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OVERVIEW

« Scope & Consortium of FLEX-SCALE project

* Evolving Network Requirements

- 6G traffic expectations

- 6G x-haul requirements

 Main Innovation Areas & KPIs

- Multi-Tbps transceivers & Multi-Pbps switches

- SDN Control & streaming telemetry
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EC-FUNDED PROJECT FLEX-SCALE SCOPE: 6G OPTICAL MID/BACK-HAUL

» FLEX-SCALE consortium develops innovations that will enable flexible capacity

scaling of 6G x-haul networks, while ensuring security and reducing costs & energy

consumption per packet-flows, by utilizing:

>

>
>
>

Optoelectronic interfaces of line-systems to scale to 210 Tb/s,

Network link capacities to scale 21 Pb/s by utilizing UWB/SDM multiplexing schemes

Optical switching node capacities to scale to ~tens Pb/s

SDN automation of packet-optical x-haul network operation
Edge computing

Core computing
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IMT-2023 USE-CASES FAMILIES & CAPABILITIES

(a) Use-Case Categories (IMT-2030)

Legend:

= New Capability
&= Enhanced Capability

Integrated
Sensing &
Communication

Massive
Communication

Immersive

Communication

Ubiquitous
Connectivity

Al &
Communication

Hyper Reliable
& Low-Latency
Communication

(b) Capabilities of (IMT-2030)

Legend:

[> New Capabilities
of (IMT-2030)

> Enhanced Capabilities
of (IMT-2030)

Flexibly Scalable Energy Efficient Networking

The vision for the upcoming 6G networks,
as outlined by ITU-R, defines the overall
objectives, capabilities and expected
applications of the “International Mobile
Telecommunications for 2030” (IMT-2030)

IMT-2030 encompasses the development
of three new categories of use cases
(Ubiquitous Connectivity, Al and
Communication, Integrated Sensing and
Communications), together with three
evolved categories from IMT-2020 (eMBB
— Immersive Communication, mMMTC —
Massive Communication, uRLLC — Hyper
Reliable & Low-Latency Communication)

IMT-2030 advances the capabilities
specified by IMT-2020 and introduces new
capabilities related e.g. with Al & sensing

www.6G-flexscale.eu
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BOTH WIRELESS & FIXED NETWORKS EVOLVE IN PARALLEL AND ARE
CONVERGING TOWARDS 6G NETWORKS

Wireless 1G 2G 3G 4G

()
A

Wireless Access

l N Now

e-leEl\ e @

Wireline
Geaeration  F1G F2G F3G F4G F5G
i T Web Video 4K UHD CloudVR
chnalogic FOISSZ800a  ADS_+10GA VOSL440GIA GPON=100GIA 10G PON+ WIFI6+200/400G G/A +OTN+OXC

o The development of the wireless and wireline telecom generations followed a different path up
to the 5t generation when the two started being closer interrelated

o The term “5G” refers to the fifth generation of wireless networks
o The term “F5G” refers to the fifth generation of wireline networks

o This evolving convergence of fixed/wireless infrastructures, alongside with computing, storage
and sensing infrastructures will give rise to “6G” networks

REF: “A Vision of 6th Generation of Fixed Networks (F6G): Challenges

TR and Proposed Directions”, D Uzunidis, ..., |. Tomkos, 2023
RS Flexibly Scalable Energy Efficient Networking
FLEX SCALE
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ESG/6G FRONTHAUL NETWORK TRAFFIC

|  Distributed | [ Partly Distributed | [ Partially Centralized | | Centralized |

S0886868 68 8 O

Functions
RRC pocp I High W Low High B Low High RE
| RLC J RLC MAC B MAC PHY
Split options 1 2 3 4 5 6 7.3 7.2 7.1 8
bt | : —= t ' ‘
56: 100 MHz, 64/256 QAM (UL/DL), 8 layers .
Parameters 6G: 400 MMz - 1GHz , 256/256 QAM - 256/1024 QAM (UL/OL), 8-16 layers . 26263 643-0172: ;MQM;:./
; I . 8~ 307.2Msamples/s
DL4Gbos | DL:4.016Gbps DL: 4Gbps DL:4.133Gbps Ol 13.2Gbes [ 222086095 : DL 86.136Gbps  DL:157.29Gbps
reference 5G UL3Gbps | UL 3.024Gbps - UL: 3Gbps B UL:5.640Gbps | DU 1320595 B 1n:21.624Gops | uL:86.096Gbps UL 157.29Gbps
10ms | 1.510ms 3 100us g 250us NPT IR | 250us | 250us 250us
: DL:16Gbos | DL:16.016Gbps - e DL: 16Gbps 2 OL:16.53Gbps | | OL: 86.716bps | DL:688.25Gbps  DL: 1.25Tbps
6G basic UL:16Gbps | UL:16.024 Gbps 3 UL: 16Gbps 3 UL:30.08Gbps : DL 504Gbos B . g6 13Gbps | UL:688.21Gbps  UL: 1.25Tbps
| DL:100Gbps | DL:100.02Gbps : ; | DL:100Gbps ; OL:103.02Gbps |  DL:430.78Gbps : DL: 3.44Tbps DL: 6.29Tbps
6G advanced UL:80Gbps | UL:80.024 Gbps UL: B0Gbps UL 150.04Gbps: U 310-80GBAY 1. 430.20Gbps UL: 3.44Tbps UL: 6.29Tbps

|

CU/DU Low layer split
CU/DU/RU 1 |
partition High Layer Split
Double Split

» There are tremendous anticipated future traffic requirements
expected to arise due to the emerging new use-cases/applications!

Flexibly Scalable Energy Efficient Networking
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ESG/6G BACKBONE/ACCESS TRANSPORT NETWORK KPIS

FLEX-SCALE targets

Tareet KPI Current Short term evo Mid-tern: evo Long-terr evo
g (2020) (2025) (2028) (PLED)
o Spectrum 5THz 15THz 30THz 50THz ¢
é Port speed 400Gb/s 1.6Th/s ° 3.2Th/s 6.4Th/s
E Bandwidth <75GHz <300GHz <600GHz <1200GHz
,4 - )
g Line capacity 25Th/s 200Th/s I 600Th/s 1.5Pb/s
Node capacity 150Tb/s 1.2Tb/s . 3.6Pb/s 9Pb/s
PON speeds 10Gb/s 50Gb/s 100Gb/s >200Gb/s
P User data rate ~100Mb/s ~1Gb/s >2.5Gb/s >5Gb/s
g (consumer) -
Q
< User data rate ~1Gb/s ~10Gb/s >25Gb/s >50Gb/s
(business) ‘
Latency <1ms <0.1ms <0.01ms <0.001 ms
. 100% .
Power consumption . 40% 30% 20%
(baseline) \
Service provisioning Hour Minute Second < Second v
Operator *
. Intent-based : . o
Net k t trolled ) Self- Self-opt
etwork operations con ro. ed, proactive e &gnosmg elf-optimjzing
reactive 'S P
s

e Optical transport requirements roadmap developed by EC’s
NetWorld2020 Strategic Research and Innovation Agenda 2021

Flexibly Scalable Energy Efficient Networking
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FLEX-SCALE DEVELOPS SIGNIFICANT CAPABILITIES
FOR THE 6G NETWORKS X-HAUL

/A DatacentersiCloudified Processing  ieeeeesmeecanea S0 T p The 6G networks segments span
' s ol cmesking Applcstion Servers. | from the wireless access (radio +
1 (= achines 1 . .
1 ) «~— O @)U:‘CUCNmnmmns @ DUICUICN functions '\ vmmch 1 optical) to the IP/optical x-haul and
I () I
: ((A))) Userlend processing level _Far edge Computing Level Near edge Computing Level Cloud Processing Level -h— : the core.
1 (@) - E X-haul :
LA Fronthaul DU Midhaul cu Backhaul  Core Network : » The desired operatlon of the
S— ~ - ~ - - - S ! network infrastructure is enabled by
5 CU/DU?-{U pamtlonln,g X . ' " " t - Y a number of Network Functions
'“8 e . L z L 1 L : & (NFs; VNFs & CNFs) that realize
167.1€ — A . [ — 1 1 1 1 7 I
152 ¢ L — ; -— 1 the required intelligent and highl
122 | i i - e —— i L i q g ghly
152 e o s [ c_o.l,plem- _____ o . L : performing connectivity among a
! RE 1| vLow-PHY |t High-PHY [1] Low-mac |If High-mac 1| Lowrie i HighRLC l PDCP -: RRC :' myriad of end-user wireless
“ £ 4 3 = ‘ devices
ST EEEELTTTERTEREEEREEE PSP PupSp—— ppp——— —p—p———— p—p——— ==T=TTEEEEL” Vi .
.
C Control Plane AN
:' | Service Management and Orchestration (SMO) | : > The SMO ContrOI and Management
! I ] il I i & Orchestration planes provides the
' - — Non et = Tatenrameaat] N : intelligence to orchestrate the entire
: ompute Inferiace Time (RIC) Interface CN Interface i network operation, according to the
! \ : SDN & NFVO concepts.
| I Packet-Optical X-haul | !
Edge-Cloud x 7 x acket-pucal A-nau } 1 )
: computing | 'RAN Ineligent Controller } | "SoNorenesator_| Coelletiok @0 | 1 »  NFs should be flexibly deployed
i Controller (RIC) . | i across a horizontally disaggregated
' | ‘ Optical Xhaul ’ Packet Xhaul 1 ’
: SDN coniroller J{ SON contoler ) } cloudified and virtualized optical-
. — S wireless network infrastructure
=--III---II-.--II-.---I----II..-I-II--I--I---I-I---II-----III--I-~ COﬂSlStlng of dIStrIbUted datacenters
d DataPlane - S e = * -t —— where computing and signal

processing is performed

REF: I. Tomkos et.al., “The X-factor of 6G Networks”
IEEE IT Professional Magazine, 2024
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FLEX-SCALE REFERENCE NETWORK ARCHITECTURE

» 6G Traffic aggregation at different network segments

Access CO Access CO

ﬁm:@gm@
— $= Amuc:T mnmc-don
"% ®: 0 4

- ....................
OXC for full fibre switching 9 Band transponder
‘wh Waveband Selective Switch e CPU
Intraband OXC BBU Broadband Baseband Unit
% Router
ou—
— DWDM transponder
S
= Band transponder

Flexibly Scalable Energy Efficient Networking
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NATIONAL REFERENCE NETWORK TOPOLOGY
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FLEX-SCALE NETWORK DESIGN - QUESTIONS TO ADDRESS

. Transceiver Network Number of Possible
QueStlons parameters Topology  bands, fibers Answers

Node Fiber
Optical Transceiver Parameters  Parameters Sl N e
Power, MF, Baud rate, power
consumption, number of
elements (e.g. MZMs) ?
EVM, BER, SNR ?

What are the main parameters, BoM,
cost, power efficiency of the transceiver?
What is the key performance metric?

Network Simulator
Optical Node Optical Node
What are the main parameters, BoM, ‘ Loss, amplification gain,
cost, power efficiency of the node? Impact of filters in terms of
What is the key performance metric? Power penalty, ... ?

Network Topology
Will we use one network topology?
Will we use realistic parameters,
e.g. amplification span distances,
traffic matrices?

Network Topology
?

Fiber Parameters
?

Network control
?

Cost Capacity

Blocking Energy
Consumption

Flexibly Scalable Energy Efficient Networking
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EVOLUTION OF CAPACITY
PER CHANNEL AND PER FIBER

10 Tb/s
- 1 Tb/s capacity per channel
= 1Tbis -2
o 2
g T, 7 Decade: 2" Decade: 3 Decade: 4™ Decade: X3
] 100 Gb/s 4
c 5t Decade:
o & Pr:)aab:listic
E 2 10 Gb/s - Shaping 8-QAM
'6 2 NRZ
oo
o O  1Gbis- i
c Probabilistic
E Shaping 16-QAM
- 100 Mb/s -
L 2 DPSK DQPSK ® : ’
10 Mbls : ! : | . L Xwol  ¥pol '\'\\} ! Ref: “Fifty Years of Fixed Optical Networks

Evolution: A Survey of Architectural and
Technological Developments in a Layered

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

3 .y .

_ 10,000,000 & m| Approach”, D Uzunidis, M Logothetis, A Stavdas,
8_ 1,000,000 - ™ D Hillerkuss, | Tomkos; Telecom Journal, 2022
> 100 Tb/s capacity limit for optical transmission technologies A

= 100,000 A

[T 1t Decade: 24 Decade: 3 Decade: g N A A A

© | o Ar850nm o A 1300/1550 nm o A 1550 nm

S 'y 10,000 | . = 5w o Ry 10 Gb/s o Ry 40 Gb/s . A A 5" Decade:

© ~ o Nch: 1 o Nceh: 1 o Nch: 40 [ | A A o A 1500/1550/1600 nm

0 1000 | © Fiber MMF o Fiber: SMF, DSF, [ B
- A o R, upto 800 Gb/s
0 O o Tr. Reach: 10 km DFF o Nch: 100+
C o MF: 00K o Tr. Reach: 100 km Fi -
. o Fiber: SMF
0O 100 1 ° Key Tech.. Introduction o MF: 00K = A o Tr. Reach: >4000 km
_(7) Q of Optical Fiber o gz}é,:l;ech.. new 4™ Decade: o MF: Propab. Sh apiﬁg
0 o A 1550/1600 nm o Key Tech.: expansion of

N = 10 - | A . coherent reception,
L A o R, 100 Gb/s ;

E > | A Fiber: SWF. DSF. DFF | © Noh: 80 flexgrid, DSP, Propab.

1 - A o Tr Reach. 1000 km o Eiber: SME Shaping

] © MF: DPSK DQPSK o Tr. Reach: 4000 km

c g Kev Tech - WDM o MF: PM-QAM H Research

© 0.1 - opf‘l{cal arr'ibliﬂers,and a_Key T?Ch"' full C-I?and A Commercial

| S8 ] A DCMs. new fibers amplifiers, dynamic
- advanced MFs optical switching

0.01 T T T T T T T T

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

./'fé‘v\\\

=i
FLEX-SCALE
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THE “HOLLY-GRAIL” TRX: SINGLE-A FIBER 1I/0 TRANSCEIVERS
ENABLING 1.6TBPS AND 3.2TBPS

 Utilizing parallelism in the Spectral or/and Spatial domains is an obvious choice to scale the
CAPACITY of line-systems and networks

« However, the “Holly-Grail” of the Ethernet Alliance and other industrial associations and
companies is a single-A single-fiber I/0O TRx that offers the highest capacity

* New cost/energy-efficient Coherent TRx solutions are sought to support this evolution

Capacity of a single A- transceivers %
10000 3200
1000 \ o
» A cost/energy efficient
Q and scalable Tx solution
o 100 is developed by FLEX-
o SCALE project, offering
10 today 3.2Tbps using

commercial components

1995 1999 2003 2007 2011 2015 2019 2023 2027 2030
Year

/@%\ " = = .
(T Flexibly Scalable Energy Efficient Networking www.6G-flexscale.eu 14
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ISSUES WITH TODAY’S DSP-BASED
OPTICAL TRANSCEIVERS (TRX)

Transmittod bit Soquence

010011100011+ -+ Rocoived bit $0quenco
Optical transmitior # Optical rocedvor 010011100011+« -
Eror cotrecton T
~ Symbol
Symbal mapping - Eerce m«mm
I DSP block for .
| Training seq. insertion | constellation — g
X shaping a3 |
e » I Up-samping I =g . Tomnzaton m- g
Digitad signal 1 . Digital sgnal I & OQUARZATON I
PEOCcOssSing [ Wavetoem shapins | PeOCOSSIng R
l OALMANON And COMOOAENICN
or -
| eoquiizaten | l Frone ¢ad Creot Coe1octon I
Yy VvV Vv Vv DSP block for
DAC [OAC[DACOAC componsation of +T—r 4+ 4
o exay | o o) opticalfrequency anc [ aoc ] acc [ aoc
€7 €7 responso of LUN K ON e
Y'Y s ey N G .
, modulo | 870 | 820 | BPD | &40 |
oA lanor 11 11
Ol-pot ) p:‘ Ogpeca
g MUX p{pas > '350
Ay . Ce [ —_—.
(Vi ) o B
P Mmtea
Polarization meftiploxod
transmates LD for
S0cal oscilatoe
ADC: analog-to-cigitad convortor DSP: digital signal peocessor MUX: multiploxos
BPD: balanced photo dotector 1Q: in-phase and quadrature PBS: polanzation boam spiater
DAC: digtal-10-andiog convener LD: laser dhodo Pol: polarizasion

« DSP enables tremendous performance improvements by reducing the deleterious impact
of optical transmission and switching related impairments, but has also tremendous
negative impacts in power consumption and cost

« Some network segments (e.g. access and intra-datacenter) cannot afford the high

Flexibly Scalable Energy Efficient Networking

FLEX-SCAL
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WHAT’S NEXT IN LINE-SYSTEM CAPACITY GROWTH? —
UWB

» Ultra-Wide-band (UWB) WDM transmission systems promise to multiply

the link capacity by a factor of 5-10, compared to extended/super C-band
systems and C+L band systems that are commercially available)

100
50

Attenuation (dB/km)

01
0.05

0.01

I I

Rayleigh
scattering

I I

Ultraviolet
absorption

Experimental —

|

' I
ON E

S@LU

Infrared p
absorption /7

Waveguide
Imperfections /

: [

> <8 | 1

1200

1400 1600

Wavelength (nm)

» Developments are required with respect to all system elements in order to enable UWB

transmission systems
Transceivers
Amplifiers/Pumps
WSSs/ROADMs

oy

FLEX SCALE

Wideband
T

O 6 THz Super C-Band =9
o— 4.8 THz Extended C-Band —e

e 4 THz C-Band ——e

- ©

Multi-port
wideband
MUX

!—ﬁ

Drop Add

Wideband WSS
ROADM

Wideband
Amplifier

ﬁ/ /\QKLQ(N}
\ FLEX-SCALE *

On-going debate: multi-fiber or multi-band systems?

REF: “Investigation of mid-term network migration
scenarios comparing multi-band and multi-fiber
deployments”, B Shariati, PS Khodashenas, JM Rivas-
Moscoso, S Ben-Ezra, D Klonidis, I. Tomkos, OFC 2016

Flexibly Scalable Energy Efficient Networking

Multi-port
wideband
DEMUX

s L1

Wideband
Rx
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WHAT’S NEXT IN LINE-SYSTEM CAPACITY GROWTH? —
SDM

» Efficient use of the space-domain requires development of new fibers and
components that can support “space-division-multiplexing” (SDM).

» Essentially integration of parallel systems.

~FxPHE-~, RXPHC-~,
MCF/FMF/

Bundle of SMF

MC/FM EDFA/
........... EDFA array Seooootee

500-1500 km
SDM node (ROADM function)

=) a{ﬂllﬁ%

]
]
]
]
]
]
]
1
]
]
]
]
]
]
’

PN
e ”

G T T T (Amplification function) REF: “Optical switching in future fiber-optic networks
a) Using multiple conventional fibers SDM integrated utilizing spectral and spatial degrees of freedom”, DM
@ - ) optlcal transceiver Marom, Y Miyamoto, DT Neilson, and | Tomkos,
@ ) - WDM device Proceedings of the IEEE 110 (11), 1835-1852

b) MCF (multiplexing cores in single fiber)

: SDM connected device
(When using MCF FIFO: fan-in/fan-out)

i

~

.-Q

¢) MMF (multiplexing of multiple modes) : SDM connecters

. - SDM/WDM optical switch device
lA’VA

(Wd Flexibly Scalable Energy Efficient Networking
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FLEX-SCALE INNOVATION AREA-1:
SCALING OPTICAL BACK-HAUL VIA SDM & UWB APPROACHES

» In future 6G networks, the required x- —
haul link capacities and switching Ultimate target:
nodes throughput are expected to maximize total
exceed in the future 10 Pbit/s and 100 capacity per link =
Pbit/s, respectively. S.E. xN_, xR,

Total number
of channels =
N_, x S.E.

il

» Novel UWB and SDM multiplexing
approaches are promising approaches
to scale not only the total system s.E.“I "

capacity, but also the optical network
node throughput.

v e -
.. - g o8 " - ot .

» FLEX SCALE utilizes novel
transmission and switching related
innovations relying on UWB/SDM to
efficiently utilize all available capacity
scaling approaches, while also
contributing to significant reductions in
the power consumption of the entire
network. Bit Rate per Channel R,

ST

S\ . . .
T Flexibly Scalable Energy Efficient Networking www.6G-flexscale.eu 18
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FLEX-SCALE INNOVATION AREA-2: ULTRA-HIGH-SPEED, ENERGY-
EFFICIENT, FLEXIBLY PROGRAMMABLE TRANSCEIVERS

» FLEX-SCALE targets to achieve the next generation

transceivers characteristics (beyond 1.6Tbps)

» This transmitter architecture can realize with today’s
commercially available electronics/photonics components
(MZMs & PAM drivers), bit-rate scalability at multiples of

what the conventional/alternative approaches can offer

» |t can offer today 1.6Tbps with PAM-2/4 electronic drivers

while it achieves high enerqgy-efficiency per bit and

enormous improvements in EVM.

CcwW
in

tunable
1:S

Splitter

_high-order

.* MZM #1 oPAM out

MZM #2 tunable
S:1

Combiner

to AIC

S

V outputsV

>

» Key aspect of 0-DACTx:

Algorithmic
Intelligence
Controller (AIC)

U led For every path/MZM -
ncoupled added, we add 1 - bit to
PAM2 (NRZ) drivers the constellation format

bits in

1000

10000

a
o 100
O
10

1

Capacity of a single A- transceivers %
ciena 320'0
1600

800 - 1200

1995 1999 2003 2007 2011 2015 2019 2023 2027 2030

Year
256-QAM constellations
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$E ¥ R R A E ARG e SRR X X X X & % % % » & % X X X X X
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Conventional Tx Vs 0-DAC based Tx

REF: “Accurate power-efficient format-scalable multi-parallel optical
TR dlgltal -to-analogue conversion”, M Nazarathy, | Tomkos, Photonics, 2021
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FLEX-SCALE INNOVATION AREA-3:
MULTI-GRANULAR OPTICAL NODE ARCHITECTURE

» The FLEX-SCALE Optical Switching
Node architecture is based on a novel Fivers
Multi-Granular architecture (MG-ON) ;
and a new switching subsystem that
can realize reconfigurable WaveBand-

Dynamic traffic
oy managementat Band
out level
+
Express (direct) fibre
and Band routing

Selective Switching (WBSS), in addition =:
to Spatial (i.e. fibers) and Spectral (i.e. \ -
wavelengths) Lanes switching using = @ =
enhanced Optical Xross Connects granulriy {3
(OXCs) and Wavelength Selective e D
; ; Band-Rx e {Band-TX Band add/drop
Switching (WSS) e = oG
IBand-ka; <{Band-Tx| s
[Band-Rx+- e [BandT¥
[Band-Rxj¢— <{Band-Tx|

» The WBSS is implemented as a 2
compact programmable and rapidly | |
reconfigurable PIC that is capable of & Intra-band i Legacy DWDM
dynamically processing the entire UWB ~\ -@ orerclans gB ) traffic handled by
WDM optical spectrum and as _@ %B an OXC and WSSs
demanded dynamically carve portions of ><
the spectrum into flexibly-defined, . e
continuous and flat spectral bands,
which are subsequently switched to
multiple output ports.
Flexibly Scalable Energy Effici [Einglech.Tx}~ {Single ch. Rx]
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MG-ON THROUGHPUT SCALING TO +10 PB/S

» Net-throughput of the MG-ON for various number of directions (D) of the node and for different number of spatial
lanes per direction (S) is depicted at the figure (assuming on Band-TRxs of SE=10bit/s/Hz, also developed in
FLEX-SCALE, resulting in 0.2 Pb/s throughput per fibre: a) small (D=3, 4), b) medium (D=5, 6) and c) large-scale
node (D=7), for four different numbers of spatial lanes per direction (S=2, 4, 6, 8).

» 10 Pb/s is achieved with 1x34 and 34x1 WBSSs and a 164x164 Inter-OXC (for D=5 and S=8)

MG-ON throughput with WBSS and Inter OXC dimensions for various Spatial Lanes and Directions
(WBSS SLC, WBSS A/D band output ports = 2 and SE = 10 (bits/s)/Hz )

150 Kc =45%, KI =35% |
14 - -*-MG-ON with 2 Spatial Lanes per Direction .- WBSS 1x50 / 50x1 I |
13 -*-MG-ON with 4 Spatial Lanes per Direction e InterOXC 231x231 |
w12f MG-ON w!th 6 Spat!al Lanes per D!rect!on ,,——'*WI‘BSS 52 7 494
g 11 -*-MG-ON with 8 Spatial Lanes per Direction __.-- InterOXC 198x198
=10 Targeted 10 Pb/s throughput of MG-ON .-~~~ WBSS 1x38 / 38x1
5 -~ "WBSS Tx34 7 34x1 - InterOXC 173x173
o 9l Y InterOXC 164x164
< s WBSS 1x32 / 32x1
2 gl e InterOXC 149x149
S __--~*WBSS 1x26 / 26x1
= 7L O InterOXC 132x132 WBSS 1x26 / 26x1 e
< T InterOXC 123x123 ~____.---"" WBSS 1x26 / 26x1
> 6l—#a D InterOXC 116x116
WBSS 1x18 / 18x1 WBSS 1x20/20x1 .- -- -~ *WBSS 1x22 / 22x1
o, 5 InterOXC 99x99 InterOXC 99x99 e InterOXC 99x99
@ O LT T - WBSS 1x18 / 18x1
S 4L WBSSIx14/14x1 _ o--c-" InterOXC 82x82 ‘
nter X xS - == e v - -~ = *WBSS 1x14 / 14x1 b
_____ nter X me = —imio =l =S S X X .
W oo RO OO L ity Anaiysis and Switching.
______________ X X er X 1 HH H H H
2+ *v%%éi'é?%i _____ *YVtBSSX1C)3(832 o WBso o n Scalability Analysis and Switching
o X X nter X i i-
1 e Hardware Requirements for a Noyel Multi
0o— : : : : Granular SDM/UWB 10 Pbps Optical
3 4 S 6 7 Node,” ECOC 2023, Glasgow, 2023.

Number of MG-ON Directions
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FLEX-SCALE INNOVATION AREA-4:
WAVEBAND-SELECTIVE SWITCH ON A CHIP

» Internal structure of WaveBand
Selective Switch (WBSS),
comprising adaptive filtering
stages followed by spatial
crossbar switch to output fibre
ports.

The WaveBand-selective
switch (WBSS) is based on
photonic integrated FIR filters,
implemented using
programmable photonics, that
are dynamically adjusting their
passbands to carve out

disjoint, flexible spectral bands.

» Output port scale-up is
implemented using a 4xN
crossbar switch
implemented also with
Mach-Zehnder modulators.

FLEX SCALE

First-order-lattice-type-filter-of-concatenated-MZI-like Structure

=S Atbl (:) Ad’z (:) A(ba S
K, K, Ks Ka

Crossbar Switch

i Flexible Bands (inputs) 4 x N (outputs)

Output#1 .
Flexible Bands P

“#rr7  (Filtered) |
L-Band (wider- N
spectrum) Adaptive o BAND-1
Output # 2
. Adaptive <«»<-> FIR Lattice )
Ultra-Wideband ; H’ m Filter-2 (Filtered)
input FIR Lattice ("/ B liter-Za BAND-2
<> Filter-1 5: Output # 3
E‘m : mw 1 (Filtered)
n H .
| BAND-3
(1460-1625 nm) b= "T Adaptive Output # 4
FIR Lattice | lHiltered)
Flexible Bands Filter-2b n BAND-4 YYVYYVY VY Y
(portion of ) Flexible Bands Drop Ports
C-Band (portion of ) (1..N)
C-Band
Crossbar Switch (4xN, e.g. 4x24)
| | Flex-band A
. . Adaptive >
Ultra-wideband input | FF||'I-\>t Lattéce Flex-band B
———— 1 FIR Lattice S - E ‘ \
) , Flex-band C
- Filter - 1 . @ Adaptive >
) T~ FIR Lattice ~
In ~ Filter - 2b / m \Flex'band D=
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FLEX-SCALE INNOVATION AREA-5:
MULTI-LAYER PACKET OVER OPTICAL TRANSPORT

» 5G/6G transport network design heavily relies on multi-layer technology featuring IP routers
on top of optical nodes (ON) with optical wavelength channel add/drops (or ROADMS).

» The IP layer is arranged in an ag?regation/distribution structure with five hierarchy levels
(HLs): access (HL5), first Level of aggregation (HL4), second level of aggregation/transit
(HL3), service (HL2) and core/interconnection (HL1).

» These IP routers interface with the optical networks, through optical transgonders with SFP, QSFP and
OSFP pluggable transceivers working at 1 and 10 Gb/s (HL5), 100 and 200 Gb/s (HL4/HL3), and 400 and

more recently up to 800 Gb/s (HL2/HL1). Notably, Commercial optical transceivers are also evolving from
400 and 800Gb/s line interfaces to 1.2 and 1.6Tb/s.

» Currently, traffic flows from base stations to the core must go throw energy-hungry HL5, HL4, HL3, HL2 and
HL1 IP routers, as shown in the Figure (e.qg., red traffic flow), through hop-by-hop IP transport.

» FLEX-SCALE will investigate novel routings mechanisms to allow to bypass IP

HLS HL2

HL3
P/MP IP/MP
((( ))) IP/MPLS Router IP/MPLS Router MPLS Router . L1

: IP/MPLS Router

()

HL4
IP/MPLS Router

WAN Links

IP Logical Links

Energy-Efficient
FLEX-SCALE
traffic flow

Ps 9

'\ r

\
N\ \ he
4TS

N7,

= Vot
Ao \

p“é
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FLEX-SCALE INNOVATION AREA-6: SDN CONTROL & STREAMING TELEMETRY

FOR 6G TRANSPORT NETWORKS

A 4 -
Domain Data |

a low blocking probability

[ 3GPP Mgt System
» FLEX-SCALE develops an B e T Ty )
autonomous SDN network L conrl e =
operating system that controls
the key network devices such | ) [Lomaomcoman ]
as the multi-Pb/s UWB/SDM > - W A R
optical node and the 10 Tb/s ==
transceiver. o P L e
S wwsoroner L
» With the utilization of novel T S s, [
ML-enabled algorithmswil ¢+ =77
management of packet flows [ T poman | [ worn |
and optical channels with the & == i
goalfo reduce the energy =~ &5 o e o
consumption while maintaining v "Coon

under dynamic traffic
conditions. = e
“\ ‘.:. 9
L /
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B

G & G

ADDRESSING SRIA REQUIREMENTS VIA THE FLEX-SCALE INNOVATIONS
SRIA targets What we address Target achieved
Spectrum 15-30THz UWB (S+C+L — Bands) é
(1460-1625 nm, ~ 21THz)

Port speed 1.6—3.2 Th/s 1.6 Th/s |
' Bandwidth <300 GHz - < 600 GHz (1) Under development |
Line capacity 200 — 600 Th/s ) |
' Node capacity 1.2-3.6 Pb/s 10 Pb/s ©® |
| Latency <100us - <10 ps <10 ps ¥ |
Power < 13 f1/bit ® Under development

consumption of

WBSS
Per-band MG- >80 Th/s ' Under development |

node throughput

Flexibly Scalable Energy Efficient Networking
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SUMMARY

* Evolving Network Requirements
- 6G traffic expectations

- 6G x-haul network requirements

* Main Innovation Areas of FLEX-SCALE project

- Multi-Tbps transceivers & Multi-Pbps switches

- SDN Control & streaming telemetry

« Targets set by industry/academic associations for 6G x-haul
at 2030 can be met by FLEX-SCALE project activities!

Flexibly Scalable Energy Efficient Networking
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6G X-HAUL VISION: ADVANCED OPTICAL NETWORKING
INNOVATIONS TO ENABLE 6G NETWORK APPLICATIONS

Edge computing Core computing
(NEC) Core Network(CN) (Cloud)

A Radio Acces Network(RAN) m

Front-haul : I v ? © Mid-haul Back-haul

&l Access Router & Aggregation E] Metro Core &

(Cell site Gateway) Router Router Router

b0 B ,JLEXSCALE & .,
- 21 b/ 8 t

z . W 0D and COH Transponders & —A FLEX-SCALE
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