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A Few Things You May Not Know About Submarine Cables

© 2023 Infinera. All rights reserved.

Almost 500 Submarine 
Cables Worldwide

>99% of 
International 

Internet Traffic 
travels through 

submarine cables

Submarine cables 
have a 25+ year 
engineering life

Cables cost hundreds of millions of 
dollars, and take years to plan

Once deployed, the only thing you 
can change are the transponders at 

the ends of the cable

…and not satellites ☺

The biggest provider of new 
cables says their cable 

laying ships are fully booked 
for the next 2 years
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Submarine Cable and Transponder Evolution

Early 90s

Dispersion-Managed Cables

Up to 2012

Uncompensated Cables

Up to 2020

SDM Gen 1

2022

SDM Gen n

Evolution of Submarine Cables

Optimized for 2.5G and 10G waves Optimized for coherent transponders

1 5 7 23

Normalized Cable Capacity Using Modern Transponders

Evolution of Transponders

Direct Detection

2010

Coherent Detection

2.5G and 10G per wavelength

No significant signal processing

2010: Gen 1

100G Waves

2010: Gen 2

200G Waves

2010: Gen 3

400G Waves

2010: Gen 4

600G Waves

2010: Gen 5

800G Waves

Why the difference?  Gen 1 coherent was deployed on older cables 
initially, while optimized cables were being designed and deployed

© 2023 Infinera. All rights reserved.
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A Modern Optical Transponder (800G per wavelength)

Mux

Demux

Tx

Rx

ASIC TROSA

Tx FEC

Tx DSP

Tx DAC

TROSA Transmit/Receive Optical Sub Assembly

Mod Modulator

Amp Amplifier

LO Local Oscillator Laser

AMZ Adjustable Mach Zehnder

PD Photo Detectors

Laser Mod
Amp001100011011

110111000100400 GbE

101101010011

000011011010400 GbE

400 GbE
Rx

400 GbE

Client Data 
Ports

Tx

ASIC Application Specific Integrated Circuit

Mux Multiplexer

FEC Forward Error Correction

DSP Digital Signal Processor

DAC Digital to Analog Converter

TIA Transimpedance Amplifier

ADC Analog to Digital Converter

Demux Demultiplexer

Electronics (Digital and Analog)

Materials: CMOS and Silicon-Germanium

Optics (Completely analog)

Material: Indium Phosphide*

Single Tx/Rx 
Wavelength

*Silicon photonics:

• Cannot be used for electronically 
pumped lasers

• Does not work at the wavelengths 
in use as a photodetector

• As a modulator does not have ideal 
performance at high baud rates

Rx ADC

Rx DSP

Rx FEC

TIA
AMZ

PD

Amp
LO

Driver
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What do transponders actually transmit?

...

Modulation Symbols

Transponder

Each symbol carries multiple data bits

We can adjust the number of bits per symbol

Fixed modulation → PCS

• Increasing the number of bits:
• Increases spectral efficiency (ie. total capacity)

• Reduces SNR → reduce the reach

The rate of sending symbols: Baud Rate

• Better electronics needed

• Higher bandwidth optics needed

• Higher Baud rate can significantly 
increase reach for required data rate

Wavelength data rate  Baud rate * (bits per symbol)

© 2023 Infinera. All rights reserved.
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Higher Order Modulation

PM-QPSK PM-8QAM PM-16QAM PM-32QAM PM-64QAM

Spectral Efficiency

Wavelength Data RateX1 X3

X1X30 Optical Reach

4 bit/symbol* 6 bit/symbol 8 bit/symbol 10 bit/symbol 12 bit/symbol

*Includes X and Y polarizations
© 2023 Infinera. All rights reserved.
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Probabilistic Constellation Shaping (PCS)

• Instead of fixed modulation constellation, PCS adjusts the probability of using certain symbols

This is a 64QAM constellation

The inner points have better 
SNR than the outer points

We could switch to 16QAM, which 
has much better reach than 
64QAM…but it still has outer 
constellation points with poorer SNR

Instead of this, PCS uses a full 64QAM constellation, but 
reduces the probability of using outer constellation points

As a result it may have lower “payload”, but it has much better 
reach than an equivalent fixed constellation

And it has better granularity to use “as much SNR as possible”

10.5 bits per symbol 10 bits per symbol

Fixed Constellations

PCS

© 2023 Infinera. All rights reserved.
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800 Gb/s Transmission: Baud Rate and PCS

Baud Rate

84 GBd X1

96 GBd X4

100 GBd X5.2

Modulation

800G

Reach

10.5 bits per symbol 10 bits per symbol12 bits per symbol

X-Pol

Y-Pol
64QAM

84 GBd 96 GBd 100 GBd

© 2023 Infinera. All rights reserved.



9

There is a limit to the capacity of a communications channel

*C  = P B log2* ( 1 + S
N

)
Fiber capacity

Bandwidth term
SNR term

Number of fiber pairs

The Shannon Equation

© 2023 Infinera. All rights reserved.
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Achieving the highest capacity

*C  = P B log2* ( 1 + S
N

)

P is limited by electrical power into the cable.  SDM is a cable design philosophy 
that focuses on using electrical power more efficiently as a way to increase P.P

B is limited by submarine amplifier bandwidth.  Over time the practical amplifier 
bandwidth has been increased from 3.2 THz to 4 THz and now to 4.8 THz.B

SNR characteristics are a function of the entire system design and quality.  
SNR can only be improved on existing cables via transponder upgrades.SNR

© 2023 Infinera. All rights reserved.
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The Shannon Limit: It’s not a limit, and Shannon was not involved

Capacity

Optical Reach

The “Shannon Limit”: The capacity limit at a given 
optical reach if fiber was a linear medium (but it’s not)

The capacity limit at a given optical 
reach at the nonlinear threshold*

The practical performance 
on a given fiber pair based 
on nonlinear mitigation or 
compensation

It’s not a limit because 
transponder design gets 
better over time

*Can be referred to as the Nonlinear Shannon Limit

We may choose to 
operate in the linear or 

nonlinear regime

© 2023 Infinera. All rights reserved.
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This leads to the conventional wisdom that…

Always use the maximum 
Baud rate that the 

transponder supports

PCS will always deliver the 
optimum modulation 

performance

This seems to be true for most terrestrial links

© 2023 Infinera. All rights reserved.
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Let’s look again at cable evolution

© 2023 Infinera. All rights reserved. Company Confidential.

Early 90s

Dispersion-Managed Cables

Up to 2012

Uncompensated Cables

Up to 2020

SDM Gen 1

2022

SDM Gen n

Evolution of Submarine Cables

Optimized for 2.5G and 10G waves Optimized for coherent transponders

1 5 7 22

Normalized Cable Capacity Using Modern Transponders

SDM cables operate within the linear regime

They achieve higher capacity by enabling a 
larger number of fiber pairs in the cable 

Uncompensated cables are designed to 
have a low nonlinear penalty, operate at 

high optical power levels and rely on 
nonlinear mitigation and compensation to 

achieve high capacity per fiber pair

Older, dispersion-managed cables have a high nonlinear 
penalty, so we need to use clever transponder technologies to 

squeeze as much capacity from them as possible

How many of which cable type?

500
There are MANY dispersion-
managed cables out there

Pre-DM cables
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The Value of High and Variable Baud Rates

191.5 192.5 193.5 194.5 195.5
Frequency (THz)

Q
 V

al
u

e

Fixed Baud Rate

FEC Threshold

Service Commissioning Limit

“Excess” Margin

Best WorstQuality

Uncompensated and SDM cables 
have Q vs frequency dependence

Margin 
Monetization™

?

• Must operate above FEC threshold

• Ideally add additional service margin

• For a given client rate (e.g. 400 GbE):

– Fixed high Baud rates will leave excess 
margin in the fiber at lower frequencies

– Can only adjust PCS probabilities

• Using variable Baud rate allows us to 
trade excess Q for increased spectral 
efficiency at lower frequencies

© 2023 Infinera. All rights reserved.
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The Value of PCS

Faster, Further, Smoother: The 
Case for Probabilistic 
Constellation Shaping

Download

How do we make PCS work better?

PCS offers significant advantages vs fixed, 
high order modulation such as 64QAM

Are there times we should not use PCS?

© 2023 Infinera. All rights reserved.

https://www.infinera.com/white-paper/The-Case-for-Probabilistic-Constellation-Shaping


16

Making PCS Better: Long Codewords

Distribution 
Matcher

010101010010…….101010010100

Uniform Bit Sequence

0   1

Probability

S1 S2 S1 S3 S2 S5 S1

(Amplitudes)

Desired (Gaussian) 
Distribution

S1  S2  S3 S4 S5 S6

Probability

The DM has a huge amount of “added 
value”, and allows vendors to innovate

The further the DM can “look ahead” into the incoming 
bit sequence, the more effective the mapping

This “look ahead” is called 
the codeword length

© 2023 Infinera. All rights reserved.
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Making PCS Better: Dynamic Bandwidth Allocation

100 100 100 100 100 100 100 10085 90 110 115 115 110 90 85DBA →

ICE6 : 800Gb/s waves, 8x12GBd subcarriers

Goal: Team to carry 800 lbs
as far as they can in 1 hour

Option 1: 100 lbs per person

Weaker members slow the team down

Option 2: The strongest members carry a little 
more than the weaker members

Result: The whole team goes further

100 100 100 100 100 100 100 100

Impairments

DBA Enables:
Higher data rate over a given distance

Go further at a given data rate

100 100 100 100 100 100 100 100100 100 100 100 100 100 100 10085 90 110 115 115 110 90 85

© 2023 Infinera. All rights reserved.
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BPSK

8QAM

16QAM
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Optical Reach

PCS is not always the best modulation option
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Traditional QAM modulation

Step function - not very granular

Probabilistic Constellation Shaping

Smooth curve – very granular

ICE6 Subcarriers

3.5QAM

2.5QAM

Hybrid QAM

Additional granularity at lower bps

3
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Example 3.5QAM

PCS loses efficiency below 
“QPSK equivalence”

25-50% capacity improvement on “challenging” cables

© 2023 Infinera. All rights reserved.
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A few examples

Dispersion-
Managed Unity

9,620 km
Trans-Pacific 7.68 Tb/s → 59.2 Tb/s

Type Name Capacity: Original → UpgradedLength/Location

Uncompensated MAREA
6,640 km

Trans-Atlantic 160 Tb/s → 210 Tb/s

SDM Gen 1 Dunant
6,600 km

Trans-Atlantic 300 Tb/s (new cable)

© 2023 Infinera. All rights reserved.
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In Summary

• Multiple generations of cables, with engineering lives of up to 25 years
– Newer cables will always deliver like-for-like capacity improvement

– But new cables cost $$$ and take years to plan and deploy

– Transponder upgrades can help extend the economic life of existing cable systems

• Conventional wisdom works in terrestrial networks:
– Always use the highest Baud rate of the transponder

– Always use PCS

• In most submarine networks we need to step outside of conventional wisdom
– Use the programmability that’s built into 5th Generation transponders

– Variable high Baud rates

– Advanced PCS features like Long Codewords and DBA

– Hybrid, non-PCS modulations on challenging cable systems

15-25% capacity increase

→ 25-50% capacity increase

© 2023 Infinera. All rights reserved.
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How to find out more…

Maximizing the Capacity-Reach of 
800G Generation Coherent: Baud 
Rates, Features, and Modem SNR

Download

Faster, Further, Smoother: 
The Case for Probabilistic 
Constellation Shaping

Download

The Ultimate Guide 
to Higher Baud Rates

Download

The Advantages of Indium 
Phosphide Photonic 
Integration in High-
performance Coherent Optics
Download

Pluggables, Embeddeds, 
and the Three Vectors of 
Coherent Evolution

Download

ICE6 for Submarine Networks

Download

https://www.infinera.com/white-paper/maximizing-the-capacity-reach-of-800g-generation
https://www.infinera.com/white-paper/The-Case-for-Probabilistic-Constellation-Shaping
https://www.infinera.com/white-paper/The-Ultimate-Guide-to-Higher-Baud-Rates
https://www.infinera.com/white-paper/The-Advantages-of-Indium-Phosphide-Photonic-Integration-in-High-performance-Coherent-Optics
https://www.infinera.com/white-paper/pluggables-embeddeds-and-the-three-vectors-of-coherent-evolution
https://www.infinera.com/wp-content/uploads/ICE6-for-Submarine-Networks-0314-AN-RevC-1022.pdf


Thank You
Geoff Bennett

gbennett@infinera.com
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