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Abstract

Integrated acoustooptically tunable lasers are developed and investigated. They are
fabricated in an Erbium-diffusion-doped Lithium Niobate substrate and have Titanium-
diffused optical channel waveguides. The key element of these lasers is an acoustoop-
tical (AQO) filter which is monolithically integrated inside the laser cavity and used
as wavelength selective element. The laser resonator is formed by dielectric mirrors
deposited directly on the polished waveguide end faces. The filter consists of two
waveguide polarization splitters and an AO polarization converter with a tapered
acoustical directional coupler in between. It consists of acoustical waveguides with
undoped Lithium Niobate core; their claddings are defined by thick Titanium indif-
fusion. Interdigital transducers are used to excite the surface acoustic wave (SAW).
Through the AO interaction SAW induces a polarization conversion of a selected
optical wavelength which is then separated by the polarization splitter. Also this
conversion process is accompanied by a frequency shift of the converted wave by the
frequency of the driving SAW. So a second AO polarization converter is used inside
the cavity to compensate this frequency shift. Thus the feedback condition of conven-
tional laser operation is satisfied where resonances build up at fixed frequencies (cavity
modes). Without this compensator the oscillating optical wave is frequency shifted in
each round trip which results in a much broader spectral emission. These two types
of lasers are investigated: one is a more conventional Frequency Shift Compensated
(FSC) laser and the other is a Frequency Shifted Feedback (FSF) laser. The design,
operation and output characteristics of these lasers are presented.

The lasers are optically pumped by a fiber-coupled, Bragg-grating stabilized laser-
diode of 1480 nm wavelength. The emission wavelength and the tuning range are
identical for both integrated lasers: from 1530nm to 1577nm. The tuning slope is
—8.2nm/MHz. To get lasing at 1560 nm wavelength, a SAW frequency of 170.70 MHz
is to be adjusted. In the FSC mode of operation, single mode laser emission is achieved
with a measured linewidth of smaller than 12 pm. More than 0.5 mW of laser output
power (TE polarized) is obtained in the wavelength range around 1560 nm at a pump
power level of 130mW (TM polarized). The spectral properties of the integrated
FSF laser are completely different in comparison with those of the integrated FSC
laser. At 1560nm wavelength a linewidth of 180 pm is observed at a pump power
level of 95mW (both pump and laser emission are TM polarized). This linewidth
depends mainly on the net round trip gain inside the cavity. Unique features of this
emission are demonstrated when investigated in an interferometric setup. In steady
state operation, the FSF laser output consists of a comb of chirped (at the rate of
2.43 x 1017 Hz/s) frequency components with a regular spacing equal to the cavity free
spectral range (of 711 MHz corresponding to a waveguide cavity of length 94.2 mm);
they are strongly correlated in phase. These properties allow to apply the FSF laser
for optical frequency domain ranging (OFDR). Details of this measurement technique
are described with experimental results.
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Chapter 1

Introduction

1.1 Background

Integrated Optical Circuits/devices (IOC) are supposed to do for optics what inte-
grated circuits (IC) are doing for electronics [1]. Therefore, as optical sources, inte-
grated optical lasers are essential. Different types of integrated optical devices and
lasers with advanced properties have already been demonstrated in different mater-
ial systems such as III-V compounds, glass and Lithium Niobate (LiNbO3) with a
good potential for a variety of attractive applications. LiNbOj has a unique combi-
nation of excellent electrooptic, acoustooptic, nonlinear, and photorefractive proper-
ties for which it is well known as important substrate material for integrated optical
circuits [2-7]. The development of very low loss Titanium (Ti) in-diffused optical
waveguides and selective diffusion doping with various active dopants such as Erbium
(Er) allows to integrate both passive and active optical components monolithically.
Rare-earth doped optically pumped integrated laser devices in LiNbOj3 have already
been reported [8-16].

Particularly, Erbium diffusion doped Lithium Niobate (Er:LiNbOj) lasers attract
considerable interests for its emission wavelengths. If it is optically pumped at 1480 nm
wavelength, laser emission is possible within the wavelength range from 1530 nm to
1620 nm (the low attenuation range of an optical fiber). The active medium of this
laser can easily be fabricated in the surface layer of a LiNbOj3 substrate by in-diffusion
of a thin vacuum deposited Er layer [17]. Afterwards, a single mode channel waveguide
is defined by the standard indiffusion technique of Ti-stripes.

Recently, the development of a whole class of new lasers of higher functionality
have been demonstrated in Er:LiNbOj [18-21]. The simple Fabry-Perot laser with
continuous wave (cw) emission of high efficiency is fabricated by depositing multilayer
dielectric mirrors on the end faces of a Ti-doped Er-doped (Ti:Er:LiNbO3) waveguide
to form the laser cavity [22-24]. An intracavity phase or amplitude modulator is used
to obtain mode-locked operation to generate ultrashort pulses [25,26]. An amplitude
modulator inside the cavity is used to get Q-switching (short pulses of high power) [27].
One or both mirrors can be replaced by a Bragg grating to form a DBR (Distributed
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Bragg Reflector) or DFB (Distributed Feedback) cavity to obtain a very narrowband
(single frequency) laser emission at a fixed wavelength [28-30]. Such gratings are
etched into the surface of the waveguide amplifier or, alternatively, photorefractive
gratings are developed by holographic exposure of the substrate surface doped with
Iron or Copper [31-34].

By utilizing the wavelength selective property of acoustooptical (AO) interactions,
wavelength tunable integrated AO filters have been developed in LiNbOj3 for the wave-
length range around 1550 nm. They can be fabricated by integrating an AO polariza-
tion converter between two polarization splitters. [35-37]. The use of such filters have
already been demonstrated in optical communication systems consists with Wave-
length Division Multiplexing (WDM) [38,39]. Such a filter incorporated in a Fabry-
Perot cavity allows to develop an electronically tunable integrated laser with a wide
tuning range [40-42].

In the process of AO polarization conversion, the converted optical wave always
experiences a frequency shift by the amount of the driving frequency of the surface
acoustic wave (SAW) [43-45]. In the standard method for sustaining laser oscillation,
the oscillating optical wave inside the cavity is reproduced in amplitude and phase
after each round trip. Therefore, a second AO polarization converter is required inside
the cavity to compensate the frequency shift. Since almost all cw lasers are operated
in this manner, this can be termed as conventional, Frequency Shift Compensated
(FSC) laser operation. Without this frequency shift compensator inside the cavity,
the oscillating optical wave remains frequency shifted after each round trip and it leads
to another type of laser emission known as frequency shifted feedback laser [46].

Frequency Shifted Feedback (FSF) lasers have been investigated in bulk optics for
several years [47-71]; they proved to be unique sources for various applications which
are difficult to realize with conventional lasers [72-83]. In the bulk optics approach, an
acoustooptical modulator is placed inside the laser cavity and the fist-order deflected
light is allowed to feed back; it experiences a frequency shift by the amount of the
driving acoustic frequency. The spectrum of this FSF laser is drastically different from
that of a conventional FSC laser.

1.2 Motivation

Different types of lasers are in use for different applications in industry, environment,
medicine, communications, and in various fields of scientific research, etc.. Different
properties of the laser beam are important for those purposes. To meet all require-
ments, research is also growing rapidly with new materials and technologies to develop
laser sources with advanced features. The technology for integrated optical devices
is improving with similar pace to develop reliable, miniature and robust lasers with
relatively low cost. There is a high potential application of tunable integrated laser
also. As a single wavelength tunable laser can deliver many wavelengths in a range,
in most cases, it is preferable to use a tunable laser instead of a cascaded system of
number of fixed wavelength lasers. The economics of new optical networks requires a
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shift from current fixed dense wavelength division multiplexing (DWDM) to flexible
DWDM networks. These, in turn, require high-performance tunable optical devices
and modules that can be rapidly replaced and adapted. Tunable lasers expand the
flexibility in its broadest sense: inventory management, networking flexibility, and
feature flexibility. The wider the tuning range the more useful the laser is for the
applications. The tuning range is limited by the gain bandwidth product of the lasing
material if an appropriate tuning mechanism is applied. For efficient wide range tun-
ing, the best suitable two mechanisms are: tuning with a grating and tuning with an
acoustooptical (AO) tunable filter [84-87]. Tuning with an external grating is already
popular in many solid-state laser systems due to its very narrow linewidth selection;
however, it has the drawback to use slowly adjustable mechanics. AO tunable filters
can give wide wavelength tuning without any moving parts in the system. The tuning
mechanism is fast and even allows to address multiple wavelengths simultaneously.
Therefore, the best choice to achieve a wide tuning range in an integrated optical laser
is to use AO filter.

For many applications mode hop free continuous tuning over the wide wavelength
range is required. For this tuning, the longitudinal mode must be shifted at exactly the
same rate as the filter peak so that the same mode maintains its status as the lowest
loss mode and continues to oscillate. For conventional laser operation there are two
AO polarization mode converters inside the laser cavity driven by the same acoustic
frequency. By changing the relative phase between the two RF (Radio Frequency)-
signals together with the frequency in an appropriate manner, continuous mode-hop
free tuning should be possible.

Already bulk optical frequency shifted feedback (FSF) lasers have attracted much
interest to realize optical frequency domain ranging because of its frequency chirped
laser emission of high and linear chirp rate without any expensive high frequency
electronics. An integrated FSF laser should be even more useful in comparison with
the bulk optical device due to its expected stable operation and compact configuration.

This work is a part of the continuous effort to demonstrate different types of
integrated lasers on a Lithium Niobate substrate with added advanced features for a
variety of applications. It is based on the experiences acquired in the previous activities
to develop acoustooptically tunable wavelength filters with internal amplification [41]
and tunable integrated lasers [40].

A detailed description of design, development, operation and emission properties of
an acoustooptically tunable conventional FSC laser is presented in this thesis. Nearly
continuous tuning over the range from 1530 nm to 1577 nm with single mode emission
is observed. In addition, operation and output characteristics of the first integrated
tunable FSF laser are described [20,88-90]. As an attractive application of this laser
optical frequency domain ranging is demonstrated.
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1.3 Thesis Organisation

This thesis describes the design, fabrication and properties of two types of tunable
integrated laser: a conventional, frequency shift compensated (FSC) laser and a fre-
quency shifted feedback (FSF) laser. These two lasers are similar in structure but have
differences in operation and thereby, in the resultant spectral properties. The most
important characteristics (power characteristics, tunability and spectral characteris-
tics) have been experimentally investigated. Since the basic components of these two
lasers are the same, they are discussed in the beginning together with their properties.
Fabrication steps of the lasers are mentioned only once.

In Chapter 2, the basic components for the integrated tunable lasers and their
functionality are discussed individually. Experimental results of their performances
are given in each section. Those results represent the characteristics of the components
monolithically integrated on a substrate to form the laser.

The design, fabrication and operation of the tunable integrated FSC laser are
discussed in Chapter 3. The conditions for conventional laser operation are maintained
to yield a single mode laser output. The spectral characteristics are discussed.

In Chapter 4, the operation and output characterization of the tunable integrated
FSF laser are described.

As an interesting application, optical frequency domain ranging (OFDR) is demon-
strated in Chapter 5. It is shown that the spatial resolution is determined by the FSF
laser properties and that it is independent of the measurement range. A summary and
an outlook are presented in Chapter 6.



Chapter 2

Basic Components

2.1 Introduction

A waveguide laser in LiNbOj consists of an Er doped Ti-indiffused optical waveguide
amplifier with deposited end face mirrors. This is a Fabry-Perot cavity for ba-
sic laser operation. Without any wavelength selective element inside the cavity, the
emission wavelength of this laser depends on the spectral properties of the cavity, e.g.,
wavelength dependent mirror reflectivity, amplifier gain spectrum, and waveguide scat-
tering losses and therefore on the pump power level also [16, 22, 23].

The laser emission can be selected at the desired wavelength within the gain band-
width of the amplifier by integrating an acoustooptical (AO) tunable filter inside the
Fabry-Perot cavity. The architecture of such an integrated wavelength tunable laser
is shown in figure 2.1. It comprises of two Erbium doped optical waveguides as am-

acoustooptical At .
E polarization -J po?ﬁ'ﬁ::on optical  acoustical S
converter /p waveguide  gbsorber dl%'ﬁfé:lc
dielectric || | ; fl /
mirror \ LiNbO, % Er:LiNbO,
=) laser
pump o
Ti:Er:LiNbO | emission
AR i ]
coating — acougtooptlcal _,| interdigital frequency shlft
filter transducer “~ compensator ™

Figure 2.1: Schematic diagram of an acoustooptically tunable Ti:Er:LiNbO3 waveguide laser. The
basic components are Ti:Er:LiNbOj optical waveguide/amplifier, polarization splitters, acoustoopti-
cal polarization mode converter/filter /frequency-shifter, dielectric coatings for mirror and anti reflec-
tion (AR).

plifying medium. Multilayer dielectric mirrors are deposited at the end faces to form
the cavity. One of the end face of the waveguides is antireflection (AR) coated to
couple-in the pump light. There is an acoustooptical filter as a wavelength tunable
element at the left hand side of the cavity. The acoustooptical filter consists of an AO
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polarization mode converter between two polarization splitters. Since the AO
polarization mode conversion is always accompanied by a frequency shift of the optical
wave, a second polarization mode converter (at the right hand side in the cavity) is
necessary to serve as frequency shift compensator for a conventional laser operation.

To understand the design and operation of an acoustooptically wavelength tun-
able laser, we need to know in detail the properties and functional characteristics
of these basic elements of the laser. In this chapter we shall discuss sequentially
optical waveguide, polarization splitter, waveguide amplifier, acoustooptical polariza-
tion mode converter, acoustooptical tunable filter and the dielectric layers for high-
reflection and anti-reflection coatings. For each of the elements, first the required
properties are described and then the functional characteristics are presented from
experimental measurements of an actual laser structure.

2.2 Optical Waveguides

The basic component of any integrated waveguide device or circuit is the optical
waveguide. For devices like integrated waveguide lasers with tunable single mode
emission the following properties of the optical waveguides are required:

- Very low propagation losses;
- Single mode guiding of both polarizations within a wide wavelength range;
- Constant cross section and refractive index profile along the waveguide length.

The waveguide is fabricated in X-cut (Y-propagating) LiNbOj3. In this orientation,
a large electromechanical coupling coefficient is utilized for efficient excitation of the
surface acoustic waves (to be discussed later). Selective diffusion doping of LiNbO3 by
Erbium is necessary for integrating active and passive components monolithically as
required for such laser development. To fabricate a single mode waveguide which fulfils
the requirements given above a 7pum wide and 100nm thick photolithographically
defined Ti-stripe is indiffused. The optical waveguide structure for the laser is shown
in figure 2.2 together with a straight reference waveguide for characterization.

polarization splitters Er-doped

/5( S~
Y

2/ X

— laser waveguide

reference waveguide

Figure 2.2: Schematic of the optical waveguide structure with polarization splitters for the laser
and a reference waveguide for characterizations. X, Y and Z(= optical c-axis) are the crystal axes.

Waveguide scattering loss is investigated in the straight optical waveguide in the un-
doped (without Erbium) section by analyzing the low-finesse Fabry-Perot resonance [91].
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Polished end faces (reflectivity ~ 14% with respect to air) perpendicular to the
waveguide form a low-finesse Fabry-Perot cavity. The waveguide loss is evaluated
by measuring the contrast of the transmitted optical intensity as function of the sub-
strate temperature when a highly coherent external cavity laser (at A = 1550 nm) is
launched into the waveguide. This resonator method yields results, which are indepen-
dent on the input and output coupling efficiencies. For a 94.2 mm long waveguide the
measured losses are given in Table 2.1 as an example. The measured scattering losses
are 0.05 and 0.15 dB/cm for TM and TE polarizations, respectively, represent a good
quality waveguide. For the laser operation, it is necessary to consider the propagation
of optical modes in both polarizations since they experience a polarization conversion
(TE <> TM) by the acoustooptical mode converter /filter.

Table 2.1: Results of waveguide (reference channel) scattering loss measurements

Polarization Loss (dB/cm)
T™ 0.05
TE 0.15

The mode sizes of the guided waves in both polarizations are determined by mea-
suring the near-field intensity distribution at the waveguide output. An incoherent
amplified spontaneous emission (ASE) from a Erbium Doped Fiber Amplifier (EDFA)
is launched via a bandpass filter (of linewidth 1.1 nm) into the waveguide through
free space lens coupling. The optical intensity distribution from the output of the
waveguide is magnified (100X) and imaged to an infrared camera. The intensity pro-
files confirm that the waveguides are single mode in both polarizations. However, a
polarization dependent intensity distribution is measured as given in Table 2.2.

Table 2.2: Results of near field mode size (at 1/e full width) measurements

Horizontal direction Vertical direction
Polarization (Approx. Gaussian profile) (Approx. Hermite-Gaussian profile)
[pm] [pm]
™ 8.5 4.4
TE 6.7 4.0

The magnified images of the intensity distribution of the modes in both polar-
izations are shown in figure 2.3. It is clearly visible that the mode size (at 1/e full
width) of TM polarized light is slightly larger than that of TE polarized light. This
is due to the difference in refractive index profiles in the respective polarizations. In
X-cut, Y-propagating waveguide, the TM polarized light sees the ordinary refractive
index (n,) and TE polarized light sees the extra-ordinary refractive index (n.). The
refractive index increase, of course, depends upon the Ti concentration, but in a way
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that is different for the n,- and n.- distributions [92]. According to the fabrication
conditions of the waveguide used here, a larger increase of dn, in comparison to dn, is
obtained in almost the whole cross-section of the guide. Therefore, one gets a tighter
confinement for the TE polarized mode.

™ TE

4.4 pum
4.0 um

8.5 um 6.7 um
(a) (b)

Figure 2.3: Near field images of the intensity distribution of the guided optical modes; (a) TM and
(b) TE polarized modes. The numbers [in pm]| represent the 1/e full width of the mode intensity

2.3 Polarization Splitters

The second important component of this laser is the waveguide polarization splitter. It
splits the optical waves of two orthogonal polarization modes in two optical waveguide
branches. The performance of this component is given by the splitting ratio which is
defined by the ratio of the optical power in unwanted output port to the total output
power when light of particular polarization (TE or TM) is launched into the input port.
So a very low splitting ratio indicates that the optical wave of particular polarization
is guiding only in the desired branch. Moreover, very low wavelength sensitivity of the
splitting ratio is required for a wavelength tunable laser.

The basic structure of such a component is shown in figure 2.4(a) [36,39]. The
principle of operation is based on the two-mode interference in an optical directional
coupler. The two incoming single mode waveguides (7 ym wide) combine to a double
mode waveguide of 14 ym width (zero gap coupler). Within the structure the accumu-
lated phase difference A® between the interfering symmetrical fundamental and the
asymmetrical first-order modes results in a beating of the optical power density. The
output power will be localized in either branch if this phase difference is a multiple
of m. Therefore, the structure operates as a polarization splitter, if A® is an even
multiple for one polarization and an odd one for the other, simultaneously [93,94].

This can be achieved by a careful design of the central section length L. and the
opening angle #. One possibility is that the splitter can operate in the third order for
TE and in the second order for TM as shown in figure 2.4(a). Therefore, the phase
difference is 37 for TE polarized waves resulting in a coupling to the cross state. Here
the cross state means, if the input light travels through the upper (or lower) branch,
behind the central section the output light is coupled to the lower (or upper) branch.
For the same length of L., the phase difference of 27 for TM polarized waves leads
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TE, ™™ ™
=0. T2 um 2 \@/— 2
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L A, L. 1

(a) (b)

Figure 2.4: Schematic view of the optical waveguide polarization splitters: (a) Design of the polar-
ization splitter where TM and TE polarized wave travel in bar and cross states, respectively, L. is the
length of the central section of the common waveguide (& 300 um), [36,39]. (b) Optical waveguide
structure with two polarization splitters. A’s and B’s are the input and output ports.

to a coupling into the bar state. Here the bar state means, if the input light travels
through the upper (or lower) branch, behind the central section the output light is
coupled to the upper (or lower) branch (figure 2.4(a)). An advantage of such low order
splitters is that the wavelength sensitivity is very low. This property is very useful for
developing wavelength tunable lasers of wide tuning range.

The opening angle of the two branches is as small as 0.62° and width of the common
waveguide is 14 ym as shown in figure 2.4(a). Due to limitations in modelling accuracy
and fabrication errors, six laser structures have been fabricated monolithically with
different lengths of the central sections, L. ranging from 310 um to 360 um with an
increment of 10 pum.

The optical waveguide structure with two polarization splitters as required by the
integrated acoustooptical filter (to be discussed later) is shown in figure 2.4(b). To in-
vestigate the passive overall structure and in this way the performances of polarization
splitters light from a single frequency External Cavity Laser (ECL) is launched either
to the input A; or Ay at the left hand side. Antireflection coatings are deposited on
both end faces to avoid any reflections; otherwise, unwanted interference may occur
during a measurement with coherent input light. The output power of the transmitted
light from both ports on the right hand side (By, Bs) is measured for particular input
port. Then the splitting ratio is calculated to estimate the performance of the splitter.
The measurement is done for both TE and TM polarized input and at three different
wavelengths, 1530 nm, 1550 nm and 1580 nm for all the polarization splitters having
different L.. For the sample pb164x_y, the splitters with L, = 330 pm show the best
results compared to other values of L.. For the input branch A, in TE polarization,
the splitting ratio is about -18 dB and for the input branch A; in TM polarization the
splitting ratio is about -30dB.

The optimum length of L. for both polarizations do not coincide exactly for a
fabricated device. From the figure 2.4(b) it is clear that a slight asymmetry of the
Mach-Zehnder-type structure combining two polarization splitters would lead to phase
differences between the waves passing through the two arms. So this evaluation of
splitting ratio might have some errors and does not represent the performance of the
individual polarization splitter. A high splitting ratio leads to an additional loss in
the structure.
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2.4 Waveguide Amplifier

An optical amplifier is an essential component of any laser. The main requirement
is to overcome the losses of the optical waves in a cavity by the means of optical
amplification through the optically active medium. To get lasing it is essential to
achieve an over all gain of more than unity inside the cavity. In case of a tunable laser,
lasing is possible over the wavelength range where it is achieved. To get a waveguide
amplifier for the integrated laser, a Ti-indiffused optical waveguide is fabricated in the
surface of an Er- diffusion-doped LiNbOj3 substrate. At first a vacuum deposited thin
layer (~ 20 nm) of metallic Erbium is indiffused in LiNbOj at 1130°C during 150 hours.
Then a Ti-indiffused optical waveguide is fabricated in this Er:LiNbOj3 surface. The
electronic transitions of Er¥*:LiNbQj3 are exploited for amplification around 1550 nm
wavelength. For lasing around this wavelength range they represent a quasi three level
system with ground state absorption.

The process of Erbium in-diffusion has been characterized in detail using secondary
ion mass spectroscopy (SIMS), secondary neutral mass spectroscopy (SNMS), Ruther-
ford backscattering spectroscopy (RBS), and atomic force microscopy (AFM) [17].
Using X-ray standing wave spectroscopy (XSW) it has been found that Er is incor-
porated into LiNbO3 on a vacant Li-site or replaces Lithium [95]. Er-diffusion doping
of LiNbOj3 follows Fick’s law resulting in a nearly Gaussian concentration profile [17].
Being LiNbOj3 an anisotropic crystal, the diffusion coefficient depends on the crystal
cut which can be clearly seen in figure 2.5 where the temperature dependent diffu-
sion coefficient derived from measured Er-concentration profiles has been plotted as
Arrhenius-diagram [17].

Temperature (°C)
12 1130 1100 1060 1010 960 920

10" ;
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o [ ~.
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Figure 2.5: Arrhenius plot of diffusion coefficient of erbium into LiNbOg for diffusion parallel to the
c-axis - Z-cut - (triangle) and perpendicular to the c-axis - X-cut - (squares) of the LiNbOj3 crystal
obtained by SIMS (white) and SNMS (black) measurements. (From Ref. [17]).

The Er-diffusion parameters have been investigated and determined on X-cut sub-
strate in our laboratory [41] to have a good overlap of the Er-doping profile with
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the optical waveguide modes. Though the optimization is not yet perfect, routinely a
22 nm thick Erbium layer is indiffused at 1130°C during 150 hours. The corresponding
surface concentration is ~ 2.0 x 10%° em =3,

The Erbium atom has the electronic configuration as [Xe]4 f115d'6s%. It cedes the
two 652 and one 4f electron and is incorporated as Er3* ion in a LiNbOj host. The
energy level diagram and optical transitions of Er*" ions in Er:LiNbO3 are shown in
figure 2.6(a) [96]. The energy levels *I;3/5 and *I15/2 are important as laser transitions
in the A = 1.55 ym range can take place between these levels and they are shown in the
inset in more detail (figure 2.6(b)). The 2T1L; energy levels are split due to the Stark
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Figure 2.6: (a) Erbium energy level diagram after [96] with possible optical transitions. (b) Enlarged
part of the diagram with the Stark splitting of the lower laser level 15 s2 and the upper laser level
45 s2- The energy scale is given in reciprocal wavelengths (em~1) as usual for spectroscopy.

effect in J + % sublevels’. The local electric field in the LiNbOj crystal is responsible
for this splitting. The 4f' electron configuration leads to the ground state *Iy5;
it is split into eight doubly degenerate levels by the Stark effect and the first excited
state *113/2 is split into seven Stark sub-levels. The most interesting transitions (to get
amplification and lasing in the telecommunication window) occur between these man-
ifolds leading to absorption at around 1.48 yum wavelength and optical amplification
by stimulated emission in the wavelength range 1.53 pm < A < 1.64 pm.

1 S:quantum number of the spin angular momentum, L:that of the orbital angular momentum and
J: that of the total angular momentum
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The fluorescence lifetime of the 41 13/2-level is measured to be ~ 2.6 ms [97], rela-
tively well suited as a metastable upper laser level. If with proper pumping a popu-
lation inversion is achieved between the levels *I;5/, and %1132, optical amplification
of a signal takes place and lasing starts when the amplification overcomes total round
trip loss of the cavity. It is clear from the figure 2.6(b) that the 1.53 um transition
belongs to a quasi three level system and the transition with the wavelength 1.64 pm
is related to a quasi four level system (the expression quasi is used because the occu-
pation is given by the Boltzmann Statistic). It is seen from the energy level diagrams
that 113/ level can be excited by pump light at 1.48 um wavelength. It is also ideal
for single mode operation since it is possible to fabricate single mode waveguides for
the wavelength range 1.48 ym < A < 1.64 um. Also there are excited state absorp-
tions or up-conversion processes for pumping at 1.48 nm (see upward pointing dashed
arrows in figure 2.6(a)). From this figure, it is clear that this process is strong if
the waveguide is pumped with 0.98 um wavelength source. As a result, fluorescence
can also be observed in the wavelength range ~ 660 nm, ~ 550 nm and ~ 390 nm (see
downward pointing dashed arrows in figure 2.6(a)).

Optical amplification in the wavelength range 1530nm < A <1620nm has been
intensively investigated for different Er doping levels in two different configurations:
single pass and double pass [98]. In the latter case, a highly reflecting broadband mir-
ror has been deposited on the rear end face of the waveguide to double the interaction
length of pump and signal modes. Theoretical modelling and analysis of optical ampli-
fication in a Ti:Er:LiNbO3 waveguide are described in references [99,100]. Some results
of small signal gain measurements for different Er-doping levels in X-cut LiNbOj are
also reported previously [41]. The measurement of gain is performed for an optical
waveguide structure containing four polarization splitters to realize a double stage
acoustooptical filter with internal amplification. Due to extra losses in the polariza-
tion splitters the net gain is very low and double pass pumping in TM polarization
only shows a gain of about 4dB at 1531 nm at a coupled pump power of 260 mW at
1480 nm wavelength. This result indicates that further improvement is required for
design and fabrication of polarization splitters.

The optical absorption characteristics of Er:LiNbOj is measured in a straight
waveguide for the laser sample pbl64x y. In this sample, the surface concentra-
tion of Er is about 2.0 x 10?* em™3. The optical gain characteristics for single pass
pumping is measured in Er-doped laser structures with two polarization splitters as
shown in figure 2.1. The same experimental setup (as shown in figure 2.7) is used to
investigate the optical absorption and the gain of the amplifier. Wavelength division
multiplexers (WDM) are not necessary for the absorption measurement because ab-
sorption is studied in the absence of pump light. But those are used during the gain
measurement where pump (Ap) and signal (Ag) are combined and coupled into the
input of the waveguide and decoupled at the output.

To study the absorption characteristics of a Ti:Er:LiNbO3 waveguide, a low power
broad band fiber coupled superluminescent light emitting diode (SLED) is used as a
light source. It has 200 nm emission bandwidth centered at wavelength 1550 nm. The
output from the SLED is launched into a straight Er-doped waveguide from the left
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Figure 2.7: Schematic diagram of the experimental setup for absorption and gain measurement.
DUT: device under test, here the waveguide amplifier, WDM: wavelength division multiplexer, PD:
photodiode, PC: polarization controller, FOP: fiber optics polarizer, LDC: laser diode current con-
troller, SLED: superluminescent light emitting diode, IC & TC: injection current and temperature
controller for SLED, ICM: injection current modulator for SLED

hand side via one in-line fiber polarizer and one polarization controller. The incident
power on the waveguide end face is about 0.5 mW. The output from the other end
of the waveguide is fed to a monochromator (resolution bandwidth approximately
0.1nm). The monochromator output is collected on a photodiode. The optical power
received by the photodiode is very low due to the absorption by Er3* and also due to
the spectral filtering by the monochromator. Therefore, a lock-in-technique is used by
modulating the injection current of the SLED and the lock-in signal is recorded as a
function of the wavelength. With similar coupling conditions the transmitted optical
power through an undoped (without Erbium) straight waveguide is also recorded as
a function of the same wavelength range. The ratio of these two transmitted signals
gives the wavelength dependent absorption characteristics (as shown in the figure 2.8
for TE and TM polarized input).
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Figure 2.8: Absorption characteristics of a Er-doped straight waveguide for both polarizations of
the signal. Length of the waveguide in the Er-doped section is 80 mm.



14 Chapter 2 Basic Components

The absorption characteristics in the wavelength region from 1410 nm to 1630 nm
are shown here for a 80mm long (length of the Er doped section only) X-cut Y-
propagation Ti:Er:LiNbO3 waveguide. For TE-polarized light, the absorption dip is
—17dB at A =1477.5 nm whereas for TM-polarized light it is —15.5 dB at A = 1483.5 nm.
Therefore, for efficient pumping of the amplifier in two different polarizations, pump
sources of corresponding wavelengths are required. Since the absorption bands in
these wavelength region are wide, one laser diode of 1480 nm emission wavelength is
a compromise and can be used in both polarizations. Above 1530 nm wavelength, the
absorption levels are nearly the same for both polarizations with slight differences at
the dips at 1545nm, 1561 nm, and 1575 nm.

The same setup is used to study the gain in laser structures, see figure 2.7. However,
now a fiber Bragg grating stabilized laser diode at 1480 nm wavelength is used as pump
source. Pump light (Ap) from the laser diode and signal light (Ag) from the SLED
are coupled into the waveguide via a wavelength division multiplexer (WDM) with
individual polarization controllers. A higher gain of the signal is observed when both
signal and pump light have the same state of polarization in comparison with the
opposite states of polarizations between them. The pump is decoupled from the signal
at the output with another WDM before the monochromator. When the power level
of the pump is sufficient to create a population inversion the signal will be amplified.
To detect the amplified signal (without the amplified spontaneous emission), a lock-
in-technique is used by modulating the injection current of the SLED. The signal
output is recorded from the lock-in-amplifier as a function of wavelength from the
monochromator reading. A comparative study of the gain of different laser structures
shows that the laser structure with L. = 330 pum has the highest gain. This result
matched with the result obtained from the measurement of the polarization splitting
ratio in the undoped laser structure where the splitting ratio was the lowest for this
structure. Figure 2.9 shows the gain characteristics when both signal and pump are
in TM polarization for three different input (incident) pump power levels. When the
incident pump power is 135 mW, there is a nearly continuous gain in the wavelength
range 1530 nm < A < 1580 nm with a gain peak of nearly 5 dB at A=1531nm. There
is still absorption around 1537 nm wavelength, which is possible to overcome if we use
double pass pumping in a laser cavity with the same level of incident pump power.

The wavelength dependent gain is also measured for TE polarized pump and signal.
For the same (like TM polarized) incident pump power, it is seen that the gain for TE
polarization is a bit smaller than for TM polarization. This can be understood from
the waveguide loss and polarization splitter properties and different absorption and
emission cross sections. Also, since the TE and TM mode sizes are different (mode size
in TM is larger than that in TE, see figure 2.3), the gain is different due to a different
overlap of mode profile and Erbium distribution profile inside the waveguide. The gain
characteristics for TE polarization is not shown here because the result is not stable
in time. Since a TE polarized wave is extra-ordinary in X-cut LiNbOj3 substrate, the
photorefractive effect (or damage) is quite prominent at high pump power levels which
causes an unstable result.
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Figure 2.9: Gain characteristics of the laser structure (shown in figure 2.2) when both signal and
pump waves are in TM polarization. Length of the waveguide in the Er-doped section is 80 mm.

2.5 Acoustooptical Polarization Converter and
Frequency Shifter

In integrated optical devices TE«<TM polarization conversions are achieved through
a periodic perturbation of the optical wave guiding medium via electrooptic and/or
acoustooptic effects. Because of its wavelength selectivity and wide tunability, acous-
tooptical (AQO) polarization converters have been used widely to realize optical wave-
length filters, multiplexers/switches etc. for applications in optical communications
[101,102]. Tt is used also as modulators, e.g., for integrated heterodyne interferometric
sensors [103]. Such a converter is also used as an intracavity element in integrated
lasers for emission wavelength selection, tuning and frequency shifting of the oscillat-
ing optical field [40,88]. The integrated laser needs to achieve a complete transfer
of optical power from one polarization to another at the selected optical wavelength.
Otherwise, the unconverted optical power will contribute to the optical loss in the cav-
ity. Through an efficient AO polarization converter it is possible to achieve a complete
conversion between TE«TM modes with a reasonable strength of the excited surface
acoustic wave within a short interaction length. Homogeneity of the optical waveguide
and good overlap between guided optical modes and excited surface acoustic wave are
to be assured for this purpose.

Acoustooptical TE<TM mode conversion is of particular interest here because of
its wide optical wavelength coverage and easy implementation on a LiNbO3 substrate.
X-cut Y-propagation orientation of LiNbOj is chosen for this purpose. Compared
to Y-cut X-propagation, the chosen orientation has the advantages of enhanced pho-
toelastic effect and stronger piezoelectric coupling for surface acoustic wave excita-
tion [104]. A schematic diagram of such an AO mode converter is shown in figure
2.10. In the figure x, y, z directions are shown for the wave propagation coordinate
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Figure 2.10: Schematic diagram of an acoustooptical (AO) polarization mode converter/frequency
shifter configured for a homogeneous and collinear AO interaction. The 7 ym wide optical waveguide
(Ti:LiNbOg) is embedded within the 110 pm wide acoustic waveguide (with LiNbOg core) defined
by the Ti-indiffused claddings. A TM wave of frequency vq is converted to a TE wave of frequency
Vg — Vgce due to the AO interaction with a phase matched SAW frequency of v,. and again converted
back to a TM wave of frequency vy — 2v,. when it travels in opposite direction. x, y, z define the
coordinate system for the wave propagation. Acoustical absorber limit the SAW propagation.

system. The axes of the substrate are shown in figure 2.2. On the LiNbOg3 substrate
a 110 pum wide acoustic waveguide is formed by defining its claddings by a thick Ti
indiffusion (typically 160 nm thick Ti stripes are indiffused at 1060°C for 24 hours).
Due to the high concentration and deep indiffusion of Titanium in this cladding re-
gion, mechanical stiffness is increased to enhance the phase velocity of the surface
acoustic wave (SAW) [105]. So SAW guiding is achieved in the LiNbOj3 core region
where the velocity of a SAW is lower. Later, a 7 um wide Ti indiffused single mode
optical waveguide is embedded into the core of the acoustic waveguide. Then 500 nm
thick Aluminium interdigital transducers are fabricated by sputtering and lift-off pho-
tolithography technique. The transducer consists of 20 finger pairs with a period of
21.5 pm (of which 5.4 um lines and space) between the pairs, inclined 5° away from
the +Z-axis toward +Y direction, yielding a center frequency of about 170 MHz for
tuning the optical wavelength around 1550 nm. The SAW is excited by applying a si-
nusoidal RF-signal to the interdigital transducer. It interacts with the guided optical
wave propagating through the optical waveguide. Acoustical absorbers are placed to
absorb the SAW which effectively limits the AO interaction length. SAWSs produce
surface ripples as well as periodic changes of the index of refraction or more precisely
a periodic variation of the dielectric permittivity of the surface layer of about one
wavelength (of SAW) in depth. That is enough to provide a strong interaction with
the guided optical wave.

The device is configured for a collinear interaction between the SAW and the guided
optical wave. Collinear interaction has the advantage that the interaction length is
large which requires less power of the SAW for polarization conversion. But it has a
disadvantage that converted and unconverted part of the optical wave remain confined
in same optical waveguide and a means must be used like the polarization splitter for
their separation. This collinear interactions can be codirectional or contradirectional
when a SAW propagates in the same or opposite direction, respectively, with respect
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to the propagation of the optical wave. Many workers have studied this collinear
interaction for AO polarization conversion to optimize the design of the converter
[35,106-111]. We may have a brief discussion about the controlling parameter for this
optimization [43,112-114].

The AO polarization conversion is achieved through the changes of the dielectric
tensor created mainly by two effects: (a) the photoelastic and (b) the electrooptic effect.
The dielectric permittivity change due to the photoelastic effect can be given by

A (12) = AEi]’ = Zpijklskl (21)

n=/ij Kl
where p;jr; are the photoelastic constants measured at constant electric field and the
Sy are the acoustic strain components. In case of piezoelectric crystals, like LiNbOs,

the acoustic strain is accompanied by electric fields which create a change of the
dielectric permittivity through the electrooptic effect given by

Aﬁij = Zﬁ'jkEk (2-2)
k

where the 7;;;, are the electrooptic coefficients measured at constant strain and the Ej,
are the piezoelectrically produced electric fields.

This perturbation can be presented as a distributed polarization source, Py, (r,t)
with r being a position vector, which is given by
€i€5

[Ppert(rat)] = o

X | pijSi(r,t) + Y ripEr| Ei(r,t) (2.3)
" !

where €;, €; are the relative permittivity of the substrate, ¢, is the permittivity of vac-
uum, £ is the electric field of the unperturbed input optical waves, E}¢ is the electric
field generated by the SAW. Through this perturbation vector and the conservation of
total power, we obtain the coupled mode equation for amplitudes Arg and Ary, for
TE and TM modes, respectively: (considering TM input travelling along z direction)

dArE

I exp [i(wrpt + Brez)] = —ik Aralexp {i[(wra + Q) — (Brar + Koe) 2]}

+exp {i[(wTM - Q)t - (ﬁTM - Kac)z]}] (24)

where k is the coupling coefficient between acoustic and optical modes, wrg, wry and
Q) are the frequencies of the optical TE, TM modes and acoustic waves, respectively;
Ore, Pru are the propagation constants of TE and TM modes, and K. is the acoustic
wave vector.

The coupling coefficient can be calculated by the overlap integral of optical field dis-
tributions Erg(z,y) and Erp(x, y) with the acoustooptically changed dielectric tensor
Ag by integrating over the area of the waveguide cross-section S and is given by

K = // El v (z,y).Ac Erg(x, y)dzdy (2.5)
S
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Equations 2.4 and 2.5 describe the z dependence of TM-TE coupling for a collinear
AO interaction. As a result of the electrooptic and photoelastic effects, the coupling
between TM and TE modes takes place whenever the dielectric tensor has off-diagonal
elements €;, and €,,.

In this optical waveguide 87y > fBrg. To achieve an efficient polarization conver-
sion the interaction must be phase-matched: the difference between the wave numbers
of the optical modes must be compensated by the wave number of the SAW. So, in
the TM-TE mode coupling, in particular, optical wavelength has to be adjusted by
the wavelength of the SAW. For this codirectional interaction it is adjusted such that
(from 2nd term in the right hand side of equation 2.4)

BTE = ﬁTM - Kac
and the resulting frequency is wrg = wry — (2.6)

So the frequency of the converted TE wave is downshifted. In case of contradirectional
propagation we have

Bre = Bru + Kae
and the resulting frequency is wre = wry + 8 (2.7)

So the frequency of the converted TE wave is upshifted. It is shown in the figure 2.10,
that for TE mode optical input and for a contradirectional interaction, the frequency
of the generated TM mode output is downshifted again. So in a round trip travel
of a optical wave through the polarization converter leads to its two polarization
conversions with two frequency shifts in the same direction. Thus, the direction of the
frequency shift due to an AO polarization conversion can be summarized as shown in
table 2.3.

Table 2.3: Direction of frequency shift in the acoustooptical polarization conversion process

Direction of SAW Input polarization
with respect to optical wave ™ TE
Codirectional propagation — +

Contradirectional propagation + —

In this AO interaction, the phase match condition, or the condition where the
complete power transfer between TE and TM takes place is given by:

Kac = ﬁTM - ﬁTE (28)

Then the exact phase matching frequency v,. of the SAW for the optical wavelength
A is given by

Us

TM TE
— 2.
; (2.9

Nepp — Mefy

Vae =
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where neT]f‘]/cI TE are the effective refractive indices of the propagating modes TM and
TE, respectively, and v, is the SAW velocity. The phase matching condition makes
the conversion process wavelength selective.

In this coupling another important parameter ¢, which is the measure of phase
mismatch is defined as

6 = Koe — (Brm — Bre) (2.10)

The conversion efficiency is defined as the ratio of converted power Prg at z = L
(L:interaction length), to the input power Pry; at z = 0 and is given by

_ Prel—r szsm2 (” K+ 52'L)

= 2.11
! Pral.=o " (k2 +62) .12 (2.11)

In perfect phase-matching (i.e., 6 = 0), the conversion efficiency 7 is given by
n = sin® ('y P, L) (2.12)

where 7 is a constant determined by the overlap integral x and P, is the power of the
SAW. The required interaction length L (say, =l.) for complete conversion from one
polarization to the other (between TM and TE of same order) can be expressed as

L_7r 1
_27\/Pa

So, it is obvious that if ~ is fixed by the fabrication parameters, the TM«TE conver-
sion can be achieved with low power level of SAW if the interaction length is long.

Following this discussion, it is evident that the coupling constant x and the phase
mismatch ¢ are the two most important factors to determine the performance or con-
version efficiency of the AO polarization converter. x includes the effects of dielectric
perturbation due to the SAW and the optical field distributions of the guided modes
(see equation 2.5). The modal birefringence (An = nlff —nlf ) determine the phase
mismatch 6.

In the AO polarization converter as shown in figure 2.10, the TM«TE conver-
sions are achieved by a homogeneous coupling of a constant SAW intensity along the
interaction length. The effective coupling strength as the function of propagation
direction coordinate (z) is shown in figure 2.11(a). The resultant conversion char-
acteristics, i.e., the power of the converted optical wave as function of the optical
wavelength is a sinc?-like function (shown in figure 2.11(b)). Disadvantages of such
devices are the high sidelobes of about —10 dB. The spectral conversion characteristic
is approximately given by the Fourier transform of the coupling strength. Therefore,
to reduce the sidelobes, a weighted coupling technique (apodization) has been success-
fully applied by designing the AO polarization converter using acoustical directional
couplers [39,116-118]. Instead of this abrupt changes in the coupling strength at the
beginning and at the end, within the interaction length a soft onset and cutoff are

(2.13)
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Figure 2.11: Comparison between homogeneous coupling and weighted coupling in the AO inter-
action. (a) Profile of the coupling strength x and (b) the corresponding calculated mode conversion
versus wavelength A [115].

achieved in this design. Such a weighted coupling strength and the corresponding
conversion characteristics is shown in figure 2.11 in comparison with a homogeneous
coupling strength in the same scale. For both types of coupling, the interaction length
is limited to one complete conversion period (I, =20 mm as shown in figure) only.
The design of an AO polarization converter with a tapered acoustical directional
coupler for the weighted coupling is shown in figure 2.12(a). One of the acoustical
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— 0
€
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Figure 2.12: (a) Design of the acoustooptical mode converter with tapered acoustical directional
coupler configured for weighted coupling and (b) contour plots of the measured intensity distribution
of SAW for the acoustical directional coupler shown in (a). (Ref. [117,118]

waveguides, in which the optical waveguides are embedded, is straight, whereas the
other one is tilted outward at the end sections. The gap is linearly reduced from 70 pm
from both ends to 5 ym (as shown in figure 2.12(a)) and in the middle section the gap
is zero. The structure gives a weak coupling in the outer sections whereas in the
zero-gap section strong coupling occurs. The coupler properties are characterized by
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measuring the intensity profile of the SAW using a laser probing technique [119,120].
An example is shown in figure 2.12(b) as contour plot with different steps of intensity
up to 95%. The SAW is excited in the upper part of the left guide via the interdigital
transducer, it couples to the adjacent guide almost completely and afterwards it is
guided back.

2.6 Acoustooptically Tunable Wavelength Filter

The wavelength selective components in integrated optics, like filters, multiplexers,
switches are realized using the ‘phase match’ property of the AO polarization convert-
ers as stated in equation 2.8. Since 3 = (ry — Org varies with the optical wavelength
A, a wavelength selective TE«TM conversion is achieved, if K. is given by a SAW of
specific frequency. The phase matching wavelength A is thus tunable by changing the
length of the acoustic wave vector K,.—that is, by changing the SAW frequency v,..
For a collinear interaction using guided optical waves, the wavelength filtering can be
achieved using waveguide polarization splitters at the input /output ports of the device
to separate the TE and TM modes. The most important property of AO polarization
converters/filters is their large wavelength tuning range. Its narrowband (~ 2nm)
filter response and low power level of driving SAW (< 100mW) are other interest-
ing properties for integrated optical devices. A schematic diagram of a polarization
independent AQ filter is shown in figure 2.13 which consists of two waveguide polariza-
tion splitters and an AO polarization converter with a tapered acoustical directional
coupler in between.

polarisati?n splitter  transducer absorbler

Ti:LINbO,

output 1
—-—)

—_—)
output 2

Figure 2.13: Polarization independent AO filter: an AQO polarization converter between two
waveguide polarization splitters. Filter action: if a broadband optical input (in any state of po-
larization) is launched at port input-1, the phase-matched (say, optical frequency wy with SAW
frequency ;) frequency shifted (to w; 4+ 1) orthogonally polarized narrowband ‘filtered’ optical
output is emitted through port output-2.

Since the polarization splitters are designed to route TM polarized light into the
bar state and TE polarized light into the cross state, when there is no AO interaction,
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any broad-band optical signal in either polarization from the port input-1 will appear
completely at port output-1. If the input is TE-polarized (TM-polarized), it will travel
through the lower waveguide (upper waveguide) between the two splitters. If a SAW
of angular frequency €2 is excited and if it satisfies the phase-match condition with
an optical signal of angular frequency w;, this signal of frequency w; will experience
a polarization conversion and it will be guided to the port output-2 with a frequency
shift to w1 + (—) ;. So a filter action takes place between port input-1 and port
output-2. Same thing is true between port input-2 and port output-1.

Tuning of the filter is performed by changing the frequency of the RF generator
driving the SAW. A typical experimental tuning curve is shown in figure 2.14 [35,36].
These experimental data are given from a device prepared only to study the filter
characteristics. For a given SAW frequency the peak wavelength of the filtered output
is measured by an optical spectrum analyzer. The power of the RF signal (thereby
the intensity of the SAW) is adjusted to achieve maximum conversion for different
wavelength. A tuning range of 100 nm is observed with a tuning slope of 8.2 nm/MHz.
The tuning range is mainly determined by the electrical bandwidth of the transducer.
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Figure 2.14: Tuning characteristics of AO filter: (Ref. [121]) (a) phase-matched acoustic frequency
(left ordinate) and (b) electrical drive power of on the transducer for maximum conversion (right
ordinate).

Another interesting feature of this acoustooptical wavelength filter is that simul-
taneous filtering for a set of optical wavelengths is possible by applying a set of corre-
sponding SAW frequencies [36,122]. In figure 2.15(a) this multiwavelength operation
is demonstrated for two wavelength channels separated by 8 nm, when the filter has
been driven by corresponding two RF signals simultaneously. The maximum conver-
sion at both wavelengths can be adjusted separately by controlling the power levels of
the corresponding RF signals. The SAW frequencies can be controlled in such a way
that two filter pass bands can come close to each other to form a single pass band
with wider spectral bandwidth as shown in figure 2.15(b).

When two SAWs of different frequencies are excited simultaneously in the same re-
gion of the acoustic waveguide, each SAW generates a travelling grating with a period
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given by the acoustical wavelength. These two gratings of different periods can inter-
fere with each other resulting in a time-dependent acoustooptical coupling strength
and, therefore, in a time-dependent efficiency of the conversion process. A theoretical
study of such interference is described in reference [122]. The spectral properties of a
laser emission have yet to be studied theoretically when such an intracavity filter is
operated by simultaneous two SAWs frequencies.

conversion [dB]
conversion [dB]

1530 1540 1550 1560 1530 1540 1550 1560
A[nm] A[nm]

(a) (b)

Figure 2.15: Simultaneous multi wavelength filtering: (Ref. [121]) (a) Two different optical wave-
lengths are filtered by applying simultaneously two RF-signals of different frequencies. (b) By ad-
justing the RF frequencies a single optical bandpass filter of large bandwidth is achieved.

The exact values of the parameters, like conversion efficiency and phase matching
frequency of an AO polarization converter (as defined by the equations 2.11 and 2.9,
respectively) depend on the fabrication process. So experimental studies are required
to obtain those parameters after the fabrication. Also the polarization splitting ra-
tio of the polarization splitters is needed to be evaluated experimentally. Therefore,
an experimental study is performed to learn to know the filter characteristics of the
developed sample pb164x_y. The schematic diagram of the experimental setup to
study the characteristics of an AO filter and an AO polarization converter is shown
in figure 2.16. There is a pair of optical waveguides common to both AO polarization
converters. The positions of the polarization splitters indicate that the AO polariza-
tion converter at the left hand side is part of the AO filter. The AO filter with the
polarization splitters having L.= 330 um is chosen for the experimental study for its
good polarization splitting ratio, which is approximately —30 dB. The characteristics
of two polarization converters are studied separately.

In the experiment the single frequency laser emission at 1557 nm wavelength from
an External Cavity Laser (ECL) is launched into the input port A; in TM polarization
and the corresponding output from port By is focused to a photodiode after passing
through a polarizer (TM-pass). To study the AO filter properties the SAW is excited
in the acoustical waveguide of the first AO polarization converter only by connecting
the corresponding transducer electrode to a RF generator via the impedance matching
circuit and amplifiers, as shown in figure 2.16. The SAW frequency is varied in the
range from 169 MHz to 173.5 MHz with steps of 1.0 kHz. The AO polarization conver-
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Figure 2.16: Schematic diagram of the experimental setup to study AO conversion characteristics.
C: capacitor, L: inductor, ECL: external cavity laser.

sion (TM—TE coupling) can be studied by monitoring the corresponding photodiode
output. Depending upon SAW frequency the polarization of the guided optical wave
will be converted to TE polarization (as conversion efficiency depends on the phase
mismatch § defined by equation 2.11) and will be routed to the port B,. So the
photodiode output starts to decrease as it receives light only from port By. At some
particular SAW frequency, the phase mismatch reduces to zero, the conversion reaches
a maximum (indicated by the minimum transmission through output port B;). For
a further change of the SAW frequency, ¢ increases again which results in reduced
polarization conversion. At the phase matched frequency of the SAW, the electrical
drive power on the transducer, thereby the power of the SAW, is adjusted to achieve
nearly zero transmission through the port B;. Any increase or decrease in power from
this value will reduce conversion efficiency (given by equation 2.12). At the optimized
power level of 19.5dBm, the conversion efficiency is measured as 97% and the cor-
responding AO conversion characteristics or therefore the AO filter characteristics is
presented in figure 2.17(a). The phase matched SAW frequency corresponding to the
optical wavelength 1557 nm is found to be 171.15 MHz and the filter bandwidth at
FWHM is measured as 320 kHz.

Similarly, the polarization conversion properties of the 2nd converter on the right
hand side are studied by exciting the SAW only with the corresponding transducer
electrode. When the AO filter is not active, an input optical wave from port A; will
remain in the lower optical waveguide after passing through the two polarization split-
ters. Since there is no polarization splitter at the output after this AO converter, the
converted TE polarized light due to AO interaction will be blocked by the polarizer
to reach the photodiode as shown in figure 2.16. The TM—TE conversion character-
istics of this AO converter for the same range of SAW frequencies (169-173.5 MHz)
is shown in figure 2.17(b). Here the phase matched frequency corresponding to the
optical wavelength 1557 nm is observed as 171.68 MHz and the conversion bandwidth
is measured as 370 kHz. The optimized electrical power for maximum conversion on
this electrode is 17.8 dBm.
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Comparing the two characteristics in figure 2.17(a) and figure 2.17(b) we see that
TM—TE conversion up to 97% is achieved in both cases but with differences in phase
matching frequency, required electrical drive power, conversion bandwidth, and side-
lobes. Though the optical waveguides are common to both of the AO converters and
also the acoustical directional couplers and transducers are fabricated simultaneously,
these differences are due to inhomogeneities in the fabrication processes. For instance,
a slight longitudinal variation of the waveguide width or the Ti layer thickness results
in a shift of the effective indices of the waveguide modes and hence the phase match
frequency [118]. This difference of the phase matching frequencies (approximately
530kHz) is balanced by maintaining a temperature difference between these two con-
verter regions. The arrangement for the heaters are shown in figure 2.16. To shift
the phase match frequency of the 2nd AO polarization converter to that of the AO
filter, temperatures of 20°C and 25°C are maintained through heater 1 and heater 2,
respectively, with the aid of Peltier elements and proper thermal isolations.
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Figure 2.17: AO polarization conversion for TM polarized input through: (a)an AO filter, (b) an
AO polarization converter. Though the fabrication parameters for AO filter and converter are same,
the difference in phase-match frequencies arise due to inhomogeneities in the fabrication process.

To study the polarization conversion at different wavelengths, and thus, to see the
tuning properties of the acoustooptical filter, broadband light from a SLED is launched
into input port A, of the optical waveguide in TM polarization and the corresponding
output from port By is observed with an optical spectrum analyzer (OSA). The traces
from the OSA are plotted in figure 2.18 for three different SAW frequencies. Due
to the wavelength dependent emission of the SLED and absorption in the Er-doped
waveguide, the power level of the transmitted waves at different wavelengths are not
same. But to see the conversion characteristics clearly, the maximum power levels of
the traces are normalized to one. The upper scale is showing the corresponding optical
wavelength as recorded by the OSA. The tuning slope is observed as -8.2 nm/MHz.
The filter linewidth (FWHM) is 2.5 nm. No significant sidelobe is observed.
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Figure 2.18: Filter characteristics at three different wavelengths. The peak spectral power is
normalized to 1 for each spectrum.

2.7 Dielectric Coatings

For a tunable laser broad band high reflecting (HR) coatings are required at the
waveguide end faces to form the laser cavity. Also for the efficient coupling of the input
pump power an antireflection (AR) coating is required. The polarization independent
AO filter has two inputs and two outputs to realize the filter action as shown in figure
2.13. From this figure, it is clear that a resonator with intracavity filter can be formed
by depositing the mirrors on the end faces of the upper left input waveguide and the
lower right output waveguide. Then the lower waveguide end face on the left hand
side can be used as pump coupler; it is required to deposit an antireflection coating
to improve the coupling efficiency.

The HR coating and AR coating are formed by alternating SiOy and TiOy quar-
terwave layers directly deposited onto the polished waveguide end faces. The charac-
teristics of the dielectric coatings deposited on the end faces are studied on test glass
surfaces which are coated simultaneously. The transmission of the coated test glass as
a function of wavelength is recorded using a spectrophotometer (Perkin-Elmer Lamda
19). Then the data are corrected for a LiNbO3 substrate considering the air-glass in-
terface reflection of 4%. Figure 2.19 shows the resulting transmissions of the HR and
AR coatings deposited on the end faces of the sample pb164x_y with laser structure.
It is observed that at 1550 nm, the reflectivity (i.e., 1-transmission) of the HR coating
is 97% and that of AR coating is 8% and at 1480 nm those are 96% and 8%. So for the
laser cavity (formed by the end faces Ay and By of figure 2.16) both mirrors have the
same reflectivity of 97%. The reflectivity of 96% at 1480 nm wavelength at the end
face By helps to reflect back the residual pump light into the waveguide (double pass
configuration of pump) to enhance the gain compared to single pass gain as shown in
figure 2.9.
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Figure 2.19: Measured transmission characteristics of broadband dielectric coatings for anti-
reflection (AR) and high-reflection (HR). [These are fabricated and measured by our technicians].

2.8 Conclusions

The essential components for an integrated tunable laser are described individually
in this chapter. Its required properties and functionalities are discussed briefly. The
aim is to achieve an optimum performance of these components when they are mono-
lithically combined to form an integrated tunable laser as shown in figure 2.1. This
performance is investigated experimentally and presented in this chapter. A number
of samples containing laser structures are investigated. The results are given from the
best sample marked by pb164x y in our laboratory.

Single mode waveguiding is observed in both polarizations over the wavelength
range 1480 < A < 1620nm. The scattering losses are found to be 0.05 and 0.15dB/cm
in TM and TE polarizations, respectively. Polarization dependent mode sizes are given
in figure 2.3. For the polarization splitters, the best splitting ratio is observed to be
-30dB (TM polarized input) for L. =330 pum. The Ti:Er:LiNbO3 waveguide amplifier
is characterized by measuring the wavelength dependent absorption and gain. The
gain profile shows that for a 80 mm long amplifier section there are more than 3dB
gain in the wavelength range around 1560 nm and 5dB gain at 1530 nm at the pump
power level of 135mW (incident) in TM polarization. AO polarization conversion
and wavelength tuning properties of the AO filter are characterized by measuring the
transmittance through the waveguide. A maximum conversion of 97% is observed
for TM polarized input and the required power level of RF signal is about 19dBm.
The filter band width is observed to be 2.5nm and the measured tuning slope is
-8.2nm/MHz. The transmission characteristics of the dielectric layers for broad-band
anti-reflection and high-reflection coatings is also measured. All these results show
that the performance of the individual components are good enough to develop an
integrated tunable laser which will be discussed in the following chapters.
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Chapter 3

Conventional Frequency Shift
Compensated (FSC) Laser

3.1 Introduction

The design and characteristics of an integrated acoustooptical (AO) wavelength tun-
able filter have been introduced in the previous chapter. If this filter is used as an
intracavity element of an integrated laser, the laser emission wavelength can be selected
or tuned by selecting or tuning the frequency of the surface acoustic wave (SAW) by an
electronic RF generator. Thus, the wavelength selective property of the AO interac-
tion is utilized to develop electronically and widely tunable (few tens of nm) integrated
lasers. The polarization converted optical wave experiences a frequency shift due to
the AO interaction which leads to two different types of tunable laser operation. The
first one is a conventional laser with the frequency shift compensated to fulfill the
Fabry-Perot resonance condition in the cavity. The second one is a frequency shifted
feedback (FSF) laser with the optical wave frequency shifted in each round trip in the
cavity due to this AO interaction.

The design and operation of a conventional frequency shift compensated (FSC)
laser and a detailed characteristics of its output will be described in this chapter.
Issues of single mode emission and of mode-hop free tuning, will also be discussed.
The operation and output characteristics of a FSF laser will be presented in the next
chapter.

3.2 Laser Design

The most simple integrated waveguide laser is a free-running Fabry-Perot laser com-
prised of a waveguide amplifier with deposited end face mirrors. This laser is trans-
formed into an advanced tunable laser if an AO wavelength filter is incorporated in
the cavity.

Basic requirement for the operation of a conventional laser is that the oscillating
optical field inside the cavity is reproduced in amplitude and phase after each round
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trip. Depending on the optical path length inside the cavity this condition is satisfied
only at a discrete set of frequencies known as cavity resonances. But it is explained
in figure 2.10 that the frequency shift is doubled when an optical wave makes a round
trip in the cavity with only one AO polarization converter. If for forward propagation
the frequency of the optical wave is downshifted, the orthogonally polarized wave
during the backward propagation experiences another downshift. So a frequency shift
compensator is essential inside a conventional laser cavity. A second AO polarization
converter inside the cavity can act as frequency shift compensator provided it satisfies
the same phase-matching condition as the first one. In this situation, when the optical
wave passes two polarization converters along one direction and the SAW propagates
also in the same direction, the individual frequency shifts cancel each other due to
the opposite state of polarization at the input of both polarization converters (see
figure 3.1) [45,123]. So it is necessary that both AO polarization converters are driven
simultaneously by one RF generator to excite the SAWs with the same frequency.

interdigital optical waveguide acoustical
transducer (Ti:LiNbO,) absorber
LiNbO,
SAW
™ — Vo TE— ™ —
Vo Vo - Vae = Vac (Vo= Vac) *+ Vao _V:)
SAW
<«— converter 1 — ‘H converter 2 H‘

Figure 3.1: The frequency shift compensation with two AO polarization converters. A TM polarized
optical wave of frequency vg is converted to a TE polarized wave of frequency vy — v, (downshifted)
through the first AO polarization converter and is converted back to a TM polarized wave of frequency
vo (upshifted) through the second AO mode converter. In both converters SAWs (of frequency v )
are codirectional with the optical wave.

If the required basic elements for an acoustooptically tunable waveguide laser and
their properties are known, the laser can be designed. The schematic diagram of
the laser is shown in figure 3.2. A X-cut, Y-propagation LiNbOj3 substrate is chosen
for efficient excitation of the SAW for AO interaction. There are two Ti-indiffused
single mode optical channel waveguides along the length of the substrate with two
cross over regions. These cross over regions are the waveguide polarization splitters.
These devices split the optical wave composed of two states of polarization (SOP)
into two different waveguides after crossing the common waveguide section. Most of
the substrate surface and thereby of the optical waveguides is doped by Er indiffusion
except a small part at the left hand side of the structure including the first polarization
splitter. The Er-doped waveguide section can provide the optical amplification in the
wavelength range 1530-1620 nm if it is pumped optically with an external laser diode
at 1480 nm wavelength.
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Figure 3.2: Schematic of the design of an acoustooptically tunable Ti:Er:LiNbOs waveguide laser.
Basic elements and their positions are labelled. X, Y, Z are the crystal axes.

The laser cavity is formed by two broad-band multilayer dielectric mirrors de-
posited at both end faces of the waveguides. There is a broad-band multilayer anti-
reflection (AR) coating at the left hand side on the end face of the lower arm of the
first polarization splitter which facilitates efficient pump coupling. The mirror at the
right hand side also serves as pump reflector to achieve double pass pumping. It is
used as output coupler of the laser.

Since at the left hand end face only the upper waveguide branch is coated with a
mirror, the waveguide resonators for both polarizations are now fixed. For TM (for
TE) polarized pump, the resonator includes the lower (the upper) waveguide inside
the filter region (compare figure 2.13). This will be explained in more detail in section
‘laser operation’ later. The upper waveguide branch at the right hand side is not used
in this case. But it is useful for studying the characteristics of the polarization splitters
and of the AQ filter before the mirror deposition (those are described in the previous
chapter). If at the left hand side the upper branch is used as pump input (with AR
coating) and lower one (with dielectric mirror) as part of the laser resonator then the
upper waveguide at the right hand side will become a part of the laser resonator.

There are two AO polarization converters in the cavity. The first one, at the left
hand side between two polarization splitters is the essential component of the optical
wavelength filter. The second converter at the right hand side serves as frequency shift
compensator. The acoustical waveguides are defined such that the optical waveguides
lie centrally inside the straight acoustical waveguide sections in both converters. In-
terdigital transducers at the beginning of each polarization converter can excite the
SAWs. The propagation of the SAWs is stopped by acoustical absorbers (which can
be a very thin sheet of plastics) at both ends of each polarization converter. So there
are no SAWs outside the regions of polarization converters.

The separation between the two optical waveguides on the left hand side end face
is 100 um. The separation of the parallel waveguides is 40 um. The length of the
waveguides from the left hand end face to the end of the second polarization splitter,
thereby, up to the end of the AO wavelength filter is 42mm. The length of the second
polarization converter is 20mm. So the minimum length of such a laser structure
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is 62mm. If the substrate is longer than 62 mm, the second polarization converter
can be shifted further right to the end of the structure. To avoid spatial hole burning
effects (which will be explained later), both polarization converters should be free from
Er doping. In this situation the length of the Er-doped optical waveguide between
the two polarization mode converters should be long enough to provide the optical
amplification for the laser to set in.

3.3 Laser Fabrication

The laser is fabricated on the X face of a 94.2mm long (along the Y-axis), 1 mm
thick (along X-axis) and 12 mm wide (along the Z-axis) substrate. Er*":LiNbOj has a
ground state absorption around the wavelength 1550 nm. To study and evaluate the
optical and acoustooptical properties of the waveguide structure this absorption has to
be avoided. On this Substrate 12 laser structures are fabricated monolithically parallel
to each other with some straight optical waveguides as reference for measurement
purpose. Only 6 of these structure are fabricated in the Er-doped surface as shown in
figure 3.3. They only differ by the coupling length L. of the polarization splitters. L,
is varied from 310 pm to 360 pum with steps of 10 um (see figure 3.3).
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Figure 3.3: Mask layout for the laser sample. There are 12 laser structures, of which only 6
structures are fabricated in the Er-doped surface area and they differ in L. as indicated in units
of um. Detailed dimensions of waveguides and AQO directional couplers are given in the previous
chapter, see figure 2.4(a) and 2.12(a), respectively.

The complete fabrication of the acoustooptically tunable laser can be divided into
five major steps as shown in figure 3.4: (a) Er-diffusion-doping of the LiNbOj sub-
strate, (b) Ti-indiffusion to define the claddings of the acoustical waveguides for AO
directional couplers, (c¢) Ti-indiffusion to fabricate the optical waveguides and polar-
ization splitters, (d) Al sputtering to form interdigital transducers and (e) deposition
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Figure 3.4: Five major fabrication steps for the laser. For better clarity only one laser structure is
shown here (not the whole mask region as in figure 3.3): (a) Er-diffusion in LiNbO3, (b) Ti-indiffusion
to define the claddings of the acoustical waveguides for AO directional couplers, (c¢) Ti-indiffusion
for optical waveguides and polarization splitters, (d) Al sputtering to form transducers for SAW
excitation, and (e) deposition of dielectric layers as antireflection coating and high reflecting mirrors.

of dielectric layers as anti-reflection coating and high reflecting mirrors, respectively,
on the waveguide end faces. Before the mirror deposition all the optical and acoustoop-
tical characteristics have been studied to learn the quality of the fabricated structure.

Due to its low diffusivity, Er-diffusion doping is always the first step. To avoid
ground state absorption of Erbium, its doping is restricted to pumped sections only.
Such a selective doping can be achieved by indiffusion of a patterned, vacuum-deposited
Er-layer. First, an aluminium foil is wrapped over the surface of the substrate to pro-
tect the area from Er-deposition where Er-doping is not required. A planar 21.1 nm
thick metallic Er-layer is deposited on the substrate surface using vacuum evaporation
technique. Approximately 80 mm of the 94.2 mm long sample surface is coated by
the Er-layer as shown in figure 3.4(a). It is indiffused during 150 hours at 1130°C,
close to the Curie-temperature (approx. 1145°C) of the ferroelectric LiNbO3. These
parameters lead to a nearly Gaussian concentration distribution of 1/e depth of 6.2 um
with a corresponding surface concentration of about 2.0 x 10**cm™3. The resulting Er
concentration profile has a good overlap with the optical mode distribution inside the
Ti-indiffused optical waveguides to be fabricated later.

The acoustical directional couplers are fabricated in the next step. A metallic Ti
film of 160 nm thickness is evaporated in vacuum all over the surface. The cladding
regions of the acoustical waveguides are then defined photolithographically and by
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chemical etching. Dimensions of core and claddings of the acoustical waveguides are
shown in figure 2.12(a). The Ti-structure (see figure 3.4(b)) is now indiffused at 1060 °C
during 24 hours. These parameter yield a monomode waveguide with a LiNbOj3 core
for surface acoustic Raleigh waves. The propagation losses of such an acoustical mode
can be as low as 0.5 dB/cm [40].

In the next step, the optical waveguide structure with the two polarization splitters
has been fabricated. The dimensions of the waveguides and polarization splitters
are shown in figure 2.4(a). A metallic Ti film of 104 nm thickness is evaporated in
vacuum all over the substrate surface. Then the optical waveguide structure is defined
photolithographically and by chemical etching (as shown in figure 3.4(c)) inside the
core of the straight acoustical waveguides. Then 7 um wide, 104 nm thick Ti-stripes
are indiffused at 1060°C during 7.5 hours. This results in a formation of monomode
optical channel waveguides for both TE and TM polarization in a broad wavelength
region around 1550 nm.

Then the substrate end faces are carefully polished perpendicular to the waveguides.
In this phase, optical mode size and propagation loss are studied in the undoped
straight optical waveguides for both TE and TM polarized optical waves. To avoid
reflections of the optical waves at the waveguide end faces, broad-band antireflection
coatings are deposited at both of the substrate end faces. Then the polarization split-
ting ratio is evaluated for all values of L. in the waveguide structures in the Er-free
region. Then optical absorption and gain is measured in the Er-doped waveguides.
Once we find that the waveguides have good optical properties, like, single mode optical
waveguiding with low loss (~0.1 dB/cm), low polarization splitting ratio (~—-30dB)
and good optical gain (> 0.25 dB/cm) in the wavelength region 1530 nm to 1580 nm,
then we proceed to investigate the acoustooptical polarization conversion.

Therefore, next step is to fabricate interdigital transducers to excite a SAW in the
acoustic waveguides as shown in figure 3.4(d). A magnified view of the transducer
structure with electrode pads is shown as well (see the photograph in figure 3.5).
The 500nm thick interdigital transducers with 20 finger pairs (see section 2.5) are
fabricated by aluminium sputtering using the lift-off photolithography technique. An
impedance matching circuit allows to excite a SAW with high efficiency. Then the
characteristics of acoustooptical polarization conversion is studied to determine the
phase matching frequencies and driving power level for optimized conversion efficiency
(see figure 2.17).

Finally, broad band anti-reflection and high-reflection coatings are deposited di-
rectly on the polished end faces as shown in figure 3.4(e). They are comprised of
alternating SiO, and TiO layers: for high reflection mirrors, there are 12 alternating
layers of quarter wave thickness at wavelength 1560 nm and for antireflection coatings
there are 4 alternating layers of optimized thicknesses. Os-ion beam assisted e-beam
evaporation is used to deposit fully oxidized (non absorbing) layers of high density at
low substrate temperature. Characteristics of these coatings are described in figure
2.19 in the previous chapter.
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Figure 3.5: Photograph of the Al-transducer on the LiNbOj substrate. The optical waveguides and
acoustical waveguides are visible too.

3.4 Laser Operation

After the discussions of design and fabrication of the laser structure we can follow now
the optical field inside the cavity to understand the laser operation and wavelength
tuning of its emission. The laser has two polarization splitters. As stated before, those
are designed to guide the TM (the TE) polarized optical wave in bar (in cross) state,
respectively (see figure 2.4(a)). There are two AO polarization converters inside the
cavity. We know that the AO interaction is a phase matched and therefore, wavelength
selective process. Depending on the chosen frequency of the SAW, the optical wave
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Figure 3.6: Schematic diagram of the acoustooptically tunable Ti:Er:LiNbOg3 laser, pumped with
TM polarized light. The paths of the pump and intracavity laser field are indicated by the dash-
dotted and dotted lines, respectively. The states of polarization (TE, TM) of the intracavity laser
field are written in the figure along its path.
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at the corresponding wavelength will experience four times a change of the state of
polarization during each round trip through the cavity. The guiding channel of the
oscillating optical wave will be different inside the filter region for different input
polarization to the filter. So to understand all the phenomena of the laser operation,
it is better to start with a particular polarization (TE or TM) of the pump light.

Let us consider the case when the laser is pumped with TM polarized light from the
lower branch at the left hand side which has a broadband antireflection coating (see
figure 3.6, previous page). Since TM-polarized light is guided in the bar states through
the polarization splitters, the pump light will be guided along the lower waveguide all
through the length of the waveguide as shown by the dash-dotted line. The SAW with
its frequency corresponding to a lasing wavelength around 1550 nm will not induce
any change of the state of polarization of the pump light at 1480 nm wavelength.
So when the laser is pumped in TM polarization the amplified spontaneous emission
(ASE) in the wavelength range from 1530 nm to 1620 nm (figure 2.9) is generated in
the Er-doped section of the lower waveguide only.

The broadband ASE signal has components in the both states of polarization. The
TM component generated at any point between the two polarization converters and
travelling along both directions will pass the polarization splitters in the bar state. So
it will be guided along the lower waveguide in all sections and as a result it will walk
out of the cavity through the antireflection coated end face. But a narrow band signal
of this component, whose wavelength is selected by the phase matched frequency of the
SAW and whose bandwidth is defined by the AO filter, will experience a polarization
conversion due to the AO interaction. The path of this narrowband signal is shown
in figure 3.6 by the dotted line. While travelling from right to left through the filter
region, it changes its state of polarization from TM to TE and will be guided towards
the upper waveguide branch (cross state) and reach the cavity mirror at the left hand
end. Since this waveguide section is free from Er-doping, there is no absorption and
this signal will be reflected back without much loss.

After reflection by the mirror this TE polarized signal travelling from left to right
will be guided back to the lower waveguide inside the filter region. It will experience
again a polarization conversion to a TM polarized signal. Now it will be guided in the
lower waveguide for the rest of the path to reach the mirror at the right hand end,
where it will be reflected back in the same path.

It should be noted that both the polarization converters are driven simultaneously
by one RF generator to excite the SAWs with the same frequency. So when the second
AO polarization converter has the same phase matched condition, the same optical
signal while travelling from left to right will be converted from TM to TE and then
will be converted back to TM during travel from right to left from the end face.
This polarization conversion is accompanied by a frequency shift by the amount of
SAW frequency; it is necessary to compensate the frequency shift induced by the first
polarization converter.

The TE polarized component of the broad band ASE generated at any point in the
lower waveguide and travelling along both directions will pass through the polarization
splitters in cross state. So it will be guided towards the upper waveguide and will be
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absorbed in the Er-doped section since there is no pump light in this waveguide.

So while the pump is in the state of TM polarization, a narrowband (wavelength
selected by the applied SAW frequency) TM polarized ASE can follow the resonance
path through the filter and it is amplified in each round trip. It is to be noted that
the filtered and amplified optical wave appears in TE polarization at both mirrors. So
a TM polarized pump leads to a TE polarized laser output.

Now the frequency shift of the phase matched optical wave (laser field) is discussed
for a round trip path inside the cavity. Let us assume that the frequency of the TE
polarized laser field at the left hand end is 1y and the corresponding SAW frequency is
Vae- The laser field propagating from left to right (from right to left) is co-directional
(contra-directional) with respect to the propagation direction of the SAWs. Then the
change in frequency of the laser field associated with the change in state of polar-
ization due to the AO interaction can be followed from table 2.3 and it is shown in
figure 3.7. The laser field will experience a frequency upshift to (vy + v,.) while cross-
ing the AO filter from left to right. This frequency shift will be compensated while
travelling through the second AO polarization converter. Since the state of polariza-
tion is changed from TM to TE, it will now experience a downshift in frequency to
(Vo + Vae) — Vae = Vp. S0 the laser field starting with frequency v from the left hand
side reaches the mirror at the right hand side with the same frequency vy.

During travelling from right to left the laser field now first experiences a downshift
in frequency to (vg — ) inside the second AO polarization converter and then an up-
shift in frequency to (Vo — Vee) + Vae = o inside the AO filter to reach the mirror at the
left hand side. So due to the presence of two AO polarization converters/frequency
shifters inside the laser cavity, the phase matched oscillating optical field, is repro-
duced after each round trip to satisfy the resonance condition for a conventional laser
operation.

If the frequency of the SAW is varied, the phase matched optical wavelength will
also vary correspondingly. That means, another narrowband optical signal from the
broadband ASE will be selected by the AO filter to produce the resonant laser emis-
sion. Thus an electronically tunable laser operation is possible by simply tuning the
frequency of the RF generator driving the SAW.

Since the TE polarized optical wave passes through the polarization splitters in
cross state, a TE polarized pump from the lower waveguide branch at the left hand
side (AR coated end face) will be guided along the upper waveguide section inside the
filter. It will be coupled back to the lower waveguide section by the second polarization
splitter (as shown by the dash-dotted line in figure 3.8).

In this case, the TM polarized component of the generated broadband ASE will
walk out of the cavity through the AR coated end face or will be absorbed by the
Er-doped inactive waveguide sections. Also most of the broadband TE polarized ASE
will exit from the cavity through the pump input branch. But a narrowband TE
polarized ASE, whose wavelength is selected by the phase matched SAW frequency,
will experience a change of its state of polarization from TE to TM and will reach
the cavity mirror at the left hand side. All states of polarization of this narrowband
optical signal are shown on the figure 3.8. Here the TE polarized pump leads to TM
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Figure 3.7: The states of polarization and the frequency shifts of the laser field when the laser
is pumped with a TM polarized wave. Starting from left: TE vy — TM, vy + vee — TE, 1y —
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Figure 3.8: The states of polarization and the frequency shifts of the laser field when the laser
is pumped with a TE polarized wave. Starting from left: TM,1y — TE, 1y —v4e — TM, vy —
TE, vy + vee — TM, 1.

polarized laser output as we have seen above that TM polarized pump leads to TE
polarized laser output. Although the amount of frequency shift and its compensation
is similar to the case of TM polarized pump, the directions of the frequency shifts
are opposite in case of TE polarized pump as shown in figure 3.8. In the round trip
path it can be described as (starting from left): TM, vy — TE, vy — vge — TM, vy —
TE, vy + vee — TM, 1.

We have seen from figure 2.17 that the bandwidth of the AQO filter is of the order
of 2.5 nm and that of the second AO polarization converter is similar. The conversion
efficiency depends on the power of the excited SAW. The required power for 97% con-
version efficiency in the developed AO filter is 19.5dBm (or about 90 mW). It can also
be noted from the filter tuning characteristics (see figure 2.18) that a RF frequency
of around 170.70 MHz yields a phase matched interaction with an optical mode of a
wavelength around 1560 nm; the corresponding tuning slope is —8.2nm/MHz. When
a RF signal of frequency 170.70 MHz with the required level of power is applied simul-
taneously to both AO polarization converters, a narrowband optical signal at 1560 nm
wavelength will be resonant in the cavity. This optical signal will be amplified if the
waveguides are optically pumped with sufficient power. Laser emission starts when
the amplification overcomes total internal loss of the cavity.

Without any longitudinal mode selective element (like an etalon or coupled ex-
ternal cavity) single mode laser emission is expected as Er:LiNbOj3 should be a ho-
mogeneously broadened gain medium. In an ideally homogenous laser transition the
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atomic lineshape is fixed and identical for all the atoms in the laser medium. The
magnitude of the gain and phase shift measured at any given frequency will move
up and down as the population inversion AN varies, but the lineshapes versus fre-
quency will remain unchanged. In such a laser system under steady state condition
of the gain, the laser should oscillate in only one preferred mode, the first mode to
reach the threshold; and the gain in the laser medium will be clamped at the level
that just causes that mode to reach threshold [124]. Pumping harder will make that
preferred mode oscillate more strongly, but will not increase the gain or start new
mode to oscillate. In practice, however, homogeneously broadened lasers do indeed
oscillate on multiple modes due to the effect known as spatial hole burning (whose
details will be discussed in the next section). When oscillation of most central mode
creates a standing-wave pattern in the active laser medium, it allows another mode,
whose peak fields are located near the energy nulls of the central mode, the opportu-
nity to lase as well. Moreover, in Er:LiNbOj3 there could be a stable inhomogeneity
in crystal fields due to the structural defects and internal stresses that develop during
the course of crystal growth and subsequent technological processing [95,125]. There
are a few data available on the measured values of homogeneous and inhomogeneous
line broadening in Er:LiNbOj3 [126]. But experimentally, single mode laser emission is
already confirmed with measured line width of ~10pm [42].

Depending on the length of the optical path inside the laser cavity, there is a set
of discrete wavelengths (or frequencies) known as longitudinal modes of the cavity for
which the total round trip phase shift is an integral multiple of 27. The frequency
difference between two successive longitudinal modes is known as free spectral range
of the cavity. The fabricated laser has a geometrical length of 94.2 mm which cor-
responds to a free spectral range of about 5.7 pm (or 714 MHz in frequency). Now
the RF generator which is used to excite the SAW has a minimum frequency step of
100 Hz. Since we know the tuning slope of the acoustooptical filter as —-8.2nm/MHz, a
100 Hz change of the SAW frequency will induce a 0.82 pm change of the central filter
wavelength. But all those wavelengths are not resonant in this cavity. In general, by
tuning the SAW frequency only, laser emissions at the wavelength steps corresponding
to cavity longitudinal modes are expected. For continuous tuning (at any wavelength)
of the laser it is necessary to introduce an equivalent change of the cavity length to-
gether with the SAW frequency. One way to change the cavity length is by changing
the equivalent refractive index of the optical waveguide, but this is not an easy option
in this form of design. Another alternative option is to introduce a phase change of
the optical wave. This can be achieved by changing the relative phase between the
two RF signals of the AO polarization converters. It is mentioned that both AO con-
verters are driven by the RF signals derived from a single RF generator to ensure an
exact frequency shift compensation, thereby, to fulfill the necessary condition for the
conventional laser operation. At a particular frequency of the SAWs, there is a band
of optical wavelengths at the peak of the AO filter pass band which will satisfy all the
necessary conditions for lasing except the cavity resonance. Depending on the cavity
longitudinal mode, at any time only one wavelength is resonant. Now changing the
relative phase between the two RF signals to the AO converters, a phase change will
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be induced on the optical waves also. This is equivalent to the change of the optical
path length and as a result another wavelength will be resonant in the cavity. It is easy
to change the phase between the two RF signals with the help of an electronic phase
shifter attached to the electrodes of the frequency shift compensator. Thus changing
the relative phase between the two electrodes for the AO polarization converters in a
systematic way can help to see the laser at the desired wavelengths or to achieve a
continuous tuning of the laser. To observe this tuning it is required to ensure a stable
single mode oscillation in the laser by removing all types of mode competition or time
dependent variables like spatial hole burning, relaxation oscillations. We will discuss
these two remaining issues for such laser to understand its operation and properties.
Effective solutions of those problems will also be discussed.

3.4.1 Spatial Hole Burning

When two waves are travelling in opposite directions in a laser medium, interference
between these two waves will produce a standing wave pattern of the optical intensity
along the length of the cavity. This interference effect gives rise to spatial variations
of the population inversion in the laser medium. This effect is known as spatial hole
burning effect, which can lead to mode competition or multimode operation even in a
homogeneously broadened laser medium [124].

Consider a general situation in which two propagating waves with complex am-
plitudes E; and E,, frequencies w; and wsy, and propagation vectors (3, and (3, are
simultaneously present in a gain medium. The total electric field strength E at any
point in the gain medium can be given as

E(z,t) = Ey(z,t) + Es(z,t)
= Re[E(2)exp (j(wit — £12)) + Eao(2) exp (j(wat — B22))] (3.1)

and so the total optical intensity I(z,t), at any point z along the length and at any
instant of time ¢, must then in general be written in the form

I(z,t) = |[E(z, )" = [Ea(2)[* + [Ba(2)]*
+ Ej(2)Es(2) exp[j{(ws — w1)t — (B2 — (1)2}] + c.c. (3.2)

Equation 3.2 shows that the local intensity will contain, in addition to the average
intensities |E;|* and |Es|? associated with the two waves separately, an interference
term proportional to the dot product of EfE,. This interference term contains both
a time-variation, at the beat frequency wpe,s = wo — wy between the two signals and a
spatial variation along the length with a spatial periodicity given by 3y — (.

Even if the two optical waves have the same frequency (as in case of laser field
oscillation), they will produce spatial modulation of the local optical intensity. Thus,
if w = wy, |B1] = |B2| = |B|, but, fi = —[s, then the intensity I in equation 3.2 will
have a spatial variation of the form

I(z) = Li(2) 4+ I(2) + 2/ 1 I3 cos[20 z + ¢] (3.3)
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where I; and I, are the intensities of the two waves separately, and the sinusoidal
standing-wave portion has a spatial phase angle ¢ related to the relative phases of the
two electric fields. If an intensity pattern of this form is present in a homogenously
saturable atomic medium, it will presumably produce a spatially varying population
inversion of the form [124]

AN(z) 1
ANy 1+ 1(2)/ L
1

_ (3.4)
1+ {[1 + I + 2/ 15 cos(23 z)} [ Lsat

where AN (z) is the population difference along the length, ANj is an unsaturated
or small-signal inversion value, and I, is the saturation intensity or the value of the
signal intensity passing through the laser medium that will saturate the gain (or loss)
coefficient down to half its small-signal or unsaturated value.

Equation 3.4 describes the spatial hole burning, the spatial variation of gain (or
loss) in an atomic medium as shown in figure 3.9. This spatial variation will lead to
complex wave-coupling effects in laser. This phenomenon may lead to mode competi-
tion between adjacent modes also.
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Figure 3.9: (a) Spatial intensity pattern due to interference between two waves having the same
optical frequency but travelling from opposite directions. (b) Resulting spatial hole burning or
saturation grating pattern of the population difference AN(z). (Ref. [124]).

Suppose a linear or standing-wave laser is initially oscillating in the g-th axial mode.
This leads to a standing-wave pattern for the field amplitude or optical intensity along
the z-axis, with peaks and nulls spaced by one-half of the optical wavelength (between
each null). The inverted population in this laser will then be saturated in a similar
spatially periodic fashion as shown in figure 3.10.

As a result, near the center of the cavity, the standing-wave pattern of the (q+1)-th
mode—which squeezes one more half optical wavelength into the cavity length—will
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Figure 3.10: Spatial hole burning by the g-th mode of oscillation. (Ref. [124]).

have its maximum intensity located just at the points that left unsaturated by the
g-th mode, the same is true equally for (q-1)th axial mode. Consequently, the gain
competition between the two adjacent axial modes is much reduced, and both axial
modes may well be able to oscillate simultaneously, even within a homogeneous laser
medium, by using in essence different groups of atom. Thus two axial adjacent modes
will oscillate and bring a saturation uniformity, at least in the center of the cavity. If
the saturation in gain is not uniform along the whole length, these two modes cannot
achieve equal amplitudes and there will be a competition between them.

There are many ways in which the spatial interference effects between two waves
can be washed out. One of those is, if the waves are in fact at different frequencies,
then the interference fringes or standing-wave patterns produced by the two waves will
move or sweep through the material, because of the temporal part of the interference
effect as described in equation 3.2. If the difference in frequency (ws —wy) between the
two waves is large compared to the population recovery time, 7, then the time-varying
part of this modulation will be so rapid that the atomic population difference will
simply not respond to this frequency, and hence all the terms oscillating sinusoidally
in time can be ignored.

Inside the integrated acoustooptical laser cavity there are two acoustooptical po-
larization converters. They effectively impose individual frequency shifts on the phase
matched resonant optical wave. It is seen from figures 3.7 and 3.8 that the oscillating
optical waves travelling from opposite directions have two different frequencies in the
central section between the two polarization converters. If the wave travelling from
left to right has a frequency 1y + v,., the wave travelling from right to left has a
frequency vy — v, or vice versa. Thus the frequency difference of these two waves is
twice that of the SAW frequency (v,.), which is here of the order of 170 MHz. This is
fast enough compared to the population recovery time, 7 in Er:LiNbOg3 which is of the
order of 2.6 ms. At the same time, the frequency shift imposed by one AO converter
is compensated by the second AO converter in each round trip.
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3.4.2 Relaxation Oscillations

Some transient behaviors of the laser oscillators and its output are discussed here
which are termed as spiking and relaxation oscillations. The term spiking refers
to the discrete, sharp, large amplitude pulses that typically occur during the ini-
tial turn-on of many lasers and it evolves with decaying amplitude. On the other
hand, most of the solid state lasers exhibit relaxation oscillations, which are described
as a small-amplitude, quasi-sinusoidal, exponentially damped oscillations around the
steady-state amplitude which occur when a continuously operating laser is slightly
disturbed. Any small perturbation, such as a sudden change of the pumping rate or
of cavity loss, will trigger transient relaxation oscillations. Relaxation oscillations are
typical of those lasers in which the recovery time of the excited state population in-
version is substantially larger than the laser cavity decay time. Er:LiNbO3 waveguide
lasers are characterized by a comparatively long radiation life time (concentration
independent fluorescence life time is 2.6 ms) and a short cavity decay time (round
trip time divided by total cavity loss factor) of the order of few nanoseconds. A the-
oretical modelling comparing experimental observations of relaxation oscillations in
Er:LiNbOj3 waveguide lasers is described in reference [127].

Relaxation oscillations are caused by an interplay between the instantaneous ampli-
tude of the laser field (say signal s), amplitude of the pump (say p), and the population
densities (say V7 for ground state and N for excited state). At the beginning when the
signal amplitude is very low, energy from the pump is used to build up the inversion:
the population of the ground state decreases and of the excited state, corresponding
to the laser level, increases. During this time, the pump amplitude is less than the
incident amplitude (due to absorption) and increases exponentially against a position
of equilibrium (saturable absorber). After a certain time the inversion will become
large enough to slowly increase the amplitude of s due to stimulated emission. The
build up of s from its initial value produced by spontaneous emission takes some time;
during this time the inversion can continue to grow until the signal amplitude over-
comes a specific value. Then inversion decreases with time due to the increased rate of
stimulated transitions. After its maximum the signal starts to decrease but as long as
it is large enough it further decreases the inversion. As a result the inversion is small
enough to be build up by the pumping process again and so on. Thus a increase in
the laser field amplitude causes a reduction in the inversion due to increased rate of
stimulated transition and consequently this causes a reduction in the gain that tends
to decrease the field amplitude which is to be build up by the pump.

The observed relaxation oscillations of this laser is shown in figure 3.11. As shown
in the figure 3.11(a) the measured frequency of relaxation oscillation is 164 kHz. Such
a low relaxation oscillation frequency allows to develop an optoelectronic feedback loop
for the laser stabilization. A scheme for a feed back control loop through a photodiode
to the pump source is described in the next section. The transient behavior in the
laser output power without and with feedback loop is shown in the figure 3.11(b).
Suppression of relaxation oscillations by controlled pumping is possible if spatial hole
burning is suppressed sufficiently.
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Figure 3.11: Relaxation oscillations in the laser: (a)Oscillation frequency: ~ 164 kHz (recorded
with 50 Ohm load resistance to the photodiode) and (b) Transient behavior of the oscillations when
feedback loop is switched off and on.

3.5 Properties of the Laser Output

After the descriptions of design, fabrication and operation principle, the experimental
investigation of the laser output is presented. The schematic diagram of the experi-
mental arrangement to operate the laser and to study the laser output characteristics
is shown in figure 3.12. Only one laser structure with L.=330 pm is investigated for
the output characteristics. A photograph of the experimental setup with input and
output coupling (without external optical and electrical components) and a close view
of the pumped optical waveguide with green upconverted light is shown in figure 3.13.

It is discussed in section 2.6 that to achieve a same phase-matched condition for
both AO polarization converters of the fabricated laser, it is required to maintain a
temperature of 20°C for the AO filter and of 25°C for the frequency shift compensator.
So for laser operation a temperature difference between the two sections of the laser
structure is maintained by arranging two heaters from the bottom with proper thermal
isolation. Thermo-electric Peltier elements are used as heating elements; 10 K-Ohm
thermistors are used as temperature sensors and two ILX-lightwave temperature con-
trollers are used to maintain these temperatures.

The laser is pumped with a fiber Bragg grating stabilized diode laser at 1480 nm
wavelength. A fiber optic isolator was spliced with the fiber of the laser diode behind
the Bragg grating. A fiber optic polarization controller is used to select the state of
polarization of the pump input. The pump fiber is butt-coupled to the lower waveguide
branch at the left hand side (anti-reflection coated end face) of the laser with the aid
of a three axes piezoelectric Positioner. The laser output from the lower waveguide
at the right hand side is collimated using a free space lens coupling. At a distance of
nearly 30 cm the output is coupled to the common branch of a fiber optical WDM to
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Figure 3.12: Schematic diagram of the experimental setup to investigate the laser. A optoelectronic
feedback loop is used to remove the relaxation oscillations. Components are labelled in the figure.

separate the residual pump at 1480 nm from the lasing wavelength around 1550 nm.
The states of polarization of pump and laser output are monitored within the free
space propagation of the collimated laser output.

The output from the laser wavelength brach of the WDM is divided by a 10/90
coupler. Then the laser output from the 90% branch is used for detection and analysis
through a photodiode or an optical spectrum analyzer (OSA).

To suppress the relaxation oscillations of this laser an optoelectronic feedback loop
is arranged to control the input pump power. From the 10% branch the laser output
is coupled to a fiber pigtailed, biased, InGaAs-PIN photodiode and the corresponding
electrical signal is fed to a specially designed stabilizing circuit. The stabilizing circuit
eliminates the DC part of the photodiode signal and amplifies the AC components. A
current is generated which is inversely proportional to the AC components. The gain of
this photodiode signal is continuously variable within almost 2 orders of magnitude.
This is important to adjust the optimum point of operation for the stabilization.
The bandwidth of the amplifier is above the resonance frequency of the relaxation
oscillation. The output current of the stabilization circuit is directly superimposed to
the current of the pump laser diode to avoid any limit in frequency modulation of the
laser diode controller. As shown in the figure 3.11(b) the relaxation oscillation is thus
suppressed successfully.

Only one RF generator is used to excite SAWs of the same frequency for both the
polarization converters. Since the required power levels for maximum conversion of
the polarization are different for both converters, individual RF amplifiers, attenuators
and impedance matching circuits are used behind a 3 dB power divider as shown in
the figure. A voltage controlled phase shifter is used to change the relative phase of
the two SAWs.
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Figure 3.13: Photograph of the experimental setup with input output coupling (without external
optical and electrical components). The laser sample is mounted on a copper holder to control the
temperatures in two sections. Lower part is the close view of the pumped waveguide emitting green
upconversion light.

The laser can be operated via the pump polarization in both TE and (or) TM using
the same input/output configuration of the cavity. However, as there is a considerable
photorefractive effect if a high power (of the order of 100 mW) pump is launched in
TE polarization, the laser performance is studied mainly with TM polarized pump
input and, consequently, the state of polarization of the laser output was TE. The
laser output characteristics are discussed in the following sections.

3.5.1 Power Characteristics

From the gain characteristics in TM polarization (shown in figure 2.9), it is observed
that there are peaks of the gain at wavelengths about 1531, 1545, 1561 and 1568 nm.
Therefore, we studied the power characteristics of the laser output at these wave-
lengths. The corresponding SAW frequency to select these wavelengths are 174.28,
172.55, 170.57, 169.7 MHz, respectively. These SAW frequencies corresponding to the
wavelengths are sensitive to the operating condition of the laser, particularly with the
temperature variation. A slight change in temperature difference between the two
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AO polarization converters may cause a shift of the the laser emission wavelength.
Even the increase of pump power causes an increase of temperature of the waveguide
locally resulting in a shift of the the laser emission wavelength by the order of tens
of pm. This shift of the wavelength could be readjusted by changing the differential
temperature, or by adjusting the SAW frequency. But during the measurement of the
power characteristics (laser output power versus input pump power), this small shift
is neglected. Actually it is difficult to readjust the wavelength shift while the pump
power is changed smoothly by changing the injection current of the pump laser diode
by applying a modulation voltage from a ramp generator. The power characteristics
of the laser at those four different wavelengths are shown in figure 3.14(a) and the
corresponding summary of the characteristics is mentioned in the table 3.1.

The power characteristics is obtained as the function of incident pump power mea-
sured at the end face of the fiber just before the sample. The coupled pump power
can be estimated if we consider the coupling loss due to alignment and mode overlap
between fiber and waveguide as 10% and residual reflection of 8% on the dielectric an-
tireflection coating. The output power is measured behind the WDM and 90% branch
of the 10/90 coupler with a fiber coupled optical power meter. For the 1568 nm wave-
length, the threshold power is 31.2 mW and at 110 mW coupled pump power, the
output is 0.6 mW:; the slope efficiency is about 0.7%. It indicates that further opti-
mizations are required for better output coupling.

The stability of the output power is checked by recording the time varying fluc-
tuations as shown in figure 3.14(b). A fraction of the total output power of the laser
(when A = 1560 nm and the incident pump power is about 80 mW) is fed to a pho-
todiode and photodiode output is recorded by an digital oscilloscope. A record over
a time of 20 seconds (with 50 samples/sec) shows that there is nearly £6 % fluctua-
tion in the power. This study is performed when relaxation oscillation is suppressed
by a feedback control loop. External causes like vibration in the setup, surrounding
airflow, spurious reflections at the output coupler have influences for this instability.
So a certain reduction of this fluctuation is expected in a packaged and fiber pigtailed
(in both ports) laser.

Table 3.1: summary of power characteristics

Output wavelengths [nm] 1531 1545 1561 1568
SAW frequency [MHz] 174.28 172,55  170.57  169.7

Threshold power [mW] 65 52 40 38
(incident)
Laser output at 130 mW
incident pump power  0.28 0.43 0.55 0.57
[mW]

Slope efficiency [%] 0.3 0.5 0.6 0.6
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Figure 3.14: Laser power characteristics: (a) output power versus pump power in single mode
emission, and (b) output power versus time; photodiode load resistance: 50 Ohm.

3.5.2 Tuning Characteristics

The laser output wavelength is tuned electronically by tuning the SAW frequency of
the AO filter and frequency-shift-compensator driven by a RF signal generator. A
very wide tuning range is observed with this integrated Er:LiNbOj laser.

The tuning characteristics of the laser emission wavelength is shown in figure 3.15.
It is observed that it is possible to tune the output wavelength of the laser from
1530nm to 1577nm. For the first time, a 47nm wide tuning range is observed in
an acoustooptically tunable integrated Ti:Er:LiNbOj laser. This tuning range is not
limited by the bandwidth of the acoustical transducers, but depends on the available
optical gain at the selected resonant wavelength inside the cavity. Since the gain
bandwidth of the Er:LiNbO3 amplifier extends from 1530 nm to 1620 nm wavelength,
the maximum range can be expected in this region when the laser structure is pumped
appropriately. The total internal loss of the cavity (waveguide propagation loss, losses
in the polarization splitters, loss due to polarization conversion) is about more than
3dB, somewhat higher than the total maximum gain available at longer wavelengths.
So no laser emission is obtained at longer wavelengths (> 1577 nm).

Figure 3.15(a) shows the spectral output of the laser at different optical wavelengths
at constant input pump power (130 mW, TM) and the corresponding operating SAW
frequencies are plotted in the upper scale. The optical spectra are recorded using an
optical spectrum analyzer with a spectral resolution bandwidth of 10 pm and a span of
500 pm. The spectral dependence of the peak power of the laser follows approximately
the gain curve except in the region at 1531 nm, where the observed peak spectral power
is low compared to the region at 1538 nm. The spectra around 1531 nm were broad-
ened comparatively like a multimode emission, so the total power under the spectral
envelop was higher at 1531 nm compared to 1538 nm. A much higher coupled pump
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Figure 3.15: Tuning characteristics of the laser. (a) Laser output power versus laser emission
wavelength (reading from an optical spectrum analyzer) while the corresponding SAW frequencies
are shown in the scale above. The measured data are shown by the black dots. (b) Laser emission
wavelength versus SAW frequency; the same data as in (a) plotted to show the tuning slope.

power is required to get a higher emission at 1531 nm which is not possible with the
pump laser diode we have used. The applied RF frequency and the corresponding cen-
tral wavelength (peak spectral wavelength) of the laser emission are recorded manually
while appropriate laser operating conditions (input pump coupling, optimum power
of the SAW| temperature) have been maintained maintained for optimized and stable
emission. The results are plotted in figure 3.15(b). It is clear from this plot that the
tuning slope of the laser is —8.2nm/MHz which corresponds to the observed tuning
slope of the acoustooptical filter.

In the frequency range of 170 MHz, the RF function generator (Marconi Instru-
ments, 2022c) has minimum frequency steps of 100 Hz. If the appropriate operating
condition of the laser is maintained, the 100 Hz change of the SAW frequency results
in a 0.82 pm change of the wavelength of the laser output. So an optical spectrum
analyzer with 10 pm resolution would show a continuous change in wavelength if the
change in SAW frequency steps is 100 Hz. But it is observed that the tuning is not
continuous. The laser cavity of geometrical length of 94.2 mm has a corresponding
longitudinal mode spacing of 5.7 pm. So it is expected that the laser cannot be tuned
in finer steps unless the cavity length is adjusted to be resonant for those wavelengths.

Since the laser is driven by two RF signals (derived from a single RF generator) for
two AO polarization converters (for filter and frequency shift compensator), it is ex-
pected that the relative phase change between these two SAWs will introduce a change
of the effective optical path length inside the cavity due to a induced change of the
phase of the optical wave. A voltage controlled phase shifter has been connected to
the second AO polarization converter as shown in figure 3.12. The shift of the lasing
wavelength is observed indeed by changing the relative phase between the two SAWs of
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this laser. It indicates the possibility that by changing the relative phase between two
SAWs together with the frequencies in an appropriate manner, a continuous mode-hop
free tuning should be possible. Systematic recording of this tuning is not possible at
this moment mainly because of random jumps between the longitudinal modes with
time and also often it is multimode. There are external disturbances in the setup like
input coupling instability, vibrations, reflections at the output coupling lens and fiber,
there are also internal causes like spatial hole burning which influence the laser oscil-
lations and stability in single mode operation. A substantial improvement is expected
when the laser will be packaged properly with fiber pigtails.

The oscillating laser signal in the section of the waveguide between the two AO
polarization converters has the two different frequency vy + v, and vy — v, (see figure
3.7). So there is no standing wave pattern in this central section. Sections of the
waveguides inside the polarization converters are doped with Er and contribute to the
effective gain inside the cavity. At the rear ends of both AO polarization converters,
there is an overlap of waves of the same frequency 1 from both directions, which
causes spatial hole burning effects resulting a permanent source of mode competition.
So it is necessary to have the AO polarization converters outside the Erbium doped
waveguide section to avoid this spatial whole burning. This design is considered for
next investigation of a new laser sample.

3.5.3 Spectral Characteristics

The spectral characteristics of this laser emission is studied using an optical spectrum
analyzer (OSA) with the maximum resolution of 10 pm. The operating temperature,
the driving SAW frequency and other conditions are maintained carefully for laser
emission at about 1562 nm wavelength. As recorded by the optical spectrum analyzer
a typical spectrum is shown in figure 3.16(a) (peak spectral power is normalized to
one). As expected, we observe a single mode emission from this laser. The measured
spectral linewidth (at FWHM) is 12 pm. As shown in the figure, the clear and smooth
spectral envelop certainly indicates a stable output. Since the measured (with the
OSA) linewidth is near to the resolution limit of the instrument, we may assume that
the true linewidth is smaller corresponding to single mode operation.

The laser emission is also investigated by a scanning Fabry-Perot spectrum analyzer
(with 15 GHz free spectral range) to see if the laser is truly single mode. Indeed, it
shows a single mode emission as shown in figure 3.16(b). But at this moment there are
jumps between the modes. This is due to the technical noises arise mainly from the
experimental setup. Though there is a fairly stable single mode emission at wavelength
longer than 1540 nm, it is never stable in the range around 1531 nm wavelength. The
exact cause is not yet clear to us.
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Figure 3.16: Spectral characteristics of the laser: (a) spectrum of the laser output observed through
optical spectrum analyzer with resolution bandwidth 10 pm. Measured linewidth at FWHM is 12 pm.
(b) Laser emission spectrum from a scanning Fabry-Perot spectrum analyzer of 15 GHz free spectral
range.

3.6 Conclusions

Design, fabrication, operation and output characteristics of an integrated acoustoop-
tically tunable Ti:Er:LiNbOj laser are presented in this chapter. In this mode of
operation, it is termed as conventional frequency shift compensated (FSC) laser since
most of the lasers work in this principle of operation. Another mode of operation
termed as frequency shifted feedback and the corresponding output characteristics of
the same laser structure will be presented in the next chapter.

Single mode laser emission is achieved with a 47nm (1530nm < A < 1577nm)
wide tuning range. The tuning slope is —8.2nm/MHz. Single mode laser emission
is confirmed by analyzing through a scanning Fabry-Perot spectrum analyzer. The
measured line width of the laser is 12 pm while the spectral resolution of the optical
spectrum analyzer is 10 pm. So the true linewidth is narrower. A maximum output
power is measured to be 0.5 mW at 1560 nm wavelength for 105 mW coupled pump
power. A higher output power is expected if the reflectivity of the output mirror
is optimized. At present the laser output properties are investigated in a normal
laboratory environment causing a nearly +6 % fluctuations. Relaxation oscillations
are removed using a feedback control loop for the pump power.

The design is considered to minimize the total internal loss and to have a maxi-
mum length of the Er-doped section to achieve a high gain. But it leads to a mode
competition due to a spatial hole burning effect inside the AO polarization converters.
So a new design is to be considered to keep the AO polarization converters outside
the gain section.
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Chapter 4

Frequency Shifted Feedback (FSF)
Laser

4.1 Introduction

In the previous chapter an integrated acoustooptically tunable FSC laser and its output
characteristics is described. The frequency shifting of the optical wave by the AO
tunable filter and its compensation by another AO polarization converter (named
as frequency shift compensator) is essential to fulfill the condition of conventional
laser operation forming the resonant modes like in a Fabry-Perot cavity. Now we
will investigate the output from the same cavity but turning off the frequency shift
compensator. In such a case (as explained in figure 2.10 in chapter 2), the optical wave
will be frequency shifted in each round trip. An optical wave of frequency v is shifted
to vy — 2v,. after a round trip through the AO filter, where v,. is the frequency of
the corresponding acoustic wave. Thus, the continuous change in frequency disturbs
the feedback conditions to build up the discrete modes of fixed resonant frequencies,
i.e., the frequency shifted feedback changes the emission characteristics considerably
from that of a conventional FSC laser. The immediate question is if there will be
any useful emission from such cavity. The answer is positive. The investigation of
such output with unusual frequency properties started in 1970s for acoustooptically
tunable dye lasers [128,129]. Such lasers are described as frequency shifted feedback
(FSF) lasers [46]. Initially, a modeless laser emission has been assumed [48-50] but
further investigations reveal the emission of chirped modes [62,67].

An integrated tunable FSF laser in Erbium doped Lithium Niobate is described for
the first time. Experimental studies of the properties of the laser output are also pre-
sented here with investigation using an optical spectrum analyzer and by heterodyne
experiments. The basic elements for this AO tunable FSF laser, like Er-doped optical
waveguide amplifier, waveguide polarization splitter, AO polarization converter, di-
electric coatings for high-reflection and antireflection are described in chapter 2. Since
the same integrated AO tunable FSC laser can be operated as AO tunable FSF laser
by simply switching off the frequency shift compensator, the characteristics of the

23
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basic components and the fabrication steps for the FSF laser can be followed from
chapter 2 and chapter 3, respectively. An interesting application of this FSF laser for
frequency domain ranging is presented in the following chapter.

4.2 Laser Operation

A schematic diagram of the integrated acoustooptically tunable waveguide FSF laser
is shown in figure 4.1. There is a Ti-indiffused channel waveguide structure in the
Er diffusion-doped surface of a 94.2 mm long X-cut (Y-propagating) LiNbOj3 sub-
strate. If optically pumped by an external laser diode (A=1480 nm) of suitable pump
power an intracavity optical amplification can be obtained in the wavelength range
1530-1620 nm (see figure 2.9).

X vy interdigital acoustical polari;ation optical
transducer absorber spliter waveguide
Z - \ L . .
dielectric |-NPO3 Ti:Er:LiNbO ErLiNbO, dielectric
mirror \| L~ mirror
= )é
Pump_' N = laser
(TM) @ @ @ emission
AR ——
: l«— acoustooptical filter »
coatlng|< 94.2 mm >

Figure 4.1: Schematic diagram of the acoustooptically tunable frequency shifted feedback
Ti:Er:LiNbOg laser. The acoustooptical filter serves as polarization converter and frequency shifter
simultaneously. The waveguide path of the intracavity laser field is indicated by the dotted line
when the laser is pumped with a TM polarized wave. The corresponding states of polarization of the
internal laser field are shown inside the circles. X, Y, Z (= optical c-axis) are the crystal axes.

There is an integrated AO filter inside the cavity which is the key element of this
laser. As described before, the AO filter consists of two polarization splitters and an
AOQO polarization converter with a tapered acoustical directional coupler in between. It
serves two purposes in this laser. It acts as an optical wavelength selective element for
tuning its emission wavelength and also as a frequency shifter. The selected optical
wave experiences a frequency shift by the amount of the frequency of the surface
acoustic wave (SAW) in each pass through the filter.

The SAW is excited in the tapered acoustical waveguide of the acoustical directional
coupler via the interdigital transducer driven by a RF generator. It will interact with
the guided optical mode in the optical waveguides embedded in the core of the straight
acoustic waveguide. Since the AO interaction is a phase-matched (wavelength selec-
tive) process, depending upon the frequency of the SAW, a narrow band optical wave
of selected wavelength from the broadband amplified spontancous emission (ASE) will
be converted to the orthogonal polarization and will experience a frequency shift by
the amount of the SAW frequency. This selected and polarization converted optical
wave is separated from the rest of the unconverted ASE through the waveguide polar-
ization splitters. Thus a narrow-band wavelength filtering (AApw s &~ 2.4 nm, see
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figure 2.17(a)) is achieved.

The polarization splitters are designed to route TM-polarized light to the bar-
state and TE-polarized light to the cross-state. Thus wavelength filtering is achieved
between the upper left channel and the lower right intracavity guide. The internal laser
field follows the path marked by the dotted line, if the laser structure is pumped via the
lower left guide in TM-polarization. As a consequence the state of polarization (SOP)
of the internal laser field is TE on the left and TM on the right side. Alternatively, a
TE-polarized pump selects the upper channel inside the filter structure and therefore
leads to a TE-polarized laser output on the right side with orthogonal SOPs internally
in comparison with those indicated in figure 4.1.

A frequency upshift is obtained for a codirectional (contradirectional) acoustoopti-
cal polarization conversion with a TE-polarized (TM-polarized) input field (see table
2.3); this corresponds to the mode of operation as indicated in figure 4.1. During each
round trip the laser field undergoes two polarization conversions with two frequency
shifts in the same direction. The spectral width of the filter for net intracavity gain
determines the effective number of round-trips and, therefore, the spectral width of
the laser emission. On the other hand, a frequency downshift occurs if the device is
pumped in TE-polarization and the orthogonal SOPs are observed internally. Con-
trary to a conventional laser, the internal laser field is not reproduced in amplitude
and phase after each round-trip. The frequency shifted feedback broadens the spec-
tral width of the laser emission and suppresses the formation of resonant longitudinal
cavity modes.

The laser cavity is formed by two dielectric multilayer mirrors deposited on the
waveguide end faces. Only the end face of the lower arm of the left polarization splitter
is anti-reflection coated which facilitates efficient pump power coupling from a fiber-
coupled laser diode. Also the rest of the optical waves generated from ASE whose
wavelengths are not phase-matched with the SAW frequency walk out of the cavity
through this AR-coated end face.

4.3 Analysis of a FSF Laser Cavity

Within the pass band of the AO filter (of the order of 2.5nm) there are hundreds of
cavity resonances in absence of the FSF. Then one can consider the effect of FSF on
these cavity resonances. In the FSF cavity each is continuously swept in frequency
after each pass through the filter and increased in amplitude by the gain of the optically
pumped Er:LiNbO3 amplifier. When the gain is more than unity, the modes will build
up from the noise level to the appreciable level in several round trips before they
are running out of the filter pass band frequency. Thus, for a consecutive upshift
of the frequency, the output spectrum will shift towards the high frequency end of
the filter, resulting in a line narrowing. For a downward shift of the frequency this
happens towards the low frequency end of the filter. Therefore, a comb of frequencies
separated by the cavity FSR exists in the output of the FSF laser. For a steady-
state solution for the continuous chirped modes a quantitative model is presented by
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Nakamura et. al. [62] which is discussed below.

A frequency shifted feedback cavity can be analyzed by using a self-consistent
equation of the intracavity field. We can consider an ideal cavity model for simplicity,
i.e., a Fabry-Perot type resonator containing a modulator as shown in figure 4.2. A
reference plane is considered for analysis as shown by the dashed line in the figure.

MOdL.J|at0I’
< Om(t) >

E.(t) E.(t)

Figure 4.2: An simplified analytical model for the FSF laser: the cavity contains a modulator. The
reference plane of the intracavity field is given by a dashed line.

The time dependent intracavity field on the reference plane can be expressed as

E(t) = Eyexp[j2me()] (4.1)
with,  @(t) = vot+ de(t) (4.2)

where vy is the frequency at which the seeding electric fields are repeatedly generated,
and ¢.(t) is a temporal variation of the phase caused by the modulation. In this FSF
laser the intracavity modulator is an AO polarization converter and the change of the
optical field through the modulator can be expressed as

Ey(t) = Ei(t)exp[jom(t)] (4.3)
with, ¢, (%) Vet (4.4)

where F1(t) and Fs(t) are input (incident) and output (diffracted) fields, respectively,
and v, is the driving frequency of the AO polarization mode converter. For a con-
tinuous wave (cw) oscillation, the intracavity field should be a replica of itself after
one round trip. That is, it should satisfy the self-consistency condition. At this point,
we allow the laser to sustain several phase variations separated by a time delay AT
Under this condition, ¢(t) is required to satisfy the following relation [62]

ot — qgAT) = ¢(t — AT — Tr) + P (t) + G (t — TrT) (4.5)

where ¢ is an integer which represents the longitudinal mode number, time interval
AT = 1/vps, vps = 2V, is the round trip frequency shift of the oscillating laser field
in the cavity, and 7y is the round trip time in the cavity.

A solution of this difference equation can be written as

&q(t) = ¢(t — qAT)

2
- (t - q) vo + (t - q) S L g, (4.6)
Vrs VFrgs 2TRr
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where @, is an initial phase. An instantaneous frequency v,(t) of the field is given by
a differentiation of equation 4.6 which is given by,

o(t) = iqu(t) — vy — L 4 Sy (4.7)

The equation 4.7 shows that the frequency shifted feedback cavity is potentially
able to sustain continuously chirped frequency components. The chirp rate of each
component equals to the frequency shift per round trip time: v = vpg/Trr, and they
are spaced by the cavity mode separation: 1/7gr. To derive the solution 4.6, it was
assumed that ¢.(t) always exists or is varying even before the AO converter is turned
on. This assumption is physically justified by a dephasing effect of a lasing medium,
since the dephasing effect is regarded as a random and rapid phase modulation of
an atomic transition frequency. In other words, a random phase modulation in the
lasing medium is a seed of the oscillation in the frequency shifted feedback cavity. The
chirped frequency components are estimated to be strongly correlated in phase and
later it is experimentally proved [67].

On the basis of this analysis, a model on the spectral properties of the FSF laser
emission is proposed and verified by different experimental observations. This model
is developed for a bulk optics all solid-state diode pumped Nd:YVO, FSF laser [64,65].
The graphical presentation of this model is shown in figure 4.3. It also explains the
experimental observations related to this integrated FSF laser emission.

Figure 4.3(a) shows the instantaneous frequency of the FSF laser emission versus
time. The grey scale schematically represent the amplitude change of each instanta-
neous frequency component. Figure 4.3(b) illustrates the spectral properties of the
FSF laser. v, is the center frequency of the filter function. 1 is the frequency at which
the seeding electric fields are generated, and v, is the instantaneous oscillation fre-
quency at peak-spectral intensity. In the proposed model, the seed of the electric field
is assumed to be generated always at the frequency vy near v, and is regeneratively
amplified by the phase shift according to each round trip in the cavity. The evolution
of single component (or of all components) after generation can be followed in the same
way. The seeding electric fields are repeatedly generated at intervals of 1/vpg. The
instantaneous spectrum consists of a continuously chirped comb of frequency compo-
nents with a regular spacing equal to the longitudinal cavity mode 1/7zy. Since during
each round trip time 7gy, the frequency shift of the oscillating laser field is vpg, the
chirp rate (frequency shift per second) is given by vpg/Trr. Instantaneous spectral
intensity is shown in the middle trace of figure 4.3(b). There are number of frequency
components with different intensity level with a frequency spacing 1/7zr. Intensity of
the component of the comb increases due to regenerative amplification along with the
frequency shift after the creation and then decreases due to gain reduction as shown
in the upper trace of the figure 4.3(b), in which the AO filter bandwidth is given as
Av, (FWHM) and is centered at v,.. The instantaneous oscillation frequency at peak
spectral intensity v, is detuned from the central frequency v.. In effective, the gain
curve will be modified by the filter function of the AO filter. The lower trace of the
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Figure 4.3: A model for the spectral properties of the FSF laser emission. (a)Instantaneous fre-
quency versus time; ¢ is an integer indicating the components of the comb. The frequency components
are generated repeatedly at intervals 1/vpg, (vpg: the round trip frequency shift). The separation
between adjacent components is 1/7r7, the free spectral range of the laser cavity. The chirp rate
of each component: vpg/Trr, the rate of frequency shift. (b) Instantaneous spectrum and intensity
envelope of the FSF laser emission; v, and Ay, are the center frequency and spectral linewidth of
the AO filter, vy is the seed frequency at which each component are generated repeatedly, v, is
the instantaneous frequency of a component at the peak spectral intensity, and Av; is the spectral
linewidth of the FSF laser emission.

figure 4.3(b) shows the envelope of the spectral intensity with a peak at the frequency
Vpm; it has the oscillation bandwidth Av.

Experimental observations, which will be shown later and numerical simulation [62,
65] show that the spectral envelop of the FSF laser output has a nearly Gaussian profile
with slight asymmetric but for simplicity it can be assumed to be a Gaussian profile.
Then the amplitude variation E,(f) of each instantaneous frequency component is
given by:

E,(t) < exp |— {W} (4.8)

where v = vpg/Trr is the frequency chirp rate and Av, is the oscillation bandwidth.
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Then the total output of the FSF laser can be expressed as:

2

I(t) = |2 Ey(t) exp{j2me,(t)} (4.9)

Considering the Fabry-Perot cavity configuration for the FSF laser, the correspond-
ing complex electric field of its output can be expressed as the summation of frequency
component with the phase shift ¢,(¢) and can be written as [65]:

o) = Y B (VR G} xeplio ), H<L  (410)

where Ty = Av,(Trr/Vrs) is the time duration of the gth electric field of comb between
its creation and annihilation, £, is the amplitude of the gth electric field of comb, and
v, G(V), R, 14 are the instantaneous frequency, the power gain per single pass, the
reflectance of the output coupler and the conversion efficiency of the AO polarization
converter, respectively. The expression (v — vp)/vrg indicates the number of round-
trip. The temporal variation of the phase ¢,(f) can be given by the equation 4.6.

This model and the equation 4.6 can be used to show how the FSF laser output
and its spectral characteristics depend on the cavity parameters. This model is used
to study various parameter of a bulk optics diode pumped Nd:YVO, FSF laser. There
it is shown that the spectral linewidth (0v) of the frequency component of the comb
can be expressed as [65]:

421 421 wpg

Sy — V= — .
v 3r Ty 3r  Av, Tgrr

(4.11)

This spectral linewidth therefore is proportional to the frequency chirp rate and in-
versely proportional to the effective gain bandwidth. For our integrated Er:LiNbOj
laser: Av,= 296 GHz (the filter linewidth is 2.4 nm), 7rr= 1.4 ns, and vrg= 341.4 MHz.
So the spectral linewidth of the frequency component of the comb is of the order of
0.5 MHz.

The instantaneous central frequency of the FSF laser is defined by v, where the
instantaneous spectrum has the peak spectral intensity. In this model, it is seen that
the instantaneous frequency of the FSF laser depends on the saturated gain coefficient,
the gain medium length, the output coupler reflectance, conversion efficiency of the
AO polarization converter, and the active medium loss, but does not depend on the
round trip frequency shift and the round trip time.

The spectral bandwidth of the FSF laser emission, or the width of the instantaneous
spectral envelope Avg at half-peak intensity level is also defined in this model. This
bandwidth depends on the effective number of round trips by the optical field within
the net gain available for the oscillation. It is shown that the spectral bandwidth has
a minimum value at the particular normalized net gain available. This bandwidth is
defined as the product of the saturation-broadened bandwidth and the number of all
resonant modes contributing to the frequency shifted feedback operation [65]. The
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spectral bandwidth depends on the conversion efficiency of the AO mode converter
(Mac), the reflectance of the output coupler (R), the round trip frequency shift (vpg),
the length of the gain medium, the pump power, and the loss coefficient of the gain
medium, but does not depend on the round trip time or the cavity length.

After this brief discussion on a model, the experimental investigations of the inte-
grated tunable FSF laser are presented in the following sections.

4.4 Properties of the FSF Laser Output

The experimental setup for the FSF laser operation to study its emission characteristics
is shown in figure 4.4. The FSF laser is pumped using a fiber-coupled Bragg-grating
stabilized laser diode of 1480 nm wavelength providing an output power up to 135 mW
behind a fiber isolator. The polarization of the pump radiation is adjusted either
to TM or TE polarization using a fiber optical polarization controller. The fiber to
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Figure 4.4: Schematic diagram of the experimental setup for the FSF laser operation to study the
properties of its output. Components are labelled in the figure.

waveguide coupling is controlled by a piezoelectric X-Y-Z positioner. The electrical
drive power for the RF signal to excite the SAW is optimized by adjusting minimum
threshold of the laser. The whole substrate is maintained at 20 °C, with a temperature
controller consisting of peltier elements and a 10 K-Ohm thermistor as temperature
sensor. The laser output is coupled to a WDM to separate the residual pump from
the actual laser output.

4.4.1 Power and Tuning Characteristics

The power characteristics of the FSF laser is measured at 1562 nm wavelength (here
the Er:LiNbO3; waveguide amplifier has a gain peak). The corresponding frequency
of the SAW to select this wavelength is ~ 170.60 MHz (see figure 2.18); the electrical
drive power for complete polarization conversion is about 80 mW. The laser output
power is measured by a photodiode while the input pump power is increased from
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zero to maximum smoothly. Figure 4.5(a) shows the measured power characteristics
at 1562 nm wavelength as laser output power versus incident pump power. The results
for both modes of operation are presented, for TM- (TE-) polarized pump leading to
TM- (TE-) polarized output. The threshold pump power of the laser is ~ 35 mW for
TM polarization and ~ 40 mW for TE polarization. The low slope efficiency of about
2.1 x 1072 and 1.8 x 1073, leads to a maximum output power of 130 uW for TM
and of 105 W for TE, respectively, at the incident pump power 95 mW. Mirrors at
the both end faces have a high reflectivity of ~97%, which helps to reduce the laser
threshold, but the output coupling is not optimized. With the increase of pump power
beyond 100 mW (incident), the laser output increases but also the temporal instability
grows slowly. The analysis of the output spectrum with an optical spectrum analyzer
shows that for TM polarized pump, the spectral distribution is changed slowly with
time due to waveguide heating. In case of TE polarized pump, apart from waveguide
heating effects, the photorefractive effect (damage) caused a slow variation of the
output power.

Tuning of the laser emission wavelength is achieved by tuning the AO filter by
changing the SAW frequency. The tuning behavior is shown in figure 4.5(b). There
are two curves in the figure; one is the laser wavelength (left ordinate) versus acoustic
frequency and the other is the output power of the laser (right ordinate) at different op-
tical wavelengths versus acoustic frequency. For the first curve, the acoustic frequency
is changed manually and the corresponding peak wavelength of the laser emission
spectrum is recorded by an optical spectrum analyzer with a resolution bandwidth
of 10 pm. The pump input is kept fixed at 90 mW incident pump power in TM po-
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Figure 4.5: (a) The FSF laser output power versus incident pump power for two modes of operation
in TM- and TE- polarization respectively. (b) Laser emission wavelength (left ordinate) and output
power (right ordinate) versus SAW frequency at 90 mW of pump power in TM-mode operation.

larization. Continuous tuning of the laser is demonstrated in the wavelength range
1530nm < A < 1577nm with a tuning slope of about —8.2nm/MHz. For the second
curve, the SAW frequency is changed quasi continuously (computer controlled) with
steps of 1 kHz and the corresponding laser output is recorded by a combination of
photodiode and digital multimeter. Due to the wavelength dependence of gain, losses,
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acoustooptical conversion efficiency and mode overlap the laser output power strongly
varies as function of the emission wavelength (or SAW-frequency). Apart from this
strong variation, there is also a modulation on the output power with a very small
depth. The source of this modulation is not yet understood.

4.4.2 Spectral Characteristics

Because of its frequency shifted feedback in each round trip, the FSF laser output has a
completely different spectral characteristics in comparison with that of a conventional
FSC laser output. As discussed in section 4.3, it consists of a comb of chirped fre-
quency components whose frequency chirp rate vpg/Tgr is of the order of 10" Hz/sec.
Together with the change in frequency, the intensity of each component of the comb
also changes due to the effective (defined by the filter) amplification in the active
Er:LiNbOjs. Since the optical spectrum analyzer (OSA) cannot response with such a
fast change of frequency, it is expected that it will produce a time averaged spectral
envelope of the laser output. Arranging a setup like a Michelson interferometer we
can also study the time averaged spectrum of the interference between a reference and
a delayed part of the laser output with the OSA. The spectral intensity distribution
of the direct laser output and the interferometer output is studied with the OSA and
presented here.

A. Spectrum Directly Measured with the Optical Spectrum Analyzer

To study the spectral characteristics, the FSF laser output behind the WDM is fed
directly to the optical spectrum analyzer (as shown in figure 4.4). Figure 4.6(a) shows
the measured emission spectrum of the FSF laser when it is pumped with TM polarized
light and that with TE polarized light is shown in figure 4.6(b). The corresponding
laser emissions were also TM and TE polarized, respectively. The chosen resolution
bandwidth of the spectrum analyzer of 10 pm would allow to identify a longitudinal
mode spectrum (of 5.7 pm wavelength separation of the longitudinal modes) of the
94.2 mm long cavity. The measurements, however, clearly show smooth envelopes like
modeless spectra of a linewidth of 180 pm (FWHM) for TM polarized emission and
of 165 pm width (FWHM) for TE polarized emission. Er:LiNbOj is a homogeneous
gain medium which should leads single mode emission in the case of conventional
FSC laser operation. So these broad spectra confirm the FSF laser operation. The
spectral envelopes are slightly asymmetric. As a result of the frequency upshift for
TM-polarization the envelope of the spectrum is steepened at the short wavelength
side (higher frequencies) (figure 4.6(a)), whereas downshifting of the frequency in the
TE-polarized case results in a steepening on the longer wavelength side (figure 4.6(b)).
In comparison with TE polarized light, the TM polarized light has lower waveguide
losses, bigger mode size, and also for the TM polarized light the polarization splitters
have a lower splitting ratio. So the net gain in TM polarization is larger than in TE
polarization for this particular laser (pb164x_y). Since the spectral width of the FSF
laser output depends on the effective available number of round-trips, i.e., on the net
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Figure 4.6: Spectra of the FSF laser output measured directly on the optical spectrum analyzer (the
spectral resolution bandwidth is 10 pm). (a) pump input and emission output in TM-polarization
and frequency upshifted, (b) pump input and emission output in TE-polarization and frequency
downshifted.

gain, we can qualitatively understand the wider spectral linewidth of the TM polarized
output in comparison with the TE polarized output when the coupled pump power is
the same in both cases.

When the pump light has both components of polarization, the laser can also os-
cillate in both polarizations simultaneously. The spectrum of the laser output in such
an operation is shown in figure 4.7. Since the laser fields in TM and TE polarizations
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Figure 4.7: Spectrum of the FSF laser emission when the input pump has both TM and TE
polarized components simultaneously. The spectrum has two spectral peaks of two polarizations
with a wavelength separation of 1.42 nm.

experience the same frequency shift but in opposite directions (upshift and downshift,
respectively), the peak emission wavelengths are separated. Also the polarization de-
pendent waveguide losses, available net gain under the AO filter contribute to some
extent to this wavelength separation. But these causes are not sufficient to explain
the observed separation of 1.42 nm between the peaks in two polarizations. Since the
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polarization splitter guides the orthogonally polarized modes in two different branches,
the pump light and the laser field of both polarizations will be guided in two different
waveguides inside the filter region. The waveguide birefringence decides the phase
matched optical wavelength with the applied SAW. The difference of the birefringence
of both waveguide sections (which may arise due to inhomogeneities during the fabri-
cation process) causes the wavelength separation for the TE- and TM- pass bands of
the filter. In this experiment the polarization of the input pump is adjusted such that
the peak spectral power density is the same for the laser output in both polarizations.
If the pump polarization is adjusted at 45° the laser output in TM polarization has a
higher spectral power density in comparison to that in TE polarization output.

B. Interference Observed with the Optical Spectrum Analyzer

The spectrum of the FSF laser output on the OSA shows the time averaged spectral
distribution (nearly Gaussian) of the intensity. The time averaged intensity distribu-
tion due to interference of this FSF laser emission is also investigated with the OSA.
The schematic diagram of the experimental setup with a Michelson interferometer is
shown in figure 4.8(a). The FSF laser output is split into two waves by the beam
splitter. The waves are reflected back by the mirrors to recombine by the beam split-
ter after travelling along unequal path lengths. The output of the interferometer is
directly detected with a OSA behind a WDM.

The resulting spectral distribution 7(\) due to this two-beam interference (see fig-
ure 4.8(b)) shows constructive and destructive interference as a function of wavelength.
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Figure 4.8: (a) Schematic diagram of the Michelson interferometer setup to study the interference of
two beams of the FSF laser output. (b) Spectral distribution of the resultant interference as observed
with the optical spectral analyzer (OSA); resolution bandwidth of the OSA is 10 pm.

It can be modelled by a two-beam interference using the spectral intensity distribution
Is(A) of the individual interfering wave and can be expressed as

I()) = 215(\) [1 + cos (%i)] (4.12)
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where d is the optical path difference between the two mirrors. For model calculation,
Iy(\) is obtained directly from OSA with spectral resolution bandwidth 10 pm, when
the wave from any one branch is allowed to reach OSA. For this set of data the optical
path difference between the two mirror is 40.5 mm and it agrees well the calculated
result as shown by the dashed line in figure 4.8(b).

In comparison with the model for the FSF laser emission properties described
in section 4.3, this time averaged spectral intensity distribution does not represent
much details of the spectral content. So further investigations are performed with
fast photodiodes and RF spectrum analyzer to measure the time resolved fine spectral
structure of the FSF laser output; this will be discussed in the following section.

4.4.3 Spectral Fine Structure
A. Moving Comb of Frequency Components

It is described in the model (see section 4.3) that the spectrum of the FSF laser
emission consists of a comb of chirped frequency components with a frequency spacing
equal to the laser cavity FSR. If the FSF' laser output is directly detected with a fast
photodiode, its output can be considered as the result of an interference of the different
frequency components of the comb. The instantaneous intensity I(¢) detected directly
by a photodiode can be given by |e(#)|? (see equation 4.10). This intensity is described
as

10 = [S{VAGW)Y ™" s )]
+

S (VRGO )] e aprs (413

The corresponding RF spectrum Irp(v) of the photodiode output is given as the
Fourier spectrum of this intensity and can be expressed as

+oo

Inp(v) = / I(t) exp(—j2mvt)dt (4.14)

—00

The term {vVR7,.G(v)}*="0)/rs is considered to be constant with respect to the
temporal variance; then the normalized RF spectrum I zp(v) can be expressed as

“+oo

YRF(u)oc/ [{;COS((/ﬁq(t))}z—i—{§Sin(q§q(t))}2] x exp(—j2mvt)dt  (4.15)
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The solutions of equation 4.15 are very complex functions, but analyzing the func-
tion ¢4(t) (see equation 4.6), we know that the solutions must content the terms with
1/(v — q/mrr) and 1/(v + q/7rr). These terms indicate that the power of the RF
spectrum is concentrated at the frequencies q/Trr where ¢ is an integer. Hence, it
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is clear that the RF spectrum of directly detected intensity consists of frequencies
which correspond to multiples of the cavity longitudinal mode spacing 1/7zr, also the
beating of the frequency combs leads to that result.

To verify this information the following experiment is done. The output of the
integrated FSF laser is allowed to pass through a bulk optics isolator and is then
coupled to a fast photodiode (frequency bandwidth 50 GHz). The photodiode output
is then observed with a RF spectrum analyzer (of a bandwidth of 40 GHz) as shown
in figure 4.9. The power of the RF spectrum is concentrated at the frequencies of
integer multiples of 711 MHz which is equal to the free spectral range (longitudinal
mode spacing) of the laser of length 94.2 mm. The increasing noise level is due to the
RF spectrum analyzer itself, not arising from the laser output or from the detector.
This observation indicates that the photodiode produced beat signals as a result of
the interference between the different components of the frequency comb which are
separated by the free spectral range of the cavity of the laser. In this FSF laser the
intracavity optical filed experiences a frequency shift of vpg ~ 341 MHz (twice the
frequency of SAW) during each round trip in 1.41ns. As a result each frequency
component of the comb has a very high chirp rate v ~ 2.42 x 1017 Hz/sec. The optical
spectrum analyzer cannot resolve this highly chirped components, and as a result we
see a continuous envelop of the moving frequency comb as shown in figure 4.6.
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Figure 4.9: RF spectrum of the intensity of the FSF laser emission measured with a fast photodiode.
The discrete spectral peaks are the result of the beating of the discrete frequency components with
separation of 711 MHz (equal to the laser cavity FSR). RBW: Resolution Bandwidth, VBW: Video
Bandwidth of the RF spectrum analyzer.

In the observed RF spectrum (as shown in figure 4.9), the spectral line at frequency
zero can be denoted as Oth order beat and that at frequency of 711 MHz as first order
beat and so on. These spectral lines of different beat order can be investigated with
higher resolution to study the characteristics of this individual beat spectrum. Figure
4.10 shows the beat spectrum of the 1st oder and the 15th order beat. Nearly similar
spectral characteristics of different beat order imply that the components of the comb
are strongly correlated in phase. The spectral width (at -3 dB of peak power) of



4.4  Properties of the FSF Laser Output 67

the beat spectrum is measured as 7.5 MHz when the resolution bandwidth is 100 kHz
(video bandwidth 50 Hz) of the RF spectrum analyzer. This spectral broadening is due
to the limited chirp range of the comb components, here it is (observed on the optical
spectrum analyzer, the oscillation bandwidth at FWHM of the peak, Avy) ~ 30 GHz.
The frequency components in the comb are amplitude-modulated as they are moving
under the envelope of the emission spectrum at very high chirp rate. We can easily
calculate, that with a chirp rate of 2.42 x 1017 Hz/sec, it takes 124 ns [= Av, (7rr/vrs)]
to cross the FWHM of the emission envelop (of 30 GHz). Thus the broadened beat
spectrum can be about 8 MHz, which is nearly equal to the experimentally observed
value.
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Figure 4.10: The spectra of the beat signals of different order at the frequencies equal to the integer
multiples of the laser cavity FSR (with RBW: 100 kHz and VBW: 50 Hz); (a) spectrum of 1st order
beat signal and (b) spectrum of 15th order beat signal.

B. Phase-correlated Chirped Frequency Comb

In the previous experiment it is seen that the FSF laser output consists of a chirped
frequency comb evenly spaced at integer multiples of the cavity FSR. The comb com-
ponents are frequency chirped at a fixed rate and the chirp range of a comb component
is limited by the pass band of the AO filter together with the net gain available in the
cavity. The comb components are periodically generated at every 1/vpg. The spectral
characteristics of the beat signals of different order reveal that there is a phase corre-
lation between the comb components. To understand the phase correlation between
the components of the comb experimentally a homodyne detection of the FSF laser
output is carried out with a Michelson interferometer setup.

A schematic diagram of the experimental interferometric setup for this detection
is shown in the figure 4.11. Here the output of the interferometer is routed via a
WDM to a fast photodiode and the corresponding beat signal is analyzed with a RF
spectrum analyzer. The mirrors in the two branches of the interferometer are denoted
by X and Y to describe the respective reflected waves on the photodiode.

In this interferometer, the two optical fields from two different arms interfere on
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the photodiode and the corresponding homodyne signal I,(f) can be expressed as
2

Iy(t) = \/_ Z E,(t) exp[j2my(t) \/_ Z Ey( M) exply2moy (t — Tar)]

_ ; (Z EX(t) + ZE,f,(t — TM))
+ Y Ey(t)EL(t) cos2m{gy(t) — 6-()}]

q r#q
YD Byt — ) Es(t — 7ar) X cos[2m{y (t — Tar) — bs(t — Tar)}]
q s#q
+Z ; E,( (t — 7ar) X cos2m{p,(t) — Py (t — Tar) }] (4.16)

where 77 is a time delay between the optical signals reaching the photodiode due
to the optical path difference between the two arms of the interferometer. In this
expression, the first term is a dc signal, the second and third term contain frequencies
at integral multiples of the cavity FSR. The last summation term gives a signal (say
Ip(g—q)) related to this path difference in the interferometer.

Photodide
RF Spectrum WDM —
——1 +—
Analyzer Pump
output
input ™} —=> N
FSF Laser |solator i \BS Mirror Y

Mirror X

Figure 4.11: A schematic diagram of the Michelson interferometer setup for homodyne detection
of the FSF laser output.

The beat signal between the gth and ¢'th (say ¢ = ¢ — m) comb components Ip,,
can be expressed by following equations:

]Bm ZE q m t— TM) COS{Q?Tgme( )} (417)

with (following equation 4.6)

Ppm(t) = ¢q(t) - ¢q—m(t —Tumr)

m q m
= ’}/TM—>t—(’}/TM—>
TRT Vrs TRT

O+ Dy — Dy (4.18)
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where m = ¢ — ¢’ is the “beat order” and 6 is a constant phase (independent on both
t and ¢) and expressed as:

2 2
szT—M—yT—M—i—VOTM—mVO _7<m> (4.19)
TRT 2 Vrs 2 \Ups

Then the beat frequency of the mth order beat is given by

d m
VBm = —Opm = YTi — —— 4.20
B i ¢Bm = YTM p— (4.20)
So the beat frequency is proportional to the optical path difference (equivalent to the
time delay, 7s) and is observed at every cavity free spectral range (1/7gr). Using this
expression of vg,,, the equation 4.18 for the phase relation can be expressed as
VBm
B LG Dy — By, (4.21)

¢Bm(t) = VBmt —q
Vrs

The experimental observation of this interferometer output is demonstrated in
figure 4.12 when the optical path difference between the mirrors is 29.5 cm. The figure
4.12(a) shows the comb of frequency components as received by the photodiode from
the two mirrors X and Y of the two arms of the interferometer. The time delay between
X and Y components to reach the photodiode is 7p;. Figure 4.12(b) shows the RF
spectrum of the resultant beat signals due to the interference of the comb components.
Interference of all X and all Y components produce the beat signals at integer multiples
of the laser cavity FSR (=711 MHz) which correspond to the 2nd and 3rd summation
of the equation 4.16. The spectral lines at frequencies other than multiples of the
cavity FSR are the result of the interference of the delayed components (between X
and Y) and correspond to the last summation of the equation 4.16. It is evident
that the spectral power levels of these lines are lower than those at the frequencies at
integer multiples of the laser cavity FSR. From the knowledge of 75, the frequencies
of these spectral lines (vp,,) can be determined from equation 4.20 when the order of
the beat signals m are known or vice versa. Interference between X1 and Y1, or X2
and Y2 and so on produce the Oth order beat signal. Interference between Y1 and X2
produce the +1st order beat signal and between Y2 and X1 produce the —1st order
beat signal. Similarly, we can follow the other higher order beat formation from the
interference of different frequency components of the combs (see figure 4.12(a)). On
the other hand, the time delay 7, can be evaluated if (vp,,) is measured from the RF
spectrum analyzer and its beat order m is known, using the same equation 4.20. Then
the optical path difference (2z) between the mirrors can be determined via the relation
2z = Tprc, where c is the speed of light, and z is the geometrical path difference along
the optical path.

Analyzing the individual spectrum of all the beat signals with higher spectral
resolution, it is seen that the spectral characteristics are similar for all possible values of
m. There is only a difference of the spectral power density. The spectral characteristics
are exactly same as demonstrated in figure 4.10 with a spectral linewidth (FWHM) of
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Figure 4.12: (a) Comb of chirped frequency components as received by the photodiode. X and Y
indicate the reflected components from the mirrors X and Y, respectively, and 7, is the time delay
between them. (b) Corresponding RF spectrum of the photodiode output observed with a RBW
500 kHz. Optical path difference between the mirrors: 2z &~ 29.5 cm. The number with +/— sign
indicates the beat order m(= ¢ — ¢’). FSR =711 MHz.

8 MHz. This observation reveals that the chirped frequency components are strongly
correlated in phase.

For a better understanding of this phase relation a further experiment is carried
out by increasing the path difference between the mirrors of this interferometer. The
resultant changes in the RF spectrum of the beat signals (particularly of Oth and 1st
order beat) at some points of interest are shown in figure 4.13. The optical path
difference between the mirrors is denoted by 2z in units of mm in the figure. With
the increment of z, the frequency of the Oth order beat is increased and that of the
Ist order beat is decreased. At some value of z (22 > 435 mm) these two beat signals
overlap (as shown in figure 4.13.¢) and then again are separated for a further increase of
z (figure 4.13.f). In the spectra shown in figure 4.13(b,c,d and e) apart from these Oth
and 1st order beat signal there is another sharp spectral line denoted by S (spectral
linewidth less than a kHz). Despite the change of z, the frequency of spectrum S
remains fixed at 341.4 MHz but the spectral power changes very sharply with z.

The characteristics of this component S will be discussed later in this section. It is
to be noted from figure 4.13 that with the change of z, there is a change in frequency
of Oth and 1st order beat signals (also of the other higher order beat signal which are
not shown here) but the characteristics of the spectra of the individual beat signals
remain unchanged.

The changes in frequency of the Oth order beat spectrum with the shifts of the
optical path difference 2z between the two mirrors are shown in figure 4.14(a). It has
a linear relationship with a slope of 815 kHz/mm which is given by /¢, where 7 is
the chirp rate and c is the velocity of light (see equation 4.20). In this plot there
are no experimental data in the range between 352 MHz and 360 MHz because the
Oth order beat spectrum overlaps with the 1st order beat spectrum in this frequency
region. The continuous and linear change of the frequency of the beat signal with z
indicates that the chirp in the frequency components under the spectral envelop would



4.4

Properties of the FSF Laser Output

Spectral power [dBm] Spectral power [dBm]

Spectral power [dBm]

©
o

-100

L
o
)

-100

Tst
Oth 5,_405.7 mm

330 360 390
Beat frequency [MHz]

[ S
r 2z =415.7 mm

n 1 n L 1 n n
330 360 390
Beat frequency [MHz]

[e] s
i Oth 1st

2z = 434.7 mm

1 n n 1 n n
330 360 390
Beat frequency [MHz]

Spectral power [dBm] Spectral power [dBm]

Spectral power [dBm]

-90

-100

-90

-100

Oth 1st
2z = 409.7 mm

S

n 1 n n 1 n n
330 360 390
Beat frequency [MHz]

10

2z = 422.7 mm

1 n n n L
330 360 390
Beat frequency [MHz]

; 1st

2z = 456.7 mm
Oth

1 n n 1 n n
330 360 390
Beat frequency [MHz]

71

Figure 4.13: The RF spectrum of 0th and 1st order beat signals when the path difference 2z [in mm)]
between the mirrors is increased. The spectra from (a) to (f) show the change in frequency of the
beat signals without any change of the individual spectrum characteristics as function of z. Spectra
from (b) to (e) show another sharp spectral component S whose frequency is fixed at 341.4 MHz
(=vrs); its spectral power changes rapidly with the change of z.
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be a continuous one.

To see more details of the phase relation between the frequency components we
can have a close look at the RF spectrum when the Oth order beat is passing through
the integer multiple of vpg. When the m-th order beat frequency vg,, equals the
integer multiples of round trip frequency shift vrg, the second term of equation 4.21
becomes integer. Thus the ¢p,,(t) no longer depends on ¢, leaving the dependence of
the initial phase difference ®;, — ®,_,,, on ¢. This consideration is useful to analyze the
characteristics of the sharp component S.

It is mentioned previously that the spectral component S appears at the fixed fre-
quency 341.4 MHz which is the amount of round trip frequency shift (vrg) experienced
by the laser filed inside the cavity. Figure 4.13.b shows that the component S appears
when the Oth order beat is near to 341.4 MHz for 2z =409.7 mm. The spectral power
of S increases with the increase of z when frequency of the Oth order beat is close to
341.4MHz (as shown in figure 4.13.c) and reaches a maximum when the frequency of
the Oth order beat is exactly 341.4 MHz (as shown in figure 4.13.d). At this point the
difference in spectral power levels between component S and the Oth order beat is near
by 30 dB. With the further increase of z, the spectral power of S decreases (as shown
in figure 4.13.e). But the component S does not appear at all when the 1st order beat
signal appears at 341.4 MHz for at path difference of 22=456.7 mm (as shown in figure
4.13.1).
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Figure 4.14: (a) Change of frequency of Oth order beat signal with the change of the optical path
difference 2z between the mirrors. (b) Variation of spectral power of component S with the time
delay 7); between the comb of frequency components to reach the photodiode.

The variation of the spectral power of the component S is recorded as function of the
optical path difference 2z between the mirrors. This path difference 2z is converted
to an equivalent time delay 1), between the two comb of frequency components to
reach the photodiode using the formula 7, = 2z/c. The figure 4.14(b) shows the
variation of the spectral power of the component S with this time delay. It is clear
from this analysis that the closer the time delay to the cavity round trip time of the
laser (1.41ns) is, the stronger the intensity of the component S becomes.
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When the 0th order beat frequency reaches an integer multiple of vrg, the phase of
the Oth order beat as given by equation 4.21 becomes completely independent of ¢, then
every term in the summation of equation 4.17 interferes constructively and the result
is the sharp peak. In other words, when 7;; is set to 7rr, all the beat components
are in phase and constructively interfere at the detector. From the analysis of the
FSF laser cavity it is seen that the frequency components of the comb are generated
continuously with a time interval 1/vpg. So the sharp peak S appears at the integer
multiples of vrg. This component will again appear when the Oth order beat signal
will approach the 682.8 MHz (2vpg), or -in other words- when 7, = 277

The lack of the sharp peak in the higher order beats (other than Oth order) can
be be explained by the dependence of the initial phase difference ®, — ®,_,, on g.
If &, — &,_,, is not constant, i.e., depends on ¢, the terms in the summation of
equation 4.17 interfere destructively. Then the sharp peak is not stimulated and only
the broadened beat spectra are observed. The broadened beat spectrum is observed
even under the destructive interference condition, since the amplitudes of the comb
components are fluctuating. The origin of this amplitude fluctuation is not clear,
however, gain saturation of the lasing medium by chirping frequency component might
be considered as an origin [62,67].

4.4.4 FSF Laser Operation with Two SAW Frequencies

In section 2.6 we have seen that simultaneous optical wavelength filtering is possible
with a set of corresponding SAW frequencies excited in the AO wavelength filter.
The frequencies and power levels of those SAWs can be controlled in a such a way
that they will combine to produce a single optical pass-band of wider bandwidth (see
figure 2.15(b)). Since the spectral bandwidth of the FSF laser emission (Av,) depends
mainly on the frequency dependent net gain, an increased spectral width of the FSF
laser emission is possible by a simultaneous excitation of SAW frequencies if those are
controlled appropriately.

The spectral properties of the integrated FSF laser output are studied experimen-
tally when two SAW frequencies are excited simultaneously. The spectral character-
istics of the laser emission (studied directly with the optical spectrum analyzer) are
shown in figure 4.15.

The power levels of the two RF signals at frequency 170.70 MHz are optimized
individually to get the minimum threshold of the FSF laser emission at the corre-
sponding optical wavelength of 1561.85 nm. One RF source is kept fixed in power
and frequency (denoted by f;) and while the second one is shifted to the frequency
171.41 MHz (denoted by f;). When only f; is excited at frequency 171.41 MHz, the
corresponding FSF laser emission is observed at 1556.1 nm (as shown in the figure
4.15). When both f; and fy are excited simultaneously, only one laser peak is observed
at 1561.576 nm (close to the longer wavelength emission for only f;). It might be
due to the lower internal loss at the longer laser wavelength. This shift of 0.27 nm is
predicted as sideband shift of the longer wavelength filter when two filters are excited
simultaneously [122]. When the frequency of f; is varied to bring it near to f;, the
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Figure 4.15: Spectra of the FSF laser emission with two SAW frequencies: emission spectra cor-
responding to only f;(=170.70 MHz) and only f3(=171.41 MHz) appear at wavelengths 1561.85 nm
and 1556.1 nm, respectively. When they are excited simultaneously the resultant spectrum appears
at wavelength 1561.58 nm. Frequency f; is kept fixed and fy is changed to get other spectra when
both SAWs are excited simultaneously. An emission spectral linewidth of 470 pm is observed when
f1=170.7 MHz and f3=171.358 MHz. The electrical drive power on the transducer for f; and fy are
18.2 and 17.1 dBm, respectively.

spectral envelope of the FSF laser emission starts to deform as shown in figure 4.15
and the corresponding linewidth increases gradually. When the frequency difference
between f; and f; is set to 0.658 MHz, the linewidth of the spectral envelope of the
laser emission reaches a maximum and at this position, the power level of f; is adjusted
to obtain a symmetrical spectral power distribution around the central wavelength of
the laser emission. The measured spectral linewidth of the envelope is 470 pm which
is more than doubled in comparison with that of 200 pm when only f; is excited.
Further closing of the gap between f; and f; results in a shrinking again and spikes are
generated over the envelope. So adjusting the frequencies and power levels of these
two RF signal the spectral distribution of the FSF laser output can be adjusted to
be used as a broadband laser source. For another set of parameters, a linewidth of
500 pm is also observed [20].

Some details of the spectral properties of the laser emission with two SAWs are
not yet understood. The homodyne detection of this FSF laser using the Michelson
interferometer does not show any reduction or broadening of the spectral linewidth of
the beat signals compared to that with normal emission of the FSF laser with only
one SAW. A reduction of the spectral linewidth of the beat signal is expected due to
increased chirp range. When the chirp range is doubled, the RF spectra of the beat
signals show nearly the same linewidth of about 8 MHz as before. Then it can be
thought that the two SAWs produced its independent combs of frequency components
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which do not interfere. Then individual combs could produce their own beat signals
which are separated in frequency due to different chirp rates of the frequency com-
ponents. Since the difference in chirp rate is small, we can expect to resolve these
frequencies in the same order of beat signal when the beat order m is very high. To
observe higher order beat with better resolution, we need a longer optical path dif-
ference between the two arms of the interferometer. Since the spectral power density
of the laser emission is reduced with the increase of linewidth, it is not possible to
carry out this experiment with increased path difference in the present experimental
condition.

4.5 Conclusions

Design, operation and output properties of an integrated tunable frequency shifted
feedback laser are described in this chapter. An intracavity integrated AO filter is
used as tuning element as well as frequency shifter for this laser. Analyzing with an
optical spectrum analyzer, it is seen that the laser emission has a relatively broad
spectral linewidth with smooth envelope (without any Fabry-Perot mode structure).
With a further analysis of an interferometric study, it is revealed that the spectrum
of the FSF laser output consists of a comb of chirped frequency components with a
regular spacing equal to the cavity free spectral range; they are strongly correlated in
phase. A model is presented to describe the laser emission in a time-frequency plane.
It explains the nearly Gaussian profile of the spectral envelop. It also shows that the
instantaneous frequency v, and the spectral linewidth Av, depend on the net gain
available in the cavity. But it could not explain the origin of the seed frequency vy
from a continuous ASE and how the phase correlation exists between the components.
There is also no clear idea to explain the spectral broadening of the beat frequencies.
However, the knowledge of the presence of these phase correlated, very fast frequency
chirped components in the laser emission lead to apply this laser for frequency domain
ranging which will be discussed in next chapter. FSF laser emission also can be used
for spectroscopy; however, the linewidth is relatively broad.
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Chapter 5

Optical Frequency Domain
Ranging with the FSF Laser

5.1 Introduction

Optical frequency domain ranging (OFDR) is an alternative technique to the well
known optical time domain ranging (OTDR) [130-133]. This technique is used to
measure the distance between a reference plane and a target plane by analyzing
the frequency of the beat signal produced by the interference between the optical
waves coming from these two planes. The interference signal can be obtained from an
arrangement like a Michelson interferometer. In OFDR, a frequency chirped cw laser
is used as optical source. Then the frequency of the beat signal is proportional to
the time delay caused by the optical path difference between the two waves from the
two arms of the interferometer. Among the optical distance measurement techniques,
OFDR has attracted attention for its applications to long distance measurements with
high resolution and large dynamic range.

The frequency shifted feedback (FSF) laser output has a moving comb of chirped
frequency components. The chirp rate is very high and linear and also the comb
components have a fixed phase relationship. The FSF laser output can be launched
directly to a Michelson interferometer and the optical path difference between the two
arms can be evaluated by measuring the frequency of the beat signal. The advantage
of using the FSF laser is that it emits frequency chirped optical waves due its frequency
shifted feedback (without the aid of any external high frequency electronics control).
We can see in the following discussions that there will be always a beat signal of a
frequency within the free spectral range (FSR) of the laser cavity. Therefore, the
determination of the frequency of the beat signal is easy with a FSF laser source.
OFDR using a FSF laser has already been demonstrated for long [76] and short [83]
distances with good resolution. This chapter is intended to describe OFDR using the
integrated FSF laser presented in the previous chapter.

7
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5.2 The Principles of OFDR

In OFDR, the optical frequency of the conventional laser output is swept linearly over
a finite range through some modulation scheme and the light is launched into the
input arm of the Michelson interferometer (as shown in figure 5.1). In the Michelson
interferometer the frequency chirped light from the reference and target branches
interfere on the photodiode.

RF Spectrum

Analyzer
Photodiode

o
1+ Target
i X Mirror
Laser with frequency y —
chirped output ~ [—>—1=1— |
Isolator 2 4J
yY BS

Reference Mirror

Figure 5.1: Schematic of the setup for measurement of optical path difference (2z) between the
reference and target mirrors based on optical frequency domain ranging (OFDR) using a Michelson
interferometer. BS: Beam Splitter.

Let us first consider the fundamental equations to describe the range and resolution
of the OFDR technique. In this reflectometry, the distance z of the target (reflector)
is defined with respect to the position of the reference mirror as shown in the figure
5.1. The frequency vp of a beat signal corresponding to an optical path difference of
2z between the mirrors is given by

,,B:Z’;.TMZVQCZ (5.1)
where dv/dt = ~ is the frequency chirp rate of the laser emission, 7, = 2z/c is the
time delay between the signals to reach the photodiode from the two branches and ¢
is the velocity of light.

The measurement range and resolution of OFDR are determined by the frequency
chirp range (Venirp) and the chirp rate. The measurement range 2,4, is limited by the
frequency chirp range and is given by

22max o Vehirp
c
O,  Zmaz = Clchirp/2 (5.2)

and the corresponding maximum beat frequency vpgm,q. 1S given by

VBmax = Vchirp (53)
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If the frequency chirp is ideally linear, v p;, also determines the spectral width of the
beat signal vgy as [130,131]

VBpw = V/Vchirp (54)
and the spatial resolution is given by
Az = ¢/2Vehirp (5.5)

Equation 5.5 shows that the spatial resolution of the measurement can be improved
by increasing the frequency chirp range. In addition, equation 5.2 shows that the
measurement range also will increase with an increase of the frequency chirp range.
Thus the OFDR can be used for a long-distance high-resolution optical ranging.

Equation 5.2 shows that to increase the measurement range, it is necessary to
increase the chirp range vepir, or to decrease the chirp rate v. Whereas, equation 5.3
shows that with the increase of the chirp range, the beat frequency vg,,.. also increases
and therefore we need a correspondingly wider frequency range of the measurement
electronics (say a RF spectrum analyzer). On the other hand, according to equation
5.4, a decrease of the frequency chirp rate requires higher frequency resolution of
the spectrum analyzer. Practically, there is a tradeoff between frequency range and
resolution of the measurement electronics. It is hard to achieve a high resolution of
frequency at a higher range of frequency. Thus, in case of OFDR using a conventional
laser source with a frequency chirped output, there is a tradeoff between measurement
range and resolution.

This limitation can be overcome by using a FSF laser emission as light source [75].
The difference between the conventional laser and FSF laser outputs is that while
the conventional laser output may have longitudinal modes at some fixed frequencies,
the FSF laser output has no standing longitudinal mode but has a comb of chirped
frequency components with a frequency separation of the longitudinal mode spacing.
This spectral characteristics of an integrated FSF laser is described in the previous
chapter. Now we will try to describe the principle of a distance measurement using
the FSF laser as light source introduced in section 4.4.3 in the previous chapter.

Figure 5.2 shows the spectral output of the FSF laser in the time-frequency plane.
The FSF laser output consists of a comb of frequency components which are evenly
spaced by the laser cavity FSR (1/7rr) and the comb components are frequency-
chirped with a fixed rate v = 2v,./Tpr where Tgr is the cavity round trip time and
Vqe is the driving frequency of the SAW for acoustooptical polarization conversion.
New comb components are periodically generated at every 1/2v,.. The grey scale
schematically represents the amplitude envelope of the comb components. The ampli-
tude envelope has approximately a Gaussian profile. The full-width at half-maximum
of the envelope is the chirp range and is denoted by v, Which is described as Avg
in the previous chapter.
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Figure 5.2: Spectral content of the FSF laser emission in the time frequency plane; vpirp: frequency
chirp range; v,.: SAW frequency; 7rr: round trip time inside the cavity.

5.3 OFDR Using the FSF Laser

5.3.1 Beat Frequency

An arrangement like the Michelson interferometer can also be used for OFDR using a
F'SF laser as light source. The photodiode receives the optical waves travelling back
from the two branches of the interferometer. Each of the waves has its own comb of
frequency components which can interfere on the photodiode and produce multiple
beat signals. There will be a time delay between the combs to reach the photodiode
when there is a path difference (|z|) between the two branches along the optical wave
propagation. The frequencies of these beat signals are directly related to this time
delay and thereby, can be used to evaluate the optical path difference. The homodyne
signal on the photodiode is described already by the equations 4.16 to 4.20. Here we
can express the time delay 75, in terms of the optical path difference 2z as 2z/c. Then
following the equation 4.20 the beat frequency of the mth-order beat signal is given by

d 2 1
VBm = —bpm = Y — —m—, with m = 0,41, +2, +3, ...
dt c TRT
Ay 1
TRT C TRT

where m is an integer corresponding to the “beat order”. Since there are multiple
frequency components in each comb in the two branches, the interference will produce
multiple beat frequencies for one particular path difference between the branches.
These frequencies can be identified with the beat order m. The figure 5.3 shows the
beat frequency as function of the distance z.

The zeroth-order beat frequency (m = 0) is proportional to the distance, and
starts from frequency zero when the path difference is zero. Since the frequency chirp
rate vy is very high (~ 10" Hz/sec) for the FSF laser, the slope of the beat frequency
with respect to the distance is large (of the order of 1 MHz/mm). This large slope
is very advantageous as it reduces the necessary frequency resolution of the spectrum
analyzer. The mth-order beat frequency is m times of the cavity FSR for the distance
z = 0 and it decreases as the distance increases and then starts to increase when the
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Figure 5.3: The beat frequencies produced by the interference between the components of the combs
as a function of the distance. m is the beat order. mc/4v,. is the distance where the frequency of
the mth beat signal is zero.

distance z exceeds m(c/4v,.). The range of the distance where the mth-order beat
frequency is observed within the cavity FSR can be given by

(m—1)c/4Ve < 2z < (m+ 1)c/4v,, (5.7)

So using the FSF laser, it is beneficial for optical ranging since one beat signal is
always observed within the cavity FSR for any distance. This reduces the necessary
frequency range of the spectrum analyzer down to the laser cavity FSR. However to
determine the distance using this technique with a FSF laser, it is essential to know
the exact order of the beat signal observed within the FSR of the laser cavity.

5.3.2 The Beat Order Determination

One technique of beat order determination is described by Nakamura et. al. [76] which
is described here in brief. Since the relation between the SAW frequency v,. and the
beat frequency vg,, is known from equation 5.6, it is possible to determine the beat
order uniquely using this relation. From equation 5.6 we see that
dvgm 1 =z
Bm g = = (5.8)

dVaC TRT C

Replacing z from equation 5.6, we get

dvgm M+ VpnTRT
dl/ac VacTRT
dVBm
or, m = g VaeTRT — VBmTRT (5.9)
Vac

So, when the parameter 1/7gr, the cavity FSR is known, then the beat order m
can be determined by measuring the change of the beat frequency as a function of the
SAW frequency and using equation 5.9. Thus, once the beat order m is known, the
distance can be calculated using equation 5.6. Equation 5.9 indicates that the slope
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of the m-th order beat frequency vp,, as a function of the SAW frequency v, is a
function the beat order m.

Figure 5.4 shows the beat frequencies as a function of distance for two different
values of the SAW frequencies. With the growing beat order, the rate of change of the
beat frequency with respect to the SAW frequency increases (see equation 5.9). Again,
when the distance is larger, this slope (as given by equation 5.8) becomes steeper and
as a result, the relative frequency difference between adjacent orders becomes smaller.
It is obvious (as shown in figure 5.3) that the order of the beat observed within the
cavity FSR is big indeed, when the distance is long. So there is a limitation on the
distance range over which the determination of the beat order m can be done using
equation 5.9. There are two factors to address the limitations: the first one is the
frequency resolution of the RF spectrum analyzer and the second one is the minimum
frequency step of the RF generator to change the SAW frequency.
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Figure 5.4: The beat frequencies as a function of distance for two different values of SAW frequencies.
The dotted line is for a higher value of the SAW frequency. The slope is changed due to the change
of the frequency chirp rate ~.

To understand the advantage in numerical examples, let us consider some experi-
mental studies of OFDR using the FSF laser for a long distance measurement. In an
experiment, a distance of 150 km is measured with a resolution of 4 mm by analyzing
the frequency of the 50,000th-order beat using an erbium-doped fiber FSF laser [134].
In another experiment the 19,832nd beat order is analyzed for a distance measurement
of 18.6km with a resolution of 20 mm using a solid-state Nd:YVO, FSF laser [76]. If
we wish to use the developed integrated Er:LiNbOj FSF laser (described in the pre-
vious chapter) to measure a distance of 20km, a beat signal of the 45 713th order
would be found within the cavity FSR. The resolution of this measurement would be
of 5mm (a calculated value using equation 5.5). The spectral width of the beat signal
is approximately 8 MHz (following equation 5.4). The time interval between the comb
components which are forming this beat order is 134 us. The parameter dvg,,/dv,. in
this beat order can be calculated as ~ 186,480. So a change of the SAW frequency by
100 Hz will produce a shift of 18.648 MHz of the beat frequency.

For OFDR using a cw conventional laser as optical source, a frequency chirp rate of
2.3x10' Hz/sec is required to achieve the same spatial resolution of 5mm at a distance
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of 20km. The corresponding frequency of the beat signal is 30.6 GHz and the spectral
linewidth of the beat signal would be 7.6kHz. So the advantage is obvious to use
a FSF laser emission for a long distance high resolution measurement. For a longer
distance, in principle, the limitation may come only in the minimum step available
in a RF generator to change the SAW frequency if we restrict to analyze the beat
frequency within the laser cavity FSR.

To understand the limitations, an example is considered to point out the corre-
sponding numerical figures associated with the different parameters. When the target
distance is 2 km, a beat signal of the order m=4,571 will appear within the cavity FSR
if the developed integrated FSF laser is used.

Let us define a parameter Av,.(m, n) as the required change of the SAW frequency
to shift the mth-order beat by n times the cavity FSR which can be expressed as

dvem n

Al ) g 2 =
ac

Using equation 5.9, we get

n/Trr

AVaC(m, n) W

_ _ ™ac (5.10)
M + VBmTRT
So to shift the mth-order beat frequency vg,, from frequency 0 to a frequency
equal to 1/7gry (the cavity FSR), the required change in SAW frequency can be given
by (following equation 5.10)

1/TRT
dl/Bm/dVac
Vae

= = (5.11)

Avge(m, 1)

since the initial mth-order frequency is assumed to be zero, i.e., vg,, = 0. The change
of the beat frequency is

Avgy — (5.12)
TRT
In our example, using the integrated FSF laser, the required change in SAW fre-
quency is 37.2kHz. With the same amount of change of the SAW frequency Av,.(m, 1),
the frequency shift of the (m + 1)th-order beat is given by (assuming the initial fre-
quency of vp(m41) is zero)

dVB(m+1)

AVB(erl) = Ayac(mal) dv

_ 1+lm (5.13)
TRT
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From equations 5.12 and 5.13, the frequency difference between the two adjacent
beat orders, m and the (m + 1) is given by

1
M) — Avigy = LT (5.14)

The corresponding difference in our example is only 153 kHz. If the spectral linewidth
of the beat signals are of the order of 8 MHz, it is difficult to resolve these two adjacent
beat orders. So this equation gives an important conclusion that when distance is very
long and the corresponding beat order m observed within the cavity FSR is very big:
if the frequency resolution of the RF spectrum analyzer is not sufficient to resolve
(1/7rr)/m, it is not possible to distinguish the mth-order beat from the (m + 1)th-
order beat within the cavity FSR.

Now we can look at the limitation of the minimum frequency step of the RF
generator for the SAW. Using equation 5.11 we can calculate the required change in
SAW frequency to shift the frequency of mth and (m + 1)th order beat signals by the
amount of cavity FSR which is given by:

Ave(m, 1) — Avgo(m + 1, 1) = % (5.15)
The corresponding value in our example is 8 Hz. Really it is a limiting factor for the
RF generators. Thus, if the minimum frequency step of the RF generator is larger
than v,./m?, the frequency of the beat signal will cross the cavity FSR with one step
change in v,. and then it is not possible to determine the beat order within the cavity
FSR.
Equations 5.14 and 5.15 show that for successful beat order determination within
the cavity FSR, the frequency resolution of RF spectrum analyzer v,.s and the mini-
mum frequency step of the RF generator vg., should satisfy the following conditions:

Vpos < MTET (5.16)
m
Vstep < % (517)

If the above conditions are not satisfied by the measuring electronics (for a long dis-
tance high resolution measurement) this method of beat order determination is not
effective. Still the method is useful if we accept that the beat frequency shift is larger
than the cavity FSR. If the beat frequency is shifted by n times the cavity FSR,
the required frequency resolution and minimum frequency step are n times those as
given by equations 5.16 and 5.17. Then the main advantage is not satisfied for the
OFDR using the FSF laser that every measurement can be done within the the fre-
quency bandwidth of the cavity FSR. So for any distance measurement using the FSF
laser, we can consider a better way by introducing a technique called as “beat order

shift” [76].
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As shown in figure 5.5, with the change of the SAW frequency when the frequency
of mth-order beat is shifted by the amount of n times the cavity FSR, effectively, the
original frequency of the mth-order beat is now replaced by the (m + n)th-order beat.
The required change of the SAW frequency for this shift is Av,.(m,n) and is given
by equation 5.10. The parameter n is now the beat order shift. So by considering the
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Frequency of SAW

Figure 5.5: The beat frequencies as a function of SAW frequency. With a change of the SAW
frequency, if the mth order beat is shifted by n times the cavity FSR, the original frequency of the
mth order beat is now occupied by the (m + n)th order beat.

beat order shift, the frequency range of the RF spectrum analyzer can be expanded
and the order of the beat can be determined within the cavity FSR of the FSF laser
even when the distance is very long. So from equations 5.16 and 5.17, we can write
the required conditions of frequency resolution of the RF spectrum analyzer and the
minimum frequency step of the RF generator are

v < MTE (5.18)
m
Vstep < T;:C;C (519)

Practically, for long distance measurement the condition given by equation 5.19 for
Ustep 1s dominant. Then the required beat order shift n can be expressed as

n > m2lte (5.20)
l/ac
In our example, if the RF generator has a minimum step of 100 Hz, then the value of
n >12. Since the beat order shift is proportional to m?, with the increase of m, this
problem of beat order determination will increase very fast which sets the limit of a
practical use of this technique.

5.3.3 Range and Resolution

From the previous discussion we have seen that if the beat order is determined by
measuring the beat frequencies within the free spectral range of the FSF laser cavity,
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the OFDR using a FSF laser has an advantage for long distance measurements com-
pared to OFDR using a conventional laser. This reduces the requirement of frequency
range and resolution of the RF spectrum analyzers. If we restrict to perform the mea-
surement within the cavity FSR, then the condition for maximum distance range is
given by

AVue(M, 1) = Vgpep (5.21)

where M is the maximum value of the beat order for which the v, of the RF generator
will produce the shift of beat frequency by 1/7zr. Then from equation 5.10 and 5.21
we get

Vac
Vstep = M
or,
1%
M= 5.22
Vstep ( )

Here the distance is assumed such that M >> vg,,7rr. Then using equations 5.7 and
5.22, the distance measurement range z,,,, can be given by

M
e = = (5.23)

4Vac 4Vstep

Then the maximum beat frequency to be measured for this distance is:

1
VBmazr = —— 5.24
b TRT ( )

The minimum frequency step, vy, of the commercially available RF generators in
the range of SAW frequency of 170 MHz is 100 Hz. With these parameters, we get,
M = 17 x 10° and the corresponding 2,4, is calculated as 7.5 x 10° meter!

For such a long distance the light propagation loss through the optical path should
be considered and so the distance measurement range of the OFDR using FSF laser
is practically limited by the dynamic range of the measurement. The dynamic range
depends on the laser output power, the propagation loss through the optical path at
the laser emission wavelength, and the sensitivity of the measurement equipment [132].

In this measurement technique, a particular factor is not yet considered, that is the
coherence of the chirped frequency comb [67]. The main condition to produce a well
defined beat signal is that there should be a constant phase relation between the inter-
fering waves. A beat signal of the order of 20,000 is measured without any significant
degradation of the spectral width [76]! This experimental observation indicates that
there is a phase correlation between the comb components separated by the 20,000
order. But the mechanism of such a highly phase correlated chirped frequency comb
generation in the FSF laser is not yet understood.
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Like OFDR using a conventional laser, the measured spatial resolution of the
OFDR using a FSF laser is determined by the spectral width of the beat signal.
The resolution and the spectral width of the beat signal are given by the equations
5.5 and 5.4, respectively, for a conventional laser source and can be re-written for the
FSF laser as

Az = ¢/2Vehirp (5.25)
and

vBW = V/Vehirp (5.26)

The performance of OFDR using a FSF laser is described by the equations from
5.23 to 5.26. So, the advantage is now obvious. Using a frequency modulated con-
ventional laser source, the maximum frequency and the spectral width of the beat
signal are related to each other through the frequency chirp range v, as given by
equations 5.3 and 5.4. Thus there is a tradeoff between the distance measurement
range and the resolution. On the other hand, by using a FSF laser as light source, the
tradeoft is removed as given by equation 5.24 and 5.26. Therefore, one can improve
the resolution of the distance measurement without considering the range of distance
measurement.

5.4 Experimental Results

A laboratory experiment is performed to study OFDR using the integrated FSF laser.
The schematic diagram of the measurement setup used in our laboratory is shown in
figure 5.6. A Michelson interferometer with free space light propagation and reflections
by two plane mirrors terminating the two branches is used. The optical path difference
between these two mirrors along the propagation of light is measured using the OFDR
technique. The path difference is small (within one meter); therefore the full advantage
of the technique, allowing a much large measurement range is not completely exploited
here.

The output power of the integrated FSF laser at 1560 nm wavelength is about
130 uW when the incident pump power is 95 mW at 1480 nm wavelength (TM polar-
ized) from a Bragg grating stabilized laser diode. The length of the laser cavity is
94.2mm. The corresponding cavity FSR (1/7gr) therefore is 711 MHz. The SAW
frequency v,. corresponding to 1560 nm emission wavelength is 170.70 MHz. The fre-
quency chirp rate v is calculated as

2Vac
’y —=

=2.43 x 10" Hz/s
TRT

During this experiment, the linewidth of the envelope of the emission spectrum of
the laser is 240 pm (measured as FWHM with the optical spectrum analyzer of 10 pm
spectral resolution). The equivalent frequency chirp range of the laser output, vepirp
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Figure 5.6: Schematic diagram of the experimental setup to study OFDR using FSF laser emission
as optical source. BS: 50/50 Beam Splitter and WDM: Wavelength Division Multiplexer.

therefore is about 30 GHz. Then the spatial resolution of the distance measurement
is calculated as (from equation 5.25)

As — c 3 x 101!

= p— :5
Wy 2% 30x 100

The corresponding spectral width of the beat signal is calculated using the equation
5.26 as

v 243 x 107

- — 8.1 MH
Venirp 30 x 109 ‘

VBpw =

The experimental setup is arranged to keep a geometrical path difference of 11.5 cm
between the mirrors along the optical path. The equivalent optical path difference
between the mirrors is 23 cm. The corresponding interference signal on the photodiode
is analyzed with a RF spectrum analyzer. The RF spectrum of the photodiode output
is shown in figure 5.7(a). The order m of the beat signals are denoted by Oth, +1st, —1st
and so on. Apart from the beat signals produced by the interference between delayed
frequency components due to the path difference of the mirrors from the beam splitter,
the beat signals produced by the frequency components of the individual combs are
also visible at integer multiples of the laser cavity FSR. The schematic presentation
of the superposition of the chirped frequency components of the two combs from two
branches as received on the photodiode is shown in figure 5.7(b).

R1, R2, R3, ... are the comb components from the reference branch of the interfer-
ometer and T'1,72,T3, ... are those from the target branch arriving at the photodiode
with a time delay of 2z/c due to the optical path difference of 2z between them. The
beat signals with a comparatively higher spectral power density are visible at the laser
cavity FSR, e.g. 711 MHz, 1422 MHz and so on as shown in the figure 5.7(a). These
beat signals are produced by the interference of the frequency components from both
combs (between R1, R2, R3, .. and also between T'1,T2,T3,..) on the detector and has
no relation with the delayed components (as given by the 2nd and 3rd summations of
the equation 4.16). When the frequency components from the reference arm interfere
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Figure 5.7: (a) RF-spectrum of the photodiode output when the optical path difference between
the mirrors is 22=23.0cm. The frequency range is limited by the bandwidth of the RF spectrum
analyzer. Beat order m is indicated by the integers with +, — signs. (b) Two combs of frequency
components R and T as received by the photodiode from Reference and Target mirrors, respectively,
with a time delay 7y = 2z/c.

with the same from the target arm with a time delay 2z/c¢, multiple beat frequen-
cies are generated as shown in the figure and are denoted by the beat order number,
m = q — ¢'. The frequency of the beat signals are given by equation 5.6. When R1
interferes with 71, m = 0. When T'1 interfere with R2, m = +1. When T2 interfere
with R1, m = —1. From the figure 5.7(b) we can easily find out the combination of
frequency components from two combs which produce the RF spectrum as shown in
figure 5.7(a). The order m of the beat signals in the measured spectrum can be deter-
mined experimentally by varying the SAW frequency and using equation 5.9. Finally
the distance z can be calculated using equation 5.6.

An experiment is carried out to determine an unknown optical path difference
between the two mirrors in the interferometer. For a certain path difference between
the mirrors, a beat signal is found at 686.7 MHz. The frequency is noted from the RF
spectrum analyzer with a resolution bandwidth of 30 kHz (while the frequency span
is kept 5 MHz/per division). Then the SAW frequency is changed by 300kHz and
the corresponding change of the beat frequency is observed as 2.5 MHz. From this
observation, the order of the beat signal is determined as m=1 using equation 5.9. In
the experiment, the position of the target mirror is changed with a step of 2mm. The
corresponding frequencies of the beat signal is recorded. Since m is already known, the
optical path difference between the mirrors corresponding to those beat frequencies are
calculated using equation 5.6. The measured path differences are plotted versus the
recorded frequencies of the —1st order beat signal (as shown in figure 5.8(a)). The slope
of the beat frequency vp; as a function of optical path difference (2z) is 800 kHz/mm
and it agrees well with equation 5.6.

It is to be noted that there are no readings of the beat frequencies when the
optical path difference between the two mirrors is near to zero (see figure 5.8(a)).
In this situation, the frequency of the beat signal which corresponds to the mirror
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positions approaches to 711 MHz. But there is always a beat signal of that frequency
(laser cavity FSR) with higher spectral power independent of the mirror positions (as
explained before). So, these two signals overlap in this frequency region.

The spectral characteristics of the 1st order beat signal is shown in figure 5.8(b).
The FWHM spectral width of the beat signal is 8.0 MHz and it agrees well with the
theoretical value calculated according to equation 5.26. The spectral characteristics of
all the beat signals are very similar or in other words, the spectral width and intensity
of the zeroth order beat signal are very similar to those of the 1st order or 5th order
or any higher order beat investigated. A small decrease of the intensities is observed
at higher frequencies due to the limited bandwidth of the photodiode.
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Figure 5.8: (a) Optical path difference versus beat frequency of the —1st order beat signal.
(b) Spectral characteristics of the 1st order beat signal appeared in figure 5.7(a).

5.5 Determination of the Length of an Optical Fiber

The length of an optical fiber can be determined by OFDR using a FSF laser. In this
experiment, the FSF laser output in the target branch of the Michelson interferometer
is coupled into an optical fiber whose length is to be measured, as shown in figure
5.9. Both the end faces of the fiber (denoted by f and r as shown in the figure) act
as partially reflecting mirrors and reflect back the optical waves to the photodiode.
These two reflected waves interfere and also each of them interferes with the third
wave coming from the reference mirror on the photodiode. As a result there will be
a beat spectrum produced by the superpositions of the three waves (or three combs
of frequency components) or of even more waves if we consider multiple reflections
between the fiber ends. The frequencies of the beat signals produced by these inter-
ferences are proportional to the positions of the end faces of the optical fiber f and
r from which the length of the fiber can be determined if the refractive index of the
fiber is known.
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Figure 5.9: Schematic diagram of the experimental setup used to measure the length of an optical
fiber. The fiber end faces are denoted by f and r for front and rear ends, respectively.

The RF spectrum of the photodiode signal corresponding to this setup is shown
in figure 5.10(a). Apart from the spectral peaks at multiples of the laser cavity FSR
there are several spectral peaks in between with different spectral power levels. Let
us compare the spectrum shown in figure 5.7(a) with this spectrum. Instead of two
spectral peaks in the previous case, now there are four spectral peaks prominent
between the cavity FSR. Within the cavity FSR, two spectral peaks appear in different
beat order for one reflection point at the target branch (see figure 5.7(a)). So it is
clear that these four spectral peaks appear in different beat order and must be due
to the reflections from two end faces (f and r) of the optical fiber. The beat orders
m of the first four spectral peaks within the cavity FSR are determined by changing
the SAW frequency in suitable steps and using equation 5.9. The obtained values
of m (in sequence with the increasing frequencies) are 9, 1, 2, and 10. It is evident
from the figure 5.3 that within the frequency range from zero to cavity FSR only two
consecutive beat orders can appear and they are proportional to the distance of the
reflecting source. So the beat orders 1 & 2 correspond to the reflecting plane of the
front (f) end face of the fiber and 9 & 10 correspond to that of the rear (1) end of the
fiber. The spectral power levels of beat order 1 & 2 is higher than that of 9 & 10. The
beat orders m are shown in figure 5.10(a) marked with the letter f or r to indicate
the corresponding plane of reflection.

Following equation 5.6, the calculated beat frequencies (vg,, in GHz) versus the
distance of a reflecting plane (z in meter) from a given reference plane for different
beat orders m are plotted in figure 5.10(b). This plot is particular for this experiment
corresponding to an applied SAW frequency (170.70 MHz) on the FSF laser. The beat
orders m are shown by the integers -1, 0, 1, 2, ...... , 11. This plot is useful to explain
the occurrence of multiple spectral lines of different beat orders for one reflection
plane at a particular distance. On this plot a dotted line at the left side (denoted by
f) connects the beat frequencies of the spectral lines 1f and 2f of the spectrum of
figure 5.10(a). If this line is extended towards higher frequencies, it touches the line
of other beat orders at those spectral frequencies as shown in the 5.10(a). So this line
corresponds to the distance for the reflection plane f. Similar observation is true for
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Figure 5.10: (a) A RF-spectrum of the photodiode output corresponding to the experimental setup
using optical fiber (see figure 5.9). Beat signals due to reflections from plane f and r are marked
by the letter together with beat order numbers. Beat signal marked by a are harmonics of SAW
frequency and has no relevance for measurement. (b) Calculated frequency of the beat signals (of
different beat order) versus distance z of the reflecting plane. It is a specific plot corresponding to
SAW frequency 170.70 MHz. The planes f and r correspond to the distances of fiber end faces.

another dotted line denoted by r at the right hand side of the plot. It connects all
the frequencies of the spectral lines at different beat orders and corresponds to the
distance of the plane r.

Since the beat frequencies and their beat orders are known, the distances of the
corresponding reflecting planes f and r are calculated (using equation 5.16) as 0.60 m
and 4.03m. These results match with the locations of the planes found on figure
5.10(b). So the distance between these two planes is the measure of the length of the
optical fiber if it is divided by refractive index of the fiber. The calculated length of
the fiber is 2.29 meter. The actual length of the fiber is 2.27 meter. This difference in
the length measurement is within the resolution limit of the OFDR in this experiment.
Due to the large spectral line width (8 MHz, as shown in figure 5.8(b)), there is an
uncertainty to read the frequency at the peak spectral power.

We can see that for each point of reflection, there are two peaks on the spectrum
(beat signals of different order) within the cavity FSR of the laser. It may not be
possible to measure the distances of multiple reflection sources, since the beat signal
from different points of reflections may accumulate at the same beat frequency but
from different beat orders and the determination of an individual beat frequency and
its order become ambiguous. So when an optical fiber contains a number of different
connectors or components (each one could be a potential source of reflection) along
its length then OFDR using FSF laser is not suitable to determine the length.

Apart from the spectral peak denoted by f and r there are some additional spectral
peaks with narrow spectral linewidth, which are denoted by a in the spectrum. The
frequency of these peaks corresponds to the SAW frequency (~ 170.70 MHz) and its
higher harmonics (~ 682 MHz). They do not always occur and do not have a constant
level of spectral power. Mechanisms of the formation of these spectral components
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are not yet known but it is confirmed that those are not due to electronic coupling
from the RF generator to the RF spectrum analyzer. They do not exist if the light is
blocked at the photodiode.

5.6 Conclusions

The techniques and advantages of frequency domain ranging with the use of a FSF
laser as light source is described in this chapter. Simple examples as measurement
of distance between two planes and the determination of an optical fibre length are
demonstrated experimentally. Main lessons are to understand the beat formation
due to the interference between the moving combs of chirped frequency components
(which is already described in a previous chapter) and the techniques of its beat order
determination. The advantage of the use of a FSF laser is that there is no need
of high frequency electronics equipments for source and detection processes for the
high resolution long distance measurements. Improvement of the spatial resolution is
possible by the increase of the frequency chirp range without any limit in the range of
long distance measurement. The high chirp rate of the optical source and its linearity
make this technique far superior to the conventional one. These understandings also
help to employ this laser for precision measurements in optical fibers like group velocity
dispersion [77], chromatic dispersion [78], and polarization mode dispersion [79,80].
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Chapter 6

Summary and Outlook

Two types of acoustooptically tunable integrated lasers are developed and investigated
in this work: one is a more conventional frequency shift compensated (FSC) single
mode laser and the other is a frequency shifted feedback (FSF) laser demonstrated for
the first time as an integrated optical device. The design, operation, and output char-
acteristics of these lasers are presented. As an application of the FSF laser a frequency
domain ranging experiment is described to measure distances using an interferometric
technique.

Several samples with different laser structures are fabricated by our technology
laboratory and investigated to obtain low loss (< 0.1 dB/cm) single mode optical
waveguides, good polarization splitters (polarization splitting ratio <—25dB), suffi-
cient optical amplification (> 3dB in the wavelength range 1530 nm < A < 1580 nm)
and efficient acoustooptical (AO) polarization conversion (> 97 %) at moderate power
level (< 20dBm) of the driving RF signal. All the experimental data presented in
this thesis on characterization of components and laser output are given from only
one specific sample.

The key element of these lasers is the acoustooptically tunable filter which is mono-
lithically integrated inside the laser cavity and used as wavelength selective element
and as frequency shifter, simultaneously. Using this AO filter, fast and wide tuning is
achieved by only changing the frequency of the driving surface acoustic wave (SAW)
electronically. A 47nm (1530 nm < A < 1577nm) wide tuning range of the laser emis-
sion wavelength is observed for the first time for both lasers (FSC and FSF). It is
limited by the available gain in the optically pumped Ti:Er:LiNbO3 waveguide. The
tuning slope is found to be —-8.2nm/MHz. The tuning speed is limited by the veloc-
ity of a SAW on LiNbO3 (~ 3700m/s) to about 5.4 us and by the SAW frequency
addressing system; both are fast enough for practical purposes.

In the FSC mode of operation, single mode laser emission is achieved with a mea-
sured linewidth of 12 pm. Since the optical spectrum analyzer has a spectral resolution
of 10 pm, it is assumed that the true linewidth is much smaller indicating single mode
emission. More than 0.5 mW of laser output power (TE polarized) is obtained in
the wavelength range around 1560nm at a pump power level of 130 mW (TM po-
larized). An improvement of the output power level is expected if the reflectivity of
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the output coupling mirror is optimized. Relaxation oscillations are strongly reduced
by an optoelectronic feedback to control the pump power. By changing the relative
phase between the two RF signals driving the AO mode converters together with the
frequency of the SAWs, a fine tuning is observed. However, due to random jumps
between the longitudinal modes in the present experimental environment, the mode
hop free tuning of the laser is not evident yet.

As mentioned in section 3.6, future designs are considered to keep the AO mode
converters outside the Er-doped waveguide section (gain medium) and to realize an
increased length of this medium, simultaneously. Two such possible designs are shown
in figure 6.1 where only a TM polarized pump is suitable. The first one has long
bent waveguides (figure 6.1(a)). Though bent waveguide of very low losses have al-
ready been fabricated on Z-cut wafers in our laboratory [21], further investigations are
required to optimize the fabrication parameters for X-cut wafers. There is another op-
tion using waveguide reflectors as shown in figure 6.1(b). The waveguide reflector has
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Figure 6.1: Future design to avoid spatial hole burning effects completely and to achieve a high opti-
cal amplification by long Er-doped waveguide structures: (a) design with bent waveguides, (b) design
with waveguide reflectors

the same configuration as a waveguide polarization splitter as shown in the inset of the
figure, but it has to be cut in the middle and needs a reflecting coating on the cut face.
The parameters of this waveguide splitter like length of the common waveguide section
(L.) and opening angle between the waveguides (#) should be carefully adjusted to
get the TM-polarized light in the cross state.

The spectral properties of the integrated FSF laser are completely different in com-
parison with those of the integrated FSC laser. The continuous change in frequency
modifies the feedback conditions preventing the build up of discrete longitudinal modes
at fixed resonant frequencies. The FSF laser has a very stable emission with a relatively
broad spectral linewidth. This linewidth depends mainly on the net round trip gain
inside the cavity. At A=1560 nm a linewidth of more than 180 pm (in TM polarization)
is observed. Unique features of this emission are demonstrated when investigated in
an interferometric setup. It is demonstrated that in steady state operation, the FSF
laser output consists of a comb of chirped (at the rate of 2.43 x 10" Hz/s) frequency
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components with a regular spacing equal to the cavity free spectral range (711 MHz);
they are strongly correlated in phase.

The FSF laser investigated here starts from amplified spontaneous emission is
investigated. Besides this conventional operation another mode is possible: seeding
the laser by coupling a single mode laser emission from outside the cavity. A better
signal to noise ratio is expected in such operation. This has been done in a bulk optical
configuration with a Titanium-Sapphire (Ti:Sa) gain medium [70]. An analogous
experiment will be initiated soon for the integrated laser.

As an application of the FSF laser optical frequency domain ranging (OFDR)
is experimentally demonstrated using a Michelson interferometer. The formation of
beat signals of different order (due to interference of combs of different frequency
components) and their dependence on the object distance are described in detail.
Also the use of this technique to measure the length of an optical fiber is presented.
The spatial resolution of this measurement is 5 mm. It is limited by the chirp range
of the comb components. The distance measuring range is enormously large, only
limited by the signal strength. A further improvement in accuracy and resolution can
be achieved using a frequency modulated seeding of the FSF laser; the theoretical
aspects are reported recently [83]. An experimental investigation will be performed
soon using the integrated FSF laser.
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