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Capacity Enhancement

What else can be done to increase network capacity? 
Increase the spectrum from C (5 THz) to C+L (10 THz) band



Migration from C to C+L Band
C + L Benefits: 
1. Attenuation co-efficient 

variation is negligible
2. Inline EDFA can be tuned to 

amplify L band
C + L Drawbacks:
1. Higher nonlinear interference 

(NLI) due to inter-channel 
raman scattering (ISRS)

2. Limited OSNR
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Biased Traffic Matrix 

• Probability Mass Functions based on Gravitational Model
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Questions to be Answered

• Which links should be migrated to C+L? 
• When to migrate?
• How many links should be migrated?
• How to handle the non-linear interference generated by additional 

spectrum?
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Inter-Channel Stimulated Raman Scattering 
(ISRS)
• Power transfer between high-frequency optical signal to low-

frequency optical signal sharing the same fiber that amplifies low-
frequency signals and depletes higher-frequency ones

ISRS gain at frequency f,

!"#" is the total signal power, $%& is the power spectral density, '( is 

the Raman gain slope, ) is the attenuation, *+,, is the effective length
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band elastic optical networks," J. Opt. Communication Networks, vol. 11, no. 10, pp. C86-C93, Sept. 2019.



Nonlinear interference (NLI)

• Self phase modulation (SPM)

• Cross phase modulation (XPM)

• ISRS
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Link Margin (LM)
Link Margin in optical networks is the difference between the quality
metric of a signal (OSNR, BER), and the threshold value above which it
can be recovered error-free

• Important for error-free performance and commitment on SLA
• Determined using conservative data for beginning-of-life (BOL) and end-of-life
(EOL) performance
• Conservative assumptions (High LM) reduces overall network capacity and
efficiency
• It further limits network capacity adding to NLI of C+L

Solution: live network data and traffic forecasting for accurate dynamic margin
requirement
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Proposed OSNR Estimation Model

• Multiple ROADMs, optical links and EDFA
• In line EDFA compensates for previous span loss + compensates ISRS 

gain
• Amplified spontaneous emission (ASE) : noise from EDFA and ROADM
• NLI: self-phase modulation + cross-phase modulation + ISRS gain
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Proposed EDFA Noise Model

• Fixed gain + frequency-dependent attenuation
• BPF separates C and L frequencies 
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Lightpath Provisioning Method

• Effect of reducing LM is observed across geographically diverse 

networks:

• 3000, 100 Gbps demands are considered, selecting source and 

destination with uniform distribution

• For every new 100 Gbps demand, goal is to carry it over an

operational lightpath that has an unused capacity of 100 Gbps

between same source and destination
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Lightpath Provisioning Method
Before allocating a 100 Gbps demand, 

• Single shortest path is found

• Network OSNR estimation model is used to predict OSNR of the lightpath

• Modulation formats selected based on calculated OSNR & OSNR threshold

• After new lightpath allocation, OSNRs of active lightpaths sharing same link are

updated

• An attempt is made to re-accommodate demands of any degraded lightpath

PM-QPSK = 25 (symbol/sec) * 2 (bit/symbol) *2 (polarization) = 100 Gbps

PM-16QAM = 25 * 4 * 2 = 200 Gbps

PM-BPSK = 25 * 1 * 2 = 50 Gbps

PM-32QAM = 25 * 5 * 2 = 250 Gbps

PM-64QAM = 25 * 6 * 2 = 300 Gbps
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Benefit of Operating at Lower LM
• Number of allocated 100 Gbps demands are listed for each !"# and 

LM until 10% of demands are blocked for high signal power.
• Capacity Benefits of reducing LM: 

oBT-UK, 27.5 & 28.5%
oPan Europe, 156.7 & 119.6%
oUSA-NSFNET, 130.7 & 264.6%

• Large dimension of the network is the limitation of USA-NSFNET.
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Benefit of Operating at Lower LM

• Avg link length of USA-NSFNET is 1319 km

• Significant ASE noise and NLI is experienced

• NLI is higher for 37.5 GHz channels and high transmit power

• Majority of lightpath requests are blocked due to lack of sufficient OSNR

• Or, they require PM-BPSK, which needs two contiguous slots to be a 
single lightpath

• If they are allocated they degrade OSNR of other active lightpaths

Solution for larger networks can be adding regenerators!
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Benefit of Operating at Lower LM

• The more the traffic carried by the 

network, the more blocking there is 

likely to be, then the benefit of 

reducing LM will be less visible.

• However, reducing LM will typically 

boost the network capacity.
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Effect of Launch Power on Network 
Performance with a Given LM
• ISRS process depends upon the transmit power !"#
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For USA-NSFNET, capacity increases by 20% and 16% for 50 and 37.5 GHz respectively as !"# is reduced by 3 dB.
Network starts operating with lesser NLI and more operational lightpath. 

When NLI is not high (in smaller networks), decreasing !"# too much can reduce OSNR of operating lightpaths
. 

A. Mitra, D. Semrau, N. Gahlawat, A. Srivastava, P. Bayvel, and A. Lord, "Effect of reduced link margins on C + L 
band elastic optical networks," J. Opt. Communication Networks, vol. 11, no. 10, pp. C86-C93, Sept. 2019.



Summary

• Lower LM results in higher capacity
• The more the active channels the more NLI is generated
• NLI depends upon network dimension and launch power
• For smaller network reducing launch power does not significantly 

benefit the network capacity unlike larger ones
• Overall, C+L band system brings higher capacity benefits at low 

margins, given the complex effects of NLI
• Operators need to consider launch power, network dimensions, and 

current spectrum occupancy. 
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Questions to be Answered

• Which links should be migrated to C+L? 
• When to migrate?
• How many links should be migrated?
• How to handle the non-linear interference generated by additional 

spectrum?
• Given the traffic matrix, NLI model, network dimension, current 

spectrum occupancy, find where on the network a migration from C 
band to C+L band can be obtained. 

10/27/19 18


