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Outlines

• Optical fibers types and their characteristics

• Special optical fibers

• Linear and nonlinear effects



Optical Fiber for 
Telecommunications: 

Hollow-core fiber loss below 
1 dB/km could lead to 

applications
https://www.laserfocusworl

d.com/fiber-
optics/article/14069142/hol
lowcore-fiber-loss-below-1-

dbkm-could-lead-to-
applications

Trans oceanic USA-France:
https://www.theregister.co
m/2018/07/18/google_dun

ant_cable/

https://www.laserfocusworld.com/fiber-optics/article/14069142/hollowcore-fiber-loss-below-1-dbkm-could-lead-to-applications
https://www.theregister.com/2018/07/18/google_dunant_cable/


Fiber-optic transmission and 
networking: the previous 20 and 
the next 20 years [Invited] 
Peter J. Winzer, David T. Neilson, 
and Andrew R. Chraplyvy , 2018, 
Optics Express (open access)
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-26-18-
24190

Abstract: Focusing on the optical transport and switching layer, 

we cover aspects of large-scale spatial multiplexing, massive 

opto-electronic arrays and holistic optics-electronics-DSP 

integration, as well as optical node architectures for switching 

and multiplexing of spatial and spectral superchannels.



Historical 
perspective

Govind Agrawal- Fiber Optic Comm



Govind 
Agrawal



I. Optical fiber 
types and 
characteristics



The Structure of an Optical Fiber

An optical fiber is made up of:

Core (doped glass)

Cladding (glass)

Buffer (plastic)

– Doped core: refractive index n1 1.5

– Cladding: refractive index n1  n2

– Buffer (or primary coating): protects fiber from damage

perspective view transverse section
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remember from Optoelectronics!!! And C2

Fiber  <> Cable!!!!!!



Fiber Refractive Index Profile Concept

• Core Refractive Index (n1)

• Cladding Refractive Index (n2)

• Step Index Profile

• n1 - n2 << 1

• Question: Why different profiles? 

• Graded Index Profile 

x

R.I.



Longitudinal section- common fibers

8/125

50/125



Optical Communication Bands and Attenuation
The attenuation curve for optical fiber (glass). Note the five optical wavelength windows.

Attenuation is the slope/inclination of the graphic



Optical Attenuation-catalog

Thorlabs – vol 19 – page 1095/1105

https://www.thorlabs.com/catreq.cfm



ITU-T Recommendation
Example (Thorlabs Catalog)



https://tmi.yokogawa.com/tw/solutions/products/optical-measuring-instruments/optical-spectrum-analyzer/aq6370d-optical-
spectrum-analyzer/#Documents-Downloads____downloads_9

https://tmi.yokogawa.com/tw/solutions/products/optical-measuring-instruments/optical-spectrum-analyzer/aq6370d-optical-spectrum-analyzer/#Documents-Downloads____downloads_9


BER Analyzer

https://www.testandmeasurementtips.com/ber-analyzer-gets-multichannel-support-fec-pattern-generation-isi-and-
error-count-import-to-handle-400-gbe-transceiver-tests/



Photodiode and BER



BER



Q factor



More than 5 generations

• WHY:

• Optical fiber fabrication technology 
(Handbook of OF)

• Optical fiber materials (Specialty OF 
Handbook)

• Optical fiber transmission phenomena 
(Nonlinear fiber optics)

ETC

II. Special optical fibers



Why?

• System performance can be maximized, and total system cost savings can be realized by choosing an optical 
fiber design optimized for a particular system application. 

• The cabled optical fiber that forms the backbone of the physical layer is one part of an optical transmission 
line that also comprises amplifiers and dispersion compensation modules (DCMs). 

• The designs of the amplifier, DCM, and cabled transmission fiber are not mutually independent, and an 
integrated view of the transmission line design is necessary to optimize performance and drive cost out of 
the total system.

• Is about phenomena

• Is about new manufacturing technology and new materials



Is about phenomena

• Nonlinearities

• The response of any dielectric to light becomes nonlinear 
for intense electromagnetic fields, and optical fibers are no 
exception. 

• Highly focused coherent laser light, propagating with low 
loss through optical fiber over long distances (kilometers), 
is an ideal breeding ground for nonlinear interaction with 
the glass material

• Although nonlinear effects were found inearly optical 
transmission work with analog signal delivery (CATV, etc.), 
muchattention lately has been given to resolution of 
nonlinear problems in long-haul optical communications 
and high-power operation in specialty fibers. In particular, 
new fiber types have been developed to overcome 
nonlinear impairments



DSF fibers
• As fiber design introduced dispersion-shifted fibers (DSFs) in the early 1990s, to overcome chromatic 

dispersion impairments, it was soon found that multiple lightwaves, with different wavelengths, were able 
to efficiently interact through a four-wave mixing (FWM) process since the coupling waves were well 
matched in phase and group velocity. This led to the development of NZDFs that struck a balance between 
the high chromatic dispersion of standard single-mode fiber and the very low dispersion, at operating 
wavelengths, of DSFs. 

• With the advent of high-power erbium-doped fiber amplifiers (EDFAs) and high-power laser diodes, many 
nonlinear issues arose because of the long distance between signal regeneration points and the multiple 
optical wavelengths that could simultaneously be used. 

• In particular, stimulated Brillouin scattering became apparent (at 5–10 dBm levels with laser line widths <5 
MHz). This required new features in transmitters to broaden the effective source line width. Self- and cross-
phase modulation issues were also noted. Generally, these problems increased with small effective area 
fibers (such as those often used in specialty applications). 

• In the late 1990s, Raman amplification received renewed attention because of potential noise 
improvements due to its distributed nature. This amplifier was based on stimulated Raman scattering of a 
signal wavelength by a high-powered laser pump in a transmission fiber medium. 

• Homework 3.1: further study of special optical fibers – choose 2 types and make a short report (1 page)



Is about technology

• Materials

• Pure Silica Core Fiber

• Zero Water Peak Fiber

• Hydrogen Aging Losses

• DESIGN OF NONZERO DISPERSION FIBERS

• Specialty Single-Mode Fibers (holes, INTERNAL ELECTRODES, MULTICORE FIBERS AND 
COMPONENTS/grattings, DOUBLE-CLAD FIBER, dopped fibers, birefringent, 
Photosensitive Fibers, liquid core, sapphire fibers, etc)

• POF-plastic optical fibers

• PCF – photonic crystal fibers

• Manufacturing Machines

• VAPOR-DEPOSITION TECHNIQUES

• VERTICAL AXIAL DEPOSITION

• PLASMA CHEMICAL VAPOR DEPOSITION

• SOL-GEL PROCESSES

• DIRECT NANOPARTICLE DEPOSITION

• FIBER DRAWING

Target: Low loss glass fibers for optical transmission!!

Low BER!!!



Fiber drawing



III. Fiber loss: linear and nonlinear 
effects

• Material adsorption

• Scattering losses – linear:
• Rayleigh
• Mie scattering
• Macro and microbend
• Dispersion

• Nonlinear scattering
• Stimulated scattering

Brillouin
Raman

• Nonlinear index effects
• Single signal – Self phase modulation
• Multi signal – Cross Phase and FWM Intermodulation (mixing)



Linear 
effects



•Dispersion, dispersion slope

•Dispersion compensation and management

• Kerr nonlinearities
• Self-phase modulation (SPM)

• Cross-phase modulation (XPM)

• Four-wave mixing (FWM)

• Brillouin

• Raman

•Nonlinear transmission

• Fiber 1: Basics of Fiber Propagation
Outlines Agrawal – Nonlinear Fiber Optics and Applications



Total 
Dispersion



Dispersion

http://support.huawei.com/onlinetoolsweb/resources/en/15_dispersion.html

Wavelength dispersion/Chromatic

PMD dispersion
Birefringence



Pulse transmission 
effects

• Pulse broadening

• Pulse attenuation





M0

M3







Intramodal dispersion (GVD)



Intramodal dispersion – material dispersion



Intramodal dispersion – waveguide dispersion



Fiber 
dispersion
-cap 2.3-

Wave number k

Group velocity



Fiber dispersion
-material – 2.3.2.
-waveguide-2.3.3.

(GVD):



High order 
Fiber 
dispersion
- cap 2.3.4-differential-dispersion parameter



Polarization 
mode 
dispersion
- cap 2.3.5-





Total dispersion





Commercial 
fibers 
example



How to 
calculate?



Dispersion modified (flattened)



Dispersion shifted fibers



Review about the index profile

g

g= parameter for index profile
g=1, triangle
g=infinite, step index
g=2, parabolic



Transversal section



Special 
optical 
fibers (PCF)



Summary Optical Comm Syst



•Dispersion, dispersion slope

•Dispersion compensation and management

• Kerr nonlinearities
• Self-phase modulation (SPM)

• Cross-phase modulation (XPM)

• Four-wave mixing (FWM)

•Nonlinear transmission

• Fiber 1: Basics of Fiber Propagation
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Dispersion



Dispersion

• Definition: any effect that causes different components of a 
transmitted signal to travel at different velocities in an optical 
fiber

• Intersymbol interference- may limit the distance a pulse can 
travel

Types:
• Intermodal: each mode travels at a different velocity
• Chromatic: each wavelength travels at a slightly different 

velocity in a fiber (dispersion compensation fibers). Ranges from 
1.453 at 850 nm to 1.445 at 1550 nm. Example: Dcd = 2 ps/(km 
x nm) at 1550 nm

• Polarization mode dispersion (PMD) - arises in single-mode 
fibers because the two fundamental orthogonal polarization 
modes in a fiber travel at slightly different speeds owing to fiber 
birefringence - 10 Gbps and higher



Representation of the propagation pulse



Schrodinger Equation





Dispersion length = Power is constant over a certain length 





The information-carrying capacity

• Limitations by various internal distortion mechanisms, such as 

• signal dispersion factors - which cause optical signal pulses to 

broaden as they travel along a fiber
• Inter-Multimodal

• chromatic

• polarization mode dispersions, 

• nonlinear effects (WDM systems)- high power densities (optical 
power per cross-sectional area) in a fiber

• Their impact on signal fidelity includes 

• shifting of power between wavelength channels, 

• appearances of spurious signals at other wavelengths, and 

• decreases in signal strength



Important challenges

designing such multiple-channel optical networks include:

• Transmission of the different wavelength channels at the highest 
possible bit rate

• Transmission over the longest possible distance with the smallest 
number of optical amplifiers

• Network architectures that allow simple and efficient network 
operation, control, and management



Chirped of the pulse





PMD – polarization mode dispersion

• birefringence of the material

A typical PMD value for a fiber is DPMD 0.05 ps/km,

• Pulse spreading ΔtPMD resulting from polarization mode dispersion is 
given by ΔtPMD = DPMD x (fiber length)^1/2

https://www.fibercore.com/expertise/fiberpaedia/form-birefringence 
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr200809le1.html



Nonlinear effects

• Arise at high power levels because both the 
• attenuation and the 
• refractive index 

depend on the optical power in a fiber

Classifications:

• Nonlinear inelastic scattering processes, which are interactions between optical signals and 
molecular or acoustic vibrations in a fiber
• stimulated Raman scattering (SRS) and 
• stimulated Brillouin scattering (SBS)

• Nonlinear variations of the refractive index in a silica fiber that occur because the refractive 
index is dependent on intensity changes in the signal. Effect: Crosstalk between the wavelength 
channels
• self-phase modulation (SPM), 
• cross-phase modulation (XPM) or CPM, and 
• four-wave mixing (FWM) – called sometimes four-photon mixing (FPM)



Kerr nonlinearities –nonlinear effects



Major 
Nonlinear 
Effects
-already 
discussed in C2-



Remember: 
Rayleigh =  elastic scattering for which the frequency (or the photon energy) of scattered light remains unchanged



Stimulated Raman Scatterring

• the molecule can absorb some 
energy from the incident photon

• Modified photon is called

Stokes

• Powers in channels separated by 
up to 125 nm(13-16 THz) can be 
coupled through the SRS effect,

thereby producing crosstalk 
between wavelength channels

• Raman amplifiers



https://www.intechopen.com/books/advances-in-optical-fiber-technology-fundamental-optical-phenomena-and-
applications/brillouin-scattering-in-optical-fibers-and-its-application-to-distributed-sensors



Raman Amplifier

http://www.vpiphotonics.com/Applications.php




How Optical Amplification works





EDFA Amplifiers



Stimulated Brillouin scattering 
• arises when light waves scatter from acoustic waves.

• The physical process behind Brillouin scattering is the tendency of 
materials to become compressed in the presence of an electric field—
a phenomenon termed electrostriction

• Powers in channels separated by up to 

9-11 GHz can be coupled through 

the SBS effect



Kerr nonlinearities –nonlinear effects



Mode field diameter



https://link.springer.com/article/10.1007/s00340-016-6407-y

A super-Gaussian shape can be used to model the effects of steep leading and trailing edges on dispersion-induced pulse 

broadening. The factor, m = degree of edge sharpness



phase shift

frequency chirp











Conclusion



The major parts of a fiberoptic communication system.

Optical Link with EDFA (amplification)



Optical link with dispersion compensation fibers

http://mapyourtech.com/entries/general/dispersion-compensation-an-introduction



III. Summary

• Nonlinear Schrödinger Equation

• Dispersion and dispersion-compensation schemes  

• Kerr nonlinearities
• Self-phase modulation (SPM)

• Cross-phase modulation (XPM)

• Four-wave mixing (FWM)

• Dispersion-management



Deadline Homework in this lecture: 2 weeks


