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Context 

Submarine Systems: 
(2,000km‐12,000km) 

Terrestrial Transmission 
Systems (30km‐4000km)
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Outline 

Three major trends driving research and innovation in optical networks : 

§ #1 Greater capacity 

§ #2 Higher transparency 

§ #3 Full remote reconfigurability 

From the trends to physics 

A selection of approaches to meet the trends 

§ New modulation formats 

§ New detection schemes 

§ Advanced digital signal processing technique 

§ Original link designs
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Major trends in optical networks
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Greater capacity into a single fiber 
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Trend #1 : greater capacity è exponential 
growth, driven today by video traffic
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Towards transparent, reconfigurable mesh networks 

Past (& a lot of current) networks 

Electrical‐Optical‐Electrical (OEO) regen. 
at each node (mostly opaque) 

SMF fiber 
LEAF fiber 

Paris 

Budapest 

Helsinki 

Moscow 

Kiev 

Madrid 

Zurich 

Brussels 

Future Networks 

Trend #2: Higher transparency è photonic 
pass‐through, avoiding OEO regeneration 

è CAPEX reduction 

Consequences (and challenges) : 
longer distances to bridge 
several fiber types across the full fiber path 
Mix of bit‐rates over the same fiber… 

Trend #3: Full remote reconfigurability è 
possibility to remotely configure 
(add/drop or pass‐through) a given 
wavelength 

è OPEX reduction 

Application potential of this trend depends on 
how fast reconfiguration can be achieved.
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Transparent and reconfigurable node architecture 
A key technological element: Wavelength Selective Switch (WSS) 

Achieved with only one array 
of bi‐axial MEMs 

Common port 

attenuator 1xN switch 

Optical 
demultiplexer 

Optical 
multiplexers 

The WSS can address : 
• any input channel 
• to any output port 
• with adjustable loss 

(Paris) 

(Madrid) 

(Brussels) 

(Zurich)
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From the network trends to physics
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Increasing the capacity of WDM systems 
The Information Spectral Density challenge 

8 channels at 10 Gbit/s NRZ 
spaced every 50 GHz 
capacity = 80 Gbit/s 
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4 channels at 40 Gbit/s DPSK 
spaced every 100 GHz 
capacity = 160 Gbit/s 

WDM 
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Spectral density = 
bit rate / ch. spacing 

20% 

40% 
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Today’s best 
in Alcatel‐Lucent portfolio 

èWhen the channel bit‐rate increases, the system capacity increases only if the 
spectral density increases.
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Mastering optical power levels to make an optical link viable 
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OSNR = 
S 
N 

The receiver 
catches 4x 
(resp. 10x) 
more 
amplifier 
noise power 
at 40Gb/s 
(resp. 
100Gbit/s) 
than at 
10Gbit/s. 

Signal power (S) 

è 6dB higher Optical Signal‐to‐Noise Ratio (OSNR) needed at 40Gbit/s than at 10Gbit/s 

Amplifier output power level should fall between two limits : 
•max power level before distortions by nonlinear effects become detrimental 
•min power level before signal is drown into noise 

Tx Rx 
(Assuming identical power level at each optical amplifier output)
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From 10Gbit/s to higher bit‐rates 
Estimation of maximum distances when based on same technologies 
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Upper power limit (due to optical non‐linear effects) 

Lower power limit (due to optical noise) 

Estimations assuming 100km‐long spans of fiber, NRZ format 

Distance 

6dB 

Max. distance in lab at 10Gbit/s 
Max. with margins at 10Gbit/s 

WDM 10Gbit/s 
WDM 40Gbit/s 

~3‐5dB (depends 
on system configuration) 

Max. with margins at 40Gbit/s 
Max. distance in lab at 40Gbit/s 

è Reaching the same distance at a higher bit‐rate is always a difficult challenge.
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World premières in optical transmission 
from Alcatel‐Lucent Bell Labs, France 
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http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
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A selection of approaches to meet the 
trends



All Rights Reserved © Alcatel‐Lucent 2007 14 | S. Bigo ‐Colloque STIC 2007, La Villette | November 2007 

Why departing from NRZ format when moving to 40Gbit/s ? 

Modulation format = approach used to apply the incoming digital information to 
each of the optical carriers 

At 10Gbit/s, (almost) all systems are based on ON‐OFF modulation (also called 
Amplitude Shift Keying, ASK), generally with Non‐Return‐to‐Zero (NRZ) format 

What may suggest that alternative modulation formats would bring more benefits 
at 40G than at 10G ? 

... because the most limiting nonlinear effects have a different nature 

§ at 10Gbit/s, interchannel effects dominate 

§ at 40Gbit/s, intrachannel effects dominate 

+1 0 0 +1 +1 0+1 +1 +1 0 0 0 0 +1 0 +1 

NRZ
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Nonlinear interactions : 40Gb/s vs 10Gb/s 
(intra‐channel nonlinear effects) 
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sixteen times 
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èTechniques against pulse‐to‐pulse interactions likely show benefits at >40Gbit/s
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Typical data waveforms (here for 40Gbit/s systems) 

DPSK= Differential Phase Shift Keying 
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Increasing the capacity of WDM systems 
The Information Spectral Density challenge 

8 channels at 10 Gbit/s NRZ 
every 50 GHz 
capacity = 80 Gbit/s 
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8 channels at 40 Gbit/s PDM‐QPSK 
spaced every 50 GHz 
capacity = 320 Gbit/s 

Spectral density = 
bit rate / ch. spacing 
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80% 

80% 

Today’s best 
in Alcatel‐Lucent portfolio 

50 GHz 

èMultilevel modulation formats are efficient ways to increase spectral density.
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Converting phase information into intensity information 
Basics of differential detection 

But, differential detection requires… differential precoding 

40Gbit/s 

Differential demodulator 

T 
40Gb/s BER 

measurement 

Decision gate 

DPSK 

NRZ 40Gbit/s 
40Gb/s BER 

measurement 

Decision gate 

or PBST 

+ 
‐ 

Balanced receiver 
(~3dB more robust to noise) 

XOR 

T 

Raw 

data 
Precoded data 

To DPSK 
modulator 

Example: 
raw data: 1 0 1 0 0 1 1 0 1 1 0 

Precoded data: 1 1 0 0 0 1 0 0 1 0 0
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Today’s possible receiver schemes at 40Gbit/s 
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Local 
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The photocurrents PD1, PD2 provide information on real 
and imaginary parts of the incoming signal field.
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and imaginary parts of signal along TE and TM polarization axes
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From coherent detection to coherent systems (1) 

« Coherent » is not just a type of receiver, it should be regarded as a fully 
disruptive system solution 

§ Real and imaginary part of the signal are available at the expense of a more 
complex receiver. Some benefits of coherent detection with two‐level formats 
(NRZ, PSBT, DPSK… ) are there, but not worth the extra cost. 

Cost effective coherent systems will involve multi‐level (>2) modulation formats 
(QPSK = most promising). 

§ Turning a drawback into an advantage… 

Costly polarization diversity enable polarization division multiplexing (PDM), 
hence doubling of system capacity without any additional hardware 

Cost effective coherent systems will involve PDM
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From 40Gbit/s to 80Gbit/s with PDM 

160% information spectral density (1.6bit/s/Hz) but still a clear separation between 
WDM channels 

Nx80Gb/s here, but upgrade to WDM at 100Gb/s seems clearly within reach. 
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§ The recovery of the real/imaginary and TE/TM signal components are not 
straightforward. 
� High‐speed digitization is needed 

–  Analog coherent detection not considered here 

� Powerful signal processing is also mandatory. 

Cost‐effective coherent systems will involve performance vs complexity 
trade‐offs 

What the « coherent solution » is : 

1. Coherent receiver 

2. Transmitter based on multi‐level format 

3. Polarisation division multiplexing/demultiplexing 

4. High‐speed sampling and high‐throughput digital processor 

5. Advanced algorithms for signal recovery and against fiber impairments 

6. Dedicated optical system design 

From coherent detection to coherent systems (2)
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Coherent detection and signal processing 

Oversampling required for CD compensation. 

One sampling per symbol considered after Polarization Demultiplexing and 
Equalization. 
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160x80Gbit/s (12.8 Terabit/s) transmission over 2,550km 
based on coherent PDM‐QPSK + digital signal processing 

By far the longest 
transmission >10Tbit/s 

(Previous reports limited 
to 300km at best) 
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Typical data waveforms (here for 40Gbit/s systems) 

DPSK= Differential Phase Shift Keying 
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Better resistance to nonlinear effects by to alternating polarization 

èBit‐to‐bit polarization brings enhancement of the resistance to optical nonlinear 
effects in the fiber (by ~3.5dB here) 

Channel power 
(2dB/div) Q

²‐
fa

ct
or

 (
dB

) 

13

11 

9 

7 

APol RZ‐DPSK 

RZ‐DPSK 
3.5dB 

2dB 

40Gbit/s experiment in submarine configuration at 9,180km distance 

// 

t 
0 π 0 0 π π DPSK RZ 

40Gbit/s 

Pol 

40GHz 20GHz 

0 0 π 

APol‐ RZDPSK



All Rights Reserved © Alcatel‐Lucent 2007 29 | S. Bigo ‐Colloque STIC 2007, La Villette | November 2007 

Converting phase information into intensity information 
when alternating polarisation states from one bit to the next 

But, differential detection requires… differential precoding 

40Gbit/s 

Differential demodulator 
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World premières in optical transmission 
from Alcatel‐Lucent Bell Labs, France 

C
ap

ac
it

y 
x 

di
st

an
ce

 p
ro

du
ct

 
(1

0 1
5 

bi
t/

s.
km

) 

0.01 

0.1 

1 

10 

100 

04/97 09/98 01/00 06/01 10/02 02/04 

5.1 Tbit/s over 3x100 km 
ECOC’00 (40Gb/s) (3) 

5.1 Tbit/s over 12x100 km 
ECOC’01 (40Gb/s) (6) 

10.2 Tbit/s over 3x100 km 
OFC’02 (40Gb/s) (7) 

10.2 Tbit/s over 100 km 
OFC’01 (40Gb/s) (4) 

3.2 Tbit/s over 9x100 km 
OAA’02 (40Gb/s) (8) 

3.2 Tbit/s over 300 km 
ECOC’01 (40Gb/s) (5) 

0.8 Tbit/s over 6000 km 
OAA’03 (10Gb/s) (12) 

1.5 Tbit/s over 400 km 
ECOC’99 (10Gb/s) (2) 

0.32 Tbit/s over 500 km 
ECOC’97 (10Gb/s) (1) 

ALU USA &OFS 
NTT 

Siemens 
Others 
ALU France 

Tyco 

06/06 

6.4 Tbit/s over 21x100 km 
ECOC’02 (40Gb/s) (9) 

6.3 Tbit/s over 17x100 km 
OFC’03 (40Gb/s) (11) 

6.3 Tbit/s over 27x100 km 
OFC’03 (40Gb/s) (10) 

4 Tbit/s over 6250 km 
ECOC’03 (40Gb/s) (13) 

6 Tbit/s over 6120km 
OFC’04 (40Gb/s)(14) 

40x40Gbit/s over 9,180km 
ECOC’04 (40Gb/s)(15) 

6 Tbit/s over 4080 km 
ECOC’05 (40Gb/s) (16) 

25 Tbit/s over 240 km 
OFC’07 (160Gb/s) (17) 

13 Tbit/s over 2550 km 
ECOC’07 (80Gb/s) (18)

http://aww-scdi.alcatel.fr/liens/papertel/TP05915.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05961.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05890.PDF
http://172.25.72.81/ridlldoc//bin/getdoc.dll?26692456711807.pdf
http://aww-scdi.alcatel.fr/liens/papertel/TP05650.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05650.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05650.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05650.PDF
http://aww-scdi.alcatel.fr/liens/papertel/TP05716.PDF
http://172.25.72.81/ridlldoc//bin/getdoc.dll?88801909724773.pdf
http://aww-scdi.alcatel.fr/liens/papertel/PAP00912.PDF
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
http://172.25.72.81/ridlldoc//bin/getdoc.dll?220861799820542.pdf
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Conclusion 

Optical networks are rapidly evolving along three interworking paths, all leading 
to ever more bandwidth are contained costs : 

§ Greater capacity 
§ Higher transparency 
§ Full remote reconfigurability 

Research efforts are likely to continue along all three paths, but some solutions 
already favor one path at the expense of another. 

Hence, the solutions which will ultimately prevail are those which will offer the 
most timely response to market needs.
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