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Nonlinear effects: continue

Four-Wave Mixing (FWM)

The power dependence of the refractive index (RI) has its origin in
the third-order nonlinear susceptibility denoted by χ(3). The
nonlinear phenomenon, known as four-wave mixing (FWM), also
originates from χ(3). If three optical fields with carrier frequencies ω1,
ω2, and ω3 copropagate inside the fiber simultaneously, χ(3) generates
a fourth field whose frequency ω4 is related to other frequencies by a
relation ω4 = ω1±ω2±ω3. Several frequencies corresponding to
different plus and minus sign combinations are possible in principle.
In practice, most of these combinations do not build up because of a
phase-matching requirement. Frequency combinations of the form
ω4 = ω1 + ω2 − ω3 are often troublesome for multichannel
communication systems since they can become nearly phase-matched
when channel wavelengths lie close to the zero-dispersion wavelength.
In fact, the degenerate FWM process for which ω1 = ω2 is often the
dominant process and impacts the system performance most.
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Nonlinear effects: continue

Four-Wave Mixing

On a fundamental level, a FWM process can be viewed as a scattering
process in which two photons of energies ~ω1 and ~ω2 are destroyed,
and their energy appears in the form of two new photons of energies
~ω3 and ~ω4. The phase-matching condition then stems from the
requirement of momentum conservation. Since all four waves
propagate in the same direction, the phase mismatch can be written
as:

∆ = β(ω3) + β(ω4)− β(ω1)− β(ω2), (1)

where β(ω) is the propagation constant for an optical field with
frequency ω. In the degenerate case, ω2 = ω1, ω3 = ω1 + Ω, and
ω3 = ω1 − Ω, where Ω represents the channel spacing. Using the
Taylor expansion, we find that the β0 and β1 terms cancel, and the
phase mismatch is simply ∆ = β2Ω2.
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Nonlinear effects: continue

Four-Wave Mixing

The FWM process is completely phase matched when β2 = 0. When
β2 is small (< 1 ps2/km) and channel spacing is also small (Ω < 100
GHz), this process can still occur and transfer power from each
channel to its nearest neighbors. Such a power transfer not only
results in the power loss for the channel but also induces interchannel
crosstalk that degrades the system performance severely. Modern
WDM systems avoid FWM by using the technique of dispersion
management in which GVD is kept locally high in each fiber section
even though it is low on average. Commercial dispersion shifted fibers
are designed with a dispersion of about 4 ps/(km/nm), a value found
large enough to suppress FWM. FWM can also be useful in designing
lightwave systems. It is often used for demultiplexing individual
channels when time-division multiplexing is used in the optical
domain. It can also be used for wavelength conversion. FWM in
optical fibers is sometimes used for generating a spectrally inverted
signal through the process of optical phase conjugation. This
technique is useful for dispersion compensation. 5 / 26
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Fiber Manufacturing

Design Issues

In its simplest form, a step-index fiber consists of a cylindrical core
surrounded by a cladding layer whose index is slightly lower than the
core. Both core and cladding use silica as the base material; the
difference in the refractive indices is realized by doping the core, or the
cladding, or both. Dopants such as GeO2 and P2O5 increase the RI of
silica and are suitable for the core. On the other hand, dopants such
as B2O3 and fluorine decrease the RI of silica and are suitable for the
cladding. The major design issues are related to the refractive-index
profile, the amount of dopants, and the core and cladding dimensions.
The diameter of the outermost cladding layer has the standard value
of 125µm for all communication-grade fibers. Figure below shows
typical index profiles that have been used for different kinds of fibers.
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Fiber Manufacturing

The design of single-mode fibers

The top row corresponds to standard fibers which are designed to have
minimum dispersion near 1.3µm with a cutoff wavelength in the range
1.1–1.2µm. The simplest design shown in (a) consists of a pure-SiO2
cladding and a core doped with GeO2 to obtain ∆≈3×10−3. A
commonly used variation shown in (b) lowers the cladding index over
a region adjacent to the core by doping it with fluorine. It is also
possible to have an undoped core by using a design shown in (c). The
fibers of this kind are referred to as doubly clad or depressed-cladding
fibers . They are also called W fibers, reflecting the shape of the index
profile. The bottom row in Fig. below shows three index profiles used
for dispersion-shifted fibers for which the zero-dispersion wavelength
is chosen in the range 1.45–1.60µm. A triangular index profile with a
depressed or raised cladding is often used for this purpose. The RIs
and the thickness of different layers are optimized to design a fiber
with desirable dispersion characteristics. Sometimes as many as four
cladding layers are used for dispersion-flattened fibers.
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Fiber Manufacturing

The design of single-mode fibers
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Several index profiles used in the design of single-mode fibers.
Upper and lower rows correspond to standard and
dispersion-shifted fibers, respectively.
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Fiber Manufacturing

Fabrication Methods

Fabrication of telecommunication-grade silica fibers involves two
stages. In the first stage a vapor-deposition method is used to make a
cylindrical preform with the desired refractive-index profile. The
preform is typically 1 m long and 2 cm in diameter and contains core
and cladding layers with correct relative dimensions. In the second
stage, the preform is drawn into a fiber by using a precision-feed
mechanism that feeds the preform into a furnace at the proper speed.
Several methods can be used to make the preform. The three
commonly used methods are modified chemical-vapor deposition
(MCVD), outside-vapor deposition (OVD), and vapor-axial
deposition (VAD). Figure below shows a schematic diagram of the
MCVD process.
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Fiber Manufacturing

MCVD process
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MCVD process commonly used for fiber fabrication.
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Fiber Manufacturing

The MCVD process

In MCVD process, successive layers of SiO2 are deposited on the
inside of a fused silica tube by mixing the vapors of SiCl4 and O2 at a
temperature of about 1800oC. To ensure uniformity, a multiburner
torch is moved back and forth across the tube length using an
automatic translation stage. The refractive index of the cladding
layers is controlled by adding fluorine to the tube. When a sufficient
cladding thickness has been deposited, the core is formed by adding
the vapors of GeCl4 or POCl3. These vapors react with oxygen to
form the dopants GeO2 and P2O5:

GeCl4 +O2→GeO2 + 2Cl2, (2)

4POCl3 + 3O2→2P2O5 + 6Cl2, (3)
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Fiber Manufacturing

The MCVD process

The flow rate of GeCl4 or POCl3 determines the amount of dopant
and the corresponding increase in the refractive index of the core. A
triangular-index core can be fabricated simply by varying the flow
rate from layer to layer. When all layers forming the core have been
deposited, the torch temperature is raised to collapse the tube into a
solid rod of preform.
The MCVD process is also known as the inner-vapor-deposition
method, as the core and cladding layers are deposited inside a silica
tube. In a related process, known as the plasma-activated chemical
vapor deposition process, the chemical reaction is initiated by a
microwave plasma. By contrast, in the OVD and VAD processes the
core and cladding layers are deposited on the outside of a rotating
mandrel by using the technique of flame hydrolysis.
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Fiber Manufacturing

Fiber drawing

13 / 26Apparatus used for fiber drawing.
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Lightwave system

Summary

The power dependence of the refractive index (RI) has its origin in
the third-order nonlinear susceptibility denoted by χ(3). The
nonlinear phenomenon, known as four-wave mixing (FWM), also
originates from χ(3). If three optical fields with carrier frequencies ω1,
ω2, and ω3 copropagate inside the fiber simultaneously, χ(3) generates
a fourth field whose frequency ω4 is related to other frequencies by a
relation ω4 = ω1±ω2±ω3. Several frequencies corresponding to
different plus and minus sign combinations are possible in principle.
In practice, most of these combinations do not build up because of a
phase-matching requirement. Frequency combinations of the form
ω4 = ω1 + ω2 − ω3 are often troublesome for multichannel
communication systems since they can become nearly phase-matched
when channel wavelengths lie close to the zero-dispersion wavelength.
In fact, the degenerate FWM process for which ω1 = ω2 is often the
dominant process and impacts the system performance most.
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Lightwave system

Four-Wave Mixing

On a fundamental level, a FWM process can be viewed as a scattering
process in which two photons of energies ~ω1 and ~ω2 are destroyed,
and their energy appears in the form of two new photons of energies
~ω3 and ~ω4. The phase-matching condition then stems from the
requirement of momentum conservation. Since all four waves
propagate in the same direction, the phase mismatch can be written
as:

∆ = β(ω3) + β(ω4)− β(ω1)− β(ω2), (4)

where β(ω) is the propagation constant for an optical field with
frequency ω. In the degenerate case, ω2 = ω1, ω3 = ω1 + Ω, and
ω3 = ω1 − Ω, where Ω represents the channel spacing. Using the
Taylor expansion, we find that the β0 and β1 terms cancel, and the
phase mismatch is simply ∆ = β2Ω2.
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Lightwave system

Four-Wave Mixing

The FWM process is completely phase matched when β2 = 0. When
β2 is small (< 1 ps2/km) and channel spacing is also small (Ω < 100
GHz), this process can still occur and transfer power from each
channel to its nearest neighbors. Such a power transfer not only
results in the power loss for the channel but also induces interchannel
crosstalk that degrades the system performance severely. Modern
WDM systems avoid FWM by using the technique of dispersion
management in which GVD is kept locally high in each fiber section
even though it is low on average. Commercial dispersion shifted fibers
are designed with a dispersion of about 4 ps/(km/nm), a value found
large enough to suppress FWM. FWM can also be useful in designing
lightwave systems. It is often used for demultiplexing individual
channels when time-division multiplexing is used in the optical
domain. It can also be used for wavelength conversion. FWM in
optical fibers is sometimes used for generating a spectrally inverted
signal through the process of optical phase conjugation. This
technique is useful for dispersion compensation. 16 / 26
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Fiber Manufacturing

Design Issues

In its simplest form, a step-index fiber consists of a cylindrical core
surrounded by a cladding layer whose index is slightly lower than the
core. Both core and cladding use silica as the base material; the
difference in the refractive indices is realized by doping the core, or the
cladding, or both. Dopants such as GeO2 and P2O5 increase the RI of
silica and are suitable for the core. On the other hand, dopants such
as B2O3 and fluorine decrease the RI of silica and are suitable for the
cladding. The major design issues are related to the refractive-index
profile, the amount of dopants, and the core and cladding dimensions.
The diameter of the outermost cladding layer has the standard value
of 125µm for all communication-grade fibers. Figure below shows
typical index profiles that have been used for different kinds of fibers.
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Fiber Manufacturing

The design of single-mode fibers

The top row corresponds to standard fibers which are designed to have
minimum dispersion near 1.3µm with a cutoff wavelength in the range
1.1–1.2µm. The simplest design shown in (a) consists of a pure-SiO2
cladding and a core doped with GeO2 to obtain ∆≈3×10−3. A
commonly used variation shown in (b) lowers the cladding index over
a region adjacent to the core by doping it with fluorine. It is also
possible to have an undoped core by using a design shown in (c). The
fibers of this kind are referred to as doubly clad or depressed-cladding
fibers . They are also called W fibers, reflecting the shape of the index
profile. The bottom row in Fig. below shows three index profiles used
for dispersion-shifted fibers for which the zero-dispersion wavelength
is chosen in the range 1.45–1.60µm. A triangular index profile with a
depressed or raised cladding is often used for this purpose. The RIs
and the thickness of different layers are optimized to design a fiber
with desirable dispersion characteristics. Sometimes as many as four
cladding layers are used for dispersion-flattened fibers.
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Fiber Manufacturing

The design of single-mode fibers
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Several index profiles used in the design of single-mode fibers.
Upper and lower rows correspond to standard and
dispersion-shifted fibers, respectively.
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Fiber Manufacturing

Fabrication Methods

Fabrication of telecommunication-grade silica fibers involves two
stages. In the first stage a vapor-deposition method is used to make a
cylindrical preform with the desired refractive-index profile. The
preform is typically 1 m long and 2 cm in diameter and contains core
and cladding layers with correct relative dimensions. In the second
stage, the preform is drawn into a fiber by using a precision-feed
mechanism that feeds the preform into a furnace at the proper speed.
Several methods can be used to make the preform. The three
commonly used methods are modified chemical-vapor deposition
(MCVD), outside-vapor deposition (OVD), and vapor-axial
deposition (VAD). Figure below shows a schematic diagram of the
MCVD process.
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Fiber Manufacturing

Telephone French prediction for the year 2000
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Fiber Manufacturing

Communication: Morse
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Fiber Manufacturing

Home Computer prediction for Year 2004
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Fiber Manufacturing

The MCVD process

In MCVD process, successive layers of SiO2 are deposited on the
inside of a fused silica tube by mixing the vapors of SiCl4 and O2 at a
temperature of about 1800oC. To ensure uniformity, a multiburner
torch is moved back and forth across the tube length using an
automatic translation stage. The refractive index of the cladding
layers is controlled by adding fluorine to the tube. When a sufficient
cladding thickness has been deposited, the core is formed by adding
the vapors of GeCl4 or POCl3. These vapors react with oxygen to
form the dopants GeO2 and P2O5:

GeCl4 +O2→GeO2 + 2Cl2, (5)

4POCl3 + 3O2→2P2O5 + 6Cl2, (6)
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Fiber Manufacturing

The MCVD process

The flow rate of GeCl4 or POCl3 determines the amount of dopant
and the corresponding increase in the refractive index of the core. A
triangular-index core can be fabricated simply by varying the flow
rate from layer to layer. When all layers forming the core have been
deposited, the torch temperature is raised to collapse the tube into a
solid rod of preform.
The MCVD process is also known as the inner-vapor-deposition
method, as the core and cladding layers are deposited inside a silica
tube. In a related process, known as the plasma-activated chemical
vapor deposition process, the chemical reaction is initiated by a
microwave plasma. By contrast, in the OVD and VAD processes the
core and cladding layers are deposited on the outside of a rotating
mandrel by using the technique of flame hydrolysis.
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Fiber Manufacturing

Fiber drawing

26 / 26Apparatus used for fiber drawing.


	Nonlinear effects: continue
	Fiber Manufacturing
	Lightwave system
	Fiber Manufacturing

