
90
CHAPTER 5. ELECTRICALLY TUNABLE FILTERS BASED ON WAVEGUIDE

GRATINGS

existing fiber optic networks without much insertion loss. Moreover, the range of operation
of the filter can be shifted with entire C- and L- band by changing the initial parameters
of the grating at the time of fabrication. Furthermore, the surface relief grating does not
decay with time like index gratings and thus, the properties of filter do not change over
time. Additionally, LiNbO3 is insensitive to the IR wavelengths and thus even continuous
illumination of the filter does not alter its properties. Another important parameter of
the filter is selectivity which is ranging between 150 pm to 200 pm. By changing the
grating length and with some apodization, this value can be controlled. The interchannel
spacing used in present DMDM networks is 800 pm and thus the presented filter even with
shorter grating length (implies increased bandwidth sufficient to fit within 800 pm range)
can be used for dropping a single channel in DMDM networks. However, to avoid crosstalk
between the neighboring channels, the sidelobes should be completely suppressed and this
can be done by increased apodization of the grating, i.e. by further decreasing the grating
amplitude on edges as compared to the central section of the grating. Another important
parameter is the ripple of the transfer function. The signal to noise ratio (SNR) of the
amplitude of the transmitted or reflected signal affects the quality of the signal and the
data throughput of a channel. The realized filter transfer functions as shown in Figs. 5.27
and 5.29 exhibit no visible ripples i.e., small distortions of the amplitude of the signal.
Furthermore, the measured transfer functions exhibit spectral stability, i.e., the spectral
position of the transfer function is stable within a pew picometer. However, the parameters
discussed above are important concerning the telecommunication applications which are
very stringent. Considering the fact that the realized filter fulfills most of the requirements
for telecommunications, it is very attractive for applications like wavelength locking and
stabilization of lasers and also for high resolution spectroscopic measurements.

5.4 Nonlinear Photorefractive Gratings

This section is an extension of section 5.3.1 where an integrated optical filter based on
volume photorefractive grating was discussed. It is known that volume photorefractive
gratings, when read out in reflection geometry exhibit highly selective spectral response
with a narrow bandwidth. This fact was checked and established in section 5.3.1 where a
filter based on photorefractive grating in lithium niobate channel waveguide with almost
100% diffraction efficiency and narrow bandwidth (0.16 nm) was realized. Such integrated
optical filters based on photorefractive reflection gratings are promising for DWDM appli-
cations, the influence of spatial nonlinearities on the spectral response of such filters is still
questionable, though. In this section, the detailed investigation on detection of diffrac-
tion from higher nonlinear harmonics of photorefractive waveguide gratings [116, 117] is
discussed.

It is well known that the photorefractive recording is a nonlinear process leading to nonsi-
nusoidal refractive index response to the incident sinusoidal interference intensity pattern.
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This implies the existence of higher spatial harmonics in photorefractive gratings. Es-
pecially, in the case of high modulation depth, the resulting refractive index response is
highly nonlinear [118]. As discussed in section 5.3.1, the diffraction efficiency was quite
high (almost 100%) and the modulation depth was close to 1. This fact triggered the idea
of investigation of nonlinear harmonics of the realized photorefractive gratings. Diffraction
from the nonlinear components of photorefractive gratings in transmission geometry has
been investigated many times [119–122]. The high angular selectivity of the transmission
geometry makes it possible to exploit the angular dependence of diffraction for the in-
vestigation of nonlinearities. As most of the applications of photorefractive gratings are
based on reflection, it becomes critical to investigate the influence of nonlinearities also in
reflection geometry. Unlike transmission, the reflection geometry is not very sensitive to
angular variations. This fact makes it difficult to detect and investigate nonlinearities in
the reflection geometry.

I used a comprehensive and clever technique for detecting diffraction from the higher
nonlinear spatial harmonic components of photorefractive gratings in reflection geometry.
Here we exploited the inherited high wavelength selectivity of the reflection geometry to
investigate the wavelength dependence of diffraction from the fundamental and higher
harmonics. The theoretical formulation, experimental technique used and the results are
discussed in detail in next sections.

5.4.1 Theoretical Formulation

We consider a volume grating with periodical variations of the refractive index defined as

n = nav + n1 cosKx;K = 2(π/Λ), (5.25)

where nav is the average refractive index of the material, n1 is the amplitude of the periodic
modulation of the refractive index and K is the grating wavevector. The diffraction from
such a grating obeys the well-known Bragg condition [3, 13, 15]. For the case of normal
incidence (direction of propagation is parallel to the grating vector) of light on such a
grating (reflection geometry), the Bragg condition is mathematically stated as [3]:

λB = 2navΛ (5.26)

where nav is the average refractive index of the material at λB, Λ is the grating period
as shown in Fig. 5.30(a). For the case of nonlinear gratings (Fig. 5.30(b)) having higher
spatial nonlinear components, the Bragg condition has a more general form:

mλB = 2navΛ (5.27)

where m is an integer. The appearance of the factor m results due to the existence of the
higher spatial harmonics 2K, 3K, ...and so on. In spite of the simplicity of eqn. (5.27),
it is not easy to detect the wavelength dependence of diffraction from higher harmonics.
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Figure 5.30: Grating profile (left) and its spectrum (right). (a) Sinusoidal grating with the grating
period Λ1 containing a single Fourier component. To observe diffraction from this grating in the
reflection geometry, the read-out wavelength λB must be fitted to the grating wavevector K1. (b)
Strongly nonlinear grating with the same grating period Λ1, containing higher spatial Fourier
components. (c) Strongly nonlinear grating with the grating period 2Λ1. The second nonlinear
component 2K1 is fitted to the read-out wavelength λB. (d) Strongly nonlinear grating with the
grating period 3Λ1. The third nonlinear component 3K1 is fitted to the read-out wavelength λB.

For example, one can see that in order to investigate the diffraction from higher nonlinear
harmonic components (Fig. 5.30(b)), one has to have different light sources with suited
wavelengths as the wavelength diffracted will be different for different harmonics. To
have different light sources with a wavelength matching exactly wavelength diffracted from
different harmonics, is practically impossible.

In order to detect diffraction from higher nonlinear harmonics, an innovative technique was
used: at first, a grating with the period ΛI fitting to the readout Bragg wavelength λB is
recorded. At the second step, the recording angle was changed to record another grating
with the grating period ΛII = 2 · ΛI. The fundamental grating period now is ΛII and this
grating period does not fit with the readout Bragg wavelength λB. However, we assume
the existence of the higher nonlinear harmonic components of the grating (for example,
via the photorefractive effect). This implies the appearance of the second order nonlinear
grating component with the grating period ΛII/2. In the ideal case, this component should
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Figure 5.31: Experimental geometry for the write and the read-out process. λw, λr are the write
and read-out wavelengths; Ii, Io, Id are the input, output and diffracted beams, respectively. θ1, θ2

and θ3 are the half angles between the interfering beams, writing the gratings with grating periods
Λ1,Λ2 and Λ3, respectively.

be exactly fitted to the readout Bragg wavelength λB as shown in Fig. 5.30(c), i.e.

λB = 2navΛI = 2nav

(
ΛII

2

)
(5.28)

At the third step, the recording angle was changed again in order to record another grating
with a period ΛIII = 3 · ΛI. Following the same consideration, the appearance of the
third order nonlinear component is expected, which is fitted again to the readout Bragg
wavelength λB as shown in Fig. 5.30(d), i.e.

λB = 2navΛI = 2nav

(
ΛII

2

)
= 2nav

(
ΛIII

3

)
(5.29)

In general case, we can write:

λB = 2nav

(
Λm

m

)
(5.30)

where the grating period Λm is defined via the writing wavelength λw and the angle θ
between the recording beams

Λm = m · λw

2 sin θ
(5.31)

It is important to note that in each step as described above, all nonlinear components are
existing simultaneously in time. However, with the suggested technique, each component
was separately detected from different gratings, by step by step fitting of each nonlinear
component to the fixed readout Bragg wavelength. Using this technique, we used just one
light source (laser) and detected diffraction from three higher harmonics.
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5.4.2 Experimental Set-up

The experimental technique consisted of two parts. In the first step, a photorefractive
grating was recorded into the waveguide using the transmission geometry as discussed in
section 5.3.1. A Ti-indiffused single mode channel waveguide in a lithium niobate crystal
(10mm × 8mm × 1mm) with single-mode fibers connected at each end of the waveguide
(as shown in Fig. 5.14) was used (to ensure perfect reflection geometry for the read-out).

In the second step, the recorded grating was read-out in reflection geometry to investigate
the transmission spectrum. For the recording of the photorefractive gratings, two expanded
coherent plane beams (each with 6 mm diameter) of an argon-ion laser at a wavelength
of λ = 458 nm were used. The two beams were then directed by two mirrors such that
they interfere in the waveguide to record the photorefractive index grating in transmission
geometry. Initially an interbeam angle of 2θ1 = 81.359◦ ± 0.005◦ was chosen using the
technique of the precise angular calibration [123].

Using eqn. (5.31), the recorded grating has a period of Λ1 = 351.320 ± 0.02 nm for
the used angle θ1. The read-out process was done in reflection geometry using a tunable
infrared laser. Strong diffraction from the fundamental harmonic was observed at the
Bragg wavelength λB(exp.) = 1554.47 nm. Using eqn. (5.26) and the experimentally
observed value of the Bragg wavelength for the first harmonic, we calculated the average
refractive index of the material (waveguide in our case) nav = 2.212 ± 0.0001. After the
measurements, the grating was erased.

To observe diffraction from the second harmonic, another Photorefractive grating with
two times the grating period of the earlier grating (corresponding to the fundamental
harmonic) was recorded. The interbeam angle was changed to 2θ2 = 38.367◦ ± 0.005◦

to change the grating period as shown in Fig. 5.31. This grating had a grating period
of Λ2 = 696.907 ± 0.09 nm. The grating period for the second harmonic component
was then (Λ2/2) = 348.454± 0.04 nm. This grating period for the second harmonic was
chosen to be little different from the grating period for the fundamental harmonic in order
to avoid any influence of the previous experiment. The read-out was then done again
in reflection geometry and efficient diffraction was observed from this second harmonic
component at λB(exp.) = 1546.17 nm. In addition to the experimentally observed Bragg
wavelength, the theoretical Bragg wavelength was estimated to be λB(theo.) = 1541.81
nm, using the calculated average refractive index (as discussed above) and eqn. (5.26).
The obvious difference between the experimental and the theoretically predicted Bragg
wavelength indicated “Bragg wavelength shift” for the second harmonic.

To observe diffraction from the third harmonic, another photorefractive grating with
three times the grating period of the first grating (corresponding to the fundamental har-
monic) was recorded. The inter-beam angle was changed to 2θ3 = 25.002◦ ± 0.005◦ to
change the grating period as shown in figure 2. This grating had a grating period of
Λ3 = 1057.949± 0.21 nm. The grating period for the third harmonic component was then
(Λ3/3) = 352.650± 0.07 nm.
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The grating period for the third harmonic was again chosen to be little different from the
grating period for the fundamental and the second harmonic in order to avoid any influence
of the previous experiments. The read-out was then done again in reflection geometry and
a diffracted signal was observed from this third harmonic component at λB(exp.) = 1580.55
nm. Here again, the theoretical Bragg wavelength was estimated to be λB(theo.) = 1560.37
nm, using the calculated average refractive index and eqn. (5.26). Bragg wavelength shift
was observed for the third harmonic as well. Using the proposed technique, the diffraction
was observed in the same wavelength range, from the first, second and the third harmonic
of three different gratings with different fundamental grating periods, respectively.

5.4.3 Detection of Higher Harmonics

As discussed in the previous section, strong diffraction from the fundamental harmonic
of the grating was observed and more than 90% diffraction efficiency was easily observed
in all attempts. 10 − 12% diffraction efficiency was observed for the second harmonic
diffraction and approximately 4−6% diffraction efficiency was observed for third harmonic
diffraction. It was not possible to detect diffraction from other higher order harmonic
components as the diffraction efficiency of a higher harmonic index grating decreases by
one order of magnitude per harmonic order. Vachss et al. [118] have discussed the nonlinear
photorefractive response in great detail. Using the experimental data and the theoretical
model presented in [118], the space-charge fields for the first, second and third harmonic
was estimated and was approximately 52.2 kV/cm, 6.9 kV/cm and 4.3 kV/cm, respectively.
The decrease in the strength of the space-charge field for the higher harmonics leads to the
reduced amplitude and hence, the reduced diffraction efficiency of the higher harmonics.

Fig. 5.32 shows the spectral response of the diffracted signal for the first three harmon-
ics. In each case, the experimentally measured results were compared to the theoretical
simulations done using the Kogelnik’s theory [13]. Kogelnik’s theory [13, 15] was used for
comparing the diffraction from each harmonic separately, as we considered higher harmon-
ics as individual gratings with different grating amplitudes. The parameters used for the
fitting are mentioned with each plot in Fig. 5.32. It can be seen that the grating amplitude
n1 decreases for each higher harmonic and this implies weaker gratings with lower diffrac-
tion efficiencies. The length of the grating T is different for all three fittings and it is due
to the fact that the angle between the beams writing the grating was different each time
(as explained in the former section). For the first harmonic, there is a good fit between
theory and experiment except the absence of side lobes in the experimental plot. This can
be attributed to an apodized grating i.e. the amplitude of the grating is not constant over
the whole length of the grating. Kogelnik’s theory considers only non-apodized gratings
and hence side lobes are prominently seen. However, the absence of side lobes can also be
due to absorption. But, absorption was very weak for the used sample and therefore was
neglected.
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(a)

(b)

(c)

Figure 5.32: Spectral response of the signal diffracted
in reflection for the (a) first harmonic, (b) second har-
monic, (c) third harmonic.

For the second harmonic, there is
again a good fit between theory and
experiment, but side lobes are not
clearly distinguishable here as well.
For the third harmonic, the fitting is
not appropriate. The central peak of
the spectral response is much broader
than that predicted by theory. This
can be attributed to the instabilities
during the recording process. The
recording time was longest (about 3
hours) for observing a diffracted sig-
nal from the third harmonic and there-
fore, presence of instabilities can be
significant, leading to a broadening of
the central peak in the spectral re-
sponse. Moreover, as the diffraction
efficiency was quiet low for higher har-
monics as compared to the fundamen-
tal harmonic, the signal to noise ratio
decreased leading to a poor matching
of the experimental results to the the-
oretical results for the second and the
third harmonic.

The dependence of the experimen-
tally measured Bragg wavelength shift
on the order of nonlinearity is pre-
sented in Fig. 5.33. This phe-
nomenon of “Bragg wavelength shift”
can be explained as the influence of
the homogeneous photovoltaic effect
on the Bragg condition for volume
holograms in LiNbO3 [124, 125]. An
additional component of the electric
field, Epvh appears during the photore-
fractive recording process, due to the
photovoltaic effect. The value of this
additional field depends on parameters
of the grating being recorded. Thus the value of the photovoltaic field will be different for
the three gratings recorded with different parameters and so the change in the refractive
index of the material will be different for the three gratings and the affect on the Bragg con-
dition will also be different. The maximum value of photovoltaic field for lithium niobate
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reported in literature is 100 KV/cm [124]. Although, the photovoltaic effect is stronger
in waveguides [126] but exact values of the field are not mentioned. Some other effects
alongwith the photovoltaic effect can also be responsible for the wavelength shift. How-
ever, this shift in the Bragg wavelength is crucial and should be taken into account for the
applications based on the nonlinear photorefractive effect.

m

Figure 5.33: Dependence of the Bragg wavelength shift on the order of nonlinearity.

The results reported in this section are important for all applications based on Photorefrac-
tive gratings. The photorefractive nonlinearity is undesirable for some applications as some
of the light will be diffracted to higher harmonics as well. However, it can be useful for
some applications where a grating with period smaller than that can be realized even with
perfect reflection geometry of recording. It is known that a minimum grating period can
be obtained by use of a pair of counterpropagating beams, leading to a grating period of
Λ = λ/2nav, where nav is the average refractive index of the recording medium. Due to the
efficient diffraction from the higher-harmonic components of the photorefractive gratings,
as reported in this section, it is possible to use gratings with grating periods smaller than
λ/2nav. However, methods can be developed to increase the photorefractive nonlinearity
and hence the amplitude and the diffraction efficiency of the higher-harmonics.
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Chapter 6

Phase Shift Keying

In this chapter, the concept of phase-shift keying will be introduced, which is used to increase
the functionality of grating-based filters as discussed in the previous chapter. The coupled-
wave theory of phase-shifted gratings is briefly presented. Furthermore, the implementation
of the concept using electrical control of the fabricated grating-filter will be discussed in
detail. Such a technique provides very fast dynamic control and synthesis of the transfer
function with a reconfiguration time typically less than 1µs. In addition, some of the
potential applications of the phase-shifted Bragg gratings will be discussed.

6.1 Introduction

With the continuous progress of optical communication systems, there is an ever increas-
ing demand for higher speeds and more bandwidth. Optical multiplexing techniques like
wavelength-division multiplexing (WDM) and time-division multiplexing (TDM) have been
adopted in order to cater to higher speed and bandwidth requirements. But these con-
ventional techniques require dedication of one wavelength per user and strict temporal
synchronization of the networks, respectively [127]. With the exhaust of the available fre-
quencies in the transmission window of the transporting optical fibers, new and more ap-
propriate multiplexing techniques are being explored for further bandwidth enhancement.
Recently developed optical code-division multiple access (OCDMA) is one such technique
which permits many channels to share the same wavelength band but to be individually
addressable through the allocation of specific address codes [128]. With the evolution of
such dynamically reconfigurable networks, there is a need for reconfigurable optical devices
such as multiplexers, encoders, decoders, cross-connects, tunable filters with dynamic con-
trol and enhanced functionality. The discussion here, however, will be restricted to devices
based on Bragg gratings. As discussed in chapter 5, Bragg gratings due to their high selec-
tivity and narrow bandwidth are commonly used as optical wavelength/frequency filters.
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A dynamic control of the reflection wavelength and the shape of the spectral transfer func-
tion of the grating filter is desirable for a variety of applications in telecommunications.
One of the recently reported demonstration of a reconfigurable encoder-decoder based on
a uniform fiber Bragg grating [127] is a promising development for OCDMA networks.
The continuous phase-shifting property of the reported device is being explored for the use
in multilevel phase-shift keying operation of the network. Due to the increasing demand,
various techniques for inducing temporary or permanent phase-shifts to gratings are being
explored. Here, I propose one such technique based on electro-optic effect, for inscribing
phase-shifts in corrugated waveguide gratings in lithium niobate. As the name suggests,
phase-shift keying refers to grating with phase shifted cells. With the electro-optical phase
shift keying [129,130] of the integrated Bragg grating, as will be discussed in next sections,
it is possible to dynamically synthesize or reconfigure the spectral transfer function of the
grating based filter.

6.2 Theoretical Concept of Phase-Shift Keying

As discussed in chapter 4 and 5, the reflected spectrum or the spectral response of a Bragg
grating has the shape of a very narrow peak and thus the grating acts as a stop-band
or notch optical filter. However, if there are phase, grating-spacing or average refractive
index discontinuities, the shape of the spectral transfer function can be transformed and
acquires a complicated form, for instance, some transmission maxima may arise inside the
stop-band. In general, the spectral transfer function can be controlled by a change of the
period, the refractive index or the amplitude of the whole grating or by spatial modulation
of the period, the phase or the amplitude of the grating.

A technique with which the different section of a grating are shifted in phase with respect
to each other is what we call as phase-shift keying of a grating. With this technique,
the spectral transfer function of the grating is synthesized or reconfigured by the spatial
phase modulation of the grating. A grating with phase shifted sections can be represented
as several small homogeneous gratings with different phases. The total amplitude of the
reflected or transmitted light will be the coherent sum of amplitudes of light reflected
or transmitted by each homogeneous grating cell. The reflected or transmitted signal
then strongly depends on the number of the phase shifted sections and the magnitude of
phase-shift between different homogeneous grating sections. Fig. 6.1 illustrates the basic
principle of the phase-shift keying concept. For a simple homogeneous grating (as shown
in Fig. 6.1(a)), the light with wavelength λB will be completely reflected (as shown in Fig.
6.1(b)). If the phase of half of the same homogeneous grating is shifted with respect to the
other half as shown in Fig. 6.1(c), the light reflected from the grating planes in the two
phase shifted sections will also be shifted in phase. For a phase difference of π between
the two sections, the light reflected from the one section will be totally out of phase with
light reflected from the other section and will result in destructive interference of light with
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Figure 6.1: The basic principle of phase-shift keying. (a) A Bragg grating with period Λ and
length L; Iin, Ir and Itr are the input, reflected and the transmitted light intensities, respectively.
(b) Dependence of the reflection coefficient (D2

r) on wavelength for the grating shown in (a). (c)
A refractive index grating with same parameters as for the grating shown in (a) and with two
phase shifted sections: section of L/2 length with phase φ1 and section of length L/2 with phase
φ2. (d) Dependence of the reflection coefficient (D2

r) on wavelength for the grating with two halves
shifted in phase by π with each other as shown in (c).

the wavelength λB and will lead to total transmission instead of total reflection of light at
this wavelength as shown in Fig. 6.1(d). With a phase shift of π introduced between the
two grating halves, the spectral transfer function, therefore, is switched from reflection to
transmission mode. This reconfiguration of transfer function done using phase-shift keying
of two grating halves can also be seen as switching from the stop-band to pass-band in
reflection or vice-versa in transmission. The narrow transmission band that appears at the
Bragg wavelength due to used phase-shift keying scheme has a bandwidth narrower than
the bandwidth of the original transfer function. The example shown here demonstrates the
basic principle of phase-shift keying and exhibits the potential of this technique in realizing
narrow bandwidth transfer function. However depending on the number of sections and
magnitude of phase shift, several other modes of transfer function with complex profiles
can be synthesized as discussed in next section. The more the number of sections and
the range of magnitude of phase-shift, the better would be the flexibility in demonstrating
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variety of interesting transfer function reconfigurations.

6.2.1 Coupled Wave Theory of Phase Shifted Bragg Gratings

A uniform grating with phase shifted cells is also referred to as structured or segmented
Bragg grating as it has the same period and amplitude over its entire length but contains
phase jumps. The coupled-mode theory developed by Kogelnik [13] for uniform Bragg
grating with no phase jumps was discussed in Section 2.3.1 in chapter 2. This theory
now can be further extended to segmented Bragg gratings in order to predict their char-
acteristic behavior. This extended coupled-mode theory was developed by C. Heinisch et
al. [131] in 2005 and for detailed description and explanation on this theory, the reader is
referred to [132–134]. The authors adopt this theory for phase shifted holographic Bragg
gratings. However, the theory is generalized for all types of phase shifted grating types. It
is important to briefly describe this theory before proceeding to the numerical simulations.

We consider a uniform Bragg reflection grating of length L and with n phase shifted cells
as shown in Fig. 6.2. Zn and Zn+1 represent the boundaries of nth cell and φi with i =
1,2,3....,n represent the specific phase of each cell. Such a grating can be represented as
linear combination of n homogeneous gratings and so the coupled-mode equations (eqn.
(2.21) and eqn. (2.22)) have to be solved for each of the n gratings individually. Following
the same approach as discussed in Section 2.3.1 in chapter 2, the general solution for the
nth cell is given as

R(n)(Z) = R
(n)
1 exp(γ1Z) +R

(n)
2 exp(γ2Z) (6.1)

S(n)(Z) = S
(n)
1 exp(γ1Z) + S

(n)
2 exp(γ2Z) (6.2)

where the constants R
(n)
1 , R

(n)
2 , S

(n)
1 , and S

(n)
2 are the constants which are determined

by the boundary conditions. There are n-1 boundary conditions between the neighboring
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grating cells and are expressed as

R(n)(Zn+1) = R(n+1)(Zn+1) for n = 1, 2, ..., n− 1 (6.3)

S(n)(Zn+1) = S(n+1)(Zn+1) for n = 1, 2, ..., n− 1 (6.4)

Using the coupled equations (2.21) and (2.22) alongwith the phase factors φ(Z) and equa-
tions (6.1) and (6.2) results in

R
(n)
1 exp(γ1Zn+1) +R

(n)
2 exp(γ2Zn+1)

−R(n+1)
1 exp(γ1Zn+1)− R

(n+1)
2 exp(γ2Zn+1) = 0

(6.5)

R
(n)
1 exp(γ1Zn+1 + iφn).γ1

+R
(n)
2 exp(γ2Zn+1 + iφn).γ2

− R
(n+1)
1 exp(γ1Zn+1 + iφn+1).γ1

− R
(n+1)
2 exp(γ2Zn+1 + iφn+1).γ2 = 0

(6.6)

There are two additional boundary conditions for the reflection geometry: S(n)(Zn+1) =
0 as there is no light diffracted from the outer boundary of the last cell and R(1)(Z1) =
1 as the incident wave is assumed to enter with amplitude 1. Inserting these boundary
conditions in equation (2.21), (2.22), (6.1) and (6.2) yields

R
(1)
1 exp(γ1Z1) +R

(1)
2 exp(γ2Z1) = 1 (6.7)

R
(n)
1 exp(γ1Zn+1).γ1 +R

(n)
2 exp(γ2Zn+1).γ2 = 0. (6.8)

The complex amplitudes for the incident and the diffracted waves at the entry point can
be calculated by inserting eqn. (6.1) for n = 1 into eqn. (2.21) which yields

R(1)(Z1) = R
(1)
1 exp(γ1Z1) +R

(1)
2 exp(γ2Z1) (6.9)

S(1)(Z1) = (i/κ) exp(iφ1)[R
(1)
1 exp(γ1Z1).γ1 +R

(1)
2 exp(γ2Z1).γ2]. (6.10)

It is important to define the spectral transfer function of the grating, which is expressed
as the ratio of the complex amplitude of the diffracted wave and the complex amplitude
of the incident wave at the entry point

ξ(λ) =
S(1)(Z1)

R(1)(Z1)
. (6.11)

However, the experimentally measured quantity is the diffraction efficiency as a function
of the wavelength, which is defined as the square of the modulus of ξ

η(λ) =| ξ(λ) |2 . (6.12)
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6.2.2 Numerical Simulations

After discussing the theory of phase shifted gratings, some numerical simulations were
done in order to check the spectral transfer function of a grating with different numbers
of phase shifted cells and with different magnitude of the phases. The theory as explained
above was used to iteratively calculate the diffraction efficiency or the transfer function.
Fig. 6.3 illustrates some of the transfer function reconfigurations numerically simulated
for different phase combinations. These reconfigurations demonstrate the potential of the
phase-shift keying technique for the dynamic control of the reflected wavelength and the
shape of the transfer function. Such reconfigurations of the transfer function can be very
useful e.g. for channel selection and separation in modern telecommunication networks,
tunable lasers, dynamic interferometry, optical sensors etc.

6.3 Experimental Implementation

In the previous section, the potential of the phase-shift keying of Bragg gratings was
demonstrated. In this section, the methods to implement this technique experimentally
will be discussed.

An overview of existing techniques

In general, a phase-shift can be introduced by interrupting the periodicity of the refractive
index or the period of the grating. The principle of the phase-shifted grating was first
introduced in 1986 by Alferness et. al. in periodic structures made form semiconductor
materials where a phase shift was introduced by etching a larger spacing at the center of a
single uniform grating to produce two grating halves with an uncorrugated section between
them of reduced waveguide thickness [135]. Such a structure provided a grating with two
sections shifted in phase by π/2, resulting in the appearance of a very narrow transmission
peak (a few GHz) inside a relatively broad reflection band. This result relaxed the re-
quirement of long grating structures in order to have narrow bandwidth filters. Moreover,
filter based on phase-shifted gratings work in transmission rather than reflection. The
so-produced phase-shifted grating, also known as distributed feedback grating was next
used for mode-control of semiconductor DFB laser [136]. J. Canning et. al. later used the
technique of phase-shift keying for fiber Bragg gratings by raising the general refractive
index at a certain region in the fiber Bragg grating through irradiation with UV light [137].
At the same time, R. Kashyap et. al. used the phase-shifted phase mask technique to in-
scribe a phase-shift into the fiber grating [138]. Thermal post-processing was also used to
introduce phase shifts in fiber gratings as discussed by M. Janos et. al. [139]. The above
mentioned techniques for phase-shift keying of fiber Bragg gratings inscribe permanent
phase shifts. However, temporary phase shifts can be introduced into the fiber grating by
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Figure 6.3: Spectral transfer function reconfigurations for different phase combinations simulated
for an index grating of length 8 mm, with modulation strength δn = 1.5 X 10−4 and period 352
nm. Left column shows the phase distribution over the grating length and right column shows the
corresponding transfer function.

external disturbances such as heating (via thermo-optic effect) [140, 141] or tension [142].
For an illustrious reference on fiber Bragg gratings and their spectral characteristics, the
reader is referred to [143].
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Recently polymer based waveguide gratings have drawn interest as they provide a low-
cost solution for optical filters. In order to produce multi-channel bandpass filters in
polymer waveguides, Wang et. al. used a phase-shifted phase mask to interferometrically
record phase-shifted Bragg gratings in a polymer waveguide [144]. In 2004, Zhu et. al.
proposed direct e-beam writing to make corrugated sidewall Bragg gratings in polymer
waveguides and demonstrated phase-shifted passband filters by introducing defects in the
grating structure [145].

The technique of phase-shift keying has also been used for volume holographic (photore-
fractive gratings) in bulk BaTiO3 crystal by Petrov et. al., where a liquid crystal phase
modulator was used in the path of the recording beam in order to record dynamic phase-
shifted grating [146]. The similar technique was further extended by Heinisch et. al.
where a phase modulator with large number of cells was used in order to reconfigure sev-
eral modes of the transfer function [131]. A practical application of such phase-shifted
holographic Bragg gratings for dynamic interferometry was proposed by Lichtenberg et.
al. [147].

Electro-optical phase-shift keying

Most of the above mentioned techniques for the implementation of phase-shift keying either
introduce permanent phase shifts already at the time of grating fabrication or temporary
phase shifts to already fabricated gratings via external forces like heating or tension. The
permanently induced phase-shift leave no possibility to dynamically reconfigure the trans-
fer function later on and a grating with required phase-shift has to be specially fabricated
in order to realize a desired reconfiguration. The real-time and temporary phase-shifts in-
troduced by heating or tension do not give exactly predictable response and reconfiguration
times are in the range of a few seconds. Use of a phase-modulator in dynamic holography
as mentioned above provides an efficient solution with a large number of phase-shifted
cells but is limited by the response (writing and erasing time) of the crystal used which is
typically in the range of a few seconds. Moreover, this scheme was used for dynamic holo-
graphic set-up which is not very convenient for use in existing communication networks.
However, considering the applications of phase-shifted gratings for modern telecommuni-
cation networks, switching time is a crucial parameter. Phase-shifted gratings based on
fiber or integrated-optical design are definitely preferred due to efficient inclusion in the
existing optical fiber based networks.

As discussed in section 4.7 in chapter 4, using electrical control, switching times in the
range of few hundred microseconds can be achieved. In the case of integrated optical
implementation with electrical control, the switching time can be pushed to nanoseconds
range which is a desired for many applications. In chapter 5, the electrical control of
waveguide gratings was already discussed for tuning of the spectral transfer function. I,
here, extended the concept of electrical control to implement the phase-shift keying for the
already fabricated waveguide gratings. The biggest advantage of the proposed technique
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is that one single homogeneous grating is used to exhibit dynamic and fast control of the
transfer function. In addition, there are no mechanical movements required for reconfigur-
ing the transfer function making the technique additionally fast and effective. Moreover,
it offers a great deal of flexibility and dynamical control at the operational level as the
induced phase-shifts are controlled by externally applied voltage to the electrodes leading
to a real-time complex transfer function reconfigurations.

U1 U2 U3 U4 U5 U6 U7 U8

Figure 6.4: Phase-shift keying of a grating via electro-optic effect. U1, U2,...,U8 represent the
voltage applied to 8 electrode pairs, respectively.

The externally applied field leads to a local change in the average refractive index of
LiNbO3 via the electro-optic effect. Instead of applying a homogeneous electric field, a
spatial distribution of the electric field leads to spatial distribution of the refractive index
ultimately leading to a phase distribution over the structure, which is nothing but phase-
shift keying. For tuning the transfer function, an electrode was deposited on either side
of the waveguide as discussed in the previous chapter. In order to implement phase-shift
keying, more than one electrodes of equal length were deposited on either side of the
waveguide. The number of electrode pairs used will lead to an equal number of grating
cells as shown in Fig. 6.4. By applying different combinations of electrical voltages to
different electrodes, a different amount of phase-shift can be introduced to each grating
section and by doing this, the spectral transfer function can be tailored (or reconfigured or
synthesized). As this technique exploits the electro-optic effect, we call it electro-optical
phase-shift keying. The advantages of this technique over other methods for phase-shift
keying are the simple realization as only pairs of electrodes have to deposited along the
already fabricated grating, the dynamic control as just by changing the applied voltages,
the phase-shift and hence the spectral transfer function can be tailored. One of the biggest
advantage is the fast operation as it is based on the electro-optic effect.

We implemented this technique for fixed or corrugated waveguide gratings as for photore-
fractive waveguide gratings, this technique was already used by Petrov et. al. [92], where
2 electrode pairs along the waveguide were used to control the transfer function. As the
fabricated gratings had an effective length of 8 mm, 8 electrode pairs of 1 mm each with 50
µm spacing were deposited along the waveguide. After deposition, the single-mode fiber
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a)

b)

Figure 6.5: a) Layout of the filter based on a waveguide grating alongwith 8 electrode pairs for the
electro-optical phase-shift keying of the waveguide grating and b) picture of the assembled filter
with a corrugated waveguide grating shown in the scanning electron micrograph.

patch cables were attached to the ends of the waveguide and the crystal was packaged in a
protective cover as shown in Fig. 6.5. A power supply box with eight independent voltage
supplies was used in order to apply a voltage to each electrode separately. A Labview
program was used to control the voltage on each electrode independently. The range of
the applied voltage was limited to ± 10 V/µm in order to avoid the limit of breakdown
voltage.

6.4 Transfer Function Reconfigurations

As discussed in the previous section, the electro-optical phase-shift keying provides dy-
namical control at the operational level. Various transfer function reconfigurations could
be demonstrated by changing the electrical field from -10 V/µm to +10 V/µm on each of
the 8 electrodes. Some of the realized reconfigurations e.g. continuous tuning of a single
selected channel, reconfiguration from pass-band to stop-band, reconfiguration from one
to two, three and five pass-bands, reconfiguration to a flat-top profile, dynamic correction
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of the transfer function profile, dynamic control of the bandwidth and the shape of the
transfer function are presented in this section.
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Figure 6.6: Measurement set-up: a) in transmission and b) in reflection.

The set-up used for the measurements in transmission and reflection are shown in Fig. 6.6.
As discussed in section 5.3.2 in chapter 5, either a tunable IR laser or a ASE (Amplified
Stimulated Emission) broadband source were used for the read-out and a photodetector or
an OSA (Optical Spectrum Analyzer) were used as a detector to measure the reflection or
the transmission spectrum. The transfer matrix method [148,149] was utilized in order to
analyze the transmission characteristics of the phase-shifted Bragg gratings. The measured
results were theoretically verified for a surface grating with a length of 8 mm and a period
of 352 nm. The theoretical simulation was done using the transfer matrix method for
structured waveguide gratings. The grating was divided in 8 sections of 1 mm each and
an appropriate electric field was used for each section according to the scheme of electro-
optical phase-shift keying used for a particular reconfiguration. The effective electro-optic
coefficient and the effect of apodization was also taken into consideration.

6.4.1 Tunable Single Wavelength Filter

A uniform Bragg grating is intrinsically a single wavelength filter. Fig. 6.7(a) shows the
transfer function of the corrugated waveguide grating realized in a Ti:LiNbO3 waveguide
using the technological sequence discussed in section 5.3.2 in chapter 5. The solid line
represents the simulated data and filled circles represent the measured data. The length of
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the grating was 8 mm, the period was about 352 nm. The Bragg wavelength is 1555.15 nm
and the FWHM (full width at half maximum) is 0.16 nm. The peak diffraction efficiency
was more than 95%. The height of the first strong sidelobe is about 20% of the main peak.
Such a filter can be potentially used for dropping a single channel from a broad spectrum
and can also be used to filter a single mode from a laser. When an external electric field

b)a)

Figure 6.7: a) Measured transfer function of the grating filter as compared to the simulated
function and b) electrical tuning of the filter transfer function- �: E = +10 V/µm; ◦: E =
0; �: E = -10 V/µm.

is applied to the waveguide, the refractive index changes via the electro-optic effect and
the central Bragg wavelength shifts. In this case, an equal voltage was applied to all the
8 electrodes in order to tune the central peak wavelength of the filter. Fig. 6.7(b) shows
the tuning of the single wavelength filter. The triangles represent the measured data when
an electric field of +10 V/µm was applied on all electrodes, the squares represent the data
when an electric field of -10 V/µm was applied on all electrodes, and the circles represent
the original transfer function when no external field was applied. The measured data is
shown only for two values of the electric field. However, continuous tuning is possible for
all intermediate values of the applied field. The experiments showed a continuous tuning
of the central wavelength in the range of ±0.3 nm with a maximum applied field of ±10
V/µm. Such a tunable single channel filter could be used for various applications such as
spectroscopy, tunable lasers, telecommunications etc.

6.4.2 Multi-Channel Filter

Tuning of a single channel was achieved by applying a homogeneous electric field all over
the grating length as it was discussed in section 5.3 in chapter 5 or by applying the same
voltage to all the electrodes as discussed in previous section. In this section, the potential
of electro-optical phase-shift keying will be used to synthesize two-channel, three-channel
and five-channel transfer functions. The splitting of a single diffraction peak into two
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Figure 6.8: Synthesis of a two channel filter with the electro-optically applied phase-shift scheme
as shown above the plots: a) Measured transfer function of the grating filter without (dashed) and
with (solid) applied electric field and b) experimentally measured (filled circles) with theoretically
simulated (solid) transfer function.

peaks, achieved by applying an equal and opposite value of the electric field on two halves
of the grating, is shown in Fig. 6.8. The central minimum of the transfer function realized
with applied electric field coincides with the maximum of the original transfer function as
shown in Fig. 6.8(a). This is the stop-band to pass-band reconfiguration as was discussed
in section 6.2. The applied phase-shift keying scheme is shown over the plots. The two
peaks represent two channels that can be filtered with such a reconfiguration. The spectral
separation between the peaks was 0.25 nm. A comparison with the theoretical result
confirms the measured result as the position of the measured peaks coincides with the
positions predicted by the theory. However, the value of the electric field used for the
theoretical simulation was less than that was actually applied. This is due to the reason
that the field lines do not effectively penetrate the entire waveguide as the waveguide is
raised above the surface (by about 200 nm) due to titanium indiffusion. With a better
electrode geometry, the same result can be produced with lower values of the applied
field. One more thing to note is that the theory predicts two peaks of equal strength and
bandwidth but the measured result differs with this prediction. This is attributed to the
fact that the grating realized was not homogeneous all over its length and there are some
phase errors in the fabrication process of such long gratings. Another important aspect of
this filter manipulation is that the filter can be used as a switch as on the application of such
electrically inscribed phase-shift, the filter switches from the reflection to the transmission
mode at the same wavelength. Moreover, the transmission bandwidth of the measured
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peak (appeared due to phase-shift keying) is less than 0.1 nm. This result reinstates the
advantage of the phase-shift keying technique to produce a narrower bandwidth filters
with shorter gratings. The multi-channel filter corresponds to more than one equidistant
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Figure 6.9: Synthesis of a three channel filter with electro-optically applied phase-shift scheme as
shown above the plots: a) Measured transfer function of the grating filter without (dashed) and
with (solid) applied electric field and b) experimentally measured (filled circles) with theoretically
simulated (solid) transfer function.

channels. Fig. 6.9 shows the synthesized transfer function for a three channel filter. The
corresponding phase-shift keying scheme is shown over the plots. Electric fields of equal
magnitude and opposite polarity were applied on alternative electrodes and such a scheme
resulted in a three channel filter. A comparison with the theoretically simulated result
confirms the measurements as the positions of the peaks match. As the grating is not very
homogeneous, one of the measured peaks is not nicely resolved. Another point to mention
is that the maximum value of the field that could be applied did not induce a phase-shift
necessary to produce three peaks of equal strength as discussed in [133]. The measured
result, however, verifies the concept of electro-optical phase-shift keying for synthesizing
multi-channel filters.

A five-channel filter was synthesized next as shown in Fig. 6.10. The corresponding phase-
shift keying scheme is also shown in the figure. Electric field of equal magnitude and
opposite polarity was applied on alternative pairs of electrodes. The measured result was
compared with the theoretical result calculated using the phase-shift keying applied for
the measurement. The experimentally measured data fits well to the theory except one
peak which was not nicely resolved due to the internal phase errors of the grating. The
spectral separation between the peaks was 0.14 nm. Apart from the demonstrated transfer
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Figure 6.10: Synthesis of a five channel filter with electro-optically applied phase-shift scheme as
shown above the plots: a) Measured transfer function of the grating filter without (dashed) and
with (solid) applied electric field and b) experimentally measured (filled circles) with theoretically
simulated (solid) transfer function.

functions for the multi-channel filters, there are more reconfiguration possible such as six
or seven channel filter. Due to the limited number of electrodes and a limited value of
the applied electric field, more reconfigurations for multi-channel filters could not be nicely
resolved. A better electrode geometry and larger number of cells will allow a more effective
manipulation of the phase profile in an even wider variety.

6.4.3 Flat Top Transfer Function

A flat top transfer function has a broad and flat reflection peak. In many cases, a flat-top
filter transfer function with steep edges is required in communication networks. Such a
filter profile is used to filter a certain spectrum of more than one neighboring channels
with the same efficiency. A flat-top is also a single peak transfer function and its profile
depends on the grating amplitude and the length for the case of uniform gratings. However,
phase-shift keying can be efficiently applied to generate such a profile even for low grating
amplitudes [133]. The investigated gratings exhibited high diffraction efficiencies though.
The synthesized flat top transfer function is shown in Fig. 6.11. The actual voltage applied
to each electrode is also mentioned in the figure. Comparing with the original transfer
function, the synthesized transfer function has a considerably broadened and flattened
peak and the edges are steeper. The flat-top peak is shifted with respect to the position
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of the peak in the original transfer function and this is due to some internal phase-errors
in the grating. As the grating is apodized, sidelobes are also suppressed as can be seen in
the figure. The quality of the profile, however, can be further improved with an additional
apodization and a better homogeneous profile of the grating amplitude.

+300+300 -300 -300-139+75+204+171 in Volts

Figure 6.11: Synthesis of a flat top transfer function with the applied (phase-shift) voltage scheme
as shown above the plot: measured transfer function of the grating filter without (dashed) and with
(solid) applied electric field.

6.4.4 Dynamic Correction of the Transfer Function Profile

The technique of electro-optical phase-shift keying was further explored for a dynamic
correction of the transfer function profile e.g. suppression of side lobes, suppression of
undesired peaks appearing due to internal phase errors of the grating as shown in Fig.
6.12. The solid line represents the corrected profile and dashed line represents the original
profile of the transfer function without any applied voltage. The actual voltage applied to
each electrode is also shown in the figure. By applying a phase-shift via the applied voltage
on different electrodes, unnecessary peaks seen in the transfer function profile occurring
due to internal phase errors of the grating can be compensated. As can be seen, the small
kink appearing on the longer wavelength side of the main peak of the original transfer
function was removed after the phase-shift keying scheme was applied. In doing so, the
sidelobes could also be suppressed which is often required in communication systems in
order to reduce cross-talk. However, the central peak of the corrected profile shifts to
the lower wavelength side by the applied phase-shifts. Nevertheless, the smoother transfer
function profile which comes at the cost of a wavelength shift of about 0.02 nm could be
very interesting for many application. Apart from the one reconfiguration shown here,
many other corrections can be done to the profile just by varying the phase-shift in each
grating section which is done by varying the voltage applied to each electrode pair.
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Figure 6.12: Dynamic correction of the transfer function with the applied (phase-shift) voltage
scheme as shown above the plot: measured transfer function of the grating filter without (dashed)
and with (solid) applied electric field.

The bandwidth and the shape of the transfer function can also be controlled to some ex-
tent via electro-optical phase-shift keying. As shown in Fig. 6.13(a) and (b), changing
the phase-shift keying can make the peak narrower or broader than in the original trans-
fer function. The solid line represents the original transfer function and the other two
transfer functions are synthesized via phase-shift keying as mentioned in the figure. For
Fig. 6.13(b), a linear phase-shift keying (increasing or decreasing phase-shifts for succes-
sive sections) was used. Using such a scheme introduces a chirp in the grating leading to

a) b)

Figure 6.13: a) and b)Dynamic control of the shape of the transfer function with the applied
(phase-shift) voltage schemes: measured transfer function of the grating filter without (solid) and
with (dashed) applied voltage schemes.
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compression or expansion of the signal. Inclusion of chirped gratings is a common prac-
tice especially in fiber Bragg gratings used for dispersion compensation applications. The
technique I proposed is also promising for dispersion compensation applications where an
incoming signal needs to be compressed in order to compensate for the dispersion. The
advantage of the proposed technique is that a grating can be dynamically and virtually
chirped without actually fabricating a grating with chirped grating period.

6.5 Switching Time Analysis

The electro-optical phase-shift keying provides dynamical control of the transfer function
for the single fabricated grating filter. The reconfigurations shown in the previous sec-
tion demonstrate the potential of this technique. It is, however, important to consider
the switching time which in this case is defined as the time required to switch from one
reconfiguration to the other. Potentially, this time should be in the nanosecond regime con-
sidering the nature of the electro-optical control and the integrated optical implementation
(reduction of the dimensions). A switching time analysis was performed for measuring the
time required for switching between two single channels as shown in Fig. 6.7 (b). The
maxima of one channel falls on the minima of another channel by applying ± 300 Volts.
Therefore, a square pulsed ac voltage with peak-to-peak voltage of 300 Volts and a fre-
quency of 50 kHz was applied to all the electrode pairs. The laser was fixed at the central
wavelength of the original transfer function without application of the external voltage
to the electrodes and the transmitted signal was measured with time using the National
Instrument’s analog input-output card via a Labview program. For half of the duration of
the square pulse cycle, the applied voltage was zero and so the transmitted signal was zero
as most of the power is reflected at the selected wavelength. For the other half duration
of the pulse, the voltage was 300 V and so the transmitted signal was maximum as the
selected wavelength in not reflected anymore. The measured response of the transmitted
signal also followed a square wave profile after the applied voltage pulse as shown in Fig.
6.14(b). Fig. 6.14(c) shows the magnified version of Fig. 6.14(b). However, the applied
voltage takes some time to affect the transmission signal and this can be noticed as the rise
and fall of the wave in the measured signal is not sharp (Fig. 6.14(c)) like the input pulse
(Fig. 6.14(a)). This delay in the measured signal for reaching from maximum to minimum
value or vice-versa determines the switching time, which was estimated as 1 µs. This time
was, however, limited by the resolution of the input-output card. This means that actual
switching time is even less than 1 µs.

Another experiment was performed in order to confirm the switching time. Signals from
two tunable IR lasers were coupled via a 3-dB coupler to the input port of the realized
grating filter. The signal from one laser was fixed at the central wavelength of the reflection
filter. The signal from the other laser was fixed at a wavelength to which the filter switched
on application of 300 V (or +10 V/µm) on all the electrodes (as shown in Fig. 6.7(b))
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Figure 6.14: Switching time analysis: a) the input square voltage pulse; b) the measured trans-
mitted signal as a function of time; c) magnified version of b).

and this signal had either a power (Fig. 6.15(a)) different from the other signal or was
modulated with additional noise (Fig. 6.15(b)). The same square voltage pulse as shown
in Fig. 6.14(a) was then applied to the filter and the transmitted signal was measured with
time as shown in Fig. 6.15. For half of the square pulse, one wavelength is completely
reflected and for another half of the cycle, the other wavelength is completely reflected. The
switching between two channels was achieved with a switching time of 1 µs and this result
confirms the value of switching time. This is definitely an improvement from switching
time for the bulk implementation as discussed in Chapter 4 which was in the range few
hundred microseconds. This was expected as the dimension are reduced and the voltage

b)a)

Figure 6.15: Switching time analysis: a) measured transmitted signal as a function of time for
switching between two channels with different power or strength; b) measured transmitted signal
as a function of time for switching between two channels with one of the channels modulated with
additional noise.
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requirement is also reduced compared to the system examined in chapter 4. The switching
speed in few hundred GHz range reinstates the advantage of electrical control and makes
such a filter more dynamic and useful for various high-speed applications.

6.6 Potential Applications

Based on the results obtained with electro-optical phase-shift keying as presented in this
chapter, there can be some very promising applications for grating based integrated optical
filter with fast reconfigurable transfer function. The continuous tunable single channel fil-
ter with fast speed and wavelength accuracy even within a relatively narrow spectral range
could be interesting for wavelength locking and stabilization of lasers based on the prin-
ciples discussed in [150–152]. The multi-channel filter reconfiguration could be interesting
for applications which require a spectral selection and control of many discrete channels
in broad wavelength range. Moreover, several such integrated gratings with different cen-
tral reflection wavelengths can be either fabricated on the same substrate or on different
substrates which can be joined using optical fibers. The reflectivity of each grating can be
independently controlled by applying appropriate spatial distribution of the electric field.
An array of such gratings can be used for realizing electrically controllable multiplexers,
modulators, optical attenuators etc. Another important feature of the realized grating
filter is fast dynamical control due to the electro-optical nature of the control. With such
device, discrete wavelength channels can be controlled with very high speed (few hundred
GHz or faster). The array of such electrically controllable gratings can be used for indepen-
dent modulation of each channel. Conventional DWDM systems contain a large number of
narrowband stable lasers with external modulators, which makes the system complicated
and expensive. The proposed array of electrically controlled integrated gratings can be
used with a broadband ASE source and can act as a wavelength multiplexer. Moreover,
the gratings will also act as high frequency optical modulator. Such a proposed technique
could be very useful for DWDM systems for making them simple and cost-effective.

Integrated optical Bragg gratings with fast electrical control can be very interesting also for
OCDMA networks which need reconfigurable devices. The proposed integrated Bragg grat-
ings can replace the fiber Bragg gratings as discussed in [127] to act as fast encoder/decoder
for OCDMA networks. Apart from this, the filter can be used as an add-drop filter with
favorably reconfigurable transfer function. Moreover, such narrow-band filters may also
find applications in spectroscopy.



Chapter 7

Summary and Outlook

This last chapter aims to summarize the previous chapters with a special emphasis on the
primary results achieved during the work. In addition, an outlook is presented at the end
of the chapter to provide a basis for further investigations and applications.

7.1 Summary

Bragg gratings due to their inherited property of narrow-band spectral filtering, infiltrated
almost all applications in optical communication networks. With the evolution of the dy-
namically reconfigurable communication networks, Bragg grating also needs to evolve as
a fully reconfigurable and tunable device. This dissertation emphasizes on the realization,
investigation and manipulation of Bragg gratings with external electrical control especially
for spectral filtering applications. Volume photorefractive Bragg gratings were realized in
bulk lithium niobate crystals and were manipulated with external electric field in order to
demonstrate fast electrically switchable lenses and mirrors. Photorefractive Bragg gratings
were then inscribed in lithium niobate waveguides and a fast electrically tunable integrated
optical spectral filter was demonstrated. In addition, a detailed investigation of higher har-
monic components of nonlinear photorefractive waveguide gratings in reflection geometry
has been performed for the first time to the best of my knowledge.

The most important and interesting part of the entire work was the introduced concept
of phase-shift keying of corrugated waveguide Bragg gratings which was used to dynam-
ically reconfigure the filter transfer function. This novel concept comprises, for the first
time to the best of my knowledge, the use of external electric field to dynamically inscribe
phase-shifts to more than two sections of the already fabricated integrated corrugated
Bragg grating. Employing this technique, a fast (< 1 µs) reconfiguration or synthesis of
the transfer function into several desirable profiles was demonstrated. The term trans-
fer function was used to describe the spectral dependence of diffraction efficiency and it
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contains information about the amplitude and phase-modulations of the original grating.
This function can be obtained by illuminating the grating with a tunable infrared laser
and measuring the transmitted or the reflected signal as a function of the wavelength.

The thesis begins with a discussion on the theoretical framework on diffraction analysis
of volume Bragg gratings with a special emphasis on reflection Bragg gratings. Through-
out this work, Bragg gratings were read-out in reflection and it was important to know
the influence of grating length, grating period, coupling strength, and deviations from the
Bragg condition on the diffraction characteristics of the grating. Kogelnik’s coupled wave
theory was discussed in detail in chapter 2 to make a common base for the Bragg gratings
discussed in following chapters. Based on the coupled wave theory analysis, the high wave-
length selectivity offered by reflection gratings is widely used for multiplexing holograms
in volume in order to increase the capacity and the functionality. This refractive index
selectivity is equivalent to the spectral selectivity and thus the reflection geometry is best
also for the electric-field multiplexing.

The basic understanding of the photorefractive effect was necessary before proceeding to
the realization of photorefractive gratings. The most widely accepted band-transport model
and the underlying charge transport mechanisms were discussed in chapter 3. In addition,
the effect of the photovoltaic field on the grating formation was discussed specifically for
lithium niobate. As the goal was to realize electrically controllable optical Bragg gratings,
the material used for all the investigations was LiNbO3 due to its outstanding optical and
electro-optical properties. In addition, excellent photorefractive properties of LiNbO3 make
it suitable for the realization of refractive-index Bragg gratings. Moreover, LiNbO3 bulk
single crystals are readily available and waveguide fabrication techniques available for this
material are well-established.

Electrical control of diffraction from volume photorefractive gratings in bulk Fe:LiNbO3

crystal was tested initially. Photorefractive volume gratings were multiplexed using elec-
trical field multiplexing (EFM) in order to realize electrically switchable holographic lenses
and mirrors. For reducing the voltage requirements and for using the electrical control
efficiently, the experimental geometry and the crystal orientation was optimized based on
detailed analytical calculations as presented in chapter 4. In order to optimize the elec-
tric field selectivity (EFS), the grating period should be small and the length should be
large and this encouraged to use the reflection geometry for recording as well as for read-
out. Furthermore, transverse configuration of the electro-optic effect was used in order to
reduce the voltage requirements. The crystal orientation was optimized considering the
dependence of effective electro-optic coefficient and the grating amplitude on the angle α

between the
−→
C -axis and the applied electric field. An optimal value of α was found to be

45◦ for the case of extra-ordinary polarization. Four samples of iron doped lithium niobate
crystals with 0.05 mol% concentration of Fe2+ ions and with dimensions 10 mm x 8 mm
x d mm were used, where d = 1, 1.5, 2.5, and 5. The value of EFS was measured to
be ± 2 kV/cm. This value was further used to multiplex holograms using the Rayleigh’s
criterion. Holograms of two lenses with 40 cm and 60 cm focal length were multiplexed at
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two different values of the applied field. During read-out, light was focussed at 40 cm or
60 cm by switching the value of the applied field. Thus, I could realize a holographic lens
with electrically switchable focal length.

In the next step, holograms of mirrors were recorded and multiplexed at two different values
of the applied electric field. The same mirror at two different orientations was used for
two recordings. This was actually a combination of angular and electric field multiplexing.
During read-out, the direction of the reconstructed beam was switched by switching the
value of the applied field. The angular deflection between the two beam reconstructed
on electrical switching was 50◦32′. Here, a holographic mirror was realized with electrical
switching of direction. A switching time analysis was then performed to measure the time
taken for switching between two holograms. The crystal between the electrodes acts as a
capacitor and limited the switching time to 100 µs. Chapter 4 ends with a conclusion that
when used for integrated optical dimensions, the electrical control could be much faster.

From chapter 5 onwards, electrical control of diffraction has been discussed for waveguide
gratings. A short review of the waveguide theory, coupling techniques and coupled-wave
theory of waveguide Bragg gratings was discussed in the beginning of chapter 5. Two types
of waveguide Bragg gratings (photorefractive and photolithographic or corrugated) were
realized and discussed in detail. A photorefractive index grating was first recorded in a
Ti:LiNbO3 waveguide with a period of about 350 nm in order to filter telecommunication
wavelengths when read-out in reflection. Such an integrated optical filter based on pho-
torefractive waveguide gratings exhibited high diffraction efficiency (more than 90%) and
narrow-bandwidth (0.16 nm) of the filter transfer function centered at a wavelength near
1555 nm. The measured results fitted nicely to the theoretically predicted results based on
Kogelnik’s theory. On application of an external electric field to thin film electrodes de-
posited on both sides of the waveguide grating, the transfer function could be continuously
tuned. The total tuning range for an applied electric field between ±4.8 V/µm was 0.14
nm. During our experiments, the used modulation depth was near 1 and the inscribed
gratings exhibited high diffraction efficiency for the fundamental harmonic. Therefore,
these gratings were further investigated for nonlinear properties. The diffraction from
higher nonlinear harmonics of photorefractive gratings was observed in reflection geome-
try, for the first time to the best of my knowledge. The observation of significant diffraction
from second and third harmonic components as reported by this study are interesting and
important for all the applications based on photorefractive reflection gratings.

Corrugated or surface-relief Bragg gratings were next realized in Ti:LiNbO3 waveguide.
These gratings offer the advantage of being permanent unlike their photorefractive coun-
terparts and are promising considering the possibility of mass-production. Various aspects
of design of corrugated gratings were discussed to get the initial working parameters which
were further optimized with repetitive fabrication and examination steps. The process of
fabrication of corrugated gratings in lithium niobate was discussed in great detail including
the discussion on challenges faced during the fabrication process and their solutions. An
intensive literature survey has been included in order to provide a complete overview to the
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reader. The holographically patterned grating in photoresist was transferred to the waveg-
uide surface using reactive ion etching (RIE) with SF6 gas. The chromium was deposited
with a shadow evaporation technique over the photoresist grating to serve as a hard mask
for the following RIE. Two different approaches to prepare a hard-mask were used and
discussed. The crystal was then packed in a protective cover and single-mode fiber pigtails
were attached to both ends of the waveguide. The measured transfer function exhibited a
narrow bandwidth (0.17 nm), a central wavelength near 1555 nm and a continuous tuning
of the filter transfer function with the applied external field. The experiments have shown
a continuous tuning of the central wavelength in the range 0.3 nm with a maximum applied
field of ±10 V/µm. Such an integrated optical filter based on corrugated gratings with a
continuously tunable transfer function seem to be very promising for DWDM applications
as the measured bandwidth of 0.17 nm is four times better than the interchannel spacing
of 0.8 nm required in present DWDM networks.

In the next step, the functionality of electrically tunable integrated Bragg gratings was
extended using the introduced electro-optical phase-shift keying. With this novel tech-
nique, instead of applying a homogeneous electric field as was done for tuning the transfer
function, a spatial distribution of the applied electric field leads to spatial distribution of
the refractive index ultimately leading to a phase distribution over the structure, which is
nothing but phase-shift keying. Here, an already fabricated corrugated waveguide grating,
as discussed in chapter 5, was used. However, instead of a single electrode pair over the
grating length, the single electrode pair was split into 8 separate independent electrode
pairs. The length of each grating section was about 1 mm and the separation between
neighboring electrodes was about 50 µm. By applying different combinations of electrical
voltages to different electrodes, a different amount of phase-shift can be induced to each
grating section and by doing this, the spectral transfer function can be tailored (or recon-
figured or synthesized). As the electro-optic effect is exploited for inducing phase-shifts,
the name electro-optical phase-shift keying was introduced by me.

Chapter 6 introduced various aspects of this phase-shift keying technique. The basic prin-
ciple of phase-shift keying was explained and an extension of the coupled-wave theory
for segmented (with different phases) Bragg grating was discussed. An overview of ex-
isting techniques used for the experimental implementation of the phase-shift keying was
presented together with the detailed discussion on the electro-optical phase-shift keying.
The biggest advantage of this technique is that one single homogeneous grating is used to
exhibit dynamic and fast control of the transfer function. There are no mechanical move-
ments required for reconfiguring the transfer function making this technique additionally
fast and effective. Moreover, it offers a great deal of flexibility and dynamical control at
the operational level as the induced phase-shifts are controlled by external voltage applied
to the electrodes leading to real-time complex transfer function reconfigurations.

For the first time to the best of my knowledge, the use of external electric field to dynam-
ically inscribe phase-shifts to more than two sections of the already fabricated integrated
Bragg grating. Employing this technique, a fast (< 1 µs) reconfiguration or synthesis of the
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transfer function was demonstrated. Some of the realized reconfigurations e.g. continuous
tuning of a single selected channel, reconfiguration from pass-band to stop-band, reconfig-
uration from one to two, three and five pass-bands, reconfiguration to a flat-top profile,
dynamic correction of the transfer function profile, dynamic control of the bandwidth and
the shape of the transfer function are presented in chapter 6. For the synthesis of a desired
transfer function profile, the desired phase-profile (voltage combination) was calculated
based on the transfer matrix algorithm. There was an excellent agreement between most
of the experimentally realized transfer functions and those predicted by theoretical simula-
tions. However, due to some phase-errors in the fabricated gratings, a satisfactory match
was not found between the theoretically predicted and the realized transfer function in
some cases e.g. for the case of flat-top profile of the transfer function. However, the pro-
posed technique offers the advantage of real-time reconfiguration of the transfer function
and due to this the dynamic corrections to the transfer function profile could be easily
performed by just varying the voltage applied to different electrodes. This technique was
also successfully used to demonstrate the real-time control of the transmission bandwidth.
The proposed technique can be used to induce phase-shift to the grating in a way that it
forms a chirped grating and could be used for dispersion compensation applications. One
of the most promising results was the estimation of switching time. In my experiments,
I was able to demonstrate switching with time less than 1 µs (few GHz). With such fast
switching, the proposed integrated optical filters with reconfigurable transfer functions are
very promising not only for the existing DWDM networks but also for the next generation
high-speed reconfigurable telecommunication networks like OCDMA (optical code division
multiple access).

7.2 Outlook

Various designs of Bragg grating based filters with a reconfigurable transfer function are
being designed and developed by different groups of scientists. However, most of the
emphasis of the research has been devoted on the development of the phase-shift keying
techniques for fiber Bragg grating based filters. An integrated optical filter with a recon-
figurable transfer function, as presented in my work, should trigger new impulses in the
field of reconfigurable optical communication networks. The fast (few GHz) and dynamic
control offered by the proposed technique makes it very promising for high-speed telecom-
munication applications. However, there is still a lot of scope for further development of
the proposed technique. The tuning range achieved with the maximum applied voltage
can be increased by choosing an advanced design and geometry of electrodes. A study on
various electrode designs would be interesting in order to optimize the electrical control.

The synthesis of the transfer function was discussed in this study. However, the inverse
problem of grating synthesis based on the observed transfer function can reveal basic
grating properties such as grating amplitude and phase profile, coupling coefficient variation
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over the length of the grating, dispersion characteristics, etc. Techniques like layer peeling
[153] and inverse scattering algorithm [154] can be used to synthesize the Bragg gratings
from the observed transfer function. This study can provide an insight into the design and
characterization of the gratings with complex profiles.

The proposed grating filter can be efficiently used for wavelength locking and stabilization
of tunable lasers and some tests in this direction can lead to interesting results. Moreover,
several integrated gratings with different central reflection wavelengths can be either fabri-
cated on the same substrate or joined back to back on different substrates. The reflectivity
of each grating can be independently controlled by applying an appropriate spatial distri-
bution of the electric field. An array of such gratings can be used for realizing electrically
controllable multiplexers, modulators, optical attenuators etc. Conventional DWDM sys-
tems contain a large number of narrowband stable lasers with external modulators, which
makes the system complicated and expensive. The proposed array of electrically controlled
integrated gratings can be used with a broadband ASE source and these can act as a wave-
length multiplexer/demultiplexer. Moreover, the gratings will also act as high frequency
optical modulator. Such a proposed technique could be very useful for DWDM systems
making them simple and cost-effective.

Apart from the extension of the present work, some open questions about the applicability
of the realized filters to the communication networks can be addressed. The proposed
integrated Bragg gratings could be tested for replacement of the fiber Bragg gratings as
discussed in [127] to act as fast encoder/decoder for OCDMA networks. I am confident
that the presented results can generate new impulses and ideas in the field of optical filters
and other fields as well.



Appendix: Material Properties of
LiNbO3

This section intends to give an overview of the basic material properties of LiNbO3. A
brief introduction in the beginning asserts on the aptness of this material for the presented
investigations.

Lithium niobate is a versatile material being used widely in optical, acoustic and integrated
devices. It is one of the most thoroughly characterized electro-optic materials, and since
1965 when Ballman reported the successful growth of single crystals by the Czochralski
technique, intensive study on LiNbO3 has been done [1,2]. Czochralski-grown monocrystals
have unique electro-optical, piezoelectric, photoelastic and nonlinear optical properties.
They are strongly birefringent. They are used in laser frequency doubling, nonlinear optics,
Pockels cells, optical parametric oscillators, Q-switching devices for lasers, other acousto-
optic devices, optical switches for gigahertz frequencies, etc.

LiNbO3 is a colorless solid with trigonal structure and belongs to the point-symmetry
group 3m. Its melting point is 1257◦C and its density is 4.65 g/cm3. It is a hard dielectric
with Mohs hardness 5. It is generally available in pure form. However, the structure of
LiNbO3 can accommodate a large number of defects so that very large space-charge fields,
and thus large refractive index gratings can build up. Commonly used dopants are Fe, Cu,
Mg, Ti, Er, and Mn. The photoconductivity is generally small and so the photorefractive
response time of lithium niobate is very slow, often exceeding several minutes. It has a
low dark conductivity and so it can store holograms for a long time and therefore, it is
suitable for holographic storage and long-term applications. In addition, lithium niobate
is a very important electro-optic material due to its high electro-optic coefficients. The
electro-optic tensor is of rank 3 and due to the symmetry of point group 3m, there are only
eight non-zero and four independent electro-optic coefficients as shown in the electro-optic
tensor (in compressed notation) [3],
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[r̂] =




0 −r22 r13
0 r22 r13
0 0 r33
0 r51 0
r51 0 0
−r22 0 0




where, r13 = 8.6pm/V , r22 = 3.4pm/V , r33 = 30.8pm/V , and r51 = 28pm/V . Moreover,
its electro-optic properties have also been tested under extremely high external electric
fields of up to 65kV/mm [4,5,6]. Furthermore, LiNbO3 doped with Iron (Fe) and Copper
(Cu) has a high photorefractive sensitivity [7]. It is an excellent material to manufac-
ture optical waveguides with well-established fabrication techniques. Considering these
arguments, LiNbO3 is a suitable material for my investigations as I have used the photore-
fractive properties of this material for the recording of Bragg gratings in bulk and channel
waveguides as well as the electro-optical properties for switching and tuning applications.
The specifications of the crystals used during my investigation has been included in the
earlier chapters. Some of the basic optical properties of LiNbO3 are summarized in the
following table[1].

Optical Symmetry Negative Uniaxial
Transparency Range 420-5200 nm
Optical Absorption Coefficient ∼ 0.1%/cm@1064nm
Optical Homogeneity ∼ 5× 10−5/cm
Refractive Indices ne = 2.156, no = 2.232@1064nm

ne = 2.203, no = 2.286@632.8nm
ne = 2.231, no = 2.326@532nm

NLO Coefficients d33 = 34.4pm/V
d33 = d15 = 5.95pm/V
d22 = 3.07pm/V

Electro-optic Coefficients rT
13 = 10pm/V, rS

13 = 8.6pm/V
rT
22 = 6.8pm/V, rS

22 = 3.4pm/V
rT
33 = 32.2pm/V, rS

33 = 30.8pm/V
rT
51 = 32pm/V, rS

51 = 28pm/V
Half-Wave Voltage, DC 3.03 kV (Electrical field ‖ z, light ⊥ z)

4.02 kV (Electrical field ‖ x or y, light ‖ z)
Damage Threshold 100MW/cm2(10ns, 1064nm)

where T: high frequency measurements, S: low frequency measurements
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Zusammenfassung (Conclusion in German)

Aufgrund ihrer charakteristisch schmalbandigen Filtereigenschaft sind Bragg-Gitter in op-
tischen Nachrichtennetzen weit verbreitet. Durch die schnell voranschreitende Entwicklung
in diesem Bereich müssen auch auf Bragg-Gittern basierende Filter und Schaltelemente
zu abstimmbaren und rekonfigurierbaren Elementen weiterentwickelt werden. Gegenstand
dieser Arbeit ist die Untersuchung, Konzeption und Kontrolle elektro-optisch abstimmbarer
Bragg- Gitter für die Anwendungen in der optischen Telekommunikationstechnik. Hier wird
besonders das “elektro-optische Phase Shift Keying” vorgestellt, durch das ein gezieltes
Design (Synthese) gewünschter Filterfunktionen ermöglicht wird. Die Untersuchung der
Bragg-Gitter erfolgt hierbei durch das spektrale Auslesen der am Gitter reflektierten In-
tensität, die in dieser Arbeit als Transferfunktion (“transfer function”) bezeichnet wird
und die Informationen über das Phasen- und Amplitudenprofil des zu Grunde liegenden
Gitters enthält.

Zur Untersuchung der elektro-optischen Eigenschaften wurden zu Beginn dieser Arbeit
schnell schaltbare Linsen und Spiegel als photorefraktive Volumengitter in Lithium Nio-
bat Volumenkristallen realisiert und untersucht. Aufbauend auf diesen Ergebnissen wur-
den photorefraktive Gitter in Wellenleiterstrukturen in LiNbO3-Kristallen eingeschrieben
und erfolgreich die elektro-optische Abstimmung der Filterfunktion integriert optischer
Filter demonstriert. Bei diesen Untersuchungen wurden, meines Wissens zum ersten
Mal, die nichtlinearen spektralen Reflexionseigenschaften photorefraktiver Bragg-Gitter
als Wellenlängenfilter diskutiert. Im Hauptteil der Arbeit wird das Konzept des “elektro-
optischen Phase Shift Keyings” (e-o PSK) vorgestellt und dessen Potential zur schnellen
und dynamischen Abstimmung der Filter-Transferfunktion untersucht. Zum ersten Mal
wird hier die segmentweise elektro-optische Abstimmung eines zuvor eingeschriebenen ho-
mogenen Bragg-Gitters zur schnellen (< 1µs) dynamischen Neukonfiguration bzw. zur
Synthese einer Filterfunktion angewendet.

Die Arbeit beginnt mit der Diskussion des theoretischen Hintergrundes zur Beugungs-
analyse an Volumen-Bragg-Gittern. Hierbei wurde im Besonderen auf die für meinen
Fall wichtigen Reflexionseigenschaften der Gitter und auf die zugehörigen Parameter (Git-
terlänge, Gitterperiode, Kopplungsstärke und Abweichung von der Bragg-Bedingung) einge-
gangen. In diesem Zusammenhang wurde hier auch Kogelniks “coupled wave theory”
diskutiert.

In Kapitel 3 schließt sich eine Darstellung der prinzipiellen Eigenschaften des photore-
fraktiven Effektes und der zu Grunde liegenden Ladungstransportmechanismen an. Im
Speziellen wurden in diesem Abschnitt die photovoltaischen und elektro-optischen Eigen-
schaften des von mir in meinen Experimenten verwendeten LiNbO3 untersucht.

Zur Untersuchung der elektro-optisch kontrollierten Beugung an photorefraktiven Volu-
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mengittern wurde zunächst das Verfahren des “Electric-Field-Multiplexing” (EFM) an
schnell schaltbaren holographischen Linsen und Spiegeln in LiNbO3-Volumenkristallen real-
isiert. In ausführlichen Berechnungen wurden hierfür die optimalen Parameter (Kristalldimen-
sionierung und -geometrie, Aufzeichnungs- und Elektrodenanordnung, angelegte Span-
nung) ermittelt. Zur Verringerung der “Electric Field Selectivity” (EFS) sollte in der von
mir verwendeten Reflektionsgeometrie bei möglichst kleiner Gitterperiode die Länge des
Gitters möglichst groß sein. In Anbetracht der Anforderungen an die anzulegende Span-
nung wurde die optimale Kristallgeometrie bestimmt; hier konnte für den Fall außeror-
dentlicher Polarisation der Winkel zwischen dem extern angelegten Feld und der C-Achse
des Kristalls zu 40◦-50◦ bestimmt werden. Nach der Vermessung von vier Kristallproben
wurde der Wert der EFS zu ± 2kV/cm bestimmt. Durch Aufnahme der Hologramme
von zwei Objektiven mit 40 cm bzw. 60 cm Brennweite konnte ich zwei schnell elektro-
optisch schaltbare holographische Linsen entsprechender Brennweite herstellen. Die volu-
menholographische Aufnahme von zwei unterschiedlich positionierten Spiegeln ermöglichte
mir die Demonstration von schnell elektro-optisch schaltbaren Strahldeflektoren, die auf
einer Kombination von Winkel- und Elektrischem Feld-Mutliplexing beruhen. In meinen
Experimenten konnte ich einer Strahlablenkung von 50,32◦ erreichen. Die Analyse der Zeit
für den Umschaltvorgang ergab eine Schaltzeit von 100 µs, die unabhängig vom Winkel
der Strahlablenkung und in diesem Fall nur durch die Kristallgeometrie begrenzt ist, da
der Kristall für das System einen kapazitiven Widerstand darstellt.

Auf diesen Untersuchungen basierend diskutiere ich in Kapitel 5 die elektro-optische Kon-
trolle der Beugung an Bragg-Gittern inWellenleiterstrukturen. Nach einer kurzen Einführung
in die Theorie der Wellenleiter und der Wellenkopplung bei der Beugung an Gitterstruk-
turen wird hier die Herstellung der von mir verwendeten photorefraktiven und photolithographis-
chen Gitter präsentiert. Um die Bragg-Filter in Reflektion auf Telekommunikationswellenlängen
(1550 nm) abzustimmen wurden in den durch Titaneindiffusion in LiNbO3 eingebrachten
Wellenleiter in Transmissionsgeometrie Volumengitter mit einer Periode von ca. 350 nm
aufgezeichnet. Mit photorefraktiv eingeschriebenen Gittern konnten Beugungseffizienzen
von mehr als 90% bei einer Bandbreite von 0,16 nm bei der mittleren Wellenlänge von 1555
nm erzeugt werden. Während meiner Untersuchung der Beugung bei Reflexion an einem
photorefraktiven Volumengitter konnten ich hierbei zum ersten Mal nichtlineare Reflexio-
nen höherer harmonischer Komponenten der reflektieren Wellenlänge nachgewiesen. Der
Effekt der spektralen Verschiebung der Reflexionen höherer harmonischer Komponenten
ist ein wichtiger Gesichtspunkt bei der Herstellung effektiver Filterelemente.

Im Gegensatz zu den photorefraktiven Gittern bieten photolithographisch eingeschriebene
gerippte (oder “corrugated”) Gitter eine dauerhafte Haltbarkeit und die Möglichkeit der
Massenproduktion. Im zweiten Teil des 5. Kapitels wird ausführlich die von mir angewen-
dete Herstellungsmethode der gerippten Gitter dargestellt. Zunächst wurde in den auf
dem Wellenleiter aufgebrachten Photoresist ein holographisches Gitter aufgezeichnet. Das
darauf in Schattenverdampfungstechnik aufgebrachte Chrom dient bei dem darauf folgen-
den reaktiven Ionen-Ätzen (RIE) als harte Maske, um die Gitterstruktur effektiv in den
Wellenleiter zu übertragen. Nach dem Anbringen von “pigtailed” Fasern an die Enden des
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Wellenleiters und dem Aufbringen eines Schutzüberzuges konnte die Transferfunktion des
Filters vermessen die Bandbreite wurde hierbei zu 0,17 nm bei einer mittleren Wellenlänge
von 1555 nm bestimmt. Durch das Anlegen eines elektrischen Feldes von ± 10 V/µm an die
Elektroden auf beiden Seiten des Wellenleiters konnte daraufhin die mittlere Wellenlänge
der Transferfunktion um 0,3 nm kontinuierlich abgestimmt werden.

In den weiterführenden Untersuchungen wurde, wie in Kapitel 6 ausgeführt, der Einsatz der
elektro-optischen Abstimmung integrierter Bragg-Gitter durch das Verfahren des “elektro-
optischen Phase-Shift Keyings” erweitert. In diesem Fall wird der globale Brechungsindex
des Wellenleitermaterials nicht durch ein homogenes externes elektrisches Feld verändert,
sondern durch eine gezielte Strukturierung des Feldes räumlich moduliert. Diese Feldmod-
ulation wurde erreicht, indem neben dem Wellenleiter 8 gleich große Paare von Elektroden
aufgebracht wurden, an die jeweils eine individuelle Spannung angelegt werden konnte.
Die sich daraus ergebene räumliche Brechungsindexmodulation des Materials, in dem der
Wellenleiter eingeschrieben ist, erzeugte in dem über dem Wellenleiter homogenen Gitter
eine räumlich modulierte Phasenverschiebung, durch die sich die Transferfunktion gezielt
spektral verändern lässt.

Nach der Darstellung der Grundprinzipien des Phase-Shift-Keyings und der Erweiterung
des zu Grunde liegenden theoretischen Modells der Theorie gekoppelter Wellen auf struk-
turierte Bragg-Gitter, stelle ich die experimentelle Realisierung mehrerer, durch e-o PSK
gezielt modulierter Transferfunktionen vor. So konnte ich, nach meinem Kenntnisstand
zum ersten Mal, das schnelle dynamische Abstimmen einer (Filter-) Transferfunktion, das
Umschalten einer Pass-Band in eine Stopp-Band Filterfunktion, die Synthese von Zwei-,
Drei- und Fünf-Band Filterfunktionen, sowie das Konfigurieren einer “Flat-Top” Filter-
funktion demonstrieren. Über dies hinaus konnte ich in meinen Experimenten zeigen, dass
durch das Verfahren des e-o PSK eine schnelle Korrektur der Form und der Lage von
Filtertransferfunktionen möglich ist. Die experimentellen Ergebnisse stimmen hierbei her-
vorragend mit den theoretischen Berechnungen überein. Ein weiterer großer Vorteil der
Abstimmung und Synthese von Transferfunktionen durch das e-o PSK ist gegenüber bisher
etablierten Verfahren neben der hohen Flexibilität im Design der Filterfunktion vor allem
die hohe Schaltgeschwindigkeit. So konnte ich in meinen Untersuchungen die Schaltzeit
zwischen zwei beliebigen Filterfunktionen auf weniger als 1µs bestimmen.

Die von mir untersuchte Möglichkeit des elektro-optischen Phase-Shift Keying erlaubt
somit die Herstellung schnell rekonfigurierbarer und flexibler integriert-optischer Filter
für die Anwendung in bestehenden optischen DWDM-Nachrichtennetzen sowie auch für
zukünftige rekonfigurierbare OCDMA (Optical Code Divisin Multiple Access)-Netze.
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