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Early days of the fiber optic communication

Fabry—Pérot The first laser Dr. Charles Kao proposed Beginning of PDH era Shifting to single mode fibers ITU introduced The first commercial
interferometer by Theodore Maiman to use silica fiber as low loss (Plesiochronous digital hierarchy) recommendation G.652 DWDM system
communication media for single-mode optical cable
The first WDM systems
were developed in the research labs
1954 1963 1970 1977 1987 1990s
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1899 1960 1965 1970s 1980s 1988 1996

Fiber glass proved
to transimit ligth

Jun-ichi Nishizawa proposed
to use the optical fibers
for communications

» 20 dB/km attenuation limit

The concept of the WDM
published by Delange

2024

The first practical
optical fiber cables deployed

The first EDFA was invented
by David N. Payne
and Emilio Desurvire

Rising of SDH and SONET
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Key elements of a DWDM system

Transponder 1 Transponder 1

A2

Transponder 2 Transponder 2
Fiber pair
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Mux / Demux Amplifier Amplifier Amplifier Mux / Demux
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Transponder n Transponder n
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Electro Magnetic Spectrum

Media - a single mode fiber

Chromatic Dispersion Coefficients

(I sl

G.652 (SMF)

G.6355 (NZDSF)

G.653 (DSF)

< increasing frequency <4
P increasing wavelength » 15
E
x 10
0.0001 nm 0.01nm 10 nm 1000 nm 0.01 cm 1cm im 100 m E
L 1 1 L L J B
= 5
Gamma rays X-rays Ultra violet Infrared Radio waves &
[
@
Q
@2
800 nm 1625 nm [=]
Fiber optic 5
3 -
25 [ K
|
! Optical pulse
E 2 4 '
E 1
- le>| C band !
= 1 I
g 15 1530 - 1565mm 1 ’
1 -~ 1
m 1
A B BEEEEEEEEEEEEEBEEIEBEBEREEBE tcocamammcmcccccacccccanaad
=
TR
<
0.5
input
0 T T T T T T T T
800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)

2024

1525 540 1545 1550 1555 1560 1565

output



Erbium-doped fiber amplification (EDFA) RAMAN amplification

Span attenuation = 15dBm GAIN 15dBm
noise

' UWWB ASEWN W ASE

ASE - Amplified Spontaneous Emission
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u Zandvoort D Leiston

EDFA amplification EDFA amplification
> >

EDFA v EDFA
RAMAN amplification RAMAN amplification
C-VOA: 9.09 RG: NA CG: 24.66
T-VOA: 9.15 » < TG: 24.55
Adj at: 03-07 21:25:59 Adj at: 10-11 11:25:18
RAMAN v ‘ RAMAN v ‘ RAMAN v
3 Rx T Rx Tx Rx ™ | [ Rx T R D T 5
0.88 13.74 H 13.26 12.84 H 12.63 1228 | Z | -808 -9.54 H 1082 13.49
GTO: 0.0 LPO: 1.0 ‘ PLO: 0.4 PLO: 0.0 GTO: 0.0 LPO: 0.0
Distance
215 km
LPO: 0.0 GTO: 0.0 PLO: 0.0
| <
Adj at: 03-07 21:25:59 Adj at: 05-16 11:25:57
TG:22.28 TG: 10.98
cG:22.28 RAMAN amplification 6G:10.82
EDFA > EDFA
EDFA amplification EDFA amplification
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Multiplexing and demultiplexing
Fixed Optical Add-Drop Multiplexers (FOADM)

Early OAMD
* Fixed wavelength grid
* Manual add-drop only

» Fixed signal width
* Vendor lock

EAST

Powered by
» Athermal arrayed wave guide (AWG)
* Thin film filter (TFF)

SOUTH
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> S 8CH VOA Array

8CH VOA Array

Optical Interleve 50/200Ghz DEMUX

Optical Interleve 50/200Ghz DEMUX




Reconfigurable OADM (ROADM)

» Flexible wavelength planning

* Fully reconfigurable add-drops

* Flexible signal width (granularity)
*  Open ROADM

Powered by

* light processing

* microelectromechanical systems mirrors
* liquid crystal

+ liquid crystal on silicon

100GHz Grid

191.3 191.4 191.5 191.6 191.7 191.8 A, THz

50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz 50Ghz
| | | | | I | | | | | |

50GHz Grid
191.3 191.35 191.4 191.45 191.5 191.55 191.6 191.65 191.7 191.75 191.8 191.85 A, THz
50Ghz 100Ghz 50Ghz 150Ghz 37.8Ghz  112.5Ghz 112.5Ghz
| le le le 3l | |
FlexGrid
191.3  191.375 191.45 191.55 191.61875 191.69375 191.80625 A, THz
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WSS - Heart of ROADM
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*WSS - Wavelength-Selective Switch

WSS

WSS
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CDC ROADM

CDC ROADM

C - Colorless

D - Directionless
C - Contentionless

Transponder 1

Transponder 2

Multicast switch
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NODE B

Power of Flexibility
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Extended C+L band

Extended C-band Extended L-band
4.8 Thz 4.8 Thz
C-Band
4 THz
1529 nm 1530 nm 1565 nm 1567 nm 1569 nm 1610 nm
A0 -x-
C-band — m ‘ g C-band
Transponder | i ’5 E J U‘ba“d C-band o 3 <, |Transponder
=a O
/ T
C-ban o H ) > C-ban
Transponder :5 = C-band C-band 3 § <. |Transponder
=a
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A level above - Optical Transport Network (OTN)
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CLIENT

Optical Channel Payload Unit (OPU)

- identifies the signal type
- performs rate adaptation to have all frames
the right size

Optical Channel Data Unit (ODU)
- management overhead

- path performance monitoring
- troubleshooting tools

Optical Channel Transport Unit (OTU)

- section monitering
- Forward Error Correctiot (FEC)



NODE B = E-'l' =] E -
100Gbe 40Gbe (STM256| & T4 =2 100Gbe
oruc — AHHEHE
oTUCk l
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opbus | opus |8 2|8 8|8
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oDu4 oDu4 oDu4 obu4
NODE B
l l Y l

OoTuUC4

0OTuUo oDuU0 OPUOD 1.25 Gbps 1Gbe, STM1, STM4
oTuU1 oDU1 OoPU1 2.5 Gbps STM16, OC48

oTu2 obu2 OoPU2 10 Gbps STM64, OC192, 10Gbe
0OTuU3 ODuU3 OPU3 40 Gbps STM256, OC768, 40Gbe
OTU4 ODU4 OPU4 100 Gbps 100Gbe

OTUCK k x ODU4 k x OPU4 kK x 100Gbps |k x 100Gbe

NODE A
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OTN: shifting to a distributive approach

Centralized OTN OTN on a blade
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Optical line Optical line Optical line
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Transponder
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Transponder . . .
Direct detection for 10G modulation
Accept client signals . .. . . .
Convert to digital Coherent detection + Digital Signal Processing for higher

OTN wrap and FEC order modulations.
Modulate and Channelize
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Amplitude Modulation On-Off Keying (OOK) Phase Shift Keying Modulation

Digital Signal 1 0 0 1 0

LA

BPSK

180 degrees 0 degrees

Optical Signal

0 degrees
1 0 0 1 0

JANVAN 90 degrees
1 y \ /
\// 180 degrees U

\VJ
/-\ /-\ 270 degrees
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Higher order modulation

PM-QPSK PM-8QAM PM-16QAM PM-32QAM PM-64QAM
2 bits 3 bits 4 bits 5 bits 6 bits
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Reach issue: modulation and baud rate

Number of bits

Bits increase

Reach reduction

Modulation Constellation points A T e FESE | ot G Capacity*, Gbps Reach**, km
QPSK 4 2 0.00% 0.00% 100 4000
8 QAM 8 3 50.00% 50.00% 150 2000
16 QAM 16 4 100.00% 75.00% 200 1000
32 QAM 32 5 150.00% 87.50% 250 500
64 QAM 64 6 200.00% 93.75% 300 250
QPSK Data Rate
*Capacity based on using x and y polarisations
with 32 GBaud rate with 20% FEC
8 QAM “Example
16 QAM
32 QAM
64 QAM
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35 Ghz

70 Ghz

35 Ghz

200G 400G 300G
32 Gbaud 64 Gbaud 32 Gbaud
16QAM 16QAM 64QAM
1000 km ~1000 km 250 km
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70 Ghz | 105 Ghz 105 Ghz

600G 900G 700G

64 Gbaud 96 Gbaud 96 Gbaud
64QAM 64QAM PCS-64QAM
~250 km ~250 km 700 km

Probabilistic Constellation Shaping
« Granularity

 Reduced Nonlinearities
« Baud Rate Flexibility
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Spectral Efficiency vs common sense

Spectrum Efficiency

Efficiency, Bps/Hz
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power consupstion per 400G

800G transmission 400G ZR+ 800G transmission

CAPEX investment per 400G

&

800G transmission 2024 400G ZR+

400G ZR+
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Capacity

DWDM Capacity over Time

84 x 800G
67.2T
Coherent Flex Grid C+L Band
i i i
I | |
I | |
: : 42 x 800G |
| | 33.6T |
| | |
| | |
I | |
I | |
| | |
. . 96 x 200G |
! | |
19.2T
: 80 x 100G | 96 x 100G |
16x2.56 40x25G 40x10G 80x10G 160x10G! 80x40G  o. | 96T |
40G 100G 400G 800G 16T | .21 | l |
|
1 | |
| | | | N - - >
1996 1998 2000 2005 2007 2009 2012 2014 2016 2019 2020 Time
2024 25



International bandwidth

International bandwidth usage by region, Tbit/s

Africa
1200 os
Arab States

Other
economies
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Note: 1 Terabit = 1'000'000 Megabit.

Source: ITU

LINE port rates GLOBAL
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Source: Dell'Oro Forecast from 2019 for 10G, July 2024 for 100G-1.2T
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