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Abstract The photorefractive effect is a phenomenon in which the local index of refraction is
changed by the spatial variation of the light intensity. Although the phrase “photorefrac-
tive effect” has been traditionally used for such effects in electro-optic materials, new
materials, including photopolymers and photosensitive glasses, have been developed
in recent years and are playing increasingly important roles in optical fiber communi-
cation systems. Photopolymers in combination with liquid crystals are ideal materials
for wavelength selective tunable devices. The improved optical quality and large dy-
namic range of photopolymers make them promising materials for holographic record-
ing. Holographic gratings recorded in photopolymers can be employed as distributed
Bragg reflectors (DBR). The large birefringence of liquid crystals can be used to tune
the index of refraction to cover a large wavelength range (e.g., 40 nm). In addition, the
combination of photopolymer and liquid crystal also leads to a new material known as
holographic polymer dispersed liquid crystal (H-PDLC) which provides a medium for
switchable holograms. Photonic devices made of these materials can be easily incor-
porated into an optical fiber system because of the low index of refraction of polymers
and liquid crystals. Besides photopolymers, photosensitive glasses are also promising
for applications in fiber optic systems. Fiber Bragg gratings (FBG) have been used as
bandpass filters and dispersion compensators. In this chapter, we describe the applica-
tions of photopolymers, H-PDLCs, and FBGs in fiber optic devices. Specifically, some
of the recent works on photonic devices such as filters, switches, and high performance
dispersion compensators for wavelength division multiplexing (WDM) systems will be
described.

3.1. INTRODUCTION

As computers and the Internet become faster and faster, more and more informa-
tion is transmitted, received, processed, and stored everyday. The demand for high speed
and large capacity information systems is pushing scientists and engineers to explore all
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possible approaches including electrical and optical means. Optical data storage and fiber
communications have already demonstrated their potential in the competition against other
technologies. CD and DVD are showing their advantages in the computer and entertain-
ment market. Optical fiber networks are offering unprecedented bandwidth in communi-
cations. What motivated the use of optical waves to transmit, process, store and access
information is that light or an optical wave has an enormous capacity (or bandwidth) to
carry information because of its short wavelength and parallel nature. Photorefractive ma-
terials, including traditional electro-optic photorefractive crystals as well as photopolymers
and photosensitive glasses, have demonstrated their potential in information systems.

The conventional photorefractive effect [1] is an optical phenomenon in some electro-
optic crystals where the local index of refraction is changed by the spatial variation of the
light intensity. Such an effect was first discovered in LiNbO3 crystals in the 1960s. The
spatial index variation leads to the distortion of the wave front, and such an effect was
referred to as “optical damage.” The photorefractive effect has since been observed in many
other electro-optic crystals, including BaTiO3, KNbO3, SBN, BSO, BGO, GaAs, CdTe,
InP, etc. The photorefractive effect is generally believed to arise from optically generated
charge carriers which migrate when the crystal is exposed to a spatially varying pattern of
illumination with photons having sufficient energy. Migration of the charge carriers due to
drift, diffusion and the photovoltaic effect produces a space-charge separation, which then
gives rise to a strong space-charge field. Such a field induces a refractive index change via
the electro-optic (Pockels) effect. This simple picture of the photorefractive effect can be
employed to explain several interesting optical phenomena in these media.

Photorefractive materials are, by far, the most efficient media for the recording of vol-
ume dynamic holograms. In these media, information can be stored, retrieved and erased
by the illumination of light, in real time. The holographic recording can be employed for
3D optical data storage with an ultra-high density, such a scheme of volume holographic
storage offers the unique property of parallel readout with an extremely short access time.
In addition to the efficient holographic response, beam coupling known as two-wave mix-
ing (TWM) occurs naturally in photorefractive media. When two beams of coherent radi-
ation intersect inside a photorefractive medium, a stationary index grating is formed. This
index grating is spatially shifted by π/2 relative to the intensity pattern. Such a spatial
phase shift leads to nonreciprocal energy transfer when these two beams propagate through
the medium. The unique property of nonreciprocal energy transfer can be employed for
many applications, including laser beam clean-up, photorefractive resonators, nonrecipro-
cal transmission window, biased elements for laser gyros, self-pumped phase conjugators,
mutually pumped phase conjugators, optical interconnection, neural networks, phase con-
jugate interferometry, etc. It is important to note that the direction of energy flow in TWM is
determined by the orientation of the crystal. In addition to holographic storage and TWM,
photorefractive crystals are also efficient media for four-wave mixing (FWM) which is a
generic process for the generation of phase conjugate waves. Optical FWM with various
boundary conditions can be employed to construct several different types of phase conjuga-
tors including, externally-pumped phase conjugators, ring conjugators, self-pumped phase
conjugators (SPPC), mutually-pumped phase conjugators (MPPC), etc.

Unconventional photorefractive materials including photopolymers and photo-
sensitive glasses are attracting more and more attention for better materials needed in fab-
rication of fiber optic devices. Traditional photorefractive materials, such as LiNbO3, have
been widely used to record holographic gratings in the applications of optical data stor-
age, information processing, and fiber optic devices. However, new materials with larger
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FIGURE 3.1. Grating formation in a photopolymer.

dynamic range, higher photo-sensitivity, lower refractive index, and relatively easier fab-
rication and integration processes are desirable for these applications, particularly in fiber
optic devices.

Photopolymers in combination with liquid crystals are ideal materials for wavelength
selective tunable devices. The improved optical quality and large dynamic range of pho-
topolymers make them promising materials for holographic recording. Holographic grat-
ings recorded in photopolymers can be employed as distributed Bragg reflectors (DBR).
The large birefringence of liquid crystals can be used to tune the index of refraction to
cover a large wavelength range. In addition, the combination of photopolymers and liquid
crystals also leads to a new material known as holographic polymer dispersed liquid crys-
tal (H-PDLC), which provides a medium for switchable holograms. Besides photopoly-
mers, photosensitive glasses are also promising for applications in fiber optic systems. Fiber
Bragg gratings (FBG) have been used as bandpass filters and dispersion compensators.

New and improved photopolymers have been developed as a result of the search for
better holographic materials for optical data storage [2,3]. Figure 3.1 illustrates the process
of grating formation in a photopolymer. A photopolymer, before exposed to light, consists
of photopolymerizable monomers dispersed in a matrix. Upon illumination by a spatially
varying light pattern (sinusoidal intensity pattern generated by two interfering plane waves,
for example) monomers in the bright areas become polymers. At the same time, the re-
maining monomers will diffuse to form a uniform distribution throughout the bulk of the
medium. The sum of polymers and monomers form a density gratings, which can be fixed
by a uniform illumination after the diffusion of monomers reaches a steady state. As the
index of refraction of the polymer depends on its density, the density grating results in an
index grating. Since the photopolymerization process is irreversible, gratings recorded in
photopolymers are permanent and not optically erasable. The advantages of photopolymers
are their relatively large dynamic range and nonvolatile nature. One problem with pho-
topolymers is that the material shrinks during polymerization leading to a Bragg mismatch
at read-out. In recent years, there has been significant effort [4–6] to improve the properties
of photopolymers, such as higher optical quality, increased thickness, lower shrinkage, as
well as larger dynamic range and higher photosensitivity.

A holographic polymer dispersed liquid crystal (H-PDLC) is a photopolymer mixed
with liquid crystal (LC). During the grating formation inside the photopolymer–LC mix-
ture, photopolymerization occurs in the bright regions faster than in the dark regions. While
the monomer diffuses to the bright regions, the LC molecules diffuse to dark regions [7].
After the final uniform curing, the H-PDLC composite system consists of alternating lay-
ers of polymer planes and LC rich droplet planes. If the refractive index of the polymer is
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matched with one of the principal refractive indices (no or ne) of the LC but not the other,
the grating recorded inside the H-PDLC can be switched on or off by an electrical field that
changes the orientation of the LC molecules.

Photosensitivity in glass was first discovered in optical fibers by Ken Hill et al. in
1978 [8], followed by a breakthrough by Gerry Meltz et al. in 1989 reporting on holo-
graphic writing of gratings using single-photon absorption at 244 nm [9]. After that, fiber
Bragg gratings (FBG) have found numerous applications in fiber optic devices, although
the mechanisms of grating formation in photosensitive glass are still under investigation
[10,11]. Two of the mechanisms are believed to be involved in the formation of index grat-
ings in germanosilicate fibers: the formation of color centers that changes the index of
refraction via Kramers-Kronig relationship and the densification that occurs inside glass
fibers upon illumination by UV light.

In this chapter, we describe some recent works on photonic devices such as filters,
switches, and dispersion compensators for WDM systems. Photopolymers, H-PDLCs, or
photosensitive glass fibers are shown to be the material of choice in the fabrication of these
devices.

3.2. TUNABLE FLAT-TOPPED FILTER

As an example, one of the devices that employs photorefractive materials a flat-
topped tunable filter [12] for wavelength division multiplexing (WDM) optical networks.
A photopolymer can be employed in the implementation of such a filter. As we know,
WDM is one of the most promising technologies for increasing the information capacity of
optical fiber communication. With WDM, multiple channels at closely spaced wavelengths
are sent simultaneously over the same fiber. One of the essential components for WDM
is a wavelength selective filter. Previously, several WDM filters have been proposed and
discussed. However, these filters do not simultaneously satisfy the two important require-
ments of a WDM filter: wavelength tunability and flat-topped pass band. In a recent design,
a Fabry-Perot etalon with multiple reflection gratings as the distributed Bragg reflectors
(DBRs) is used. The DBRs lead to the flat-topped line-shape and an electro-optic material
inside the Fabry-Perot etalon gives the tunability of the filter. The filter has a flat-topped
pass band with about 1 nm linewidth and its wavelength can be tuned over the 40 nm range
provided by Er-doped fiber amplifiers (EDFA).

3.2.1. Principle of Operation

The idea is as follows. For a regular Fabry-Perot etalon, the bandwidth of each trans-
mission peak can be very narrow and only one particular wavelength is transmitted with
maximum transmission. At this wavelength the roundtrip phase shift is a multiple integer
times 2π , i.e.,

φprop = 2(2π/λm)nLC = 2mπ, (3.1)

where φprop indicates the phase shift due to propagation, and LC is the cavity length. The
resonant wavelength λm (m is an integer) is determined by the optical thickness nLC of the
cavity, and therefore by n, the refractive index of the medium in the cavity.
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(a) (b)

FIGURE 3.2. Fabry-Perot etalon with DBRs. (a) Each DBR consists of multiple spatially separated Bragg grat-
ings. (b) Each DBR consists of a chirped and apodized grating.

Gratings are introduced as DBRs to vary the spectral line shape of the Fabry-Perot
etalon. A grating has two functions: (1) a chromatic mirror that reflects light at a wavelength
around

λB = 2n�, (3.2)

where � is the grating period, n is the refractive index, and λB is known as the Bragg
wavelength; and (2) a phase shifter that provides additional phase shift to that given in
Equation (3.1). The resonant condition for peak transmission with a Fabry-Perot etalon
with two symmetric DBRs is now written as

φprop + 2φgrating = 2(2π/λm)nLC + 2φgrating = 2mπ, (3.3)

where φgrating is the phase shift upon reflection from each DBR. It is important to note that
φgrating depends on wavelength, as well as grating parameters. In order to have a spectral
line-shape with sharp walls (also called tight skirts), one needs a high reflectivity for the
DBRs. Therefore, the Fabry-Perot etalon should operate at the wavelength near that given
by Equation (3.2). With a single grating DBR, the transmission spectrum still has a peaked
line-shape (Lorentzian).

To make the line-shape flat-topped, the Fabry-Perot etalon should resonate at more
than one wavelength. This is achieved by using multiple reflection gratings (with differ-
ent grating period �j , j = 1,2, . . . ,N ) as the DBRs. Each of the resonant wavelengths
(λj , j = 1,2, . . . ,N ) results from a pair of gratings with certain grating period (�j ,
j = 1,2, . . . ,N ). With multiple gratings, it is possible to have a narrow range of wave-
length approximately satisfying the resonant conditions, Equation (3.3), simultaneously. In
this case, the φgrating in Equation (3.3) is the phase shift upon reflection from all gratings in
one end. All wavelengths in this resonant range will have high (near 100%) transmission,
resulting in a flat-top. These multiple gratings can be spatially separated, as illustrated in
Figure 3.2(a), or they can overlap, or each DBR can be a chirped and apodized grating, as
shown in Figure 3.2(b), or a combination of multiple chirped and apodized gratings.

To achieve the tunability, the index of refraction inside the cavity and the background
index of refraction of the grating regions need to be modulated (electro-optically, for ex-
ample).
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FIGURE 3.3. Comparison between line-shapes of different tunable filters. (a) A regular Fabry-Perot filter.
(b) A Fabry-Perot filter with DBRs.

FIGURE 3.4. Transmission spectrum of an optimized flat-topped tunable filter.

3.2.2. Device Simulation

Calculated line-shapes of different tunable filters are compared in Figure 3.3. Fig-
ure 3.3(a) shows the transmission spectrum of a Fabry-Perot etalon with regular mirrors.
By changing the index of refraction inside the cavity, the transmission peak is tuned from
1540 nm to 1560 nm. Figure 3.3(b) shows the transmission spectrum of a Fabry-Perot
etalon with DBRs each consisting of three gratings. The nearly squared line-shape re-
mains throughout the 40 nm tuning range (Figure 3.4) corresponding to the EDFA gain
bandwidth. Adjusting grating parameters can minimize the ripples in the high transmission
range. In Figure 3.3, we notice that by using DBRs with multiple gratings, the high trans-
mission range is much wider (flat-top) and the slopes of the edges are much steeper (tight
skirts). In this design, the pass-band of the filter is well within the stop-band of the DBRs,
therefore, the reflectivity of the DBRs is nearly 100%. The tight skirts are achieved by this
high reflectivity of the DBRs, therefore high finesse of the Fabry-Perot cavity. A fine tuned
DBR with five gratings, two of them chirped, gives us the results shown in Figure 3.4. All
side-lobes are either outside the tuning range or below −20 dB. The phase shift upon re-
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FIGURE 3.5. Schematic of a flat-topped tunable WDM filter based on a liquid crystal waveguide with external
gratings, recorded in a layer of photopolymer, as DBRs.

flection from the DBR is calculated using the coupled mode theory. Details of the analysis
can be found in Ref. [12].

3.2.3. Design for Implementation

In order to implement the design, one needs to (1) tune the index of refraction both
inside the cavity and in the grating region, (2) fabricate the DBRs with multiple gratings.
The required large tuning range for the index of refraction (�n ∼ 0.04) suggests the use
of a liquid crystal material. On the other hand, the required interaction length for gratings
(100 μm) suggests a holographic medium for the DBRs. The idea to implement a filter that
satisfies all the above requirements is shown in Figure 3.5. It consists of a liquid crystal
waveguide, whose index of refraction can be tuned by an applied electric field. On top of
the liquid crystal waveguide is a layer of holographic material (e.g., photopolymer) which
can be used to fabricate the DBRs optically. Multiple exposures in the grating regions can
be performed to record multiple holographic gratings. The gratings in the polymer will
reflect light waves traveling in the liquid crystal waveguide, therefore serve as DBRs. By
applying an electric field across the liquid crystal waveguide, both the index of refraction
inside the cavity and the background index of refraction of the grating regions can be tuned
simultaneously. The choice of a photopolymer as the holographic material in this case is
based on the requirement of low refractive index, permanent gratings, and easy fabrication
process.

3.3. WAVELENGTH SELECTIVE 2 × 2 SWITCH

In recent years, the migration of telecom networks to all-optical networks has dra-
matically increased the demand for all-optical components. DWDM systems capable of in-
creasing the network bandwidth using the currently installed fiber cables have been widely
used in the telecommunication systems. Typical DWDM systems require a variety of func-
tional wavelength to be routed throughout the network. Signals need to be optically added
and dropped, optically cross-connected and switched. Optical switches with wavelength
selectivity are of great importance and application in DWDM systems. One example of
such a device is a switchable add/drop module that is capable of switching between all-
through state and adding (or dropping) state for the designated wavelength. The building
block of this switchable device is an optical add/drop module and a 2 × 2 switch. Most
of the existing 2 × 2 switches, such as those involving two prisms operating in total inter-
nal reflection mode or total transmission mode, require light being coupled in and out of
the fiber resulting in large device size and high insertion loss. Recently, a novel compact-
size wavelength-selective switch by recording electrically switchable holographic gratings
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FIGURE 3.6. Structure of the 2 × 2 wavelength switch and multi-wavelength switch.

in a layer of holographic polymer dispersed liquid crystal (H-PDLC) [13–19] sandwiched
between two side-polished fibers was proposed, analyzed and demonstrated. This device
provides in-line operation capability and is particularly suitable for WDM network recon-
figuration.

A holographic polymer dispersed liquid crystal (H-PDLC) is a photopolymer mixed
with liquid crystal (LC). During the grating formation inside the photopolymer-LC mixture,
photopolymerization occurs in the bright regions faster than in the dark regions. While the
monomer diffuses to the bright regions, the LC molecules diffuse to dark regions [20]. After
the final uniform curing (which may be optional if most of the monomer is polymerized
during grating recording), the H-PDLC composite system consists of alternating layers of
polymer planes and LC rich droplet planes. If the refractive index of the polymer is matched
with one of the principal refractive indices (no or ne) of the LC but not the other, the grating
recorded inside the H-PDLC can be switched on or off by an electrical field that changes
the orientation of the LC molecules.

3.3.1. Principle of Operation

A schematic drawing of the basic structure of the 2 × 2 wavelength switch is shown
in Figure 3.6. Two fibers are partially cut through their claddings by side polishing. The two
polished sides are coated with ITO electrodes. Spacers are placed between the two side-
polished fibers to form a cell that is then filled with H-PDLC. A holographic grating can be
recorded in the H-PDLC layer by interfering two plane waves from a laser. When exposed
to an interference pattern, well defined structures of nano-sized LC droplets channels at
lower intensity regions interspersed between polymer-chain channels at higher intensity
regions will be formed. Due to the different refractive indices of the polymer and the liquid
crystal, an index grating is recorded. When an electric field is applied on the H-PDLC
layer, the refractive index of the LC can be changed to be the same as that of the polymer.
Therefore, the index grating inside the H-PDLC can be switched on or off by the electric
field. If one uses two single-mode fibers with slightly different propagation constants, one
can avoid directional coupling between the two fibers when the grating is switched off.
At the field-on state, the grating is switched off and light will propagate through each
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FIGURE 3.7. 1 × 2 wavelength switch and the experiment setup for demonstrating the device operation.

fiber without any coupling, which provides the all-through state. When there is no electric
field, the grating is switched on and the incident light at the INPUT port will be reflected
back and come out from the DROP port, which provides the wavelength dropping state.
Meanwhile the incident light from the ADD port will be reflected into the OUTPUT port,
which provides the wavelength adding state.

3.3.2. Experimental Demonstration

To provide a proof of concept demonstration one side-polished fiber with a H-PDLC
cell built on top of it was used. The 1×2 switch structure is shown in Figure 3.7. A Corning
SMF-28 fiber was side-polished carefully to a point of 0.5 μm to the core, with a length
of 5 mm. ITO coating was deposited onto the polished surface for conduction. Separated
by 20 μm spacers an ITO coated glass cover was placed on top of the side polished fiber
to form a cell. H-PDLC was introduced into the gap. Then a grating was recorded in the
H-PDLC layer by two interfering Ar beams. The angle between the two interfering beams
(2θ) was calculated according to sin θ = n̄λAr/λ, where λAr is the wavelength of the Ar
laser (488 nm), λ is the wavelength to be reflected and n̄ is the mode index of the corre-
sponding wavelength. To measure the reflected wave, a coupler as shown in Figure 3.7 is
placed at the input side.

In the experiment, an Agilent 8164A tunable laser was used as the optical source, an
Agilent 8153A multimeter was used to measure the reflected power. A 3 dB coupler was
used to split the reflected beam and send half of it to the multimeter; an isolator was used to
prevent the other reflected beam from going back into the source. A HP3245A was used to
generate a square wave AC signal to drive the switch. The fiber that used in this experiment
is a Corning SMF-28 fiber. The parameters are listed in Table 3.1.
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TABLE 3.1.
Parameters for 1 × 2 switch.

Core radius ρ 4.5 μm
Cladding radius 62.5 μm
Core refractive index: ncore 1.4505
Cladding refractive index: ncladding 1.4447
Distance between the polishing surface to center of the core 5 μm
Grating length 3 mm
Refractive index of H-PDLC 1.502
Thickness of H-DPLC layer 20 μm
�n of LC in H-PDLC 0.07

FIGURE 3.8. Reflection spectrum measured at field-on and field-off states of the switch.

The preliminary results of the experiment are shown in Figure 3.8. By adjusting the
angle between the two writing beams during the holographic recording a reflection peak at
1548 nm in the field-off state is obtained. The 3 dB bandwidth of the reflection peak is about
3 nm. Adjusting the angle between the two writing beams can control the peak-wavelength
of the reflection. When the electric field was applied, the holographic grating was switched
off and an extinction ratio of more than 25 dB has been achieved. Further optimization
of the experimental condition is expected to improve the results significantly in terms of
diffraction efficiency and bandwidth. In this experiment, the H-PDLC has a higher index of
refraction than that of the fiber core. In the field-on state, the insertion loss of the device is
measured to be 20 dB. This gives us an estimate of the diffraction efficiency of the grating
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FIGURE 3.9. Propagation Constants calculated for various wavelength in the working range.

to be about 63% (−2 dB). However, the coupling loss due to the high refractive index of the
H-PDLC layer can be more than 30 dB. In other words, most of the energy is coupled into
the H-PDLC layer and is lost. It is believed that by using an H-PDLC layer with a reduced
refractive index, one will be able to minimize the insertion loss. After it is polished to about
5 μm above the core, by using a special polishing technique, the insertion loss is often less
than 0.2 dB. By applying low refractive index material on it, it should be able to compensate
for the loss at the polished spot. In addition, by adjusting the grating parameters, such as
grating length and apodization, etc., one can modify the reflection spectrum to achieve the
required bandwidth and line shape. The side-polished fibers can have a polishing length of
10 mm or more.

Simply by replacing the coupler with a circulator and adding another circulator at the
output end as the ADD port, one can achieve a Switchable Optical Add/Drop Multiplexer
(SOADM). In the field off state, the selected wavelength from the incident light at the input
port will be dropped, while the incident light at the ADD port will be added. In the field on
state, the grating is invisible due to the matched refractive indices, no light will be added or
dropped. By cascading several of these devices, one can also achieve an N ×N Switchable
MUX/DEMUX.

Alternatively, all of these devices can also be built based on the 2 × 2 switch shown
in Figure 3.6, where two side-polished fibers are used. In this case, the circulators will no
longer be necessary, which provides a more compact and less expensive design.

3.3.3. Theoretical Analysis

To understand the device performance and design improved switches, one needs to
analyze the field distribution of the mode in the structure and the coupling between the
forward and backward propagating waves. In a recent analysis, they are calculated using
the vector modal method [21–26] and the coupled mode theory, respectively.

The modal properties of the D-shaped fiber covered with a dielectric film can be
analyzed using the so-called vector modal method, where the field in each region is de-
composed into the known eigen-modes of the fiber or slab waveguide, respectively. By
matching the boundary conditions the propagation constant and the field distribution can be
found. Figure 3.9 shows the propagation constant as a function of the wavelength. As can be
noticed, the propagation constant varies almost linearly in the working wavelength range.

Figure 3.10 shows the field distribution inside the complex structure consisting of
the D-shaped fiber, the H-PDLC slab waveguide and the outer cladding layer. Since the
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FIGURE 3.10. Field distribution within a side-polished fiber and a (high refractive index) planar waveguide
system.

refractive index of the H-PDLC is higher than that of the fiber core, most of the energy is
propagating inside the H-PDLC layer. The field remaining inside the fiber core is almost
invisible in Figure 3.10. This result explains the high insertion loss that was measured in
the experiment.

The coupling between the forward and backward propagating modes is analyzed us-
ing the well known coupled mode theory. In the coupled mode equations, the coupling
coefficient is given by

κ = i
ε0al

∫ ∞
−∞

∫ ∞
−∞ �n2(x)|E(x,y)|2dxdy

4
∫ ∞
−∞

∫ ∞
−∞ |E(x,y)|2dxdy

, (3.4)

where �n(x) is the refractive index variation introduced by the grating and E(x,y) is the
modal field distribution. Once the coupling coefficient is found, the peak diffraction effi-
ciency of the grating can be easily obtained by η = tanh2(κL) where L is the length of
the grating. The reflection spectrum of the grating can also be obtained using the coupled
mode analysis. Using parameters in the experiment, the reflected power is shown in Fig-
ure 3.11. The loss (scattering and absorption) of H-PDLC was experimentally measured to
be 0.5 dB/cm, thus the absorption and scattering loss in the system was 0.25 dB (waveguide
length was 0.5 cm). From the field distribution, the coupling loss would contribute −25 dB
to the total power (including the 3 dB coupler in the system).

Furthermore, Equation (3.4) indicates that a stronger coupling (greater coupling co-
efficient) calls for a field distribution with a greater percentage of power inside the H-PDLC
layer where �n(x) is non-zero. However, as discussed above, a large portion of the energy
inside the H-PDLC causes a great insertion loss. The trade-off between the coupling effi-
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FIGURE 3.11. Theoretical simulation of the spectrum of the 1 × 2 switch.

FIGURE 3.12. Spectrum of the 100 GHz DWDM wavelength switch design.

ciency and the insertion loss needs to be taken into consideration when parameters in the
design are selected.

3.3.4. Optimized Switch Design

In order for the switch to be practically useful in DWDM systems, it is necessary
to improve the performance dramatically. Specifically, it is necessary to decrease the in-
sertion loss, increase the diffraction efficiency to almost 100%, decrease the bandwidth to
100 GHz or 50 GHz, make the line shape flat-topped [27], suppress the side lobes, and
increase the switching speed. From the theoretical analysis, the insertion loss can be de-
creased by reducing the refractive index of the H-PDLC, the diffraction efficiency can be
increased by increasing the grating length, the bandwidth and line shape can be modified by
the coupling coefficient and the apodization. On the other hand, the trade-off between the
coupling coefficient and the insertion loss implies that the refractive index of the H-PDLC
cannot be too small. Taking all the restrictions into consideration, the following switches
for 100 GHz and 50 GHz DWDM systems, respectively, have been designed.

3.3.4.1. 100 GHz DWDM Wavelength Switch For the 100 GHz DWDM wavelength
switch design, the parameters are listed in the following Table 3.2.

Using the transfer matrix method, one can simulate the output spectrum of this de-
vice. The result is shown in Figure 3.12. The side-lobes have been successfully suppressed
to be less than −26 dB while keeping the bandwidth to be within 0.8 nm. The peak inser-
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TABLE 3.2.
Parameters used in 100 GHz DWDM wavelength switch design.

Fiber type Corning SMF-28
ncore 1.4505
ncladding 1.4447
rcore 9 μm
rcladding 125 μm
Distance from the polished surface to core 0.5 μm
Cell thickness 20 μm
npolymer 1.4475
Liquid crystal: no 1.4475
Liquid crystal: ne 1.5125
�n 0.065
Scattering and absorption loss 0.01 dB/mm
Grating length 16 mm
Apodization envelope function sinc

TABLE 3.3.
Expected performance of the 100 GHz DWDM wavelength switch.

Switching bandwidth 100 GHz
Channel center wavelength 1550 nm
Reflection band @ 0.2 dB 0.65 nm
Reflection band @ 25 dB 0.8 nm
Channel isolation >25 dB
Peak insertion loss within reflected band <0.16 dB

Switching speed:
Rise time: 460 μs
Fall time: 180 μs

Switching voltage <200 V

tion loss in the reflection band is only −0.16 dB, which makes this device very desirable
for telecommunication.

The switching speed of the H-PDLC cell has been experimentally measured to be a
few hundred microseconds. the detailed specification of this design is listed in the following
Table 3.3.

3.3.4.2. 50 GHz DWDM Wavelength Switch For the 50 GHz DWDM wavelength switch
design, again, a “sinc” apodization envelope function was used to improve the reflection
spectrum. The optimized parameters are listed in the following Table 3.4.

The spectrum of this 50 GHz DWDM wavelength switch has been simulated and
optimized using the transfer matrix method. The result is shown in Figure 3.13. Notice that
the first and the second pair of side-lobes have been suppressed down to less than −32 dB,
while the peak insertion loss at the reflection band is only −0.18 dB.

The detailed specification of this 50 GHz DWDM wavelength switch design is listed
in Table 3.5.

The switching voltage and switching speed can be further improved. By adjusting
the proportion of the ingredients, it is believed that the switching voltage can be lowered to
100 V. By making the curing of H-PDLC more homogeneous, it is also possible to decrease
the rise time to less than 200 μs.
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FIGURE 3.13. Spectrum of the 50 GHz DWDM wavelength switch design.

TABLE 3.4.
Optimized parameters used for 50 GHz DWDM wavelength switch design.

Fiber type Corning SMF-28
ncore 1.4505
ncladding 1.4447
rcore 9 μm
rcladding 125 μm
Distance from the polished surface to core 0.5 μm
Cell thickness 20 μm
npolymer 1.4475
Liquid crystal: no 1.4475
Liquid crystal: ne 1.4755
�n 0.028
Scattering and absorption loss 0.01 dB/mm
Grating length 18 mm
Apodization envelope function sinc

TABLE 3.5.
Expected performance of the designed 50 GHz DWDM wavelength switch.

Switching bandwidth 50 GHz
Channel center wavelength 1550 nm
Reflection band @ 0.2 dB 0.28 nm
Reflection band @ 25 dB 0.4 nm
Channel isolation >25 dB
Peak insertion loss within reflected band <0.18 dB

Switching speed:
Rise time 460 μs
Fall time: 180 μs

Switching voltage <200 V

3.3.5. Discussion

In this section, a novel in-line 2 × 2 wavelength switch based on H-PDLC gratings
sandwiched between two side-polished fibers [28–31] has been discussed. The idea has
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been demonstrated experimentally and analyzed theoretically. Based on the experimental
and theoretical results, optimized switches for both 100 GHz and 50 GHz DWDM systems
have been designed. This device provides the in-line operation capability and is particularly
suitable for DWDM network reconfiguration.

In addition, as shown in Figure 3.6, it is possible to build a multi-grating wavelength
switch based on the same basic structure. With the polishing technique, the side polished
part can be long enough to write several gratings at different spatial locations inside the
H-PDLC layer. Using photolithography, patterned electrodes can be fabricated on the ITO
layer on one of the side polished fibers. By applying control voltages to each of these
electrodes, one will be able to switch the gratings on and off individually, thus choosing
different wavelength to be reflected. This structure can be used in wavelength routing.

3.4. HIGH PERFORMANCE DISPERSION COMPENSATORS

Fiber Bragg gratings (FBGs) have been widely used for filters and dispersion com-
pensators. Recently, several high performance dispersion compensators have been designed
and implemented. Here, as examples, we present two types of high performance dispersion
compensators. One type is a multi-channel dispersion-slope compensator implemented by
post writing exposures. The other type is high reflectivity dispersion management filters
implemented with a high precision FBG writing set-up.

3.4.1. Multi-Channel Dispersion-Slope Compensator

As transmission speed increases from 2.5 to 10 Gbits/sec and higher, and channel
spacing decreases from 200 GHz to 50 GHz, chromatic dispersion and dispersion slope be-
come limiting factors in wavelength division multiplexing (WDM) systems. Several tech-
niques have been proposed for dispersion and dispersion-slope compensation, including:
(i) compensation fiber [32,33], which is the most extensively used technology but is expen-
sive and introduces a large amount of loss; (ii) virtual image phased array [34], which has
a stability problem; (iii) conventional chirped fiber grating, which is ideal for dispersion
compensation and may be used for slope compensation with nonlinear chirp but requires
a long grating length to cover enough channels and precise period control to achieve the
desired compensation.

Recently, however, sampled fiber Bragg grating (FBG) has attracted attention be-
cause of its unique properties, such as multiple reflection/transmission peaks with very pre-
cise spacing and relatively easy fabrication procedures compared with long chirped grating
writing. These properties make FBG ideal for WDM applications. Multi-channel dispersion
compensation has been shown experimentally using sampled chirped FBGs [35], and dis-
persion slope compensation has been proposed and demonstrated by several sampled grat-
ing based techniques. These include the use of a sampled non-linearly-chirped FBG grating
[36] and a sampled chirped-grating with a linearly chirped sampling period [37–39]. The
sampled nonlinearly chirped grating can also be used for tunable dispersion compensation
but it requires precise period control and its channel bandwidth is limited. Theoretically,
the chirped sampling period technique [Figure 3.14(a)] holds a lot of promise [37]. For
fabrication, however, it requires very precise sampling period control during the grating
writing and the grating performance cannot be further modified after writing, which limits
repeatability and flexibility.
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FIGURE 3.14. (a) A sampled grating with a chirped sampling period. (b) A sampled grating with a linearly
increased index for each sampling period.

A novel optical fabrication method is used to achieve dispersion-slope compensation
based on a sampled linearly chirped FBG with non-uniform refractive index for each sam-
pling period. This grating is relatively easy to be controlled and fabricated and is flexible
for different designs. It is demonstrated experimentally in a multi-channel 50 GHz WDM
system. The dispersion slope is demonstrated to match that of the Corning LS fiber.

Defining S as sampling period and D as grating length within each sampling pe-
riod, the optical path length of each non-grating part can be presented by n(S − D), where
“n” is the refractive index. Comparing the method of changing the sampling period (Fig-
ure 3.14(a), period changing expressed as �S) and that of changing the refractive index
(represented by �n) of each sampling period (Figure 3.14(b)) in a sampled grating, they
are similar to each other. They both affect the optical path length. Based on this concept,
fabricating a sampled grating with a linearly chirped sampling period is equivalent to fabri-
cating a sampled grating with a linearly increased index for each sampling period, as long
as n�S = �n(S − D) or �n/n = �S/(S − D). However, adjusting the refractive index is
less problematic since �n can be controlled by applying a UV exposure easily. With a CW
laser and step motor control system, a different refractive index in each sampling period
can be achieved by post-exposure of UV light with different exposure times. Therefore, a
linear or non-linear sampling index profile can be achieved, assuming that the index mod-
ulation �n is proportional to the exposure time �t . Figure 3.15 shows the procedure for
fabricating a sampled chirped grating with a linearly increased index per sampling period.
This is equivalent to a sampled chirped grating with a linearly chirped sampling period,
which was proposed for dispersion slope compensation [37].

Both simulations and experiments have been done to demonstrate that a sampled
chirped grating with a linearly increased refractive index per sampling period is suitable
for dispersion slope compensation in a 50 GHz WDM system. A rectangular sampling
function and linearly increased index profile were applied, as shown in Figure 3.15.

Figure 3.16 shows the simulation results of a sampled chirped grating’s spectrum,
group delay (GD) and channel dispersion with a uniform refractive index per sampling
period and those with a linearly increased index. It shows that the grating’s dispersion
has been modified by applying a linearly increased refractive index for each sampling pe-
riod. The grating’s relative dispersion slope (RDS) is optimized to −0.044 nm−1, which
is designed to compensate Corning LS fiber’s dispersion slope with RDS equaling to
−0.044 nm−1 [37] (RDS is defined as dispersion slope normalized to dispersion). The
grating’s sampling period is 2.07 mm, which corresponds to 50 GHz channel spacing, with
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FIGURE 3.15. Schematics of the writing procedure.

FIGURE 3.16. Simulation results for dispersion slope compensation of a 50 GHz WDM system.

15% duty cycle, defined as D/S. Figure 3.17 shows the experimental results of a sampled
chirped grating’s spectrum and its channels’ dispersion, group delay and group delay ripple
(a) before the linear post-exposure and (b) after the linear post-exposure.

In the experiment, the grating was written by a 50 mW 244 nm (frequency doubled
Argon) CW laser and a holographic chirped phase mask with a 15% duty cycle sampling
mask with 2.07 mm sampling period, which corresponds to 50 GHz channel spacing. The
grating’s reflection spectrum and group delay were measured by Agilent’s “Chromatic Dis-
persion Test Solution” using a 2 GHz modulation frequency and 10 pm wavelength resolu-
tion. The grating length was 60 mm and the fiber was photosensitive and hydrogen loaded.
Gaussian apodization was applied to minimize the group delay ripple (GDR).

Before post-exposure, the channel dispersion data points are distributed along a non-
linear curve, while after the post-exposure, these points are lined up along a straight line.
With an optimized linearly step-increased index per sampling period, the channels’ dis-
persion slope is adjusted to 23.625 ps/nm2 and its RDS to −0.042 nm−1, which matches
Corning LS fiber’s RDS. The relative error of each channel’s dispersion compared to the
linear fit for the 7 channels is: 0.33%, −0.46%, −0.08%, 0.21%, 1.69%, 5.57%, 1.21%,
respectively, which shows that they match very well.

The spectrum’s ripple increases with the non-uniform index. This is due to the phase
mismatch for each sampling period caused by the linearly increased refractive index. The
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FIGURE 3.17. Experimental results for dispersion slope compensation in a 50 GHz WDM system.

group delay ripple (GDR) also increases, but only slightly. The maximum GDR in (a) is
∼ ±8 ps and is < ±15 ps in (b) with bandwidth ∼0.16 nm for each channel. The channel
spacing is 50 GHz (0.4 nm) in both cases with <0.5% error while the center wavelength
shifts a little after post-exposure.

Photo-sensitivity of the glass plays an essential role in fabricating this device. The
potential of using post recording exposure as a method to compensate for dispersion slope
is exceptional due to its ease of fabrication, low cost, flexibility and compatibility with
other mature fiber grating techniques.

3.4.2. High Precision FBG Fabrication Method and Dispersion Management Filters

The novel writing system used in the experiment is based on a continuous phase-
controlled writing configuration similar to those in previous work [40–44]. It allows
apodization and phase of the fiber Bragg grating to be continuously controlled at each
grating line. Special attentions have been given to interferometer design, minimum tim-
ing jitters, precise translation and accurate phase/apodization control. The fiber is moving
constantly on a high precision motor with 0.3 nm resolution. A high-speed shutter system
with less than 10 ns response time is utilized to repeatedly write small grating structure
(<200 μm) in the fiber as the fiber moves through the interference pattern. The motion is
carefully synchronized with the shutter. A compact ultra stable interferometer design is de-
signed and demonstrated. A phase mask is used to split the writing beam equally at desired
angle. To minimize the phase perturbation introduced by any perturbations in the optical
path, an out-of-plane bi-directional ring structure based interferometer is used. The inter-
ferometer looks similar to a folded Mach-Zehnder with the interfering spot folded back to
almost the splitting spot. However, a closer look at the beam paths shows that it is different
from a simple folded Mach-Zehnder. Each beam is reflected by one mirror in the inter-
ferometer to the other mirror, then to the interfering spot where the fiber is located. After
reflected by the mirrors, the two beams return to almost the same spot as the incident beam.
With this design, the clockwise and count-clockwise beams travel through almost the same
optical path. The phase-delay caused by any variation along the optical path will be experi-
enced by both interference beams. Therefore, on the fiber where the grating is written, the
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FIGURE 3.18. Grating design for a 25 GHz 99.9% filter with −700 ps/nm of dispersion.

interference pattern’s phase remains stable. The fiber grating’s phase is varied by the PZT
controlled-phase mask, where the phase of interference fringe is accurately adjusted by a
closed loop control of the PZT motion.

The first design is a 25 GHz 99.9% grating with a constant −700 ps/nm dispersion,
which combines the characters of both dispersion compensator and optical filter. Therefore,
the number of components in an optical network is minimized and the network is expected
to have a better performance with lower cost. The design is shown in Figure 3.18. The phase
structure in gray curve in Figure 3.18 is continuous with smoothed π phase jumps, which
is very different from a zero dispersion grating. The coupling coefficient, kappa, does not
have the zero-crossings as in a zero dispersion grating associated with the discrete π phase
jumps (see the black curve in Figure 3.18). It has some small ripples at the front end and
some more pronounced ripples at the back end of the grating. The grating is about 73 mm
long. The target reflection and group delay from the design are shown in Figure 3.19 in
gray and black solid lines respectively. The measured reflection and group delay are given
in gray and black dotted lines respectively. The measured group delay ripple is less than
±1 ps. It can be seen that a good agreement and performance is achieved for this filter.
The target transmission and transmission dispersion are given in black and gray solid lines
respectively in Figure 3.20. The measured transmission and transmission dispersion are
given in black and gray dotted lines respectively in Figure 3.20. The measured grating has
a reflectivity of 99.84%, corresponding to a transmission isolation of 28 dB.

The second design example is a 25 GHz 99.9% grating with a dispersion varying
linearly from 1000 ps/nm to −1000 ps/nm. This design is shown in Figure 3.21. Slighted
smoothed π phase jumps can be seen in the phase structure along with a slow varying
background (see the gray curve in Figure 3.21). The coupling coefficient in black curve in
Figure 3.21 bears many similarities to the zero dispersion grating design with many zero-
crossings corresponding to the π phase jumps. There is a small asymmetry in the ripples at
the two sides of the main peak as well as in the main peak itself. The grating is 72 mm long.
This grating has a quadratic delay (see the solid gray line in Figure 3.22). This is very dif-
ficult to do by conventional chirp control. But it is, however, easy to do with phase control.
The measured delay from a fabricated grating is also shown in Figure 3.22 in gray dotted
line. It is in good agreement with the design. The target transmission and transmission dis-
persion is shown in black and gray solid lines in Figure 3.23, respectively. The measured
transmission and transmission dispersion are given in black and gray dotted lines, respec-
tively, in Figure 3.23. The measured grating has a reflectivity of 99.94%, corresponding to
a transmission isolation of 32 dB.
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FIGURE 3.19. Target and measured reflection and delay of the grating design shown in Figure 3.18.

FIGURE 3.20. Target and measured transmission and transmission dispersion of the grating design shown in
Figure 3.18.

FIGURE 3.21. Grating design for a 25 GHz 99.9% filter with dispersion linearly varying from −1000 ps/nm to
1000 ps/nm.
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FIGURE 3.22. Target and measured reflection and delay of the grating design shown in Figure 3.21.

FIGURE 3.23. Target and measured transmission and transmission dispersion with the grating design shown in
Figure 3.21.

The two examples here show that optical filters with arbitrarily engineered ampli-
tude and phase and strong enough for sufficient transmission isolation can be accurately
achieved by fiber Bragg gratings. This will open up a range of new applications, which
have not been possible today.

The ability to continuously control both apodization and phase of a fiber Bragg grat-
ing can lead to a large number of new optical filters. The wavelength-division-multiplexing
filters with arbitrary amount of chirp can be used at add/drop nodes or terminal nodes to
combine the functionalities of filtering and dispersion compensation. This leads to much
freedom in designing system dispersion map and location of add/drop nodes. Optical filters
with any desired amplitude and phase can be made for various pulses shaping to generate a
desired pulse shape and phase from a known in-coming pulse [43]. These filters also enable
more freedom in code designs in optical code division multiplexing [44].
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3.5. CONCLUSIONS

We have described the applications of photopolymers, H-PDLCs, and FBGs in fiber
optic devices. Specifically, as examples, we described a flat-topped tunable WDM filter
incorporating DBRs recorded holographically in photopolymers, a wavelength selective
switch based on switchable gratings in holographic polymer dispersed liquid crystals, sev-
eral high performance dispersion compensators using FBGs including a multi-channel dis-
persion slope compensator using a novel sampled fiber Bragg grating with post recording
exposures, and two high reflectivity dispersion management filters. These devices are par-
ticularly suitable for WDM networks and have demonstrated the potential for unconven-
tional photorefractive materials to be used in fiber optic devices for WDM systems.
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