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The Quest

Communicate more bits, 
farther, for less money.
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Physical Barriers
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The first barrier: 

noise

> Early fibers had losses measured in dB/meter

> Given the very finite amount of optical power that could be 
coupled into the fibers,  received powers quickly became 
very low.

> Thermal noise in the receiver limited the bandwidth and 
distance for optical transmission.
• E.g.   1 Mb/s  along 10 meters, experiments at Harlow Labs
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Overcoming the Noise Barrier

> Fiber loss was reduced to 2.5 dB/km
• Vapour deposition methods of creating pure glasses
• Developed  by Corning and ATT

> GaAlAs Semiconductor lasers
• Small, reliable, inexpensive 
• Coupled a milliwatt of power at 850 nm
• Developed by ATT

> Silicon Avalanche Photodiodes
• High gain: One photon triggered ~200 electrons
• Lowered the effect of thermal noise
• Developed by RCA

> E.g.  45 Mb/s  over a distance of 15 km
• Nortel product in 1980.

G.P. Agrawal and  N.K. Dutta Semiconductor Lasers
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Changing wavelengths for less noise

> Move from 850 nm to 1310 nm window
• Fiber loss reduced to 0.4 dB/km
• Improved purity of the glass

> 1310 nm InGaAsP Fabry-Perot lasers

> Germanium Avalanche Photodiodes

> E.g.  45 Mb/s  across 45 km
• Nortel product in 1982.
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The next barrier: Distortion

> 65 micron core fibers support ~250 transmission modes

> Wide variation in propagation velocities across modes

> Coupling between modes due to fiber bends

> Severely limited the bit rates

> E.g. 135 Mb/s across 35 km using duobinary

Modal DispersionTransmitted pulses
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A new weapon is forged by Corning

> Single mode fiber
• 10 micron core diameter

> One mode propagates with low loss
• Two polarizations of that mode
• All other modes attenuated after a few meters

> Modal dispersion is eliminated.
• Major deployment started with MCI in 1982

> Allowed up to 565 Mb/s  across 40 km  
• Nortel product in 1986
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FIBER

Competing Technologies
circa 1985
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Change Wavelengths Again, for Less Noise

> The fiber loss of 0.35 dB/km  at 1310 nm limited the 
spacing between regenerators to about 40 km.

> The1550 nm window has loss of 0.2 dB/km

> 565 Mb/s across 80 km,  Nortel product in 1986

> Wavelength Division Multiplexing  (WDM)
• two wavelengths on one fiber.
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Next Barrier: Chromatic Dispersion
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Mode Partition Noise
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Solution:  Single Mode Laser
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• Distributed Feedback Lasers only allow one wavelength.
• Eliminated mode partition noise.
•2.488 Gb/s Nortel product 1990
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Another Noise Barrier

> Reach is noise limited to about 80 km
• Cable loss of 0.25 dB/km at 1550 nm

Solution
> Erbium Doped Fiber Amplifiers are the next weapon

• University of Southhampton
• Coil of ~50 meters of doped fiber, pumped by a laser
• Periodically amplify the optical signal to overcome the effect of loss
• Nortel product 1994

> Allows many wavelengths to be amplified by one unit
• 72 wavelength WDM
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Modulated Laser
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Lasers Chirp when Modulated
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> Pattern dependent chirp

> Interacts with dispersion

> Distorts the signal
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Solution: External Modulators

> Controlled chirp

> Prevents distortion

> Transoceanic distances at 2.4 
Gb/s
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Chromatic Dispersion ���� Eye Closure at 10 G
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Chromatic Dispersion in Optical Fiber
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An Eye Pattern

• When a trigger signal based on the recovered clock is 
used to trigger a digitizing oscilloscope, a superposition of 
the waveform is obtained.
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Effect of Dispersion

Transmitted Signal Signal after Dispersion
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Dispersion Compensation Modules

> Coils of 1 to 20 km of special fiber

> 5 ms to 100 ms of added delay per coil 

> $3k to $10k per module

> Each line amp site needs a specific value  of dispersion 
compensation engineered for a particular end-to-end 
connection,

> Cannot simply zero the adjoining dispersion, due to optical 
nonlinearities.
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An Optical Line
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Noise Barrier Again

> EDFA amplifiers add optical noise

> Limits the spacing between amplifiers

> Limits the number of amplifiers in a row.
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Solution: Forward Error Correction
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FEC Evolution in 10G Product
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Next Barrier: Fiber Dispersion Management
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Bulk dispersion compensation will not suffice



28

Chromatic Dispersion in Optical Fiber
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E-field modulator  
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The required conjugate optical signal is a complex E-field.
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Dispersion Eliminator: WARP ASIC

0.13 mmmmm BiCMOS

2.5 Mb High Speed Memory
2.0 M Gates

6 T Ops per second

Two 20 Gs/s 6 bit  DAC

676 HTCE BGA - 14 layer
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Dispersion Precompensation

Signal Transmitted Signal after 1600 km of NDSF
With no optical compensation. 
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10 Gb/s
with no Traditional Dispersion Compensation

Eye diagrams after transmission over standard G.652 fiber 
with Nortel WARP processing.

0 Km 1600 km 3200 km 5120 km
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The Next Barrier: Optical Nonlinearities

> Glass has optical nonlinearities  

> Self Phase Modulation (SPM) dominates at 10 Gb/s

> SPM arises from the Kerr effect, where a change in the 
amplitude of an optical signal changes its phase.

> Rapid phase changes interact with chromatic dispersion to 
distort high capacity optical signals.
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Solution to SPM

> SPM is deterministic, and invertible.

> Therefore,  if one chooses an optical signal that is desired 
at the receiver, then there exists a corresponding 
transmitter signal that will become that desired signal after 
propagation.

> Nonlinear calculation required
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SPM Compensation
320 km of G.652 fiber 9.6 dBm launched

Linear Compensation
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SPM Compensation
320 km of G.652 fiber 9.6 dBm launched

Linear Compensation SPM Compensation
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Simplified Optical Connectivity
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Simplified Optical Connectivity
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Simplified Optical Connectivity
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Simplified Optical Connectivity
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Simplified Optical Connectivity
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Simplified Optical Connectivity
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Rush across the flat ground

> Over the next few years these new CMOS compensation 
ideas will be extended.
• Higher speeds
• Greater performance
• Lower costs

> Then we will hit the next optical barriers
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Barriers Now Visible on the Horizon

> Polarization Mode Dispersion (PMD)
• Changes at up to 50 kHz
• Presently working on a complete solution for PMD

> Fiber loss
• New fiber designs will lower loss

> Noise seeded nonlinearities

> Optical Damage, Fiber Fuse




