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Abstract

Optical communications has experienced a rapid development during the last decade. More
bandwidth can be acquired by decreasing the spacing of the optical channels or by increasing
the data rate. Characterization of the optical components and active monitoring of the
network calls for accurate measurement methods. The objective of this thesis is to investigate
and develop measurement methods and instruments for measuring important parameters of
the components used in optical communications.

Chromatic dispersion of optical fibers and frequency chirp of the laser transmitters set limits
for the data rate and transmission distance. Measurements of dispersion have traditionally
been performed using a phase-shift method. When high modulation frequencies are applied
to achieve high resolution an error could be introduced. In this thesis, the measurement
accuracy of this method is analyzed in detail and a novel method for estimating the accuracy
and correcting the measurement result is developed.

A Fabry-Perot interferometer finds numerous applications in many fields of optics. In this
thesis, tunable Fabry-Perot etalon filters made of silicon were developed and several
applications for these devices are demonstrated. A new device for measurements of time-
resolved frequency chirp of directly modulated laser diodes in real time is developed.
Interaction between the dispersion and frequency chirp limits the use of directly modulated
lasers in long-haul optical links.

Another application is monitoring of the wavelength of optical transmitters. The wavelength
of the laser diode may shift due to aging and active monitoring and controlling of the
wavelength is required. In addition, the filter improves the performance of the directly
modulated transmitter by temporal reshaping of the pulses. The filter is also applied in
reducing the frequency chirp of gain-switched pulses generated with a diode laser. These
pulses can then be made transform limited and can for example be used in generation of
optical solitons.

Finally, the etalon is employed in realization of a compact wavelength reference for
calibration of the wavelength scale of the optical spectrum analyzers and wavemeters. The
transmission spectrum of the etalon consists of equidistant fringes. Each of these fringes can
be applied as an accurate reference over a large wavelength range once the temperature of the
filter is stabilized. This reference was developed to be automatic and it has an adequate
accuracy for performing calibrations of field instruments.

Keywords: Wavelength division multiplexing, optical communications, fiber-optic
components, dispersion measurements, Fabry-Perot etalon, tunable optical filters
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1 Introduction

The need for high-speed data transmission has enhanced the use of optical communication
systems, which have experienced a rapid evolution during the last decade. New system
concepts including dense wavelength division multiplexing (DWDM) and optical time
division multiplexing (OTDM) have multiplied the transmission capacity of an optical fiber.
Especially WDM provides a straightforward way to upgrade the capacity of the existing fiber
lines. Optical transport networks are currently operating with bit-rates of 2.5 Gb/s or 10 Gb/s
for each wavelength channel. The record breaking experiment in a single-fiber is at a rate of
10.9 Tbit/s for WDM transmission having 273 wavelength channels each carrying data at a
rate of 40 Gbit/s over 117 km [1]. However, due to rapid development of new components
this record will likely be broken in the near future.

The limitations in the quality of the signal are mainly set by the dispersion, nonlinearity and
polarization-dependent effects of the optical fiber along with frequency chirping of the
optical transmitters. The spacing of the DWDM-channels is defined to be a multiple of 100
GHz but components to realize channel spacing of 50 GHz are already available and
feasibility of 25 GHz spacing is currently explored. Due to the decreasing channel spacing
the characteristics of the components need to be carefully evaluated for optimization of the
performance of the optical networks.

Dispersion of an optical fiber is one of the main limitations on the bit rate and length of the
fiber within the optical communications systems. In modern networks, the signals pass
through a number of components such as filters, multiplexers and switches. These
components increase the amount of total dispersion. Therefore, it is important to characterize
each component starting already at the manufacturing stage. The dispersion of optical
components could be a problem especially in metropolitan area networks where a large
number of these components are used in cascade. Dispersion is particularly harmful if the
optical transmitter exhibits frequency chirp. Their interplay usually distorts the signal and
degrades the performance of the network. Characterization of chirp of the optical transmitters
can provide useful information for dispersion management and system simulations.
Frequency chirp is mainly a problem in directly modulated laser diodes, which are currently
the best solution for implementation of a cost-efficient optical transmitter. The effects of
frequency chirp and dispersion can be counteracted by utilizing dispersion compensation or
by using externally modulated transmitters. Both of these solutions will increase the cost of
the system. On the other hand, directly modulated transmitters can be applied if their
modulation properties are enhanced.

A conventional way of controlling the wavelength of a diode laser is to stabilize its
temperature. A method to actively monitor and control of the wavelengths is required due to
decreasing channel spacing and wavelength drift with aging of the diode lasers. An active
research is going on to find an efficient and low-cost solution for this purpose. The
wavelength of lasers can be accurately measured with wavemeters and optical spectrum
analyzers. Although they are too bulky and expensive to be applied in on-line monitoring of
the DWDM-channels they are invaluable instruments for accurate testing and measurement.
To maintain the accuracy these devices, periodical calibration against a high-accuracy
reference is needed.
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1.1 Aims of the thesis
The thesis is divided into two themes. The first one deals with measurement of chromatic
dispersion of various fiber-optic components. The second presents several applications of
two novel optical filters.

The so-called phase-shift technique commonly applied to measure chromatic dispersion of
optical fibers is investigated. It can also be used to measure the group delay of various
components such as optical filters. The dispersion is obtained by differentiation of the group
delay with wavelength. The results are reliable if the group delay varies smoothly over the
wavelengths. To apply the phase-shift technique for measurements of various components
whose group delay exhibit a strong variation with wavelength, it is important to be able to
estimate the measurement accuracy. In this thesis, the accuracy of the technique is
investigated theoretically and experimentally. Moreover, a new method to improve the
accuracy is developed.

Furthermore, a novel temperature-tunable filter concept is introduced. The filter is based on a
Fabry-Perot etalon with silicon as the cavity material. The refractive index of silicon has a
strong temperature dependence, which allows a convenient tuning mechanism. A new device
for measurements of time-resolved frequency chirp of directly modulated transmitters is
developed based on the tunable filter. The chirp analyzer is further developed to operate in
real time, which allows for continuous monitoring of the effects when the parameters of the
laser diode are varied.

Another design of the temperature-tunable filter was manufactured. By placing this filter
directly after the laser transmitter, simultaneous spectral filtering and accurate wavelength
monitoring are demonstrated in an experimental link. The performance of the directly
modulated laser in long-haul transmission is shown to improve if its spectrum is suitably
filtered.

Generation of short optical pulses for high-speed optical communications is an active
research topic. One way of generating short optical pulses from a diode laser is gain-
switching. The gain-switched pulses exhibit large frequency chirp, which needs to be
suppressed to permit utilization of these pulses in formation of optical solitons. Suppression
can be accomplished by spectral filtering with the presented filter. However, the filtering
causes the shape of the pulses to be distorted. This distortion was investigated both
theoretically and experimentally.

The requirement for accurate measurements of the wavelength is set by the increasing
density of channels in optical communication systems. The instruments applied to measure
the wavelength need continuous maintenance to meet the accuracy specifications of long-
term use. Therefore, their wavelength scale should be calibrated periodically. To perform
these calibrations, a wavelength reference is being developed. It will primarily find use as a
reference artifact for calibration of field instruments such as wavemeters and optical
spectrum analyzers. The wavelength reference is based on the utilization of periodic
transmission spectrum of a Fabry-Perot etalon. The transmission spectrum is accurately tuned
and stabilized against environmental perturbations by applying temperature sensing and
tuning.
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DISPERSION OF OPTICAL COMPONENTS

2 Chromatic dispersion
The velocity of light is constant and independent of the wavelength in vacuum, whereas in
materials it may vary with the wavelength of light. This phenomenon is commonly referred
to as dispersion. The dispersion of optical components is due to a change in the index of
refraction of the material used to build them with wavelength. In addition, reflections and
interference effects inside the component can result in so-called geometrical dispersion.

2.1 Material dispersion
The refractive index of several materials, such as glass or various semiconductor materials is
often modeled as a large number of harmonic oscillators [2]. The oscillators are the ions,
molecules or electrons of the atoms. The electric field of light acts as a force, which pushes
the particles into forced oscillation. The particles exhibit some characteristic resonance
frequencies and they absorb energy from the driving electric field. This approach of
modeling the material leads to the presentation of the refractive index of the material, which
is often referred to as the Sellmeier approximation [2,3]. The refractive index of a variety of
materials can be expressed as a sum of the characteristic resonant frequencies as
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where η is the index of refraction, Aj is the magnitude, ωj is the angular frequency and λ is
the wavelength of the j:th resonance. The parameter A0 is a constant whose value is typically
1. Using this approximation the refractive index as a function of wavelength is often
presented as a fractional polynomial having an order of three or five. Another approximation
used to describe the refractive index of materials as semiconductors, is the Herzberger
formula which can be written up to fourth order as [4]
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where A, B, C, D, and E are coefficients obtained from a fit to the measured data. The
wavelength λ is given in micrometers in Eq. (1) and Eq. (2). The coefficient L and the value
0.028 are included to take into account the rapid rise in the index of several semiconductor
materials at short wavelengths.

The index of refraction defines the velocity of light within the medium according to the
relation c=c0/η, where c0 is the velocity of light in vacuum. This velocity is also referred to as
phase velocity, which indicates the velocity of the phase of monochromatic light. When
information needs to be transmitted along the laser light, modulation of it is required. The
modulation increases the bandwidth of the signal. The velocity of this signal through the
system is called the group velocity and it is defined as vg=c0/ηg, where ηg is a group index.
The group index can be calculated using
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If the material is not dispersive, i.e. the derivative of the refractive index with optical
frequency is zero, the phase and the group velocities are equal. When the group velocity is
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smaller than the phase velocity, the material is defined to exhibit normal dispersion. In this
case, light with a lower frequency travels faster than light with a higher frequency. In the
opposite situation, the material is defined to exhibit anomalous dispersion. An optical fiber
fabricated of fused silica (SiO2) has both normal and anomalous dispersion depending on the
wavelength. The material of the core of the optical fiber is silica slightly doped to form a
waveguide by increasing the refractive index. The dispersion of the material is often defined
by the dispersion parameter D. It can be calculated using the second derivative of the
refractive index as

2

2

0 λ
ηλ

d

d

c
D −= , (4)

where c0 is the speed of light in vacuum. The refractive index of silica has been determined
by fitting the measured data to the Sellmeier equation. The coefficients of the equation are
A1=0.6961663, A2=0.4079426, A3=0.8974794, λ1=0.0684043 µm, λ2=0.1162414 µm and
λ3=9.896161 µm [3]. The refractive index and the group index of bulk silica glass are shown
in Fig. 1a. It can be observed that the group index has a minimum value at a wavelength
around 1300 nm. The dispersion D is shown in Fig. 1b. This value drops to zero at around
1276 nm which is called zero dispersion wavelength. The silica glass exhibits normal
dispersion below this value and anomalous dispersion at longer wavelengths.
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Figure 1. a) The refractive index and group index of bulk silica. b) Dispersion of bulk silica.

2.2 Tailoring of the dispersion
In addition to the material dispersion, the component may also have dispersion resulting from
resonant absorption, reflections within a cavity or from waveguide effects. These dispersion
effects are referred to as geometrically or structurally induced dispersion.

In an optical fiber, the dispersion is affected by the doping of the core and by waveguide
dispersion. The waveguide dispersion shifts the zero dispersion wavelength of a standard
single-mode fiber to slightly longer wavelengths, around a value of 1310 nm. Moreover, it
can be applied to shift the dispersion to even longer wavelengths or to flattening of the
dispersion. The interferometric dispersion of the component results from of a number of
reflections within the structure forming an optical cavity. The output field of a cavity is
composed of light fields, which have been reflected several times within the component.
Since each of the beams has spent different time within the cavity, the output field effectively
experiences a delay, which depends on the wavelength. The molecular absorption and optical
cavities change the amplitude of the light passing through them [5]. In general, any
component having a wavelength dependent loss or gain will also induce a change in the
refractive index and hence introduce dispersion. The variation in the gain or loss of the
component and the variation in the refractive index can be related to each other by the
Kramers-Kronig relations. These relations are often referred to as a Hilbert transform. They
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are in general valid for any component fulfilling the principles of causality [6]. The linear
characteristics of the optical component can be completely defined by using a complex
transfer function, which can be written as )()()( ωφωω jeAH = . Here ω is the optical angular
frequency, A is the amplitude response and φ is the phase response of the component. The
complex transfer function can be calculated either analytically or numerically. If the transfer
function is modified into the form )()(ln)(ln ωφωω jAH += , the Kramers-Kronig relation
for the phase and amplitude response can be written as [6]
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where P indicates a principal value of the integral. This equation can be applied to calculate
the phase response of the component from the measured amplitude response.

The parameter used to describe the dispersive time delay induced by the component for the
signal is denoted group delay. The group delay, τg, of the component is defined as a
derivative of the phase response as

 )(ωφ
ω

τ
d

d
g −= .  (6)

The dispersion parameter D of the component is the derivative of the group delay with
respect to wavelength

gd

d
D τ

λ
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As in the case of an optical fiber also components may exhibit regions of normal and
anomalous dispersion due to structural effects. This fact is useful in designing components,
which can be used to compensate for the dispersion of standard single-mode fibers. Such
devices are typically optical filters whose group delay properties can be designed to have a
desired dispersion profile.

2.3 Measurement methods for chromatic dispersion
The dispersion of optical components is an important parameter, which has a significant
effect on the performance of various optical systems. Analysis and accurate measurement of
the dispersion is therefore essential in optimization of the performance of such systems.
Measurements of chromatic dispersion can be performed by applying various techniques.
They include applications of Kramers-Kronig relations or a Hilbert transformation between
the reflectivity and the phase of the components, low-coherence interferometry, and various
pulse delay measurements and phase-shift techniques. The parameter that is typically
measured is the group delay of the component as a function of the wavelength. Traditionally
the dispersion of an optical fiber has been an important characteristic to be measured. In
practice, it is important to have knowledge of such parameters as the zero-dispersion
wavelength, the dispersion slope and uniformity of the dispersion of the manufactured fiber.
Recently, the dispersion of optical components as optical filters has gained a lot of interest.
In particular, the development of the filters based on fiber Bragg gratings (FBGs) permit for
compensation of the dispersion of an optical fiber. By applying FBGs, the dispersion effects
can be dramatically decreased in long-transmission systems. Accurate characterization of the
dispersion of these filters requires evaluation of the conventional methods to obtain reliable
measurement results of their properties.
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Measuring dispersion using Hilbert-transform method
The amplitude and the phase response of an optical filter are related via the Hilbert
transform. To assure this relation is valid, the filter must fulfil a so-called minimum phase
condition [6,7]. It has been shown that this condition is fulfilled by a number of optical
filters, such as uniform fiber Bragg gratings and symmetrical thin-film filters. For these
components, the phase response and then the dispersion can be calculated directly from the
measured amplitude response [8-10]. However, the minimum phase condition does not hold
for component including various types of apodized or chirped fiber Bragg gratings and
allpass filters as Gires-Tournois interferometer [6]. These components have a complex phase
response and it has been shown that in general the reconstruction of the phase information
from the measured amplitude response is not possible.

Measuring dispersion using interferometric methods
To obtain the group delay and the dispersion of the components interferometric methods or
methods based on measuring the transmission time through the components are applied. In
the interferometeric methods, the measurement setups are typically based on Michelson or
Mach-Zehnder interferometers [6,11-16]. Light from a broadband or a wavelength tunable
light source is split in two paths one of which couples light into the component and the other
is a reference path. The light has transversing the component is combined with the light from
the reference path and the resulting interferogram is detected. From this interferogram it is
possible to calculate both the amplitude and the phase response of the component by means
of a Fourier transform. The group delay of the component can be extracted from the phase of
the interferogram. A clear advantage of the interferometric method is its resolution. Very
small dispersion values can be measured accurately. However, interferometers often use free-
space optics, which make them sensitive to variations in the environment. Also long
components are difficult to be measured since the length of the reference arm needs to be
approximately equal to the optical length of the device under measurement.

2.4 Conventional phase-shift technique
In applications with moderate requirements on the resolution, methods based on the
transverse time of a modulated light are used. These methods include pulse-delay
measurements and various phase-shift techniques [17-21]. A basic measurement setup for the
phase-shift technique is outlined in Fig. 2. The light from a tunable laser is intensity
modulated with a sinusoidal signal. The modulation generates sidebands on both sides of the
optical carrier. The sidebands will experience a phase shift when the modulated light passes
through the device under test. The phase shift of the detected signal allows the group delay of
the component to be determined. The basic setup and variations of it using different light
sources have been utilized for measurements of the dispersion of an optical fiber for years.
Several commercially available dispersion measurement systems rely on this measurement
principle [22-24].
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Figure 2. Experimental setup to measure dispersion using the phase-shift technique [P1,P2].

When the phase-shift method is employed for measuring group delay of an optical fiber
whose group delay varies smoothly with wavelength, the measurement results are accurate.
However, in components as for instance optical filters the group delay may exhibit large
variation with wavelength. To be able to interpret the measurement results obtained with the
phase-shift method, a model of the operation principles of this technique is derived. The
electrical field of the sinusoidally modulated light can be presented as
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where ω0 is the center optical frequency, m is the intensity modulation index, P0 is the
average optical power and ωm is the angular intensity modulation frequency. When the
modulated light passes through the component having dispersion the sidebands will
experience a phase shift compared to the center optical frequency. The detected photocurrent
after the component can be written as
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where θ(ω0) is the measured electrical phase shift and φ± are the optical phase shifts of the
two sidebands. The cosine term including the sum of the optical sidebands is usually omitted
in derivation of the operation principles since it does not have any contribution to the
measured electrical phase shift. However, this term induces fading of the amplitude of the
detected intensity for certain combination of the dispersion and the modulation frequency
[25].

The dispersion induced group delay is usually assumed to be constant in a narrow band
around the optical carrier [18]. In this case, the phase shift for the two optical sidebands is
given by
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where τcomp(ω0) is the true group delay of the component and τmeas(ω0)  is a measurement
result of the group delay of the component at the optical carrier frequency. This
approximation leads to the well-known relation for the measured group delay
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It is evident from this expression that a higher modulation frequency allows for a higher
resolution of the measured group delay. The resolution of the technique is technically limited
by the device utilized for the measurement of the electrical phase. Typically these devices are
network analyzers, vector voltmeters, lock-in amplifiers or oscilloscopes. All of these
instruments have a limited resolution of the phase measurement. In Table 1 the resolution of
the phase-shift method is given for different modulation frequencies and for different phase
measurement resolutions.

Table 1. Group delay resolution of the phase-shift method.

Modulation frequency
[MHz]

Timing resolution for 0.1°
[ps]

Timing resolution for 0.05°
[ps]

125 2.22 1.11

250 1.11 0.56

500 0.56 0.28

750 0.37 0.19

1 000 0.28 0.14

If the group delay exhibits large variation the operation of the phase-shift technique can be
analyzed by constructing the group delay of the component utilizing its Fourier-components
[P2]. This analysis leads to an instrument function that describes the measured group delay as
a function of the actual group delay. This instrument function of the phase-shift method can
be expressed as

∫
∞

∞−

=⋅⋅= )2/(*)(
)sin(

)(~)( mcomp
uj

m

m
compmeas rectdue

u

u
u ωωωτ

ω
ω

τωτ ω
, (12)

where * denotes convolution operation. From this expression it is easy to identify the
instrument function of the phase-shift method to be a rectangular function of width 2ωm. This
function can then be applied in analyzing the effects of the modulation frequency of the
phase-shift technique to an arbitrary group delay. Moreover, it can be used to reconstruct the
actual group delay τcomp of the component which has been degraded by the measurement.

2.5 Measurement results using phase-shift technique
The phase-shift method can be utilized in measuring a variety of components ranging from
optical fibers to optical filters. A component that has received a lot of attention lately is a
dispersion-compensating fiber Bragg grating. This type of grating is fabricated to have a
linear variation of the period of the index modulation of the grating part [26-28]. The
variation in the period causes different optical frequencies to reflect at slightly different
positions along the length of the grating. This introduces an effective delay between the
different frequency components allowing tailorable dispersion properties for the grating.
Although the basic idea of the dispersion compensating grating is quite simple it has turned
out that manufacturing of such gratings having acceptable performance is a demanding
process.
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In this thesis, the phase-shift technique was used to investigate the dispersion of a dispersion-
compensating grating. The measured reflectivity and the group delay of the grating are
shown in Fig. 3a. The bandwidth of the 20 cm long grating is ~2 nm. The nominal dispersion
was extracted by fitting a line in to the measured group delay. The dispersion of the
component is D=-660 ps/nm which is sufficient for compensating the dispersion of 40 km of
single-mode fiber. The group delay of the grating is nominally linear over the bandwidth of
the grating. However, there are deviations from the linear group delay. This variation was
measured in detail utilizing several modulation frequencies. The measurement of the group
delay over a small wavelength portion is displayed in Fig. 3b. Each of the lines is an average
of five distinct measurements. First, it can be observed that the variation is not random since
it exhibits almost the same shape in repeated measurements with different modulation
frequency. Secondly, the magnitude of the variation decreases when higher modulation
frequencies are applied.
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Figure 3. a) Reflectivity and group delay of a dispersion-compensating grating. b) Effect of the
modulation frequency on the measured amplitude of the group delay ripple.

The variation of the group delay is referred to as group delay ripple and it is one of the main
factors limiting the utilization of these gratings in real systems [29-32]. The ripple results
from the imperfections during the manufacturing process and from the apodization profile of
the refractive index modulation in the grating [33-35]. When the phase-shift method is used
for characterization of the gratings, the selection of the modulation frequency will have a
significant effect on the measurement result [30,36,P1].

2.6 New method for improving the measurement accuracy
The reason behind the decrease and inversion of the sign of the amplitude of the ripple can be
found from the instrument function of the phase-shift method presented in Eq. (12). As a
simple example, the analysis of the measurement result can be performed for sinusoidal
ripple variation. When sinusoidal group delay ripple is analyzed utilizing the instrument
function, it can be shown that the measured amplitude of the ripple will behave like a sinc-
function

 )()(
p

sincAA m
pm

ω
ω = , (13)

where ωm is the angular modulation frequency and Ap is the amplitude of the ripple [P1]. The
important parameter in this equation is the ratio of the modulation frequency and the period
of the ripple. It can be directly seen that the amplitude of the ripple having a period that is a
multiple of a half of the modulation frequency will have zero measured amplitude. Also the
measured amplitude of the ripple has decreased by 50 % if the modulation frequency is more
than ~1/3 of the period of the ripple. Moreover, if the modulation frequency falls in the
region from half of the ripple period to the full period, the amplitude of the ripple changes its
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sign. This behavior was observed during the measurements with higher modulation
frequencies and it can be seen in Fig. 3b when a modulation frequency of 1 GHz was used.
Attempts to modify the conventional method have been proposed to improve the
measurement accuracy even when higher modulation frequencies are applied [37]. However,
this modified method requires an accurate means to control the wavelength and modulation
frequency.

The instrument function allows the measurement accuracy of the phase-shift method to be
conveniently explored by means of a Fourier-transformation as was demonstrated with
sinusoidal delay ripple. However, the instrument function can also be applied to reconstruct
the original group delay of the component from the measured group delay, which is degraded
by the use of a high modulation frequency. The method is based on performing a de-
convolution to the measured group delay. The de-convolution can be conveniently performed
by applying a Fourier transform. In the Fourier domain, the operation can be made by simply
dividing the measured group delay with the sinc-function. The actual group delay of the
component τcomp can then be written as

ω
ω

τ
ωτ 








ℑ= −

)sinc(

)(~
)( 1

u

u

m

meas
comp

, (14)

where )(~ umeasτ  is the Fourier transform of the measured group delay and ℑ-1 designates the

inverse Fourier transform. An example of the effect of the reconstruction for the group delay
measured for chirped FBG and a narrow band thin-film filter are shown in Fig. 4. The group
delay of the FBG was first measured with a high modulation frequency of 1 GHz. The
reconstruction was then applied to the measured data. In Fig. 4a the reconstructed group
delay is compared with the delay measured with a low modulation frequency of 250 MHz.
This can be considered as the actual group delay of the component since all of its Fourier
components occur well before the first zero of the sinc-function in Eq. (14) [P2]. A similar
reconstruction was applied to the group delay of the thin-film filter. In this case, the
transmission spectrum of the filter was calculated and the measurement setup was built
within a simulation program Gigabit Optical Link Designer (GOLD) [38,P2]. The simulation
was executed for a modulation frequency of 2 GHz, which was selected to match the
modulation frequency of commercially available measurement systems. A decrease in the
measured delay near the sharp peak is observed in Fig. 4b. After the reconstruction, the
height of the peaks in the original group delay was restored.

0 1 2 3 4
-100

-75

-50

-25

0

25

50

75

100

 Actual group delay
 1 GHz
 Reconstructed

G
ro

up
 d

el
ay

 [p
s]

Optical frequency [GHz]

 

0 5 10 15 20

-5

0

5

10

15

20

 Actual group delay
 2 GHz
 Reconstructed

G
ro

up
 d

el
ay

 [p
s]

Optical frequency [GHz]

-35

-30

-25

-20

-15

-10

-5

0

T
ransm

ission [dB
]

Figure 4. Measured and reconstructed group-delays of a) chirped FBG and b) narrow band thin-film
filter [P2]. Only one half of the symmetrical transmission spectrum of the thin-film filter is displayed.

This new method permits an improvement of the accuracy of the conventional phase-shift
technique without any modifications to the measurement setup. Important conditions for
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successful reconstruction of arbitrary group delay profiles are that the Fourier components
are below the zero points of the sinc-function and the wavelength step is small enough to
resolve the ripple period. The reconstruction is done by post-processing of the measured
group delay [39,P2].
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APPLICATIONS OF A NOVEL TUNABLE FILTER

3 Tunable filter based on Fabry-Perot etalon

Tunable optical filters find numerous applications in optical telecommunication systems.
They can be configured to actively select optical channels in WDM systems or they can be
used to monitor the optical wavelength of the channels. Tunability of the filters can be
realized by heating or mechanical tuning of some of the parameters of the filter. Often the
structure of the tunable filter device is based on a Fabry-Perot interferometer. A Fabry-Perot
interferometer is a cavity with mirrors at both ends. The cavity can be simply air or filled
with some transparent material, such as glass or semiconductor. Tuning of the bandwidth and
the center wavelength of the passband of the filter can be realized either by modifying the
reflectivity of the mirrors or tuning the optical thickness of the cavity. The tuning of the
thickness can be realized for example by tilting, heating or by mechanically tuning the length
of the cavity [40-44].

In this thesis, the tunable filters were Fabry-Perot etalons, which have silicon as the cavity
material. Silicon is an attractive choice as cavity material since it has low absorption in the
wavelengths of interest for optical telecommunications. Silicon wafers are standard products
and widely used in the semiconductor industry. The methods for fabricating silicon-based
components are also well developed which allows for potentially low-cost device
implementation. The wavelength range at which silicon is transparent covers a wide range
from 1.1 µm to 5 µm as can be observed from Fig. 5a [45]. The material absorption starts to
increase rapidly when the wavelengths approach values below 1.2 µm, since these
wavelengths are close to the band edge of silicon. The absorption starts to increase after the
wavelength of 5 µm but the absorption remains at a sufficiently low level up to 40 µm.
However, this data should not be considered to have absolute accuracy since it has been
pointed out that the variation between different measurements give different values for
absorption and also for the refractive index. Both of these quantities depend heavily on the
purity and free carrier concentration of the silicon sample [46]. The refractive index of
silicon is high which is typical for many semiconductor materials. The refractive index of
silicon can be presented by the Herzberg-type formula presented in Eq. (2). Numerical values
for the polynomial coefficients are A=3.41906, B=1.23172·10-1, C=2.65456·10-2, D=-
2.66511·10-8, and E=-5.45852·10-14 [46,47]. The refractive index as a function of wavelength
is presented in Fig. 5b.
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Due to the high index of refraction of silicon the polished wafer surface can operate as a
mirror of the Fabry-Perot etalon even without any coating. The reflectivity of the silicon-air
interface is ~ 0.3. The reflectivity of the silicon surfaces can be increased by depositing
dielectric mirrors on both sides of the wafer. The mirrors can be formed by using a stack of
quarter wavelength thick thin-film layers. Typical materials which can be applied for this
purpose are TiO2 (η=2.1), Si3N4 (η =2.0) and SiO2 (η =1.45).

The transmission spectrum of the Fabry-Perot cavity can be calculated by summing up the
electrical fields from multiple reflections within the filter cavity [48]. The result for the
transmission for the electric field can be expressed in the optical frequency domain with a
complex transfer function
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where R is the power reflectivity of the facets and δ is the phase shift of the optical field for
one round trip within the cavity. The transmission spectrum of the etalon consists of periodic
fringes. The center wavelength of the transmission fringe of the Fabry-Perot filter is located
at a wavelength, which is multiple integer of half of the wavelength. The period of the
transmission fringes is characterized by the free spectral range (FSR). The inverse of FSR
presents time needed for the light to make one round trip within the cavity. The FSR can be
defined as
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)( 0

L

c
FSR = , (16)

where c0 is the speed of light in vacuum, L is the length of the etalon cavity, η is the
refractive index and θ is the angle of the incident light with the surface normal. The FSR
depends both on the wavelength and the temperature of the etalon if the angle of incidence is
fixed.

The power transmission of the Fabry-Perot etalon can be calculated by taking a squared
absolute value of the complex transfer function of Eq. (15). The complex transfer function
indicates that the cavity has inherently some geometrical dispersion in addition to the
material dispersion. The complex transmission function leads to the optical phase response of
the etalon written as
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The group delay of the etalon in transmission can then be analytically calculated to be
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The transmission and group delay of the etalon are displayed in Fig. 6 for two reflectivity
values of R=0.6 (solid line) and R=0.8 (dotted line). For a Fabry-Perot etalon, the dispersion
is normal at frequencies below the center frequency of the transmission fringe. On the other
side of the transmission fringe, the dispersion is anomalous.
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Figure 6. Transmission and group delay of a Fabry-Perot cavity. The group delay is normalized with
the FSR of the cavity.

Similar kind of behavior can be observed for numerous optical filters such as multi-cavity
thin-film filters and fiber Bragg gratings. For these structures, the group delay has a small
variation within the center of the flat pass band and sharp peaks near the edges of the
transmission or reflection band [44]. The deviation of the transmitter wavelength from the
center of the filter passband may cause additional dispersion penalty [7]. On the other hand,
the dispersion of the filters can be utilized in compensation of the dispersion of the optical
fiber.

3.1 Temperature tuning of the Fabry-Perot etalon
The tuning of the center wavelength of the passband of the filter can be conveniently done
with temperature. It results from the fact that the refractive index of silicon exhibits a strong
temperature dependence at wavelengths near the absorption band edge of the material. A
change in the temperature will shift the absorption edge, which induces a variation in the
refractive index according to the Kramers-Kronig relations. Attempts to calculate the
magnitude of the temperature dependence of the refractive index of silicon have been made
[49]. However, the calculations have only explained the sign of the temperature coefficient
and given an order of magnitude of its value. The temperature coefficient of refractive index
of silicon has been measured to be ~1.5·10-4 1/K [46,49]. In addition to the change in the
refractive index, the changes in the temperature induce thermal expansion of the cavity.
However, this effect is smaller by two orders of magnitude since the thermal expansion
coefficient of silicon is 2.5·10-6 1/K. The shift of the center wavelength due to both of these
effects can be calculated from
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where ν0 is the center frequency, T∂∂ /η  is the temperature dependence of the refractive

index and β is the temperature expansion factor of the length of the cavity. For example, in
the 1550 nm region a shift of the center wavelength of dν0/dT=-8.8 GHz/K (70 pm/K) is
expected.

Tuning and sensing of the temperature of the etalon filter was realized with two thin-film
resistors integrated on its surface. One of the resistors is used to heat the chip. Heating is
realized simply by feeding current through the resistor. The other resistor can be used to
measure the changes of the temperature of the chip. The resistors are composed of
molybdenum films to achieve good thermal contact with the silicon wafer. The thickness of
the films is ~200 nm. The resistance values have slight variation among different filter chips,
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but values between 900 Ω and 1.7 kΩ for the sensing resistor and ~35 Ω for the heating
resistors have been measured. The resistors were deposited on the surface of the chip by
sputtering. A photograph of the filter chip showing the heating and sensing resistors is
displayed in Fig. 7a. Light passes through the filter at the center of the circular resistors. To
connect the filter as a part of a fiber optic system the chip mounted on a piece of a circuit
board and inserted in an air gap of a fiber-optic beam expander (Fig. 7b).

      

Figure 7. a) Photograph of the Fabry-Perot etalon based on silicon wafer [P4]. b) The etalon mounted
in an air gap of a fiber-optic beam expander.

The sensitivity of the temperature tuning was determined by feeding current through the chip
and measuring the temperature with a temperature sensor (LM45). The sensor was glued to
the surface of the chip in the vicinity of the temperature sensing molybdenum resistor. The
heating current was gradually tuned and the transmission of the filter was measured.  From
the transmission it was possible to calculate the sensitivity for the temperature tuning as ~11
GHz/K. This indicates a value of  ~1.85·10-4 1/K for the temperature coefficient. Which is
close to values measured for temperature tunable etalons by other research groups [42,121]
but different from the value measured with other techniques. The speed of the tuning of the
chip depends on the applied heating power, the size of the silicon chip and on the initial
temperature. In practice, all the filters have the same size of  ~ 6 mm × 8 mm × 380 µm. For
these chips, the speed of the heating was measured to be ~10 K/s (110 GHz/s). The
dependence of the heating speed on the chip size was simulated by using a finite element
method. A heating power of 100 mW was applied to the heating resistor and the temperature
was measured at the center of the resistor ring. The heating speed was 6.3 K/s (69 GHz/s) for
a chip having dimensions of 10 mm × 5 mm × 380 µm. The speed increased to 12.7 K/s (140
GHz/s) for a chip having dimensions of 5 mm × 5 mm × 380 µm [93].
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4 Frequency chirping of optical transmitters

Semiconductor lasers – also known as diode lasers - have many outstanding features over
other types of lasers. They are compact, efficient, and cost-effective. In addition, they exhibit
attractive tuning and modulation characteristics. Lasing in semiconductors was discovered in
1962 [50,51] and since then the development of these devices for various applications has
proceeded rapidly. The use of diode lasers in optical telecommunications took its pace after
the development of low-loss optical fiber in the seventies [52] and with the introduction of
the erbium-doped fiber amplifier (EDFA) in 1980’s by the University of Southampton
[53,54]. After the invention of the EDFA, the development of laser transmitters for WDM
applications in the 1550 nm band exploded.

The modulation performance of a diode laser is characterized by parameters such as average
output power, wavelength and modulation bandwidth. Modulation of the intensity of light
causes changes in its optical frequency. These variations are commonly referred to as
frequency chirping. The frequency chirp characteristics can provide fundamental knowledge
about the operation of the laser under direct current modulation. The chirping characteristics
should be accurately modeled and measured for efficient modeling of the laser diode as a
transmitter in an optical transmission system. The operation of a diode laser under current
modulation can be described with the help of rate equations [55-58]. These equations
describe the evolution of a single lasing mode within the laser cavity. The rate equations
couple the changes in the concentration of electrons and photons in the active area of the
laser. Utilizing the rate equations, the frequency chirp can be related to the output power of
the laser diode. This relation can be written as [55,56,63]
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where α is the linewidth enhancement factor, P is the output power from the diode laser and
κ is an adiabatic chirp factor which depends on the laser parameters. The physical
implication of the linewidth enhancement factor is that it couples the changes in the real and
imaginary parts of the refractive index [59-61]. Frequency chirp can be divided into two
components, which are often referred to as adiabatic chirp and transient chirp [62,63]. The
adiabatic chirp causes the frequency of the laser to follow the waveform of the output power.
Adiabatic chirp induces an offset between the frequencies of the one and the zero states of
the laser transmitting on-off modulated signal. Transient chirp occurs during the fast
transitions of the output power. In other words, it is dominating during the transition from the
zero to the one state and during the transition back from the one state. It has been shown that
the transient chirping is more harmful in digital communication systems than adiabatic
chirping [62,63]. This is due to the fact, that transient chirping will broaden the pulses
whereas the adiabatic chirp tends to shift the pulses in time. Broadening of the pulses leads to
degradation of the signal.

The rate equations can be solved only numerically in a case of arbitrarily shaped modulation
currents. A number of commercial simulation tools for diode lasers are available. They
include models for various kinds of components, which are essential building blocks of
modern telecommunication systems. These simulators allow the operation of a complete
system to be numerically modeled and its performance to be optimized. During the course of
this thesis, the simulator program Gigabit Optical Link Designer (GOLD) was used [38]. It
can be configured to include a model for frequency chirp according to Eq. (20). When the
laser is modulated with a digital signal the modulation depth is characterized by the
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extinction ratio. It is the ratio of the average power in the state “1” and the state “0” of the
optical signal and is usually given in decibels [21]. Two simulated examples of the output
power and frequency chirp of a digitally modulated laser diode are presented in Fig. 8. In
Fig. 8a the laser diode is biased with a current of Ib=2.0Ith and the extinction ratio is set to
8.0 dB. The frequency chirp in this case is primarily adiabatic and it follows the output power
of the laser. In Fig. 8b the laser diode is biased with a same current but higher amplitude of
the modulation resulting in an extinction ratio of 10.0 dB. It can be observed that when the
extinction ratio of the transmitter is increased the transient chirp also increases.
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Figure 8. Output power and frequency chirp of the directly modulated diode laser with a) an
extinction ratio of 8.0 dB and b) an extinction ratio of 10.0 dB.

4.1 Measurement methods for the frequency chirp
The frequency of the optical radiation is so high that it cannot be measured directly. The
property of light that can be determined is its intensity. Therefore, methods to measure the
frequency of the light are often based on transforming the variations in the frequency in
fluctuations in the intensity. When an optical intensity modulated pulse containing several
frequency components is transmitted through a dispersive medium, the output pulse will be
distorted in time. This fact can be used to characterize the amount of frequency chirp of the
input pulse [64-68]. However, it cannot be used to resolve the frequency chirping as a
function of time. For this purpose several different techniques have been developed.

The conventional method of time-resolved chirp measurement involves detecting the time
trace of a repetitive light pulse transmitted through an optical filter with a tunable
transmission frequency. By tuning the filter over the whole spectrum of the optical signal a
frequency versus time map of the pulse can be generated [69-72]. If it suffices to be able to
characterize only the shift of the center-frequency of the pulse, various types of optical
frequency discriminators can be applied to convert frequency variations into intensity
changes. Several types of interferometers, such as a fiber-optic Mach-Zehnder interferometer
[73,74], a Michelson interferometer [75], a birefringent fiber interferometer [76] or a Fabry-
Perot interferometer [77,78] have successfully been used for this purpose. In general, the
utilization of a frequency discriminator is limited by the dispersion and the time delay inside
the component. Also the measurements of very short pulses are limited by the speed of the
electronics at the detection side. Therefore, the frequency discriminator can be only applied
to signals having a limited repetition frequency and sufficiently long pulse width.

Several techniques have been introduced to characterize the amplitude and frequency
characteristics of short pulses. One way is to apply a modulated Mach-Zehnder
interferometer as a frequency discriminator. By measuring the optical spectrum from the
output of the interferometer at several bias points along its sinusoidal transfer function, the
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time-resolved amplitude and phase information can be reconstructed by a recursive algorithm
[79,80]. However, this method applies only for periodical pulse trains with a high repetition
rate and the optical spectrum must be measured with a high resolution. Another well-
established measurement technique is the so-called frequency resolved optical gating
(FROG). It resembles an autocorrelation measurement but in addition to the information
about the intensity of the pulse, its frequency chirp can be obtained by filtering [81].
Measurement of frequency chirp employing the FROG technique requires the use of
sufficiently high optical power, since the operation of the device utilizes second harmonic
generation in a nonlinear crystal.

The use of a frequency discriminator offers a straightforward way to measure frequency
chirp of various signals without limitations of their periodicity or shape. This permits effects
depending on a specific pattern of bits to be explored. The principle of the measurement of
frequency variations with an optical filter applied as a frequency discriminator is illustrated
in Fig. 9. The signal exhibiting frequency modulation passes through the discriminator,
which is biased to either slope of the transfer function. The variation in the frequency induces
a change in the transmission of light through the device, which can be observed as a variation
in the intensity. When the slope of the discriminator is known the frequency modulation of
the signal can be calculated from the measured intensity variation.
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Figure 9. Operation principle of an optical filter used as the frequency discriminator.

4.2 Silicon wafer etalon as a frequency discriminator
In this thesis, a chirp analyzer is developed utilizing a tunable Fabry-Perot etalon as the
frequency discriminator. A temperature-tunable solid etalon made from silicon provides
stability against mechanical vibrations and variations in the ambient temperature. We applied
two etalons with different thickness of the cavity. The etalon used in the first prototype of the
chirp analyzer was fabricated from a silicon wafer with a thickness of ~500 µm [P3]. The
thickness of second etalon was ~650 µm [P4]. The reflective mirrors are provided simply by
the polished silicon surface without coating. The etalon was inserted in the air-gap of a fiber-
optic beam expander. The transmission spectrum of the etalon was measured with
spontaneous emission noise from an EDFA and an optical spectrum analyzer. The
transmission spectrum of the second etalon is shown in Fig. 10. The transmission follows the
Airy function, which was fitted to the measured data for estimating the reflectivity R and the
FSR of the etalon. The reflectivity of the mirrors of R=0.28 and FSR=62 GHz were obtained
from this fit.
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Figure 10. Transmission spectrum of the Fabry-Perot etalon utilized as the frequency
discriminator. The operation points V+ and V- are selected for determination of the
frequency chirp. [P4]

The frequency chirp on the intensity-modulated signal can be calculated from the data
measured at both the positive V+ and the negative slope V- of the transmission fringe. The
operation point is selected from the middle of the fringe according to the relation
T0=(TMAX+TMIN)/2. The frequency chirp can then be calculated from [78]
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where FSR is the free spectral range of the etalon and R is the reflectivity of the mirrors and
T0 is the selected operation point of the etalon. This equation can be simplified if the
frequency chirp is small i.e. ∆ν<<FSR/2. The equation for the chirp can then be written as
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The frequency resolution and the temporal resolution of the etalon can be selected to
optimize the performance of the discriminator for the desired application. The trade-off
between the wavelength and time resolution can be expressed as a time-bandwidth product.
For Fabry-Perot etalons this product is approximately independent of the reflectivity and the
length of the cavity. It can be written as [71]

11.0
2ln

==∆∆
π

νt , (23)

where ∆τ and ∆ν are FWHM widths of the impulse response and the transmission fringe of
the etalon. This expression sets the transform limit of the Fabry-Perot etalons.

4.3 Real-time measurement of frequency chirp
Applying only one etalon does not allow for measuring frequency chirp of the optical
transmitter in real time. This due to the fact that if the parameters of the laser vary the
measurement device needs to be re-initialized. Moreover, since the measurements have to be
performed at both the negative and positive slopes of the filter transmission curve two
discriminators are required to perform the measurement. Real-time measurements have been
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conducted with a waveguide grating router (WGR), also known as an arrayed waveguide
grating (AWG) [82]. This filter separates the input light into separate channels. The shape of
the passband of the device is nearly Gaussian. When the wavelength of the signal is tuned
between adjacent channels the device provides frequency discrimination on both the positive
and negative slope simultaneously. When the signals from the two channels are measured, it
is possible to extract the frequency modulation of the original signal. However, this method
operates for a fixed wavelength at a time and tuning to another is relatively slow. To improve
the method of measuring the frequency chirp, we have developed a real-time method to
measure the frequency chirp of the transmitters. The method is based on using two similar
etalons. Their transmission is tuned in such a way that one of the etalons has its transmission
at the positive slope and the other has its transmission at the negative slope. The
measurement setup to realize such a configuration is displayed in Fig. 11. The advantages of
this system include real-time operation and the analyzer can measure frequency chirp even if
the operation conditions of the laser are changed. These variations can be the variation of the
wavelength, extinction ratio or average power of the signal. The system needs to be
calibrated for the difference in the length of the arms of the measurement system and for the
differences in the attenuation of the signals. The frequency response of the detectors should
be sufficiently similar.
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Figure 11. Setup for realization of real-time frequency chirp measurements
utilizing two temperature-controlled silicon etalons [P4].

4.4 Examples of frequency chirp of directly modulated lasers
The chirp analyzer proved to be a useful tool in characterization of the chirping of directly
modulated lasers. Measurements were primarily conducted for digitally modulated
transmitters applied for synchronous digital hierarchy (SDH) applications and common
antenna television (CATV) transmitters, which are modulated with an analog signal. The
frequency-chirping characteristic of directly modulated lasers can be estimated from the
output power by Eq. (20) [83]. It can be deduced that when the laser is biased well above the
threshold current and the modulation index (extinction ratio) is small then the transient chirp
will be small and the laser exhibits mainly adiabatic chirp. However, if the bias is reduced or
the modulation index is increased then transient chirp will be present and its effect will
dominate during fast changes of the signal waveform. An example of frequency chirp in
digitally modulated laser diodes is given in Fig. 12. The bit-rate is 2.5 Gbit/s. The
measurement was performed for two different extinction ratios. The effect of reducing the
bias can be observed as an increase of the transient chirp during the fast transitions of the
signal.
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Figure 12. a) Frequency chirp of a laser modulated with a digital signal (Lucent, output power
+1 dBm, extinction ratio 7 dB). b) Frequency chirp of a laser modulated with an analog signal
(Lucent, output power +1 dBm, extinction ratio 13 dB).

Measured waveforms and the corresponding frequency chirp of a CATV laser with analog
modulation is presented in Fig. 13. For sinusoidal signal the depth of modulation is often
expressed by the optical modulation index (OMI) defined as OMI=(Pmax-Pmin)/(2Pave), where
Pmax-Pmin is the peak-to-peak value of the signal power and Pave is the average power. Also
for sinusoidal modulation the change in the operation conditions of the laser has a significant
influence on the transient chirp. It can be pointed out that the transient chirp begins to display
severe relaxation oscillation even when no significant changes in the signal waveform can be
observed. This can be explained by the fact that frequency modulation increases near the
relaxation oscillation frequency more rapidly than intensity modulation [56].
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Figure 13. a) Frequency chirp of a laser modulated with an analog signal (Sumitomo,
Pave=+5dBm, 500 MHz, OMI 56%). b) Frequency chirp of a laser modulated with an analog
signal (Sumitomo, Pave =+5dBm, 500 MHz, OMI 90%) [84].

The effects of frequency chirp in the system are mainly related to the dispersion-induced
pulse broadening in the anomalous dispersion region of the standard single-mode fiber
[85,86]. The amount of frequency chirp in a laser can be affected by making a suitable
selection of the value for the extinction ratio. Extensive work carried out through simulations
and experiments have lead to the proposal that the extinction ratio should be within 7.8 dB –
9.4 dB for directly modulated transmitters [87]. Tolerance of the receiver against the
dispersion induced broadening of the signal pulses can be partly enhanced by increasing the
average power of the signal. The dispersion-induced penalty is defined as an increase in the
optical power at the receiver in order to achieve the same level of performance as without the
dispersive fiber. The dispersion penalty is increased and in a worst case, a bit-error-rate floor
is generated due to pattern dependent effects and chirp noise [88,89].
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In analog systems where diode lasers are employed as optical transmitters, the requirements
for the signal quality are extremely strict. In case of directly modulated lasers as the
transmitters, the transmission range is limited to about only 6 km due to dispersion of the
standard single-mode fiber [90,91]. However, directly modulated lasers can efficiently be
applied in distribution of digital television channels, which use quadrature amplitude
modulation [84].
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5 Spectral filtering

The transmission properties of directly modulated diode lasers can be improved if the
broadening of the optical spectrum induced by frequency chirp is suppressed. Filtering has
successfully been applied to extend the transmission distance in dispersive fibers and reduce
intersymbol interference. Different types of filters, such as Fabry-Perot interferometers have
been demonstrated to operate for such a purpose [92,93]. Also, fiber Bragg gratings and
filters based on the diffraction gratings have shown to be suitable [94-98]. Spectral filtering
has also been studied as a way to improve the properties of other semiconductor devices. One
example of such a device is a wavelength converter based on a semiconductor optical
amplifier. Filtering of the spectrum of the converted signal results in that the quality of the
intensity modulated signal is improved and the penalties are decreased.

5.1 Spectral filtering of directly modulated diode lasers
In the course of this thesis, an optical filter similar to the one applied in the measurement of
frequency chirp was further developed. This new filter has dielectric mirrors deposited on the
surfaces of the silicon wafer to increase the reflectivity. The thin-films for the mirrors were
formed with plasma-enhanced chemical vapor deposition (PECVD). This technique is well
suited for thin-film deposition of materials such as SiN, SiO2 and SiON. The mirrors were
fabricated from a stack of three layer pair of SiO2 and Si3N4 having a thickness of a quarter
of a wavelength.
The construction and the physical dimensions of the filter are displayed in Fig. 14a. The
reflectivity of the mirrors and the FSR was determined by fitting an Airy function to the
measured transmission spectrum of the filter. The reflection obtained from the fit is R=0.66
and the FSR is 110 GHz at the wavelength of 1550 nm [P6] (see Fig. 14b). The measured
FSR indicates the thickness of the cavity to be ~380 µm.
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Figure 14. a) Construction of the temperature-tunable Fabry-Perot etalon. b) Measured
transmission spectrum (open circles) and the fitted Airy-function (solid line).

The experimental setup for testing the operation of the filtering in a point-to-point link is
shown in Fig. 15a. The laser transmitter was modulated with a bit-rate of 2.5 Gbit/s using
pseudo-random-binary sequence having a word length of 231-1. The filter was placed after
the transmitter and its operation point was tuned to several values. The total length of the
fiber link was 350 km and three EDFAs were used to amplify the signal. The bit-error-rate

a) b)
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(BER) was measured after the link for different receiver powers. The measured BER curves
are shown in Fig. 15b. The reference receiver sensitivity without the amplifiers and the fiber
is given by back-to-back measurement (B-to-B). Dispersion penalty is the increase in the
power required to achieve an adequate BER of 10-9. When filtering was applied, the receiver
sensitivity could be improved by 1.5 dB when the operation point was set at the slope of the
filter [P6].
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Figure 15. a) Experimental setup for testing spectral filtering. b) Results of BER
measurements for different operation points of the filter.

When the signal having adiabatic frequency chirp passes through the slope of the filter the
extinction ratio of the signal will be increased. The increased extinction ratio indicates
directly an improvement in the BER performance. On the other hand, the extinction ratio can
be tuned to a smaller value already at the transmitter, which causes less chirping. After the
filter, the extinction ratio will be improved to an acceptable level. In the case of adiabatic
chirp, the optimum operation-point along the filter transmission is where the slope is
steepest. In the case of transient chirping the optimum operation-point is at the peak of the
transmission curve of the filter. In our experiments, we used a relatively low speed of
modulation. With this speed we did not observe significant changes in the frequency chirp of
the signal after the spectral filtering. This was observed by both simulations and experimental
measurements [93].

5.2 Gain-switching of laser diodes
Short optical pulses have several applications in the field of optical measurements and optical
communications. Short pulses can be generated, for example, by using mode-locked laser
diodes, mode-locked fiber lasers and gain-switched laser diodes. Mode locking of fiber lasers
can be accomplished with either active or passive mode-locking techniques. By using passive
mode-locking schemes, very short pulse widths of 100 fs can be readily achieved [99,100].
However, the repetition rate of the passively mode locked laser are often not very high which
limits their usability in optical telecommunication applications. To overcome this limitation,
actively mode-locked fiber lasers are applied. The repetition rate of an actively mode-locked
fiber laser can be very high, typically repetition rates of 10-40 GHz can be achieved
[101,102].

a)

b)
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The use of fiber lasers for generating short pulses is an efficient way but it is also expensive
and very sensitive to environmental fluctuations. Another way of generating short pulses is
gain-switching of the diode lasers. This method can be applied to generate stable pulse-trains
with a simple configuration [103-108]. The widths of the pulses can be on the order of a few
picoseconds. Basically, gain switching is simply another form of direct modulation of the
diode lasers. Possibility to generate pulses, which are shorter than the elecrical pulses driving
the diode laser was realized when the relaxation oscillation of the lasers was observed. The
basic idea of gain switching is to excite the first relaxation oscillation peak and then cut of
the electrical current before the second oscillation peak appears. When the gain is suppressed
below the lasing threshold by cutting out the injection current the relaxation peaks following
the first one are eliminated resulting in a generation of a single short pulse. The mechanism
for the generation of gain switched pulses is illustrated in Fig. 16a. In this example the laser
diode is biased below the threshold current and modulated with a sinusoidal current having a
high amplitude [104,105]. The sinusoidal current IMOD starts to generate carriers N inside the
active region of the cavity. When the number of carriers increases above the threshold Nth for
laser operation the photon population starts to increase rapidly and optical power is generated
in a form of the first peak of the relaxation oscillation. The generation of photons consumes
the electron population fast and this effect is enhanced since the sinusoidal current
modulation starts to decrease and the number of carriers gets fast below the threshold of the
laser operation. This way the second and all of the subsequent relaxation oscillation peaks are
suppressed and the output power from the laser consists of narrow pulses with repetition rate
equal to the frequency of the sinusoidal modulation of the injection current. If the bias
current is increased, the top of the sinusoidal current will be at such a high level that the
second relaxation oscillation period begins to be visible. This situation is illustrated in Fig.
16b.
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Figure 16. a) Principle of operation of pulse generation by using gain-switching of a diode laser. b)
Pulse formation with higher bias current.

The electrical pulse waveform does not need to be sinusoidal but almost any pulse waveform
can be used [107,108]. The setup for generation and analysis of the gain switched pulses is
displayed in Fig. 17. The optical spectrum of the pulses can be measured with an optical
spectrum analyzer and the shape of the pulses can be investigated with a fast photodetector
and a digital sampling oscilloscope. The temporal resolution of the measurement setup is
limited by the bandwidth of the detector and the oscilloscope. The resolution of the
measurement device can be approximated with a rise-time of the signal. The rise-time τr of a
device having a bandwidth of B (GHz) can be approximated from the relation, τr=350 ps/B.
Therefore the measurement of the pulsewidth of the system system having a electrical
bandwidth of B=40 GHz is limited to 17.5 ps.  If pulses are shorter, their width can not be
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measured by electrical means. A more accurate method with a much higher resolution is an
autocorrelator, which can be used to measure pulsewidth down to a few femtoseconds.
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Figure 17. Setup for generation and characterization of gain-switched pulses.

One of the most important applications of short pulses is the generation of optical solitons for
long-haul communication systems. Solitons are pulses, which propagate in an anomalous
dispersion region of optical fiber without changing their shape. This is possible due to the
interplay between the dispersion and optical nonlinearities [109]. The formation of solitons
inside the optical fiber requires that the launched pulses are nearly transform limited. The
transform limit indicates that the spectrum of the pulses is directly given by the Fourier
transform of its intensity. However, the gain-switched pulses have a large frequency chirp
which is characteristic to direct modulation of the laser diode. As a consequence of the
chirping the optical spectrum broadens above the transform limit. If the shape of the output
pulse is Gaussian and the chirp is mainly transient chirp, it can be shown from the Eq. (20)
that the pulses exhibit linear negative chirp. The frequency is higher at the leading edge of
the pulse than at the trailing edge. This type of linear frequency chirp can be compensated by
launching the pulses into the optical fiber having normal dispersion [109,110]. Normal
dispersion induces frequency chirp which is opposite in sign to that of the initial pulse
leading the pulse properties close to the transform limit.

5.3 Spectral filtering of gain-switched pulses
Spectral filtering can be applied also to modify the spectral properties of the pulses produced
by gain switching of diode lasers. Gain switching produces short pulses, which have large
frequency chirp. In order to apply these pulses in optical communication systems or in
optical measurements, it is desirable that the pulses are transform limited. Transform limit
indicates that the spectrum of the signal is directly obtained from the Fourier transform of the
signal waveform. In other words, this means that the signal does not have frequency chirp.
To produce transform-limited pulses from gain-switched lasers, the signal spectrum can be
filtered to suppress the frequency variation. There exist mainly two methods to obtain
transform-limited pulses from the chirped gain-switched pulses. One way is to use a
narrowband optical filter to suppress the spectrum of the signal [111-113]. Another approach
is to employ an optical fiber with normal dispersion to induce linear chirp, which is opposite
to that of the original pulse [109,114-116]. Besides these basic methods some advanced pulse
compression methods can be used to compress the width of the pulses [117].

The basic effects of optical filtering on the chirping characteristics of the gain-switched
pulses can be modeled by considering simplified Gaussian pulse shape and linear frequency
chirp. An example of filtering can be illustrated by making a numerical model using
Gaussian pulses [P5]. The full-width-at-half-maximum (FWHM) width of the pulses in this
example was set to τ0=39 ps. The pulses were transmitted through an optical Fabry-Perot
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etalon filter, which was modeled in the time domain by its impulse response. The output field
can be presented as [P5]
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where ω0 is the center angular frequency of the filter T0 is 1/e-width of the Gaussian pulse
and C is the linear chirp rate. The reflectivity R is 0.66 and the FSR is 110 GHz
corresponding the values of our etalon. The results for the linearly chirped pulse having a
chirp rate of C=-750 MHz/ps transversing the etalon at three different settings of the center
frequency of the etalon filter are shown in Fig. 18. The center frequency of the passband of
the filter was set to values the 0 GHz, -30 GHz and 30 GHz. This clearly illustrates the
effects of the center frequency of the filter on the temporal shape of the pulses. The original
pulse with a perfectly linear frequency chirp is displayed in Fig. 18a. The chirp in the filtered
signal is changing due to the optical filtering as can be observed in Figs. 18b, 18c and 18d.
When the center wavelength of the filter was tuned to –30 GHz position, where the pulse is
broadened to its maximum value, the chirp remains first almost unchanged until its value
starts to decrease towards the trailing edge of the pulse. When the filter is tuned to the center
position (0 GHz) the chirp within the duration of the pulse is reduced. When the filter was
tuned to produce a compressed pulse (30 GHz) that has secondary peaks, the frequency chirp
exhibits very large peaks that are located at the minimum points between the secondary peaks
in the pulse profile.
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Figure 18. Pulse waveforms (dotted lines) and the corresponding frequency chirps (solid lines) of the
filtered signal.

The broadening and compression of the pulses displayed in Figs. 18b and 18d can also partly
be explained by the dispersion of the etalon cavity. Since the chirp during the pulse is
negative, the pulse will be broadened due to anomalous dispersion. When the center
frequency of the filter was tuned to a position of –30 GHz, the spectrum of the pulse will
experience normal dispersion and its width will broaden (Fig. 18b). Whereas a tuning in the
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opposite direction will lead to a compression of the width of the pulse as can be observed
from Fig. 18d. These changes in the shape of the pulses were experimentally observed by
filtering the pulses generated with a DFB-laser diode [P5].
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6 Wavelength monitoring
Measurement and control of the wavelength of optical transmitters are important issues for
maintaining the reliability of optical networks. Optical monitoring of the wavelength can be
accomplished with wavemeters or optical spectrum analyzers. However, these devices are
expensive and bulky for active use of monitoring the transmitter wavelengths. Currently
employed ways to implement a low-cost system include both fixed and tunable filters [118-
120]. In the course of this thesis, schemes to actively monitor the wavelengths of a single
transmitter or a number of WDM channels simultaneously were investigated utilizing the
temperature-tunable Fabry-Perot filter described in the previous sections.

6.1 Monitoring of a single wavelength
The temperature-sensing resistor integrated on the surface of the filter allows a convenient
means to monitor changes in its temperature. The laser wavelength was locked to the slope of
the filter by keeping the transmission of the laser light at a constant operation point. Changes
in the temperature of the filter chip can then be directly related to the changes in the
wavelength of the transmitter. The experimental setup for locking the transmission of the
filter is depicted in Fig. 19a. In this scheme, the light from the source passes through the filter
and a small portion of the signal power was coupled out before and after it. By providing a
feedback loop to maintain the ratio of these powers constant, the changes in the wavelength
of the transmitter can be monitored in real time. The changes in the wavelength of the
transmitter can be deduced from the changes of the resistance of the temperature-sensing
resistor. For accurate characterization, the sensor resistance versus wavelength curve needs to
be calibrated. The calibration was performed by feeding light from a wavelength tunable
laser through the filter and by measuring the accurate wavelength of the laser with a
wavemeter. The measured change of the sensor resistance as a function of the wavelength of
a tunable laser while the operation point was locked to the slope of the transmission is
displayed in Fig. 19b. The sensitivity of the resistance to the wavelength change was
obtained by fitting a line to the measured data. The relation was found to be linear with a
sensitivity of 37 ohm/nm and the standard deviation of the fit was ~2 pm. This monitoring
scheme should be very convenient to use for single-channel transmitters if the etalon is
inserted inside the package of the laser transmitter.
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6.2 Monitoring of multiple wavelengths
Monitoring of multiple channels has been demonstrated by applying a Fabry-Perot etalon and
pilot tones to identify each of the channels in the WDM-network [121,122]. The slope
between the channels in an AWG has also been used to monitor the changes in the
wavelengths of multiple signals [123]. Recently, we proposed a scheme for monitoring the
wavelengths of a WDM-system using one single Fabry-Perot etalon [124].

The transmission spectrum of the Fabry-Perot etalon was first stabilized by locking one of its
transmission fringes to a laser stabilized to an absorption line of acetylene to provide an
accurate wavelength reference. The DWDM-wavelengths were sent through the filter and a
small portion of power was tapped off before and after it. The output light from the
acetylene-stabilized reference laser was transmitted within one of the channels in an 8-
channel DWDM-system. The tapped off wavelengths were divided by using multiplexers
(MUXs) and the stabilized laser locked the etalon filter by tuning its temperature to maintain
the transmission constant within the reference channel. The setup for filter locking and
wavelength monitoring is given in Fig. 20a. The wavelength shifts were traced by detecting
changes in the transmission of the laser within the channel to be monitored. The monitoring
was realized with a data acquisition card (DAQ) connected to a computer. When the
wavelength of the laser in the monitored channel shifts, the changes in its transmission can be
directly used to estimate the shift simply by comparing it to the calculated transmission
spectrum of the filter. The spectrum of the filter while it was locked to the acetylene-
stabilized laser at a wavelength of 1546.174 nm was measured using a broadband source and
an optical spectrum analyzer. The measured transmission spectrum of the etalon and two of
the WDM-channels are displayed in Fig. 20b. The wavelength of the laser within the
monitored channel was swept and its transmission along the sweep is displayed in Fig. 20b
with dots. The FSR of our etalon is 110 GHz so it does not exactly correspond to the 200
GHz spacing of the WDM channels. Nevertheless, the concept was successfully
demonstrated and wavelength shifts of about 1 pm could be detected.
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7 Wavelength reference

Accurate knowledge of the wavelength of an optical source is important in calibration of
measurement devices such as optical spectrum analyzers and wavemeters. Calibration
services of these devices are offered nationally by certified calibration laboratories which
maintain the reference for the optical wavelength scale. A need for a reference artifact for
wavelength calibrations and monitoring has been recognized by ITU [125]. Their
recommendation summarizes some of the possible applications of the reference artifact as:

1) Calibration of WDM test equipment
2) Providing a frequency reference for fabrication and calibration of WDM devices
3) Directly providing a reference frequency to multichannel systems
4) Controlling and/or maintaining optical-source frequencies.

During recent years, several devices and materials to realize an accurate wavelength
reference have been proposed. However, no detailed proposal on how to realize such an
artifact has been yet given by any standardization organizations. Currently, there are two
ongoing projects with the objective to develop a reference artifact for practical calibration
and wavelength monitoring applications over a wide wavelength range. One of these entitled
Certified Reference Materials is funded by the European Union [126] and the other entitled
Optical Communication Wavelength References by the Nordic Industrial Fund, in which the
Fiber-Optics Group of HUT is one of the three participants. Presently, a relative accuracy of
10-6 of the reference is sufficient for calibration of most wavemeters and optical spectrum
analyzers. The accuracy needed in laboratory references for metrological applications is of
the order of 10-12. In this thesis, we propose and demonstrate a simple wavelength reference
artifact with an adequate accuracy for calibration and monitoring of field instruments.

7.1 Interferometers as relative wavelength references
Stable optical resonators such as Fabry-Perot interferometers are widely used as relative
wavelength and frequency references. A Fabry-Perot interferometer has a large number of
identical equidistant resonance peaks. An interferometer can be designed to provide desired
properties as a function of wavelength if it is carefully constructed and stabilized against
environmental variations. Devices utilized as wavelength references for WDM systems
include Michelson interferometers [127] and Fabry-Perot interferometers [128-132].
Recently, also fiber Bragg gratings (FBGs) have successfully been employed. A FBG has
one or several reflection bandwidths, which can be applied for referencing purposes when the
grating is temperature stabilized. Wavelength reference artifacts based on the use of several
FBGs have recently become commercially available [133].

7.2 Absorption lines as absolute wavelength references
Molecular and atomic absorption lines offer the prospect of portable absolute frequency
references. The uncertainties in the wavelengths of these lines are as low as 10-7 to 10-8 for
Doppler-broadened lines and even smaller for Doppler-free lines. For telecommunication
wavelengths, acetylene, cyanide, methane, carbon monoxide, iodine and water have suitable
molecular reference lines [134,135]. The linewidth of Doppler-broadened absorption lines is
typically on the order of 2 GHz. It is limited by various broadening mechanisms [136,137].
The accuracy of the wavelength stabilization can be increased by using low gas pressure and
stable temperature. Variations in the gas pressure induce both broadening and shift of the
absorption line. By locking the laser frequency to a Doppler-broadened absorption line an
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accuracy of ~10 MHz at a wavelength range of 1550 nm and a long-term frequency stability
of better than 10-8 can be achieved [138].

The accuracy and stability can be improved by typically two orders of magnitude by applying
saturated absorption techniques [139,140]. The most accurate references for optical
telecommunication applications have been realized by locking the wavelength of a narrow
linewidth laser to a two-photon absorption of rubidium at a wavelength of 778 nm [138,141].
The accuracy with this technique is ~10 kHz and the relative frequency stability is ~10-12.
However, this approach is presently only suitable for the realization of an absolute reference
for laboratory use.

Acetylene and cyanide are suitable reference gases in the 1550 nm region, whereas methane
can be utilized in 1310 nm region. The wavelength range in which the absorption lines are
strong covers 1515 nm to 1540 nm for acetylene 12C2H2 and approximately 1520 nm to 1555
mn for 13C2H2. The transmission spectrum of an absorption cell with 13C2H2 is shown in Fig.
21. It was measured by scanning the wavelength of a tunable laser over the spectrum and by
recording the intensity passing through the absorption cell. The double branch shape of the
two regions is characteristic to the absorption spectrum of several gases. These branches are
called R and P branch. Accurate wavelengths of the absorption lines have been obtained
through spectroscopic measurements [138].

Figure 21. Transmission spectrum of an absorption cell with 13C2H2. Lineshape of
P(14) line at a wavelength of 1541.167 nm is shown in the insert.

7.3 Fabry-Perot silicon etalon as a wavelength reference
The accuracy offered by molecular or atomic absorption lines is high. However, they do not
cover a wide wavelength range and they do not exactly match any of the center wavelengths
of the WDM channels.  On the other hand, the transmission properties of a Fabry-Perot
etalon can be tailored to provide a desired set of transmission fringes at accurate
wavelengths. Once the properties of the etalon, such as the FSR and its wavelength
dependence are known, the position of any of the fringes can be calculated. Each of these can
then be utilized as an accurate reference point for wavelength calibration or measurement.
Since the Fabry-Perot etalon is not an absolute reference, an accurate reference wavelength is
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often needed to lock its transmission spectrum. To avoid the use of an absolute reference
wavelength, we have investigated the feasibility of using our temperature-tunable Fabry-
Perot etalon as a wavelength reference.

Several factors affect the accuracy of a reference based on a solid state material. One of the
most important features is the wavelength dependence of the refractive index. This data for
silicon can be found from the literature (see Fig. 5b). The Fabry-Perot etalon can be
temperature stabilized to provide a set of transmission fringes. The position of these can be
calculated with high accuracy for referencing purposes. A change in the FSR of the etalon
with temperature can be calculated from the relation
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where dη/dT is the temperature coefficient of the refractive index and β the thermal
expansion coefficient of silicon. FSR0 is the free spectral range at a reference wavelength.
The effects of the wavelength on FSR are shown in Fig. 22 for a value of 110 GHz for FSR0.
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Figure 22. Wavelength dependence of the FSR due to material dispersion.

The mirrors of the etalon were constructed from dielectric layers, which results in a variation
of the FSR of the etalon with wavelength. The wavelength-dependent penetration-depth of
light to the mirror structure depends on the number of layers and the refractive indices of the
mirror materials. The dielectric mirrors may also limit the usable wavelength range of the
reference since their reflectivity varies as a function of the wavelength. An analytical
calculation of the reflectivity of multi-layer structures at an arbitrary wavelength is not an
easy task. Therefore, numerical techniques typically based on a transmission matrix method
are often applied to determine the transmission and reflection properties of the thin-film
mirror structures [34]. The basic structure of thin-film mirrors deposited on a silicon
substrate can be expressed as (S [L H]N Air), where S denotes silicon substrate, L denotes the
low-index material (SiO2, η=1.47) and H is the high-index material (SiN η=2.1). The number
of low and high index layer-pairs is N. The calculated reflectivity of a quarter-wavelength
mirror having from 2 to 5 layer-pairs is shown in Fig. 23a. The center wavelength for the
mirror reflectivity is set to 1550 nm. The figure illustrates a trade-off between the reflectivity
and bandwidth of the mirrors. To be able to use highly reflective 5-layer mirrors in a etalon
based wavelength reference over the wavelength range from 1310 nm to 1625 nm the center
wavelength needs to be shifted from 1550 nm to lower values. The effect of changes in the
reflectivity of the mirrors on the transmission spectrum is displayed in Fig. 23b. In this
example the center wavelength for the mirror reflectivity is set to 1390 nm.
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Figure 23. a) Reflectivity of quarter-wavelength mirrors for several numbers of layers. b)
Transmission spectrum of the etalon having mirrors with N=3 layer pairs. The insert
shows the transmission spectrum over a wavelength range of 1300-1600 nm.

The constructed prototype of the wavelength reference is an enclosure with a size of 15x10x5
cm connected to a computer via its parallel port. It comprises the etalon inserted in an air gap
formed between two fiber-optic collimators, and the electronics needed to temperature
stabilize and tune the etalon. The parameters of the wavelength reference can be tuned and
monitored with a computer program designed to perform the calculations and to offer an
easy-to-use user interface.

We measured the transmission spectrum of the Fabry-Perot silicon etalon described in
section 6 over 120 transmission fringes (see Fig. 24). The etalon has 3-layer mirrors. The
sharpness of the transmission fringes is characterized by the visibility, which is the ratio
between the peak transmission of the etalon and the bottom value in the transmission
spectrum. It is seen from Fig. 24 that the visibility of the fringes is largest at wavelengths
below 1500 nm and it begins to decrease towards higher wavelengths. This indicates that the
thickness of the mirror layers of this etalon is not optimized for the use at wavelengths
around 1550 nm. The degradation in the visibility leads to broadening of the transmission
fringes, which results in a reduction in the accuracy of the wavelength reference.
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Figure 24. Measured transmission spectrum of the Fabry-Perot
silicon etalon utilized as a wavelength reference.
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7.4 Calibration and accuracy of the wavelength reference
The calibration scheme for the etalon includes an initialization in which the relation of all the
important parameters is measured once. The reference can then be used without continuous
comparison to any external reference. The temperature of the chip can be tuned and
monitored with the thin-film resistors and the FSR and the position of the transmission
fringes can be calculated once the relation between the resistance and the refractive index is
calibrated. To measure the accuracy of the etalon-based wavelength reference, one of the
transmission fringes is first tuned to the selected wavelength. The position of all of the other
transmission peaks are then calculated by applying the information on the temperature of the
chip and the wavelength dependence of the refractive index. To estimate the accuracy and the
stability of the wavelength reference, beat measurements between a laser stabilized to the
peak of a transmission fringe and an acetylene-stabilized laser were performed. The
wavelength of a tunable laser (Photonetics Tunics-PRI) was stabilized to the peak of a
transmission fringe utilizing lock-in technique as illustrated in Fig. 25 [5]. The laser
frequency is sinusoidally modulated and the transmitted intensity through the wavelength
reference is detected in phase with the modulation by using a lock-in amplifier. The output of
the amplifier is proportional to the first derivative of the transmission signal. The signal
crossing serves as the lock point.

F-P FILTER

TUNABLE
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+ LOCK-IN
AMPLIFIER

WAVEMETER

PI

FILTER TRANSMISSION

LOCKING POINT

TEMPERATURE
CONTROLLER

LASER
OUTPUT

φ
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Figure 25. A setup for locking the wavelength of a laser to a wavelength reference.

The reference laser was also a tunable laser, which in a similar way was locked to an
absorption line of acetylene. The center frequency of the transmission fringe of the etalon
was first tuned to a selected frequency close to an absorption line of acetylene. The tuning
was accomplished utilizing the numerical model for the refractive index and its temperature
dependence. The selected frequency was offset by 700 MHz with respect to the exact value
of the absorption line. Any deviation from this nominal value presents an error in the
wavelength of the transmission fringe. The accuracy of the wavelength reference was
measured against 54 absorption lines in the wavelength region from 1522 nm to 1552 nm.
The deviation of the beat signal from its nominal value of 700 MHz for each of the
wavelength values is presented in Fig. 26. The deviation is within the range of ± 1 pm (125
MHz) over the whole wavelength range. This accuracy is sufficient for performing the
calibrations of the wavelength scale of optical instruments over a wide wavelength range.



36

1520 1525 1530 1535 1540 1545 1550 1555

-200

-150

-100

-50

0

50

100

150

200

±1 pm  

B
ea

t d
ev

ia
tio

n 
[M

H
z]

Wavelength [nm]

Figure 26. Deviation of the beat signal between the acetylene-stabilized
reference laser and the laser locked to the etalon-based wavelength reference.
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8 Summary
Measurement techniques for characterization of various parameters of the key components in
modern fiber-optic networks have been investigated. For these purposes, novel filter
structures based on temperature-tunable Fabry-Perot etalons were developed. The etalons
were fabricated at the Technical Research Center of Finland (Microelectronics) and their
cavity material is silicon, which allows for a convenient temperature tuning. Tuning of the
temperature was realized with thin-film resistors integrated on the surface of the silicon chip.
The main applications of these filters include spectral filtering and wavelength monitoring of
optical transmitters and realization of a wavelength reference artifact with an adequate
accuracy. Moreover, a novel method for improving the measurement accuracy of the phase-
shift method commonly used to determine the dispersion of optical components was
developed.

As the bit-rates increase, the influence of dispersion of the optical components such as
optical fibers and optical filters becomes more important. It has been pointed out that the
results obtained with the conventional phase-shift method might be inaccurate if the group
delay of the components fluctuates as a function of wavelength. Such a fluctuation is present
for instance in a dispersion-compensating fiber Bragg grating. In this thesis, the performance
of the phase-shift method in measuring the group delay ripple was investigated. An
instrument function of the operation of the phase-shift method at high modulation
frequencies was derived. It was successfully utilized for investigation of the accuracy of the
measurement result. By analyzing sinusoidal group delay ripple it was found out that if the
applied modulation frequency is more than 1/3 of the period of the ripple, the error in the
measured amplitude of the ripple is more than 50 %. Subsequently, a new method to
reconstruct the original group delay of the component utilizing the instrument function was
developed. Reconstruction of the group-delay was conducted on a dispersion-compensating
grating. The new method provides a simple means to improve the accuracy by post-
processing the data without any modifications to the measurement setup.

A new device for automated measurements of time-resolved frequency chirp of directly
modulated diode lasers was developed. It makes use of a novel temperature-tunable filter as a
frequency discriminator. Temperature tuning was realized with two thin-film resistors
integrated on the surface of the chip. The chirp analyzer provides an easy solution for
analyzing the frequency chirp of the optical transmitters up to the bit-rate of ~10 Gbit/s. The
chirp analyzer was further developed to enable measurements of frequency chirp in real time.
The real-time chirp analyzer allows for monitoring the frequency chirp as the parameter
values such as the bias current or extinction ratio of the laser diode are changed. The time-
resolved chirp measurements give fundamental knowledge of the operation of the laser as an
optical transmitter. This information about the adiabatic and transient chirp is essential in
construction of accurate models used for simulation of the optical transmission systems.
Moreover, the analysis of the chirping characteristics can serve as a fast test of the operation
of the laser diodes instead of time-consuming bit-error ratio measurements.

Another filter was developed which has high-reflectivity dielectric mirrors on both side of
the chip. It was applied in spectral filtering and wavelength monitoring of optical
transmitters. The heating and temperature sensing resistors were used to both tune and detect
the position of a selected transmission fringe in wavelength. When the transmission of the
filter was locked to the slope of the transmission fringe, the variation in the wavelength of the
transmitter was monitored by detecting the changes in the resistance of the temperature-
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sensing resistor. It was also observed that the extinction ratio of directly modulated
transmitters can be increased and their long-haul performance improved. Furthermore, it was
confirmed that directly modulated transmitters could be used in long-haul applications with
fiber lengths as long as 350 km without any dispersion compensation. This means that by
placing this filter inside the laser package both wavelength monitoring and spectral filtering
to improve the transmission properties of a directly modulated laser can be performed
simultaneously.

The filter was also successfully utilized to reduce the frequency chirp of pulses generated by
gain-switching of DFB-lasers. Reduction of the spectral width leads to almost transform
limited pulses. However, a series of secondary oscillations were observed after the main
pulse when the filter was tuned to induce maximum compression of the width of the pulse.
The secondary oscillation could lead to intersymbol interference in optical communications
applications.

Moreover, the temperature-tunable Fabry-Perot etalon was employed in realization of a first
prototype of a compact and cost-effective wavelength reference. The temperature of the
silicon chip was stabilized by utilizing the integrated temperature-sensing resistor in an
electronic feedback loop. The Fabry-Perot etalon provides periodic transmission fringes each
of which can be used as an accurate wavelength reference provided that the parameters such
as the refractive index, the length of the cavity and the temperature coefficient of the
refractive index are known. These parameters were accurately determined and a performance
adequate for field calibrations was achieved.

In conclusion, measurement methods and applications of a novel temperature tunable optical
filter were investigated and several device concepts were successfully demonstrated. The
future work with the tunable filter includes fabricating filters with small size to enhance the
speed of tuning and packaging of the filter to allow for compact device implementation. The
aging effects of the thin-film resistors and the polarization effects induced by the mirror
structures should be studied in detail to increase the accuracy of the applications involved
with wavelength monitoring.
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