CH%0 \
— ()OPT-GNPy s

$ 6 4 2 0 2 4 6 8
Launch power levels

z | - B.Llantz, et al. SDN-controlled Dynamic Front-haul Provisioning, Emulated on Hardware and
t Virtual COSMOS Optical x-Haul Testbeds. To appear in OFC, June 2021.

OFC 2021.

Terminal ROADM ROADM  Terminal

CONMECT
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A. Diaz-Montiel, A. Bhardwaj, B. Lantz, J. Yu, A.N. Quraishy, D. Kilper and M. Ruffini. Real-Time
Control Plane Operations for gOSNR QoT Estimation through OSNR Monitoring. To appear in
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@ @r ROADM o=

6x80km span
\_ 480km " 15 ROADM nodes

_/

» Loading channels on a 90-wavelength transmission system.

» The unknown EDFA wavelength dependent gain causes errors on the QoT estimation algorithm.
» The controller can use OPM to correct the estimation error

m—NM-10% 0O M-10%
NM-30% M-30% 3.0
m—"NM-90% <> M-90%

m=NM-10% [0 M-10%
NM-30% M-30%
» Controller’s QoT estimation considers nonlinear effects 25 T O e
and EDFA noise, but not the wavelength-dependent gain

» The estimation error on the worst channel can be up to

3 dB.
» Adding monitoring every 7 amplifiers can reset the

estimation error, keeping it below 1 dB for most of the >
gath 0.0/

4 3% & s 70 &t 5 I 14 28 4 56 70 84 98
Montiel, B. Lantz, J. Yu, D. Kilper and M. Ruffini. Real-Time QoT Estimation through SDN Control Amplifiers Amplifiers
Plane Monitoring Evaluated in Mininet-Optical. IEEE Photonics Technology Letters, April 2021

N "~ Sequential channel loading Random channel Ioadm
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Bob Lantz, Alan A. Diaz-Montiel, Jiakai Yu, Christian Rios, Marco Ruffini,
Dan Kilper. Demonstration of Software-Defined Packet-Optical Network
Emulation with Mininet-Optical and ONOS. OFC 2020.
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OPTICAL CONNECTIONS
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» Creating system of 6 ROADM nodes and in line amplifiers

» ONOS monitoring OSNR at given points (OPMs)

» Simulating EDFA failure: sudden reduction of OSNR across group pf

channels

» ONOS operating failure recovery through traffic rerouting

Fig. 3: Controller monitors OSNR (solid) and

gOSNR (open) of all channels entering POP-4 (via
POP-2) during the initial transmission
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1537.2

SDN CONTROLLER (ONOS)

REST I MONITORING: FAILURE DETECTED
@ 7 @

Fig. 4: Faulty EDFA degrades CG-1 and CG-2; controller
observes low monitored gOSNR for signals entering POP-4
(via POP-2)
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Fig. 5: Controller re-routes CG-1 and CG-2,
resulting in high monitored gOSNR for signals
entering POP-5 (via POP-3)

o°
2401 o
o
o
2238
2
g
%23,6
0]
2341 00 5
o o
06600
232
1529.6 15312 15332 15352 15372 1539.2

Wavelength index [nm]

*IPIC



Emulation platforms like Mininet-Optical are complementary

to testbed

Provide a "sandbox” for testing control plane application

in “home” environment before migrating to testbed

Testing control planes over much larger topologies

==> Emulation and testbed can be used side-by-side to

develop and test both accuracy and scalability of control
planes for disaggregated optical networks!

Radio and Optical
Communications
Laboratory

- Indoor-outdoor wireles:
- Optical metro: 2000 km
of fibre transmission
- Network virtualization
and edge cloud

CONNECT N _
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COSMIC: COSMOS
international connectivity
(Europe, Brazil, Japan...)

! Fiber Testbed

Wavelength Testbed
~ Radio Testbed Fiber Spools  Rut
ﬁ PEERING router + Layer 2/3 Testbed

& L2/3 testbed —— layer2/3
llData Center === Layer 1, Dark Fiber"._

- Network virtualization

eiseed

TYRTTY

iz a0l 2
ol DCU
Radio and Optical

- Indoor-outdoor wireles: e Communications
- Optical metro: 2000 kmig*=":

Laboratory
of fibre transmission

and edge cloud

‘Manhattan— -
New Jers.e%

RARE @UFES
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Openlreland offers fully reconfigurable

topology including:

» Metro transmission (ROADMs,
Coherent transponders, amplified
links ~2000km, channel loading)

» SDR Wireless, including laboratory
USRPs and OpenRAN indoor and
outdoor small cells)

» Edge computing and networking
(including P4, etc.)

> Key feature: only based on open
systems and open source!

BRINGING PHOTONICS 10 LIFE
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» Ubiquitous fibre connectivity with flexible topology will be instrumental for the growth
of 5G and beyond
» PON can provide low-cost access, but more work required for low latency, mesh
topology, etc.
» ... and more study required for seamless integration into city environment

TIP - Connected City Infrastructure,
chaired by CONNECT and Dublin
City Council

nched
Asset:

» Open systems are key to boost flexibility through programmability!
» Open Source is key to enable wide access to technology for research and testing
> ... together with availability of open testbeds and emulation tools

» What’s next? Time to start putting more emphasis on quantum communications??

C ] -
COZ INECT © Trinity College Dublin, 2021 lPIC



‘ % Colaiste na Trionédide, Baile Atha Cliz:
The University of Dublin

/ A World Leading SFI Research Centre "?% & Tl‘ll‘llty COllege Dubli

CONNECT

{ Centre for Future Networks

Thank you

Prof. Marco Ruffini
Dept. Computer Science and Statistics, Trinity College Dublin
CONNECT and IPIC research centres

OSA 5G webinar series, 24th May 2021
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