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Introduction

The requested data amount to be carried in optical communication net-
works has been increasing exponentially in the last decade, mostly due to
the demand and growth of new services on the Internet and the general
extension of broadband wireless and wire line access network. A grow-
ing number of users and data brought to an upgrade in DWDM networks
from a transmission of 10 Gb/s per channel to more spectrally-efficient 40
Gb/s or 100 Gb/s per channel. Furthermore 400 Gb/s and 1 Tb/s Ether-
net should be standardized in the near future [1]. To support beyond 400
Gb/s serial transmission, a better modulation format would be needed to
get closer to the channel capacity [2, 3].

However fiber impairments challenge the achievement of these aims,
like non-linearities and dispersion. This last one, interacting with the non-
linearities, constitutes a strong limitation for the high speed transmission
on long distances and several efforts have been spent to mitigate its effect.
In absence of a dispersion compensation, the transmitted pulses broaden
in time because of different propagation velocities of different wavelengths
in fibers. The consequence is the impossibility to properly detect the pulse
sequence at the receiver and reconstruct the transmitted information.

Different approaches have been proposed to compensate the fiber dis-
persion, either optically or electronically [4, 5]. In the former case disper-
sion compensating fibers or optical filters are used, in the latter one digital
circuits for signal processing implementing algorithms able to reconstruct
the signal. Optical dispersion compensation systems have the advantage
not to require a signal conversion and can be implemented in-line. How-
ever they are intrinsically analog and can be affected by non-linearities.
Electronic compensators on the other hand require a conversion of the sig-
nal, with a consequent speed limitation. They permit however a high flex-
ibility, since they can be easily programmed. While optical statical com-
pensation devices are used in line within the transmission span, electronic
systems are typically implemented at the receiver stations to compensate
an eventual residual dispersion.

One of the main drawbacks of electronic dispersion compensation, to-
gether with the optical-to-electrical signal conversion, is the high power
consumption. This can reach values between 14 W and 44 W according to
the used algorithm to compensate a 100 GbE channel at 28 Gbaud [6]. Con-
sidering that nowadays the energy consumed by optical telecommunica-
tion networks is already 1% of the total consumed power worldwide [7,8],
it is evident that the future growing data traffic will make this problem-
atic more and more critical. The realization of all-optical signal processing
devices for dispersion compensation with low power consumption would
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INTRODUCTION

permit to achieve a faster operation without the need of signal conversion,
reducing the limitations for the growing networks.

Different optical devices for dispersion compensation have been pro-
posed in the past, however they have the disadvantage of being consti-
tuted of discrete components. The realization of integrated devices for
the dispersion compensation is mandatory for the realization of compact
receiver units. Silicon photonics offers an almost perfect basis for this pur-
pose [9, 10]. The achievement of integrated optical devices on silicon can
be considered nowadays state of the art, with a large number of proven
examples of integrated devices. Silicon is an ideal material for optical pur-
poses in the range of wavelengths used for optical communications, since
it is almost transparent, exhibits low absorption [11] and a high refractive
index (∼3.5). This permits to realize low loss waveguides with dimensions
in the range of the wavelength itself. Furthermore silicon is available in
large quantities at low prices, and is the basis material in microelectronics.
It means that the established fabrication know-how and facilities from the
electronics can be applied for the realization of optical devices as well, with
a consequent cost reduction. In the next future the sharing of the same
basis material should permit also a combination of electronic and optical
devices together for the implementation of more complex systems [12,13].

Different optical components have been demonstrated on silicon, like
arrayed waveguide gratings (AWGs), couplers, modulators [14], wave-
length converters [15]. The hybrid integration of active devices like laser
sources or detectors made of direct semiconductors on a silicon chip are
deeply investigated, as well as the possibility to achieve light sources di-
rectly with silicon exploiting non-linear effects [16, 17].

The realization of an integrated tunable compensator for the residual
dispersion and its combination with demodulators and detectors would
permit to obtain compact and low cost receiver modules on a silicon chip.
Within this work the design and the fabrication of a dispersion compen-
sating device based on Bragg gratings on silicon waveguides is demon-
strated.

In the first chapter the definition of residual dispersion is given, and
different approaches for its compensation with bulky and integrated de-
vices are described. The second chapter is dedicated to the analysis of uni-
form Bragg gratings in rib waveguides, their dimensioning and implemen-
tation on silicon. The numerical model for the simulations is deeply dis-
cussed, and the fabrication processes are presented. Based on the results
from the characterization of uniform gratings, the evolution to chirped
gratings for dispersion compensation is the topic of the third chapter. Here
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not only a design of the chirp is carried on, but also an optimization of the
grating shape for a better performance. Furthermore the combination in
a more complex structure for in-line compensation is demonstrated. In
the last chapter the tuning of the grating dispersion with temperature is
shown. The tuning principle and the practical implementation are de-
scribed, and the final characterization of the tuned dispersion compen-
sator is presented.
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1
Dispersion compensation in optical

transmission systems

1.1 Chromatic dispersion in optical transmission systems

The interaction of an electromagnetic wave with an optical medium is in
general wavelength dependent, since the refractive index is not constant
for every optical frequency. The material exhibits characteristic resonance
frequencies at which electromagnetic radiation is absorbed through elec-
tronic and lattice/ionic oscillations. Far from the material resonances, the
refractive index n is approximated by the Sellmeier equation [18]:

n2(ω) = 1 +
m
∑

j=1

Bjω
2
j

ω2
j − ω2

(1.1)

where ωj is the resonance frequency and Bj is the resonance strength. This
wavelength dependence of the refractive index is critical for the transmis-
sion of optical pulses in waveguides, since different spectral components
propagate with different velocities, resulting in a pulse width distortion.
This phenomenon is denoted as chromatic dispersion and is one of the most
critical limitations for long distance optical communication systems. At
a certain dispersion magnitude, the pulses of the transmitted data stream
broaden in such a way until they overlap with each other and cannot be
detected without error, leading to intersymbol interference (ISI).

It is possible to evaluate more precisely the effect of the dispersion ex-
panding the mode propagation constant β in a Taylor series about the fre-
quency ω0, the center frequency of the optical pulse:

β(ω) = n(ω)
ω

c
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)2 + ..., (1.2)
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CHAPTER 1. DISPERSION COMPENSATION IN OPTICAL
TRANSMISSION SYSTEMS

where

βm =
∂mβ

∂ωm

∣

∣

∣

∣

ω=ω0

m = 0, 1, 2... (1.3)

If the terms βm 6= 0 a frequency dependence of the propagation constant
occurs.

The inverse of the first oder derivative of β is the group velocity and
indicates how fast the spectral components propagate from each other:

vg =
1

β1
=

c

ng
=

c

n + ω ∂n
∂ω

(1.4)

where c is the vacuum speed of light and

ng = n + ω
dn

dω
(1.5)

is the material group index. From the expression of the group velocity the
group delay is obtained:

τ =
L

vg
= Lβ1 =

∂(Lβ)

∂ω
=

∂φ

∂ω
. (1.6)

It is useful to express the group delay as function of the wavelength:

τ =
∂φ

∂ω
=

∂φ

∂λ
· ∂λ
∂ω

= − λ2
0

2πc
· ∂φ
∂λ

(1.7)

The derivative of the group delay over the wavelength is defined chro-
matic dispersion:

D =
∂τ

∂λ
= − λ2

0

2πc
· ∂

2φ

∂λ2
. (1.8)

This quantity is expressed in [ps/nm] and describes how large is the rel-
ative delay between spectral components per unit wavelength due to the
frequency dependence of the refractive index. The dispersion coefficient
D ′ = D/L is also used to describe the dispersion properties of fibers, and
is expressed in [ps/nm·km].

1.2 Residual dispersion

On Fig. 1.1(a) the refractive index and the group index of pure silica as
function of the wavelength are represented. It can be observed that the
the material refractive index is monotonically decreasing for larger wave-
lengths; in particular it has a value of about 1.46 in the visible region and
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1.2. RESIDUAL DISPERSION

decreases by 1% in the wavelength region near 1550 nm. On the other hand
the group index exhibits a minimum which leads to a zero dispersion at
λ = 1273 nm (blue dashed curve on Fig. 1.1(b)).

So far only the effect of the pure material has been considered. In a
fiber the light guiding itself contribute to the chromatic dispersion. Each
guided mode is identified by its propagation constant βm . From it, the
effective refractive index

neff = β/k0 (1.9)

is defined, where k0 = 2π/λ is the free-space wave number. It has the
physical meaning that each mode experiences a different refractive index,
whose value lies in the range ncladding < neff < ncore [18]. At larger wave-
lengths the fundamental mode field of the fiber LP01 becomes larger and
propagates more into the cladding, experiencing a lower effective refrac-
tive index. This effect is defined as waveguide dispersion and is indicated on
Fig. 1.1(b) with the red dotted line. In a SMF-28 step fiber the chromatic
dispersion is the sum of two terms:

Dtot (λ) = DM (λ) + Dwg (λ) (1.10)

where DM is the material dispersion discussed in the previous section. At a
wavelength of λ = 1312 nm the overall dispersion appears to be zero, hence
a data transmission at this wavelength is affected by a minimal dispersion
induced intersymbol interference.

In an optical transmission system the signal has to be regenerated af-
ter a certain propagation distance to overcome the accumulation of optical
noise, linear and nonlinear distortions [19]. This is achieved employing
erbium-doped fiber amplifiers (EDFAs) [20, 21], which permit to have a
regenerator spacing of several thousands of kilometers, reducing network
costs and avoiding a digital electronic regeneration. The disadvantage is
given by the fact that the system must operate in the gain window of the
amplifiers, approximately 1553–1556 nm. At this wavelengths the disper-
sion coefficient of a standard single mode fiber is not zero, but has a value
in the range of 15–18 ps/nm·km, making the employment of dispersion
compensating systems necessary.

The compensating system has to be chosen and designed in order to
exhibit a chromatic dispersion Dcomp corresponding to the dispersion of a
transmission span of length L :

L · D ′
tr (λ) + Dcomp (λ) = Dres = 0 (1.11)

where D ′
tr is the dispersion coefficient of the transmission span. The differ-

ence between the accumulated dispersion in the transmission system and
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Figure 1.1: (a) Refractive index and group index as function of the wavelength for
fused silica. (b) Chromatic dispersion coefficients of a SMF-28 step fiber.

the dispersion of the compensating module is referred as residual dispersion
and should be ideally zero.

Different attempts have been done to reduce the effect of chromatic
dispersion in optical fibers. As it can be observed on Fig. 1.1(b) the ef-
fect of the waveguide dispersion is to shift the zero dispersion point to
longer wavelengths. It is intuitive that increasing the waveguide disper-
sion, this zero dispersion point can be shifted until λ = 1550 nm, obtaining
a dispersion free fiber. This can be achieved modifying the waveguide
structure with smaller core radii, obtaining dispersion-shifted fibers (DSF).
However in a dispersion free transmission system the phase matching
condition of four wave mixing (FWM) is ensured along the fiber, and re-
sults in the generation of new wavelengths which cause nonlinear chan-
nel crosstalk in WDM systems [22, 23]. To overcome this issue, a com-
promise has been found with the non-zero dispersion-shifted fibers (NZ-
DSF), where the zero dispersion point is placed at slightly shorter wave-
lengths than the used ones. The chromatic dispersion within the trans-
mission band is therefore strongly reduced to values about 4-8 ps/nm·km
at λ = 1550 nm, reducing the requirements for the compensating system.
Such fibers are employed nowadays in new transmission systems for high
data rates larger than 40 Gbit/s per channel [24].

The actual compensation is mostly carried out employing dispersion
compensating fibers (DCF), which are designed to exhibit a negative dis-
persion with values about -45 – -300 ps/nm·km [25, 26], but also larger
attenuation about 0.3–1 dB/km compared to standard fibers and larger
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1.2. RESIDUAL DISPERSION

bending losses. Properly choosing the length of these fibers it is ideally
possible to compensate the dispersion of a given transmission link.

The dispersion compensation achieved with the employment of DCFs
is only theoretically perfect, since it is based on the assumption that the dis-
persion of the transmission link is fixed. From this value, the DCF length is
determined. However the chromatic dispersion in a fiber is not a constant
value, but changes in time under the influence of several factors, primarily
the temperature. It has been demonstrated that the coefficients of the Sell-
meier equation (1.1) are temperature dependent [27]. Consequently, the
fiber dispersion varies according to the environment temperature about
−2.5 × 10−3 ps/nm·km·K for NZ-DSF and −3.8 × 10−3 ps/nm·km·K for
large core fibers [28, 29].

Transmitter Receiver

SMF DCF

D’ T Ltr( )1

L LDCF

Dcomp

z

D’ T Ltr( )2

Dcomp Dres
z

D

D

Figure 1.2: Scheme of a transmission link with a standard fiber with length L
and a dispersion compensating fiber with length LDCF . The dispersion profile is
considered for two different temperatures T1 and T2.

Measurements showed that the soil temperature at a depth of 60 –
120 cm where long haul fibers cables are buried exhibits seasonal varia-
tions in the order of 20 K over a year [30]. This temperature variation
causes a dispersion deviation of 375 ps/nm for NZ-DSF and 570 ps/nm
for large core fibers in a 7500 km long terrestrial haul route. Since the com-
pensation with DCFs is designed for a certain dispersion value, over the

9
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TRANSMISSION SYSTEMS

Format Dispersion limit (ps/nm)
non-return-to-zero (NRZ) 65
return-to-zero (RZ) 50
carrier-suppressed RZ 48
differential phase shift keying (DPSK) 56
RZ-DPSK 45
phase-shaped binary transmission (PSBT) 160

Table 1.1: Dispersion limit for different modulation formats to achieve a penalty
of 1 dB at a data rate of 43 Gbit/s [31].

year the residual dispersion varies, degrading the signal quality. In Fig. 1.2
a transmission link with a standard fiber and a DCF is depicted. The sys-
tem is designed for an operation at a temperature T1. In this situation the
dispersion of the DCF equals the dispersion accumulated along the trans-
mission fiber and the regenerated signal can be properly detected at the
receiver:

D ′
tr (T1)L − D ′

DCF LDCF = 0. (1.12)

At a different temperature T2, however, the dispersion coefficient of the
transmission fiber exhibits a different value, with a consequent different
accumulated dispersion after a propagation length L . Since the length
of the DCF remains unchanged, a residual dispersion different than zero
occurs at the receiver.

Only a certain level of residual dispersion is tolerated at the receiver
for an error free detection. According to the used modulation format,
a specific value of residual dispersion limit has been determined where
the penalty variation remains within 1 dB from the optimum at a data
rate of 43 Gbit/s. The values of the dispersion limits are indicated on Ta-
ble 1.1 [31]. It can be observed that for every considered modulation for-
mat the maximal tolerated dispersion is much lower than the actual varia-
tions due to temperature changes. A further adaptive dispersion compen-
sation has to be employed at the receiver side to improve the signal quality
and permit a good error-free detection.

1.3 Residual dispersion compensation

Different solutions have been analyzed in the recent past for the realiza-
tion of systems able to compensate the residual dispersion. Different ap-
proaches have been proposed, either based on bulky components or inte-
grated. The latter ones give the opportunity of a direct combination with
receiver modules. In general a device for the dispersion compensation is a

10



1.3. RESIDUAL DISPERSION COMPENSATION

filter which should ideally exhibit a frequency response with a flat ampli-
tude and a quadratic phase over the frequency range of interest. The filter
response can be periodic and hence allow a multichannel compensation of
the residual dispersion. In this section different concepts for the realization
of such compensators are described, according to their basic principle.

1.3.1 Chirped fiber Bragg gratings

lB,0 lB,LgL( )z

Lg

Figure 1.3: Scheme of a chirped Bragg grating of length L , with a linearly varying
period Λ(z).

Dispersion compensators based on fiber Bragg gratings have been pro-
posed and demonstrated since the late 80s [32]. The principle of Bragg
gratings will not be discussed in detail in this section, since it is topic of the
next chapters, but only a basic explanation will be provided. In a Bragg
grating the periodic modulation of the core refractive index produces a
selective reflection over a narrow bandwidth centered at the Bragg wave-
length, proportional to the modulation period Λ. Chirping the grating, the
period can be varied along the grating length in order to reflect different
wavelengths at different positions (see Fig. 1.3); in this way the different
spectral components of the input signal experience a different propagation
path length, with a consequent delay. The maximum achievable group de-
lay depends hence on the grating length Lg :

∆τmax =
2ng Lg

c
(1.13)

where ng is the group index of the fiber core. If λB ,0 and λB ,Lg are the wave-
lengths reflected at the beginning and at the end of the grating respectively,
the maximum dispersion is, according to Eq. 1.8:

Dmax =
2ng Lg

c
(

λB ,Lg − λB ,0

) . (1.14)
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The realization of chirped fiber Bragg gratings using phase masks have
been demonstrated [33–35], showing that a dispersion of 6000 ps/nm with
a 10 cm long grating can be achieved. Furthermore different tuning princi-
ples have been proposed, which have the aim to modify the chirp function
Λ(z) and hence the bandwidth. This has been demonstrated bending the
grating with strain [36] or thermally, depositing thin film heaters on the
fiber and exploiting the thermo-optical effect [37, 38].

1.3.2 Serial optical filters

Finite impulse response (FIR) and infinite impulse response (IIR) filters
have been employed for the realization of integrated dispersion compen-
sators. Properly defining the transfer function of the filter, the desired
chromatic dispersion can be compensated.

z
-1

In Out

delay
line

3-dB
coupler

phase
shifter

symmetrical
MZI asymmetrical

MZI

(a)

(b)

z
-1

z
-1

z
-1

a0

a0

a1

a1

a2

a2

a3

Figure 1.4: (a) Principle of a FIR lattice filter. (b) Implementation of the FIR
lattice filter cascading symmetrical and asymmetrical Mach-Zehnder interferom-
eters [39].

In a FIR lattice filter the output signal is given from the superposition
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1.3. RESIDUAL DISPERSION COMPENSATION

of the present input signal with past values of it weighted with specific
coefficients ai , as shown on Fig. 1.4(a). This principle can be implemented
cascading N asymmetrical and N + 1 symmetrical Mach-Zehnder inter-
ferometers as indicated on Fig. 1.4(b). The symmetrical MZI exhibits arms
with equal length and acts as a variable coupler, since the phase shifters on
one interferometer arm permit to adjust the coupling ratio at the output,
defining the coefficients ai . The asymmetrical MZI have arms of different
length and are fixed delay and variable phase-shift elements. The filter or-
der is N . Optical FIR filters exhibit complex coefficients [39], which give
more degrees of freedom in tailoring the filter response. Furthermore this
response is periodic in frequency, with a free spectral range (FSR) which is
related to the delay of the MZI:

∆λFSR =
λ2

0

c

1

∆τMZI
(1.15)

where λ0 is the central wavelength and ∆τMZI is the delay of an asymmet-
rical MZI and is given by the length difference of the two interferometer
arms:

∆τMZI =
∆LMZI

vg
. (1.16)

Considering N cascaded asymmetrical MZIs, the maximal group de-
lay difference between two spectral components of the incoming signal is
hence:

∆τmax = N ·∆τMZI (1.17)

Assuming that the filter can be tuned in a way to achieve a linear trend for
∆τ (λ) over a FSR, the maximal dispersion which can be reached is:

Dmax =
∆τmax

∆λ3dB
(1.18)

where ∆λ3dB is the 3-dB bandwidth within a FSR.
Such filter structures have been demonstrated on silica waveguides

[40] showing dispersion values between -681 and +786 ps/nm over a band-
width of 0.13 nm and on SiON waveguides [41] with dispersion values of
±100 ps/nm over a bandwidth of 0.5 nm.

Serial IIR lattice filters based on ring resonators have been demon-
strated for this purpose as well [42, 43], and the corresponding principle
is shown on Fig. 1.5. It is based on a repetition of a unit cell, constituted
by a ring resonator coupled to a bus waveguide with a variable coupler
and a phase shifter on the ring. At the coupling wavelength an increase of
the group delay is achieved, function of the coupling strength κ and phase
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Figure 1.5: (a) Principle of a IIR lattice filter. (b) Implementation of the IIR
lattice filter cascading ring resonators with radius R and phase shifters φn along
a bus with tunable couplers κn . (c) Implementation of the tunable coupler with a
symmetrical MZI and a phase shifter φκ [42].

φ. Cascading several unit cells and tuning them separately it is possible to
tailor the overall filter response and achieve the desired group delay pro-
file. The variable coupler is implemented again with a symmetrical MZI
with a phase shifter (see Fig. 1.5(c)). While in the case of the FIR filter the
FSR is determined by the difference of the optical path between the arms,
in IIR filters it depends on the absolute optical length of the ring, hence the
ring radius R :

∆λFSR =
λ2

0

2πng R
. (1.19)

The FSR has to be adapted to the channel spacing of the input signal, hence
for dense systems, small ring radii are required, with consequently higher
radiation losses and stronger technological requirements. Dispersion val-
ues about 1800 ps/nm with an FSR of 25 GHz and a passband of 14 GHz
have been reported using a four-stages filter [42].
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1.3.3 Parallel optical filters

VIPA

A dispersion compensator based on virtually imaged phased array (VIPA)
[44] has been presented [45] and is schematically depicted on Fig. 1.6(a).
The idea of the device is to spatially separate the spectral components of
the input signal and let them propagate along different paths, in order to
add a specific dispersion.

The input signal coming from a fiber is collimated and then line-focused
on a tilted glass plate with a semi-cylindrical lens. The input side of the
plate has 100% reflection coating except in the light incident window area,
which is antireflection (AR) coated. The output side of the plate has a
high-reflection coating which has 98% reflectivity. A small portion of the
light entering the plate (2% in power) passes through the high-reflection
coating and diverges after the beam waist, as shown in Fig. 1.6(b). The
rest of the light is reflected twice in the plate and another small portion of
the reflected light passes through the high-reflection coating. In a similar
way, the input light is split into many light paths which have a constant
displacement. Each light path has a beam that seems to be diverging from
the beam waist created in a virtual image. The virtual images of the beam
waist are self-aligned along the normal of the plate so that the image-to-
image spacing is constant at twice the plate thickness. This virtually cre-
ates a phased array of light beams. They all interfere with each other after
exiting the glass plate and form collimated light, where the light prop-
agates in a particular direction which is determined by the condition of
diffraction and is a function of the wavelength. This light is then focused
on a mirror which reflects the beam back through the system to the fiber.

The angular dispersion occurring at the output of the glass plate is used
to separate the spectral components of the input signal. Different wave-
lengths exit the glass plate with different angles, reaching the mirror at
different positions.

For simplicity, the case depicted in Fig. 1.6 is considered, where only
three wavelengths λ1 < λ2 < λ3 are taken into account. They exit the
glass plate with different angles. Assuming that the wavelength λ2 reaches
the center point on the mirror, the shorter wavelength λ1 travels slightly
upward at the output of the glass plate and is focused at a higher point on
the mirror. According to the same principles the longer wavelength λ3 is
focused at a lower point on the mirror. Varying the curvature of the mirror
surface, it is possible to modify the phase of the three spectral components
and achieve the desired chromatic dispersion.
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Figure 1.6: Schematic structure of a dispersion compensating system based on
VIPA.
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Figure 1.7: Principle of a dispersion compensator based on two AWGs connected
by a free propagation region (FPR) [47].

Experiments showed that a dispersion of 1800 ps/nm can be achieved
over a bandwidth of 0.4 nm for 60 channels over a 50 nm wavelength
range [45]. This dispersion can also be tuned varying the tilt angle of the
glass plate and the shape of the mirror, adapting the optical path of the
different wavelengths to the required dispersion shape. The disadvantage
of the device is the insertion loss of 10 dB and the mechanical stability of
the system, based on discrete optical elements. A device based on a similar
principle realized with a diffraction grating and MEMS mirrors has been
also demonstrated [46]. With this procedure a tunable and compact de-
vice has been achieved, able to compensate a dispersion between 4.6 and
16.7 ps/nm over a bandwidth of 2.5 nm, with an insertion loss of 10 dB.

Arrayed waveguide gratings (AWG)

A particular integrated implementation of the VIPA concept has been pro-
posed [47–50]. Here the separation of the spectral components occurs us-
ing arrayed waveguide gratings (AWG), which acts like the tilted glass
plate shown on Fig. 1.6.

The structure consists of two cascaded identical AWGs with one com-
mon free propagation region (FPR). The light propagates through the com-
ponent beginning with the input waveguide, through the first FPR, cou-
ples into the first AWG, where it is then divided into its spectral compo-
nents. For different wavelengths, the input waveguide mode field is im-
aged at different positions on the middle focal plane of the second FPR
indicated with x . In this focal plane, a lens is provided, which permits
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to control the phase of the different wavelengths. The light propagates
through the lens to the end of the second FPR, through the second AWG,
and through the third FPR, where its spectral components are recombined,
to the output waveguide.

The difference in propagation length ∆L between adjacent waveguides
in the array corresponds to a group delay difference ∆τAWG which deter-
mines the free spectral range of the device FSR = 1/∆τAWG . This FSR
hast to be adapted to the channel spacing of the system which has to be
compensated.

For the implementation of the tunable lens on the plane x a thermal
lens has been proposed [48], showing dispersion values of ±200 ps/nm
over a bandwidth of 0.3 nm, however with a power consumption up to
7.3 W. An alternative solution with higher dispersion up to ±500 ps/nm
over a bandwidth of 0.56 nm with lower power consumption has been also
demonstrated replacing the lens and the second AWG with a deformable
mirror and operating the device in reflection [49, 50].

1.3.4 Serial-parallel optical filters

A drawback which occurs with the concept based on AWGs is that the
shorter- and longer-wavelength spectral portions experience increased loss,
because they focus at a nonzero angle on the output waveguides. This
rounds the transmissivity passband, narrowing the signal bandwidth [51].
On the other hand serial approaches based on 2 × 2 couplers and delay
lines are easy to design and require less power for the driving elements
compared to the parallel approaches. However a large number of stages
are required, since each of them brings an individual contribution to the
overall dispersion.

A compromised filter architecture has been proposed, which can mit-
igate the limitations of both serial and parallel approaches, cascading N
AWGs with M arms [51]. It permits to increase the achievable dispersion
and the transmissivity passband. If M reduces to 2, the structure becomes
the serial lattice filter dispersion compensator shown in Sec. 1.3.2. The
overall dispersion is proportional to the product M · N , hence a device
with M = 4 and N = 2 would have the same performance of the case M = 2
and N = 4, but with a more compact layout.

The serial lattice filter can be therefore parallelized using M × M MMI
couplers, as sketched on Fig. 1.8. The delay length ∆τdl determines the
FSR, while the overall delay of a filter stage is (M −1)∆τdl . After N stages,
an overall delay of N (M − 1)∆τdl is obtained. The phase shifters on the
delay arms permit to tune the transfer function and vary the output disper-
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Figure 1.8: General structure of a serial-parallel filter for dispersion compensa-
tion.

sion. In [52] an implementation of this serial-parallel approach on silicon
rib waveguides with 4 × 4 MMI couplers has been demonstrated, show-
ing that a dispersion of ±176 ps/nm over a bandwidth of 0.35 nm can be
compensated using a two stage filter.

1.3.5 Comparison

In Table 1.2 a comparison of different concepts for the compensation of the
residual dispersion is presented. In each case the basic principle and the
material system for the realization are indicated, as well as the achieved
performances in terms of maximal dispersion and bandwidth. For a di-
rect comparison the figure the dispersion-bandwidth product as a figure
of merit [53] has been considered:

FOM = Dmax ·∆λ2
3dB. (1.20)

It is possible to observe that the bulky solutions exhibit higher values
of dispersion, mostly due to the absence of strict limitations in the device
dimensions like in integrated structures. On the other side, they are de-
signed to compensate a single channel, as in the case of fiber Bragg grat-
ings. Their reflection bandwidth can be chosen to fully cover the desired
channel, without adding additional distortion or losses.

Integrated dispersion compensators exhibit a periodic filter response
which permits to simultaneously compensate the dispersion for several
channels. This periodicity however limits the bandwidth of each chan-
nel, which is always narrower than the free spectral range. This means
that part of the signal spectrum are suppressed, with a consequent slight
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Compensator type Material Dmax (ps/nm) ∆λ (nm) FOM (ps·nm)
FBG [35] Fiber 6000 0.15 135
FBG [36] Fiber 1500 0.5 375
Serial FIR [41] SiON ±100 0.5 25
Serial FIR [40] Silica -681 – 786 0.13 13.3
Serial IIR [42] Silica ±860 0.13 14.5
VIPA [44] bulky ±1800 0.4 288
VIPA with MEMS [46] bulky 16.7 2.5 104.3
AWG with th. lens [48] Silica ±200 0.32 20.5
AWG with def. mirror [49] Silica ±500 0.56 156.8
Serial-parallel [51] Silica -229 – 224 0.57 71.8
Serial-parallel [52] SOI ±176 0.35 21.6

Table 1.2: Performance comparison of different devices for the compensation of the
residual dispersion.

distortion. The performances of the presented integrated devices exhibit
dispersion values of some hundreds of ps/nm and and bandwidths which
cover at most 70% of the 100 GHz channel bandwidth (0.8 nm).
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2
Uniform Bragg gratings on SOI rib

waveguides

The principle of Bragg gratings, already anticipated in Sec. 1.3.1, has to
be described in order to be able to correctly implement the device for the
purpose of dispersion compensation. Several efforts have been spent from
the early Seventies to develop a model to analyse and design Bragg grat-
ings, since wavelength selective devices are essential for a large number of
optical applications. First of all the so-called coupled mode theory [54–56] is
considered, which permits to achieve a clear understanding of the phys-
ical principles. Its applicability is however limited by tight assumptions
and can be used only for first approximations.

2.1 Modelling of Bragg gratings

2.1.1 Coupled mode theory (CMT)

On Fig. 2.1 the scheme of a generic planar Bragg grating is shown. A
waveguide core of thickness t and refractive index n2, surrounded by two
different cladding materials with index n1 and n3 is considered. In the
waveguide core a periodic index modulation with period Λ is defined over
a length Lg . The propagation direction is set to z .

Assuming that only the fundamental mode propagates in the waveg-
uide, the Ey field can be expressed as the superposition of a forward and a
backward travelling wave:

Ey =
1

2

(

b (z)ey (x) + a(z)ey (x)
)

(2.1)

where b (z) and a(z) are the normalized mode amplitude of the forward
and backward travelling waves respectively, ey (x) is the transverse electric
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z = 0 z L= g
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Figure 2.1: Scheme of Bragg grating produced with a periodic index modulation in
the waveguide core of thickness t . The overall grating length is Lg . The refractive
indices of the cladding, core and substrate are n1, n2 and n3 respectively.

field distribution of the eigenmode. In the regions where the waveguide is
uniform, the forward and backward travelling modes are decoupled and
propagate independently, according to the equations:

db (z)

dz
= −jβb (z)

da(z)

dz
= jβa(z). (2.2)

In the grating region a periodic index modulation with amplitude ∆n
is produced. For simplicity, this modulation is considered sinusoidal, with
period Λ:

n(z) = n1 + ∆n · sin

(

2π

Λ
z

)

. (2.3)

This modulation produces a perturbation polarization wave

Py = ∆n2ε0Ey (2.4)

which drives an energy coupling between the forward and the backward
travelling waves. This energy coupling is described by an additional term
in Eq. 2.2 [55]:

db (z)

dz
= −jβb (z) + κa(z) exp

(

j
π

Λ
z
)

da(z)

dz
= jβa(z) + κ∗b (z) exp

(

−j
π

Λ
z
)

. (2.5)
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where β is the propagating constant of the unperturbed waveguide. The
coupling coefficient κ is given by

κ =
1

λneff

+∞
∫

−∞

∆n2(x)
[

ey (x)
]2

dx (2.6)

and describes how strong the mode field of the smooth waveguide inter-
acts with the index modulation.

In solving the coupled mode equations it is more convenient to sep-
arate the rapid oscillations from a(z) and b (z) to obtain coupled-mode
equations for the slowly-varying envelope functions [57]. The rapid oscil-
lations are removed by making the following change of variables:

A (z) = a(z) exp
(

−j
π

Λ
z
)

B (z) = b (z) exp
(

j
π

Λ
z
)

. (2.7)

A (z) and B (z) represent the slowly varying mode envelope functions, af-
ter the rapid optical oscillations have been factored out. With this substi-
tution, the coupled mode equations become

dB (z)

dz
= −jδB (z) + κA (z)

dA (z)

dz
= jδA (z) + κ∗B (z) (2.8)

where the phase δ indicates the mismatch between the propagation con-
stant of the mode and the fundamental spatial frequency of the grating:

δ = β − π

Λ
. (2.9)

The coupled mode equations can be rewritten as a linear system of
coupled differential equations in matrix form:

d

dz

(

B
A

)

=

(

−jδ κ
κ∗ jδ

)(

B
A

)

(2.10)

which can be solved via eigenvectors decomposition [58]:

(

B (z)
A (z)

)

= (v1 v2)

(

exp(ζ1z) 0
0 exp(ζ2z)

)

(v1 v2)−1

(

B (0)
A (0)

)

. (2.11)
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The eigenvalues ζ1,2 are

ζ1 = S ζ2 = −S (2.12)

where
S =

√

|κ|2 − δ2. (2.13)

and the eigenvectors v1,2

v1 =

(

S − jδ
κ∗

)

v2 =

(

−κ
S − jδ

)

. (2.14)

Substituting, the mode amplitudes at the position z as function of A (0)
and B (0) are obtained:
(

B (z)
A (z)

)

=

(

cosh(Sz) − j δ

S sinh(Sz) κ

S sinh(Sz)
κ
∗

S sinh(Sz) cosh(Sz) + j δ

S sinh(Sz)

)(

B (0)
A (0)

)

(2.15)
However, only the amplitude of B at the position z = 0 is known, while
A (0) is the desired value to be calculated. The backward travelling mode
A (z) is generated by the grating, hence its amplitude for z ≥ Lg has to be
zero. With these boundary conditions, the desired solutions of 2.8 are [55]:

A (z) = B (0)
jκ exp(−jδz)

−δ sinh(SLg ) + jS cosh(SLg )
sinh[S (z − Lg )]

B (z) = B (0)
δ sinh(Sz − SLg ) + jS cosh(Sz − SLg )

−δ sinh(SLg ) + jS cosh(SLg )
exp(jδz) (2.16)

From these expressions it is possible to determine the reflection and the
transmission factors of the grating:

r =
A (0)

B (0)
=

κ

S tanh(SLg )

1 + j δ

S tanh(SLg )
(2.17)

t =
B (Lg )

B (0)
=

sech(SLg )

1 + j δ

S tanh(SLg )
(2.18)

The energy coupling between the forward and backward propagating
mode due to the periodic index modulation occurs only at specific fre-
quencies. Therefore it is necessary to consider the frequency dependence
of Eq. 2.17-2.18. It is contained in the parameters δ and κ. The propagation
constant β can be expanded in Taylor series about a frequency ωB :

β(ω) = β(ωB ) +
dβ

dω

∣

∣

∣

∣

ω=ωB

(ω − ωB ) = β(ωB ) +
1

vg
(ω − ωB ) (2.19)
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where vg is the group velocity of the unperturbed waveguide (see Eq. 1.4).
If ωB is chosen to be the frequency where β(ωB ) equals the spatial fre-
quency of the grating (see Eq. 2.9), the Taylor expansion of δ about ωB

becomes:

δ(ωB ) = β(ωB ) − π

Λ
+

dβ

dω

∣

∣

∣

∣

ω=ωB

(ω − ωB ) =
(ω − ωB )

vg
. (2.20)

The frequency ωB is defined as the Bragg frequency and is given by

ωB =
c

neff

π

Λ
. (2.21)

where neff is the effective index of the guided mode of the unperturbed
waveguide. It is useful to express it also in wavelength:

λB =
2πc

ωB
= 2neffΛ. (2.22)

The frequency dependence of κ is obtained considering the variation
of the mode profile ey (ω) in Eq. 2.6. Assuming however that the frequency
variation is small, the mode profile does not change significantly and can
be considered constant. Eq. 2.17-2.18 can be therefore considered as a func-
tion of δ only.

If the eigenvectors ζ1,2 are real, the mode power |A |2 and |B |2 exhibit
an exponential spatial decay, as depicted on Fig. 2.2. This is due to the
backward Bragg scattering, which couples energy from B to A and occurs
when

δ ≤ κ. (2.23)

This defines in frequency a stop-band about the Bragg wavelength

∆ωSB = 2κvg (2.24)

over which the eigenvalues are real and coupling occurs. Outside this
stop-band, the eigenvalues are purely imaginary and the fields can propa-
gate through the grating.

The peak reflectivity is reached at the Bragg frequency for δ = 0:

Rmax = |r(δ = 0)|2 =
κ∗

|κ| tanh2(κLg ). (2.25)

This expression shows how the reflection of the grating is the result of a
cumulative process. The coupling constant κ indicates the strength of the
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Figure 2.2: Spatial evolution of the mode amplitude of the forward and backward
travelling modes in the grating.

reflection at a single grating interface, which is summed over the length
Lg .

For κLg < 1 the grating is considered a weak Bragg grating and the
expression of the spectral response can be simplified expanding Eq. 2.17
about κ/δ. Neglecting the higher order terms, the reflectivity becomes [58]:

r(δ) ≈ −κ

δ
sin(δLg ) exp(jδLg ) (2.26)

The reflectivity spectrum can be hence approximated with a ”sinc” func-
tion, whose bandwidth is inversely proportional to the grating length Lg

and a linear phase term. This result can be better understood solving di-
rectly the coupled mode equations 2.8 for A (z) [59]:

A (z) = exp(jδz)





+∞
∫

−∞

B (z ′)κ(z ′) exp(−jδz ′)dz ′



 . (2.27)

Since B (z) is also an unknown, an assumption has to be performed to sim-
plify the solution. Considering the grating weak, the energy subtracted
from the forward travelling wave is small and B (z) can be considered con-
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stant and equal to B (0). With this assumption, the reflected wave becomes:

A (z) = exp(jδz)B (0)





+∞
∫

−∞

κ(z ′) exp(−jδz ′)dz ′



 . (2.28)

This expression shows that in the case of a weak grating, the reflected sig-
nal is spectrally the Fourier transformation of κ(z). Considering the grat-
ing uniform, the coupling constant profile is a rectangular function with
basis Lg . Its spectrum is described hence by a ”sinc” function with a main
lobe width inversely proportional to Lg .

On Fig. 2.3 reflection spectra for different values of κLg are shown. In-
creasing the value of this factor the peak reflectivity increases until the
maximum of 1. Two different ways of changing the factor are considered:
either the coupling factor κ or the grating length Lg is increased, keep-
ing the other parameter constant. Increasing the grating depth and hence
the coupling factor, the interaction between the mode field and the index
modulation is larger, leading to a broadening of the reflection bandwidth.
For large values (strong grating) a flat reflection curve over a large band-
width is observed. Keeping the grating depth fixed and increasing the
grating length a different effect is noticed. The reflectivity increases, but
the bandwidth becomes narrower. This can be explained considering the
Fourier approximation of the reflectivity spectrum; increasing the length,
the width of the main lobe of the ”sinc” function reduces, ideally becoming
a delta function for Lg tending to infinity.

2.1.2 Numerical analysis of Bragg Gratings

The description of Bragg gratings provided by the coupled mode theory is
simple and permits to have an idea about the behavior of Bragg gratings
and the influence of the geometrical parameters. However it is based on
the assumption that only one forward and one backward mode propagate
into the waveguide and that the grating index modulation produces a per-
turbation on the mode field of the smooth waveguide. This assumption
can be accepted in the case where the grating is obtained modulating the
refractive index of the waveguide core, keeping the geometry unchanged,
like in fiber Bragg gratings. In silicon waveguides this in not possible, and
the index modulation is achieved with different techniques.

Different techniques have been proposed for the implementation of
Bragg gratings on rib waveguides. A modulation of the core refractive
index achieved with ion implantation [60, 61] or ion beam milling [62] has
been demonstrated. However there techniques are relatively invasive and
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Figure 2.3: Reflectivity spectra of a Bragg grating with variation of the parameter
κLg . Left column: variation of κ and grating length Lg = 10 cm. Right column:
variation of Lg with coupling factor constant κ = 0.05 cm−1.
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increase noticeably the waveguide losses. The realization of grating with
surface corrugation instead permits to keep the material properties un-
changed, limiting the amount of added losses.

In this case the grating consists of a periodic concatenation of waveg-
uides with different heights, where modes with different shapes propa-
gate. It is therefore not possible to arbitrarily assume that the perturbation
produces a coupling between the forward and backward propagating fun-
damental modes of the smooth waveguide. If the grating exhibits deeper
trenches the mode shape of the light guided in the lower waveguide sec-
tion differs noticeably from the one of the smooth waveguide. And beyond
a certain trench depth the light is even no longer guided. This means that
the coupled mode theory can be considered reliable to model a grating
with a shallow corrugation, where the mode profile can be considered al-
most unchanged and the other waveguide modes are left unexcited. In the
case of deeper trenches a more rigorous method should be applied, which
considers the different mode profiles within the grating sections and dif-
ferent modes. Two different numerical methods for the modelling of Bragg
gratings are considered in this section: the Finite-Difference Time-Domain
(FDTD) method and the Bidirectional Eigenmode Propagation (BEP) tech-
nique.

Finite-Difference Time-Domain method (FDTD)

The Finite-Difference Time-Domain (FDTD) technique represents a widely
used propagation solution technique in integrated optics. It can solve com-
plicated problems and can provide almost exact solutions for a large vari-
ety of situations, but it is generally computationally expensive. Solutions
may require a large amount of memory and computation time.

The algorithm was proposed by Yee [63] and is based on direct integra-
tion in the time domain of the Maxwell curl equations in discretized form
via central differences in time and space. For example the z component of
the curl H equation

[

∂Hy

∂x
− ∂Hx

∂Hy

]

= ε
∂Ez

∂t
(2.29)
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Figure 2.4: Scheme of a Yee-cell of dimension ∆x , ∆y and ∆z . The H field is
computed at points shifted one half grid spacing from the E field grid points.

becomes [64]
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E t+∆t
z (x , y , z) − E t

z (x , y , z)

∆t

]

(2.30)

where E t
z (x , y , z) indicates the z component of the electric field evaluated

at the time t . The grid is staggered in time and space (the so-called Yee
mesh [63], see Fig. 2.4), and the equations for the other field components
follow this form.

Solving the equations for the future term, i.e. for the electric fields
at the time step t + ∆t , the so-called update equation is obtained. It is a
generic equation which can be applied at any electric-field node and shows
that the future value of Ez depends on only its previous value and the
neighboring magnetic fields. At the now computed electric field nodes the
discretized curl E equation is applied, producing update equations for the
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magnetic field at the subsequent half time step. This means that for every
time step the update equations for the electric field and for the magnetic
field at every grid point have to be computed. It is easy to understand
that the computation complexity can dramatically increase for large struc-
tures. Furthermore the method is numerically stable only if the following
condition is satisfied [65]:

c∆t ≤ 1
√

1
∆x2 + 1

∆y2 + 1
∆z2

. (2.31)

This limit further increases the number of computations in the case of
small structures, which require a small grid size to be resolved.

A successful computation of Bragg gratings with the FDTD technique
has been demonstrated [66]. To resolve the structure a grid size of Λ/10 in
the x direction, Λ/18 in the y direction and Λ/20 in the z direction was nec-
essary, and the simulations were run for 219 time steps (propagation length
of about 1 cm) to ensure a fine spectral resolution. This was achieved us-
ing a Gaussian pulse as launched source with a transverse profile matching
the waveguide fundamental mode and computing the fast Fourier trans-
form of the reflected and transmitted fields. This permits not to repeat the
calculation at every wavelength of interest.

Bidirectional eigenmode propagation method (BEP)

The bidirectional eigenmode propagation algorithm (BEP) is widely used
for modelling high-contrast waveguide structures with non-negligible or
even strong back-reflections like transitions between dissimilar waveg-
uides, waveguide Bragg gratings, and photonic crystal structures thanks
to its precision and simplicity. The application of the BEP method to op-
tical waveguide structures was consistently described for the first time by
Sztefka et al. [67] and was further developed [68, 69].

In Fig. 2.5 the longitudinal section of the considered waveguide struc-
ture is sketched. For simplicity we consider here only the 2D case with
one transversal coordinate x and the longitudinal coordinate z . This lim-
itation allows to consider fields of TE and TM polarization separately. It
consists of a concatenation of several longitudinally uniform waveguide
sections (labeled by s = 1, ..., S ). Each waveguide section is considered as
a multilayer waveguide, composed of layers l = 1(s), ..., L (s) with permit-

tivities ε(s)
l . In order to discretize its spectrum of eigenmodes, the whole

waveguide structure is laterally bounded by two perfectly reflecting elec-
tric or magnetic walls. If needed, the unwanted parasitic reflections from
the walls can be suppressed by perfectly matched layers.
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Figure 2.5: Schematic drawing of a generic waveguide with several discontinuities
at the positions z (s).

In each section s , a set of eigenmodes f (s)
m (x) and the corresponding

propagation constants

β(s)
m = (2π/λ)n (s)

eff ,m , m = 1, ..., M (2.32)

is to be calculated. Here f (s)
m (x) stands for Ey and Hy for TE or TM po-

larization respectively and n (s)
eff ,m are the effective refractive indexes of the

corresponding modes. The field distribution in section s can be expressed
as a superposition of eigenmodes:

E (s)
y (x , z) =

M
∑

m=1

p (s)
m (z)f (s)

m (x), H (s)
x =

M
∑

m=1

n (s)
eff ,m q (s)

m (z)f (s)
m (x), (2.33)

for the TE mode and

H (s)
y (x , z) =

M
∑

m=1

p (s)
m (z)f (s)

m (x), E (s)
x =

M
∑

m=1

n (s)
eff ,m

ε(s)(x)
q (s)

m (z)f (s)
m (x), (2.34)

for the TM mode, where p (s)
m (z) and q (s)

m (z) are the complex amplitudes of
the modes fields.

It follows from Maxwell equations that the vectors of the complex am-

plitudes p(s)(z) and q(s)(z) (with components p (s)
m (z) and q (s)

m (z), respec-
tively) can be expressed as a superposition of amplitudes of forward and
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backward propagating modes

p(s)(z) = a(s)(z) + b(s)(z), q(s)(z) = a(s)(z) − b(s)(z). (2.35)

Defining N(s) a diagonal matrix of the effective indexes of the modes of
section s , the forward and backward propagating modes can be expressed
as:

a(s)(z + ∆z) = exp(jN(s)
∆z) · a(s)(z),

b(s)(z + ∆z) = exp(−jN(s)
∆z) · b(s)(z). (2.36)

S11

S21 S22

S12

a1

b1

b2

a2

Figure 2.6: Scattering matrix of a generic two-port component.

In linear devices, the amplitudes of outgoing modes propagating in the
port waveguides are linearly related to the amplitudes of ingoing modes
by the scattering matrix (see Fig. 2.6):

(

b1

a2

)

=

(

S11 S12

S21 S22

)

·
(

a1

b2

)

. (2.37)

The scattering matrix S has a size of 2M ×2M and can be split in four sub-
matrices of size M × M . From Eq. 2.36 the scattering matrix of a uniform
waveguide section s of the length ∆z is derived:

S(s) =

(

0 exp(jN(s)
∆z)

exp(jN(s)
∆z) 0

)

. (2.38)

Since no gain is present, the amplitude of all the matrix elements does not
exceed the unity.

At the interfaces between two sections s and t , the continuity of tan-
gential field intensity components leads to the following relations between
the amplitudes of forward and backward waves at both sides of the inter-
face [68]:

(

b(s)

a(t )

)

=

(

−
(

U(ts)
)−1 · V(ts)

(

U(ts)
)−1

U(ts) − V(ts) ·
(

U(ts)
)−1 · V(ts) V(ts) ·

(

U(ts)
)−1

)

·
(

a(s)

b(t )

)

(2.39)
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where the matrices U(ts) and V(ts) are defined in terms of the transition
matrices:

U(ts) =
1

2
(P(ts) + Q(ts)),

V(ts) =
1

2
(P(ts) − Q(ts)). (2.40)

The elements of the transition matrices P(ts) and Q(ts) are given by overlap
integrals over eigenmodes at the opposite sides of the interface. For the TE
polarization:

P (ts)
mn =

xmax
∫

xmin

f (s)
n (x)f (t )

m (x)dx , Q (ts)
mn =

neff ,n (t )

neff ,m (s)

xmax
∫

xmin

f (s)
m (x)f (t )

n (x)dx , (2.41)

and for the TM polarization:

P (ts)
mn =

xmax
∫

xmin

f (s)
n (x)f (t )

m (x)

ε(s)(x)
dx , Q (ts)

mn =
neff ,n (t )

neff ,m (s)

xmax
∫

xmin

f (s)(x)
m f (t )

n (x)

ε(t )(x)
dx . (2.42)

Once the scattering matrix for each waveguide section (Eq. 2.38) and
for each waveguide transition (Eq. 2.39) is defined, it is possible to obtain
the scattering matrix of the concatenation of waveguides and transitions.
Considering two matrices S(1) and S(2), the four submatrices of the new
scattering matrix are given by [68]:

S11 = S(1)
12 ·
(

I − S(2)
11 · S(1)

22

)−1

· S(2)
11 · S(1)

21 + S(1)
11

S12 = S(1)
12 ·
(

I − S(2)
11 · S(1)

22

)−1

· S(2)
12

S21 = S(2)
21 ·
(

I − S(1)
22 · S(2)

11

)−1

· S(1)
21

S22 = S(2)
21 ·
(

I − S(1)
22 · S(2)

11

)−1

· S(1)
22 · S(2)

12 + S(2)
22 (2.43)

where I is the identity matrix. Iterating the process the scattering matrix
Ssys of the entire system is obtained.

From the definition of the scattering matrix the modal reflectance of the
fundamental mode of the input section of the whole waveguide structure
is given by the first matrix element of the submatrix Ssys ,11 of the scatter-
ing matrix of the whole structure; the transmittance from the fundamental
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Figure 2.7: Scheme of the simulation model for the computation of the scattering
matrix of a grating period.

mode of the input section to the fundamental mode of the output section
is similarly given by the first matrix element of the submatrix Ssys ,21.

The simulation of a Bragg grating with the bidirectional eigenmode
propagation is straightforward. The grating is considered as a periodic
repetition of two waveguides wg1 and wg2 with different heights t1 and t2

and with lengths L1 = DC · Λ and L2 = (1 − DC ) · Λ respectively. Here DC
is the grating duty cycle (see Fig. 2.7). Each period can be described with a
scattering matrix, which is the product of the scattering matrix for the first
waveguide discontinuity Swg2 ,wg1 , the propagation matrix Swg1 in wg1 for
a length L1, the discontinuity matrix Swg1 ,wg2 and the propagation matrix
Swg2 in wg2 for a length L2. Once this matrix is given, the overall matrix of
the Bragg grating is obtained iterating Eq. 2.43 NΛ times, where NΛ is the
number of grating periods.

Benchmark structure

In order to evaluate the modelling performance of waveguide Bragg grat-
ings of the presented methods, the simulation of a benchmark structure
has been performed. This grating structure has already been proposed
for this target in [70]; it consists on a waveguide formed by a Si3N4 layer
of thickness t = 500 nm deposited onto a SiO2 substrate, with air as top
cladding. On this waveguide a grating of 20 periods is defined, the grating
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period is fixed to Λ = 430 nm with a duty cycle DC = 0.5. To evaluate the
ability of the simulation tool to model also deeper gratings, three different
grating depths d of 125 nm, 375 nm and 625 nm have been considered.
Trench depths larger than 500 nm mean that the trench is etched through
the guiding layer into the substrate (see Fig. 2.8).

SiO2

Si N3 4t

d

L

(a)

(b)

(c)

x

0

z

Figure 2.8: Scheme of the considered grating benchmark structure: corrugated
Si3N4 waveguide of thickness t =500 nm on SiO2 substrate with periodic trenches
with period Λ = 430 nm and different etching depths d : (a) 125 nm, (b) 375 nm
and (c) 625 nm.

As implementation of the coupled mode theory the commercial Grat-
ingMOD tool from RSoft has been used, for the FDTD the FullWave tool
from the same company and for the BEP a Matlab implementation pro-
vided by the Technische Universität Hamburg-Harburg (M. Krause, per-
sonal communication, 2007–2008). In all three cases the coordinate system
indicated in Fig. 2.8(c) has been used. A simulation window of -4 µm <
x < 3 µm has been implemented, in order to be able to take into account
also the evanescent part of the optical field in air and substrate. The simu-
lations have been run for values of z between 0 and Lg = 20 · Λ = 8.6 µm.
For the FDTD a grid spacing of dmin/10 = 12.5 nm in the x direction and
Λ/10 = 43 nm in the z direction has been considered, in order to resolve
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the amplitude and the periodicity of the surface corrugation; dmin is the
grating depth in the shallower case of Fig. 2.8(a). The simulation has been
run for 216 time steps using a Gaussian pulse as input field and the spectral
response has been calculated via fast Fourier transformation of the trans-
mitted and reflected fields. In the case of the BEP an expansion with 60
modes has been implemented, and the calculation has been repeated for
500 wavelengths in the range of interest between 800 nm and 1800 nm.

The reflection and transmission spectra for the three different grating
depths computed with the three different methods are shown on Fig. 2.9.
In the case of the shallow etched gratings (d = 125 nm) all three meth-
ods produce similar results across the Bragg wavelength, which occurs at
λB = 1500 nm. At shorter wavelengths a decrease of the grating transmis-
sivity is shown only by the FDTD and BEP calculations, even if with slight
differences in the shape, mostly due to the different boundary conditions
(PML for the FDTD and metallic walls for the BEP). This drop of the trans-
missivity has to be attributed to an energy coupling between the forward
propagating fundamental mode and leaky modes. At these wavelengths
the Bragg gratings acts as a grating coupler which couples light into the
substrate and air [70]. This coupling cannot be described by the coupled
mode theory, which takes into account only the forward and backward
propagating fundamental mode.

Increasing the grating depth, the difference between the results pro-
vided by the coupled mode theory and the other two methods becomes
more evident. This confirms the assumption that the coupled mode the-
ory is inadequate for the modelling of deep Bragg gratings. Correct results
can be obtained with the FDTD method or with the BEP, which show a
good agreement with each other. The latter one however exhibits several
advantages concerning computation time and memory requirement.

The FDTD requires a finite difference grid to sample the structure and
the optical field is resolved at these grid points. The BEP in contrast does
not need a grid on the structure if it can be treated analytically. The equiv-
alent of the optical grid in the FDTD is the number of modes in the BEP ba-
sis set; the more modes, the higher the spatial resolution that the basis set
can resolve [71]. For a straight waveguide the BEP is particularly efficient,
since the structure is described with one single scattering matrix, indepen-
dently on the propagation distance. In contrast the FDTD must discretize
even uniform structures. For a periodic structure the FDTD must propa-
gate through each period one after the other, and the grid size should be
small enough to resolve the structure periodicity. The BEP on the other
side permits to define the scattering matrix of a single period, and from
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Figure 2.9: Computed reflection (continuous red lines) and transmission (dashed
blue lines) spectra for the benchmark grating structure for three different etching
depths: (a) 125 nm, (b) 375 nm and (c) 625 nm.
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it calculate directly the scattering matrix of the whole structure. Further-
more the FDTD is very intensive memory technique, since it needs to store
the field profiles at every grid point for each time step. On the other hand
the BEP does not need to store any field profile, since all the needed infor-
mations are contained in the scattering matrices.

In the considered case the FDTD required the calculation and the stor-
age of the optical fields for 480 × 200 = 96000 points for 216 time steps.
This means the computation of fields for about 6.3 × 109 points. The BEP
on the other hand required the calculation of 120 modes (60 for each of
both waveguide sections of the period) and the 120 × 120 large scatter-
ing matrices. Only the latter ones however had to be stored in memory
to be multiplied subsequently for the generation of the grating scattering
matrix. This computation had to be repeated for the 500 considered wave-
lengths, i.e. the computation of 7.2 × 106 scattering coefficients. It can
be observed that the memory requirement of the BEP has been definitely
lower than the one of the FDTD. All these arguments suggest that the BEP
can be considered a preferred method for the grating modelling.

2.2 Design of Bragg gratings on SOI rib waveguides

Applying the introduced bidirectional eigenmode propagation method, a
design of Bragg gratings on silicon integrated waveguides has been per-
formed. The design purpose is to achieve gratings which can be practically
used for the compensation of the chromatic dispersion. This means that a
Bragg grating with a high selectivity should be obtained, able to select a
portion of a WDM 100 GHz channel. A bandwidth smaller than 1 nm is
hence required, with a reflectivity close to 1 and the lowest loss possible
outside the reflection bandwidth, in order not to affect the other channels,
which should be transmitted unchanged.

Numerical simulations have been performed to observe how the geo-
metrical parameters of the grating (Fig. 2.10) influence the fulfillment of
the cited conditions. After defining the proper waveguide height t , a grat-
ing design has been obtained tuning the trench depth d of the grating, the
overall length Lg and the duty cycle DC = u/Λ, defined as the ratio be-
tween the length of the grating trenches u and the period Λ, see Fig. 2.10.

2.2.1 Simulation procedure

The simulation of Bragg gratings on a rib waveguide would require a 3D
modelling tool, because of the light confinement in both x and y direc-
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Figure 2.10: Geometrical parameters of a silicon-on-insulator rib waveguide
Bragg grating: Lg overall length, d grating depth, u grating trench, Λ grating
period, w waveguide width, t rib height.

tions. However the computation of the modes of such a structure cannot
be performed analytically like in planar waveguides.

In order to obtain a principal overview of the potential of Bragg grat-
ings on rib waveguides, it is intuitive to represent the three-dimensional
structure by a two-dimensional slab waveguide grating extending ideally
the rib width w to infinity. In the three dimensional case it is possible to
have a single mode rib waveguide properly choosing the rib width and the
rib height [72]. If w is extended to infinity, the corresponding slab waveg-
uide will be however multimode. This means that in a Bragg grating on
a rib waveguide the energy coupling occurs only to the only one back-
ward guided mode and to radiating ones. In the Bragg gratings on the
slab waveguide the coupling occurs also to guided higher order backward
travelling modes. Associating the fundamental mode of the slab waveg-
uide with the guided mode of the rib waveguide, all the energy which is
coupled (reflected or transmitted) into other modes in the slab grating will
then be considered as loss in the three dimensional structure. Because of
the reduction of the model to a two-dimensional slab model, a discrimina-
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tion between the two orthogonal polarizations does not give meaningful
insight; the analysis has been therefore restricted to the TE polarization.

It is straightforward that the effective index of the fundamental mode
of the slab waveguide is slightly different from the effective index of the
guided mode of the associated rib waveguide. This has influence on the
position of the Bragg wavelength and means that a correction of the grat-
ing period has to be performed when translating the calculated grating
parameters in two dimensions to the three dimensional case.
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Figure 2.11: (a) Calculated reflectivity spectra of a SOI planar Bragg grating for
different numbers of modes in the BEP expansion. (b) Calculated peak reflectivity
as function of the number of modes of the expansion.

The basic requirement to achieve reliable results with the BEP is that
enough modes are taken into account in the expansion. It is also evident
that the larger the number of modes, the higher is the computation com-
plexity. Therefore, as a first step, the lowest acceptable number of modes
for reliable results has been calculated. A planar SOI Bragg grating was
considered with a grating depth d = 150 nm, duty cycle DC = 0.5, waveg-
uide thickness t =1.5 µm and period Λ = 225 nm. Different simulations
with a variation of the number of expansion modes have been performed
and the obtained reflectivity spectra are shown on Fig. 2.11. It can be ob-
served that increasing the number of considered modes the reflectivity
peaks decreases, since the coupling to higher order modes is taken into
account with more precision. For computations with more than 50 modes
the reflectivity spectra overlap perfectly and the value of the peak reflec-
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tivity remains constant. This number of modes has been then considered
as a limit for the reliability of the BEP and has been used for the subsequent
calculations.

2.2.2 Waveguide design

(b)(a) (c)

Si

SiO2

Figure 2.12: Examples of integrated waveguides. (a) Rib waveguides with a guid-
ing layer of t = 4 µm, (b) rib waveguide with a guiding layer of 1.5 µm and (c)
photonic wire with a guiding layer of 220 nm.

Several waveguide geometries are available and have been demon-
strated in silicon-on-insulator. Large rib waveguides with a guiding layer
of 4 µm (Fig. 2.12(a)) exhibit low propagation loss in the order of 0.2 dB/cm
and an efficient light coupling with single-mode optical fibers. However,
due to their size, only bending radii larger than 5 mm are allowed to avoid
further losses. On the other side photonic wires (Fig. 2.12(c)) permit a
higher integration level thanks their compactness (guiding layer height
of 220 nm), but require extra structures for the fiber coupling and exhibit
higher propagation losses of about 2 dB/cm. Such higher losses can be-
come a critical issue for the realization of gratings for dispersion compen-
sation, where grating lengths of several millimeters are required. A good
compromise is offered from rib waveguides with a guiding layer of 1.5 µm
(Fig. 2.12(b)). Their propagation loss is comparable to the one of the larger
rib waveguides, but can tolerate tighter bends with radii of 1 mm.

It is important to consider also the strength of the light confinement
in the different waveguide geometries. In Fig. 2.13 the normalized am-
plitudes of the fundamental modes of the three waveguide geometries of
Fig. 2.12 are shown. It can be observed that reducing the dimensions of
the waveguide, the intensity of the field outside the waveguide core in-
creases. This effect can constitute a challenge for the realization of weak
Bragg gratings, since the less the mode is confined in the core, the shal-
lower the surface corrugation has to be to keep the coupling coefficient
small. It is proportional to the overlap integral between the mode field
and the grating index modulation (see Eq. 2.6). A direct corrugation of

42



2.2. DESIGN OF BRAGG GRATINGS ON SOI RIB WAVEGUIDES

Figure 2.13: Mode profiles of the fundamental TE mode for (a) rib waveguides
with a guiding layer of 4 µm, rib width 4 µm and rib height 2 µm, (b) rib waveg-
uide with a guiding layer of 1.5 µm, rib width 1.6 µm and rib height 0.5 µm, (c)
photonic wire with a guiding layer of 220 nm and width 400 nm.

photonic wires would interact directly with the core of the mode field (see
Fig. 2.13(a)), leading to a strong coupling coefficient κ. The realization of
a grating with this waveguide geometry would require more complex ap-
proaches, which are not discussed in this work. On the other side larger
rib waveguides exhibit a good confinement of the optical field in the sili-
con layer and a surface corrugation, e.g. on the rib top, interacts only with
a low intensity fraction of mode.
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In Fig. 2.9 the presence of a drop in the transmission spectra at wave-
lengths shorter than the Bragg one has been observed. This has to be at-
tributed to the coupling to higher order modes, which cannot be guided
in a rib waveguide and constitute a loss. At these wavelengths the con-
dition indicated in Eq. 2.9 is satisfied between the fundamental forward
propagating mode and an higher order backward propagating mode, i.e.
(β+

0 −β−
m ) = π/Λ, with m > 1. It is important that such a coupling occurs as

far as possible from the Bragg wavelength, in order not to affect the neigh-
boring channels. The mode propagation constant β and its wavelength de-
pendence differs for different waveguide geometries, so that Bragg grat-
ings on different waveguides produce mode coupling at different wave-
lengths. To analyse this issue, the propagation constant β for the first
five forward and backward guided modes as function of the wavelength
for three slab waveguides associated to the geometries of Fig. 2.12 have
been calculated. On Fig. 2.14 the dependence of β on the wavelength is
shown. The dashed lines have a length of π/Λ and show at which wave-
lengths the forward propagating fundamental mode can couple to back-
ward propagating modes. For the three geometries, the value of Λ has
been properly chosen to fulfill the Bragg condition at λB = 1550 nm. At this
wavelength the coupling occurs to the backward travelling fundamental
mode, as desired. For longer wavelengths no coupling is possible, since
(β+

0 − β−
0 ) < π/Λ. For shorter wavelengths the coupling can occur only

to higher order modes, since they exhibit a propagation constant lower in
amplitude to the one of the fundamental mode.

This coupling has been verified calculating the transmission and re-
flection spectra of Bragg gratings for the three geometries. In the case
of the 4 µm waveguides a period of Λ = 223.3 nm and a grating depth
d = 140 nm has been considered. These values have been set to Λ = 225 nm
and d = 50 nm for the 1.5 µm waveguides and Λ = 274 nm and d = 1 nm
for the 220 nm waveguides. The period has been determined with the
Bragg condition considering the effective index of the fundamental mode
at λ = 1550 nm and the depth to have a reflection bandwidth of about 1 nm.

The computed spectra show that a drop of the grating transmission oc-
curs at every wavelength where the coupling condition is fulfilled (dashed
lines). Only the coupling to the backward travelling fundamental mode
leads to a reflection.

Reducing the dimensions of the waveguide, the difference between the
propagation constants of the modes increase, leading to a shift towards
shorter values of the wavelengths where the undesired couplings occur.
The distance between the transmission drop at the Bragg wavelength and
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Figure 2.14: Coupling between the forward propagating fundamental mode and
the higher order backward propagating modes for the three waveguide geometries.
In each case the grating period is adapted to fulfill the Bragg condition for the
fundamental mode at λ = 1550 nm.
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the drop due to the coupling of the next order mode is 3.58 nm for the
4 µm waveguide, 19.6 nm for the 1.5 µm waveguide and rises up to several
tens of nanometers for the smaller 220 nm waveguide. Together with the
previous considerations about the propagation loss and the confinement of
the mode field, one can conclude that the rib waveguides with a rib height
of 1.5 µm better fit to the aim of this work and are further considered. The
distance of 19.6 nm is still smaller than the width of the C-Band of 35 nm.
However, considering the scenario of cascaded gratings to separate and
compensate several channels, it is sufficient to first drop the channels at
short wavelengths, in order to reduce the destructive effect of the coupling
to the higher order modes.

2.2.3 Grating design

To evaluate the effect of the geometrical parameters, the peak reflectiv-
ity Rmax , the inserted loss Lob and the reflection bandwidth ∆λ have been
computed for different grating depths, duty cycles and grating lengths.
First the length of the device has been kept constant to a value of 800 µm.
This length is limited by the maximal writing field size of the electron
beam lithography which allows writing a reliable grating pattern. The
grating depth and the duty cycle have been varied between 0 and 500 nm
and between 0 and 1 respectively. In Fig. 2.15(a) the peak reflectivity for
the fundamental mode is shown. It can be seen that a high reflectivity is
achieved for small duty cycles and large grating depths.

Another effect which has to be taken into account is the shift of the re-
flectivity peak towards shorter wavelengths with increasing grating depth
and duty cycle (see Fig. 2.15(b)). Deeper and larger trenches increase the
amount of air in the period, with a consequent reduction of the average
effective index.

However the increase of the depth leads also to higher losses in the
out-of-band wavelength range where the device should be as transparent
as possible, see Fig. 2.15(c). The losses are calculated as the mean value
of Lob = 1 − (R + T ) for wavelengths larger than λB + 2∆λ over a wave-
length range of 10 nm. These average losses indicate how much power
is out-coupled from the fundamental mode due to the grating perturba-
tion. Fig. 2.15(c) shows that they can be kept below 0.05 dB in the case
of shallow gratings (d <50 nm) but can reach values of 5 dB for deeply
etched gratings. Furthermore, the losses are scarcely influenced by duty
cycles DC > 0.1. Fig. 2.15(d) shows how duty cycle and grating depth af-
fect the wavelength selectivity of the grating. Here the bandwidth, defined
as the FWHM of the reflectivity peak of the fundamental mode, is repre-
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Figure 2.15: (a) Peak reflectivity, (b) reflected wavelength in nm, (c) loss in dB
and (d) bandwidth in nm of a Bragg grating with period Λ = 225 nm and length
Lg = 800 µm as functions of the grating depth d and the duty cycle DC .
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sented. The increase of the trench depth produces a stronger coupling in
the neighborhood of the peak wavelength.

From this analysis it is possible to state that the three basic require-
ments for the Bragg reflectors posed at the beginning of Sec. 2.2 can be
satisfied by precisely tuning the grating depth and the duty cycle. In this
case a good compromise can be found with a depth of 50 nm and a duty cy-
cle around 0.4; the achieved reflectivity approaches 80%, the out-of-band
losses are kept under 0.25 dB and the reflection bandwidth is smaller than
1 nm. Furthermore no direct compensation effect between the two param-
eters has been found. Thus, an error in defining the duty cycle cannot be
corrected by changing the depth of the perturbation. Even if at the end the
same peak wavelength could be achieved, it would no longer be possible
to fulfill at the same time the three requirements, thus coming up with a
broader bandwidth and higher losses.

Since the duty cycle does not appear as critical as the depth d , it has
been subsequently kept constant to a value of DC = 0.4 and the effect of
the grating length has been analyzed. Fig. 2.16 shows how the peak re-
flectivity, out-of-band losses and the bandwidth react on a variation of d
and L . Fig. 2.16(a) shows that the peak reflectivity can be increased either
by increasing the etch depth or by making the grating longer; therefore
it is possible to etch the grating shallower increasing at the same time its
overall length. In this way the peak reflectivity is kept constant, but there
is an evident advantage regarding the losses and the bandwidth, which
can both be reduced with longer devices (see Fig. 2.16(b-c)). It should be
noted that for very large etching depths, the losses limit the achievable
peak reflectivities.

2.3 Fabrication

The grating design has been performed considering a two-dimensional ap-
proximation, as described in Sec. 2.2.1. In that case the waveguide is con-
sidered infinite in the lateral direction and the grating is produced with
a surface corrugation. Transferring this idea to rib waveguides, three dif-
ferent implementation are possible, as depicted on Fig. 2.17. It would be
possible to apply the periodic corrugation on the slab region close to the
rib, on the top of the rib itself or both rib and slab. The first geometry per-
mits to achieve a very weak interaction between the grating modulation
and the optical field, and has to be preferred in the case of waveguides in
submicron scale with a large evanescent field (see Fig. 2.13(c)). In this case
a corrugation on the top of the waveguide would strongly interact with
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Figure 2.16: (a) Peak reflectivity, (b) loss in dB and (c) bandwidth in nm of a
Bragg grating with period Λ = 225 nm and duty cycle DC = 0.3 as functions of
the grating depth d and length Lg .
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(a) (b) (c)

Figure 2.17: Schematic description of the fabrication steps with a double litho-
graphic process. (a) Grating patterning on the plane substrate, (b) grating etch-
ing, (c) patterning of the waveguide rib and (d) rib etching.

the mode field, leading to a broad bandwidth. This solution requires to
pattern and etch the grating after the waveguide fabrication, with the is-
sue of performing a high precision lithography on a non planar substrate,
and has not been considered within this work.

In the case of larger waveguides, like the considered rib waveguides
with a guiding layer of 1.5 µm, the mode field is much more confined in the
rib core and the corrugation on the top of the rib permits a good control of
the strength. Such corrugation can be realized in a simpler way, producing
the grating first on the planar substrate and subsequently etching the rib.
According to the alignment tolerances of the used lithography, the grating
can be realized with the same width of the rib (see Fig. 2.17(b)) or broader
(see Fig. 2.17(c)). In the latter case the grating exhibits a stronger coupling
coefficient, since the overlap between corrugation and mode field is larger
(see Eq. 2.6).

Since the corrugation depth is shallower than the rib height, a double
lithographic process with two different etching steps is required. Different
variations of this method were demonstrated, either patterning first the
grating and subsequently the rib [73–75], or first the waveguide and af-
terwards the grating using metal protection layers for the selective mask-
ing during the etching steps [57, 76, 77], achieving very promising results.
In each case electron-beam lithography (EB) has been used for the grat-
ing patterning. EB lithography can achieve very high resolution, but only
within a limited writing field (usually less than 1 mm2). Writing fields can
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(c) (d)

(a) (b)

Figure 2.18: Schematic representation of three different possible implementations
of Bragg gratings on rib waveguides: (a) corrugation of the side slab, (b) corruga-
tion on the top of the rib and (c) corrugation on both rib top and side slab.

be stitched together to achieve bigger structures, but only at the price of
additional stitching errors. The speed of high precision e-beam writing
also makes the technique incompatible with wafer level processing.

For this reason an alternative fabrication approach has been investi-
gated within this work, using Deep-UV 248 nm lithography (DUV). DUV
lithography is a planar technology and is of widespread use in modern mi-
croelectronics fabrication. Therefore, this approach warrants the possibil-
ity for high throughput and thus low-cost fabrication of silicon waveguide
Bragg gratings. Two different processes have been performed, one with
EB lithography in cooperation with the Heinrich-Hertz-Institut (HHI) in
Berlin as a state-of-the-art reference and one with DUV lithography at IHP
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Figure 2.19: SEM micrograph of a Bragg grating patterned with (a) EB lithogra-
phy and (b) DUV lithography.

Microelectronics in Frakfurt/Oder. In both cases the gratings have been
patterned first on the plane substrate as shown on Fig. 2.18(a), since the
lithography quality is strongly dependent on the surface morphology.

In the case of EB lithography a directly patterned 200 nm thick PMMA
layer has been used as mask for the subsequent grating etching with an
inductively coupled plasma (ICP) system and a continuous fluorine-based
process (Fig. 2.18(b)). After removing the PMMA mask, patterned pho-
toresist has been directly used as mask for the etching of the rib waveguide
with a reactive ion etching system (RIE), avoiding the deposition of fur-
ther protection materials (Fig. 2.18(c)). The obtained result is sketched on
Fig. 2.18(d); to overcome the tolerances of the photolithographic tool, the
grating has been patterned broader than the rib, with a consequent slight
modulation of the slab at the side of the waveguide. This slab modulation
is however smoothened by the rib etching step, as it can be observed on
Fig. 2.19(a).

The fabrication based on DUV lithography follows the same step se-
quence of Fig. 2.18, however in both steps (a) and (c) a projection lithog-
raphy has been used, which permits to reduce the structure roughness by
a factor 4. After dry-etching the grating, the waveguide ribs have been
formed by a second etch step. In both dry etch steps a poly-Si decoupled
plasma source (DPS) etch chamber (Applied Materials) has been used,
which warrants an etch depth variation lower than 10% on a 200 mm sub-
strate. For the Bragg grating etch a simple one-step process using CF4/Ar
chemistry guarantees a uniform hard mask opening and a subsequent
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etching into the underlying silicon to realize 50 nm deep grating trenches.
In view of future integration aspects with other optical and electronic de-
vices the final etch process for waveguide definition has been based on
a well proven dry etch recipe used for shallow trench etching in 0.13 µm
technology. The multi-step process starts with the etching of the antireflec-
tive coating layer, followed by the opening of the hard mask, consisting
of a stack of different oxide and nitride layers. After in-situ ashing, the
waveguide etching is carried out in chlorine-based plasma. Thanks to the
overlay accuracy of 10 nm of the DUV exposer tool (NIKON NSR207D)
it was not necessary to pattern broader gratings, whose width could be
precisely matched to the rib width (see Fig. 2.19(b)) or even smaller. This
property had a crucial importance for the device improvement described
in Chapter 3.

After the processing and wafer dicing, the optical facets of the obtained
chips have been polished and covered with a 208 nm thick Si3N4 antireflec-
tion coating to permit an easier coupling of the light into the waveguides.
All fabricated waveguides exhibit an overall height of t = 1.5 µm, an etch-
ing depth of h = 0.5 µm and widths w varying between 1.0 and 1.8 µm.
Different sorts of Bragg gratings have been fabricated, all with a depth
d = 50 nm, period Λ varying between 224 nm and 227 nm, length Lg fixed
at 800 µm for the EB patterned gratings (maximum size of the EB writing
field) and varied between 100 and 1350 µm in the DUV case. In the case of
the EB lithography it has been possible to achieve the optimal duty cycle
DC = 0.4 adjusting the exposure doses, but in the case of the DUV lithog-
raphy, where the grating dimensions are close to the resolution limit, only
a duty cycle of DC = 0.5 could be achieved.

2.4 Characterization

2.4.1 Measurement setup

The measurement setup used for the characterization of the fabricated
Bragg reflectors is shown on Fig. 2.20 and consists basically of a trans-
mission measurement setup, where the single pass transmission through
the silicon waveguide is measured. An efficient in- and out-coupling has
been achieved using lensed fibers, which also allowed to avoid any direct
contact with the waveguide facets. The analysis of the spectral behavior
of the fabricated reflectors has been performed with a tunable laser source
between 1500 and 1600 nm. A polarization controller allowed to set the
polarization of the propagating light, while a 3-dB fiber coupler has been
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Figure 2.20: Scheme of the measurement setup used for the characterization of the
fabricated Bragg gratings.

inserted before the in-coupling lensed fiber to separate the signal reflected
from the Bragg reflector.

The grating transmissivity has been calculated as the ratio between the
power transmitted by a waveguide with grating and the one transmitted
by a common waveguide. MeasurementSetup For the calculation of the
reflectivity R , as indicated in Eq. 2.44, the ratio between the power re-
flected by the grating and the input power, estimated by the transmission
between the two lensed fibers without any waveguide has been consid-
ered. Furthermore the effect of the 3-dB coupler, as well as the coupling
efficiency and the propagation loss have been taken into account. It fol-
lows:

R =
Pgrat − Pwg

Pin Kη2 exp(−2αL )
(2.44)

where Pgrat is the reflected power measured from a waveguide with grat-
ing, Pwg the reflected power from a waveguide without grating, Pin the
estimated input power, K = 0.5 the coupling ratio of the external 3-dB
fiber coupler, η the coupling efficiency into the waveguide (0.47 estimated
with a virtual cut-back measurement of straight waveguides exhibiting
different lengths), α the linear propagation loss coefficient of the waveg-
uide (0.2 dB/cm measured on a parallel straight waveguide) and L the dis-
tance between the in-coupling facet and the Bragg grating (see Fig. 2.20).
The power Pgrat and Pwg exhibit comparable values, while Pin is one order
of magnitude larger. In Eq. 2.44 the effect of the resonator created between
the reflector and the facet is neglected, because of the propagation loss in
the rib waveguide and the presence of the antireflection coating.
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Figure 2.21: Measured reflectivity and transmissivity spectra for Bragg gratings
patterned with (a) EB and (b) DUV lithography. TE polarization is considered.
In the inset plot the reflection peak of the DUV patterned grating is shown.

2.4.2 Experimental results

In Fig. 2.21 the measured spectra for Bragg gratings fabricated with the
two described processes are shown. It can be observed that in both cases
a low loss is introduced, in the order of 0.5 dB. At the Bragg wavelength
a reflectivity of 0.8 is achieved over a narrow bandwidth of 0.8 nm, corre-
sponding to an extinction ratio in the transmission of 15 dB for the EB grat-
ings and 12 dB for the DUV ones. At shorter wavelengths, around 1525 nm
and 1540 nm, broad drops in the transmission spectrum are present, cor-
responding to a coupling to backward higher order modes, as already ob-
served in the simulations (see Fig. 2.14). Since they cannot be guided in a
single-mode rib waveguide, they are not back reflected and leak out. This
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is confirmed by the absence of any reflected signal at these wavelengths.
The slightly more pronounced extinction ratio and especially the short-
wavelength drop in the case of the EB patterned gratings can be ascribed
to the slab modulation discussed in Sec. 2.3, which increases the coupling
to the backward travelling guided mode and to slab modes. It can be any-
way observed that the DUV patterned Brag gratings exhibit a performance
which is fully comparable to the ones of the state-of-the-art EB patterned
gratings.

Figure 2.22: Comparison between computed and experimentally measured (a)
transmission and (b) reflection spectra. The experimental data refer to a grat-
ing patterned with DUV lithography, with a period of Λ = 226 nm, a grating
depth of d = 50 nm, a duty cycle DC = 0.5 and an overall length of Lg = 800 µm.
The parameters of the simulated gratings are Λ = 225 nm, d = 50 nm, DC = 0.5
and Lg = 800 µm. TE polarization is considered. All spectra are in linear scale.

The comparison between the numerically computed and the measured
spectra of the DUV patterned grating are shown in Fig. 2.22. It can be ob-
served that around the Bragg wavelength at λB = 1549 nm the curves are
in good agreement with each other, even if the reflection peak is slightly
overestimated in the simulation. At shorter wavelengths the difference in
the curve shape for the transmission spectrum is related to the nature of
the modes involved: in the two dimensional waveguide considered in the
simulation the grating couples energy between the forward propagating
fundamental mode and a guided higher-order mode, while in the three-
dimensional single-mode waveguide this coupling can occur only to leaky
and radiating modes. The slightly higher overall loss in the measured
transmission spectrum can be related to a possible sidewall roughness of
the waveguide, not considered in a two-dimensional calculation. Another
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difference between the calculated and measured structure is related to the
grating period, which is Λ = 225 nm and Λ = 226 nm respectively. The
rib waveguide exhibits a lower effective index compared to the two di-
mensional slab waveguide of the simulation, and in order to achieve a
reflection at the same wavelength, a larger period is required.

Figure 2.23: Reflectivity and transmissivity spectra for the TE (red continuous
line) and the TM (dashed blue line) polarization. A grating patterned with EB
lithography is considered, comparable results were measured on the DUV pat-
terned ones.

The measured spectra for the TE and for the TM polarization are com-
pared on Fig. 2.23. The reflected wavelength for the TM mode is shifted
by 3 nm towards shorter wavelengths in respect to the TE reflection peak,
indicating a waveguide birefringence of 7 × 10−3. This value has been
determined calculating the difference between the effective indices ∆n =
|neff ,TE − neff ,TM |, extracted from the measured curves considering the Bragg
condition. Furthermore the extinction ratio and the peak reflectivity for the
TM polarization are slightly lower than in the TE case, suggesting that the
interaction between the TM optical field and the grating etched on the top
of the waveguide rib is relatively weak compared to the TE polarization.

The influence of the grating length on the grating performances has
been also investigated. As shown in Fig. 2.24, longer devices exhibit a
larger reflectivity, which saturates around 0.9 for gratings longer than 1 mm.
The introduced loss also increases, remaining however below 0.5 dB, but
contradicting the theoretical expectation of constant loss for different grat-
ing lengths (see Fig. 2.16(b)). This could mean that the surface corrugation
of the grating acts as roughness for the wavelengths outside the reflection
bandwidth with consequent scattering.
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Figure 2.24: Dependence of the introduced loss and of the reflectivity peak on the
grating length Lg . A grating patterned with DUV lithography is considered. TE
polarization.
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Figure 2.25: Measured transmission spectra of gratings with variation of (a) grat-
ing period and (b) waveguide width. A grating patterned with DUV lithography
is considered. TE polarization.

Fig. 2.25 shows the sensitivity of the reflected wavelength to the fac-
tors which appear in the Bragg condition, i.e. the grating period and the
waveguide effective index. Transmission spectra of gratings with different
periods and patterned on waveguides with different rib widths have been
measured. A shift of 6.3 nm was measured for a period difference of 1 nm.
On the other hand a shift of 0.92 nm was observed for a increase of the
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Figure 2.26: Comparison between the experimental and simulated dependence of
the effective index on the waveguide width. A rib heigth of t =1.5 µm and an
etching depth h = 0.5 µm have been considered.

rib width of 100 nm. This is due to a variation of the waveguide effective
index, proportional to the waveguide width.

The effective indexes for the considered waveguide widths have been
be experimentally extracted from the measured curves considering the
Bragg condition and are plotted on Fig. 2.26. The experimental data are
compared with values calculated with a finite difference mode solver [78].
It is possible to observe a good agreement between the experimental data
and the theoretical expectations, besides a slight offset. In both cases a
comparable proportionality factor γ can be determined:

γ =
∆neff

∆w
= 1.5 × 10−5 nm−1 (2.45)

where ∆neff is the variation of the effective index and ∆w is the variation
of the rib width.

The Bragg wavelength is therefore more sensitive to a variation of the
grating period, whose definition requires hence a high precision.
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3
Integrated dispersion compensator

3.1 Chirped gratings for dispersion compensation

In the previous chapter the principle of Bragg gratings and its implementa-
tion on integrated silicon rib waveguides has been introduced. The consid-
ered grating structures are defined as uniform gratings since all the grating
parameters have been kept constant within the structure. However it is
possible to modify some properties of the grating to achieve some specific
effects. This is for example the case of chirped gratings, which have been
anticipated in Sec. 1.3.1 and are treated within this chapter.

The general idea of a chirped grating is to vary the Bragg condition
along the grating length in order to reflect different wavelengths at dif-
ferent positions along the z coordinate. These different wavelengths ex-
perience different propagating path lengths, with a consequent delay and
hence dispersion. With a proper grating design, the chirp of an incoming
signal can be arbitrarily manipulated. If the aim is the compensation of the
first order dispersion, a linear chirp is required [32]. As a first approxima-
tion this means that the reflected wavelength increases linearly along the
grating length Lg :

λB (z) = λB ,0 + F · z (3.1)

where λB ,0 is the wavelength reflected at the beginning of the grating and
F is the chirp coefficient. A generic wavelength λ within the interval λB ,0

and λB ,max = λB ,0 + F · Lg is reflected at the position:

z(λ) =
λ− λB ,0

F
. (3.2)

The delay difference experienced by this wavelength in relation to λB ,0 is
given by:

τ (λ) =
2ng

c
z(λ) =

2ng

c
· λ− λB ,0

F
. (3.3)
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From this delay, according to Eq. 1.8, it is possible to derive the dispersion
generated by the grating:

D =
∂τ

∂λ
=

2ng

cF
. (3.4)

Properly choosing the chirp factor F the chromatic dispersion introduced
by the grating can be tuned in such a way to compensate the chromatic
dispersion accumulated by the incoming signal.

3.2 Integrated drop-filter for dispersion compensation

In

Out

lB,0 lB,max

optical
circulator

1

2

3

4

Figure 3.1: Connection of a fiber Bragg grating with an optical circulator for the
extraction of the reflected signal.

Chirped Bragg gratings for dispersion compensation are widely used
in fiber optics. Since they operate in reflection, it is necessary to entirely
separate the compensated signal and forward it to the next fiber span or
detecting device. This is normally achieved with the use of optical cir-
culators, as sketched on Fig. 3.1, which introduce losses lower than 1 dB.
The direct translation of this method in integrated waveguides is compli-
cated. Efforts have been made to integrate an optical circulator [79–82].
The principle is based on the non-reciprocal Mach-Zehnder interferome-
ter depicted on Fig. 3.2, where half-wave plates and Faraday rotators are
placed on both interferometer arms. The slow axes of the half-wave plates
HW1 and HW2 is set at respective angles of -22.5◦ and 22.5◦ in relation to
the axis in the transverse plane.

In direction A, it is assumed that the light propagating in the upper and
lower waveguide arm have the same polarization at position I, which cor-
respond to the TM and TE modes. Then, the light propagating in the upper
waveguide arm passes through HW1 and the Faraday rotator FR1 while
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Figure 3.2: Principle of an integrated optical circulator based on a non-reciprocal
Mach-Zehnder interferometer [79].

the light propagating in the lower waveguide arm passes through FR2 and
HW2. Consequently, the light propagating in both waveguide arms still
have the same polarization at position II and are in phase. In direction B,
we assume that the light propagating in upper and lower waveguide arms
also have the same and polarization at position II. Then, the light propa-
gating in the upper waveguide arm passes through FR1 and HW1 while
the light propagating in the lower waveguide arm passes through HW2

and FR2. However, the light propagating in the upper and lower arms
have opposite polarization directions at position I as a result of nonrecip-
rocal rotation. Consequently, the phases of the light propagating in the two
arms in direction B differ by 180◦. Since 3-dB couplers switch their output
arm according to the phase difference between the light sources propagat-
ing in the two arms, the device acts as a circulator, i.e., a wave travels from
port 1 to port 2, port 2 to port 3, port 3 to port 4, and port 4 to port 1 in
Fig. 3.2.

The practical implementation of the device is not trivial and requires
several additional fabrication steps and the combination of different ma-
terials. The half wave plates can be obtained with hybrid integration of
polyimide or quartz plates into the substrate [79, 80] or etching a notch in
the waveguide [81,82]. The Faraday rotator has to be realized with external
materials like (La,Ga):YIG which react to an externally applied magnetic
field. Fabricated devices showed introduced loss around 3.5 dB and an
extinction about 29.8 dB.

A solution which permits to avoid the integration of the optical circu-

63



CHAPTER 3. INTEGRATED DISPERSION COMPENSATOR

lator and hence further fabrication steps was theoretically proposed [83]
and is considered within this work. It is based on a drop-filter architec-
ture, which exploits an intrinsic property of 3-dB couplers. Here we con-
sider the specific case of MMI couplers [84] without lack of generality (see
Fig. 3.3), since they are easier to fabricate and more compact than direc-
tional couplers [85]. An incoming wave from port a is guided to a broad
multimode region, where several modes with different propagation veloc-
ities are generated. Properly choosing the length of this multimode region
the different mode interfere constructively on two points, corresponding
to the output waveguides (ports b and c).

Referring to Fig. 3.3, the device can be described with the help of scat-
tering matrices:
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(3.6)

Considering an input signal at port a , the output signals at ports b and c
exhibit an amplitude which is half of the input one and a phase difference
of 90◦ between each other. This phase difference permits to replace the
optical circulator with a 3-dB coupler and a second grating.

input
waveguides

output
waveguides

multimode
region

a

Aa

Ba

d

Ad

Bd

b

Ab

Bb

c

Ac

Bc

Figure 3.3: Principle of a MMI coupler.

The principle of the presented drop-filter is depicted in Fig. 3.4. It is
based on two pairs of identical Bragg gratings connected by two 3-dB MMI
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couplers. The input signal is coupled into waveguide In and is equally
split to the gates b and c of the MMI coupler M1. Between the two signal
portions a phase difference of 90◦ occurs. They impinge on the first pair of
identical Bragg gratings G1 and are back reflected to the coupler. Because
of a further phase shift, the two parts of the signal interfere constructively
on gate d and destructively on a . The entire signal is therefore guided to
the input e of the MMI coupler M2. After being reflected by a second pair
of identical Bragg gratings G2, the signal is fully transmitted to the output
waveguide Out3. Since the gratings are wavelength selective, only one
channel is reflected by the grating pairs and appears at the output Out3.
All other wavelengths will be transmitted and appear at the output ports
Out1 and Out2.

a b

d c

M1
f e

g h

M2

In
Out1

Out2

Out3

G1

G2

Lg

Lg

Figure 3.4: Scheme of the integrated Drop-filter for dispersion compensation.

Two basic requirements have to be fulfilled to achieve the expected
behavior. First of all the MMI couplers have to exhibit a high symmetry in
the power splitting, to prevent that part of the signal is back reflected to
the input. Second, the alignment precision of the grating pairs has to be
kept as high as possible. Every minimal misalignment would introduce a
further phase difference between the two signals reflected by the grating,
invalidating the full constructive interference at the output of the MMI
coupler. This is warranted if the misalignment is kept far below λ/4n , i.e.
one fourth of the wavelength in the material.

3.3 Grating design

3.3.1 Chirp implementation

The aim is to achieve a spatial distribution of the Bragg condition along
the grating, in order to reflect different wavelengths at different positions.
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This can be achieved linearly varying the grating period, as introduced in
Sec. 1.3.1.

Assuming a linear dependence of the group delay on the wavelength
across the grating bandwidth, the dispersion can be expressed as:

D =
∂τ

∂λ
≈ ∆τ

∆λ
. (3.7)

The group delay difference ∆τ can be approximated by the propaga-
tion time difference between the wavelength reflected in the front and the
wavelength reflected and the end of the grating:

∆τ =
2ng Lg

c
(3.8)

where Lg is the grating length and ng the group index. The compensation
of a residual dispersion in the order of 100 ps/nm over a bandwidth of
1 1nm would require a grating length of 4.3 mm in silicon waveguides.
The bandwidth ∆λ can be approximated as:

∆λ = λB ,Lg − λB ,0 (3.9)

where λB ,0 and λB ,Lg are the wavelengths reflected at the front and at the
end of the grating respectively.

Considering a linear variation of the grating period (see Fig. 3.5(a)):

Λ(z) = Λ0 + CΛ · z (3.10)

where Λ0 is the period in the front part of the grating and CΛ is the period
chirp coefficient, a period variation of ∆Λ = CΛ · Lg over Lg is achieved.
Considering the expression of the Bragg condition (Eq. 2.22) the grating
bandwidth can be hence rewritten as:

∆λ = 2neff CΛLg . (3.11)

Considering as target a bandwidth of 1 nm to fit to the signal bandwidth
of a 100 GHz WDM channel and the previously calculated grating length
(see Eq. 3.8), a period chirp factor of CΛ = 33.2 pm/mm is obtained. This
means that a period variation of 142 pm from the beginning to the end of
the grating and hence a difference of 7.5 fm between two adjacent grating
lines would be necessary. This dimensions go far beyond the limits of the
resolution of the DUV lithography.

As discussed in Sec. 2.4.2 the reflected wavelength depends also on the
effective index of the waveguide and can be tuned varying the waveguide
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L0

L DL0 +

Lg

w0

w w0 + D

(b)(a)

Figure 3.5: Implementation of the chirp: (a) linear variation of the period from Λ0

to Λ0 + ∆Λ, (b) linear variation of the rib width from w0 to w0 + ∆w .

width. The chirp can be therefore implemented keeping the grating period
constant and linearly increasing the waveguide width (see Fig. 3.5(b)). The
bandwidth can be hence expressed as:

∆λ = 2∆neffΛ (3.12)

Considering the linear dependence of the effective index on the waveguide
width extracted from Fig. 2.25 one obtains:

∆λ = 2Λγ∆w (3.13)

where ∆w is the waveguide width variation and γ = 1.2 × 10−5 nm−1 is
the coefficient of neff (w) (see Eq. 2.45). In order to fulfill the previously
given requirements, a width variation of ∆w = 143.6 nm is achieved, cor-
responding to a taper coefficient Cw = ∆w/Lg = 3.34 × 104 pm/mm. This
value is 1000 times larger than CΛ and makes the implementation of the
chirp via waveguide taper much easier to fabricate than varying the grat-
ing period.
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Figure 3.6: (a) Calculated reflectivity spectra of tapered gratings for different val-
ues of ∆w . (b) Reflection bandwidth of tapered gratings as function of the taper
width ∆w .

3.3.2 Taper design

For a more precise grating design, numerical simulations of the grating
structure are required. However the modelling of tapered gratings is not
trivial. At every waveguide discontinuity the waveguide profile changes
and a new mode set has to be calculated, and furthermore a three dimen-
sional computation is required, which permits to take into account the rib
width. On the other hand the modelling of chirped gratings with period
variation does not exhibit any complication compared to the uniform ones.
Since the cross section does not change, only two scattering matrices are
required, and the period change is translated into the propagation matrices
(see Eq. 2.38). It is hence evident that it is more convenient to numerically
model two dimensional gratings with a linear variation of the period and
translate the results to a tapered grating, considering the relation:

∆w =
neff

Λ0γ
∆Λ (3.14)

where Λ0 is the starting period.
In Fig. 3.6(a) the calculated reflectivity spectra of different tapered grat-

ings are shown. Gratings with period Λ0 = 225 nm, depth d = 50 nm, duty
cycle DC = 0.5 and length Lg =5 mm have been considered. It can be
observed that increasing the end width of the taper a broadening of the
grating bandwidth occurs. In particular, the short wavelength limit re-
mains constant, since it is defined by the start waveguide width (or start
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Figure 3.7: (a) Calculated group delay curves of tapered grating with for different
values of the length Lg . The taper width is ∆w = 140 nm. (b) Dispersion of the
tapered gratings as function the grating length Lg .

grating period, in the case of this numerical simulations), while the end
wavelength varies linearly increasing the taper width. Tuning the taper
width is hence possible to precisely tune the grating bandwidth consider-
ing their linear dependence (see Fig. 3.6(b)); the target bandwidth of 1 nm
is achieved with a width variation ∆w around 120 nm, showing that the
calculation of Sec. 3.3.1 is slightly overestimated.

The effect of the grating length has also been considered. The depen-
dence of the group delay on the wavelength has been computed for dif-
ferent grating lengths deriving the phase φ(λ) of the reflected signal ac-
cording to Eq. 1.7. The obtained curves are shown on Fig. 3.7(a). It is pos-
sible to observe that after flat region, corresponding to the wavelengths
reflected in the front part of the grating, a linear increase of the group
delay is present. A strong ripple overlaps, with an amplitude and a fre-
quency which increase for longer gratings. This ripple will be discussed
in more detail in the next section. Fitting linearly the group delay curve
it is possible to determine the dispersion added by the grating. The val-
ues of the dispersion for different grating lengths are shown on Fig. 3.7(b).
As already expected from the rough estimations of Sec. 3.3.1 the grating
dispersion depends linearly on the grating length, reaching values of 260
ps/nm for gratings 1 cm long.

69



CHAPTER 3. INTEGRATED DISPERSION COMPENSATOR

3.4 Reduction of the group delay ripple

3.4.1 Group delay ripple

In the previous section the presence of the group delay ripple has been
observed (see Fig. 3.7(a)). It is necessary to understand how this ripple is
generated, since its elimination is essential for a proper dispersion com-
pensation. Each deviation from the linear dependence of the group delay
on the wavelength corresponds to an incomplete regeneration of the dis-
persed pulse with a consequent increase of the bit error rate (BER).

To understand how this ripple is generated it is useful to assume that
the grating modulation is weak and apply the coupled mode theory. Ap-
plying a chirp, the grating becomes nonuniform and the coupled equations
Eq. 2.5 has to be rewritten. The variation of the period along the structure
produces an additional phase shift to the spatial frequency of the grating
kg , which is kg = 2π/Λ in the uniform case. Considering the chirped case
described in Eq. 3.10 the spatial frequency becomes:

kg =
2π

Λ0 + CΛz
. (3.15)

The phase of the grating φg (z) can be therefore calculated integrating kg

[57]:

φg (z) =

z
∫

0

kg (z ′)dz ′ =

z
∫

0

2π

Λ0 + CΛz ′
dz ′ =

2π

CΛ

ln

(

1 +
CΛz

Λ0

)

. (3.16)

Considering that CΛz/Λ is negligible compared to 1, the obtained expres-
sion can be simplified with a Taylor series:

φg (z) =
2π

Λ0
z − πCΛ

Λ2
0

z2. (3.17)

The first term corresponds to the phase of the uniform grating without
chirp, while the second quadratic term is the phase added by the chirp.
The coupled equations Eq. 2.8 can be hence rewritten as:

d

dz

(

B (z)
A (z)

)

=

(

−δ(z) κ(z)
κ(z)∗ jδ(z)

)

·
(

B (z)
A (z)

)

(3.18)

where

δ(z) = β(z) − π

Λ0

κ(z) = κ0(z) · exp

[

j

(

2π

Λ0
z − φg (z)

)]

. (3.19)
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Substituting 3.17 into the previous equation, it is possible to observe that
the final effect of the chirp is to add a quadratic slow variation term in the
phase of the coupling coefficient:

κ(z) = κ0(z) · exp

(

j
πCΛ

Λ2
0

z2

)

. (3.20)

Assuming that the grating exhibits a constant strength (no variation of
the duty cycle DC or depth d ), the coupling constant κ0(z) is a rectangular
function with basis Lg . Assuming its amplitude small, the approximation
of a weak grating is fulfilled and the grating reflectivity can be calculated
from the Fourier transformation of κ(z):

r(δ) ≈
+∞
∫

−∞

κ(z ′) exp(−jδz ′)dz ′. (3.21)

In this case the the Fourier transformation of the product of two functions
has to be calculated:

r(δ) ≈
+∞
∫

−∞

κ0(z ′) · exp

(

j
πCΛ

Λ2
0

z ′2
)

· exp(−jδz ′)dz ′ (3.22)

Defining

g(z) = exp

(

j
πCΛ

Λ2
0

z2

)

(3.23)

the reflection becomes

r(δ) ≈ F
(

κ0(z) · g(z)
)

= F (κ0(z)) ∗ F
(

g(z)
)

. (3.24)

The grating reflectivity is therefore the result of the convolution between
the reflectivity of the uniform grating with period Λ0 and a function with
quadratic phase.

In Fig. 3.8(a) the normalized amplitude and phase of the reflectivity of
a uniform grating, obtained as Fourier transformation of κ0(z) are shown.
It is possible to observe that the phase exhibits a saw-tooth profile, with
a linear rise over the the lobes of the reflection spectrum (π phase shift at
every lobe). This reflection is convolved with g(z) (see Fig. 3.8(b)), which
exhibits a unitary amplitude and a quadratic phase profile. The result is
a spectrum with a broader bandwidth and a quadratic phase profile (see
Fig. 3.8(c)). On this phase profile a fast modulation overlaps, as shown on
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Figure 3.8: Amplitude and phase of (a) F (κ0(z)), (b) F
(

g(z)
)

and (c) F (κ0(z))∗
F
(

g(z)
)

. The calculations have been performed with the assumption of a weak
grating, with a length of 5 mm and a a period chirp coefficient of CΛ 700 nm/mm.

zLg0 zr

rf r zg r( )

l
lB,Lg

lB,0

lr

Figure 3.9: Description of the chirped grating as a Fabry-Perot resonator with
varying length.
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the plot inset. Differentiating this phase profile over the frequency a linear
group delay with overlapping oscillation is obtained.

These oscillations can be considered as the result of interference. The
chirped grating can be describes as a Fabry-Perot resonator with varying
length, as depicted on Fig. 3.9. The input wave with wavelength λr com-
prised between λB ,0 and λB ,Lg is reflected at at position zr with a reflection
coefficient rg (zr ), ideally equal to 1. The abrupt transition between plain
waveguide and surface corrugation at the beginning of the grating consti-
tutes a discontinuity in κ(z), which leads to a parasitic front broadband
reflection rf [86]. This leads to an asymmetric Fabry-Perot resonator, with
a length which varies with the input wavelength. The reflection of the
Fabry-Perot resonator is [87]:

rFP =
rf − rg (zr ) exp

(

2jβr zr

)

+ 2rf rg (zr ) exp
(

2jβr zr

)

1 − rf rg (zr ) exp
(

2jβr zr

) (3.25)

where βr is the propagation constant at the wavelength λr . Differentiating
the phase of rFP according to Eq. 1.7 the group delay is obtained.

In Fig. 3.10(a) the group delay for resonators with three different lengths
are shown. For the calculations a grating reflectivity of rg (zr ) = 1 has been
considered, while the front reflectivity has been set to rf = 0.1. This value
has been extracted from the curves of Fig. 3.7(a). The average value of
the group delay increases with the resonator length and is due to the in-
creasing propagation path (see Eq. 3.8). The overlapping ripple due to
the Fabry-Perot effect exhibits a period which is inversely proportional
to the resonator length and an amplitude which is larger for longer cav-
ities. These relations are summarized in Fig. 3.10(b). Since each wave-
length within the reflection bandwidth is reflected at a different position,
the group delay ripple results to be linearly chirped, with a decreasing
period for wavelengths reflected in the back grating sections.

Several investigations on the effect of the group delay ripple on the
data transmission have been performed in the past [88–90], showing that
an input pulse a(t ) suffers a distortion induced by the group delay ripple
which can be approximated as [90]:

b (t ) ≈ a(t ) +
τpp fp

4
·
{

a

(

t +
1

fp

)

exp
[

j
(π

2
+ φ0

)]

+

+ a

(

t − 1

fp

)

exp
[

j
(π

2
− φ0

)]

}

(3.26)

where τpp and fp are the peak-to-peak and period in frequency of the group
delay ripple respectively, and φ0 is a phase related to the offset between the
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Figure 3.10: (a) Group delay curves of Fabry-Perot resonators for three different
cavity lengths: 1 mm, 5 mm and 10 mm. (b) Calculated dependence of the ripple
period and amplitude on the resonator length.
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Figure 3.11: (a) Period in frequency and (b) amplitude of the group delay ripple
as function of the grating length Lg .

signal frequency and the nearest ripple peak. The distorted pulse consists
of the original pulse a(t ) and two scattered pulses with delays ±1/fp and
amplitude τpp fp/4. If the ripple period is lower than the bit rate, the am-
plitude of the scattered pulses is also low, resulting in a small intersymbol
interference (ISI). On the other hand, if the ripple period is larger than the
bit rate, the time offset between the original pulse and the scattered pulses
becomes lower than the bit period, and a low ISI results. The worst case
occurs when the bit rate and the ripple period are close to each other, since
the scattered pulses with non negligible amplitude are located around the
center of the neighboring bits, resulting in a large ISI.

On Fig. 3.11 the period and the amplitude of the group delay ripple
extracted from the computed curves of Fig. 3.7(a) are shown. The ob-
tained curves exhibit a good agreement with the theoretical expectations
of the Fabry-Perot analysis (see Fig. 3.10). Whilst the ripple amplitude re-
mains constant over the reflection bandwidth, the period decreases from
the shorter to the longer wavelengths, defining a ripple bandwidth [91].
Pulse streams with bit rate matching this bandwidth would suffer from a
strong ISI as previously discussed. Considering a grating length of 1 cm, a
ripple amplitude of 105 ps occurs with a frequency between 5 and 10 GHz.
Considering a bit rate of 5 Gbit/s, scattered pulses with an amplitude of
30% of the input ones are generated, with a consequent strong ISI. It is
evident that the reduction on the group delay ripple is inevitable.
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3.4.2 Grating apodization

A cancellation of the group delay ripple is achieved removing its causes,
hence suppressing the parasitic reflection rf at the grating ends. This can
be achieved by appropriately tapering the coupling constant κ along the
grating length [92,93]; this procedure is called apodization. The rectangular
shape of κ(z) has to be replaced with a function which decreases smoothly
to zero at the grating ends. This permits to reduce the effect of the reflec-
tivity rf in the Fabry-Perot resonator and reduce the effect of the ripple.

The idea is therefore to vary the grating strength symmetrically along
the grating, avoiding the abrupt beginning and ending of the index mod-
ulation. This is achieved in fiber gratings varying the intensity of the UV
light used for the grating patterning in the photosensitive fiber core [94,95].
Since this is not possible in integrated waveguides, the shape of the grat-
ing openings has to be modified, to vary the strength of the interaction
between the optical field and the surface corrugation. Either the grating
depth or the duty cycle have a direct influence on the grating strength, as
observed on Fig. 2.15. However a variation of the grating depth would re-
quire several etching steps with selective masking, with consequent high
fabrication complexity and a larger number of possible errors which could
occur and sum during the realization steps. Is therefore evident that an
apodization via duty cycle variation is a preferred method, since it is re-
alized with the same process of a uniform grating, and has already been
successfully applied in SiON planar gratings [96].

The effect of different apodization profiles on the reflection and dis-
persion properties of linearly chirped gratings has been investigated. The
parameters of interest upon which the comparison is based are the mean
dispersion Dm , the peak to peak group delay ripple, the ripple period and
the FWHM bandwidth. The mean dispersion is given by the slope of the
best-fitted straight line of τ (λ). The maximal reflectivity (maximal grating
strength) occurs with a duty cycle of 0.42 for a grating depth of 50 nm.
Hence the duty cycle has been varied with different profiles from 0 to
0.42. The different analyzed duty cycle apodization profiles are plotted
of Fig. 3.12 and are [97]:

1. sine profile

DC (z) = 0.42 · sin
(πz

L

)

, 0 ≤ z ≤ L
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2. positive-tanh profile

DC (z) = 0.42 · tanh

[

2bz

L

]

, b = 4, 0 ≤ z ≤ L

2

= 0.42 · tanh

[

2b (L − z)

L

]

, b = 4,
L

2
≤ z ≤ L

3. raised sine profile

DC (z) = 0.42 · sin2
(πz

L

)

, 0 ≤ z ≤ L

4. sinc profile

DC (z) = 0.42 · sin(x)

x
, x =

2π
(

z − L
2

)

0
, 0 ≤ z ≤ L .

For the unapodized case DC (z) = 0.42.

Figure 3.12: Considered apodization profiles. The overall grating length is kept
Lg 5 mm.

On Fig. 3.13 the computed reflectivity spectra and group delay curves
for the different apodization profiles are plotted. It is shown that profiles
with a higher truncation level (tanh → sin → sinc → sin2) result in a nar-
rower bandwidth and lower group delay ripple. This is expected, since a
higher reduction of the duty cycle at the ends of the grating correspond to
a suppression of the strength at the wavelengths reflected in the front and
in the rear grating section.
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Figure 3.13: (a) Reflection spectra and (b) group delay curves of chirped gratings
with different apodization profiles.

Profile Dm (ps/nm) ∆λ3dB (nm) τpp (ps) fp (GHz) τpp · fp

unapodized 67.3 2.3 25.4 24.9 0.61
sin 74.9 1.7 1.8 29.7 0.05
tanh 71.1 1.9 8.2 20.3 0.17
sinc 77.6 1.4 3.8 23.4 0.09
sin2 75.9 1.6 1.9 28.7 0.06

Table 3.1: Performance comparison of chirped gratings with different apodization
profiles.

The values for the mean dispersion, the peak to peak group delay rip-
ple, ripple period and bandwidth are summarized on Table 3.1. The over-
all group delay difference ∆τ = 130 ps does not change for the different
apodization profiles, since it depends on the overall grating length. How-
ever apodization profiles with a higher truncation level exhibit a narrower
bandwidth over which this ∆τ occurs and hence a higher mean disper-
sion. The group delay ripple which appears to be 25 ps for the unapodized
case, can be reduced up to a value of 1.8 ps apodizing with a sine-profile.
On the other side the ripple period does not change significantly for the
different profiles. The critical factor for the ISI is the product τpp fp , which
is lower for the grating apodized with a sine and a squared sine profile.
The sine profile has been chosen for the chirp implementation.

The implementation of the designed apodized gratings with variation
of the duty cycle can be achieved only using a high precision electron-
beam lithography, which permits to control the width of each grating line
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with the exposure doses. However this technology is not compatible with
the purpose of fabrication of gratings for dispersion compensation, where
a length larger than 800 µm is required. The device length is not an is-
sue for fabrication processes based on DUV lithography, which introduces
however limitations on the duty cycle, limited to a value of 0.5 (see Sec. 2.3).
It is therefore intuitive to translate the variation of the length of the grating
openings in a variation of their width. In this way not only the period, but
also the duty cycle is kept constant, while the width of the grating is varied
from a minimal value defined by the lithography resolution to the width
of the rib in the middle of the taper using the chosen apodization profile,
as depicted on Fig. 3.14(a).

(a) (b)

w w+ D

w

Dwcorr

Figure 3.14: Scheme of apodization of a tapered grating with variation of the width
of the trenches.

In the ideal case the effective index should increase linearly along the
grating to implement the desired chirp. However the variation of width
of the grating openings leads to a variation of the effective index. An ad-
ditional chirp is hence produced along the grating with a profile, which is
analogous to the apodization one. In the middle part of the grating, where
the openings exhibit the maximal width, the effective index is lower than
in the regions where the openings are narrower.

Calculations with [78] showed that the actual effective index exhibits a
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deviation from the ideal case of about 2×10−4 in the middle of the grating.
This means that the wavelength reflected in this point is 90 pm shorter than
expected. A correction of the taper shape would be therefore required,
with a broadening of the rib width along the structure which follows the
apodization profile, as schematically shown on Fig. 3.14(b). Considering
Eq. 2.45, the rib width should be increased of ∆wcorr = 6 nm on both sides.
Since the grating exhibits a length of several millimeters, a shallow taper
correction in the nanometer scale cannot be reliably patterned and the er-
ror in the chirp linearity can be considered as a first approximation negli-
gible.

3.5 Drop filter design

3.5.1 MMI couplers

As already anticipated in Sec. 3.2 the performance of the dispersion com-
pensator is strictly related to the quality of the 3-dB MMI couplers. They
have to be carefully designed and fabricated to exhibit a low imbalance.
If the input signal is not perfectly split in equal parts on the ports b and
c (see Fig. 3.3) the channel portions reflected by the gratings do not fully
interfere constructively on port d and some power reaches port a .

MMI couplers have already been successfully realized with different
waveguide geometries [98–100] and their realization can be considered
nowadays state of the art. Within this work MMI couplers with a width
of 12.2 µm and a length of 243 µm have been fabricated. The width de-
termines how many modes can exist in the coupler region; the wider the
coupler, the larger is the number of modes which contribute to the expan-
sion and hence the more precise is the image at the output ports, however
at the price of a narrower bandwidth [85]. A good compromise is found
for widths about 10 µm. The length on the other hand has to be defined to
be 3/2Lπ , where Lπ is the beat length of the two lowest-order modes [84].

In Out1

Out2

Figure 3.15: Asymmetric Mach-Zehnder interferometer used for the characteriza-
tion of the MMI couplers.

In order to perform a full characterization of the MMI couplers, they
have been placed in a Mach-Zehnder interferometer structure, as depicted
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on Fig. 3.15. The measured transmission curves are plotted on Fig. 3.16.
The comparison of the transmitted signal at the two different output ports
Out1 and Out2 permits to determine the coupler imbalance, which results
to be lower than 0.3 dB. Furthermore it can be observed that for the TE
polarization a loss in the order of 1 dB is introduced. A moderate polariza-
tion dependence is also present, with a polarization dependent loss (PDL)
around 0.5 dB.

Figure 3.16: (a) Output signal spectrum at the two output ports of the MZI for
the TE polarization. (b) Output signal spectrum at the output port Out1 for both
polarizations.

3.5.2 Waveguide coupling

Another important factor which has to be considered in the drop filter
design is the grating alignment. Every small misalignment between the
gratings G1 (see Fig. 3.4) introduces a further phase shift, which would
invalidate the full signal transmission at port d . To avoid such a misalign-
ment and to minimize the effect of possible substrate inhomogeneity it is
meaningful to keep the two gratings as close as possible to each other. By
reducing the distance between the gratings, however, the mutual coupling
increases. It is therefore necessary to find a minimal distance between two
parallel waveguides without coupling.

To perform this estimation a modal analysis was performed [57] us-
ing a three dimensional mode solver [78]. In a system constituted by two
parallel waveguides depicted on Fig. 3.17(a) two eigenmodes exist, a sym-
metric and an antisymmetric linear combination of the isolated waveguide
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Figure 3.17: (a) Scheme of the considered coupled rib waveguides with width
w = 1.6 µm and varying distance d . (b) Propagation constants of the symmetric
(βs ) and antisymmetric (βa ) modes.

modes. The symmetric mode has a propagation constant which is slightly
higher than the antisymmetric mode. The difference is related to the cou-
pling constant µ:

µ =
1

2
(βs − βa ) =

1

2
∆β (3.27)

where the coupling constant µ describes the spatial rate at which power
transfers between the two waveguides. As the distance between the waveg-
uides increases, the propagation constants become closer to each other and
µ tends to zero, as shown on Fig. 3.17(b). As a condition for the absence
of coupling between the parallel waveguides, it is useful to consider the
parameter ∆β/β, where β is the propagation constant in the unperturbed
waveguide. The following condition is set for no coupling:

∆β

β
≤ 10−6. (3.28)

It is fulfilled for distances between waveguides larger than 5 µm in the case
of the rib waveguide geometry considered within this work (see Fig. 3.17(c)).
A distance of 10 µm can be therefore considered safe, since no coupling
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occurs but is still small enough to avoid that possible substrate inhomo-
geneity could affect the two gratings differently.

3.6 Characterization

3.6.1 Dispersion measurement

The experimental investigation of the dispersive properties of integrated
gratings requires to modify the measurement setup shown on Fig. 2.20.
Different methods have been proposed for the measurement of the chro-
matic dispersion of optical devices and within this work the modulation
phase shift method has been applied [101,102], implemented by AGILENT
in a Photonic Dispersion and Loss Analyzer (PDLA) tool. The signal of a
tunable laser source with wavelength resolution in the order of 1 pm is
modulated by an external RF modulator at frequencies between 5 MHz
and 2.5 GHz and detected at the output by an amplified optical receiver.
The modulation envelope of the measured data experiences a phase vari-
ation proportional to the wavelength dependence of the group delay. This
phase variation is detected comparing the output signal with a reference
RF path and from it the change of the group delay over a wavelength in-
crement ∆λ is calculated:

∆τ =
∆φ

360◦
· 1

fm
(3.29)

where fm is the modulation frequency and ∆φ is expressed in degrees.

3.6.2 Experimental results

In order to verify the proper alignment of the grating pairs and hence the
proper functioning of the drop-filter, the transmission spectra at the out-
put ports Out1,2,3 (see Fig. 3.4) have been measured. They are obtained as
ratio between the signal measured at the output ports and the signal mea-
sured from a plain waveguide and are shown on Fig. 3.18. The presence
of a drop in the transmission spectra at Out1 and Out2 at λ = 1549.4 nm
corresponding to a narrow band transmission peak at Out3 proves the cor-
rect alignment of the grating pairs. At the output ports Out1 and Out2 a
loss of 5 dB compared to a plain waveguide can be observed. The negli-
gible difference between the two signals suggests a high symmetry of the
MMI couplers. At the wavelength λ = 1549.4 nm the first pair of gratings
reflects the signal over a bandwidth of about 1 nm, which is then guided
through the second MMI coupler and the second grating pair to the output

83



CHAPTER 3. INTEGRATED DISPERSION COMPENSATOR

Figure 3.18: Measured transmission spectra at the three output ports of the inte-
grated dispersion compensator. TE polarization is considered.

Out3. This out-coupled signal is affected with a loss of 1.8 dB, which can
be mostly attributed to the MMI couplers, coherently with the results pre-
sented in Sec. 3.5.1. Assuming hence a loss of about 1 dB for the couplers
and the 3-dB power splitting, from the signal measured at port Out1 and
Out2 a propagation loss of about 1 dB due to the tapered gratings can be
extracted.

Using the modulation shift method described in Sec. 3.6.1, the disper-
sive behavior of the device has been measured. In Fig. 3.19 the transmissiv-
ity of a dispersion compensator with unapodized gratings and the corre-
sponding group delay for both polarizations are shown. It can be observed
for the TE polarization that the filter exhibits a linear increase of the group
delay up to 500 ps, 250 ps from each grating pair G1 and G2. In the case of
the TM polarization the transmission level decreases to -10 dB due to the
weaker interaction between the TM optical field and the grating etched
on the top of the waveguide rib. Furthermore the center wavelength for
the TM mode is shifted by 3 nm towards shorter wavelengths with respect
to the TE reflection peak, due to waveguide birefringence (see Fig. 2.4.2).
A visible ripple about 100 ps and a frequency varying between 3.79 and
14.3 GHz is present on the group delay curves for both polarizations, with
a good agreement with the theoretical predictions (see Fig. 3.11).

The reduction of this ripple has been carried out implementing the
apodization with a sine profile (see Sec. 3.4.2). The width of the grat-
ing openings has been varied between 300 nm at the grating ends and
1.675 µm, i.e. from the minimal achievable opening with deep-UV lithog-
raphy and the width of the rib waveguide in the middle position of the
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Figure 3.19: Transmission spectra and group delay profile of the output signal
at port Out3 for (a) TE and (b) TM polarizations. The grating parameters are:
Λ = 226 nm, d = 50 nm, DC = 0.5, Lg = 1 cm and ∆w = 150 nm. No apodization
has been applied.

grating taper (see Fig. 3.20). The transmission spectra for Out3 of a disper-
sion compensator with apodized gratings and the corresponding group
delay are shown on Fig. 3.21, compared with the curves measured with
the unapodized case. The apodization produces an increase of the inserted
loss of the dispersion compensator of 4 dB, hence 2 dB for each grating
pair, and reduces the reflection bandwidth by 200 pm. This is due to the
reduced coupling coefficient in the front and in the rear part of the grat-
ing. The group delay exhibits a smoother profile with a noticeably reduced
ripple. Excluding a restricted wavelength range with a pronounced ripple,
the oscillation has an amplitude of about 20 ps and a period varying be-
tween 5.6 and 6.6 GHz.
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(a) (b)

Figure 3.20: SEM micrograph of an apodized grating (a) in the front part and (b)
in the central region.

Figure 3.21: (a) Transmission spectra and (b) group delay profile at Out3 of dis-
persion compensators based on unapodized (red curves) and apodized gratings
(blue curves).

3.7 System emulation

The measured curve of the group delay in Fig.
On Fig. 3.23(a) the constellation diagram of a 20 Gbaud QPSK signal for

a sequence of 214 bits after transmission through the SSMF without com-
pensation of residual chromatic dispersion is shown. Fig. 3.23(b) shows
the constellation after compensation with the device based on unapodized
gratings, and Fig. 3.23(c) the constellation after compensation with the de-
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Transmitter SSMF
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Integrated
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Figure 3.22: Emulation setup used for the evaluation of the system performance
of the integrated dispersion compensator.

Figure 3.23: Constellation diagram at the receiver for the (a) uncompensated case,
(b) compensation with unapodized gratings and (c) compensation with apodized
gratings.

vice based on apodized gratings. A dispersion of -480 ps/nm is far be-
yond the dispersion limit at the considered data rate and modulation for-
mat, and it can be observed that without compensation the constellation
is completely destroyed and no reliable detection is possible. A signal re-
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generation is partly possible with the dispersion compensator based on
unapodized gratings, however, with relatively high margins of error. In
this case a standard deviation σ = 0.22 from the ideal constellation point
under the assumption of a Gaussian distribution can be observed. From it
the symbol error probability can be calculated [103]:

SER = 2Q

(

1

σ

)[

1 − 1

2
Q

(

1

σ

)]

(3.30)

where the function Q (x) is defined as:

Q (x) =
1√
2π

+∞
∫

x

exp

(

− t 2

2

)

dt =
1

2
erfc

(

x√
2

)

, x ≥ 0. (3.31)

A value of SER = 5 × 10−6 is achieved for the unapodized case, which
decreases to almost 0 for the apodized case (σ = 0.07).

Figure 3.24: (a) OSNR penalty for different data rates for both unapodized and
apodized gratings. (b) Variation of the OSNR penalty for different residual dis-
persion values at a data rate of 20 Gbaud using a dispersion compensator based
on apodized gratings.

The effect on the OSNR penalty has been considered for different data
rates and the results are summarized on Fig. 3.24(a). The OSNR penalty is
given by the difference between the set OSNR values on the two arms of
the emulation setup of Fig. 3.22 to achieve an error rate of 10−5. It can be
seen that the penalty values increase rapidly for higher data rates in the
unapodized case reaching values beyond 10 dB, while they remain below
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1 dB for the apodized case. They become larger only for data streams over
50 Gbaud because of bandwidth limitations.

At a data rate of 20 Gbaud the device degrades the OSNR by 0.1 dB,
and this penalty increases if the accumulated dispersion deviates from the
value of -480 ps/nm. The penalty is kept below 1 dB for dispersion values
between -558 and -354 ps/nm. For smaller or larger values it increases
rapidly, requiring the possibility to tune the dispersion of the gratings.
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4
Dispersion tuning

4.1 Thermal tuning of Bragg grating

In Sec. 1.2 it has been shown that the residual dispersion is a varying quan-
tity. It is straightforward that an efficient dispersion compensator has to
be tunable, in order exhibit always a dispersion which is opposite to the
actual residual dispersion. A simple method to tune the response of in-
tegrated devices is varying their temperature, since it alters the material
properties. Two separate effects have to be considered in case of a tem-
perature increase: the thermal expansion and the thermo-optic effect. The
first one produces a linear volume expansion and hence a variation of the
grating period:

Λ(∆T ) = Λ0(1 + kT∆T ) (4.1)

where Λ0 is the period at the starting temperature, ∆T the temperature
variation and kT the thermal expansion coefficient. The second effect pro-
duces a thermally induced change of the refractive index:

n(∆T ) = n0 +
dn

dT
∆T (4.2)

where dn/dT is the thermo-optic coefficient.
The expansion of the grating period and the variation of the effective

index would produce a shift of the reflected wavelength in a heated Bragg
grating. This shift can be calculated substituting the two previous equa-
tions into the Bragg condition (see Eq. 2.22) and differentiating:

∂λB

∂T
= 2n0kTΛ0 + 2Λ0

dn

dT
. (4.3)

Considering silicon as guiding material, the thermal expansion coeffi-
cient is kT = 2.5 × 10−6 K−1 [104] and the thermo-optic coefficient around
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the room temperature is dn/dT = 1.8×10−4 K−1 [105]. Hence the expected
thermally-induced variation of the reflected wavelength of the grating is
80 pm/K. The major contribution in Eq. 4.3 is given by the thermo-optic
effect.

Figure 4.1: Transmission spectra at Out3 of the dispersion compensator for differ-
ent values of temperature increase. The starting temperature is 305 K.

The transmission spectra of the fabricated dispersion compensator have
been measured at different temperatures, mounting it on a Péltier element
and the results are shown on Fig. 4.1. Increasing the operation tempera-
ture, the period expands and the refractive index of the waveguide rises,
producing a red shift of the Bragg wavelengths of 80 pm/K, in good agree-
ment to the previous calculation and what has been presented in [61].

4.2 Thermal tuning of the dispersion

The observed shift of the reflected wavelength due to temperature vari-
ations can be employed to tune the dispersion in chirped gratings. In
Fig. 4.2 the tuning principle is schematically explained. While a constant
temperature increase produces an overall shift of the reflectivity spectrum
to longer wavelengths (Fig. 4.2(a)), a temperature gradient along the grat-
ing produces a thermally induced chirp, with a consequent broadening of
the bandwidth on the long wavelength side (Fig. 4.2(b)). Considering the
thermal expansion of the overall grating length to be negligible, the group
delay difference between the wavelength reflected at the front and the one
reflected at the end of the device does not change with the temperature.
However the variation of the bandwidth leads to a variation of the dis-
persion, as stated by Eq. 1.8. The center wavelength results also shifted
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towards longer wavelengths. Since it is necessary to have the reflectivity
bandwidth always centered at the channel wavelength, it is straightfor-
ward to center the temperature gradient ∆T at the middle point of the
grating. This means that the grating temperature is first increased homo-
geneously and then differentially increased on one end and decreased at
the other end (Fig. 4.2(c)). In this way the power consumption remains
constant for every desired dispersion value.
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Figure 4.2: Effect of the temperature on the reflection spectrum and group delay
curve of a chirped gratings. (a) Uniform temperature, (b) linear gradient along
the grating length and (c) differential linear gradient centered on a mean value.

Numerical calculations are required to quantify the effect of the tem-
perature gradient on the grating dispersion. In order to include the ther-
mal effects into the grating simulation, it is useful to translate the period
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expansion and the variation of the refractive index in an additional chirp.
An effective grating is thus generated, with the effective index of the case
for ∆T = 0 and a new chirp. This is obtained from the Bragg condition:

λB (z) = 2neffΛeff (z) = 2

(

neff +
∂n

∂T
∆T (z)

)

Λ(z)(1 + kT∆T (z)) (4.4)

and hence

Λeff (z) =

(

neff + ∂n
∂T ∆T (z)

)

Λ(z)(1 + kT∆T (z))

neff
. (4.5)

Now all the informations about the temperature effects are condensed in
the new effective chirped grating with period Λeff (z), keeping the calcula-
tion complexity unchanged, compared to the cases considered so far.

If the slope of the applied thermal gradient induces a chirp which is
concordant with the intrinsic one, the effect is an increase of the chirp and
hence a bandwidth broadening (reduced dispersion). On the other hand,
if the sign of the thermal gradient is reversed, this acts against the original
chirp, with a narrowing of the bandwidth. For small temperature vari-
ations this means that the dispersion increases. Over a certain value of
temperature, the original chirp is cancelled and the grating becomes uni-
form, with zero dispersion. Increasing the gradient amplitude further, the
thermal chirp predominated and the slope of the group delay profile is re-
versed. In the following thermal gradients with a slope concordant with
the intrinsic chirp are defined as positive, while gradients with opposite
slopes are defined as negative.

On Fig. 4.3(a) the reflectivity spectra and the group delay curve of an
apodized chirped grating for different positive temperature gradients are
shown. As expected the overall group delay difference of 130 ps remains
constant, since the grating length of 5 mm is altered only infinitesimally.
However the reflection bandwidth broadens for large gradients, with a
variation of 1.8 nm for a thermal gradient of 30 K. This bandwidth broad-
ening causes a reduction of the group delay slope, and hence of the grating
dispersion.

The effect of reversing the sign of the thermal gradient is shown on
Fig. 4.3(b). For small gradients the bandwidth is slightly narrowed and the
dispersion increases. However at a temperature gradient of -10 K the chirp
is canceled and the grating acts as uniform. For larger gradient amplitudes
the thermal chirp predominates and a negative group delay slope can be
observed, meaning a negative dispersion. The group delay ripple results
to be more pronounced than in the case of positive gradients. The achieved
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Figure 4.3: Computed reflection spectra and group delay profile of a chirped
grating with (a) positive and (b) negative temperature gradients. A sine pro-
file apodization has been considered. The grating parameters are: Λ0 = 225 nm,
∆Λ = 0.146 nm (corresponding to ∆w = 150 nm), d = 50 nm and Lg = 5 mm.
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dispersion values for different temperature gradients are summarized on
Fig. 4.4. The relation can be described with a hyperbola, with the center
shifted to a gradient amplitude of -10 K. A temperature increase of 10 K is
sufficient to reduce the dispersion of a factor 2, therefore only small tem-
perature variations are required for a fine tuning of the dispersion. A large
negative gradient is required to reverse the sign of the dispersion, however
at the price of a stronger group delay ripple.

Figure 4.4: Computed dispersion values for different applied temperature profiles.

4.3 Heater design

A straightforward manner to heat the gratings for the dispersion tuning
is to place metallic heaters in their neighborhood. They consist simply of
metallic wires, whose dimensions are chosen to exhibit a non negligible
resistance. When current flows into the wire electrical power is translated
into heat. To achieve a variable temperature gradient along the grating,
it is necessary to heat the structure punctually. This can be obtained dis-
cretizing the desired temperature profile placing an array of heaters driven
separately with different currents. Since the heat spreads in every direc-
tion, the development of specific concepts is required to confine the heat in
the area of interest, reducing the electrical power consumption and avoid-
ing or at least reducing the crosstalk with other heaters.

The array of heaters placed along the grating permits to generate an
arbitrary thermal profile and hence manipulate the dispersion in a flexi-
ble way. The more heater segments are present, the more accurate is the
reconstruction of the desired profile. However a large number of heaters
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Figure 4.5: Simulated reflected spectra and group delay profiles of a chirped grat-
ing with an applied temperature gradient of ∆T = 10 K realized with N heaters.
The red curve indicates the ideal case of a linear gradient for comparison.
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translates into a large number of current or voltage values which have to
be determined and set independently. Thus a compromise between high
precision and low complexity has to be determined. Numerical calcula-
tions have been performed and in Fig. 4.5 the obtained reflectivity spectra
and group delay profiles are shown. An apodized chirped grating with
an applied linear gradient of ∆T =10 K has been considered. The number
of heaters used to reproduce this gradient has been varied and compared
with the ideal case. Already with four heaters it is possible to achieve an
almost linear group delay profile, however affected by a strong and irreg-
ular ripple. An almost perfect reproduction of the ideal case is obtained
with 16 heaters. This would mean that for the tuning of the complete dis-
persion compensator 64 different heaters have to be controlled, assuming
a heater array per grating, with 32 different currents. This complexity can
be reduced by a factor 2 considering arrays of 8 heaters. In this case the
approximation of the ideal case is still good, at the price of an added group
delay ripple with an amplitude of 10 ps.
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Figure 4.6: (a) Considered geometry for the calculation of the required power. (b)
Thermal equivalent circuit of the slab region close to the rib with a heater. (c)
Equivalent thermal circuit for the analysis of the lateral heat diffusion [106].

The heat generated by the heaters has to be effectively transferred to
the grating. The released thermal energy spreads in every direction in
the SOI substrate. However the thermal conductivity of silicon exhibits a
value of σth ,Si = 148 W/(K·m) which is much larger than the one of silica
(σth ,Ox = 1.38 W/(K·m)). Therefore most of the heat remains in the guiding
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silicon layer and spreads laterally, while only a small fraction of it passes
the silica barrier of 2 µm and reaches the substrate.

To have an idea about the heat diffusion in the SOI material it is useful
to model the structure with an equivalent thermal circuit. Assuming as
a first approximation that the two parallel gratings are tuned separately
and are thermally decoupled, it is possible to reduce the analysis to only
one grating and the corresponding heater (see Fig. 4.6(a)). Only one heater
is considered, and the power consumption of the whole heating array is
obtained multiplying by 8 the obtained results. Each material sections can
be described with a thermal resistance, which permits to determine the
relation between the temperature increase and the applied heating power
[106]:

∆T = Rth P . (4.6)

The thermal resistance depends, like the electrical one, on the conducting
properties of the material and the sizes of the considered section:

Rth =
lh

Ah · σth
(4.7)

where lh and Ah are the length and the cross-section of the heated section
respectively and σth the thermal conductivity of the material.

Considering the scheme depicted on Fig. 4.6(b), the heating power P
generated from the resistor flows from the top through the top silicon
layer and the oxide barrier to the silicon substrate, which acts as thermal
ground. Once the values for the thermal resistances for the top silicon and
oxide layers are known (Rth ,Si and Rth ,Ox respectively), the required power
to achieve the desired temperature increase can be calculated from Eq. 4.6.

The calculation of the heated cross-section Ah is necessary for deter-
mining the thermal resistance. The lateral heat diffusion has to be ana-
lyzed, using the equivalent circuit of Fig. 4.6(c) [106]. Here R ′

th indicates
the thermal resistance per unit length along the silicon guiding layer and
G ′

th the thermal conductivity per unit length to ground through the silica
barrier:

R ′
th =

1

σth ,Si

1

tSiLh

G ′
th = σth ,Ox

Lh

tOx
(4.8)

where Lh is the length of the heater. The depicted circuit is similar to the
equivalent circuit of an electrical conductor and a thermal diffusion length
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can be calculated:

Lth =
1

√

G ′
th R ′

th

. (4.9)

Substituting Eq. 4.8 into Eq. 4.9 one obtains:

Lth =

√

σth ,Si

σth ,Ox
tSi · tOx ≈ 10

√
tSi · tOx . (4.10)

With tSi = 1 µm (thickness of the slab region at the side of the rib) and
tOx = 2 µm, a decay constant of 13.4 µm is obtained.

It is possible to consider as a heated cross section

Ah = Lh · (wh + 2Lth ) (4.11)

where wh is the heater width. A heater length of Lh = 1.2 mm has been
chosen, considering an array of 8 heaters along a grating with a length of
Lg = 1 cm. This permits to calculate the thermal resistance:

Rth =
tOx

σth ,Ox Ah
= 41.82

K

W
(4.12)

Considering this resistance, a power of 239 mW is required to achieve a
temperature increase of 10 K in the silicon layer.

Si

SiO2

Si

heater heater

isolation
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Figure 4.7: Scheme of an isolation trench at the side of the heater through the top
silicon layer and the oxide barrier.

Since it is mandatory to reduce the power consumption and avoid to
heat up undesired neighboring structures, a lateral heat confinement has
to be implemented. This can be achieved etching broad trenches at the side
of the couple heater-grating until the substrate (see Fig. 4.7). This reduces
the heated cross section and increases the thermal resistance:

Ah = Lh (wh + Lth )

Rth =
tOx

σth ,Ox Ah
= 75.5

K

W
. (4.13)
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Figure 4.8: Calculated relation between the required electrical power to be applied
and the temperature of the waveguide core for three geometrical configurations.

With such a thermal resistance the temperature increase of 10 K is achieved
with a power of P = 132 mW.

In order to quantitatively verify these analytical estimations, numerical
simulations with the finite-element software Ansys have been performed.
For this, heaters made of aluminum have been considered, with a length
of Lh = 1.2 mm, a width of wh = 3 µm and a height of th = 200 nm. They are
separated from the silicon by a thin silica layer of 200 nm, which has the
function to electrically isolate the metal wires from the substrate, avoiding
an undesired electrical crosstalk between heaters. The aluminum stripe
is placed at a distance of dh = 4 µm from the waveguide. This distance
is smaller than the calculated thermal diffusion length (see Eq. 4.9) and
permits therefore to transfer heat to the grating. At the same time it is
large enough to avoid interaction with the optical field (see Fig. 3.17(b)).

The necessary electrical power to achieve a specific temperature in-
crease in the waveguide has been computed and the results are plotted on
Fig. 4.8. In the considered temperature range a linear dependence can be
observed, and from the curve slope the thermal resistance of the structure
has been extracted. A clear reduction of the required power occurs for the
configurations with isolation trenches. An increase of 10 K of the rib core
temperature is achieved applying a power of 251 mW (Rth = 39.8 K/W),
reduced to 104 mW (Rth = 96.1 K/W) for the deep trenches. This means
that the tuning of the whole dispersion compensator requires the activa-
tion of 32 heaters, with a total power consumption of 8 W without trenches
or 3.3 W with deep trenches. This latter solution is therefore strongly pre-
ferred.
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The grating pairs of the dispersion compensator require to be equally
tuned , in order to warrant the full signal transmission at the output port.
Thus the assembly has to be kept symmetric, with the grating pair in the
middle, the heaters on the external sides, and everything isolated with
trenches (50 µm × 1 mm). On Fig. 4.9 the structure of one segment of the
tuning array is shown. Each end of the heater is covered with a thicker
aluminum pad (500 nm) for the external contact.

Heater

Contact
pad

Isolation
trench

dh

Lh

wh

Figure 4.9: Sketch of a section of the heating array. The heaters exhibit a length of
Lh = 1.2 mm, a width of wh =3 µm and a distance from the rib of dh = 4 µm.

4.4 Characterization

Contrarily to what has been described in the previous chapters, the exper-
imental characterization of the tunable dispersion compensator requires
not only the in and out coupling of the lightwave signal, but also the elec-
trical connections to drive the 32 heaters. Since every heater should be
driven separately to have the full tuning freedom, 64 electrical connec-
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Figure 4.10: Mounted chip with the PCB for electrical contacts. In the inset
picture the wire bonds from the wires on the PCB to the contact pads of the heaters
are shown.

tions are required. The polished dice with the fabricated devices has been
fixed on an aluminum plate using a thermal conducting adhesive paste to
ensure the thermal grounding (see Fig. 4.10). Close to it a printed circuit
board (PCB) with soldered connectors has been placed and wired bonded
with the connection pads of the dispersion compensator. This permits
the electrical connection of the integrated heaters with an external multi-
channel power supply (WIENER MPOD Mini Crate). For each channel a
voltage up to 60 V with a maximum power of 50 W and a voltage ripple
smaller than 30 mV can be applied.

The dependence between the grating temperature and the electrical
power has been determined applying an equal voltage to all heaters. The
structure is hence heated uniformly and the known effect on the Bragg
wavelength (see Sec. 4.1) permits to extract the temperature. On Fig. 4.12(a)
the transmission spectra measured at port Out1 (see Fig. 3.4) for different
applied voltages are shown. A shift to longer wavelengths for higher volt-
ages can be clearly observed. Since the two heater arrays across each grat-
ing pair are connected in parallel (see Fig. 4.11), the measured resistance
of 51 Ω corresponds to a resistance value of Rh = 102 Ω for each heater.
With this value it is possible to determine the electrical power transferred
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V1

Rh

V2 V3 VN

Rh Rh Rh

Rh Rh Rh Rh

Figure 4.11: Scheme of the electrical connections of the heater arrays across a grat-
ing pair. Since both gratings have to be heated symmetrically, the same voltage
Vn is applied to each pair of resistances Rh connected in parallel.

to each heater:

Pn =
2V 2

n

Rh
(4.14)

where Vn is the voltage applied to the n-th pair of heaters (see Fig. 4.11).
On Fig. 4.12(b) the relation between the electrical power and the tempera-
ture increase calculated from the wavelength shift is plotted. A linear de-
pendence can be observed, corresponding to a thermal resistance of about
100 K/W. This value is in good agreement to the theoretical expectations
for deep isolation trenches (see Fig. 4.8).
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Figure 4.12: Transmission spectra at port Out2 for different applied voltages. (b)
Relation between the temperature increase in the grating and the applied electrical
power per heater.
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Knowing the thermal resistance of the system it is possible to deter-
mine the required power for each desired temperature profile. As de-
scribed in Sec. 4.2 the gratings have to be first heated up to a mean value,
on which a differential gradient is superimposed. In this way the power
consumption remains constant. The larger the desired gradients, the higher
should be the average level, with a consequent higher required power.

Simulations showed that only temperature gradients with amplitudes
lower than 30 K can produce significative variations of the dispersion (see
Fig. 4.4). An average value of 148 mW electrical power per heater (cor-
responding to a voltage of 3.8 V) has been chosen, providing a average
temperature increase of 15 K. In Fig. 4.13 the different values of absorbed
electrical power for each heater along the gratings for different tempera-
ture gradients are shown. For small gradients of 5 K the power deviates by
25 mW from the average value. The deviation increases up to 148 mW to
produce a gradient of 30 K. Considering the 32 heaters, the overall power
consumption of 4.74 W for the whole dispersion compensator remains con-
stant for each configuration.

Figure 4.13: Applied power to the different heaters along each grating pair to
achieve the desired temperature profiles.

Positive temperature gradients have been applied to the dispersion
compensator, i.e. gradients which induce an chirp concordant with the
one already present in the grating. The signal transmitted to the port Out3

(see Fig. 3.4) has been measured and the corresponding power and group
delay curves are plotted in Fig. 4.14 for different temperature gradients.
The reflection spectrum of the gratings (and hence transmission of the de-
vice) broadens for larger gradients, due to the induced variation of the
refractive index and expansion of the grating period. This variation of
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Figure 4.14: Measured transmission spectra and group delay curves at port
Out3 of the dispersion compensator for different positive temperature gradients.
Apodized gratings have been considered. TE polarization.
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Figure 4.15: Measured transmission spectra and group delay curves at port
Out3 of the dispersion compensator for different negative temperature gradients.
Apodized gratings have been considered. TE polarization.
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the bandwidth translates into a reduction of the slope of the group delay
curve. As theoretically expected, larger temperature gradients produce a
reduction of the grating dispersion. Due to discretization of the tempera-
ture profile using eight heaters, gradients with a larger amplitudes can be
resolved in a less smooth way. Sudden temperature steps along the grat-
ings occur and can be considered as an explanation of the increase of the
group delay ripple, which reaches an amplitude of 130 ps with in the case
of a temperature gradient of ∆T = 30 K.

In Fig. 4.15 the effect of negative temperature profiles can be observed.
In this case the induced chirp acts against the intrinsic one, with the pos-
sibility to reverse the sign of the group delay slope. It can be observed
that small temperature variations produce simply a slight narrowing of
the bandwidth, making the group delay curve steeper. This increase of the
chromatic dispersion occurs until the thermally induced chirp equals the
opposite of the intrinsic one. In this situation, which can be observed for
gradient amplitudes of about -10 K, the grating behaves uniform and no
dispersion is introduced or compensated. Further increases of the gradi-
ent amplitude allow the thermal chirp to predominate and lead to negative
slopes of the group delay curve. As observed in the case of positive gradi-
ents, an increase of the group delay ripple occurs. This will limit the data
rate of the input signal.

The dispersion values obtained fitting linearly the measured group de-
lay curves for the different temperature profiles are summarized in Fig. 4.16.
The intrinsic dispersion of 480 ps/nm (∆T = 0 K) can be varied applying
a temperature gradient along the gratings. A gradient amplitude of 10 K
is sufficient to halve the dispersion. By reversing the sign of the gradient
it is possible to slightly increase the dispersion, or even reverse its sign.

The variation of the amplitude of the gradient also produces a variation
of the group delay ripple, with a consequent limitation of the data rate of
the incoming signal. As discussed in Sec. 3.4.1 the product of the ripple
amplitude and ripple frequency τpp · fp can be considered as a figure of
merit for the effect of the ripple. This product has been calculated for the
different gradient configurations shown in Fig. 4.14-4.15 and the results
are plotted in Fig. 4.17. It can be observed that each temperature profile
with an amplitude larger than zero produce an increase of the effect of the
group delay ripple. The larger the amplitude of the gradient, the stronger
is the ripple. This can be explained considering that the deviation of the
generated stepped thermal profile from the ideal linear one increases for
larger amplitudes, with a consequent worse performance. Nevertheless,
gradient amplitudes up to 20 K are sufficient to reduce the dispersion of a
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Figure 4.16: Measured dispersion values for the different gradient amplitudes.
The points are fitted with a hyperbola.

factor 3, and larger ones do not lead to a significant variation. Therefore
limiting the operation to such values permit to keep the effect of the group
delay ripple moderate.

The implementation of a temperature gradient with an array of equal
heaters allows not only to achieve linear profiles, but also arbitrary ones.
In Fig. 4.18 an example of different linear and parabolic profiles and the
corresponding group delay curves is shown. This latter one can be tai-
lored in an arbitrary way, according to the requirements of the dispersion
profile of the incoming signal. In this case a gradient with an amplitude
of 5 K has been applied. The achieved group delay profile can be fitted
with a polynomial expression corresponding to the thermal profile. The
group delay ripple behavior remains in general unchanged, however in
the case of the root profile a strong suppression of the ripple in the region
of shorter wavelengths occurs. This can be understood considering that in
this region the thermally induced chirp raises faster than linear, reducing
the effect of the front part of the grating. This effect opens the opportunity
to reduce the effect of the group delay discussed previously in this section.
Increasing the number of heaters and superposing steeper profiles in the
front and rear part of the grating could help to achieve a smoother group
delay curve.
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Figure 4.17: Amplitude-Frequency product of the measured group delay ripple for
different temperature gradient amplitudes.
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Figure 4.18: Applied electrical power profile and corresponding measured group
delay curve. (a) Squared root profile, (b) linear profile and (c) parabolic profile.
The gradient amplitude is all three cases 5 K.
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5
Conclusion

The realization of an integrated device for the compensation of the residual
chromatic dispersion is mandatory for the implementation of monolithic
receiver modules, with combination of optics and electronics. Different
solutions based on FIR and IIR filters have been proposed, as discussed
in the first chapter. They are obtained cascading specific filter structures
like ring resonators, Mach-Zehnder interferometers or arrayed waveguide
gratings. Bragg gratings offer the opportunity to implement an IIR lattice
filter in a very compact way and permit a simple dispersion compensation.
Simply adjusting the chirp (linear for first order dispersion) all the filter
coefficient are automatically defined; if the chirp can be manipulated, the
dispersion can be externally tuned according to the necessity.

Silicon is an optimal material for the realization of optical components,
since it is transparent in the wavelength range used for optical communi-
cations and the standard fabrication processes of microelectronics can be
also applied. The realization of Bragg gratings in silicon waveguides has
already been demonstrated [60, 62, 73, 75, 77], however only uniform, and
without providing a deep theoretical analysis.

Within this work the realization of integrated Bragg gratings on silicon
for dispersion compensation has been demonstrated. First of all the theo-
retical background has been analyzed. It has been shown that the coupled
mode theory, widely used for grating modelling, provides reliable results
only if strict conditions of shallow index modulations are hold, since it is
considers only one forward and one backward propagating mode. The full
description of Bragg gratings require more precise calculation methods,
which are able to take into account the coupling between all waveguide
modes for all possible grating strength. The bidirectional eigenmode prop-
agation method proved to provide reliable results also for strong gratings
with a moderate calculation complexity and has been therefore applied for
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the design of Bragg gratings. The influence of the different geometry pa-
rameters has been systematically considered to achieve gratings reflecting
at λ = 1550 nm over a bandwidth narrower than 1 nm and losses lower
than 0.2 dB for other wavelengths.

The fabrication of the gratings has been performed with standard bi-
CMOS processes based on deep-UV lithography, and it was demonstrated
that this procedure permits to achieve results comparable with the state-
of-the-art fabrication techniques with electron beam lithography. The new
approach has the advantage of a higher throughput and the possibility to
pattern stitching-free gratings without length limitation.

In the third chapter a robust implementation of the chirp tapering the
waveguide width has been presented, showing that a grating patterned on
a waveguide with a taper width of 150 nm and a length of 5 mm exhibits
a dispersion of about 100 ps/nm over a bandwidth of 1 nm. Gratings on
a tapered waveguide exhibit a specific dispersion but cannot be applied
for compensation purposes because of the strong group delay ripple. This
is generated by the reflections at the ends of the grating due to the abrupt
beginning end ending of the grating index modulation. The suppression of
these reflections and hence of the group delay ripple is mandatory, since
each deviation from a linear group delay profile corresponds to a signal
distortion and intersymbolic interference.

It has been shown that apodizing the grating with a half sine profile,
i.e. varying the width of the grating openings, the group delay ripple can
be successfully suppressed. The gratings permit therefore to compensate
a dispersion of about 250 ps/nm with a length of 1 cm and allow a correct
signal detection (OSNR penalty below 1 dB for SER = 10−5) up to a data
rate of 40 Gbaud.

The tapered gratings have been inserted into a drop-filter structure
which cascades two grating pairs. It permits to double the achievable
dispersion and to separate the compensated channel without the use of
a circulator. The whole device exhibits a length of 2.5 cm and a width of a
few tens of micrometers, permitting hence a high integration level.

Due to the thermo-optic effect and the thermal expansion, a tempera-
ture variation of the grating produces a shift of the reflected wavelength
of about 80 pm/K. This property has been used to tune the dispersion
applying a thermal gradient along the grating. The gradient induces an
extra chirp, with a consequent variation of the slope of the group delay
curve. The thermal gradient has been realized applying arrays of heating
elements along the gratings and driving them with external currents. It
has been shown that this methods permits to tune the dispersion between
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100 ps/nm and 600 ps/nm with a gradient amplitude 30 K. If the gradi-
ent amplitude is reversed, it is possible to reverse the sign of the grating
dispersion.

For each configuration a power consumption of 4.74 W for the entire
dispersion compensator has been measured. This value can be first re-
duced limiting the dispersion tuning range. For small dispersion devia-
tions, smaller gradients are required and the average grating temperature
can be lowered, with a smaller power consumption. Furthermore the ther-
mal isolation could be improved, for example etching isotropically broader
and deeper trenches limiting the heat leakage in the lateral direction. A
thinner isolation oxide layer between the metallic heater and the silicon
guiding layer would also permit to increase the heat transfer and hence
reduce the required electrical power.

An increase of the group delay ripple applying thermal gradients has
been measured, most probably due to the discretization of the gradient
itself with a finite number of heating elements. An improved design of
their shape and their number is required to reduce the group delay ripple,
and hence broaden the applicability range.

The proposed device permits the compensation of the residual disper-
sion of one 100 GHz WDM channel between -500 and 600 ps/nm. This
values can be increased implementing longer grating and are comparable
to what achieved with FIR serial filters on silica or with AWGs. However
the gratings offer a more compact solution and an easier control. A chirped
grating is already intrinsically dispersive, without needing the tune of sev-
eral phase shifters and couplers. Furthermore the dispersion tuning is
performed simply applying linear gradients. The only drawback of the
proposed solution is the single-channel operation.

The compensation of several channels would require the cascading of
several dispersion compensators. This leads to a relative large required
area and complexity. A solution is offered by the sampled gratings, where
the grating index modulation is periodically sampled with a period P .
This sampling produces a comb of reflection peaks in the grating spec-
trum, with spacing:

∆λ =
λ2

Bragg

2nP
. (5.1)

This concept has already been shown in semiconductor lasers and optical
fibers [107, 108]. The implementation of uniform sampled gratings has
been demonstrated also in silicon rib waveguides [109], showing that the
simultaneous reflection of 20 channels with a spacing of 0.78 nm is possi-
ble. The extension of this principle with the combination with chirp and
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apodization is strongly required to obtain a device for the multi-channel
dispersion compensation.
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R. M. D. L. Rue, “Bragg waveguide gratings as a 1D photonic band
gap structure: COST 268 modelling task,” Opt. Quantum Electron.,
vol. 34, pp. 455–470, 2002.
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mann, B. Hüttl, and C. Schubert, “Performance of 40-Gb/s DPSK
demodulator in SOI-technology,” IEEE Phot. Technol. Lett., vol. 20,
pp. 614–616, 2008.

[100] K. Voigt, L. Zimmermann, G. Winzer, H. Tian, B. Tillack, and K. Pe-
termann, “C-band optical 90◦ hybrids in silicon nanowaveguide
technology,” IEEE Phot. Technol. Lett., vol. 23, pp. 1769–1771, 2011.

[101] B. Costa, D. Mazzoni, M. Puleo, and E. Vizzoni, “Phase shift tech-
nique for the measurement of chromatic dispersion in optical fibers
using LED’s,” IEEE J. Quantum Electron., vol. QE-18, pp. 1509–1515,
1982.

[102] R. Fortenberry, W. V. Sorin, and P. Hernday, “Improvement of group
delay measurement accuracy using a two-frequency modulation
phase-shift method,” IEEE Phot. Technol. Lett., vol. 15, pp. 736–738,
2003.

[103] J. G. Proakis, Digital communications, 4th ed. McGraw-Hill, 2001.

126



BIBLIOGRAPHY

[104] Y. Okada and Y. Tokumaru, “Precise determination of lattice param-
eter and thermal expansion coefficient of silicon between 300 and
1500 K,” J. Appl. Phys., vol. 56, pp. 314–320, 1984.

[105] G. Cocorullo, F. G. Della Corte, and I. Rendina, “Temperature de-
pendence of the thermo-optic coefficient in crystalline silicon be-
tween room temperature and 500 K at the wavelength of 1523 nm,”
Appl. Phys. Lett., vol. 74, pp. 3338–3340, 1999.

[106] U. Fischer, “Entwicklung und Optimierung eines integriert-
optischen Schaltmoduls in Silizium,” Ph.D. dissertation, Technische
Universität Berlin, 1995.

[107] V. Jayaraman, Z. Chuang, and L. A. Coldren, “Theory, design, and
performance of extended tuning range semiconductor lasers with
sampled gratings,” IEEE J. Quantum Electron., vol. 23, pp. 1824–1834,
1993.

[108] L. Lin, F. Zujie, C. Haiwen, and C. Gaoting, “Sampled FBG based
optical interleaver,” in Conference on Lasers & Electro-Optics (CLEO),
2001, pp. I–404–405.

[109] I. Giuntoni, P. Balladares, R. Steingrüber, J. Bruns, and K. Petermann,
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